Int J Game Theory (2004) 33: 21-40

DOI 10.1007/s001820400182 e arat

Journal of

T

@ Springer Verlag 2004

General procedures leading to correlated equilibria*

Amotz Cahn'

Center for the Study of Rationality and Department of Mathematics, The Hebrew University of
Jerusalem, 91904 Jerusalem, Israel

Received: May 2004

Abstract. Hart and Mas-Colell [2000] show that if all players play “regret-
matching” strategies, i.e., they play with probabilities proportional to the
regrets, then the empirical distribution of play converges to the set of cor-
related equilibria, and the regrets of every player converge to zero. Here we
show that if only one player, say player i, plays with these probabilities, while
the other players are “not too sophisticated,”” then the result that player i’s
regrets converge to zero continues to hold. The condition of “not too
sophisticated” essentially says that the effect of one change of action of player
i on the future actions of the other players decreases to zero as the horizon
goes to infinity. Furthermore, we generalize all these results to a whole class
of “regret-based” strategies introduced in Hart and Mas-Colell [2001]. In
particular, these simplify the ‘“conditional smooth fictitious play” of
Fudenberg and Levine [1999].

Key words: adaptive procedures, correlated equilibrium, regret-matching,
adaptive heuristics, fictitious play.

1. Introduction

A game G of N players is a triplet (N, {8}y, {u'},cy ), where N is the set of
players, S is the set of strategies of player i, and u' : [,y &' — Ris the payoff
function of player i. All sets of players and strategies are finite. Denote by
S = [];en ' the set of strategies of all players, and by S := []; ;cy &’ the
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set of strategies of all players different from i. Denote by AS’ the set of
probabilities on S (similarly AS is the set of probabilities on S). A strategy
s' € 8 is a pure strategy of player i, and the elements of AS’ are the mixed
strategies of player i. When dealing with mixed strategies one often is inter-
ested not in the actual payoff received, but rather in the expected payoff using
those mixed strategies.

One can also consider a situation where the game G is repeated over and over
again. In this situation the strategy the players play at time ¢ is denoted s, (and
the strategy of player i is correspondingly s?). In this paper we study repeated
games, and their relations to the solution concepts of the one-shot game.

1.1. Correlated equilibria

In a two-player zero-sum game there exists the value of the game, which is the
payoff that the players can ensure they will get, and optimal strategies, which
ensure this payoff. In a non-zero-sum game and in a game with more than two
players, we cannot talk about a value of the game since such a value does not
exist. Instead of value and optimal strategies one considers equilibrium.
Equilibrium is a vector of strategies, such that no player will increase his
payoff by unilaterally changing his strategy. The leading non-cooperative
equilibrium notion for N-person games in strategic (normal) form is Nash
equilibrium, which is an N-tuple of probabilities on S’, such that no player
can increase his payoff by unilaterally changing his action.

The notion of Nash equilibrium has been generalized by Aumann [1974],
who introduced the concept of correlated equilibrium. Assume that, before the
game is played, every player receives a private signal (which does not affect
the payoffs). The player may (but need not) choose his action in the game
depending on this signal. A correlated equilibrium of the original game is just
a Nash equilibrium of the game with the signals. If the signals are (stochas-
tically) independent across the players, this is just a Nash equilibrium (in
mixed or pure strategies) of the original game. But the signals could well be
correlated, in which case new equilibria may obtain.

Equivalently, a correlated equilibrium is a probability distribution on N-
tuples of actions, which can be interpreted as the distribution-of-play
instructions given to the players by some “device” or “‘referee.” Every player
is given — privately — instructions for his play only; the joint distribution is
known to all of them. Also, for every possible instruction that a player
receives, the player realizes that the instruction provides a best response to the
random estimated play of the other players — assuming they all follow their
instructions.

Finally, one can think of the set of correlated equilibria as the following
subset of AS, the set of probability distributions on N-tuples of actions:
x € AS is a correlated equilibrium if for any random variable ¥ = (Y'),.y (¥’
with values in %) such that! ¥ ~ x, the following holds for all i € N, and for
all s € §" such that Pr(Y' = s') > 0:

E[u (', ¥) | ¥/ =] = max B[ (7, 77) | V' =) (L)
Jjes!

'The notation ¥ ~ x means that ¥ and x have the same probability distribution.
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1.2. Regrets

A player may be sorry because he played one way instead of another. We can
quantify how sorry he is by the difference between the payoff he would have
gotten had he played differently, and the payoff he actually received. This
difference between payoffs is called the regret.

The regret we consider is obtained by comparing the actual payoff
received to the payoff one would have gotten by playing another pure
strategy. In a one-shot game this regret does not make much sense when
dealing with mixed strategies. However, when dealing with a repeated game
the picture is different. In a repeated game this regret can be described for
player i as the difference between the average payoff of playing k instead of
j every time player i played strategy j, and the average payoff of the
actually played strategies. We denote this regret by Di(j,k) — the regret at
time t of player i from j to* k. This regret is of course a function of how
often every strategy s € S was played, or, put differently, a function of the
proportion of play of every strategy s € S. This proportion is called the
empirical distribution of play, and it depends on the time ¢ of the game. It is
denoted by? z,. Notice that z is a probability distribution on S, the set of
all strategies.*

Hart and Mas-Colell [2000] (henceforth [HM1]) found an interesting
connection (see Section 3 there) between regrets and the set of correlated
equilibria (which can be described as a subset of the set of probability dis-
tributions on §). They prove: Given any ¢ > 0, let {s;},_;, be a sequence of
plays such that the limsup of the regret for every player and every strategy is
less than or equal to e. Then the sequence of empirical distributions z, con-
verges to the set of correlated e-equilibria. Furthermore, Hart and Mas-Colell
[HM1, Theorem A] use Blackwell’s [1956] Approachability Theorem to prove
that the set of all nonpositive regret vectors is an approachable set for every
player. This means that every player has an adaptive strategy such that, no
matter what the other players do, all his regrets converge to the nonpositive
orthant. However, this strategy is quite complicated, and one must calculate
eigenvectors of a different matrix in every period ¢ in order to evaluate it.
Therefore Hart and Mas-Colell [HM, Section 2] construct a simple adaptive
procedure in which the transition probabilities are linearly proportional to
the regrets. This procedure has the property that if all players follow it, then
the regrets of every player converge to the nonpositive orthant. (Hence the
empirical distribution z, converges to the set of correlated equilibria.) Nev-
ertheless, as they state, this property holds only if all players follow this
procedure. Here (in Section 3) we give weak conditions on the other players’

2A formula for this is
Di(j,k) = %Zzgt;s;:/ [”i (k75;i) —u (]} S;i)}-

3z,(s) equals the number of times s was actually played in the first ¢ periods, divided by ¢.
4A way of describing the regret of player i from j to k in terms of z is

Di(j k) = X cgimy 2e(8) [ (ks 571) — 1 (5)].
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play that suffice for the regrets of player i to converge to the nonpositive
orthant.’> Furthermore, following Hart and Mas-Colell [2001] (henceforth
[HM2]), we generalize (in Section 4) the Hart—Mas-Colell strategy to a larger
class of strategies and we prove that the same convergence theorems hold. In
particular, in Section 4.5, we strengthen a theorem of Fudenberg and Levine
dealing with conditional smooth fictitious play.

2. Preliminaries
2.1. The Hart—Mas-Colell simple procedure

As mentioned in the introduction Hart and Mas-Colell develop a simple
method that ensures that the empirical distribution of play will converge with
probability one to the set of correlated equilibria.

We describe here the procedure that they developed.

Let G be a game with a finite number of players. Suppose that G is played
repeatedly through time: = 1,2,3,... . Let st be the strategy that player i
played at time ¢ (and s;’ the strategy other players played, and s, the strategy
combination of all players at time 7). Let 4, := (s;),., be the history of the
game until time ¢. B

Let

AN k) = I{S;:j} [ (k,s,") — ' (s1)]

be the regret at the specific time ¢ from j to k. The regret Di(j, k) is the average
of A'(j,k) , i.e.,

” I .
=1

The positive part of the regret, denoted Ri(j, k), is Ri(j, k) := [Di(j,k)], . As
we mentioned, the transition probabilities 7}(j,k) of the Hart—Mas-Colell
strategy (henceforth HMS ) are proportional to the positive part of the regret.
Let u be sufficiently large,® let ni(j, k) := (1/u) - Ri(j,k) for k # j € S, and
m(j,7) =1— ZkeSi:k;éj (/. k).

In the Hart and Mas-Colell strategy player i plays at time ¢ + 1 according
to the probabilities

Pr(s%_1 = | ht) = ni(si,si); (2.1)

that is, the transition probabilities from one period to the next are linearly
proportional to the regrets. Hart and Mas-Colell prove [HM1, Section 2] that
if all players follow this strategy then with probability one the empirical
distribution of play converges to the set of correlated equilibria. The method
used in order to prove this is to show that the positive part of the regret

>Note that a procedure that is totally correlated between players is not of major interest. Players
can decide on any Nash equilibrium, and this would be a strategy that leads to equilibria. Hart
and Mas-Colell’s procedure is not such a procedure, since it is not based on the game played. Yet,
our result gives added importance to this procedure.

®Specifically, u should be large enough to ensure 7i(j, /) > 0 for every i € N and every j € S'.
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converges to zero almost surely for every player and every strategy.
(Henceforth, whenever we use the term ‘“‘regret converges to zero,” we mean
the positive part, i.e., Ri(j,k) =/ 0 for all k # j € S'.)

However, if other players do not follow HMS then the regret of player i
need not converge to zero. In Section 3 we show that with some slight con-
ditions on the other players’ play we can still get this convergence.

2.2. Approachable sets

Consider a game in strategic form played by a player i against an opponent —i
(which can be nature, or another player, or many other players). The action
sets are the finite sets S’ for i and S~/ for —i. The payoff functions are vectors
in some Euclidean space. Let a; be the payoff to player i at time ¢, and @, be
the average payoff to player i up to time . A set C is called an approachable
set for player i if player i can guarantee, no matter what player —i does, that
the Euclidean distance, dist(a;, C), tends to zero almost surely as ¢ — oo.

Given a game with a scalar payoff «’, we can look at the vector of regrets
of player i in the one-shot game 4’ (defined in the previous subsection) as a
vector payoff. Now we can consider this vector payoff and ask which sets are
approachable. Hart and Mas-Colell [HM1, Section 3] prove that the non-
positive orthant (denoted R™ where m; = |S|) is approachable for every
player i. (Obviously, other sets are also approachable, e.g., any set that in-
cludes R”, which may correspond to correlated ¢-equilibria.)

Consider a convex closed set C such that R” C C and a mapping A :
R™\C — R™ such that A is continuous, integrable, and, for every x € R"\C,
the vector A(x) represents a direction from C to x, in the following sense:
A(x) -x > A(x) -y for all y € C. Hart and Mas-Colell [HM2] prove that if a
player uses a strategy that guarantees that the one-shot payoffs lie in the
C-side of the half space generated by A(x) (and not in the x-side), then the
average payoff will converge to C almost surely [HM2, Theorem 2.1]. In
Section 4 we prove, similarly to what Hart and Mas-Colell do in their simple
adaptive procedure, that we can use a strategy linearly proportional to the
direction pointed out by operating A on the regret (that is, A(D;')), to get, if
all players follow this strategy, a similar result. Furthermore, we show that
with some slight conditions on other players’ play, we can get the convergence
of the regret for player i to this set C, no matter what the other players do.

3. Consistency of the Hart—Mas-Colell strategy

3.1. Introduction

In their paper [HM 1], Hart and Mas-Colell show a simple adaptive procedure
leading to correlated equilibrium, as we described in Section 2.1. However, as
they point out in Section 4(d), this procedure is not ““‘conditionally universally

consistent.”’ In particular, if only player i follows the procedure we cannot
conclude that all his regrets go to zero. In this section we give sufficient

"The result is not guaranteed for a player unless all players play according to this strategy.
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conditions on the behavior of the other players, which imply that all regrets of
player i will necessarily converge to zero.

3.2. Main results of this section

Let G be a game with a finite number of players. When dealing with player i
we can always look at G as a two-player game between i and —i, where —i is
N\{i}.} For any strategy used by —i, we can ask: what is the effect of the
action actually used by player i at stage ¢ of the game, on the action player —i
uses at step ¢ + w? We show that if this effect is as small as f(w)/g(¢), for some
functions f, g such that g(¢) —,_ oo, and player i uses the Hart and Mas-
Colell strategy HMS (2.1), then, no matter what strategy player —i uses, the
regrets of player i will converge to zero as time goes to infinity.

Formally, assume that for all #,w > 0, given two histories hiyw—1 and
LA such that for every t <¢+w, t #t we have s, = s, and for 7 = ¢ we

have s;/ =5/, st # s (that is, the two hlstorles i1 and h,.,,,, differ only
in player i’s actlon at time f), then for all =% in S~
i fw)
’Pr( Sipw =8 | ht+W*1) Pr( St4w = | ht+w l)‘ < g(0) (3.1)

for some functions f,g such that g(¢) —, .. oo. (Note that there are no
conditions on f; its role is to get a uniform bound for every w.)

What this condition says is that the effect of one change in the action of ¢
on the action of the other players converges to zero as the horizon goes to
infinity. (For example, in the HMS this is so since the effect is of the order
1/t.)

Remarks:

(1) In fact, we need this condition only for w such that w = o().

(2) The interdependence between the strategies of the players other than i
is irrelevant.

(3) If all players follow HMS as in (2.1), then by Step M3 of the Appendix
of [HMI1] R., (j,k) — Ri(j, k) = O(w/t) (and the same holds for the
corresponding transition probabilities); hence (3.1) holds with f a
linear function of w (specifically, f(w) = 2cw where ¢ is the constant
for O(w/t) and ¢(¢) = ¢).

Theorem 3.1. If player i uses the Hart—Mas-Colell simple strategy of (2.1),
then the regrets of player i are guaranteed to converge to zero a.s. as t — 0o,
for any strategies of the other players that satisfy (3.1).

3.3. Proof of theorem

We shall make use of the following remarks.

8We allow other players to be correlated among themselves; hence we may refer to them as one
player.
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3.3.1. Remarks

In (3.1) we may assume without loss of generality that:

(*1) f(w)>w; and f is monotone increasing. (Otherwise, take
F(w) := w+ max, <, f(w) instead of f.) We extend " to the entire
positive real line in a manner which will make it one-to-one.

(*2) ¢(¢) <t, (g9(¢) > 1) and g is monotone nondecreasing. (Otherwise,
define G(t) := min{z, min,>, g(x)}, and take G instead of g.)

(*3) g(t) —g(t—1) <1/t. (Otherwise, one can define G(¢) by
G(1) :==g(1) and G(¢+ 1) :=min{g(¢+ 1), G(t) + 1/(t + 1)}, sat-
isfying G(f) =~ 00 and G(t) — G(t — 1) < 1/¢t, and take G(¢) in-
stead of g. [G satisfies (*1) and (*2) if g does.])

Notice that we require that (3.1) hold for every history. Thus, assume that

we have two histories 4,1 and /, el such that for every t <t we have

s; =, and for 7 > t we poss1b1y have s¢ # 5", s7' = s/~". Then we can define a
1 0
sequence of histories A%, ; f‘ww Lo Pt s such that by = hepwots
and A, dlffers from A7, only in that at stage ¢4/, we have
I+
ht+w 1(St+l) - t+l Hence h;;w I h;—O—w 1> and
IPr(sily = 7" [ 1) = Pr(sify, =57 Ay )|
w—1 w—1
- —i | pl+1 Sw=1)
< Z|Pr H—w - ! | ht+1v 1) PI'( t+w =S ! | ht+w—l)| SZ l ’
= 9t +1)

Now since we have assumed that f is monotone increasing, and ¢ is mono-
tone nondecreasing, it follows that:
wf (w)

|PI'( Styw = s | ht+w71) Pr( Siiw = s ‘ ht+w 1)’ < )

If we define f*(w):=wf(w) instead of f(w) we get the following: there
exists f,g such that g — oo, and for every 4,1 and k;, _, such that for
every r<t we have s, =s, and for 7>¢ we possibly have s # s,

s;l =57

|Pr(stjrlw =s" | hH’W_l) - Pr(st;lw =5 ‘ ht+w 1)| ST (32)

holds. Henceforth, we assume that the strategy of —i satisfies (3.2), with f and
g satisfying (*1)—(*3).

An analogous way of looking at this situation is as follows. If all players
follow HMS, then there exists a matrix of transition probablhtles I1;, for

every player i’ and stage t. For every player i/ we have ‘H’ : er| = w/ 1);
hence
—i —i w
[Pr(sity = 57" | ist) = Pr(sity =7 sy, st )| = 0(5).

Consider a given process s such that player i follows HMS and the other
players do not. Suppose that
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=5 | hz,S:l, cee aS:W'—l)’ - O(%>

for some functions f, g such that g(¢) —,_., co. We prove that the regrets of i
converge to zero almost surely.

|Pr(S:w' = Sii | ht+w71) — PI’(Sii

t+w

3.3.2. Lemma
Before proving the theorem we state a simple lemma.

Lemma 3.2. Assume that the players —i are using strategies that are indepen-
dent of player i’s moves, that is,

Pr(s, =s" | hy) =Pr(s; =57 [s7'....s7)),

and that player i uses HMS as in (2.1). Then the regrets of player i converge to
zero a.s., as t — oo.

Proof: The proof is exactly as in [HM 1], except that in Step M4 here we define
Si1y differently. §;.,, is defined by §; := s,, and the transition probabilities are:

Pr(Siiw =5 |80re e sSemw 1) = TL(5,,1os) - Pr(si, =s7 [ hosil 080, ).

One can verify that Step M4 is still true with the same proof given in
[HM1]. (Given h,, player —i plays with the same probabilities for § and s;
therefore

Pr(S7ty =57 Ui t) = Pr(sity =57 [ 1) = 0

and for player i we still have

[Pr( = ' [ iet) = Pr(shy, = o' L) = O(%)
hence one can use the same proof.) A similar statement is true also for Step
M5 of [HMI1]. Step M6 is also true, and the proof remains unchanged.
(Notice that in the proof of M6 we are using only the independence of i and
—i, which still holds, and the fact that player i uses Il, as transition proba-
bilities.) The last step involving the § strategies is M7, which involves only the
stochastic matrix IT;, and it is obviously still true; therefore the continuation
of the proof as in [HM1] is still valid. |

We now can prove our theorem.

3.3.3. Proof of Theorem 3.1

This proof follows the Hart and Mas-Colell paper [HM1], and we use the
same steps. We use lowercase letters to distinguish steps in our proof from
those in theirs.

o Steps M1, M2, M3 of [HMI1] are generally true, independently of the
strategies used.

Define §,4,, as in the proof of Lemma 3.2.

o Step md: [Pr(Siey = 5 | h) — Pr(sipy = s | h)| = o(g(g‘;?).
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We use Hart and Mas-Colell’s lemma in the Proof of Step M4 [HM1]. Since
for every player, the transition probability for the § process differs from the
corresponding one for the s process by at most O(f(w)/g(¢)) (for player i it
differs by O(w/t) which is < O(f(w)/g(¢)) by (*1) and (*2)), it follows that

P =5 | h) = Pr(sion = | )| = ;o(fg({j))) — oM7),

(The last equality follows since f is increasing.)
o Step m3: ’ocw(j, — Uyw(Jy s ’ = (W/ W)
This is immediate by Step m4.

o Step m6: 0y, (j,s7) = Pr(s, = s~ | h) [T — IT)] (57, /).

The proof of [HM1, Step M6] holds, since, by definition of the § process, the
transitions of i and —i are independent.

o Step m7: 0y, (j,s7) = O(w™1/2).

The proof is the same as in [HM1, Step M7].

o Step m8: E[(r+ 00,10 | h,} <p, + 0( ) +tul/2)

By Steps m5, m7, and M2, it follows that

- wf (w) —1/2> (v2f(v) 1/2)
R; - A w = Ol —=+w =0(———=+v .
SR Buten |1 =305 10
Substituting into M1(i) yields the result. (Note that the term O(v?) is not
needed since £ (v)/g(t) > v*.)

Now let #, be an increasing sequence of positive integers (to be defined
later), and let v, := t,.| — t,. Then

o Step m9.1: E[t2,\p, | h,] < lp, + 0(% + t,,v}/2>.

Step m9.1 follows immediately from m8.

Let f(w) := w>f(w). (Notice that f is a continuous strictly increasing
function, and thus f has an inverse function, denoted by f~!.)

Let a, := %fﬁl(g(n))» and let #, := [nan]; (n = tay1 — tn).
o Step m9.2:

(i) a,isa nondecreasing sequence, and a, —,_.o O0.
(i) %= O(n

(i) £ (va)/g(ta) = O(1).

(iv) m f(L,, + ty0) 1/2 O(naz/z).

Proof: (z) is 1mmed1ate since all the functions involved are increasing and go
to infinity.

(i) By (*3) we have g() g(t— 1) < 1/t also, for x >y > 1 we have
f~(x) — f~'(y) < x — ysince f is increasing and greater than or equal to 1 by
(*1). Hence

2(ay —ap—1) < g(n) —g(n—1) <

S\»—
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Thus
Un 1+ (n+ Dayy1 — na,
t, — na,
Pl 1 (0 + k) — e _ants_ 0@,
- na, na, n
as claimed.

(iii) By (i) there exists an ng such that a, > 3/2 for all n > ng. First, we
have v, < 2a, for all n > ny. Indeed,

vy — 2a, <14+ (n+ )ay; — na, — 2a,

gl—i—(n—i-l)(an—i— —(n+2)a,=15-a, <0.

1)

Thus f(v,) < f(2a,) = g(n) < g(t,) since £, > n - 1.5, which yields the result.
(iv) By (jii), the ﬁr3t term is O(t,); thus, in total we have O(t,v}/?), which

by (ii) is O(t (ta/n)'*) = O(na? 25
e Step m10: lim, ., p, =0 a.s.
Proof: Define b, := 12 ~ n*a? and X, := b,p, — b,_1p, , =12p, —2_1p, .

By Step MI(ii) it follows that |X,| < O(t,v, 4+ v2), which by M9.2(ii)
equals O(r2/n). Thus

szVar ZO( )

Next, Steps m9.1 and m9.2 imply that

ty
LS EN | X K] =0(r ) ZO(‘UC”‘ U;ﬂ)

” v<n v<n

_2 —2 ZO ;0.5) e 0.

v<n

(For the first equality we use m9.1, for the second equality we use m9.2(iv),
and for the third we use a, < a, for v < n which follows by m9.2(i), and
DovnV = 0(n?).)

Applying the Strong Law of Large Numbers for Dependent Random
Variables yields that p, , which is nonnegative and equals (1/b,) 3, ., X,
must converge to 0 a.s. (Here and in the sequel, whenever we mention the
Strong Law of Large Numbers for Dependent Random Variables, we refer
to Theorem 32.1.E of Loéve [1978], also quoted in Step M10 of [HMI1].)

o Step mll: lim,_., R,(j, k) =0 a.s.
The proof in [HM1] applies.
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3.4. Counterexample

We exhibit an example where the conditions fail and the regrets do not
converge to zero.

Let M > 0 be as large as desired, and 1 > p > 0 be as small as desired.
We show that even if we demand that player i’s action have no effect on the
strategy of player —i for the following M — 1 periods after it is played, and
that after M periods the effect be no larger than p, yet we can construct an
example where the regrets of player i will not converge to zero almost
surely.

Example 3.3. Consider a two-player game in which the payoff matrix of player

1is:
L R
T|11]0
B0 |1

Let M > 0 be as large as desired, and 1 > p > 0 be as small as desired. Let
player 1 use HMS (2.1), and let player 2 use the following strategy:

1, ifs? , =Rands! ,, =T,

| — ifs>? =Rands' ,, =B

2 o P Si—1 =M ’
Pr[s; =R | h] = 0, ifs? ,=Lands! ,, =T,
0, ifs? ,=Lands,, =B,

for all > M (and arbitrary for t < M). That is, player 2 changes his action
with probability p to the worst reply (from the point of view of player 1) to
player 1’s action M periods ago.

Note that in our example for all £,w > 0

—i —i —i —i 0, ifw#M,

|Pr(st+w =s""| ht+w—l) - Pr(st+w =s"] h;+w—1)| = {p, ifw=M,
for any two histories 41,1 and A, such that for every <t +w, v # t we
have s, = s” and for © = ¢ we have s;' = s7', 5. # 5% (that is, the two histories

hiyw—1 and k., differ only in #’s action at time ¢).
)

However, 0(%) — 0 for any g such that g — oo; hence our condition

(3.1) is not fulfilled.

Claim: The regrets of player 1 do not converge to zero with probability one.

Proof: Suppose that the regrets of player 1 do converge to zero with prob-
ability one; we shall show that this leads to a contradiction.
For all positive integers ¢,k > 0 we have

Pr(s; oy =R|siy=Rands; ;=T fori=1,....k] =1,

and

Prist oy =R|sty=Lands,, =T fori=1,... k| =1—(1-p)
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2

(since, once a switch from L to R occurs, s* remains at R; the probability of no

switch, thus always L, is (1 — p)k). Hence
Pr[s? oy =R|sh,=Tfori=1,....k] >1—(1-p) (3.3)
The same argument implies that for any positive integer ¢ > k
Pr[stz+M+j:Rforj:k,...,c|s,1+l.:Tf0ri: 1,....d>1—(1—=p),
(3.4)

since once player 2 is at R he will not switch to L. The same argument
obviously holds for the pair of actions (B, L), replacing 7 by B and R by L;
hence

2
Prlsiivy j

Let &¢>0, let k be such that (1—p)*<e and let ¢ be such that
2(M + k)/c < e. We divide time into blocks of length c. Let

H ={1,2,....,c¢},Hh:=={c+ l,c+2,...,2},....

2
Sttk+

=Lforj=k,...,c|sl,,=Bfori=1,....c]>1—-(1-p)*. (3.5

Let
Xo=1 S W) (sl D)], i=1,23.
cueH,:g},:T
(note that |X;| < 1).° Similarly, define
Y,-::1 Z [ul(T,si)—ul(si,sg)], i=1,2,3,....
¢ veH;:s} =B

Suppose no change has occurred in player 1’s play in block H; (denote this
event by H;); then by (3.4) and (3.5) we get

E{X,‘-FY,‘U?[;} >(1—8)2—8>1—38. (3.6)

Indeed, if the action of player 1 had been T (denote this event by I?TT), then
by (3.4) Pr]| =Rforj=k,....,c]>1—(1- p)k> 1 — ¢. Therefore
c—(M+k) M+k
C C

2
StM+j

el 11 73] > )Pl = Rlor =k el

fOfmw

HMH:Rforj:k,...,C|Hi,T])

>(1—g)—e>1-3e

We can now check the frequency of no change in player 1’s action. The
probability of a change from ¢ to ¢+ 1 is either (1/u)R!(T,B) or
(1/p)R! (B, T), hence less than (1/w)R}(T,B) + (1/w)R} (B, T). Therefore in a
block of length ¢ the probability of a change is no more than

°Since there are only two strategies for player 1 we can conclude that
Xi=(1/c) > e {u(B 52 >7u1(s‘ st21+1,)}, which is the ith block Hannan [1957] regret,

2 it tiv?
which in this case coincides with the Hart—Mas-Colell regret.
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1 1 1
c- ;fg?g‘{Rr (T,B)+R(B,T)}.

Now since R! (T, B) and R! (B, T) converge to zero a.s. there exists iy such that

1 1 | ]
Pr [;rtré%;{]e, (T,B)+R(B,T)} < E] >1-—¢
for all i > iy. Hence the probability of a change in player 1’s action in block H;
is less than ¢ - ¢/c - (1 — &) + ¢ < 2¢. Therefore

EX; + Y] > E[X,-+ Y; |1§,} Pr(FI,-) - (1 —Pr(ﬁ,-))
>(1-2e)(1 -3e) —2e>1-"7¢

for all i > iy. We can easily choose ¢ such that 1 — 7¢ > 0.9; hence the average
satisfies

liminf E[X, +7,] > 0.9.

But lim inf ,HOCE[X,L + Y, is less than or equal to
lim, ... R! (T, B) + R!(B, T), which contradicts our assumption. [ |

e An interesting question is, what happens if our g(¢) does not converge
to infinity but has a subsequence that converges to infinity. Can one
still get convergence of the regrets to zero? (The answer probably de-
pends on how dense this subsequence is.)

e Another interesting question is, what happens if we do not have f,g, as
in (3.1) but only require that for any w:

|Pr(s’[ | ht+w_1) - Pr(sii | ht,s:“ ... ,S;:wil)’ — o0 0.

Can one still get convergence of the regrets to zero?

4. A general class of simple adaptive procedures
4.1. Introduction

As explained in Section 2.2 above, in [HM2] Hart and Mas-Colell exhibit a
class of adaptive strategies that have a convergence property. Specifically,
they define a function A defined on all R™ except for a closed and convex
approachable set C, which defines ‘““directions” from this set C. Using a
strategy that follows A in some sense causes the average payoffs to converge
to the set C. Applying this to the setup of conditional regrets — see [HM2,
Section 5.1] — yields strategies that require the computation of an eigenvector
at every step. The question raised in [HM2] is whether we can find a simple
adaptive procedure with reference to A, in the same way as is done in [HM1]
(which corresponds to the special case of the /,-potential). In this section we
show that the answer to this question is in the affirmative.
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4.2. The model

Consider a game in strategic form played by a finite set of players N, each
having a finite set of strategies S'. Fix a player i, let m':=|S"| and
L' :={(j,k):j+#kand j, k € S'}. (From now on we omit i/ whenever it is
obvious that we are dealing with player i.) Let K’ be a closed bounded set in
RE containing in its interior the set of all possible payoffs of player i; we can
without loss of generality assume that 0 € K’ (as in Section 2.2, we view the
vector of regrets of player i in the one-shot game as his payoff vector). Let
K := K’ + (—K'); note that K is compact. Let C C R be a closed convex set!’
such that C D R". Let w:R" — R be defined by w(x) :=sup,cc{x-y}.
Notice that since C D R,

w(x) > 0if x(j, k) > 0 for all j # k, and w(x) = co otherwise. 4.1)

Let A and P be as in [HM2, Section 2]; i.e., A : R\\C — Rf, and P: R — R
but with the following slightly stronger conditions:!!

(D1) A is Lipschitz on K\C.

(D2) P is differentiable; VP is Lipschitz on K; and VP(x) = ¢(x)A(x) for
almost every x¢ C, where ¢ : R“\C — R, is a continuous positive
function.

(D3) A(x) -x > w(A(x)) for all x¢ C.

(D4) A can be extended to a Lipschitz function on'? K.

Notice that (D1) and (D2) imply VP(x) = ¢(x)A(x) for every x ¢ C. By
4.1), (D2), and (D3), for every x¢C we have A(x)(j,k) >0 and
VP(x)(j, k) > 0 for all j # k; therefore we can w.l.o.g. also assume in (D4)
A(x)(j, k) > 0 on'? K.

Define @, d’, 2} € R" by

i) 0, if s} # J,
@), k) = ui(k,S:i)—ui(j,S;i)7 if s = J,

i 1 - i
dt::;;av,
J=A(d).

Notice that i!(j,k) > 0 for all j, k. Since a/, d! lie in the compact set K* and
A is continuous, it follows that /; is bounded.

0Using a general set C, rather than RY, allows us to handle strategies like Fudenberg and
Levine’s [1995, 1998, 1999] smooth fictitious play. This will be discussed later in Section 4.5.
"The change is that in both (D1) and (D2) we require A and VP to be Lipschitz rather than just
continuous, and we have added (D4).

12This added condition is not very strong. In most cases we have a trivial extension to A, since VP
is proportional to A (notice that VP is Lipschitz on K). This condition is needed since, unlike
[HM2], we want a simple procedure in which probabilities are proportional to A; therefore A
should be defined globally.

30One can take A*(j, k) := max{0, A(j,k)} instead of A.
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Let u > 0 be large enough for the following 7! to be a probability function
such that!* 7i(j,7) > 0. For every j € S, let

i/ . 1 Nif . . I i/ .
™ (J, k) = EAI(J,k) fork #jand m(j,j):=1— > m(jk) (42)
keSik #j

be the transition probabilities from stage ¢ to ¢+ 1 (we can let the
probabilities 7, of the first move s| be arbitrary). Notice that these
probabilities, the set C, and the functions A and P are defined separately
for every different player; for convenience, we drop the superscript { when
it is clear.

Now assume that for every player i there is a set C" and functions
P’ and A”. We show that if all players use these strategies (which are
similar to HMS) as in [HM1], then the regrets of every player i/ will
converge to his set C’. Furthermore, as in Section 3, we show that even if
the other players do not follow this strategy, but change their actions with
only slight connection to player i’s actions, then player i’s regrets converge
to C'.

Theorem 4.1. If every player i uses the strategy given in (4.2), then d' —_.», C'
a.s. for every player i.

Suppose now that —i does not follow the above procedure but, as in the
previous section, —i plays in a way that given two histories /4, and 7, such that
for every t # t — w we have s, = s/ and for T =7 —w we have s;' = s and
possibly st # s, then

—i —i —i —i f(w)
|Pr(s;y =s" | h) —Pr(s, =s"| )| < 90 (4.3)
for some functions f, g such that g(¢) —;_ 0o.
Theorem 4.2. If player i uses strategy (4.2), i.e., Pr(si,, =s' | hy) = mi(si,s'),

then it is guaranteed that d' —,_.~, C" a.s. for any strategies of the other players
satisfying (4.3).

4.3. Proof of Theorem 4.1

Lemma 2.3 of [HM2] shows that there exists a constant ¢ such that

P(x) =¢, if x € OC (= the boundary of C ),
P(x) >c, ifx¢C.

Choose ¢ > 0. We shall show that Pr(lim sup P(d;) < ¢ + ¢) = 1, and since this
is true for every ¢, it follows that Pr(limsup P(d;) < ¢) = 1, which is equiva-
lent to d; —;_., C a.s., since P is continuous.

Let P, be as in [HM2, Section 2.2], namely, P;(x) := [P(x) — c]2 for every
x¢ C and P;(x) := 0 for x € C. Notice that

VP (x) = 2VP(x)[P(x) — c].
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Let O : RE — R be as in [HM2, Section 2.2, Proof of Theorem 2.1], i.e.,

Q(x) > 0 for all x € R, and Q(x) = 0 if and only if Py (x) < ¢ (4.4
VO(x) - x —w(VQ(x)) > O(x); and (4.5)
B 0, if O(x) =0,

Vo) = {r(Pl (x) — &) "2VP(x)[P(x) — ], otherwise. (46)
Let y(x) :=r[Pi(x) — 8]1712[P(x) — ¢]; now by (4.4) we can write

VO(x) = y(x) - VP(x). (4.7
Notice that by (4.1) it follows that (4.5) can be written as:

VO(x)(j, k) > 0 for all j # k, and VQO(x) - x > O(x). (4.8)

Let g, := VQO(d,). Notice that by (D2) and the fact that ¢, = 0, 4, = 0 for all
x € C it follows that

qr = 24 - y(dy). (4.9)

In the sequel, the present proof will be divided into steps similar to those
of the Proof of the Main Theorem in [HM1, Appendix].

4.3.1. Steps of the Proof

e Step NI:
() B{(t +0)0(dr10) | i) < 10(d) + S0y Elae | ] g0+ O(2).
(i) (¢ 4+ 0)Q(dher) — 10(dy) = O().

Proof:

t 1
d v) — d — w
O(diyv) Q<Z+vt+t+1);at+>

t

1 v
=0(d;) + (t n vdt + H—U;aww - d,) -V O(d,)

2
t 1
(0] di+— w—d | .
* <t+vt+t+v;at+ ’)

The second equality follows since VQ is Lipschitz'®> on K and hence there
exists 0 < ¢ <1 such that

O(x+y) = 0(x) +y-VO(x + 1)
< 0(x) + v+ VOW) + Ikl = 0(x) + - VO) + (|l ).

By (4.8) VQO(d,) - d, > O(d,), hence

15The Lipschitz constant depends on &, but this does not affect the proof.
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v

(t+v)0(diys) = (t+0)O(dy) + <Z(at+w — d1)> -VO(d;) + O( v )

w=1 (l—|-1.7)

2
< tQ dt +Zat+w qt—|—0<t+v)

w=1

Taking expectation yields (i), and since 0(0 +L> < O(v) and a,;,.q; are
bounded we get (ii).

Define
oc,ﬁw(j,sfi) = Z ni(j, k) Pr[shLW = (k, sii) | h,] — Pr[SHW = (j, sii) \ h,].
kesS!
e Step N2: o _
E[aﬂrw | ht] “qr = py(d;) - Z O‘t,w(jvsil>ul (j7S;l>'

(Js7)eSixs—i

Proof: By the same method as in Step M2 of [HM1] we get:

E[at+w | ht] ! ;‘l‘ - Z Ot (J’ Sii)u[ (j’s:i)

(js)ESix S
and (4.9) yields the result.
e Step N3:
(1) duo(j, k)= di(j, k) = 0(9).
(1) qio(j, k) = q:(j, k) = O(F).
(i) Aro(f, k) — 4(j, k) = O % )
(1V) nH—L(]?k) 7'[;( ,k) =0 % .

P;oof Since d;y, = d,+t DZW (@4 — d;) and (a4, —d;) is bounded,
(1) is true. Since by (4.6) VQ is Lipschitz on the compact set K, (ii) follows.
The fact that A is Lipschitz yields (iii) and (iv).

e Steps N4-N7 are exactly the same as Steps M4-M7 in [HM1] based on
N3(iv).

o Step N8: E[(t + 0)O(dys) | h] < tO(d,) + 0( + uz)

Proof: Steps N5 and N7 imply that o,,(j,s™") = Og% + w’O‘SZ. The fact
that K is compact and that y is continuous yields that y is boufided on
Therefore the formula of Step N2 yields Ela,,, | A/] - q: = OK‘WTZ + Wo.sﬁ_
Summing over w and Step N1(i) yield the result.

Let t, := [n*| , and let v, := t,1 — t, = O(n*/3).
e Step N9: E[t,110(d,,.,) | h,] < t,0(d,,) + O(n'3).
Proof: Immediate by Step N8.
e Step N10: lim,_. O(d;)) — 0 as.

Proof: Define b, :=t, ~ n°/* and X, := b,0(d,)) — b, 10(d,, ).
By Step N1(if) we have |X,| < O(v,) = O(t,/n), thus
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3 gy Var(x) = > 0() <o~

n

Next, by Step N9 we have

bLZE[XV X0 X < O<n_5/3zvl/3> _ O(n—1/3) —0.

ny<n v<n

Applying the Strong Law of Large Numbers for Dependent Random Vari-
ables yields

b ZX thn) — o0 0

ny<n
a.s.
e Step N11:

(i) lim,_.. O(d)) — 0 as.
(i) Pr(limsup P(d;) < c+¢) = 1.

Proof: Since for #, <t <t,,; we have T <%= O(n™'), by N3 we get
0(d;) =5 0 a.s., and by (4.4) and the fact that Q and P are continuous it
follows that Pr(lim sup P(d)) <c+¢) =1 |

4.4. Proof of Theorem 4.2

It is easy to see that all the claims in Section 3.3.1 about f, g and the histories
h,h' hold also in this case. The Proof of Theorem 4.1 can be used for the
Proof of Theorem 4.2; the only changes necessary are precisely those that
were needed in the Proof of Theorem 3.1 of Section 3. (We use lowercase
letters for the steps in this proof.) Namely, in Step n4 define §;,,, differently.
Here §,.,, will be defined by §, := s;, and the transition probabilities are:

Pr(Siiw =58 Stn-1) =7 ( Strw—1>5 ) Pr( St4w =S |ht7 St ‘§:w—l)

and we get results similar to m4—m?7 of Section 3. In Step n8 we get

v 1)2 1
E[(t +v)Odi10) | b < 10(d)) + 0@(2) )

similar to mS8.
We now need Steps n9.1 and n9.2 similar to m9.1 and m9.2. Specifically:

o Step n9.1: E[t,110(d,,,,) | h] < 6,0(d;,) + 0(# + 1;}1/2).

This follows immediately from nS.
Define f(w) := w?f(w). (Notice that f has an inverse function, denoted by

') Let a, :=17""(g(n)), and let 1, := [na,]; (U = tur1 — o).
e Step n9.2:

(i) a, is a nondecreasing sequence, and a, — . 00.

(ii) va/ta = O(n7").

(i) f(va)/g(ta) = O(1) .
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(iv) V2f (0a)/9(ta) + 0’11/2 = O(a}l/z).

The only thing different from Step m9.2 is (iv), which follows immediately
from (iii) and the fact that v = O(a,) (proved in Step m9.2).
The rest of the proof is the same'® as in Theorem 4.1. |

4.5. Conditional smooth fictitious play

Fictitious play is a strategy where a player plays a best reply to the empirical
distribution of play z,. It may be viewed as a regret-based strategy, corre-
sponding to the /-potential (cf. [HM?2, Section 4.1]). However, this strategy
does not satisfy the above conditions, specifically condition (D1): A is not
continuous. Fudenberg and Levine [1995, 1998] present a smoothing of fic-
titious play. Let ol,, € A(S") denote the (possibly mixed) choice of player i at
time ¢ 4 1. Fictitious play requires

o)., € argmax{u'(d',z,")}
GIEA(S')

(note that the maximizer is not necessarily unique). In smooth fictitious play,
we have instead

o), = argmax{u'(¢',z,") +v(d") }
)

where v = V' is a smooth strictly differentiably concave function with gradient
vector approaching infinite length as one approaches the boundary of A(S);
hence, the maximizer is unique.

In the conditional case (Fudenberg and Levine [1998, 1999]), instead of z;
one considers for every j € S’ the distribution of play z/(j) only in those
periods where i played j, i.e.,

zt_i(j)(s_i) = ; ‘{r <t:s, = (j,s_i)}|.

Since «’ is linear,

161n Step n10 we get (with b, = ¢,)

Z" Var(X,)/b? = ZH O(n’z) < o0

by Steps nl(ii) and n9.2(ii). The following inequality

b,! ngn EX, | Xi,....X] < 0<n’1a;1 ngn a8'5>

we get by Steps n9.1 and n9.2(iv), and since a, is increasing

bil Z\-<n E[)(‘ |X1 g 7)(\'—1] — 0.
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argmax{u (0',27°(j)) +v(o') } = argmax{a’ - Di(j,-) + v(d') }

aleA(S7) aleA(S7)
(we write ¢’ - Di(j,-) for Dokt o' (k) - Di(j, k)).

Therefore we define conditional smooth fictitious play as the Hart—-Mas-
Colell conditional-regret-based strategy (4.2), with A(x) := VP(x), where

P(x):=Y_ max { > di(k)-x(j,k) +v(d}) p, forall x € R (4.10)

J
Jest GEAS)  kesirey

is the corresponding potential. It follows immediately from the definition of a
A-strategy in [HM2, Section 2.1] that the argmax is a A-strategy. Notice that
argmaxa;-_eA(S,-){aj -x(j,-) +v(d})} is a smooth (and in particular twice differ-
entiable) function, as shown by Fudenberg and Levine [1999, Section 3]; thus
P and A satisfy properties (D1)~(D4) for!” C := {x | P(x) < m||v||} (again, see
[HM2, Section 4.1]).

Now, by our results we get that if player i plays conditional smooth fic-
titious play as defined above, and for the other players (4.3) holds, then all the
conditional regrets of player i will in the limit be at most m||v|| (a.s.). Formally,
this can be written, according to Fudenberg and Levine’s notations, as:

Proposition 4.3. The strategy (4.2), where 7t are transition probabilities given
by the conditional smooth fictitious play potential (4.10), is m'||v'||-calibrated
for any strategies of the other players satisfying (4.3). Moreover, if all players
play this way, then the empirical distribution of play z, converges a.s. to the set
of correlated ¢-equilibria, where ¢ = max;cy m'||v'||.

The difference between our strategy and that of Fudenberg and Levine is
that we do not have to evaluate eigenvectors, as do Fudenberg and Levine,
but our probabilities are just proportional to A.
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