Published as a conference paper at ICLR 2022

SAMPLE EFFICIENT STOCHASTIC POLICY EXTRAGRA-
DIENT ALGORITHM FOR ZERO-SUM MARKOV GAME

Ziyi Chen, Shaocong Ma, Yi Zhou
Department of ECE

University of Utah

Salt Lake City, UT 84112, USA
{ul276972,yi.zhou, s.ma}@utah.edu

ABSTRACT

Two-player zero-sum Markov game is a fundamental problem in reinforcement
learning and game theory. Although many algorithms have been proposed for
solving zero-sum Markov games in the existing literature, many of them either
require a full knowledge of the environment or are not sample-efficient. In this
paper, we develop a fully decentralized and sample-efficient stochastic policy
extragradient algorithm for solving tabular zero-sum Markov games. In particular,
our algorithm utilizes multiple stochastic estimators to accurately estimate the value
functions involved in the stochastic updates, and leverages entropy regularization
to accelerate the convergence. Specifically, with a proper entropy-regularization
parameter, we prove that the stochastic policy extragradient algorithm has a sample

complexity of the order O(W) for finding a solution that achieves
e-Nash equilibrium duality gap, where A, is the maximum number of actions
between the players, timin 1S the lower bound of state stationary distribution, and v
is the discount factor. Such a sample complexity result substantially improves the

state-of-the-art complexity result.

1 INTRODUCTION

Competitive reinforcement learning (RL) is an emerging and popular framework that has broad
applications in various areas, including market pricing applications (Kononen and Oja, 2004), real-
time strategy-making (Vinyals et al., 2019), board games (Silver et al., 2017; Moerland et al., 2018)
and inverse RL (Zhang et al., 2019). In particular, an important and fundamental formulation of
competitive RL is the two-player zero-sum Markov game, which involves two competing players that
interact with a common environment and receive zero-sum rewards. Both players aim to learn the
optimal policy that achieves the Nash equilibrium of accumulated rewards.

Algorithms for solving Markov games are very different from conventional single-agent RL algo-
rithms. In particular, both players must learn to improve their policies based on feedback from the
opponent and the environment, but usually the opponent will not reveal any sensitive information
(e.g., actions or policy) or cooperate with each other. In the existing literature, numerous algorithms
have been developed for solving zero-sum Markov games, including Q-learning (Fan et al., 2020; Zhu
and Zhao, 2020), fitted Q iteration (Zhang et al., 2021), policy gradient (Daskalakis et al., 2020; Zhao
et al., 2021), policy extragradient (Cen et al., 2021), model-based Monte Carlo estimation (Zhang
et al., 2020), optimistic gradient descent ascent (Wei et al., 2021), etc. However, many of these
algorithms require both players to access their opponent’s actions (Wei et al., 2017; Sidford et al.,
2020; Huang et al., 2021; Jafarnia-Jahromi et al., 2021), which causes privacy issues. On the other
hand, some algorithms need to know about the environment transition kernel and reward mapping
(Cen et al., 2021), which are usually unknown a priori in practice. Moreover, other algorithms require
both players to perform asymmetric policy updates using different numbers of iterations, learning
rates or exploration probabilities (Zhao et al., 2021; Daskalakis et al., 2020), which are generally
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hard to coordinate in advance between two competing players. Therefore, it is desired to develop an
algorithm for solving Markov games that avoids all the aforementioned issues.

Moreover, from a theoretical perspective, the convergence and sample complexity of these existing
algorithms for solving Markov games have not been comprehensively studied. Specifically, some
studies established the convergence of the algorithms with i.i.d. samples (Zhao et al., 2021; Guo
et al., 2021), which violates the dependent nature of samples collected from the dynamic Markov
decision process. Also, other algorithms suffer from an extremely high sample complexity to achieve
an approximate Nash equilibrium solution (Wei et al., 2021). Hence, we are motivated to answer the
following fundamental question.

* Q: Can we develop a fully decentralized algorithm that is model-free and takes symmetric and
private policy updates for solving zero-sum Markov games, with provable convergence guarantee
and an improved sample complexity for achieving a Nash equilibrium solution?

In this paper, we provide positive and comprehensive answers to this question by developing a fully
decentralized stochastic policy extragradient algorithm. In Table 1 of Appendix F, we compare the
key properties and sample complexity of our algorithm with those of the existing algorithms.

1.1 OUR CONTRIBUTIONS

We consider a standard zero-sum Markov game with discounted reward over infinite horizon. To
solve such a Markov game, we propose a stochastic variant of the policy extragradient algorithm
(Cen et al., 2021) that satisfies the following amenable properties.

* Our algorithm uses multiple stochastic estimators to estimate the value functions involved in the
predictive updates for solving entropy-regularized matrix games, and therefore the algorithm does
not rely on any prior knowledge of the environment transition kernel (model-free). Moreover, the
resulting stochastic policy updates of our algorithm for both players are symmetric and do not
involve any sensitive information of the opponent (private).

* Compared with the stochastic estimators used in (Wei et al., 2021), our estimators have much
smaller variance that helps improve the estimation accuracy. Specifically, by developing new
techniques (explained in the next bullet), we establish tight high-probability estimation error
bounds for our stochastic estimators with Markovian samples. Then, with a proper entropy-
regularization parameter, we show that our stochastic policy extragradient algorithm requires a

. Amax . e .
sample complexity of the order O(W) to achieve an e-Nash equilibrium duality gap,

which substantially improves the state-of-the-art complexity result of (Wei et al., 2021).

* We develop novel techniques to bound the estimation error of the proposed stochastic estimators,
whose numerator and denominator involve sample average approximations. First, we propose a
special estimation error decomposition that avoids divergence of the bound caused by possibly small
numerical values of the sample average involved in the denominator of the stochastic estimators.
Second, we leverage this error decomposition and the recursive structure of the stochastic estimators
to derive a contraction property of the estimation errors, which eventually leads to tight bounds for
the estimation error. We refer to Section 4 for more elaboration on our technical novelties.

1.2 OTHER RELATED WORK

Other settings of two-player zero-sum Markov games. In this paper, we focus on a standard
setting of two-player zero-sum Markov game with discount and infinite horizon in the discrete time
domain. There are other settings of two-player zero-sum Markov games. For example, Bai et al.
(2020); Huang et al. (2021) studied a two-player zero-sum Markov game with finite horizon and
without discount, whereas Daskalakis et al. (2020) considered finite random horizon without discount.
Jafarnia-Jahromi et al. (2021) also considered the setting without discount, and it allows one of the
players to constantly adjust its policy based on the entire history of states and actions. Ghosh et al.
(2021) studied a two-player zero-sum Markov game in the continuous time domain.

Multi-agent general-sum Markov game. Some works studied multi-agent Markov games, which
extend the two-player zero-sum Markov games to multiple players without the zero-sum constraint
(Wang and Sandholm, 2002; Hu and Wellman, 2003; Deng et al., 2021; Leonardos et al., 2021). More
specifically, Leonardos et al. (2021) defined and studied Markov potential game which has a potential
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function assumption. Guo et al. (2019); Elie et al. (2020); Gu et al. (2021) studied mean-field games
with a large number of players.

Entropy regularization and value iteration Our algorithm leverages entropy regularization and
value iteration to accelerate convergence. Entropy regularization is a popular technique that has been
widely used in reinforcement learning (Neu et al., 2017; Geist et al., 2019; Mei et al., 2020; Cen
et al., 2020) and Markov game (Mertikopoulos and Sandholm, 2016; Savas et al., 2019; Cen et al.,
2021) to encourage environment exploration and accelerate algorithm convergence. Value iteration is
also a classical method that is widely used in both single-agent reinforcement learning (Ernst et al.,
2005; Tamar et al., 2016; Farahmand and Ghavamzadeh, 2021) and Markov games (Zhu and Zhao,
2020; Cen et al., 2021). With full knowledge of the environment, it exponentially converges to the
fixed point of Bellman operator (Cen et al., 2021). Compared to another similar classical method
called policy iteration, value iteration does not need policy evaluation which involves additional
computation (Sutton and Barto, 2018).

2 BACKGROUND OF MARKOV GAME AND ENTROPY REGULARIZATION

2.1 TWO-PLAYER ZERO-SUM MARKOV GAME

In a zero-sum Markov game, two players compete with each other in a common environment.
Throughout, the state space is denoted as S. The action spaces and policies of both players are
denoted as A (1) and AP (), respectively. Here, 7(1) € A(JAW|), 7 € A(|AP)]) are
random policies defined over the corresponding simplex sets. The reward function is denoted as
R:S x AN x A® — [0, 1], and the discount factor is denoted as v € (0, 1).

At any time ¢, both players observe state s; € S of the environment. Then, both players respectively
select their actions following their own policies, i.e., agl) ~ 7 (-s;) and a§2) ~ @) (-|s;). After
that, the environment state transfers to a new state sy following the underlying transition kernel
P(-|st, agl), a§2)), and both players receive zero-sum rewards, i.e., Rgl) = —R§2) = Ry, where
R; := R(st, ail), aEQ)). With this Markov decision process, we can define the following state value
function associated with the players’ policies 7(!) and 7(?) for any environment state s € S.

VW(1)7W(2) (S) = E[Z’tht S = S} (1)
t=0

The goal of both players is to compete via the following minimax game in all states s.

min max . 2
min ma Vo) z2(8) (2)

In particular, it has been shown in (Shapley, 1953) that there exists a Nash equilibrium policy pair

®

(1) :
s, T for zero-sum Markov games, i.e., Vw<1>,w§?> (s) < Vﬂl)mﬁz)(s) < V7r£”,7r<2> (s) holds for

any other policies 7(1), 7(2) and for all states s.

2.2 ENTROPY-REGULARIZED MARKOV GAME

Entropy regularization is a popular technique that has been widely used in reinforcement learning (Neu
et al., 2017; Geist et al., 2019; Mei et al., 2020; Cen et al., 2020) and Markov game (Mertikopoulos
and Sandholm, 2016; Savas et al., 2019; Cen et al., 2021) to encourage environment exploration and
accelerate algorithm convergence.

Specifically, for the zero-sum Markov game, we can define an entropy-regularized state value function
by adding entropy regularization to the state value function in (1) as follows (Cen et al., 2021).

VTE(TI)),W(Q) (s) ::E{Z At [Rt —7ln W(l)(agl) |s¢) + 71ln 7r(2)(a£2)|st)] So = s], 3)
t=0

where 7 > 0 is called the regularization parameter. With the above definition, we further define the
following entropy-regularized state-action value function (also called )-function) (Cen et al., 2021).

QS&),W@ (57 a(1)7 a(2)) ::R(Sa a(l)a a(Z)) + ’YES’NP(»|S,Q(1)7(1(2)) [V(Z—l))m—(?) (S,)] . (4)

s
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In particular, V,E(Tg x(2 can be obtained from QSQ)JT(Q) as follows.

VTE(TI)> ﬂ(2>( s) [77(1)( ) QEFT(L ﬂ(z>( )77(2)(5) + TH(ﬂ'(l)(s)) — 7'7-[(71'(2)(5))
*fT(Qﬂ-(i) 71-(2)( s), (1)(3)?7T(2)(8))3 (5)

where H () denotes the entropy of policy 7, and we define this mapping as f, for convenience.

For the entropy regularized Markov game, it has an equilibrium policy pair that solves the minimax
optimization problem min_(2) max, (1 V((1> 2 (s). Such a policy pair is called the quantal response
equilibrium (QRE). Our goal is to find the equihbrium policy pair of the original Markov game in
(2) by solving the entropy-regularized Markov game with a proper regularization parameter 7. In
particular, compared with the equilibrium policy of the Markov game, the QRE tends to have a larger
entropy due to the entropy regularization, which encourages the players to explore and obtain a
better understanding of the environment. Another advantage of considering the entropy-regularized
Markov game is that the entropy regularization makes the minimax problem have a better optimization
geometry that accelerates the convergence of the optimization process.

3 STOCHASTIC POLICY EXTRAGRADIENT ALGORITHM FOR
ENTROPY-REGULARIZED MARKOV GAME

In this section, we develop a stochastic policy extragradient (SPE) algorithm for solving entropy-
regularized Markov games. First, we recap the policy extragradient (PE) algorithm, which is
introduced in (Cen et al., 2021) to solve entropy-regularized Markov games with full knowledge
of the environment transition kernel and reward mapping. Then, we propose the model-free SPE
algorithm that solves entropy-regularized Markov games using only stochastic samples.

3.1 REVIEW OF POLICY EXTRAGRADIENT ALGORITHM

Value iteration is a classical reinforcement learning algorithm that requires full knowledge of the
environment and achieves an exponential convergence rate. In particular, for the entropy-regularized
Markov game, the k-th value iteration update is defined as follows.

Qr(s,aM,a®) =R(s,aV, a®) +1E,, 1P 5,0 ,a@) [Va(s)], Vs, M, a®), (6)

Viy1(s) = I(rgl)l(n) Jnax fr(Qu(s); 7 (s), 7P (s)), Vs, 7)
where we define Qi (s) := Qi(s,-,-) € RIADXIAP ] Thig algorithm alternatively updates all the
entries of the value functions Q)x and V4. Thanks to the entropy regularization in the function f;, (see
(5) for the definition), the minimax matrix game in (7) is 7-strongly concave in (1) and 7-strongly
convex in 7(?), and therefore it has a unique solution.

To solve the entropy-regularized minimax matrix game in (7), Cen et al. (2021) proposed a predictive

update (PU) algorithm. Specifically, with uniform policy initialization, i.e., W/(:é) (s) = ,Vm €

\A“")I
{1,2},Vs € S, the PU algorithm performs the following policy updates: for ¢ = 0, 1

" exp (nQ4) ) (s,aV))
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where we use the f0110w1ng notations (superscript (\m) denotes the opponent of the m-th player.).
QU (5,0™) =B v (o [Qus,aM 0], moe (1,2} ©)

Qk t+1( al™) _Em\m)w(\m) (s) [Qx(s, alt), (2))i’ m € {1,2}. (10



Published as a conference paper at ICLR 2022

Once we obtain the output policy pair (77,£ ), (2)) of the PU algorithm, we can obtain an approxi-

mation of Viy1(s) as V)1 (s) = fr(Qx(s )i (), w2 (s ). which will be further used in the next
Q-value function update (6) to replace Vi1 (s’). The updates (6), (7) & (8) are referred to as policy
extragradient (PE) algorithm.

In the PE algorithm, the PU update in (8) allows both players to take symmetric updates without
revealing their private actions, and has been shown to converge to the unique solution of the entropy-
regularized matrix game (7) exponentially fast (Cen et al., 2021). However, the PE algorithm has
several limitations. First, in the PU update, each player m € {1, 2} needs to query the quantities
S?Z) (s,a™), 75:;) (s,a(™)) from its opponent. To compute these quantities, the opponent needs to
multiply the entire (-table by its own policy vector. This requires both players to coordinate with
each other and share a ()-table. Second, the update of the ()-table in (6) requires full knowledge of the
environment transition kernel P and the reward mapping Iz, which are unknown a priori in practice.
To overcome these limitations, we develop a fully stochastic PE algorithm in the next subsection.

3.2 STOCHASTIC POLICY EXTRAGRADIENT ALGORITHM

The major challenge of the PE algorithm is computing the quantities Q,(:Z), @S’Z) and V| ,, which
requires coordinating with the opponent and involves the environment information. Here, we develop
a model-free and fully stochastic variant of PE that estimates these key quantities using Markovian
stochastic samples. We refer to this algorithm as stochastic policy extragradient (SPE).

Specifically, we first estimate the quantity V., (s) = f-(Qr(s); 7T](€1) (s), 7r,(€2)( )). By definition of
[+ in (5) and the update of Q. in (6) (now we use V}/(s’) instead of V4 (s’)) and using some standard
tricks on random variables (see Lemma 2 in Appendix B for a full proof), we can rewrite V_ , (s) as

E|(R(5,aM,a®) +yV/(s))1{5 = s}
Vk/+1(8) = |: Mk(s) - i|

where 115 (s) denotes the stationary state distribution associated with the policy pair (w,(cl), 7r,(€2)) and

H(m () — TH (P (), (1)

the expectation is taken over 5 ~ pu,at) ~ W,(gl)(s),”d@) ~ 7r,(€2)( ),s" ~ P(-[5,aM,a?). To
estimate this quantity, we query a set N1 (with cardinality Ny, 1) of samples from the Markov

decision process following the pair of policies (7r,(€ ), 7r,(C )). Then, we estimate V/_, (s) as

‘/}k 1(8) — ﬁ HZiENk 1 (-IEZ vy k(3i+1)) {si = S}
+ + V
ﬁ +1 Z’LENk 1 IL{SZ = 5}

+ TH(W]E})(S)) - TH(?T]?)(S)). (12)

Intuitively, we use the sample average of Markovian samples to estimate the expectation terms in
(11). Thanks to the concentration phenomenon of dependent samples (Paulin, 2015), these sample
averages converge to the desired expected values provided that the sample size is sufficiently large.

Next, we estimate Q kot ,m € 1,2. Leveraging (9) and (6), we obtain the following equivalent
characterization for both players m € 1,2 (see Lemma 2 in Appendix B for the proof of equivalence).

E [(R('g, A, a®) 4 V(")) 1{5 = 5,a0™) = a<m)}}

pk ()i, (a0 s)
where 1{-} denotes the indicator function, y; denotes the stationary state distribution associated

with the policy pair (W](clz, W,(fz) and the expectation is taken over 3 ~ pu , ") ~ 71'(1)( ),a® ~

W]EQE (s),8 ~ P(-[5,aM,a?). To estimate this quantity, we query a set N}, ; (with cardinality Ny, ;)

(m) (S a(m))

k,t , (13)

of samples from the Markov decision process following a pair of smoothed policies w;ﬁ(’T)(s) =
(1—e¢ )w,(:tl)( )+ Mji;")ll’ where ¢’ € [0, 1] is a small smoothing constant that will be theoretically

determined later. Then, we estimate Q,E"Z) (5,a(™) as follows.
me Ciewi (Bi+ V(o)) 1si = 5,0 = o)

A (¢ q(m)y —
k,t (S7a ) = _
(ﬁ ZzENk p ]l{sz = S})ﬂ'k )(a(m)| )

; (14)
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where we have replaced the expectations with sample averages, and replaced V}/(s’) with XA/k(s’ ).

Here, the Markovian samples are queried following the ¢’-smoothed policies (ﬂ,;(i), w;(i)). On one

hand, ¢’ should not be too small so that it keeps the denominator of the above estimation away from
zero. On the other hand, €’ should not be too large so that it is sufficiently close to the original policy.

Similarly, to estimate @,(::), we query another set Nk,t (with cardinality Wk,t) of samples from the
Markov decision process following a pair of smoothed policies ﬁ;e(:") (s)=(1-¢ )ﬁ,(:z) (s)+ ﬁ 1,

where € € [0, 1] will be theoretically determined later. Then, we estimate @,(:Z) as follows.

k.t s,ar) = thd —
(7= Tiew,., Usi = sH @™]s)

Remark 1. The estimators (12), (14) & (15) essentially use ratio of sample averages to approximate
ratio of expectations. Estimators with similar structure have been used in (Ortner and Auer, 2007;
Xia et al., 2016, Wei et al., 2021). However, these works analyze the estimation error of their
estimators with independence samples. As a comparison, our analysis of the estimation error bounds
the additional bias induced by the correlated Markovian samples, and achieves an improved sample
complexity in the main Theorem 2.

15)

We summarize our stochastic policy extragradient (SPE) algorithm in Algorithm 1. Specifically, in

SPE, we estimate the quantities QE:Z), @X’}), V}/ using their corresponding stochastic estimators. As

a result, the SPE algorithm is model-free, and the updates for both players are symmetric and private.

Algorithm 1 Stochastic policy extragradient (SPE) for entropy-regularized Markov game

Initialize: Vjj(s) forall s € S.
for value iterations k = 0,1,..., K — 1 do
Initialize w,gl()), 7r,(fg with uniform distribution.
for PU iterationst =0,1,..., T, — 1 do
"1y _1(2)

Players 1,2 sample i, ; Markovian samples following smoothed policies 73", ..

Every player m € {1,2} computes @,(c";) (5,a(™) for all s, a(™ using (14).

Players 1,2 sample N ; Markovian samples following smoothed policies ﬁ;&) , f;ﬁ).

~(m)
Every player m € {1,2} computes Q;, , (s, a™) for all s, a(™) using (15).
Implement the ¢-th PU iteration for all s, ("), a(?) using (8) with estimations (14)&(15).

end

Let w,im) = ﬁgr})k, m = 1, 2. Players sample N Markovian samples following w,il)7 7T£2).

Compute I7k+1(s) for all s using (12).
end

Output: 7r§§>_1, 771(,?)_1.

4  FINITE-TIME CONVERGENCE ANALYSIS OF SPE

Throughout our convergence analysis, we adopt the following two standard assumptions.
Assumption 1. Denote T,.(1) r» (s,8') :=inf{t > 1:s; = s'|sg = s} as the first-visit time under
the policy pair 7V, 71(?). We assume that

/
sup  sup E; e [T,ru)m(z)(&s )] < +o00. (16)
5,8'€S (1) 7(2)

Assumption 1 is widely used in the reinforcement learning literature (Ortner and Auer, 2007; Ortner,
2020; Wei et al., 2021; Jafarnia-Jahromi et al., 2021). It ensures that every state will be visited at least
once within a finite duration of time, thus ensuring that all the states will be visited infinitely often.
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This guarantees sufficient exploration. In our analysis, we use the following equivalent statement
of Assumption 1 for convenience, which means that the stationary state distribution g, (1) (2 has a
uniform lower bound p,in, > 0. Their equivalence is based on Theorem 5.5.11 of (Durrett, 2019).

-1
Pmin = inf inf o0y po(s) = [sup sup Er o) @10 (s, s) > 0. (17
SES (1) 7(2) s€S (1) 7(2)

Assumption 2. There exists a mixing time t,,;. € N such that for any policy pair 7™V | 73 and its
corresponding stationary state distribution K1) z(2), We have

1
A1y (Pr) 2 (Sty)s i) m(@)) < T
where P 1) r@ (8¢, ) denotes the state distribution under the policy pair 77(1), 7@ at time tpy, and

drv denotes the total variation distance between two probability distributions.

In this subsection, we analyze the finite-time convergence of Algorithm 1 for solving the entropy-
regularized Markov game (5). We focus on the convergence rate of the following Nash equilibrium
duality gap, which is a standard optimality metric widely adopted in the existing literature (Xu et al.,
2020; Jin and Sidford, 2021; Wei et al., 2021).

(1) 7/

DO (7D 72y .= max (mngTE:T)(z)(s) mln v (s))

In particular, when 7 = 0, D(O)(T((l), 7(2)) corresponds to the duality gap of the original Markov
game. Throughout, we define A,y := max{|AD|, |AP|}, Quax := m and Vipax =

%. We also require that the batch sizes of Algorithm 1 satisfy the followmg conditions.

— 650t mix Amax 20T sum|S| Amax

Nis Ny > O0minAma  (208onlSl dmac) vy 4 ()
Mmin 5 Mmin
6507 mix
Nis1 2 ( ), k. (19)
,Ufmin(1 - ) 6\/ Hmin

Then, we obtain the following convergence result of Algorithm 1, where Ty, := kK:_Ol 1.

Theorem 1 (Finite-time convergence rate). Apply Algorithm 1 to solve the entropy-regularized
Markov game with T € (0,1]. Choose learning rate n = [2(7 4+ Qumax)] ™, initialization | V|| oo <
Vinax and batch sizes Nk,t,ﬁk,h Ni1 that satisfy (18) & (19). Then, the Nash equilibrium duality
gap converges at the following rate with probability at least 1 — 6.

T 1 2 m xln Ammx o

Daf2 ) < o Tl 3ok gy
Vinax [tmivA Toum| S| A 2/3 2 Tl 1 v,

+ max |: mix<imax hl( sum ma.x)i| ')/K k— 12 Tk —2— t( 2/3 + I;l?;( )
1-— Y HMmin 5Mm1n k=0 =0 Nk,t TNk 41

K-1

n Vi3S n tmixVipax (K|S|) Z Kk 1). (20)

7—2(1 - ’7)2 T2lumin(1 - 7) O fbmin k=0 Niq1

Remark 2. In the proof of Theorem I, we also prove that the convergence rate of the Q-function

estimation error ||Q k — Qg) loo is (1 —7y) times the convergence rate in (20). Here, Q i corresponds
to the Q-function associated with the policy pair (wg), wg)) produced by Algorithm 1 in the K-th
iteration, and Q( corresponds to the optimal Q-function associated with the Nash equilibrium

policy pair 7797), 7T*-,— of the entropy-regularized Markov game.

Theorem 1 characterizes the convergence of duality gap of the SPE algorithm under general hy-
perparameter scheduling of the batch sizes Ny ;, Ny, N1 and number of inner iterations Tj,.
Specifically, it can be seen that as the number of outer iterations K and inner iterations 7} increase,
—2/3 =7—2/3

s N pq1 and Ny !, and the

the duality gap converges to an exponentially weighted average of N, ; k1o
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gap can be made arbitrarily small by choosing sufficiently large batch sizes. To provide an intuitive
understanding, we can set these hyper-parameters as constants, i.e., T, =T, N, = N, N, = N,
Ni+1 = N, and then the convergence rate in (20) simplifies to

3 K m'}x1 Am'}x mix 3 K 1
vaaxry ’YV ax 11 a (1 _ 7]T)T71 T t ‘/max In ( |8| )7
7—2(1 - 7)2 (1 - 7)2 7—2,Ufmin(1 - ’7)4 5/~Lmin N
Vmax i Amax T S Amax 2/3 1 Vmax
. [t (ol P Vo))
777_(1 - 777—)(1 - ’7) HMmin 5ﬂmin N / N /

To elaborate, the first term characterizes the exponential convergence of the K outer value iterations.

This convergence is faster than the sublinear convergence O(4/In K /K) established in (Wei et al.,
2021). The second term characterizes the exponential convergence of the 7" inner PU iterations.

Moreover, the last two terms characterize the estimation errors O(N ') and O(N~2/3) + O(N_W?))
of the estimators (12) and (14,15), respectively. As a comparison, Wei et al. (2021) established a
much larger estimation error O (N -1/ 3). These improvements, as we show in Theorem 2 later, lead
to a substantially improved overall sample complexity over the state-of-the-art result. In particular,
due to the exponentially weighted average structure in (20), the sample complexity can be further
optimized by an adaptive scheduling of the batch sizes.

Technical Novelty. We further comment on the proof of Theorem 1. Note that the analysis of the PE
algorithm in (Cen et al., 2021) requires full knowledge of the environment and does not characterize
the convergence of duality gap. As a comparison, to establish the duality gap convergence rate (20) of
the model-free SPE, we need to make substantial new developments to tightly bound the estimation
errors of the proposed stochastic estimators. We elaborate our technical contributions below.

* As we explained in Remark 1, the sample averages involved in our estimators are correlated
Markovian samples. To bound the additional bias induced by these correlated samples, we apply
the concentration inequalities developed in (Paulin, 2015) for dependent samples to establish tight
high-probability estimation error bounds.

* We develop a much refined analysis of the state value function estimation error H‘A/;H_l — Visilloos
which is the key to develop tight bounds for all the other estimation errors. Specifically, we first
propose the following error decomposition for any state s

. s (B(s) v (s) | [ (s)—visa(s) i (s)—Fiu (s)
Virr ()= Vi (9) = | =03 — < e
i(s)  pw(s) () 1o (8) ik ()

where U41(5), fix+1(s) are sample average estimators of vy1(s), g+1(8), respectively, and we
refer to Appendix B for the definitions of these terms. The motivation is that the ’ﬁkH (s)’ in the
second term helps cancel out the estimator jix(s) in the denominator, and then all the denominators
do not involve any sample average estimators, which may take a small numerical value that causes
divergence and a loose concentration bound. By leveraging this special decomposition and the
recursive structure of the stochastic estimator (12), we are able to establish the following key
contraction property of the estimation error (see (85) in Appendix B).

> > —1/2
Ve = Walloo <AIVi = Wlloo + O(N?).-
By telescoping the above contraction bound, we obtain tight estimation error bounds for all the
proposed stochastic estimators. As a comparison, Wei et al. (2021) directly applied the Azuma-

Hoeffding inequality with independent samples to bound the entire estimator and obtain a loose
error bound, and Liu et al. (2021) simply assumed a small upper bound for the estimation error.

| + |5k+1(8)}

* We develop a stochastic predictive update (SPU) algorithm with general inexact value function
estimations and a finite-time convergence analysis of its duality gap (see Lemma 1 for the SPU
algorithm and its convergence proof). This generalizes the convergence result of the PU algorithm
established in (Cen et al., 2021), which uses exact value functions based on full knowledge of
the environment. Finally, by incorporating our developed tight estimation error bounds into the
finite-time duality gap bound of SPU, we obtain the desired convergence rate in Theorem 1.

Based on Theorem 1, we obtain the following sample complexity of SPE for achieving an e-Nash
equilibrium duality gap of the original Markov game, i.e., D(©) (wgll, 77&?)71) < e. Here, we adopt
an adaptive batch size scheduling scheme to optimize the complexity order. The overall sample

complexity is given by Zf:_ol [Ni+1 42 Zﬁgl(Nm + Nit41)].
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e(1—v) )

In Amax

Theorem 2 (Sample complexity). Implement Algorithm 1 with n = (’)(1 — ’y), T = O(

K=0 [ﬁ In (1611(1;17:,,;;)} and Ty, =1+ % Choose the following adaptive batch sizes.

—3(t+1)
5

~ tmix(1n2 Amaux)”)/_g - 3 ~ tmixAmax(l - 777-)
N;M:o( ) Nk7t:Nk7te2(1—7)3:(’)< )
€ fimin(1 — )8 fhmin (1 —7)3

Then, for any € < %, the overall sample complexity to achieve D°) (7‘(’2)_1, Wg)_l) < eis

-7
(9( ) Please refer to (118) in Appendix E for a complete expression.

tm/’A‘Amax
Hmin €55 (1—) 135

The above complexity result is obtained by choosing a small 7 = O(%) for the convergence rate
result in Theorem 1. Specifically, we show in Lemma 6 that the duality gap is Lipschitz continuous
with regard to the entropy regularization parameter, i.e., | D" (x(), 7(2)) — DO (z() 72| <
%. Therefore, by choosing a proper small 7, convergence of the duality gap D7) of the
entropy-regularized Markov game implies the convergence of the duality gap D) of the original
Markov game.

Remark on Improvement of Sample Complexity. We elaborate on the improvement of sample
complexity in two different levels: population level (with known environment) and stochastic level
(using stochastic samples). First, in the population level, the original policy extragradient (PE)
algorithm in (Cen et al., 2021) already achieves a faster convergence rate than the OGDA-based
algorithm proposed in (Wei et al., 2021). Specifically, to achieve an e-Nash equilibrium point of

the original Markov game, PE requires (’)( (fj‘i’)‘e In? 6_1) iterations by choosing a proper entropy
regularization parameter 7 = (9(1611(}4777)). As a comparison, the OGDA-based algorithm requires

~ 3
O (%) iterations by substituting ¢ = 0 (no stochastic error) and their choice of step size into

the Theorem 1 of Wei et al. (2021). This improvement is in the order of o (e~1) and is due to the use
of entropy regularization in the PE algorithm, which improves the geometry of the bilinear matrix

game. Second, the rest of the improvement of sample complexity (about O(e~1?)) comes from the
stochastic level. Specifically, our stochastic PE (SPE) allows to use a large constant learning rate
n = O(1 — v), whereas the OGDA-based algorithm in (Wei et al., 2021) needs to use a substantially
smaller learning rate n = O(+/(1 — )5|S|~1), which significantly slows down its convergence in
both the population and stochastic levels. Moreover, both the PE and our SPE take O(In e~ 1) inner
updates to achieve an accurate solution of the matrix game (7), whereas the OGDA-based algorithm
uses only one inner update to solve the matrix game and hence suffers from a larger optimization error.
Finally, as we explained in the previous technical novelty paragraph, we improve the techniques used
in bounding the estimation errors. Specifically, Wei et al. (2021) bounds the estimation errors in all
the iterations by a small constant € using independent samples. As a comparison, we establish a key
contraction property of the estimation error over the iterations with correlated Markovian samples.
Such a property allows us to use a growing batch size that bounds the errors loosely in the initial
iterations and achieves tight error bounds in the end.

5 CONCLUSION

In this paper, we developed a model-free, provably convergent, sample efficient, symmetric and
private stochastic policy extra gradient algorithm for solving two-player zero-sum Markov games.
Our algorithm leverages entropy regularization to facilitate the algorithm convergence and develops
new stochastic estimators to accurately estimate the value functions. We proved that our SPE
algorithm achieved a fast convergence rate in terms of the Nash equilibrium duality gap and moreover,
achieves a substantially improved sample complexity over the state-of-the-art result. We believe our
algorithm deepens the understanding of Markov games from a computation complexity perspective.
In the future study, it is interesting to extend SPE algorithm to the multi-agent setting for solving
general-sum Markov games and competitive games that involve multiple cooperative teams. Another
interesting direction is to improve the algorithm to further reduce the sample complexity to approach
the theoretical lower bound established in (Zhang et al., 2020).
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A ANALYSIS OF STOCHASTIC PU (SPU) FOR ENTROPY-REGULARIZED
MATRIX GAME

We first consider the following zero-sum entropy regularized matrix game, which can be considered
as a simple special case of Markov game with only one state.

in hr(u,v)i=pu' - ) 22
e i () =p Qu+7H(p) — TH(V) (22)

where Q € R%4>42 is fixed. The solution (1%, v*) of the above problem, also known as the quantal
response equilibrium (QRE), satisfies the following condition (Cen et al., 2021)

py ocexp(Quy/7), vy oc exp(—Q T /7). (23)

Our stochastic PU (SPU) algorithm for the above matrix game is written as follows,

Tiv1(a) op(@)' =" exp (n[Quy + 6] ) (24)
Trs1(B) o (0) 7 exp (— 0 [Q e +8,7],) (25)
es1(a) ocpie(a) ™ exp (n[QUe +3,],) (26)
Vi (8) o ()7 exp (— n[Q Ty 4s + 31, 27)

where 5t(1) is an additive noise to the underlying true quantity (v, and the other noises 5§2), S,El),
3&2) are similar. If all these noises are zero, the above stochastic PU algorithm reduces to the PU
algorithm for matrix game defined in Section 2 of (Cen et al., 2021).

The convergence rate of stochastic PU for matrix game is shown below. The proof logic follows from
that of (Cen et al., 2021).

Lemma 1. Choose learning rate n < [2(T + || Q||~)] ! and use the uniform policy initialization
o = 1/dy,v9 = 1/do. Then, the SPU algorithm defined by eqs. (24)-(27) for entropy-regularized
matrix game has the following convergence rates.

KL o) + KL )
S (1 — nT)t ln(dldg)
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—1-j 1 2 21 (s =(2)
(L= ) = 2P (16512 + 1857 120) + =119, 1% + 1857 1%) |- @28
- hT(ﬁHl,ﬁHl)‘

4
=(1 —n7)" In(dydy)
n

t
33 _ _
Z L= ) [l 12 + 17 1%) + 2 (18 12 + 18 12 -
=0

(29)
h’T ) -
) %i) (1 Di41)

in A (fgq,
i (Fys157)
2
S 7(1 — T]T)t ln(dldg)
n
t

+ > =) om0 12 + 95 %)

j=

[=)

12 =(1) =(2)
+ (15 1%+ 157 1%)] 6o

Proof. Eq. (26) implies that for some constant ¢ € R

_ 1
Inpeyr = (L—n7)Inp +9(Qvir + 55 )) +cl

_ (1
= (Inppr — (L=n7)Inpe — n(Qury1 + 5§ )

) Fy1 — Hy) = 0.
where we used (fi;, | —

3D
u, 1) = 0. Similarly, egs. (27)&(23) respectively imply that
—_ 2 «
(Invgpr — (1 —n7)Iny + n(QTﬁH_l + 5£ )),Pt_,_l — vy =0 (32)
<ln pr = QU /T gy — /‘:> =0 (33)
<lnl/;k + QTM:/T,EH - 1/:> =0. (34)
Similarly, eqs. (24)&(26) imply that
(In(Fy g1 /pog1)s g — Heg1)
_ —=(1)7 _—
= (n[Qve —Vp1) + 5t(1) —08; |\ He1 — Het1)
_ _ 1) <) _
<nl|Qloo 1Tiesr = merallnllvr = Pesally + 1087 = 3y loo s — s |1
2
Ui _ 2 — 2 Ui @ M2
< oo — — P . )
= ||Q|| (H:U’t+1 lj‘tJrlHI + ||Vt I/t+1|| ) 2(1 — 77”@”00) || t t ||oo
1 _
+ 51 = nll@fco) 41 — preya 3
<(1)
< KLt i) + 1l Qleo KL @ ) + 272 (16712, + 13)12.), (35)

where (i) uses the Pinsker’s inequality and n < [2(7 + ||Q||Oo)] a

Similarly to the above derivation, we can infer from eqs. (25)&(27) that

(n(Tyy1/ve41), Ve — vegr) SKL(ega|[Te1) + 0l Qlloo K L1 |11
2 <(2)
207 (16713 + 13, 11%)-
Computing eq. (31)+eq. (32)-n7[eq. (33)+eq. (34)] yields that
*(1) — * < _— *
n{d; y M1 — ﬂr> —n(0; Vi1 — I/T>
=(In g1 = (L =n7) Iy — nrIn gl = nQ (Ve —

+ <1nut+1 —(1=n7)Iny,
=<ln(ﬂt+1//ﬁ) -

(36)

Vi), Fipr = Hy)
—nrlnvs + nQT(ﬁtH = 17) Vg1 — V:rk>
(L= nm)In(pe/p7), Firsr — 1)
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+ (Vg1 /v7) = (L= n7) In(ve /v7), T — v7)
=K L(pz|lpe1) — (1 = n7) K L(pr | oe)

+ <ln(ﬂt+1/,ui) — (71 /pe41) — (L =) [ln(ﬁt-&-l/uj—) - ln(ﬁt+1/ut)] 7ﬁt+1>

+ KL(7 |[veg1) = (1 = n7) KL(v7||1e)

+ (In@s1/v7) = W(@eg1 /ve1) — (L= 07) [0(Te41 /7)) = I0(Tei1/10)] Tegr)
=K L(pz|lpe1) — (1 = n7) K L(pzl|pe) + nm K L(T 4 ||17)

+ (1 = n7) K L(By gl pe) + KL(peta [[741)

+ KL(; |[veg1) = (1 = n7) KL(v7||ve) + 07 KLy [|v7)

+ (1 =) KL@e1allve) + KL(veg1[|[7e41)

— (I /1) By y — pes1) — (I(Tig1 /ve41), Vg1 — vega)

(%)
> KL(p7||per1) — (U= n7) K L(py |lpe) + nm K L(fe g l17) + (1 =07 = 0l|Qlloo) K L (7241 || 122)
+ KLV |[vey1) — (L= nm) KL} ||ve) + 0T K L(Tallvy) + (1 =07 —0l|Qlloo) K L(Ti11vt)

1 =(1) 2 <(2)
= 207 (18136 + 13213 + 11887 11% + 118, 112, (37)
where (i) uses eqs. (35)&(36). The left side of the above inequality has the following upper bound.

<1 _ * <(2) _ *

n(0; s Hyg1 — NT> —n{0; " Vi1 — VT>
<(1) — * <(2) — *
<6y Mool — prlln + 106 oo 1Ze4+1 — 7l
<(1) 2 <(2) 2

n200: 5 | T . 200,712, T, .
35( tT +§H/’Lt+1_MTH?+7t +§||Vt+1— TH%)

n =) =(2) nr — " _ "
B 37 12) + T (KL ) + KL T 7). a9

Substituting eq. (38) into eq. (37) and rearranging it yields that
KL l|pess) + K LE [veen) + 5 [K L |125) + KLZe|177)]
KL || pe) + KL(Tp 4 ||Vt)}
—r) [KL(uE ) + KL ve)] + 202 (165712 + 11657 12)
+ 25 + 157)12), (39)

+%[
<(1

where we use 7 < [2(7 + [| Q|| )] ~' < (2r)~L. This further implies that
K LG 1) + KL [70)
< (1= nm) [K LG o) + KLz )]
1 2 2n =1 =(2)
+ 207 (107 1% + 162 1%) + = (13 13 + 137 1%)- (40)

Consequently, eq. (28) can be proved via iterating the above inequality and using the facts that
KL(pk|po) < Indy, KL(vE||vo) < Inds (Since p and vy are uniform probability vectors).

Next, we will prove eq. (29).
Computing eq. (31) —n7-eq. (33) yields that

QW1 — V) Fipyr — 13)

= (e — (L= g7) e — g In i — 58y Ty — 1) (41)
Hence, we conclude that

e (e, Pesn) — ho (i, 02)
S he (g1, Vi) = P (fgyq, v5)
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—T — * =T — * T *
=111 QWi —v7) + 7V MV — 77 Inw

T

= (Fper = 15) QW1 — V) + 13" QWe1 — Vi) + 70 nTpy — Tv7 " Invy

i) * <(1) _ * * = *

@ n 1<ln,ut+1 — =) lnpu —nrlnul — 7755 ),,utH — uT> — T<1nl/T,Vt+1 — I/T>
+ 77, Ty — 2 Invk

(i) _ * * — . _

= 0 KLl pegr) = (U= n7) K L(upllpe) + 07 K L(fgga [l15) + (1= 07) K Ly [l 0)

_ _ _ _ <(1) _ *

+ KL(Mt+1||Mt+1) - <1n(Mt+1/Ht+1)7Mt+1 - Mt+1>} + TKL(Vt+1||V7*—) - <5t T MT>

< KL o) = (U= ) KLk || 1) + 07 (K LTy [|15) + K L@y |[vF))

_ _ I = T x
+ (L= ) K L(pallie) = KL(Ee )] + 5110112 + 5 1Feen = 7117
(“’L) —1 * — * — * — 1 7(1) 2
< 0 KLl pesn) + 207 (KL 1107) + K L@ |[1) + K L@ 0] + 10011
w) . . 1 2 21 /=) =(2)
< a0~ K LGz ) + KL ) + 202 (10712 + 1871%) + 22 (18 12 + 18,12

1 =()2

—3
+ 0 ls

()
< 47K L(py|lie) + KL(v7 )]

1 33 =1 =(2)
+ 8l 1% + 107 1%) + 3 (18 12 + 19 11%), “2)

where (i) uses eq. (41)&(34), (ii) follows the derivation of eq. (37), (iii) uses the Pinsker’s inequality,
(iv) uses eq. (39), and (v) uses 1 < [2(7’ + ||Q||oc)] ~! In a similar way, we can also prove that

he (07, v7) = he(fpgq, Vi) < he (07, Veg1) = he (Bygy, Ves)

< 4y KL ) + KL [w)]
1 2 33 =) =(2)
+ 80 (107 1% + 167 1%) + T2 (180 13 + 13,7 1) (43)

Combining eqs. (42)&(43) yields that

’hT(N:vV:) - hr(ﬁt-f-lvvt-i-l)‘

_ . . 1 2 33 =1 =(2)

< Ayt [K LG ae) + KLz o)) + 80 (103 13 + 167 1%) + 32 (18,12 + 118 11%)

@ :
< 4n7 (1 —n7)" In(d1ds)

t—1

—1—j 8 - —
+ =) s + 1P 1I%) + = (185 1% + 1557 1) ]

=0

1 33 =(1) =(2)
8l 1% + 1107 12) + - (18 13 + 132 1%)
<411 —n7)t In(d1ds)

t
1 1 33 /=) =(2)
+ > =) [V + 1115 + (185 1% + 1857 1%)
Jj=0

where (i) uses eq. (28). This proves eq. (29).

Next, to prove the duality gap (30), we first derive an upper bound of K L(u%||fi,41) + K L(V}||[T41).
KLw;|[7i41)

=KL} |[ve41) = KL |lvig1) + (Fegr — v, T —Invgyy)
_ _ —(2)
<K LW |[ver1) + Tesr — v2,nQT (s — o) + 18, — 6:7))

* — * — =(2) 2
<KL i) + [T — v 0l Qlloo sy — pell + 06y — 88 [loc)
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SKL(vi|ves1)
1 N, = w112 _ 2 253 _ 522
+ 5 |l Qlloc + 7 JI7esr = v2lIT + 0ll Qoo [Frar — pelli +4n7[10, = 6715

) * 3 * (|- 1 — 2 =(2)
<KL |pesn) + TELOEPe) + KL ) + 407 (16715 + 15 1%). @4)

where (i) uses the Pinker’s inequality and n < [2(7 + [|Q]|o0)] - Rearranging the above inequality
yields that

_ — —=(2
KL} [7e1) SAK LS [vesn) + 2K L7 ) + 1672 (16712 + 18,7 12). @5)

Similarly, we can prove that

* || * — =(1)
KL i) SAKLGe |pesn) + 2K LT llve) + 162 (16012 + 0V1%). @6)
Summing up egs. (45)&(46) yields that
KL () + KL [7es)
S A[KL(p; || pesn) + KLV |vern)] + 2[K L(Fpgq | 1) + K L(esa||1n)]
1 <(1) 2 <(2)
16 (16112 + 18, 1% + 162126 + 113, 11%)

(1)
< A[KL(pi o) + KLWE )] + 240 (180012, + 11657 ]12)
161 <1 <(2)
(I8 1120 + 118, 1%). 47)

+ _
-
where (i) uses eq. (39) and < [2(7 + [|Q|| )] < (27)~ L.
Finally, we prove the duality gap bound (30).
he (5 vr) = he (o vy) = (5 = ) " QUE +7p " Inp — mps T Inpey
(’L) * * * * *
= 7((uy — o) + p g — ppt Inpd) = TKL(ullpr),  48)
where (i) uses eq. (33).
hT(/L7Pt+1) - h‘l'(:ua V:)
T A= * — — * T *
=p QW1 —Vy) + 7V, InTipy — 7] Invl
*

= (0= 15) " QW1 — v7) + 17T QW1 — v}) + 70  MTpyy — 70} Invy

< = 1 QN 1Tess — vy — 7(In V2, sy — v2) + 7774y Ty — 702 I}

1 N _ * - *
< Sl = w3+ 1QUENTer = w1 /7] + T K L@ V)
()
< TKL(ulpy) + 1K L@ |v7) + 7 QUK L7 [Fer1), (49)
where (i) uses eq. (34) and (ii) uses the Pinsker’s inequality. Then, eq. (49) & eq. (48) imply that
he (1, Tesr) = he(py, v7) S TEL(Tea|[v7) + 77 QIS K L [[Pe41), (50)

where (i) uses eq. (45), (ii) uses the Pinker’s inequality and n < [2(7 + HQHOO)] -

Similarly, it can be proved that

he (5, v7) = he(fipgr,v) < TE L llny) + 77 QUK L Ty 1) (51)
Therefore, the duality gap (30) can be proved as follows.

max (g, Vepr1) — min b (fygq,v
MEA(fi(l) (/J t+1) vEA(ds) (:ut+1 )
- 4 he(p, —h (T, q,v
HEA(d) WA (da) [r (1 Pe1) (F41,v)]
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< KL 12) + KL 0] + 7 QU K L2 1) + KL 7))
& KL ) + KL l)] + 7 1QIE

(4K LG ) + KL )] + 2402 (105 % + 1671%) +
(iid) i (g, %)

<

n T

« . 21 (51 =(2)
[KLGizlle) + KLy ) + 207 (16812 + 1667 1%) + 2L (1812 + 1812

16
(1812 + 18712,

16 —
12 + 107 12)]

+ QI 2402 (10 12 + 11857 12) +

(iv) 2
< ;((1 — )t In(dyds)

+Z ) [P (BN + I + 22501 + 1571)))
=0

(1 12 <) =(2)
+ 160 (11577 1% + 1687 1%) + = (19, 1% + 118 I2)

2
< (1 —n7) In(dyds)
n

t

12, <) =(2)
+ =) e (10712 + 185712 + — (135 1% + 135712.)] (52)
7=0
where (i) adds up egs. (50) & (51), (ii) uses eq. (47), (iii) uses eq. (39), and (iv) uses eq. (28) and
4r71Q|12, < 2/n (since n < [2(7 + \|Q||oo)]*1, 7 < 1). This proves eq. (30) O

B ESTIMATION ERROR BOUNDS

. . . . > / (m) (m) =(m) —(m)
In this section, we derive error bounds for the estimators Vi1 ~ Vi 1, ~ Qk Qe < Qpy

used in Algorithm 1. For convenience, we define the following additlonal notations.

i) 1= 5 2 =l (53)
ve+1(s) =B, o o [[R(S ah,a®) + V(s 1{5 = S}} (54)
Vhia(s) =B, o o [[R(:;, a™,a®) 4 4 i(s)] 1{5 = s}} (55)
Vp+1(s) := Nle ie%il [[Ri +Vi(sitn)] 1{s: = 5}} ~ Vpy1(8) & Vk1(8) (56)
Qu(s.a™,a®) 1= R(s,a,0D) + 1By p( o 000wy [VL(5)] 57)
Vi) = F Qi (0) = S (nfl)0) — r(e20) o)
Tia (o) = o (nf)(6) = PH(r 2 6) = Vi) (59)
Ps) = 3 M=o )% ) (60)

qli )(s al™) = IE 1) 2 [[R(E,a( ) a®) + V(s N]1{s = s, am = a(m)}} (61)

Tkt T

qz@(s,a(m))::E o | [REGD,@) 44715 = s.a =a™}]  (62)

:“‘ktmkt’ kot
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m m 1 > m m

f]\;(”)( al ))::Ni Z [[Ri+’ka(si+1)]]l{s,;:s,aE ) = g )}}
k,t 1EN
k,t
~qp(s,a™) ~ g} (s,at™) 63)

m m q, ;. (s,al™))

Qg,t)(s’a( )= B vm) iy s ) [@n(s, o, a®)] = , - 1(m) (64)
1y, ()T (@l™]s)
™) (s g(m)

R s, a

i (s, a™) = Gt 00T) A (s, & QY (s,at™), (65)

fira () (alm]s)
where eqs. (53)- (59) and (60)-(65) are 1ntr0duced for the description and error bound proof of
the estimations Vk+1 ~ V/,, and Qk p Qk + » respectively. Specifically, eq. (53) estimates
the stationary state distribution p, associated with the policy pair 77( ) 71',(c ) using state frequency
7ik(s). In egs. (54)&(55), the expectation is taken over 5 ~ i, at) ~ 77,(C )( ), a® ~ 7r,(€2) (s),s ~
P(-|5,a™M,a®). The definition of E/L;,tmﬁ}t)mﬁi) in eqs. (61)&(62) is similar. Equations (58)
& (64) give two equivalent definitions of V}/, ; and Q;(,T)(s, al™), respectively ' (We will prove
the equivalence in Lemma 2 below). Equation (60) estimates the stationary state distribution ,ujm
associated with the smoothed policy pair wk(t), 7rk(2t), and thus approximates the stationary state

distribution (i, ; associated with the current policy pair 7T](€ t), 7T](€2t)

To prove the estimation error bounds, we first prove the following two lemmas.
Lemma 2. Eq. (13) and the second “=" of egs. (58) & (64) hold for all s, a'*),a(?.

Proof. The second “=" of eq. (64) under m = 1 can be proved as follows.
(1) )(s,aV)

(z) E, o e “R(fs', &’(1),'&(2)) + ’}/Vk/(Sl)] 1{z= s,a™ = a(m)}}

i, Tkt o

N OI (“(s),a@)mr;‘i)(s),swp(-\s,a(w,a(?))

[[R(s,a( ),6(2)) + ’ka’(s’)] 1{s = s,aV = a(l)}]

~ ~(1 1
= nguk,u?m)wwﬁj)(s) []].{S = s,a( ) = a( )}]
E

G2 D (5),8" ~P (-] 5,00 T(2)) [R(s, o, a®) + WVi(s)]

(iil)
= .Ukt( ) ;g(,?(a(l)‘ )E~<2)~ﬂ ) [Qk(s alt (2))]

(iv) 1
=t () (@D 9)Qh 4 (5, aW),

where (i) uses eq. (61) which denotes IE e ,(2> as expectation over s ~ uk »a al ~ wk(i)(N),
k

k t T
a? ~ (2) D (3), s ~ P(|5,aV,a®), (11) uses 1ndependence between § ~ 4, at) ~ ﬂk(?( )
and a(®) ~ k(Q) (s),s" ~P(- |s a(l) ,a(?), (iii) uses eq. (57), and (iv) uses the first definition of eq.

(64). The second “=" of eq. (64) under m = 2 and eq. (13) can be proved in a similar way.
The second “=" of eq. (58) can be proved as follows.
Vk+41(8)

2F, 0,0 |[RG,a™,a®) + V()] 1{5 = s}

= B a0~ (6),30) ) (5),5/ P (15,30 ) “R(S’ aM,a®) +4Vi(s)]1{5 = 5}}

()

!The definition after the second “=" of eq. (58) is the same as eq. (11)
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(@) ~ ~(1) ~
= Esop, [1{5 = 5}]Eamww,il)(s):amwa)(s),swp(-ls,au),a<2>) [R(s,a®,a) +4Vi(s")]

(72) ,Uk(S)Ea(l)mﬂn—;ﬂl)(s),E(Z)NW,(f)(S) [Qk(s,a(1)7a(2))]
= () £ (Qu () (). 1P () = 7H(m (9)) + TH(r(D(5))]
W () Vi (s) = 7H(m (s)) + 7H (7P (9))]

where (i) uses eq. (54), (ii) uses independence between s’ ~ py and a(!) ~ W,(cl)(s),’d@) ~
7 (s), 5" ~ P(-|s,a®,a®), (iii) uses eq. (57), and (iv) uses eq. (58). O

Lemma 3. If[|Vo|co < Vinax := HTf2Amsx then for all k > 0,0 < t < Ty — 1, we have

Vi lloos Vi lloos 1V |loo < Vinaxs (66)

|5J\k+1(8)‘ < 2Vmaxﬁk(8)7vs € Sa (67)

max (| Qrloe, 1Q17 oo, Q% lso) < Qumas (68)
where Quax = 1 47 Vinax = SRR with Aoy = max (JAD], [A@)]).

Proof. We will first prove ||Vi||oo < Vinax in €q. (66) by induction. Suppose || Vi:|lso < Vinax holds
for a certain &’ € N. Then, eq. (59) implies that for all s € S,

Vi (0] <[ B e (9) = (2 ()]

Sienisss [[IRel + 71V (s250) ] 151 = 53]
<

< + 71n Amax
ZiENk:/+1 ]l{sl = 8}
() 2ieNy ., {(1 + Vinax) L{si = s}}
< +7In Apax
ZiGNk/+1 ]]'{SZ = S}
1+ 710 Apax
0TI A | Vo, (69)

L=y
where (i) uses the inequality that 0 < H(7(™) < In|A™)| < In Apay, V7™ € A(JA™)]). Since
[IVollso < Vinaxs [|[Villoo < Vinax for all & € N. A similar induction yields that || V}/||s < Vinax-
Next, we prove [|[V*|loo < Vinaxs [|Q*|looc < Qmax in egs. (66) & (68) respectively. Notice that V*

and Q* have the following relation.
Q*(s.a™M,a®) = R(s,a™M,a®) + yEy p (5.0 02V (8),
V*(s) = 70 (5) Q" ()7 (s) + 7 [H(x* D (5)) — H(x*)(s)].
Hence,

1Q oo <1+ 7/V*|l0o (70)
1V oo < NQ oo + 710 Amax (1)

Substituting eq. (70) into eq. (71) yields that
[V oo <THAIV* oo + TN Apax = ||V [loe < Vinax-

The proof of eq. (66) is finished. Then, substituting ||[V*||cc < Vinax into eq. (70) proves that
[Q*[loc < Qmax-

Equation (67) can be proved as follows.

Up+1(8) | @ ©
[ s 60+ 7 A (5) = M )] < Vet 710 A < 2V
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where (i) uses eq. (58) and (ii) uses Viax := % > 7In Apax.
Next, we prove eq. (68). It can be easily seen from eqs. (57) & (66) that

|Qr(s,a™,a®)| <|R(s,aM,a®)| + 1By p (15,00 .0) [Vi(5)] € 1+ Vimax = Qumax,
which implies that ||Qg||co < Qmax. Hence,

m s D
|Q;€(,t )(37 a( ))} < Ea(\m)wr;f,\tm)(S) |Qk(s’a(1)7a(2))| < Qmax
where (i) uses eq. (64). This proves eq. (68). L]

With the above two Lemmas, we can derive the estimation error bounds as follows.

. ~ 20T 5um | S| Amax
Lemma 4. Use hyperparameter choices Ny 1, Ny > 65072'1‘1:3"‘“ In ( 5\/%""‘ ) and N1 >
650 i

TR In (Jx/ﬁrTn) in Algorithm 1. Then with probability at least 1 — 0, all the following
bounds hold for all0 < k < K —1,0<t<Tp,—1,m=1,2s¢eS a"™ e A" where
Toum = i(:_ol 1.

17 171 max tmix 4K
1T — V|| < 2V + 1V In ( 'S') (72)
o0 1-— Y Nk:-ﬁ-l//‘min 6\/ Hmin

Alm) (m)
Q1Y — @i .

640tmlemax QOTSMHI |S | Amax mlemaX 2OZ—VSMWI |S | Amax !
< Quax *1n ( ) +25 ;i ( )+e
Nk,t;u/min€ 6\/ Hmin Nk: t//(lrnm6 6\/ HMmin
+2[[Vi = V| (73)
S m)
1@k — @it [l
4 tmixAmaX 2 TYllm Anlax mlemax 2 Tmm Amax —
< Que | 0 ix Ama ), ( 0ZumS| ) +25 “In ( 0T5un| S| ) te
]Vk,t,udmin6 6\/ Hmin Nk tHmin€ 6\/ Hmin
+2|[ Vi = V| .. (74)

More specifically, the upper bounds (73)&(74) can be simplified respectively as follows when €' =
[650t,m-xAmx In (20Tmm|3|A,,,ax” V3 e {sthAmax In (207:m\8\Am)} 13

Nt tmin 0+/fmin N ¢ fbmin 0+/fmin
207 gy, ‘S|Amax

107~ Q. <15 s 1 N 2 -wL. @)

Nk ,tHmin 5\/ Hmin
~m) ) bic A 20T S| A s
<18 s 7’1”)( max 1 ( sum max) 2 V _ V/ . 76
L R L | I S/ NCD
Proof. If the initial state distribution of the minibatch N, equals pj ,, i€, skio ~ K
then Nk,té\l(c’rz)(87a(m)) = Zie_}\[ktg(si7a§1)>a§2) S‘+1) (g(s’u 51)70/5) S’i+1) = [Rl +

’yIA/k(si+1)] 1{s; = s, agm) = a(™}) and its expectated value Ny +q (m)(s a(™)) satisfy the fol-

lowing concentration bound.

P“%‘t{|N’“vtal($)(Sva(m)) - Nk,t‘];c(,;n)( a™) )| = u}
@)

<2 U ps

< 2Zexp | — 1) ()
S(Nkvt + 1/7;0‘3) maxlu’k t(s)ﬂ-k t (CL |5) + 40uQmax

() thix

< oexp | - /i) NG
8(Nk,t + Ztmix)Q?naxuk,t( ),/Tk t (a(m)| ) + 40uQmax
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where ]P)u; . is under the initial state distribution g ,, (i) uses Theorem 3.4 of (Paulin,

K2 [ K2 ? ’L

VWinax) = 2Qmax (Based on Lemma 3) and that varg., [g(si,a(-l) a? Jsiv1)] <

2015) and the inequalities that ’g(si7a(-1) a(-Z),Si+1) — Eg,nop tg(s“a(l) (2) Si+1)‘ < 2(1 +

7 Eas )

2 m m
Eompy, | [Ri + Vi (5100)] Ui = 5,00 = a™}] < (14 Vo) 2t 1 ()77 (0)]5) =

/(m)

sty 1 (8 i (al™]s), (ii) uses Proposition 3.4 of (Paulin, 2015) which states that the pseudo
spectral gap 7,5 has a lower bound 1/(2¢y,x) for any uniformly ergodic Markov chain (This condition
holds for our MDP with finitely many states and actions). Then, for any initial state distribution
s¢ 1,0 ~ &, Proposition 3.10 of (Paulin, 2015) implies that

Pe{ | Niadyy (s,a™) = Niog7 (s,a™)] > u}
S m -
< Es~5[ )/E( ) }P%t{’Nk,t@i 2 (5,am) = N ogl 7 (5,a0m)| > )
“/m(s) ' ' ;
(7) 1 2 At
< exp {— u/( m(n)l) ’ %)
Hmin S(N]@t + 2tmix)Q?ﬂaXl’I’$€ t( )ﬂ—k ! ( m)ls) + 40uQmax
where (i) uses eq. (77) and the inequality that IEéNg{ 5(5() )} < Mmﬁ
In a similar way, the followmg concentration bound can be proved for Ny fig.(s) =
ZlENk ¢ L{s; = s} and N}, t“k 1(8) = ]Elil\, t [Nk,tllk t ]
u?/ (4t mix)
Ped | Ny 10 s) — N, " (s)] > ul < e [_ mix (19
€{| otk t (8) et P, ( )’ = } =\ o Xp SN +2tmix)u;€7t(s) o (79)

where we use the inequalities that var,, 1{s; = s} < i} ,(s) and that |]l{si =st—Ey, 1{s; =

s}| < 1. Letting the right hand sides of egs. (78)&(79) be upper bounded by ¢/4 and applying the

union bound yields that, with probability at least 1—4/2, the following two inequalities simultaneously
hold.

|/q\l(c7;7')(87a(7n)) _ q;c(,T)(s, a(m))‘
]- max 4
< 1000y i ( )

T Nig 0y/fimin
?;2% tmix (1 +2tmix/Nk,t)M§f,t(8)7r,;(yT)(a<m>|s) In (5\/%» -
|“k7t S *Mk,t(5)|
< § o (M%m)
+ \/%M\/tmix(l + thix/Nk,t),u;c,t(S) In (6\/%) %) %%,t(é’% (81)

where (i) holds since Ny, > S0 py (20TelS1Anes ) > 650y, and i o(5) > o

Similarly, it can be proved that the following two inequalities holds with probability at least 1 — §/2.

’5k+1(5) - U;c+1(3)‘

160Q max 4 6Qmax
< ———tnixl X 1 2t mix /N 82
= " Nen mix 111 (5 Tmin) /7Nk+1 tmi + 2l / k+1):uk( ) (5 Tmm) (82)

|7k (s) — p(s)]

160 4
< tmixl mix ]- 2tmlx N 83
< st n (5= + ml\/ N Y =
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Hence, egs. (80)-(83) hold with probability at least 1 — J. In this case, we have that

|Orr1(5) = vky1(s)]
< |Ok41(8) = Vi1 (8)| + [Vhy1(s) — vrga(s)]

@ 160Qmax 4 60 max 4
< ———tmix In Tmix 1+ 2tm1x N,
= Npp1 (5\/%) VNer1 ( /Ni+1)pk(s) In (6\/m>

+ ’YE#k,ﬂ',(cl),ﬂl(f) [[‘7’6(8/) - Vk(s )] 1{s = s}}

160Qmax 4 6Qmax
S tmix In + mix 1 + 2tmlx N
Nii1 (5\/Nmin) \/Nk+1 \/ ( /Nit1)px(s) In (

+ymax [Vi(s') — Vi(s')|By, 1{5 = s}

Wm)

160Qmax 4 6Qmax

< tmix 1 Lmix (1 + 2Emix /N

o Nk+1 " <6\/,U/min) \/Nk+1 ( * / k+1)'uk( ) (6\/Mmm)
+7uk(3)’|‘7k—VéHoo’ (84)

where (1) uses eqgs. (54), (55) & (82).
Vis1(s) = Vi (s)
() | Dkt1(s) Uk+1(3)‘

[k (s) 1k (3)

pk(s) — fig(s) ’
1 (8) 1k ()

6 max
) + Q tmlx ]-+ 2tm1x/Nk+1)ﬂk( ) (

vV Nit1

160 4
+7Uk ||Vk - Vk” ] + 2‘/111&)(,Ulk ( ) [thlxl (5\/”7)

< 0 (8) [Brr1 (5) — Vi1 (8)] + [Tk (5)]

(”) ]- max
2 160Gmax, (

< )| Neos wm)

5\/ Mmin

6 4
+ M\/ (L + 2t/ Nict1 ) 2x(s) In 5 W)}
480t iy 4
Niy1 I <5 Mmin)

t ix
+ 18\/‘““’“(8)(1 + 2tumie/Nips1) In (

(#47) Vinax

< YVie = V/|loo +
MV = Vil + 22

4
)|

Niy1

(iv) R
< YVe = Villoo + Vinax | 2

4Otle 4 1 05tmlx 4
In ( ) 418 In ( )
Nk+1,ufm1n 5\/ Hmin Nk+1/~Lmin 5\/ Hmin
40t mix 4 1.05¢ mix 4

94, | A0tmix ( ) 418, |2 O0tmix ( )

NkJrl,U/min 6\/ HMmin NkJrl HMmin 6\/ Hmin
<AV = Voo + 171V, fmix ) ( i ) (85)
=7 b kilee e Nk+1 Hmin 6\/ Hmin ’
where (i) uses eqs. (58)&(59), (ii) uses eqs. (67), (83)&(84), (iii) uses Qmax < Viax, (V) uses
0(8) 2 o and Niay > 4008 n (5 ) > 40t and (v) uses Ny = 32 In (A ).

Applying the union bound to the above inequality over all 0 < k < K — 1, s € S and taking
maximum over s € S, we obtain that with probability at least 1 — 9,

Verr = ViMoo <AV = Voo + 171Vinax mix ln( )
Vet = Vi low <217 = W] o (5=

(v) ~
S rY”Vk - Vk/HOO + ‘/Inax
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Iterating the above inequality yields that with probability at least 1 — 4,

R . 171Viax tmi 4K|S
1% = Velloo <7170 = Vglloo + \/ ()

L=\ Nkt1ftmin 0+/Hmin
(4) 171 Vinax tmix 4K|S
<2Vmax?” + . ln( 151 )7 (86)
1-— Y Nk+1/~Lmin 6\/%

where (i) uses the fact that || V]| s, ||‘A/0||OO < Viax-
Hence, with probability at least 1 — 24, egs. (80), (81) & (86) hold simultaneously. In this case,

g (s,at™) g (s,a0™)

ﬁk,t(s)ﬂg(?)(a(m) [5) (s )W;C(rtn)(a(m) B

S(m m m (1)
QU (s,a™)) — Q1 (5,a™)| 2

) G (s,a™) — g (s,a(™))|
T fea(s)m M (atm)]s)
N N (7t (5) = 4}, (5)]
() (@O )QRT (5, 0| —— =
T ()t o () (alm)] )
m 2|Z]\;(€ntl) S a(m)) q;(;n)(s a(m) |+2|ql(ﬂ1) S a(m)) 7q](€77’£)(s’a(m))|
1y o ()T (alm) |s)
I 2Qmax|ﬁk,t(5) - iu;c,t(s)|
u;g’t(s)
(iv) 2Q max 320 4
= () tis 0 )
O e S

1(m m 4 R
’ \/W,t\/tm(l + i/ Nt (5)7i ) (a]) In (5\/m) +2|[Vie = Vil
(v) 640tmixAmax 4 tmixAmax 4 N
< max 1 ( ) 25 1 ( ) 2|1V, —V/ 7
<Q [ N tfbmin€’ n 5\/@ + \/Nkﬂt/lminf/ n 6\/m + H A kHoo
87

where (1) uses eqgs. (64)&(65), (ii) uses eq. (64), (iii) uses eq. (68) and the inequality that 71z +(s) >
;L;C)t(s) /2 implied by (i) of eq. (81), (iv) uses eqgs. (80)&(81) and the following inequality based

on egs. (61)&(62), and (v) uses u% +(8) > Umin (based on Assumption 1), = (m)( (m)]s) = (1 —
6’)7r](€irtl)(a(7”) |s) + € /|AU™| > € /Apax and Nyt > 650t mix.

a7 (s,a) = g1 (s,at™)|

<AE, o [[T(s) = Vi[5 = 5,0 = o™}

k,t X St

< i a(s )w;’t”)(a ™)V = Vi
Notice that the following inequality always holds.

|Q’(m) S a(m)) Ql(cm)(s a(m))‘

< 2 1Qu(s:a®,a®)|m™ @O s) — w0
a(\m)

< Qmax€ ‘ J(a\™|s) — IA(m)I_l‘ < Qmax€ (88)

where (i) uses eq. (68).
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Hence, combining eqs. (87)&(88), it can be seen that with probability at least 1 — 24, the following
inequality holds

|Q m) (m)) . gcifé)(s’a(m)”

S Qmax 640tmixAmax In ( 4 ) +925 mlemax In ( 4 ) + 6/
Nk,t,ufminel 5\/ Hmin Nk tﬂmln6 5\/ Hmin
+2|| Vi = Vil . (89)

Similarly, it can be proved that with probability at least 1 — 24,

‘th sa ) th(s a(m))’

640tmixAmax mlemaX 4 71
< Qe | oty (2 o5 i ( )+
]\/vk:,t,ufmin6 6\/m Nk t/meﬁ 6\/ Hmin
+ 2|V = Vil (90)

Finally, eqgs. (72)-(74) are proved by applying a union bound to eq. (86) and to egs. (89)&(90) over
al0<k<T-1,0<t<Tp—1,m=12s€e8,a™ e A,

Nk,tﬂmin 6\/ Hmin

> 6503‘“*’4”‘“‘ In QOTg“\‘}I/fli‘_L‘"“‘"‘) implies that ¢ € [0, 1]. Then, for this €/,

the upper bound (73) is simplified as follows.

1/3
Now we consider the hyperparameter choice ¢/ = {650’5'“‘*/1""‘" In (20T““‘“‘S|A“““‘)} . First, this is

a valid choice, since Vi ;

Alm) (m)
(o ol
40t ixAmax 2 Tu Amax t ixAmax 2 T;u Amax
< Qe | B ,ln(o”“S' ) + 25, | a2 |5 )+¢
Z\]k:,t//’/min6 5\/ HMmin ]Vk,t,umin€ 6\/ Hmin
+2/|Vi - Vil
(4) 640 o 25 -~
> mmx(@ﬁl 6506/) +2||Vk_Vk,Hoo
(i) . A 20T ym|S| A 1/3 =
< 2Quaxe + 2|V = V|| =18 max[ mix maxln( um e ) | || T -
Emix Amax 20Tum|S|Amax \ __ 3 - / :
where (i) uses Ny In ( N/ ) = €7 /650, and (ii) uses € € [0, 1]. This proves eq. (75).
The proof of eq. (76) is similar. O

C PROPERTIES OF THE DUALITY GAP

In this section, we prove some useful properties of the duality gap

D(T)(W(l)ﬂr(Q)) = ,I(I})ax,(z) [sz),ﬂ(z)( ) — V@) 77/<2)( )]
S, ST
Lemma 5. For any policy pair 7, 7(2), it holds that
1

DO D)< o max S Q76,7 D6), 7D ()] = £ [QF (5),m D ), 7 )]

This Lemma generalized the Lemma 32 of (Wei et al., 2021) to entropy-regularized Markov game.

Proof. Throughout this proof, we denote the policy pair (7r>(k17), m@) as the Nash equilibrium and

their associated V-function and Q-function are respectively denoted as V* and Qx 2
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Note that
V,f,7<3>7w<2>(8)* *(T)(S)
= 3 QT (5.0, D (@D]9)7 ) (0] s)

a),a(2)
— Q7 (5,0, a®)r D (aWs)m? (a?)s)]
+7[H(r'V(s)) - H(rP (s >) H(m? () + H(nD(5))]
— Z [Q(T,()1> o (5, a® . q ) Q(T)(sal) a@))]W/(l)(a(1)|s)7r(2)(a(2)|5)

a(l) a(z)
* Z Q7 (2))[W'(1)(a(1)|s)w(2)( @)|s) — ( Ws)x 2)( @) )]
a) a(2)
=7 Z |: /(1) 7T(2)(a(2) |S)ES/N73(,|(970‘(1)7&(2)) I:Vﬂgg)’ﬂ—(z) (Sl) _ V*(T) (8/)}:|
a(l) a(2)

+ 7D (s) Q7 ()7 () — 7l () TQL ()7 ()
+7[H(E'O(s) = H(xP(5)) = H(xl (5) + H (7 (5)]
< ymax [VT o (s) - W( ]
+7/2(Q17 (8): D (5), 72 (s))
(@)
< ymax [V o (5) - (s’)]
(%))

+ 71 (Q7 (s); 7

) = 7 (QL7 (s); 78H (), 72 ()

— rmin f-(Q4 (s); 71 (s), 7' (s)),

w/(2)

where (i) uses f- (Q Ms): P (s), 7T,(3—)( )) = max, . minge fr (ng)(s);ﬂ'”(l)(s),7'('/(2)(8)) >
min o f-(Q47 (s); 71 (s), 7' (s)).
Applying max ., to both sides of the above inequality and rearranging it yields that
max [V, ) (s) = Vi (s)]
1 ) (g). 7D () 7 ) (g). 7D (5). 7'
< — — .
- 1 Y s 7r/(1)( ) /(2)( ) {f‘r [Q* <5>77T (S)aﬂ- (S)] f‘r [Q* (8)77{- <s>77T (S)H (91)
Similarly, we can obtain that
max (V7 5) = Vi) o (5]
1 (1) (1) (2) () (1) 1(2) }
< — - .
et S 2l (R O R Ol O B A A DR OR S O)]| R Ce?
Therefore,
DO (7D 7))
= nax [V;;LJ@ (8) - V7T((7—1))77T/(2) (S)]

5771"(1),7("(2)
< s (Voo e (9 = VA7 0)] o g [V7005) = VD v 9]
<2 1@ (), 7D (8), 7 (5)] = £ [Q7 (), 7 (), 7 (s)] |
- 1- Y s, (s),m (2 (s) ’
where (i) uses eqs. (91)&(92). O]

Lemma 6. D) (z() 7(2)) js %-Lipschitz continuous with regard to T.
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Proof. The definition of the state value function V;(Tl)) (2 10 (3) can be rewritten as follows.

VD o [ZW Rifso=s] + Z’y THED () — HED (). (93)
Hence, for any 7,7’ > 0,
’V,T(Zl))m(z) (s) — V75<T1))77T<2) (3)’

<D AN = rlHE D (s) = H(E D (s0))

t=0

(1) & 0
S Z’Y |T _T‘lnAmax S

In Anax
t=0 1

vl (94)

where (i) uses 0 < ’H(ﬂ(m)(st)) <In |A(m)| < In Ap.x- Hence, this Lemma can be proved as
follows.

D) (), £ — DO (z (1) 7))

max [VTE/T(&J@)(S) - VTE(Z))J/@)(S)} -

s,/ (1) 7(2)

<

s,/ (D) 7/(2) [Vw(’:z),ﬂ—(?) (S) - Vﬂgz—l)) 7T/(2)( )] ‘
s wm?};mz) [VTEL)),W@) (s) = V,E(Tn)},r,m(S)] - [V;/T(Z>,Tr(z> (s) — V,EQ) w(z)( )]‘

X ) UVW(ITH))J@) (s) — Vﬂ(;i)m@) ’ + ‘ W(l) Trr(2>( 5) — V7r((71>)7r1<2>( )”
) 21n Apax
1 —

where (i) uses eq. (94). O]

IN

INS

|7" — 7],

D PROOF OF THEOREM 1

Theorem 1 (Finite-time convergence rate). Apply Algorithm 1 to solve the entropy-regularized
Markov game with T € (0, 1). Choose learning rate n = [2(T + Qmax)] ™", initialization |Vo||oe <
Vimax and batch sizes Nk,t,ﬁk,ta Ny.t1 that satisfy (18) & (19). Then, the Nash equilibrium duality
gap converges at the following rate with probability at least 1 — 6.

Vinax L Amax _
Daf2 ) < o Tl 3ok
Vmax tmixAmaX num|8|Amax 2/3 — K—k—lTki1 Ti—2—t 1 Vm&x
o [y (e )] i > (1=mm) (o + =55
Y Hmin Hmin k=0 =0 Nl@t TNk 41
V37X tic V3, K|S|\ =~ 754!
+ 2max7 - + . max ( | | ) Y ) (20)
T (1 - 7) T ,LLmin(]- - 7) 5Nm1n Nk+1

k=0

Proof. First, consider the SPU iterations that are defined by replacing Q,(:Z), @,(:le in (8) with @,(:z),

=(m)
Q. 1+1- respectively, for m = 1,2. We can apply Lemma 1 with the quantities being specified as
follows.

* Q= Qx(s) hr(p,v) == f-(Qr(s); 1, v),
* bt 1= W;(glt)@)» Vg = 7T(2t)( )s Fygq o= ”l(c 2+1( )s Vi = ﬁ’(fg“(s)’

*

k
fi7 = 771@(1)(5)’ Vr = 771:(2)(3)’
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. dm = |A(m)|’
m A(m m <(m) =(m) —(m)
o = O () = QU () 81 = Qe () — Qi (),
where w(l)*(s) 7r,(€2) (s) is the solution policy pair to the minimax optimization problem
MiN(2) (5) MAX (1) (5) fT(Qk( ); D (s), (2)(5))-
Consequently, egs. (29) & (30) with t = T}, — 1 imply the following two inequalities, respectively.

| (Qu(s); Ty, (), T, (8)) = Fr (Quls)i i (s), 71 P (s)) |
= Vi (5) — fo(Qu(s); mp V(). mp P (9))]

Tr—1

< %(1 — ) I A+ Y (1 r) T2
t=0
2 —(m) 2
9 m m m
Z [877"@'(“’2( 5“)( H *HQk 141(8) = Qp i (s )Hoo]7 (95)
m=1

ﬁ(l)(r:;%:fz)( [fT(Qk( )i (1)( )s ﬁ;f)Tk(S)) *fT(Qk( ); *2 )Tk(s) 7('(2)(8))]
R TARCT [ff(Qk( ;7D (), w2 (s)) — fr(Quls)imi (s), 7 (5))]

4 Ti—1
< 5(1 - nT)Tk—l In Apax + Z (1 _ nT)Tk—Z—t
t=0
2 2 &tm) =(m) 2
Z {1677”62 Qk 4 ( e + ||Qk t41(8) — Qy t+1(S)HOC:|, (96)
m=1

Then, define the soft Bellman operator 3, as follows.
B-(Q)(s,a'”,a®)

- R(S a a‘( )) + VES’NP(~\s,a(1),a(2)) {Ill)%x) (Igi(n ) f‘r (Q(s/); 71—(1)(5/)7 7(2) (8/))} ; o7

where Q@ : S x AL x A® 5 R and Q(s') € RMAVIXIA?I with each entry given by

[Q(s)] o) 0 = Q(s, a a?). Tt can be proved that B, is a contraction operator and has a
unique fixed point Q*T) (Cen et al., 2021), that is,

1B+(Q") = B+(Q)lloe <7[Q" = Qllco, (98)

B-(Q\7) =Q\7. (99)

As a result, we obtain that

1Qk+1 — Qoo

(i) .

< Qi1 — Br(Qi)lloo + 1B-(Qr) — Br(Q) 10

(id) -

< max |Qk+1(3, a(l)a a(2)) - BT(Qk)(Sa a(l)v CL(2))‘ + 7”Qk - Q>(k )Hoo

s,a1) a2

= max
s,a(D) q(2)

= [R(5,0,0) 4 1B,y _p( e aon fr (Qu( )i D), 71 P 5) || + @k = @l

< ymax | Vi (') = fr (Qu(s)imy (), (1) |+ 71 Qi = Q7 oo, (100)

R(s, al ) (2)) +WIES/NP(.WI(M,a<2>)Vk/+1(5/)
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where (i) uses eq. (99) and (ii) uses eq. (98). Throughout the proof, suppose that egs. (72), (75) &
(76) hold simultaneously which occurs with probability at least 1 — 4. In this case, we have

||Q<”” )
. [ (e i,
2 s [ (il
+ 32’ +Njfi::(1v n?W) In (5%) (101)

where (i) uses eq. (75) and the inequality that (a + b)? < 2a? + 2b* for any a,b > 0, (ii) uses eq.
(72) and also (a + b)? < 2a? + 2b? for any a, b > 0. Similarly, we obtain that

Hak,tﬂ $ k t+1 ||
t 1xAmax 20T, S Amax 2/3
<648Qmax[ m, ln( sum|S| )}
Nk,t+1/14min 6\/ Mmin
29241 i V.2 4K|S
+32V2 4% 4 max 1n( 151 ) (102)
Ni1 fimnin (1 — )2 O/ Prmin

Then, iterating eq. (100) yields that
1Qx-1 - Q7

K—-2
< 'YK_lHQO . >(}<T)||OO + Z ’YK_k_lrSI}gg‘Vk-‘rl(S/) _ fT(Qk(SI);Wz(l)(sl),ﬂ-;:.(2)(8/))’
k=0

(3) K-2 8 T —1
< 295 Quax + Y /! %(1 — ) T I Aoy + Y (1 —nr) TR

t=0

Z {8Tl||Q(m) th (s )Hic Hil(:ZH( ) — Qk t+1( )H2 H

o0
m=

—

(i) R 8 =
< 27" Quan + 3 _ 7 l”(l =) 0 A+ 3 (1= ap7) T2
k=0

t=0

2
ix A 207, A 2/3

3 (648Qmax{tm‘x e gy 0 ;“m|8|‘ me) |7 8;7/3 + 33/3 )
,LLmln AV /Ufmln k t 4TNk 11

2 k+N§i?;iL’i?€f§“> o (1]
(443)

< 2 K= 1Qmax+ maxZ'YK ke 1 )Tk_l

m=1

+324Q2 ..

rmz:rf* <'ﬁ>}

—2 T—1 K_
7K k-1 kz: Tk 2 t( 32n 33 ) 1568~y 1‘/112121)(

N

2/3 2/3 2(1
0 k/t Nk/t+1 (1 =7)

1432800 i V2, | ( 4K |S| )
nt /«Lmin(l - ) 5\/ Hmin k—0
K-2

tmixAmax Tsum Amax 2/3
Vinax In Amax Z ')/Kik(l — T]T)Tkil + Vmax|: In ( 6‘S| ):|
k=0 Hmin Hmin

~
Il

’yK AN (103)

® o
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K-—2 T 1
K—k— — Tk 2—t 1 Vmax
gl PNy E Ry
k=0 t= 0 Ny, )t TNk 1
Viax 7™ tnix Vi K|S| K—k—1
7-2(1 - 7) TZMmin(l - ’Y) O fbmin Z k—H

where (i) uses eqs. (68)&(95), (ii) uses eqs (101)&(102) (iii) uses n = [2(7 + Qmax)] 7t < 1/(27),

tTigl(l — )27t < m(im) < Z m and ZK 2 Ktk—1 < 71 , and (iv) uses Quax =
Ogv)max) fory ~ 1and 7 = [2(7 + Quax)| ™' = O(Qﬂéx) = O( max) (Since Qmax > V7 =
().

Using Lemma 5, the convergence rate of the duality gap in eq. (20) can be proved as follows.
- 1 2
D (Wg()—lv 7TE{)—l)
(z) 2

< 1o £ @06 (), mid 1 (9] = £ (@7 (6), w1 (), )]

S% nax (£ (@1 ()0 (9), L4 () = o (Quea ()il (), 72 ()
% s [ (@7 ) m D 6), w1 (9)) = £ (Quea (7 (5), 7L )|

2 max [ (@roa(s)im (), 72(9) — £ QU ()L (), 72 ()|

1—7s Tr(l) Tr(z)

_l_

Tkg_1—1

2
1— T _1— 11 Amax 1— Tg_1—2—t
B 77(1*’}/)( ) B +1,,y tz:; (1= )

2 =~(m)
S (1601021 o(5) — Q2 )2 + 1@ s () = B )2

m=1
2 -
+ s mas [70(6) TR ()~ Qua ()i 1 5)]
2 G (2)
+7max‘7rK (s ) [Q@r-1(s) — Q" (s)]7 (5)|
1-— v s,m(2)
(i) 81n A 4
< SEAma g Tty T L —gr)Te=2t
n(lfv)( ) L—n ; ( )
s Amax 720 wm| S| Amax \12/3 7 16 12
(64%[ iy, (00l ) 20 M0 A2
Hmin \/m NK—I,t TNK 1,t+1
24 29241t V.2 4K
(s 2y o Rl (KIS )
NK,U/min(]-_ ) 5 Hmin

4 T
+ 17||QK71 — Q¢ )Hoo
-7

(iv)
< 81nAmaX(1 7,,77-)TK—1*1 +

2592Q2 . . [ tmix Amax I (20Tsum|S|AmaXH 2/3

77(1 - 7) 1- Y Hmin 6\/ Hmin
T—-1—1

Kzl (17 T)TK—1*2*75 ]_6’17 " 12 )

n N2/3 —2/3

t=0 K-1t TNg_ 1,641

160 [32V'max 2K-1) 29241t mix V2. I ( 4K|S| )}

777—2 1-— Y K ]VK/quim(1 - ) 5\/ Hmin
T S’YKilQmax 321nAmax Z K—k— 1 )kal

L=y
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n 129607, [ Emix Amax n (20Tsum|3|AmaX” 2/3

11— Pmin 0/ Fomin
K—2 Tp—1
N i (1 —n7) Tk —2— t( 327 " 33 )+ 62727512
2 3 ——2/3 2(1 _
k=0 / TNk/t-H nT2(1 —v)?
5731236’tmlxVr?lax ( 4K|S| ) Z K—k—1p
nrt Mmin(l - ) 6\/ Hmin k+1
SWK_lQmax 32111Amax K—k=1( T—1
< k
- 1-— n(l— Z )
+ 1296Qmax |: mlemax In (20ﬂum|S|Amax):|2/3
11— Hmin 0/ Fomin
K-1 Tp—1 K—1y/2
e o4 327 33 11392~ V
K—k—-1 Tp—2—t max
v Z(l_nT)k ( 273 T /3 )+ 2
k=0 =0 k/t 7-Nk/tJrl nr2(1—7)?
57312361&,11,,(1/51&,(1 ( 4K|S| ) K—k—1p7—1
nrt Hdmin(1 - ) 6\/ Hmin =0 k+1
K—1
(v) Vmax In Amax K—k T, —1 ‘/max tmixArnax 71sum|S|A’4max 2/3
) | Vom0 s 5oy ey, Yo s, )
l—x kZ:O ( ) =9 fimin Ofbmin
K—1 Tp—1
,YK k—1 kZ Tk—2—t( 1 n Vinax )+ Vn31ax7K
2 3 —2 3 201 _ ~)2
tmix Vi K|S K—k—1
+ max ( ) N ,
7'2/1Jmin(1 - ) 5,umm Z k+1

where (i) uses Lemma 5, (ii) uses eq. (96) and the definition of the function f, (iii) uses egs.
(101)&(102), (iV) uses eq. (103) and n = [2(7 + Qmax)]—l < 1/(27), tTial(l m.)Tk—2—t <
W <z nT> and (v) uses Qmax = O(Vinax) fory = 1and n = [2(7 4 Qmax)] ™' = O(Qmiy) =

O( max) (Since Qmax > T = O(T))

O
E PROOF OF THEOREM 2
Theorem 2 (Sample complexity). Implement Algorithm I withn = O(1 — ), T = O(%),
K=0 [ﬁ In ( I:‘(IA%;S‘)} and Ty, =1+ % Choose the following adaptive batch sizes.

k

~ tmix(lnz Amax)’)/_é 3 3 A tmixAmaX(l - 777) 5
Nes = O< € fimin(1 — 7)8 ) Nt = Niaeh (1=9)" = O< Jmin (1 — )3 )

Then, for any € < lnlAﬁ“ the overall sample complexity to achieve D© )(wg) 1 ’/Tg) 1) < eis

—3(t+1)

5(%) Please refer to (118) in Appendix E for a complete expression.

Proof. Since T = O( c1=7) ), we have

In Amax
1+ 7mInApax 1 B 1

Vinax = T —177+O(e)_0((1 7). (105)
14+ ytInApae 1 . -1

Qmas =—— 5 = 7= +0( = O((1=)7"). (106)
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: _ klny~?!
Since Ty, = 1 + Tn(i—yr)=T> We have

K—1 1

e S

K4 K(KQ— 1)0(177—77)

o)
2In Apax

~o(C7=5)

—0 Lla A“‘;‘;‘S In? (i?lAm'j‘y") )} . (107)

Hence,

i (0 ) = o m (57 ) e (o (G225

- (’)[ln (@liﬁl—xv))] (108)

Similarly,
In ( KlS|
,umln

):(’) In

o (ot )
O[m(s'éﬁm;m_A‘“‘”‘ ) +oln((rma=)m ()]
=ofm( )
(

‘S|1n 711nAmax :| |S|
+0| (55|
6/14m1n 5,u/m1n - ’7)
|S|In(e~1n Amdx
=0|in )]
5Nm1n ]- -
where (i) uses € < %. With the above equalltles, we will prove below that the hyperparameter

choices in Theorem 2 are valid and satisfy the conditions of Theorem | with proper constants hidden
in O().

(109)

1 =[2(T + Quax)] " = O(1 —7) (110)

*O(h(leZx)) e (0,1] (111)

K g (Ss) ol m () =

7 1+1n(k11f’f77;_121 (113)
Ny ol A (91 )

2 (5m) = Ol () ato
i o[t G ()

e () ol ()] s

N zo[t

mix Amase (I0%% Apa) (1 = 7)) 3D/ 5] Amax
In )]
Mmin63/2(1 - ’7)6 65/Lmin(l — ’y)
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> o (e —o[fmtus (BT )] a0

With these hyperparameters and eqs. (108)&(109), the duality gap bound (20) can be simplified as
follows,

D(T)( (1) 177&) 1)

rnax hl Amax K— k T 1 Vinax tmixAmax Toum ‘S|Amax 2/3
<0 Z 7 - 1—+ [ min In ( O lhmin ﬂ
Kﬁvi k— Tkzl Tk 2— t( 1 + Vinax ) n V3™
k=0 t=0 ;3/{3 Tﬁi/f;l T2(1—9)?
otV <KSUKIVK*41
T /Jamin(1 - ) 6,Um1n h—0 Nk+1

) [ In Apax =

Kkk
Ola=ap Z

K-1
1 tmixAmax |S|Amax 2/3 K—k—1 T—2—t
+ { In ( )} v Z (L—n1)™*
Hmin 65.udmin(1 - ’Y) k=0 t=0

tmixAmax |S|Amax -2/3 9
1 1— (t+1)/5
(ol (=)0

In A Emix Amax (I0%? Apay) IS|A -2/3 )
max mix<+tmax max 1 max 1— (t+1)/5
+0(6(1 —7)2)0[ fimin€®/2(1 — )6 n(e5umin(1 —7))] (=)

K(ln2 Amax) tmix(ln2 Amax) n ( |S|In(e™! In Apax) )
E(1=97" Epmin(l—7)8 S ftmin(1 — )

+

K—
ol (S
50 62:umin(]- - ’7)8 éumin(l - 7)
InA Tl
<O ( max K’Y + Z,YK k—1 Z Tk 1-3(t+1)/5
K—-1
g (ln Amax K—k/2-1
R + Z v
@O mAmax +K L (1= nr) 7331 = ) 3TR/5
1) 27 (T—gr) 35 —1

Kl Amax —K/2 -1
(In? )JF,YK 1Y
21— SR

(i) -1 FK=1-3k/5 K (15,2 (K—1)/2
e lnAmdx + Z +'Y (ln Amax) Y
(- ST @) 1=
(@) 1 In Amax K-1(y=3K/5 _ K(In® Amax K/2
Zol KoK 42 (77 ) v (n ),
=P R VA ()

(2) o l In A][nax ( In Aax ) VE I Aoy YE(I0? Apay) . Y572 ]

= (1) el 17
(vi) . 1= 5 65/2(1 _ 7)2‘75 (vii)
3 —
= Olete In Amax ln5/4 Amax B O(e) = o (1 17)
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where (i), (i) and (iii) use (1—n7) 7+~ = ~* based on eq. (113), (i) also uses egs. (105), (108)-(111)
& (114)-(116), (iv) uses 1 — (1 — n7)3/°> = O(nr), 1 — 42 = O(1 — 7), (v) uses egs. (110)-
: n Amax nApax K (In? Ammax _ =yt :
(112), (vi) uses (’){7 ! A)s In (1 (1A 3 )} < O{%} and 7% = % implied by
eq. (112), and the numeric constant ¢ > 0 in (vii) exists. By replacing € with ¢/c, we obtain that
D, (7,7 ) < e which means (i) |, 72 |) is an e-Nash equilibrium policy pair, and the
orders of all the hyperparameter choices remain the same. In this case, the overall sample complexity
is given by

K—1 Te—1

Z {Nkﬂ +2 Z (Nt +Nk,t+1)}

k=0 t=0
K—1
—k/2

vy
k=0

2 of el (S )

tmixAmax(lng/Q Amax) |S|Amax == 3(t+1)/5
" O|: /,Lmin63/2(1 - 7)6 n <€6/’¢mm 1- )} I;) = 1 - 777_
O[ tix (I0” Amas) | (|5| In(e= ! 1n Appax) )} ~K/2 _
= n
€2Mmin(1 - ’7)8 5/~’/m1n(1 - 'Y) _1/2 -1

tinix Amae (10%7% Apnas) ln( |S| Amax )} Kz_:l [(1—nr)=3Te/5 — 1]
,U/min53/2(1 - 7)6 65/~Lmin(]- - ’Y) =0 1- (1 - 777—)3/5

(Z) O[ tmie (0% Apax) In (\S| In(e~!In Amax))},}/—K/2

+0|

- 62,Ufmin(1 - 7)8 5,Ufmin(]- - 7)
K—-1
+0 |:tm1x14max(h'13/2 Amax) In ( |S|Amax ) In Amax :| 7_3143/5
Um1n€3/2(1 —7)8 €0 ftmin (1 — ) =0
- (9[ tmix (107 A o) I <|S|1n(e*11n Amax))] _K/2
B €2Mmin(1 - '7)8 6Hmin(1 - ’7)
+ 10) |:tm1)u’4tma)((lns/2 Amax) In ( |S|Amax ):| 'Y_SK/E)
,Ufmln€5/2(]- - )8 66/»"/11(1111(1 - 7) 773/5 - 1

) (’)[ ;ix(ln Amax) | (|3| (e In Apax) )} In°/* Apax
€ Nmin(l - 7)8 5ﬂmin(1 - 7) 65/2(1 - 7)3'75
tmixAmax(1n5/2 Amax) ( |S|Amax ):| 1H3/2 Amax
n

,umines/Q(1 - '7)8 65/’Lmin(1 - ’Y) 63(1 - ’7)5'5
tmixAmax(ln4 Amax) ( ‘S|Amax ):|
im0 = 7)1 \ i (1)

tmixAmax
=0
Limin€> (1 — 7)13.5)

where (i) uses Ny ; < Ny, and egs. (114)&(116), (i) uses y 21 =0(1-7),1-(1—-n7)35 =
O(nr) = O(ii(llgjjj) and (1—n7)Ts =1 = +F (i) uses y~3/° =1 = O(1—~) and v¥ = 716;5};2)7'0
implied by the hyperparameter choice (112), and (iv) uses the fact that the second term of (iii) is
larger than the first term of (iii). O

+0|

(118)

F SUMMARY OF COMPARISON OF SAMPLE COMPLEXITIES

In the column “Model-free”, a v'means that an algorithm does not need any prior knowledge of the
environment, including reward mapping and transition kernel.

In the column “Private update”, a v'means that the algorithm updates do not involve the opponent’s
sensitive information, including action and policy.
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Table 1: Summary of sample complexity of algorithms for solving discounted infinite-horizon zero-
sum Markov games. (|S] is the number of states. Ap,ax i the maximum number of actions between
the players. pmin is the lower bound of state stationary distribution. v is the discount factor.)

Work Model Private Symmetric Data Sample complexity
-free  update update type (duality gap < €)
Zou et al. (2019) Markovian -
Zhao et al. (2021) 1i.d. -
Guo et al. (2021) 1.1.d. -

Cen et al. (2021)
Wei et al. (2021)

Our work

X ~ Ai?nax ‘5'10'5
Markovian ~ O( W)

: Amax
Markovian 9 ( S5 fimin (17135 )

ENIENEPSRNENEN
SES NS X
ANINIENPIPIAN

In the column “Symmetric update”, a v'means that both players perform symmetric updates.

In the column “Data type”, “Markovian” means that the algorithm uses samples queried from the
dependent Markov decision process. The “~ sign means no stochastic samples are used.

The sample complexity is defined as the total number of samples required to achieve an e-duality
gap for the Markov game. A “-~” sign in this column means that such type of sample complexity

is unavailable in that paper or its setting is different from ours. We use O to hide all the logarithm
factors.

We next explain how the sample complexity of (Wei et al., 2021) is calculated. Corollary 4 of (Wei
et al., 2021) shows that the iterate-average duality gap is smaller than e with the hyper-parameter

~ 2
choices: number of iterations 7" = O [%} and number of samples queried per iteration

L=0 [(1_;4)%;;%} (we replace & with €). Hence, the overall sample complexity is

- 3 8 (i) ~ 3 10.5
Lr =0 AnaxlS| ] [( Anax|S|

(1 - ’7)17,anin77568 1-—- 7)29'5,Uminfs ’

where (i) uses the choice of learning rate n < O [ % required by their Algorithm 1.

G RATIONALITY

In this section, we will prove that the policy extragradient (PE) algorithm Cen et al. (2021) is rational.
The following analysis can be directly extended to our stochastic policy extragradient (SPE) algorithm
by applying the estimation error bounds in Appendix B.

An algorithm is called rational if, whenever the player 2 adopts an arbitrary stationary pol-
icy 7(?), the policy of the player 1 converges to the best response to 7%, i.e., %ST) (s) =
argmax, ) (s V.0 o (s) forall s € S. We add tilde in 7.7 (s) to differentiate it from the Nash
(7)

policy pair (7r>(k1T) (s), 2 (s)) and some consequent notations are similar. Denote @Sf) =Q_)
g ,T0

17*(7) = szl)) (2 A3 the optimal value functions and define the soft Bellman operator as follows

TxT

B (Q)(s,a",a®)

= R(s,a",a?) + 1By p( |50 a@) [ r(rll):%x/) f+(Q(s); 71'(1)(81),77'(2)(8/))] (119)

Similar to eqs. (98)&(99), it can be proved that the soft Bellman operator I§T is also a contraction
operator and has a unique fixed point ng), ie.,

1B+(Q") — B+(Q)lloo <7[Q" — Qll oo, (120)
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B(Q) =Q\". (121)

To solve modified Markov game with fixed policy 7(?), we develop the single-player-perspective
version of the PE algorithm in Algorithm 2, which basically approximates the value iteration Q41 =
B. (Qk). The main modification from the original PE algorithm is that the new policy update (126)
only keeps the third expression of the PU steps (8) since only that affects the final policy of player
1 with fixed 7(2). This new policy update (126) aims to find 7(!) that maximizes the following
single-player Markov game problem with fixed Q(s) and 7(?)(s) for all s € S, while the original
PU algorithm seeks the Nash equilibrium (7(1), 7(2)) of the following function.

wrg;a(f) Fr(Qu(s); 7 (s), 7 (s))

= [N ()] T Qu(s)n P (s) + 7H (71'(1)(8)) - 7'7'[(7‘('(2)(3)). (122)

Similar to eq. (23), it can be derived that the solution %Z(l) (s) to the above optimization problem
satisfies the following condition Cen et al. (2021).

%Z(l)(s) x exp(Qr(s)ma(s)/T). (123)

Algorithm 2 Single-player perspective PE algorithm for entropy-regularized Markov game.
Initialize: V;(s) forall s € S.

for value iterations k = 0,1,..., K — 1 do

Compute the following Q functions for all (s, a"), a(?).

Qi(s,aV a®) =R(s,aM,a®) + ’yEsle(s7a(l),a(2))Vk($/) (124)
QY (5.0D) =B, (5 Qu(5, 0D, a®) (125)
Initialize w,gl()) with uniform distribution.
for PU iterationst =0,1,...,T —1do
Player 1 implements the ¢-th policy update for all s, a(!) as follows.

701 (@W]s) o i) (aW]s) 7 exp (nQL (s,a)), (126)

end

Let Tl',(gl) = ﬂ,ilgp, and perform the following value iteration for all s

Viep1(s) = £ (Qu(s); i) (s), 73 (s)) (127)

end

Output: wg)_ 1

We first prove that the value functions Vj and Qi in Algorithm 2 are bounded as follows.

Lemma 7. If |V |loo < Vinax := % in Algorithm 2, then forallk > 0,0 <t < T}, — 1, we
have

max (|[Villoo [V [loo) < Vinass (128)
max (]| Qrlocs @ [lsclloc) < Qumases (129)
where Quax := 1 + YVinax = W With Apax i= max (|A(1)|, |A(2)|),

Proof. The proof is similar to that of Lemma 3. O

Similar to Lemma 1, we can prove the following lemma about the convergence rates of the modified
PU steps defined by eq. (126).
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Lemma 8. Apply Algorithm 2 to solve the entropy regularized game with T > 0. Choose learning
rate n < 771 and initialization | Vo so < Vinax- Then, the policy update defined by eq. (126) for
maximizing the function (122) has the following convergence rates.

KLGEY (5)[mi0(s)) + KL(mn(s) |77 () < ”ﬂ(l — )" (130)

Fr(@Qu(s): 72 (), 7 (5)) = Viea (s) = TK Lm0 (s >H~*“ (5)) < 2Quax(1—n7)"  (131)
Proof. Taking logarithm of eq. (126) yields that there exists ¢, ¢+ € R such that
i),y (s) = (1= nr) ) (s) + nQu(s)ma(s) + i1

Iterating the above equality over t = 0, 1, ..., ¢ yields that there exists ¢ € R such that
1—(1—nr)T
). (s) = %Qk(s)ﬂg(s) +el (132)
where we use the uniform policy initialization 7r,(c ols)=1/ A,

Taking logarithm of eq. (123) yields that there exists ¢* € R such that
ln~*(1 (s) = Qr(s)ma(s)/T+ "1 (133)
Therefore, eq. (130) can be proved as follows.
KLY ()|[m 7 () + K Lrp(9)][7 " ()
= (@ () TN () — Iz (s)) + (mlp(s) I (s) = . (s)

9 (70 (6) - 23 (6). LTy s)ma(s) + (e —C>1>
.. _ 7_T (1 1
@ (L Z07)" ey ) _ w,g}T@)]TQk(s)m(s)

-

(iii) 2 max

< &(1 _ UT)T
T

where (i) uses eqs. (132)&(133), (ii) uses <7~TZ(1)(5) wlgl)T(s) 1) = 0 and (iii) uses [|Qr(5)||co <
Qmaxs ||~*(1 Trl(cl%’Hl <2, |me(s)[t =1land 1 —n7 > 0.

£ Q)73 (5), 7 (5)) = Viya (5)
:fT<Qk<s>;wk D (s), 7@ (8)) = £(Qul(s)imyp(s), 72 (s))
= (7 (s) = mip (), Qu(e)n ) (9)) + 7 (milp (), I (9) — (7 (s), 7D ()
2 (75O () = min(s), T wy D () + 7(nl (), () = (73O (), m T (5))
= rKL(m (57 (s)
< Q1 — 17"

where (i) uses eq. (133) and (75" (s) — 7{'2.(s), 1) = 0 and (ii) uses eq. (130). O

Finally, we prove the convergence rate of Algorithm 2 as follows.

Theorem 3. Apply Algorithm 2 to solve the entropy regularized game with T > 0. Choose learning
rate 1 < 71 and initialization ||Vy||co < Vinax. Then, the Q function estimation error || Qg1 —

@,(kT) llo and the function value gap max, [\7*(7) (s) — V((Tl)) © (s)] converge at the following rates
Tyl 1T
(T 2 max
1Qk-1 = O [l < 2Qumaxt™ + %;(1 —nm)7, (134)
o (7) () 2C)max K—1 1+ Y
max [P0 <V, o] < 32 (209 20T s
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Proof.
1Qks1 = Q4 [l

(4) ~ - o

< NQrs1 — Br(Qi) oo + 1B-(Qr) — B-(Q7) |

(i0) -

S max ‘Qk-l‘l(s a ) (2)) T(Qk)(saa(l)7a(2))| +7HQI€ - Q>(k )Hoo

s,a(),a®

= max
s,a(1),a(2)

_ |:R(8, a(l)’ a(2)) + FYES/N’P("S,G,(l),a(Q))fT (Qk(S/); %Z(l)(sl)’ 72 (S/))] ‘ + Q- ég) lloo
< ymax [V (s') = £ (Qu(s); W), 7)) | + QK — QLo

(idd)

<" 27Qumax(1 = 11)T + 7/Qk — QL [,

where (i) uses eq. (121), (ii) uses eq. (120), (iii) uses eq. (131). Iterating the above inequality yields
that

R(s,aM,a®) + 4B op(js.am a@) Vit (s

(T (T 1- T
1Qx-1 = Q7Moo < 710 = Qoo + 2y Qumax(1 = )" T
2 max
< 2C?max'yK + YL(l - nT)Ta
-7

which proves eq. (134). Finally, eq. (135) can be proved as follows
V{(s) — V(ZJ) ()
T 1
= > @ >(s o a®)ED @M]s) = QT (5,00, 0w (aV)s)] P (a)s)

a) a2
+r[HED () - H(ﬂ? ()]

= > @700, Q1 (5,a®a®)]mi (0 D]5)n (0 Ps)

7(2)

a® a2
+ Y QY (5,0, a®) [F (aV]s) = 71 (aWV]s)] 7P (a@)]s)
a),a(2)

+T[H(ED () - (w%%(s))}
=7 > [ @195 @1 oo aon [ () =V )]

”1&(1)7177“2)

a(),a(2)
+ (72 (5) = 71 (9) QU (9)m D (s) + 7 [H(FD (5)) — H(mi ()]

<ymax [V () =V 6]+ @20) —midl i () Q7 (5)m (o)

+r[H(FD (s)) - H(wgp ()]
Applying max, to both sides of the above inequality and rearranging it yields that
max [‘7*(7—)(8) - VTEZI)) o (s)]
< e max ((%S—)(S) ﬂ'g) 1(5))T@i7)(3)7r(2)(s) +7[H (71',(‘17)( )) — ’H(ﬁg)_l(s))})
< ——max (£ Q17 (5): 75 (), 72 () — £ (Q ()i i1 (). 72 (5)) )
(£(@Q7 ()77 (), 7D (s)) = fr(Qrr () TRy, 7P (9)) )

s max (£ (@i (81T (9,72 9) = fr (@i ()1 (9),72(9)) )

A
=)
=
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- ﬁ maxc (£, (Qu—1(s)i w1 (), 7 () = £, (Q) ()it 1 (5). 72(s) )
< %max’( max fT(Ngf)(s);ﬂ(l)(s),ﬂ@)(s))) — ( max fT(QK_l(s);ﬂ(l)(s),w(z)(s)))’

—v s I\a(y) () (s)

+ %7 max (fT (Qr—1(s): TR (), 7 () — VK(S))

1
1 (T

+ 7= max | fr Q- (9) mol (8), 72 (5)) — £ (Q ()il (s), 7r<2><s>)\
(1) 2 K Z’YQmax T 2Qmax T
< = _ —wmax 1 _
_1_7<2Qmax7 T (L —n7) +1—v(1 nT)

2Qmax K—1 1 + v T
< —12 - (1-—
_1_W<7 +1_,y( nt) |,

where (i) uses eq. (131) and the following inequality that holds for all s, 7(1) (), 7(?)(s), (ii) uses eq.
(134) and Vic_1(s) = f(QW7) 4 (s); i) 1 (), 7 (s)).
Fr (@i (i mdly (5),72(s)) = Q1 (s) Ly (5), 72 (9))|

~(r eq.(134) 2 Qm <
<NQx-1(9) = Q) (3)loe < 2Qmaxy™ + %(1 — )T

1
O

In Theorem 3, the convergence rates of both the Q function estimation error ||Q x -1 — Q" |l and the
function value gap max, [V*(T) (s) =V Q) =, (8)] consist of two terms O(y*) and O(1 — n7)7,
Thel 1T

which characterize the exponential convergence rates of the K outer value iterations and the 7'
inner policy updates respectively. Such a convergence result indicates that Algorithm 2 converges
to the optimal solution to the regularized Markov game, and thus can be arbitrarily close to the
optimal solution of the unregularized Markov game with sufficiently small 7. As a result, the PU
algorithm Cen et al. (2020) is rational. Similar result can be directly extended to our stochastic policy
extragradient (SPE) algorithm by applying the estimation error bounds in Appendix B.
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