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Summary
We study off-dynamics reinforcement learning (RL), where the policy training and deploy-

ment environments are different. To deal with this environmental perturbation, we focus on
learning policies robust to uncertainties in transition dynamics under the framework of dis-
tributionally robust Markov decision processes (DRMDPs), where the nominal and perturbed
dynamics are linear Markov Decision Processes. We propose a novel algorithm, We-DRIVE-
U, that enjoys an average suboptimality Õ

(
dH ·min{1/ρ,H}/

√
K
)
, where K is the number

of episodes, H is the horizon length, d is the feature dimension and ρ is the uncertainty level.
This result improves the state-of-the-art by O(dH/min{1/ρ,H}). We also construct a novel
hard instance and derive the first information-theoretic lower bound in this setting. In stark
contrast with standard linear MDPs, our lower bound depends on the uncertainty level ρ, re-
vealing the unique feature of DRMDPs. Our algorithm also enjoys a ‘rare-switching’ design,
requiring only O(dH log(1 + H2K)) policy switches and O(d2H log(1 + H2K)) calls of
the dual optimization oracle, which significantly improves computational efficiency of existing
algorithms, whose policy switch and oracle complexities are both O(K).

Contribution(s)
1. We propose a novel algorithm, We-DRIVE-U, with linear function approximation to learn

robust policies that hedge against adversarial dynamics perturbation. The key novelty of
We-DRIVE-U lies in incorporating the variance information into the policy learning, by a
carefully designed optimistic estimator of the variance of the optimal robust value function.
Context: None.

2. We prove that We-DRIVE-U achieves an average suboptimality of
Õ(dH ·min{1/ρ,H}/

√
K), which is near-optimal up to O(

√
H). We-DRIVE-U

also enjoys low switching cost and low computation cost. Our analysis depends on
establishing new analysis techniques, instead of implementing those established in existing
literature.
Context: Prior work established a simple algorithm with lose bound.
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Abstract

We study off-dynamics reinforcement learning (RL), where the policy training and
deployment environments are different. To deal with this environmental perturba-
tion, we focus on learning policies robust to uncertainties in transition dynamics un-
der the framework of distributionally robust Markov decision processes (DRMDPs),
where the nominal and perturbed dynamics are linear Markov Decision Processes.
We propose a novel algorithm, We-DRIVE-U, that enjoys an average suboptimality
Õ
(
dH ·min{1/ρ,H}/

√
K
)
, where K is the number of episodes, H is the horizon

length, d is the feature dimension and ρ is the uncertainty level. This result improves the
state-of-the-art by O(dH/min{1/ρ,H}). We also construct a novel hard instance and
derive the first information-theoretic lower bound in this setting. In stark contrast with
standard linear MDPs, our lower bound depends on the uncertainty level ρ, revealing
the unique feature of DRMDPs. Our algorithm also enjoys a ‘rare-switching’ design,
requiring onlyO(dH log(1+H2K)) policy switches andO(d2H log(1+H2K)) calls
of the dual optimization oracle, which significantly improves computational efficiency
of existing algorithms, whose policy switch and oracle complexities are both O(K).

1 INTRODUCTION

In dynamic decision-making and reinforcement learning (RL), Markov decision processes (MDPs)
offer a well-established framework for understanding complex systems and guiding agent behavior
(Sutton & Barto, 2018). However, MDPs encounter significant challenges in practical applications
due to incomplete knowledge of model parameters, especially transition probabilities. This sim-to-
real gap, representing the difference between training and testing environments, can lead to failures
in fields like infectious disease control and robotics (Farebrother et al., 2018; Zhao et al., 2020;
Laber et al., 2018; Liu et al., 2023; Peng et al., 2018). To address these challenges, off-dynamics RL
provides a framework where policies are trained on a source domain and deployed to a distinct target
domain, promoting robust performance across varying environments (Eysenbach et al., 2020; Jiang
et al., 2021; Wang et al., 2024b). Within this framework, distributionally robust Markov decision
processes (DRMDPs) have emerged as a promising way to model transition uncertainty. DRMDPs
focus on learning robust policies that perform well under worst-case scenarios (Nilim & El Ghaoui,
2005; Iyengar, 2005). On the practical side, Zhou et al. (2023); Xu et al. (2023a); Ding et al. (2023)
have shown empirical successes to learn robust policies under the DRMDP framework. While on
the theoretical side, prior works (Zhang et al., 2021a; Yang et al., 2022; Panaganti et al., 2022; Shi
& Chi, 2022; Yang et al., 2023b; Shen et al., 2024) have proposed algorithms mainly for tabular
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DRMDPs with finite number of states and actions, which are infeasible when facing large state and
action spaces.

In environments characterized by large state and action spaces, function approximation techniques
are crucial to overcome the computational burden posed by high dimensionality. Linear function
approximation methods, based on relatively simple function classes, have shown significant theoret-
ical and practical successes in standard MDP environments (Jin et al., 2020; He et al., 2021; 2023;
Yang & Wang, 2020; Hsu et al., 2024; Liu & Xu, 2026b). However, their application in DRMDPs
introduces additional complexities. These complexities arise from the nonlinearity caused by the
dual formulation in the worst-case analysis, even when the transition dynamics in the source domain
are modeled as linear. Recently, Liu & Xu (2024a) provided the first theoretical results in the online
setting of d-rectangular linear DRMDPs, a specific type of DRMDPs where the nominal model is a
linear MDP (Jin et al., 2020) and the uncertainty set is defined based on the linear structure of the
nominal transition kernel. Apart from this, online DRMDP with linear function approximation is
largely underexplored and it is not clear how far existing algorithms are from optimal. Consequently,
two natural questions arise:

Can we improve the current results for online DRMDPs with linear function approximation?
What is the fundamental limit in this setting?

In this paper, we provide an affirmative answer to the first question and answer the second question
by providing an information theoretic lower bound for d-rectangular linear DRMDPs. In particular,
motivated by the adoption of variance-weighted ridge regression to achieve nearly optimal result in
standard linear MDPs (Zhou et al., 2021a; Zhou & Gu, 2022; Zhang et al., 2021b; Kim et al., 2022;
Zhao et al., 2023; He et al., 2023; Hu et al., 2023), we propose a variance-aware distributionally
robust algorithm to solve the off-dynamics RL problem. Due to the nonlinearity caused by the
dual optimization of DRMDPs, the adoption of variance information in linear DRMDPs is highly
nontrivial. Existing algorithms that incorporate variance information in learning linear DRMDPs
requires coverage assumptions on the offline dataset (Liu & Xu, 2024b; Wang et al., 2024a), which is
infeasible in the online setting where the algorithm needs to interact with the environment to collect
data. Thus we address the following unique challenges for applying variance-aware techniques in
online DRMDPs in both algorithm design and theoretical analysis:

• (Fundamental non-linearity induced by the uncertainty) The uncertainty set leads the (robust)
Bellman equations to be nonlinear with respect to the nominal kernel, a key feature in standard
MDP. A direct consequence is that though the Q-function remains a linear representation, its pa-
rameters must be estimated element-wisely from d (i.e., parameter dimension) variance-weighted
ridge regressions, instead of one in standard linear MDP. This poses challenges for algorithm de-
sign, as it requires properly incorporating variance information into the estimation process and
quantitatively controlling the estimation uncertainty.

• (Precise control on variance estimation.) Existing theoretical analyses of online linear MDPs
rely heavily on the Elliptical Potential Lemma, showing that the estimation error shrinks rapidly
enough to guarantee the near-optimality of the learned policy within a small number of rounds.
However, this lemma is not applicable in our setting due to the element-wise parameter estimation
procedure mentioned above. Instead, we adopt a large-k regime to control the estimation error,
based upon the intuition that when the sample size is large, the variance estimation should be close
to the true variance (see Lemma C.7). Finally, we leverage the ‘Range Shrinkage’ property (see
Lemma G.10) for linear DRMDPs to bound the true variance, and thus obtain an improved bound.

Our work poses a distinct algorithm design and calls for different theoretical analysis techniques.
Our main contributions are summarized as follows:

• We propose a novel algorithm, We-DRIVE-U, for d-rectangular linear DRMDPs with total-
variation (TV) divergence uncertainty sets. We-DRIVE-U is designed based on the optimistic
principle (Jin et al., 2018; 2020; He et al., 2023) to trade off the exploration and exploitation
during interacting with the source environment to learn a robust policy. The key novelty of We-
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DRIVE-U lies in incorporating the variance information into the policy learning, by a carefully
designed optimistic estimator of the variance of the optimal robust value function.

• We prove that We-DRIVE-U achieves an average suboptimality of Õ(dH ·min{1/ρ,H}/
√
K)

when the number of episode K is large, which improves the state-of-the-art result (Liu &
Xu, 2024a) by Õ(dH/min{1/ρ,H}), We highlight that the average suboptimality of We-
DRIVE-U demonstrates the ‘Range Shrinkage’ property (refer to Lemma G.10) through the
term min{1/ρ,H}. We further established an information-theoretic lower bound Ω(dH1/2 ·
min{1/ρ,H}/

√
K), which shows that We-DRIVE-U is near-optimal up to O(

√
H) for any un-

certainty level ρ ∈ (0, 1].
• We-DRIVE-U is favorable in applications where policy switching is risky or costly, since We-

DRIVE-U achieves O(dH log(1 + H2K)) global policy switch (refer to Definition 5.5). More-
over, we note that calls for oracle to solve dual optimizations (4.3) are one of the main sources
of computation complexity in DRMDP with linear function approximation. Thanks to the specif-
ically designed ‘rare-switching’ regime, We-DRIVE-U achieves O(d2H log(1 + H2K)) oracle
complexity (refer to Definition 5.6). Both results improve exiting online DRMDP algorithms by a
factor of K. Thus, We-DRIVE-U enjoys low switching cost and low computation cost.

Notations. For any positive integer H ∈ Z+, we denote [H] = {1, 2, · · · , H}. For any set S,
define ∆(S) as the set of probability distributions over S. For any function V : S → R, define
[PhV ](s, a) = Es′∼Ph(·|s,a)[V (s′)], and [V (s)]α = min{V (s), α}, where α > 0 is a constant. For
a vector x, define xj as its j-th entry. Moreover, denote [xi]i∈[d] as a vector with the i-th entry being
xi. For a matrix A, denote λi(A) as the i-th eigenvalue of A. For two matrices A and B, denote
A ⪯ B as the fact that B − A is a positive semi-definite matrix. For any P,Q ∈ ∆(S), the total
variation divergence of P and Q is defined as D(P ||Q) = 1/2

∫
S |P (s)−Q(s)|ds.

2 RELATED WORK

Distributionally Robust MDPs There has been a large body of works studying DRMDPs under
various settings, for instance, the setting of planning and control (Xu & Mannor, 2006; Wiesemann
et al., 2013; Yu & Xu, 2015; Mannor et al., 2016; Goyal & Grand-Clement, 2023) where the exact
transition model is known, the setting with a generative model (Zhou et al., 2021b; Yang et al.,
2022; Panaganti & Kalathil, 2022; Xu et al., 2023b; Shi et al., 2023; Yang et al., 2023a), the offline
setting (Panaganti et al., 2022; Shi & Chi, 2022; Blanchet et al., 2023; Tang et al., 2024) and the
online setting (Dong et al., 2022; Liu & Xu, 2024a; Lu et al., 2024; Liu & Xu, 2026a; He et al.,
2026). Among tabular DRMDPs, the most relevant studies to ours are Shi et al. (2023); Lu et al.
(2024); He et al. (2025). In particular, Shi et al. (2023) study tabular DRMDPs with TV uncertainty
sets. They provide an information-theoretic lower bound, as well as a matching upper bound on
the sample complexity. The key message is that the sample complexity bounds depend on the
uncertainty level, and when the uncertainty level is of constant order, policy learning in a DRMDP
requires less samples than in a standard MDP. Lu et al. (2024) study the online tabular DRMDPs with
TV uncertainty sets, they provide an algorithm that achieves the near-optimal sample complexity
under a vanishing minimal value assumption to circumvent the curse of support shift. Further, He
et al. (2025) study the intrinsic difficulty of exploration in online DRMDPs, they introduce a novel
quantity, supremal visitation ratio, that measures the mismatch between the training dynamics and
the deployment dynamics.

Online Linear MDPs and Linear DRMDPs The nominal model studied in our paper is assumed
to be a linear MDP with a simplex feature space. There is a line of works studying online linear
MDPs (Yang & Wang, 2020; Jin et al., 2020; Modi et al., 2020; Zanette et al., 2020; Wang et al.,
2020a; He et al., 2021; Wagenmaker et al., 2022; Ishfaq et al., 2023), and the minimax optimality of
this setting is studied in the recent work of He et al. (2023). In particular, they adopt the variance-
weighted ridge regression scheme and the ‘rare-switching’ policy update strategy in their algorithm
design. The setting of online linear DRMDP is relatively understudied, with both the lower bound
and the near-optimal upper bound remain elusive. Specifically, the recent work Liu & Xu (2024a)
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studies the online linear DRMDP setting. Under the TV uncertainty set, their algorithm, DR-LSVI-
UCB, achieves an average suboptimality of the order Õ(d2H2/

√
K). A follow-up work Gu et al.

(2025) study the policy regularized online linear DRMDP and obtain the same complexity upper
bound. However, recent evidence from studies (Liu & Xu, 2024b; Wang et al., 2024a) on offline
linear DRMDPs suggests that this rate is far from optimality. In particular, Liu & Xu (2024b) proves
that their algorithm, VA-DRPVI, achieves an upper bound on the suboptimality in the order of
Õ(dHmin{1/ρ,H}/

√
K). Nonetheless, their algorithm and analysis are based on a pre-collected

offline dataset which satisfies some coverage assumption, and thus cannot be utilized in the online
setting, where a strategy on data collection is required to deal with the challenge of exploration and
exploitation trade-off.

3 PRELIMINARY

In this section, we introduce the mathematical framework of our setting. We use a tuple
DRMDP(S,A, H,Uρ(P 0), r) to denote a finite horizon DRMDP, where S and A are the state and
action spaces, H ∈ Z+ is the horizon length, P 0 = {P 0

h}Hh=1 is the nominal transition kernel,
Uρ(P 0) =

⊗
h∈[H] U

ρ
h(P

0
h ) denotes an uncertainty set centered around the nominal transition ker-

nel with an uncertainty level ρ ≥ 0, r = {rh}Hh=1 is the reward function. A policy π = {πh}Hh=1 is
a sequence of decision rules. For a policy π, we define the robust value function and Q-function for
any (h, s, a) ∈ [H]× S ×A as

V π,ρ
h (s) = inf

P∈Uρ(P 0)
EP
π

[ H∑
t=h

rt(st, at)
∣∣∣sh = s

]
,

Qπ,ρ
h (s, a) = inf

P∈Uρ(P 0)
EP
π

[ H∑
t=h

rt(st, at)
∣∣∣sh = s, ah = a

]
.

Moreover, we define the optimal robust value function and optimal robust state-action value func-
tion: for any (h, s, a) ∈ [H]×S×A, V ⋆,ρ

h (s) = supπ∈Π V π,ρ
h (s), Q⋆,ρ

h (s, a) = supπ∈Π Qπ,ρ
h (s, a),

where Π is the set of all policies. Correspondingly, the optimal robust policy is the policy that
achieves the optimal robust value function π⋆ = argsupπ∈ΠV

π,ρ
h (s).

In this paper, we focus on the d-rectangular linear DRMDP (Ma et al., 2022; Blanchet et al., 2023;
Liu & Xu, 2024a;b; Tang et al., 2024), where the nominal environment is a linear MDP (Jin et al.,
2020) with a simplex state space, defined as follows.

Assumption 3.1. Given a known feature mapping ϕ : S × A → Rd satisfying
∑d

i=1 ϕi(s, a) = 1,
ϕi(s, a) ≥ 0, for any (i, s, a) ∈ [d]×S ×A, we assume the reward functions {rh}Hh=1 and nominal
transition kernels {P 0

h}Hh=1 are linearly parameterized. Specifically, for any (h, s, a) ∈ [H]×S×A,
rh(s, a) = ⟨ϕ(s, a),θh⟩, P 0

h (·|s, a) = ⟨ϕ(s, a),µ0
h(·)⟩, where {θh}Hh=1 are known vectors with

bounded norm ∥θh∥2 ≤
√
d and {µh}Hh=1 are unknown probability measures over S.

In d-rectangular linear DRMDPs, an uncertainty set of transition dynamics Uρ
h(P

0
h ) is defined based

on the linear structure of P 0
h satisfying Assumption 3.1. In particular, for any (h, i) ∈ [H] × [d],

we first define the factor uncertainty set Uρ
h,i(µ

0
h,i) = {µ : µ ∈ ∆(S), D(µ||µ0

h,i) ≤ ρ},
where D(·||·) is a probability divergence which we choose as the total variation (TV) diver-
gence in this paper. Then the uncertainty set of transitions for state s and action a is defined
as Uρ

h(s, a;µ
0
h) = {

∑d
i=1 ϕi(s, a)µh,i(·) : µh,i(·) ∈ Uρ

h,i(µ
0
h,i),∀i ∈ [d]}. We also denote

Uρ
h(P

0
h ) =

⊗
(s,a)∈S×A U

ρ
h(s, a;µ

0
h) as the collection of uncertainty sets on the whole state and

action spaces. Built on these definitions, Liu & Xu (2024a) showed that the following robust Bell-
man equations hold for any policy π

Qπ,ρ
h (s, a) = rh(s, a) + inf

Ph(·|s,a)∈Uρ
h(s,a;µ

0
h)
[PhV

π,ρ
h+1](s, a), (3.1a)

V π,ρ
h (s) = Ea∼πh(·|s)

[
Qπ,ρ

h (s, a)
]
, (3.1b)
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Similarly, the robust Bellman optimality equations are

Q⋆,ρ
h (s, a) = rh(s, a) + inf

Ph(·|s,a)∈Uρ
h(s,a;µ

0
h)
[PhV

⋆,ρ
h+1](s, a), (3.2a)

V ⋆,ρ
h (s) = maxa∈A Q⋆

h(s, a). (3.2b)

In the context of online DRMDPs, an agent actively interacts with the nominal environment within
K episodes to learn the optimal robust policy. Specifically, at the start of episode k, an agent
chooses a policy πk based on the history information and receives the initial state sk1 . Then the agent
interacts with the nominal environment by executing πk until the end of episode k, and collects a
new trajectory. The goal of the agent is to minimize the average suboptimality1 after K episodes,
which is defined as AveSubopt(K) = 1/K

∑K
k=1

[
V ⋆,ρ
1 (sk1)− V πk,ρ

1 (sk1)
]
.

Lu et al. (2024) recently show that sample efficient learning in online tabular DRMDPs is impossible
in the presence of support shift, i.e., the nominal kernel and target kernel do not share the same
support. Built on the hard instance constructed in their work, we carefully design feature mappings
for the transition kernel to extend their lower bound to the following one for online linear DRMDPs.

Proposition 3.2. (Hardness result) There exists two d-rectangular linear DRMDPs {Mθ}θ∈{0,1},
such that infALG supθ∈{0,1} E[AveSuboptMθ,ALG(K)] ≥ Ω(ρ ·H), where AveSuboptMθ,ALG(K)
is the average suboptimality of algorithm ALG in the d-rectangular linear DRMDPMθ.

Note that the lower bound in Proposition 3.2 does not converge to zero as K increases, which means
that in general no algorithm can guarantee to learn the optimal robust policy approximately. To
circumvent this problem, in the rest of paper we focus on a tractable subclass of d-rectangular linear
DRMDP following Liu & Xu (2024a); Lu et al. (2024), which is formally defined in the following
assumption.

Assumption 3.3 (Fail-state). Assume there exists a ‘fail state’ sf in the d-rectangular linear DR-
MDP, such that for all (h, a) ∈ [H]×A, rh(sf , a) = 0, P0

h(sf |sf , a) = 1.

With Assumption 3.3, we follow the framework in Liu & Xu (2024a), where we have the following
results on robust value functions that are helpful in solving the optimization in (3.2).

Proposition 3.4. (Liu & Xu, 2024a, Remark 4.2) Under Assumption 3.3, we have Qπ,ρ
h (sf , a) =

V π,ρ
h (sf ) = 0, ∀(π, h, a) ∈ Π × [H] × A. For any function V : S → [0, H] that satisfies

mins∈S V (s) = V (sf ) = 0, we have infµ∈Uρ(µ0) Es∼µV (s) = maxα∈[0,H]{Es∼µ0 [V (s)]α− ρα}.

4 ALGORITHM DESIGN

One prominent property of the d-rectangular DRMDP is that the robust Q-functions possess lin-
ear representations with respect to the feature mapping ϕ. In particular, under Assumptions 3.1
and 3.3, Liu & Xu (2024a) show that for any (π, s, a, h) ∈ Π×S ×A× [H], the robust Q-function
Qπ,ρ

h (s, a) has a linear form as follows Qπ,ρ
h (s, a) =

(
rh(s, a) + ϕ(s, a)⊤νπ,ρ

h

)
1{s ̸= sf}, where

νπ,ρ
h =

(
νπ,ρh,1 , . . . , ν

π,ρ
h,d

)⊤
, νπ,ρh,i = maxα∈[0,H]

{
zπh,i(α) − ρα

}
, zπh,i(α) = Eµ0

h,i
[
V π,ρ
h+1(s

′)
]
α

and
α ∈ [0, H] is the dual variable derived from the dual formulation (see Proposition G.1 for more
details). Moreover, the robust Bellman optimality equation (3.2) shows that the greedy policy with
respect to the optimal robust Q-function is exactly the optimal robust policy π⋆. Therefore, the core
idea behind the algorithm design is to estimate the optimal robust Q-function using linear function
approximation, and then find π⋆ by the greedy policy derived from the estimated optimal robust
Q-function. We present our algorithm in Algorithm 1.

1Our ‘average sub-optimality’ differs from standard ‘regret’ as it measures the gap to the optimal policy in the worst-case
target environment, not the nominal one.
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4.1 Variance-Weighted Ridge Regression

Algorithm 1 is a value-iteration based algorithm that iteratively estimates the robust Q-function
through variance-weighted ridge regression. Different from the Q-function estimation for standard
linear MDP, we element-wisely estimate the parameters of robust Q-functions in linear DRMDPs.

From Line 6 to 13 of Algorithm 1, we adopt the backward induction procedure to update the robust
Q-function estimation. In particular, for any (k, h) ∈ [K] × [H], suppose we have an estimated
robust value function V̂ ρ

k,h+1. By the robust Bellman optimality equation (3.2) and Proposition 3.4,
conducting one step backward induction on V̂ ρ

k,h+1 leads to the following linear form (Liu & Xu,
2024a):

rh(s, a) + infPh∈Uρ
h(s,a;µ

0) Ph[V̂k,h+1](s, a) = ϕ(s, a)⊤(θh + νρ,k
h )1{s ̸= sf}, (4.1)

where νρ,kh,i := maxα∈[0,H]{zkh,i(α)− ρα} and zkh,i(α) := Eµ0
h,i [V̂k,h+1(s

′)]α, for any i ∈ [d]. Note
that under Assumption 3.1, for any α ∈ [0, H], zkh,i(α) is the i-th element of the parameter of the
following linear formulation, [P0

h[V̂k,h+1]α](s, a) = ⟨ϕ(s, a), zk
h(α)⟩. Thus, we can estimate zk

h(α)
from data to get estimations of zkh,i(α),∀i ∈ [d]. To this end, we introduce the variance-weighted
ridge regression regime to estimate zk

h(α) as follows

min
z∈Rd

k−1∑
τ=1

σ̄−2
τ,h

(
z⊤ϕ

(
sτh, a

τ
h

)
−
[
V̂ ρ
k,h+1

(
sτh+1

)]
α

)2
+ λ∥z∥22,

which leads to the following closed-form estimation

ẑk
h(α) = Σ−1

k,h

k−1∑
τ=1

σ̄−2
τ,hϕ

(
sτh, a

τ
h

)[
V̂ ρ
k,h+1

(
sτh+1

)]
α
, (4.2)

where Σk,h = λI +
∑k−1

τ=1 σ̄
−2
τ,hϕ

(
sτh, a

τ
h

)
ϕ
(
sτh, a

τ
h

)⊤
and σ̄τ,h is a variance estimator that will be

formally introduced in Section 4.2. We then approximate νρ,k
h by solving the optimization problem

element-wisely

ν̂ρ,kh,i = maxα∈[0,H]

{
ẑkh,i(α)− ρα

}
, i ∈ [d]. (4.3)

Then we can estimate the Q-function via (4.1). Due to the nature of online RL, the estimation might
be highly uncertain due to the lack of exploration, and thus we incorporate a bonus term Γ̂k,h(s, a) =

β
∑d

i=1 ϕi(s, a)
√
1⊤
i Σ

−1
k,h1i into the robust Q-function estimation, where β = Õ

(
H
√
dλ +

√
d
)
.

The final estimator is given by Line 8 of Algorithm 1, which we will show later is an optimistic
estimator for the optimal robust Q-function.

Inspired by He et al. (2023), we also establish estimators for the lower bound of robust Q-functions
by the same backward induction procedure, which will be helpful in constructing the variance esti-
mator σ̄τ,h as shown in the next section. In particular, given V̌ ρ

k,h, We obtain the variance weighted

regression estimator žk
h(α) = Σ−1

k,h

∑k−1
τ=1 σ̄

−2
τ,hϕ

(
sτh, a

τ
h

)[
V̌ ρ
k,h+1

(
sτh+1

)]
α

, and the estimation

ν̌ρ,kh,i = maxα∈[0,H]

{
žkh,i(α)− ρα

}
, i ∈ [d]. (4.4)

By (4.1) and (4.4), we get another estimation of the robust Q-function, which we aim to show is a
pessimistic estimation of the optimal robust Q-function. Similarly, to quantify the uncertainty caused

by online exploration, we introduce a penalty term Γ̌k,h(s, a) = β̄
∑d

i=1 ϕi(s, a)
√
1⊤
i Σ

−1
k,h1i,

where β̄ = Õ
(
H
√
dλ +

√
d3H3

)
. The final pessimistic estimator Q̌ρ

k,h is shown on Line 9 of
Algorithm 1. Though Liu & Xu (2024b) also constructed pessimistic robust Q-function estimations
for DRMDPs, our methods are very different due to 1) they do not update the estimation episodi-
cally, 2) their estimators are used to get the optimal robust policy estimation, while ours are used to
construct the variance estimator, as shown in the next section.
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Algorithm 1 Weighted Distributionally Robust Iterative Value Estimation with UCB (We-DRIVE-
U)

1: Initialization: confidence parameters β, β̄, β̃ > 0 and regularization λ > 0. klast = 0. For
each stage h ∈ [H], initialize Σ0,h = Σ1,h = Λ1,h = λI and the upper and lower estimation
Q̂ρ

0,h(·, ·) = H, Q̌ρ
0,h(·, ·) = 0

2: for episode k = 1, · · · ,K do
3: Receive the initial state sk1
4: Set V̂ ρ

k,H+1(·)← 0, V̌ ρ
k,H+1(·)← 0

5: if there exists a stage h′ ∈ [H] such that det(Σk,h′) ≥ 2det(Σklast,h′) then
6: for stage h = H, · · · , 1 do
7: For h = H , ν̂ρ,k

h ← 0, ν̌ρ,k
h ← 0; otherwise compute ν̂ρ,kh,i ,∀i ∈ [d] according to (4.3)

and ν̌ρ,kh,i ,∀i ∈ [d] according to (4.4).
8: Q̂ρ

k,h(s, a) ← min
{
rh(s, a) + ϕ(s, a)⊤ν̂ρ,k

h + Γ̂k,h(s, a), Q̂
ρ
k−1,h(s, a), H − h +

1
}
1{s ̸= sf}

9: Q̌ρ
k,h(s, a)← max

{
rh(s, a) +ϕ(s, a)⊤ν̌ρ,k

h − Γ̌k,h(s, a), Q̌
ρ
k−1,h(s, a), 0

}
1{s ̸= sf}

10: Set the last updating episode klast ← k
11: V̂ ρ

k,h(s)← maxa Q̂
ρ
k,h(s, a), V̌ ρ

k,h(s)← maxa Q̌
ρ
k,h(s, a)

12: πk
h(s)← argmaxa∈A Q̂ρ

k,h(s, a)
13: end for
14: else
15: V̂ ρ

k,h, V̌
ρ
k,h, π

k
h ← V̂ ρ

k−1,h, V̌
ρ
k−1,h, π

k−1
h ,∀h ∈ [H]

16: end if
17: for stage h = 1, · · · , H do
18: Take akh ← πk

h(s
k
h) and receive skh+1

19: Calculate the estimated variance σk,h according to (4.6) and σ̄k,h according to (4.7)
20: Σk+1,h ← Σk,h + σ̄−2

k,hϕ
(
skh, a

k
h

)
ϕ
(
skh, a

k
h

)⊤
, Λk+1,h ← Λk,h + ϕ

(
skh, a

k
h

)
ϕ
(
skh, a

k
h

)⊤
21: end for
22: end for

4.2 Value Function Variance Estimation

In this section, we construct the variance weight σ̄τ,h used in (4.2) and aim to get an optimistic
estimator for the variance of the optimal robust value function, VhV

∗,ρ
h+1. Due to the distinct element-

wise estimation procedure introduced in the previous section, the coarse variance estimation design
in He et al. (2023) for standard linear MDPs does not apply. Instead, we need to carefully design
the variance estimators used in weighted ridge-regressions based upon the unique characteristics of
linear DRMDPs.

We desire to design the variance estimator at episode k to be a uniform variance upper bound for
all subsequent episodes. To obtain the optimistic estimator for VhV

∗,ρ
h+1, we first solve regression

problems to obtain the estimator for VhV̂
ρ
k,h+1, which is denoted as V̄hV̂

ρ
k,h+1. Then we analyze the

error between VhV
∗,ρ
h+1 and V̄hV̂

ρ
k,h+1 to finish the construction. Different from (5.2) in Liu & Xu

(2024b), the variance estimator here is not trivially constructed from subtracting a specific penalty
term because we should guarantee the monotonicity of estimated variance for the online exploration.
The variance of estimated optimistic value function V̂ ρ

k,h+1 can be decomposed into

[
VhV̂

ρ
k,h+1

]
(s, a) =

[
P0
h

(
V̂ ρ
k,h+1

)2]
(s, a)−

([
P0
hV̂

ρ
k,h+1

]
(s, a)

)2
. (4.5)



Reinforcement Learning Journal 2026

Under Assumption 3.1, P0
h

(
V̂ ρ
k,h+1

)2
and P0

hV̂
ρ
k,h+1 on the RHS of (4.5) are linear in ϕ(s, a). Thus

we can approximate the variance term
[
VhV̂

ρ
k,h+1

]
(s, a) using[

V̄hV̂
ρ
k,h+1

]
(s, a) =

[
ϕ(s, a)⊤z̃k

h,2

]
[0,H2]

−
[
ϕ(s, a)⊤ẑk

h,1

]2
[0,H]

,

where ŵk
h,1 = minw∈Rd

∑k−1
τ=1

(
w⊤ϕ

(
sτh, a

τ
h

)
− V̂ ρ

k,h+1

(
sτh+1

))2
+ λ∥w∥22 and w̃k

h,2 =

minw∈Rd

∑k−1
τ=1

(
w⊤ϕ

(
sτh, a

τ
h

)
−
(
V̂ ρ
k,h+1

(
sτh+1

))2)2
+ λ∥w∥22. Different from the variance es-

timation in standard MDPs (He et al., 2023), we construct both w̃k
h,2 and ŵk

h,1 by solving vanilla
ridge regressions, instead of variance-weighted ridge regressions. This specific choice of parameter
estimation will simplify our analysis of the variance estimation error, while fully capture the vari-
ance information. Now we can construct σk,h, which is the estimated variance of the optimal robust
value function V ∗,ρ

h in episode k, as follows

σk,h =
√[

V̄hV̂
ρ
k,h+1

]
(skh, a

k
h) + Ek,h + d3HDk,h + 1/2, (4.6)

where Ek,h represents the error between the estimated variance and the true variance of V̂ ρ
k,h+1,

and Dk,h represents the error between the true variance of V̂ ρ
k,h+1 and the true variance of V ∗,ρ

h+1.
Formally, we define

Ek,h = min
{
β̃
∥∥ϕ(skh, akh)∥∥Λ−1

k,h

, H2
}
+min

{
2Hβ̄

∥∥ϕ(skh, akh)∥∥Λ−1
k,h

, H2
}
,

Dk,h = min
{
4H
(
ϕ
(
skh, a

k
h

)⊤
ŵk

h,1 − ϕ
(
skh, a

k
h

)⊤
w̌k

h,1 + 2β̄
∥∥ϕ(skh, akh)∥∥Λ−1

k,h

)
, H2

}
,

where Λk,h = λI +
∑k−1

τ=1 ϕ
(
sτh, a

τ
h

)
ϕ
(
sτh, a

τ
h

)⊤
, β̄ = Õ

(
H
√
dλ +

√
d3H3

)
, β̃ = Õ

(
H2
√
dλ +√

d3H6
)
, and w̌k

h,1 = minw∈Rd

∑k−1
τ=1

(
w⊤ϕ

(
sτh, a

τ
h

)
− V̌ ρ

k,h+1

(
sτh+1

))2
+ λ∥w∥22. Finally, we

construct weights for the variance-weighted ridge regression problem (4.2): ∀k, h ∈ [K]× [H],

σ̄k,h = max
{
σk,h, 1,

√
2d3H2

∥∥ϕ(skh, akh)∥∥1/2Σ−1
k,h

}
. (4.7)

Compared with the variance estimation for the value function in standard MDPs (He et al., 2023)
which is σ̄k,h = max

{
σk,h, H, 2d3H2

∥∥ϕ(skh, akh)∥∥1/2Σ−1
k,h

}
, our variance estimation is tighter in both

the second and the third terms. The second term in (4.7) is 1, instead of H . This is important in
achieving a tighter dependence on H . The intuition is that, when k is large, σ̄k,h should be close to
the variance of the optimal robust value function. This design is motivated by the ‘Range Shrinkage’
phenomenon unique to DRMDPs (see the discussion after Theorem 5.1 for details), which observes
that the true variance is in the order of O(1) when ρ = O(1). To get a precise variance estimation,
σ̄k,h should be in the same order of the true variance. Moreover, a constant order lower bound
on σ̄k,h will also ensure the weight will not cause any inflation in the weighted regression (4.2).
The third term in (4.7) to be also tighter than that of He et al. (2023), while maintaining the same
theoretical property.

4.3 Algorithm Interpretation

Now we provide some discussions on Algorithm 1.

Remark 4.1. We highlight that Algorithm 1 is the first algorithm adopting a ‘rare-switching’ up-
date strategy for distributionally robust RL. Unlike He et al. (2023), the ‘rare-switching’ condition
on Line 5 is set at the beginning of each episode due to our variance estimator design, which is
independent of the parameter update for zk

h(α). This update rule leads to two advantages: 1) it sig-
nificantly reduces the number of times solving the ridge regression (4.2) and dual optimization (4.3)
significantly decreases, which constitute the main computation cost of Algorithm 1, and 2) in real
application scenarios where policy switching is costly or risky, Algorithm 1 possesses low policy
switching property. We refer the readers to Proposition 5.7 and Remark 5.8 for more details.
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Remark 4.2. On Line 7, we estimate νρ,k
h element-wisely, and thus the estimator ν̂ρ,k

h is derived
from d separate variance-weighted ridge regressions (4.2) and dual optimizations (4.3). This leads

to the specific form of bonus term Γ̂k,h(s, a) = β
∑d

i=1 ϕi(s, a)
√

1⊤
i Σ

−1
k,h1i, which is actually an

upper bound of the robust estimation error (see Lemma C.4 and its proof) at episode k. Though the
bonus term resembles that in Liu & Xu (2024a), we highlight that the sampling covariance matrix
Σk,h in Γ̂k,h(s, a) is indeed a variance-weighted one. The specific form of the bonus term leads to
the new variance-weighted d-rectangular robust estimation error defined in (5.1).
Remark 4.3. On Line 8 and 9, we adopt a monotonic Q-function update strategy, such that the
estimated optimistic (pessimistic) robust value function is monotonically decreasing (increasing) to
the optimal robust value function. This strategy is to make sure that the variance estimator σk,h at
any episode k ∈ [H] is a uniform upper bound for those in the subsequent episodes, which would
be helpful in bounding the estimation error arising from the variance-weighted ridge regression
(4.2). This idea is first introduced by Azar et al. (2017) for standard tabular MDPs and then utilized
by He et al. (2023) for standard linear MDPs. This is the first time it is utilized in the online
linear DRMDP setting, where the episodic estimation regime proposes additional requirement on
the variance estimator construction compared to the offline setting studied by Liu & Xu (2024b).

5 SUBOPTIMALITY UPPER BOUND

We now provide theoretical results on the upper bound on the suboptimality of Algorithm 1.
Theorem 5.1. Under Assumptions 3.1 and 3.3, set λ = 1/H2, then for any fixed δ ∈ (0, 1) and
ρ ∈ (0, 1], with probability at least 1− δ, the average suboptimality of We-DRIVE-U satisfies

AveSubopt(K) ≤ 2
√
2H3 log(6/δ)/K + 4β

K

∑K
k=1

∑H
h=1

∑d
i=1 ϕ

k
h,i

√
1⊤
i Σ

−1
k,h1i︸ ︷︷ ︸

variance-weighted d-rectangular estimation error

, (5.1)

where β = Õ(
√
d), ϕk

h,i is the i-th element of ϕ(skh, a
k
h) and 1i is the i-th standard basis vector.

By Remark 4.2, the term
∑d

i=1 ϕ
k
h,i

√
1⊤
i Σ

−1
k,h1i in (5.1) comes from solving d separate variance-

weighted ridge regressions at step h in episode k. A similar term appears in Theorem 5.1 of Liu &

Xu (2024a). Differently, the the quantity
∑d

i=1 ϕ
k
h,i

√
1⊤
i Σ

−1
k,h1i is based on the variance-weighted

sampling covariance matrix Σk,h, rather than the vanilla sampling covariance matrix Λk,h as in Liu
& Xu (2024a). In order to further bound (5.1), we need to take a closer examination of the variance
estimator. Intuitively, when episode k is large, the variance estimator should be close to the variance
of the optimal robust value function. Recent study (Liu & Xu, 2024b) shows a ‘Range shrinkage’
phenomenon in the d-rectangular linear DRMDP (refer to Lemma G.10), stating that the range of any
robust value function satisfies maxs∈S V π,ρ

h (s) − mins∈S V π,ρ
h (s) ≤ min{1/ρ,H},∀(π, h, ρ) ∈

Π × [H] × (0, 1]. This implies that the variance of the optimal robust value function is upper
bounded by min{1/ρ,H}. Thus, when k is large, we can expect σ̄k,h ≲ Õ(min{1/ρ,H}) and
hence Σ−1

k,h ⪯ Õ(min{1/ρ2, H2})Λ−1
k,h. To this end, next we rigorously bound (5.1) under the same

setting as the Corollary 5.3 of Liu & Xu (2024a), and formally show that the variance information
leads to a tighter dependence on H compared to Liu & Xu (2024a).
Theorem 5.2. Assume that there exists an absolute constant c > 0, such that for all (π, h) ∈ Π×[H]

EP 0

π

[
ϕ(sh, ah)ϕ(sh, ah)

⊤] ≥ c/d · I. (5.2)

Then under the same setting in Theorem 5.1 and the assumption in (5.2), for any fixed δ ∈ (0, 1),
with probability at least 1 − δ, the average suboptimality of We-DRIVE-U is upper bounded by
Õ
((
dH ·min

{
1/ρ,H

}
+H3/2

)
/
√
K + d15H13/K

)
.

Remark 5.3. When d ≥ H and the total number of episodes K is sufficiently large, the average
suboptimality can be simplified as Õ{dHmin{1/ρ,H}/

√
K}. Note that under the same assump-

tion in (5.2), Liu & Xu (2024a) prove that the average suboptimality of their algorithm DR-LSVI-
UCB is of the order Õ(d2H2/

√
K). Thus, We-DRIVE-U improves the state-of-the-art result by
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O(dH/min{1/ρ,H}). Moreover, we highlight that the upper bound in Theorem 5.2 depends on
the uncertainty level ρ, which arises from the ‘Range Shrinkage’ phenomenon. When ρ increases
from 0 to 1, the suboptimality decreases up to a factor of O(H).
Remark 5.4. The assumption (5.2) is actually imposed on the DRMDP, requiring that the environ-
ment we encounter is exploratory enough. We would like to note that this assumption is necessary in
deriving our upper bound, since the elliptical potential lemma (Abbasi-Yadkori et al., 2011, Lemma
11), which is critical in deriving upper bounds in linear bandits and linear MDPs, does not apply
in the analysis of linear DRMDPs. We note that the previous work (Liu & Xu, 2024a) also used
this assumption to get the final upper bound for their algorithm. Moreover, the assumption (5.2)
can be deemed as an online version of the well-known full-type coverage assumption on the offline
dataset in offline (non-) robust RL. Specifically, in the context of standard offline RL, Chen & Jiang
(2019); Wang et al. (2020b); Xie et al. (2021) assume the offline dataset should cover the distribution
measure induced by any policy under the nominal environment. In the context of offline robust RL,
Panaganti et al. (2022; 2024); Zhang et al. assume that the offline dataset should cover the distribu-
tion measure induced by any policy under any transition kernel in the uncertainty set. It would be
an interesting future research direction to study if assumption (5.2) can be relaxed.

Next, we study the deployment complexity of Algorithm 1, which constitutes two sources of cost.
The first source is the policy switching cost, say, the total number of changes in the exploration
policy. This might be the main bottleneck in applications where changing the exploration policy is
costly or risky (Bai et al., 2019; Wang et al., 2021). The second source is the computation cost in
solving the dual optimization in (4.3). Recall in Remark 5.8 we discuss that Algorithm 1 adopts
the ‘rare-switching’ update strategy, which significantly reduces the two sources of cost. Next, we
formally define them as follows.
Definition 5.5 (Global Switching Cost). We define the global switching cost of an algorithm that
runs for K episodes as Ngl

switch :=
∑K

k=1 1{πk ̸= πk+1}.
Definition 5.6 (Dual Oracle). We assume access to a maximization oracle, which takes a function
z : [0, H] → R and a fixed constant ρ > 0 as input, and outputs the maximum value zmax and the
maximizer αmax defined as zmax = maxα∈[0,H]{z(α)− ρα} and αmax = argmaxα∈[0,H]{z(α)−
ρα}. For an algorithm, we define the oracle complexity as the number of calls of the dual oracle.
Finally, we show that We-DRIVE-U admits low switching cost and low oracle complexity.

Next, we formally present theoretical results on the deployment complexity of Algorithm 1.
Proposition 5.7. Under the same setting as Theorem 5.1, the switching cost of We-DRIVE-U is
upper bounded by dH log(1+H2K), and the oracle complexity of We-DRIVE-U is upper bounded
by 2d2H log(1 +H2K).
Remark 5.8. The switching cost of the state-of-the-art algorithm DR-LSVI-UCB (Liu & Xu,
2024a) is K and its oracle complexity is dK. We-DRIVE-U improves both the switching and
oracle cost by a factor of K. Different from standard linear MDPs, where the main computation
complexity only comes from the policy update (He et al., 2023), in the linear DRMDPs, the calls of
dual oracle, besides policy updates, are also a main source of computational burden. The update rule
on Line 5 guarantees that We-DRIVE-U calls the dual oracle and updates the policy only when the
criterion is met. Actually, Algorithm 1 is the first DRMDP algorithm that admits low deployment
complexity.

6 INFORMATION-THEORETIC LOWER BOUND

According to Theorem 5.2, when ρ = O(1), the suboptimality of We-DRIVE-U is of order
O(dH/

√
K). After multiplying K to recover the cumulative suboptimality, it is smaller than the

minimax lower bound for standard linear MDP, Ω(d
√
H3K) (Zhou et al., 2021a). To assess the

optimality of We-DRIVE-U, we present an information-theoretic lower bound.
Theorem 6.1. Let uncertainty level ρ ∈ (0, 3/4], H ≥ 6, and K ≥ 9d2H/32. Then for any
algorithm, there exists a d-rectangular linear DRMDP parameterized by ξ = (ξ1, · · · , ξH−1) such
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that the expected average suboptimality is lower bounded as follows:

Eξ[AveSubopt(Mξ,K)] ≥ Ω
((
dH1/2 ·min{1/ρ,H}

)
/
√
K
)
, (6.1)

where Eξ denotes the expectation over randomness of the algorithm and the nominal environment.

Remark 6.2. We emphasize that the lower bound (6.1) depends on the uncertainty level ρ, a unique
feature of DRMDPs. Theorem 6.1 shows that We-DRIVE-U is near-optimal up to a factor of
Õ(
√
H). When ρ→ 0, the linear DRMDP degrades to a standard linear MDP, and (6.1) matches the

information-theoretic lower bound, Ω(d
√
H3K), for standard linear MDPs (Zhou et al., 2021a) after

multiplying K to recover the cumulative regret. When ρ = O(1), (6.1) reduces to Ω(dH1/2/
√
K),

which is O(H) smaller than the lower bound for standard linear MDPs.

Next, we investigate the Õ(
√
H) gap between the upper and lower bounds and propose a conjecture

on its origin. In the analysis of non-robust MDPs (Azar et al., 2017; Jin et al., 2018; He et al., 2023)
and tabular DRMDPs (Lu et al., 2024), a tight dependence on H is often achieved by exploiting
the total variance law of the value function at each episode. Currently, we bound each term in the
variance-weighted d-rectangular estimation error in (5.1) separately. A tight upper bound might be
achieved by first bounding the variance-weighted d-rectangular estimation error as a whole by the
square root of the total variance and then invoking the total variance law. In particular, inspired by
the total variance law in Lemma C.6 of Lu et al. (2024), the total variance should be in the order
of O(Hmin{1/ρ,H}). Together with an additional

√
H arising in the suboptimality analysis, we

conjecture the dependence of the upper bound on H could be improved to O(
√
H2 min{1/ρ,H}).

When the uncertainty level is small, i.e., ρ = O(1/H), the conjectured result leads to an upper
bound on the suboptimality that depends onO(H3/2), matching the current lower bound we present
in (6.1). This suggests that our current lower bound is tight and the total variance analysis could
improve our upper bound. When the uncertainty level is relatively large, i.e., ρ = O(1), the conjec-
tured upper bound is O(H), which matches the current upper bound in Theorem 5.2. This means
the total variance analysis does not further improve the upper bound, and we suspect that a tighter
lower bound is instead necessary. This leaves an interesting open problem for future study.

7 CONCLUSION

This paper advanced the study of online d-rectangular linear DRMDPs by establishing a tighter
regret upper bound and the first lower regret bound under this setting. We introduced We-
DRIVE-U, a novel variance-aware algorithm that leverages variance-weighted ridge regression and
low policy-switching techniques. Under standard MDP structure assumptions, we proved We-
DRIVE-U achieves an average suboptimality of Õ(dHmin{1/ρ,H}/

√
K), improving the state-

of-the-art by Õ(dH/min{1/ρ,H}). We also established an information-theoretic lower bound
of Ω(dH1/2 min{1/ρ,H}/

√
K), which implies We-DRIVE-U’s near-optimality up to O(

√
H).

Furthermore, We-DRIVE-U reduces computational complexity with O(dH log(1 +H2K)) policy
switches and O(d2H log(1 + H2K)) oracle complexity, which outperforms existing methods by
a factor of K. We also conducted numerical experiments to validate the robustness and improved
performance over existing algorithms, which is presented in Appendix A.

Broader Impact Statement

This paper presents work whose goal is to advance the field of Machine Learning. There are many
potential societal consequences of our work, none which we feel must be specifically highlighted
here.
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A EXPERIMENTS ON SIMULATED LINEAR DRMDPS

A.1 Simulated linear DRMDPs

We conduct numerical experiments to illustrate the performances of our proposed algorithm, We-
DRIVE-U, and compare it with the state-of-the-art algorithm for d-rectangular linear DRMDPs,
DR-LSVI-UCB (Liu & Xu, 2024a), as well as their non-robust counterpart, LSVI-UCB (Jin et al.,
2020). All numerical experiments were conducted on a MacBook Pro with a 2.6 GHz 6-Core Intel
CPU.

We leverage the simulated linear MDP setting proposed by Liu & Xu (2024a). For completeness,
we recall the experiment setting as follows. The source and target linear MDP environment are
shown in Figure 1a and Figure 1b. The state space is S = {x1, · · · , x5} and action space A =
{−1, 1}4 ⊂ R4. At each episode, the initial state is always x1, and it can transit to x2, x4, x5

with probability defined in the figures. x2 is an intermediate state from which the next state can be
x3, x4, x5. x4 is the fail state with reward 0 and x5 is an absorbing state with reward 1. For the
reward functions and transition probabilities, they are designed to depend on ⟨ξ, a⟩, where ξ ∈ R4

is a hyperparameter controls the MDP instances. The target environment is constructed by only
perturbing the transition probability at x1 of the source domain, and the extend of perturbation is
controlled by a hyperparameter q ∈ (0, 1). We refer more details on the construction of the linear
DRMDP to the Supplementary A.1 of Liu & Xu (2024a).

We set ξ = (1/∥ξ∥1, 1/∥ξ∥1, 1/∥ξ∥1, 1/∥ξ∥1)⊤ and consider different choices of ∥ξ∥1 from the
set {0.1, 0.2, 0.3}. Following the implementation in Liu & Xu (2024a), we use heterogeneous un-
certainty level and set ρ1,4 = 0.5 and ρh,i = 0 for all other cases. We set the number of interactions
with the nominal environment to 200. We evaluate policies learned by We-DRIVE-U, DR-LSVI-
UCB (Liu & Xu, 2024a) and LSVI-UCB (Jin et al., 2020) by the accumulative rewards achieved in
the target domain, which are illustrated in Figure 2. Figure 2 shows that: 1) policies learned by We-
DRIVE-U are robust to environmental perturbation, and the extent of the robustness depends on the
pre-specified parameter ρ; 2) In most cases, We-DRIVE-U outperforms DR-LSVI-UCB, meaning it
being more robust to environment perturbation. Moreover, Table 1 demonstrates the low-switching
property of We-DRIVE-U. During 200 interactions of the training process, We-DRIVE-U switches
policies only around 24 times, which stands in stark contrast to the 200 policy switches by LSVI-
UCB and DR-LSVI-UCB. These numerical results prove the superiority of our proposed algorithm
We-DRIVE-U and align well with our theoretical findings. All numerical experiments were con-
ducted on a MacBook Pro with a 2.6 GHz 6-Core Intel CPU.

Table 1: Simulation results of the switch complexity of We-DRIVE-U. We present the average policy
switch times of We-DRIVE-U during 200 interactions with the nominal environment, averaged over
10 replications. As a comparison, the policy switch times for LSVI-UCB and DR-LSVI-UCB are
both 200 under each setting.

ρ=0.1 ρ=0.2 ρ=0.3

∥ξ∥1=0.1 23.8 24.0 23.8
∥ξ∥1=0.2 24.2 24.4 24.0
∥ξ∥1=0.3 24.3 23.6 24.8
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(a) The source environment.
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(b) The target environment.

Figure 1: The source and the target linear MDP environments. The value on each arrow represents
the transition probability. For the source MDP, there are five states and three steps, with the initial
state being x1, the fail state being x4, and x5 being an absorbing state with reward 1. The target
MDP on the right is obtained by perturbing the transition probability at the first step of the source
MDP, with others remaining the same.
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(c) ∥ξ∥1 = 0.1, ρ1,4 = 0.3
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(i) ∥ξ∥1 = 0.3, ρ1,4 = 0.3

Figure 2: Simulation results under different source domains. The x-axis represents the perturbation
level corresponding to different target environments. ρ1,4 is the input uncertainty level for our We-
DRIVE-U algorithm. ∥ξ∥1 is the hyperparameter of the linear DRMDP environment.
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(b) ρ = 0.3

Figure 3: Results for the simulated American put option problem. ρ is the uncertainty level in We-
DRIVE-U.
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A.2 Simulated American put option

We additionally conduct a simulation study in the American put option environment (see more
details in Section 6.2 of [1]), which under the hood is not a linear MDP. By manually constructing
ϕ, we show in Figure 3 that our algorithm still achieves some degree of robustness.

B PROOF OF Proposition 3.2

Proof. We instantiate the hard example in Example 3.1 of Lu et al. (2024) in terms of the formula-
tion of d-rectangular linear DRMDP satisfying Assumption 3.1. Consider two d-rectangular linear
DRMDPs ,M0 andM1. The state space S = {sgood, sbad}, and the action space isA = {0, 1}. We
define the feature mapping as

ϕϱ(sgood, a) =


1

0

0

0

0

 ,∀a ∈ A, ϕϱ(sbad, 0) =


0

p(1− ϱ)

qϱ

(1− p)(1− ϱ)

(1− q)ϱ

 , ϕϱ(sbad, 1) =


0

pϱ

q(1− ϱ)

(1− p)ϱ

(1− q)(1− ϱ)

 ,

where ϱ ∈ {0, 1} is the index of the d-rectangular linear DRMDP instance. Define the factor
distributions µ = (δsgood , δsgood , δsgood , δsbad , δsbad)

⊤ and the reward parameter θ = (1, 0, 0, 0, 0)⊤.
Then it is trivial to check that equipped with the d-rectangular TV divergence uncertainty set, this
example recover the hard example in Example 3.1 of Lu et al. (2024).

C PROOF OF THE UPPER BOUND ON THE SUBOPTIMALITY OF
We-DRIVE-U

In this section, we present the proofs of our main theoretical results Theorems 5.1 and 5.2. We start
with presenting the technical lemmas in Appendix C.1, and then we derive the upper bound on the
suboptimality of We-DRIVE-U in Appendices C.2 and C.3.

C.1 Technical Lemmas

Definition C.1 (Good event). Under Assumptions 3.1 and 3.3, then for any fixed δ ∈ (0, 1), α′ ∈
[0, H] and ρ ∈ (0, 1], we define Eh be the event that for all episode k ∈ [K], stage h ≤ h′ ≤ H ,∥∥∥∥ k−1∑

τ=1

σ̄−2
τ,h′ϕ

τ
h′

[[
V̂ ρ
k,h′+1(s

τ
h′+1)

]
α′ −

[
P0
h′

[
V̂ ρ
k,h′+1

]
α′

]
(sτh′ , aτh′)

]∥∥∥∥
Σ−1

k,h′

≤ γ, (C.1)

where γ = Õ
(√

d
)
.

Lemma C.2. We define Ē as the event that the following inequalities hold for all (s, a) ∈ S × A,
k ∈ [K], h ∈ [H], ∣∣ϕ(s, a)⊤ŵk

h,1 −
[
P0
hV̂

ρ
k,h+1

]
(s, a)

∣∣ ≤ β̄
√
ϕ(s, a)⊤Λ−1

k,hϕ(s, a),∣∣ϕ(s, a)⊤w̌k
h,1 −

[
P0
hV̌

ρ
k,h+1

]
(s, a)

∣∣ ≤ β̄
√
ϕ(s, a)⊤Λ−1

k,hϕ(s, a),∣∣ϕ(s, a)⊤w̃k
h,2 −

[
P0
h

(
V̂ ρ
k,h+1

)2]
(s, a)

∣∣ ≤ β̃
√
ϕ(s, a)⊤Λ−1

k,hϕ(s, a),

where β̄ = Õ
(
H
√
dλ +

√
d3H3

)
and β̃ = Õ

(
H2
√
dλ +

√
d3H6

)
. Then event Ē holds with

probability at least 1− δ.
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Lemma C.3 (Variance error). On the event Eh+1 and Ē , for all episode k ∈ [K], the estimated
variance satisfies

∣∣[V̄hV̂
ρ
k,h+1

](
skh, a

k
h

)
− [VhV̂

ρ
k,h+1]

(
skh, a

k
h

)∣∣ ≤ Ek,h,∣∣[V̄hV̂
ρ
k,h+1

](
skh, a

k
h

)
− [VhV

∗,ρ
h+1]

(
skh, a

k
h

)∣∣ ≤ Ek,h +Dk,h.

Thus we also have

σ̄2
k,h ≥

[
V̄hV̂

ρ
k,h+1

](
skh, a

k
h

)
+ Ek,h +Dk,h ≥

[
VhV

∗,ρ
h+1

](
skh, a

k
h

)
.

Lemma C.4. For any fixed policy π, on the event Eh and Ē , for all (s, a, k) ∈ S/{sf} × A × [K],
for stage h ≤ h′ ≤ H , we have

(
rh′(s, a) + ϕ(s, a)⊤ν̂ρ,k

h′

)
−Qπ,ρ

h′ (s, a) = inf
Ph′ (·|s,a)∈Uρ

h′ (s,a;µ
0
h′ )

[
Ph′ V̂ ρ

k,h′+1

]
(s, a)

− inf
Ph′ (·|s,a)∈Uρ

h′ (s,a;µ
0
h′ )

[
Ph′V π,ρ

h′+1

]
(s, a) + ∆k

h′(s, a),

where ∆k
h′(s, a) that satisfies |∆k

h′(s, a)| ≤ Γ̂k,h′(s, a) = β
∑d

i=1 ϕi(s, a)
√
1⊤
i Σ

−1
k,h′1i where

β = Õ
(√

λdH +
√
d
)

.

Lemma C.5 (Optimism and pessimism). On the event Eh and Ē , for all episode k ∈ [K] and stage
h ≤ h′ ≤ H , for all (s, a) ∈ S × A, we have Q̂ρ

k,h′(s, a) ≥ Q∗,ρ
h′ (s, a) ≥ Q̌ρ

k,h′(s, a). In addition,
we have V̂ ρ

k,h′(s) ≥ V ∗,ρ
h′ (s) ≥ V̌ ρ

k,h′(s).

Lemma C.6. On the event Ē , event E = E1 holds with probability at least 1− δ.

Lemma C.7. Under the assumption (5.2) and events E and Ē , for any h ∈ [H], set λ = 1/H2 and
ρ ∈ (0, 1]. Then when k ≥ K̃ where K̃ = Õ

(
d15H12

)
, with probability at least 1− δ, then we have

σ̄2
k,h ≤ O

(
min

{ 1

ρ2
, H2

})
.

C.2 Proof of Theorem 5.1

Proof of Theorem 5.1. Conditioned on the event E and Ē , we first do the following decomposition

V̂ ρ
k,h

(
skh
)
− V πk,ρ

h

(
skh
)

= Q̂ρ
k,h

(
skh, a

k
h

)
−Qπk,ρ

h

(
skh, a

k
h

)
≤ rh

(
skh, a

k
h

)
+ ϕ

(
skh, a

k
h

)⊤
ν̂ρ,klast
h + Γ̂klast,h

(
skh, a

k
h

)
−Qπk,ρ

h

(
skh, a

k
h

)
≤ inf

Ph(·|s,a)∈Uρ
h(s,a;µ

0
h)

[
PhV̂

ρ
k,h+1

](
skh, a

k
h

)
− inf

Ph(·|s,a)∈Uρ
h(s,a;µ

0
h)

[
PhV

πk,ρ
h+1

](
skh, a

k
h

)
+ 2Γ̂klast,h

(
skh, a

k
h

)
≤ inf

Ph(·|s,a)∈Uρ
h(s,a;µ

0
h)

[
PhV̂

ρ
k,h+1

](
skh, a

k
h

)
− inf

Ph(·|s,a)∈Uρ
h(s,a;µ

0
h)

[
PhV

πk,ρ
h+1

](
skh, a

k
h

)
+ 4Γ̂k,h

(
skh, a

k
h

)
,

where the first equality holds due to the selection of πk
h, the first inequality holds due to the definition

of Q̂ρ
k,h, the second inequality hold from Lemma C.4, the third inequality holds from Lemma G.2.
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Note that

inf
Ph(·|skh,a

k
h)∈Uρ

h(s
k
h,a

k
h;µ

0
h)

[
PhV̂

ρ
k,h+1

](
skh, a

k
h

)
− inf

Ph(·|skh,a
k
h)∈Uρ

h(s
k
h,a

k
h;µ

0
h)

[
PhV

πk,ρ
h+1

](
skh, a

k
h

)
=

〈
ϕ(skh, a

k
h),

[
max

αi∈[0,H]

{
Eµ0

h,i
[
V̂ ρ
k,h+1(s)

]
αi
− ραi

}]
i∈[d]

〉
−
〈
ϕ(skh, a

k
h),

[
max

αi∈[0,H]

{
Eµ0

h,i
[
V πk,ρ
h+1 (s)

]
αi
− ραi

}]
i∈[d]

〉
≤
〈
ϕ(skh, a

k
h),

[
max

αi∈[0,H]

{
Eµ0

h,i
[
V̂ ρ
k,h+1(s)

]
αi
− Eµ0

h,i
[
V πk,ρ
h+1 (s)

]
αi

}]
i∈[d]

〉
≤
〈
ϕ(skh, a

k
h),Eµ0

h
[
V̂ ρ
k,h+1(s)− V πk,ρ

h+1 (s)
]〉

= P0
h

[
V̂ ρ
k,h+1 − V πk,ρ

h+1

]](
skh, a

k
h

)
=
[
P0
h

[
V̂ ρ
k,h+1 − V πk,ρ

h+1

]](
skh, a

k
h

)
−
[
V̂ ρ
k,h+1(s

k
h+1)− V πk,ρ

h+1 (skh+1)
]
+
[
V̂ ρ
k,h+1(s

k
h+1)− V πk,ρ

h+1 (skh+1)
]
,

where the second inequality holds from Lemma C.5. Then we have

V̂ ρ
k,h

(
skh
)
− V πk,ρ

h

(
skh
)

≤
[
V̂ ρ
k,h+1(s

k
h+1)− V πk,ρ

h+1 (skh+1)
]
+
[
P0
h

[
V̂ ρ
k,h+1 − V πk,ρ

h+1

]](
skh, a

k
h

)
−
[
V̂ ρ
k,h+1(s

k
h+1)− V πk,ρ

h+1 (skh+1)
]

+ 4Γ̂k,h

(
skh, a

k
h

)
, (C.2)

Then by applying (C.2) iteratively and applying Azuma-Hoeffding inequality, with probability at
least 1− δ/3, we have

K × AveSubopt(K) =

K∑
k=1

(
V ∗,ρ
1

(
sk1
)
− V πk,ρ

1

(
sk1
))

≤
K∑

k=1

(
V̂ ρ
k,1

(
sk1
)
− V πk,ρ

1

(
sk1
))

≤
K∑

k=1

H∑
h=1

([
Ph

[
V̂ ρ
k,h+1 − V πk,ρ

h+1

]](
skh, a

k
h

)
−
[
V̂ ρ
k,h+1(s

k
h+1)− V πk,ρ

h+1 (skh+1)
])

+

K∑
k=1

H∑
h=1

4Γ̂k,h

(
skh, a

k
h

)
≤ 2
√
2H3K log(6/δ) + 4β

K∑
k=1

H∑
h=1

d∑
i=1

ϕi

(
skh, a

k
h

)√
1⊤
i Σ

−1
k,h1i,

where the first inequality holds from Lemma C.5, the second inequality holds from (C.2), the third
inequality holds from Azuma-Hoeffding inequality and the definition of Γ̂k,h

(
skh, a

k
h

)
. Finally, by

taking probability union bound over E and Ē , with probability at least 1− δ, we can get the result of
Theorem 5.2,

AveSubopt(K) ≤ 2
√

2H3 log(6/δ)/K + 4β/K

K∑
k=1

H∑
h=1

d∑
i=1

ϕk
h,i

√
1⊤
i Σ

−1
k,h1i.

This completes the proof.
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C.3 Proof of Theorem 5.2

Proof of Theorem 5.2. Conditioned on the event E and Ē , we first do the decomposition as follows

K × AveSubopt(K) =

K∑
k=1

(
V ∗,ρ
1

(
sk1
)
− V πk,ρ

1

(
sk1
))

=

K̃∑
k=1

(
V ∗,ρ
1

(
sk1
)
− V πk,ρ

1

(
sk1
))

+

K∑
k=K̃+1

(
V ∗,ρ
1

(
sk1
)
− V πk,ρ

1

(
sk1
))

≤ HK̃ +

K∑
k=K̃+1

(
V ∗,ρ
1

(
sk1
)
− V πk,ρ

1

(
sk1
))
.

Recall from (C.2) in the proof of Theorem 5.1, we have

V̂ ρ
k,h

(
skh
)
− V πk,ρ

h

(
skh
)

≤
[
V̂ ρ
k,h+1(s

k
h+1)− V πk,ρ

h+1 (skh+1)
]
+
[
Ph

[
V̂ ρ
k,h+1 − V πk,ρ

h+1

]](
skh, a

k
h

)
−
[
V̂ ρ
k,h+1(s

k
h+1)− V πk,ρ

h+1 (skh+1)
]

+ 4Γ̂k,h

(
skh, a

k
h

)
.

Then by applying (C.2) iteratively and applying Azuma-Hoeffding inequality, with probability at
least 1− δ/4, we have

K × AveSubopt(K) ≤ HK̃ +

K∑
k=K̃+1

(
V ∗,ρ
1

(
sk1
)
− V πk,ρ

1

(
sk1
))

≤ HK̃ +

K∑
k=K̃+1

(
V̂ ρ
k,1

(
sk1
)
− V πk,ρ

1

(
sk1
))

≤ HK̃ +

K∑
k=K̃+1

H∑
h=1

([
P0
h

[
V̂ ρ
k,h+1 − V πk,ρ

h+1

]](
skh, a

k
h

)
−
[
V̂ ρ
k,h+1(s

k
h+1)− V πk,ρ

h+1 (skh+1)
])

+

K∑
k=K̃+1

H∑
h=1

4Γ̂k,h

(
skh, a

k
h

)
≤ HK̃ + 2

√
2H3K log(8/δ) + 4β

K∑
k=K̃+1

H∑
h=1

d∑
i=1

ϕi

(
skh, a

k
h

)√
1⊤
i Σ

−1
k,h1i,

where the second inequality holds from Lemma C.5, the third inequality holds from (C.2) and the
last inequality holds from Azuma-Hoeffding inequality and the definition of Γ̂k,h

(
skh, a

k
h

)
. Based
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on (5.2) and Lemma C.7, with probability at least 1− δ/4, we can further have

4β

K∑
k=K̃+1

H∑
h=1

d∑
i=1

ϕi

(
skh, a

k
h

)√
1⊤
i Σ

−1
k,h1i

≤ 4c1βmin
{1
ρ
,H
}
·

K∑
k=K̃+1

H∑
h=1

d∑
i=1

ϕi

(
skh, a

k
h

)√
1⊤
i Λ

−1
k,h1i

≤ 4c1βmin
{1
ρ
,H
}
·

K∑
k=K̃+1

H∑
h=1

d∑
i=1

ϕi

(
skh, a

k
h

)√
λmax

(
Λ−1

k,h

)
≤ 4c1βmin

{1
ρ
,H
}
·

K∑
k=K̃+1

H∑
h=1

√
1

λmin
(
Λk,h

)
≤ 4c1βmin

{1
ρ
,H
}
·

K∑
k=K̃+1

H∑
h=1

√
2d

k · c

≤ 4c1
√
2dβ

H√
c
·min

{1
ρ
,H
}
·
∫ K

K̃+1

1√
k − 1

dk

≤ 4c1
√
2dβ

H√
c
·min

{1
ρ
,H
}
· 2
√
K

≤ Õ
(
dH
√
K ·min

{1
ρ
,H
})

,

where c1 > 0 is an absolute constant. The first inequality holds from Lemma C.7, the third
inequality holds because

∑d
i=1 ϕi(s, a) = 1 and the fourth inequality holds due to (D.10) with

K̃ > 512/η2 log(dKH/δ). Therefore, we can further bound the regret that

K × AveSubopt(K) ≤ HK̃ + 2
√

2H3K log(8/δ) + 4β

K∑
k=K̃+1

H∑
h=1

d∑
i=1

ϕi

(
skh, a

k
h

)√
1⊤
i Σ

−1
k,h1i

≤ Õ
(
dH
√
K ·min

{1
ρ
,H
}
+H

3
2

√
K + d15H13

)
.

Finally, by taking probability union bound over E and Ē , with probability at least 1 − δ, we can
bound the average suboptimality of We-DRIVE-U as follows

AveSubopt(K) ≤ Õ

(
dH ·min

{
1
ρ , H

}
+H

3
2

√
K

+
d15H13

K

)
. (C.3)

We complete the proof by substituting η = O(1/d) into (C.3).

D PROOF OF THE TECHNICAL LEMMAS

D.1 Proof of Lemma C.2

Before the proof of Lemma C.2, we first present a lemma that defines the optimistic value function
class and gives a upper bound for its covering number.
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Lemma D.1 (Function class covering number). In Algorithm 1, for each episode k ∈ [K] and
h ∈ [H], the optimistic value function V̂ ρ

k,h belongs to the following function class

Vh =

{
V
∣∣∣V (·) = max

a
max
1≤j≤ℓ

min
{
rh(·, a) + ϕ(·, a)⊤wj + β

d∑
i=1

ϕi(·, a)
√
1⊤
i Γj1i, H

}
,

∥wj∥ ≤ L, ∥Γj∥F ≤ λ−1
√
d

}
,

where ℓ ≤ dH log(1 + K/λ) is the number of value function updates from Lemma E.1 and
L = 2H

√
dK/λ from Lemma E.2. Define Nϵ be the ϵ-covering number of Vh with respect to

the distance dist(V1, V2) = sups |V1(s)− V2(s)|. Then the covering entropy can be bounded by

logNϵ ≤ dℓ log(1 + 4L/ϵ) + d2ℓ log
(
1 + 8

√
dβ2/λϵ2

)
.

Proof of Lemma D.1. For any two function V1, V2 ∈ Vh, we can write V1, V2 as follows

V1(·) = max
a

max
1≤j≤ℓ

min
{
rh(·, a) + ϕ(·, a)⊤w1,j + β

d∑
i=1

ϕi(·, a)
√

1⊤
i Γ1,j1i, H

}
,

V2(·) = max
a

max
1≤j≤ℓ

min
{
rh(·, a) + ϕ(·, a)⊤w2,j + β

d∑
i=1

ϕi(·, a)
√

1⊤
i Γ2,j1i, H

}
,

where ∥w1,j∥, ∥w2,j∥ ≤ L, Γ1,j ,Γ2,j ≼ λ−1I and ∥Γ1,j∥F , ∥Γ2,j∥F ≤ λ−1
√
d. Then we have

dist(V1, V2) = sup
s
|V1(s)− V2(s)|

≤ sup
1≤j≤ℓ,s∈S,a∈A

∣∣∣∣ϕ(s, a)⊤w1,j + β

d∑
i=1

ϕi(s, a)
√
1⊤
i Γ1,j1i

− ϕ(s, a)⊤w2,j − β

d∑
i=1

ϕi(s, a)
√
1⊤
i Γ2,j1i

∣∣∣∣
≤ β sup

1≤j≤ℓ,s∈S,a∈A

∣∣∣∣ d∑
i=1

ϕi(s, a)
(√

1⊤
i Γ1,j1i −

√
1⊤
i Γ2,j1i

)∣∣∣∣
+ sup

1≤j≤ℓ,s∈S,a∈A

∣∣ϕ(s, a)⊤(w1,j −w2,j)
∣∣

≤ β sup
1≤j≤ℓ,s∈S,a∈A

∣∣∣∣ d∑
i=1

√
ϕi(s, a)1⊤

i

(
Γ1,j − Γ2,j

)
ϕi(s, a)1i

∣∣∣∣
+ sup

1≤j≤ℓ,s∈S,a∈A

∣∣ϕ(s, a)⊤(w1,j −w2,j)
∣∣

≤ β sup
1≤j≤ℓ

√∥∥Γ1,j − Γ2,j

∥∥
F
+ sup

1≤j≤ℓ

∥∥w1,j −w2,j

∥∥
2

(D.1)

where the third inequality holds because |
√
x− y| ≥ |

√
x−√y|, the fourth inequality holds because

Cauchy-Schwarz inequality, ∥ϕ(s, a)∥2 ≤ 1 and
∑d

i=1 ϕi = 1. Moreover, ∥ · ∥F is the Frobenius
norm.

Now, we denote Cw as a ϵ/2-cover of the set
{
w ∈ Rd|∥w∥2 ≤ L

}
and CΓ as a ϵ2/4β2-cover of

the set {Γ ∈ Rd×d | ∥Γ∥F ≤ λ−1
√
d} with respect to the Frobenius norm. Then according to

Lemma G.6, we have

|Cw| ≤ (1 + 4L/ϵ)d, |CΓ| ≤
(
1 + 8

√
dβ2/λϵ2

)d2

.
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Then for any function V1 ∈ Vh with parameters w1,j ,Γ1,j , 1 ≤ j ≤ ℓ, we can find parameters
w2,j ∈ Cw,Γ2,j ∈ CΓ, 1 ≤ j ≤ ℓ, such that ∥w2,j − w1,j∥2 ≤ ϵ/2, ∥Γ2,j − Γ1,j∥F ≤ ϵ2/4β2.
Thus we have

dist(V1, V2) ≤ β sup
1≤j≤ℓ

√
∥Γ1,j − Γ2,j∥F + sup

1≤j≤ℓ
∥w1,j −w2,j∥2 ≤ ϵ,

where the inequality holds from (D.1). Therefore, the ϵ-covering number of optimistic function class
Vh is bounded by Nϵ ≤ |Cw|ℓ · |CΓ|ℓ, thus we have

logNϵ ≤ dℓ log(1 + 4L/ϵ) + d2ℓ log
(
1 + 8

√
dβ2/λϵ2

)
,

which completes the proof.

Now we are ready to prove Lemma C.2.

Proof of Lemma C.2. For any stage h ∈ [H] and the optimistic value function V̂ ρ
k,h+1, according to

Lemma E.3, there exists a vector wk
h such that P0

hV̂
ρ
k,h+1(s, a) can be represented by ϕ(s, a)⊤wk

h

and ∥wk
h∥2 ≤ H

√
d. Therefore, the parameter estimation error can be decomposed as∥∥ŵk

h,1 −wk
h

∥∥
Λk,h

≤
∥∥∥∥Λ−1

k,h

k−1∑
τ=1

ϕ
(
sτh, a

τ
h

)
V̂ ρ
k,h+1

(
sτh+1

)
−Λ−1

k,h

(
λI+

k−1∑
τ=1

ϕ
(
sτh, a

τ
h

)
ϕ
(
sτh, a

τ
h

)⊤)
wk

h

∥∥∥∥
Λk,h

≤
∥∥∥∥Λ−1

k,h

k−1∑
τ=1

ϕ
(
sτh, a

τ
h

)(
V̂ ρ
k,h+1

(
sτh+1

)
− P0

hV̂
ρ
k,h+1(s

τ
h, a

τ
h)
)
− λΛ−1

k,hw
k
h

∥∥∥∥
Λk,h

≤
∥∥λΛ−1

k,hw
k
h

∥∥
Λk,h︸ ︷︷ ︸

I1

+

∥∥∥∥Λ−1
k,h

k−1∑
τ=1

ϕ
(
sτh, a

τ
h

)(
V̂ ρ
k,h+1

(
sτh+1

)
− P0

hV̂
ρ
k,h+1(s

τ
h, a

τ
h)
)∥∥∥∥

Λk,h︸ ︷︷ ︸
I2

.

Bound term I1:

I1 =
∥∥λΛ−1

k,hw
k
h

∥∥
Λk,h

= λ
∥∥wk

h

∥∥
Λ−1

k,h

≤
√
λ
∥∥wk

h

∥∥
2
≤ H
√
dλ,

where we have Λk,h ≽ λI and ∥wk
h∥2 ≤ H

√
d.

Bound term I2: we apply Lemma G.9 with the optimistic value function class Vh and ϵ = H
√
λ/K,

then for any fixed h ∈ [H], with probability at least 1− δ/3H , for all episode k ∈ [K], we have

I2 =

∥∥∥∥ k−1∑
τ=1

ϕ
(
sτh, a

τ
h

)(
V̂ ρ
k,h+1

(
sτh+1

)
− P0

hV̂
ρ
k,h+1(s

τ
h, a

τ
h)
)∥∥∥∥

Λ−1
k,h

≤

√
4H2

[
d

2
log

(
k + λ

λ

)
+ log

Nε

δ

]
+

8k2ε2

λ

≤ Õ
(√

d3H3
)
,

where the first inequality holds because of Lemma G.9, the second inequality holds from
Lemma D.1. Thus we have∥∥ŵk

h,1 −wk
h

∥∥
Λk,h

≤ I1 + I2 = Õ
(
H
√
dλ+

√
d3H3

)
= β̄.
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Therefore, the estimation error can be bounded by

∣∣ϕ(s, a)⊤ŵk
h,1 −

[
P0
hV̂

ρ
k,h+1

]
(s, a)

∣∣ = ∣∣ϕ(s, a)⊤ŵk
h,1 − ϕ(s, a)⊤wk

h

∣∣
≤
∥∥ŵk

h,1 −wk
h

∥∥
Λk,h
· ∥ϕ(s, a)∥Λ−1

k,h

≤ β̄
√
ϕ(s, a)⊤Λ−1

k,hϕ(s, a),

where the first inequality holds from Cauchy-Schwarz inequality. Similarly, for the pessimistic
function class V̌h (or squared value function class V2

h), we have the similar result as follows

∣∣ϕ(s, a)⊤w̌k
h,1 −

[
P0
hV̌

ρ
k,h+1

]
(s, a)

∣∣ ≤ β̄
√

ϕ(s, a)⊤Λ−1
k,hϕ(s, a),∣∣ϕ(s, a)⊤w̃k

h,2 −
[
P0
h

(
V̂ ρ
k,h+1

)2]
(s, a)

∣∣ ≤ β̃
√
ϕ(s, a)⊤Λ−1

k,hϕ(s, a),

where β̄ = Õ
(
H
√
dλ +

√
d3H3

)
and β̃ = Õ

(
H2
√
dλ +

√
d3H6

)
. By taking union bound over

h ∈ [H] and three function classes, we have that the event Ē holds with probability at least 1 − δ.
This completes the proof.

D.2 Proof of Lemma C.3

Proof of Lemma C.3. First, recall from (4.6), we have

[
VhV̂

ρ
k,h+1

]
(s, a) ≈

[
V̄hV̂

ρ
k,h+1

]
(s, a) =

[
ϕ(s, a)⊤w̃k

h,2

]
[0,H2]

−
[
ϕ(s, a)⊤ŵk

h,1

]2
[0,H]

,

where ŵk
h,1 and w̃k

h,2 is the solution of the following ridge regression problems

w̃k
h,2 = argmin

w∈Rd

k−1∑
τ=1

(
w⊤ϕ

(
sτh, a

τ
h

)
−
(
V̂ ρ
k,h+1

(
sτh+1

))2)2
+ λ∥w∥22,

ŵk
h,1 = argmin

w∈Rd

k−1∑
τ=1

(
w⊤ϕ

(
sτh, a

τ
h

)
− V̂ ρ

k,h+1

(
sτh+1

))2
+ λ∥w∥22.

Then we have

∣∣[V̄hV̂
ρ
k,h+1

](
skh, a

k
h

)
− [VhV̂

ρ
k,h+1]

(
skh, a

k
h

)∣∣
≤
∣∣∣[ϕ(skh, akh)⊤w̃k

h,2

]
[0,H2]

−
[
ϕ
(
skh, a

k
h

)⊤
ŵk

h,1

]2
[0,H]

−
[
P0
h

(
V̂ ρ
k,h+1

)2](
skh, a

k
h

)
+
([
P0
hV̂

ρ
k,h+1

](
skh, a

k
h

))2∣∣∣
≤
∣∣∣[ϕ(skh, akh)⊤w̃k

h,2

]
[0,H2]

−
[
P0
h

(
V̂ ρ
k,h+1

)2](
skh, a

k
h

)∣∣∣+ ∣∣∣[ϕ(skh, akh)⊤ŵk
h,1

]2
[0,H]

−
([
P0
hV̂

ρ
k,h+1

](
skh, a

k
h

))2∣∣∣
≤
∣∣∣[ϕ(skh, akh)⊤w̃k

h,2

]
[0,H2]

−
[
P0
h

(
V̂ ρ
k,h+1

)2](
skh, a

k
h

)∣∣∣+ 2H
∣∣∣[ϕ(skh, akh)⊤ŵk

h,1

]
[0,H]

−
[
P0
hV̂

ρ
k,h+1

](
skh, a

k
h

)∣∣∣
≤ min

{
β̃
∥∥ϕ(skh, akh)∥∥Λ−1

k,h

, H2
}
+min

{
2Hβ̄

∥∥ϕ(skh, akh)∥∥Λ−1
k,h

, H2
}

= Ek,h,
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where the last inequality holds from Lemma C.2. For the second result, we have∣∣[VhV̂
ρ
k,h+1

](
skh, a

k
h

)
− [VhV

∗,ρ
h+1]

(
skh, a

k
h

)∣∣
=
∣∣∣[P0

h

(
V̂ ρ
k,h+1

)2](
skh, a

k
h

)
−
([
P0
hV̂

ρ
k,h+1

](
skh, a

k
h

))2 − [P0
h

(
V ∗,ρ
h+1

)2](
skh, a

k
h

)
+
([
P0
hV

∗,ρ
h+1

](
skh, a

k
h

))2∣∣∣
≤
∣∣∣[P0

h

(
V̂ ρ
k,h+1

)2](
skh, a

k
h

)
−
[
P0
h

(
V ∗,ρ
h+1

)2](
skh, a

k
h

)∣∣∣+ ∣∣∣([P0
hV̂

ρ
k,h+1

](
skh, a

k
h

))2 − ([P0
hV

∗,ρ
h+1

](
skh, a

k
h

))2∣∣∣
≤ 4H

∣∣∣[P0
hV̂

ρ
k,h+1

](
skh, a

k
h

)
−
[
P0
hV

∗,ρ
h+1

](
skh, a

k
h

)∣∣∣
≤ 4H

([
P0
hV̂

ρ
k,h+1

](
skh, a

k
h

)
−
[
P0
hV

∗,ρ
h+1

](
skh, a

k
h

))
≤ 4H

([
P0
hV̂

ρ
k,h+1

](
skh, a

k
h

)
−
[
P0
hV̌

ρ
k,h+1

](
skh, a

k
h

))
≤ min

{
4H
(
ϕ
(
skh, a

k
h

)⊤
ŵk

h,1 − ϕ
(
skh, a

k
h

)⊤
w̌k

h,1 + 2β̄
∥∥ϕ(skh, akh)∥∥Λ−1

k,h

)
, H2

}
= Dk,h.

where the second inequality holds because 0 ≤ V ∗,ρ
h+1, V̂

ρ
k,h+1 ≤ H , the third and fourth inequality

holds because of Lemma C.5, the fifth inequality holds due to Lemma C.2 and the last inequality
holds because the trivial result 0 ≤

[
V̄hV̂

ρ
k,h+1

](
skh, a

k
h

)
, [VhV

∗,ρ
h+1]

(
skh, a

k
h

)
≤ H2. Thus we have∣∣[V̄hV̂

ρ
k,h+1

](
skh, a

k
h

)
− [VhV

∗,ρ
h+1]

(
skh, a

k
h

)∣∣ ≤ Ek,h +Dk,h.

Then we also have

σ̄2
k,h ≥

[
V̄hV̂

ρ
k,h+1

](
skh, a

k
h

)
+ Ek,h +Dk,h ≥

[
VhV

∗,ρ
h+1

](
skh, a

k
h

)
,

where we use the definition of σ̄k,h in (4.6). This completes the proof.

D.3 Proof of Lemma C.4

Proof of Lemma C.4. For all (s, a) ∈ S/{sf} × A, for stage h ≤ h′ ≤ H (we use h to replace h′

in this part for simplicity), we have

Qπ,ρ
h (s, a) = rh(s, a) + ϕ(s, a)⊤νπ,ρ

h = rh(s, a) + inf
Ph(·|s,a)∈Uρ

h(s,a;µ
0
h)

[
PhV

π,ρ
h+1

]
(s, a).

We first decompose the gap ν̂ρ,k
h − νπ,ρ

h into two terms

ν̂ρ,k
h − νπ,ρ

h = ν̂ρ,k
h − ν̃ρ,k

h︸ ︷︷ ︸
I

+ ν̃ρ,k
h − νπ,ρ

h︸ ︷︷ ︸
II

, (D.2)

where ν̃ρ,k
h =

[
ν̃ρ,kh,i

]
i∈[d]

, and ν̃ρ,kh,i = maxα∈[0,H]

{
Eµ0

h,i
[
V̂ ρ
k,h+1(s)

]
α
−ρα

}
. Then we will bound

these two terms separately.

Bound term I in (D.2): we have

ν̂ρ,k
h − ν̃ρ,k

h ≤
[

max
α∈[0,H]

{
ẑkh,i(α)− Eµ0

h,i

[
V̂ ρ
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]
α

}]
i∈[d]

.

Denote αk
i = argmaxα∈[0,H]

{
ẑkh,i(α)− Eµ0

h,i
[
V̂ ρ
k,h+1(s)

]
α

}
, i = 1, · · · , d. Then we have
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h ≤
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Σ−1
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τ
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(
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i
−
(
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]
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]
i∈[d]

=

[(
− λΣ−1

k,hE
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h
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]
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i
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Σ−1

k,h

k−1∑
τ=1

σ̄−2
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τ
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[[
V̂ ρ
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τ
h+1)

]
αk
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−
[
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h

[
V̂ ρ
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]
αk

i

]
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τ
h)
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i

]
i∈[d]

. (D.3)
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For the first term on the RHS of (D.3),∣∣∣∣〈ϕ(s, a), [(− λΣ−1
k,hE

µ0
h

[
V̂ ρ
k,h+1(s)

]
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⊤
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∣∣∣∣
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√
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i Σ
−1
k,hϕi(s, a)1i, (D.4)

where 1i is the vector with the i-th entry being 1 and else being 0. The first inequality holds due to
the Cauchy-Schwarz inequality.
For the second term on the RHS of (D.3), given the event Eh defined in Definition C.1, we have∣∣∣∣〈ϕ(s, a), [(Σ−1

k,h

k−1∑
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σ̄−2
τ,hϕ

τ
h
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τ
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where the first inequality follows from Cauchy-Schwarz inequality and the second inequality holds
from the event Eh. Combining (D.3), (D.4) and (D.5), we have

〈
ϕ(s, a), ν̂ρ,k

h − ν̃ρ,k
h

〉
≤
(√

λdH + γ
) d∑

i=1

ϕi(s, a)
√

1⊤
i Σ

−1
k,h1i,

On the other hand, we can similarly do analysis for ⟨ϕ(s, a), ν̃ρ,k
h − ν̂ρ,k

h ⟩. Then we have

∣∣⟨ϕ(s, a), ν̂ρ,k
h − ν̃ρ,k

h ⟩
∣∣ ≤ β

d∑
i=1

ϕi(s, a)
√

1⊤
i Σ

−1
k,h1i, (D.6)

where β =
(√

λdH + γ
)
= Õ

(√
λdH +

√
d
)

.

Bound term II in (D.2): we have〈
ϕ(s, a), ν̃ρ,k

h − νπ,ρ
h

〉
= inf

Ph(·|s,a)∈Uρ
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0
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]
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0
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Finally we have(
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h

)
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h − ν̃k,ρ
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h ⟩
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0
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0
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where |∆k
h(s, a)| ≤ β

∑d
i=1 ϕi(s, a)

√
1⊤
i Σ

−1
k,h1i. This completes the proof.
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D.4 Proof of Lemma C.5

Proof of Lemma C.5. We prove this lemma by induction. For last stage H + 1, it is trivial because
for all (s, a) ∈ S ×A, we have Q̂ρ

k,H+1(s, a) = Q∗,ρ
H+1(s, a) = Q̌ρ

k,H+1(s, a) = 0.

Assume that the lemma holds at stage h′ + 1, now consider the situation at stage h′ (we use h to
replace h′ in this part for simplicity). For all episode k ∈ [K], we have

rh(s, a) + ϕ(s, a)⊤ν̂ρ,k
h + Γ̂k,h(s, a)−Q∗,ρ

h (s, a)

≥ inf
Ph(·|s,a)∈Uρ

h(s,a;µ
0
h)

[
PhV̂

ρ
k,h+1

]
(s, a)− inf

Ph(·|s,a)∈Uρ
h(s,a;µ

0
h)

[
PhV

∗,ρ
h+1

]
(s, a) + ∆k

h(s, a) + Γ̂k,h(s, a)

≥ inf
Ph(·|s,a)∈Uρ

h(s,a;µ
0
h)

[
Ph

(
V̂ ρ
k,h+1 − V ∗,ρ

h+1

)]
(s, a)

≥ 0,

where the first inequality holds from Lemma C.4, the second inequality holds because |∆k
h(s, a)| ≤

Γ̂k,h(s, a), the third inequality holds from induction assumption. Thus we have

Q∗,ρ
h (s, a) ≤ min

{
min
i∈[k]

rh(s, a) + ϕ(s, a)⊤ν̂ρ,i
h + Γ̂i,h(s, a), H − h+ 1

}
≤ Q̂ρ

k,h(s, a).

Thus for value function V , we have

V̂ ρ
k,h(s) = max

a
Q̂ρ

k,h(s, a) ≥ max
a

Q∗,ρ
h (s, a) = V ∗,ρ

h (s).

For the pessimistic value function Q̌ρ
k,h(s, a), we can do the similar analysis. Finally, by induction,

we finish the proof.

D.5 Proof of Lemma C.6

Proof of Lemma C.6. We use backward induction to prove this lemma. For the base case, the stage
H , it is trivial to obtain (C.1) because V̂ ρ

k,H+1 = 0. Assume (C.1) hold for the stage h + 1, then we
consider the stage h.

For all episode k ∈ [K], we first do the following decomposition

∥∥∥∥ k−1∑
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, (D.7)

where ∆α′ V̂ ρ
k,h+1(s

τ
h+1) =

[
V̂ ρ
k,h+1(s

τ
h+1)

]
α′ −

[
V ∗,ρ
h+1(s

τ
h+1)

]
α′ .

Bound term J1 in (D.7): For term J1, we apply Lemma G.8 with xi = σ̄−1
i,hϕ

(
sih, a

i
h

)
and ηi =

σ̄−1
i,h

([
V ∗,ρ
h+1(s

i
h+1)

]
α′ −

[
P0
h

[
V ∗,ρ
h+1

]
α′

](
sih, a

i
h

))
. Note that based on Lemma C.3, we have σ̄2

k,h ≥
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[
VhV

∗,ρ
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](
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)
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[
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k
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)
. Then for xi and ηi, we have
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i,h∥xi∥Σ−1
i,h

}
≤
√
d,

where we use the definition of σ̄i,h in (4.7). Then for all k ∈ [K], with probability at least 1−δ/2H ,
we have

J1 =

∥∥∥∥ k−1∑
i=1

xiηi

∥∥∥∥
Σ−1

k,h

≤ Õ
(
σ
√
d+ max

1≤i≤k
|ηi|min

{
1, ∥xi∥Σ−1

i,h

})
= Õ

(√
d
)
.

Bound term J2 in (D.7): To bound term J2, we need to use ϵ-covering for function class Ṽh+1 −[
V ∗,ρ
h+1

]
α′ where Ṽh+1 =

{
[V ]α|V ∈ Vh+1, α ∈ [0, H]

}
is the truncated optimistic value function

class. For any two function Ṽ1, Ṽ2 ∈ Ṽh+1, we can write that

Ṽ1 = [V1]α1
, Ṽ2 = [V2]α2

,

where V1, V2 ∈ Vh+1, α1, α2 ∈ [0, H]. Then we have

dist(Ṽ1, Ṽ2) = sup
s

∣∣Ṽ1(s)− Ṽ2(s)
∣∣

= sup
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∣∣[V1]α1
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∣∣
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This indicates that the ϵ-covering number Ñϵ for function class Ṽh+1 can be bounded by

Ñϵ ≤ N1, ϵ2
· N2, ϵ2

,

where N1, ϵ2
is the ϵ

2 -covering number for optimistic value function class Vh+1 and N2, ϵ2
is the

ϵ
2 -covering number for closed interval [0, H]. Then based on Lemma D.1 and Lemma G.7, we have

log Ñϵ ≤ dℓ log(1 + 8L/ϵ) + d2ℓ log
(
1 + 32

√
dβ2/λϵ2

)
+ log(6H/ϵ),

where ℓ = dH log(1 + K/λ) and L = 2H
√
dK/λ. Here we set ϵ =

√
λ/4H2d3K, then the

covering entropy can be bounded by

log Ñϵ ≤ Õ(d3H).

For simplicity, we denote ∆α′ V̂ ρ
k,h+1 here as ∆V , then for ∆V , there exsit a function Ṽ in the ϵ-net

satisfies that
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)
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This indicates that[
VhṼ

](
skh, a

k
h

)
≤
[
Vh∆V

](
skh, a

k
h

)
+

1

2d3H

≤
[
Ph

([
V̂ ρ
k,h+1

]
α′ −

[
V ∗,ρ
h+1

]
α′

)2](
skh, a

k
h

)
+

1

2d3H

≤
[
Ph

(
V̂ ρ
k,h+1 − V ∗,ρ

h+1

)2](
skh, a

k
h

)
+

1

2d3H

≤ 2H
[
Ph

(
V̂ ρ
k,h+1 − V̌ ρ

k,h+1

)](
skh, a

k
h

)
+

1

2d3H

≤ 2H
(
PhV̂

ρ
k,h+1

(
skh, a

k
h

)
− PhV̌

ρ
k,h+1

(
skh, a

k
h

))
+

1

2d3H

≤ Dk,h +
1

2d3H

≤ σ̄2
k,h/d

3H, (D.8)

where the fourth inequality holds due to Lemma C.5 with induction assumption Eh+1, the sixth
inequality holds due to the definition of Dk,h and the last inequality holds because of the definition
of σk,h. Then we apply we apply Lemma G.8 with xi = σ̄−1

i,hϕ
(
sih, a

i
h

)
and ηi = σ̄−1

i,h

(
Ṽ (sih+1)−

P0
hṼ
(
sih, a

i
h

))
. For xi and ηi, we have

∥xi∥2 ≤
∥∥ϕ(sih, aih)∥∥2/σ̄i,h ≤ 1,

E[ηi|Fi] = 0, |ηi| ≤
∣∣σ̄−1

i,h

(
Ṽ (sih+1)− P0

hṼ
(
sih, a

i
h

))∣∣ ≤ 2H,

E[η2i |Fi] = σ̄−2
i,h

[
VhṼ

](
sih, a

i
h

)
≤ 1/d3H,

max
1≤i≤k

{
|ηi| ·min

{
1, ∥xi∥Σ−1

i,h

}}
≤ max

1≤i≤k

{
2Hσ̄−1

i,h∥xi∥Σ−1
i,h

}
≤ 1/d3H,

where we use the construction of σ̄i,h in (4.7) and (D.8). After taking union probability bound over
ϵ-covering for function class Ṽh+1 −

[
V ∗,ρ
h+1

]
α′ , we have∥∥∥∥ k−1∑

τ=1

σ̄−2
τ,hϕ

τ
h

[
Ṽ (sτh+1)−

[
P0
hṼ
]
(sτh, a

τ
h)
]∥∥∥∥

Σ−1
k,h

≤ Õ
(√

d
)
.

For simplicity, we denote that V̄ = ∆V − Ṽ = ∆α′ V̂ ρ
k,h+1 − Ṽ and have sups |V̄ (s)| ≤ ϵ. Then

we obtain

J2 =

∥∥∥∥ k−1∑
τ=1

σ̄−2
τ,hϕ

τ
h

[
∆α′ V̂ ρ

k,h+1(s
τ
h+1)−

[
P0
h

(
∆α′ V̂ ρ

k,h+1

)]
(sτh, a

τ
h)
]∥∥∥∥

Σ−1
k,h

≤ 2

∥∥∥∥ k−1∑
τ=1

σ̄−2
τ,hϕ

τ
h

[
Ṽ (sτh+1)−

[
P0
hṼ
]
(sτh, a

τ
h)
]∥∥∥∥

Σ−1
k,h

+ 2

∥∥∥∥ k−1∑
τ=1

σ̄−2
τ,hϕ

τ
h

[
V̄ (sτh+1)−

[
P0
hV̄
]
(sτh, a

τ
h)
]∥∥∥∥

Σ−1
k,h

≤ Õ
(√

d
)
+ 4ϵk/

√
λ

≤ Õ
(√

d
)
,

where we use that ϵ =
√
λ/4H2d3K. Finally, we have∥∥∥∥ k−1∑

τ=1

σ̄−2
τ,hϕ

τ
h

[[
V̂ ρ
k,h+1(s

τ
h+1)

]
α′ −

[
P0
h

[
V̂ ρ
k,h+1

]
α′

]
(sτh, a

τ
h)
]∥∥∥∥

Σ−1
k,h

= J1 + J2 ≤ γ,

where γ = Õ
(√

d
)
. Thus, by induction we complete the proof.
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D.6 Proof of Lemma C.7

Proof of Lemma C.7. Conditioned on the event E and Ē , to bound the weight σ̄2
k,h, recall from the

definition (4.7), we have

σ̄k,h = max
{
σk,h, 1,

√
2d3H2

∥∥ϕ(skh, akh)∥∥ 1
2

Σ−1
k,h

}
,

According to (4.6), we have

σ2
k,h =

[
V̄hV̂

ρ
k,h+1

](
skh, a

k
h

)
+ Ek,h + d3H ·Dk,h +

1

2
,

where Ek,h, Dk,h are defined as follows

Ek,h = min
{
β̃
∥∥ϕ(skh, akh)∥∥Λ−1

k,h

, H2
}
+min

{
2Hβ̄

∥∥ϕ(skh, akh)∥∥Λ−1
k,h

, H2
}
,

Dk,h = min
{
4H
(
ϕ
(
skh, a

k
h

)⊤
ŵk

h,1 − ϕ
(
skh, a

k
h

)⊤
w̌k

h,1 + 2β̄
∥∥ϕ(skh, akh)∥∥Λ−1

k,h

)
, H2

}
,

where β̄ = Õ
(
d

3
2H

3
2

)
, β̃ = Õ

(
d

3
2H3

)
when we set λ = 1/H2. Note that

√
2d3H2

∥∥ϕ(skh, akh)∥∥ 1
2

Λ−1
k,h

≤
√
2d3H2

∥∥ϕ(skh, akh)∥∥ 1
2

2
/λ

1
4 ≤
√
2d3H3.

Also note that

σ2
k,h =

[
V̄hV̂

ρ
k,h+1

](
skh, a

k
h

)
+ Ek,h + d3H ·Dk,h +

1

2

≤ H2 + 2H2 + d3H ·H2 +
1

2

≤ 2d3H3.

Then we obtain the trivial upper bound ᾱ for σ̄k,h

σ̄k,h ≤ 2
√
d3H3 = ᾱ, (D.9)

Based on Lemma C.3, we have[
V̄hV̂

ρ
k,h+1

](
skh, a

k
h

)
≤ Ek,h +Dk,h + [VhV

∗,ρ
h+1]

(
skh, a

k
h

)
.

Then we have

σ2
k,h ≤ [VhV

∗,ρ
h+1]

(
skh, a

k
h

)
+ 2Ek,h + 2d3H ·Dk,h +

1

2
.

Next, we carefully bound σ2
k,h and σ̄2

k,h. To this end, we bound term Ek,h, Dk,h when k is large
enough. The intuition is that, when the episode k is large enough, all the error terms should be small
under the assumption (D.10).

Bound term Ek,h: Note that based on (5.2), with the same analysis as the proof of Corollary 5.3
in Liu & Xu (2024a), with probability at least 1− δ, we have

λmin(Λk,h) ≥ max
{
c(k − 1)/d+ λ−

√
32k log(dKH/δ), λ

}
.

Then when we choose k > 512d2 log(dKH/δ)/c2 and note that λ = 1/H2, we have

c(k − 1)/d+ λ−
√
32k log(dKH/δ) ≥ c

2d
k,
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which indicates that

λmin(Λk,h) ≥
c

2d
k. (D.10)

Then when k > 512d2 log(dKH/δ)/c2, we can calculate that

∥∥ϕ(skh, akh)∥∥Λ−1
k,h

=
∥∥∥Λ− 1

2

k,hϕ
(
skh, a

k
h

)∥∥∥
2
≤
√

λmax
(
Λ−1

k,h

)
≤
√

2d

kc
, (D.11)

where in the first inequality we use the fact that ∥ϕ(s, a)∥2 ≤ 1 for all (s, a) ∈ S × A. Then when
k is large enough and also at least k > 512d2 log(dKH/δ)/c2, we can have that

Ek,h ≤ Õ
( 1√

kc
d2H3

)
.

This indicates that there exists an absolute constant cE > 0 such that

Ek,h ≤ cE
d2H3

√
k

.

Bound term Dk,h: note that ŵk
h,1 and w̌k

h,1 have the closed-form expression as follows

ŵk
h,1 = Λ−1

k,h

k−1∑
τ=1

ϕ
(
sτh, a

τ
h

)
V̂ ρ
k,h+1

(
sτh+1

)
,

w̌k
h,1 = Λ−1

k,h

k−1∑
τ=1

ϕ
(
sτh, a

τ
h

)
V̌ ρ
k,h+1

(
sτh+1

)
.

Thus we can calculate that

ϕ
(
skh, a

k
h

)⊤
ŵk

h,1 − ϕ
(
skh, a

k
h

)⊤
w̌k

h,1

= ϕ
(
skh, a

k
h

)⊤
Λ−1

k,h

k−1∑
τ=1

ϕ
(
sτh, a

τ
h

)(
V̂ ρ
k,h+1

(
sτh+1

)
− V̌ ρ

k,h+1

(
sτh+1

))
,

≤
∥∥ϕ(skh, akh)∥∥Λ−1

k,h

·
∥∥∥∥ k−1∑

τ=1

ϕ
(
sτh, a

τ
h

)(
V̂ ρ
k,h+1

(
sτh+1

)
− V̌ ρ

k,h+1

(
sτh+1

))∥∥∥∥
Λ−1

k,h

≤
∥∥ϕ(skh, akh)∥∥Λ−1

k,h

·
k−1∑
τ=1

∥∥ϕ(sτh, aτh)∥∥Λ−1
k,h

·
(
V̂ ρ
k,h+1(s̃

k
h+1)− V̌ ρ

k,h+1(s̃
k
h+1)

)
≤
√

2d

kc

k−1∑
τ=1

√
2d

kc
·
(
V̂ ρ
k,h+1(s̃

k
h+1)− V̌ ρ

k,h+1(s̃
k
h+1)

)
,

≤ 2d/c ·
(
V̂ ρ
k,h+1(s̃

k
h+1)− V̌ ρ

k,h+1(s̃
k
h+1)

)
, (D.12)

where s̃kh+1 = argmaxs∈S

{
V̂ ρ
k,h+1(s)− V̌ ρ

k,h+1(s)
}

, the first inequality holds because of Cauchy-

Schwarz inequality, the third inequality holds due to (D.11). Next, we bound V̂ ρ
k,h+1(s̃

k
h+1) −

V̌ ρ
k,h+1(s̃

k
h+1). The intuition is that when k is large, both V̂ ρ

k,h+1 and V̌ ρ
k,h+1 should be close to

the robust optimal value function. Thus, V̂ ρ
k,h+1 should be close to V̌ ρ

k,h+1, and the closeness could

be quantified by the bonus terms, which is of order Õ(d/
√
k) under the assumption (D.10). In

particular, we have

V̂ ρ
k,h+1(s̃

k
h+1)− V̌ ρ

k,h+1(s̃
k
h+1)

= V̂ ρ
k,h+1(s̃

k
h+1)− V ∗,ρ

h+1(s̃
k
h+1)︸ ︷︷ ︸

I

+V ∗,ρ
h+1(s̃

k
h+1)− V̌ ρ

k,h+1(s̃
k
h+1)︸ ︷︷ ︸

II

. (D.13)
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Bound term I in (D.13): note that

V̂ ρ
k,h(s)− V ∗,ρ

h (s)

= Q̂ρ
k,h

(
s, πk

h(s)
)
−Q∗,ρ

h

(
s, π∗

h(s)
)

≤ Q̂ρ
k,h

(
s, πk

h(s)
)
−Q∗,ρ

h

(
s, πk

h(s)
)

≤ inf
Ph(·|s,a)∈Uρ

h(s,a;µ
0
h)

[
PhV̂

ρ
k,h+1

](
s, πk

h(s)
)
− inf

Ph(·|s,a)∈Uρ
h(s,a;µ

0
h)

[
PhV

∗,ρ
h+1

](
s, πk

h(s)
)

+∆k
h

(
s, πk

h(s)
)
+ Γ̂k,h

(
s, πk

h(s)
)

≤
[
P̂h

(
V̂ ρ
k,h+1 − V ∗,ρ

h+1

)](
s, πk

h(s)
)
+ 2Γ̂k,h

(
s, πk

h(s)
)
,

where the second inequality holds due to the definition of Q̂ρ
k,h, robust Bellman equation and

Lemma C.4, P̂h(·|s, a) = arginfPh(·|s,a)∈Uρ
h(s,a;µ

0
h,i)

[
PhV

∗,ρ
h+1

]
(s, a),∀(s, a) ∈ S × A. By recur-

sively applying it, then we have

V̂ ρ
k,h(s)− V ∗,ρ

h (s) ≤
[
P̂h

(
V̂ ρ
k,h+1 − V ∗,ρ

h+1

)](
s, πk

h(s)
)
+ 2Γ̂k,h

(
s, πk

h(s)
)

≤ 2

H∑
h′=h

Eπk
h′ ,P̂

[
Γ̂k,h′(s, a)|sh′ = s

]
.

Note that by (D.9) σ̄2
k,h ≤ ᾱ2, we have Σk,h ≽ ᾱ−2Λk,h. Similar to the analysis of (D.11), when

k > 512/c2 log(dKH/δ), we have

Γ̂k,h(s, a) = β

d∑
i=1

ϕi(s, a)
√
1⊤
i Σ

−1
k,h1i

≤ βᾱ

d∑
i=1

ϕi

(
skh, a

k
h

)√
1⊤
i Λ

−1
k,h1i

≤ βᾱ
√
λmax

(
Λ−1

k,h

)
≤
√

2d

kc
βᾱ.

Then we have

V̂ ρ
k,h(s)− V ∗,ρ

h (s) ≤ 2H

√
2d

kc
βᾱ ≤ 4β

√
dᾱH√
kc

.

Therefore, we can bound I as follows

I = V̂ ρ
k,h+1(s̃

k
h+1)− V ∗,ρ

h+1(s̃
k
h+1) ≤

4β
√
dᾱH√
kc

.

Bound term II in (D.13): Similar to the analysis above, we can derive the similar result as follows

II = V ∗,ρ
h+1(s̃

k
h+1)− V̌ ρ

k,h+1(s̃
k
h+1) ≤

4β̄
√
dᾱH√
kc

.

Now we can bound that

ϕ
(
skh, a

k
h

)⊤
ŵk

h,1 − ϕ
(
skh, a

k
h

)⊤
w̌k

h,1 ≤
2d

c
· 4(β̄ + β)

√
dᾱH√

kc
≤ 16β̄d3/2ᾱH√

kc3
.

Then when k is large enough, we can have that

Dk,h ≤ Õ
( ᾱ√

k
d3H

7
2

)
.
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This indicates that there exists an absolute constant cD > 0 such that

Dk,h ≤ cD
ᾱ√
k
d3H

7
2 .

When k is large enough, we have

σ2
k,h ≤ [VhV

∗,ρ
h+1]

(
skh, a

k
h

)
+ (2Ek,h + 2d3H ·Dk,h) +

1

2

≤ [VhV
∗,ρ
h+1]

(
skh, a

k
h

)
+ 2cE

ᾱ√
k
d2H3 + 2cD

ᾱ√
k
d6H

9
2 +

1

2
.

When we choose K̃ = c̃ · ᾱ2d12H9 where c̃ = Õ(1). When k > K̃, then we have

σ̄2
k,h = max

{
σ2
k,h, 1, 2d

3H2
∥∥ϕ(skh, akh)∥∥Σ−1

k,h

}
≤ max

{[
VhV

∗,ρ
h+1

](
skh, a

k
h

)
+ 1, 1

}
≤ 2
[
VhV

∗,ρ
h+1

(
skh, a

k
h

)]
[1,H2]

.

Based on Lemma G.10, we have

[
VhV

∗,ρ
h+1

]
(s, a) ≤

(1− (1− ρ)H−h+1

ρ

)2
≤
(1− (1− ρ)H

ρ

)2
= Θ

(
min

{ 1

ρ2
, H2

})
.

Then when k > K̃, we have

σ̄2
k,h ≤ O

(
min

{ 1

ρ2
, H2

})
.

Additionally, note that ᾱ2 = O
(
d3H3

)
, we have

K̃ = Õ
(
d15H12

)
.

This completes the proof.

E SUPPORTING LEMMAS

Lemma E.1 (Number of value function updates). The number of episodes where the algorithm
updates the value function in Algorithm 1 is upper bounded by dH log(1 +K/λ).

Proof of Lemma E.1. This proof is the same as (He et al., 2023, Lemma F.1) because of the same
rare-switching condition (Line 5 in Algorithm 1).

Lemma E.2. For any (k, h) ∈ [K]× [H], the weight ν̂ρ,k
h satisfies

∥∥ν̂ρ,k
h

∥∥
2
≤ 2H

√
dk/λ.
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Proof of Lemma E.2. Denote αi = argmaxα∈[0,H]

{
ẑkh,i(α)− ρα

}
, i ∈ [d]. Then we have

∥∥ν̂ρ,k
h

∥∥
2
=

∥∥∥∥∥
[

max
α∈[0,H]

{ẑkh,i(α)− ρα}
]
i∈[d]

∥∥∥∥∥
2

≤ ρ
√
dα+

∥∥∥∥∥
[(

Σ−1
k,h

k−1∑
τ=1

σ̄−2
τ,hϕ

(
sτh, a

τ
h

)[
V̂ ρ
k,h+1

(
sτh+1

)]
αi

)
i

]
i∈[d]

∥∥∥∥∥
2

≤ H
√
d+H ·

∥∥∥∥∥Σ−1
k,h

k−1∑
τ=1

σ̄−2
τ,hϕ

(
sτh, a

τ
h

)∥∥∥∥∥
2

≤ H
√
d+H

√
k/λ ·

(
k−1∑
τ=1

(
σ̄−1
τ,hϕ

(
sτh, a

τ
h

))⊤
Σ−1

k,h

(
σ̄−1
τ,hϕ

(
sτh, a

τ
h

))) 1
2

≤ H
√
d+H

√
dk/λ

≤ 2H
√
dk/λ,

where the first inequality holds due to the triangle inequality, the second inequality holds from the
fact that ρ ≤ 1, 0 ≤ α ≤ H and 0 ≤

[
V̂ ρ
k,h+1

(
sτh+1

)]
αi
≤ H , the third inequality holds because

of Lemma G.5 and the fourth inequality holds because Σk,h ≽ λI and Lemma G.4. This completes
the proof.

Lemma E.3. Under a linear MDP, for any stage h ∈ [H] and any bounded function V : S → [0, H],
there always exists a vector z ∈ Rd such that for all (s, a) ∈ S ×A, we have[

P0
hV
]
(s, a) = z⊤ϕ(s, a),

where z satisfies that ∥z∥2 ≤ H
√
d.

Proof of Lemma E.3. Based on Assumption 3.1, we have

[
P0
hV
]
(s, a) =

∫
P0
h(s

′|s, a)V (s′)ds′

=

∫
ϕ(s, a)⊤V (s′)dµ0

h(s
′)

= ϕ(s, a)⊤
∫

V (s′)dµ0
h(s

′)

= ϕ(s, a)⊤z,

where z =
∫
V (s′)dµ0

h(s
′). Thus we have

∥z∥2 =

∥∥∥∥∫ V (s′)dµ0
h(s

′)

∥∥∥∥
2

≤ max
s′

V (s′) ·
∥∥µ0

h(S)
∥∥
2
≤ H
√
d.

This completes the proof.

F PROOF OF THE MINIMAX LOWER BOUND

In this section, we prove the minimax lower bound. To this end, we first introduce the construction
of hard instances in Appendix F.1, and then we prove Theorem 6.1 in Appendix F.3.
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F.1 Construction of Hard Instances

We construct a family of d-rectangular linear DRMDPs based on the hard-to-learn linear MDP in-
troduced in Zhou et al. (2021a). Let δ = 1/H , ∆ =

√
δ/K/(4

√
2). Each d-rectangular linear DR-

MDP in this family is parameterized by a Boolean vector ξ = {ξh}h∈[H−1], where ξh ∈ {−∆,∆}d.
For a given ξ and uncertainty level ρ ∈ (0, 3/4], the corresponding d-rectangular linear DRMDP
Mρ

ξ has the following structure. The state space S = {x1, x2, · · · , xH , xH+1} and the action space
A = {−1, 1}d. The first state is always x1. The feature mapping ϕ : S × A → R2d+2 is defined to
depend on the state xh through ξh as follows:

ϕ(x1, a) =



1

2d
− δ

d
− ξ11a1

1

2d
− δ

d
− ξ12a2

...
1

2d
− δ

d
− ξ1dad

1

2
δ

d
+ ξ11a1

δ

d
+ ξ12a2

...
δ

d
+ ξ1dad

0



, ϕ(x2, a) =



1

2d
− δ

d
− ξ21a1

1

2d
− δ

d
− ξ22a2

...
1

2d
− δ

d
− ξ2dad

1

2
δ

d
+ ξ21a1

δ

d
+ ξ22a2

...
δ

d
+ ξ2dad

0



, · · · ,

ϕ(xH−1, a) =



1

2d
− δ

d
− ξH−1,1a1

1

2d
− δ

d
− ξH−1,2a2

...
1

2d
− δ

d
− ξH−1,dad

1

2
δ

d
+ ξH−1,1a1

δ

d
+ ξH−1,2a2

...
δ

d
+ ξH−1,dad

0



,ϕ(xH , a) =



0

0

...
0

0

0

0

...
0

1



,ϕ(xH+1, a) =



0

0

...
0

0

1

d
1

d
...
1

d
0



.

We assume that

K ≥ 9d2H/32 and H ≥ 6, (F.1)
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such that 1
2d −

1
dH − δ ≥ 0. Then it can be easily checked that for any s ∈ S, we have ϕi(s, a) ≥ 0

and
∑2d+2

i=1 ϕi(s, a) = 1. The factor distribution µ1 : S → R2d+2 is defined as follows.

µ1(·) = (δx2(·), · · · , δx2(·)︸ ︷︷ ︸
d terms

, δx2(·), δxH+1
(·), · · · , δxH+1

(·)︸ ︷︷ ︸
d terms

, δxH
(·))⊤.

Similarly, for h = 2, . . . ,H , we have

µ2(·) = (δx3
(·), · · · , δx3

(·), δx3
(·), δxH+1

(·), · · · , δxH+1
(·), δxH

(·))⊤,
· · ·

µH−1(·) = µH(·) = (δxH
(·), · · · , δxH

(·), δxH
(·), δxH+1

(·), · · · , δxH+1
(·), δxH

(·))⊤,

Note that for each episode k, the initial state sk1 is always x1. In the nominal environment, at step h,
the state skh is either xh or xH+1. State xH and xH+1 are absorbing states. Figure 4a illustrates the
nominal MDP.

Now we construct the reward parameters {θh}h∈[H] as follows.

θh = (1, 1, · · · , 1,−1, 1, 1, · · · , 1, 0)⊤, ∀h ∈ [H].

We have ∀h ∈ [H],

rh(xH , a) = ϕ(xH ,a)⊤θh = 0,

rh(xh, a) = ϕ(xh,a)
⊤θh = 0,

rh(xH+1, a) = ϕ(xH+1,a)
⊤θh = 1.

Thus, only the transition starting from xH+1 generates a reward of 1, and transitions starting from
any other state generate 0 reward. Next, we consider the model perturbation. An observation is
that xH is the worst state since it is an absorbing state with zero reward. By the definition of
the d-rectangular uncertainty set, the worst case kernel is the linear combination of worst case factor
distributions. Further, by the definition of the factor uncertainty set, the worst case factor distribution
is the one that leads to the highest probability ρ to the worst state xH . Thus, the worst factor
distributions are

µ̌1 = ((1− ρ)δx2 + ρδxH
, (1− ρ)δx2 + ρδxH

, · · · , (1− ρ)δx2 + ρδxH
, (1− ρ)δx2 + ρδxH

,

(1− ρ)δxH+1
+ ρδxH

, (1− ρ)δxH+1
+ ρδxH

, · · · , (1− ρ)δxH+1
+ ρδxH

, δxH
)⊤,

µ̌2 = ((1− ρ)δx3 + ρδxH
, (1− ρ)δx3 + ρδxH

, · · · , (1− ρ)δx3 + ρδxH
, (1− ρ)δx3 + ρδxH

,

(1− ρ)δxH+1
+ ρδxH

, (1− ρ)δxH+1
+ ρδxH

, · · · , (1− ρ)δxH+1
+ ρδxH

, δxH
)⊤,

· · ·
µ̌H−1 = ((1− ρ)δxH−1

+ ρδxH
, (1− ρ)δxH−1

+ ρδxH
, · · · , (1− ρ)δxH−1

+ ρδxH
, (1− ρ)δxH−1

+ ρδxH
,

(1− ρ)δxH+1
+ ρδxH

, (1− ρ)δxH+1
+ ρδxH

, · · · , (1− ρ)δxH+1
+ ρδxH

, δxH
)⊤,

µ̌H−1 = µH .

Figure 4b illustrates the worst case MDP.

F.2 Reduction from d-Rectangular DRMDP to Linear Bandits

Note that by construction, at steps h = 1, · · · , H − 2, the probability of transitioning to the worst
case state xH is independent of the action a. Moreover, since xH+1 is the only rewarding state,
so the optimal action at step h is the one the leads to the largest probability to xH+1, i.e., a⋆

h =
argmaxa∈A⟨ξh,a⟩. Further, in the nominal environment, state xh can only be reached through
states x1, x2, · · · , xh−1. As discussed by Zhou et al. (2021a), knowing the state xh is equivalent to
knowing the entire history starting from the initial state at current episode. Consequently, policies
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x1 x2 · · · xH−1 xH

xH+1

1 − δ − ⟨ξ1,a⟩

δ + ⟨ξ1, a⟩

1 − δ − ⟨ξ2,a⟩

δ + ⟨ξ2,a⟩

1 − δ − ⟨ξH−1,a⟩

δ + ⟨ξH−1,a⟩

1

1

(a) The nominal MDP environment.

x1 x2 · · · xH−1 xH

xH+1

(1 − ρ)(1 − δ − ⟨ξ1,a⟩)

(1 − ρ)(δ + ⟨ξ1,a⟩)

(1 − ρ)(1 − δ − ⟨ξ2,a⟩)

(1 − ρ)(δ + ⟨ξ2,a⟩)

(1 − ρ)(1 − δ − ⟨ξH−1,a⟩) + ρ

(1 − ρ)(δ + ⟨ξH−1,a⟩)

1

1 − ρ

ρ

ρ

ρ

(b) The worst-case MDP environment.

Figure 4: Constructions of the nominal MDP and the worst-case MDP environments.
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dictating what actions to take upon reaching a state at the beginning of an episode are equivalent
to policies relying on the “within episode” history (we refer to the discussion in E.1 of Zhou et al.
(2021a) for more details). In the following lemma, we shows that the average suboptimality of the
d-rectangular DRMDP can be lower bounded by the regret of H/2 bandit instances.

Lemma F.1. With the choice of d,K,H in (F.1), we have 3d∆ ≤ δ. Fix ξ = {ξh}h∈[H−1]. Fix a
possibly history dependent policy π and define āπ

h = Eξ[ah|sh = xh] as the expected action taken
by the policy when it visits state xh in stage h. Then, there exist a constant c > 0 such that

V ⋆,ρ
1 (x1)− V π,ρ

1 (x1) ≥ cmin
{1
ρ
,H
}H/2∑

h=1

(
max
a∈A
⟨µh,a⟩ − ⟨µh, ā

π
h⟩
)
.

Proof of Lemma F.1. For the fixed policy π, we first get the ground truth robust value V π,ρ
1 (x1) by

induction. Starting from the last step H , we have

V π,ρ
H (xH) = 0, V π,ρ

H (xH+1) = 1.

For step H − 1, we have

V π,ρ
H−1(xH) = 0, V π,ρ

H−1(xH−1) = (1− ρ)(δ + ⟨ξH−1,a
π
H−1⟩) · 1, V π,ρ

H−1(xH+1) = 1 + (1− ρ) · 1.

For step H − 2, we have V π,ρ
H−2(xH) = 0 and

V π,ρ
H−2(xH+1) = 1 + (1− ρ) · VH−1(xH+1) = 1 + (1− ρ) + (1− ρ)2,

V π,ρ
H−2(xH−2) = (1− ρ)(δ + ⟨ξH−2, ā

π
H−2⟩) · V

π,ρ
H−1(xH+1)

+ (1− ρ)(1− δ − ⟨ξH−2, ā
π
H−2⟩) · V

π,ρ
H−1(xH−1)

=
[
(1− ρ) + (1− ρ)2

]
(δ + ⟨ξH−2, ā

π
H−2⟩)

+ (1− ρ)2(1− δ − ⟨ξH−2, ā
π
H−2⟩)(δ + ⟨ξH−1, ā

π
H−1⟩).

For step H − 3, we have V π,ρ
H−3(xH) = 0 and

V π,ρ
H−3(xH+1) = 1 + (1− ρ) · VH−2(xH+1) = 1 + (1− ρ) + (1− ρ)2 + (1− ρ)3,

V π,ρ
H−3(xH−3) = (1− ρ)(δ + ⟨ξH−3, ā

π
H−3⟩) · V

π,ρ
H−2(xH+1)

+ (1− ρ)(1− δ − ⟨ξH−3, ā
π
H−3⟩) · V

π,ρ
H−2(xH−2)

=
[
(1− ρ) + (1− ρ)2 + (1− ρ)3

]
(δ + ⟨ξH−3, ā

π
H−3⟩)

+
[
(1− ρ)2 + (1− ρ)3

]
(1− δ − ⟨ξH−3, ā

π
H−3⟩)(δ + ⟨ξH−2, ā

π
H−2⟩)

+ (1− ρ)3(1− δ − ⟨ξH−3, ā
π
H−3⟩)(1− δ − ⟨ξH−2, ā

π
H−2⟩)(δ + ⟨ξH−1, ā

π
H−1⟩).

Keep performing the backward induction until step h = 1, we have

V π,ρ
1 (x1)

= V π,ρ
H−(H−1)(x1)

=
[
(1− ρ) + · · ·+ (1− ρ)H−1

]
(δ + ⟨ξ1, āπ

1 ⟩)+[
(1− ρ)2 + · · ·+ (1− ρ)H−1

]
(1− δ − ⟨ξ1, āπ

1 ⟩)(δ + ⟨ξ2, āπ
2 ⟩)+

[(1− ρ)3 + · · ·+ (1− ρ)H−1](1− δ − ⟨ξ1, āπ
1 ⟩)(1− δ − ⟨ξ2, āπ

2 ⟩)(δ + ⟨ξ3, āπ
3 ⟩)+

+ · · ·+
(1− ρ)H−1(1− δ − ⟨ξ1, āπ

1 ⟩)(1− δ − ⟨ξ2, āπ
2 ⟩) · · · (1− δ − ⟨ξH−2, ā

π
H−2⟩)(δ + ⟨ξH−1, ā

π
H−1⟩)

=

H−1∑
h=1

(H−1∑
i=h

(1− ρ)i
)
(oh + δ)

h−1∏
j=1

(1− oj − δ), (F.2)
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where oh = ⟨ξh, āπ
h⟩,∀h ∈ [H]. Recall that the optimal robust action at step h is a⋆

h =
argmaxa∈A⟨ξh,a⟩, and hence maxa∈A⟨ξh,a⟩ = ∆d. Thus, we have

V ⋆,ρ
1 (x1) =

H−1∑
h=1

(H−1∑
i=h

(1− ρ)i
)
(d∆+ δ)

h−1∏
j=1

(1− d∆− δ). (F.3)

For k ∈ [H − 1], we define

Sk =

H−1∑
h=k

( H−k∑
i=h−k+1

(1− ρ)i
) h−1∏

j=k

(1− oj − δ)(oh + δ), (F.4)

Tk =

H−1∑
h=k

( H−k∑
i=h−k+1

(1− ρ)i
) h−1∏

j=k

(1− d∆− δ)(d∆+ δ). (F.5)

Then by (F.2), (F.3), (F.4) and (F.5), we know V ⋆,ρ
1 (x1) − V π,ρ

1 (x1) = T1 − S1. Next, we aim to
lower bound T1 − S1. Inspired by the backward induction process, we have

Sk =
(H−k∑

i=1

(1− ρ)i
)
(ok + δ) + Sk+1(1− ok − δ),

Tk =
(H−k∑

i=1

(1− ρ)i
)
(d∆+ δ) + Tk+1(1− d∆− δ).

Then, we have

Tk − Sk =
(H−k∑

i=1

(1− ρ)i
)
(d∆− ok)− Sk+1(1− ok − δ) + Tk+1(1− d∆− δ)

=
(H−k∑

i=1

(1− ρ)i − Tk+1

)
(d∆− ok) + (1− ok − δ)(Tk+1 − Sk+1). (F.6)

Define TH = SH = 0, then by the recursive formula (F.6), we have

T1 − S1 =

H−1∑
h=1

(d∆− oh)
(H−h∑

i=1

(1− ρ)i − Th+1︸ ︷︷ ︸
I

) h−1∏
j=1

(1− oj − δ). (F.7)

To further bound (F.7), we first study the term I. Next we derive a close form expression of Tk. In
specific, we have

Tk =

H−1∑
h=k

( H−k∑
i=h−k+1

(1− ρ)i
) h−1∏

j=k

(1− d∆− δ)(d∆+ δ)

=
(H−k∑

i=1

(1− ρ)i
)
(d∆+ δ) +

(H−k∑
i=2

(1− ρ)i
)
(1− d∆− δ)(d∆+ δ)

+
(H−k∑

i=3

(1− d∆− δ)2(d∆+ δ)
)
+ · · ·+ (1− ρ)H−k(1− d∆− δ)H−k−1(d∆+ δ).

(F.8)
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Multiply Tk by (1− d∆− δ), we have

(1− d∆− δ)Tk

=
(H−k∑

i=1

(1− ρ)i
)
(d∆+ δ)(1− d∆− δ) +

(H−k∑
i=2

(1− ρ)i
)
(1− d∆− δ)2(d∆+ δ)

+
(H−k∑

i=3

(1− d∆− δ)2(d∆+ δ)
)
+ · · ·+ (1− ρ)H−k(1− d∆− δ)H−k(d∆+ δ). (F.9)

Then we have

(F.8)− (F.9)
= (d∆+ δ)Tk

=
(H−k∑

i=1

(1− ρ)i
)
(d∆+ δ)− (1− ρ)(1− d∆− δ)(d∆+ δ)− (1− ρ)2(1− d∆− δ)2(d∆+ δ)

− · · · − (1− ρ)H−k(1− d∆− δ)H−k(d∆+ δ). (F.10)

Divide both side of equation (F.10) by (d∆+δ) and then apply the formula for the sum of a geometric
series, we know Tk has the following closed form expression

Tk =
(H−k∑

i=1

(1− ρ)i
)
− (1− ρ)(1− d∆− δ)(1− (1− ρ)H−k(1− d∆− δ)H−k)

1− (1− ρ)(1− d∆− δ)
.

Then, for any h ≤ H/2, we have the following bound on the term I of (F.7),

H−h∑
i=1

(1− ρ)i − Th+1

=

H−h∑
i=1

(1− ρ)i −
H−h−1∑

i=1

(1− ρ)i +
(1− ρ)(1− d∆− δ)(1− (1− ρ)H−h−1(1− d∆− δ)H−h−1)

1− (1− ρ)(1− d∆− δ)

= (1− ρ)H−h +
(1− ρ)(1− d∆− δ)(1− (1− ρ)H−h−1(1− d∆− δ)H−h−1)

1− (1− ρ)(1− d∆− δ)

= (1− ρ)H−h + (1− ρ)(1− d∆− δ) + · · ·+ (1− ρ)H−h−1(1− d∆− δ)H−h−1

≥ (1− d∆− δ)H
(
(1− ρ) + · · ·+ (1− ρ)H−h−1 + (1− ρ)H−h

)
(F.11)

≥
(
1− 2

H

)H(
(1− ρ) + · · ·+ (1− ρ)H−h−1 + (1− ρ)H−h

)
≥ 1

12

H−h∑
i=1

(1− ρ)i, (F.12)

where (F.11) holds due to 3d∆ ≤ δ = 1/H and (F.12) holds due to H ≥ 6. Next, we carefully
bound the LHS of (F.12) with respect to ρ. For any h ≤ H/2 and ρ ∈ (0, 3/4], we have

1

12

H−h∑
i=1

(1− ρ)i ≥ 1

12

(1− ρ)(1− (1− ρ)H/2)

ρ
≥ 1

50

1− (1− ρ)H/2

ρ
.

Given the fact that

1− (1− ρ)H/2

ρ
= Θ

(
min

(
H,

1

ρ

))
,
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there exist a constant c > 0, such that

1− (1− ρ)H/2

ρ
≥ c ·min

(
H,

1

ρ

)
.

Then we have

H−h∑
i=1

(1− ρ)i − Th+1 ≥ c′ ·min
(
H,

1

ρ

)
, (F.13)

where c′ = c/50. Moreover, with the choice of parameter 3d∆ ≤ δ, δ = 1/H , and H ≥ 6, we have

h−1∏
j=1

(1− oj − δ) ≥ (1− 4δ/3)H ≥ 1/3. (F.14)

Therefore, by (F.7), (F.13) and (F.14), we have

V ⋆,ρ
1 (x1)− V π,ρ

1 (x1) = T1 − S1

≥ c′′ ·min{H, 1/ρ} ·
H/2∑
h=1

(d∆− oh)

= c′′ ·min{H, 1/ρ} ·
H/2∑
h=1

(
max
a∈A
⟨µh,a⟩ − ⟨µh, ā

π
h⟩
)
,

where c′′ = c′/3. This completes the proof.

F.3 Proof of Theorem 6.1

Next, we present an existing result on lower bounding the regret of linear bandits induced by
Lemma F.1. This result is useful in deriving the lower bound in Theorem 6.1.

Lemma F.2. (Zhou et al., 2021a, Lemma 25) Fix a positive real 0 ≤ δ ≤ 1/3, and positive
integers K, d and assume that K ≥ d2/(2δ). Let ∆ =

√
δ/K/(4

√
2) and consider the linear bandit

problemsLµ parameterized with a parameter vector µ ∈ {−∆,∆}d and action setA = {−1, 1}d so
that the reward distribution for taking action a ∈ A is a Bernoulli distribution Bernoulli(δ+⟨µ,a⟩).
Then for any bandit algorithmB, there exists a µ⋆ ∈ {−∆,∆}d such that the expected pseudo-regret
of B over first K steps on bandit Lµ⋆ is lower bounded as follows:

Eµ⋆Regret(K) ≥ d
√
Kδ

8
√
2

.

Note that the expectation is with respect to a distribution that depends both on B and µ⋆, but since
B is fixed, this dependence is hidden.

Now we are ready to prove the lower bound in Theorem 6.1.

Proof of Theorem 6.1. By Lemma F.1, we have

EξAveSubopt(Mξ,K) =
1

K
Eξ

[ K∑
k=1

[V ⋆,ρ
1 (x1)− V π,ρ

1 (x1)]
]

≥ c · min{H, 1/ρ}
K

H/2∑
h=1

Eξ

[ K∑
k=1

(
max
a∈A
⟨ξh,a⟩ − ⟨ξh, āπk

h ⟩
)]

.
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Note that the learning process is conducted on the nominal environment, which is exactly the MDP
in Zhou et al. (2021a), thus the rest proof of Theorem 5.2 follows the argument in the proof of
Theorem 8 in Zhou et al. (2021a). In particular, define ξ−h = (ξ1, · · · , ξh−1, ξh+1, · · · , ξH),
then every MDP policy π induces a bandit algorithm Bπ,h,ξ−h for the linear bandit of Lemma F.2.
Moreover, our choice of parameters in (F.1) satisfy the requirement of Lemma F.2. Denote the regret
of this bandit problem on Lξ as BanditRegret(Bπ,h,ξ−h , ξh), then we have

sup
ξ

EξAveSubopt(Mξ,K) ≥ sup
ξ

c · min{H, 1/ρ}
K

H/2∑
h=1

BanditRegret(Bπ,h,ξ−h , ξh)

≥ sup
ξ

c · min{H, 1/ρ}
K

H/2∑
h=1

inf
ξ̃−h

BanditRegret(Bπ,h,ξ̃−h , ξh)

= c · min{H, 1/ρ}
K

H/2∑
h=1

sup
ξ

inf
ξ̃−h

BanditRegret(Bπ,h,ξ̃−h , ξh)

≥ c · min{H, 1/ρ}dH
√
Kδ

16
√
2 ·K

=
c

16
√
2
· d
√
H ·min{H, 1/ρ}√

K
.

This completes the proof.

G AUXILIARY LEMMAS

In this section, we present some standard technical results in the literature that our proofs are built
on.
Proposition G.1. (Strong duality for TV (Shi et al., 2023, Lemma 4)). Given any probabil-
ity measure µ0 over S, a fixed uncertainty level ρ, the uncertainty set Uρ(µ0) = {µ : µ ∈
∆(S), DTV (µ||µ0) ≤ ρ}, and any function V : S → [0, H], we obtain

infµ∈Uρ(µ0) Es∼µV (s) = maxα∈[Vmin,Vmax]

{
Es∼µ0 [V (s)]α − ρ

(
α−mins′ [V (s′)]α

)}
, (G.1)

where [V (s)]α = min{V (s), α}, Vmin = mins V (s) and Vmax = maxs V (s). Notably, the range
of α can be relaxed to [0, H] without impacting the optimization.
Lemma G.2. (Abbasi-Yadkori et al., 2011, Lemma 12) Let A, B and C be positive semi-definite
matrices such that A = B+C. Then we have that

sup
x̸=0

x⊤Ax

x⊤Bx
≤ det(A)

det(B)
.

Lemma G.3. (Abbasi-Yadkori et al., 2011, Confidence Ellipsoid, Theorem 2) Let {Gk}∞k=1 be a
filtration, and {xk, ηk}k≥1 be a stochastic process such that xk ∈ Rd is Gk-measurable and ηk ∈ R
is Gk+1-measurable. Let L, σ,Σ, ϵ > 0,µ∗ ∈ Rd. For k ≥ 1, let yk = ⟨µ∗,xk⟩ + ηk and suppose
that ηk,xk also satisfy

E[ηk | Gk] = 0, |ηk| ≤ R, ∥xk∥2 ≤ L.

For k ≥ 1, let Zk = λI+
∑k

i=1 xix
⊤
i , bk =

∑k
i=1 yixi,µk = Z−1

k bk, and

βk = R

√
d log

(
1 +

kL2

dλ

)
+ 2 log

1

δ
.

Then, for any 0 < δ < 1, we have with probability at least 1− δ that,

∀k ≥ 1,

∥∥∥∥ k∑
i=1

xiηi

∥∥∥∥
Z−1

k

≤ βk, ∥µk − µ∗∥Zk
≤ βk +

√
λ∥µ∗∥2.
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Lemma G.4. (Jin et al., 2020, Lemma D.1) Let Λt = λI +
∑t

i=1 ϕiϕ
⊤
i , where ϕi ∈ Rd and

λ > 0. Then we have

t∑
i=1

ϕ⊤
i (Λt)

−1ϕi ≤ d.

Lemma G.5. (Ishfaq et al., 2021, Lemma D.5) Let A ∈ Rd×d be a positive definite matrix where
its largest eigenvalue λmax(A) ≤ λ. Let x1, ...,xk be k vectors in Rd. Then it holds that∥∥∥∥A k∑

i=1

xi

∥∥∥∥ ≤ √λk( k∑
i=1

∥xi∥2A
)1/2

.

Lemma G.6. (Vershynin, 2018, Covering number of Euclidean ball) For any ε > 0, Nε, the ε-
covering number of the Euclidean ball of radius B > 0 in Rd satisfies

Nε ≤
(
1 +

2B

ε

)d

≤
(
3B

ε

)d

.

Lemma G.7. (Vershynin, 2018, Covering number of an interval) Denote the ϵ-covering number of
the closed interval [a, b] for some real number b > a with respect to the distance metric d(α1, α2) =
|α1 − α2| as Nϵ([a, b]). Then we have Nϵ([a, b]) ≤ 3(b− a)/ϵ.

Lemma G.8. (Zhou & Gu, 2022, Theorem 4.3) Let {Gk}∞k=1 be a filtration, and {xk, ηk}k≥1 be
a stochastic process such that xk ∈ Rd is Gk-measurable and ηk ∈ R is Gk+1-measurable. Let
L, σ > 0, µ∗ ∈ Rd. For k ≥ 1, let yk = ⟨µ∗,xk⟩+ ηk and suppose that ηk,xk also satisfy

E[ηk | Gk] = 0,E[η2k | Gk] ≤ σ2, |ηk| ≤ R, ∥xk∥2 ≤ L.

For k ≥ 1, let βk = Õ
(
σ
√
d + max1≤i≤k |ηi|min

{
1, ∥xi∥Z−1

i−1

})
and Zk = λI +

∑k
i=1 xix

⊤
i ,

bk =
∑k

i=1 yixi, µk = Z−1
k bk. Then, for any 0 < δ < 1 , with probability at least 1 − δ, for all

k ∈ [K], we have ∥∥∥∥ k∑
i=1

xiηi

∥∥∥∥
Z−1

k

≤ βk, ∥µk − µ∗∥Zk
≤ βk +

√
λ∥µ∗∥2.

Lemma G.9. (Jin et al., 2020, Lemma D.4) Let {si}∞i=1 be a stochastic process on state space
S with corresponding filtration {Fi}∞i=1. Let {ϕi}∞i=1 be an Rd-valued stochastic process where
ϕi ∈ Fi−1, and ∥ϕi∥ ≤ 1. Let Λk = λI +

∑k
i=1 ϕiϕ

⊤
i . Then for any δ > 0, with probability at

least 1− δ, for all k ≥ 0, and any V ∈ V with sups∈S |V (s)| ≤ H , we have∥∥∥∥ k∑
i=1

ϕi{V (si)− E[V (si) | Fi−1]}
∥∥∥∥2
Λ−1

k

≤ 4H2

[
d

2
log

(
k + λ

λ

)
+ log

Nε

δ

]
+

8k2ε2

λ
,

where Nε is the ε-covering number of V with respect to the distance dist(V, V ′) = sups∈S |V (s)−
V ′(s)|.
Lemma G.10. (Liu & Xu, 2024b, Lemma 5.1 (Range Shrinkage)) For any (ρ, π, h) ∈ (0, 1]×Π×
[H], we have maxs∈S V π,ρ

h (s)−mins∈S V π,ρ
h (s) ≤ (1− (1− ρ)H−h+1)/ρ.


