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Preface

Game theory lives at the intersection of social science and mathematics, and makes significant appearances in
economics, computer science, operations research, and other fields. It describes what happens when multiple
players interact, with possibly different objectives and with different information upon which they take
actions. It offers models and language to discuss such situations, and in some cases it suggests algorithms
for either specifying the actions a player might take, of for computing possible outcomes of a game.

Examples of games surround us in everyday life, in engineering design, in business, and politics. Games
arise in population dynamics, in which different species of animals interact. The cells of a growing organism
compete for resources. Games are at the center of many sports, such as the game between pitcher and
batter in baseball. A large distributed resource such as the internet relies on the interaction of thousands of
autonomous players for operation and investment.

These notes also touch upon mechanism design which entails the design of a game, usually with the goal of
steering the likely outcome of the game in some favorable direction. The Vickrey auction provides a striking
example in which truthful behavior emerges from careful game design.

Most of the notes are concerned with the branch of game theory involving noncooperative games, in which
each player has a separate objective, often conflicting with the objectives of other players. Some portion of
the course will focus on cooperative game theory, which is typically concerned with the problem of how to
divide wealth, such as revenue, a surplus of goods, or resources, among a set of players in a fair way, given
the contributions of the players in generating the wealth.

This is the latest version of these notes, originating in Fall 2017 and being periodically updated in Fall
2026 in conjunction with the teaching of ECE 586GT Game Theory, at the University of Illinois at Urbana-
Champaign. Problem sets and exams with solutions are posted on the course website: https://courses.
engr.illinois.edu/eceb86gt/fa2026/. The author would be grateful for comments, suggestions, and
corrections.

—Bruce Hajek


https://courses.engr.illinois.edu/ece586gt/fa2026/
https://courses.engr.illinois.edu/ece586gt/fa2026/
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Chapter 1

Introduction to Normal Form Games

The material in this section is basic to many books and courses on game theory. See the monograph [21] for
an expanded version with applications to a variety of routing problems in networks.

1.1 Normal form games with finite action sets

Among the simplest games to describe are those involving the simultaneous actions of n players for finite n.
Each player selects an action, and then each player receives a reward determined by the actions taken by all
the players. A pure strategy for a player is simply one of the possible actions the player could takeE] whereas a
mixed strategy is a probability distribution over the set of pure strategies. There is no theorem that determines
the strategies the players of a given game will select, and no theorem that can determine a probability
distribution of joint selections, unless some assumptions are made about the objectives, rationality, and
computational capabilities of the players. Instead, the typical outcome of a game theoretic analysis is to
produce a set of strategy profiles (aka action profiles) that are in some sort of equilibrium. The most
celebrated notion of equilibrium is due to Nash; a strategy profile s = (s1,...,s,) is a Nash equilibrium if
whenever the strategies of all but any one player are fixed, the strategy for that player is an optimal response
to the actions of the other players. There are, however, other notions of equilibrium as well. Given these
notions of equilibrium we can then investigate some immediate questions, such as: Does a given game have
an equilibrium strategy profile? If so, is it unique? How might the players arrive at a given equilibrium
strategy profile? Are there any computational obstacles to overcome? How high are the payoffs for one
equilibrium compared to payoffs for others?

An n-player normal form game (also called a strategic form game) is specified by an action space for each
player, and a payoff function for each player, such that the payoff is a function of the actions taken by the
players. The description of a normal form game is especially simple if there are two players, i.e. n=2, and
each has a finite number of possible actions. In that case, the payoff functions can be specified by a pair
of payoff matrices. The two payoff matrices can be written in a single matrix, with a pair of numbers for
each entry, where the first number is the payoff for the first player, who selects a row of the matrix, and
the second number is the payoff of the second player, who selects a column of the matrix. In that way, the
players select an entry of the matrix. A rich variety of interactions can be modeled with fairly small action
spaces. We shall describe some of the most famous examples. Dozens of others are described on the internet.

In normal-form games with no dynamics, pure strategies and actions are synonomous.

3



4 CHAPTER 1. INTRODUCTION TO NORMAL FORM GAMES

Example 1.1 (Prisoners’ dilemma)

There are many similar variations of the prisoners’ dilemma game, but one instance of it is given by the
following assumptions. Suppose there are two players who committed a crime and are being held on suspicion
of committing the crime, and are separately questioned by an investigator. FEach player has two possible
actions during questioning:

e cooperate (C) with the other player, by telling the investigator both players are innocent

e don’t cooperate (D) with the other player, by telling the investigator the two players committed the
crime

Suppose a player goes free if and only if the other player cooperates, and suppose a player is awarded points
according to the following outcomes. A player receives

+1 point for not cooperating (D) with the other player by confessing
+1 point if player goes free, i.e. if the other player cooperates (C)

-1 point if player does not go free, i.e. if the other player doesn’t cooperate (D)

For example, if both players cooperate then both players receive one point. If the first player cooperates (C)
and the second one doesn’t (D), then the payoffs of the players are -1, 2, respectively. The payoffs for all
four possible pairs of actions are listed in the following matrix form:

Player 2
C (cooperate) D
C (cooperate) 1,1 -1,2
Player 1 D 91 0.0

What actions do you think rational players would pick? To be definite, let’s suppose each player cares only
about maximizing his/her own payoff and doesn’t care about the payoff of the other player.

Some thought shows that action D mazximizes the payoff of one player no matter which action the other
player selects. We say that D is a dominant strategy for each player. Therefore (D,D) is a dominant
strateqy equilibrium, and for that pair of actions, both players get a payoff of 0. Interestingly, if the players
could somehow make a binding agreement to cooperate with each other, they could both be better off, receiving
a payoff of 1.

Example 1.2 (Variation of Prisoners’ dilemma)

Consider the following variation of the game, where we give player 1 the option to commit suicide. What

Player 2
C (cooperate) D
C (cooperate) 1,1 -1,2
Player 1 D 2,-1 0,0
suicide -100,1 -100, 0
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actions do you think rational players would pick? To be definite, let’s suppose each player cares only about
mazimizing his/her own payoff and doesn’t care about the payoff of the other player.

Some thought shows that action D mazimizes the payoff of player 1 no matter which action player 2 selects.
So D is still a dominant strategy for player 1. Player 2 does not have a dominant strategy. But player 2
could reason that player 1 will eliminate actions C and suicide, because they are (strictly) dominated. In
other words, player 2 could reason that player 1 will select action D. Accordingly, player 2 would also select
action D. In this example (D,D) is an equilibrium found by elimination of dominated strategies.

You can imagine games in which some dominated strategies of one player are eliminated, which could cause
some strategies of the other player to become dominated and those could be eliminated, and that could cause
yet more strategies of the first player to be dominated and thus eliminated, and so on. If only one strategy
remains for each player, that strategy pair is called an equilibrium under iterated elimination of dominated
strategies.

Example 1.3 (Guess 2/3 of average game) Suppose n players each select a number from [n] = {1,2,...,100}.
The players that select numbers closest to 2/3 the average of all n numbers split the prize money equally. In
what sense does this game have an equilibrium? Figure [1.3 shows the outcome of this game when played by
students in University of lllinois ECE 586GT for three different years. The winning strategies are highlighted
in green.

Example 1.4 (Vickrey second price auction) Suppose an object, such as a painting, is put up for auction
among a group of n players. Suppose the value of the object to player i is v;, which is known to player i, but
not known to any of the other players. Suppose each player i offers a bid, b;, for the object. In a Vickrey
auction, the object is sold to the highest bidder, and the sale price is the second highest bid. In case of a tie
for highest bid, the object is sold to one of the highest bidders selected in some arbitrary way (for example,
uniformly at random, or to the bidder with the longest hair, etc), and the price is the same as the highest
bid (because it is also the second highest bid).

If player i gets the object and pays p; for it, then the payoff of that player is v; — p;. The payoff of any player
not buying the object is zero.

In what sense does this game have an equilibrium?

Answer: Bidding truthfully is a weakly dominant strategy for each player. That means, no other strategy of
a player ever generates a larger payoff, and for any other strategy, there are possible bids by other players,
such that bidding truthfully is strictly better.

We pause from examples to introduce some notation and definitions.

Definition 1.5 (Normal form, also called strategic form, game) A normal form n player game consists of
a triplet G = (I, (Ss)ier, (wi)ier) such that:

o [ is a set of n elements, indexing the players. Typically I = {1,...,n} = [n].
e S; is the action space of player i, assumed to be a nonempty set
e S =057 X---x S, is the set of strategy profiles. A strategy profile can be written as s = (81,...,8n).

o u;: S — R, such that u;(s) is the payoff of player i.
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Guess 2/3 average -- outcomes ECE 586GT
8/29/17 B8/28/18 8/25/26
1

1

1

1 1

1 1

1 1

1 1

1 1

1 2

1 2

1 8 1

3 9 1

5 10 1

7 1 6

7 14 10

7 15 10

7 15 10
10 16 12
12 17 12
15 17 14
18 19 20
18 19 25
20 20 25
20 20 32
22 34 32
28 34 32
32 34 33
33 36 33
44 37 34
44 40 35
45 45 35
47 47 53
50 50 60
50 56 68

56 90 80
Average " 1746 2256 2696
(2/3)Average  11.64 15.04 17.97

Figure 1.1: Outcomes for guess two-thirds of average for three ECE 586GT cohorts.

Some important notation ubiquitous to game theory is described next. Given a normal form n-player game
(I,(S;), (u;)), an element s € S can be written as s = (s1,...,8y,). If we wish to place emphasis on the i'"
coordinate of s for some i € I, we write s as (s;,s_;). Here s_; is s with the i'" entry omitted. We use s and
(si, s—;) interchangeably. Such notation is very often used in connection with payoff functions. The payoff
of player ¢ for given actions of all players s can be written as u;(s). An equivalent expression is u;(s;, $—;).
So, for example, if player ¢ switches action to s} and all the other players use the original actions, then s
changes to (s}, s_;).

In some situations it is advantageous for a player to randomize his/her action. If the action space for a
player is S; we write X; for the space of probability distributions over S;. A mixed strategy for player i is a
probability distribution o; over S;. In other words, o; € ¥;. If f : S; — R, the value of f for an action s; € .S;
is simply f(s;). If o; is a mixed strategy for player i, we often use the notational convention f(o;) = E,,[f].
In particular, if S; is a finite set, then o; is a probability vector, and f(0;) = >, <5, f(si)0i(s;). In a normal
form game, if the players are using mixed strategies, we assume that the random choice of pure strategy for
each player 7 is made independently of the choices of other players, using distribution ¢;. Thus, for a mixed
strategy profile o = (01, ..., 0y,), the expected payoff for player 4, written u;(o), or, equivalently, u;(co;, o—;)
denotes expectation of u; with respect to the product probability distribution o1 ® - -+ ® o,,.
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Definition 1.6 A strategy profile (s1,...,8,) for an n-player normal form game (I,(S;),(u;)) is a Nash
equilibrium in pure strategies if for each i and any alternative action s,

wi(8i, 8—i) > ui(sh, 5-4).

A strategy profile of mized strategies (o1, ...,0y) for an n-player normal form game (I,(S;), (u;)) is a Nash
equilibrium in mized strategies if for each i and any alternative mized strategy o,

wi(oi,0-i) > ui(o), 0-;).

We adopt the convention that a pure strategy s; is also a mixed strategy, because it is equivalent to the
probability distribution that places probability mass one at the single point s;. Pure strategies are considered
to be degenerate mixed strategies. Nondegenerate mized strategies are those that don’t have all their prob-
ability mass on one point. Completely mized strategies are mixed strategies that assign positive probability
to each action.

The concept of Nash equilibrium is perhaps the most famous equilibrium concept for game theory, but there
are other equilibrium concepts. To mention one other, appearing above for the prisoners’ dilemma game, is
a dominant strategy equilibrium.

Definition 1.7 Consider a normal form game (I,(S;)ier, (wi)ier). Fiz a player i and let s;, s} € S;.

(i) Strategy s; dominates strategy s, (or s, is dominated by s;) for player i if:
wi(sh, 8—;) < u;i(si,s—i) for all choices of s_;.
Strategy s; is a dominant strategy for player i if it dominates all other strategies of player i.
(i1) Strategy s; weakly dominates strategy s, (or s} is weakly dominated by s;) for player i if:

wi(s}, s—;) < w;(si,s—;) for all choices of s—; and

wi(sh, s—;) < u;i(si,s_;) for some choice of s_;. (1.1)

Strategy s; is a weakly dominant strategy for player i if it weakly dominates all other strategies of
player i.

Definition 1.8 Consider a strategy profile s = (s1, ..., sn) for an n-player normal form game (I, (S;), (u;)).
(i) The profile s is a dominant strategy equilibrium (in pure strategies) if, for each i, s; is a dominant strategy
for player i.

(i) The profile s is a weakly dominant strategy equilibrium (in pure strategies) if, for each i, s; is a weakly
dominant strategy for player i.

Remark 1.9 A weaker definition of weak domination would be obtained by dropping the requirement (1.1]),
and in many instances either definition would work. To be definite, we will stick to the definition that includes
(1.1), and leave it to the interested reader to determine when the weaker definition of weak domination would
also work.

Proposition 1.10 (Iterated elimination of weakly dominated strategies (IEWDS) and Nash equilibrium)
Consider a finite game (I, (S;)ier, (wi)icr) in normal form. Suppose a sequence of games is constructed by
iterated elimination of weakly dominated strategies (IEWDS). In other words, given a game in the sequence,
some player i is chosen with some weakly dominated strategy s; and S; is replaced by S;\s; to obtain the
next game in the sequence, if any. If the final game in the sequence has only one strategy profile, then that
strategy profile is a Nash equilibrium for the original game.
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Proof. If a game has only one strategy profile, i.e. if each player has only one possible action, then that
strategy profile is trivially a Nash equilibrium. It thus suffices to show that if G’ is obtained from G by one
step of IEWDS and if a strategy profile 5 is a Nash equilibrium for G’, then 5 is also a Nash equilibrium
for G. In other words, it suffices to show that elimination of a weakly dominant strategy for some player
cannot create a new Nash equilibrium. So fix such games G and G’ and let s} be the action available to some
player 7 in G that was eliminated to get game G’ because some action s; available in G weakly dominated
s. Suppose 5 is a Nash equilibrium for G’. Since any action for any player in G’ is available to the same
player in G, 3 is also a strategy profile for G, and we need to show it is a Nash equilibrium for G. For j # i,
whether 5; is a best response to 5_; for player j is the same for G or G’ — the set of possible responses for
player j is the same. Thus, 5; must be a best response to 5_; for game G, if j # .

It remains to show that s; is a best response to s_; for player ¢ in game G. By definition, §; is at least as
good a response for player i as any other response in S;\{s}}. In particular, 5; must be at least as good a
response as s;, which in turn is at least as good as s}, both for player i. Therefore, 3; is a best response to
5_; in game G. Therefore, § is a Nash equilibrium for the game G, as we needed to prove. |

Proposition of course holds also for iterated elimination of dominated strategies (IEDS). While TEDS
may not yield as many eliminations, unlike IEWDS, it can never eliminate a Nash equilibrium.

Proposition is applicable to the guess 2/3 of the average game—see the homework problem about it.

Example 1.11 (Bach or Stravinsky) or opera vs. football, or battle of the sexes

This two-player normal form game is expressed by the following matrix of payoffs: Player 1 prefers to go to

Player 2

B S
B[32]00

Player 1 s 0023

a Bach concert while player 2 prefers to go to a Stravinsky concert, and both players would much prefer to
go to the same concert together. There is no dominant strategy. There are two Nash equilibria: (B,B) and

(S.9).

The actions B or S are called pure strategies. A mized strategy is a probability distribution over the pure
strategies. If mized strategies are considered, we can consider a new game in which each player selects a
mized strategy, and then each player seeks to maximize his/her expected payoff, assuming the actions of the
players are selected independently.

For this example, suppose player 1 selects B with probability a and S with probability 1 — a. In other words,
player 1 selects probability distribution (a,1 —a). If a =0 or a = 1 then the distribution is equivalent to a
pure strategy, and is considered to be a degenerate mized strategy. If 0 < a < 1 the strategy is a nondegenerate
mized strategy. Suppose player 2 selects probability distribution (b,1—0b). Is there a Nash equilibrium for this
game such that at least one of the players uses a nondegenerate mized strateqy?

Suppose ((a,1—a), (b,1—"0)) is a Nash equilibrium with 0 < a < 1 and 0 < b < 1. It implies that both B and
S are best responses for player 1 so the expected payoffs for them must be equal for player 1. This equalizer
principle recurs throughout game theory. In this instance, it implies that the payoff to player 1 for playing
B, namely 3b, must equal the payoff to player 1 for playing S, namely 2(1 — b). Solving 3b = 2(1 — b) yields
be 2.

Similarly, if ((a,1 — a),(b,1 — b)) is a Nash equilibrium with 0 < b < 1 then B and S must both be best
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responses for player 2, implying that 2a = 3(1—a) or equivalently a = g In summary, if either player uses a
nondegenerate mized policy in a Nash equilibrium, the other player must also do so. Therefore, ((%, %), (%, %))
is the unique Nash equilibrium in mized strategies such that at least one strategy is nondegenerate. The
expected payoffs for both players for this equilibrium are 3 - 2—65 +2- % = % which is not very satisfactory for

either player compared to the two Nash equilibria in pure strategies.

A satisfactory behavior of the players faced with this game might be for them to agree to both play B or both
play S, where the decision is made by the flip of a fair coin that both players can observe. Given the coin
flip, neither player would have incentive to unilaterally deviate from the agreement. The expected payoff of
each player would be 2.5. This strategy is an example of the players using common randomness (both players
observe the outcome of the coin flip) to randomize among two or more Nash equilibrium points.

Example 1.12 (Matching pennies) This is a well known zero-sum game. Players 1 and 2 each put a
penny under their hand, with either (H) “heads” or (T) “tails” on the top side of the penny, and then they
simultaneously remove their hands to reveal the pennies. This is a zero-sum game, with player 1 winning if
the actions are the same, i.e. HH or TT, and player 2 winning if they are different. The game matriz is
shown. Are there any dominant strategies? Nash equilibria in pure strategies? Nash equilibrium in mized

Player 2

H T

H|1-1 ] -11
Player 1 T 11 L1

strategies?

Example 1.13 (Rock Scissors Paper) This is a well known zero-sum game, similar to matching pennies.
Two players simultaneously indicate (R) “rock,” (S) “scissors,” or (P)“paper.” Rock beats scissors, because
a rock can bash a pair of scissors. Scissors beats paper, because scissors can cut paper. Paper beats rock,
because a paper can wrap a rock. The game matriz is shown. Are there any dominant strategies? Nash

Player 2
R S P
R| 00 [1-1]-11
Player 1 S| -1,1 | 0,0 | 1,-1
P|l1-1]-11] 0,0

equilibria in pure strategies? Nash equilibrium in mized strategies?

Example 1.14 (Identical interest games) A normal form game (I,(S;)icr, (u;i)icr) is an identical interest
game (or a coordination game) if u; is the same function for alli. In other words, if there is a single function
u: S — R such that u; = w for all i € 1. In such games, the players would all like to maximize the same
function u(s). That could require coordination among the players because each player i controls only entry s;
of the strategy profile. A strategy profile s is a Nash equilibrium if and only if it is a local mazimum of u in
the sense that for any i € I and any s, € Sy, u(s}, s—i) < u(si, 5-).
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1.2 Cournot model of competition

Often in applications, Nash equilibria can be explicitly identified, so there is no need to invoke an existence
theorem. And properties of Nash equilibria can be established that sometimes determine the number of Nash
equilibria, including possibly uniqueness. These points are illustrated in the example of the Cournot model
of competition. The competition is among firms producing a good; the action of each firm 7 is to select a
quantity s; to produce. The total supply produced by all firms is st = $1+ - -+ S,. Suppose that the price
per unit of good produced paid to the firms depends on the total supply as p(sior) = @ — Stor, Wwhere a > 0,

as pictured in Fig. a).

@) price per unit (b) q
a 2
a—c
1
a—c
2 |
supply $q
0 < 0
0 a

monopolist supply

Figure 1.2: (a) Price vs. total supply for Cournot game, (b) Best response functions for two-player Cournot
game.

Suppose also that the cost per unit production is a constant ¢, no matter how much a firm produces. Suppose
the set of valid values of s; for each 7 is S; = [0,00). To avoid trivialities assume that a > ¢; otherwise the
cost of production of any positive amount would exceed the price.

The payoff function of player ¢ is given by w;(s) = (a — St — ¢)8;- As a function of s; for s_; fixed, u; is

quadratic and the best response s; to actions of the other players can be found by setting %ﬁ =0, or
equivalently,

(a— 8ot —€)—8;=0 or 8;=a— St — C.
Thus, s; is the same for all ¢ for any Nash equilibrium, so s; = a —ns; —cor s; = Z:{ The total supply at

the Nash equilibrium is

Nash _ n(a — C)
tot n+ 1

7

a—c

which increases from ¢3¢ for the case of monopoly (one firm) towards the limit a — c as n — oo. The payoff
of each player ¢ at the Nash equilibrium is thus given by

= (o =) (50) -G

2
The total sum of payoffs is nulN®" = 722:13)2
a—c

(a;C)Q and the supply produced is 23€. In the case of duopoly (n=2) the sum of revenues is

. For example, in the case of a monopoly (n = 1) the payoff

to the firm is

2 3
@ and the total supply produced is @ In the case of duopoly, if the firms could enter a binding
agreement with each other to only produce “7< each, so the total production matched the production in the

case of monopoly, the firms could increase their payoffs.
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To find the best response functions for this game, we solve the equation s; = a — s+ — ¢ for s;. Using
Stot = Si + |$—;|, where |s_;| represents the sum of the supplies produced by the players except player ¢,

yields B;(s_;) = (%) . Fig. b) shows the best response functions B; and Bs for the case of
+

duopoly (n=2). The dashed zig-zag curve starting at s; = @ shown in the figure indicates how iterated

best response converges to the Nash equilibrium point for two players.

Note: We return to Cournot competition later. With minor restrictions it has an ordinal potential, showing
that iterated one-at-a-time best response converges to the Nash equilibrium for the n-player game.

1.3 Correlated equilibria

The concept of correlated equilibrium is due to Aumann [4]. We introduce it in the context of the Dove Hawk
game pictured in Figure [[.3] The action D represents cooperative, passive behavior, whereas H represents

Player 2
D H
D[44]15
Player 1 ALl
YL H 5.1 10,0

Figure 1.3: Payoff matrix for the dove-hawk game

aggressive behavior against the play D. There are no dominant strategies. Both (D, H) and (H, D) are pure
strategy Nash equilibria. And ((0.5,0.5), (0.5,0.5)) is a Nash equilibrium in mixed strategies with payoff 2.5
to each player. How might the players do better?

One idea is to have the players agree with each other to both play D. Then each would receive payoff 4.
However, that would require the players to have some sort of trust relationship. For example, they might
enter into a binding contract on the side.

The following notion of correlated equilibrium relies somewhat less on trust. Suppose there is a trusted
coordinator that sends a random signal to each player, telling the player what action to take. The play-
ers know the joint distribution of what signals are sent, but each player is not told what signal is sent to
the other player. For this game, a correlated equilibrium is given by the following joint distribution of signals:

Player 2
D H
D [1/3]1/3
Pl 1
R U BVER I

In other words, with probability 1/3, the coordinator tells player 1 to play H and player 2 to play D. With
probability 1/3, the coordinator tells player 1 to play D and player 2 to play D. And so on. Both players
assume that the coordinator acts as declared. If player 1 is told to play H, then player 1 can deduce that
player 2 was told to play D, so it is optimal for player 1 to follow the signal and play H. If player 1 is told
to play D, then by Bayes rule, player 1 can reason that the conditional distribution of the signal to player
2 was (0.5,0.5), so, conditioned on the signal for player 1 being D, the signal to player 2 is equally likely to
be D or H. Hence, the conditional expected reward for player 1, given the signal D received, is 2.5 whether
player 1 obeys and plays D, or player 1 deviates and plays H. Thus, player 1 has no incentive to deviate
from obeying the coordinator. The game and equilibrium are symmetric in the two players, and each has
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expected payoff (441+45)/3 = 10/3. This is an example of correlated equilibrium.

A slightly different type of equilibrium, which also involves a coordinator, is to randomize over Nash equilib-
ria, with the coordinator selecting and announcing which Nash equilibria will be implemented. We already
mentioned this idea for the Bach or Stravinsky game. For the Dove Hawk game, the coordinator could
flip a fair coin and with probability one half declare that the two players should use the Nash equilibrium
(H, D) and otherwise declare that the two players should use the Nash equilibrium (D, H). In this case the
announcement of the coordinator can be public — both players know what the signal to both players is. Even
so, since (H,D) and (D, H) are both Nash equilibria, neither player has incentive to unilaterally deviate
from the instructions of the coordinator. In this case, the expected payoff for each player is (5+1)/2 = 3.

Definition 1.15 A correlated equilibrium for a normal form game (I,(S;), (u;)) with finite action spaces is
a probability distribution p on S = Sy x -+ X Sy, such that for any s;, s, € S;:

> plsisuilsis) > D> plsi s i)uils),s ) (1.2)

S_i€S_; S_,€S_;

Why does Definition [I.I5] make sense? The interpretation of a correlated equilibrium is that a coordinator
randomly generates a set of signals s = (sq,..., s,) using the distribution p, and privately tells each player
what to play. For any value of s; such that p(s;) > 0, dividing each side of by p(s;) (the marginal
probability that player i is told to play s;) yields

o plsoalsui(sis ) = Y plsilsiuilsi, s ). (1.3)

S_,€5_; S_,€5_;

Given player i is told to play s;, the lefthand side of is the conditional expected payoff of player i
if player ¢ obeys the coordinator. Similarly, given player i is told to play s;, the righthand side of
is the conditional expected payoff of player 4 if player ¢ deviates and plays s, instead. Hence, under a
correlated equilibrium, no player has an incentive to deviate from the signal the player is privately given by
the coordinator.

Remark 1.16 A somewhat more general notion of correlated equilibria is that each player is given some
private information by a coordinator. The information might be less specific than a particular action that
the player should take, but the player needs to deduce an action to take based on the information received
and on knowledge of the joint distribution of signals to all players, assuming all players rationally respond
to their private signals. The actions of the coordinator are modeled by a probability space (0, F,p) and a
set of subsigma algebras H; of F, where H; represents the information released to player i. Without loss of
generality, we can take F to be the smallest o-algebra containing H; for all i: F = Ve H;, so a correlated
equilibrium can be represented by (0, {H; }ic1,p, {Si}icr) where each S; is an H; measurable random variable
on (2, F,p), such that the following incentive condition holds for each i € I:

E [u;(Si, S—)] > E [ui (S}, S=i)] (1.4)

for any H; measurable random variable S.. (Since we’ve just used S; for the action taken by a player i we’d
need to introduce some alternative notation for the set of possible actions of player i, such as A;.) In the
end, for this more general setup, all that really matters for the expected payoffs is the joint distribution of
the random actions, so that any equilibrium in this more general setting maps to an equivalent equilibrium
in the sense of Definition[1.15]

A Nash equilibrium in pure strategies is a special case of correlated equilibrium in which the signals are
deterministic. A Nash equilibrium in mixed strategies gives a correlated equilibrium in which the signals to
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different players are mutually independent. Thus, the notion of correlated equilibrium offers more equilibrium
possibilities than Nash equilibria, although implementation relies on the availability of a trusted coordinator
and private information channels from the coordinator to the players. Geometrically, the set of correlated
equilibria is a set of probability vectors satisfying linear constraints, so it is a convex polytope. For finite
games it is nonempty because it includes the distributions corresponding to Nash equilibrium in mixed
strategies.

1.4 On the existence of a Nash equilibrium

This section describes theorems that ensure the existence of a Nash equilibrium for a normal form game
under fairly general conditions. If there is only one player in the game, say player 1, then a Nash equilibrium
is simply a strategy s; € S; that maximizes the function wu;(s1) over all of Sy. In that case the Weierstrass
extreme value theorem (see Section gives a sufficient condition for the existence of a Nash equilibrium.
Fixed point theorems, as described next, give sufficient conditions for the existence of a Nash equilibrium in
games with more than one player.

Theorem 1.17 (Brouwer fized point theorem) Let S be a nonempty, compact, convex subset of R™ and let
f:8— 8 be a continuous function. There exists s* € S such that f(s*) = s*.

For a proof see, for example, [10]

Theorem 1.18 (Kakutani fixed point theorem) Let f : A = A be a set-valued function (aka a correspon-
dence) satisfying the following conditions:

(i) A is a nonempty, compact, convex subset of R™ for some n > 1.

(ii) f(x) #0 for x € A.
(iii) f(x) is a convex set for x € A.

(iv) The graph of f, {(x,y):x € A,y € f(x)} is closed.

There exists ©* so that z* € f(z*).

Some examples are shown in Figure [1.4| with A = [0, 1].

0 1 O b 1 0 1
(a) Not continuous (b) f(b) not convex (c) OK (d) OK

Figure 1.4: Examples of correspondences from [0, 1] to [0, 1] illustrating conditions of Kakutani theorem.

Theorem 1.19 (Existence of Nash equilibria — Nash) Let (I,(S; : i € I),(u; : i € I)) be a finite game in
normal form (so I and the sets S; all have finite cardinality). Then there exists a Nash equilibrium in mized
strategies.



14 CHAPTER 1. INTRODUCTION TO NORMAL FORM GAMES

Proof. Let ; denote the set of mixed strategies for player ¢ (i.e. the set of probability distributions on S;).
Let B;(c_;) £ argmax,, uj(0;,0_;). Let ¥ = ¥ x---x%,,. Let o denote an element of 32, so o = (01,...,0,).
Let B(o) = (B1(0-1) X ... x Bp(0_)). The Nash equilibrium points are the fixed points of B. In other
words, o is a Nash equilibrium if and only if 0 € B(o). The proof is completed by invoking the Kakutani
fixed point theorem for ¥ and B. It remains to check that ¥ and B satisfy conditions (i)-(iv) of Theorem
1.18 (i) For each ¢, the set of probability distributions ¥; is compact and convex, and so the same is true of
the product set X. (ii)-(iii) For any ¢ € ¥ and i € I, the best response set B;(0_;) is the set of all probability
distributions in ¥; that are supported on the best response actions in S;, so B;(0_;) is a nonempty convex
set for each 7, and hence the product set B(o) is also nonempty and convex.

(iv) It remains to verify that the graph of B is closed. So let (¢(™,5(™), 5, denote a sequence of points in
the graph (so 0™ € ¥ and 5™ € B(c(™) for each n) that converges to a point (o,). It must be proved
that the limit point is in the graph, meaning that ¢ € B(o), or equivalently, that o; € B;(0_;) for each i € I.
So fix an arbitrary i € 1.

Fix an arbitrary strategy o} € ;. Then

wi @™, 0'") > ui(0},0") (1.5)
for all n > 1. The function wu;(0;,0_;) is an average of payoffs for actions s; selected independently with
distribution o; for each j, so it is a continuous function of o. Therefore, the left and right hand sides of
(1.5) converge to u;(d;,0-;) and u;(0},0_;), respectively. Since weak inequality “>” is a closed relation,
(1.5) remains true if the limit is taken on each side of the inequality, so w;(d;,0-;) > w;(0},0—;). Thus,
0; € Bi(0_;) for each i € I, so 6 € B(c). This completes the proof that the graph of B is closed, and hence
it also completes the proof of the theorem. |

Remark 1.20 Although Nash’s theorem guarantees that any finite game has a Nash equilibrium in mized
strategies, the proof is based on a nonconstructive fixed point theorem. It is believed to be a computationally
difficult problem to find a Nash equilibrium except for certain classes of games, most importantly, zero-sum
two-player games. To appreciate the difficulty, we can see that the problem of finding a mized strategy Nash
equilibrium has a combinatorial aspect. A difficult part is to find subsets SY C S; of the action sets S; of
each player such that the support of o; is S?. In other words, S = {a € S; : 0;(a) > 0}. Let n? be the
cardinality of S7. Then a probability distribution on Sy has n{ — 1 degrees of freedom, where the -1 comes
from the requirement the probabilities add to one. So the total number of degrees of freedom is ), ;(n§ —1).
And part of the requirement for Nash equilibrium is that for each i, u;(a,o_;) must have the same value for
all a € 89. That can be expressed in terms of n? — 1 equality constraints. Thus, given the sets (S?)icr, the
total degrees of freedom for selecting a Nash equilibrium o is equal to the total number of equality constraints.
In addition, an inequality constraint must be satisfied for each action of each player that is used with zero
probability.

Pure strategy Nash equilibrium for games with continuum strategy sets Suppose C' C R" such
that C' is nonempty and convex.

Definition 1.21 A function f : C' — R is quasiconcave if the t-upper level set of f, Ls(t) ={z: f(z) > t}
is a conver set for all t. In case n =1, a function is quasiconcave if there is a point ¢* € C such that f is
nondecreasing for x < ¢* and nonincreasing for x > c*.

Theorem 1.22 (Debreu, Glicksberg, Fan [12, [T]], [16] theorem for the existence of a pure-strategy Nash
equilibrium) Let (I,(S;:i € I),(u; : 4 € I)) be a game in normal form such that I is a finite set and
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(i) S; is a nonempty, compact, convex subset of R™:.
(i) u;(s) is continuous on S = Sy X -+ X Sp.
(iii) wi(si,s—;) is quasiconcave in s; for any s_; fized.

Then the game has a pure strategy Nash equilibrium.

Proof. The proof is similar to the proof of Nash’s theorem for finite games, but here we consider best
response functions for pure strategies. Thus, define B : S =2 S by B(s) = By(s_1) X -+ X By(s_y), where
n = |I| and B; is the best response function in pure strategies for player i: B;(s_;) = arg max,es, ui(a, s—;).
It suffices to check that conditions (i)-(iv) of Theorem [L.18 hold. (i) S is a nonempty compact convex subset
of RN for N = nq + -+ +mn,. (ii) B(s) # 0 because any continuous function defined over a compact set has a
maximum value (Weierstrass theorem). (iii) B(s) is a convex set for each s because, by the quasiconcavity,
B;(s—;) is a convex set for any s. (iv) The graph of B is a closed subset of S x S. By the assumed continuity
of u; for each i, the verification holds by the proof used for Theorem [1.19 |

Finally, the following is an extension of Nash’s theorem for games with possibly infinitely many actions per
player. The proof is essentially the same as the proof of Nash’s theorem, replacing finite-dimensional simplices
of mixed strategies by compact spaces of probability measures endowed with the weak topology. Note that
the conditions do not require quasi-concavity of the value functions as in the conditions for Theorem [1.22
but the conclusion is weaker than the conclusion of Theorem [I:22] because only the existence of a mixed
strategy Nash equilibrium is guaranteed.

Theorem 1.23 (Glicksberg) Consider a normal form game (I,(S;)icr, (u;)icr) such that I is finite, the
sets S; are monempty, compact metric spaces, and the payoff functions u; : S — R are continuous, where
S =51 x---x8,. Then a mized strategy Nash equilibrium exists.

Example 1.24 Consider the two-person zero-sum game such that each player selects a point on a circle of
circumference one. Player 1 wants to minimize the distance (length of shorter path along the circle) between
the two points, and Player 2 wants to mazimize it. No pure strateqy Nash equilibrium exists. Theorem
ensures the existence of a mixed strategy equilibrium. There are many.

1.5 On the uniqueness of a Nash equilibrium

Consider a normal form (aka strategic form) game (I, (S;), (u;)) with the following notation and assumptions:

I={1,...,n} = [n], indexes the players

S; C R™i is action space of player i, assumed to be a convex set

5251X~-~X5n.

e u; : S — R is the payoff function of player i. Suppose u;(x;,z_;) is differentiable in x; for z; in an
open set containing S; for each ¢ and z_;,
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Definition 1.25 The set of payoff functions u = (uy,...,u,) is diagonally strictly concave (DSC) if for
every x*,T € S with x* # T,

(@ —x7) - Vgui(a™) + (x] — i) - Vg, ui () > 0. (1.6)
1

n
1=

Lemma 1.26 If u is DSC then u;(x;,x_;) is a concave function of x; for i and x_; fized.

Proof. Suppose u is DSC. Fix ¢ € I and Z_; € S_;. Suppose Z; and z] vary while Z_; and z*; are both
fixed and set to be equal: z_; = z* ;. Then the DSC condition yields

(Zi — x7) - Vaui(x], i) > (T — 27) - Vi, ui(Zi, T),

which means the derivative of the function u;(-, Z_;) along the line segment from z} to Z; is strictly decreasing,
implying the conclusion. |

Remark 1.27 If u; for each i depends only on x; and is strongly concave in x; then the DSC condition
holds. Other examples of DSC' functions can be obtained by selecting functions u; that are strongly concave
with respect to x; and weakly dependent on x_;.

Theorem 1.28 (Sufficient condition for uniqueness of Nash equilibrium [Rosen [27]]) Suppose u is DSC.
Then there exists at most one Nash equilibrium. 1If, in addition, the sets S; are closed and bounded (i.e.
compact) and the functions uy,...,u, are continuous, there exists a unique Nash equilibrium.

Proof. Suppose u is diagonally strictly concave and fix z*,z € S. If * is a Nash equilibrium point then
by definition, for each ¢ € I, x} € argmax,, u;(x;,z*;). By Lemma the function z; — w;(z;, %)
is concave. By Proposition [1.35| on the first order optimality conditions for the minimum of a convex
function applied to x; — —u;(z;, x*;), (i — xF) - Vgui(x*) < 0. Similarly, if Z is a Nash equilibrium,
(xf — ;) - Vg, ui(Z) < 0. Thus, for each i, both terms in the sum on the lefthand side of are less than
or equal to zero, in contradiction of . Therefore, there can be at most one Nash equilibrium point.

If, in addition, the sets S; are compact and the functions u; are continuous, in view of Lemma [1.26] the
sufficient conditions in Theorem hold, so there exists a Nash equilibrium, which is unique as already
shown. m

There is a sufficient condition for u to be DSC that is expressed in terms of some second order derivatives.
Let U denote the m x m matrix, where m =mq + --- + my,:

62u1 82ul
Ox10x1 Tt 0z 0Ty
U(z) = : :
?uy Pun
0z, 0xq ce Ox, 0Ty,
.. . . 2 .
The matrix U(z) has a block structure, where the ij*" block is the m; x m; matrix 825;2"
10

Corollary 1.29 If the derivatives in the definition of U(z) exist and if U(z)+U(x)T <0 (i.e. U(x)+UT ()
is strictly negative definite) for all x € S, then w is DSC. In particular, there can be at most one Nash
equilibrium.
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Proof. Note that for each 1,

1
Vi () = Vg, ui (%) = Vg, u (T + t(z" — 7))

t=0

Yd _ . -
= [ Vet ta” — @)}

1 n
9 (Va,ui) e Ak =
. / S P (e — ) — )
(Rt J
Multiplying on the right by (#; — z})T and summing over i yields that the lefthand side of (1.6)) is equal to

1 1
/ (@ —2)TU(E + t(z* — 7))(a" — T)dt = ”/ (z — ") (U +UT) (% — 2*)dt, (1.7)
0 0

T+t(z*—7)

where Z and 2* are viewed as vectors in R™++mn Thus, if U(x) + UT (z) is strictly negative definite for
all x, then the integrand on the righthand side of (1.7)) is strictly negative, implying u is DSC. |

Remark 1.30 The following fact is sometimes helpful in applying Corollary[I.29 By Gershgorin’s theorem,
a sufficient condition for a symmetric matriz to be negative definite is that the diagonal elements are strictly
negative, and the sum of the absolute values of the off-diagonal elements in any row is strictly smaller than
the absolute value of the diagonal element in the row.

Example 1.31 Consider the two-player identical interests game with S = So = R and ui(s1,$2) =
uz(81,82) = —%(51 — s9)2. The Nash equilibria consist of policy profiles of the form (s1,s1) such that
s1 € R. So the Nash equilibrium is not unique. The matriz U(x) is given by U(x) = ( 711 _11 > . While
U(z)+U(x)T is negative semidefinite, it is not negative definite, which is why C’omllary does not hold.
If instead uy(s1, s2) = —%s3 and uz(s1, s2) = —%(s1 — s2)? for some a > 0, then (0,0) is a Nash equilibrium.
Since U(x)+U(x)T = < —1a _01 > + < —Oa _11 > = —12a _12 ) , which is negative deﬁm’t ifa> 1,

the Nash equilibrium is unique if a > %, by Corollary . Uniqueness can be easily checked directly for any
a> 0.

1.6 Two-player zero-sum games

1.6.1 Saddle points and the value of two-player zero-sum game

A two-player game is a zero-sum game if the sum of the payoff functions is zero for any pair of actions taken
by the two players. For such a game we let £(p, ¢) denote the payoff function of player 2 as a function of the
action p of player 1 and the action ¢ of player 2. Thus, the payoff function of player 1 is —£(p, q). In other
words, the objective of player 1 is to minimize £(p, q). So we can think of ¢(p, q) as a loss function for player

2A symmetric matrix A is negative definite if and only if —A is positive definite. A 2 x 2 symmetric matrix is positive
definite if and only if its diagonal elements and its determinant are positive.
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1 and a reward function for player 2. A Nash equilibrium in this context is called a saddle point. In other
words, by definition, (p,q) is a saddle point if

igfﬁ(p, q) =4p,q) = Sgpﬁ(ﬁ, q)- (1.8)

We say that p is minmax optimal for ¢ if sup, (p, q) = inf, sup, £(p, ¢), and similarly ¢ is maxmin optimal
for £ if inf,, £(p, q) = sup, inf,, £(p, ¢), We list a series of facts.

Fact

Fact

Fact

1 If p and ¢ each range over a compact convex set and ¢ is jointly continuous in (p, q), quasiconvex in
p and quasiconcave in ¢ then there exists a saddle point. This follows from the Debreu, Glicksberg,
Fan theorem based on fixed points, Theorem Fact 1 can also be derived from minimax theorems
of Ky Fan and Sion, which directly establish the existence of saddle points under convexity-concavity
assumptions.

2 For any choice of the function ¢, weak duality holds:

sup inf £(p, q) < inf sup £(p, q). (1.9)
q P P q

Possible values of the righthand or lefthand sides of are oo or —oo. To understand , suppose
player 1 is trying to select p to minimize ¢ and player 2 is trying to select ¢ to maximize ¢. The lefthand
side represents the result if for any choice ¢ of player 2, player 1 can select p depending on ¢. In other
words, since “inf,” is closer to the objective function than “sup,,” the player executing “inf,” has
an information advantage over the other player by knowing the other player’s action. The righthand
side has the order of optimizations reversed, so the player executing the “sup,” operation has the
advantage of knowing p. The number A £ inf, sup, £(p, q) — sup, inf,, £(p, q) is known as the duality
gap. If both sides of are oo or if both sides are —oo we set A = 0. Hence, for any ¢, the duality
gap is nonnegative.

Here is a proof of . It suffices to show that for any finite constant ¢ such that inf, sup, ¢ (p,q) <c,
it also holds that sup, inf, £(p, q) < c. So suppose c is a finite constant such that inf, sup, £(p,q) < c.
Then by the definition of infimum there exists a choice p of p such that sup,£(p,q) < c. Clearly
inf, £(p, q) < £(p,q) for any g, so taking a supremum over ¢ yields sup, inf, £(p, q) < sup, £(p, q) < c,
as needed.

3 A pair (p, ) is a saddle point if and only if p is minmax optimal, ¢ is maxmin optimal, and there is
no duality gap. Here is a proof.

(if) Suppose p is minmax optimal, there is no duality gap, and ¢ is maxmin optimal. Using these
properties in the order listed yields

sup £(p, q) = inf sup £(p, q) = supinf £(p, q) = inf £(p, 7). (1.10)
q p q q p p

Since sup, £(p,q) > (p,q) > inf, £(p,q), (L.10) implies sup, £(p,q) = £(p,q) = inf, £(p,q). In other
words, (p,q) is a saddle point.

(only if) Suppose (p,q) is a saddle point, which by definition, means (|1.8)) holds. Extending (1.8]
yields:

sup inf £(p, q) > inf (p,q) = (P, q) = sup £(p, q) > inf sup £(p, q). (1.11)
qg P p q P oq
By weak duality the far lefthand side of (1.11)) is less than or equal to the far righthand side of (1.11])),

so the inequalities in ([1.11) hold with equality. Thus, there is no duality gap, p is minmax optimal,
and ¢ is maxmin optimal.
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Fact 4 For finite two-player zero-sum game with ¢ of the form ¢(p,q) = pAq”, p and ¢ are stochastic row
vectors, the minmax problem for player 1 and maxmin problem for player 2 are equivalent to dual
linear programming problems.

A min-max strategy for player 1 is to select p to solve the problem:

min max pAq’
JISTANY/SVAN

We can formulate this minimax problem as a linear programming problem, which we view as the primal
problem:

min t  (primal problem)
p,t:pA<tl p>0 pl=1

Linear programming problems have no duality gap. To derive the dual linear program we consider the
Lagrangian and switch the order of optimizationsﬂ

min max pAq? = min
PEAN qeEAN p,t:pA<tl p>0 pl=1

= mi t A—t1T)\ 1—pl
min o max +(p JA+ p(l —pl1)

N

= i t A—t1T)A 1-»pl
max o min 4 (p A+ (1 —p1)

t

= max
P AA>0, AA>pl A A1=1

In other words, the dual linear programming problem is

dual probl
#,A:Azo,njiém,)\lﬂ i (dual problem)
which is equivalent to maxyca mingea pAAT | which is the maxmin problem for player 2. Thus, both
the minmax problem of player 1 and the maxmin problem of player 2 can be formulated as linear

programming problems, and those are dual problems. (See Section below on KKT conditions and
duality.)

John von Neumann is generally regarded as having established game theory as a mathematical discipline
(after earlier contributions of Borel and Zermelo) with the publication of his seminal paper [3I], “On the
Theory of Games of Strategy.” He focused on zero-sum two-person games. The fact stated above that such
games are equivalent to linear programs which have no duality gap implies his famous minmax theorem:

Theorem 1.32 (von Neumann 1928) Let A be the payoff matriz of a finite two-person zero-sum game.
Then there exists a value v such that

v = minmax p’ Ag = max min p? Agq, (1.12)
P q a P

3For readability, we consider the condition p > 0 on p to define the domain X for the primal problem, instead of introducing
a Lagrange multiplier for it. However, for this problem, we would get the same dual if we instead introduced another multiplier
N for the constraint p > 0, yielding an additional term —p)’ in the Lagrangian, where )\’ is a column vector with X\’ > 0, and
the min is over all p, not just p > 0. After eliminating p from the minimization problem, the dual problem is to maximize p
over pu, A > 0,\ > 0 subject to A\ — pul = X\ and A1 = 1. Then we can easily remove the variable X’ to get the form shown.
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where p and q range over mized strategies of the two players. Moreover, there exist optimal mized strategies
p* and q* such that

v =minp? A¢* = max (p*)" Aq. (1.13)
P q

1.7 Appendix: Derivatives, extreme values, and convex optimiza-
tion

This appendix collects mathematical tools used throughout the notes, including the Weierstrass theorem (ex-
istence of maxima), multivariable derivatives, and tools from convex optimization including KKT conditions
and duality. These tools provide the mathematical foundations for Nash equilibrium existence, minimax
theorems, and mechanism design.

1.7.1 Weierstrass extreme value theorem

Suppose f is a function mapping a set S to R. A point z* € S is a maximizer of f if f(x) < f(a*) for all
2 € S. The set of all maximizers of f over S is denoted by arg max,cgs f(z). It holds that arg max,cs f(x) =
{z €S f(z) =supyeg f(y)}. It is possible that there are no maximizers.

Theorem 1.33 (Weierstrass extreme value theorem) Suppose f : S — R is a continuous function and the
domain S is a sequentially compact set. (For example, S could be a closed, bounded subset of R™ for some
m.) Then there exists a mazimizer of f. In other words, arg max,cg f(x) # 0.

Proof. Let V' = sup,cg f(x). We don’t a priori rule out the possibility that V' = +oo. Let (z,) denote a
sequence of points in S such that lim,_,« f(z,) = V. By the compactness of S, there is a subsequence (zy,,)
of the points that is convergent to some point z* € S. In other words, limy_, . zp, = z*. By the continuity
of f, f(z*) = limp_ 0 f(zn,), and also the subsequence of values has the same limit as the entire sequence
of values, so limy_, o f(zn,) = V. Thus, f(2*) = V, which implies the conclusion of the theorem. We also
have shown that V is finite. ]

Example 1.34 (a) If S =(0,1) and f(z) = ® there is no mazimizer. Theorem [1.39 doesn’t apply because
S is not compact.

(b) If S =R and f(x) = 22 there is no maximizer. Theorem doesn’t apply because S is not compact.

(c) If S =10,1] and f(z) = x for 0 <z < 0.5 and f(z) =0 for 0.5 <z < 1 then there is no mazimizer.
Theorem [1.33 doesn’t apply because f is not continuous.

1.7.2 Derivatives of functions of several variables

Suppose f : R™ — R™. We say that f is differentiable at a point x if f is well enough approximated in a
neighborhood of by a linear approximation. Specifically, an m X n matrix J(z) is the Jacobian of f at z if

o 110 = f@) = T @)= 2)] _

e la — 2|
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The Jacobian is also denoted by % and if f is differentiable at x the Jacobian is given by a matrix of partial
derivatives:

ofr 9f1

af a1'71 T 8?n
or J = : : :

. Ofm Ofm

Oxq Tt Ox .,

Moreover, according to the multidimensional differentiability theorem, a sufficient condition for f to be
differentiable at x is for the partial derivatives gg L to exist and be continuous in a neighborhood of z. In the

J
special case m = 1 the gradient is the transpose of the derivative:

of
811

vi=|
of

O0xn,

A function f : R™ — R is twice differentiable at x if there is an n x n matrix H(x), called the Hessian matrix,
such that

g 1(@) = f(@) = I(2) - (a =) — 5(a —2)TH(x)(a - 2)|

a—w la — [

=0.

The matrix H(z) is also denoted by %(x), and is given by a matrix of second order partial derivatives:

o*f o°f
Ox10x1 e 0x10Ty
0% f
(Oz) ; ‘ :
o°f o°f
Oz, 011 Oz Oxn

The function f is twice differentiable at x if both the first partial derivatives % and second order partial

2
derivatives % exist and are continuous in a neighborhood of .
1O j

If f:R™ — R is twice continuously differentiable and if x,« € R"™, then we can find the first and second
derivatives of the function ¢ — f(z + ot) from R — R :

Of(x+at) of o7
ot B —~ Ox; w+atal SVt
Pflx+at) o*f
GO ZZ i |
=alH(z 4 at)a.

If the domain of f is convex and H (y) is positive semidefinite for all y, in other words o’ H(y)a > 0 for all
a € R™ and all y, then f is a convex function.

1.7.3 Optimality conditions for convex optimization

(See, for example, [2], for a more extensive version of this section.) A subset C' C R" is convex if whenever
z, 2 € Cand 0 < A <1, Az + (1 — A)a’ € C. The affine span of a set C C R" is defined by aff(C) =
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{Z§:1 Nixi t k> 1,2, € C, ), A\ = 1} (note that the \; can be negative). The relative interior of a convex
set C' is the set of © € C such that for some € > 0, B(z,¢) Naff(C) C C, where B(z,€) is the radius e ball
centered at z.

A function f : C' — R is convex if whenever z,2' € Cand 0 < A <1, f(Az+(1=N)a’) < Af(x)+(1=N)f(a).
If f is differentiable over an open convex set C, then f is convex if and only if for any x,y € C, f(y) >
f@)+Vf(z) (y—x). If fis twice differentiable over an open convex set C, it is convex if and only if the
Hessian is positive semidefinite over C, i.e. H(z) = 0 for z € C.

The normal cone of a set X C R™ at a point z € X is theset Nx(z) = {v € R" : (y—x)-v >0 for all y € X}E|
Note that if X = R™ then Nx(x) contains only the all zero vector.

Proposition 1.35 (First order optimality condition for convex optimization) Suppose f is a convex differ-
entiable function on a convex open domain D. Suppose X is a convexr set with X C D and x* € X. Then
z* € argmingex f(z) if and only if (y —x*) - Vf(z*) > 0 for all y € X. Equivalently, z* € arg min,ex f(x)
if and only if Vf(z*) € Nx(z*).

Proof. (if) If (y—a*)-Vf(z*) > 0for ally € X, then for any y € X, f(y) > f(z*)+Vf(z*)-(y—z*) > f(z*),
so x* € argmingex f(x).

(only if) Conversely, suppose z* € arg min,cx f(z) and let y € X. Then for any A € (0,1), (1-N)z*+ y € X
so that f(z*) < f((1 = N)a* + Ay) = f(2* + My — x*)). Thus, £ +)‘(y_)\x V=) > 0 for all A > 0. Taking
A — 0 yields (y — z*) - Vf(z*) > 0. |

Next we discuss the Karush-Kuhn-Tucker necessary conditions for convex optimization, involving multipliers
for constraints. Consider the optimization problem

min f(z)
s.t. gi(x) <05 i € [m] (1.14)

hj(z) =0; j €[4,

such that X C R™, f: X — R is the objective function, inequality constraints are expressed in terms of the
functions g; : X — R and equality constraints are expressed in terms of the functions h; : X — R. We call

problem (1.14)) the primal problem.

The optimization problem is convez if X is a convex set, the function f and the g;’s are convex and the h;’s
are affine. The optimization problem satisfies the relaxecﬂ Slater condition if it is a convex optimization
problem and there exists an Z that is strictly feasible: Z is in the relative interior of X, ¢;(z) < 0 for all ¢
such that g; is not an affine function, g;(Z) < 0 for all ¢ such that g; is an affine function, and h;(Z) = 0 for
all j.

Given real valued multipliers \;,7 € [m], and p;, j € [¢], the Lagrangian function is defined by
m )4
Lz, A p) = f(2) + > Nigi(x) + Y ihy ().
i=1 j=1

which we also write as: L(z, A\, u) = f(z) + (A, g(z)) + (i, h(x)).

4This definition follows [2] and gives an inward facing cone at the boundary point of a strictly convex set. It is more common
in the literature to reverse the inequality and have outward facing cones.

5The word “relaxed” refers to the fact that for the inequality constraints for affine functions g; only g;(Z) < 0 is required
rather than the stronger condition g;(Z) < 0.
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Theorem 1.36 (Karush-Kuhn-Tucker (KKT) necessary conditions) Consider the optimization problem
such that f, the g;’s and the h;’s are continuously differentiable in a neighborhood of a point x*. If x* is a
local minimum and a suitable regularity condition is satisfied (e.g., linearity of constraint functions, linear
independence of the gradients of the active inequality constraints and the equality constraints (LICQ), or,
in the conver setting, the relazed Slater condition holds) then there exist \},i € [m], and 7}, j € [{], called
Lagrange multipliers, such that the following conditions, called the KKT conditions, hold:

(first order optimality condition for x* to minimize L(x, \*, u*))

m ¢
Vi) + Y A Vgi(a*) + > piVhi(z*) € Nx(z*) (1.15)
i=1 j=1
(primal feasibility)
e X (1.16)
gi(z") <05 i € [m] (1.17)
hi(a®) = 0; j € [0 (1.18)
(dual feasibility)
Af >0; i€ [m] (1.19)
(complementary slackness)
Ngi(z") = 0; i € [m] (1.20)

Theorem 1.37 (Karush-Kuhn-Tucker sufficient conditions) Suppose the optimization problem (1.14)) is con-
vex and f and the g;’s are continuously differentiable (convex) functions. If x*, (A} )icm), and (1} )jen,

satisfy the KKT conditions (L.15)-(1.20), then x* is a solution of (1.14]).

Corollary 1.38 If the primal problem is linear, or if it is convex and f and the g;’s are differentiable, and
the relazed Slater condition is satisfied, then x* is a solution of (1.14) if and only if there exists (A*, u*)

such that the KKT conditions (1.15))-(1.20) are satisfied.

The following describes the dual of the primal problem . Note that if x is a feasible point for the
primal problem (i.e. z € X : g(x) < 0,h(z) = 0) then f(z) = maxy ,.a>0 L(z, A, 1), where the maximum
is achieved by any (A, u) satisfying the complementary slackness condition. So the primal problem is a min
max problem for the Lagrangian L. The dual problem is the corresponding max min problem.

The dual objective function ¢ is defined by
¢(A, p) = min L(z, A, )
= min f(2) + (A g(2)) + (o b)),
The dual optimization problem can be expressed as

max d(A, 1)
A p
st A > 054 € [m] (1.21)
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Proposition 1.39 (a) Weak duality holds in general: the optimal value of the dual optimization problem is
less than or equal to the optimal value of the primal problem.

(b) If the primal problem is convez, the function f and the g;’s are differentiable, and there exists ™, \*, u*
satisfying the KKT conditions, then strong duality holds: the optimal values of the primal and dual problems
are equal. Also, x* is a solution for the primal problem and (X\*,u*) is a solution to the dual problem.

(¢) If the primal problem is convex, the relaxed Slater condition holds, and there is an optimal solution x*
to the primal problem, then there is no duality gap.

(d) If the primal problem is linear there is no duality gap.

Proof. (a) Since the primal and dual problems form a min max - max min pair, Fact 2 of Section m
implies weak duality.

(b) Under the assumptions of part (b), L(x, \*, u*) is convex in z and ([1.15)) is equivalent to V. L(xz, \*, u*)| €
Nx (z*), which by Proposition implies that minge x L(z, A*, p*) = L(x*, A*, u*). So ‘

¢(/\*a,u*) £ gg)r%[’(va*7u*) = L(x*7/\*7u*) = f(.li*) + <)\*,g($*)> + <M*7h(x*)> = f(x*)a

where (A*, g(z*)) = 0 by complementary slackness and (u*, h(z*)) = 0 by primal feasibility. The existence
of primal feasible z* and dual feasible (A*, u*) such that ¢(\*, u*) = f(z*) implies strong duality.

(¢) Under the conditions of (¢) Theorem implies the existence of (A\*, u*) satisfying the KKT conditions
so part (b) applies.

(d) The proof is omitted. This is a standard result in the theory of linear programming and the proof requires
additional techniques. See [2, Theorem 1.2.7] for a proof. |

Example 1.40 Suppose a factory has an inventory with various amounts of commodities (raw materials).
Specifically, it has C; units of commodity i for each i. The factory is capable of producing several different
goods, with market price p; per unit of good j. Suppose producing one unit of good j requires A;; units of
commodity i for each i. How could the factory maximize the value of its inventory? It could decide to produce
x; units of good j, where the x’s are selected to mazximize the total selling price of the goods, subject to the
constraint on needed resources. Given C,p, and A, this can be formulated as a linear programming problem:

max plx
over x > 0
subject to Az < C.

We derive the dual problem by introducing a multiplier vector A for the constraint Az < C. We shall consider
the condition x > 0 to define the domain X of the problem, instead of introducing a multiplier for it in the
Lagrangian. Since the primal problem here is a mazimization problem, the dual is obtained by reversing the
roles of max and min in the Lagrangian construction. The Lagrangian is L(x,\) = pTx + \T(C — Ax) - we
check it by noting that for any feasible x, pTx = miny>o L(z,\). Therefore, the dual objective function is
given by

ATCif ATA>pT

_ _ T T _\T _
o) = F) Liw,2) = I?S(DJ(/\ CHlm - A Az { +oo else
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Thus, the dual problem can be written as

min \TC
st A>0
MA>pT.

The dual problem offers a second way to compute the same value for the inventory. Think of A\; as a value
per unit of commodity i. An interpretation of the constraint AT A > p” is that the sum of the values of the
commodities used for any good should be at least as large as the price of that good, on a per unit basis. So
a potential buyer of the inventory could argue that a vector of commodity prices A would be a fair price to
pay to the factory for the inventory, because for any good, the sum of the prices of the commodities needed
to produce one unit of good is greater than or equal to the unit price of the good. In other words, if one
unit of good of any type j were purchased at the market price p;, and the good could be decomposed into
its constituent commodities, then the value of those commodities for price vector A would be greater than or
equal p;.

Example 1.41 Here is a classic example for which Lagrange multipliers don’t exist for x € R%. Let f(z) =
2o, g1(x) = (v1 — D)2 + 22 — 1 and g2(x) = (21 + 1)? + 2% — 1. Consider the problem of minimizing
f(x) subject to g1(x) < 0 and go(x) < 0. Geometrically speaking, the feasible set is the intersection of two
radius one disks, with centers at (iol). The disks intersect at the single point x* = (8), which is hence the
only feasible point, and which is thus also the minimizer. The two disks are also tangent at xz*. Note that

VLl = (?) + A1 (702) + A2 (3), so there is no choice of A\ and A2 to make VL(x*, A1, 2) = 0. (Of course
nong of the sufficient conditions for existence of Lagrange multipliers are satisfied.)

Example 1.42 Consider the problem min, <o f(x) for some extended real-valued function f : R — RU{+o0}.
Letting g(x) = x, we see the Lagrangian is given by L(z,\) = f(x) + Az, and the dual function is given by
d(A) = ming <o f(x)+ Ax. Note that for any fivzed x and X, the value of f(x)+ Az is the y-intercept of the line
through (x, f(x)) in the (x,y) plane, with slope —\. Thus, for each X\ > 0, ¢(\) is the minimum y-intercept
over all lines with slope —\ that intersect the graph of f. FExamples based on two different choices of f are
shown in Figure [I.5. For each one, a line of slope —\ is shown for some X\ > 0, such that the y intercept
is as small as possible for the given . In other words, the y intercept is ¢p(\). For case (a), ¢ is mazimized
over A >0 at A = —f'(0). For case (b), ¢(X\) is mazimized over X > 0 at A = 0. Since g(x) < 0 for z < 0,
Slater’s condition is satisfied for both cases.
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(b)

~ '\

Figure 1.5: Illustration of ¢(N\).



Chapter 2

Evolution as a Game

2.1 Evolutionarily stable strategies

Consider a population of individuals, where each individual is of some type. Suppose individuals have occa-
sional pairwise encounters. During an encounter the two individuals involved play a two-player symmetric
game in which the strategies are the types of the individuals. As a result of the encounter, each of the two
individuals produces a number of offspring of its same type, with the number being determined by a fitness
table or, equivalently, a fitness matrix. For example, consider a population of crickets such that each cricket
is either small or large. If two small crickets meet each other then they each spawn five more small crickets.
If a small cricket encounters a large cricket then the small cricket spawns one more small cricket and the
large cricket spawns eight new large crickets. If two large crickets meet then each of them spawns three new
large crickets. We can summarize these outcomes using the fitness matrix shown in Table

Table 2.1: Fitness matrix for a population consisting of small and large crickets.

‘ small large 51
small | 5,5 1,8 or, for short, u= < 3 3 > .
large | 8,1 3,3

If a type 4 individual encounters a type j individual, then the type ¢ individual spawns (4, j) new individuals
of type 4, and the type j individual spawns u(j,4) new individuals of type j.

For example, consider a homogeneous population in which all individuals are of a single type S. Suppose
a small number of individuals of type T is introduced into the population (or some individuals of type T
invade the population). If the T’s were to replicate faster than the S’s they could change the composition of
the population. For example, that is why conservationists are seeking to prevent an invasive species of fish
from entering Lake Michigan. Roughly speaking, the type S is said to be evolutionarily stable if S is not
susceptible to such invasions, in the regime of very large populations.

Definition 2.1 (Evolutionarily stable pure strategies) A type S is an evolutionarily stable strategy (ESS) if
for all e > 0 sufficiently small, and any other type T

(I =e)u(S,S)+eu(S,T) > (1 —e)u(T,S) + eu(T,T)
27
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In other words, if S is invaded by T at level € then S has a strictly higher mean fitness level than T.

Note that the ESS property is determined entirely based on the fitness matrix; no explicit population
dynamics are involved in the definition.

Consider the large vs. small crickets example with fitness matrix given by Table The large type is ESS
by the following observations. For a population of large crickets with a level € invasion of small crickets,
the average fitness of a large cricket is 3(1 — €) 4+ 8¢ = 3 4 5¢, while the average fitness of a small cricket
is (1 —€) + 5e = 1 + 4e. So the invading small crickets are less fit, suggesting their population will stay
small compared to the population of large crickets. In contrast, small is not ESS for this example. For a
population of small crickets with a level e invasion of large crickets, the average fitness of a small cricket is
5(1 — €) + ¢ = 5 — 4¢, while the average fitness of a large cricket is 8(1 — €) + 3¢ = 8 — 5e. Thus, the average
fitness of the invading large crickets is greater than the average fitness of the small crickets. Note that for
the bi-matrix game specified in Table large is a strictly dominant strategy (or type). In general, strictly
dominant strategies are ESS and if there is a strictly dominant strategy, no other strategy can be ESS.

The definition of ESS can be extended to mixed strategies, as follows.

Definition 2.2 (Evolutionarily stable mized strategies) A mixed strategy p* is an evolutionarily stable strat-
egy (ESS) if there is an € > 0 so that for any € with 0 < € < & and any mized strategy p’ with p’ # p*,

u(p*, (1= €e)p" +ep’) > u(p’, (1 - €)p* +€p'). (2.1)

Proposition 2.3 (First characterization of ESS using Maynard Smith condition) p* is ESS if and only if
there exists € > 0 such that

u(p*,p) > u(p,p) (2.2)

for all p with 0 < ||p* — p||1 < 2€. (By definition, ||p* — pll1 = >_, [Ph — Pal-)

Proof. Before proving the if and only if portions separately, note the following. Given strategies p* and p’
and € > 0, let p = (1 — €)p* + ep’. Then u(p,p) = u((1 — €)p* + ep’,p) = (1 — €)u(p*,p) + eu(p’, p), which
implies that (2.1)) and (2.2)) are equivalent.

(if) (We can take € and € to be the same for this direction.) Suppose there exists € > 0 so that (2.2)) holds
for all p with 0 < ||p* — p|j1 < 2. Let p’ be any strategy with p’ # p* and let € satisfy 0 < e < € Let
p=(1—¢€)p*+ep’. Then 0 < ||p* — p||1 < 2€ so that (2.2 holds, which is equivalent to (2.1)), so that p* is
ESS.

(only if) Suppose p* is ESS. Let € be as in the definition of ESS so that holds for any p’ # p* and
any € with 0 < € < & Let € = emin{p} : p > 0}. Let p be a mixed strategy such that 0 < ||p* — p|j; < 2€
In particular, |pf — p;| < € for all i. Then there exists a mixed strategy p’ such that p = (1 — €)p* + &’
for some p’ with p’ # p*. Indeed, it must be that p’ = p=(=9p" T4 g easy to check that the entries of p’
sum to one. It remains to check that p} is nonnegative for all i. Clearly p, > 0 if pf = 0. If pf > 0 then
Di—(1—€)p; > pf —€—(1—¢€)p; = ép; —€ > 0, where the final inequality is due to the choice of €. Therefore
p’ is a probability vector, as required. By assumption, holds, which is equivalent to . |
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Proposition 2.4 (Second characterization of ESS using Maynard Smith condition) p* is ESS if and only if
for every p’ # p*, either

(i) u(p*,p*) > u(p',p*), or

(i) u(p*, p*) = u(p’,p*) and the Maynard Smith condition holds: u(p*,p’) > u(p’,p’).
Proof. (only if) Suppose p* is an ESS. Since u(p, ¢) is linear in each argument, (2.1)) is equivalent to

(1= €u(p®,p*) + eu(p®,p') > (1 = u(p’,p*) + eu(p’,p’) (2.3)

so there exists € > 0 so that ([2.3)) holds for all 0 < e < € The terms with factors (1 — €¢) dominate as € — 0,
so letting € — 0 yields u(p*, p*) > u(p’, p*). If the inequality is strict then (i) holds. If u(p*,p*) = u(p’, p*)
then the terms with factor (1 — €) cancel in (2.3)) so that (ii) holds.

(if) (The proof for this part is slightly complicated because in the definition of ESS, the choice of € is
independent of p’.) Suppose either (i) or (ii) holds for every p’ # p*. Then u(p*,p*) > u(p’,p*) for all p'.
Let F = {p' : u(p*,p*) = u(p/,p*)} and let G = {p’ : u(p*,p’) > u(p’,p’)}. By the continuity of u, F is a
closed set and G is an open set, within the set of mixed strategies ¥. By assumption, F' C G. The function
u(p*,p*) — u(p’,p*) is strictly positive on F® and hence also on the compact set G° = X\G. Since G° is
a compact set, the minimum of u(p*, p*) — u(p’, p*) over G° exists, and is strictly positive. The function
p = u(p*,p’) —u(p’,p’) is a continuous function on the compact set 3 and is thus bounded below by some
possibly negative constant. So there exists € > 0 such that

(1 — &) min{u(p*, p*) — w(p',p*) : p' € G} + emin{u(p*,p’) —u(p',p) : p' € B} > 0.

It follows that for any € with 0 < ¢ <€, (2.3)), and hence also (2.1), holds. Thus, p* is ESS. |

The following is immediate from Proposition [2.4]

Corollary 2.5 (ESS and Nash equilibria) Consider a symmetric two-player normal form game.

(i) If a mized strategy p is ESS then (p,p) is a Nash equilibrium.

(i) If (p,p) is a strict Nash equilibrium in mized strategies, then p is ESS.

2.2 Replicator dynamics

Continue to consider a symmetric two-player game with payoff functions u; and us. The symmetry means
S1 = Sy and for any strategy profile (z,y), ui(z,y) = ua(y, z), and uq(x,y) is the same as u(x,y), where u
is the fitness matrix. For brevity, we write u(x,y) instead of u;(x,y). Consider a large population such that
each individual in the population has a type in S7. Let n;(a) denote the number of type a individuals at time
t. We take n:(a) to be a nonnegative real value, rather than an integer. Assuming it is a large real value

the difference is relatively small. Sometimes such models are called fluid models. Let 0:(a) = %,

so that 6;(a) is the fraction of individuals of type a. In other words, if an individual were selected from
the population uniformly at random at time ¢, 6; represents the probability distribution of the type of the
individual. Recall that, thinking of u as the payoff of player 1 in a normal form game, u(a, 6;) is the expected
payoff of player 1 if player 2 uses the mixed strategy ;. In the context of evolutionary games, u(a,8;) is
the average fitness of an individual of type a for an encounter with another individual selected uniformly
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at random from the population. The (continuous time, deterministic) replicator dynamics is given by the
following ordinary differential equation, known as the fitness equation:

ii(a) = ni(a)ula, 0).

The fitness equation implies an equation for the fractions. Let Dy =Y, n:(a’) so that 6;(a) = %‘:). By the
fitness equation and the rule for derivatives of ratios,

ne(a)Dy — nt(a)Dt

ét(a) = D?
_ me(@)ula,br)  mi(a) 3o, m(a’)ula’, ;)
D, D?
which can be written as:
0:(a) = 0,(a)(u(a, 0:) — u(fy,6:)). (2.4)

The term wu(fy, 6;) in (2.4) is the average over the population of the average fitness of the population. Thus,
the fraction of type a individuals increases if the fitness of that type against the population, namely u(a, 6;),
is greater than the average fitness of all types.

Let 6 be a population share state vector for the replicator dynamics. In other words, 6 is a probability vector
over the finite set of types, S1. The following definition is standard in the theory of dynamical systems:

Definition 2.6 (Classification of states for the replicator dynamics)

(i) A vector 0 is a steady state if 6 =0.
0=0

(ii) A vector 0 is a stable steady state if for any e > 0 there exists a 6 > 0 such that if o — 0|| < & then
|16: — 6] < e for allt > 0.

(iii) A vector 0 is an asymptotically stable steady state if it is stable, and if for some n >0, if |0 — 0| <n
then lim;_, o 0, = 0.

Example 2.7 Consider the replicator dynamics for the Doves-Hawks game with the fitness matriz shown.
Think of the doves and hawks as two types of birds that need to share resources, such as food. A dove has

Player 2
Dove Hawk
Dove 3,3 1,5
Hawk 5,1 0,0

Player 1

higher fitness, 3, against another dove than against a hawk, A hawk has a high fitness against a dove (5)
but zero fitness against another hawk; perhaps the hawks fight over their resources. The two-dimensional
state vector (0:(D),0:(H)) has only one degree of freedom because it is a probability vector. For brevity, let
xy = 04(D), so 0 = (v, 1 — x;). Observe that

ut(D,Gt) = 31'75 + (1 - xt) = 2.’L’t +1

’LLt(H, Ht) = 51’t

ut(ﬂt,et) = .Tt(QZ‘t + 1) + (1 — l‘t)(5.13t) = 61‘15 — 31‘?
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So (2.4) gives

&y = 2 (ug (D, 0;) — ue(0r,0))
= x4(3x] — day + 1)
= 24(1 — 2)(1 — 3a). (2.5)

Sketching the right-hand side of (2.5) vs. x; and indicating the direction of flow of x; shows that 0 and 1
are steady states for x; that are not stable, and % is an asymptotically stable point for xy. See Figure
Consequently, (1,0) and (0,1) are steady states for 0; that are not stable, and (1,2) is an asymptotically

373
/\
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Figure 2.1: Sketch of h(x) = z(1 — z)(1 — 3z) as both a function and one-dimensional vector field.

stable point for 6. In fact, if 0 < 0p(D) < 1 then 6; — (3,32) as t — oco.

Definition 2.8 (Trembling hand perfect equilibrium) A strategy profile (p1,...,pn) of mized strategies for a
normal form game is a trembling hand perfect equilibrium if there exists a sequence of fully mized vectors of
strategies p™) such that p™ — (py1,...,pn) and

D; € Bi(p(:?) for all i,n (2.6)

Remark 2.9 (i) The terminology “trembling hand” comes from the image of any other player j intending
to never use an action a such that p;(a) = 0, but due to some imprecision, the player uses the action
with a vanishingly (as n — oo) small positive probability.

(i) The definition requires to hold for some sequence pi™ — (py,...,py), not for every such sequence.

(#ii) Trembling hand perfect equilibrium is a stronger condition than Nash equilibrium; Nash equilibrium
only requires p; € B;(p—;) for all i.

(iv) A strategy profile in a finite two-player normal form game is a trembling hand perfect equilibrium if and
only if it is a mized strategy Nash equilibrium and the strategy of neither player is weakly dominated
[26, Proposition 248.2].

Figure gives a classification of stability properties of states for replicator dynamics based on a symmetric
two-player matrix game. Perhaps the most interesting implication shown in Figure [2:2]is the topic of the
following proposition.

Proposition 2.10 If 0 is an evolutionarily stable strategy (ESS) then it is an asymptotically stable state for
the replicator dynamics.

Proof. Fix an ESS probability vector . We use Kulback-Leibler divergence as a Lyapunov function. In
other words, define V() by

V(0) =D(0]6) £ " 6(a)In 08
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s is a strictly
dominant strategy
See Shoav Leyton-Brown
defn text for references

(s,s) is a strict NE

s is an evolutionarily —Lyapunov s is an asymptotically
stable strategy (ESS)” __———r>stable state of replicator

argument .
dynamics

defn

(s,s) is a trembling
hand perfect equilibrium
s is a stable

(s,s) is an NE steady state of
replicator dynamics

defn

defn

s is a steady state
of replicator dynamics

Figure 2.2: Classification of states, for evolution based on a symmetric two-person normal form game. The
three definitions in the shaded box involve the replicator dynamics; the other definitions only implicitly

involve dynamics.

with the convention that 0In0 = 0. It is well known that D(f]|0) is nonnegative, jointly convex in (6, 6), and
D(0]|¢) = 0 if and only if & = §. Therefore, V() > 0 with equality if and only if = 6 (i.e. V is positive
definite). Since we will be differentiating D(6|6) with respect to 6, for convenience we rewrite V as

Also, V(6) is finite and continuously differentiable for # sufficiently close to @, because such condition ensures

that 6(a) > 0 for all @ such that 6(a) > 0.
For brevity, write ‘7,5 = V(6;). Then by the chain rule of differentiation, the replicator fitness equation, and
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Proposition [2.3]

= Z 0(a) O (a)(u(a, 0;) — u(b,6:))

a:0(a)>0 et(a)

= —(u(8,0:) — u(bs, 6:))
< 0 for sufficiently small ||6; — 0|

Thus V(6;) is strictly decreasing in a neighborhood of 0 except at 0 itself. Since V is positive definite,
Lyapunov’s theorem implies that 6 is an asymptotically stable state. |

The converse of Proposition does not hold as demonstrated by an example with n = 3 in [7]. However,
the following proposition shows that if p is an asymptotically stable state then it satisfies a property stronger
than (p, p) being a Nash equilibrium.

Proposition 2.11 [7, Theorem 26] If p is an asymptotically stable state of the replicator dynamics, then p
is an isolated equilibrium state and (p,p) is a trembling hand perfect equilibrium of the underlying two-player
game.

Example 2.12 Consider the replicator dynamics for the Dove-Robin-Owl game with the fitness matriz
shown. The owls are strictly less fit than any other species, so the only equilibrium distribution including the

Player 2
Dove Robin Owl
Dove 3,3 3,3 2,2
Player 1 Robin 3,3 3,3 1,1
Owl 2,2 1,1 0,0

owls is a pure owl population, that is distribution (0,0,1), is a steady state of the replicator dynamics.

So consider the population distributions that do not include a positive fraction of owls. They are distributions
of the form (x,1—x,0). With no owls, the doves and robin populations grow in proportion, with the fractions
constant. Thus (x,1—x,0) is a steady state for any x with 0 < x < 1. In fact, it is easy to check the stronger
statement: (x,1 — x,0) is a Nash equilibrium for any x with 0 < x < 1.

If there is a small positive fraction of owl’s around then the dove’s have a slight advantage over the robins.
Thus, only (1,0,0) is a trembling hand perfect equilibrium distribution. The fact (1,0,0) is a trembling hand
perfect solution is easy to verify directly from the definition. The state (1,0,0) is not asymptotically stable
because it is not an isolated stable state. It follows that (1,0,0) is not an ESS either, which can also be
checked using Proposition [2.4)

The only remaining question is which of the strategies of the form (x,1—x,0), if any, are stable steady states
of the replicator dynamic. A bit of analysis shows that they are all stable steady states. Indeed, if 6y is close
to (x,1—x,0) and if there are initially no owls, then the initial state is a steady state so that 6, is as close to
(x,1—x,0) as the initial state is. If there is initally a small positive fraction of owls, since the fitness of the
owls is dominated by the fitnesses of the other two types, the fraction of owls converges to zero exponentially
quickly. Thus, while the dove’s get a small boost over the robins due to the owls, the effect converges to zero
as the initial fraction of owls converges to zero.
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Additional reading

See [30, pp. 225-230] and [13, Chapter 7] for additional reading. The concept of trembling hand equilibrium
plays a larger role in Chapter



Chapter 3

Learning in (Games

3.1 Iterated best response

A Nash equilibrium is a fixed point of the best response function: s € B(s). One attempt to find a Nash
equilibrium is iterated best response: s'*1 = B(s?).

Example 3.1 Consider iterated best response for the game shown. Beginning with s° = (T, L) we find

Player 2

L R

T|12]31

Player 1 B 2143

st = (B,L) s = (B,R) fort > 3. A Nash equilibrium is reached in two iterations. Note that action B is
strictly dominant for player 1, so that player 1 uses B beginning with the first iteration and does not switch
again. Once player 2 plays the best response to B, no more changes occur.

Example 3.2 Consider iterated best response for the coordination game shown. FEach player has strategy

Player 2

A B

Al11]00

Player 1 B[00 L1

set {A, B} and they both get unit payoff if they select the same strategy, and payoff zero otherwise. Consider
best response dynamics with the unfortunate initial strategy profile s° = (A, B). Then st = (B, A) for t odd
and st = (A, B) for t even, so the payoff to both players is zero at each step. The players are chasing after
each other too quickly and are always out of sync with each other.

A key factor leading to the lack of convergence in Example is the synchronous simultaneous updates.
The next section discusses a reasonably broad class of games for which iterated best response converges if

35
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players update their responses one at a time, namely, potential games.

3.2 Potential games

Potential games, first defined by Monderer and Shapley, [23], are a special class of games that admit a
potential function. The potential function assigns to each pure-strategy profile s = (s1,...,s,) a potential,
or global score, for the game. The defining property is that if any one player unilaterally switches to a
new strategy the resulting change in the potential is equal to the change in the player’s payoff. It players
only make changes that increase their own payoffs then the potential is also increasing. If a game is finite
(meaning all action sets are finite) then there are only finitely many strategy protiles and hence the potential
can increase at most a finite number of times. So eventually a strategy profile is reached so that no player
can increase their own payoff by switching their strategy. Thus a Nash equilibrium is reached.

Let G = (I,(S;), (u;)) be an n-player normal form game and let S = X, Si denote the product space of
action vectors.

Definition 3.3 A potential function for G is a function ® : S — R such that
ui(w,5-i) — ui(y, s—i) = ®(z,5-;) — ®(y,5-)

foralli eI and all z,y in S; and s_; € S_;. (Here, S_; = Xi,el\{i} Sir.)

If G has a potential function ® and if the action of a single player ¢ changes, there is no restriction on the
change of payoff functions of the other players. If a game has a potential function it is easy to find one,
because for any two s, s” € S, the difference ®(s) — ®(s’) can be found by changing the coordinates of s into
coordinates of s’ one at a time. Any order the coordinates are changed in must give the same difference,
which is why the property of having a potential function is a rather special property of a game. If @ is a
potential function, then so is ® + ¢ for a constant ¢, so in searching for a potential function we can assign
an arbitrary real value to ®(s) for one strategy profile vector s € S.

Example 3.4 Recall the prisoner’s dilemma. Let us seek a potential function ®. We can set ®(C,C) = 0

Player 2
C (cooperate) D
C (cooperate) 1,1 -1,2
P1 1 2 2
aver D 2-1 0,0

without loss of generality. If the action of either player is changed from C to D then the payoff of that
player increases by one, so ®(C, D) = ®(D,C) = 1. Starting with (D, C), if the action of player 2 changes
to D, then the payoff of player 2 again increases by one, so it must be that ®(D, D) = 2. Thus, if there is a
potential function, up to an additive constant, it must be given by the number of D’s in the strategy profile
(81,82). Checking all cases we can verify that indeed, the game is a potential game with the potential equal
to the number of D’s in the strategy profile. In a homework problem we address the following question: Does
every symmetric two-player game have a potential function?

The first part of the following proposition is a direct consequence of the definition of potential function. The
second part follows from the opening paragraph of this section.

Proposition 3.5 Suppose G has a potential P.
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(i) For s € S, s is a pure strateqy Nash equilibrium (NE) if and only if s is a local mazimum of ® (where
the neighbors of s are strategy profiles obtained by changing the strategy for a single player).

(i) If G is a finite game (meaning that all action sets are finite) then there exists at least one pure Nash
equilibrium. Furthermore, if s° is an arbitrary strategy profile and a sequence s°,s',... of strategy
profiles is determined by using single player better response dynamics (players consider whether to
change strategies one at a time and any time a player can change strategies to strictly increase the
payoff of the player, some such change is made), then the sequence terminates after a finite number of
steps and ends at a NE.

Example 3.6 (Single resource congestion game) Suppose there is some resource that can be shared, such as
a swimming pool. Each player makes a binary decision, so that s; € S; = {0,1} for each i, where s; = 1
denotes that player i will participate in sharing the resource. The total number of players participating is
|s| £ 81 +...+ s|11- Suppose the payoff of a player is zero if the player does not participate, and the payoff
is v(k) if a total of k players participate, where v : {0,...,|I|} — R. Hence, u;(s) = s;v(|s]). Thus, v(k)
represents the value of participating for a player given that a total of k players are participating. Some values
of v could be negative. In many applications, v(k) is decreasing in k, for example representing a fizved reward
for participating minus a congestion cost that increases with the number of participants. Is this a potential
game?

Solution: Let us seek a potential function ®. By definition, a function ® is a potential function if and only
if it satisfies

ui(1, i) —ui(0,5-;) = ®(1,5-;) — (0,5-;)
for any player i and any s_1 € S_;. If s_; has k ones, this becomes
vk+1)—0=®(1,s5_;) — ®(0,5_;).

That is because, if k other players are participating, if another player decides to participate, the payoff of
that player goes from 0 to v(k + 1). Here, (0,s5_;) and (1,s_;) can represent an arbitrary pair of strategy
profiles such that the former has k ones, the latter has k + 1 ones, obtained by changing a 0 to a 1 in the
former. Thus, it must be that ®(s) = ®(0) +v(1)+---+v(|s]) for any s # (0,...,0). We can then check by
similar considerations that ® is indeed a potential for the game.

As a slight generalization of this example, a player dependent participation price p; can be incorporated to
give u;i(s) = s;(v(|s|) — ps), with the corresponding potential ®(s) = v(1) +--- +v(|s]) = >, sipi-

Example 3.7 (Multiple resource congestion game) We can extend the previous example to a set L of L > 1
resources. Fach resource can be shared by a number of players. FEach player i can select a bundle of resources
s; to participate in sharing, such that the bundle for player i is required to be chosen from some set of bundles
S;. In other words, S; is a nonempty set of subsets of L, and if s; € S; then s; C L. For example, the
resources could represent communication links or transportation links in a graph, and a bundle of resources
could represent a path through the graph or a set of paths through the graph. The payoff functions are given

by:
wisi,s-i) = Ri(si) + _ ve(ke)

lEs;

where
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e R, :S; = R for each player i,
o k; for each £ is the number of players using resource € (i.e. number of j with € s;.)

e v:{0,...,]I|} =R foreach L € L,

The same reasoning used in Example [3.6 shows that this is a potential game for the potential function

CI)(S) = ZRi(Si) + Z Z Ug(k).

(eL ki1<k<k,

There are not many practical examples of potential games besides congestion games, but they appear in
many applications for which congestion is an underlying concern, including network formation, wireless
power control, facility location, and traffic routing. Moreover, Proposition holds for games that have an
ordinal potential function, defined as follows.

Definition 3.8 (Monderer and Shapley, [23]) A function ® : S — R is an ordinal potential function for a
game G = (Ia (Sl)a (ul)) if

i (8}, 8-i) > wi(si, s—;) if and only if (s}, s_;) > P(ss,5-)

foralli eI and all s = (s;,5—;) € S and s} € S;.

Example 3.9 (Cournot competition) Suppose there is a single commodity, such as sugar, and a finite set
of players that are firms that can produce the commodity. The action of each player i € I is g; € (0,00),
where q; denotes the quantity of the commodity player i will produce. The total amount of quantity produced
is given by Q = q1 + -+ + qr- Suppose that the demand for the quantity is such that all the commodity
will be consumed for any @ > 0 with the market price per unit quantity equal to P(Q) for some function
P : (0,00) = (0,00). Suppose the production cost per unit commodity is C' for each player, where C' > 0.
Then the payoff function of player i is defined by:

u(qi,q—i) = ¢:(P(Q) — C)

So the payoff is the quantity produced by firm i times the price per unit production minus the cost per unit
production. We could make this a finite game by restricting the quantity g; to be selected from some finite
nonempty subset S; of (0,00) for each i. It is easy to check that the following specifies an ordinal potential
function ® for this game:

o) = |[[a | P@Q) -0),

JeI

by noticing that for any i fixed, ®(q) = (Hjel\{i} qj) w(qiy g—i)-

3.3 Fictitious play

A similar but smoother algorithm than iterated best response is fictitious play. In iterated best response,
each player gives the best response to the most recent play of the other players. In fictitious play, each
player gives a best response to the empirical distributions of all past plays of the other players. To describe
fictitious play we use the following notation. Fix a finite n-player normal form game (I, (S;)icr, (u;)ier)-
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o Let s’ = (s!);cs denote the strategy profile used at time ¢ for integer ¢ > 1. Although we assume the
players select pure strategies at each time, we write s! as a 0-1 probability vector. For example, if S;
has four elements that are indexed by 1 through 4, then s! = (0,1,0,0) indicates that player i selects
the second action from S; at the t*" play of the game.

e Let n!(a) denote the number of times player i played action a up to time ¢. Set n! = (nk(a))qes,-

e To get an initial state, suppose t, is a positive integer and suppose for each player i that (n?(a) : a € S;)
is a vector of nonnegative integers with sum ¢,. Pretend the game was played ty times up to time 0
and that n?(a) is the number of times player i selected strategy a up to time 0.

tott
player ¢ up to time ¢, including the ¢, pretend actions.

o Let uf = (m) s for t > 0, which is the empirical probability distribution of the actions taken by
acsS;

o Let put = (ut, ..., ub) be the tuple of empirical probability distributions of strategies used by all players,
observed in play up to time t.

Since nﬁ“ =nl+ sf“ for ¢ > 0, we have the following update equation for the empirical distributions:
uitl = i _n +si
v t+t,+1 t+t,+1
= pj + o (siT = pib),
where o = ﬁ The fictitious play algorithm is given by

S e By(uty) (3.1)

peth = g (s — ), (3.2)
where o = ﬁ Equation (3.1) indicates that player i is selecting a best response at time ¢ + 1 as if the
other players each use a mixed strategy with probability distribution equal to the empirical distribution of
their past actions, and (3.2)) simply updates the empirical distribution of past plays.

Proposition 3.10 Suppose the fictitious play algorithm (3.1) - (3.2) is run and suppose the vector of em-
pirical distributions converges: ut — o as t — oo for some mized strateqy profile 0. Then o is a Nash
equilibrium.

Proof. Suppose put — o as t — co. Then ¢ is a mixed strategy profile for the game because pointwise
limits of probability vectors over finite action sets are probability vectors. It remains to show that o is a
Nash equilibrium. Focus on any player i and let a € S; such that a ¢ B;(o_;). It suffices to show that
oi(a) = 0. By the assumption pu' — o it follows that a ¢ B(u',) for all sufficiently large ¢. Therefore,
pt(a) = 0 for all sufficiently large ¢, which implies n(a) stops increasing for large enough ¢. Therefore,
oi(a) = limy_, o pt(a) = 0. To summarize, we've shown that if a & B;(0_;) then o;(a) = 0. This is equivalent
to the contrapositive statement: if o;(a) > 0 then a € B;(0_;). Therefore o is a Nash equilibrium. |

So the good news about fictitious play is that if the empirical distribution converges then the limit is a Nash
equilibrium. The bad news is that the empirical distribution might not converge, and even if it does, the
Nash equilibrium found might not be a very desirable one.
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Example 3.11 (Fictitious play for the coordination game) Consider the coordination game of Example .
To be definite, suppose in the case of a tie for best response actions, a best response action is selected at
random with each possibility having positive probability bounded away from zero for all time. Consider the
reasonable initial state t, = 2 and nY = (1,1) for both players. In other words, pretend that up to time zero
each player selected each action one time. Then for the initial selection at time 1, either response for either
player i is a best response to u°,. If the players are lucky and they both select the same strategy, then they
will forever continue to select the same strateqy, and their payoffs will both be one for every play. Moreover,
the empirical distribution will converge to one of the two Nash equilibria in pure strategies, corresponding
to (A, A) or (B,B). If they are unlucky at t = 1 and player 1 selects A and player 2 selects B, then
ut = ((2/3,1/3),(1/3,2/3)). So for t = 2, player 1 selects the best response for distribution (1/3,2/3) for
player 2, which is action B, or as a mized strategy, action (0,1). Similarly, player 2 selections action A,
or (1,0) and the payoffs are both zero at time t = 2. Then the empirical distribution after two steps is
w2 = ((2/4,2/4),(2/4,2/4)), which is again a tie. Whenever there is such a tie the two players could again
be unlucky and suffer two more rounds of zero payoff. However, with probability one they will eventually
select the same actions when in a tied state, and from then on they will receive payoff 1 every time and the
empirical distribution will converge to one of the two pure strategy equilibria.

However, consider a variation such that in case of a tie, player 1 selects action A, and in case of a tie,
player 2 selects action B. Then from the same initial state as before the sequence of strategy profiles will
be st = (A, B) fort odd and st = (B, A) fort even, and the payoffs of both players are zero for all plays.
The empirical distributions of plays converges for both players, with the limit of empirical distribution profile
gwen by limy_, o u' = o = ((0.5,0.5), (0.5,0.5)). Notice that o is indeed a mized strategy Nash equilibrium as
guaranteed by Proposition but the (expected) payoff of each player is only 0.5 for each time.

Example 3.12 (Fictitious play for Shapley’s modified rock scissors paper) Consider the variation of rock
scissors paper such that the payoff of the loser is 0 instead of -1, giving the following payoff matriz: This

Player 2
R S P
R|]00]10]0,1
Player 1 S| 0,1 0,0 | 1,0
P|110]01]0,0

is mo longer a zero-sum game. It has some aspect of the coordination game in it because the sum of payoffs
is mazimized (equal to one) if the players manage to select different actions. The algorithm is arbitrarily
initialized to (R, S) for the first round of play. Suppose in case of a tie a player uses the most recently used
of the strategies in the tie, Player 1 continues to play R att = 2 and t = 3 because of the initial play S by
player 2. Player 2 switches to P at t = 2 and stays there awhile, as player 1 keeps playing rock. Eventually
player 1 switches to S is response to the large string of P by player 2. Player 2 later switches to R because of
the long string of S by player 1. And so forth. Each player moves from a losing action to a winning action,
eventually causing the other player’s action to become losing, and then the other player changes actions, and
the process continues. The empirical distribution does not converge for fictitious play in this example. This
example shows that fictitious play need not converge even in a finite two-player game.

The payoff sequence is good — the sum of payoffs is always the mazximum possible value, namely one.

Remark 3.13 Fictitious play is pretty difficult to analyze, but it does converge for the following special cases
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T R S (1,000 (0,1,0)
2 R P (200) (0,L,1)
3 R P (300) (0,12
4 S P (3100 (0,1.3)
5 S P (320 (0,14)
6 S P (330) (0,1,5)
78 P (340) (0,1,6)
8 S R (350) (LL6)
9 S R (360) (216
10 S R (3700 (3,16
11 S R (380) (416
12 S R (390 (516
13 S R (3100) (6,16)
14 S R (31L,0) (7,16
15 P R (8,1,6)

of two-player games: (a) zero-sum games, (b) common interest games with randomization at ties, (c) games
such that at least one player has at most two actions, with randomization at ties. See [29] for references.

Remark 3.14 The ezamples consider only two players. For three or more players we could have a player
respond to either the strategy profile composed of the empirical distributions of each of the other players, or
to the empirical distribution of the joint past plays of the other players.

3.4 Regularized fictitious play and ode analysis

The fictitious play algorithm given by (3.1) and (3.2) is difficult to analyze because the best response set
B;(u';) can have more than one element, so we have a difference inclusion rather than a difference equation.
Also, the set B;(u' ;) is not continuous in u' ;. We use a regularization technique to perturb the dynamics

to address both of those problems. This section is largely based on [29]. Probability distributions are taken
to be column vectors.

3.4.1 A bit of technical background

The entropy of a discrete probability distribution p is H(p) = Z?Zl —p; Inp;, with the convention that
0ln0 = 0. The entropy of a distribution on a finite set is bounded: 0 < H(p) < lnn. Larger values of
entropy indicate the distribution is more spread out. H(p) = 0 if and only if p is a degenerate probability
distribution, concentrated on a single outcome. The mapping p — H(p) is concave.

The Kullback-Leibler (KL) divergence between discrete probability distributions p and ¢ is defined by

0
D(pllg) = piln j’

with the convention that 0In0 = 0In 3 = 0. Values of the KL divergence range over 0 < D(pllq) < +oo,
with D(p||g) = 0 if and only if p = ¢. The mapping (p, q) — D(pl||q) is jointly convex.
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. o T
Let 0 : R™ — R be defined by o(r) = o(r1,...,mm) = ( e ‘ ) . Also, define F :

erl4...4e"m? 7 el fetm
R™ — Rby F(r) = 7ln (30", e"/7), where 7 > 0 is a regularization parameter. F' satisfies lim,_,q F'(r) =
max, rq for each r and VF(r) = o(r/7). For small 7 > 0, F(r) approximates the maximum of r, and o(r/7)
approximates the probability distribution uniformly distributed over the set of indices a that maximize r,.

3.4.2 Regularized fictitious play for one player

Consider the special case of fictitious play as described in Section [3.3] for a game with only one player,
namely, player 1. Equivalently, there could be other players in the game, but they always play the same
actions, so the payoff function for player 1 in each round is a time invariant function of the action chosen
by player 1. Write the payoff function for player 1 as uj(a) = r, for a € Sy, so r, is the payoff, or reward,
to player 1 for selecting action a. View r as a column vector. The set of mixed strategy best responses for
player 1is By = argmaxpeyx, p’ r, where ¥ is the set of probability distributions on S;. The set B; does not
depend on time because the payoff function does not depend on time. It is equal to the set of probability
distributions over S; supported on the subset arg max, r,. The set By can have more than one element and
we didn’t specify a probability distribution over By, and the set B; is not a continuous function of r (which
would be a problem if r is changing with time, as it will in the case of more than one player).

To obtain more tractable performance consider the following regularized payoff for player 1: ui(p) = pTr +
7H (p), where H(p) is the entropy of p and 7 > 0 is a regularization parameter. The best response for player
1 in mixed strategies is now uniquely given by the following continuous function of r:

B(r) & argm}z)lx {pTr + TH(p)} =0 (;) ,

and for that distribution, the maximum payoff is F(r) = 71ln})_, e"«/™ where o and F are defined in Section

3.4.1}'| Using this regularization, the best response dynamics of (3.1)) and (3.2)) for player 1 reduces to the
following discrete time randomized algorithm to be executed at each ¢ > 0 :

select A'™™! € S with probability distribution 3(r) (3.3)
ph = (g, — ph)

where oy = and 174, 1 denotes the probability distribution on S with unit mass at A;41.

1
tHto+17
In the remainder of this section we shall show in a round about way that u! — 3(r) a.s. as t — oo. This
result follows immediately from the strong law of large numbers, but the point is that the proof we give can
be extended to the case r is slowly time varying. When player 1 is the only player, the empirical distribution
u! is not relevant to the actions taken by the player, because we assume the player repeatedly uses the mixed
strategy B(r). But if there were additional players involved using fictitious play, u¢ would influence their
actions.

Equation (3.4)) can be written as
pitt =l 4 an(B(r) — pb + Diya) (3.5)

where D¢y = 1y4, 1 —B(r). By (3.3), the random vector Dy is mean zero. It is also implicit in (3.3) that
the selection of A,41 is made independently of all past actions, so the random variables (D;);>1 are mutually

n the terminology of statistical mechanics, if we take —rg to be the (internal) energy of a and 7 to be the temperature of
the system, then pT'r + 7H (p) represents the (Helmholtz) free energy of p and the probability distribution that minimizes the
free energy, B(r), is known as the Gibbs probability distribution for energy function (—rq)ges, and temperature 7.
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independent, mean zero, and they are also bounded. In order to use a tool that generalizes to the case that
r is time varying as in the next section when another player controls it, we use a weaker property of (D¢)¢>1.
Namely, (D;):>0 is a bounded martingale difference sequence. By the theory of stochastic approximation, it
follows from that (u}) converges to the limit set of the ordinary differential equation (ode):

q(t) = B(r) — q(2), (3.6)

We turn next to the analysis of (3.6)).
The ode (3.6) is a simple linear ode, with solution given by q(t) = S(r) + (¢(0) — 8(r))e~t. This directly
proves lim;_,~, ¢(t) = B(r). Let’s prove the same thing without solving for ¢, using the Lyapunov function
V(g) = F(r) —ui(q) = F(r) — ¢¥'r — 7H(q). This choice of V is motivated by the fact u;(q) is the payoff
function player 1 seeks to maximize, and V(q) is obtained by subtracting the payoff from the maximum
possible payoff, F(r), which is achieved uniquely by ¢ = §(r). Alternatively, V' can be expressed as V(q) =
7D(q||B(r)), where D(:|) is the KL divergence function. In particular, V(q) > 0 and V(¢) = 0 if and only
if ¢ = B(r). Check that

1+Ing

VV(g)=—-r+7 :
1+1Ing,

Let V, = V(q(t)). Check that V; = —V, — 7D(3(r)|lq(t)). Therefore, V, < —V;. Thus, V; < Voe~", implying
that lim; o q(t) = B(r).

3.4.3 Regularized fictitious play for two players

Consider the two-player game in mixed strategies with payoff functions:

wi(gi,q-i) = ¢ Mig—i + TH(g;)
If 7 = 0 this game corresponds to the game in mixed strategies for the bimatrix game with payoff matrix
M; for each player i. We consider 7 > 0 that is small, acting as a regularizer.

The situation faced by each player i is similar to that faced by the single player in Section but with r
replaced by M;q_;, which is a vector that can be time varying due to variation of the strategy of the other

player. In particular, the best response for player i for a fixed distribution ¢_; chosen by the other player is

Bilg—;) =0 (M%) . This gives rise to the following ode model for continuous time fictitious play:

qi(t) = Bi(q2(t)) — (1) (3.7)
G2(t) = Ba(qi(t)) — q2(t). (3.8)

Equations (3.7) and (3.8) can be derived from discrete time models using the theory of stochastic approxi-
mation in the same way (3.6) was derived.

To study convergence we consider Lyapunov functions similar to the one in Section [3.4.2]

Vi(q1,q2) = F(Mig2) — u1(q1, g2)
Va(qi,q2) = F(Mag1) — ua(q1, ¢2)
Via(q1,2) = Vi(aq1,q2) + Va(aq1, g2)

Let V; = Vi(qu(t), g2 (t)) for i € {1,2} and Vio = Via(qu(t), g2(t)).
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Lemma 3.15
Vi< Vi +¢F Mygs (3.9)
Vy < Vo + ¢ Magy (3.10)

Proof. By the calculations from Section [3.4.2
Vi Vilai(t),a-i() "4 < —Vi(ai(t), ¢-i(1))
By the fact VF(q) = o(¢/7), we find
Vo Vi(gi(t),q-i(t)) = VF(Mig—i)" M; = V_ui(q1, g2)
= (Bilg—i) —@)"M; = ¢:" M;

so that Vg, Vi(¢:(t), ¢—i(t))4—i = g:M,G—;. Thus,

Vi=VaVilai(t),q—i() T d + Vo Vilgi(t), qi(®) T d_i < —Vi + ¢F My,

as was to be proved. |

Proposition 3.16 If My = —M{ (zero-sum game) then any limit point of (q1,q2) is a Nash equilibrium.
Any isolated Nash equilibrium point is asymptotically stable.
Proof. For zero-sum games, My = —MlT so that Q{Ml(jg + ngg(jl = 0. Thus, with ‘712 = ‘71 + ‘72,

application of Lemma yields ‘712 < 7‘712 so that Vlg(t) < V12(0)e™* so that 1712(15) — 0ast— oco. As
noted in the previous section, Vi2(g) can be expressed as

Vi2(q1,g2) = 7D(q1]|1(g2)) + 7D (g2l B1(q1))

For My, Ms, and 7 fixed, there exists ¢ > 0 so that the ranges of 81 and Py both consist of probability
distributions p such that p > €1, and the KL divergence function D(pl||q) is continuous over (p,q) such
that g > el. Thus, if (¢, ¢3) is a limit point of (g1, ¢5):>0 then D(qi||81(g5)) = D(g5]|P1(qi)) = 0, so that
g7 = B1(¢5) and g3 = B1(q7). In other words, (¢7, ¢5) is a Nash equilibrium.

If (¢7,¢3) is any isolated Nash equilibrium point, then the continuity of V; 2 already discussed implies there
exist €5 > €1 > 0 so that

min{Vi9(q1,92) : lgr = gille + [lg2 — @2ll2 = €2} > max{Vi2(q1,¢2) : lg1 — gille + [la2 — g2ll2 < ea}-

It follows that if the initial point is in the set ||g1 — ¢7]l2 + |lg2 — ¢5]|2 < €1 then the trajectory converges to
(g}, q3) without ever leaving the set. Therefore, (q7, ¢5) is asymptotically stable. |

3.5 Appendix: Stochastic approximation

In this appendix we state a convergence result from the theory of stochastic approximation. The theory
of stochastic approximation model was initiated by Robbins and Monroe (1951) and Kiefer and Wolfowitz
(1952), and its analysis based on ordinary differential equations was initiated by Ljung (1977) and Kushner
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and Clark (1978). For more on this topic see [§], [6]. Suppose (X,)n>0 is a sequence of random variables in
R? satisfying

Xn+1 - Xn + (077 [h(Xn) + Dn+1 + 6n—ﬁ-l}

where

e 1 is Lipschitz continuous: there exists a finite constant L so that ||h(x) — h(y)|l2 < L||z — y||2 for all
r,y € R

(an, 1 m > 0) are positive constants such that Y. a, =oco and ) a? < co.

(Dy)n>1 is a martingale difference sequence: If F,, represents the information generated by
(Xo,..yXn,D1,...,Dyp,€1,...,6,), then E[D,1|F,] =0 a.s., for all n > 1. In addition,
B[ Do |31Fa] < K(1+ [ Xa]]?) as.

sup,, [ Xnll2 < oo a.s.

The sequence €, is a deterministic or random sequence that is uniformly bounded and has limit 0.

The assumption h is Lipschitz continuous ensures that, given an initial point zg, the following ordinary
differential equation (o.d.e.) has a unique solution:

iy = h(zy). (3.11)

Definition 3.17 A set A C R? is invariant for the ode if xo € A implies x; € A for all t > 0. A closed
invariant set A is internally chain transitive if for any x,y € A, any € > 0, and any T > 0, there is a
finite sequence of points xg,x1,...,Tx in A and to,...,tx—1 € [T,00) such that v = xg, y = xx, and for
0 <k < K —1, the trajectory for the ode with initial condition xy, is in the radius € ball B(e, xr11) at
time ty.

Intuitively, an internally chain transitive invariant set is a generalized limit cycle for the ode if the positions
of the points are known only to accuracy e for arbitrarily small e. The following is stated and proved in [§],
which in turn is based on [6].

Proposition 3.18 Under the assumptions stated above, with probability one, there exists a compact, closed,
connected, internally chain transitive invariant set A for the ode (3.11) such that (X,)n>0 converges to A.
In other words, min{||X,, —all2 : a € A} = 0 as n — oco. (The set A can possibly be random.)

The fact the stepsize multipliers a,, are converging to zero makes the process (X,,),>0 move more slowly as
time increases. In some application, h = VF for some function F' that is to be maximized, and the sequence
(Xn)n>0 is a noisy version of gradient ascent. If there is a globally stable point z* for the ode then
the proposition implies X,, — z* a.s.
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Chapter 4

Regret, Approachability, and Online
Optimization

4.1 Prediction with Expert Advice

(Goes back to Hannan and Wald, among others. See [11])

4.1.1 Deterministic guarantees

Suppose a forecaster selects a prediction p; € D of some outcome y; € ) for each t > 1. For a loss function
£:D x Y — R, the cumulative loss of the forecaster up to time n is given by:

En = Zg(ﬁﬁ yt)
t=1

The sequence y1,¥y2,... can be arbitrary. It might be that each outcome y; is given by a function of past
and present predictions and past outcomes, or it can be thought of as being selected arbitrarily by nature
or by an adversary.

An interesting approach to this problem is based on the assumption that there are some experts, and the
forecaster tries to do as well as any of the experts. Suppose there are N experts and expert ¢ makes prediction
fi+ € D at time t. The cumulative loss for expert i is given by L, ,, vy U(fitsyt) for i € [N]. The regret
of the forecaster for not following expert 7 is defined by:

Ri,n £ En - Li,n = Zf(ﬁnyt) - g(fi,tyyt)v
t=1 \

Ti,t

where the i*" term of the sum is the instantaneous regret, r;+. A reasonable goal for the forecaster is to
perform, averaged over time, as well as any of the experts. The average regret per unit time converges to

zero if
1~ n—00
max —(L, — L; ) — O.
1<i<N n ’

47
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A desirable property for a forecaster would be to satisfy a universal performance guarantee: the average
regret per unit time converges to zero for an arbitrary choice of the y’s and arbitrary sequences of the
experts. We'll see such forecasters exist if ¢(p,y) is a bounded function that is a convex function of p for
fixed y. The following lemma is a key to the construction.

Lemma 4.1 Suppose {(p,y) is convezr in p. For any nonzero weight vector (Wit—1,..., Wy —1) with non-
negative entries, if

~ Zl Wi, t—1 fi,t

Dt D, where Dt_1:Zwi/,t_1 (4.1)
t— —

then

E Wi —17T5t <0
i

for any yi, where iy = L(pr, yi) — €(fies ye)-
Proof. For any y,

~ Wi t—1
g = E - 1,t
(ptvyt) ( ~ D, , f,t yt>

<Z DY frer ) (4.2)

where (a) follows by Jensen’s inequality. The average of a constant is the constant, so

i, 1
C(Pes i) ZD; C(Pes ye)- (4.3)

Subtracting each side of (4.2]) from the respective sides of (4.3) and cancelling the positive factor D;_; yields
the lemma. H

Lemma [£.T]shows that if the forecaster’s prediction is a convex combination of the predictions of the experts,
then the forecaster’s loss will be less than or equal to the convex combination of the losses of the experts,
formed using the same weights for both convex combinations. For example, if the forecaster uses the same
action as one particular expert, then the loss of the forecaster will be no larger than the loss of that expert.
If the forecaster simply uses the unweighted average of the actions of two particular experts, then the loss of
the forecaster will be less than or equal to the unweighted average of the losses of those two experts. In order
to do well in the long run, the forecaster needs to put more weight on the more successful experts, which are
the ones giving the largest regret. One strategy would be to put all the weight on a single leading expert,
but due to the arbitrary nature of the outcome sequence (y;), the forecaster is better off putting significant
weight on experts doing nearly as well as the leading expert, as implied by the following example.

Example 4.2 Suppose D = [0,1], Y = {0,1}, and £(p,y) = |p — y|. Suppose N = 2 with fi1, =0 for all t
and fay =1 for all t. If the forecaster always follows a leading expert, then for each t, p; € {0,1} is one of
the endpoints of D for each t. But then it is possible for the forecaster to be so unlucky as to have mazimum
loss every time. In other words, it could happen that y, = 1 whenever p; = 0 and y+ = 0 whenever P =1,
resulting in the largest possible loss for the forecaster at every time, yielding L, = n for allm > 1. A better
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strategy would be to select py = 1/2. Then Zn < % for alln > 1. How do the experts do for this evample?
At each time, one of the two experts is correct and the other is not, so L1, + Loy, = n for alln > 1, so
min{Llyn,Lg,n} S %

Given 1 > 0, let ® : RN — R" be defined byE|

;X
D(x1,...,2N) = fane”Ii.

[
For large n, ® is a version of soft max function; lim, .o ®(z1,...,2x) = max{zi,...,znx}. In general,
max{zy,...,an} < ®(z1,...,2y) < max{zy,...,xny}+ % The gradient of ® is given by

UEST

D(x)

Vo(z) = : (4.4)

where D(z) =Y, €"". Thus, V®(x) is the transpose of a probability vector with most of the weight on the
indices of maximum value. In other words, V®(z) is a soft max selector function. The function ® is convex
— in fact the sum of log convex functions is log convex in general. Another way to verify the convexity of ®
is to note that the Hessian matrix is given by

0?H (®) . (e eNri eh®i
z N (&Eiaxj >i,j - <d1ag< D ) - ( D D >i,j> (4'5)

Therefore, the Hessian matrix is symmetric and diagonal dominant, so it is positive semidefinite, implying
® is convex.

H(®)

Since the forecaster seeks to minimize the maximum regret over the N experts, we focus on the soft maximum
regret, given by ®(Ry4,... Ry ).

Let Ry = (R1y4,...,Rny) and rp = (r14,...,7n,¢). Note that Ry = Ry_1 + r, for t > 1. By the intermediate
value form of Taylor’s theorem,

O(Ry) = ®(Re—1 + 1)

1
=®(Ry—1) + (VO(Ri—1),7e) + 5rtTH(cp) rl (4.6)
§

for some & € RY on the line segment with endpoints R;_; and R;. The second term on the righthand
side of (4.6 is a convex combination of the instantaneous regrets for different experts. In view of Lemma
this suggests that the forecaster use (V®(R;_1))? as the weight vector on the experts, to ensure that
(VO(Ri—1),7:) < 0. In other words, in view of (4.4)), suppose the forecaster uses the strategy (4.1) for the
weights:

Wi t—1 = e”R’W“l (47)

Lemma implies that no matter what the values of fi4,..., fn: and y; are, (VO(Ri—1),7) = (Pt, 1) < 0.
Since multiplying all the weights in (4.1)) by the same constant does not change p;, the same sequence for
the predictor is generated by

Wi t—1 = e_"L“'*l (48)

1® and 7 here are the same as F' and 1/7 in Section
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With this choice of weights, as already mentioned, (V®(R;—_1),r:) < 0. So we next examine the last term on
the righthand side of (4.6).

Suppose the loss function is bounded. For convenience, assume it takes values in [0, 1]: ¢(p,y) € [0,1] for all
p and y. Therefore, |r; ;| <1 for all ¢ € [N] and ¢ > 1. This assumption and the expression (4.5)) show that

. N engi N onéi
T Snzjmﬁnz D "
3 i=1 i=1

In other words, the last term on the righthand side of (4.6)) is less than or equal to g Thus, (4.6) and the
assumptions made imply ®(R,) < ®(R,_1) + 3 for all n > 1. Since Ry = 0, ®(Ry) = lnnN. Therefore,
max; R, < ®(R,) < 5+ % We thus have the following proposition.

ri H(®)

Proposition 4.3 (Mazimum regret bound for exponentially weighted forecaster, fized time horizon) Let D
and Y be nonempty sets such that D is convex, and let £ : DxY — [0,1] be such that p — {(p,y) is convex for
any y fived. For somen > 1 let ((fi,t)1<t<n)ie[n] Tepresent arbitrary strategies of N experts and let (y¢)1<i<n
be an arbitrary outcome sequence. If the forecaster uses the weighted predictor with exponential weights
Wip—1 = e i1 for some n > 0, then

InN nn

mZaX R, < T + DR (4.9)

w (i.e. the same 1 is used in the exponential weighting for 1 <t < n), then

max % , < v2nlnN.

In other words, the maximum regret grows with n at most as the square root of the number of plays times
the log of the number of experts.

In particular, if n =

Remark 4.4 The above development can be carried out for different potential functions, such as ®(R;) =

1
(Zl(R”)ﬁ) ? for a fized p with p > 2, which gives rise to polynomially weighted average forecasters. Desirable
properties of a potential function ® would be that knowing ®(R,,) should give a good bound on max; R; »,
and the Hessian of ® should be bounded or not too large.

Remark 4.5 A nice feature of the exponentially weighted average forecaster used above is that the term eln
can be factored out of (4.7) to give the equivalent weights (4.8)) depending only on the actions of the experts
but not on the predictions of the forecaster.

Remark 4.6 A fact related to the previous remark is that the bound in (4.3)) can be tightened by applying
the same bounding procedure to ®(—L), where Ly = (Ly,i);c;n) and using Hoeffding’s Lemma (Lemma,
to yield that (4.9) holds with 2 replaced by 8. (Roughly speaking, the fact £(fi;,y:) € [0,1] gives a bound

smaller by a factor of 4 than using the fact r;y = €(De,ye) — C(fri,ye) € [-1,1]. ) Then taking n = \/@
gives max; R; , < % See [T1)] for the proof.
Remark 4.7 A drawback of the use of the exponential weight rule used above is that the choice of n depends

on the time horizon n. A homework problem addresses the doubling trick that can be used to get an upper
bound that holds for a single forecaster and all n.

For later reference we state a version of Proposition that incorporates both the stronger bounding
method mentioned in Remark and a tighter way to get bounds holding for all time than the doubling
trick mentioned in Remark See [T}, Theorem 2.3] for a proof.
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Proposition 4.8 Suppose the loss function £ is bounded and takes values in [0,1], and is convex in its first
argument. For all output sequences (y:), if the forecaster uses the weighted predictor (4.1)) with exponential
weights w; ;1 = e~ "Lit=1 with time varying parameter n;, = \/8(In N)/t, then

[In N
max R;, < v2nln N + 7118
K3

for alln > 1.

4.1.2 Application to games with finite action space and mixed strategies

The previous section concerns a forecaster selecting predictions from a convex set D to predict outcomes
from a set ), seeking to minimize losses £(p;, y:). In this section we consider a player in repeated plays of
a normal form game taking actions from a finite set. Drop the hat in this section; let p; denote the mixed
strategy of the player at time ¢. In the game formulations, a player seeks to maximize his/her payoffs, but
in this section we follow the flow from the previous section and think of a player seeking to minimize a loss
function (just as in the case of player 1 in two-player zero sum games).

As seen in Chapter [} if other players can take actions that depend on the action taken by a player, the
player is at a large disadvantage. For example, in the matching pennies game, Example player 1 would
always lose if player 2 knew in advance what action player 1 had decided to take. However, if the player only
needed to declare a mixed strategy and if the other players could not observe which pure action is randomly
generated using the mixed strategy, then the player can often do much better on the average.

In the next part of this section we suppose that the player is only concerned with the sequence of average
losses. Then we turn to the case the player is concerned with the actual sequence of losses that results from
the randomly selected actions of the player.

Player concerned with expected losses Consider a player of a game with a finite space of N pure
strategies indexed by i € [N], and a loss function ¢(i,y;) for each time ¢, where y; represents the combined
actions of other players, and ¢ : [N] x ) — R. We permit the player to use mixed strategies, with p; being
a probability vector assigning probabilities to actions in [N], representing the play of the player at time ¢.
Given p; and the outcome y;,, the conditional expectation of the loss to the player for time ¢, £(ps, yt), can
be written as

N
Upryye) = Y pitliy ye).
i=1

We suppose for now the player is concerned with minimizing the conditional expected loss ¢(ps, y¢). In the
terminology of economics, the player is risk neutral because the player is concerned only with the conditional
expected loss, rather than the entire distribution of the loss.

We apply the framework of deterministic guarantees for prediction with expert advice in Section [I.1.1] by
taking each of the NV pure strategies to represent experts. In other words, expert ¢ always selects action i. Let
D denote the set of probability vectors assigning probabilities to outcomes in [N]. Note that D is a convex
set and p — £(p,y;) is a convex (actually linear) function. The following is a corollary of the strengthened
version of Proposition mentioned in Remark

Corollary 4.9 Suppose £(i,y) € [0,1] for all i € [N] and y € Y. Suppose the player uses the exponentially
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weighted strategy

( e LTl E(iys) ) (1.10)
bt = oS .10
Zi/e N3 1 (@ ys) i€[N]

for some >0 and all t € [n]. Then

n

R InN n
Zg(ptayt) *ming(%yt) < o + 2
t=1

t=1
—_———
Ln

for any vy, ..., Yn.

Note that if there are two players and y; represents the play of the other player, the strategy in (4.10)) is a
regularized form of best response dynamics, because for each 1, % 22;11 £(i,ys) is the loss for using action
1 against the empirical distribution of past plays of the other player.

Player concerned with actual losses In Corollary L, is the cumulative conditional expected loss
(CCEL) of the player, and min; Y, , £(¢,y;) is the minimum CCEL, where the minimum is over fixed
strategies i. Corollary does not involve any probabilities — it gives a bound that holds for all sequences
(Yt)ten)- In contrast, focus next on the actual losses, by taking into account the sequence of pure strategies
(It)te[n) generated with distributions p;. As usual in the theory of normal form games, assume the other
players do not see I; before taking their actions at time ¢. Since the future actions of the other players can
depend on the random actions taken in earlier rounds, in this section we use uppercase (Y;)c[n) to represent
the sequence of actions of the other players, and model it as a random process. Assume for each t, Y; is a
function of I,...,I;_1,Y7,...,Y;_1, and possibly some private, internal randomness available to the other
players. Assume for each ¢, p; is a function of I1,...,l;_1,Y7,...,Y;_1. Given the mixed strategy p; selected
by the player, the pure action I; is generated at random with distribution p;. Given p;, the selection is
made independently of Y;. The actual loss incurred by the player is thus ¢(1;,Y;). The player could have
bad luck and experience a loss much greater than ¢(p;, ;). However, over a large number of plays, the good
luck and bad luck should nearly cancel out with high probability. This notion can be made precise by the
Azuma-Hoeffding inequality (see Proposition [{.25)).

Letting Dy = £(I;,Y:)—£(pt, Yz), note that E[Dy|Fz—1] = 0forallt > 1 Whereﬂ]-'t_l =o(h,....,L-1,11,..., ).
In other words, D is a martingale difference sequence. Also, (p¢)icjn) is a predictable process and D; €
[0 —¢(ps,Y2), 1 — £(pe, Y2)] with probability one, and (0 — ¢(p;,Y:))e>1 and (1 — €(p¢, Yy)i>1 are both pre-
dictable random processes. Thus by the Azuma-Hoeffding inequality, Proposition for any v > 0,

2

IP{ZDt >7} <e .
t=1

2
Given ¢ with 0 < § < 1, if we set e=* = § and solve for 7 in terms of § we get v = /5 ln%. So we can
conclude that with probability at least 1 — 4,

n

U1V = U V) <
t=1

= t=1

(4.11)

In

|3
SR

2For a random vector Z, o(Z) represents the smallest o-algebra of subsets such that Z is o(Z) measurable, meaning it
is a o-algebra and contains sets of the form {Z < ¢} for any vector ¢ with the same dimension as Z. In this context, o(Z)
represents information of knowing Z. If X is a random variable, conditional expectations given o(Z) is equivalent to conditional
expectations given Z. In other words, E[X|Z] = E[X|o(Z)]. Both have the form g(Z) for a suitable function g.



4.1. PREDICTION WITH EXPERT ADVICE 53

The strengthened version of Proposition [4.3|mentioned in Remark[4.6|holds for an arbitrary choice of (y:)sepn],
so it also holds with probability one for a random choice, so with probability one:

= In N
Zﬁ(pt,Yt manf i,Yy) < - % (4.12)

Adding the respective sides of (4.11)) and (4.12) yields the following proposition.

Proposition 4.10 Suppose £(i,y) € [0,1] for i € [N] and all possible values of y. Suppose the player uses
the exponentially weighted strategies

eIl E(0Ys)
Pt = 1,
S, e X ALY ,
g 1<i<N

for somen >0 and t € [n]. Let 6 be a constant with 0 < 6 < 1. With probability at least 1 — 0,

In (4.13)

|3

- In N
Zf I;,Y;) — min (1, Yt)<L1 +@
zEN] — n 8

SN

Hannan consistent forecasters Proposition [£.10] which gives a bound for a fixed time horizon n, leads
us to the following definition for a forecaster, which reuires sublinear regret in the limit as n — oc.

Definition 4.11 A forecaster producing the sequence (I1,Is,...) is Hannan consistent if, for any possibly
randomized mechanism for generating Yy = g¢(I1,...,I1—1,Y1,...,Y:_1,&) (where the purpose of & is to
allow randomness that is independent of (I,..., It,Y1,...,Yi_1) )

1 n
lim sup — (Zf I,Y;) — anNZE(i’Yt)> <0 a.s.
sisNAiH

n~>oo
(As usual, “a.s.” stands for “almost surely” which means with probability one.)

Naturally a definition similar to Definition would apply to a forecaster that is trying to maximize the
terms ¢(I;,Y;). Rather than limsup,,_, ., 1(-) <0 we would require liminf, o +(-) > 0 in that case.

Corollary 4.12 Suppose the loss function ¢ is bounded and takes values in [0,1], and is convex in its first
argument. Suppose the player uses the weighted predictor ([4.1) with ezponential weights w; 1 = e Mlit-1
with time varying parameter n; = \/8(In N)/t. Then the strategy is Hannan consistent.

The proof of Corollary is similar to the proof of Proposition which bounds the maximum regret
by the sum of two terms. The first term is from the deterministic bounds for regret based on expected loss,
and the second is from the Azuma-Hoeffding inequality controlling the difference between the losses for the
actual random actions I; and the expected losses give the mixed strategies, ¢(I;, Y;) —€(p, ;). Bounds for the
expected losses that hold for all n are provided by Proposition which uses the same weighted exponential
rule as the corollary. Bounds for the random differences between actual and expected losses can be bounded
with probability one as n — oo by combining the Azuma-Hoeffding bound with the Borel-Cantelli lemma.
See homework problem.

4.1.3 Hannan consistent strategies in repeated two-player, zero-sum games

Two-player zero-sum games are described in Section[I.6] Let us consider the implication of Hannan consistent
forecasters (which we call Hannan consistent strategies in this context) for repeated play of such games.
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Suppose £ = (€(i,7)) is a function of actions ¢ and j, each from some finite action space. Suppose player 1
wants to select ¢ to minimize (i, j) and player 2 wants to select j to maximize £(i,5). Let V denote the
value of the game:

V = min max ¢(p, ¢) = maxmin {(p, q),
P q q P

where p and g range over mixed strategies for the two players.

After n rounds of the game, player 1 has played (Iy,...,I,) and player 2 has played (Ji,...,J,). Let D},
denote the empirical distribution of the plays of player 1 up to time n: 1’5{” = % Yoy 147,—iy- Similarly, let
¢ denote the empirical distribution of the plays of player 2 up to time n.

Proposition 4.13 Consider a two-player repeated zero-sum game, where £ : S1 x So — R serves as the loss
function for player 1 and the payoff function for player 2, and the action spaces S1 and So are finite.

(i) If player 1 uses a Hannan consistent strategy,

lim sup 1 ZE(It,Jt) <V as. (4.14)
t=1

n—soo T “—

If player 2 uses a Hannan consistent strategy,

R S
hmnlﬂﬁoﬁze(h"m >V a.s. (4.15)

t=1

If both players use Hannan consistent strategies,
li 1 ié([ J)=V (4.16)
im — =V as. .
n—oo N = bt

(i) Suppose both players use Hannan consistent strategies. If p* is any limit point of the empirical distri-
bution pl. of player 1 then p* is minmaz optimal for player 1. Similarly, if ¢* is any limit point of the
empirical distribution @ of player 2 then q¢* is maxmin optimal for player 2. If both p* and q* arise
as such limit points, respectively, (p*,q*) is a saddle point for the game.

Proof. (i) By the definition of Hannan consistency, if player 1 uses a Hannan consistent strategy, then

n— oo

. 1 N
lim sup <n Zﬁ([t, Jy) — min — Zﬁ(z, Jt)> <0 a.s. (4.17)
t=1 t=1
However, for any n,
q %

1 n
min - Zﬁ(i, Ji) = minf(i, Gy ) < maxminf(i,q) =V (4.18)
l =1 K2

where @5, is the empirical distribution of (Ji, ..., J,,). Combining (4.17) and (4.18) implies (4.14). Similarly,
(4.15) holds if player 2 uses a Hannan consistent strategy. It follows from (4.14)) and (4.15]) that (4.16]) holds
if both players use Hannan consistent strategies.
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(ii) Let p* be a limit point of p% and let € > 0. Then for large enough n in an appropriate subsequence:
. 2@ .
max ((p”, j) < max{(p,,])+ €
J J

ln
= max — (I, 5) + €
p n; (11, 5)

®) 1 &
< = (I Jy) A+ 2¢

t=1

3

(c)

<V +3e
where (a) follows from the fact that the subsequence can be selected so that pZ — p* as n — oo along the
subsequence, (b) follows from the fact player 2 is using a Hannan consistent strategy, and (c) follows from
the fact player 1 is using a Hannan consistent strategy so that holds. Since € > 0 is arbitrary, it
follows that max; ¢(p*, j) < V. In other words, p* is minmax optimal for player 1. Similarly, ¢* is maxmin
optimal for player 2. Therefore, since two-player finite zero-sum games have no duality gap, any strategy
profile (p*, ¢*) such that p* is minmax optimal and ¢* is maxmin optimal is a saddle point. |

Remark 4.14 1. Part (i) is about limit points of the empirical distributions, such as pl, for player 1. It
does does not claim that limit points of the strategies used by player 1, (pi)i>1, are minmaxz optimal.

2. Limit points p of the joint empirical distribution are not mecessarily product form. They satisfy a
weaker, averaged form of correlated equilibrium.:

ZZPZJ (4,4) >ZZP¢] i',7) for all i’

In contrast, the definition of correlated equilibrium would require

szg (,7) >sz] i', ) for all i,

Howewver, by using enhanced versions of Hannan consistent strategies, it can be guaranteed that limit
points of the joint empirical distribution are correlated equilibria.

Remark 4.15 (Bandit information) The framework of prediction with expert advice described above as-
sumes that, after each round t, the forecaster learns what reward would have been obtained had a different
action been selected. In particular, the forecaster learns the payoffs of all N experts. In the context of repeated
games, the forecaster (now called a player) is typically assumed to know the game and to observe, after each
round, the pure strategies chosen by the other players. It turns out that Hannan consistency can be achieved
with substantially less information.

In particular, suppose that the player does not know the game beyond the set of its own pure strategies and,
after each round, observes only its realized reward, not the rewards that would have been obtained by choosing
alternative pure strategies. This scenario was first considered in [3]. If the player samples each of its available
actions sufficiently often, it can use importance sampling to estimate the cumulative payoff that would have
been achieved by each action. This idea leads to algorithms such as Exp3P.1 of [3]. Here, “Exp3” stands for
“Exponential-weight algorithm for Exploration and Exploitation,” “P” indicates that the cumulative payoffs
of competing actions are estimated conservatively using upper confidence bounds, and “.1” indicates the use
of a decreasing step size over an infinite horizon to obtain anytime guarantees. See [9, [20] for additional
information.
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4.2 Blackwell’s approachability theorem

An elegant theorem of Blackwell includes the construction of Hannan consistent forecasters as a special case.
To begin, we consider both the minmax and maxmin performance of a player participating in a repeated
game. Consider, for example, the following game: We focus on player 1 and assume player 2 can select an

Player 2
1 2 3
1100]12]13
Player 1 2 | 2,1 | 0,0 | 2,3
313113200

arbitrary sequence of actions, so the payoffs of player 2 are not relevant for the remainder of our discussion.
We thus drop them from the matrix to get the payoffs of player 1. We shall find how well player 1 can control

Player 2

1 2 3

110111

Player 1 2 | 2| 0| 2
3131310

the limiting average reward per play, regardless of the actions of player 2. The maxmin (mixed) strategy for
player 1 is (0.0, 0.6, 0.4). Indeed, the payoff of player 1 is at least 1.2, no matter what action player 2 takes,
and if player two uses the strategy (0.0, 0.4, 0.6) then the payoff of player 1 is less than or equal to 1.2 for
any strategy. In other words, ((0.0,0.6,0.4),(0.0,0.4,0.6)) is a Nash equilibrium, or saddle point pair, for
player 1 seeking to maximize the payoff. So player 1 can ensure that the expected reward for any single play
of the game is greater than or equal to 1.2. Thus, in repeated play, starting at any time, player 1 can ensure
that the average reward per play can be pushed above any number smaller than 1.2, as illustrated in Figure
Similarly, the minmax strategy for player 1 is (1,0, 0)—in other words, the pure action 1, because a Nash

1.2

Figure 4.1: Player 1 can drive average payoff of player 1 to [1.2, c0)

equilibrium, or saddle point, for the case player 1 seeks to minimize his/her return, is ((1,0,0), (0,b,1 —1)),
for any b with 1/3 < b < 1/2. The value is one. So player 1 can ensure that the reward for any single play
of the game is less than or equal to 1.0. Thus, in repeated play, starting at any time, player 1 can ensure
that the average reward per play can be pushed below any number greater than 1, as illustrated in Figure
Combining the above two observations, we see that for any z, € [1.0,1.2], player 1 can ensure that the
average reward per play converges to x,, regardless of the actions of the other player.

Similarly, let us see how well player 2 can control the limiting average reward of player 1. In view of the
above two identified saddle points, we see that player 2 can ensure that the average reward per play can
be pushed by player 2 to above any point less than 1.0, and can be pushed by player 2 to below any point
greater than 1.2. In other words, player 2 can ensure the drift of the limiting average reward illustrated as
in Figure Define the distance between a point = and a set S C R by d(x,S) = infseg |z — 5.

Definition 4.16 A set S C R is approachable for a player if the player can play so thatd (£ 37, ((I¢, J;),S) —
0 a.s, regardless of the actions of the other player. (“a.s.” means “almost surely” or “with probability one.”)
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1.0

Figure 4.2: Player 1 can drive average payoff of player 1 to (—oo, 1].

1.0 1.2

Figure 4.3: Player 2 can drive average payoff of player 1 to [1, 2], but not to any specific point within [1, 2]

For the example above, if A C R and A is a nonempty closed subset, then

e A is a approachable for player 1 if and only if AN [1,1.2] # 0.

e A is a approachable for player 2 if and only if [1,1.2] C A.
In particular,

e [v,+00) is a approachable for player 1 if and only if v < 1.2.
e (—o0,u| is a approachable for player 1 if and only if u > 1.0.
e [v,+00) is a approachable for player 2 if and only if v < 1.0.

e (—o0,u] is a approachable for player 2 if and only if u > 1.2.

For this example, player 1 has more control than player 2, over the limiting average of the rewards to player
1 per unit time.

The analysis of the above example can be generalized for any payoff matrix for player 1. Blackwell’s ap-
proachability theorem generalizes this analysis to the case the payoff function to player 1 is vector valued.
The coordinates of ¢ could represented a variety of quantities of interest to player 1. Hence, we now assume
£(i, j) takes values in R™ for some m > 1. Furthermore, it is assumed that £ is scaled, if necessary, so that
1] <1, where “|| ||” denotes the Euclidean, or L?, norm. Using Euclidean distance, the above definition of
approachability generalizes. For x € R™ and S C R™, d(z, S) = infscg ||z — s||. We focus on approachability
by player 1. For each time t > 1, player 1 selects a mixed strategy p; and player 2 selects an action J;. Then,
given Jy, the action I; of player 1 is selected at random with probability distribution p; (not depending on
Jt).

Definition 4.17 A set S C R™ is approachable for player 1 if the player can play to ensure
d (% Soro U1y, Jy), S) — 0 a.s., regardless of the actions of the other player.

Lemma 4.18 A halfspace H = {v:u-v <c} (foru € R™ and c € R fized) is approachable for player 1 if
and only if for some mixed strategy p for player 1,

maxu - 4(p,j) < c. (4.19)
J

Proof. (if) Suppose there exists p such that (4.19) holds. Suppose then that player 1 uses p at each time
t > 1, so p; = p. Since, for each ¢, I; is generated with distribution p after J; is selected, if F; represents the
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information generated by (I1, ..., It, Ji, ..., Jy) it follows that E[u-£(1;, J;)|Fi—1] < c. Therefore, u-€(I, J;) <
¢+ Dy where Dy = u - €Iy, Jt) — Elu - (1, J;)|Fi—1]. Since D1, Do, ... is a martingale difference sequence
with Dy < 2||u||, the Azuma-Hoeffding inequality (Proposition [4.25)) yields for any n > 1

> n—1/4} < 2exp ( vn > (4.20)

- 8fJuf?

1 n
P{‘n;Dt

Since the sum over n from 1 to oo of the right hand side of (4.20)) is finite, it follows by the Borel-Cantelli
Lemma (Lemma [4.27)) that the event on the left hand side of (4.20) happens only finitely often, so that

% Z?:l Dt’ — 0 a.s. Therefore

n

: 1< , 1
limsupu - - Zﬁ([t,,]t) < c—i—hmsup; ZDt <c a.s

Thus, d (H, L 31 €(1;, J;)) — 0 as claimed.

(only if) If no such distribution p exists then min, max, u- (p,q) = ¢+ ¢ for some positive constant €. By von
Neuman’s theorem for two-person, zero-sum games, there is a probability distribution ¢ that player 2 could
use such that w - £(i,q) > ¢+ € for all i. By repeatedly using ¢, player 2 can similarly force liminf,, o, u -
LS 0Ty, Jy) > ¢+ e as. so that d (H, L 30 (I, Ji)) /4 0 as.

Theorem 4.19 (Blackwell approachability theorem) A closed, convex set S C R™ is approachable if and
only if every halfspace containing S is approachable.

Proof. (only if) If S is approachable then by definition, any set containing S is also approachable, including
any halfspace that contains S.

(if) The proof is illustrated in Figure Suppose every halfspace containing S is approachable. Let
mg : R™ — S denote the projection mapping. Thus d(z, S) = ||z — mg(x)]| for all x € R™. We don’t assume
S is a subset of the unit ball, so mg can map points in the unit ball out of the ball. However, if ||z| < 1,
then ||rs(x)|| < [|z]| + |7s(x) — 2| < 1+d(z,S) <2+d(0,S) £ M. Also, ||rs(z) — z| < M.

Let Ag be the zero vector in R™ and for ¢t > 1 let A; = %22:1 0(I5,Js). Since A; is the average of vectors
in the unit ball of R™, it follows that ||A;]| < 1 for all ¢.

Let t > 1. First, consider the case A;_1 € S. By assumption, every halfspace containing S is approachable. So
the smallest halfspace containing S with outgoing normal A;_; — wg(A;_1) is approachable. Such halfspace
can be written as

H={zx:(z—ms(A1)) (A—1 —7ms(A;_1)) < 0}. By Lemma[4.18| there exists a mixed strategy p such that
((p,j) —ms(As—1)) - (Ai—1 — m5(Asi—1)) < 0 for all j. Let

Pt € argngnmjaxg(p,j) (Apq1 —ms(As-1)).

It follows that (€(pt,j) — ms(Ai—1)) - (A1 — ms(As—1)) < 0 for all j.
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Figure 4.4: Hlustration of Blackwell’s approachability algorithm.

Observe that

[As — ms(Ap|1? < |Ay — ms(Ae—r) ||

Ht_l (Ap—1 —ms(Ae-1)) + e, J) _tWS(Atfl)

‘2
t—1 , 1 )
() s — s + R et — ms(a) (421)

2t — 1)

t2

The second term in (4.21)) is bounded by (M+1) because ||£(I:, )| < 1 and ||7g(Ai—1)|| < M. As noted
above, the last term of (4.21]) would be less than or equal to zero for any value of J; if I; were replaced by

its conditional distribution, p;. Therefore, letting

+

(A—1 = ms(Ae-1)) - (U(Le, Ji) — ms(Ai-1))

D, = (I, Ji) — Py, Jt)
and multiplying through by t? we find
214, — mo (A2 < (= 12| A1 — ms(Ar 1) + (M + 1) + X, (4.22)
where

Xt = 2(t — 1) (Atfl - WS(Atfl)) . Dt

Up to this point we have assumed A;_; ¢ S. We claim that (4.22)) also holds if A;_; € S and p; is selected
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arbitrarily. Indeed, if A;_; € S then

1
lAe = ms (Al < [[Ae = Al = ZlE(Le, Jt) — Al
||£(It, Jol + ”At il
t - t
Ay =mg(Ai—1), and Xy = 0. Since M > 2 we find that (4.22)) holds as claimed. Hence, (4.22)) holds for all
t > 1 whether or not A;,_; € S.
Summing (4.22)) over ¢ and cancelling terms yields

n?(| A, — ws(An)|P < n(M+1)°+> X,

t=1
(M +1)?
A = ms(A)|? < ==+ = th
— 0 a.s.

where the last step follows from an application of the Azuma-Hoeffding inequality and Borel-Cantelli lemma.
Indeed, (X;) is a martingale difference sequence. Also, ||D| < 2 and ||Ai—1 — ms(Ai—1)|| < M, so by the
Cauchy-Schwarz inequality, | X;| < 4(¢ — 1) M. Therefore, for any ¢ > 0, by the Azuma-Hoeffding inequality

(Proposition ,

P iX 7/4 n?/? 3n1/2
t>n Sexp<— - )SED(p(—),
t=1 2 (4t —1)M)? 1602

where we used the fact Y7 (t —1)? = w < ” . Hence,

ip{ ZXt_ }<—|—oo

which by the Borel-Cantelli lemma (Lemma [4.27) implies P { LYy X > # infinitely often} = 0.

From Blackwell’s theorem to Hannan consistent forecasters Suppose a forecaster selects a mixed
strategy p: which, in turn, is used to determine a pure strategy I; € [N] with distribution p:, at each time
t > 1. Or I could be the index of an expert selected by the forecaster. Let ¢ : [N] x ) — [0,1] such
that ¢(I;,Y;) represents the loss for using I; at time ¢, assuming Y; represents the actions of other players
or choices of nature or an adversary. Define a vector valued regret function r : [N] x Y — [=1,1]" by
r(i,y) = (Ui, y) —£(1,y), - ,£(i,y) —£(N,y)). Apply Blackwell’s approachability theorem to the behavior of
the time averaged regret vector, % Sor_ (1, Y:), as n — oo. In other words, let 7 play the role of the vector
valued objective function in Blackwell’s approachability theorem.

By definition, the forecaster is Hannan consistent if the time averaged regret vector converges to the set
S = (—00,0]" a.s. By Theorem |4.19] there is such a forecaster if and only if, for any nonzero vector u with
nonnegative coordinates, there is a probability distribution p such that u-r(p,y) < 0 for all y, or in expanded
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form, (u1,...,un) - (U(p,y) —(1,y), - ,€(p,y) — €(N,y)) < 0 for all y. It is easily checked that one such
distribution is given by taking p = u/||u||;. (This is an instance of Lemma in case {(p,y) is linear in p.)
Thus, the existence of Hannan consistent forecasters is a corollary of Theorem [4.19

Examining the proof of Theorem yields the following Hannan consistent forecaster. The strategy p;
used by the player at time ¢ is arbitrary if the cumulative regrets satisfy R;;—1 < 0 for all ¢ € [N]. Otherwise,
pi is proportional to the vector ((Ri:—1)+,...,Rn¢—1)+). This same forecaster can be derived using the
potential function of Remark with p = 2.

4.3 Online convex programming and a regret bound (skipped in
2026)

The paper of Zinkevich [33] sparked much interest in the adversarial framework for modeling online function
minimization. The paper shows that a projected gradient descent algorithm achieves zero asymptotic aver-
age regret rate for minimizing an arbitrary sequence of uniformly Lipschitz convex functions over a closed
bounded convex set in R%. The framework involves objects familiar to us, although the terminology is a bit
closer to game theory.

e Let F be a nonempty, closed, convex subset of a Hilbert space H. It is assumed F is bounded, so
D 2 max{||f — f'|l : f,f € F||} < co. The player selects actions from F.

e Let Z be a set, denoting the possible actions of the adversary.

o Let {: FxZ — Ry. The interpretation is that £( f;, z;) is the loss to the player for step ¢. We sometimes
use the notation ¢; : Z — Ry, defined by £:(f) = £(f, z¢).

e Suppose the player has access to an algorithm that can compute ¢;(f) and VZ.(f) for a given f.

e Suppose the player has access to an algorithm that can calculate II( f) for any f € R?, where IT : H — F
is the projection mapping: II(f) = argmin{||f — f'||* : f € F}, that maps any f € H to a nearest
point in F.

e T > 1 represents a time horizon of interest
The online convex optimization game proceeds as follows.

e At each time step t from 1 to T, the player chooses f; € F
e The adversary chooses z; € Z

e The player observes z; and incurs the loss £(fy, z¢).

Roughly speaking, the player would like to select the sequence of actions (f;) to minimize the total loss for
some time-horizon 7T, or equivalently, minimize the corresponding average loss per time step:

T
) 23 W em)  La((f) 2 ()

If we wanted to emphasize the dependence on 2T we could have written Jr((f;), 27) and Lr((f:), 2T) instead.
A possible strategy of the player is to use a fixed f* € F for all time, in which case we write the total loss as
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Jr(f*) & Zthl (f*,z.) and the loss per time step as Ly (f*) = &Jr(f*). Note that Ly (f*) is the empirical
loss for f* for T samples. If the player is extremely lucky, or if for each ¢ a genie knowing z; in advance

reveals an optimal choice to the player, the player could use féc;eme £ argmin,ez £(f, z;). Typically it is

unreasonable to expect a player without knowing z; before selecting f; to achieve, or even nearly achieve,
the genie-assisted minimum loss.

It turns out that a realistic goals is for the player to make selections that perform nearly as well as any fixed
strategy f* that could possibly be selected after the sequence z” is revealed. Specifically, if the player uses
(ft) then the regret (for not using an optimal fixed strategy) is defined by:

Rr((f) = f'}krngT«ft)) — Jr(f),

where for a particular f*, Jr((f:)) — Jr(f*) is the regret for using (f:) instead of f*. We shall be interested
in strategies the player can use to (approximately) minimize the regret. Even this goal seems ambitious, but
one important thing the player can exploit is that the player can let f; depend on ¢, whereas the performance
the player aspires to match is that of the best policy that is constant over all steps .

Zinkevich [33] showed that the projected gradient descent algorithm, defined by
ferr = H(fe — e VE(fr)), (4.23)

meets some performance guarantees for the regret minimization problem. Specifically, under convexity and
the assumption that the functions ¢; are all L-Lipschitz continuous, Zinkevich showed that regret O(LD\/T )
is achievable by gradient descent. Under such assumptions the /T scaling is the best possible (see problem
set 6). The paper of Hazan, Agarwal, and Kale [I7] shows that if, in addition, the functions ¢; are all

o-strongly convex for some o > 0, then gradient descent can achieve O (%2 log T) regret. The paper [I7]

ties together several different previous approaches including follow-the-leader, exponential weighting, Cover’s
algorithm, and gradient descent. The following theorem combines the analysis of [33] for the case of Lipschitz
continuous objective functions and the analysis of [I7] for strongly convex functions. The algorithms used
for the two cases differ only in the stepsize selections. Recall that D is the diameter of F.

Theorem 4.20 Suppose £(-,z) is convex, L-Lipschitz continuous for each z and suppose the gradient pro-
jection algorithm (4.28) is run with stepsize multipliers (ou)e>1.
(a) If o = % fort > 1, then the regret is bounded as follows:

Re(y < 2V (vi-3) e

which for ¢ = Lii/i gives:

Rr((fy)) < DLV2T.

(b) If, in addition, VL(-, z) is o-strongly convez for some o > 0 and oy = é for t > 1, then the regret is
bounded as follows:

Rr((f)) < L0 1eD),

Proof. Most of the proof is the same for parts (a) and (b), where for part (a) we simply take o = 0. Let
fP = fi — a;Ve(f1), so that fiq = H(ftbﬂ). Let f* € F be any fixed policy. Note that

[l = fF = fi= " = Vi f)
||ftb+1 — [P =1 = FI1P = 20 (" = f5,V0(f)) + oF [V E(fo)])*
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By the contraction property of IL, || fir1 — f*|| < || 7,1 — f*||. Also, by the Lipschitz assumption, |[V¢;(f,)| <
L. Therefore,

I ferr — £ < Nfe = F512 = 200 (f" — %, VE(f2)) + af L?

or, equivalently,

) < Ife = £*I1? :)[”ftH — P T L2 (4.24)
t

2(fe — 1, V(fr)

(Equation captures well the fact that this proof is based on the use of || f; — f*|| as a potential function.
The only property of the gradient vectors V£:(fi) used so far is | V4:(ft)|| < L. The specific choice of using
gradient vectors is exploited next, to bound differences in the loss function.) The strong convexity of ¢;
implies £;(f*) — €:(fe) > (f* — fo, V&(fe)) + SIf* — ftlI?, or equivalently,

2(6e(fe) — €(f*)) < 2(fe — f*, VE(f2)) — ol f — f*II?, so

_fx(2 o orx||2
R R e A Al (4.25)
We shall use the following for 1 <t <T —1:

||ft _f*H2 B Hft-‘rl _f*||2 — Hft _f*||2 _ ||ft+1 _f*”2 + ( 1 _ Oi) Hft+1 _f*||2

Qi Qi Q41

Q41

Summing each side of (4.25)) from ¢ =1 to T yields:

2Ir(F)) = Jo(f) < (al - a) R Il

T-1 1 1 T
w3 (o) M= PP+ 22 S
t=1

— Q41
T-1 1 1 T
<D*(— -0+ ( ——0’) + L? o
1 T
<D*| ——0oT)+1L? 4.26
B <OlT 0>+ 2o (4:26)

D
2(Jr((f1)) = Jr(f)) < ar T LYy oy (4.27)
t=1
Now if a; = %, then
T T
c cdt
oy =c+ fﬁc—i—c/ — =2VT - 1)c
and we get
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Ife= then Jr((ft)) — Jr(f*) < DLV2T. Since f* € F is arbitrary it follows that Rr((f;)) < DLV2T.

(Part (b)) For the case of o > 0 and o, = 2 for all ¢ > 1, then the first term on the right-hand side of (4.26)
is zero, and

a 1+4+logT
> o 1+§ —,
t=1 ( >

so part (b) of the theorem follows from (4.26]) and the fact f* € F is arbitrary. |

4.3.1 Application to game theory with finite action space

Consider a player repeatedly playing a game with N actions available. Let’s fit this into the framework
of Zinkevich [33]. We consider the case that the player uses mixed strategies, so that F is the space of
probability vectors in RY. Let z; represent the vector of actions of other players. The loss function for our
player at time ¢ is £(f,z) where ((f,z) = 3 ,c(ny fil(i, 2). The function f +— £(f,2) is linear, and thus
also convex. It’s gradient with respect to f is (£(1,2),...,4(N,z))T. We assume that £(i,2) € [0,1] for all
i, z. Therefore, ||V ;4(f,2)] < V/N. In other words, we set L = v/N in Theorem To avoid triviality,
we assume that N > 2. The difference ||f — f’|| is maximized over f, f’ € F when f and f’ correspond to
different pure strategies. To verify that fact, first note that without loss of generality it can be assumed for
each i € [N] that either f; =0 or f/ = 0. Thus, we can take D = 2 in Theorem

The projected gradient algorithm becomes (where we view f; as a row vector for each ¢) in this case is:
ft+1 :H(ft 70“(6(172)3"'76(‘7\772)))7 (428)

where IT denotes the projection operator from RY (with vectors written as row vectors) to D. Interestingly,
the update at time ¢ is determined completely by the vector of losses at time ¢ for different strategies.

The loss for T time steps for any fixed strategy f* is given by

T T
S U ) = (D (U, 2, (N, 20))
t=1 t=1
so that for any sequence z1, ..., zr, the minimum loss over all fixed strategies is the same as the minimum loss

over all pure strategies. Therefore, the regret Ry ((f)) of Zinkevich is the same as the game theoretic regret.
With D = v/2 and L = v'N we find that for T' > 1 and stepsizes as in Theorem a), Rr((f:)) < VANT.

4.4 Appendix: Large deviations and the Azuma-Hoeffding con-
centration inequality

Recall the most basic concentration inequalities.

e Markov inequality: If Y is a random variable with P{Y > 0} = 1, then P{Y > ¢} < & EY] for any ¢ > 0,
This can be proved by taking expectations on both sides of the 1nequahty clyy>ey S Y.
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e Chebychev inequality: If X is a random variable with finite mean: P {|X — E [X] } < Vare) gor

| >
any t > 0. The Chebychev inequality follows from the Markov inequality for Y = (X —E[X ])5

e Chernoff inequality: If S,, = X; +...+ X,,, where the X’s in independent, identically distributed with
mean p, then for any a > p,

P {i" > a} < e "% where £(a) = sup {as — ¢(s)} and ¥(s) = logE [e*¥].
seR

The Chernoff inequality follows from Markov’s inequality with ¥ = e=*("¢=5n) and ¢ = 1 for s > 0.
The condition s > 0 is dropped in the definition of ¢(a) by the following reasoning. Note that

esX
v =20 e,

where Eg denotes expectation with respect to the new probability distribution P, for X defined by

dd% (X) = e*X~¥(5), Similarly,

E [XQGSX}

E [e5X] —E, [X]" =E, [X]_Es[X} = Var, (X),

W (s) =

Thus, (0) =0, ¥'(0) = E[X] = u, and 1 is convex, because ¢”(s) > 0 for all s. These properties of
1 explain why the supremum in the definition of ¢(a) can be taken over all s € R.

Example 4.21 If 0 < g < p < 1 and X; has the Bernoulli distribution wz'th parameter q, then S, has the
binomial distribution with parameter q. Then £(p) = d(pl||q) where d(p||q) = plog 2+ (1—-p) }_p, denotes the
Kullback-Leibler (KL) divergence between the Bernoulli(p) and Bernoulli(q) dzstmbutzons So the Chernoff

inequality in this case becomes

P { Binom(n, q) > np} < e ™I for p >4 >0

For another example, if X; has the N(u,0?) distribution then 1)(s) = # + us and €(a) = w;g’?? Taking
n =1 in the Chernoff inequality in this case gives

2
P{Normal(p,0%) — p >t} < 0”37

In this case, we know

t o0 1 u
P {Normal(u,0) —p >t} = Q () = / e du
o t

The methodology of the Chernoff bound is quite general and flexible. In particular, if the distribution of a

random variable X is not known, but E [eSX ] can be bounded above, then upper bounds on large deviations

can still be obtained. That is the idea of the Hoeffding inequality, based on the following lemma.

Lemma 4.22 (Hoeffding) Suppose X is a random variable with mean zero such that P{X € [a,b]} = 1.
s2(b—a)2

Then E [e*X] < e el
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Proof. Since P{X € [a,b]} = 1, it follows that Ps{X € [a,b]} = 1 for all s, and therefore, "' (s) =
2
Var, [X] < @ for any s € R. Since 1(0) = 0 and ¢'(0) = E[X] = 0,

v) = [ [ v anas < “OC0

which implies the lemma. |
2
Note that the maximum possible variance for X under the conditions of the lemma is (b_f) , and the upper

bound is equal to E [esz] for a N (07 (b;a)z)) random variable Z.

A random process (Y;, : n > 0) is a martingale with respect to a filtration of o-algebras F = (F,, : n > 0) if
E [Yo] is finite, Y, is F,, measurable for each n > 0, and FE[Y;,1+1|F,] = Y,. A random process (B, : n > 1),
is a predictable process for the filtration F if B,, is F,,_1 measurable for each n > 1. In other words, if B
is predictable, the value B, is determined by information available up to time n — 1. A simple and useful
inequality for martingales is the Azuma-Hoeffding inequality.

Proposition 4.23 (Azuma-Hoeffding inequality) Let (Y, : n > 0) be a martingale and (A, : n > 1)
and (B, : n > 1) be predictable processes, all with respect to a filtration F = (F, : n > 0), such that
P{Y,-Y,_1€[A,,B,]} =1 and P{|B,, — A,| < c,} =1 for alln > 1. Then for all v € R,

272
P{Y,, =Yy >~} <exp —W
t=1Ct

22
P{Y, —Yo < =y} <exp sz )
t=1Ct

Proof. Let n > 0. The idea is to write Y,, = Y,, — Y,,_1 + Y,,_1, to use the tower property of conditional
expectation, and to apply Lemma to the random variable Y;, — Y,,_; conditioned on F,_1, for [a,b] =
[Ay,, By]. This yields:

E[es(Ynfyo)] _ E[E[es(yn7Y7L71+Y7L717Y0) |]:n71]]
E[es(Yn—l7YO)E[€5(Y7L7YTL—1) |-7:n—1]]
E[es(Yn_lfYo)]e(scn)r“‘/&

IN

Thus, by induction on n,

E[es(Yn7Y0)] < 6(52/8) Siiet .

The remainder of the proof is the same as the proof of Chernoff’s inequality for a single Gaussian random
variable. |

Corollary 4.24 If X,,..., X, are independent random variables such that P{X; € [as,b]} = 1 for all ¢,
and S, = X1+ ...+ X, then

2
P{S, —E[S,] >~} <exp <227L1(21;:—czt)2>
2
P{S, —E[S,] < —7} <exp <_an(2bz—at)2> ’



4.4. APPENDIX: LARGE DEVIATIONS AND THE AZUMA-HOEFFDING CONCENTRATION INEQUALITY67

Proof. Apply Proposition with Yo =0, Y, = >} (X; —E[X,]), A, = at, and B, = b, for t € [n].
|

In some applications it is more natural to consider martingale difference sequences than martingales directly.
A random process (D1, Da,...) is a martingale difference sequence with respect to a filtration of o-algebras
F = (F, :n > 0)if D, is F, measurable for each n > 0, and E[D,11|F,] = 0. Equivalently, Yo = 0 and
Y, = D1+ ---+ D, defines a martingale with respect to JF.

Proposition 4.25 (Azuma-Hoeffding inequality, martingale difference form) Let (D,, : n > 0) be a mar-
tingale difference sequence and (A, : n > 1) and (B, : n > 1) be predictable processes, all with respect to
a filtration F = (Fp, : n > 0), such that P{D,, € [A,,B,]} =1 and P{|B, — A,| < ¢} =1 for alln > 1.

Then for all v € R,
n
Z 272
{t—l } Y ct

n 2,_)/2
P ZDtS—’Y <exp|—=n 3 |-

t=1 t=1%

Borel-Cantelli lemma Convergence results that hold with probability one in the limit as n — oo, such
as in the definition of Hannan consistent forecasters, can be deduced from the Azuma-Hoeffding inequality
by combining it with the Borel-Cantelli lemma, stated next. Let (A, : n > 0) be a sequence of events for a
probability space (2, F, P).

Definition 4.26 The event {4, infinitely often} is the set of w € Q such that w € A,, for infinitely many
values of n.

Another way to describe {A,, infinitely often} is that it is the set of w such that for any k, there is an n > k
such that w € A,,. Therefore,
{A,, infinitely often} = Ni>1 (Un>r4n) -

For each k, the set U, >;A,, is a countable union of events, so it is an event, and {A,, infinitely often} is an
intersection of countably many such events, so that {A,, infinitely often} is also an event.

Lemma 4.27 (Borel-Cantelli lemma) Let (A, :n > 1) be a sequence of events and let p, = P(Ay).

(a) If 3>°°°  pn < 00, then P{A,, infinitely often} = 0.

(b) If Y0 pn = 00 and Ay, As, - -+ are mutually independent, then P{A,, infinitely often} = 1.



68

CHAPTER 4. REGRET, APPROACHABILITY, AND ONLINE OPTIMIZATION



Chapter 5

Sequential (Extensive Form) Games

(See [25] and [30] for more extensive treatments of this topic.)

5.1 Perfect information extensive form games

An extensive form game is specified by a rooted tree, known to each player. We begin by considering such
games with perfect information, meaning that one player at a time makes a decision and has exact knowledge
of the state of the game.

The game of Nim fits this model. Initially there are three piles of sticks, with 5 sticks in the first pile, 4 in
the second pile, and 3 in the third pile. In short, the initial state is (5,4, 3). There are two players taking
turns, starting with player 1. On a turn, each player must remove a nonzero number of sticks from one of
the piles. If a player has picked up the last remaining stick, then the game ends and that player loses. This
is the misere version of the game. An alternative version is that the player picking up the last stick is a
winner.

2.542

2.100
0

Figure 5.1: Sketch of the extensive form game tree for nim. Many nodes and edges not pictured.
69
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The tree for nim is shown in Figure The tree is a rooted directed tree. All edges are directed from left
to right; arrowheads are omitted to avoid clutter. The root node is at the left end of the figure. Leaf nodes
are the nodes with no outgoing edges, and are labeled with the tuple of payoffs for all players. The only leaf
shown in the figure is labeled (1, —1), indicating that player 1 wins: the payoff of player 1 is 1 and the payoff
of player 2 is -1. Play of the game generates a path through the tree, beginning at the root and ending at a
leaf.

Each node, other than the leaves of the tree, are labeled with the state of the game. The state begins with
the index of which player is to play next, and the status of the three piles. The player that plays next
at a given node is said to control the node. For example, the root node is labeled 1.543, indicating that
player 1 is to play next and the three piles have 5, 4, and 3 sticks in them. respectively. The order of the
piles is assumed not to matter. Each edge outgoing from a node corresponds to a possible action for the
player controlling the node, and the edge points to the next state. For example, the edge outgoing from the
root labeled 002 indicates that player 1 removes two sticks from the third pile. The resulting next state is
2.541. Given the game tree, for any node, we could consider a new game that begins in that node instead
of beginning at the root node. The game starting in some arbitrary node is called a subgame of the original
game. It is assumed that all players know the tree, and, for a perfect information game such as nim, each
player knows which state the game is in whenever the player needs to select an action.

Nim is an example of a zero-sum perfect information extensive form game. In theory, the value of the game
can be computed using backward induction. The value of the game, such as the reward to player 1, can be
computed for the subgame starting from each node, starting from the leaves. This calculation for nim is
shown in Figure Reason from the end of the game as follows. State 100 is a losing state (i.e. state 1.100

Winning States Losing States
100
(2+)00 (1+)10
111 220
22(1+) (2911 (3+)20
321 330

3242 (4921 (4430 33(1+)
440

540 44(1+)
> 541
543

Figure 5.2: Classification of states of nim (misere version)

is a losing state for player 1 and 2.100 is a losing state for player 2) because the player has no other option
than to pick up the last remaining stick. That implies that state 200 is a winning state, because a player
faced with that state can remove one stick and make the other player face state 100. In fact, any state of
the form (2+)00 is a winning state, where “2+” represents a number that is greater than or equal to two.
Also, a state of the form (14)10 is a winning state, where “14” represents any number in some pile being
greater than or equal to one, and the player could remove all sticks from that pile, to again make the other
player face state 100.

Next, it must be that 111 and 220 are losing states, because no matter what action a player takes in one of
those states, the other player will be left with a winning state. That implies that states of the form (2+)11
and (34+)11 are winning states, and so on. Continuing this process, we find that the initial state, 543, is a
winning state. Since player 1 takes the first turn, the value of the game is 1 for player 1 and -1 for player 2.
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C. Bouton 1901 found there is a simple characterization of all losing states of nim that works for an arbitrary
finite number of piles. Express the sizes of the piles using base two representation, and then add those
representations using modulo 2 addition without carries to obtain the nim sum of the numbers. For example,
the nim sum of 543 is the binary sum of 101 100 011 without carries, or 010. The losing states are those
with all nonzero piles having size one and an odd number of ones, such as, 1, 111, 11111, etc. or at least one
pile with two or more sticks and nim sum zero. We have described the so-called misere version of the game.
The other popular version is the winner is the player to pick up the last stick, in which case the losing states
are precisely those with nim sum equal to zero.

Example 5.1 (Entry deterrence game) Player 1 and player 2 each represent a firm that can sell a product
in some market. Player 1 is a potential new entrant to the market, and selects in or out, in other words, to
mowve into the market or stay out. Player 2 has already been in the market for some time, i.e. player 2 is the
incumbent. In case player 1 selects in, Player 2 can select accommodate or fight. If player 2 accommodates,
the players share the market, and player 2 continues to make profits in the market. If player 2 fights player
1, for example by pricing goods at or below production cost, then the payoffs of both players, especially player
1, are less. The game tree is shown in Figure|5.5. This game has two Nash equilibria in pure strategies:

2a dat
a accommodate 2’1
fight

0,0

out 1,2

Figure 5.3: Game tree for the entry deterrence game

(out, fight) and (in, accommodate). For the strategy (out, fight), the incumbent is basically declaring the
intention to fight player 1. In other words, player 2 is trying to deter the entrance of player 1. But if player
1 selects in, then, given that decision of player 1, it is against the interests of player 2 to follow through and
fight. Since it is costly for the incumbent to fight, given that player 1 selects in, the threat of player 1 to fight
might not be considered to be credible. In the terminology given below, only the strategy (in, accommodate)
is subgame perfect.

The entry deterrence game illustrates the fact that for a Nash equilibrium of an extensive form perfect
information game, the actions selected by some player for some state might not be maximizing the payoff
of the player, given that state is reached. Given an extensive form, perfect information game, we consider a
pure strategy for a player to be a tuple that gives an action for the player at each of the nodes controlled by
the player. A strategy profile in pure strategies, is a tuple of strategies, one for each player.

Definition 5.2 A strategy profile in pure strategies for an extensive form perfect information game is sub-
game perfect if for each node, the restrictions of the strategies to the nodes of the subgame starting from that
node, is a Nash equilibrium of the subgame.

The subgame perfect Nash equilibria of an extensive form perfect information game can be found by a back-
ward induction algorithm, as follows. Working backward from the leaves, actions are selected for each node
in order to maximize the reward of the player that controls the node. Ties can be broken in an arbitrary way.
In this way, a payoff profile is computed at each node for the subgame beginning at that node, corresponding
to the actions that have been selected for that node and all other nodes following that node in the game
tree. Unless there happens to be a tie, the actions selected at each node will be pure actions and unique.
In the special case of two-player zero sum games, all NE are saddle points and thus the payoffs at the root
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node correspond to the unique value of the game.

Proposition 5.3 (Backward induction finds subgame perfect pure strategies) Consider a perfect information
extensive form game. Any pure-strategy subgame perfect equilibrium can be generated by backward induction
with an appropriate choice of breaking ties, and every strategy profile generated by backward induction is a
pure-strategy subgame perfect equilibrium.

Proof. Suppose there is a subgame perfect equilibrium. Then by the backward induction principle, it is
easy to see that the actions taken could be the output of the backward induction algorithm with appropriate
choice of breaking ties.

Conversely, suppose the backward induction algorithm is applied to build up the strategies of all players.
We claim that the resulting strategy profile, which is the tuple of strategies, one for each player, produced
by the algorithm, is a subgame perfect equilibrium. To prove that, fix any node x in the game tree and
show that the strategy profile is a Nash equilibrium for the subgame beginning at x. Fix any player i, and
let &1, x2,..., ) denote nodes in the subtree controlled by player i,, ordered so that x; comes before z; in
the game tree if i < j. Let s1,..., s, denote the actions for player i, in states x1,...,xy, respectively, as
produced by the backward induction algorithm. We need to show that if s/, ..., s}, were alternative actions
for player i, at those nodes then the payoff for player i, in the subgame beginning at x would be no larger
under s,...,s) than under sq,...,s;. The strategies selected by the other players are fixed in this scenario.
By backward induction from the end of the subgame tree, the payoffs for player i, do not increase as each new
action is substituted in and the possibly smaller values are propagated towards the root = of the subgame.

Proposition [5.3| generalizes to the case that some nodes in the tree are randomization nodes, i.e. controlled
by nature, with an output edge selected randomly by nature for each randomization node. In the presence
of randomization nodes, the backward induction algorithm propagates backward the expected payoff of each
player for each node. At each node controlled by a player, the backward induction algorithm selects an
action for that player to steer the state to a node with maximum expected payoff for the player, among the
next nodes in the tree.

Remark 5.4 If any player is faced with a tie when the backward induction algorithm is run, the choices
made by one player to break a tie could influence the payoffs of the other players. Hence, the strategies of all
players should be computed by one run of the backward induction algorithm, from the leaves to the root. It
may not be appropriate to run the backward induction algorithm twice, and then use the strategy found for
one player in the first run of the algorithm and the strategy found for another player in the second run of
the algorithm. This is illustrated by the following variation of the entry deterrence game:

2. u

d

1,2
32

D 2,0

The way player 2 breaks the tie at node 2.a influences the optimal choice of player 1.
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5.2 Imperfect information extensive form games

5.2.1 Definition of extensive form games with imperfect information, and total
recall

To model games with simultaneous actions, such as the prisoners’ dilemma problem, and games with hidden
information or hidden actions, extensive form games with imperfect information can be considered. Such a
game is still specified by a tree, and an outside observer that can see the actions of the players and can also
see the outcomes at randomization nodes, can trace a unique path through the tree. But a given player might
not perfectly know which state the game is in when the player needs to take an action. Rather, when the
player needs to select an action, the player knows that the state of the game is in some particular set of states
called an information set. Thus, the set of all nonleaf nodes in the graph are partitioned into disjoint sets,
where each set is either an information set controlled by some player or a set with a single node controlled
by nature. The set of actions available for each of the nodes in an information set must be identical. Before
giving a definition of extensive form games with imperfect information, we consider an example.

Example 5.5 (Call my bluff card game) Players 1 and 2 engage in a zero-sum game with randomization.
First player 1 is dealt a card from a deck of cards. The card is either red, which is good for player 1, or
black. Player 1 can see whether the card is red or black, but player 2 can’t see the card. The players initially
bet one unit of money on the game—in other words, the initial stakes of the game is one unit of money for
each player. After seeing the card, the action of player 1 is either to propose to raise the stakes to 2 units of
money, or to check, leaving the stakes at one unit of money. If player 1 checks, player 2 has no decision to
make. The color of the card is revealed to player 2. If red, player 1 wins one unit. If black, player 1 loses
one unit.

If player 1 proposed to raise the stakes, then player 2 has a decision to make. Player 2 can either meet,
meaning player 2 accepts the raise and the stakes of the game are increased to two units of money, or player
2 passes, meaning that player 2 does not accept the raise, but instead drops out of the game. In that case,
player 1 wins one unit of money, no matter what the color of the card is; player 2 is not even shown the
color of the card. If player 1 raises and player 2 meets, then the color of the card is revealed to player 2. If
red, player 1 wins two units of money, if black, player 1 loses two units of money.

The complete game tree is pictured in Figure|5.4. The game starts at node 0 which is a randomization node

Figure 5.4: Sketch of the extensive form game tree for call my bluff.

controlled by nature. With probability 0.5 nature selects a red card and the game proceeds to node w, and
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with probability 0.5 nature selects a black card and the game proceeds to node y. Node w also carries the label
l.a, where the “17 indicates that the node is controlled by player 1, and the “a” references which decision of
player 1 the node corresponds to. Node y is also controlled by player “1.” The label 1.b on node y is different
from the label 1.a on node w because player 1 can make different decisions for these two nodes. This reflects
the fact player 1 knows the color of the card. If player 1 decides on the action raise from either state 1.a
or state 1.b, then the game moves to either state x or z, depending on the color of the card. Player 2 does
not know the color of the card; the dashed line connecting states x and z is labeled 2.c, meaning that 2.c,
consisting of the set {z,z}, is an information set for player 2. Player 2 controls the information set and
must select an action for the information set, without knowing which state of the set the game is in. Note
that the action labels on the edges out of states x and z in the information set 2.c are the same, as necessary.
The leaf nodes of the game tree are labeled with the corresponding payoff vector.

Extensive form games can be used to model single shot games, as illustrated by the following example.

Example 5.6 (Prisoners’ dilemma game in extensive form) The use of information sets to model imperfect
information can be used to model one shot games with simultaneous actions as extensive form games. We
imagine the players making decisions one at a time, with each player not knowing what decisions were
previously made by other players. For example, Figure shows the prisoners’ dilemma game in extensive
form.

Figure 5.5: Prisoners’ dilemma as an extensive game.

An extensive form n-player game with possible imperfect information and randomization is defined as follows.
There is a directed tree with a unique root node. The nodes of the tree represent states of the game. Each
node and each edge has a unique name or id. Let the players be indexed from 1 to n and use index 0 to
denote nature, which is like a player but uses fixed probability distributions rather than decision making.
The nodes of the tree are partitioned into information sets, and each information set is controlled by one
of the n players or by nature. For any information set, the edges out of any state in the information set
are labelled by distinct actions the player could take to move the game along that edge. Furthermore, the
same set of action labels is used for all the states of an information set. In addition, if the information set
is controlled by nature, a probability is assigned to each action such that the sum of the probabilities over
the actions is one.

We will usually restrict attention to extensive form games that have perfect recall, defined as follows.

Definition 5.7 (Perfect recall) An extensive form game has perfect recall if whenever x and x' are nodes in
the same information set controlled by some player i, the following is true. Consider the path from the root
of the game tree to x, consider the sequence of nodes along that path that are in information sets controlled by
player i, and note which action player i takes in each of those information sets along the path. Do the same
for the path from the root to x’. Then the sequence of information sets of player i visited and the actions
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taken in those sets is the same for the paths from the root to either x or x'.

Perfect recall is illustrated in Figure Note that x and z’ are both in information set i.k. The sequence

Figure 5.6: Illustration of a game with perfect recall

of information sets of player ¢ and actions taken in those sets, along the path from the root node to either
node z or z’ is: information set i.a, action a, information set i.d, action ¢, information set i.g, action b,
information set i.k. Figure [5.6] also shows the information set j.e of some other player, j. One state in j.e is
before a state in i.d and one state in j.e is after a state in i.d. Since i and j are different players, this is not
a violation of perfect recall.

In order to verify that a game satisfies the perfect recall property, it is sufficient to consider two information
sets at a time. Specifically, an extensive form game has perfect recall if, whenever z and z’ are nodes in
some information set i.s controlled by some player i, and state y is a node along the path from the root to x
that is in an information set 7.s’, also controlled by player 7, there must exist a state ' in 4.s” that is along
the path from the root node to z’, such that the action label on the edge out of y along the path to x is
the same as the action label on the edge out of 4’ along the path to z’. For example, in Figure z and
2’ are both in information set i.k, and y is along the path from the root to x. So there must be a state 3’
also in i.d that is along the path to 2’ and the action labels for the edges out of i and out of ¥’ along the
respective paths are the same, namely c. For another example in the same figure, we see that y and 3’ are
both in information set i.d and state z is on the path from the root to y. So there must exist a state z’ in
the same information set as z such that 2z’ is along the path from the root node to 3’ and the action labels
out of z and 2’ are the same. In this case, the condition is true with z’ = z.

Perfect recall implies that the information sets of any single player have a tree order. In other words, the
information sets of a player that appear before an information set s of the player are totally ordered, and,
furthermore, the actions in each of those information sets that make it possible to reach the next information
set (for some possible actions of other players) is unique. This is illustrated in Fig. m which shows a tree
ordering of information sets of player ¢ that is compatible with the game tree partially pictured in Figure
The actual path taken through the underlying game tree depends on the actions of the other players
and nature. The edge in the tree of Fig. from information set i.a to information set i.d means that from
at least one state in i.a, if player 1 plays action a, then it is possible (if actions of other players permit and
randomization probabilities are not zero) that the game could reach a state in i.d. The tree shown in Fig.
has a branch point after information set i.d. This indicates the possibility for getting from some state in
i.d along an edge with action label b to some state in i.e, or to some state in i.f.

An extensive form game has a normal form representation. Such representation is useful because it comes with
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Figure 5.7: Tlustration of the tree ordering of information sets of a player implied by the perfect recall
property

the definition of Nash and other notions of equilibria with associated existence theorems. The normal form
representation of an extensive form game is obtained by having each player select a table of contingencies—one
for each information set under control of the player. For example, for the game corresponding to Fig. a
pure strategy for player ¢ could look like:

Information set | action
1.a
i.b
i.c
i.d
i.e
i.f
i.g
i.h
1.k

ST O OO0 0 0 8

This representation is longer than necessary for some purposes, because, for example, since player i takes
action c in information state i.d, the game cannot reach any of the information sets i.e,i.f, or i.h, so the
actions given for those states won’t be used. A mixed strategy for the normal form representation of the
game for a player ¢ is a probability distribution 7; over the pure strategies of player i. A mixed strategy
profile for the game in the normal form representation is a tuple 7 = (74,...,7,) of mixed strategies for each
of the players.

Example 5.8 (Normal form of the call my bluff card game) The game tree for the extensive form version
of the call my bluff card game is shown in Fig. [5.4 Player 1 has two information sets. In state 1.a, which is
also an information set of cardinality one, which is entered if the card drawn is red, player 1 decides whether
to take action R (Raise) or action C (Check). In state 1.b, which is entered if the card drawn is black, player
1 decides whether to take action r (raise) or action ¢ (check). Thus, there are four pure strategies for player
1 in the normal form of the game. Player 2 has one information set that might be reached, namely 2.c, and
for the normal form version of the game player 2 must decide what action to take for that information set:
either M (Meet) or P (Pass). So the normal form representation of the call my bluff game is given by the
following matriz:

Player 2

M P
Rr | 0,0 1-1
Rc | .5-5 | 0,0
Cr|-5.5] 1-1
Cec | 0,0 0,0

Player 1
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A mixed strategy 7; for player ¢ is equivalent to a joint probability distribution over the sequence of possible
actions for all information sets of player i. Assuming the game has perfect recall, as we do now, allowing
arbitrary joint distributions of actions at all information sets is encoding a lot of useless information. For
example, referring again to either Fig. or given that player ¢ has to select an action for information
set 7.k, the player knows that it previously selected actions a,c, and b for information sets i.a, i.d, and i.g,
respectively. And it didn’t have to select any other actions. It doesn’t matter which state of information
set 1.k the game is in, and the three previous choices by the player were for three information sets, not
three underlying states. So given the joint distribution 7; of all actions of the player, we can calculate the
conditional probability distribution o; ;1 of the action player i selects for information set i.k, given that
the player selected actions a,c, and b for information sets i.a, i.d, and i.g, respectively. Such conditional
distribution is undefined if the probability of selecting a, ¢, and b for information sets i.a, i.d, and i.g is zero,
in which case we let 0; ; ; be an arbitrary probability distribution over the actions available for information
set i.k.

No matter what strategies the other players use, given that player ¢ has to select an action at state i.k, the
distribution of that action is the same under the policy 7; and under o; ; . We can similarly define o; ; for any
information set s for player . Then the tuple of probability distributions for all the information sets of i, o;
given by o; = (05 : s is an information set of 7), is called a behavioral strategy. And if player i participates
in the game by selecting actions independently for visited information sets using o;, the distribution of
actions made is identical to the distribution of actions made under policy 7,. We say the policies o; and 7;
are behaviorally equivalent.

Any mixed strategy 7; of any player j has an equivalent behavioral policy o;, and the strategy profile o given
by o = (o1,...,0,) is behaviorally equivalent to the original strategy profile 7 for the joint interactions of
all the players. We state this result as a theorem:

Theorem 5.9 (Kuhn's equivalence theorem) For an extensive form game with perfect recall for all players,
given a strateqy profile T in mized strategies for the normal form representation of the game, if one or more
of the strategies T; is replaced by the behavioral strategies o;, the probability distribution of which leaf node
in the tree is reached is the same. In particular, the expected payoffs of all players are the same. In other
words, payoff equivalence holds.

It is considerably simpler to describe a probability distribution over actions for each information set than
to describe a joint probability over all actions a player would use at all information sets. In view of Kuhn’s
equivalence theorem, for extensive form games with perfect recall, Nash equilibria represented as profiles of
mixed strategies for the normal form game are equivalent to Nash equilibria for profiles of behavioral strate-
gies. In particular, since finite normal form games always have a Nash equilibrium in mixed strategies, we
conclude that every extensive form game with perfect recall has a Nash equilibrium in behavioral strategies.
We state this as a corollary of Kuhn’s equivalence theorem:

Corollary 5.10 A behavioral strategy profile o is a Nash equilibrium of the extensive form game iff it is
behaviorally equivalent to a mized-strateqy Nash equilibrium of the normal-form representation of the game.

Multiagent representation of extensive form game Given an extensive form game, the multiagent
representation of the game is obtained by replacing each player by a set of players, called agents. There is one
agent for each information set of the player. The underlying game tree is kept the same. An information set
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i.s controlled by player ¢ in the original game becomes the sole information set controlled by the corresponding
agent of player i. The payoff vectors at the leaves of the tree for the multiagent representation of the game
give the payoffs of each agent, instead of the payoffs of each player, such that the payoff of any agent of
player i is the same as the original payoff of the player to which the agent belongs.

A behavioral strategy profile o = (0;);cs for an extensive form game is a selection of behavioral strategies of
the players, and the behavioral strategy of each player is a selection of strategies (i.e. probability distributions
over available actions) for each of the information sets of the player. Thus, ¢ has one strategy for each
information set in the game. Therefore, o can be viewed as a strategy profile for the multiagent representation
of the game, which itself is a game played by the agents. Since single-agent level changes in strategy are
special cases of player-level changes (for which a player can simultaneously change its behavioral strategies
at more than one of its information sets), we have the following proposition.

Proposition 5.11 (Nash equilibrium implies multiagent Nash equilibrium) Consider an extensive form game
with imperfect information. A Nash equilibrium in behavioral strategies for an extensive form game is also
a Nash equilibrium for the multiagent representation of the game.

The converse of Proposition fails, as shown by the following example.

Example 5.12 (Multiagent Nash equilibrium does not imply Nash equilibrium for original players) Consider
the single player extensive form game of Fig. [5.8 There is a unique Nash equilibrium strategy for player 1

1.
> up

Up

la down 0

m 1

Figure 5.8: Example of a multiagent Nash equilibrium, namely (Down, down), that is not a Nash equilibrium
for the original single player game.

in the normal form representation of the game, namely, (Up,up). For the multiagent representation of the
game, one agent controls the decision at node 1.a and another agent controls the decision at node 1.b, and
the numbers at the leaves give the payoffs of both agents. The strategy pair (Up,up) is indeed a multiagent
Nash equilibrium, as guaranteed by Proposition . However, (Down,down) is also a multiagent Nash
equilibrium. Indeed, if the first agent were to change action to Up then the payoff of the first agent would
decrease from 1 to 0. If the second agent were to change from down to up, the payoff of the second agent
would still be 1. The point of the example is that a single player can change its strategy from (Down, down)
to (Up, up) to increase his/her payoff, but no one agent alone could do the same. Of course this example
could be extended to make examples involving multiple players.

Example suggests that the multiagent representation of the game is not so interesting. However, the
multiagent representation is very useful for a more restrictive definition of equilibrium, as seen in the next
section.
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5.2.2 Sequential equilibria — generalizing subgame perfection to games with
imperfect information

For perfect information games we saw that there is some reason to think that subgame perfect Nash equilibria
are more preferable or realistic than other Nash equilibria. In particular, as illustrated in the entry deterrence
game, restricting attention to SPE eliminates some threats that are not credible. The same situation can
occur in games with imperfect information, The notion of sequential rationality, discussed in this section, is a
way to extend the notion of subgame perfect equilibrium to extensive form games with imperfect information.

Example 5.13 Consider the minor variation of the entry deterrence game of Example shown in Fig.
[5-9 The edge corresponding to the action “in” in the original game tree is replaced by two edges with

accommodate

Figure 5.9: The entry deterrence game modified by the addition of a random coin toss

“ ”

corresponding actions “iny” and “ing,” that are equivalent to “in” in the original. Nevertheless, there are
now no subgames beginning at a state (i.e. node) of the graph, other than the root node. We thus consider
(out, fight) to be a subgame perfect equilibrium. In other words, the concept of subgame perfect based on
games starting at individual states of the game don’t rule out the not credible threat represented by player 2
using “fight.” This example motivates the definition of sequential equilibrium given below — see Remark[5.15,

Information sets are used to model imperfect information in extensive form games. A player must select an
action for an information set without knowing which state in the set the game is in. In order to judge whether
a player is rationally controlling an information set, it would help to know the probability distribution over
the states of the information set the player is assuming. The player might say, “Of course I made a rational
decision. Given information set s, I calculated that state x had conditional probability 0.9 and state y had
conditional probability 0.1, so I weighted the potential expected payoffs accordingly to select an action for
that information set.” In order for this statement to be credible, it should be checked that the strategy
employed by the player is indeed rational for the stated beliefs, and checked that the stated beliefs are
consistent with the game structure and the strategies used by the players and nature. These notions are
formalized in what follows.

A belief vector u(s) for an information set s consists of a probability distribution (u(x|s) : € s) over the
states in the information set. A belief vector u for the entire game is a vector 1 = (u(s)) for every information
set in the game. A pair (o, 1) consisting of a behavioral strategy profile o and a belief vector y is called an
assessment.

For an extensive form game with imperfect information, payoffs are determined by which leaf node is reached
in the game tree. Let u;(o|z) denote the expected payoff of player i under strategy profile o beginning
from state z. Note that u;(c|xz) depends only on the decisions made at x and later in the game. For an
information set s and belief vector u(s), let u;(ols, u(s)) = >, c, ui(o|x)pu(x|s). Also, for a state of the game
2 and behavioral strategy profile o, let p(x|o) denote the probability that the game visits state z. Given the
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behavioral strategy profile ¢ and an information set s, it is natural to let u(s) = (u(z|s) : z € s) be the
conditional probability distribution of the state, given that the state is in information set s. By Bayes rule,
that is:

plals) = <2 (5.1)

x'Es p(m’|a) .
The righthand side of is well defined if the denominator is greater than zero. In that case, we could
consider the pair (s, 1(s)) to be a generalized state of the game. However, the righthand side of is not
well defined if the denominator is zero, i.e., if the probability of reaching information set s is zero. If we
think of large games with perfect information, there might be large numbers of states that have probability
zero under a strategy profile, and yet we would like the actions taken by players in those states to be rational
in case some changes were made and those states were reached. So by analogy, in games with imperfect
information, we would like players to make rational decisions at information sets even if the information
sets are off the game path with probability one for the strategy profile under consideration. It would be too
arbitrary to allow for arbitrary probability distributions over the set of states in an information set in such
cases.

The idea of Kreps and Wilson [I9] is to consider distributions that could arise by small perturbations of
the policies. A player’s strategy in a normal form game is completely mized if it assigns (strictly) positive
probability to each of the player’s possible actions. Let X° be the set of completely mixed behavioral strategy
profiles and let U denote the set of assessments of the form (o, 1) such that o € 3° and p is computed from
o for each information set using :

v = {(a,u) Lo € X% pfals) = %}'

Definition 5.14 (Sequential equilibrium) For an extensive form game with perfect recall:

(SR) An assessment (o, i) is sequentially rational if for any information set s and any alternative probability
distribution o', over the actions at s available to the player i that controls s,

(00— os, 1(s)) < wi(ols, u(s)), (5.2)

where og_g is the set of mized strategies used by all players at all information sets, except for player i
at information set s.

(C) An assessment (o, 1) is consistent if there exists (o*, uk) € W for k > 1 such that (o, i) = limy_, o (o*, u¥).

A sequential equilibrium is an assessment (o, 1) that is (SR) sequentially rational and (C) consistent.

Remark 5.15 (a) Consistency has to do with the beliefs  being appropriate given o, and has nothing to
do with how rational any player using o is. For example, o could correspond to selecting actions that
minimize, rather than mazimize payoffs. But there is still at least one choice of u such that (o, p) is
consistent. The set W° will often not contain any sequential equilibria because some actions are not
rational and should have zero probability. A key fact about U° is that (o*, u*) € W° means that o* € 2°
which means that all nodes of the game tree have positive probability to be reached which means that
the corresponding belief vector u* is uniquely defined by Bayes rule. All the assessments in W° are thus
consistent in a meaningful sense, and consistency (C) in the definition above means (o, u) is in the
closure of W°.
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(b) Let’s revisit Example which motivates Definition [5.14. In Example we had the unsatisfying
conclusion that (out, fight) is subgame perfect, even though the example is nearly the same as Example

for which (out, fight) is not subgame perfect. The problem is that an information set is not a
suitable starting node for a subgame. Roughly speaking, by introducing a probability distribution over the
states in an information set, we transform an information set into generalized state. Some care has to
be taken because the distribution to use is not always uniquely defined. We see that (out, fight) is not
a sequential equilibrium for Example because for any probability distribution u(2.a) over the two
states in information set 2.a, fight is not a rational response for player 2.

(¢) (Sequential equilibrium generalizes the notion of subgame perfect) A sequential game with perfect infor-
mation is a special case of a sequential game with imperfect information, such that each information set
contains only a single node. For a perfect information game there is only one possible belief vector p,
namely, for each information set s, assigning probability one to the unique node x in s. Moreover, an
assessment (o, ) is consistent for any behavioral strategy profile o, and it is a sequential equilibrium if
and only if o is subgame perfect.

Part (a) of the following proposition generalizes the fact that subgame perfect equilibria in perfect information
games are also Nash equilibria. Part (b) shows that for strategy profiles o such that every information set
is reached with positive probability, sequential equilibria and Nash equilibria essentially coincide.

Proposition 5.16 Consider an extensive form game with perfect recall.

(a) If (o, 1) is a sequential equilibrium then o is a Nash equilibrium.

(b) Conversely, suppose o, a strategy profile in behavioral strategies, is a Nash equilibrium and for any
information set s let p(s|o) = 3 ., p(x|o), so p(s|o) is the probability the game reaches at least one state in
s. If p(s|o) > 0 for every information set s, then (o, p) is a sequential equilibrium, where p(x|s) is defined
for any information set s and state x € s by (Bayes rule).

Proof. Suppose (o, i) is a sequential equilibrium and fix a player i. Let C; denote the subset of information
sets s controlled by player i such that there is some state x € s such that o_; assigns positive probabilities
to all edges corresponding to actions of other players along the game path leading to x. The information
sets controlled by player ¢ that are not in C; are irrelevant — the payoff to player ¢ does not depend on the
behavior of ¢ for those information sets for the fixed o_;.

Lemma 5.17 For every s € C;, the belief vector u(s) is uniquely determined by o_;. More generally, if 7; is
any behavioral strategy of player i then every assessment u consistent with (G;,0_;) induces the same belief
vector p(s) at s.

Proof.(Proof of lemma) First consider a choice of &; and an information set s € C; such that p(s|7;,0_;) > 0.
Then p(s) is well defined by Bayes rule, (5.1]). For each information set s’ € C; preceding s in the game tree,
by the perfect recall assumption, there is a unique action a available at information set s’ that leads to a
node in s. Thus, for every x € s there is the same factor 7; o o in p(z|7;,0_;). Those factors cancel out in
the Bayes rule formula, so that u(s) does not depend @; 5. Of course p(s) also does not depend of 7; at any
other information set controlled by player 7, so u(s) is the same for all 7; such that p(s|7;,0_;) > 0. Roughly
speaking, the choice of 7; can determine whether or not some information sets s controlled by player ¢ can
be reached, but cannot control the conditional distribution of which state in an information set s € C; is
reached. To prove the more general claim we refer to the definition of consistency based on fully mixed
strategy profiles converging to (7;,0_;) and Bayes rule for defining u. As above, we find that (u(s))sec, does
not depend on &; because of cancelling factors, and after all the factors from the strategy for player i are
cancelled, for information sets s € C;, the denominators appearing in Bayes rule are bounded away from zero
so the result follows by continuity. |
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With the lemma in hand, we proceed with the proof of the proposition. Continue to suppose (o, ) is a
sequential equilibrium and fix a player ¢. Let o} be another strategy profile for player i. It must be shown
that w;(o!,0_;) < u;(0s,0_;). To begin, construct a sequence of strategy profiles (0%)o<r<rx, where K is
the cardinality of C;, as follows. Begin with ¢® = ¢ and then visit the information sets in C; one step at a
time in an arbitrary order. For 0 < k < K — 1, o* is obtained after k steps. Let s denote the information
set visited at step k + 1 and let o**! be obtained from o* by changing ¥ from o, to o’. Note then that
ol = (ol,0_;). It suffices to prove that u;(c®) < u;(c?).

For each information set t € C;, define V¥ := w;(o* | ,u(t)), the expected continuation payoff to player i
starting from information set ¢ under strategy profile o* and belief distribution u(t). We claim that V¥ < V2
for all t € C. The proof is by induction on k. The base case k = 0 is trivially true. Suppose the claim is true
for £ — 1 and let s be the information set visited at step k. For information sets ¢ that are neither equal to
s nor precede s in the game tree, V;* = VF~! < V0 by the induction hypothesis. We note that V¥ < V0
because the expected continuation payoff obtained by o4, which by sequential rationality is the maximum
possible given the original continuation values associated with o, is greater than or equal to that achieved
by ol under continuation values that are less than or equal to the original ones. Similarly, by backward
induction from s, V¥ < V)0 for all ¢ € C; that precede s in the game tree. This completes the proof of the
claim by induction on k.

The overall payoff of player i can be calculated as the expected value of either the continuation payoff of the
first information state s € C; reached or the value at the leaf node of the game that is reached in case no
information set in C; is reached. Therefore, the claim implies u;(0”) < u;(c), completing the proof of part

(a).
(b) Suppose ¢ and p satisfy the assumptions of part (b). Note that p is well defined because, by assumption,

the denominator in (5.1), equal to p(s|o), is nonzero for any information set s of the game. It remains to
prove that the assessment (o, i) is a sequential equilibrium, i.e. it is sequentially rational and consistent.

(Sequential rationality) Fix an information set s and let ¢ denote the player controlling s. Suppose o/, is an
alternative probability distribution over the actions available at s. The change in payoff to player i if o, is
replaced by o, with o_; being used in all other information sets, is given by

(ui(0§, 0—sls, pu(s)) — ui(ols, u(s))) p(slo)

Since this represents a valid unilateral deviation by player i, the change in payoff must be less than or
equal to zero because o is a Nash equilibrium. Since p(s|o) > 0, the inequality (5.2)) follows. So (o, p) is
sequentially rational.

(Consistency) To prove (o, p) is consistent, let (ox)r>1 be an arbitrary sequence of fully mixed strategy
profiles that converges to 0. By continuity of multiplication it follows that p(z|oc*) — p(z|o) for every game
node z and hence also that p(s|o*) — p(s|o) for every information set s. Hence, letting u* be defined using
o and Bayes rule, it follows that (o*, u*) — (o, 1t). The key fact used is that u(z|s) is continuous at o for
each s due to the assumption that the denominator is positive. Thus, (o, u) is consistent. |

Proposition can often by helpful for identifying sequential equilibria, but the assumption of part (b),
that each information sets is reached with positive probability, is often violated. Thus, we see a different
condition on Nash equilibria that guarantees that, for some choice of pu, resultes in a sequential equilibria.
The concept we focus on is trembling hand equilibrium.

Definition 5.18 A trembling hand perfect (THP) equilibrium of a finite normal form game is a strategy
profile ¢ = (0;) such that there exists a sequence of completely mized strategy profiles (o*) converging to o
such that for each k and each player i, o; is a best response to o®, for all k.
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Remark 5.19 (a) A trembling hand perfect equilibrium is a Nash equilibrium.

(b) A trembling hand perfect equilibrium of the normal representation of an extensive form game with perfect
information is not necessarily subgame perfect, as shown in the following example. Instead, we consider
trembling hand perfect equilibria of the multiagent representation of the game.

Example 5.20 Consider the perfect information game shown.

. . 1.b
in In up 22

out 10 Out 0.1 downi 0.0

The strategy profile ((out,down), Out), or equivalently, (((0,1),(0,1)), (0,1)), is trembling hand perfect, be-
cause it is a vector of best responses for (((e,1—¢€),(e,1—¢€)), (¢,1 —¢€)), for any e with 0 < e < 1/2. In other
words, ((0,1),(0,1)) € Bi((¢,1—¢)) and (0,1)) € Ba(((e,1—¢), (¢, 1—¢))). However, it is not subgame perfect
because “down” is mot a rational response for player 1 in the subgame starting at the node with label 1.b.
Thus, (o, 1) is not a sequential equilibrium either. (Recall that perfect information games are special cases
of imperfect information games with perfect recall, and there is only one possible belief vector u. Namely, it
assigns probability mass one to the single node within each information set.) However, ((out,down), Out),
is not a trembling hand perfect equilibrium of the multiagent representation of the game, because “down” is
not rational for the second agent of player 1.

Proposition 5.21 Consider an extensive form game with perfect recall. If o is a trembling hand perfect
equilibrium of the multiagent representation of the game, then there exists a belief system p such that (o, u)
is a sequential equilibrium.

Proof. Suppose ¢ is a trembling hand perfect equilibrium of the multiagent representation of the game, so
there exists a sequence o*, k > 1, of fully mixed behavioral strategy profiles such that ¥ — ¢ and, for each
information set s, o, is the best response to o” , for the agent controlling information set s. Let 1* denote
the belief vector obtained by applying (5.1)) with o replaced by o*, so (¢*, u¥) € ¥° for all £ > 1. Since the
set of all belief vectors is a compact set, there is a subsequence k; — oo as j — oo such that p* — p for
some belief vector p. To avoid messy notation, assume without loss of generality that the entire sequence p*
is convergent with limit p, in other words, u¥ — u as k — oo. We claim (o, 1) is a sequential equilibrium.
By construction, (o%, u¥) — (o, 1), so the assessment (o, i) is consistent (C). It remains to show that (o, 1)
is sequentially rational (SR).

By assumption, for any information set s, o, is the best response to o* , which means that for any alternative

mixed strategy o’ available to the player ¢ controlling information set s,

Y uilol of o) (als) < wilos, of Ja)ut (zls) (5:3)

z€eS zeS

As k — oo, ui(oh, 0% |z) = ui(0),0_4|z) and p¥(x|s) — u(x|s). Thus, taking the limit & — oo on each side
of (5.3)) yields

Y uilol, o slau(zls) < Y uilos, ola)u(ls),

zeS zeS

or more concisely, u; (0%, 0_s|s, p(s)) < u;(0s,0_s|s, pu(s)). Therefore, the assessment (o, i) is (SR) sequen-
tially rational.
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The following corollary follows from the proposition because for perfect information games all information
sets consist or one node each.

Corollary 5.22 Consider an extensive form game with perfect information. If o is a trembling hand perfect
equilibrium of the multiagent representation of the game, then o is a subgame perfect equilibrium.

Proposition 5.23 (Existence of trembling hand perfect equilibrium (Selton 1975)) A finite normal form
game (I,(A; i €1),(u;)icr) has at least one trembling hand perfect equilibrium.

Proof. Let € be so small that ¢ < 1/L, where L is the maximum over all players of the number of actions
available to player i. Let T denote the set of mixed strategy profiles for the game such that each player
plays each action with probability at least €. By the existence theorem for Nash equilibria for convex games,
there exists a Nash equilibrium 7¢ for the game with strategy profiles T, for any € > 0.

Since the set of mixed strategy profiles is compact, there is a sequence € — 0 as k — oo such that (7*)
converges. Let 7 = limy_,o, 7. For any player ¢ and action a; such that 7;(a;) > 0 it follows that 7% (a;) > 0
for all k sufficiently large. Since there is a finite set of players, each with a finite set of actions, there is a
K large enough that 7,%(a;) > 0 for all k¥ > K for any player ¢ and action a; such that 7;(a;) > 0. The
condition 7" (a;) > 0 implies that a; is a best response action to 7°%. So if k¥ > K, any action for any player
i that has positive probability under 7 is a best response action for player i against 7. Thus, (TK+*)>¢
is a sequence of completely mixed strategy profiles such that 7; is a best response to TEI; ** for all ¢ € I and
all £ > 0. Thus, 7 is a trembling hand perfect equilibrium of the game. |

The following is an immediate consequence of Propositions and

Corollary 5.24 Every finite extensive form game with perfect recall has at least one sequential equilibrium
CADE

The following may be of some help in identifying trembling hand equilibria.

Definition 5.25 (Weakly dominated strategy in normal form game) An action a of a player i in a normal
form game is weakly dominated if there is a mized strategy o such that u;(a, s—;) > wi(a,s—;) for all s_;
and w;(a, s—;) > ui(a,s—;) for at least one specific choice of s_;.

Proposition 5.26 (i) In a trembling hand perfect equilibrium, the strategy of any player assigns zero proba-
bility to any weakly dominated action. (ii) The converse is true for two-player games: For two-player games,
a Nash equilibrium such that the strategy of neither player is weakly dominated is a trembling hand perfect
equilibrium. (See [26, Prop. 248.2]).

Example 5.27 (Revisiting the entry deterrence game) The entry deterrence game, described in Ezample
is the perfect information extensive form game with the game tree shown in Figure[5.10. It is easy to
verify that (in, accommodate) is the unique subgame perfect equilibrium by using Proposition . But it is
instructive to see how Propositions and can be used to deduce that (in, accommodate) is subgame
perfect based on the normal form of the game.

The normal form of the game is gwen in Table[5.1 This game has two Nash equilibria in pure strategies:
(out, fight) and (in, accommodate), as well as some Nash equilibria in mized strategies. Just looking at
the normal form of the game, we see that accommodate weakly dominates any other strategy for player 2.
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2. dat
a accommodate 2.1

fight
0,0

out 1‘2

Figure 5.10: Game tree for the entry deterrence game

Table 5.1: Normal form of entry deterrence game

Player 2
accommodate fight
Plaver 1 10 2.1 0,0
E L out 1,2 1,2

Thus, by Proposition [5.20, any Nash equilibrium that is THP must have player 2 using accommodate, which
implies that (in, accommodate) is (the unique) trembling hand perfect equilibrium for the normal form of the
game. Since each player only controls one information set, the original form of the game is equivalent to
the multiagent form (for either the sequential or normal representation). Thus, Pmposition (also see
Remark[5.15(c)) implies that (in, accommodate) is a subgame perfect equilibrium.

5.3 Games with incomplete information

Often when players participate in a game, they lack potentially relevant information about the motivations
of the other players. Games of incomplete information (also called Bayesian games) are defined to model
this situation in a Bayesian framework. Incomplete information differs from imperfect information because
the uncertainty concerns players’ characteristics (types), not merely previous actions.

Definition 5.28 A (finite) game of incomplete information is given by G = (I, (S;)icr, (0:)icr, (ui(s,0))icr, p(6))
such that

o [ is the set of players, assumed to be finite

e S; is a finite set of actions available to player i for each i € I, and S = X;c1.S; is the set of action
profiles, with a typical element s = (8;)ier-

e O; is a finite set of possible types of player i and © = X;c;0; is the set of type assignments for all
players, with a typical element 8 = (6;);cy.

e u;(s,0) is the payoff of player i for given s and 6.

e p is a probability mass function (pmf) over © (i.e. a joint probability mass function for types). The
marginal pmfs, given by p(0;) = >, . p(0i,0-;), are assumed to be strictly positive, so the conditional
pmfs, p(0_;10;), are well defined.

The operational meaning is that at the beginning of the game, nature selects a type assignment 6 using pmf
p, and each player i learns its own type, 6;. Players are not told the types of the other players; 6; is considered
to be the private information of player i. However, all players are assumed to know p, so each player ¢ knows
p(0_;|0;), the conditional probability distribution of the types of the other players. After learning their types,



86 CHAPTER 5. SEQUENTIAL (EXTENSIVE FORM) GAMES

the players each select an action the can depend on their respective types; a pure strategy s; for a player ¢
is a mapping s; : ©; — ;.

A profile of pure strategies (s;(+));cr is a Bayesian (or Bayes-Nash) equilibrium for the game if for each ¢ € T
and each 6; € ©,,

i(0s 0_:]0:)ui(al, s_i(0—;),0;,0_;). 5.4
si )Eargglg;;p( 10:)ui(ag, 5-i(0-2) ) (5.4)

The sum on the righthand side of is the expected payoff of player ¢ given the type of the player, 6;,
given player i takes action aj. A mixed strategy for player i is a randomized pure strategy. A profile of
mixed strategies is a Bayesian (or Bayes-Nash) equilibrium if for each 4, the expected payoff of player i is
maximized by its randomized strategy, given the randomized strategies used by the other players.

A finite Bayesian game is a special case of an extensive form game with imperfect information. Indeed, given
a finite Bayesian game, construct the game with imperfect information as follows. The root node of the
game tree would be controlled by nature, which selects § = (1, ...,6,,), where we assume I = [n]|. There
is one edge of the tree directed out of the root node for each possible assignment of types 6. Then there
are n stages of the game tree following the root node, where n is the number of players. The nodes in the
first stage are all controlled by player 1. The fact player 1 should know 6; can be indicated by partitioning
the nodes in stage one into information sets controlled by player 1, one for each possible value of 8. Each
node in stage one has an outgoing edge for each possible action of player 1. In general, the nodes in stage ¢
are partitioned into information sets controlled by player i, one for each possible value of 8;. When player 4
makes a decision the player does not know the types of the other players or the actions taken earlier in the
tree by other players.

In turn, there is a normal form version of a Bayesian game. Each player i has a finite set of possible choices of
functions s; : ©; — S;, and if all players make such a choice the expected payoff of each player is determined
by the game. For any finite Bayesian game, a Bayesian equilibrium in mixed strategies exists. This is a
consequence of the existence of Nash equilibrium for imperfect information games, or for finite normal form
games, which follow from the Kakutani fixed point theorem.

The call my bluff game of Example [5.5| can be viewed as a game of incomplete information by thinking of
the color of the card as the type of player 1. Player 2 always has one possible type. An example of an
alternative interpretation of the game is the following. We could imagine the players as entering a possible
battle, with the strength of the first player being random and known only to the first player. The red type
for player 1 means player 1 is strong, and black type means player 1 is weak. The action raise for player 1
means player 1 boasts about his/her strength in some way by some provocative action. If player 1 raises,
player 2 can decide to either stay in (meet), or surrender (pass).

Example 5.29 (A Cournot game with incomplete information) Given ¢ > a > 0 and 0 < p < 1, consider
the following version of a Cournot game. Suppose the type 01 of player 1 is either zero, in which case his
production cost is zero, or one, in which case his production cost is ¢ (per unit produced). Player 2 has only
one possible type, and has production cost is c¢. Player 1 knows his type 01. It is common knowledge that
player 2 believes player 1 is type one with probability p. Both players sell what they produce at price per unit
a — q1 — g2, where ¢; is the amount produced by player i. A strategy for player 1 has the form (q1,0,q1.1),
where q1,9, s the amount produced by player one if player 1 is type 61. A strategy for player 2 is qo, the
amount produced by player 2.
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The best response functions of the players are given by:

a—

qi0 = argmaqu(a—qQ_ql):ﬂ

q1 2

a—C— (g2

Q1 = argH}ZaX(h(a—C—CD—%):%

1
@ = argrr;ax{(l—p)q;(a—c—qm_q;)+pq§(a_c_q171_qé)}

2

- a—Cc—qy)+
= argmaxgy(a—c—q —q5) = ( 5 )
2

where §; = (1 —p)qio0 + pqr,1-

Next, we identify the Bayes-Nash equilibrium of the game, assuming for simplicity that a > 2c. Substituting
the best response functions for player one into the definition of gy, yields

_ _a—pc—q
h=—5

so that we have coupled fized point equations for g, and qa. Seeking strictly positive solutions we have

o = (a—c—7q)+ _ (a—c— =h—12) :a—(Q—P)C+(J2
2 2 2 4

which can be solved to get

a—(2—p)c 2a + (2 — p)c 2a — (1 +p)c

q2 = 3 y 10 = T’ 91,1=f7

Furthermore, g, = w.

After finding the equilibrium, it can be shown that the three corresponding payoffs are given by

ua(¢VF) = (a— (29— p)c)?

and
(2a + (2 —p)c)? (2a — (1 +p)c)?

36 ’ 36 '
As expected, uz(qVF) is increasing in p, and both ui(¢NF|0; = 0) and uy(¢NF|01 = 1) are decreasing in
p with uz(¢NE) < u1(¢™VP|0; = 1) < w(@VF|61 = 0) for 0 < p < 1. In the limit p = 1, ua(¢V¥) =

2

u (¢VE|9 = 1) = (a_gc) , as in the original Cournot game with complete information and production cost c
for both players.

ur (VP10 = 0) = ur (gVF0, = 1) =
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Chapter 6

Multistage games with observed
actions

6.1 Extending backward induction algorithm — one-stage devia-
tion condition

A multistage game with observed actions is such that:

e The game progresses through a sequence of stages, possibly infinitely many. Often each stage is also a
time period.

e Players select actions simultaneously within each stage.

e Players at each stage know the actions taken by all players in previous stages.

For a finite number of stages these games can be modeled as extensive form games with imperfect information
(imperfect because of the simultaneous play within each stage). The following notation will be used. For
simplicity, it is assumed that the players use pure strategies, but the propositions hold also for the case of
mixed strategies — see Remark below.

e a;(t) is the action of player i at stage ¢ for 1 < i < n and t > 1, with a;(t) € A;, where A; is a finite
set of possible actions for player ¢ at any stage.

e hy = (a;(r) : 1 <i<n,1 <r<t—1)is the history at stage ¢, recording the actions taken strictly
before stage t.

e H, is the set of all tuples of the form (a;(r) : 1 <i<mn,1 <r <t—1) such that a;(r) € A; for all 4, 7.
The set H; thus includes all possible histories, assuming no restrictions on what actions players can
take at each stage.

e A (pure strategy) policy for player i, s;, maps (stage, history) pairs to action: s;(¢,-) : H — A; The
action s;(¢, ht) should be defined for all hy € Hy, even if h; is not consistent with the values of policy
s; for earlier stages. In other words, s; is a contingency plan for player 4, specifying an action after

89
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every conceivable history. If policy s; is used and h; is the history at stage ¢, then the action selected
by player i is a;(t) = s;(t, hy).

e Payoff functions: J;(s;,s_;) = Zf{:l u;(t,8;(t, he), s—i(t, ht)), where u; is the stage payoff function for
player . The horizon K is possibly +oc.

For a given k fixed with 1 < k < K and history hy, the subgame for (k,hy) is the game with payoff
functions Ji(k)(si,s_i\hk) = ZtK:k wi(t, si(t, he), s—i(t, hy)). It only depends on hy and the s;’s for ¢t > k,
which recursively determine the histories h, for k +1 < ¢ < K. A strategy profile (s; : 1 < j < n)isa
subgame perfect equilibrium (SPE) if it is a Nash equilibrium for every subgame (k, hy).

Example 6.1 (Trigger strategy for siz-stage prisoners’ dilemma game) Consider a siz-stage game, such that
each stage consists of one play of the prisoners’ dilemma game. The payoff of player i for the six stage game
is the sum of the player’s payoffs from the sixz stages. The payoffs for the prisoners’ dilemma game are give
by the following table:

Player 2
C (cooperate) D
C (cooperate) 1,1 -1,2
Player 1 D 91 0.0

Strategy D is a dominant strategy for each player for the single shot game.

Consider the following trigger strategy s” for player i (the superscript “T” is for “trigger”): Play C in each
stage if no player has ever played D earlier. Otherwise, play D. Intuitively, each player is initially being
generous, with the idea being that the other player will have incentive to cooperate at each stage because it
will improve the options for the other player in future stages. If both players use the trigger strategy, they will
both play C in all siz stages, so they both receive payoff 6. Sounds good. But is (s,s™) a Nash equilibrium?

No matter what happens in the first five stages, for any Nash equilibrium, the best response action for a
player in the final stage of the game is to play D. So for any Nash equilibrium, both players play D in stage
6 and both get zero reward in stage 6. Therefore, no matter what happens in the first four stages, for any
Nash equilibrium, the best response action for a player in the fifth stage of the game is to play D. So for
any Nash equilibrium, both players play D in stage 5 and both get zero reward in stage 5. Continuing with
this reasoning for stages 4 down to stage 1, we find that the behavior of the players is unique for any Nash
equilibrium for the siz stage game, namely, both players play D in every stage, and the payoff vector is (0,0).
In particular, (sT,s”) is not a Nash equilibrium. (Both players always playing D is also an SPE — this is
an instance of Proposition )

Consider the following variation of the example. After each stage, one of the players rolls a fair die to generate
a random integer uniformly distributed from 1 to 6, observed by both players. If the number 6 appears, the
players stop and the game is over. Else, the players continue to another stage. The total number of stages
X is thus random, and it has the geometric distribution with parameter p = %; P{X =k} = % (g)k_l for
k > 1 and E [X] = 6. Both players always playing D is again an SPE. Are there any other SPE? How about
if both players play the trigger strategy defined above?

We claim the trigger strategy profile (s7, s is an SPE. To prove it, consider an arbitrary subgame (k, hy).
We need to show (sT,s?) is a Nash equilibrium for the subgame. The subgame (k, hy) is reached only if
X >k, so the expected subgame payoffs are computed conditioned on X > k.
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Consider two cases. In the first case, the history hj indicates at least one of the players selected D at some
stage before k, and hence under (s7,s”) each player will play D in every stage from stage k until the end.
Even if one of the players, i, were to use a different strategy for the subgame, the other player would still
play D in every stage of the subgame. Thus, player ¢ would get a strictly smaller payoff whenever playing C'
instead of D during the subgame. So player ¢ would have no incentive to not use s” for the subgame.

In the second case, the history hj indicates that both players selected C' in all stages before stage k. Thus,
from stage k forward, both players use a trigger strategy starting at stage k just as they would for the entire
game starting at stage 1. Also, by the memoryless property of the independent die rolls, the number of stage
games that will be played for the subgame (k, hy) has the same distribution as the number of stages that
are played for the original game.

By symmetry we consider only the case that player 2 uses the trigger strategy s” for the subgame and
player 1 uses some other strategy s;. Let Y, with Y > k, denote the first stage player 1 would play D under
strategy s}, if the game doesn’t end first. We fix y > k and focus on the difference in payoffs on the event
{Y = y}. By averaging over y, by the law of total probability, we can calculate the expected difference of
payoffs for Y random. Given Y = y, the payoffs for player 1 are the same for s; and s} up to stage y — 1. In
particular, if X <y — 1, the game ends before the policies diverge, and the difference in payoffs is zero. So
we can restrict attention to conditioning on the event {Y =y, X > y} and consider the expected difference
in payoffs for stage y until the end of the game. Given X > y, the conditional distribution of the number of
stages remaining starting with state y has the same geometric distribution, with mean 6, as the number of
stages in the original game. Thus, the expected sum of stage payoffs of player 1 from stage y onward, given
player 1 uses strategy s’ is 6. If instead player 1 uses s} and thus plays D for the first time at stage v,
the sum of stage payoffs of player 1 from stage y onward is 24+ 0+ --- 4+ 0 = 2. Since 2 < 6, player 1 has a
smaller expected payoff under s;.

Thus, (s7,s7) is an SPE as claimed. This reasoning would be true if the probability of continuing at each
stage, instead of being 5/6, were anything greater than or equal to 1/2.

Definition 6.2 A strategy profile s* satisfies the one-stage-deviation (OSD) condition if for any i, k, hy, with
1<k <K, ifs agrees with s* except at the single information state (i,k,hg), then

IO G, st lhe) < I (s7, 5%, hr). (6.1)

?

The following proposition is essentially a special case of Proposition that backward induction finds pure
strategy SPEs for extensive form games (with a finite number of nodes).

Proposition 6.3 (One-stage-deviation principle for multistage games with observed actions, K finite) A
strategy profile s* is an SPE if and only if s* satisfies the one-stage-deviation condition.

Proof. (only if) If s* is an SPE, then by definition, for any i, k, h with 1 < k< K, (6.1) is true for any
strategy s; for player ¢, including one that differs from s} only at stage k for history hg. Thus, s* satisfies
the OSD condition.

(if) Suppose s* satisfies the OSD. Let i be an arbitrary player and let s; be an arbitrary strategy for i. To
show that s* is an SPE, it suffices to show that for 1 < k < K,
Ji(k)(si,s*_i|hk) < Ji(k)(sf,s*_i|hk), for all hy. (6.2)

We use proof by backward induction on k. For the base case, note that (6.2)) is true for £ = K, because for
each choice of hy, the only way s; enters either side of (6.2)) is through its value for stage K and history
hi, namely, s;(K, hg). Thus, for this case, (6.2)) is an instance of the OSD condition, assumed to hold.
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For the general induction step, suppose (6.2) is true for k + 1, for some k with 1 < k < K — 1. Consider an
arbitrary choice of hg, and let hr11 be an extension of hy using s;(k, hi) and s*,(k, hy):

hiy1 = (hi, si(k, hy), s (ks hy))-
Then

T8 (s, 5% ) = i (b, si(ky b ), 55 (ks b)) + T8 (1, 8% g

—~
i)
~

< ik, sk, hi), s Ok b)) + I (7,85 i) (6.3)
b ~ *

(:) ']i(k)(s’ia S—z|hk) (64)
(c)

< Ji(k)(sfaS*—i|hk)a (6.5)

where (a) holds by the induction hypothesis, (b) holds for §; defined to agree with s; at (k, hi) and with s}
elsewhere, and (c) holds by the OSD condition. |

The one-stage deviation principle can be extended to K = 400 under the following condition:
Definition 6.4 The game is continuous at infinity if

lim sup JZ-(k)(S|hk) - JZ-(k)(g‘hk) =0.

k—o0 i,S,g,hk

The game is continuous at infinity, for example, if the stage game payoffs have the form g;(s(t), hy)6'~! for
a bounded function g; and a discount factor § with 0 < § < 1.

Proposition 6.5 (One-stage deviation principle for infinite horizon) Consider the game with infinite hori-
zon, K = 4o00. If the game is continuous at infinity then s* is an SPE if and only if the one-stage deviation

(OSD) condition holds.

Proof. (only if) This part of the proof is the same as for Proposition for K finite.
(if) Suppose s* satisfies the OSD condition. Let € > 0. Fix ¢ and a policy s; for player 4. If suffices to show:

TP (55, 8% i) < T® (57, 5% i )hi) + e, for all hy, (6.6)

for all k. By the continuity at infinity condition, there exists k so large that is true for all k > k.
The backward induction proof used to prove Proposition for K finite can be used to show for
0<k< k—1as well, and hence for all k. Specifically, take for k = k to be the base case and then
— still hold after adding e to the right hand sides. |

Example 6.6 To demonstrate the use of the OSD principle, let’s revisit the variation of the trigger strategy
for repeated prisoner’s dilemma game with random stopping as discussed above. Instead of stopping the game
with probability 1 — § after each stage (and continuing with probability §) suppose the game continues for
infinitely many stages, but weight the payoffs for stage t by the probability, 6*~1, that the stage is reached in
the original version of the game. Also multiply the payoffs by the constant factor (1 — §) for convenience,
arriving at the stage payoffs: u;(t,s(t,hs)) = (1 — 6)6'"Lg;(s¢(t, ht)), where g; is the payoff function for one
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play of prisoners’ dilemma (e.g. g1((C,C)) = 1,g:((C, D)) = —1, etc.). Let sT be the trigger strategy of
playing C in every stage until at least one player plays D, and then switch to playing D thereafter.

Let us show that (sT,sT) satisfies the OSD condition if 0.5 < 4 < 1, implying (sTlsT) is an SPE if 0.5 <
6 < 1. Firi € {1,2} (and let —i denote the other player), fir k > 1 and a history hg. (For ezample, i = 1,
k=4 and hy = ((C,C),(C,D),(D,C)).) Consider two cases.

Case 1: D appears at least once within hy. Both players play D at state (k,hg) under (s, sr). So there is
only one choice for s in the definition of the OSD condition, namely, player i plays C at state (k,hy) and 5
follows sT otherwise. Both players will play D at all stages after stage k under both 5 and sT Thus,

IO (s7. 5% lhg) = I Gy s7ilhi) = (0= (1)1 = )8~ > 0.
Case 2: D does not appear within hy. Both players play C at state (k,hg) under (st,st). So there is only

one choice for 5 in the definition of the OSD condition, namely, player i plays D at state (k,hz) and 5
follows sT otherwise. Under s, both players will play D after stage k. Thus,

T8 (53,57 h) = T Gos™ilhg) = (145482 +---) = 2)(1 = §)F 1 = (1 —2(1 = §))8** > 0,

K2

if 0.5 << 1.
Thus, the OSD condition is satisfied if 0.5 < § < 1, as claimed.

Remark 6.7 Up to this point, this section considers pure strategies, so that, given i,t, and hy, s;(t, hy) is
a particular action in A;. However, Propositions and readily extend to behavioral strategy profiles.
Example illustrates the fact that single shot (aka normal form) games can be considered to be special cases
of extensive form games. By the same idea, multistage games with observed actions and a finite number of
stages can also be viewed as examples of extensive form games. Moreover, they are extensive form games
with perfect recall. Thus, by Kuhn'’s equivalence theorem, Theorem[5.9, any mized strategy T; for a multistage
game, which is a mizture of pure strategies of the form s; considered above, is behaviorally equivalent to a
behavioral strategy o;. The result holds also if K = oo for games that are continuous at infinity. A behavioral
strategy for player i, o;, maps (stage, history) pairs to A;, where A; is the set of probability distributions
over A;. Thus, o;(t,h;) € A; for 1 <t < K and hy € H;.

The set of histories Hy is the same whether pure strategies or behavioral strategies are used. If player i uses
behavioral strategy o;, then o;(t, hy) is the probability distribution for the action a;(t) selected by player i at
time t. The other players observe the action a;(t) at time t but they don’t use it in selecting the mized actions
o_i(t) used at time t. For Nash equilibria we assume the other players know the strategy of player i, and
the other players see the same history as player i, so the other players are assumed to know the probability
distribution o;(t, ht) player i is using at time t at the time they select o_;(t, hy).

6.2 General feasibility theorems for repeated games

Let G = (I, (A)icr, (gi)ier) be a finite normal form game and let 0 < § < 1. The repeated game with stage
game G and discount factor ¢ is the normal form game with payoff functions

Jz(S) = (1 - 5) Z 5t_1gi(5(t7 ht))7
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where s is a profile of pure strategies, s = (s;(¢, h¢))iers>1. Since (1 — ) > po, 6*~1 = 1, if each player uses
a constant strategy s;(t, ht) = a; then J;(s) = g;(a) for all i.

In this section we consider behavioral strategies (see Remark . Let A; be the set of probability distribu-
tions on A;, and write o; for a typical element of A; and a; for a typical element of A;. A profile of mixed
strategies for the stage game has the form a = (o;);cr. The interpretation of « is that the players indepen-
dently select actions, with player i selecting an action in A; at random with distribution «;. For a profile
of mixed strategies « and a fixed player ¢, ar_; represents a joint distribution over the actions of the other
players, such that the actions of the other players are mutually independent. A behavior strategy profile for
the multistage game is a tuple 0 = (0;);er such that, for any k > 1 and history hy € Hy, o;(k, hi) € A;.
For k and hy, fixed, (o;(k, hy))ics is a mixed strategy profile for the stage game. In particular, if (a;(k))cr
denotes the random actions taken at stage k, the actions are conditionally independent given (k, hy). The
expected reward for player ¢ in the repeated game is written as

o0

JZ(O') = (1 - 5) Zdt_lgi(a(ta ht))?

t=1

where g;(o(t, ht)) is the expected reward for player ¢ in the stage game for the profile of mixed strategies
o(t,ht) = (0;(t, ht))icr. In other words,

gilo(t.h)) = Y gila) [T oilaslt, o).

aniEI A; el

Just as for pure strategy profiles, if « is a mixed strategy profile for the stage game, and if ¢ is the behavioral
strategy profile for the repeated game with o; = «, then J(o) = g(«).

We have seen that there can be multiple equilibria for the repeated game even if the stage game has a unique
Nash equilibrium. For example, it is true if the stage game is prisoners’ dilemma. Feasibility theoremsEI
address what payoff vectors can be realized in equilibrium for repeated games for § sufficiently close to one.

Let v = (v;)ier be the vector of min max values for the respective players in the stage game G, such that
each player can use a mixed strategy:

v, = minmax g;(q;, a_;). (6.7)

o (e 77

For any player i, if the other players repeatedly play using a_; € argmin,_, max,, ¢;(c;,a—;), then the
other players can ensure J;(0) < v;, no matter what strategy o, player i uses.

Remark 6.8 (a) For any player i, a_; can represent any distribution over the actions of the other players
with a product form; given a_; the actions of the other players are independent. The set of such product
form distributions is not convex, so strong duality can fail. In other words, if there are three or more
players, if the order of the min and maz in were reversed, the resulting value could be strictly
smaller. For two players the order doesn’t matter by the theory of zero-sum two-player games, which is
what we get when one player is trying to minimize the payoff of the other player.

(b) Note that g(a™NF) > v (coordinate-wise) for any Nash equilibrium o™ ¥

game. That is because oV ¥ is a best response to a™F for player i in the stage game. So g;(«
max,, gi(ai, o) > v,

in mixed strategies for the stage
NE) =

ITheorems in this area have historically been called “folk theorems” while in his book Myerson advocates for the more
descriptive term ”general feasibility theorem” used here.



6.2. GENERAL FEASIBILITY THEOREMS FOR REPEATED GAMES 95

Definition 6.9 A vector v is individually rational (IR) if v; > v; fori € I, and strictly IR if v; > v, for all

i € I. The set of feasible payoff vectors for game G is the set F' defined by

F = convez hull{g(a) ra e X Ai} .

iel
Let F* ={v € F : v is strictly IR}.

Feasible payoff vectors are those that can be achieved for G using jointly random strategies based on publicly
available randomness. The following theorem was known to many authors around the same time.

Theorem 6.10 (Payoff vectors of Nash equilibria in infinitely repeated games) If v € F* there exists
0 € (0,1) such that for any 6 € [5,1), there exists a Nash equilibrium o in behavioral strategies so that
v=J(o).

Proof. (Assuming there is a public source of common randomness.) Suppose v € F*. By feasibility, there
is a probability distribution (A, : a € A) over the set of pure strategy profiles a for the stage game G such
that v = Ex[g(a)] = >_,c4 9(a)Xa. The probability distribution A does not necessarily have product form.
Suppose that just before actions are to be selected for each stage ¢, all players learn a variate a(t) generated
at random using probability distribution A such that the a(t) are independent accross different ¢ ﬂ Assume
the players use trigger strategies following (a(t)):>1 as follows. Each player i uses action a;(t) in each stage
t, as long as all other players have done so in all previous stages. If in the first stage such that not all players
select actions according to (a(t)), there is exactly one player ¢ not following (a(t)), then in all subsequent
stages the other players select their respective actions to punish player i by choosing mixed strategies that
force the expected stage payoffs of player i to be less than or equal to v;. This strategy profile gives expected
reward vector v; it remains to show it is a Nash equilibrium.

Since the mean payoff of each player ¢ in each stage game is v;, which is strictly greater than v;, player
i would not have incentive to deviate from the trigger strategy for a one time expected gain of at most
max, g;(a) — v; that makes the player lose v; — v; on average in all subsequent stages as long as (using
(5+52+"':1i6)

0
max g;(a) —v; < (v; — Ql)m (6.8)
So if § is close enough to one that holds for all ¢ € I the profile of trigger strategies is a Nash equilibrium.

Example 6.11 (Payoff vectors of Nash equilibria for the infinitely repeated prisoners’ dilemma game) For
the prisoners’ dilemma game of Example v = (0,0), which happens to be the payoff vector for the
unique Nash equilibrium. The set of feasible vectors F' is the convex hull of the set of possible payoff vectors
{(1,1),(-1,2),(2,-1),(0,0)} for pure strategy profiles. The set F* is shown in Fig. [6.1]

A major shortcoming of Theorem [6.10] is that the Nash equilibrium of the repeated game is typically not
an SPE. In other words, while the players might promise to punish a single player that deviates from the

2This assumes the availability of public randomness. It can be shown that if § is sufficiently close to one, then the same
effect as random selection of a can be achieved by using a deterministic time varying schedule with empirical distributions over
moderately long time intervals close to A. When ¢ is very small, only averages over many stages are relevant and the particular
order of events within the stages over a short time period is not critical.
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Figure 6.1: F™* for prisoners’ dilemma game. The region is open from below; it does not include points on
the coordinate axes.

script, if after some number of stages a single player deviates from the script, it could be costly for the other
players to follow through and punish the deviating player. The following theorem gives a straightforward
way to address this issue.

Theorem 6.12 (Friedman) Let vVF be a payoff vector for some Nash equilibrium in mized strategies of
the stage game G. If v is feasible vector such that v; > vNE for all i, then there exists § € (0,1) so for any
§ €[0,1) there exists an SPE in behavioral strategies o with v = J(0).

Proof. The behavioral strategy profile is constructed as in the proof of Theorem [6.10} but with v replaced by
vVE | This strategy profile is an SPE because for a subgame such that one player first deviated from the script
at some time in the past, all players are to be following repeated play of the stage game Nash equilibrium
with payoff vector vV, which is a Nash equilibrium for the subgame. While the Nash equilibrium payoff
vector gives punishment for the first player to deviate, it still provides as large a payoff as available for any
single player after the trigger event given the actions of the other players. |

For the repeated prisoners’ dilemma game the vector of minmax values, v = (0,0), is also the payoff vector
for a Nash equilibrium so the feasibility region of Friedman is the same as F*. However, for many choices of
stage game v is not a Nash equilibrium and so the feasibility region of Friedman is strictly smaller than F™*.

However, remarkably, under a minor additional assumption, and with added complexity in the strategies,
for any vector v € F™*, if the players are patient enough (i.e. ¢ is sufficienly close to one) there is an SPE o
for which v = J(o. Say that two players of the stage game, i and j, have equivalent payoff functions if there
are constants ¢ and d such that g;(a) = cg;(a) +d for all pure strategy profiles a (i.e. g; and g; are the same
up to affine transformation).

Definition 6.13 The stage game G satisfies the non-equivalent utilities (NEU) condition if no two players
have equivalent utility functions.

vecti

Theorem 6.14 (Fudenberg and Maskin [15], Abreu, Dutta, Smith [1]) Suppose that n = 2 or suppose that
n > 3 and the stage game G satisfies the NEU condition. If v is feasible and strictly rational then there
exists § € (0,1) so for any € [0,1) there exists an SPE o in behaviour strategies such that v = J(o).

The result for n = 2 is proved in [I5] as a special case on its own, using a result from zero-sum two person
games. Namely, for each player 7 there is a strategy M; for the stage game that forces the stage game payoff
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of the other player, —i, to be less than or equal to their min max value v_;. In other words M; minimizes
the maximum value the other player can receive in the stage game. Assuming a source of public randomness
is available, if neither player deviates from the script, they use strategies to give mean payoff vector v per
stage. Whenever one of the players deviates, the game goes through a penalty period, nominally of some
large fixed length v during which the players play (My, Ms). Any further deviation by either player during
the penalty period would cause the timer for the penalty period to reset. Neither player ¢ alone can get
mean reward rate per stage greater than v, during the penalty period and neither player alone can bring the
penalty period to an end. A player i could deviate during the penalty period and possibly get a return per
stage greater than g; (M7, M2) but it would still be less than or equal to v, which is less than v; and it would
cause the penalty period timer to reset, extending the duration of the penalty period. So both players would
have incentive to finish out the penalty period without further delay, after which they can switch back to
the mixed stage strategies giving payoff v per stage. See Fudenberg and Maskin [15] for details.

Sufficiency of the NEU condition is proved in [I]. It is also shown in [I] that, under a very mild condition,
the NEU assumption of Theorem is necessary for the conclusion. The NEU condition holds if F" has full
dimension n or, equivalently, if F' has a nonempty interior. Fudenberg and Maskin [I5] proves the conclusion
of Theorem under such full dimension condition.
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Chapter 7

Mechanism design and theory of
auctions

Mechanism design and auctions both address the how to allocate resources in exchange for payments. Mech-
anism design focuses on application specific scenarios in which the agents involved (bidders and seller(s))
may have some information about each other and there may be substantial flexibility for crafting protocols
for engagement. The designer of an allocation mechanism is formulating a game, typically in such a way that
some game theoretic equilibrium of the game, has desirable properties. For example, a seller might wish to
maximize revenue at the Nash equilibrium of an induced game among the bidders. The designer may have
in mind specific behaviors of a bidder, given the type or preferences of the bidders.

Auction theory focuses on scenarios with bidders and seller in which the rules of interaction are often
selected from among a relatively small set of well known protocols for engagement. The most common types
of auctions are second-price auctions (object is sold to highest bidder at price equal to the second highest
bid), first-price auctions (object is sold to highest bidder at price equal to the highest bid), and ascending
price (a.k.a. English) auctions (object is sold to the highest bidder at price equal to highest bids, and bids
are made that increase with time until no bidder wishes to introduce a higher bid).

An important class of mechanisms within the theory of mechanism design are seller mechanisms, which
implement the sale of one or more items to one or more bidders. Some authors would consider all such
mechanisms to be auctions, but the definition of auctions is often more narrowly interpreted, with auctions
being the subclass of seller mechanisms which do not depend on the fine details of the set of bidders. The
rules of the threes types of auction mentioned above do not depend on fine details of the bidders, such as
the number of bidders or statistical information about how valuable the item is to particular bidders. In
contrast, designing a procedure to sell an item to a known set of bidders under specific statistical assumptions
about the bidders’ preferences in order to maximize the expected revenue (as in [24]) would be considered a
problem of mechanism design, which is outside the more narrowly-defined scope of auctions. The narrower
definition of auctions was championed by R. Wilson [32].

99
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7.1 Vickrey-Clarke-Groves (VCG) Mechanisms

Let C represent a set of two or more possible allocations, or social choices, affecting the players indexed by
a finite set I. For example,

e C could be a set of possible locations for a new school in a community.

e Sale of a single item. To model the sale of a single object, such as a license for utilizing a band of
wireless spectrum, or a painting, C could be equal to I, the set of players, with i € C denoting that
player (or bidder) i gets the object.

e Simultaneous sale of a set of objects. To model the simultaneous sale of a set objects, O, with possibly
different objects being distributed to different bidders, C could be given by

C={(Ai)ier : Ai C O, AN A; =0},
with a particular (4;);c; € C denoting that player i gets the objects in A; for i € I.

Suppose player i has a valuation function v; : C — R, such that v;(¢) for ¢ € C is the value player ¢ places on
the allocation c.

Definition 7.1 An allocation mechanism M has the form M = ((S;)ier, g, (mi)icr), such that

e S5; is the set of possible bids of player i. Set S =X, ; Si, s0 a bid vector has the form s = (si)ier € S.
e g:S —C; g(s) is the allocation or social choice determined by the bid vector s.

e m; : S — R; m;(s) is the amount of money player i has to pay, as determined by the bid vector s.

A set of valuation functions (v;);e; and an allocation mechanism M = ((S;):cr1, g, (m;)icr), determines a
normal form game (1, (S;)icr, (u;)ier), where the action sets S; are the sets of possible bids for the mechanism,
and

ui(s) = vi(g(s)) —mi(s). (7.1)

In other words, the payoff of player i is how much player i values the allocation, minus how much player ¢
must pay. This form of payoff function is called quasilinear because it depends linearly on the payment, m;.

The basic goal of mechanism design is to devise an allocation mechanism such that when the players engage
in the associated game, the equilibrium of the game defined in some sense (for example, the Nash equilibrium
or dominant strategy equilibrium) has some desirable property P. Typically desirable properties could be
that the revenue (sum of payments) is maximized, or the sum of the valuations of the players is maximized (a
version of maximum social welfare). Specifically, for the later example, the (social) welfare for an assignment
c is defined by

Wi(e) = Z vi(c)
iel

and the set of maximum welfare allocations is arg max.cc W(c). Another consideration is to make it easy
for players to decide how much to bid, given their valuation functions. Let ¢* = g(sV¥), such that s™¥
is the Nash equilibrium the players are anticipated to reach. If the mechanism is such that for any profile
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of valuation functions (v;);cr, the allocation ¢* satisfies some property P, then the mechanism is said to
implement property P in Nash equilibria.

The Vickrey-Clarke-Groves (VCG) mechanism, also sometimes called the generalized Vickrey mechanism,
implements welfare maximization in weakly dominated strategy equilibrium.

Definition 7.2 (Vickrey-Clarke-Groves (VCG) allocation mechanism) A VCG allocation mechanism for a
given allocation problem is ((Si)icr, g, (m;)icr) such that the space of bids S; for each player i is the set of
possible valuation functions for player i, and allocation and payments are given for a bid vector (V;(+))icr by:

* N .
c¢* = g(v) € arg rgggz Bi(0), (7.2)
i€l
ml(ﬁ) = — Z i}\j(c*) + ti(i}\_i) i €1,
Jel,j#i
where for each i € I, t;(V_;) represents a transfer of money from player i to seller that can depend on the
bids of other players but not on the bid of player i.

In words, (7.2) means the VCG allocation rule is to select an allocation that maximizes the sum of the
valuation functions reported in the bids of the players.

Proposition 7.3 (Truthfulness and welfare mazimization for VCG mechanisms) Bidding v; (i.e. letting the
bid v; be equal to the true valuation function v;, or to v; plus a constanﬂ/ is a weakly dominant strategy for
player i for each i € 1. If all players bid truthfully, the allocation ¢* mazximizes the welfare.

Remark 7.4 (a) m;(0) depends directly on the bids v_; of other players, but it depends on v; only through
the fact the bid v; influences the selection of c*

(b) Above, V_; represents the vector of bid functions, v_; = (v; : j € I\{i}), not just the values of the
functions at some point. So U_; does not depend on the bid, U;, of player i.

(¢) A common choice for transfer payments is
ti(0-;) = max > Bilo)
jen{i}

In other words, t; is taken to be the maximum social welfare of the set of other players, based on their
reported bids. For this choice of t;, the payment function for player i becomes

mi(@) = (max > 5] = D (), (73)
JeI\{i} JeI\{i}

This gives m;(V) > 0, and the payment is the loss in total welfare experienced by the set of other players
due to the participation of player i in the game.

Proof. The payoff of player i is given by
u; (V) = vi(c*) — my;(V)

= o)+ > Bi(er) | —ti(0y) (7.4)
jEn{i}

1The VCG selection and payoff rules are unchanged if the bid @; of a player i is changed by an additive constant, so consider
v; and U] to be equivalent if there is a constant C so that ¥, = v; + C.
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The last term on the righthand side of does not depend on the bid v; of player 7. Thus, player 7 would
like to submit a bid ¥; to maximize the sum within the large parentheses on the righthand side of .
That sum is like the social welfare, except it is computed using the bids ¥; of the other players, which are
not necessarily equal to their true valuation functions. Since the choice of ¢* is given by the VCG allocation
rule , if player ¢ were to report truthfully, in other words, if ¥; = v;, then the allocation rule would
be selecting ¢* to maximize the sum within the large parentheses on the righthand side of (7.4). In other
words, no matter what bids are submitted by the other players, truthful reporting by player ¢ will make
the optimization problem solved by the allocation rule the same as the problem of maximizing the payoff of
player i. Thus, player ¢ would have no incentive to not report truthfully, no matter what bids are submitted
by the other players. The proof that any nontruthful bid by player i can yield a strictly smaller payoff to
player i for some choice v_; is relegated to Appendix The last statement of the proposition follows
from the form of the VCG allocation rule. |

Example 7.5 (Specialization of VCOG to Vickrey second price auction) To model the sale of a single item
take C = I. If bidder i has value v; for the object then v;(c) = vilyc—;y. Each bidder i reports a value v;, by
reporting the function ¢ v+ V;1.—yy. The VCOG allocation rule (7.2)) becomes

c* =g(v) = arg rgg}(z;ﬁil{czi}
1€

= arg max v,
cel

and the payment, for the rule (7.3 described in Remark i8 MaXccp\{c+} Vg I other words, the object is
sold to a highest bidder and the price is the highest bid of the remaining bidders.

Example 7.6 (VCG for simultaneous sale of objects) Let O denote a set of objects to be distributed among
a finite set of bidders indexed by I. The set of possible allocations is C = {(A;)ier : A C O, A, NA; = @}E|
The valuation function of a bidder i, v;, is a function of the set of objects, A;, assigned to bidder i. Write
vi(4;) to denote the value of set of objects A; for A; C O, and let A = (A;)icr denote an element of C.

The VCG allocation rule is given by
A" =g((1y)) = argmava,
i€l

(unfortunately computing the allocation is an NP hard problem) and the payment rule (7.3|) described in
Remark[72), is:

m;((95)) = | max DoonA) | = DY B4 (7.5)
JENG) JENG)

The payment m; for o particular bidder i depends on (V;);; and A*, but it depends on the bid v; only through
the fact it allowed A* to be selected by the mechanism.

A useful interpretation of the payment rule is based on rearranging it to get

mi+ Y 7;(45) = max > T(4)). (7.6)

JeI\{i} Jen\{i}

2This definition of C doesn’t require that all objects are sold by the seller.
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The following modification of v; is a single-minded bid that calls for assignment of either A% or ():

—o00 else

The lefthand side of is the total welfare for A* if U is replaced by v'. The righthand side of is the
mazimum total welfare achievable if U is replaced by v’ subject to A; = (). Moreover, implies that m; is
the minimum value that can be used in the definition of the single-minded bid, such that A* mazimizes total
welfare if U; is replaced by the single-minded bid. Thus, in a sense, the payment function m; is a minimum
to win rule.

Example 7.7 (Ezample of Example @ Suppose a VCG mechanism in the previous example is applied to
sell the objects in O = {a, b} to three bidders. A bidder can buy none, one, or both of the objects. Suppose
the bids are (for brevity we write v instead of V):

v1(0) =0, vi{a} =10, vi{b} =3, vi{a,b} =13
1}2(0) = 07 WQ{Q} = 23 UQ{b} = 87 UQ{aa b} =10
v3(0) =0, vs{a} =3, v3{b} =2, v3{a,b} =14

Let’s determine the assignment of objects to bidders and the payments of the bidders using payment rule
. If both items are allocated to the same bidder, the maximum welfare is 14. A larger welfare is achieved
by allocating the items to different bidders, and the mazimum of 18 is achieved when bidder 1 is assigned
object a, bidder 2 is assigned object b, and bidder 3 is assigned no object. In other words, the VCG allocation
is A* = ({a}, {b},0).

To find my using , note that the mazimum welfare allocation for players 2 and 3 alone is 14, achieved
by allocating both objects to player 3, whereas the total value to bidders 2 and 3 for allocation A* is 8. Thus,
m1 = 14 — 8 = 6. Similarly, the mazximum welfare allocation for bidders 1 and 3 alone is 14, achieved by
allocating both objects to player 3, whereas the total value to bidders 1 and 3 for allocation A* is 10. Thus,
meo = 14 — 10 = 4. The payment of player 3, mg, is zero because player ms is not assigned any object.

In summary, the VCG allocation profile is A* = ({a},{b},0) and the payment profile is (6,4,0). The seller
collects a total payment of 10. An unsatisfactory aspect of the solution is that bidder 3 could point out (and
maybe even file a lawsuit) that the bidder bid 14 for the pair {a,b} and lost, while the mechanism sold {a,b}
for a total payment of only 6+4=10. In other words, if the seller and player 3 were to break away on their
own and negotiate a different deal, they could both be better off. In the terminology of coorperative game
theory described in Chapter[8, the VCG mechanism does not necessarily generate a payoff profile in the core
of the game.

Example 7.8 (VCG allocation of a divisible good and one-dimensional bids) Suppose one unit of a divisible
good, such as wireless bandwidth or power output, is to be divided among n buyers. Suppose the value function
of buyer i for quantity x; is given by v;(x;) = w; Inx;, where w; is private information to buyer i with w; > 0.
A VCOG mechanism is used to determine the allocation x = (x1,...,xy) (such that x; > 0 with Y, x; = 1)
and payments (my,...,my,) as a function of the bids. To reduce the amount of communication required,
each buyer i submits a single positive scalar bid b;, which the mechanism interprets as the value function
Ui(x;) = b;Inx;. Let’s determine the VCG allocation and payment rule, using the payment rule as described
in Remark[72)
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The VCG allocation mazimizes the social welfare based on the reported functions. In other words, it maz-
mizes ZZ 1 bilnz; over x subject to Y. x; = 1. Introducing a Lagrange multiplier for the constraint and
solving yields x; = Z . So the allocation vector is proportional to the bid vector. Equivalently, x; = 5, erB_

where B_; = ZJ i bj, which better shows how x; depends on the bid b; of buyer i. The payment m; is the
mazimum social welfare for the other buyers minus their welfare under the allocation with buyer i partici-
pating:

Zbl ZblnB T

JrjFi B Jiji

b;
=B_;In(1 .
' n( " Bi)

7.1.1 Appendix: Strict suboptimality of nontruthful bidding for VCG

We complete the proof of Proposition by showing that for any player ¢ with some true valuation function
v;, for any choice of ¥; that is not equivalent v;, there exists a choice of v_; such that the payoff of player ¢
for bid v; is smaller than for truthful bidding.

Suppose without loss of generality that ¢ = 1 and that 77 is not equivalent to v1. Hence, there exists ¢/, ¢* € C
and € > 0 such that v1(c’) — U1(c*) = 2e + v1(¢’) — v1(c*). Define vy by

Ua(c) = vi(c*) a(c®) =vi(c) +€e Da(c) = —c0 ifc g {c,c"}

and v; = 0 for any j ¢ {1,2}. To be definite, consider the VCG mechanism with ¢;(v_;) = 0. On one hand,
if player 1 were to bid truthfully, the VCG mechanism would select ¢* because

v1() +02(c) = v1(c’) + v1(c¥)
v1(c*) +a(c*) = vi(c*) + vi () + €,

and the payoff of player 1 would be wuy(v1,0_1) = v1(c*) 4+ Va2(c*) = v1(c*) + v1(¢') + €. On the other hand,
if player 1 were to use v, the VCG mechanism would select ¢’ because

01(¢") +02(¢") = 01(¢) + v1(c*) =01 (") + v1(c)) + 2¢
01(c*) + a(c*) = 01(c*) +v1(c) + ¢,

and the payoff of player 1 would be uy (v1,0-1) = v1(¢/) + U2(c") = v1(¢’) + v1(c*), which is smaller than for

truthful bidding.

7.2 Optimal mechanism design (Myerson (1981))

Suppose a single seller has an object to sell and there are n bidders, indexed by a set I. Suppose bidders have
independent private valuations (X;);c; such that X; is known to take values in some interval of the form
[0, w;], with probability density function (pdf) f;, and cumulative distribution function F;. Let A denote the
space of probability distributions over I. The seller can use a selling mechanism, whch is a triple (B, 7, u)
such that
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B =X, Bi is a space of bid vectors, with a typical element written as b = (by,...,b,).

m: B — A is the allocation mechanism, specifying the probability distribution used to select which bidder
gets the object.

u: B — R™ is the payment rule, such that p;(b) is the (expected) payment of bidder ¢ for bid vector b.

A selling mechanism induces a game of incomplete information among the bidders. Incomplete information
means that bidders do not know the types of the other bidders. The types are represented by the X;’s,
which are known by the bidders to be independently distributed, with X; having known CDF F;. Thus, as
in Section [5.3] we discuss implementation in Bayes-Nash equilibrium.

Following the celebrated paper Myerson [24], we seek a selling mechanism and a specific Bayes-Nash equi-
librium for the induced game, such that the expected payoff of the seller is maximized. We assume the seller
has the option to not sell the object, and in that case the object has value r to the seller, for a fixed constant
r, known to the seller and all bidders. It could be r = 0, sometimes called the assumption of free disposal.
It could also be r = —o0, meaning the seller must always sell the object to avoid an infinite loss. The payoff
of the seller is taken to be

U, = Z ti +71object not sold}:
i

There are many choices for the space of bid vectors B. For example, each bidder might be required to submit
a bid in R or a bid in R? for some d > 1 or in some discrete space or in some space of functions. The
Bayes-Nash equilibrium strategies of the bidders are functions mapping their private valuations to the bid
spaces, and the strategy of each bidder is supposed to be optimal given the strategies of the other bidders.
The large space of possibilities for the bid space B makes it hard to imagine how to get started.

However, there is a natural choice for B. Given the value z; for player i lies in the interval [0,w;], if the
set of possible bids for player i were also equal to [0,w;], then perhaps it could be arranged that reporting
truthfully by each player is a Bayes-Nash equilibrium, and it is the Bayes-Nash equilibrium that the seller
assumes the players will adopt. Let V' =X, c 1[07%‘], so that V' denotes the set of possible value vectors for
the players. A direct mechanism for the set of possible value vectors V' is a selling mechanism (B, m, 1) such
that B =V, or in other words, the space of bid vectors is the space of value vectors. So a direct mechanism
for V' has the form (V,Q, M) such that @ : V' — A (allocation rule) and M : V' — R™ (payment rule).

The revelation principle, stated and proved next, is that for the purpose of designing a selling mechanism
to maximize the seller’s utility (or to achieve some other desirable property P) at a specified Bayes-Nash
equilibrium, there is no loss of optimality in restricting attention to direct selling mechanisms and to truthful
bidding as the specified Bayes-Nash equilibrium.

Proposition 7.9 (Revelation Principle) Let I be a set of n bidders with specified distributions of their
independent values (fi(z;) : 0 < z; < w;)ier, let (B,m,u) be a selling mechanism for I, and let 5 be a
Bayes-Nash equilibrium for the induced game (so p; : [0,w;] — B; fori € I1). Also, let V = XieI[O,wi].
There is a direct mechanism (V,Q, M) such that reporting truthfully is a Bayes-Nash equilibrium with the
same outcomes under (V,Q, M), as the outcomes of B under (B,m,u). In other words, the two equilibria
give the same distribution of winner and same payoffs for every x € V.

Proof. The assumption (5;(-));ecr is a Bayes-Nash equilibrium means, by definition, for any player ¢ and
any private value x; of player 1,

i

Bi(z;) € arg maX/V | (i (biy B—iw—i))xi — pilbs, B-i(x—4))) foi(w_i)dw_;. (7.7)
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Taking b; to be of the form b; = B;(x}), we trivially get the best response value §;(x;) by taking z; = x;.
Therefore, (7.7) implies:

/ (mi(Bi (), Bi(@w—i))xi — pi(Bi(a5), B—i(x—s))) f-i(@—i)da_;. (7.8)

i —i

T; € arg max
x!

The equivalent direct mechanism is obtained by composing the equilibrium mapping S with the allocation
and payment rules of (B, 7, u). In other words, let @ = 7o 8 and M = po 8. Then (7.8) becomes:

x; € argmz}x/ Qi) x_y)x; — My(xh,2—3)) foi(w—y)dx_;,
= v,

:E’L

which shows bidding truthfully is a Bayes-Nash equilibrium for the game induced by the direct mechanism
(V,Q, M). The allocation distribution and the payment vector under (B, 7, i) for the Bayes-Nash equilibrium
B and any given x € V are mo(x) and poB(x), respectively, which are the same as the allocation distribution
and payment vector, Q(z) and M (z), respectively, for the direct mechanism. |

The proof of Proposition [7.9|is summarized in Figure In essence, the direct mechanism builds in the

direct mechanism

Xy |

B ()
T N ONEY
original
mechanism M M(x)
X, | ‘
i

Figure 7.1: Direct mechanism (V,Q, M) is composition of an equilibrium strategy £(-) and original mecha-
nism (V, 7, u).

thought process that goes into selecting 3. Proposition[7.9)implies we can restrict attention to direct mecha-
nisms and focus on truthful bidding as the Bayes-Nash equilibrium in the induced game. The property of best
response being truthful bidding is also known in the mechanism design literature as incentive compatibility:

Definition 7.10 (Incentive compatibility (IC)) A direct mechanism (V,Q, M) for a space of value vectors
V' with prior distributions specified by pdfs f; or CDFs F; is incentive compatible if bidding truthfully is a
Bayes-Nash equilibrium.

The revelation principle still leaves us with huge degrees of freedom for selecting ) and M, but at least it
fixes the domains of these functions and it fixes the best response functions of the bidders to be particularly
simple, namely, bidding truthfully. To continue on the path to identifying the optimal mechanism, we show
next () and incentive compatibility determine the expected payments, essentially removing M from the
optimization.

If bidder ¢ bids z; the bidder gets the object with probability g;(z;), where

qi(2i) :/V _Qi(%x—i)f—z‘(ﬂi)dwﬂ
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and the bidder expects to pay m;(z;), where
mz(Zz) = / Mi(ziax—i)f—i(x—i)dx—i~
V_i

Logically speaking, ¢;(z;) is just a short hand notation for Q;(z;, f—;), because it is defined by averaging
Qi(z, x_;) over all values of x_; using the pdf f_;. Similarly, m;(2;) is shorthand notation for M;(z;, f—;).
Incentive compatibility can now be stated concisely. The mechanism (V,Q, M) is incentive compatible if
and only if, for each i € I and each z;, 2} € [0, w;],

U(z:) 2 qi(z)zi — mi(z) > qi(ah)z; — mi(h). (7.9)
Note that represents a linear constraint on the functions ¢; and m;, or on Q; and M;, for each pair z;, 2.
It turns out these constraints imply ¢; is nondecreasing. Moreover, as shown next, the allocation functions
(g;) uniquely determine the expected payment functions (m;) up to a constant value. In other words, if two
IC mechanisms for the same distribution of bidder valuations have the same probability allocation functions
¢, then they have the same payment functions up to additive constants.

Proposition 7.11 (Revenue equivalence principle) A direct mechanism (V,Q, M) is IC for a set of prior
pdfs f if and only if for each i € I, q; is nondecreasing and m; is determined (up to an additive constant)

by:
mi(@i) = m;(0) + qi(z:)z; — /Ozi qi(ti)dt;. (7.10)

(If q; is continuously differentiable, (7.10) is equivalent to m}(z;) = ¢i(x;)x;.)

Proof. (only if) Suppose (V,Q, M) is IC for some choice of pdfs (f;)ics. Fix i € I. By the definition of IC,
for x;,x} € [0, w;]

ai(zi)z; — mi(2;) = g;(xf)w; — mi(x) (7.11)
qi(x})z; — mi(27) > gi(wi)w; — mi(z;) (7.12)
Adding the respective sides of and and rearranging yields
(qi(w:) — @i(2})) (2 — 27) > 0,
showing ¢; is a nondecreasing function.
By incentive compatibility, the function U;(z;) £ q;(2;)2; — my(z;) satisfies:

Ui(zi) = oax 0 (y)z; — mi(y), (7.13)
and for x; fixed, the maximum in (7.13]) is achieved at y = x;. Thus, U; is the maximum of a set of affine
functions. By the envelope theorem, Proposition [7.19] it follows U; is absolutely continuous, U/ (z;) = ¢;(x;)
for a.e. z;, and U; is the integral of its derivative, i.e. U;(z;) = U;(0) + fozi qi(t;)dt;, which is equivalent to
(7.10). (Moreover, U; is a convex function and for any z; € [0,w;, ], gi(x;) is subgradient of U; at any z;.)

(if) Conversely, suppose ¢; is nondecreasing and m; satisfies . The definition U(x;) = g;(x;)x; —m;(z;)
and imply U; (z;) = U;(0)+ fozi qi(t;)dt;. Together with the assumption ¢; is nondecreasing, this implies
U; is convex and for any z; € [0,w;], ¢;(«}) is a subgradient of U; at z;. By definition, that means U;(x)
is greater than or equal to the linear function agreeing with U; at x} with slope ¢;(2%). In other words, the

inequality in ([7.9) holds. |
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Definition 7.12 (Individually rational) A selling mechanism is individually rational (IR) if any bidder i
can bid to obtain a nonnegative expected payoff for any value x; of the bidder.

Proposition 7.13 A direct mechanism that is IC is also IR if and only if m;(0) < 0 for all bidders i.

Proof. For a direct mechanism, the expected payoff of bidder ¢ with value z; and bid =} is ¢;(x})z; —m;(z}).
The worst case value of z; for the bidder is zero, in which case the payoff of the bidder is —m; (). Therefore,
IR holds if and only if there is some choice of z} such that m;(z) < 0. For a direct mechanism with the IC
property, m; is nondecreasing, so the IR property is equivalent to m;(0) < 0. |

Given the allocation rule of a direct mechanism, Proposition shows the IC property determines the
expected payment functions m; up to additive constants, and Proposition and shows the IR property
for an IC payment rule is equivalent to the inequality constraint m;(0) < 0. Therefore, to maximize the
expected payments, or equivalently, to maximize the expected utility of the seller, subject to the IC and
IR constraints and a given allocation rule, it is equivalent to using a payment rule satisfying with
m;(0) = 0 for all 3.

Example 7.14 Suppose ¢;(z;) = x; for 0 < x; <1, so the probability bidder i gets the object is proportional
to the bid. What is the maximum expected payment function m; subject to the IC and IR constraints?
Since q; is differentiable, (7.10) becomes ml(x;) = qi(x;)x; = x;. Solving for m; with m;(0) = 0, yields

mi(x;) = (m;)z. This identifies the mazimum expected revenue from bidder i for an IC, IR mechanism, given

bidder i gets the object with probability z; for bid x; € [0,1]. To check the IR property of this solution, note,
for example, if the value of the object to the bidder is 0.6, the expected payoff to the bidder, if the bidder bids

x;, 18 £;(0.6) — # This payoff is mazimized if the bidder bids truthfully, taking x; = 0.6.

Example 7.15 If g;(z;) = 1 — e ™ for x; > 0, then the expected payment function that mazimizes the
expected payment (i.e. revenue to the seller) subject to the IC and IR constraints is is given by m}(x;) =
gi(xi)z; = e and m;(0) =0, or mi(x;) =1 — (14 x;)e” ™.

Up to this point, given the selection rule @), we can determine revenue optimal pricing mechanisms subject to
the IC and IR constraints. The remaining step towards finding the optimal seller mechanism is to determine
. We view this as a linear optimization problem, given (f;);c; where f; is a pdf with support [0,w;] for
each 7 € I. Since the mechanism is constrained to be IC, we maximize the payoff of the seller assuming the
bidders bid truthfully. Thus, the optimization problem can be written as:

maximize E

<Z m; (Xz)> 710 bidder gets object}

i€l
with respect to (Q, M)
subject to IC and IR

Since M is determined by @ and the IC and IR constraints, we can write the objective function in a form
depending only on the distributions of the values and Q. Taking m;(0) = 0, which is optimal subject to the
IC constraints, yields m;(x;) = q;(z;)x; — Omi q;(t)dt.
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Therefore,
/ qi () fi(ws)dr; — / / qi(t)dt f (w;)dx;
0 o Jo
@ / i ()i fi () da; — f ;) d;q;(t)dt
0 0 Jt
:/ qi(z)x; fi(x;)da; — / (1= F;(t))g(t)dt
0 0
:/ QZ xz xzfz xz d‘rz / )ql(m’t)f(xl)dxl
0 0
1/)1 x3)qi(x;) fi(2i)dw;
0
=E [wz( i)l {i gets obJect}}
where
1-— FZ({L‘Z)
Yi(@i) =®i — ——F——,
(1) fi(zs)

and {7 gets object} denotes the event player ¢ gets the object. Equality (a) in the above derivation is obtained
by changing the order of integration over the region shown in Fig.

t

o,
i

Figure 7.2: A key step in the derivation of the optimal selling mechanism is to change the order of integration,
for integration over the region shown.

The function v (z;) is called the wirtual valuation for bidder i. The total expected revenue is the sum of
E [m;(X;)] over all ¢, so the mechanism optimization problem reduces to finding the winner selection function

Q to solve:

max <Z Pi(X {z gets obJect}> + Tl{no bidder gets object} (7.14)

el

with respect to @@
subject to x; — ¢;(x;) nondecreasing for each i
Ignore, for a moment, the constraint that ¢; be nondecreasing for each 7 in the optimization problem (7.14)).

The allocation mechanism selects which bidder gets the object or to have no bidder get the object, after learn-
ing (X;);er, so the following selection rule maximizes the quantity inside the expectation with probability one.

MAX VIRTUAL VALUATION e Select winner from arg max; ¢;(X;) if max; ¢;(X;) > r

selection rule e Select no winner if max; ¥;(X;) < r
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Fortunately, in many cases the constraint on the g;’s is satisfied by this rule, making the rule the optimal
solution. Specifically, Myerson defined the mechanism design problem to be regular if 1(x;) is increasing
in z; for each 4. If the problem is regular, then the above selection rule satisfies the constraint that ¢; is
nondecreasing for each i. If the problem is not regular, the solution is a bit more complicated, with ) (x;)
being replaced by functions {/;(o:l) that are nondecreasing. Henceforth we assume the mechanism design
problem is regular.

The expected payoff of the seller for the optimal auction is given by

E [max{¢1(X1),..., ¥ (Xn), 7} . (7.15)

The allocation rule as described above is simple, at least once the functions ; are computed. The above
derivation determines the expected payment functions, namely,

mi(x;) = qi(z5)x; — /Ozi qi(t)dt,

but the expected payment m;(z;) for a bidder i doesn’t depend on whether the player gets the object.
Recalling that M;(x) is the payment of player ¢ given the entire bid vector z € V, any choice of M such that

E [Mi(X)|X; = x;] = mi(z;) (7.16)

is a valid choice for the revenue optimal mechanism, subject to the IC and IR constraints. Thinking of the
second price auction suggests a good choice for M;. Let y;(z_;) denote the minimum bid for player ¢ such
that player i gets the object (assuming the player gets the object in case of a tie):

yi(z—;) = min{z € [0,w;] : ¥;i(2) > r and ¥;(z;) > ¥;(x;) for j # i}
Then consider the payment rule M;(z) given as follows:
MIN TO WIN payment rule: M;(z) = yi(z_i)l{i gets object}-

If the MIN TO WIN payment rule is used, the view of the auction from the standpoint of a bidder i is
the same as for Vickrey’s second price auction, with y;(z_;) playing the role of the highest bid of the other
bidders. In other words, y;(z_;) is a take it or leave it price (that is unknown to the bidder) in the fol-
lowing sense. If x; is greater than that price, the bidder gets the object for that price. If x; is less than
that price, the bidder does not get the object and pays nothing. Hence, under the MIN TO MIN payment
rule, truthful bidding is a weakly dominant strategy. So truthful bidding by all bidders is a Bayes-Nash
equilibrium, meaning the mechanism is IC. Also under the MIN TO WIN payment rule, M;(0) = 0, so
that E[M;(X)|X; = 0] = 0, which is the maximum possible value of E [M;(X)|X; = 0] subject to the IR
constraint. In summary, the MIN TO WIN rule is IC and IR with maximum possible value (zero) for zero
bids. Hence, by the revenue equivalence principle, Proposition [7.11] must hold. So the MIN TO WIN
rule maximizes the seller’s payoff for allocation rule @ subject to the IC and IR constraints.

As a double check, let us verify directly that ((7.16|) holds for the MIN TO WIN payment rule. Observe
qi(zi) = P{i gets object|z;} = P{y;(X_;) < i},

Therefore, ¢; is the CDF of the random variable y;(X_;). We use the area rule for expectations of random
variables, which for a nonnegative random variable ¥ bounded above by ymax is E[Y] = [/ P{Y > t} dt,
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to get
E[M;(X)|X; = ] = E [yi(X_i)1y,(x_)<o1)]

X4
:/ P {yi(X-i) gy, (x_y<ay >t} dt
0

= /I P{t <yi(X_) < i}dt
0
- / (ai(s) — qi(t))dt
— gia)ei — / " )t = ma(ay) (7.17)

0

We summarize the above results as a proposition.

Proposition 7.16 (Myerson(1982)) Given prior pdfs f; over [0,w;] for the independent private values of
bidders indexed by i in I and a known reserve value r of the seller, the seller’s expected payoff at Bayes-Nash
equilibrium over all IR seller mechanisms is mazimized by the direct mechanism (V,Q, M) with Q defined
by the MAX VIRTUAL VALUATION selection rule and M defined by the MIN TO WIN payment rule
identified above, with the corresponding equilibrium being truthful bidding (so the mechanism is IC).

Remark 7.17 The reserve value for bidder i is given by r; = inf{z; : ¥(z;) > r}. Bidder i can’t win if
his/her bid is less than r;. If x; < r; for all bidders, the seller does not allocate the object to any bidder.

Example 7.18 (Second price auction—alternative verification of IC and IR properties, and constrained op-
timality) Let us consider some of the implications of this section for second price auctions. As discussed
in Examples and a second price auction is a direct mechanism (V,Q, M) such that Q(z) selects a
winner i* with i* € argmax; ¥; and M;(x) = w;1{;-—;y, where w; = Max;ecp\ (3} Tj-

As noted in Example bidding truthfully is a weakly dominant strategy for any bidder. Truthful bidding
is thus also a Bayes-Nash equilibrium for given prior pdfs, (fi)icr, on the values of the bidders. In other
words, the second price auction is IC. It is also IR, because a bidder can avoid negative payoffs by bidding
zero. Moreover, m;(0) = 0 for any bidder, because a player i that bids 0 gets the object with probability zero.
While we have thus directly verified the payment rule is IC and m;(0) = 0, let’s verify it a second way by
appealing to the revenue equivalence principle, Proposition [7.11}

Consider the game from the perspective of some bidder i. Let W; be a random variable representing the
highest bid of the other bidders. Then if bidder i bids x;, the bidder i gets the object with probability
qi(z;) =P{W; < z;}. In other words, q; is the CDF of W;. As in the derivation of (7.17)) above, we find the
expected payment functions for the second price auction are given by:
mi(x;) = E[M;(X)|X; = 2]
=E [Wil{WiSIz‘}}

= xqi(2;) — /Oxi q;(t)dt.

Thus Proposition implies the second price auction is IC, and we also see m;(0) = 0.

If the mechanism design problem is symmetric, so the pdfs for the values of all bidders are the same, the v;
is the same for all bidders. If the problem is also regular, then v; is strictly increasing. Finally, if seller must
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sell the object (i.e. T = —o0), then the object goes to the highest bidder in the optimal mechanism. Since
this allocation is the same as the allocation of the second price auction, the revenue equivalence principle,
Proposition|7.11), implies the second price auction is revenue optimal in the symmetric case when the bidder
must sell.

If the design problem is not symmetric, then the functions ¥; are not all the same, and choosing i to maximize
W(X;) is different from choosing i to mazimize X;. Therefore, the second price auction is not revenue optimal
in_that case.

7.2.1 Appendix: Envelope theorem

A useful class of functions are the absolutely continuous functions. A function f : [a,b] — R is absolutely
continuous if for any € > 0, there exists § > 0 such that Y ., | f(t}) — f(t;)| < €, for any finite collection of
nonoverlapping intervals {(¢;,t})} in [a, b] such that Y7, [t/ — ¢;| < é. For example, if f is continuous and
piecewise differentiable, then it is absolutely continuous. An absolutely continuous function is differentiable
almost everywhere (i.e. at all points of [a,b] except for a set of Lebesgue measure zero). Also, a function
f : la,b] = R is an indefinite integral, meaning it can be expressed as f(z) = f(a) + [ g(t)dt (using
Lebesgue integration), if and only if f is absolutely continuous. If f is absolutely continuous, the integrand
in the indefinite integral can be any measurable version of f’(¢). Here, f’(t) is the derivative of f at ¢ if f
is differentiable at ¢ and can be defined arbitrarily otherwise, subject to being a measurable function. (See
[28] for proofs.) The following is a one-dimensional envelope theorem adapted from Milgrom and Segal [22].

Proposition 7.19 Let F be a set of differentiable and absolutely continuous functions on some interval
[a,b]. Let F*(t) = argmaxyser f(t), and suppose F*(t) # O for almost every t € [a,b]. Also, suppose there is
a function h : [a,b] — R such that fab |[h(t)|dt < oo and, for any f € F, |f'(t)] < h(t) almost everywhere. Let
V(t) =sup{f(t) : t € F} fort € [a,b]. Then V is absolutely continuous, and V' (t) = f'(¢t) for all f € F*(t),
for almost every t € [a, b].

Proof. For any interval (¢,¢) C [0,1], [V(t) — V(#')] < sup;cz|f(t') — f(t)] = Supfe}-ftt/ [f'(s)|ds <

j;t/ h(t)dt, implying that V is absolutely continuous. Therefore, V is differentiable for almost every t. For

any t € (a,b), if V is differentiable at ¢ and V(¢t) = f(t) for some f € F, then it must be that V'(t) = f'(t)
because f <V over [a,b], implying the last part of the proposition. |

Example 7.20 Letg: R — RU{+o00} be a convex function and let V' denote its Legendre-Fenchel transform:
V(t) = supgyep 0t —g(0), and let 0*(t) € arg maxg 0t — g(0). Suppose 6* is well defined and bounded over some
interval t € [a,b]. Then V is absolutely continuous over [a,b] and V'(t) = 0*(t) for almost every t € [a,b].
This fact follows from Pmpositz’on by taking F to be the set of functions of the form f(t) = 0t — g(0)
for |0] < sup{|0*(t)| : a <t < b}, and h(t) =sup{|0*(t)| : a <t < b}.

This result can be derived another way under more restrictive assumptions, as follows. Note that V (t) =
0* ()t — g(6*(t)). If g and 6*(t) were differentiable we could apply the chain rule of differentiation to obtain
V() = 0*(t) + (t — g’ (0%(¢)))0*' (t) = 0%(t), where we use the fact t — g’ (0*(t)) = 0 because of the definition
of 0*(t).

Proposition is limited to functions on R, but otherwise it is rather general. Various envelope theorems
for functions with domains of dimension greater than one follow from Proposition by considering one-
sided directional derivatives of the function in various directions from a given point, or by considering the
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restriction of such functions to line segments. One such result is the following proposition.

Proposition 7.21 Let F be a set of functions f : D — R, where D is an open subset of R, Let V(t) =
sup{f(t) : t € F} fort € D. Suppose the functions in F and the function V are continuously differentiable.
Let F*(t) = argmaxyscr f(t) for t € D and suppose F*(t) # (0 for all t € D. Then for any t € D,
VV(t) =V f(t) for all f € F* ().
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Chapter 8

Introduction to Cooperative Games

8.1 The core of a cooperative game with transfer payments

Definition 8.1 A cooperative game with transfer payments consists of (I, (v(S))scr), where

e [ is a finite set of players; a subset S of I is a coalition and the set I of all players is the grand
coalition.

e v is the coalitional value function; v(S) is the value or worth of a coalition S. It is assumed v(S) € R
for any coalition S, and v(@) = 0.

Often in normal form games, a group of players can get better payoffs for themselves by cooperation. For a
coalition S, v(S) represents the value the players in the coalition could achieve among themselves, without
participation by the players in I\S. A central question addressed in the theory of cooperative games is when
does there exist a profile of payoffs to the players so that all players have incentive to cooperate within the
grand coalition, I, rather than having some subset of players wanting to break away and cooperate instead
within a smaller coalition.

Mathematically, the question is whether the core of the game is nonempty, where the core is defined as
follows. A payoff profile is a vector of real numbers, © = (z;);cs, such that z; is the payoff to player 7. Let
x(S) represent the sum of payoffs for a coalition S : z(S) = >, ¢ ;.

Definition 8.2 A payoff profile x is feasible if x(I) = v(I). (In other words, the sum of payoffs is equal to
the value of the grand coalition.)

The core of the cooperative game (I,v) with transferable payoffs is the set of payoff profiles (x;)icr such that

(1) z is feasible, and
(2) x(S) > v(S) for all coalitions S.

The feasibility assumption means that the payoffs should be covered by the value of the grand coalition. In
other words, there is no subsidy provided to the grand coalition to incentivize the players to cooperate. The
condition z(S) > v(S) means that if the players in the coalition S decided to break away from the other
players, their value v(S), which perhaps they could distribute among themselves, would be less than their
sum of payoffs z(S) if they cooperate within the grand coalition.

115
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Next we identify a necessary condition for the core to be nonempty. A partition of I is a set of subsets
{S1,...,Sk} of I such that I = UK_, Sy and S; NSy = 0 if j # k. Each of the sets S in a partition is called
a block of the partition.

Definition 8.3 A cooperative game (I,v) is cohesive if

K
o(1) = Y u(Sh) (5.1)

k=1
for every partition {S1,...,Sk} of I.

Equality holds in (8.1) for the partition with only a single block equal to I, because then K = 1 and
S = I. So cohesiveness is equivalent to the condition v(I) = max Zszl v(Sk), where the maximum is over
all partitions {S1,..., Sk} of I.

If the game is not cohesive, there exists a partition {Si,..., Sk} such that for any feasible payoff profile,
Yo x(Sk) = x(I) = v(I) < >, v(Sk), implying that z(Sy) < v(Sk) for some block Si. Therefore, the core
of the game is empty if the game is not cohesive. Intuitively, if the game is not cohesive, the players of the
grand coalition in aggregate could generate more total value by working within smaller coalitions, so there
may be no point to make them cooperate. Of course if some external agency would like to incentivize the
players to cooperate in the grand coalition, it could offer to pay a subsidy if all the players agree to cooperate
in the grand coalition, effectively increasing the value of v(I), to result in a cohesive game.

In summary, cohesiveness is necessary for the core to be nonempty. Henceforth, we restrict attention to
cohesive games. As illustrated in the next example, cohesiveness is not sufficient for the core to be nonempty.
However, a theme in this chapter is that for games with many players with enough mixing among them,
cohesiveness is typically sufficient for a nonempty core.

Example 8.4 (I majority game) Consider the coalition game with I ={1,2,3} and v defined by v{i} = (ﬂ
for all i, v{1,2} = v{1,3} = v{2,3} = « for some fized o with 0 < a < 1, and v{1,2,3} = 1. The game is
cohesive. A wvector (x1,xe2,x3) is in the core if
x; >v{i} =0
vitajzv{i,jl=a i#]
1 +ax9+x3=1

Thus, if x is in the core,

(21 + @2) + (21 + 23) + (22 + 23) _ 3a
2 -2

l=2x1+22+23=

So the core is empty if o > % If 0 <« < 2/3, the core is not empty. For example, it contains (%, %, %) It

also contains (1 —a,a,0) if 0 < a < %, and (1 —a,1 —«o,2a —1) zf% <a< %

Example 8.5 (production economy) Let I = {c} UW, where ¢ represents a factory owner, and W is a set
of m workers, for some m > 1. In order for a coalition to have positive worth, it must include the owner and
at least one worker, because both the factory and at least one worker are needed for production. Suppose the

IFor brevity we write v{-} instead of v({-}).



8.1. THE CORE OF A COOPERATIVE GAME WITH TRANSFER PAYMENTS 117

worth of a coalition consisting of the owner and k workers is f(k), where f : [m] — R is such that f(0) =0, f
is monotone increasing, and its increments f(k+1)— f(k) are nonincreasing in k over 0 < k < m—1. In other
words, if Sy is a set of workers, v(Sy) =0 and v({c} USy) = f(|Swl|). The assumption f has nonincreasing
increments means that if a worker is added to a coalition that includes the owner, the resulting increase in
worth of the coalition is a nonincreasing function of the number of other workers.

Let’s find the core of this game. A typical element of the core is a payoff profile of the form (x¢,x1,...,Zm),
and the core constraints are (using Sy, to denote arbitrary sets of workers):

Te+ a1+ + Ty = f(M) (8.2)
Tet > wi> f(k) if|Swl=k 1<k<m (8.3)

€Sy
;>0 iel={cUW (8.4)

Constraint (8.3) for k =m—1 requires zc+3_,cyn ;3 &j = f(m—1) for any worker i, which combined with
(8.2) implies x; < f(m) — f(m — 1) for any i. In other words, the payoff to any worker i must be less than
or equal to the marginal value of the last worker joining the grand coalition. Thus, the core is contained in
the set

{(e, 215 ym) : 0<z; < f(m) — f(m —1) forie[m] and . +x1+ -+ 2, = f(M)} (8.5)

However, it is easy to check that any element in the set in satisfies the core constraints —, S0
gives the core of the game. The payoff profile in the core that mazximizes the payoffs to the workers
is o = f(m) —m(f(m) — f(m —1)) and z; = f(m) — f(m — 1) for 1 < i < m. The payoff profile in the
core that minimizes the payoffs to the workers is x. = f(m) and x; =0 for 1 < i < m. In other words, the
workers get zero payoff.

Definition 8.6 Let v = (v(S) : S C I) with v()) = 0.

(a) v is supermodular if v(SUT) +v(SNT) > v(S) +v(T) for all S,T C I.

(b) v is superadditive if v(SUT) > v(S) +v(T) for all S,T C I such that SNT = .

Remark 8.7 (a) Clearly supermodularity implies superadditivity.

(b) If the coalitional value function v of a cooperative game (I,v) is superadditive, the game is cohesive.

(c) The following is equivalent to supermodularity: v(AUC) —v(A) > v(BUC) —v(B) if ANC =0 and
B C A. In other words, the increase in worth for adding C to A is greater than or equal to the increase in

worth for adding C to a subset of A. To see the equivalence to the original definition of supermodularity,
let S=A andT=BUC.

The following shows that cooperative games (I,v) with supermodular coalitional value functions v have a
nonempty core, and certain elements of the core are easy to identify.

Proposition 8.8 If (I,v) is a cooperative game such that v is supermodular (some authors call such coopera-
tive games convex ), then the core is nonempty. Moreover, for any permutation © of I, let Sy, = {m1,..., 7%}
be the set consisting of the first k elements of w, for 1 < k < n. Then the payoff vector x defined by
T, = 0(S;) —v(S;—1) is in the core. (An equivalent expression for x is T, = v(Si—1 U{zr,}) — v(Si—1), so
the payoffs are the marginal increases in value as players join to form the grand coalition one at a time in
the order of 7.)
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Proof. Since the players can be relabeled if necessary, assume without loss of generality that m; = i for
1 <4 < n. Note that v(1) = >, v(S;) — v(S;—1) = >y 4, so  is feasible. The remaining requirement,
z(R) > v(R) for any coalition R, is proved as follows. Suppose R = {i1,...,%4} such that i1 < ... <4, By

the supermodularity of v and Remark c),

’U({Z]} U {il, e aij—l}) - ’U({il, NN 7ij_1})

M=

v(R) =

<
Il
—_

-

v({i;} U Si;—1) — v(Si;-1)

<
I
—

I
=
&
I
8
—
=2

<
Il
—

Proposition 8.9 (Bondareva-Shapley theorem) The core of a cooperative game (I,v) is nonempty if and
only if the optimal value for the following linear optimization problem is v(I) :

(D) max > v(S)As

over A = (Ag)scr, subject to
As >0 forall S C 1,

d As<1foralliel
S:eSs

(The choice As = 1yg—py shows that the optimal value of (D) is greater than or equal to v(I), so the optimal
value of the problem being equal to v(I) is the same as the optimal value being less than or equal to v(I).)

Remark 8.10 If the variables X in the optimization problem of Proposition[8-9 were restricted to be integer,
hence binary, valued, then the optimal value of the problem is v(I) by the cohesiveness assumption. Thus,
the problem is a fractionalized version of an integer programming problem connected with cohesiveness. The
variable Ag can be interpreted as the fraction that coalition S is active, and every agent in S needs to devote
a fraction \g of his/her effort to cooperation within S. The last constraint in problem (D) means the sum of
the fractional efforts of any agent i is at most one.

Proof. The core of a cooperative game (I,v) is nonempty if and only if the optimal value for the following
linear optimization problem (P) is v(I) :
(P) min Z X5
il
over x, subject to
in > v(S) for all S C I,
i€S

because the constraints of this problem, along with the condition ), ; x; = v(I), are exactly the core
constraints. In other words, if the value of (P) is v(I), then the core is the set of solutions of (P), and if the
core is nonempty, any v in the core is a solution of (P) and the value is v(I).
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The proof is completed by showing that the optimization problem (D) in the statement of the proposition
is the linear programming dual of problem (P). (Recall that strong duality holds for linear programming
problems.) |

Example 8.11 Consider the three player majority game of Ea:ample with 0 < a < 1. The vector A\g = %
if |S| = 2 and Ag = 0 otherwise, is feasible for the problem (D) in the Bondareva-Shapley theorem. Therefore,
the theorem shows that the core being nonempty requires 2v{1,2} + 2v{2,3} + 1v{3,1} < 1, or 3a/2 < 1, or
a<Z.

>3

Given the definition of cooperative game, it is reasonable to assume that v is superadditive. If v is not
superadditive, we could consider the least superadditive majorant, defined as follows.

Definition 8.12 Given a function (v(S) : S € I), the least superadditive majorant of v is the minimum
function T such that v is superadditive and ©(S) > v(S) for all S. It is given by

v(S) = max{Zv(Sk) :{S1,..., Sk} is a partition of S} .

k

If v is cohesive then v and T have the same core. As seen above, if v is not cohesive, then the core of v is
empty. In such case it may still be of interest to consider the least superadditive majorant v instead, and
since v is cohesive, it could possibly have a nonempty core.

Given a cooperative game (I,v) and an integer k > 1, the k-fold replicated game is defined as follows. The
set of players is I' = I x {1,...,k}, with k players of each type from the original game. For S’ C I, let

(") = v(S) if for some S C I, |S’| = |S], and there is one player in S’ for each type in S
v " | mingerv{i} else (i.e. if S” has at least two players of the same type)

and let v’ be the least superadditive majorant of w. Note that (I’,v") is a cohesive game because v’ is
superadditive.

Proposition 8.13 (Kaneko and Wooders [18])) For some integer K, the core of the k-fold replicated game
is nonempty for every k that is a positive multiple of K.

Proof. By the Bondareva-Shapley theorem and the fact that (I’,v") is a cohesive game, the core of (I',v")
is nonempty if there is a solution to the dual problem for (I’;v’) such that the A\’s are binary valued. The
value of the dual problem for (I’,v") is K times the value of the dual problem for (I,v). Since the dual
problem for (I,v) is a linear optimization problem such that the constraints involve only integer values and
integer coefficients, a standard result in the theory of linear programming implies there exists a solution A*

of the dual problem for (I,v) with rational entries. Thus, for some integer K > 1, A\ = %S for integers
(ks : S C I). This implies that there is a solution to the dual problem for (I’,v") with binary values of the
N’s, which, as noted above, completes the proof. |

Example 8.14 Consider the three player majority game of Example with 0 < « < 1. The two-fold
replicated game has players I' = {1,1',2,2',3,3'}, v'(I') = 3o = w'({1,2}) + w({3,1'}) + w({2/,3'}). Note

1
that v'(I") is not simply 2v(I). It is easily checked that (§,%,%,%,%,%) is in the core of (I',v').
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Example 8.15 (The core for simultaneous sale of objects) Ea:amples and are about use of the VCG
mechanism for simultaneous sale of objects. Here we model the sale as a cooperative game and focus on the
core. Let O denote a set of objects to be distributed among a finite set of bidders indexed by I. The set of
possible allocations is C = {(A;)icr : A; C O, A; N A; = 0}. Assume the valuation function of a bidder i, v;,
is determined by the set of objects, A;, assigned to bidder i, and write v;(A4;) to denote the value of set of
objects A; to bidder i, for A; C O.

To model this scenario as a cooperative game we take the seller to also be a player, because it doesn’t make
sense to let any one of the bidders simply break away on their own and be able to get an arbitrary bundle of
objects. To be definite, let us suppose the value of any set of objects to the seller is zero. Thus consider the
cooperative game with set of players I' = {0} U T = {0,...,n}, where player 0 is the seller. The coalitional
value function v(S) is given by:

’U(S) _ { maXpartitions (Aj)aes\{o} ZjGS Uj (A]) 2];0 es (86)
clse

A payoff vector x is in the core if and only if v(S) < x(S) for all S and x(I) = v(I). The core is not empty.
For example, xo = v(I') and x; = — for 1 <i < n (i.e. all value goes to the seller) is in the core.

Let’s find the core for the specific case of Example : O = {a,b} and three bidders with value functions:

v1(0) =0, vi{a} =10, vi{b} =3, vi{a,b} =13
v2(0) =0, va{a} =2, v2{b} =8, v2{a,b} =10
v3(0) =0, vs{a} =3, wv3{b} =2, vs{a,b} =14

The nonzero values of the coalition value function are given by:

v{0,1,2,3} = 18
v{0,1,2} = 18,0{0,1,3} = 14,{0,2,3} = 14
v{0,1} = 13,v{0,2} = 10,0{0,3} = 14

The core constraints are thus:

z; >0 for0<i<3

o+ 21+ 20+ 23 =18
To+ 1+ 22 > 18
To+ 1+ 23> 14

To + X2 +x3 > 14
zo+x1 > 13
To+ o > 10
To+x3 > 14

The first three lines of these constraints imply xs = 0, and the constraints on the fourth and fifth lines are
redundant because of the positivity constraints and the constraint xo + x3 > 14. Thus, the core constraints
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simplify to:
To > 14
x1,w2 20
z3 =20
To+ 1+ 19 =18

In words, if x is in the core, the sum of the values must be 18 and at least 14 units of value must be allocated
to the seller. The remaining 4 units of value can be shared arbitrarily among the seller and the first two
bidders.

Recall that the VCG allocation is to sell item a to bidder 1 and item b to bidder 2 for the payment vector
(6,4,0). Thus, the payoff vector for the VOG allocation and payment rule is V% = (10,10 — 6,8 — 4,0) =
(10,4,4,0). Thus, the VCG outcome is not in the core. Selecting an allocation in the core eliminates the
problem mentioned in Ezxample [7.7, that bidder 3 bid more than the amount charged by the seller, but did
not get the object. However, replacing the VCG outcome by an outcome in the core breaks the incentive
compatibility property of the VCG mechanism.

8.2 Markets with transferable utilities

An important family of cooperative games are market games. A market is a 4-tuple M = (I, ¢, (w;), (fi))
consisting of

e ] a set of n agents for some finite n.
e /> 1, the number of goods The goods are assumed to be divisible, such as water, oil, steel, data rate

o w; € Rﬁ, the initial endowment of agent i, for ¢ € I. The entries of w; are the amounts of each good
agent ¢ has initially.

o fi: Rﬁ — R is a production/utility /happiness function for agent ¢ € I, assumed to be increasing,
continuous, and concave.

We consider markets with transferrable utilities, which means that agents can exchange cash as well as goods.
Let m; be the payment of agent 7. A negative value of m; means that agent i has a net increase in cash. An
outcome for a given market is a set of final allocations (z;);cr, with z; € RY for each i € I, and payments
(m;);er satisfying the following constraints:

1. Conservation of goods: D, ; 2z = >, w;

2. Budget balanced: ), ., m; =0

Given an outcome (z,m), the payoff vector x € R™ is defined by z; = f;(2;) — m;.

A market induces a cooperative game (I, v) with coalitional value function v defined by

U(S)émax{Zfi(zi) :zieRﬂ,Zzi:Zwi}. (8.7)

ieS €S i€S
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The idea is that the agents can benefit by exchanging goods and money among themselves. The value, v(S),
of a coalition S C I is the maximum sum of utilities that the agents within the coalition S could achieve
by redistributing their initial endowments among themselves. Agent ¢ obtains a profile of goods z; for each
i€ S.If (Sk)1<k<k is a partition of I, then Zﬁil v(Sk) is the maximum sum of utilities that can be achieved
by redistribution of initial endowments, subject to conservation of the amount of each good within each block
Sk. The induced cooperative game is cohesive because the maximum sum of utilities over all agents can be
achieved by unrestricted redistribution of the initial endowments, conserving only the total amount of each
good within the grand coalition I.

Suppose (z,m) is an outcome for M such that the associated payoff vector z is in the core. Then the
equality core constraint, namely ), x; = v([), gives ), ; f(2;) —m; = v(I) or, due to the budget balance
constraint, Y ., f(z;) = v(I). Thus, if the payoff vector for an outcome (z,m) is in the core, the allocation
of goods, z, must maximize the social welfare, subject to the conservation of goods constraint. In addition,
the payments must be such that no coalition of agents has incentive to not accept the allocation of goods z
and payment, and exchange only within their coalition.

The value v([I) is the maximum social welfare that can be achieved by redistribution of the initial endowments.
The optimization problem defining v([I) is convex. A solution z* to the optimization problem is an allocation
of goods that maximizes the total welfare. In other words, z* is said to be efficient. To gain insight, let
us consider the problem in detail and identify the dual optimization problem. Let p € R denote a vector
of multipliers associated with the conservation of goods constraint, » .., 2 = >, ; w;. The entries of p
can be interpreted as unit prices for the goods, in which case a payoff vector for the agents is given by
(fi(2F) — p(2f — wy))ier, where p(z; — w;) is the inner product of p and (z; — w;) (i.e. pT(z; — w;)).

The optimization problem defining v(I) is the following, which we call the primal problem:

max Z fi(z:)

z>0 4
iel

subject to Z’Z’ = Zwi.

el el

This convex optimization problem satisfies the Slater condition if ), ; w; > 0 coordinatewise, in which case
strong duality holds. The Lagrangian function is

L(zp) =Y filz) =Y p(zi — wy).

iel i€l

The dual optimization problem is

min (Z max{ fi(z) — p(z — wi)}> . (8.8)
P iel

ZiZO

A saddle point pair for this primal-dual pair of problems, (p*,z*), is called a competitive equilibrium (or
Walrasian equilibrium). Equivalently, (p*, z*) is a competitive equilibrium if and only ifﬂ

e 2 is a feasible allocation: z* >0 and ), ;2 = >, ; w;.

o zF € argmax,,>o{ fi(z) — p*(z —w;)} for each i € I.

2This follows from Theorem if the functions f; are continuously differentiable.
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The payoff vector z* for a competitive equilibrium (p*, z*) is given by zF = fi(2f) — p*(zf — w;). If the
functions f; are strictly concave then the competitive equilibrium is unique. Also in that case, by the
envelope theorem, Proposition the gradient of the i*" term of the sum in with respect to p is
2i(p) — wy, so the condition ), ; zi = >, ; w; implies the gradient of the dual objective function at p* is

zZero.

A competitive equilibrium is an equilibrium for price-taking agents, and the prices are adjusted so that the
supply of each good matches the demand. To expand on this point, suppose agent ¢ is presented with the
vector of unit prices p* for the various goods, and has the option of selecting a vector z; € Rﬂ representing
how much of each good the agent will end up with, by possibly selling some of the goods in his/her initial
endowment w; and possibly buying some other goods. The condition z} € arg max,;>o{fi(z:) —p*(z; —w;)}
means that 2 is the best response for agent ¢, under the assumption that the price vector p* does not depend
on the agent’s choice of z;. The feasibility condition for the competitive equilibrium means the price vector
p* is adjusted so that, under the assumption of price taking agents, the total supply of each good is equal
to the demand.

The opposite of a price-taking agent is a strategic agent, who takes into account the impact of his/her choice
of z; on the price charged. Such strategic behavior of an agent is rational if the agent controls a significant
portion of the market, in other words, if the agent has significant market power. The notion of competitive
equilibrium, in contrast, is most relevant for large markets, with a large number of agents, such that the
choice of each individual agent has only a small impact on any other agent.

Proposition 8.16 (Payoff vectors for competitive equilibria are in the core) The payoff vector for any
competitive equilibrium of the market is in the core of the induced cooperative game. In particular, the core
18 nonempty.

Proof. Let S C I. It must be shown that ), ¢z} > v(S), where v is defined by (8.7). Equivalently, by the
definition of the z;’s and v, it suffices to show that for any (z;)ics with > ;g2 = >, g ws,

D fulz) =0 wi) =Y fulz):
i€s i€s

However, this follows from the fact that for each i, f;(2]) — p*(2f —w;) > fi(z:) — p*(z;i — w;), and the fact
> ies P (zi —w;) = 0 (which follows from . ¢ 2z; = > ;g wi). |

Example 8.17 (Exzample of a market M with transferable payments) I = {1,2}, £ = 1, w1 = wy = 1,
f1(z) =lnz and fo(z) =41lnz. We shall find the core and the competitive equilibrium. First, the coalitional
valuation function v is identified. As always, v(0) = 0. If there is only one agent then no transfer of goods
is possible, so v{1} = fi(w1) =In(1) = 0 and v{2} = fo(ws2) =41n(1) = 0. Finally,

v{l,2} = max (Inz; +41lnzs) =1In(0.4) + 41n(1.6) ~ —0.9163 + 1.8800 = 0.9637.

21,222>20,21+22<2

The core constraints are x; > v{i} = 0 for ¢ € {1,2}, and x1 + x2 = v{1,2}, so, geometrically speaking,
the core is the line segment in R? with endpoints (v{1,2},0) and (0,v{1,2}). The efficient allocation is
(21,23) = (0.4,1.6), which entails the transfer of 0.6 units of good from agent 1 to agent 2. The competitive
equilibrium price p* is given by p* = fl/(2}) = 55 = 15 = 2.5. Under p*, agent 2 pays (0.6)(2.5) = 1.5 to
agent 1. The payoff vector is thus * = (In(0.4) 4+ 1.5,41n(1.6) — 1.5) ~ (0.6836, 0.3800), which is a point in
the core, as required by Proposition[8.16,
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A clean model for large markets is to start with an exchange market M = (I, ¢, (w;), (f;)) and an integer k
and consider the market kM obtained by k-fold replication of M. Then I indexes the types of the agents
in kM. The market kM has k agents of each type, w; is the endowment of goods of each type i agent, and
fi: Rﬂ — R, is the production/utility /happiness function for each type i agent. The market kM is not the
same as k-fold replication of the corresponding cooperative game defined above, because even if a coalition
S in kM has more than one agent of a given type, all the agents in the coalition can exchange goods among
themselves.

Given a coalition S in kM, let y; denote the number of agents of type i in S. Then y = (y;)ier € {0, ..., k}.
Since all agents of the same type have the same production function, v(S) is determined by y, so we can
define v(y) to equal v(S). In particular, the grand coalition of M, I, corresponds to y = 1, were 1 is the
vector of all ones, so v(I) = v(1). Let T € R!, and for k > 1 let ) denote the payoff vector for kM such
that each agent of type i gets payoff ;. By abuse of notation, we say that T is a payoff vector for kM and
it is in the core of kM if Z) is in the core of kM. With this convention, the value of the grand coalition in
kM is kv(I) = kvy(1), and if (p*, 2*) is a competitive equilibrium for M with payoff vector 2*, then (p*, z*)
can also be considered to be a competitive equilibrium for kM with payoff vector z*. In that case, z; is
considered to be the final good profile for an agent of type ¢, and z} is the payoff of an agent of type .

Vectors of the form Z(*®) respect the principle of equal pay for equal contribution. For many M, the core
of the kM contains payoff vectors of other types. However, if there is a vector 2’ in the core of kM, and if
T corresponds to paying agents of each type i the average of z, over the k agents i’ of type 4, then T (or,
equivalently, i(k)) is also in the core. To verify this, let S be an arbitrary coalition for kM with corresponding
vector ¥, so that y; is the number of agents of type i in S for each i € I. Let S’ be a coalition with the same
descriptor y, such that for each type ¢, the coalition S’ includes the y; agents of type i with the smallest

payments under z'. Then } ¢ fg,k) > ey Ty > v(S") = v(S), so that T is in the core of kM as claimed.

Example 8.18 (Let M be the market of Example . Let’s find the vectors T = (T1,Ta) in the core of 2M
(the k-fold market kM for k = 2). The calculations in Example imply v(0,0) = v(1,0) = v(0,1) =0
and v(1,1) = 0.9637, giving the constraints T; > 0 and T1 + To > 0.9637. Since v(2,2) = 2v(1,1), the
feasibility constraint for 2M is 2T; + 2Ts = v(2,2), which is the same as the feasibility constraint for M :
T1 + Ty = 0.9637. There are two types of coalitions in 2M not in M, corresponding to y = (2,1) and
y = (1,2), consisting of three agents: two of one type and one of another type. We can assume without loss
of optimality that agents of the same type get the same final allocation of goods (e.g. if 21, and z}5 are the
profiles of goods obtained by two agents of type 1, they can be assumed to be equal). Therefore,
v(2,1) = max Inzj; +1Inzjy +4Inz)

! ’ /7 el ’ -
211,212,223 20:213 +215+25=3

= max 2(Inz1) +41n 2y
21,222>0:221429=3

=2In1/2+4In2=21In2 =~ 1.3863
and, similarly,

1,2) = 1 2(41
7( ’ ) m&zzg}g}i%z:i’) nz ( HZQ)

In1/3 + 81In4/3 ~ 1.2028.

Thus, in addition to the constraints T; > 0 and T1 + Ty = 0.9637, there are the constraints 2T, + T2 > 1.3836
and Ty + 25 > 1.2028. These constraints imply the core of 2M is given by 0.4199 < Z; < 0.7246 and
Ty = 0.9637 —Z1. The competitive equilibrium (0.6836,0.3800) for M, is also the competitive equilibrium for
kM for all k > 1, and it is in the core of 2M as required.
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Example [8.18] suggests that as k — oo, the core of kM shrinks to the set of payoff vectors for competitive
equilibria. Such result was conjectured in Edgeworth (1881) and proved in Debreau and Scarf (1963) and
Aumann (1964). A version is given here.

Proposition 8.19 (Core shrinking to competitive equilibrium payoffs as k — oo) Let T € RI. Then T is in
the core of kM for all k > 1 if and only if T is the payoff vector of a competitive equilibrium for the original
market M.

Proof. To avoid details involving subgradients, we give a proof under the added assumption that the
functions f; are strictly concave, in addition to being continuous and increasing. By definition, for any

ye{0,...,k},

V(y) = maxzyifi(zi) (8.9)
il
over z = (2;)ier, 2 € R’, with z > 0

subject to Zylzl = Zyiwm

il icl
which by strong convex duality yields:

= mi i i(zi) —p(zi —w;i) . 8.10

() ;ré@;y max{fi(zi) = p(i — wi)} (8.10)

The representation (8.10]) shows that v is a concave function, and by the envelope theorem, v is continuously
differentiable and Vy(y) = 2*(y), where z*(y) is the payoff vector for the saddle point solution (p*(y), 2*(y))

of and .

By definition, a vector # € R’ is in the core of kM if and only if y(y) < y'7 for all y € {0,...,k}!, with
equality for y = k1, i.e., 7(k1) = k17Z. The function ~ is homogeneous of degree one. In other words, for
any a > 0, y(ay) = ay(y). Therefore, T € R’ is in the core of kM if and only if v(1) = 177 and y(y) < y’@
for all y € Ua»00{0, ..., k} . The union over all k < 1 of the sets Uq>0a{0,...,k}! is dense in R:, so if T
is in the core of kM for all k > 1, y(y) < yT7 for all y € Ri, with equality at y = 1. In other words, Z is a
supergradient, and hence the gradient, of vy at y = 1. Therefore, T = V(1) = 2*(1), which means T is the
payoff vector of a competitive equilibrium of the base game corresponding to k = 1. |

8.3 The Shapley value

Return to the general setting of a cooperative game (I,v). An alternative to considering the core is to
somehow assign a feasible payoff vector (z;);c; to any such game, where, as before, the vector x is defined
to be feasible if ), ; 2; = v(I). The Shapley value profile, often simply called the Shapley value, can be
defined using the following notation.

Let P,, denote the set of n! permutations of I
For m € Py, let Si(w) ={j € I : j is before i in w}. (Note that i ¢ S;(m).)

For a coalition S and player ¢ with i € S, let A;(S) = v(S U {i}) — v(S), which is the marginal value of
adding 7 to S.
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The Shapley value profile, or Shapley value, (x;);cr, is given by:

; é% > Di(Si(m)).

’ ‘ITEPN

In words, z; is the expected marginal value of adding player i to the set of players already added, given that
the grand coalition is built up one player at a time, with the order of the players being chosen uniformly at
random.

Remark 8.20 (a) Proposition 77 states the following (using somewhat different notation): If v is su-
permodular (v(S UT) +v(SNT) > v(S)+ v(T)) then for any permutation m, the payoff profile
(2;) = (D;(Si(7)))ier, is in the core. Since the core is a convex set, the Shapley value is thus also
in the core if v is supermodular.

(b) Shapley showed the mapping v Ly gShapley for fixed I is the unique mapping subject to three axioms for
a given set I:

o linear: F(vy + v2) = F(v1) + F(v2).
o symmetric with respect to permutation of the agents

e no value for dummies: F;(v) =0 if v(S) =v(SU{i}) for every coalition S not including agent i.

See [26] for a proof.

Example 8.21 Consider a majority coalition formed in a parliament, consisting of the union of three disjoint
blocks, s,m and ¢, having 20 seats, 30 seats, and 50 seats, respectively, Suppose the threshold for a majority
is 65 seats. Thus, the value of the majority coalition is one, and if only the large block and either the small
or medium block were in the coalition, it would still have value one. To compute the Shapley value profile
for blocks within the majority coalition, consider all 8! ways the majority coalition could have been built up
by having the blocks join one at a time.

™ ; (AS(SS (7)) Am(Sm (7T)>7 Ag(Se(m)))
st m
mst

(
(
(
mls (
(
(

)

)

0
0
07
0
1
0

)

fsm
Ims

)

—FO 0000

1
1
1
1
0
0

T — — —

) )

_ (1 1 4
So T Shapley = (63636)'

For sake of comparison, let’s find the core of the game. The constraints for (xg, Tm,xe) to be in the core are
gy T, e 20, s+ T+ 20 =1, s+ ¢ > 1 and x,, + 2 > 1. The only solution is (0,0, 1); the core is the
singleton set, {(0,0,1)}. Although the core is not empty, the Shapley value is not in the core. (The game is
not supermodular, or else this would be a contradiction.)
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