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Abstract

We study infinite-horizon discounted two-player zero-sum Markov games, and develop a decentral-
ized algorithm that provably converges to the set of Nash equilibria under self-play. Our algorithm
is based on running an Optimistic Gradient Descent Ascent algorithm on each state to learn the
policies, with a critic that slowly learns the value of each state. To the best of our knowledge, this
is the first algorithm in this setting that is simultaneously rational (converging to the opponent’s
best response when it uses a stationary policy), convergent (converging to the set of Nash equilibria
under self-play), agnostic (no need to know the actions played by the opponent), symmetric (play-
ers taking symmetric roles in the algorithm), and enjoying a finite-time last-iterate convergence
guarantee, all of which are desirable properties of decentralized algorithms.

1. Introduction

Multi-agent reinforcement learning studies how multiple agents should interact with each other and
the environment, and has wide applications in, for example, playing board games (Silver et al.,
2017) and real-time strategy games (Vinyals et al., 2019). To model these problems, the framework
of Markov games (also called stochastic games) (Shapley, 1953) is often used, which can be seen
as a generalization of Markov Decision Processes (MDPs) from a single agent to multiple agents.
In this work, we focus on one fundamental class: two-player zero-sum Markov games.

In this setting, there are many centralized algorithms developed in a line of recent works with
near-optimal sample complexity for finding a Nash equilibrium (Wei et al., 2017; Sidford et al.,
2020; Xie et al., 2020; Bai and Jin, 2020; Zhang et al., 2020a; Liu et al., 2021). These algorithms
require a central controller that collects some global knowledge (such as the actions and the rewards
of all players) and then jointly decides the policies for all players. Centralized algorithms are usually
convergent (as defined in (Bowling and Veloso, 2001)), in the sense that the policies of the players
converge to the set of Nash equilibria.

On the other hand, there is also a surge of studies on decentralized algorithms that run inde-
pendently on each player, requiring only local information such as the player’s own action and the
corresponding reward feedback (Zhang et al., 2019; Bai et al., 2020; Tian et al., 2021; Liu et al.,
2020; Daskalakis et al., 2020). Compared to centralized ones, decentralized algorithms are usually
more versatile and can potentially run in different environments (cooperative or competitive). Many
of them enjoy the property of being rational (as defined in (Bowling and Veloso, 2001)), in the
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sense that a player’s policy converges to the best response to the opponent no matter what stationary
policy the opponent uses. However, it is also often more challenging to show the convergence to a
Nash equilibrium when the two players execute the same decentralized algorithm.

It can be seen that a rational algorithm has different benefits compared to a convergent algorithm
— the former satisfies individual player’s interests, while the latter might be better for achieving so-
cial good. Therefore, a single algorithm that possesses both properties is highly desirable. For
example, in a market where “enforcing” all traders to follow the same rule is difficult, but “recom-
mending” them to use a specific algorithm is possible, a rational and convergent algorithm would be
a good candidate — if all traders follow the recommendation, then a social equilibrium is quickly at-
tained; otherwise, those who follow the recommendation are still satisfied because they best respond
to a stationary environment.

Based on this motivation, our main contribution is to develop the first decentralized algorithm
that is simultaneously rational, last-iterate convergent (with a concrete finite-time guarantee),' ag-
nostic, and symmetric (more details to follow in Section 1.1) for two-player zero-sum Markov
games. Our algorithm is based on Optimistic Gradient Descent/Ascent (OGDA) (Chiang et al.,
2012; Rakhlin and Sridharan, 2013) and importantly relies on a critic that slowly learns a certain
value function for each state. Following previous works on learning MDPs (Abbasi-Yadkori et al.,
2019; Agarwal et al., 2020) or Markov games (Perolat et al., 2018), we present the convergence
guarantee in terms of the number of iterations of the algorithm and the estimation error of some
gradient information (along with other problem-dependent constants), where the estimation error
can be zero in a full-information setting, or goes down to zero fast enough with additional structural
assumptions (e.g. every stationary policy pair induces an irreducible Markov chain, similar to (Auer
and Ortner, 2007)).

While the OGDA algorithm, first studied in (Popov, 1980) under a different name, has been
extensively used in recent years for learning matrix games (a special case of Markov games with one
state), to the best of our knowledge, no previous work has applied it to learning Markov games and
derived a concrete last-iterate convergence rate. Several recent works derive last-iterate convergence
of OGDA for matrix games (Hsieh et al., 2019; Liang and Stokes, 2019; Mokhtari et al., 2020;
Golowich et al., 2020; Wei et al., 2021), and our analysis is heavily inspired by the approach of (Wei
etal., 2021). However, the extension to infinite-horizon Markov games is highly non-trivial as there
is additional “instability penalty” in the system that we need to handle; see Section 4 for detailed
discussions.

1.1. Related Work

In this section, we discuss and compare related works on learning two-player zero-sum Markov
games. We refer the readers to a thorough survey by (Zhang et al., 2020b) for other topics in multi-
agent reinforcement learning.

Shapley (1953) first introduces the Markov game model and proposes an algorithm analogous
to value iteration for solving two-player zero-sum Markov games (with all parameters known).
Later, Hoffman and Karp (1966) propose a policy iteration algorithm, and Pollatschek and Avi-
Itzhak (1969) propose another policy iteration variant that works better in practice but cannot always

1. Note that while average-iterate convergence is possible (and standard) for stateless convex-concave games (e.g.
(Syrgkanis et al., 2015)), it does not work for Markov games since the problem is nonconvex-nonconcave in the
space of policies (Daskalakis et al., 2020).
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converge. With the efforts of Van Der Wal (1978) and Filar and Tolwinski (1991), a slight variant
of the (Pollatschek and Avi-Itzhak, 1969) algorithm is proposed in (Filar and Tolwinski, 1991) and
proven to converge. In such a full-information setting where all parameters are know, our algorithm
has no estimation error and can also be viewed as a new policy-iteration algorithm.

Littman (1994) initiates the study of competitive reinforcement learning under the framework
of Markov games and proposes an extension of the single-player Q-learning algorithm, called
minimax-Q, which is later proven to converge under some conditions (Szepesvari and Littman,
1999). While minimax-Q can run in a decentralized manner, it is conservative and only converges
to the minimax policy but not the best response to the opponent.

To fix this issue, the work of Bowling and Veloso (2001) argues that a desirable multi-agent
learning algorithm should have the following two properties simultaneously: rational and con-
vergent. By their definition, a rational algorithm converges to its opponent’s best response if the
opponent converges to a stationary policy,” while a convergent algorithm converges to a Nash equi-
librium if both agents use it. They propose the WoLF (Win-or-Learn-Fast) algorithm to achieve
this goal, albeit only with empirical evidence. Subsequently, Conitzer and Sandholm (2007); Pero-
lat et al. (2018); Sayin et al. (2020) design decentralized algorithms that provably enjoy these two
properties, but only with asymptotic guarantees.

Recently, there is a surge of works that provide finite-time guarantees and characterize the tight
sample complexity for finding Nash equilibria (Perolat et al., 2015; Pérolat et al., 2016; Wei et al.,
2017; Sidford et al., 2020; Xie et al., 2020; Zhang et al., 2020a; Bai and Jin, 2020; Liu et al., 2021).
These algorithms are all essentially centralized. Below, we focus on comparisons with several recent
works that propose decentralized algorithms and provide finite-time guarantees.

Comparison with R-Max (Brafman and Tennenholtz, 2002), UCSG-online (Wei et al., 2017)
and OMNI-VI-online (Xie et al., 2020) These algorithms, like minimax-Q, converge to the min-
imax policy instead of the best response to the opponent, even when the opponent is weak (i.e., not
using its best policy). In other words, these algorithms are not rational. Another drawback of these
algorithms is that the learner has to observe the actions taken by the opponent. Our algorithm, on
the other hand, is both rational and agnostic to what the opponent plays.

Comparison with Optimistic Nash V-Learning (Bai et al., 2020; Tian et al., 2021) The Opti-
mistic Nash V-Learning algorithm handles the finite-horizon tabular case. It runs an exponential-
weight algorithm on each state, with importance-weighted loss/reward estimators. It is unclear
whether the dynamics of Optimistic Nash V-Learning leads to last iterate convergence. After train-
ing, however, Optimistic Nash V-Learning can output a near-optimal non-Markovian policy with
size linear in the training time. In contrast, our algorithm exhibits last-iterate convergence, and the
output is a simple Markovian policy.

Comparison with Smooth-FSP (Liu et al., 2020) The Smooth-FSP algorithm handles the func-
tion approximation setting. The objective function it optimizes is the original objective plus an
entropy regularization term. Because of this additional regularization, the players are only guaran-
teed to converge to some neighborhood of the minimax policy pair (with a constant radius), even
when their gradient estimation error is zero. In contrast, our algorithm converges to the true mini-
max policy pair when the gradient estimation error goes to zero.

2. It is tempting to consider an even stronger rationality notion, that is, having no regret against an arbitrary opponent.
This is, however, known to be computationally hard (Radanovic et al., 2019; Bai et al., 2020).
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Comparison with Independent PG (Daskalakis et al., 2020) Daskalakis et al. (2020) studies
independent policy gradient in the tabular case. To achieve last-iterate convergence, the two players
have to use asymmetric learning rates, and only the one with a smaller learning rate converges to
the minimax policy. In contrast, the two players of our algorithm are completely symmetric, and
they simultaneously converge to the equilibrium set.

2. Preliminaries

We consider a two-player zero-sum discounted Markov game defined by a tuple (S, A, B, o, p, ),
where: 1) S is a finite state space; 2) A and B are finite action spaces for Player 1 and Player
2 respectively; 3) o is the loss (payoff) function for Player 1 (Player 2), with o(s,a,b) € [0,1]
specifying how much Player 1 pays to Player 2 if they are at state s and select actions @ and b
respectively; 4) p : Sx AxB — Ag is the transition function, with p(s’|s, a, b) being the probability
of transitioning to state s” after actions a and b are taken by the two players respectively at state s
(Ags denotes the set of probability distributions over S); 5) and % < v < 1is a discount factor.?

A stationary policy of Player 1 can be described by a function S — A 4 that maps each state to
an action distribution. We use z® € A 4 to denote the action distribution for Player 1 on state s, and
use x = {x*} ¢ to denote the complete policy. We define y® and y = {y°} ses similarly for Player
2. For notational convenience, we further define 2° = (2%, y°) € A4 x Ap as the concatenated
policy of the players on state s, and let z = {2°} s¢s.

For a pair of stationary policies (x, y) and an initial state s, the expected discounted value that
the players pay/gain can be represented as

o
Ve, =E | A o(s,anbi) | s1 =5, ar~a® b~ y™ s~ p(lse, an b)), Vi > 1

t=1

The minimax game value on state s is then defined as

Vi= mmin max Viy = max mzin Vi

It is known that a pair of stationary policies (4, y,) attaining the minimax value on state s is
necessarily attaining the minimax value on all states (Filar and Vrieze, 2012), and we call such
T, a minimax policy, such y, a maximin policy, and such pair a Nash equilibrium. Further define
X7 ={z} € z, : z, is a minimax policy} and similarly }¢ = {y? € y, : y, is a maximin policy},
and denote Z7 = X7 x V2. It is also known that any x = {z°},cs with 2® € X forall sis a
minimax policy (similarly for y) (Filar and Vrieze, 2012).

For any 2°, we denote its distance from X7 as dist,(2°) = mingsc s |25 — 2°||, where ||v|| for
a vector v denotes its Lo norm throughout the paper; similarly, dist.(y®) = mingsecys [|y; — v°||

and dist, (2°) = min sczs [|2] — 2°|| = \/distz(xs) + dist?(y*).* The projection operator for a
convex set U/ is defined as I/ {v} = argmin, o, [|[u — v||.

3. The discount factor is usually some value close to 1, so we assume that it is no less than % for simplicity. Also note
that we consider the discounted setting instead of the finite-horizon episodic setting because the former captures more
challenges of this problem (and is also the original setting considered in (Bowling and Veloso, 2001)). Indeed, in the
episodic setting where states have a layered structure, convergence can be directly shown in a layer-by-layer manner;
see (Lee et al., 2020), an early version of (Wei et al., 2021).

4. Note the slight abuse of notation here: the meaning of dist. (-) depends on its input.
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We also define the Q-function on state s under policy pair (z,y) as
fv,y(a’ b) = U(Su a, b) + VEs’rvp(-\s,a,b) |:V:p8,/y} )

. . . T .
which can be compactly written as a matrix (), , € RMIXIBI such that Viy=12° Qf,y°. We write

Q; = Q3, ,, for any minimax/maximin policy pair (z.,ys) (which is unique even if (7, y,) is

not). Finally, ||Q|| for a matrix @ is defined as max; ; |Q; ;|.

Optimistic Gradient Descent Ascent (OGDA) As mentioned, our algorithm is based on running
an instance of the OGDA algorithm on each state with an appropriate loss/reward function. To
this end, here, following the exposition of (Wei et al., 2021) we briefly review OGDA for a matrix
game defined by a matrix Q € RIMIXIBl. Specifically, OGDA maintains two sequences of action
distributions T1,Z2,... € A4 and x1,z9,... € A4 for Player 1, and similarly two sequences
U1, Y2, ... € Apand y1, 4o, ... € Ap for Player 2, following the updates below:

Tip1 = a {Z — nQu: }, Trr1 = Ua {Zee1 — nQue},

. N N (1)
Grr1 = ag {T +1Q 24}, Y1 = Hag {Tr1 +1Q 24},

where 7 is some learning rate. As one can see, unlike the standard Gradient Descent Ascent al-
gorithm which simply sets (x¢,v:) = (Zt,7:), OGDA takes a further descent/ascent step using
the latest gradient to obtain (z,y;), which is then used to evaluate the gradient (of the function
f(z,y) = 27 Qy). Wei et al. (2021) prove that the iterate (2, ;) (or (z¢,;)) converges to the set
of Nash equilibria of the matrix game at a linear rate, which motivates us to generalize it to Markov
games. As we show in the following sections, however, the extensions of both the algorithm and the
analysis are highly non-trivial.

We remark that while Wei et al. (2021) also analyze the last-iterate convergence of another al-
gorithm called Optimistic Multiplicative Weight Update (OMWU), which is even more commonly
used in finite-action games, they also show that the theoretical guarantees of OMWU hold under
more limited assumptions (e.g., requiring the uniqueness of the equilibrium), and its empirical per-
formance is also inferior to that of OGDA. We therefore only extend the latter to Markov games.

3. Algorithm and Main Results

A natural idea to extend OGDA to Markov games is to run the same algorithm described in Section 2
for each state s with the game matrix () being Q)% e However, an important difference is that now
the game matrix is changing over time. Indeed, if the polices are changing rapidly for subsequent
states, the game matrix Q)7 - will also be changing rapidly, which makes the update on state s
highly unstable and in turn causes similar issues for previous states.

To resolve this issue, we propose to have a critic slowly learn the value function for each state.
Specifically, for each state s, the critic maintains a sequence of values Vi = 0, V}®, V5, .. .. During
iteration ¢, instead of using Q)% e @S the game matrix for state s, we use (); defined via Q7 (a,b) =

!
o(s,a,0) + VEgp(|s,a,6) [V 1] Ideally, OGDA would then take the role of an actor and compute
x{,; and 77, using the gradient Qjy; (and similarly y;,, and %7, , using the gradient Qfof).
Since such exact gradient information is often unknown, we only require the algorithm to come up
. . . T .
with estimations ¢§ and r such that ||/ — Qy;|| < eand |7 — Qf xf| < ¢ for some prespecified
error € (more discussions in Section 3.1). See updates Eq. (2)-Eq. (5) in Algorithm 1. Note that
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Algorithm 1 Optimistic Gradient Descent/Ascent for Markov Games

Parameters: v € [%, 1),n < 104 (1?)5, €€ {07 ﬁ]

Parameters: a non-increasing sequence {y}_; that goes to zero.

Initialization: Vs € S, arbitrarily initialize 7 = 27 € A4 and y] = yj € Ap, and set V[ 0.
fort=1,...,Tdo

For all s, define Q§ € RMI*IBl as

Qf(a> b) £ O-(Sa a, b) + ’YES,Np(~|S7a7b) |:V;55_,1} N

and update
Fio = Mo, {& —nti . @)
Tl = HAA{ t+1 nft}, (3)
Yip1 = Hag {yf +nry } 4)
Yir1 = HAB{%H + Wt} o)
Ve =1 —a)ViZy + aupi, (6)

where /7, 17, and pj are e-approximations of Q;y;, QfT xj, and me Q7 y; respectively, such that
16 = Qiyill < & lIri — QF il < e, and |p} -} Qpyp| < <.

end

similar to (Wei et al., 2021), we adopt a constant learning rate 1 (independent of the number of
iterations) in these updates.

At the end of each iteration ¢, the critic then updates the value functionvia V? = (1—oy)V? |+
ayps, where pf is an estimation of 2 Q$ys such that [p — 2 QSys| < £.5 To stabilize the game
matrix, we require the learning rate a; to decrease in ¢ and go to zero. Most of our analysis is
conducted under this general condition, and the ﬁnal convergence rate depends on the concrete
form of oy, which we set to oy = gﬁ with H = —= 1nsp1red by (Jin et al., 2018) (there could be
a different choice leading to a better convergence though)

Our main results are the following two theorems on the last-iterate convergence of Algorithm 1.

H+41

i where

Theorem 1 (Average duality-gap convergence) Algorithm I with the choice of oy =
H = E guarantees

e . B S| logT Slve
*Zi?aa,? (Vi —Via)=0 <n(1 —7)2\/7+ Vil —7)2> |

5. For simplicity, here we assume that the two players share the same estimator p; (and thus same V;* and Q);). However,

. . . . . . T .
our analysis works even if they maintain different versions of p;, as long as they are e-close to z; Q{y; with respect
to their own Q5.
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Theorem 2 (Last-iterate convergence) Algorithm [ with the choice of oy = g—ﬁ where H = %
guarantees with 2. = (7., Y1),

1 LN |S|? €
d ‘t2 S\ —
512290425 =0 (e e 7).

seS

where C > 0 is a problem-dependent constant (that always exists) satisfying: for all state s and all
policy pair z = (x,y), max, v (£°Q5y" — 2" Q5y°) > Cdist.(2°).

Theorem 1 shows that the average duality-gap for each state s goes to zero when both 1/7 and
€ go to zero, though it does not show the convergence of the policy. Theorem 2, on the other hand,
shows a concrete finite-time convergence rate on the distance of 27, from the equilibrium set, which
goes down at the rate of 1/7" up to the estimation error €. The problem-dependent constant C' is
similar to the matrix game case analyzed in (Wei et al., 2021), as we will discuss in Section 4. As far
as we know, this is the first symmetric algorithm with finite-time last-iterate convergence for both
players simultaneously.

3.1. Estimation

In the full-information setting where all parameters of the Markov game are given, we can calculate
the exact value of Qjy;, QfT xj, and me Qjy;, making ¢ = 0. In this case, our algorithm is
essentially a new policy-iteration style algorithm for solving Markov games. Howeyver, in a learning
setting where the parameters are unknown, the players need to estimate these quantities based on
any feedback from the environments. Here, we discuss how to do so when the players only observe
their current state and their loss/reward after taking an action.

Specifically, in iteration ¢ of our algorithm and with (x, y;) at hand, the two players interact with
each other for a sequence of L steps, following a mixed strategy with a certain amount of uniform

exploration defined via: 7§ (a) = (1 - %/) xf(a) + ﬁ and y; (b) = (1 - %/) yi (b) + ﬁ;‘, where
¢’ = (1 — 7)e. This generates a sequence of observations {(s;, a;, o(s;,a;,b;))}£ | for Player 1
and similarly a sequence of observations {(s;, b;, o(s;, a;, bi))}le for Player 2, where a; ~ ',
b; ~ v;', and s;+1 ~ p(:|s;, ai, b;). Then we construct the estimators as follows:

L 1si = 5,0 = a] (7(s,0,b) +9V,7T)

¢5(a) = , 7
¢(a) SF s = s,a; = a @
rs(b) — EzLil ]]'[S'L = S’ bl = b] (O-(S’ ai’ b) + 7‘/;58—14{1) (8)
! L 1fsi = s,b; = b] ’
L Sit1
i= 1 S = S| (0 Svai7bi + V_l+

> icq Lsi = 3]

(If any of the denominator is zero, define the corresponding estimator as zero.) To make sure
that these are accurate estimators for every state, we naturally need to ensure that every state is
visited often enough. To this end, we make the following assumption similar to (Auer and Ortner,
2007), which essentially requires that the induced Markov chain under any stationary policy pair is
irreducible.
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Assumption 1 There exists ;1 > 0 such that + = max, , max, g T, jzs/, where szsl is the
expected time to reach s' from s following the policy pair (x,y).

Under this assumption, the following theorem shows that taking L ~ 1/ is enough to ensure
the accuracy of the estimators (see Appendix H for the proof).

Theorem 3 Suppose that Assumption 1 holds and L = Q (% log?(T/ 5)).6 Then the es-
timators Eq. (7), Eq. (8), and Eq. (9) ensure that with probability at least 1 — 0, |[{; — Qfy;

78 — Q5" 25|, and |pf — x5 QSyg| are all of order O(€) for all t.

>

Together with Theorem 1 and Theorem 2, given a fixed number of interactions between the
players, we can now determine optimally how many iterations we should run our algorithm (and
consequently how large we should set €). Equivalently, we show below how many iterations or total
interactions are need to achieve a certain accuracy. (The choice of oy is the same as in Theorem 1
and Theorem 2.)

Corollary 4 If Assumption 1 holds, then running Algorithm 1 with estimators Eq. (7), Eq. (8),

Eq. (9) and L = Q (%% logz(T/5)> forT = Q (%) iterations ensures with

probability at least 1 — 0, % Zthl max; o/, (V3 s — Vo ﬂt) < &. Ignoring other dependence, this

requires (1 /€8) interactions in total.

Corollary 5 If Assumption 1 holds, then running Algorithm 1 with estimators Eq. (7), Eq. (8),

~ 3 3 2
Eq. (9) and L = <(17|;;|10% logQ(T/5)> forT = Q (m) iterations ensures with

probability at least 1 — 0, ‘?ﬂ Y oses dist?(25) < & Ignoring other dependence, this requires
Q(1/€%) interactions in total.

3.2. Rationality

Finally, we argue that from the perspective of a single player (take Player 1 as an example), our
algorithm is also rational, in the sense that it allows Player 1 to converge to the best response to her
opponent if Player 2 is not applying our algorithm but instead uses an arbitrary stationary policy.’
We show this single-player-perspective version in Algorithm 2, where Player 1 still follows the
updates Eq. (2), Eq. (3), and Eq. (6), while y; is fixed to a stationary policy y used by Player 2.

In fact, thanks to the agnostic nature of our algorithm, rationality is essentially an implication
of the convergence property. To see this, consider a modified two-player Markov game with the
difference being that the opponent has only a single action (call it 1) on each state, the loss function
is redefined as o (s, a, 1) = Epys [0 (s, a, b)], and the transition kernel is redefined as p(s'|s, a, 1) =
Epys [p(8]5, a, b)]. It is straightforward to see that following our algorithm, Player 1’s behaviors in
the original game and in the modified game are exactly the same. On the other hand, in the modified
game, since Player 2 has only one action (and thus one strategy), she can also be seen as using our

6. We use € to hide logarithmic factors except for log(T) and log(1/8).

7. The rationality defined by Bowling and Veloso (2001) requires that the learner converges to the best response as long
as the opponent converges to a stationary policy. While our algorithm does handle this case, as a proof of concept,
we only consider the simpler scenario where the opponent simply uses a stationary policy.



LAST-ITERATE CONVERGENCE OF OGDA IN INFINITE-HORIZON MARKOV GAMES

algorithm. Therefore, we can apply our convergent guarantees to the modified game, and since the
minimax policy in the modified game is exactly the best response in the original game, we know
that Player 1 indeed converges to the best response. We summarize these rationality guarantees in
the following theorem, with the formal proof deferred to Appendix 1.

Theorem 6 Algorithm 2 with the choice of oy = g—ﬁ where H = % guarantees

T
i e e N[ ISl [T ISl
7 oo ma (V2 V?’c“ys)‘O(n(l—w)?V Y )

and for Xpr = {x Ve, =ming V35 Vs €S } and some problem-dependent constant C' > 0,

/
z 7y’

1 =5 oy 2 _ ‘8|2 €
]S\ ; HxT - HXBR{fUT}” =0 (7740/4(1 _ 7)4T + nC/Q(l _ 7)3 :

4. Analysis Overview

In this section, we give an overview of how we analyze Algorithm 1 and prove Theorem 1 and
Theorem 2. We start by giving a quick review of the analysis of (Wei et al., 2021) for matrix games,
and then highlight how we overcome the challenges when generalizing it to Markov games.

Review for matrix games Recall the update in Eq. (1) for a fixed matrix ). Wei et al. (2021)
show the following two convergence guarantees:

1. Average duality-gap convergence:

1 1
IS A@) =0 () (10)
r i W

where A(z) = max, v (27 Qy' — 2/ Qy) is the duality gap of z = (z,y).

2. Last-iterate convergence:
dist?(%) < Cidist?(21) (1 +n*C?) ™ (11)

where dist,(z) is the distance from z to the set of equilibria, C is a universal constant, and
C > 0 is a positive constant that depends on (.

The analysis of (Wei et al., 2021) starts from the following single-step inequality that follows
the standard Online Mirror Descent analysis and describes the relation between dist2(Z,1) and
dist?(2;):
dist? (1) < dist?(3) + 0 2t = 2o’ = (1B = =l + 2 - 217) . (2
~—_——

instability penalty

instability bonus

8. This is not to be confused with the constant C' in Theorem 2. We overload the notation because they indeed play the
same role in the analysis.
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The instability penalty term makes dist2(Z; 1) larger if ||z; — z;_1|| is large, while the instability
bonus term makes dist2(Z; ) smaller if either ||, 1 — 2| or ||z — Z;|| is large. To obtain Eq. (10),
Wei et al. (2021) make the observation that the instability bonus term is lower bounded by a constant
times the squared duality gap of 2; 1, that is, |41 — 2¢|* + ||z — 2| = n?A2(Z141), and thus

1 . R ~
5 (1201 = =l + 126 = 2)) —Q0PA%(Zer)).

instability penalt T
yp Y % instability bonus

dist2(341) < dist2(30) + 12 |12 — 2] -
—_———

(13)

By taking 7 < %, summing over t, canceling the penalty term with the bonus term, telescoping and
rearranging, we get Zthl A2(Z;) < O(1/n?). An application of Cauchy-Schwarz inequality then
proves Eq. (10).

To further obtain Eq. (11), Wei et al. (2021) prove that there exists some problem-dependent
constant C' > 0 such that for all z, A(z) > Cdist,(z). This, when combined with Eq. (13), shows

st (Gin) < 0G0y P (J - Al - B a4
* 1+ Q(n*C?)
By upper bounding ||z — z:—1]|? < 2|2t — Z||? + 2|2 — 2:—1]|? and rearranging, they further obtain:

dist?(2) + ¢ |2 — ze-1l]” + ¢ lze-1 — 21 |)?
1+ Q(n2C?)

dist} (Ze41) + ¢ |21 — 2l” + ¢ 2 = Z* <
(15)

for some universal constant ¢/, which clearly indicates the linear convergence of dist(Z;) and hence
proves Eq. (11).

Overview of our proofs We are now ready to show the high-level ideas of our analysis. For
simplicity, we consider the case with ¢ = 0 and also assume that there is a unique equilibrium
(2, Yx) (these assumptions are removed in the formal proofs). Our analysis follows the steps below.

Step 1 (Appendix B) Similar to Eq. (12), we conduct a single-step analysis for OGDA in Markov
games (Lemma 24), which shows for all state s:

dist?(311) < dist?(3) + 0 |12 = 2 ||* = (1B - 20 + 112 - 2207)

+877 Q5 — Qi |+ 4n Q5 - @l (16)

Comparing this with Eq. (12), we see that, importantly, since the game matrix ()} is changing over
time, we have two extra instability penalty terms: n? HQf - Qi H2 and 7 ||QF — Q3]|. Our hope is
to further upper bound these two penalty terms by something related to ||z{ — 2, ,||% so that they

can again be canceled by the bonus term —(||Z},; — 2} H2 + |25 — Z5||?). Indeed, in Steps 3-5, we
show that part of them can be bounded by a weighted sum of {Hzf_' — zilﬂ 1?}sresr<t-

10
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Step 2 (Appendix C): Lower bounding ||z}, — zf“2 + |z — 25>, Asin Eq. (13), we aim to
lower bound the instability bonus term by the duality gap. However, since the updates are based on
Q; instead of )7, we can only relate the bonus term to the duality gap with respect to ;. To further
relate this to the duality gap with respect to Q, we pay a quantity related to ||@Q; — Q3||. Formally,
we show in Lemma 25:

12201 — 221+ N2 = 21 2 QP A%(E0)) — 0l Q; — Q3.

where A(2%) £ max,s s (2°Q5Y* — 2"*Q%y®) is the duality gap on state s with respect to Q3.”

Step 3 (Appendix D): Upper bounding HQ? 1~ Qf H2 HQt 1 —-Qf H is upper bounded by
72 maxy (Vt - Vts/l) by the deﬁnition of Q5. Furthermore Ve - V ,1sa Welghted sum of
{ps —p?_ 1} ! by the deﬁmtlon of V', and also p¥ — p& | = 25 Q%yY — 2% Q% |y | =

O()|z8 — 221 + |Q — Q2_1 ). In sum, one can upper bound [|Q3, ; — Qf || by a weighted sum
of |22 — 2% |||> and || Q%' — Q2" ||?. After formalizing the above relations, we obtain the following
inequality (see Lemma 28):

t 2 t
2 8’}/2 / / 9 2’)/ - s s 2
Qi1 — Q7" <max ——— E aj ||z2 — 22 {]|* + max E o ||Q — Q32 a7
H t+1 tH o (1 _ ’Y)3 ~ t ” T T 1” o1 +’Y t ” T T 1”

T=1

for some coefficient o defined in Appendix A.2. With recursive expansion, the above implies that
Q51 — QfHQ can be upper bounded by a weighted sum of || 22" — 2 |||> for s’ € S and T < t.

Step 4 (Appendix E): Upper bounding ||Q; — Q3| (Part 1). We first upper bound ||Q; — Q3|
with respect to the following weighted-regret quantity

Reg, = maxmaX{Zat s —x])Qlys, Zatsz )}

T=1

To do so, we define I'; = max; |Qf — Q7 || and show for the same coefficient o] mentioned earlier,

¢ t ¢ ¢
=Y alps =) ajaiQiys <Y afaiQys + Reg, < Z afwiQiys + ) afTr + Reg,
T=1 =1 =1 T=1 =1
¢ t ¢
<) ofaiQiyi+ ) ofT, +Reg, =V + > ofI', +Reg,
= =1 T=1
where the last inequality is by the fact Zizl aof = 1. Using the definition of ()j again, we then
have Q3 (a,b) — Q3(a,) = VB p(sa) [Vﬁ’ - VS’} ¥(32t_, af T+ + Reg,). By the same

reasoning, we can also show Q5 (a,b) — Q3(a,b) > —v(3L_; ofT; + Reg,), and therefore we
obtain the following recursive relation (Lemma 29)

t
Ti1 = max Q74 — QX < (Z ofI's +Regt) : (18)

T=1

9. Similar to the notation dist.(-), we also omit writing the s dependence for the function A(-).

11
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Step 5 (Appendix E): Upper bounding ||Q; — Q¢|| (Part2). In this step, we further relate Reg,
to {||22" — 251 ||*}r<t.cs- From a one-step regret analysis of OGDA, we have the following (for
Player 1):

4

1 : =S 77 S S S S
(o = a) @yt < 5 (W@ — distd(F4) ) + (=l — v + lQF - QFalP

Recall that Reg, is defined via a weighted sum of the left-hand side above with weights . There-
fore, we take the weighted sum of the above and bound 3% _, of (x5 — 2%)QSy? by

aldistz(fn\s) Loar . s
%;1 +Zﬁ (dist?(Z2) — dist?(@544))

T=1

t t
4n
T Ao Yo afllys —ys il +4n Y of[1Q5 — Q54
T=1 T=1

t t t
1 9 4
< =3 afardisti () + s a7z — 2L P4 Y el Q5 - il (19)
777':1 (1 _’Y) T=1 T=1

term; termo terms

where in the inequality we rearrange the first summation and use the fact of — atT_l < aro10f
(see the formal proof in Lemma 30). Since the case for 3", a7 x2Q% (v — y2) is similar, by the
definition of Reg,, we conclude that Reg, is upper bounded by the maximum over s of the sum of
the three terms in Eq. (19). Note that, term is itself a weighted sum of {|[z5 — 2°_;[|?},<, and
term; can also be upper bounded by a weighted sum of {||z5" — 25 ;||?},<; ves as we already
showed in Step 3.

Combining all steps. Summing up Eq. (16) over all s, and based on all earlier discussions, we
have

Zdlst Zit1) <Zd15t2 z; —I—ZZ;LTaT 1dist?(22 —I—ZZI/SHZ — 25

T=1 s =1 s
termy terms
1 o~ 2 =512 ~
=52 (I8 = =P + 1= - 51) -0 (nQZmzsﬂ)) (20)
S S
termg

for some weights p2 and v (a large part of the analysis is devoted to precisely calculating these
weights). Here, the —2 (n? >°, A%(25,,)) term comes from Step 2; termy is a weighted sum of

{aT 1dist?(22)},<¢.ves that comes from term; in Step 5; terms is a weighed sum of {22 —
281 |I*}r<t.s7cs that comes from all other terms we discuss in Steps 3-5.

Obtaining average duality-gap bound To obtain the average duality-gap bound in Theorem 1,
we sum Eq. (20) over ¢, and further argue that the sum of termjy over ¢ is smaller than the sum of
termg over ¢ (hence they are canceled with each other). Rearranging and telescoping leads to

DR ICEREEI 9 5 WS B 9 e |

t=1717=1 s t=11=1 s

12
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As long as «y is decreasing and going to zero, the right-hand side above can be shown to be sub-

linear in 7". Further relating maxg ,/ (ng g~ Vo @t) to A(z}) (Lemma 32) proves Theorem 1.

Obtaining last-iterate convergence bound Following the matrix game case, there is a problem-
dependent constant C' > 0 such that A(Z7 ;) > Cdist,(2},;). Similarly to how Eq. (14) is ob-
tained, we use this in Eq. (20) and arrive at

t
. 2 1 . 9 ns s . 9/~s
E dlstz(zt+1) S m E dlstz(zt) + E E [LTanldlStz(ZT)
s s =1 s

termy
t
+ S|[~S _ .S 2—Q ‘As . 5H2+ s _ 2s2 1)
vellzf = 27l Ziy1 — % Iz — Z¢ ||
T7=1 s s
te;rrn5 te;l?lg

Then ideally we would like to follow a similar argument from Eq. (14) to Eq. (15) to obtain a last-
iterate convergence guarantee. However, we face two more challenges here. First, we have an extra
term,. Fortunately, this term vanishes when ¢ is large as long as «; decreases and converges to zero.
Second, in Eq. (14), the indices of the negative term ||Z;41 — 2¢||? + ||2: — Z||? and the positive
term 7)%||z; — 2;_1]|? are only offset by 1 so that a simple rearrangement is enough to get Eq. (15),
while in Eq. (21), the indices in termg and termg are far from each other. To address this issue, we
further introduce a set of weights and consider a weighted sum of Eq. (21) over ¢. We then show
that the weighted sum of terms can be canceled by the weighted sum of termg. Combining the
above proves Theorem 2. Note that due to these extra terms, our last-iterate convergence rate is
only sublinear (while Eq. (11) shows a linear rate for matrix games).

5. Conclusion and Future Directions

In this work, we propose the first decentralized algorithm for two-player zero-sum Markov games
that is rational, convergent, agnostic, symmetric, and having a finite-time convergence rate guarantee
at the same time. The algorithm is based on running OGDA on each state, together with a slowly
changing critic that stabilizes the game matrix on each state.

Our work studies the most basic tabular setting, and also requires a structural assumption when
estimation is needed that sidesteps the difficulty of performing exploration over the state space.
Important future directions include relaxing either of these assumptions, that is, extending our
framework to allow function approximation and/or incorporating efficient exploration mechanisms.
Studying OGDA-based algorithms beyond the two-player zero-sum setting is also an interesting
future direction.
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Appendix A. Notations

A.1. Simplifications of the Notations

We define the following notations to simplify the proofs:

Definition 7 7§ = x5 = 04 (zero vector with dimension |A|), 5 = y5 = 05, Q5 = 014/xB),

0 = O|A|, ry = O|B‘, Py =0 ap=1

Besides, for a matrix @), we define ||Q|| = max; ;
the form z " Qy is usually simply written as zQy.

Qij|. To avoid cluttered notation, a product of

A.2. Auxiliary Coefficients

In this subsection, we define several coefficients that are related to the value learning rate {ov }.

Definition 8 (o) For non-negative integers T and t with T < t, define of = o HE:T (1 —ay).

Definition 9 (67) For non-negative integers T and t with T < t, define 5] = [['_. (1= a).

Definition 10 (3]) For positive integers T and t with T < t, define 8] = oy [['Z1(1 — a; + ;).
Define 3 = 1.

Definition 11 ()\;) For positive integers t, define \y = max { L at(l{” }

Ot

Definition 12 (\]) For positive integers T and t with T < t, define \] = «, Hf;i Ai. Define
Y

A.3. Auxiliary Variables

In this subsection, we define several auxiliary variables to be used in the later analysis.
Definition 13 (J}) For every state s € S, define the sequence {J{ }1—12 . by
2
Ji =21 ==l
TP = —a) iy +arllz -z we>2
Furthermore, define J; £ max, Jj.
Definition 14 (/<) For every state s € S, define the sequence { K} }1=12,... by
2
K7 =[1Q1 — &l°,
2
Ki=(1-a)Ki 1+ HQ? - Qf—l” , vt > 2.

Furthermore, define K; £ max; K.
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Definition 15 (27, .y}, 2},) Define zj, = lx;s(7), i.e., the projection of T} onto the set of optimal
policy X on state s. Similarly, y;, = Ilys (y7), and zj, = lzs(Z}) = (:zt*, Uir)-

Definition 16 (A7) Define A} = max, v (T;Q5y"° — 2" Q35y;) forall t > 1.
Definition 17 (Reg;) Define

Regt—maX{Zat — ) QY3 Za 3 Q5 (Y, — yi)}

=1
and Reg, = max, Reg;.
Definition 18 (I';) Define I'y = max; ||Q; — Q|-
Definition 19 (6;) Define 0; = 15112; — 271> + 7gllz5_1 — Zi41?

Definition 20 (Z;) Define Z; = max, > \_, of o, _1disty (22).

A.4. Assumptions on «; and Simple Facts about o
We require o to satisfy the following:
e a1 =1
c0<yp <o <1
e oy —»0ast — 0
Furthermore, oy £ 1. Below is an useful lemma that is used in many places:

Lemma 21 If {hi}1—0,1,2,.. and {ki}i—1 2, are non-negative sequences that satisfy hy = (1 —
ap)hi—1 + aiky fort > 1, then hy = th:1 afkr.

Proof We prove it by induction. Whent = 1, since oy = 1, hy = k1 = o&k:l. Assume that the
formula is correct for h;. Then

hivr = (1 — agp1)he + gk

t
= (1 — Ozt+1) Z Oéz—]{a— + Oéii%]{?t+1

T=1
t t+1
= Z ai 1k + aii%kt+1 = Z agy1kr.
T=1 =
|
Corollary 22 The following hold:
¢ VS = ZT 1 at pT
2
s T =] || -
- 2
« KP=30_,0] HQi - ilH
Proof They immediately follow from Lemma 21 and the definition of J7, K7, V;°. |
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Appendix B. Proof for Step 1: Single-Step Inequality

Lemma 23 For any state s and t,
s 1 Tt 2 (S Tt 2 (S =5 s)12 s =512
(o = ) Qv < 5 (Ast2(FD) — distl (@) = 17241 — ) ~ ot - 311P)

4n
+ 3 )2 lys — i1 11> + )| Qf — Q1 [1* + 3e,

(1
- 1/ o YN ~
HQi@ —v) < 5, (aist2(@r) — dist? @21) — 15200 — w112 = i — 512)
o — afl” + 4nllQ — Qi+ 3¢
1— 2™ t—1 U7 t—1 :

Proof By standard proof of OGDA (see, e.g., the proof of Lemma 1 in (Wei et al., 2021) or Lemma
1 in (Rakhlin and Sridharan, 2013)), we have

2 ~, . 2 . ~
(@i =327 6 < g0 (188 = 301 = fata =) — 1380 =1 = laf = F1R) + 0l — 2]

Since ||Z5 — 75, ||* = dist?(Z) and HEEtSH - 5;”2 > dist?(75, ;) by the definition of dist, (), we
further have

1
(af = )7 61 < 5 (As2(E0) — st @) — 824 = ad = llf = 5717) + g — 61
(22)
By the definition of ¢;, we have
2
n|e; — &
2

<n Wf —Qiy; +(QF — Qi)Y + Qi1 (¥ —yi1) +Qi_1yi 1 — 5&1“

2 2 2
<dn |16 — Quill” +4n [|(QF — @i || + 4n |Q5_1(wi — vi- )" + 4n |Q5_1wi1 — £ ]|

4
< 4n]|Q¢ - Qi +(7772Hyt yioa||” + 8ne?

and

(wf —2},) Qi < (wf —2y,) 47 + 2e.

Combining them with Eq. (22) and the fact that ne < li < %, we get the first inequality that we

want to prove. The other inequality is similar. |

Lemma 24 Forallt > 1,
dist2(37,1) < dist2(37) — 1565, + 65 + 40T, + 802QF — Q1 |1> + 6ne.
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Proof Summing up the two inequalities in Lemma 23, we get

2n(zf — 73, QFy; + 20z Qf (Vi — i)
4772
(1—79)?

< dist} (%) — dist{(2];1) + |27 = 2 all” + 80211QF — Qi I* — 128 — 217 — |28

— EfHQ + 6me

YN 2 1 ~ ~
< dist} (27) — dist}(27,1) + 3%t — 2|+ 8P1IQF — Qi ll® — 112y — 2717 = [l2f — )1 + 6me

YN YN 1 ~ ~
< dist} (%) — dist{(2;1) + 76 (1= - ZIP + 1127 = =)

+80°11Q7 — Qi l® — 12 — #0117 — ll2f = Z11° + 6ne

2 9 15 ~ N 1, .
= dist}(27) — dist{(571) + 80*1QF — Qi_ul* — T6l# — 1P = 122 — 2217 + T6l% — 2811 + e

The left-hand side above, can be lower bounded by

2n(xf — 23,)QFy; + 22} QF (Ui — y7) = 20z Q5. — 20T}, Q1 yf
2 277£?Qifl/\ts* - 277'/7}\?*@;9(3/5 - 477Ft
> —4nTy. (by the optimality of z7, and ¥7,)

Combining the inequalities and using the definition of 6} finish the proof. |

Appendix C. Proof for Step 2: Lower Bounding ||z}, , — 2/ ||> + ||z — Z}||?
Lemma 25 Forallt > 1, we have 200, | + nl'y + 2n*c* > g—i (A§+1)2.
Proof By Eq. (2) and the optimality condition for z7, ;, we have
(@41 — @ +0) - (2 = 34) 20 (23)
for any 2’* € A 4. Then by the definition of ¢,
(@i — T +nQiyr) - (@ —Ty) = (@1 — 7 +06)) - (27 —Tfy,) —2me = —2ne (24)
where in the last inequality we use Eq. (23). Thus we have for any 2/* € A 4,
V2(||Z ey — | + |2} - z3)
> V2||z5, 7
> @24 — 2|
> (@i — 7)) - (27 = 3p)
> (@)1 — 2"°)Qjy; — 2ne (by Eq. (24))

=n(x] —2")QFy; + (i — x7)Qjy; — 2ne

oy MTE —ill

> n(z; — 2")Q}y; 1_ 2ne
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Using the fact that li < iﬁ, we get

~ n
iy il + o =311+ Ve 2 o (nmastod —a")Qivi ) 2 mastod —Qint

Similarly, we have |75, — ;|| + lyi — 77 || + V2ne > ¥ max, 2{Q; (y'* — y§). Combining them
and using [}z — 2/ > Lo — a/]|+ 4y — o/ we get

12200 = 201+ Nl = 1+ Ve

> % (max(a? - ) Qint + maaf QI )
> U max z; Q7 y’* — min:v’Snyts)
4 y x’
n ~ ~
= Fme (T, Q1" + 01 (Q) — QY + (af —7,1) Qi)
n_. ~ ~
— Din (£ Q2F7 + 2(QF — Q)i + Q3w — T
n . nl' n ~ ~
> 1 g}?} (%HQ :U'sQiny) PEED) (1751 — 271+ 195 — v ll)
(sl < %)
n iy BTN
> ZA§+1 - 7 - ﬁﬂzfﬂ — 2 (by the definition of Af, ;)
n
z At+1 ||Zt+1 z - (25)

2

Then notice that we have

20071 + 1l + o2n?e?

289 oy T2
> 25tk — 2P 12— B2+ T 4 2
(by the definition of 67, and that n'; < % <1
> - ( 1251 — 22 + 1|28 — 2 || + Tt 775) (Cauchy-Schwarz inequality)
2
> 24 (Af+1)2 ) (by Eq. (25) and notice that A, ; > 0)

Lemma 26 (Key Lemma for Average Duality-gap Bounds) Forallt > 1, we have

,,72

dist? (25, 1) < dist{(2}) — 5607, + 67 — 193

o (AL1)? + 500+ 80%[|QF — Q71 [1? + Tne.
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Proof Combining Lemma 25 with Lemma 24, we get
disty (241) < disty(3) — 5074, — 1005, + 07 + 40Ty + 87| Q7 — Qi1 |I* + 6ne

2
. ~ n 2 1
< dist2(27) — 505, — <128 (A7) — §TIFt - 77252) + 0 + 40Ty + 8n°)|QF — Q51 ||* + 6me

772

2
198 (AF1)" + 50l + 87| Q5 — Q74 [I* + Tne.

me<1

< dist2(3) — 50,1 + 07 -

Lemma 27 (Key Lemma for Point-wise Convergence Bounds) There exists a constant C' > 0
(which depends on the transition and the loss/payoff functions) such that for all t > 1,

dist. (25, 1) +4.50;,1 < (diste(Z5) + 4.507) + 50Ty + 8n%(|Q5 — Q5_4||* — 365 + Tne.

1
1+ n2C"?
Proof By Theorem 5 of (Wei et al., 2021) or Lemma 3 of (Gilpin et al., 2012), we have

Afyr = Odistu(274)

for some problem-dependent constant 0 < C' < ﬁ (C depends on {Q3}s). Thus Theorem 26

implies

202
dist} (Z711) + 5071 < dist?(Z}) + 67 — angdisti(?fﬂ) +500; + 80%(1QF — Q71 |1> + Tne.

By defining C"? = %, we further get

5

1 © 1D 2 2
m‘gfﬂ < T4 20?2 (dist;(Z7) + 6 + 5nly + 8n°(|QF — Qi_1]I” + Tne)

dist?(Z7,,) +

1 Y
< T S E) + 6) + 5+ 80°1Q] - Qi+ Tre.

5 5
e 2 R > 4.5. Thus we further have

Notice that T

.9 1 .9
where in the last inequality we use 7 H]lg oz <1 +f}'25c,2 — 3 because 1720’2 < # X ﬁ. |

Appendix D. Proof for Step 3: Bounding ||Q; — Q¢ ||
Lemma 28 We have fort > 2 andall s € S,

872 272 167252
—Ji K )
(1_7)3151+1_|_7 tlJrl_7

197 — Qi II* <

22
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Proof It is equivalent to prove that for all ¢ > 1,

8+ 27?2 K 16+2¢2

s — Ns112 < J, + .
”Qt+1 Qt” —= (1_7)3 t 1_1_7 t 1_’}/
By definition,
Qi0,5) = 015, 0,0) + 7By [V
we have
/ / 2
1@ = Q3112 = max(Qi (a,b) — Qi(a,b)? < 42 max (V' = Vi7,) 26)

Now it suffices to upper bound (Vts -V 1)2 for any s. By Corollary 22, we have V,* | =
St a7 ps. Therefore,

VP -Vii = (Pf - V;til)

t—1
=y (ﬂf - Z ozz_lpf_)
7=0
t—1
= (Z ai_y (pf — Pf—)) (because Zi;lo al 1 =1)
7=0

In the following calculation, we omit the superscript s for simplicity. By defining diff;, = |p;, —
Ph—1|, we have

2
(Vi = Vic1)? < ( <§)w1 )

t—1 t 2
< (o) <Z oy Z (pn — Phl))
7=0 h=1+1
t—1 t 2
< (o) <Z of 4 Z diffh>
=0 h=71+1
t h—1 2
= ()? (Z Z azldiffh>
h=171=0
¢ 2
< (ay)? <Z on 11diffh> : (by Lemma 35)
h=1

Then we continue:

(Vi = Vio1)?
¢ 2
< (a)? <Z(5h 1d1ffh>
h=1
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t t
< (y)? <Z 5?_‘3) (Z 5?__11diff%> (Cauchy-Schwarz inequality)

h=1 h=1
¢ t
< (Z ahéff) (Z ahéffdiffi) (yp < ap, for h < t)
h=1 h=1
t
< Z o diff? (note that a, 0"t = oy, [T25 (1 — o) < o HtT:hH(l —a) =a)

T=1
2
+ xT*lQT*l(yT - y771) + JUTlerflqu _ Pt71>
- : 8 8 82
< T e . 2.8 R I I e
_;at (1_7+1+7||QT Qr—1]l +(1_7)3H:L‘T zr—1|” + (1_7)3”% yri _|_1_7>’

where we use (a +b+c+d+e)? < %aQ + %62 + %02 + %d2 + %62 which is due to
Cauchy-Schwarz inequality. By Lemma 21 and the definitions of J7, K7, J;, K; in Definition 13
and Definition 14,

t
Yo aillQ; — @il = K7 < K,
=1
t
S afllz -zl < g <
=1
Combining them with the previous upper bound for (V;* — V;* ;)?, we get

8 2 16¢2
V-V )2 < J, K,
Ve=ve s goplt et i

for all s. Further combining this with Eq. (26), we get

8~2 22 16~2¢2
o Jt+'yK vE

s s(12
l;) — (;2 < .
H t+1 t|| = <1 7)3 1 N t 1 ~

Appendix E. Proof for Steps 4 and 5: Bounding ||Q{ — Q||

Lemma 29 Forallt > 2,

t—1
Iy <~y <Z aj_Tr +Reg, 1 + 5) .

=1
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Proof We proceed with

Qi11(a,b)
= 0’(3’ a, b) + ’YES/Np('|S,a,b)

=o(s,a,b) + YE s mp(-|5,a,b)

< 0(5,a,0) + VEgrop([s.a0)

< 0(5,a,0) + VEgrop([s.a0)

<o(s,a,b)+ YEs mp(-|5,a,b)

< 0'(5, a, b) + ’YEs’fvp(-ISﬂ,b)

=0(s,a,b) + YEgp(.|s,a,b)

—Vtsl}
M

Z afp; ] (Corollary 22)
L7=1

[t
T S’Qs’ s’+
QT & Yr €
LT=1

(by the definition of p$ and that 3" _ of =1 fort > 1)

Mot
Z of.Q%y” +Reg, +¢ (by the definition of Reg,)
L7=1

[t t
N 07w Qs yl + afT, + Reg; + ¢
L7=1

T=1
(by the definition of ')
Mot t
PN N (Z ajT; + Reg, + s)
L7=1 T=1 ,
(by definition of y3 )

t

:Vf/} +7 (Z ofT; + Reg; + s) (S of =1fort > 1)

T=1

t
=Q3(a,b) + v <Za[1} + Reg, —l—e) :

T=1

Similarly,

t
Qi11(a,b) > Q5(a,b) —~ (Z aiT'r + Reg, + 5) :

They jointly imply

T=1

t
T <#v (ZOJ?FT + Reg, —i—e) .

=1

Lemma 30 For any state s and time t > 1,

- 1
R < —Z
egt_2n t+

4
ﬁe]t —+ 477Kt + 3e.
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Proof Summing the first bound in Lemma 23 over 7 = 1,...,¢ with weights o], and dropping
negative terms —||Z5,, — xf||* — |lzf — Z7||, we get

Zat I‘ —1‘ Q‘ry‘r

t t
4n
o +ﬁzaﬂlyi—yi_lH2+4nZaZHQi— Sl +3e
=1 n v =1 =1
t t
af 4n
< tdlSt +Z : dlSt*(xi)+W2@ﬂ\yf——yf-—1H2+47720%T”Q‘74— Tl + 3e
=1 T=1
-1
4
S o dlst )+ Z oF — Lt dist, (z5) + ﬁJf + 4nK; + 3e. 27

Observe that by definition, we have for 7 > 2,

or—1(1 —« Or — Or] +Qr1@
7—1 T 7'1( T) T T T—1 T—10r
af —af T =y (1— = X

T

<ar_1af
[0 Qr
where in the inequality we use a.; < a-—1. Using this in Eq. (27), we get
4
Z af (z3 —73,) Qlys g dlSt* Z af o _1dist (Z3) + ﬁ:]f +4nK; + 3¢
-7

1 ~
= o Z af o —1dist (Z3) + J; +AnK}{ + 3¢
T=1

4n
(1—7)?

(recall that g = 1)

Using J$ < J,,, K < K,,, and the definition of Z;, Reg, finishes the proof. |

Appendix F. Combining Lemmas to Show Last-iterate Convergence

In this section, we provide proofs for Theorem 1 and Theorem 2. To achieve so, we first prove
Lemma 31 by combining the results in Appendix D and Appendix E. Then we combine Theorem 26,
Lemma 27, and Lemma 31 to prove Theorem 1 and Theorem 2.

Lemma 31 Forany sandt > 1,

50l + 8 HQ? - Qf 1H2

t—1
s - . ~s! 80ne
< max < ) Zﬂt 07 + ‘97+1 )+ Co Z/Bt o, 1dist? (28 )) + 808; + ﬁ
T=1

where C7 = 1152 x 80 and Cy = 10.
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Proof By Lemma 28, for all ¢t > 2,

2,2 2.2
I~ QElF € P+ 2 kg + B o8
By Lemma 29 and Lemma 30, for all ¢ > 2,
t—1 4772 ) 1
nhy <y Yol s+ Aot T K 52+ dne, (29)
T7=1

Now, multiply Eq. (29) with 1 & » and then add it to Eq. (28). Then we get that for ¢ > 2,

n?1Qf — Qi1 |* + 777Ft

- 72% () (@ + ) e

2% 1-7Y (1=9)Z-1 | ne
Kﬁ N - 2
(1+7 1 )77 R TR

1—7 9 1—7v)Zi21  ne
< 'Yzaz-—l (1677Fr> + WUQJt—l + ’W]QKt—l + (32)t + >
T=1

(see explanation below)

/ / 9 (1=7)Zi-1 me
< 1‘\ 2 s s 2 v 2J7 \+ = 1)4t-1 e
’yzat 1< T] +n HISE/LXHQT T—1||>+(1_7)37I t—1 + 32 + 9
where in the second inequality we use that 1217 + 10 vy=(1-7) <i — m) < Osince y > 3,
and in the last inequality, we use K7 | = 3/ atleQs — Q3_,||*. Define the new variable
up =1’ max [|Qf — Q- P+ Tﬁnft
Then the above implies that for all ¢ > 2,
9 1-— Z —1 e
up < ’)’ZO‘Z—luT =+ WUQJt—l + (;)/2)15 + % (30)
=1

Observe that Eq. (30) is in the form of Lemma 33 with the following choices:
gt = Uy, Vit Z ]_,

u + & fort =1
he= 9 o (1-y) .
(1_777)3 Jt—l + 32/‘/ Zt—l + % fOI‘t Z 2

and get that for ¢t > 2,
9772 ¢ 1—7x i
< (1_—7)326; 1t g Y Bl Zea Bl + —Zﬂt
T=2 T=2

M 1-7¢ 1, e
S p LIt =g DAL+ 18+ (byLemma3®)
T=2 T=2
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because u; < ( )2 +1=z w < 17 Further using Lemma 34 on the first two terms on the right-hand
4, w

side, and noticing that 1< e further get that for ¢ > 2,

tf
361> , ne
up < mSaXﬁZ@ |25 — 22 1H + 72515 arqdist} (22) + (1 — )8 + T4
S max T Z/Bt (122 = 221 + 1127 = 254 1%)+
1—~ t—1
— Z Bar1dist?(23) + (1 —7)8; +
11522 <A ne
Smgx< 32@5 (0741 +607) + Zﬁt Or— 1dlst2( 2+ _’Y)ﬂtl‘*'ﬁ-
(€2
Finally, notice that according to the definition of u;, we have 5nI'; + 8n? HQt Q;_ 1H < jut
Combining Eq. (31), we finish the proof for case for ¢ > 2. The case for ¢ = 1 is trivial since
5T+ 807 [| Q5 — Q5y||” < 1 < 80 = 8081, u

Proof of Theorem 1. Define C,,(T) 2 1+ S.° | a; and let C3 be an upper bound of 35° 37
for any 7. With the choice of oy specified in the theorem, we have Co(T) = 1 + S°1  H+L —

t=1 H+t
O(HlogT)=0 <logT> By Lemma 40, we have Cg < 1= 4 3. Define § = [S].
Combining Lemma 31 and Theorem 26, we get that for t 2 1,

2

’,7 : S S S
o5 (A )% < dist?(Z)) — dist?(25,) — 5074 + 0}
Cin — L 87
+ max <( L Zﬂt (05 +6501) + C2 > Bl dist? (22 )) +808! + ﬁ
® T=1 o
Summing the above over s € S and t € [T' — 1], and denoting ©; = 67, we get
c 577 T t—1
s 1
12822A =05 Z4®t+ 422/81‘/ r+Ori1)
t=1 1=1
T t—1
SneT
(SZZMT 1+sZﬁt ﬁ) (32)
t=1 =1
since dist?(22) = O(1) and ©; = O(S). Notice that the following hold
T t-1 T-1 T T
Z /BZ—( + @T+1 Z Z ﬁt r+ @T+1) < 206 Z G)Ta
t=11=1 T7=1 t=7 T=1

t—1

BtaT 1<ZZBtO‘T 1<Cﬁza7' 1=0C, )057
1

T=1t=T1

>

t=1 7=
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and Zthl B} < Cy. Combining these three inequalities with Eq. (32), we get

12 SC.(T)C T
E:XIN _ 1 <4+m%6“%>@+o< e )
— (1 =) U n(l—7)

([ SCu(T)Cy SeT
_O< PR G >

(by our choice of 1, we have 2C (11577) < 1(01015)17 < 4)

By Cauchy-Schwarz inequality, we further have

L T : S\/Co(T)CsT  ST\/c
S S\2 _
;%:Atg ST(%}E(AQ) _(9( p +\/ﬁ(1_7) .

Finally, by Lemma 32, we get

T T
1 . 2 13- . S\/Ca Sy/e

n(1 - )f BV (e

[ SyIgT NG
‘O<<—wa+wm—wJ'

Proof of Theorem 2. Combining Lemma 27 and Lemma 31, we get that for all £ > 1,
dist? (25, ,) + 4.505,

1 S
< 1+ T Rcn (dist?(25) + 4.567)

8Tne
(1—7)*

Summing the above inequality over s € S, and denoting L; = > _ dist?(z}), ©; = 3, 0, we get
that for all ¢,

Sl

Cin
-l-max<( 4ZBt (6 +97+1 +CQZBtaT 1dist? (28 )) + 808} — 3607 +

T=1

1 C 5772 =
1
Liy1+4501 < W(Lt +4.50;) + A=Ay Z B (Or +Or41)+
= 87Sne
28> Blar—1Lr + 8088} — 30, + . (33)
o (I—=7)
The key idea of the following analysis is to use the negative (bonus) term —30; to cancel

the positive (penalty) term (C 1 )T ZT 1 B{©;. Since the time indices do not match, we perform
smoothmg over time to help. C0n51der the following weighted sum of L, + 4.50, with weights
tr1

t+1
> AL +4.50;)
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Z )\ijll 41+ 4.50,41) (re-indexing)
< Z N (Lryq +4.50,41) (Lemma 37)
T=1
1 ‘ clsn !
T % d T nl T 875’/]6 ! T
—i—C’gSZ)\ Zﬁaz 1L +8OSZ>\ﬁ SZAG) A V)QZAt
=1 i=1 T=1

1 01577 t—1 / t
< WZ)\Z -+ 4. 5@ 4 (Z )\Tﬁz> +@i+1)

+CQSZ (Z ATﬂZ) ;1L +SOSZ>\Tﬁ1 3Z>\T@ + (875"52 Z)\T

T=1 T=1 T=1
1 . 3015772 — .
ng)\t - +4.50;) ZA r+0r41)

30,8 & 2405 875 i
+ 5 2 ZAgaT Ly + 17— —BZATG +1 77622 T (by Lemma 36)

1 T 601577 )
ng)\t - +4.50;) Z)\

+ 3025 Z)\ZO{T 1L + 24OS 32)\7@ T 8757’]62 Z :

1 T 3025 : 2408 87SNE <~ .,
S ]W;At (L7-+45C—)7—) Z)\ Qo 1L + ’y)\t + (1 _7)2 ;)\t
6C19n?

(by our choice of 7, E=E <3

T=1

where in the second-to-last inequality we use Lemma 41: with the special choice of a; specified in
the theorem, we have \] = oy < A7 ™! for 7 <t — 1.

2
Let {p = min {7’ : % s < %} Then we have

t+1
Z A1 (Ly +4.50,)

min{to,t} t
1 n20"?\ 30,8 2405 87Sne
< AT (L, + 4.50, Aay_1Lr A AT
_<1+n20,2+ ) A 450, £ (Y e Les s (S

min{to,t}
12C55? 2408 1 875775
Af Qur AL
I-y & Qr—1+ 77 Z

(nC’ < 2715 according to Lemma 27, L, < S - max, ./ Hz - z’H2 S 45)

t

1

<7§ M (L; +4.50;) +

—= 2 2 t T T
1+0.192C" &,
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Finally, we add A} 4+1(L1 +4.501) to both sides, and note that
/\%_H (L1 + 4.5@1) = Ctt_:,_l(Ll + 4.5@1) < Ozt(Ll + 4.5@1) < ay-228 = 225}\%,

where the first and second equality is by Lemma 41. Then we get

t+1
> AT (Lr +4.50;)

t min{to,t}

1 12C5S? 2408 87S775
P § A (Lr +4. T - 22 § T
>~ 1 + 017720,2 ] )\t( T + 5@7—) + 1 — 7 ] )\ 047— 1 + 1 )\t + S)\t )\

t min{¢o,t} t

1 274C5S? 87Sne
<—— — N A\T(L,+450,) 4+ —=2 Nar1+—— Y AT,
—1+0.1772(J'2TZ:1 Pt )+ -y = e 1Jr(l—’Y)QTZ:1 '

Define

t
Yy &3 A (Lr +4.505).
T=1

Then we can further write that for ¢ > 1,

¢
1 274025 t[) min{t t} 8757]6
Y; Y; A o —_— AT
LS T gqpertt T, (1—7)2;1 '
(upper bounding a1 by 1)
Applying Lemma 39 with ¢ = %, gt = Yer1, hy = %)\mm{to’t} + (817_“:")62 tT 1AL
we get
B 2 9740552, 87Sne a N
Y, < Yi(1+40.192C"%) sup A (1+0.19°C") 2
t ( 0'17720/2 1—7 (1 _ ,Y)Q t’e[l,%] 7—21 t ( )
2 274,52t ity 8TS d
R - 2200 gup apttiort L 2 g ST r <
0.1n2C 1= peig (=2 vert 05
With the choice of oy = gﬁ where H = 77 we have
6C5S S
to =0 <(H+ 1)) =0 ()
(1 —)n?Cr (1 —~)*n?C”
t/
tH +1) 1
sup AN < sup tay < ——2<H+1=0 ( > (Lemma 41)
t/e[l,t]Tz_:1 ! t'e[1,1] H+t 1-
1 ifi<t
Sup )\mm{to’t} — 2 =70 (Lemma 41)
el ] ot else
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Combining them and noticing that (1 + 0.172C"2)"2 = O(+) when ¢ >

tZQtoz@((l_v)%),

Y — O S3 o+ Se _ 0 S3 n Se
C O =) T O (=R T i C = )T T gCR (1= )3 )

Since Y; < 225 4+ 225(t — 1oy < O(Sllfit), the above bound also trivially holds for ¢ < 2¢.
Then noticing that L; < Y; finishes the proof. |

7722%, we get that for

Lemma 32 For any policy pair x, vy, the duality gap on the game can be related to the duality gap
on individual states as follows:

z,y
! ! ) p— ! !
s,z vy Y os,xhy

max (V= V5, ) < % max (2°Q3y"* — 2 Q3y°) .

Proof Notice that for any policy x and state s,

max V7, =V = Z 2*(a)y* (b)Qs Z 25 (a)ys (b)Q3(a, b)
—Zx ylab) - @ab+2 — 5(a)y3 (b)) Q3(a,b)
= ’YZ:I: (')s,a,6) (Vi = Vi) + 2° Qi — w3 Qiys

S S S s, /s S s,,S
S VI?%),{ (nyy/ - ‘/* ) +x Q - :E*Q*y*'
Taking max over s on two sides and rearranging, we get

1 1
I?zx (Vs V*S) < ﬁmax( SQS /s xiQiyi) < ﬁg,ﬁ:ﬁ ( SQS /s xISQiys) .

Similarly,
1
Tgx (V Vs ) f m?‘x ( SQS /s x/SQiys) .
Y 5@y’

Combining the two inequalities, we get

max (V; -V ) < T 2 max ( Q3 —w’sQiys).

! ! 7 —
sz’ vy v 5@’y
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Appendix G. Auxiliary Lemmas

G.1. Interactions between the Auxiliary Coefficients

Lemma 33 Let{g:}t=12...,{ht}t=12, . be non-negative sequences that satisfy g < ~y Z i af_19-+
hy forallt > 1. Then g, < >_'_, B7 k..

Proof We prove it by induction. When ¢ = 1, the condition guarantees g < hy = [1hy. Suppose
that it holds for 1,...,¢ — 1. Then

t—1
g < ’YZ a;_19r + hy

T=1
t—1 T
<Y o, (Z ﬁihz‘) + Tt
tj—1:1 - i=1 |
S (z v@ﬁi) ot he
i=1 \7=i

It remains to prove that Zi;ll yaf 1B < Biforalli <t — 1. We use another induction to show
this. Fix i and ¢, and define the partial sum ¢, = Y7 _.yai_, 3% for r € [i,t — 1]. Below we show
that

r t—1
G<ai[[=ar+amy) [] (1-an). (34)
T=1 T=r+1

Notice that the right-hand side above is [37; when r = ¢t — 1, which is exactly what we want to prove.

When 7 =i, ( = yoi_; = ya; [[2 z+1( —ar) <ol —a; + o) HtT_:liH(l — «r) where
the inequality is because 1 — a; + a7y — v = (1 — a;)(1 — ) > 0. Now assume that Eq. (34) holds
up to r for some r > 4. Then

Cr—l-l Cr + 571“+17at 1

r t—1 r t—1
< H(l —or+ aT’Y) H (1 - a’T‘) + (ai H(l —ar+ O‘T’Y)) YOr41 H (1 - aT)

T=( T=r+1 T=1 T=r+2
r+1 t—1
:aiH(l—aT+a77) H (1—ay).
T=1 T=r+2
This finishes the induction. [ |

Lemma 34 Let{hi}i—12. and { k‘t}t 1,2,... be non-negative sequences that satisfy hy = ZT Lof ks
ThenZ o B{hr1 < 2ZT 1 Bk
Proof By the assumption on h,, we have

t

t t T—1 -1 t
> ther <37 (Sotate) =32 (30 et )
=2 T=2 i=1

i=1 \7=i+1
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It remains to prove that fori < ¢, >0 _, | ffal_; < W%ﬁf or equivalently, v >0 ;.| Bfal | <
% /3i. Below we use another induction to prove this. Fix i and ¢, and define the partial sum (, =
v Bral_ forr € [i + 1,t]. We will show that
r—1 t—1
G < ay H (1—ar) H(l — o + ary). (35)
T=i+1 T=r

For the base case r = t, we have

t—1 t—1

CT‘ = 76;;0471 =7Q; H (1 - 047) <o H (1 - a’?’)'

T=i+1 T=1+1

Suppose that Eq. (35) holds up to r for some r < . Then
Cr—l = C’/‘ + aifQ’Yﬁ:_l

r—1 t—1 r—9 -1
<a I <1aT>H<1af+W>+%< 11 (1%)) sart [ (- ar +ar)

T=1+1 T=T =i+1 T=r—1

r—2 t—1
< <Oéi H (1 - aT) H(l —ar + OlT'Y)) X (1 —oy_1+ ’Var—l(l —op_1+ ar—l’y))

T=i+1 T="r

r—2 t—1
< (ai H (1—ar) H(l —ar + ozT'y)> X (1 —ap_1 4+ ar_17)

T=i+1 T=r
r—2 t—1
=a; [[ Q- J] Q=0r+am).
T=1+1 T=r—1

This finishes the induction. Applying the result with » =7 + 1, we get

t—1 g y
Git+1 < oy H(17a7+a7.7):7t§7t
r=itl l—ai+aiy = v

where the last inequality is by 1 — a; + ;v —v = (1 — ;) (1 — ) > 0. This finishes the proof.

Lemma 35 For(0 < h <t Zﬁ:o of = o,

Proof We prove it by induction on o. When h = 0, 3" _ a7 = of = [['_,(1 — a,) =
silice ag = 1. Suppose t?at the formula holctis for h. Then ' a7 = S af + oltt =
[T (=) rangi [Ty o(l—ar) = [Ty o(1—ar) = 67 +1, which finishes the induction.

Lemma 36 For any positive integers i,t with i < t, Zi:l AT 3L < %)\i
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Proof Notice that

Z)\Tﬁz — )\z + Z )\T/B’L (36)
T=i+1
Below we use induction to prove
t ‘ 9 r—1
TZ;A[BZ e H(l—ozT 1—~ )H)\

forr € [i+1,¢. Whenr =1, 30 ATBL = Mgl = B = a; [[“5(1 — (1 — 7)). Suppose this
holds for some r < t. Then

t r—1
3 < 137%1_[(1—@7 11—~ )HA + B At
T=r—1 =1
5 r—1 2 t—1
< 1_7aiTl_I:i<1—aT (1—~ )HA + <04171_[1<1—a7(1—7))> aT_lTl:I_l)\T
r r—2
< Tl_IZ(l—aTl— >H)‘T <1_27(1—ar_1(1—’y))+ar_1)
' A1 < 1)

oI (1 arti— )HA (1_27(1—;ar_1<1—v>>)

L 7=
9 r—2
Sl aiH<1—aTl— ) H Ary
v T=1 T=r—1

A1 > 1 — 2ar 1(1 — ) by the definition of \,_1)

which finishes the induction. Notice that this implies

t

> )\TBZ<127041(1—0¢@1— H Ar <

T=i+1 T=14+1

t—1 9

ai [[Ar = N
v T=1 1- v
where the second inequality is by the definition of \;. Thus,

t ' 3 '
; A 3L < ﬁ)@. (37)

1 T
Lemma 37 A1 <\T.
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Proof When 7 < ¢, we have

T+1 t .
ANt o Il g A < Y1 1
AT OV § LD VIR B P

where in the first inequality we use A\; < 1 and in the second inequality we use the definition of ).
)\T+1
When 7 = ¢, we have ~t- = % =1. [ |
t

Lemma 38 Z';:l Br < 2

T—°
Proof Below we use induction to prove that forall r = 1,2,...,¢t — 1,
r t—1
;@T < Mg(l —ai + o)

When 7 = 1, the left-hand side is 8} = a1 [['Z1(1 — i + aiy) < ﬁ [T:Z1(1 — ci + aiy), which
is the right-hand side.
Suppose that this holds for r, then

r+1 r
D=6 Y B
T=1 T=1

t—1 t—1

< At H (1 —ai +a;y) + % H(l —a; + ;)
i=r+1 -
=
< (1_ (1—ai+ai’y)> (rp1(1 =) +1 =0 (1=7))
7 i=r+1
=
< — (1 —a; + a) (because o, 11 < Q)
1—v i=r+1
which finishes the induction.
Therefore, Y. BT =1+ 302 B <1+ ﬁ < % u

Lemma 39 Let{g:}t=012,..., {ht}t=12, .. benon-negative sequences that satisfy g < (1—c)gi—1+
hy for some ¢ € (0,1) forallt > 1. Then

maXreitya hr )yt Drelya b

gt < go(l—c)' +
C C

Proof We first show that
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The case of t = 1 is clear. Suppose that this holds for g;. Then

t

t+1
g1 < (1=0) (90(1 BRI c>t-th> bt =+ 30 The
T=1
which finishes the induction. Therefore,
t/2 t
gt < go(1 —c)' + 1—¢)"" max h,+ (1—¢)'"" max h,
= ;( rellydl T A S
max., h max., h
< g0l =)' + ==L = )b A
c c
|
H+1
G.2. Some Properties for the choice of oy = Hit
Lemma 40 For the choice oy = Hﬁ with H > =, we have Zt S8 < H+ 3.
Proof Whent > 7+ 2,
t—1
Bl =ar [](1—ai(1 =)
=T
t—1 9
2
<0<TH<1—% H+1) (H+1> %)
=T
t—1
2
= Q7 1-— ;
“ g < H—H)
_H+1 H+71-2 H+7’—1>< ><H+t—3
C H+rT H+7 H+1+1 H+t—-1
_H+1 (H+7-2)(H+7-1)
S H+T (H+t-2)(H+t—1)
H+1 1 1
= H - 2)(H -1 —
H+T( T AT )<H+t—2 H+t—1>
1 1
< (H+1)(H+71 -2 - .
< (H+DH 7 )<H—|—t—2 H+t—1>
Therefore,
Zﬁt_ (H+1)(H+71—2) x <H+1,
t=7+42
and thus ) ° 7 < H + 3. |
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Lemma 41 For the choice oy = gﬁ with H > —W we have \] = oy for T < t.

Proof With this choice of oy,

\ H+t l—y H+tl
= Imax —
! H+t+1 2 T H+t
1 -~y H+1
= 1-——1-=—Tx .
max{ H+t+1 2 H+t}
By the condition, we have 1_77 X % > ﬁ > ﬁ Therefore, \; = H{Irﬁi = o‘t“ . Thus
for ™ < t,
=1
A = .
t QTE a Qi
|
Appendix H. Analysis on Sample Complexity
H.1. Proof of Theorem 3
Proof As long as we can make
(;(a) — e, Q7T; (38)
hold With high probability, then | ¢ (a) — e) Qfy; | < |6(a) — el Q575 | + |ed Qiv; — eTQt yi| <
2\A\ +1= 2|6A\ < IAI’ which 1mp11es 16; —Qiy; || < e. Wecan 51mila.rly ensure ||ri — Q5 5| < e

and |p; — xt "Qsy| < e by the same way. Let Noa 2 3°F 1[s; = 5,a; = a] be the number of
times the (s,a) pair is visited. For a deterministic NV, we can use Azuma-Hoeffding inequality

and know that Eq. (38) holds with probability 1 — § if N = Q (l“é—f log(1/ 5)) However, N, , is

random, so we cannot use Azuma-Hoeffding’s inequality directly. Let (b(1), s, (b, 5(2)), ... be
a sequence of independent random variables where b(*) ~ 7, s) ~ p(-|s,a,b("),i =1,2,... and
define me = L3 (o(s,a, b)) + ’thS( )) It is direct to see that ng is an unbiased estimator
of eIQfﬂf. Then by Azuma-Hoeffding’s inequality, we have

()
)

<(9< W)]g

Prob [ i(a) — e, Q7T

< Prob [Elm € [L],

T o~
— € nyifs

L
< Z Prob [ me
m=1

38



LAST-ITERATE CONVERGENCE OF OGDA IN INFINITE-HORIZON MARKOV GAMES

Therefore, with probability at least 1 — §, Eq. (38) holds if

A"

A
Now it remains to determine L to make Eq. (39) hold with high probability. Note that by Assump-
tion 1, we know that T%_ﬁf < i for any s’. Let 7s,q be the distribution of random variable which is
the number of rounds between the current state-action pair (s’, a’) and the next occurrence of (s, a)

under strategy z7 and y;. The mean of this distribution is ¢, , < 1 + 2€|/—“2| < 3!%'. Then by Markov
inequality,
. 6].A| 1
Prob | the number of rounds before reaching (s,a) < ——| > 7
'

Therefore, with probability at least 1 — %, within O( g log(L/§)) rounds, we reach (s,a) state-

action at least pair once. Thus, Eq. (39) holds when L = Q ( LA log?(L/ 5)) with probability

E’MEQ

1 — 4. Solving L gives L = _‘A‘S +log?(1/8)). The cases for r{(b) and p{ are similar.
S (1—7)pe ¢ ¢

Finally, using a union bound on all A, B, S, and all iterations, we know that with probability
1 — 4, the e-approximations are always guaranteed if we use the estimation above and take L =

~ 3 3
Q (‘(fl‘L L] 1og2(T/5)). n

H.2. Proof of Corollary 4

Proof From Theorem 1, we know that in order to show % Zthl Maxg g/ (Vgh v V;’,@) <&,

it is sufficient to show =l 5 log T < £ and ISl < £. Solving these two inequalities, we
n(1—) T & q

2 \/5(177)42 2
getT =2 (nQ(E‘V)%Q log n(l‘flvk) ande = O (%) Plugging € into L in Theorem 3 gives
the required L. |

H.3. Proof of Corollary 5

Proof From Theorem 2, we know that in order to show ﬁ Sees disti(Z) < & it is suffi-

cient to show < ¢ and m < &. Solving these two inequalities, we get

ISI?
n1CH(1-7)"T
T =0Q (%) and ¢ = O (nC?(1 —)3¢). Plugging € into L in Theorem 3 gives the
required L. |

Appendix I. Analysis on Rationalily

In this section, we analyze the rationality of our algorithm. First, we present the full pseudocode
of Algorithm 2, which is the single-player-perspective version of Algorithm 1, and then prove that
Algorithm 2 achieves rationality.
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Algorithm 2 Single-Player-Perspective Optimistic Gradient Descent/Ascent for Markov Games

Parameter: v € [3,1),n < (1_57)5, = [07 ﬁ}

Parameters: a non-increasing sequence {at}z;l that goes to zero.
Initialization: arbitrarily initialize 5§ = ] € A4 forall s € S.
V5« Oforalls € S.

fort=1,...,T do

For all 5, define Qf € RMI*IBl a5

Qf(a7 b) £ U(Sa a, b) + FYES/Np(-|s,a,b) {‘/tsf/1:| )

and update
Tin = a3 — 06}, (40)
zier = o, @5 — i }, (1
Ve =(1— )Vl + oupy, (42)

where /7 and p; are e-approximations of ()jy*® and :E;?Tnys, respectively.
end

L.1. Single-Player-Perspective Version of Algorithm 1
I.2. Analysis of Algorithm 2

In this section, we prove Theorem 6, which shows the rationality of Algorithm 2. We call the
original game Game 1 and construct a two-player Markov game Game 2 with the difference be-
ing that Player 2 has only one single action (call it 1) on each state, the loss function is rede-
fined as o(s,a,1) = Epys[o(s,a,b)], and the transition kernel is redefined as p(s'|s,a,1) =
Ep~ys [p(8'|s, a, b)]. Correspondingly, we define B

Q(a,1) = a(s,0,1) + VEgopfsan Vil
@fﬂ =1a, {zy —nti},

zi =1a, {if—&-l - 775} )
Vi=(1—a)Vi_ |+ aupi,

where V§ = 0 for all s, and ¢; and p; are the same as in Algorithm 2. Clearly, the sequences
{Zt, v }iepr) and {Zy, 2, ey are exactly the same (assuming their initializations are the same,
that is, 71 = Z; and 1 = z;). In the following lemma, we show that ¢§ and p; are indeed
e-approximation of Q7(-,1) and L:?T Q;(a,-), which then implies that the sequence {Z;}c(7) is
indeed the output of our Algorithm 1 for Game 2 (note that we can think of Player 2 executing
Algorithm 1 in Game 2 as well since she only has one unique strategy). Realizing that &7} for
Game 2 is exactly the set of best responses of y°, we can thus conclude that Theorem 6 is a direct
corollary of Theorem 1 and Theorem 2.

Lemma 42 Forallt and s, U] and p; are e-approximation of Q; (-, 1) and Q”Tgf (a, -) respectively.
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Proof We prove the result together with Vi = V%, Q7(,1) = Qjy° for all ¢ € [T] by induction.
When ¢t = 1, Vi = Vi clearly holds. In addition, Q](a,")y* = Epy:[o(s,a,b)] = Qf(a,1).
Therefore ¢7 and pj are indeed e-approximation of @7 (a, -) and ﬁT Qi(a,-).

Suppose that the claim holds at ¢. By definition and the inductive assumption, we have

i:+1(av 1) = Q(57 a, 1) + ’YES/NB("S,[I,I) [Kzf :|
= Epys |0(5,0,0) + YEgp(s]s,a,) [Vts/H

= Q§+1 (CL, .)ys7

which also shows that ¢/, and pj,, are indeed e-approximation of Q; Jrl(-, 1) and gfjrlgz(a, )
(recall =} ; = x7,,). By definition of V{,, we also have Vi, ; = (1 — ay1)V§ + aypf =
(1 = ay)V 4+ aypi = Vi, 1, which finishes the induction. [
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