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We study repeated games where players use an exponential learning
scheme in order to adapt to an ever-changing environment. If the game’s pay-
offs are subject to random perturbations, this scheme leads to a new stochastic
version of the replicator dynamics that is quite different from the “aggregate
shocks” approach of evolutionary game theory. Irrespective of the perturba-
tions’ magnitude, we find that strategies which are dominated (even itera-
tively) eventually become extinct and that the game’s strict Nash equilibria
are stochastically asymptotically stable. We complement our analysis by il-
lustrating these results in the case of congestion games.

1. Introduction. Ever since it was introduced in [19], the notion of a Nash
equilibrium and its refinements have remained among the most prominent solution
concepts of noncooperative game theory. In its turn, not only has noncooperative
game theory found applications in such diverse topics as economics, biology and
network design, but it has also become the standard language to actually describe
complex agent interactions in these fields.

Still, the issue of why and how players may arrive to equilibrial strategies in the
first place remains an actively debated question. After all, the complexity of most
games increases exponentially with the number of players and, hence, identifying a
game’s equilibria quickly becomes prohibitively difficult. Accordingly, as was first
pointed out by Aumann in [3], a player has no incentive to play his component of a
Nash equilibrium unless he is convinced that all other players will play theirs. And
if the game in question has multiple Nash equilibria, this argument gains additional
momentum: in that case, even players with unbounded deductive capabilities will
be hard-pressed to choose a strategy.

From this point of view, rational individuals would appear to be more in tune
with Aumann’s notion of a correlated equilibrium where subjective beliefs are also
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taken into account [3]. Nevertheless, the seminal work of Maynard Smith on ani-
mal conflicts [15] has cast Nash equilibria in a different light because it unearthed
a profound connection between evolution and rationality: roughly speaking, one
leads to the other. So, when different species contend for the limited resources
of their habitat, evolution and natural selection steer the ensuing conflict to an
equilibrial state which leaves no room for irrational behavior. As a consequence,
instinctive “fight or flight” responses that are deeply ingrained in a species can be
seen as a form of rational behavior, acquired over the species’ evolutionary course.

Of course, this evolutionary approach concerns large populations of different
species which are rarely encountered outside the realm of population biology.
However, the situation is not much different in the case of a finite number of play-
ers who try to learn the game by playing again and again and who strive to do
better with the help of some learning algorithm. Therein, evolution does not occur
as part of a birth/death process; rather, it is a byproduct of the players’ acquired
experience in playing the game—see [6] for a most comprehensive account.

It is also worth keeping in the back of our mind that in some applications of
game theory, “rationality” requirements precede evolution. For example, recent
applications to network design start from a set of performance aspirations (such as
robustness and efficiency) that the players (network devices) seek to attain in the
network’s equilibrial state. Thus, to meet these requirements, one has to literally
reverse-engineer the process by finding the appropriate game whose equilibria will
satisfy the players—the parallel with mechanism design being obvious.

In all these approaches, a fundamental selection mechanism is that of the repli-
cator dynamics put forth in [23] and [22] which reinforces a strategy proportion-
ately to the difference of its payoff from the mean (taken over the species or
the player’s strategies, depending on the approach). As was shown in the multi-
population setting of Samuelson and Zhang [21] (which is closer to learning than
the self-interacting single-population scenaria of [23] and [22]), these dynamics
are particularly conducive to rationality. Strategies that are suboptimal when paired
against any choice of one’s adversaries rapidly become extinct, and in the long run,
only rationally admissible strategies can survive. Even more to the point, the only
attracting states of the dynamics turn out to be precisely the (strict) Nash equilibria
of the game—see [11] for a masterful survey.

We thus see that Nash equilibria arise over time as natural attractors for rational
individuals, a fact which further justifies their prominence among noncooperative
solution concepts. Yet, this behavior is also conditional on the underlying game
remaining stationary throughout the time horizon that it takes players to adapt to
it—and unfortunately, this stationarity assumption is rarely met in practical appli-
cations. In biological models, for example, the reproductive fitness of an individual
may be affected by the ever-changing weather conditions; in networks, communi-
cation channels carry time-dependent noise and interference as well as signals; and
when players try to sample their strategies, they might have to deal with erroneous
or imprecise readings.
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It is thus logical to ask: does rational behavior still emerge in the presence of
stochastic perturbations that interfere with the underlying game?

In evolutionary games, these perturbations traditionally take the form of “ag-
gregate shocks” that are applied directly to the population of each phenotype. This
approach by Fudenberg and Harris [5] has spurred quite a bit of interest and there
is a number of features that differentiate it from the deterministic one. For exam-
ple, Cabrales showed in [4] that dominated strategies indeed become extinct, but
only if the variance of the shocks is low enough. More recently, the work of Imhof
and Hofbauer [8, 10] revealed that even equilibrial play arises over time but again,
conditionally on the variance of the shocks.

Be that as it may, if one looks at games with a finite number of players, it is
hardly relevant to consider shocks of this type because there are no longer any pop-
ulations to apply them to. Instead, the stochastic fluctuations should be reflected
directly on the stimuli that incite players to change their strategies: their payoffs.
This leads to a picture which is very different from the evolutionary one and is
precisely the approach that we will be taking.

Outline of results. In this paper, we analyze the evolution of players in stochas-
tically perturbed games of this sort. The particular stimulus-response model that
we consider is simple enough: players keep cumulative scores of their strategies’
performance and employ exponentially more often the one that scores better. After
a few preliminaries in Section 2, this approach is made precise in Section 3 where
we derive the stochastic replicator equation that governs the behavior of players
when their learning curves are subject to random perturbations.

The replicator equation that we get is different from the “aggregate shocks” ap-
proach of [4, 5, 8, 10] and, as a result, it exhibits markedly different rationality
properties as well. In stark contrast to the results of [4, 10], we show in Section 4
that dominated strategies become extinct irrespective of the noise level (Proposi-
tion 4.1) and provide an exponential bound for the rate of decay of these strategies
(Proposition 4.2). In fact, by induction on the rounds of elimination of dominated
strategies, we show that this is true even for iferatively dominated strategies: de-
spite the noise, only rationally admissible strategies can survive in the long run
(Theorem 4.3). Then, as an easy corollary of the above, we infer that players will
converge to a strict equilibrium (Corollary 4.4) whenever the underlying game is
dominance-solvable.

We continue with the issue of equilibrial play in Section 5 by making a sug-
gestive detour in the land of congestion games. If the noise is relatively mild with
respect to the rate with which players learn, we find that the game’s potential is
a Lyapunov function which ensures that strict equilibria are stochastically attract-
ing; and if the game is dyadic (i.e., players only have two choices), this tameness
assumption can be dropped altogether.

Encouraged by the results of Section 5, we attack the general case in Section 6.
As it turns out, strict equilibria are always asymptotically stochastically stable
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in the perturbed replicator dynamics that stem from exponential learning (The-
orem 6.1). This begs to be compared to the results of [8, 10] where it is the equi-
libria of a suitably modified game that are stable, and not necessarily those of the
actual game being played. Fortunately, exponential learning seems to give players
a clearer picture of the original game and there is no need for similar modifications
in our case.

Notational conventions. Given a finite set S = {so, ..., 55}, we will routinely
identify the set A(S) of probability measures on S with the standard n-dimensional
simplex of R"T!: A(S) = {x e R**: Y, x4 = 1 and x,, > 0}. Under this identifi-
cation, we will also make no distinction between s, € S and the vertex e, of A(S);
in fact, to avoid an overcluttering of indices, we will frequently use « to refer to
either sy or ey, writing, for example, “a € $” or “u(«)” instead of “s, € §” or
“u(ey),’ respectively.

To streamline our presentation, we will consistently employ Latin indices for
players (i, j, k, ...) and Greek for their strategies (o, 8, i, .. .), separating the two
by a comma when it would have been @sthetically unpleasant not to. In like man-
ner, when we have to discriminate between strategies, we will assume that indices
from the first half of the Greek alphabet start at 0 (o, 8 =0, 1, 2, ...) while those
taken from the second half start at 1 (u,v=1,2,...).

Finally, if X (¢) is some stochastic process in R” starting at X (0) = x, its law
will be denoted by Py., or simply by Py if there is no danger of confusion; and if
the context leaves no doubt as to which process we are referring to, we will employ
the term “almost surely” in place of the somewhat unwieldy “ P,-almost surely.”

2. Preliminaries.

2.1. Basic facts and definitions from game theory. As is customary, our start-
ing point will be a (finite) set of N players, indexed by i € N = {1,..., N}.
The players’ possible actions are drawn from their strategy sets S; = {siq 00 =
0,...,S8; — 1} and they can combine them by choosing their «;th (pure) strategy
with probability p;;. In that case, the players’ mixed strategies will be described
by the points p; = (p; .0, pi.1,.-.) € A; := A(S;) or, more succinctly, by the strat-
egy profile p=(p1, ..., pn) € A:=T]; A;.

In particular, if e;, denotes the ath vertex of the ith component simplex
A; — A, the (pure) profile ¢ = (e1,q,, ..., en,«y) simply corresponds to player
i playing o; € S;. On the other hand, if we wish to focus on the strategy of a par-
ticular player i € N against that of his opponents N_; := N \ {i}, we will employ
the shorthand notation (p_;; g;) = (p1---q; --- py) to denote the profile where i
plays g; € A; against his opponents’ strategy p—; € A—; :=[];4; Aj.

So, once players have made their strategic choices, let u; o,,.. oy be the reward
of player i in the profile (o1, ..., an) € S =]]; Si, that is, the payoff that strategy
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a; € S yields to player i against the strategy a—; € S—; = [[;; S; of i’s oppo-
nents. Then, if players mix their strategies, their expected reward will be given by
the (multilinear) payoff functions u; : A — R:

2.1 ui(p)= > -+ Y UiajayPlar PNy

o1 €S aNESN

Under this light, the payoff that a player receives when playing a pure strategy
a € §; deserves special mention and will be denoted by

(2.2) uig(p) i=ui(p_i;a)=u;(p1---a---py).

This collection of players i € N, their strategies o; € S; and their payoffs u; will
be our working definition for a game in normal form, usually denoted by &—or
BN, S, u) if we need to keep track of more data.

Needless to say, rational players who seek to maximize their individual payoffs
will avoid strategies that always lead to diminished payoffs against any play of
their opponents. We will thus say that the strategy g; € A; is (strictly) dominated
by g/ € A; and we will write g; < g/ when

2.3) ui(p—is qi) < ui(p—i: q})

for all strategies p_; € A_; of i’s opponents N_;.

With this in mind, dominated strategies can be effectively removed from the
analysis of a game because rational players will have no incentive to ever use them.
However, by deleting such a strategy, another strategy (perhaps of another player)
might become dominated and further deletions of iteratively dominated strategies
might be in order (see Section 4 for more details). Proceeding ad infinitum, we will
say that a strategy is rationally admissible if it survives every round of elimination
of dominated strategies. If the set of rationally admissible strategies is a singleton
(e.g., as in the Prisoner’s Dilemma), the game will be called dominance-solvable
and the sole surviving strategy will be the game’s rational solution.

Then again, not all games can be solved in this way and it is natural to look for
strategies which are stable at least under unilateral deviations. Hence, we will say
that a strategy profile p € A is a Nash equilibrium of the game & when

2.4 ui(p) Zzui(p—izq)  forallg € Aj,i e N.

If the equilibrium profile p only contains pure strategies «; € S;, we will refer to it
as a pure equilibrium; and if the inequality (2.4) is strict forall g # p; € A;,i € N,
the equilibrium p will carry instead the characterization strict.

Clearly, if two pure strategies «, B € S; are present with positive probability in
an equilibrial strategy p; € A;, then we must have u;o(p) = u;g(p) as a result of
u; being linear in p;. Consequently, only pure profiles can satisfy the strict version
of (2.4) so that strict equilibria must also be pure. The converse implication is false
but only barely so: a pure equilibrium fails to be strict only if a player has more
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than one pure strategies that return the same rewards. Since this is almost always
true (in the sense that the degenerate case can be resolved by an arbitrarily small
perturbation of the payoff functions), we will relax our terminology somewhat and
use the two terms interchangeably.

To recover the connection of equilibrial play with strategic dominance, note
that if a game is solvable by iterated elimination of dominated strategies, the sin-
gle rationally admissible strategy that survives will be the game’s unique strict
equilibrium. But the significance of strict equilibria is not exhausted here: strict
equilibria are exactly the evolutionarily stable strategies of multi-population evo-
lutionary games—Proposition 5.1 in [11]. Moreover, as we shall see a bit later,
they are the only asymptotically stable states of the multi-population replicator
dynamics—again, see Chapter 5, pages 216 and 217 of [11].

Unfortunately, strict equilibria do not always exist, Rock-Paper-Scissors being
the typical counterexample. Nevertheless, pure equilibria do exist in many large
and interesting classes of games, even when we leave out dominance-solvable
ones. Perhaps the most noteworthy such class is that of congestion games.

DEFINITION 2.1. A game & = (N, S, u) will be called a congestion game
when:

1. all playersi € N share a common set of facilities J as their strategy set: S; = F
foralli e \V;

2. the payoffs are functions of the number of players sharing a particular facility:
Ui g a-ay = Ua(Ng) wWhere Ny is the number of players choosing the same
facility as i.

Amazingly enough, Monderer and Shapley made the remarkable discovery in
[18] that these games are actually equivalent to the class of potential games.

DEFINITION 2.2. A game & = &N, S, u) will be called a potential game if
there exists a function V : A — R such that

(2.5) ui(p—isqi) —ui(p—isq)) =—(V(p-i:q)) = V(p-i: q)))
for all players i € A and all strategies p_; € A_;, i, g € A,.

This equivalence reveals that both classes of games possess equilibria in pure
strategies: it suffices to look at the vertices of the face of A where the (necessarily
multilinear) potential function V is minimized.

2.2. Learning, evolution and the replicator dynamics. As one would expect,
locating the Nash equilibria of a game is a rather complicated problem that requires
a great deal of global calculations, even in the case of potential games (where it re-
duces to minimizing a multilinear function over a convex polytope). Consequently,
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it is of interest to see whether there are simple and distributed learning schemes
that allow players to arrive at a reasonably stable solution.

One such scheme is based on an exponential learning behavior where players
play the game repeatedly and keep records of their strategies’ performance. In
more detail, at each instance of the game all players i € A update the cumulative
scores Uiy of their strategies o € S; as specified by the recursive formula

(2.6) Uia(t +1) =Uia(t) + uia(p(1)),

where p(t) € A is the players’ strategy profile at the ¢th iteration of the game and,
in the absence of initial bias, we assume that U;o,(0) =0 forall i e N, € S;.
These scores reinforce the perceived success of each strategy as measured by the
average payoff it yields and hence, it stands to reason that players will lean towards
the strategy with the highest score. The precise way in which they do that is by
playing according to the namesake exponential law:

Uiat+1)

pes eln

For simplicity, we will only consider the case where players update their scores
in continuous time, that is, according to the coupled equations

2.7 Piat+1) =

(2.8a) dUia(t) = uia(x(1)) dt,
eUia(t)
(28b) .Xia(t) = W

Then, if we differentiate (2.8b) to decouple it from (2.8a), we obtain the standard
(multi-population) replicator dynamics

dx;q

(2.9) o

= Xig <uia(x) - inﬂuiﬂ(x)> = Xia (Uia (X) — ui(x)).
B

Alternatively, if players learn at different speeds as a result of varied stimulus-
response characteristics, their updating will take the form

eriUia(t)
2,3 eMilip()’
where A; represents the learning rate of player i, that is, the “weight” which he

assigns to his perceived scores U;q. In this way, the replicator equation evolves at
a different time scale for each player, leading to the rate-adjusted dynamics

(2.10) Xig (1) =

dx;y
dt

Naturally, the uniform dynamics (2.9) are recovered when all players learn at the
“standard” rate A; = 1.

@2.11)

= AiXia (tia (x) — ui(x)).
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If we view the exponential learning model (2.7) from a stimulus-response angle,
we see that that the payoff of a strategy simply represents an (exponential) propen-
sity of employing said strategy. It is thus closely related to the algorithm of logistic
fictitious play [6] where the strategy x; of (2.10) can be seen as the (unique) best re-
ply to the profile x_; in some suitably modified payoffs v; (x) = u; (x) + A%H (x;).
Interestingly enough, H (x;) turns out to be none other than the entropy of x;:

(2.12) H(x;j)=— Z xiglogxig.
,3:)Cm>0

That being so, we deduce that the learning rates A; act the part of (player-specific)
inverse temperatures: in high temperatures (small A;), the players’ learning curves
are “soft” and the payoff differences between strategies are toned down; on the
contrary, if A; — oo the scheme “freezes” to a myopic best-reply process.

The replicator dynamics were first derived in [23] in the context of population
biology, first for different phenotypes within a single species (single-population
models), and then for different species altogether (multi-population models; [9]
and [11] provide excellent surveys). In both these cases, one begins with large
populations of individuals that are programmed to a particular behavior (e.g., fight
for “hawks” or flight for “doves”) and matches them randomly in a game whose
payoffs directly affect the reproductive fitness of the individual players.

More precisely, let z;,(¢) be the population size of the phenotype (strategy) « €
S; of species (player) i € N in some multi-population model where individuals are
matched to play a game & with payoff functions u;. Then, the relative frequency
(share) of « will be specified by the population state x = (x1,...,xy) € A where
Xig = Zia/ Z,s zig. So, if N individuals are drawn randomly from the N species,
their expected payoffs will be given by u; (x), i € N, and if these payoffs represent
a proportionate increase in the phenotype’s fitness (measured as the number of
offsprings in the unit of time), we will have

(2.13) dzia(t) = Zia (Ui (x (1)) dt.
As a result, the population state x (¢) will evolve according to

dxiq _ 1 dziq _ Xia dZiy
dt > pzip dt ” > pzip di

which is exactly (2.9) viewed from an evolutionary perspective.

On the other hand, we should note here that in single-population models the re-
sulting equation is cubic and not quadratic because strategies are matched against
themselves. To wit, assume that individuals are randomly drawn from a large popu-
lation and are matched against one another in a (symmetric) 2-player game & with
strategy space S = {1, ..., S} and payoff matrix u = {uqg}. Then, if x, denotes the
population share of individuals that are programmed to the strategy o € S, their ex-
pected payoff in a random match will be given by uy (x) := ) glUapXp =u(@, x);

(2.14)

= Xig (uia () — i (x)),
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similarly, the population average payoff will be u(x,x) = >, x4uq(x). Hence,
by following the same procedure as above, we end up with the single-population
replicator dynamics

(2.15) %"‘zxa(ua(x)—u(x,x)),

which behave quite differently than their multi-population counterpart (2.14).

As far as rational behavior is concerned, the replicator dynamics have some far-
reaching ramifications. If we focus on multi-population models, Samuelson and
Zhang showed in [21] that the share x;,(¢) of a strategy @ € S; which is strictly
dominated (even iteratively) converges to zero along any interior solution path
of (2.9); in other words, dominated strategies become extinct in the long run. Addi-
tionally, there is a remarkable equivalence between the game’s Nash equilibria and
the stationary points of the replicator dynamics: the asymptotically stable states of
(2.9) coincide precisely with the strict Nash equilibria of the underlying game [11].

2.3. Elements of stability analysis. A large part of our work will be focused on
examining whether the rationality properties of exponential learning (elimination
of dominated strategies and asymptotic stability of strict equilibria) remain true
in a stochastic setting. However, since asymptotic stability is (usually) too strin-
gent an expectation for stochastic dynamical systems, we must instead consider its
stochastic analogue.

That being the case, let W(t) = (W1(¢),..., W,(¢)) be a standard Wiener
process in R” and consider the stochastic differential equation (SDE)

(2.16) dXo (1) = bo (X (1) dt + Y 0up(X (1)) dWg ().
p

Following [1, 7], the notion of asymptotic stability in this SDE is expressed by the
following.

DEFINITION 2.3. We will say that g € R”" is stochastically asymptotically
stable when, for every neighborhood U of g and every ¢ > 0, there exists a neigh-
borhood V of ¢ such that

2.17) PX{X(t)eUforalltzo, lim X(t):q}zl—e
I—00
for all initial conditions X (0) = x € V of the SDE (2.16).

Much the same as in the deterministic case, stochastic asymptotic stability is
often established by means of a Lyapunov function. In our context, this notion
hinges on the second order differential operator that is associated to (2.16), namely
the generator L of X (t):

2

(2.18) L= bu(x) = ts > (0@’ (x))ap
a=1 o

ol dxq 0xp



1368 P. MERTIKOPOULOS AND A. L. MOUSTAKAS

The importance of this operator can be easily surmised from It6’s lemma; indeed,
if f:R" — R is sufficiently smooth, the generator L simply captures the drift of
the process Y (t) = f(X(1)):

af
Ixe lx (1)

(2.19) dY ()= Lf(X(@®)dt + Y oup (X (1)) dWp ().
o.p

In this way, L can be seen as the stochastic version of the time derivative %; this
analogy then leads to the following.

DEFINITION 2.4. Let g € R" and let U be an open neighborhood of g. We
will say that f is a (local) stochastic Lyapunov function for the SDE (2.16) if:

1. f(x)>0forall x € U, with equality iff x = g;
2. there exists a constant k > 0 such that Lf (x) < —kf(x) forall x e U.

Whenever such a Lyapunov function exists, it is known that the point ¢ € R”
where f attains its minimum will be stochastically asymptotically stable—for ex-
ample, see Theorem 4 in pages 314 and 315 of [7].

A final point that should be mentioned here is that our analysis will be con-
strained on the compact polytope A = []; A; instead of all of []; RS:. Accordingly,
the “neighborhoods” of Definitions 2.3 and 2.4 should be taken to mean “neigh-
borhoods in A,” that is, neighborhoods in the subspace topology of A < []; RS,
This minor point should always be clear from the context and will only be raised
in cases of ambiguity.

3. Learning in the presence of noise. Of course, it could be argued that the
rationality properties of the exponential learning scheme are a direct consequence
of the players’ receiving accurate information about the game when they update
their scores. However, this is a requirement that cannot always be met: the in-
terference of nature in the game or imperfect readings of one’s utility invariably
introduce fluctuations in (2.8a), and in their turn, these lead to a perturbed version
of the replicator dynamics (2.9).

To account for these random perturbations, we will assume that the players’
scores are now governed instead by the stochastic differential equation

(3.1) AU (t) = ujo (X (1)) dt + 1io (X (1)) dWiq (1),

where, as before, the strategy profile X (#) € A is given by the logistic law
oUia(®)

(3.2) Xig(t) = W.

In this last equation, W (¢) is a standard Wiener process living in []; RS and the
coefficients 1;, measure the impact of the noise on the players’ scoring systems.
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Of course, these coefficients need not be constant: after all, the effect of the noise
on the payoffs might depend on the state of the game in some typically continuous
way. For this reason, we will assume that the functions #n;, are continuous on A,
and we will only note en passant that our results still hold for essentially bounded
coefficients 7;, (we will only need to replace min and max with ess inf and ess sup,
respectively, in all expressions involving ;4 ).

A very important instance of this dependence can be seen if n;q (x_;; &) = 0 for
alli e N,a € S;, x_; € A_;, in which case equation (3.1) becomes a convincing
model for the case of insufficient information. It states that when a player actually
uses a strategy, his payoff observations are accurate enough; but with regards to
strategies he rarely employs, his readings could be arbitrarily off the mark.

Now, to decouple (3.1) and (3.2), we may simply apply Itd’s lemma to the
process X (¢). To that end, recall that W () has independent components across
players and strategies, so that dW g - d Wi, = §xdp, dt (the Kronecker symbols
dpy being O for B # y and 1, otherwise). Then, 1td’s formula gives

X
dXiq = ZZ AU

j B

+5 ZZanﬂaUk dUjp - dUpy

k By
o 1, 02X,
+ 5n,.ﬂ(X) —) dt

= Z(“iﬁ 2
B Wip

(3.3)

aX;
+> nig(X)—— dWig.
. dUsp

On the other hand, a simple differentiation of (3.2) yields

aXioz
(3.4a) 3Uig = Xia(8ap — Xip),
l
% Xiq
(3.4b) W = Xia(Bap — Xip)(1 —2Xip)

and by plugging these expressions back into (3.3), we get
dXio = Xig[uia (X) —u;(X)]dt

(3.5) 4 Xig Bn?aof)(l ~2Kia) — 5 Ym0 Xip(1 - 2Xl~,s>] dr
B

+ Xia[ma(X)dWm — 3 () Xig dWi,g].
B
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Alternatively, if players update their strategies with different learning rates A;, we
should instead apply 1t6’s formula to (2.10). In so doing, we obtain

dXio =1 Xigltia(X) —u;(X)]dt

A2
+ 2 Xia [n%o,<X>(1 —2Xia) — Y (X)) Xip(1 — 2Xi,s)} dt
B

2 Xia| 1 (X) A Wi = Y mip(X) Xig d Wig

=bia(X)dt + ) 0i.ap(X)dWig,
B

where, in obvious notation, b;,(x) and o; og(x) are, respectively, the drift and
diffusion coefficients of the diffusion X (¢). Obviously, when A; = 1, we recover
the uniform dynamics (3.5); equivalently (and this is an interpretation that is well
worth keeping in mind), the rates A; can simply be regarded as a commensurate in-
flation of the payoffs and noise coefficients of player i € A in the uniform logistic
model (3.2).

Equation (3.5) and its rate-adjusted sibling (3.5") will constitute our stochastic
version of the replicator dynamics and thus merit some discussion in and by them-
selves. First, note that these dynamics admit a (unique) strong solution for any
initial state X (0) = x € A, even though they do not satisfy the linear growth con-
dition |b(x)|+ |0 (x)| < C(1+|x]) thatis required for the existence and uniqueness
theorem for SDEs (e.g., Theorem 5.2.1 in [20]). Instead, an addition over « € S; re-
veals that every simplex A; € A remains invariant under (3.5): if X;(0) =x; € A;,
then d(}_, Xio) = 0 and hence, X;(¢) will stay in A; for all # > O—actually, it is
not harder to see that every face of A is a trap for X (¢).

So, if ¢ is a smooth bump function that is equal to 1 on some open neighborhood
of U 2 A and which vanishes outside some compact set K 2 U, the SDE

(3.5

(3.6) dXiq = $(X) (b,-a()o dt+Y 01 p(X) dWl-,e)
B

will have bounded diffusion and drift coefficients and will thus admit a unique
strong solution. But since this last equation agrees with (3.5) on A and any solution
of (3.5) always stays in A, we can easily conclude that our perturbed replicator
dynamics admit a unique strong solution for any initial X (0) =x € A.

It is also important to compare the dynamics (3.5), (3.5) to the “aggregate
shocks” approach of Fudenberg and Harris [5] that has become the principal in-
carnation of the replicator dynamics in a stochastic environment. So, let us first
recall how aggregate shocks enter the replicator dynamics in the first place. The
main idea is that the reproductive fitness of an individual is not only affected by
deterministic factors but is also subject to stochastic shocks due to the “weather”
and the interference of nature with the game. More precisely, if Z;4(#) denotes the
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population size of phenotype a € S; of the species i € N in some multi-population
evolutionary game &, its growth will be determined by

(3.7 dZia(t) = Zia () (uia (X @) dt + nia dWia (1)),

where, as in (2.13), X (¢) € A denotes the population shares X;, = Z;,/ Zﬂ Zig.
In this way, It6’s lemma yields the replicator dynamics with aggregate shocks:

AXia = X (11000 = 1,00) = (1, Yoo = S X3y )| a
5
(3.8)
+ Xiq [ma dWiq — Z nipXip dWiﬁ]-

We thus see that the effects of noise propagate differently in the case of ex-
ponential learning and in the case of evolution. Indeed, if we compare equations
(3.5) and (3.8) term by term, we see that the drifts are not quite the same: even
though the payoff adjustment u;, — u; ties both equations back together in the
deterministic setting (n = 0), the two expressions differ by

1 1
(3.9) Xm[in?a — EZn?ﬁXiﬁ]df-
5

Innocuous as this term might seem, it is actually crucial for the rationality prop-
erties of exponential learning in games with randomly perturbed payoffs. As we
shall see in the next sections, it leads to some miraculous cancellations that allow
rationality to emerge in all noise levels.

This difference further suggests that we can pass from (3.5) to (3.8) simply by
modifying the game’s payoffs to #ljy = u;q + %77;'2(1- Of course, this presumes that
the noise coefficients 1;, be constant—the general case would require us to allow
for games whose payoffs may not be multilinear. This apparent lack of generality
does not really change things but we prefer to keep things simple and for the time
being, it suffices to point out that this modified game was precisely the one that
came up in the analysis of [8, 10]. As a result, this modification appears to play a
pivotal role in setting apart learning and evolution in a stochastic setting: whereas
the modified game is deeply ingrained in the process of natural selection, expo-
nential learning seems to give players a clearer picture of the actual underlying
game.

4. Extinction of dominated strategies. Thereby armed with the stochastic
replicator equations (3.5), (3.5") to model exponential learning in noisy environ-
ments, the logical next step is to see if the rationality properties of the deterministic
dynamics carry over to this stochastic setting. In this direction, we will first show
that dominated strategies always become extinct in the long run and that only the
rationally admissible ones survive.
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As in [4] (implicitly) and [10] (explicitly), the key ingredient of our approach
will be the cross entropy between two mixed strategies g;, x; € A; of playeri € -

4.1) H(gi,xi):=— ) qialog(xia) = H(qi) + dxL(qi, x;),

a:qig>0

where H(q;) = — ), qgia 102 qiq is the entropy of ¢; and dgj, is the intimately
related Kullback—Leibler divergence (or relative entropy):
2) dxL(gi.x) == H(gi.x) — Hg) = Y. gialog 22,

o:gig>0 re

This divergence function is central in the stability analysis of the (determinis-
tic) replicator dynamics because it serves as a distance measure in probability
space [11]. As it stands however, dkr, is not a distance function per se: neither
is it symmetric, nor does it satisfy the triangle inequality. Still, it has the very use-
ful property that dgp (g;, x;) < oo iff x; employs with positive probability all pure
strategies « € S; that are present in g; [i.e., iff supp(q;) < supp(x;) or iff g; is
absolutely continuous w.r.t. x;]. Therefore, if dky.(g;, x;) = oo for all dominated
strategies ¢; of player i, it immediately follows that x; cannot be dominated itself.
In this vein, we have the following.

PROPOSITION 4.1. Let X (t) be a solution of the stochastic replicator dynam-
ics (3.5) for some interior initial condition X (0) = x € Int(A). Then, if g; € A; is
(strictly) dominated,

4.3) tlgglo dxi(gi, Xi(t)) =0 almost surely.

In particular, if g; = a € S; is pure, we will have lim;_, oo Xjo(t) = 0 (a.s.): strictly
dominated strategies do not survive in the long run.

PROOF. Note first that X (0) = x € Int(A) and hence, X; (¢#) will almost surely
stay in Int(A;) for all # > O; this is a simple consequence of the uniqueness of
strong solutions and the invariance of the faces of A; under the dynamics (3.5).

Let us now consider the cross entropy G, (t) between g; and X; ():

4.4) Gy ()= H(qi, Xi()) ==Y _ qia 10g Xia (1).

As a result of X;(7) being an interior path, G, () will remain finite for all > 0
(a.s.). So, by applying Itd’s lemma we get

3G
dG%:%;ax

==Y i+ Y 5 @Xip)
p b 5 Xip

qi dX:s + 1 Z 82qu dXip - dX;:
g2 aX 0x, Y

4.5)
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and, after substituting d X ;g from the dynamics (3.5), this last equation becomes

1
4Gy, = X ais 1) — wip O + 3 Y, C0Xi (1= Xi) | ar
B 14

+Y aig Y _(Xiy = 8py )iy (X) dWiy.
B 14

(4.6)

Accordingly, if ¢/ € A; is another mixed strategy of player i, we readily obtain
dGy —dGy = (i (X—is q)) —ui(X—i; qi)) dt

“4.7)
+ Z(q;,s —qip)nip(X)dWig
B

and, after integrating,

t
Gy = HGi = afo )+ [ wi(X-i(5): 0] = i) ds
4.8)

t
+ Yl —aip) [ X @) dWip(s).
B 0

Suppose then that g; < ql./ and let v; = inf{u; (x_;; ql{ —qi):x_j € A_;}. With A_;
compact, it easily follows that v; > 0 and the first term of (4.8) will be bounded
from below by v;z.

However, since monotonicity fails for Itd integrals, the second term must be
handled with more care. To that end, let &;(s) = >_ 8 (qi’ s qip)nip(X (s)) and note
that the Cauchy—Schwarz inequality gives

EX(5) < Si Y _(aip — qip) mip(X (5))
B

“.9) 2 / 2 2
< Sin7 Y _(qig — qip)” <2Sin;
B

where S; = |S;| is the number of pure strategies available to player i and n; =
max{|n;g(x)|:x € A, B € S;}; recall also that g;, g/ € A; for the last step. There-
fore, if ¥; (1) = Zﬂ(q;ﬂ —qip) fé nig(X (s)) dWig(s) denotes the martingale part
of (4.7) and p; (¢) is its quadratic variation, the previous inequality yields

t
(4.10) pi(t)=[1//i,1/fi](t)=/0 E7(s)ds <2Sin;t.

Now, if lim;_, o p; (t) = 00, it follows from the time-change theorem for mar-
tingales (e.g., Theorem 3.4.6 in [12]) that there exists a Wiener process W; such
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that ¥; (t) = Wi (pi(t)). Hence, by the law of the iterated logarithm we get
lltgggf qu —q! (1)

> H(q; — qf, x) + liminf(vir + Wi (0; (1))

(@.11) > H(q; — g/ %) +liminf(vit —/2: (1) loglog pi (1))

> H(q; —q},x) + litgioréf(vit — Zni\/Sit loglog(2S; nizt))
=0 (almost surely).

On the other hand, if lim;_, o p; (f) < 00, it is trivial to obtain G, —q! (t) = o0
by letting  — oo in (4.8). Therefore, with G, (1) > G4, (1) — G, (t) — 00, We
readily get lim;—, o dx1.(gi, Xi(¢)) = 00 (a.s.); and since G4 (t) = — log Xio (1) for
all pure strategies o € S;, our proof is complete. [

As in [10], we can now obtain the following estimate for the lifespan of pure
dominated strategies.

PROPOSITION 4.2. Let X (t) be a solution path of (3.5) with initial condition
X(0) =x € Int(A) and let P, denote its law. Assume further that the strategy
o € S; is dominated;, then, for any M > 0 and for t large enough, we have

M — h;(x;) — U,‘l)
20/ Sit ’
where S; = |S;| is the number of strategies available to player i, n; =

max{[n;g(y)|:y € A, B € S;} and the constants v; > 0 and h;(x;) do not depend
ont.

(4.12) PXiq(t) <e M) > %erfc(

PROOF. The proof is pretty straightforward and for the most part follows [10].
Surely enough, if @ < p; € A; and we use the same notation as in the proof of
Proposition 4.1, we have

—log Xiq (1) = Gu(t) = Gu(t) — G, (1)

(4.13) > H(a, x) — H(pi, x) + vit + W; (p; (1))
= hi (x;) + vit + Wi (pi (1)),
where v; = miny_ {u;(x_;; pi) — u;(x—;; )} > 0 and h;(x;) = logxie —

>_p piplogxig. Then
Po(Xio(t) <e™) > P{Wi(pi () > M — hi(x;) — vt}

_ lerfC<M —h;(x;) — U,'t)
2 V20i (1)

(4.14)
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and, since the quadratic variation p;(¢) is bounded above by ZSinizt (4.10), the
estimate (4.12) holds for all sufficiently large ¢ [i.e., such that M < h; (x;) + v;t].
O

Some remarks are now in order: first and foremost, our results should be con-
trasted to those of Cabrales [4] and Imhof [10] where dominated strategies die
out only if the noise coefficients (shocks) ;4 satisfy certain tameness conditions.
The origin of this notable difference is the form of the replicator equation (3.5)
and, in particular, the extra terms that are propagated there by exponential learn-
ing and which are absent from the aggregate shocks dynamics (3.8). As can be
seen from the derivations in Proposition 4.1, these terms are precisely the ones
that allow players to pick up on the true payoffs u;, instead of the modified ones
Uig = Ui + %nl.za that come up in [8, 10] (and, indirectly, in [4] as well).

Secondly, it turns out that the way that the noise coefficients 1;s depend on the
profile x € A is not really crucial: as long as n;s(x) is continuous (or essentially
bounded), our arguments are not affected. The only way in which a specific depen-
dence influences the extinction of dominated strategies is seen in Proposition 4.2:
a sharper estimate of the quadratic variation of fé nig (X (s)) ds could conceivably
yield a more accurate estimate for the cumulative distribution function of (4.12).

Finally, it is only natural to ask if Proposition 4.1 can be extended to strategies
that are only iferatively dominated. As it turns out, this is indeed the case.

THEOREM 4.3. Let X(t) be a solution path of (3.5) starting at X(0) = x €
Int(A). Then, if q; € A; is iteratively dominated,

(4.15) tl_l)rglo dxi(qi, Xi(t)) =00 almost surely,

that is, only rationally admissible strategies survive in the long run.

PROOF. As in the deterministic case [21], the main idea is that the solution
path X (¢) gets progressively closer to the faces of A that are spanned by the pure
strategies which have not yet been eliminated. Following [4], we will prove this by
induction on the rounds of elimination of dominated strategies; Proposition 4.1 is
simply the case n = 1.

To wit, let A; € A;, A_; € A_; and denote by Adm(A;, A_;) the set of strate-
gies g; € A; that are admissible (i.e., not dominated) with respect to any strat-
egy g—i € A_;. So, if we start with AY = A; and A%, = [T A(;, we may
define inductively the set of strategies that remain admissible after n elimina-
tion rounds by A} := Adm(.,él?*1 , A’Zl) where Affl =14 A?il; similarly,
the pure strategies that have survived after n such rounds will be denoted by
S :=8; N A}. Clearly, this sequence forms a descending chain A? ) A,-l 2.
and the set A :=(7” A7 will consist precisely of the strategies of player i that
are rationally admissible.
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Assume then that the cross entropy Gy (1) = H(qi, X;(t)) = — > 4 qia X
log X;o(t) diverges as t — oo for all strategies g; ¢ Af that die out within the
first k rounds; in particular, if o ¢ Sik this implies that X;, () — 0 as t — co. We
will show that the same is true if ¢g; survives for k rounds but is eliminated in the
subsequent one.

Indeed, if ¢; € .Af-‘ but g; ¢ A{-‘H, there will exist some ¢] € Af *1 Such that

(4.16) wix_iq) >ui(x_iq;)  forallx_; e AX,.
Now, note that any x_; € A_; can be decomposed as x_; = xddm + xdom
where x_‘i.m is the “admissible” part of x_;, that is, the projection of x_; on

the subspace spanned by the surviving vertices S i =1z S{‘ . Hence, if v; =
min{u; (o—;; q,-’) —ui(o_j;qi):a_; € Sfl-}, we will have v; > 0 and, by linearity,

4.17) u; (xi%m, q;) — u; (xi%m, qi)>v;i >0 forall x_; € A_;.

Moreover, by the induction hypothesis, we also have X d_oim(t) — 0 as t — oo.
Thus, there exists some #y such that

(4.18) lu; (X9 (1), ) — ui (X9 (1), gi)| < vi /2

for all ¢ > tq [recall that X ‘f}m(t) is spanned by already eliminated strategies].
Therefore, as in the proof of Proposition 4.1, we obtain for ¢ > 1

1 , i
#19) Gg (1) = Gy (1) = M + Svit + O C]iﬁ)/o nig(X (s)) dWig(s),
B

where M is a constant depending only on fy. In this way, the same reasoning as
before gives lim;_, oo G4; () = 00 and the theorem follows. [

As a result, if there exists only one rationally admissible strategy, we get the
following.

COROLLARY 4.4. Let X(t) be an interior solution path of the replicator
equation (3.5) for some dominance-solvable game & and let xy € S be the (unique)
strict equilibrium of &. Then

(4.20) Iim X () =xg almost surely,
[—>00
that is, players converge to the game’s strict equilibrium (a.s.).

In concluding this section, it is important to note that all our results on the
extinction of dominated strategies remain true in the adjusted dynamics (3.5") as
well: this is just a matter of rescaling. The only difference in using different learn-
ing rates A; comes about in Proposition 4.2 where the estimate (4.12) becomes

M — h;(x;) — )nivit)
2Aini~/Sit '

4.21) P Xiq(t) <e M) > %erfc(
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As it stands, this is not a significant difference in itself because the two estimates
are asymptotically equal for large times. Nonetheless, it is this very lack of contrast
that clashes with the deterministic setting where faster learning rates accelerate
the emergence of rationality. The reason for this gap is that an increased learning
rate A; also carries a commensurate increase in the noise coefficients n;, and thus
deflates the benefits of accentuating payoff differences. In fact, as we shall see in
the next sections, the learning rates do not really allow players to learn any faster
as much as they help diminish their shortsightedness: by effectively being lazy, it
turns out that players are better able to average out the noise.

5. Congestion games: A suggestive digression. Having established that ir-
rational choices die out in the long run, we turn now to the question of whether
equilibrial play is stable in the stochastic replicator dynamics of exponential learn-
ing. However, before tackling this issue in complete generality, it will be quite
illustrative to pay a visit to the class of congestion games where the presence of
a potential simplifies things considerably. In this way, the results we obtain here
should be considered as a motivating precursor to the general case analyzed in
Section 6.

5.1. Congestion games. To begin with, it is easy to see that the potential V
of Definition 2.2 is a Lyapunov function for the deterministic replicator dynamics.
Indeed, assume that player i € A is learning at a rate A; > 0 and let x(¢) be a
solution path of the rate-adjusted dynamics (2.11). Then, a simple differentiation
of V(x(¢)) gives

dv VvV dx;
=T d;a - gum<x)xix,-a(u,-a<x) — u; (x))

= in (inauiza(x) - M,Z(X)) <0,

the last step following from Jensen’s inequality—recall that % = —u;q(x) on
account of (2.5) and also that u;(x) = Y, XiqUi(x). In particular, this implies
that the trajectories x(¢) are attracted to the local minima of V, and since these
minima coincide with the strict equilibria of the game, we painlessly infer that
strict equilibrial play is asymptotically stable in (2.11)—as mentioned before, we
plead guilty to a slight abuse of terminology in assuming that all equilibria in pure
strategies are also strict.

It is therefore reasonable to ask whether similar conclusions can be drawn in
the noisy setting of (3.5’). Mirroring the deterministic case, a promising way to
go about this question is to consider again the potential function V of the game
and try to show that it is stochastically Lyapunov in the sense of Definition 2.4.
Indeed, if go = (e1,0,-..,en.0) € A is a local minimum of V (and hence, a strict

(5.1)
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equilibrium of the underlying game), we may assume without loss of generality
that V(go) = 0 so that V(x) > 0 in a neighborhood of gg. We are thus left to
examine the negativity condition of Definition 2.4, that is, whether there exists
some k > 0 such that LV (x) < —kV (x) for all x sufficiently close to gg.

2
To that end, recall that —38‘./ = —u;q and that 0 ;/
Xio X}

the rate-adjusted dynamics (3.5") applied to V prol&uces

LV(x)=— Z?»ixiauia(x)(uia(x) —u;(x))

i,

= 0. Then, the generator L of

(5.2) )
%
-y E’xmumm(nfau i) = Y s (1 — 2x,-,s)),
i,o B
where, for simplicity, we have assumed that the noise coefficients #;, are constant.
We will study (5.2) term by term by considering the perturbed strategies x; =
(1 —¢&)ei 0+ €;y; where y; belongs to the face of A; that lies opposite to e; o (i.€.,

Yip 20, u=1,2,...and ), yi = 1) and &; > O measures the distance of player
i from e; ¢. In this way, we get

wi(x) =Y Xigitia(x) = (1 — e)ui0(x) + & Y Yipip(x)

I

(5.3) =i 0(x) +& Y _ yiuluipn(x) — uj0(x)]
%
=u;0(x) — & Y YipAuiy + O(E),
%
where Au;, =ui0(qo) — uiu(go) > 0. Then, by going back to (5.2), we obtain
D Xiattio (X)[1ig (x) — u; (x)]
o

=1 —¢&)ui o) [u;ox) —u;(x)]

e Y Vipttip ()i (x) — ui (x)]

"
(5.4) =(1—e)uio(x) & Y yiuluiy
1
— & Y Yiptin(qo) Augy + O(&})
u

=g Z)’iuui,o(flo)Aum — & Z}’iuuiu(flo)Auiu +O(e})
m I

=& Y Yip(Auip)* + O(?).
w
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As for the second term of (5.2), some easy algebra reveals that

no(l —2x;.0) — Y nigxig(l — 2xip)
B

=—no(l —2&) — o1 — &) — & Y_ i in
I

(5.5)
+2(1—e)n?o + 262 > 0?02,
"w

=—g (17,-2,0 + Zyiun?u> +0())
"w
and, after a (somewhat painful) series of calculations, we get

> a2, (1 = 23i0) = Y a1 = 2up)
o B

—(1- a)ui,o(x)(n,%o(l —2x0) = Y g (1 — 2x,-,3>)
B

+& ) Viu <’7i2u(1 —2xiu) — ) nigxip(l — 2xi,s)>
H B
(5.6)

= —&iu;,0(q0) (nf,o + Zymn?,t)
"

e Y Yipttin(qo) (nf, + nio) + O(E})
o

=—&i ) YipAuiy(np, + 7o) + O(E}).
i

Finally, if we assume without loss of generality that V(gp) =0 and set§ =x — go
(e, & 0= —¢i and &, = ¢;yiy foralli e N, p € S; \ {0}), we readily get

A%
Vi)=Y i+ O(E?)

i,o
i,

= — Zuia(QO)gia + 0(82)

ou;

Eia + O(E?)
0xXiq

q0

(5.7)

=&Y Yipluip+ O,
i 1
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where g2 = > eiZ. Therefore, by combining (5.4), (5.6) and (5.7), the negativity
condition LV (x) < —kV (x) becomes

A
> ik Z)&'MAMW[AMW - 5('71'2“ + 771-2,0)}
i u
(5.8) 5
> kY &y vipAuiy + O(E).

i M

Hence, if Au;, > %(nizu + ’71'2,0) for all u € S; \ {0}, this last inequality will be
satisfied for some k£ > 0 whenever ¢ is small enough. Essentially, this proves the
following.

PROPOSITION 5.1. Let g = (a1, ..., an) be a strict equilibrium of a conges-
tion game & with potential function V and assume that V (q) = 0. Assume further
that the learning rates A; are sufficiently small so that, for all p € S; \ {«;} and all

ieN,
. Ao oo
(5.9) Vg-i. 1) > 5 (i, +11i0)-

Then q is stochastically asymptotically stable in the rate-adjusted dynamics (3.5").

We thus see that no matter how loud the noise n; might be, stochastic stability
is always guaranteed if the players choose a learning rate that is slow enough as to
allow them to average out the noise (i.e., A; < AV;/ nl.z). Of course, it can be argued
here that it is highly unrealistic to expect players to be able to estimate the amount
of Nature’s interference and choose a suitably small rate A;. On top of that, the
very form of the condition (5.9) is strongly reminiscent of the “modified” game of
[8, 10], a similarity which seems to contradict our statement that exponential learn-
ing favors rational reactions in the original game. The catch here is that condition
(5.9) is only sufficient and Proposition 5.1 merely highlights the role of a potential
function in a stochastic environment. As we shall see in Section 6, nothing stands
in the way of choosing a different Lyapunov candidate and dropping requirement
(5.9) altogether.

5.2. The dyadic case. To gain some further intuition into why the condition
(5.9) is redundant, it will be particularly helpful to examine the case where players
compete for the resources of only two facilities (i.e., S; = {0, 1} for all i € ) and
try to learn the game with the help of the uniform replicator equation (3.5). This is
the natural setting for the El Farol bar problem [2] and the ensuing minority game
[14] where players choose to “buy” or “sell” and are rewarded when they are in
the minority—buyers in a sellers’ market or sellers in an abundance of buyers.

As has been shown in [17], such games always possess strict equilibria, even
when players have distinct payoff functions. So, by relabeling indices if neces-
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sary, let us assume that go = (€10, ..., en.0) is such a strict equilibrium and set
x; = x;,0. Then, the generator of the replicator equation (3.5) takes the form

L= Y a1 =) Auito) + S0 227 |

1

dx;
(5.10)
Py d—mtm L
2 i i l i 8)6!-2’
=Y — U 2 _ 2 2

where now Au; =u; 0 — u; 1 and ny =n;,+ ni1-
It thus appears particularly appealing to introduce a new set of variables y; such
that aiy =x;(1 —x;) %; this is just the “logit” transformation: y; = logitx; =

log lf"xi . In these new variables, (5.10) assumes the astoundingly suggestive guise
a1, 92

5.11 L= (Au._+_ ,2_>,

(5.11) Z on T2

which reveals that the noise coefficients can be effectively decoupled from the
payoffs. We can then take advantage of this by letting L act on the function f(y) =
e “i(a; >0):

(5.12) L ==Y (s = ga? e,

Hence, if a; is chosen small enough so that Au; — %ainiz > m; > 0 for all suffi-
ciently large y; [recall that Au;(gg) > O since gq is a strict equilibrium], we get

(5.13) Lf(y) <—) aimie” Y < —kf(y),

where k = min;{a;m;} > 0. And since f is strictly positive for y; o > 0 and only
vanishes as y — oo (i.e., at the equilbrium ¢g), a trivial modification of the sto-
chastic Lyapunov method (see, e.g., pages 314 and 315 of [7]) yields the following.

PROPOSITION 5.2. The strict equilibria of minority games are stochastically
asymptotically stable in the uniform replicator equation (3.5).

REMARK 5.3. It is trivial to see that strict equilibria of minority games will
also be stable in the rate-adjusted dynamics (3.5'): in that case we simply need to
choose a; such that Au; — %aikm? >m; > 0.

REMARK 5.4. A closer inspection of the calculations leading to Proposi-
tion 5.2 reveals that nothing hinges on the minority mechanism per se: it is (5.11)
that is crucial to our analysis and L takes this form whenever the underlying game
is a dyadic one (i.e., |S;| = 2 for all i € \). In other words, Proposition 5.2 also
holds for all games with 2 strategies and should thus be seen as a significant ex-
tension of Proposition 5.1.
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PROPOSITION 5.5. The strict equilibria of dyadic games are stochastically
asym ptotically stable in the replicator dynamics (3.5), (3.5") of exponential learn-

ing.

6. Stability of equilibrial play. In deterministic environments, the “folk the-
orem” of evolutionary game theory provides some pretty strong ties between equi-
librial play and stability: strict equilibria are asymptotically stable in the multi-
population replicator dynamics (2.9) [11]. In our stochastic setting, we have al-
ready seen that this is always true in two important classes of games: those that
can be solved by iterated elimination of dominated strategies (Corollary 4.4) and
dyadic ones (Proposition 5.5).

Although interesting in themselves, these results clearly fall short of adding
up to a decent analogue of the folk theorem for stochastically perturbed games.
Nevertheless, they are quite strong omens in that direction and such expectations
are vindicated in the following.

THEOREM 6.1. The strict equilibria of a game & are stochastically asymp-
totically stable in the replicator dynamics (3.5), (3.5") of exponential learning.

Before proving Theorem 6.1, we should first take a slight detour in order to
properly highlight some of the issues at hand. On that account, assume again that
the profile go = (e1.0, ..., en.0) is a strict equilibrium of &. Then, if go is to be
stochastically stable, say in the uniform dynamics (3.5), one would expect the
strategy scores U; o of player i to grow much faster than the scores U;,, u € S; \
{0} of his other strategies. This is captured remarkably well by the “adjusted”
scores

(6.13) Zl-’o = )"iUi,O — log<Z e)uiUiu>’
"

(6.1b) Ziy =2i(Uip — Ui ),

where X; > 0 is a sensitivity parameter akin (but not identical) to the learning rates
of (3.5") (the choice of common notation is fairly premeditated though).

Clearly, whenever Z; g is large, U; o will be much greater than any other score
Ui, and hence, the strategy 0 € S; will be employed by player i far more often. To
see this in more detail, it is convenient to introduce the variables

AiUio
o Zio_ ¢
(6.2a) Yio=e"0= > Ui’
eZin etilin
(6.2b) Yiu =

Zv eziv - Zv e)\iUiu ’
where Y; o is a measure of how close X; istoe; o € A; and (Y;1,Yi2,...) € ASi—1
is a direction indicator; the two sets of coordinates are then related by the trans-

formation Y; = X?&/ZM Xikli, a €S;, ueS;\ {0}. Consequently, to show that
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the strict equilibrium go = (e1,0, - .., €n,0) is stochastically asymptotically stable
in the replicator equation (3.5), it will suffice to show that Y; ¢ diverges to infinity
as t — oo with arbitrarily high probability.

Our first step in this direction will be to derive an SDE for the evolution of the
Yiq processes. To that end, [td’s lemma gives

Y, 3?Yiq
dYiq = 2 dU dUig -dU
e % a0, T %% U0, P T
(6.3) 5
1 s 07Yig dYiq
_Z Ui o + S s )dt+zni5%dWiﬁ,
( BU 2 ! anﬂ 5 0U;p
where, after a snnple differentiation of (6.2a), we have
6.4 3Yi0 9*Yi0
(6.42) 0 AYio, 0 320,
oU; o U7y
o *Yio
6.4’ D = i YioYi, — = Y0V (1 —2Y;
( a) 8Uw i,0L5v anzv i,0 w( zv)
and, similarly, from (6.2b)
(6.4b) Wip _ Yy 0
Wio U,
Yin
= )‘iYiu((Spw —Yiv),
anv
(6.4b")
32Yiu 2
8Ul~2v :)‘i Yiu(auv_Yiv)(l_zyiv)-

In this way, by plugging everything back into (6.3) we finally obtain

Ai
dYio=A; YzO[”zO_Zquum‘f‘ 277,0 ZYZM(1—2YW)7)W}

(6.52)
+ )»iYi,o[m,o dWi o — Z NipnYip dWiu],
%
dYip =AiYiplui, — ZuiuYiu]dt
v
A 2 2
(6.5b) + 5 Vi i (1= 23 = D _m Yio (1= 2Y3) |t
v

+AiYiu [ﬂm dWi, — Z NivYiv dWw}
%
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where we have suppressed the arguments of #; and n; in order to reduce notational
clutter.

This last SDE is particularly revealing: roughly speaking, we see that if A; is
chosen small enough, the deterministic term u; o — Zu Yiuui, will dominate the
rest (cf. with the “soft” learning rates of Proposition 5.1). And, since we know that
strict equilibria are asymptotically stable in the deterministic case, it is plausible
to expect the SDE (6.5) to behave in a similar fashion.

PROOF OF THEOREM 6.1. Tying in with our previous discussion, we will
establish stochastic asymptotic stability of strict equilibria in the dynamics (3.5)
by looking at the processes Y; = (¥; 0, Yi1,...) € R x ASi—1 of (6.2). In these
coordinates, we just need to show that for every M; > 0,i € A and any ¢ > 0,
there exist Q; > M; such that if ¥; 0(0) > Q;, then, with probability greater than
1 — ¢, limy 00 Yi0(t) = 00 and Y; o(¢) > M; for all + > 0. In the spirit of the
previous section, we will accomplish this with the help of the stochastic Lyapunov
method.

Our first task will be to calculate the generator of the diffusion ¥ = (Y1, ...,
Yn), that is, the second order differential operator

1 92
(6.6) L=) biaOW)5—+3 (0 (Mo ())ap ———,
IGX./\:/' 0Yia 2 IGX./\:/' ' g 0Yia 8)’;‘[3
a€S; a,BeS;

where b; and o; are the drift and diffusion coefficients of the SDE (6.5), respec-
tively. In particular, if we restrict our attention to sufficiently smooth functions of
the form f(y) =2 ;cn fi()i,0), the application of L yields

A
Lf(y)=> kiyz',o[ui,o + =07

ieN 2
Ai dfi
(67) - Zylu(ulp, _( 2ylu)nlu)i| 8yi,()
3% fi
+5 Z)‘ y10 7710+Z77luym 2v: 0
zEN Yi,0
Therefore, let us consider the function f(y) =) ; 1/yi.0 for y;o > 0. With
ai-f = = 2/yl o» (6.7) becomes
LF0) == | uio - D~ ks
N l
(6.8) '

- 51 > yin(l— ym)n,-zu]
"
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However, since o = (e1,0, ..., en,0) has been assumed to be a strict Nash equi-
librium of &, we will have u; o(q0) > ui,(qo) for all u € §; \ {0}. Then, by
continuity, there exists some positive constant v; > 0 with u; 0 — pUipYip =
v; > 0 whenever y; o is large enough (recall that Zu yip = 1). So, if we set

ni =max{[n;g(x)|:x € A, B € §;} and pick positive A; with 1; < vl-/niz, we get

riv; 1
6.9) LFp) ==Y
ieN Yi,0

5—%mmuwdﬂw

for all sufficiently large y; 9. Moreover, f is strictly positive for y; o > 0 and van-
ishes only as y; o — oo. Hence, as in the proof of Proposition 5.2, our claim fol-
lows on account of f being a (local) stochastic Lyapunov function.

Finally, in the case of the rate-adjusted replicator dynamics (3.5"), the proof is
similar and only entails a rescaling of the parameters A;. [J

REMARK 6.2. If we trace our steps back to the coordinates X, our Lyapunov

candidate takes the form f(x) =); (xlTO)‘ " 9 x? /i)‘ It thus begs to be compared to

the Lyapunov function xﬁ employed by Imhof and Hofbauer in [8] to derive
a conditional version of Theorem 6.1 in the evolutionary setting. As it turns out,
the obvious extension f(x) =3 >, x? l; works in our case as well, but the cal-
culations are much more cumbersome and they are also shorn of their ties to the
adjusted scores (6.1).

REMARK 6.3. We should not neglect to highlight the dual role that the learn-
ing rates A; play in our analysis. In the logistic learning model (2.10), they measure
the players’ convictions and how strongly they react to a given stimulus (the scores
Uiq); in this role, they are fixed at the outset of the game and form an intrinsic part
of the replicator dynamics (3.5). On the other hand, they also make a virtual ap-
pearance as free temperature parameters in the adjusted scores (6.1), to be softened
until we get the desired result. For this reason, even though Theorem 6.1 remains
true for any choice of learning rates, the function f(x) =), x;OX DI xm is Lya-
punov only if the sensitivity parameters A; are small enough. It might thus seem
unfortunate that we chose the same notation in both cases, but we feel that our
decision is justified by the intimate relation of the two parameters.

7. Discussion. Our aim in this last section will be to discuss a number of
important issues that we have not been able to address thoroughly in the rest of the
paper; truth be told, a good part of this discussion can be seen as a roadmap for
future research.

Ties with evolutionary game theory. In single-population evolutionary models,
an evolutionarily stable strategy (ESS) is a strategy which is robust against invasion
by mutant phenotypes [15]. Strategies of this kind can be considered as a stepping
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stone between mixed and strict equilibria and they are of such significance that it
makes one wonder why they have not been included in our analysis.

The reason for this omission is pretty simple: even the weakest evolutionary
criteria in multi-population models tend to reject all strategies which are not strict
Nash equilibria [11]. Therefore, since our learning model (2.9) corresponds exactly
to the multi-population environment (2.14), we lose nothing by concentrating our
analysis only on the strict equilibria of the game. If anything, this equivalence
between ESS and strict equilibria in multi-population settings further highlights
the importance of the latter.

However, this also brings out the gulf between the single-population setting and
our own, even when we restrict ourselves to 2-player games (which are the norm in
single-population models). Indeed, the single-population version of the dynamics
(3.8) is:

dXq = Xa[(ua(X) —u(X, X)) - (niXa - Z"%Xfa)] a
B

(7.1)
+ Xo[tla dWe — Y 1pXpdWg].

As it turns out, if a game possesses an interior ESS and the shocks are mild
enough, the solution paths X (¢) of the (single-population) replicator dynamics will
be recurrent (Theorem 2.1 in [10]). Theorem 6.1 rules out such behavior in the case
of strict equilibria (the multi-population analogue of ESS), but does not answer
the following question: if the underlying game only has mixed equilibria, will the
solution X (¢) of the dynamics (3.5) be recurrent?

This question is equivalent to showing that a profile x is stochastically asymptot-
ically stable in the replicator equations (3.5), (3.5) only if it is a strict equilibrium.
Since Theorem 6.1 provides the converse “if”” part, an answer in the positive would
yield a strong equivalence between stochastically stable states and strict equilibria;
we leave this direction to be explored in future papers.

It6 vs. Stratonovich. For comparison purposes (but also for simplicity), let us
momentarily assume that the noise coefficients n;, do not depend on the state X (¢)
of the game. In that case, it is interesting (and very instructive) to note that the SDE
(3.1) remains unchanged if we use Stratonovich integrals instead of Itd ones:

(7.2) dUia(t) =uio(X (1)) dt + niq OWiq (1).
Then, after a few calculations, the corresponding replicator equation reads
(7.3)  0Xiq = Xia(tia(X) —u; (X)) dt + Xiq (nia OWig — Z nipXip 3Wi,3)-

The form of this last equation is remarkably suggestive. First, it highlights the
role of the modified game ;o = u;o + %’h‘za even more crisply than (3.5): the pay-
off terms are completely decoupled from the noise, in contrast to what one obtains
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by introducing Stratonovich perturbations in the evolutionary setting [8, 13]. Sec-
ondly, one can seemingly use this simpler equation to get a much more transparent
proof of Proposition 4.1: the estimates for the cross entropy terms G gi—q| Are re-
covered almost immediately from the Stratonovich dynamics. However, since (7.3)
takes this form only for constant coefficients #;, (the general case is quite a bit
uglier), we chose the route of consistency and employed It6 integrals throughout

our paper.

Applications in network design. Before closing, it is worth pointing out the
applicability of the above approach to networks where the presence of noise or
uncertainty has two general sources. The first of these has to do with the time vari-
ability of the connections which may be due to the fluctuations of the link quality
because of mobility in the wireless case or because of external factors (e.g., load
conditions) in wireline networks. This variability is usually dependent on the state
of the network and was our original motivation in considering noise coefficients
Nie that are functions of the players’ strategy profile; incidentally, it was also our
original motivation for considering randomly fluctuating payoffs in the first place:
travel times and delays in traffic models are not determined solely by the players’
choices, but also by the fickle interference of nature.

The second source stems from errors in the measurement of the payoffs them-
selves (e.g., the throughput obtained in a particular link) and also from the lack
of information on the payoff of strategies that were not employed. The variability
of the noise coefficients n;, again allows for a reasonable approximation to this
problem. Indeed, if n;4 : A — R is continuous and satisfies 14 (x_;; o) = 0 for all
i € N,a € S;, this means that there are only errors in estimating the payoffs of
strategies that were not employed (or small errors for pure strategies that are em-
ployed with high probability). Of course, this does not yet give the full picture [one
should consider the discrete-time dynamical system (2.6) instead where the play-
ers’ actual choices are considered], but we conjecture that our results will remain
essentially unaltered.
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