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Abstract

We study episodic two-player zero-sum Markov
games (MGs) in the offline setting, where the
goal is to find an approximate Nash equilibrium
(NE) policy pair based on a dataset collected a
priori. When the dataset does not have uniform
coverage over all policy pairs, finding an approxi-
mate NE involves challenges in three aspects: (i)
distributional shift between the behavior policy
and the optimal policy, (ii) function approxima-
tion to handle large state space, and (iii) minimax
optimization for equilibrium solving. We pro-
pose a pessimism-based algorithm, dubbed as pes-
simistic minimax value iteration (PMVI), which
overcomes the distributional shift by constructing
pessimistic estimates of the value functions for
both players and outputs a policy pair by solv-
ing a correlated coarse equilibrium based on the
two value functions. Furthermore, we establish a
data-dependent upper bound on the suboptimal-
ity which recovers a sublinear rate without the
assumption on uniform coverage of the dataset.
We also prove an information-theoretical lower
bound, which shows our upper bound is nearly
minimax optimal, which suggests that the data-
dependent term is intrinsic. Our theoretical results
also highlight a notion of “relative uncertainty”,
which characterizes the necessary and sufficient
condition for achieving sample efficiency in of-
fline MGs. To the best of our knowledge, we
provide the first nearly minimax optimal result for
offline MGs with function approximation.
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1. Introduction

Reinforcement learning (RL) has recently achieved tremen-
dous empirical success, including Go (Silver et al., 2016;
2017), Poker (Brown and Sandholm, 2019), robotic con-
trol (Kober et al., 2013), and Dota (Berner et al., 2019),
many of which involve multiple agents. RL system with
multiple agents acting in a common environment is referred
to as multi-agent RL. (MARL) where each agent aims to
maximize its own long-term return by interacting with the
environment and other agents (Zhang et al., 2021). Two key
components of these successes are function approximation
and efficient simulators. For modern RL applications with
large state spaces, function approximations such as neural
networks are used to approximate the value functions or
the policies and contributes to the generalization across dif-
ferent state-action pairs. Meanwhile, an efficient simulator
serves as the environment which allows the agent to collect
millions to billions of trajectories for the training process.

However, for various scenarios, e.g., healthcare (Pan et al.,
2017) and auto-driving (Wang et al., 2018) where either col-
lecting data is costly and risky, or online exploration is not
possible (Fu et al., 2020), it is far more challenging to apply
(MA)RL methods in a trial-and-error fashion. To tackle
these issues, offline RL aims to learn a good policy from a
pre-collected dataset without further interacting with the en-
vironment. Recently, there has been impressive progress in
the theoretical understanding about single-agent offline RL
(Jin et al., 2020b; Rashidinejad et al., 2021; Zanette et al.,
2021; Xie et al., 2021; Yin and Wang, 2021; Uehara and
Sun, 2021), indicating that pessimism is critical for design-
ing provably efficient offline algorithms. More importantly,
these works demonstrate that the necessary and sufficient
condition for achieving sample efficiency in offline MDP
is the single policy (optimal policy) coverage. That is, it
suffices for the offline dataset to have good coverage over
the trajectories induced by the optimal policy.

In offline MARL for zero-sum Markov games, agents are not
only facing the challenges of unknown environments, func-
tion approximation, and the distributional shift between the
behavior policy and the optimal policy, but also challenged
by the sophisticated minimax optimization for equilibrium
solving. Due to these challenges, theoretical understand-
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ings of offline MARL remains elusive. In particular, the
following questions remain open:

(i) Can we design sample-efficient equilibrium learning
algorithms in offline MARL?
(i) What is the necessary and sufficient condition for
achieving sample efficiency in offline MARL?

To this end, focusing on the two-player zero-sum and finite-
horizon Markov Game (MG) with linear function approxi-
mation, we provide positive answers to the above two ques-
tions. Our contribution is threefold:

* For the two-player zero-sum MG with linear function
approximation, we propose a computationally efficient
algorithm, dubbed as pessimistic minimax value iter-
ation (PMVI), which features the pessimism mecha-
nism.

* We introduce a new notion of “relative uncertainty”,
which depends on the offline dataset and (7*,v) U
(m,v*), where (7*,v*) is an NE and (7, v) are arbi-
trary policies. Furthermore, we prove that the subopti-
mality of PMVI can be bounded by relative uncertainty
up to multiplicative factors involving the dimension
and horizon, which further implies that “low relative
uncertainty” is the sufficient condition for NE finding
in the offline linear MGs setting. Meanwhile, by con-
structing a counterexample, we prove that, unlike the
single-agent MDP where the single policy (optimal
policy) coverage is enough, it is impossible to learn
an approximate NE by the dataset only with the single
policy pair (NE) coverage property.

* We also investigate the necessary condition for NE
finding in the offline linear MGs setting. We demon-
strate that the low relative uncertainty is exactly the
necessary condition by showing that the relative uncer-
tainty is the information-theoretic lower bound. This
lower bound also indicates that PM VI achieves mini-
max optimality up to multiplicative factors involving
the dimension and horizon.

In summary, we propose the first computationally efficient
algorithm for offline linear MGs which is minimax optimal
up to multiplicative factors involving the dimension and
horizon. More importantly, we figure out that low relative
uncertainty is the necessary and sufficient condition for
achieving sample efficiency in offline linear MGs setup.

1.1. Related Work

There is a rich literature on MG (Shapley, 1953) and RL.
Due to space constraint, we focus on reviewing the theoreti-
cal works on two-player zero-sum MG and offline RL.

Two-player zero-sum Markov game. There has been an
impressive progress for online two-player zero-sum MGs,
including the tabular MG (Bai and Jin, 2020; Xie et al.,
2020; Bai et al., 2020; Liu et al., 2021), and MGs with linear
function approximation (Xie et al., 2020; Chen et al., 2021).
Beyond these two settings, Jin et al. (2021) and Huang et al.
(2021) consider the two-player zero-sum MG with general
function approximation and the proposed algorithms can fur-
ther solve MGs with kernel function approximation, MGs
with rich observations, and kernel feature selection. For
offline sampling oracle, Abe and Kaneko (2020) considers
offline policy evaluation under the strong uniform concen-
tration assumption.

Offline RL. The study of the offline RL (also known as
batch RL), has a long history. In the single-agent setting,
the prior works typically require a strong dataset coverage
assumption (Precup, 2000; Antos et al., 2008; Levine et al.,
2020), which is impractical in general, particularly for the
modern RL problems with large state spaces. Recently, Jin
et al. (2020b) takes a step towards identifying the minimal
dataset assumption that empower provably efficient offline
learning. In particular, it shows that pessimism principle
allows efficient offline learning under a much weaker as-
sumption which only requires a sufficient coverage over
the optimal policy. After Jin et al. (2020b), a line of work
(Rashidinejad et al., 2021; Yin and Wang, 2021; Uehara
et al., 2021; Zanette et al., 2021; Xie et al., 2021; Uehara
and Sun, 2021) leverages the principle of pessimism to de-
sign offline RL algorithms, both in the tabular case and in the
case with general function approximation. These methods
are not only more robust to the violation of dataset coverage
assumption, but also provide non-trivial theoretical under-
standings of the offline learning, which are of independent
interests. Despite the rich literature on single-agent offline
RL, the extension to the MARL is still challenging.

To the best of our knowledge, the current work on sample-
efficient equilibrium finding in offline MARL is only Zhong
et al. (2021) and Cui and Du (2022). In particular, Zhong
et al. (2021) studies the general-sum MGs with leader-
follower structure and aims to find the Stackelberg-Nash
equilibrium, but we focus on finding the NE in two-player
zero-sum MGs with symmetric players. Our work is most
closely related to the concurrent work Cui and Du (2022),
which we discuss in detail below.

Comparison with Cui and Du (2022). Up to now, the
concurrent work Cui and Du (2022) seems to provide the
only analysis on tabular two-player zero-sum MG in the
offline setting. We comment the similarities and differences
between two works as follows.

In terms of algorithms, both PMVI (Algorithm 1) in this
paper and algorithms proposed in Cui and Du (2022) are
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pessimism-type algorithms and computationally efficient.
Since tabular MG is a special case of linear MG, our al-
gorithm can naturally be applied to the tabular setting and
achieve sample efficiency under the same coverage assump-
tion.

In terms of theoretical results, our work can be compared
to Cui and Du (2022) in the following aspects. First, both
this work and Cui and Du (2022) figure out the necessary
and sufficient condition for achieving sample efficiency in
(linear) MGs. Specifically, we introduce a new notion of
relative uncertainty and prove that the low relative uncer-
tainty is the necessary and sufficient condition for achieving
sample efficiency in (linear) MGs. Cui and Du (2022) pro-
poses a similar notion called unilateral concentration and
obtains similar results. Second, by constructing slightly dif-
ferent hard instances, both this work and Cui and Du (2022)
show that the single policy (NE) coverage assumption is
not enough for NE identification in MGs. Third, this work
and Cui and Du (2022) achieve near-optimal results in the
linear setting and tabular setting, respectively. Finally, the
information-theoretic lower bound in Cui and Du (2022)
can be implied by that for single-agent MDP. In contrast,
our information-theoretic lower bound is construction-based
and is a non-trivial extension from single-agent MDP.

2. Preliminaries

In this section, we formally formulate our problem, and
introduce preliminary concepts used in our paper.

2.1. Two-Player Zero-Sum Markov Game

We consider a two-player zero-sum, finite-horizon MG
where one agent (referred to as the max-player) aims to
maximize the total reward while the other agent (referred to
as the min-player) aims to minimize it. The game is defined
asatuple M (H,S, Ay, Az, r,IP) where H is the number of
steps in each episode, S is the state space, A, , A are the ac-
tion spaces of the two players, respectively, P = {Pj,}/._,
is the transition kernel where Py (+|s, a,b) is the distribu-
tion of the next state given the state-action pair (s, a, b) at
step h, r = {ry(s,a,b) }L_, is the reward function', where
ri(s, a,b) € [0,1] is the reward given the state-action pair
(s,a,b) at step h. We assume that for each episode, the
game starts with a fixed initial state x € S and it can be
straightforwardly generalized to the case where the initial
state is sampled from some fixed but unknown distribution.

Policy and Value functions. Let A(X) be the probability
simplex over the set X'. A Markov policy of the max-player
is a sequence of functions 7 = {7, : S — A(A;)} where

"For ease of presentation, we consider deterministic reward.
Our results immediately generalize to the stochastic reward func-
tion case.

7 (s) is the distribution of actions taken by the max-player
given the current state s at step h. Similarly, we can define
the Markov policy of the min-player by v = {1, : S —
A(A3)}. Given a policy pair (,v), the value function
V""" : § — R and the Q-value function Q}"" : § x Ay x
A — R at step h are defined by

H
V;’V(Sh) ::E‘ﬂ',l/ Z Th’(Sh’,ahl7bhl> Sh] s
h'=h
H
QZ’V(Sh’ Qhs bh) ::]Eﬂ'vy Z Th/(sh/7 ap, bh/) Sh, Qh, bh] ’
h/=h

where the expectation is taken over the randomness of the
environment and the policy pair. We define the Bellman
operator By, for any function V' : S — R as

B,V (s,a,b) .1
=E[rn(s,a,b) + V(spt1) | (sn,an,br) = (s,a,b)].

It is not difficult to verify that the value function and Q-value
function satisfy the following Bellman equation:

Q" (s,a,b) = (]B%th:’_li)(s, a,b). 2.2)

2.2. Linear Markov Game

We consider a family of MGs whose reward functions and
transition kernels possess a linear structure.

Assumption 2.1 (Linear MGs (Xie et al., 2020)). For each
(s,a,b) € S x Ay x Ay, and h € [H], we have

Th($7 a, b) = qb(xa a, b)Te}“

2.3)
Ph(' | €T, a, b) = ¢($a a, b)TMh(')a

where ¢ : S x A; x Ay — R? is a known feature map,
05, € R? is an unknown vector, ji, = (ugf))ie[d] is a vector
of d unknown signed measure over S. We further assume
that [|¢(-,-,-)[| < 1, ||0xl] < Vd, and ||un(S)|| < V/d for

all h € [H] where || - || is the £2-norm of vector.

With this assumption, we have the following result.
Lemma 2.2 (Linearity of Value Function). Under Assump-
tion 2.1, for any policy pair (7,v) and any (x,a,b,h) €
S x Ay x Ag x [H], we have

Q™" (z,a,b) = (¢(x, a,b), w;”),

where wy” = 0y + [ V' (2" )dpn (2).

Proof. The result is implied by Bellman equation in (2.2)
and the linearity of 7, and P;, in Assumption 2.1. O]
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2.3. Nash Equilibrium and Performance Metrics

If we fix some max-player’s policy 7, then the MG degener-
ates to an MDP for the min-player. By the theory of single-
agent RL, we know that there exists a policy br(r), referred
to as the best response policy of the min-player, satisfying
VM) (5) = inf,, V™ (s) for all s and h. Similarly, we
define the best response policy br(v) for the min-player’s
policy v. To simplify the notation, we define

_ V}E}r(u),y

Vit = V;’br(ﬂ), and V¥

It is known that there exists a Nash equilibrium (NE) policy
(7*, v*) such that 7* and v* are the best response policy to
each other (Filar and Vrieze, 2012) and we denote the value
of them as V;* = V," ¥ . Although multiple NE policies
may exist, for zero-sum MGs, the value function is unique.

The NE policy is further known to be the solution to the
following minimax equation:

supinf V™" (s) = V™ " (s) = inf sup V""" (s), Y(s, h).

2.4)
We also have the following weak duality property for any
policy pair (7, v) in MG:

Vi (s) < Vi(s) < V" (s),Y(s, h). 2.5)

Accordingly, we measure a policy pair (7, v) by the duality
gap:

SubOpt((m,v),z) = V""" (z) — V""" (). (2.6)

The goal of learning is to find an e-approximate NE (7, V)
such that SubOpt((7,7),z) <e.

2.4. Offline Data Collecting Process

We introduce the notion of compliance of dataset.

Definition 2.3 (Compliance of Dataset). Given an MG M
and a dataset D = {(s},,a}, bfl)}th 1» we say the dataset
D is compliant with the MG M if

Pp (T;—L =T, 52+1 = s|{(s@,a2,b%)}le, {(7'2752-4-1) z‘T:_f)
=Py (rp, =7, 8p41 = S|Sp = $7,,an = aj, by, = b},)
2.7)

forall h € [H],s € S where P in the right-hand side of
(2.7) is taken with respect to the underlying MG M.

We make the following assumption through this paper.

Assumption 2.4 (Date Collection). The dataset D is com-
pliant with the underlying MG M.

Intuitively, the compliance ensures (i) D possesses the
Markov property, and (ii) conditioned on (s,a},b7),

(77, 87,41) is generated by the reward function and the tran-
sition kernel of the underlying MG.

As discussed in Jin et al. (2020b), as a special case, this
assumption holds if the dataset D is collected by a fixed be-
havior policy. More generally, the experimenter can sequen-
tially improve her policy by any online MARL algorithm as
the assumption allows (aj, b},) to be interdependent across
the trajectories. In an extreme case, the actions can even be
chosen in an adversarial manner.

2.5. Additional Notations

For any real number x and positive integer h, we define
the regulation operation as II;(x) = min{h, max{x,0}}.
Given a semi-definite matrix A, the matrix norm for any
vector v is denoted as ||v][s = Vv T Av. The Frobenius
norm of a matrix A is given by ||4||r = /tr(AAT). We
denote Ay, (A) as the smallest eigenvalue of the matrix A.
We also use the shorthand notations ¢y, = ¢(sp, an,bp),

i = @(sh, ap, by), and rj = ra(sf, ap, bf).

3. Pessimistic Minimax Value Iteration

In this section, we introduce our algorithm, namely, Pes-
simistic Minimax Value Iteration (PMVI), whose peudocode
is given in Algorithm 1.

Algorithm 1 Pessimistic Minimax Value Iteration

1: Input: Dataset D = {7}, aj,, b}, 77, } (.h)e

2: Initialize Vi (-) = VH+1( )=0.

3: forsteph HH-1,- 1d0

Ap ZT 1 ¢h(¢7—)

wy, < A! (27:1 (bh(rh +Kh+1($2+1)))-

Wh — Ay (270 4107 + Vi (27,44)))-

Fh('7 ) ) — 5 . \/¢(7 K ')T Ah)_1¢('> ) )

Qh('7 ) ) — HH—h+1{¢('7 ) ')Twh - Fh('v K )}

Qu(y) g _pi1{dC, ) Twn +Th(--, )}

Let (7n(- | ), v, (- | )) be the NE of the matrix game

with payoff matrlx Q ().

11: Let (m,(- | ), Un( }3 be the NE of the matrix game
with payoff matrlx Qh( )

12: Vh()%EaNﬂh(‘)le/h \)Q ( )

130 Va() ¢ Eannp (1) mmn (1) Qn( @
14: end for

15: Output: (7 = {%h}thp/V\ = {i/\h}thl)-

€[K]x[H]-

Y ®F DU R

At a high level, PMVI constructs pessimistic estimations
of the value functions for both players and outputs a policy
pair by solving a correlated coarse equilibrium based on
these two estimated value functions.

Our learning process is done through backward induc-
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tion with respect to the timestep h. We set V. ,(:) =
Viasi1(:) = 0, where V. and Vg, are estimated
value functions for max-player and min-player, respectively.
Suppose we have obtained the estimated value functions
(V341> Vigr) at (h+ 1)-th step, together with the linearity
of value functions (Lemma 2.2), we can use the regular-
ized least-squares regression to obtain the linear coefficients
(wy,, Wy) for the estimated Q-functions:

K

wy,  argmin Y 1] + Vi (@h10) = (0F) "w]® + |wl]3,
w T=1
K

Wy argmin Y _[r] + Vier (@hi) — (0F) "w]® + wl]3,
w =1

where ¢, is the shorthand of ¢(s},aj,,b;). Solving this
problem gives the closed-form solutions:

K
wy, < MO GR (0 + Vi (27,100))),

3
Il
—

]~

Wy — AN O R (rL + Vi (ehsy)), G

T

< 1

where Ay, + > 67 (¢7)" + 1.
=1

Unlike the online setting where optimistic estimations are
essential for encouraging exploration (Jin et al., 2020a; Xie
et al., 2020), we need to adopt more robust estimation due
to the distributional shift in the offline setting. Inspired by
recent work (Jin et al., 2020b; Rashidinejad et al., 2021;
Yin and Wang, 2021; Uehara and Sun, 2021; Zanette et al.,
2021), which shows that pessimism plays a key role in the
offline setting, we also use the pessimistic estimations for
both players. In detail, we estimate Q-functions by subtract-
ing/adding a bonus term:

Qh(W ) ) < HH—h-‘rl{QS(W N ')Twh - Fh('? %y )}7

— T (3.2)

Qh('7 %y ) — HH—h+l{¢('7 y ) Wh + Fh('a K )}
Here I';, is the bonus function, which takes the form
B4/ ¢TA;1¢, where [ is a parameter which will be speci-
fied later. Such a bonus function is common in linear bandits
(Lattimore and Szepesvari, 2020) ind linear MDPs (Jin et al.,
2020a). We remark that Qh and ()}, are pessimistic estima-

tions for the max-player and the min-player, respectively.
Then, we solve the matrix games with payoffs @ h and Q)

@n(- [ ), v (- ) < NE(@, (),
(Th( 1) Pn(- 1)) < NE(@y ()

The estimated value functions V,(-) and V()
are defined by Ea~%h,(~l-),b~u;(-\-)Qh('vavb) and

respectively. Af-
the policy pair

B, (19,6~ (1) @1 (5 @, b),
ter H steps, PMVI outputs
(= {%h}ilzp V= {ﬁh}le)-
Remark 3.1 (Computational efficiency). We remark that our
algorithm is computationally efficient because both the re-
gression (3.1) and finding the NE of a zero-sum matrix game
(using linear programming) can be efficiently implemented.
Moreover, we remark that we do not need to compute
Qh(x> " ')7Qh(xa ) ')7 %h(|x)’ I/]/L(.lx)7 7T;l(|l‘), /V\;L(|x)

for all x € S. Instead, we only do so for the states we
encounter.

Remark 3.2. We remark that the linearity of the reward func-
tions and the transition kernel is strictly stronger than the
linearity of value-function. In the online setting, the recent
works (Jin et al., 2021; Huang et al., 2021) show that the lin-
earity of the value function empowers statistically efficient
learning. However, we consider this stronger assumption
because it is likely that it is essential for computational
efficiency due to the lack of computation tractability with
general function approximation and the hardness result in
Du et al. (2019) which only assumes near-linearity of value
functions of MDPs (special case of MGs).

In the following theorem, we provide the theoretical guar-
antees for PMVI (Algorithm 1). Recall that we use the
shorthand ¢, = ¢(Sh, ap, bh)

Theorem 3.3. Suppose Assumptions 2.1 and 2.4 hold. Set
B = cdH+/C in Algorithm 1, where c is a sufficient large
constant and ( = log(2dK H/p). Then for sufficient large
K, it holds with probability 1 — p that

SubOpt ((57\, D), w)

H
< 2621&7*’”/ [,/ A o ls1 = x}
h=1
[\/¢;Ah1q§h s1 = x] .

Proof. See Appendix A for a detailed proof. O

H
+28) By

h=1

Theorem 3.3 states that the suboptimality of PMVI is upper
bounded by the product of 25 and a data-dependent term,
where 3 comes from the the covering number of function
classes and the date-dependent term will be explained in the
following section.

4. Sufficiency: Low Relative Uncertainty

In this section, we interpret Theorem 3.3 by characterizing
the sufficient condition for achieving sample efficiency.
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4.1. Relative Uncertainty

We first introduce the following important notion of “relative
uncertainty”.

Definition 4.1 (Relative Uncertainty). Given an MG M and
a dataset D that is compliant with M, for an NE policy pair
(m*, v*), the relative uncertainty of (7*, v*) with respect to
D is defined as

RU(D, 7%, v*, )

= max { sup EH:IEW*W [\/(ﬁZA}:lqﬁh ‘ 81 = :c],
h=1

v

0> e [Vor AT on |51 =x] }.
h=1

™

where z is the initial state and expectation E~ , and E -
are taken respect to randomness of the trajectory induced
by (7*,v) and (7, v*) in the underlying MG given the fixed
matrix A, = S5 67(67) T + I, respectively.

We also define the relative uncertainty with respect to the
dataset D as

RU(D = inf RU(D, n*,v*, ). 4.1

(D, z) - (D, 7", v", x) (4.1
Therefore, we can reformulate Theorem 3.3 as:

SubOpt((7,v),x) < 45 - RU(D, z). 4.2)

Hence, we obtain that “low relative uncertainty” allows
PMVI to find an approximate NE policy pair sample effi-
ciently, which further implies that “low relative uncertainty”
is the sufficient condition for achieving sample efficiency in
offline linear MGs.

Before we provide a detailed discussion of this notion with
intuitions and examples, we first contrast our result with
the single policy (optimal policy) coverage identified in
the single-agent setting (Jin et al., 2020b; Xie et al., 2021;
Rashidinejad et al., 2021).

4.2. Single Policy (NE) Coverage is Insufficient

As demonstrated in Jin et al. (2020b); Xie et al. (2021);
Rashidinejad et al. (2021), a sufficient coverage over the
optimal policy is sufficient for the offline learning of MDPs.
As a straightforward extension, it is natural to ask whether
a sufficient coverage over the NE policy pair (7%, v*) is
sufficient and therefore minimal. However, the situation is
more complicated in the MG case and we have the following
impossibility result.

Proposition 4.2. Coverage of the NE policy pair (7*,v*)
is not sufficient for learning an approximate NE policy pair.

Proof. We prove the result by constructing two hard in-
stances and a dataset D such that no algorithm can achieve
small suboptimality for two instances simultaneously. We
consider two simplified linear MGs M and M, with

state space S = {X}, action sets A; = {a; : i € [3]},
Ao = {b; : i € [3]}, and payoff matrices:
05 -1 0 0 0 -1
R = 1 0 1|, Ra= 1 0 -1
0 -1 0 1 1 0
(4.3)

We consider the dataset D = {(aq, b2, = 0), (a3, bs, r =
0) } where the choices of action are predetermined and the re-
wards are sampled from the underlying game, which implies
that D is compliant with the underlying game. However,
we can never distinguish these two games as they are both
consistent with D. Suppose that the output policies are
7(a;) = pi, v(b;) = g; with i, j € [3], we can easily find
that

SubOpt((7,7), z) = 2 — p2 — qa,
My
SU}\)AOPt((%ﬁ),iF) =p1+q +p2+qe,
2

where the subscript M; means that the underlying MG is
M. Therefore, we have

SubOpt((7,7), z) + SubOpt((7, V), z) > 2,

Ml MZ
which implies that either SubOpt((7,7),z) or
M
SubOpt((7, V), z) is larger than 1. O
Mo

We remark that the instances constructed in the proof also
intuitively illustrate the sufficiency of the "low relative un-
certainty". Suppose that the underlying MG is M defined
in (4.3) and the dataset D now contains the information
about the set of action pairs:

G = {(a1,b2), (az, b2), (az,b1), (a2, b3), (az,b2)} .
4.4
Then, the learning agent has the following estimation

* —1 %
R = 1 0 1 , 4.5)
* —1 %

where * can be arbitrary. In particular, the collected infor-
mation is sufficient to verify that (az, by) are best response
to each other and therefore the NE policy pair.

More generally, for the NE that is possible a mixed strat-
egy, if we have sufficient information about {(7*,v) :
v is arbitrary}, we can verify that v* is the best re-
sponse of 7*. Similarly, the information about {(m, v*) :
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7 is arbitrary} allows us to ensure that 7* is the best re-
sponse policy to v*. Therefore, intuitively, a sufficient cov-
erage over these policy pairs empowers efficient offline
learning of the NE.

4.3. Interpretation of Theorem 3.3

To illustrate our theory more, we make several comments
below.

Data-Dependent Performance Upper Bound. The up-
per bound in Theorem 3.3 is in a data-dependent manner,
which is also a key idea employed by many previous works.
This allows to drop the strong uniform coverage assump-
tion, which usually fails to hold in practice. Specifically,
the suboptimality guarantee only relies on the the compli-
ance assumption and depends on the dataset D through the
relative uncertainty RU(D, z).

To better illustrate the role of the relative uncertainty, we
consider the linear MG M constructed in (4.3). We define
n;; as the times that (a;, b;) is taken in D. Then, we have

supEq- ., {\/QS;L—A;ld)h 51 = :c] =(1 +Injnn27j)71/2,
v J
supE - {\/ ZA;quh s1 = x] =(1 +minni,2)*1/2,
which implies that
RU(D,z) = RU(D, n*,v*, ) = (1 +n*)"Y2, (4.6

where n* = min; jc[31{n2,;,n:2}. Hence, RU(D, z) mea-
sures how well the dataset D covers the action pairs induced
by (7*,v) and (7, v*), where 7 and v are arbitrary. In
particular, combining (4.2) and (4.6), we obtain that

SubOpt((7,7),2) <48+ (1+n*)~/2,

where we take (3 as stated in the theorem. This implies that
the suboptimality of Algorithm 1 is small if the action pair
set is covered well by D, which corresponds to a large n*.
More generally, we have the following corollary:

Corollary 4.3 (Sufficient Coverage of Relative Information).
Under Assumptions 2.1 and 2.4, we assume the existence of
a constant ¢ such that

Ah 2I+4c-K- max{supE,r*W [¢h¢;’81 = .13] ’
Sup By - [6n] |51 = 2] } 4.7)

with probability at least 1 — p/2. Set 8 = cdH+/C in
Algorithm I where c is a sufficient large constant and { =
log(4dH K /p). Then for sufficient large K, it holds with
probability 1 — p that

SubOpt((7,7),z) < ¢/d*/?H? K12 \/¢,

where ¢ is a constant that only relies on c and c1.

Proof. See Appendix B for detailed proof. O

Oracle Property. Notably, in the above example, the action
pair that lies off the set G in (4.4) will not affect RU(D, x).
Such a property is referred as the oracle property in the
literature (Donoho and Johnstone, 1994; Zou, 2006; Fan and
Li, 2001). Specifically, since RU(D, z) takes expectation
under the set of policy pairs:

P ={(7*,v) : vis arbitrary } U{(T(, v*) : 7 is arbitrary },

the suboptimality automatically "adapts" to the trajectory
induced by this set even though it is unknown in prior. This
property is important especially when the dataset D contains
a large amount of irrelative information as the irrelative
information possibly misleads other learning agents. For
instance, suppose that we collect D through a naive policy
pair where both the max-player and the min-player pick their
actions randomly. Therefore, all action pairs are sampled
approximately uniformly. We assume that they are equally
sampled for K /9 times for simplicity. In this case, since
n* = K/9, the suboptimality of Algorithm 1 still decays at
arate of K ~1/2. In particular, one important observation is
that the output policy pair (7, 7) can outperform the naive
policy used to collect the dataset D.

Well-Explored Dataset. As in existing literature (e.g.,
(Duan et al., 2020)), we also consider the case where the
data collecting process explores the state-action space well.

Corollary 4.4 (Well-Explored Dataset). Supposed the
dataset D = {(s},, a},, b}, Ti:)}f—(,hlil is induced by a fixed
behavior policy pair (T,7) in the underlying MG. We also
assume the existence of a constant ¢ > 0 such that

Mnin(Zn) = ¢ where %y, = Ex(onep ], Vh e [H].

Set 3 = cdH+/C in Algorithm 1 where c is a sufficient large
constant and ¢ = log(4dH K /p). Then for sufficient large
K, it holds with probability 1 — p that

SubOpt((7,9), z) < ¢dH?*K~Y/2\/¢,

where ¢’ is a constant that only relies on c and c.

Proof. See Appendix C for a detailed proof. O

5. Necessity: Low Relative Uncertainty

In this section, we show that the low relative uncertainty is
also the necessary condition by establishing an information-
theoretic lower bound.

We have considered two sets of policy pairs, corresponding
to two levels of coverage assumptions on the dataset:

Py = {(7*,v*)is an NE};
Py = {(7*,v), (m,v") : 7, v are arbitrary }.
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Clearly, we have P; C P,. From the discussion in Sec-
tion 4, we know that a good coverage of P, is insufficient,
while a good coverage over P, is sufficient for efficient
offline learning. It remains to ask whether there is a cover-
age assumption weaker than P, but stronger than P; that
empowers efficient offline learning in our setting. We give
the negative answer by providing an information-theoretic
lower bound in the following theorem.

Theorem 5.1. For any algorithm Algo(-) that outputs a
Markov policy pair based on D, there exists a linear game
M and a dataset D that is compliant with the underlying
MG M, such that when K is large enough, it holds that

SubOpt (Algo(D); o) S
RU(D, z¢) -

D 5.1

where C' is an absolute constant and x is the initial state.
The expectation is taken with respect to Pp where Algo(D)
is a policy pair constructed based on the dataset D.

Proof. See Appendix D for a detailed proof. O

Notably, the lower bound in Theorem 5.1 matches the sub-
optimality upper bound in Theorem 3.3 up to 5 and absolute
constant factors and therefore establishes the near-optimality
of Algorithm 1. Meanwhile, Theorem 5.1 states that the
relative uncertainty RU(D, x) correctly captures the hard-
ness of offline MG under the linear function approximation
setting, that is, low relative uncertainty is the necessary
condition for achieving sample efficiency.

6. Conclusion

In this paper, we make the first attempt to study the two-
player zero-sum linear MGs in the offline setting. For such
an equilibrium finding problem, we propose a pessimism-
based algorithm PMVI, which is the first RL algorithm that
can achieve both computational efficiency and nearly mini-
max optimality. Meanwhile, we introduce a new notion of
relative uncertainty and prove that low relative uncertainty
is the necessary and sufficient condition for achieving sam-
ple efficiency in offline linear MGs. We believe our work
opens up many promising directions for future work, such
as how to perform sample-efficient equilibrium learning in
the offline zero-sum MGs with general function approxima-
tions (Jin et al., 2021; Huang et al., 2021).
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A. Proof of Theorem 3.3

Proof of Theorem 3.3. First, we define the Bellman error as
Lp (ZL’, a, b) = thh—&-l(xv a, b) - Q
tn(x,a,b) =By Viii(z,a,b) — Q) (z,a,b).

Our proof relies on the following lemma.
Lemma A.1. Let & denote the event that

0 < —Zn(s,a,b) <2I'4(s,a,b),
0 < p(s,a,b) < 2T (s,a,b).
forallh € [H] and (s,a,b) € S x A x B. Then we have Pr(€) > 1 — p.

Proof. See Appendix A.1 for a detailed proof. [

Under this event, we also have the following lemma to ensure that our estimated value functions are optimistic.
Lemma A.2. Under the event £, we have

V(@) SV (@), V(@) < Valo).
Proof. See Appendix A.2 for a detailed proof. [

Back to our proof, we decompose the suboptimality gap as

SubOpt ((7,7),z) = V;""(z) — V" (z) = V"7 (z) — Vi () + Vi (z) — V{" () . (A1)
(1) (i1)

For term (i), by Lemma A.2, we have

(i) < Vi(e) = Vi'(x) < Vi(z) = V(" (), (A2)
where the last inequality follows from the fact that (7*, v*) is the NE. Then we can use the following lemma to decompose
the term V1 (z) — V7™ ().

Lemma A.3 (Value Difference Lemma). Given an MG (S, A, B,r, H). Let 7@V = {7, @V : S — A(A1) X A(A2) trhem
be a product policy, (w,v) be a policy pair, and {Qh}thl be any estimated Q-functions. For any h € [H|, we define the
estimated value function Vi, : S — R by setting Vi,(x) = (Qn(z, -, ), Tr(:|x) @ Un(-|z)) forallxz € S. Forallx € S,

H

Vi) = V() = 37 B [(@nlsnrs ), FaClsn) © BiClsn) — mlsn) @ v (lsn) s = @
h=1
H ~ A~
+) Ery [Qh(shaahabh) = BnVasi(sn, an, br)|s1 = | .
h=1
Proof. See Section B.1 in Cai et al. (2020) for a detailed proof. O]

By Lemma A.3, we obtain

H
Vi(@) =V @) = 3 Ewre [ @nlsn, ), mh (o) @ Ba(f2) = 77, (lsn) @ viClsn)lst = @
h=1

H

— ZETK‘/,D*[Zh(Sh7ah7bh)|sl = x] (A.3)
h=1

The first term can be bounded by the following lemma.
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Lemma A.4. It holds that

H
P [@h(% )y T (lsn) @ Un(-lsn) = m,(+1sn) @ v (sn))|s1 = 2| < 0.
h=1

Proof. See Appendix A.3 for a detailed proof. O

Applying Lemma A.1 to the second term of (A.3) gives

H H
— ZE"T/’”* [Zh(sh,ah,bh)|81 = .13} <2 ZE”/’”* [Fh(sh, ap, bh)\sl = x]
h=1 h=1

Putting the above inequalities together we obtain

H
(1) 2> B pe [Ta(sn, an, bn)|s1 = 2] (A.4)
h=1
Similarly, we can obtain
H
(i) 2> e o [Ta(sn, an, bn)|s1 = al. (A.5)
h=1
Plugging (A.4) and (A.5) into (A.1), we conclude the proof of Theorem 3.3. L]

A.1. Proof of Lemma A.1

Proof of Lemma A. 1. Throughout this proof, we use the shorthands
on = d(sh,an,by),  dn=(sn an,bn), ¢ =d(s,a,b).
For the simplicity of notation, we also let
en(V) =15+ V(shi1) = BrV(sf,, ap, bp) (A.6)

By the linear MDP assumption, we have (B, V,41)(s,a,b) = é(s, a,b) " wy,, where

wy, = 0y, +/ Va1 (@) pp(x)dr.
zeS
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Then we have

(67 @n — (B Vha1) (s, a,b)|

K
= o7 (A;I Z (rh + Vhs1(shs1)) ¢ﬁ> — (BrVh+1)(s,a,0)

T=1

K K
=|¢"A, Z (Vie1)oh + 0 A, IZ By V hi1) (57, ap, b )dh — & wh,

T=1

K
=|¢TA, Z Vh+1¢h+¢TAIZ¢h¢h wp — ¢ wp,

T=1

K
=o' A, Z (Vig)or, + ¢ AL (A — Dwp — ¢ wy,

K
= ¢TA Zeh Vh+1 ¢TA;1wh

< [@T A wn] + |07 AL Z e (Vhi1)oh (A7)
— =1
@ >
(1)
Now we estimate term (1)

(D] < 19llg-1 lwnlly-r < llwnll 10lly-1 < HVAIg]l,-1 (A.8)
where the second inequality follows from HA;1 Hop < 1 and the third inequality follows from Lemma E.1. Here || - ||op
denotes the operator norm of a matrix.

Supposed that ||V — V41|« < €, by the definition of €, (V) in (A.6), we have
|er (Vi) — (V)]
=[] + Vas(sh41) = BuVira(sh,aq, b7) = 1%, = V(shyr) + BV (s, af, b) |
< |Vis1(shyr) = V(sha)| + [BaVisa(sh, af,, b7) — BrV (sh, a7, 07)| < 2¢
Thus we have
K - K B
OTA D (Vi) = h (V) 67 < D07 AL (Vi) — 1 (V)) 7|
T=1 T=1
K
DA EEAGI EI AT
T=1
K
<Y |6 Varn) = V)] I6lly 1971 < 26K (18]
T=1
where the last inequality holds since ||¢|| < 1. We define two function classes as
Q) =My {6+ ) Tw = BVETATTG},
(A9)

Qp =1y h+1{¢ Vw4 BVeTA L }

where the parameters (w, A) satisfy [|w|| < HVdK and Apin(A) > 1. Let Q, _and Q. be the e-nets of Q, and Qj,
respectively. Choose the pair (@} |, Qnir) € Q,,.c X Qn,e such that

— —
||Qh+1 - Qh+1||0€ < €, ||Qh+1 - Q;l+1||00 g €
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where e = 1/K H. Let V;_, (s) be the NE value of payoff matrix @,h+1 (s,-,). By Lemma E.2 we have

Vi1 (s) = Viga(s)] <.

Then we obtain

K K
5 — T(Y/ T T — T 724 T
)] = [0TA Y (G (Vasr) — (V) 67 + 6T A D 6 (Viar)h,
T=1 =1
K — —/ K —
<o Ay Z (€;(Vh+1) - fiTL(Vh+1)> Oh| + |0 AL Z v (Vi) oh
T=1 =1
K —
26K |[glly 1+ |6TA Y e (Vi)on (A.10)
T7=1
K
e vad T
2K |[¢lla-1 + || b (Vig)dh||  [19la-1- (A1)
T7=1 A;l

(ii)
For any 7 € [K], h € [H], we define
j j j\ymin{r+1,K j j T
Frrr =0 ({(shy b W)Y U] )Y )

where o () is the o —algebra generated by a set of random variables. For all 7 € [K], we have ¢(s}, a},,b}) € Fp,r—1,as
(s}, a7}, bp) is Fp -—1—measurable. Besides, for any fix function V' : § — [0, H — 1] and all 7 € [K], we have

(V) =1k +V(shi1) — BaV)(sh, a7, 0f) € Fir

and {€] (V) }< | is a stochastic process adapted to the filtration {F}, , }%_,. By Lemma E.4, we obtain an estimation of
term (iii). For any 6 € (0, 1),

2

K
det(Ah)1/2
T T 2
P Zeh(v)¢h B > 2H" log (5det(I)1/2 <6
=1 Ah
Since
K K
Inllop = [T+ D dr )| <14+ D |Igr(o0) |, <1+ K,

T=1 op T=1

we have det(A) < (1 + K)9, which further implies

2

K
1
P> e (V)en > H? (dlog(1+K)+2log(§))
=1 A;l
X ’ det(Ap)/2
T T 2 h
<P ;eh(‘/)qﬁh . > 2H?log <5det(1)1/2) <4
h

_ 2d 2d?
By Lemma E.3, QE X Qiyh‘ = Nie < (1 + ‘le VdK) (1 + Sﬁjiz‘/g) . Thus, by the union bound argument we have

|(iiD)] S dHV/Cl1¢ll, 1 (A.12)
with probability at least 1 — p/2. Combining (A.8), (A.10), and (A.12), we have

‘(b—rwh - (Bhvthl)(svavb)’ < 5”(/)“/\;1 =Tn(s,a,b)
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with probability at least 1 — p/2. Then, we have
¢ W +Th(s,a,b) > By Viii(s,a,b) > —(H — h+1).
The last inequality follows from || < 1 and |Vh+1(s, a, b)‘ < H — h. The inequality implies
Qu(s,a,b) =min{H —h+1,¢ @), +Th(s,a,b)} < ¢ @y, + Ty(s,a,b).
Therefore, we have

Tn(sn,an,bn) = BrVit1(sn, an, bn) — Qu(sh, an, by)
2 Bhvh+1(sh, ap,, bh) — (ﬁT@h — I‘h(sh, ap,, bh) Z —2Ph(8h, ap, bh) (A13)

If ¢ "wy, + [ (s,a,b) > H — h+ 1, then, we have
Qu(s,a,b) =min{H — h+ 1,6 '@y, +Tp(s,a,b)} = H—h+1.
Thus, we further obtain that
in(s,a,b) = BpVipi1(s,a,b) — Qu(s,a,b) =BpViyii(s,a,b) — (H —h+1) <0. (A.14)
Otherwise, ¢ ' wy, + 'y (s,a,b) < H — h + 1, which implies Q;, (s, a,b) = ¢ ' wy, + I's(s,a,b). In this situation, we have

Zh(sa a, b) = ]Bhvh-‘rl(sa a, b) - @h(57 a, b)
= BiVhi1(s,a,b) — ¢ Wh — Tn(s,a,b) <0, (A.15)

Similarly, we can prove
0 < p(s,a,b) < 2T (s,a,b) (A.16)

with probability at least 1 — p/2. Thus, the event £ happens with probability at least 1 — p, which concludes our proof. [J

A.2. Proof of Lemma A.2
Proof of Lemma A.2. We prove the first inequality i.e.,
V(@) < Vi (@).

We prove it by induction. When h = H + 1, Vhﬁ’* =V, = 0, the inequality holds trivially. Now we suppose the inequality
holds for step h + 1, we prove it also holds for step h. By definition of value function,

Vi (@) = Vi (2) = Bz . [Q) " (2,0,0)] — Bz (@, (.0, D)

=Ez.[Q " (,a,0) = Q, (z,a,b)]
+ (B2 .[Q, (2, b)] Ez./(Q, (x,a,b)]). (A.17)
By the definition that ¢, (z, a,b) = By V), (2, a,b) — Q, (z, a,b), we have

=\)

S =

g’*(x, a,b) = Q, (x,a,b) = By, (Vh:’_l(x, a,b) = V51 (x,a,b) + (2, a,b) >0, (A.18)
where the last inequality follows from Lemma A.1 and induction assumption. Meanwhile, by the property of NE, we have
Ez.[Q, (z.a,b)] — Ez ./ [Q, (z,a,b)] = 0, (A.19)
Combining (A.17), (A.18) and (A.19), we obtain
Vi (@) = V(@) 2 0,

which concludes the proof. O
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A.3. Proof of Lemma A.4

Proof of Lemma A.4. We estimate the each term in the summation. By the fact that (7, (-|), Vn(-|2)) is the NE of the
matrix game with payoff @, (z, -, -) for any = € S, we have

(Qn(sh, ), (-Isn) @ Dh(-|sn) — m, (-|sn) @ v7(+|sn) < 0. (A.20)

Taking summation over h € [H], we obtain

H
S B [(@ 5.7 (i) @ PG lsn) — mhClsn) @ v Clsalss = 2] <0,
h=1
which concludes the proof. O

B. Proof of Corollary 4.3

Proof of Corollary 4.3. Fix (7*,v). For notational simplicity, we define
Sh(x) = Epe ,[0(Shy an, bp)d " (sn,an, bp)|s1 = .

By the assumption, we have

Eﬂ'*,lx |:\/ ¢}TAh1¢h:| < E'n’*,u |:\/¢}T(I+01th($))l¢h51 - SL':|

—E, [\/tr((l + el KSh(@) 1 ong) o1 = z]

< \/ETF*7V [tr((l+ClKZh($))_l¢h¢Z)‘81 _ l‘}

= \/[tr((f + ClKZh(x))flzh(m))}

- \/clTK VoI + e K3, (@) (e KSu(@) + - 1))
d

:\/ClTK\/tr(I_(I+ClKEh(x))1)< 0177

where the second inequality follows from the Cauchy-Schwarz inequality. Thus, for any policy v, we have

H
28 B [\ oh Ay |51 = 2] < 2ce; PdPPHAKTY?\/C
h=1
Similarly, for any policy 7, we have

H
28 Erue[\ ok Ay dnls1 = 2] < 2ce; PdPPHEK Y2\ /C
h=1

Letcd = 4001_1/ 2, by the definition of related uncertainty, we obtain
46 -RU(D, z) < dd*/?H2K~1/2,\/¢.
Combined with Theorem 3.3, we further obtain
SubOpt(PMVI(D), z) < ¢/d*/?H?*K~/2,/(,

which concludes our proof. O
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C. Proof of Corollary 4.4

Proof of Corollary 4.4. The proof consists of two steps. In the first step, we use Lemma E.5 for concentration. In
the second step, we estimate the suboptimality. Recall that we denote ¢, = ¢(sn,an,bpn) , ¢], = &(s},,a},b;,) and

Sh(x) = Exz(6(sn, an, br)¢ " (sn, an, bn)|s1 = z]. Let
K
2= A5 AL =¢[(éh)" ~Sh. Vhe[H].
T=1

Clearly, we have E=;[A]] = 0. Since the trajectories are induced by the behavior policy (7, 7), the K trajectory are i.i.d.
and {A] } are i.i.d.. By Assumption 2.1, we have ||¢(s, a,b)|| < 1 for any (s,a,b) € S x A; x Asg, which further implies
|67(07) " |, < 1. Then, we have

1oy = B {67(51) Iy < B |[197.60) T[] < 1
Thus, we obtain
147 lop < 120 llop + |95 (67) " [l < 2
and
145 (AR T, < 1471, < 4
Since {A] }, ¢k arei.i.d. and mean-zero, for any h € [H], we have

K

> ExslAf (A7)

T=1

|E= 52, Zi]]| <A4K.

OP\

= K - |[Ex[A5 (A7) ]|

Op:

op

Similarly, we can obtain HEig[ZhZ,—L'—] H < 4K. By Lemma E.5, we have ,

op

t2/2
Lett = /10K log (4dH /p), we have
p
P(1 0l > 1) <

By the definition of Aj, we have

K
Zn = on(on)" — K= Ay — 1 — K3,

T=1
When K > 40/c - log (4dH /p), it holds with probability at least 1 — p/2 that
Amin(Ah) = )\min(Zh + I + th)
> Kwin(S1) = | Zalloy > K (e = /107K -log (1dH /1))
> Kc¢/2

forall h € [H]. Let ¢" = /2/c, with probability 1 — p/2, we have
7 < 5

for all h € [H]. Combined the fact that ||¢|| (-, -,-) < 1, for all h € [H], we have

Vor Ay en < |47, < BTV
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Then, for any policy pair (7, v), we have
H
> Ery [MI& = x} <THE Y2,

h=1

Together with Theorem 3.3, we have
SubOpt(PMVI(D), z) < dH?*K~'/2./¢

with probability at least 1 — p with ¢ = 4¢c”. Therefore, we finish the proof. O

D. Proof of the Information-Theoretic Lower Bound

The proof is organized as follows. First, we construct a class of linear MGs 9t and a dataset collecting process for D
which is compliant with the underlying MG. Then, given a policy pair (7, /) constructed based on D, we find two hard
MGs M, M from the class 9t such that the policy pair cannot achieve a desired suboptimality simultaneously. Before
continuing, we introduce another notion of suboptimality, defined as

SubOpty, ((m,v), xg) = |V} — V™"

<V = V™" = SubOpt((m, v), zo),

due to the weak duality property given in (2.5). Therefore, we can prove the lower bound for SubOpt., ((7, /), o) which
implies the original theorem.

D.1. Construction of the Linear MG Class 91
The class 2t is defined to be

M = {M(p1,p2,p3) : p1,p2 € [1/4,3/4],p3 = min{p1,p2}},

where M (p1,pa,p3) is a MG with H > 2, state space S = {x, ¥1, 22} and action space |A;| = |As| = {y;}7£, with
A = |A;| > 3. We fix the initial state as 9. Now we define the transition kernel of the game at step h = 1 to be

IED1 (fEl | anyhyj) =P IED1 (2172 | anyhyj) =1 — P1, V] S {17 7A}a
IP)1 (ZC]_ | 3507?4272/]‘) = P2, IP)1 (.’172 | x05y27yj) =1 — P2, VJ S {17 e 7A}7
Pl (1‘1 | anyi7yj) = P3, Pl (372 | $0;yiayj) =1 — P3, Vi Z 3av.] S {15 e aA}

According to the construction, we can see that the transition is determined by the max-player’s action at step h = 1. At
subsequent step h > 2, we set

Pr(x1|z1,ys,y5) = Pr(x|22, visy5) = 1,V4,5 € {1,--- , A}.
In other words, the states x1 and x5 are absorbing. The reward functions of the game are defined as

rl(anyiayj) = 07 vzm] c {17 e 7A}7
Th(wlayiayj) = 1»7“h(3327yiyyj) = 07 Vh 2 27VZ7] S {17 o aA}

We further illustrate the class 9t in Figure D.1. To show that the game M (p1, p2, p3) is indeed a linear MG, we define the
feature map ¢(s, a, b) to be

2 2
d(z0,Yi, ;) = (€(i—1)a14:0,0) € RY T2 B(z1,9;,y;) = (042,1,0) € R +2
¢(x27yiayj) = (0A21071) € RA2+2 VZ7J S {17 e 7A}7

2,
where e,, € R4" is a vector whose components are all zero except for the n-th one.
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P (@1 | w0, yi,Y5) = pi

Py (z2 | w0, yi,y5) =1 —pi

Figure 1. Illustration of the Game M (p1, p2, p3): In the first step with initial state o, the game is totally determined by the max-player’s
action. The game has a probability of p; to enter state = if the max-player takes action a; = y;. Meanwhile, z; and 2 are absorbing
states.

D.2. Dataset Collecting Process

We speficy the dataset collecting process in this subsection. Given an MG M (p1,p2,p3) € M, the dataset D =
{(s},a},,b7,r7)} f ;il consists of K trajectories starting from the initial state o, namely, 2] = x¢ for all T € [K].
The actions taken at the first step {a], b7 } | are predetermined. The transitions at step h = 1 are sampled from M and are
independent across K trajectories. The rewards are also generated by the M. The subsequent actions {a,, b7 } K . h>2
are arbitrary since they do not affect the transition and reward generation. In this case, the dataset is compliant with the

underlying MG M.

Before continuing, we define

K K
_ _ _ J _ _ _
an_Z]]'{a‘{_y’Lab’{_yj}’ Ry —ZI{QI—9175§—$J}7
T7=1 T=1
B . (D.1)
Nmin = mln{nb.lnnkj’nlilnnik}? ng = Znijv m; = Z ]1{372— = xl}
Jj=1 =1

In other words, in the dataset D, the action pair (y;, y;) is taken by two players at step h = 1 for n;; times; the event that
the max-player takes action y; at step h = 1 and the next state is x; happens for Iﬁ:g times; the max-player takes action y; at
step h = 1 for n; times; and the initial state x transits to x; for m; times. Finally, n’rfﬂn measures how well the dataset D
covers the state action pairs where one action is fixed to be k.

Since x1 and x5 are absorbing states, for learning the optimal policy 7*, the original dataset D contains the same information
as the reduced one Dy := {(z7,a7,b],x7,77)}X . Recall that the actions at step h = 1 are predetermined. The
randomness of the dataset generation only comes from the transiton at the first step and we can write:

K
Pt (D) = [[ P (s2 = @5 | s1 = ] = wg,a1 = af, b1 = b])

T=1

= li_[l (p?(l —pj)k?> :

(D.2)

D.3. Lower Bound of the Suboptimality

In this subsection, we constructed two MGs and show that the suboptimality of any algorithm that outputs a policy based on
the dataset D is lower bounded by the hypothesis testing risk and the risk can be further lower bounded by some tuning
parameters.
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Lemma D.1 (Reduction to Testing). For the dataset D collected as specified in Section D.2, there exists two MGs
My (p*,p,p), Ma(p,p*,p) € MM where p* > p satisfy p,p* € [1/4,3/4], such that the output policy Algo(D) of any
algorithm satisfies:

Ep~m, [SubOpty (Algo(D); 20)] + Ep~ar, [SubOpty (Algo(D); x0)]
> (H=1)(p" —p) (Epor, [1 = 71(y1)] + Epong, [T1(y1)]),

It further holds that

Ep~m, [SubOpty (Algo(D); 20)] + Ep~ar, [SubOpty (Algo(D); x0)] = 1/2(H — 1)(p* — p). (D.3)

The right-hand side of (D.3) is the risk of a (randomized) test function about the hypothesis testing problem:
Hy: M = M versus H; : M = M.

This construction mirrors the Le Cam method (Le Cam, 2012; Yu et al., 1997). See the Section 5.3.2 of Jin et al. (2020b) for
a detailed discussion.

Proof of Lemma D.1. We first notice that by the construction of M; and My, the games degrade to the MDPs. Therefore,
we have

where we use the fact that the Nash value is the V-value of the induced MDP in the last equality. Clearly, for M, 7] puts
probability 1 for action y; given the state x. In this case, we have the following calculation:

A
Epan [V (@0) = Vi (@0)| = (H ~1) <p* =Y Epean, [ (y»]pi)

=1

=(H=1)Epom, | p"(1=71(y1)) — Z%i(yi)p
i#1
=(H -1 —p)Epom, [1 = 71(y1)],
where we use Zle 71(y;) = 1 in the last equality. Therefore, we have
Epnpm, [SubOpty (Algo(D); 20)] = (H = 1)(p* — p)Epas, [1 =71 (y1)] -
Similarly,

Ep~m, [SubOpty (Algo(D); z0)] = (H — 1)(p* — p)Ep~m, [1 = T1(y2)] -

It follows that
Ep~m, [SubOpty (Algo(D); 20)] + Ep~ar, [SubOpty (Algo(D); xo)]

> (H —1)(p" = p) (Epam, [1 = T1(y1)] + Epnn, [F1(y1)])

where we use 71 (y1) < 1 — 71 (y2). This concludes the proof of (D.3). It remains to find a lower bound for the right-hand
side. We have:

(D.4)

TV (Ppmty s Poorms)

Epor, [1 = T1(y1)] + Epeng, [T1(y1)] 2 1 —
>1— /KL (Pponrt, [[Ppom,) /2 (D.5)

where TV(-, -) and KL(+||-) are the total variation distance of probability measures and Kullback-Leibler (KL) divergence
of two distributions, respectively. Here the first inequality comes from the definition of total variation distance, and the
last inequality follows from Pinsker’s inequality. Intuitively, we set p and p* carefully to make M; and M hard to be
distinguished.
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As stated in (D.2), we can explicitly write down the probability of the reduced dataset D; as

1 2 1 2

Ppopt, (D1) = (pF)F1 - (1= p*)i - pim %o (1 — p)2oisn &
2 1 2

Pppy (D1) = (p*)F2 « (1 — p*)i2 - p2eiza i« (1 — p) iz i,

We recall Hi = Zle 1{a] = v;, 5 = x;}. Since the randomness only comes from the state transition at the first step for
D; and these transitions are independent across K trajectories. It follows that

KL (Ppt, [|Pprrs)

]EDNM1|:(KJ% — k3) log (Z) + (k] — K3) log(l_p )]

1-p
* 17 *
=t = pm)tog (%) (= 9 = (1= ppn)og (=2 )
* 1—p* 1-—
=n (p*logp—l—(l—p*)log P )+n2 (plogli—&-(l—p)log p*) (D.6)
p 1-p P 1-p

It remains to carefully set p and p* to obtain the desired lower bound. To this end, we set

1
5 ny + TLQ T6 ny + N ’
such that p, p* € [1/4,3/4] and
pPop<yg < min{p,p*,1 - p*,1—p}.
As a result of the inequality log(1 + x) < z,Vz > —1, we have
er D" o 1=p* _ (p*—p)? Y
p log— + (1 —p")log < < 16(p" —p)7,
P ( Jlog 7= p  p(l-p) ( )
P l-p _ (p*—p)° L2
plog — + (1 — p)log < - <16(p" —p
p* ( ) L—p* = p*(1-p*) ( )
Thus,
* * * 1
L (P, |[Poot,) < 1611 (p* — p)® + 16n2(p* — p)* < 16(n1 + n2)(p* — p)® < 5
It follows that
~ - 1
Epa, [1 = 7F1(y1)] + Epeat, [F1(41)] = 1 — VKL (Ppa, [[Ppont,) /2 > 3
Combined this with (D.4) and (D.5), we conclude that
1 .
Epnm, [SubOpty (Algo(D); 20)] + Epnp, [SubOptw (Algo(D); 20)] 2 5 (H —1)(p* — p). (D.7)
Therefore, we conclude the proof. O

D.4. Upper Bound of RU(D, )

We recall that we are concerning about

SubOpt,, (Algo(D); )
RU(D, z0)

Ep~m

We still need to find an upper bound of RU(D, ) for the constructed linear MGs.
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Lemma D.2 (Upper Bound of RU(D, xg)). Suppose the Assumption 2.4 holds and the underlying MG is M € . We
define j* = argmax ¢y oy pj (we assume that p, # p2). Then, the optimal policy satisfies 75 (y;-) = 1 and we further
take v{ (y;-) = 1. Then, for Algorithm 1, it holds that

H 1/2
> supEqe, {(¢(8h,ah,bh)T A;:1¢(5haah7bh)> |$o}
h=1 "

1 * 1—pj»
§+(H—1)-( Py P )

/1_’_77%” VIi+my 1+ mg

H (D.8)
T .1 1/2
ZSUPEW,V* (¢ (8n,an,bn) Ay "¢ (sn,an, bh)) | 2o
h=1 T
<supd et Y ) - 1) (e )
oo 1+nl. Al VItm o VI+ma
Furthermore, with probability at least 1 — % the following event holds
E={m; > K/4—+/2K1og(2K) | i = 1,2},
where the probability is taken with respect to Pp..n. Under &, for K > 3210g(2K), we can obtain
1 2v2(H -1 2v2H
RU(D, n*,v*,z0) < + v2( ) < V2 . (D.9)
i VK i

Proof of Lemma D.2. Proof of (D.8). We first consider sup,, E.+ ,. By ] = ¢ for all 7 € [K] and the definition of Ay,
we have

K
A =T+ ¢ (z0,a],07) ¢ (z0,a],5])"

T=1
= diag (1 + n11, 1+ niz..., 1+ naa,1,1) € RAFDx(A*+2)
where the second equality follows from the definition of ¢. For h > 2, the state is x; or x2, so we have

K
Ap =1+ ¢(af,af,bp) ¢ (xf,af,b7) " = diag(1,1,..., 1,1+ my, 1+ my) € RATF2X(AT2)

T7=1

where the second equality follows from the definition of ¢. Under (7*, v/), we know that
Prey(s2 =21) =pj=, Prep(s2=122) =1—pj-.

It follows that 1o
sup Eq- ,, l:(¢(5haahabh)T Aﬁl¢(8h,ah,bh)> | 51 = xo]

i\ Y2 _
14+ n,, , h=1,

<
P~ - (1 + ml)_1/2 + (1 7p]*) : (1 + mQ)_l/2 ) h e {27 e 7H}7

where we use the definition of ¢, and the fact that nfn*m < nj«; forall i € [A].
For sup,. E .-, the main difference lies in the distribution of ss:

Proe(sa=a1) = Y m(y)ps, Pro-(s2=m2) =1— > m(y;)p;.
JE[A] JE[A]



Pessimistic Minimax Value Iteration: Provably Efficient Equilibrium Learning from Offline Datasets

It follows that
T 1/2
I (¢(Sh,ah,bh) A, ¢(5haah7bh)> | s1=mo

LN —1/2
(1+?’me> ’ h = la
Siery MW (H = 1) (e + A322), he 2. HY,

where we use the definition of ¢, and the fact that nl. < n;j+ for all ¢ € [A]. This concludes the proof of (D.8).

min —

We now turn to the high-probability event:
_ 1 )
5:{mi>K/4— 2Klog(2K)|z:1,2}.

By construction, we know that % > p1,p2 > %. Therefore, we know that E[m;] > 1/4K for i = 1,2. By Hoeffding’s
inequality, for any £ € (0, 1), with probability at least 1 — £ , the following event happens

{mi 2K/4—\/%Klog(2/f) |i—1,2}.

Setting £ = 1/ K, we obtain the desired result.
Proof of (D.9). In particular, for K > 32log(2K), with probability at least 1 — 1/ K, we have

m; > K/8, Vie{1,2}.
The (D.9) follows directly from (D.8) and m; > K/8. O

D.S. Proof of Theorem 5.1

We now invoke Lemma D.1 and Lemma D.2 to give a detailed proof of Theorem 5.1.

Proof of Theorem 5.1. Since the actions are predetermined, we can additionally assume that

1 nl' N9 N1, .
SSBERKE o< <E o< g <E Ve (L n),

min min min

/

ol =
ol —

n

where € is a positive constant. This assumption means that the numbers of action pairs whose components contain y; or ys
are relatively uniform. By Lemma D.1, there exist two games M, M5 such that

max_y/ni. Ep. i, [SubOpty, (Algo(D), zo)]

€{1,2}
1 2
"mr"mm (Ept, [SubOpty (Algo(D), 20)] + Epeat, [SubOpty (Algo(D), 20)])
mm min
nrlnmnr%nn 1 (H _ 1)(p* _ p) — ﬁ . (H 1 nxlmnn?nm 1
m1n + mm 16 mm J’» mm nl + n2

where the first inequality is because max{z,y} > ax + (1 — a)y forall a € [0,1] and z,y > 0 and the second inequality
follows from Lemma D.1. Note that

A
ny +ng = Z(nh +ng;) < 2cAnmm.
i=1
Therefore, we have
; 1 /nk. /n2.
max_y/n’. Epa, [SubOpty (Algo(D), x0)] > (H—-1). —/X—mn_mn_ > (), (D.10)
1€{1,2} P [ P ( & ( ) 0)] 16VEA ( ) \/n1111in/n1%1in+]‘
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1
where C = —— - (H — 1)

1
16v2A 144E

take the optimal policy of game M, to be 73 (y;) = v§(y;) = 1. It follows that
{SubOptW (Algo(D), z¢) ]

Here the last inequality is because f(t) = is increasing for ¢ > 0. We now

_t
1+t

max ]EDNMZ

i€{1,2} RU(D, x)
[ SubOpty (Algo(D), z)
> Ep~ 1z
'ngll);} DM L RIJ(,Z)7 .’L‘()) €

[ 1
> — .
> lgzlug} Epom; o n’ .. SubOpty (Algo(D),:co)]lg]

= max EDNM

n’.. SubOpt, (Algo(D), xo)}

1€{1,2} _Fl
1
—Eponm; {Cl nt .. SubOpt,, (Algo(D), x¢) - ILgc}
S ¢ VK o1
c, Cp K
C
>—:=0C">0
20, ~
where C' = < Cy =2v2H,and C = . (H-1)- 1 The second inequality follows from (D.9). The
20, ! ’ 16v/A 1+ve auatity 7

third inequality is because (D.10), SubOpt., (Algo(D), z9) < 2H, n’;, < K, and P(€) < +. The forth inequality holds
16H>
for K > 7 By SubOpt(Algo(D), xg) > SubOpty (Algo(D), zg), we conclude the proof of Theorem 5.1. O

E. Technical Lemmas

Recall that we use shorthands

¢h = ¢(5h7ah;bh)a ¢; = (b(s;—ma;—mb;)a T; = T(S;ry,aa;—wb;)'

Lemma E.1. For any dataset D, we define
Wwp = Gh + / V}L+1(I)M}L($)d$,
€S

where Vh-i—l (x) are the value function constructed in Algorithm 1, then wy, as well as Wy, in Algorithm 1 satisfy
lwn|l < HVd, |@,| < HVEd, i=1,2.

Proof of Lemma E. 1. By definition of wy,

o + / Vo () (2)da /  Vrn(@n(a)da
< J&+(H_h>/ | (2)|| dz < Vd + (H — h)Vd < HVd

zeS

< 6w +]

Jwnll = \

where the second and the last inequities follow from the regulation assumption in Assumption 2.1 that |6, || < v/d and
Joes ()|l dz < V/d , while the construction in Algorithm 1 guarantees V41 () < H — h, which implies the third
inequality.

By construction of wy, in Algorithm 1,

K
AP R0+ Vi (sne))

T=1

HZHA ‘ol

|[@nll =
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where the last inequality follows from triangle inequality and |r] | < 1,V j,4+1(x) < H — h. Note that

187265 = V(D) ™A 285 AT 6T < ((67) T A eE) .

The last inequality follows from ||A;1HOp < 1. Thus,

K K K 1/2
- T T — T 1/2 T — T
HY |[A el =HY (R A3 ) " < HVE <Z<¢h>TAh1¢h>
T=1 T=1 T=1
% 1/2
= HVK <tr(A,;1 3 ¢,§(¢;)T)> = HVE (tr(A; (A — 11))) "
T=1
< HVEK (tr(1)"/* = HVKd,
where the first inequality follows from Cauchy-Schwarz inequality. O

Lemma E.2 (Non-Expansive Property of Nash Value). For any integer n and matrix A € R"*", we denote f(A) =
max,ea mingea 2" Ay, where A = {x € R" : 2; > 0,Y.1" , x; = 1}. Fix e > 0, given any matrices Ay, Ay € R™*"
satisfying || A1 — Asl| < € we have

[f(Ar1) — f(A2)| < e

Proof. Fix x, we have

. T . T . T
minz’ Ay =minz' (A1 — Ay + As)y > minz ' Asy — e,
yeA 1y yeEA ( ! 2+ 2)y T yeA 2

where the inequality follows from the fact that || 4; — Asz||, < €. Hence, we can further obtain

Ay = inz' Ay > inz! Agy — e = f(A2) — e E.1
f(A1) maxminz’ Ay > maxminz Asy — ¢ f(A2) —€ (E.1)
Symmetrically, we can obtain f(As) > f(A;) — e. Therefore, we conclude the proof. O

Lemma E.3 (¢—Covering). For any € > 0, the e—covering number Nh,7€ of@h (and Qh) with respect to , norm satisfies

d ) d?
Nhe < <1+4H6‘ dK) <1+ 8 ﬁ) ;

2
Here the function classes Qy, and Qh are defined in (A.9).

Proof of Lemma E.3. We only estimate the covering number of Q. Suppose @ with parameters (wy, A1) and Qo with
parameters (ws, As) are in the function class Qp, then

Q1 — Q2| = sup ’HH—h+1 (¢Tw1 + BV ¢TA1¢) — g 1 (¢Tw2 + BV ¢TA2¢)’

é:llplI<1

< sup | (¢Twi+5VETAG) — (6Tws + BVOT Az0)|
d:lloll<1

< sup |07 (wy—wn)|+ sup By/I67 (A1 - Ar)ol
é:llplI<1 o:ll¢ll<1

< fJwr —well + By/[| A1 — A2 s
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where the second inequality follows from the inequality v/z — /y < /|z — y|. Thus €/2-covering of C,, = {w € R :
|lw| < HVdK} and —covering of Cy = {A € R¥* . ||A||, < V/d} are sufficient to form an e-cover of Qj,. We

obtain the covering number of Qy, satisfies
AHVAK ! 882Vd *
N < (1+> (1+ : )
€ €

The inequality follows from the standard bound of the covering number of Euclidean Balls (cf. Lemma 2 in Vershynin
(2010)). O

Lemma E.4 (Concentration for Self-normalized Processes (Abbasi-Yadkori et al., 2011)). Suppose {€;}1>1 is a scalar
stochastic process generating the filtration {F, }>1, and €,|F;_1 is zero mean and o-subGaussian. Let {¢};>1 be an
R?-valued stochastic process with ¢; € Fi_1. Suppose Ay € R¥*? is positive definite, and Ay = Ao + 22:1 bs¢). Then
foreach § € (0, 1), with probability at least 1 — §, we have

t 1
det(Ay)2

s€s|? 1 < 20%0 ( , vt=0.
”;Qb HAtl 8 (5d€l‘(/\0)%

Lemma E.5 (Matix Bernstein Inequality). Supposed that { Ay, }}_, are independent random matrix in R x4 They satisfy
E[A] = 0 and || Ay, < L. Let Z = Sn_i Ag and

v(Z) = max {|[E[zZ7]||,,.|EIZ"Z]||,, } max{ SOEAAL (D EIAL A }
k=1 op k=1 op
We have,
P(|Z,. > ) < (di + da) ST VAR
120y > 1) < (e o) -exp ( — e )0 WE> 0.

Proof. See Theorem 1.6.2 of Tropp (2015) for detailed proof. O



