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Abstract

Model-based reinforcement learning (RL), which finds an optimal policy after establishing
an empirical model, has long been recognized as one of the cornerstones of RL. It is espe-
cially suitable for multi-agent RL (MARL), as it naturally decouples the learning and the
planning phases, and avoids the non-stationarity problem when all agents are improving
their policies simultaneously. Though intuitive and widely-used, the sample complexity of
model-based MARL algorithms has not been fully investigated. In this paper, we aim to ad-
dress the fundamental question about its sample complexity. We study arguably the most
basic MARL setting: two-player discounted zero-sum Markov games, given only access to
a_generative model. We show that model-based MARL achieves a sample complexity of
O(|S||Al|B|(1 — v)~3¢=2) for finding the Nash equilibrium (NE) value up to some € error,
and the e-NE policies with a smooth planning oracle, where 7y is the discount factor, and
S, A, B denote the state space, and the action spaces for the two agents. We further show
that such a sample bound is minimaz-optimal (up to logarithmic factors) if the algorithm
is reward-agnostic, where the algorithm queries state transition samples without reward
knowledge, by establishing a matching lower bound. This is in contrast to the usual reward-
aware setting, where the sample complexity lower bound is Q(|S|(|A| + |B|)(1 — ) 3e2),
and this model-based approach is near-optimal with only a gap on the |A[, |B| dependence.
Our results not only illustrate the sample-efficiency of this basic model-based MARL ap-
proach, but also elaborate on the fundamental tradeoff between its power (easily handling
the reward-agnostic case) and limitation (less adaptive and suboptimal in |A|, |B|), which
particularly arises in the multi-agent context.
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1. Introduction

Recent years have witnessed numerous successes of reinforcement learning (RL) in many
applications, e.g., playing strategy games (OpenAl, 2018; Vinyals et al., 2019), playing the
game of Go (Silver et al., 2016, 2017), autonomous driving (Shalev-Shwartz et al., 2016),
and security (Nguyen and Reddi, 2019; Zhang et al., 2019b). Most of these successful
applications involve more than one decision-maker, giving birth to the surging interests and
efforts in studying multi-agent RL (MARL) recently, especially on the theoretical side (Wei
et al., 2017; Zhang et al., 2018a; Sidford et al., 2020; Zhang et al., 2019a; Xie et al., 2020;
Shah et al., 2020; Bai and Jin, 2020; Bai et al., 2020). See also comprehensive surveys on
MARL in Busoniu et al. (2008); Zhang et al. (2021a); Nguyen et al. (2020).

In general MARL, all agents affect both the state transition and the rewards of each
other, while each agent may possess different, sometimes even totally conflicting objectives.
Without knowledge of the model, the agents have to resort to data to either estimate the
model, improve their own policy, and/or infer other agents’ policies. One fundamental chal-
lenge in MARL is the emergence of non-stationarity during the learning process (Busoniu
et al., 2008; Zhang et al., 2021a): when multiple agents improve their policies concurrently
and directly using samples, the environment becomes non-stationary from each agent’s per-
spective. This has posed great challenge to development of effective MARL algorithms based
on single-agent ones, especially model-free ones, as the condition for guaranteeing conver-
gence in the latter fails to hold in MARL. One tempting remedy for this non-stationarity
issue is the simple while intuitive method — model-based! MARL: one first estimates an
empirical model using data, and then finds the optimal, more specifically, equilibrium poli-
cies in this empirical model, via planning. Model-based MARL naturally decouples the
learning and planning phases, and can be incorporated with any black-box planning algo-
rithm that is efficient, e.g., value iteration (Shapley, 1953) and (generalized) policy iteration
(Patek, 1997; Pérolat et al., 2015). More importantly, after estimating the model, this ap-
proach can potentially handle more than one MARL tasks with different reward functions
but a common transition model, without re-sampling the data. Being able to handle this
reward-agnostic case greatly expands the power of such a model-based approach.

Though intuitive and widely-used, rigorous theoretical justifications for these model-
based MARL methods are relatively rare. In this work, our goal is to answer the following
standing question: how good is the performance of this naive “plug-in” method in terms
of non-asymptotic sample complexity? To this end, we focus on arguably the most basic
MARL setting since Littman (1994): two-player discounted zero-sum Markov games (MGs)
with simultaneous-move agents, given only access to a generative model. This generative
model allows agents to sample the MG, and query the next state from the transition process,
given any state-action pair as input. The generative model setting has been a benchmark
in RL when studying the sample efficiency of algorithms (Kearns and Singh, 1999; Kakade,
2003; Azar et al., 2013; Sidford et al., 2018; Agarwal et al., 2019a). Indeed, this model
allows for the study of sample-based multi-agent planning over a long horizon, and helps

1. Note that we here follow the convention of model-based approach in the generative model setting (Azar
et al., 2013; Agarwal et al., 2019a; Li et al., 2020), which separates these two stages explicitly. In general,
model-based RL approaches do not have to separate the two stages, see e.g., Bayesian RL (Ghavamzadeh
et al., 2015), and model-based RL in online exploration settings (Azar et al., 2017; Bai and Jin, 2020).
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develop better understanding of the statistical properties of the algorithms, decoupled from
the exploration complexity.

Motivated by recent minimax optimal complexity results for single-agent model-based
RL (Agarwal et al., 2019a), we address the question above with a positive answer: the
model-based MARL approach can achieve near-minimax optimal sample complexity — in
terms of dependencies on the size of the state space, the horizon, and the desired accuracy
— for finding both the Nash equilibrium (NE) value and the NE policies. We also provide
a separation in the achievable sample complexity, unique to the multi-agent setting, where,
with regards to the dependencies on the number of actions, the naive model-based approach
is sub-optimal. A detailed description is provided next.

Contributions. We establish the sample complexities of model-based MARL in zero-
sum discounted Markov games, when a generative model is available. First, observing
that the sampling process in this setting is agnostic to the reward function, we distinguish
between two algorithmic frameworks: reward-aware and reward-agnostic cases, depending
on whether the reward is revealed before or after the sampling. The model-based approach
can inherently handle both cases, especially the latter case with multiple reward functions,
without re-sampling the data. Second, by establishing lower bounds for both cases, we show
that there is indeed a separation in sample complexity, which is unique in the multi-agent
setting. Third, we show that up to some logarithmic factors, the model-based approach
is indeed minimax optimal in all parameters in the more challenging reward-agnostic case,
and has only a gap on the |A|,|B| (both agents’ action space size) dependence in the
reward-aware case. This separation and the (near-)minimax results have not only justified
the sample efficiency of this simple approach, but also highlighted both its power (easily
handling multiple reward functions known in hindsight) and its limitation (less adaptive and
can hardly achieve optimal complexity with reward knowledge), particularly arising in the
multi-agent RL context. These results are first-of-their-kind in model-based MARL, and
among the first (near-)minimax results in general MARL, to the best of our knowledge. We
also believe that this separation may shed some light on the choice of model-free and model-
based approaches in various MARL scenarios in practice, and provide new understandings
for algorithm-design in other MARL settings, e.g., with no generative model, and going
beyond two-player zero-sum MGs.

Related Work. Stemming from the formative work Littman (1994), MARL has been
mostly studied under the framework of Markov games (Shapley, 1953). There has been
no shortage of provably convergent MARL algorithms ever since then (Littman, 2001; Hu
and Wellman, 2003; Greenwald et al., 2003). However, most of these early results are Q-
learning-based (thus model-free) and asymptotic, with no sample complexity guarantees.
To establish non-asymptotic results, Pérolat et al. (2015); Pérolat et al. (2016a,b); Fan et al.
(2019); Zhang et al. (2018b) have studied the sample complexity of batch model-free MARL
methods. There are also increasing interests in policy-based (thus also model-free) methods
for solving special MGs with non-asymptotic convergence guarantees (Pérolat et al., 2018;
Srinivasan et al., 2018; Zhang et al., 2019a). No result on the (near-)minimax optimality of
these complexities has been established prior to the present work.

Specific to the two-player zero-sum setting, Jia et al. (2019) and Sidford et al. (2020)
have considered turn-based MGs, a special case of the simultaneous-move MGs considered
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here, with a generative model. Specifically, Sidford et al. (2020) established near-optimal
sample complexity of O((1 — v)73¢~2) for a variant of Q-learning for this setting. More
recently, Bai and Jin (2020); Xie et al. (2020) have established both regret and sample com-
plexity guarantees for episodic zero-sum MGs, without a generative model, with focus on
efficient exploration. The work in Shah et al. (2020) also focused on the turn-based setting,
and combined Monte-Carlo Tree Search and supervised learning to find the NE values. In
contrast, model-based MARL theory has relatively limited literature. Brafman and Ten-
nenholtz (2002) proposed the R-MAX algorithm for average-reward MGs, with polynomial
sample complexity. Wei et al. (2017) developed a model-based upper confidence algorithm
with polynomial sample complexities for the same setting. These methods differ from ours,
as they are either specific model-free approaches, or not clear yet if they are (near-)minimax
optimal in the corresponding setups. Concurrent to our work, Bai et al. (2020) developed
model-free algorithms with near-optimal sample complexities in episodic settings without a
generative model. The results are optimal in |S|, |Al,|B| dependence, but not in the hori-
zon H. Finally, we note that MARL in Markov games is not restricted to the competitive
setting of two-player zero-sum, and the studies in (multi-player) cooperative/potential set-
tings (Leonardos et al., 2021; Zhang et al., 2021b; Ding et al., 2022; Sayin et al., 2022) and
general-sum settings (Hu and Wellman, 2003; Liu et al., 2021; Jin et al., 2021; Mao et al.,
2022) also exist, and is not the focus of the present paper.

In the single-agent regime, there has been extensive literature on non-asymptotic effi-
ciency of RL in MDPs; see Kearns and Singh (1999); Kakade (2003); Strehl et al. (2009);
Jaksch et al. (2010); Azar et al. (2013); Osband and Van Roy (2014); Dann and Brunskill
(2015); Azar et al. (2017); Wang (2017); Sidford et al. (2018); Jin et al. (2018); Li et al.
(2020). Amongst them, we highlight the minimax optimal ones: Azar et al. (2013) and
Azar et al. (2017) have provided minimax optimal results for sample complexity and regret
in the settings with and without a generative model, respectively. Specifically, Azar et al.
(2013) has shown that to achieve the e-optimal value in Markov decision processes (MDPs),
at least Q(|S||A|(1 —v)~3¢~2) samples are needed, for € € (0,1]. They also showed that to
find an e-optimal policy, the same minimax complexity order in 1 —+ and € can be attained,
if € € (0,(1 —~)~Y2|S|7'/?] and the total sample complexity is O(|S|?|A|), which is in
fact linear in the model size. Later, Sidford et al. (2018) has proposed a Q-learning based
approach to attain this lower bound and remove the extra dependence on |S|, for € € (0, 1].
More recently, Agarwal et al. (2019a) developed new techniques based on absorbing MDPs,
to show that model-based RL also achieves the lower bound for finding an e-optimal policy,
with a larger e range of (0, (1 —~)~'/2]2. Finally, our separation of the reward-agnostic case
is motivated by the recent novel framework of reward-free RL in Jin et al. (2020).

2. Preliminaries

Zero-Sum Markov Games. Consider a zero-sum MG? G characterized by (S, A, B, P,,7),
where S is the state space; A, B are the action spaces of agents 1 and 2, respectively;

2. While preparing the present work, Li et al. (2020) has further improved the minimax optimal results in
Agarwal et al. (2019a), in that they cover the entire range of sample sizes. We believe the improvement
can also be incorporated in the MARL setting here, which is left as our future work.

3. We will hereafter refer to this model simply as a MG.
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P:S8 x AxB— A(S) denotes the transition probability of states; r: S x A x B — [0, 1]
denotes the reward function? of agent 1 (thus —r is the bounded reward function of agent
2); and v € [0,1) is the discount factor. The goal of agent 1 (agent 2) is to maximize
(minimize) the long-term accumulative discounted reward. In MARL, the agents aim to
achieve this goal using data samples collected from the model.

At each time ¢, agent 1 (agent 2) has a stationary (not necessarily deterministic) policy
w:S — A(A) (v:S — A(B)), where A(X) denotes the space of all probability measures
over X, so that a; ~ u(-|s¢) (by ~ v(-]st)). The state makes a transition from s; to s;41
following the probability distribution P(-| s, ay,b;), given (ag,by). As in the MDP model,
one can define the state-value function under a pair of joint policies (u,v) as

VEY(8) = gyl 50),bemr(- | 52) [thr(st, a,by) | so = s] .
t>0

Note that V#¥(s) € [0,1/(1—~)] for any s € S asr € [0, 1], and the expectation is taken over
the random trajectory produced by the joint policy (i, v). Also, the state-action/Q-value
function under (u,v) is defined by

QM (5,0,0) := Eq,op( | 50),bsmv(-] s2) {thr(st, ag, by)
t>0

sozs,aoza,bozb}

The solution concept considered is the (approximate) Nash equilibrium, as defined below.

Definition 1 ((e-)Nash Equilibrium) For a zero-sum MG (S, A, B, P,r,7), a Nash equi-
librium policy pair (u*,v*) satisfies the following pair of inequalities® for any s € S,
p e AA)S! and v e AB)IS]

VIV (5) S VIV (5) S VIV (s). (1)
If (1) holds with some € > 0 relazation, i.e., for some policy (u', 1), such that
VI (s) —e SV () S VI (s) + e, (2)

then (u',v') is an e-Nash equilibrium policy pair.

By Shapley (1953); Patek (1997), there exists a Nash equilibrium policy pair (u*,v*) €
A(A)ISI % A(B)IS! for two-player discounted zero-sum MGs. The state-value V* := V#" V"
is referred to as the value of the game. The corresponding Q-value function is denoted by
Q*. The objective of the two agents is to find the NE policy of the MG, namely, to solve
the saddle-point problem

maxmin V*(s), (3)
o v

for every s € S, where the order of max and min can be interchanged (Von Neumann et al.,

1953; Shapley, 1953). For notational convenience, for any policy (u,v), we define
VHA* = min VA V* = max V#, (4)

v 1

and denote the corresponding optimizers by v(u) and u(v), respectively. We refer to these
values and optimizers as the best-response values and policies, given p and v, respectively.

4. Our results can be generalized to other ranges of reward function by a standard reduction, see e.g.,
Sidford et al. (2018), and randomized reward functions.
5. In game theory, this pair is commonly referred to as saddle-point inequalities.
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Reward-Aware v.s. Reward-Agnostic. We first differentiate between two algorithmic
mechanisms in the generative-model setting. In the reward-aware case, the reward function
is either known to the agents (Azar et al., 2013; Sidford et al., 2018; Agarwal et al., 2019a;
Sidford et al., 2020; Li et al., 2020), or can at least be estimated from data. The reward
knowledge can thus be used to potentially guide the sampling process, making the algorithm
adaptive. In the reward-agnostic case, reward knowledge is not used to guide sampling, and
is possibly only revealed after the sampling. This especially fits in the scenario when there
is more than one reward function of interest, or when the reward function is engineered
iteratively, since it can now handle a class of reward functions that are not pre-specified,
without re-sampling the data for each of them. Existing works in single-agent settings
have no such a separation (Azar et al., 2013; Sidford et al., 2018; Agarwal et al., 2019b;
Li et al., 2020), as the sample complexity of estimating the reward function is typically
of lower order, and the reward function is thus assumed to be known. In particular, the
model-based approaches in Azar et al. (2013); Agarwal et al. (2019b); Li et al. (2020) are
reward-agnostic, while the model-free approaches in Sidford et al. (2018, 2020) are reward-
aware. Interestingly, in two-agent Markov games, whether the reward is known beforehand
or not may lead to different sample complexity lower-bounds, as we will see in §3.1. We
thus point out this separation here for clarity.

Remark 2 (Reward-Agnostic & Reward-Free) The reward-agnostic case we advocate
here is closely related to the recent novel algorithmic framework of reward-free RL (Jin
et al., 2020), where there are also two phases, exploration and planning, while trajectories
are only collected in the exploration phase, without any reward knowledge, and various
reward functions are fed to the algorithm for evaluation in the planning phase. One key
difference is that the reward-free setting aims to be effective for all reward function in the
planning phase simultaneously, while the reward-agnostic setting only focuses on handling
the underlying single-reward (or a few, e.g., polynomial number of, reward functions) that is
not pre-specified. Being less general than the pure reward-free setting, the sample complezity
bounds are thus possibly better, as we will show in §5.

Model-Based Approach with Generative Model. As a standard setting, suppose
that we have access to a generative model/sampler, which can provide us with samples
s’ ~ P(-|s,a,b) for any (s,a,b). The model-based MARL algorithm simply calls the sampler
N times at each state-joint-action pair (s, a,b), and constructs an empirical estimate of the
transition model P, denoted by ]3, following

count(s’, s, a,b)

P(s' | s,a,b) = N

Here count(s’, s, a,b) is the number of times the state-action pair (s, a,b) forces a transition
to state s’. Note that the reward function is not estimated, in either the reward-aware or
reward-agnostic cases, as for the former, the sample complexity of estimating r is only a
lower order term, and 7 is thus typically assumed to be known (Azar et al., 2013; Sidford
et al., 2018; Agarwal et al., 2019a; Li et al., 2020); while for the latter, no reward information
is even available in the sampling processes. This model-based approach via estimating P
inherently handles both cases. Such a model-estimation can be implemented by both agents
independently.
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Planning Oracle. The reward function, together with the empirical transition model
P and the components (S, A, B,~) in the true model G, constitutes an empirical game
model G. As in Azar et al. (2013); Agarwal et al. (2019a); Jin et al. (2020); Li et al.
(2020) for single-agent RL, we assume that an efficient planning oracle is available, which
takes G as input, and outputs a policy pair (z,7). This oracle decouples the statistical
and computational aspects of the empirical model G. The output policy pair, referred
to as being near-equilibrium, is assumed to satisfy certain e,y-order of equilibrium, in
terms of value functions, and we evaluate the performance of (ji,7) on the original MG
G. Common planning algorithms include value iteration (Shapley, 1953) and (generalized)
policy iteration (Patek, 1997; Pérolat et al., 2015), which are efficient in finding the (e-)NE
of G. In addition, it is not hard to have an oracle that is smooth in generating policies,
i.e., the change of the approximate NE policies can be bounded by the changes of the NE
value. See our Definition 7 later for a formal statement. Finally, we note that our definition
of model-based approach in the generative-model-setting follows from that in (Azar et al.,
2013; Agarwal et al., 2019a; Li et al., 2020), which separates these two stages explicitly.
In general, model-based RL approaches do not have to separate the two stages, see e.g.,
Bayesian RL (Ghavamzadeh et al., 2015), and model-based RL in online exploration settings
(Azar et al., 2017; Bai and Jin, 2020).

3. Main Results

We now introduce the main results of this paper. For notational convenience, we use ‘A/W’,
17“7*, adsd , and V* to denote the value under (1, v), the best-response value under p and
v, and the NE value, under the empirical game model QA , respectively. A similar convention
is also used for Q-functions.

3.1 Lower Bounds

We first establish lower bounds on both approximating the NE value function and learning
the e-NE policy pair, in both reward-aware and reward-agnostic cases.

Lemma 3 (Lower Bound for Reward-Aware Case) Let G be an unknown zero-sum
MG, and the agents learn in a reward-aware case, i.e., the reward knowledge is available
during sampling. Then, there exist €y,00 > 0, such that for all € € (0,€p), 6 € (0,00),
the sample complexity of learning an e-NE policy pair, or an e-approximate NE value, i.e.,

finding a Q such that HQ Q"o < € for G, with a generative model with probability at least
1=, is Q(IS|(|A] +B)(1 — )2 2log(1/3)).

The proof of Lemma 3, via a straightforward adaptation from the lower bounds for MDPs
(Azar et al., 2013; Feng et al., 2019), is provided in §A.1. In particular, one can design a
two-player zero-sum Markov game such that one of the players is dummy — she has no
control on the reward nor the transition dynamics. Then, the existing lower bound in Azar
et al. (2013); Feng et al. (2019) for MDPs leads to the desired result. Note that as in Azar
et al. (2013); Sidford et al. (2018, 2020); Agarwal et al. (2019a); Li et al. (2020), the reward
function is known in this case. As we will show momentarily, our sample complexity is tight
in 1 — v and |S|, while has a gap in |A|, |B| dependence (O(|.A||B]) versus Q(|.A| + |B])). In
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§A.1, we discuss that the Q(|.A|+|B|) lower bound may not be improved in this reward-aware
case, and might be attainable by model-free algorithms instead (as O(].A||B|) is inherent in
model-based approaches due to estimating P). Interestingly, in the concurrent work Bai
et al. (2020), under a different MARL setting, such an Q(|].A| + |B|) complexity is indeed
shown to be attainable by a model-free algorithm with online updates.

On the other hand, note that our model-based approach can inherently also handle the
more challenging reward-agnostic case. Indeed, estimating the transition model P seems
a bit of an overkill for the reward-aware case, in terms of sample complexity. A natural
two-part question then becomes: what is the sample complexity lower bound in this more
challenging reward-agnostic case, and can the model-based approach attain it? We formally
answer the first part of the question in the following theorem, whose proof is deferred to
§A.2, and answer the second part in §3.2 and §3.3.

Theorem 4 (Lower Bound for Reward-Agnostic Case) Let G be an unknown zero-
sum MG, and the agents learn in a reward-agnostic case, i.e., they first call the generative
model for sampling, without reward knowledge, and then are fed with the reward function
rin G, for finding either an e-NE policy pair, or an e-approximate NE value for G. Then,
there exist €g,00 > 0, such that for all € € (0,€p), 0 € (0,dp), the sample complezity of
achieving either goal with probability at least 1 — ¢, is
a( S48, e (1),

(1—=7)%€ g

Compared to Lemma 3, the dependence on |A|, |B| is increased from Q(|A| + |B|) to
Q(|A||B]). Several remarks are now in order. First, this suggests that without guidance
from the reward, the reward-agnostic case can be more challenging to tackle. The intuition
is that, when the reward is only given in hindsight, which might be chosen adversarially,
costs the algorithm to at least sample at all |A||B| elements in the Q-value Q(s,-,) at
each state s often enough. Second, when reduced to the single-agent setting (e.g., with
|B| = 1), such a separation disappears, showing its unique emergence in the multi-agent
setting, and explaining why these two cases were not differentiated explicitly in the single-
agent literature. Third, this lower bound is also related to the reward-free setting (Jin et al.,
2020) with a single unknown reward (not infinitely many as in Jin et al. (2020)).

The basic intuition regarding the separation between the lower bounds in reward-aware
and reward-agnostic cases, when compared to the single-agent setting (where there is no such
a separation), is the insensitivity of Nash equilibrium (NE) to the changes in payoff matrices
in two-player zero-sum games (Jansen, 1981). In particular, NE in general depends on the
joint behavior and preferences of both agents. Specifically, to construct the lower bound
(even in the single-agent case, see e.g., Azar et al. (2013); Feng et al. (2019)), we needed
to carefully perturb the Q-value function at each state-action pair of some null hypothesis
instance, so that the solution (which is the mazimum in the single-agent case, and Nash
equilibrium in the multi-agent case) is also changed in the perturbed alternative hypothesis
cases. Hence, for each alternative hypothesis case, we need to change the NE by only
changing O(1) elements in the payoff matrix, i.e., the Q-value table. In the reward-aware

setting, since the reward is known (or can be estimated accurately with negligible sample
complexity), we can only perturb the transition matriz to perturb the Q-value table, which
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share the same size (i.e., the degree-of-freedom). Due to the insensitivity, we can hardly
construct ©(|.A||B|) different hard cases (as needed to construct a Q(].A||B|) lower bound)
while by only perturbing O(1) elements in the transition matrix in each case. Note that
such a perturbation can be effective in the single-agent MDP setting, as by only perturbing
one element in the transition matrix, the maximum of the Q-value can be changed, see e.g.,
Azar et al. (2013); Feng et al. (2019).

In contrast, in the reward-agnostic setting, the reward information is given after the
sampling phase and the estimation of the model. This way, more freedom is allowed to
construct O(|.A||B|) different hard cases, by adversarially choosing the reward function
afterwards. In particular, the Q-value will be affected by both the transition matrix and
the reward, and with polynomial number of reward functions, we were able to construct
Q-value tables in ©(|.A||B|) different hard cases. Note that taking a union bound over the
polynomial number of reward functions do not affect the total sample complexity, as it is still
dominated by the sample complexity of estimating the transition matrix. In other words,
the freedom of constructing and perturbing the reward functions adversarially afterwards
forces the algorithm to estimate all the elements in the transition matrix well, in order
to handle the reward-agnostic setting. This has been inherently done by our model-based
approach. We defer more details about the lower bounds comparison in Appendix A.

3.2 Near-Optimality in Finding e-Approximate NE Value

We now establish the near-minimax optimal sample complexities of model-based MARL.
Note that theses results apply to both reward-aware and reward-agnostic cases, as the
implementation of our model-based approach does not rely on the reward function. We
start by showing the sample complexity to achieve an e-approximate NE value.

Theorem 5 (Finding e-Approximate NE Value) Suppose that the policy pair (1, 7) is
obtained from the Planning Oracle using the empirical model G, which satisfies

VA7 =V [loo < €opt-

Then, for any § € (0,1] and € € (0,1/(1 —~)'/?], if

N > log [eISIIAIBI(L —7) %5
- (1—7)3e

for some absolute constant c, it holds that with probability at least 1 — 4§,

"~ @)l < 5 + 2

o~ o~ " gfyeopt
Hv 7
oo — 3 1_,.)/’ HQ QHooge—"_ '7.

1—

Theorem 5 shows that if the planning error €,,; is made small, e.g., with the order of
O((1—=+)e), then the Nash equilibrium Q-value can be estimated with a sample complexity
of O(|S||Al|B|(1 — ~)~3¢2), as N queries are made for cach (s, a,b) pair. This planning
error can be achieved by performing any efficient black-box optimization technique over
the empirical model G. Examples of such oracles include value iteration (Shapley, 1953)
and (generalized) policy iteration (Patek, 1997; Pérolat et al., 2015). Moreover, note that,
in contrast to the single-agent setting, where only a max operator is used, a min max (or
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max min) operator is used in these algorithms, which involves solving a matriz game at
each state. This can be solved as a linear program (Osborne and Rubinstein, 1994), with
at best polynomial runtime complexity (Grotschel et al., 1981; Karmarkar, 1984). This in
total leads to an efficient polynomial runtime complexity algorithm.

As per Lemma 3, our O(|S||A||B|(1 —v)~3¢~2) complexity is near-minimax optimal for
the reward-aware case, in that it is tight in the dependence of 1 —  and |S|, and sublinear
in the model-size (which is |S|?|.A||B]). However, there is a gap on the |A|, |B| dependence
(O(|.A]|B|) versus O(|.A|+|B])). Unfortunately, without further assumption on the MG, e.g.,
being turn-based, the model-based algorithm can hardly avoid the O(|S||.A||B|) dependence,
as it is required to estimate each P(-|s,a,b) accurately to perform the planning. It is only
minimax-optimal if the action-space size of one agent dominates the other’s (e.g., | A| > |B]).

In the reward-agnostic case, as per Theorem 4, O(|S||A||B|(1 — v) 3¢2) is indeed
minimax-optimal, and is tight in all |S|, | A, |B| and 1 — v dependence. More significantly,
in this case, more than one reward functions can be handled simultaneously, as long as
the transition model is estimated accurately enough. Specifically, with M reward func-
tions, by letting § = 6/M in Theorem 5 and using union bounds, the sample complex-
ity of finding e-approximate NE value corresponding to all M reward functions becomes
O(log(M)|S||A||B|(1 —~v)~3¢2), which, with M being polynomial in |S|, |A|, |B|, is of the
same order as that in Theorem 5.

However, this (near-)optimal result does not necessarily lead to near-optimal sample
complexity for obtaining the e-NE policies. We first use a direct translation to obtain such
an e-NE policy pair based on Theorem 5, for any Planning Oracle.

Corollary 6 (Finding e-NE Policy) Let (ji,v) and N satisfy the conditions in Theorem
5. Let

~ 2 9
6::7'<6+M)7
1—7x 1—7x

and (1, V) be the one-step Nash equilibrium of Q\ﬁ,ﬁ} namely, for any s € S

w(-1s),v(-]s)) € argmax min Egype @7’9 s,a,b)|.
(FC15)7(19) € argmas i B g [ Q75 0,0)

Then, with probability at least 1 — 6,
VY — 28 SV S VI 4 0, (5)
namely, (i, V) constitutes a 2€-Nash equilibrium policy pair.

Corollary 6 is equivalently to saying that the sample complexity of achieving an e-
NE policy pair is 6((1 —)7%e72). This is worse than the model-based single-agent setting
(Agarwal et al., 2019a), and also worse than both the model-free single-agent (Sidford et al.,
2018) and turn-based two-agent (Sidford et al., 2020) settings, where O((1 — ) 3¢~2) can
be achieved for learning the optimal policy. This also has a gap from the lower bound in
both Lemma 3 and Theorem 4. Note that the above sample complexity still matches that
of the Empirical QVI in Azar et al. (2013) if € € (0, 1] for single-agent RL, but with a larger
choice of € of (0, (1 —~)~1/2]. As the Markov game setting is more challenging than MDPs,

10
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it is not clear yet if the lower bounds in Lemma 3 and Theorem 4 in finding e-NE policies
can be achieved, using a general Planning Oracle. In contrast, we show next that a stable
Planning Oracle can indeed (almost) match the lower bounds.

3.3 Near-Optimality in Finding e-NE Policy

Admittedly, Corollary 6 does not fully exploit the model-based approach, since it finds the
NE policy according to the Q-value estimate @’7 v instead of using the output policy pair
(11, v) directly. This loses a factor of 1 —~. To improve the sample complexity of obtaining
the NE policies, we first introduce the following definition of a smooth Planning Oracle.

Definition 7 (Smooth Planning Oracle) A smooth Planning Oracle generates poli-
cies that are smooth with respect to the NE Q-values of the empirical model. Specifically,
for two empirical models G and 32, the generated near-equz’librium policy pair (fi1, 1)
and (fi2,V2) satisfy that for each s € S, ||pi(-]s) — p2(-|s)||ry < C - HQl Qz”oo and
171+ ) = Da- | $)|lov < C - |QF — Qb los for some constan16 C > 0, where Q* is the NE

Q-value of G; fori=1,2, and || - |7y is the total variation distance.

Such a smooth Planning Oracle can be readily obtained in several ways. For example,
one simple (but possibly computationally expensive) approach is to output the average over
the entire policy space, using a softmax randomization over best-response values induced
by @* Specifically, for agent 1, the output j is given by

exp (,min Eoupmo[Q(5,0,)]/7)

il = [ e
A) Jaga e ( o200 B b [Q*(s,a,b)] /7)du’

where 7 > 0 is some temperature constant. The output of U is analogous. With a small

enough 7, 11 approximates the exact solution to argmax min Eg;, py [Q (s,a,b)], the NE
ueA(A) YEA(B)

policy given @* Moreover, notice that i satisfies the smoothness condition in Definition

7. This is because for each u € A(A) in the integral: i) the softmax function is Lipschitz

continuous with respect to 19nrii}aB : Eqmu,b [Q (s,a, b)] with Lipschitz constant 1/7 (Gao
€

and Pavel, 2017); ii) the best-response value ﬂmlgg) Equbro [Q (s,a,b)] is smooth with
€A

respect to @* Thus, such an oracle is an instance of a smooth Planning Oracle.
Another more tractable way to obtain (i, V) is by directly solving a regularized matrix
game induced by Q*. Specifically, one solves

G(-18).9(-18)) = Eomupos |[Q*(s,a,0)] — 71Q Q2(9), (6
(1(-19),7(-1s)) = iregf(ljﬁg&) bt [Q7(5,a,0)] — 7191 (u) + 7202(9),  (6)

for each s € S, where (); is the regularizer for agent ¢’s policy, usually a strongly convex
function, 7; > 0 are the temperature parameters. This strongly-convex-strongly-concave

6. We allow C to depend polynomially on |A|, |B|, which, as we will show later, does not affect the sample
complexity as it appears as log C.

11
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saddle point problem admits a unique solution, and can be solved efficiently (Facchinei and
Pang, 2007; Cherukuri et al., 2017; Liang and Stokes, 2019). This regularization has been
widely used in both single-agent MDPs (Neu et al., 2017; Haarnoja et al., 2018; Chow et al.,
2018; Geist et al., 2019), and learning in games (Syrgkanis et al., 2015; Mertikopoulos and
Sandholm, 2016; Grill et al., 2019), to improve both the exploration and convergence.

With small enough 7; (with the order of O(e), see §B.1), the solution to (6) will be e-close
to that of the unregularized one (Geist et al., 2019). More importantly, many commonly
used regularizations, including negative entropy (Neu et al., 2017), Tsallis entropy (Chow
et al., 2018) and Rényi entropy with certain parameters (Mertikopoulos and Sandholm,
2016), naturally yield a smooth Planning Oracle; see Lemma 24 in §B.1 for a formal
statement. Note that the smoothness of the oracle does not affect the sample complexity
of our model-based MARL algorithm.

Now we present another theorem, which gives the e-Nash equilibrium policy pair directly,
with the (near-)minimax optimal sample complexity of O(|S||A||B|(1 — ) 3e2).

Theorem 8 (Finding e-NE Policy with a Smooth Planning Oracle) Suppose that the
policy pair ([, V) is obtained from a smooth Planning Oracle using the empirical model G
(see Definition 7), which satisfies

||Vvﬁ’>k - V*Hoo < €opt s ||7V>‘<7a - V*Hoo < €opt -

Then, for any § € (0,1] and € € (0,1/(1 —~)'/?], if

v o 108 [e(C+ DISIAYBI(1 - ) ~46~]
- (1—7)%e

for some absolute constant c, then, letting € := € + 4egpe /(1 — 7y), with probability at least
1-94,

V28 < VIV < VI 4 0g,
namely, (i, V) constitutes a 2€-Nash equilibrium policy pair.

Theorem 8 shows that the sample complexity of achieving an e-NE policy can be near-
minimax optimal for the reward-aware case, and minimax-optimal for the reward-agnostic
case, if a smooth Planning Oracle is used. The dependence on |S| and 1 —~ also matches
the only known near-optimal complexity in MGs in Sidford et al. (2020), with a turn-based
setting and a model-free algorithm. Inherited from Agarwal et al. (2019a), this improves
the second result in Azar et al. (2013) that also has O((1 — 7)~3¢~?) in finding an e-
optimal policy, by removing the dependence on |S \*1/ 2 and enlarging the choice of € from
(0, (1 =)~ Y2|S|~1/2] to (0, (1 — ~)~'/?], and removing a factor of |S| in the total sample
complexity for any fixed e. In addition, Theorem 8 also applies to the multi-reward setting,
as Theorem 5, by taking a union bound argument over all reward functions in the reward-
agnostic case. If the number of reward functions M is of order poly(|S|, |A|, |B|), the sample
complexity of handling multiple reward functions has the same order as that in Theorem 8.

Theorems 5 and 8 together justify that, this simple model-based MARL algorithm is
indeed sample-efficient, in approximating both the Nash equilibrium values and policies.

12
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Moreover, our separation of the reward-aware and reward-agnostic cases highlights both
the power (easily handling multiple reward functions), and the limitation (less adaptive
and can hardly achieve O(]A| + |B|)) of the model-based approach, particularly arising in
the multi-agent RL context.

4. Proofs

We first introduce some additional notation for convenience.

Notation. For a matrix X € R™*"™, X > ¢ for some scalar ¢ € R means that each element
of X is no-less than c. For a vector x, we use (z?), \/z, |z| to denote the component-wise
square, square-root, and absolute value of . We use P )+ to denote the transition
probability P(s'|s,a,b), and P, to denote the vector P(-|s,a,b). We also use P*" to
denote the transition probability of state-action pairs induced by the policy pair (u,v),
which is defined as

Pl (wrary = 1@ |80 [ )P(s' | 5,a.b).

Hence, the Q-value function can be written as
QMY =1 yPRIQM = (I —yP*")"r.
Also, for any V € RISl we define the vector Varp(V) € RISIXIAXIBI ag
Varp(V)(s,a,b) := Varp(.|sa)(V) = P(V)? = (PV)*.
Then, we define E’é” to be the variance of the discounted reward under the MG g, i.e.,
s 2
25" (s,a,0) == E{(Zytr(st, ag,br) — Qg" (s, a, b)) | S0 = 8,a0 = a,by = b|.
t=0

It can be shown (see an almost identical formula for MDPs in (Azar et al., 2013, Lemma
6)) that Eg’y satisfies some Bellman-type equation for any policy pair (u,v):

SEY =47 Varp(VE") + 2P sy (7)

It can also be verified that |S5"[leo < ~?/(1—7)? (Azar et al., 2013; Agarwal et al., 2019a).
Before proceeding further, we provide a roadmap for the proof.

Proof Roadmap. Our proof mainly consists of the following steps:

1. Helper lemmas and a crude bound. We first establish several important lemmas,
including the component-wise error bounds for the final Q-value errors, the variance
error bound, and a crude error bound that directly uses Hoeffding’s inequality. Some
of the results are adapted from the single-agent setting to zero-sum MGs, see Agarwal
et al. (2019a). See §4.1.

13
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2. Establishing an auxiliary Markov game. To improve the crude bound, we build
up an absorbing Markov game, in order to handle the statistical dependence be-
tween P and some value function generated by P which occurs as a product in the
component-wise bound above. By carefully designing the auxiliary game, we estab-
lish a Bernstein-like concentration inequality, despite this dependency. See §4.2, more
precisely, Lemmas 17 and 18.

3. Final bound for ec-approximate NE value. Lemma 17 in Step 2 allows us to
exploit the variance bound, see Lemma 11, to obtain an O(/1/[(1 —~)3]N) order
bound on the Q-value error, leading to a O((1 — ) 3¢2) near-minimax optimal
sample complexity for achieving the e-approximate NE value. See §4.3.

4. Final bounds for ¢-INE policy. Based on the final bound in Step 3, we then
establish a (5((1 — )% 2) sample complexity for obtaining an e-NE policy pair,
by solving an additional matrix game over the output Q-value @’3"7. See §4.4. In
addition, given a smooth Planning Oracle, by Lemma 18 in Step 2, and more
careful self-bounding techniques, we establish a O((1 — 7)~3¢~2) sample complexity
for achieving such an e-NE policy, directly using the output policies (i, 7). See §4.5.

4.1 Important Lemmas
We start with the component-wise error bounds.
Lemma 9 (Component-Wise Bounds) For any policy pair (u,v), it follows that
QMY — QMY =y (I —yPH") (P — P)UI,
A A PR (P = PV < QI Qi < oI =y PRI (P — BT,
L= APRO) P - BT < Q= @ < A(I - APHO) (P - PV,

where we recall that v(p) and p(v) denote the best-response policy given p and v, respectively
(see (4)). Moreover, we have

Q" > Q" = [|Q" = Q" [loo — IQ" = Q"]loc — IQ"" — Q"[loc (8)
QMY < Q"+ Q" = Q" |loo + Q™" = Q7lloe + 1@ = Q"|loc (9)
VA >V — QM = QM oo — [[V** = V7o — IQ" — Q" [loc (10)
V<V Q = Q" oo + IV = Voo + 1@ = Q" [loo- (11)

Proof First, note that

QU = QU = (I =y P Ay = (T =y Py~ = (1 = PR ) (T = 4P = (T =y PR Qe
= (I =P PRV — PRV)QMY = y(I — yPPY)H(P = P)V,

proving the first equation. Also,

QM+ — Qu < QM v Qu * Q#»V/(;) _ @wf/(;)
=(I- ,ypwf(u))* r—(I- 713##//(;))’%
= (1 =y Prr0) (L =y Prr) — (1 =y Pl Qi) = (1 — 4P =L (P — P)ro,

14
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where we recall that V/(/;)( | s) € argmin Vir(s) for all s € S. By similar arguments,
recalling that v(u)(-|s) € argmin V#¥(s) for all s, we have

QH* — Qrr > Qrovim) — Quov(n) — (I —yPHY )=y (] — pyﬁuw(u))*lr
= (- ,yﬁu,l/(u))*l[([ _ ,yﬁuw(u)) —(I- ,Ypu,l/(u))]@uw(u) = (I — Vﬁu,V(u))fl(p _ ﬁ)vu,*.

Similar arguments yield the third inequality in the first argument.
For the second argument, we have

QY —Q =M QT QT QT QM QT QM QT = QM = Qe — 1IQFT — Q7
which, combined with triangle inequality, yields the first inequality. Similarly, we have

QU —Q =Q" - Q +Q - Q <" -Q + Q" —Q <IQ" = Q[ + Q" — Q"loc
Using triangle inequality proves the second inequality. For (10)-(11), we similarly have

L e A AT A (i VAN V2 VAT /S 7 [N [ 74 v [

(12)
V*7V o V* _ V*,V _ ‘7* =+ ‘7* o V* S V*,V _ ‘7* + "/\-*,V _ V* S ||V*,V _ ‘7*”00 + ||‘7—*,1/ _ V*”oo
(13)
Notice that for any u € A(A)IS! and v € A(B)I9],
V“’*—‘/}M* oo:H i an | s),b~ pox ) 7b - i ]EaN | s),b~ Au,* ) 7b H
| | ot Bani )0 91Q"" (-, a,b)] i Easut19)0 9[Q"" (-, a,b)] N
< g | Earp- 1 5),6m0 @ (5 a5 0)] = By 5) 60 (@7 (- @, B)]]| L < [1Q* — Q¥ [loo
(14)
V*V V*V _H Earwu ~V o ) 7b - anu ~v(-]|s Q%" ) 7b H
I oo e bl 5)[@7 (5 a, )] e (-] 9)[Q7 (s D]
< uglAa(};l HEG,Nu b~ (- )[Q 7V(',aab)] — Egnn Jb~v (- |s)[@ ( a b)]HOO < HQ*W - Q\*’V
(15)

Combining (12)-(13) and (14)-(15), together with triangle inequality, we arrive at (10)-(11),
and complete the proof. |

We establish the decomposition in (8)-(9) for the following intuition and reasons. The
error in (8)-(9) contains three terms: the first and third terms [|Q*” — Q|| and Q*los —
||@“ " — Q*|loo are the differences of the Q-value for some policy pairs in the true and
estimated models, respectively, which will be handled later based on the statistical error of
the model estimation; the second term ||@“”’ - @*Hoo is the optimization error we obtained
from the algorithm that solves the empirical game, which will be controlled with an efficient
Planning Oracle. To deal with the statistical errors, we first introduce the following
lemma, which is adapted from Lemma 2 in Agarwal et al. (2019a).

Lemma 10 For any policy pair (p,v) and vector v € RISXIAXIBI (T — yprv)=1y|| o <

[0l /(1 =7)-
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Proof The proof is straightforward. Letting w = (I —yP*") "1, we have v = (I —yP*")w.
Triangle inequality yields ||v]|co > [|w]|oo — V|| P** w00 = ||w]|oo — Y]|w]|co, Which completes
the proof. ]

Next we establish the Bellman property of a policy pair (u,v)’s variance and its accu-
mulation. This has been observed for MDPs before in Munos and Moore (1999); Lattimore
and Hutter (2012); Azar et al. (2012); Agarwal et al. (2019a). We establish the counterpart
for Markov games as follows.

Lemma 11 For any policy pair (u,v) and MG G with transition model P, we have

| =Py Ve ()| < /(1_27)3.

Proof The proof follows that of (Agarwal et al., 2019a, Lemma 3). For any positive vector
v, by Jensen’s inequality, we have

I =P ol = 1= ) =3P ol | =Py
(16)
Also, observe that
T =7P#) Voo = (T = 3 PR (1 = 2 PRI = 22 P) o]
= [[[(I =vP*") " (1 =y + 4 = ¥*PH)(I = > PH") ||
= |[[(1 =) = yP*") 4 41T = *PHY) " 0|
< (L=y||T =vP*) I = ¥*PH) "ol + ]| = ¥*PH) o

1—
= ﬁ”“ =P o+ (=P | < 2| = A7) Tl (1)
Combining (16) and (17) yields
I =) ol < [ 20 = 2Py (18)

In addition, by (7), we have X" = v*(I — 4*P*¥)~! Varp(V{"). Letting v = Varp (V")
in (18) and noticing that [|X§"[|cc < ~*/(1 — )? completes the proof. |

Finally, if we just apply Hoeffding’s inequality, we obtain the following concentration
argument, upon which we will improve to obtain our final results.

Lemma 12 Let (p*,v*) be the Nash equilibrium policy pair under the actual model G.
Then, for any § € (0, 1], with probability at least 1 — 0, we have

Q" = Q" " oo < Asny 1QF = Q" oo < Asny 1Q° — Q" [loo < Mgy, 1Q° — QF[|oe < A,

where

Ao \/210g(2!8||AIIBI/6)
PN =) N
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Proof First note that V* is fixed and independent of the randomness in P. Due to the
boundedness of V* that ||[V*||.c < (1 —~)~!, and the union of Hoeffding bounds over
S x A x B, we have that with probability at least 1 — ¢

PPV < 1; . \/210g(2|S]]\|[A||B|/5)‘ (19)

On the other hand, let 7,, be the Bellman operator under the true transition model P,
using any joint policy (u,v), ie., for any s € S and (s,a,b) € S x A x B, V € RISl and
Q € RISIxIAXIBI,
T (V)(8) = Earp(- 5)bmw(- | 5) [1(5:0,0) + 7 - P(-| s,0,0) V]
E7V(Q)(S7 a, b) = T(S7 a, b) + IEs’NP(~ | s,a,b),a’~p(-|s)b' ~v(-|s") [Q(8/7 a/7 b/)] :

Similarly, let ’71,1, be the corresponding operator defined under the estimated transition P.
Note that Q""" and Q* are the fixed points of 7,, and 7, .+, respectively. We thus have

Q" = Q" oo = T 1 Q" — T Q" [l
<T@ =17 = P Qoo + [Ir + P Q" = T QM
= [P QT — PPV Qoo + A PH QT — PRYQMY |
= [PV* = PV* |l +4lIPV* = PVA |l < A|(P = P)V* oo + [V = VA [[s. (20)

’ [e. 9]

To show the first argument, letting i = p* and v = v*, we have
V= VE oo = Y Bampar (- 5) b (1) [@F (05 0)] = B 5) b (- [ Q1 (0, 0)]|
<AIQF = Q" oo (21)

Using (21) to bound the last term in (20), and solving for [|Q* — Q" ||s from (20), we
obtain the first argument.

For the second argument, letting p = p* and v = v(p*) (note that @“*’* = @\“*”’(“*)),
we have

MV =T o = | . B Q)] = i, By a0l@ (s8]

<7 ﬂrenAa(}é) HEaN/L*(~ | s),bwﬁ[Q*('u a, b)] - anu*(» | s),bwﬁ[QN 7*('7 a, b)] ||oo < ’YHQ* - QN o H007
(22)
where the first inequality is due to the non-expansiveness of the min operator. Using (22)
to bound the last term in (20), and solving for |Q* — Q" *| from (20), we obtain the
second argument. Similarly, we can obtain the third argument.

___For the fourth argument, letting ;1 = i* and v = 7", the NE policy under P (note that
QF V" = Q*), we have

yIV* — f}*Hoo =~- H max min E,,po9[Q"(-,a,b)] — max min anu’bNﬂ[@*(',a, b)]”

u€A(A) IEA(B) u€A(A) IEA(B) o0
<7v- i anu ~ * B) 7b - i ECLNU ~ 0" ) 7b < o Qr 009
< u&%ﬁ)”ﬁ?ﬁﬁg) b0 [Q7 (5 a,0)] poin, Boup 9lQ"(a D), <A1IQ" - Q7]
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where the inequalities are due to the non-expansivenesses of both the max and the min
operators. This, combined with (20), completes the proof. |

The argument above will lead to a crude bound, with an additional 1/(1—-y) dependence
compared to our main results in Theorem 5 and Theorem 8. The key reason is that we used
some self-bounding of the error terms, e.g., ||Q* — @“*”’ “||o, Which appears on both sides
of the inequality, with a ~ discounting on the right-hand side. This way, by subtracting the
term on the right-hand side, we have an additional 1/(1 — ) order after dividing (1 —~) on
both sides. This was essentially due to the fact that the direct concentration argument can
only deal with the concentration of H(ﬁ — P)V*HOO, where P and V* are not dependent as
V* is a fixed vector. To obtain sharper rates, one has to directly deal with the quantities as
H(ﬁ - P)TA/HOO, where V denotes some value function obtained from the empirical model,

and is correlated with P. Properly handling this interdependence will be the focus of our
proof next.

4.2 An Auxiliary Markov Game

Motivated by the absorbing MDP technique in Agarwal et al. (2019a), we introduce an
absorbing Markov game, in order to l}\andle the interdependence between P and V#¥, for
any f, v (which may also depend on P), which will show up frequently in the analysis.

We now define a new Markov game G, ,, as follows (with s € S and v € R a constant):
Gs,u is identical to G, except that Pg, ,(s|s,a,b) =1 for all (a,b) € A x B, namely, state s
is an absorbing state; and the instantaneous reward at s is always (1 —~)u. The rest of the
reward function and the transition model of G, ,, are the same as those of G. For notational
simplicity, we now use X to denote X5 , where X can be either the value functions
Q@ and V, or the reward function r, under the model G, ,. Obviously, for any policy pair
(u,v), VI3 (s) = u for the absorbing state s.

In addition, we define Us for some state s to choose u from, which is a set of evenly
spaced elements in the interval [V*(s) — A, V*(s) + A] for some A > 0, i.e., Us C [V*(s) —
A,V*(s) + A]. An appropriately chosen size of |Ug| will be the key in the proof. We also
use ﬁgw to denote the transition model of the absorbing MG for the empirical MG G,

denoted by QAS,U. Specifically, at all non-absorbing states, ﬁgs,u is identical to ]3; while at
the absorbing state, ﬁgs’u(s | s,a,b) =1 for any (a,b) € A x B. The corresponding value
functions are for short denoted by ‘A/S“ "/ and @’;‘{f . Similar as in the original MG, we also
use ‘A/S*u to denote the NE value under the model QAS,U, and use ‘75” % and ‘A/;:{f to denote

the best-response values of some given p and v, under the model QAS,u. Now we first have
the following lemma based on Bernstein’s inequality; see a similar argument in Lemma 5 in
Agarwal et al. (2019a).
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Lemma 13 For fized state s, action (a,b), a finite set Us, and 6 > 0, it holds that for all
u € Us, with probability greater than 1 — 6,

L 210g(4|Us|/8) - Varp, ., (V) 2log(4|Us|/d)
Pyay— P " < e 3
‘( s,a,b s,a,b) V, u‘ = \/ N 3(1 _ 7)]\[ ’

I 2log(4|U;|/0) - Varp, ,,(VEw™) | 2log(4]U,|/5)
Psa _Psa Vi < = : ’
|(Psap = Poap) - V| \/ N 3(1—~)N

\/ 2log(4|U4|/5) - Varpm(v:u” ), 2log(4U1/9)

P,ap— P vy
|( s,a,b s,a,b) 3(1 — ’Y)N ;

21og(4|Us|/5) - Varpmws’fz’”*) 21og(4|U|/6)

|(Ps,a,b - ﬁs,a,b) Vﬂ v

N 3(1—~)N ’
. 2log(4|Us|/0) - Varp, , ,(VEsw*)  21log(4]|U,|/6)
Ps a,b — Ps a VUS W )
|( ,a,b ,,b) N + 3(1_»},)]\7

2log(4|U|/6) - Varp, ., (V*Psu)  2log(4|Us|/6)
N 3(1—v)N ~’

|(Ps,a,b - Ps,a,b) Ve Vo

&&&

where P o and ]357&;) are the transition models extracted from the original game G and its
empirical version G, respectively (not related to either Gg., or Gs,), and (lsq,Vsq) 1S the
output of the Planning Oracle using the auziliary empirical model G ,,

Proof The key observation is that the random variables P s,a,b and V;*u are independent.
Using Bernstein’s inequality along with a union bound over all u € Us, we obtain the first
inequality. The other inequalities follow similarly, as P, a.p is independent of VT VEY
YA/S" xd , VHsaw* and V*Psu. This is because the latter terms are all decided by the orlgl—
nal game G, and /or the auxiliary empirical game gs « (not the original empirical game G ) |

Note that the arguments in Lemma 13 do not hold, if we replace Y//\;*u by 17*, or 178“ ;*
by VI or ‘A/;{L”* by V" Tt will neither hold if we replace 175“ " and Vs by some
VH* and V#i* ) for any p that is dependent on ]3, e.g., the NE policy u* for the original
empirical game G. This is one of the key subtleties that are worth emphasizing.

Next we establish two helpful lemmas that help guide the choices of Us, so that X/}s’fu
(resp. 173“;*, YA/;{LV*, and 17'5““”*) will be a good approximate of v+ (resp. YA/“*’*, ‘7*’”*, and
Vi),

Lemma 14 For the absorbing state s, and any joint policy (j1,v), suppose that u* = V3 (s),
utt = VE (s), Y = Vg*’”(s), and w'” = V" (s). Then,
Vg =V Ve = Vg Vg*’y = Vg*’V oy Ve =V

s,uks* Su“y
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Proof For the first formula, we need to verify that V satisfies the optimal (Nash equilib-
rium) Bellman equation for the game Gs ,,«. To this end, note that if s = s, then u* = V3 (s)
satisfies the Bellman equation trivially, since s is absorbing with the value V. (s) = u*.
On the other hand, for any s’ # s, the outgoing transition model at s’ in G+ is the
same as that in G, and V3 (s') per se satisfies the Bellman equation in G (which are the
same for G, ,» at these states s’ # s). Thus, V¢ satisfies the Bellman equation in G, for
all states. This proves the first equation. The proofs for the remaining three equations are
analogous. |

Perfect choices of u have been specified in Lemma 14 above. Moreover, we need to
quantify how the value changes if we deviate from these perfect choices, i.e., the robustness
to misspecification of u (Agarwal et al., 2019a). This result is formally established in the
following lemma; see also Lemma 7 in Agarwal et al. (2019a) for a similar result.

Lemma 15 For any state s, u,u’ € R, and joint policy pair (u,v), we have

IV~ Vi

v - v

/ L% L4, %
o Slu—ul [V =V
/ W,V o,V
S ’u_u” HVSJL _Vts,u’

S ”U,—’UJ,‘,
o)

< |u—1].
o

Proof Note that ||7sy — 754 ||cc = (1 —)|u— '], since the reward functions only differ at
s, where 7, (s,a,b) = (1 —y)u and 75,/(s,a,b) = (1 —y)u'. We denote the NE policy pair
in gsu by (:U’s ,u) su) Thus

*

Qi = Qi = QU — Q" < QU = QT (23)
= (- VPNMNS“W raw— (1 - VPM““:“U oW (24)

= (1— VP”““Sud 1@@u_-mmq (25)

< s = 7s,0lloo = |u— ], (26)

L=y
where (23) uses the fact that at the NE,

« « * ¥ ¥ K
Hs,uVs,u H‘s wV lus us su’ Hogul Vs ul Vst HsuwV

s —rninV < Visa , V.o =maxV, S >V 0
) s, [ s = Vsu

implying the relationships of the corresponding Q values; (24) is by definition; (25) uses the

observation that Pg o Vet is the same as P:;u Y (transition is not affected by the value
of u). Sinnilarly7 we can establish the lower bound that Qiu— Qb = —|u— u'|, which
proves [|Q%, — Q% lloc < |u —u'|. Moreover, we have
Vv max min Egoype a,b)] — max min Egoype - a,b H
Ve WEALA) DEA(B) A 9@l ) WEALA) 9EA(B) A 9@ (50, 0)
< By 050 [Q (0 0)] = Bt )5 bH
_ueA(%%XEA(B)‘ a~p(-|s),b ﬁ[Qs,u( a )] ar~p(-]s),b 79[@ ( a )]

S ”U, - U,’,

< HQ:,U - Q:,u’ )
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which proves the first inequality.

For the second one, recalling that the best-response policy of ;1 under G, ,, being v, (1),
we have

% , , 1 Sk
G — Qo =min Q4 — QU = min (I —YPLY) rew — @y (27)
Ws ul — Ws,u! -1
< (I = APl N T = (1= P Y e (28)
= (1P N T ) < W Tl (29)

1—x

where (27) uses the definition of a best-response value, (28) plugs in the best-response policy
Vs (1), and (29) also uses the fact that the transition does not depend on the value u. A
10wer bound can be established by noticing that Qg”;‘, = min, Q¥ 7’1':, <Q! ”Zf w(®) | Phis proves

| Q% Q’S"u loo < |u — o/|. Furthermore, notice that

(L e I H min By 16500 @50 (5 a,0)] — min Eoop )6 pmsl@ir (- a b)}H

deA(B) YeA(B) oo

Sﬂgf(}z(g HEaNM(-|s),b~ﬂ[Q§,’$(',a, 0)] = Eqp(-] )50 Qb (1@ b)]H

—HQ - su’

[e.9]

< |u - u/’a

which proves the second inequality. Similar arguments can also be used to establish the
third and the fourth inequalities. This completes the proof. |

We are now ready to show the main result in this section.
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Lemma 16 For any state s, joint action pair (a,b), and a finite set Us, with probability
greater than 1 — 9§, we have

IO 21og(4|Us|/0) - Varp, , ,(V*)  2log(4|U,|/6)
Ps a,b — Ps a * S _—
[(Poap = Poap) V"] \/ N LTy
e 21og(4|Us|/9)
+ min [V*(s) — ul (2 + v
S 210g(4|Us|/8) - Varp, , , (VE*)  2log(4|Us| /)
Psa _Psa VM7* S —
|(Psa,6 = Pr,a0) \/ N 3(1— )N
P 21og(4|Us|/9)
ll/ 1* — . ——
+ min [V (s) — ul <2 + N
P 2log(4|U,| /) - Varp, , ,(V*"") | 2log(4]U,]/6)
Psa _Psa V*W S =
|(Ps,ab = Pap) \/ N 3(1—7)N
e 21log(4|Us|/d)
) — . 2 —=2r 2 7
+ min [V*7"(s) = u < + N
SO 21og(4|U,|/8) - Varp, ., (VI v™)  2log(4|Us|/5)
Psa _Psa | S =
|( s 7b 3 »b) \/ N + 3(1 _,Y)N
Bt 21og(4|Us|/0)

Moreover, recalling that (iisy,Vsy) is the output of the Planning Oracle using §S7u, we
have

‘(P b — ﬁ b)Vﬁ,* < \/210g(4|U8|/5) 'VarPs,a,b(Vﬁ’*) 210g(4|U5\/5)

N 3(1-7y)N
& n 2log(4
b i [V~ VP (2+ W)
u€Ug [e%s} N
p g 2log(4|Us|/6) - Varp, , ,(V*7)  2log(4|U,|/d)
PSa _PsaA Y < 5%
(Foon = FaasV™ \/ N T AN
5 5 log(4
b min V47— Ve (H 2g<U|/6>>
ueUyg fe'e) N
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Proof First, for all u € Ug and with probability greater than 1 — §, we have

|(Ps,a,b sab V*| - | s,a,b sab)(V* ‘/Zs*u+‘79fU)|
< |(P9,a b— s ,a, b)(v* s,u | + | s,a,b — ﬁs,a,b)‘/}:u| (30)
<2 HV* S*UH + | s,a,b — Ps,a,b)‘/};:u| (31)
S, 2log(4|U,| /) - Varp, , ,(Ver,)  2log(4]U]/6
<o 7Tl oy e TR )

N N 3(1— )N
(33)

L 2log(4|U.|/0) - Varp, , , (V* .
§||V*_V;uuoc<2+ 2log<4Us|/5>>+\/ 0g(4[Us|/6) Vare, ., (V*) | 2log(4|U/)

where (30)-(31) use triangle inequality, (32) is due to Lemma 13, and (33) uses the facts
that \/Varpm,b(X%—Y) < \/Varpsya,b(X) + \/Varpsya,b(Y), and \/Varp,,(X) < [|X |-

Moreover, by Lemmas 14 and 15, we obtain that

oo = 1V = Voulloe < 1V7(5) .

which, combined with (33) and taken minimization over all u € Uy, yields the first inequal-
ity. Proofs for the remaining inequalities are analogous, except that for the last two, the
norms [|[V#* — VHsw*|| o and ||V — V*¥su|| are kept and not further bounded. [ |

__ Next we establish the important result that characterizes the errors |(P — PV, |(P—
PYVH*| |(P— P)V*""|, and |(P — P)V#¥"|, which could not have been handled without
the arguments above, due to the dependence between P and V* (and also VF"*, V*¥ " and
VM*J/*)'

Lemma 17 For any J € (0, 1], with probability greater than 1 — §, it holds that

PP < \/ o (10SIIAIBIIL 1)) Noep(T)
(P YT < \/ o (16IIAIBI/ 1 228) Ver 7)oy
(PP < \/ g (UOISIABY [0 —10) Ve (0)

\/ 21og (16/S]AIIBI/[(1 — 7)%]) - Varp(V#+")

|(P—P)VFV| < ~

+ A§ N

where A\ is defined as

¢ \/Clog (cISIIAIIBI/[(1 = 7)24]) N clog (c|S||A||B|/[(1 - »)?d])
oN N (1—)N ’

and ¢ is some absolute constant.
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Proof Let Us denote a set with evenly spaced elements in the interval [V*(s)—As/9 x, V*(s)+
Asjo N, with |Us| = 2/(1 — 7)?, and As n being defined in Lemma 12. Lemma 12 shows
that with probability greater than 1 — §/2,

V*(s) € [V*(s) = Asjons V*(8) + Agan] (34)

for all s € S. Since each subinterval determined by Uy is of length 2As/5 n/(|Us| — 1), and
‘7*(3) will fall into one of them, we know that
284/2,n 2y \/210g(4|5|A||3|/5) < 27\/210g(4|5|v4||13’|/5)

mp V6~ S T = e na o N < N

where we have used the fact that |Us|] > 1/(1 — )2 + 1. We then choose §/2 to be
5/(2|S]|A||B]) in Lemma 16, so that it holds for all states and joint actions with prob-
ability greater than 1 — §/2. By substitution and noting that the two events in Lemmas 12
and 16 both fail with probability /2, we obtain the first inequality by properly choosing
the constant c. Similarly, for the other two inequalities, note that Lemma 12 can be applied
to show that V#"*(s), V*¥"(s), and V*""(s), all lie in the interval in (34) (centered at
V*(s)). By similar arguments, the remaining three inequalities can be proved (note that
Lemma 16 can be applied to 17“*’*(3), VY (s), and VE' ¥ (s), as well). [ |

Lastly, with a smooth Planning Oracle, see Definition 7, we can similarly establish
the following error bounds on |(P — P)V#*| and |(P — P)V*"|, thanks to Lemma 16.

Lemma 18 With a smooth Planning Oracle that has a smooth constant C' (see Definition
7), for any 6 € (0, 1], with probability greater than 1 — 4, it holds that

‘(P_ﬁ)vwé\/210g(8(0+1)|sy|,4||515\[f(1—7)45])-Varp(Vﬁ’*) »

(P By < \/210g (8(C + 1)|S]|A|]B!§\[r(1 —7)%9]) - Varp(V*7) »

where A \ is defined as

| clog (c(C + 1)IS|IAIIBI/[(1 —~)*a])
N (1—~)N '

] \/clog (c(C + 1)[S]|A1BI/[(1 — 7)15])

N —
for some absolute constant c.

Proof Following the proof of Lemma 17, let Us denote a set with evenly spaced elements
in the interval [V*(s) — A5/ v, V*(s) + As/2 n], with A v being defined in Lemma 12. By
Lemma 12, we know that V*(s) lies in this interval with probability greater than 1 — /2,
for all s € S. Now we choose |Us| = (C +1)/(1 — )%, where C is the smooth coefficient in
Definition 7. As 17*(5) will fall into one of the subintervals determined by Uy, we have

28s/9,8 _ 29(1=7)° .\/2log(415\|«413\/5)
Sul-1= C© N ’

(35)
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which also uses the fact |Uy| > C/(1 —v)* 4 1. Furthermore, by Definition 7 and the proof
of Lemma 15, we have

1= Bl gy < € 10" = @l < C-|7%(5) ], (36)
On the other hand, we have

[V — vl < PEA(B) [Ean(-| )60 l@% (@] = Eaniy o), 50 (@7 (0, D)] |
< max ||Eoun() )5 [@ (-, a,0)] = Eoozi(c) 5)bms QP (-0, b)]|

+ maX) H]EaNﬁ(- | s),b~0 [Qﬁs’w*(U a, b)] - anﬁs,uC | 8),b~0 [Qﬁsyu’*('a a, b)] Hoo

VEA(B
< [l@F = Q= + 17 = Fsall gy - 1Q7|l (37)
< |V — V|| —E [ (s) — ], (38)

-y

where (37) uses Holder’s inequality, and (38) follows by expanding the Q-value functions,
using (36), and noticing that ||Q"s+*||o, < 1/(1 —+). Combining (38) and (35), and taking
min over u € Uy, we have

T C e 2log(4]S||-Al[B[/9)
s [V =V o 7)< 2y [ LAIBI),

The rest of the proof follows the arguments of Lemma 17, which combines the last two
inequalities in Lemma 16 to obtain the desired bound. Note that the absolute constant
here might be different from that in Lemma 17. The proof for the second inequality is
analogous. |

Note that compared to Lemma 17, Lemma 18 has to additionally deal with the in-
terdependence between P and VA* (as well as that between P and V*”). What can be
guaranteed before, in the absorbing MGs, is that the value function can be controlled to
be close to that in the original MG (see Lemmas 14 and 15, and the proof of Lemma 16).
However, in general, it is unclear how much the NE policy changes, as well as how much
the best-response value in the original true MG changes. This calls for some stability of the
NE policy, and was made possible due to the smoothness of our Planning Oracle (see
(36)-(38)). Lemma 18 will play an important role in obtaining the near-optimal sample
complexity in Theorem 8 (see §4.5).

4.3 Proof of Theorem 5

We are now ready to prove Theorem 5. To this end, we first establish the following lemma.
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Lemma 19 For any policy pair (i, V) that satisfies the condition in Theorem 5, there exists
some absolute constant ¢ such that

nv _ e g} clog(c|S|A|B]/[(1 = 7)*0]) , clog(clSI|A[BI/[(1 —7)*3))
HQ —-Q Hoo (\/ (1—7)3N + (1 —7)2N >

L e [, [lECISTATBI %)
. )G+¢ )

l—asny (1—v N

1—asn

_l’_

. Auta gl clog(c|S||A[|B|/[(1 —7)%3]) | clog(c|S|[AlIBI/[(1 —~)%3])
. Arw gl clog(c|S||A[B|/[(1 —7)%3]) | clog(c|SI[AlIBI/[(1 —~)%3])
HQ _Q Hoo— 1_046,N (\/ (1—’)’)3N + (1—’}/)2N )7

asN = 2 \/zlog(m\SHAHBI/[(l—7)25])
Ty N

Proof Note that

|Q77 = Qg = A|(T = vP?)~H (P = PYURZ| (39)
<A = yPEYH P — PYVH||  + || — yPR7) N (P — PY(VEY V)| (40)
<A1 =P (P = B, + 2, (a)

lL—v

where (39) is due to Lemma 9; (40) uses triangle inequality; and (41) is due to the non-
negativeness of the entries in (I — yP#¥)~! the sub-optimality of (11,7), and Lemma 10.
Since the first term in (41) can be bounded using Lemma 17, we have

_l’_

e 21 16|S||A||B|/[(1 — v)26 P Py
|Q,L,V_Q,,,,VHOOSM o8 (SISTAIBYI0 =)\ oyt e+ 224

S
. 7\/mog (16|S|\A|J|\l]3|/[(1 —)*9) |7 =277 ((Varp (VA7) + VVarp (Vs - 7)) N

N 7\/ 210g (16/S].AIIBI/[(1 —)%)

,YAS,N + 2’}/eopt
I—v

| =pre) <\/Varp(17ﬂﬁ -7)

N S 1—7
(42)
<~ 2log (16[S|4]|B]/[(1 —~)24]) 2 4 [VEZ — VP L font | VAs N L Dot
N (1—7)? 1—vy 1—vy l—y  1-9
(43)
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< oy 2108 (16]S[[A[[B]/[(1 — 7)?d]) 2 1% Q"o | eopt +7A%,N+2veopt
N (T=9)? 1—vy 1—vy l—y  1-y

(44)
. \/ 210g (161SL4]1B1/(1 ~ 1)24]) ( L R7 - ||oo> PRV
-7 N Ty 1~ 1~
. <2+ \/210g (16|8|A|J|$|/[<1—v>26])> o (15)

where (42) uses the fact that \/Varp(X +Y) < /Varp(X) + /Varp(Y); (43) is due to

Lemma 11, the fact that \/Varp(Vﬂ’a — 17173) < HVﬁ’ﬁ— ViV , and ||V — 17*H00 < €opts
(44) is due to ||[VA? — VAP || < QPP — QFP|| . Solving for ||QP7 — QP7| o in (45) yields
the desired inequality.

For the second inequality, by Lemma 9, we first have

V(I = PPV )P = PYUI Y < Q= QP = QM = QF O < (T — AP UYL (P - PP

Qu*,u*féu*,u* Qu*m(u*)_@u*,*
Thus, we obtain that

A~ k%

1Q7 = @ ||, < max {[J@Q " — @, fl@ ) — @) (46)
= max {4 (T = 4P+ 1 (P — BYTH HOO, V|| =y P ))‘I(Pfﬁ)f/“*’*Hoo}'

For the first term in the max operator above, by similar arguments from (42)-(45), we have
HQM*VV* N Q\M*vl’*

< 7\/21og (16|8||A|]|\z;|/[(1 —7)25)

=T =Py P PP

YA N
+ — (47
N (47)

H(I_PYPM*71/*)—1 Varp(vlfk?u*)

21 1 1—7)26 - =
. \/ o (161S]J.A[|B/[(1 —7) DHU—”P“ Y1 Narp (Vi — D)

’ [e.e]

N
210g (161S]LA1B/[(1 —1)24]) o L aa
7\/ N |7 =)y N (Vi) T
(48)
[ (eisAB I —a) [@ — @
<~ = —
21og (16|S|].A[|B]/[(1 — v)24]) 2 STAYRN
+7\/ N ' (1_7)3+1_,Yv (49)

where (47) is due to Lemma 17, (48) uses triangle inequality, and (50) uses Lemma 11.
Solving for HQ“*’”* — QM HOO gives the bound for it.
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Similarly, the second term in the max operator in (46) can be bounded by

N ~ — 2 N*JIIF) — A/'L*a*
|@Wﬂm_wam§7¢m%@mwmﬁvm ) @) - @,
-7
210g (161S|LAIBI/L- %) [ 2 vAGy
M N Wt O

which can be solved to obtain a bound for HQ“*7”(“*) — @“*7* Hoo Combining the two bounds
and (46), we prove the second inequality in the lemma. The proof for the third inequality
is analogous. |

With Lemma 19 in hand, we are ready to prove Theorem 5. Note that the condition on
N in Theorem 5 makes o5 v < 1/2. Thus, by (8)-(9) in Lemma 9 with (u, ) being replaced
by (i, V), we have

QY — QP — Yeopt — [|Q* " = Q*[loo < QP — Q* < Q™Y — QP[0 + Yeopt + |7 — Q*[|oos

where we use
1QP7 = Q*|loo = APV — PV*|lag < A[[VA? = V¥ oo < yeope.

Substituting in the bounds of [|Q™” — QP s, [|Q* — Q" *||so, and [|Q* — Q""" ||oe in Lemma
19, we arrive at the final bound for ||Q*" — Q*||c:

+ Yé€opt-

L . clog(c|S||A||IB]/[(1 = )25 clog(c|S||A||B|/[(1 — ~)%6 4v€opt
1077 — @ Hm§47<\/ 8(c] |(|1_|7|)/3[§V 7)%]) , clog(c] |(|1|_7|)/2[§V ”) ]>>+ e

With a certain choice of ¢, we have ||Q%" — Q*||oo < 2¢/3 + 5yeopt/ (1 — 7).

For the last argument in Theorem 5, by triangle inequality, with the same constant c
used above, we have

97€opt

107 = @7lloe < 1Q” = Qoo + Q" = Q% lloc < e+ 77

which completes the proof. |
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4.4 Proof of Corollary 6

We now prove Corollary 6, based on Theorem 5. For any state s, we have

V*(s) = VA*(s) = min Eqoue()s)pon [@(5,a,0)] — min B,z pm0 Q7 (5, a,0)]

YeA(B) JeA(B)
- 192(2&) Earpir(-|5),60 [Q" (5, 0, 0)] = 1920&13) Eo (-] 5),6~0 Q% (5, @, D)]
+min Bog oo [Q7(5,0,0)] = min Eovi ()00 [@"" (50, b)]
< I Boyie( 19000 [Q7(5:0,0)] = min oz .00 [Q (5,0, 0)] + IV = Voo
(51)

< 19?233) anu*(~ | 8),b~0 [Q*(Sa a, b)] - ﬁénAl(r%’) an,u*(~ | s),b~0 [QMJ/(S’ a, b)]

* B8 Baic 1900 [ Q" (5,0,0)] = it Baniic 900 [ Q7 (5 0,8 411V = Vo
(52)

<2[|Q" = QM| L + IV = V|, (53)

where (51) uses the fact that

ﬁénAiﬁg) Eoii(-| )00 Q% (5, a,0)] — ﬁénAia?) Eomii(-| )00 [ Q"7 (5,0, D)]

S pmax \Bavi |s)om0 [Q7(5,,0)] = i )0 [ Q"7 (5,0, 0)] | S AV* = VI |os,

and (52) is due to the fact that

- ﬁénAlﬁi) anu*(~ | s),b~0 [QM’V(S, a, b)] + ﬁénAlgfs’) anﬁ(- |'s),b~1 [Q,u,u(s’ a, b)] >0,

by definition of ;. Hence, (53), together with Theorem 5, implies that

x _ OnU
V* — Yk < QHQ Q Hoo - (54)
I -
By similar arguments, we have
B 2 * _ OO0
I—n

Combining (54) and (55) yields
VAV _ e <Ry < 9g R YRV SR YRS <9

which completes the proof. [ |
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4.5 Proof of Theorem 8

We now prove the second main result, Theorem 8. First, following the proof of Corollary
6, it suffices to prove that V* — VEi* < ¢ V*” — V* <€, since they together imply that
(1, 7) is a 2¢-Nash equilibrium. The following analysis is devoted to proving this argument.

The idea is similar to that presented in §4.3, i.e., we use the component-wise error
decompositions in Lemma 9, but use (10)-(11) instead. In particular, letting © = 1 and
v = U, we have

VAS V% > QP — QP ||oo — eopt — |QM — Q| (56)
VA -V < 1QY — Qoo + opt + Q7 — Qoo (57)

Note that the bounds for |Q*"* — Q*||s and ||@Q**" — Q*||s have already been established
in Lemma 19 (without dependence on €, and the Planning Oracle). It now suffices to
bound [|Q"* — QF*||s and ||Q*” — Q*”||es. For the former term, by Lemma 9, we first
have

— —

(I — /PRI 1(p _ PYYRV) < Qs — (% < (T — 4 PRI -1(p — )P

QR —QRw(R) Qi (@) — Qi
Thus, we know that
lm =, (58)

< max {4[(T =y PRD)L (P — PYTRD| - |[(1 = yPRA@)=L(P — Pyvie@|| 1.

The first term in the max operator, where the policies in the pair (4, V/(ﬁ)) are both obtained
from the empirical model G, can be bounded similarly as that for ||Q*" — Q" || in Lemma
19. Specifically, following (39)-(41), we have

AL = PP P PV

<A||(I = APEYENTYP — PYV*|| 4|/ — PR @)1 (P — PY(VE* —V¥)|| . (59)
o= ~ ~ 2v€,
< (1 =P (P = PP+ T (60)

where (59) uses triangle inequality, and (60) is due to the optimization error of fi. Then, to
bound || (I—'yPﬁ”’/@)*1 | (P—I3)TA/* | HOO, the rest of the proof is analogous to the derivations
in (42)-(45), by replacing v therein by 1//(,5), and bound ||[VA* — V*| o by €opt- Solving for
HQﬁ’V/@ - @ﬁ’*Hoo yields the desired bound for the first term in the max in (58), namely,
there exists some constant ¢ such that with probability greater than 1 — 4,

Q) — G|
gl <\/610g(6(0 + DISILAIIBI/I( = 7)) | clog(e(C + DISIIAIIBI/(1 ~ 7)45])>

T loogy (1—7)3N (1-7)2N

. veopt)<1+\/1og<c<c+1>rS||A||B|/K1—v>46D>, (61)

+1fozg7N (1 -~ N
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where a5  is defined as

o gl \/210g(8(0 + 1)IS|A|IB|/[(1 = v)*d])
ON T~ 0% N

For the second term in the max in (58), note that fi is obtained from G, while v(f1)
is obtained from the true model G. Note that this mismatch is one key difference from
the single-agent setting (Agarwal et al., 2019a) and the above proof for the first term. By
Lemma 18, it holds that

Y| (I = APEEN Y (P — PYVE=|||

— )4 ~ A
- \/210g<8<c+1>|s]b4||8|/[<1 PR comarozs) [ o
< v\/mog B+ 1)"5‘]'\“[4"8'/[(1 — ) [H(I PR @) 7 (( [Varp (VA0 (62)

+\/Varp (Vs — VAv@) )) HOO + H(I - 'yﬁﬁ’”(ﬁ))_l‘\/\/arp(vﬁ’*) — [ Varp (Vi)

H ] N YAS N
oo 1—’}/

2log (8(C' + 1)[S||A||BI/[(L —)*]) ( | 2 Q™ — QA |, \ VAL N
S’y\/ N ( T—7 11—~ >+1—v (63)

y \/ 21og ((C + 1)|S||A/BI/[(1 —~)*]) I
1—7 N

)

\/V&I'p(vﬁ’*) - \/Varls(Vﬁ»*)

HOO

where (62) uses the norm-like triangle-inequality property of \/Varp(V) and triangle in-
equality, (63) is due to Lemma 11, and the facts that \/Varp(X) < || X[, VA —
ViV o < ||QF* — QP ()|, and Lemma 10. Moreover, notice that

e gt
< | vaer i) ~ VT

HOO + ’H\/Varls(Vﬁv*) —/Varp(V?)

HOO

+ || — Ve | (64)
< H\/Varp(vﬁ’* -vl_+ H\/Varls(vﬁ!* -v|_+ H\/‘ Varp(V*) — Varp(V*) HOO (65)
<o|vir — Do—i—\/HVarp(V*)—VarI;(V*) X (66)

where (64) uses triangle inequality, (65) uses the norm-like triangle inequality of 1/ Varp(V)
and /Varp(V), and the fact VX = VY| < /]X —Y]| for X,Y > 0, and (66) uses
/Varp(X) < || X||cc and the definition of ||-||s. In addition, we know that with probability
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at least 1 — 4,

H Varp(V*) — Vars (V™)

_=|lp =Py - (v - v

< im=Brr] v v °°

! 2log(2|5]|-AlIBI/9 2 Sy 3 210g(2|S|[Al|B[/5
S ST T O e my e T
(67)

o0

due to Hoeffding bound and ||[V*||o < 1/(1 — 7). Combining (63), (66), and (67) yields

HQf — Q@) H

2log (8(C' + 1)[S[A|IB]/[(1 — ~)*3]) 2 Q7 — GFv @\ YAy
B B ([ e o) 2

g \/210g (8(C + 1)[S]Al1BI/[(1 — )*0])
1—7 N

3 [2loa(2IS|IABI/5)
e ),

Solving for ||Q™* — @ﬁ”’(ﬁ)ﬂoo further leads to

(2v7 v

HQE* _ @ﬁﬂ/(ﬁ)“oo
y ( \/clog(c(O + DISIAIBI/I(1 = 7)) | clog(e(C + 1ISIIA|BI/I(1 - 7)45])>

T l-agy (1—7)3N (1—~)2N
Ly [2log(8(C+ DISIAIB/C - ") (L
et L (v vl
1 [elog(e(C + DISIIAIBI)
1 —’y\/ N )’ (68)

for some absolute constant c.

Now we substitute (61) and (68) into (58), to complete the bound in (56). If the first
term in the max in (58) is larger, and noticing that the choice of N in the theorem can
make aj < 1/5, (56), (58), (61), and Lemma 19 together lead to

Ve Vi<

5y \/clog(C(C + DISIABI/[(L = 7)13]) |, clog(e(C + DISIIAIIBI/[(1 = 7)"0])
2 (1=7)°N (1 =7)2N

5’}/60@5
2(1—17)

+ + €opt s (69)

with some absolute constant ¢, where we have replaced the term log(1/(1 — v)?) in the
bounds for |Q* — Q" *||s and [|Q* — Q™" || in Lemma 19 (including that in the definition
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of as ) by log((C +1)/(1 — 7)), a larger number. If the second term in the max in (58)
is larger, (56), (58), (68), and Lemma 19 together yield

o me . 57( [clog(elC+ DISIANBI/I(L—1)"3)) . clog(e(C + DISIIAIBI/(1L = 7))
ey S2(\/ (1—7°N ! (e )

5 4 [2log (8(C+ 1)[S|A|IBI/[(1—~)*d]) B _ e

Sy - (lve v,
1, [clog(e(C 1 DISIA]IBI/3)

+1“y\/ N )+eopt7

where we have used the fact that of , < 1/5. Taking infinity norm on both sides and
solving for ||[VA* — V*||, we have

Vr e < VRV < ( \/clog(c(a * DISIAIBY ~2)') -

clog(c(C + 1)|S[A[IB|/[(1 — 7)*é)) by (clog(e(C + 1)|S[|Al|B]/6) \3/4
(1-7)°N ) HEIE ( N )" 2

with some absolute constant ¢ (which can be different from that in (69)). Using the choice of
N in the theorem, and combining (69) and (70), we finally have V* —V#* < e44deyp /(1—7).
Note that on the right-hand side of (70), the N that makes the third term to be O(e) is
O(1/[(1 —~)%3€*/3]), which is dominated by O(1/[(1—~)3¢?]) when € € (0,1/(1—~)"?]. In
addition, to make ajf rr < 1/5, N should be larger than O(1/(1 —~)?), which is consistent
with both the first and third terms on the right-hand side of (70) to be O(1/(1 — v)Y/2),
determining the allowed range of € to be (0,1/(1 —~)'/2]. This proves the first bound in
the theorem.

The proof for completing the bound in (57) is analogous: using Lemmas 18 and 9 to
bound ||Q*” — Q*’aHoo, which is then substituted into (57). This completes the proof. ®H

5. Concluding Remarks

In this paper, we have established the first (near-)minimax optimal sample complexity
for model-based MARL, when a generative model is available. Our setting was focused
on the basic model in MARL — infinite-horizon discounted two-player zero-sum Markov
games (Littman, 1994). By noticing that reward is not used in the sampling process of this
model-based approach, we have separated the reward-aware and reward-agnostic cases, and
established sample complexity lower bounds correspondingly, a unique separation in the
multi-agent context. We have then shown that this simple model-based approach is near-
minimax optimal in the reward-aware case, with only a gap in the dependence on |A|, |B];
and is indeed minimax-optimal in the reward-agnostic case. This separation and the (near-
Joptimal results have not only justified the sample-efficiency of this simple approach, but
also reflected both its power (easily handling multiple reward functions known in hindsight),
and its limitation (less adaptive and can hardly achieve the optimal O(|.A|+|B|)). We believe
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that our results may shed light on the choice of model-free and model-based approaches in
various MARL scenarios in practice.

Our results naturally open up the following interesting future directions. First, besides
the turn-based setting in Sidford et al. (2020) and the episodic setting in the concurrent
work Bai et al. (2020), the minimax-optimal sample complexity in all parameters for model-
free algorithms is still open. As discussed in §3, in the reward-aware case, the Q(|.A| + |B|)
lower bound may only be attainable by model-free ones. It would be interesting to compare
the results with our model-based ones, in both reward-aware and reward-agnostic cases, to
better understand their pros and cons in various MARL settings. It would also be interesting
to explore the (near-)optimal sample complexity or regret of model-based approaches in
other MARL scenarios, such as when no generative model is available, episodic and average-
reward settings, general-sum Markov games, and the setting with function approximation.
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Appendix A. Lower Bounds

Now we discuss lower bounds of the sample complexity given in §3.1.

A.1 Reward-Aware Case

Proof of Lemmma 3. The proof follows by recalling the hard cases of MDPs considered in
Azar et al. (2013) or Feng et al. (2019), and replacing each action a therein by a joint-action
(a,b). Without loss of generality, suppose |A| > |B|. Then, we design a Markov game such
that agent 2 has no effect on the reward or the transition. Thus, finding an NE is now the
same as agent 1 finding the optimal value/policy. By the arguments in Azar et al. (2013);
Feng et al. (2019), the sample complexity is at least §(|S| -max{|Al,|B|} - (1 — )3 ?),
where Q suppresses some log factors of |S|, |A|,|B| and 1/8. Noticing that max{|A|, |B|} =
(lA] + |B| + ||-A] — |B||)/2, we obtain the lower bound. ]

Challenge in Obtaining Q(|A||B|). Note that the proof of a §~2(|S|(|A| +18]) - (1 —
7)*36*2) lower bound is a straightforward adaptation from the single-agent result. The
lower bound can also be obtained in several other ways (via a treatment of turn-based
Markov games, or the attempts to be introduced next). Nevertheless, these attempts can
hardly lead to a lower bound of Q(|.A||B]), in this reward-aware case. We highlight the
challenges as follows.

The core proof idea of Azar et al. (2013); Feng et al. (2019) for the single-agent setting
lower bound is to create a class of O(|S||.A|) number of MDPs, which are hard to distinguish
from each other. When the reward function is given (i.e., in the reward-aware setting), one
can only change the transition model to obtain different hard MDPs. Hence, in Azar et al.
(2013), their approach is to first create a null hypothesis, in which the optimal @Q-value
and e-optimal actions at every state are fixed. Then in each of the O(|S||A]) alternative
hypothesis, they change the transition probability of a distinct state-action pair (s,a) in
the null case to make the Q-value slightly differ from the null-setting and such that a is
an e-optimal action at state s. They construct the hard instance cleverly such that if
an algorithm correctly outputs the optimal Q-value (or optimal policy) in an alternative
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hypothesis with high probability, then it must have sampled Q((1—~) 3¢ ~2) samples at the
corresponding (s, a) pair in the null hypothesis. As this holds for all O(|S||.A|) alternative
hypotheses, we obtain an Q(|S||A|(1 — v)~3¢~2) sample lower bound.

In the game setting, however, the above idea requires to change the Nash equilibrium
(say, a unique pure strategy) to a different state-action-action tuple at any state while only
make changes to the probability transition of the corresponding state-joint-action tuple.
Nevertheless, this is challenging to achieve in general, as the NE value of zero-sum matrix
games is not sensitive to the small number of element changes in the payoff matrices. This
can be evidenced either by the stability of the NE in this case against the payoff perturbation
(Jansen, 1981), or by the sensitivity analysis of the equivalent linear program of the game
(Luce and Raiffa, 1989) against the problem data (Dantzig, 1998). Indeed, one can verify
that only changing O(1) elements in the transition probability matrix, and thus changing
O(1) elements in the Q-value table at each state, by a small amount, can hardly change
the NE value/policy too much. Some order of O(|A|) (or O(|B|)) number of changes may
suffice, but will eventually yields O(|B|) (or O(|.A])) hard alternative cases, leading to the
same Q(|A] + |B|) result as Lemma 3. In other words, one can hardly obtain the sufficient
number of required hard cases (©2(].4]|B|) in total) by changing only O(1) elements in the
transition probability matrix of each alternative hypothesis case.

On the other hand, interestingly, we note that there are some results on the payoff query
complexity, i.e., the number of queries for the elements in the payoff matrix, for finding the
NE (Fearnley et al., 2015; Fearnley and Savani, 2016). It is possible to use O(klog(k)/€?)
queries to find the e-NE in zero-sum matrix games when |A| = |B|, where k = |A| = |B|
(Fearnley and Savani, 2016). Note that the lower bound given in Fearnley and Savani
(2016), though being Q(k?), requires the accuracy ¢ < 1/k to be small, which cannot be
used in our previous analysis with a dimension-free choice of €. From a different angle, these
results imply that it may indeed be unnecessary to accurately estimate all elements in the
matrix, in order to obtain an approximate Nash equilibrium.

In light of these observations, we have conjectured that with reward knowledge, the
lower bound of Q(|.A|+|B]) is indeed unimprovable, which might be matched by some other
(possibly model-free) MARL algorithms, as general model-based approaches inherently re-
quire Q(|.A||B|) for transition model estimation. Such a Q(|.A| + |B|) lower bound on regret
has been provided recently in Bai and Jin (2020), though in a different setting. More inter-
estingly, though not entirely comparable to us, in the concurrent work Bai et al. (2020), the
O(]A| + |B|) complexity is indeed shown to be attainable by a model-free Nash-V learning
algorithm in the episodic setting, with the reward information guiding the online update.

A.2 Reward-Agnostic Case

Now we establish the lower bound for the reward-agnostic case, i.e., the proof of Theorem
4. The idea to construct hard cases is similar to that discussed in §A.1, which is motivated
by Azar et al. (2013); Feng et al. (2019), but with additional flexibility to design the reward
function that is unknown in the sampling stage. Our hard cases apply to both finding the
e-NE policy pair and finding the e-approximate NE value. For the sake of presentation, we
focus on proving the lower bound for the e-NE policy. Let us first formally define the notion
of a correct algorithm in terms of learning an e-NE policy in this reward-agnostic case.
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(a1,b1) (az,, br,) (a1,b1)

Figure 1: The class of zero-sum Markov games G considered in the proof of Theorem 4.
Circles denote the states and arrows denote the transitions. White, yellow, and blue circles
denote the three disjoint subsets of states X' , V1, and )s, respectively.

Definition 20 ((e, § )-correct reward-agnostic algorithm) We say that an RL algorithm A
is (e,0)-correct in the reward-agnostic case, if for any unknown MG G = (S, A, B,r, P,v),
A first calls a generative model on (S, A, B, P,v), and is then fed with the reward r, and
outputs an e-NE policy (u,v) with probability at least 1 — 6.

Note that r is only revealed to 2 after the sampling, and such an 2 should be able to
output an (e, d)-correct NE policy for any single r in the underlying model. Thus, for M
reward functions defined over the same (S, A, B, P,), using a union bound argument, the
e-NE policy corresponding to all M reward functions can be obtained simultaneously with
probability greater than 1 — M§ (of course with a small enough §). To prove the theorem,
we will construct a class of Markov game models. We show that if algorithm 2 only draws
samples much fewer than the lower bound, there exists an MG G such that 2l cannot be
an (€,0)-correct reward-agnostic algorithm for. Compared to the reward-aware case, we
now allow more freedom to construct hard instances, by not only perturbing the transition
matrix, but also choosing the reward function judiciously. This would eventually allow us
to obtain ©(|.A||B|) hard cases, combating the insensitivity of NE to the perturbation of
the payoff matrices (c.f. discussion in §A.1).

Construction of the Hard Case. We define a family of MGs G. See illustrations in
Figure 1. The state space S consists of three disjoint subsets X , Vi, and )s. The set X
includes K states {z1, 2, ..., 2k} and each of them has L > 1 available max-player actions
{ai,a9,...,ar,} =: A, and Ly > 1 min-player actions {b1,ba,...,br,} =: B. Each state in
Vi ={y1zap: Yz € X,a€ Abe B} and Yo := {y240p: Vo € X,a € A b€ B} only
has a single joint-action pair to choose. In total, there are N := 3K L L9 state-joint-action
pairs. For state € X, by taking a joint-action (a,b) for a € A,b € B, it transitions to
a state y1 545 € V1 with probability 1. For state y1 ;.5 € V1, there is only a single joint-
action for both players to choose from, which is the (a,b) pair that leads to this y; 5. 4. It
then transitions to itself with probability pg ;.. € (1/2,1) and to a corresponding state
Y2200 € Yo with probability 1 — pg . 5. Note that pg ., .p can be different for different
state-joint-action tuples. All states in ) are absorbing. The reward function is: for any
Yizab € V1, R(Y12.ab) = LGxap fOr sOme tg 5 qp € [0,1] (to be specified later); and for all
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other states, R(s) = 0. And the Q-function of the MGs can be computed as

Qgla,a,b) = —L9TE0 v (4 ab) e X x Ax B, (71)
1- VPG ,x,a,b

which is fully characterized by pg .46 and tg z q.p-

Transition Model Hypotheses of G. We restrict v € (1/2,1). Let pg = v and oy, ag €
(0,1). We consider M +1 possibilities of the transition models of G, where M := K[L;(La—
1)] — the null hypothesis is:

PG ,xp,a1,61 = PO — OO, Vke [K],
G1 1 PG1zparbi =Po — 200, YV ke [K]| e [Li]\{1}, (72)
PGy wan, b, =P0s YV k€ [K] L € [L],la # 1

and for all k € [K], 1 € [L1], and la € [L2]\{1} the M alternative hypotheses are:

PGy 1y 1001, 00, = PG1 g0, b, — @2 = P0 — Q2
_ _ /
Ghlo o - pgk,ll,lgvxk:alll by, = th:Bk,al/l,sz =po, Vi # 1, (73)
T
pgk,ll,lgvzk’valll 7bll2 = pgl’mk/’alll 7bl/27 \V/(k 7l1, l2) # (k, ll, lg),

where a1 = (1 — vpo)?€/7, az = c¢(1 — ypo)2e/~ for some € € (0,1) and absolute constants
c’,c > 0 to be determined later. Note that each alternative hypothesis only has one element
in the transition model different from the null one.

Reward Functions. We define a class of M+1 reward functions R = {71} ({7%,1, 1, : VK €
[K],l1 € [Li],l2 € [L2]\{1}}, which is unknown to 2 during sampling, and is defined as
follows (recall that other than the value specified by tg 4 4.5, rewards are all zero):

((Gaain =1,V k€ [K)
T G aah = 1, YV k€ [K] 1€ [L]\{1},
LG apa b, =1, VEkEK] L €[L],lo#1;

LG ap,ar) b, = L
1_'ngl,:ck,al/ ,bl2
1

. VI #£1

L G ap,a b, =
Tkly,ly - g.xk, 1) %2 1_7(p917$k7al, by —2042)
1

Lg,xk,,al&,blé = 17 V(k‘/, ,171/2) 7& (k’,ll,lz),

for all k € [K], Iy € [L1], and lp € [Lo]\{1}.

By the construction above, if the reward function r,, € R is assigned to the correspond-
ing transition model in G,,, for either m = 1 or any m = (k,l1,l2), then the corresponding
Q-values become

le(xkvalvbl):mv V ke [K],
for Gy :q Qg (zks a1, 1) = T=pi—zary: ¥V k€ [K] L€ [L\{1}, (74)
le(‘rkna'llvbb):l,’va Vke [K]alle [L1]7l27é]-7
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and Vk € [K], 11 € [L1], Iz € [La]\{1},

Tk, ar,,b,) = e ,
ng,ll,l2( ks Ay lz) 17'y(p91,mkvall,b12 *‘3‘2)
— Y /
for gk)lhlz : ng,ll,lg (xk>al/17bl2) = 1*"/(2’91,%,0,1/ ,512 720(2)7 Vll 7é Iy, (75)
1
ng,ll,l2 (xk/val’lvbl;) = %a v(klvlll,lé) 7é (k7llal2)'

1—7pgl,zk/,u,/l,b,/2
We then select a; such that for (11,12) # (1, 1),

’le ($k7 ai, bl) - le (xk, agy, blg)}

. Y i Y
2> min ( - , — ) >20e (76
L—9po 1—=7(po—ai1) 1—=v(po—ai) 1—v(po—2m) (76)
and s is selected such that as > 21 and
48¢ = |ng,l1,l2 (Th, ary, biy) — ng,ll,lQ (k> al’17bl’2)| > 20e (77)

for all (1},1) # (l1,12). Moreover, we require that py € (1/2 + 2aq + 22, 1), as/(1 —pg) €
(0,1/2) and aa/(po — 2a1 — 2a2) € (0,1/2). Hence, e < O(1/(1 —7)).

In the sequel, we denote [E; and P; to measure the expectation and probability of an
event under the transition model hypothesis Gi. Similarly, we denote E;, 1, and Py, g,
to measure the expectation and probability of an event under hypothesis Gy, 1,. It is not
hard to verify that in the above case (with r, being assigned to G,, correspondingly, for
m =1 or m = (k,l1,l2)), there is a unique NE policy pair under hypothesis G;: for z € X,
pi(xz) = a1 and vf(z) = by; and that there is a unique NE policy under hypothesis Gy i, 1,
for all ly € [L1] and Iy € [Lo]\{1}: for K" # k, pi, . (2x) = a1, vi,, 4, (zx) = b1, and
u}i,ll,z? (zk) = a, V}}k,ll,b (zk) = b,

Moreover, one can verify that if any reward 744, 5, with k € [K], I; € [L1], and Iy €
[L2]\{1} (instead of r; as in (74)) is assigned to the transition model of Gi, then the NE
policy at xj can never be the pure strategy ui(xg) = a,, vi(zr) = by, (it can be some mixed
NE policy). As a consequence, for algorithm 2, after estimating the transition model of Gy,
if 4,1, 1, is revealed, then it will output some e-NE policy with probability greater than 1—4;
this e-NE policy pair, which can be mixed strategies at x;, should output the joint-action
(ar,, by,) with a small probability, which is smaller than

v _ ol +e v o —c .
o= 0 Ol -y T Ioe) S o - 19e(1 = vpo)

v v v 6 ~
I—vpo  1—7(po—2a2) 1—vpo  1—7(po—2az2)

)

(78)

(implying that € < v/[96(1 — vpg)]), where the first inequality is due to (76)-(77), and the

last one follows by upper-bounding /(1 — ypo) —7/[1 — v(po — 2c2)] simply by v/(1 — ypo).
This is because otherwise, the value of the e-NE policy at xy, denoted by Vg, (z) satisfies

T (-8 i )

Vi (xg) > 8- ' -
o (k) > B 1 — vpo 1—7(po—202) 1—7(po— o)

+ €, (79)

where the first inequality is because with reward ry;, ;, being assigned to model G, at
state x; and with the joint-action (ay,b,), the Q-value is /(1 — vpg), while the small-
est Q-value at state zj is v/[1 —v(po — 22)]; the last equation is due to the definition
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of 5 in (78). However, one can verify that the NE-value in this case lies in the range
[v/(1 —~(po —2a1)),7/(1 —v(po — a1))], by finding the minimax and maximin elements in
the payoff matrix, i.e., the Q-value table at xj (using Lemma 25). Thus, (79) contradicts
the fact that this policy is an e-NE policy (thus making Vg (z) e-close to the NE-value).

If we define the following events for every k € [K|, 1 € [L1], and Iz € [L2]\{1}:

B, = {When fed with 7y 1, 1, € R, A outputs (i, v) s.t. at xy, (all7blg) is generated w.p. < 6}7
(80)

then the above argument can be written as Py (Bk,ll,lz) >1-4.
Now, we fix € € (0,€9) and 6 € (0,dp), where €y and dp will be determined later. Let

v = s (55):

where ¢; > 0 is an absolute constant to be determined later. We also define T}, ;, 1, to be
the number of samples that algorithm 2 calls from the generative model with input state
Yo, by till 2 stops (these sample calls are not necessarily consecutive). Note that no
reward information is used/revealed to the agent in this sampling process of 2. For every
k € [K], 1 € [L1], and Iy € [L2]\{1}, we define the following two events:

Apy g = ATk 1, <47, (81)
Cry iz = {Sk,ll,lz = PG1,wiary by Tkl le < \/ 20G, wp a1 b, (1 = DGy ,ap,any by ) Dot iz 10g(1/ 45)}7
(82)

where Sy 1, 1, is the number of transitions to itself in the T}, ;, calls to the generative model
with input state Y1,z by - For these events, we have the following lemmas.

Lemma 21 Forany k € [K], i € [L1], and ly € [Lo\{1}, if E1[Thi,0,] <5 Pi(Agy0,) >
3/4.

Proof Notice that
tt > El[Tk,h,lz] > 4t*P1(Tk7l1,l2 > A4t7) = 4t*(1 — Pl(Tle,lQ < At")).

Thus, Py (Athb) > 3/4. |

Lemma 22 For any k € [K], l; € [Li1], and ly € [La)\{1}, if 6 <1/16, P1(Ck,1,) > 3/4.

Proof We denote outcome to be 1 if the transition from Y1,2k,a1, b, ends up on itself; oth-

erwise 0. By definition, the outcomes from state Yl,ap.a, b, are iid. Bernoulli—pgl,ch,all,bl2

random variables. Let € := \/ngwk’all’%(l — PGy wg a1, by ) Tk iy 12 10g(1/46). By Chernoff-
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Hoeffding bound and pg, b, = Po — 2a1 >1/2, we have that

LhHAlq

Py <Sk,l = PG1,apa by Thi e < 6)

€
> 1—exp ( — KL <p91,xk,a117b12 + T ‘ pgl@k,azl,bb) 'Tk7l1,l2>
k7l17l2
- 53
>1—exp<— )21—4(5. 83
2pgl7xk,fl11 biy (1- PGy ,ay,ar, bi,, )Tk,llh
Additional application of § < 1/16 proves the lemma. |

Let o = 1/16 and ¢y = v/[96(1 — ypo)]. Then, for § € (0,dy) and € € (0,¢€p), and with
the transition model of G; being input, by the argument after (80), we have Py (By, 1,) >
1—6>1-1/16 > 3/4, for all k € [K], Iy € [Li], and ly € [Lg]\{1}. Define the event
Ekinlo = Aktido N Bry 1, N Cryyt,- Combining Lemmas 21 and 22 and Py (Byy, 1,) > 3/4,

we have that
Py (Exiity) > (3/4)% > 1/4, YV ke [K], I € [L1], Iz € [La]\{1}, (84)

if Eq[Th,0,] <t*, 6 € (0,00) and € € (0,€p). Next, we show that if the expectation of the
number of samples in 2 on any Yl,ap,a;, by, 18 DO greater than ¢* under the hypothesis Gy,
then By, 1, occurs with probability greater than ¢ under the hypothesis Gy, i, -

Lemma 23 Let ¢g = min{m, ' min{m, ﬁ}} for some constant ¢’ > 0.
For any k € [K], l1 € [L1], and ly € [La]\{1}, when € € (0,€), if E1[Tk, 1,) < t*, then
Prey o (B ) 2 9.

Proof Let W be the length-Tj; ;, random sequence of the next states by calling the
generative model T}, ;, ;, times with the input state Y1,ap,a, by - To simplify notation, we
represent W as a binary sequence where 1 represents the next state from Y1,zp,a, b, 1O itself
and 0 otherwise. If (I1,l2) # (1,1) and G = G, W forms an i.i.d. Bernoulli-pg,
sequence; if G = Gi, 1,, this is an i.i.d Bernoulli—pgw1
likelihood function Ly, 1, as

Tk,a1y by

Ly Thsary b, S€QUeEnce. We define the

Yw € {O, I}Tk’ll’l2 : ﬁk,llb (w) = Pk,lth [W = w] and ﬁl(w) = ]P)l [W = w].

Recall that the notation Sy, ;, denotes the total number of 1’s in W. For convenience, let
us denote

P1 = PGy xp,a1, b1y 0 and  py = PGy 1) 191,01, b1y *
Note that

P1— P2 = Q2.
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To additionally simplify the notation, we define T = T} ;, ;, and S = Si, 1, With these
new notations, we compute Ly, 1,(W)/L1(W) as follows

ﬁk,ll,lz(W) o (pQ)S(l —pQ)T_S B ) S o T-S
Li(W) — (p)¥Q-p)T=5 <1+ ) (1 B )

a9 S a9 51;1 (5] T—S/p1
=14+— 1-— 1— . 85
( p1> < 1 —p1> ( 1 —p1> (85)

Note that pp —2a;1 < p1 < po. By our choice of pg, a1, ae, and ¢, it holds that as/(1—p1) €
(0,1/2) and as/p; € (0,1/2). With the fact that log(1 —u) > —u — u? for u € [0,1/2] and
exp(—u) > 1 —wu for u € [0, 1], we have that

1—p1
B 2
(i) " e (5 - a2) = (-5 ()
1—p1 D1 1—p 1—-p D1 p1(l —p1)

Thus

Lins(W) (1 ~ 0‘5>S (1 _ 0‘5>S (1 _ 2 )T_S/pl (87)
L(W) = » pi(l—p1) L=m

o\ T 2 T T-S5/p1
05) ) (0%5) <%>
by pi(l—p1) L=p1

due to § < T. Next, we proceed on the event &, ;,. By definition, if &, ;, occurs, event
Ap 1, 1, has occurred. Using log(1 —u) > —2u for u € [0,1/2], it follows that

a2 T 012 At 042 2
( — g) > (1 — 3) > exp <—8t*§) > (40)'1%er |
p p

1 1

where we use the fact that

2 1 2(1 — ~vpg)Le 1 2(1 — ypo)?
t*.%g __a log <7) o 2’)’1290) € __a log (7> o 2’;190)
pi (1—=7)% 49 72t (1=7) 49 72t

< 16¢1¢%(1 — ) - log(1/46).

Using log(1 — u) > —2u for u € [0,1/2], we also have that

<1 o )T > <1 o )M > < R I ) > (45)047
- >|1-—— >exp | — > ,
p1(1—p1) p1(1—p1) p1(1—p1)

where we use

b0 a log (i) (L —ap)te
pi(1—p1) (1 —r)3€ 467 ¥’pi(1 —m)
c1 1 (1 —ypo)? 2
<710 — '—<8CC'10 146
< =8 () Syt < oy = e " los(1/49)
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Further, we have that when &, ;, occurs, Cy, 1, also occurs. Therefore,

7l2

1-py

<1 - s )Ts/pl - <1 B as > 71
1—p - I—m

ex _ O‘% 1o 16¢1c2
> p< \/lﬁpl(l_pl)t I g(1/45)> > (45)Vi6ae

By taking ¢; small enough, e.g., ¢; = 10~°¢ 2, we have L1, 1,(W)/L1(W) > 46. Note that
by (73), the probability measure of the whole sample sequence under the two hypotheses
Gi and Gy, 1, only differ at (k,l1,l2). By a change of measure, we deduce that

Tlog(1/46) s 1;f14t*1og(1/45)
= (-75)
1—pm

Ly 1 (W
Prorto (Bri o) 2 Pr i (Ernte) = Ery 1oL, 0,1 = E1 [C’ifv[(/))lsk,ll,lz >40-1/4 =,
(89)
which completes the proof. |

If 20 is an (€, §)-correct reward-agnostic algorithm, then under transition model hypoth-
esis Gy 1, 1,, when fed with 74, ;,, it produces an e-NE policy pair (u, v) with probability at
least 1 — J. At state xy, this e-NE policy should generate the joint-action (ay,,b;,) with a
high probability. To see this, note that now (a;,, b;,) is the unique NE strategy at state xy,
which is a pure strategy. By Lemma 26, (u(-|zk), Ilb:%) is an 2¢-NE strategy at xp. Let
¢ € [0,1] denote the probability of choosing a;,, i.e., ( = u(a, | zx). Then, the value at x
under (p(-[zx), Lp=s,, ), denoted by V,p, (z), is

S S WS S -
Vi () =y ) T T T 200 S T A m—aw)

which, by the 2¢-NE property, should satisfy

2 2 9
i —2e=(>1- € >1_76:7.

v(po — a2) ey~ Ty 20e 10

Vis, (2) 2 17—

Similarly, let & = v(by, | xx), we have

v Y
V) 2 € g s £ (1-0)- [m + 20¢]
_ _
- 1— ,.y(po _ 042) + 20(1 f)ea

where the inequality is due to (77). As (Lg=q, ,v(-|zx)) is an 2¢NE at xy, we have
Var, w(@k) < /[ —v(po — a2)] + 2¢, leading to & > 9/10. Thus, for the eNE (u,v), the
probability of generating (ay,, by,) is at least ¢ - & > 81/100.

Hence, recalling the definition in (80) and the fact that 5 < 1 — 19/96 < 81/100, we
have Py, 1, (B 1,) < 0 for all k € [K], Iy € [L1], and Iy € [Lo]\{1}. From Lemma 23, this
does not happen unless Eq [T}, ;,] > t* for all k € [K], l; € [L1], and I € [Lo]\{1}. By
linearity of expectation, the expected number of samples required by 2l under hypothesis
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Gy is at least K[Li(Lg — 1)]t* = Q (ﬁlog(l/&), which proves the lower bound for
finding the e-NE policy.

On the lower bound for finding e-approximate NE value, the hard cases above can also
be used. In fact, suppose some algorithm 2 returns some Q such that ||Q — Q*[|cc < €/4
with probability at least 1 — ¢, then it can identify the pure NE strategy as described in the
paragraph before (80) for the Q-values given in (74)-(75) (when reward r,, is assigned to
transition model of G,,, correspondingly), under our choices of the parameters. This can be
done by solving for the NE of the corresponding @ Moreover, when 7y, 5, is assigned to Gy
(instead of r1 as in (74)), this procedure of solving the NE policy for @ will also output some
policy that makes By, ;, in (80) hold with P (B, 1,) > 1 — 0, following similar arguments
around (79). Indeed, otherwise, if this procedure outputs u(zy) = ai,,v(xg) = by, with a
high probability, then the NE value under payoff matrix Q(x,-,-) will be at least €/2 away
from the NE value under payoff matrix Q*(zy, -, ), due to our choice of ;. However, as
one-step of the max min operation onto @(xk, -,+) (and Q*(xg, -, -)) is non-expansive, the NE
values under these two payoff matrices should differ no greater than €/4, as | Q—Q* o0 < €/4.
This shows Py (B, 1,) > 1 —6. Then, using almost identical arguments as above, we obtain
a lower bound of the same order, and thus prove Theorem 4.

Appendix B. Auxiliary Results
B.1 A Smooth Planning Oracle

We now show that solving the regularized matrix game induced by @*, see (6), leads to a
smooth Planning Oracle with certain smoothness coefficient C' (see Definition 7).

Lemma 24 Suppose that the nonnegative reqularizers Q; for i =1,2 in (6) are twice con-
tinuously differentiable, strongly convex, and bounded over the simplex. Suppose that for
each s € S, the solution policy pair (i(-|s),D(-|5)) of (6) with 1 = 7 = (1 — )% > 0
lies in the relative interior of the simplexes A(A) and A(B), respectively. Then, (j1,V) is
smooth with respect to @*, namely, this Planning Oracle follows Definition 7, with some
constant C = poly(|Al|,|B,|S|,1/e,1/(1 — 7)), and meanwhile |[VF* — V*||x < O((1 —
Y)e), [V = V*|loo < O((1 — 7)), namely, €opt 1 Theorem § satisfies €qpr < O((1 — 7)e).

Proof Let Qg := @*(s, .,-) € RMIXIBl denote the payoff matrix of the game at state s. Note
that Qs € [0, (1 —~)~'JMIXIBI 4 € [0, 1] and ¥ € [0,1]/Bl. Also, note that by the simplex
constraints on u, 1, there are |A| — 1 and |B| — 1 free variables, and the last dimension

can be represented as 1 — Zlill_l u(a;), where we use a; to denote the i-th element in
A = {a1,az,--- a4} Thus, we introduce new vectors u = [u(a1),u(az), - ,u(a|A|_1)]T
and 9 = [¥(a1),d(az),- - ,ﬁ(a‘A‘,l)]T of dimensions R/~ and RIBI=1, respectively. As the
solution to (6) lies in the relative interior of the simplex, we know that 1 — Z‘é‘l_l u(a;) >0

and 1 — Z‘ilj;l 9¥(b;) > 0. We can then redefine the objective in (6) as
F@,9) = M(@) " QuA2(9) — Q1 (A1()) + 12Q2(A2 (D)) (90)
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where u = Ay (u) = [_11.T

one vector of proper dimension, and e; denotes the vector of proper dimension whose i-th
element is one and all other elements are zero.

Since the solution lies in the relative interior of A(A) and A(B), by first-order optimality,
we have that for each s € S

Vaf (@) = -1V 91<A1< )+ [T 1] Quha(V) =0, (91)
V3f(@,9) = V30 (A(0) + [I —1] QI A (W) =0, (92)

] u+ ey and J = Ag(ﬁ) = [—iT} J + ep; 1 denotes the all-

whose solution is unique since (90) is still a strongly-convex-strongly-concave minimax
problem. In particular, note that by the chain rule, the Hessians of f are V% f(u,9) =

I —1]V2g(u,9) [_{[T} and V%f(ﬂ, J) = I —1]Vig(u,9) [_{[T} , where

g(u,9) = uTQsﬁ — 1101 (u) + 12Q2(9)

is the original objective used in (6). Let 7; > 0 be the strong-convexity coefficient for 2;,
then, we have V2 f(u,9) < —7im;-I and sz(u 0) & Tomz -1, since for any vector z € RIMAI-1

1
(or z € RIBI=1) that is not 0, [_1T] x is not 0.

Define a function F : RMI=I x RIBI=1x RMIIBI — RIAHIBI=2 a5 follows, such that (91)-(92)
is equivalent to

Ve (M(@) - [T —1] QuAs ()

F(u,9,vec(Qs)) == T2v592(/\2(5)) +[I -1]QJ A (1)

As the solution to (91)-(92) lies in the relative interior of the simplexes, for any choice of
Qs € RMIXIBI (not just [0, (1 — ) ~1]MI*IBl) the domain of F can be specified as A°(A) x
A°(B) x Q° where A°(A) and A°(B) denote the sets of w and ¥ whose corresponding u
and ¥ lie in the interiors of A(A) and A(B), respectively, and Q° C RMIIBI denotes some
open set that contains [0, (1 — ~)~']M/IBI,

Notice that the Jacobian of F with respect to [@' 97]T

nll Vi@ 3| -l e g

el g nl i@

M (u, 3, vee(Qs))

ou av | —

5]

(93)

which is always invertible for any point in A°(A) x A°(B) x Q°. This is because €; are
strongly convex, and thus the real parts of the eigenvalues of the matrix, which are the
eigenvalues of (M + M ") /2, are always positive and uniformly lower bounded. Specifically,
we have

min \; (M (@, 9, vee(Qs)) + M (@, 9, vee(Qs)))

> 2min{rn, mne} = 2(1 —y)>min{n;, 2} -€> 0,
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with A;(-) being the i-th largest eigenvalues of the corresponding matrix. This further
implies that for any (u,?,vec(Qs)) € A°(A) x A°(B) x Q°,

Mﬁ,ﬁ,vec )7L = 1~ 94

2 (@7, min; o;(M (@, 9, vec(Qs))) 6
2 1

: min; Ai(M (@, 9, vec(Qs)) + M T (@, 9, vec(Qs))) = min{7ni, ne}(1—7)2-€’ (95)

where o;(+) is the i-th largest singular value of the corresponding matrix.

By the implicit function theorem (Krantz and Parks, 2012), for any point that solves
F(u,9,vec(Qy)) = 0, since M (@, 1, vee(Qs)) is invertible, there exists a neighborhood U C
A°(A), V C A°(B), and W C Q° around it, such that [i’ 97]T € U x V is a unique
function of vec(Qs) for all vec(Qs) € W, and

—A ()T @ [T -1]

o’ 97T [8F BF}_I oF
I -1 oM@ ]’

[CEARCs L ~ 9 -1,
Wii ou 99 Ovec(Qs) = —M(u, 7, vec(Qs)) [

where ® denotes the Kronecker product. Thus, we have

o~ _ oF
H Dvec( Qs < || M (@, 9, vec(Qs) 7|, - avec(Qy) |,
< V (Al + [B] — 2)|A]| B ) OF 2(] Al 1Bl + |B|\/]Al)
~ min{ny, (1 —7)%-€ |[Ovec(Qs)|lo mm{m, Ml —7)2-€

where we have used (94), the fact that for matrix A € R™*" ||All2 < /mn||A]|«, and the
fact that

Notice that this is a uniform bound on the gradient of the implicit function, at any point
in A°(A) x A°(B) x Q° which together with the mean-value theorem leads to

oF

S| = 2w {IAa@lh 1@ =2

‘ o0

T T Al 1Bl + | B/ A])
I 91] - (i3 95|, < m(1|n{|m |n2}(| |)|r [vee(Qsa) = vee(Qs2)],,
where the pair (%,5@) is the unique solution of F' = 0 corresponding to Q,;. By the
equivalence of norms and considering all s € S, we can find some constant C' (which depends
on |A|, |Bl, |S], as well as 1/e and 1/(1 — 7) polynomially) as the smooth coefficient, and
this completes the first argument of the result.

Now, it suffices to prove that the obtained solution (ji,7) with parameter 7 = 19 =
(1— ")/)26 also leads to small €,,¢. Let D; > 0 denotes the upper bound of the regularizer €;
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over the simplex. Then, we have that for any s € S

A~~~

0<V*(s) = VP (s) = min Eype(. oo [@(s,0,0)] — min Bz |s) om0 [Q7"(5,0,b)]

9eA(B) 9EA(B)
= 193133) Eomiir(- | 5),b0 [ @ (5,0, b)] — ﬂénAi(%) Eoii(-| )00 Q% (5, @, )]
+19énA183) Eomii(| 5)50 @7 (5,0,0)] — ﬂglAi&) Eomii(-| )00 Q"7 (5, 0,0)]
< ﬂglAi{}g) Eomzi=(-]s),o~0 [@ (s,a,b)] — ﬁénAi(nB) Eoii(- | 5),b~td [@ (s,a,b)] + AV = V|
(96)

= il P[00 - (ﬁﬁa B0 [Q7(5:0:0)] = (A1)

+ 7292(19)> + 19Dy + |V = V|| (97)
< ﬂglAi(%) Eqmgis(- | 5),b0 @ (5,0, 0)] — (1922{}3) Eomgie(- )00 (@7 (5,0,0)] — 111 (B*(- | )

+ 7292(19)> + 7Dy + |V = V| (98)
< Ea,\,ﬁ*(. | 5)7(,,\,5 [@*(Sv a, b)] - (ﬂénAl%}S) Ear\z,u ),b~ [éj (57 a, b)] + 7-292 ("9)>

+ 71Dy + oDy + ||V — VP (99)
<7Dy +T2D2+’YH‘7* _‘7/77*”00 (100)

where (1%, 7") denotes a Nash equilibrium policy in the empirical model G, with V* =
VISP (96) uses Bellman equation to relate Q-function and V-function, (97) uses the
boundedness of Q9, (98) uses (6), and in (99) ¥ denotes the argmin of ¥ € A(B) in the
second term in (98). By the choices of 71 = 7 = (1 — )% and (100), we have that
|V* — VE*|| o < O(max{r,72}/(1 — 7)) = O((1 = 7)e). The proof for ||[V*7 — V*||, <
O((1 — 7)e) is symmetric and analogous. This completes the proof. [ |

To ensure that the solution (fi(-|s),7(-|s)) of (6) lies in the relative interior of the sim-
plexes, the common choice of steep regularizers will suffice (Mertikopoulos and Sandholm,
2016). The steep regularizer means that for any u (resp. ) on the boundary of the simplex
A(A) (resp. A(B)), and for every interior sequence U, — u (resp. ¥, — 1) that approaches
it, it holds that || =3 dQl ‘u:un |, = oo (resp. ||=5 dQZ ‘ﬁ H2 — 00). This way, the optimizer
is not on the boundary of the simplexes. Examples of steep regularizers in Lemma 24 in-
clude the commonly used negative entropy, Tsallis entropy and Rényi entropy with certain
parameters; see Mertikopoulos and Sandholm (2016) for more discussions. Also note that
they are bounded over simplex for standard choices of the parameters, and thus satisfy the
conditions in our Lemma 24.
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B.2 Properties of (¢-)NE in Zero-Sum Matrix Games

Now we establish several properties of the (e-)NE strategies in zero-sum matrix games,
which have been used in the proof in §A.2.

Lemma 25 (NE Value Range) Consider a two-player zero-sum matriz game M with
the action spaces A and B, and the payoff matriz M € RAXIB with = {majYiega).gel8)
for the maximizer (agent-1). Then, the NE value of the game V* is bounded between the
maximin and minimax elements in M, i.e.,

maxmin m;; < V* < minmax my;.

7 J j i

Proof Note that

max min uTMej = max min « MO =V*= min max u'MJ= min max e;rMﬂ,
ueA(A) J ueA(A) 9eA(B) JEA(B) ue A(A) JeA(B) i

where e; denote the all-zero vector except a single 1 at element ¢, with proper dimensions.
Also, notice that

min max eZTMﬁ < minmax ezTMej = minmax m;;,
YEA(B) 1t J v J L

where the inequality is due to that e; € A(B) and the min on the right is taken over a
smaller set, thus has a larger value. This proves the right-hand side of the inequality. Proof
for the other side is analogous. |

Lemma 26 (e-NE Strategy Interchangeability) Consider the game as above in Lemma
25. Let ui,ug € A(A) and V1,92 € A(B) be strategies such that (uy,v1) is a Nash equilib-
rium strategy, and (ug,¥2) is an e-NE strategy. Then, both (u1,92) and (ue,?1) are 2¢-NE
strategy pairs.

Proof Let V(u,?¥) := u' M1 denote the value under any strategy pair (u, ). By definition,
we have that for any u € A(A) and 9 € A(B)

Viu, 1) < V(up, 1) < V(ug,d), Vu,92) — € < V(ug,v2) < V(ug,d) +e.
Then, we have
V(ur,91) > V(ug,¥1) > V(ug,d2) — €, V(ur,91) < V(ug,d2) < V(ug,92) + €.
Combining the two, we have

V(’LL,I?Q) — 2¢ S V(UQ,?92) — € S V(ul,ﬁl) E V(ul,ﬁg)
< V(ug,V2) +€ < V(up,v1) +2¢ < V(ug, ) + 2

for any u € A(A) and ¢ € A(B), showing that (u,¥2) is an 2e-NE. The proof for the pair
(ug2,71) is analogous. [ |
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