Hedging under uncertainty: regret minimization
meets exponentially fast convergence
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Abstract. This paper examines the problem of multi-agent learning in
N-person non-cooperative games. For concreteness, we focus on the so-
called “hedge” variant of the exponential weights (EW) algorithm, one
of the most widely studied algorithmic schemes for regret minimization
in online learning. In this multi-agent context, we show that a) dom-
inated strategies become extinct (a.s.); and b) in generic games, pure
Nash equilibria are attracting with high probability, even in the pres-
ence of uncertainty and noise of arbitrarily high variance. Moreover, if
the algorithm’s step-size does not decay too fast, we show that these
properties occur at a quasi-exponential rate — that is, much faster than
the algorithm’s O(1/+v/T) worst-case regret guarantee would suggest.

Keywords: Dominated strategies, exponential weights, Nash equilib-
rium, no-regret learning.

1 Introduction

In its most basic form, the prototypical framework of online learning can be
summarized as follows: at each instance ¢ = 1,2,... of a repeated decision
process, a player selects an action «a; from some finite set S, and they obtain
a reward u;(a;) based on an a priori unknown payoff function u;: & — R.
Subsequently, the player observes some problem-specific feedback (for instance,
the resulting payoff vector or some estimate thereof), and selects a new ac-
tion seeking to mazimize their reward over time. In the absence of any other
considerations, this objective is usually quantified by asking that the player’s re-
gret Reg(T) = maxgyes Ethl [ut(a)) — us(az)] grow sublinearly in T', a property
known as “no regret”.

Game-theoretic learning is a multi-agent extension of the above in which
every player’s payoffs are determined by the actions of all players via a fixed
mechanism — the game. Of course, in many applications, this mechanism may
be unknown and/or opaque to the players (who, conceivably, might not even
know that they are playing a game). As a result, we are led to the following key



questions: if the players of a repeated game agnostically update their strategies
following an algorithm that minimizes their individual regret, does the induced
sequence of play converge to a Nash equilibrium (or some other rationally jus-
tifiable solution concept)? And if so, does this still hold true if the players’
observations are contaminated by noise and/or uncertainty?

On the positive side, under no-regret learning, the players’ empirical frequen-
cies of play converge to the game’s Hannan set [12], also known as the set of
coarse correlated equilibria (CCE) [13].4 As such, a partial answer to the first
question is that coarse correlated equilibria are indeed learnable via no-regret
learning. In general however, the Hannan set may contain highly non rationaliz-
able outcomes, so the real answer to this question is “no”. For instance, Viossat
and Zapechelnyuk [27] recently constructed an example of a 4 x 4 symmetric
game with a coarse correlated equilibrium that assigns positive weight only on
strictly dominated strategies — an “equilibrium” in name only.

In view of this, our aim in this paper is to examine when no-regret learning
leads to a set of rationally justifiable strategies — such as the game’s Nash set
or the set of undominated strategies. To that end, we focus on the widely used
“hedge” variant [9] of the exponential weights (EW) algorithm [28,19], where
the probability of choosing an action is proportional to the exponential of its
cumulative payoff over time (so better-performing actions are employed expo-
nentially more often). As is well known, “hedging” is min-max optimal in terms
of the achieved regret minimization rate [5]. Nonetheless, beyond Hannan con-
sistency, few conclusions can be drawn from this property in a game-theoretic
environment where finer convergence criteria apply.

A further complication that arises in game-theoretic learning is that the
figure of merit is the convergence of the actual sequence of play generated by a
learning process — not its time average. In online learning, this averaging comes
up naturally because the focus is on the player’s regret. In a game-theoretic
context however, even if time averages converge, the actual sequence of play
may fail to converge altogether (or may do so at a completely different rate), so
the players’ actual behavior (and the payoffs they obtain) could be drastically
different in the two regimes. Thus, given that regret-based convergence results
offer little insight on the “last iterate” of the process, the analysis of the latter
requires a completely different set of tools and techniques.

1.1 Our results

In their recent paper, Viossat and Zapechelnyuk [27] showed that, in general, the
set of coarse correlated equilibria may contain non rationalizable strategies sup-
ported exclusively on strictly dominated strategies. Nevertheless, by leveraging
the consistent negative reinforcement of actions that perform badly in past in-
stances of play, we show that hedging eliminates dominated strategies with prob-
ability 1. Moreover, we show that the rate of elimination is O(exp(—c Zthl )

4 As the second name suggests, this set contains the game’s set of correlated equilibria
(CE) — and hence, the game’s set of Nash equilibria as well.



for some positive constant ¢ > 0, where ~; is a variable step-size parameter; in
other words, dominated strategies become extinct exponentially fast if v, decays
slower than 1/t.

With respect to equilibrium convergence, we show that hedging in generic
games converges locally to pure Nash equilibria with high probability, and the
convergence is global with probability 1 if the game’s equilibrium satisfies a
certain variational inequality. The only added caveat for this result is that the
algorithm’s step-size parameter must satisfy a summability condition which pre-
cludes the use of very aggressive step-size policies. Nevertheless, the algorithm
still achieves an exponential O(e’CTl_b) convergence rate for step-size sequences
of the form ~; ~ 1/t*, b € (1/2,1).

To account for the fact that players may not have access to perfect payoff
observations, we assume throughout that players can only estimate their payoff
vectors up to a possibly unbounded error with arbitrarily high variance. This un-
certainty is countered by means of a judicious choice of the algorithm’s step-size
parameter v which can be used to control the weight with which new observa-
tions enter the algorithm at a given stage. This is made possible by exploiting
results from martingale limit theory and the theory of stochastic approximation.

1.2 Related work

Algorithms and dynamics for learning in games have received considerable at-
tention over the last few decades. Such procedures can be divided into two broad
categories, depending on whether they evolve in continuous or discrete time: the
former includes the numerous dynamics for learning and evolution (see [24] for
a survey), whereas the latter focuses on learning algorithms for infinitely iter-
ated games (such as fictitious play and its variants). In this paper, we focus
exclusively on discrete-time algorithms.

In this framework, it is natural to consider agents who learn from their ex-
perience by small adjustments in their behavior based on local — and possibly
imperfect — information. Several such approaches in the literature can be viewed
as decentralized no-regret dynamics — for example the multiplicative/exponential
weights algorithm and its variants [28,9, 19], Follow the Regularized /Perturbed
Leader [14], etc. Indeed, regret bounds can be used to guarantee that each
player’s utility approaches long-term optimality in adversarial environments, a
natural first step towards long-term rational behavior. For example, it has been
shown in [2, 23] that the sum of utilities approaches an approximate optimum,
and there is convergence of time averages towards an equilibrium in two-player
zero-sum games [3,7,9]. In all these examples, the players’ average regret van-
ishes at the worst-case rate of O(1/v/T) where T denotes the play horizon. This
convergence rate was recently improved by Syrgkanis et al. [26] for a wide class
of N-player normal form games using a natural class of regularized learning al-
gorithms. However, the convergence results established in [26] concerned a) the
set of coarse correlated equilibria (which may contain highly non rationalizable
strategies); and b) the “long-run average” Zr = T! Zil x4 of the actual se-
quence of play. By contrast, our paper focuses squarely on the algorithm’s “last



iterate” (which determines the players’ rewards at each stage), and finer ratio-
nality properties (such as the elimination of dominated strategies or convergence
to pure Nash equilibria) that cannot be deduced from coarse equilibrium con-
vergence results.

The HEDGE algorithm received much attention in various fields such as op-
timization [1], multi-armed bandit problems [4], and in general algorithmic game
theory. In particular, the number of payoff queries needed to compute approxi-
mate correlated equilibria has been studied in [10]: upper and lower bounds have
been derived, as well as reductions between problems, such as the reduction of
the problem of verifying an approximate well supported Nash equilibrium to the
problem of computing a well supported Nash equilibrium under some assump-
tions.

Kleinberg et al. [15] studied the behavior of the dynamic of the HEDGE
algorithm for some particular load balancing games (the so-called atomic load
balancing games) in the ”bulletin board” model. In this latter model, players
know the actual payoff of each strategy according to the actual strategies played.
They proved that if all players play according to the same mixed strategy, the
dynamics of the history of play converge, and the limit is necessarily a stable
distribution over states, such as a mixed Nash or a correlated equilibrium. Fur-
thermore, the average performance of the dynamics has been analyzed in atomic
load balancing games. Recently, in a similar spirit, Foster et al. [8] showed that
some variants of HEDGE algorithms are such that the average of the outcome
converge rapidly to an approximation of the optimum in smooth games. In par-
allel, Krichene et al. [16] extended the result to congestion games, and proved
that a discounted variant of the HEDGE algorithm converges to the set of Nash
equilibria in the sense of Cesaro means (time averages), while strong convergence
can be guaranteed with some additional conditions. Their proof is based on the
so-called Kullback-Leibler (KL) divergence. Finally, Coucheney et al. [6] also
showed that a “penalty-regulated” variant of the HEDGE algorithm with bandit
feedback converges to logit equilibria in congestion games, but their techniques
do not extend to actual Nash equilibria. In the current paper, we do not restrict
ourselves to congestion games; instead, we consider generic games that admit
a Nash equilibrium in pure strategies, of which congestion and potential games
are a special case.

2 Preliminaries

Throughout the paper, we focus on games that are played by a (finite) set
N = {1,...,N} of N players (or agents). Each player i € N is assumed to
have a finite set of actions (or pure strategies) S;, and the players’ preferences
for one action over another are represented by each action’s wtility (or payoff).
Specifically, as players interact with each other, the individual payoff of each
player is given by a function u;: S = [[; S; — R of all players’ actions, and each
agent seeks to maximize the utility u;(c;; a—;) of their chosen action «; € S;



against the action profile a_; of his opponents.® A game is then called (weakly)
generic if there are no unilateral payoff ties, i.e. if u;(ay; a—;) # w;(Bi; a—;) for
all a;, 8; € S;, 1 €N

Players can also use mixed strategies by playing probability distributions
T = (Tia;)ayes, € A(S;) over their action sets S;. The resulting probability
vector z; is called the mized strategy of the i-th player and the set X; = A(S;)
is the corresponding mixed strategy space of player i; aggregating over players,
we also write X' = [[, A for the game’s strategy space, i.e. the space of all mixed
strategy profiles = (z;);en-

In this context (and in a slight abuse of notation), the expected payoff of the
i-th player in the mixed strategy profile x = (z1,...,zn) is

UZ(I):Z Z ui(01, ..., ON) T1ay *** TNay - (1)
a1€851 an€SN

Accordingly, if player i plays the pure strategy a; € S;, we will write
Via; () = ui(o; ;) = wi(z1, ...,y ..., TN) (2)

for the payoff corresponding to «;, and v;(z) = (Via, (Z))a,es, for the resulting
payoff vector of player i. A player’s expected payoff may thus be written as

wi(@) = Y Tia,Via, (@) = (vi(2)]ai), (3)

a; €S;

where (v;|z;) denotes the canonical bilinear pairing between v; and x;.

A fundamental rationality principle in game theory is that, assuming full
knowledge of the game, a player would have no incentive to play an action
that always yields suboptimal payoffs with respect to another. To formalize this,
a; € S; is called (strictly) dominated by B; (and we write «; < ;) if

ui(aj;a_;) <ui(Bi;ay;) foralla_; € Sy = H#i S;,ieN. (4)

Extending the notion of strategic dominance, the most widely used solution
concept in game theory is that of a Nash equilibrium (NE), i.e. a state z* € X
which is unilaterally stable in the sense that

wi(zl; 2 ,) > ui(wg;a*,) forallz; € X, i €N, (NE)
or, equivalently, writing supp(xz) for the support of z:
Vig, (&%) > vp,(x*)  for all o; € supp(z]) and all 3; € S;, i € N. (5)

If equilibrium z* is pure (i.e. supp(z}) = {a}} for some af € S; and all i € N),
then it is called a pure equilibrium. In generic games, a pure equilibrium satisfies
(5) as a strict inequality for all 8; ¢ supp(z}), i € N, so we sometimes refer to
pure equilibria in generic games as strict. Such equilibria will play a key role in
our analysis, so we provide a convenient variational characterization below:

5 In the above (ai; e—4) is shorthand for (aa,...,as,...,an), used here to highlight
the action of player i against that of all other players.



Proposition 1. In generic games, =* is a pure equilibrium if and only if
@)z —2*) < —fpllz —a*||  for some p > 0 and for all x near z*,  (6)

6 where HCL’” = 21 Zaesi‘xiai

Clearly, if (6) holds for all z € X, then z* is the unique Nash equilibrium of
the game. In particular, it is easy to verify that this is the case in the Prisoner’s
Dilemma and its variants, generic competition games, potential games with a
unique equilibrium, etc. At a more fundamental level, (6) is closely related to
the notion of a globally evolutionarily stable state (GESS) in evolutionary game
theory [24]; for more details, we refer the reader to the variational stability
analysis of [20].

denotes the L'-norm of .

3 Hedging under uncertainty

The algorithm that we examine is the so-called “hedge” variant of the exponen-
tial weights algorithm [9]. In a nutshell, the main idea of the algorithm is as
follows: At each stage t = 1,2,... of the process, players maintain and update a
“performance score” for each of their actions (pure strategies) based on each ac-
tion’s cumulative payoff up to stage t. These scores are then converted to mixed
strategies by assigning exponentially higher probability to actions with higher
scores, and a new action is drawn based on these mixed strategies.

More precisely, this iterative process can be encoded as follows:

Algorithm 1.1 HEDGE with variable step-size 7,

1 Each player i € A chooses an initial score vector y;(1)
2 for each round ¢

3 Each player i € N plays z;(t) = A;(y:(t)) where the logit map A; is defined as
1
Ai(yi) = = (exp(¥ia))aces; - 7
(3:) S ce, xp(i) (exp(Yia))ac (7
4 Each player ¢ € N draws a pure strategy «;(t) according to x;(t)
5 Each player i € N gets an estimate 9;(¢) of their payoff vector v;(c(t))
6 Each player ¢ € AN updates their score vectors as
yi(t +1) = yi(t) + i (t), (8)
end for

Mathematically, the above algorithm can be expressed as

zi(t) = N (wi(t)),
yi(t+1) = y; (t) + 1 o(t), (HEDGE)

with g;(1) initialized arbitrarily. Motivated by practical implementation issues
(especially in large networks and telecommunication systems), this formulation

S 2 is near z* if there exists an € such that ||z — 2*|| < e



further assumes that players have imperfect knowledge of their payoff vectors
v;(z(t)) at each iteration of the algorithm — for instance, contaminated by mea-
surement errors or other uncertainty factors. To formalize this, we will consider
a general feedback model of the form

0i(t) = vi(a(t)) + &(1), (9)

where the error process & = (& )ien is a L?-bounded martingale difference se-

quence with respect to the history F; of the process (y(t),z(t), a(t),o(t)). In
other words, we assume that £(t) satisfies the statistical hypotheses

1. Zero-mean:
E[E(t) | Ft—1] =0 forallt=1,2,... (a.s.); (H1)
2. Finite mean squared error: there exists some o > 0 such that
E[l@)|2 | Fioi] <0 forallt=1,2,... (as.). (H2)

Put differently, Hypotheses (H1) and (H2) simply mean that the payoff vector
estimates 0; are conditionally unbiased and bounded in mean square, i.e.

E[6(t) | Fi-1] = v(2(t)), (10a)
E[[8(t)[I2, | Fia] < V7, (10b)

where V' > 0 is a finite positive constant (in the noiseless case & = 0 the con-
stant V is simply a bound on the players’ maximum absolute payoff).” Thus,
Hypotheses (H1) and (H2) allow for a broad range of noise distributions, includ-
ing all compactly supported, (sub-)Gaussian, (sub-)exponential and log-normal
distributions.

4 Rationality analysis and results

In this section, we present our main convergence results for (HEDGE). We be-
gin with the fact that hedging bypasses the negative result of Viossat and Za-
pachelnyuk [27], and does not lead to non-rationalizable, strategically dominated
outcomes:

(PM: Stopped here. J

" Note here that (10a) is phrased in terms of the players’ mized strategy profile z(t),
not the action profile a(t) = (e (t); a—;(¢)) which is chosen based on z(t) at stage ¢.
To see that (H1) indeed implies (10a), simply recall that z;(t) = Ai(y:(t)) so

Efbia; (t) | Feorl = Y [uslassai)za_, (t) + Elfia; () | Feo1]]

a_;€ES_;
= ui(@i; 2-i(t)) = via, (z(1)). (11)



Theorem 1. Suppose that (HEDGE) is run with a step-size sequence of the
form ¢ o< 1/t* for some b < 1 (not necessarily positive), and noisy payoff
observations satisfying Hypotheses (H1) and (H2). If a; € S; is dominated,
there exists some ¢ > 0 such that

Zia; (T) = O(exp(—c Zthl ) with probability 1. (12)
In particular, if b < 1, a; becomes extinct exponentially fast (a.s.).
Proof. Suppose that «; < B; for some §; € S;. Then, suppressing the player
index ¢ for simplicity, we get

T

y5(T) = ya(T) = cga + Y _ 7t [05(t) — ba(t)]
t=1

= cpa+ ) v lvp(z(t)) —vale®)] + DG (13)
t=1

t=1

where we set cgo = y3(0) — ya(0) and ; = 05(t) — vg((t)) — [0a(t) — val(z(?))].
Since a < B, there exists some p > 0 such that vg(x) —ve(z) > p for all x € X.
Then, (13) yields

yﬁ(T) - ya(T) > CRa + O n+

Or

23;1 ’YtCt] 7 (14>

with 6y = ZZ;I Y.

Since E[¢; | Fi—1] = 0 and sup, E[¢? | F;—1] < oo by the reformulation (10a)
and (10b) of Hypotheses (H1) and (H2) respectively, the law of large numbers
for martingale difference sequences [11, Theorem 2.18| gives 9771 ZtT=1 ¢ — 0
(a.s.), provided that > ;2 (v:/6:)* < 0o and > ;= v+ = oo. Given that this last
assumption is satisfied for all b < 1, we readily get 6. 23:1 ¢ — 0 (as.),
so for all ¢ € (0, ), there exists some (a.s. finite) Ty such that if T > Tj, then
ya(T) — yo(T) > cOp . Recall that x4 (T) = Ao (y(T)). We thus get

eya(T) eya(T) T
. NG IS S
all) =y < gy ~ ¢ SetEem T (as),  (15)

and our proof is complete. a

Remark 1. Tt should be noted here that the elimination of dominated strategies
with imperfect knowledge of the game’s payoffs is by no means a given. For
instance, if players play a greedy best response scheme at each round and the
payoff observation errors are not supported on a small, compact set, dominated
strategies will be played infinitely often (simply because at each round, any
strategy could be erroneously perceived as a best response).® With this in mind,

8 Recall also the counterexample of [27] discussed in the introduction.



the fact that the rate of elimination (12) improves with more aggressive — even
increasing — step-size sequences 7y; is somewhat surprising because it suggests
that players can employ (HEDGE) in a very greedy fashion and achieve fast
dominated strategy extinction rates, even in the presence of arbitrarily high
estimation errors.

Remark 2. Regarding the number of players and actions per player, our proof
reveals that ¢ depends only on the player’s payoffs — specifically, we can take
c=sming_,es_, [ui(Bi; @—i) — ui(a;; ;)] > 0. In other words, the algorithm’s
half-life is asymptotically independent of the size of the game, and only depends

on the players’ relative payoff differences.

Remark 3. Finally, we should note that Theorem 1 also extends to the case of
iteratively dominated strategies.” As such, Theorem 1 implies that the sequence
of play induced by (HEDGE) actually converges to the set of iteratively undom-
inated strategies of the game.

We now turn to the convergence properties of (HEDGE) in generic games
that admit pure Nash equilibria:

Theorem 2. Fiz a confidence level € > 0 and suppose that (HEDGE) is run
with a small enough (depending on €) step-size v, satisfying Y ,oq Vi < o0 and
Yoy ¥ = 0o, and imperfect payoff observations satisfying Hypotheses (H1) and
(H2). If z* is a pure equilibrium of a generic game and (HEDGE) is initialized
not too far from x*, then we have

IP’(H:c(T) —o*|| < Cle T for all t) >1-¢, (16)

where ¢ > 0 is a constant that only depends on the game and C' > 0 is a
(random) constant that depends on the initialization of (HEDGE). In particular,
under the stated assumptions, x(t) — x* with probability at least 1 — €.

Corollary 1. With assumptions as above, if (HEDGE) is run with a step-size
of the form ~v; = v/t° for some sufficiently small v > 0 and b € (1/2,1), we have

cy 25171)

]P’(H:c(t)—:z:*” :o(e—m )) >1-c. (17)

Relegating the (somewhat involved) proof of Theorem 2 to Appendix B, we
note here that, in contrast to Theorem 1, the “L? — L' summability requirement
P 2 < oo and YooYt = oo constrains the admissible step-size policies
that lead to pure equilibrium (for instance, constant step-size policies are no
longer admissible). In particular, the most aggressive step-size that satisfies the
assumptions of Theorem 2 is 7; o< t~° for some b close (but not equal) to 1/2,
leading to a convergence rate of A!'  for some real A < 1 (cf. Corollary 1).

9 This can be shown by an induction argument on the rounds of elimination of domi-
nated strategies as in [18].



This bound on b is due to the second moment growth bound required by Doob’s
maximal inequality; if there is finer control on the moments of the noise process
¢ (for instance, if the noise is sub-exponential), the lower bound b > 1/2 can be
pushed all the way down to b > 0, implying a quasi-linear convergence rate.

As was hinted above, the main idea behind the proof of Theorem 2 is to
use Doob’s maximal inequality for martingales to show that the probability of
x(t) escaping the basin of attraction of a pure Nash equilibrium z* can be made
arbitrarily small if the algorithm’s step-size is chosen appropriately. Building
on this, if z* satisfies the variational inequality (6) throughout X', we have the
stronger result:

Theorem 3. Suppose that (HEDGE) is run with a step-size sequence ¢ such
that Y12, 72 < 00 and Y12, v¢ = 00 and imperfect payoff observations satisfying
Hypotheses (H1) and (H2). If x* satisfies (6) for all x € X, then:

1. limp oo 2(T) = 2* (a.s.).

2. There exists a (deterministic) constant ¢ > 0 such that
a(T) = o] = O (e7 =), (18)

Corollary 2. With assumptions as above, if (HEDGE) is run with a step-size
of the form ~v; = ~/t® some b € (1/2,1), we have

|2(T) —a*| = O(e~ =517, (19)

In contrary to Theorems 1 and 2, the proof of Theorem 3 relies heavily on
the so-called Kullback—Leibler (KL) divergence [17], defined here as

x¥
Dxgyp(z*,x) = Z Z x},, log ==+ for all v € X°. (20)
ieN a; €S; 1"1047;

The KL divergence is a positive-definite, asymmetric distance measure that is
tailored to the analysis of the replicator dynamics [29,24,18]. By using this
divergence as a discrete-time Lyapunov function, we show that x* is a recurrent
point of the process x(t), i.e. z(t) visits any neighborhood of z* infinitely many
times. We then use a stochastic approximation argument to show that the process
actually converges to x* at an asymptotic rate of (Q(e_cth=1 ).

The step-size assumption in the statement of Theorem 3 is key in achieving
this, but it is important to note it can be relaxed to Zthl 'yf/ Zthl ~v¢ — 0 if the
players’ feedback noise is bounded (for instance, if players have access to their
actual pure payoff information). When this is the case, it is possible to achieve
an O(e’CTlfb) convergence rate for any b > 0 by using a step-size sequence of
the form ; oc 1/t*. Finally, regarding the constant ¢ > 0, our proof shows that it
can be chosen in roughly the same way as the respective coefficient of Theorem 1,
implying that the rate of extinction of dominated strategies is of the same order
as that of convergence to pure equilibria.



5 Conclusions

Our main goal is to analyse the convergence properties of the “hedge” variant
of the exponential weights algorithm [9] in generic N-player games that admit
a Nash equilibrium in pure strategies. Motivated by the applications of game
theory to data networks, we assumed throughout that players only have acces
to imperfect observations of their pure payoff vector. In this setting, using tech-
niques drawn from the theory of stochastic approximation and martingale limit
theory, we showed that (i) dominated strategies become extinct (a.s.); (ii) pure
equilibria are locally attracting with high probability; and (iii) pure equilibria
that satisfy a certain variational stability condition are globally attracting with
probability 1. Moreover, despite the uncertainty in the players’ payoff observa-
tions, we showed that the elimination of dominated strategies is exponentially
fast — in stark contrast to more unrefined best response schemes which, under
uncertainty, may lead to playing dominated strategies infinitely often. Using the
theory of stochastic approximation and discrete-time martingale processes, we
showed that the algorithm’s convergence (local or global, depending on the con-
text) to a pure Nash equilibrium is also exponentially fast, even in the presence of
uncertainty and noise of arbitrary magnitude. These results apply to all generic
games that admit a Nash equilibrium in pure strategies, and not only to the class
of coordination and anti-coordination (or congestion) games that have been the
traditional focus of the game-theoretic learning literature.

Our results can be extended to a significantly broader class of no-regret
learning algorithms based on “following the regularized leader” [14], of which
“hedge” can be seen as a special case; however, we do not undertake this analysis
here due to lack of space. A further important extension of this work would
be the so-called “bandit feedback” environment where players are only able to
observe the payoff of the action that they actually played and can only estimate
the payoff of their other actions via the game’s history — possibly by introducing
a regularized sampling process as in the very recent work [10]. Another important
issue is that of asynchronicity, namely when players update at different times and
there is a delay between playing and receiving feedback. We intend to explore
these directions in future work.
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A Auxiliary results

In this appendix, we collect some auxiliary results needed for our convergence
analysis. We begin with the variational characterization (6) of strict Nash equi-
libria:

Proof of Proposition 1. Assume that z* is a pure Nash equilibrium. Then, for
all i € NV, we have

(i(@)|z; — 27) = iz x—) — ui (275 0-)

= (Tias — o) wilas; z )

a, €ES;
= Z Tio, Wi (5 T—) + Tio ui(ag; v ) — ui(ag; 2 ;)
o Far
= > @ia, [wilas e i) —ui(ofse )], (A.21)

where the first line is a consequence of (3) while the last one follows by noting
that ZQ#M Tia; = 1 —Tiqr and rearranging. Now, by continuity of u; — and the
genericity of the game — there exists a real number x> 0 and a neighborhood
U of 2* in X such that for all o;; € S; \ {af'}, wi(af;2-;) —ui(a;2—5) > p > 0.
Therefore:

(ila)ai—aD) <~ 3 @i, (A:22)

a;Far

Hence, combining Egs. (A.21) and (A.22), we get the bound

(@)le 2"y =Y (vi@)les —ai) S —u ) D i, < —%Ilaj — "l (A.23)

ieN ieEN aFof

where the last inequality follows from the fact that =7, = 0 if a; # of so
i = 27|l =1 = Tiar + X0, 2ar Tio = 22 q,ar Tics-

Conversely, assume now that z* satisfies (6) but is not a strict Nash equilib-
rium, so viq, (z*) < vi, (2*) for some «; € supp(z}), B; € S; \{a}, i € N. If we
take z; = a2} + Aeig, — €iq,) and z_; = z*, with A > 0 small enough, then we
get

(v(@)|z = 2%) = (vi(@)|zi — 27) = dvig, (27) = Aia, (27) 2 0, (A.24)

in contradiction to (6) which yields (v(z)|x —2*) < 0. O

We now prove two important properties of the logit map and the Kull-
back—Leibler divergence:

Proposition A.2. Let S = {1,...,5} be a finite set and let A = A(S) denote
the (S — 1)-dimensional simplex spanned by S. Let M be a positive real. Then:



1. If * € A is pure (i.e. supp(z*) = {a*} for some a* € S), then the set
U ={z = AW) : Yo — Yor < —M, for all a # o*} is a neighborhood of
z* in A°. Furthermore, if M is sufficiently large, then Uyps is contained in a

|I||-ball centered at x*;

2. Let x = A(y), ' = A(y') for some y,y’ € R™. Then, we have

* * * 1
Dxi(a” ') < Dxe(a*,2) + (' =yl —2%) + 5y —vlls.  (A.25)

Proof. For our first claim, assume to the contrary that Uy, is not a neighborhood
of z* in X°, so there exists a sequence xx = A(yx) in X'° that converges to z*,
but z; ¢ Uy for all k. By passing to a subsequence if necessary, there exists
some a € S such that yx,o — Yk,ox > —M and yi.o > yi,p for all B (simply pick
a constant subsequence of argmax{yx. g : Y8 — Yk,ar > —M} if needed). We
then get

eyk,a 1 1

= = > A.26
Zﬁes eYk.B eYk.a* ~Yk,a | Zﬁ;&a* eYk. s~ Yka — M 4 G _1° ( )

Tk,a

contradicting the original assumption o — 0 (since z — z*).

For the converse implication (namely that Uy, is contained in a ball around
x*), fix some § > 0 and let 2o = Yo — Yo+, @ € S\ {@*}. Then, letting x = A(y)
for some y € Uys, we have

eyoc*

>1— Y e >1—(S—1)e ™M (A27)

€TAx = = =
a EaES eYa 1+ Zaia* eZa it

Thus, for M > 2'2(;1{51‘), we obtain

lz — 2% = 2(1 — 24-) < 2(S —1)e™ <6, (A.28)
implying that Up is contained in the ball By = {x : || — *|| < §}.
Finally, for our second claim, let h(z) =3 s Talogza, © € A(S), and let

h*(y) = maxzea{(y|z) — h(z)} =log (3 cq€¥) denote the convex conjugate
of h [22,25]. Then, a straightforward derivation yields

oh*  exp(ya)
o 2 zexp(ys)

= Aa(y), (A.29)

so, by the basic properties of Legendre transformations [22], we get A(y) =
arg max{(y|x) — h(z)}. Therefore, taking x = A(y), the KL divergence becomes

Dxy,(z*,x) = h(z*) — h(z) — (Vh(z)|z — 2*)
= h(z") + (ylz) — h(z) — (ylz) — (Vh(2)|z — 2¥)
= h(z") + h*(y) — (y|lz") = F(z",y), (A.30)

where F(z*,y) is the so-called Fenchel coupling [21], and we used the fact that
y = Vh(z).1°

10 Recall here that 2 = A(y) is defined as the maximizer of the quantity (y|z) — h(x)).



With this in mind, it suffices to show that
. . L1
Fa®,y') < Fla®,y) + (v —ylAy) —27) + Sy’ — ylZ (A.31)

However, since h is 1-strongly convex with respect to the L'-norm [25, p. 135],
it follows that its convex conjugate h* is 1-strongly smooth with respect to the
L%-norm (the dual of the L'-norm) [25, p. 148]. Specifically, this implies that

R (y') < B (y) + (¥ = yIVR*(y)) + %Hy’ —yl%, (A.32)

Eq. (A.31) then follows by writing out the definition of F(«*,y’) and then using
(A.32) and (A.29).

B Technical proofs
We begin with our proof of the local convergence properties of (HEDGE):

Proof of Theorem 2. Write z* = (of,...,al) for the pure equilibrium under
study, set Zia, = Yia; — Yiar and let M > 0 be such that u;: () — tia, (¥) > p,
for some p, for all o; € S;\ {a}}, i € N, whenever z € Uy (defined in Appendix
A, Proposition A.2). Then, we have

Zioy (t) = Zia; (t - 1) + 7 [’Uiai (l‘(t)) — Viar (l‘(t))} + YtNio; (t)v (B1>

where niq, (t) = Vi, (t) = Via, (2(t)) — (Viax (t) = viar (2(t))). Thus, assuming that
(HEDGE) is initialized in Usps and telescoping, we get

T T
Zias (1) < =2M + Y [via (€(t) = via; (@(O)] + D emias (). (B2)

t=1

We now claim that, if ; is chosen appropriately, we have

P (sup, 7y o, () < M) 2 1= £/ (N(S; ~ 1), (B:3)

where S; = |S;|. Indeed, let X;q,(t) = 22:1 VkNia; (k) and let E;(t) denote the
event sup; <</ Xia, (k)] > M. By Hypothesis (H1), X;q,(t) is a martingale so
Doob’s maximal inequality [11, Theorem 2.1] yields

E[Xio, (T)°]

T
(802 +32D*) 3", 77
M? ’

B(E,(T)) < .

<

(B.4)

where D = maxgex||v(z)||,, < co and we used the noise variance estimate (see
H2).



Ef,, (1) = E[E[i2, () | Fi1]]
= E[E[(b4a, (t) = via, (2(t)) - (vm:<t> Vias (2(1))))” | Fia]]
< dmaxa,es, EE[(dia, () — via, (2(£))* | Foorl]
< dmaxg,es, BIE[(Eia, () + via, (b)) — via, (2(£)))* | Foma]]  (B.5)
( )
)

< 802 + 8 maxa,cs, E[E[(via, (a(t) —%i(x(t))f | Fia]]
< 80% 4 32max,,cs, E[E[via, (x(1))? | Fi_1]]
< 802 4 32D?,
The third line is obtained using relation (/— f)? < 2(£2+ f2) with £ = (¥;q, (t) — Via, (2(t)))
and f = (Diax(t) — viar (2(t))). We use the same argument for the five line.
The last line is obtained by the fact that E[nq, (t)nia, ()] = 0 if ¢t # ¢'. Since
E;(t) C Ei(t — 1) C ..., it follows that the event E; = (2, E;(t) occurs

with probability P(E;) < (802 + 32D?)I%/M? where Iy = > o 7% < oo.
Thus, if v, is chosen so that Ih < eM?/(N(S; — 1)(80? + 32D?)), we get
P(Xiqa, (t) > M for all t) <e/(N(S; — 1)).

Assume therefore that I'y < eM?/(N(S; —1)(802 + 32D?)). Then, we obtain

P(maxienr o, es, S0Pt Xia, (1) > M) < Yoy Ssor wgoyy <& (B6)

Hence, going back to (B.2), a straightforward induction shows that z(t) € Uy,
for all ¢ with probability at least 1 — . When this occurs, we also have

P(zi0,(T) < —M — ,uZtT:l v foralln) <1—e. (B.7)
Thus, for all ¢ € (0, ) and all sufficiently large ¢, the definition of A yields
exp(Yia; (T — 1))

Y a.es, €XP(Yia, (T — 1))
1

T 1+ S sar @21, (T — 1))
>1- 3 explin,(T—1) 21— Y e MceZi v (BS)

a;Fa a;Faf

xm; (T) =

with probability at least 1—¢. Therefore, since ||2;—z] || = 1=%iaz +3,, 20+ Tia; =
2(1 — Tiqr ), rearranging (B.8) yields

(||a: —et <23 Y e MeeTin %) >1 e, (B.9)

ieEN aF#of

and our assertion follows. O
We now turn to the proof of the global convergence properties of (HEDGE):



Proof of Theorem 3. Since Z:; v = 00, we have limp_, e—eTin e = 0, and
it clearly suffices to prove (18). Thus, given that z* = (af,...,a} ) is pure, an
easy calculation yields

Dy (z*,z) = — Z log Tia: = — Z log(1 — (1 — wiar))

iEN iEN
* 1 *
== log(l — ||lz; — }]|/2) > gl =27, (B.10)
iEN

so it suffices to show that Dkp(x*,z(t)) — 0. With this in mind, let F; =
F(x*,y(t)) = Dgr(z*,z(t + 1)). Then, with x(t) = A(y(t — 1)), Proposition A.2
in Appendix A yields

Fy < By +vv(z()|z(t) — %) + yethe + %v?llﬁ(t)\lio, (B.11)

where we have set ¢y = (£(t) + v(a(t)) — v(z(t))|z(t) — 2*). Using this bound,
we will show that x(t) visits any neighborhood U of x* infinitely many times.

Indeed, assume on the contrary that this is not so. It exists § > 0 such that
lx(t) — x*|| > ¢ for all sufficiently large ¢. Then, by Proposition 1, there exists
some ¢ > 0 such that (v(z(t))|x(t) —2*) < —ud for all sufficiently large ¢. Hence,
telescoping (B.11) yields

T T T
1 .
Fr<Fy—psd m+> wir+ 3 > el
=1 =1 =1

T T PN
21— 1 B S vl
¢ 20, '

< Fy— 0, |pus — (B.12)

where 01 = Zthl v¢. Given that (by linearity)

E[yp | Fe1] = E[(§(t) + v(a(t)) — v(z(t))|z(t) — 27) | Fi-1]
= (E[®) | Feallz(t) — 27) + (E[v(a(t) | Fi-1] — v(z(t))]2(t) —2¥)
=0,
and
E[|¢[*] < 2B[|E@)12 | Femr] + 2E[v((t)) — v(@(®)]12, | Fioi]
< 20% + AE[|[v(e(t)[1%, | Fe1] + 4E[Jo( ()12, | Fei]
< 20?4+ 8D?,

where D = max,cx|v(z)|,, < oo it follows that Ry = 3, vy is an L2-
bounded martinagle [11]. Hence, by the law of large numbers for martingale
differences [11, Theorem 2.18], it follows that 6" Zle Yty — 0 (a.s.). Likewise,
if we let Sp = Z;‘ll 73||@(t)|\io, we get

T
E[St] = E[E[Sr | Fr1]] V> 47 < V7, (B.13)

t=1



where I = 377, 77 (Recall that V is defined in 10b). Hence, by Doob’s mar-
tingale convergence theorem [11, Theorem 2.5|, Sp converges to some (random)
finite value (a.s.). Combining the above, we conclude that the term in the brack-
ets of (B.12) converges to pd (a.s.). In turn, this implies that Fpr — —oo, a
contradiction as Fy = F(z*,y(t)) = Dxr(z*,z(t + 1)) > 0.

We have thus shown that z(t) visits infinitely many times every neighborhood
U of x* — and hence, in particular, the neighborhood Usj; defined in the proof
of Theorem 2. Since x(t) remains in Usys with positive probability, it follows
that the probability that z(¢) exits Uaps infinitely many times is zero. We thus
get x(t) € Uapy for all t greater than some random (but a.s. finite) Tp; hence,
telescoping (B.1) from Ty to T yields

T
Zia; (T) < =2M — 07 [u — 07 Zt:TO VeMias (t)} : (B.14)

As before, the law of large numbers [11, Theorem 2.18] shows that the term in
the brackets of (B.14) converges to p. Our claim then follows as in the proof of
Theorem 2. a



