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Abstract

Offline reinforcement learning (RL) learns policies from a fixed dataset, but often requires
large amounts of data. The challenge arises when labeled datasets are expensive, especially
when rewards have to be provided by human labelers for large datasets. In contrast, unlabelled
data tends to be less expensive. This situation highlights the importance of finding effective
ways to use unlabelled data in offline RL, especially when labelled data is limited or expensive
to obtain. In this paper, we present the algorithm to utilize the unlabeled data in the offline
RL method with kernel function approximation and give the theoretical guarantee. We
present various eigenvalue decay conditions of H; which determine the complexity of the
algorithm. In summary, our work provides a promising approach for exploiting the advantages
offered by unlabeled data in offline RL, whilst maintaining theoretical assurances.

1 Introduction

Reinforcement learning (RL) algorithms have demonstrated empirical success in a variety of domains, including
the defeat of Go champions (Silver et al.| 2016)), robot control (Kalashnikov et al.| 2018)), and the development
of large language models such as ChatGPT (Stiennon et al.l 2020)). In particular, these achievements are
largely associated with online reinforcement learning, characterized by dynamic data collection. However,
the widespread adoption of online RL faces significant challenges. In many scenarios, active exploration is
impractical due to factors such as the high cost of data collection (Levine et al.| 2020)). In many scenarios,
active exploration is impractical due to factors such as the high cost of data collection (Levine et al.| 2020)).
To this end, in this paper we explore offline reinforcement learning - a fully data-driven framework similar to
supervised learning. Unfortunately, fully data-driven offline RL demands large datasets. In more realistic
scenarios, offline reinforcement learning (RL) could allow us to use a smaller amount of task-specific data
along with a significant amount of task-agnostic data. This data is not labeled with task rewards, and some
of it may not be directly relevant to the task at hand.

Prior works use learned classifiers that discriminate between successes and failures for reward labeling
(Fu et al., 2018; [Singh et all [2019) in the online RL setting. However, these approaches are unsuitable
for the offline RL setting since they require real-time interaction. Alternatively, some research focuses on
learning from data without explicit reward labels by directly imitating expert trajectories (Ho & Ermon)
2016} [Kostrikov et al., [2019) or deriving the reward function through inverse reinforcement learning using
an expert dataset (Fu et al., 2017; [Finn et al., [2016)). However, in real-world scenarios, these approaches
may face challenges due to the resource-intensive and costly nature of the expert trajectory acquisition and
reward labelling process.

Yu et al. (2022)) has revealed the challenges associated with learning to predict rewards, highlighting the
surprising efficacy of setting the reward to zero. Despite these findings, the impact of reward prediction
methods on performance and the potential demonstrable benefits of reward-free data in offline reinforcement
learning (RL) remain unclear. In response to this, [Hu et al. (2023) have introduced a novel model-free
approach named Provable Data Sharing (PDS). PDS incorporates uncertainty penalties into the learned
reward functions, maintaining a conservative algorithm. This method allows PDS to take advantage of
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unlabeled data for offline RL, especially in linear MDPs. However, the linear MDP assumption is inflexible
and rarely is fulfilled in practice. This question naturally arises.

How can we enhance the performance of offline RL algorithms that use kernel function approximation by
effectively using reward-free data?

This work focuses on the episodic Markov decision process (MDP). The reward function and value function
are both represented by kernel functions. Inspired by the Provable Data Sharing (PDS) (Hu et al., [2023])
framework, we propose a new algorithm. The PDS algorithm has two main components. First, it pessimistically
estimates rewards by applying additional penalties to the reward function learned from labeled data. This
augmentation is designed to prevent overestimation, thus ensuring a conservative algorithm. The second part
of the PDS algorithm uses the Pessimistic Value Iteration (PEVI) algorithm introduced by |Jin et al.| (2021)
to derive the policy. Our main contribution is that

o Extension of PDS framework: We expand the applicability of the Provable Data Sharing (PDS)
framework, initially introduced by [Hu et al.| (2023). This extension goes beyond the original linear
Markov Decision Process (MDP) setting, incorporating kernel function approximation. This expansion
enhances the versatility of the PDS framework, making it applicable to a broader range of scenarios.
Our derivation is influenced by methodologies proposed for kernelized contextual bandits (Chowdhury
& Gopalan), 2017, Valko et al., [2013; [Srinivas et al., 2009), as well as techniques such as pessimistic
value iteration (PEVI) (Jin et al.|[2021) and the kernel optimum least squares value iteration algorithm
(KOVI) (Yang et al., [2020).

o Focus on finite-horizon MDPs: While [Hu et al.| (2023) concentrates on a discounted infinite-horizon
MDP setting, our work shifts the focus to finite-horizon MDPs. This adjustment accommodates
horizon-dependent reward functions and transition probability functions, addressing a specific and
practical aspect of reinforcement learning.

o Feature coverage assessment via concentratability coefficient: In contrast to Hu et al.| (2023), which
assumes the concentratability coefficient to be bounded for assessing coverage over the state action
space, we measure the distribution shift using the spectrum of feature covariance matrices. This
alternative metric (Wang et al.l |2020a)), as in Assumption is well-established in supervised
learning and particularly suitable for scenarios involving linear function approximation.

e Data-splitting technique: We introduce a data-splitting technique to mitigate potential challenges
associated with the logarithmic covering number in the learning bound, as discussed by [Xie et al.
(2021)).

Our research provides a theoretical guarantee for effectively utilizing the benefits of reward-free data in offline
RL. We aim to enhance the robustness of offline RL methods by maintaining theoretical guarantees, which
offers a valuable contribution to the ongoing development of more resilient and efficient RL frameworks.

2 Related Works

The issue of suboptimality in discounted and episodic MDP with a model has been considered in linear and
kernel settings. The results are presented in Table In the episodic MDP setting, we have the dataset
with IV trajectories of horizon H, and the suboptimality dependent on N and H. On the other hand, in a
discounted MDP setting, we have the dataset with length IV, and suboptimality dependent on N. The PEVI
algorithm (Jin et al.| [2021)) serves as the foundational algorithm within [Hu et al| (2023) and our work. If we
assume that the infinite horizon MDP should conclude within H steps (referred to as the effective horizon)
(Yan et al., 2022)), we can set the discount factor « such that H = 1/(1 — 7). Consequently, the suboptimality

~ 1
for the PDS algorithm is expressed as O(dH2N, ?) where Nj is the number of trajectories for the unlabeled
dataset. Similar to [Hu et al.| (2023), we incorporate unsupervised data sharing to enhance the offline RL
algorithm. The linear setting is a special case of the kernel setting with a linear kernel. In this case, we can

~ 1
recover the suboptimality as O(H d%N1 2), where N; is the number of trajectories for the labeled dataset, as



Under review as submission to TMLR

provided in [Hu et al|(2023). A notable difference between PEVI and PDS lies in PDS’s utilization of data
sharing to improve the suboptimality through an unlabeled dataset. It’s important to note that No > Ny
in general. When comparing PDS with our approach in a linear setting, the H-folds data splitting in our
algorithm enhances the suboptimality by a factor of v/d. However, this improvement comes with a tradeoff,
as our algorithm introduces a suboptimality increment by a factor of v H because we need to partition the
data set into H folds. As a result, each estimated value function is derived from only Ny/H episodes of data.

Algorithm B MDP Setting SubOpt

PEVI (Jin et al., 2021) | Episodic Linear O(dH?N, ?)

PDS (Hu et al} [2023) | Discounted | Linear O(dz(1—~)"'N; 2) + O(d(1 —~) 2N, ?)
. kernel-based, ~ 1.1 P S R

Our work Episodic dfinite spectrum O(Hd>N; %) + O(H2dzN, ?)

Our work Episodic kernel-based, O( G(Ny,v)lp,) + O(H? G(%, V€S,

general setting

Table 1: The existing suboptimality under weak convergence (see Assumption [4.8))(except for the last row)

, discussed in Section 2. Here, the labeled dataset represented as {(s';,a'},,r7)} Y1 unlabeled dataset

represented as {(s'; ", a’ ;+N1)}]TV§L’:HD and DY, which is a combination of labeled dataset and unlabeled

dataset with N = N; + N» trajectories. We partition the dataset D? into H disjoint and equally sized
sub dataset {DY} . Denote v as the discount factor for discounted MDP, G(N, ) is the maximum
information gain, (p = maxy¢(g) Cn (D', D) represents a maximum amount of information from the dataset

D and D', where D’ is the combination of D and observed data z, and (5 = maxye(m gh((ﬁb,f)', YSFZV) Note

that v =1+ N% and A =1+ % In a linear MDP setting, it is stated that the transition probability can be
represented linearly in a feature map of state-action with d dimensions.

Offline Reinforcement Learning

In offline reinforcement learning (RL), the goal is to learn a policy from a static data set collected previously
without interacting with the environment. Current approaches in offline RL (Levine et al., 2020) can be
broadly classified into dynamic programming methods and model-based methods. Dynamic programming
methods aim to learn a state action value function, known as the @ function. Subsequently, this value
function is used either to directly find the optimal policy or, in the case of actor-critic methods, to estimate
a gradient for the expected returns of a policy. The offline dynamic programming algorithm operates in a
tabular setting (Jin et al. 2018). However, algorithms designed for tabular settings have limitations when
applied to function approximation settings with a large number of effective states. Recent work has centered
around the functional approximation setting, especially in the linear setting, where the value function (or
transition model) can be represented using a linear function of a known feature mapping (Jin et al., [2021;
Cai et al., 2020; Zanette et al [2021). As the linear Markov decision process (MDP) assumption is rigid and
rather restrictive in practice, Wang et al.| (2020b]) explores the kernel optimal least squares value iteration
(KOVI) algorithm (Yang et al.| [2020) for general function approximation. In contrast, model-based methods
rely on their ability to estimate the transition function using a parameterized model, such as a neural network.
Instead of employing dynamic programming methods to fit the model, model-based approaches leverage
their ability to effectively utilize large and diverse datasets to estimate the transition function (Yu et al.l
2021b} [Janner et al., [2019). Both of the methods presented above require a large amount of data to learn a
state-action or transition function. In our work, we use reward-free data (i.e., unlabeled data) to improve the
performance of learning a state-action function.

Offline Data Sharing

Data sharing strategies in multi-task reinforcement learning (RL) have shown effectiveness, as observed in
works such as|Yu et al.| (2021a)); [Eysenbach et al.| (2020); |Chen et al.| (2021). This involves reusing data across
different tasks by relabeling rewards, thereby enhancing performance in multi-task offline RL scenarios. Prior
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work has employed various relabeling strategies. These include uniform labeling (Kalashnikov et al.| [2021)),
labeling based on metrics such as estimated Q-values (Yu et all 2021a), and labeling based on distances to
states in goal-conditioned settings (Chen et al 2021). However, these approaches either necessitate access
to the functional form of the reward for relabeling or are confined to goal-conditioned settings. On the
other hand, [Yu et al.| (2022) proposes a straightforward strategy by assigning zero rewards to unlabeled
data. On the other hand, Hu et al.|(2023) employs linear regression to label rewards for unlabeled data.
These approaches present alternative and potentially simpler methods for relabeling, especially in scenarios
where direct access to the reward function is challenging or unavailable. In our work, we propose kernel ridge
regression to exploit unlabeled data which under certain conditions can be reduced to linear regression.

3 Background

3.1 Episodic Markov Decision Process

Consider an episodic MDP (Yang et al. 2020} Sutton & Bartol |2018)), denoted as M = (S, A, H, P, r) with state
space S, action space A, horizon H, transition function P = {Pp},cn), and reward function r = {rp}pe[m]-
We assume that the reward function is bounded, that is, 7, € [0,1]. For any policy @ = {74 }nem) and
h € [H], we define the state-value function V;" : & — R and the action-valued function (Q-function)
Qf: S x A= Ras Vir(s) = Ex [ L/, ruls, alsn = 5] and QF(s,0) = Bx [ L1, mu(s,a)lsn = 5,00 = a]
These two functions satisfy the well-known Bellman equation: V;7(s) = (Q7(s,-), mn(- | 5)) 4, and Qf (s,a) =
E [rh (Snh,an) + ViTy (She1) | sn = s,an = a]. For any function f: S — R, we define the transition operator
at each step h € [H] as (Prf) (s,a) = E[f (sht1) | sn = s,an, = a], and define the Bellman operator as
(Bhrf) (s,a) =E[ry (sn,an) | s = s,an = a] + (P f) (s,a). Similarly, for all h € [H], the Bellman optimality
equations defined as V7 (s) = sup,c 4 Q}(s,a) and Qj(s,a) = (BnV;",;) (s,a). Meanwhile, the optimal policy
7 satisfies 7} (- | s) = argmax (Qj (s, "), 7 (- | 5)) 4 and V¥ (s) = (@ (s,-), 7} (- | 5)) 4 - Reinforcement learning
aims to learn a policy ma}jximizing expected cumulative reward. Accordingly, we define the performance
metric(i.e.,suboptimality) as

SubOpt(m; s) = Vi (s) — V" (s)- (1)

3.2 Assumption of Offline Data

In offline RL setting, a learner uses pre-collected dataset D, which consists of N trajectories {(s7, a},, r;)}]x;il,

generated by some fixed but unknown MDP M under the behavior policy 7® in the following manner:
sT ~pPap ~mp (- ]s}) and s, ~ Pp(-|s},a}),1 <h< H. Here p® represents a predetermined initial
state distribution associated with the static dataset. The learner may also have partial observations of the

reward in addition to the above state-action observations. More elaborately, we assume access to both a
No,H

labeled dataset Dy = {(s'},a’},7]) f;fl, and an unlabeled dataset Dy = {(S’Z+Nl,a’£+Nl) }T L We

utilize the estimated reward function with parameter 6, as determined in section 4, to relabel dataset Ds.

~ Nz, H
N N N N
The relabeled dataset, denoted as D§ = {(s’ff O RN 1))} .
) T,h=1

3.3 Reproducing Kernel Hilbert Space

Consider a reproducing kernel Hilbert space (RKHS) as a function space. For simplicity, let z = (s, a) denote
a state-action pair and denote Z = S x A. Without loss of generality, we regard Z as a compact subset
of R™, where the dimension m is fixed. Let k : Z x Z — R be a positive definite continuous kernel and
its corresponding kernel matrix [K|; ; = k(z;, 2;), Vi, j € [m]. Note that K is positive semi-definite. Define
Hj as the RKHS induced by k, containing a family of functions defined in Z. Let (-, )y, : Hip X Hr = R
and || - ||x, : Hr — R denote the inner product and the norm on Hjy, respectively. According to the
reproducing property, for all f € Hy, and z € Z, holds f(z) = (f,k(-, z))n,. For more details and different
characterizations of RKHS, see|Aronszajn/(1950); Berlinet & Thomas-Agnan|(2011). Without loss of generality,
we assume that sup,cz k(z,2) < 1.
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Let £2(Z) be the set of square-integrable functions on Z with respect to the Lebesgue measure and let (, ) z2 be
the inner product on £2(Z). The kernel function k induces an integral operator Ty : £L2(Z) — L2(Z) defined
as Tpf(2) = [ k(2,2') f (2/)dz’ for all f € L*(Z). By Mercer’s theorem (Steinwart & Christmann, 2008),
the integral operator Tj has countable and positive eigenvalues {o;};>1 and the corresponding eigenfunctions
{¥;}i>1. Then, the kernel function admits a spectral expansion k (z,2) = Y2, 0;¢;(2)¥; (2'). Moreover,

2
the RKHS Hj, can be written as a subset of £2(Z) such that Hy = {f eLAZ): >0, (o) s

the inner product of Hj, also can be written as (f, g)u, = > oy (1/03) (f,0i) 22 (9,¢i) z2 for all f,g € Hy.
With the above construction, the scaled eigenfunctions {\/071/}1'}2‘21 form an orthonormal basis for Hy. We
define the mapping ¢ : z — k(z, ) to transform data from Z = S x A to the (possibly infinite-dimensional)
RKHS Hj,, which satisfies k(z, 2’) = (¢(2), p(2')) 5, for all z,2z" € Z (Steinwart & Christmann) 2008, Lemma
4.19). We define the maximum information gain (Srinivas et al., |2009)) to describe the complexity of Hy:

< oo}7 and

1
G(n,)\):sup{210gdet(1—i—KD/)\):DCZ,D|§n}7 (2)

where Kp is the kernel matrix for the set D. Furthermore, the magnitude of maximal information gain
G(n, \) depends on how rapidly the eigenvalues decay to zero, serving as a proxy dimension of #H in the case
of an infinite-dimensional space. If Hy, is of finite rank, we have that G(n, ) = O(dlogn) (Yang et al. |2020)),
where d is the rank of H}, — referred as the d-finite spectrum. In the following, we present several conditions
that are often used in the analysis of the RKHS property of Hy (Yang et al. 2020; [Vakili et al. 2021 Yeh
et al.l |2023)) characterizing the eigenvalue decay of Hy.

Assumption 3.1. The integral operator Tk has eigenvalues {o;};>1 and the associated eigenfunctions
{;}i>1. We assume that {o;};>1 satisfies one of the following conditions for some constant d > 0.

o d-finite spectrum: o; = 0,Yj > d, where d is a positive integer.

o d-exponential decay: there exists some constants Cy,Cy > 0 such that o; < C - exp (—Cg -jd),
Vj > 1, where d > 0.

o d-polynomial decay: there exists some constants C > 0 such that o; < Cy -j74Vj > 1,, where d > 1.

For both d-ezponential decay and d-polynomial decay, we assume that there exists Cy > 0 such that sup. ¢ z o7 -
[V;(2)] < Cy holds for all j > 1 and T € [0,1/2).

3.4 Pessimistic Value Iteration and Kernel Setting

We consider the pessimistic value iteration, i.e., PEVI (Jin et al., [2021) algorithm, described in Algorithm
as the backbone algorithm. This is a model-free, theoretically guaranteed offline algorithm. The fundamental
insight of PEVT lies in the incorporation of a penalty function, which essentially introduces a sense of
pessimism, into the value iteration algorithm. The key challenge to extend PEVI to kernel setting is that the
dimension (even effective dimension) of the kernel based model (when interpreted as linear model) is divergent.
In addition, we apply the data splitting method (Rashidinejad et al., |2021; |Xie et al.| |2021)). As introduced
in Rashidinejad et al.| (2021)), data splitting makes sure that the estimated value 17h+1 and estimated Bellman
operator @h are estimated using different subsets of D, this yields conditional independence that is required

in bounding concentration terms of the form (]@h — ]B%h) ‘A/hH, and hence the suboptimality can be reduced

by a factor of v/d. However, applied naively, this data splitting induces one undesired v H factor in the
optimality as we need to split D into H folds and thus each By, is estimated using only N/H episodes of data.
Further details of the PEVI algorithm can be found in Appendix [B}

4 Unsupervised Data Sharing

Our algorithm comprises two main components. The first part involves employing kernel ridge regression to
learn the reward function using the labeled dataset and constructing the confidence set. Next, to mitigate
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overestimation in reward prediction, we construct the pessimism reward parameter 6 within the confidence set.
Section discusses this in more detail. The second part involves using the pessimistic reward estimator 0 to
relabel the entire dataset, which is a combination of the labeled dataset and the relabeled dataset. Following
this, we employ the PEVT algorithm with kernel approximation and data splitting (refer to Algorithm [3)) to
determine the optimal policy. The detailed steps of the algorithm are outlined in Algorithm [f}

Algorithm 1 Data Sharing, Kernel Approximation
1: Data: Labeled dataset Dy, and unlabeled dataset Ds.
2: Input: Parameter §5,(9), 9, B, v, A.
3: Define DY, which is a combination of the labeled dataset D; and the unlabeled dataset D§, and partition
the dataset DY into H disjoint and equally sized sub datasets {15,91}th1.

4: Learn the reward function 51, -+, 0y from Dy with
~ N 2
0y, = aérgergl{in Z |:’]"}7; - ?zh(s% a’;)} 4 VHeh||3-tk~ (3)
h k r=1

5. Construct the pessimistic reward function with parameter 6 := {éh}thl satisfy

o = {{Bot01), 00 [ ot 0} g

6: Annotate the reward in DY with parameter 0 = 0.
7: Learn the policy from the relabeled dataset DY using Algorithm [3{in Appendix.

{Fn}yey + PEVI (va, B, A) , )

8: Result: 7 = {%h}f:y

4.1 Pessimistic Reward Estimation

We utilize labeled dataset Dy to train a reward function ?ﬁ", using it to label the unlabeled data. Assume
that the observed reward is generated as r] = r(s'y,a’y) + € where rp, : (s,a) — (05, ¢(s,a))y, satisfies
rp(s,a) € [0,1] for all (s,a) € S x A, and €], are i.i.d. centered 1-SubGaussian noise. Here 0} € H; is an
unknown parameter, and ¢ : S x A — Hj, is a known feature map defined in Section Furthermore, we
assume that |07/, < 8. We learn the reward function from labeled data through a kernel ridge regression
problem. Using the feature representation, we write

N

~ 2
O = argmin > [rf, =7 (s a'7)]” + vl6nll, (6)
OnEH

=1

where ?Z’L (s,a) = (¢ (s,a),0h)4, with parameter 6,. However, this method leads to an overestimation of
predicted reward values, as highlighted in [Yu et al.| (2022). A novel algorithm called Provable Data Sharing
(PDS) is introduced in [Hu et al.| (2023)) to mitigate this problem. PDS incorporates uncertainty penalties into
the learned reward functions and integrates seamlessly with existing offline RL algorithms in a linear MDP
setting. We extend the application of this algorithm to the kernel setting.

To address the problem of overestimating predicted rewards, we analyze the uncertainty in the learned reward
function. The previous solution defines the center of the ellipsoidal confidence set:

Ch(8) = {aem : He—éh\A? </3h(6)}, (7)

1
)
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=1

and By (0) is its radius which follows Proposition

Dy
Proposition 4.1. We define 8),(5) with the labeled data set D1 by Br(0) = /vS + \/log %, where
K is the Gram matriz constructed from the dataset Dy as [K,?l] = k(2'}, z’:), where 2'}, = (s'},,a'})

for 7,7 € [N1] and for each h € [H] and 6 € (0,1). Then, with probability at least 1 — 6 we have
o~ 07

where ||9Hifl = <9,A?9>H and AP = SN (/7 a') (s, a') T 4 vy, is a positive definite operator,
k

oo < Br(d), where 5;1 is the solution of Equation (0). Furthermore, consider the information gain
h

G(N,v), defined in Equation @) of the matrizx Kth and set v =1+ 1/Ny, Br(0) is rewritten as

1
ﬁ8+\/2G(N1,1/)+1+10g62. (8)
Moreover, define Cp(5) = {9 € Hy : H9 - §h”ADI < 5h(5)}, we have P(0} € Cy(d)) >1—34.

Proof. Please refer to Appendix for detailed proof. O

In Proposition [A1] the uncertainty of the learned reward function depends on the maximum information gain
of the kernel matrix K Zfl. However, finding the optimal parameter within the confidence set is computationally
inefficient. To address this challenge, |Hu et al.| (2023) proposes an approach that preserves the pessimistic
property of the offline algorithm. This method uses pessimistic estimation, allowing the algorithm to remain
pessimistic while mitigating computational challenges. Formally, we construct the pessimistic reward function

fzh (s,a) for the parameter , as

7" (s, ) = max {<§h, 6(s.0)) = Bu(®) |[(AF) Fo(s,0)| ,o} . (9)
Hi Hr
The equation @ is guaranteed by the following lemma derived from Cauchy-Schwarz inequalities.

Lemma 4.2. ‘<9h - @\h,¢(s,a)>ﬂ < Br(9) H(Afl)_%ds,a)HHk for any 6), € Cr(9),h € [H].

k

The equation (J) provides a lower bound for the reward function within the confidence set C(5). When
the labeled data is scarce, or when there is a significant shift in the distribution between the labeled and
unlabeled data, the confidence interval becomes wider and then the equation @D degenerates to 0, which is
reduced to the UDS algorithm (Yu et al., [2022; [Hu et al.l 2023]).

4.2 Theoretical Analysis

We assume that the Bellman operator maps any bounded function onto a bounded RKHS norm ball, which
is the common assumption using in the function approximation (Yang et al., 2020} Jin et al., 2018]).

Assumption 4.3. Define the function class Q* = {f € Hy : || f|ln, < RgH} for some fized constant Rg > 0.
Then, for any h € [H] and any Q : S x A — [0, H], it holds that B,V € Q* for V(s) = maxeea Q(s,a).

A sufficient condition for Assumption to hold is when & = [0,1]™ and that r4(-,-),Pn(s'|-,-) €
{f €Hp:||flln, <1} for all h € [H],Vs'" € S. To see this, suppose this condition holds, then for any
integrable V : § — [0, H| holds,

I+ BaVilsge < il + [BaViie < 1+ \

/ Puls|- IV (s') ds’
s’ES

He

= 1+/ 1Pr(sl )V () I3, ds” :1+/ 1Pr (sl e IV ()3, ds”
s'eS s'eS

§1+H/ ds' = H + 1.
s'eS



Under review as submission to TMLR

Note that under the assumptions of measurability and boundedness on the kernel k, |P, V|3, € Hp, which
is given in [Muandet et al.| (2017, section 3.1). Thus, Assumption holds with Rg = 2. This assumption is
mild and is also used in |Yang et al.| (2020]). Similar assumptions are used in linear MDP’s, which are much
stricter (Jin et al., |2021} Zanette et al.| [2020]). The suboptimality of the Algorithm [1]is characterized by the
following theorem.

Theorem 4.4. Consider the MDP described in Section 3.1. Under Assumption[3.1] and Assumption [[.3,
and suppose the labeled dataset Dy and unlabeled dataset DY are defined in Section 8.2. Define DY =
{(s5, a5, 70 (s7,a;)) Y2, which is a combination of labeled dataset Dy and unlabeled dataset DY with
N = Ny + Ny. We partition dataset D° into H disjoint and equally sized sub dataset {Df}_ |, where |DY| =
Ny=N/H. Let Ty, = {Np, - (h = 1)+ 1,... Ny - h} = {mh1, -+, Tn.n, } satisfy DY = {(s],a},r])}rez,. We
set A=1+ %, v=1+ N% n Algom'thm where

W14+ N%S + \/Cl -d -log N1 + log(35) d-finite spectrum,
Br(d) =< 4 /1+ N%S + \/Cl - (log N1)1+% + log () d-exponential decay, (10)
W14+ N%S + \/Cl . (Nl)% -log(N1) +log(5)  d-polynomial decay.

Cy- H -+/dlog (N/6) d-finite spectrum,
B=<SCy-H-y/(logN/§)*T/? d-exponential decay, (11)
Cs - N = { 01og(N/d) d-polynomial decay.

Here, C1,Cy > 0 are absolute constants that does not depend on N1, N, nor H. Then, for fized initial state
so € S, with probability 1 — 25, the policy 7 generated by Algorithm[]] satisfies

H
SubOpt(7; s0) < 226;1(6)15}”* [H¢(Sh7ah)”(/\fl)—1 | s1 = so}
h=1 '

. (12
+2B) E. [Héb(sh,ah)” = Isi= SO] ;
h=1 (Ah h)—l
Proof. For a detailed proof, see Appendix O

Two key terms express the suboptimality bound. The first term is the reward bias introduced by uncertainties
in estimating rewards. This term reflects the challenges and inaccuracies associated with predicting or
estimating rewards in a given environment. The second term represents the offline algorithm and optimal
policy 7* error.

Remark 4.5. We use the Lemma[C-3 to rewrite the term of B, (8) and B in the Theorem[{.4) as Bn(8) =
O(,/G(N1,1+ 2-)) and B = O(H\/G(N, 1+ 1)).

By Remark both terms [ (0) and B depend on the kernel function class. It is worth noting that the term
lp(sn,an)ll( APy-1 can be expressed as an information quantity for the dataset D, as outlined in Lemma

Proposition 4.6. For all h € [H|, we partition dataset D into H disjoint and equally sized sub datasets
{Dp}_ |, where Dy, = {(sh,aps i) }rez,, with I = {Np- (h—=1)+1,... . Np-h} = {mn1, -+, Thn,} and
Ny, = N/H. Denote the operator @fh s Hi — RV and Afh Hy — Hi as

(=)' k(o)
oD — : = : L AP =\ Ly 4 (9P TPk, (13)

Th,Np, T Th,Np, T
o) ) k)
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Define gram matriz Kf”' = @?"(@hﬁh)—r. Then, for any z € Z, we have
8(2)T (AP 1g(z) < 2. {log det (I + KD /A) ~logdet (I + KD /)\)] , (14)

where 5;1 is the combination of dataset Dy, and z which satisfies Af; = AE’L +o(2)p(2) 7.

Proof. For a detailed proof, see Appendix [B.3] O

Remark 4.7. In Proposition [£-6, Hy can be infinite dimensional. However, for the sake of clarity, we

represent @,11)“ as a matriz and ¢(zf) as a column vector for all T € I,

Here, we define
(D', D) =2 [bg det (1 + KP //\) — logdet (I + KP /A)} : (15)

as the maximal information amount between the dataset D' and D. Proposition states that if the training
data set is well known about z, then Equation will be close to zero. On the other hand, if the training
data set is not well known about z, then Equation will be large.

We specialize the d-finite spectrum case of Theorem [£.4) under a weak data coverage assumption to better
understand the convergence of Algorithm [I]

Assumption 4.8 (Weak Convergence). Suppose the dataset D = {(s}, aj,, rg)}iv;il consists of N trajectories,
for all h € [H], the trajectories are drawn independently and identically from distributions induced by some fized
behavior policy @ such that there exists a constant cmin > 0 satisfying inf) g, =1(f,Ex [6(zn)(zn) "] ) =
Cmin for any h € [H].

Intuitively, Assumption [.§] posits that the collected data should be relatively well distributed throughout the
state action space. Notably, assumption shares similarities with other explorability assumptions common
in reinforcement learning literature, such as those in [Yin et al.| (2022)); Wagenmaker & Pacchiano| (2023)).

Corollary 4.9 (Well-Explored Dataset). In the d-finite spectrum case, assume that the Assumption holds
under the same conditions as Theorem[{.J, Then for Ny > Q(log(dH/d)) and N > H - Q(log(dH/$)), with
probability at least 1 — §, we have

SubOpt(7; s) < 28,(8) - H - /\/Ny + 2B - H - /\/N,
d. -~ s [d (16)

<O(H N FOUTH ).

In the d-finite spectrum case, a significant difference between our present study and previous work (Hu et al.
2023) lies in the incorporation of factors v/d and v/ H, introduced by the implementation of the data splitting
technique (Xie et al., 2021). This technique plays a crucial role in the linear case, influencing the overall
convergence behavior of the learned policy. If we aim to transform the feature mapping from a dimensionality
of d to d’, where d’ > d. In this context, the data partitioning method can help mitigate the convergence of
the error bound. Finally, we combine the result in Therorem [£.4] Remark and Corollary [£.9] to get the
Table [1

Notice that in the case of d-exponential and d-polynomial decay, if Assumption holds true, by in-
tegrating Lemma Lemma and equation we can deduce the explicit form of SubOpt(7;s) as

~ -1 ~ 5 . —1 ~ —i4mitl ~ 5__mt1 L1y mil

o (HN1 2)—1—(’) (H§ N, 2) and O (HN1 2 d+m)—|—(’) (H2 qatm N, 2 2™ ) correspondingly. Nonethe-
less, Assumption does not hold under scrutiny. To demonstrate this, let’s assume that Assumption is
true. It means that for every f within the set {||f||x, = 1}, it satisfies Ez[(f, #(zn)#(21) " f)] > Cmin- Then,
we express ¢ and f as ¢ = > .o a;ip; and f = .o, by respectively, where {1;}7°, is orthonormal basis of
Hpi. Given that f can represent any function satisfying || f||4, =1, let f be any vector such that f = b;1; for
an arbitrary j. Consequently, for all j, the expectation Ex[(f, ¢(zn)d(zn) T f)] = a? > Cmin 18 satisfied, which
results in a paradox because the norm should be finite; however, ||¢[/%, = Zj‘;l a;®> > 327 Cmin = 00.
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5 Conclusion

In this paper, we demonstrate that incorporating unlabeled data into offline RL can greatly improve offline
RL performance. Our theoretical analysis shows how unlabeled data can improve the performance of offline
RL, especially in a more general function approximation setting, in contrast to the results in [Hu et al.| (2023).
Our analysis is based on the common offline RL assumption about the dataset, providing a comprehensive
examination of the algorithm’s performance under these conditions. In future work, it may be interesting to
extend to the discounted MDP setting to deal with more category problems and the low-rank MDP (Uehara
et al., 2021)).
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