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Abstract

We consider the regret minimization problem in reinforcement learning (RL) in the episodic
setting. In many real-world RL environments, the state and action spaces are continuous
or very large. Existing approaches establish regret guarantees by either a low-dimensional
representation of the stochastic transition model or an approximation of the @-functions.
However, the understanding of function approximation schemes for state-value functions
largely remains missing. In this paper, we propose an online model-based RL algorithm,
namely the CME-RL, that learns embeddings of the state-transition distribution in a repro-
ducing kernel Hilbert space while carefully balancing the exploitation-exploration tradeoff.
We demonstrate the efficiency of our algorithm by proving a frequentist (worst-case) regret
bound that is of order O(H’yN \/]V) ! where H is the episode length, N is the total number
of time steps and vy is an information theoretic quantity relating the effective dimension
of the state-action feature space. Our method bypasses the need for estimating transition
probabilities and applies to any domain on which kernels can be defined. It also brings
new insights into the general theory of kernel methods for approximate inference and RL
regret minimization.

Keywords: Model-based RL; Value function approximation; Kernel mean embeddings.

1. Introduction

Reinforcement learning (RL) is concerned with learning to take actions to maximize rewards,
by trial and error, in environments that can evolve in response to actions. A Markov decision
process (MDP) (Puterman, 2014) is a popular framework to model decision making in RL
environments. In the MDP, starting from an initial observed state, an agent repeatedly (a)
takes an action, (b) receives a reward, and (c) observes the next state of the MDP. The
traditional RL objective is a search goal — find a policy (a rule to select an action for each
state) with high total reward using as few interactions with the environment as possible,
also known as the sample complexity of RL (Strehl et al., 2009). This is, however, quite
different from the corresponding optimization goal, where the learner seeks to maximize the
total reward earned from all its decisions, or equivalently, minimize the regret or shortfall
in total reward compared to that of an optimal policy (Jaksch et al., 2010). This objective
is relevant in many practical sequential decision-making settings in which every decision
that is taken carries utility or value — recommendation systems, sequential investment and

1. O() hides only absolute constant and poly-logarithmic factors.
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portfolio allocation, dynamic resource allocation in communication systems etc. In such
online optimization settings, there is no separate budget or time devoted to purely exploring
the unknown environment; rather, exploration and exploitation must be carefully balanced.

1.1. Related work

Several studies have considered the task of regret minimization in tabular MDPs, in which
the state and action spaces are finite, and the value function is represented by a table
(Jaksch et al., 2010; Osband et al., 2013; Gheshlaghi Azar et al., 2017; Dann et al., 2017;
Jin et al., 2018; Efroni et al., 2019; Zanette and Brunskill, 2019). The regret bound achieved
by these works essentially is proportional to v SAN, where S and A denote the numbers
of states and actions, respectively, and N the total number of steps. In many practical
applications, however, the number of states and actions is enormous. For example, the game
of Go has a state space with size 336!, and the state and action spaces of certain robotics
applications can even be continuous. These continuous state and action spaces make RL a
challenging task, especially in terms of generalizing learnt knowledge across unseen states
and actions. In such cases, the tabular model suffers from the “curse of dimensionality”
problem. To tackle this issue, the popular “optimism in the face of uncertainty” principle
from Jaksch et al. (2010) has been extended to handle continuous MDPs, when assuming
some Lipschitz-like smoothness or regularity on the rewards and dynamics (Ortner and
Ryabko, 2012; Domingues et al., 2020).

Another line of work considers function approximation, i.e., they use features to param-
eterize reward and transition models, with the hope that the features can capture leading
structures of the MDP (Osband and Van Roy, 2014; Chowdhury and Gopalan, 2019). The
model-based algorithms developed in these works assume oracle access to an optimistic plan-
ner to facilitate the learning. The optimistic planning step is quite prohibitive and often
becomes computationally intractable for continuous state and action spaces. Yang and
Wang (2019) consider a low-rank bilinear transition model bypassing the complicated plan-
ning step; however, their algorithm potentially needs to compute the value function across
all states. This suffers an (S5) computational complexity and as a consequence cannot di-
rectly handle continuous state spaces. Ayoub et al. (2020) consider linear-mixture transition
structure that includes the bilinear model as a special case. However, their algorithm too
suffers the (S) computational complexity. To alleviate the computational burden intrinsic
to these model-based approaches, a recent body of work parameterizes the value functions
directly, using d-dimensional state-action feature maps, and develop model-free algorithms
bypassing the need for fully learning the reward and transition models (Jin et al., 2019;
Wang et al., 2019; Zanette et al., 2020a). Under the assumption that the (action-)value
function can be approximated by a linear or a generalized linear function of the feature vec-
tors, these papers develop algorithms with regret bound proportional to poly(d) VT, which
is independent of the size of the state and action spaces. Wang et al. (2020) generalizes
this approach by designing an algorithm that works with general (non-linear) value function
approximators and prove a similar regret guarantee that depends on the eluder dimension
(Russo and Van Roy, 2013) and log-covering number of the underlying function class.

A few recent works have proposed kernel-based value function approximation algorithms.
Yang et al. (2020) consider kernel and neural function approximations and designed algo-
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rithms with regret characterized by intrinsic complexity of the function classes. More closely
related to our work, Domingues et al. (2021) recently proposed a kernel-based RL algorithm
via value function approximation. Their main assumption relies on Lipschitz continuity of
the reward functions and the state transition kernels. In contrast to their work, we are able
to obtain tighter regret bounds by applying typical assumptions in the kernel embeddings
literature, which we show are satisfied for a variety of practical systems. Nevertheless,
there is a lack of theoretical understanding in designing provably efficient model-based RL
algorithms with (non-linear) value function approximation, which we aim to address.

1.2. Contributions

In this work, we revisit function approximation in RL by modeling the value functions
as elements of a reproducing kernel Hilbert space (RKHS) (Scholkopf and Smola, 2002)
compatible with a (possibly infinite dimensional) state feature map. The main motivation
behind this formulation is that the conditional expectations of any function in the RKHS
become a linear operation, via the RKHS inner product with an appropriate distribution
embedding, known as the conditional mean embedding (Muandet et al., 2016). In recent
years, conditional mean embeddings (CMEs) have found extensive applications in many
machine learning tasks (Song et al., 2009, 2010a,b, 2013; Fukumizu et al., 2008, 2009; Hsu
and Ramos, 2019; Chowdhury et al., 2020). The foremost advantage of CMEs in our setup is
that one can directly compute conditional expectations of the value functions based only on
the observed data, since the alternative approach of estimating the transition probabilities
as an intermediate step scales poorly with the dimension of the state space (Griinewélder
et al., 2012). The convergence of conditional mean estimates to the true embeddings in
the RKHS norm has been established by Griinewélder et al. (2012) assuming access to
independent and identically distributed (i.i.d.) transition samples (the “simulator” setting).
However, in the online RL environment like the one considered in this work, one collects
data based on past observations, and hence the existing result fails to remain useful. Against
this backdrop, we make the following contributions:

e In online RL environment, we derive a concentration inequality for mean embedding
estimates of the transition distribution around the true embeddings as a function of
the uncertainties around these estimates (Theorem 1). This bound serves as a key tool
in designing our model-based RL algorithm, while also being of independent interest.

e Focusing on the value function approximation in the RKHS setting, we present the first
model-based RL algorithm, namely the Conditional Mean Embedding RL (CME-RL),
that is provably efficient in regret performance and does not require any additional
oracle access or stronger computational assumptions (Algorithm 1). Concretely, in the
general episodic MDP setting, CME-RL enjoys a regret bound of O(H YWVN ), where
H is the length of each episode, vy is a complexity measure relating the effective
dimension of the RKHS compatible with the state-action features (Theorem 2).

e QOur approach is also robust to the RKHS modelling assumption: when the value
functions are not elements of the RKHS, but (-close to some RKHS element in the ¢,
norm, then (a modified version of ) CME-RL achieves a O(H YNV N+CN) regret, where
the linear regret term arises due to the function class misspecification (Theorem 3).
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2. Preliminaries

Notations We begin by introducing some notations. Let H be an arbitrary Hilbert
space with inner product (:,-),, and corresponding norm ||-||,,. When G is another Hilbert
space, we denote by £(G,H) the Banach space of linear operators A : G — H with bounded
operator norm |[A]| := SUP||(|,=1 |A gl5,- We let HS(G,H) denote the subspace of operators
in £(G,H) with bounded Hilbert-Schmidt norm, defined for A € HS(G,H) as ||A|lyg =

(22321 (fi, Agjﬁ_[ ) 1/2, where the f;’s form a complete orthonormal system (CONS) for H
and the g;’s form a CONS for G. In the case G = H, we set L(H) := L(H,H). We denote
by L. (H) the set of all bounded, positive-definite linear operators on H, i.e., A € L, (H)
if, for any non-zero h € H, (h, A h),, > 0.

Regret minimization in finite-horizon episodic MDPs We consider episodic rein-
forcement learning in a finite-horizon Markov decision process (MDP) of episode length
H with (possibly infinite) state and action spaces S and A, respectively, reward function
R:S8 x A —[0,1], and transition probability measure P : S X A — A(S), where A(S) de-
notes the probability simplex on §. The learning agent interacts with the MDP in episodes

and, at each episode ¢, a trajectory (s}, al,rl,..., stH, afq,r%, sﬁqﬂ) is generated. Here az
denotes the action taken at state s, rl := R(s!, al) denotes the immediate reward, and

Sh1 ~ P(:|s},, a},) denotes the random next state. The initial state s is assumed to be fixed
and history independent, and can even be possibly chosen by an adversary. The episode
terminates when sl; 41 is reached, where the agent cannot take any action and hence receives
no reward. The actions are chosen following some policy © = (71, ...,7y), where each 7,
is a mapping from the state space S into the action space A. The agent would like to find
a policy 7 that maximizes the long-term expected cumulative reward starting from every
state s € S and every step h € [H], defined as:
H
Vir(s) :=E [ijh R (sj,m;(s5)) ‘ Sp = s]

We call VJ7 : § — R the value function of policy 7 at step h. Accordingly, we also define
the action-value function, or Q-function, Q7 : & x A — R as:

Q5 (s,a) := R(s,a) + E [ZH

j=h+1 R (Sjvﬂ-.](sj)) | Sp = §,ap = CL:| )
which gives the expected value of cumulative rewards starting from a state-action pair at
the h-th step and following the policy 7 afterwards. Note that V" (s) = Q7 (s, m,(s)) and it

satisfies the Bellman equation:

VIZT(S) = R(s,wh(s)) +EX~P(~\5,7UL(S)) [Vth(X)] , Vhe [H] , (1)
with Vi, (s) =0 for all s € S. We denote by 7* an optimal policy satisfying:

Vi (s) = max Vi (s), Vs €S, Vh e [H],

where II is the set of all non-stationary policies. Since the episode length is finite, such
a policy exists when the action space A is large but finite (Puterman, 2014). We denote
the optimal value function by V*(s) := V7™ (s). We also denote the optimal action-value
function (or Q-function) as Q7 (s,a) = max,; Q7 (s,a). It is easily shown that the optimal
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action-value function satisfies the Bellman optimality equation:

QZ(Sa a) = R(Sa a) + EXNP(-|s,a) [Vf;rl (X)] ) Vh € [H} ) (2)

with V*(s) = maxae4 Q}(s,a). This implies that the optimal policy is the greedy policy
with respect to the optimal action-value functions. Thus, to find the optimal policy 7*, it
suffices to estimate the optimal action-value functions (Q%)ne|m)-

The agent aims to learn the optimal policy by interacting with the environment during
a set of episodes. We measure performance of the agent by the cumulative (pseudo) regret
accumulated over T episodes, defined as:

RIV) =" [Vitsh) - v (sh)]

where 7! is the policy chosen by the agent at episode t and N = T'H is the total number
of steps. The regret measures the quantum of reward that the learner gives up by not
knowing the MDP in advance and applying the optimal policy n* from the start. We seek
algorithms that attain sublinear regret R(IN) = o(N) in the number of steps they face, since,
for instance, an algorithm that does not adapt its policy selection behavior depending on
past experience can easily be seen to achieve linear ((NV)) regret (Lai and Robbins, 1985).

Value function approximation in episodic MDPs A very large or possibly infinite
state and action space makes reinforcement learning a challenging task. To obtain sub-linear
regret guarantees, it is necessary to posit some regularity assumptions on the underlying
function class. In this paper, we use reproducing kernel Hilbert spaces to model the value
functions. Let H, and H, be two RKHSs with continuous positive semi-definite kernel
functions ky : S x & = Ry and k, : (S x A) x (S x A) — R, with corresponding inner
products (-,-)Hw and <"'>H¢7 respectively. There exist feature maps ¢ : & — H, and
0 : SxA— H,such that ky (-, ) = (¥(-), w('»ﬂw and ko (-, ) = (@(-), ¢("))4,, respectively
(Steinwart and Christmann, 2008).

The weakest assumption one can pose on the value functions is realizability, which
posits that the optimal value functions (V}*)ne(z lie in the RKHS Hy, or at least are well-
approximated by H,,. For stateless MDPs or multi-armed bandits where H = 1, realizability
alone suffices for provably efficient algorithms (Abbasi-Yadkori et al., 2011; Chowdhury and
Gopalan, 2017). But it does not seem to be sufficient when H > 1, and in these settings
it is common to make stronger assumptions (Jin et al., 2019; Wang et al., 2019, 2020).
Following these works, our main assumption is a closure property for all value functions in
the following class:

v = {s o min { Homoe {R(s.0) + (ol s, + /(006,050 o @)

where 0 <7 < oo, u € H, and ¥ € L (H,) are the parameters of the function class.

Assumption 1 (Optimistic closure) For anyV €V (c¢f. Equation 3), we have V € H,.
Furthermore, for a positive constant By, we have HVHHw < By.

While this property seems quite strong, we note that related closure-type assumptions are
common in the literature. We will relax this assumption later in Section 4.3. In addition,
our results do not require explicit knowledge of H,, nor its kernel £, as we will only interact
with elements of V via point evaluations and RKHS norm bounds.
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3. RKHS embeddings of transition distribution

In order to find an estimate of the optimal value function, it is imperative to estimate
the conditional expectations of the form Ex . p(.|s ) [f(X)]. In the model-based approach
considered in this work, we do so by estimating the mean embedding of the conditional
distribution P(:|s,a), which is the focus of this section. For a bounded kernel® k, on the
state space S, the mean embedding of the conditional distribution P(-|[s,a) in H, is an

element ﬁgf’a) € Hy such that:

V€ Hy, Exepisalf/(X)]=(£057) . (4)
Hy
The mean embedding can be explicitly expressed as a function:

95 (Y) = Exep(isa Iu(X,9)],
for all y € §. If the kernel k, is characteristic, such as a stationary kernel, then the
mapping P(-|s,a) — ﬂgf’a) is injective, defining a one-to-one relationship between transition
distributions and elements of H, (Sriperumbudur et al., 2011). Following existing works
(Song et al., 2009; Griinewélder et al., 2012), we now make a smoothness assumption on

the transition distribution.
Assumption 2 For any f € Hy, the function (s,a) —=Ex.p(|sq) [f(X)] lies in H,.

Under Assumption 2, the mean embeddings admit a linear representation in state-action
features via the conditional embedding operator ©p € L(H,, H,) such that:

V(s,a) € S x A, 0g’a) = Opy(s,a) . (5)
Assumption 2 always holds for finite domains with characteristic kernels. Though it is
not necessarily true for continuous domains, we note that the CMEs for classical linear

(Abbasi-Yadkori and Szepesvari, 2011) and non-linear (Kakade et al., 2020) dynamical
systems satisfy this assumption.

3.1. Sample estimate of conditional mean embedding

At the beginning of each episode ¢, given the observations Dy := (s}, aj,, 8], 1 )r<t,n<z until
episode t — 1, we consider a sample based estimate of the conditional embedding operator.
This is achieved by solving the following ridge-regression problem:

. T T oT||2 2
e D [CADEECR] AP CEAE (6)

where A > 0 is a regularising constant. The solution of Equation 6 is given by:
O ~ -1
O = qu,th Y(shi1) ® (sh, ap) (CW + AI) 5 (7)

where (A?¢,t 1= conen P(8h: @) @ p(sh, ap) and ® denotes the tensor product of elements
in a Hilbert space. To simplify notations, we now let n = (¢ — 1) H denote the total number
of steps completed at the beginning of episode t. We denote a vector k,4(s,a) € R" and a
matrix K, ; € R™™" by:

k%t(sv a) = [kso ((87/;7 CL;;), (Sv a))]7<t,h<H ) K%t = [k:@((s;;, a;;), (8;;/, QZ’))]T,T’<t,h,h’<H .

2. Boundedness of a kernel holds for any stationary kernel, e.g., the squared exponential kernel and the
Matérn kernel (Rasmussen and Williams, 2006).
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Then, via Equation 7, the conditional mean embeddings can be estimated as
95 = ©,0(s,a) = Zm,th [t (s,a)] (7 py ©(5h11) 5 (8)
where we define the weight vector ay(s,a) == Kyt +AI) "1k (s, a).

3.2. Concentration of mean embedding estimates

In this section, we show that for any state-action pair (s,a), the CME estimates q§§s’“)

lies within a high-probability confidence region around the true embedding 19559’“). This

eventually translates, via Equation 4, to a concentration property of < f, 3§57“>>H around
¥
Ex~p(|s,a)[f(X)] for any f € Hy. The uncertainty of CME estimates can be characterized

by the variance estimate ai’t(s, a) == A{p(s,a),M; ' o(s, a)>H¢’ where M := @%t + AL To
see this, note that an application of Sherman-Morrison formula yields:

Jit(s, a) :=ky((s,a),(s,a)) — kpt(s, a)T(K%t +A I)_lk%t(s,a) , (9)
which is equivalent to the predictive variance of a Gaussian process (GP) (Rasmussen and
Williams, 2006). Although a sample from a GP is usually not an element of the RKHS

defined by its kernel (Lukic and Beder, 2001), the following result allows us to use 0‘3775(8, a)
as an error measure.

Theorem 1 (Concentration of the conditional embedding operator) Suppose that
SUPses \/ Ky (s,s) < By. Then, under Assumption 2, for any A >0 and 6 € (0,1],

PlvteN, ||(@r-0)M| <m)]=1-0,

where B¢(0) := \/2)\3123 +256(1 + A1) log(det(I+A~1 K, ;)1/2) log(2t2H/5), Bp = ||Op||ys-

Theorem 1 implies a concentration inequality for the CME estimates, since, for all ¢t > 1:

[0 =0 < [[©r =8 M| (s, @)lly;s < BOAT20pa(5.a), ¥(s,0) € SxA,

<
»
with probability at least 1 — §. This forms the core of our value function approximations.

3

Remark 1 Considering the simulation setting, Grinewdlder et al. (2012) assume access
to a sample (s;,a;, s;)" 1, drawn i.i.d. from a joint distribution Py such that the conditional
probabilities satisfy Po(s}|si,ai) = P(s}|si,a;),Vi. Under Assumption 2, they establish the
convergence of CME estimates 1/5758’&) to the true CMEs ﬁg’a) in Py-probability. This guar-
antee, however, does not apply to our setting, since we do not assume any simulator access.

Proof sketch of Theorem 1 To derive this result, we note that the sequence evaluation
noise e}, := (s ;) — Opyp(s},, a}) at each step h of episode ¢ forms a martingale difference
sequence, with each element having a bounded RKHS norm. We overload notation to define,

for each pair (¢,h), the operator My, = My + 3., p(s%,ah) @ (7, aF), and the estimate

Oup = (Zm wer Yhe) ®@(shoan) + D (shn) ® (s, aﬁ)) M, -

3. Deshmukh et al. (2017) employ a variant of kernel ridge regression to learn the mean reward function of
a contextual bandit problem. Their concentration bound holds only for finite action space. In contrast,
Theorem 1 holds for infinite state-action spaces, and hence, can be seen as a generalization of their result.
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Now, we consider the random variable z;; = H @t hr—0Op)M H , and prove a high-

probability upper bound on it using Azuma-Hoeffding’s 1nequahty for martingales. In
fact, we show that z;, < 2,(0) uniformly over all pair (t,h) with probability at least
1 — 0, where h( ) is defined similarly to 3;(d) with only K, ; being replaced by K 1=
[ko((s7, a]), (sj,, 7 ))](m) (. j)<(t.h) — the gram-matrix at step h of episode t. The proof

then follows by noting that H ©; — 0p) WH = 22 1 < Bioi(8) < By(6). The com-

plete proof is given in the supplementary materlal

4. RL exploration using RKHS embeddings

In this section, we aim to develop an online RL algorithm using the conditional mean
embedding estimates that balances exploration and exploitation (near) optimally. We realize
this, at a high level, by following the Upper-Confidence Bound (UCB) principle and thus
our algorithm falls in a similar framework as in Jaksch et al. (2010); Gheshlaghi Azar et al.
(2017); Yang and Wang (2019).

4.1. The Conditional Mean Embedding RL (CME-RL) algorithm

At a high level, each episode t consists of two passes over all steps. In the first pass, we
maintain the @-function estimates via dynamic programming. To balance the exploration-
exploitation trade-off, we first define a confidence set C; that contains the set of conditional
embedding operators that are deemed to be consistent with all the data that has been
collected in the past. Specifically, for any ¢ € (0,1], A > 0 and constants Bp and By,
Theorem 1 governs us to define the confidence set

C, = {@ € L(Hop, Hy) - H(@ ~8,) Mi/QH < @(5/2)} , (10)

where £;(-) governs the exploration-exploitation trade-off. This confidence set is then used
to compute the optimistic Q-estimates, starting with V}; +1(s) = 0, and setting:

forh=H,H—-1,...,1, Vi(s) = min{H,maj‘(QZ(s,a)}, (11)
ac

Q);L(‘s?a) = R(S,CL) + @maé)é ]EXNP’(-|S,(1) [V}f—&—l(X)] : (12)
pr€Ct

We note here that we only require an optimistic estimate of the optimal @-function. Hence,
it is not necessary to solve the maximization problem in Equation 12 explicitly. In fact, we
can use a closed-form expression instead of searching for the optimal embedding operator
©p/ in the confidence set C;. If the value estimate V;f 41 lies in the RKHS #H,, we then have
from Equation 4 that Ex.pr(.sq) [Vig 1 (X)] = Vi, 29‘;3’7>Hw, and from Equation 8 that:

<Vh+1’ 19(5 a)>H¢ = (s, a)TvZ_H = ky(s, a)T(KWg —f—)\I)_lvaH ,

where we define the vector v}, 1= \% 1 (8 )lr<tw<m. Now, since the confidence set C;
is convex, the @Q-updates given by Equation 12 admit the closed-form expression:

Qh(s.a) = R(s,a) + kya(s,0) T (Kpe +AD) 710} + Vsl Be(6/2A7 20 (s, a) . (13)

We now note that, by the optimistic closure property (Assumption 1), the value estimate
V! given by Equation 11 lies in the RKHS H,, rendering the closed-form expression in
Equation 13 valid.
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In the second pass, we execute the greedy policy with respect to the Q-function estimates
obtained in the first pass. Specifically, at each step h, we chose the action:
aj, = 7 (sh) € argmax, ¢ 4 Qh(sh, a) . (14)
The pseudo-code of CME-RL is given in Algorithm 1. Note that, in order to implement
CME-RL, we do not need to know the kernel k; only the knowledge of the upper bound
By over the RKHS norm of V,f 41 suffices our purpose. For simplicity of representation,
we assume that the agent, while not knowing the conditional mean embedding operator
©p, knows the reward function R. When R is unknown but an element of the RKHS H,,
our algorithm can be extended naturally with an optimistic reward estimation step at each
episode, similar to the contextual bandit setting (Chowdhury and Gopalan, 2017).

Algorithm 1: Conditional Mean Embedding RL (CME-RL)
Input: Kernel k,, constants Bp, By and By, parameters n > 0 and ¢ € (0, 1]
for episodet =1,...,T do
Receive the initial state % and set V}; ;(-) =0
for step h=H,...,1 do // Update value function estimates
Qh(+) = R(, ) + k() T (Kot +AD) o) 4y + By Bi(6/2)A 2 00u(, )
Vi(-) = min {H, maxgea Q1 (-, a)}
for step h=1,...,H do // Run episode
L Take action aj, € argmax,¢ 4 Q} (s}, a) and observe next state s} ; ~ P(:|s},,a},)

Computational complexity of CME-RL The dominant cost is evaluating the Q-function
estimates @} (Equation 13). As typical in kernel methods (Schélkopf and Smola, 2002), it
involves inversion of tH x tH matrices, which take O(t*H3) time. In the policy execution
phase (Equation 14), we do not need to compute the entire @Q-function as the algorithm only
queries ()-values at visited states. Hence, assuming a constant cost of optimizing over the
actions, the per-episode running time is O(t3H*). However, using standard sketching tech-
niques like the Nystrom approximation (Drineas and Mahoney, 2005) or the random Fourier
features approximation (Rahimi and Recht, 2007), and by using the Sherman-Morrison for-
mula to amortize matrix inversions, per-epsiode running cost can be reduced to O(m?H),
where m is the dimension of feature approximations.

4.2. Regret bound for CME-RL

In this section, we present the regret guarantee of our algorithm. We first define

1 _
YN = Yo AN = sup 5 log det(I+A 1K%;‘g) ,
XCSXA:|X|=N
where X' = {(s;,a:) }iein) and Ky x = [ky((si,a:), (55, a5))]ije(n) is the gram matrix over

the data set X. ~y denotes the mazimum information gain about a (random) function
f sampled from a zero-mean GP with covariance function k, after N noisy observations,
obtained by passing f through an i.i.d. Gaussian channel A/(0,\). Consider the case when
k, is a squared exponential kernel on R%. Then it can be verified that vy = O ((log N)4*1)
(Srinivas et al., 2009).
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Theorem 2 (Cumulative regret of CME-RL) Under assumptions 1 and 2, after inter-
acting with the environment for N = TH steps, with probability at least 1 — §, CME-RL
(Algorithm 1) achieves the regret bound

R(N) < 2Bvan,s\/2(1+ A" BZH) Ny + 2H+/2N 10g(2/9) |

where By, > sup, , \/ko((s,a), (s,a)), and an 5 := \/2/\3?_-, +256(1 + A~ 1)yn log(4N2/0).

Theorem 2 yields a O(Hynv/N) regret bound for CME-RL. Comparing to the minimax
regret in tabular setting, ©(HVSAN) (Gheshlaghi Azar et al., 2017), our bound replaces
the sublinear dependency on the number of state-action pairs by a linear dependency on
the intrinsic complexity measure, vy, of the feature space H,, which is crucial in the large
state-action space setting that entails function approximation. Additionally, in the kernel-
ized bandit setting (H = 1), our bound matches the best known upper bound O(yxvN)
(Chowdhury and Gopalan, 2017). We note, however, that while an MDP has state transi-
tions, the bandits do not, and a naive adaptation of existing kernelized bandit algorithms to
this setting would give a regret exponential in episode length H. Furthermore, due to the
Markov transition structure, the lower bound for kernelized bandits (Scarlett et al., 2017)
does not directly apply here. Hence, it remains an interesting future direction to determine
the optimal dependency on .

Conversion to PAC guarantee Similarly to the discussion in Jin et al. (2019), our
regret bound directly translates to a sample complexity or probably approximately correct
(PAC) guarantee in the following sense. Assuming a fixed initial state s! = s for each
episode t, with at least a constant probability, we can learn an e-optimal policy 7= that
satisfies V*(s) — V{(s) < e by running CME-RL for T = O(d?;H?/<?) episodes, where
deg is a known upper bound over ~yy, and then output the greedy policy according to the
Q-function at t-th episode, where ¢ is sampled uniformly from [T]. Here deg effectively
captures the number of significant dimensions of H.

Remark 2 Yang and Wang (2019) assumes the model P(s'|s,a) = <¢(SI),®P§0(8,CL>>Hw,

and propose an algorithm with regret O(H?ynv/N). In comparison, we get an O(H) factor
improvement thanks to a tighter control over the sum of predictive variances. Furthermore,
their algorithm can’t be implemented exactly as they meed to apply random sampling to
approximate the estimate @t. We overcome this implementational bottleneck by virtue of
our novel confidence set construction using the CME estimates (Theorem 1). Moreover, in
contrast to Yang and Wang (2019), our regret guarantee is anytime, i.e., we don’t need to
know the value of N before the algorithm runs.

Remark 3 Considering linear function approzimation (H, = R%), Jin et al. (2019) as-
sumes that for any V €V (Equation 3), the map (s,a) = Exp(|s,a)[V(X)] lies in H,, and
propose a model-free algorithm with regret O(\/ H3d3N). For linear kernels, it can be verified
that yn = O(dlog N) and thus our regret (Theorem 2) is of the order O(Hdv/N). We note
that this apparent improvement in our bound is a consequence of slightly stronger assump-
tions 1 and 2. While they obtain the bound by proving a uniform concentration result over
the set V, our result uses a novel concentration property of CME estimates (Theorem 1).
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Proof sketch of Theorem 2 A control on the Q-function estimates Q% leads to the regret
bound, as our policy is based on Q. We prove that as long as © p lies in the confidence set Cy,
the Q-updates are optimistic estimates of the optimal Q-values, i.e., Q}(s,a) < Q! (s, a) for
all (s,a), and thus, allow us to pick an optimistic action while sufficiently exploring the state
space. This implies V*(s}) < V{(s}), so that the regret R(N) < Zle (Vi(sh) — Vfrt(sﬁ)).
Letting gt (st) := V{(s) — V7 (st) denote the gap between the most optimistic value and
the actual value obtained at episode ¢, we then have
gi(si) < Zthl (QZ(SZ’ ai;l) - (R(SZ’ CLZ) + EXNP(-|sz,a’iL) [Vlf—i-l(X)] ) + mZ)a

where (m’,;)m denotes a martingale difference sequence. We control this via the Azuma-
Hoeffding inequality as », , myp, = O(H V/N). The rest of the terms inside the summation
can be controlled, by Theorem 1 and by design of the confidence set C;, using the predictive
variances o7, (s}, af). In fact, for Op € Cy, it holds that

Qh(s.a) — (R(s,a) + Exp(isa) [Vie1(X)]) < 2By (/22 20,4(s,a) .
Now, the proof can be completed by showing that >, , opi(sh,al) = O(\/HN'VN). Com-
plete proof of this result is given in the supplementary material.

4.3. Robustness to model misspecification

Theorem 2 hinges on the fact that any optimistic estimate of the value function can be spec-
ified as an element in H,,. In this section, we study the case when there is a misspecification
error. Formally, we consider the following assumption.

Assumption 3 (Approximate optimistic closure) There exists constants ¢ > 0 and
By > 0, such that for any V €V (Equation 3), there exists a function V € H, which
satisfies ||V — Voo < ¢ and [|V|3, < By. We call ¢ the misspecification error.

The quality of this approximation will further depend upon how well any V € V can
be approximated by a low-norm function in H,. One specialization is to the case when
V € Cy(S), the vector space of continuous and bounded functions on S, and ky, is a Cy(S)-
universal kernel (Steinwart and Christmann, 2008). In this case, we can choose V such that
|V =V ||o is arbitrarily small. For technical reasons, we also make the following assumption.

Assumption 4 The RKHS H, contains the constant functions.*

The following theorem states that our algorithm is in fact robust to a small model misspeci-
fication. To achieve this, we only need to adopt a different exploration term in Equation 13
to account for the misspecification error {. To this end, define the Q-function updates as

Q' (s,a) :== R(s,a)—l—k%t(s,a)T(K%t —i—)\I)*lvaH—i-(BV + ¢ HlHHw) Be(0/2)0,4(s,a), (15)

where Hl”Hw denotes the norm of the all-one function s — 1 in Hy.

Theorem 3 (Cumulative regret under misspecification) Under assumptions 2, 3 and
4, with probability at least 1 — §, CME-RL achieves the regret bound

R(N) <2 (BV + C Iy, ) vy /21 + A= B2 H) N + 4CN + 2H1/2N Tog(2/3)

4. This is a mild assumption. For any RKHS H,, the direct sum H, + R, where R denotes the RKHS
associated with the kernel k(s,s’) = 1, is again a RKHS with kernel knew(s, s’) := ky (s, s) + 1.
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where B, and ay s are as given in Theorem 2.

In comparison with Theorem 2, Theorem 3 asserts that CME-RL will incur at most an
additional O((ynyV HN + (N) regret when the model is misspecified. This additional term
is linear in N due to the intrinsic bias introduced by the approximation. This linear de-
pendency is standard in the literature, e.g., it is present even in the easier setting of linear
function approximation (Jin et al., 2019). When ( is sufficiently small (as is typical for
universal kernels k), our algorithm will still enjoy good theoretical guarantees.

Conversion to PAC guarantee Similar to Theorem 2, we can also convert Theorem 3
to a PAC guarantee. Assuming a fixed initial state s, with at least a constant probability,
we can learn an e-optimal policy 7 that satisfies Vi*(s) — V{"(s) < e + CynH?3/? by running
CME-RL for T = O(d?;H? /%) episodes.

Remark 4 (Regret under unknown misspecification error) When the misspecifica-
tion error  is unknown to the agent apriori, one can invoke the dynamic regret balancing
scheme of Cutkosky et al. (2021) to get essentially a similar bound as Theorem 3 (albeit
with a polylog factor blow-up). In fact, Cutkosky et al. (2021) gives a bound for the linear
MDP model of Jin et al. (2019). Similar techniques can be incorporated to derive a regret
bound with unknown ( in our setting also.

Proof sketch of Theorem 3 Similar to the proof of Theorem 2, we control the Q-
function estimates Q’,fl(s, a) (cf. Equation 15), but with necessary modifications taking the
effect of the misspecification error ( into account. Specifically, we show, for ©p € C;, that

Qj(s,a) — (R(s,a) + Ex~p(|s,a) Vi (X)) < 2<BV +¢ Hl”m) )\71/2515(5/2)0@15(3: a)+2¢ .

With the result above, we can derive an upper bound on the optimal value Q7 as Q} (s, a) <
Q! (s,a) +2(H — h)¢, which allows us to pick an optimistic action. The proof then follows
similar steps of Theorem 2 via control of predictive variances and Azuma’s inequality.
Complete proof is given in the supplementary material.

5. Conclusion

In this paper, we have presented a novel model-based RL algorithm with sub-linear regret
guarantees under an optimistic RKHS-closure assumption on the value functions, without
requiring a “simulator” access. The algorithm essentially performs an optimistic value iter-
ation step, which is derived from a novel concentration inequality for the mean embeddings
of the transition distribution. We have also shown robustness of our algorithm to small
model misspecifications.

As future work, it remains an open research direction to relax the strong optimistic clo-
sure assumption to a milder one, as in Zanette et al. (2020b) and Domingues et al. (2021),
without sacrificing on the computational and regret performances. In terms of computa-
tional complexity, Vial et al. (2022) proposed an algorithm for misspecified linear MDPs
with bounded per-iteration computational complexity. Although our method has compu-
tational complexity growing with the number of data points, we highlight that constant
cost per iteration can be achieved with kernel-based approximations by means of low-rank
decompositions (Gijsberts and Metta, 2013), which is another avenue for future work.
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Appendix A. Closed-form solution for the operator optimization problem

In this section, we show that Equation 13 is a closed-form solution for the operator optimiza-
tion problem in Equation 12, which is of the form maxe,ec, Ex~p(.|s,a)[f(X)]. Although
the term corresponding to f in Equation 12 is not necessarily in the RKHS H,, we may
for now assume that f € H,. In this case, the problem above may be rewritten as a
quadratically constrained linear program in L(H,, Hy):

(©-8)M| <m0/, )

S} .t.
@Gﬁr(r;-?f,ﬂw) <f7 90(87 a)>H¢ S

where M; € L(H,,H,). The problem above admits a closed-form solution by applying
the Karush-Kuhn-Tucker (KKT) conditions. Directly oing so would require us to take
derivatives of the operator norm. However, observe that for any operator M € L(H,, Hy)

we have |[M|| < y/tr(M' M), where the latter corresponds to the Hilbert-Schmidt norm.
Compared to the operator norm, we can easily take derivatives of the trace to compute the
KKT conditions. In addition, due to the upper bound, any solution satisfying the Hilbert-
Schmidt norm constraint is also a solution under the operator norm constraint. We replace
Equation 16 with the following problem:

0c X, | (£,00(s,))y, st (O - 0 M0 —6,)") < Bi(8/2) .

Applying the KKT conditions, we solve Vgf(©,n) = 0 with respect to © € L(H,, H,) and
n € R, 1 >0, where £(8,7) = (f,Op(s,a))y, — n(tr((© — ) My(© — ©4)T) — 5:(5/2)%).
First, by Vel(0,n) = 0, we have

f @ p(s,a) —20(@ — B, M, =0 — @=@t+2177<f®so<s,a>>Mt1 Can

Now, note that, for quadratically constrained linear program, the maximum should lie at
the border of the constrained set. Replacing the result above into the constraint, we obtain
1 1
2 _ -1 _ -1
£i(6/2)" = 4772tr((f ® @(s,a)) My (p(s,a) ® f)) = ypes ((s,a), M (s, )y (f, P,
so that n = m llo(s, (I)HM;I HfHHw Combining the latter with Equation 17, the solu-
tion to Equation 16 is then given by
Bi(6/2)

Oy = 0 +
" (s, @y (11l

(f ©@p(s,a)) My,

which finally yields
s Expaal ()] = (F, Oupls,0))rg, = (£.8u0(5,)) -+ Bu(5/2) 1T, ol @)
= (£.8u(5,)), + Bul8/2X 2 F g, 0(s )

Replacing f by V! 41 in the solution above and adding the reward function (cf. Equation 12),
we recover Equation 13.
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Appendix B. Proof of main results

B.1. Proof of Theorem 1

We first need to define the data—generating process and its properties. Let F;,_1 be the
filtration induced by the sequence Dy U {(s’, a})}j<n, where Dy denotes the replay buffer
at the beginning of episode ¢. Note that F;o = D;. The evaluation noise defined by
e, == U(s} 1) — Opp(s),, a},), for s}, | ~ P(-|s},a},), is such that:

E[e}|Fin_1] =0 and HEZHH <2 as.
We overload notation to define, for each pair (¢, h), the operator My, = My + 3, ), p(sh,a5)®
p(s7,a7), where My = 37,y (s}, a;)®¢(s],, aj,)+A L. Note that My, = Mg 1 +o(sh,al )@
o(sth, ah) where M; o = M; = M;_1 . Define the estimate

@t,h: Z Y(shi1) @ (sh, ap) +Z¢ g+1)®‘P( D 3) Mt_% .

T<t,h<H ji<h
Note that @t = @t 1,H, Where @t is given by (7). Consider the random variable
Zth = H (61 — Op) 1/2H =tr <(@th — Op)M;4(Or4 — Op) ) :
Define the operator X; ; = (@t nh — ©Op) M. Note that

Xth = Z eh ® p(sh, ap) + 26 ® @(sh,a5) — XOp = Xy 1 +e), @ (s}, ajy)
T<t,h<H j<h
where X; o = X;—1 g. We then have

2o = tr (Xon ML X/,
= tr (Ko M X7 ) 4210 (e, @ (s af) Mo X7 )+t (o @ o(sh al) My o(shoaf) @)

A B C
Define the variance estimate U;,t,h(s’ a) =\ <g0(s, a), M;ﬁ ©(s, a)>H . Note that Ji,t(s, a) =

©

a;t_l’ 1 (s,a). Now, the Sherman-Morrison formula yields
-1 Lot tooty A\l
_ _ _ -1 P8k, ay) @ (s, ap) My
Mt,}% = (Mt,hfl +Q0(S);w GZ) ® ‘P(Sz, QZ)) ! = Mtﬁ—l - ; ‘ 1 : .
1+ <90(5ha ah), Mt,h_1 @(Sha ah)>7—[
-1 -1
Mk elohah) 8 el a) M
Lt L+ Aol o1 (s),ap)

©
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We thus have

A=tr (Xth M X 1) —tr (Xt,hl

—1 —1

My 1 @8y ah) @ @lshyap) My o

- t,h—1
L+ A lai,t,h—l(S;N ay,)

1 T
<tr (Xt,h—l M, 54 Xt,hq) = Zt,h—1 ;

B=tr (sﬁl ® @(shyap) My Xy

52®‘P(327a2)Mth 1(p(8h>ah)®(p(8h>ah)Mté 1Xth 1
14+ A~ 10¢7t’h71(5h,ah)

=tr | e, ® p(sh,al)(Opp_1 — Op)"

<<P(3h»ah) Mth 1@(5haah)>H 5h®90(5h?ah)(®th 1—®P)

©
1+ X 1lo <pth (st al)

A lo2 (st,al) .
=11- pth=117h? “h tr 82@@(82,&2)(@t hel — G)p)T
( +Alo <,2oth 1(85,5af,) ( ’ )

(Orn-1— Or)p(s} af), )
= Hy and
+ A7 lo g20th 1(sh-af,)

C = ||t |12 < togt) M t’t>
41, ( ol e ML kel

— ( o(sh, ap,), Mioa £001) ®¢(Sh’ah3M’ —Lo(sh, ab)
L+ A"to? (s ap,) »
©

-2 4 t oot
4, (A—lozm_l(szvam - gt )
+ A J%t7h_1(sh7ah)
o H H A Ugath I(Sh’ah)
“hlln, 1+ A1 St (st al)
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Putting these together, we have

B t
<(@th 1= Op)p(sy,, ap,), 5h> At U(pth 1 (sh- ap,)

2th < Zth—1 1+ 2

1—|—>\*109207t7h71(52,a2) H hHHw 1+ A 1o2 S bhe L(st,ab)
<(@m‘71 Opr)e(si,a }),6§>
2 Hy
<Alorlis+2 3 T (o aT)
(r)<(th) T
)‘ 0 T 1( T’ T‘)
+ > sl prdlp e
(r)<(t:h) w1 A0g (85 aF)
For any Bp > H@PHHS, define
Brn(6) = \/2AB3 +256(1 + A1) log(det (1 A1 K.p0)V/2) log(212H/5)

where Ko ;5 1= [k¢(( s7,a5), (s] Al ,))](”)( 1 i<(t,h) denotes the gram-matrix at step h of
episode t. Note that K, ; = K@t 1,i- Now define an event &, as

gt,h = ]I{ZT,j < 3,;‘(5)7 \V/( .7) (t h)}
Note that & = 1 implies & -1 = 1 for all (t,h) > (1,1), where &9 = &1 #. Now we
(Grn-1-Or)elsah)eh),,

1+/\71‘742p,t,h—1(sth7“2)
Note that y;j is F;p-measurable and Ely; 4| F;n—1] = 0. Hence {y; 4} is a martingale
difference sequence w.r.t. the filtration {F; 5} . Note that

N 1/2 1/2
H (@t,h—l —Op) Mt,/}hl H HMt h/ 1 ‘P(Sha QZ)‘ 2

L+ Aol q(s)ap)

AN logino1(st,al)
g _ 5 €t L ai2) h’“h 2 )\710_ _ St7at ,
Bin-109) | hHHw T+ A 02, (shal) S Brh-1(0)A" 0t n-1(sp, ap)

define a sequence of random variables {y;p}en as yen = Ep-

©

Ye.nl < Etn1 thHH

. t <
since HEhHHw < 2 a.s. We then have
Z |y‘l‘,j|2 < Z 4BZ,j—1(6))\_10-g20,7',j—1(8j7aj)
(T.9)<(t,h) (T.9)<(t,h)
<8(1+ xl)ﬁgh(a) log(det(T+A " Ky 0)'?) |
where we have used that 3 < A lo? 2(1+271) log(det(l AT K, n) ).
Then, by Azuma-Hoeffding’s inequality, with probability at least 1 —

P,y — 1( 3 J)
QtQH, we have
> i< \/ 6(1 + A~1)37),(6) log(det(I+A~1 Ky ) '/2) log (22 H/6) < B71,(8)/4

(T.g)<(t:h)
as ﬁzh(é) > 256(1 + A1) log(det(T+A "' K, ; 1) '/?) log(2t2H/5). Hence, by an union bound

S
P[a(t’m2(1’1):Z<r,j><<t,h>y” Fen® } Ztlzh12t2H 1z S0 09

Now, it suffices to show that z ) < Bzh( ) for all (¢,h) > (1,0) given > . iy p)¥rj <
ﬁzh(é)/él, for all (¢t,h) > (1,1). We will show this by induction on (¢,h). For the base
case (t,h) = (1,0), we have 219 = A ||®pH%IS < ,6’%70(6). Now by inductive hypothesis, let
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Zrj < 37]-((5) for all (1,0) < (7,7) < (t,h—1). We then have £, ; = 1 for all (1,0) < (7,j) <

(t,h — 1). Therefore, we have

<<ém- 1= Op)elsT ) T ),

Zth >‘||@P”HS+2 Z gd 1 L\ 152 (ST, aT)
<,J><<th> Tomi—11%32

Ao2 L (sT.aT)
+ c 9077'] 1\°g T] .
(r, )z%th})l ]Hﬁw LAty o (87 a7)

A to? (sT,al)
2 ) P, J =1\ g
<A [Oplls +2 Z Yrj T4 Z 1+ A 152 (57, aT)
(1,9)<(t,h) (1.3)<(t,h) Torj—11550 4
<A ©plffs + BEa(8)/2 + 8(1+ A7) log(det(T+A™" Ky r.n) /) < 87,,(6) ,

as 87,(6) > 2X[|©pfg + 16(1 + A7) log(det (1+A" K, .4)'/?). Now the proof follows

from Equation 18 and noting that H(@t - @p)Mi/2H = t1/21H < Be—1,1(6) < Be(0).

2. Regret analysis of CME-RL

To prove the regret bound in Theorem 2, we establish a sequence of intermediate results to
bound the performance gap between the optimal policy and the policy followed by CME-RL.
In Lemma 1, we start with a control on the Q-function estimates Q! , which in turn leads to
the regret bound, as our policy is based on Q. The result implies that as long as the true
transition distribution lies in the confidence set C;, the @-updates are optimistic estimates
of the optimal -values and thus, allow us to pick an optimistic action while sufficiently
exploring the state space.

Lemma 1 (Optimism) Let P € C;. Then, Q7 (s,a) < Q! (s,a) for all h, and (s, a) .

Proof We prove the lemma by induction on h. When h = H, the inequality holds by
definition. Now we assume that the lemma holds for some b/ = h + 1, where 1 < h < H.
This implies that for all s € S,

Vitaa(6) = min { oo Qs 5, min { e Qi o] = Vi)
ac ac
We then have, for all (s,a) € S x A, that
QZ(Sa (l) = R(S, CL) + IE:XNP(~|s,a) [Vi:(—s—l(X)]
R(S a) + IEXNP( |s,a) [Vlf+1( )]

<
< R(s,a) +®m/a>é Ex~pr(fs,a) [Vh+1( )] < Qi (s,a),

where the third step follows from ©p € C;. [ |

Lemma 2 (Gap between optimistic and actual values) Let g} (s) = V/(s) — V,Zrt(s),
and mj, = Ex~p(st.at) [9h1(X)] = gh1(h1)- Then

H
gi(stl) < thl Qh(sha ah) - <R(3h7ah) + EX~P( st at) [Vh+1 ) + Zh 1
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Proof Note that a} = 7} (s}) = argmax, 4 Q' (s}, a). Therefore
Vi (sh) = Rlshsah) +Expipg ap) | Virr ()]
= R(S;w aﬁz) + IEXNP( |Sh ah) [Vh+1< )] - EXNP(-|5’;L,a§L) [QZH(X)]
t

= R(s}i,ah) +Exp( st ,at) [Vh+1( )] - 92+1(32+1) - m% .
We also have V)!(sh) = min {H, max,c4 Q% (s}, a)} = min {H,Q} (s}, al)} < Qi (sh,al).

Therefore, g}, (s},) < Q},(s},, aj,) — <R(Sh’ah) +Exp(|st at) [Vh-i-l(X)]) + Ghi1 (Shy1) + -
Since g};,1(s) =0 for all s € S, a simple recursion over all i € [H] completes the proof. W

Lemma 3 (Cumulative regret expressed through Q-estimates) Let ©p € C; for all
t > 1. Then for any § € (0,1], the following holds with probability at least 1 — /2 :

R(N) < Zth h<H Qlltz(sziszv alltz)* (R(Shv ah) + IEXNP( st ,al) [Vh—‘rl ])+2H V2N log 2/(S
Proof If Op € C; for all ¢, we have from Lemma 1 that

Vi1, Vi(st) = min {H gg@i(sﬁ,a)} > win {H rggﬁccx(si,w} ey
Therefore the cumulative regret after N = T H steps is given by

T * wt T mt T

RN =Y sh) v )] <30, (Vs =1 6h) =0, aitsh) -

We then have from Lemma 2 that
trat ot £t ¢

R(N) < ZtsT,th Qp (s, ap) — (R(Shvah) +Ex p(|st at) Vi (X )]) + Zth,th mp, -

Note that (m});, is a martingale difference sequence adapted to the filtration F; ), with
|m}| < 2H. Hence, by Azuma-Hoeffding inequality, with probability at least 1 — §/2,
Y icrher My, < 2H\/2THlog(2/0) = 2H /2N log(2/4), which proves the result. [ |

Lemma 4 (Error in Q-estimates) Let ©p € C;. Then, for allh < H and (s,a) € SX A,
Qh(s,a) — (R(s,a) + Exp((sa) [Vie1(X)]) < 2By Bi(3/2)A ™ 20,4(s,a)

Proof For Op € C;, uniformly over all ¢ € N, the mean embeddings satisfy
[0 =90 = [©p—Bip(s.a
My

Hy
< [[©r =8)@ps +AD||| (€ + AD2p(5,0) |
©
< ﬁ(5/2)< C A Y2 _ g (5/2)a 12
= t 90(870’)7( ot T ) 90(57a) o —/Bt( /2) O'%t(sva)'
©

Now, by Assumption 1, V/ 41 € Hy. Hence, the Q-estimates (Equation 13) can written as
Q! (s,a) = R(s,a) + <Vht+1, ggs,a)>H + By Bi(3/2)A\"/20,4(s, a). Therefore, we have
¥
Q%(S a) — (R(S, a) + EXNP(.‘S’Q) [Vlf-i-l(X)])
= (Vi 9 =0+ BrBG/2N ol a) < 2BvB(0/2A a5, a)
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where the last step holds since HfoHHHw < By and ©p € C;. [ |

Lemma 5 (Sum of predictive variances) Let SUp; 4 k((s,a),(s,a)) < By. Then
Zth,th A it(SZ,ah) (IT+ A~ 132 )logdet(I+/\_1 K@,T+1) .

Proof We have from Equation 9 that A\™'02 (s, a) = tr (M; ! ¢(s,a) ® p(s,a)). We also
note that My > AT and ¢(s, a) ® ¢(s,a) < B2 L. Therefore M; (s, a) @ @(s,a) < ATIBZI
Now, since My 1 = Mg + 37, <5 (s}, aj,) @ o(s},, ap,), we have
M, = (T+My IZ ¢(shs af) @ (sh, af)) My < (L+ATTBZH) M,
We then have
—1_2 (.t —1p2 —1
Zth,th Alol (shyal) < (1+AT'BIH) ZKT tr (M3 (M1 — M)
- det(My1)
< (1+X'BZH log —— =
(1+ PH) D,y log det(My,)
= (1+A'BZH)logdet(I+A" Mry1)
= (1+ A 'BZH)logdet(I+A 'Ky 141) -
Here, in the second step we have used that for two positive definite operators A and B such

that A — B is positive semi-definite, tr(A~(A — B)) < log SZEE ; The last step follows from

Sylvester’s determinant identity. |

Based on the results in this section, we can finally derive a proof for Theorem 2.

B.2.1. PROOF OF THEOREM 2

We have from Lemma 3 and 4 that if ©p € C,; for all ¢, then with probability at least 1—4/2,

the cumulative regret
R(N) < 2BvBr(6/2)) .. A opu(sh, af) +2H /2N 1og(2/6)

< 2BvaN75\/THZt<Th<H A1o2 ,(sh,al) + 2H /2N log(2/9)
< 2Bvansy/2(1+ A LBLH)Nyy + 2H /2N 10g(2/0) .

The first step follows since (3;(9) increases with ¢, the second step is due to Cauchy-Schwartz’s

inequality and the fact that 87(6/2) < an s, and the final step follows from Lemma 5. The
proof now can be completed using Theorem 1 and taking a union bound.

B.3. Regret analysis of CME-RL under model misspecification

To prove the regret bound in Theorem 3, we follow the similar arguments used in proving
Theorem 2, but with necessary modifications taking the effect of the misspecification error
¢ into account. We first derive the following result.
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Lemma 6 (Error in approximate Q-values) Let ©p € C;. Then, for all h € [H] and
(s,a) € S x A, we have that:

Ql}:,(& CL) - (R(S’ CL) + H“-?‘XNP(~|:5,(1) [V}f—&—l(X)]) <2 (BV + C ”1”7'[111) )‘_1/2ﬁt(6/2)0¢,t(87 CL) + QC .

Proof Note that the Q-estimates (Equation 15) can rewritten as
QI;L(Sa CL) = R(Sa CL) + Oét(S, a)TU;H—l + (BV + C ||1”’Hw> A_l/zﬂt(5/2)0-g0,t(s7 a) .

By Assumption 3, there exists a function f/}fH € My such that ||V}, — f/}fHHoo < (¢ We

now define the vector f)fLH = [V,f+1(s;,+1)]7<t7h/<H and introduce the shorthand notation
Epis,a)lf] = Exop(s,a)[f(X)]. We then have

(5, @) Whar = Exupian Vi (X)]]
(s, a T@ZH + (s, a)T(UZH - 17;L+1) - EP(-\s,a) [WH] + EP(~|s,a) [foﬂ - fo+1]‘
Vi = Vit
o0

(5,0) Ty = Ep(lsaVic]| + ¢ (1+ Jauls,a)l,) (19)

— |au(s,a)

< 5t R Vi Vi ot

A at(57a) Up41 P(~|s,a)[ h+1] +||at(8aa)”1 h+1 h+1 oo+
< |at(s,0)

which follows by an application of Hoélder’s inequality. Now, as ©p € C; and Hf/,f 1 HH <
P

By, the following also holds:
‘Oét(sv a)T{];pH - EPHS,G) [Vlerl]‘ = ’<‘7ff+17 1915(8, (L) - QS‘P(S’ a>>’H¢

< ByAY28,(5/2)0,.4(s,a) - (20)
By Assumption 4, the constant function 1 : § — R is an element of H,. For stationary
(radial) kernels k,, we have [ay(s,a)].p, > 0, V7 <t,h < H. Now, as Op € C;, we have:

leats, )l = (327 1), = (o), o+ (3 o)

< Exop(fs,al(X)] + HlHHw H@gs,a) B 19538’&)

Hy
= 14 Ly, A28:(5/2) (s, a) - (21)
Combining Equation 20 and Equation 21 with Equation 19 yields:

‘at(sv a)TUItpH - IE:XNPHs,a)(X) [Vht+1]‘
< ByATY?8,(6/2)0. (s, a) + ¢ (2 + (1Ll ATV2B4(8/2)004(s, a))
< (B + ¢y, ) A280(8/2)004(5,0) + 2 (22)
Finally, the result follows by noting that
QZ(S,Q) — (R(S, CL) + EXNP(.|S’Q) [Vht—l—l(X)D
< (s, G)TUZH - EP(~|s,a) [fo+1] + (BV +¢ ||1||Hw) )‘_1/2Bt(5/2)0¢,t(57 a)
<2(Bv + Iy, ) A28/ a(s,0) + 2

which concludes the proof. |
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With the result above, we can derive an upper bound on the optimal value Q% as follows.
Lemma 7 Let ©Op € C;. ThenVh € [H], V(s,a) € Sx A, Qf(s,a) < Q@ (s,a)+2(H—h)C.

Proof We prove the lemma by induction on h. When h = H, the result holds by definition.
Now assume that it holds for some h' = h + 1, where 1 < h < H. This implies that

VseS, Vi(s)= min{H,meaﬁcQzH(s,a)]}

> win { 1m0 Qi (0] | = 2 b= 16 = Vi ()~ 20 = 1C
ac
We then have, for all (s,a) € S x A, that
QZ(& a) = R(S¢ a) + EX~P(~|s,a) [V}Z(Jrl(X)]

< R(s,a) +Exop(isa) Vi (X)] +2(H —h—1)C . (23)

Using Equation 22 in the proof of Lemma 6, we now see that
Exp(fsa) Vit ()] < arls,0) 0h 1 + (By + C Iy, ) A7280(0/2)004(5, 0) + 2
which holds as ©p € C;. We then have from Equation 23 that
Qi(5,0) < (s, ) + 0u(s,0) b1 + (By + C Ly, ) X 2B1(6/2)0004(s,a) + 2(H — b
=Q}(s,a) +2(H - h)C,

which follows from the definition of QQ-estimates. |

Given Lemma 6 and Lemma 7, we can finally prove Theorem 3.

B.3.1. PROOF OF THEOREM 3

If ©p € C; for all t > 1, we have from Lemma 7 that V*(s}) < V{(s!) +2(H — 1)¢. Then
following similar steps as in the proof of Theorem 2 and Lemma 3, with probability at least
1 —4/2, we have the following:

R(N) < Z Qi (shsap,) — (R(szvaZ) +Ex p(st at) [fo+1(X)])
t<T,h<H

+2H+\/2N log(2/6) + 2¢T(H — 1)
<2(Br+Cllhy,) 30 A V06/2)004(sh ab) + 2T H + 20 /2N 10a(2/5)

t<Th<H
+2(T(H — 1)

<2(Bv 4+l ) Br(0/2) Y- A M204(sh,ah) + ACTH + 2H /2N log(2/5)

t<T,h<H

<2 (BV e \|1||Hw) aN75\/TH N Alo2,(sh,al) +4CTH + 2H /2N log(2/0)

t<T,h<H

<2 (BV +C Hl”m) aN,(;\/z(l + A\"LBZH) Ny + 4CN + 2H /2N Tog(2/5) .
The second step follows from Lemma 6, the third step from monotonicity of B¢(d) with ¢,
the fourth step is due to Cauchy-Schwartz’s inequality and the fact that Sr(6/2) < ang,
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and the final step follows from Lemma 5. The proof now can be completed using Theorem 1
and taking a union bound.
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