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Abstract

Modern reinforcement learning (RL) commonly
engages practical problems with large state spaces,
where function approximation must be deployed
to approximate either the value function or the pol-
icy. While recent progresses in RL theory address
arich set of RL problems with general function ap-
proximation, such successes are mostly restricted
to the single-agent setting. It remains elusive how
to extend these results to multi-agent RL, espe-
cially in the face of new game-theoretical chal-
lenges. This paper considers two-player zero-sum
Markov Games (MGs). We propose a new algo-
rithm that can provably find the Nash equilibrium
policy using a polynomial number of samples, for
any MG with low multi-agent Bellman-Eluder
dimension—a new complexity measure adapted
from its single-agent version (Jin et al., 2021). A
key component of our new algorithm is the ex-
ploiter, which facilitates the learning of the main
player by deliberately exploiting her weakness.
Our theoretical framework is generic, which ap-
plies to a wide range of models including but not
limited to tabular MGs, MGs with linear or ker-
nel function approximation, and MGs with rich
observations.

1. Introduction

Multi-agent reinforcement learning (MARL) systems have
recently achieved significant success in many Al chal-
lenges including the game Go (Silver et al., 2016; 2017),
Poker (Brown & Sandholm, 2019), real-time strategy games
(Vinyals et al., 2019; OpenAl, 2018), decentralized controls
or multiagent robotics systems (Brambilla et al., 2013), au-
tonomous driving (Shalev-Shwartz et al., 2016), as well as
complex social scenarios such as hide-and-seek (Baker et al.,
2020). Two crucial components that contribute to these suc-
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cesses are function approximation and self-play. Function
approximation is frequently used in modern applications
with large state spaces, where either the value function or
the policy is approximated by parametric function classes,
which are typically deep neural networks. Meanwhile, self-
play enables the learner to improve by playing against itself
instead of traditional human experts.

Despite the empirical success of MARL, existing theoretical
guarantees in MARL only apply to the basic settings where
the value functions can be represented by either tables (in
cases where the states and actions are discrete) (Bai & Jin,
2020; Bai et al., 2020; Liu et al., 2020) or linear maps (Xie
et al., 2020; Chen et al., 2021). While a recent line of works
(Jiang et al., 2017; Wang et al., 2020; Yang et al., 2020;
Jin et al., 2021; Du et al., 2021) significantly advance our
understanding of RL with general function approximation,
and provide sample-efficient guarantees for RL with kernels,
neural networks, rich observations, and several special cases
of partial observability, they are all restricted to the single-
agent setting. Distinct from single-agent RL, each agent in
MARL are facing not only the unknown environment, but
also the opponents that can constantly adapt their strategies
in response to the behavior of the learning agent. This
additional game-theoretical feature makes it challenging
to extend the single-agent general function approximation
results to the multi-agent setting. This motivates us to ask
the following question:

Can we design sample-efficient MARL algorithms for
general function approximation?

By “sample-efficient”, we mean the algorithms provably
learn within a polynomial number of samples that is inde-
pendent of the number of states. This paper provides the first
positive answer to this question in the context of two-player
zero-sum Markov Games (MGs) (Shapley, 1953; Littman,
1994). In particular, we make the following contributions:

e We design a new self-play algorithm for MARL—
GOLF_WITH_EXPLOITER. Our algorithm maintains
a main player and an exploiter, where the exploiter
facilitates the learning of the main player by deliber-
ately exploiting her weakness. Our algorithm features
optimism, and can simultaneously address multi-agent,
general function approximation, as well as the trade-off
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between exploration and exploitation.

e We introduce a new general complexity measure for
MARL—Multi-agent Bellman Eluder (BE) dimension,
which is adapted from its single-agent version (Jin
et al., 2021). We prove that our algorithm can learn
the Nash equilibrium policies of any MARL problem
with low multi-agent BE dimension, using a number of
samples that is polynomial in all relevant parameters,
but independent of the size of the state space. We
further provide an online guarantee for our algorithm
when facing against adversarial opponents.

e We show that our theoretical framework applies to a
wide range of models including tabular MGs, MGs
with linear or kernel function approximation, and MGs
with rich observations. Formally, we prove that all
examples above admit low multi-agent BE dimension.
Particularly, for linear MGs, we obtain a O(H?d?/e?)
sample complexity bound for finding e-approximate
Nash policies, which improves upon the cubic depen-
dence on dimension d in Xie et al. (2020).

We remark that our algorithm is sample-efficient but not
computationally efficient. Designing computationally effi-
cient algorithms in the context of general function approxi-
mation is an open problem even in the single-agent setting
(Jiang et al., 2017; Jin et al., 2021; Du et al., 2021), which
we left as an interesting topic for future research.

Technical Challenges One of the most important questions
in the design of RL algorithms is the choice of behavior
policies—the policies that are used to collect samples. For
a given general function class F, the single-agent RL algo-
rithms simply use behavior policy in the form of 7, which
is the greedy policy with respect to certain optimistic value
function f € F,ie., ms(s) = argmax, f(s,a). The choice
becomes more sophisticated in the two-player setting. All
existing algorithms that can perform provably efficient ex-
ploration (Bai & Jin, 2020; Bai et al., 2020; Liu et al., 2020;
Xie et al., 2020; Chen et al., 2021) choose the behavior
policy as the general-sum Nash equilibrium or coarse cor-
related equilibrium of two value functions f, g € F, which
are the upper and lower bound of the true value functions
respectively. It turns out that this approach is only effective
under optimistic closure—a strong assumption which is true
for tabular and several special linear settings, but does not
hold for many practical applications (see Appendix A for
more discussions). In contrast, our exploiter framework pro-
vides a new approach for the theory community to choose
behavior policies—the main agent plays the optimistic Nash
policy based on the existing knowledge while the exploiter
focuses on exploiting the main agent. Our approach does
not rely on strong assumptions such as optimistic closure.
We hope our exploiter framework could facilitate the future
development of provable MARL algorithms.

Related Works Due to space limit, we defer a detailed
survey of related works to Appendix 2.

2. Related Works

There is an extensive literature on empirical MARL, in dis-
tributed, cooperative, and competitive settings (see, e.g.,
Lowe et al. (2017); Rashid et al. (2018); Vinyals et al.
(2019); Berner et al. (2019); Li & He (2020); Yu et al.
(2021a) and the references therein). Due to space limit,
we focus on reviewing the theoretical works in this section.

Markov Game. Markov Game (MG), also known as
stochastic game (Shapley, 1953), is a popular model in
multi-agent RL (Littman, 1994). Early works have mainly
focused on finding Nash equilibria of MGs with known
transition and reward (Littman, 2001; Hu & Wellman, 2003;
Hansen et al., 2013; Wei et al., 2020), or under strong reacha-
bility conditions such as simulators (Jia et al., 2019; Sidford
et al., 2020; Zhang et al., 2020a; Wei et al., 2021) where
exploration is not needed.

A recent line of works provide non-asymptotic guarantees
for learning two-player zero-sum tabular MGs, in the setting
that requires strategic exploration. Bai & Jin (2020) and
Xie et al. (2020) develop the first provably-efficient learning
algorithms in MGs based on optimistic value iteration. Bai
et al. (2020) and Liu et al. (2020) improve upon these works
and achieve best-known sample complexity for model-free
and model-based methods, respectively. Several extensions
are also studied, including multi-player general-sum MGs
(Liu et al., 2020), unknown games ! (Tian et al., 2021),
vector-valued MGs (Yu et al., 2021b), etc.

Wei et al. (2017) also considers the exploration problem,
under the assumption that both players can reach any states
within a fixed number steps, regardless of the policy the
other player. This reachability condition is necessary for the
infinite horizon MGs and can be removed for finite-horizon
MGs. They also use an assymetric policy update as we do.

Beyond tabular MGs, Xie et al. (2020) and Chen et al. (2021)
also study learning MGs with linear function approximation.
Their techniques heavily rely on “optimistic closure” (see
Appendix A for more details), which can not be directly
extended to the general function approximation setting with
weak assumptions. To our best knowledge, this paper pro-
vides the first positive result on learning MGs with general
function approximation.

Markov Decision Process. There has been a long line of
research studying Markov Decision Process (MDP), which
can be viewed as a single-agent version of Markov Game.

!This terminology stems from game theory, which means the
actions of the opponents are not observed.
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Tabular MDP has been studied thoroughly in recent years
(Brafman & Tennenholtz, 2002; Jaksch et al., 2010; Dann
& Brunskill, 2015; Azar et al., 2017; Zanette & Brunskill,
2019; Jin et al., 2018; Zhang et al., 2020b). Particularly,
in the episodic setting, the minimax regret or sample com-
plexity is achieved by both model-based (Azar et al., 2017)
and model-free (Zhang et al., 2020b) methods, up to loga-
rithmic factors. When the state space is large, the tabular
formulation of RL is impractical and function approxima-
tion is necessary. The most studied case is linear function
approximation (Jin et al., 2020; Wang et al., 2019; Cai et al.,
2019; Zanette et al., 2020a;b; Agarwal et al., 2020; Neu &
Pike-Burke, 2020).

For general function approximation, there are two com-
mon measures of complexity: Eluder dimension (Osband
& Van Roy, 2014; Wang et al., 2020) and Bellman rank
(Jiang et al., 2017), which are unified by a more generic
notion—Bellman-Eluder dimension (Jin et al., 2021). Re-
cently, (Du et al., 2021) develops a new problem class
termed bilinear class, which can be considered as an infinite-
dimensional extension of low Bellman rank class. Low
complexity RL problems under the above criteria are statis-
tically tractable. Polynomial sample complexity guarantees
(Jiang et al., 2017; Sun et al., 2019; Jin et al., 2021; Foster
et al., 2020), or even regret guarantees (Wang et al., 2019;
Dong et al., 2020; Jin et al., 2021; Wang et al., 2020) are
established, under additional completeness and realizability
conditions. However, most of the above algorithms are not
computationally efficient and it remains open how to design
computationally efficient algorithms for these settings.

Extensive-form games Finally, we remark that there is
another long line of research on MARL based on the model
of extensive-form games (EFG, see, e.g., Koller & Megiddo
(1992); Gilpin & Sandholm (2006); Zinkevich et al. (2007);
Brown & Sandholm (2018; 2019); Celli et al. (2020)). Re-
sults on learning EFGs do not directly imply results for learn-
ing MGs, since EFGs are naturally tree-structured games,
which can not efficiently represent MGs—graph-structured
games where a state at the h™ step can be the child of multi-
ple states at the (h — 1)™ step.

3. Preliminaries

Markov Games (MGs) are the generalization of standard
Markov Decision Processes into the multi-player setting,
where each player aims to maximize her own utility. In
this paper, we consider two-player zero-sum episodic MG,
formally denoted by MG(H, S, A, B,P,r), where H is
the number of steps per episode, S is the state space, A
and B are the action space for the max-player and the
min-player respectively, P = {IP, }5c[#) is the collection
of transition measures with P, (- | s,a,b) defining the

distribution of the next state after taking action (a,b) at
state s and step h, r = {rp}ue(m is the collection of
reward functions with 7 (s, a,b) equal to the reward re-
ceived after taking action (a,b) at state s and step h.>
Throughout this work, we assume the reward is nonnega-
tive, and Zthl rh(Sh, an, by) < 1 for all possible sequence
(51,a17b1,...,5H,(lH,bH)~

Each episode starts from a fixed initial state s;. At each
step h € [H], two players observe s, € S and choose their
own actions a; € A and b, € B simultaneously. Then,
both players observe the actions of their opponents and
receive reward 1, (sp, an, by,). After that, the environment
will transit to sp1 ~ Pp(- | $n,an,br). Without loss of
generality, we assume the environment always transit to a
terminal state Sqnq at step H + 1 which marks the end of
this episode.

Policy, value function A Markov policy u of the max-
player is a collection of vector-valued functions {uy, : S —
Autne(m), each mapping a state to a distribution in the
probability simplex over .A. We use the a*" coordinate of
1n(s) to refer to the probability of taking action a at state s
and step h. Similarly, we can define a Markov policy v over
B for the min-player.

We denote V//*” : S — R as the value function for policy
and v at step h, with V""" (s) equal to the expected cumula-
tive reward received under policy (u, v/), starting from state
s at step h until the end of the episode:

H
Zrt(st7at7bt) | sp, = 8‘| .

t=h

VI (s) = Euxw

Similarly, we denote Q)" : S x A x B — R as the action-
value function for policy p and v at step h:

QZVV(Sa a, b)

=E,.xv

H
Zrt(st,at,bt) | sp = s,ap = a,by, = b] .
t=h

With slight abuse of notation, we use P, as an oper-
ator so that [P,V](s,a,b) = Ey.p,(|s.apV(s) for
any value function V. We also define [D,Q](s) :=
E(q,p)~n(-,|s)@(8, @, b) for any policy 7 and action-value
function ). By the definition of value functions, we have
the Bellman equations:

Q}ft,y(sﬁ a, b) = [Th + thifiyl](sv a, b)’
Vit (8) = Duyxan, @37 )(s),
forall (s,a,b,h) € S x Ax B x [H]. And for step H + 1,

oy
we have V37, = 0.

’In this paper, we study deterministic reward functions for
cleaner presentation. All our results immediately generalize to the
setting with stochastic reward.
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Best response, Nash equilibrium For any policy of the

max-player p, there exists a best response policy of the min-
Z/T . v

player v () satisfying V" W) = inf, VI (s) for all

_ i
(s, h). For cleaner notation, we denote V;" := /=1,

Similarly, we can define ;11 (v) and VhT’”. It is known (Filar
& Vrieze, 2012) that there exists policies p*, v* that are
optimal against the best responses of the oponents, i.e., for
all (s, h)

VAT (s) = sup ViT(s), VP (s) = inf V1 (s).
m v

We call these optimal policies (u*, v*) a Nash equilibrium
of the Markov game, which are further known to satisfy the
following minimax equation for all (s, h)

sup inf V¥ (s) = V,f*’y* (s) = inf sup V" (s).
[T viop

We call the value functions of (u*, v*) Nash value functions,
and abbreviate V,i‘*’”* as V¥ and QZ*’V* as Q}. Intuitively
speaking, in a Nash equilibrium, no player can benefit by
unilaterally deviating from her own policy.

Learning objective We say a policy p of the max-player
is an e-approximate Nash policy if V' (s1) > V}*(s1)—e.
Suppose an agent interacts with the environment for K
episodes, and denote by ¥ the policy executed by the max-
player in the k'" episode. Then the (cumulative) regret of
the max-player is defined as

K

Reg(K) = Y [V (s1) =V H(s1)
k=1

The goal of reinforcement learning is to learn e-approximate
Nash policies or to achieve sublinear regret. In this paper,
we focus on learning the Nash policies of the max-player.
By symmetry, the definitions and techniques directly extend
to learning the Nash policies of the min-player.

3.1. Function Approximation

This paper considers reinforcement learning with value
function approximation. Formally, the learner is provided
with a function class F = JF; X --- X Fg where each
Fn C (8 x Ax B — [0, 1]) consists of candidate functions
to approximate some target action-value functions at step h.
Since there is no reward at step H + 1, we set fgy+1 =0
for any f € F without loss of generality.

Induced policy and value function For any value func-
tion f € F, we denote by py = (ff,1,- .., 1tr,z) the Nash
policy of the max-player induced by f, where

fipn(s) = argmax min g fu(s,-,-)v  for all (s,h).
WEA 4 VEAB

Moreover, we denote by V the Nash value function induced
by f, so that

1% = in 1! fu(s,-,)v for all (s,h).
7.n(s) = max min g fiu(s,, )y for all (s,h)
We further generalize the concept of induced value function
by additionally introducing a superscript p (which repre-
sents a Markov policy of the max-player) and define V;‘ SO
that

Vin(s) = min un(s)" (s, v for all (s,h).

ve
Based on V; and Vf” , two types of Bellman operators are
defined as below

(ﬁz/f)(sv a, b) ::TIL(Sa a, b) + ES’NPh(~|s,a,b) Vf,h+1(sl)
(THf)(s,a,b) :==rp(s,a,b) + Es’wPh(~|s,a,b)Vf;fh+1(S/>

which naturally generalize the optimal Bellman operator
and the policy Bellman operator from MDPs to MGs. In the
remainder of this paper, we will refer to them as the Nash
Bellman operator and p-Bellman operator, respectively.

It is known that RL with function approximation is in gen-
eral statistically intractable without further assumptions (see,
e.g., hardness results in Krishnamurthy et al., 2016; Weisz
et al., 2020). Below, we present two assumptions that are
generalizations of commonly adopted assumptions in MDP
literature.

Assumption 3.1 (¢, -Realizability). For any f € F and
h € [H], there exist Qp, Q}, € Fp s.t. ||Q —Qnrlloc < Ereal
and [| Q)" = Q4 lloe < Erear.

Realizability requires the function class to be well-specified
so that the value function of the Nash policy and the value
function of any induced policy /. against its best response
lie inside F approximately.

Let G = G; X .-+ X Gy be an auxiliary function class
provided to the learner where each G, C (S x A x B —
[0, 1]). Completeness requires the auxiliary function class
G to be rich enough so that applying Bellman operators to
any function in the primary function class F will end up in
G approximately.

Assumption 3.2 (¢.omp-Completeness). Forany f, f' € F
and h € [H], there exist Qp,Q), € Gi s.t. || Thfrt1 —
Qh”oo S Scomp and ||7;L#ff/ - Q%HOO S 5comp-

In the single-agent setting (Jin et al., 2021), the realizability
and completeness conditions are stated for the special case
€real = Ecomp = U, while this paper considers a strictly
more general condition. This extension makes it possible
to handle the misspecified setting, i.e., F and G only sat-
isfy these conditions approximately, but not exactly. Even
when F and G satisfy these conditions exactly, the above
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extension can still help us avoid some technical redundancy
caused by the possible infinite cardinality of F and G, by
only considering their finite coverings. To be precise,

Definition 3.3 (e-Covering). The function class ]E' C Fis
an e-covering of F if for any f € F, there exist f € F s.t.
lfn — frlleo < €, for any step h.

The following lemma implies that we can always restrict
our attention to finite coverings, which also approximately
satisfy the realizability and completeness conditions up to
satisfying accuracy.

Lemma 3.4. If F and G satisfy €iea1-Realizability and
Ecomp-Completeness, and Fand Q are e-coverings of F and
G respectively, then F and G satisfy (€ea1 + €)-Realizability
and (€comp + €)-Completeness.

As a result, we only need to consider finite function class
F and G in Section 4. Some of the examples introduced in
Section 5 involve infinite function classes. To address this
inconsistency, we can first compute the finite coverings of
F and G, which satisfy the approximate realizability and
completeness conditions by Lemma 3.4, and then invoke
the algorithms in Section 4 with the coverings instead of the
original function classes. It is straightforward to verify that
by replacing the cardinality with the covering number, all
theoretical guarantees derived in Section 4 still hold.

Finally, we define the L°° Projection Operator, which will
be frequently used in our technical statements and proofs.

Definition 3.5 (L°° Projection Operator). For any function
class F and function g, Pr(g) = argmin;c z || f — 9|l -

4. Main Results

In this section, we present an optimization-based algorithm
GOLF_WITH_EXPLOITER, and its theoretical guarantees
for any multi-agent RL problem with low Bellman-Eluder
dimension.

4.1. Algorithm

We describe GOLF_-WITH_EXPLOITER in Algorithm 1. Ata
high level, GOLF_-WITH_EXPLOITER follows the principle
of optimism in face of uncertainty, and maintains a global
confidence set for Nash value function Q* based on local
constraints. It extends the single-agent GOLF algorithm
(Jin et al., 2021) by introducing an exploiter subroutine—
COMPUTE_EXPLOITER, which facilitates the learning of
the main player (the max player) by continuously exploiting
her weakness.

In each episode, GOLF_-WITH_EXPLOITER performs four
main steps:

1. Optimistic planning (Line 3): compute the value func-

tion f* that induces the most optimistic Nash value
from the current confidence set C, and choose uk to be
its induced Nash policy of the max-player.

2. Finding exploiter (Line 4): compute an approximate
best response policy ©/* for the min-player, by invoking
the subroutine COMPUTE_EXPLOITER on historical
data D and the policy of the max-player *.

3. Data collection (Line 8-9): we provide two different
options for the SAMPLING procedure

() Roll a single trajectory by following (u*, ).
(IT) For each h, roll a trajectory by following (u*, %)
in the first i — 1 steps and take uniformly random
action at step /. This option will roll H trajecto-
ries each time, but in the A*" trajectory, only the
h'" transition-reward tuple is augmented into Dj,.

4. Confidence set update (Line 10): update confidence set
C using the renewed dataset D.

The core components of GOLF_-WITH_EXPLOITER are the
construction of the confidence set and the subroutine COM-
PUTE_EXPLOITER, which we elaborate below in sequence.

Confidence set construction For each h € [H],
GOLF_WITH_EXPLOITER maintains a local constraint using
the historical data D, at this step

Lo, (fr, fr1) < giengf Lp, (g, frr1) + 8, (1)

where the squared loss Lp, is defined as

Lp, (&nyChat)
= Y lasab) Vo). @

(s,a,b,r,s")EDp,

Intuitively speaking, Lp, is a proxy to the squared
Bellman error under the Nash Bellman operator at step
h. Unlike the classic Fitted Q-Iteration algorithm (FQI)
(Szepesvari, 2010) where one simply updates f, <
argminge 7, Lp, (¢, fa+1), our constraints implement a
soft version of minimization so that any function with loss
slightly larger than the optimal loss gets preserved. By mak-
ing this relaxation, we can guarantee the true Nash value
function Q* contained in the confidence set C with high
probability.

Exploiter computation The main challenge of learning
MGs compared to learning MDPs lies in the choice of behav-
ior policies as discussed in Section 1. Motivated by the em-
pirical breakthrough work AlphaStar (Vinyals et al., 2019),
we adapt the methodology of exploiter. Specifically, we
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Algorithm 1 GOLF_WITH_EXPLOITER (F, G, K, 3)

Algorithm 2 COMPUTE_EXPLOITER(F, G, 3, D, 1)

1: Inmitialize: D;,..., Dy + 0,C « F.
2: for episode k from 1 to K do
3:  Choose policy pF=ps, where [fF =

argmax;ee Vii(s1).  Let vho= Vi 1(s1).
4 (V*,V*) « COMPUTE_EXPLOITER(F, G, 3, D, u*).

if V" — V* < A then
Output ' = pF.
end if
Collect samples
Option I execute policy (1%, v*) and collect a tra-
jectory (s1,a1,b1,71,...,SH, a8, b, TH, SH+1)-
Option II for all h € [H], execute policy
(u*, vF) at the first h — 1 steps, take uniformly ran-
dom action at the h'" step, and collect a sample
(Sh7 ap, bh, Th, Sh+1).
9:  Augment D, = Dy, U {(sp,an, 7, Sh+1)} for all
h e [H].
10:  Update

C = {f €F: Lp,(fn, frt1) <

SR A 4

infgeg, L, (9, fa+1)+ B forall h € [H] }
11: end for

design the COMPUTE_EXPLOITER subroutine that approxi-
mately computes a best-response policy v/* against the pol-
icy of the max-player ;*. By executing v/*, the min-player
exposes the flaws of the max-player, and helps improve
her strategy. The pseudocode of COMPUTE_EXPLOITER
is given in Algorithm 2, which basically follows the same
rationale as Algorithm 1 except that we change the regres-
sion target by replacing V; with Vf“ , because the confidence
set C* is constructed for the best-response value function
Q"1 instead of the Nash value function Q*. Formally, Al-
gorithm 2 adapts a new square loss function defined below

Ly, (&ny Crt1)
= Z [én(s,a,b) —r — VC‘th(s’)]Q. 3)

(s,a,b,r,s’)EDy,

Finally, we remark that the optimistic planning and exploiter
computation steps are computationally inefficient in general.
Designing computationally efficient algorithms in the con-
text of general function approximation is an open problem
even in the single-agent setting (Jiang et al., 2017; Jin et al.,
2021; Du et al., 2021), which we left as an interesting topic
for future research.

1: Construct
CH = {f € F: L, (wh,wpg1) <

infyeg, L%, (9, wnt1) + B forall h € [H]}

2: Compute f<argmingcc V' (s1) and V = V;fl(sl).
3: Return (v°"%,V) such that for all s, h:

vt (s) = argmin, e n, pa(s) " fr(s, -, ).

4.2. Complexity Measure

In this subsection, we introduce our new complexity
measure—multi-agent Bellman-Eluder (BE) dimension,
which is generalized from its single-agent version (Jin et al.,
2021). We will show in Section 5 that the family of low BE
dimension problems includes many interesting multi-agent
RL settings, such as tabular MGs, MGs with linear or kernel
function approximation, and MGs with rich observation.

We start by recalling the definition of distributional Eluder
(DE) dimension (Jin et al., 2021).

Definition 4.1 (e-independence between distributions). Let
G be a function class defined on X, and v, 1, ..., pt, be
probability measures over X. We say v is e-independent
of {1, pa, . . ., ptn } with respect to G if there exists g € G

such that Z?:l(Elt'i [9])2 S €, but |EV [g“ > €.

Definition 4.2 (Distributional Eluder (DE) dimension). Let
G be a function class defined on X, and II be a family of
probability measures over X'. The distributional Eluder
dimension dimpg(G, 1, €) is the length of the longest se-
quence {p1,...,pn} C II such that there exists ¢ > e
where p; is € -independent of {p1, ..., p;—1} forall i € [n].

DE dimension generalizes the original Eluder dimension
(Russo & Van Roy, 2013) from points to distributions. The
main advantage of this generalization is that for RL prob-
lems with large state space, it is oftentimes easier to evaluate
a function with respect to certain distribution family than
to estimate it point-wisely. And for the purpose of this pa-
per, we will focus on the following two specific distribution
families.

1. 'DA = {DA,h}he[H]» where
Daw = {0(s,a6)() | (5,a,b) € S x A x B},

i.e., the collections of probability measures that put
measure 1 on a single state-action pair.

2. Dr :={DF n}ne[n), where Dz j, denotes the collec-
tions of all probability measures over S x A x B at the
h'" step, which can be generated by executing some
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(f,vyq) with f, g € F. Here vy 4 is the best response
to ¢ regarding to Q-value g:

vy gn(8) := argmin ,ufﬁh(s)Tgh(s, -, )v forall (s, h).

veEApB

Now, we are ready to introduce our key complexity notion—
multi-agent Bellman-Eluder (BE) dimension, which is sim-
ply the DE dimension on the function class of Bellman
residuals, minimizing over the two aforementioned distribu-
tion families, and maximizing over all steps.

Definition 4.3 (Bellman-Eluder dimension). Let Hr be
the function classes of Bellman residuals where H r j, :=
{fn = T} fas1 | f.g € F}. Then the Bellman-Eluder
dimension is defined as

max min

di =
lmBE(]:v 6) he[H] De{Da,DF}

dimDE(’H]:ﬁ, Dh, 6).

We remark that the Bellman residual functions used in Defi-
nition 4.3 take both state and action as input. By choosing
an alternative class of Bellman residuals defined over the
state space only, we can similarly define a variant of this
notion—V-type BE dimension. For clean presentation, we
defer the formal definition to Appendix B.

4.3. Theoretical Guarantees

Now we are ready to present the theoretical guarantees.

Theorem 4.4 (Regret of GOLF_-WITH_EXPLOITER). Un-
der Assumption 3.1 and 3.2, there exists an absolute con-
stant ¢ such that for any § € (0,1], K € N, if we choose
B =c-(log(KH|F||G|/6) 4+ Ke2 pp + Kel.y)), then with

probability at least 1 — §, for all k € [K), Algorithm 1 with
Option I satisfies:

Reg(k) < O(H/dkp),
where d = dimgg(F,1/K) is the BE dimension.

Theorem 4.4 claims that GOLF_-WITH_EXPLOITER can
achieve v/K regret on any RL problem with low BE di-
mension, under the realizability and the completeness as-
sumption. Moreover, the regret scales polynomially with
respect to the length of episode, the BE dimension of func-
tion class F, and the log-cardinality of the two function
classes. In particular, it is independent of the size of the
state space, which is of vital importance for practical RL
problems, where the state space is oftentimes prohibitively
large.

By pigeonhole principle, we also derive a sample complexity
guarantee for GOLF_WITH_EXPLOITER.

Corollary 4.5 (Sample Complexity). Under Assumption
3.1 and 3.2, there exists absolute constants c, ¢’ such that
for any € > 0, choose § = c - (log(KH|F||G|/d) +

Keop + KeZ,)) and A = ¢ (H\/dB/K + €), where
d = dimgg(F,€/H) is the BE dimension of F,then with
probability at least 1 — §, the output condition (Line 5) will

be satistied at least once in the first K episodes.

Furthermore, the output policy p°" of Algorithm 1 with
Option Iis O(e + HVd(epeal + E€comp ) )-approximate Nash,
if

K > Q((H?d/€%) - log(H|F||G|d/e)).

Corollary 4.5 asserts that GOLF_WITH_EXPLOITER can find
an O(e)-approximate Nash policy for the max-player us-
ing at most O(H?log(|F||G|) dimpg(F, €)/e?) samples,
which scales linearly in the BE dimension and the log-
cardinality of the function classes. Since our ultimate
goal is to compute an approximate Nash policy, one
can early terminate Algorithm 1 once the output condi-
tion (Line 5) is satisfied. We remark that by symme-
try GOLF_WITH_EXPLOITER can also compute an O(e)-
approximate Nash policy for the min-player using the same
amount of samples.

Remark 4.6 (Generalization to function classes with infi-
nite cardinality). Although Theorem 4.4 and Corollary 4.5
are derived for finite function classes, they can also ap-
ply to infinite function classes with bounded ¢,-covering
number by Lemma 3.4. For example, they hold for linear
function classes, with the log-cardinality replaced by the
log-covering number.

V-type BE dimension We also derive similar sample com-
plexity guarantee in terms of V-type BE dimension for Al-
gorithm 1 with Option II, which can be found in Appendix
B.

4.4. Adversarial Opponents

So far we have been focusing on the self-play setting, where
the learner can control both players and the goal is to learn
an approximate Nash policy. Another setting of importance
is the online setting, where the learner can only control the
max-player, and the goal is to achieve high cumulative re-
ward against the adversarial min-player. Intuitively, it is
reasonable to expect GOLF_-WITH_EXPLOITER could still
work in the online setting, because Theorem 4.4 demon-
strates that it can achieve sublinear regret competing against
the exploiter, which is the strongest possible adversary. This
is indeed the case. The only place we need to change in
Algorithm 1 is Line 4: instead of computing * using Algo-
rithm 2, we let the adversary pick policy v/*. Before stating
the theoretical guarantee, we introduce an online version of
Bellman Eluder dimension.

Definition 4.7 (Online Bellman-Eluder dimension). Let
Hr be the function classes of Bellman residuals where
Hrn = {fn—Thfrt+1|f € F}. Then the online Bellman-
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Eluder dimension is defined as:

dimegg(F, €) = }{Iel?éi] dimpg(H 7 h, Dans€).  (4)

Compared to the BE dimension in Definition 4.3, this online
version uses a smaller function class that includes only the
residuals with respect to the Nash Bellman operator. An-
other difference is the choice of distribution family is now
limited to only Da because the learner cannot control the
policy of the min-player in the online setting. Now, we are
ready to present the theoretical guarantee.

Theorem 4.8 (Regret against adversarial opponents). As-
suming ||Qy — Pr, (Qp)l < erear and ||Tnfrt1 —
Pg, (Trfr+1)|l < €comp forall f € F and h € [H], there
exists an absolute constant ¢ such that for any § € (0,1],
K €N, ifwe choose 8 = c-(log(K H|F||G|/6)+ K&+
Ke?2 ), then with probability at least 1 — 6, for all k € [K],

real

Algorithm 1 with Option I satisfies
u t t
S Vi (s1) = VI (s1)] < O(H/dkB),

t=1

where d = dimopg(F, 1/K) is the online BE dimension.

Theorem 4.8 claims that on any problem of low online
BE dimension, GOLF_WITH_EXPLOITER can achieve v/ K
regret against an adversarial opponent. Moreover, the mul-
tiplicative factor scales linearly in the horizon length, and
sublinearly in the online BE dimension as well as the log-
cardinality of the function classes. Comparing to the self-
play regret guarantee, Theorem 4.8 holds under a weaker
condition, but only guarantees Algorithm 1 can play fa-
vorably against the adversary, instead of the best-response
policy. This is unavoidable because if the adversary is very
weak, then it is impossible to learn Nash policies by playing
against it.

5. Examples

In this section, we introduce five concrete multi-agent RL
problems with low BE dimension: tabular MGs, MGs with
linear function approximation, MGs with kernel function
approximation, MGs with rich observation, and feature se-
lection for kernel MGs, which generalize their single-agent
versions (Zanette et al., 2020a; Yang et al., 2020; Krishna-
murthy et al., 2016; Agarwal et al., 2020) from MDPs to
MGs. Except for tabular MGs, all above examples are new
and can not be addressed by existing works (Xie et al., 2020;
Chen et al., 2021).

Tabular MGs Starting with the simplest scenario, we
show that MGs with finite state-action space has BE di-
mension no larger than the size of its state-action space, up
to a logarithmic factor.

Proposition 5.1 (Tabular MGs C Low BE dimension). Con-
sider a tabular MG with state set S and action set A x B.
Then any function class F C (S x Ax B — [0, 1]) satisfies

dimpg(F,€) < O(|S x A x Bl -log(1 + 1/¢)).

Linear function approximation We consider linear func-
tion class F consisting of functions linear in a d-dimensional
feature mapping. Specifically, for each h € [H], we
choose 7, = {¢n(-,,-)'0 | 0 € By(R)} where
on : S x A X B — By(1) maps a state-action pair into the
d-dimensional unit ball centered at the origin.

Assumption 5.2 (Self-completeness). 7,/ Fj, 1 C Fj, for
any (f,h) € F x [H].

Assumption 5.2 is a special case of Assumption 3.2 (com-
pleteness) by choosing auxiliary function class G = F.
Assumption 5.2 also implies Assumption 3.1 (realizabil-
ity) by backward induction. Below, we show under self-
completeness, the BE dimension of F is upper bounded by
the dimension of the feature mappings d up to a logarithmic
factor.

Proposition 5.3 (Linear FA C Low BE dimension). Under
Assumption 5.2,

dimpg(F,€) < O(d-log(1 + R/e)).

We remark that our setting of linear function approxima-
tion is strictly more general than linear MGs (Xie et al.,
2020) which further assumes both transitions and rewards
are linear. The self-completeness assumption is automati-
cally satisfied in linear MGs. Prior works (Xie et al., 2020;
Chen et al., 2021) can only address linear MGs or its variant
but not the more general setting of linear function approx-
imation presented here. Finally, for linear MGs, by com-
bining Proposition 5.3 and Corollary 4.5, we immediately
obtain a O(H?d?/e?) sample complexity bound for find-
ing e-approximate Nash policies, which improves upon the
cubic dependence on dimension d in Xie et al. (2020).

Kernel function approximation This setting extends lin-
ear function approximation from d-dimensional Euclidean
space R? to a decomposable Hilbert space 7. Formally,
for each h € [H], we choose Fy, = {¢n(-,-,)70 | 0 €
By (R)} where ¢, : S x A x B — By/(1). Since the am-
bient dimension of H can be infinite, we leverage the notion
of effective dimension and prove the BE dimension of F is
no larger than the effective dimension of certain feature sets
in H.

Proposition 5.4 (Kernel FA C Low BE dimension). Under
Assumption 5.2,

dimBE(]:, 6) S }{Iel?i[(] deff (Xh, 6/(2R + 1)), (5)
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where Xp, = {E,,[¢n(Sh, an,br)] | 1t € Dy p} and deg is
the effective dimension.

The e-effective dimension of a set Z is the minimum integer
degt(Z, €) = n such that

1 1 ¢ T 1
sup —logdet(I+ — ziz; ) <e .
Z1y00,2n €Z T ( €2 z—zl o )

For H = R%, the effective dimension in the RHS of (5) is
upper bounded by O(d) by following the standard ellipsoid
potential argument.

MGs with rich observation In this scenario, despite the
MG has a large number of states, these states can be cate-
gorized into a small number of “effective states”. Formally,
there exists an unknown decoding function ¢ : § — [m)]
such that if two states s and s’ satisfy ¢(s) = ¢(s’), then
their transition measures and reward functions are identi-
cal, ie.,, Pp(- | s,a,b) = Pp(- | §',a,0), Pp(s | -,a,b) =
Pn(s' | -,a,b),and rp(s,a,b) = rp(s', a,b) forall (h,a,b).
Here, the decoding function ¢ is unknown to the learner, and
the size of its codomain m is usually much smaller than that
of the state space.

Proposition 5.5 (MGs with rich observation C Low BE
dimension). Consider an MG with decoding function q :
S — [m]. Then any function class F C (S x Ax B —
[0,1]) satisfies

dimygz(F, €) < O(m -log(1 + 1/e)),

where dimygg denotes the V-type BE dimension defined in
Appendix B.

Kernel feature selection To begin with, we introduce ker-
nel MGs, which is a special case of kernel function approxi-
mation introduced earlier in this section by additionally as-
suming that both transitions and rewards are linear in RKHS.
Concretely, in a kernel MG, for each step h € [H], there ex-
ist feature mappings ¢y, : SX AxB — Hand ¢y, : S - H
where H is a decomposable Hilbert space, so that the tran-
sition measure can be represented as the inner product of
features, i.e., P (s’ | s,a,b) = (¢n(s,a,b),v¥n(s"))x. Be-
sides, the reward function is linear in ¢, i.e., r;(s,a,b) =
(¢n(s,a,b), 0 )y for some 8}, € H. Here, ¢, 1 and 6" are
unknown to the learner. Moreover, a kernel MG satisfies the
following regularization conditions: for all h,

o [|07|l% <1land

o [[ X esV(s)¥
[0, 1].

In kernel feature selection, the learner is provjded with a fea-
ture class ® satisfying: (a) ¢ € @, and (b) ||Pn (s, a,d)|2 <

r(s)||lx < 1 for any functionV : S —

1 for all (s,a,b,h) and ¢ € ®. Therefore, it is natu-
ral to consider the union of all linear function classes in-
duced by ®. Specifically, let 7 := F; X --- X Fg where
Frn = {{on(),0)n | 6 € By(R), ¢ € }. Below,
we show the V-type BE dimension of F is upper bounded
by the effective dimension of certain feature sets induced by

F.

Proposition 5.6 (Kernel feature selection C Low BE dimen-
sion). Let M be a kernel MG. Then

dimyge(F,€) < i?el?l?;] deg (Xm e/(2R + 1))5

where X}, = {Eu[qﬁh(sh,ah, bh)] | ne D]:_’h}.

6. Conclusion

This paper presents the first line of sample-efficient re-
sults for Markov games with large state space and general
function approximation. We propose a new complexity
measure—multiagent Bellman-Eluder dimension, and de-
sign a new algorithm that can sample-efficiently learn any
MGs with low BE dimension. At the heart of our algo-
rithm is the exploiter, which facilitates the learning of the
main player by continuously exploiting her weakness. Our
generic framework applies to a wide range of new problems
including MGs with linear or kernel function approximation,
MGs with rich observations, and kernel feature selection,
all of which can not be addressed by existing works.
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A. Discussion on Technical Challenges

In this section, we discuss some technical challenges faced when designing provably efficient algorithms for MGs with
general function approximation, which explains why direct extension of existing algorithmic solutions is not enough.

The algorithmic solutions designed for tabular MGs (Bai & Jin, 2020) and linear MGs (Xie et al., 2020) can be viewed
as special cases of solving the following sub-problem: in each episode k, given the confidence set of possible functions
f € CF, find function pair (f*, g*) and policy pair (u*,v*) s.t. for any state s

[Dukxuk]fk(S) = fIélSzX [DMXV’“.ﬂ(S)v [Dukxukgk](s) < min []D)/,Lle/g](s)' (6)

CFk.u geCk v

Here we omit the dependence on h by considering a single-step special case. This is similar to the contextual bandits
problem, but a game version.

Once the above sub-problem is solved, using the fact that the true value function f* is contained in C*, we can bound the

duality gap by

k k
(VT’V - v ’T)(s) = [D T(u’“)xukf*](s) - [Dukxuf(,u"')f*](s) < [DM“XV"' (fk - gk)](s)’
where the summation of the RHS over £ can be further bounded by pigeon-hole type of arguments.

Then a natural question is: how can we solve this sub-problem (6)? A helpful condition is optimistic closure, which indeed
holds for tabular and linear MGs (Bai & Jin, 2020; Xie et al., 2020). For the max-player version, this means the pointwise

—k . . - .
upper bound defined by [~ (s,a,b) := ma%ff (s, a,b) remains in the function class, i.e., f € C* C F. The min-player
fec
version is similar.

Under this condition, the function pair (f", f k ) is clearly the maximizer/minimizer to the subproblem, and therefore it
reduces to finding (1*, v*) so that

]D)#kxyk?k(s) > m/?x]]])#x,,k?k(s), D#kXVkik(S) < myin]D)#le,ik(s).

By definition, the solution is a coarse correlated equilibrium.

However, the optimistic closure may not hold in general. Even worse, no solution may exist for the sub-problem (6), as we
will see below in a concrete example. In that case, the existing techniques fail and it becomes unclear how to bound the
two-sided duality gap. As a result, the general function approximation problem is significantly harder than the special cases
mentioned before.

Now we describe a concrete example where sub-problem (6) has no solution when optimisic closure condition does not hold.
We consider rock-paper-scissors, with one state and three actions for both players, i.e., |S| = 1 and | A| = |B| = 3. Then
each function f € F : S x A x B — [—2,2] % is essentially a 3 x 3 matrix and we will use M to represent such matrices.
The matrix corresponding to Nash value Q* is

cF:

0 1.1 -1 0 1 -11 0o 1 -1
Mi=|-1 0 1|, My=|-1 0 1 |, My=[-11 0 1],

1 -1 0 1 -1 0 1 -1 0

0o 1 -1 0 1 -1 0o 1 -1
My=[-1 0 11|, Ms=[-1 0 1], Mg=|-1 0 1

1 -1 0 11 -1 0 1 —-11 0

>We assign the reward [—2, 2] instead of [0, 1] to make the example looks simpler. Everything stated here still hold after scaling.
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Now suppose we find a pair of matrices (M, M) and a pair of policies (u, ) which solves sub-problem (6). If we can
prove such (u, ) must be deterministic, then we get into a contradiction, since whatever (M, M) is, it is impossible for
deterministic policies i and v to be the best response of each other. Therefore, in order to show sub-problem (6) has no
solution, it suffices to prove (u, ) must be deterministic.

Since p is a solution of sub-problem (6), we must have

1 = argmax max (/)T M.
W  Meck

Since we are maximizing the above quantity, M can only take M;,M, or M5 because the others are dominated. Direct
computation gives

My =M*v +[0.1[2],0,0]T,
Myv =M*v +[0,0.12[3],0]7,
Msv =M*v +[0,0,0.1v[1]]%.

Now that p @ximizes (ﬂ’ )TMV, if iiis not deterministic, there will be at least two entries in M v that take the same highest
value, say (Mv)[1] = (Mv)[2] > (Mv)[3].

If M = M, the above condition is just
(Mw)[2) = (M*»)[2] = (M*V)[1] + 0.1[2] = (R)[1]
Then consider two cases:

e If v[3] > 0, we can choose M = M, to make (Mv)[2] = (M*v)[2] + 0.1v[3] > (M*v)[2]. Therefore, the value of
max(u')T Mv is increased, which is contradictory to the maximization condition.

e If ¥[3] = 0, the condition (M*v)[2] = (M™*v)[1] + 0.1v[2] is just v[2] + 0.1v[2] = —v[1], which impliess v[2] =
v[1] = 0. This is impossible since v is a probability distribution.

As aresult, we prove M cannot be M. Similarly, ‘M cannot be M, or M. We obtain a contradiction! Therefore, 4 must be
deterministic and by symmitrical argument so is v. Putting everything together completes the proof. That is, when optimisic
closure condition does not hold, sub-problem (6) can have no solution.

B. V-type Bellman Eluder Dimension

In this section, we define V-type Bellman-Eluder (VBE) dimension, and provide the corresponding theoretical guarantee for
Algorithm 1 with Option II.

B.1. Complexity Measure

With slight abuse of notation, we redefine the following distribution families for VBE dimension. The only difference is that
now we use distributions over S instead of S x A x B.

1. DA := {Dan}ne[m), Wwhere Da j, = {05(-) | s € S}, i.e., the collections of probability measures that put measure 1
on a single state.

2. D = {Du, nt he[H]s where D, j, denotes the collections of all probability measures over S at the pth step, which can
be generated by executing some (s, vy 4) With f, g € F. Here, vy 4 is the best response to 1 regarding to Q-value g:

Vg h(s) = argminufJ,,(s)Tgh(s7 -, )v forall (s, h).
VEAR
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To proceed, we introduce the following Bellman residual function defined over the state space S
[En(f,g,w)I(s) = E[(fr — Ty frs1)(s,a,0) | (a,b) ~ pign X Vg,uw,n].

Equipped with the new definition, we can define V-type BE dimension.

Definition B.1 (V-type Bellman-Eluder dimension). Let H x be the function classes of Bellman residual where H r 5, :=
{&n(f,9,w) | f,g,w € F}. Then the V-type Bellman-Eluder (VBE) dimension is defined as

dimVBE (.7:, 6) = Inax min dimDE(H]:’h, Dh, 6). (7)
he[H] De{Da,Dr}
We comment that we do not have the online version of V-type BE dimension, because the uniform sampling step in Option
I is in general not compatible with the policy of the opponent.

B.2. Theoretical Guarantees

Now we are ready to present the theoretical guarantees.

Theorem B.2 (Regret of GOLF_-WITH_EXPLOITER). Under Assumption 3.1 and 3.2, there exists an absolute constant c
such that for any § € (0,1], K € N, if we choose 3 = ¢ - (log(KH|F||G|/6) + Ke2,mmp, + KeZ.o), then with probability
at least 1 — 4, for all k € [K), Algorithm I with Option II satisfies:

k
3 Vi(sy) - VI (s1) < O(H /] ABldkB),
t=1

where d = dimygg(F, 1/ K) is the VBE dimension.

Theorem B.2 provides a v/K pseudo-regret guarantee in terms of VBE dimension for Algorithm 1 with Option II. The
reason for calling it pseudo-regret is that in each episode, the samples are collected following a combination of (1*, /%)
and uniform sampling, instead of only (,uk, v*) as in Option 1. Still, this is enough for applying the pigeonhole principle to

derive the sample complexity of GOLF_-WITH_EXPLOITER.

Corollary B.3 (Sample complexity of GOLF_-WITH_EXPLOITER). Under Assumption 3.1 and 3.2, there exists an absolute
constant ¢ such that for any € > 0, choose 3 = c-(log(K H|F||G|/8)+ K&, + Kel.) and A = ¢/ (H\/|Al|BldS ] K +¢),
where d = dimygg(F, €/ H) is the VBE dimension of F, then with probability at least 1 — §, the output condition (Line 5)
will be satistied at least once in the first K episodes. Furthermore, the output policy u®" of Algorithm 1 with Option I is

O(e + HVd(ereal + Ecomp))-approximate Nash, if K > Q((H?d/€?) - log(H|F||G|d/e)) -

Corollary B.3 claims that GOLF_-WITH_EXPLOITER can find an O(e)-approximate Nash policy for the max-player using at
most O(H?|A||B|log(|F||G|) dimpg(F, €)/€2) samples, which scales linearly in the VBE dimension, the cardinality of the
two action sets, and the log-cardinality of the function classes.

C. Proofs for Section 4

In this section, we present the proof of Theorem 4.4, Corollary 4.5, and Theorem 4.8.

The following auxiliary lemma (Lemma 26 in Jin et al. (2021)) will be useful.

Lemma C.1 (Pigeon-hole). Given a function class G defined on X with |g(z)| < C for all (g,xz) € G x X, and a family

of probability measures 11 over X. Suppose sequence {gx}5_ | C G and {u}E_, C 11 satisfy that for all k € [K],
¥ (B, 9k])% < B. Then forall k € [K] and w > 0,

k
> [Eulgll <0 (Jdimm(g, T, w) Bk + min{k, dimpg(G, I, w) }C + kw) .
t=1

Another useful decomposition is the value difference lemma (Lemma 1 in (Jiang et al., 2017)).
Lemma C.2 (value difference). For any function f s.t. fr+1 = 0 and policy ,
H

Vf,h(s) - V}Zr(s) = Z Ex [Vf,h’(sh’) - Th/(sh’a ap’, bh’) - Vf,’z’+1(5}L’+1)|3h = 3] .
h/=h
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C.1. Proof of the Online Guarantee

We begin with the proof of Theorem 4.8. The following two concentration lemmas help us upper bound the Bellman
residuals. We defer their proofs to Appendix C.3.1 and C.3.2.

Lemma C.3. Assuming ||Q} — Pr, (Q})|| < ereat and ||Tr fo+1 — P, (Th fos1)|| < Ecomp for all f € F and h € [H], if
we choose 3 = c- (log(K H|F||G|/8) + Ke2,,,,, + K&2.,,) with some large absolute constant c in Algorithm 1 with Option

comp real

I, then with probability at least 1 — 0, for all (k, h) € [K] x [H]|, we have

_ 2 ;
(@ SV E [(fff(sh,ah,bh) — (TafF1)(Shyan b))~ | sy an, by ~ 7| <O(B),
k— iipi ii piy)2
(b) Zi:11 (filf(shaahabh) - (77zf}]f+1)(5haahabh)) <O(B),
where (si,al,,bt, ... st aty, bly) denotes the trajectory sampled by following 7 = (u*, v*) in the ith episode.
Lemma C.4. Under the same condition of Lemma C.3, with probability at least 1 — 6, we have Px(Q*) € C* for all

k e [K].

Proof of Theorem 4.8. By Lemma C.4, Px(Q*) € C*. Since we choose f* optimistically and F satisfies €, -approximate
realizability,

K
k k

> (Vf(sl) -V (81))
=1
K k k

<> (VPJ:(Q*),l(Sl) -V (81)) + Kereal
k=1
K k k

<7 (Viralsn) =V (51) 4+ Kevew
=1

= Z Z B [Vir n(51) = T (Shy an, br) — Ve 1 (sh1)] + Keéreal
k=1h=1

=33 En [@HD#';XVf;’f(Sh) — rn(Sn, an, bp) — Vf’“,h+1(5h+1)} + Keéreal
=1 h=1
K H

<Y N B {Dugxy;;ff(sh) = rn(Sn, an, bn) — Vf"v‘,h+1(5h+1)} + Keéreal
k=1h=1
H K

= Z Z Eﬂ'k [f}]f(sha ap, bh) - rh(sha ap, bh) - Vf’“,h+1(5h+1)] + Kgreal
h=1k=1

(15 G~ N~ ko \(ok ok ok
< Z Z(fh = Tnfrs1)(Shs apsby) + O ( KHlog(KH/é)) + Keércal

>
Il
_
=~
Il
i

(2)0 (H\/ﬁ ~dimops(F, 1/K) - K) t Keps <O (H\/B ~dimopg(F, 1/K) - K) .

where (i) is by value difference (Lemma C.2), (i) is due to 4% = pusx, (i) is by Azuma-Hoeffding, and (iv) is by incurring
Lemma C.1 with G = Hx , (here, H £ refers to the one introduced in Definition 4.7), IT = Da 5, € = 1/K and Lemma C.3.
The final inequality follows from the choice of 3. O

C.2. Proof of the Self-play Guarantee

Proving Theorem 4.4 requires more work because we need to develop guarantees for the sub-routine COMPUTE_EXPLOITER.
Similar to Lemma C.3 and C.4, we establish two concentration lemmas below, whose proofs are deferred to Section C.3.3
and C.3.4.
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Lemma C.5. Under Assumption 3.1 and 3.2, if we choose 3 = ¢ - (log(KH|F||G|/8) + K¢, + K¢k, with some
large absolute constant c in Algorithm 1 with Option I, then with probability at least 1 — §, for all (k, h) € [K] x [H], we
have

(@) 1 [( (s bi) — (T ) (smaan b)) | snoan, b ~ 7| <O(B).

ko~ U \2
(0) S47! (Fshr s bh) = (T2 FE ) (s 03)) <O(8),

wherf (si,al,,bi, ... st aty, by, 5%+1) denotes the trajectory sampled by following ™ = (u*, V) in the i*® episode,
and f* denotes the optimistic function computed in sub-routine COMPUTE_EXPLOITER in the k™ episode.

Lemma C.6. Under the same condition of Lemma C.5, with probability at least 1 — 6, we have Pf(Q”k’T) ecr” Sfor all
ke [K].

Proposition C.7 (approximate best-response regret). Under Assumption 3.1 and 3.2, there exists an absolute constant ¢
such that for any § € (0,1], K € N, if we choose 3 = ¢ - (log(KH|F||G|/6) + Ke2omp + Kei.a), then with probability
at least 1 — 6, for all k € [K],

k
> (Vi (s1) = Vi (s1)) < O(HV/EB - dimgs(F, 1K),

t=1

Proof. By Lemma C.6, P;(Q“t’f) € Ct. Since we choose f* optimistically and F satisfies &,¢,1-approximate realizability,

k
00w
k
< Z (Vu N Hlljnﬂ)ﬂixl’ff(sl)> + kéreal
®)

]ETI't |:(f~'}tz - 775 .fft7,+1)(8h7ah7 bh):| + kereal

(ff =T fhii)(sh,ah,bh) + O(VEH log(K H/5)) + kereal,

M::

where f* denotes the optimistic function computed in sub-routine COMPUTE_EXPLOITER in the ¢ episode and the equality
follows from value difference Lemma C.2.

By Lemma C.5 (b), we have for all k € [K]

E
—

[ (shoahbh) — (T ) (shoal 8] < O(9).

~
Il
—

So we can apply Lemma C.1 with G = Hr p,, Il = Da p, € = 1/K and obtain

< \/ﬁ . dimDE('H]{haDA,ha 1/K) -k

k
S | Ftshsahsbh) = (T2 Fha)(shoah, 1)
t=1

Plugging this inequality back into (8) gives us the first upper bound.
We can also invoke Lemma C.5 (a) with Jensen’s inequality, and obtain for all k € [K]

k—1

(Eﬂ"‘ [(f;’f - E“kf;’fﬂ)(shaambh)Dz <O(B).

t=1
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Again, we can apply Lemma C.1 with G = Hr j, (here, H 7 refers to the one introduced in Definition 4.3), Il = Dr j,
e = 1/K, and obtain

Ee [ =T fh+1)(5h7ahvbh ” < \/ﬁ dimpe(H7.n, Drp, 1/K) - k

),

Plugging this inequality back into (8) gives us the second upper bound.

Combining the two upper bounds and noticing that keyen < O(H \/ kB - dimgg(F,1/K)) (because of the choice of )
conclude the proof. O

Now we are ready to prove the regret guarantee.

Proof of Theorem 4.4. The regret can be decomposed into two terms

(v1*<s1>—v1“”<s1>)=§Kj(v1*<sn v )+§KJ(V“ Y1) =V (s)).

1 k=1 k=1
(A4) (B)

]~

k

By Theorem 4.8, where the opponent’s policy {v*}X_, can be arbitrary, (4) can be upper bounded by

K
S Vi(s1) — W (s1) <O (H\/Kﬁ ~dimpg (F, 1/K)) .

By Proposition C.7, (B) can be upper bounded by

K
3 (V” : Vs )) <0 (H\/K,B-dimBE(f,1/K)).
k=1
Combining the two inequalities concludes the proof. O

By the standard online-to-batch reduction, we can also derive the sample complexity guarantee.

Proof of Corollary 4.5. We proceed as in the proof of Theorem 4.4 but take w = €/ H (instead of w = 1/K) every time we
incur Lemma C.1.

Theorem 4.8 essentially shows

i(v1 (s1) = V" (1)) < f:(vfk1 (s1) = VI (51)) < O(H /KB - dimps(F, e/ H) + Ke),

k=1 k=1
where we have used the fact that dimopg(F, ¢/H) < dimpg(F, €/H).
Proposition C.7 essentially shows

K

K
(Vluk.,u (1) — V"1 (s1) ) 3 (Vu o mln]])ﬂkxufl (51)) < O(H+/KpB - dimgg(F, ¢/H) + Ke).
k=1 k=1

Comparing with the form in Theorem 4.4, now we have an additional O(K¢) term, since we take w = ¢/H when incurring
Lemma C.1.
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Putting them together and noticing by definition vt = Vir 1(s1) and V* = min, Dk s fE(s1), we can get

1
K

Vv~ vk < of \/dlmBE F e/HYKB + ),

M=

>
Il

1

with probability at least 1 — §, where 8 = ¢ - (log(K H|F||G|/d) + Kscomp + Ke2,).

By pigeonhole prinple, there must exist some & s.t. vt VF < A = ¢(H+/dimgg(F,¢/H)B/K + ¢). Therefore, the
output condition must be satisfied by some k € [K].

To make the right hand side order O (e + H\/d (e cal + €comp) ), it suffices to take
K > Q((H?d/e*) -log(H|F||G|d/e)),
where d = dimpg(F, ¢/ H). O
C.3. Proofs of the Concentration Arguments
C.3.1. PROOF OF LEMMA C.3

Proof. We prove inequality (b) first.

Consider a fixed (k, h, f) tuple. For notational simplicity, we denote z}, := (s}, a,, b}). Let
2 2
Xo(h, f) o= (Fu(zh) = mh = Vinar(sh41))” = (Po(Tafne1)(zh) = 1h = Vi (1)
and §; 5, be the filtration induced by {24, 7%, . .., 24, v FZH {24, 7, ..., 2L }. We have

E[Xo(h, £) | Fen) = [(fn = Tafas) (Z0)]° = [(Po(Thfass) — Tnfurn)(20)]
> [(fh - 7;th+1)(Z;L)j|2 - egomp

and
Var[ X (h, f) | Fe.n] < E[(Xe(hs £))? | Fen) < 36[(Pg(Thfus1) — fa)(z)]
< O ([(Pg(Thfns1) — Tnfns1) (Z)) + [(Trfnsr — fr) (20)])7)
S @) ([(lﬁth+1 )( )]2 + 520mp) .

By Freedman’s inequality, we have, with probability at least 1 — 4,

k k
S = Tafuen) (20)]) = b2y = > Xu(h, f)

t=1

k
<o Jlogwa) (Z[mfhﬂfhxzm +kezomp> + log(1/0)

t=1

Now taking a union bound for all (k, h, f) € [K] x [H] x F, we obtain that with probability at least 1 — ¢, for all
(k,h, f) € [K] x [H] x F

k k
ST = b)) = ko — > Xalh, f)

t=1

€))

k
<0 \IL (Z[(Thfhﬂ fn)(24)]2 + keconm) e

t=1

where « = log(H K |F|/d). From now on, we will do all the analysis conditioning on this event being true.
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Consider an arbitrary pair (h, k) € [H] x [K]. By the definition of C* and Assumption 3.2

o
—

t(h7 fk)

”W
—
S
I
-

FH1

(fh( ) - 7”2 - ka,h+1(81;z+1))2 - (Pg(ﬂsz’fﬂ)(zitz) - Tltz - ka,h+1(3§z+1))2 (10)

>
)LH
ol

|
—

< (fRzh) —rh — Vi py1(8hy1))? — inf (9(zh) = 1h = Vir pga (sh41))% < B

o~
Il
—
-
—

Putting (9) and (10) together, we obtain

k—1
ff]f - ﬁlfilf—&-l)(’z;z)]z g O(ﬂ +o+ ksgomp)’

=1

~

which concludes the proof of inequality (b).

To prove 1nequa11ty ( ) we only need to redefine §; j, to be the filtration induced by
R P S ! and then repeat the arguments above verbatim. O

C.3.2. PROOF OF LEMMA C.4

Proof. We will continue to use the notations defined in the proof of Lemma C.3. To further simplify notations, we denote

Q:=Pr(Q") and

Consider a fixed tuple (k, h, g) € [K] x [H] x G. Let

Wt(h7g) = (gh('z;}) - 7"2 - VQ,h+1(52+1))2 - (Qh(ZZ) - TZ - VQ,h.H (52—&-1))2

and §; 5, be the filtration induced by {24, 7%, ..., 24, 74 HZL {2t 78, ..., 2L }. We have

EWi(h,0) | §ea) = [(on — To@ui):h)] — [(@n — Ta@uin)(eh)]”
> (o~ TuQue) (4]~
and
Var(X, () | S < EI(Xu(h,))? | Se] < 36[(Qn — 1) ()]
< O ([Qn = TaQuat) 1) + [(TaQutr — 9n) (:1)12)
O (I(ThQns1 = 9n) (AN + Eomp) -
By Freedman’s inequality, we have, with probability at least 1 — 4,

k
- ZWt (h,g) + Z [ In — ﬁ@hﬂ)(zi)r — keZa
- =1

k
<O| 4|log(1/6) (Z (ThQns1 — gn)(2L)]2 + kegomp> + log(1/4)
t=1
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Now taking a union bound for all (k, h,g) € [K] x [H] x G, we obtain that with probability at least 1 — ¢, for all
(k,h,g) € [K] x [H] x G

k . 2
= Wlhg) + 3 [(on = TiQui) ()] — ket

t=1 t=1

(11)
k
<0 L <Z[(771Qh+1 —gn)(2)]2 + ksgomp> Tl

t=1

where ¢ = log(H K |G|/d). From now on, we will do all the analysis conditioning on this event being true.

. 2
Since Zle {(gh — EQhH)(zfl)} is nonnegative, by Cauchy-Schwarz inequality, (11) implies for all (k, h, g) € [K] x
[H] x G

k
Z Wt(ha g) > _O(L + kE?:omp)'
t=1
Plugging in the definition of W;(h, g) and the choice of 3 completes the proof. O

C.3.3. PROOF OF LEMMA C.5

Proof. Recall 11y denotes the Nash policy of the max-player induced by f. If there exist more than one induced Nash
policies, we can break the tie arbitrarily so that /¢ is uniquely defined for each f € F. Denote I := {uy | f € F}. We
have |IIz| < |F|.

We prove inequality (b) first. Consider a fixed tuple (k, h, f, ) € [K] % [H] x F x ILr. Again we denote z}, := (s}, al,b}).
Let

2 2
Xolhy fo1) = (Fu(eh) = 1 = Vs (h)) = (Po(T uan)(eh) = 1 = Vi (shr))
and § 5, be the filtration induced by {2%,7%,..., 24, 7% HZT U{zt, 7, ..., 2} }. We have

E[X(h, f,10) | Fen) = [(fn = T Fue) (20)]7 = [(Po (T fusr) = T Fua) (24)]
> [(fh - Eufh+1)(zfz)]2 - Ezomp

2

and by Cauchy-Schwarz inequality
Var[ Xy (h, f, 1) | Fe,n] < E[(Xe(h, £, 10))? | Fen]
<36 [(fa — Pa(T{ ) 0))* < O ([(n = T Fusn) (o)) + ) -
By Freedman’s inequality, we have, with probability at least 1 — 4,

k k
Z [(fh - 7-hufh+1)(zz,)}2 - ksgomp - ZXt(ha fa :u’)

t=1 t=1

<0 [10g(1/8) > (It = T ) G + 2oy ) +log(1/6)

t=1

Now taking a union bound for all (k, b, f, u) € [K] x [H] x F x Iz, we obtain that with probability at least 1 — 4, for all
(kyh'vfnu) € [K] X [H] X F X H]:

k k
Z [(fh - ﬁzufh+1)(’z;z)]2 - kggomp - ZXt(hﬂ f7 :U’)

t=1 t=1

(12)
<O\ X2 (I = T s AP + o)+

t=1
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where « = log(H K|F|/d). From now on, we will do all the analysis conditioning on this event being true.

Consider an arbitrary pair (h, k) € [H] x [K]. By the definition of C¥ and Assumption 3.2

k—1
ZXt(h7 fk7uk)

k—1

k
*Z fh Zh fk h+1(52+1))2 - Z(Pg(lﬁzﬂ f5+1)(22,) Vfi h+1(52+1))2 (13)
t=1
k= k
< Z fh h fk h+1(8h+1 - gléngfh h Vfulc,h_;'_l(S];LJrl))Q S B

1

Putting (12) and (13) together, we obtain

k—1
7;L fh+1)(zh)} < O(ﬂ +i+ kscomp)

~

=1

which concludes the proof of inequality (b).

To prove 1nequa11ty ( ) we only need to redefine §; 5, to be the filtration induced by
{24 7}, ..., 2%, 7% } =1 and then repeat the arguments above verbatim. O

C.3.4. PROOF OF LEMMA C.6

Proof. Recall 11y denotes the Nash policy of the max-player induced by f. If there exist more than one induced Nash
policies, we can break the tie arbitrarily so that i is uniquely defined for each f € F. Denote ITx := {uy | f € F}. We
have |ITz| < |F|.

Consider a fixed tuple (k, h, g, ) € [K] x [H] x G x IL£. Let

Wilh.g.m) = (9n(zh) —rh — Qia(shsn)) = (PRQEDGD) — 7t - Qi (shin))
and § 5, be the filtration induced by {24,775, ..., 24, 7%} U{zt, 7%, ..., 2 }. We have
B (h,g.m) | §ea) = [(on — Q) )] = [(Pri@ih - i) )]
> [(on - @) ]~ 2
and by Cauchy-Schwarz inequality

Var[Wi(h, g, 1) | §en] < E[(We(h, g, 1)) | en]
<36 [(on - P ) 0] < 0 ([(on - @) 1]+ ).

By Freedman’s inequality, we have, with probability at least 1 — 9,

=S Wt + Y (o @4) (6] — et
t=1

t=

=

k 2
<O| 4|1log(1/9) Z ([(Qh - Q/}:vT) (zi)} + real) +log(1/6)

t=1
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Now taking a union bound for all (k, h, g, u) € [K] x [H] x G x IIz, we obtain that with probability at least 1 — §, for all
(k,hyg,11) € K] x [H] x G x T

3 Wit + Y [(on - 7)) — ke
t=1

t=1
<0 Li (th - QZ’T> (Zﬁ)r + real) +ef,
=1

where ¢ = log(H K|G||F|/d). From now on, we will do all the analysis conditioning on this event being true.

(14)

Since Zle[(gh - QZT)(,ZZ)]2 is nonnegative, (14) implies for all (k, h, g, ) € [K] x [H] x G x II ¢

k
Z h ' 9, N“ > O(L+k€rcal)

By choosing 1 = ¥, we have for all (k, h) € [K] x [H]

x>

—1 k—1

k 2 . k 2
(Pr(@ M) b~ Qi (hin) < inf 37 (a(eh) =k = Q1 (shi) + O+ heea).
1 Ct=1

~
Il

We conclude the proof by recalling 8 = © (log(H K|G||F|/6) + keZ,,, + +ke

comp)

D. Proofs for Section 5

In this section, we will first generalize Bellman rank (Jiang et al., 2017) to the setting of Markov Game. Then we show
any problems of low Bellman rank also have low BE dimension. Finally, we prove all the examples in Section 5 have low
Bellman rank, and thus low BE dimension.

Denote ITx := {(us,vs4) | f,9 € F}, which is exactly the policy class that induces D.

Definition D.1 (Q-type e-effective Bellman rank). The e-effective Bellman rank is the minimum integer d so that

e There exists ¢p, : [Ix — H and ¢, : F — H for each h € [H] where H is a separable Hilbert space, such that for any
m e 1l, f,g € F, the average Bellman error

Exl(fn = To* fa1) (s1s ans bw)] = (on(7), ¥n(f, 9))2¢
where [[¢n(f, g)[lx < 1.
o d = maxyc(g] det (Xn (¢, F), €) where Xy (¢, F) = {¢n(m) : m € I}

Proposition D.2 (low Q-type effective Bellman rank C low Q-type BE dimension). If an MG with function class F has
Q-type e-effective Bellman rank d, then
dimBE(]:, 6) S d.

Proof. Assume there exists m,...,m, € Iz and (fl,¢')...,(f",¢") such that for all t € [n],
\/Z B, [ff — T ffLH])2 < eand |E,[ff — T, fi1]| > e By the definition of effective Bellman rank, this is
equivalent to: \/Z ), Y (f1,99)))2 < eand [{¢p(7h), ¥n(ft, g%))| > eforallt € [n).

For notational simplicity, define z; = ¢y, (%) and ; = ¥, (f*, g*). Then

t—1
Y @0 <, ten
i=1

|x:9t\ >e¢ te|[n]

5)
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Define ¥; = Zt_i z;z, + €2 - 1. We have

l6:lls, < V2e = e<|z) 0] < |bllz, - lwelgor < V2el|zells, ¢ € [n]. (16)

As a result, we should have ||z, H;,l > 1/2forall t € [n]. Now we can apply the standard log-determinant argument,
t

- det(Z,41) 1 &
2 _ n+1 _ T
t§=1 log(1 + [[z4][5;-1) = log <det(21) ) = log det <I+ = E T, ) )

i=1

which implies

1 1«
. 2 T
0.5 < min el -+ < exp <n log det (I + 3 ;xx )) —1. (17)
Choose n = deg (X5 (¢, F), €) that is the minimum positive integer satisfying
1 1 ¢ T ~1
sup —logdet [ I+ — Z rix, | <e . (18)
1, €X (6,F) T “ =

This leads to a contradiction because 0.5 > ¢¢~ — 1. So we must have n < Aot (Xn (W0, F), €). O

Similarly, we can define V-type Bellman rank, and prove it is upper bounded by V-type BE dimension.
Definition D.3 (V-type e-effective Bellman rank). The e-effective Bellman rank is the minimum integer d so that

e There exists ¢p, : [Ix — H and ¢, : F — H for each h € [H] where H is a separable Hilbert space, such that for any
mell, f,g,w € F, the average Bellman error

E[(fn — T fos1)(Shyan, br) | sn ~m, (an,bn) ~ pig.n X Vgwn] = (&n(m), Yu(f, 9. w))2
where [[¢n(f, g, w)[la < 1.
o d= maxpe[H) deff(Xh((Z), f), 6) where Xh(gb,]:) = {¢h(ﬂ) LT Ee H]:}.

Proposition D.4 (low V-type effective Bellman rank C low V-type BE dimension). If an MG with function class F has
V-type e-effective Bellman rank d, then
dim VBE(]:7 6) S d

We omit the proof here because it is basically the same as Proposition D.2.

D.1. Proofs for Examples

Below, we prove the problems introduced in Section 5 have either low Q-type or low V-type Bellman rank. Therefore, by
Proposition D.2 and D.4, they also have low Q-type or low V-type BE dimension.

Proof of Proposition 5.1. We have
E[(fn = 75" fr41)(shsan,bn) | (s an, bp) ~ 7]
=(P™[(sn, an,bn) =], (fu = Tp"* frn1) (),
where the LHS only depends on 7, and the RHS only depends on f, g. O

19)

Proof of Proposition 5.3. Consider two arbitrary 0y,60,+1 € By(R) and ¢ € F. By self-completeness, there exists
0 € Ba(R) so that T, (¢, ,0n11) = ¢y, 07. Therefore, we have

E(l¢n 0n — Ty (Sh410n+1))(5hs an,bn) | (sn,an,bn) ~ 7]
=E [¢n (s, an,bn) " (0, — 07) | (sn,an,bp) ~ 7 (20)
:<IEl7r [gbh(sh,ah,bh)] , 0y, — 0Z>,
where the LHS only depends on 7, and the RHS only depends on 6y, 0,41, g. O
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Proof of Proposition 5.4. Consider two arbitrary 6,,0,+1 € By(R) and g € F. By self-completeness, there exists
05 € By (R) so that T, (¢, 10n41) = &) 05 Therefore, we have

E Hd);breh - nﬂg (¢Z+19h+1)](8h7 Qp, bh) | (Sh, Qp, bh) ~ 7T]
=E[¢n(sn:anbn) " (0n — 07) | (sh,an,bn) ~ 7] 21
=(Ex [én(sh, an,bn)] , On — 607),

where the LHS only depends on 7, and the RHS only depends on 6y, 0,1, g. O

Proof of Proposition 5.5. Let d(i) denote the distribution of state s given ¢(s) = ¢. For any policy 7 and f, g, w € F

E [(fh - Tﬂgfh+1)(8h7ah7bh) | Sp ~ T, (ahabh) ~ Hg X Vg,w]

=(Prla(sn) =1, E[(fn — T" fn1)(shsan,br) | sn ~ d(-), (an,bn) ~ pg X Vg ),
where the LHS only depends on 7 while the RHS only depends on f, g, w. Both of them are m-dimensional. O

Proof of Proposition 5.6. The case h = 1 is trivial. We only need to consider h > 2. For any policy 7 and f, g, w € F

E [(fh - T#gfh-‘,-l)(shaahvbh) | Sp ~ T, (a/habh) ~ Mg X Vg,w]

> D P (shor,an-1,ba1) = 2] X Plsp = 5| (sn-1,an-1,bn1) = 2|
2ESXAXB s
XE[(fn = T" fas1)(Sny ans bn) | sn =8, (an,br) ~ prg X vg.u]
> D P (sher,an-1,ba1) = 2] X ($n-1(2), Y1 (s))
zESXAXB s
X E[(fn = T" fas1)(Sny ans bn) | sn =, (an,br) ~ pg X vg.u]
> P(she1,an-1,ba1) = 2] X ¢noa(2),

zESXAXDB

S CE[(fo = T fa1)(sn an,bn) | sn = s, (an,bp) ~ pg X Vg] % ¢h71(8)>

seS
:<]E7'r [bnh—1(Sh—1,an—-1,bn—1)],

ZE[(fh —T" fri1)(Shy an,br) | Sh =5, (an,br) ~ fig X Vg ] X ¢h71(5>>7

seS

where the LHS only depends on 7 while the RHS only depends on f, g, w. By the regularization condition of Kernel MGs,
the norm of the RHS is bounded by 2R + 1. O

E. Proofs for Appendix B

In this section, we present the proof of Theorem B.2 and Corollary B.3. The techniques are basically the same as those in
Appendix C. Please notice that whenever coming across D and D, in this section, we use their definitions introduced in
Appendix B.

To begin with, we have the following concentration lemma (akin to Lemma C.5 and C.6) for the sub-routine COM-
PUTE_EXPLOITER under the samples collected with Option II.

Lemma E.1. Under Assumption 3.1 and 3.2, if we choose 3 = c - (log(K H|F||G|/0) + Ke2,p, + KeZ.,)) with some

large absolute constant c in Algorithm 1 with Option I, then with probability at least 1 — 0, for all (k,h) € [K] x [H], we
have

@ B [(GE =T T nant) Lo~ s (0) ~ Uniform(A x B)| <0(5),
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~ k ~ . 2
(0) Y Y ameans ((F = Ti ) (shoa.0)) <O(AIBIS),
(c) Pr(Q"T) e cr,

where (i) ™ = (u*,v%); (ii) sy, denotes the state at step h, collected by following 7t until step h, in the i*® outer iteration;
(iii) f* denotes the optimistic function computed in sub-routine COMPUTE_EXPLOITER in the k™ outer iteration.

Proof. To prove (a), we only need to redeﬁne the filtration §;; in Appendix C.3.3 to be the filtration induced by

{237, ..., 24, iy Y] where 2, = (s}, a}, bl), and repeat the arguments therein Verbatlm Snmlarly, for (b) we only need
to redeﬁne &s,h in Appendlx C.3.3 to be the filtration induced by {2}, 7%, ..., 24, ro Yot ULt b, o 2h et st )
And the proof of (c) is the same as that of Lemma C.6 in Appendix C.3.4. O

Proposition E.2 (approximate best-response regret). Under Assumption 3.1 and 3.2, there exists an absolute constant c
such that for any § € (0,1], K € N, if we choose 3 = ¢ - (log(K H|F||G|/6) + Ke2,mp + Ke2.n1), then with probability
atleast1 — 0

i (Vﬂ v -V T(Sl)) <0 (H\/LAHB‘kﬂ - dimypg(F, 1/K)) .

k=1

Proof. By Lemma E.1, P}-(Q“k’T) € C**. Since COMPUTE_EXPLOITER chooses f* optimistically, value difference
lemma (Lemma C.2) gives

K k k k
S (5 (1) = VT (s)

k=1
K k Kk
<3 (W (1) ~ minDyp, fi (1)) + kevea
k=1
K H .
ZZEﬂ'k |: 7'};“« fi}f+1)($hva7b) ‘ (aﬂb) ~ :LL]}CL XV k’f"k’h] + kereal
k=1h=1

Wk

29

h=1

IE{ — T ) (shab) | (ab) ~ il X v ,L} + VK H1og(KH/3) + kereal,

?v.
Il
N

where the expectation in the second last line is over s;, ~ 7% and (a, b) ~ /ﬂfl X Ve fipo the expectation in the last line is
only over (a, b) ~ ufl X Vi frp conditioning on sy, being fixed as sfl, and the definition of vy 4 is introduced in Section 4.

By Jensen’s inequality and Lemma E.1 (b), we have for all k € [K]

k

S (B [~ T ) shab) | (@) ~ < vpe )

t=1

k
- ko~ 2
SZE {(f}lf - T f}ff+1> (sh,a,b) | (a,b) ~ py x ka,fk,h}

B> (772" ) (shoat) < O (LAIIBI).

t=1 (a,b)e AXB

So we can apply Lemma C.1 with G = H r 5, (here, H  refers to the one introduced in Definition B.1), Il = Da p, e = 1/K
and obtain

i [E (=T T (ks a,b) | (ab) ~ i X vpe o] |

=1
0<\/|A|B|B dimpe(Hz,n, Da,n, 1/K) - )
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Similarly by using Lemma E.1 (a), we can show

K
~ k ~
S B [ = T Tk 1) (onsa,b) | (a0) ~ sk < v i

k=1

<0 (\/IAIBI5 - e (7, D 1K) K ).

Putting all relations together as in Proposition C.7 and noticing that

Kerear < O (HV/JA[BIES - dimves(F, 1/K) )

completes the proof. O

Equipped with the regret guarantee for COMPUTE_EXPLOITER, we are ready to bound the pseudo-regret for the main
algorithm GOLF_WITH_EXPLOITER. To begin with, we have the following concentration lemma (akin to Lemma C.3 and
C.4) under the samples collected with Option II.

Lemma E.3. Under Assumption 3.1 and 3.2, if we choose 3 = ¢ - (log(KH|F||G|/8) + K&, + K¢k, with some
large absolute constant c in Algorithm 1, then with probability at least 1 — 6, for all (k,h) € [K] x [H], we have

(@) SEVEI((FF = TafF) (sna,0)” | sn ~ 7, (a,b) ~ Uniform(A x B)]<O(8),
() Y Y ameaxs ((FF = Tufl1)(sh, a,0)*<O(LA]|BIB),

(c) Pr(Q*) € C",

where st denotes the state at step h collected following 7 until step h in the it™ outer iteration.

Proof. To prove (a), we only need to redefine the filtration § 5 in Appendix C.3.1 to be the filtration induced by

{24, 2, H}l 1 Where 2}, = (s}, a}, b}), and repeat the arguments therein Verbatlm Slmllarly, for (b) we only need
to redeﬁne St,h in Appendix C.3.1 to be the filtration induced by {2%,7%,. .., 24, vy Hot ULzt rt, 2 k1L sh )
And the proof of (c) is the same as that of Lemma C.6 in Appendix C.3.2. O

Proof of Theorem B.2. The regret can be decomposed into two terms

K K K .
Z(V1 s1) — vt ) Z(Vl s1) — vt )+Z(V“’ v ’T(sl)).

k=1 k=1 k=1
(4) (B)

By Proposition E.2, (B) can be upper bounded by with high probability,

i(V“ M) = v (1)) < 0 (HVJAIBIKS - dimyse (F, 1/K) )

k=1
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So it remains to control (A). By minicking the proof of Theorem 4.8, we have
k I/k
Vit(s1) =W (s1)]

k Kk
<D Wpkals) =V (s1)] + Kereal

M=

Enr [Vie n(sn) = ma(Sh, an,bn) — Ve a1 (sn1)] + Kereal

>
Il
—

B {rnyln ]D)u;ifoI]zc(Sh) - 77Lf}lf+1(5hv Qh, bh)] + Keéreal

=
Il
—

M=

IN

Eﬂ'k [f]l—f(shy Qp, bh) - ﬁlfll—f+1(5ha Qap, bh)} + Ksreal

i
1

1 T 1 T 1

M=

Eﬂk |:(f}]; - Eff]f+1)(8h7a7b)|(a7b) ~ MZ X ka7f~k,h:| + Keéreal

=
Il
—_

IN

M=

E (/5 = Tk (shsab)l(a,b) ~ ik x v oy | + O (VEHIog(KHS)) + Kevear
h

Il
-
~
Il

1

where the expectation in the second last line is over s;, ~ 7% and (a,b) ~ ,uZ X Vik fi o the expectation in the last line is
only over (a,b) ~ u¥ x v fx i, conditioning on sp, being fixed as s¥, and the definition of vy ; is introduced in Section 4.

By Jensen’s inequality and Lemma E.3 (b), we have for all k € [K]

k 2
S (B[ = Tt (s 0.b) | (@,6) ~ i x v ] )
t=1
k
<SR[ = Tadkn) (sho00) [ (00) ~ ph X v oy
t=1
k
<> D N = Tafk) (shea,b) < O (JA]IBIB) .
t=1

(a,b)e AxB

So we can apply Lemma C.1 with G = H £ j, (here, H r refers to the one introduced in Definition B.1), Il = Da j, e = 1/K
and obtain

K
; B[ = Tadhn)(shy a,b) | (a,8) ~ i x v |

S\/|AHB|5 . dimDE(H]:,hapA,hy 1/K) . K.

Similarly by using Lemma E.3 (a), we can show

K

>

k=1

g\/\AHBIﬁ - dimpg (Hrp, Drp, 1/K) - K.

]Eﬂ'k |:(f}lf - 77Lf}’f+1)(sh7a’) b) ‘ (aab) ~ ,u’;cz X ka’fk,h:H

Putting all relations together completes the proof. O
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By an standard online-to-batch reduction, we can also prove the sample complexity guarantee.

Proof of Corollary B.3. We proceed as in the proof of Theorem B.2 but take w = ¢/ H (instead of w = 1/K) every time we
incur Lemma C.1.

Theorem B.2 essentially shows

K K
Z(v1 s1) — VI (s ) Z(kal 51) V{‘k’”k(sl)) < O(H/KB - | A||B| dimyss(F, ¢/ H) + Ke).

k=1 k=1

Proposition E.2 essentially shows

k Vk Lk,
(V" (s1) = (o)

M 11

IN

(Vlﬂkv”k(s ) — mlnD#le,fl (81)>
k

—

<O(H\/KB - |A||B| dimvype(F, e/H) + Ke).

Comparing with the form in Theorem 4.4, now we have an additional O(K¢) term, since we take w = ¢/H when incurring
Lemma C.1.

Putting them together and noticing by definition vt = Vix 1(s1) and V" = min, Dyr sy fF(s1), we can get

K
Z V" - vh <o \/|A\|B| dimvygg(F, ¢/H)Kf + €),
k:

with probability at least 1 — 8, where 3 = ¢ - (log(K H|F||G|/6) + Ke2,,,, + KeZ.n)-

By pigeonhole prinple, there must exist some & s.t.

V' — vk < A =¢(H\/|A||B| dimype(F, ¢/ H)B/K +¢).

Therefore, the output condition must be satisfied by some k € [K].
To make the right hand side order O(e + H \/ﬁ(areal + €comp) ), it suffices to take

K > Q((H?d/€®) - log(H|F||G|d/e)),

where d = dimvypg(F, ¢/ H). O



