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Abstract
Concentration and Sequential Decision Making in Markovian Environments
by
Vrettos Moulos
Doctor of Philosophy in Computer Science
and the Designated Emphasis in
Communication, Computation, and Statistics
University of California, Berkeley

Professor Satish Rao, Chair

In this dissertation we study concentration properties of Markov chains, and sequential
decision making problems which involve stochastic modeling with Markov chains.

We start by developing a simple yet powerful Hoeffding inequality for Markovian sums under
only the irreducibility assumption. To illustrate its usefulness we provide two applications in
multi-armed bandit problems. The first is about identifying an approximately best Marko-
vian arm, while the second is concerned with regret minimization in the context of Markovian
bandits, generalizing two well known algorithms from the i.i.d. case.

We proceed with the study of the concentration properties of a Lipschitz function applied
to a Markov chain, which form a generalization of Hoeffding’s inequality. In particular we
investigate a transportation problem that arises naturally when the martingale method is
applied. The so called bicausal optimal transport problem for Markov chains, is an optimal
transport formulation suitable for stochastic processes which takes into consideration the
accumulation of information as time evolves. Our analysis is based on a relation between
the transport problem and the theory of Markov decision processes. This way we are able to
derive necessary and sufficient conditions for optimality in the transport problem, as well as
an iterative algorithm, namely the value iteration, for the calculation of the transportation
cost. Additionally, we draw the connection with the classic theory on couplings for Markov
chains, and in particular with the notion of faithful couplings.

Next we focus on a finite-sample analysis of large deviation results for Markov chains. First
we study the exponential family of stochastic matrices, which serve as a change of measure,
and we develop conditions under which the asymptotic Perron-Frobenius eigenvector stays



strictly positive. This leads to a Chernoff bound which attains a constant prefactor and an
exponential decay with the optimal large deviations rate. Moreover, a finite-sample version
of the law of the iterated logarithm is derived, and a uniform multiplicative ergodic theorem
for the exponential family of tilted transition probability matrices is established.

On the applications side, we give a complete characterization of the sampling complexity of
best Markovian arm identification in one-parameter Markovian bandit models. We derive
instance specific nonasymptotic and asymptotic lower bounds which generalizing those of
the i.i.d. setting, and we analyze the Track-and-Stop strategy, proving that asymptotically
it is at most a factor of four apart from the lower bound.

We conclude with with an extension of the classic stochastic multi-armed bandit problem
which involves multiple plays and Markovian rewards in the rested bandits setting. In order
to tackle this problem we consider an adaptive allocation rule which at each stage combines
the information from the sample means of all the arms, with the Kullback-Leibler upper
confidence bound of a single arm which is selected in round-robin way. For rewards generated
from a one-parameter exponential family of Markov chains, we provide a finite-time upper
bound for the regret incurred from this adaptive allocation rule, which reveals the logarithmic
dependence of the regret on the time horizon, and which is asymptotically optimal. As a
byproduct of our analysis we also establish asymptotically optimal, finite-time guarantees
for the case of multiple plays, and i.i.d. rewards drawn from a one-parameter exponential
family of probability densities. Finally, we provide simulation results that illustrate that
calculating Kullback-Leibler upper confidence bounds in a round-robin way, is significantly
more efficient than calculating them for every arm at each round, and that the expected
regrets of those two approaches behave similarly.
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Chapter 1

Introduction

The goal of this dissertation is to develop tools that help the analysis of Markov chains
in the finite sample regime, those usually take the form of a concentration inequality, and
then utilize them in order to study sequential decision making problems in Markovian en-
vironments. In this introduction, we first briefly define what is a Markov chain, and we
present three limit theorems that drive our finite sample developments. We then introduce
the multi-armed bandits problem, and we describe the identification and the regret mini-
mization objectives with which we will be concerned. The introduction is by no means a
complete treatment of the theory of Markov chains, and multi-armed bandits - we merely
present some results that will motivate the chapters that follow. We conclude this chapter
by giving a general outline of the dissertation. Relevant literature can be found in the corre-
sponding chapters. The target audience of the presentation has a background in probability
and statistics at a graduate level.

1.1 Markov chains, limit theorems, and their
finite-sample counterparts

The main object of study in this dissertation is homogeneous Markov chains on a finite state
space S. That is a sequence of random variables {X,, },ez., taking values on S, which is
driven by an initial distribution, ¢, on S, and a transition probability matrix P : S x S —
[0, 1], so that the finite dimensional distributions are given, for every n € Zsq, by

P, (Xo =20, X5 = 21,..., Xy, = 2) = q(x0) P20, 1) - - - P(Tp—1, Tp). (1.1)

Through Kolmogorov’s extension theorem those finite dimensional distributions will define
a stochastic process. implies the Markov property which roughly speaking states that
the past and the future are conditionally independent given the present. More formally, for
all n € Z>(, we have that

Pq(Xn+1 = Tp+1 | Xn = Tp, ... ,Xo = .7)0) = Pq<Xn+1 = Tp+1 | Xn = In) = P(In,ﬂf”+1),
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for all xg,x1,..., 211 € S.

The Markov property extends to the strong Markov property which essentially allows us
to substitute the fixed deterministic n, with a random stopping time 7" with P, (7" < c0) =1
so that

Py(Xri1 =y | Xp =2, E) =Py(Xr =y | Xr =) = P(z,y),

forall x,;y € S and E € F(Xo,...,X7p_1).

Using the strong Markov property we can decompose a Markov chain in a sequence of
i.i.d. blocks plus some residuals, which allows us to port limit theorems from the i.i.d. case
to the Markovian case. In particular we define recursively the k-th return time to the initial
state as

To :()7
7 =inf{n >7m_1: X, = Xo}, for k > 1.

Those return times partition the Markov chain in a sequence {vj}rez., of i.i.d. random
blocks given by
Vr = (X

Te_is- - 7er—1) , for k> 1.
Let P be an irreducible transition probability matrix. Then the Markov chain possess
a unique stationary distribution 7. Let f : S — R be a real valued function on the state

space, and define the partial sums
Sp = f(Xo) + f(X1) + -+ f(Xn).

Let pig = Y cq f(z)m(x) be the stationary mean of the chain. We will be concerned with
the convergence properties of the centralized sums, S,, — nug, under various scalings.

Using the decomposition of a Markov chain in i.i.d. blocks, one can first establish a law
of large numbers for Markov chains.

Theorem 1 (Law of Large Numbers, Theorem 1.15.2 in [19]).

Sn = Ny a.s.
"—“So, asn — oo.
n

In this dissertation we utilize the theory of large deviations in order to give a Chernoff
bound for the probability of a Markovian sample mean deviating from the stationary mean.
Our bound captures an exponential decay with a tight rate as this is dictated by the asymp-
totic theory of large deviations, and prefactor which is constant with amount of deviation.
This bound serves as finite-sample product of and is presented in [Theorem 10}

The next important limit theorem that we will be concerned with is the central limit
theorem for Markov chains. In the Markovian case the variance that appears in the central
limit theorem is the stationary variance plus a sum of decaying covariances, and is given by
the following formula

05 = vara(f(X1)) + Y cova(f(X1), f(Xki1))-
k=

1
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Theorem 2 (Central Limit Theorem, Theorem 1.16.1 in [19]).

Sn — Nl 4
T — N(O,O'(Q))

In we develop a Hoeffding inequality for Markov chains, while requiring only
irreducibility, in contrast to other works which require aperiodicity as well. Our Hoeffding
inequality describes the Gaussian tails that the centralized Markovian sums exhibit, and so
it can be viewed as a finite-sample aspect of the central limit theorem for Markov chains. In
particular it gives a variance proxy through the hitting time quantities of the chain.

A further extension of Hoeffding’s inequality, and yet another manifestation of the central
limit theorem, is the bounded differences inequality. Here we study an optimal transport
problem which naturally arises when one applies the martingale method in order to derive
the bounded differences inequality for Markov chains. We relate this optimal transport
problem, with Markov decision processes, and using them we describe necessary and sufficient
conditions for optimality as well as a fixed point iteration to solve it.

The central limit theorem, [Theorem 2| implies that

. Sn — NUo a
lim sup ————

n—00 \/ﬁ

and if we compare this with law of large numbers, [I'heorem 1} it is natural to question what
is the scaling under which the centralized sums lie almost surely in a compact interval. The
answer to this question is given from the law of the iterated logarithm.

vl

o0,

Theorem 3 (Law of the Iterated Logarithm, Theorem 1.16.5 in [19]).

S,
lim sup ————— "\ /202.
P vnloglogn ‘0

n—oo

In we develop a finite sample deviation inequality in the spirit of [Theorem 3|

We use techniques from the theory of large deviations, an exponential martingale, and a
peeling argument dividing time in exponential epochs which is typical in law of iterated
logarithm type of proofs.

1.2 Multi armed bandits

From the application perspective in this dissertation we use Markov chains to model a
sequential decision making problem in unknown random environments. More precisely, we
consider the setting known under the conventional name of stochastic multi-armed bandit,
in reference to the gambling game. In the multi-armed bandit model, the emphasis is put
on focusing as quickly as possible on the best available options rather than on estimating
precisely the efficiency of each option. These options are referred to as arms, and each of
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them is associated with a stochastic process, with unknown statistics for the player. Arms
are indexed by a € {1,..., K} and associated with a stochastic process paremetrized by 6,
and governed by the probability law Py, . In our context the stochastic process are Markov
chains, parametrized by their stationary mean, which is unknown to the player. At each
time-step the player selects an arm and the corresponding Markov chain evolves by one time
step, and she observes this evolution through a reward function, while the Markov chains
for the rest of the arms stay frozen, i.e. we consider the rested bandits setting.

We study first the problem where the goal of the player is to identify, with some fixed
confidence ¢, the Markov chain with the largest stationary mean using as few samples as
possible. Our contribution is a lower bound on the sampling complexity, the derivation
of which involves the i.i.d. block structures that are inherent in Markov chains, as well
as a sampling algorithm which together with the lower bound characterize the sampling
complexity of the problem in the high confidence regime that 6 — 0.

An alternative objective is the one of regret minimization. There a time horizon T is
prescribed and the goal of the player is to select arms in such a way so as to make the
cumulative reward over the whole time horizon T as large as possible. For this task the
player is faced with an exploitation versus exploration dilemma. At each round she needs
to decide whether she is going to exploit the best arm according to the information that we
have gathered so far, or she is going to explore some other arms which do not seem to be so
rewarding, just in case that the rewards she have observed so far deviate significantly from
the expected rewards. The answer to this dilemma is usually coming by calculating indices
for the arms and ranking them according to those indices, which should incorporate both
information on how good an arm seems to be as well as on how many times it has been played
so far. Here we take an alternative approach were instead of calculating the indices for all the
arms at each round, we just calculate the index for a single arm in a round-robin way. We
provide a finite time analysis of our algorithm which matches the known lower bound, as well
as simulation results which illustrate that this round-robin scheme is computationally much
more efficient than other well known algorithms. A practical example of this Markovian
modeling involves a casino with slot-machines whose reward distribution is changing based
on the reward just observed. The casino in attempt to make more money is allowed in this
framework to change the reward distribution of an arm that just produced a high reward to
a stingy one.

1.3 Organization

e In we present Hoeffding’s inequality for Markov chains, which reveals its
Gaussian tails. Additionally, the bounded differences inequality for Markov chains
gives rise to an optimal transport problem, which is related to coupling, and solved via
the theory of Markov decision processes.

e In we take a large deviations perspective on Markov chains, we study expo-
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nential families of stochastic matrices, and using them we develop a Chernoff bound,
as well as a maximal deviation inequality related to the law of the iterated logarithm.

o In we investigate the problem of best Markovian arm identification with fixed
confidence, where we develop a lower bound, as well as an algorithm, which combined
characterize the sampling complexity of the problem.

e In we study the problem of regret minimization for Markovian bandits with
multiple plays. We give a finite-time analysis for a round-robin KL-UCB algorithm,
which is asymptotically optimal, and much more efficient than other KL-UCB type of
algorithms.

1.4 Bibliographic notes

The results in this dissertation ad based on the papers [73|, 74, 70, 72, [71]. In particular the
results in [74] are based on collaboration with Venkat Anantharam.



Chapter 2

Concentration inequalities and
transportation problems for Markov
chains

2.1 Introduction

Let {Xj}rez., be a Markov chain on a finite state space S, with initial distribution ¢, and
irreducible transition probability matrix P, governed by the probability law P,. Let m be
its stationary distribution, and f : S — [a,b] be a real-valued function on the state space.
Then the strong law of large numbers for Markov chains asserts that,

%Zf(Xk) Fazg E.[f(X1)], as n — oc.
k=1

Moreover, the central limit theorem for Markov chains provides a rate for this convergence,
1 n
Vi <‘ > f(X) - Ew[f(Xl)]) 4 N(0,0%), as n — oo,
n
k=1

where 0% = lim, o = var, (3;_; f(Xy)) is the limiting variance.

Those asymptotic results are insufficient in many applications which require finite-sample
estimates. One of the most important such application is the convergence of Markov chain
Monte Carlo (MCMC) approximation techniques [67], where a finite-sample estimate is
needed to bound the approximation error. Further applications include theoretical com-
puter science and the approximation of the permanent [47], as well as statistical learning
theory and multi-armed bandit problems [73].

Motivated by this discussion we provide in a finite-sample Hoeffding inequal-
ity for finite Markov chains. In the special case that the random variables {Xj}rez., are
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independent and identically distributed according to 7, Hoeffding’s classic inequality [44]

states that,
t2
P >t <2 -
- = £exp { 21/2} ’
2 _ 1

where v = {n(b—a)?. In Theorem {4 we develop a version of Hoeffding’s inequality for finite
state Markov chains. Our bound is very simple and easily computable, since it is based on
martingale techniques and it only involves hitting times of Markov chains which are very
well studied for many types of Markov chains [2]. It is worth mentioning that our bound is
based solely on irreducibility, and it does not make any extra assumptions like aperiodicity
or reversibility which prior works require.

There is a rich literature on finite-sample bounds for Markov chains. One of the earliest
works [23] uses counting and a generalization of the method of types, in order to derive
a Chernoff bound for Markov chains which are irreducible and aperiodic. An alternative
approach [92, |74, uses the theory of large deviations to derive sharper Chernoff bounds.
When reversibility is assumed, the transition probability matrix is symmetric with respect
to the space L?(r), which enables the use of matrix perturbation theory. This idea leads to
Hoeffding inequalities that involve the spectral gap of the Markov chain and was initiated
in [39]. Refinements of this bound were given in a series of works [26, 48, 60, [59, [68]. In 77,
81}, 34] a generalized spectral gap is introduced in order to obtain bounds even for a certain
class of irreversible Markov chains as long as they posses a strictly positive generalized
spectral gap. Information-theoretic ideas are used in [54] in order to derive a Hoeffding
inequality for Markov chains with general state spaces that satisfy Doeblin’s minorization
condition, which in the case of a finite state space can be written as,

dm€Z-yJyeSVreS: P"(x,y) > 0. (2.1)

n

> (f(Xk) —E[f(X1))

k=1

Of course there are irreducible transition probability matrices P for which fails, but if
we further assume aperiodicity, then is satisfied. Our approach uses Doob’s martingale
combined with Azuma’s inequality, and is probably closest related to the work in [40], where
a bound for Markov chains with general state spaces is established using Dynkin’s martingale.
But the result in [40] heavily relies on the Markov chains satisfying Doeblin’s condition .
A regeneration approach for uniformly ergodic Markov chains, where one splits the Markov
chain in i.i.d. blocks, and reduces the problem to the concentration of an i.i.d. process, can
be found in [2§].

Another line of research is related to the concentration of a function of n random variables
around its mean, under Markovian or other dependent structures. This was pioneered by the
works of Marton [63), |64, 66] who used the transportation-information method, and further
developed using the martingale method and coupling in [83, 65|, (17, 53, |77, 52]. In
we study the optimal transport problem arising in the study of concentration of measure for
Markov chains, from a causal/adaptive point of view.

We give some applications of our concentration results in where we study
two Markovian multi-armed bandit problems. The stochastic multi-armed bandits problem
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is a prototypical statistical learning problem that exhibits an exploration-exploitation trade-
off. One is given multiple options, referred to as arms, and each of them associated with a
probability distribution. The emphasis is put on focusing as quickly as possible on the best
available option, rather than estimating with high confidence the statistics of each option.
The cornerstone of this field is the pioneering work of Lai and Robbins [56]. Here we study
two variants of the multi-armed bandits problem where the probability distributions of the
arms form Markov chains. First we consider the task of identifying with some fixed confi-
dence an approximately best arm, and we use our bound to analyze the median elimination
algorithm, originally proposed in [33] for the case of i.i.d. bandits. Then we turn into the
problem of regret minimization for Markovian bandits, where we analyze the UCB algorithm
that was introduced in [5] for i.i.d. bandits. For a thorough introduction to multi-armed
bandits we refer the interested reader to the survey [15], and the books |58, [84].

2.2 A Hoeffding Inequality for Irreducible Finite
State Markov Chains

The central quantity that shows up in our Hoeffding inequality, and makes it differ from the
classical i.i.d. Hoeffding inequality, is the maximum hitting time of a Markov chain with an
irreducible transition probability matrix P. This is defined as,
HitT(P) = max E[T, | X; = 2,
z,yeSs
where T, = inf{n > 0 : X,,41 = y} is the number of transitions taken in order to visit state

y for the first time. HitT(P) is ensured to be finite due to irreducibility and the finiteness
of the state space.

Theorem 4. Let {Xk}kezzo be a Markov chain on a finite state space S, driven by an initial
distribution q, and an irreducible transition probability matrix P. Let f : S — [a,b] be a

real-valued function. Then, for any t > 0,
t2
>t] <2 -
) <ol ),

P, (
where v* = In(b — a)?HitT(P)2.
Proof. We define the sums S;,, = f(X;)+...+ f(X,,), for 1 <1 <m <n, and the filtration
Fo=0(0), Fr =0(Xy,...,Xy) for k =1,...,n. Then {E(S1, | Fr) — E(S1,n | Fo)}i_g, is
a zero mean martingale with respect to {Fj}7_,, and let Ay = E(Sy,, | Fi) —E(S1, | Fi-1),
for k =1,...,n, be the martingale differences.

We first note the following bounds on the martingale differences,

n

D (X)) = B [f(X0)])

k=1

min E(Sy, | Fio1, Xk =y) — E(S1 | Fi1) < Ag,

yes
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and
A < max E(S1n | Feo1, Xp =) = E(S15 | Feo1)-
Therefore, in order to bound the variation of A it suffices to control,
max E(Sy, | Fr—1, Xg = ) —min E(Sy, | Fro1, Xk =)
eSS yeS
= max {E[Syn | Xi = 2] — B[Sk | X =y}
= max {E[Sl,nfk+1 ’ X = ZC] - E[Sl,nfk+1 ’ X = y]},

T,yeS

where in the first equality we used the Markov property, and in the second the time-
homogeneity.
We now use a hitting time argument. Observe the following pointwise statements,

Stnkt1 S Tyb+ Styv1n-kt1, STyrin—kr1 + Tya < S7,01.7 40—kt 1,
from which we deduce that,
Stm—t1 < Ty(b—a) + Sty41,1,+n—k+1-
Taking E[- | X; = z]-expectations, and using the strong Markov property we obtain,
ElSin—k+1 | X1 =2] < (b—a)E[T}, | X1 = 2] + E[S1—41 | X1 =y].
Therefore,

max {E[S1n i1 | X1 = 2] —E[S1n w1 | X1 = 9]} < (b— a)HitT(P).

z,yeS

With this in our possession we apply Hoeffding’s lemma, see for instance Lemma 2.3 in [25],
in order to get,

2n N2 2 2.2
E (egAk | J—"k—l) < exp {9 (b a’) HltT(P) } = exp {92—1/} , for all § € R.
n

8

Using Markov’s inequality, and successive conditioning we obtain that for 6 > 0,

P (Zn: (f(Xi) — Eq [f(Xy)]) = t) <e R [60(22:1 Ak)]
= B [E (] F) (T 2]

< exp {—Ht + 021/ }]E [69(22;11 Ak)}
n

621/?
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Plugging in 6 = t/v?, we see that,

P (Z (F(X0) ~ B, [F(X) 2 t) <ew{-gs .

k=1
The conclusion follows by combining the inequality above for f and —f. m
Ezample 1. Consider a two-state Markov chain with S = {0, 1} and P(0,1) = p, P(1,0) = r,
with p,r € (0, 1]. Then,

HitT(P) = max{E[Geometric(p)], E[Geometric(r)]} = 1/ min{p, r},
and Theorem [4] takes the form,

|

Ezample 2. Consider the random walk on the m-cycle with state space S = {0,1,...,m —
1}, and transition probability matrix P(z,y) = (I{y = + 1 (mod m)} + {y = =z — 1
(mod m)})/2. If m is odd, then the Markov chain is aperiodic, while if m is even, then the
Markov chain has period 2. Then,
HitT(P) = max E[T, | X1 =0] = max y(m —y) = |m?/4],
ye

ye

n

> (F(X0) —Eg [f(Xe)])

k=1

2 min{p?, r2}t?
275) §2exp{— n(b{—a)2} .

and Theorem [4] takes the form,

Y ( - t) <200~ s

Remark 1. Observe that the technique used to establish Theorem H| is limited to Markov
chains with a finite state space S. Indeed, if {X}}rez., is a Markov chain on a countably
infinite state space S with an irreducible and positive recurrent transition probability matrix
P and a stationary distribution 7, then we claim that,

n

> (F(X0) — B [F (X))

k=1

1
—— <1+sup E[T, | X; =z], forally € S,
7T(y) €S

from which it follows that sup, ¢ E[T, | X1 = z] = 00, due to the fact that ) _o7(y) =1
and S is countably infinite. The aforementioned inequality can be established as follows.

1
—— =E[inf{n >1: X,+, = X, =
7r(y) [111 {n = +1 y} | 1 y]
= ZE[inf{n >1: X =y} | Xo=2|P(y,2)
z€es
<sup E[inf{n > 1: X,,;1 =y} | Xo = 7]
z€S

=1+sup E[T, | X; = z].

€S
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Moreover, through Theorem 4| we can obtain a concentration inequality for sums of a
function evaluated on the transitions of a Markov chain. In particular, let

S® = {(z,y) € S x S: P(z,y) > 0}.
On the state space S define the transition probability matrix,
PP ((x,y), (z,w)) = Hy = 2} P(y,w), for (z,y),(z,w) € S?.

It is straightforward to verify that the fact that P is irreducible, implies that P® is irre-
ducible as well. This readily gives the following theorem.

Theorem 5. Let { Xy }rez., be a Markov chain on a finite state space S, driven by an initial
distribution q, and an irreducible transition probability matriz P. Let f? : S® — [a,b] be a
real-valued function evaluated on the transitions of the Markov chain. Then, for any t > 0,

t?
P >t <2 -
| ) <ae- L)

where v* = in(b— a)?HitT (P(Q))2.

Corollary 1. When the Markov chain is initialized with its stationary distribution, 7, The-
orem [f| and Theorem [3 give the following nonasymptotic versions of the weak law of large
numbers for irreducible Markov chains. For any € > 0,

P >el <2 2ne”
g =) =PV - o)2HiT(P)2 [
and,

15~ 0 _ (@) N 2ne?
b ( n ,;f (K i) =B [£5(X0, X)) 2 6) = QGXP{ (b — a)?HitT (P(z))Q}'

2.3 Optimal transport for Markov chains

n

> (O Xk, Xpr) — By [fO (X, Xigr)])

k=1

Y ) ~ B ()

In this section we study the bicausal optimal transport problem for Markov chains, an optimal
transport formulation suitable for stochastic processes which takes into consideration the
accumulation of information as time evolves. Our analysis is based on a relation between
the transport problem and the theory of Markov decision processes. This way we are able to
derive necessary and sufficient conditions for optimality in the transport problem, as well as
an iterative algorithm, namely the value iteration, for the calculation of the transportation
cost. Additionally, we draw the connection with the classic theory on couplings for Markov
chains, and in particular with the notion of faithful couplings. Finally, we illustrate how the
transportation cost appears naturally in the study of concentration of measure for Markov
chains.
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2.3.1 Problem setting

Let S be a finite set equipped with the discrete topology, and let S be the corresponding Borel
o-field which in this case is the set of all subsets of S. Let S°° be the countable infinite product
space, equipped with the product topology, and let S be the corresponding Borel o-field.
Let X = (X%)52,, X' = (X})72, be two discrete time stochastic processes on the measurable
space (5%, 8%), governed by the probability laws pu, ' respectively. By a coupling of X, X’
we mean a pair of stochastic processes (X, X’), on the measurable space (5™ x 5%, S*R5%),
governed by a probability law 7 such that (-, %) = u, and v(5%, ) = y/. Denote the set
of all couplings of u, i’ by

D(p, ) = {y € P(S* x 5%) 1 4(-,5%) = p, v(5,-) = p'},

where P(S x S%°) denotes the set of all probability laws on (S x S, 8% ® §).
Let ¢ : S x 8% — [0,00] be a §* ® S*®-measurable cost function, which has the
following additive form

c(x,x') = Bre(r, y), (2.2)

for some 5 € (0,1], and some ¢ : S x S — [0,00). In particular, it will be of special interest
the case that the cost function c is the metric

o0

dB(X’ X/) = Zﬁkl{xk’ # $;C}, (23)

k=0

which for 5 € (0,1) induces the product topology on S*°. In a typical optimal transport
problem, see for instance the book of [90], we are interested in finding a coupling v which
minimizes the cost function ¢ according to the following cost criterion

W) = inf / o(x, %)y (dx, dx). (2.4)
YEL (p,pt")

Such a formulation might be inadequate in the context of stochastic processes, as the
evolution over time matters, and has to be accounted. In the context of finite horizon
processes the works of |78, [79] recognize this and introduce the nested distance which takes
into consideration the filtrations. They are motivated by applications of the nested distance
for scenario reduction in the context of multistage stochastic optimization. See also the
work of [6] for an application of the nested distance to stability in mathematical finance.
The metric and topological properties of the nested distance has been recently studied in [7].
A generalization of the nested distance is the causal optimal transport problem introduced
by [57] and further developed by [8] where a dynamic programming principle is developed as
well. All those works deal in great generality with processes of finite horizon. In this thesis
we study the bicausal optimal transport problem for Markov chains over an infinite horizon,
drawing motivation by the classic theory of couplings for Markov chains where one might
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naturally seek for an adapted coupling, i.e. one that cannot see into the future, that couples
two chains as fast as possible.

To introduce the bicausal optimal transport problem we first note that any probability
law v can be factorized, for every n, as

v((dzg, . .., dzy,), (dzg, . . ., dx)))

2.5
= y(dzo, dxy)y(day, dxy | zo, zg) - - - Y(dTn, dx), | oy ... X1, T0s - X0 _1), (2:5)

where v(- | o, ..., Zk_1, L}, . . ., 2} _,) denotes the conditional probability law of ((X),, (X))
given that X, = zo,..., X4y = 241, X, = x),..., X, _, = x,_,. In this work we are
interested in couplings v which are bicausal, in the sense that for every n, ~(dz,,S |
TOy ey Tty Ty ooy T q) = p(dxy, | Ty .oy Tpo1), and y(S, dal, | ko, ..oy Tpo1, Xy, - oy 1) =
w(da!, | zy, ... 2l ;). We denote the set of all bicausal couplings of p, ' by

/

/ —
Tuc(i, 1) = {7 e (57 x §%) ¢ I BT T T ) =l | o, ) } |

v(S,dxl, | Toy .oy T, XYy Ty _y) = p(dXl | xg, .2l y)

Due to the factorization ({2.5)) it is clear that T'pe(p, ') € I'(u, p). Additionally, the product
measure 4 ® ' € Tp.(p, 1), hence none of those sets is empty. The corresponding bicausal
optimal transport problem can be written as

Wie(p, p') = inf /c(x,x')v(dx, dx’). (2.6)
YET pe (p,1t')
The bicausal optimal transport problem (2.6) is particular interesting in the case that
w, ' are Markovian laws, ie. (Xj)32,, (X})52, are Markov chains. For the rest of this
chapter we assume that there are initial states xg, z, € S, and transition probability kernels
P, P : S %8 —[0,1] such that for every n

M({flf()}, dwla s 7dxn) = P(an dxl)P<xla dI’g) e P<xn—1a dxn)?
//({‘rg}’ d'rllv SR ’d'r,n) = Pl(x67 dx/1>Pl(x/17 dx,Q) e P,<x,n—17 dx, >’

n

and we write
u = Markov(xg, P), p' = Markov(xy, P').

We note that using two fixed initial states xg, z, is as general as considering arbitrary initial
distributions, since xg,z{ can be thought of as auxiliary states inducing arbitrary initial
distributions, P(xy,-), P(xy, ) to X1, X respectively. For extra clarity we rewrite (2.6|) as

Wi (Markov(zg, P), Markov(zg, P')) = inf /c(x,x’)fy(dx, dx’).

’yEFbC(Markov(:po,P),Markov(z(’),P’))
(2.7)
We study the transportation problem in [Subsection 2.3.3| under the lens of dynamic
programming, where we develop optimality conditions, as well as an iterative procedure,
namely the value iteration, that solves the transportation problem.
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Motivation In the special case that P = P’, and the cost function c is the metric dg
given in ([2.3)), the transportation problem ([2.4)) can be solved explicitly by works on maximal
coupling from [42, 80, [41]. In particular

W (Markov(zg, P), Markov(z;, P 25k |Pk Pk (5, - HTV’

where || - ||7v stands for half the total variation norm of a signed measure.

When [ = 1 the transportation problem reduces to finding a coupling of two
different initializations of the same Markov chain that couples them in the smallest expected
time. By introducing the coupling time

T = inf {nZO:Xn:X;L},
the transportation problem ([2.4) can be written as

W (Markov(zg, P), Markov(zg, P)) = inf EY[T]. (2.8)
'yEI‘(Markov(a:Q,P),Markov(:v6,P)>

This transportation problem is particularly important because it directly leads to a bounded
differences concentration inequality for Markov chains as we discuss in [Section 2.4}

The maximal coupling of [80], works on the space-time plane by first simulating the
meeting point, and then constructing the forward and backward chains. As such the coupling
‘cheats’ by looking into the future. [82] initiates the discussion of faithful couplings that do
not look into the future, motivated by the fact that such couplings automatically posses the
‘now equals forever’ property which roughly speaking says that the two chains becoming
equal at a single time is equivalent to having them remain equal for all future times. It is
the bicausal version of the transportation problem

Wie((Markov(xg, P), Markov(zy, P'))) = inf EY 1], (2.9)

’yEFbc((Markov(mo ,P),Markov(mé),P’)))

that seeks for faithful couplings, that do not look into the future, and minimize the ex-
pected coupling time. In [Subsection 2.3.4] we provide necessary and sufficient conditions for
optimality at the transportation problem , as well as a discussion about properties of
optimal couplings.

2.3.2 Markovian Couplings

Among the set of all bicausal couplings, I'y. (Markov(zg, P), Markov(zg, P')), it suffices
to turn our attention to Markovian couplings when considering the transportation prob-
lem ([2.6). We will establish this in [Subsection 2.3.3| as a consequence of the dynamic pro-
gramming theory. A Markovian coupling of Markov(zg, P), Markov(z(, P’) is specified by
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a transition kernel @ : (S x S) x (§® S) — [0, 1] such that Q((z,2),(-,5)) = P(z,-), and
Q((z,2"),(S,-)) = P'(2',-). We denote the set of all such transition kernels by

FM(Pv P,) = {Q : Q((Q],ZE,), (75)) = P<I7 ')7 Q((QI,ZE,), (57 )) = P,<JI/, )}

The corresponding Markovian coupling is given, for every n, by

A({2o} - dan), (Lahhs . dal)) = Q((o, @), (dar, dah)) - Q((wn 1, @), (A, ).
(2.10)
We note that any Markovian coupling is bicausal.
We now present some basic examples of Markovian couplings, for the case of a single
Markov chain P = P’, which have been used extensively in the coupling literature, see for
instance the book [89).

Ezample 3. The classic coupling, initially introduced by Doeblin in order to establish the
convergence theorem for Markov chains, asserts that X,, and X evolve independently until
they reach a common state for the first time, and afterwards they move identically.

P(z,y)P(2,y), ifx#a,
chassic((lfyx/)y (y, y,)) - P(I, y), ifx= .I/, and Yy = y/, (211)
0, otherwise,

Example 4. A variant of the classic coupling asserts that X, and X;l evolve independently
at all times, and this independent coupling can be used as well to establish the convergence
theorem for Markov chains.

Qind((il:; :C/), (y, y/)) = P(Q?, y>P<x/> y/)> (2'12>

In both the classic and the independent coupling it is apparent that if we seek for a
Markovian coupling that minimizes some cost criterion, e.g. attaining coupling at the small-
est expected time, then the independent movement can be wasteful. Instead, one should
coordinate the movement of the two copies in a way that optimizes the objective under
consideration. A first such attempt is the following coupling attributed to Wasserstein.

Example 5. Given that X,_1 =z and X;L_l = 2/, the Wassertstein coupling makes X, and
X agree with as great probability as possible (which is 1 — || P(z, ) — P(2/,)|lrv), and then
given that they differ they are made conditionally independent.

(0, if v =2/, and y # v/,
P(z,y), ifr =2, and y =9/,
Qw((z,2'),(y,y)) = { Pz, y) A Pz’ y), if v #2', and y =y,
0, if v #2', y#y, and |P(z,-) — P(2,")||rv = 0,
| Lea=PE ) PN PEs. gy £ of, y £y, and ||P(z, ) — P(/,)lrv 40,
(2.13)

where a A b = min(a,b), at = —((—a) A0), and a~ = a A 0.
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Making X, and X{l agree with as great probability as possible is a good first step towards
a Markovian coupling with the smallest expected coupling time, although it might be too
greedy of a choice and the conditional independence assertion surely leaves more room for
improvements. It is the objective of this section to provide a characterization of optimal
Markovian couplings using the theory of dynamic programming.

2.3.3 Bicausal optimal transport for Markov chains via dynamic
programming

We start by illustrating that the bicasual transport problem for Markov chains can be
viewed as an instance of infinite horizon dynamic programming. When 5 € (0,1) we have
an instance of discounted dynamic programming, initially studied by [12], while when 5 =1
we have an instance of negative dynamic programming, initially studied by [85]. For two
Markov chains Markov(zg, P), Markov(zj, P’) on the same state space (S5,S), and for the
bicausal optimal transport problem between them, the associated underlying Markov
decision process is given by the tuple ((S x S, S ® S), (A,.A),U, q, 5, c) where:

e (Sx5,8®S8) stands for the state space of the Markov decision process.

(A, A) is the action space, where A = P(S x 5) is the set of all probability distributions
on S x S equipped with the subspace topology induced from the standard topology on
RI9*51 and A stands for the corresponding Borel o-field.

o U(zx,2') ={a€ A:a(-,5) = P(z,-), a(S,-) = P'(«,-)} is the set of all allowable ac-
tions at state (x,z’), i.e. all the probability distributions on S x S which respect the
coupling constraints.

e g(- | (z,2"),a) = a is the distribution of the state next visited by the Markov decision
process if the system is currently in state (x,z’) and action a € U(z,2’) is taken.

e 5 € (0,1] is the discount factor.
e ¢c:S x5 —[0,00) is the cost function.

A policy is a bicausal coupling p € T'pe(Markov(zg, P), Markov(zy, P')), and it can be de-
composed as a sequence of conditional distributions as in so that if the coupling p is
used, and up to time n we observe the trajectory xo, ..., T,, zj, ..., 2, then the action taken
at time n is p(- | zo, ..., xn, 2y, . .., ) which is also the distribution of the state visited by
the Markov decision process at time n + 1. As it turns out there exists an optimal coupling
for which the conditional distributions do not depend on the whole trajectory but just on the
current state, i.e. there exists an optimal coupling which is Markovian in the sense of .

We proceed with the definition of some typical operators from the dynamic programming

literature. Let F' be the set of all extended real valued functions V' : S x S — [0, 00]. For
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Q € I'yy(P, P') define the operator Ty : F' — F by

To(V)(.2') = el + 5 [ Qo ), (dysdy) V(s )
which we may also write in functional notation as
To(V) =c+ BQV.

Additionally, define the Bellman operator T : F' — F' by

T(V)(z,2') = oz,') +  _in / a(dy, dy' )V (3,9,

acU(z,z’)
or in functional notation as

T(V) = inf V.
(V) c+ﬁ@gﬁmp)Q

We note that when 5 € (0,1) the Bellman operator T is a [-contraction with respect
to the sup-norm on F', and when § = 1 the Bellman operator 7T is an increasing map-
ping. In the following theorem we summarize the main results from this dynamic pro-
gramming interpretation of the bicausal optimal transport problem between two Markov
chains . As it is typical in dynamic programming we consider the transportation cost
Wy (Markov(zg, P), Markov(xy, P')) as a function Wy, : S x S — [0, 00] of the initializations
of the two Markov chains, and we write Wp.(zo, }) for the optimal cost.

Theorem 6.

1. The transportation cost Wy, is a solution to the fized point equation V-=T(V). When
B € (0,1) it is the unique solution, while when B =1 if V>0 and V = T (V) then
V > We.

2. The transportation cost Wy, can be calculated via the fized point iteration

Yo =9, (2.14)
Vi =T(Viey), k=1,2,...,

If B € (0,1), then |[Vi — Wiclloo < B¥[[Wielloo, and thus Vi, — Wy as k — oo at a linear
rate. If 8 =1, then the convergence is monotonic, Vi, T Wy, as k — oo.

3. There exists an optimal Markovian coupling.

4. @Q 1is an optimal Markovian coupling if and only if To(Wy.) = Wh.
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Proof. When g € (0, 1) parts 1, 2 and 4 follow from Proposition 1 in [11]. When 8 = 1 parts
1 and 3 follows from Propositions 5 and 7 in [11].
For the rest we need to note that for every x,2" € S, A € [0, 00) and k, the set

Ur((2,2"),A) = {a € Ulz,2') : ez, ) +ﬁ/a(dy,dy’)Vk(y,y’) < A} ,

is compact as the intersection of the compact set U(x,z’), with a closed half-space.
Then for 5 € (0, 1) part 3 follows from Proposition 14 in [11], and for 8 = 1 parts 2 and
3 follow from Proposition 12 in [11]. O

We note that due to the special structure of U(x,z’), it is a convex polytope arising
from the intersection of a probability simplex with an affine space, the value iteration ([2.14))
proceeds by solving at each iteration a linear program. Thus the value iteration in
this case can be thought as sequence of finite dimensional linear programs approximating the
bicausal optimal transport cost Wj. which in is formulated as an infinite dimensional
linear program.

2.3.4 Coupling of Markov chains in minimum expected time

In this section we specialize the bicausal optimal transport for Markov chains to the case
that we have a single irreducible and aperiodic transition kernel P, and the cost function
c is the metric d;. So essentially we are solving for the bicausal coupling that couples two
Markov chains with different initializations and the same transition kernel in the smallest
expected time

Wie(Markov(xg, P), Markov(zg, P)) = inf /dl(x, x')y(dx, dx)

’YGFbC(Markov(xo,P),Markov(:cg,P’))
= inf E” [T].
’yEFbc((Markov(:co,P),Markov(x6,P/)))

Although in the general framework of negative dynamic programming the fixed point equa-
tion V' = T(V') is only a necessary condition for optimality, in our specialized setting we
can establish that it is also sufficient, giving thus a complete set of necessary and sufficient
conditions for both the optimal cost Wj,., and the optimal Markovian coupling Q).

Theorem 7. W, is the unique solution of the equations
0<V<oo, V=TV), and V(z,z)=0 forzeSb. (2.15)

Proof. We already know from that Wy, = T(W.). Using the classic Markovian
coupling, (2.11)) we see that Wy.(z,z) = 0 for all x € S. Using the independent Markovian
coupling, (2.12]), which induces an irreducible Markov chain on S x S we see that

Whe(z,2") < min E%%[T(y’y)] < oo, forallz,2’ €S.
ye ’
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Let V : S — [0,00) be any function satisfying equations ([2.15)). Let @ be a Markovian
coupling such that W, = ¢ + QWy.. Then

—_

n—

V=TWV)<c+QV=c+QT(V)<c+Qc+Q*V<---<Y Qc+Q"V. (2.16)
0

£
Il

By definition of () we have that
Wie = Y QFc, (2.17)
k=0

and since Wy, < oo we see that lim, .., Q"c = 0. We clearly have that ¢ < V| and because
c(z,2’) =0 = V(z,2') =0, we obtain that ¢ <V < [|[V]|sc. Since V' < oo we deduce that

lim Q"V = 0. (2.18)
n—oo
Combining (2.16)), (2.17)), and (2.18]) we obtain that V' < W, and because from
Whe is the minimal fixed point we deduce that V' = W,. O

Next we dig in some properties of an optimal Markovian coupling. In particular, we show
that an optimal Markovian coupling enjoys the ‘sticky’ property of the classic coupling ,
i.e. under an optimal Markovian coupling the two chains evolve in the same way as soon as
they meet.

Lemma 1. Any optimal Markovian coupling Q) sticks to the diagonal as soon as it hits it,
1.€.

Q(z,2), (y,9") = H{y = y'} Pz, y).

Proof. Fix an optimal Markovian coupling ). From it satisfies the equation
¢+ QWi = Wi,
and so in particular
[ @)y, d)Welo') =0

Since for y # ¢/, Wie(y,y') > 1 we have that Q((z,x), (y,vy’)) = 0. Then it follows from the
coupling constraint that Q((z, z), (v,y)) = P(x,y). O

Additionally, we show that for two state chains the Wasserstein coupling (2.13]) is the
only optimal Markovian coupling.

Lemma 2. When |S| = 2 there is a unique optimal Markovian coupling which is precisely

the Wasserstein coupling (2.13)).



CHAPTER 2. CONCENTRATION INEQUALITIES AND TRANSPORTATION
PROBLEMS FOR MARKOV CHAINS 20

Proof. Let S = {x,2'}. Due to symmetry we have that that Wy.(z,2") = Wy.(2/, x), and in
addition Wy.(z,z) = Wpe(z',2') = 0. So from we get that
Wie(z,2') =1+ min (1 —a(z,z) — a2, 2"))Whe(z, 2"). (2.19)

acU(z,x’)

It is clear that in the minimization in (2.19) we need to make a(z,x), and a(a’,2") as large
as possible. Due to the coupling constraint, a € U(x, 2’), those largest values are

a(z,z) = P(x,x) AN P(2',z), and a(2',2") = P(z,2") N P(2,2).
Then from the coupling constraints there are unique corresponding values for a(z,z’), and
a(z’,x). In particular
a(z,z') = (P(z,z) — P(2',2))* = (P(2',2') — P(z,2"))",
a(z',z) = (P(2',2) — P(x,x))*
We further note that
|P(z,-) = P(z',)llrv = [Pz, x) — P(, 2)| = |[P(a', 2) — P(z,27)].

Hence in conjunction with we conclude that there exists a unique optimal Marko-
vian coupling and this is the Wassertstein coupling .

Moreover, we have closed form expressions for both the non-causal and the bicausal
optimal transport costs

I
—
B,
—

8
H\
~—

|
e,
—~
E%\
+

(@', z)| 1

(@,2) 1—[[P(z,) — P, v
1

"1 [[P(x,) = P(@, )y

Wiz, z') =

=
=
H\

|
0|

< Whe(z, 2)

]

Finally, we give an easy upper bound on the bicausal optimal transport cost for contrac-
tive Markov chains.

Lemma 3. Let 6(P) = max, yes ||P(z,-)—P(2',-)||rv be the Doeblin-Dobrushin contraction
coefficient, and assume that §(P) < 1. Then

1
Wc o) < ——-

Proof. By definition W, (zo, z() is upper bounded by the cost incurred when the Wasserstein
coupling (2.13)) is used. Under the Wasserstein coupling, Qy, the probability that we hit the
diagonal in one step from state (z,2') is 1 — || P(z, ) — P(2/,-)||rv. Thus d;(X,X’) under
the Markovian coupling induced by Qw is stochastically dominated by Geometric(1 —d(P)),
and thus

Wie(2o, ) < BV [dy (X, X)] <

= B(ao,zp) for any xo,z € S.

1-0(P)’
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2.4 Concentration of measure for Markov chains

In this section we demonstrate how the transportation cost shows up naturally when
one studies concentration of measure for Markov chains. This was first observed in the works
of [63, 64] about contracting Markov chains, and thereafter greatly generalized for classes of
dependent random processes in terms of various mixing coefficients using the transportation-
information method [66, |65 [83]. |17] uses the martingale method combined with maximal
coupling to derive concentration for dependent processes, while [53] uses the martingale
method and a linear programming inequality for the same task. For the Markovian case |77]
using the martingale method establishes a concentration inequality that involves the mixing

time of the chain.
Let f : S™ — R be a functions which is 1-Lipschitz with respect to the Hamming distance

n
fxy, .o mn) — f(2, ... ) §Zf{xk7éx;}, for zy,...,x,,2),..., 2], €S.
k=1

Let X ~ Markov(zg, P), where P is an irreducible and aperiodic transition kernel. We
would like to study the deviation of the random variable f(Xi,...,X,) from its mean
Efo [f(Xy,...,X,)]. The typical approach to do so is the martingale method. For k =
0,...,n we define the martingale

Zy =KL (f( X1, .., Xo)| X1, oo, Xp) s
and for £ =1,...,n we define the martingale differences
Ak = Zk — Zk—l'

Then the quantity of which we want to control the deviations can be written as a telescoping
sum of the martingale differences

FOXt, o X)) —ED [f(X0. . X = YA
k=1

and it suffices to control the range of the martingale differences. For this we note that

min {EL (f(X1,.... X)) X0, X =2} —ED (f( X1y, Xo)| X1, oo, Xom1) < Ay,

and that
Ak < I:IcleaJSX {Efo (f(Xb R 7Xn)|X17 s 7Xk - l’)} - Ef@ (f(X17 R JXn)|X17 R 7Xk—1) .

Thus in order to bound the length of the range of the martingale difference, we just need to
bound

max {Efo (f(X1,..., X)|X1,..., X =2) —Efjo (f( Xy, X)X, Xy =2) )
(2.20)
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Fix zq,...,25_1,2,2" € S, and a coupling v € T'(u(- | @1, ..., 261, 2), pu(- | 21, ..., 2k_1,2")),
where u = Markov(xg, P). Then

Efo (f(Xl, Ce ,Xn>|X1 = T1,... ;Xk—l = xk:—lan = I‘) —
Efo (f(Xh .. 7Xn>|X1 =T, .., Xjo1 = Tp—1, X = I/)

= E7 |:f(32‘1, C.e ,Qlkfl,Xk, C. ,Xn) — f(xl, e ,ZL’kfl,Xllg, ce ,X;l)]

<E’ <E’

YOI £ X))
i=k

i=k

where we used the Lipschitz condition for f. Thus minimizing over the coupling v we obtain
that

Efjo (f(X1,.. ., X)|X1,..., Xp =2) —Efo (f( X1, .., X)|Xe,.. ., Xp=2") < W(x,2).

All in all, we can bound the length of the range of the martingale difference Ay by ||W||c-
Then using the standard martingale method one can obtain the concentration inequality

PL (| f(X1, .. X)) —ED[f(X, .., X)) 2 t) < 2exp {—2—t2} : (2.21)

nl|W1i3,

For a full derivation of a concentration inequality which works in more general dependent
settings, than just Markovian dependence, the interested reader is refereed to Theorem 1
in [17] which uses the martingale method together with maximal coupling, and to Theorem
1.1 of [53] which uses a linear programming inequality instead of a coupling argument. The
linear programming inequality that appears in [53] actually also corresponds to maximal
coupling, as it has been observed in [52]. Additionally, we note that if the Markov chain is
periodic and thus coupling techniques are not any more applicable one can still bound ,
in the special case that the function f is additive, by using hitting time arguments as it is
done in [70].

Clearly ||[Wlleo < ||[Whelloo, and thus replacing ||[W || with ||[Wpe|/oo in results in
a weaker inequality, although in this way the variance proxy |[Wj.||2, has the following
interpretation: let @) be an optimal Markovian coupling, then Wj.(z, ") corresponds to the
expected time to hit diagonal when we start from (z,2’) and we transition according @,
thus the variance proxy is the squared expected time required to hit the diagonal when the
least favorite initialization is used. Additionally, when the transition kernel is contracting,

d(P) < 1, we can apply and further replace |[Wy.||s by 1/(1 —0(P)), which results
in a specialized version of Theorem 1.2 in [53].
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2.5 Applications to Markovian multiarmed bandits

2.5.1 Setup

There are K > 2 arms, and each arm a € [K]| = {1,..., K} is associated with a parameter
0, € R which uniquely encode{-] an irreducible transition probability matrix Fy,. We will
denote the overall parameter configuration of all K arms with 8 = (0y,...,0x) € RE. Arm
a evolves according to the stationary Markov chain, {X?},cz_,, driven by the irreducible
transition probability matrix Py, which has a unique stationary distribution 7y, , so that
X{ ~ mp,. There is a common reward function f : S — [c,d] which generates the reward
process {Y} ez, = {f(X2)}nez.,- The reward process, in general, is not going to be a
Markov chain, unless f is injective, and it will have more complicated dependencies than the
underlying Markov chain. Each time that we select arm a, this arm evolves by one transition
and we observe the corresponding sample from the reward process {Y,?},ez.,, while all the
other arms stay rested.

The stationary reward of arm a is p(0,) = > oo f(2)mg, (z). Let p*(0) = maxqe(x) 14(6a)
be the maximum stationary mean, and for simplicity assume that there exists a unique arm,
a*(@), attaining this maximum stationary mean, i.e. {a*(0)} = argmax,c(x 1(fs). In the
following sections we will consider two objectives: identifying an € best arm with some fixed
confidence level § using as few samples as possible, and minimizing the expected regret given
some fixed time horizon T

2.5.2 Approximate Best Arm Identification

In the approximate best arm identification problem, we are given an approximation accuracy
e > 0, and a confidence level 4 € (0,1). Our goal is to come up with an adaptive algorithm
A which collects a total of N samples, and returns an arm a that is within € from the best
arm, a*(@), with probability at least 1 — 0, i.e.

Py'(1*(8) = (ba) +¢) < 6.

Such an algorithm is called (¢,6)-PAC (probably approximately correct).

In [62] a lower bound for the sample complexity of any (¢, 0)-PAC algorithm is derived.
The lower bound states that no matter the (e, 0)-PAC algorithm A, there exists an instance
0 such that the sample complexity is at least,

K. 1
Ez'[N] = Q (6—210g 5) :

A matching upper bound is provided for i.i.d. bandits in [33] in the form of the me-
dian elimination algorithm. We demonstrate the usefulness of our Hoeffding inequality, by
providing an analysis of the median elimination algorithm in the more general setting of
Markovian bandits.

IR and the set of |S| x |S| irreducible transition probability matrices have the same cardinality, and
hence there is a bijection between them.



CHAPTER 2. CONCENTRATION INEQUALITIES AND TRANSPORTATION
PROBLEMS FOR MARKOV CHAINS 24

Algorithm 1: The g-Median-Elimination algorithm.
Parameters: number of arms K > 2, approzimation accuracy € > 0, confidence
level 6 € (0,1), parameter f3;
r=1, A, =[K]|, ¢ =¢€/4, §, =§/2;
while |A,| > 2 do
N, = k—f log %-‘;
Sample each arm in A, for N, times;
For a € A, calculate Y,[r] = N% Sy
m, = median ((Y,[r])aca, );
Pick A, such that:

o [Arn| = [1A:]/2];

€ry1 = 361“/47 6T+1 = 67"/27 r=r+1
end
return a, where A, = {a};

Theorem 8. If > 1(d—c)? max,e(x Hit T(Py, )? then, the f-Median-Elimination algorithm
is (€,0)-PAC, and its sample complezity is upper bounded by O (g log %)

Proof. The total number of sampling rounds is at most [log, K], and we can set them equal
to [logy, K| by setting A, = {a}, for r > Ry, where Ag, = {a}. Fixr € {1,...,[log, K|}.
We claim that,

pS—ME 0,) > 0,) +¢€ | <9, 2.22
7 ()= s i) + ) < 222
We condition on the value of A,. If |A,| = 1, then the claim is trivially true, so we only

consider the case |A,| > 2. Let ) = maxaea, 1(0a), and a; € argmax e 4.9, Ya[r]. We
consider the following set of bad arms,

B, ={be A,: Yb[r] > Ya,’f [r], py > () + €},
and observe that,
Po " (pr > iy + &) <Py (B > [4,]/2). (2.23)

In order to upper bound the latter fix b € A, and write,

Py M (Valr] > Yarlr]. it > p(0h) + | Var[r] > 12 — /2)

<Py, (Yolr] = p1(0) + €:/2) < 0,/3,
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where in the last inequality we used [Corollary 1 Now via Markov’s inequality this yields,
P, (1B,] = |A]/2|Yar [r] > pf — €,/2) < 26,/3. (2.24)

Furthermore, gives that for any a € A,,

Py, (Ya[r] < p(ba) — €:/2) < 6,/3. (2.25)

We obtain ([2.22)) by using (2.24)) and (2.25) in (2.23).

With (2.22)) in our possession, the fact that median elimination is (e, d)-PAC follows
through a union bound,

[log, K
Pp (07(0) > u(0a) +€) <P | U Az i+ el

r=1

Regarding the sample complexity, we have that the total number of samples is at most,

[log, K]

e’} r—1 r
K > NJ/27'<2K+ 645K > (§) log 23

€2 9 )

r=1 r=1

K 1
—O(Elog5>.

2.5.3 Regret Minimization

Our device to solve the regret minimization problem is an adaptive allocation rule, ¢ =
{¢+} ez, which is a sequence of random variables where ¢, € [K] is the arm that we select
at time t. Let N,(t) = >_'_, I{4.—a}, be the number of times we selected arm a up to time
t. Our decision, ¢;, at time t is based on the information that we have accumulated so far.
More precisely, the event {¢; = a} is measurable with respect to the o-field generated by
the past decisions ¢, ..., ¢;—1, and the past observations {X}l}fj;(lt_l), e {Xff}i:[fl(t_l).

Given a time horizon T', and a parameter configuration 6, the expected regret incurred

when the adaptive allocation rule ¢ is used, is defined as,
RY(T) = ) EFIN(T)A6),
ba* ()

where Ay(0) = p*() — u(6,). Our goal is to come up with an adaptive allocation rule that
makes the expected regret as small as possible.
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There is a known asymptotic lower bound on how much we can minimize the expected
regret. Any adaptive allocation rule that is uniformly good across all parameter configura-
tions should satisfy the following instance specific, asymptotic regret lower bound (see [4]
for details),

Ay(6) . RY(T)
— 7 < liminf
b; D (0, | Oue) it T

where D (6 || \) is the Kullback-Leibler divergence rate between the Markov chains with
transition probability matrices Py and P, given by,

DN = Y log o Do) Pt )

T,yeS

Here we utilize our Theorem [4] to provide a finite-time analysis of the S-UCB adaptive
allocation rule for Markovian bandits, which is order optimal. The S-UCB adaptive alloca-
tion rule, is a simple and computationally efficient index policy based on upper confidence
bounds which was initially proposed in [5] for i.i.d. bandits. It has already been studied in
the context of Markovian bandits in [87], but in a more restrictive setting under the further
assumptions of aperiodicity and reversibility due to the use of the bounds from [39, |60]. For
adaptive allocation rules that asymptotically match the lower bound we refer the interested
reader to [4, [72].

Algorithm 2: The S-UCB adaptive allocation rule.

Parameters: number of arms K > 2, time horizon T > K, parameter [3;
Pull each arm in [K] once;

fort=K toT —1, do
_ 20 logt
Pip1 € argmax ] Yy (t) +
e Q Na(t)

end

Theorem 9. If § > 1(d — ¢)> maxue(x) HitT(Fy,)? then,

1
Ry Ty <8p | Y log T+ —— > A),
, Lt Ao(0) 72, &
o (0) ba(0)
_ 43
where 7y = (d—c)? max,e[x) Hit T(Pa, )2 > 2.
Proof. Fix b # a*(f), and observe that,
-1

80
Ny(T) <1+ —+=logT+ Y I
b( ) Ab(e) g Z {d)t+1:b7 Nb(t) (0)2 ]ogT}
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On the event {¢t+1 =0, Ny(t) > x (0 5 log T} we have that, either Yy (t) > pu(6,) + 251(()tg)t,

or Y0 (t) < p(0) — / ]\?éio)g(t) since otherwise the -UCB index of a*(#) is larger than the
B-UCB index of b which contradicts the assumption that ¢;,; = b.

In addition, using [Corollary 1} we obtain,

-t (Y@() () + val(f’;t)

= ;Pzﬁ—UCB <_b(t) > w(0y) + 4/ %, Ny(t) = n)

t n
1 20 logt
<> Py, (EZY,fzu(ebH - )
n=1 k=1

t

1 1
<

= = = o1
— Y Y

Similarly we can see that,
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Chapter 3

Finite sample large deviations for
Markov chains

3.1 Introduction

Let S be a finite set and (Xj)rez., the coordinate process on S?20. Given an initial distribu-
tion ¢ on S, and a stochastic matrix P, there exists a unique probability measure P, on the
sequence space such that the coordinate process (Xj)rez., is @ Markov chain with transition
probability matrix P, with respect to the filtration of o-fields (F,, := o(Xo, ..., X,),n > 0).
If we assume further that P is irreducible, then there exists a unique stationary distribu-
tion 7 for the transition probability matrix P, and for any real-valued function f : S —
R the empirical mean n=*Y " | f(X}) converges P -almost-surely to the stationary mean
7n(f) :==>_, f(x)m(x). The goal of this chapter is to quantify the rate of this convergence by
developing finite sample upper bounds for the large deviations probability

P, (% > F(X) > u) , for pu > 7(f).

The significance of studying finite sample bounds for such tail probabilities is not only
theoretical but also practical, since concentration inequalities for Markov dependent random
variables have wide applicability in statistics, computer science and learning theory. Just to
mention a few applications, first and foremost this convergence forms the backbone behind all
Markov chain Monte Carlo (MCMC) integration techniques, see [67]. Moreover, tail bounds
of this form have been used by [47] to develop an approximation algorithm for the permanent
of a nonnegative matrix. In addition, in the stochastic multi-armed bandit literature the
analysis of learning algorithms is based on tail bounds of this type, see the survey of [15].
More specifically the work of [73] uses such a bound to tackle a Markovian identification
problem.

The classic large deviations theory for Markov chains due to [69, 27, 38, 31, 24] suggests
that asymptotically the large deviations probability decays exponentially and the rate is
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given by the convex conjugate A* (u) of the log-Perron-Frobenius eigenvalue A(6) of the
nonnegative irreducible matrix Py(z,y) := P(z,y)e?’®. In particular

lim lloqu (% D F(X) > u) = —A*(p), for p=m(f).
k=1

n—oo N

Our objective is to develop a finite sample bound which captures this exponential decay
and has a constant prefactor that does not depend on p, and is thus useful in applications.
A counting based approach by [23] is able to capture this exponential decay but with a
suboptimal prefactor that depends polynomially on n. Through the development in the
book of [24] (Theorem 3.1.2), which is also presented by [92], one is able to obtain a constant
prefactor, which though depends on p. This is unsatisfactory because exact large deviations
for Markov chains, see [69, 55|, yield that, at least when the supremum supycp {0 —A(0)} =
A*(p) is attained at 6,,, then

1 & Ex. X .
P, <E 3 FX) 2 u) ~ B O i) s oo
k=1

0,1/ 27m0§u

where o7 = A”(6),) and vy, is a right Perron-Frobenius eigenvector of Py, Here ~ denotes
that the ratio of the expressions on the left hand side and the right hand side converges
to 1, and A”(6,) denotes the second derivative in 6 of A(f) at § = 6,. Thus, if we allow
dependence on p, then the prefactor should be able to capture a decay of the order 1/y/n.
If we insist on no dependence on p though, the best that we can hope for is a constant
prefactor, because otherwise we will contradict the central limit theorem for Markov chains.

In we establish a tail bound with the optimal rate of exponential decay and
a constant prefactor which depends only on the function f and the stochastic matrix P,
under the conditions of [Section 3.3] The key technique to derive our Chernoff type bound
is the old idea due to [32] of an exponential tilt, which lies at the heart of large deviations
theory. In the world of statistics those exponential changes of measure go by the name
exponential families and the standard reference is the book of [14]. Exponential tilts of
stochastic matrices generalize those of finitely supported probability distributions, and were
first introduced in the work of [69]. Subsequently they formed one of the main tools in the
study of large deviations for Markov chains, see [27, 38, 31, 24, |9 [55]. Naturally they are
also the key object when one conditions on the pair empirical distribution of a Markov chain
and considers conditional limit theorems, as in |22, |13]. A more recent development by [75]
gives an information geometry perspective to this concept, while [43] examine the problem
of parameter estimation for exponential families of stochastic matrices. Here we build on
exponential families of stochastic matrices and by studying the analyticity properties of the
Perron-Frobenius eigenvalue and its associated eigenvector as we parametrically move the
mean of f under exponential tilts, together with conjugate duality, we are able to establish
our main Chernoff type bound.
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In addition to that, in we use an exponential martingale, coming from the
exponential family of stochastic matrices, in order to derive a maximal inequality for Markov
chains. In the literature there are several approaches that use martingale techniques either
to derive Hoeffding inequalities for Markov chains [40, [70], or more generally to study con-
centration of measure for Markov chains [63, 64, 66, [83, |65, |17, 53, |77, [52]. Nonetheless,
they’re all based either on Dynkin’s martingale or on Doob’s martingale, combined with
coupling ideas, and there is no evidence that they can lead to maximal inequalities. This
maximal inequality constitutes a finite-sample version of the law of the iterated logarithm
for Markov chains.

Finally, in we establish a uniform multiplicative ergodic theorem. The classic
linear ergodic theory for Markov chains, [19] suggests that

1
—-E
o

Zf(Xk)] — 7(f), as n — oo.

[9] and [55] have proved a multiplicative version of this under appropriate assumptions,
which state that the scaled log-moment-generating-function A, (f) converges pointwise to
the log-Perron-Frobenius eigenvalue

A, (0) — A(f), as n — oo, for any 6 € R,

where

1
A, (0) = - logE,

exp {QZf(Xk)}

k=1

For our class of finite Markov chains we are able to establish a uniform multiplicative ergodic
theorem in the terminology of [9).

3.2 Exponential Family of Stochastic Matrices

3.2.1 Construction

Exponential tilting of stochastic matrices originates in the work of [69]. Following this, we
define an exponential family of stochastic matrices which is able to produce Markov chains
with shifted stationary means. The generator of the exponential family is an irreducible
stochastic matrix P, and # € R represents the canonical parameter of the family. Then we
define

Py(x,y) := P(z,y)e?’®, (3.1)

(or (P),(z,y), where (-), is thought as an operator over matrices). P, has the same nonneg-
ativity structure as P, hence it is irreducible and we can use the Perron-Frobenius theory
in order to normalize it and turn it into a stochastic matrix. Let p(f) (or p(Ps)) be the
spectral radius of Py, which from the Perron-Frobenius theory is a simple eigenvalue of By,
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called the Perron-Frobenius eigenvalue, associated with unique left and right eigenvectors
ug, vp (or up,, vp ) such that they both have all entries strictly positive, > ug(z) =1, and

S ug(x)vg(x) = 1, see for instance Theorem 8.4.4 in the book of [45]. Using Py we define a
family of nonnegative irreducible matrices, parametrized by 6, in the following way

Py(z,y)v(y)

(Plo (2.9) = Polwy) i= = 05

(3.2)
which are stochastic, since

ZPg(:p,y) = m . Zpg(x,y)vg(y) =1, forz € S.

In addition the stationary distributions of the Fj are given by
mo() = ug(x)ve(x), for x € S,
since

U;((g)) ' ;“9@)}39(95:9) = my(y), fory € S.

> mo(x)Pyl,y) =

Note that the generator stochastic matrix, P, is the member of the family that corre-
sponds to 8 = 0, i.e. Py =P, p(0) =1, ug = m, vg = 1, and my = 7, where 1 is the all
ones vector. In general it is possible that the family is degenerate as the following example
suggests.

Ezample 6. Let S = {£1}, P(z,y) = 1{z # y}, and f(x) = z. Then p(0) = 1, ve(—1) =

%7 ve(1) = 1+§_6, and Py = P for any 0 € R.

A basic property of the exponential family P is that the composition of (-)g, with (-),,
is the transform (-)g, 14,, and so composition is commutative. Furthermore we can undo the
transform (-)y by applying (-)_g. We state this formally for convenience.

Lemma 4. For any irreducible stochastic matriz P, and any 61,0, € R

((P>92>91 - (P)91+92 :

Proof. 1t suffices to check that (q”g;—e(z(f/), Yy € S) is a right eigenvector of the matrix with
2

P(x,y)e92f(y)1192(y) 0 f(y) . . . . P(01+92) .
(0700, (@) ) e’ 7 - with the corresponding eigenvalue being O This is a

straightforward calculation. m

entries (
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3.2.2 Mean Parametrization

The exponential family P, defined in can be reparametrized using the mean parameters
i = mg(f). The duality between the canonical parameters 6 and the mean parameters p is
manifested through the log-Perron-Frobenius eigenvalue A(0) := log p(f). More specifically,
from it follows that there are two cases for the mapping # — FP,. In the nondegen-
erate case that this mapping is nonconstant, A’(#) is a strictly increasing bijection between
the set R of canonical parameters and the set

M :={peR:m(f) = u, for some § € R} (3.3)

of mean parameters, which is an open interval. Therefore, with some abuse of notation,
for any p € M we may write wy, vy, Py, 7, for wy-1(,), va-1(,), Par-10, Ta-1(,)- In the
degenerate case that the mapping is constant, A’(f) = 7(f), and the set M is the singleton

{m(f)}. An illustration of the degenerate case is [Example 6,

Lemma 5. Let P be an irreducible stochastic matriz, and f : S — R a real-valued function
on the state space S. Then

(a) p(0), AO), ug and vy are analytic functions of 6 on R.
(b) N(0) = mo(f).

(c) A"(0) = var(xy)umop, <f(Y) + %%Z:g))), where w9 ® Py denotes the bivariate

distribution defined by (mg © Py)(x,y) := mo(x) Pa(z,y).

(d) FEither Py = Py = P for all 8 € R (degenerate case), or 0 — Py is an injection
(nondegenerate case).

Moreover, in the degenerate case A(0) = mo(f)0 is linear, while in the nondegenerate
case N(0) is strictly convex.

The proof of can be found in [Section 3.B]

3.2.3 Relative Entropy Rate and Conjugate Duality

For two probability distributions @Q and P over the same measurable space we define the
relative entropy between Q and P as

Eq [log fl—%} , if @ is absolutely continuous with respect to P,

D@Q|P):= .
0, otherwise.

Relative entropies of stochastic processes are most of the time trivial, and so we resort to

the notion of relative entropy rate. Let ), P be two stochastic matrices over the same state

space S. We further assume that () is irreducible with associated stationary distribution 7.
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For any initial distribution ¢ on S we define the relative entropy rate between the Markov
chain Q, induced by @ with initial distribution ¢, and the Markov chain P, induced by P
with initial distribution ¢ as

. 1
D(Q P):= nh_{{)lo ED (Q, |7 || Pq |7.),

where Q, |, and P, |7, denote the finite dimensional distributions of the probability mea-
sures restricted to the sigma algebra F,,. Note that the definition is independent of the initial
distribution ¢, since we can easily see using ergodic theory that

Q(x,y)
P(x,y)

D@ P)=)_ mo(x)Q(x,y)log =D(rq0Q | 1o P),

where Ty © () denotes the bivariate distribution

(mQ © Q)(2,y) := mo(x)Q(z,y),

and we use the standard notational conventions log0 = —oo, log§ = oo if @ > 0, and
Olog0 = Olog% = 0.

For stochastic matrices which are elements of the exponential family P, defined in we
simplify the relative entropy rate notation as follows. For 61,0 € R and p; = A'(61), pe =
A'(6y) we write

D (01 || 02), D (a1 [| p2) := D (w9, © Pp, || mo, © Fp,).

For those relative entropy rates suggests an alternative representation based on

the parametrization. Its proof can be found in
Lemma 6. Let 01,0, € R and py = N'(61), pe = A'(63). Then

D (01 || 62) = A(02) — A(01) — pa (62 — 01).

We further define the convex conjugate of A(6) as A* (i) := supger {0pr—A(6)}. Moreover,
since we saw in that A(#) is convex and analytic, we have that the biconjugate of
A(0) is A(0) itself, i.e. A(0) = sup,cg {1t — A*(p)}. The convex conjugate A*(u) represents
the rate of exponential decay for large deviation events, and in the following |Lemma 7 which
is established in we derive a closed form expression for it.

Lemma 7.
D (p |l =(f)), if peM,
A (p) = q I D (@l =(f)), if p € OM,
0, otherwise,

where M is defined in (3.3)).
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An inspection of how the supremum was obtained in the previous yields the
following [CoroTTary 3

Corollary 2.

s@up {0 —AO) ), if p>m(f),
A* _ >0
U= up (1= @)}, if < ()

0<0

3.3 Conditions for the asymptotic positivity of the
Perron-Frobenius eigenvector

In this section we would like to study under what conditions the Perron-Frobenius eigenvector
vp remains strictly positive asymptotically as § — +o00. Recall that vy is the right Perron-
Frobenius eigenvector of the matrix

P@(x7y) = P<x7y)e‘9f(y)7

but since eigenvectors are invariant under scaling it will be more convenient to consider the
matrix
Po(x,y) = P(z,y)e "~ TW),

where for the state reward function f : S — R, we define b = max,cs f(z), and S, =
argmax,.g f(z). Additionally, since we only care about positivity, we will assume that

> . va(z) = 1.

By permuting rows and corresponding columns of P write

-[845) 24

where A represents the transitions from S, to Sy, B represents the transitions from S, to
S — Sy, C represents the transitions from S — S, to S, and D represents the transitions from
S — Sy to § — 5,. Additionally, limy_,, By = 0, and limy_,,, Dy = 0, so by continuity

lim p(Pg) = p(A).
60— 00
Using standard terminology [10] we say that z € S, has access to y € Sy if, A™(z,y) >
0 for some n € Zso. This way the nonnegative matrix A induces a partition of S, in
communicating classes. We call the class ¢ final if it has access to no other class, and we call
it basic if p(A;) = p(A), where A; contains only the rows and columns of A that correspond
to transitions within class 1.
Let 1,..., M be an enumeration of the final classes of A, and M +1,..., N an enumeration
of the non-final classes of A. Write A; for the transitions inside class ¢, and A;; for the
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transitions from class ¢ to class 7. By permuting rows and corresponding columns write
[ A 0 0 B} | r v [ )
0 Ay B} vy vj
: : 0 : : :
0 0 A 0 BM vt — o)
M 1\3+1 U]\/?Jrl p(Po) Uz\gﬂ . (3.4)
Ay Angie Ap B, 0 2
: : : 0 N U:N v:N
AN,l AN,2 T An BG 1\?+1 z\}g+1
C Dy Yo LY

We are now ready provide necessary conditions for the asymptotic positivity of vy as § — oo.

Lemma 8. If lim vy > 0, then

6—00

1. All the rows of A and C' are nonzero.
2. All the final classes of A are basic.
3. All the basic classes of A are final.

Proof.

1. Assume, towards contradiction, that there exists xy € S such that P(zg,y) = 0 for all
y € Sp. Then B
elim Po(zo,y) =0, for all y € S,
—00

and because Py(zy, ) is a probability mass function, there exists yy € S such that

m UG(?JO) — 50

600 vg(9) p(Py)

If p(A) > 0, then we already have a contradiction. Alternatively, assume that p(A) = 0,
and pick y; € Sp. Because P is irreducible there exists x; € S such that

Po(z1,y1) = P(x1,41) > 0,
and because P(x1,-) is a probability mass function

T — o)

< o0,
6—o0 vg(11)p(Py)

which gives a contradiction.
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2. From the previous part we already have that all the rows of A are non-zero and so
p(A) > 0. For every final class i =1,..., M

A; lim v = p(A) lim v},

0—o00 0—o00
and since lim, ,__vj > 0, it follows that p(A;) = p(A), and hence i is a basic class.

3. Let j =M +1,..., N be anon-final class. Then

Ajp lim vy + -+ Aj; 1 lim Uéfl + A; lim Ug = p(A) lim Ug.

6—oc0 6—00 6—oc0 f—00

From this we obtain that

i J
max (Aj.h—meﬁoo ,UH)(m) S p(A)

v h—me—)oo Ug (‘T)

Additionally a standard upper bound on p(A;) (Theorem 8.1.26. in [45]) is

NE J
P(Aj) S max (AJ h—m6—>oo UG)(x)

v limyvp(e)

bl

and so if j is a basic class, then

p<A3> — max (Aj.h_méaoo Ué)(l‘) _ p(A)

v h—m0—>oo Ué (l’)

We claim that lim, , 1)9 is a right eigenvector of A; corresponding to p(A;). Assume,
towards contradiction, that there exists xy with

(A; lim v))(z0) < p(A;) lim v} (o).

000 000

Let v’/ be a positive left eigenvector of A; with corresponding eigenvalue p(A;). Then

Z W () lim v} (x Z w? (x)(A; lim v))( Z W () lim v} (z),

9%00 6—00 9%00

which is a contradiction, and so lim,_, vé is a right eigenvector of A; corresponding
to p(A;). But this contradicts the fact that

B J
min (A] h_meﬁoo UG)($) < ,O(A),
* h—meﬁ\oo Ué(l’)

since j is a non-final class and so at least one of the entries of A;;,..., A;;_; is positive.
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]

Now we complement the necessary conditions from with a set of sufficient
conditions.

Lemma 9. If
1. All the rows of A and C' are nonzero.
2. All the final classes of A are basic.
3. All the basic classes of A are final.
4. A has exactly one final class.

Then lim vy > 0.

6—00
Proof.
From (3.4) we get the following equations
e Forafinalclassi=1,..., M
(p(Po)I — Ai)vg = By ™. (3.5)
At the limit .
(p(A)T = A,) lim v} =0, (3.6)
f—o00

and since i is a basic class, lim, ,__vj is either positive or equal to zero.
e For a non-final class j =M +1,....N
j—1
vl = (p(Po)l — A))™ (Z Aj vk + Bgvé\’“> , (3.7)
k=1

since j is not a basic class, and so p(4;) < p(4) < p(Py). Additionally, we note that
(p(Po)I — A;)7*, and (p(A)I — A;)~! are positive matrices (Problem 8.3.P12 in [45]).

At the limit

60— 00 0— o0

j—1
lim v = (p(A)] — A;)"" (Z Ay Tim ) , (3.8)
k=1

and if lim, ,  vp > 0 for each final class i = 1,..., M, then we see inductively that
lim, , vj > 0 for each non-final class j = M +1,..., N.
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e For § — 5, and for 6 sufficiently large

Uy
vy = (p(Po)l —Dg)~'C | 1 | (3.9)
vy
At the limit
lim vy
0—o00
lim ) = p(A)MC | 1| (3.10)
am vy
f—o00

and because each row of C' is nonzero, we see from the previous bullet that lim, , v} >

0 for each final class ¢« = 1,..., M, implies that lim, , vévﬂ > 0.
Now if there is just one final class (M = 1), then indeed lim, . _wvi > 0 because,
lim,_, vy = Oimplies that lim, , vy = 0, and this contradicts the normalization )", s vg(x) =
1. O

Note that the sufficient conditions from [Lemma 9| require only that A has exactly one
final class in addition to the necessary conditions from As the following example
suggest this requirement is not always necessary.

Ezxample 7. Let P be the transition matrix for the chain

2/3 1/2

13

1/ 1/2

with f(a) = f(b) = +1, and f(c¢) = —1. Then

1/2 0 |e )2
Po=| 0 1/2]e /2 |,
2/3 1/3] 0

with
— 1 1
p(Pg) = 1(1 + V' 1+8e4) | 5 88 01 oo,
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and vy (picked so that vg(a) + ve(b) + vg(c) = 1) is

1 p(E@) 1/4
————— | p(Py)| — |1/4], as 6 — <.
Note also that 1/2(< p(Py)) is another eigenvalue of Py with corresponding eigenvector
—1
2
0

At the limit the two eigenvalues 1/2 and p(P) coincide, and the two eigenvectors span the
two dimensional nullspace of /2 — P.

If we further define @ = min,cg f(z), and S, = argmin, g f(x), then the sufficient condi-
tions from can be relaxed to the following simple conditions on the nonnegativity
structure of P.

A 1. The submatrix of P with rows and columns in \S; is irreducible.
A 2. For every x € S — Sy, there exists y € S, such that P(z,y) > 0.
A 3. The submatrix of P with rows and columns in S, is irreducible.
A 4. For every x € S — S,, there exists y € S, such that P(z,y) > 0.

Lemma 10. Under|A 1, and|A 2 we have that lim vy > 0, while under|A 5, and|A j] we

6—o00

have that lim vy > 0.
60— —o0
A critical ingredient to obtain our tail bounds is the following which states
that under the assumptions the ratio of the entries of the right Perron-Frobenius
eigenvector stays uniformly bounded.

Proposition 1. Let P be an irreducible stochastic matriz on the finite state space S, which,
combined with a real-valued function f : S — R, satisfies[A 1HA 3 Then

vp, (x
K,:= sup 7,(@) :
GERZO,x,yES 'Uﬁg (y>

where K, = K,(P, f) is a constant depending on the stochastic matriz P, and the function
f. In particular

e if P induces an IID process, i.e. P has identical rows, then K, = 1;

P
e if P is a positive stochastic matriz, then K, < max (z, Z)
vy Py, z)

Proof. [Lemma 5|yields that 6 — vy(x) /ve(y) is continuous, and so in conjunction with

we have that the ratio of the entries of the right Perron-Frobenius eigenvector is uniformly
bounded, hence K, < oo. O
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3.4 Chernoff Bound

In this section we build on exponential families of stochastic matrices and by using the
conditions from that guarantee the positivity of the asymptotic Perron-Frobenius
eigenvector we are able to establish our main Chernoff type bound, which we state below
together with some remarks.

Theorem 10. Let P be an irreducible stochastic matrixz on the finite state space S, with
stationary distribution w, which, combined with a real-valued function f : S — R, satis-
fies[A IHA 3. Then, for any initial distribution q, we have

P, (% N OE u) < Ky ™0, for p > 7(f),

k=1

where K, = K, (P, f) is the constant from|Proposition 1, and depends only on the stochastic
matriz P and the function f.

Remark 2. Since f is arbitrary and our assumptions [A 1HA 2| and [A 3HA 4] are symmetric,
we can substitute f with —f, so that yields a Chernoff type bound for the lower
tail as well. In particular, assuming we have

1< .
P, (E > S < u) < Kie ™MW for p < m(f),

k=1

where K; = K, (P, —f).
Remark 3. Similarly assuming we have the following two-sided Chernoff type bound.

1 ¢ . .

P, (— Zf(Xk) € F) < 2Ke "uer MW for any F closed in R,

n
k=1

where K = max{K;, K,}.

Remark 4. According to [Proposition 1} when P is a positive stochastic matrix, i.e. all the
transitions have positive probability, we can replace K with

K < max .
~ zwz Py, 2)

Remark 5. According to [Proposition 1 when P induces an IID sequence, i.e. all the rows
of P are identical, then K = 1. Thus [Theorem 10| generalizes the classic bound of 18] for
finitely supported IID sequences.

Proof of [Theorem 10. In order to derive our bounds we use a change of measure argument,
an idea due to [32]. We denote by ]P’((f) the probability distribution of the Markov chain with
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initial distribution ¢ and stochastic matrix P, while for § = 0 we just write [P, for [P’go). The

finite dimensional distributions P, |z, and IPL(IG) |7, are absolutely continuous with each other
and their Radon-Nikodym derivative is given by

dPy |7, ve(Xo)

dPée) ’}_n _ UH(Xn> exp {_HS’IZ + nA<9)} )

where we denote the sums by S, := > "7 f(Xg).
Fix 6 € R.,. Then

Py(Sn > np) = Ey [1{S, > nu}]
() vp(Xo)
T Lp(Xn)
< K, E(e [ —0(Su=np) 1{S, > n,u}} n(Op—A(0))
< K, en0nA0),

D) o =05n+nA(0) 1{S, > nu}

where in the first inequality we used [Proposition 1]

When g € [x(f),b), we can set § = A" (u) > A’ "(x(f)) = 0 and then from
we have that D (u || 7(f)) = Ou — A(f). When p = b, we let 6 go to co. The conclusion

follows from O]

In this bound we cannot hope for something more than a constant prefactor. First of all,
by differentiating twice the formula proved in we obtain

1

i !
,ulgrl(lf) (,u o 7_[_(f))QD (M ” W(f)) - 2/\”(0)

In addition, if we fix z > 0 and set u = 7(f) + cz/y/n, where ¢ = 7 (f2 - (Pf)2> and

f is a solution of the Poisson equation (I — P)f = f —x(f), then due to the central limit
theorem for Markov chains, see for instance [19], we have that

<1
lim P, (S, > nu) =

n—o0 > \ 21

Therefore if we want the optimal rate of exponential decay and a prefactor which does not
depend on p, then the best we can attain is a constant prefactor.

3.5 A maximal inequality for Markov chains

In order to derive a maximal inequality for Markov chains we will utilize an exponential

0)
martingale which is essentially coming from the Radon-Nikodym derivative %
qlsSn
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Lemma 11. Let {X,}nez., be a Markov chain over the finite state space S with an irre-
ducible transition matrix P and initial distribution q. Let f : S — R be a nonconstant
real-valued function on the state space. Fix 0 € R and define,

0 vg(X,,)
M, = vg(Xo)

exp{0(f(X1)+ ...+ f(X,)) —nA(0)} . (3.11)
Then {M?},cz., is a martingale with respect to the filtration {F,}nez.,, where F, is the
o-field generated by Xo, ..., X,.

Proof.

o—A®)

E(MS, | | Fn) = M ———E(vg( X, 1) Xnt) | F,
( 'rL+1| ) nUH(Xn) (U@( +1)€ | )

where in the last equality we used the fact that vy is a right Perron-Frobenius eigenvector of
Py. O

Theorem 11. Let {X, }nez., be an irreducible Markov chain over the finite state space
S with transition matriz P, initial distribution q, and stationary distribution . Let f :
S — R be a non-constant function on the state space. Denote by u(0) = > ¢ f(z)m()
the stationary mean when f is applied, and by Y, = %Zzzl Y, the empirical mean, where
Vi = f(Xk). Assume that the pair P, f satisfied conditions[A 1, [A 3, [A 3 and[A 4 Then
for allt,c > 1 we have

2Kect® _,
€ Y

P <E|k: >1:kD (Yy || n(0)) > ttcl loglogk—l—t> <

— c—1

where K = K (P, f) is a positive constant depending only on the transition probability matriz
P and the function f.

Proof. In order to handle the Markovian dependence we need to use the exponential mar-
tingale for Markov chains from [Lemma 11|, as well as continuity results for the right Perron-
Frobenius eigenvector.

Following the proof strategy used to establish the law of the iterated logarithm, we split
the positive integers into chunks of exponentially increasing sizes. Denote by a > 1 the



CHAPTER 3. FINITE SAMPLE LARGE DEVIATIONS FOR MARKOV CHAINS 43

growth factor, to be specified later, and let n,, = |@™] be the end point of the m-th chunk,
with ng = 0. For the m-th chunk we have that

U {,u(O) > Yi, kD (Yy || 1(0)) > tcl 10glogk+t} C
k=ny,_1+1 B
o _ — tc
k:nulﬂ {#(0) > Y, D (Yk H N(O)) > m

t
loglog(n,—1+ 1) + n_} :
A

Let fim :inf{g<u(0) D (]| 1(0)) < g loglog -y + 1) + ;- },andgm .
A=1(11(0)) = 0 so that O, ptm — A(0n) = D (st || £(0)). Then,

{u0) 2 ¥ D (3 10) 2 =} € (< )

_ {eekak FAOm) > k(Bmpm—A (6 m))}

Vg (Xk) ok D(
MO > ZOm (o || 12(0))
{ g Uem(Xo)
C {Mk > (Xk?> e(nm—1+1)D(pim || 10 ))}_
Uem(Xo)

At this point we use assumptions [A 3| and [A 4] in order to invoke [Proposition 1], and get
that there exists a constant K; = K;(P, f) > 1 such that

1
— < inf v (y) )
Kl 0ER <g,z,y€S Ug(l‘)

This gives us the inclusion,

ve,, (Xk) ) e(Mm—1+1)D(pm || 11(0))
MOm > Z0m AR (-1 41) D || u(O))} C {M m o> )
{ b Uem(XO) - ko= K,

In we have established that M{™ is a positive martingale, which combined with
a maximal inequality for martingales due to [91] (see Exercise 4.8.2 in [29] for a modern
reference), yields that,

Tim (nm—1+1)D(pm || 1(0))
d U {M,fm = K }

k=nm-1+1

< Kle,(nm_ﬁl)D(um | 1(0))

N1 + 1 tc N1 + 1
< Kjexp {— nl . =1 loglog(nm—1+ 1) — n;t}
<K € oglog(la™ | +1) — &
< Kjexp a1 oglog(|a o[
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We pick the growth factor o = ¢/(t — 1), and we union bound over the chunks, to deduce

that
te Kect® _,

e
t—1 c—1
In the same way we can also deduce, by consuming assumptions[A 1] and [A 2] that

P (Elk >1:u(0) > Yy, kD (Yk H u(O)) > loglog k +t> <

tc

Kyect® _,

110glogk+t) < 1€

From this the conclusion follows with K = max{K;, K,}. O

3.6 A Uniform Multiplicative Ergodic Theorem

Theorem 12. Let P be an irreducible stochastic matriz on the finite state space S, which
combined with a real-valued function f : S — R satisfies[A THA 4 Then

log K
sup |An(0) — A(B)] < 282

0eR n

where K is the constant from|Proposition 1.

Therefore A, (0) converges uniformly on R to A(0) as n — oco.

Proof. We start with the calculation

emhn® — Z q(w0) P(wo, 21)e™ ) o P(wy, m,) e 00)

L0y L1005 Tn—1,Tn

= 3" qlw0) B (0, 2.).

Z0,Tn

From this, using the fact that vg is a right Perron-Frobenius eigenvector of Py, we obtain

vg(y) . C)
min o0l) <exp {nA,(0) —nA(0)} < X @)

The conclusion now follows by applying [Proposition 1} O
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Appendix

3.A Analyticity of Perron-Frobenius Eigenvalues and
Eigenvectors

Here we use the implicit function theorem in order to deduce in that the Perron-
Frobenius eigenvalue and eigenvectors are analytic functions of the entries of the matrix, at
a level of generality adequate for our purposes.

Lemma 12. Let M € Ry be a nonnegative irreducible matriz. Let W range over R®*® in
an open neighborhood of M. Then uy, p(W) and vy are analytic as functions of the entries
of the matrix W in an open neighborhood of M where W 1is irreducible.

Proof. We define the vector-valued function F : R(+D?* — R2(s+1)
(WT —plu

1Ty —1
(W —plv |’

u'v—1

F(W,u,p,v) :=

where we use column vectors, and 1 denotes the all ones vector. At this point no assumptions
are made about the structure of W. Note that each coordinate of the vector F(W,u, p,v) is
a multivariate polynomial of degree at most two, and hence each coordinate is an analytic
function of W, u, p and v.

In addition F(M,up, p(M),vy) = 0, and the Jacobian of F' with respect to w,p,v
evaluated at W = M, u = up, p = p(M),v = vy is

MT = p(M)T —un 0
1’ 0 0
JF,u,p,v(M>uM>p<M)7UM) = 0 — UV M—p(M)I
Vs 0 Y

We can easily verify that this Jacobian is left invertible. If [uT P UT]T is in the kernel of
JEupw( M, unr, p(M),vpr), then MTu = p(M)u + puyy, so if we multiply from the left with
vy, we get that p = 0. In the same fashion we can deduce that u = v = 0, and thus the

kernel of the Jacobian is trivial.
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Then the analytic implicit function theorem guarantees that there exists a unique vector-
valued function ¢ : R¥* — R25t! with each coordinate analytic, such that

Upg
g(M)= |[p(M)]|, and F(W,g(W)) =0, for all W in a neighborhood of M.
Upm
Finally, due to the Perron-Frobenius theorem g(W) has to equal [uy, p(W) UJV}T for
irreducible matrices W in this neighborhood of M. [

3.B Proofs from Section 2
Proof of [Lemma_3|

(a) Each entry of Pj is an analytic function of 6, and the conclusion follows from
in Section 3.Al
(b) For any z,y € S such that P(x,y) > 0 we have

log Py(z,y) =log P(x,y) + 0f(y) — A(0) + logve(y) — log vg(x).

Differentiating with respect to 0, and taking expectations with respect to my © Py we
obtain

d /
E(X,Y)~7r9®P9 @ log PG(X> Y) = We(f) —A (9)

The conclusion follows because

d
E(x,y)~mpor, =7 70 log P4(X,Y) Zﬂe (Z P0($7y)> = 0.

)

(c) For any =,y € S such that P(x,y) > 0 we have
2 pe 2
gz 108 Fo(z,y) = —A'(6) + —5 log vg(y) — — 75 log vy (2)-
Taking expectations with respect to my © Py we obtain

2

A'(0) = —Ex,y)mor, i log Py(X,Y)

d 2
= ]E(X,Y)NWQQP@ <d9 log PQ(X Y))

U@(X)
U@(Y)

= Exy)~mor, <f(Y) —mo(f) +

SE
s
>
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(d) Part (c) already ensures that A(f) is convex. Moreover we see that

A'(0) =0 for all 6 € (64,63), iff Py = Pe+e, for all § € (64,06,).
2
If such an interval (;,0,) exists, then we claim that we can enlarge it to the whole

real line. To see this fix any 0 < € < @. Then using [Lemma 4| twice we obtain that
for any 6 € (64, 65)

Pyie = (Py),. = <P91+92 )ie = Posor,, = Pojsos.

2

By repeating this process we see that Py = Fy = P for all 6§ € R.

Alternatively, if no such interval exists, then A’(6) is strictly increasing and A(6) is
strictly convex. Moreover, for §; < 0 we have that my, (f) = A'(01) < N'(02) = 7, (f),
and so Py, # Py,, establishing that in this case § — Fj is an injection.

]
Proof of [Lemma G,
P91 (Xa Y)
D (61 1162) = Exyym, om, 108 5 5
= A(62) — A(61) — N'(01)(62 — 61)
v, (Y) Voq (Y)

o men 08y, () T e 8y, ()
= A(02) — A(01) — 1 (02 — 61),
where the second equality is using the calculations from the proof of (b). O
Proof of [Lemma 7. From we have that 6 — Ou — A(0) is either the linear function

0 — (u—m(f))0, in which case the conclusion follows right away, or otherwise it is strictly
concave.

In the latter case M = (u_, uy) for some p_ < pp. If € M, then § = A'7'(p) is the
unique maximizer and the conclusion follows from [Lemma 6] If ¢ = py, then the function
keeps on growing as § — oo, or equivalently as i — p, which in conjunction with the
representation of the relative entropy rate from establishes this case. If y > ug,
then limg_,oo (O — A()) = limg_yo0 (1t — p1y) + limy,,, D (o || 7(f)) = 0o. The arguments
are the same for the other two cases. O
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Chapter 4

Best Markovian Arm Identification
with Fixed Confidence

4.1 Introduction

In this chapter we study a problem about best arm identification. There are K independent
options which are referred to as arms. Each arm a is associated with a discrete time stochastic
process, which is characterized by a parameter 6, and it’s governed by the probability law
Py,. At each round we select one arm, without any prior knowledge of the statistics of the
stochastic processes. The stochastic process that corresponds to the selected arm evolves by
one time step, and we observe this evolution through a reward function, while the stochastic
processes for the rest of the arms stay still. A confidence level § € (0,1) is prescribed, and
our goal is to identify the arm that corresponds to the process with the highest stationary
mean with probability at least 1 — ¢, and using as few samples as possible.

In the work of [37] the discrete time stochastic process associated with each arm a is
assumed to be an IID process. Here we go one step further and we study more complicated
dependent processes, which allow us to use more expressive models in the stochastic multi-
armed bandits framework. More specifically we consider the case that each Py, is the law of an
irreducible finite state Markov chain associated with a stationary mean p(6,). We establish
a lower bound for the expected sample complexity, as well as an analysis of the
Track-and-Stop strategy, proposed for the IID setting in [37], which shows that
asymptotically the Track-and-Stop strategy in the Markovian dependence setting attains a
sample complexity which is at most a factor of four apart from our asymptotic lower bound.
Both our lower and upper bounds extend the work of [37] in the more complicated and more
general Markovian dependence setting.

The abstract framework of multi-armed bandits has numerous applications in areas like
clinical trials, ad placement, adaptive routing, resource allocation, gambling etc. For more
context we refer the interested reader to the survey of |[15]. Here we generalize this model
to allow for the presence of Markovian dependence, enabling this way the practitioner to
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use richer and more expressive models for the various applications. In particular, Markovian
dependence allows models where the distribution of next sample depends on the sample just
observed. This way one can model for instance the evolution of a rigged slot machine, which
as soon as it generates a big reward for the gambler, it changes the reward distribution to a
distribution which is skewed towards smaller rewards.

The cornerstone of stochastic multi-armed bandits is the seminal work of [56]. They
considered K IID process with the objective being to maximize the expected value of the
sum of the observed rewards, or equivalently to minimize regret. In the same spirit 3, {4]
examine the generalization where one is allowed to collect multiple rewards at each time
step, first in the case that processes are IID [3], and then in the case that the processes are
irreducible and aperiodic Markov chains [4]. A survey of the regret minimization literature
is contained in [15].

An alternative objective is the one of identifying the process with the highest stationary
mean as fast as and as accurately as possible, notions which are made precise in
tion 4.2.1] In the IID setting, [33] establish an elimination based algorithm in order to find
an approximate best arm, and [62] provide a matching lower bound. [46] propose an upper
confidence strategy, inspired by the law of iterated logarithm, for exact best arm identifi-
cation given some fixed level of confidence. In the asymptotic high confidence regime, the
problem is settled by the work of [37], who provide instance specific matching lower and
upper bounds. For their upper bound they propose the Track-and-Stop strategy which is
further explored in the work of [50].

4.2 Problem Formulation

4.2.1 One-parameter family of Markov Chains

In order to model the problem we will use a one-parameter family of Markov chains on a finite
state space S. Each Markov chain in the family corresponds to a parameter § € ©, where
© C R is the parameter space, and is completely characterized by an initial distribution
g0 = [qo(7)]zes, and a stochastic transition matrix Py = [FPp(z,y)]syes, which satisfy the
following conditions.

Py is irreducible for all § € ©. (4.1)
Py(z,y) >0 = Py\(z,y) >0, forall,\ € O, z,y € S. )
@p(x) >0 = q\(x) >0, forall ), A € O, z € S. (4.3)
There are K Markovian arms with parameters § = (0y,...,0x) € ©X, and each arm

a € [K] ={1,...,K} evolves as a Markov chain with parameter 6, which we denote by
{X8}2ez-,- A non-constant real valued reward function f : S — R is applied at each state
and produces the reward process {Y,%},cz., given by Y, = f(X2). We can only observe the
reward process but not the internal Markov chain. Note that the reward process is a function
of the Markov chain and so in general it will have more complicated dependencies than the
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Markov chain. The reward process is a Markov chain if and only if f is injective. For each
0 € © there is a unique stationary distribution my = [mg(x)].cs associated with the stochastic
matrix Fy, due to . This allows us to define the stationary reward of the Markov chain
corresponding to the parameter 6 as p(0) =) f(z)mp(x). We will assume that among the
K Markovian arms there exists precisely one that possess the highest stationary mean, and
we will denote this arm by a*(@), so in particular

{fwﬂ=a%$§u&J

The set of all parameter configurations that possess a unique highest mean is denoted by

:1}_

The Kullback-Leibler divergence rate characterizes the sample complexity of the Markovian
identification problem that we are about to study. For two Markov chains of the one-
parameter family that are indexed by # and A respectively it is given by,

DEIN= Y loa P”y ro(2) Po(z, ),

z,yeS

arg max (4(6,)
a€[K]

GZ{QGGK:

where we use the standard notational conventions log0 = oo, log§ = oo if a > 0, and
0log0 = 0ln 3 = 0. It is always nonnegative, D (6 || A) > 0, with equality occurring if and
only if Py = Py, and so p(0) # () yields that D (6 || A) > 0. Furthermore, D (6 || A\) < oo
due to (4.2)).

With some abuse of notation we will also write D (P || Q) for the Kullback-Leibler diver-
gence between two probability measures P and Q on the same measurable space, which is

defined as
Ep [logdE|, if P<Q
D(Pu@:{“”[ 1 |
0, otherwise,

where P < QQ means that P is absolutely continuous with respect to Q, and in that case j—P

denotes the Radon-Nikodym derivative of P with respect to Q.

[S)

4.2.2 Best Markovian Arm Identification with Fixed Confidence

Let @ € © be an unknown parameter configuration for the K Markovian arms. Let § €
(0,1) be a given confidence level. Our goal is to identify a*(@) with probability at least
1 — 6 using as few samples as possible. At each time ¢t we select a single arm A; and we
observe the next sample from the reward process {Y,4*},cz. ., while all the other reward
processes stay still. Let N,(t) = >.'_, Ita.—a) — 1 be the number of transitions of the
Markovian arm a up to tlme t Let F; be the o-field generated by our choices Ay, ..., A,
and the observations {V!}2 0 N NKO(t). A sampling strategy, A, is a triple A5 =
((At)tez-y s, Gry ) consisting of:
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o a sampling rule (A;)iez.,, which based on the past decisions and observations F,
determines which arm A;,; we should sample next, so A;,1 is F;-measurable;

e a stopping rule 15, which denotes the end of the data collection phase and is a stopping
time with respect to the filtration (F)iez.,, such that Ex®[r5] < oo for all X € ©;

e a deciston rule a.,, which is F,-measurable, and determines the arm that we estimate
to be the best one.

Sampling strategies need to perform well across all possible parameter configurations in
O, therefore we need to restrict our strategies to a class of uniformly accurate strategies.
This motivates the following standard definition.

Definition 1 (6-PC). Given a confidence level § € (0, 1), a sampling strategy As = ((At)ez-q, To, Qry)
is said to be §-PC (Probably Correct) if,

P3" (ary # a”(X)) <6, for all X € 6.
Therefore our goal is to study the quantity,

: A
a8l
both in terms of finding a lower bound, i.e. establishing that no §-PC strategy can have
expected sample complexity less than our lower bound, and also in terms of finding an upper
bound, i.e. a -PC strategy with very small expected sample complexity. We will do so in the
high confidence regime of 6 — 0, by establishing instance specific lower and upper bounds
which differ just by a factor of four.

4.3 Lower Bound on the Sample Complexity

Deriving lower bounds in the multi-armed bandits setting is a task performed by change of
measure arguments initial introduced by [56]. Those change of measure arguments capture
the simple idea that in order to identify the best arm we should at least be able to differentiate
between two bandit models that exhibit different best arms but are statistically similar. Fix
0 € O, and define the set of parameter configurations that exhibit as best arm an arm
different than a*(@) by

Alt(@) ={A €O :a*(A) #a"(0)}.

Then we consider an alternative parametrization A € Alt(@) and we write their log-likelihood
ratio up to time ¢
dPA(; ‘ F K Ao (X a)
log | —4—24 | = I log -0
g (d]P“‘“ N Z {Na(t)>0} gq (X&)

+ZZN (x,y,0,1t) logP (x’zi,

a=1 2,y (IL’,
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where N, (z,y,0,t) = S\20 1{X? = 2, X%, = y}. The log-likelihood ratio enables us to
perform changes of measure for fixed times ¢, and more generally for stopping times 7 with
respect to (Fi)iez-,, which are ]I’>;)4‘S and IP’:\“‘s—a.s. finite, through the following change of

measure formula,
dPy | £ ]

= |, for any £ € F,. 4.5
Py |7, (4.5)
In order to derive our lower bound we use a technique developed for the IID case by [37]
which combines several changes of measure at once. To make this technique work in the

Markovian setting we need the following inequality which we derive in using a
renewal argument for Markov chains.

B (e~ B 1

Lemma 13. Let @ € © and A € Alt(0) be two parameter configurations. Let T be a stopping
time with respect to (F)icz.,, with By [7], Ej\% [7] < co. Then

K
D (B Ir, | B 1) < DB ING(TID (00 Il A)

Z (90, Il ar.) +ZRGGZ7T€(1 )P, (2, y)

where Ry, = Eq, [inf{n > 0: X? = X{}] < oo, the first summand is finite due to (4.3)), and
the second summand is finite due to (4.2)).

log

Pga(l‘,y) '
P/\(L(l',y) 7

Combining those ingredients with the data processing inequality we derive our instance
specific lower bound for the Markovian bandit identification problem in [Section 4.A]

Theorem 13. Assume that the one-parameter family of Markov chains on the finite state
space S satisfies conditions (4.1), 4.2), and (4.3)). Fiz 6 € (0,1), let f : S — R be
a nonconstant reward function, let As be a d-PC sampling strategy, and fix a parameter
configuration @ € ©. Then

T*(9) < liminf -2 [71_5],
6—0 logg
where
T0)"" = inf Zwa (B || Aa)

wGMl ([K]) A€ Al(6

and My ([K]) denotes the set of all probability dzstmbutzons on [K].

As noted in [37] the sup in the definition of 7%(0) is actually attained uniquely, and
therefore we can define w* (@) as the unique maximizer,

w = argmax inf waD (0, ]| Aa)
{w(0)} = we/%tl ([K]) AEALL(6) Z |
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4.4 Upper Bound on the Sample Complexity: the
(a, )-Track-and-Stop Strategy

The (v, 0)-Track-and-Stop strategy, which was proposed in [37] in order to tackle the IID
setting, tries to track the optimal weights w¥(#). In the sequel we will also write w*(p), with
p=(u(0),...,u(0k)), to denote w*(@). Not having access to g, the (o, d)-Track-and-Stop
strategy tries to approximate g using sample means. Let () = (11 (N1(t)), ..., i (Nk(t)))
be the sample means of the K Markov chains when ¢ samples have been observed overall
and the calculation of the very first sample from each Markov chain is excluded from the
calculation of its sample mean, i.e.

1 Ng/(t)
fia(t) = Y.
N 2

By imposing sufficient exploration the law of large numbers for Markov chains will kick in
and the sample means fi(t) will almost surely converge to the true means p, as t — oc.
We proceed by briefly describing the three components of the («, §)-Track-and-Stop strat-

egy.

4.4.1 Sampling Rule: Tracking the Optimal Proportions

For initialization reasons the first 2K samples that we are going to observe are Yi', Y1, ... Y& YE.
After that, for t > 2K we let U, = {a : N,(t) < vt — K/2} and we follow the tracking rule:

argmin N, (1), if Uy #0 (forced exploration),
a€U;
Aver € 2oy Na() . .
argmax < w(i(t)) — , otherwise (direct tracking).
a=1,...,.K

The forced exploration step is there to ensure that fi(t) 3 u as t — oo. Then the continuity

of g — w*(p), combined with the direct tracking step guarantees that almost surely the

frequencies N"T(t) converge to the optimal weights w(u) for alla =1,... K.

4.4.2 Stopping Rule: (a,d)-Chernoff’s Stopping Rule

For the stopping rule we will need the following statistics. For any two distinct arms a, b if
fla(Na(t)) = fis(Ny(t)), we define

Na(t)
Na(t) + Ni(t)
Ni(t)
Na(t) + Ni(t)

Za,b<t) - D (/:La(Na(t)) H /:La,b(Na(t)7 Nb<t>>>+

D (fis(No(t)) || ftap(Na(t), No(t))),
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while if 1,(No(t)) < fin(Np(t)), we define Z, ,(t) = —Zp4(t), where

N, (t) . Ny(t)

fao(Nalt): No(D) = Ty N N D)+ T Mm

fun(No(t))-

Note that the statistics Z,;(t) do not arise as the closed form solutions of the Generalized
Likelihood Ratio statistics for Markov chains, as it is the case in the IID bandits setting.

For a confidence level § € (0,1), and a convergence parameter o« > 1 we define the
(e, §)-Chernoff stopping rule following [37]

Tos =10f {t € Zsg:Fa e {1,..., K} Vb# a, Z.p(t) > (0V Bas(t))},

2
where f§,5(t) = 2log Z&, D = 2ZK? , and C' = C(P, f) is the constant from [Propo-
[sition 1} In the special case that P is a positive stochastic matrix we can explicitly set
C = max,,, . %. [t is important to notice that the constant C' = C(P, f) does not de-
pend on the bandit instance 8 or the confidence level §, but only on the generator stochastic
matrix P and the reward function f. In other words it is a characteristic of the exponential
family of Markov chains and not of the particular bandit instance, 8, under consideration.

4.4.3 Decision Rule: Best Sample Mean

For a fixed arm a it is clear that, min,., Z,,(t) > 0 if and only if fi,(N,(t)) > fis(Ns(2)) for
all b # a. Hence the following simple decision rule is well defined when used in conjunction
with the (o, §)-Chernoff stopping rule:

{&Ta,é} = arg max /:La(Na(TTae,é))'

a=1,...,.K

4.4.4 Sample Complexity Analysis

In this section we establish that the («, d)-Track-and-Stop strategy is 0-PC, and we upper
bound its expected sample complexity. In order to do this we use our Markovian concentra-
tion bound [Theorem 10| from [Section 3.4l

We first use it in order to establish the following uniform deviation bound.

Lemma 14. Let § € ©, § € (0,1), and o > 1. Let As be a sampling strategy that uses
an arbitrary sampling rule, the (o, 0)-Chernoff’s stopping rule and the best sample mean
decision rule. Then, for any arm a,

J

]P)Z)A(S (Elt € Z>0 : Na(t)D (ﬂa(Na(t>> H ,ua) 2 ﬁoz,5(t)/2) S ?

With this in our possession we are able to prove in [Section 4.B[that the («, §)-Track-and-
Stop strategy is 6-PC.
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Proposition 2. Let § € (0,1), and o € (1,e/4]. The («,d)-Track-and-Stop strategy is 6-PC.

Finally, we obtain that in the high confidence regime, 6 — 0, the (a, d)-Track-and-Stop
strategy has a sample complexity which is at most 4a times the asymptotic lower bound

that we established in [Theorem 13

Theorem 14. Let 0 € ©, and o € (1,e/4]. The (a,9)-Track-and-Stop strategy, denoted
here by As, has its asymptotic expected sample complexity upper bounded by,

Ey"[ra
lim sup LTl’é] < 4aT™(0).
§—0 0g 5
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Appendix

4.A Lower Bound on the Sample Complexity

We first prove [Lemma 13| for which we will apply a renewal argument. Using the strong
Markov property we can derive the following standard, see |30], decomposition of a Markov
chain in ITD blocks.

Fact 1. Let {Xn}nGZZO be an irreducible Markov chain with initial distribution ¢, and tran-
sition matrix P. Define recursively the k-th return time to the initial state as

T0 =0
7 =inf{n > 71 : X, = Xo}, for k > 1,

and for k > 1 let r, = 7 — 7,1 be the residual time. Those random times partition the
Markov chain in a sequence {vy}rez., of IID random blocks given by

v = (rg, X

Th—17" "

X)), for k> 1.

Let N(x,n,m) be the number of visits to « that occurred from time n up to time m, and
N(z,y,n,m) to be the number of transitions from x to y that occurred from time n up to
time m

m—1

N(z,n,m) = Z H{X, ==z},

s=n

m—1

N(xayvnvm) - Z 1{Xs =z, Xep1 = y}

It is well know, see [30], that the stationary distribution 7 of the Markov chain is given by

_ ]E(%p) N(l’, 0, T1>

Eg.p 7

m(x)

, forany x € S. (4.6)

In the following lemma we establish a similar relation for the invariant distribution over pairs
of the Markov chain.
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Lemma 15.
IE:(q,P) N(JZ‘, Y, 07 Tl)

Eg.p 7

Proof. Using (4.6) it is enough to show that for any initial state z,

, for any x,y € S.

m(z)P(z,y) =

E (o) N(2,0,7)P(x,y) = Ey.p) N(x,y,0,71),

or equivalently that,

T1—1 T1—1

]E(xo,P) Z 1{Xn = JZ}P(I’, y) = ]E(xo,P) Z 1{Xn = van-l-l = y}

n=0 n=0
Conditioning over the possible values of 71, and using Fubini’s Theorem we obtain

T1—1

o) t—1
Eor) ¥ HXy =a}P(a,y) = Po(n=1)Y Puyp(Xy =z |7 =1t)P(z,y)
t=1 n=0

n=0

= Z Z P(xmp)(Xn =X, = t)P("an)

n=0 t=n+1

= ZIP’(WP)(X” =z,7 >n)P(z,y)
n=0

= Pl (Xn =2, Xns1 = 9) Ply.py(n > n | X, = )
n=0

= ZP(xO,P)(Xn =2, Xp41 =Y, 71 >n)
n=0

T1—1

=B Y Xy =2, X0 =y},

n=0
where the second to last equality holds true due to the reversed Markov property
P(movP)(Tl >n| Xy =2,Xp1=y) = P(aco,P)(ﬁ >n | X, =u1).
O]

The following Lemma, which is a variant of Lemma 2.1 in [4], is the place where we use
the IID block structure of the Markov chain.

Lemma 16. Define the mean return time of the Markov chain with initial distribution q and
wrreducible transition matriz P by

R=Egpinf{n>0:X, = Xo}] <oo.
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Let F,, be the o-field generated by Xo, X1,...,X,. Let T be a stopping time with respect to
(fn)nEZZO, with E(qyp) T < 00. Then

|E(g.p) N(2,y,0,7) — w(x)P(z,y) Eqp) 7| < 7(x)P(z,y)R, for all z,y € S.

Proof. Using the k-th return times from we decompose N(z,y,0,7) in k IID sum-

mands
k-1

N(I’, Y, 07 Tk)) = Z N(I‘, Y, Ti, TiJrl)'
=0
Now let k = inf {k > 0 : 7, > 7}, so that 7, is the first return time to the initial state after
or at time 7. By definition of 7, we have that

T — T S Tk — Tr—1-
Taking expectations we obtain
IE(q7P) [Tfi - 7’] < ]E(q,P) [Tn - Tn—l] = E(q,P) Th = E(q,P) r =R,

which also gives that
Egp)[7] < Eqp)[7] + R < 00.

This allows us to use Wald’s identity, followed by [Lemma 15| followed by Wald’s identity
again, in order to get

k—1
]E(q,P) N(.’E, Y, O, TIi) = IE(q,P) Z N('Ta Y, Ti, Ti-i—l)

=0
E(%P) [N<‘T7 Y, 07 7—1)] E ["i]

p(x)P(z,y) Eg,p)[11] E(g,p) K]
p(x)P(ZL‘, y) ]E(q,P) [TH]-

Therefore,
Egr) N(z,y,0,7) < Egp) N(z,y,0,7.)
= () P(, y) E(g.p)[74]
< w(x)P(z,y)(Eqplr] + R).
For the other direction we use the pointwise inequality
T — Te1 < T — Tiom1,
to deduce that

E(%P) N(l’, Y, 07 T) Z E(q,P) N(ZL‘, Y, 07 Tn—l)
W(I)P('T? y) IE(q,P) [Tn—l]
T

(@) P(z,y)(Eqp[7] — R).

v
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Proof of [Lemma T
A

Follows by taking E{;‘“ of the log-likelihood ratio, log <%Z:i>, given by (4.4), and apply-
x I Fr

ing K times for the stopping times N, (1) + 1, a=1,..., K. O

The last part of involves the proof of [Theorem 13|
Proof of (Tezrer T3

Consider an alternative parametrization A € Alt(f). The data processing inequality, see [21],
gives us as a way to lower bound the Kullback-Leibler divergence between the two probability
measures ;" | 7., and Py | 7.,- In particular,

D, (Bo(e) | B (€)) < D (B I,

]P’;\“a ‘fn;)? for any € € F,,

where for p,q € [0,1], Dy (p || ¢) denotes the binary Kullback-Leibler divergence,

p 1—
Dy (pll q) =plog=+ (1 —p)log :
(0] ) = plog? + (1= p) log

We apply this inequality with the event & = {a,, # a*(0)} € F,,. The fact that the strategy

Aj; is 0-PC implies that
Po((‘:) < 5, and P)XS) >1-— (5,

hence

Dy (6 1-8) <D (B I, || B I, ).
Combining this with we get that
K K
2(0111=8) 32D an |l an) + 2 (B WNalro] + o) D0 | 30
a=1 a=1

The fact that S5 N, (75) < 75 gives,

K
Dy(8 (| 1=06)=> Dl || ar)
a=1

a=1

K K A
EA[r R, By Wo(m)l+ Ra o1y,
< ( S );m LI



CHAPTER 4. BEST MARKOVIAN ARM IDENTIFICATION WITH FIXED
CONFIDENCE 60

and now we follow the technique of [37] which combines multiple alternative models A,

K
Dy(6 | 1=6) =Y D(gs, |l gr.)
a=1
K A
< (E;‘w +ZRa> inf B Nl B 1y )1 a)
o bYINTIC)) e 2151 (EA5 [Nb(TcS)] + Rb)

K
< (E;“é[ﬂ;]+ZRa> sup  inf Zwa (0 || Ma)-

oy weM;( [K] )\EAlt ()]

The conclusion follows by letting d go to 0, and using the fact that

L Da(E ] 1-0)

T =1.
5—0 log 5

4.B Upper Bound on the Sample Complexity: the
(a, 6)-Track-and-Stop Strategy

The proof of uses the concentration bound [Theorem 10, combined with the
monotonicity of the Kullback-Leibler divergence rate.

Proof of |Lemma_14]

We first note the following inclusion of events

U U {N2()D (f1a(Na()) || 1) > Bas(t)/2, No(t) =n}

where the last equality follows because, by the monotonicity of ¢ — S, 5(t)/2 we have that
for each n € Z~y and for each t =n,n+1,...

{nD (fa(n) || ta) = Bas(t)/2} € {nD (fia(n) || pta) = Bas(n)/2}.
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Combining this with a union bound we obtain

P (3t € Zog : Na(®)D (1a(Na()) | 10) > Bus(8)/2)
<Py, (3t € Zoo 1D (1alt) | 1a) = Bus(t)/2)

SHACICITEE T

We focus on upper bounding

ﬂa,& (t) ~

Py, (D (at) | 1) >

Let i, be the unique (due to the monotonicity of the Kullback-Leibler divergence rate)
solution (if no solution exists then the probability is already zero) of the equations

Ba,é (t)
2t

Then the combination of the monotonicity of the Kullback-Leibler divergence rate, and
orem 10| gives

D (:ua,t ” :ua) = and Ha < Ha,t < M.

Ba,&(t)
2t

Py, (D (a(t) || ta) = , fla(t) > ua> = Py, (fLa(t) > pay) < 0L

Dt

We further upper bound the constant ¢(P,,) by ¢(P)? using , in order to obtain a
uniform upper bound for any Markovian arm coming from the family.
A similar bound holds true for

6&,5 (t)
2t

By, (D (alt) | ) = 2280y < ua) .

The conclusion follows by summing up over all £ and using the simple integral based estimate

S Lo

t=1

]

Embarking on the proof of the fact that the («,d)-Track-and-Stop strategy is 6-PC we
first show that the error probability is at most d no matter the bandit model.

Proposition 3. Let @ € ©, § € (0,1), and o > 1. Let As be a sampling strategy that uses
an arbitrary sampling rule, the (a,0)-Chernoff’s stopping rule and the best sample mean
decision rule. Then,

]P’(“;“g (Tas < 00, ry s 7 a*(p)) < 4.
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Proof. The following lemma which is easy to check, and its proof is omitted, will be useful
in our proof of [Proposition 3|
Lemma 17. The generalized Jensen-Shannon divergence

L(u,N)=aD (p ] ap+ (1 —a)N)+ (1 —a)D (X || au+ (1 —a)N), fora € [0,1]
satisfies the following variational characterization

(i X) = inf {aD (u | 1) + (1 = @)D (A | X))

If 75 < oo and a,, ; # a*(p), then there 3t € Z-o and there Ja # a*(u) such that
Zaa*(u)(t) > Pas(t). In this case we also have
Pas(t) < Zaar (1)
= Na()D (jia(Na(t)) | fraa- u)(N (£), Nau (1)) +

|
N~ (M)(t)D (/“‘a*(u( ax () ( ” fla,a* #)(Na() N*(M)(t)))
= (Na(t) + Na=(u) (1) Imiv%i@()(t)( fta(Na(t)), fa () (Na= () (1))
= nf {Na(D)D (a(Na(®)) Il ) + Novy () D (ua () (N (0)) || #22) }

< No(t)D (f1a(Na(t)) 1| t1a) + Navu) () D (ftax (u) (Nas () (1)) || tas )

where the third equality follows from the variational formula for the generalized Jensen-

Shannon divergence given in [Lemma 17] and the last inequality follows from the fact that
Ha < Ha*(u)-
This in turn implies that

Bas(t)/2 < Na(t)D (fia(Na(t)) [| pta),
or
Bas(t)/2 < Naw () (1) D (fia=u)(Na= ) (D) || Har )
Therefore by union bounding over the K arms we obtain

IP’;“* (Ts < 00,Gr, # a*(p))

<D B (3t € Zog s Na()D (fa(Na(1) || fta) = Bas(1)/2) -

a=1

The conclusion now follows by applying [Lemma 14] O
Proof of Proposiiion 2

Following the proof of Proposition 13 in [37], and observing that in their proof they show
that 7, s is essentially bounded we obtain that

E;“s [Ta’g] < 0.

This combined with establishes that the («,d)-Track-and-Stop strategy is o-
PC. [
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Proof of [Theorem T3
Finally for the proof the sample complexity of the («,§)-Track-and-Stop strategy in

we follow the proof of Theorem 14 in [37], where we substitute the usage of the law
of large numbers with the law of large numbers for Markov chains, and in order to establish
their Lemma 19 we use our concentration bound in [Theorem 10l O
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Chapter 5

Regret minimization for Markovian
bandits

5.1 Introduction

In this chapter we study a generalization of the stochastic multi-armed bandit problem,
where there are K independent arms, and each arm a € [K] = {1,..., K} is associated
with a parameter 6, € R, and modeled as a discrete time stochastic process governed by the
probability law Pp,. A time horizon T is prescribed, and at each round t € [T] = {1,...,T}
we select M arms, where 1 < M < K, without any prior knowledge of the statistics of the
underlying stochastic processes. The M stochastic processes that correspond to the selected
arms evolve by one time step, and we observe this evolution through a reward function,
while the stochastic processes for the rest of the arms stay frozen, i.e. we consider the rested
bandits setting. Our goal is to select arms in such a way so as to make the cumulative
reward over the whole time horizon 7" as large as possible. For this task we are faced with
an exploitation versus exploration dilemma. At each round we need to decide whether we
are going to exploit the best M arms according to the information that we have gathered
so far, or we are going to explore some other arms which do not seem to be so rewarding,
just in case that the rewards we have observed so far deviate significantly from the expected
rewards. The answer to this dilemma is usually coming by calculating indices for the arms
and ranking them according to those indices, which should incorporate both information on
how good an arm seems to be as well as on how many times it has been played so far. Here
we take an alternative approach where instead of calculating the indices for all the arms at
each round, we just calculate the index for a single arm in a round-robin way.

5.1.1 Contributions

1. We first consider the case that the K stochastic processes are irreducible Markov chains,
coming from a one-parameter exponential family of Markov chains. The objective is
to play as much as possible the M arms with the largest stationary means, although
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we have no prior information about the statistics of the K Markov chains. The differ-
ence of the best possible expected rewards coming from those M best arms and the
expected reward coming from the arms that we played is the regret that we incur. To
minimize the regret we consider an index based adaptive allocation rule, [Algorithm 3]
which is based on sample means and Kullback-Leibler upper confidence bounds for the
stationary expected rewards using the Kullback-Leibler divergence rate. We provide
a finite-time analysis, [Theorem 15| for this KL-UCB adaptive allocation rule which
shows that the regret depends logarithmically on the time horizon 7', and matches

exactly the asymptotic lower bound,

2. In order to make the finite-time guarantee possible we devise several deviation lemmata
for Markov chains. An exponential martingale for Markov chains is proven, [Lemma T1],
which leads to a maximal inequality for Markov chains, [Lemma 18 In the literature
there are several approaches that use martingale techniques either to derive Hoeffding
inequalities for Markov chains [40} 70|, or more generally to study concentration of
measure for Markov chains [63] 64, (66, 83, 65, |17, 53, [77]. Nonetheless, they’re all
based either on Dynkin’s martingale or on Doob’s martingale, combined with coupling
ideas, and there is no evidence that they can lead to maximal inequalities. Moreover,

a Chernoff bound for Markov chains is devised, [Lemma 19} and its relation with the
work of [74] is discussed in [Remark 10|

3. We then consider the case that the K stochastic processes are i.i.d. processes, each
corresponding to a density coming from a one-parameter exponential family of den-
sities. We establish, [['heorem 16| that [Algorithm 3| still enjoys the same finite-time
regret guarantees, which are asymptotically optimal. The case where fol-
lows directly from is discussed in [Remark 8 The setting of single plays
is studied in [16], but with a much more computationally intense adaptive allocation
rule.

4. In we provide simulation results illustrating the fact that round-robin KL-
UCB adaptive allocation rules are much more computationally efficient than KL.-UCB
adaptive allocation rules, and similarly round-robin UCB adaptive allocation rules are
more computationally efficient than UCB adaptive allocation rules, while the expected
regrets, in each family of algorithms, behave in a similar way. This brings to light
round-robin schemes as an appealing practical alternative to the mainstream schemes
that calculate indices for all the arms at each round.

5.1.2 Motivation

Multi-armed bandits provide a simple abstract statistical model that can be applied to
study real world problems such as clinical trials, ad placement, gambling, adaptive routing,
resource allocation in computer systems etc. We refer the interested reader to the survey
of [15] for more context, and to the recent books of [58, 84]. The need for multiple plays
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can be understood in the setting of resource allocation. Scheduling jobs to a single CPU
is an instance of the multi-armed bandit problem with a single play at each round, where
the arms correspond to the jobs. If there are multiple CPUs we get an instance of the
multi-armed bandit problem with multiple plays. The need of a richer model which allows
the presence of Markovian dependence is illustrated in the context of gambling, where the
arms correspond to slot-machines. It is reasonable to try to model the assertion that if a
slot-machine produced a high reward the n-th time played, then it is very likely that it will
produce a much lower reward the (n+1)-th time played, simply because the casino may decide
to change the reward distribution to a much stingier one if a big reward was just produced.
This assertion requires, the reward distributions to depend on the previous outcome, which
is precisely captured by the Markovian reward model. Moreover, we anticipate this to be
an important problem attempting to bridge classical stochastic bandits, controlled Markov
chains (MDPs), and non-stationary bandits.

5.1.3 Related Work

The cornerstone of the multi-armed bandits literature is the pioneering work of [56], which
studies the problem for the case of i.i.d. rewards and single plays. [56] introduce the change
of measure argument to derive a lower bound for the problem, as well as round robin adaptive
allocation rules based on upper confidence bounds which are proven to be asymptotically
optimal. [3] extend the results of [56] to the case of ii.d. rewards and multiple plays,
while |1] considers index based allocation rules which are only based on sample means and are
computationally simpler, although they may not be asymptotically optimal. The work of [1]
inspired the first finite-time analysis for the adaptive allocation rule called UCB by [5], which
is though asymptotically suboptimal. The works of [16, 36, 61] bridge this gap by providing
the KL-UCB adaptive allocation rule, with finite-time guarantees which are asymptotically
optimal. Additionally, [51] study a Thompson sampling algorithm for multiple plays and
binary rewards, and they establish a finite-time analysis which is asymptotically optimal.
Here we close the problem of multiple plays and rewards coming from an exponential family of
probability densities by showing finite-time guarantees which are asymptotically optimal, via
adaptive allocation rules which are much more efficiently computable than their precursors.

The study of Markovian rewards and multiple plays in the rested setting, is initiated in
the work of [4]. They report an asymptotic lower bound, as well as a round robin upper
confidence bound adaptive allocation rule which is proven to be asymptotically optimal.
However, it is unclear if the statistics that they use in order to derive the upper confidence
bounds, in their Theorem 4.1, can be recursively computed, and the practical applicability
of their results is therefore questionable. In addition, they don’t provide any finite-time
analysis, and they use a different type of assumption on their one-parameter family of Markov
chains. In particular, they assume that their one-parameter family of transition probability
matrices is log-concave in the parameter, equation (4.1) in [4], while we assume that it is
a one-parameter exponential family of transition probability matrices. [87, 88| extend the
UCB adaptive allocation rule of [5], to the case of Markovian rewards and multiple plays.
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They provide a finite-time analysis, but their regret bounds are suboptimal. Moreover they
impose a different type of assumption on their configuration of Markov chains. They assume
that the transition probability matrices are reversible, so that they can apply Hoeffding
bounds for Markov chains from [39, |60]. In a recent work [70] developed a Hoeffding bound
for Markov chains, which does not assume any conditions other than irreducibility, and using
this he extended the analysis of UCB to an even broader class of Markov chains. One of
our main contributions is to bridge this gap and provide a KLL-UCB adaptive allocation rule,
with a finite-time guarantee which is asymptotically optimal. In a different line of work |76,
88| consider the restless bandits Markovian reward model, in which the state of each arm
evolves according to a Markov chain independently of the player’s action. Thus in the restless
setting the state that we next observe is now dependent on the amount of time that elapses
between two plays of the same arm.

5.2 Problem Formulation

5.2.1 One-Parameter Family of Markov Chains

We consider a one-parameter family of irreducible Markov chains on a finite state space
S. Each member of the family is indexed by a parameter § € R, and is characterized
by an initial distribution gy = [g¢(x)]zes, and an irreducible transition probability matrix
Py = [Py(2,y)]syes, which give rise to a probability law Py. There are K > 2 arms, with
overall parameter configuration 8 = (6, ...,0x) € R¥, and each arm a € [K] = {1,..., K}
evolves internally as the Markov chain with parameter §, which we denote by {X?},ecz.,-
There is a common noncostant real-valued reward function on the state space f : S — R, and
successive plays of arm a result in observing samples from the stochastic process {Y,? },ez.
where Y* = f(X%). In other words, the distribution of the rewards coming from arm a is
a function of the Markov chain with parameter #,, and thus it can have more complicated
dependencies. As a special case, if we pick the reward function f to be injective, then the
distribution of the rewards is Markovian.

For # € R, due to irreducibility, there exists a unique stationary distribution for the
transition probability matrix Py which we denote with my = [my(2)]zes. Furthermore, let
() = > .cs f(x)m(x) be the stationary mean reward corresponding to the Markov chain
parametrized by 6. Without loss of generality we may assume that the K arms are ordered
so that,

w(01) > ... > pOn) > pOnga) o= p0u) = ... = p(0r) > p(0r1) > ... > p(bx),

for some N € {0,...,M — 1} and L € {M,..., K}, where N = 0 means that u(0,) =... =
w(0nr), L = K means that u(6y) = ... = pu(fk), and we set u(6y) = oo and p(fx11) = —00.
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5.2.2 Regret Minimization

We fix a time horizon 7', and at each round ¢t € [T] = {1,...,T} we play a set ¢, of M
distinct arms, where 1 < M < K is the same through out the rounds, and we observe

rewards {Z }.cx] given by,

07 if a g ¢t7

where N°(t) = Y.'_, I{a € ¢} is the number of times we played arm a up to time ¢.
Using the stopping times 7¢ = inf{t > 1 : N%) = n}, we can also reconstruct the
{Y'}nez., process, from the observed {Zf}icz., process, via the identity V! = Z7.. Our
play ¢; is based on the information that we have accumulated so far. In other words,
the event {¢, = A}, for A C [K] with |A] = M, belongs to the o-field generated by
&1, {27 Yacli)s - - Gt—1, 1271 Jacix)- We call the sequence ¢ = {¢;}iez., of our plays an
adaptive allocation rule. Our goal is to come up with an adaptive allocation rule ¢, that
achieves the greatest possible expected value for the sum of the rewards,

5oy Y a-Y >

t=1 a€[K] a€[K] n=1

which is equivalent to minimizing the expected regret,

TZM E¢ [S7]. (5.1)

5.2.3 Asymptotic Lower Bound

A quantity that naturally arises in the study of regret minimization for Markovian bandits
is the Kullback-Leibler divergence rate between two Markov chains, which is a generalization
of the usual Kullback-Leibler divergence between two probability distributions. We denote
by D (0 || A) the Kullback-Leibler divergence rate between the Markov chain with parameter
0 and the Markov chain with parameter A\, which is given by,

DOIN =Y lost P”y o) Pyl ), (5.2

z,yeS

where we use the standard notational conventions log0) = oo, log§ = oo if @ > 0, and
0log0 = 0log3 = 0. Indeed note that, if Py(z,-) = py(-) and Py(xz,-) = pa(:), for all
r € S, i.e. in the special case that the Markov chains correspond to IID processes, then
the Kullback-Leibler divergence rate D (6 || \) is equal to the Kullback-Leibler divergence

D (po || pa) between py and py,

DO = Zlgp“; Zlogpez =D (o || p2).

z,yes yeS
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Under some regularity assumptions on the one-parameter family of Markov chains, [4]
in their Theorem 3.1 are able to establish the following asymptotic lower bound on the ex-
pected regret for any adaptive allocation rule ¢ which is uniformly good across all parameter
configurations,

lim mf Z ,u 1Os) = 16h) . (5.3)

T—00 logT Nt Qb |0M)

A further discussion of this lower bound, as well as an alternative derivation can be found
in [Section 5.0

The main goal of this work is to derive a finite time analysis for an adaptive allocation
rule which is based on Kullback-Leibler divergence rate indices, that is asymptotically op-
timal. We do so for the one-parameter exponential family of Markov chains, which forms
a generalization of the classic one-parameter exponential family generated by a probability
distribution with finite support.

5.2.4 One-Parameter Exponential Family Of Markov Chains

Let S be a finite state space, f : S — R be a nonconstant reward function on the state
space, and P an irreducible transition probability matrix on S, with associated stationary
distribution 7. P will serve as the generator stochastic matrix of the family. Let u(0) =
Y ses f(x)m(x) be the stationary mean of the Markov chain induced by P when f is applied.
By tilting exponentially the transitions of P we are able to construct new transition matrices
that realize a whole range of stationary means around p(0) and form the exponential family
of stochastic matrices. Let § € R, and consider the matrix Py(z,y) = P(x, y)e?7W) . Denote
by p(0) its spectral radius. According to the Perron-Frobenius theory, see Theorem 8.4.4 in
the book of [45], p(f) is a simple eigenvalue of Py, called the Perron-Frobenius eigenvalue,
and we can associate to it unique left uy and right vy eigenvectors such that they are both
positive, Y qug(x) = 1 and ) _sug(x)vg(x) = 1. Using them we define the member of
the exponential family which corresponds to the natural parameter 0 as,

P, = 2248 exp (01(0) = AO)} Pa,0), (5.9

where A(0) = log p(f) is the log-Perron-Frobenius eigenvalue. It can be easily seen that
Py(x,y) is indeed a stochastic matrix, and its stationary distribution is given by m(z) =
up(z)vg(x). The initial distribution gy associated to the parameter 6, can be any distribution
on S, since the KL-UCB adaptive allocation rule that we devise, and its guarantees, will be
valid no matter the initial distributions.

Ezample 8 (Two-state chain). Let S = {0, 1}, and consider the transition probability matrix,
P, representing two coin-flips, Bernoulli(p) when we’re in state 0, and Bernoulli(q) when
we're in state 1. We require that P is irreducible, so p € (0, 1] and ¢ € [0, 1).

P:[l—p p}
1—-q ¢
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The exponential family of transition probability matrices generated by P and f(z) = 2x — 1

is given by,
p— L [0 —ple® p(0) — (1 —ple?
p(0) [p(0) — g€’ ge’ ’

where,

p(0) = (L=pe”’ +ge” + V(1 —219)69 — g +4p(1—q)

In the special case that p = ¢, we get back the typical exponential family of Bernoulli(py)
coin-flips, with

(1—pe’
1 —p)e ¥+ pe?”

Exponential families of Markov chains date back to the work of [69]. For a short overview
of one-parameter exponential families of Markov chains, as well as proofs of the following
properties, we refer the reader to Section 2 in [74]. The log-Perron-Frobenius eigenvalue A(6)
is a convex analytic function on the real numbers, and through its derivative, A(@), we obtain
the stationary mean () of the Markov chain with transition matrix Py when f is applied,
ie. A0) = pu(0) = X ,cq f(@)me(z). When A() is not the linear function § — 1(0),
the log-Perron-Frobenius eigenvalue, A(6), is strictly convex and thus its derivative A(f) is
strictly increasing, and it forms a bijection between the natural parameter space, R, and the
mean parameter space, M = A(R), which is a bounded open interval.

The Kullback-Leibler divergence rate from ([5.2)), when instantiated for the exponential
family of Markov chains, can be expressed as,

1—296:(

D01 A) = AN = A0) = A@O) (A~ 0),

which is convex and differentiable over R x R. Since A : R — M forms a bijection from the
natural parameter space, R, to the mean parameter space, M, with some abuse of notation

we will write D (u || v) for D <A*1(u) H Afl(l/)>, where p1, v € M. Furthermore, D (- || -) :
M x M — Rs can be extended continuously, to a function D (- || -) : M x M — RsqU{oo},
where M denotes the closure of M. This can even further be extended to a convex function
on R x R, by setting D (u || v) = coif p € M or v € M. For fixed v € R, the function
p— D (p || v) is decreasing for p < v and increasing for > v. Similarly, for fixed p € R,
the function v — D (u || v) is decreasing for v < u and increasing for v > p.

5.3 A Maximal Inequality for Markov Chains

The following definition is the technical condition that we will require for our maximal
inequality.

Definition 2 (Doeblin’s type of condition). Let P be a transition probability matrix on the
finite state space S. For a nonempty set of states A C S, we say that P is A-Doeblin if, the
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submatrix of P with rows and columns in A is irreducible, and for every x € S — A there
exists y € A such that P(x,y) > 0.

Ezample 8 (continued). For this example P being {0}-Doeblin means that p,q € [0,1),
but already irreducibility imposed the constraints p € (0,1] and ¢ € [0,1), hence the only
additional constraint is p # 1.

Remark 6. Our is inspired by the classic Doeblin’s Theorem, see Theorem
2.2.1 in [86]. Doeblin’s Theorem states that, if the transition probability matrix P satisfies
Doeblin’s condition (namely there exists ¢ > 0, and a state y € S such that for all x € S
we have P(z,y) > €), then P has a unique stationary distribution =, and for all initial
distributions ¢ we have geometric convergence to stationarity, i.e. [[¢P" — |y < 2(1 —¢)™.
Doeblin’s condition, according to our , corresponds to P being {y}-Doeblin for
some y € S.

Lemma 18 (Maximal inequality for irreducible Markov chains satisfying Doeblin’s con-
dition). Let {X,,}nez-, be an irreducible Markov chain over the finite state space S with
transition matriz P, initial distribution q, and stationary distribution ©. Let f : S — R be
a non-constant function on the state space. Denote by j1(0) = > o f(x)m(x) the stationary
mean when f is applied, and by Y, = %ZZ:1YI<: the empirical mean, where Yy, = f(X}).
Assume that P is (argmin g f(x))-Doeblin. Then for all e > 1 we have

P (U {1(0) > Y}, and kD (Y}, || 1(0)) > 6}) < C_e[elognle™,

where C_ = C_(P, f) is a positive constant depending only on the transition probability
matrix P and the function f.

Remark 7. If we only consider values of € from a bounded subset of (1,00), then we don’t
need to assume that P is (argmin, ¢ f(x))-Doeblin, and the constant C_ will further depend
on this bounded subset. But in the analysis of the KL-UCB adaptive allocation rule we will
need to consider values of € that increase with the time horizon 7', therefore we have to
impose the assumption that P is (arg min g f(2))-Doeblin, so that C_ has no dependencies
on €.

i.i.d. versions of this maximal inequality have found applicability not only in multi-
armed bandit problems, but also in the case of context tree estimation, [35], indicating that

our may be of interest for other applications as well.

5.4 The Round-Robin KL-UCB Adaptive Allocation
Rule for Multiple Plays and Markovian Rewards

For each arm a € [K| we define the empirical mean at the global time ¢ as,

Yo(t)= (Y + ...+ YN, @)/ Na(t), (5.5)
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and its local time counterpart as,

YVi=0'+...+Y)/n,

with their link being Y% = Y,(79), where 7¢ = inf{t > 1: N,(t) = n}. At each round t we

calculate a single upper confidence bound index,

Ua(t) = sup {M eM: D (Y,(t) || n) < %} , (5.6)

where ¢(t) is an increasing function, and we denote its local time version by,

n

Ug(t):sup{uéM:D(Yf I u)gﬂ}.

Note that U,(t) is efficiently computable via a bisection method due to the monotonicity of
D (Y, (t) || -)- It is straightforward to check, using the definition of U¢(t), the following two
relations,

Y* < UMt) for all n < ¢,

Urn(t) is increasing in ¢ > n for fixed n.

Furthermore, in we study the concentration properties of those upper confidence
indices and of the sample means, using the concentration results for Markov chains from
tion 5.3l The idea of calculating indices in a round robin way, dates back to the seminal
work of [56]. Here we exploit this idea, which seems to have been forgotten over time in
favor of algorithms that calculate indices for all the arms at each round, and we augment
it with the usage of the upper confidence bounds in ([5.6|), which are efficiently computable,
see for simulation results, as opposed to the statistics in Theorem 4.1 from [4].
Moreover, this combination of a round-robin scheme and the indices in is amenable to
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a finite-time analysis, see
Algorithm 3: The round-robin KL-UCB adaptive allocation rule.
Parameters: number of arms K > 2, time horizon T' > K, number of plays
1< M<K,
KL divergence rate function D (- || -) : M x M — Rsy, increasing function
g:Zso — R, parameter § € (0,1/K);
Initializaton: In the first K rounds pull each arm M times and set
VoK)= (Y + ...+ YY) /M, fora=1,...,K;
fort=K,...,T—1do
Let W, = {a € [K]: No(t) = [6t]};
Pick any subset of arms L; C W; such that:

[ ) ’Lt’ :]\4—7

e and minY,(¢t) > sup Y(¢);
a€Ly beWs—Ly

Let b=t +1 (mod K), with b € [K];

— t
Let Up(t) = sup {,u eM:D (Y1) | n) < L(g)},
b
ifbe L, or rreuLnYa(t) > Uy(t) then
‘ Pull the M arms in ¢ 1 = Ly;
else

Pick any a € arg min Y, (#);
acly

Pull the M arms in ¢;11 = (L \ {a}) U {b};
end

end

Proposition 4. For each t > K we have that |W;| > M, and so|Algorithm 5 is well defined.

Theorem 15 (Markovian rewards and multiple plays: finite-time guarantees). Let P be an
wrreducible transition probability matriz on the finite state space S, and f : S — R be a
real-valued reward function, such that P is (argmin, g f(x))-Doeblin. Assume that the K
arms correspond to the parameter configuration @ € RE of the exponential family of Markov
chains, as described in[Equation 5.4 Without loss of generality assume that the K arms are

ordered so that,

p(61) = ..o = p(On) > p(Onsa) o = py) = ... = p(01) > p(0r41) = ... = p(¥k).

Fize € (0,min(u(0n) — pu(Orr), 1(0rr) — 1(0r+1))). The KL-UCB adaptive allocation rule for
Markovian rewards and multiple plays, with the choice g(t) = logt+ 3loglogt,
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enjoys the following finite-time upper bound on the regret,

K
Rﬁ(T) < Z #(Ou) = 1(6s) log T + c1+/log T + ¢y loglog T + c3+/loglog T + ¢4,
b5 D () || 14(0r) — €)

where ¢y, ca, c3,c4 are constants with respect to T, which are given more explicitly in the
analysis.

Corollary 3 (Asymptotic optimality). In the context of the KL-UCB adaptive
allocation rule, is asymptotically optimal, and,

K

. RY(T) p(Ohr) — 14(0s)
Tlﬁoo logT b;rl D (u(0n) || 1£(0nr))

5.5 The Round-Robin KL-UCB Adaptive Allocation
Rule for Multiple Plays and i.i.d. Rewards

As a byproduct of our work in we further obtain a finite-time regret bound,
which is asymptotically optimal, for the case of multiple plays and i.i.d. rewards, from an
exponential family of probability densities.

We first review the notion of an exponential family of probability densities, for which the
standard reference is [14]. Let (X, X, p) be a probability space. A one-parameter exponential
family is a family of probability densities {py : § € ©} with respect to the measure p on X,
of the form,

po(z) = exp{0f(x) — A(0) }h(z), (5.9)

where f : X — R is called the sufficient statistic, is X-measurable, and there is no ¢ € R such
p—a.s.

that f(z) " =" ¢, h: X — R, is called the carrier density, and is a density with respect to p,
and A is the log-Moment-Generating-Function and is given by A(6) = log [, e/ @h(z)p(dz),
which is finite for § in the natural parameter space © = {0 € R : [, ”/@n(z)p(dz) < oo}.
The log-MGF, A(0), is strictly convex and its derivative forms a bijection between the natural
parameters, 0, and the mean parameters, u(0) = [, f(x)po(x)p(dz). The Kullback-Leibler
divergence between py and p,, for §,\ € ©, can be written as D (6 || \) = A(\) — A(0) —
AB)(\ = 6).

For this section, each arm a € [K| with parameter 6, corresponds to the i.i.d. process
{X 2} nez-,, where each X has density py, with respect to p, which gives rise to the i.i.d.

reward process {Y,*} ez, with Y,? = f(X2).
Remark 8. When there is a finite set S € X such that p(S) = 1, then the exponential family
of probability densities in [Equation 5.9| is just a special case of the exponential family of

Markov chains in [Equation 5.4} as can be seen by setting P(z,-) = h(-), for all z € S. Then
vg(x) = 1 for all x € S, the log-Perron-Frobenius eigenvalue coincides with the log-MGF,
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and ©® = R. Therefore, already resolves the case of multiple plays and i.i.d.
rewards from an exponential family of finitely supported densities.

Theorem 16 (i.i.d. rewards and multiple plays: finite-time guarantees). Let (X, X, p) be
a probability space, f : X — R a X-measurable function, and h : X — Ry a density with
respect to p. Assume that the K arms correspond to the parameter configuration @ € O of

the exponential family of probability densities, as described in[Equation 5.9, Without loss of
generality assume that the K arms are ordered so that,

p(61) = ... = p(On) > p(Ona) o = ply) = ... = p(01) > p(0r41) = ... = p(¥k).

Fiz e € (0,min(p(0n) — w(0nr), p(0ar) — 11(0r41))). The KL-UCB adaptive allocation rule
for i.i.d. rewards and multiple plays, with the choice g(t) = logt + 3loglogt,

enjoys the following finite-time upper bound on the regret,

K

Orr) — (6
Rg(T) < Z #(Ou) = 1(6s) log T + c1+/log T + ¢y loglog T + c34/loglog T + ¢y,
b5y D (1(0) [ 11(0ar) — €)

where ¢y, co, c3,c4 are constants with respect to T.
Consequently, the KL-UCB adaptive allocation rule, is asymptotically opti-

mal, and,
& K _
m Rg(T) _ Z DM(QM) 1(6p)

i .
T—oo logT Myt (1) || 11(Onr))

Remark 9. For the special case of single plays, M = 1, such a finite-time regret bound is
derived in [16], and here we generalize it for multiple plays, 1 < M < K. One striking
difference is that we consider calculations of KL upper confidence bounds in a round-robin
way, as opposed to calculating them for all the arms at each round. But computing KL-UCB
indices adds an extra computational overhead, as it entails inverting an increasing function
via the bisection method. Thus, our approach has important practical implications as it
leads to significantly more efficient algorithms. We verify this via simulations in [Section 5.6}

5.6 Simulation Results

In the context of [Example 8, we set p = 0.49,¢ = 0.45, K = 14, and T' = 10°. We generated
the bandit instance 64, . . ., 0k by drawing i.i.d. N(0,1/16) samples. Four adaptive allocation
rules were taken into consideration:

1. UCB: at reach round calculate all UCB indices,

2logt

ULP() = alt) + B T g

, fora=1,... K.



CHAPTER 5. REGRET MINIMIZATION FOR MARKOVIAN BANDITS 76

2. Round-Robin UCB: at reach round calculate a single UCB index,

_ 2logt
UYSP(0) = Yalt) + ) | gy only for b=t+1 - (mod K),
b

3. KL-UCRB: at reach round calculate all KL-UCB indices,

_ 1 log1
URL=UCB () = sup {,u e M : D (Y,(t) H ) < Ogtt\fi;ﬁ Ogt}, fora=1,... K.

4. Round-Robin KL-UCB: at reach round calculate a single KL-UCB index,

logt + 3loglogt
Ny (t)

UKL=UCB(4) — sup {M e M:D(Y(t) || n) < } ,only forb=t+1 (mod K).

For the UCB indices, after some tuning, we picked 8 = 1 which is significantly smaller than
the theoretical values of 3 from [87, 88, [70]. For each of those adaptive allocation rules 10
Monte Carlo iterations were performed in order to estimate the expected regret, and the
simulation results are presented in the following plots.

Figure 5.6.2: Regret of the various algo-
Figure 5.6.1: Regret of the various algo- rithms as a function of time in logarithmic
rithms as a function of time in linear scale. scale.

For our simulations we used the programming language C, to produce highly efficient
code, and a personal computer with a 2.6 GHz processor and 16GB of memory. We report that
the simulation for the Round-Robin KL-UCB adaptive allocation rule was 14.48 times faster
than the simulation for the KL-UCB adaptive allocation rule. This behavior is expected since
each calculation of a KL-UCB index induces a significant computation cost as it involves
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finding the inverse of an increasing function using the bisection method. Additionally, the
simulation for the Round-Robin UCB adaptive allocation rule was 3.15 times faster than the
simulation for the KL-UCB adaptive allocation rule, and this is justified from the fact that
calculating mathematical functions such as log(-) and /-, is more costly than calculating
averages which only involve a division. Our simulation results yield that in practice round-
robin schemes are significantly faster than schemes that calculate the indices of all the arms
at each round, and the computational gap is increasing with the number of arms K, while
the behavior of the expected regrets is very similar.
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Appendix

5.A Concentration Lemmata for Markov Chains

We first develop a Chernoff bound, which remarkably does not impose any conditions on the
Markov chain other than irreducibility, which is though a mandatory requirement for the
stationary mean to be well-defined.

Lemma 19 (Chernoff bound for irreducible Markov chains). Let {X,, }nez., be an irreducible
Markov chain over the finite state space S with transition probability matriz P, initial dis-
tribution q, and stationary distribution w. Let f : S — R be a nonconstant function on
the state space. Denote by n(0) = > .o f(z)7(x) the stationary mean when f is applied,
and by Y, = %Zzzl Yy the empirical mean, where Yy, = f(Xg). Let F' be a closed subset of
M N [u(0),00). Then,

P (Y, > p) < Che™Pe IO for iy e F,

where D (- || -) stands for the Kullback-Leibler divergence rate in the exponential family of
stochastic matrices generated by P and f, and Cy = C.(P,f,F) is a positive constant
depending only on the transition probability matrix P, the function f and the closed set F.

Proof of [emma T3

Using the standard exponential transform followed by Markov’s inequality we obtain that
for any 6 > 0,

. ; 1
P(Y, > u) < P(e"™" > ") < exp {—n (w — ZlogE [ea<f<X1>+---+f<Xn>>]) } .
n
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We can upper bound the expectation from above in the following way,

B [V ] = N () Plag, 21)e ) P2y, w,) e )

ZQ,eeny Tn €S
= > qlz0) By (x0, )
0, Ln€S
1 ~
< ) Z q(0) By (0, 2n)ve ()

minxeg Vo (.CE

= E q 170 Vo Io
min,cg vg(x) vp(x

< max

where in the last equality we used the fact that vy is a right Perron-Frobenius eigenvector of
Py.
From those two we obtain,

B(Y, > ) < ma Ey§ exp {—n(6 — A(6))}

and if we plug in 0, = A‘l(u), which is a nonnegative real number since y € F C M N
[11(0), 00), we obtain,

P(Y, > p) < max —-"% %, ()
xz,y€S Vg, (l’)

exp {—nD (p || 1(0))},

We assumed that F' is closed, and moreover [ is bounded since it is a subset of the bounded
open interval M. Therefore, F' is compact, and so A~!(F) is compact as well. Then due to
the fact that 6 — wvg(x)/ve(y) is continuous, from Lemma 2 in [74], we deduce that,

vp(y)
sup max
9ch— (F)a:yGS U@(CE)

< 00,

which we define to be the finite constant C of [Lemma 19| and which may only depend on
P, f and F. O]

Remark 10. This bound is a variant of Theorem 1 in [74], where the authors derive a Chernoff
bound under some structural assumptions on the transition probability matrix P and the
function f. In our[Lemma 19} following their techniques, we derive a Chernoff bound without
any assumptions, relying though on the fact that u lies in a closed subset of the mean
parameter space.

Next, we proceed with the proof of the maximal inequality in [Section 5.3|
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Proof of [Lemma 18

Our proof extends the argument from Lemma 11 in [16], which deals with IID random
variables. In order to handle the Markovian dependence we need to use the exponential
martingale for Markov chains from as well as continuity results for the right
Perron-Frobenius eigenvector.

Following the proof strategy used to establish the law of the iterated logarithm, we split
the range of the union [n| into chunks of exponentially increasing sizes. Denote by @ > 1 the
growth factor, to be specified later, and let n,, = |@™] be the end point of the m-th chunk,
with ng = 0. An upper bound on the number of chunks is M = [logn/loga], and so we
have that

cU U {s0znD0@ w0zt

m=1 k=nm_1+1

Let jin, = inf{p < 1£(0) : D (1 || 12(0)) < €/npm}, and 0,y = A () < A= (1(0)) = 0 so that
Omtim — A(Om) = D (s || 1(0)). Then,

{u(O) > Vi, D (Y || 1(0)) > @} c

V0m\Ak) kD | u(O))}

(1 + ) D | u(O))} ‘

At this point we use the assumption that P is (argmin, g f(z))-Doeblin in order to invoke
Proposition 1 from [74], which in our setting states that there exists a constant C_ =
C_(P, f) > 1 such that,
1
— < inf UB(y).
C_ 0ER <q,z,y€S U9($>

This gives us the inclusion,

" (Xk) . e(nm—14+1)D(um || p(0))
Mgm > Yom e(nmfﬁ-l)D(Mm Il H(O))} C {M m o> :
{ T 0, (%) L -

In we have established that M,fm is a positive martingale, which combined with
a maximal inequality for martingales due to [91] (see Exercise 4.8.2 in [29] for a modern
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reference), yields that,

fom (Mm—14+1)D(pm || 1(0))
€
]P) /‘10m > < Cief(nht—l‘i'l)D(Mm H M(O))
k:nm\ilﬂ { o= C_ } N

N —1+1

<C e m <(C e a.

To conclude, we pick the growth factor @ = ¢/(¢ — 1), and we upper bound the number of
chunks by M < [elogn]. O

5.B Concentration Properties of Upper Confidence
Bounds and Sample Means

Lemma 20. For every arma=1,..., K, andt > 3, we have that,
4eC®
P “(4) < u(6,) | < ——. 1
o (min, U200 < 00 ) < (5.10)

where C is the constant prescribed in[Lemma 18, when the mazimal inequality is applied to

the Markov chain with parameter 0,.

Proof.

Po. (,min V() < (6 < P, ( J0(00) > ¥ and nD (77 | 6)) > g(t)})

4eC?
< C%fq(t)logtle 90 < 40%e(logt)2e ) = =
< C%e[g(t)logtle ) < 4C%e(logt) e Tog

where for the first inequality we used and the definition of U¢(t), while for the
second inequality we used [Lemma 18| O

Lemma 21. For every arm a =1,..., K, and for u(\) > u(0,),

- a o(T) L (Do) 10N
2o (pX) <UD < g Sy 1 8% (mwa) [ um)) o4
| D (ulba) || p(0)’
+ 2 27T(70{h — 3 T),
N\ D o) |

where Ug,,\ = SUDge[0,, 7] A(@ € (0,00), and D (1(0a) || p(N)) = %W |u:u(9a)'
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Proof. The proof is based on the argument given in Appendix A.2 of [16_], adapted though for
the case of Markov chains. If (A) < U2(T), and Y,* < p()), then D (Y2 || u()\_)) <g(T)/n.
Let pp = inf{p < p(A) : D (|| p(X)) < x}. This in turn implies that D (Y, || u(A)) <

D (pg(ry/m JJ (X)), and using the monotonicity of p+— D (u || (X)) for g < pu(X), we further
have that Y, > pg(r)/n. This argument shows that,

Py, (1(A) < U(T)) < Po, (Hgerym < V7).
Therefore,

9(T)
(1(0a) ||

()\)) + 1 + Z PQa(MQ(T)/” S YT?)’

n=ng+1

> B (u(3) < U < 5

9(T)
D(p(6a) |l M(A))—‘ '
Fix n > ng+1. Then D (u(6,) || (X)) > g(T")/n, and therefore pigrym > p(6,). Further-

more note that piy(r)/y, is increasing to p(\) as n increases, therefore fi4(7) /5, lives in the closed
interval [u(6,), u(N)], and we can apply for the Markov chain that corresponds to
the parameter 6,,

where ng = {

Py, (V2 > pigqaym) < Cpe™P s [100),
Thus we are left with the task of controlling the sum,
Z e~ D (gerym || 1(60a))
n=ng-+1

First note that by definition jig(7),,, is increasing in n, therefore D (pg(T) /n H M(Qa)) is positive
and increasing in n, hence we can perform the following integral bound,

Z e—nD(Mg(T)/n || .U(Ga)) < e—sD(Mg(T)/s “(9“))d8
n=ng+1 m
D(u(ba) | v(N) 1
= g(T) / Pe*@wr F1Ba)) gy (5.12)
0

The function g — D (p || #(N)) is convex thus,

D (g || 11(A)) = D (1(Ba) || 11(N) + D (11(6a) || 11(N) (12 — p(6a)),

where D (u(8,) || p(N)) = %W li=p(0)- Plugging in p = p, > u(b,), for z €

[0, D (1u(0a) | 1(A))], we obtain

D (1(8a) || 1) =2 < D (u(Ba) | 1(N))(1e(0a) — piz). (5.13)
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From Lemma 8 in [74] we have that,

(fhe — N(Qa))2

D >
(o 1 02)) 2 22

)

where 07, = suppejq, A(6) € (0, 00).
Combining |[Equation 5.13| and [Equation 5.14] we deduce that,

D (u(6,) || n(V) — = )
V333,30 (1(0a) | (V)

D (,Umv || w(0a.)) > (

83

(5.14)

Now we use this bound and break the integral in [Equation 5.12| in two regions, [; =
[0, D (p(0a) || (X)) /2] and I = [D (u(ba) [| 1(A))/2, D ((0a) || 1(A))]. In the first region

we use the fact that x < D (u(6,) || £(N))/2 to deduce that,

LD 0 gy < [ - ey d - 9T (D 0a(0a) || (V) } "
/h S/h x? p{ 805, A7 <D(u(9a) [ M(A)))

In the second region we use the fact that D (u(6,) || p(A))/2 < x < D (u(6,) || (X)) to

deduce that,

dexp {_ (z=D(p(6a) || #(1))) }
/ — 2D Dy, || (0 Ddg < / 2%, . dr
I o D(p) || 1(V)

D(p(8a) |l £(N))?

D(u(6a) || p(V)) 4eXp{—(m_ 5
< as

= /oo D (u(0a) || (X))

2200 | D (e | pn)’
o0 )

02 A D(u(0a) || 1(N)”D(1(8a) || 1(N))

where Xy, » = o7

Lemma 22. For every arma=1,..., K,
st

Py, < max |Y% — u(6,)| > e) < 107] , for 6 € (0,1), e >0,

where n =n(0,¢€) € (0,1), and ¢ = ¢(8,€) are constants with respect to t.

(5.15)
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Proof. Using the same technique as in the proof of [Lemma 19| we have that for any > 0
and any n <0,

Py, ( max |V — u(6,)| > e) < max v (y) o~ (0(1(0a)+€)~Na(6))
n=[6t],....t z,y€eS ’Ug(a:')
[6t]
X max Qiz_(y)efnm(u(ea)fe)—mm)),
oot V<5 Un ()

where by A,(f) we denote the log-Perron-Frobenious eigenvalue generated by Pp,, and simi-
larly by vg the corresponding right Perron-Frobenius eigenvector.

By picking 6 = 6% large enough, and n = n® small enough, we can ensure that 0(u(6,) +
€) — Ay(0) > 0, and n(u(0,) — €) — Au(n) > 0, and so there are constants n = n(f,¢) € (0,1)
and ¢ = ¢(@, €), such that for any a = 1,..., K,

Y 0.)>¢) < - e’
a_ n<_
“ a>1_e)_c§jn <

|
n=[dt],...;t n=[6t]

5.C Analysis of [Algorithm 3

As a proxy for the regret we will use the following quantity which involves directly the
number of times each arm a € {1,..., N} hasn’t been played, and the number of times each
arm b € {L+1,..., K} has been played,

RY(T) = " (1(0a) — p(0r)) BY[T — No(D)] + Y (1u(0ar) — 11(0)) B§ING(T)].  (5.16)

For the ITD case RS(T) = R$(T), and in the more general Markovian case RS (T) is just a
constant term apart from the expected regret Rg(T). Note that a feature that makes the
case of multiple plays more delicate than the case of single plays, even for IID rewards, is
the presence of the first summand in [Equation 5.16| For this we also need to analyze the
number of times each of the best N arms hasn’t been played.

Lemma 23.

‘RZ’(T) —]—?ﬁ(T)‘ <N R > If(2),

€S

where Ry = Ky, [inf{n >1: X2, = X¢}] < co.
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We start the analysis by establishing the relation between the expected regret,
tion 5.1 and its proxy, [Equation 5.16| For this we will need the following lemma.

Lemma 24 (Lemma 2.1 in [4]). Let {X,}nez., be a Markov chain on a finite state space
S, with irreducible transition probability matriz P, stationary distribution m, and initial
distribution q. Let JF,, be the o-field generated by Xy, ..., X,. Let T be a stopping time with
respect to the filtration {F,}nez-, such that E[r] < co. Define N(x,n) to be the number of
visits to state x from time 1 to time n, i.e. N(z,n) = 1_, I{Xy = z}. Then

|E[N(z,7)] — 7(z)E[r]| < R, forx €S,
where R=E[inf{n >1: X,,; = Xi}| <0

Proof of [Lemma 73,

First note that,

ST = ZZf(x)Na<x7Na(T>>

a=1 z€S

For each a € [K], using first the triangle inequality, and then for the stopping
time N,(T'), we obtain,

> f(@)(EGINu(w, No(T)] — mo, () E?[Na(T)D|

< Y1) [BSINu (@, No(T))] - o, () EGIN(T))
xeS
<R Y1)

zeS

Hence summing over a € [K], and using the triangle inequality, we see that,

ST—Z# EA6 <ZR Z|f

€S
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To conclude the proof note that,

TZM(%) = > (02 By [No(T)]

ZN: ) B [T — N (T)] + p(0ar) (M — N) — u(6ar) Z E, [N,

+ 3 (1(Oar) — 1(0s)) By [Ny(T)]
= (1a) = p(0) B3 [T — No(T)] + > (1(0ar) — 11(65)) Bg® [Ny(T)],

where in the last equality we used the fact that Zivzl ]E;;“S [N.(T)] + Zf: N+l E;‘l‘s [No(T)]
TM.

Next we show that is well-defined.
Proof of Proposifion ]

Recall that »_ ¢ Na(t) = tM, and so there exists an arm a; such that N, (1) > tM/K.
Then Zae[K]—{al} Ny(t) > t(M — 1), and so there exists an arm as # a; such that N,,(¢) >

t(M —1)/(K —1). Inductively we can see that there exist M distinct arms aq, . .., ay such
that N, (t) >t(M —i+1)/(K —i+1) >t/K > dt,fori=1,..., M. O

c

5.C.1 Sketch for the rest of the analysis

Due to[Lemma 23], it suffices to upper bound the proxy for the expected regret given in
tion 5.16| Therefore, we can break the analysis in two parts: upper bounding Ef‘s [T—N,(T)],
fora =1,..., N, and upper bounding Ef‘s[Nb(T)], forb=L+1,... K.

For the first part, we show in that the expected number of times that an arm
a € {1,...,N} hasn’t been played, is of the order of O(loglogT).

Lemma 25. For every arma=1,..., N,
4ev?NC Rl -‘ 2’
o vn' K
E2[T — N,(T)] < loglog T 4+ ~™ + _,
ol = Nl = =355 TP

where v,rg,n,c and C' are constants with respect to T.
For the second part, if b € {L+1,..., K}, and b € ¢1, then there are three possibilities:

1. L; C[L], and |Y,(t) — u(,)| > € for some a € Ly,
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2. Ly C[L], and |Y,(t) — u(6,)| < € for all a € L;, and b € ¢y, 1,
3. Lin{L+1,...,K} #0.

This means that,

+y PO N{L+1,...,K}#0),
and we handle each of those three terms separately.
We show that the first term is upper bounded by O(1).

Lemma 26.

CLn(SK
(L=n)(1—n°)’

-1
ZIP’? (Le C[L], and |Y,(t) — p(0.)| > € for some a € L;) <
t=K

where ¢ and n are constant with respect to T

The second term is of the order of O(logT'), and it is the term that causes the overall
logarithmic regret.

Lemma 27.

-1
ZIP’Z’ (Le C[L], and |Y,(t) — u(b,)| < € for alla € Ly, and b € ¢p11)

t=K

log T+ 3loglog T 2 D (u(0) |l ubrr) =)\
= D (@) | alrr) =) SO (D (1(00) T 4(0r) e))

; D (1(0s) || 1(0ar) =€)
+ 2\/27mu(9a)’u(6,1\4)76 D (a0 || 20ar) — 6)3 <\/logT + \/3 log logT) ,

- dD On)—e .
where Ui(Ga),u(f?M)fe’ and D (pu(6h) || p(bar) —€) = % |ui=n(0,), are constants with

respect to T

Finally, we show that the third term is upper bounded by O(loglogT').
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Lemma 28.

T-1 4ey?LC ﬁl‘;g”’-‘
S PYLN{L+1,.. K} #£0) < 2

t=K

vV’ K

loglog T + ~" + ,
(1= —=n)?

log

where v,rg,n,c and C' are constants with respect to T

This concludes the proof of [Theorem 15, modulo the four bounds of this subsection which
are established in the next subsection.

5.C.2 Proofs for the four bounds

For the rest of the analysis we define the following events which describe good behavior of
the sample means and the upper confidence bounds. For v,r € Z+ let,

v=N N {rp |Y“—u<a>|<e},

'r 1<t< r41 N T

5= N {n:ﬂ%ﬂ_l(fg(ﬂ >u(9N)},

a€[N] yr—1<t<yrtl
C, = m ﬂ { min UTCLL(t) > M(ga)} '
L] yr—1<t<yrtl n=1,...,[8t]—1

Indeed, the following bounds, which rely on the concentration results of [Section 5.3 suggest
that those events will happen with some good probability.

Lemma 29.

e 1eNC [z ] 1eLC | 2osn |
Po(A5) < . Py(BY) < s L P(CY) < ot
o(4r) (I=n)(1—=n°) o(By) (r—1)y—tlog~y o(C7) (r —1)y"~tlog~y

where n € (0,1), ¢ and C' are constants with respect to r.

Proof. The first bound follows directly from [Equation 5.15/ and a union bound.
For the second bound, let p = Plogﬂ-‘, so that VTAJ >~ Fori =0,...,p let

log 5 op
t; = { 5 J and define,

From |[Equation 5.10| we see that,

4eN max,en) C < 4eN maxqen C¢

Py(D5) <
o(D}) < t;logt; ~ (r—1)y1tlogy’
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where C'% is the constant from .
Fix a € [N], and 4! <t <~ There exists i € {0,...,p— 1} such that t; <t < t;4,

and so t; > dt; — 1 > 0t — 1, which gives that ¢; > [6t] — 1. On D;, due to [Equation 5.8 we
have that,

i e > i > >
e in, U (t) > Wi Un(ts) = min Uy(ti) > u(0a) 2 p(f)-

Therefore,
p—1
4eN acin) C¢
Po(BY) < 3 Bo(Df) < ——2 ma}fj[{“ =)
pare (r—1)y"'logy
The third bound is established along the same lines. O]

In order to establish [Lemma 25 we need the following lemma which states that, on A,NB,,
an event of sufficiently large probability according to [Lemma 29| all the best N arms are
played.

Lemma 30 (Lemma 5.3 in [3). Fizy > [(1—K6)™"]+2, and let ro = [log, =5 == | +2.
For any r > ry, on A, N B, we have that [N] C ¢yy1 for all " <t < ™+

Proof of [Lemma 75,

Mog, (T—1)] -1
E[T — No(T)] <7 + Z Z (a & dri1)
r=rq AT <t<yrtl
[log. (T—-1)]-1

SUEIDD > (Pa(A7) + Pa(BY))

r=rg AT <t<yrtl

Mog., (T—1)]-1 KA 4ey?NC [21 . W
<O+ > + — |
1=n)1=n)  (r—1)logy

r=ro

where the second inequality follows from [Lemma 30|, and the third from |[Lemma 29| Now we
use a simple logarithmic upper bound on the harmonic number to obtain,

[log. (T'-1)]—-1 1 [log, (T'-1)]—1 1
Z — < Z — <loglog, T <loglogT.

T=T0 r=3

Finally, we can upper bound the other summand by a constant, with respect to T, in the

following way,
[log, (T—1)]-1 n

AT 1 57 =
> BB =

r=rQ =
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Proof of [Lemma 78,
Using [Equation 5.15|it is straightforward to see that
" B c Ln‘”
Py (L C [L], and |Y,(t) — u(6a)| > € for some a € L;) < -
and the conclusion follows by summing the geometric series. O

Proof of [Lemma 71,

Assume that L; C [L], and |Y,(t) — p(.)| < € for all a € Ly, and b € ¢,1. Then it must be
the case that b =t + 1 (mod K), b & Ly, and Uy(t) > mingey, Y, (t) > minger, u(0,) — € >
1(0yr) — €. This shows that,

Py (Ly C [L], and |Y,(t) — pu(0,)| < € for all a € Ly, and b € ¢y1)
<PO(b € ¢yy1, and Uy(t) > u(Byr) — €).

Furthermore,
T-1
D P(b € ¢y, and Uy(t) > u(0ur) — €)
=K
T—1 M+T-K
=3 > Pj(rh=t+1, and UL(t) > u(0y) —¢)
t=K n=M+1
T—1 M4+T-K
< Z Z IP’?(Tn =t+1, and US(T) > pu(On) — €)
t=K n=M+1
M4T-K T—1
= Po(r2 =t + 1, and U(T) > u(fyr) — €)
n=M+1 t=K
M+T—-K
< > P (UNT) > p(Ou) — o),
n=M+1
where in the first inequality we used [Equation 5.8 Now the conclusion follows from
ftion 5.111 O

In order to establish [Lemma 28 we need the following lemma which states that, on 4,NC:.,

an event of sufficiently large probability according to [Lemma 29, only arms from {1,..., L}
have been played at least [dt] times and have a large sample mean.

Lemma 31 (Lemma 5.3 Bin [3]). Fizy > [(1-Kd)~'|42, and let ro = [log, #fiw,ﬂ +2.
For any r > ry, on A, N C, we have that Ly C [L] for all v~ <t < ™!
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Proof of [Lemma 28
From we see that,

-1 Mog. (T—1)]—1
Py(Lin{L+1,... K}y £0)<y°+ > D (Pa(AL) + Pa(CY)).
t=K r=TQ A/T‘StSfYT“Fl
The rest of the calculations are similar with the proof of O

Prof of Corallar 3
In the finite-time regret bound of we divide by log T, let T' go to oo, and then

let € go to 0 in order to get,

lim sup Rf;(T) < i DM(QM) — 11(6y)

ol Qg T = 2 D (u(6y) [ ju(6ar))

The conclusion now follows by using the asymptotic lower bound from [Equation 5.3| O

Proof of [Theorer 18,
The proof of follows along the lines the proof of [Theorem 15 by replacing

instances of entries of the right Perron-Frobenius eigenvector vg(z) with one, and is thus
omitted. O

5.D General Asymptotic Lower Bound

Recall from [Subsection 5.2.1|the general one-parameter family of Markov chains {Py : 0 € ©},
where each Markovian probability law Py is characterized by an initial distribution gy and a
transition probability matrix Fy. For this family we assume that,

Py is irreducible for all § € ©. (5.17)
Py(xz,y) >0 = Py(x,y) >0, foralld, A € ©, z,y € S. (5.18)
@p(z) >0 = q\(z), forall 9, A €O, x € 8S. (5.19)

In general it is not necessary that the parameter space © is the whole real line, but it is
assumed to satisfy the following denseness condition. For all A € © and all § > 0, there
exists ' € © such that,

() < p(N) < p(X) +9. (5.20)

Furthermore, the Kullback-Leibler divergence rate is assumed to satisfy the following conti-
nuity property. For all € > 0, and for all 6, A\ € © such that u(\) > u(6), there exists 6 > 0
such that,

p(A) <p(N) <pA)+6 = [D@O[A)=D@ | N)] <e (5.21)
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An adaptive allocation rule ¢ is said to be uniformly good if,
RS(T) = o(T%), for all § € ©F, and all o > 0.
Under those conditions [4] establish the following asymptotic lower bound.

Theorem 17 (Theorem 3.1 from [4]). Assume that the one-parameter family of Markov
chains on the finite state space S, together with the reward function f : S — R, satisfy
conditions (5.17), (B-18), (5-19), (5.20), and (5.21). Let ¢ be a uniformly good allocation
rule. Fiz a parameter configuration @ € ©F | and without loss of generality assume that,

p(br) = ..o = p(On) > p(Ona) o = ply) = ... = p(01) > p(0r41) = ... = p(¥k)-
Then for everyb=L+1,... K,

1 E§ [N,(T))]
=~ < liminf2N
D (0, | 0a) imin log T

Consequently,

¢
Z pl 0 ) < lim inf w.
b—Lr1 b || HM T—o0 10gT

Lower bounds on the expected regret of multi-armed bandit problems are established
using a change of measure argument, which relies on the adaptive allocation rule being
uniformly good. [56] gave the prototypical change of measure argument, for the case of i.i.d.
rewards, and [4] extended this technique for the case of Markovian rewards. Here we give an
alternative simplified proof using the data processing inequality, an idea introduced in [49
20| for the i.i.d. case.

We first set up some notation. Denote by Fr the o-field generated by the random vari-
ables ¢1,...,ér, {X} QQE)T), Ce {Xf}fjfo(T), and let IP’;S |7, be the restriction of the prob-
ability distribution I[DgS on Fr. For two probability distributions P and Q over the same
measurable space we define the Kullback-Leibler divergence between P and Q as

dP .
D(P|Q) = {EP leif). fP<a

00, otherwise,

where 4 10 B denotes the Radon-Nikodym derivative, when P is absolutely continuous with re-
spect to Q. Note that we have used the same notation as for the Kullback-Leibler divergence
rate between two Markov chains, but it should be clear from the arguments whether we re-
fer to the divergence or the divergence rate. For p,q € [0, 1], the binary Kullback-Leibler
divergence is denoted by

p 1 -
Dy(pll q) =plog=+ (1 —p)log :
(0] ) = plog? + (1 p) log

The following lemma, from [73], will be crucial in establishing the lower bound.
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Lemma 32 (Lemma 1 in [73]). Let §,\ € ©F be two parameter configurations. Let T be a
stopping time with respect to (Fi)iez-,, with ]EA‘s [7], ]EA‘s [7] < 00. Then

D (B 1, | B 1) < ZEA& D (6| A)

Z (9. 1| ar) +ZRGQZM¢1 )P, (z,y)

where Ry, = By, [inf{n >1: X2, = X{}] < oo, the first summand is finite due to (5.19),
and the second summand s finite due to (5.18|).

Proof of [Theorem T4

Fix be {L+1,...,K}, and € > 0. Due to [Equation 5.20| and [Equation 5.21] there exists
A € © such that

Py
log

p(0h) < p(A), and |D (0 || Oar) — D (6s [| M) < €.

We consider the parameter configuration A = (\1,..., Ag) given by,
A, — 0., if a #0,
A, ifa=0

Using we obtain,
D (4 15, || B 1) < Dan | 2) + Bo,D (6 | 3) +ES [N(T)] D (6 ]| A).
From the data processing inequality, see the book of [21], we have that for any event £ € Fr,
D, (P3(&) | P4(&)) < D (B I, || P4 15, ).

We select £ = {Ny(T) > +/T}. Then using Markov’s inequality, and the fact that ¢ is
uniformly good we obtain for any a > 0,

s~ EANUT) _ o(T%) Ly oo _ EST — Ny(T)] _ ofT9)
PE) < TS = B < S = e

Using those two inequalities we see that,

D, (Pg(é') H Pf(ﬁ)) lo g_A_C log LT
.. T 3(&°) . o(T*)
lim inf = hmlnf— > lim ———— =1.
T—o0 logT T—oo  logT T—oo logT
Therefore,
ES[NY(T 1 1
lim inf IN(T)) > >

T—o0 logT - D(&b || )\) - D(Qb || 9]\/[)4‘67
and the first part of follows by letting € go to 0. The second part follows
from |Lemma 23| and [Equation 5.16| O
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