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ABSTRACT

Despite the great empirical success of deep reinforcement learning, its theoretical
foundation is less well understood. In this work, we make the first attempt to
theoretically understand the deep Q-network (DQN) algorithm (Mnih et al., 2015)
from both algorithmic and statistical perspectives. In specific, we focus on the
fitted Q iteration (FQI) algorithm with deep neural networks, which is a slight
simplification of DQN that captures the tricks of experience replay and target
network used in DQN. Under mild assumptions, we establish the algorithmic
and statistical rates of convergence for the action-value functions of the iterative
policy sequence obtained by FQI. In particular, the statistical error characterizes
the bias and variance that arise from approximating the action-value function using
deep neural network, while the algorithmic error converges to zero at a geometric
rate. As a byproduct, our analysis provides justifications for the techniques of
experience replay and target network, which are crucial to the empirical success of
DQN. Furthermore, as a simple extension of DQN, we propose the Minimax-DQN
algorithm for zero-sum Markov game with two players, which is deferred to the
appendix due to space limitations.

1 INTRODUCTION

Reinforcement learning (RL) attacks the multi-stage decision-making problems by interacting with
the environment and learning from the experiences. With the breakthrough in deep learning, deep
reinforcement learning (DRL) demonstrates tremendous success in solving highly challenging
problems, such as the game of Go (Silver et al., 2016; 2017), robotics (Kober & Peters, 2012),
and dialogue systems (Chen et al., 2017). In DRL, the value or policy functions are often represented
as deep neural networks and the related deep learning techniques can be readily applied. For example,
deep Q-network (DQN) (Mnih et al., 2015), asynchronous advantage actor-critic (A3C) and (Mnih
et al., 2016) demonstrate superhuman performance in various applications and become standard
algorithms for artificial intelligence.

Despite its great empirical success, there exists a gap between the theory and practice of DRL. In
particular, most existing theoretical work on reinforcement learning focuses on the tabular case
where the state and action spaces are finite, or the case where the value function is linear. Under
these restrictive settings, the algorithmic and statistical perspectives of reinforcement learning are
well-understood via the tools developed for convex optimization and linear regression. However, in
presence of nonlinear function approximators such as deep neural network, the theoretical analysis
of reinforcement learning becomes intractable as it involves solving a highly nonconvex statistical
optimization problem.

To bridge such a gap in DRL, we make the first attempt to theoretically understand DQN, which can
be cast as an extension of the classical Q-learning algorithm (Watkins & Dayan, 1992) that uses deep
neural network to approximate the action-value function. Although the algorithmic and statistical
properties of the classical Q-learning algorithm are well-studied, theoretical analysis of DQN is
highly challenging due to its differences in the following two aspects.
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First, in online gradient-based temporal-difference reinforcement learning algorithms, approximating
the action-value function often leads to instability. Baird (1995) proves that this is the case even with
linear function approximation. The key technique to achieve stability in DQN is experience replay
(Lin, 1992; Mnih et al., 2015). In specific, a replay memory is used to store the trajectory of the
Markov decision process (MDP). At each iteration of DQN, a mini-batch of states, actions, rewards,
and next states are sampled from the replay memory as observations to train the Q-network, which
approximates the action-value function. The intuition behind experience replay is to achieve stability
by breaking the temporal dependency among the observations used in the training of the deep neural
network.

Second, in addition to the aforementioned Q-network, DQN uses another neural network named
target network to obtain an unbiased estimator of the mean-squared Bellman error used in training
the Q-network. The target network is synchronized with the Q-network after each period of iterations,
which leads to a coupling between the two networks. Moreover, even if we fix the target network
and focus on updating the Q-network, the subproblem of training a neural network still remains less
well-understood in theory.

In this paper, we focus on a slight simplification of DQN, which is amenable to theoretical analysis
while fully capturing the above two aspects. In specific, we simplify the technique of experience
replay with an independence assumption, and focus on deep neural networks with rectified linear
units (ReLU) (Nair & Hinton, 2010) and large batch size. Under this setting, DQN is reduced to the
neural fitted Q-iteration (FQI) algorithm (Riedmiller, 2005) and the technique of target network can
be cast as the value iteration. More importantly, by adapting the approximation results for ReLU
networks to the analysis of Bellman operator, we establish the algorithmic and statistical rates of
convergence for the iterative policy sequence obtained by DQN. As shown in the main results in §3,
the statistical error characterizes the bias and variance that arise from approximating the action-value
function using neural network, while the algorithmic error geometrically decays to zero as the number
of iteration goes to infinity.

Our contribution is two-fold. First, we establish the algorithmic and statistical errors of the neural
FQI algorithm, which can be viewed as a slight simplification of DQN. Under mild assumptions,
our results show that the proposed algorithm obtains a sequence of Q-networks that geometrically
converges to the optimal action-value function up to an intrinsic statistical error induced by the
approximation bias of ReLU network and finite sample size. Second, as a byproduct, our analysis
justifies the techniques of experience replay and target network used in DQN, where the latter can be
viewed as the value iteration. In addition, we also extend our algorithm to zero-sum Markov games.
Due to space limit, we defer these results to the appendix.

Notation. For a measurable space with domain S, we denote by 5(S, V) the set of measurable
functions on S that are bounded by V' in absolute value. Let P(S) be the set of all probability
measures over S. For any v € P(S) and any measurable function f: S — R, we denote by || f ||,
the £,-norm of f with respect to measure v for p > 1. In addition, for simplicity, we write || f|,
for || f||2,.- In addition, let { f(n), g(n)}n>1 be two positive series. We write f(n) < g(n) if there
exists a constant C' such that f(n) < C - g(n) for all n larger than some ny € N. In addition, we

write [ (n) = g(n) if f(n) < g(n) and g(n) S f(n).

2 BACKGROUND

In this section, we introduce the background. We first lay out the formulation of the reinforcement
learning problem, and then define the family of ReLU neural networks.

2.1 REINFORCEMENT LEARNING

A discounted Markov decision process is defined by a tuple (S, A, P, R,~). Here S is the set of
all states, which can be countable or uncountable, A is the set of all actions, P: S x A — P(S)
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is the Markov transition kernel, R: S x A — P(R) is the distribution of the immediate reward,
and v € (0, 1) is the discount factor. In specific, upon taking any action a € A at any state s € S,
P(- |s,a) defines the probability distribution of the next state and R(- |s, a) is the distribution of the
immediate reward. Moreover, for regularity, we further assume that S is a compact subset of R¢
which can be infinite, A = {a1, ag, ..., aps} has finite cardinality M, and the rewards are uniformly
bounded by Ryax, i.€., R(- |s, a) is supported on [— Ryax, Rimax] for any s € S and a € A.

A policy 7: § — P(A) for the MDP maps any state s € S to a probability distribution 7 (-| )
over A. For policy 7, the corresponding value function V7 : S — R is defined as the cumulative
discounted reward obtained by when the actions are executed according to 7, that is,

VW<s>=E[i~yt~Rt

t=0

S():S,AtN’TT('|St),St+1 NP(|St,At):| (21)
Similarly, the action-value function @™ : S x A — R is defined as

Q”(Saa)=E[ivt~Rt

t=0

S() = S7A() = a,At ~ 7T(' |S’t),St+1 ~ P( | St,At):| . (22)

For any given action-value function ): S x A — R, define the one-step greedy policy 7 as any
policy that selects the action with the largest Q-value, that is, for any s € S, mg (- |s) satisfies

molals) =0 if Q(s,a)# max Q(s,a). (2.3)
Moreover, we define operator P™ by
(PWQ)(S,G) = E[Q(Serl) | S~ P( | Saa)vA/ ~ W(' | S/)]7 24

and define the Bellman operator 7™ by (T Q)(s,a) = r(s,a) + v - (P"Q)(s,a), where r(s,a) =
J rR(dr|s,a) is the expected reward obtained at state s when taking action a. Then it can be verified
that ™ is the unique fixed point of T™.

The goal of reinforcement learning is to find the optimal policy, which achieves the largest cumulative
reward. To characterize optimality, we define optimal action-value function Q* as

Q" (s,a) = sup Q" (s, a), 2.5)

where the supremum is taken over all policies. Based on Q*, we define the optimal policy 7* as any
policy that is greedy with respect to Q*. It can be shown that Q* = Q™ . Finally, we define the
Bellman optimality operator 1" via

(TQ)(s,a) = r(s,a) +7-E[max Q(S",a') | ' ~ P(-]5,a)]. (2.6)

Then we have Bellman optimality equation TQ* = Q*.

2.2 DEEP NEURAL NETWORK

We study the performance of DQN with rectified linear unit (ReLU) activation function o(u) =
max(u,0). For any positive integer L and {d; };;:-01 C N, a ReLU network f: R% — Rez+1 with L
hidden layers and width {d, }JLiol is of form

f(l‘) = WL+1O'(WLU(WL_1 - U(WgO’(Wlﬁc + 111) + ’Ug) L. UL—l) + UL), 2.7

where W, € Ré>de-1 and v, € R% are the weight matrix and the shift vector in the /-th layer,
respectively. Here we apply o to to each entry of its argument in (2.7). In deep learning, the network
structure is fixed, and the goal is to learn the network parameters (weights) {W¢, v¢}e(r+1] With the
convention that vy, 1 = 0. For deep neural networks, the number of parameters greatly exceeds the
input dimension dj. To restrict the model class, we focus on the class of ReLU networks where most
parameters are zero.
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Definition 2.1 (Sparse ReLU Network). Forany L,s € N, {d; }fiol C N,and V > 0, the family of
sparse ReLU networks bounded by V' with L hidden layers, network width d, and weight sparsity s
is defined as

L+1
F(L,{dj} ALl s v { : max |W, o <1, W, <s, ma i OO<V}, 2.8
(LA} oY) = {7+ g Wil < L3 Wil 0 g 1l SV o @9)

where we denote (Wy, vy) by Wg. Moreover, f in (2.8) is expressed as in (2.7), and f; is the j-th
component of f.

Here we focus on functions that are uniformly bounded because the value functions in (2.1) and
(2.2) are always bounded by Vinax = Rmax/(1 — ). In the sequel, we write F (L, {d, f:ol, 8, Vinax)
as F(L,{d; f:ol, s) to simplify the notation. In addition, we restrict the networks weights to be
sparse, i.e., s is much smaller compared with the total number of parameters. Such an assumption
implies that the network has sparse connections, which are useful for applying deep learning in

memory-constrained situations such as mobile devices (Han et al., 2015; Liu et al., 2015).
Moreover, we introduce the notion of Holder smoothness as follows, which is a generalization of
Lipschitz continuity, and is widely used to characterize the regularity of functions.

Definition 2.2 (Holder Smooth Function). Let D be a compact subset of R", where »r € N. We
define the set of Holder smooth functions on D as

CT(D7ﬁ,H):{f:D—>R: S e+ S sup |8af($)_68T;Jy)l<H},

_1p 2EDwAy  [lz =y

a: lal<p a: fledh

where 5 > 0 and H > 0 are parameters and | 3] is the largest integer no greater than . In addition,
here we use the multi-index notation by letting & = (aq,..., ;)" € N, and 9% = 9%1 ... 9.

Finally, we conclude this section by defining functions that can be written as a composition of multiple
Holder functions, which captures complex mappings in real-world applications such as multi-level
feature extraction.

Definition 2.3 (Composition of Holder Functions). Let ¢ € N and {p;},cq) € N be integers, and
let {a;j,bj} cq € Rsuchthata; < b; j € [q]. Moreover, let g;: [aj,b;]P7 — [aj41,b41]P7+ be a
function, V;j € [g]. Let (g;x)xep,.,) be the components of g;, and we assume that each gy, is Holder
smooth, and depends on at most ¢; of its input variables, where ¢; could be much smaller than p;, i.e.,
gik € Ci,([a;,b;]%, B;, Hj). Finally, we denote by G({p;.t;, 85, H;}je[q) the family of functions
that can be written as compositions of {g; } jc[4» With the convention that p,, 1 = 1. That is, for any
f€G{pj,tj, Bj, Hj}jelq)> We can write

J=9q0°9q-10...0920g1,
with g € Cy, ([a;,b;]%, B;, Hj) for each k € [p;41] and j € [q].

3 UNDERSTANDING DEEP Q-NETWORK

In the DQN algorithm, a deep neural network Qg: S x A — R is used to approximate Q*, where
0 is the parameter. For completeness, we state the DQN as Algorithm 2 in §A. As shown in the
experiments in Mnih et al. (2015), two tricks are pivotal for the success of DQN.

First, DQN use the trick of experience replay (Lin, 1992). Specifically, at each time ¢, we store the
transition (S, A, Ry, S¢+1) into the replay memory M, and then sample a minibatch of independent
samples from M to train the neural network via stochastic gradient descent. Since the trajectory of
MDP has strong temporal correlation, the goal of experience replay is to obtain uncorrelated samples,
which yields accurate gradient estimation for the stochastic optimization problem.

Another trick is to use a target network (g~ with parameter 8*. Specifically, with independent
samples {(si, a;, 7, 8;) }ie[n) from the replay memory, to update the parameter 6 of the Q-network,
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we compute the target Y; = r; + v - max,e 4 Qo+ (s}, a), and update 6 by the gradient of

1 n
LO)==-S"]Y - i )] 3.1
0 = 5 3 0¥ - Qufssan) (1)
Whereas parameter 6* is updated once every Tiyge; Steps by letting 6% = 6. That is, the target network

is hold fixed for Tiyge Steps, and is thus updated in a slower pace.

To demystify DQN, it is crucial to understand the role played by these two tricks. For experience
replay, in practice, the replay memory size is usually very large. For example, the replay memory size
is 10° in Mnih et al. (2015). Moreover, DQN use the e-greedy policy, which enables exploration over
S x A. Thus, when the replay memory is large, experience replay is close to sampling independent
transitions from an explorative policy. This reduces the variance of the VL(#), which is used to
update 6.

Thus, experience replay stabilizes the training of DQN, which benefits the algorithm in terms of
computation. To understand the statistical property of DQN, we replace the experience replay by
sampling independent transitions from a fixed distribution o € P(S x A). That is, instead of sampling
from the replay memory, we sample i.i.d. observations {(S;, A;)}ic[n from o. Moreover, for any
i € [n], let R; and S} be the immediate reward and the next state when taking action A; at state
S;. Under this setting, we have E(Y; | S;, A;) = (T'Qe+)(S;, A;), where Qg+ is the target network,
which, as we show as follows, is motivated from a statistical consideration.

Let us first neglect the target network and set 6* = 6. Using bias-variance decomposition, the the
expected value of L(6) in (3.1) is

E[L(9)] = Qo — TQal2 + E{ [Y1 - (TQo)(S1, 41)]"}. (3:2)

Here the first term in (3.2) is known as the mean-squared Bellman error (MSBE), and the second
term is the variance of Y;. Whereas L(#) can be viewed as the empirical version of the MSBE,
which has bias E{[Y; — (T'Qs)(S1, A1)]?} that also depends on 6. Thus, without the target network,
minimizing L(#) can be drastically different from minimizing the MSBE.

To resolve this problem, we use a target network in (3.1), which has expectation
2
E[L(0)] = [|Qo — TQo- |5 +E{ Y1 = (TQo~)(S1, Ar)] }7
where the variance of Y7 does not depend on 6. Thus, minimizing L(0) is close to solving

. —TOn |2 .
mlgle%nzeHQe Qo Ha> (3-3)

where O is the parameter space. Note that in DQN we hold 6* still and update & for Ti,ee; Steps.
When Tty 18 sufficiently large and we neglect the fact that the objective in (3.3) is nonconvex, we
would update 0 by the minimizer of (3.3) for fixed 6*.

Therefore, in the ideal case, DQN aims to solve the minimization problem (3.3) with 8* fixed, and
then update 6* by the minimizer 6. Interestingly, this view of DQN offers a statistical interpretation
of the target network. In specific, if {Qg: 6 € ©} is sufficiently large such that it contains TQg-,
then (3.3) has solution QQy = T'Qy~, which can be viewed as one-step of value iteration (Sutton
& Barto, 2011) for neural networks. In addition, in the sample setting, Qg+ is used to construct
{Yi}icin)» which serve as the response in the regression problem defined in (3.1), with (T'Qg~) being
the regression function.

Furthermore, turning the discussion above into a realizable algorithm, we obtain the neural fitted
Q-iteration (FQI) algorithm, which generates a sequence of value functions. Specifically, let 7 be a
class of function defined on S x A. In the k-th iteration of FQI, let @, be current estimate of Q™.
Similar to (3.1) and (3.3), we define Y; = R; + 7 - max,c 4 Q1 (S}, a), and update Q. by

~ 1
Qi1 = arfgem]:in - ;[n — £(Si, A% (3.4)
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This gives the fitted-Q iteration algorithm, which is stated in Algorithm 1.

When F is the family of neural networks, Algorithm 1 is known as the neural FQI, which is proposed
in Riedmiller (2005). Thus, we can view neural FQI as an modification of DQN, where we replace
experience replay by sampling from a fixed distribution o, so as to understand its the statistical
property. As a byproduct, such a modification naturally justifies the trick of target network in DQN.
In addition, note that the optimization problem in (3.4) appears in each iteration of FQI, which is
nonconvex when neural networks are used. However, since we focus solely on the statistical aspect,
we make the assumption that the global optima of (3.4) can be reached, which is also contained F.
Interestingly, a recent line of research on deep learning (Du et al., 2018b;a; Zou et al., 2018; Chizat &
Bach, 2018; Allen-Zhu et al., 2018a;b; Jacot et al., 2018; Cao & Gu, 2019; Arora et al., 2019; Ma
etal., 2019; Mei et al., 2019; Yehudai & Shamir, 2019) has established global convergence of gradient-
based algorithms for empirical risk minimization when the neural networks are overparametrized. We
provide more discussions on the computation aspect in §B. Moreover, we make the i.i.d. assumption
in Algorithm 1 to simplify the analysis. Antos et al. (2008b) study the performance of fitted value
iteration with fixed data used in the regression sub-problems repeatedly, where the data is sampled
from a single trajectory based on a fixed policy such that the induced Markov chain satisfies certain
conditions on the mixing time. Using similar analysis as in Antos et al. (2008b), our algorithm can
also be extended to handled fixed data that is collected beforehand.

Algorithm 1 Fitted Q-Iteration Algorithm
Input: MDP (S, A, P, R, ), function class F, sampling distribution o, number of iterations K,
number of samples n, the initial estimator @0.
fork=0,1,2,..., K —1do
Sample i.i.d. observations {(S;, A;),i € [n]} from o, obtain R, ~ R(- |S;, A;) and S} ~
P(-|S;, Ay).
Compute Y; = R; + v - maxqe A @k(Sg, a).
Update the action-value function:

~ 1 <& 9
Qr41 < argmin — Y — f(Si, A"
min ; [ ]
end for _
Define policy 7y as the greedy policy with respect to Q.
Output: An estimator Q)i of Q* and policy 7.

4 THEORETICAL RESULTS

We establish statistical guarantees for DQN with ReLU networks. Specifically, let Q7% be the
action-value function corresponding to g, which is returned by Algorithm 1. In the following, we
obtain an upper bound for ||Q™% — Q*||1,,., where 1 € P(S x A) is allowed to be different from v.
In addition, we assume that the state space S is a compact subset in R” and the action space A is
finite. Without loss of generality, we let S = [0, 1]" hereafter, where r is a fixed integer. To begin
with, we first specify the function class F in Algorithm 1.

Definition 4.1 (Function Classes). Following Definition 2.1, let F(L, {d, }jLIOl ,8) be the family of

sparse ReL.U networks defined on & with dg = r and d;,+1 = 1. Then we define F by
Fo={f:Sx A—=R: f(-,a) € F(L,{d;}2,s) forany a € A}. 4.1)

In addition, let G({p;,t;, B;, H;};e[q) be set of composition of Holder smooth functions defined on
S C R". Similar to F, we define a function class G as

Go = {f: SxA—R: f(-,a) € G{pj, t;, 85, Hj}jeiq) forany a € A}. 4.2)
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By this definition, for any function f € Fy and any action a € A, f(-,a) is a ReLU network defined
on &, which is standard for Q-networks. Moreover, G contains a broad family of smooth functions
on S x A. In the following, we make a mild assumption on Fy and Gy.

Assumption 4.2. We assume that for any f € Fy, we have T'f € Gy, where T is the Bellman
optimality operator defined in (2.6). That is, for any f € F and any a € A, (T f)(s, a) can be written
as compositions of Holder smooth functions as a function of s € S.

We remark that this assumption holds when the MDP satisfies some smoothness conditions. For any
state-action pair (s,a) € S x A, let P(-| s, a) be the density of the next state. By the definition of
the Bellman optimality operator in (2.6), we have

(Tf)(s,a) =r(s,a) +- [g[gleaﬁ f(s',a")] - P(s' | s,a)ds’. 4.3)

For any ' € S and a € A, we define functions g1, g2 by letting g1(s) = 7(s,a) and go(s) =
P(s"|s,a). Suppose both g; and g, are Holder smooth functions on S = [0, 1]” with parameters 3
and H. Since || f||co < Vinax» by changing the order of integration and differentiation with respect
to s in (4.3), we obtain that function s — (T'f)(s, a) belongs to the Holder class C,.(S, 8, H') with
H' = H(1 + Vipayx). Furthermore, in the more general case, suppose for any fixed a € A, we can
write P(s' | s,a) as hi[ha(s, a), hg(s")], where ho: S — R™, and hg: S — R" can be viewed as
feature mappings, and h; : R™ 72 — R is a bivariate function. We define function hy: R™ — R by

ha(u) = /S[zrllgﬁf(s'7a')]h1[u, hs(s')]ds’.

Then by (4.3) we have (T'f)(s,a) = g1(s) + hyg o ha(s,a). Then Assumption 4.2 holds if hy is
Holder smooth and both g; and hs can be represented as compositions of Holder functions. Thus,
Assumption 4.2 holds if both the reward function and the transition density of the MDP are sufficiently
smooth.

Moreover, even when the transition density is not smooth, we could also expect Assumption 4.2 to
hold. Consider the extreme case where the MDP has deterministic transitions, that is, the next state s’
is a function of s and a, which is denoted by s’ = h(s, a). In this case, for any ReLU network f, we
have (T'f)(s,a) = r(s,a) +v - maxqca f[h(s,a),a’]. Since
max f (s1,0') — max f(s5, )| < max| f(s1,0") = f(s2,0)

for any s1,s2 € S, and network f(-,a) is Lipschitz continuous for any fixed a € A, function
m1(s) = max, f(s,a’) is Lipschitz on S. Thus, for any fixed a € A, if both g1 (s) = r(s,a) and
ma(s) = h(s,a) are compositions of Holder functions, so is (T'f)(s,a) = g1(s) + m1 o ma(s).
Therefore, even if the MDP has deterministic dynamics, if both the reward function (s, a) and the
transition function h(s, a) are sufficiently nice, Assumption 4.2 still holds true.

In the following, we define the concentration coefficients, which measures the similarity between two
probability distributions under the MDP.

Assumption 4.3 (Concentration Coefficients). Let vq,v5 € P(S X A) be two probability measures
that are absolutely continuous with respect to the Lebesgue measure on S x A. Let {m;};>1 be a
sequence of policies. Suppose the initial state-action pair (Sp, Ag) of the MDP has distribution v,
and we take action A; according to policy 7;. For any integer m, we denote by P™m P™m~=1 ... PTiy,
the distribution of (.Sy,, A,,). Then we define the m-th concentration coefficient as

d PTm PTm-1... P71y, 2 1/2
( dvy : ] 7 @4

k(m;vy,v9) = sup [E,,2

Ty Tm

where the supremum is taken over all possible policies.

Furthermore, let o be the sampling distribution in Algorithm 1 and let ¢ be a fixed distribution on
S x A. We assume that there exists a constant ¢,, , < oo such that

(L= D> ™ mew(mip,0) < by, 45)
m>1
1 —2.

where (1 —~)? in (4.5) is a normalization term, since 3, -, 7™~ -m = (1 —7)
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By definition, concentration coefficients in (4.4) quantifies the similarity between v, and the dis-
tribution of the future states of the MDP when starting from v;. Moreover, (4.5) is a standard
assumption in the literature. See, e.g., Munos & Szepesvari (2008); Lazaric et al. (2016); Scherrer
et al. (2015); Farahmand et al. (2010; 2016). This assumption holds for large class of systems MDPs
and specifically for MDPs whose top-Lyapunov exponent is finite. See Munos & Szepesvari (2008);
Antos et al. (2007) for more detailed discussions on this assumption.

Now we are ready to present the main theorem.

Theorem 4.4. Under Assumptions 4.2 and 4.3, let F be defined in (4.1) based on the family of sparse
ReLU networks F(L*, {d} 52317 s*) and let Gy be given in (4.2). Moreover, for any j € [q — 1], we
define 87 = B3; - [[,—;, min(Be, 1); let 87 = 1. In addition, let o = max;e t;/(25; +t;). For

the parameters of Gy, we assume that there exists a constant £ > 0 such that

maxt; <&, logt; < (logn)¢ and maxp; < (logn)®. 4.6
maxt; < € %2] gt; < (logn) maxp; S (logn) (4.6)

For the hyperparameters L*, {d}" }f;g‘l and s* of the ReLU network, we set df; = 0 and d7 . 1= 1.
Moreover, we set L* < (logn)¢’,

*

and s* = n® - (log n)g/ 4.7

max{p;.1-t:}-n® < min d* < max d* < né |
. [q]{p]+1 J} ~ i€[L*] ] = JE[L¥] J o~
for some constant &’ > 0. For any K € N, let Q™* be the action-value function corresponding to
policy 7, which is returned by Algorithm 1 based on function class Fy. Then there exists constants
&* and C such that
. Ppo Y e (ar-nz, N
1Q" = Q™ [l < C- =—=5 - |A]- (logn)*> - n* s
: (1-1)2 (1=7)

This theorem implies that the statistical rate of convergence is the sum of a statistical error and an
algorithmic error. The algorithmic error converges to zero in linear rate as the algorithm proceeds,
whereas the statistical error reflects the fundamental difficulty of the problem. Thus, when the number
of iterations satisfy

: Rmax~ (48)

K >C"[log|A|+ (1 — a*) - logn]/log(1/7)

iterations, where C” is a sufficiently large constant, the algorithmic error is dominated by the statistical
error. In this case, if we view both v and ¢, , as constants and ignore the polylogarithmic term,
Algorithm 1 achieves error rate

| Al plet=1/2 _ |A| -maxn % /(26 +5) (4.9)

j€ld]

which scales linearly with the capacity of the action space, and decays to zero when the n goes
to infinity. Furthermore, the rates {n =% /(%)}y, 1 in (4.9) recovers the statistical rate of
nonparametric regression in fo-norm, whereas our statistical rate n(® ~1/2 in (4.9) is the fastest
among these nonparametric rates, which illustrates the benefit of compositional structure of Gy.

Furthermore, as a concrete example, we assume that both the reward function and the Markov
transition kernel are Holder smooth with smoothness parameter 3. As stated below Assumption 4.2,
for any f € Fy, we have (T'f)(-,a) € C.(S, 3, H'). Then Theorem 4.4 implies that Algorithm 1
achieves error rate | A| - n~8/(2#+7) when K is sufficiently large. Since |.A| is finite, this rate achieves
the minimax-optimal statistical rate of convergence within the class of Holder smooth functions
defined on [0, 1]¢ (Stone, 1982) and thus cannot be further improved.

In addition, as a simple extension of DQN, we propose the Minimax-DQN algorithm for zero-sum
Markov game with two players. Specifically, in this setting, there are two players with action spaces
A and B. The action-value function Q*(s,a,b): S x A x B — R can be similarly defined, which
correspond to the value obtained by a pair of policies that constitute the Nash equilibrium. Minimax-
DQN differs from the original DQN mainly in the computation of target, which is obtained by solving
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a zero-sum matrix game via linear programming. Using similar proof technique, we establish both
the algorithmic and statistical convergence rates of the action-value functions associated with the
sequence of policies returned by the Minimax-DQN algorithm. Due to space limit, we defer the
algorithm and its theory to §E.1 in the appendix.
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A DEEP Q-NETWORK

We are present the DQN algorithm for MDP in details, which is proposed by Mnih et al. (2015) and
adapted here to discounted MDP. As shown in Algorithm 2 below, DQN features two key tricks that
lead to its empirical success, namely, experience replay and target network.

Algorithm 2 Deep Q-Network (DQN)

Input: MDP (S, A, P, R,), replay memory M, number of iterations 7', minibatch size n,
exploration probability € € (0, 1), a family of deep Q-networks Qy: S x A — R, an integer Tiarger
for updating the target network, and a sequence of stepsizes { v }¢>o.
Initialize the replay memory M to be empty.
Initialize the Q-network with random weights 6.
Initialize the weights of the target network with 6* = 6.
Initialize the initial state Sj).
fort =0,1,...,7T do
With probability €, choose A; uniformly at random from A, and with probability 1 — €, choose
Ay such that Qy(St, Ar) = maxeeq Qo(St, a).
Execute A; and observe reward R; and the next state S;1.
Store transition (St, A¢, Ry, Sty1) in M.
Experience replay: Sample random minibatch of transitions {(s;, a;, 7:, 5) }ic[n] from M.
For each i € [n], compute the target Y; = r; + 7 - max,c 4 Qo+ (8}, a).
Update the Q-network: Perform a gradient descent step

0« 0—oay- % Z [Yi — Qo(si,a:)] - VoQa(si, as).

1€[n]

Update the target network: Update §* <— 6 every Tiarge: Steps.
end for
Define policy 7 as the greedy policy with respect to Qy.
Output: Action-value function () and policy 7.

B COMPUTATIONAL ASPECT OF DQN

Recall that in Algorithm 1 we assume that the global optima of the nonlinear least-squares problem
in (3.1) is be obtained in each iteration. We make such assumption as our focus is on the statistical
analysis. In terms of optimization, it has been shown recently that, when the neural network is
overparametrized, (stochastic) gradient descent converges to the global minima of the empirical
function. Moreover, the generalization error of the obtained neural network can also be established.
The intuition behind these results is that, when the neural network is overparametrized, it behaves
similar to the random feature model (Rahimi & Recht, 2008). See, e.g., Li & Liang (2018); Du et al.
(2018bsa); Zou et al. (2018); Chizat & Bach (2018); Allen-Zhu et al. (2018a;b); Jacot et al. (2018);
Cao & Gu (2019); Arora et al. (2019); Ma et al. (2019); Mei et al. (2019); Yehudai & Shamir (2019)
and the references therein. Also see Fan et al. (2019) for a detailed survey. In the following, we make
an initial attempt in providing a unified statistical and computational analysis of DQN.

In the following, we consider the reinforcement learning problem with the state space S = [0, 1]”
and a finite action space .A. To simplify the notation, we represent action a using one-hot embedding
and thus identify it as an element in {0, 1}'“4‘. Thus, we can pack the state s and the action a together
and obtain a vector (s, a) in RY, where we denote 7 + |.A| by d.
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We represent the Q-network by the family of two-layer neural networks

Q(s,a;b, W) Zb -o[W) (s,a)], V(s,a) € S x A. (B.1)

Here m is the number of neurons, b; € R and W, € R for all j € [m], and o'(u) = max{u, 0} is
the ReL.U activation function. Here b = (by,...,by,)" € R™and W = (Wy,...,W,,) € R¥xm
are the weights of the neural network. Then, in the k-th iteration of Algorithm 1, the optimization
problem in (3.1) becomes
1 n 9
inimize — 3 [V; — Q(S:, A;; B.2
mlrl},l‘I/II}lZe 27’L Z[ 7 Q(Su 1 b) W)] ) ( )

i=1
where Y; = R;+7v-maxee Qk (S}, a) is the target and Qy is the Q-network computed in the previous

iteration. Notice that this problem is the least-squares regression with two-layer neural networks in

the overparametrized setting. We solve the optimization in (B.2) via gradient descent. Specifically,

we initialize. the parameters via b; - Unif({—1,1}) and W; S N(0,I4/d), where I is the

identity matrix in RY. Moreover, for ease of presentation, durlng training we keeping {b1,...,bmn}
fixed as the random initialization and only optimize over W. Moreover, let W (0) € R?*™ be the
initialization of W. We restrict the weight TV to a Frobenius ball centered at W (0) with radius B > 0,
i.e., we define

Bg = {W € R™™: |W — W(0)|lno < B}, (B.3)

where B is a sufficiently large constant. Thus, the problem in (B.2) is transformed into

minimize L,, (W) = % ST[Y - QS5 Ao, W), (B.4)

WeBg —1
i=

where b is fixed to the initial value. We solve this optimization problem via projected gradient descent,
which generates a sequence of weights {W (¢) };>¢ C Bp satisfying

W(e+1) = T, [V — L 37, — QS0 Ab. W) - P Q(Si Asb W(0) | B)

=1
where Il is the projection operator onto B and 1 > 0 is the step size.

To understand the convergence of the updates in (B.4), we utilize the fact that overparametrized
two-layer neural networks behave similar to the random feature model. Specifically, notice that we
have

Q(s,a;b, W) \/>Zb ]l{W s,a) >0} - WT(S a), (B.6)

Vw,Q(s,a;b, W) = ﬁbj SI{W (s,a) > 0}, V)€ [m]. (B.7)

‘We define function class

1 m
Fipm = {Q(&a) = = 2o b W0 (5,0) > 0} W] (5,0): W € BB}. B.8)
=1
By (B.6) and (B.7), every ) € ]—'g?m can be written as

Q(s,a) = Q(s,a; b, W(t Zb {W;(t) " (s,a) > 0} - [W; — W; ()] " (s,a)

= Q(s,a;b, W (t )) <VWQ(s,a;b,W( )),W - W(t)>
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Thus, .7-' 1, contains first-order approximations of Q(s a; b, W(t )) Furthermore, as shown in Du
et al. (2018b a); Arora et al. (2019), when m is sufficiently large, the overall effect of the scaled
indicators {1/y/m - 1{W;(t)" (s,a) > 0} are well approximated by the indicators produced by the

initial weights. That is, when m approaches infinity, for each fixed ¢, F }(azt,)m in (B.8) is close to
Fa, {nQ (s,a) Zb 1{W;(0) " (s,a) >O}-Wj—r(s,a): WEBB}. (B.9)

Notice that {¢; (s, a) = 1/y/m-b;-1{W;(0)" (s, a) > 0} arei.i.d. random variables. Thus, function
class Fg,, is family of functions that can be written as combinations of random features, i.e.,

Fpm = {Q(s,a) = Q(s,a;:,W(0) + Y 6;(s,0) "Wjt [[W o < B}, (B.10)
j=1
where we utilize the definition of Bp. More importantly, when m goes to infinity, the empirical
distribution of the random features {¢;(s,a)} c[m) converges to its population distribution. We
denote ¢(-, -; 3, w) as the random feature, where § € Unif({—1,1}) and w ~ N(I;/d). We denote
( as the joint distribution of 8 and w. Then, Fp ., in (B.10) converges to a set Fj; given by

Fp = {Q(s7a) = Qo(s,a) + /¢(S,a;ﬁaw)Ta(5a w) dp(B,w /”04 Bw)|3 du(B,w) < 32}
(B.11)
where « is a function over {—1,1} x R? and Q (s, a) = limy, 00 Q (s, a; b, W(0)).

Furthermore, it can be shown that 7 is a subset of a reproducing kernel Hilbert space (Rahimi &
Recht, 2008) H generated by kernel

K((s,a),(s',a")) = Enry/a) [1{w " (s,a) > 0} - L{w ' (s, a') > 0}{(s,a),(s',a))]. (B.12)

Besides, the inner product induced by the RKHS norm between two functions
fi= [o6 s B duBw)  and o= [ o,58.0) e (Bw) du(sw)

is given by (f1, fa)n = [(a1(8,w), a1(B,w)) du(B, w). Thus, Fj, given in (B.11) can be written
a RKHS-norm ball

Fp={Q=Qo+[:|fln< B}

with radius B. As a result, when both m and n go to infinity, the population problem correspond
to (B.2) becomes minimizege 7y, |Q — TQx |2, whose solution is denoted by Q}_,. Therefore,
utilizing the recent result in optimization for two-layer neural networks Arora et al. (2019), the
Q-networks obtained by the projected gradient descent in (B.5) satisfy

1QC, -, W(t) — Qksallz S1/vn (B.13)

when both m and ¢ are sufficiently large. That is, when the network is overparametrized, projected
gradient descent produces a solution Q11 with O(1/4/n) generalization error. Moreover, using
inequality (a + b)? < 2a? + 2b%, we have

1Qe1 = TQxIZ <2+ 1Qus1 — Qksallo +201Q%1 — Tk S 1/vn +dist(F,0,7),
(B.14)

where dist(F5, o, T) is defined as
dist(Fp,0,T) = inf sup ||f —Tg|?,
(5 ) FEFs gern I |

which measures the approximation error of functions in the RKHS ball 7, with respect the Bellman
operator and the sampling distribution ¢. Finally, combining (B.14) with the error propagation result
in Theorem D.1, we obtain the error of neural-FQI with overparametrized two-layer neural networks.
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C RELATED WORK

There is a huge literature in deep reinforcement learning, where algorithms are based on Q-learning
or policy gradient (Sutton et al., 2000). We refer the reader to Arulkumaran et al. (2017) for a survey
of the recent developments of DRL. In addition, the DQN algorithm is first proposed in Mnih et al.
(2015), which applies DQN to Artari 2600 games (Bellemare et al., 2013). The extensions of DQN
include double DQN (van Hasselt et al., 2016), dueling DQN (Wang et al., 2016), deep recurrent
Q-network (Hausknecht & Stone, 2015), and asynchronous DQN (Mnih et al., 2016). All of these
algorithms are corroborated only by numerical experiments, without theoretical guarantees. Moreover,
these algorithms not only inherit the tricks of experience replay and the target network proposed in
the original DQN, but develop even more tricks to enhance the performance. Furthermore, recent
work such as Schaul et al. (2016); Liu & Zou (2017); Zhang & Sutton (2017) study the effect of
experience replay and propose various modifications.

In addition, our work is closely related to the literature on batch reinforcement learning (Lange et al.,
2012), where the goal is to estimate the value function given transition data. These problems are
usually formulated into least-squares regression, for which various algorithms are proposed with
finite-sample analysis. However, most existing work focus on the settings where the value function
are approximated by linear functions. See Bradtke & Barto (1996); Boyan (2002); Lagoudakis &
Parr (2003); Lazaric et al. (2016); Farahmand et al. (2010); Lazaric et al. (2012); Tagorti & Scherrer
(2015) and the references therein for results of the least-squares policy iteration (LSPI) and Bellman
residue minimization (BRM) algorithms. Beyond linear function approximation, a recent work
Farahmand et al. (2016) study the performance of LSPI and BRM when the value function belongs to
a reproducing kernel Hilbert space. However, we study the fitted Q-iteration algorithm, which is a
batch RL counterpart of DQN. The fitted Q-iteration algorithm is proposed in Ernst et al. (2005), and
Riedmiller (2005) propose the neural FQI algorithm. A finite-sample bound for FQI is established in
Munos & Szepesvari (2008) for a large class of regressors. However, their results are not applicable
to ReLU networks due to the huge capacity of deep neural networks. Furthermore, various extensions
of FQI are studied in Antos et al. (2008a); Farahmand et al. (2009); Tosatto et al. (2017); Geist et al.
(2019) to handle continuous actions space, ensemble learning, and entropy regularization.

Furthermore, our work is also related to works that apply reinforcement learning to zero-sum Markov
games. The Minimax-Q learning is proposed by Littman (1994), which is an online algorithm that
is an extension Q-learning. Subsequently, for Markov games, various online algorithms are also
proposed with theoretical guarantees. These work consider either the tabular case or linear function
approximation. See, e.g., Bowling (2001); Conitzer & Sandholm (2007); Prasad et al. (2015); Wei
et al. (2017); Pérolat et al. (2018); Srinivasan et al. (2018); Wei et al. (2017) and the references
therein. In addition, batch reinforcement learning is also applied to zero-sum Markov games by
Lagoudakis & Parr (2002); Perolat et al. (2015); Pérolat et al. (2016a;b); Zhang et al. (2018), which
are closely related to our work. All of these works consider either linear function approximation or a
general function class with bounded pseudo-dimension (Anthony & Bartlett, 2009). However, there
results cannot directly imply finite-sample bounds for Minimax-DQN due to the huge capacity of
deep neural networks.

Finally, our work is also related a line of research on the model capacity of ReLU deep neural
networks, which leads to understanding the generalization property of deep learning (Mohri et al.,
2012; Kawaguchi et al., 2017). Specifically, Bartlett (1998); Neyshabur et al. (2015b;a); Bartlett
et al. (2017a); Golowich et al. (2017); Liang et al. (2017) propose various norms computed from
the networks parameters and establish capacity bounds based upon these norms. In addition, Maass
(1994); Bartlett et al. (1999); Schmidt-Hieber (2017); Bartlett et al. (2017b); Klusowski & Barron
(2016); Suzuki (2018); Bauer et al. (2019) study the Vapnik-Chervonenkis (VC) dimension of neural
networks and Dziugaite & Roy (2017); Neyshabur et al. (2017a) establish the PAC-Bayes bounds for
neural networks. Among these work, our work is more related to Schmidt-Hieber (2017); Suzuki
(2018), which relate the VC dimension of the ReL.U networks to a set of hyperparameters used to
define the networks. Based on the VC dimension, they study the statistical error of nonparametric
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regression using ReLU networks. In sum, theoretical understanding of deep learning is pertinent
to the study of DRL algorithms. See Kawaguchi et al. (2017); Neyshabur et al. (2017b); Fan et al.
(2019) and the references therein for recent developments on theoretical analysis of the generalization
property of deep learning.

D PROOF OF THE MAIN THEOREM
In this section, we present a detailed proof of Theorem 4.4.

Proof. The proof requires two key ingredients. First in Theorem D.1 we quantify how the error
of action-value function approximation propagates through each iteration of Algorithm 1. Then in
Theorem D.2 we analyze such one-step approximation error for ReLU networks.

Theorem D.1 (Error Propagation). Recall that {@k}ogkg K are the iterates of Algorithm 1. Let
g be the one-step greedy policy with respect to @k, and let Q™% be the action-value function
corresponding to m . Under Assumption 4.3, we have

20,07 4yt

S 1 N9 'Emax+ 71 _\9
M (L—)? (T=9)?

where we define the maximum one-step approximation error €pmax = MaXye(x| ITQr—1 — Qillo.
Here ¢,, - is a constant that only depends on the probability distributions  and o.

Q" — Q@™ 1

. RmaX7 (Dl)

Proof. See §F.1 for a detailed proof. O

In the sequel, we establish an upper bound for the one-step approximation error HT@k_l —Qy || for
each k € [K].

Theorem D.2 (One-step Approximation Error). Let 7 C B(S x A, Vi,ax) be a class of measurable
functions on S x A that are bounded by Vipax = Rmax/(1 —7), and let o be a probability distribution
on S x A. Also, let {(S;, A;) }ic[n) be n ii.d. random variables in S x A following o. For each
i € [n], let R; and S} be the reward and the next state corresponding to (.S;, A;). In addition, for any
fixed Q € F, we define Y; = R; + v - maxqe 4 Q(S;, a). Based on {(X;, A;, Y;) }ie[n), we define
@ as the solution to the least-squares problem

n

U | 2
ml?lerjglze - ; [f(Si, A;) — Yl] . (D.2)

Meanwhile, for any § > 0, let N'(§, F, || - ||c) be the minimal §-covering of F with respect to
{-norm, and we denote by Ny its cardinality. Then for any € € (0, 1] and any 6 > 0, we have

1Q-TQI2<(1+e)? w(F)+C-V2, /(n-e) 1ogNs + C" - Viax - 6, (D.3)
where C' and C” are two positive absolute constants and w(F) is defined as

F) =sup inf ||f —Tg|>. D.4
w(F) ggg;gfllf qllz (D.4)

Proof. See §E.2 for a detailed proof. O

To obtain an upper bound for | TQx_1 — Q |6 as required in Theorem D.1, we set @ = Qr_1 in
Theorem D.2. Then according to Algorithm 1, Q defined in (D.2) becomes Qk We set the function
class F in Theorem D.2 to be the family of ReLU Q-networks F defined in (4.1). By setting e = 1
and 06 = 1/n in Theorem D.2, we obtain

|Qrs1 — TQr|% < 4-w(Fo) + C - V2, /n - log Ny, (D.5)
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where C'is a positive absolute constant and
No = [N(1/n, Fo, || - [|oo)] (D.6)

is the 1/n-covering number of Fy. In the subsequent proof, we establish upper bounds for w(Fy)
defined in (D.4) and log Ny, respectively. Recall that the family of composite Holder smooth functions
Gy is defined in (4.2). By Assumption 4.2, we have T'g € G, for any g € Fy. Hence, we have

w(Fy) = sup inf |[f— f/||> < sup inf — 1%, D.7
)= sup inf [1f = 71 < swp if 1F - £ )

where the right-hand side is the ¢ -error of approximating the functions in Gy using the family of
ReLU networks Fy.

By the definition of Gy in (4.2), for any f € Go and any a € A, f(-,a) € G({(p;,t;, 85, Hj)}jciq)
is a composition of Holder smooth functions, that is, f(-,a) = g4 0 - - - 0 g1. Recall that, as defined in
Definition 2.3, gy, is the k-th entry of the vector-valued function g;. Here g;1 € Cy,([ay,b;]%, 85, H;)
for each k € [p;41] and j € [g]. In the sequel, we construct a ReLU network to approximate f(-, a)
and establish an upper bound of the approximation error on the right-hand side of (D.7). We first
show that f(-, a) can be reformulated as a composition of Holder functions defined on a hypercube.
We define hy = g1/(2H1) + 1/2,

h](u) = gj(ZHj_lu - Hj_l)/(QHj) + 1/2, for all ] S {2, ey q — 1},
and hy(u) = g4(2Hy—1u — Hy—1). Then we immediately have
F(a) = ggo-r0gi=hgo-ohi. (D)
Furthermore, by the definition of Holder smooth functions in Definition 2.2, for any &k € [p2], we
have that iy, takes value in [0, 1] and hyy € Cy, ([0, 1]%, 81, 1). Similarly, forany j € {2,...,¢—1}
and k € [p;j11], hji also takes value in [0, 1] and
hji € Cy, ([0,1]%, B;, (2H;_1)").

Finally, recall that we use the convention that p,y; = 1, that is, h, is a scalar-valued function that
satisfies

hy € Cr, ([0,1)', By, Hy(2Hy—1)™).

Now we employ the following lemma of Schmidt-Hieber (2017) to construct a ReLU network that
approximates each hj, which combined with (D.8) yields a ReLU network that is close to f(-, a).
Recall that, as defined in Definition 2.2, we denote by C,.(D, 3, H) the family of Holder smooth
functions with parameters 5 and H on D C R".

Lemma D.3 (Approximation of Holder Smooth Function). For any integers m > 1 and N >
max{(8+1)", (H+1)},let L = 84(m+5)-(1+[logy 7]), do = r,d; = 12rN foreach j € [L], and
dr+1 = 1. For any g € C,.([0,1]", 8, H), there exists a ReLU network f € F(L, {dj}fiol, 8, Vinax)
as defined in Definition 2.1 such that

If = glloo < (2H +1)- 3" N 27" 4 H .20 . NP/,

where the parameter s satisfies s < 9472 - (8+1)?" - N - (m + 6) - (1 + [logy r]).
Proof. See Theorem 3 of Schmidt-Hieber (2017) for a detailed proof. L]
We apply Lemma D.3 to hjj: [0,1]% — [0, 1] forany j € [q] and k € [p;+1]. Wesetm = n-[log, n]

for a sufficiently large constant 7 > 1, and set N to be a sufficiently large integer depending on n,
which will be specified later. In addition, we set

Li =9+ (m+5)-(1+ [logyt;]) (D.9)
and define
W= max{lgr;}géc_l(QHj,l)Bf,Hq(2Hq,1)B‘I 3 (D.10)
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which is a constant. Withoutloss of generality, we assume W > 1 hereafter. Then by Lemma D.3,
there exists a ReLU network £ such that

[Pjk = Bjlloe < QW +1)-35 . N .7+ W . 2% . N—Filts, (D.11)
Furthermore, we have Ejk € F(Lj,{t;,12t;N,...,12t;N,1}, s;) with
55 <9465 (B; + 1) - N - (m+6) - (1+ [logy t;]). (D.12)

Meanwhile, since hj 11 = (h(j+1)k)ke[p,..) takes input from [0, 1]*%+1, we need to further transform
?ij so that it takes value in [0, 1]. In particular, we define o (u) = 1—(1—u)4+ = min{max{w,0},1}
for any u € R. Note that o can be represented by a two-layer ReLU network with four nonzero
weights. Then we define hj; = o o hj;, and hj = (hjk)kelp,,,)- Note that by the definition of hy,,

we have i~1jk € F(L; +2,{t;,12t;N,...,12t;N, 1}, s; + 4), which yields
hy € F(Ls+2,{t;, 126N - pjarsoo o 120N - pyia,pjaa s (55 +4) - pyia)-
Moreover, since both iNij and hy, take value in [0, 1], by (D.11) we have
I = hilloo = llo o Rk = 0 0 hilloo < llhgi = hulloc
<@EW+1)-3% . N.-n "+ W.2% . N~Filts, (D.13)

where the constant W is defined in (D.10). Now we define f: S — Rby f: Eq 0---0 El, which
falls in the function class

F(L,{rd,...,d,1},3), (D.14)

where we define L = (L +2), d= maxcg 12t; - pj41 - N,and 5= 3270, (s5 +4) - pjta.
Recall that, as defined in (D.9), we have L; = 9+ (m + 5) - (1 + [logyt;]). Then when n is
sufficiently large, we have

q
Z [11+ (logyn + 5) - (1 + [logy t; Z 4logy t; -logyn < (logn)'™e,  (D.15)
where £ > 0 is an absolute constant. Here the last inequality follows from (4.6). Moreover, for din

(D.14), by (4.6) we have

N -max{pjy1-t;} S d<12-N. (maxp;) - (maxt;) < N - (logn)®. (D.16)
Jj€ld] j€ld] Jj€ld]

In addition, combining (D.12), (4.6), and the fact that ¢; < p;, we obtain

S<N-logn- maxpj (Z logt; ) - (logn)*2. (D.17)

J€ld]

Now we show that the function class in (D.14) can be embedded in F(L*, {d} }jL:fl, s*), where L*,
{d; }JL:IFI, and s* are specified in (4.7). To this end, we set

N = [ max C - nl/@A+4)] (D.18)

1<5<q

where the absolute constant C' > 0 is sufficiently large. Note that we define o™ = max;c(y t;/(265 +
t;). Then (D.18) implies that N =< n® . When & in (4.7) satisfies &’ > 1 + 2¢, by (D.15) we have

L<L* < (logn)t.
In addition, (D.16) and (4 7) implies that we can set d* > d for all j € [L*]. Finally, by (D.17) and
(D.18), we have § < n®" - (logn)¢’, which implies 5 + (L* — L) - r < s*. For an L-layer ReLU
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network in (D.14), we can make it an L*-layer ReLU network by inserting L* — L identity layers,
since the inputs of each layer are nonnegative. Thus, ReL.U networks in (D.14) can be embedded in

F[L*,{r,r,...,r,cZ...,ch},E—F(L*—E)r],

which is a subset of F(L*, {d} fill, s*) by (4.7).

To obtain the approximation error || f — f(-, a)]|so, we define G; =hjo---ohyand G, = 713» o ol
for any j € [¢]. By triangle inequality, for any j > 1 we have
1G5 = Gilloo < [lhj o Gja = hjoGjilleo +[Ihj 0 Gja = hj oG]l
S W IGjo1 = Gioa| 2™ + 1y = hillso, (D.19)
where the second inequality holds since h; is Holder smooth. To simplify the notation, we define

Aj = Hz:j+1(5e A1) for any j € [¢ — 1], and set A, = 1. By applying recursion to (D.19), we
obtain

q
17 Coa) = flloo = 1Gq = Galloe <W D llhg = 513, (D20)
j=1
where the constant W is defined in (D.10). Here in (D.20) we use the fact that (@ 4+ b)* < a® + b*
forall & € [0,1] and a,b > 0.

In the sequel, we combine (D.7), (D.13), (D.20), and (D.18) to obtain the final bound on w(Fy).
Since we can set the constant 7 in (D.13) to be sufficiently large, the second term on the right-hand
side of (D.13) is the leading term asymptotically, that is,

[ji = hjklloo S N7F/t (D.21)

~

Also note that 87 = f3; - ngj+1(ﬁg A1) = ;- Ajforall j € [g— 1]. Thus we have 3} = B; - A;
for all j € [g]. Combining (D.20) and (D.21), we have

q q
a) = flloo S S (NB/NN = ST NTB/G < max N8/ (D.22)
I76:0) =l 3 (NTH2) =3 mes
Thus, we combine (D.7), (D.18), and (D.22) to obtain
w(Fp) < (max N_B;/tj)2 = maxn 205/ (2Bj+ti) — poT -1, (D.23)

J€ld] J€lq]

As the final step of the proof, it remains to control the covering number of F defined in (4.1). By
definition, for any f € Fo, we have f(-,a) € F(L*, {d} f:f17 s*) for any a € A. For notational

simplicity, we denote by N; the d-covering of F(L*, {d} }Jszl, s*), that is, we define
N5 = N[67 ]:(L*7 {d;}JL:ii_17 5*)7 || . ||OO} .

By the definition of covering, for any f € Fy and any a € A, there exists g, € N5 such that
If(;a) — galloo < 0. Then we define a function g: S x A — R by g(s,a) = gq(s) for any
(s,a) € S x A. By the definition of g, it holds that || f — g||cc < J. Therefore, the cardinality of
N (8, Fo, || - ||loo) satisfies

N8, Fo, || - llse)| < INGIM. (D.24)

Now we utilize the following lemma in Anthony & Bartlett (2009) to obtain an upper bound of the
cardinality of N.
Lemma D.4 (Covering Number of ReLU Network). Recall that the family of ReLU networks

F(L,{d; }f:ol, S, Vinax) is given in Definition 2.1. Let D = Hfjll (d¢+1). For any § > 0, we have

log| N8, F(L, {d; 405, Vinan), | - o] | < (54 1) -Tog 2070 (L 1) - 2],
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Proof. See Theorem 14.5 of Anthony & Bartlett (2009) for a detailed proof. O

Recall that we denote N'(1/n, Fo, || - |ls) by No in (D.6). By combining (D.24) with Lemma D.4
and setting § = 1/n, we obtain that

log No < || - log INj| < |A]- (5" +1) - log[2n - (L* + 1) - D?],
where D = Hfzfl(d} + 1). By the choice of L*, s*, and {d; }JLzarl in (4.7), we conclude that
log Ng S JA|-s™- L* m[%x] log(d}) < n® . (logn)'+%’. (D.25)
JeLL”

Finally, combining (D.1), (D.5), (D.23), and (D.25), we conclude the proof of Theorem 4.4. O]

E EXTENSION TO TWO-PLAYER ZERO-SUM MARKOV GAMES

In this section, we propose the Minimax-DQN algorithm, which combines DQN and the Minimax-Q
learning for two-player zero-sum Markov games. We first present the background of zero-sum
Markov games and introduce the the Minimax-DQN algorithm in §E.1. Borrowing the analysis for
DON in the previous section, we provide theoretical guarantees for the proposed algorithm in §E.2.

E.1 MINIMAX-DQN ALGORITHM

As one of the simplistic extension of MDP to the multi-agent setting, two-player zero-sum Markov
game is denoted by (S, A, B, P, R,~), where S is state space, A and B are the action spaces of the
first and second player, respectively. In addition, P: S x A x B — P(S) is the Markov transition
kernel, and R: S x A x B — P(R) is the distribution of immediate reward received by the first
player. At any time ¢, the two players simultaneously take actions A; € A4 and B; € B at state
S; € S, then the first player receives reward R; ~ R(St, A;, By) and the second player obtains — R;.
The goal of each agent is to maximize its own cumulative discounted return.

Furthermore, let 7: S — P(A) and v: § — P(B) be policies of the first and second players,
respectively. Then, we similarly define the action-value function Q™" : S x A x B — R as

Q™" (s,a,b) = E{th - R¢ | (So, Ao, Bo) = (s,a,b), Ay ~ m(- |St), By ~ v(- |S:)|, (E.1)

t=0

and define the state-value function V™" : § — R as

VT (s) =E[Q™"(s,A,B) | A~w(-|s),B~uv(]s)]. (E.2)
Note that these two value functions are defined by the rewards of the first player. Thus,
at any state-action tuple (s,a,b), the two players aim to solve max, min, Q™"(s,a,b) and
min, max,; Q™" (s, a,b), respectively. By the von Neumann’s minimax theorem (Von Neumann &

Morgenstern, 1947; Patek, 1997), there exists a minimax function of the game, Q*: S X A x B — R,
such that

Q" (s,a,b) = maxmin Q™" (s,a,b) = minmax Q™" (s, a, b). (E.3)

Moreover, for joint policy (7, v) of two players, we define the Bellman operators 7™¥ and T by
(T™"Q)(s,a,b) =r(s,a,b) +v - (P™"Q)(s,a,b), (E4)
(TQ)(s,a,b) =r(s,a,b) +v- (P*Q)(s,a,b), (E.5)
where 7(s,a,b) = [ rR(dr|s,a,b), and we define operators Py, and P* by
(P™YQ)(5,a,b) =Egup(. | s,a,b),07 (- | )b~ | s7) [ Q8" 0 0]
(P*Q)(s,a,b) =Egp(.| s,a,b){ max  min Egn pen [Q(s',a/,0)] }

w'eP(A) v €P(B)
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Note that P* is defined by solving a zero-sum matrix game based on Q(s’, -, -) € RMIXIBl which
could be achieved via linear programming. It can be shown that both 7™ " and T are y-contractive,
with Q™" defined in (E.1) and Q* defined in (E.3) being the unique fixed points, respectively.
Furthermore, similar to (2.3), in zero-sum Markov games, for any action-value function @, the
equilibrium joint policy with respect to () is defined as

[mo(-]5),vq(- | s)] = argmax argmin Eqr ponr [Q(s, @, b)], Vs € S. (E.6)
' €P(A) v eP(B)
That is, mo(- | s) and v (- | s) solves the zero-sum matrix game based on Q(s, -, ) forall s € S. By
this definition, we obtain that the equilibrium joint policy with respect to the minimax function Q*
defined in (E.3) achieves the Nash equilibrium of the Markov game.

Therefore, to learn the Nash equilibrium, it suffices to estimate (Q*, which is the unique fixed point of
the Bellman operator 7. Similar to the standard Q-learning for MDP, Littman (1994) proposes the
Minimax-Q learning algorithm, which constructs a sequence of action-value functions that converges
to Q*. Specifically, in each iteration, based on a transition (s, a, b, s"), Minimax-Q learning updates
the current estimator of Q*, denoted by @), via

— . . . 3 , - , / / /
Q(s,a,b) + (1 —a)-Q(s,a,b) +« {r(s,a,b) + ﬂ/reng();) Ulrgn;r(lB) Ea/mn e [Q(s', a' V)] },

where a € (0, 1) is the stepsize.

Motivated by this algorithm, we propose the Minimax-DQN algorithm which extend DQN to two-
player zero-sum Markov games. Specifically, we parametrize the action-value function using a deep
neural network Qg: S X A x B — R and store the transition (S, Ay, By, Ry, Sy+1) into the replay
memory M at each time-step. Parameter 6 of the Q-network is updated as follows. Let Q- be the
target network. With n independent samples {(si, a;, b;, 74, 5}) }ic[n] from M, for all i € [n], we
compute the target

Yi=rity: max  min Eowc [Qo- (5}, a,D)], (E.7)
which can be attained via linear programming. Then we update 6 in the direction of VL(8), where
L) =n~t iemYi — Qo(si, as, b;)]?. Finally, the target network Qg+ is updated every Tiager
steps by letting 6* = 6.

To understand the theoretical aspects of this algorithm, we similarly utilize the framework of batch
reinforcement learning for statistical analysis. With the insights gained in §3, we consider a modifica-
tion of Minimax-DQN based on neural fitted Q-iteration, whose details are stated in Algorithm 4.
As in the MDP setting, we replace sampling from the replay memory by sampling i.i.d. state-action
tuples from a fixed distribution o € P(S x A x B), and estimate Q* in (E.3) by solving a sequence
of least-squares regression problems.

E.2 THEORETICAL RESULTS FOR MINIMAX-FQI

Following the theoretical results established in §4, in this subsection, we provide statistical guarantees
for the Minimax-FQI algorithm with F being a family of deep neural networks with ReLU activation.
Hereafter, without loss of generality, we assume & = [0, 1]” with r being a fixed integer, and the
action spaces .4 and 13 are both finite. To evaluate the performance of the algorithm, we first introduce
the best-response policy as follows.

Definition E.1. For any policy 7: & — P(.A) of player one, the best-response policy against T,
denoted by v}, is defined as the optimal policy of second player when the first player follows 7. In
other words, for all s € S, we have V(- | s) = argmin, V™¥(s), where V™" is defined in (E.2).

Note that when the first player adopt a fixed policy 7, from the perspective of the second player, the
Markov game becomes a MDP. Thus, v is the optimal policy of the MDP induced by 7. Moreover,
it can be shown that, for any policy 7, Q*(s, a,b) > Q™= (s, a, b) holds for every state-action tuple
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Algorithm 3 Minimax Deep Q-Network (Minimax-DQN) for the second player

Input: Zero-Sum Markov game (S, A, B, P, R, ), replay memory M, number of iterations 7',
minibatch size n, exploration probability € € (0, 1), a family of deep Q-networks Qg: Sx AxB —
R, an integer Tiare; for updating the target network, and a sequence of stepsizes {at}i>0.
Initialize the replay memory M to be empty.
Initialize the Q-network with random weights 6.
Initialize the weights of the target network by letting 6* = 6.
Initialize the initial state Sj.
fort=0,1,...,7T do
With probability €, choose B, uniformly at random from B, and with probability 1 — €, sample
B, according to the equilibrium policy 7g, (- | S¢) defined in (??).
Execute B; and observe the first player’s action A, reward R; satisfying —R; ~ R(St, A, By),
and the next state Sy1 ~ P(-|St, At, Bt).
Store transition (S;, A¢, By, Ry, St41) in M.
Experience replay: Sample random minibatch of transitions {(s;, a;, bs, s, 5}) }ic[n) from M.
For each ¢ € [n], compute the target

Y,=r;+v- max min E, . por «(8},a,b)].
" v EP(B) n'€P(A) b [QG ( )]

Update the Q-network: Perform a gradient descent step

1
0« 0—ay- - Z [Yi — Qo(si, ai,0:)] - VoQo(si, ai, bi).

i€[n]

Update the target network: Update §* <— 6 every Tiarge; Steps.
end for
Output: Q-network QQy and equilibrium joint policy with respect to Q.

Algorithm 4 Fitted Q-Iteration Algorithm for Zero-Sum Markov Games (Minimax-FQI)
Input: Two-player zero-sum Markov game (S, A, B, P, R, ), function class F, distribution
o € P(S x A x B), number of iterations K, number of samples n, the initial estimator @0 e F.
fork=0,1,2,..., K —1do
Sample n i.i.d. observations {(S;, Ai, B;)}ig[n) from o, obtain R; ~ R(- |S;, A;, B;) and
Sl ~ P(-]S;, As, B;).
Compute Y; = R; + 7 - max,ep(4) Miy epB) Eanr por [Qr (8], a,b)] ..
Update the action-value function:

~ 1 <& 9
Qk+1 < argmin — Y — f(Si, Ai, Bi)| -
o onguin L 31 (54,50
end for B
Let (7x, v ) be the equilibrium joint policy with respect to @ i, which is defined in (E.6).
Output: An estimator Q) x of Q* and joint policy (7x, Vi ).

(s,a,b). Thus, by considering the adversarial case where the opponent always plays the best-response
policy, the difference between Q™ ¥~ and Q* servers as a characterization of the suboptimality of
m. Hence, to quantify the performance of Algorithm 4, we consider the closeness between QQ* and

Q’TK’”’*'K , which will be denoted by Q)7 hereafter for simplicity. Specifically, in the following we
establish an upper bound for ||Q* — Q% |1, for some distribution i € P(S x A x B).

We first specify the function class F in Algorithm 4 as follows.
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Assumption E.2 (Function Classes). Following Definition 4.1, let F(L,{d; }f:ol, s) and
G({pj,tj, Bj, Hj}jelq) be the family of sparse ReLU networks and the set of composition of Holder

smooth functions defined on S, respectively. Similar to (4.1), we define F; by
Fi={f: SxA—=R: f(-,a,b) € F(L,{d;};}, s) for any (a,b) € A x B}. (E.8)

For the Bellman operator 7" defined in (E.5), we assume that for any f € /7 and any state-action
tuple (Sa a, b)’ we have (Tf)(7 a, b) € g({pj7 t.’/7 Bja H]}JE[q])

We remark that this Assumption is in the same flavor as Assumption 4.2. As discussed in §4, this
assumption holds if both the reward function and the transition density of the Markov game are
sufficiently smooth.

In the following, we define the concentration coefficients for Markov games.

Assumption E.3 (Concentration Coefficient for Zero-Sum Markov Games). Let {r,: S — P(A x
B)} be a sequence of joint policies for the two players in the zero-sum Markov game. Let vy, 15 €
P(S x A x B) be two absolutely continuous probability measures. Suppose the initial state-
action pair (Sp, Ag, By) has distribution vy, the future states are sampled according to the Markov
transition kernel, and the action (A, B;) is sampled from policy 7;. For any integer m, we denote by
Pmm PTm=1... P71y, the distribution of (Sy,, A, B, ). Then, the m-th concentration coefficient is

defined as
241/2
] , (E.9)

where the supremum is taken over all possible joint policy sequences {7 };c[]-

d(PTm PT'm—l P PTl 1/1)
dl/2

K(m;vi,ve) = sup {Euz

T1y-sTm

Furthermore, for some p1 € P(S x A x B), we assume that there exists a finite constant ¢,,  such that
(1=7)2-3, 517" m-k(m;p,0) < ¢, where o is the sampling distribution in Algorithm 4
and k(m; i, o) is the m-th concentration coefficient defined in (E.9).

We remark that the definition of the m-th concentration coefficient is the same as in (4.4) if we replace
the action space A of the MDP by A x B of the Markov game. Thus, Assumptions 4.3 and E.3 are of
the same nature, which are standard in the literature.

Now we are ready to present the main theorem.

Theorem E.4. Under Assumptions E.2 and E.3, consider the Minimax-FQI algorithm with
the function class F being F; defined in (E.8) based on the family of sparse ReLU net-
works }“(L*,{d;}f;arl,s*). We make the same assumptions on F(L*,{d] f;arl,s*) and
G({pj.tj, B, Hj}jclq) as in (4.6) and (4.7). Then for any K € N, let (7, vk ) be the policy
returned by the algorithm and let Q7 be the action-value function corresponding to (7, v, ). Then
there exists constants £* and C' such that

K+1

. oY © ar-n2 . Y
Q" — Qi <C- 72— |A-|B| - (logn)* -nl> +
| Kl (1—7)? |Al - [B] - (log n) 1=

where o = maxe(q t;/(28; +t;) and ¢, » is specified in Assumption E.3.

: Rmaxa (E 10)

Similar to Theorem 4.4, the bound in (E.10) shows that closeness between (7x, vk ) returned by
Algorithm 4 and the Nash equilibrium policy (7« , g+ ), measured by || Q* — Q% ||1,u, is bounded
by the sum of statistical error and an algorithmic error. Specifically, the statistical error balances the
bias and variance of estimating the value functions using the family of deep ReL.U neural networks,
which exhibits the fundamental difficulty of the problem. Whereas the algorithmic error decay to
zero geometrically as K increases. Thus, when K is sufficiently large, both v and ¢,, , are constants,
and the polylogarithmic term is ignored, Algorithm 4 achieves error rate

Al - |B] -0~ = | Al - |B] ~m6[w]<n’5-7 /(285 Hs), (E.11)
J€lq
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which scales linearly with the capacity of joint action space. Besides, if |B| = 1, The Minimax-FQI
algorithm reduces to Algorithm 1. In this case, (E.11) also recovers the error rate of Algorithm 1.
Furthermore, the statistical rate n(® ~1)/2 achieves the optimal £;-norm error of regression for
nonparametric regression with a compositional structure, which indicates that the statistical error in
(E.10) can not be further improved.

Proof. See §G for a detailed proof. O

F PROOFS OF AUXILIARY RESULTS

In this section, we present the proofs for Theorems D.1 and D.2, which are used in the §D to establish
our main theorem.

F.1 PROOF OF THEOREM D.1

Proof. Before we present the proof, we introduce some notation. For any k € {0,..., K — 1}, we
denote T'Qj, by Qr+1 and define

or = Qx — Qp. (E1)

Also, we denote by 7, the greedy policy with respect to ék In addition, throughout the proof, for
two functions Q1,Q2: S x A — R, we use the notation Q1 > Q2 if Q1(s,a) > Q2(s,a) for any
s € S and any a € A, and define (Q; < Q)5 similarly. Furthermore, for any policy m, recall that in
(2.4) we define the operator P™ by

(P™Q)(s.a) = E[Q(S', A) | ' ~ P(-|5,a), A ~ (- 5")]. (E2)
In addition, we define the operator 7™ by
(T7Q)(s,a) = r(s,a) +7- (PTQ)(s,a).

Finally, we denote Ry,.x/(1 — ) by Vinax. Now we are ready to present the proof, which consists of
three key steps.

Step (i): In the first step, we establish a recursion that relates Q* — @k+1 with Q* — C,jk to measure
the sub-optimality of the value function Q. In the following, we first establish an upper bound for
Q* — Qg1 as follows. For each k € {0, ..., K — 1}, by the definition of g1 in (F.1), we have

Q* — Qi1 = Q" — Qi1 — 0k41) = Q" — Qrs1 + 0k41 = Q* — TQx + 0411
= Q" —T" Q.+ (T™ Qx — TQx) + 0k41, (F.3)

where 7* is the greedy policy with respect to (Q*. Now we leverage the following lemma to show
T Qr < TQ.
Lemma F.1. For any action-value function @) : S x A — R and any policy 7, it holds that

T™Q =TQ > T"Q.

Proof. Note that we have max,, Q(s’,a’) > Q(s',a’) forany s’ € S and o’ € A. Thus, it holds that
(TQ)(s,a) =r(s,a)+- E[H}IB;XQ(S/, a')| S ~ P(-|s,a)]
>r(s,a) +v-E[Q(S", A)| S ~ P(-|s,a),A" ~7(-|5)] = (T"Q)(s,a).
Recall that ¢ is the greedy policy with respect to () such that
P[A € argmax Q(s,a) | A ~ mq(- | s)] =1,
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which implies
E[Q(s', A) | A ~ mo(-| )] = maxQ(s',a).
Consequently, we have

(T72Q)(s,a) = r(s,a) + 7 -E[Q(S", A) [ S ~ P(-]s,a), A" ~ mq (-] 5]
= T(Sva) +- ]E[HE}XQ(S’,CL/) ’ S~ P( | Sva)] = (TQ)(S,CL),

which concludes the proof of Lemma F.1. O

By Lemma F.1, we have T@k > 77" ék. Also note that Q* is the unique fixed point of T™" . Thus,
by (F.3) we have

Q* — Q1= (T™ Q" =T Qi) + (T™ Qp — TQx) + 0r11 < (T™ Q" —T™ Q1) + 0141,
(F4)

In the following, we establish a lower bound for Q* — ékH based on @* - @ - Note that, by Lemma
F1,wehave T™ Q) = TQp and TQ* > T™ Q*. Similar to (F.3), since Q™ is the unique fixed point

of T', it holds that

Q" = Qua1 = Q" = TQi + 0r41 = Q" = T™ Qi + 011 = Q" = T™Q" + (T™Q" = T™ Q1) + 011

= (TQ* = T™Q*) + (T™Q* = T™Qy) + opt1 > (T™Q* — T™ Q) + 0k11-
(F5)

Thus, combining (F.4) and (F.5) we obtain that, for any k € {0,..., K — 1},
T™Q* —T™ Qg + 0p11 < Q* — Qrp1 <T™ Q" —T™ Q + 0141- (F.6)

The inequalities in (F.6) show that the error Q* — @kJr]_ can be sandwiched by the summation of a
term involving Q* — @, and the error o1, which is defined in (F.1) and induced by approximating
the action-value function. Using P™ defined in (F.2), we can write (F.6) in a more compact form,

v PT(QF — Qk) + ki1 > QF — Qrp1 > 7 P™(QF — Q) + 01 E7

Meanwhile, note that P™ defined in (F.2) is a linear operator. In fact, P™ is the Markov transition
operator for the Markov chain on S x A with transition dynamics

St+1 ~ P(' | St At>7 At+1 ~ 7T(' ‘ St+1>-

By the linearity of the operator P™ and the one-step error bound in (F.6), we have the following
characterization of the multi-step error.

Lemma F.2 (Error Propagation). Forany k,¢ € {0,1,..., K — 1} with k < ¢, we have

~
Ju

Q* — Q AL (P g AR (PR Q- Q) (E8)

IN
~
Il
[

q/éflfi . (P'n'g,lP'n'g,Q . Pm+1)@i+1 + q/éflc . (Pﬂ'g,lpﬂ'g,g . Pﬂ"k)(Q* _ Cjk)
k

Q" — Q

Y

i

(F.9)

Here g;1 is defined in (F.1) and we use P™ P™ and (P™)* to denote the composition of operators.

Proof. Note that P™ is a linear operator for any policy 7. We obtain (F.8) and (F.9) by iteratively
applying the inequalities in (F.7). O
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Lemma F.2 gives the upper and lower bounds for the propagation of error through multiple iterations
of Algorithm 1, which concludes the first step of our proof.

Step (ii): The results in the first step only concern the propagation of error Q* — @ k- In contrast, the
output of Algorithm 1 is the greedy policy 7; with respect to Q. In the second step, our goal is to
quantify the suboptimality of ™%, which is the action-value function corresponding to 7. In the
following, we establish an upper bound for @* — Q™*.

To begin with, we have Q* > Q™ by the definition of Q* in (2.5). Note that we have Q* = T™ Q*
and Q™ = T™ ™. Hence, it holds that

Q* _ ch — TW*Q* _ Tﬂ'kQﬂ'k _ Tﬂ—*Q* + (_Tﬂ—*ék + Tﬂ*ék) + (_Tﬂkék + Tﬂ—k@k) _ TnkQﬂ—k
=(T™ Q= T™Qx) + (T™ Q" = T™ Qi) + (T™ Qi — T™ Q™). (F.10)

Now we quantify the three terms on the right-hand side of (F.10) respectively. First, by Lemma F.1,
we have

T™ Qp = T™Qx =T" Qx — TQx < 0. (F.11)

Meanwhile, by the definition of the operator P™ in (F.2), we have
TVQ —T" Qr=7-P"(Q ~Qx),  T™Qi—T™Q™ =7 -P™(Qr - Q™). (EI2)
Plugging (F.11) and (F.12) into (F.10), we obtain
Q —Q™ <y PT(Q Qi)+ P (Qr — Q™)

=7 (PT = P™)(Q" = Qn) +7- P™(Q - Q™),

which further implies that
(I—7 P™)(@Q ~Q™) <7 (P" = P™)(Q" — Qu)-

Here [ is the identity operator. Since 1™ is a y-contractive operator for any policy 7, I — v - P™ is
invertible. Thus, we obtain

0<Q Q™ <~y-(I—~-P™) ' [P™(Q" — Q1) — P™(Q" — Qu)], (E.13)

which relates Q* — Q™ with Q* — @k In the following, we plug Lemma F.2 into (F.13) to obtain the
multiple-step error bounds for Q™*. First note that, by the definition of P™ in (F.2), for any functions
f1, f2: 8§ x A — Rsatisfying f; > fo, we have P™ f; > P™ fo. Combining this inequality with the
upper bound in (F.8) and the lower bound in (F.9), we have that, for any k < /,

~
Ju

PT(Q = Qu) <Y A1 (P i + 478 - (PT)FHYQ* — Q), (F.14)

~
-

pre (Q* _ @Z) > ,y[—l—i . (P‘”Pﬂ-e’l . Pﬂi+1)Qi+1

i=k

+ AR (PP PR (QF — Q). (F.15)
Then we plug (F.14) and (F.15) into (F.13) and obtain

£—1

0<Q —Q™<(I—7- P’ff)—l{ Y A (P = (PP P gy
i=k

FA R [(PT)E  (pre P PTY](QT @)}
(F.16)
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for any k£ < £. To quantify the error of Q™% , we set { = K and k = 0 in (F.16) to obtain
OSQ QTK‘K <(I ,YP'n'K {Z,YK z. 7r (P‘ﬂ'KP‘ITK—l._.P‘ﬂ'iJrl)]Qi_i_l

Jr,}/KJrl . [(Pﬂ*)K+1 o (PWKPWK—l .. .P”U)] (Q* — QO)}

(F.17)
For notational simplicity, we define
(L =)yt : (L—)*
12W7 fOI‘OS’LSK-l, andaK:m. (FIS)

One can show that ZiK:O a; = 1. Meanwhile, we define K + 1 linear operators {Oy }5X_, by
Oi = (1=7)/2- (I =yPT<)7H(P™ )R~ 4 (PTeproc=t ... PTist)] for 0<i < K — 1,
O = (1=7)/2- (I —yP™) "L [(P™)K+1 4 (P prs—s ... po)].
Using this notation, for any (s,a) € S x A, by (F.17) we have
Q" (s,a) — Q™ (s, )|
K-1
W - [Z ai - (Oiloisa))(s:0) + ax - (Ox]Q* — Qol)(s.a) |, (E19)

i=0
where both O; ;41| and Og |Q* — ©o| are functions defined on S x A. Here (F.19) gives a uniform
upper bound for Q* — Q7 , which concludes the second step.

Step (iii): In this step, we conclude the proof by establishing an upper bound for ||Q* — Q™%||; ,

based on (F.19). Here 1 € P(S x A) is a fixed probability distribution. To simplify the notation, for

any measurable function f : S x A — R, we denote p( f) to be the expectation of f under p, that is,
f) =[5y 4 f(s,a)du(s, a). Using this notation, by (F.19) we bound [|Q* — Q|| ,, by

Q" — Q™ [l = n(1Q" — Q")

_ K41 K1 ~
< w u[z ai - (Oilein]) + ox - (Ok1Q" = QOD} (F20)
=0

By the linearity of expectation, (F.20) implies

27(1 _ K+1

( _
Furthermore, since both Q* and QO are bounded by Vipax = Rmax/(1 — 7) in £o,-norm, we have

(
1n(Ox1Q" = Qol) <2 Runax/(1 = 7). (F22)
Moreover, for any i € {0,..., K — 1}, by expanding (1 — yP7x)~!

QF — Q™1 < {z a; - 1(Oiloi1l) + ok - p(Ok|Q* Qo)]- (F21)

into a infinite series, we have

1- R .
1(Oil0i+1]) = M{27 (1= PT)TH(PT)K T 4 (PR PR L P Qi+1|}

{Z,y_] PTK'K )K*iJr(Pﬂ'K)jJFl(PTFK—l "'Pﬂi+1)]|gi+1|}~

§j=0
(F23)

To upper bound the right-hand side of (F.23), we consider the following quantity

p[(P™x) (P Pt P f] = /S A[(P”")j(PT’"P""* ~ P™)f](s,a)du(s, a). (F24)
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Here 7y, ..., 7, are m policies. Recall that P™ is the transition operator of a Markov process defined
on § x A for any policy w. Then the integral on the right-hand side of (F.24) corresponds to the
expectation of the function f(X;), where {X;},>¢ is a Markov process defined on S x A. Such a
Markov process has initial distribution Xo ~ p. The first m transition operators are { P77 } ;]
followed by j identical transition operators P™%. Hence, (P™x)J(P™m PT™m-1... PT) is the
marginal distribution of X ,,, which we denote by fi; for notational simplicity. Hence, (F.24) takes
the form

p[(PT) (PTo Pt PO f = B[f(Xj1m)] = f5(f) = : Af(&a)dﬁj(s,a) (F.25)

for any measurable function f on S x A. By Cauchy-Schwarz inequality, we have

dii 5 1/2 1/2
[ Reafwesa] | [ eatesa) L @)
sxAl do SxA

in which djz;/do: § x A — R is the Radon-Nikodym derivative. Recall that the (m + j)-th order
concentration coefficient x(m + j; u, o) is defined in (4.4). Combining (F.25) and (F.26), we obtain

ﬁ](f) < K(m—i_j;ﬂao-) : ||f||0

mi(f) <

Thus, by (F.23) we have

1(Oilois1l) = 7 ZV { (P™ ) (P™ )K= g |] 4 p[(P75)T T (P "'PW"’+1)|91'+1H}

S(1—7)-Zvj~H(K—i+j;u,0)-||@i+1lla- (E27)

Now we combine (F.21), (F.22), and (F.27) to obtain

* s 2 17 K+1 * A
Q" —@Q K||1,;L_fY(<_ {Z ai - 1(Oilei]) + ax - n(Ok|Q Qo)}
1=0
I~v(]1 — K+1 K—-1 o ) ] ) 4~(1 — K+1
’Y( il )|:Z Zai"y]'H(K_Z+J;M7U)'||Qi+l|0':|+W'aK'Rmax-

(=)

Recall that in Theorem D.1 and (F.1) we define enmax = max;c(x [|0:ls. We have that [|Q* —
Q™% ||1,,. is further upper bounded by

10 = Q% |, 25
9m(1 — K41 K—1 oo . 4~(1 — K+1
<M|: ai-’}/]-lﬁ(K—i'i‘j;,qu)]'Emax"_W.QK'RmaX
(1—7) Zi:O J,Z:O (1—=7)
K—-1 oo 3
2y(1 -+ { 3 L=yt o ] 4y
P S S A —_— 'I{(K72+‘7;//L70—) '5max+7‘RmaX7
(1=1) pr SR el L (1—9)?

where the last equality follows from the definition of {«; }o<i<x in (F.18). We simplify the summa-
tion on the right-hand side of (F.28) and use Assumption 4.3 to obtain

K-1

&0 1_ K i—1 )
Z K+1 -y k(K — i+ jip,0)
1=0 j=
~y co K-—1
= K+1ZZVK T R(K =i+ i, 0)
-7 7=0 =0
1—~v n—1 (bua
& < : F.29
14K+ Z K(m; p,0) < 17K (1_~) (F.29)
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where the last inequality follows from (4.5) in Assumption 4.3. Finally, combining (F.28) and (F.29),
we obtain

27 Py 4Rt
||Q* - QWK |1, S g Emax + 73 N9 Rmaxa
P12 (1-7)2
which concludes the third step and hence the proof of Theorem D.1. O

F.2 PROOF OF THEOREM D.2

Proof. Recall that in Algorithm 1 we define Y; = R; + v - max,e 4 Q(Si+1,a), where @ is any
function in F. By definition, we have E(Y; | S; = s, A; = a) = (T'Q)(s,a) for any (s,a) € S x A.
Thus, T'Q can be viewed as the underlying truth of the regression problem defined in (D.2), where
the covariates and responses are {(.S;, A;) }ie[n) and {Y; }ie[n], respectively. Moreover, note that 7'Q)
is not necessarily in function class . We denote by Q* the best approximation of 7'Q) in F, which is
the solution to

minimize | f ~ TQ|3 = E{ [£(Si, A)) — Q(S:, Ai)]g}. (F30)

For notational simplicity, in the sequel we denote (S;, A;) by X, for all i € [n]. For any f € F, we
define || f||2 = 1/n - 7, [f(X,)]2 Since both Q and T'Q are bounded by Viax = Ruax/(1 — 7),
we only need to consider the case where log N5 < n. Here Nj is the cardinality of N'(6, F, || - || co)-
Moreover, let fi,. .., fn, be the centers of the minimal §-covering of F. Then by the definition of
d-covering, there exists k* € [Ns] such that 1Q — far

random variable since () is obtained from data.

0o < 4. It is worth mentioning that £* is a

In the following, we prove (D.3) in two steps, which are bridged by E[H@ - TQ|?].

Step (i): We relate E[[|Q — TQ||2] with its empirical counterpart ||Q — TQ||2. Recall that we define
Y; = R; + v - max,ec4 Q(Si+1, a) for each ¢ € [n]. By the definition of @, for any f € F we have

n

MY - Q)] < S f(x)]% (F31)
i=1

=1

For each i € [n], we define & = Y; — (T'Q)(X;). Then (F.31) can be written as
~ 2 ~
1Q = TQI% < IIf = TQII: + =D& - [Q(X:) — £(X4)]. (F32)
i=1

Since both f and @ are deterministic, we have E(||f — TQ||2) = ||f — TQ|%>. Moreover, since
E(¢; | X;) = 0 by definition, we have E[¢; - g(X;)] = 0 for any bounded and measurable function g.
Thus, it holds that

E{;s (@) - 70x0) | = E{Ze Q) - Qe E)
In addition, by tria;gle inequality and (F.33), we have_
‘E{g& - [Q(x) - (TQ)(Xz‘)]H
< [e{3o6- v - eonal} |+ [e{ e e v - roicl ], @

where fi satisfies || fr- — Qlloo < 0. In the following, we upper bound the two terms on the
right-hand side of (F.34) respectively. For the first term, by applying Cauchy-Schwarz inequality
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twice, we have

e {Z@ QX)) - fie (X >]}’s\/ﬁ-‘1€[<§;§$>m- ]
{ < )]W'[E(H@—fk*||%)]”2<n6 [EE)]", (F35)

where we use the fact that {&; };¢[n] «||n < 4. Since
both Y; and T'Q) are bounded by Vj,,.x, &; is a bounded random variable by its definition. Thus, there
exists a constant C¢ > 0 depending on ¢ such that E(¢2) < 02 V2. .. Then (F.35) implies

’ {Z& — fir (X ')]}’<C§ " * 0. (F.36)

It remains to upper bound the second term on the right-hand side of (F.34). We first define Ns
self-normalized random variables

236 [0 - TQ] 1 - TR 37

for all j € [N;]. Here recall that { f;} ;c[n,) are the centers of the minimal -covering of F. Then we
have

E{Z& e (X)) - <TQ><X»]H — i -E[lfee —TQl - | Ze-

]

b < v B{[10 - TQl + 3] - 171},
(F38)

where the first inequality follows from triangle inequality and the second inequality follows from
the fact that ||Q — fx«||cc < 0. Then applying Cauchy-Schwarz inequality to the last term on the
right-hand side of (F.38), we obtain

} < (E{ [||@ - TQl|.+ 5]2}>1/2 | [E(Zi*)}l/z
= <{E[”© ~TQl] }1/2 " 5) - [E(max 22) | )

JE[N]

< Vi E{[I1Q - TQllu +[1Q - fi-

B{[1Q - TQlln + 9] - |-

where the last inequality follows from

~ . 1/2
E[IQ - TQll.] < {E[IQ -TQl2]}

Moreover, since &; is centered conditioning on {Xi}ie[n] and is bounded by 2Vj,ax, &; is a sub-
Gaussian random variable. In specific, there exists an absolute constant H¢ > 0 such that ||&; ||, <
H¢ - Vinax for each i € [n]. Here the 1)9-norm of a random variable W' € R is defined as

_ 1
Wl = supp™ /2 [E(W[7)] "7
p>1

By the definition of Z; in (F.37), conditioning on { X };c[n)» & - [f5(Xs) — (T'Q)(X;)] is a centered
and sub-Gaussian random variable with

I - (450X = (@QUX)] |, < He - Vinax - |£3(X0) = (TQ)(X:).

Moreover, since Z; is a summation of independent sub-Gaussian random variables, by Lemma 5.9 of
2, the 1)9-norm of Z; satisfies

1 n 1/2
121y, < C - He * Vinac - 115 = Q1" - [n G = (TQUX)?| <O He - Vias,
=1
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where C' > 0 is an absolute constant. Furthermore, by Lemmas 5.14 and 5.15 of 2, Z]2 is a
sub-exponential random variable, and its the moment-generating function is bounded by

E [exp(t - Zf)} < exp(C-#*- Hg 1%

max

) (F.40)

for any ¢ satisfying C" - [t| - HZ - V;2,, < 1, where C' and C" are two positive absolute constants.

. . . . . 2
Moreover, by Jensen’s 1nequa11ty, we bound the moment-generating function of max;e|n;) Z5 by

2 2
E[exp(t : jrél[z]x\[};] Z; )] < jE[ZNB] E[exp(t - Z3)]. (F41)

Combining (F.40) and (F.41), we have

E(max Z2) <(C?. Hg V2

-log NN, F42
= [N] max 0g Vs, ( )

where C' > 0 is an absolute constant. Hence, plugging (F.42) into (F.38) and (F.39), we upper bound
the second term of the right-hand side of (F.33) by

‘E{;s [0 - Q)]
< ({]E[II@TQ|$J}1/2+5> - C' - He - Vigax - v/ - log N (F43)

Finally, combining (F.32), (F.36) and (F.43), we obtain the following inequality
E[IQ - TQI7] < jnE E[If = TQIZ] + Ce - Vinax -6 (F44)

+ ({E[IQ ~ (TQI2]}"* +8) - C - He - Vinax - v/log Na/n
1/
< € Viwelog o {B[IQ ~ Q)] + it B[I ~ TQIZ) + €' Vinwsd

where C' and C” are two positive absolute constants. Here in the first inequality we take the infimum
over F because (F.31) holds for any f € F, and the second inequality holds because log N5 < n.

Now we invoke a simple fact to obtain the final bound for E[||Q—T'Q||?] from (F.44). Let a, b, and ¢ be
positive numbers satisfying a? < 2ab+c. Forany € € (0, 1], since 2ab < e-a?/(1+¢€)+(1+€)-b? /e,
we have

2<(1+e? et (1+e)-c (F45)

Therefore, applying (F.45) to (F. 44) with a2 = E[||Q — TQ|12], b = C - Vinax - \/1og N5 /n, and
c=infrerE[||f —TQ|2] + C - Vinax - 6, we obtain

E(IQ - TQl:] < (1+ ) i E[Ilf = TQIF] + C - Vi -log No/(n€) + €'+ Vinax -,
(F46)

where C' and C’ are two positive absolute constants. Now we conclude the first step.

Step (ii). In this step, we relate the population risk [|Q — TQ||2 with E[||Q — T'Q|2], which

is characterized in the first step. To begin with, we generate n i.i.d. random variables {X; =

(Si, Ai) }ien) following o, which are independent of {(.S;, A;, R;, S}) }ie[n)- Since [|Q — fr+[|co <6,
for any x € S x A, we have

2 2

Q@) ~ Q@] - [fi-(2) - (TQ))]°|

(T
= Q@) — fi- (2)] - |Q(x) + fr- () — 2(TQ)(x)| < 4Vimax - 6, (F47)
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where the last inquality follows from the fact that || 7Q||cc < Vinax and || f|lcoc < Vinax forany f € F.
Then by the definition of ||Q — TQ||% and (F.47), we have

i@ raiz =5{ L S-[00%) - re)%)*}
i=1

<B{I0 - TQI + L Y[ (%) - T = 2 Y[ () = (TQT* } + SVhe 5

i=1 =1
(HQ TQHn +E|: th* XZaX :|+8Vmax'5> (F43)

where we apply (F.47) to obtain the ﬁrst inequality, and in the last equality we define

2 2
hj(@,y) = [f;() — (TQ)W)]” — [fi(=) — (TQ)(=)]", (F.49)
for any (x,y) € S x A and any j € [Ns]. Note that hy- is a random function since k* is ran-
dom. By the definition of h; in (F.49), we have |h;(z,y)| < 4V;2,, for any (z,y) € S x A and
E[h;(X;, X;)] = 0 for any i € [n]. Moreover, the variance of h; (X, X;) is upper bounded by

Var [ (X, X)] = 2 Var{ [£;(X;) - (TQ)(X.)] "}

< 2B{ [£;(X;) - (TQ)(X1)] '} < 872 V2,,,
where we define Y by letting

12 _max(4vmx log Ny/n, max ]E{[f]( ) — (TQ)(XZ»)]Q}) (E50)

Furthermore, we define

n

T = sup Zhj(xi,f(i)/r‘. (E51)
JEINs]I,
Combining (F.48) and (F.51), we obtain
IQ = TQ|2 <E[|Q - TQ|2] + Y/n - E(T) + 8Viax - 0. (F52)

In the sequel, we utilize Bernstein’s inequality to establish an upper bound for E(T"), which is stated
as follows for completeness.

Lemma F.3 (Bernstein’s Inequality). Let Uy, ... U, be n independent random variables satisfying
E(U;) = 0and |U;| < M for all ¢ € [n]. Then for any ¢ > 0, we have

P( Zt) SQeXp(2M~t/3+202>’

2. Ui
where 0% = Y7 | Var(U;) is the variance of Y ;- | U,

i=1

We first apply Bernstein’s inequality by setting U; = h; (X, X )/ for each i € [n]. Then we take a
union bound for all j € [N5] to obtain

—42
8V dax - [t/(37) +

(2]

P(T >1t) IP’{ sup —
JEINs] T

)/T‘ > t] < 9Nj - exp{ } } (E.53)
n

Since 7' is nonnegative, we have E(T) = [ P(T > t)dt. Thus, for any u € (0,37 - n), by (F.53)

it holds that

(e'S) 3Tn t2 [’} 37 - ¢
E(T) < P(T > t)dt < 2N, ——— | dt + 2N, dt
(0 St [ B> o< 2N exp(W : ) i 5/3T.nexp<16vrﬁax)

max
2

T2
716‘/2 ) + 32N5s - Vriax/(ST) . exp( -9 ),

< +:;2N5 [/ . 'eXI)
Su max n/u ( ]6‘72
(I‘j )

max
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where in the second inequality we use the fact that [~ exp(—t?/2)dt < 1/s - exp(—s?/2) for all
s > 0. Now we set u = 4V axv/n - log Nj in (F.54) and plug in the definition of Y in (F.50) to
obtain

E(T) < 4Vinax /1 - log Ns + 8Vipax\/1/ log Ns + 6Vinax/1/ log Ns < 8Vinaxy/n - log N,
(F.55)

where the last inequality holds when log Ns > 4. Moreover, the definition of Y in (F.50) implies that
T < max[2Viaxy/log Ns/n, H@ — TQ||s + 6]- In the following, we only need to consider the case
where T < [|Q — TQ||o + 4, since we already have (D.3) if |Q — TQlls + & < 2Vimax\/10g Ns/n,
which concludes the proof.

Then, when T < ||@ — TQ||s + 0 holds, combining (F.52) and (F.55) we obtain

1Q = TQIZ <E[IQ = TQIZ] + 8Vimaxv/10g(N) /1 1Q = TQlo + 8Vinasx v/10g N /1 - 8 + 8Vimasc - 8
<E[|Q - TQ|%] + 8Vimax/10g No/n - |Q — TQ|ly + 16 Vi - . (F.56)
We apply the inequality in (F.45) to (F.56) with a = 1Q = TQllo» b = 8Vinaxy/log N5/n, and
c=E[||Q — TQ|?] + 16Vinax - d. Hence we finally obtain that
IQ -7Q[% < (1+¢)-E[IIQ - TQ|7]
+ (14 €)? - 64Vinay - log(N)/(n - €) + (1 + €) - 18Viax - 6, (F.57)
which concludes the second step of the proof.

Finally, combining these two steps together, namely, (F.46) and (F.57), we conclude that
IQ=TQIZ < (14 inf E[If = TQIZ] + Cr - Vg - 108 No/(m - ) + C - Vinas -,

where C and C are two absolute constants. Moreover, since () € F, we have
inf E[||f — TQ|2] < su {ianE _T 2},
B[S~ 7QI] < sup { it B[ ~ Q]

which concludes the proof of Theorem D.2. O

G PROOF OF THEOREM E .4

In this section, we present the proof of Theorem E.4. The proof is similar to that of Theorem 4.4,
which is presented in §D in details. In the following, we follow the proof in §D and only highlight the
differences for brevity.

Proof. The proof requires two key ingredients, namely the error propagation and the statistical error
incurred by a single step of Minimax-FQI.

Theorem G.1 (Error Propagation). Recall that {ék}og k<K are the iterates of Algorithm 4 and
(mK,vK) is the equilibrium policy with respect to Qx. Let Q% be the action-value function
corresponding to (7, vy, ), where v is the best-response policy of the second player against 7.
Then under Assumption E.3, we have
20u,p - dyitt
* )k < H,P .

@7 = @il < 2052 - emae + T2
where we define the maximum one-step approximation error eyax = maxye(x ||7° @ k1 — @k Ilos
and constant ¢,, ,, is specified in Assumption E.3.

: Rma}o (Gl)

Proof. We note that the proof of Theorem D.1 cannot be directly applied to prove this theorem. The
main reason is that here we also need to consider the role played by the opponent, namely player two.
Different from the MDP setting, here @}, is a fixed point of a nonlinear operator due to the fact that
player two adopts the optimal policy against 7. Thus, we need to conduct a more refined analysis.
See §G.1 for a detailed proof. O
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By this theorem, we need to derive an upper bound of e1,.x. We achieve such a goal by studying the
one-step approximation error ||T'Qr—1 — Qkl|s for each k € [K].

Theorem G.2 (One-step Approximation Error). Let 7 C B(S X A X B, Viyax) be a family of
measurable functions on § x A x B that are bounded by Vijax = Rmax/(1 — 7). Also, let
{(8i, Ai, B;) }ie[n) be nii.d. random variables following distribution o € P(S x A x B). . For
each i € [n], let R; and S} be the reward obtained by the first player and the next state following
(S:, A, B;). In addition, for any fixed @ € F, we define the response variable as

Y;=Ri+~- in Eour oo [Q(S,a,b)]. G2
RS iy B (@S D) (G2

Based on {(X;, A, Vi) }ic[n)» We define Q as the solution to the least-squares problem

n

1
min Z [£(Si, As) — Yz‘]2- (G.3)

Then for any € € (0, 1] and any § > 0, we have
Q= TQIZ < (1+ 02 sup fal [If = Tl +C - Viue/(0+ ) Jog N + €' Vi -5, (G)
geEF

where C and C’ are two positive absolute constants, T is the Bellman operator defined in (E.5), N
is the cardinality of the minimal d-covering of F with respect to £~,-norm.

Proof. By the definition of Y; in (G.2), for any (s, a,b) € S x A X min, ¢p(z), we have
]E(Y;|SZ = S,Ai :a,Bl- = b)

= s 'Es’w .| s,a { i Ea'NTr’ ! ~ov! /7 7b =T 5 7b~
r(s,a) + PClsat)| ax, min b Qs a )]} (TQ)(s,a,b)

Thus, T'Q) can be viewed as the ground truth of the nonlinear least-squares regression problem in
(G.3). Therefore, following the same proof of Theorem D.2, we obtain the desired result. O

Now we let F be the family of ReLU Q-networks F; defined in (E.8) and set Q = @k_l in Theorem
G.2. In addition, setting e = 1 and § = 1/n in (G.4), we obtain

1Qkr1 = TQx|2 <4 sup inf [|f —Tg|2+C- V2, /n-log Ny
gEF1 fer

<4-sup inf ||f— f|% +C V2, /n-log Ny, (G.5)
freg feF

where C' is a positive absolute constant, V7 is the 1/n-covering number of 77, and function class G,
is defined as

g1 = {f S x A —R: f(-,a,b) S g({pj,tj,ﬁj,Hj}je[q]) for any (a,b) (S ./4 X B} (G6)
Here the second inequality follows from Assumption E.2.

Thus, it remains to bound the ¢..-error of approximating functions in G; using ReLU Q-networks in
F1 and the 1/n-covering number of F;. In the sequel, obtain upper bounds for these two terms.

By the definition of G; in (G.6), for any f € G; and any (a,b) € A x B, we have f(-,a,b) €
G({(pj,tj, Bj, Hj)}jelq)- Following the same construction as in §F.2, we can find a function f in
F(L~, {di}f;fl, s*) such that

£ a,b) = Flloo S maxn=285/28+4) = pa’=1
j€ldq]

which implies that

sup inf ||f — /|2 <n® L (G.7)
f/egl jnf If=flz S
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Moreover, for any f € F; and any (a,b) € A x B, we have f(-,a,b) € ]—"(L*,{d;f}f;fl7s*).
Let N be the d-covering of F(L*, {dj}JL:fl, s*) in the {o,-norm. Then for any f € F; and any
(a,b) € A x B, there exists gq» € N such that || f(+,a,b) — gap|lc < 0. Thus, the cardinality of
theN((s,fla || : Hoo) satisfies

IV, Fu Il D] < NGB G-3)
Combining (G.8) with Lemma D.4 and setting 6 = 1/n, we obtain that
log Ny < | A| - |B| - log [N3| < | A]- B| - (s* + 1) - log[2n - (L* + 1) - D?]

< |Al-[B]-s"-L" max log(d;) < | A| - B| - n®" - (logn)' ¢, (G.9)
JeL”

where D = HEL:;FI (d} + 1) and the second inequality follows from (4.7).
Finally, combining (G.1), (G.5), (G.7), and (G.9), we conclude the proof of Theorem E.4. O

G.1 PROOF OF THEOREM G.1

Proof. The proof is similar to the that of Theorem G.1. Before presenting the proof, we first introduce
the following notation for simplicity. For any & € {0,..., K — 1}, we denote T'Qy by Qx+1 and
define o, = Qi — @ k- In addition, throughout the proof, for two action-value functions () and Q)2,
we write Q1 < Q2 if Q1(s,a,b) > Qa(s,a,b) for any (s,a,b) € S x A x B, and define Q1 > Q>
similarly. Furthermore, we denote by (7, %) and (7*, v*) the equilibrium policies with respect to
@k by @*, respectively. Besides, in addition to the Bellman operators 77" and T defined in (E.4)
and (E.5), for any policy 7 of the first player, we define

T‘“—Q(S, a, b) = ’I"(S7 a, b) + - Es/NP(~ [ s,a,b){ H%I(IB) Ea’w‘n',b’wu’ [62(5/7 a/7 b/)] }7 (Glo)
v'e

corresponds to the case where the first player follows policy 7 and player 2 adopts the best policy
in response to 7. By this definition, it holds that Q* = 7™ Q*. Unlike the MDP setting, here T
is a nonlinear operator due to the minimization in (G.10). Furthermore, for any fixed action-value
function @, we define the best-response policy against 7 with respect to @, denote by v(7, @), as

v(m,Q) (-] s) = argmin Eqr pr [Q(s, a, b)]. (G.11)

v'eP(B)
Using this notation, we can write (G.10) equivalently as
T"Q(s,a,b) =r(s,a,b) + - (P””’(”’Q))(s, a,b).
Notice that P™*(™@) is a linear operator and that vg = v(7g, Q) by definition.
Now we are ready to present the proof, which can be decomposed into three key steps.

Step (i): In the first step, we establish recursive upper and lower bounds for {Q* — @k}ogkg k. For
each k € {0,..., K — 1}, similar to the decomposition in (F.3), we have

Q = Quy1=Q —T™ Qu+ (T™ Qr — TQx) + or+1, (G.12)
where 7* is part of the equilibrium policy with respect to Q* and 7™ is defined in (G.10).

Similar to Lemma F.1, we utilize the following lemma to show T @k > T@k.

Lemma G.3. For any action-value function @) : S x A x B — R, let (7@, vg) be the equilibrium
policy with respect to ). Then for and any policy 7 of the first player, it holds that

TeQ=TQ >T"Q.
Furthermore, for any policy 7: S — P(.A) of player one and any action-value function ), we have
TR =T7Q < T™Q (G.13)
for any policy v: S — P(B), where v(7, Q) is the best-response policy defined in (G.11).
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Proof. Note that for any s’ € S, by the definition of equilibrium policy, we have

1 EINIINI //b/ = 1 E/N ! o) //b/_
LA i Bty [QU V)] = i, B s [QUs', 0/, )]

Thus, for any state-action tuple (s, a,b), taking conditional expectations of s with respect to

P(-|s,a,b) on both ends of this equation, we have

(T™2Q)(s,a,b) =7(s,a,0) + v - Eyop(.|s,a) {y/rengr(lB) Eo g prmn [Q(8 b’)]}

= ; 7b + 'Es’w | s,a { i Ea/mon b mont ,7 labl }: T ) 7b5
r(s,a,b) +v P(lsat)|,max, min b Qs d' V)] = (TQ)(s,a,b)

which proves T7?@Q = T'Q). Moreover, for any policy 7 of the first player, it holds that

max  min Egorpo [Q(,d/,0)] > min Egor o [Q(s, d', V)]

= €P(A) v €P(B) v EP(B)
Taking expectations with respect to s’ ~ P(- | s, a, b) on both ends, we establish TQ > T™ Q.

It remains to show the second part of Lemma G.3. By the definition of v(7, ), we have

Ea’fvw,b’wu(ﬂ',Q) [Q(s/a a/a b/)] = V,rengr(lB) Ea/wrr,b/wy’ [Q(Slv alv b/)] 3

which, combined with the definition of 7 in (G.10), implies that TTW(T“Q)Q = T™(Q. Finally, for
any policy v of player two, we have

u’ren’/ir(llﬁ') Ea’wfr,b’NV’ [Q(Sla ala b/)] 2 Ea’wﬂ,b’wu [Q(S/7 a/7 b/)} )

which yields 77 Q) < T™"(@. Thus, we conclude the proof of this lemma. O

Hereafter, for notational simplicity, for each k, let (7, v ) be the equilibrium joint policy with respect
to Qy, and we denote v(7*, Q) and v (7, Q*) by Uy, and Dy, respectively. Applying Lemma G.3 to
(G.12) and utilizing the fact that Q* = T™ Q*, we have

Q" = Qri1 < (Q = T™ Qn) + or1 = (T7 Q" = T™ Q1) + ok
< (T77QT =TT Q) + oepr = 7+ PT7HQ = Q) + okn1, (G14)

where the last inequality follows from (G.13). Furthermore, for a lower bound of Q* — @ k41, similar
to (F.5), we have

Q" = Qp1 = (TQ* = T™Q") + (T™Q* — T™ Q) + 0k41

> (T™Q* = T™ Qi) + Or41 > 7 P™7(Q" — Qr) + 0rr1, (G.15)
where the both inequalities follow from Lemma G.3. Thus, combining (G.14) and (G.15) we have
¥ PTPHQT = Q)+ ok1 > QF = Qryr =7 P™OTNQT — Qk) + okt (G.16)

forany k € {0,..., K — 1}. Similar to the proof of Lemma F.2 , by applying recursion to (G.16),
we obtain the following upper and lower bounds for the error propagation of Algorithm 4.

Lemma G.4 (Error Propagation). Forany k,¢ € {0,1,..., K — 1} with k < ¢, we have
Q*—Q, < ny[*l*J . (PTF We—1 pTiVe—2  pT 7Vi+1)gi+1
i=k
TR (P prTez L pTT) (QF — ), (G.17)
-1
Q* _ @E > Z,.Yf*l*i . (Pﬂ'e—l,l_/z—lpﬂ'z—mﬁe—z . P7Tz‘+1,171‘+1)gi+1
i=k
AR (PRt PR L PTEL) (QF — Q). (GU18)
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Proof. The desired results follows from applying the inequalities in (G.16) multiple times and the
linearity of the operator P™" for any joint policy (, /). O

The above lemma establishes recursive upper and lower bounds for the error terms {Q* —
Qx Yo<k<i—1, which completes the first step of the proof.

Step (ii): In the second step, we characterize the suboptimality of the equilibrium policies constructed
by Algorithm 4. Specifically, for each 7y, we denote by ()} the action-value function obtained when
agent one follows 7, while agent two adopt the best-response policy against 7. In other words,
Qy, is the fixed point of Bellman operator 77* defined in (G.10). In the following, we obtain an
upper bound of Q* — @, which establishes the a notion of suboptimality of policy (7, v ) from the
perspective of the first player.

To begin with, for any k, we first decompose Q* — Q)}; by
Q - Q= (Tw* QF — Tﬂ*@k) + (Trr*@k _ Tﬂkék) + (Tmc@k _ Tchlt)' (G.19)

Since 7y, is the equilibrium policy with respect to @k, by Lemma G.3, we have 7™ @k <T7™* ék.
Recall that (7*, v*) is the joint equilibrium policy with respect to Q*. The second argument of
Lemma G.3 implies that

TUQTSTTRQY, T Qr < T™Qy, (G:20)

where v, = v(7*, @k) and we define U, = v(mg, Q}). Thus, combining (G.19) and (G.20) yields
that

0<Q —Qh <7 P77 (Q —Qx) +7- P™™(Qr— Q})
= (P™7 = PRI (QF — Q) + - PP (QF - Q). (G21)
Furthermore, since I — 7 - PPk is invertible, by (G.21) we have
0<Q = Qp <y (I—7-P™™) 0 [PT7(Q = Qi) = P (Q" - Qi) (G22)

Now we apply Lemma G.4 to the right-hand side of (G.22). Then for any k£ < ¢, we have

-1
P (Q* _ Q“e) < Z,yzflfj . (PTI'*,;[Pﬂ'*,Defl "'Pﬂ*’D”l)QHl
i=k
+ ,YE—k . (Pw*,D[PW*,az—l A Pﬂ'*v;k) (Q* — ka:)7 (G23)
-1
presve (Q* - @Z) > Z,yé—l—i . (Pw,wpﬂeﬁe—z . Pﬂi+1»5i+1)gi+1
i=k

4 ,ye—k X (PW[,D[PWg,l,Dg,l . P‘n'k,ljk)(Q* _ @k) (G24)
Thus, setting £ = K and k = 0 in (G.23) and (G.24), we have

Q- Qi< (-~ Pt (G.25)

K-1
{Z ’VK_l . [(Pﬁ*lngPﬂ'*,DK_l . 'PW*7§"+1) _ (P‘n'K,DKPTrK—LﬂK—l . .P7r7‘,+1,l77‘,+1):|gi+1
=0
+ ,YK—l-l . |:(P7r*,§KP7r*,DK_1 . Pﬂ*,ﬁo) _ (PWK,DKP‘A'K_l,DK_l . _Pﬂ'o,ﬂg):| (Q* _ @0)}

To simplify the notation, we define {a;}X , as in (F.18). Note that we have Zfio a; = 1by
definition. Moreover, we define K + 1 linear operators {Ok}fzo as follows. Forany ¢ < K — 1, let
11— 5oy —1 * = * . o 5 o
Oi — (] —~ . PTEVK [ PT VK PTOVK—1,, PTVitl) _ ( PTKVK PTK-1,VK—1 ., PTit1,Vit1 :|
N oM ) ( )
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Moreover, we define Ok by

Ok = 71 ;’Y . ([ — - PWKﬁK)_l |:(P7"*7DKP7T*,§K—1 .. .P”*ﬁo) _ (PTVva’KP‘ﬂ'K—hDK—l ...Pﬂo,l’/o)]

Therefore, taking absolute values on both sides of (G.25), we obtain that

|Q*(57avb) - Q*K(svavb)|

<=7 - Kz_:la» - (Oiloi+1]) (s, a,0) + ax - (O |Q* — Qol)(s,a,b)|, (G.26)
> (1 — 7)2 v 7 1|9i4+1 y Uy K K 0 5 Uy 3 .
for any (s,a,b) € S x A x B, which concludes the second step of the proof.

Step (iii): We note that (G.26) is nearly the same as (F.19) for the MDP setting. Thus, in the last step,
we follow the same proof strategy as in Step (iii) in §F.1. For notational simplicity, for any function

f:+ 8 x Ax B — R and any probability distribution . € P(S x A x B), we denote the expectation
of f under p by u(f). By taking expectation with respect to p in (G.26), we have

2,}/(1 _ K+1

(1-

By the definition of O;, we can write p(O;]0;+1]) as

Q" — Qiclli < {Zaq- O|@z+1|)+aK-u(0KQ*@o|)] (G.27)

1- — 5N { o e ot 5 o
1(0iloita]) = T’Y ~u{2’yj : [(P’TK’”K)] (P™ VK PT VKoL PTVi (G.28)
=0

+ (Pm(ﬁk)j (PTFK7DKP7TK—17’7K—1 . Pm+17'71:+1)} |Qi+1|}-
To upper bound the right-hand side of (G.28), we consider the following quantity
p[PTm - P f] = / [(PTmPTm=t .. P™) f](s,a,b)dpu(s, a,b),
SxAxB

where {7;: S — P(A x B)};c[m] are m joint policies of the two-players. By Cauchy-Schwarz
inequality, it holds that

1/2
' [ / |f<s,a,b>2do<s,a,b>} < k(s 1,0) - |l
SXAxB

2
A(P™ Pt PR

do

1/2
do(s,a, b)]

(s,a,b)

where x(m; u, o) is the m-th concentration parameter defined in (E.9). Thus, by (G.28)we have
1(Oiloia]) < (1 —7)- ZVj KK =it gy v) - [ oivlle- (G.29)

Besides, since both Q* and @0 are bounded by Ryax/(1 — 7) in £oo-norm, we have

1(Ox|Q* — Qol) < 2 Runax/(1 — ). (G.30)
Finally, combining (G.27), (G.29), and (G.30), we obtain that
Q" — Q™ |1,
2y(1 — 4K+ L& . o (1 — R+
< (( [Z I ||gi+1|g] + ((1_7)3%% R
0 j=
2,}/(1 K+1 K-1 oo 1 _ K i—1 ) 4,YK+1
S(i [ZZ K+1 .’YJ'H(K_Z"F.%/%V)]'Emax+W'Rmax,
=0 j=
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where the last inequality follows from the fact that £y, = max;ec (k] ||0s/|s. Note that in (F.29) we
show that it holds under Assumption E.3 that

K—-1 oo

(1 — 7)7K7i71 7 . . ¢u v
oAl k(K — . < > )
pr e S e L ToRE i) < (I=7%H)(1 =7)
Hence, we obtain (G.1) and thus conclude the proof of Theorem G.1. O
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