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Abstract

We develop a central limit theorem (CLT) for a non-parametric estimator of the transition
matrices in controlled Markov chains (CMCs) with finite state-action spaces. Our results
establish precise conditions on the logging policy under which the estimator is asymptotically
normal, and reveal settings in which no CLT can exist. We then build on it to derive CLTs
for the value, Q-, and advantage functions of any stationary stochastic policy, including the
optimal policy recovered from the estimated model. Goodness-of-fit tests are derived as a
corollary, which enable to test whether the logged data is stochastic. These results provide
new statistical tools for offline policy evaluation and optimal policy recovery, and enable
hypothesis tests for transition probabilities.

Keywords: Markov chains, controlled Markov chains, mixing processes, non-parametric
estimation, CLT

1 Introduction

A discrete-time stochastic process {(Xj,a;)}i>o is called a controlled Markov chain
(Borkar, 1991) if the next “state” X;y; depends only on the current state X; and the current
(not necessarily Markovian) “control” a;, where actions a; depend only on the information
available up to time 7. Conditioned on a;, the state sequence {X;}" , follows a Markov
transition kernel (see Definition 1 for the formal definition). We study the asymptotic
distribution of the transition probabilities of finite state-action non-Markovian controlled
Markov chains.

In general, controlled Markov chains with Markovian controls (where a; depends
only on X;) can be used to model time-homogeneous data (like i.i.d., Markovian), time-
inhomogeneous data (like i.n.i.d., time-inhomogeneous Markovian (Dolgopyat and Sarig,
2023; Merlevede et al., 2022), Markov decision process (Herndndez-Lerma et al., 1991)), etc.
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Such models have wide applicability in reinforcement learning (Sutton and Barto, 2018),
system stabilization (Yu et al., 2023), or system identification (Ljung, 1999; Mania et al.,
2020).

Beyond that, certain categories of adversarial Markov games (Wang et al., 2023), reward
machines (Icarte et al., 2018), and minimum entropy explorations (Mutti et al., 2022) are
known to induce Markovian state transitions with non-Markovian controls. Therefore, there
is an acute need to sharply characterize the transition dynamics of controlled Markovian
systems in the presence of non-Markovian controls.

A particularly relevant downstream task in modern machine learning is offline (batch)
reinforcement learning (RL). Offline RL often begins with a fixed dataset of trajectories
collected by some unknown logging policy (behavior policy), with no further control over
data collection. A fundamental challenge in this setting is to accurately estimate the Markov
transition dynamics of the environment from these logged data. The estimated transition
probabilities are then used to evaluate policies or to find an optimal policy for the given
dynamics (see Section 4 for more details).

There have been some recent developments towards understanding statistical properties
of the marginal distributions of time-inhomogeneous Markov chains (see Dolgopyat and
Sarig (2023) for details). However, despite the widespread prevalence of using the count-
based estimator for transition probabilities in model-based RL (Mannor and Tsitsiklis, 2005;
Li et al., 2022; Zhu et al., 2024), the statistical properties of this estimator are poorly
understood. When the state space and the action space are finite, the simplest and most
natural approach is to use the non-parametric count-based empirical estimator (model) of
the transition probabilities (see Equation (2.3)). We show that this estimator is essentially
the maximum likelihood estimate of the transition probabilities (see Proposition 1).

One recent work (Banerjee et al., 2025a) establishes probably approximately correct
(PAC) (Valiant, 1984) guarantees on the estimation error. Their analysis underpins the
theoretical nature of PAC learning which does not always align with practice. In particular,
it leaves open the important question of the exact asymptotic behavior of the estimators.
This gap in theory limits our ability to evaluate estimation error, construct confidence
intervals, or perform rigorous hypothesis tests for transition probabilities.

This paper addresses this gap by developing the first asymptotic normality theory for
count-based transition estimators in controlled Markov chains with finite states and actions.
We answer the following question:

Under what conditions does there exist a scaling such that the scaled estimation
error of the empirical transition estimates obeys a CLT, and when does an
asymptotic distribution fail to exist?

We show that the answer depends crucially on properties of the logging policy (such as
sufficient coverage of all state-action pairs). In fact, under some mild recurrence and mixing
conditions, we prove that the empirical transition probabilities converge in distribution to a
Gaussian under self-normalized scaling equaling the square root of the visitation count of
each state—action pair. Our analysis reveals that the estimated transition probabilities under
this scaling have a multinomial behavior in the limit and are asymptotically independent
across state-action pairs (see Theorem 1).
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Our results generalize classical CLT's for transition probabilities of ergodic Markov chains
(Billingsley, 1961) to non-ergodic, non-stationary stochastic processes, being a first of its
kind. Furthermore, we also identify scenarios in which a CLT cannot be established for any
estimator of the transition probabilities.

To demonstrate the applicability of our results in downstream tasks such as offline
policy evaluation (OPE) and optimal policy recovery (OPR), we then derive asymptotic
guarantees for the value (V'), action-value (Q), or advantage (A) functions for any stationary
target policy by solving the Bellman equation with the plug-in transition estimator. In
particular, by analyzing the value of the optimal policy calculated from the estimated
transition probabilities, we establish a CLT for the value function of the optimal policy
under the true transition kernel.

Our results enable, for example, confidence intervals on the value of the optimal policy
and high-probability guarantees for recovering the true optimal policy, providing a principled
way for OPE and OPR using asymptotic statistics.

Contributions. The paper develops an asymptotic theory for non-parametric estimation
of transition probabilities in finite controlled Markov chains (CMCs) under general, possibly
non-stationary and history-dependent logging policies. Our main contributions are as follows.

1. A central limit theorem for count-based transition estimators in CMCs. We
establish the first CLT for the classical empirical estimator of controlled transition
kernels (Theorem 1). The result holds under mild assumptions on the return times of
state—action pairs and weak n-mixing of the joint state—action process. The covariance
structure is multinomial and asymptotically independent across state—action pairs.
Based on the CLT, we derive a chi-square goodness-of-fit test for transition probabilities
(Proposition 4).

2. A characterization of when a CLT cannot hold. We show that if the logging
policy fails to visit certain state—action pairs infinitely often asymptotically, then no
estimator can satisfy any CLT under any diverging scaling (Proposition 3). This result
draws clear regions of testable and untestable dynamics in offline RL data.

3. CLTs for value, Q-, and advantage functions under arbitrary stationary
target policies. Using the transition-kernel CLT, we obtain joint asymptotic normality
for estimates of value, Q-, and advantage functions (Theorem 2), as well as the value
of the optimal policy computed from the estimated model (Theorem 3). These results
provide a unified asymptotic framework for offline policy evaluation and optimal policy
recovery.

Beyond high-level contributions outlined above, the paper introduces two core technical
innovations that may be of independent interest.

1. Relaxation of uniform bounded return times to sublinear growth. Prior
work assumes finite expected return times for every state—action pair. This includes
both regularity assumptions for Markov chains (Meyn and Tweedie, 2012, Chapter 11)
and its controlled counterpart (Banerjee et al., 2025a). In contrast, our main theorem
allows return times to grow sublinearly with the number of returns. This is enabled
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by Proposition 2, which gives a novel martingale-based lower bound on the expected
number of visits to each state-control pair, even when expected return times grow.

2. A policy-dependent recurrence classification for CMCs. Classical recurrence
classification in Markov chains does not extend to controlled processes. We identify
the CMC analogue:

e a positive-recurrent-like regime guaranteeing CLTs (Proposition 2),
e a transient-like regime where no CLT is possible (Proposition 3),

e and an intermediate “null-recurrent” regime that remains theoretically delicate.

This provides, to the best of our knowledge, the first testability boundary for asymptotic
inference in non-stationary CMCs.

Outline. The remainder of the paper is organized as follows. Section 1.1 concludes the
introduction with a review of the literature. Section 2 introduces the notions of hitting
and return times, mixing, and ergodic occupation measure, and formally introduces our
assumptions. Section 3 introduces the CLT for transition probabilities, a goodness-of-fit test
for transition probabilities, and scenarios where a CLT does not hold. Section 4 applies our
main results to derive CLTs for the value, Q-, advantage functions and the optimal policy
value.

1.1 Literature Review

We divide the literature review into two parts. In the first part, we place our work in the
context of the existing literature on non-parametric estimation for stochastic processes. In
the second part, we place our work in the context of reinforcement learning.

Non-parametric Estimation. Non-parametric estimation and limit theory for Markov
chains are well documented in the literature. Billingsley (1961) develops empirical transition
estimators and asymptotic guarantees for finite ergodic chains, while Yakowitz (1979) extends
these ideas to infinite or continuous state spaces. For time-homogeneous chains, Geyer (1998)
proves laws of large numbers (LLNs) and Jones (2004) establishes corresponding CLT's
under mixing conditions. More recent work shifts attention to minimax sample complexity:
Wolfer and Kontorovich (2019, 2021) derives optimal rates for ergodic chains, and Banerjee
et al. (2025a) does so for discrete-time, finite state-action controlled Markov chains. Beyond
transition-kernel estimation, classical results by Dobrushin (1956a,b); Rosenblatt-Roth (1963,
1964) provide LLNs and CLTs for normalized sample means in time-inhomogeneous settings,
but leaves open the question of estimating the transition matrix itself.

Despite this progress, statistical inference for time-inhomogeneous controlled Markov
chains—particularly when controls are stochastic and the state—action process is non-
Markovian—remains unexplored. The present paper fills this gap by establishing the first
CLT for the count-based, non-parametric estimator of the transition kernel in such controlled
settings, together with its implications for model-based offline reinforcement learning.

Reinforcement Learning. In model-based offline (batch) reinforcement learning (Levine
et al., 2020; Kidambi et al., 2020; Yu et al., 2020), it is important to learn or evaluate policies
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solely from logged trajectories without additional exploration. Applications range from
clinical decision making—where logged physician actions serve as controls (Shortreed et al.,
2011; Liu et al., 2020; Yu et al., 2021; Chen et al., 2021)—to service-operations settings such
as patient flow and inventory routing (Armony et al., 2015).

Parallel works on OPE include importance sampling (Precup et al., 2000), bootstrap
(Hanna et al., 2017; Hao et al., 2021), doubly-robust (Jiang and Li, 2016; Thomas and
Brunskill, 2016) and concentration-inequality-based (Thomas et al., 2015) estimators that
provide high-confidence bounds on a target policy’s value, while research on OPR (Antos
et al., 2008; Munos and Szepesvari, 2008; Chen and Jiang, 2019; Zanette, 2021; Shi et al.,
2022) examines when a policy optimized on the learned model is near-optimal. Most existing
guarantees are finite-sample or PAC in nature and assume either sufficient state—action
coverage or Markovian behavior policies. From a minimax sample-complexity perspective, Li
et al. (2022); Yan et al. (2022) establish sharp optimal rates for discounted and finite-horizon
settings with stationary logging policies, and Banerjee et al. (2025a) extends this analysis to
discrete-time, finite state—action controlled Markov chains with stochastic, history-dependent
logging.

Recent work by Zhu et al. (2024) studies statistical uncertainty quantification in rein-
forcement learning and establishes CLTs for value and Q-functions of the optimal policy. In
particular, their Theorem 1 builds on classical Markov chain CLTs (Trevezas and Limnios,
2009) by viewing each state—action pair as a single composite state and thus assuming
stationary, irreducible logging data. While they also employ count-based estimators for
transitions and empirical estimators for rewards, the asymptotic normality of these es-
timators is taken as an assumption rather than derived, and their framework does not
accommodate non-stationary logging policies. In contrast, we derive from first principles a
CLT for the count-based estimator of controlled transition probabilities themselves under
general logging policies, including fully non-stationary, stochastic, and history-dependent
policies. By establishing transition-level asymptotics without stationarity, our results provide
a fundamentally different inference foundation for OPE and OPR.

2 Notations, Background and Assumptions
2.1 Notations

We assume that the state process {X;}i>o takes values in a finite state space S with
|S| = d, and the action process {a;}i>o takes values in a finite action space A with |A| = k.
Throughout this paper, all random variables are defined on a filtered probability space
(Q, F,F,P), where F := {F;};>0, and F; is a filtration with F; C F defined as below.
Let the history from time p to j be denoted by 7-[% = {(Xi,ai)}g:p, and define the o-
algebra generated by ’H% as Jj. For readability and to avoid over-notation, we use F; in
measure-theoretic contexts as in Equation (2.4) and ’H{) when writing explicit conditioning

in transition probabilities as in Equation (2.1).

Following Borkar (1991), we introduce the following definition of a controlled Markov
chain.
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Definition 1 A controlled Markov chain (CMC) is an F-adapted pair process {(X;, ai)};q
whose transition probabilities are given by

Ms(lt) =P(Xiy1=s5 | Xi=t,a; =1), for all time points i (2.1)
and which satisfies the Markov property
P (Xi+1 = Si+1 ’ Xi = 8;,a; = ll) =P (Xz'+1 = Si+1 ‘ 7‘[6 = hf)) s

where h%) = {Xo = s0,a0 = lo, ..., X; = 8i,a; = l;} is the sample history up to time i. A
Markov decision process (MDP) is a CMC with a reward process {r;}i>0.

The action sequence {a;} is adapted to {F;} for all i > 0 and is allowed to be non-
Markovian and time-inhomogeneous. For example, when {a;} is deterministic, {X;} forms
a time-inhomogeneous Markov chain whose transition matrix at time ¢ is determined by
a;. Example 1 illustrates such a chain. Conversely, when a; depends only on X;, the pair
process {(Xj,a;)} forms a time-homogeneous Markov chain.

For each state s € S, let M represent the matrix

S oA
MY, M)
MS(};, .,Mgfg
(2.2)
(1) (k)
Madcas o Mo
Ms,d’ "Ms,d ]

As d and k are finite, the collection of such matrices is finite.
Let N be the number of visits to the (state, action) pair (s,1), and Ns(lt) be the number
of transitions from state s to state ¢t under [. Formally, with 1[-] as indicator function,

n—1 n—1
N =S 10X, = 5,0 =1, N =S = 8, Xy = toa = 1),
i=0 1=0

These quantities depend on the size of the offline data n. We omit this dependency when
there is no scope of confusion, otherwise we write N, o (n) and N, S(lg (n).

Our count-based estimator denoted M s(lt) of the transition probability from state s to ¢
conditioned on action I, is defined as

)
0 . N
st N

(2.3)

It follows from first principles that the random variable M s(,lt) is the maximum likelihood
estimator of the transition probability M, S(l2 . The following proposition formalizes this and
we provide a proof in Appendix E.1.

Proposition 1 Random variable M, fﬁ is the mazimum likelihood estimator of the transition
probability Ms(l)
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Understanding the asymptotic distribution of maximum likelihood estimators is a classic
topic in statistics, with a long history in the analysis of i.i.d. and stationary data (Cramér,
1946; Billingsley, 1961). Our goal here is to establish the asymptotic normality of the scaled
estimation error

b (15 () = M)
where b,, is a (possibly random) scaling factor.

In our setting, however, the challenge is considerably greater: the data is non-stationary,
and this dependence structure makes determining the correct scaling in any CLT argument
particularly delicate. Our analysis reveals that the correct scaling factor is random and, in
fact, equal to the visitation count N, §Z)(n).

Establishing such a CLT requires both sufficient coverage of the relevant state—action
pairs and suitably weak temporal dependence. To formalize these conditions, we next
introduce the necessary background concepts and assumptions.

2.2 Assumptions and Implications

Hitting and Return Times. For standard (uncontrolled) Markov chains, the notion of
recurrence is rigorously characterized using hitting and return times. In particular, a Markov
chain can be classified as either positive recurrent, null recurrent, or transient—an exhaustive
and mutually exclusive trichotomy. To the best of our knowledge, no canonical analogue
of this classification exists for CMCs. We therefore define analogous notions through the
return time of the state-action pairs. We recursively define the ‘time of return’ for every
state-action pair (s,[) as follows.

Definition 2  The first hitting time (s,1) is defined as
TS(ll) emin{i >0:X; =s,a; =1}.
When i > 2, the i-th time to return (or return time) of the state-action pair (s,l) is

recursively defined as

(4) :
7, emin<k>0: X1 ¢ =8, Qi1 ( =15.
5.l Sl Wk T SO gk

In these definitions, the sets on the right-hand side are singletons.

The following assumption plays a role analogous to positive recurrence in standard
Markov chains, ensuring that every state-action pair (s, 1) is visited sufficiently often.

Assumption 1  For all state-action pairs (s,1) € S X A, there exists 0 < a < 1 such that

E [Tsl)

Unlike previous assumptions in the literature (like that of regularity in Markov chains—
see Theorem 11.0.1 or Equation (11.1) in Meyn and Tweedie (2012) or Assumption 2
in Banerjee et al. (2025a))—which require T; in (2.4) to be uniformly bounded for all ¢
Assumption 1 allows the expected return time to grow sublinearly with ¢, which admits CLT
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for non-stationary CMCs in which some state—action pairs are visited increasingly rarely
over time, yet still infinitely often with probability one (jointly established by Proposition 2
and Lemma 2). This relaxation allows the (possibly non-stationary and history-dependent)
logging policy to concentrate sampling on only a subset of state—action pairs rather than
enforcing uniform exploration of the entire state—action space. Example 1 illustrates such a
non-stationary CMC, and Appendix A.1 discusses this example in detail.

Example 1 (Inhomogeneous Markov chain) A controlled Markov chain is said to be
an inhomogeneous Markov chain if there exists a sequence of actions lo,ly, ... € A such that
for any time i, state s, sample history hiy ' € (S x A)?, we have

Pa; =0 | Hy ' =hi ', X;=3s) =1

Suppose that each action | € A appears at least once in any window of fized length T; = O(i%)
between successive returns to any state-action pair (s,1), and that all transition probabilities
are strictly positive (i.e., Ms(lt) > Mpin > 0 for all s,t,1). We show in Appendix A.1 that,
for this process, the probability of not returning to (s,l) within k steps conditional on the
past is bounded by

P (Ts(,il) >k ‘ fzi—l (p)) <(1- Mmin)Lk/TiJ—l,

p=1 "s,l

which implies

sl

E[ (i

it (;,} Z]P(le;’f (,,>> O(i”).

p— Ts,l plsl

Hence Assumption 1 holds. The full details are formalized in Proposition 5 in Appendiz A.1.

The following proposition shows that Assumption 1 guarantees a minimum visitation
frequency for all state-action pairs.

Proposition 2 For controlled Markov chain that satisfies Assumption 1, we have

1

E {N(l)(n)] =0 (nm> :

s

The proof of this proposition can be found in Appendix E.2.

Mixing Coefficients. Following Kontorovich et al. (2008), we define the weak and uniform
mixing coefficients to quantify temporal dependence in the paired process of states and
actions. Intuitively, these coeflicients measure how much the future of the process can change
if we alter the state—action pair at a single point of the past.

For any j < n, j,n € N, sample history hf)_l €(Sx Al let T C(Sx A I 51,50 €S,
and l1,l2 € A. For any hg_l and ¢ < 7, we define

ni,j(Ta 51732allal25h’(i)717n) = ‘]P) ((vaa]a Xnaan) € T‘X = 81,04 = l17HZ ' = hl 1)
—P ((Xj,aj,...,Xn,an) S T|XZ = S9,0; = lg,?‘[% - hE 1)‘ .



CLT orF CONTROLLED MARKOV CHAINS

Then the weak mizing (7-mixing) coefficient 7; j(n) is defined as

Nij = sup ) Th,](Tv 513525l17l25h6 15”)- (25)
Tos1,82,01,l2,05 71,
P(Xi:51,ai:ll,H6_1:ﬁ8_1)>0,
P(Xy=sg,a;=la,H{ '=hi")>0

We impose the following boundedness condition on the cumulative decay of #-mixing
coefficients of the paired process {(X;,a;)}.

Assumption 2 There exists a constant Ca > 1 independent of n such that,
1Al := max (1+7i41(1) + Giiv2(n) + .. in(1)) < Ca.

This assumption controls the cumulative temporal dependence of the paired process and, in

particular, it helps bound the deviation of N, §”

establishing CLT.

However, verifying this condition directly is typically difficult; it requires bounding
joint dependencies between all states and actions over the entire trajectory, which may be
analytically intractable.

To make the condition more interpretable and easier to verify, we next show how it
can be reduced to separate assumptions on the mixing of the state process and the action
process. This decomposition isolates two distinct sources of dependence, allowing each to be
analyzed independently.

from its expectation E [Ns(l)] , a key step in

Reduction of Mixing Coefficients. We begin by defining the v-mixing coefficients v, ; ;
for actions as the following total variation distance

R — p—1 _ ep—1 94 _ i
Tpgsi += sup HP (ap’Xp =sp, Hipy = hiyy, Ho = ho)
e
1 p—1 1 7,
P(Xp=sp,HE =0} Hy=h{))>0

-F (ap’X” - SP’HZJ‘I - hHJ) HTV
The total variation norm here captures the worst-case sensitivity of the future action distri-
bution to distant past information, thereby quantifying the degree of temporal dependence
induced by the logging policy.
We now impose a summability condition on these ~-mixing coefficients. This condition
requires that, as the time lag increases, the effect of earlier histories on future actions decays
sufficiently fast.

Assumption 3 (Mixing of Actions) There exists a constant C > 0 such that

Supz Z Vi < 5

21521 p=igi+
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In Markovian settings, when the sequence of actions a, depends only on X,,, v, ;; = 0 for all
D, j,i. In such a case, Assumption 3 is satisfied with C' = 0. This extends to the case where
ap, depends on k > 2 many past time points. If a, depends only on X, 11, ap—p+41,---,
Xp—1,ap—1, X, then Assumption 3 is satisfied with C' = (k — 1)(k — 2).

With the definitions of y-mixing coeflicients for actions in hand, we introduce counterparts
for the state process, which capture how the conditional distribution of future states depends
on the current state—action pair. This extends the classical Dobrushin coefficients (Dobrushin,
1956a,b; Mukhamedov, 2013) for inhomogenous Markov chains to the realm of controlled
Markov chains.

For all integers 7 > ¢, we define the mixing coefficient

91‘7]' = sup H]P)(X]’Xz = 81,045 = ll) —-P (Xv]p(Z = 89,45 = ZQ)HTV .
51,82€8,11,l2€A,(s1,11)#(s2,l2)
P(X;=s1,a;=l1)>0,
P(X;=s2,a;=I2)>0

(2.6)

Intuitively, éi,j measures the rate at which the state process “forgets” its starting point when
no condition on controls are given.

We now impose a summability condition on these #-mixing coefficients. This condition
ensures that the influence of an initial state—action pair on future states decays sufficiently
fast.

Assumption 4 (Mixing of States) There exists a constant Cyp > 0 such that

o
sup E éz-,j < Cy.
i>1 .5
=" j=t+1

Example 2 illustrates a non-stationary CMC that satisfies Assumptions 3 and 4, and
Appendix A.2 discusses this example in detail.

Example 2 (Non-stationary Markov controls) A controlled Markov chain is said to
have non-stationary Markov controls if for any time i, state s, action l, and sample history
hé_l, we have

P(a;=1|X;=sHy ' =hg ") =P(a;=1X; =s).

We observe that the law of the action sequence can depend on the time i. Let Ps(il) :=P(a; =
[|X; =s). We can write the transition probability of the state-action pair as

P (Xi =t,a; =1|X;_1=s5,a0;_1 = l)
= IP)(XZ = t|Xi_1 = S5,;—1 = l) ]P)(CLZ‘ = ll|Xi = t)

! i
= M§2 ) Pt(,lg‘

It is straightforward to see that the state-action pair is a time-inhomogeneous Markov chain
with transition probabilities given by M (Z)PS(ZZ),.

s,t

10
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As a; depends only on the current state X; (and mot on deeper history), it has no
long-range dependence. Thus,

R . _ p—1 _ $p—1 44 _ #i _ p—1 __ p—1
Vpji = Sup P(ap‘Xp—sp,’HHj —th,’HO—hO) fIP’(ap‘Xp—sp,’HHj _hi-s—j) HTV
sphf
=0.

Therefore, Assumption 3 holds for all controlled Markov chains with non-stationary controls
with C' = 0.
Suppose that all transition probabilities are strictly positive (i.e., Mg > Muyin > 0

for all s,t,1). Then, by Banerjee et al. (2025a, Lemma 12), Assumption 4 holds with
Cyo = 1/(dMpin)-

Neither of Assumptions 3 and 4 imply the other, as the following counter-examples illustrate.

1. Let (Xj,a;) be an inhomogeneous Markov chain for which sup;<;<oo 7211 0;; = oo.
However, since the actions are deterministic, every inhomogenous Markov chain satisfies
Assumption 3. We prove this fact formally in Proposition 5. Therefore, this chain
satisfies Assumption 3 but not Assumption 4.

2. For the second counter-example consider a controlled Markov chain (Xj;, a;) where
the a;’s do not satisfy Assumption 3. Let X; be independent draws from a uniform
distribution over S. It is easily seen that éi,j = 0 for this example. Therefore, this
chain satisfies Assumption 4 but not 3.

Finally, we observe that the previous assumptions on the states and actions imply the
summability of the weak mixing coefficients. Due to Banerjee et al. (2025a, Lemma 3), for
any controlled Markov chain that satisfies Assumptions 3 and 4, ||A,|| < C + Cy + 1.

Ergodic Occupation Measure. Next, we define the ergodic occupation measure in the
context of CMCs.

Definition 3 (Ergodic Occupation Measure) For every (s,l) € S x A, we define

p(l) = lim ZZL:_OI P (XZ = $,0; = l)

§ n—oo n

whenever the limit exists. The limit pgl), if it exists for all (s,1) € S x A, is called the ergodic
occupation measure of the CMC.

Observe that for stationary CMCs, pgl) = P(Xy = s,ap = ). Some usual processes, like
episodic CMCs, are not stationary, but an ergodic occupation measure exists. We make the
following assumption essential for the CLTs for value, Q-, and advantage functions.

Assumption 5 The CMC has the ergodic occupation measure, and ming; pgl) =T >0.
The previous assumption can be relaxed with appropriate assumptions on the return time of
(X, a;) which would translate into an assumption about the logging policy.

11
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3 CLT for Controlled Markov Chains

In this section, we establish CLT's for count-based empirical estimates of transition prob-
abilities in CMCs. We begin with the “properly scaled” CLT, which characterizes the
asymptotic distribution of transition estimates under state-action pair-specific normalization,
and provide a sketch of its proof, highlighting a new sampling construction that generalizes
the classical approach of Billingsley (1961). We then introduce an auxiliary, \/n-scaled CLT
that serves as the basis for the CLTs of value, Q-, and advantage functions in Section 4,
followed by a discussion of regimes where no CLT exists. The section concludes with a
goodness-of-fit test that illustrates the practical implications of the established asymptotic
results.

3.1 Properly Scaled CLT

We begin with introducing additional notations. Let ® denote the Schur or Hadamard
product of two compatible vectors and let ® denote the Kronecker product. Let Vec (A) be
the vectorization of the matrix A given by stacking the columns.

Let N be the dk x d dimensional matrix given by

] . _
< Nf”) ©1)
=1

k
< Nél)> ©1]
=1 i

The ((s — 1)k + 1, j)-th entry of N equals 1/ N for all 1 < Jj <d.
Let M be the dk x d dimensional matrix given by [My, Ma, ..., My]T , where M, is
given in Equation (2.2). We denote its count-based estimated counterpart by M. Let

£ := (Vec (MT> — Vec (MT)> ® Vec (NT). Elementwise, the (s — 1)dk + (I — 1)d + t-th

, where 1) :=(1,...,1)T e RY.

element of ¢ is 4/ Ns@ (M g — M S(lt) ) We now state the CLT for count-based empirical

estimates of transition probabilities in CMCs.
Theorem 1 Under Assumptions 1 and 2,
d
£ = N(0,A),

where A is a covariance matriz. The elements of A are given by Ay o1r¢ which denotes
the covariance between the (s — 1)dk + (I — 1)d + t-th and the (8" — 1)dk + (I' — 1)d + t'-th
elements of £&. Value \gi o1r¢ has the expression

s,t s,t

Aslt,s’l’t’ = :H_[(S, l) = (3/7 l/)] (:ﬂ_[t = t’]M(l) _ M(Z)Ms(,ljg/> . (31)

We observe that the covariance matrix A depends only on the transition probabilities
{M S(lt)} and does not depend on the existence of an ergodic occupation measure. Consequently,

12
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the asymptotic covariance structure is invariant to the logging policy, provided the conditions
of Theorem 1 hold.

Theorem 1 generalizes the classical CLT for ergodic Markov chains (Billingsley, 1961)
to the setting of controlled and potentially non-stationary dynamics. Unlike standard
Markov chain CLTs that rely on ergodicity or stationarity, our result accommodates both
non-Markovian and time-inhomogeneous dependencies in the action sequence and transition
dynamics. The covariance matrix A mirrors that of multinomial trials, capturing the
asymptotic covariance of transition counts within each state—action pair and the asymptotic
independence across distinct pairs. In practice, A can be consistently estimated by replacing
M ;lt) with their empirical counterparts M s(,lt) in Equation (3.1).

The main challenge in proving Theorem 1 is the long-range dependence between the state
and action sequences in a CMC induced by history-dependent, non-stationary policies. This
dependence breaks the Markov property of the marginal state process and invalidates classical
proof techniques based on regenerative arguments (Doeblin, 1938; Dobrushin, 1956a,b;
Nummelin, 1978). To overcome this difficulty, we introduce an auxiliary sampling scheme
that replicates the joint evolution of (Xj, a;) while decoupling temporal dependence across
samples. This construction extends the seminal sampling scheme approach of Billingsley
(1961) to the controlled and non-stationary setting. It provides the key technical innovation
that enables the use of multinomial-type CLT arguments in the controlled regime.

We next provide a proof sketch of Theorem 1. The complete proof is deferred to
Appendix C.

3.2 Proof Sketch of Theorem 1

Proof The proof adapts the classical CLT for ergodic, finite Markov chains (Billingsley,
1961) to the controlled setting by constructing an auxiliary sampling scheme that decouples
temporal dependence from the empirical transition counts. We outline the key steps.

Step 1 (Consistency). We first establish (see Lemma 2 in Appendix B.1) that

N®
——— =51
E|N]
Step 2 (Sampling Scheme). For each action [ € A, we construct an infinite array of i.i.d.
random variables that are also independent of the observed data {(Xo,ap),. .., (Xn,an)}:
! ! !
o X
<0 Xo1 Xop Xor
l l 'l
)

Each element X Sl represents a possible next state when action [ is taken from state s, and
follows the transition law

IP(XSQ :t) — MY, (s,6,7) €S xS xN,

13
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In addition, for every time i > 1 and history (hé_l,si) = ((s0,10),---,(Si—1,li—1),8;) €
(S x A)' x 8, we define an independent random variable

ﬁi_l,s-
o’ e A,

7

with conditional distribution

i—1 . .
P <a?0 5 = l) =P (ai =] ‘ Xi = Si,’HB_l = hf)_l) .

The sampling proceeds recursively as follows. We initialize (Xo, do) 4 (Xo,a0). At each
step ¢ > 0,

Xipr = X9
i+1 X, ;ial)_‘rl?

~ (X0,@0,0+Xi+1)
Ai+1 = O o

where NI = >_j<i 1[X; = s,a; = l] counts the number of visits to (s,/) up to time
i. Finally, let N = S 1[X; = s,a; =[] denote the total number of visits under the
constructed process.

Intuitively, each array X() provides an independent “stream” of next-state samples for
action [, while the variables «; govern the (possibly non-Markovian) control mechanism.
The resulting sequence (X'i, a;) thus preserves the same joint distribution as the original
process (X;, a;) but decouples temporal dependence across samples. Formally, we show in
Proposition 7 in Appendix B.2 that (Xo, a0, . . . , Xn, @n) = (X0, a0, - . -, Xn, an), yielding a
coupling that retains the CMC law while enabling the application of multinomial CLTs.

Step 3 (Approximate Multinomial Representation). For each (s,!), we define

i [ev°]] WY B [NO]] MO
st Z 1 {Xs(l; = t] RIEES :
7]
Conditional on Ns(l), the vector (N S(l{, ces ,]\722 follows a multinomial distribution with

number of trials [N S(l)} and event probabilities (M S(q, cees Ms(l()i), implying that

&5 N(O,A),
where A is given by Equation (3.1).

Step 4 (Equivalence and Convergence). In this step (Lemma 3 in Appendix B.3) we
show that the difference between the empirical and auxiliary statistics vanishes in probability:

~ p
Es b — &sat — 0.

Combining these steps yields £ 9N (0, A), establishing Theorem 1. |

14



CLT orF CONTROLLED MARKOV CHAINS

3.3 Improperly Scaled CLT
While Theorem 1 establishes asymptotic normality under state-action pair-specific normal-

ization by 4/ IV, S(l), certain downstream analyses—such as aggregating transition effects or
studying plug-in functionals—require a common global scaling. To this end, we introduce
an “improperly scaled” CLT, obtained by normalizing all transition estimates by the same
factor (typically y/n). Although this scaling is no longer correct for individual state—action
pairs, it yields a unified limit that is analytically convenient and forms the basis for the
CLTs of value, QQ-, and advantage functions in Section 4.

For a semi-ergodic controlled Markov chain with no absorbing states, we define p to be

the matrix populated by the inverse of the square roots of the pgl) probabilities,

. ]
l
<1/ p§)> ®1;
=1

p= 7
@ g
<1/ Py > ®1)
L =1 J
where
k 1/ pgl)
(1/ pgl)> = : € RF.
=1
1/1/p{

Using Theorem 1 and Lemma 2, the proof of the following corollary is immediate.

Corollary 1 Let £ := \/n (Vec (MT> — Vec (MT)) be the “improperly scaled” vector of

the differences between M and M. Consider the setting of Theorem 1 and suppose that
Assumptions 1, 2 and 5 hold. Then,

€% N(0,A)

where A is the improperly scaled covariance matriz. The elements of A are given by
S\gzli)s,l,t, which denotes the covariance between the (s — 1)dk + (I — 1)d + t-th and the

(8" = 1)dk + (I' = 1)d + t'-th elements of £. Value Mgy spy has the expression

(s, ) = ()] (11t = )08 — )

pgl)pg,)

)\slt,s’l’t’ =

(3.2)

While the statement is more general than the one in Theorem 1, due to generous scaling, we
require Assumption 5.
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3.4 Non-Existence of CLT

The validity of the preceding CLTs relies critically on the assumption that every state—action
pair is visited infinitely often with a sufficiently regular frequency. When this condition
fails—such as under transient or weakly exploratory control policies—the empirical transition
estimates may not satisfy any CLT irrespective of scalings. This subsection formalizes these
failure cases and delineates the boundary between recurrent regimes admitting asymptotic
normality and those where no normalization yields a tight limiting distribution.

The following proposition entails occasions when there exists no CLT.

Proposition 3 If there exists a state-action pair (s,l) € S x A such that P(a; = 1| X; = s)
is independent of d for all 1 > 0, and

Z]P)(CLZ = l|X2 = S) < 00,
=0

then

n

lim P(X;=s,a; =1) < o0,
and there exists a CMC with transition kernel M such that for any possible sequence of

estimators {Mglg}nzl and for any positive sequence {b,} with b, — oo,

{bn sup| M{} (n) — Mé?!} (3.3)
silt n>1

is mot tight i.e., for every e >0,

lim sup P <bn sup‘Mglg(n) - Ms(lt)‘ > €> > 0.
n—»00 st ’ ’
The proof of this proposition can be found in Appendix E.3.

We remark that in contrast to Proposition 2, it can be verified using the Borel-Cantelli
lemma that lim, o > 1 P(X; = s,a; = 1) < oo implies

3 (00 17— 3 < 00
;P<NS( ) > 1)/T<

where Ns(l)(oo) = limy,_y0o N (n).

Unlike in the uncontrolled setting, null-recurrence properties of CMCs are entwined with
non-stationarity of the control sequence. Some controls may ensure persistent exploration of
the entire state-action space, while others may confine the trajectory to a restricted subset.
Consequently, the sharp positive-recurrent/null-recurrent /transient classification in Markov
chains is replaced by a policy-dependent continuum in CMCs. This leads to a “grey area” in
defining null-recurrence, where the trajectory may drift widely under non-stationary controls
while still revisiting a fixed state—action pair every so often. We classify null-recurrence as
the razor’s edge between the regimes of Propositions 2 and 3. The statistical properties of
such a controlled Markov chain are difficult to characterize by the current analysis. However,
since exploration problems are not necessarily recurrent (Mutti et al., 2022), this remains an
important open direction for future studies.
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3.5 Goodness-of-Fit Test for the Transition Probabilities

Beyond asymptotic characterization, the properly scaled CLT insinuates a method for
direct statistical inference on transition probabilities through a goodness-of-fit (G.O.F.)
test that assesses whether an estimated transition kernel is consistent with a hypothesized
model. The test statistic leverages the covariance structure A from Theorem 1, leading to
a chi-square-type limit under the null hypothesis and providing a practical diagnostic for
model parameters. One natural example is testing whether the observed data arise from a
fully controlled MDP—where the next state depends on both state and action—or from a
contextual bandit model, in which transitions are independent of the previous state. This
can be thought of as a CMC counterpart of the Scheffé’s multiple comparison test (Scheffé,
1953).

Formally, let {Ms(,lt)}(s,l,t)e SxAxs denote a fixed, hypothesized transition kernel. We
consider the null hypothesis
Ho! IP)(XZ+1:t|XZ:S,CLZ:l):MS(Q for all (S,Z,t)GSX.AXS.
Under Hy, Theorem 1 implies that the scaled estimation errors are asymptotically Gaussian,

which in turn yields chi-square test statistics. The following proposition states the resulting
asymptotic distribution.

Proposition 4 Given any (s,l) € S x A, under the null hypothesis Hy and Assumptions 1
and 2,

2
(N(12 . NS(Z)M(?)

Z - - i X?l 1

DIRC s)—17

tes N M) -0

)

where X?l(s,zrl is the chi-square distribution with d¢s;) — 1 degrees of freedom, and d ;) =

l
Sies LM > 0]
Furthermore, the dk chi-square statistics {Xfl(‘l)_l}(s’l)esxfl are asymptotically indepen-

dent, and

2
(N(l)—Né”MS(Q) d o
Xz(s,l)eSxAd(s,z)*dk’ (3.4)

D
(s)ESxAtES N{ )Ms(,t)

Equation (3.4) hence provides a G.O.F. measure for assessing the validity of assumed
transition probabilities { M Sg }. The proof of this proposition can be found in Appendix E.4.

4 CLTs for the Value, Q-, and Advantage Functions, and the Optimal
Policy Value

We now demonstrate how Theorem 1 and Corollary 1 extend naturally to downstream tasks
in offline RL, such as offline policy evaluation (OPE) and offline policy recovery (OPR).
In OPE, one seeks to estimate the value of a fixed target policy from logged trajectories
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generated under an unknown behavior policy, whereas in OPR, one aims to identify the
optimal policy that maximizes the expected return given an estimated transition model.
Both problems rely on accurate estimation of the value, Q-, and advantage functions, for
which we now establish joint asymptotic normality results.

Let A(A) denote the probability simplex over the action space A, and let 7 : S — A(A)
be a stationary target policy. In offline RL, the (known) target policy is usually different from
the (unknown) logging policy under which we obtain the logged data {(Xo, ag), ..., (Xn,an)}.

For each state s, denote 75 = [7(s,1),...,7(s, k)] and define IT = diag(m1,...,74) as a
d x dk block-diagonal matrix. Let g := (§(x,a) : (z,a) € S x A) denote the per-state-action
reward vector, and define the per-state expected reward

9(@) = 3 w(2,a) jx,0), g = (9(a) s v € ) € R

acA
For a discount factor 0 < av < 1, the value function is defined by
Vir = (I —olIM) g

and its plug-in estimate Vi = (I — aHM)_l g follows from the Bellman equation (Bertsekas,
2011).

Similarly, let 7 := (7(z,a,y) : (z,a,y) € S x A x §) denote the immediate reward on
transition from z to y under action a, and define

ZM(a F(z,a,y), r = (r(z,a) : (z,a) € S x A) € R,
yeS

Then the Q-function satisfies (Agarwal et al., 2019)
Qu= (I —aMIl)~'r, Qu = (I — aMII)"'r
Finally, the advantage fupction A = Qn — KV, with K = diag(1g, ..., 1x), admits plug-in

estimate A = Qun — KV,
For compactness, we define the following matrices corresponding to the three functions:

s = o2[(1 - alIM) Ml ® VHT]]\ [HT(I —aM'I) g VH} :

S8 = a2[(1 - oMI) e QEHT} A [(I —all'™MT) g HQH] :

s = o2[(1 — aMI) e QI — K ((1 —alIM) I @ VHT) }]\
: [(1 ol @Iy — (I (I - oM ) ! & VH)KT} ,

where A is the improperly scaled covariance matrix in Corollary 1.
The following theorem shows that EST ), E(QH) and EEL‘H) are the asymptotic covariance

matrices for the scaled estimation errors v/n (VH — VH>, NLD (QH — QH), vn (AH — AH>,
respectively.
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Theorem 2 (CLTs for Vi1, Qm, and Ar) Let {(Xo,a0),...,(Xn,an)} be a sample from
a controlled Markov chain under a logging policy. Suppose that Assumptions 1, 2, and 5
hold for the logging policy, and let m be a stationary target policy. Then, as n — oo,
Vi (Vir = Vir) 5 N (0, ),
A d
Vn (Qu — Qn) = N(0, 56

Vi (A — An) 4 N(0, 27

);
);

and each estimator is consistent: VH N Vi, QH N Qmu, and fln LN Aq.

The proof of this theorem can be found in Appendix D.1. Observe that Theorem 2 derives
the asymptotic distribution for the estimated V/Q/A functions. In Theorem 3, we produce
the asymptotic distribution of the optimal value function. Similarly, we derive the CLT for
the Q-function.

Corollary 2 (Properly scaled CLT for Q) Suppose that Assumptions 1, 2, and 5 hold
for the logging policy, and let w be a stationary target policy, then the properly scaled
Q-estimation error satisfies

(Qu — Qu) © Vec (NT) 4N (0,AB),

where the (sl, s'l")-th element of Ag equals )‘32'1/ = pg) pi{l) 032’1’7 with Ugg,l, denoting
the (sl, s'l')-th element of Eg.

The proof of this corollary can be found in Appendix D.2.

Although the Q-estimation error is scaled by the visitation counts, this “correct” scaling
does not remove dependence on the ergodic occupation measure in the asymptotic covariance.
The reason is structural rather than technical. The count-based scaling normalizes the local
estimation noise of each transition probability, rendering the errors asymptotically multi-
nomial. However, the Q-function is a global functional of the transition kernel: estimation
errors from different state—action pairs are propagated and aggregated through repeated
applications of the Bellman operator. As a result, the asymptotic variance depends on the
long-run visitation frequency of state-action pairs under the logging policy.

The optimal policy can be found, for instance, by policy iteration (Bertsekas, 2011,
Chapter 1) or policy gradient (Sutton and Barto, 2018, Chapter 13). For any policy w
let II be its block diagonal matrix and let II,, and f[opt be the block-diagonal matrices
associated with the optimal policies 7., and 7o, each maximizing the expected reward
under the true and estimated transition matrices M and M, respectively. The following
theorem characterizes the asymptotic behavior of plug-in estimator of the value function for
the estimated optimal policy.

Theorem 3 Let us assume that for any € > 0, and policy © such that ||gp —IT'|| > €,
the value functions corresponding to mop and 7' satisfy inf scs {Vnom(s) — VH/(S)} > 0. Then

s D
Iopt = Iyt and,

Vi (Vi = Vit ) SN (0, 207)
The proof of this theorem can be found in Appendix D.3.
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Implications for OPE and OPR. Taken together, Theorems 2 and 3 yield an asymptotic
framework for model-based offline reinforcement learning. We now formalize how the
established CLT's can be used to construct asymptotically valid confidence intervals for OPE
and OPR.

Without loss of generality, we consider inference for the value function. Given logged
data {(X;,a;) ?:_01 generated under a possibly history-dependent logging policy, and a fixed
stationary target policy m, the goal of OPE is to infer the value function Vi;. By Theorem 2,
the scaled estimation error of Vi is jointly asymptotically normal:

Vi (Vit = Vir) % N (0,31,

Next, let 2‘1} denote the plug-in estimator of Z‘r}. Then

S = 02 (1 — oIIM) ' ® VHT]A [HT(I —aM'IN) g VH} :
where the elements of A are given by

)‘slt,s’l’t’: ) y Ps’ = n
Ps Py

: 1(s,0) = (0] (ke = )30 - MQWIE)) O

For a target level 1 — §, the confidence set

~

CS‘SH = {v eRY: (VH — v)T(Eg))fl(VH —v) < X%,é(d) }

is an asymptotically valid 100(1 — §)% confidence set for Vi, where x3_,(d) is the (1 — §)-
quantile of the chi-squared distribution with d = |S| degrees of freedom.

Let 02 denote the marginal variance of the s-th scaled estimation error /n (Vn(s) - Vn(s)> ,

the (s, s)-th entry of $i! and let 62 denote its plug-in estimator, the (s, s)-th entry of fl‘r}
Then an approximate two-sided 100(1 — §)% confidence interval for Vii(s) is

N 52
VH(S) + 21—5/2 ;87 SES,

where 21_5/5 is the (1 — 6/2)-quantile of the standard normal distribution. The derivation
of the confidence sets and intervals for @ and Ap are analogous.

Both the ellipsoidal confidence sets and the marginal confidence intervals above are
first-order asymptotically valid. A systematic investigation of their higher-order accuracy
and finite-sample performance—via Edgeworth expansions and potential improvements using
model-based bootstrap—makes an interesting problem for future work.

5 Conclusion

We develop the first asymptotic theory for non-parametric estimation in finite CMCs. Our
main result (Theorem 1) establishes a central limit theorem for the classical count—based
estimator of state—action transition probabilities. This non-trivially extends prior results to
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accommodate non-Markovian and non-stationary data, which renders classical regenerative
techniques inapplicable. Our proof introduces a new auxiliary sampling scheme that decouples
temporal dependence while preserving the finite-state controlled dynamics, thereby extending
the sampling construction of Billingsley (1961) to the controlled and time-inhomogeneous
setting.

Building on this foundation, we show that plug-in estimators of the value, Q-, and
advantage functions under arbitrary stationary target policies—as well as the value of the
estimated optimal policy—also satisfy CLTs. All results hold under general, possibly history-
dependent logging policies, providing a unified large-sample framework for model-based
offline policy evaluation (OPE) and optimal policy recovery (OPR) in reinforcement learning.

Several directions for future work are possible. Analyzing the higher-order accuracy
and finite-sample performance of the confidence sets and intervals for OPE and OPR
derived from our asymptotic results would provide a deeper understanding of their practical
reliability in offline reinforcement learning. Refining the testability criteria to close the
gap between the current sufficiency results and necessary impossibility statements would
delineate precisely when asymptotic inference is attainable. Finally, extending the theory to
infinite (Kontorovich et al., 2008) or continuous state—action spaces, as suggested by the
adaptive density estimation work in Markov settings (Sart, 2014), and to continuous-time
controlled processes, would markedly broaden the scope of rigorous statistical inference of
controlled Markov chains and its applications in reinforcement learning.
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Appendix A. Examples of Controlled Markov Chains

A.1 Inhomogeneous Markov Chains

We consider an inhomogeneous Markov chain as the first example. A controlled Markov
chain is said to be an inhomogeneous Markov chain if there exists a sequence of actions
lo,l1,... € A such that for any time i, state s, sample history héﬁl, we have

Pla; = L;|H ' =hiy ' X = 5) = 1.
We make the following assumption on the logging policy.
Assumption 6

1. Let T; = O (i%), a € (0,1) be a sequence of known integers. Then, we assume that

Ti+j
1la, =1] > 1, Al
p
p=J
for all Tsl_l) +1<5< TSI) —T; and every |l € A.

2. There exists Myin and M,q. such that for all s,t € S andl € A,
0 < My < ML) < Mgy < 1. (A.2)

Proposition 5 Let {(Xo,a0),...,(Xn,an)} be a sample from an inhomogeneous Markov
chain satisfying Assumption 6. Then Theorem 1 holds with

C=0, Cp=e/(e—1).

Proof We begin our proof by verifying Assumption 1. For any k > i, (A.2) implies that
P > kFes o :P({Xj # s Ja; # Z}Vj clitl,.. ktil|Xi=sa = l)
& Zp:l Ts,l

< (1= Myin) 75!
> ( mzn) o
k
S (1 - ]\4171171)TZ !
Thus,
L1
(1 - Mmzn)T’

o
Z (4) a
P . HF - . (A3
Zp:ll Tifjl)] k=1 <T87l ” | szll Tﬁf?) <1 - (1 - Mmzn)%> ( )

E [7'8(3)

As T; = O(i), there exists a constant ¢ > 0 such that T; < ci® for sufficiently large i.
Let q = 1-— Mmin, j—; = 1Ogq/log(c’ia/cio‘—logq). Then

log q
IOg ( ci’*(ﬁlog q >

. log g
— 4log (1 B 1253) (A.4)

T =
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By the Taylor expansion of log(1+x), log(1+x) = z — o(x) as  — 0. Then for sufficiently
large i, the right-hand side of (A.4) becomes

log q
—logg _ 5(1/40)

™

7i- -

—ci®logq
—logg —o(1)
S —ci®log q

—logq
= =T

Thus, —Y/7; > —Y1,, and ¢~ "/7i < ¢~"/%i. Therefore,

I
IN
I

T T _L T
1—qg% q i —1 qfi—l 1—qfi
Substituting this value into the right hand side of (A.3), we get

1
E[T(l)] S qTi 1
1—q%i
q log q

ries
log( ciacilog q )
1— q log ¢
ci®
ci®—log q
_ qci®
q ci®—logq
& .
= —"
—qloggq

Hence, Assumption 1 holds.
Now we verify Assumptions 3 and 4. As the controls are deterministic, the total variation
distance

L _ p—1 _ 3p—1 i g _ p—1 _ 3p—1
Yogi = SUp P (ap‘Xp =sp, Hip; =l Ho= ho) -P (ap’Xp =sp, Hij = hi+j) HTV
sp,ﬁf+j NI
=0.

Therefore, Assumption_ 3 holds for all inhomogeneous Markov chains with C' = 0. Observe
from the definition of 6; ; in (2.6) that,

01‘7]' = Ssup H]P(X]|Xz = S1,a; = l) —P (X]|XZ = 89,0 = l,)

S Iy -
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From the definition of an inhomogenous Markov chains it follows that

sup
51,52

P(X; | Xs =s1,a0; =11) = P(X; | X = s2,0; = l2)

TV

= sup
$1,52

IP)(X] ’ Xl = S1, (aj_l, e ,ai) = (lj—la e ,lz))

—P(Xj ’ Xz = 89, (aj_l, e ,ai) = (lj—I; e ,lz))

TV

where the last line follows due the controls being deterministic.
Since all transition matrices are positive, an application of Wolfowitz (1963, Theorem 1)
implies that there exists an integer C' for which,

éij < e €U,
Since e~ €U0 < =0~ for any integer C, it consequently implies that,

-1 1 e

< = .
1= 1 el -1

n
c
o
V§_c|
&,
|
[
| | ®
®

Therefore, Assumption 4 holds with Cp = ¢/e—1. Then, by Banerjee et al. (2025a, Lemma 3),
Assumption 2 holds. As both Assumptions 1 and 2 hold, Theorem 1 holds. This completes
the proof. |

A.2 Controlled Markov Chains with Non-Stationary Markov Controls

We consider a controlled Markov chain with non-stationary control process as the second
example. A controlled Markov chain is said to have non-stationary Markov controls if for
any time ¢, state s, action [, and sample history hz_l

(al—l|X—sH11—hl 1) P(a; =1X; =s).

We observe that an action can depend on the time i. Let Ps(il) =P(a; =1|X; = s). We can
write the transition probability of the state-action pair as

H’D(X:t ai:l'|X‘ 1 =S, 1:l)
—P( —t‘XZ 1 =S, 1—l) (ai:l'|Xi:t)

= s(g'Plt(l2

It is straightforward to see that the state-action pair is a time inhomogeneous Markov
chain with transition probabilities given by M (2 PS(ZZ), The goal is to perform statistical
inference on the transition probabilities P(X; = t|X1 1 = s,a,—1 = I'). We proceed by

making assumptions on the return times of the actions.

Definition 4 We define T z’*’j) to be the time between the (j — 1)-th and j-th wisit to

action l after msztmg state action pair s,l for the 2' th time. For ease of notation, let

k) , , %,
el Sl —I—Zk 1 S(Zl = Ty. We can then define 7' *d) recursively as T s 7

0: aT+n—l,a]7él VT*<j<T*+n}

= min{n >
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Next we make some simplifying assumptions on 7'( *3) and M®.
Assumption 7

1. For all state-action pairs (s,1) € S x A, there exists a € (0,1) such that

E[r, H’] ]]—' =1 (5 i1 e ] ST almost surely, with T} = O(i%).

p 1 sl Zp 1 sl
2. There exists Myin and M,q. such that for all s,t € S andl € A,

0 < Mpin < MY < Mypaw < 1. (A.5)

)

The next lemma proves that under this assumption {(X;, a;)} satisfies Assumption 1.

Lemma 1 Under the conditions of Assumption 7, for all (i,s,l) € N x S x A, it holds
almost surely that

T M,
E ( ; < 2 max . A6
[ P*l (f)l)] o (1 - maX{Mmax, 1-— Mmm})2 ( )
Proof We begin by observing that
(iy*vl) 3 R —
R R
) _ ) I iam .
Tsg = 7-5(71[* ) if sz o s(,;l)+2k o (2 k) 7 S, Vi<m<yg
k=t and X (p) )y = S.

k
Zp 1 sl+zj*1 (2*

Therefore,

(H—l) _ T(i,*,l) 1 [X o Lo, (1*1) _ 8]

s,l s,l p=1Ts 1

i (p) Z F6xE) 7& S, Vm € {17 v 7j}7

o J X
(,%,k) p=1Ts,1 Ts,l
D I e R ,
Jj=lk=1 ; 1T gpz +Zk 1 sl

ix 1
= ]E|:7‘S(,zlv* ) 1 |:le (p)+_r(7, *,1) = :| ‘ ‘inil 7_(p):|

p=1 sl p=1 "s,l

o J Xei @ (Hm#s Vme{l,...,5},
j St Te Fhe
+ ZZE[TSZ’*’IC) 1 ¥ p=1Ts,1 =17 i ‘ f ; (I;)}
J=1k=1 ; 17 s(z?"'zk 1 s(zz* H= Zp=1Ts
= Term 1 + Term 2. (A7)
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We now analyze the terms one by one.
Term 1: The law of conditional expectation implies that

)
E D1 x -
K i, r@arn =8 P

[ I O o (i%,1) 4
—”[ I[Xzé—lfi,’})“ﬁi*’”_s]' ]'fZ;;TS?]

%, 1) (3,%,1)
— E T('L:*v ]P) i ix = S|T F . . A8
N S R U > =t (48)

Recall from (A.5) that

ma?(M(l) = Maz, and min MS() = Mmin
s,t

7
123} S7t7l

for two numbers 0 < Myin, Mmar < 1. Then for any time p, state s, and history hg_l,

Moin < IP’( =s|HY™ ! hf;*l) < M4z, and (A.9)

P (X,, £s| ML = ﬁg—1> < Myt = max { Mgz, 1 — Mipin} - (A.10)

It follows from (A.9) that P (X ) lied) = S\T(il’*71)) < Mpae- Substituting this value

plsl S

in the right hand side of (A.8), we get the following upper bound to Term 1:

.7 71 1
E |:Ts(,ll* )]]- |:XZ;; (p)+ (1*1) - S:| |f ; 11 S(l):| < E |: (1) max|F ;‘;11 7_3(12) S ,Ti*Mmax,
where the last inequality follows from the tower property.
Term 2: We define for ease of notation

and proceed similarly as before to get

iy [ e 7 Y E L)

sl
X i ik k) — S
o T A e

Xzi SONE (Hk);és vme{l,...,j},

el A ) =1,
Tsl s.l 3 ) )
) X i i — )
A T
(A.11)
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The Bayes’ theorem gives

X wysm (z*k)#s vm e {1,...,j},

ik, K .
P p=1Teu |7's(zl’*’ ),kzl,...,]
k) =8 ’
;) 1 épl)—‘rzk 1 s(ll* )
(17*7k)
p(x | Tel k=1,
- i ix,k) — S
p= 17 ggpl)—‘rzk 1 s(l ) _X

i T (Pl)_i_zm (ii*xk) 7é S, Vm € {177j}
p= S s

z*k .
XP(X i (p)+zm (i,*,k)#SVmE{l,...,j}’ ]{7:1,...,]>

plsl
(17*7k)
—P|x o o W=l
n ;1 i’Z)Jer 1 izl*k)_ X i (p) m (i,*,m;és, VmE{l,...,j}
Plsl+z ,l
77k >
XHP< BN g (z*k)#ﬂTH)k—l --J)- (A.12)

Using (A.9) and (A.10) to bound the first and the second term from (A.12) we get

X REOI ST (Hk);&s Vm e {1,...,7} and ) .
s, 1%, . —
P »- T k=1,...,] SMmangpt.
X i L (1;)+Z (il,*,k) =S ’
p= 5 5

Substituting this value in the right hand side of (A.11), we get
* (i,*,k) - —
E |:TS’I 1 [X P By k) #s, VYme{l,...,5} and X D5 ) _SH
< E*[ (’L *, k)]MmamMj 1

opt
<T'M M-t
max opt )

where the last inequality follows from the tower property. Substituting the obtained upper
bounds of Term 1 and Term 2 back into (A.7), we get

o
p=1"s, -
J=1

_ TiMma:v

00
A A TE I VAN Ve
1— Mopt .7( OPt) opt

j=1
(1 - M0pt)2 '

We can now state our main result about the CLT of a controlled Markov chain with a
non-stationary Markov controls.
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Proposition 6 Let {(Xo,a0),...,(Xn,an)} be a sample from a controlled Markov chain
with non-stationary Markovian controls satisfying Assumption 7, then Theorem 1 holds with

C =0, Cyp=1/(dMpmin).-

Proof As Assumption 7 holds, Lemma 1 holds. Then Assumption 1 holds. We just need to
verify Assumptions 3 and 4.
As the controls are non-stationary Markov, the total variation distance

L _ p—1 _ gp—1 4900 _ i _ p—1 _ p—1
Vp,ji = Su}z A P (ap‘Xp = 3P7Hi+j = hiJrj » g = ho) -P (%’Xp = SP’HiJrj = hi+j v
sp,hf+j B
=0.

Therefore, Assumption 3 holds for all controlled markov chains with non-stationary controls
with C' = 0.
Recall from (A.5), M, = ming MS(ZB > 0. Then, by Banerjee et al. (2025a, Lemma

12), Assumption 4 holds with Cy = 1/(dMip). [ |

Appendix B. Statements and Proofs of the Propositions and Lemmas
Used in Theorem 1

B.1 Statement and Proof of Lemma 2

Lemma 2 Let {(Xo,a0),-..,(Xn,an)} be a sample from a controlled Markov chain. Under
Assumptions 1 and 2,

N
E[NY]
)

Further suppose that Assumption 5 holds, then Ns(l is 1-st order almost surely consistent for

npgl). In other words,

0
ALRKEN

Proof Using Banerjee et al. (2025a, Lemma 6), for any ¢ > 0, we have:

12
P(IN® —E[ND]| > t) < 2 _— B.1
(N ~EIND]| > ) < 2exp (~ iz ) (B.1)
where ||A,] = max (1 + Miit1 + Mii+2 + ... Min), and 7; ; are the coefficients. Setting

t= EE[NS(Z)] we get
0 (D122

Ns E[Ns

P(|-2 s e) <oep (BT (B.2)
E[NY] 2n|| A ||
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By Assumption 2, sup,, ||A,|| < co. As Assumption 1 holds, it follows from Proposition 2
that E[Ns(l)] > cen'/**e for sufficiently large n, where ¢ > 0 is a constant, and we get
P (‘Ns(l)/E[NS(Z)] —1| > ¢) < 2exp (=0 Dy 2).

As a € (0,1), the series Y o0 | 2exp (—c** =/ 5 A 12) converges. Observing that
¢ is arbitrary, using the Borel-Cantelli lemma, we get ‘Ns(l) /IE[NS(Z)] — 1‘ %50, hence

N gDy 22y 1,

Using the Slutsky’s theorem, we have Ns<l)/n L5, pgl) under Assumption 5. This completes

the proof. ]

B.2 Statement and Proof of Proposition 7

Proposition 7 (Xo,aq, ..., Xn,ay) is identically distributed to (Xo, o, Xn, dn>.

Proof We prove this fact by induction. Obviously, (Xo,ag) 4 (Xo,do). Now, for some

i > 1, let (Xo,ao,. .., Xi,a;) be identically distributed to (Xo,ao, . Xa) Then, for
i+ 1, we note that,

P (XiJrl = Si41,@it1 = lip1, .., Xo = S0, do = lo)
=P <&i+1 =lis1|Xit1 = Sit1,- ., Xo = 80)
x P (Xi+1 = Si+1|X@' = Sia&i = li, e ,C~l0 = lo,Xo = So)
X]P)(Xi :Si,fli :li,...,Xo :So,&ozlo)

(X0,d0,-Xit1) v %
=P (Oéi =1 Xig1 = Sig1,- .., Xo = S0

X

><]P’(X(f~”)

X.. ~(i’_&i)+1 = Si+1|XZ' = Si, Q5 = li, oA = lo,X() = 80)
3

XP(XZ'ZSZ',CNLZ'=li,...,X0=80,c~l()=lo)

(505l0;-+s8i41) % %
:}P(al ¢ :lH—l‘Xi—l-l :$i+1,...,X0:80

(L) _ e P v
x P (XS:NS(;,Q)H = si41|Xi = si,a; = U, ..., a0 = lo, Xo = 50

x P(X; = si,a; = U, ..., Xo = 80,0 = lp),

where the equalities follow by substituting in the corresponding value of each quantity.
Observe that under the given conditional, such that J\Nfs(f i) + 1 is some fixed integer n. Then,

$0,00,--,Si > iyt 80,305--+,54
P(Q(oo ’+1):li+1‘Xi+1:Si+1,-~-7X0:30>:]P)(OC(O 0 1+1):li+1)

K3 (2

_ P(5i7li717---7l()750)
-l

29



CLT orF CONTROLLED MARKOV CHAINS

and

1 e ~ ~
P <Xs(~liv(i’li)+1 = Si+1’XZ' = Si, Q5 = li, co.5ap0 = lo, X() = So>

x P(X; = s;,a; = lis ..., Xo = so, a0 = lo)
=P (X0, = i1 i = sivs = b 0 = lo, Ko = s0)
X P(X; = 55,0, =i, ..., Xo = s0, a0 = lo)
=P (X0, = si1) P(X: = 51,5 = L. Ko = 50,0 = )
= MUP(X; = 51,35 = Ui, ..., Ko = s0,d0 = lo)
= MUP(X; = si,0 = Ui, ..., Xo = 50,00 = lo),
where the last equality follows by induction hypothesis. We finally get,
P (XiJrl = Si+1, i1 = lip1, ..., Xo = S0, dp = lo)
— plvtinto0) yrIp( X — 55005 = 1, .., Xo = s0,a0 = o)

which is the same as

P <X¢+1 = Sit1,Ai41 = lit1, - -, Xo = 80,0 = lo)
=P (Xip1 = sit1, 041 = liy1,..., Xo = s0,a0 = lo) -
This completes the proof. |

Observe that Proposition 7 does not require any assumption on the transition matrices M’s
or the distribution of the actions a;’s. However, it does require the finiteness structure of the
CMC. It is unclear whether such an equivalent sampling schema exists for continuous state
control processes and existing literature seems to rely on technically challenging adaptive
estimation procedures (see Theorem 1 in Banerjee et al. (2025b)). However, to the best of
our knowledge, while adaptive estimation works well while deriving risk bounds (Birgé, 2006;
Baraud and Birgé, 2009, 2018, etc.) and the techniques cannot be generalized to derive
(functional) CLT’s for the estimated transition densities.

B.3 Statement and Proof of Lemma 3
Lemma 3 For each (s,l,t) € S x A X S,
(1 l l l l l
(59 - [EVOMG) (MO - NOMD)

gs,l,t - gs,l,t = - — 0.

E[NY) VN

Proof To show this, let 1) := ]l[Xs(ll) =1 — MY and define S, = S T9. We have

s,t =1

1 _1 _1
n 1+« n 1+« n 1+«

30

(1 l ! l l l
(RO - ENOYMY) (VD - NOME) 8~ Sy
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Using Lemma 2, for all ¢ > 0 and n sufficiently large, P (‘Ns(l) - LE[Ng)]J‘ > \/nl/1+a5) <e

Therefore,
(‘S IE][Nm SNS“) >\ TLHIC*8>
<P (\Ns@ - [ENO]) | > vn)
+P (‘N b _ |E[N, J‘ \V nl-%xs, ‘SLE[NS)]J N(z)‘ >\ n1+a5>

<e+P (‘Ns(l) - LE[NS@]J] < \/nTHae, > \/n1+1as>.

Observe that 1[X S(CZ) =t] and M (t) are between 0 and 1. Hence ‘I } < 1. Then

>V n1/1+“5> =0,

Sl ~ S

P (\Np — |E[NY] J’ < Vnifree | S ~ S

IEN)) T PN

>V n1/1+“€) <e.

and

(‘S =Y T SN
Since € is arbitrary, it now follows that

Sty ~ Snty

ye=
n 1+«
Next, observe that

(N9 - BN M) (N9 - NOaM)

Ls0.

s,t s,t s,
E[N] N

(1 l l l ! l
prts [ (V0 - BN D) (N - VO

N e )

By Proposition 2, for sufﬁmently large n, E[N, (l)] > 1en'/1** where ¢ > O is a constant, and
€ (0,1). By Lemma 2, N /E[ { ] 2%, 1. Therefore, nl/Ha/E[ s ] < /¢ and

(89 - lEvOM®) (8 - NP M)

E[NY] N®

(30 - O l) (V- NOu)
< Ve

Vars Vs (N
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This completes the proof. |

Appendix C. Proof of Theorem 1

Proof We begin by presenting the following generalization of the sampling scheme given
in Billingsley (1961) to the case of controlled Markov chains. For each [ € A, create the
following infinite array of i.i.d random variables which are also independent of the data

{(X0,a0), - (Xn,an)}:

X
i i i

x® x{) x§) Xé,l 7
TR l
XX

where, V (s,t,7) € {1,...,d} x {1,...,d} x N, the random variables X@r follow the prob-

ability mass function given by P(X él; =t) = Ms(lt) Moreover, for every time ¢ > 1, and

((50,00), -+ (8i—1,1i—1),8i) € (S x A)' xS, let ag(so’lo)""’(si”’li*l)’si) be independent random
variables with support A and probability mass function given by

Pl((SO,lo) ----- (si—1,li—1),51)
— ]P)( E(SO:IO)y 7(S’L 17 i— 1) Sz) l)
(ai = l|Xz = 82',7'[671 = 50,00, ..., 81, li—l)-

The sampling scheme runs as follows. Set (Xo, o) 4 (Xo,a0) and recursively sample

X = X(al)Nua) from the array X(%) and ELZ-H:aEff’dO’""X”I), where each i > 0.
Define N\ .= ZIL[ =s,a; =1] and N = S L[X; = s,d; = 1], where N = O,
1<t

This completes the sampling scheme.
Proposition 7 implies that N® £ N&gl), hence E[N§Z)] = E[Ngl)]. Let Ns(lt) be a random

variable defined as
B[V

T ST o

T=1

Let the kd? dimensional vector (g}ht) be defined element-wise as

(V5 - lENOMg) (NG - BN )

i ) st
gs,l,t =
B[N E[N.)
" Y40) v s 0 (@)
By definition, (Nsvl, . ,N57d> is the frequency count of {X7,..., X o | N“)]j} From the

independence of {X()} and the central limit theorem for multinomial trials, it follows that 3
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is distributed asymptotically normally with covariance matrix given by (3.1) and
€4 N(0,A).

Lemma 3 implies that & - £. Therefore, & 4N (0,A). This completes the proof.

Appendix D. Proofs of CLTs for the Value, Q-, and Advantage Functions,
and the Optimal Policy Value

D.1 Proof of Theorem 2
Proof First, we show the asymptotic normality of \/n (VH — Vn>. Observe that
Vi — Vip = ((I - aHl\A/I)il - aHM)_1> g,
where the right-hand side can be rewritten as
RHS = a (I - aHM)il I (M - M) (I —allM) g
—a(1- aHM>_lH (v — M) v,

using the matrix property A~! — B™! = A=1(B — A)B~!. Taking the transpose and
vectorizing both sides, we get

(VH - VH)T — oV (VT - MO’ (I - aMTHT>_1
Vec ((VH - VH>T> ~a [(I - aHM)_l 1 VHT] Vec (MT _ MT)
Vi—Vi=a [(I—aHM)_IH@JVHT] Vec (MT _MT> .

Now, multiplying both sides by /n and using Corollary 1, the asymptotic normality of
vn (VH — VH) follows from the Slutsky’s theorem.

Second, we show the asymptotic normality of \/n (QH — QH>. Similar to the value

function, observe that
Qu — Qn = <<I — 041\711_[)_1 - (I - aMH)_1> T,
whose right-hand side can be rewritten as
RHS = « (I - 041\7[1_[)_1 (1\7[ - M) (I — aMII) " r

s (1 - aMH)il (M - M) Oy
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Taking the transpose and vectorizing both sides, we get

(QH - QH>T = QI (M -MT) (I - aHTMT)_l

ec ((QH _ QH)T> —a {(I - aMH) e QEHT] Vee (MT _ MT>

Qu—Qu=a [(I — aMH) o ® QEHT] Vec (MT — MT> )

Now, multiplying both sides by /n and using Corollary 1, the asymptotic normality of
vn (QH — QH> follows from the Slutsky’s theorem.

Finally, we show the asymptotic normality of \/n (AH — AH>. Recall that K =
diag(1g,...,1x), where 1j is the ones vector of length k, and Ay = Qr — KVi1. Then

Ap — Q — Qn > (VH - VH)
[ - aMH ' QEHT] Vec (MT - MT>

K [(I— aHM)_lne@Vﬂ Vec (MT —MT) .

Now, multiplying both sides by \/n and using Corollary 1, the asymptotic normality of
Vn (AH — AH) follows from the Slutsky’s theorem. [ ]

D.2 Proof of Corollary 2

Proof Following an entirely analogous way to the proof of Theorem 2, we get

Qn — Q= BVec (MT — MT> ,
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where B = « {(I — aMH) QTHT} is a dk x d’k matrix. Let bEls D(s.8) denote the
((s=1Dk+1,(s—1)dk+ (I —1)d +t) entry of B. Then
(QH — QH> ® Vec <NT) = BVec (MT — MT>
) !
=1 VNI () - ),
(s,)ESx A teS
T

Y NEY, L (09 - )

(s,1)ESX ALES

O .
- Z ﬁbg?,n,(s,t) V NGO (Ms(lt) - Ms@) )

(s,)ESx A teS

-
d @ NNV @ (1
T Z 0 b(dk s,t) Ns <Mst Mst)
(s)esxAres \ Vs
Lemma 2 ensures that EINS)/n® —2%5 1 and Assumption 5 ensures that EIN"1/n — pgl) > 0,

hence /NG NG L2y pl)

(QH — Qn) ® Vec (NT) then follows from Theorem 1. [

/pl for any (s,1),(s',1') € S x A. The asymptotic normality of

D.3 Proof of Theorem 3

Proof Under the hypothesis of the theorem, as long as supreaa) Vit — Virllao = 0 it
follows from the consistency of M-estimators (Van der Vaart, 2000, Theorem 5.7) that

fIOpt N II,p:. Fix any II, and observe that
] = - o)
o

lgllx

o0

< H ((I - aH1\7l>_1 — (I — olIM)~ >

< (1= ) 2Vak||(1 - a1V — (7 — a1iM) | gl

< GV HHM HMH Il
(1 —a)
< gl
(1 a)?
SV HM M| gl
(1 —a)
where || - ||1,00 is the row-wise 1 and column-wise co norm of a matrix. Observe that the rows

of any policy sum to 1, therefore ||II||; - = 1. The right-hand side is independent of IT and
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M 2 M. Therefore, by taking the supremum with respect to II on both sides and letting n
tend to oo, an application of Van der Vaart (2000, Theorem 5.7) implies that Il LN Iopt-
We now prove the second part of our theorem. Since II,,; maximizes Vﬂopt’ it follows

that for any given state s, Vﬁopt(s) - Vnopt(s) > 0, and

Vﬁopt B VHOPt = VH pt - Vnopt + VHopt - VHopt

Y

Hopt - VHOpt?

where the vector inequalities are coordinate-wise. It similarly follows that

Vﬁopt o VHOPt S Vﬁopt B Vﬁopt.
Therefore,

Vnopt — Vnopt S Vﬁopt — Vnom S VA op — and

t Hopt

) ) )

Since f[opt EN T,y it now follows using the Slutsky’s theorem and the Sandwich theorem
that

vn (Vﬁopt - Vnom) i> N <07 E%POPt)) .

This completes the proof. |

Appendix E. Proofs of Other Propositions

E.1 Proof of Proposition 1

Proof Given a sample of the controlled Markov chain {(s;, 1)}, the likelihood of the
transition probabilities M is

K(M) = P(Xo = 80 80, lo H ( Sz 1, 51 Sz; lz)) s
=1

where 7() is the conditional probability of {X; = si,a; = I;} given {H5 ' = hi'}. Then,
the log-likelihood is

Zlog Msl . 51 + Zlogﬂ (si,1;) +1log P(Xo = s0) + log 70 (s0, 10).

Given the dk constraint equations

S =1,

teS
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and dk lagrange multipliers A\s;, s =1,...,d, [ =1,...,k, the Lagrangian is
d
oY (Tt
s=11=1
Taking derivatives with respect to Mﬁt), and setting them to be 0 at MY we have

s,tr

N®
s t

/\S,l 07
M)
NGO )
i — M
As,l s,t
Thus,
N l
=l A=) N =N
tes ~ot tes
W) _ Nup
Therefore, M st = (l), the count-based empirical estimator is the maximum likelihood
estimator. u

E.2 Proof of Proposition 2
Proof Define the process Z; as

Then

p:l p=1 "s,l
[ G i i—1 (»)
T T
=E |2 —1|Fe. LS |
T; | Sy 2 T,
- - p:1
E T“E’i’) 1|F. A
I | st em | T it

As E[ |.7-' i1 (p)] < T; almost surely, E [Ts(fl)/Ti - 1|.7:Zi,1 T(p)] < 0, hence {Z;} is a
p=1 "s,l

lsl

Supermartlngale with respect to .7-"2, L (p)-
p=1 5 l
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Let N = N(l)( )+ 1. As N(l)( ) is a valid stopping time, N is a valid stopping time,
and Zz 1 7s, l > n. By Doob’s Optional Stopping Theorem,
-0
E[Zy] <E[Z] =0 = E Z Bl < EN).

i=1 "

We may assume without loss of generality that {7;} is non-decreasing. Indeed, the
non-decreasing case is the only regime in which the stopping-time argument below is needed;
if {T;} is not eventually non-decreasing, the claim follows by simpler deterministic bounds.

Since YN, Ts(ll) > n, and {T;} is a non-decreasing sequence, we have

R (zl> . .
s, > 2 s e < ]
ZT > =T > :>E[TN]_E[N]

Therefore,

As T; = O(i%), we have Ty = O(N®), hence E[Tn] = O(E[N?]). For the concave function
¢(z) =z (a < 1), Jensen’s inequality gives

E[N®] < E[N]°.

Hence, E[Tn] = O(E[N]%) and thus E[N] ( , which implies E[N]!T® = Q(n) and
in turn E[Ns(l)(n)] =Q (nlfa> . [ |

\_/

E.3 Proof of Proposition 3

Proof Let Mgs 4 be the class of all probability measures over state-action pairs for a CMC
with initial distribution Dy. Any element P € Mg 4 has an associated set of transition
matrices {M WM (k)} and a conditional distributions over the action {a;} conditional

on the history until time 7. Then the minimaz risk of an estimator M = (MW, ... MK))
of M = (MW, ..., M®) is defined as

Ry = inf P <sup MO — MO > €> .
M leA

The proof now proceeds by creating a counterexample and then bounding from below its
minimax risk. Suppose for some (s,1) € S x A,

P(a; =1|X; = s) = 1/@+1)2 for all i > 0.
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It is easy to verify that > -2, P (X; = s,a; = ) < co. By the Borel-Cantelli lemma, as
o0
ZP(Xi =s,a; =1) < o0,
i=1

Ns(l)(oo) < oo almost surely. Therefore, there exists a constant N such that N, s(l)(oo) <N
almost surely.

Suppose that |S| = 2(N + 1). Given any € € (0,1/2(N+1)), the transition probabilities
from the state-action pair (s,!) is given by

MO() = [ M@, MY 1) (©)]

1 1
= |2e&1,...,2 —_— =281, ., — 2 E.1
6617 ) 5§N+1a N—|—1 5617 ’N+1 8€N+1 3 ( )
N+1 times -
N+1 times
where € = {£1,...,én11} € {0,1}VF! are unknown parameters. Therefore, to correctly

estimate the transition matrix M gl) (&), we only need to correctly estimate &.

By (E.1), we have P (Ngli = (),]\fs(l])\H_2 = 0) > (N/N+1)Y > 1/e > 1/3. Now we observe
that

sup [ 410 = MO)|oe > |10 — 10 (g)|
leA

Therefore,

Ry > inf sup IP’(
M) 5<1)€{0,1}(d/3)

310~ )| > <)

> inf sup P(
M@ §<1>E{0,1}(d/3>

. z l
i~ MO > eI 8 = 0.8, = 0)

x P (Ngi = 07Ns(,lj)v+2 = 0)

stig sp P <HM§Z> - Ms@(g)H >e|NY =08, =0).
3 v M ef0,1}@/3) 00 ' ’

We note that whenever € # ¢2) e {0,1}" 1!, we have HMSU)({(I)) — M (5(2))H = 2¢. For

any estimate MO of MS(Z)(O, define £* to be the & such that £* = arg ming HMS(Z) ) (€) H :

Then for £ # £* we have

2 = | MO() - MO (€)

s

<[t - a9]_+ e -

o

<2||m®e) - 0|

39



CLT orF CONTROLLED MARKOV CHAINS

Therefore, {€* # £} C {HMS(l) (&) — M HOO > 5} and R, can be further lower bounded by

L, * W _ o NO
R >3 inf _max P (¢ #¢IN =0, =0)

L. 3 (0 ©
=_inf max P({#E|N;;=0,N 0),
3 (6 £ Ng 1 s, N+2 )

where £ is any estimate of £* such that £ : (Xo,a0, ..., Xn,an) — {0, 1}VF1,

When N S(li =0 and N S(l])V 4o = 0, the estimate él is equivalent to choosing uniformly over

{0,1}. The ﬁrobability of choosing incorrectly is 1/2. We get as a consequence that,

L. 2 0 )
—inf m P(E£EINT=0,N =0) >
3 H’c‘} Se{o,f})fivﬂ (5 1N =0, N N2 ) =

| =

In conclusion,

R > —.
Therefore, for every e € (0,1/2(N+1)), there exists a controlled Markov chain such that it has
no estimator M® such that P (supleA (MO — MO > 6) < 1/e.

It follows that for any sequence b, — 0o, the event {bn SUpPg 1 ¢ M g - M g

— oo} has
probability at least 1/6. The conclusion follows. |

E.4 Proof of Proposition 4

Proof As Assumptions 1 and 2 hold, Theorem 1 holds. Then for any (s,l) € S x A, we
have the following Pearson’s chi-square test statistics

where d(,;) is the number of states ¢ such that M S(It) > 0. There are dk such chi-square
statistics in total.

Theorem 1 implies that the dk chi-square statistics are asymptotically independent. Then

(N(l) B N(l)M(Z)>2
S g) 2
XZ(SJ)ESXA d(s,y—dk’

@ 3,0
(s,))ESxALES N Mg,
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