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Abstract

We study reinforcement learning in infinite-
horizon average-reward settings with linear
MDPs. Previous work addresses this problem by
approximating the average-reward setting by dis-
counted setting and employing a value iteration-
based algorithm that uses clipping to constrain the
span of the value function for improved statisti-
cal efficiency. However, the clipping procedure
requires computing the minimum of the value
function over the entire state space, which is pro-
hibitive since the state space in linear MDP setting
can be large or even infinite. In this paper, we in-
troduce a value iteration method with efficient
clipping operation that only requires computing
the minimum of value functions over the set of
states visited by the algorithm. Our algorithm en-
joys the same regret bound as the previous work
while being computationally efficient, with com-
putational complexity that is independent of the
size of the state space.

1. Introduction

Reinforcement learning (RL) aims to learn optimal actions
for an agent by interacting with the environment. Among
the various RL settings, the infinite-horizon setting is partic-
ularly well-suited for applications where optimizing long-
term performance is the primary objective. Examples in-
clude production system management (Yang et al., 2021;
Gosavi, 2004), inventory management (Gijsbrechts et al.,
2022; Giannoccaro & Pontrandolfo, 2002) and network rout-
ing (Mammeri, 2019), where interactions between the agent
and the environment continue indefinitely, and the natural
goal is to optimize long-term rewards.

In the infinite-horizon framework, there are two widely-used
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definitions of long-term rewards. The first is the infinite-
horizon discounted setting, where the objective is to maxi-
mize the discounted cumulative sum of rewards, with expo-
nentially decaying weight assigned to future rewards. The
second is the infinite-horizon average-reward setting, where
the objective is to maximize the undiscounted long-term
average of rewards, assigning uniform weight to future and
present rewards. Learning in the average-reward setting is
more challenging because its Bellman operator is not a con-
traction, and the widely used value iteration algorithm may
fail when the transition probability model used for value
iteration is not well-behaved. This complicates algorithm
design, especially when the underlying transition probability
model is unknown and must be estimated.

Seminal work by Auer et al. (2008) introduces a value it-
eration based algorithm for the infinite-horizon average-
reward setting in the tabular case, where the state space
and the action space are finite. To address sensitivity of
the value iteration algorithm to the transition probability
model, they maintain a confidence set that captures the true,
well-behaved transition probability model. Their algorithm
employs an extended value iteration approach, which op-
timally selects the transition probability model from the
confidence set at each iteration. This extended value itera-
tion method has since been extensively used in the tabular
setting (Bartlett & Tewari, 2009; Fruit et al., 2018; Zhang
& Ji, 2019). Beyond the tabular case, the method has also
been adapted to the linear mixture MDP setting (Modi et al.,
2020; Ayoub et al., 2020), where the transition probability
model has a low-dimensional structure (Ayoub et al., 2020;
Wu et al., 2022; Chae et al., 2025).

To our knowledge, the extended value iteration method is
limited to tabular and linear mixture MDPs, as it relies on
sample-efficient transition probability estimation, which is
infeasible for settings like linear MDPs with large state
spaces (Jin et al., 2020). In response to these limitations,
researchers have explored alternative approaches for such
settings. For example, Wei et al. (2021) propose a reduction
to the finite-horizon episodic setting by dividing the time
steps into episodes of a fixed length. This approach achieves
a regret bound of O(T3/ 4), which is suboptimal, where T
denotes the number of time steps. They also introduce a



Infinite-Horizon Average-Reward RL

policy-based algorithm that alternates between policy eval-
uation and policy improvement steps to directly optimize
the policy. This approach achieves an order-optimal regret
bound of O(+/T), but it requires a strong ergodicity assump-
tion on the transition probability model for sample-efficient
policy evaluation. Lastly, they propose another approach
that achieves an order-optimal regret bound by directly solv-
ing the Bellman optimality equation as a fixed point problem,
bypassing the need for value iteration. However, the fixed
point problem is computationally intractable.

Another line of work on infinite-horizon average-reward
RL uses a reduction to the discounted setting to leverage
value iteration-based algorithms. To our knowledge, Wei
et al. (2020) were the first to introduce such a method. They
propose a Q-learning-based algorithm for the tabular setting
that solves the discounted setting problem as a surrogate
for the average-reward problem, achieving a regret bound
of O(T?/3). More recently, Hong et al. (2025) propose a
value iteration based algorithm that clips the value function
to constrain its span for statistical efficiency, achieving an
order-optimal regret bound of O(+/T). Their algorithm runs
value iteration to generate a sequence of value functions to
plan for the remaining time steps, and takes actions greedy
with respect to the value functions until a certain information
criterion of the collected trajectories doubles. Although the
algorithm runs in polynomial time with respect to problem
parameters, its computational complexity depends on the
size of the state space. The dependency is undesirable in the
linear MDP setting where the state space can be arbitrarily
large. An open question arising from this line of work is:

Does there exist an algorithm for infinite-horizon
average-reward linear MDPs with computational
complexity polynomial in the problem parameters,
vet independent of the size of the state space?

In this paper, we answer the question in the affirmative
by proposing an algorithm based on the following novel
techniques.

Efficient Clipping We develop an efficient value function
clipping strategy that requires the minimum of the value
function to be evaluated only over the set of states visited
by the algorithm, rather than the entire state space.

Deviation-Controlled Value Iteration We introduce a
novel value iteration scheme that controls the deviation
between sequences of value functions generated by value
iterations with different clipping thresholds.

1.1. Related Work

Table 1 compares our work with previous approaches for
infinite-horizon average-reward linear MDPs. FOPO solves

the Bellman optimality equation directly as a fixed-point
problem, which is computationally intractable, with brute-
force solution requiring computational complexity that
scales with 7%, where d is the dimension of the feature
representation. OLSVIL.FH reduces the problem to the finite-
horizon episodic setting. This approach is computationally
efficient, but has suboptimal regret bound. LOOP general-
izes FOPO to the general function approximation setting,
but inherits the computational complexity that scales with
T for solving a fixed-point problem. MDP-EXP2 directly
optimizes for the policy by alternating between policy eval-
uation and policy improvement. This approach is com-
putationally efficient and achieves an order-optimal regret
bound, but requires a strong assumption that all policies
induce Markov chains that have uniformly bounded mixing
time. y-LSCVI-UCB reduces the average-reward problem
to the discounted problem and achieves an order-optimal
regret bound. However, its computational complexity scales
with the size of the state space S. Our work is the first com-
putationally efficient algorithm to achieve O(v/T) regret
without making strong assumptions.

Approximation by discounted setting The method of
approximating the average-reward setting by the discounted
setting has been used in various settings. It is used in the
problem of finding a nearly optimal policy given access to a
simulator in the tabular setting by Jin & Sidford (2021);
Wang et al. (2022); Zurek & Chen (2023); Wang et al.
(2023). It is also used in the online RL setting with tab-
ular MDPs: Wei et al. (2020) propose a Q-learning based
algorithm, but has O(T'?/3) regret. Zhang & Xie (2023) im-
prove the regret to 6(ﬁ ) by making use of an estimate for
the span of optimal bias function. The reduction is also used
in the linear mixture MDP setting by Chae et al. (2025).

Span-constraining methods Learning in the infinite-
horizon average-reward setting requires an assumption that
ensures the agent can recover from a bad state, leading to a
bounded span of the optimal value function. For statistical
efficiency, previous work makes use of this fact by con-
straining the span of the value function estimates. Bartlett
& Tewari (2009) modify the extended value iteration algo-
rithm by Auer et al. (2008) to constrain the confidence set
on the model so that the spans of the models in the set are
bounded. Fruit et al. (2018) propose a computationally effi-
cient version of the algorithm proposed by Bartlett & Tewari
(2009). Zhang & Ji (2019) improve the algorithm proposed
by Bartlett & Tewari (2009) by constructing tighter confi-
dence sets using a method for directly estimating the bias
function. Zhang & Xie (2023) study a Q-learning-based
algorithm that projects the value function to a function class
of span-constrained functions. Hong et al. (2025) and Chae
et al. (2025) propose a value iteration-based algorithm and
clips the value function to constrain its span.
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Table 1. Comparison of algorithms for infinite-horizon average-reward linear MDP

Algorithm Regret O(-) Assumption Computation poly(-)
FOPO (Wei et al., 2021) sp(v*)\/ﬂ Bellman optimality equation T A, d
OLSVLFH (Wei et al., 2021) V/sp(v*)(dT)%  Bellman optimality equation T,Ad
LOOP (He et al., 2024) sp(v*)3d3T  Bellman optimality equation T A,d
MDP-EXP2 (Wei et al., 2021) A/ T Uniform Mixing T,A,d
4-LSCVI-UCB (Hong et al., 2025)  sp(v*)vVd3T  Bellman optimality equation T,S, A, d
~v-DC-LSCVI-UCB (Ours) sp(v*)Vd3T  Bellman optimality equation T,A,d

Lower Bound (Wu et al., 2022)

Q(d+/sp(v*)T)

2. Preliminaries

Notations Let ||| 4 = V2T Az for £ € R? and a posi-
tive semi-definite matrix A € R?¥*<. Leta Vb = max{a, b}
and a A b = min{a, b}. Let A(X) be the set of probabil-
ity measures on X. Let [n] = {1,...,n} and [m : n] =
{m,m +1,...,n}. Let sp(v) = max, ¢ |v(s) — v(s)|.
Let CLip(z; L,U) = (x VL) AU.

2.1. Infinite-Horizon Average-Reward RL

In this section, we formulate the infinite-horizon average-
reward RL setting. We pose the RL problem as a Markov
decision process (MDP) M = (S, A, P,r) where S is the
state space, A is the action space, P : S x A — A(S) is
the probability transition kernel and r : S x A — Ris the
reward function. We assume that rewards are bounded in
[0, 1], a standard and mild assumption that can be enforced
by rescaling. We assume S is a measurable space with
possibly infinite number of elements and A is a finite set.
The deterministic reward function r is known to the learner
while the probability transition kernel P is unknown to the
learner.

The interaction protocol between the learner and the MDP
is as follows. The environment first reveals the starting state
s1 € S to the learner. Then, at each time stept = 1,2,.. .,
the learner chooses an action a; € A and receives the reward
7(s¢, a;). The environment transitions to the next state s¢41
sampled from P(:|s¢, at).

In the infinite-horizon average-reward setting, the perfor-
mance of a policy is evaluated using the long-term average
reward. Consider a stationary policy  : S — A(A) where
m(als) denotes the probability of choosing action a in state
s. The average reward of policy 7 starting from an initial
state s is defined as

JT(s) —hmlnf E

T
E st,at ‘8128

where the expectation E™[] is taken over the probability
distribution on the trajectory (s1, a1, 2, as, . . . ) induced by

the interaction between P and 7.

The performance of an algorithm interacting with the en-
vironment over I steps is evaluated through its regret rela-
tive to the best stationary policy 7* that maximizes J™ (s1).
Writing J*(s1) == J™ (s1), the regret after T steps is de-

fined as
T

Ry =Y (J*(s1) = r(se.ar)).

t=1

The interaction protocol for the infinite-horizon setting, un-
like the interaction protocol for the finite-horizon episodic
setting, the state is never reset. Consequently, if the agent en-
ters a bad state with low future reward and recovering from
the bad state and reaching a good state is impossible, then
the agent becomes trapped in the bad state and suffers regret
linear in the number of remaining time steps. As discussed
by Bartlett & Tewari (2009), an additional assumption on
the structure of the MDP is required to avoid the patholog-
ical case. At the very least, we want the gain J*(s) to be
constant: J*(s) = J* for all s € S. This implies no matter
what the current state is, following the optimal policy 7*
attains the optimal long-term average reward J*, precluding
the case of getting trapped in a bad state. We follow Wei
et al. (2021) and make the following structural assumption
on the MDP.

Assumption A (Bellman optimality equation). There exist

J* € R and functions v* : § - Rand¢* : S x A - R
such that for all (s,a) € S x A, we have
J*+q"(s,a) =r(s,a) + [Pv*](s,a)

v(s) = max g (s,a).

As shown by Wei et al. (2021), a tuple (J*, ¢*, v*) that satis-
fies the equations in the assumption above has the following
properties. The policy 7* that deterministically selects an
action from argmax, ¢* (s, a) at each state s € S is an op-
timal policy. Moreover, such 7* always gives an optimal
average reward J” (s) = J* for all initial states s € S.
Since the optimal average reward is independent of the ini-
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tial state, we can simply write the regret as
T
Ry = Z(J* — (8¢, ar)).
t=1
The functions v*(s) and ¢*(s,a) have the interpretation
of the relative advantage of starting with s and (s, a), re-
spectively, and are called bias functions. A pair of func-
tions (v*,¢*) that satisfies the Bellman optimality equa-

E™ [25:1 r(se,ar) — J*|s1 = $]
and ¢*(s,a) = limy_eo ]E”*[Zilr(st,at) — J*|sp =
s,a1 = aj.

tion is v*(s) = limpy 00

Remark 2.1. The Bellman optimality equation assump-
tion is weaker than the weakly communicating assumption,
which states that the state space can be partitioned into a
set of transient states, which the agent never revisits once
it leaves, and a set of recurrent states, where the agent can
reach any state from any other under some policy. In turn,
the weakly communicating assumption is weaker than the
ergodic assumption, which requires that for every policy,
the induced Markov chain is irreducible and aperiodic.

The span of the bias, sp(v*) = max, »es v*(s) — v*(s),
quantifies the worst-case difference in value between any
two states. Intuitively, entering a suboptimal state incurs
regret that scales with sp(v*), suggesting that problems with
large sp(v*) are more challenging to learn. Following pre-
vious work (Bartlett & Tewari, 2009; Wei et al., 2020), we
assume sp(v*) is known to the learner. This assumption can
be relaxed by instead assuming access to an upper bound on
sp(v*), but in this case, the regret of our proposed algorithm
will scale with the upper bound.

Remark 2.2. Whether sample-efficient learning is possible
without knowing the span in advance has been an open
question for a long time, and many existing works rely
on this assumption. A recent result by Boone & Zhang
(2024) shows for the first time that it can be avoided in
the tabular setting. However, extending their technique to
the linear MDP setting remains a significant challenge and
likely require a major breakthrough. We leave this to future
work.

2.2. Infinite-Horizon Discounted Setting

The key algorithm design employed in this paper is to
approximate the infinite-horizon average-reward setting
by the infinite-horizon discounted setting with a discount-
ing factor v € [0,1) chosen by the learner. Under the
discounted setting, the performance measure is the dis-
counted sum of rewards > .= v~ 'r(s¢, a;). When nor-
malized by a factor (1 — «), the resulting normalized dis-
counted sum is a weighted average of the reward sequence
r(s1,a1),7r(s2,az2),.... The decay rate of the weight se-
quence is governed by the discounting factor . As 7y ap-
proaches 1, the decay becomes slower and the normalized

discounted sum should approach average of the reward se-
quence. To make this intuition precise, we first define value
functions for a policy 7 under the discounted setting by

oo
th_lr(st,at)la = S]
Z’y r(st,at)|s1 = s, a1 —a] )

We write the optimal value functions under the discounted
setting as

Q”sa

Vi(s)

7 (s) = max V7(s),

Q5 (s,a) = max Q5 (s, a).
Previous informal discussion suggests that the normalized
value function (1—+)V_*(s) to be close to the gain under the
average-reward setting JJ*. The following lemma makes the
relation between the infinite-horizon average-reward setting
and the discounted setting formal.

Lemma 2.3 (Lemma 2 in Wei et al. (2020)). For any vy €
[0, 1), the optimal value function V* for the infinite-horizon
discounted setting with discounting factor -y satisfies

(i) sp(Vy) < 2sp(v
(ii) |(1=7)Vy(s) -

*) and

J*| < (1 —5)sp(v*) foralls € S.
The lemma above suggests that the difference between the
optimal average reward J* and the optimal discounted cu-
mulative reward normalized by the factor (1 — ) is small
as long as ~y is close to 1. Hence, we can expect the policy
optimal under the discounted setting will be nearly optimal
for the average-reward setting, provided ~ is sufficiently
close to 1.

2.3. Linear MDPs

The linear MDP setting is a widely-studied setting in RL
theory literature that allows sample efficient learning in
large state space by assuming a low-dimensional feature
representation of the state-action pair. This representation
allows for generalization to unseen states, yielding sample
complexity that is independent of the size of the state space.
The linear MDP model imposes the following structural
assumptions on the MDP:

Assumption B (Linear MDP (Jin et al., 2020)). We assume
that the transition and the reward functions can be expressed
as a linear function of a known d-dimensional feature map
¢ : S x A — R%such that for any (s,a) € S x A, we have

<90(57a)70>a P(Sl|57a) =

where pu(s’) = (pu1(s’), ..., pa(s")) for s € S is a vector
of d unknown measures on S and @ € R? is a known
parameter for the reward function.

7”(8,0,) = <(p(sva)7u’(s/)>
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we further assume, without loss of generality, the following
boundedness conditions:

le(s,a)]|l2 < 1forall (s,a) €S x A,
16]l2 < Vd,  [[u(S)[l2 < Vd.

Such a boundedness assumption is commonly made, without
loss of generality (Wei et al., 2021), when studying the linear
MDP setting.

Remark 2.4. Wei et al. (2021) show that the boundedness
assumption can be made without loss of generality with
the following reasoning. Given a parameterization 8 and ¢
for the reward function, we can rescale € and ¢ such that
lle(-,-)|l2 < 1. Then, they show there exists an invertible
transformation A : R? — R< such that the minimum vol-
ume enclosing ellipsoid (MVEE) of A® U (—A®) is a unit
ball. A transformed feature mapping ¢'(s,a) = Ay(s,a)
and a transformed parameter #’ = A~'6 leads to the same
reward function with ||0’||2 < 1, as desired. As discussed
by Wei et al. (2021), this transformation depends only on
the feature mapping ¢, not on the parameter 6, and can
thus be applied during the feature design stage As shown in
Theorem 8 of Hazan & Karnin (2016), computing such a
transformation takes time O((v/SA + d)S3 A%).

ey

As discussed by Jin et al. (2020), although the transition
model P is linear in the d-dimensional feature mapping
¢, P still has |S| degrees of freedom as the measure
p is unknown, making the estimation of the model P
difficult. For sample efficient learning, we rely on the
fact that [PV](s,a) is linear in ¢(s,a) for any function
V : S = Rso that [PV](s,a) = {(p(s,a),w*(V)) where
w*(V) = [, s V(s )u(ds'). Indeed,

[PV](s,a) = fs'ES V(s')P(ds'|s,a)
= Joes V(s){w(s,a), u(ds"))
= (p(s,a), [yes V(s )n(ds")).
Exploiting the linearity, we can estimate w™* (V') given a

trajectory data (s1,as, ..., Si—1,a:—1, S¢) via linear regres-
sion as follows:

t—1
wy (V) = A;l Z V(sr41) - p(sr,ar)
=1

where Ay = AT + Zt;:ll p(st,as)p(s¢,a:) . With such a
regression coefficient, we estimate [PV](s, a) by

[PiV](s,a) = (¢(s,a), @,(V — V(s1))) + V(s1).

We estimate [PV](s, a) by estimating [P(V —V (s1))](s, a)
and then adding back V'(s1). This allows bounding the norm
of the regression coefficient || w;(V — V (s1))||2 by a bound
that scales with the span of V' instead of the magnitude of
V', which is required for getting a sharp regret bound. A
similar technique is used by Hong et al. (2025).

Algorithm 1 v-LSCVI-UCB (Hong et al., 2025)
Input: Discounting factor v € [0, 1), regularization con-
stant A > 0, span H > 0, bonus factor 3 > 0.
Initialize: &k < 1,4, < 1, Ay < A, Qi (+,-) + ﬁ for
te[T].
1: Receive state s.
2: fortimestept =1,...,7T do
3:  Take action a; = argmax, Q%(s;,a).

4:  Receive reward r(s;, a;); Receive next state s;1.

500 Ap = Ay 4 (s, an) (s, ar) T

6: if2det(Atk) < det(At) then

7: k+—k+1,t,«t+1.

1

8 V() « 5

9: foru=T,T—-1,...,t do

0: QU (1) (P V)
+Blle ) A s

11: VItL(.) = max, Q5FL(-, a).

12: VIFL() « CLIp(VEFL();

ming cs ‘N/lf‘*'l(s’), ming cs 171f+1(s’) + H).
13: end for
14:  else
15: QU+ Q! Vit « Viforallu € [t+1:T).
16:  end if
17: end for

2.4. Previous Work

In this section, we review the closely related work of Hong
et al. (2025) to highlight the contributions of our paper.
They propose an algorithm, v-LSCVI-UCB (Algorithm 1),
which is an optimistic value iteration based algorithm for
infinite-horizon average-reward linear MDPs. At time step
t, a sequence of value functions Q%, Q% 4, ..., Q! is com-
puted by running value iterations (Line 8-13) to plan for
the best action at time ¢, considering the number of time
steps remaining. In the next time step ¢ + 1, instead of
running value iteration again to incorporate new transi-
tion data observed at time step ¢, the algorithm reuses the
value function Q. ; generated previously. Value iteration
is only rerun when the determinant of the covariance matrix
A=A+, @(s1,a1)(si,a;)T doubles (Line 6).

Clipped Value Iteration A key ingredient of the algo-
rithm is the value clipping step, which constrains the span
of the value function estimate to improve statistical effi-
ciency. The optimal value function V.* under the discounted
setting has a span bounded by 2 - sp(v*) (Lemma 2.3),
which implies the range V7 is contained in the interval
[minges V' (s), minges V' (s) + 2 - sp(v*)]. Building on
this fact, the algorithm clips the optimistic value function es-
timate V' to the interval [minges V(s), minges V(s) + H]
to constrain its span (Line 7). We refer to the lower bound
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of this interval of the clipping operation as clipping thresh-
old. The clipping ensures that the concentration bound for
the estimate [PV](-, -) scales with sp(v*), rather than -+
which is crucial for obtaining a tight regret bound.

Key Step of Regret Analysis In their regret analysis, one
of the terms in the regret decomposition is

T

E t+1 (5t+1)

— Vi (se41).

This term can be bounded using the fact that V,"} (s¢41) <
‘Z’fll (st41), and that Vi (se41) = V5 (s¢41) whenever
the same sequence of value functions is used for the time
steps t and ¢t + 1. Since the sequence of value functions is
only updated when the covariance matrix A; doubles, which
can be shown to happen only O(dlog T') times, we can get
a tight regret bound.

Computational Complexity However, their clipping step
(Line 7) requires taking the minimum of the value function
estimate V'(-) over the entire state space S, leading to com-
putational complexity linear in the size of the state space,
which can be prohibitive when the state space is large or
infinite. The main contribution of our paper addresses this
issue by designing an algorithm that only takes the mini-
mum over the states that have been visited by the learner,
removing the dependency of the size of the state space on
the computational complexity. As discussed in the next
section, additional algorithmic trick is required for control-
ling the deviation of sequences of value functions generated
under different clipping thresholds.

3. Algorithm Design and Analysis

In this section, we present our algorithm, discounted
Deviation Controlled Least Squares Clipped Value Iteration
with Upper Confidence Bound (v-DC-LSCVI-UCB, Algo-
rithm 2), which improves computational complexity of the
previous algorithm. The part of the proposed algorithm that
enables computational efficiency is highlighted in red.

3.1. Computationally Efficient Clipping
The algorithm design is centered around bounding the term

T-1

Tt+1
Vi (se41) = VAT (se41),
t=1

where { ‘N/ut}ue[t:T] is the sequence of value functions gen-
erated at time step ¢, and {V//},cp..7) is the sequence of
clipped value functions generated at time step ¢. Note that
the clipped value function V!, | in the summation is gener-
ated at time step ¢, prior to observing the next state s .

With unlimited compute power, the v-LSCVI-UCB algo-
rithm by previous work uses minge s V%, ; (s) as the clipping
threshold, which allows bounding V/’, | evaluated at s;4
by

Vi (se1)
= CLIP(Vy 1 (se41); min Vily (), min Vi, (s) + H)

< ‘7;—&-1(525-5—1)

where the inequality only holds because minge s ‘7tt+1 (s) <
V! 1(st41). The algorithm ~-LSCVI-UCB also reuses
the sequence of value functions most of the time steps,
such that Vi (se41) = V5 (s¢41). allowing the bound
Vi (ser) = Vi (se0) < 0.

For computational efficiency, suppose we use m; as the
clipping threshold instead of mingcs Vtt+1(5)» where m;

is computed using states s1, . .., s; only. Then, the bound
Vi1 (se41) < Vi1 (se41) may no longer hold because

Vi (sep) = CLIP(‘Zt-',-l(St-H); me,my + H) > my

and we may have m; > I~/tt+1 (s¢4+1) since we cannot look
ahead s;4; when choosing the clipping threshold m;. We
can instead get a bound with an error term:

CLIP(VtH(stH) me,my + H)
Vi (se1), 0}

Vi (se1) =

< V41 (se41) + max{m, —

One key idea of handling the sum of the error terms is to
choose my11 = V' | (s¢41) A my (Line 15), leading to

Vi (sea1) < Vi (seq1) + A

where Ay = m; — myy1. Then the sum of the errors A; can
then be bounded using a telescoping sum.

The clipping threshold m;y; = XN/tZ_l(stH) A m; may
change every time step. Hence, after advancing to the
next time step ¢ + 1 and computing the new threshold
m¢41, the algorithm computes Qiﬂ afresh, which involves
generating a sequence of value functions VA, ... VA
by running clipped value iteration with the new thresh-
old m;4;. Therefore, unlike previous work that ensures
‘Zﬁl(stﬂ) = ‘Zfll(stﬂ) by reusing the sequence of
value functions, we need to control the difference between
VH_l(sfH) and Vt+1 (S¢+1) to be able to bound

Vi (se1) < Vi (sepn) + Ay & VI (s141) + As

The next section discusses the algorithm design for ensuring

Trt+1
V;+1 ~ V;H-l
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Algorithm 2 ~-DC-LSCVI-UCB
Input: Discounting factor v € [0,1), regularization con-
stant A > 0, span H > 0, bonus factor 3 > 0.
Initialize: A1 < A\, m_1 < 00, mg < 00, M1 ﬁ,
Q)+ 5. QM () - 5
1: Receive state s.
2: fort=1,...,Tdo

3 V:furl(') A ﬁ
4: foru=T,T—-1,...,tdo
5 QL) e (r6) HAIRVELIGS)

Bl ) A s
. UZ:() %@;71('7')/\6272('7')'
7: L)« (Q1( ) — my—q1 +my)
V( fﬁfQ(-, ) = Me_o + my).

8: t(,) = CLIP(QL (-, ); LL (-, ), UL (-, ).
9: IN/j() + max, QL (-, a).
10: V() < CLIP(VE(-):my, my + H).

11:  end for

12:  Take action a; < argmax, ¢ 4 Q%(s¢, a).

13:  Receive reward (s, a;). Receive next state ;.
14: At+1 — /}'t + LP(St, at)go(st, at)T.

150 myqr < Vi (Se41) Amg.

16: end for

3.2. Deviation-Controlled Value Iteration

Previous discussion suggests we need to bound the differ-
ence between sequences of value functions {VJ}UG[T] and
{féf+1 }ue[r) generated by value iterations using different
clipping thresholds m; and m;;;. We would expect that
the difference between sequences of value functions to be
bounded by the difference in clipping thresholds m; — ;1.
Surprisingly, a naive adaptation of the previous work -
LSCVI-UCB, fails to control the difference. To see this,
consider the following clipped value iteration procedure that
generates a sequence of value functions {V,'},, at time step
t using the clipping threshold m;.

V%+1(-)<—ﬁ.
foru=T,T—1,...,tdo

Qu(y) = (1) + APV )
Bl ar)) A -
V() + max, Q% (-, a).

VE() < CLp(VE(:);me,my + H).
end for

We argue that controlling the difference || V! 1 —‘Zfﬂ lloo <
A for A = my—my41 at value iteration index u+ 1 does not
necessarily control the difference ||Vf — V1| . at the next
value iteration. To see this, suppose ||V, — V] || < A.

Then, by value iteration, we have

IV =V loo < 1Q6=Qu M oo = 1PV i1 = Vi) lloo-

It is natural to expect that | V!, ; — V'] [oc < A would
imply ||]3t(V1f+1 — VI Dllso < A. This is true when
[ﬁtV](s,a) is an expectation of V(-) with respect to an
empirical probability distribution ﬁt(-\-, -), which is the
case for the tabular setting (see Appendix B.1 for more
discussion). However, in the linear MDP setting, and more
generally in general value function approximation setting,
[P:V](s,a) is defined through a regression: [P;V](s,a) =
(p(s,a), w (Vi — Vjﬂ )), which can be arbitrarily larger
than A as shown in the next lemma.

Lemma 3.1. There exist ¢y, ..., ¢, € R with ||¢;]| < 1
Jori=1,....n andyi,...,yn € Rwith |y;| < A, i =
1,...,nforany A > 0, such that

(. @) > SAVE

for some ¢ € R where w,, is the regression coefficient
wy, = AT yichs where Ay = 371 i) + AL

To address this issue, we propose a novel value iteration
procedure that explicitly controls the deviation of a sequence
of value functions from its previous sequences. The key
idea is to clip the value function Q?, so that its values do not
deviate too much from value functions @Z’l and étu’Q from
previously generated sequences of value functions (Line 6-
8). With this scheme, we can bound the difference between
V! and VI as follows.

Lemma 3.2. When running v-DC-LSCVI-UCB (Algo-
rithm 2), we have

Vit (s) -
forallt € [T, uw e [t:T]andforall s € S.

‘Zf(s” <Mmy—1 — Mg

The lemma above says that the sequence of value functions
{VI* 1} 411 generated at time step ¢ + 1 deviates from
the chain of value functions {‘N/ut}ue[t;T] by at most m;_1 —
my4+1. This deviation control enables bounding the term

TV (8e41) — ViR (8041), which we demonstrate in
the next section.

3.3. Regret Analysis

In this section, we outline a regret analysis for our algorithm.
Central to the regret analysis is the following concentration
bound for the estimate P; V.

Lemma 3.3. With probability at least 1 — 6, there exists an
absolute constant cg such that for 3 = cg- Hd/log(dT'/9),

[BV{)(s,a) = [PV{](s, a)| < Bll(s, )]
forallt € [T, ue[t:T)and (s,a) €S x A.
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A proof for the lemma above first finds a concentration
bound for P,V for a fixed value function V' : § — R using
a concentration bound for vector-valued self-normalized
processes. Then, an e-net covering argument is used to get a
uniform bound on the function class that captures all value
functions V! encountered by the algorithm. For this to work,
we require the function class to have low covering number.
We can show that the log covering number of the function
class that captures functions ), can be bounded by O(d?),
which amounts to covering the d X d matrices A;. Since Q,
is a function of 5 functions in this function class, the log
covering number of the function class that captures Q¢ is
bounded by (5(d2). With the concentration inequality, and
the fact that the algorithm uses 3||¢(s, a)|| A1 as the bonus
term, we get the following results.

Lemma 3.4 (Optimism). With probability at least 1 — 9, for
allt € [T)andw € [t : T] and s € S, we have

Vi(s) =2 V*(s),
as long as the input argument H is chosen such that H >
2 sp(v*).
Lemma 3.5. With probability at least 1 — 6, we have for all
teld:Tlandu € [t : T] that

Qi (s,a) <7(s,a) + [PV, 1](s,a)
+20|¢(s, a)HA;l + 2(my—3 — my)

forall (s,a) € S x A.

Using the lemma above, the regret can be bounded by

Ry =1 (J* = r(st,a1))

<L = Qisear) + [PV (51, a0)
+ 2851, a0y -1 + 2(my—3 —me)) + O(1)

which can be decomposed into

=S (T = (1= )V (s141))
(a)
+ 23;4(‘/?—',-1(5154-1) —Vi(s))
(b)

+ ZtT:4([PVtt+1]<3t7 ar) — Vi1 (se41))
(c)

+ 280, plsi a1 + O

(d)

1

pp—

where we use Q! (s;,a;) = V/(s;) by the choice of a; by
the algorithm. Each term can be bounded as follows.

Bounding (a) By the optimism result (Lemma 3.4), we
have V!(s) > V*(s) forall ¢t € [T] and u € [t : T| with
high probability. It follows that

T = (L =NV (s041) ST = (1 =)V (5041)
< (L—=7)sp(v")

where the last inequality is by the bound on the error of
approximating the average-reward setting by the discounted
setting provided in Lemma 2.3. Hence, the term (a) can be
bounded by T'(1 — 7)sp(v*).

Bounding (b)  Using Lemma 3.2 that controls the differ-
ence between V! and V!, we have

Vi (seg1) = CLIP(‘N/tt-H(St—H); myg,my + H)
< CLIP(Viy (8641); Mg, migr + H) +my —migg
< Vi (se41) + me = muga

Sl
< Vtrl (St41) +2my—1 — 2my4q

where the second inequality holds because ‘Zﬂ-l ($t41) >
my41 by Line 15. Hence, term (b) can be bounded by
1

O(7=) using telescoping sums of XZTll (s141) — Vii(s1)

and 2m;_1 — 2myy1, and the fact that V! < ﬁ and
my < ﬁforallte [T]andw € [t : T).

Bounding (¢) Since VJ is F;-measurable where F; is
history up to time step ¢, we have B[V}, | (s¢41)|F] =
[PV 1](st, ai), making the summation (c¢) a summation
of a martingale difference sequence. Since sp(V/, ;) <
H for all ¢t € [T], the summation can be bounded by
O(sp(v*)VT) using Azuma-Hoeffding inequality.

Bounding (d) The sum of the bonus terms can be bounded
by O(BvdT) using a standard analysis from literature on
linear MDP.

Combining the bounds, and choosing H = 2 - sp(v*) and
B = O(sp(v*)d) specified in Lemma 3.3, we get

Ry < O(T(1 = 7)sp(v*) + 12 + sp(v*)VT
+ sp(v*)Vd3T).
Choosing v = 1 — \/1/T, we get Ry < O(sp(v*)Vd?T),

leading to our main result (see Appendix C for a more
detailed analysis):

Theorem 3.6. Under Assumptions A and B, running Algo-
rithm 2 with inputs v =1 — \/1/T, A =1, H = 2 - sp(v*)
and B = 2cg - sp(v*)d+/log(dT'/§) guarantees with proba-
bility at least 1 — 6,

Ry < O(sp(v*)\/d3T log(dT /) log T).

where cg is defined in Lemma 3.3.
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The regret bound for our algorithm -DC-LSCVI-UCB
matches the regret bound of the previous algorithm ~-
LSCVI-UCB.

Remark 3.7. Both algorithms v-DC-LSCVI-UCB and ~-
LSCVI-UCB require the knowledge of the time horizon T’
to tune the discount factor v in order to achieve a T™-step
regret bound of O(+/T). This limitation can be addressed
using the standard doubling trick, which allows us to obtain
a regret bound of O(+/T)) for any horizon T'. The doubling
trick is a standard technique in online learning to convert an
algorithm with O(\/T) regret guarantee for a fixed known
T to an anytime algorithm that does not take 7" as an input
and guarantee T-step regret of O(+/T) for any T'. The idea
is to run the algorithm in phases, where each phase lasts
twice as long as the previous one. At the beginning of each
phase, the algorithm is restarted with parameters tuned for
that phase length.

3.4. Computational Complexity

Our algorithm y-LSCVI-UCB+ runs up to 7" steps of value
iteration every time step, resulting in O(7'?) value iteration
steps. This can be seen by the nested loop structure of
the algorithm, where the outer loop is indexed by ¢ for
the time step and the inner loop is indexed by u for the
value iteration step. The computational bottleneck of the
algorithm is computing Q¢ (s,a) foralla € Aand all s €
{s1,...,5t—1}, which involves computing the regression
coefficient w; (V! ;). Computing the regression coefficient
takes O(T + d?) operations.

In total, the computational complexity of our algorithm is
O(T3d?A), which is polynomial in the problem parameters
T,d, A and is independent of the size of the state space.
Although our algorithm enjoys a polynomial-time compu-
tational complexity, it is super linear in 7, just as the the
OLSVILFH algorithm (Wei et al., 2021) and the previous
work y-LSCVI-UCB (Hong et al., 2025). We leave further
improving the computational complexity to be linear in T’
as future work.

4. Conclusion

We propose an algorithm for infinite-horizon average-reward
RL with linear MDPs that achieves a regret bound of
O(sp(v*)Vd3T') and is computationally efficient. Our al-
gorithm uses a combination of techniques such as approx-
imation by discounted setting, value function clipping for
constraining its span, and deviation-controlled value iter-
ation. An interesting future directions include improving
the regret bound by a factor of v/d using variance-aware
regression method, extending the techniques to the general
function approximation setting, and learning a stationary
policy for memory efficiency.

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. Concentration Inequalities

Lemma A.1 (Concentration of vector-valued self-normalized processes (Abbasi-Yadkori et al., 2011)). Let {e;}72, be a
real-valued stochastic process with corresponding filtration { F}32,. Let £;|Fi_1 be zero-mean and o-subgaussian. Let
{6152, be an R-valued stochastic process where ¢ € Fy_1. Assume Ay is a d X d positive definite matrix, and let
Ay = Ao+ Zi:l bs¢L. Then for any § > 0, with probability at least 1 — §, we have for all t > 0 that

t
Z PsEs
s=1

2

det(Ay)Y?det(Ao)~1/? )
5 :

< 20%1log (
At

Lemma A.2. Let w be a ridge regression coefficient obtained by regressing iy € [0, B] on * € R? using the dataset
{(2i, y:) 7oy so thatw = A= Y"1 @y, where A = " xa™ + XI. Then,

lwll2 < By/dn/A\.
Lemma A.3. Let V : S — [ B, B] be a bounded function. Then, w*(V') = [¢ V (s')du(s") which satisfies [PV](s,a) =
(p(s,a),w*(V)) forall (s,a) € S x A, satisfies

lw*(V)ll2 < BVd.

Proof.
< BVd

a0 (V)2 = ] 2

<5

|V [ auts)

where the first inequality holds since p is a vector of positive measures and V' (s’) > 0. The last inequality is by the
boundedness assumption (1) on p(S). O

2

Lemma A.4 (Adaptation of Lemma D.4 in Jin et al. (2020)). Let {x:}5°, be a stochastic process on state space S with
corresponding filtration {F;}52,. Let {4}, be a R%-valued stochastic process where ¢, € F;_1, and ||¢¢||2 < 1. Let
Ay =X+30 ¢:pL. Then for any § > 0 and any given function class V, with probability at least 1 — 8, for alln. > 0,
and any V' € V satisfying sp(V') < H, we have

D de(V(we) = E[V (2,)| Fe-1])
t=1

2.2
S 4H2 |:62l log (TL—FA) +10gM:| 4+ 8n’e
At

A 0 A

where N is the e-covering number of V with respect to the distance dist(V,V') = sup, |V (z) — V'(z)|.

Lemma A.5 (Adaptation of Lemma B.3 in Jin et al. (2020)). Under the linear MDP setting in Theorem 3.6 for the y-LSCVI-
UCB algorithm with clipping oracle (Algorithm 1), let cg be the constant in the definition of § = cgHd/log(dT'/0). There
exists an absolute constant C' that is independent of cg such that for any fixed § € (0, 1), the event £ defined by

Vu € [T), t€[T]:

< C- Hd,log((cs + 1)dT/3)
At

t—1
Z‘P(Sﬁa‘r)[vj(sﬁ%) — [PVi](sr,ar)]

satisfies P(£) > 1 — 0.

Proof. By Lemma A.2, we have ||w;||o < H+/dt/Aforallt =1,...,T. Hence, by combining Lemma D.3 and Lemma A 4,
for any € > 0 and any fixed pair (u,t) € [T] x [T], we have with probability at least 1 — § /7 that

t—1

Z ®(5r5a:) Vi (s741) — [PV](s7,a7)]

T=1

2

At
2 t+ A AHV/dt 8d'/2 3 T? 822
< 4H? llog <+)+dlog (1—1— f) + d?log <1+ b ) + log () <

A

+

d A 5\/X 2\ 1)

11
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Using a union bound over (u, t) € [T] x [T] and choosing ¢ = Hd/t and A = 1, there exists an absolute constant C' > 0
independent of ¢ such that, with probability at least 1 — 9,

t—1

Z‘P(Srvaf)[vzf(57+l) - [PVut](sT,aT)]

=1

2
< C%.d*H?log((cp + 1)dT/s),
AT

which concludes the proof. O

A.1. Proof of Lemma 3.3

Proof of Lemma 3.3. We prove under the event £ defined in Lemma A.5. Recall the definition
[BVi1(s,a) = ((s,0), @ (Vi = Vii(s1)) + Vi (s1)

where w; (V) — V//(s1)) = Ay Z " (Vi(s741) — ViE(s1)) - @(ss,a,). For convenience, we introduce the notation
VE(s) = VE(s) — VF(s1) and w! = 'wt(Vt) With these notations, we have

BV(5,0) = (p(s,a), wl) + VE(s1), w0 = A S p(m, an) 7 (5m41).

We can decompose (p(s,a), w?) as

t—1

(p(s,a),wy) = (p(s,a), A7 ZQD(ST,(ZT)[PVJKST,QT» . Z‘P sry07)(Vy (s741) = [PVl (sr,ar)) -

T=1

(a) (®)

Since V/(s) € [~H, H] for all s € S, it follows by Lemma A.3 that ||w*(V}!)||2 < H+/d. Hence, the first term (a) in the
display above can be bounded as

(005,01 AT1 S @(57,an) [PV (57, 00) = (9(5,0), A7 S @57, ar)p (7, ) 20" (V1))
T=1 =1
= (p(s,a V

), w* (V) = Mep(s, a), A w™ (V)
< (p(s, ), w" (V) + Alle(s, a)IIA Hw* (V) s
< (p(s,a), w*(V.))) + HVAd|p(s,a)| 1

where the first inequality is by Cauchy-Schwartz and the second inequality is by Lemma A.3. Under the event £ defined in
Lemma A.5, the second term (b) can be bounded by

(005,00, A7 S 951, ar)(VE (5r41) — [PV (51 01))
< (sl | 3 eloran)Vitsr ) = PV

< C- Hdyflog((cs + 1)dT/8) - (s, 0)][ 1.

Combining the two bounds and rearranging, we get

(6w, —w (V) < - Hdy/(log(cs + 1)AT/0) - ]

for some absolute constant C' independent of cg. Lower bound of (¢, w!, — w*(V,!)) can be shown similarly, establishing

(@, w), —w* (V) < C- Hd\/log((% +1)dT/5) - | @5

12
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Hence,
[PV (s.a) = [PVi(s,a)] = [(p(s,a), @ (Vi = Vii(s1))) + Vil (s1) = {sp(s, @), w™ (Vi)
= (e (s, a), w;, — w* (V)]
g<:-Hd¢mg«qr%DdTﬂn-wmu¢
where the last equality uses the fact that w* =[;V s ) is linear. It remains to show that there exists a choice of

absolute constant cg such that

C’\/log(Cg + 1) +log(dT'/6) < cgy/log(dT’/6).

Noting thatlog(dT'/§) > log 2, this can be done by choosing an absolute constant cg that satisfies C'y/log 2 + log(cs + 1) <
cgv/1og 2. O

Lemma A.6. The clipping operation CLIP(x; L, U) has the following properties:

(i) Cup(x; L,U) = CLiP(z —¢; L — ¢, U — ¢) + ¢

(iii) CLiP(z; L, U

) =

(i) CLIp(z; L, U) < CLIp(y; L, U) if z < v,
) <z ifandonly ifx > L.
) =

(

(

(

(iv) Crip(x; L,U) > CrLip(z; L' U") if L> L' and U > U'".

Proof. The proofs are straight from the definition. O

B. Deviation-Controlled Value Iteration
B.1. Positive Result for Tabular MDPs

In this section, we show that the scheme used in the algorithm «v-LSCVI-UCB+ for controlling the deviation between chains
of value functions with different clipping thresholds is not necessary in the tabular setting.

To reuse the notations developed for the linear setting, we treat the tabular setting with the size of the state space S and
the size of the action space A as the S A-dimensional linear MDP setting where each pair (s,a) € S x A is mapped to a
one-hot encoded vector (s, a) = €(,,q) € RS54 where the entry associated to (s, a) is equal to 1 and all other entries 0. We
show that under the tabular setting, Algorithm 3 that removes the step for clipping @, from -LSCVI-UCB+ successfully
control the deviation of a chain of value functions from its previous chain. Note that the algorithm uses the doubling-trick
that updates the covariance matrix used for regression only when its determinant doubles. The trick is used to facilitate the
analysis of the difference Q! (s,a) — Q%*'(s, a) shown in the proof of the lemma below.

We use A = 0 and treat A; ' as the pseudoinverse of A, and set ||o(s, a)||A;1 = when || (s a)||A 1 = 0, that is, when

1 Y
the direction (s, a) is never explored. Then, as shown in the following lemma, the deviation between chains of value

iterations is controlled even without the extra scheme used for the linear MDP setting.

Lemma B.1. When running v-LSCVI-UCB+ algorithm without deviation control under the tabular setting, for all t € [T,
u € [t: T), we have

VI (s) — VE(s)] < my — mesa
VEFL(s) -V,

u

+ £

(8)] <my —migy

forall s € S.

Proof. We introduce the notation Ni(s,a) = Zi;ll I{s; = s,ar = a} and Ny(s,a,s’) = Zi;ll I{s, =
s$,ar = a,$;41 = &'}, which is the visitation counts up to (excluding) time step ¢ of the state-action pair
(s,a) and state-action-state triplet (s, a,s’), respectively. Note that in the tabular setting, we have [P;V](s,a) =

13
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Algorithm 3 v-LSCVI-UCB+ without Deviation Control

Input: Discounting factor v € [0, 1), regularization constant A > 0, span H > 0, bonus factor 3 > 0.
Initialize: &k < 1,t; < 1, Ay < M, mq ﬁ.

1: Receive state sq.

2: fort=1,...,T do

3: V%+1(~) — ﬁ

4: foru=T,T—1,...,tdo

S QL) < (1) APV + Bl ) A s
6: V() < max, Q4 (- a).

7 V) « CLp(VE();my, my + H).

8 end for

9:  Take action a; < argmax,. 4 Q%(s¢, a). Receive reward r(s;, a;). Receive next state s;41.
10: At+1 — /,\f' +cp(8t,at)ga(st,at)T.

11: Myl < ‘éﬁrl(st+1) A M.

12:  if 2det(Ay,) < det(A¢41) then

13: k< k+1,tp < t+1.
14:  end if
15: end for

Dos Ny (s,a,sn)>0(Ve(s,a,8") [Ni(s,a))V (s'), which is the expectation of V' with respect to the empirical transition prob-
ability kernel Py: Py(s'|s,a) = Ny(s,a,s')/Ny(s,a). Hence, P, is linear such that [P,Vi](s,a) — [PVa](s,a) =

~

[P,(Vi — Va)|(s,a), and it satisfies [P;A](s,a) < ||Alls for any function A : & — R. We exploit these facts to
prove the lemma.

We show by induction onu =7+ 1,..., 1. Fix ¢ such that both ¢ and ¢ + 1 are in the same episode k. For the base case

u=T+1, wehave Vit (s) = Vi (s) = 1= forall s € S, and trivially, we have ViEi(s) = Vi1 (8)] < my — mig.

Now, suppose |V,/T1(s) — Vi, 1 (s)] < m¢ — myi forall s € S for some u € [T7]. Then,

Qi (s,a) = QL (s, 0)| < AP, Viijal(s, @) = [P, ViEi)(s,a)) < my —mupy

where the first inequality is by the fact that (- A 1%) is a contraction and the second inequality is by the previous discussion
¥

on ﬁtk being a expectation~with respect to a proper probability kernel in the tabular setting. Since max, Q(-,a) is a
contraction, it follows that |V,!(s) — V,!*1(s)| < m; — my1. Hence, using the fact that m; > my 1, we have
Vi(s) — V() = CLIP(VE(s); my, my + H) — CLIP(VEF () mysy, mgq + H)
< CLIP(f/jH(s) +my —myp1;me,mg + H) — CLIP(‘~/7f+1(s); Myp1, Mey1 + H)
= CLIP(f/jH(s); Mip1, M1 + H) +my —myyq — CLIP(‘77f+1(s); Mitp1, Mey1 + H)
=My — Mty

where the second equality uses the property (i) of the clipping operation. Similarly, we have

s);myg,my + H) — CLIP(VET (s);myy 1, myq + H)

(s); ) — CLIp(
(8);mye, my + H) — CLIP(VITY(s);my, my + H)
(s) ) — CLIp(

) — CLip(

IS

Vi(s) — ViH(s) = CLip(V}!
> CLp(V,

(

(

SIS

"7

~+

> CLIP s);my,my + H XN/ut(s)—mt—Fth;mt,mt—&—H)

& €

= CLIP(V}(s); my, my + H) — CLIP(V, (8); myp1, mag1 + H) — my 4+ myiq

= —my +myq

where the second equality uses the property (i) of the clipping operation. The two inequalities establish [V,!(s) — V,I*1(s)| <
my — My as desired. By induction, the proof is complete. O

14
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B.2. Negative Result for Linear MDPs

Proof of Lemma 3.1. For convenience, let n = 2m. If n is odd, we can take ¢,, = 0 and similar argument holds. Take
b1y b = (0,1/2,0,...,0) and ¢pryi1,. .., P2m = (9,—1/2,0,...,0) where n > 0 is to be chosen later. Take

Y1 = -+ = Yo, = Aand A = 1. Then, A,, = diag(n?n,n/4,0,...,0) + L and >, vi¢p; = (nAn,0,...,0). Hence,
w, = (ng'ﬁﬁl,o, ...,0). It follows that, choosing ¢ = (1,0, ...,0), we get

_ nAn
Choosing n = 1/y/n, we get |(w,,, ¢)| = 3 Ay/n, which completes the proof. O

B.3. Deviation-Controlled Value Iteration for Linear MDPs

Lemma B.2. Forallt € [T), u € [t : T], we have
|‘7ut+1(3) - ‘7;(5” < Mp—1 — Mt
Vit (s) = V()] < myy —mypq

u

forall s € S.

Proof. We first show that V1 (s) — Vii(s) > —my_1 4+ myyq and Vi (s) — Vii(s) > —my_1 + myy1. By definitions of
Q! and Q!,, we have

Q4 (s,a) = CLIP(QL (s, a); L (s, a), U (5, a))
> L, (s,a)
= (QL(s,a) = my +mei1) V (Q(s,0) = my—1 + myya)
> Q47 (s,a) — M1 + My,
and
Q. (s,a) = CLIP(QL,(s,); L}, (s, a), Ul (s, a))
< Uy(s,a)
= Q7 (s,0) A QL 2(s,0)
< Qi (s,a).
Chaining the two inequalities, we get Q'1(s,a) > Q' (s, a) — my_1 + myy1. It follows that
VN (s) = max Q4 (s, a)
> max QL(s,a) —me_1 +myp
= ‘7;(8) = M1+ My,
which shows the first claim. Hence,
VI (s) = CLIP(VAH (8); mygr, myss + H)
> CLIP(‘~/
= CLip(V,

> Crip(V,

u

8) = My—1 + Myg1; Myg1, My + H)

fd &4 €

~+

(
(5)§mt—17mt—1 + H) — My—1 + M1
(s);me,me + H) —my—1 + myqq

= Vi(s) — my—1 + myy1,

where the second equality is by Property (i) of the clipping operation and the second inequality is by Property (iv) of the
clipping operation and the fact that m;_; > m;. This shows the second claim.
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Now, we show that 17;“(5) — \Zf(s) < my—1 —myy1 and VIT(s) — Vii(s) < my_1 — my41. By definitions of Q% and
¢, we have
Q' (s,a) = CLIP(QY (s, a); LY (s, a), UL (5, a))
< Uy (s,a)
= @Z(Sv CL) A éiﬁl(sv CL)
< Qi (s,a),
and
Q! (s,a) = CLIP(Q' (s,a); Lt (s,a), UL (s, a))
> Ly(s,a)
= (Q 7 (s,a) — my + mer1) V (QL (s, a) — my—1 + myg)
> @Z‘l(s, a) —myg + myq1
> @Z‘l(s, a) — me_1 + Miy1.

Chaining the two inequalities, we get Q1" (s, a) < QY,(s,a) + my_1 — my41, and it follows that

Vot = maxQ (s, a)
< max Qy,(s, ) + my_1 — Mg

= VI(s) + my—1 — muq1,

which shows the first claim. Hence,

Vit (s) = CLp(VEIT (s);myy 1, meyq + H)
< CLIP(V(s) + me — mypr; mygr, mepr + H)
< CLIP(VE(s) + my — mypr;my, my + H)
= CLIP(VJ(S); Mya1, Mes1 + H) +my — mygq
< CLIP(IN/J(S); me,my + H) + my — myyq
= VEIHs) +my —mypy
< VEH(s) +mp_1 — miy.

C. Regret Analysis

We first prove the optimism result that says the value function estimates are optimistic estimates of the true value function.

C.1. Proof of Lemma 3.4

Proof of Lemma 3.4. We prove under the event £ defined in Lemma A.5, which holds with probability at least 1 — §. We
prove by induction on ¢ and u.

Suppose V7 (s) > V*(s), V.7 (s) > V*(s) and Q7(s,a) > Q*(s,a) hold forall 7 = 1,...,t — 1 and u € [ : T] and
(s,a) € S x A. If we show that V! (s) > V*(s), V(s) and Q! (s,a) > Q*(s,a) forallu € [t : T] and (s,a) € S x A,
the proof is complete by induction on t. We show this by inductiononu =7 + 1,7, ... t.

The base case u = T + 1 holds since V., (s) = 125 > V*(s) forall s € S. Now, suppose Vy1(s) > V*(s) for all
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s € Sforsomew € [t+1:T]. Then,

QL (s,a) = (r(s,a) +V([BV1](s,a) + Ble(s, Daz) A %
> (r(s,a) + ¥[PVi1](s,a)) A ﬁ
> (r(s,a) +9[PV"](s,a)) A ﬁ
1

where the first inequality is by the event &, the second inequality by the induction hypothesis. The second equality is by the
Bellman optimality equation. This shows Qf,(s,a) > Q*(s,a) for all (s,a) € S x A as desired. Additionally,

.(5,a) = CLIP(Ql, (s, a); L}, (s, a), Uy (s, )
> CLIP(Q™ (5, a); Ly, (s, ), Uy(s, a))
> Q"(s,a) AU, (s,a)
= Q"(5,a) AN Q) (5,0) A QY (s5,a))
> Q" (s,a)

where the second inequality is by the clipping property (ii), and the last inequality holds by induction hypothesis. It follows
that

Vi(s) = max Q! (s,a) > max Q*(s,a) = V*(s).
Note that by induction hypothesis, Vi(s) > V*(s)forall 7 € [t—1],u € [r : T] and s € S. Hence, m; =
min{ V! (s¢), Vt 2(st-1), - Vi (s2) = min{V*(s), V*(si-1), ..., V*(s2), ﬁ} > minges V*(s). It follows that

Vi(s) = CLIP(Vt(s);mt,mt + H)
> CLip(V*(s);me,my + H)
(
)

v
> * . . * / . * !
Crip(V (s),glelgv (s ),glégV (s"Y+ H)

V*(s

where the last inequality uses the fact that H > 2 - sp(v*) is chosen such that sp(V*) < H. We have shown that if
Vi 1(s) > V*(s) holds forall s € S, then V! (s) > V*(s), V,!(s) and Q!,(s, a) hold for all (s,a) € S x A. By induction

onu=T,...,1,itfollows that V!(s) > V*(s), Vii(s) > V*(s) and Q",(s,a) > Q*(s,a) hold for all (s,a) € S x A. The
proof is complete by induction on . O

Now, we show an upper bound of the action value function estimate, which is a direct consequence of the concentration
inequality in Lemma A.5.

C.2. Proof of Lemma 3.5

Proof of Lemma 3.5. We prove under the event £ defined in Lemma A.5, which holds with probability at least 1 — 4. Fix
any t € [T]and u € [t : T|. By event £, we have

Q(s.0) = (r(s.0) + 9 (PVE)(s0) + Allple o) A T

< r(s,a) + [PV p1](s,a) +2B]p(s, a)l| s
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for all t € [T]. Hence, by Lemma B.2, we have for ¢ > 4 that

Q% (s,a) < (s, a) + [PV T](s,a) + 2Bp(s, @)l
< r(s,a) +v[P(Vyy)l(s,a) +2Bll@(s, a)lly -1 +me—s —me—1 +me—z —my
< 7(s,a) +7[PVya](s,a) +2Blp(s, a)ll -1 + 2(me—3 — my).
Therefore, for t > 4, we have
(5,0) = CLIP(QL (s, a); L, (s, a), Uy (s, )
< Ul(s,a)
= Qi (s.a) N QL3 (s.0)
< r(s,a) +9[PVya](s,a) + 2Blle(s, a)ll -1 + 2(mi—3 — my)

Finally, the following lemma will be used for bounding the sum of the bonus terms.
Lemma C.1 (Lemma 11 in Abbasi-Yadkori et al. (2011)). Let {¢ }+>1 be a bounded sequence in R with ||¢||2 < 1 for
allt > 1. Let Ag = T and Ay = Y.\ ¢idT + I for t > 1. Then,

t
> 7MY i < 2logdet(Ay) < 2dlog(1 + ).

i=1
C.3. Proof of Main Theorem

Now, we are ready to prove the main theorem.

Proof of Theorem 3.6. We prove under the event £ defined in Lemma A.5, which occurs with probability at least 1 — §. By
Lemma 3.5, we have for ¢t > 4,
Qu(s,a) <r(s,a) +9[PVy1](s,a) + 28[le(s, a)l -1 + 2(me—s — my).

Plugging in u < t, s < s;, a < a4, we get

Ry (J* —r(se,a))

Il
[M]=

~
Il
-

IN

(J* = Qilst, ar) + 9PV (50, a0) + 28] p (s, ar) [y + 2(mi—s — my)) + O(1)

1 I

T
(J* = (1 =)V (se41) +Z L (ser1) = Qi(se, ar))
t=4

o~
Il
I

(a) (®)
T T 1

+ 'VZ([PV;;I](SM ar) — Vtt+1(5t+1)) +252 ||‘P(3t7at)||/\;1 +O(ﬁ)~
t=4 t=4

(c) (d)

Bounding (a) By the optimism result (Lemma 3.4), we have V,!(s) > V*(s) forall t € [T] and u € [t : T] with high
probability. It follows that
T = =V (si41) T = (L =9V (5041)
< (1—7)sp(0")

where the last inequality is by the bound on the error of approximating the average-reward setting by the discounted setting
provided in Lemma 2.3. Hence, the term (a) can be bounded by T'(1 — ~)sp(v*).
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Bounding (b) Using Lemma 3.2 that controls the difference between V,/+! and V!, we have

s
Vi (seq1) = CLIP(VYy (se41)i mu, my + H)
= CLIP(Vyy (5141) — M + Mygrs Mgt mugs + H) +my — mgy
< CLIP(‘ZtJ,-l(St-H); My, Metr + H) +my —myp
< ‘7tt+1(5t+1) +my — mypq

Trt+1
< thl (St41) + 2my—1 — 2my4q

where the second inequality holds because XN/}H (8¢4+1) = myy1 by Line 15. Hence, Term (b) can be bounded by O(ﬁ)

using telescoping sums of ﬁff(stﬂ) — Vi!(s;) and 2my_1 — 2my41, and the fact that V! < ﬁ and m; < ﬁ for all
te[T)andu € [t:T).

Bounding (¢) Since V' is F;-measurable where F; is history up to time step ¢, we have E[V}' | (s;11)|F] =
[PV 1](s¢, ai), making the summation (c) a summation of a martingale difference sequence. Since sp(V/, ;) < H

for all ¢ € [T, the summation can be bounded by O(sp(v*)+/T log(1/4)) using Azuma-Hoeffding inequality.

Bounding (d) The sum of the bonus terms can be bounded by

- T 1/2
52 H‘P(Shat)HA;l < BVT (Z (st at)'if)
t=1 t=1
< O(8\/dT1ogT)

where the first inequality is by Cauchy-Schwartz and the last inequality is by Lemma C.1.

Combining the four bounds, and choosing H = 2 - sp(v*) and choosing 8 = O(sp(v*)d+/log(dT/d)) specified in
Lemma 3.3, we get

Ry <O(T(1 —~)sp(v*) + ﬁ + sp(v*)y/T log(1/68) + sp(v*)\/d3T log(dT/5)log T).

Choosing v such that ;= = VT, we get

Ry < O(sp(v*)\/d3T log(dT /6) log T).

D. Covering Numbers

In this section, we provide results on covering numbers of function classes used in this paper. We use the notation N, (F, |- ||)
to denote the e-covering number of the function class F with respect to the distance measure induced by the norm || - ||.

We first present a classical result that bounds the covering number of Euclidean ball.

Lemma D.1. For any € > 0, the d-dimensional Euclidean ball B,( R) with radius R > 0 has log-covering number upper
bounded by
log N (Ba(R), || - [l2) < dlog(1 + 2R/z).

Using this classical result, we bound the covering number of the function class that captures the functions @tu (-, -) encountered
by our algorithm.

Lemma D.2 (Adaptation of Lemma D.6 in Jin et al. (2020)). Let Q be a class of functions mapping from S x A to R with
the following parametric form

Q) = (w () + v+ Byfo( ) TA () A M @
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where the parameters (w, 3,v, A) satisfy ||w| < L, 8 € [0,B] and v € [0, D], and A is a positive definite matrix with
minimum eigenvalue satisfying Ayin(A) > X > 0. The constant M > 0 is fixed. Assume ||p(s,a)|| < 1 forall (s,a) pairs.
Then

10g N (Q, || - [los) < dlog(1 4+ 8L/e) + log(1 + 8D/e) + d? log[1 + 8d'/2B? /(Ae?)].

Proof. Introducing A = ?A~1, we can reparameterize as

Q('7 ) = (wT‘P('a ) +o+ \/ (P('v ')TAQD('v )) NM

where the parameters (w, v, A) satisfy |[w|2 < L, ||A|| < B2A~, v € [0, D]. For any pair of functions Q1, Q2 € Q with
parameterization (wq,v1, A1) and (ws, ve, As), respectively, using the fact that - A M is a contraction, we get

@1 — Qalloo < sup (] p(s,a) +v1 + 1/ p(s,0) T Arep(s,@)) — (w] (s, @) +va + 1 /ip(5, @) T Asep(s, )|

< sup |(w] v+ VDT AID) — (wy P+ vs+ /DT Asg)]

 #illelas<t
< swp J(wy—w) TGl + o — el + sup (/167 (A - An)g)
P:lldll2<1 ¢:ll@ll2<1

= |lw1 —wafl2 + [v1 — v2| + V/[[A1 — Azl
< flwy — weall2 + |v1 —v2| + /|| A1 — A2 F 3)

where the third inequality uses the fact that [\/z — /y| < \/|z — y| holds for any =,y > 0 and || - || » denotes the Frobenius
norm.

Let Cy be an € /4-cover of {w € R? : ||w]| < L} with respect to the L2-norm, C 4 an €2 /4-cover of { A € R¥*? : || A||r <
d'/2B2)\~1} with respect to the Frobenius norm, and C, an £/2-cover of the interval [0, D]. Then, treating the matrix
A € R?4 a5 a long vector of dimension d x d, and applying Lemma D.1, we know that we can find such covers with

log |Cow| < dlog(1 +8L/¢e), log|Ca| < d*log(1+ 8d*/2B%/(\e?)), log|Cy| <log(l+8D/e).

Hence, the set of functions

Co={QeRTA:Q(, ) =w"p(,) +v+/0( ) TAp(-,),w € Cuy, A € Ca,v € Cy}

has cardinality bounded by log |Cq| < dlog(1 + 8L/e) + d?log(1 + 8d'/2B2/(\e?)) + log(1 + 8D/c). We can show
that Cg defined above is an e-cover for Q as follows. Fix any ) € Q parameterized by (w, v, A) and consider @ € Q
parameterized by (w, 7, A) where @ € Cyp with ||w — Wy < /4,7 € C, with |[v — 7| < ¢/4 and A € C4 with
|A — Al|p < £2/4. Then, by the bound (3), we have ||Q — Q||oc < € as desired. This concludes the proof. O

Lemma D.3. Let V be a class of functions mapping from S to R defined as
V= {maxQ(-,a) : Q(-) = CLIP(Q1(+-); Q2+ ) V @3(-), Qa5 ) AR5 (1), Qus-. @5 € QF
where the function class Q is defined in Lemma D.2. Then,
log N.(V, || - llso) < 5dlog(1 4+ 8L/e) + 5log(1 4+ 8D/e) + 5d? log[1 + 8d'/2 B2 /(\e?)).
Proof. Let W be a class of functions mapping from S x A — R of the form
Q) = CLIP(Q1 (s ); Q2( ) V @Q3(+5 ), Qal+ ) A Qs (- )

where Q1,...,Q5 € Q. Let Cy be an e-cover of the function class Q with size log |Co| < dlog(1 + 8L/e) + log(1 +
4D/e) + d?log[1 + 8d' /2 B2/ (\e?)]. Such a cover exists by Lemma D.2. Let C be defined as

C=1{Q eR¥:Q(,,) = CLIP(Q1(+); Q2(-,) VQ3(,), Qa(-,) AQs(+), Q1,...,Q5 € Co}.
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Algorithm 4 v-LSCVI-UCB (flawed initial version in arXiv by Hong et al. (2025))
Input: Discounting factor v € [0, 1), regularization constant A > 0, span H > 0, bonus factor 8 > 0.
Initialize: k 1, < 1, Ay <= A, Qu(-,-), Vi(") ¢ 2 for t € [T,
1: Receive state s.
2: fortimestept =1,...,7T do
3:  Take action a; = argmax, max,cp, 4] Q- (5S¢, a); Receive reward r(s¢, a;); Receive next state s;4 1.
Ay — N1 + (s, az) (S O
Qua(2) = () + AP V() + Bl llag) A s

4
5
6: ‘7t+1( -) - max, Qt+1( a).
7.
8
9

Vir1(-) = CLIP(Vigy (-)s ming s Vi (), ming e Vi (') + H).
if2det(Atk) < det(At) then
k< k+4+1,t < t+1.
10:  end if
11: end for

Then, we have log |C| < 5log|Co|, and we can show that C is an e-cover of W as follows. Consider a function W €

W, with W(-,-) = CLIP(Q1(,"); Q2(-,+) V @3(+, "), Qa(+,+) A Qs(-,-)) where Q1,...,Qs5 € Q. Let Qi € C be the

approximation of @; for i = 1,...,5 such that |Q; — Qill« < €. Such a Q; exists since Cy is an e-cover of Q. Let
Q('v ) = CLIP(Ql('a '); Q2('7 ) N Q3('a ')7Q4(" ) A Q5('a )) Then, @ € C and
Q) = CLP(Qu (-, -); Qa5 ) V @3(:,-), Qa5 ) A Qs ()
< CLIP(Q1 () + &5 (Q2() + ) V (Qa( ) + ). (Qul,-) + ) A (Qs(-,) +¢))
= CILP(Q1(,); Q2 () V Q3(,), Qa5 ) A Qs(-) +¢
Q) +e.

Similarly, we have

Q) = CLIP(Qu (-, -); Qa5 ) V @3(:,-), Qa5 ) A Qs ()
> CLIP(Q1 () — & (Q2(+,-) — &) V (Qs(,-) =€), (Qu(,-) —&) A (Qs(,-) — )
= CILP(Q1(,); Qa(-) V Qs(,), Qa5 ) A Qs () —
Q) —e

which shows ||Q — Qe < ¢, and that C is an e-cover of W. Since max, is a contraction map, it follows that V =
{max, Q(-,a) : Q@ € W} is covered by V = {max, Q(,a) : Q@ € C}. The proof is complete by observing that
log |V| < log|C| < 5log |Col, and that there exists e-cover Cy for Q with log |Co| < dlog(1l + 8L/e) +log(1 +8D/e) +

d?log[1 + 8d'/?B%/(\e?)] by Lemma D.2.

)

E. More Discussion on Previous Work

In this section, we provide a more detailed comparison with prior work. The idea of using value iteration for infinite-horizon
average-reward linear MDPs via approximation from the discounted setting was first introduced by Hong et al. (2025).
However, the initial arXiv version of their work contained a flaw in the analysis. This issue was later corrected in the
published version, which involved significant modifications to the algorithmic structure, resulting in a substantial departure
from the original version. The corrected algorithm is discussed in Section 2.4 of the main paper. For completeness, we
review the original (incorrect) version in this section and explain how Hong et al. (2025) addressed the issue.

The incorrect version is shown in Algorithm 4. Unlike the corrected version (Algorithm 1), which plans for future policies
for the remaining time steps by performing backward value iteration to compute action-value functions ¢); for the remaining
time steps, the flawed version updates the action-value function in place, meaning it performs a value iteration and updates
the action-value function directly at each time step, and selects an action based on this updated value function. For a
technical reason, the algorithm runs in episodes, starting a new episode when the covariance A; doubles (Line 8).
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Although simpler and more memory efficient, the in-place action-value update scheme alone appears insufficient, and the
incorrect version of the paper introduces a max-pooling step (Line 3) that pools Q-functions such that the pooled () function
Q= max,cs,:¢ 18 monotonically increasing within the episode k. To motivate this modification, consider what happens if
the action a; is directly taken with respect to the value function ()¢, without applying max-pooling. Note that by uniform
concentration bound on PV, we have

Qri1(s;a) < (s, a) +7[PVr](s, a) + 28lp(s, a) [y 1 @)

forall 7 € [T], s € S and a € A. Using the inequality with 7 < ¢ 4+ 2, s < $;, a + a4, we can bound the regret as:

I
M=

Ry (J* —r(st,ap))

o~
Il
-

W

(J* = Qeya(st, ar) +Y[PVigal(se, ar) + 28l p(se, )] y -1

~~
Il
-

B

T
(J* = (1= Viga(se11) + D> _(Qega(ser1, argn) — Qera(se, ar))
t=1

o~
I
-

+7 ) ([PVir](st,a) = Viga(se41) +28 D (56, a0) [ 51

Here, the in-place nature of value iteration causes a misalignment in the second: the QQ-function in the second part of the
term is one iteration ahead of the ()-function in the first part. This mismatch complicates the regret analysis and undermines
the telescoping cancellation typically leveraged in such proofs.

One potential remedy is to enforce monotonicity in the ()-function within an episode by adding a line Q11 + Q¢ V Q41
after Line 5. With such a modification, telescoping goes through. However, this approach introduces a complication: as the
(-function becomes increasingly complex with each update, the covering number of the function class containing all such
@-functions grows exponentially with T'. As a result, the uniform concentration bound for P,V becomes vacuous.

To sidestep the covering issue, the initial (incorrect) version of Hong et al. (2025) does not enforce monotonicity in
Q;, maintaining @Q; in a function class with a low covering number. Instead, it max-pools the Q-functions as Q; =
max [, @ (5¢,a) and selects a greedy action a; with respect to the pooled function Q:. The idea is to make Q;
monotonically increasing in ¢ without running into covering issue. Denoting by 7¢(s, a) = argmax,¢(,, ., Q- (s,a) for t in
episode k, and using the inequality (4) with 7 < 7;(s,a) — 1, 5 <= 54, a < ay, and using Q~, (s, q,) (¢, at) Qi(s¢,at),
we get

M=

RT (J* - Qn(st,at)(stv at) + ’Y[Pvrt(st,at)—l](sh at) + 25”90(*%7 a’t)HAt_l

-
Il
—

M=

T
(J" = (1 =V)Va(s0,a0)-1(5¢41)) +Z i (sea)—1(5t41) — Qi (51, ar))
t=1

T T

+ ’YZ([PVH—ﬂ(Stvat) = Vir1(se41)) + 252 (e, ae)llp-1-
t=1 t=1

H_
Il
_

The incorrect version of Hong et al. (2025) bounds the second term as follows (we slightly adapt their argument for clarity).
VTt(st,at)—l (StJrl) S vrt(st,at)—l (St+1)
= max Qr,(s,a0)-1(5t41, @)

<max max Q,(St41,a)
a  TE[tg:t+1]

= m;%X Qt+1(5t+1a a)

= Qt+1 (8t+1, (It+1)7
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which allows for a telescoping sum. However, the second inequality above is wrong. Although 7;(s;,a¢) € [t : ],

7¢(8¢, ar) — 1is not in the interval [t : ¢ + 1] when 7(s;, a;) = tx. Due to this off-by-one error in their analysis, the regret
bound fails.

The corrected version fixes the issue by completely restructuring the algorithm. Specifically, it uses a backward value
iteration scheme, so that the value function ;1 used for selecting an action a;,; at time ¢ + 1 is one value iteration behind
Q. With this scheme, the time index in (4) changes to:

QT(S7G) < r(s,a) + W[PVT-l-l](S’a) + 26||¢(3’G)HA:17

and the regret bound for the corrected algorithm becomes

Z(J r(se,ar)) < Z — Qi(st,a¢) +Y[PVig1](se, ar) +26||80(3taat)HA—

t

< Z (1 = 4)Vigr1(Se41)) +Z Qir1(5t41,a11) — Qi(s¢,a4))

t
+ Y ([PViral(se,ar) = Viga(se1) +28 ) lp(se, ae)l[5-1-
t t

Notice the change in the time index in the second term. Without the need for further modification of the algorithm, the
second term can be bounded using telescoping sum, as is done in Appendix C.3.
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