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Abstract

Designing provably efficient algorithms with gen-
eral function approximation is an important open
problem in reinforcement learning. Recently,
Wang et al. [2020c] establish a value-based al-
gorithm with general function approximation that
enjoys O(poly(dH)v/K)' regret bound, where d
depends on the complexity of the function class,
H is the planning horizon, and K is the total num-
ber of episodes. However, their algorithm requires
Q(K) computation time per round, rendering the
algorithm inefficient for practical use. In this pa-
per, by applying online sub-sampling techniques,
we develop an algorithm that takes O(poly(dH))
computation time per round on average, and en-
joys nearly the same regret bound. Furthermore,
the algorithm achieves low switching cost, i.e., it
changes the policy only O(poly(dH)) times dur-
ing its execution, making it appealing to be imple-
mented in real-life scenarios. Moreover, by using
an upper-confidence based exploration-driven re-
ward function, the algorithm provably explores
the environment in the reward-free setting. In par-
ticular, after O(poly(dH))/e? rounds of explo-
ration, the algorithm outputs an e-optimal policy
for any given reward function.

1. Introduction

Function approximation (FA) is one of the key techniques
to scale up reinforcement learning (RL) in real-world ap-
plications. FA methods have achieved phenomenal empir-
ical success (Mnih et al., 2013; 2015; Silver et al., 2017,
Vinyals et al., 2019; Akkaya et al., 2019), where in these
applications, RL agents learn to control complex systems
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by approximating value functions using deep neural net-
works. In contrast, the theoretical understanding of RL with
general FA is still rudimentary, e.g., reasonable theoretical
understandings have only been established in the tabular
setting or the linear setting (Azar et al., 2017; Jin et al.,
2018; Yang & Wang, 2020; Jin et al., 2020b). Designing
RL algorithms with general FA with provable efficiency
becomes increasingly important as it helps understanding
the limits of existing algorithms while inspiring the design
of better practical algorithms.

Recently, Wang et al. (2020c) establish a provably efficient
algorithm with general function approximation that achieves
a regret bound of O(poly(dH)+v/K ), where d depends on
the eluder dimension (Russo & Roy, 2013) and log-covering
numbers of the function class, H is the planning horizon,
and K is the total number of episodes. Here the regret mea-
sures the difference between the expected rewards collected
by the optimal policy and that of the RL algorithm. Such
a regret bound indicates that the algorithm learns a policy
with suboptimality at most € after interacting with the en-
vironment for O(poly(dH))/e? episodes. Their algorithm
is based on least-squares value iteration (LSVI), and to bal-
ance exploration and exploitation, their algorithm employs
the principle of “optimism in the face of uncertainty” and
adds an exploration bonus to the learned value function.
The main technical innovation in their paper is a stable ex-
ploration bonus, which is computed by first sub-sampling
the replay buffer and then computing the uncertainty of
functions in the confidence set, where the confidence set
is defined by the sub-sampled dataset. Such sub-sampling
process gives a dataset with limited complexity and thus
ensures the stability of the exploration bonus.

A notable drawback of the work of Wang et al. (2020c¢) is
the requirement of resampling and recomputing the bonus
function in each round. Note that implementing this step
requires making a full scan over the entire dataset, requiring
Q(K H) time per round. Furthermore, their algorithm com-
putes the solution to a regression problem to obtain a new
policy in each round, which requires (K H?) time. Hence,
the overall running time of the algorithm is Q( K2 H?). Such
running time becomes inefficient when K becomes large.
The goal of the current paper is to obtain an algorithm with
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general FA that achieves the same regret bound but with
better computational efficiency.

In this paper, we achieve the above goal by applying on-
line sub-sampling techniques. The core idea is to maintain
a small sub-sampled dataset, and each time a new datum
arrives, instead of making a full scan over the whole dataset,
the algorithm decides whether to keep the new data or not
by scanning only the sub-sampled dataset, which is much
smaller in size. The main difficulty here is how to define
the sub-sampling probabilities using only the sub-sampled
dataset so that (i) the size of the sub-sampled dataset is
bounded and (ii) the sub-sampled dataset provides a good
approximation to the confidence set. The sensitivity sam-
pling framework employed in Wang et al. (2020c) can only
deal with static datasets and therefore requires a full scan
over the whole dataset in each round.

To achieve this goal, we borrow ideas from the online lever-
age score sampling technique introduced in the streaming
algorithm literature (Cohen et al., 2016), which sub-samples
a given n X d matrix (n > d) row by row and preserves
the covariance matrix approximately. Each time a new row
arrives, the algorithm computes a probability to keep that
row according to the online leverage score, which depends
only on the sub-sampled rows and the new row. However,
the algorithm and analysis in (Cohen et al., 2016) works
only in the linear setting, while the main focus of the current
paper is to obtain an algorithm for RL with general FA. This
renders the need for new techniques.

In this paper, we establish a novel notion of online sensi-
tivity score, which measures the importance of a data point
relative to the sub-sampled dataset over a given function
class. Online sensitivity score generalizes the notion of on-
line leverage score, which is defined specifically for linear
functions (Cohen et al., 2016). We show that for a general
function class, by sub-sampling according to online sensi-
tivity scores, the size of the sub-sampled dataset is bounded
by the complexity of the function class during the execution
of the algorithm, while preserving the same accuracy as
in Wang et al. (2020c). Therefore, defining the exploration
bonus as the uncertainty of the function class on the sub-
sampled dataset will be sufficient for achieving a similar
regret guarantee. We also give efficient algorithms for com-
puting online sensitivity scores as well as the bonus function.
Using our techniques, our algorithm spends O(poly(dH))
time per round for sub-sampling and computing the explo-
ration bonus, where d depends on the complexity of the
function class.

The online sub-sampling technique naturally implies a low
switching property of the algorithm. Since the sub-sampled
dataset only changes for O(poly(dH)) times, the number
of different policies we need to use is also O(poly(dH)).
Hence, we only need to solve O(poly(dH)) different re-

gression problems, and therefore our new algorithm spends
at most O(poly(dH)) time per round on average for solv-
ing regression problems. We note that the low switching
property is desirable in many scenarios, like medical do-
mains and recommendation systems (Almirall et al., 2014;
Theocharous et al., 2015) (see also Bai et al. (2019) for a
detailed survey). As a natural application, our algorithm can
be applied in the concurrent RL setting (Silver et al., 2013;
Guo & Brunskill, 2015; Dimakopoulou et al., 2018), where
multiple agents act concurrently and apply the same policy
to collect samples.

Finally, we show that the exploration bonus based on online
sub-sampling can be used to explore the environment in
an unsupervised fashion. More specifically, we show that
even without the guidance of the reward function, after
exploring the environment for O(poly(dH))/€* episodes,
our algorithm computes an e-optimal policy for any reward
function from a prespecified function class. Reward-free
exploration with general function approximation is new and
previously was only shown for the tabular setting and the
linear setting (Jin et al., 2020a; Wang et al., 2020b).

2. Preliminaries

Throughout the paper, we use [N] to denote the set
{1,2,...,N}. We use 3 as a global parameter, and the
choice of 3 will be elaborated in the appendix.

2.1. Episodic Markov Decision Process

In this paper, we consider a finite-horizon Markov decision
process (MDP) M = (S, A, P,r,H,s1), where S is the
state space, A is the action space, P = {Ph}hH:1 where
P, : § x A — A(S) are the transition operators, r =
{rp}_, where 7, : S x A — [0, 1] are the deterministic
reward functions, H is the planning horizon. Without loss
of generality, we assume that the initial state s, is fixed.

The agent interacts with the environment episodically. Each
episode consists of H time steps. A deterministic policy 7
chooses an action a € A based on the current state s € S
at each time step h € [H]. Formally, 7 = {m,}/_,
where for each h € [H|, 7, : S — A maps a given
state to an action. In each episode, the policy 7 induces a
trajectory s1,a1,71,S2,a2,72, ..., SH, G, TH, SH+1 Where
a; = 7T1(81), r = 7’1(81, al), S ~ Pl('|81, (Ll), etc.

We use Q-function and V-function to evaluate the long-
term expected cumulative reward in terms of the cur-
rent state (state-action pair) and the policy deployed.
Concretely, the Q-function and V-function are defined

as: Qf(s,a) = E [Zf,:h The|sn = s,ap = a,w} and

2For a general initial distribution p, we can treat it as the first
stage transition probability, P;.
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=E [Zg:h The|Sh = 8, W}. We also denote the op-
timal Q-function and V-function as Q} (s,a) = QF (s, a)
and V;*(s) = V7 (s), where 7* is the optimal policy. For a
set of state-action pairs Z C S x A and a function f : S x

1/2
A — R, we define || f||z = (Z(Sya)eng f(s, a)2) .

In this paper we use regret to measure the effective-
ness of the learning algorithm. The regret is defined as

Regret(K) = K | (Vl*(sl) — vyt (sl)),where K is the
number of episodes, s; is the fixed initial state and 7" is the

policy used in k-th episode. We further define ' := K H to
be the total number of steps.

Vir(s)

2.2. General Function Classes and Complexity
Measures

In our setting, we assume that a function class F C {f :
S x A — [0, H + 1]} is given as a priori. In the algorithm
we will use functions from F to approximate the optimal
Q-function. We make the following assumption on the
expressiveness of the function class F.

Assumption 1. For any h € [Hl and V : S — [0, H|,
there exists fy € F such that for all (s,a) € S X A,

fv(s,a) =3 gcs Pu(s']s,a)V(s") +rals, a).

This assumption guarantees that any value function lies in
function class F after applying the Bellman operator. It
poses some implicit constraint on the transition operators
as well as the reward functions. As mentioned in Wang
et al. (2020c), this assumption captures both the tabular
setting and the linear MDP setting (Yang & Wang, 2019; Jin
et al., 2020b). In practice, when F is a function class with
sufficient expressive power (e.g. deep neural networks),
Assumption 1 approximately holds. As we will show in
Section I in the appendix, our algorithm is robust to the
violation of the assumption, i.e., the algorithm still works
well if the above assumption is satisfied approximately.

To measure the complexity of the RL problem, we need to
assume the function class F has bounded eluder dimension
dimpg(F,€) (e > 0is a parameter). We also need to assume
bounded covering numbers for both the function class and
the state-action space, denoted as NV (F, €) and N (S x A, €)
respectively. These two assumptions are standard in the
literature (Russo & Roy, 2013; Wang et al., 2020c; Jin et al.,
2021). The definitions will be given in the appendix.

2.3. Switching Cost

The concept of switching cost is first introduced in Bai
et al. (2019). It is used to quantify the adaptability of rein-
forcement learning algorithms. In this paper we focus on
the global switching cost, which counts the number of pol-
icy Changes in the runmn% of the algorithm in K episodes,
namely: N& .= | K # g}

switch *—

3. Computation-Efficient Algorithm via
Online Sub-Sampling

In this section we introduce our online importance sub-
sampling technique and several key components in the al-
gorithm design. The full algorithms are deferred to the
appendix. For every episode, our algorithm consists of three
steps. In Step 1, we apply online sub-sampling to the data
collected so far to reduce the size of the dataset. This sub-
sampled dataset will be used to compute a stable exploration
bonus in Step 2. The most interesting part is that we are
able to decide whether or not we have collected substantial
new information according to the sub-sampling procedure.
In Step 2, if we have already collected enough new informa-
tion, we do optimistic planning using those new information
to calculate a new policy and then update the current policy
to be the new policy. Otherwise, we keep using the old pol-
icy. In Step 3, we use the current policy to interact with the
environment to collect new data. In this section, we define
d = max(log(N(F,§/T?)),dimg(F,1/T),log(N (S x
A,6/T?))) to be the complexity of the function class.

3.1. Online Importance Sub-Sampling

We use ZF to denote the dataset of all the state-action
pairs collected in step h up to episode k, i.e., ZF =
{(s},a},)}refk—1)- In Wang et al. (2020c), a key step is
to obtain a good approximation of the dataset Z} , denoted

as the sub-sampled dataset z k but with a much lower com-
plexity (i.e., number of distinct points). Thus one can use
Zy ZF to compute a more stable exploration bonus. Wang
et al (2020c) achieve this goal by resampling all existing
data points each time a new data point is added. There-
fore, the algorithm in Wang et al. (2020c) needs to scan the
dataset for H - K times, and the dataset could have size as
large as K. Such a method has two shortcomings. First,
for the same h, the datasets { Z]" } ¢ are similar to each
other, and therefore sub-sampling each of them separately
could be computationally inefficient. Moreover, because of
the randomness of the sampling procedure, the exploration
bonus changes in each episode, and therefore induces a high
switching cost. We tackle these two problems by modify-
ing the sub-sampling algorithm to an online version which
immediately improves the computational efficiency. Fur-
thermore, we can achieve low switching cost by switching
the policy properly according to the sampling procedure.

Now we describe the procedure for constructing the sub-
sampled dataset {Z}}Z | which is initialized to be an
empty set for all h € [H]. At the beginning of episode k,
the algorithm receives { ZF 1} and {(s*~1, aF 1)} L,
i.e., the current sub-sampled datasets and the trajectory ob-
tained in the previous episode. For each h € [H], we
first compute the online sensitiyity score (defined in (1)) of

(Si ! aﬁ 1) with respect to Zk ! by setting Z = Z
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and z = (sF~%, af~") in (1), to measure the importance of
(sit ap1) relative to Z5 .

sensitivity z z(z) 1=
- (f1(2) = f2(2))?
- {ff}iif min{[fy — f>Z, T(H + 12} + B 1} |
(1

For each h € [H], starting with ZA,’j — 2,’:‘1, our algorithm
then adds (s¥~*, a¥~') into ZJ¥ with probability propor-
tional to its online sensitivity score. We also set the weight
(or equivalently, the number of copies added to the sub-
sampled dataset) of (s} ', a} ") to be the reciprocal of the

sampling probability, if added.

Sensitivity scores measure how much new information
(si=!, ay~!) contains relative to the sub-sampled dataset
Z ;f ~1. We recompute the policy if a data point is added to
the sub-sampled dataset (explained in the next section). As
will be demonstrated, the total number of added data points
is bounded by O(d?), and thus the algorithm achieves low

switching cost and low running time.

3.2. Optimistic Planning

‘We now describe how to compute an optimistic policy once a
new data point is added to the sub-sampled dataset. Follow-
ing Wang et al. (2020c), we calculate the new Q-functions
using least-squares value iteration. Formally, we calculate
Q% Q% |, ..., Q) as optimistic approximation of the opti-
mal Q-functions iteratively. Foreachh = H, H — 1, ..., 1,
we solve the following optimization problem:

fi &
k—1 2
argminz (f(s,TL, ay,) — (rﬁ + raneaj(Qﬁﬂ(s;H, a)))

and set the estimated Q-function to be QF(-,-) <+
min { fF(-,-) + bf(-,-), H}, where bf(-,-) is an explo-
ration bonus defined by the sub-sampled dataset ZA}’j We
will discuss how to compute the b (-, ) shortly. The policy
is defined as the greedy policy with respect to Qﬁ.

3.3. Exploration Bonus

In this section we introduce our design of the explo-
ration bonus. The goal of the exploration bonus is such
that our estimate of the Q-function is an upper bound
of the optimal Q-function. Let fr(-,-) = 74(-,-) +
> oes Pu(s'l-,-)ViF 1 (s). The bonus function should mea-
sure the difference between fF(-,-) and f¥(-,-). Here a
natural choice would be

sup |(f1('7')_f2("')|7

f1,f2€]:7|\f1—f2\|;k <B
h

where [ is a parameter determined by the error bound of the
regression problem. As discussed in Wang et al. (2020c), the
above bonus function is not only computationally expensive
but also introduces technical difficulties in proving the regret
guarantee of the algorithm. Fortunately, as we have already
obtained a sub-sampled dataset, Z,’f, which is a simplified
version of the true dataset Z’,j, the bonus function can be
simply defined to be

bE(, ) sup
f1,J‘QGJ""»HflfﬁHQZA,}i <B

|(f1(7) - f2(7)‘

3.4. Computational Efficiency

Our algorithm can be implemented efficiently by only as-
suming access to a Regression Oracle, which is a mild as-
sumption and is common in the literature (Foster et al., 2018;
Foster & Rakhlin, 2020; Foster et al., 2020). Benefiting from
both the online sub-sampling and the low-switching prop-
erty, our algorithm only takes O(poly(dH) - | A|) time per
round on average with access to a regression oracle. The
details are deferred to the appendix.

3.5. Theoretical Guarantee

Theorem 1. Under Assumption 1, for sufficiently large T,
with probability 1 — 6, the algorithm achieves a regret bound

Regret(K) = O(\/t1 - H® - T) where

11 =log(TN(F,5/T?)/6) - dim%(F,1/T) - log*> T
-log (N(S x A,6/T?) - T/5)

and the global switching cost is bounded by N sf,m,h =0(1a-
H) where

1o = log(TN(F,5/T?)/6) - dimp(F,1/T) - log* T.

Furthermore, with probability 1 — ¢ the algorithm takes

O(poly(dH) - | A|) time per round on average with access
10 a regression oracle.

Note that our regret bound is the same with that in Wang
et al. (2020c) when applied to the same setting, whereas our
running time and switching-cost are much lower.

4. Conclusion

We establish a novel RL algorithm with general function
approximation using the online sub-sampling technique.
Our algorithm greatly improves the computational efficiency
compared to that in Wang et al. (2020c) and enjoys nearly
the same regret bound. Furthermore, our algorithm achieves
low switching cost, making it appealing to be implemented
in real-life scenarios. Moreover, the algorithm can be easily
modified to provably explore the environment without the
guidance of a reward function.
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Organization. The appendix is organized as follows. In Section A, we present missing notations, definitions and
algorithms. In Section B, we discuss related works and its comparisons with our work. In Section C, we extend our results
to the reward-free RL setting and state the theoretical guarantee in this setting. In Section D, we show how to implement our
algorithms efficiently and present computation time guarantee. In Section E, we provide a proof sketch for our main theorem.
In Section F, we formalize and prove the properties of the online sub-sampling procedure. In Section G and Section H we
present formal proofs of Theorem 1 and Theorem 2. In Section I, we present our results in the misspecified setting, i.e., the
case when Assumption 1 and Assumption 3 only hold approximately.

A. Missing Notations, Definitions, and Algorithms

A.1. Missing Notations

We define the infinity-norm of function f : S x A — Rand v : § — Ras: [[f[lec = sup(, 4yesxalf(s;a)| and
[lv]loc = supgegs [v(s)|. Given a dataset D = {(s;,a;,¢;)}-; €S x A xR, for a function f : § x A — R, we define
1fllo = (i, (f(sisai) — qi)2)1/2. For n events &1, &, . . ., &, we write

Pr(Elé'g .. Sn) = Pr(Sl n 52 Mn...N gn)

For a event £, we use I{£} to denote the indicator function, i.e.,

Ie) = {1 £ holds

0 otherwise

For a event £, we use £° to denote its complement. For a multiset Z, we use | Z| to denote the cardinality of Z, and ny(Z)
the number of distinct elements in Z.

A.2. Missing Definitions

The eluder dimension (Russo & Roy, 2013) of the function class F is defined as follows. We remark that a wide range of
function classes, including linear functions, generalized linear functions and bounded degree polynomials, have bounded
eluder dimension. For more examples and more discussion, see Russo & Roy (2013); Osband & Van Roy (2014); Li et al.
(2021).

Definition 1 (Eluder Dimension). Let e > 0 and Z = {(s;,a;)}"_y C S X A be a sequence of state-action pairs.

(1) A state-action pair (s,a) € S x A is e-dependent on Z with respect to F if any f, f’ € F satisfying ||f — f'|lz < e
also satisfies |f(s,a) — f'(s,a)| < e

(2) An (s, a) is e-independent of Z with respect to F if (s, a) is not e-dependent on Z.

(3) The e-eluder dimension dim g (F, €) of a function class F is the length of the longest sequence of elements in S x A
such that, for some €' > ¢, every element is € -independent of its predecessors.

The covering numbers are defined as follows. Since our final regret bound depends logarithmically on the covering numbers,
it is acceptable for the covers to have exponential size.

Assumption 2 (Covering Numbers). The function class F, and state-action space S x A both have bounded covering
numbers. Concretely, for any € > 0, there exists an e-cover C(F,€) C F with size |C(F,€)| < N(F,e€), such that for any
[ € F, there exists f' € C(F,e) with ||f — f'||cc < €. Also, there exists an e-cover C(S x A, €) with size |C(S x A, €)| <
N(S x A, e), such that for any (s, a) € S x A, there exists (s',a’) € C(S x A, €) withsup e x | f(s,a) — f(s',a")] < e

A.3. Missing Algorithms

The main algorithm is presented in Algorithm 1. The online sub-sampling algorithm used in the main algorithm is presented
in algorithm 2.

B. Related Works and Comparisons

Tabular RL. There is a long line of theoretical work on the sample complexity and regret bound for RL in the tabular
setting. See, e.g., (Kearns & Singh, 2002; Kakade, 2003; Szita & Szepesvari, 2010; Jaksch et al., 2010; Azar et al., 2013;
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Algorithm 1 Low Switching Cost Value Iteration

Input: Failure probability § € (0, 1), number of episodes K, and function class F.
l}Ae 1
Zl +{} VhelH]
for episode £ = 1,2, ..., K do
forh=H,H—-1,.,1do
ZF « Online-Sample(F, 271, (si 1 af™1),0) (if k > 2)
end for )
if k = 1or 3h € [H] ZF # ZJ then
kk
Qlﬁ[ﬂ('v ) O’Vf]hl(') +0
forh=H H—-1,..,1do
D}Ii « {(sf,,af,, mh, + V}f+1(5;+1))}re[k—1}
ffli — argminfefoHQDZ
bh(+y+) <= SUDf, foe F | fr—fal2, <8 [(f1(+0) = fa(s )]
h

Qﬁ(~, )~ Inin{f,’f(~, )+ b’;;(o, ), H} and th(~) = maXgecA Q’,j(~, a)
7()  argmax, ¢ 4Qk (- a)
end for
end if
Receive initial state s
forh=1,2,..,Hdo
Take action af < 7} (s) and observe s§ ; and 7}
end for

end for

Algorithm 2 Online-Sample(F, Z, 2, §)

Input: Function class F, current sub-sampled dataset Z C S8 x A, new state-action pair z, failure probability § € (0,1)
Let p, to be the smallest real number such that 1/p, is an integer and

p- > min{l, C' - sensitivity z - (2) - log(TN (F, \/0/64T3)/5)}

LetZ € C(S x A, 1/16,/64T3/6)) such that sup s = [ f(2) — f(2)| < 1/16/64T3 /6
Add 1/p, copies of Z into zZ (or equivalently, set the weight of Z to be 1/p,) with probability p,
return Z

Osband & Van Roy, 2016; Azar et al., 2017; Jin et al., 2018; Sidford et al., 2018; Zanette & Brunskill, 2019; Agarwal et al.,
2020b; Wang et al., 2020a; Zhang et al., 2020a; Sidford et al., 2020; Cui & Yang, 2020a; Li et al., 2020) and references
therein. However, as these results all depend polynomially on the size of the state space, they can not be directly applied to
real-world problems with large state spaces.

RL with Function Approximation. As mentioned above, because of the large state spaces in real-world problems, it
is more desirable to design and analyze algorithms with function approximation. The most basic and frequently studied
setting is RL with linear function approximation. See, e.g., (Yang & Wang, 2019; 2020; Jin et al., 2020b; Du et al., 2019;
Wang et al., 2019; Zanette et al., 2020a;b; Du et al., 2020; Cui & Yang, 2020b; Agarwal et al., 2020a) for recent theoretical
advances.

Recently, there are a number of results analyzing RL with general function approximation. Jiang et al. (2017) design
a provably efficient algorithm whose sample complexity can be upper bounded in terms of the Bellman rank. Ayoub
et al. (2020) propose an algorithm for model-based RL based on value-targeted regression. Jin et al. (2021) develop an
algorithm for problems with bounded bellman eluder dimension. Du et al. (2021) propose an algorithm for Bilinear Classes.
Unfortunately, the above methods in general require to solve computationally intractable optimization problems. Wang et al.
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(2020c) design a LSVI-based model-free algorithm whose regret bound depends on the eluder dimension of the function
class. However, as mentioned before, their algorithm requires at least (K2 H?) computation time and has Q(K) switching
cost. Foster et al. (2020) also propose a LSVI-based algorithm whose regret bound depends on the notion of disagreement
coefficient which is upper bounded by the eluder dimension of the function class. However, the algorithm of Foster et al.
(2020) also requires at least (K2 H?) computation time and has (/) switching cost. Moreover, the algorithm of Foster
et al. (2020) additionally requires the block MDP assumption.

Reward-Free and Low Switching Cost. The reward-free setting is proposed in (Jin et al., 2020a). Kaufmann et al. (2020)
refine the algorithm proposed in (Jin et al., 2020a) with improved sample complexity. Wang et al. (2020b); Zanette et al.
(2020b) further design provably efficient algorithms with linear function approximation in the reward-free setting. Bai et al.
(2019) is the first work that studies switching cost in RL. This problem was later studied in (Zhang et al., 2020b; Gao et al.,
2021; Wang et al., 2021). Our work focus on the global switching cost studied in (Gao et al., 2021).

Online Sub-Sampling. Our core technique, sub-sampling by online sensitivity score, is inspired by the sensitivity
sampling technique introduced in (Langberg & Schulman, 2010; Feldman & Langberg, 2011; Feldman et al., 2013) and the
online leverage score sampling technique introduced in (Cohen et al., 2016). However, as mentioned earlier, the algorithm
and analysis in (Cohen et al., 2016) works only for linear functions, and the framework in (Langberg & Schulman, 2010;
Feldman & Langberg, 2011; Feldman et al., 2013) can only deal with static datasets. On the other hand, our techniques can
deal with general function classes while operate in an online manner.

Comparison with Wang et al. (2020c) on Sampling Procedure. Our sub-sampling procedure is different from that
in Wang et al. (2020c) in the following two aspects. First, the algorithm in Wang et al. (2020c) resamples the whole
dataset once a new data point is obtained, while in our algorithm, either the sub-sampled dataset keeps unchanged, or
(multiple copies of) the new data point is added to the subsampled dataset. Moreover, the definition of the sensitivity score
in Wang et al. (2020c) depends on the whole dataset, while in our algorithm, the definition depends only on the current
sub-sampled dataset Z,lf_l . These two differences are crucial for the low switching cost and low running time of our
algorithm. Furthermore, as we will show later, even under this new definition of sensitivity score, the size of the sub-sampled
dataset is bounded and the sub-sampled dataset provides a good approximation to the confidence set.

On the Linear Setting. When F is the class of d-dimensional linear functions, the global switching cost bound given in
Theorem 1 is O(d? H), which is worse than the O(dH ) bound given in Gao et al. (2021). However, for linear functions,
our sampling procedure is equivalent to the online leverage score sampling (Cohen et al., 2016), and therefore, by using
the analysis in (Cohen et al., 2016) which is specific to the linear setting, the switching cost bound can be improved to
O(dH ), matching the bound given in Gao et al. (2021). Using the same technique, our regret bound can be improved to
5(\/ d3 H3T) in the linear setting, matching the bound given in Jin et al. (2020b); Gao et al. (2021).

C. Online Sub-Sampling in the Reward-Free Setting

In this section we show that our results can be extended to the reward-free exploration setting, in which the agent explores
the environment without the guidance of a reward, while achieving both low switching cost and computation efficiency. We
begin with some basics and notations of reward-free RL.

C.1. Reward-free RL

The reward-free RL contains two phases, the exploration phase and the planning phase. In the exploration phase, the agent
interacts with the MDP in episodes as usual, but receives no reward signal. After the exploration phase, the agent is given
a reward function in the planning phase. The goal of the reward-free RL is to output a near-optimal policy with respect
to the given reward function with no additional access to the environment. As mentioned in Jin et al. (2020a) and Wang
et al. (2020b), this paradigm is particular suitable for the batch RL setting and the setting where there are multiple reward
functions of interest.
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Notations. Slightly changing the notation, we define the value (action-value) functions with respect to a given reward
function r = {r,}/__, as

H
Vir(s,r) =E Z Th(Spryan)| $p = s,w]

h'=h

and

H
Qh(s,a,r) =E Z Th(Spr,an)| Sh = s,ap = (1,7T‘| .

h'=h

The optimal value (action-value) functions V,*(s,r) and Q7 (s, a, r) are defined similarly. We say a policy 7 is a e-optimal
policy with respect to 7 if Vi*(s1,7) — V{"(s1,r) < e. The global switching cost in the reward-free RL setting is defined as
the number of policy changes in the exploration phase: Nf\iimh = Z?;l I{rm) # 711}, where 7, is the policy used in the
k-th episode of the exploration phase.

C.2. Algorithm

The algorithm consists of two phases: an exploration phase and a planning phase. Below, we introduce our algorithm.

Algorithm 3 Exploration Phase
Input: Failure probability 6 € (0, 1), number of episodes K, and function class F.
k1
Zl +{} VhelH]
for episode £ = 1,2, ..., K do
forh=H H-1,.,1do
Z} + Online-Sample(F, Z 1, (si~ 1, af™1),8) (if k > 2)
end for N .
if k=1o0r3h € [H] ZF # ZF then
k< k
Q}fi-s-l('v ) < O,V]’}H(-) <0
forh=H H—-1,..,1do
Dili «~{(sh, a, fo}l(s;-LJrl))}TE[kfl]
f;]f — argminfe}-HfH%ﬁ

ACOES SUP| f,— o112, < [ (f1 () = fa )]
Z(’ ) — mln{fi]f(v ) + bﬁ(v ) + T}Ii(, )7H}
th(~)%maxa6AQ’fL(~,a)
WZ() — argmaxaeAQ’fL(, a)
end for
end if

Receive fixed initial state s;
forh=1,2,..,Hdo
Take action af < 7 (s¥) and observe s§_
end for
end for

Exploration Phase. Our algorithm for the exploration phase is quite similar to Algorithm 1°. The main difference is
that without the guidance from the reward signal, we use the following exploration-driven reward function to encourage

exploration:

The full algorithm used in the exploration phase is presented in Algorithm 3.

3We need to slightly change the choice of 3 in the reward-free setting. See Section F for details.
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Algorithm 4 Planning Phase

Input: Dataset ZX | h € [H], subsampled dataset Z/<, h € [H], reward function r = {r, }!L, and function class F.
Qui1(-) < 0Vaia (1) <0
Zp Z}IL(,Z}L — Z}If
forh=H H-1,..,1do
Dy, < {(s},, aj,, Vh—&-l(s}rﬂrl))}re[K—l]
In argminfe]—'”f”%h
bh(.’ ) = Sup”fl*f2”2§} <B |(f1(7 ) - f2('a )l
@Qn( ) = min{fa(,) +bnl(,) +7u(-), H}
Vi() ¢ maxaea Qn(-, a)
mh(-) < argmax,c 4 Qn (-, a)
end for
return 7 = {m, }2_,

Planning Phase. In the planning phase we do optimistic planning similar to Algorithm 1, but with real reward instead of
exploration-driven reward. We still add the bonus function to guarantee optimism.

C.3. Assumptions
Before presenting our theoretical guarantee, we need to make a few assumptions on the function classes used in the algorithm.
The first assumption is on the expressiveness of the function class F.
Assumption 3. Forany h € [H| and any V : S — [0, H|, there exists fyy € F which satisfies
fv(s,a) = Z Py(s']s,a)V(s")
s’eS

forall (s,a) € S x A

Compared to Assumption 1, with no reward function, Assumption 3 can be regarded as a constrain on the transition core.
Intuitively, this assumption guarantees that we can use function class F to effectively explore the transition operator.

In Linear MDPs, it is assumed that the reward function is linear in the feature extractor. Instead of making explicit assumption
on the structure of the reward function, we assume the reward function given in the planning phase belongs to a function
class with bounded covering number.

Assumption 4. The reward function r = {r, }_, belongs to a function class R C {S x A — [0,1]}, i.e., 7, € R for all
h € [H]. And for any € > 0, there exists an e-cover C(R, €) with size [C(R,€)| < N(R,€).

C.4. Theoretical Guarantee

Now we state our theoretical guarantee in the reward-free RL setting.
Theorem 2. Suppose Assumption 3 holds and T is sufficiently large. For any given § € (0, 1), after collecting K trajectories
during the exploration phase (by Algorithm 3), with probability at least 1 — 6, for any reward function r = {rh}le
satisfying Assumption 4, Algorithm 4 outputs an O(H? - \/11/ K)-optimal policy for the MDP (S, A, P,r, H, s1). Here,

11 =log(N(R,1/T)) - dimg(F,1/T)

+1og(TN(F,5/T?)/5) -1og® T - dim%,(F, 1/T) - log (N'(S x A, 5/T?) - T/9).
Moreover, the global switching cost of Algorithm 3 is upper bounded by
NE = O(H - 1)

switch

where
1o = log(TN(F,5/T?)/6) - dimp(F,1/T) - log* T.

Furthermore, with probability at least 1 — §, Algorithm 3 takes O(poly(dH ) |A|) time per round with access to a regression
oracle.
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Using ideas in the proof of Theorem 1, the proof of Theorem 2 follows rather straightforwardly from Wang et al. (2020b).
The high-level idea is to show that, after the exploration phase, for any reward function, the error of the planning policy
is upper bounded by the expectation of the bonus functions, which is shown to be small enough using results proved in
Theorem 1. The formal proof of Theorem 2 is presented in Section H.

Remark 1. Let d(T,6) = max(log(N(R,1/T)), log(N(F, §/T?)), dimg(F,1/T), log(N (S x A,6/T?))). Then
the output policy is guaranteed to be 6(H3 -d(T, 6)? /v K)-optimal with high probability. In the tabular case we have
d(T,6) = O(|S||A| - poly log(|S||A|T6~1)) = O(|S||A|). When F and R are both the class of d-dimensional linear
functions we have d(T, ) = O(d - poly log(dT6~1)) = 6(d) However, it is hard to rigorously show this kind of property
when F and R are both general function classes. Generally speaking, if d(T,5) = O(d* - polylog(d*Té~1)) = 5(d*)
where d* depends only on the complexity of F and ‘R, then the output policy is guaranteed to be 6(H 3. (d*)?/VK)-optimal
with high probability. Thus for any € > 0, by taking K = C - (d*)*H® - ¢=2 - polylog(d*Td~te~1) where C > 0 is a
sufficiently large constant, our algorithm guarantees to output an e-optimal policy after exploring the environment for
O((d*)*HSe™2) episodes. In this case, our sample complexity bound and switching cost bound become O((d*)* H%¢=2)
and 5( (d*)2H). In particular, when F and R are the class of d-dimensional linear functions, our sample complexity bound
can be improved to 6(d3H 5¢=2) with refined analysis using the technique mentioned in Section B, matching the bound
given in Wang et al. (2020D).

D. Computational Efficiency

In this section we show how to implement our algorithms efficiently by assuming access to the following Regression Oracle.
We remark that this is a mild assumption since the regression problem is common in machine learning practice and can
usually be solved efficiently. This assumption also commonly appears in the literature (Foster et al., 2018; Foster & Rakhlin,
2020; Foster et al., 2020).

Regression Oracle. We assume access to a weighted least-squares regression oracle over the function class G, which
takes a set U of weighted examples (w, z,y) € Ry x (S x A) X R as input, and outputs the function with the smallest
weighted squared loss:

ORACLE(H,G) = argmingeg > w(g(z) —y)*.
(w,z,y)€U

Furthermore, we assume that the time cost of an oracle call grows linear in |U]. Given this oracle, one can solve the
following optimization problem efficiently using time proportional to the number of distinct elements in Z by directly
calling the oracle with G = F — F := {f1 — fa|f1, f2 € F}:

min | f1 = foll + 5 (Fi(s,) = fals.a) — 2H)? @)

where w > 0 is a parameter. Such a procedure can be then used to solve the following constrained optimization problem
approximately:

max fi(s,a) — fa(s,a) st. || f1 — fol|% <€, f1,fo € F. 3)

We adopt ideas from Foster et al. (2018): we do binary search over w to find the proper value of w and then the solution
of (2) gives an approximate solution to (3). The full algorithm is presented in Algorithm 5. The following theorem shows
that when F is convex, algorithm 5 solves the constrained optimization problem up to a precision of « in O(log(1/a))
iterations, i.e., O(log(1/«)) oracle invocations. When F is not convex, the constrained optimization problem can be solved
with O(1/a) oracle invocations using the techniques in (Krishnamurthy et al., 2017).

Theorem 3. Assume that the optimal solution to the following constrained optimization problem is g* = f{ — f3.
maximize f1(s,a) — fa(s,a)

subjectto ||fi — fol% < B, fi,fa €F

We run algorithm 5 to solve the above problem. If the function class F is convex and closed under pointwise convergence,
then algorithm 5 terminate after O(log(1/«)) oracle invocations and the returned values satisfy

|z — 9% (s,a)| < au
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Algorithm 5 Binary Search

1: Input: Dataset Z, objective (s, a), tolerance 3, precision «
G—F-F
R(g,w) = llgl% + 5 (9(s,a) = 2(H + 1))*,Yg € G
wy < 0, wy + B/(a(H + 1))
gr, < 0,z <0
gH argmingEgR(g,wH), zg < gu(s,a)
A+~ aB/(8(H +1)3)
while |z — 21| > aand |lwg —wr| > A do
w (’U)H + wL)/2
g « argmin, g R(g,w), Z < §(s,a)
if 3]% > ¢ then
WH < w, ZH z
else
wy, < w, 21 z
end if
: end while
: Output: zg

R A A

—_ e e
RN A o S el

Note that if F is convex, then F — F is also convex due to the following equation:

A= f2) + (1= V(s = fa) = (\fa+ (L= N fa) = Mfe + (1= ) fa).
The rest of the proof is identical to Theorem 1 of (Foster et al., 2018). We omit it here for brevity.
Computing Exploration Bonus and Sensitivity. We now show how to reduce the computation of the exploration bonus

and online sensitivity scores to the constrained optimization problem in (3). Given a dataset Z and a state-action pair (s, a),
the exploration bonus is essentially the solution to the following constrained optimization problem:

max fl(s,a) - f2(sva) s.t. Hfl - f2||22 S Ba f17f2 S fv

which can be easily reduced to the constrained optimization problem in (3). On the other hand, the estimation of the online
sensitivity score can be reduced to the following optimization problems:

max fl(saa) - f?(sva) s.t. ”fl - f2H2Z < 204’ fla.fQ eF
for a € {0,1, ..., log(T(H + 1)?), +00}. Indeed, assuming the solution of the above problem is f{*, f5* for some «, and let

a _ fa 2
snsitvi.2(2) = mo {min {1

We then have 1 < sensitivity ; »(z)/sensitivityZ' »(z) < 2. Note that a 2-approximation of the sensitivity score is sufficient

for our analysis. Hence, both the exploration bonus and the sensitivity scores can be computed in time proportional to the
size of Z,’f, ie., O(d?).

Time Complexity of the Algorithm. For the online sub-sampling procedure (Algorithm 2), as the online sensitivity score
is computed using the sub-sampled dataset and the size of the sub-sampled dataset is bounded by O(d?), this step takes

5(poly(dH )) time per episode. For all h € [H], the computation of fF can be done efficiently by directly calling the
regression oracle with G = F. Since we only compute f,’f when the sub-sampled dataset Z,’; is changed, and each Z,’f will
be changed for at most O(d?) times, this step takes time O(poly(dH) - |.A|) on average for each episode. Similarly, the

computation of the exploration bonus also takes time O(poly(dH) - |A|) on average.

E. Proof Sketch

Now we present the major steps for proving Theorem 1. The detailed Proof is given in the Section F and Section G.
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The Online Sub-Sampling Algorithm. In order to establish the correctness and effectiveness of our algorithm, we need
to show that (i) the sub-sampled datasets Zh always have bounded size and (ii) each Zk , provides a good approximation to
Z }f In our proof (Proposition 2), we first show that the summation of the online sensitivity scores is upper bounded by
5(d2) if we use Zj k (the original dataset) instead of ZA k (the sub- sampled dataset) to calculate the online sensitivity scores.
This is established by a combinatorial argument (cf. Lernma 5) which draws a connection between the eluder dimension and
the summation of the online sensitivity scores. However, in our algorlthm for efficiency considerations, we use Zk » instead
of Zj ¥ to calculate the sensitivity scores. Fortunately, as we will show, Zk  provides an accurate estimation to Zk . Moreover,
thanks to the design of the online sensitivity scores, their summation is robust to perturbatlons on the datasets. Hence, the
summation of the sensitivity scores can be bounded even if Zh is used in replace of ZF. Note that the summation of the
sensitivity scores provides an upper bound on the expected size of the sub-sampled dataset, and a high probability bound
can be easily obtained by using martingale concentration bounds.

In order to show that the sub-sampled dataset provides a good approximation to the original dataset, in our proof (Proposi-

tion 1), we show that the confidence set induced by the sub-sampled dataset is close to that induced by the original dataset.

To prove this, for each pair of f1, fo € F, we show that || fi — f2|| 51 to close to || f1 — fa| z»» and therefore the confidence
h Y

set is approximately preserved. In order to show that || f1 — f2| zx is close to || fi — f2[| zx, we note that sub-sampling
h

proportional to online sensitivity scores implies that the estimator is unbiased and has low variance, and thus the desired
result follows by Bernstein-type martingale concentration bounds.

Regret Decomposition. The proof of Theorem 1 consists of a standard regret decomposition step that decomposes the
regret as the summation of the exploration bonus which is common in optimistic algorithms. Here, one core step is to show
optimism, which requires that our exploration bonus upper bounds the estimation error. To show this, one needs to show
that the least-squares estimator f,’f is close to TQQ 41, Where 7T is the Bellman backup operator. To tackle the dependence
between the collected samples and Qﬁ 1> we apply a uniform convergence argument which also appears in Jin et al. (2020b);
Wang et al. (2020c). Here, we need to build a cover over all possible estimated Q-functions Qﬁ. This is possible since the
sub-sampled dataset that defines the exploration bonus b} has bounded complexity. Once optimism is established, we can
then use the mechanism developed in Russo & Roy (2013) to bound the summation of the exploration bonus in terms of the
eluder dimension.

The Switching Cost. In order to achieve low switching cost, we change the policy only when the sub-sampled dataset is
changed. This is best understood from a regret decomposition perspective. Note that our exploration bonus depends only on
the current state-action pair and the sub-sampled dataset Z k, and therefore, if the sub-sampled dataset Z;; ZF does not change,
the exploration bonus will also be unchanged. Hence, in terms of the summation of the exploration bonus our algorithm
(which switches policy only when the sub-sampled dataset is unchanged) is as good as the ideal algorithm which changes its
policy in each round. For the ideal algorithm, the summation of the exploration bonus can be upper bounded in terms of the
eluder dimension using ideas in Russo & Roy (2013). Thus, the regret of our algorithm can also be upper bounded in terms
of the eluder dimension.

F. Properties of Online Sub-Sampling

In this section we first formalize the properties of the online sub-sampling procedure. We then give complete proofs of these
properties.

F.1. Choice of the parameter

We elaborate the choice of 8. In our algorithms, (3 is used in the computation of the bonus function and the online sensitivity
score (1). In the standard RL setting (Algorithm 1), we set 3 to be

B =CH? log(TN(F,5/T?)/s) - dimp(F,1/T) -log® T - log (C(S x A,8/(T?)) - T/5).
In the reward-free RL setting (Algorithm 3 and Algorithm 4), we modify the value of 3 to be

B =CH?- (log(N(R,1/T)) - dimp(F,1/T)
+1log(TN(F,5/T?)/6) - dimp(F,1/T) - log? T - log (C(S x A, 5/(T?)) - T/6)).
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F.2. Analysis and Propositions

As mentioned in Section 3.1, we need to show that the sub-sampled dataset ZA’}f

« provides a good approximation to ZF; and

* has a much lower complexity than ZJ (in terms of number of distinct elements).

We define the following enlarged and shrunk confidence sets. For all (k, h) € [K] x [H] and « € [3, +00), define
Bji(a) = {(f1, f2) € F x Fl|fi = fall3y < a/100},
BE(O‘) = {(f15f2> € F x ]:l mln{Hfl - f2||22\;’mT(H+ 1)2} < O[},

—k
By (o) == {(f1,f2) € F x Flllf1 = f2llZ; < 100a}.
For each (k, h) € [K] x [H], we use EF () to denote the event that
=k
Bj (o) € Bjj(a) C B (o).
Furthermore, we denote that

& = () Er(100"B).
n=0

Event £F characterizes the meaning of “good approximation”. In fact, if £F happens, we can show that || f; — fa| k18
h

close to || f1 — f2| z# UP to a constant factor, thus the confidence set induced by Z * is accurate. The following proposition
verifies that £ }’f happens with high probability.
Proposition 1.

H K
Pr (ﬂ N 5,’j> >1-6/32.
h=1k=1

Moreover, we define the following bonus functions calculated by Z }’f instead of Z. ,’f:

bi(v) = sup |(f1('7')_f2('7')|a

||f1*f2\|2z;; <B/100
by () = sup [(Fr(Ce) = fa(0)]-

|‘f17f2|‘22k <1008

h
If EF happens, by taking o = /3, we have that
, -k
bﬁ(v ) < bZ('a ) < bh('7 )

which verifies the correctness of our bonus function b,’i used in the algorithm.

Proposition 2 bounds the size of Z, k.
Proposition 2. With probability at least 1 — §/8, the following statements hold:

1. For any fixed h € [H|, the subsampled dataset ZA,’§ (k=1,2,..., K) changes for at most
Smax = C - 1og(TN (F,+/6/64T3)/6) - dimp(F,1/T) - log* T
times for some absolute constant C' > 0.
As a result, for any pair (k,h) € |K] x [H], nd(ZA}lf) < Smax-
2. Forany (h,k) € [H] x [K], R
|ZF| < 6413 /6.

In the following two sections we prove Proposition 1 and Proposition 2. Throughout the proof, We use .%, to denote the
filtration induced by the history up to episode & (include episode k) and use E;, to denote the expectation conditioned on .Z,.



Online Sub-sampling for Reinforcement Learning with General Function Approximation

F.3. Proof of Proposition 1

For completeness, we state a Bernstein-type martingale concentration inequality which will be frequently used in our proofs.

Lemma 1 ((Freedman, 1975)). Consider a real-valued martingale {Yy, : k = 0, 1,2...} with difference sequence { X}, :
k =1,2,...}. Assume that the difference sequence is uniformly bounded:

| X%| < R almost surely for k = 1,2,3, ...
For a fixed n € N, assume that

D Epa(XP) <o”
k=1

almost surely. Then for allt > 0,

PUY, — Yo > 1) < 2expd - 12
n = =~ X — .
0 PV 2R3

The next lemma upper bounds the size of é,lf
Lemma 2. With probability at least 1 — § /64T,
|ZF| <64T3/5 V(k,h) € [K] x [H].
Proof. Consider a fixed pair (k, h) € [K] x [H]. By Markov’s inequality we have that
23] < 647|251/
holds with probability at least 1 — 6/(647). With a union bound for all (k, h) € [K] x [H] we complete the proof. [

Now we start to analyze the events defined in Section F.2. Recall that in Section F.2 we mentioned that event X characterizes
the meaning of “good approximation”. Our next lemma formalizes this intuition.

Lemma 3. If 5;‘2 happens, then

1 2 : 2 2 2 2
m”fl - f2||z}f < min{||f1 — f2||§;f,T(H+ 1)*} < 10000 f1 — f2||g;§a V[ f1 — f2Hg;f > 1008

and
min||fy = fol[ 2, T(H +1)*} < 100008, V||f1 = folZ < 1008.

Proof. If || fi — fol|% < 1008, we have (f1, f2) € B};(100008). From £F we know (f1, f2) € Bf(1000083), which
h
implies the desired result.

If | f1 = f2l|%x > 1008, assume that 100" < || f1 — f2[|%x < 100"*!3, n € N*. Then we have (f1, f2) ¢ BZ(lOO”flﬁ)
h h

and also (f1, f2) ¢ BF(100"~13). This implies that min{|| f; — f2||2§k,T(H +1)%2} > 100""13 > ﬁ”fl — f2||22;f.
h
Similarly, we have (f1, f2) € By (100"+23), then also (f1, f2) € BF(100"23). Thus we have min{|| f; — foll %0, T(H +
h
12} < 1007426 < 10000].f; — foll%,. .
h

Recall that Proposition 1 states that ﬂhH:1 ﬂkK:1 5}f happens with high probability. As will be shown in the proof of

Proposition 1 later, to bound the probability of th=1 ﬂ,f:l EF we only need to bound Pr (5&5,%...55_1(55(100”@)0).
Note that £F(100"3) always holds if 100”3 > T'(H + 1)2. We establish the following lemma.

Lemma 4. Fora € [3,T(H + 1)%],

Pr(EAER..EF 1 (EF())C) < 5/(32T7).
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Proof. We use ?Z to denote the dataset without rounding, i.e., we replace every element Z with 2z in ZA}’f Denote
Cy :=C -1log(TN(F,+/6/64T3)/5) to be the parameter used in Algorithm 2.

Consider a fixed pair (f1, f2) € C(F, /0/(64T3)) x C(F,/9/(64T3)).

For each i > 2, define
Z; = max{||f1 — leléi,min{llfl f2HZ7 L T(H +1)%}}

and
= (fi(z) = falz ) i~V is added into Z,, and Z; < 2000000a
Zh .
Yi=1o 2= is not added into Z,, and Z; < 2000000« *
(fi(z ) = falzh 1)) Z; > 2000000

Y;’s are used to pharacterize the sampling procedure. Note that Y; is adapted to the filtration .%;, and E;_[Y;] =
(fi(zi 1) = f2(2i1))%. In order to use Freedman’s inequality, we need to bound Y; and its variance.

Ifp,i-s = Lormin{| f - f2||zl +, T(H+1)?} > 20000000, then Y; —E;_1[Y;] = Var;_1[Y; —E;_1[Y;]] = 0. Otherwise
from the definition of p, in Algorlthm 2 we have that:

Vi = B [Vill < (min{[|fy = foll 30, T(H +1)°} + ) - 1/Cy
< 3000000a/C}

and

Vari_l[Yi — Ei_l[}/zﬂ >~ (fl( ) fQ(Zh ))

< (fi(zY) = fa(zi71)% - 30000000/ Cy.

It is easy to verify that

k
> Var; 1 [Y; — i1 [Y;]] < (30000000r)%/Ch.

=2

By Freedman’s inequality (Lemma 1), we have that

k
Pr{ S - Eia[vi)| > a/lOO}
=2
(a/100)2/2
< 2exp {_ (3000000)2/C; + - 30000000 /3C; }

< (8/64T%)/(N(F,\/5/(64T%)))*

With a union bound, the above inequality implies that with probability at least 1 — 6/(6472), for any pair (f1, f2) €

C(F,+/6/(64T3)) x C(F,/0/(64T3)), the corresponding Y;’s satisfy
k

> (¥ - Eia[Yi)

i=2

< «/100.

Now we condition on the above event and the event defined in Lemma 2 for the rest of the proof.

Part 1: (B} (o) C BF(a)) Consider any pair fy, fo € F with || f; — f2ll%x < @/100. From the definition we know that
h

there exist (f1, f2) € C(F,\/3/(64T3)) x C(F,/5/(64T3)) such that || f; — fillso, || f2 — folloe < \/6/(64T3). Then
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we have that
Iy = FollZy < (fy = fellzg + s = fillzs + 1f2 = foll zp)?
< (1y — follzs +2-\/128]- /6 (64T®))

< a/50.

We consider the Y;’s which corrspond to f1 and fg. Because Hfl —f2||22k < a/50, we also have that ||f1 —fg||2z,€_1 < «a/50.
h h

From £~ we know that min{|| f, — f2||%._,, T(H + 1)?} < 10000c. Then from the definition of Y; we have

é}lz‘,—l?
K
[f1— fz\%z => Y.
i=2

Then || fi — fa ||2§h can be bounded in the following manner:
h

K
1fr = f2||2§ﬁ =>Y
1=2

k
<Y Eia[Yi] + @/100
=2

=|Ifi - f2||23;3 + /100
< 30,/100.

As a result,

fi— fQH%f can also be bounded:
1fi = f2”2§i < (1A - f2||§l; + 11— le?ﬁ +11fe — f2||§’§)2
; A —k
< (lfs = fallze +2- M 5/(64T3))>

< a/25.

Finally we could bound || f1 — f2||2§k
h

1 — f2||%}k < (lfr = fallz + V/64T3 /5/(8+/64T3/6))?
< a.
We conclude that for any pair f1, fo € F with || fi — fo]|%. < «/100, it holds that || f; — f2||22k < «. Thus we must have
h h

Bj(a) C Bf(a).

Part 2: (B} (a) C EZ(O[)) Consider any pair fy, fo € F with || fi — f2[|%. > 100cv. From the definition we know that
h

there exist (f1, f2) € C(F, \/6/(64T3)) x C(F,/5/(64T3)) such that || fi — f1llso, || f2 — follee < 1/3/(64T3). Then

we have that
11— f2||2z;v = (Ifr = fellze = IIf1 = f1\|z;§ —|lfa — f2||z;§)2
> (lfr = follzr —2-1/I12F]- \/6/(64T3))?

> 50a.

Thus we have || f; — f2H2zk > 50c. We consider the Y;’s which corrspond to f; and f. Here we want to prove that
h

/1 — f2||2§5 > 40cv. For the sake of contradicition we assume that || f; — fZH%ﬁ’; < 40a.
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Case 1: || f1 - f2||22k < 2000000ct. From the definition of Y; we have that
h

K
If1— fQH%E => Y.
i=2

Combined with the former result, we conclude that
~ A~ k k ~ A
/1 — f2||2§Z => Y>> Eia[Yi] - /100 = | fi — Fal%; = @/100 > 50a — /100 = 49a.
i=2 i=2

Then we have

If1 - lel%}e > (1A - f2||§: — /6473 /5/(81/64T5 /5))>
> 40a.

This leads to a contradiction.

Case 2: ||f; — f2||2z};:,1 > 10000000 From £F~! we deduce that || f; — f2||2§},:,1 > 100« which directly leads to a

contradiction.

Case 3: || f— fol|%, > 2000000a and || fy— f2[|%,._, < 10000000 Itis clear that (f1 (2~ ")~ fa(z;~"))? > 1000000a.
h h
From the definition of sensitivity we know that zllj ~1 will be added into ?Z almost surely. This clearly leads to a contradiction.

We conclude that || f; — f2||2§k > 40a.
h

Finally we could bound || — fo[|%,:
h
Ifr = fol%e = (12 = Pollz = 1f1 = fill 2 = 1 f2 = foll2)?
> (Il fr = foll 2 — 2 \/12E] - V/3/(64T9))

> .

We conclude that for any pair f1, fo € F with || fy — f2]|%, > 100008, it holds that || f; — ngzzAk > 1003. This implies
h h
that B (cr) C By (a). O

Proof of Proposition 1. Note that for all (k, h) € [K] x [H]|, we have
Pr(ELER..EF7) — Pr(ELER..EF)
=Pr(ELER..EFH(ER)Y)

=Pr <5,15,3...5,’;—1 (ﬂ 5}:(100”5)) )

n=0

—Pr <5,152...55—1 U (5}:(100”5))“)

n=0

<N Pr(&t€R..EF T (ER(10078))°)
n=0
= > Pr (ELER..EF71(EF (100" B))°) . (4)

n>0,100" B<T (H+1)2
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Combining Equation (4) and Lemma 4, we have that for all (k, h) € [K]| x [H],

Pr(ELER..EF7Y) — Pr(ELER..EF) < §/(32T?) - (log(T(H + 1)%/B) +2) < 6/32T.

gug

Thus for all h € [H] we have

K
=1-> (Pr(&E7..E87") — Pr(E,E7...EF))
k=1
>1-K-(§/32T)
=1-6/32H.
By applying a union bound for all h € [H] we complete the proof. O

F.4. Proof of Proposition 2

We start our proof by showing that the summation of online sensitivity scores can be upper bounded if ZF, i.e, the dataset
without sub-sampling, is used.

Lemma 5. For all h € [H), we have

K-1
> sensitivity zx z(2f) < C - dimp(F, 1/T) log((H + 1)*T) log T
k=1

for some absolute constant C' > (.

Proof. Note that | ZF| < T, thus we have that

L P (f1(zf) = fa(2)))?
senS|t|v|tyZ’;,J-‘(Zh) = min {ff}?é}. min{||f; — f2|\22},f,T(H +1)2} + 6,1

< min{ sup (f1(Z;]f) _ fg(z,’j))Q , 1} .

poper = fallZy +1

For each k € [K — 1], let f1, fo € F be an arbitrary pair of functions such that

(f1(z5) = fa(z5))?
I f1— f2||2z}lf +1

is maximized, and we define L(zF) = (f1(2F) — f2(2F))? for such f; and fo. Note that 0 < L(zf) < (H + 1)2. Let
2
zZE = Ulog((HH) T)=1 za |y 2° be a dyadic decomposition with respect to L(+) (we assume log((H + 1)T) is an

a=0

integer for simplicity), where for each 0 < o < log((H + 1)?T'), define
2o (b e 2K | L(eh) € (H+ 12 270 (H +1)? 272}

and
22 = {2 e 2K | L(zF) < 1/T}.

Clearly, for any 2j; € Z°°, sensitivity zx (z3) < 1/T and thus

Z sensitivityzlﬁyf(z;’f) <1
zhezZeo
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Now we bound Zzﬁeza sensitivityZ;;]_-(ZI;) for each 0 < av < log((H + 1)2T) separately. For each o, let

N, = |2%|/dimp(F, (H +1)%-27271)

and we decompose Z¢ into IV, + 1 disjoint subsets, i.e., Z% = U;V:‘f ! Z7, by using the following procedure. We initialize
zZy = {} for all j and consider each z,’f € Z“ sequentially. For each z,’f € Z*, we find the smallest 1 < 57 < N, such
that zf} is (H + 1)? - 2~ '-independent of Z¢" with respect to F. We set j = N, + 1 if such j does not exist, and use
j(2F) € [Na + 1] to denote the choice of j for zf'. We then add 2} into Z7. For each ZF € Z°, itis clear that 2} is

dependent on each of Z{*, Z5, ..., Z;Y(zk)fr
h

Now we show that for each z,’i € 2z,
4

J(z)
For any 2 € Z%, we use f1, fo € F to denote the pair of functions in F such that
(f1(z5) = fa(25))?
I f1 — f2||2z;c +1

is maximized. Since 2} € Z%, we must have (f1(2F) — f2(2F))? > (H + 1)% - 27*1. Since 27 is dependent on each of
20,25, 25k o and foreach 1 <t < §(2F), we have
h

sensitivityzlgf(z’,f) <

If1 = follze > (H +1)% 2771,

It is important to note that Z{, Z¢,..., Z<

-1 - Z,’f due to the design of the partition procedure. Thus the online
h

sensitivity score can be bounded by:
(fulzh) = Fo(z))* _ (H+1)?-27°
[fi = fellZe +1 = |Ifi = fall%s
h h

H+1)?2.272
. <2/(i(H) — ).
Yot i = fallzp

By the definition of online sensitivity score we have sensitivity zk, #(2F) < 1, thus we conclude that:

sensitivity zx #(2F) < min{- k2 , 1 < = 4k )
" Jz) —1 i(zp)
Moreover, by the definition of (H + 1)? - 2~ !-independent, we have |Z¢| < dimp(F, (H + 1)*-27*7") for all
1 < 7 < N,. Therefore,
> sensitivityzr £(2£) < D Z0]-4/j+ Y 4/Na

sheze ' 1<j<Na €254,

4dimp (F, (H + 1)% - 27271
|22

sensitivityzﬁﬁf(sz) <

<Adimp(F, (H +1)* - 27" ) In(N,) + |29] -

<8dimp(F,(H +1)*-27"1)logT.

By the monotonicity of eluder dimension, it follows that
K—1
Z sensitivityzﬁ-,}-(z,’j)
k=1 '
log((H+1)2T)—1
< Z Z sensitivityz;@f(zﬁ) + Z sensitivityz;k)f(z,’fb)
a=0 zkeze ZReZe
<8log((H + 1)*T)dimg(F,1/T)logT + 1
<9log((H + 1)°T)dimg(F,1/T)log T

as desired. O
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With Lemma 5, now we are ready to prove Proposition 2.

Proof of Proposition 2. Firstly, note that conditioned on £F, which means ZA;f is a good approximation to ZJ, the online
sensitivity score computed with Z f’j will be relatively accurate. Formally, this argument can be stated as

I{EFY - sensitivitygﬁf(z,]f) <C- sensitivityzﬁ7}-(z,’§)

for some absolute constant C' > 0. This property can be easily derived from Lemma 3.

Note that in Algorithm 2,*
p- S sensitivity z #(2) - log(TN (F,+/6/64T3)/6).

Thus from Lemma 5 we know that

K-1 K—-1
S OHEY pa S HER} sensitivity z1. »(2) - log(TN (F, /6/64T%) /)
k=1 k=1

K—-1

< sensitivityzﬁf(z;’f) log(TN(F,/6/64T3)/6)

B
Il

og(TN (F,/5/64T3)/8) dimp(F,1/T)log® T.

<

—_

As we can adjust the constant C' in Proposition 2, we assume that

K-1

Z H{gilf} Dok < Smax /3.

k=1

For2 <k < K,let X }’f be a random variable defined as:

b JUHETY 2T is added into Zk
h — . .
0 otherwise

Then X[ is adapted to the filtration .%),. We have that Ej,_1[X}] = p_r-1 - {1} and By [(XF — Ei1[X[])?) =
h
{1} p.e-1(1 = p_r-1). Note that X} — E;_1[X}] is a martingale difference sequence with respect to .%, and
h h

K K K
Y Bt [(XF — Ex[XRD?T = D HET s (L=pa) <Y HEN'} por < Smax/3,
k=2 k=2 k=2

K K

> Epa[Xf] = szsflﬂ{dj—l} < Simax/3.

k=2 k=2

By Freedman’s inequality (Lemma 1), we have that

K
Pr{ZX;j > Smax}

k=2
<Pr {

K

Z(X}k; - Ek—l[X}kL:]) 2 2Smax/3}
<2exp {—
<6/(32T).

k=2
(28 max/3)%/2
Smax/3 + 2Smax/9

“We use f < g to donote that f < Cg for some absolute constant C' > 0.
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With a union bound we know that with probability at least 1 — §/32,
K
> X < Smax Vh € [H].
k=2

We condition on the above event and ﬂle ﬂle EF. In this case, it is clear that for all h € [H], we add elements into Z Iy
for at most Spyax times. Combining the above result with Lemma 2 completes the proof. O

G. Proof of Theorem 1
G.1. Analysis of the Optimistic Planning

Our next lemma bounds the complexity of the bonus function. This step is essential for showing optimism, as we need to
establish a uniform convergence argument to deal with the dependency in the data sequence.

Lemma 6. With probability at least 1 — §/8, for all (h, k) € [H] x [K], b¥(-,-) € M.
Here M is a prespecified function class with bounded size:
log |IM]
<C" - 1og(TN (F, \/5/64T3)/6) - dimp(F,1/T) - log? T - log (C(s x A, 1/(16+/64T3/3)) - 64T /5)
<C -log(TN(F,5/T?)/5) - dimp(F,1/T) - log> T - log (C(S x A,5/T?) - T/)

Sor some absolute constant C',C > 0 if T is sufficiently large.

Proof. Define M to be the set of all functions with the form:
{16 = LCA A= RIZ <8}, ZeQ
where () contains all set with bounded size:
Q:={Z CC(SxA1/(161/64T3/5)) | |Z| < 64T>/5,n4(Z) < Smax}

where Sp,ax 18 defined in Proposition 2.

Conditioned on the event defined in Proposition 2, 2,’? € Q, and bf(-,-) € M forall (h, k) € [H] x [K]. O

The next lemma estimates the error of the one-step bellman backup.

Lemma 7. Consider a fixed pair (k,h) € [K| x [H]. ForanyV : S — [0, H], define

IDZ(V) = {(S;—w a;—wrg + V(S7};+1))}‘r€[k—1]

and also

fv = argmin;» ”f”%ﬁ(v)'

ForanyV : S — [0, H] and § € (0,1), there is an event Ey, 5 which holds with probability at least 1 — 6, such that for any
V':S = [0, H] with ||V’ — Ve < 1/T, we have

< C - (H+/log(1/5) +log N (F,1/T)).

Zy

For(s) =) = 3 Bals' | V()

s'eS

for some absolute constant C' > (.

Proof. The proof is almost identical to that of Lemma 5 in (Wang et al., 2020c). We provide a proof here for completeness.
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In our proof, we consider a fixed V' : § — [0, H], and define

Py = raly )+ Y0 Pals | )V (s).

s’eS

By Assumption 1, we have that fy (-,-) € F.

For any f € F, we consider ."_1 £7(f) where
En(f) = 2(f (s ap) = fv (s, ap)) - (fv(shsaf) =7, = V(shya))-
Then &7 (f) is adapted to the filtration .%; and E,_4 [¢] (f)] = 0. Moreover,
€L (N < 2(H + 1) [f (575 ak) — fv(sp, ap)| -

By Azuma-Hoeffding inequality, we have

62
: 26] =2er <_8(H+1)2||f—fv||225>'

Let

( (H +1)2 (W) . |f—fv||22k>1/2

<4(H +V)[If = fvlzx - V10g(2/8) + log N(F, 1/T).

We have, with probability at least 1 — 4, for all f € C(F,1/T),

k—1

> &G

T=1

<4(H +V[If = fvlzx - V10g(2/8) +1og N(F, 1/T).

We define the above event to be £y 5, and we condition on this event for the rest of the proof.

For all f € F, there exists g € C(F,1/T), such that || f — ¢||cc < 1/T, and we have

k—1

> &)

=1

k—

<[Sa

=1

<A(H +1)|lg — fvlzs - V10g(2/6) +1og N (F,1/T) + 2(H + 1)
AH +1)(If = fvllzs +1) - V10g(2/0) +1og N(F, 1/T) + 2(H + 1).

)|+ 2(H + 1)

Consider V' : § — [0, H] with ||V’ — V|| < 1/T. We have
[fvr = frllee <V = Vo < 1/T.

For any f € F,

IIfII%:i(v')*IIfoII?:kw'):\If*fv'IIk+?z sioah) = fvr(shap)) - (Fvr (s, af) = = V/(h10))-
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For the second term, we have,

QZ (shrap) = fve(shrap)) - (fv (s, an) =5 = V'(shya))

>2Z (sh»ap) = fv(sh,ap)) - (fv(shyap) = rh = V(shya)) = 4H + 1) - [V = Vo - &

7252 AH+1) |V = Vo -k

—4H +1)(If = fvllzx +1) - V1og(2/0) +1og N (F,1/T) = 2(H +1) —4(H +1) - |[V' = V] - k

>
> —4(H +1)(If = fvrllzp +2) - V10g(2/8) + log N (F,1/T) — 6(H +1).

Recall that fy = argmingc r ”fHDk(v' We have ||fv/||Dk Vi)

0> [ vl vy = v 1D o

= 1fv I3 vy < 0. which implies,

k—1
= [fvr = forllZe +2 (Fvr(shiah) = fur(shiah)) - (fvr (s af) = f = V' (5h41))
T=1

> || fvr - forllZy — 4(H + V(v = forllzg +2) - /10g(2/6) + log N(F, 1/T) — 6(H + 1).

Solving the above inequality, we have,

1fv: = fvllzp < C - (H - \/1og(1/6) +log N(F, 1/T))

for some absolute constant C' > 0.

Our next lemma shows that f}’f belongs to the desired confidence region.
Lemma 8. Let &, denote the event that for all (k, h) € [K] x [H],

175 = Fitll z¢ < B/100
where ff(-,-) =3 co Pu(s'[ )VE () + i),
Then Pr[&;] > 1 — 0/4 provided
B>C-H?* (log(T/5) +1og N (F,1/T) + log | M|)

for some absolute constant C' > (.

Proof. Note that for all (k, h) € [K] x [H],
Qy(--) = min{f5(-,-) + b5 (-,-), H},and
VEC) = max @ (0.
We define
Q = {Hlln{f(, ) + m('? )7H}|f € C(‘Fa l/T)am € M} ) {0}7and
V= {maxq(,a)lg € Q}.
Then log |V| < log M| +log N (F,1/T) + 1.

Conditioned on the event defined in Lemma 6, we have that b%(-,-) € M for all (h,k) €
(k,h) € [K] x [H], Vis a (1/T)-cover of V}¥(.).

[H] x [K]. Thus for all
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For each V' € V, let £y, 5/(s)v 1) be the event defined in Lemma 7. Note that £y, 5 /(s|v|7) also relates to a fixed pair (k, h).
By applying Lemma 7 and a union bound, we have Pr |\ ;. 1) c(x1x(m] ey Sv’g/(g‘wT)} > 1 —0/8. We also condition
on this event for the rest of the proof.

For (k, h) € [K] x [H], recall that fF is the solution to the regression problem in Algorithm 1, i.e., f¥ = arg min s » ||ij%;c
Let V € Vsuch that |V — V| || < 1/T. By the definition of v 5/(s)v|r) (the one relats to this (k, h) pair), we have that

FEC) =) = D P8 ) Vit ()

s'eS
<H/1og(8|V|T/8) + log N'(F,1/T)
<H\/1og(T/8) + log N'(F,1/T) + log | M]|.

2y

as desired. O

Finally, we use the above result to show optimism.

Lemma 9. Let &3 denote the event that for all (k,h) € [K| x [H], and all (s,a) € S X A,
Qh(s,a) < Qi(s,a) < fi(s,a) + 2b4 (s, a)

where f}]f(v ) = Zées/ (S ‘ ) ')Vh+1( ) + rh('v )
Then Pr[€s] > 1—6/2.

Proof. We condition on the event defined in Proposition 1 and £ defined in Lemma 8. Because || f,’f - f,’f || = <8 /100,
— h

from the definition of by we have that | fF(-,) — fF(-,-)| < bJ:(-, ). Moreover, by Proposition 1 we have bj; (-, -) < bf(-, ).

Thus for all (k, h) € [K] x [H], (s,a) € S x A, we have

Qp(s,0)
—min{/}(s, @) + b (5,a), H}
<m1n{fh (s,a) +bZ(s,a) + |f,’f(5,a) - f,’f(s,a)‘ ,H}
§min{fh( a)erf;(s,a)erZ(s,a),H}
<min { ff(s,a) + 2b(s,a), H}
<fF(s,a) + 2b¥(s,0a).

Next we use induction on & to prove Q5 (-, ) < Q¥ (-, -). The inequality clearly holds when h = H + 1. Now we assume
Q1 () < QF 1 (-,-) for some h € [H]. Then obviously we have V;*,, (-) < V¥, | (-). Therefore for all (s, a) € S x A,

Qn(s,a)

:T},(S, a) + Z Ph(S/‘S, a)V}TH(S/)
s'eS

s'eS
:min{ﬁf(s,a),H}
< min {f}f(s, a) + bk (s, a), H}
=Q5(5,a).

<min {rh(s,a) + Z Ph(3’|s,a)V,f+1(5’)’H}
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G.2. Regret decomposition

Now we are ready to bound the regret. For any k € [K], we let k represents the episode index we update the policy to the
one used in the k-th episode.

Lemma 10. With probability at least 1 — 56/8, we have
K H
Regret(K) < 4H~/KH -10g(16/3) + 2> Y " bj(sf, af).
k=1h=1

Proof. ¥(k,h) € [K] x [H — 1], define

&= Pa(slsh af) (ViEr () = Viky () = (Vi (shin) = Vi (sh)-
s'eS

Note that {£}'} is a martingale difference sequence and |€}| < 2H. By Azuma-Hoeffding inequality, with probability at
least 1 — §/8,

K H-—
ZZ €k < 4H\/KH 10g(16/9).

k=1
Conditioned on the above event and £3 deﬁned in Lemma 9, we have

Regret(K)

K
- Z (Q’f(s’f, ab) — QTF (s¥, a’f)) (note that we played . in epsiode k)
o
K -~ -~
=X ( Pi(s'|st,af) (V' (s") = Vo *(s)) + 267 (s, a’f))
k—

= i ((Vzk(sz) Vy " (s5)) + &1 + 2bk(sl’al)>

k=1
<.
K H-1 K H
<D D &+2) > bhlshian)
k=1 h=1 k=1h=1
H-1

K H i
&+ QZ Zbﬁ(sﬁ,aﬁ) (note that bf (-, -) = by (-, "))

K H
<4H\/KH -10g(16/5) + 2> Y b} (sf, af)
as desired. 0

The next lemma bounds the summation of the exploration bonus in terms of the eluder dimension.
Lemma 11. With probability at least 1 — 0/32,

Z F(sk, a¥) < H+ H(H 4 1)dimg(F,1/T) + C - \/dimg(F,1/T)-TH - 3
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for some absolute constant C' > 0.

Proof. We condition on the event defined in Proposition 1 in the proof. Then we have

Kook Kk *ok k
by, (sh,ap) < by(sy,ap)

= sup [(fi(sh,ar) — fa(sh, af)|-
||f1*f2\|2zk <1008
h

In the rest of the proof, we bound Y" 5, bF (s, alf) for each h € [H] separately.

For any given € > 0 and h € [H], let £, = {(sF,a¥)|k € [K],bF(s¥,a¥) > €} with |£,| = Lj,. We will show that there
exists 2 1= (sk,a¥) € L}, such that (s}, af) is e-dependent on at least Lj,/ dimp(F,€) — 1 disjoint subsequences in
Z,’f N L. Denote N = Ly, / dimg(F,¢) — 1.

We decompose L, into N + 1 disjoint subsets, L, = UN_HE{L by the following procedure. We initialize E{L = {} forall j
and consider each z}. € L), sequentially. For each 2} € £}, we find the smallest 1 < j < N such that z}' is e-independent
on L’ with respect to . We set j = N + 1 if such j does not exist. We add zh into £7 afterwards. When the decomposmon

of Ly, is finished, £ ! must be nonempty as £] contains at most dim g (F, ¢) elements for j € [N]. For any 25 € LN+,

¥ is e-dependent on at least Ly, / dimp (F, €) — 1 disjoint subsequences in ZFF N L.

On the other hand, there exist fi, fo € F such that |fi(s},af) — fa(sf,af)] > e and || fi — foll%. < 1005. By the
h
definition of e-dependent we have

(Lyp/dimg(F,e) — 1)e? < || f1 — f2||225 <1003

which implies

€

Let by > by > ... > by be a permutation of {bf (s}, af) }re (k. For any by > 1/K, we have

by by

which implies
" —-1/2
by <| ————-1 - 4/100p.
<m0

Moreover, we have b, < H + 1. Therefore,

. -1/2
k
<1 H 4 1)di 1/K T F 1R ¢ Vi
D by <14 (H+1)dimp(F, 1/K) + . > (dimE(f,l/K) ) V1009
ot dimp (F,1/K)<k<K

<1+ (H 4+ 1)dimg(F,1/K) 4+ C - /dimg(F,1/K) - K - .

Summing up for all h € [H|, we conclude that with probability at least 1 — §/8,

K H
SN bi(sk.af) < H+ H(H + 1) dimg(F,1/K) + CH - \/dimg(F,1/K) - K - 3
k=1h=1

= H+ H(H + 1)dimg(F,1/K) + C - /dimg(F,1/K)-TH - 8
= H+ H(H +1)dimg(F,1/T) + C - \/dimg(F,1/T) -TH - 3

as desired. O
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Proof of Theorem 1. By Lemma 10 and Lemma 11, with probability at least 1 — 35/4, we have

Regret(K)

K H
<4H\/KH -10g(16/5) + 2 > " bj(sf, af)
k=1h=1

—4H\/KH -10g(16/6) + 2 (H + H(H + 1) dimp(F,1/T) + C - \/dimp(F, 1/T)-TH-B)

<\/dimp(F, 1/T) - T H3 - 1og(TA(F, 8/T%)/6) - dim(F, 1/T) - log® T - log (C(S x A,8/(T?)) - T/5)

<\/T- H3 - 1og(TN(F, 8/T)/6) - dim% (F, 1/T) - log® T - log (C(S x A,/(T?)) - T/5).

We also condition on the event defined in Proposition 2, in which case the global switching cost is bounded by O(H - t3).
At the same time, under the event defined in Proposition 2, the size of the sub-sampled dataset ZF is at most O(poly(dH)).

Thus by the analysis in Section 3.4, the algorithm takes O(poly(dH) - |A|) time per round on average with an access to a
regression oracle. O

H. Proof of Theorem 2

Firstly, note that the online sub-sampling procedure used in Algorithm 3 is exactly the same with Algorithm 1. Thus the
properties of online sub-sampling, i.e., Proposition 1 and Proposition 2 still hold. As a special case, Proposition 1 and
Proposition 2 also imply the corresponding results for by, and Z;, used in Algorithm 4.

Lemma 12. With probability at least 1 — §/8, for all (h, k) € [H] x [K], bk (-,-) € M.
Here M is a prespecified function class with bounded size:
log | M|
<C" - 1og(TN (F, \/5/64T3)/8) - dimp(F,1/T) - log T - log (C(s x A, 1/(16+/64T3/3)) - 64T /5)
<C -log(TN(F,5/T?)/5) - dimp(F,1/T) -log? T - log (C(S x A, 5/T?) - T/9).
for some absolute constant C',C > 0 if T is sufficiently large.

As a special case, by, (-,-) € M as well.
Proof. The proof is identical to Lemma 6. O

The next lemma estimate the error of the one-step bellman backup.
Lemma 13. Consider a fixed pair (k,h) € [K] x [H]. ForanyV : § — [0, H], define
D,’i(V) = {(Sﬁ»aﬁ,v(sﬁu))}m[k—l]

and also .
fv = argminfe}- ||f||29;3(v)-

ForanyV : S — [0, H] and § € (0,1), there is an event Ey 5 which holds with probability at least 1 — ¢, such that for any
V'8 = [0, H] with ||V = Ve < 2/T, we have

P = 3 e 1 V()

s'eS

C - (H\/1og(1/8) +1log N'(F,1/T)).

k
Zh

for some absolute constant C' > 0

Proof. A key observation is that ), s Py (s'|-,-)V'(s’) € F due to Assumption 3. The rest of the proof is identical to
Lemma 7. =
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The next lemma verifies the confidence region.

Lemma 14. Let &; denote the event that for all (k, h) € [K] x [H],
173 = 73]l 25 < B/100

where lelf(, )= ZseS/ Pr(s'], ')th-i-l(s/)'
For the planning phase, for all h € [H|, all reward function r in the function class R

e~ il < /100

where fj, = Zses/ Pu(s'|, ) Vht1(8).
Then we have Pr[E;] > 1 — 6/4 provided
B>C-H?* (log(T/5) +1og N (F,1/T) +1og N (R, 1/T) + log | M|).

for some absolute constant C' > (.

Proof. We condition on the event defined in Lemma 12 in the whole proof.

Note that for all (k, h) € [K] x [H],
Qh(-) = min{f; (-,-) + b5 (-, ) + po, b5 (-, )/ H], H}, and
ViE() = max Qh (- a).
We define
Q= {min{f(:,-) +m(, ) + M ylm(,-)/H], H}f € C(F,1/T),m € M} U{0},and
V= {maxq(,a)lg € Q}-

Then log |V| < log M| +log N (F,1/T) + 1.

Because by (-,-) € M, Visa (1/T)-cover of V;¥(-) for all (k, h) € [K] x [H + 1]. Foreach V € V, let Ev. 5/ (16v|T) be
the event defined in Lemma 13. Note that £y 5/(16/v|7) relates to a fixed pair (k,h). By Lemma 13 and a union bound, we

have Pr [ﬂ(k mer)xm ey 5V75/(16|V‘T)} > 1 — 4/16. We also condition on this event.

For (k, h) € [K]x [H], recall that fF is the solution to the regression problem in Algorithm 3, i.e., f} = arg min ;e 7 || fl|3-
h

Let V € V such that |V — V,fﬂrl .o < 1/T. By the definition of £y, 5/(16)v|1) (the one relates to this (k, k) pair), we have
that

Z Pu(s'|)Vik 1 (s)

s'eS

zf
<H\/1og(16|V|T/8) + log N'(F,1/T)
gH\/log(T/é) +log N (F,1/T) + log |IM|.

For the planning phase, we define a new function class:

Fro= {f(a) +T(?)'f € -FvT € R}
Then from the definition of covering number we have that:

C(F*,2/T) < C(F,1/T)C(R,1/T).
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Thus for all h € [H],
Qh(" ) = min{fh('7 ) + bh('7 ) + rh('a )7H}
=min{f"(-,) + bp(-,-), H} (f* € F*),and
Wn() = r(?eaj(Qh(~,a).
We define
Q* := {min{f*(-,-) + m(-,-), H}|f € C(F*,2/T),m € M} U{0},and
V"= {maxq(,a)lg € 2"}
Then we have
log [V*| < log | M| +log N (F*,2/T) + 1
<log | M|+ log N (F,1/T) + log N (R,1/T) + 1.

Because by (-, -) € M, V*isa (2/T)-cover of V;,(-) for all h € [H + 1]. Similarly, for each V' € V*, let Ev,5/(16/v+|1) be
the event defined in Lemma 13. Note that £y 5,(16)v+|7) relates to a fixed pair (k, h) € [K] x [H]. We only consider those
with £ = K. By Lemma 13 and a union bound, we have Pr [ﬂhe[H]’k:K Nvey Evis/ a6y ‘T)} >1-6/16K >1—06/16.
We also condition on this event.

For h € [H], recall that fj, is the solution to the regression problem in Algorithm 4, i.e., f, = argmin; » || f||3, . Let

V € V* such that ||V — Vi1 1|l < 1/T. By the definition of v, 5/(16/v+|7) (the one relates to this 7 and & = K, note that
Z}{( = Zy3), we have that

Fn(s) = D2 P8l ) Vi (s)

s'eS

Zp
<H\/1og(16|V*|T/8) + log N'(F,1/T)
<SH\/1og(T/5) +log N(F,1/T) + log N (R,1/T) + log | M]|.

Combining the above two parts we complete the proof. O

Finally, we use the above result to show optimism, in both the exploration and planning phase.
Lemma 15. Let E; denote the event that for all (k,h) € [K] x [H], and all (s,a) € S X A,

QZ(S’GJJC) < Q];:L(S7a) < f,’f(s,a) +7‘Z('7 ) + 2bi(s,a)

where fii(-,) = Y ses Pa(s'l ) Vi ().
And for the planning phase, for all h € [H), all (s,a) € S x A, and all reward function r in the function class R,

QZ(Sa a, T) < Qh(87 CL) < fh(s7a) + Th('7 ) + 2bh(87 CL)
where fu(,+) = Y s Pa(s'| ) Vaga(s').
Then Pr[&3] > 1 —34/8.

Proof. We condition on the event defined in Proposition 1 and &, defined in Lemma 14. Because || f}’f — f,’f || 2 <8 /100,
h

from the definition of bj; we have that | fF(-,) — fF(-,-)| < bj:(-, ). Moreover, by Proposition 1 we have bj. (-, -) < bf(-, ).
Thus for all (k, h) € [K] x [H], (s,a) € S x A, we have

Qi (s,a) = min{f; (s, a) + rj(s,a) + b (s,a), H}
< min {7E (5,0 + (s,0) + B (s,0) + | E (s, — 7E5.0)
< min {f;’f(s, a) +rf(s,a) +bF(s,a) 4+ by (s, a), H}
< min {fF(s,a) +7r(s,a) + 2b)(s,a), H}
< fr(s,a) +rr(s,a) + 2bf (s, a).

,H
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Next we use induction on h to prove Q; (-, -,7%) < Q%(,-). The inequality clearly holds when h = H + 1. Now we
assume Q1 (-, -, r*) < QF,,(-,-) for some h € [H]. Then obviously we have V7, ; (-,*) < V}F_, (-). Therefore for all
(s,a) € S x A,

Qi (s,a,m%) =¥ (s,a) + Z Py (s'|s,a)Viry (s, 7F)
s'eS

< min {r,’j(s, a) + Z Py (s'|s,a)ViF 1 (), H}

s'eS
= min {r,’ﬁ(&a) + f,’f(s, a), H}
< min {rf(s,a) + ff(s,a) + bf(s,a), H}
= QF(s,a).

The proof of the second inequality is identical. One only need to discard the superscript k in the above argument. O

Lemma 16. With probability at least 1 — 0/32,

K H
SN T bk(sk.af) < H+ H(H + 1) dimp(F, 1/T) + C - \/dimp(F, 1/T) - TH -
k=1h=1

for some absolute constant C' > 0.
Proof. The proof is identical to Lemma 11. O

The next lemma bounds the summation of the optimistic value functions in the exploration phase. The techniques are similar
to the standard regret decomposition for optimistic algorithms.

Lemma 17. With probability at least 1 — /2,

K
> Vi(s1) = 0T - H? 1)
k=1

where
L] = log(/\/(’R, 1/T)) . dlInE(]:7 1/T)
+1og(TN(F,5/T?)/5) - dim%,(F,1/T) - log> T - log (N'(S x A, 5/T?) - T/9).
Proof. Forall (k,h) € [K] x [H — 1], denote

flﬁ = Z Ph(5/|3§7 G‘Z)fo-i-l(sl) - Vf+1(3i+1)'
s'eS
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If £ defined in Lemma 15 happens, we have
K K
ZWM:ZW@
k=1

Q§(817a1)

IA

s'eS

IN

(7"1 st,at) + Zpl ’|51,a1)V2( )+2b’f(s’f,a’f)>

ZPI |317a1 Vz() (2+1/H)b’f(s]f,a’f)>

s'eS

- M- £ D0

(VE(s5) + €8 + @+ 1/ (s}, ab))

>
Il
—

MNE

T

<

K H
4D 2+ 1/H)bE(sE, af).

1 k=1h=1

>
Il

1h

Note that {5,’3}(;6, nyeK]x (] (arranged in lexicographical order) is a martingale difference sequence with |¢ fL| < H. By
Azuma-Hoeffding inequality, we have

<C'-\/KH3 log(l/é)} >1-4/16.

for some absolute constant C’ > (0. Conditioned on the above event, the event defined in Lemma 16, and £ defined in
Lemma 15 we conclude that with probability at least 1 — 6/2,

K ~

ZVlk(sl)
K H

I3 ZZ 2+ 1/H)bF(sF, af)
k=1 h=1

=" /KH31og(1/8) + (2 +1/H) - (H + H(H +1)dimg(F,1/T) + C - \/dimg (F, 1/T) - TH - 5)
<VT H? 1,

as desired. O

The next lemma bounds the error of the planning policy in terms of the expectation of the bonus functions.

Lemma 18. If &3 defined in Lemma 15 (optimism) happens, then for all reward function r in the function class R,
Vl* (817 ’I“) — Vlﬂ'(sl, T) S 2HV1*<81, H[O,l] [b/H])

Here b is the bonus function computed during the planning phase, and 7 is the output policy in the planning phase.

Proof. We generalize the lemma and use induction on A to prove that for any h € [H + 1],
Vi(s) = Vi (s,r) = 2HV}T (s, o 1 [b/H]) <0 Vs € S.
The result is obvious for h = H + 1. Suppose for some h € [H], it holds that
Vig1(s) = Vily (s,r) = 2HV), 4 (s, 19[b/H]) <0 Vs € S.
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Then for all s € S, we have

Vi(s) = Vi (s,1) — 2HVhW(S»H[0,1] [b/ H])
=Qn(s,7(s)) — Qr(s,m(s),r) — 2HQ} (s, 7(s), jo,1y[b/ H])

( )+ Z Pr(s'|s, m(s))Vig1(s) + 2o, ) [bh(Svﬂ(S))O
s'eS
< )+ > Puls, () Vil (', 7“))
s'eS

—2H (H[O,l] [bh(S, W(S))/H] + Z Ph(8/|87 W(S))Vthl(s/, H[O,l] [b/H]))
s'eS

_Z Py (s'|s,7(s)) (Vagr(s) = Viia (', 1) — 2HVT 4 (87, 1o 11 [b/ H]))
s'eS
<0.

as desired.

By taking h = 1 and s = s; as a special case, we have that
Va(s1) = Vi~ (s1,7) — 2HVY (s, o y b/ H]) < 0
Then we conclude

Vl*(slar) - Vlﬂ(sla'r) < Vl(shr) - ‘/1#(5177") < 2HVI7T<517H[0,1] [b/H]) < 2HV1*(81,H[0’1] [b/H])

Lemma 19. With probability at least 1 — 76/8, for all reward function r in the function class R,
Vi (s1,7) — V{7 (s1,7) = O(H? - \/11/K)
where

11 =log(N(R,1/T)) - dimg(F,1/T)
+1log(TN(F,5/T?)/5) - dim%(F,1/T) -log® T - log (N(S x A,8/T?) - T/$).

Proof. We condition on &3 defined in Lemma 15 and the event defined in Lemma 17. By Lemma 18, we have
Vi (s1,7) = Vi (s1,7) < 2HVY (51,1119 1[0/ H]).
By the monotonicity of the bonus function, we have that
Mo, [bn (-, )/ H] < Mo,y 04 (-, )/ H] = 7} (-, ) V(k, h) € [K] x [H].

Then the right hand side can be bounded in the following manner:

HE g X -
2H‘/1*(81, [0,1] b/H < EZ 517 ?Zvlk(81>.
k k=1

Substituting the bound for S5 el (51) completes the proof.

Proof of Theorem 2. Simply combing Proposition 2 and Lemma 19 with a union bound completes the proof.
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I. Model Misspecification

In this section we study the case when there is a misspecification error in our model. We show that our algorithms are robust
to the violation of the assumptions. Our result are similar to that in Wang et al. (2020c).The proofs are also essentially
identical to that in Wang et al. (2020c).

In the standard RL setting, Assumption 1 with a misspecification error is stated as:

Assumption 5. There exists a set of functions F C {f : S x A — [0, H + 1]} and a real number ¢ > 0, such that for any
V :8 — [0, H] and all h € [H|, there exists fyy € F which satisfies

max
(s,a)eSxA

fv(s,a) —rp(s,a) — ZPhs\sa V(s')

s'eS

<.

We call ¢ the misspecification error.

In the reward-free RL setting, Assumption 3 with a misspecification error is stated as:

Assumption 6. There exists a set of functions F C {f : S x A — [0, H + 1]} and a real number { > 0, such that for any
V8 —[0,H] and all h € [H), there exists fyy € F which satisfies

max
(s,a)eSx.A

fv(s,a) — ZPhs|Sa V(s <

s'eS

We call ( the misspecification error.

Our algorithms for the misspecification case are same with the original algorithms except for the change of the global
parameter 3.

In the standard RL setting (Algorithm 1), we set 3 to be:
B=C-(H? log(TN(F,5/T?)/s) - dimp(F,1/T) - log” T -log (N(S x A,8/T?) - T/5) + TC).
In the reward-free RL setting (Algorithm 4 and Algorithm 3), we set 3 to be:
B=C-(H? log(TN(F,8§/T*)/s) - dimp(F,1/T) -log® T -log (N(S x A,§/T?) - T/5) + T¢)
+C - H? -1og(N'(R,1/T)) - dimp(F,1/T)

In Lemma 20 and Lemma 21, we bound the single-step optimization error in the misspecified case. The proofs are identical
to that of Lemma 11 in (Wang et al., 2020c).

Lemma 20. Suppose F satisfies Assumption 5. Consider a fixed pair (k,h) € [K| x [H]. ForanyV : S — [0, H], define

DZ(V) = {(327 a;—”TZ + V(s;—‘rl))}TE[k—l]

and also fv
For = argming e [1£113 -

ForanyV : S — [0,H] and 6 € (0,1), there is an event Ey, 5 which holds with probability at least 1 — 0, such that for any
V':8 = [0, H] with ||V = V||e < 1/T, we have

o) =) = D2 Pl V(8| < O (v/H2(log(1/8) + log N'(F,1/T)) + T¢).

s'eS

Z5
Lemma 21. Suppose F satisfies Assumption 6. Consider a fixed pair (k,h) € [K| x [H]. ForanyV : S — [0, H], define

DE(V) = {(s}, ap, V(5i71+1))}re[k—1]

and also .
fv = argming z ||f||%fhf(v)-
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ForanyV : S — [0,H] and § € (0,1), there is an event Ey s which holds with probability at least 1 — 6, such that for any
V': 8 = [0, H] with ||V’ — V|| < 2/T, we have

< C- (v/H?(log(1/5) +log N (F,1/T)) + T¢).

k
Zh

ForCo) = 30 Pals |V (s)

s'eS

Then similar to Lemma 8 and Lemma 14 we can verifies that the new value of 3 can derive the desired confidence region.

With the new value of (3, the new regret bound in the regular RL setting can be easily derived. In the reward-free setting
the bound for V;*(s1,7) — Vi (s1,7) will have an additional O(y/H5 - dimg(F, 1/T) - ¢) term. Therefore there will be an
irreducible error in the error bound.

Formally, our results in the misspecification case is stated in Theorem 4 and Theorem 5.

Theorem 4. Assume Assumption 5 holds, and T is sufficiently large.With probability at least 1 — 0, the algorithm achieves
a regret bound,

Regret(K) = O(\/11 - H3 - T + /dimg(F,1/T) - H-C-T)
where

1 = log(TN(F,5/T%)/6) - dimy(F,1/T) -log® T - log (N(S x A,8/T?) - T/6)
and the global switching cost is upper bounded by

N&

switch —

O(Lg . H)

where
Lo = log(TN(F,5/T%)/6) - dimg(F,1/T) - log® T

Furthermore, with probability at least 1 — & the algorithm takes O(poly (dH)- |A|) time per round with access to a regression
oracle.

Theorem 5. Suppose Assumption 6 holds and T is sufficiently large. For any given 6 € (0, 1), after collecting K trajectories
during the exploration phase (by Algorithm 3), with probability at least 1 — 6, for any reward function r = {rh}hH:1
satisfying Assumption 4, Algorithm 4 outputs an O(H® - \/11/K + €;)-optimial policy for the MDP (S, A, P,r, H, s1).
Here,
11 =log(N(R,1/T)) - dimg(F,1/T)
+1og(TN(F,5/T?)/6) -log® T - dim%(F, 1/T) - log (N'(S x A,6/T?) - T/4)

and ¢; is the irreducible error:

€ = \/H? - dimp(F,1/T) - .
Moreover, the global switching cost of Algorithm 3 is upper bounded by

N&

switch

= O(H . LQ)

where
1o = log(TN(F,5/T?)/6) - dimp(F,1/T) - log* T.

Furthermore, with probability at least 1 — §, Algorithm 3 takes O(poly(dH ) |.A|) time per round with access to a regression
oracle.



