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ABSTRACT

Incorporated with the recent advances in deep learning, deep reinforcement learning
(DRL) has achieved tremendous success in empirical study. However, analyzing
DRL is still challenging due to the complexity of the neural network class. In
this paper, we address such a challenge by analyzing the Markov decision process
(MDP) with neural dynamics, which covers several existing models as special
cases, including the kernelized nonlinear regulator (KNR) model and the linear
MDP. We propose a novel algorithm that designs exploration incentives via learn-
able representations of the dynamics model by embedding the neural dynamics
into a kernel space induced by the system noise. We further establish an upper
bound on the sample complexity of the algorithm, which demonstrates the sample
efficiency of the algorithm. We highlight that, unlike previous analyses of RL
algorithms with function approximation, our bound on the sample complexity does
not depend on the Eluder dimension of the neural network class, which is known
to be exponentially large (Dong et al., 2021).
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1 INTRODUCTION

Reinforcement learning (RL) aims to accomplish sequential decision-making in an uncertain en-
vironment via iteratively interacting with the environment (see Sutton et al. (1998)). Equipped
with modern function approximators such as deep neural networks, deep RL algorithms achieve
tremendous empirical successes (Mnih et al., 2015; Silver et al., 2017; Hafner et al., 2019).

Despite its empirical successes, the theoretical understanding of deep RL is relatively underdeveloped.
There are several recent works (Abbasi-Yadkori et al., 2019; Wang et al., 2019; Fan et al., 2020)
that analyze RL algorithms with neural network parameterization, including policy iteration (PI)
(Lagoudakis & Parr, 2003), policy gradient (PG) (Williams, 1992) and deep Q-learning (Mnih et al.,
2013). However, those works depend on restrictive assumptions that either the agent has access to a
simulator or the MDPs have bounded concentrability coefficients, which in fact imply that the state
space is already well-explored. Another line of research (Jiang et al., 2017; Jin et al., 2020; Cai et al.,
2019; Du et al., 2021) further removes such assumptions by conducting provably efficient exploration
in RL. Such a direction of research typically hinges on a low-rank MDP assumption. Thus, those
works either assume that the MDP is linear in the known feature or propose computational-inefficient
algorithms, limiting the ability to explore the environment with neural network parameterization. To
explore the environment with neural network parameterization, a recent line of work (Wang et al.,
2020; Jin et al., 2021a) analyzes the use of general function approximators in RL, covering neural
network parameterization as a special case. Such analyses typically depend on the Eluder dimension
(Russo & Van Roy, 2013), which unfortunately can be exponentially large even for a simple neural
network class (Dong et al., 2021) and thus makes the results statistically inefficient for neural network
parameterization. Therefore, we raise the following question:
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Can we design RL algorithms that can conduct provably efficient exploration in structured
environments with neural network parameterization?

Specifically, Our goal is to develop computational-efficient algorithms whose sample efficiency
does not depend on the Eluder dimension of neural networks for structured environments with
neural network parameterization. Our key insight is that, when the transition dynamics is captured by
an energy-based model, we leverage the spectral decomposition of the kernel such that the challenge
of distribution shift is characterized by the effective dimension of the kernel. To illustrate this
insight, we propose a new model called MDPs with neural dynamics, which allows neural network
parameterization and captures various MDP models proposed in previous works, including the
KNR model (Kakade et al., 2020) and the linear MDP model (Jin et al., 2020). We then propose
an algorithm, namely, Exploration with Learnable Neural Features (ELNF), and show that ELNF
is sample efficient. ELNF iteratively fits the transition dynamics and reward functions with neural
networks. Upon fitting the models, ELNF conducts exploration based on upper confidence bounds
(UCB) (Abbasi-Yadkori et al. (2011)), which are obtained from the feature maps that correspond to
the fitted model. We remark that the bonus in ELNF can be efficiently computed.

Contributions. Our contribution is threefold. First, we identify a class of models that incorporates
NN feature representation, which captures nonlinearity in the transition dynamics beyond the KNR
and linear MDP model. We also show that our proposed setting can generalize to models in previous
works (Kakade et al. (2020), Ren et al. (2021)). Second, we propose a new algorithm, namely
ELNF, which tackles our proposed MDPs with neural dynamics. Our algorithm is computationally
efficient when we have an optimization oracle for the model estimation. Third, we analyze the
sample complexity of ELNF and show that ELNF is sample efficient. A key feature of ELNF is that
the sample complexity of ELNF depends only on the covering number of neural network classes
and does not depend on the corresponding Eluder dimension. We highlight that our work is the
first to cover arbitrary NN classes with bounded log-covering numbers. In contrast, previous
research typically depends on the Eluder dimension (Russo & Van Roy, 2013) of the hypothesis
class, which is exponentially large for simple neural network classes (Dong et al., 2021).

1.1 RELATED WORK

Our work is closely related to the line of research on provably efficient exploration in the function
approximation setting (Jiang et al., 2017; Jin et al., 2020; Cai et al., 2019; Du et al., 2021; Uehara
et al., 2021; Zhang et al., 2022a). Such a line of research typically hinges on MDPs with a low-rank
structure. For instance, the study of linear MDPs (Jin et al., 2020; Cai et al., 2019) requires that the
transition dynamics are linear in the known feature map. In contrast, the feature maps are unknown
in our setting and need to be estimated. The study of low-rank MDPs (Jiang et al., 2017; Du et al.,
2021; Uehara et al., 2021; Ren et al., 2022) is more closely aligned to our work in the sense that
the feature map is unknown and needs to be estimated. Jiang et al. (2017) and Du et al. (2021)
require optimistic planning over the confidence set of transition dynamics, which is computationally
inefficient. Uehara et al. (2021) and Ren et al. (2022) propose an algorithm for low-rank MDP that is
both computationally efficient and sample efficient. Nevertheless, they only consider finite hypothesis
classes, and require sampling from the stationary distribution of the MDP.

Our work is also related to the study of provably efficient exploration with general function approxi-
mation (Wang et al., 2020; Jin et al., 2021a). Nevertheless, previous results typically depend on the
Eluder dimension (Russo & Van Roy, 2013) of the hypothesis class, which is exponentially large
for simple neural network classes (Dong et al., 2021). Yang et al. (2020) achieves sample-efficient
exploration based on the overparameterized neural networks (Simsek et al., 2021) as the function
approximator. However, their analysis hinges on the neural tangent kernel (NTK) and can not handle
NNs beyond NTK regime. In contrast, our analysis can adapt to generic neural network classes.

Our work is also related to the analysis of model-based RL (Osband & Van Roy, 2014; Ayoub et al.,
2020; Kakade et al., 2020) and representation learning (Ren et al., 2021; Nachum & Yang, 2021;
Zhang et al., 2022b). The definition of our MDPs with neural dynamics generalizes that in Kakade
et al. (2020) and Ren et al. (2021). In contrast to the KNR model in Kakade et al. (2020), we can
handle the infinite neural network hypothesis class and do not require the nonlinear feature map
to be known. Ren et al. (2021) require sampling from the posterior distribution of the hypothesis
class, which is computational-inefficient when the hypothesis class is large. In addition, the sample
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complexity bound of Ren et al. (2021) depends on the Eluder dimension of the feature map class,
which is exponentially large for simple neural network classes (Dong et al., 2021). In contrast, our
sample complexity bound depends only on the neural network classes only through its capacity.

Our work is motivated by the complexity analysis of neural network classes. Dong et al. (2021) show
that the Eluder dimension of one-layer neural network classes is exponentially large, suggesting that
the previous analysis of RL algorithms based on the Eluder dimension (Russo & Van Roy, 2013) may
not be applicable to neural networks.

1.2 NOTATION

For a vector v € R%, we define [[v], = (3%, v2)'/2, where v; is the i-th element of v. For a

real-valued function f : X — R, we define || ||, = maxgcx |f(2)|. For a vector-valued function
f: X — R, we define [flloo2 = maxzex || f(2)|l,- For a sequence of real-valued functions
r={rp}H_, C X = R, we define ||| = SUDpe[H],zeX |rn(z)|. We denote by N (F, ¢, |-|)

the e-covering number of the function class F with respect to the norm ||-||, define Hoo(F,€) =
log N(F, €, |],) for a real-valued function class F, and define Ha(F,€) = log N(F, €, ||, o)
for a vector-valued function class 7. We further define [n] = {1,...,n} when n is an integer. For a

set C, we denote by A(C) the set of the distributions over C, and U (C) the uniform distribution over
C.Forg:X — Rand X, = {21,...,2,} C X, we define g[X,,] = (9(x1),...,9(zn))".

2 PRELIMINARY

We consider an episodic MDP V* = (S, A, H, P*, r*) with a state space S € R, an action space A,
a horizon H, transition kernels P* = {P;}fL_,, and reward functions r* = {r; }}__,. We assume
that the reward functions are bounded and deterministic, that is, ||r};|| . € [0,1] for all h € [H].
We also assume that the action space is finite, that is, |A| < oo. The agent iteratively interacts
with the environment as follows. At the beginning of each episode, the agent determines a policy
7 = {m}_,, where m, : S — A(A) for any h € [H]. Without loss of generality, we assume
that the initial state is fixed to si,;; € S across all episodes. At the h-th step, the agent receives
a state sy, and takes an action ay, following aj, ~ m,(- | s). Subsequently, the agent receives a
reward 7 (s, ap,) and the next state following s,11 ~ P} 1 (- | sn,an). The episode ends after the

agent receives the last state sz 1. For a given policy m = {m,}/L |, where 7}, : S — A(A) for any
h € [H], we define the value function V;" and the Q-function Q7 for any h € [H] as

H
Vi (i7", P*) = Er p- {Z ri(si,a:) | s = 8},
o @.1)
Qr(s,a;7", P*) = Er p+ {Z 77 (sisa;) | sp = s,ap = a].
i=h

Here the expectation E p-«[-] in (2.1) is taken with respect to s;11 ~ P (- | s;, a;) and a; ~ m;(- | s;)
fori € {h,h +1,..., H}. For convenience, we define V7 (s;r,P) = 0 for any state s € S,
reward function r, transition kernel P and policy 7. For simplicity, we define the expected total
reward J(m;r*, P*) as J(m;r*, P*) = Vi (Sinit; 7™, P*). The goal of RL is to find a policy 7* that
maximizes the expected total reward. Specifically, for the episodic MDP V* = (S, A, H, P*, r*),
We define 7* € argmax, J(m;r*, P*) as an optimal policy. Correspondingly, we define the optimal
Q-function @), and the optimal value function V;* as Q7 (s,a;r*,P*) = QZ*(s,a;r*,P*) and
Vi (s, P*) = VT (s;7*, P*) forany (s,a) € S x A.

3  MARKOV DECISION PROCESSES WITH NEURAL DYNAMICS

In this paper, our goal is to develop a provably efficient algorithm for RL problems adapted with
large feature space, such as neural networks (NNs). To this end, we introduce the MDPs with neural
dynamics, whose reward and transition dynamics are parameterized by NNs.
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Motivation. Our definition is motivated by the kernelized nonlinear regulator (KNR). In a KNR
model, the transition kernel takes the following form,

sht1 = Wi op(sh, an) + ¢, e~ N(0,1a), (3.1

where ¢} is a known nonlinear feature map. Former research proposes sample-efficient algorithms
for such a model. Although such a KNR setting empowers sample efficient RL (Kakade et al. (2020)),
it is relatively restrictive in the following two aspects. First, the feature map ¢j, and the expected
reward 7} are known a priori. Second, the model only imposes nonlinearity on (s, az) via the known
feature map, while the conditional expectation of the next state given sy, ay, is a linear function of
&3 (sn, an). In other words, when ¢} is known, the transition dynamics can be recovered via linear
system identification methods such as ridge regression.

To generalize the KNR model, we interpret (3.1) as an energy-based model. More specifically, we
can write the transition of the MDP in (3.1) as

Pri(shi1 | sn,an) o< exp(—E(spi1,5n,an)), (3.2)

where the energy function E(sp41, S, ap,) is defined as

E(snt1,8n,an) = l[sn1 — Wi dh(sn, an)|3 /2. (3.3)

Here (3.2) omits a normalization factor, which is a function of (s, ay,). We generalize this model
and impose nonlinearity on the next state sj, 1 by substituting a nonlinear feature map v} |, (sp41)
for sp41 in (3.3). Such a generalization allows us to incorporate the nonlinearity of the next state in
the model. In addition, we assume that the nonlinear feature maps ¢j, and +}; | | are unknown and
need to be estimated from pre-specified feature classes ® and W, which for example, can be two
classes of NNs. We further assume that the expected reward r* is unknown and needs to be estimated
from the reward function class R. We formalize our generalization in the following definition.

Definition 3.1 (MDPs with Neural Dynamics). An episodic MDP (S, A, H, P*,r*) is an MDP with
neural dynamics if its reward function r* = {r;}thl belongs to a reward function class R, which is
a known function class that consists of NNs, and the transition kernel of the MDP P* = {P,’:}thl
takes the following form,

Pr(sh+1 | snyan) o eXP<— |51 (sn11) — ¢2(5haah)”; /2)~ (3.4)

Here ¢y € @ : R? x A — R™ and Y €V R? — R™ are two unknown feature maps, and ®, ¥
are two known feature map classes that consist of NNs. We denote by M the set of all the transition
kernels that take the form of (3.4), and let X € R™ denote the union of the image spaces of the
feature maps, namely,

X ={p(s,a) | (p,8,a) € xS x AL U{p(s) ]| (¢p,s) € ¥ xS} CR™.

Generality of Definition 3.1. We remark that Definition 3.1 is a significant generalization of
stochastic nonlinear systems beyond KNR. For instance, when ¢y | (s441) = sp1, the transition
kernel in Definition 3.1 takes the following form,

Ph(sht1 | shyan) o< exp(*||5h+1 - ¢7L(Sh,ah)”§/2),

which is the transition kernel in Ren et al. (2021). Therefore, we recover the model in Ren et al.
(2021) when %}, . ; is known to be the identity map and the reward function is known. Moreover, the
transition kernel defined in (3.4) also includes a class of nonlinear dynamics satisfying

sha1 = (V1) " (D (sn,an) + €n),

where S C R™, 9} e R™ — R™, the determinant of the Jacobian matrix of 1} 41 is a constant,
and €, is a Gaussian noise. Our model significantly generalizes such a model by allowing a possibly
noninvertible feature map v; , ;.

Relationship with Kernelized Linear MDP. Recall that K (z,y) = exp(—||z — y||3/2) is also
known as the Gaussian RBF kernel, which induces a reproducing kernel Hilbert space (RKHS) defined
on R™ (Rahimi et al., 2007). (See Appendix §D for a brief introduction of RKHS.) Intuitively, K (x, y)
measures the proximity between z and y in the kernel space. From this perspective, the transition
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kernel in (3.4) specifies the next state sp4; by measuring the proximity of the representations
@5 (sn,an) and ¥} (sp11). Besides, since K (z,y) can be written as (k(x), k(y))s, where the
feature map of the RKHS k is defined as k(z) = K(z,-), and (-, )3 is the inner product of the
RKHS respectively. Thus, (3.4) can be equivalently written as

Pi(sntr | snan) = (Zi(sn,an) - k(@ (sn,a0)) k(U2 (sn01)). (3.5)

where Z} (sy, ap,) is the normalization factor in (3.4). Thus, when Z; is known, our model can be
regarded as an RKHS extension of the linear MDP model (Jin et al., 2020). This is the case when ¢*
is the identity maps but unknown to the learner, and Z; (s5, ax) becomes a constant (Ren et al., 2021).
See Appendix §D for more details of the relationship between the model in (3.4) and RKHS.

Role of NNs in Our Model. We would like to remark that the model specified in Definition 3.1 is not
restricted to NNs. In fact, the definition only requires proper function classes of the reward function,
representations of (s, ap) and sp,41, namely, R, ®, and W. Thus, our model can also be defined
for other function approximators such as polynomial spline (Unser et al., 1993), classification and
regression tree (Syrgkanis & Zampetakis, 2020). Meanwhile, as we will see in the sequel, both our
algorithm and the theoretical results do not hinge on NNs and can employ general function classes
with bounded capacity. Here we call our model neural dynamics in order to highlight that our work
is the first one that covers arbitrary NN classes with bounded log-covering numbers.

4 ALGORITHM

In this section, we introduce an algorithm for solving MDPs with neural dynamics in the online
setting. We first introduce the motivation of the algorithm, and then introduce the procedure in detail.

Motivation. To strike a balance between exploration and exploitation, our algorithm follows the
principle of Optimism in the Face of Uncertainty (Lattimore & Szepesvdri, 2020). When we know the
true feature maps {¢} }/._,, we can apply kernel LSVI (Yang et al., 2020) to construct the exploration
bonus since the energy-base transition admits a kernel structure. (See §3 for the details.) However, in
MDPs with neural dynamics, we do not know { ¢7L}hH:1~ A straightforward solution for handling the
unknown feature maps is to learn the feature maps from the data we collect and construct the bonus
based on the learned features. However, the bonus constructed by the learned features might be invalid
since the learned features have errors. We handle the error in the learned feature by purposefully
taking uniform actions when exploring the environment. Such a sampling scheme gives us more
diverse data for model estimation. Based on this motivation, we design an iterative algorithm that
outputs a policy after NV iterations. In particular, in each iteration n € [N], our algorithm performs
the following four steps: (i) sampling new data from the environment, (ii) estimating the model via
maximum likelihood estimation, (iii) constructing exploration incentives using the features of the
learned model, and (iv) updating the online policy for exploration via planning on the learned model.

Sampling Scheme. As we mentioned in §3, the transition of MDPs with neural dynamics can be
written as an energy-based model and admits the Gaussian RBF kernel. To exploit the kernel structure
in the transition, we explore the environment using the exploration bonus induced by the Gaussian
RBF kernel and the feature maps learned from the data, which is motivated by Yang et al. (2020).
However, since the bonus is not induced by the true underlying feature, it might fail to indicate the
most uncertain state-action pairs for exploration. To mitigate such an issue, we combine the uniform
policy, which samples action from the uniform distribution over the action space, with the optimistic
policy during the sampling procedure. Intuitively, such a sampling scheme provides a wider coverage
over the state-action space and better explores the environment.

To simplify the presentation in the main text, we present the sketch of the sampling scheme as follows.
The rigorous presentation of the sampling scheme for the boundary case is deferred to Appendix §B.
In the n-th iteration of our algorithm, given the previously collected dataset Dﬁgl fori € {0,1,2}

and h € [H], we interact with the MDP following the policy 7 = {77?}/_ | and obtain the new
dataset Dy, ; fori € {0,1,2} and h € [H]. Specifically, for any h € {~1,..., H}, we start from
the initial state s; and choose the action aj, ~ 7} (- | s3,) in the h-th step when i € {1, ,h}, and
choose the action aj, ~ U(A) when h € {h + 1, h + 2}. Here U(.A) is the uniform distribution over
the action space .A. By following such a procedure, we obtain the following trajectory,

81,A1,T1y+ -5 Sh42, Q425 Th4+2, Sh+3, (4])
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where s; = sinit. Then, we label the obtained trajectory as follows,

Shiii = She+is U yii = Ghtis Thyii = Thtis Shyii = Sh+it1,  (4.2)
for any i € {0,1,2}. We then update the dataset D}. ; by Dyt ; = D7t U {(s) j ap jrit 55000 }
for any i € {0,1,2} and h € [H]. We use 7 in (4.2) to indicate how many steps of the uniform
policy we need to execute to obtain such a dataset. Intuitively, the dataset with a bigger ¢ has a better
coverage over the state-action space S x .A. We summarize the sampling scheme in Algorithm 1. See

Figure 1 in Appendix §B for an illustration of the sampling scheme, and see Algorithm 3 in Appendix
§B for the formal presentation of Algorithm 1.

Algorithm 1 Sampling Scheme (Informal)

1: Input: Policy 7" = {7}/, datasets Dﬁgl fori € {0,1,2} and h € [H].

2: forh=-1,...,Hdo

3: Interact with the environment to obtain the trajectory in (4.1) by first executing 7™ from s to
sn, and then execute U (A) for two more steps. Label the obtained trajectory as (4.2).

4: end for

5: Set Dy, < {(sgji, af, s This §£+i’i)}:=1 for h € [H] and i € {0,1,2}, where the tuple
(87,49 QF.is Th is Shyi.¢) is the data we label in (4.2). > Updating the datasets

6: Return: Datasets {D}; ; n=thize,

Model Estimation. To estimate the model, we solve the following optimization problems,

= argminz Z [rh = 7(sn, ah)]Q, (4.3)

TeR =1 (sh,an,rn,sh+1)ED}
2
Pj; = argmin — Z Z log P(spt1 | Shyan). (4.4)
PeM

=1 (sp,an,rh,Sh+1)EDY

Here R and M are the reward function class and the transition kernel class defined in Definition 3.1.

We denote by ¢; and v}, ; the feature maps that correspond to the transition kernel P estimated

in (4.4). To simplify our analysis, we assume that there exists an oracle that returns the global

minimum of the optimization problems (4.3) and (4.4). Similar assumption also arises in the previous

study of RL (Fan et al., 2020; Kakade et al., 2020; Uehara et al., 2021; Jin et al., 2021a). When the

normalization factor in (3.5) is a constant, (4.4) can be easily implemented since it is equivalent with
2

Py = argmin 3 > 19 (sn41) — (s an)3-

SLOR VTS n
PELYET (sh,an,rn,sh+1)€D} ,;

Remark 4.1 (Transition Estimation). We would like to remark that the method for estimating the
transition is not restricted to maximum likelihood estimation (MLE). Methods including variational
autoencoder (Kingma & Welling, 2013), score matching (Hyvdrinen & Dayan, 2005) can also be
used for transition estimation. Our sample complexity bound holds for any transition estimator whose
total variance error has an upper bound.

Exploration Bonus. The transition kernel in Definition 3.1 is closely related to the radial basis
function (RBF) kernel. In the sequel, we define the bonuses for exploration and update the policy
based on such bonuses. Specifically, for a fixed feature map ¢ : S — R, we define the Gram matrix
K'[¢] and the function k}'[¢] : S x A — R™ as follows,

K719 = [K(8(sh1 0700, 0lsiinain)] . e,

7,7'=1
.
k;;[(bKS, a) = |:K(¢(Sa a)v ¢(S}L,17 a}lL,l))a R K(¢(37 CL), ¢(SZ,D 02,1))] S IRn7 V(S, a) € S X -A7
where {(s}, 1,4}, 1,7 1,57, 1) }7=1 € D} ;. We then define the bonus uj; as follows,
uj(s,a) = min{2H + 2, Buj (s,a)/A},

_ 4.5)
where @ (s,a) = 1 — kP [¢7](s,a) T (AT + K7 [67]) kP [7](s, ).
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Here 5 > 0 and A > 0 are the tuning parameters. We remark that the form of the bonus in (4.5)
aligns with the bonus in other previous works that use kernel functions for function approximation
(Srinivas et al., 2009; Yang et al., 2020).

Remark 4.2 (Dependency of Rewards on Features.). Here we do not require that the reward depends
on the feature in the transition kernel, which is different from the literature in linear MDPs (Cai et al.,
2019; Jin et al., 2020). Common sense seems to dictate that we can not characterize the uncertainty
using the feature without such a dependency. However, the estimation error of the reward estimators
T in the empirical measure can be bounded from the above by the property of the least square
estimator. Therefore, the uncertainty of vy, in the distribution induced by any new policy, such as 7*,
can be bounded from the above by the distribution shift, which is characterized by v} _,. Such an
observation allows us to characterize the uncertainty of the reward estimator even when the reward
does not depend on the feature in the transition kernel.

Policy Update. We update the policy 7"*! by setting it as the optimal policy of the learned model,
which can be efficiently computed by dynamic programming. Due to the space limit, we defer the
details of the planning algorithm to Appendix §B. We remark that we can also apply other model-
based algorithms, including Dyna (Sutton, 1991) and Gradient-Aware Model-based Policy Search
(D’Oro et al., 2020), to compute the optimal policy of the learned model, and the suboptimality of the
output of Algorithm 2 is bounded when the error of the planning oracle is bounded.

Remark 4.3 (Computational Efficiency). Our algorithm is oracle efficient in the sense that our
algorithm is computationally efficient given an optimization oracle for model estimation, which also
appears in the previous study (Fan et al., 2020; Kakade et al., 2020; Uehara et al., 2021). More
specifically, the bonus and the policy in each iteration can be efficiently computed by (4.5) and
Algorithm 4 in the appendix. The existing literature on general function approximation requires either
global optimism over the confidence set (Kakade et al., 2020; Jin et al., 2021a) or posterior sampling
over the hypothesis set (Ren et al., 2021), which can not be computed efficiently.

Algorithm 2 Exploration with Learnable Neural Features (ELNF)

1: Input: Failure probability § > 0, tuning parameters /3, A > 0.

2: Initialize: Set 7! = {7} }_ |, where 7i(- | s) = U(A) for any (s,h) € S x [H], and set
D), = 0 forall (h,i) € [H] x {0,1,2}.

3: forn=1,...,N do

4: Set {DZJ Ziﬂfg by applying Algorithm 1 (Sampling Scheme) with the policy 7™ and the

datasets {DZ:I Zi{{ ;’:OQ as the input. > Sampling
5: Set {77} | and {73,?},?:1 as in (4.3) and (4.4), respectively. > Model estimation
6: Set {¢p 1L, and {4}, }/_, as the feature maps corresponding to {ﬁ;}}f:l
7: Set {u’i}{,{:l as in (4.5). > Feature estimation and bonus construction
8: Set 77! by applying Algorithm 4 (Planning Algorithm) in the appendix with the learned
model {7} {Pr}/L |, and the bonuses {u} }/._, as the input. > Planning
9: end for

10: Return: 7 = U ({z"}1}").

5 THEORY

In this section, we present the analysis of ELNF. We first present the boundedness assumption on the
model.

Assumption 5.1 (Boundedness of Model). We assume that the state space S is a bounded
set of R, and the Lebesgue measure of S is an absolute constant. We also assume that
max{||¢(s,a)ll,, |¥(s)|ls} < R forall (s,a,p,v) € S x Ax ® x U. We further assume that
0 <r(s,a) <1forany (s,a,7) €S x AxR.

Since S is bounded, Assumption 5.1 is a reasonable regularity condition on the model. Such a
regularity assumption is standard and is also assumed in the previous works (Cai et al., 2019; Jin et al.,
2020; 2021b). Next, we introduce the following assumption, which characterizes the complexity of
the NN classes.
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Assumption 5.2 (Decay Rate of Covering Number). There exists constants Cyey > 0 and v > 0 that
only depend on (R, ®, V), such that

Hc(e) £ max{Ho (R, €), Ha(®,€), Ho(¥,€)} < Chet - (1 +log(1/€)) /€.

In Assumption 5.2, y characterizes the complexity of the NN class by quantifying the growth rate of
the covering number when the covering radius € decays. We remark that previous research bounds
the covering number of NN classes from the above at the same scale as Assumption 5.2. For example,
Schmidt-Hieber (2020) and Chen et al. (2019) show that NN classes with specific structures satisfy
Assumption 5.2 with v = 0. See Lemmas C.3 and C.6 in Appendix §C for the details.

Theorem 5.3 (Sample Complexity of ELNF). We assume that Assumption 5.2 holds with v < 1/2,

and we can obtain the exact solution to the optimization problems (4.3) and (4.4). We set the tuning
parameters \ and 3 as

A = C'NV/ 1+ log(48HRN/S),

B = C"H|A|M?m/2 N3/ | flog(48HRN/)

in ELNF, where m is the dimension of the image of the feature maps, C', C"' are constants that only
depend on the regularity parameters in Assumption 5.1. Under Assumption 5.1 and 5.2, for the policy
T returned by ELNF, it holds with probability at least 1 — ¢ that

J(@5 0%, P*) = J (@ ", P*) < CH® - |A]? - £ - NET=1/CH20) (Jog Ny,

Here C is a constant that only depends on the dimension m, the bound of the feature maps R, and
Chet in Assumption 5.2, and € = (log(48HRN/6))°/? is a logarithmic factor:

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

In Theorem 5.3, A is the regularization parameter that trades off between bias and variance, and 3 is
the uncertainty coefficient, which scales with v and /N. We remark that our analysis is not restricted to
NN classes, and can be extended to other bounded function classes with bounded covering numbers.
We further remark that m in Theorem 5.3 is the dimension of the image of the feature maps, which
can be much smaller than the dimension of the state.

Moreover, in Appendix §E, we show that the suboptimality bound in Theorem 5.3 reduces to
O(destN (2-1)/ (2"’27)) in terms of N, where d. is the effective dimension in Definition E.4 in the
appendix. Such a bound connects the sample efficiency of ELNF to the effective dimension of the
RKHS and the covering number of NN classes. We further remark that when v = 0 in Theorem 5.3,
the suboptimality bound is sublinear in N, which aligns with the previous theoretical research. A
detailed comparison with the related work can be found in Appendix §A.

6 PROOF SKETCH OF THEOREM 5.3

In this section, we sketch the proof of Theorem 5.3 and highlight the technique that allows us to
remove the dependency on the Eluder dimension of NN classes. Since the policy 7 returned by

Algorithm 2 (ELNF) is the mixture of 7', ..., 7V, we can decompose the suboptimality as
N
J(x*r*, P*) — J(m;r*, P*) Z 5, PY) = J(mt et +u”, P
Term (a)

N
1
5 LI P = Tt P

Term (b)

N
Z ("™ U P — (e P

2 \

Term (c)
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Here Term (a) is the out-of-sample estimation error of the estimated value J, Term (b) is the error
of the planning algorithm, and Term (c) is the in-sample estimation error of the estimated value J.
Since the bonus u™ captures the uncertainty of the estimated model with high probability, and the
planning algorithm finds the optimal policy of the learned model, Term (a) and Term (b) are small
with high probability, which is shown in the following lemma.

Lemma 6.1 (Informal). We define ¢ = \/Ca1og(20HRN/5)NV/(+Y), where Cs is a constant
that depends on the regularity parameters and the parameters of the NN class. Following the same
condition of Theorem 5.3, we have Term(a) < 8H|A|CV/'N holds with probability at least 1 — 5. We
also have Term(b) < 0 when we use Algorithm 4 for planning.

Proof. This can be directly proved by Lemma E.5 and Lemma E.6. See Appendix §E for the
details. O

The remaining analysis is to connect Term (c) with the complexity measure of the model class.
Former research (Wang et al., 2020; Jin et al., 2021a) that allows neural network parameterization
quantifies the uncertainty by the level set, and the Eluder dimension naturally appears when we
telescope the in-sample error. To remove the dependency on the Eluder dimension, we want to
quantify the uncertainty by the bonus defined by the true feature. However, since the true feature is
unknown, we can only quantify the uncertainty using the learned feature. Inspired by Uehara et al.
(2021), we obtain the following lemma, which connects the bonus defined by the learned feature with
the bonus defined by the true unseen feature.

Lemma 6.2 (Bonus Equivalence for the True Model, Informal). Following the same condition with
Theorem 5.3, we have

J(myu”, P*) <2|A| B Jv/m + J (s ut", PF)

holds for any policy ™ and n > 2 with high probability, where the bonus defined by the true feature
w™ = {uy" HL | is defined in Lemma I.1.

Proof. This is Lemma [.2. See Appendix §1.5 for the details. O

We remark that we cannot obtain the above lemma by directly applying the technique in Uehara
et al. (2021) since they only consider the finite-dimensional inner product. Using the lemma above,
we have Term(c) < 32H2 |A| (Vdeg N + 2N J(x"+1; u*™, P*) holds with high probability.
Finally, we show that the sum of the bonuses defined by the true feature can be bounded by the
effective dimension of the RKHS induced by the noise instead of the Eluder dimension of NN classes.
We conclude the proof of Theorem 5.3 by combining the upper bounds of Term (a), Term (b), and
Term (c).

Removing Dependency on Eluder Dimension. The existing literature on RL using general function
approximators relies on the Eluder dimension when bounding the regret or the suboptimality (Wang
et al., 2020; Jin et al., 2021a; Ren et al., 2021), which is exponentially large for a simple neural
network class (Dong et al., 2021). However, we can remove such dependency in MDPs with neural
dynamics. Our key insight is that we can regard MDPs with neural dynamics as kernel MDPs (Yang
et al., 2020) whose feature is the composite map of the neural network and the feature map of the
RKHS since the energy-base transition admits a kernel structure, which is shown in §3. Therefore,
we can characterize the effect of the distribution shifts by the bonus defined by the true feature, whose
sum is bounded by the effective dimension of the RKHS instead of the Eluder dimension of the NN
class, without knowing the true feature.

Role of Uniform Policy in Proof. The uniform policy in the sampling scheme enables us to bound the
influence of the distribution shift and show that the bonuses defined by the learned feature are valid
uncertainty quantification. In order to show that the estimated value defined by the learned bonus is
almost optimistic (Lemma E.5) for any policy, we need to bound the influence of the distribution shift.
The data that we obtain from the uniform sampling has better coverage over S x A, and the bonuses
we construct with these data quantify the uncertainty with the presence of the distribution shift.
Therefore, we take uniform actions when exploring the environment to obtain a valid uncertainty
quantification without knowing the true feature, and |A\2 in the suboptimality bound is the price paid
for the uniform sampling.
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LIST OF NOTATION

In the sequel, we present a list of notations in the paper.

| Notation | Explanation

S, A X The state, the action, and the feature spaces, respectively.

H N The length of an episode, and the total number of iterations of
’ Algorithm 2 (ELNF), respectively.

nh The index that iterates from 1 to IV, and the index that iterates
’ from 1 to H, respectively.

T The index that iterates from 1 to n,, and the index that iterates
’ from 1 to h, respectively.

N The feature map classes of the current state-action pair and the
’ next state, which parameterized by NNs.

R The reward function class parameterized by NNs.

{P Y, {ri ML The transition kernel and the reward of the MDP.

d.m The dimension of the state space and the image space of the

feature maps, respectively.

h=H,i=2
T El n
{ hyilh=1,i=0 1T

The dataset and the policy in the n-th iteration of Algorithm 2
(ELNF), respectively.

{Pr

{up f:l

(GRS

The estimated transition, the estimated reward, and the bonus in
the n-th iteration of Algorithm 2 (ELNF), respectively.

{¢nHL |, {yn}it]

The learned feature in the n-th iteration of Algorithm 2 (ELNF),
respectively.

K, Hk

K (x,y) = exp(— ||z — y||3), H is the RKHS induced by K, and
k is the feature map of .

The set of the distributions over C, and the uniform distribution

A(C), U©) over C.

R The upper bound of the norm of the features.

Chet»> Y The parameters in Assumption 5.2.

A B The tuning parameters of Algorithm 2 (ELNF).

deofr The effective dimension we defined in Definition E.4.

clo, ¥](s,a) The normalization function we defined in (E.1).

N(F,e | The e-covering number of the function class F with respect to

the norm ||-|.

Hoo(F,€), Ha(F )

HOO(fa 6) = IOgN(.F,G, ||||oo)’
IOgN(-F7€7 ||Hoo 2)'

and Hy(F,e) =

Cmax> Cmin> "max

Cmax 18 the upper bound of the feature maps, ¢y, is the lower
bound of the feature maps, and 7 ax = Cmax/Cmin-

¢

The parameter that related to the upper bound of the estimation
error in Lemma E.3.

STRUCTURE OF APPENDIX

We provide a detailed comparison between our work and the existing literature in Appendix §A, and
provide the supplementary for the planning algorithm, the NNs, and the RKHS in Appendix §B,
Appendix §C, and Appendix §D. We then provide a detailed proof of Theorem 5.3 in Appendix §E.
We provide the proof of the key lemmas used in Appendix §E, including Lemma E.2, Lemma E.3,
and Lemma E.8, in Appendix §F, Appendix §G, and Appendix §H. We provide the proof of other
lemmas used in Appendix §E in Appendix §I, and provide the proof of other auxiliary lemmas in

Appendix §J.
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A DETAILED COMPARISON WITH EXISTING LITERATURE

In this section, we provide detailed comparison with existing literature.

Comparison with Kakade et al. (2020). Kakade et al. (2020) studies the setting of KNRs and
proposes the algorithm Lower Confidence-based Continuous Control (LC?). They show that LC?
is sample efficient by bounding the expectation of the regret from the above by O(H3/2N/2d),
which aligns with our results in terms of N 1/2 and desr. However, they assume that the nonlinear
feature map is known, while we need to learn it from prespecified NN classes. Thus, our model is
significantly more challenging. Moreover, their algorithm requires optimism over the confidence set,
which is not computational efficient.

Comparison with Research on Linear MDPs and Low-rank MDPs. We show in §D.1 that our
model can be generalized to include linear MDP with unknown feature maps and nonlinear reward
as a special case. Jin et al. (2020) show that their algorithm achieves O(v'm3H3N) regret. Our
bound on suboptimality aligns with their results in terms of the dimension m and the number of
iterations N without assuming known feature maps and linear reward functions. Uehara et al. (2021)
and Ren et al. (2022) propose algorithms for linear MDPs with unknown feature maps and show that
the sample complexity of their algorithm is O(m*/€?) in infinite-horizon linear MDP with unknown
feature maps, which also aligns with us in terms of e. However, they assume that the transition is a
finite dimensional inner product, and the unknown feature maps belong to a finite set, which greatly
reduces the complexity of the problem.

Comparison with Dong et al. (2021). The sample complexity is O(¢~2) in terms of N when the
logarithmic factors are omitted and € = 0. Meanwhile, Theorem 5.1 in Dong et al. (2021) shows that
the minimax sample complexity of solving a nonlinear bandit problem with one-layer NNs and ReLU
activation is Q(e~(?=2)). To obtain such a lower bound, Dong et al. (2021) assume that the action
space is the unit sphere S¢~! in R, which is an infinite set, while the action space in our setting is
finite. In the case where H = 1, our model reduces to a finite-arm bandit problem whose reward is
parameterized by an NN. Although the Eluder dimension of the NN class is large, the agent only
needs to explore the arms of the bandits in our model, while the agent needs to explore the unit sphere
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in their model. Therefore, their model does not belong to our model, our result does not contradict
the lower bound in Dong et al. (2021), and the sample complexity in our model is dominated by the
number of arms instead of the Eluder dimension of the NN class when H = 1.

Comparison with Ren et al. (2021). Ren et al. (2021) studies a nonlinear model with Gaussian
noise. They show that the expectation of the regret of their algorithm is

(5(\/[{2]\7 log N (@, N=1/2 ||-I,) ~dimE(<I>7N*1/2))’

where dim g (®, -) is the Eluder dimension of ®. We show in §3 that the model in Ren et al. (2021)
is a special case of our model. Our bound on the suboptimality aligns with their result in terms of
the number of iterations N when v = 0. However, they do not fully exploit the kernel structure
in the transition in their analysis, and their result depends on the Eluder dimension of ¥. Lemma
C.7 in Appendix §C.2 provides an example of an NN class whose e-Eluder dimension is at least
Q(e=(4=1)) and the e-log covering number is at most O(log(1/¢)). Lemma C.7 shows that removing
the dependency of the sample complexity on the Eluder dimension significantly improves the sample
complexity. In addition, their algorithm requires sampling from the posterior distribution of the
hypothesis class, which is difficult to implement in practice. In contrast, our algorithm only requires
planning with respect to the learned model, which can be computed efficiently.

Comparison with Yang et al. (2020). Yang et al. (2020) use overparameterized NNs for function
approximation in the algorithm Neural Optimistic Least-Squares Value Iteration (NOVI) and shows that
NOVT is sample efficient. However, their analysis relies on the connection between overparameterized
NNs and neural tangent kernel and can not handle NNs beyond NTK regime.

B SUPPLEMENTARY FOR ALGORITHM

As we mentioned in §4, our algorithm performs the following four steps in each iteration: (i) sampling
new data from the environment, (ii) estimating the model via maximum likelihood estimation, (iii)
constructing exploration incentives using the features of the learned model, and (iv) updating the
online policy for exploration via planning on the learned model. We simplify the presentation of the
sampling algorithm and omit the details of the planning algorithm in the main text due to the space
limit. In this section, we first describe the sampling scheme rigorously in detail. We then provide the
detail of the planning algorithm.

Sampling Scheme. As we mentioned in §3, the transition of MDPs with neural dynamics can be
written as an energy-based model and admits the Gaussian RBF kernel. To exploit the kernel structure
in the transition, we explore the environment using the exploration bonus induced by the Gaussian
RBF kernel and the feature maps learned from the data, which is motivated by Yang et al. (2020).
However, since the bonus is not induced by the true underlying feature, it might fail to indicate the
most uncertain state-action pairs for exploration. To mitigate such an issue, we combine the uniform
policy, which samples action from the uniform distribution over the action space, with the optimistic
policy during the sampling procedure. Intuitively, such a sampling scheme provides a wider coverage
over the state-action space and better explores the environment.

To simplify the presentation of the algorithm in our work, we introduce an extended MDP, where
we assign meanings to steps h = —1, 0, H 4+ 1, and H + 2. In particular, the interaction of
an agent with the extended MDP starts with a dummy initial state s_;. During the interaction,
all the dummy state and action sequences {s_1,a_1, So,ao} lead to the same initial state siy;t.
Moreover, the agent is allowed to interact with the environment for two steps after observing the
final state sz of an episode. Nevertheless, the agent only collects the reward 7 (sp, ap,) at steps
h € [H], which leads to the same learning objective as the original MDP. In addition, we denote
by [H|T = [-1,0,..., H + 2| the set of steps in the extended MDP. We remark that the dummy
state and action sequences {s_1,a_1, So, ag} do not exist, and we introduce them just to simplify
the rigorous presentation of the boundary case of our algorithm. In the sequel, we do not distinguish
between an MDP and an extended MDP for the simplicity of presentation.

Now we describe the sampling procedure in detail. In the n-th iteration of our algorithm, given
the previously collected dataset D}';* for i € {0,1,2} and h € [H], we interact with the MDP

following the policy 7" = {7}/ }__, and obtain the new dataset D!, fori € {0,1,2} and h € [H].
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Specifically, for any h € {—1,..., H}, we start from the initial state s_; and choose the action
ay, ~ m7(- | s) in the h-th step when i € {—1,--- , h}, and choose the action a;, ~ U(.A) when
h € {h+1,h + 2}. Here U(.A) is the uniform distribution over the action space .A. By following
such a procedure, we obtain the following trajectory,

8-1,0-1,80500,81,01,T1,+ -+ Sh+25 Gh+2, Th+25 Sh+3; (B.1)

where s1 = sjnjt. Then, we label the obtained trajectory as follows,
n _ n _ n — =n —
Shii — Shtiy Ohtii = Ahtis Thtii = Thtis Shtiyi — Shtitls

for any ¢ € {0, 1,2}. We then update the dataset as follows,

n

Dy, = DZ,;l U {(Sz,ia Al isTh is §Z+”)} = {(Szm A isThis §Z+i,i)}721 (B.2)

for any ¢ € {0,1,2} and h € [H]. The index 7 in (B.2) indicates how many steps of the uniform
policy we need to execute to obtain such a dataset. Intuitively, the dataset with a bigger index ¢ has a
better coverage over the state-action space S x A. See Figure 1 for an illustration of the sampling
scheme, which is summarized in Algorithm 3.

Algorithm 3 Sampling Scheme (Formal)
1: Input: Policy 7" = {n'}/L |, datasets D};ﬁl fori € {0,1,2} and h € [H].
2: forh=-1,...,Hdo

3: Interact with the environment to obtain the trajectory in (B.1) by first executing 7™ from s_;
to sp,, and then executing U (.A) for two more steps. > Sampling
4: Set (SZJri,i,a’gﬂ’i,r,’}ﬂ}i,ézﬂ’i) < (Shetis Qhtis Thtis Shtit1) for i € {0,1,2}, where
(sh+i7 ah_ﬂ-, Thiis Sh+7;+1) is defined in (B.]).
50 Set Dy {(Sh i Qya i Thyio Shyas) ) fori € {0,1,2} > Labeling
6: end for
7. forh=1,...,H do ~ > Updating the datasets
8:  SetDp,« D' UDy, forie{0,1,2}.
9: end for )
10: Return: Datasets {Dj; ; Zifjf@z-

n n =n n =n
Sh,0 Sh,0 Sh+1,1 Sh+1,1 | | Sh+2,2 || Sh+2,2

n n n
Ap0 Apt1,1 Apy2.2

Figure 1: Sampling procedure in the A-th trajectory of the n-iteration. We first execute the optimistic
policy for A steps, and then execute the uniform policy for two steps. Finally, we label the collected
data as the figure shows.

Planning Algorithm. The details of the planning algorithm is now summarized in Algorithm 4.
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Algorithm 4 Planning Algorithm

—_

Input: Estimated reward {7’ }/._,, estimated transition {P}' }/_ , bonus {@} }/__;.

Set 71! and 7! as the uniform policy U(A).
Return: 7"+ « {7t

2: Set Q% (s, a) (s, a) + u(s,a).

3: Set Vj(s) < max,e 4 Q% (s,a) and (- | 8) argmMax e a4y Daca @ (s, a)m(a).

4. forh=H —1,...,1do

5: Set Q} (s, a) < Th(s,a) +uj(s,a) + [ Pr(s' | s,a)V (s")ds".

6: Set V;*(s) < max,e4 Q1 (s,a) and 7 M1 (- | 5) < argmax e a4y 2aea @5 (s, a)m(a).
7: end for

8:

9:

We remark that we can also apply other model-based algorithm, including Dyna (Sutton, 1991) and
Gradient-Aware Model-based Policy Search (D’Oro et al., 2020), to compute the optimal policy of
the learned model.

C SUPPLEMENTARY FOR NEURAL NETWORKS

In this section, we provide more details on neural networks. In the first subsection, we introduce the
definition of the covering number, which measure the complexity of a function class, and provide two
examples of neural networks in detail and show that such neural networks satisfy our assumptions.
We remark that our analysis can be extended to other neural network classes when Assumption
5.2 is satisfied with v < 1/2, and is not restricted to the examples below. In the second subsection,
we provide a lemma that compares the log-covering number of an NN class with the Eluder dimension.
Lemma C.7 in Appendix §C.2 shows that removing the dependency of the sample complexity on the
Eluder dimension greatly improves the sample complexity.

C.1 EXAMPLES

We begin with the definition of the covering number.

Definition C.1 (Covering Number). Let (P, | - ||) be a normed space, and &g C ®. The set
{#1,02,...,¢s} is an e-covering of @ if Supycq, infic(s) ¢ — ¢il| < e We define the covering
number N (@, €, ||||) as the minimum size of such a covering.

In what follows, we provide two examples of neural networks in detail and show that such neural
networks satisfy our assumptions.

Example 1. The first example is the s-sparse neural network class. Schmidt-Hieber (2020) show that
the s-sparse neural network class satisfies Assumptions 5.1 and 5.2. We first introduce the definition.

Definition C.2 (The s-Sparse Neural Network Class). We define o(x) = max{z,0}. For a vector
v € R", we define the shifted activation function o, : R"™ — R" as
T
oo((yr,--ye) ") = (o(yr = w1, 0 (ye —vr))
A neural network with network architecture (L, p) is a function that takes the form,
[ RPO — RPL+L, flx)=Wrop...oc1Woz. (C.1)

when x € RPo. Here L is the depth of the neural network, W; is a p;+1 X p; weight matrix, v; € RP
is a shift vector, and p = (po, . .. ,pr+1) . The neural network class Fy, (L, p) is defined as

Fun(L,p) = {f | f takes the form of (C.1) with j:I%:c.L”%L IWill o V llvsll o <15

The s-sparse neural network class is defined as

L

Fun(Lop,s, M) = {f | f € Fan(L,p), D IIWjll + llvjlly < s, sup [1f(#)lloo < M}.
=0 ¢
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We directly obtain the boundedness of the neural network class o, (L, p, s, M) by the definition.
Moreover, Schmidt-Hieber (2020) bound the covering number of Fy,(L, p, s, M) from the above by
the following lemma.

Lemma C.3 (Lemma 5 in Schmidt-Hieber (2020)). We define V = HIL:JBI (p1 + 1). Then, for any
€ > 0, we have

logN(]:nn(L,p, 5, M), e, ||-||OO) < (s+1)log(2(L + 1)V?/e).

Lemma C.3 verifies that the s-sparse neural network class satisfies Assumption 5.2 with v = 0.
Therefore, the s-sparse neural network class defined in Definition C.2 satisfies Assumptions 5.1 and
5.2.

Example 2. The second example is the recurrent neural network class. Chen et al. (2019) show that
the recurrent neural network class satisfies Assumptions 5.1 and 5.2. We first introduce the definition.
Definition C.4 (Recurrent Neural Network Class). A recurrent neural network (X, t; U, W, hy) is
a mapping that, when it is parameterized by U € RV ¢ Rdv>xdn W ¢ RIrxde py c R
and get Xy = (x1,...,7;) € Rt t as input, it returns Yy = (y1,...,y:) € Rdv*t

hy = op(Uhi—1 + Way), yr = 0y (Vhy),
where o, and o, are two nonlinear activation functions. We define the function class Fryn(t, B) as

the set of functions that take the form of f(-,t; U, W, hg), where [ is a recurrent neural network that
only takes bounded input, and the spectral norm of U,V, and W are all bounded by B.

In Chen et al. (2019), they analyze the recurrent neural network class under the following assumption.

Assumption C.5. We assume that the activation functions oy, and oy are Lipschitz with parameters
pr and py respectively, and o,(0) = 0,(0) = 0. Additionally, we assume that oy, is entrywise
bounded by M.

Assumption C.5 can be satisfied by a lot of activation functions. For example, Assumption C.5
is satisfied when we choose oy (-) = tanh(-) and o,(-) = max(0,-). We directly obtain the
boundedness of the function class Fran (¢, B) under Assumption C.5. Moreover, Chen et al. (2019)
bound the covering number of Frnn(t, B) from the above by the following lemma.

Lemma C.6 (Lemma 3 in Chen et al. (2019)). Under Assumption C.5, we have
log N (Fran(t, B), €, ||| ) < 3d? 1og(1 +6ctvVd((pn B — 1)t — 1))/ (e(pn B — 1))),
where d = \/dh(dw +dy+dp)andc = pyphB3 max{1, pp B}

Lemma C.6 verifies that the recurrent neural network class satisfies Assumption 5.2 with v = 0.
Therefore, the recurrent neural network class defined in Definition C.4 satisfies Assumptions 5.1 and
5.2.

C.2 COMPARISON OF ELUDER DIMENSION AND LOG-COVERING NUMBER

In this section, we provide a lemma that use an example to illustrate that, the log-covering number of
a NN class can grow more moderately as the covering radius decays than the Eluder dimension.

Lemma C.7. Let R be a one-layer NN class defined as
R={rop: A= R|rgp(a) =c(@ a+b), 0 R’ |0, <1, 0<b< 1},

where o is the activation function in Definition C.2. Suppose we have A C R and ||a||, < 1 when

a € A, then the e-Eluder dimension of R is at least Q(e~4~1)), and the e-log covering number is
bounded from the above by O(log(1/¢)).

Proof. See Appendix §J.4 for a detailed proof. O

Lemma C.7 suggests that, the log-covering number of an NN class can be much smaller than the
Eluder dimension. Our algorithm is sample efficient since the sample complexity of ELNF depends
on the log-covering number of the NN class instead of the Eluder dimension. We remark that the NN
class in Lemma C.7 also satisfies Assumption 5.2 with v = 0.
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D SUPPLEMENTARY FOR REPRODUCING KERNEL HILBERT SPACES

As shown in Nachum & Yang (2021) and Ren et al. (2021), the transition kernel in our model is
closely related to the RKHS corresponding to the Gaussian kernel. In this section, we provide more
details on the RKHS. In the first subsection, we provide the definition of RKHSs and some basic
properties of RKHSs. In the second subsection, we lay out several properties of the population
operator and the empirical operator defined in (E.4) and (E.2).

D.1 BAsic CONCEPT

We will be considering the use of RKHS for designing the exploration bonus. We first introduce the
definition of RKHS and positive-definite kernels.

Definition (Reproducing Hilbert Kernel Space). Let H be a vector space which consists of functions
that take element in X as input and take their values in R. We assume that ‘H is equiped with an
inner-product (-, )3y : H X H — R. The function K : X x X — R is a reproducing kernel of H
if it satisfies the following properties, namely, (1) we have K (z,-) € H forall z € X, and (2) we
have (g, K (x,-))3 = g(x) for all x € X and g € H.We call H a reproducing Hilbert kernel space
(RKHS) if it is a Hilbert space with a reproducing kernel K.

Definition (Positive-Definite Kernel). A kernel function K : X x X — R is positive definite if
Doy Yy aia K (zi,x5) > 0 foralln > 1, (ay,...,a,)" € R" and (z1,...,2,)" € X"

The following lemma reveals the connection between MDPs with neural dynamics and RKHS.

Lemma. There exists an RKHS H, such that K (1, x2) = exp(— ||z1 — 22 Hg /2) is the kernel of H.
The kernel is called the Gaussian kernel.

Proof. Rahimi et al. (2007) show that the Gaussian kernel is a positive-definite kernel on X C R™.
Moore-Aronszajn theorem (Aronszajn (1950)) shows that for every positive-definite kernel, there
exists an RKHS 7 associated with the kernel. Thus, we conclude the proof. O

We remark that by the similarity between different RKHSs, our analysis can be adapted to the cases
when the right-hand-side of (3.4) is another kernel function.

Definition D.1 (Generalization of Definition 3.1). An episodic Markov decision process
(S, A, H,P*,r*) is an MDP with neural dynamics if its reward functions r* = {r;}/L C R,
where R is a known reward function class that consists of neural networks, and the transition kernel
of the MDP P* = {P;: }L | takes the following form,

Pii(shy | snran) = K (05 (s, an), ¥j 1 (sny1)).-

Here K is a positive-definite kernel, ¢} € ® : R? x A — R™ and Y €V R? — R™ are two
unknown neural networks, and ® and VU are two known feature map classes that consist of neural
networks. We denote by M the set of all the transition kernels that take the form of (3.4), and denote
by X € R™ the space of the embedded feature.

We remark that when K (21, 72) = 2] 3 in Definition D.1, we recover linear MDP with unknown
feature and nonlinear reward function.

D.2 OPERATOR PROPERTIES

In this subsection, we provide the properties of operators defined in (E.2) and (E.4). The following
lemma shows that I'.[¢, D, A] and ', [¢, p, A, 7] are both positive-definite operators on 7{, which
guarantees the existence of the corresponding inverse.

Lemma D.2. Let p be a probability measure over X, and Li(X ) be the set of all functions that
is square-integrable on X with respect to p. We have H C LQP(X ). When we define the operator

TasTy(z) = [, K(2',x)g(a)dp(z"), we have Tg € H when g € L2(X). Moreover, when T is
regarded as an operator from H to ‘H, it is non-negative definite.

Proof. See Appendix §J.5 for a detailed proof. [
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The following lemma shows that the operator norm of the inverse operator of the empirical operator
can be computed efficiently.

Lemma D.3. Let H be an RKHS. For X, = {x1,...,2,}, we define U[X,] : H — H as
T[X]g(@) = Ag(z) + ) g(x:) K (wi, ).
i=1
Here K is the kernel of the RKHS. We denote by k the feature map of the RKHS. We have
@1,y = (K (@2) = MXa) @) (M + K [2]) k] @) /.
Here k|X,)(x) = (K(x1,),...,K(2n,2)" € R" and K[X,)] = [K (27, 7,)|7, ;,—1 € R™"
Proof. See Appendix §J.6 for a detailed proof. O

We end this subsection by bounding the operator norm of the operators I [¢, D, A] and ' [¢, p, A, 7].
Lemma D.4. Forany g € H, we have

)‘<gag>'H < <gare[¢apa>\]g>H < ()\+ Z K(¢(Sva);¢(5aa)))<gag>7{a

(s,a,r,s’)€ED

)‘<g7 g>7—[ < <gv Fp[¢v P )‘7 T]Q>H < {)\ + TE(s,a)Np |:K(¢(87 a)v d)(sv a))j| }<ga g>’H
Proof. See Appendix §J.7 for a detailed proof. O

E PROOF OF THEOREM 5.3

We first state the theorem again with clearer description on the choice of the parameters.

Theorem (Theorem 5.3, restated). For an MDP with neural dynamics that satisfies Assumptions 5.1
and 5.2 with v < 1/2, we set

A= On?/ D mlog(SHRN/S), = 2(H + 1)/ 42/, + 1072, (2| Al

in Algorithm 2 (ELNF), where m is the dimension of the image of the feature maps. Suppose we can
obtain the exact solution to the optimization problems (4.3) and (4.4). We have

J(7*50%, P*) — J (R r*, P*) < CHP |AP? N1/ (10g(48HRN/5))** (log N )™+

with probability at least 1 — §, where T is the policy returned by Algorithm 2 (ELNF). Here C is a
constant only depends on the dimension m, the bound of the feature maps R, and C\et, in Assumption

5.2, and ( is defined as

(= \/Cg log(20H RN /§) N7/ (1+7)

where Cs is a constant depends on the regularity parameters and the parameters of the NN class.

Proof. We define the normalization function c[¢}, ¥y 1](95 (sh, an)) as

eldh ¥haa] (5myan) = /

Shy1E€ES

* * 2
exp(— H(bh(sh,ah) - ¢h+1(5h+1)’|2 /2)dsh+1. (E.1)
By (3.4) and (E.1), the transition kernel P} can be written as

Pii(snsr | snsan) = exp(= |7, (sn an) = Wi (sn1) 5 /2) /el i) (sns an)-

‘We define the bound on the normalization constant as

Cmax = 81,156‘1/ @, ¥](s,a), cmin = d)eg}ieqj c[p,¥](s,a);  Tmax = Cmax/Cmin-
(s,a)ESxA (s,a)eSxA
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We have Cpax < v, Cimin > vexp(—2R?), and rpax < exp(2R?) when Assumption 5.1 holds. Here
v is the Lebesgue measure of S.

Since the kernel function K (z1,x2) = exp(||z1 — @2 ||§ /2) is a positive-definite kernel, it induces
an RKHS. We denote by H the RKHS induced by K, and denote by k the corresponding feature map.
This allows us to corporate techniques in RKHS into our analysis. The following lemma reveals the
relationship between the bonus we define and .

Lemma E.1. For a finite dataset D = {($+,ar,77, Sr+1) }?_, and g € H, we define the empirical
operator on H T.[¢, D, \] as

Te[6, D Ng(z) = Ag(x)+ Y g(6(s, @) K (¢(s,a),2), (E.2)

(s,a,r,s")ED

and denote by '} [¢, D, \] the corresponding inverse operator. Then we have

up(s,a) = min{QH +2,8 sz(Aﬁ(s,a))HF;l (57,07, A] }

h,1°
Proof. We conclude the proof by directly applying Lemma D.3. O

In the sequel, we introduce two good events. We first define distributions and the population operator,
which we use in the definitions of the good events. For an index n € [N] and i € {0, 1,2}, we denote
by ¥}, ; the distribution of (sp,an) when s = sinit, the state sj 1 ~ Py (- | s3,az), the action
ap ~ 7 (- | s3) for h € [h —i], and a;, ~ U(A) for h € {h —i+1,...,h}, where U(A) is the
uniform distribution over the action set .A. We further define the measure pj; ; as

Pz,i(&a) = Zﬁ;,i(sa Cl)/?’l, \V/(S,CL) eSx A (E3)
=1

For a distribution p over S x A, we define the population operator as
Lplo, p, N, Tlg(x) = Ag(x) + TE(5,0)~p9(0(5,a))k(P(s,a), ), (E.4)

and denote by I' ; ¢, p, A, 7] the corresponding inverse operator. For the empirical operator and the
population operator, we have I'c[¢, D, A|g € H and T'y[¢, p, A, T]g € H when g € H. The operators
in (E.2) are also positive-definite and self-adjoint for any dataset D when A\, 7 > 0, which guarantees
the existence of its inverse. We denote by &; that the bonus defined by the empirical operator is
bounded from the above and below by the operator defined by the population operator, that is,

1
) |‘k(¢(5=a))||r;1[¢,pﬁ,i,x,n] < H’f(¢(87a>)| Il e, Dp A <2 Hk(¢(8’a))HF;I[@IJZJ.,)\,TL] (E.S)

forany ¢ € ®, (s,a) € Sx A,i € {0,1,2}, and (h,n) € [H| x [N]. The data we collected contains
enough information for us to design the bonus for exploration when £; holds. We denote by &, that

Etwaerp, [TVIPRC | 5,0), PiC | 5,0)]?] < ¢ /m, (ES)
Eeaorg, [[7h (5 @) =i, )] < ¢/ E.7)

for all (h,n) € [H] x [N], i € {1,2}. Here TV[p1(-), p2(+)] is the total variance divergence of two
distributions. Our estimators of the model are accurate in the sense that the population risk of our
estimators are small when & holds. The following lemmas show that £&; and & hold with high
probability.

Lemma E.2 (Concentration of Inverse Covariance). Under Assumption 5.2, when we set A =
CymN/ (4 log(48HRN/S), Event £ defined in (E.5) holds with probability at least 1 — 6 /4.
Here C1 is a constant only depends on the parameters of the NN class.

Proof. See Appendix §F for a detailed proof. [
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Lemma E.3 (Estimation Error). We assume that Assumption 5.2 holds with v < 2. Event E; defined
in (E.6) and (E.7) holds with probability at least 1 — 0 /5 when

¢ = \/Calog(20HRN/5)N7/ (1),
Here C5 is a constant depends on the regularity parameters and the parameters of the NN class.
Proof. See Appendix §G for a detailed proof. O
Lemmas E.2 and E.3 show that good events £ and &, hold with high probability. In the following

part of the proof, we condition on Event £; and £. We also define the effective dimension as follows.

Definition E.4 (Effective Dimension). Let H be an RKHS and K be the corresponding kernel. For
Xy = A{z1,..., 2.}, we define the matrix K[X,)] = [K (v, 2,)]} ,,_1, and define

Ai(n,Ng) = sup logdet(I, + K[X,]/Xo).
X, CX

Let k be the feature map of H, and A(X) be the set of distributions over X, we define

AQ(”,)\O): sup n]Esz{Hk( )”F p)\gn]:|
PEA(X)

Here the population operator Iy, : H — H is defined as

Fp[pa Ao, n}f(x) = )\of(.%') + nEIoNP [K(CL’, l‘o)f(l‘o)] .
We define dogr = max{A1(N + 1,)), A2(N,\)}.
The effective dimension A; is the maximum information gain in Srinivas et al. (2009), which is
closely related to Gaussian process regression. The effective dimension A5 is also closely related to

the dimension in finite-dimension RKHSs. See Appendix §H for a brief discussion. The effective
dimension dg is closely related to the sample complexity.

We are now ready to present the proof of Theorem 5.3. Our goal is to bound J(7*;r*, P*) —

J(7;7*,P*). Since the policy 7 returned by Algorithm 2 (ELNF) is the mixture of 7!, ... 7%, we
have
| XN
J(@*r*, P*) = J(m;r*, P*) Z (%0, P*) — J(a" T e* ,PH)]. (E.8)
n=1

We decompose the suboptimality as

N

N N N
Z [J(ﬂ-*a ’I"*, P*) - J(%7 T*?P*)] = Z Zn,1 + Z Zn,2 + Z Zn,3, (E9)
n=1 n=1 n=1

n=1

where u™ = {u’}/L_ | is the bonus we define in (4.5) and {2n.5 }(n,n)e[N]x|3) are defined as
Zn1 = J(@" PR = J(n* " +u”, P,
Zno = J(T5 " +u, P — J(7" T e U™, P,
Zng = J(E"TH " 0 P — J (7 e P,

In the sequel, we bound the terms from the above in (E.9) separately.

Term (a). To bound Term (a), we introduce the following characterization of the bonus.

Lemma E.5 (Almost Optimistic for the Planning Phase). Following the same condition of Theorem
5.3, when condition on the good events &1, & defined in (E.5), (E.6) and (E.7), we have

J(m; 7 " PY) = J(mir, PY) = —(H + 1) |A| {/Vn.
holds for any policy m. Here the bonus u" = {uZ}thl is defined in (4.5).
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Proof. See Appendix §1.1 for a detailed proof. O

By Lemma E.5, we have Term (a) < Zf:[:l(H + 1) JA|¢/v/n < SH|A|¢VN.

Term (b). The following lemma bounds Term (b) from the above.

Lemma E.6. For the policy m"! returned by Algorithm 4 (Planning Algorithm), we have
J(r*r™ +u™ P — J(a" T e ™ P < 0.

Proof. See Appendix §1.2 for a detailed proof. O
By Lemma E.6, we have Term (b) = ZnN:1 [J(m*;r™ 4+ u™, P7) — J(e" T e + 0, P < 0.

Term (c). We have the following lemma, which bounds Term (c) from the above.

Lemma E.7 (Bounded optimistism). Following the same condition of Theorem 5.3, we have

N
S [IE e ut P = T (7T PY)] < A6H? | A| (B deir N log(10H /6)
n=1

with probability at least 1 — 6 /2. Here 31 = (4H? + 6H + 2)\/4\w?2/c2, + 412 | A] B2 deqt
and ( is defined in Lemma E.3.

Proof. See Appendix §1.3 for a detailed proof. O

We denote by &3 the event defined by Lemma E.7. In the following part of the proof, we condition on
Event £3. By Lemma E.7, we have Term (c) < 46 H? | A| (B1v/deg N log(10H /). Combining the
upper bounds of the terms in (E.9), we have

N
S O[T, Pe) = J(w" 5t P)] < H|A|CVN (8 + 46 H By /deg og(10H/6)),  (E.10)
n=1

By the definition of 31 in Lemma E.7, we have 31 < 24H?vCmax/c2i (VA + (B+/dost |A]). By the
definition of 3 in Theorem 5.3, we have 8 < 24Hvcmax /c2 5, (VA 4 C+/]A]). Therefore, we have

B < 600H3Cv2c2  Jeb i/ demr |A] (VA + V] A]) (B.11)
Combining (E.10), (E.11) with the value of A in Theorem 5.3, we have
N
Z [J(7*57%, P*) — J(a" 0%, P*)] < 36000H 022, [Al* (Pdeg VAN log(10H/8) /ey
n=1
5/2

< C3H® | A dogg N4/ 227 (109 (48 H RN/6)) (E.12)

where Cj is a constant that only depends on the dimension of the feature m, the bound of the feature
maps R, and C),¢ in Assumption 5.2. The following lemma bounds deg from the above.

Lemma E.8. For the Gaussian kernel K (x1,x9) = exp(— ||z1 — a?2||§ /2), we have
dest < Cy(log N)™ .

Here Cy is a constant that only depends on the dimension m and the radius R.
Proof. See Appendix §H.1 for a detailed proof. O

Combining (E.8), (E.12) with Lemma E.8, we have
J(7*5 0%, P) — J(F;r*, P*) < CsHO | AP N =D/(2420) (109 (48 H RN/6))*/* (log N )™+,
where C5 is a constant that only depends on the dimension of the feature m, the bound of the feature

maps R, and Cy,¢¢ in Assumption 5.2. Thus, we conclude the proof of Theorem 5.3. ]
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F CONCENTRATION OF THE INVERSE COVARIANCE

In this section, we provide the proof of Lemma E.2, which shows that Event £; defined in (E.5)
happens with high probability. We first show that we can prove Lemma E.2 by the concentration of
covariance using Lemma F.2. We then prove the concentration of the covariance for a fixed feature
map using the concentration inequality in Lemma F.3. Next, we take a union bound to prove the
uniform concentration for a covering of the feature map class, and use the property of the covering to
prove the uniform concentration of the covariance for the whole feature map class, which concludes
the proof of Lemma F.2.

Proof. We first introduce the filtration we use for our analysis.

Definition F.1 (Filtration). For any n € [N], we define F, as the o-algebra generated by the
trajectories in the first n loops of Algorithm 2 (ELNF).

By taking a union bound, we only need to show that for a fix n € [IN] and i € {0, 1,2}, we have
2
Hk;(qb(s, a)) HF;1[¢,pZ'i,/\,n] /4 < Hk‘((b(s,a))’

forany ¢ € ® and (s,a) € S x A with probability 1 — §/(24HN). Since we have ||¢(s, a)||, < R,
it remains to show that with probability 1 — 6 /(24H N), we have

2 2
ro e, Dp A <4 Hk((b(S7 a)) HF;l (.07 Am]

R g 110 ) PP Y 100 TP

for any = € R™ with ||z, < R. We first prove that ||k(z)uiglwﬁ NS4 ||k(a:)||§;1[¢,phw

for any € R™ with ||z]|, < R with probability at least 1 — §/ (48HN). The following lemma
allows us to prove the concentration of the inverse covariance by the concentration of the covariance.

Lemma F.2. Let H be a Hilbert space, and A, B be two positive-definite and self-adjoint bounded
linear operators on H. Suppose {x, Azx)y > (v, Bx)y for all x € D, we have (x, A~ x)y <
(x, B~ 2)3, when B~Y/2C~1B~Y/23 € D. Here C = (B~Y/2AB~1/2)1/2,

Proof. See Appendix §J.8 for a detailed proof. O

For simplicity, we define I'y = I'y[, pj; ;, A\, n], T'2 = T'e[¢, D}y ;, Al
Hy = {k(x) |z € R™, and ||z, < R}, and H; = {I‘k(x) |z € R™, and ||z, < R}, (E.1)

where T' = T'7/%(I7 /2T, "/%)=1/217"/2. By Lemma F.2, it remains to show that ||9||12ﬂ1 <

4| gH%Q for any g € H, with probability at least 1 — 6 /(48 H N). By the definition of the population
operator, we have

n
lgllg, = H9||%p[¢,pz,,i,x7n] = Mgl + D Esaymer , [92 (¢(8,a))]

T=1

Similarly, we have ||g||2, = X |lgl3, + >0, 9*(#(s, 4 af, ;). Therefore, we can prove lgllp, <
4| gH%Q by the concentration of g2. We define

Ny = |e(Haen L) : (F2)

L M= [e(@en )

for simplicity. Here C denote the covering sets we defined in notations, €; and €5 are tuning parameters.
By Bernstein inequality, we have the following lemma, which can be used to show the concentration
of g%.
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Lemma F.3. Suppose that {F}_, is a filtration and {(s™,a™)}?_; is a S x A-value stochastic
process adapted to this filtration. We denote by o7 the distribution of (s™,a™) when condition on
Fr_1. Forany fix g € H and ¢ € ®, The following inequality holds with probability at least 1 — § /2.

S (8(57,07)) <23 Baaymer [97(6(5,0)) | + 2108(2/0) (g, 91

We also have the following inequality with probability at least 1 — 0/2.

> Efsaymer |9(6(5,))] /2 < Z g ) +210g(2/8)(g. ).
=1
Proof. See Appendix §J.9 for a detailed proof. O

Forany g € C(H1, €1, ||]l,,) and ¢ € C(®P, €2, [, »), by Lemma F.3, we have

Z ]E(s,a)wg;,",i [92 (¢(S, a))} /2 S Z 92 (¢(8;—L,i’ a’;—z,i)) + 2 10g(48HNN1N2/5) <gu g>7—l (F3)
=1 =1

with probability at least 1 — §/(48H NAN1N>). Here N7 and N, are defined in (F.2), 0}, ; is the
distribution of (s7, ;, aj, ;) when condition on F-_;. By taking a union bound, we have (F.3) holds
for all g € C(Hy, ey, || ) and ¢ € C(®, €2, |||, o) with probability at least 1 — §/(48HN).
Therefore, we have P(E,, ;) > 1 — §/(48HN) when we define &, 5, ; as the event that (F.3) holds
forall g € C(Hi,e€1,]||) and ¢ € C(D, €2, ||||

In the following part of the proof, we condition on Event &, ;, ;. For an arbitrary g € H; and ¢ € @,
we choose go € C(H1, €1, ||-||,) and ¢ € C(P, €2, ||| 5) such that supgex |9(z) — go(z)| < €&

and sup, a)ESX.A lo(s,a) — do(s,a)ll, < €2. We decompose the difference in the expectation by

ZE(a a)~ol; {go bo(s,a) ] ZE(s a)~ef ; [ (&(s, ))} (F4)
= ZE(M)NQZ,J [(90 (¢0(s,a)) + g(d)(s,a))) (90 (do(s,a)) —g(o(s, a)))]

Since sup,cx |9(z) — go(z)| < €1, we have

‘90 (¢0(S7 a/)) - g(¢(87 a)) ‘ S €1+ ‘g(¢0(87 a)) - g(¢(87 a)) ‘ (FS)
for any (s,a) € S x A. Combining (F.5) with the reproducing property of H, we have

‘go (¢o(s,a)) — g(d)(s,a))‘ <e+ ‘<g, k(¢o(s,a)) — k(¢(s,a))>ﬂ (F.6)

< vt gl [K(60(5.0) — k(o5 ) |

where the last inequality follows Cauchy-Schwarz inequality. For the kernel feature map k, we have

[i(@n(s.a)) ~ kot )|, = k(nts. ), + (o5, ) I - 2605, h(o(s.)) )

= 2(1 — exp(—||¢o(s,a) — ¢(s7a)H2/2)) < ||po(s,a) — qf)(s,a)H2 < el (E7)
Combining (F.6) with (E.7), we have |go(¢o(s,a)) — g(¢(s,a))| < €1 + €2 ||g]|4,, and
90 (605, 0)) + 9(6(5,0))| < €2+ €2 gl + 2 gl (F38)
We plug (F.8) into (F.4) and have
Z E(s,a)wgzyi |:g2 (gb(s, a))i| - Z E(s,a)wgz’i |:g(% (¢O(Sa a))i| (F.9)
=1 —

< (e +26) (9, 9)n + Cerea +261) gl + 3.

The following lemma provide an upper bound and a lower bound of (g, g)3, for g € H;.
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Lemma F.4. For any g € ‘H and the operator I" defined in (F.1), we have

Mg, 91/ (A +n)® <(Tg,Tg),, < (A+n)(g,g)n/X>.
Proof. See Appendix §J.10 for a detailed proof. O

Combining the definition of H; in (F.1) with Lemma F.4, we have
(9,9)m = (Tk(2), Tk(x)),, > ME(x), k(2)),, /(A +n)* = X/ (A +n)?, (F.10)

where the operator I' is defined in Lemma F.4. Therefore, we plug (F.10) into (F.9) and have

> Elsamer, [92 (6(s, a))} > Eae, {93 (do(s, a))} (F11)
=1 =1

< n[(€d +2e) + (A +n)*2(2e162 + 261) /A% + €1(A +n) /N (g, 9)n-

By the same method that induces (F.11), we have

Z gg (QSO(S;-L,’L'? a;,i)) - Z 92 ((15(3;,1» asz,z')) (F.12)
T=1 T=1

< n[(eg + 262) + (A + n)3/2(261€2 + 261)/)\1/2 + 6%()\ + n)3/)\] (9, 9)n-

By the definition of Event &, 3, ; in (F.3), we have

> ey, [98(00s,0) | /2 <7 8 (6(sh4.07.0)) + 210g(4SHNN NG /) (F13)
=1 =1

for go € C(Ha1, €1, ||| ) When &, 1, ; holds. We plug (F.11), (F.12) into (F.13), and have
> Eapmr, [92(0(5.0))] /2 (F.14)
T=1

< 292 (0(sh s ah ) + (210g(48H NN1N2 /6) + k[n, €1, €2]) (g, 9)n
=1

when condition on Event &, 5, ; defined in (F.13). Here x[n, €1, €2] is defined as
K[, e1, €] = 3n|[(e3 + 2€2) + (A + n)?2(2e1e0 + 2€1) /A2 + (N + n)*/A] /2 (F.15)
By the definition of x[n, €1, €3] in (F.15), we have
K[, €1, €a] < 50/ AFN L 6N 4 n)3/2/(n32N3/2) £ 2(X +n)?/(n*X3) < 3807/ (E16)

when we set €; = 1/(n°/?)) and e; = n~/(1+7), Combining (F.14) with (F.16), we have
> B, |9 (605, )] /2 (E17)
T=1

< g (é(shanan)) + (2 log N7 + 2log Na + 2log(48HN/5) + 3871”/(“7)) (9, 9)n-
T=1

It remains to bound log V7 and log N> from the above. The following lemma bounds N7 from the
above.

Lemma F.5. For the set 11 defined in (F.1), we have N'(H1, €, ||-|.) < (R2(A +n)/(A\3€2))™/2,

Proof. See Appendix §J.11 for a detailed proof. [
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By the definition of V] in (F.2) and Lemma E.5, we have 2log A} < 12mlog(nR). By the definition
of NV in (F.2) and Assumption 5.2, we have 2log Ny < C’Cic’ln“f/(“”) log n, where Cqic 1 is a
constant only depends on Cye in Assumption 5.2. Therefore, by (F.17), we have

Z E(s,a)wgz,i [92 (¢(37 a’)):| /2
T=1
< Z g* ((b(s;l, aﬁﬂ-)) + 53C'Cic71mN7/(1+7) log(48HNR/6){g, 9)n
T=1
when condition on &, j, ; in (F.3). By choosing A = 106C0ic,1mN7/(1+7) log(48HN R/J), we have

D E(saymer [92 (s, a))} /24 Mg, g)n/2 <Y g (6(shah0) + Mg 9w (E18)
=1 T=1

for any g € H; and ¢ € ® when condition on &,, 5, ;. By the same method inducing (F.18), we have

292 ((ﬁ(s;,i?a;,i)) + A<g7g>7'i < QZ]E(S,CL)NQ}TLJ. |:g2 (¢(Sva)):| + 2)‘<gvg>7-[
T=1

T=1

for any g € H; and ¢ € ® when condition on &, j, ;, which concludes the proof of Lemma E.2. [J

G PROOF OF LEMMA E.3

In this section, we provide the proof of Lemma E.3, which shows that Event & defined in (E.6) and
(E.7) happens with high probability. We conclude the proof of Lemma E.3 by combining Lemma G.1
and Lemma G.2, which provide upper bounds of the estimation errors of the reward and the transition
estimation. Lemma G.1 is proven by the standard technique of bounding generalization error. Lemma
G.2 is proven by the same method of Theorem 7.4 in Van de Geer (2000). To prove Lemma G.2, we
show that the estimation error in the transition is closely related to the uniform convergence over
a function class induced by the transition kernel, and then prove the uniform convergence over the
function class using empirical process theory.

Proof. The following lemma bounds the population risk of the estimators of the reward from the
above.

Lemma G.1. Let {F}"_, be a filtration and {x,}7_, be a X-valued stochastic process adapted to
this filtration. Suppose . is a F11-measurable random variable with E[r, | F,| = r*(x,), where
r* € R is an unknown function and R is a known function class. We define the estimator of r* as

r= argminZ(rT - r(xT))2.

We also define the population risk as Risk(r) = >."_ E[(r(z,) — 7*(2,))? | Fr_1]/n, and then

T=1
have
Risk(7) < 161og(N (R, €, ||-|,)/8) /n + 12€
with probability at least 1 — § for any fix €, > 0.

Proof. See Appendix §G.1 for a detailed proof. O
We first apply Lemma G.1 with € = 1/n~%/(1+7) we then have

* 2 * 2
Esampp, [I75(5:0) = i (5, @) | + Egoaympp, [[Fh(5.0) = 7i(s,0)]
< 240~ Y4 4 32(10g(20HN/8) + Cregn™ M log(n) /(1 + 7)) /n
< Cnet’ln_l/(lﬂ) log(20HN/4)
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for any (h,n) € [H] x [N] with probability at least 1 — §/(20H N) by Assumption 5.2. Here
Chet,1 = 56 + 32Chet /(1 + ) is a constant only depends on the parameter of the neural network
classes. By taking a union bound, we have

* 2 _
E(S’G)~PIZ,¢ |: ’//:‘Z-‘_l(s,a) - Th(57a’)| ] S Onet;,ln 1/(1+7) 10g(20HN/5)

holds for all (¢, h,n) € [2] x [H| x [N] with probability at least 1 — §/20.

The following lemma bounds the population risk of the estimators of the transition kernel from the
above.

Lemma G.2. Let {F.}"_, be a filtration and let {(S., A, SL)}7_, be a S x A x S-value stochastic

process adapted to this filtration. Let p, be the distribution of (S, A;) when condition on F,_1. We
assume that S.. ~ P*(- | Sy, A;) when condition on (S;, A;) and F,_1. We estimate P* by

P= argmaleogP(S’T | S, Ar).

PeM

Let N'(e, M, ||-||) be the covering number of the transition class M, and define Hx (e, M) =
log N (e, M, ||||..)- Let G be a function satisfies (1). G(€)/€? is non-increasing, and (2)

/2%
Gle) = max{8 / Héf(@v)”zu&)du,e}v

2/217

where G = {gp | gp(s,a,s') = \/(P(s' | s,a) + P*(s' | s,a))/2, P € M}. Suppose e, satisfies
Vne2 > CoG(e,), where Cy is an absolute constant. Then for any € > max{e,, 1/\/n}, we have

P(le ZE(sp)pr [TVQ (73( | s,a),P*(-| s,a))] > €2> < Cyexp(—ne*/C3).
T=1

Proof. See Appendix §G.2 for a detailed proof. O

The following lemma bounds the covering number of G in Lemma G.2 from the above.

Lemma G.3. For two feature map classes ® and U, we define the density class as
2
M={P:P(s' | 5,0) = exp(~ |l9(s,a) = w(s)II3 /2) Jelo ¥](s,0) | 6 € @00 € W},
where the normalization function c[$,v](s, a) is defined in (E.1). We then have
e}(p(il—%z)cfmn(s exp(fRz)Cfnin(s
P, o2 | + Ha U [ 2 )
R\/Cmax (v + cmax) Ry/Cmax (v + cmax)

where G is defined in Lemma G.2.

H.(5,G) < H2(

Proof. See Appendix §G.3 for a detailed proof. O

By Lemma G.3, when we define G in the same way as Lemma G.2, we have

Hoo(€a g) § HQ(Crcg,1€> (ﬁ) + HZ(Crcg,lea \II)
< QCnet(l —log Creg,1 + log(l/e))/(C’%gJe”) < Cfegg(l + log(l/e))/e“/,

where Creg1 = exp(—R?)c2,;,/ (Ry/Cmax (v + ¢max)), and
Creg,Q - \/QCnet(l - log Creg,l)/C;LgJ

are constants only depend on the regularity parameters. We have

€/8 3 €/8
/ H;f(u,g)dug/ Chrog2/1 + log(1/u)/u"*du

2/217 E2/217

< Creg2V/10g(219/e2)e! /2 /(1 = 7/2)
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when 7 < 2. Therefore, we set G(€) = Creg21/log(255/€2)e!=7/2/(1 — ~/2). By such def-
inition, the solution of /ne2 = CG(c,) should satisfy €, < Chegan~ /2t logn, where
C'reg,3 is a constant only depends on the regularity parameters. Therefore, when we choose
€ = Cregan™ /247 /log(20H N/5), where Cheg 4 is a constant only depends on the regularity
parameters, we have

2
1 Sn * -
5 Z E(Sya)’“ﬁ;,z‘ |:TV2 (Ph ( | S, a)7 Ph( | S, a))} < Cl?eg,ﬁln 2/ 10g(20HN/(5)
i=1
for any (h,n) € x[H| x [IN] with probability 1 — §/(20H N). By taking a union bound, (E.6) holds
for all (¢, h,n) € [2] x [H] x [N] with probability at least 1 — §/20, which concludes the proof of
Lemma E.3.

O
G.1 PROOF OF LEMMA G.1
Proof. We first define e, = r, — r*(z,) and Risk(r) = >-"_, [r; — r(z,)]?/n. By the definition,
the noise €, is a F,;1-measurable random variable with IE[eT y .F ] 0. We have
[rr — T(Z’T)]z =€ +2¢. [r"(z;) — r(z,)] + [r*(z;) — r(2 )} (G.1)
for any fix 7 € R. We also have Risk(r*) = >_"_, €2. Since E[e, | F,] = 0, by (G.1), we have
2 « 2 * 2
IE[(TT — r(mT)) — (rT —r (a:T)) — (r (x;)—r JZT)) | ]-'T_l] =0,
and Var{(rT - r(scT))2 —(rr — 7“*(:107))2 — (r*(=,) — 7“(957))2 | .7-},1}
— Var [QET(T*(;UT) —r(z,)) | ff_l] <4E {(T*(xf) — (@)’ | f,_l} .
Applying Lemma J.4 with A = 1/4, we have
Risk(r) — Risk(r*) — Risk(r) ZE{ —r(z T))2 | }-771]/” —4log(1/9)/n

with probability at least 1 — ¢. By the definition of the population risk Risk(r), we have
Risk(r) — Risk(r*) — (3 — e)Risk(r) > —4log(1/6)/n (G.2)

with probability at least 1 — §. Equation (G.2) shows the concentration of the risk for a fix r € R.
For the uniform convergence, we define C as the e-covering set of R with infinity norm, and have

Risk(r) — Risk(r*) — Risk(r)/4 > —4log(N/§)/n (G.3)

for all » € C with probability at least 1 — ¢ by taking a union bound. Here the covering number

= |C|. Therefore, when we denote by Ex the event that (G.3) holds for all » € C, we have

P(Exr) > 1—4. In the following part of the proof, we condition on Event . For an arbitrary r € R,
we choose 1’ € R such that ||r — /|| < e. First, we have

n

Risk(r) — Risk(r)/4 — Risk(r’) 4 Risk(r") /4 = % 2(21"7- —r(zr) = 7' (x:) ("' (@) — r(z;))
T=1

1 n
= Y[ (2 () = ren) = (@) (rlan) = 7' (@0) | Fra |
=1
By the definition of the covering and the boundedness of the reward, we have Risk(r) — Risk(r)/4 —
Risk(r") + Risk(r')/4 > —3e. Therefore, we have
Risk(r) — Risk(r)/4 — Risk(r*) > —4log(N/d)/n — 3¢
for all r € R when condition on £x defined in (G.3). Let 7 be the minimizer of Risk(r), we have

—Risk(7) > 4Risk(7) — Risk(7) — 4Risk(r*) > —161og(N/d)/n — 12¢
when condition on Event £x. Since P(Ex) > 1 — §, we conclude the proof of Lemma G.1.
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G.2 PROOF OF LEMMA G.2

Proof. We denote by H the Hellinger divergence of two probability measures, which is defined as

(P (). P200) = 5 [ (VPIG) = VPalo) s

Since we have TV?(Py, Py) < 8H2(P;, Ps), it remains to bound the population risk from the above
in terms of the Hellinger divergence. We now require the following lemmas, which connect the
Hellinger divergence with the uniform law of large number (ULLN).

Lemma G.4 (Lemma 4.2 in Van de Geer (2000)). For the Hellinger divergence H, two probability
measures P(- | s,a) and P*(- | s,a), we have

16H2((P(- | 8,0) + P*(- | 5,0)) /2, P*(- | 5.0)) = HE(P(-| 5,0), P"(- | 5,0)).

Lemma G.5. When we define P(s' | s,a) = (P(s' | s,a) +P*(s' | s,a))/2, we have

2ZE[H2 | Sr, An), PR | Sry AL)) |f,,1]

| S-, Ar) " Sy Ar)
< log 4 E|l —’ ‘ Fro
ZOP*S’|ST,A Z P*S’|ST,A 11
Proof. We conclude the proof by directly applying Lemma 4.1 in Van de Geer (2000). [

We define the function gp i, the functional v, 1, v, 1 as follows,

1
gpals,0:8) = S1og (P | 5,0) + P*(5' | 5,0)/ (2P (' | 5,0))), (G4)
v 1(9):ii{g(s ar,s,)—E ) [g(s a s’)}}
" \/ﬁ'rzl meneT (S,a)Np7.7s ~P ("S,Ll) [ ad} 5

Vpa(P) = % iE(S,a)NPT [HQ((P(s’ | s,a) + P(s | 5,a))/2,P*(- | 5, a))] . (GS5)

By Lemma G.5, we have v, 1(95 ;) — V1 2(P ) > 0. By Lemma G.4, we can prove Lemma G.2

by showing that 1/7,,72(73) < €2/128 holds with high probability. Therefore, we only need to prove
that

IP’( sup Vn1(gp.1) — Vnvn2(P) > 0) < Cexp(—ne?/C?)
PEM,vn,2(P)>e2/128

for some absolute constant C'. Since the Hellinger distance is bounded from the above by 1, we have

P( sup Un1(9p1) — Vnvn 2(P) > 0) (G.6)

PEM vy 2(P)>e2/128

s

< ZP( sup  vn1(g) > \/52281062>,
o gEG(2°—4¢)

where S = min{s : 2°7% > 1} and G(¢) = {gp.1 | P € M, v, 2(P) < €?}. Therefore, we can

prove Lemma G.2 by the uniform law of large number on the function class G(¢). We introduce the

definition of the bracketing and a related ULLN in martingale processes as follows.

Definition G.6 (d-entropy with the bracketing). Let {F,}"_, be a filtration and {X.}"_,
be a X-valued random process adapted to this filtration. For 0 < & < R, let
N (0, G X}, {Fr}7_) be the smallest value of N for which there exists a non-random

collection {[g}, g¥'1}}L 1, such that (1) for all g € G, there exists a non-random j(g) € [N], such
that g% (2) < g(2) < g%, () for all & € X, and (2). xau (g% — g, (X Vg AFr}2y) < 8 for
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all j € [N]. We define §-entropy with the bracketing Hg nr as Hp p(6, G, { X}, {Fr}0oo) =
log N, 11 (8, G A X, Yoy AT Vo). Here xar (9, {X; Yoy {F, Yiy) is defined as

X (9 AX Yoy AF Y img) = 207 ZE[expug(Xm JM) = 1= |g(X:)| /M | Fra) /.

Lemma G.7. Let {F,}7_, be a filtration and { X }"_, be a X-valued random process adapted to
this filtration. Suppose we have sup cg xm(9g) < R for the function class G. We set the values of the
parameters M, o, <1, s2, and Cs such that the following inequalities hold.

w0 < @VnR?/M, ¢ <8/nR,  ¢>Ci(a+1), (G.7)
R 1 2

ozama{ [ PG (R )AR) G)
So/(64+/n)

where Hp as is defined in Definition G.6 and Cs is an absolute constant. We have
n

P(gggf Z{ (X:) ~E[g(X,) | Fra] } >§0> <02exp<—022fR2>.

Proof. We conclude the proof by directly applying Theorem 8.13 in Van de Geer (2000). [

By the following lemma, we have x1(g) < 4e for g € G(e).
Lemma. For the function gp 1, vy 2(P) defined in (G.4), (G.5). We have x3(gp 1) < 16y, 2(P).

Proof. We conclude the proof by directly applying Lemma 7.2 in Van de Geer (2000). O

Therefore, we can apply Lemma G.7 on G(2°~%¢) with ¢y = /n22°710e2, ¢; = 4Cs, ¢5 = 15,
M =1, and R = 25 2¢. Our selection of parameters satisfies (G.7). To validate (G.8), we need
to bound the generalized entropy of G(¢) from the above, which depends on the distribution of the
corresponding stochastic process. The following lemma decouples such dependency.

Lemma G.8. We assume that 0 < P1(s' | s,a) < P%(s' | s, a), and define g*, P' as

_ Pi(s'| s,a) + P*(s' | s,a) i 1 P2(s,a,s)
Pi(s,a,s") = \/ 5 , g'(s,a,8) = o mﬂ{wsws,a»o},

fori =1,2. Let v be the Lebesgue measure of S. We have

X1 (g _g { STaATvs/ } =1’ {f } ) < \/ﬂ(sas/)séngAxs(ﬁQ(svaa S,) —751(5701, Sl))

Proof. See G.7 for a detailed proof. O

Combining Lemma G.8, Definition G.6, with the definition of G(¢) in (G.6), we have
Hiy (0,600, {(Sr, Ar SOY_ {F L, ) < Hoo((80)7%0,G), (G.9)

where H, (€, G) is the e-log-covering number of G with respect to the infinity norm, and G is defined
in Lemma G.2. When e, satisfies the condition in Lemma G.2 with Cy = 2'°C, and € > ¢,,, we have

VN2 1062 > CyG(2%) (G.10)

257 3¢
> Oy max{8/ H;O/Q((ZU)_l/Qu,g_)du, 256}.
2

25—17¢2

Combining (G.9) with (G.10), we have

Vn2%710¢2 > 40, max{/
2

257 2¢

25—1662

HY3 (06227, {(Sr, Ary SOV AT, ) du, 2072 }
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for all € > €, and s > 0, which validates (G.8) in Lemma G.7. Therefore, by Lemma G.7, we have

IF’( sup  vpa(g) > \/5225_1062) < Cyexp(—(n22°71%€) /(15C3)).
gEG(2°~%e)

Therefore, by (G.6), when € > 1/4/n and Cj is an absolute constant that large enough, we have

]P’( sup vn(gp1) — \/ﬁun,g(P)) <0y Zexp(—(n225—1662)/(15022))
PeEM,vn 2(P)>e? /128 5=0
< (Cs exp(—n€2/C§).

We conclude the proof of Lemma G.2 by setting Cg in Lemma G.2 by the maximum of C5 and
2100,

O
G.3 PROOF OF LEMMA G.3

Proof. We use the following lemmas to connect the covering number of different function classes
and bound the covering number of G from the above using the covering number of ¥ and W.

o) S N(40y/e, M, |-l ), where G is defined in Lemma G.2 and

Lemma G.9. We have N'(6,G, ||
(s | s,a).

c= ianEM,s’7s€S,a€A P

Proof. See Appendix §G.4 for a detailed proof. [

Lemma G.10. Suppose the function class M is defined as
M={Puls' | 5,0)/clPu](s5,0) | Pu € M},

where the normalization function c[P,)(s,a) is defined as c[Pu)(s,a) = [, s Pu(s" | 5,a)d(s").
We assume that cinax > ¢[Pu](8, @) > emin and Py, (s’ | s,a) < 1 for any P, € M,,. We have

N(5,M, ””oo) < N(Cfnin(S/(v"‘cmaX)’Mu’ ||||oo)

Proof. See Appendix §G.5 for a detailed proof. O

Lemma G.11. For two feature map classes ® and V, we define the function class M, as

My = {exp(= [lé(s,0) = (s)[13 /2) | 6 € @, € W},
We have N (6, My, |||l o) S N(0/(4R), @, |l o) - N(8/(4R), ¥, |||l 2), where R is the bound
of the feature maps.

Proof. See Appendix §G.6 for a detailed proof. O

For the density class M, we have infpec s ses,aea P(s' | s,a) > exp(—2R?)/Cmax, Where R
bounds the norm of the feature maps from the above. Combining Lemma G.9, G.10, with G.11, we
have

N (0. M| llo) < N (ccoverd, @, ||l o, 2) N (Ceoverds U, ||l ) (G.11)

where ceover = exp(—R?)c2,,/(7\/Cmax(V + Cmax)). We conclude the proof of Lemma G.3 by
taking logarithms of both sides of (G.11). [
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G.4 PROOF OF LEMMA G.9

Proof. For P}, Py € G', we have P.(s' | s,a) = \/(Pi(s' | s,a) + P*(s'| s,a))/2 fori = 1,2,
s',s € Sand a € A for some P;, P> € M. Therefore, we have

Pi(s" | 5,a) = Py(s" | 5,a) (G.12)
_ Pu(s’ | 5,0) — Pols' | 5.0)
V2(\/Pi(s' [ s,a) + P*(s' | s,a) + /Pa(s' [ s,a) + P*(s' | 5,a))

Combining (G.12) with the fact that P(s’ | s,a) > ¢ for any P € M, we have

|Pi(s" | s,a) = Py(s’ | s,a)| < |Pi(s" | s,a) — Pa(s' | s,a)|/4v/e. (G.13)

Let C be a 4+/ce-covering set of M. We define C’ by

¢' = {gp | gp(s,0.5) = /[ (P(s' | 5.0) + P*(' | 5,0))/2, PeC).

By (G.13), C' is an e-covering set of G, and |C’| = N (40y/¢, M, ||-|| ). Thus, we conclude the proof
of Lemma G.9. O

G.5 PROOF OF LEMMA G.10

Proof. For P, P? € M, we have Pi(s' | s,a) = Pi(s' | s,a)/c[P.](s,a) holds for all i € [2],
s',s € Sand a € A for some P, P2 € M,,. Therefore, we have
c[Pul(s,a)Pu(s' | 5,0) — c[P,](s,a)PE(s" | 5,0)
c[Pi](s,a)c[Pi](s, a)
L cAPulls: )P’ | s, a) = c[Pi](s, &) Pils’ | s, )
c[Pal(s, a)e[P(s, a) '

Combining (G.14) with ¢ipax > ¢[Pu](s,a) > cmin for all P, € M,,, we have

Pl(s" | s,a) — P?(s' | s,a) = (G.14)

fPl(s' | s,a) — P?(s | s,a)’ <Cmax |73&(s' | s,a) — P2(s | S,a)} /2. (G.15)

+Pa(s' | 5,0) [c[P](s,a) = c[Pi(s,a)| /chin-
By the definition of the normalization function ¢[P,](s, a), we have
|c[77i](s7a) - c[’Pﬁ](&a)f < / ‘Pi(s’ | s,a) — P2(s | s,a)‘ds’ <w HP& - ’Pﬁ”oo? (G.16)
S
where v is the Lebesgue measure of S. Combining (G.15), (G.16) with the fact that P, (s" | s,a) <1

for all P, € M., we have |P'(s' | 5,a) — P?(s' | s,a)| < ||PL — PSHOO (v + Cmax) /2, Let C
be ac?; €/(v + cmax)-covering set of M,,. We define C’ by

¢ = {Pu(s’ | s,a)/c[Pul(s,a) | P € c}.

The set C’ is an e-covering set of M, and |C'| = N(c2;.0/(v + Cmax), My, ||| ). Thus, we
conclude the proof of Lemma G.10.

O
G.6 PROOF OF LEMMA G.11
Proof. First, for any z,y > 0, we have
y2
’exp(—a:Q) — eXp(—yz)‘ = ‘/2 exp(—u)du‘ < ‘xQ — y2’ . (G.17)
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We set o = |91 (s, a) — v ()], /vVZ and y = [[6a(s, @) — va(s")]l, /vZin (G.17) and have
jexp(— [[¢1(s.0) = V1 ()3 /2) = exp(~ l6a(s.0) ~ a3 /2)|  (G1B)
< 5llId1(s,a) = ()3 = 1d1(5,0) = a1 |
+ 51 181(5,0) = 2()1E = 6205, ) — Y13

by triangle inequality. For the first term in (G.18), we have

[l (s,@) = (s)ll; = 61 (5 @) = o) | (G.19)
< () = ()l 1261 (s, @) — ¥u(s') — va(s) |l
Combining (G.19) with the boundedness of the feature maps, we have
[ 16105 0) =1 (s) 5 = 1925, 0) = (513 | < AR [[a(s) = ()]

Similarly, we have |[|¢1(s,a) — ¥2(s") |15 — [[d2(s,a) — ¥a(s)]|3] < 4R [|pa(s,a) — ¢1(s,a)], -
By (G.18), we have

fexp (= [161(s,0) = ¥a(s") 3 /2) = exp(~ l|62(s,0) = ¥a(s")3 /2)]
< 4R max{[[a(s) — ¥1(") , 62(s,a) — 615, @)l ). (G.20)
Let C; be a ¢/(4r)-covering set of @, and C, be a ¢/ (4r)-covering set of U. We define C by
¢ = {exp(— 6(s,a) = ()3 /2) | 6 € C1,v € Ca .

By (G.20), C is an e-covering set of M., and [C| = N'(6/(4R), @, |||, o) - N (3/(4R), ¥, [||| 1. )-
Thus, we conclude the proof of Lemma G.11. O

DN | —

G.7 PROOF OF LEMMA G.8

Proof. Since 2(exp(r) — 1 — z) < (exp(x) — 1)? when x > 0, we have

2
X%(g _g { Sy 07, S 7— 7. 1) = Z]E|:<6Xp ST7aT7 7—) _gL(ST7aT7S;—)) - 1) ’ ]:7'—1:|

1 - P* llsTaaT)+PU(S |S7.7a7_) s )
E:: [/ <\/7’*<’lsﬁaT>+PL(fsT,aT> ! 7’<S | s7,ar)ds’ | Froa

n
< %znj [/ (PY(sr,ar,5") — PL(sr,ar,5'))°ds’ | fH]. (G21)
We also have
E[/S (PY(sr,a7,8') = PE(sy a7, 5)) a8’ | Fro] (G.22)
<o sup  (PY(s,a,8") — P (s,a,5))".

(s,a,s")ESXAXS

Thus, we conclude the proof of Lemma G.8 by combining (G.21) with (G.22). O

H DISCUSSION ON THE EFFECTIVE DIMENSION

We first provide the following lemma, which shows the relation between A5 in Definition E.4 and the
dimension of a space in the case of finite dimension.

Lemma H.1. We have A[n, \o] < d when X = R and K (x1,z2) = x{ zo.
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Proof. Forany f € H, there exists 2y € RY, such that f(x) = 2 x. We also have k(z) = x. By the
definition of T, we have I',[p, Ao, n] f (x) = Aoz j @ + na { By, ~p[x12] |2. Therefore, the operator
T'p[p, Ao, n] can be written as Aol + nE,, ~,[x12{ |. By the property of the matrix trace, we have

nEy~p [<k(:c), 1";1 [0, Ao, n}k(sc)%_t} =nE,~, [tr (a:T{)\OId + nEajlwp[xla:;r]}_lx)}

=nEs, {tr ({)\ofd + nEleP[xle] }lxa:—r)}
for any p € A(X). By the exchangeability of the expectation and the trace, we have
nEqnp [<k(x), I‘;l [p, Mo, n}k(m)%{} = ntr({)\ofd + 0By plriz] | }ﬂEsz[xxT])
= tr(Ig) — Ao tr({/\old + NExlwp[;clle]}’l) <d.
Since p can be an arbitrary distribution over X', we conclude the proof of Lemma H.1. O
H.1 PROOF OF LEMMA E.8

To bound the effective dimension from the above, we construct an upper bound of the effective
dimension by the eigenvalue of the operator in the RKHS, and then use the characterization of the
eigenvalue in Lemma H.2 to obtain the upper bound. Lemma H.2 can be proven by Theorem A of
Belkin (2018), and we provide the proof in Appendix §H.2 here for the completeness of our paper.

Proof. In the following part of the proof, we bound A; and A from the above separately.
Upper Bound of A;. Let Xyi1 = {z1,...,2n4+1} be a subset of X. We define Kni1 =

K (zr,, xm)]i\iﬁi:l. Let \; be the j-th eigenvalue of K1 and o; = (a1 j,...,an41,;) " denote
the corresponding eigenvector, we have
N+1
logdet(Int1+ Knp1/3) = > log(1+ Ai/N). (H.1)
i=1

Therefore, we can bound log det(Iy; + Kn1/)) from the above by bounding {\;} 1! from
the above. We define the operator I’ as Ty f(z) = Zi\g{l (x;)K(x;,2)/(N + 1). The function
ngl a; ;K (z;, ) is an eigenfunction of I'y and \; /(N + 1) is the corresponding eigenvalue. The
following lemma bounds the eigenvalue of I'y from the above.

Lemma H.2. Suppose X C X C R™, and X is a cube with side length | > 1/v/m, and p is a
distribution over X, and the operator T' : L5(X) — L5(X) is defined as

I'f(x) = / K ()d0),

where K(t,z) = exp(— ||t — zHg /2). It holds that X\;(T) < Cuapp.sexp(—Capp4i/™). Here
Capp,s and Capp, 4 are two constants only depend on the side length | and the dimension m.

Proof. See Appendix §H.2 for a detailed proof. O

Applying Lemma H.2 on I'g, we have \; < NClypp 5 exp(—Capijl/m), where Capp 4, Capp,4 are
two constants that only depend on m and R. Therefore, by (H.1), we have
Nmia
log det(Iy 41 + Kn41/A) <e Y log(1 + NCapp s exp(—Capp.aj'/™)/N) (H.2)
j=1
N
+e Z log(1 + NCapp,s eXp(—Capijl/m)/)\).
J=Nmia+1

We have 37 log(1 + NCapp.5exXp(—Capp.aj/™)/A) < Nmialog(l + NCapp.s/A). The fol-

j=1
lowing lemma bounds the second term from the above.

35



Published as a conference paper at ICLR 2023

Lemma H.3. [f m is a positive integer, we have ffo tme~tdt < 2mlaz™e® when x > 1.

Proof. When we define b,,, = f;o tme~tdt < 2z™e %, we have
o0 oo
b = —/ tmde ™t = z™me % + m/ tmleTtdt = 2™e ™ + mbyy_1.
xT xr

By induction, we have b,,, = mle™® Zzozo ™ /mg! < 2mlz™e~*, which concludes the proof of
Lemma H.3. O

Since log(1 + z) < x, by the lemma above, we have

N N
Z log(1 + NCiapp,s exp(—Capijl/m)/)\) < Z NCapp.s €xp(—Clapp.ai™/™) /A
=Nmia+1 J=Nmia+1
< NiCupns [ 5" exp(— )7/ (Cppa)
Capp, 4Nrt1<<7in
< ANMICoapp s N ™ exp(—Clapp a N /(ACiapp.a)- (H3)

By (H.2) and (H.3), we have log det(In 1 + Kn+1/A) < Cy(log N/Capp.a)™ ! when we choose
Nmia = (log N/Capp,4)™. Here Cy is a constant that only depends on the dimension m and the

bound of the feature maps R. Since X'y can be any subset of X with |[Xy 11| = N + 1, we have
A (N +1, )\) < 04(10g N/Capp)4)m+1.

Upper Bound of A.. In order to bound A, from the above, we need to choose an appropriate
representation of the RKHS. We define the integral operator I'y : L5(X) — L5(X) as T'gf(x) =
Ezo~plf (x0) K (20, z)]. Since p is a probability measure and the Gaussian kernel K’ is bounded from
the above, I'y is compact and self-adjoint. Therefore, by spectral theorem, there exists {ej 2 1 such

that it is both the eigenfunction of the operator I'y and the orthonormal basis of the space Lp 2(X). We
then define H as

{f feLsx ZO‘Jea z) | Za?/)‘j <00}7
j=1

where ); is the eigenvalue corresponding to e;. We also know that K (z,y) = >272, Aje;(x)e;(y).
For f(z) = Y72, ajej(z) and g(x) = Y72, Bjej(x), we define the inner product on H as
(fr9)m = 2272, @;Bj/A;. Then the space H is an RKHS with the kernel K, e;/(/); is an
eigenfunction of T' with eigenvalue \;, and {e;/\/A;}32, is an orthonormal basis of H. We
represent k(z) using the orthonormal basis and have

()22 = () T (), = (30 e ej,ZA ej(@)es/ A+ NA))
j=1
= Nef@)/(A+ NY))
j=1
when we define I' f(x) = Af(z) + NTo f(x). Therefore, using Fubini’s Theorem, we have

NEnp [[|(@) 2] ZNA Eonp (€5 (@)] /(A + NX;) =D NA/(A+NN).  (HA)

j=1
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By Lemma H.2, we have \; < Cupp 5 exp(—Chapp,aj 1/ ™), where Cy and C are two constants only
depend on the side length [ and the dimension m. We combine the bound on A; with (H.4) and have

oo

NCapp.5exp(—Clapp.ai’™)
NE,., [[k@)>_.] < = o
pllIE(@) 5] < Z NCoapp.5 €xp(—Capp.aj /™) + A

_ f NClapp,s exp(— Capp,z;jl/’”) n i NCopp,s eXp(_Capijl/m)

NClapp,5 €xp(—Clapp.aj'/™) + A P NClapp,5 €Xp(—Clapp,ai'/™) + A

< Nmid + NC’app,5/ exp(—Capijl/m)dj/)\.
Nmia
By Lemma H.3, we have [," exp(—Capp,4j Umydj < 2mIN V™ exp(—Clapp a N2 /Cappa.
Therefore, we choose Nyiq = (log N/Chypp,4)™ and have

NEunp[[|k(@)[p-1] <(10g N/Capp,a)™ + 2m!Capp 5(log N)™ " /(Cappad) < Callog N)™,

where Cy = (1 + 2m!Clypp, 50;7;1[)1) /Can .5+ By the definition, Cy is a constant that only depends

on the side length [/ and the dimension m.

We conclude the proof of Lemma E.8 by combining the upper bound of A; and As. O

H.2 PROOF OF LEMMA H.2

Proof. We require the following two lemmas. The first lemma allows us to bound the eigenvalues by
the bound on the residuals of the approximation, and the second lemma bounds the residuals.

Lemma H.4 (Lemma 1 in Belkin (2018)). Suppose I' : H — H is a self-adjoint operator on a

Hilbert space H, and 'y, is a finite-rank operator with rank n, such that |I' — 'y ||, < e. Here

[Allop = suPzer/qoy 1AT5 / |llyy. 1t holds that all eigenvalues of the operator ' except for at
most n (counting multiplicity) are smaller than e.

Lemma H.5. Suppose X C R™ is a cube with side length | > 1/\/m, and T : V — H is a (not
necessarily linear) map from a Hilbert space V to an RKHS H of functions on R™. There exists a
map Ty, from the space V to an n-dimensional linear subspace H,, C H, such that

T — Fn||v—>LP(X) < Clapp,2 exp(_cappﬁnl/m) HF||V—>H :
2

Here Copp 2 and Capp 3 are two positive constants that only depend on the side length | and the
dimension m, and ||F||V~>L5(X) = SUPyevy/{o} ||FUHL;’(X) /vl

Remark. Since H is a subset of L5(X), we can view T as an operator from the space V' to the space
L8(X) and investigate its operator norm accordingly.

Proof. See Appendix §H.3 for a detailed proof. O

First, by Lemma H.4, we have \;(I") <inf,ani(r, ,)=i—1 [|[I' = Tiz1 ||Op. By Lemma H.5, we have

rank(l"llnfl.):z IT = Tiztllop nk(rii{lli):i_l 1T =Tiall gy 22 (H.5)
< Capp,2 X~ Capp,a (i = ™) IV g () 230 < Capp,2 XP(=Capp.ai™) IT gy m

for i > 1. Here Cyppa = Capp 32~ /™. It remains to bound HF||L§(X)_>H from the above. For
elements e € H and e’ € L5 (X), we have

erey=(e. [ o, ~>dp<t>>H = [ (e it = [ ity

<llell gy €'l zo ey < Nelly Nl pgay -
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where the last inequality is derived from (H.10). Therefore, we have

Tl = sup(e,Te")a/ llelly < Mle'll oy »
ecEH

which implies HF||L‘2’(X)—>H < 1. Therefore, we have \;(T") < Capp.2 exp(—Capp.ai'/™) fori > 1
by (H.5). For ¢ = 1, we have

MI) < osup T2l /17l g
z€L5(X)/{0}

< sup er”H/”xHLg(X) = HFHLS(X)%H <L
z€Lf(Xx)/{0}

Therefore, we have A\;(T') < Capps exp(fC’appAil/ ™) for all integer ¢ when we set Copp 5 =

Capp,2 xp(Capp,4), which concludes the proof of Lemma H.2.

H.3 PROOF OF LEMMA H.5

Proof. We prove Lemma H.5 by constructing an operator that satisfies the condition in this lemma.
For . > (37, exp(8my,, + 2)m>/21%)™, we have
. ) — l 71/m < 1 m m 2 l
max min [lz — 2’|l = Vimln ™™ < 1/ (37 exp(8mam + 2)ml)

when v,,, = 4™m! and X,, = (z1,...,2,) is an m-dimensional grid of X. By Theorem 6.10 of
Wendland (2004), the kernel K (1, 22) = exp(— ||z1 — 22 H; /2) is positive-definite. Therefore, the
matrix K [X,] is invertible, and > " | v, K (2, 2j,) = 1, when K [X,]a; = e;, a;; is the i-th
element of «;, and

1=J2

K[Xn] = [K(x‘ruxm)]n

T1,72=1’

(H.6)
-

kX (z) = (K(z,21), ..., K(z,2,)) . (H.7)
The following lemma allows us to construct an operator that satisfies the condition in Lemma H.5.
Lemma H.6. Let H be the RKHS induced by the kernel K, where K : R™ x R™ — R is defined as
K(z,2') = exp(— ||z — x’||§ /2). Suppose X C R™ is a cube with side length | > \/2/m, and

i — ||y =0 <1/(3-4™m! 223l + 2)ml
I;lea%(xr,rél)l(lnnli 2, =0<1/(3 m!exp(m m! + 2)ml),

for the set X,, C X with |X,,| = n. We define uj(x) = > i, a;j K (i, x), where aj = K1 [X,,]e;,
«; is the i-th element of o, and the matrix K[X,)] is defined in (H.6). We also define Sx, as
S)(nf(l.?)' = Y f(zi)u;(z) for all f € H. For an operator I’ : H — L5(X), where p is a
probability measure over X, we define |T'l|3,_, ¢ (x) = SUP e/ 0y ||Ff||Lg()c) /1 fllo- We have

HSO - SXn HH—)L@(/\Q < 4l\/%exp(_oapp,1/(2L))7
where ¥y, = 4™ - ml, Capp1 = 1/(3vm), and So : H — LE(X) is defined as Sy f (x) = f(x).

Proof. See Appendix §H.4 for a detailed proof. O

Let Sy and Sy, be the operator defined in Lemma H.6, we have I' — Sy, = (So — Sy, ) o I.
Combining the definition of the norm with Lemma H.6, we have

T = Sx, o F||V—>L§(X) < AIPlly 59 [1S0 = S, ||H->L§(X) (H.8)
< 4ly/mexp(—Capp,1n™™/(2D) 7|y -

Here C,pp 1 = 1/(37vm). Therefore, we also have

”F - Fn||V_>L§()Q < 4lmexp(_capp,1nl/m/(2l)) ||FHV—>7-L
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when we define T',, = Sx, o I'in the case that n > (3, exp(8my,, + 2)m>/212)™. Since the
rank of Sy, does not exceed n, the rank of T',, does not exceed n. When n < (3~,, exp(8m~v,, +
2)m3/212)™, we define T',, as T',, f(z) = 0 for all 2 € X and v € V. We then have ||I‘||V_>L5(X) =
IT — FWHVHLS(X)' We first show that ||FHVHL§(X) is bounded from the above by ||T'||,,_,,,. By
the reproducing property of the space H, we have

2
93500 = [ *@dota) = [ ({a.k(@))y,) dole) 19)
reX reX
for any g € H. Combining (H.9) with Cauchy-Schwarz inequality, we have
ol < / (990 (), k() o) = / (g gmdo() =lgls,  @10)
e e

for any g € H when p is a probability measure. By (H.10), we have

ITlly S za) = o Tl g ey / 10l < e ITolly /Mlolly = Ty S5 (HAD
Since |I' =T, ||V_>L0(X) ||F\|V_>L0(X) when we define Ty, as I',v(z) = 0, we have

IT = Tally 1oy < exp(Cappan' M/ (21)) exp(—Cappan™/(2D)) [Ty gy - (H12)
by (H.11). Combining (H.12) with n < (37,,, exp(8my,, + 2)m?3/212)™, we have

T — FnHV—>L§(X) < e)<:p(m3/2l2 exp(8mym + 2)/2) exp(—nl/m/(G'ym)) TNy e (H.13)
since Cypp,1 = 1/(37Vm). Therefore, by combining (H.8) with (H.13), when we choose
Capp2 = max{éll\/ﬁ7 exp (m3/ %1% exp(8my, + 2)/2) }

and Capp 3 = Capp,1/(21) = 1/(6m), we have (1) both Capp 2 and Cypp, 5 are constants that only
depend on the side-length ! and the dimension m, and (2) for any positive integer n, there exists an
operator 'y, : V' — L5(X’) with finite rank n, such that

I = Fn||V—>LZ(X) < Capp,2 exp(—~Capp,3n'/™) Ty g -
Thus, we conclude the proof of Lemma H.5. O
H.4 PROOF OF LEMMA H.6

Proof. By the definition in Lemma H.6 and the reproducing property of the kernel, we have

n

[(2) = S, F@)] = (@), £y = (ki) £ i) (H.14)

i=1

Combining (H.14) with Cauchy-Schwarz inequality, we have

@) = Sx, (@) < k() zm

o, [l -

Therefore, taking expectation with respect to the probability measure p, we have

H(R_ SXTL) °© fHLg(X) = /X’f( SX ,uf | dP (H.15)
< k(z i(
< EEEH Zu Hf”?—[

The following lemma allows us to bound the term sup,c v [[k(z) — D1, u;(z)k(x;) ||§_£ from the
above.
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Lemma H.7. Forafixz € X, a set X,, = {xT}T C X, and a vector v = (vy,...,v,) ", we have
min,err Q(v) = K(z,z) — k[X,](z )TK LA,k [ n](m) when we define Q(v) as
Q(U):K(l‘,x)—QZ’UZ‘K(.’EZ, +ZZU1'U7 ml7$]
i=1 =1 j=1
= K(z,z) — 20T k[&,](z) + v K[X,]v.
Here the matrix K[X,,), the vector k[X,,](x) are defined in (H.6) and (H.7).
Proof. We conclude the proof by using simple linear algebra. O

Combining (H.15) with the lemma above, we can prove Lemma H.6 by bounding the term
sup inf K(x,z)— 20" k[X,](x) +v" K[X,]v.
reXx vER™

We bound the term using tools from the approximation theory.

Lemma H.8 (Theorem 11.21 in Wendland (2004)). Suppose that X C R™ is a cube with side length
l, and we have maxgecxy ming ey, || — @'||y < o for X, = {x1,...,z,}. We define v, = 4™m],
Capp,1 =1/ (3vm), and ¢ = [Capp,1/t], where [x] denote the maximal integer that does not exceed .
Then there exists a sequence of function {v;(x)}!_; C X — R such that (1) for every p € w,(R™),
we have p(z) = Y1 vi(z)p(x;) for all z € X, (2) we have Y ;| |vi(z)| < exp(2mym, (g + 1))
forall x € X, and (3) we have v;(x) = > /ml. Here wy(R™) is the set of all
polynomials in R™ with total degree no higher than q.

By the lemma above, there exists a sequence of function {v; }?_; such that (1) we have

x) = sz(x)p(xl) (H.16)

forall z € X and p € wy(R™), and (2) we have Y7, |v;(z)| < exp(2mym, (g + 1)) forall z € X.
For a fix zo, we have p(z — 2¢) € wq(R™) when p( ) € wy(R™). By (H.16), we have

p(0) = p(xg — x0) Z vi(xo)p(z; — x0)- (H.17)

Similarly, we have p(z; — ) € wy(R") when p( ) € wy(R™). We apply (H.16) again and have

n

Zvi(sﬂo)p i — o) Zszxovj zo)p(zi — x5) (H.18)
=1

=1 j=1
for all zp € X and p € w,y(R™). Combining (H.17) with (H.18), we have

0) -2 Z’Uz‘(l‘o)p(.’ti — (E()) + Z Z 'Ui(l'())’Uj (.’E())p(l'l - .’Ej) =0. (H19)
i=1

i=1j=1
Combining (H.19) with Lemma H.7, we have

|K (z0,20) — k[Xn](z0) " K~ [Xn]k[X] (20)| < K (20, 20) — p(0) (H.20)
-2 Z'Ui(xO) [K(%‘, zo) — p(@i — xo)] + Z Z vi(o)vj (o) [K(fﬂi» z;) — p(w; — fﬂj)}
i=1 i=1 j=1

for all zp € X and p € wy(R™). By the definition of the kernel K, we have K (z,z’) = ks(z — 2’)
when we define k() = exp(— ||{L‘||§ /2). Therefore, by (H.20), we have

|K (20, w0) — k[X](w0) T K~ AL k[X] (20) ] (H.21)

>y

i=1 j*l

+2Z

vi(wo)uj (o) [k (w1 — 25) = plas — )|

vi(wo) [k (@ — 20) = plai = 20)] | + [ks(0) = p(0)
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for all zy € X and p € wy(R™). Combining (H.21) with the fact that ||z — 2’|, < \/ml when
z, 7' € X, we have

[0, 0) — KX (20) " K A K[ (w0)] < s = Pl 0,y (H22)

+ 22’“1‘(350)‘ [ks — pHLw(B(o,\/m)) + [[ks — p“Loo(B(o,\/m)) Z Z‘Ui(xo)vj(xo)’-
i=1

i=1j=1

Here |[fllpo g0,y = SUP|a|,<ymi [f(2)]. By Lemma H.8, we have 377", |vi(wo)| <
exp(2mym (¢ + 1)) for all zg € X. Therefore, by (H.22), we have

| K (0, x0) — k[Xn](xO)TK—l[Xn]k[Xn}(acO)| < (1 + exp (2mym (g + 1)))2§p (H.23)

forall zo € X and p € wy(R™). Here ¢ = [|ks — pll o (p(0, 1)) = SUP|a|l, <vmmt [ks (@) — p(@)].
Therefore, we only need to bound infyex, ®m) [|ks — Pl (p(0, 1)) fTom the above. We have

p(||z]|3) € wy(R™) when p € w@g/2(R). Since we define k,(x) = exp(— |3 /2), by (H.23), we
have

| K (0, 20) — k[X] (20) T K~ [Xn]k[X0] (0)| (H.24)

< dexp(4mym(¢+1)) inf sup |exp(—z/2) — p()|.
pE€w@q/2(R) ze[0,ml2)

By Taylor’s Theorem (with Lagrange Remainder), we have

sup |exp(—z/2) — pi(x)| < (mi%/2)[/2+1/([q/2] +1)! (H.25)

z€[0,ml?]

when we choose the polynomial p; as the Taylor polynomial of exp(—2/2) around zero of degree
[q/2]. Without loss of generality, we assume mi? > 2. Since the degree ¢ is an integer, we have
[q/2] > (¢ —1)/2 and g > 1 when ¢ < Clypp,1. Combining (H.25) with Stirling’s formula, we have

su exp(—x/2) — ps(x mil2 g2+ L
mE[OJIT)LlQ]’ p(=2/2) = pl )| < (ml”/2) ([q/2] + 1)!

< (m2/2)  exp((g+1)/2) (g +1)/2) T2 (H2e)
We plug (H.26) into (H.24) and have

< (em12/2)[¢Z/2]+1 ([q/2] + 1)7[q/2}71

|K (20, 20) — k[X,] (0) T K~ [Xulk[Xa] (z0)| < 4lv/m (exp(8mym + 1)mi?/(q + 1)) T/,
Since we choose ¢ = [Capp,1/t], we have ¢ + 1 > Clpp.1/¢. Therefore, we have
|K (20, 20) — k[Xa](20) T K~ [Xu]k[X0] (0)| <ALy (exp(8mym + 1)mi2/Capp1) "/
=41v/m (37 exp(8mym, + 1)mie) (e+1)/2

where the second equation is induced by the definition of Cypp, 1 in Lemma H.8. Therefore, when
t < 1/(3vm exp(8myy, + 2)ml), we have

|K (20, 20) — k[X](20) T K [Xa)k[X,](w0)| < 4lv/mexp(—(q+1)/2) (H.27)

< 4lv/mexp(—Capp,1/(20)).
Combining (H.15) with (H.27), we have

IR = Sx.) o fllop) = \/ /X [£(@) = S, £(2)*dp() < 41y exp(~Capp./(20)) ]l

for f € H. By the definition of the operator norm, we have
IR = Sx, (R = Sx,) o fllogay /I fllay < 4lv/mexp(—Capp.1/(20)),

H—LE(X) = feiil/p{o} [

which concludes the proof of Lemma H.6.
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I PROOF OF LEMMAS IN APPENDIX §E

1.1 PROOF OF LEMMA E.5

Proof. In the following part of the proof, we condition on the events good events £ and &;. First, by
Lemma J.1, we decompose the difference in value as follows,

J(m; 7 +u™, P — J(mr*, PY) 1.1

H
= ZEw,”l’“’ [ $h1~Pr (s, ah)[Vh+l(Sh+17T P )] Esh+1 Pi: (sh, ah)l:Vthl(Sthl’T P* )]]
h=1
H

+ ) B [uft(sn,an) + i (sn, an) — 75 (sn, an)]
h=1

Since the value function in (I.1) is bounded from the above by H, we have
T 4, P) = S ) 12
H H
Z o (g (s, an)] = Y B oo [frr(snan)] = Y B pn [Hfnp(sn, an)],
h=1 h=1 h=1

where fyp(s,a) = [|Py(- [ s,a) = Pi(- | s,a)ll; and fur(s,a) = [} (sn,an) — 7} (sn, an)|. In
the following part of the proof, we bound the expectation of f in (I.2) from the above. For i = 1, by
the definition of Event &; in (E.5) and p7 ; in (E.3), we have

Expn [frp(s1,a1)] <|AIEy [f1p(s,0)] <A\ Ep [f2p(s,a)] <IA[¢/Vn,  13)

when condition on Event £;. Here the second inequality follows Cauchy-Schwarz inequality. By the
same technique in (I.3), we have

EW,P" [fl,r(slv al)] S |A| C/\/ﬁ

For h > 1, we have || fnp[|,, < 2. Since we have (s,a’) ~ pj, when (s,a) ~ pp_,,,s" ~
Pi_1(-]s,a),a’ ~U(A), by Lemma J.2, we have

|Er,pn[fop(sh, an)ll < By Er pn {Hk((ﬁ*(sh_l’ah_l))HF;1[¢2,1,pz,l,l,x\,n]} ;

where (]! = \/4)\1)2/0 (n Al Eyn [fnp(s,a)?] +4¢?). By the definition of £} in (E.5),

we have nEn [fnp (s, a)?] < ¢? when condition on &;. We also have

[LCACR

1
P [¢h7ph 17 3T

+ 272

min max

<2 |’k(¢2(5h,ah))||r;1[¢" Dy

h*Th, 1’>\]

when condition on Event & in Lemma E.2. By the definition of u} in (4.5), we have

B [fn2 (s, an)]| < B oo [uf (s, an)] /(H + 1).

By the exactly same method, we have [E. pn[fh r(Sn, an)]| < Expnl[ufl(sn, an)]/(H + 1). There-
fore, we conclude the proof of Lemma E.5 by combing the bound above, (1.2), with (1.3).

O
1.2 PROOF OF LEMMA E.6
Proof. By the definition of @} in Algorithm 4 (Planning Algonthm) we have Q7 (s,a) =

Q(s,a, "L 7™ + u, P™) for all (s,a) € S x A, and 7" "1 is the greedy policy with regard
to Qy. By the deﬁmtlon of the value function, we have

Vhﬂ (S ™+ u” 'P”) ( ) <Q}L ( , ;r”—|—u"7’Pn) _Q’Z‘(s’.)’ﬂ';;(o | S)>.A (L4)
+(Qn (s, ), T (- | 8) = Tn(- | 9)) 4
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Since 71 is the greedy policy with regard to Q7, we have (Q7(s,), 75 (- | 8) = Fn(- | s))a < 0.
We also have QF (s, a; " +u”, P")—Q7(s,a) = Egnpr(s,a) Vi (s +um, P = Q4 ().
Therefore, taking expectation over P™ and 7* in both sides of (I.4), we have

Epn [szr (sn;r™ +u™, P") = Vit(sp)] < Epn ne [Vhﬁ:l(shﬂ; "4 u™, P — Vit (shg)].

Using induction on h, we have

VI (Sinie; 7" 4 4™, P™) = Vi (Sinit) < Epn ne [V§11(5H+1§ " +u",P") = Vi 1 (sp41)] = 0.

Since we have Vi (sinie; 7" +u™, P*) = J(7*; r™+u™, P") and Vi (sinit) = J (7L rm+u™, PP,
we conclude the proof of Lemma E.6.

1.3 PROOF OF LEMMA E.7

Proof. The following lemma shows that the value function defined by the estimated model is bounded
from the above by the value function defined by the true model.

Lemma I.1 (Bounded optimistism in Each Iteration). Following the same condition with Theorem
5.3, when condition on the good events £, and &, which are defined in (E.5), (E.6) and (E.7), we
have

J(mr* Fu™ +ut™ PR — J(m et 4w, P > —(2H? 4+ 3H + 1) |A| ¢/vn
for any policy m, where the bonus u" = {uZ}thl is defined in Lemma E.5. Here the underlying
bonus u*™ = {u; " Y_, is defined as

W (s,a) = min{4H2 6 +2, 61 667 (5m,0)) e }
where 31 = (4H? + 6H + 2)\/A\v2 /2, + 412, | A| B2C2deq and B is defined in Lemma E.S.

min

Proof. See Appendix §1.4 for a detailed proof. O

By Lemma 1.1, and the definition of the expected total reward, we have
N

Z [J(ﬂ_n-l-l; 4", P — J(ﬂ_n+l; 7,*77)*)] (L.5)

n=1

N N
<> @H?+3H + 1) |A[¢/vn+ ) J(@"Thum 4wt PY)
n=1 n=1
However, the bonus defined by the learned feature might vary in each episode, which make it difficult
to bound from the above. The following lemma connects the bonus defined by the learned feature
with the bonus defined by the true feature.

Lemma 1.2 (Bonus Equivalence for the True Model). Following the same condition with Theorem
5.3, when condition on &1 and &5, which are defined in (E.5), (E.06), and (E.7), we have

J(mu", P*) <2UA| Bdef® /v + J (" P
for any policy m and n > 2, where the bonus u" = {uZ}thl is defined in Lemma E.5 and the
underlying bonus u*" = {uy" H! | is defined in Lemma I.1.

Proof. See Appendix §1.5 for a detailed proof. O
Combining (I.5) with Lemma [.2, we have
3 [J(x"™r™ +u™, P — (a7, P)] 1.6)
"~ N N N
<N @H?+3H + 1) |AI¢/Vr+ D 21 Al Bdig [V + 23 I utn, )
n=1 n=1 n=1

N
< 32H?|A|(VdegN +2) " J(x"THurm, P*).
n=1
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Therefore, it remains to bound J(Sin;t, m; u™™, P*). Since the bonus u*™ are bounded by 4H 24
6H + 2, itis a 12H?%-subGaussian random vanable Therefore, by Hoeffding’s inequality and the
definition of the value function, we have

N H N
Z J(’/Tn+1; u*", P*) = Z Z Eﬂn+l’p* [uZ’” (Sh, ah)] L7
n=1

h=1n=1

< 12H210g(10H/§)VN + Z Z up ™ (spbt ap st
h=1n=1

with probability at least 1 — 6/10. Combining the definition of the underlying bonus in Lemma I.1
with Cauchy-Schwarz inequality, we have
H N

3w art <mZZHk GRS . )

n
h=1n=1 =1n=1 L 167D oAl

H | N
2
<BVNY S [klon g ath)
h=1 n=1
For simplicity, we define j; = ¢}, (s} o, aj, o), K = [K(x}', 232)]7 ., and

kﬁ:( (a:,lL,:EZ+1),.. K(xh,zz+1)).

U D oA

By Lemma D.3, we have

[ECACS) = (K@@ 2™y — T+ KP) L k) /A

M

We also define af = (K (z1, ”“) k(M 4+ K7) ' kR) /A We then have
I+ K7/ kP /A
n+1 _ h h
det(I + K} /)\)_dt< kZ’T/)\ 14 K@), nﬂ)/)\)

I 0 I+K,/A 0 I b . .
= det (bT 1) det( 0 / 1+an) det (0 1) =det(I + K /N (1 + ap),
where b = (A + K}')~'k}. We also have a} < 1. Since = < elog(1 +z) when z < e — 1, we have
n < elog(I+ K™ /\) — elog(I + KJ'/\), and Z 7 < elog(l +KN+1/)\) < edoq by the
deﬁmtlon of deg in Definition E.4. Therefore, by (I.8), we have SESN "(sphtapth) <

B1H~/eNdeg. Combining (1.6) with (I.7), we have
N

Z [J(m™ ™ +u™, P") — J(x"™ 0", PY)]

n=1

< 32H? | A|¢\/deg N + 12H? 10g(10H/6)V'N + B1H+/eNdog
< 46H? | A| ¢B1/de N log(10H/6),

which concludes the proof of Lemma E.7.

1.4 PROOF OF LEMMA 1.1

Proof. In the following part of the proof, we condition on &; and &. First, by Lemma J.1, we
decompose the difference in value as follows,

J(mr® +u” 4wt P — J(m T+ un, P 1.9)

H
= ZET(,P* [ES;L+1~P;(sh,ah) (Vim 1 (shys T +u”, P™)] — Es ~Pp(sh,an) Vi1 (Shys T + u” 7’”)”

+ZEW7>* up™ (s, an) + 17 (sh, an) — Th(sn, an)].

44



Published as a conference paper at ICLR 2023

Since || + u"|| . < (2H + 3), the value function in (I.9) is bounded from the above, and we have

J(mr® +u” 4w P — J(m r +un, P (1.10)
H H H
> Erp [y (snyan)] = Y Brpe [fur(snyan)] = > Enpe [(2H? + 3H) frp (50, an)]
h=1 h=1 h=1
where fi p(s,a) = [|Pp(- | s,a) = Pi(- | s,a)|l, and fur(s,a) = [T} (s, an) — 77 (5n,an)| are

defined for simplicity. In the following part of the proof, we bound the expectation of f in (I.10)
from the above. For h = 1, by the definition of Event &; in (E.5) and pT ; in (E.3), we have

Erp- [fip(s1,01)] <JAIEy, [fip(s,0)] <Al Ep, [fEp(s,a)] <[AI(/Vn  (L11)

when condition on &;. Here the second inequality follows Cauchy-Schwarz inequality. By the same
technique in (I.11), we have

Erp- [fi.r(s1,a1)] < [A[¢/v/n.

For h > 1, we have || f |, < 2. Since (s',a’) ~ pj;, when (s,a) ~ pj_, 5,8 ~ Py (- |
s,a),a’ ~U(A), by Lemma J.3, we have

[ (e (snsan)] | < B3 B [[[B@h- (51,001 Mporye e o]y @12)

where 3" = \/4Av2/cfnin + rax™ M E(syan)~pp  [fnp(sh, an)?]. By the definition of & in
(E.5), we have nE(s}“ah)N/,x ) [fne(sh,an)?] < ¢? when &; holds. We also have

Hk((b;;(sh?ah))Hr;l[(z);l,pgyo,)\,n] <2 Hk(qb;;(sh’ah))”rj[ﬁpﬂ Al

h,0°
when condition on Event & defined in (E.6), (E.7). By the definition of u,’;" in Lemma I.1 and (1.12),
we have

|]E7r,P* [fn.p(sh,an)] ‘ < Erp-[u)" (sh—1,an-1)]/(2H® + 3H + 1).

By the same method, we have [Er p«[fr.r(sh, an)l| < Ex p[u)"™ (sh—1,an-1)]/(2H* + 3H + 1).
Therefore, we conclude the proof of Lemma 1.1 by combing the bound above, (I.10), with (I.11). [

1.5 PROOF OF LEMMA 1.2

Proof. In the following part of the proof, we condition on the good events £; and &, defined in (E.5),
(E.6), and (E.7). By the definition of the value function, we have

H

J(m;u™, P*) = B [ul (Sinis, an)] + Z Er pe [uf (sn,an)] - (L.13)
—_— ———

Term (a) h=2

Term (b)
Now we bound the terms in (I.13) from the above separately.

Term (a). By the definition of p7 ; in (E.3), Algorithm 3 (Sampling Scheme), and Cauchy-Schwarz
inequality, we have

B[4 (Sinit an)] <] A| Epp, [ul(s,a)] <|A| \/EPT',l [(u}‘(s,a))ﬂ. (L.14)

By the definition of uj} in (4.5) and d.g in Definition E.4, when Event &, defined in Lemma E.2
holds, we have

Epp, | (uf(5,0)°| <8, |[K(97:(5: ) [Pcs gy o ]

<48y, (1607 (5. ) [F g ] < 48%dest /.
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Therefore, by (I.14), we have E . [u} (Sinit, a1)] < 2 |A] 5d1/2/\/ﬁ.

Term (b). By the definition of uj; in Lemma E.5, we have ||u"[|, < 2H +2. By the definition of pj,
and pj; ; in (E.3), we have (s',a’) ~ pj | when (s,a) ~ pjy_; o,8" ~ Pp_ (- | s,a),a" ~U(A).
Therefore, by Lemma J.3, when we condition on Event & defined in Lemma E.2, we have

Eﬂ,p* [(uZ(Sh,ah))Q} Sﬁ}?*Emp* |:Hk(¢;;—1(sh_1’ah_l))HF;1[¢271,p271,0,)\,n]} (1.15)

<28 Enpe [[|6(67 1 (nor.an-0) s pp ]

where ;" = \/4/\(H + 1202/, + 120 n Al By [uf(s,a)?]. By the definition of uj in (4.5),
and d.g in Definition E.4, when we condition on Event & defined in Lemma E.2, we have

Esp [ (50)%] < 8By [[1R(65(5: @) e g p
< 252EP2,1 [Hk(¢h 5 a )Hl“;l[qb;ll,pﬁ’l,)\,n]} < 28%dest /1.

Therefore, we have 81 > 23", where 3 is defined in Lemma I.1. By (I.15) and the definition of
’U,;klfl (Sh,17 (lhfl) in Lemma I.1, we have Em'p* [’U,Z(Sh7 ah)] < Eﬂ—’p* [uZ’fl (Shfl, ah,1)].

We conclude the proof of Lemma [.2 by combining the bound on Term (a) and Term (b). L]

J PROOF OF AUXILIARY LEMMAS

J.1 PROOF OF LEMMA J.1

In this subsection, we provide the proof of the simulation lemma. We first state it below.

Lemma J.1 (Simulation Lemma). Let V,(s;7, P, m) be the value function defined in (2.1). For the
transition kernels P = {Pp}L_ |, P* = {P; }_| and the reward functions r = {rp}__ |, we have

H
Vi (sir +u,P) = Vil (557, P*) = > B [ug (555 a) | s = o]
h=h
+3 E.p [Elﬁ [VE (54157 P*)] = B [VE (550 P)] | 50 = s] :
h=h
where Eq p[-] = Es; , ,~Pu(snan) [] and Eq p[] = IES;YHNP;(S’“%) [-]. Here E p is the expectation

taken over the trajectory induced by the policy m = {m, }tL | and the transition kernel P.

Proof. By the definition of V},(s;7, P, ) in (2.1), we have
Vir(s;r +u, P) = Vi (s;r, P*) = Vh’T(S' u,P)+ Vil (s;m, P) — Vi (s;7, P™) J.1n

Z P Uh (sp,ap) | sn = 5] + Vi (837, P) — V}ZT(S;T,P*)~

Here E. » is the expectation taken over the trajectory induced by policy 7 and the transition kernel
P. By the definition of the value function V; (s; 7, P, 7) in (2.1), we have

Vf(szue, rP)=E,p [TE(SB»ah) + Vh+1(5h+1,r P)| s, = 5;;”6] J.2)
= Z ri(s3, a)my(a | s§*°) + Exp [V;H_l(S;H_l;T,P) | 55, = s§].
a€A

By (J.2), we have
VI (s35r, P) — VI (sEr, P¥) d.3)

=E.p [Vh+1($h+1’ r,P) | sp = st — Er p- [V}—fﬂ(shﬂ;np*) | 55, = si].
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Combining the property of the expectation with (J.3), we have

V}{r(sgue; T, P) - V}{T(St}{ue; r, P*) = EW,P[ }{r+1 (sﬁ+1; T, P) - V}{T+1(Sﬁ+1; T, P*) ‘ Sh = st}{ue]

+Eﬂ77’[ ?ZT+1(571+157"7P*) | 55 = Stfiue] — Er p- [Vﬁerl(SﬁJrl;T?P*) | s, = Sgue]' (J.4)
Taking expectation in both sides of (J.4) and summing it up from i = h to H, we have
Vhﬂ(s;rvrp> - V}ZT(S;T" P*) (JS)

H
= 3 Brip [ [V 1)) = Ba [V i P [ 5= 5]

h=h
where By p[] = Eg | py(sp,an) ] and Bop[] = Eg | opr(s,.a,)[]. We conclude the proof of
Lemma J.1 by combining (J.1) with (J.5). O]

J.2  PROOF OF LEMMA J.2

In this subsection, we provide the proof of the one-step backward inequality for the learned model.
We first state this lemma below.

Lemma J.2 (One-Step Backward for the Learned Model). Let pj_, be a distribution over S x A.
We assume that the transition kernels P = {PP}L | and P* = {P; YL satisfy

Pi(s' | s,0) = (K(0(5,0), k(Wi () ) /el vitia)(s, ),
and — Pi(s | 5,0) = (k(97.(5.0)) k(i (8)) ). [ eli vl (s.a),

where c[p,V](s, a) is the normalization function defined in (E.1) and k : X — H is the feature map
of the RKHS H. We assume further that nE (s ay~pn [TV2(PP_,(- | 5,a),P;_,(- | 8,a))] < (2
and the non-negative function g satisfies ||g|| ., < B. For any policy w, we have

‘EF,P" [g(8h7ah)] ’ S ]EW,P" |:5l Hk’<¢271(3h—1>ah71)) HFEI[WJ,_l,p;‘,_lJ\m]} .

Here the operator T'p[¢7_ 1, pit_1, A, n] is defined in (E.4), E. p is the expectation taken over the
trajectory induced by the policy m = {wh}thl and the transition kernel P, 3 is defined as

B = \/)\32112/012111n + 2 ax (” |AIEpp | pr aacay [92(sn,an)] + 3242)7
and the expectation E,n  px 14(4) [9(sn,an)] is defined as
Eor () (90 an)] = Bray s an ympn L sunPr_ (lsn—vian1)ian~u(A) (980, an)].

Proof. By the structure of the transition and the property of conditional expectation, we have

Encpn [g(s1s an)]| (1.6)

oo | [ P15 Lonssan) Y- e | ha(ssads]

acA

Er pn [/ K(op_1(sn-1,an—1),¥5(s))g(s, mn)ds/clop 1, ¥il(sn—1, ahl)]
sES

)

where the last equation follows from the structure of P;'_,, and g(s, ) is defined as

g(s,m) =Y _m(a|s)g(s,a). 1.7)

acA
Combining (J.6) with the lower bound of the normalization constant, we have

/ s K(¢Z—1<Sh—l7 a’h—l)a ¢;}(5))§(57 Tl'h)dS
se

/ c} . 8)

Erpn [Q(Sh,ah)]‘ < Ezpn {
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For a bounded function g, we define the functional x [/}, 7, g] : H — R as

Wimgly = [ (9k@)), 3 mla] 9g(sa)ds, (1.9
sES H acA
The functional x[¢}, 7, ¢] is linear. Moreover, for any ¢’ € H, we have
‘X[wﬁ,mg]g/’ S/ g’ HHHk Yi(s HH’ZW}L als)g(s,a)|ds J.10)
acA

< [y Bls = B/l
s€S

where v is the Lebesgue measure of S. Therefore, x[¢}, 7, g] is bounded by Bv. By Riesz theorem,
there exists an element u[¢h,ﬂ gl € H with |luly},m, g]||H < Buw, such that x[¢}, 7, glg’ =
(Y, 7, gl, g")w for any g’ € H. Therefore, by (J.8) and Cauchy-Schwarz inequality, we have

Expn[g(sn, )] < Expn H<u[w,’;,w,g},k(ﬁ_l(sh,hah,n)} |/ cua] (.10

< Eqrpn [Hk(¢h 1(Sh—1,an—1) HF ep_uoph H [V, T, g HF 67 A ]/Cmin}v

where T'p[¢}_1, ph_;, A, n] is defined in (E.4), and Cmin 18 the lower bound of the normalization

constant c[¢}_, ¥}](sh—1, an—1). What remains is to bound the term [[u[y), ™, ]l (4r  n A0
h—1Ph—1>"

from the above. By the definition of ', [¢}_,, p}'_;, A, n], we have

HU[T/JZ,W’Q]HFP —/\HU wha ™9 ||’H +nE(s a)~pp_ 1[ Q[TZJ}TLL,’]T,Q]((,ZSZ_l(S,CL))]

(5 _1oPh_1:Am
<AB2? + nE (s ay~pr_, [u [V, 7, g] ((Mlll(s, a))]. J.12)
Since u[y}, 7, g] is the representation of x[i}, 7, g] defined in (J.9), we have
ultit,m, 9] (671 (s.@)) = (ulvh, w9l k(8f 1 (s,))) (1.13)
= / <k(¢271(s,a)),k(wﬁ(s’))> Z mn(a’ | s )g(s',a’)ds’.
sES H a’'cA

Combining (J.13) with the structure of the transition kernel P;’_; in Lemma J.2, we have

uln, m, gl (Sh-1(s,a)) = c[dh_1, ¥7](s, a) < Pri(s' [ s,0) > mala | s))g(s',a')ds'
sE a’' €A
< maxBeopn_ | (Js.a)my (90, 0")] J.14)

since ¢[¢})_1,¥1](s, a) is bounded from the above by ¢max. By the property of the sum of squares,
we have

2
By, Cloanm (905 @) <2{Bopy_ (o, [905.0)] = Bommp, (o, 905, 0)] }

2
+ 2Egnp;  (fsia)m (905 0")]" (J.15)
By simple calculation, we have
‘ES’NP;71(~|S,a),Trh [g(sla a/)] - ESINP}?il("S,CL),ﬂ'h [9(8/7 CL/)] ‘ (J.16)
< [ [Pl 150 =P 50| X ma | gl s
s’ a’€A

< B TV(’P}TLZ—l( ‘ 5704)’7);—1(' | Saa))7

where the last inequality follows from the definition of the total variance divergence. Combining
(J.14), (J.15) with (J.16), we have

i, 7, gl (6 _1(5,0))” = CloR_y, P18, )Bgrpp(lssaymn [9(55 )] @.17)
< QCmax{ES’NPZ,l(-\S,G)mh [9(3’70/)]2 + B2TV? (P;:—l(' | S,a),'P;;_l(- | S,a))}.
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We plug (J.17) into (J.12) and have
n 2
||u[1/1h77T,9]Hp

+ 2nBQE(s,a)Npﬁi1 |:812naxTV2 (P;Z—l( I 57‘1)77?;;—1(' | S, a)):| . (JlS)

2
] < AB%v? + 2nE(Sya)NpZ[,1 [CgﬂaxEs/'\/P;,l('\Sﬂ)ﬂrh [g(sl’a/)] }

plon_1 PR 1A

Therefore, when nE(, )~ n [TV2(PP_,(- | 5,a),P;_,(- | 5,a))] < ¢? holds, we have

-1
n 2
Hu[wh,w,g]HFP[ oo ] S AB%v? + QCﬁlax{n]Epgil,pzilﬂh [*(s',a)] + 32C2} (J.19)
by (J.18). Here the expectation is defined in Lemma J.2. By the definition of Z/(.A), we have
By pp_ o [97(5',0))] < |A] Epn P uca) [9%(s',a")]. (J.20)

Combining (J.11), (J.19) with (J.20), we have

EW,P;_l[g(Sh,ah)]’ <Epp {51 Hk(¢2_1(5h—1,ah—1))||F;1[¢;Ll7p271’/\)n]} :

Here the expectation and 3; are defined in Lemma J.2. Thus, we conclude the proof of Lemma
J.2. ]

J.3 PROOF OF LEMMA J.3

In this subsection, we provide the proof of the one-step backward inequality for the true model. We
first state this lemma below.

Lemma J.3 (One-Step Backward for the True Model). Let p}_, be a distribution over S x A. We
assume that for the transition kernel P = {Pp}1I_, and the transition kernel P* = {P;:}1_, with

Pi(s' | 5.0) = (K(0h(5,0), k(Wi () ) /eldf vt (s, ),
and  Pi(s | 5,0) = (k(97.(5.0)), k(W7 42(s)) /eldi viial(s.a).

We also assume that the non-negative function g satisfies ||g|| ., < B. Then for any policy 7, we have

Erp; [Q(Shvah)]’ < Expp [ﬁt Hk(¢2_1(5h—1;ah—l))||F;1[¢271’p271,)\’n]} :
Here the expectation B px 14( ) lg(sn,an)] is defined as

Epp ,2rat(a) (905 an)] = Elo,_yan_)mpr_sn~Pi (lsn—vian—1)an~td(A) [9(5hs an)]

the operator T, [¢5% _ 1, pi_1, A\, n] is the operator defined in (E.4), and B, is defined as

Br = \/ABQUZ/CIQ‘nin + 120 |A B = 004y [9% (51, an) ]

Proof. The proof is similar with the proof of Lemma J.2. Similar with (J.8), we have

/ cmin] . J2n

where g(s, 7) is defined in (J.7). By (J.10), the the linear functional x[¢}, 7, g defined in (J.9) is
bounded by Bv. Here v is the Lebesgue measure of S. By Riesz’s theorem, there exists an element
ulyy,m,g] € H with [[ulypy, 7, g]ll,, < Bv, such that x [y}, 7, glg" = (u[v};, 7, g], g')# holds for
all ¢’ € H. Combining this property with (J.21), we have

Exp- [g(sn,an)] | < Erp; [

/ K(¢5_1(sh—1,an—1),¥5(s))g(s, ms)ds
seS

Ex p; [9(sh, ah)]‘ < Exp; {

<u[w}§,mg]7 k(¢2—1(5h—1vah—1))>ﬂ‘ /cmm] (J1.22)

<

Eﬂ,’P,’; |:Hk(¢2—1(5h—1aah—l))|{F;1[¢2717p271’,\)n] ||U[7/J;Z,7T,9]||Fp[¢2717p;717,\,n]} /Cmin'
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Here T'p(¢; 1, p5_1, A, 1] is defined in (E.4), and ¢pin is the lower bound of the normalization
constant c[@}_, ¥} ](sp—1,anr—1). By the definition of the operator , we have

[ e 2. | A TR P P [ AR EX) |

<AB*0® 4 nE (s aympr [u2 [, g) (651 (s, a))] . (23)
Similar with (J.14), we have

ulyr, 7, g)(Dh—1(s,a)) = c[$h_1,VRl(s, A)Esrup; | (15,0),mn [9(5,0")]- (J.24)

We plug (J.24) into (J.23) and have

om0, ) VB 1By (Bl [0

<A\B%v? + ncfmaXEpﬁil’p;(.Ma),ﬂh [°(s',a)], J.25)
where the last inequality follows from Cauchy-Schwarz inequality. Since g2 is non-negative, we have
Eor  pr(isia)mn (9 (Snyan)] <A Epn  pe(js.a)uca) [97 (50, an)]- (J1.26)

Here Ep}jfl,P;,wh [g(sfh a’h)] = ]E(Sh—l1ah—1)NpZ,17ShN,P;('Ish—l1ah—1)7ah,’\’77h("3h) [g(sfh ah)]' Com-
bining (J.22), (J.25) and (J.26), we have

Ex p; [g(sh,ah)]' < Erp; [5t Hk((b;;_l(sh—l,ah—l))||F;1[¢271,p2717)\7n]} :

where (; is defined in Lemma J.3. Thus, we conclude the proof of Lemma J.3.

J.4 PROOF OF LEMMA C.7

Proof. The lower bound of the e-Eluder dimension has been proven by Theorem 5.2 of Dong et al.
(2021). Therefore, we only need to bound the e-log covering number of R from the above. Let C;
be an €/2-covering set of the unit sphere in R™, and Cs be an €/2-covering set of [0, 1]. We have
|C1| < 22%e~4 and |C;| < 2/e. We define the set C as

C={rop: A= R|rgp(a)=0(@Ta+b), 6 €Ci, beCa}.

For any g, € R, there exists 8y € C; and by € Ca, such that ||§ — 6p||, < eand |b — bg| < €/2. We
have g, 5, € C, and

|70.6(a) — Ty b, (a)] = |max{9Ta +b,0} — maX{GOTa + by, O}—|—| J.27)
<116 = bolly llally + 16 = bo| <€
for any a € A. Therefore, C is an e-covering set of R, and
log C| < log [Cy| + log [Ca| < (d + 1) log(4/e),
which concludes the proof of Lemma C.7. O

J.5 PROOF OF LEMMA D.2

Proof. By the reproducing property of H and Cauchy-Schwarz inequality, we have
2
/ g*()dp(w) = / (9, k(x))3,dp(z) < / (9, 9)nK (z, 2)dp(z) = (9. 9)n (1.28)
x x x

2 2
when g € H. Therefore, we have H C L2(X) and HgHL%(X) < |lgll,- We also have

/X [Pg(x)] *dp(x) = /X { /X K(x’,w)g(x’)dp(x’)rdp(x) (J.29)

< [ [ & o] | [ 20| aote)
=[] [ [ e e = [ e,
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Where the last equation holds since K (z,2') = exp(— ||z — 2’ ||§ /2).Therefore, we have I'g €
L2(X) when g € L2(X), Which implies that r is a linear operator on L?(X'). When we define the
functlonal Yo :H—=Rasvy(g) = [y g xz) for g € L2(X), we have

\/ / z)dp(x \/ / 2)dp(z) <13, 9)n /X g2 (x)dp(x)

by (J.28) and (J.29). Therefore, by Riesz’s theorem, we know that there exists u € 7, such that
(u, §)1 = 7v4(g), which implies. I'g(z) € H. The operator I : { — # is also non-negative definite
since we have (g,'g)» = [, g>(z)dp(x) > 0 when g € . Thus, we conclude the proof of Lemma
D.2. O

J.6 PROOF OF LEMMA D.3

Proof. We first define the operator ['[X,,] as
D,lg(a) = (g(x) — gl (M + K[2.]) " K@) /A (1.30)

forany g € H, x € X. Here g[X,,] is defined in §1.2. We show that I‘[Xn] is the inverse of T'[X,,].
By the definition of T'[X;] in Lemma D.3, we have (I'[X},]9)[X5] = (M + K[X,])g[X,], and

X, ]g(x) = Ag(@) + glXn] " k[X] (), 131
where k[X,,](z) is defined in Lemma D.3. Combining Equaitions (J.30) with (J 3 l) we have
PIXD X ]g(x) = (T[X]g(@) — (T[Xag) [Xa] T (M + K[X ) /A
= (Ag(@) + glXa] k[ Xn](2) — g Xa] " K[ X, )/A =g(z

By the definition in (J.30) and the definition of (I'[X,,]g)[X,] in §1.2, we have

(P[Xlg) [Xa] = (91%,] = KX (M + K[2]) " glX]) /3 = (A + K[x,))
Combining (J.32) with (J.30), we have

DX, ]0[Xag(2) = AL[Xa]g(x) + (D[Xn]g) [Xa] T k(X (x)
= 9(x) — gl¥a] T (A + K[2,]) 7 K] (@) + gl %] T (M + K[,])

Therefore, the operator I'[X,,] is the inverse operator of I'[X,,], and
k@) =06 D (@) = (K 2) — K21 (M + K (%)) k@) /2
Thus, we conclude the proof of Lemma D.3. O

gl (132)

TR (2) = g(2).

J.7 PROOF OF LEMMA D .4

Proof. By the definition of the operator I'.[¢, D, A], we have
2
(9:Tel¢: D Ng),, = Mg g)u+ Y g((s,a)”. (1.33)
(s,a,r,s’)ED

Therefore, we have (g, 9)» < (g,Tc[®, D, \|g)3. By the definition of the reproducing kernel, we
have 37, , . oyep 9(® ( a))? = Z(syaﬂ,’s,)eD(g, k(¢(s,a)))3,. Therefore, we have

2
Yo 9(@d(s0) <lg.gu D>, K(6(s,a),6(s,a)) (1.34)
(s,a,r,s’)ED (s,a,r,s")ED
by Cauchy-Schwarz inequality. Combining (J.33) with (J.34), we have

(g Tlo DN, < (A+ D K(6(s,a),0(5.0)) ) (9,9

(s,a,r,s")ED
Similarly, by the definition of the operator I', [¢, p, A, 7], we have
(9:Tpld: 0, X, 7)), = My 903 + TE (s a)mp [92 (¢(s, a))}. (J.35)
Therefore, we have A(g, g)1 < {(g,Tp[¢, p, A, T]g)2 . Similar with (J.34), we have
E(s,a)r\«p |:g2 (QS(Sa a)>i| < <ga g>7‘lE(s,a)~p |:K(¢(Sa a)a ¢(Sa a))i| . (J.36)
We conclude the proof of Lemma D.4 by combining (J.35) with (J.36). ]
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J.8 PROOF OF LEMMA F.2

Proof. Since the operators A, B are self-adjoint and positive-definite, the operator B—1/2AB~1/2

is also self-adjoint and positive-definite. Therefore, the operator C = (B~Y/2AB~1/2)1/2 is also
self-adjoint and positive-definite. Since B~1/2C~'B~1/2z € D, we have

(B~Y20—1B~V/2; BB~V2C"1B~1/24)y > (B~YV2C"1 B2, AB~V2C"1B1/2g)y,
by the definition of D in Lemma F.2. Since the operators B and C are self-adjoint, we have
(B~Y2C~1B™Y23 BBTY2CT BT %)y, (1.37)
= (z, B"Y2C~1B~Y/2BB Y201 B~ V2)y, = (z, B-V2C2B~V21)y,.
We also have C~2 = BY/2A~1BY/2 when C = (B~'/2AB~1/2)1/2, Therefore, we have
(B~Y2C7'B~'2, BBT2CT B2}y = (x, B"V2BY2ATIBYP BT 1)y (138)
= (x, A7 2)y
by (J.37). Similarly, we have
(B~Y20—1B=1/2p AB=V20"1B~V/2)y, = (z, B-Y/2C1B~V/2AB~V201 B2y,
= (x, B"Y2C71C?CT B YV22)y = (x, B a)y. (1.39)
We conclude the proof of Lemma F.2 by combining (J.38) with (J.39). O

J.9 PROOF OF LEMMA F.3

Proof. Without loss of generality, we assume that (g, g) = 1. We then have

9(x) = (9. k(@)),, < o, 9 (k(@), b(z)),, =1

for any x € X. We also introduce the following version of Bernstein inequality.

Lemma J.4. Let {F.}"_, be a filtration, and {X;}"_, be a R-valued stochastic process adapted to
this filtration. Suppose E[ X, | Fr_1] = 0 and | X | < ¢ almost surely, we have

P(3 X, < (e~ 2ABLX2 | F] +log(1/5)/3) 2 15

foranyfix0 < A < 1/c

Proof. See Appendix §J.12 for a detailed proof. O

Since E(s 4)~0r [92(0(s,a))] = E[g?(¢(s™,a")) | Fr—1], using Lemma J.4 with X\ = 1/2, we have
292 ((ZS(STaaT)) - ZE(s,a)fvg" |:92 (¢(S7a)):| (J40)
T=1 T=1

< (e=2) > Var(g*(o(s",a7)) | Fro) /2 + 21og(1/0)
=1
holds with probability at least 1 — 4. By the property of the variance, we have

Var(g2(6(s7,a") | Froa) SE|g*(6(s7,a)) | Fra| SE[g*(6(57,a7) | Froa]. (04D
Combining (J.40) with (J.41), we have

n

> (6(s7,a") < €D E|gH(0(s7,a7)) | Froa| /24 2108(1/9) (g, 9

T=1
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holds with probability at least 1 — §. Similarly, we have
Z ]E(s,a)wg"' |:92 (¢(sv a)):| - Z 92 (¢(S
T=1 T=1
~2) Y E[g(6(s7,a") | Fra] [2+ 2108(1/0),
=1

holds with probability at least 1 — §. By simple calculation, we have

(4= )Y E[g(6(s7.a")) | oo 1}/2<Zg )) + 2log(1/8)(g. 9}
T=1
holds with probability at least 1 — 4. Thus, we conclude the proof of Lemma F.3. O

J.10 PROOF OF LEMMA F.4
Proof. By the definition of " in (F.1), we have I'g = Fl_l/z (F;l/QFQF;1/2)*1/21“1_1/29. Since the
operator Ffl/ % is self-adjoint, we have
T N e B R T S I X
By Lemma D.4, we have (g1, 17 g1)% < (g1,91)2/) for any g; € H. Therefore, we have
(Tg. Dghse <((Uy V/2Taly 2720 Vog, (0 Pmor VA 720 o) /0 43)

(17" g (0TI )

The following lemma characterize the operator I'; /2 ey 1z,

Lemma J.5. When we define 'y = T',[¢, pj, ;; A\, n] and Ty = T'e[¢, Dy} ;, ], we have

Mg, g)a /(A +n) < (9,17 /2Tl %) < (A +n)(g, gha/ A
for any g € H. Similarly we have
Mg g)u/ O +m) < (g, (07 °Tal %) 7g) < (A m)lg g)a/ N
Here U'pl¢, pjy ;, \,n] and U'e[¢, Dy ;, A are defined in (E.2) and (E.4).

Proof. See Appendix §J.13 for a detailed proof. [

Combining Lemma J.5 with (J.43), we have
(g.Tg)r <A+ )Ty 20,171 2g), /0 = (V- n) (9.1 M), /X,
By Lemma D.4, we have (g1, T 'g1)% < (g1,91)2/ for any g; € H. Therefore, we have

Tg,Tg)u < (A +n){g, g) /N>

Similarly, by Lemma D.4, we have (g1, 7 g1)% > (91, 91)%/(\ + n) for any g; € H. Therefore,
by (J.42), we have

(Dg. Dghse 2 (07 /20aly 2) 720 g, (0 PDaD V3720 o) J( ) (144)

:<F1‘1/29, (Fl—1/2I‘2I‘1—1/2)71I‘1—1/2g>7{/()\ +n).
Combining Lemma J.5 with (J.44), we have
(Tg,Tg)p 2MIT 29,07 293/ (0 +n)* = Mg, 1 )3/ (A + ).

By Proposition D.4, we have (91,17 g1)% > (g1, 91)%/(\ + n) for any g; € H. Therefore, we
have

Tg,Tg)n > Mg, T17 g)n/ (A +n)®.
Thus, we conclude the proof of Lemma F.4. 0
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J.11 PROOF OF LEMMA F.5

Proof. We denote by C the é-covering of the unit ball in m dimension, and define C’ by C' =

{TK(z,-) | « € C}. In the following part of the proof, we show that C’ is a /(A + n)e2/A\3-
covering of H; with regard to the infinity norm.

For any g € H;, we have ¢(-) = T K (z, -) for some z in the unit ball. By the definition of the set C,
there exist ' € C, such that ||z — 2’|| < €. By the reproducing property of the kernel, we have

P& (2,y) = LK@ y)] = [(T(k() = k(@) kW), | (1.45)
for any y € R™. Combining (J.45) with Cauchy-Schwarz inequality, we have

TK (2.y) - TK (', y)| < \/ (D(k(@) = k(@) T (k@) k(@) ) (k). kW), (46)

_ \/<I‘(k(x) — k(2)),T(k(z) — k(m’))>H

for any y € R™, where the second equation follows from the fact that (k(y), k(y))» = 1. By Lemma
F.4, we have (I'g1,Tg1)% < (A +n){g1,91)/A> for any g; € H. Therefore, by (J.46), we have

T (w.9) ~ TE (', )| </t n)(k(a) — (@), k(@) — k@) / N 04)
Similar with (F.7), we have (k(z) — k(z), k(z) — k(2'))y < € when ||z — 2’|, < & By (1.47),

we have [T K (z,y) —TK(2',y)| < v/(A+n)e2/A3. Therefore, C’ is a /(A + n)e2/A3-covering

of H; with regard to the infinity norm. We also have |C’| = |C| < (R/€)™. We conclude the proof of

Lemma F.5 by setting € = eAy/A\ /(A + n). O

J.12 PROOF OF LEMMA J.4

Proof. Since e® < 1+ x + (e — 2)z? holds for any z < 1, we have
E[exp(AX,) | Fro1] SE[L+AX, + (e — 2)N2X2 | Froq] = E[1+ (e — 2)N2X2 | Frd]
< eXp{E[(e —2)A%X2 | fT_l]}
when \ < 1/c. Therefore, when we define Y; = exp{A YL, X, —(e—2)A\2 Y _ | E[X2 | F, 4]},
we have E[Y; | Fi—1] < E[Y;—1 | Fi—1]. Using induction, we have E[Y},] < 1. Therefore, we have

P(Y X < (e = DAY EIXZ | Froa] +10g(1/8)/A) 21—
=1 T=1
by Markov inequality. Thus, we conclude the proof of Lemma J.4. O

J.13 PROOF OF LEMMA J.5

Proof. By the property of the inverse operator, it remains to prove that
Mg, 9)2e/(A+n) < (9.T7 P Tal T 2g)5 < (A + 1) (g, ghn/A
for any g € H. By Lemma D.4, we have (g1, T291)% < (A + n){g1, 91)%. Therefore, we have
(9.7 /0ol 2 g) = (0729, Tl g0 < (4 m) (I 20, T7 2 g) .
By Lemma D.4, we have (g1, T 'g1)% < (g1,91)2/) for any g; € H. Therefore, we have
—1/21 —1/2 _

9,17 "Ll gh < A+ ) (9. )ae < (A + g, 9)ae/ A

Similarly, by Lemma D.4, we have (g1,'291)% > A(g1, 91)#. Therefore, we have
(9,71 /0o 2 g)5 = (07129, 1o 2905 = NI 29,17 g0

By Lemma D.4, we have (g1, T 91)% > (g1,91)2/(\ + n) for any g; € H. Therefore, we have

(9,07 *Tal 2003 > Mo, T ghw > Mg, 9)a/ (A + ).
Thus, we conclude the proof of Lemma J.5. O
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