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Abstract

In this work, we study two-player zero-sum stochastic games and develop a vari-
ant of the smoothed best-response learning dynamics that combines independent
learning dynamics for matrix games with the minimax value iteration for stochastic
games. The resulting learning dynamics are payoff-based, convergent, rational,
and symmetric between the two players. Our theoretical results present to the best
of our knowledge the first last-iterate finite-sample analysis of such independent
learning dynamics. To establish the results, we develop a coupled Lyapunov drift
approach to capture the evolution of multiple sets of coupled and stochastic iterates,
which might be of independent interest.

1 Introduction

Recent years have seen remarkable successes in reinforcement learning (RL) in a variety of appli-
cations, such as board games [1], autonomous driving [2], robotics [3], and city navigation [4]. A
common feature of these applications is that there are multiple decision makers interacting with
each other in a common environment. Although empirical successes have shown the potential of
multi-agent reinforcement learning (MARL) [5, 6], the training of MARL agents is largely based on
heuristics and parameter tuning and, therefore, is not always reliable. In particular, many practical
MARL algorithms are directly extended from their single-agent counterparts and lack guarantees
because of the adaptive strategies of multiple agents.

A growing literature seeks to provide theoretical insights to substantiate the empirical success of
MARL and inform the design of efficient and provably convergent algorithms. Work along these lines
can be broadly categorized into work on cooperative MARL where agents seek to reach a common
goal [7-10], and work on competitive MARL where agents have individual (and possibly misaligned)
objectives [11-22]. While some earlier work focused on providing guarantees on the asymptotic
convergence, the more recent ones share an increasing interest in understanding the finite-time/sample
behavior. This follows from a line of recent advances in establishing finite-sample guarantees of
single-agent RL algorithms, see e.g., [23-26] and many others.

In this paper, we focus on the benchmark setting of two-player! zero-sum stochastic games, and
develop best-response-type learning dynamics with provable finite-sample guarantees. Crucially,
our learning dynamics are independent (requiring no coordination between the agents in learning)
and rational (each agent will converge to the best response to the opponent if the opponent plays
an (asymptotically) stationary policy [27]), and therefore capture learning in settings with multiple
game-theoretic agents. Indeed, learning dynamics with self-interested agents should not enforce
information communication or coordination among agents. Furthermore, we focus on the more
challenging but practically relevant setting of payoff-based learning, where each agent can only

"Hereafter, we may use player and agent interchangeably.
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observe their realized payoff at each stage, without observing the policy or even the action taken by
the opponent. For learning dynamics with such properties, we establish to the best of our knowledge
the first last-iterate finite-sample guarantees. We detail our contributions as follows.

1.1 Contributions

We first consider zero-sum matrix games and provide the last-iterate finite-sample guarantees for
the smoothed best-response dynamics proposed in [28]. Then, we extend the algorithmic idea
to the setting of stochastic games and develop an algorithm called value iteration with smoothed
best-response dynamics (VI-SBR) that also enjoys last-iterate finite-sample convergence.

Two-Player Zero-Sum Matrix Games. We start with the smoothed best-response dynamics in
[28] and establish the last-iterate finite-sample bounds when using stepsizes of various decay rates.
The result implies a sample complexity of O(e~1) in terms of the last iterate to find the Nash
distribution [29], which is also known as the quantal response equilibrium in the literature [30]. To
our knowledge, this is the first last-iterate finite-sample result for best-response learning dynamics
that are payoff-based, rational, and symmetric in zero-sum matrix games.

Two-Player Zero-Sum Stochastic Games. Building on the algorithmic ideas for matrix games,
we develop best-response-type learning dynamics for stochastic games called VI-SBR, which uses
a single trajectory of Markovian samples. Our learning dynamics consist of two loops and can be
viewed as a combination of the smoothed best-response dynamics for an induced auxiliary matrix
game (conducted in the inner loop) and an independent way of performing minimax value iteration
(conducted in the outer loop). In particular, in the inner loop, the iterate of the outer loop, i.e., the
value function, is fixed, and the players learn the approximate Nash equilibrium of an auxiliary matrix
game induced by the value function; then the outer loop is updated by approximating the minimax
value iteration updates for the stochastic game, with only local information.

We establish the last-iterate finite-sample bounds for VI-SBR when using both constant stepsizes
and diminishing stepsizes of O(1/k) decay rate. To the best of our knowledge, this appears to be the
first last-iterate finite-sample analysis of best-response-type independent learning dynamics that are
convergent and rational for stochastic games. Most existing MARL algorithms are either symmetric
across players, but not payoff-based, e.g., [31-35], or not symmetric and thus not rational, e.g.,
[14, 36-38], or do not have last-iterate finite-time/sample guarantees, e.g., [39, 15, 40].

1.2 Challenges & Techniques

The main challenge in analyzing our learning dynamics is that it maintains multiple sets of stochastic
iterates and updates them in a coupled manner. To overcome this challenge, we develop a novel
coupled Lyapunov drift approach. Specifically, we construct a Lyapunov function for each set of the
stochastic iterates and establish a Lyapunov drift inequality for each. We then carefully combine
the coupled Lyapunov drift inequalities to establish the finite-sample bounds. Although a more
detailed analysis is provided in the appendices, we briefly give an overview of the main challenges
in analyzing the payoff-based independent learning dynamics in stochastic games, as well as our
techniques to overcome them.

Time-Inhomogeneous Markovian Noise. The fact that our learning dynamics are payoff-based
presents major challenges in handling the stochastic errors in the update. In particular, due to the
best-response nature of the dynamics, the behavior policy for sampling becomes time-varying. In
fact, the sample trajectory used for learning forms a time-inhomogeneous Markov chain. This makes
it challenging to establish finite-sample guarantees, as time-inhomogeneity prevents us from directly
exploiting the uniqueness of stationary distributions and the fast mixing of Markov chains. Building
on existing work [23, 24, 41, 42], we overcome this challenge by tuning the algorithm parameters (in
particular, the stepsizes) and developing a refined conditioning argument.

Non-Zero-Sum Payoffs Due to Independent Learning. As illustrated in Section 1.1, the inner
loop of VI-SBR is designed to approximately learn the Nash equilibrium of an auxiliary matrix
game induced by the value functions for the two players, which we denote by v} and vZ, where t
is the iteration index of the outer loop. Importantly, the value functions v} and v are maintained
individually by players 1 and 2, and therefore do not necessarily satisfy v} + v? = 0 due to
independent learning. As a result, the auxiliary matrix game from the inner loop does not necessarily



admit a zero-sum structure during learning. The error induced from such a non-zero-sum structure
appears in existing work [15, 43], and was handled by designing a novel truncated Lyapunov function.
However, the truncated Lyapunov function was sufficient to establish the asymptotic convergence,
but did not provide the explicit rate at which the induced error goes to zero. To enable finite-sample
analysis, we introduce ||v} 4+ v?||~ as a Lyapunov function in our coupled Lyapunov framework,
which is customized to capture the behavior of the induced error from the non-zero-sum structure of
the inner-loop auxiliary matrix game.

Coupled Lyapunov Drift Inequalities. In the existing literature of stochastic iterative algorithms
[44, 24, 45, 46], when using a Lyapunov approach for finite-sample analysis, once the Lyapunov drift
inequality is established, the finite-sample bound follows straightforwardly by repeatedly invoking
the result. However, since our learning dynamics (for stochastic games) maintain multiple sets of
stochastic iterates and update them in a coupled manner, the Lyapunov drift inequalities we establish
are also highly coupled. Decoupling these Lyapunov inequalities is a major challenge. To overcome it,
we develop a systematic approach for decoupling, which crucially relies on a bootstrapping argument.
Specifically, we first use the Lyapunov inequalities in a direct way to establish a crude bound for each
Lyapunov function. Then, we substitute the crude bounds back into the Lyapunov drift inequalities to
obtain tighter bounds. See Appendix B.4 for a more detailed illustration of our decoupling procedure.

1.3 Related Work

Due to space constraints, here we only discuss related work in independent learning in matrix games
and stochastic games, and single-agent RL. See Appendix A for a more detailed literature review.

Independent Learning in Matrix Games. Independent learning has been well-studied in the
literature on learning in matrix games. Fictitious play (FP) [47] may be viewed as the earliest one
of this kind, and its convergence analysis for the zero-sum setting is provided in [48]. Smoothed
versions of FP have been developed [49, 50] to make the learning dynamics consistent [51, 52]. It was
shown that the behavior of smoothed FP is captured by an ODE known as the smoothed best-response
dynamics, which were also studied extensively in the literature [53]. Note that the Lyapunov function
used to study the smoothed best-response dynamics is the regularized Nash gap [54, 53, 29], a variant
of which is also used in our Lyapunov framework. To make the learning dynamics payoff-based,
[28] developed a two time-scale variant of the smoothed best-response dynamics and established
the asymptotic convergence. Moreover, no-regret learning algorithms, extensively studied in online
learning, can also be used as independent learning dynamics for matrix games [55]. It is known that
they are both convergent and rational by the definition in [27], and are usually implemented in a
symmetric way. See [55] for a detailed introduction to no-regret learning in games.

Independent Learning in Stochastic Games. For stochastic games, independent and symmetric
policy gradient methods have been developed in recent years, mostly for the case of Markov potential
games [18, 19, 56]. The zero-sum case is more challenging since there is no single Lyapunov function
to capture the learning dynamics (which is why we need to develop a coupled Lyapunov approach
with multiple Lyapunov functions), such as the potential function in Markov potential games. For
non-potential game settings, symmetric variants of policy gradient methods have been proposed,
but have only been studied under the full-information setting without finite-sample guarantees
[31, 32, 57, 33-35], with the exception of [58, 59]. However, the learning algorithm in [58] requires
some coordination between the players when sampling, and is thus not completely independent;
that in [59] is extragradient-based and needs some stage-based sampling process that also requires
coordination across players. Best-response-type independent learning for stochastic games has been
studied recently in [39, 15, 43, 60, 40, 61, 62], with [15, 43, 40, 61] tackling the zero-sum setting.
However, only asymptotic convergence was established in these works, which motivated this work.

Finite-Sample Analysis in Single-Agent RL. The most related works (in single-agent RL) to our
paper are those that perform finite-sample analysis for RL in infinite-horizon discounted Markov
decision processes following a single trajectory of Markovian samples. See [63, 23, 41, 24-26, 64—
67, 10] and the references therein. Among these works, [23, 24] established finite-sample bounds for
temporal difference (TD)-learning (with linear function approximation), and [25, 64, 65] established
finite-sample bounds for ()-learning. In both cases, the behavior policy for sampling is a stationary
policy. For non-stationary behavior policies as we consider, [41] established finite-sample bounds
for SARSA, an on-policy variant of ()-learning, and [10] provided finite-sample bounds for off-
policy actor-critic, which is established based on a general framework of contractive stochastic
approximation with time-inhomogeneous Markovian noise.



2 Zero-Sum Matrix Games

We begin by considering zero-sum matrix games. This section introduces algorithmic and technical
ideas that are important for the setting of stochastic games. For ¢ € {1, 2}, let A* be the finite action

space of player 4, and let R; € RI'1*IA™"] (where —i denotes the index of player 4’s opponent) be the
payoff matrix of player 4. Note that in a zero-sum game we have R; +RJ = 0. Since there are finitely
many actions for each player, we assume without loss of generality that max,1 42 | Ry (a,a?)| < 1.
Furthermore, we denote A, = max(|.AY|, |A2]).

The decision variables here are the policies 7° € A(A?), i {1 2}, where A(A?) denotes the
probability simplex supported on A?. Given a joint policy (7 ( 72), the expected reward received
by player i is E gi opi a—iom—i [Ri (AT, A7H)] = (7%) T Rym ™, Where i € {1,2}. Both players aim
to maximize their rewards against their opponents. Unlike in the single-agent setting, since the
performance of player ¢’s policy depends on its opponent —i’s policy, there is, in general, no universal
optimal policy. Instead, we use the Nash gap and the regularized Nash gap as measurements of the
performance of the learning dynamics, as formally defined below.

Definition 2.1 (Nash Gap in Matrix Games). Given a joint policy 7 = = (n!,7?), the Nash gap
NG(r', 7?) is defined as NG (7', 7?) = 37, , maxzieaan (7’ — 7 TR

Note that NG(7!, 72) = 0 if and only if (7!, %) is in a Nash equilibrium of the matrix game (which
may not be unique), in which no player has the incentive to change its policy.

Definition 2.2 (Regularized Nash Gap in Matrix Games). Given a joint policy 7 = (!, 72) and

a constant 7 > 0, the entropy-regularized Nash gap NG, (7!, 72) is defined as NG, (7!, 7%) =
it o {maxzicaan (7 — ) TRy + Tv(7') — Tv(n") }, where v(-) is the entropy function

defined as v(7') = — > i 4 7' (a’) log(w'(a")) fori € {1,2}.

A joint policy (7!, 72) satisfying NG, (7!, 72) = 0 is called the Nash distribution [29] or the quantal
response equilibrium [30], which, unlike Nash equilibria, is unique in zero-sum matrix games. As 7
approaches 0, the corresponding Nash distribution approximates a Nash equilibrium [68].

2.1 The Learning Dynamics in Zero-Sum Matrix Games

We start by presenting in Algorithm 1 (from the perspective of player i, where ¢ € {1,2}) the
independent learning dynamics for zero-sum matrix games, which was first proposed in [28]. Given

7> 0, weuse o, : RM'| — RIA'l for the softmax function with temperature 7, that s, [0 (¢")] (a") =
exp(q*(a’)/7)/ X sicai exp(qi(@’)/7) forall a’ € A%, ¢* € Rl and i € {1,2}.

Algorithm 1 Independent Learning Dynamics in Zero-Sum Matrix Games

1: Input: Integer K, initializations ¢} = 0 € R’ and 7§ = Unif(.A").

2: fork=0,1,--- ,K —1do _

% mhy = 7t Aeloe(a)) — ) |

4:  Play A% ~ 7rk+1( ) (against A} "), and receive reward R; (A}, A; ")

5. g (a) =qp(a’) + arliaizaiy (Ri(AL, A" — qi(AL)) forall a’ € A
6: end for

To make this paper self-contained, we next provide a detailed interpretation of Algorithm 1, which
also motivates our algorithm for stochastic games in Section 3. At a high level, Algorithm 1 can
be viewed as a discrete and smoothed variant of the best-response dynamics, where each player
constructs an approximation of the best response to its opponent’s policy using the g-function. The
update for the g-function is in the spirit of the TD-learning algorithm in RL [69].

The Policy Update. To understand the update equation for the policies (cf. Algorithm 1 Line 3),
consider the discrete version of the smoothed best-response dynamics:

Thoy =7 + Bi(or(Rimy, ') — mh), i€ {1,2}. (1

In Eq. (1), each player updates its policy 7}, incrementally towards the smoothed best response to
its opponent’s current policy. While the dynamics in Eq. (1) provably converge for zero-sum matrix



games, see e.g., [70], implementing it requires player i to compute o, (R;m, ). Note that o, (R; 7, ")
involves the exact knowledge of the opponent’s policy and the reward matrix, both of which cannot be
accessed in payoff-based independent learning. This leads to the update equation for the g-functions,

which estimate the quantity Rﬂr,j that is needed for implementing Eq. (1).

The g-Function Update. Suppose for now that we are given a stationary joint policy = = (7!, 72).

Fix i € {1,2}, the problem of player i estimating R; 7% can be viewed as a policy evaluation
problem, which is usually solved with TD-learning in RL [69]. Specifically, the two players repeatedly
play the matrix game with the joint policy 7 = (7!, 72) and produce a sequence of joint actions

{(A}, A2)}>0. Then, player i forms an estimate of R;7~* through the following iterative algorithm:
Gip1(a') = g (a’) + ol i agy (Ri(AL, ALY) — gi(4), Va' € A @

with an arbltrary initialization ¢, € ]R‘A |, where aj, > 0 is the stepsize. To understand Eq. (2),
suppose that ¢;, converges to some ¢*. Then Eq. (2) should be “stationary” at the limit point ¢* in
the sense that F gi iy a—ir—i() [Laizaiy (Ri(A", A7%) — @ (A%))] = 0 for all a’ € A’, which
implies ¢ = R;w %, as desired. Although Eq. (2) is motivated by the case when the joint policy
(m!, 7?) is stationary, the joint policy 7, = (i, ;) from Eq. (1) is time-varying. A natural approach
to address this issue is to make sure that the policies evolve at a slower time-scale compared to that
of the g-functions, so that 7y, is close to being stationary from the perspectives of ¢t .

Remark. In [28], where Algorithm 1 was first proposed, the authors require 8, = o(«y) to establish
the asymptotic convergence, ma.klng Algorithm 1 a two time-scale algorlthm In this work, for
finite-sample analysis and easier implementation, we update 7t and ¢}, on a single time scale with
only a multiplicative constant difference in their stepsizes, i.e., B = cq,gay, for some co g € (0, 1).

2.2 Finite-Sample Analysis

In this section, we present the finite-sample analysis of Algorithm 1 for the convergence to the Nash
distribution [29]. We consider using either constant stepsizes, i.e., a = o and S, = 8 = cqo g0,
or diminishing stepsizes with O(1/k) decay rate, 1e ap = af(k+h)and By = B/(k+ h) =
ca,pa/(k+h). Let £ = [(Amax — 1) exp(2/7)+ 1] and L, = 7/, + AZ . /7. The requirement
for choosing the stepsizes is stated in the following condition.

max

Condition 2.1. When using either constant or diminishing stepsizes, we choose 7 < 1, ap < %,

. T g,
Bo < min(2, 55— ), and ca 5 = B/ o, < min (5F, pe—, 202).

We next state the finite-sample bounds of Algorithm 1. See Appendix C for the proof.

Theorem 2.1. Suppose that both players follow the learning dynamics presented in Algorithm 1,
and the stepsizes {ay } and {1} are chosen such that Condition 2.1 is satisfied. Then we have the
following results.

(1) When using constant stepsizes, i.e., o = a and [, = (5, we have

I} K 64«
E[NG, (5, 7%)] < Bin 1_1 +8L75+7
Ca,p

where Bi, = 4 + 27 log(Amax) + 2Amax-
(2) When using oy, = o/ (k + h) and B, = /(k + h), by choosing 8 > 4, we have

no\P/4 12 1
E[NG. (r%,7%)] < Bin <K+h> <64eLTﬁ+ > eo‘)

046 K"‘h

The convergence bounds in Theorem 2.1 are qualitatively consistent with the existing results on
the finite-sample analysis of general stochastic approximation algorithms [44, 46, 24, 65, 23, 42].
Specifically, when using constant stepsizes, the bound consists of a geometrically decaying term
(known as the optimization error) and two constant terms (known as the statistical error) that are
proportional to the stepsizes. When using diminishing stepsizes with suitable hyperparameters, both
the optimization error and the statistical error achieve an O(1/K) rate of convergence.



Although Theorem 2.1 is stated in terms of the expectation of the regularized Nash gap, it implies the
mean- square convergence of the policy iterates (7}, w7 ). To see this, note that the regulanzed Nash
gap NG, (7!, 72) has a unique minimizer, i.e., the Nash distribution and is denoted by (7! _, 72 ).

In addition, ﬁxmg 7! (respectively, 72), the function NG, (7!, -) (respectively, NG, (-, 7 )) isar-
strongly convex function with respect to w2 (respectively, 7!). See Lemma D.7 for a proof. Therefore,
by the quadratic growth property of strongly convex functions, we have

NG- (7, m¢) = NGy (my, 1) = NG (7} -, 7}) + NG (m, -, i) = NG (m, -, 72 ;)

*‘r?

-
> o (lm, = w3 + Il = 724113).

*77

As a result, up to a multiplicative constant, the convergence bound for E[NG; (i, 77)] implies a
convergence bound of B[z, — 7} .[|3] + E[||77 — 72 .||3].

Based on Theorem 2.1, we next derlve the sample complexity of Algorithm 1 in the following
corollary. See Appendix C.5 for the proof.

Corollary 2.1.1. Given € > 0, to achieve E[NG, (r};, 7% )] < €, the sample complexity is O(e™").

To the best of our knowledge, Theorem 2.1 and Corollary 2.1.1 present the first last-iterate finite-
sample analysis of Algorithm 1 [28]. Importantly, with only feedback in the form of realized payoffs,
we achieve a sample complexity of O(e~!) to find the Nash distribution. In general, for smooth and
strongly monotone games, the lower bound for the sample complexity of payoff-based or zeroth-order
algorithms is O(e=2) [71]. We have an improved O(e~!) sample complexity due to the bilinear
structure of the game (up to a regularizer). In particular, with bandit feedback, the g-function is
constructed as an efficient estimator for the marginalized payoff R;m, *, which can also be interpreted
as the gradient. Therefore, Algorithm 1 enjoys the fast O(e~1) sample complexity that is comparable
to the first-order method [72].

The Dependence on the Temperature 7. Although our finite-sample bound enjoys the O(1/K)
rate of convergence, the stepsize ratio ¢, g appears as c;’lﬁ in the bound. Since ¢, 3 = o({;) (cf.
Condition 2.1) and ¢, is exponentially small in 7, the finite-sample bound is actually exponentially
large in 7~ !. To illustrate this phenomenon, consider the update equation for the g-functions (cf.
Algorithm 1 Line 5). Observe that the g-functions are updated asynchronously because only one
component (which corresponds to the action taken at time step k) of the vector-valued ¢}, is updated
in the k-th iteration. Suppose that an action a' is never taken in the algorithm trajectory, which means
that qk( a') is never updated during learning. Then, in general, we cannot expect the convergence of
g or mi. Similarly, suppose that an action is rarely taken in the learning dynamics, we would expect
the overall convergence rate to be slow. Therefore, the finite-sample bound should depend on the
quantity min;e 1 2} Minp< < Ming: i (a'), which captures the exploration abilities of Algorithm
1. Due to the exponential nature of softmax functions, the parameter ¢.., which we establish in Lemma
C.2 as a lower bound of min,e 1 2} ming<x<x min,: 7}, (a*), is also exponentially small in . This
eventually leads to the exponential dependence in 7~ ! in the finite-sample bound.

A consequence of having such an exponential factor of 7! in the sample complexity bound is that,
if we want to have convergence to a Nash equilibrium rather than to the Nash distribution, the sample
complexity can be exponentially large. To see this, note that the following bound holds regarding the
Nash gap and the regularized Nash gap:

NG(r!, %) < NG, (', 7%) + 271og(Amax), V (7', 77), 3)
which, after combining with Theorem 2.1, gives the following corollary. For simplicity of presentation,
we only state the result for using constant stepsizes.

Corollary 2.1.2. Under the same conditions stated in Theorem 2.1 (1), we have

B K 64
E[NG(1},7%)] < Bin [ 1 — 1 +8L,B+ - + 27 log(Amax)- %)
a,B

The last term on the RHS of Eq. (4) can be viewed as the bias due to using smoothed best-response.
In view of Eq. (4), to achieve E[NG(7k, 7%)] < ¢, we need 7 = O(e). Since c, s appears in the
denominator of our finite-sample bound and is exponentially small in 7, the overall sample complexity



for the convergence to a Nash equilibrium can be exponentially large in ¢~!. In Appendix F, we
conduct numerical experiments to investigate the impact of 7 on this smoothing bias.

In light of the discussion before Corollary 2.1.2, the reason for such an exponentially large sample
complexity for finding a Nash equilibrium is due to the limitation of using the softmax policies in
smoothed best-response for exploration. We kept the softmax policy without further modification
to preserve the “naturalness” of the learning dynamics, which is part of the motivation for studying
independent learning in games [73]. A future direction of this work is to remove such an exponential
dependence on 7 by designing an improved exploration strategy.

3 Zero-Sum Stochastic Games

Moving to the setting of stochastic games, we consider an infinite-horizon discounted two-player zero-
sum stochastic game M = (S, A, A%, p, Ry, Ra, ), where S is a finite state space, A" (respectively,
A?) is a finite action space for player 1 (respectively, player 2), p represents the transition probabilities,
in particular, p(s’ | s,a', a?) is the probability of transitioning to state s after player 1 taking action
a' and player 2 taking action a? simultaneously at state s, Ry : S x A! x A% ~ R (respectively,
Ry : S x A% x A 5 R) is player 1’s (respectlvely, player 2 S) reward function, and y € (0,1) is the
discount factor. Note that we have R (s, a', a?) —|— RQ(S a?,at) = 0 for all (s,a',a?). We assume
without loss of generality that max; ,1 42 |R1(s at,a?)| < 1 and denote Ay, = max(|A!], |A?]).

Given a joint policy 7 = (7!, 72), where 7 : S — A(A?Y), i € {1,2}, we define the local g-

function g. € RISIM'T of player i as g (s, a’) = Ex [> o0 v*Ri(Sk, AL, AL") | So = s, A = d']
for all (s,a’), where we use the notation E, [ -] to indicate that the actions are chosen according
to the joint policy 7. In addition, we define the global value function v’ € RIS as vi(s) =
Egiori(.|s)[qk (s, A)] for all s, and the expected value function U* (7", 77") € Ras U' (7", 77") =
Egnp, [v5(S)], where p, € A(S) is an arbitrary initial distribution on the states. The Nash gap in the
case of stochastic games is defined in the following.

Definition 3.1 (Nash Gap in Zero-Sum Stochastic Games). Given a joint policy m = (7r 72), the
Nash gap NG(n!, 7?) is defined as NG (7!, 7%) = Y7, , (maxz: U (2%, 777) — U'(x, ).

Similar to the matrix-game setting, a]omt policy m = (m!, 72) satisfying NG(7!, 72) = 0 is called a
Nash equilibrium, which may not be unique.

Additional Notation. In what follows, we will frequently work with the real vectors in R‘S”Ai: |
RISIA™I and RISIMIA™ where i € {1,2}. To simplify the notation, for any z € RIS/l
we use z(s) to denote the | A*| x |A~*| matrix with the (a’, a~*)-th entry being x(s, a’, a~"). For any
y € RISIA' we use y(s) to denote the | A|-dimensional vector with its a‘-th entry being y(s, a’).

3.1 Value Iteration with Smoothed Best-Response Dynamics

Our learning dynamics for stochastic games (cf. Algorithm 2) build on the dynamics for matrix games
studied in Section 2.1, with the additional incorporation of minimax value iteration, a well-known
approach for solving zero-sum stochastic games [74].

Algorithmic Ideas. To motivate the lea_rning_ dynamics, we first introduce the minimax value iteration.
Fori € {1,2},let T° : RIS s RISIAIA™ ] be an operator defined as

T (v)(s,a',a™") = Ri(s,a’,a™") +vE [v(S1) | So = s, A) = a', Ay* = a™]
forall (s,a’,a=%) and v € RIS|. Given X € RIA'XIA7"I we define val’ : RIAIATT 5 R as

liX: a : iTXf’L': TXf’L'.
val' (X) liz'?i(’ii),LfiénAl?Aﬂ){(“) po' Lamin | max {(u") " Xp™"}

Then, the minimax Bellman operator B’ : RIS| — RISI is defined as [Bi(v)](s) = val'(T(v)(s))
forall s € S, where 7"(v)(s) is an |A*| x |A™*| matrix according to our notation. It is known that

the operator (-) is a  — contraction mapping with respect to the £,-norm [74], hence it admits a
unique fixed point, which we denote by v..



A common approach for solving zero-sum stochastic games is to first implement the minimax value
iteration v{,; = B’(v}) until (approximate) convergence to v’ [75], and then solve the matrix
game max i A (i) Min,—iea(a-i) (u') TT(vl)(s)p~" for each state s to obtain an (approximate)
Nash equilibrium policy. However, implementing this algorithm requires complete knowledge of
the underlying transition probabilities. Moreover, since it is an off-policy algorithm, the output is
independent of the opponent’s policy. Thus, it is not rational by the definition in [27]. To develop a
model-free and rational learning dynamics, let us first rewrite the minimax value iteration:

Vg1 =9, where 9(s) = max WemAi(nAii)(u’)TTl(vé)(8)/1’% VseS, )
where © € RIS| is a dummy variable. In view of Eq. (5), we need to solve a matrix game with
payoff matrix 7*(v;)(s) for each state s and then update the value of the game to v}, ; (s). In light of
Algorithm 1, we already know how to solve matrix games with independent learning. Thus, what
remains to do is to combine Algorithm 1 with value iteration. This leads to Algorithm 2, which is
presented from player ¢’s perspective, where i € {1,2}.

Algorithm 2 Value Iteration with Smoothed Best-Response (VI-SBR) Dynamics

I: Input: Integers K and T, initializations vj = 0 € RIS|, ¢f = 0 € RISIM'l "and 7 o (-[s) =
Unif(A?) forall s € S.

:fort=0,1,--- , T —1do

fork=0,1,--- ,K—1do _ _
Tyy1(8) = 7 1 (8) + Br(or(g; 1(5)) — iy (s)) forall s €
Play A ~ w§’k+1(-|5k) (against A, ") and observe Si41 ~ p(- | Sk, AL, ALY
Gt py1(8,0") = q; (8, a") + el (s aiy=(s,,a1)) (Ri(Sk, Apy AL") + 703 (Skg1)—
qf (S, Ay,)) for all (s, a’)

7:  end for

8 vi(s) =7 ((s)"qf k(s) foralls € S

9: So=0S5kK,q410= G k- aAd T4 o =T )

10: end for

AN A A

Algorithm Details. For each state s, the inner loop of Algorithm 2 is designed to solve a matrix game
with payoff matrices 77 (v})(s) and 72 (v?)(s) for each state s € S, which reduces to Algorithm 1
when (1) the stochastic game has only one state, and (2) v} = v? = 0. However, in general, since v}

and v? are independently maintained by players 1 and 2, the quantity

THo)(s,at,0®) + T2) (5,0, at) =7 (s | 50", a®) (0l (') + v} (s)))
is in general non-zero during learning. As a result, the auxiliary matrix game (with payoff matrices
T(vi)(s) and T2(v?)(s)) at state s that the inner loop of Algorithm 2 is designed to solve is not
necessarily a zero-sum matrix game, which presents a major challenge in the finite-sample analysis,
as illustrated previously in Section 1.2.

The outer loop of Algorithm 2 is an “on-policy” variant of minimax value iteration. To see this,
note that, ideally, we would synchronize vf,(s) with 7} 4 (s)" T"(v})(s)m, c(s), which is an
approximation of [B(v)](s) = val'(T"(v{)(s)) by design of our inner loop. However, player i has
no access to m, }( in independent learning. Fortunately, the g-function qé’ % 1s precisely constructed
as an estimate of T’(vg)(s)ﬂt_ +(s), as illustrated in Section 2.1, which leads to the outer loop of
Algorithm 2. In Algorithm 2 Line 8, we set Sy = Sk to ensure that the initial state of the next

inner loop is the last state of the previous one; hence Algorithm 2 is driven by a single trajectory of
Markovian samples.

3.2 Finite-Sample Analysis

We now state our main results, which, to the best of our knowledge, provide the first last-iterate
finite-sample bound for best-response-type payoff-based independent learning dynamics in zero-sum
stochastic games. Our results are based on the following assumption.



Assumption 3.1. There exists a joint policy m, = (w;, wf) such that the Markov chain {Sk } x>0
induced by 7, is irreducible and aperiodic.

One challenge in our finite-sample analysis is that the behavior policies used for taking the actions
are time-varying, due to the best-response nature of the dynamics. Most, if not all, existing finite-
sample guarantees of RL algorithms under time-varying behavior policies assume that the induced
Markov chain of any policy, or any policy encountered along the algorithm trajectory, is uniformly
geometrically ergodic [41, 76, 77, 59, 78-80]. Assumption 3.1 is weaker, since it assumes only the
existence of one policy that induces an irreducible and aperiodic Markov chain.

We consider using either constant stepsizes, i.e., o, = a and 8 = 8 = cq, 303, or diminishing
stepsizes of O(1/k) decay rate, i.e., oy = o/ (k+ h) and B = /(k + h) = cq,pa/(k + h), where
a3 € (0,1) is the stepsize ratio. In the stochastic-game setting, we redefine £, = [1 + (Apax —
1) exp(2/[(1 — ~)7])]~*, which, analogous to the matrix-game setting, is a uniform lower bound on
the entries of the policies generated by Algorithm 2 (cf. Lemma D.1). We next state our requirement
for choosing the stepsizes.

Condition 3.1. When using either constant or diminishing stepsizes, we choose 7 < 1/(1 — ) and

. . ) . r(1=y)2 e £273(1—~)?
the stepsize ratio cq, g to satisfy co,p < min (557 |§‘A , §4‘TS(|AJ) & {411452 ) ), where ¢ o ¢,
) P max max max

and L, > 0 are defined in Appendix B.3. In addition, when using a, = a and 3}, = 3, we require
a < 1/c; and B < 1, and when using ay, = a/(k + h) and B, = 8/(k + h), we require? 3 = 4,
a > 1/c;,and h > 1 such that ag < 1/¢; and By < 1.

We next state the finite-sample bound of Algorithm 2. For simplicity of presentation, we use a < b to
mean that there exists an absolute constant ¢ > 0 such that a < be.

Theorem 3.1. Suppose that both players follow Algorithm 2, Assumption 3.1 is satisfied, and the

stepsizes {ay } and {8y} satisfy Condition 3.1. Then, we have the following results.

(1) When using constant stepsizes, there exists zz = O(log(1/8)) such that the following inequality
holds as long as K > zg:

K—zg—1

AT <1+7>T1+A;axLin<K—ZB>1/2 (1 5) :

E[NG(W%‘,IO W%,K)] S

T(1—7)* \ 2 (1 —7)* 2
=& =&
|S|Amax o 1/2 7 log(Amax)
+ gt —,
(1—7)*ap” (11—
=E&3 =&y

where Ly = ﬁ + 27 log(Amax) + 85‘_“5;{

(2) When using oy, = o/ (k + h) and By, = B/(k + h), there exists ko > 0 such that the following
inequality holds as long as K > kq:

A2 T (147 =t |S| Amax 22 a/? 7 log(Amax)

EING 1 2 < max in max~ K Y max

ING(77 1. 77 k)] S (1 —7)3 < 9 ) + (1— 7)404116/2001 5 + (1—~)2 "
o Ca,

where zix = O(log(K)).

Remark. Analogous to [29, 15], our learning dynamics are symmetric between the two players in the
sense that there is no time-scale separation between the two players, that is, they both implement the
algorithm with the same stepsizes.

A detailed proof sketch of Theorem 3.1 is provided in Appendix B and the complete proof is provided
in Appendix D. Next, we discuss the result in Theorem 3.1 (1). The bound in Theorem 3.1 (1)
involves a value iteration error term £, an optimization error term &, a statistical error term &s, and
a smoothing bias term &£, due to the use of smoothed best-response in the learning dynamics. Note
that & would be the only error term if we were able to perform minimax value iteration to solve

The proof works as long as 3 > 2. We here use 8 = 4 to simplify the statement of the results.



the game. Since minimax value iteration converges geometrically, the term &; also goes to zero at a
geometric rate. Notably, the terms & and & are orderwise larger compared to their matrix-game
counterparts, see Corollary 2.1.2. Intuitively, the reason is that the induced auxiliary matrix game
(with payoff matrices 7 (v} )(s) and T2(v?)(s)) that the inner loop of Algorithm 2 aims at solving
does not necessarily have a zero-sum structure (see the discussion in Section 3.1 after Algorithm 2).
Consequently, the error due to such a “non-zero-sum” structure propagates through the algorithm and
eventually undermines the convergence bound.

Recall that in the matrix game setting, we proved convergence to the Nash distribution (or the Nash
equilibrium of the entropy-regularized matrix game). In the stochastic-game setting, we do not have
convergence to the Nash equilibrium of the entropy-regularized stochastic game. The main reason
is that, in order to have such a convergence, our outer loop should be designed to approximate the
entropy-regularized minimax value iteration rather than the vanilla minimax value iteration as in
Algorithm 2 Line 8. However, in the payoff-based setting, since each player does not even observe
the actions of their opponent, it is unclear how to construct an estimator of the entropy function of the
opponent’s policy, which is an interesting future direction to investigate.

Although the transient terms in Theorem 3.1 enjoy a desirable rate of convergence (e.g., geometric in
T and (7)(1 /K'/?) in K), the stepsize ratio ¢q,p (Which is exponentially small in 7) appears as c;‘lﬁ
in the bound; see Theorem 3.1. Therefore, due to the presence of the smoothing bias (i.e., the term
&4 on the RHS of the bound in Theorem 3.1 (1)), to achieve E[NG(7f, r, 77, i )] < €, the overall
sample complexity can also be exponentially large in e ~!. This is analogous to Corollary 2.1.2 for
zero-sum matrix games. As illustrated in detail in Section 2, the reason here is due to the exploration
limitation of using softmax as a means for smoothed best response, which we kept without further
modification to preserve the naturalness of the learning dynamics. Removing such exponential factors
by developing improved exploration strategies is an immediate future direction.

Finally, we consider the case where the opponent of player ¢ (where i € {1,2}) plays the game with
a stationary policy and provide a finite-sample bound for player i to find the best response.

Corollary 3.1.1. [Rationality’ ] Giveni € {1,2}, suppose that player i follows the learning dynamics

K2

presented in Algorithm 2, but its opponent player —i follows a stationary policy, denoted by m".
Then, we have maxz: U' (7', m~") — E[U* (1}, o, 77 ")] < @(wlT (VTH)T + 25 +T), where wy
and wo are constants that are exponential in 7=, but polynpomial in |S|, Amax, and 1/(1 — 7).

Intuitively, the reason that our algorithm is rational is that it performs an on-policy update in RL. In
contrast to an off-policy update, where the behavior policy can be arbitrarily different from the policy
being generated during learning (such as in @Q-learning [81]), in the on-policy update for games, each
player is actually playing with the policy that is moving towards the best response to its opponent.
As a result, when the opponent’s policy is stationary, it reduces to a single-agent problem and the
player naturally finds the best response (also up to a smoothing bias). This is an advantage of using
symmetric and independent learning dynamics. One challenge of analyzing such on-policy learning
dynamics is that the behavior policy is time-varying.

4 Conclusion and Future Directions

In this work, we consider payoff-based independent learning for zero-sum matrix games and stochastic
games. In both settings, we establish the last-iterate finite-sample guarantees. Our approach, i.e., the
coupled Lyapunov drift argument, provides a number of tools that are likely to be of interest more
broadly for dealing with iterative algorithms with multiple sets of coupled and stochastic iterates.

Limitations and Future Directions. As mentioned before Corollary 2.1 and after Theorem 3.1, the
convergence bounds involve constants that are exponential in 7!, which arise due to the use of the
smoothed best response to preserve the naturalness of the learning dynamics. An immediate future
direction of this work is to remove such exponential factors by designing better exploration strategies.
In the long term, we are interested to see if the algorithmic ideas and the analysis techniques developed
in this work can be used to study other classes of games beyond zero-sum stochastic games.

3 According to the definition in [27], a dynamics being rational means that the player following this dynamics
will converge to the best response to its opponent when the opponent uses an asymprotically stationary policy.
Since we are performing finite-sample analysis, we assume the opponent’s policy is stationary, because otherwise,
the convergence rate (which may be arbitrary) of the opponent’s policy will also impact the bound.
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A Extended Related Work

Continued from Section 1.3, we here discuss several other existing works that are relevant.

Recently, there has been an increasing study of MARL with sample efficiency guarantees recently
[16, 82, 20, 17, 21, 83, 84, 22, 85]. Most of them focus on the finite-horizon episodic setting with
online exploration, and perform regret analysis, which differs from our last-iterate finite-sample
analysis under the stochastic approximation paradigm. Additionally, these algorithms are episodic
due to the finite-horizon nature of the setting and are not best-response-type independent learning
dynamics that are repeatedly run for infinitely long, which can be viewed as a non-equilibrating
adaptation process. In fact, the primary focus of this line of work is a self-play setting where all
the players can be controlled to perform centralized learning [86, 16, 82, 20, 17]. Beyond the
online setting, finite-sample efficiency has also been established for MARL using a generative model
[87, 88] or offline datasets [89-91, 67]. These algorithms tend to be centralized in nature and focus
on equilibrium computation, instead of performing independent learning.

Finite-sample complexity has also been established for policy gradient methods, a popular RL
approach when applied to solving zero-sum stochastic games [14, 36-38]. However, to ensure
convergence, these methods are asymmetric in that the players update their policies at different
timescales, e.g., one player updates faster than the other with larger stepsizes, or one player fixes
its policy while waiting for the other to update. Such asymmetric policy gradient methods are
not independent, as some implicit coordination is required to enable such a timescale separation
across agents. This style of implicit coordination is also required for the finite-sample analysis
of decentralized learning in certain general-sum stochastic games, e.g., [92], which improves the
asymptotic convergence in [7]. In contrast, our learning dynamics only require the update of each
player’s policy to be slower than the update of their g-functions, but crucially we do not assume a
time-scale separation between the two players, making our learning dynamics symmetric.

B Proof Sketch of Theorem 3.1

In this section, we present the key steps and technical ideas used to prove Theorem 3.1. The core
challenge here is that Algorithm 2 maintains 3 sets of iterates ({¢; . }, {7}  }, and {v{}), which are
coupled. The coupling of their update equations means that it is not possible to separately analyze
them. Instead, we develop a coupled Lyapunov drift approach to establish the finite-sample bounds
of Algorithm 2. Specifically, we first show that the expected Nash gap can be upper bounded by a
sum of properly defined Lyapunov functions, one for each set of the iterates (i.e., the v-functions, the
policies, and the g-functions). Then, we establish a set of coupled Lyapunov drift inequalities — one
for each Lyapunov function. Finally, we decouple the Lyapunov drift inequalities to establish the
overall finite-sample bounds. We outline the key steps in the argument below.

To begin with, we show in Lemma D.1 that the g-functions {¢; ; } and the v-functions {vi} generated
by Algorithm 2 are uniformly bounded from above in /..-norm by 1/(1 — «) and the entries of the
policies {ﬂz & are uniformly bounded below by £, > 0. This result will be frequently used in our
analysis. We next introduce the Lyapunov functions we use to analyze Algorithm 2. Specifically, for

any t,k > 0,letq; , € RISIM| e defined as i (s) = T'(v))(s)m, o(s) forall s € S. Let
Loum(t) = ”'Utl +vt2||007 Ly(t) = Z ”U; - Ui”cca

i=1,2
Lo(tk) = 3 llaisls) = T @7k (3 = D llai s — il

i=1,2 s€8 i=1,2
Lot k) = max - max (' = w4 () T (0] () (5) + (') = (i (5)) }

S i i
s€ Py EA(AY)

)

Note that Lg,, (%) is introduced to deal with the fact that the induced matrix game the inner loop of
Algorithm 2 is designed to solve may not be a zero-sum game due to independent learning. See the
discussion in Section 1.2 and the paragraph after Algorithm 2. At the core of our argument is the
following inequality (cf. Lemma D.4):

4
NG(7p g 77 i) < i (2Lum(T) + Lo(T) + Lo(T, K) + 27 log(Amax)) ; (6)
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which motivates us to bound all the Lyapunov functions.

B.1 Analysis of the Outer Loop: v-Function Update

Motivated by Eq. (6), we need to bound Ly, (7)) and L, (T'). To achieve that, we establish Lyapunov
drift inequalities for them. Specifically, we show in Lemmas D.5 and D.6 that

Lo(t+1) < YL (E) + 4Loum(t) + 2L 2 (£, K) + 4L (t, K) + 67 log(Amax), (7
Drift Additive Errors
Lam(t +1) < yLum(t) +2L,4(t, K)'/2, V> 0. ®)
—_——— —,  ———
Drift Additive Errors

Suppose that the Additive Errors in the previous two inequalities were only functions of v} and v?,
then these two Lyapunov drift inequalities can be repeatedly used to obtain a convergence bound
for Lom(T') and L, (T'). However, the coupled nature of Egs. (7) and (8) requires us to analyze the
policies and the g-functions in the inner loop, and establish their Lyapunov drift inequalities.

B.2 Analysis of the Inner Loop: Policy Update

As illustrated in Section 2.1 and Section 3.1, for each state s, the update equation of the policies can
be viewed as a discrete and stochastic variant of the smoothed best-response dynamics for solving
matrix games [29]. Typically, the following Lyapunov function is used to study such dynamics [53]:

Valuhit) = 3 mar {8 = )T X4 o) = i), ©)

where X; and X5 are the payoff matrices for player 1 and player 2, respectively, and v(-) is the
entropy function. Specialized to our case, given a joint v-function v = (v*, v?) from the outer loop*
and a state s € S, we would like to use

Vos(m (5) Z max {(i' = m'()) T (") ()7 () + Tw(@) — Tv(n'(s))}

5 ATEA(AY)
as our Lyapunov function. Note that maxes Vi, (7 1, (5), 77 1. (5)) = Lx(t, k). A sequence of

properties (e.g., strong convexity, smoothness, etc.) regarding the Lyapunov function Vx (-, ) is
established in Lemma D.7. In the end, we show in Lemma D.8 that

By [Lr(t k+1)] < (1 - ??) By [Lx(t, k)]

Drift
3242 5 16 A2 ﬁk
2 max Y max/~R 2
+ 2LT/8]<} + WEt[ﬁq(t, k)] pu Sum(t) bl (]O)

Additive Errors

where E,[ -] stands for conditional expectation conditioned on the history up to the beginning of
the ¢-th outer loop. To interpret the above, suppose that we were considering the continuous-time
smoothed best-response dynamics. Then, the additive error term would disappear in the sense that the
time-derivative of the Lyapunov function along the trajectory of the ODE is strictly negative. Thus,
the three terms in the Additive Errors can be interpreted as (1) the discretization error in the update
equation, (2) the stochastic error in the g-function estimate, and (3) the error due to the non-zero-sum
structure of the inner-loop auxiliary matrix game.

B.3 Analysis of the Inner Loop: g-Function Update

Our next focus is the g-function update. The g-function update equation is in the same spirit as
TD-learning in RL, and a necessary condition for the convergence of TD-learning is that the behavior

“Due to the nested-loop structure of Algorithm 2, conditioned on the history up to the beginning of the ¢-th
outer loop, the v-functions v; and v} are constants.
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policy (i.e., the policy used to collect samples) should enable the agent to sufficiently explore
the environment. To achieve this goal, since we show in Lemma D.1 that all joint policies from
the algorithm trajectory have uniformly lower-bounded entries (with lower bound ¢, > 0), it is
enough to restrict our attention to a “soft” policy class II, := {7 = (x!, 72) | min, .1 7*(a'|s) >
(r, ming g2 n2(a?|s) > ¢;}. The following lemma, which is an extension of [10, Lemma 4],
establishes a uniform exploration property under Assumption 3.1.

To present the result, we need the following notation. Under Assumption 3.1, the Markov chain
induced by the joint policy 7, has a unique stationary distribution y;, € A(S) [93], the mini-
mum component of which is denoted by pp min. In addition, there exists p, € (0, 1) such that
maxXges ||P,’fb (s,") — /“’(')HTV < 2p’lf for all £ > 0 [93], where Py, is the transition probability
matrix of the Markov chain {S}} under 7,. We also define the mixing time in the following. Given
a joint policy 7 = (7!, 7%) and an accuracy level 7 > 0, the 1 — mixing time of the Markov chain
{S)} induced by 7 is defined as

ta = min {12 0 ma [ PG5, ) — e Ol <) )

where P; is the m-induced transition probability matrix and p, is the stationary distribution of {Sj }
under 7, provided that it exists and is unique. When the induced Markov chain mixes at a geometric
rate, it is easy to see that ¢ ,, = O(log(1/7)).

Lemma B.1 (An Extension of Lemma 4 in [10]). Suppose that Assumption 3.1 is satisfied. Then we
have the following results.

(1) Forany m = (7', 7%) € IL,, the Markov chain { Sy} induced by the joint policy T is irreducible
and aperiodic, hence admits a unique stationary distribution ji; € A(S).

(2) It holds that sup,cy; maxses [|[PE(s,) — p()llrv < 2p% for any k > 0, where p; =

27
piT “Hvmin g rp :=min{k >0 : P¥ (s,s') >0, V(s,s)}. As a result, we have

lr
t(r,m) := sup try < #7 (12)
67’ Nb,lllin

where we recall that tr, ., is the 1) — mixing time of the Markov chain { Sy} induced by my,.

(3) There exists L, > 1 (which was used in the statement of Theorem 3.1) such that
e = izl < Ly(max |7 (s) = 7%(s) |1 + max |7 (s) — 7*(s)]1)

forallm = (7t 7%), 7 = (7!, 72%) € I

(4) pimin := infrem, minges pr(s) > 0.

Remark. Lemma B.1 (1), (3), and (4) were previous established in [10, Lemma 4]. Lemma B.1 (2)
enables us to see the explicit dependence of the “uniform mixing time” on the margin ¢, and the
mixing time of the benchmark exploration policy 7.

In view of Lemma B.1 (2), we have fast mixing for all policies in IT, if (i) the margin £, is large,
and (ii) the Markov chain {S; } induced by the benchmark exploration policy 7, is well-behaved. By
“well-behaved” we mean the mixing time is small (i.e., small ¢, ,,) and the stationary distribution
is relatively well-balanced (i.e., large 1t min). Point (i) agrees with our intuition as a large margin
encourages more exploration. To make sense of point (ii), since 7(a|s) > (27, (als) for all s and
a = (a',a?), we can write 7 as a convex combination between 7, and some residual policy 7:
7(-|s) = C2mp(-|s) + (1 — £2)7(+|s) for all s € S. Therefore, since any 7 € 11, has a portion of the
benchmark exploration policy 7, in it, it makes intuitive sense that fast mixing of {S;} under 7,
implies, to some extent, fast mixing of {Sj } under = € II. Note that, as the margin £, approaches
zero, the uniform mixing time in Lemma B.1 (2) goes to infinity. This is not avoidable in general, as
demonstrated by a simple MDP example constructed in Appendix E.

We define ¢; = pipinfr, which was used in the statement of Theorem 3.1. With Lemma B.1 in hand,
we are now able to analyze the behavior of the g-functions. We model the g-function update as a
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stochastic approximation algorithm driven by time-inhomogeneous Markovian noise, and use the

norm-square function
Yo > lld(s) = T () (s)ll3

i=1,2 s

as the Lyapunov function to study its behavior. Note that Ly(t,k) = > ,_; 5>, ||Q§)k(s) —

T(vi)(s)m; (s)]|3. The key challenge to establishing a Lyapunov drift inequality is to control
a difference of the form

E[F'(¢, Sk, Aly Ay, Sir)] = E[F'(¢, 5, AT, A7, 87)] (13)

for any ¢* € RISI'l and i € {1,2}, where F'(-) is some appropriately defined operator that cap-
tures the dynamics of the update equation; see Appendix D.5.2 for its definition. In the term
(13), the random tuple (Sk,A};,A;i,SkH) is the k-th sample from the time-inhomogeneous
Markov chain {(Sy, A%, A,;i, Sk+1) k>0 generated by the time- varying joint policies {7 }r>0.
and (S, A’, A=, §") is a random tuple such that S ~ jx(-), A ~ 7i(:|S), A= ~ 7 *(-|S), and
S" ~ p(+|S, A%, A=), where p(+) denotes the unique stationary distribution of the Markov chain
{Sn }n>0 induced by the joint policy 7. Lemma B.1 implies that u, exists and is unique.

In the existing literature, when {(Sy, A%, A;*, Sk11)} is sampled either in an i.i.d. manner or
forms an ergodic time-homogeneous Markov chain, there are techniques that successfully bound the
term (13) [94, 24, 23]. To deal with time-inhomogeneous Markovian noise, building upon existing
conditioning results [23, 24, 41, 76] and also Lemma B.1, we develop a refined conditioning argument
to show that

k=1
(13)=0 (Zk: Z an> , (See Lemma D.11)

n=k—zg

where z;, = t({;, i) is a uniform upper bound on the 35 — the mixing time (i.e., the uniform
mixing time with accuracy S, see Eq. (12)) of the Markov chain {S,, },,>¢ induced by an arbitrary
joint policy from the algorithm trajectory. Suppose that we are using diminishing stepsizes of
O(1/k) decay rate (similar results hold for using constant stepsizes). Then, the uniform mixing
property from Lemma B.1 (2) implies that z;, = O(log(1/k)). As a result, we have limy_, . (13) <

im0 25 Zfb;i_% oy, = 0, which provides us a way to control the term in (13). After successfully
handling (13), we are able to establish a Lyapunov drift inequality of £, (¢, k):

Bk
E L, (t K+ 1)] < (1 — ager) By [L4(E, k)] + Cozragp—z -1 + E[Eﬁ(t,k)}, (14)
Drift Additive Errors
where Cj is a (problem-dependent) constant, and we use the notation oy, r, = Z:; K, QU 1O

simplify the notation. See Lemma D.12 for more details. When k is large, it can be shown that
Of—zp k—1 < 20,2y, [65, Appendix 1.8].

B.4 Solving Coupled Lyapunov Drift Inequalities

Until this point, we have established the Lyapunov drift inequalities for the individual v-functions, the
sum of the v-functions, the policies, and the g-functions in Eqs. (7), (8), (10), and (14), respectively.
The last challenge is to find a way of using these coupled inequalities to derive the finite-sample
bound. To elaborate, we first restate all the Lyapunov drift inequalities in the following:

Lo(t+1) <AL (E) + AL (t) + 4L (¢, K) + 2L12(t, K) + 6710g(Amax), (15)
Lom(t+1) < YLaum(t) +2L1(t, K), (16)
EiLr(t,k+1)] < (1= 3Br/DEe[Lr(t, k)] + C1(BF + BrE[Ly(t, k)] + Brelam(t)),  (17)
Ei[Lq(t b+ 1)] < (1= cran)Be[Ly(t, k)] + BrBi[Lr (t, k)] /4 + Caziai. (18)

To decouple the Lyapunov inequalities stated above, our high-level ideas are (1) using the Lyapunov
drift inequalities in a combined way instead of in a separate manner, and (2) a bootstrapping procedure
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where we first derive a crude bound and then substitute the crude bound back into the Lyapunov drift
inequalities to derive a tighter bound. We next present our approach.

For ease of presentation, for a scalar-valued quantity W that is a function of k£ and/or ¢, we say
W = o0k (1) if limg 0o W = 0and W = 0,(1) if lim; o, W = 0. The explicit convergence rates of
the oy (1) term and the o;(1) term will be revealed in the complete proof in Appendix D.6, but is not
important for the illustration here.

Step 1. Adding up Eq. (17) and (18), using Condition 3.1, and then repeatedly using the resulting
inequality, we obtain:
Ei[Lr(t, k)] < Bl Lr(t, k) + Ly(t, k)] = 0x(1) + O(1) L3

sum

(), Vt, k. (19)

Step 2. Substituting the bound for E;[L (¢, k)] in Eq. (19) into Eq. (18) and repeatedly using the
resulting inequality, and we obtain:

E[Lqy(t, K)] = 0 (1) + Olca,p) Lam(1), V1,
which in turn implies (by first using Jensen’s inequality and then taking total expectation) that:
E[Ly/2(t, K)] = 0x (1) + O(cy/ 3)E[Laum(1)], ¥ 1, (20)
where we recall that ¢, g = i/ is the stepsize ratio. The fact that we are able to get a factor of

O(C}x{ 2) in front of E[Lsm(t)] is crucial for the decoupling procedure.

Step 3. Taking total expectation on both sides of Eq. (16) and then using the upper bound of
E[C(I/Q(t, K)] we obtained in Eq. (20), we obtain

E[Lam(t + 1] < (v + Oy ) ElLam()] +oxc (1), ¥ 1.
By choosing c, g so that O(c;{ /25) < (1 —+)/2, the previous inequality implies

1—
Bllan(t + 1] < (1= 757 ) Bllan(0] + 0x (1), V1. e
which can be repeatedly used to obtain
E[Lsum(t)] = 0¢(1) + 0k (1). (22)
Substituting the previous bound on E[Lg,m (t)] into Eq. (19), we have
max(E[L(t, K)],E[L,(t, K)]) = 0¢(1) + 0k (1). (23)

Step 4. Substituting the bounds we obtained for E[L (¢, K)], E[L,(t, K)], and E[Lqm(t)] in Egs.
(22) and (23) into Eq. (15), and then repeatedly using the resulting inequality from¢ =0tot =T,
we have

E[Ly(T)] = or(1) + 0k (1) + O(7).
Now that we have obtained finite-sample bounds for E[L,(T")], E[Lsum(T)], E[L.(T, K)], and

E[L,(T, K)], using them in Eq. (6), we finally obtain the desired finite-sample bound for the
expected Nash gap.

Looking back at the decoupling procedure, Steps 2 and 3 are crucial. In fact, in Step 1 we already
obtain a bound on E;[L, (¢, k)], where the additive error is O(1)E[Lqm(t)]. However, directly using
this bound on E;[L,(t, k)] in Eq. (16) would result in an expansive inequality for E[Lqm(t)]. By
performing Step 2, we are able to obtain a tighter bound for E,[L,(t, k)], with the additive error

being O cl/ HE Lem(t)]. Furthermore, we can choose ¢, g to be small enough so that after using the
g a,f B g g

bound from Eq. (20) in Eq. (16), the additive error (’)(ci{ ;)E[ﬁsum(t)] is dominated by the negative

drift in Eq. (21).

C Proof of Theorem 2.1

The proof is divided into 4 steps. In Appendix C.1, we prove an important boundedness property
regarding the iterates generated by Algorithm 1. In Appendices C.2 and C.3, we analyze the evolution
of the policies and the g-functions by establishing the negative drift inequalities with respect to their
associated Lyapunov functions. In Appendix C.4, we solve the coupled Lyapunov drift inequalities to
prove Theorem 2.1. Moreover, we prove Corollary 2.1.1 in Appendix C.5. The statement and proof
of all supporting lemmas used in this section are presented in Appendix C.6.
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C.1 Boundedness of the Iterates

In this subsection, we show that the g-functions generated by Algorithm 1 are uniformly bounded
from above, and the entries of the policies are uniformly bounded from below. The following lemma
is needed to establish the result.

Lemma C.1. Foranyi € {1,2} and ¢* € RIAI we have

. i (i 1
S o) = Gy @l /) + 1

Proof of Lemma C.1. Giveni € {1,2}, forany ¢' € RMI" and o’ € A?, we have

explq'(a’)/7)
> aicai exp(gi(at)/T)
S @@ T
AT @i
> eI T

Since the RHS of the previous inequality does not depend on a?, we have the desired inequality. [

[o+(g)](a") =

=1

We next derive the boundedness property in the following lemma.

Lemma C.2. It holds for all k > 0 and i € {1,2} that || ||c < 1 and mingic 4i wi(a’) > £,
where {; = [(Amax — 1) exp(2/7) +1]7L.

Proof of Lemma C.2. We prove the results by induction. Since gb = 0 and 7} is initialized as a
uniform distribution on A%, we have the base case. Now suppose that the results hold for some £ > 0.
Using the update equation for gj, in Algorithm 1 Line 5, we have

|gis1(a")] = (1 = @l qizaiy)ai(a’) + arlggiagy Ri( A}, ALY

max(|gj (a)], (1 — ax)lgh (a")| + el Ri(4}, 4.7)])
1

VANRVAY

for any a° € A’, where the last line follows from the induction hypothesis [g [ < 1 and
|Ri(a’,a™")| < 1forall (a',a™"). As for m_,, using the update equation for 7}, in Algorithm 1
Line 3, we have

ey (a’) = (1= B)mi(a’) + Brlo-(qi)](a")

Bk
>(1— Bl + . (Lemma C.1)
0O o~ Dowp(@lafll/) + 1
> (1= Br)lr + Bilr (||q,iCHOO < 1 by induction hypothesis)
=/,
The induction is complete. O

C.2 Analysis of the Policies
Let Vi : A(AY) x A(A?) — R be the regularized Nash gap defined as

Va(p', p?) =Y e {(A = p) " Rip™ 4 (i) — mv(ph)}
i=1,2

where v(-) is the entropy function. A sequence of properties regarding Vg (-, ) are provided in

Lemma C.7. For simplicity of notation, we use V1 Vg (-, -) (respectively, Vo Vg (-, -)) to represent the
gradient with respect to the first argument (respectively, the second argument).

22



Lemma C.3. It holds for all k > 0 that

B lra i
ElVi(rta o] < (1= 5 ) EVatrbnd] + 5% 3 Bl - Rer 1]+ 22,52

i=1,2

where we recall that L, = 7/{, + A2, /7.

Proof of Lemma C.3. Using the smoothness property of Vi(+,-) (cf. Lemma C.7 (1)) and the update
equation in Algorithm 1 Line 3, we have for any k£ > 0 that

VR(Tig1s 1) < VR(T m0) + B (VaVa(mg, 77), ar(qi) — i)

75
+ Bi(ViVr(my, mh), or (ar) — — Z lo- () — 73113

1=1,2
< VR(Wliaﬂ-IQc) + ﬁk<v2VR(7TI£77TI%)>UT(R27TI£) - 77]%>
+ Be(V1Vr(mh, Ty ) o (Ramy) — 7p)
+ Br(VaVr(mp, m2), 07 (qi) — or(Ramh))
+ Be(ViVr(mh, may1), o7 (ah) — UT(RND%» +2L. 3}
1 max —1
< (1= ) vitnk wt) a5 ( g+ 285} 3 ok - Rer 13 + 22,82

2
1=1,2

where the last line follows from Lemma C.7 (2) and (3). Taking expectations on both sides of the

previous inequality and using the condition that ¢, g = gk < mln(T;2 ) 39 AQ ) (cf. Condition 2.1),
we have
1 2 Bre 1.2 brag i 2
EVi(rher, )] € (1= 50 ) BVa(rl, ad) + 55 > Elllgi - Rimg 18] + 2L 83.
i=1,2
The proof is complete. O

C.3 Analysis of the ¢g-Functions

We study the g-functions generated by Algorithm 1 through a stochastic approximation framework.
Fori € {1,2},let F' : Rl x A" x A~ s Rl be an operator defined as

[F'(q", ap, ag)](a") = L(4—asy (Rilag,ag") — ¢'(ap)) .V (q',a5,a5") and a”.
Then, Algorithm 1 Line 5 can be compactly written as
Qi1 = G + o' (g1, Ap, ALY, (24)
Given a joint policy (7!, 72), let FZ : R’ RIA'l be defined as
Fo(d@") = Einmi(),a-inm—i () [F' (¢, AT, ATY)] = diag(n') (Rim ™" — ¢').

Then, Eq. (24) can be viewed as a stochastic approximation algorithm for solving the slowly
time-varying equation F? (¢*) = 0.

Lemma C.4. The following inequality holds for all k > 0:

i Lray, i
> Elldhes ~ Rerpha < (1= 5% ) ¥ Bl — Rmy 18]+ SEEIVi(e 7D + 160,

i=1,2 i=1,2

Proof of Lemma C.4. Forany k > 0and i € {1,2}, we have

qu-u - Riﬂk_f-ﬂ‘%
= lqhs1 — @ + @ — Rimy, "+ Rimy, " — Rmkﬂllg
= llghsr — @ill5 + llgk — R i3+ | Rimy,* — Ry 7Tk:+1||2 + 2(qj1 — G ah — Rim ")

23



+2(ghyy — dp Rimy, ' — Rimly + 2(Rimy ' — Rympt L qh, — Rimy, )
= | F'(qi, Ay, A O3 + gk — Rimy ' |13 + BRllRi(o- (g, ") — 72 )13
+ 200 (FL (qh), ), — Rimy ") + 200 (F* (qf,, A}, AL ') — FL (ah), 4, — Rimy ")

— 2058 (F* (i, Ak, Ay )y Rilor (a3 ") — 7 ")) = 2B(Rilor (a5 ") — 7, "), 43, — Ry, ")
(Algorithm 1 Lines 3 and 5)

< 1 F (gh Ay AL + llgi — Rimy 13 + BRI Ri(or (0 ") = mc D
+ 20 (Fy, (63)s @ — Rimy ') + 200 (F* (q, Ajyy Ay ) — Fr, (ai), 4, — Rimy, )
+ 205 1| F* (3.0 Ay Ay )2l Ri (o7 (a.") — 7 )2
+ 26| Ri(0-(q, ") — 7 l2llar, — Rimy, " |2 (Cauchy—Schwarz inequality)
< QR F ¥ (ais Ak A + llgi, — Rimy 15+ BRI Rilor (4 ) = m. )3
+ 20, (Fr, (qi)ﬂi — Rym. ") + 200 (F* (g3, A}, AY") — Fr (a1) 4k — Rimy. )
Olkﬁk

1F* (qr, Ak, A3 + onBrer | Ri(or(g,") — )13

+ gllRi(Jr(q;i) — i M3 + c2Bllai, — Rimi 113
(This follows from the AM-GM inequality, where c;, ca > 0 can be arbitrary.)
ak@k L % —i % —1
(o + 242 ) Lo A, ACYE + 0+ o)~ R B
+ 200 (Fy, (ai), di — Rim ) + 200 (F" (ak, Ay, AY') = Fr, (4i), 4k, — Ry

B —i —i
# (82 + 2w ansicr ) IRIBlon 0 - 1B

Taking expectations on both sides of the previous inequality, we have
Elll ki1 — Rimify|I3)
Qg 5]? 7 i —1 7 —1
< (ot + 22 ) BIIP g AL AT+ (1 + cap) Bl — Romi 1

AN —i B —i —1
+ 20 E[(F7, (qh), gk — Rimy )] + (ﬁi + o, T b 1R: 13E o (g ") — = [13],

where the term E[(F" (g}, A}, A;") — FL, (q;), 4 — Ry, *)] vanishes due to the tower property of
conditional expectations. To proceed, observe

i i 41 g—i i oq—i i 452
E[| F*(qk, Ak, Ay 3] =E Z ]l{A';'c:ai} (Ri(AkaAlg )—Qk(Ak))
ate At

E[(Ri(a’, A7) = ¢i(a)))?]
E[(|Ri(a’, A1) + lgi.(a')])?]
4

(Lemma C.2)

and

E[(F7, (4) g — Rim; )] = E[(diag(m}) (R, — q3.), 43, — Rimy, )]
< — LE]|qh — Rimy " ||3)- (Lemma C.2)

In addition, we have

Elllor (a5 ") = 7 '113) < 2E[llor (g5 ") — o7 (R-im)|13] + 2E[|or (R—sm) — 71" [13]
(a® 4+ b% > 2ab)

» ; 4
SE[llgy* — Roimy,[13] + ;E[VR(W;%,W;%)L
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where the last line follows from Lemma C.6. Using the previous 4 inequalities all together, we obtain

Oékﬂk

) + (1= 20k + c2B) Elllgl, — Rim 3]

2
4Amax </82 + @ _|_ akﬁkcl) E[VR(T(]}JTFI%)]

Ellghr — Rimgly 12 < ( ol +

2Ar2nax Bk —1 —1i
Phoos (5 2+ auties ) Ellag - R 1]
Summing up the previous inequality for i € {1, 2}, we have
Z E[||q,i+1 lﬂk+1|| ]

i=1,2

A2 i
(1 — 2l g + o + —5 (5k + — Br + akﬁkﬁ)) Z gk — Rimy, *II3]

IN

8A2
e (6,% oy akﬂkcl) E[Vi(m, })] +8 ( Pt a’“ﬂ’“)

C1

3l a 2Ar2nax 232 i
_ <1 0 | 2 <2Bk i )) S Ellg) — Rori*I)

1=1,2
8Ar2mx 232 o

(25k mi) E[Va(r}, 7)) + 1607 (Choosing ¢; = £ and ¢; = o)

erak i —q Br 2

< 5 > Elllgi — Rim 3] + = ElVa(mi, m0)] + 160z,

i=1,2

where the last line follows from ¢, g < min(sAf , ﬁ) and By < {zg4z— (cf. Condition 2.1).
The proof is complete. O

C.4 Solving the Coupled Lyapunov Inequalities

For simplicity of notation, denote £, (k) = >>,_, , Ellq}, — Rim,*[13] and L (k) = E[Vr(mt, 77)]-
Then, Lemmas C.3 and C.4 state that

Lo(k+1)< (1 - ﬂ’“) L (k) +

0
Lk £ (k) + 2L, 32,

and

ETak

Lyk+1) < (1—

Adding up the previous two inequalities, we obtain

)c() 5’“5 (k) + 16a3.

Lok+1)+Lr(k+1) < (1 — i’“) L. (k) + 2L, 57 + ( ET;’“) L,(k) + 1603,
< (17 %) ot + £4(0) + 2,52 + 1602 @5

where the second inequality follows from ¢, g < £, (cf. Condition 2.1).

Constant Stepsizes. When using constant stepsizes, i.e., o = « and S = f3, repeatedly using Eq.
(25), we have for all £ > 0 that

B k
Ly(k) + Lr(k) < (1 - 4) (L:(0) + £4(0)) + 8L, 3 + 64a%/B

IA

k
(1 a i) (4 + 27 log(Amax) + 2Amax) + 8L 3 + 640‘2/6
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k
4
~ B, (1—B> +8LT,3+—6 =
4 Ca,p

where the second inequality follows from

L:(0) <44 27log(Amax), and L4(0) < 24 ax.
Theorem 2.1 (1) follows by observing that £,(k) + L (k) > L (k) = E[NG, (7}, 73)].
Diminishing Stepsizes. Consider using oy, = 37 and Br = kf—h Recursions of the form
presented in Eq. (25) have been well studied in the existing literature for the convergence rates of

iterative algorithms [44, 24, 65]. Since 3 > 4, using the same line of analysis as in [65, Appendix
A.2], we have

h 1
< By —— —
£q(k)+£ﬂ(k)_Bm<k+h "

Theorem 2.1 (2) follows by observing that £,(k) + L (k) > L (k) = E[NG, (7}, 7%)].

B/4
) + (64eL. B + 512ec/cq )

C.5 Proof of Corollary 2.1.1

We use Theorem 2.1 (1) to derive the sample complexity, and choose 3 = ¢, ga with ¢, g satisfying
Condition 2.1. To achieve E[NG, (1}, 7 K)] < ¢, in view of Theorem 2.1 (1), it is sufficient that

Bine_BK/é1 < ga 8L < §7 64a/caﬁ < g,
which implies 3 = O(e). It follows that K = O (e7').

C.6 Supporting Lemmas

Lemma C.5. Foranyi € {1,2} and u', b € {p* € A(AY) | mingic g p'(a’) > £, }, we have
i i Ly i
IVV(p1) = Veug)llz < 5-llug — palle.

Proof of Lemma C.5. For any i € {1,2} and p* € A(A?) such that mingi¢c 4: pu'(a’) > £, the
Hessian of v(-) satisfies

_1< I|_AL‘ < I|AL|
T mingig g pf(at) T 4

Hessian, (u') = diag (1*)

Therefore, the gradient of the negative entropy function Vu(+) is % — Lipschitz continuous with
respect to ||+ ||z on the set {¢1* € A(A") | mingie s ' (a’) > £-}, which implies the ;- — smoothness
of v(+). O
Lemma C.6. Fori € {1,2}, we have for all i* € A(A") and p=" € A(A™?) that

—1 7 2
lor(Rip™") — p' |3 < ;VR(ul,uz)-

Proof of Lemma C.6. Recall that the negative entropy v(-) is 1-strongly concave with respect to || - ||2.
Therefore, given ¢ € {1, 2}, fix u~*, the function

I {(@ = p") " Rop™" + rv(ft) — T (u)}

is 7-strongly convex with respect to u’. As a result, by the quadratic growth property of strongly
convex functions, we have

- 2 ~i i —i i i 2
lor (Rip™) = p'[l3 < ;wén&a(%{(u =) Rap ™" v () = o)} < SVa(u', i),
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Denote I, = {(7!,7?) € A(AY) x A(A?) | mingie a1 7 (al) > £;, mingze 42 72 (a?) > €, }.
Lemma C.7. The function Vi (-, ) has the following properties.

(1) The function Vg(p', i) is Ly — smooth on 1L, where L, = - + Af:”‘

(2) It holds for any (u', u?) € 1L, that

(ViVr(p', 1), 0 (Rip®) — p') + (VaVr(p', 12), 07 (Ropt') — %) < —VR(u', 1)
(3) Forany ¢ € R and ¢’ € RIA®| , we have for all (u*, u?) € I, that
(ViVe(p', 12),0-(¢") = or(B1pi®)) + (V2Va(p', 1), 04(¢%) — o (Rap'))

1 i 7 1 A?nax 7 —11|2
< Vel ) 4 o+ s > g = Rap '3

i=1,2

Proof of Lemma C.7. Recall the definition of V(+, -) in the following:

;Wg?)iv {(@" = )T R + 7 (i) — 7o (')} .

By Danskin’s theorem [95], we have
ViVa(u',1?) = =7V (u') + (Ro) Tor (Ropt),
VoVir(u', 1) = = Vv (p?) + (R1) " or (Rap?),

both of which will be frequently used in our analysis.

(1) Forany (u*, u?), (p', p?) € 11, we have

IV1Vr(n', n?) = ViVr(a', i52)]l2
= |7V (') — 7Vu(p') + (R2) T or (Rop') — (Ra) "o (Reiat) |2
< 7lVe(at) = Vo(uh)llz + | Rallllo-(Rop') — o (Rafi') 2

T _ | R2I3 _
sl = At + e [TTRE T |
- T

T A% _
(+ 22 ) et = e

where the second last inequality follows from Lemma C.5 and o, (-) being %-Lipschitz continuous

with respect to || - ||2 [96], and the last inequality follows from || R;||2 < /] AY|[|A2?] < Apax for
i € {1,2}. Similarly, we also have

IN

IN

— — T A?nax =
9Vl )~ oVl I < (7 + 22 ) 1 = g2l

It follows from the previous two inequalities that
IVVR(', 1?) = VVr(E', 12)]3
= V1 VR(ul 1?) = ViVe(i', 12)I3 + V2 Va(n', 1?) — VaVr(a', i1)13
T m X =1
< (2 M) 5 s
i=1,2

which implies that Vz(-, ) is an L, — smooth function on I [97], where L, = 7 + @.

T

(2) The result follows from Lemma D.7 by setting X; = R;, ¢ € {1,2}, and by observing that
R+ (Rz)T =0.
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(3) Using the formula of the gradient of Vg(+, -) in the begining of the proof, we have
(ViVr(p', 1), 0-(¢") — o7 (Rapi®))
= (~7Vv(u') + (R2) o7 (Rop'), 07 (q") — 0 (Rip?))
= 1(Vv(or(Rip?)) = Vo (u'), o0 (q") — or (Rip?))

+ (JT(R2N1) - MQ)TRQ(UT(ql) - UT(RIMQ))
(This follows from the order optimality condition: Ryu? + 7Vv (o, (Ripu?))

T TC
o V(o (Rup) = Vo) + S5 o (a") = o (Rup®)

IN

1 C2
+ 5ellor(Rant) = i3 + | Ralo-(6) = o (Ru)IE

=0)

(This follows from AM-GM inequality, where c;, ca > 0 can be arbitrary)

C1
+ 7||q1 — Ryp®3
.

e Ra|l3
972

.
< T _Nor(Ryp?) — 1|2
< sogllor(Ra®) =13

1
(Rop) — 122
b oo (o) — )+
c2||Ro

I l¢" — Rup?(|3 (Lemma C.5)

1 1 11 2112 13, 1
< (o + ) Vi) + 22l = R+ 2L gt~ gl emmacio)

TC2
4 4||R2|13
< Wittty gt - R+ W g gy

where the last line follows by choosing ¢; = z% and co = g. Similarly, we also have

1 4
(VaVir(p', p%), 0-(¢%) = o7 (Ropt')) < J Ve(p', i?) + ﬁllq2 — Rop'||3

T3 1

+ — Ropt|l3.

Summing up the previous two inequalities, we obtain

(ViVr(p', 12),0:(¢") — 0-(Rip®)) + (VaVr(n', 1%),07(¢%) — o-(Rap'))
< EV ( i 71‘) + i + 4A1%nax Z H i*R' 71'”2
=9 R\ 5 [ 7_672_ 3 q it 29

i=1,2

where we used | R;||2 < v/Amax fori € {1,2}.

D Proof of Theorem 3.1

We begin by introducing a summary of notation in Appendix D.1. In Appendix D.2, we establish an
important boundedness property regarding the g-functions, value functions, and the policies generated
by Algorithm 2. In Appendix D.3, we bound the Nash gap in terms of the Lyapunov functions. In
Appendices D.4 and D.5, we analyze the outer loop and the inner loop of Algorithm 2 and establish
the Lyapunov drift inequalities. Finally, in Appendix D.6, we solve the coupled Lyapunov inequalities
to obtain the finite-sample bound. The proof of all supporting lemmas are provided in Appendix D.7,

and the proof of Corollary 3.1.1 is provided in Appendix D.8.

D.1 Notation

We begin with a summary of the notation that will be used in the proof.

(1) Given a pair of matrices {X; € R‘Ai‘xmﬁ‘}ie{m} and a pair of distributions {u® €

A(Ai)}ie{l 2}> we define

Vx (u', 1) Z " g?&){ p =) Xap T e (ph) = rv(p')}
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where v(-) is the entropy function. Note that Vx (-, -) is similar to Vg (-, -) defined in Appendix
C.2 in the setting of matrix games. However, we do not assume that X; + X5 = 0.

(2) Given a pair of value functions (v!,v?) and a state s € S, when X; = T (v%)(s), i € {1,2}, we
write V,, s(-, ) for Vx (-, -).

(3) For any joint policy (7!,7%) and state s, given i € {1,2}, we define v*ﬂ .(s)

%

maxzi vjr, ﬂ_, (s), vps , = ming— vﬂ,;ﬁ_,;(s), v;f*(s) = ming: vﬂf‘iﬁi( s), and v*;(s) =

max; s v"; . (s). Note that we have v} » +v2; , = 0and v, , +v7 1 = 0 because of the
zero-sum structure.

(4) Fori € {1,2}, denote v’ as the unique fixed point of the equation B*(v*) = v?, where B(-) is
the minimax Bellman operator defined in Section 3. Note that we have v} + v2 = 0.

(5) Forany ¢,k > 0andi € {1,2},letq; , € RISIM' be defined as a@i 1 (s) = T (v})(s)m, i (s) for
all s € S. In addition, let

Loan(t) = llof + 07 lloo,  Lo(t) = Y v} = vlllss,

1=1,2

Z ZHqtk — T (v})(s) 7rtk s)lz = Z ||qtk qtk”Qv

i=1,2 s€S i=1,2

£7T (tv k) = H’leagi V’Utys(ﬂtl,k(s)ﬂ Wtz,k(s))’

which will be the Lyapunov functions we use in the analysis.

(6) Given k1 < ks, we denote Sy, , = Ziikl Bk and oy, gy = ZZikl .

(7) Recall that z, = t(¢,, Bx) is the uniform mixing time defined in Lemma B.1 (2), where £ is
the uniform lower bound of the policies. When using constant stepsizes, 2y, is not a function of
k, and is simply denoted by zg. Observe that, due to the uniform geometric mixing property
established in Lemma B.1 (2), we have z;, = O(log(k)) when using O(1/k) stepsizes and
zg = O(log(1/B)) when using constant stepsizes. Let kg = mink : k > z, which is well
defined because z; grows logarithmically with k.

D.2 Boundedness of the Iterates

We first show in the following lemma that the g-functions and the v-functions generated by Algorithm
2 are uniformly bounded from above, and the policies are uniformly bounded from below. In the

context of stochastic games, we redefine £, = [1 + (Apax — 1) exp(2/[(1 — v)7])] L.
Lemma D.1. Forall t,k and i € {1,2}, we have (1) |[v}[loo < 1/(1—7)and ||¢; ;|| < 1/(1—=7),

and (2) minges qic Ai Wz}k(ai | ) > ¢,
Proof of Lemma D.1. The proof uses induction arguments. Leti € {1,2}.

(1) Givent > 0 we first show by induction that, if ||[v}]|s < 1i and [|¢] olloc < , we have

1
1—y°
Hqt A for all k > 0. The base case ||¢] ollcc < = = holds by our assumption. Suppose
that [|g; ;. [loo < e = for some k& > 0. Then, by Algorithm 2 Line 6, we have for all (s, a’) that

|QZ,k+1(5,al)|
= gz (s,a") + arl (s aiy=(s,,a1)} (Ri(Sk, Aks A ") + 704 (Skt1) — 61,6 (Sk, A))|
< (1= o506 (80,4001 |21 (55 ai)\

+ (s a0)=(y, A1)} | Ri (Sks Ay AL") + 701 (S|
1
< (1 — Olk]l{(s,ai):(Sk,A};)})m + ak]l{(s,ai):(Sk,Afﬁ)} (1 + 1_) (27)
1
=1= 77
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where Eq. (27) follows from the induction hypothesis [|g} ;[|oo < ﬁ, our assumption that
Ri(s,a’,a=")| < 1. The induction is now complete and we

[0flloe < ﬁ, and max, ,i o

have [|g} ;. loo < ﬁ for all k > 0 whenever ||} s < 1% and ||} ol|oc < ﬁ

We next again use induction to show that v]loo < 7 17 and g olloe < e = forallt > 0. Our
1n1t1a11zat10n ensures that [[vf[|cc < 725 and [|gd o[loc < 17 Suppose that [vf]loc < 7= and

lgiolloe < 1= - for some ¢ > 0 Using the update equation for v}, (cf. Algorithm 2 Line 8)

and the fact that 1} 1 lloo < + ~ forall k > 0 (established in the previous paragraph), we have
for all s € S that

i () = | Y i k(@'9)af ke (s,0")| < D 7 ge(a’]s)gf gelloo < -
ate Al ate Al
which implies ||vt +1lloe < T2 Moreover, we have by Algorithm 2 Line 9 that lgis10lleo =
14} klloo < . The 1nduct10n is now complete and we have ||vf|[oc < 1= - and g ollos <
ﬁ for all £ 2 O.

(2) We first use induction to show that, given ¢ > 0, if min, ,; 7r§70(ai | s) > ¢., then we have
ming 7} . (a* | ) > £ forall k € {0,1,---, K}. Since ming 4: 7{ o(a* | s) > £, by our
assumption, we have the base case. Now suppose that mine s 4ic 4: 77 1. (a* | s) > £, for some
k > 0. Then we have by Algorithm 2 Line 4 that

(1= Br)mf p(a’ | s) + Bror(gi 4(s))(a")
> (1= Br)lr + Brlr
L,

T ria(a’ | s) =

where the inequality follows from (1) the induction hypothesis, and (2) o (q; L(8)(a?) > £,
which follows from Lemma D.1 (1) and Lemma C.1. The induction is complete.

We next again use induction to show that min, ,: 7} o (a’ | s) > £, forall t € {0,1,--- ,T}.
Since miny 4 7r670(ai | s) is initialized as a uniform policy, we have the base case. Now suppose
that min, ,: 7} o(a’ | s) > £, for some ¢ > 0. Since this implies that min, ,: 7} ;. (a | 5) > £,
forall k € {0,1,---, K}, and in addition, 7/, o = 7/ ;- according to Algorithm 2 Line 9, we
have min, 4: 7, 1 o(a’ | 5) > £-. The induction is complete.

O
D.3 Bounding the Nash Gap
Our ultimate goal is to bound the Nash gap
NG(W%7K,7T%7K) = Z <HlE%X Ui(ﬂi,ﬂ';fK) - Ui(ﬂéw7K,7TiiK)> . (28)
i=1,2 N "
We first bound the Nash gap using the value functions of the output policies from Algorithm 2.
Lemma D.2. It holds that
> (nﬁx Ui, 7)) — U (e, w;fK)> <> DR LO . 9)

i=1,2 i=1,2

Proof of Lemma D.2. Using the definition of the expected value functions, we have

> <max Ul (', mpt) — U (wr i w;fk))

o
i=1,2
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- <maXIESNpO v (S =, (S)])
T K T,K"T,K
7=1,2
< <E8~pn {Inaxv L (S) =t (S)}) (Jensen’s inequality)
Py T K Tr, kT, K
= 3 (B, [vi s (S)=0ty i (9)])
T K T,K"T,K
1=1,2
< 5[]
T K T kT K oo
1=1,2
O
The next lemma bounds the RHS of Eq. (29) using the actual iterates generated by Algorithm 2.
Lemma D.3. Ir holds for i € {1,2} that
, 4 2
v, H < L (LT + Lo(T) + L (T, K) + 27 log(Amax)) -
Ty K T K0T K | oo 1-—
Proof of Lemma D.3. Forany s € S and i € {1, 2}, we have
0< vi i (8) —v;i =i (8)
T K 7,57, K
— ’Ui —i (S) — 'Ui i —i (S)
T K Tr, kT K
< L (s) — ’UWT o (%)
= - vw;fw*(s) - UW%,Kv*(S)
= ’U* (S) - vﬂ";,iKv*(S) + 'U* (S) - 'Uﬂ_}JO*(S)
D )
j=1,2 ot
Since the RHS of the previous inequality does not depend on s, we have for ¢ € {1,2} that
it » < —J _ I
‘U*JrT,IK vﬂ%‘,K’”T,lK"OO - Z U vﬂ'ij;{,* (30)

7j=1,2

It remains to bound the RHS of the previous inequality. Observe that for any s € S and i € {1, 2},
we have

0<v'(s) vt (s)

T, k¥
= v, i (s) = vi(s)
Tr K
iNT i, i —i ; NT i () —i
= T —i - T *
mgfgﬁi)(”) (¥, izt ) ()75 (5) mén&a&i)werns&ﬂ)(u) (W) (s)m
< | jmax (@) T ) ($)mie(s) = max (u)TT (o) (s)m  (s)

uteA(A?) T K i EA(AT)

NT i, i —i : NT i (i —i
+ T (v. - T (v
Hén&%(u ) T (i) (s)mpk (s) L glAl(an)(u ) T (i) (s)m

< NT(Ti(yt _qifi —i
< max )T (T0! () = TeD(E)mrik ()
NT i, i —i _ NTif i —i
| () T D)~ max () T W) () ()
NT i, i —i _ : NT i, i —i
£ max () TR ()rhe(s) - max min (6T (oh) (9)n
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: N T i, —1 : W\ T aif,0 —1
max min ] (v S - max min ] Ve )\ S .
prEA(AY) u*iEA(A*i)(Iu ) ( T)( )M HrEA(A?) ufiEA(Afi)(u ) ( )( )M
3D

+

We next bound each term on the RHS of the previous inequality.

The 1st Term on the RHS of Eq. (31). Using the definition of 7°(-), we have

e ()T (T (s = T (3))p e 9)|
< max [T (s, = T (5.0 )|
s,at,a =1 T K
= max [E[vi(S) — vl s (S1) ] So=s,4h = a’, 45" =a”]
s,at,a= "t T K
<+ max E { vi(S)) — v, (51)‘ ‘ So=s,AL =a', Ayt = a_i]
s,at,a=? T K

The 2nd Term on the RHS of Eq. (31). Using the definition of 7¢(-), we have

max (') T T (Vl)(s)mp (s) = max (') T (vp)(s)m7 5 (5)

uie A(A) wiEA(A?)
iNT (i (00 i, —i

< max ()T (T 00 (6) = T ) (5)m )|

< max |TH(i)(s.al,a™) = TH(vh)(s,a',a77)]

s,a*,a="

< ot~ k..

The 3rd Term on the RHS of Eq. (31). Bounding the third term requires more effort. To begin with,
we decompose it in the following way:

NT i/, i —i _ . NT i, i —
m?&ﬁﬁ.)(#) T (05) ()77 () Migﬁ%)}ﬂg&ﬂ(u) T (i) (s)p

NT gi(, i —i : i i(o —i
T - T
Mién&a&i)(u ) T (vp) ()77 % (5) Lmin T i ()T (vp)(s)p

— i\ T —1/, —1 i . —i\T i(,.1 T 4
om0 T ) @) +min () T (0R)(8) ()

I VT (i —i ) 32
i:LnglAa&i)(ﬂ) (vr) ()77 k() (32)

We next bound each term on the RHS of the previous inequality. For the first term, we have by
definition of 7°(-) that

max  (u~") " T (vp")(s)mp i (s) +  min  (uT) T () (s) " ke (5)

poiEA(A—T) RTIEA(ATT)
= uii‘gﬁ}iii)(ﬂii)TTii(v'J_"i)(S)T%,K(S) - wgﬂﬁﬂ)(u”’f[—Ti(v%)(S)]TﬂiT,K(S)
< —i\ T T—i —1 Tz i Ty, 1
s e (=) (T (vz")(5) + T (vp)(s) ) (5)]
< max [T (up)(s,ata ) + T (o) (s,0',a7)|
=7 max E [v;i(Sl) +v4(S1) | Sp =5, Al = ai,Aai = aaiH

<7 fJor* + o7l
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For the second term on the RHS of Eq. (32), using the Lyapunov function V,, s(-,-) (defined in
Appendix D.1), we have

max (u") T T () ()77 5 (5)

= Q. max, (1" = g () T T (v) ()7 e (5) + Z (m k(8)) " T (0p) (s)77 (5)

T (5) T (V) () (5) + 7 (') = T e (5)) }

AN
=
"
—=
=
I

+ 27108 (Aumax) + | 3 (1 ()) T TH (05 ()7 ()
i=1,2

< Virs (W%,K(S)a W;,Z-K (s)) + 27 log(Amax)
TZ(U;")(Sv aiv aii) + Tﬁi(v;i)(S, Cli, aii)‘

+ max
s,a*,a”"

< VvT,S(ﬂ'%‘,K(S)ﬂ 77;,1-1((3)) + 27 log(Amax) + 'VHU% + U;iHoo
Using the previous two inequalities together in Eq. (32), we obtain
NT i, —i . iNT i, i —i
T - T
mgﬂﬁi)(ﬂ) (vp) ()77 k() Hiéﬂ&ﬁi)wgg&%)(u) (vp)(s)p
< Vors(0, 1 (8), 77 5 (8)) + 29|07 + 07 [|oo + 27 1og(Amax)- (33)

The 4th Term on the RHS of Eq. (31). Using the definition of 77(-), we have

) T . ) T »

ma min T vp)(s)p™" — ma min T (v (s)ut
meA(ﬁi)p—"'eA(A—i)(M) (vp)(s)p meA(ﬁw—ieA(A—i)(”) (Vo) (s)n
max min

max omin G (T ) () = T (@) ()|

T7(U§”)<Sv aiv a_i) - Tl(’l}i)(s, ai’ a_i)’

IN

IN

max
s,a*,a”"*

< lvr = villoo-

Finally, using the upper bounds we obtained for all the terms on the RHS of Eq. (31), we have

i
*

-, i

<1 —v

+29||vp + vz lloe + 2910 — Vil
oo

7
(U
*,TrT‘K

+ max VvT,S(”é’,K(S)» 7r;lK(s)) + 27 10g(Amax)

<ot = vt o + 20107 + 07 oo + 2[[0F — Vil
T,K>
+ max Vor,s (T 1 (8), T 5 (5)) + 27 1og(Amax)-
s :

Rearranging terms and using Lgum(t) and L (¢, k) to simplify the notation, we obtain

1 ) )
< 1— vy (2‘Csum(T> + 2”’0’% - ’Ui”OO + ‘C7T<T7 K) +27 log(Amax)) .

v, —v "’

—i
T ek

Summing up both sides of the previous inequality for ¢ € {1, 2}, we have

; ; 2
Yo leri-vi |l < - (2L (T) + Lo(T) + L (T, K) + 27 10g(Amax)) -
i=1,2 e N
Using the previous inequality in Eq. (30), we have the desired result. O
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Combining the results in Lemma D.2 and Lemma D.3 in Eq. (28), we have the following result,
which bounds the Nash gap in terms of the Lyapunov functions defined in Appendix D.1.

Lemma D.4. It holds that

4
NG(7p g 7 i) < i (2L (T) + Lo(T) + L(T, K) + 27 10g(Amax)) -

The next step is to bound the Lyapunov functions, which require us to analyze the outer loop and
inner loop of Algorithm 2.

D.4 Analysis of the Outer Loop: v-Function Update
We first consider £, (t) and establish a one-step Lyapunov drift inequality for it.
Lemma D.5S. It holds for all t > 0 that
Lo(t+1) SYL(E) + AL (t) + 2L % (£, K) + AL (¢, K) + 6710g(Amax).  (34)

Proof of Lemma D.5. For i € {1,2}, using the outer-loop update equation (cf. Algorithm 2 Line 8)
and the fact that B*(v%) = v, we have for any ¢ > 0 and s € S that

Vi1 (s) = vi(s) = ) k(5) T i g (5) — vi(s)
= B'(v;)(s) = B'(v,)(s) + 7} x(5) " 41 xe(5) = B (v})(s).

Since the minimax Bellman operator B¢(-) is a y-contraction mapping with respect to || - |0, We
have from the previous inequality that

Vi1 (s) —vl(s)] < [B'(v))(s ) - Bi( D)+ |7k (5) T af i (s) = BY(0)(s)]
< B () = B' (Wil o + |7k (5) Ta i (5) = B (1) (5)]
Svl\vi—v*Ho@Hwt,K $) "4tk (s) = B'(v})(s)]. (35)
It remains to bound the second term on the RHS of Eq. (35). Using the definition of B(-), we have
i 1e(5) T ai1e(s) — Bl (i) ()]

e (5) dtxc(5) — o M_iénAi&_i)(ui)TTi(vi)(S)u‘i

< | max )T T, 0) 79 a9

+ ltig&ﬁi)(ui)TTi(vi)(8)77{,}}(8) — ngAi&fi)(ui)TTi(vi)(S)Aﬂ
< i i T (i —i
<m0 = () TR k)

+ (i ()T (T (w) (8)my e (5) — qi,K(S))‘

iNTgif,1 —1 _ : T if,,i —1
+ W{:nAa&i)(u) T (v;)(s)m g (s) ,pé“&’;q,ﬁ?:&ﬂ)<“) T (vp)(s)p

| T D)) = e 5)]|_ + 2V se(5), 7 ()
+ 2’7””1& + v ||OO + 37 log(Amax),
where the last line follows from Eq. (33). Using the previous inequality in Eq. (35), we obtain

IN

o1 = vile < ok =il +max | T @D ) ke (5) = ah (o)
+2 Isneagi V'UtaS(Trtl,K(s)7 7Tt2,K(5)) + 27””7& + v ”oo + 37 log(Amax)-

Summing up both sides of the previous inequality for ¢ € {1, 2}, we have

Ly(t+1) <AL(E) 4+ 4Lsum(t) + 4L, (¢, K) + 67 log(Amax)
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+ ¥ w7 eIl — i o)
i 2

=1, e
To bound the last term on the RHS of the previous inequality, observe that
> max| [T @)k () — ik (0)]| = D Nlak—ai .
i=1,2 S
< > gk —daixll,
i=1,2
' N2
(2T ld-dall) @z
i=1,2
<2LY?(t, K). (36)

Therefore, we have
Lo(t+1) <YL(t) + 4Laum(t) + 2L5%(t, K) + AL (¢, K) + 67 10g(Amax)-
The proof is complete. ]

We next establish a one-step Lyapunov drift inequality for Lem(t) in the following lemma.
Lemma D.6. It holds for all t > 0 that Lyum(t + 1) < YL (t) + 2L (t, K).

Proof of Lemma D.6. Using the outer-loop update equation (cf. Algorithm 2 Line 8), we have for
anyt > 0 and s € S that

o1 (s) + 02 ()] = | D itk (s)af ke (s)
i=1,2

L (8) = T (vy)(8)m7 ke (5))

IA
]
=
VS
—
S
=

1 22 Mk ()T @) (s)m fe(s)

<y max g, s (s) = T () ()77 1 (9) | oo
i=1,2 "
+ max [T (v)(s,a’,a™") + T *(v;")(s,a",a7")]
Z2112(5@ a=?)
<y max g xc (5) — T ) ()7 ¢ (8) oo +[0f + ¥ [loo
i=1,2

where the last line follows from the definition of 7¢(-). Since the RHS of the previous inequality
does not depend on s, we have

o241+ 021 lloe < llog +07lloo + > maxflgf i (s) = T (01) ()77 e (5)] -
1=1,2

The result follows from using Eq. (36) to bound the last term on the RHS of the previous inequality
and then using Lo (t) and L, (t, k) to simplify the notation. O

D.5 Analysis of the Inner Loop

In this section, we establish negative drift inequalities for the Lyapunov functions £,(t, k) and
L (t, k), which are defined in terms of the g-functions and the policies updated in the inner loop
of Algorithm 2. For ease of presentation, we write down only the inner loop of Algorithm 2 in
Algorithm 3, where we omit the subscript ¢, which is used as the index for the outer loop. Similarly,
we will write £4(k) for £4(t, k) and L (k) for L (¢, k). All results derived for the g-functions and
policies of Algorithm 3 can be directly combined with the analysis of outer loop of Algorithm 2 using
a conditioning argument together with the Markov property.
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Algorithm 3 Inner Loop of Algorithm 2: from Player ¢’s Perspective

1: Input: Integer K, initializations qé and 7r(i), and a v-function v* from the outer loop. Note that

we have [[gf/loc < 725, [[0[loc < 125, and ming 4s wh(a’ | 5) > 7 due to Lemma D.1.

2: fork=0,1,--- ,K—-1do ‘

30w (s) = m(s) + Brlor(gy(s)) — mp(s)) forall s € S

4:  Sample A} ~ i (- | Sk), and observe Sy ~ p(- | Sk, A}, Ay")

5: qzi+1(3a ai)Z‘J/i(svai)+04k]1{(sk,,4;'c):(s,ai)} (Ri(Sk,A};,A,j) + 70" (Skt1) — 41, (S, AZ))
for all (s,a’) € S x A

6: end for 4

7: Output: g} and 7%

D.5.1 Analysis of the Policies

We consider {(7}, %)} >0 generated by Algorithm 3 and use Vi (-, ) defined in Appendix D.1
as the Lyapunov function to study them. For simplicity of notation, we use V1 Vx (-, -) (respec-
tively, VoVx(+,-)) to denote the gradient with respect to the first argument (respectively, the sec-
ond argument). Recall that Lemma D.1 implies that m;, = (i, 77) € II, for all K > 0, where
I, = {(7',72) € A(A') x A(A?) | mingic g m(at) > £, ming2c 42 7%(a?) > £,;}. The
following lemma establishes the properties of Vx (-, -).

Lemma D.7. The function Vx (-,-) has the following properties.

(1) Fori € {1,2}, fix u=* € A(A™Y), the function Vx (', u=%) as a function of ' is T — strongly
convex with respect to || - ||2.

(2) Vx(-,-)is Ly — smooth on I1,, where L, = 2 (i + M + | X1 —|—X2TH2).
(3) It holds for any (u*, p?) € A(AY) x A(A?) that

(ViVx (', 1%), 00 (Xap?) = ') + (Vo Vx (uh, 12), 07 (Xop') — 1?)

7 16
< - gVX(Mlan) + 7HX1 + X5 |13

(4) For any u' € RIA' and u? € R|A2|, we have for all (u*, u?) € 11, that
(ViVx (uh, 1), 0 (ul) — or (X1 p?)) + (VaVix (', 12), 07 (u®) — 0 (Xop'))

1 8 (1 max(]| Xylla, | Xall2)\” i i
S8Vx(u17u2)+7<£+ X X )) Sl — X3
T i=1,2

Proof of Lemma D.7. To begin with, we have by Danskin’s theorem [95] that
ViV (ph i) = = (X1 + X3 )p = 7Vu(p') + Xy o7 (Xaph). (37)
Similar result holds for VoV (!, p?).
(1) Tt is clear that the function Vx(-,-) is non-negative. The strong convexity follows from the
following two observations.

(i) The negative entropy —v/(-) is 1 — strongly convex with respect to || - ||2 [97, Example
5.27].

(i) Giveni € {1,2}, the function max—ea(a-i) { (A7) T X_;ip’ + 7v(~")} as a function
of M’ is the maximum of linear functions in /ﬂ, and therefore is convex.

It follows that, for any i € {1, 2}, the function Vx (p!, %) is 7 — strongly convex in p¢ with

respect to || - ||2 uniformly for all .
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(2) Forany (u', u?), (', p?) € I1,, we have by Eq. (37) that
HV1VX(M1,NJ2) - leX(,L_leL_L?)HQ
0 X5 ) = )+ (o) = To(t)) + X5 (0 (Xaiid) — o (X))

I

_ \|X2H
1+ X7 Tl = 2+ 7+ 222 - ) 39)

IN

where Eq. (38) follows from Lemma C.5 and the Lipschitz continuity of o (-) [96]. Similarly,
we also have

VoV (u', p?) = VoV (', 52)],

X
< 10+ X el e+ (7 L

Using the previous 2 inequalities, we have the following result for the full gradient of Vx (-, -):
1 o2
[VVx (i, %) = VVx (", 52
1 o2 1 o2
V1V (', 1%) = ViVx ul )y + V2V (', 1?) = VaVx (7', )

5
||X H _q ill2 i i
5 |2 () e X
i=1,2 o
((a+ b)% < 2a® + 2b%)
2
7 max(|| X135, [ X2l13) i
S2l<£+ B IXIB)Y ™y o x| 3 - w2

i=1,2

IN

The previous inequality implies that Vx (-, ) is an L,-smooth function on IL, [97], where

~ 7 max(||X1]|3, | X2
L, =2 <£+ ( 17”2 1 Xz1>) + || X1 +X2T||2).

(3) Using the formula for the gradient of Vx (-, -) in Eq. (37), we have
(ViVx (u', p?), 00 (X1 %) — pit)

= (—(X1 + X)) = V(') + XJ o (Xopt), o0 (Xaps?) — pt)
= (—(X1 + X ) = rVu(p') + X3 o7 (Xop'), 00 (X1 p?) — ')
+ (X1p? + 7V(o (X 1p?)), o0 (X1 p?) — pt) (39)

I
= 7(Vi (o (X1p?) = Vi (uh), o (X1p?) — i)
+ (o7 (Xop") — p?) T Xa(or(X1p?) — ),

where Eq. (39) is due to the first order optimality condition X ;4 —I—TVV(O'T (X142)) = 0. To pro-
ceed, observe that the concavity of v/(+) and the optimality condition X1 2 +7Vv (o, (X1pu?)) =
0 together imply that

(Vu(or(X1p?) = Vo(u'), o (X1p®) — 1!

— (Vi) - V(o (X)), it foT<X1u )

= (Vi) i — or (Xapi2)) — (Vrlon (Xop)) i — o (X))

< v() — vlor (X1s2)) — (Vilon (Xp2)). ' — o (Xi?))  (Concavity of v(-))
= o) — (o (X0p22)) + (X, it — 0 (X))

1 INT 2 1 AT 2 ol
— X + — X + X
(u) " Xqp® +71v(p) Alma(xl){(u ) Xap® +1v(f )}

Therefore, we have from the previous 2 inequalities that

(ViVx (ph 1), 00(X1p®) — pt)
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< (YT X 2 1y AT X 2 a1
< (') X +Tr(uh) ﬂlénﬁﬁl){(u) i +Tv(it) }

+ (0r(Xop') = 1) T Xo(or (Xip®) — ).
Similarly, we also have
(VaVx (p', 1), 00 (Xop') — p?)

< (12T X0t 2y 22T X 2
< (1) T Xop! + Tr(p?) ﬂzénAa&z){(u) o + (%)}

+ (0r(X1p?) = p') T Xa (07 (Xop') = pi®).
Adding up the previous 2 inequalities, we obtain
(ViVi (uh, 1), 00 (Xap®) = pt) + (Vo Vx (i, 12), 00 (Xop') — 1)
= Vx(ph 1?) + (0 (Xap?) — ) (X1 + X5 ) (0 (Xap') — 1)
= Vx(u', 1) + llor (Xap®) = |21 X0 + X5 [lallor (Xopt) — 1°)l2
= Vx(uhs 1?) +2]lo- (Xap®) — p 2] X0 + X5 |2, (40)

ININCIA

where the last line follows from |o (Xop!) — p2|l2 < o7 (Xopb) |1 + ||#2]|1 < 2. Using
Lemma D.7 (1) together with the quadratic growth property of strongly convex functions, we
have

V2
o7 (X1p?) — ptl|2 < FVX(MI,IB)I/Q-

It follows that

(ViVx (u', p1?), 00 (Xap?) — pt) + (VaVx (uh, p?), 07 (Xop') — 1?)
< —Vx(p' p?) +2)lo-(Xap?) — )21 X1 + X3 |2

2v/2
< = Vx(ph 1?) + == Vx (!, 1)) X1+ X3 ||

VT
7 16
< - gVX(Ml,MZ) + 7“X1 + X5 |I3,
where the last line follows from a2 + b2 > 2ab.
(4) Forany u! € RA'l using the formula of the gradient of Vy (+,-) from Eq. (37), we have
(ViVix (u', p?), 00 (u') — 07 (X1p1%))
(—(X1 + X )i = 790 () + X or (Xapth), o (u) — o7 (X1 4)
(= (X1 + X;)Mz - Tv”(ﬂl) +X2TUT(X2P'1)7UT(U1) - UT(X1N2)>
+ (X1p? +7V(o(X11?)),0-(u') — o (X1p?))  (First order optimality condition)
Vu(o-(X14%)) = Vu(u'), o0 (u') = or(X147))
(0r(Xop') = 1) Xa (o7 (u') — o7 (X1447))
v(or(X1p?)) = V(b2 + o (Xop') = 2|21 Xzl2) llor (uh) = o (X142)[|2

<
_|_
(v

T 1 1 2 Lo 2
(17 (X262 = 'l + Lo (o) = el Xallz ) Hu = 0

IN

IN

| Xall2

‘ﬁ(&+

1 8 /1  [IXaf2)?
—Vx(p' )+ = —+—= [u' = X1?|3,
16 T\ 4 T

) Vit i) 2t — Xug2

IN

where the third last inequality follows from the Z——smoothness of v(-) on II,, the second last
inequality follows from Lemma D.7 (1) together with the quadratic growth property of strongly
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convex functions, and the last inequality follows from a? + b2 > 2ab. Similarly, we also have
for any u? € RI°I that

(VaVix (u', p?), 00 (u®) — 07 (Xoph))

X2\
” TH ) ||’LL2—X2/L1||§.

8 /1
_EVx(u u)+T<£T+

Adding up the previous two inequalities, we obtain
(2Vix 0 12,0 (0) = o (X1p ) + (D! 1) 07(0) = o0 (Kot

8 /1 max(|Xq]2,]|| X2 uoi
ittty 3 (L P ) 5 g

Y4
T i=1,2

<

| =

The proof is complete.

O

With the properties of Vx (-, -) established in Lemma D.7, we now use it as a Lyapunov function to
study (73, m7) generated by Algorithm 3. Specifically, using the smoothness of Vx (-, ) (cf. Lemma
D.7 (2)), the update equation in Algorithm 3 Line 3, and Lemma D.7 (3) and (4), we have the desired
one-step Lyapunov drift inequality for £, (k), which is presented in the following.

Lemma D.8. The following inequality holds for all k > 0:

2
Lrk+1)< (1 — 35’“) L(k) 4 —maxk 16Amax5k v 1 2”§O

32A1?nax6k 2
mﬁq(k) + 2L‘rﬂk.

Proof of Lemma D.8. We will use V,, 5(-, -) (see Lemma D.1) as the Lyapunov function to study the

evolution of (7}.(s), m2(s)). To begin with, we identify the smoothness parameter of V;, s(-, ). Using
Lemma D.7 (1) and the definition of V,, s(-, -), we have

~ X113, 11 X2 |2
LT=2<T—|—maX(” 17|!2’|| 2H2) +||X1+X2T||2>

—o (£ elITDOBITDOR) | 7ty + 720000 e

L T
P A2 N 2 A max
B VA R El g g

(This follows from |T7%(v%)(s,a’, a=%)| < ﬁ’

V (s,a’,a"%) and i € {1,2}.)
=L,.

Therefore, V,, s(-, -) is an L, — smooth function on II,. Using the smoothness of V;, (-, -), for any
s € §, we have by the policy update equation (cf. Algorithm 3 Line 3) that

Vv,s(7i+1(5)a7ﬁz¢+1($))
< Va,s(mi(8), T () + Br(V2Va s (mi (), 1)), 0+ (a7 (5)) — T (s))

BT Vous (mh(5),m2(5)), 020k () = mh(s) + Z25 3 e (ak(s)) — mh(s) B
< Vo, (mi(8), T () + Br(V2Va s (mi(s), 1 (), 0 (T2 (0%) (8)my,(5)) — 7o (s))

+ Br(ViVa,s(m(8), Ty (8)), 07 (TH (01 (8)m2 () = mi(s))

+ Br(VaVa s(mi(5), Ti (s)), 07 (g2 (8)) — o7 (T?(0?) (8)m4(5)))

+ Br(ViVa,s(mi(8), T4 (9)), 07 (qi () — o7 (T (") ()77 (5))) + 2L+ B,
(

s

s

g(l—w’“)vwn() 20+ 25T ) ) + T2 0%) )T
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8 1 max; T (v
#8 (L mneus | ”2) S lah(s) ~ T (5) I + 2L

T T
1=1,2

where the last line follows from Lemma D.7 (3) and (4). Since max;¢ 1,23 [| 7" (v*)(s)|2 < ‘?‘ji;‘
and

1T () (s) + T2 (0*)(s) "3 < Aascllo® + 07113

we have
Vv,s(”lﬁﬂ( )s 7T13+1 (s))

< (1—35’“) Via(rble). mb(e)) + S0 1 22

4
Sﬂk max
P (L e ) S i) T + 285
T i=1,2
2
< (1- 35) max V. (xh(s), 72(s)) + %nvl FlL
8ﬂk 1 mdx
P (L e ) S S ) T 0 + 28
T i=1,2 s€S
364 166kAmax Do o 80 (L Ama >
= (12 20Pkmax = Lmax 21, 32.
( 4>£<k>+ ot 2l 4 22 (k) ) 2L

Since the RHS of the previous inequality does not depend on s, we have

160, A
Lo(k+1)< (135k> Lﬂ(k)+M” 1+1}2”2

4
86 A 2
ZFR [ 2 ftmax k 2L 2
+ 2 () oo
3 163, A2
< (122 2o 4 2PCSmx ot 4 o2y,
3242 5
TS maxE (g 2L, 2
T mp( - L) 2
where the last line follows from 7 < 1/(1 — 7). O

D.5.2 Analysis of the g-Functions

In this section, we consider ¢, generated by Algorithm 3. We begin by reformulating the update
of the g-function as a stochastic approximation algorithm for estimating a time-varying target. For

i € {1,2}, fixing v’ € RISI let F? RISIAT « 8§ x A7 x A~% x S s RISIA'l be defined as
[F'(q", 50, ah, ag ", 51)](5,0") = L{(s a1)=(s0,ai)} (Ri(0, g, ag") + 70" (s1) — ¢' (0, ap))
for all (¢', s, ab, ay ", 1) and (s, a’). Then Algorithm 3 Line 5 can be compactly written as
Qi1 = Qi+ 0 (gh, Su, A, A Spn)- 1)

Denote the stationary distribution of the Markov chain { S} } induced by the joint policy 7, = (7}, 77)
by ux € A(S), the existence and uniqueness of which is guaranteed by Lemma D.1 and Lemma B.1
(1). Let Fj : RISIA'T s RISIIA' be defined as

Filq') = ESON;L;C(J,ASN‘N;;(-|So),Ao’iwﬂ';iHSO),Sle('\Sg,Aé,Agi) [Fz(q2>50af46a1451,51)]
for all ¢' € RISIA'l. Then, Eq. (41) can be viewed as a stochastic approximation algorithm
for solving the (time-varying) equation Fi(¢*) = 0 with time-inhomogeneous Markovian noise

{(Sk, AL, A; ", Sk41) }e>0. We next establish the properties of the operators F*(-) and F}{(-) in the
following lemma.
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Lemma D.9. The following properties hold for i € {1,2}.

(1) It holds that ||F* (g, 50, ap, ag ", 1) — F'(g5, 50, af, ag ", s1)ll2 < |lai — g5ll2 for any (ai, 43)
and (sg, af, ag ", $1).

(2) It holds that | F(0, so, a}y, ag’, 51)|]2 < ﬁforall (s0,ab,a5",51).

(3) Fi(q") = 0 has a unique solution G, which is given as qi,(s) = T'(v')(s)m, '(s) for all s.

(4) It holds that (Fj(q}) — Fi(qs), ¢ — qb) < —c.||lqt — |3 for all (g%, q5), where c; = pimint
See Lemma B.1 for the definition of [iyin.

Proof of Lemma D.9. (1) For any (¢}, ¢5) and (so, a}y, ag ", 51), we have

||Fi(qi7 50, a(i)7 aaia 31) - Fi(Q;a 50, a(i)v aai’ 51)”%

Z ([Fl(qi’ 505 aé)v agiv 51)](57 ai) - [Fi(qév 50, aéa aEi, 51)}(55 ai))2

(s,a?)

i i i i\)2
(Q1(507ao) - Q2(507a0))

llgh — gblI3.

IN

(2) For any (so, aj,ag ", s1), we have
||Fi(07807a67aai731)”g = Z ([Fi(oﬂSOvaz)vaaivsl)](svai))z
(s,a%)

= (Ri(s0,af,ag") +yv'(s1))
<1
T 1=y

where the last line follows from ||v?||o < 1/(1 — ) and |R;(s0, a,ay")| < 1.

(3) We first write down the explicitly the operator F,ﬁ (+). Using the definition of 77(-), we have
Fi(q")(s) = pr(s)diag (i (s)) (T (v')(s)m; ' (s) = ¢'(s)) . Vs €S,

Since g (8) > fmin > 0 (cf. Lemma B.1 (4)) and diag(w,i(s)) has strictly positive diagonal
entries (cf. Lemma D.1) for all s € S and k > 0, the equation F}{(¢") = 0 has a unique solution
g, € RISI'I which is given as

ai(s) = T (V") (s)m, ' (s), VseS.

(4) Using the expression of F}(-), we have for any ¢!, ¢} € RISIA' that

(qi — ab) " (Filgl) — Fi(ad) = = > pw(s)mi(a’]s)(gi (s, a’) — gi(s,a’))?
s,al
< —minp(s)mi(a'ls) gt — a3l

IN

— fiminkr || @t — |2 (Lemma B.1 and Lemma D.1)

— e lldh — a3

The proof is complete.

O

Next, we establish a negative drift inequality for £, (k). Using || - |3 as a Lyapunov function, we have
by Eq. (41) that

Ellgs1 — Toy1 3] = Ellghyr — @b + @ — @ + @ — Ty |13]
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= Elllgi — @3] + Elllgis1 — ailI3] + Elllg; — Gira 3]
+ 200 El(q), — @) " Fi(ap)]
+ 20 E[(F* (g5, Sk, Afy A" Skeen) — Fi(a) " (i — @)
+ Q]E[(leig - Cﬁc-s-l)T(QIic-i-l - qlk)]
+2E[(gk — @) " (G — Ghr))
< (1 - 2aker)Elllgs, — G l13] + Elllgisr — aili3] + Elll gk — diga [13]
+ Z]E[(leic - cii+1)T(q;i+1 - qlk)]
+2E[(gk — @) " (G — Gr))
+ 200 E[(F (h, Sk Afy AL Skt) = Fo(@i) (g — )] (42)
where the last line follows from Lemma D.9 (4). The terms E[||q},, — q}|13]. E[ll@, — @1+ 3],

E(q, — @iy1) " (ahyr — ai)]. El(q), — @) " (@, — @i.41)] on the RHS of Eq. (42) are bounded in the
following lemma.

Lemma D.10. The following inequalities hold for all k > 0.

3 i S|Amax 2,
(1) Elllgi 1, — ahl3] < H5s5

(1—7)2
i _i 4|S| Amax 32
(2) Elllg, — gy 13) < St
i i =i i 4|S| Amax
(3) E{Ghi1 — @ @ — G0 < W

P A R 17|S|A2 | Bk P
(4) Ellgh — @b T — o)) < 5208 B]| gk — GLIIZ) + ZB[LA (k).

Proof of Lemma D.10. (1) For any k > 0, using Eq. (41) and Lemma D.9 (1), we have

ghr — aill3 = a2 l|F (), Sk, Al Ay, Sk |13
= a%”Fl(QIzmSka ;eaA]:ZvSk+1) - FZ(Oask» Z»A]:;szk%»l)
+ F(0, Sk, Ay, ALY Sk ll3

2
<aj <|Q;c||2 + L >
11—~

<ai<\/m+ ! )2
- I—~ -~
4|S|Amaxa?

(L=~

The result follows by taking expectation on both sides of the previous inequality.

(lglle < 12 by Lemma D.1)

(2) For any k > 0, using the definition of g in Appendix D.1, we have by Lemma D.9 that
1@ = Terall3 = D IT () (s () — 7 ()13
=B Y _IIT W) (s)(o+ (g () — 7 ()13
< BT W) ()ar(ap (o + I T (W) ()7 (5)]]2)?

418| Amax B2
(1—7)?

The result follows by taking expectation on both sides of the previous inequality.
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(3) For any k > 0, we have

. . w . ; 4 i 4|S Am'xakﬁk
(hor = a0t = dhe) < s — el = iyl < 22

where the last inequality follows from Part (1) and Part (2) of this lemma. The result follows by
taking expectation on both sides of the previous inequality.

(4) For any k > 0, we have
(@ = G T — Tor)

=By _{ai(s) = Gi(s), T'(0")(8)(0r (. (5) — m. " ()))

S

< ClBkHQ]i;_ Gllz | B3, \\Ti(vi)(S)(sz(q;i(S)) - (s)3

where c¢; > 0 is an arbitrary positive real number. We next bound the second term on the RHS of
the previous inequality. For any s € S, we have

1T (') () (o (a5 " (5)) = 7" (5))l2
= T (W) (s)(0r (" (5)) = 02 (@, " (5)) + o7 (T (0™ (5)mk(s)) — 7. " (5) |2
< T )(5)(ox (g () = 0+ (3 ' (5))) 2
By
+H T (W) () (0 (T (07" (s)m(5)) = 1" (5))]2 -

B>

; (43)

Since the softmax operator o, (-) is £ — Lipschitz continuous with respect to || - [|2 [96, Proposition
4], we have

By < [T () ()l (5 (5)) — o0 (3 (5))
<) - 6 )

We next analyze the term Bs. Using Lemma D.7 (1) and the quadratic growth property of strongly
convex functions, we have

= T (W) (s)(or (T (v ™) (s)mi(s)) — 7' (5)l2

<T@ ($)llallor (T (™) (s)mi () — 73" (3)]2
\/éAmax

—_ \/*(1 _ )VU,S(Wli(s)”’Tl%(s))l/z‘

Combine the upper bounds we obtained for the terms B; and By, we obtain
DT @) () (g () = mi ' (9))13
< Z(Bl + By)?

<2Z (B? + B3)

<2Z(72 Sl () - 6 O + PV k(). 7o) )

242 4]S| A2

< ——1|2 maxC
— 7_2(1 )2||q qk ||2 7_(1_ ) ( )
Coming back to Eq. (43), using the previous inequality, we have

(Gh — @ Ty — Tposr)
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< abellg —@lls | Be 3 |7 (v*) () (o (a " (5)) — 3" (5))13

- 2 2cq
Clﬁqui _(jiHZ Amaxﬁk 2‘S|Amdx
< L2 5 slla " — @13 + 77 Lr (k).
2 ar?(l—7y)? T(1—=9)?
Choosing ¢; = % in the previous inequality and then taking expectation on both sides,
we obtain
i ~i i 17|8|Am x/Bk i Bk
E[gh — > T — Terr)] < ﬁ (g — all5] + EE[ﬁw(k)]-

The proof is complete.
O

We next consider the last term on the RHS of Eq. (42), which involves the difference between
the operator F*(q}, Sk, AL, A", Sk+1) and its expected version F} (g} ), and hence can be viewed
as the stochastic error due to sampling. The fact that the Markov chain {(Sy, A%, A", Sk4+1)} is
time-inhomogeneous presents a challenge in our analysis. To overcome this challenge, observe that:
(1) the policy (hence the transition probability matrix of the induced Markov chain) is changing
slowly compared to the g-function; see Algorithm 3 Line 3, and (2) the stationary distribution as
a function of the policy is Lipschitz (cf. Lemma B.1 (3)). These two observations together enable
us to develop a refined conditioning argument to handle the time-inhomogeneous Markovian noise.
The result is presented in following. Similar ideas were previous used in [23, 24, 65, 41, 76] for
finite-sample analysis of single-agent RL algorithms. Recall that we use oy, , = ZIZ"’: g, Ok 1O
simplify the notation.

Lemma D.11 (Proof in Appendix D.7.2). The following inequality holds for all k > zj, :
17202, k-1

(1=7)2

where zy, is the mixing time of the Markov chain {S,, }n>0 induced by the joint policy Ty, = (m}, 732)
with accuracy By, see Eq. (11).

E[(F(qk, Sk, Ak, A", Sir1) — Fi(ai) T (ah — @)] <

When using constant stepsize, we have zpoy—», k-1 = zga = O(alog?(1/p)). Since the two
stepsizes o and 3 differ only by a multiplicative constant c, 3, we have lim, ;o z[%oz = 0. Similarly,
we also have limy_, o 2pak—», k—1 = 0 when using diminishing stepsizes.

Using the upper bounds we obtained for all the terms on the RHS of Eq. (42), we have the one-step
Lyapunov drift inequality for g;,. Following the same line of analysis, we also obtain the one-step
inequality for q,;i. Adding up the two Lyapunov drift inequalities, we arrive at the following lemma.

Lemma D.12. The following inequality holds for all k > zj, and i € {1,2}:

Br 100/S| Apax
1

E[Ly(k+1)] < (1 — ager) E[Ly (k)] + —E[LA (k)] + ﬁzkakak Zrk—1-

Proof of Lemma D.12. Fori € {1,2}, we have from Eq. (42), Lemma D.10, and Lemma D.11 that

7 —1 7 4 S Amax
Ellgh 1 — @i I2] < (1 — 20xc,)Ellg} — G131 + (' | - (a2 + 2041 + 52)
34|S| A2, Bk ; 32RO — 2y k-1
SO max Tk gy g L. (k k)
34|S|Amax 7 —1 (12 ﬁk
< <1 — 2agcr + (1 — )2 > Elllgr, — @ill2] + gE[ﬁw(k)]
50|S| Amax

Wzkakak—zk,k—h
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where the second inequality follows from 3;, = ¢, g with cq, g < 1. Since

T(1—7)? ”
Cq , Condition 3.1
S s, (Condition 3.1
we have
) i i Bk 50|S‘Amax
Elllgit1 — Grall3] < (1 — aner) Elllgg, — Gi.ll5] + 5 ElLx (k)] + T2 ROzt

Summing up the previous inequality for s = 1, 2, we have

Br 100]S| Amax
4

E[Ly(k+1)] < (1 —arer) E[Ly(R)] + —E[Lr (k)] + Wzkakak,zk,k,l.

D.6 Solving Coupled Lyapunov Drift Inequalities

We first restate the Lyapunov drift inequalities from previous sections. Recall our notation £,(t, k) =
Zi:l,Q quk - ‘ﬁk”%’ '/;Tr(tak) = MaXses VUtys(ﬂ-tl,k(s)’ﬂ-tQ,k‘(S))’ Lam(t) = [[v} + v, and
Ly(t) = ,_15llvi — vl|leo. Let F; be the history of Algorithm 2 right before the ¢-th outer-loop

iteration. Note that v} and v} are both measurable with respect to F;. In what follows, for ease of
presentation, we write E;[ - | for E[ - | F3].

¢ Lemma D.5: It holds for all ¢ > 0 that
Lo(t+1) S AL(t) + ALgum(t) + 2LL2 (8, K) + 4L (¢, K) + 67108(Amax).  (44)
e Lemma D.6: It holds for all £ > 0 that

Lam(t +1) < vLam(t) + 2L,/%(t, K). (45)
e Lemma D.8: It holds for all ¢, k& > 0 that
3 1642
B+ 0] < (1= 28 Bifeo(e i) + 2meer oy
32A?nax6k 2
+ 7‘3672_( ,Y)Q ‘CQ(k) + 2L-rﬁk- (46)
e Lemma D.12: It holds for all ¢ > 0 and k > z;, that
100|S| A max
ELq(t k+1)] < (1 — ager) By [L4(t, k)] + ikEt[ﬁw(t, k)] + (1|,y)22kakakzkvk1'

(47)

Adding up Egs. (46) and (47), we have by ¢, g < min( Lll/2 , %#, ¢;) (cf. Condition 3.1)

that

Eilr(t, b+ 1)+ Lyt k+1)] < (1 — ﬁk) (LR (k) + L4, k)]
16A 102|S]Amax
%axﬁkﬁsum(t)z + (1|_|) 2Oz k1. (48)

D.6.1 Constant Stepsize

When using constant stepsizes, i.e., oy = «, B = 8 = ¢, o, repeatedly using Eq. (48) from zg to
k, we have

k—zg
E([C(t, k) + Lot k)] < (1-?) (L (t,0) + Ly(t,0))
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16A2
maxl:gum t 2
- T ‘ ( ) - (1 - ’V)QCa,ﬁ

We next bound L (t,0) + £,(¢,0). Fori € {1,2}, we have

Lr(t,0) = max V,, (. o(s), 7o (5))

= max Z H}gx{W = m0(8)) T T (W) (8)mpg(s) + Tv(p) = Tv(m o(5))}

)

<2 Z max |7 (vi)(s,a’,a™")| 4 27 10g( Amax)
=125

204|S| Amax zéa. 49)

4
(= (Aumex)

and

L 8]S| Amax
Ly(t,0) =" llgio— diol3 < (|1|—7)2 (Lemma D.1)
i=1,2

It follows that
8|S| Amax

La(1,0) + Ly(£,0) < (e

+ 2710g(Amax) + = Li,.

4
(1=1)
Using the previous inequality in Eq. (49), we have

204|S| Amax
151 z[%a, (50)

/8 k}—Zﬂ 16142 9
E <Lip(1-= = Loum 1 _ N2,
([La (b R) + Lg(t, B)] < ( 2) e e

which implies

204|S|Amax

Lsum(t)z + ZBOé.

T (1 =7)%*cap
Substituting the previous inequality on E;[L (¢, k)] into Eq. (47), we have

151|S‘Amax 2 2 5Lin (1 _ ﬂ)kZﬁ

k*Zﬁ 1 A2
Et[‘cﬂ'(t? k)] S Lin (1 - g) + 6 A

EiLq(t k+ 1)) < (1= acr) oLy (L, k)] +

4 A2
+ maxﬁ
-

i-ap 77

2
Lo ()%

Repeatedly using the previous inequality, since ¢, g < ¢, (cf. Condition 3.1), we have

k—zg—1
Byt k)] < Lin (1 — cra)t—=s 4 Pk = 25) (1 B ﬂ) ’

4 2
442 Cap 151|814
max &, L - t 2 max 2
R
which implies (by using Jensen’s inequality) that

hez 1271201 _ ., \1/2 =5
Lyt k)2 < V2 (1 — ey 7> + B L (;f 28) (1ﬂ)

2 Amaxce § 13|S|1/2AL2,
= od Lsum(t) + 5 12 all?
e/ “Tl/2 (1 —7)er

Substituting the previous bound on E;[£,(t, k)'/?] into Eq. (45) and then taking total expectation,
we have

K*Zﬁfl

E[Lsum(t +1)] < vLoum(t) + 2Li1/2 (1—cra) T + Bl/zLiln/Q(K - 26)1/2 (1 - 6)

" 2
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4Apanc? 1/2 41/2
7m6£m(ﬂ+M ol/?

+
2r/2 (1— 7)01/2
1 K—=z
= (;7) Lam(t) +2Ly> (1= cr0) 7
K*Zﬁfl 1/2
6 2 26|S‘1/2Amax 1/2
+51/2L»1/2(K—z)1/2(1— e T sal/?,
in B 9 (1 - 7)671—/2

where the last line follows from ¢, g < 6761(2727) (cf. Condition 3.1). Since ||v} + v3]loc < 1_7

repeatedly using the previous inequality, we have for all k > 0 that

K—=z
2 1++\° L1/2(1—coz)T
E[Loum(t)] <
Camlt) < o (57 + oG
1/271/2 1/2 —— 1/2 1/2
_|_25 L, " (K — z3) <1_5) : 52|5| Am a1/2
1=7 2 T apd
t 1/2 Kozpol
~_2 (laa) 6Ly (K — z5)"/? LB
“1l—y 2 1—7v 2
2/ |12 Al
+Lz al/?, (51)
(1—)2”

Now we have obtained finite-sample bounds for £, (¢, k), £ (t, k), and me( ). The next step is to
use them in Eq. (44) to obtain finite-sample bounds for L, (t). Spemﬁcally, using Eq. (44), Eq. (50),

and Eq. (51), we have
E[L,(t +1)] < AE[L, ()] + 4E[Loum(t)] + QE[L:;/ 2(t, K)] + 4E[L (t, K)] 4 67 1og( Amax)
< AB[L(8)] + 2L (1 = cra) =

K— —1
5 1/2

B 2 26‘S|1/2Amax 1/2
+ B2 L (K — )"/ (1_ et
in 9 (1— W)Cih
ﬁ K—zp 816|S|Amax 9
4L1|’1 1 —_ —_— 6 1 AIII X
i ( 2 T 1)eap 7T 8{choes)
. 1/2 K—ZB—l
26645, (1+7\' | T98AZ, L2 (K —2)12 (1 B\
T1—7)2 \ 2 (1—7)2r 2
5/2
R
(1-)srer’?
1223|S|Amax 2 1/9
< AE[L,(1)] + B8 2 012 4 67 log( Amax
L0+ Ty % (Amax)
Kfszfl
26645 (147" 80543 Lin(K —25)/ (1 B\ *
A (1 =) 2
Repeatedly using the previous inequality from 0 to 7" — 1 and then using £, (0) < ﬁ, we have

27042, T (14+~\"""
7(1—7)2 2
K—Zﬂfl

805 A Lin (K — 25)1/2 (1 B\ ™7
T(1=7)°

1223|S| Amax 2ol 4 67 log(Amax)

(1- 7)3004,5 A 1—v '

L,(T) <
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Our next step is to use the bounds we obtained for £, (¢, k), L (t, k), L, (¢), and L (t) in Lemma
D.4. For simplicity of presentation, we use a < b to mean that there exists a numerical constant ¢
such that a < cb. Using the previous inequality, Eq. (50), and Eq. (51), we have

8 4 4 87 log(Amax)
E[NG(74 2 <—Lim(M)+—L,(T)+ —L,(T,K) + ———=
ING(rh e, 1)) € = Lun(T) + == LalT) + = La(TK) 4+
K—zB—l
AT (147 ALK —2)' > (B
~J 1 Y
T1-7p \ 2 (1= 2
Amax 1 Amax
T S| " Z%a1/2+70g( 2)
(1=7)*cas (1—=7)
The proof of Theorem 3.1 (1) is complete.
D.6.2 Diminishing Stepsizes
Consider using linearly diminishing stepsizes, i.e., ax = 757, bk = Wﬁh’ and 3 = c, ga. Repeat-
edly using Eq. (48), we have for all k > ko := min{k’ | &’ > z;-} that
k—1 k—1 k—1
ﬂm 204|8‘Amax 2 2 Bm
Ey[L(t, k) + £4(t, k)] < Lin 02 a2 I (1=
m=Kko n=~ko m=n+1
él é2
16A12nax 2 = i ﬁm
Esum(t) Z 571 H (1 - 2)
n=kg m=n+1
&s

Next, we evaluate the terms {£;}1<<3. Terms like {€;}1< ;<3 have been well studied in the existing
literature [24, 44, 65]. Specifically, we have from [65, Appendix A.2.] and § = 4 that

ko+h N 6dez?
< o< — "k
2= k+h)E

and 5'3 < 2.

It follows that

ko+h  3264e|S|Amax 5 . 3242 ,
in - ) max Eq m t ,
k+h + (1 —7)2%¢cap %% T sum ()

Eo[Lr(t, k) + Lyt k)] < L

which implies

ko+h  3264¢|S| Amax o 3242

By[Lr(t, k)] < L o + %ﬁsum(t)? (52)

S T () %eas *
Using the previous inequality on E;[L (¢, k)] in Eq. (47), we have
100|S| Amax

ELy(t k+1)] < (1 —ager) Ef[Ly(t, k)] +

2O Q=2 k—1
(1—79)? *
Lincapos  816€|S|Amax o o  8AZ.. Bk 5
) C max E " t
dag, (1—9)2 FR ¥ T sum ()
1017eLiy|S| Amax
< (1 — aper) By [Lg(t, k)] + eLinlS] Ama P

(1 - ’}/)26%;@0

8A2
+ 7“1:*5 £ Lam(t)?.

Repeatedly using the previous inequality starting from ko, since ac, > 1 (cf. Condition 3.1), we
have
ko+h 406862Lin|8‘AmaX 2 8A2

maxCa,B 2
E ,C t k < Lin 7‘C<um t 9
t[ q( ) )}— k+h (1_7)2670%0 Zpag + crT s ()
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which implies (by using Jensen’s inequality) that

ko+h\"?  64eLl?|S|V2 AN 1) BAmaxc
k+h

1/2
a,B

R + Lsum(t)- (53)
(I—mea)? T G

Taking total expectation on both sides of the previous inequality and then using the result in Eq. (45),
we have

ElLq(t k)] < L/ (

1/2 1/2 41/2
E[csum(tﬂn<7E[£sum(t>]+2L”2(’“°+h> 128€|S| P Aviax 172

i ZKO
" \K+h (1) %l K
6Amaxci{;£ .
"y )

1/2) ¢11/2 41/2

y+1 130eL;/”|S|"* Anlax 1/2

< (2 ) E[Lom(t)] + 1z 1% zKozK/ )
(1 =y "oy,
where the last line follows from ¢, g < 01474(114%7)2 (cf. Condition 3.1). Repeatedly using the previous
inequality starting from 0, we have (
: <1 +7>t | 200eLyISI P Al s (54)
2 (1=2e ) *

The next step is to bound £, (¢). Recall from Eq. (44) that
Ee[Lo(t + 1)] < 7L (1) + 4Loum(t) + 2E[LY? (2, K)] + 4By [L (¢, K)] + 67 log(Amax)-
Using Egs. (52), (53), and (54) in the previous inequality, we have
E[Lo(t +1)] < AE[Ly(8)] + 4E[Lam(t)] + 2E[Ly/2(t, K)] + AE[Lr (¢, K)] + 67 log(Amax)

130€L11/2|S|1/2A11n/§x 1/2

< AEL, ()] + S ca
(1 =7)er "o

ALipag  13056€|S| Amax o

67 log(Amax

T Tan TP KOET 7 10g(Amex)

52242, (1 + v)t . 67860e L./ 2|3|1/2Ai{a2xz U2
K
T(1—7)? 2 (1- 7)3Tci/2a,1€é2 "

1+ »y>t 15056€ Lin|S| Amax o o l/2
1/2 K%K
2 (1- V)QQké Co, 8

ElLam()] < 1=

522A2
< ~E ['v t max
< 9BLC, (0] + D2 nes (
+ 67 log(Amax)-
Repeatedly using the previous inequality starting from 0 to 7" — 1, we have

52642, T (1 + ’y)T_l . 15056¢ Linl S| Amasx 5 172 , 67 108(Amax)

L,(T) <
° T(1—7)? 2 (1- 7)3a,1€£20a,5 KoK -y

Finally, using the previous inequality, Eq. (52), and Eq. (54) in Lemma D.4, we obtain

A2 T [(1+4\" ! Lin|S|A e Tlog(Amax)
1 2 )] < —max _ —inlOlfmax 2 172 T OS\Amax)
BING(rh e ) £ s (T5) el T

0
The proof of Theorem 3.1 (2) is complete.

1- 'y)4a,1€ 200475
D.7 Proof of All Supporting Lemmas

D.7.1 Proof of Lemma B.1

Lemma B.1 (1), (3), and (4) are identical to [10, Proposition 3]. We here only prove Lemma B.1 (2).

Consider the Markov chain {S} induced by 7. Since {Sy} is irreducible and aperiodic, there exists
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a positive integer 7, such that Pr? has strictly positive entries [93, Proposition 1.7]. Therefore, there
exists d, € (0, 1) such that
Pri(s,s') = opp(s')

for all (s, s’). In addition, the constant p;, introduced after Assumption 3.1 is explicitly given as
p» = exp(—dp/75). The previous two equations are from the proof of the Markov chain convergence
theorem presented in [93, Section 4.3]. Next, we consider the Markov chain {S} } induced by an
arbitrary m € II.. Since

my(als) _ mh(a|s)my *(a']s)

m(als)  w(a’[s)m~"(a’]s)

we have for any s, s’ € S and k > 1 that
ijb(s, S,) = Zpkil(s SO)Pﬂ'b (So, 8/)

—ZPklssoz v(also)Pa(s0,s")

1

7k Va=(a',a™") and s,

acA
= SR o) 3 T s P o)
2+ w(also)
< €2 E:P’C (s, s0) Z 7(also)Pa(s0, s")
T so acA
1 _
S 872 Z PTI::b 1(Sa SO)PTF(SOa Sl)
T s
= ZPE P (e, )
Since the previous inequality holds for all s and s’, we in fact have /2 P,’fb < Pffb*IP,T (which is an

entry-wise inequality). Repeatedly using the previous inequality, we obtain
2k pk k
(2FPE < P
which implies
P (s, s') > EfT”P;E(& s')
> 6pl2" iy (")
po(s')
> 66672—”) /'(‘71'(5 )
o (8)
> (sbe?rrb/lb,min,uﬂr (S/)
Following the proof of the Markov chain convergence theorem in [93, Section 4.3], we have
IPE(s,) = pn () Ity < (1 = 8pL27 iy min)*/ ™Y, VseS, mell,. (55)
Since Apax > 2 (0therw1se there is no decision to make in this stochastic game), we have 63 < % It
follows that 1 — 5b€§’“bﬂb,min > 1/2. Using the previous inequality in Eq. (55), we have
sup max || Py (s, ) = px () v < 2(1 = Spl2" 1, min )/

S

< 2 eXp (75b£2rbub,mink/rb)
= 2p = o mink (Recall that p, = exp(—d,/7p))
= 20}

We next compute the mixing time. Using the previous inequality and the definition of the total
variation distance, we have

Sup max IPE(s,-) = pa()lltv <

nell, S€S
as long as

< log(2/n) L log(2/n) o tma

- log(l/p(;) gr b min IOg(l/pb) - ggrb,ub,min'
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D.7.2 Proof of Lemma D.11
For any k > z;, we have
E[(F' (g}, Sk, A}, A", k1) — Fiay) T (g — @)
= E[(FZ(QIlc—zk,Skv A}cv A];la Sk-i-l) - Flz—zk (qllc—zk))—r(q;c—zk - (jllc—zk)]

Ny
+ E{(F(qh—sy» Sk Aks ALY Ski1) — Fi_, (6h—2) ' (0 — dhiesy)]

N2
+ E[(Fi(qli—zkvshA;wA]:z’ Sk+1) - Fli—zk (qli—zk))T(qli—zk - qlle)]

N3
+ E[(FZ(QIZW Sk‘7 A,]Lw A]:ia Sk-i—l) - Fi(q]ig—zk7 Ska Ai;a A];la Sk‘+1))T(qz - lelg)}

Ny

+E[(F ., (dh) = Fila) " (g — @) (56)

Ns
To bound the terms /N7 to N5 on the RHS of the previous inequality, the following lemma is needed.
Lemma D.13. For any positive integers ky < ka, we have (1) ||qj,, — ¢, lloo < % and (2)

maxses |77, (s) — 7k, (s)[1 < 2Bk, ey —1-

Proof of Lemma D.13. For any k € [k, ko — 1], we have by Eq. (41) that

. . . . . 20lk
ks = Gilloo = @kl F* (ks Sk Ak A" Stan)lloo < 77

Qakly

%. Similarly, for any k € [k1, ks — 1] and s € S, we have

17511 () = mi(8)ll = Brllor (i (s)) — ()l < 264,

which implies max,es |7}, (s) — 7}, (5)ll1 < 2Bk, ky—1- O

It follows that ||g}, — g}, [lec <

We next bound the terms Ny to N;5. Let Fj, be the o-algebra generated the sequence of random
variables {Sp, Aé, Ayt Sk, A};_l, At Sk}

The Term N;. Using the tower property of conditional expectations, we have
Nl = E[(F’L(qlk_Zk ? Sk’ A’;@’ AI;Z7 Sk+1) - F]:;:—Zk (qi—zk))T(qlic—zk - qi—zk)]
= E[(E[Fl(quzka Skv A;cv Alzlv Sk+1) ‘ ]:kfzk] - Flzfzk (qllcfzk))—r(qlkfzk _qllcfzk )}
< EHlE[FZ(qIZf—zkvska Ai‘a A];l7 Sk-l-l) | ‘Fk—zk] - Flz—zk (qli—zk)Hlnq;—zk - q?c—zk ||OO} (57)

92 o o . ;
< SE[IIE[FZ(%_WSk,ALAkZ,SkH) | Fe—z) = Fi—sy (@h—z, 1] (LemmaD.1)

IN

SE[IIFZ-(Q;@_ZJ — Fy oy (@2 1]

2 i i A i (o
+ T BUEE (@i Sho Al A" Si1) | P = Fil@ie—, )l (58)

We next bound the two terms on the RHS of the previous inequality. Observe that
= D IFi(gh—2))(s,0") = [Fi_, (gh—.))(s,a")]

s,at

= Z HEI@[Fi(quzkaSa AivA_i’S/)](&ai) - [Ek—zk [Fi(q;:cfzkvsv Ai7A_i’S/)](57ai) )

s,at
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where we use E[-] to denote ESNU«k('),‘Ai’NTF,i('\50)714_"”\'7!';7;('\50)7S’~p('|SO,A6,AD_i)[.} for ease of
presentation. To proceed, recall the following equivalent definition of total variation distance between
probability measures p1, pa:

sup [Ep, [f] = Ep, [f]] -
Fillflloe <1

N =

||p1 —P2||Tv =
It follows that
|[Br[F*(qf.—»,» S5 A", A7 8N)(5,0°) = [Brezy [F(gho—sy» S, AT, A7, )] (5,07))|
[F(g)—sy, 550" a ", 5)](s,a')

IN

max
5,at,a—%,s

x Z (@) (@13 (@718) = s (B)mic s, (@8)m 2, (@13)]

1 i —i —i
<— (||uk — pinzy |+ max () = i, ()| + max () = 7, ()] )
L i ) —i —i
< e (max [l (5) = 7, ()]s + max 1w (5) = i, (5)]1) (Lemma B.1)
LBy k—
< Spf’fikv’“_ (Lemma D.13)
-

Therefore, we have

s,at
< 8|S‘Amaprﬁk—zk,k—l
-_— 1 _ ’y .
It remains to bound the second term on the RHS of Eq. (58). Recall that we denote P, € RISI*IS] a5

the transition probability matrix of the Markov chain {Sj } induced by a joint policy 7. Using the
definition of conditional expectations, we have

HE[Fi(q;cfzw Sk> Z?Alzi"s’k+1) | ‘Fk*fzk] - Fli(qlicfzk”ll
k42

S| T o | Skt =) | Srtale) ot

s€S j=k+1

(59)

X Zp(s’\s, a',a VF (qh_.,,s,a’,a7", )
S/

1

k+zp
S —_— Z H P,rj_Z}c (Sk—zy,8) — pi(s) (Lemma D.9)
565 j=k+1
) k+zp
= 11—~ Z H P”J'—Zk (Sk—z,8) — Pﬁ: (Sk—245 8)
s€S j=k+1
+Z|PZ" (Sk—z»8) — pr(s )‘}
seS
9 k+4zp
15 II P, — P2 +202 ), (60)
j=k+1

o0

where the last line follows from Lemma B.1 (2). Observe that

k+zk 2k k—f0+142zp k—fl+zp
— P*Zk — é 1 _
H Pﬁj—% Pﬂ'k - 2 : H P”J Zk Tfk H iz 7”“
j=k+1 IS =1 j=k+1 j=k+1 I
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2k k—fl+zy

Z H Pﬂj—zk(Pmc—Hl _Pﬂk)Pf;;:l
(=1

j=k+1 o
2k k—L0+zp
<> | II P~ 1Pry_i1 = Prllooll Py
— J—zp k—e+1 Tk 1100 Tk oo
=1 || j=k+1

oo
2k

< Z HPﬂ'k—z-H - P7Tk||00
=1

Since P as a function of 7 is 1-Lipschitz continuous with respect to the ¢.,-norm, we have

k+zp Zk
Il P, —Px| < Zmag [ 7mk—e+1(8) — 7 ()]0
=kt 1 I €

2k
= Zryeag (M ppa(8) =7 ()l + T (5) = mi(s)lh)
=1

<Az Br—zy k-1 (Lemma D.13)
Using the previous inequality in Eq. (60), we have

||E[Fi(qlic—zk35k7 ?wAI;ivSk-i-l) ‘ ]:k—zk] - Fli(qlic—zk)nl

2
< T (421 Br—zp k-1 + 2p2)
2
< 17 (42’/@6]@,%)/6,1 + Bk) (Definition of zg)
-7
1025 Bb— 2,
2k Br—zy, k=1 . > 1)
L=~
Using the previous inequality and Eq. (59) together in Eq. (58), we obtain
Nl S 16Lp‘S|Amaxﬁlgfzk,k:71 + 2ozkﬁk7zk,,2k71 S 36Lp|S‘Amaka§kfzk,kfl.
(=7 (1=1) (=7
The Term N,. For any k£ > zj, we have by Lemma D.13 that
No < E[|F (s Sty Ajs A ' Sk1) = Fi—o (G ) 11 0k = iz, [l o]
20—z, k-1 if i i pA—i i i
= 1 _klv E[l F* (@2 Sks Ay AR Sk ) I + 15—, (@2, ) 1] (61)
Using the definition of F(-), we have
IF (2> Sk ALy ALY S 1
= Z Ui (sat)=(Sp.a0)) | Ri(Sks Afy Ap") + 90" (Sky1) — ¢3Sk, A)|
= ’Ri(S/m A;ﬁ A;?) + ’Yvi(sk-i-l) - qlic(Skv A;c)‘
ol 1
<14 ——+ ——
<1+ 11— + 1=
2
- (62)
Moreover, we have by Jensen’s inequality that
i i 2
15—, (-2 )l < -5 (63)
Using Eqgs. (62) and (63) together in Eq. (61), we have
Bz, k-1
N2 < N Rk
(1=9)?
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The Term Ns. For any k > z;, we have
N3 < E[”Fl(qz—zkvska ;m A];Z, Sk+1) - Fli—zk (qz—zk)”l”(ﬂc—zk - (7116”00]
S E[(IF (@2 Sks Ay AL Sk ) I+ 1 (@i D T— 2, — @illo]

4 _ .
< 7 Bllgi—s = Gilleo): (Egs. (62) and (63))
Observe that

18—z, — Gilloe = max [ T*(0")(s) (" (5) = m ", () oo

IN

max 1T (") (8) 11,00l *(5) = 7.2, (9) 1
< 2Bk—zy, k-1
N v 5
where the last line follows from Lemma D.13 and

)

o o _— 1
[T (") (8) 1,00 < max |T7(v")(s,a’,a7")| < T
Therefore, we have
8B —zp k-1

N3 <
(1—9)?

The Term N,. For any k > z;, we have
Ny < E[|[F*(gk, Sk, Ak, ALY Ska1) = FU(@he sz Sk Al A ' Skern) 10k — @hlloo)

2 i( i i i i i i
S m]E[HFZ(QIZWSkvA;wAkZaSk‘-‘rl) - F (qk—zkvskaAkaAk 7Sk‘+1)||1]7

where the last line follows from Lemma D.1. Using the definition of F(-), we have
||FZ(QIZQ7 Ska ?ca A}?la Sk-i-l) - Fi(Qlic—zw Ska A}m A];la Sk+1)||1
= Z]l{(s,ai)z(sk,Az)} ’qlicfzk(skvA;c) - QIQ(Sk»AZ)‘

s,at
Gy (St AD) — (S, AL

20, _ _
2kl (Lemma D.13)
L=y

IN

IN

It follows that

dog—zp k-1
N4 < R RR T
(-7

The Term Ns. For any k& > z;, we have
N5 <E[|F(qi) = Fres (@i—2) 1 190 = Glloo]

2 (0 ot i
< 75 PlIFlak) = Fis, (@b, 1] (Lemma D.1)
<71~ WE[IIF;i(q/i) = F . (@)l + 1, (@) — Frs, (@) 1]
16L |S|Amaxﬁkr—z k—1 2 =i i — ;
. T T Bl () = B (ges ), (64)

ST -
where the last line follows from the same analysis as we obtain Eq. (59). As for the second term on
the RHS of Eq. (64), using the definition of F}.(-), we have

1Fi_ (@) = Fi ()l = D ez () D mhs, (@ | 9)lgi(s, ") — g, (5,a"))|
seS a’
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< Ik — i, Nl
2 o
g;iﬁiﬁﬂii. (Lemma D.13)
—

Using the previous inequality in Eq. (64), we obtain
N5 S 16Lp‘S|Amaxﬁgfzk,k71 4akfzk,k;1
(1-9) (1-9)
Combining the upper bounds we derived for the terms /V; to N5 in Eq. (56), we have
E[(Fi(qliw Sks A;lw Alzi7 Sk‘Jrl) - Fzﬁ(Qz@)T(q]Z - CYIZc)]
36Lp|S|Amax 2k Bk—zp k=1 SQk—zp k=1 SPr—zp k-1  d0k_z k—1

- (1—=9)? (1—=7)? (1—-7)? (1—=9)?
16Lp|S‘Amaxﬁkfzk7kfl + 4ak7zk,k71
(1—7)? (1—7)?
< 60Lp|8|Amaka:Bk—zk,k—l 16ak—zk,k—l
- (-2 1)
172002, k-1
-2

where the last line follows from S, /ay = ¢4 8 < (cf. Condition 3.1).

1
60L,|S|Amax

D.8 Proof of Corollary 3.1.1

The following proof idea was previous used in [15] to show the rationality of their decentralized
Q@-learning algorithm.

Observe that Theorem 3.1 can be easily generalized to the case where the reward is corrupted by
noise. Specifically, suppose that player 7 takes action a’ and player —i takes action a ~*. Instead of
assuming player i receives a deterministic reward R;(s, a’,a™*), we assume that player i receives a
random reward (s, a’, a~%, £), where £ € = (Z is a finite set) is a random variable with distribution
pe(s), and is independent of everything else. The proof is identical as long as r* + 7~* = 0, and
the reward is uniformly bounded, i.e., max; 4i 4-i ¢ |r(s,a’,a™% &)| < oco. Now consider the case
where player i’s opponent follows a stationary policy 7%, We incorporate the randomness of player
—1’s action into the model and introduce a fictitious opponent with only one action a*. In particular,
let the random reward function be defined as 7(s, a’, a*, A=%) = R;(s,a’, A=) for all (s, a*), where
A7~ (s), and let (s | s,a’,a%) = 32 iy P(s" | a’,a™", 5). Now the problem can be
reformulated as player ¢ playing against the fictitious player with a single action a*, with reward
function 7#¢ (i € {1,2}) and transition probabilities . Using the same proof for Theorem 3.1, we
have the desired finite-sample bound.

E On the Mixing Time of MDPs with Almost Deterministic Policies

Consider an MDP with two states s1, s and two actions a1, as. The transition probability matrix
P, of taking action a; is the identity matrix I, and the transition probability matrix P, of taking
action ag is P» = [0,1;1,0]. Given o € (1/2,1), let m,, be a policy such that 7(a;|s) = « and
w(azls) =1 — aforany s € {s1, s2}. Denote P, as the transition probability matrix under 7. It is
easy to see that

Pa:{la o

Since P, is a doubly stochastic matrix, and has strictly positive entries, it has a unique stationary
distribution 1 = 17 /2.

« l—a}

We next compute a lower bound of the mixing time of the 7, -induced Markov chain. Let e; = [1,0] "
be the initial distribution of the states, and denote [z, 1 — x| " as the distribution of the states at
time step k. Then we have

Try1 = xpa+ (1 —2x)(1 — )
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=Q2a—-1Dzp+1-«
k
= (20— )2 + > (1 - a)(2a — 1)F
i=0
1 (2a— 1)kt
5 .
It follows that

tran = I’kIlZlBl {ur(?eaKQ o P =17 /2]y < 77}

> min {le Py = 17/2{|y, <}
= min {(2a - 1) <29}
> log(1/2n)

log(1/(2a —=1))

which implies lim,_,1 4, = 00. Therefore, as the policies become deterministic, the mixing time
of the associated Markov chain can approach infinity.

F Numerical Simulations

We first conduct numerical simulations to investigate the impact of choosing different 7, which is
used to define the softmax operator in Algorithms 1 and 2. Our theoretical results indicate that there
is an asymptotically non-vanishing bias due to using a positive 7. Intuitively, since a softmax policy
always has strictly positive entries while a Nash equilibrium policy can have zero entries, we cannot,
in general, expect the Nash gap to converge to zero.

To demonstrate this phenomenon, consider the following example of a zero-sum matrix game. Let

-1 0 1
1 -1 0

N 1 -1
R - ]

be the payoff matrix for player 1, and let R, = —(R;) ", where N > 0 is a tunable parameter. Note
that this matrix game has a unique Nash equilibrium, which goes to the joint policy 7! = (1/3,2/3,0),
72 = (0,2/3,1/3) as N — oo. In our simulations, we use constant stepsizes oy = 0,5 and
Br = 0.01 and run Algorithm 1 for 100 trajectories (each has K = 2000 iterations). Then, we plot
the average Nash gap (averaged over the 100 trajectories) as a function of the number of iterations
k in Figure 1 for different temperatures 7. To enable a fair comparison, we use the normalized
g-function to compute the softmax, that is, instead of directly using o (q) in Algorithm 1, we use
o-(qk/|lqk]|2). As we can see in Figure 1, as T increases, the asymptotic error also increases, which
is consistent with our theoretical results.

F.1 Comparison with the Optimistic Multiplicative-Weights Update

The Optimistic Multiplicative-Weights Update (OMWU) was recognized as a popular learning
algorithm for zero-sum matrix games [98]. Since OMWU in the payoff-based setting (or noisy-
feedback setting) may not have last-iterate convergence [99], to enable a fair comparison, we will
compare OMWU in the noiseless setting (which does enjoy last-iterate convergence [98]) with
smoothed-best response dynamics. We start by writting down the algorithm.

OMWU: With initializations 7}, 7] (respectively, 72, 77) that live in the interior of the probability
simplex A(A') (respectively, A(A%)), OMWU updates (7, 77) iteratively according to
7l (ab) exp(2n[Rim; Y] (a?) — n[Rim; % (a ) .
i ) ~p( n[Rimy }(_i) ~77[ k_l(_i)])w Ve Aiic {12),
Yaieai (@) exp(2n[Rimy (@) — n[Rim, " (a')])

where 7 € (0, 1) is the stepsize.

7T2+1(ai) =
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Figure 1: The Nash Gap for Different Temperatures 7
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Figure 2: The Nash Gap as a Function of the Number of Iterations k

The Discrete Smoothed Best-Response Dynamics (DSBR): With arbitrary initializations 7§ €
A(A') and 7¢ € A(A?), the discrete smoothed best-response dynamics update (7}, 77) iteratively

according to
M1 = (1= B)mh, + Bror (Rimy "), Vi€ {1,2},
where [y, is the stepsize.

We perform two sets of numerical simulations to compare OMWU and DSBR. Our first experiment
is implemented on the rock-paper-scissor game, where the payoff matrix for player 1 is

0o 1 -1
Ri=|-1 0 1]/,
1 -1 0
and Ry = —(R;)". As we see in Figure 2, the convergence rates of OMWU and DSBR are

comparable. However, DSBR seems to be more stable compared with OMWU. Note that while we
use softmax policies in DSBR, since the rock-paper-scissor game has a unique Nash equilibrium,
which is also the unique Nash equilibrium of the entropy-regularized matrix game for any temperature
T > 0, there is no smoothing bias and the Nash gap under DSBR does converge to zero.
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Figure 3: The Nash Gap as a Function of the Number of Iterations k
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Figure 4: The Asymptotic Behavior of Figure 3

In our second numerical simulation, we set the payoff matrix of player 1 to be

N 1 -1
-1 0 1 ] ,
1 -1 0

R =

and Ry = —(R;) ", where we choose N = 100. Note that as N — oo, the unique Nash equilibrium
goes to mt = (1/3,2/3,0), 72 = (0,2/3,1/3). In this case, we also see from Figure 3 that DSBR
is more stable compared with OMWU. However, since in this case, the Nash equilibrium has zero
entries, due to the use of softmax policies, DSBR suffers from an asymptotically non-vanishing bias.
This is clear from Figure 4, which plots the asymptotic behavior of Figure 3. We see that OMWU
converges to zero while the Nash gap from DSBR converges to a positive real number.
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