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Abstract

This paper studies multi-agent reinforcement learning in Markov games, with the goal of learning
Nash equilibria or coarse correlated equilibria (CCE) sample-optimally. All prior results suffer from at
least one of the two obstacles: the curse of multiple agents and the barrier of long horizon, regardless of
the sampling protocol in use. We take a step towards settling this problem, assuming access to a flexible
sampling mechanism: the generative model. Focusing on non-stationary finite-horizon Markov games,
we develop a fast learning algorithm called Q-FTRL and an adaptive sampling scheme that leverage the
optimism principle in online adversarial learning (particularly the Follow-the-Regularized-Leader (FTRL)
method). Our algorithm learns an e-approximate CCE in a general-sum Markov game using
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samples, where m is the number of players, S indicates the number of states, H is the horizon, and A;
denotes the number of actions for the i-th player. This is minimax-optimal (up to log factor) when the
number of players is fixed. When applied to two-player zero-sum Markov games, our algorithm provably
finds an e-approximate Nash equilibrium with minimal samples. Along the way, we derive a refined regret
bound for FTRL that makes explicit the role of variance-type quantities, which might be of independent
interest.

Keywords: Markov games, sample complexity, Nash equilibrium, coarse correlated equilibrium, adversarial

learning, Follow-the-Regularized-Leader
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1 Introduction

The thriving field of multi-agent reinforcement learning (MARL) studies how a group of interacting agents
make decisions autonomously in a shared dynamic environment (Zhang et al., 2021). The recent developments
in game playing (Brown and Sandholm, 2019; Vinyals et al., 2019), self-driving vehicles (Shalev-Shwartz et al.,
2016), and multi-robot control (Matignon et al., 2012) are prime examples of MARL in action. In practice,
there is no shortage of situations where the agents involved have conflict of interest, and they have to act
competitively in order to promote their own benefits (possibly at the expense of one another). Scenarios
of this kind are frequently modeled via Markov games (MGs) (Littman, 1994; Shapley, 1953), a framework
that has been a fruitful playground to formalize and stimulate the studies of competitive MARL.

In view of the irreconcilable competition between individual players, solutions of competitive MARL
normally take the form of certain equilibrium strategy profiles, which are perhaps best epitomized by the
concept of Nash equilibrium (NE) (Nash Jr, 1950). In a Nash equilibrium, no gain can be realized through
a unilateral change — assuming no coordination between players — and hence no player has incentives to
deviate from her current strategy/policy. A myriad of research has been conducted surrounding NE, which
spans various aspects like existence, learnability, computational hardness, and algorithm design, among
others (Chen et al., 2015; Daskalakis, 2013; Daskalakis et al., 2020; Hansen et al., 2013; Jin et al., 2022;
Littman, 1994; Ozdaglar et al., 2021; Perolat et al., 2015; Rubinstein, 2016; Shapley, 1953). Given that
finding NE is notoriously expensive in general (except for special cases like two-player zero-sum MGs)
(Daskalakis, 2013; Daskalakis et al., 2009), several more tractable solution concepts have emerged in the
studies of game theory and MARL, a prominent example being the coarse correlated equilibirum (CCE)
(Moulin and Vial, 1978). A key compromise made in the CCE is that it permits the players to act in an
coordinated fashion, which contrasts sharply with the absence of coordination in the definition of NE.

One critical challenge impacting modern MARL applications is data efficiency. The players involved
often have minimal knowledge about how the environment responds to their actions, and have to learn
the dynamics and preferable actions by probing the unknown environment. For MARL to expand into
applications with enormous dimensionality and long planning horizon, the learning algorithms must manage
to make efficient use of the collected data. Nevertheless, how to learn NE and/or CCE with optimal sample
complexity remains by and large unsettled even when it comes to the most basic setting: two-player zero-sum
Markov games, as we shall discuss below.

Example: inadequacy in learning two-player zero-sum Markov games. To facilitate concrete
comparisons, let us review two representative algorithms aimed at learning NE in two-player zero-sum MGs.
These algorithms have been studied under two drastically different sampling protocols, and we shall discuss
the shortfalls of the cutting-edge sample complexity results. In a two-player zero-sum MG, we denote by S
the number of states and H the horizon or effective horizon, whereas A; (resp. As) denotes the number of
actions for the max-player (resp. min-player).



e Model-based methods under either a generative model or online exploration. Assuming access to a
generative model (so that one can sample arbitrary state-action tuples), Zhang et al. (2020) investi-
gated a natural model-based algorithm, which performs planning (e.g., value iteration) on an empirical
MG derived from samples produced non-adaptively by the generative model. Focusing on stationary
discounted infinite-horizon MGs, their algorithm finds an e-approximate NE with no more than
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) samples. (1)

In parallel, Liu et al. (2021) studied non-stationary finite-horizon MGs with online exploration, and
obtained similar sample complexity bounds, i.e.,

O ( %131’42 > samples or 0 <IL5::211AQ) episodes (2)

for learning an e-approximate NE. While these bounds achieve minimax-optimal dependency on the
horizon H, a major drawback emerges — commonly referred to as the curse of multiple agents; namely,
these results scale proportionally with the total number of joint actions (i.e., [[; ;<5 Ai), a quantity
that blows up exponentially with the number of players. o

o V-learning for online exploration settings. Focusing on online exploration settings, Bai et al. (2020); Jin
et al. (2021) proposed an algorithm called V-learning that leverages the advances in online adversarial
learning (e.g., adversarial bandits) to circumvent the curse of multiple agents. This algorithm provably
yields an e-approximate NE in non-stationary finite-horizon MGs using

~(HSS(A, + A ~(H°S(A, + A

O(W) samples or O(W) episodes, (3)
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which effectively brings down the sample size scaling (2) from A; A5 (i.e., the number of joint actions)

to A; + Ay (i.e., the sum of individual actions). It is worth pointing out, however, that this theory

appears sub-optimal in terms of the horizon dependency, as it is a factor of H? above the minimax

lower bound.

Key issues and our main contributions. While the above summary focuses on two-player zero-sum
MGs, it unveils a fundamental issue surrounding the sample efficiency of learning equilibria; that is, all
existing results in this front — irrespective of the sampling mechanism in use — fall short of overcoming at
least one of the two major hurdles: (i) the curse of multiple agents, and (ii) the barrier of long horizon. A
natural question to pose is:

Question: can we learn a Nash equilibrium in a two-player zero-sum Markov game
in a sample-optimal and computation-efficient fashion?

To settle this favorably, both of the above hurdles need to be crossed simultaneously. Moving beyond two-
player zero-sum MGs, it is not surprising to see that general-sum multi-player MGs have to grapple with the
aforementioned two hurdles as well. Thus, the following question also comes into mind when learning CCE
(a compromise due to the general intractability of learning NE):

Question: can we learn a coarse correlated equilibrium in a multi-player general-sum Markov game
n a sample-optimal and computation-efficient fashion?

Note that these questions remain open regardless of the sampling scheme in use.

This paper takes a first step towards solving the problem by assuming access to the most flexible sampling
protocol: the generative model (or simulator). In stark contrast to the single-agent case where uniform
sampling of all state-action pairs suffices (Azar et al., 2013; Li et al., 2020), the multi-agent scenario requires
one to take samples intelligently and adaptively, a crucial step to avoid inefficient use of data (otherwise
one cannot hope to break the curse of multiple agents). With the aim of computing an e-approximate



equilibrium in a non-stationary finite-horizon MG, we come up with a computationally efficient learning
algorithm (accompanied by an adaptive sampling strategy) that accomplishes this goal with no more than

9} (W) samples (learning e-NE in two-player zero-sum MGs)
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(@) (%) samples (learning e-CCE in multi-player general-sum MGs)

drawn from the generative model. Encouragingly, this sample complexity bound matches the minimax lower
limit (up to some log factor) as long as the number of players m > 2 is a fixed constant or grows only
logarithmically fast. Our sample complexity theory is valid for the full e-range (i.e., any ¢ € (0, H]); this
unveils that no burn-in cost whatsoever is needed for our algorithm to achieve sample optimality, which
lends itself well to sample-hungry applications.

The proposed algorithm is inspired by two key algorithmic ideas in RL and bandit literature: (i) optimism
in the face of uncertainty (by leveraging upper confidence bounds (UCBs) in value estimation), and (ii)
online and adversarial learning (particularly the Follow-the-Regularized-Leader (FTRL) algorithm). Note
that the optimal design of bonus terms — typically based on certain data-driven variance estimates — is
substantially more challenging than the single-agent case, as it requires intricate adaptation in response to
the policy changes of one another as well as compatibility with the FTRL dynamics. Two points are worth
emphasizing (which will be made precise later on):

e The efficacy of FTRL in breaking the curse of multiple agents has been illustrated in Jin et al. (2021);
Mao and Bagar (2022); Song et al. (2021). To improve horizon dependency, one needs to exploit
connections between the performance of FTRL and certain variances. Towards this, we develop a
refined regret bound for FTRL that unveils the role of variance-style quantities, which was previously
unavailable.

e The bonus terms entail Bernstein-style variance estimates that mimic the variance-style quantities
appearing in our refined FTRL regret bounds, and are carefully chosen so as to ensure certain decom-
posability over steps. This is crucial in optimizing the horizon dependency.

Additionally, the policy returned by our algorithm is Markovian (i.e., the action selection probability depends
only on the current state s and step h), and the algorithm can be carried out in a decentralized manner
without the need of directly observing the opponents’ actions.

Other related works. Let us discuss in passing additional prior works on learning equilibrium solutions in
MARL, which have attracted an explosion of interest in recent years. While the Nash equilibrium is arguably
the most compelling solution concept in Markov games, the finite-sample/finite-time studies of NE learning
concentrate primarily on two-player zero-sum MGs (e.g., Bai and Jin (2020); Chen et al. (2022); Cui and Du
(2022a,b); Dou et al. (2022); Jia et al. (2019); Mao and Basar (2022); Tian et al. (2021); Wei et al. (2017);
Yan et al. (2022); Yang and Ma (2022); Zhong et al. (2022)), mainly because computing NEs becomes, for the
most part, computationally infeasible (i.e., PPAD-complete) when going beyond two-player zero-sum MGs
(Daskalakis, 2013; Daskalakis et al., 2009). Roughly speaking, previous NE-finding algorithms for two-player
zero-sum Markov games can be categorized into model-based algorithms (Liu et al., 2021; Perolat et al.,
2015; Zhang et al., 2020), value-based algorithms (Bai and Jin, 2020; Bai et al., 2020; Chen et al., 2021b; Jin
et al., 2021; Sayin et al., 2021; Xie et al., 2020), and policy-based algorithms (Cen et al., 2022, 2021; Chen
et al., 2021a; Daskalakis et al., 2020; Wei et al., 2021; Zhang et al., 2022; Zhao et al., 2021). In particular,
Bai et al. (2020); Jin et al. (2021) developed the first algorithms to beat the curse of multiple agents in two-
player zero-sum MGs, while Daskalakis et al. (2022); Jin et al. (2021); Mao and Bagar (2022); Song et al.
(2021) further demonstrated how to accomplish the same goal when learning other computationally tractable
solution concepts (e.g., coarse correlated equilibria) in general-sum multi-player Markov games. The recent
works Cui and Du (2022a,b); Yan et al. (2022) studied how to alleviate the sample size scaling with the
number of agents in the presence of offline data, with Cui and Du (2022a) providing a sample-efficient
algorithm that also learns NEs in multi-agent Markov games (despite computational intractability).

We shall also briefly remark on the prior works that concern RL with a generative model. While there are
multiple sampling mechanisms (e.g., online exploratory sampling, offline data) that bear practical relevance,



the generative model (or simulator) serves as an idealistic sampling protocol that has received much recent
attention, covering the design of various model-based, model-free and policy-based algorithms (Agarwal
et al., 2020; Azar et al., 2013; Beck and Srikant, 2012; Chen et al., 2020; Du et al., 2020; Even-Dar and
Mansour, 2003; Jin and Sidford, 2021; Kakade, 2003; Kearns et al., 2002; Khamaru et al., 2021; Li et al.,
2021a, 2020; Mou et al., 2020; Pananjady and Wainwright, 2020; Sidford et al., 2018a,b; Vaswani et al., 2022;
Wainwright, 2019a,b; Wang et al., 2021; Wei et al., 2021; Weisz et al., 2021; Yang and Wang, 2019; Zanette
et al., 2019, 2020). In single-agent RL, the model-based approach has been shown to be minimax-optimal for
the entire e-range (Agarwal et al., 2020; Azar et al., 2013; Li et al., 2020). When it comes to multi-agent RL,
sample-efficient solutions with a generative model have been proposed in the recent works (Cui and Yang,
2021; Sidford et al., 2020; Zhang et al., 2020), although a provably sample-optimal strategy was previously
unavailable.

Paper organization and notation. The rest of the paper is organized as follows. Section 2 introduces the
background of Markov games, the preliminaries of the solution concepts of NE and CCE, and formulates the
sampling protocol. The proposed learning algorithm and the sampling strategy are described in Section 3.1,
with the theoretical guarantees provided in Section 3.2. Section 4 takes a detour to develop our refined
regret bound for FTRL, which plays a crucial role in our main sample complexity analysis in Section 5.
Proof details (particularly those for auxiliary lemmas) are postponed to the appendix.

Let us also gather several convenient notation that shall be used multiple times. For any positive integer
n, we write [n] := {1,--- ,n}. We shall abuse notation and let 1 and 0 denote the all-one vector and the
all-zero vector, respectively. For a sequence {ay}r>1 C (0,1], we define

k . .
Il (1—a;), if0 k
i:c . { H]71+1( J) 1 <t < (5)
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for any 1 < i < k. For a given vector x € R%4 (resp. y € R54B), we denote by z(s,a) (resp. y(s,a,b))
the entry of x (resp. y) associated with the state-action combination (s,a) (resp. (s,a,b)), as long as it is
clear from the context. Next, consider any two vectors a = [a;]i<i<n and b = [b;]1<i<n. We use a < b
(resp. a > b) to indicate that a; > b; (resp. a; < b;) holds for all ¢; we allow scalar functions to take
vector-valued arguments in order to denote entrywise operations (e.g., a®> = [a?]1<i<, and a* = [a}]1<i<n);
and we denote by a o b = [a;b;]1<i<n the Hadamard product. For a finite set A = {1,---, A}, we denote by
A(A) = {z € RY| >, z; = 1;2 > 0} the probability simplex over A. For any function f with domain A (or
B), we adopt the convenient notation

E«[f]:=) m(@f(a) and  Varg(f) =3 m(a)(f(a) —Ex[f])".

a

(6)

2 Background and models

In this section, we introduce the basics for Markov games, as well as the solution concepts of Nash equilibrium
and coarse correlated equilibrium.

Markov games. A non-stationary finite-horizon multi-player general-sum Markov game, denoted by MG =
{S AAihi<i<m, H, Rr}, involves m players competing against each other, and consists of several key ele-
ments to be formalized below. Recall that A(S) represents the probability simplex over the set S.

e S={1,---,S5} is the state space of the shared environment, which comprises S different states.
e For each 1 <i<m,let A; ={1,---,A;} represent the action space of the i-th player, which contains
A; different actions. Here and below, we denote
A=A xxAn and A= ][4 (1<i<m) (7)
Jig#i

Throughout the paper, we shall often use the boldface letter a € A (resp. a_; € A_;) to denote a joint
action profile of all players (resp. a joint action profile excluding the i-th player’s action).



e H stands for the horizon length of the Markov game.

o P ={P,}i<n<ag — with P, : § x A — A(S) — denotes the probability transition kernel of Mg.
Namely, for any (s,a,h,s’) € S x A x [H] x S, we let Py(s'|s,a) indicate the probability of MG
transitioning from state s to state s’ at step h when the joint action profile taken by the players is a.

o r={ripi<h<Hi<i<m — With r; 5 : & x A — [0,1] — represents the (deterministic) reward function.
Namely, for any (s,a,h) € S x A x [H], r;1(s,a) stands for the immediate reward the i-th player
gains in state s at step h, if the joint action profile is a. Here and throughout, we assume normalized
rewards in the sense that r; (s, a) € [0,1] for any (s,a,h,i) € S x A x [H] x [m].

As an important special case, a two-player zero-sum Markov game — denoted by MG = {S, {A1,Ax},H, P, r}
— satisfies ro, = —r1, for all h € [H]. Following the convention, we assume that ry , > 0 for all h € [H],!
and refer to the first (resp. second) player as the max-player (resp. the min-player).

Markov policies. This paper focuses on the class of Markov policies, such that the action selection
strategies of the players are determined by the current state s and the step number h, without depending on
previously visited states. To begin with, let m; = {m; », }1<n<m represent the policy of the i-th player. Here,
min(-|s) € A(A;) for any (s, h) € Sx[H], where 7; ,(a| s) indicates the probability of the i-th player selecting
action a in state s at step h. The joint Markov policy can be defined analogously: we let 7 = (m1,...,7) :
S x [H] — A(A) represent a joint Markov policy of all players, where the joint actions of all players in state
s and step h are chosen according to the distribution specified by mp(-|s) = (71, .-, Tm.p) (| s) € A(A).
For any given joint policy 7, we employ m_; to represent the policies of all but the i-th player, and let m_; 5,
denote the policies of all but the i-th player at step h. All policies are assumed throughout to be Markovian,
except our brief remarks on non-Markovian policies in Section 3.2.

Additionally, a joint policy 7 is said to be a product policy if w1, ..., m,, are executed in a statistically
independent fashion (namely, under policy 7 the players take actions independently), and we shall adopt the
notation m = m; X - -+ X 7, to indicate that m is a product policy.

Value functions. Consider a Markovian trajectory {(ss, an)}1<n<m, where s, € S is the state at step h
and aj, € A is the joint action profile at step h. For any given joint policy 7 and any step h € [H], we define
the value function V7, : & — R of the i-th player under policy 7 as follows:

H
Vin(s) =E Zri,t(shat) | sn =5, Vs €S, (8)
t=h

where the expectation is taken over the Markovian trajectory {(sx, ar)} with the m players jointly executing
policy 7; that is, conditional on s, we draw ap ~ 7, (- | sp,) and then spr1 ~ Py(- | sp, ap).

In addition, consider the case where (i) all but the i-th player executes the joint policy 7_; and (ii) the
i-th player executes policy 7} independently from the other players; we shall denote by Vf}jxmi the resulting
value function under this joint policy w; x m_;. By optimizing over all 7}, we can further define

VETi(s) = max YT , V(s,h,i) € S x [H] x [m)]. 9

ST e VI, W(shd) €8 x (] x ) (9

It is known that there exists at least one policy, denoted by 7} (7r_i) : S X [H] = A(A;) and commonly
referred to as the best-response policy, that can simultaneously attain Vi*,’lﬂ‘i (s) forall h € [H] and all s € S.

It is worth emphasizing that the best-response policy 7} (w,i) is the best among all policies of the i-th player
executed independently of m_;. Furthermore, if we freeze w_;, then the Bellman optimality condition for the
i-th player can be expressed as (Bertsekas, 2017)

VT (s) = max { E [rin(s,@)+ (Pu|5,0), Vi) } ¥(s,hi) € S x [H] x [m], (10)

ai€A;i | a_;j~m_in(cls

where the joint action profile a is composed of a; for the i-th player and a_; for the remaining ones.

IThe careful reader might immediately note that ro. 5, < 0, thus falling outside our assumed range for the reward function.
This, however, can be easily addressed by enforcing a positive global shift to 7 ; without changing the learning process.



Equilibria of Markov games. In a multi-agent Markov game, each player wishes to maximize its own
value function. Due to the competing objectives, finding some sorts of equilibria — e.g., the Nash equilibrium
(Nash, 1951) and the coarse correlated equilibrium (Aumann, 1987; Moulin and Vial, 1978) — becomes a
central topic in the studies of Markov games. Let us introduce these solution concepts below.

e Nash equilibrium. A product policy m = m X -+ - X 7y, is said to be a (mized-strategy) Nash equilibrium
of MG if the following holds:

Vii(s) = ‘/ifl’ﬂ’i(s), for all (s,i) € S x [m)]. (11)

In other words, conditional on the opponents’ current policy and the assumption that all players take
actions independently, no player can harvest any gain by unilaterally deviating from its current policy.

e Coarse correlated equilibrium. A joint policy 7 is said to be a coarse correlated equilibrium of MG if

Vihi(s) > Vi’:l’ﬂ’i(s)7 for all (s,i) € S x [m]. (12)
While a CCE also ensures that no unilateral deviation (performed independently from others) is ben-
eficial, its key distinction from the definition of NE lies in the fact that it allows the policy to be
correlated across the players. Any NE of MG is, self-evidently, also a CCE.

In practice, it might be challenging to compute an “exact” equilibrium, and instead one would seek to find
approximate solutions. Towards this end, we find it helpful to define the sub-optimality gap of a policy 7 as
follows (measured in an £.-based manner)

gap(m) = max gap(m; s), (13a)
SES
where
gap(mss) = max {V77(s) - VT ()] (13b)

With this sub-optimality measure in place, a product policy m = my X - - - X 7, is said to be an e-approximate
NE — or more concisely, e-Nash — if the resultant sub-optimality gap obeys gap(w) < e. Similarly, a joint
(and possibly correlated) policy 7 is said to be an e-approximate CCE — or more concisely, e-CCE — if

gap(m) <e.

Generative model / simulator. In reality, we oftentimes do not have access to perfect descriptions (e.g.,
accurate knowledge of the transition kernel P) of the Markov game under consideration; instead, one has to
learn the true model on the basis of data samples. When it comes to the data generating mechanism, this
paper assumes access to a generative model (also called a simulator) (Kakade, 2003; Kearns et al., 2002): in
each call to the generative model, the learner can choose an arbitrary (s,a,h) € S x A x [H| and obtain an
independent sample generated based on the true transition kernel:

s~ Py(-]s,a).

In words, a generative model facilitates query of arbitrary state-action-step combinations, which helps allevi-
ate the sampling constraints arising in online episodic settings for exploration. The goal of the current paper
is to compute an e-approximate equilibrium (either NE or CCE) of MG with as few samples as possible,
i.e., using a minimal number of calls to the generative model.

3 Sample-efficient learning with a generative model

In this section, we put forward an efficient algorithm aimed at learning an e-approximate equilibrium with
the assistance of a generative model, and demonstrate its sample optimality for the full e-range.



3.1 Algorithm description

We now describe the proposed algorithm, which is inspired by the optimism principle and the FTRL algo-
rithm for online/adversarial learning. Following the dynamic programming approach (Bertsekas, 2017), our
algorithm employs backward recursion from step h = H back to h = 1; in fact, we shall finish the sampling
and learning processes for step h before moving backward to step h — 1. For each h, the i-th player calls the
generative model for K rounds, with each round drawing SA; independent samples; as a result, the total
sample size is given by KSH Y. | A;. In what follows, let us first introduce some convenient notation that
facilitates our exposition of the algorithm.

Notation. Consider any step h € [H], any player i« € [m], and any data collection round k£ € [K]. The
algorithm maintains the following iterates, whose notation is gathered here with their formal definitions
introduced later.

° f/\;h € R® represents the final estimate of the value function at step h by the i-th player; in particular,
we set Vi gy1 = 0.

Z n € RS54 represents the Q-function estimate of the i-th player at step h after the k-th round of data

collection.

° qf“ , € RS4i stands for a certain “one-step-look-ahead” Q-function estimate of the i-th player at step h
using samples collected in the k-th round.

° rf, n € R34i denotes the sample reward vector for step h received by the i-th player in the k-th round.

o PF, € R54*S denotes the empirical probability transition matrix for step h constructed using the
samples collected by the i-th player in the k-th round.

e 3:n € R denotes the bonus vector chosen by the i-th player at step h during final value estimation.

. 7r1’f n S = A(A;) denotes the policy iterate of the i-th player at step h before the beginning of the
k-th round of data collection; in particular, we set 7, to be uniform, namely, 7}, (a; |s) = 1/A; for
any (s,a;) € S x A;.

Crucially, the above objects are all constructed from the perspective of a single player, and hence resemble
those needed to operate a “single-agent” MDP (as opposed to MARL). As such, the complexity of stor-
ing/updating the above objects only scales with the aggregate size of the individual action space, rather
than the size of the product action space.

Main steps of the proposed algorithm. As mentioned above, our algorithm collects multiple rounds of
independent samples for each h. In what follows, let us describe the proposed procedure for the i-th player
in the k-th round for step h.

1. Sampling and model estimation. For each (s,a;) € S x A;, draw an independent sample as follows
sﬁc’h’s’ai ~ Ph( - |s,a(k, h,s, ai)) and Thihsa = Tih (s, a(k,h,s, ai)), (14a)
where a(k, h,s,a;) = [a;(k,h, s,a;)]1<j<m € A consists of independent individual actions drawn from

ind.

a;(k,h,s,a;) ~ W;h(' |s) (j#19) and a;(k,h,s,a;) = a. (14b)

These samples are then employed to construct the sample reward vector rf n € RS54 and empirical
probability transition kernel Pf, € R94:*5 such that

k k / 1’ ifs,:s;chsa'
Tin($,0i) = Thihsa,  and P (s']s,a;) = s (14c)
’ ’ 0, else

for all (s,a;,s") € S x A; x S. Note that the i-th player only needs to compute (14c¢), without the need
of directly observing the other players’ actions.



2. Q-function estimation. Following the dynamic programming approach, we first compute the “one-step-
look-ahead” Q-function estimate as follows

Qf,h = r’ih + R‘I?hVi,thl- (15)
We then adopt the update rule of Q-learning:
Fh= 1= an)Qin " + argly, (16)

where 0 < aj < 1 is the learning rate. Applying (16) recursively and using the quantities defined in
(5), we easily arrive at the following expansion:

k
f’h = Za?qih. (17)
j=1

3. Policy updates. Once the Q-estimates are updated, we adopt the exponential weights strategy to
update the policy iterate of the i-th player as follows

exp (mk1Q7 1, (s, a:))
Darea, exp (Mk+1Qf (s, a'))’

i ai | s) = V(s a;) € S x A, (18)

where 7,11 > 0 is another learning rate associated with policy updates (to be specified shortly). In
fact, this subroutine implements the Follow-the-Regularized-Leader strategy (Shalev-Shwartz, 2012):

1
Me+-1 F(u)}, (19)

where the regularizer F(-) is chosen to be the negative entropy function F(u) ==Y, 4. (a)log (u(a)).

ij;l(' | S) = arg min { - <,U, Qﬁh(sa )> +

HEA(A;)

After carrying out K rounds of the above procedure, our final policy estimate 7 : S x [H] — A(A) and the
value estimate V; , : S — R for step h are taken respectively to be

K
‘Zh(s) = min {Z akK<7T7]:€,h(‘ |s), qzk,h(sv )> + Bin(s), H—h+ 1} and (20a)
k=1
K m

Th(a]s) = Z okt H wﬁh(ai | 5) (20b)
k=1 %

=1

for any (s,a = [a1,...,am]) € S x A, where {af} is defined in (5) and f3;4(s) > 0 is some bonus term
(taking the form of some data-driven upper confidence bound) to be specified momentarily. It is worth
pointing out that the final policy (20b) takes the form of a mizture of product policies. In the special case
of two-player zero-sum MGs, we can alternatively output a product policy

(two-player zero-sum MGs) T =T X Ta, (21)
where for each ¢ = 1,2, we take T; = {7; p }1<p<pm With 7, ), = Zszl akKﬂ'f’h.
The whole procedure is summarized in Algorithm 1.
Choices of learning rates. Thus far, we have not yet specified the two sequences of learning rates, which

we describe now. The learning rates associated with Q-function updates are set to be rescaled linear, namely,

Calog K k=1.2....

—_ 22
k—1+cqlogK’ T (22)

o —

for some constant ¢, > 24. In addition, the learning rates associated with policy updates are chosen to be:

log K
= k=1,2,...
Nk+1 OékH, s 4y

(23)



Algorithm 1: Q-FTRL.
1 Input: number of rounds K for each step, learning rates {ax} (cf. (22)) and {ng4+1} (cf. (23)).
// set initial value estimates to O, and initial policies to uniform distributions.
2 Initialize: for any i € [m] and any (s, a;,h) € S x A; x [H], set ‘A/i,HH(s) = Q7 (s,a;) = 0 and
n,(ai]s) = 1/A,
3 for h=H to 1do
4 for k=1 to K do

5 for i =1 to m do
// draw independent samples, and construct empirical models.
6 (rf)h,Pi’fh) + sampling(i, h, 7} = {Wfﬁ}je[m]). /* see Algorithm 2. */

// update Q-estimates with upper confidence bounds.

7 Compute qé‘ih = rfh + PithZ-,hH , and update

k_
?,h =(1- Otk-)Qi,hl + gl -

9 // update policy estimates using FTRL.
8 for (s,a;) € Sx A; do
exp (Me11QF (s, ai))
T (0] 5) = e

> exp (mk1QF  (s,a"))

11 // output the final value estimate for step h.
10 for i =1 to m do

~

K
Vin(s) = min {ZakK<7Tf,h(' 15), aFu(s,)) + Bin(s), H—h+ 1} , Vs €S,
k=1

where §; 5, is given in (24).

12 if MG is a two-player zero-sum Markov game then
~ A . ~ ~ s~ K
13 L output: 7, X T, where for any i = 1,2, 7; = {7 p hi<n<m with T, => 1 akrk, .
14 if MG is a multi-player general-sum Markov game then
~ (A~ ~ K
15 L output: 7 = {7, }1<n<py, where 7, = > ;_, af (ﬂ]f’h X +ee X 7T7kn’h).

Choices of bonus terms. It remains to specify the bonus terms, which are selected based on fairly intricate
upper confidence bounds. This constitutes a key — and perhaps the most challenging — component of our
algorithm design. Specifically, we take

KSY, Ai) K

log® L
Bin(s) = cb (K—HJ > af{Varﬂﬁh(,m (Qf,h(sa ')) + H} (24)

k=1

for any (i,s,h) € [m] x § x [H], where ¢, > 0 is some sufficiently large constant; see also (6) for the
definition of the variance-style quantity. As in previous works, the bonus terms, which are chosen carefully
in a data-driven fashion, need to compensate for the uncertainty incurred during the estimation process.

3.2 Main results

As it turns out, the proposed algorithm is tractable and provably sample-efficient. We begin by characterizing
its sample complexity when learning Nash equilibria in two-player zero-sum MGs, and then shift attention
to learning CCE in multi-player general-sum MGs (given the intractability of learning NEs in general).
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Algorithm 2: Auxiliary function sampling(i, h, 74 = {mjn}je[m)) -
Initialize: 7 =0 € RS54 and P = 0 € R4S,

=

2 for (s,a;) € S x A; do
3 Draw an independent sample from the generative model:
Sho~ Pa(- |5,als,a0), (25)

where a(s, a;) = [a;(s, a;)]1<j<m is composed of independent individual actions drawn from

aj(s,a;) P min(-ls)  (G#4)  and  ai(s,a;) = as. (26)

4 | Set 7(s,a;) =rin(s,a(s,a;)) and P(s),, |5, a;) = 1.

Return: (?, P) .

%]

Theorem 1 (NE for two-player zero-sum MGs). Consider a two-player zero-sum Markov game, and consider
any € € (0, H] and any 0 < 6 < 1. Suppose that

CkH3 10g4 (KS(A(;+A2))

K >
2 2

(27)

for some large enough universal constant ¢, > 0. With probability at least 1 — ¢, the product policy T X To
computed by Algorithm 1 is an e-approzimate Nash equilibrium, i.e., its sub-optimality gap (cf. (13)) obeys

gap(T1 x m2) < e.

Theorem 2 (CCE for multi-player general-sum MGs). Consider an m-player general-sum Markov game,
and consider any ¢ € (0, H] and any 0 < 6 < 1. Suppose that

aH? log? (71(5 25;11 Ai)

K >
= 2

(28)

for some large enough universal constant cx > 0. With probability at least 1 — 0, the joint policy T returned
by Algorithm 1 is an e-approxzimate CCE, i.e., its sub-optimality gap (cf. (13)) obeys

gap(7) <e.

Theorems 1-2 establish sample complexity upper bounds for the proposed algorithm, which we take a
moment to interpret as follows. The proofs of these two theorems are postponed to Section 5.

Sample complexity. When a generative model is available, Theorems 1-2 assert that the total number
of samples (i.e., KSH ), A;) needed for Algorithm 1 to work is
6(%), for learning an e-NE in two-player zero-sum MGs; (29)
~ 4 m )
O(%% for learning an e-CCE in multi-player general-sum MGs.
As far as we know, our theorems deliver the first results that uncover the plausibility of simultaneously
overcoming the long-horizon barrier and the curse of multi-agents. Let us compare (29) with prior art.

e NE in two-player zero-sum MGs. First, consider learning e-NE policies in two-player zero-sum MGs.
In comparison to Zhang et al. (2020) (cf. (1)), our result reveals that what ultimately matters is the
total number of individual actions (i.e., A1 + As) as opposed to the total number A; Ay of possible joint
actions; additionally, our results exhibit improved horizon dependency (by a factor of H?) compared
to Bai et al. (2020); Jin et al. (2021) (see (3)), although we remark that the online sampling protocol
therein is clearly more restrictive than a generative model.

11



e CCE in multi-player general-sum MGs (for a fized m). Similar messages carry over to the task of
learning multi-player general-sum MGs when the number of players m is a fixed constant. Liu et al.
(2021) provided the first non-asymptotic result on learning CCE in the exploration setting; the model-
based algorithm studied therein learns an e-CCE using

~ H5 2 T,"’ Az ~ H4 2 m AZ
O<Sg’_1> samples or O(SEH) episodes (30)

which is sub-optimal in terms of the dependency on both H and S and suffers from the curse of multiple
agents. A more recent strand of works focused on a type of online RL algorithms called V-learning,
which exploited the effectiveness of adversarial learning subroutines in overcoming the curse of multi-
agents (Jin et al., 2021; Mao and Bagar, 2022; Song et al., 2021); along this line, the state-of-the-art
sample complexity bound is (Jin et al., 2021):

~ (H5Smaxi<ij<m A; ~ (H5Smaxi<i<m A;
0] 2 samples or @) 2

> episodes, (31)

which remains suboptimal in terms of the horizon dependency. As a drawback of these works, the policy
returned by V-learning is non-Markovian, an issue that has been recently addressed by Daskalakis et al.
(2022) at the price of a much higher sample complexity. It is worth emphasizing that all these works
assume the online exploration setting as opposed to the scenario with a generative model.

Minimax optimality. To assess the tightness of our result (29), it is helpful to look at the information-
theoretic limit. Following the minimax lower bound for single-agent MDPs (Azar et al., 2013; Li et al., 2022),
one can develop a minimax sample complexity lower bound for Markov games (w.r.t. finding either an e-NE
or an e-CCE) that scales as

H4S maxj<;<m Ai

e2

(minimax lower bound) (32)
modulo some logarithmic factor; see Appendix B.3 for a formal statement and its proof. Taking this together
with (29) confirms the minimax optimality of our algorithm (up to logarithmic terms) when the number m
of players is fixed or grows only logarithmically in problem parameters.

No burn-in sample size and full e-range. It is noteworthy that the validity of our sample complexity
bound (29) is guaranteed for the entire range of e-levels (i.e., any € € (0, H]). This feature is particularly
appealing in the data-starved applications, as it implies that there is no burn-in sample size needed for our
algorithm to work optimally.

Miscellaneous properties of our algorithm. Finally, we would like to remark in passing that our
learning algorithm enjoys several properties that might be practically appealing. For instance, the output
policies are Markovian in nature, which depend only on the current state s and step number A. This
is enabled thanks to the availability of the generative model, which allows us to settle the sampling and
learning process for step h+ 1 completely before moving backward to step h; in contrast, the online sampling
protocol studied in Bai et al. (2020); Jin et al. (2021) cannot be implemented in this way without incurring
information loss. In addition, our algorithm can be carried out in a decentralized fashion (except that the
final estimate 7 needs to aggregate policy iterates from all players), with each player acting in a symmetric
yet independent manner (without the need of knowing each other’s individual action). Our algorithm is also
“rational” in the sense that it converges to the best-response policy of a player if all other players freeze their
policies. All this is achieved under minimal sample complexity with the aid of the generative model.

4 Regret bounds for FTRL via variance-type quantities
Before embarking on our analysis for Markov games, we take a detour to study the celebrated Follow-

the-Regularized-Leader algorithm for online weighted linear optimization, which plays a central role in the
analysis of Markov games.
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4.1 Setting: online learning for weighted linear optimization

Let ¢4, ...,¢, € R* represent an arbitrary sequence of non-negative loss vectors. We focus on the following
setting of online learning or adversarial learning (Lattimore and Szepesvari, 2020): in each round k,

1. the learner makes a randomized prediction by choosing a distribution 7 € A(A) over the actions in

A:{la 7A}a
2. subsequently, the learner observes the loss vector ¢, which is permitted to be adversarially chosen.

To evaluate the performance of the learner, we resort to a regret metric w.r.t. a certain weighted linear
objective function. To be precise, consider a non-negative sequence {ay }1<k<n with 0 < o < 1; for each
1 < k < n, we define recursively the following weighted average of the loss vectors:

Lo=0 and Ly=(1—-aw)le—1+aply, k>1,

which can be easily shown to enjoy the following expression

k
Lk = Z afék
i=1

with af defined in (5). When the sequential predictions made by the learner are {7 }r>1, we define the
associated regret w.r.t. the above weighted sum of loss vectors as follows:

R, = ?G%Rn(a) with R, (a) = ; ap{m, Ug) — ; apli(a), (33)

which compares the learner’s performance (i.e., the expected loss of the learner over time if it draws actions
based on 7 in round k) against that of the best fized action in hindsight.

4.2 Refined regret bounds for FTRL

Follow-the-Regularized-Leader. The FTRL algorithm (Shalev-Shwartz, 2007; Shalev-Shwartz and Singer,
2007) tailored to the above online optimization setting adopts the following update rule:

Tk+1 = arg min {(w, L) + F(w)}, k=12,... (34)

EA(A) Mk+1

where 741 > 0 denotes the learning rate, and F(-) is some convex regularization function employed to
stabilize the learning process (Shalev-Shwartz, 2012). Throughout this section, we restrict our attention to
negative-entropy regularization, namely,

F(r) =Y m(a)log (m(a)),

acA

which allows one to express the FTRL update rule as the following exponential weights strategy (see, e.g.,
Lattimore and Szepesvari (2020, Section 28.1))

exp (— Mes1Li(a))
area€XP (= M1 Li(a’))

Tpr1(a) = > for all a € A. (35)

This update rule is also intimately connected to online mirror descent (Lattimore and Szepesvéari, 2020).

13



Refined regret bounds via variance-style quantities. As it turns out, the regret of FTRL can be
upper bounded by certain (weighted) variance-type quantities, as asserted by the following theorem.

Theorem 3. Suppose that 0 < oy < 1 and 1 = n2(l — aq). Also, assume that 0 < ap < 1 and 0 <
Me+1(1 — ag) < ng for all k > 2. In addition, define

~ M2, if k=1,
= . 36
1Tk {ljgk, ifk>1. (36)
Then the regret (cf. (33)) of the FTRL algorithm satisfies
5 n o~ IOgA - n~2 2 3 ~ 1
R, < 3 kZ:laknkakVarm(fk) + — + 3;aknkak"€k|‘m 1 nkakHEkHw > 3) (37)

where for any £ € R4 and any m € A(A) we define

Var, (£) == 3" 7(a) (E(a) - Z 7r(a')€(a’))2.

a

Remark 1. Note that the FTRL algorithm and the data generating process in this section are both described
in a completely deterministic manner; no randomness is involved in the above theorem even though we
introduce the variance-style quantities.

The proof of Theorem 3 is postponed to Appendix A. Let us take a moment to discuss the key distinction
between Theorem 3 and prior theory.

e A key term in the regret bound (37) is a weighted sum of the “variance-style” quantities {Var,, (¢x)}.
In comparison, prior regret bounds typically involve the norm-type quantities (e.g., the infinity norms
{Il4x]|2.}) as opposed to the “variances”; see, for instance, Lattimore and Szepesvari (2020, Corollary
28.8) for a representative existing regret bound that takes the form of the sum of {||x||% } that takes
the form of the sum of {||¢x]|% }.2 While Var(f;) < ||£x]|%, is orderwise tight in the worst-case scenario
for a given iteration k, exploiting the problem-specific variance-type structure across time is crucial in
sharpening the horizon dependence in many RL problems (e.g., Azar et al. (2013); Jin et al. (2018); Li
et al. (2022, 2021c)).

e The careful reader would remark that the final term of (37) relies on the infinity norm ||¢g]|e as
well. Fortunately, when the products of the learning rates 7,y are chosen to be diminishing (which
is the case in our analysis for Markov games), the number of iterations obeying nia||fk]lec > 1/3 is
reasonably small, thus ensuring that this term does not exert too much of an influence on the regret
bound.

5 Proof of Theorems 1-2

To begin with, we claim that Theorem 1 is a direct consequence of Theorem 2. Towards this, note that in a
two-player zero-sum Markov game, it is self-evident that 7_; = Ty and T_2 = 71 (see line 13 of Algorithm 1).
Consequently, Theorem 2 (if it is valid) reveals that

e > gap(; 5) = max { VT () = VI (s), Vi (s) = Vi (s) }
= max {Vl’t’fz(s) — Vi (s), ij’*(s) - ijl(s)}, for all s € S. (38)

Moreover, recalling that r1, = —rg, for all h € [H], one has V{7, (s) = —V57;(s) for any joint policy profile
m, which taken collectively with (38) results in

VET2(s) = VT2 (s) = V2 (s) + Vo "™ (s) < VT2 (s) + Vot ™ (s)

2Note that the Bregman divergence generated by the negative entropy function is the (generalized) KL divergence (Beck,
2017), which is strongly convex w.r.t. || - ||1 due to Pinsker’s inequality. Additionally, the dual norm of ||-||; is the infinity norm.
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= Vi () = Vi (s) + Vo1 (s) = Vi (s) < 2e.

Analogously, one has Vf)i’*(s) - V;’rixﬁ(s) < 2¢. Replacing e with /2 immediately establishes Theorem 1.
With the above argument in mind, the remainder of this section is devoted to proving Theorem 2.

5.1 Preliminaries and notation
Let us start with some preliminary facts and notation. Given that e < H, the assumption (28) requires
)

for some large enough constant ¢, > 0, which will be a condition assumed throughout the proof. We also
gather below several basic facts about our choices of learning rates {a;} (cf. (22)) and the corresponding
quantities {a¥} (cf. (5)).

K > ckH10g4 ( (39)

Lemma 1. For any k > 1, one has

2cq log K
=1 E k_1q ko a0 4
o , ol , 112?;% af < P (40a)

In addition, if k > colog K + 1 and ¢, > 24, then one has

max of <1/KS. (40b)
1<i<k/2

Proof. The result (40a) is standard and has been recorded in previous works (e.g., Jin et al. (2018, Appendix
B)). Regarding (40b), we note that for any ¢ < k/2 and k > ¢, log K + 1,

k k
log K\ k/2 log K 1
e [La-aps 1 Q-apsi-mpee (1o SoEh) o (L mloakty 1
j=it1 =k /241
where we have used the fact that oy = kiiilcoglfg = > 12°kgK and the assumption ¢, > 24. O

Additionally, recognizing the definition in (15) and the upper bound YA/i,hH(s) < H — h (cf. (20a)), we
make note of the range of the iterates {qiC h} as follows.

Lemma 2. For any i € [m] and any (h,k,s,a;) € [H] x [K] x S x A;, it holds that
0<qp(s,a)) <H—h+1. (41)

Next, we introduce several additional notation that helps simplify our presentation of the proof. For any
policy p: S x [H] = A(A;), we adopt the convenient notation

pun(s) = pn(- | 5) € A(A).

We shall also employ the expectation operator Ej, ;_1[-] (resp. variance operator Vary, ,_1[]) to denote the
expectation (resp. variance) conditional on what happens before the beginning of the k-th round of data
collection for step h (see Section 3.1 about the data collection process).

5.2 Proof outline

With the above preliminaries in place, we are in a position to present our analysis. Recall that the joint
policy ™ computed by Algorithm 1 takes the form of a mixture of product policies
k
X T, h) (42)

K
E K (_k

ak (ﬂ-l»h X oo
k=1 .

= 7Th
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at step h. Consequently, the value function under policy 7 satisfies the following Bellman equation:

Vi’,ATH+1(3) =0 (43a)
K
)= 303 affnhals)[rin(s @) + (Pal15,0), Vi) (43b)
k=1lacA

for all (i,s,h) € [m] x § x [H]. To establish Theorem 2, we seek to prove the following inequality:
VAT () - Vi) <, 1<i<m, (44)

where we remind the reader of the definition of V:l’%”' in (9).
Towards this, let us introduce the following best-response policy of the i-th player:

/

~x _ [~ — 7,><7r i
7 = [T helH] — 818 ﬂé:SX[IE]aj)(A(Ai) i1
We make note of the following key decomposition:
* T 7 *Fog T X - T 7 7
Vi, -V < (Vzh —Vin )+ (Vi,h - Vi,h) + (Vi,h - i,h)7 (45)
where we define the following auxiliary value functions:
7” XA Z ag, E “ {rﬁh(s, a;) + <szh( | s, a,),V:hflT)}, with V?fof =0, (46a)
alwﬂ'.*h s
V:;; “(s) == ameaj( Zak [rl s, a;) <szh( | s, ai),V;’ZL’;M, with V7 :H_ll =0, (46Db)
)= Zaf E [rﬁh(s,ai) +(PE, (| s,ai),vzhﬂﬂ, with V, 5y = 0. (46c)

aivt (5)

o~
’Tr k3

Here, we have used the elementary fact V:h = < VZ h
n (45), which consists of three steps as outlined below.

. We shall establish bounds for the above terms

Step 1: showing that VZ n is an entrywise upper bound on V:;; '

The following lemma ascertains
that the value estimate Vm of the i-th player returned by Algorithm 1 is an optimistic estimate of the
auxiliary value V:,;r ~" defined in (46b). Evidently, this result cannot happen unless the bonus terms are
suitably chosen.

Lemma 3. With probability at least 1 — 9§, it holds that

ﬂ'%i

Vin >Vin ', for all (i,h) € [m] x [H]. (47)

The proof of this lemma is postponed to Appendix B.1. Armed with Lemma 3, we can further bound
(45) as follows

i T T T XA i kv Svid 7
Vifilﬂ -V, < (VT =V )+ Vin=Vip) + (Vip = Vi%)- (48)
Step 2: establishing a key recurs10n Recall the definition of w’; in (42). Let us define the following
auxiliary reward vectors r7 T h - " Tin € RS as well as the auxiliary probability transition matrices
P h,Pf;lXL’ P € RS9 such that: for any 5,5’ € S,

K
rih(s) = ZakK E [riyh(s, a)], (49a)
k=1

a~mh(s)
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K
]th(sa 5/) = Z O‘i( E [Ph(sl ‘ S, a)}a (49b)

=1 ) aw‘rrfh(s)
—_—~ o~ K
r:’hxml(s) = ZakK E [rin(s,a)], (49¢)
T (e OnF L ()X (3)

ak E [Pu(s"]s,a)], (49d)

(aiai)~as ()X, (s)

K
k=1
K
Tin(s) =) oy min(ai | $)rin(s,a), (49¢)
k=1
K
doak min(ai | )P, (s'| 5, a,). (49f)

As it turns out, V:h (resp V?ZXL", Vi .n) stays reasonably close to the “one-step-look-ahead” expression

rf,h + P th ny1 (resp. TZ : X + Pf;LXLlVZrhiq_‘ Tih +ﬁi’h‘/}i)h+1), as revealed by the recursive relations
stated in the following lemrna the proof of this lemma is deferred to Appendix B.2.

Lemma 4. There exists some universal constant cs > 0 such that with probability exceeding 1 — 9,

- R - Hl M
Vi = (o + PR Vi) < 03\/ og” ( ),

K
log KSS Ai R . o o7
e %[ on (Vingr 0 Ving) = (zhvlhﬂ) (i,hvi,h+1):|7 (50a)
o XE 7 T Hlog? (K524
LR G A Y A A ) ch > (K )
10g3 K521 A; T T4 T, XT—j T, XTT—4 R Ty 7 7%: 7
e (KH6 )[P’vﬁx (V’hil Ovlhil ) (Pz, g Vzhil )O(Pi,ﬁx Vzhil )}7
(50D)
PN — o~ Hloe® (K52 4i
Vin — (ﬂgh +Pi,hVi,h+1)’ < 03\/ ) ( 5 )1
log? (K82idny . o L
e\ = [P (T 0 V) = (PinVinsr) © (PiaTinsa) (50¢)

hold for all h € [H].

Remark 2. The right-hand side of each of the bounds in (50) contains a variance-style term (e.g., those terms
taking the form of P; p,(Vipt+1 0 Viny1) — (PinVint1) o (PinVint1) for some probability transition matrix
P, 1, and value vector V; 541). Such variance-style terms are direct consequences of our Bernstein-style bonus
terms, and are crucial in optimizing the horizon dependency.

With the above lemma in place, one can readily show that

T pr Tt | <oa Hlog® (K52uf)
ih — L nVing1| S TintC3 K 1

Hlog® w I . - I
+ H\/ (K ) { i,h(vi,h+1 oVini1) — (‘Pi,hvi,h+1) ° (Pi,hvi,h+1)]

71 Y { T (Viner © Viner) = (Pl Vins) © (Pfhvz}z-&-l)} = Co (51)
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for some large enough constant ¢4 > 0, where the last line holds due to Condition (39), the basic fact

PT, (V?,hﬂ o Vihﬂ) > (Pfhvihﬂ) o (Pf,hv;ﬁ’hﬂ), and the following fact (for large enough cy)

Hlog® (K52 _ Hlog? (K524
03\/ & (K )1+r;fh§c3 & (K D )1+1§%41.

In addition, recalling that ||Vih||oo, ||V§h_~_1||OO < H (cf. (20a)) and recognizing that (o > 0 (see (51)), we
can demonstrate that

us

!Vih Ovih - (Pfhvihﬂ) °© (Pf,hvzhﬂ)’ = ’(Vih + Pi?,rhvih+l) °© (Vi,h - PthihH)‘
< (V:h + Pfhvzhﬂ) o (o < 2H(o
= %Hl + %[ 7 (Vinsr © Vinar) = (PR ingn) o (Pfhvih-‘rl)] (52)
This further leads to
PEy(Vine o Vinn) = (PEVine) © (P Vi)
= f,h (V?,h-&-l © Vih-i-l) - V?,h © V:h + V?,h ° V?,h - (Pf,hvih-&-l) © (Pf,hvihﬂ)
< P, (er,hﬂ Ovthrl) - V?,h oVih + %Hl + % [ T (V?,hﬂ Ovzhﬂ) - (Pfhvihﬂ) © (Pi%,hvzhﬂ)}’

which can be rearranged to yield

Pl (Vinsr o Vine) = (P Vi) o (PLLV; h+1) <2 [P (VingroV; h+1) Vin OVZh} +caH1.

Substituting it into (50a) and combining terms give

= H log® (7&9 2 Ai)
V) + PF v ’ < cs o 1
’ ih Y i1 Cs \/ K
log? (K82udty —= S
+ 2¢3 % [ T (Vingr10Vine1) = Vigo Vi,h}a (53)

where we take c5 = c3 + c3¢4.
An analogous argument (which is omitted here for brevity) also reveals that

‘V?hXL — (T XL + Pfﬁwﬂvfhflb )
< ¢ Hloe (;Z) 1t 2y 2B ) (ZHZ) P (VI o VIR ) — VT e VT,
(54)
‘Z‘,h — (ﬂgh + ﬁi,h‘/}i,h-&-l)‘
< 05\/Hlog (}Ij%fl) 1+ 2¢3 W {Fz‘,h(‘z‘,hﬂ © ‘7i,h+1) - ‘/}i,h © ‘Z‘,h . (55)

Step 3: invoking the key recursion to establish the desired bound. We find it helpful to introduce
the following notation (please note the order of the matrix product)

HP _ P;f1 Pf,H, if h > 1,
ieh o ifth=1.
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Armed with this notation, we can invoke the relation (53) recursively and use VZ hil = th 41 = 0 to obtain

Vin = Vi = i+ POV g + (VZh — (T + Pfhvszl)) — (rTn + PIyVihia)

< P (Vz ht1 thﬂ) + ‘V?,h - (Tih + Pf.,hvzr,thl)‘ (56)
() [ Hlog? (K82t
< 05\/

K hzjljgh

log® KSZ A\ H L
+ 2¢3 ( Z H { Vi h+1 oV, h+1) Vino Vz’,h]
h=1j:j<h

i 05\/H10g (K Z H H3log (Kils )1§§1. (57)

h=1j:5<h

Here, (i) uses the Bellman equation; (ii) applies the bound (53) recursively; (iii) holds since for any transition
matrices {P; 5} and any sequence {V; ,} obeying V; ;41 = 0, one can use the telescoping sum to obtain

H H H
Z H P ; [Pz’,h(vi,h+1 oVint1) — Vipo V%,h] = Z H P, i (Vih+1 0 Vipgt) — Z H P;j(Vin o Vi)

h=1jj<h h=13:j<h h=1j:j<h
= H Pij(Ving10Vint1) = VipoVin
Jui<H
=—Vi10oVi1 <0,

whereas the last inequality in (57) arises from the assumption (28) when ¢ is large enough. Similarly,
replacing 7; with 7} in the above argument and recalling (54) directly lead to

T XT_ T XT—s

R i i TIXT i 777
Vifhﬂ =Vin = ‘/Zrh Vi <L (58)

W m

In addition, recalling the definition of Vih (cf. (46¢)), T, and P;y, (see (49)), we can deduce that

~

Y B — o~ ~ _ — o~ B — =
Vin =Vin=Tin+ PinVins1 + {Vi,h — (Tan + Pi,hVi,hH)} —Tin— PinVini

<Py (‘Z‘,h-&-l - Vih-}-l) +

- (ﬂ,h + ﬁi,h‘z,hﬁ-l) )7

which resembles (56). Thus, repeating the above argument for (57) and applying (55) recursively, we reach

~

Vin Vi <51 (59)
To finish up, combining (57), (58) and (59) with (48), we arrive at

VT = VE S (VT = VT (V= Vi) + (Vi - V) <.

TS XT
h )

This establishes the first inequality in (44), while the second inequality in (44) can be validated via the same
argument. We have thus completed the proof of Theorem 2.

6 Discussion
The primary contribution of this paper has been to develop a sample-optimal paradigm that simultaneously

overcomes the curse of multiple agents and optimizes the horizon dependency when solving multi-player
Markov games. This goal was not accomplished in any of the previous works, regardless of the sampling
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mechanism in use. The adoption of the adversarial learning subroutine helps break the curse of multiple
agents compared to the prior model-based approach (Liu et al., 2021; Zhang et al., 2020), whereas the
availability of the generative model in conjunction with the variance-aware bonus design improves horizon
dependency compared to Bai et al. (2020); Jin et al. (2021). Our work opens further questions surrounding
sample efficiency in solving Markov games. For instance, our sample complexity bound (29) is likely subop-
timal (by a factor of, say, m%;(AA) when the number m of players is allowed to grow with other parameters;
can we further optimize this via a more refined learning algorithm? Also, how to attain minimax-optimal
sample complexity if we only have access to less idealistic sampling protocol (e.g., local access models (Li
et al., 2021b; Yin et al., 2022), and online sampling protocols (Azar et al., 2017; Jin et al., 2018)) as opposed
to the flexible generative model? How can we optimize the horizon dependency when computing correlated
equilibria (CE) in multi-agent general-sum scenarios (Jin et al., 2021; Song et al., 2021) without compromis-
ing the dependency on the size of the action spaces. In addition, our refined regret bound for FTRL (based
on variance-type quantities) only covers the full-information case; it would be of interest to generalize it to
the bandit-feedback setting (where only partial entries of the loss vectors are observable each time).
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A Proof of Theorem 3

This section is devoted to presenting the proof of Theorem 3. Before embarking on the analysis, let us
introduce a convenient auxiliary iterate

1
g = i , L —F , 60
e =arg_nin, {22+ 2 F(m) | (60)

TEA(A)

or equivalently,

exp (= MLy (a))
a’eA CXP ( - ﬁkLk(a/))

Ty (@) = > for all a € A, (61)

which differs from (35) only in the learning rates being used (namely, 7x1 uses 71 while 7, , adopts 7).

A.1 Main steps of the proof
The key steps of the proof lie in justifying the following two claims:

- _ log A
R, §Za}§<7rk—7rk+1,€k>+ & : (62)
k=1 MInt1
and for all a € A and all k£ > 1,
o (a) > (1 — Meawli(a)] mr(a), if e l|lklloo > 3, (63)
k1 - {1 — ﬁkak (fk(a) — Eﬂ—k [fk]) — 2ﬁ,§aﬁVarwk (Ek)}mc(a), if ﬁkakHéka S %,
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where for any vector £ € R? we define
B[] =" mi(a)(a).
acA

In words, the first claim (62) allows us to replace the action that appears best in hindsight (cf. (33)) by the
time-varying predictions {m, ,} without incurring much cost, whereas the second claim (63) controls the
proximity of 7, ; and 7 in each round. Let us assume the validity of these two claims for the moment, and
return to prove them shortly.

In view of the upper bound (62), we are in need of controlling <7rk — Ti1s €k>. We divide into two cases.

e For any k obeying 7o ||l |l > 1/3, invoke (63) and the non-negativity of ¢ to reach

(e — g5 k) < Z ko (a) < Z ok (a WH = ﬁkakakHio- (64)
acA acA

e In contrast, if Niag||k]lcc < 1/3, then it follows from (63) that

<7Tk — 7T];+1,€k> < Z {ﬁkak (ﬁk(a) —E-. [fk]) + 2ﬁ,§aiVar,rk (Zk)}ﬂk(a)fk(a)

acA
= e Y mi(@) (£e(@) — Eay [06]) By [0 + e Y me(@) (G(a) — En, [64])
acA acA
+ 2030 Vary, (6e) > m(a)lk(a)
acA
= fivan Y m(a) (r(a) = Ex, [6])° + 2020 Vars, () 3 me(a)le(a)
acA acA
< nkakVarﬂk (fk) + 2 akVarﬁk Ek)HEkHod (65)

where we invoke the elementary facts that >, 7 (a) (¢k(a) —Ex, [€x]) = 0and >, m(a)li(a) < ||k oo-
Putting the above two cases together yields

n
Z o/,;<7rk - 7rk_+1,€k>
n

A 1 ST 1
<>t (sl > ) + S atmanvers, (41 (el < )

n N 1
+ 23 agifatvars ()] 1 (o < )
k=1

) . . 1
< 3 2 kakVar,,k Zk + 3};azn,%aﬁ}|£k” (nkakakHOO > 3), (66)
where the last inequality holds true since
n n 1
> ot 1 (sl > ) <9 D azifadliall, 1 (el > 5)
k=1 1
- n-2 2 1 1 S n-
Zaknkakuékﬂ Varg, (¢) 1 nkakHEkHw <3 § aknkakVarM(ﬁk).

k=1

Substituting (66) into (62), we can readily arrive at

" log A e ~ 1
< § oo Vere (0 + 22 433 ol 1 (ol > 5)
1 n

ot

w

It thus remains to establish the claims (62) and (63), which we shall accomplish next.

21



A.2 Proof of claim (62)
We claim that it suffices to prove that

alt - al oy
aM(my  01) + —F () + {a" Mg bg) + [ k__ k-l }F T }
1(my, ) o (m2) ’; (s Ok PR (Th+1)

- 1
< min m, ally ) + F(m) ;. 67
M(A){< > )+ <>} (67)

In fact, suppose that this inequality (67) is valid, then one can easily obtain

n
a'n, Oén an
n —)g 1 F n/, _— 7£ |: k _ k—1 }F
ay(my , by) + - (ma) + 2 {ak <7Tk+1 &)+ T (Ths1)

- 1
< min , ally )+ F < all
wEA<A>{<Wz . k> Tt (W)} ﬂe{ealaéA}{< Z g k> Mn+1 ()}
=iy (o Z it ) = iy Dl s(0)

with e, the a-th standard basis vector in R, where the last line holds true since the negative entropy obeys
F(e,) =0 for any a € A. In turn, this implies that

NE

R af(m, () —min Y afty(a)
k=1 k=1
n . - n o O[};L_l 0/11
< ap{my — 7 1, 8g) — [ k_ }F Tht1) + log A, 68
kZ:l w( w1o L) kzzz M1 ROt (Th+1) o, 08 (68)

where the last inequality invokes the elementary fact —F(7) < log A for any 7 € A(A). Additionally, under
the assumptions that n,11(1 — o) < i (k> 1), we can use the definition (5) to obtain

aZ:L — H?:k:ﬁ»l(l - a]) > H;L:k(l - (X]) _ o/g'il

Nk+1Qk Nk+1 N Nk MeQtk—1

for any k > 2, which together with the basic fact 0 < —F(7) < log A yields

op oy
Z [ O %k F(mp41) + log Z [ ko1 } log A+ logA
5 FeH1Qk TRQk—1 g - k+1C0k nkakq n2c
" log A
= I joga= 281 (69)
Tn+10n Tin+1
Substitution into (68) leads to
n
— log A
SZ&Z<7Tk—7Tk+1,Ek>+ g (70)
k=1 fn+1

as advertised. As a consequence, everything boils down to establishing (67).
Towards this end, we would like to proceed with an induction argument, with the induction hypothesis
w.r.t. n given by (67). Firstly, the base case with n = 1 simplifies to

1 1
al(ry ) + - Fim) < _nin, {{m.adtr) + P
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given that a; = a}; this inequality clearly holds since, according to (34) and (60),

1 1
Ty =Ty = argﬁénAl(Ii‘) {<7T,L1> + 172F(7T)} = argﬂénAl(Ii‘) {(W,a1€1> + 772F(7r)}

Secondly, suppose that (67) holds w.r.t. n, and we intend to justify it w.r.t. n+ 1. To do so, we observe that

1 +1
an+1<,ﬂ_7 €> + +Z n+1 ¢ >+ OKLH— _ n71 F( ) + < — Y >
Lo leoq Fr2) i1 b Ter1ok  mag_g/ T At ng2: fntl

/—\

= <1an+1>{a?<w;,el>+ o F<m>+i{az<wgﬂwk>+( . )FWH)}}

201 o Me+1Qk  MEQk—1

+ Qpt <7Tr7+2’ n+1>

(ii) i 1 _ _
< (1—ap41) {< n+27za 19 > F(ﬂ—n+2)} + an+1<7rn+2a€n+1>
k=1 MIn+1

n+1 n+1
(iii) n+1 1~ Qpi1 _ n+1
< Tp42s E oy > (ﬂ'n+2) ﬂénAH}‘l) {< E Qg >

Mn+1 Mnt1

F(w)} . (71)

Here, (i) and (iii) invoke the fact o} = (1 — apy1)af and o] = ay,41 (according to (5)), (ii) relies on
the induction hypothesis (67) w.r.t. n. To finish up, invoke (71) and the definition (5) to arrive at

+1 n+1 n+1 n+1

A+ 3 (ot [~ T

Nek+10k  NeQk—1

a?+1<ﬁg, €1> +

n+1 n+1
X %

F(m) + 2”: {aZH(Tr,;H,ék) + [

1 1-— Ayt

Nk+10k NeOk—1

= {a'ib+1<7r2_,£1> + }F(Wk-u)} + Ozn+1<ﬂ';+2,€n+1>}

+| | F(mara)

Tin4-2 Tn+1

n+1
n 1 1- n
< {<7Tn+27204"+1€ > O‘HF(WTLH)} + [ _ a +1}F(7rn+2)

n+1 Tn+-2 Mn+1
n+1 n+1 1
_ n+1 _ . n+1
= <wn+2,;ak €k>+ F(7Tn+2)—ﬂénAl(I}4){< Za 4y, > nn+2F(7r)},

where the inequality above makes use of (71), and the last identity comes from (34). This justifies the
induction hypothesis w.r.t. n+ 1. Applying the induction argument in turn establishes (67) for all n, thereby
concluding the proof.

TIn+2

A.3 Proof of claim (63)
We first make the observation that

> exp (=T Li(a Z exp (= nkLi-1(a)) exp (= frorli(a))

= Z {ﬂk(a) Z exp (— neLi—1(a)) } exp (— Mearli(a))
= Z exp (— neLi—1(a’)) Z {mi(a)exp (— Mearli(a))},

a’ a

where the second equality follows from (35). This in turn allows us to demonstrate that

o (a) = exp ( — ﬁkLk(a)) _ e ( — nkLk_l(a)) . exp ( - ﬁkakﬁk(a))
k1 Y a €XD ( — ﬁkLk(a’)) > €XD ( — nkLk_l(a’)) Y ow Tk(a’) exp ( — ﬁkakﬁk(a’))
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exp (— Mearli(a))
Yoo Tk(a’) exp ( — Nrarly(a’)

=7i(a

] > [1 — eanti(a)|mi(a),

where the last inequality holds since exp(—z) > 1 —z and Y, 7 (a) exp ( — Mpouli(a))
Next, suppose that Npag||/fk|lcoc < 1/3. In this case, it is self-evident that 7oy |lk(a)
all a € A. Recalling that Er, [(x] = >, mr(a)lk(a), one can derive

szam@:

o (@) = mi(a exp (— Mearli(a)) _ exp (= Mka (Cr(a) — Ex, [6:])) (@)
rH Yo (@) exp (= Trarli(a’)) 3, mi(a’) exp (— Tkak ((a’) — Ex, [0]))
1 — frog (€r(a) — Ex, [£])

B Za’ mi(a’) exp (= e (G (a’) — Ex, [4])) )

1-— 77k04k (gk(a) - Eﬂ'k [Zk])
- .
> RN (1) m(a); (72)

here, the first inequality arises since exp(—z) > 1 — z, while the second inequality can be shown via the
elementary inequality exp(—x) < 1 —z + 2?2 for any z > —1.5 and therefore

Z Tk (a) exp ( — Mk (O (a) — Eq, W]))
< S m@{1 - B (4() - By 6) + e (a(0) ~ Eny[6])7}

s 2
= Z?Tk(CL){l +niad (€r(a) — Ex, [Ck]) }
=1+ niaiVarg, ().
Applying the elementary inequality Ha >(1-a)(1-b=1—a—-b+ab>1—a—2bfor any a € [—1,1]

and b > 0, we can continue to lower bound (72) as follows

(72) > {1 — L (Ek(a) —E,, [Zk]) — 2n2aiVary,, (Ek) }Wk(a),

thereby completing the proof.

B Proofs of auxiliary lemmas and details

B.1 Proof of Lemma 3

—1

This section aims to prove Lemma 3, which establishes the inequality ‘A/i,h > V:,T; . In what follows, we
shall proceed with an induction argument. The base case with step H + 1 is trivially true, given that

> *7\',

Vigy1=Viug1 =0
holds for any joint policy. Next, let us assume that the claim (47) is valid for step h 4 1, namely,

*7\',

‘/’L Jh+1 > Vz h+1» (73)
and attempt to justify the validity of this result when h 4 1 is replaced with h.

This step is mainly accomplished by applying our refined theory (cf. Theorem 3) for FTRL (see (19)).
More precisely, we claim that

K
max QY (s,a;) <) akK<7r§fh(s), a5 n (s, -)>

k=1
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Ca log (KA4;) caHlog?’(KAi)
+10 TZO% Var k (5 (qz h( )) —|—2 ? (74)

for any s € S, whose proof is deferred to Appendix B.1.1. Recall the construction (20a) of \A/Zh If XA/Zh =
H — h+ 1, then the claimed result \A/i’h > V:,T; ~" holds trivially. It thus suffices to focus on the case where

Zak (750 (), dals, ) + Bin(s): (75)

In this case, recalling the definition of V:: “'(s) in (46b) gives

K

Vi () = max - aff [rby(s,ai) + (P (15,0, Ving)|
Y ok=1
K A~
<max) aff [Tﬁh(s’ ai) + (Pin( |, 0), Vi,h+1>} = max Q;, (s, ;)
k2 k=1 K3
K 3 K 3
Cq, log (KA C(XHIOg (KAl)
SZ%K<7Tf,h( )s g (s, )>+10 TZQKVFN B (s )<th( ))"’2 —x
k=1 k=1

K
< Za§<ﬂﬁh(s)v 4 (s, )> + Bin(s) = Vin(s)

simultaneously for all (s h) € § x [H]. Here, the second line follows from the induction hypothesis (73) and
the definition (17) of Ql 4, the third line invokes the claim (74), whereas the last line comes from our choice
(24) of B; 5, (provided ¢y, is large enough) and (75). This concludes the proof, as long as (74) can be justified.

B.1.1 Proof of claim (74)

Consider any state s € S. By virtue of the identity Qz h = Z?Zl aé?qih (see (17)), the policy update rule
(18) (or (19)) for 7)) (s) can essentially be viewed as the FTRL algorithm applied to the loss vectors

Ek = _qih(s>')7 k > 1

Moreover, recalling the definition (23) of 71 and the definition (22) of ay, (with ¢, > 24), we have

2
Nk oy k—2+cylogK k—1 9
= = > =1—or>(1- . 76
<77k+1> ag—1 k—14culogK — k—1+c,logK o > o) (76)
This property (76) permits us to invoke Theorem 3 to obtain
K K K
_ K — K o K
gleaf)\{i Qi (s, a;) Zak <7T (8)s @i n( )> aIlneaj(i {Zak <7r1 n(8), €k> Zak fk(al)}
k=1 k=1 k=1
5 o N log A
K TIkCE i
—5;% 1_akvar kh(9)<%h( ))+ P +&in
(2 5 K/2 (2601)1-5 ]0g2 K KV i ( )
055 () K e (dhlen)
3 k=2 kH "
K 2
20 K. |calog® K & log A;
T3 Z S Varzs, (s) (%‘,h(&')) + o +&in (77)
k=K/241
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where &; 5, is defined as

5
o= Selmlabl + {o3 o PRt (el

Here, to see why (i) holds, we make use of the facts that

)} +3afn2 gl (78)

wlog K _ 1 1 .
1— -1— Ca ].OgK 1- ljrcaoligl( T l1+4cq log K 2 2¢cq log K lfk Z 2’ 79
= E—1 logK — |1 Colog K _ K > 1 ifk>K/2+1 (79a)
— 1+ calog T K/2fcalog K~ Ki2calogkK = 2 ifk>K/2+1,

2¢q log K

(79b)

o — log K o < [log K a /aklogK
Mk = ap_1H k= apH

where the first line makes use of (39) for large enough ¢, and the second line relies on (40a) in Lemma 1.
To proceed, let us control the terms in (77) separately.

e We start with the first term in (77). The elementary bound qu hHoc < H in Lemma 2 taken together
with (40b) in Lemma 1 helps us derive

IgaflogZKVar k( ) <KZ/2 logK (5,°)
A wh, (s) (qi,h 8y ) /7 rr (qz h )
k=2 kH " i K¢

<3 K sl < TR S

2 KV Vi

H3/2 log? K 2H3/?10g® K
< 2 VK2 < — (80)

e Turning to the third term in (77), we recall the definition of nx 41 (cf. (23)) to obtain

log A; ~ log A, / < /2caHlog A (81)
NK+1

where the inequality comes from Lemma 1.

e Finally, we move on to the last term in (77). For any k > 2, combine Lemma 2 with (79) to obtain

[8¢3
8¢ Hlog K (82)

Clearly, the right-hand side of (82) is upper bounded by 1/3 for all k obeying k > cg H log? % for some
large enough constant cg > 0 (see also (39)). Consequently, one can derive
) } + 30l n3 gl

5
@-,h:3af<n2uq3,huio+{3zak e Y L A

- 2Ca logzK
kK
DO ) <

2¢q log K

5 IOgK (2ca10gK) 09H10g4% 5 ol & 13 3 logK
Y latal % R ;::2 mioillainlls ¢+ lat a2

24¢3 log K
< H3
<2k s )
2403H210g K 1

< < =1

(83)

where the second line comes from (79) and the fact that K/2 > ¢oH log® X (as a consequence of (39)),
and the third line holds due to Lemma 2.
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Putting the preceding bounds together and substituting them into (77), we arrive at

maleh S, a;) Zak < ) 4, (s, )>

K 2
5(2c4)'° 2H32?10g> K 20 [cqlog? K X . 2 Hlog? A; 1
=75 w3\ &xm k_KZ/QHO‘k Varze, (s) (qi7h(s, ')> W%  tia

o log? (K coH log® (K A;)
<10 Tzakwus (af(s.)) + 2 et 4D, (84)

where the last line is valid under Condition (39). This completes the proof of Claim (74).

B.2 Proof of Lemma 4

In this section, we present the proof of Lemma 4. To begin with, we introduce the auxiliary quantities

aﬁh(&ai) = rﬁh(s,ai) + Pi]fh(' | s, ai)VZthl, V(s,a;) € S X A;.
It is also helpful to introduce an auxiliary random action ay s € A; generated in a way that
Qs ™~ ﬂ'ﬁh(s),
which is independent from (Z’“ , conditional on 7rl’f n- This allows us to define another set of random variables
(jﬁh(s) = zjf’h(s,ak,s), Vs e S, (85)

which plays a central role in our analysis. It is readily seen from the facts V; p41(s) < H —h (cf. (20a)) and
Tf,h(&%) € [0,1] that

0< (), @ n(s,a:) <H—h+1, Y(s,a;,h, k) € S x A; x [H] x [K]. (86)

Letting e(i) € R4¢ denote the i-th standard basis vector, we learn from the law of total variance that

Vary, ;-1 ((’jfh(s)> = Varp k-1 (<e(ak,s)7 aki,h(sa )>)
> Vary y—1 (Eh,kq [<e(ak,s)7 5?,;1(57 N ath
= Varp k-1 (<7rf’h(s), (ﬁh(s, )>) (87)

With these preparations in place, we are ready to embark on the proof.

B.2.1 Proof of inequalities (50a) and (50Db)

Recall the definition of Vih(s) in (46¢) that

K
Vi) =D af B [thi(sa) + Ph(1s,a)Vi) = Zak@, S @) (89)

=1 aiNﬂ'?’h(S)

It is first observed that

K = =7
szhkl[ak ()@, ))| =Y ok B [ria(s.a)+ (Poal15.0), Vi) | Viggnh]

1 a~mh(s)

T

= Tz?\th(s) + < iﬁ,h(s’ ')vvi,}z+1>v (89)



where the second identity arises from the definitions (49) of rfh and Pfh. It is also seen that

2coHlog K

Ry o= max|af (nf,(5), (s, )| < { maxaff }{ mac |l (9)]] 8]l } < =222

where the first line invokes Lemma 1, (86) and the fact ||7rf n(8)|l1 = 1. Another observation is that
K ) K
W, = Z (osz) Vary, k-1 <<7rf,h(s), ?ﬁ,h(s, )>) < {m}gx akK} {Z oszVathg_l (<7Tik7h(8), @Zﬁh(s, )>) }
k=1

2¢cq log K al
< };Q§Varh,k_1(’q\ﬁh(s)), (90)

where the second line makes use of Lemma 1 and the inequality (87). With the definitions (88) and (89) in

Klog%

17 then leads to

mind, invoking Freedman’s inequality (i.e., Theorem 5) with k; =

log® & 5 % 1OCaHlogK 3K
< 2¢q f7d7 Zak Varp, p—1 ql i Klog log 5
log® & K Hlog 3K
< 2¢q\f *H 9 ZakVarhk (@ (s (91)

with probability at least 1 — §, where the last relation holds true under Condition (39).
To continue, we note the first term in (91) can be bounded by Cauchy-Schwarz as follows:

K K

Zakvarhk 1<qzh ) ZakEhk 1[(1”1 } Zak (Ehk L[@n(s )])2
i Enst [(@4()°] - (Zafﬂah,k_l [af,h<s>])2. (92)

k=1

=~

Further, we make note of two additional facts:

e The weighted mean of @f (s) obeys

K K K
> ok Bt [a] = 2ol B e+ ol B[Pl ina). V)]
= 174 (5) + (PT(5,), Vinr) = (PT(s, ), Vi) (93)
e Regarding the square of g7'), (s), one has (see (85))
@n()” = (rEa(s,a0) + (PR 15,0820, Vi)
= (P 15,00, Vinen)) + (rhalssan)) 20,0 D (PEAC |8, 00), Vi)
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< << (18 ak,s), Vzh+1>)2—|—3H

< <szh( |'s,ak,s), VZthl OV;h+1> +3H,

where we have used the fact that ”VZ}HJHOO < H and ||rf7hHoo < 1; consequently,

=

K A _
ZakKEh,kfl [(‘ﬁ,h(s))z} < Z afEh,kfl sz"fh(‘ |'s,ans), V;r,thl OVZh+1>] +3H

K 7 &
= Z > mhn(ai] 5)Eng-1 {<Pi]fh(' |5,ai), Vi © Vi,h+l>} +3H
=1 a; G.A

ﬂ— S, z h+1 o Vz h+1> + 3H (94)

i,h

|
/\?r

Taking (93) and (94) together with (92) yields

Zak Vary, j— 1(qzh ) Zak En k-1 [(qzh( ) 2} - (iakKEh,k—l [qukh(S)] )2
k=1 k=1

=~ =T =T = =T 2
< < z?,rh(sa s Vz',h+1 ° Vi,h+1> - (< i,h(sv s Vz‘,h+1>) +3H.
To finish up, substituting these into (91) and making use of the assumption (39) give

Vate) = () + (P Vo))

log” £ 7/ & o - 2 | Hlog® K
S 20(1 [(I{(s |:< i h( ) Vi,thl © Vi,h+1> << S, i h+1>) :| + (GCa + 4) Té

for any s € S, thus concluding the proof of the first claim (50a) of Lemma 4.
The second claim (50b) of Lemma 4 can be established using exactly the same argument, and hence we
omit the proof here for the sake of brevity.

B.2.2 Proof of inequality (50c)

We then turn to the last advertised inequality (50c). Given that 7; ,(s) + P;n(s, ‘)‘Z’hJ’,] €[0,H —h+1] for
all s € S, we can recall the definition (20a) of V; j, to obtain

~

K
Za?<7@]—fh(~ | 5), qﬁh(s, )> + Bin(s) — (Fi’h(s) +ﬁi’h(3’ ')Vi,h+1)
k=1

~

Vin(s) = (Fin(s) + Pin(s, ')‘Z‘,hﬂ)’ <

(95)
for all s € S. The remaining analysis is dedicated to bounding the right-hand side of (95).
Let us begin with the following identity:
K A~
Zak < y @i, h( )> + Bin(s) = ZakK Ek ®) [rﬁh(svai) + Pz]fh( s, ai)Vi7h+1] + Bin(s)
=1 a;~my (s
=Tin(s) + (Pin(s,), Vins1) + Bin(s), (96)

where we recall the definitions of 7; 5, € RS and Pi,h e R5%S ip (49). The key step boils down to bounding
the bonus term defined in (24), towards which we first claim that

K
Z afva"wf,h(s) (¢n(s,) <2+ 2[?“1(87 ')(‘Z‘,hﬂ o ‘Z,thl) — (Pin(s, ')‘Z‘,hﬂ)z] (97)
k=1

29



holds for all s € S. Assuming the validity of this claim, we can then demonstrate that

10g3(KSZ A; ‘) K .
Bin(s) = cb T};% {Var k() (qz n(s, )) +H}
< 2¢ %{Pi,h(& V(Vihs1 © Vipg1) — (Pin(s, ')Vi,h+1)2 + H}, (98)

where we have used the identity Zszl o = 1. Hence, we can readily establish the desired result (50c) by
combining (98) with (96) and (95), provided that ¢3 > 0 is sufficiently large.
It remains to justify the claim (97). Towards this end, we make the observation that

Varx (s)(qlh( ) < 2Varw§7h(s)(r§ (s,7)) + 2Var, 5, (9) (Z in(s | s, Vinia(s ))

<2+2

2
S (| 8) PR 15,00 (Vs 0 Vinir) — (me <|sal>v;,h+1>],

a;

which results from ||rfc nlloo < 1 and the following relation:

Vark(s (Z hs |'s,-) zh+1( ))
2
= S | 9) (P .00 Pinn ) - (Zm (as| )P (|5 amhﬂ)
l 2
< Zﬂvh CL1| ( ‘5 al)(v h+1 O‘/lh-‘rl (Zﬂ-z h a’l‘ ( |S aZ)Vvi,h-‘rl) .

This taken together with the fact 25:1 af =1 and Jensen’s inequality yields
K
Z afvarﬂjh(s) (qﬁh(& ))
k=1
K
<) of {2 +2
k=1

2
<2+ 2P u(s,) (Ving1 0 Ving1) — 2(2% Zm n(ai|s)Pfy(- s, az)Vi,hH)

2
th ai| ) ( |'s, al)(V h+1OVlh+1 <Z7T1h a;|s) ( | s, az)Vi,h+1) ]}

=242 {?i,h(S, ')(Vi,h+1 ° Vz’,h+1) — (Pin(s, ')Vi,h+1)2}

as claimed.

B.3 Minimax lower bound
In this section, we formalize the minimax lower bound claimed in (32).

Theorem 4 (Minimax lower bound). Consider any m > 2 and any 0 < € < ¢1H for some small enough
constant ¢; > 0. Then one can construct a collection of m-player zero-sum Markov games {MGy | 6 € O}
with S states, horizon H, and A; actions for the i-th player (1 <i < m) such that

—_

ir%f max pM&e {gap(7) > ¢} > (99)
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provided that the total sample size obeys

N S CQH4S maxi<;<m Ai

= (100)

for some sufficiently small constant co > 0. Here, the infimum is over all (joint) policy estimator T, and
PMY0 denotes the probability when the Markov game is MGg.

Proof. Suppose without loss of generality that A; > max{As,...,An}. Let us begin by considering the
special scenario with Ay = ... = A, = 1; in this case, computing either the NE or the CCE reduces to
finding the optimal policy of a single-agent MDP with S states and A; actions. It is well-known that for any
given accuracy level e € (0, H], there exists a non-stationary MDP with S states and A; actions such that
no algorithm can learn an e-optimal policy with o(%) samples (Azar et al., 2013; Li et al., 2022). More
precisely, for any given 0 < ¢ < ¢; H for some small enough constant ¢; > 0, one can construct a collection
of MDPs {My | 6 € O} such that

. . . 1
I%f Ig1€a@X]P>M9 {r?eag (Vi (s) = VI'(s)) > e} > T (101)

with the proviso that the total sample size obeys

coH*S Ay

N <
= 22

(102)

for some small enough constant co > 0. Here, the infimum is over all policy estimate & in this single-agent
scenario, and P denotes the probability when the MDP is M.

Next, let us construct a collection of Markov games by augmenting each of the single-agent MDPs M,
with A; completely identical actions for the i-th player (2 < ¢ < m); that is, to construct MGy, we take its
reward function and probability transition kernel to be

M (s,a1)  ifi=1
rd(s,a) = —rp(s,a1) ifi=m  and  Pp9(-|s,a) = PM(-]s,01) (103)
0 else
for all (s,h,a = [a1,...,an]) € S x [H] x A. Evidently, finding either an NE or a CCE of MGy is equivalent

to computing the optimal policy of My, given the non-distinguishability of the actions of all but the first
player in MGy. This in turn immediately establishes the advertised lower bound. O

B.4 Freedman’s inequality

In this section, we record the Freedman inequality for martingales (Freedman, 1975) with slight modification,
which is a crucial concentration bound for our analysis.

Theorem 5. Suppose that Y, = ZZ:1 X € R, where { Xk} is a real-valued scalar sequence obeying

X <R nd  E[X (X)) =0 foraikz1

j:j<k}
for some quantity R > 0. Define

W, =Y By [X7],
k=1

where Ei_1 stands for the expectation conditional on {X;}
With probability at least 1 — §, one has

3n 3n 2 3n
[Val < /8Walog 5 + 5Rlog = < kW, + (; +5R) log = (104)
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Proof. Suppose that W,, < 02 holds deterministically for some quantity 2. As has been demonstrated in
Li et al. (2021a, Theorem 5), with probability at least 1 — § we have

2 2K 4 2K
|Y,| < \/8max{Wn, ;K} log — + - Rlog — (105)

0 3 0

for any positive integer K > 1. Recognizing the trivial bound W,, < nR?, one can take 02 = nR? and
K =log, n to obtain

4logomn 4 4logyn
2060 Tpy
5 T gftlos—;

3 3 4 3
< \/SWnlog; + \/8R21ogn + *Rlog—n

) 3 1)
< \/SWnlog??Tn + 5Rlog 3%,

where we have used 4log, n < 3n for any integer n > 1. This establishes the first inequality in (104). The
second inequality in (104) is then a direct consequence of the elementary inequality 2ab < a? + b. O

V.| < \/8 max {Wn, RQ} log
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