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Online Learning of Rested and Restless Bandits
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Abstract—In this paper, we study the online learning problem
involving rested and restless bandits, in both a centralized and a de-
centralized setting. In a centralized setting, the system consists of a
single player/user and a set of [’ finite-state discrete-time Markov
chains (arms) with unknown state spaces (rewards) and statistics.
The objective of the player is to decide in each step which 1/ of
the i’ arms to play over a sequence of trials so as to maximize its
long-term reward. In a decentralized setting, multiple uncoordi-
nated players each makes its own decision on which arm to play
in a step, and if two or more players select the same arm simul-
taneously, a collision results and none of the players selecting that
arm gets a reward. The objective of each player again is to max-
imize its long-term reward. We first show that logarithmic regret
algorithms exist both for the centralized rested and restless bandit
problems. For the decentralized setting, we propose an algorithm
with logarithmic regret with respect to the optimal centralized arm
allocation. Numerical results and extensive discussion are also pro-
vided to highlight insights obtained from this study.

Index Terms—Exploration—exploitation tradeoff, multiarmed
bandits, online learning, opportunistic spectrum access (OSA),
regret, restless bandits.

I. INTRODUCTION

N this paper, we study the online learning problem in-

volving rested and restless bandits in both a centralized and
a decentralized setting. In the centralized setting, the system
consists of a single player/user and a set of K finite-state
discrete-time Markov chains (also referred to as arms) with
unknown state spaces and statistics. At each time step, the
player can play M, M < K, arms. Each arm played generates
a reward depending on the state the arm is in when played.
The state of an arm is only observed when it is played, and
otherwise unknown to the player. The objective of the player
is to decide for each step which M of the K arms to play over
a sequence of trials so as to maximize its long-term reward.
To do so, it must use all its past actions and observations to
essentially learn the quality of each arm (e.g., their expected
rewards). In the decentralized setting, multiple uncoordinated
players each makes its own decision on which arm to play in
a step, and if two or more players select the same arm simul-
taneously, a collision results and none of the players selecting
that arm gets a reward. The objective of each player again is
to maximize its long-term reward. We consider two cases, one
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with rested arms where the state of a Markov chain stays frozen
unless it is played, the other with restless arms where the state
of a Markov chain may continue to evolve (accordingly to a
possibly different law) regardless of the player’s actions.

The aforementioned problem is motivated by the following
opportunistic spectrum access (OSA) problem. A (secondary)
user has access to a set of K channels, each of time-varying con-
dition as a result of random fading and/or certain primary users’
activities. The condition of a channel is assumed to evolve as
a Markov chain. At each time step, the secondary user (simply
referred to as the user for the rest of this paper for there is no
ambiguity) senses or probes M of the K channels to find out
their condition, and is allowed to use the channels in a way con-
sistent with their conditions. For instance, good channel condi-
tions result in higher data rates or lower power for the user and
so on. In some cases, channel conditions are simply character-
ized as being available and unavailable, and the user is allowed
to use all channels sensed to be available. This is modeled as
a reward collected by the user, the reward being a function of
the state of the channel or the Markov chain. The decentralized,
multiplayer version of the aforementioned problem is also easily
understood: here, multiple users compete for the set of K chan-
nels, and simultaneous access to the same channel results in a
collision and reduced rewards. In this case, not only do the users
have to find channels with good conditions, but must also try to
avoid collision in order to maximize their rewards.

The restless bandit model is particularly relevant to this ap-
plication because the state of each Markov chain evolves in-
dependently of the action of the user. The restless nature of
the Markov chains follows naturally from the fact that channel
conditions are governed by external factors like random fading,
shadowing, and primary user activity. In the remainder of this
paper, a channel will also be referred to as an arm, the user as
player, and probing a channel as playing or selecting an arm.

Within this context, the user’s performance is typically mea-
sured by the notion of regret. In the centralized case, it is de-
fined as the difference between the expected reward that can be
gained by an “infeasible” or ideal policy, i.e., a policy that re-
quires either a priori knowledge of some or all statistics of the
arms or hindsight information, and the expected reward of the
user’s policy. In the decentralized case, the difference is calcu-
lated with respect to the centralized policy with the aforemen-
tioned properties. The most commonly used infeasible policy is
the best single-action policy that is optimal among all policies
that continue to play the same arm. An ideal policy could play
for instance the arm that has the highest expected reward (which
requires statistical information but not hindsight). This type of
regret is sometimes also referred to as the weak regret, see, e.g.,
work by Auer et al. [1]. In this paper, we will only focus on this
definition of regret. Discussion on possibly stronger regret mea-
sures is given in Section IX.
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This problem is a typical example of the tradeoff between
exploration and exploitation. On the one hand, the player needs
to sufficiently explore all arms so as to discover with accuracy
the set of best arms and avoid getting stuck playing an inferior
one erroneously believed to be in the set of best arms. On the
other hand, the player needs to avoid spending too much time
sampling the arms and collecting statistics and not playing the
best arms often enough to get a high return.

In most prior work on the class of (centralized) bandit prob-
lems, originally proposed by Robbins [2], the rewards are as-
sumed to be independently drawn from a fixed (but unknown)
distribution. It is worth noting that with this i.i.d. assumption on
the reward process, whether an arm is rested or restless is incon-
sequential for the following reasons. Since the rewards are inde-
pendently drawn each time, whether an unselected arm remains
still or continues to change does not affect the reward the arm
produces the next time it is played whenever that may be. This
is clearly not the case with Markovian rewards. In the rested
case, since the state is frozen when an arm is not played, the
state in which we next observe the arm is independent of how
much time elapses before we play the arm again. In the rest-
less case, the state of an arm continues to evolve; thus, the state
in which we next observe it is now dependent on the amount
of time that elapses between two plays of the same arm. This
makes the problem significantly more difficult.

In this paper, we first study the centralized rested bandit
problem with Markovian rewards. Specifically, we show that
a player using the UCBI algorithm [3] achieves logarithmic
regret for rested bandits. We then use the key difference be-
tween rested and restless bandits to construct a regenerative
cycle algorithm (RCA) that produces logarithmic regret for the
restless bandit problem with a single play or multiple plays.
The construction of this algorithm allows us to use the proof of
the rested problem as a natural stepping stone, and simplifies
the presentation of the main conceptual idea. We then consider
the decentralized multiplayer restless bandit problem, where
there are M uncoordinated players, each selects a single arm
at every time step. We prove that a multiplayer extension to
RCA leads to polylogarithmic regret with respect to the optimal
centralized allocation for this problem.

The remainder of this paper is organized as follows. Related
work is discussed in Section II. In Section III, we present the
problem formulation. In Section IV, we introduce and analyze
the rested bandit problem with a single play and multiple plays.
In Sections V and VI, we analyze the restless bandit problem
with a single play and multiple plays, respectively, by utilizing
regenerative cycles. We consider the decentralized multiplayer
restless bandit problem and analyze its regret in Section VII.
In Section VIII, we numerically examine the performance
of our algorithms in the case of an OSA problem with the
Gilbert—Elliot channel model. In Section IX, we discuss pos-
sible improvements and compare our algorithm to existing
literature. Section X concludes this paper.

II. RELATED WORK

In the following, we briefly summarize the most relevant re-
sults in the literature. Lai and Robbins in [4] model rewards as
single-parameter univariate densities and give a lower bound on
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the regret and construct policies that achieve this lower bound
which are called asymptotically efficient policies. This result is
extended by Anantharam et al. in [5] to the case of playing more
than one arm at a time. Using a similar approach, Anantharam
et al. in [6] develop index policies that are asymptotically effi-
cient for arms with rewards driven by finite, irreducible, ape-
riodic, and rested Markov chains with identical state spaces
and single-parameter families of stochastic transition matrices.
Agrawal in [7] considers sample mean based index policies for
the i.i.d. model that achieve O(log n) regret, where n is the total
number of plays. Auer et al. in [3] also propose sample mean
based index policies for i.i.d. rewards with bounded support;
these are derived from [7], but are simpler than those in [7] and
are not restricted to a specific family of distributions. These poli-
cies achieve logarithmic regret uniformly over time rather than
asymptotically in time, but in general have bigger constant than
that in [4]. In [8], an index policy, KL-UCB, which is uniformly
better than UCB [3], and its variants is proposed. Moreover, it is
shown to be asymptotically optimal for Bernoulli rewards. An
extension of the multiarmed bandit problem to linear optimiza-
tion is considered in [9]. In [10], we show that the index policy
in [3] is order optimal for Markovian rewards drawn from rested
arms but not restricted to single-parameter families, under some
assumptions on the transition probabilities. Later, we prove a
logarithmic weak regret bound for the restless bandit problem in
[11]. Parallel to the work presented here, in [12], an algorithm
is constructed that achieves logarithmic regret for the restless
bandit problem. The mechanism behind this algorithm, how-
ever, is quite different from ours; this difference is discussed
in more detail in Section IX.

Work in decentralized multiplayer setting includes [13]-[15],
which all consider the i.i.d. reward case, and where players se-
lecting the same arms experience collision according to a cer-
tain collision model. Specifically, in [13] and [14], a logarithmic
lower bound on the regret is derived, and algorithms with loga-
rithmic regret are proposed. This is done through a time-division
fair sharing scheme in [13], while in [14], players randomize
to settle to orthogonal arms. In [15], the authors prove a loga-
rithmic regret bound for a combinatorial bandit problem.

It is also worth mentioning another class of multiarmed bandit
problems in which the statistics of the arms are known a priori
and the state is observed perfectly; these are thus optimization
problems rather than learning problems. The rested case is con-
sidered by Gittins [16] and the optimal policy is proved to be an
index policy that at each time plays the arm with highest Git-
tins’ index. Whittle introduced the restless version of the bandit
problem in [17]. The restless bandit problem does not have a
known general solution though special cases may be solved. For
instance, a myopic policy is shown to be optimal when channels
are identical and bursty in [18] for an OSA problem formulated
as a restless bandit problem with each channel modeled as a
two-state Markov chain (the Gilbert—Elliot model).

III. PROBLEM FORMULATION AND PRELIMINARIES

Consider K arms (or channels) indexed by the set
K =1{1,2,...,K}. The ith arm is modeled as a discrete-time,
irreducible, and aperiodic Markov chain with a finite state space
S‘. There is a stationary and positive reward associated with
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each state of each arm. Let 7, denote the reward obtained from
state © of arm 4, © € S*; this reward is in general different for
different states. Let P = {p.,, x,5 € S*} denote the transi-
tion probability matrix of the ith arm, and #* = {7, 2 € 5"}
the stationary distribution of P*.

We assume the arms (the Markov chains) are mutually inde-
pendent. In subsequent sections, we will consider the rested and
the restless cases separately. As mentioned in Section I, the state
of a rested arm changes according to P* only when it is played
and remains frozen otherwise. By contrast, the state of a restless
arm changes according to P’ regardless of the user’s actions. All
the assumptions in this section apply to both types of arms. We
note that the rested model is a special case of the restless model,
but our development under the restless model follows the rested
model.!

Let (P*)’ denote the adjoint of P* on ly(7) where

W),y = (xipl,) i, Yoy € §°

and P? = (P} P denotes the multiplicative symmetrization of
P?. We will assume that the P?’s are such that P*’s are irre-
ducible. To give a sense of how weak or strong this assump-
tion is, we first note that this is a weaker condition than as-
suming the Markov chains to be reversible. In addition, we note
that one condition that guarantees the Pi’s are irreducible is
Pezr > 0, Vo € S% Vi. This assumption thus holds naturally
for our main motivating application, as it is possible for channel
condition to remain the same over a single time step (especially
if the unit is sufficiently small). It also holds for a very large
class of Markov chains and applications in general. Consider,
for instance, a queuing system scenario where an arm denotes a
server and the Markov chain models its queue length, in which
it is possible for the queue length to remain the same over one
time unit.

The mean reward of arm 4, denoted by i, is the expected
reward of arm ¢ under its stationary distribution

_ i i
= E To Ty

TE€S?

(1

Consistent with the discrete-time Markov chain model, we
will assume that the player’s actions occur in discrete time steps.
Timeisindexed by ¢, t = 1,2, .... We will also frequently refer
to the time interval (¢ — 1,¢] as time slot ¢. In the centralized
model, the player plays M of the K arms at each time step.

Throughout the analysis, we will make the additional assump-
tion that the mean reward of arm M is strictly greater than the
mean reward of arm M + 1, i.e., we have pt > p?2 > ... >
pM o> pMHL > o0 > 4K For rested arms, this assumption
simplifies the presentation and is not necessary, i.e., results will
hold for ;™ > pM+1. However, for restless arms, the strict in-
equality between ™ and 1 is needed because otherwise

In general, a restless arm may be given by two transition probability ma-
trices: an active one (P*) and a passive one ((%). The first describes the state
evolution when it is played and the second the state evolution when it is not
played. When an arm models channel variation, P* and (}* are, in general, as-
sumed to be the same as the channel variation is uncontrolled. In the context of
online learning, we shall see that the selection of (2* is irrelevant; indeed, the
arm does not even have to be Markovian when it is in the passive mode. More
is discussed in Section IX.
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there can be a large number of arm switchings between the M th
and the (M + 1)th arms (possibly more than logarithmic). Strict
inequality will prevent this from happening. We note that this
assumption is not in general restrictive; in our motivating appli-
cation, distinct channel conditions typically mean different data
rates. Possible relaxation of this condition is given in Section IX.

We will refer to the set of arms {1,2,..., M} as the M -best
arms and say that each arm in this set is optimal while referring
to the set {M +1,M +2,---, K} as the M-worst arms and
say that each arm in this set is suboptimal.

For a policy o, we define its regret R*(n) as the difference
between the expected total reward that can be obtained by only
playing the M -best arms and the expected total reward obtained
by policy « up to time n. Let A%(¢) denote the set of arms
selected by policy « at #, 04(7‘) € A®(t) be an arm selected
by policy @ att, + = 1,2,..., and z,(#) be the state of arm
a(t) € A*(t) at time ¢. Then we have

o |

—”ilﬂ E® {Z > u(,(t)J'

t=1 a(t)e A~ (¢)

The objective is to examine how the regret 12“(n) behaves as
a function of n for a given policy « and to construct a policy
whose regret is order-optimal, through appropriate bounding.
As we will show and as is commonly done, the key to bounding
R“(n) is to bound the expected number of plays of any subop-
timal arm. Let 7%¢(¢) be the number of times arm 4 is played
by policy « at the end of time #, and 7*(7*(#)) be the sample
mean of the rewards observed from the first 7*(#) plays of arm
2. When the policy used is clear from the context, we will sup-
press the superscript v from the aforementioned expressions.

The following result is due to Lezaud [19] that bounds the
probability of a large deviation from the stationary distribution.

Lemma 1 [Theorem 3.3 From [19]]: Consider a finite-state,
irreducible Markov chain {X;},., with state space S, matrix
of transition probabilities P, an initial distribution q, and sta-
H(g_j,g; c S)H‘ Let P =
P’P be the multiplicative symmetrization of P where P’ is
the adjoint of P on I5(x). Let € 1 — Ag, where X, is the
second largest eigenvalue of the matrix P. ¢ will be referred
to as the eigenvalue gap of P.Let f : S — R be such that

. ; “ 12 AN
Zyesryf(y) =0,|fll <land0 < ||f|l; < 1.IfP is
irreducible, then for any positive integer n and all 0 < v <1

Yo [(Xe ny’e
> < Ngexp |— .
( n T) = aexp 28

The following notations are frequently used throughout
this paper: 3 = Yoo 1/, wh —‘ mingegi T, Tmin =
MR Wy Tmax = MAXyesi ek Ty Smax = Max;ex | S? |
T max - MAXyegi, ek {71' 1- T }, €min min;ex €
where €' is the eigenvalue gap (the difference between 1
and the second largest eigenvalue) of the multiplicative sym-
metrization of the transition probability matrix of the ith arm,
and Q. = max, yES Qi y» Where § 2y .y 1s the mean hitting
time of state y given the initial state =z for arm 2 for P’.

The following is a condition we will need on arms for most
of the results in this paper.

@)

tionary distribution 7. Let Ny =

max
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The
rithm:

Upper Confidence Bound (UCB) Algo-

1: Initialize: Play each arm once in the first K slots

2: while ¢t > K do v
3 F(Ti) = TS T Ly

Llnt :
IOL Vi

4:  calculate index: g,f,Tl(t) = 7(T(t))+

5: ti=t+1

6:  play the arm with the highest index (ties broken
randomly), update r(t) and T%(¢),Vi € K.

7: end while

Fig. 1. Pseudocode for the UCB algorithm.

Condition 1: All arms are finite-state, irreducible, aperiodic
Markov chains whose transition probability matrices have ir-
reducible multiplicative symmetrizations and 7! > 0, Vi €
K, Vo € S

In the next few sections, we present algorithms for the rested
and restless bandit problems with a single play and multiple
plays, respectively, and analyze their regret.

IV. ANALYSIS OF THE RESTED BANDIT PROBLEM

In this section, we show that there exists an algorithm that
achieves logarithmic regret uniformly over time for the rested
bandit problem. We will start with the single-play scenario,
where the player selects a single arm at each time step, thus
M = 1. The algorithm we consider is called the upper confi-
dence bound (UCB), which is a slight modification of UCBI
from [3] with an unspecified exploration constant L instead of
fixing it at 2. The idea of modifying the exploration constant is
also used in [20] under a very different setting where the idea is
to exploit variance estimation in a multiarmed bandit problem.
Throughout our discussion, we will consider a horizon of n
time slots.

As shown in Fig. 1, UCB selects the arm with the highest
index at each time step and updates the indices according to the
rewards observed. The index given on line 4 of Fig. 1 depends
on the sample mean reward and an exploration term which re-
flects the relative uncertainty about the sample mean of an arm.
We call L in the exploration term the exploration constant. The
exploration term grows logarithmically when the arm is not
played in order to guarantee that sufficient samples are taken
from each arm to approximate the mean reward.

To upper bound the regret of the aforementioned algorithm
logarithmically, we proceed as follows. We begin by relating the
regret to the expected number of plays of the arms and then show
that each suboptimal arm is played at most logarithmically in
expectation. These steps are illustrated in the following lemmas.

Lemma 2: Assume that all arms are finite-state, irreducible,
aperiodic, rested Markov chains. Then, using UCB, we have

R(n) — (nul - ZuiE[Ti(n)o

where Cs p r is a constant that depends on the state spaces,
rewards, and transition probabilities but not on time.
Proof: see Appendix A. ]

<Ospr (3
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Lemma 3: Assume Condition 1 holds and all arms are rested.
Under UCB with L > 11282 72 #2  /€min, for any subop-
timal arm ¢, we have

ax max

i 4L1Inn (] )IE;
ET' )] <1+ — + .
[ ( )] (Ml - /J/L)2 Tmin
Proof: see Appendix B. |

Theorem 1: Assume Condition 1 holds and all arms are
rested. With constant L > 11252, #2 72 /e, the regret
of UCB is upper bounded by

R(n <4Llnnz

i>1 ’u _f"
+> (W =) (1+Cin) + Cspe
i>1
where C; 1 = 7“51':"51‘)3.
Proof:

K

R(n) <nu —ZMET7(77)]+CSP1~ 4)
i=1
<> (W -w ()] + Cs p s
i>1
. 4L1lnn (15 + |S')A
< 1 1 -
hS Dzl(ﬂ ') ( + (! — pi)? + Trnin
+Cspr ®)
1 .
_4L1n77,z ( — LL,) +Z('“'1 _'u,l) (1+CL,1)
is1 T i>1
+Cspr

where (4) follows from Lemma 4 and (5) follows from
Lemma 5. |

The aforementioned theorem says that provided that L satis-
fies the stated sufficient condition, UCB results in logarithmic
regret for the rested problem. This sufficient condition does re-
quire certain knowledge on the underlying Markov chains. This
requirement may be removed if the value of L is adapted over
time. More is discussed in Section IX.

We next extend the aforementioned results to the case where
the player selects M arms at each time step. The multiple-play
extension to UCBI, referred to as UCB-M below, is straight-
forward: initially, each arm is played M times in the first K
slots (M arms in each slot, in arbitrary order); subsequently, at
each time slot, the algorithm plays M of the K arms with the
highest current indices. For simplicity of presentation, we will
view a single player playing multiple arms at each time as mul-
tiple coordinated players each playing a single arm at each time.
In other words, we consider M players indexedby 1,2, ..., M,
each playing a single arm at a time. Since in this case infor-
mation is centralized, collision is completely avoided among
the players, i.e., at each time step an arm will be played by at
most one player. Under this presentation, let 7% (£) be the total
number of times (slots) player j played arm « up to the end of
slot £.
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Proofs of the following lemmas are not given since they are
similar to the proofs of the lemmas presented earlier in this sec-
tion.

Lemma 4: Assume that all arms are finite-state, irreducible,
aperiodic, rested Markov chains. Then, using UCB-M, we have

S CSA,P,I‘

1) — 7LZM~7 - Z P E[T (n))]

where C's p » is a constant that depends on the state spaces,
rewards, and transition probabilities but not on time.

Lemma 5: Assume Condition 1 holds and all arms are rested.
Under UCB-M with L > 11252 #2 %2 /€min, for any sub-
optimal arm 7, we have

M

£ 3 S+

Tmin

4L 1nn

E[Ti(n)] <M+ T — i)

i=1

Theorem 2: Assume Condition l holds and all arms are
rested. With constant L > 11252 /€min, the regret

max max max

of UCB-M is upper bounded by

(1! =)
R(n) <4Llnn —_—
") ;l (M — pt)?
M
+ Z (pt =ty | M+ ZCi,j +Cspr
i>M j=1
where C; ; = —(‘Slmfmﬂ.
Proof:

M K
nzlﬂ - Z[LiE[T n

—Zu n — E[T*(n)]) Z,LL [T(n)]
i>M
M ‘ ‘
< Zu,l(n — E[T"(n)]) — Z W E[T(n))
i=1 i>M
= > (uh = u)ET (n).
i>M
Thus
R(n)
M
S’ILZ[L] ZME N+ Cspyr (6)
Jj=1
< Z (ut — pHE[T (n)] + Cspr
i>M
. 4L1nn
< Loy (Mg S
<D (=) ( T (M — )2

i>M
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L (87 +157)8

Tmin

+ CS,P,r (7)

J=1

1
=4L1nn Z ((M4‘L)

M _ ,,i\2
1>M H u)

M
+ Z (p' =y | M+ ZCi,j +Cspyr
i>M

Jj=1

where (6) follows from Lemma 4 and (7) follows from
Lemma 5. |

V. RESTLESS BANDIT PROBLEM: SINGLE PLAY

In this and the next section, we study the restless bandit
problem, in the single-play and the multiple-play cases, re-
spectively. While the multiple-play case is more general, the
analysis in the single-play case is more intuitive to illustrate
with less cumbersome notations.

We construct an algorithm called the regenerative cycle al-
gorithm, and prove that this algorithm guarantees logarithmic
regret uniformly over time under the same mild assumptions on
the state transition probabilities as in the rested case. In the fol-
lowing, we first present the key conceptual idea behind RCA,
followed by a more detailed pseudocode. We then prove the log-
arithmic regret result.

As the name suggests, RCA operates in regenerative cycles.
In essence, RCA uses the observations from sample paths within
regenerative cycles to estimate the sample mean of an arm in the
form of an index similar to that used in UCB while discarding
the rest of the observations (only for the computation of the
index; they contribute to the total reward). Note that the rewards
from the discarded observations are collected but are not used
to make decisions. The reason behind such a construction has
to do with the restless nature of the arms. Since each arm con-
tinues to evolve according to the Markov chain regardless of the
user’s action, the probability distribution of the reward we get
by playing an arm is a function of the amount of time that has
elapsed since the last time we played the same arm. Since the
arms are not played continuously, the sequence of observations
from an arm which is not played consecutively does not cor-
respond to a discrete-time homogeneous Markov chain. While
this certainly does not affect our ability to collect rewards, it be-
comes hard to analyze the estimated quality (the index) of an
arm calculated based on rewards collected this way.

However, if instead of the actual sample path of observations
from an arm, we limit ourselves to a sample path constructed
(or rather stitched together) using only the observations from
regenerative cycles, then this sample path essentially has the
same statistics as the original Markov chain due to the renewal
property and one can now use the sample mean of the rewards
from the regenerative sample paths to approximate the mean
reward under stationary distribution.

Under RCA, the player maintains a block structure; a block
consists of a certain number of slots. Within a block, a player
plays the same arm continuously till a certain prespecified state
(say ¥%) is observed. Upon this observation, the arm enters a
regenerative cycle and the player continues to play the same
arm till state * is observed for the second time, which denotes
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compute index compute index
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compute index

¢<— play arm i *L; play arm k —j

XX | eoe I«{iiooo |7l| eoe In{k XX I»A eee ooo
SB1 SB2 SB3 SB1 SB2 SB3
~— playarmj —™ ~+— playarmi — ~+—— playarmi —

el

XX Iy‘ooo IYl

j: XX soe
SB1 SB2 SB3 SB1 SB2 SB3 SB1 SB2 SB3
Fig. 2. Example realization of RCA.
last completed
~+—— Istblock —*<+—— 2ndblock —™ block b(n)
| eee Yiéooo |Y1| eoe Yiiooo Y’l eee ooe e yiéooc |Yl eoe
slot T(n) slot (n)

Fig. 3. Block structure of RCA.

the end of the block. For the purpose of index computation and
subsequent analysis, each block is further broken into three sub-
blocks (SBs). SB1 consists of all time slots from the beginning
of the block to right before the first visit to v*; SB2 includes
all time slots from the first visit to v* up to but excluding the
second visit to state y*; SB3 consists of a single time slot with
the second visit to v*. Fig. 2 shows an example sample path of
the operation of RCA.

The key to the RCA algorithm is for each arm to single out
only observations within SB2’s in each block and virtually as-
semble them. Throughout our discussion, we will consider a
horizon of n time slots. A list of notations used is summarized
as follows.

1) +*: the state that determines the regenerative cycles for arm

Z.
2) &(b): the arm played in the bth block.

3) b(n): the number of completed blocks up to time 7.

4) T(n): the time at the end of the last completed block (see
Fig. 3).

5) B*(b): the total number of blocks within the first completed
b blocks in which arm 4 is played.

6) Xi(b): the vector of observed states from SB1 of the bth
block in which arm ¢ is played; this vector is empty if the
first observed state is v*.

7) X3i(b): the vector of observed states from SB2 of the bth
block in which arm : is played;

8) Xi(b): the vector of observed states from the bth
block in which arm ¢ is played. Thus, we have
XT(b) = [X{(b), X3(6). 7.

9) t(b): time at the end of block b.

10) t2(b): the number of time slots that lie within an SB2 of
any completed block up to and including block b.

11) Ti(t): the number of time slots arm 4 is played during
SB2’s when the number of time steps that lie within an SB2
is t.

12) T%(t): the number of time slots arm i is played by the end
of time ¢.

The block structure along with some of the aforementioned
definitions are presented in Fig. 3. RCA computes and updates

the value of an index ¢* for each arm i at the end of block b
based on the total reward obtained from arm i during all SB2’s
as follows:

Llnta(b)

TiLo)

-gig(b);T;(tQ(b)) = (T3 (ta(b))) +

where L is a constant, and

r(D) +r1(2) + 4 (Ta(E(0)
T5(ta2(b))

denotes the sample mean of the reward collected during SB2. It
is also worth noting that under RCA, rewards are also collected
during SB1’s and SB3’s. However, the computation of the in-
dices only relies on SB2. The pseudocode of RCA is given in
Fig. 4.

Proving the existence of a logarithmic upper bound on the re-
gret for restless arms is a nontrivial task since the blocks may
be arbitrarily long and the frequency of arm selection depends
on the length of the blocks. In the analysis that follows, we first
show that the expected number of blocks in which a suboptimal
arm is played is at most logarithmic. By the regenerative prop-
erty of the arms, all the observations from SB2’s of an arm can
be combined together and viewed as a sequence of continuous
observations from a rested arm. Therefore, we can use a large
deviation result to bound the expected number of times the index
of a suboptimal arm exceeds the index of an optimal arm. Using
this result, we show that the expected number of blocks in which
a suboptimal arm is played is at most logarithmic in time. We
then relate the expected number of blocks in which a suboptimal
arm is played to the expected number of time slots in which a
suboptimal arm is played using the positive recurrence prop-
erty of the arms. Finally, we show that the regret due to arm
switching is at most logarithmic, and the regret from the last,
incomplete block is finite due to the positive recurrence prop-
erty of the arms.

In the following, we first bound the expected number of plays
from a suboptimal arm.

7 (T3(t2(0)) =
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Regenerative Cycle Algorithm
(RCA):
1: Initialize: b = 1,¢ = 0,t3 = 0,73 = 0,7* = 0,Vi =
1, K
2: for b < K do
3. play arm b; set 4° to be the first state observed
4:  t:=t+1;ty := t2+1;T2b = T2”+1; rb .= rb+rfy,.
5:  play arm b; denote observed state as x
6:  while z # " do
7: ti=t+1;ty i=to+1; TE := TE+1; 70 := rP4rd
8: play arm b; denote observed state as =
9:  end while
10 b:=b+1;t:=t+1
11: end for
12: for j =1to K do ‘
13:  compute index ¢’ := ;—]J + %
R 2 2
14 j++
15: end for
16: 4 1= arg max; Il
17: while (1) do
18:  play arm ¢; denote observed state as x
19:  while z # ~¢ do
20: ti=t+1
21: play arm ¢; denote observed state as =
22:  end while
23: ti=t+litei=te+ L TE =T+ 1t i=rf 01l
24:  play arm ¢; denote observed state as x
25:  while z £+ do
26 ti=t+1;ty i=to+1; Td i= Ta+1; 7t i=rigrl
27: play arm 4; denote observed state as x
28:  end while
2: b:=b+1;t:=t+1
30: for j =1to K do
31 compute index g7 := ;], + %‘;ﬁz
32: J++
33:  end for
34: 4= argmax; g’

35: end while

Fig. 4. Pseudocode of RCA.

Lemma 6: Assume Condition 1 holds and all arms are rest-
less. Under RCA with a constant L > 11252

mﬁx mﬁx max/emm,

we have
. 4L1Inn
ETT(n)] < Dy —,-‘|'Ci.)
7T 000 < D (s + G
where
(|51|+\51|ﬂ 2
C;q = ~ 7, t
o ( Tmin - F= Z
1
Di = <— +Oilld‘( ) .
7Tl’nll’l

Proof: See Appendix C.
We now state the main result of this section.

Theorem 3: Assume Condition 1 holds and all arms are rest-
less. With constant L > 11252 2 #2  /€.in, the regret of
RCA is upper bounded by

1 E;
R(n) <4Lln nZ P (Di + ﬁ)
i>1 : + t F

+> Cia ((u' = )Di + E;) + F

i>1
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where
Si 51 >
Oi~,1 = (1 + M) , A= 2152
Tmin =1
1
D; = < max >
ﬂ—lnln
1 ;

F :;1,1 ( + max Q..+ 1) .

Tmin 1€{1,....K}

Proof: See Appendix D. ]

Theorem 3 suggests that given minimal information about
the arms such as an upper bound for S22, 72 /€min, the
player can guarantee logarithmic regret by choosing an L in
RCA that satisfies the stated condition. As in the rested case,
this requirement on . can be completely removed if the value
of L is adapted over time; more is discussed in Section IX.

We conjecture that the order optimality of RCA holds when it
is used with any index policy that is order optimal for the rested
bandit problem. Because of the use of regenerative cycles in
RCA, the observations used to calculate the indices can be in
effect treated as coming from rested arms. Thus, an approach
similar to the one used in the proof of Theorem 3 can be used to
prove order optimality of combinations of RCA and other index
policies. We comment more on this in Section IX.

VI. RESTLESS BANDIT PROBLEM: MULTIPLE PLAYS

In this section we extend the results of the previous section to
the case of multiple plays. The multiple-play extension to the re-
generative cycle algorithm will be referred to as the RCA-M. As
in the rested case, even though our basic model is one of single
player with multiple plays, our description is in the equivalent
form of multiple coordinated players each with a single play.

As in RCA, RCA-M maintains the same block structure,
where a player plays the same arm till it completes a re-
generative cycle. Since M arms are played (by M players)
simultaneously in each slot, different blocks overlap in time.
Multiple blocks may or may not start or end at the same time.
In our following analysis, blocks will be ordered; they are
ordered according to their start time. If multiple blocks start
at the same time, then the ordering among them is randomly
chosen. Fig. 5 shows an example sample path of the operation
of RCA-M. The block structure of two players and the ordering
of the blocks are shown.

The pseudocode of RCA-M is given in Fig. 6. The analysis
is similar to that in Section V, with careful accounting of the
expected number of blocks in which a suboptimal arm is played.
The details can be found in the proof of Theorem 3.

Theorem 4: Assume Condition 1 holds and all arms are rest-
less. With constant L > 11252 /€min, the regret of

max max m ax

RCA-M is upper bounded by

y<4Llnn Z

1>’\I

+Z u

i>M

R(n) ((/L — 1")D; + E;)

M
OD;+E) [1+MY Cij | +F
J=1
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Fig. 5. Example realization of RCA-M with M = 2 for a period of n slots.

where
(IS + 1575 S
=T e
t=1
o 1
L 7rm1n “max
M
El = ( + Q;nﬁx + Zﬂjggnax
=1
M 1
F= i X .
Z W (Wmin + IlneaxS max T 1)
j=1
Proof: See Appendix E. ]

VII. DECENTRALIZED MULTIPLAYER RESTLESS BANDIT

In this section, we analyze the decentralized multiplayer rest-
less bandit problem. In this case, there are A uncoordinated
players. Each player must choose a single arm to play at each
time step. A player is able to observe the state of the arm it se-
lects, but if two or more players select the same arm simultane-
ously, then a collision results and no player involved receives
any reward. Compared to the centralized restless bandit with
multiple plays studied in Section VI, which was described from
the point of view of multiple coordinated players, the key differ-
ence here is the possibility of collision which reduces a player’s
reward. Note however that a player’s ability to observe state in-
formation remains unchanged from the previous case.

Within the context of our motivating application, this
problem models a decentralized multiuser dynamic spectrum
access scenario, where multiple users compete for a common
set of channels. Each user performs channel sensing and data
transmission tasks in each time slot. Sensing is done at the
beginning of a slot; the user observes the quality of a selected
channel. This is followed by data transmission in the same
channel. The user receives feedback at the end of the slot (e.g.,
in the form of an acknowledgment) on whether the transmission
is successful. If more than one user selects the same channel in
the same slot, then a collision occurs and none of the users gets
any reward.

The Regenerative Cycle Algorithm - Multiple Plays (RCA-
M):
1: Initialize: b = 1,t = 0,t5 = 0,74 = 0,7 = 0, [, =
0,ILy=1,Vi=1,--- ,K, A=10
//T¢y indicates whether arm i has been played at
least once

»

3:  //I% g, indicates whether arm i is in an SB2 sub-block

4: while (1) do

5: fori=1to K do

6: if Iy =1 and |[A| < M then

7: A+ AU{i} //arms never played is given
priority to ensure all arms are sampled initially

8: end if

9: end for
10:  if [A| < M then

11: Add to A the set
{i:g" is one of the M — |A| largest among
{gk7k € {17 vK} 7A}}

12: //for arms that have been played at least once,
those with the largest indices are selected

13:  end if

14: foric Ado

15: play arm 4; denote state observed by xt

16: if I}N = 1 then

17: yh=a2t, TS =Ti+1,rt =1t +Tm1,I;N=0,

Iy =1
18: //the first observed state becomes the regen-
erative state; the arm enters SB2

19: else if 7 # 7" and ISB2 =1 then

20: Td 7T2+17" =7 +r

21: else if * = +* and ISBQ=0then

22: T3 :=T5+1,r" =141, Iigy, =1

23: else if ' = +* and I, = 1 then

24: rii=rtprl, Iip, =0, A« A—{i}

25: end if

26:  end for

270 ti=t+ 1Lty i=te+min {1, g Iip,} /o is
only accumulated if at least one arm is in SB2

28: for i = lito K do

29: ¢=%+M%%

30:  end for

31: end while

Fig. 6. Pseudocode of RCA-M.

The algorithm we construct and analyze in this section is
a decentralized extension to RCA-M and will be referred to
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as the decentralized regenerative cycle algorithm or DRCA.
This algorithm works similarly as RCA-M, using the same
block structure. However, since players are uncoordinated,
each player keeps its own locally computed indices for all
arms, and they may vary from player to player. As earlier, a
player continues to play the same arm till it completes a block,
upon which it updates the indices for the arms using state
observations from SB2’s. Within this completed block, it may
experience collision in any of the time slots; for these slots, it
does not receive any reward. At the end of a block, if the player
did not experience a collision in the last slot of the block, it
continues to play the arm with the same rank in the next block
after the index update. If it did experience a collision, then the
player updates the indices for the arms, and then randomly
selects an arm within the top M arms, based on the indices it
currently has for all the arms, to play in the next block.

We see that compared to RCA-M, the main difference in
DRCA is the randomization upon completion of a block. This
is because if all players choose the arm with the highest index,
then collision will be high even if players do not have exactly
the same local indices; this in turn leads to large regret. Let-
ting a player randomize among its M highest-ranked arms can
help alleviate this problem, and aims to eventually orthogo-
nalize the M users in their choice of arms. This is the same idea
used in [14]. The difference is that in [14], the randomization is
done each time a collision occurs under an i.i.d. reward model,
whereas in our case, the randomization is done at the end of a
completed block and is therefore less frequent as block lengths
are random. The reason for this is because with the Markovian
reward model, index updates can only be done after a regenera-
tive cycle; switching before a block is completed will waste the
state observations made within that incomplete block.

In the remainder of this section, we show that using the afore-
mentioned algorithm, the regret summed over all players with
respect to the optimal centralized (coordinated) solution, where
M players always play the M -best arms, is polylogarithmic in
time. Our analysis follows a similar approach as in [14], adapted
to blocks rather than time slots and with a number of technical
differences. In particular, the proof of Lemma 9 is significantly
different because a single block of some player may collide with
multiple blocks of other players; thus, we need to consider the
actions of players jointly.

Let Y*7(b) be the sample mean of the rewards inferred from
state observations (not the actual rewards received since in this
case reward is zero when there is collision) by player j during
its bth block in which it plays arm %. Without loss of generality,
in this section, we assume that ¢ < 1, Vo € S%, i € K. Let
B*3(b) be the number of blocks in which arm k is played by j
at the end of its bth block. Let b;(n) be the number of j’s com-
pleted blocks up to time 7. Then, the index of arm A computed
(and perceived) by player 7 at the end of its bth completed block
is given by

2Inb

g*i(b) = B0

Bk.j(b) k.
2=y YY) +\/ 9)

Bri(b)

The difference between the index given in (8) and (9) is that
the exploration term in (9) depends on the number of blocks
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completed by a player, while in (8) it depends on the number of
time steps spent in SB2’s of a player.

Let J(n) be the number of slots involving collisions in the
M optimal arms in the first n slots, and let 7%/ (n) denote the
number of slots player j plays arm % up to time 7. Then, from
Proposition 1 in [14], we have

M K
R(n)<p' [ > > E[T™ ()] + E[J(n)] (10)
j=1 k=M+1

This result relates the regret to the amount of loss due to colli-
sion in the optimal arms, and the plays in the suboptimal arms.

Lemma 7: Under DRCA, for any player 7 and any suboptimal
arm k, we have

8lnn ]
;s +1+ Mg

BB (b;(n))] (T — kg2

IA

Proof: See Appendix F. ]

The next lemma shows that provided all players have the cor-
rect ordering of arms, the expected number of blocks needed to
reach an orthogonal configuration by randomization at the end
of blocks is finite.

Lemma 8: Given all players have the correct ordering of the
arms and do not change this ordering anymore, the expected
number of blocks needed summed over all players to reach an
orthogonal configuration is bounded above by

o=t (1))

Proof: The proof'is similar to the proof of Lemma 2 in [ 14],
by performing randomization at the end of each block instead of
at every time step. ]

Let B’(n) be the number of completed blocks up to 7, in
which at least one of the top M estimated ranks of the arms at
some player is wrong. Let p’;y (t) be the ¢ step transition proba-
bility from state = to ¢y of arm k. Since all arms are ergodic, there
exists N > 0 such that p¥ (N) > 0, forall k € K, @,y € S*.
We now bound the expectation of B’(n).

Lemma 9: Under DRCA, we have

BB (n)] < M [ZN(M _ (1 + %(lnn + 1)) + 1]

voX 8Inn
DIPW(re

a=1c=a+1

+1+/3)

where N is the minimum integer such that pf, (N) > 0

forall k € K, z,y € S, A = In # , and
p* = nlinkEIC, xz,yESk pl;,y(]v)
Proof: See Appendix G. ]

Next, we show that the expected number of collisions in the
optimal arms is at most logz(.) in time. Let H(n) be the number
of completed blocks in which some collision occurred in the
optimal arms up to time n.
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Lemma 10: Under DRCA, we have
E[H(n)) < OgE[B'(n)].

Proof: See Appendix H. |

Combining all the aforementioned lemmas and using the fact
that the expected block length is finite, we have the following
result.

Theorem 5: When all players use DRCA, we have

M K
8lnn
. 1
R(n) <t D | D 3 <—(uM i TMAE 2)

where

DHlRX =

- max

4+ Qnax +1,  Qpax = max Ok
Tinin ke
Tmin = M0 erilin.
keKX

Proof: Since the expected length of each block is
at most D, and the expected number of time steps
between current time n and the time of the last com-
pleted block is at most the expected block length, we
have E[T*i(n)] <  Dpax(E[B¥(b;(n))] + 1) and
E[J(n)] £ Dupax(E[H(n)] + 1). The result follows from
substituting these into (10) and using results of Lemmas 7 and
10. ]

It is worth mentioning that our proof of the polylogarithmic
regret upper bound in this section is based on the regenerative
cycles but does not rely on a large deviation bound for Markov
chains as we have done in the previous sections. The main idea
is that the sample mean rewards observed within regenerative
cycles with the same regenerative state form an i.i.d. random
process; our results are easier to prove by exploiting the i.i.d.
structure. The same method can be used in the previous sections
as well by choosing a constant regenerative state for each arm.
Moreover, under this method, we no longer need the assump-
tion that p*, > 0 forany k£ € K, € S*. Indeed, with this
method, the same results can be derived for arbitrary non-Mar-
kovian discrete-time renewal processes with finite mean cycle
time and bounded rewards. However, we note that the previous
method based on the large deviation bound for Markov chains is
still of importance because it works when the regenerative states
are adapted over time. In this case, the cycles are no longer i.i.d.
and the expected average reward in a cycle is not necessarily
the mean reward of an arm. We give applications where there is
a need to change the regenerative state of an arm over time in
Section IX.
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TABLE I
TRANSITION PROBABILITIES OF ALL CHANNELS

channel 1 2 3 4 5 6 7 8 9 10
S1, po1 | 0.01 | 0.01 | 0.02 | 0.02 | 0.03 | 0.03 | 0.04 | 0.04 | 0.05 | 0.05
S1, p1o | 0.08 | 0.07 | 0.08 | 0.07 | 0.08 | 0.07 | 0.02 | 0.01 | 0.02 | 0.01
S2, po1 | 0.1 0.1 02 03|04 | 05|06 07 ]| 08| 09
S2,pio | 09 | 09 | 08 | 07 | 06 | 05| 04 | 03 | 02 | 0.1

S3,po1 | 001 | 0.1 |002| 03 |004| 05 | 006 | 07 | 008 | 09
S3, p1o | 0.09 | 09 [ 008 | 0.7 | 0.06 | 0.5 | 004 | 03 | 0.02| 0.1
S4, po1 | 0.02 | 0.04 | 0.04 | 0.5 | 0.06 | 0.05| 0.7 | 0.8 | 0.9 | 0.9
S4, p1o | 0.03 | 0.03 ] 004 | 04 | 005 | 0.06| 06 | 0.7 | 0.8 | 0.9

VIII. EXAMPLES IN OSA USING THE GILBERT-ELLIOT
CHANNEL MODEL

In this section, we give numerical results for the algorithms
we proposed under the Gilbert—Elliot channel model in which
each channel has two states, good and bad (or 1, 0, respectively).
For any channel 4, the rewards are given by ¢ = 1, 7§ = 0.1.
We consider four OSA scenarios, denoted S1-S4, each con-
sisting of ten channels with different state transition probabil-
ities. The state transition probabilities and mean rewards of the
channels in each scenario are given in Tables I and II, respec-
tively. The four scenarios are intended to capture the following
differences. In S1, channels are bursty with mean rewards not
close to each other; in S2, channels are nonbursty with mean
rewards not close to each other; in S3, there are bursty and non-
bursty channels with mean rewards not close to each other; and
in S4, there are bursty and nonbursty channels with mean re-
wards close to each other. All simulations are done for a time
horizon n = 10°, and averaged over 100 random runs. Initial
states of the channels are drawn from their stationary distribu-
tions. For each algorithm that requires a regenerative state, the
regenerative state of an arm for a player is set to be the first state
the player observes from that arm, and is kept fixed throughout
a single run.

We first compute the normalized regret values, i.e., the re-
gret per play R(n)/M, for RCA-M. In Figs. 7, 9, 11, and 13,
we observe the normalized regret of RCA-M for the minimum
values of L such that the logarithmic regret bound holds. How-
ever, comparing with Figs. 8, 10, 12, and 14, we see that the nor-
malized regret is smaller for L = 1. Therefore, it appears that
the condition on L we have for the logarithmic bound, while
sufficient, may not be necessary.

We next compute the regret of UCB with single play under
the OSA model. We note that our theoretical regret bound for
UCB is for rested channels but the numerical results are given
for a special case of restless channels. Results in Fig. 15 show
that when L = 1, for S1, S3, and S4, UCB has negative re-
gret, which means that it performs better than the best single
action policy, while for S2, it has a positive regret, which is also
greater than the regret of RCA with single play under S2 with
L = 1. In Fig. 16, we see the regret of UCB for larger values
of L. As expected, the regret of UCB increases with L due to
the increase in explorations. However, comparing the regret of
UCB with that of RCA under the same value of L, we see that
UCB outperforms RCA for all scenarios considered here. These
results imply that although there is no theoretical bounds for the
regret of UCB, its performance is comparable to RCA under the
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TABLE 11
MEAN REWARDS OF ALL CHANNELS
channel 1 2 3 4 5 6 7 8 9 10
S1 0.20 0.21 0.28 0.30 0.35 0.37 0.70 0.82 0.74 0.85
S2 0.19 0.19 0.28 0.37 0.46 0.55 0.64 0.73 0.82 0.91
S3 0.19 0.19 0.28 0.37 0.46 0.55 0.64 0.73 0.82 0.91
S4 0.460 | 0.614 | 0.550 | 0.600 | 0.591 | 0.509 | 0.585 | 0.580 | 0.577 | 0.550
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Fig. 8. Normalized regret of RCA-M: S1, L = 1.

presented setting. This is because 1) RCA has a smaller update
rate due to the random length of the regenerative cycles; thus, it
takes longer to use the latest observations in arm selection, and
2) even though there is no guarantee that UCB produces accu-
rate estimates on the mean rewards, the simple structure of the
problem helps UCB keep track of the shorter term (not the sta-
tionary) quality of each arm.

We also compute the regret of RCA with the index given in
(9), where the exploration term is the ratio of the number of
completed blocks b to the number of completed blocks of arm #

10
x 10*

Fig. 10. Normalized regret of RCA-M: S2, L = 1.

up to b. This approach reduces the problem to an i.i.d. one, where
the average reward in each block can be seen as a random reward
drawn from an i.i.d. arm. We can then exploit the well-known
result for the i.i.d. problem [3] which says that setting L = 2 is
enough to get a logarithmic regret bound. The regret for single
play under different scenarios is given in Fig. 17. Comparing
them with their counterparts using RCA with an L such that the
logarithmic regret bound holds, we observe that the modified
index results in better performance. This is because L is smaller,
and the exploration is more balanced in a way that the growth
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Fig. 12. Normalized regret of RCA-M: S3, L

of the exploration term does not depend on the randomness of
the block lengths.

Finally, we present the regret of DRCA with two users in
Fig. 18. The results are similar to that of RCA with the index
given in (9), but with a larger regret due to collisions.

IX. DISCUSSION

In this section, we discuss how the performance of RCA-M,
its special case RCA, and extension DRCA may be improved (in
terms of the constants and not in order), and possible relaxation
and extensions.

A. Applicability and Performance Improvement

We note that the same logarithmic bound derived in this paper
holds for the general restless bandit problem independent of the
state transition law of an arm when it is not played. Indeed, the
state transitions of an arm when it is not played can even be
adversarial. This is because the reward to the player from an arm
is determined only by the active transition probability matrix
and the first state after a discontinuity in playing the arm. Since
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the number of plays from any suboptimal arm is logarithmic
and the expected hitting time of any state is finite, the regret is
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at most logarithmic independent of the first observed state of a
block.
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The regenerative state for an arm under RCA is chosen based
on the random initial observation. It is worth noting that the se-
lection of the regenerative state * in each block in general can
be arbitrary: within the same SB2, we can start and end in dif-
ferent states. As long as we guarantee that two successive SB2’s
end and start with the same state, we will have a continuous
sample path for which our analysis in Section V holds.

It is possible that RCA may happen upon a state with long
recurrence time which results in long SB1 and SB2 subblocks.
Consider now the following modification: RCA records all ob-
servations from all arms. Let k;(s, ) be the total number of ob-
servations from arm ¢ up to time # that are excluded from the
computation of the index of arm ¢ when the regenerative state
is 5. Recall that the index of an arm is computed based on ob-
servations from regenerative cycles; this implies that k;(s, ) is
the total number of slots in SB1’s when the regenerative state is
s. Let t,, be the time at the end of the nth block. If the arm to be
played in the nth block is ¢, then the regenerative state is set to
7(n) = arg min,ecg: ki(s,#,_1). The idea behind this modifi-
cation is to estimate the state with the smallest recurrence time
and choose the regenerative cycles according to this state. With
this modification, the number of observations that does not con-
tribute to the index computation and the probability of choosing
a suboptimal arm can be minimized over time.

B. Universality of the Block Structure

We note that any index policy used under the i.i.d. re-
ward model can be used in the restless bandit problem with
a Markovian reward model by exploiting the regenerative
cycles. This is because the normalized rewards collected in
each regenerative cycle of the same arm can be seen as i.i.d.
samples from that arm whose expectation is equal to the mean
reward of that arm. Thus, any upper bound for the expected
number of times an arm is played in an i.i.d. problem will hold
for the expected number of blocks an arm is played for the
restless bandit problem under the block structure proposed in
RCA. Specifically, we have shown via numerical results in
Section VIII that if RCA is used with the index given in (9),
logarithmic regret is achieved assuming that the regenerative
state for each arm is kept fixed and the rewards are in the unit
interval [0, 1]. We do not provide a technical analysis here since
the details are included in the analysis of the i.i.d. model [3]
and our analysis of RCA. Instead, we illustrate the generality of
the block structure by using the KL-UCB algorithm proposed
in [8] for i.i.d. rewards inside our block structure. KL-UCB
is shown to outperform most of the other index policies for
i.i.d. rewards including UCB. For simplicity, we only consider
single play, i.e., M = 1.

Lemma 11: Assume that Condition 1 holds and r%, < 1, Vi €
K, Vo € S*. Then, using KL-UCB in the regenerative block
under RCA, we have for any suboptimal arm ¢
E [Bi(b(n))] < 1

logb(n) = d(u’, pt)

lim sup

nN—0o0
where
- P

— ploa(P) 4 (1 — p) log( =2
d(p.q) = pl g(q)+(l p)lg(l_q)~
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Proof: The normalized reward during a block (sum of the
rewards collected during an SB2 divided by the length of the
SB2) forms an i.i.d. process with support in [0,1]. Thus, the
result follows from [8, Th. 2]. |

We see as earlier, bounding the expected number of blocks a
suboptimal arm is played is a key step in bounding the regret.
The main result is given in the following theorem.

Theorem 6: Assume that Condition 1 holds and ri <1, Vie
K, Vx € S*. Then, using KL-UCB in the regenerative block
under RCA, we have

R(s 1 .
lim sup () < Z (W) ((/1,1 —u)D; + E’L)

ogn
n—oc g i1

where

1 .

T min

EZ = lj/l(l + anax) + lLlQilnRX'

Proof: The result follows from Lemma 11 and using steps
similar to the proof of Theorem 3. |

C. Extension to Random State Rewards

So far we considered the case where each state € S* cor-
responds to a deterministic reward 7. An interesting extension
is to consider the case where each state # € S* has a random
reward with a fixed i.i.d. distribution. That is, after observing
the state =, a player receives reward 7%, which is drawn from a
probability distribution £. In our application context, this may
correspond to a situation where the player/user observes the re-
ceived SNR which gives the probability of correct reception, but
not the actual bit error rate. When the distribution (or its expec-
tation) F'!, Vo € S*, i € K is known to the player, the player
can use the expectation of the distribution of each state instead
of the actual observed rewards to update the indices. In doing
so, logarithmic regret will be achieved by using RCA.

A more complex case is when the reward distribution of each
state is unknown to the player but has a bounded support. Then,
to estimate the quality of each arm, playing logarithmic number
of blocks from each arm may not be sufficient because there
may be cases where the number of samples from some state of
a sufficiently sampled arm may not be enough to accurately es-
timate the quality of that state. This may result in an inaccurate
estimate of the expected reward received during a regenerative
cycle. To avoid this, we can use arbitrary regenerative states dis-
cussed in Section [X-A, and modify RCA as follows: at the end
of each block in which arm ¢ is played, we record the least sam-
pled state z of arm # up to that point. Whenever arm ¢ is played
in a block, the state x is then used as the regenerative state to
terminate that block. This guarantees that = is sampled at least
once during that block. Of course, to preserve the regenerative
property, the player needs to set the first state of its next SB2
to 2 in the next block it plays arm . This way fairness between
the states of each arm is guaranteed. By logarithmically playing
each arm, the player can guarantee logarithmic number of sam-
ples taken from each state; thus, the sample mean estimate of
the expected reward of each state will be accurate. Then, the

5601

player can use the sample mean of the rewards for each state in
calculating the index with RCA to obtain good performance. In
order to have theoretical results, we will need to use two large
deviation bounds: one for the sample mean estimates of the re-
wards of each state of each arm, and the other for bounding the
deviation of the index from the expected reward of an arm. The
detailed analysis is omitted for brevity.

D. Relaxation of Certain Conditions

As observed in Section VIII, the condition on L, while suffi-
cient, does not appear necessary for the logarithmic regret bound
to hold. Indeed, our examples will show that smaller regret can
be achieved by setting L = 1. Note that this condition on L
originates from the large deviation bound by Lezaud given in
Lemma 1. If we use an alternative bound, e.g., the large devi-
ation bound in [10], then L > 9052, 72 /emin will be suf-
ficient, and our theoretical results will hold for smaller L, pro-
vided that 72, > 90/112 and the arms are reversible Markov
chains.

We further note that even if no information is available on
the underlying Markov chains to derive this sufficient condi-
tion on I, o(log(n) f (n)) regret is achievable by letting . grow
slowly with time where f(n) is any increasing sequence. Such
approach has been used in other settings and algorithms (see,
e.g., [12] and [14]).

We have noted earlier that the strict inequality 1
is required for the restless multiarmed bandit problem because
in order to have logarithmic regret, we can have no more than
a logarithmic number of discontinuities from the optimal arms.
When ¢ = M+ the rankings of the indices of arms M
and M + 1 can oscillate indefinitely resulting in a large number
of discontinuities. In the following, we briefly discuss how to
resolve this issue if indeed ™ = p™*1. Consider adding a
threshold € to the algorithm such that a new arm will be selected
instead of an arm currently being played only if the index of that
arm is at least € larger than the index of the currently played arm
which has the smallest index among all currently played arms.
Then, given that ¢ is sufficiently small (with respect to the differ-
ences of mean rewards), indefinite switching between the Mth
and the M + 1th arms can be avoided. However, further analysis
is needed to verify that this approach will result in logarithmic
regret.

M > MNI+1

E. Definition of Regret

We have used the weak regret measure throughout this paper,
which compares the learning strategy with the best single-ac-
tion strategy. When the statistics are known a priori, it is clear
that in general the best policy is not a single-action policy (in
principle, one can derive such a policy using dynamic program-
ming). Ideally, one could try to adopt a stronger regret mea-
sure with respect to this optimal policy. Under some condi-
tions on the structure of the optimal policy, we have proposed
a learning algorithm with logarithmic regret with respect to the
optimal policy in [21]. However, in general, such an optimal
policy is PSPACE-hard even to approximate in the restless case
(see, e.g., [17], [22]), which makes the comparison intractable,
except for some very limited cases when such a policy hap-
pens to be known (see, e.g., [18] and [23]) or special cases
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when approximation algorithms with guaranteed performance
are known (see, e.g., [24] and [25]).

F. Comparison With Similar Work

A recent work [12] considers the same restless multiarmed
bandit problem studied in this paper. They achieve logarithmic
regret by using exploration and exploitation blocks that grow
geometrically with time. The construction in [12] is very dif-
ferent from ours. The essence behind our approach RCA-M is to
reduce a restless bandit problem to a rested bandit problem; this
is done by sampling in a way to construct a continuous sample
path, which then allows us to use the same set of large deviation
bounds over this reconstructed, entire sample path. By contrast,
the method introduced in [12] applies large deviation bounds
to individual segments of the observed sample path (which is
not a continuous sample path representative of the underlying
Markov chain because the chain is restless); this necessitates
the need to precisely control the length and the number of these
segments, i.e., they must grow in length over time. Another dif-
ference is that under our scheme, the exploration and exploita-
tion are done simultaneously and implicitly through the use of
the index, whereas under the scheme in [12], the two are done
separately and explicitly through two different types of blocks.

X. CONCLUSION

In this paper, we considered the rested and restless bandit
problems with Markovian rewards and multiple plays in both
a centralized and a decentralized setting. We showed that a
simple extension to UCB1 produces logarithmic regret uni-
formly over time for the centralized rested bandit problem. We
then constructed an algorithm RCA-M that utilizes regenerative
cycles of a Markov chain to compute a sample mean based
index policy. The sampling approach reduces a restless bandit
problem to the rested version, and we showed that under mild
conditions on the state transition probabilities of the Markov
chains, this algorithm achieves logarithmic regret uniformly
over time for the centralized restless bandit problem. For the
decentralized multiplayer restless bandit problem, we intro-
duced the DRCA algorithm and proved that polylogarithmic
regret is achievable under the collision model where no player
gets a reward when there is more than one player using the
same arm. We numerically examined the performance of the
RCA in the case of an OSA problem with the Gilbert—Elliot
channel model and compared it with the naive UCB algorithm.
Finally, we discussed possible extensions and improvements.

APPENDIX A
PROOF OF LEMMA 2

We first state the following lemma which will be used to prove
Lemma 2.

Lemma 12: [Lemma 2.1 From [6]]: LetY beanirreducible
aperiodic Markov chain with a state space S, transition proba-
bility matrix P, an initial distribution that is nonzero in all states,
and a stationary distribution {7}, Vxz € S. Let F} be the
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o-field generated by random variables X1, X5, ..., X; where
X; corresponds to the state of the chain at time ¢. Let G be a
o-field independent of F' = V1 F}, the smallest o-field con-
taining F, I, . ... Let T be a stopping time with respect to the
increasing family of o-fields {G V F;, ¢ > 1}. Define N(z, 7)
such that

=> I(X,=m).
t=1

Then V7 such that £ [r] < oo, we have

|E[N(z,7)] —m.E[7]| <Cp (11)
where C'p is a constant that depends on P.
Let X*(¢) be the state observed from the {th play of arm 4.

We have

K
R(n) — (nul - Z ;ﬁE[T%n)])
i=1
K T (n) -
=E|Y > I(X(t) = x)
i=1gegi  t=l1
K _
- Z Z v E[T" (n)]
=1 a;ES"
= Z > (B[N (2, T (n))] W;E[Ti(n)])‘
i=1 xcS?
I\ .
< Z Z 7101-:, = Cs7p7r (12)
i=1 x€S?
where
T (n)
N (z, T‘ (n)

Inx
t=1

and (12) follows from Lemma 12 using the fact that T*(n) is a
stopping time with respect to the o-field generated by the arms
played up to time 7.

APPENDIX B
PROOF OF LEMMA 3

We first state and prove the following lemma which will be

used to prove Lemma 3.

Lemma 13: Assume Condition 1 holds and all arms are

rested. Let gj , = 7(s )—l—(‘tb,ctb +/LlInt/s. Under UCB
with constant L > 11282 r2  #2  /eunin, for any subop-
timal arm 7, we have

n t-1 t-1

DX e < gi,wi)] <

t=1 w=1w;=!

S + 157

Trnin

B (13)

4L 1Inn

(#l—uijz—‘ and 5 = Zzl £

where | = {
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Proof: First, we show that for any suboptimal arm ¢, we
have that g;“/, < i, implies at least one of the following

holds:
fl (’U)) < Nl — Ctow (14)
Fi(ws) > '+ co, (15)
ul < /ﬂ + 2¢4 ;- (16)

This is because if none of the aforementioned holds, then we
must have

Gt =7 (W) + o > pt > i + 264,
> wi) + € =

which contradicts g}, < gi ..
If we choose w; > 4LInn/(p' — p')?, then

Lint Lint(p! — p')?

2c w; — 2 ’
Ct s w; 4L1nn

<pt -

fort < m, which means (16) is false, and therefore at least one of
(14) and (15) is true with this choice of w;. Let] = {%1 .
Then, we have

Z I(gtl,w S gi,uu)]

(P(fl(w) < :ul - Ctﬂu)

(P(rl(w) < pt

- Ct,’w)

tii

t=1 w=1 [ 4Llnn '|
w;=
(u T—pnt)2

+ P("Ti(wi) Z M + Ct,wi)) .

Consider an initial distribution q’ for the 7th arm. We have
ql/ 7
Ve S < Z
y

2 y€eSs?
where the first inequality follows from the Minkowski in-
equality. Let n’;'/(t) denote the number of times state y of arm ¢
is observed up to and including the ¢th play of arm ¢

qa

N,;:‘

7r111111

i 2

PR (wi) > i + Chow;)

=P Z rvny(wi) > w; Z Iy, e, v
yeSH yeS?
=P 2(7;";(“]') wiT, 7r ) > Wit
yesi
=P Z( ryny(wl) + wyr,, 1/) < — WG, (17)

yeSH
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Consider a sample path w and the events

A= w: Z (—r;n;(uu)(w) + wﬂ"fﬁ;) < —wicyw,
yeS?

. . W; Ct s
D= U {w p=ryng (wi)(w) +wirym, < — ZSf’;ri } .

yeS®

If w ¢ I3, then

i i Wy Ctap, ;
— ryny(w)(w) + wirym, > — isjirz’ vy € §°
= Z (—7;n;(w7 w)+ wﬂyﬂ'J) > —WiCt o, -

yeS?

Thus, w ¢ A; therefore, P(A) < P(B). Then, continuing from
(17)

P(7 (wt) >t + Ctow,)
< Z P (_Tfﬂ?z (w;) + 71)#577; < _wlzgir)

YyES?
. Wi Ct ap;
= Z P (’r;n;(wi) - 'wlruml > Isir )
yeS”
_ i N Wi Cy. s
= Z P <7ly(m) Wy > ST )
yeS®
— Z P 5;1 I(X; = y) - wiﬂ—;/ > Ct,uri
= i w; =Sy
< Y Nt T (1s)
yeS?
FO ]
< I8 mer (19)
Tmin
where (18) follows from Lemma 1 by letting
Ctow, iy (X =y) -7,
Y= W f(XP) = -~
TyTy Ty
and recalling 7}, = max{r},1 — 7/} (note P? is irreducible).

Similarly, we have

P (fl(w) < pt— c,;w)

=P Z ry(ny(w) — wry) < —wey

yeS?t
WCt
|51

< Z P <T,;n,}l(71)) - 71,'7”;7T; <

yest
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Il)(t
:Eplgnw—wrgﬂ-z w
y€es! TEY T#£Y
_ Lel
S E qut 28(|ql‘711/ 11/>2 (20)
yeSt
Sl _A
<ut 2852 Thax Fiax (21)
T min

where (20) again follows from Lemma 1. The result then follows
from combining (19) and (21)

n t—1 t—-1

NN 19t < g

t=1 w=1 w;=I
oo t—1 t—1
— Ltemin

IS‘I +[57] DDA T ST

s
min t=1 w=1w;=1
|SL| ‘I‘ |Sll > — Lewmin — 5051114:; lemx ﬁmx
= t 2851 ax "mhax Tmax
7rII11Il t
L
Lg | 2
< Zt (22)
ﬂ-mlll
[ |

Let ! be any positive integer and consider a suboptimal arm
. Then

Tin)=1+ Y I(e(t) =
t=K+1
<+ Z

t=K+1

Ti(t— 1) > 1). (23)

Consider the event

E= {gtl,Tl(t) < 9 Tw(t)}

For a sample path w € E€, we have a(t) # i. Therefore,
{w:at) =14} C £ and

Ia(t) =4, T't-1)>21) < I(we
I(JtTl(t)<JtT(t) T(tfl)z 1.

€B T(t-1)>1)

Therefore, continuing from (23)

n
t=K+1
n

I(.‘]%,Tl(f) > Qt Ti(t) T (t )

<+

(]

o1 i

Il min ¢, , < max g .,
1wt 7Y T (<<t T W
t=K+1

n t—1 t—1

<l+ >0 > > gty < giw)

t=K4+1w=1w;=l

t=1 w=1w,;=I
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Using Lemma 13 with ! = [%—I , we have for any subop-
timal arm
4L 1Inn

(IS +15*Ds
— +
(uh — )

Tmin

E[Ti(n)] <1+

24

APPENDIX C
PROOF OF LEMMA 6

We first state and prove the following lemma which will be
used to prove Lemma 6.

Lemma 14 Assume Condition 1 holds and all arms are
restless. Let gf w = T(w) + ¢ w Chu = \/Llnf/w Under
RCA with constant L > 11252 2 #2_ /e for any sub-
optimal arm 7, we have

ta(b) t—1 t—1

E1Y > > Iglu<di)

t=1 w=1w,=I

7 1
L 157 +18"

Tmin

g (25

{(;L 1‘”32—‘ and 3 =Y 02 +72

Proof: Note that all the quantities in computing the in-
dices in (25) comes from the intervals X5(1), X§(2),...Vi €
{1,....K}. Since these intervals begin with state ~* and end
with a return to 4% (but excluding the return visit to ~*), by the
strong Markov property, the process at these stopping times has
the same distribution as the original process. Moreover, by con-
necting these intervals together, we form a continuous sample
path which can be viewed as a sample path generated by a
Markov chain with a transition matrix identical to the original
arm. Therefore, we can proceed in exactly the same way as the
proof of Lemma 13. If we choose s; > 4L1In(n)/(ut — 1%)2,
then for ¢ < ¢2(b) = n’ < n, and for any suboptimal arm i

Lin(?) Lin(t)(p! — p)? 1
20 4, =2 <2 <pur—pu
Ct,s \/ s T \/ 4L 1n(n) =T

The result follows from letting [ = [(;H‘;’gz-‘ and using
Lemma 13. [ |

Lete; s = «/LInt/s, and let! be any positive integer. Then

y=1+ Z

m=K-+1

where | =

(m)=1)

b
<l+ ) I@(m) =i, Bi(m—1)>1)
m=K+1
b

< I+ Z 1 (gl:ilg(mfl),Tzl (t2(m—1))
m=K+1
< 9;2(777,71),T5(t2(m71))7Bi(”” - 1) > Z)

b

. 1
<tv 3 1( i e

m=K+1
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max

<
> t>(l)<w <ty (m—1) qtz(m 1),w )
(m—1)}a(m—1)

<Z+Z Z 2. 1

m=K+1 w=1 w;=t>(1)
ta2(b) t—1 t—1

ST+ Y D> gt < giw)

t=1 w=1w;=I

gtg (m),w < 922 (m),w; ) (26)
(27)

where as given in (8), g ,, = 7'(w) + ¢4 ... The inequality in
(27) follows from the fact that the outer sum in (27) is over time,
while the outer sum in (26) is over blocks and each block lasts
at least two time slots.

From this point on, we use Lemma 14 to get

; 4L Inty(b) (1S4 + S8
E[B*(b b(n)=10] < .
B G =1 < |10 | D
for all suboptimal arms. Therefore
. 4LInn
E[B*(b < ———=+C
[ ( (n))] = (,ul — MZ)Q + 0 (28)

since n > #2(b(n)) almost surely.

The total number of plays of arm ¢ at the end of block b(n)
is equal to the total number of plays of arm + during the regen-
erative cycles of visiting state * plus the total number of plays
before entering the regenerative cycles plus one more play re-
sulting from the last play of the block which is state v¢. This
gives

7THllIl

E[TH(T(n))] < (L + Qe + ) E[B'(b(n))].

APPENDIX D
PROOF OF THEOREM 3

We first state the following lemma which will be used to prove
Theorem 3.

Lemma 15: If {X,},~, is a positive recurrent homoge-
neous Markov chain with state space S, stationary distribution
7 and 7 is a stopping time that is finite almost surely for which
X, =uz,thenforally € S

T-1

E > I(Xy =y)|Xo =z| = E[r|X = lm,,.
t=0

Assume that the states which determine the regenerative
sample paths are given a priori by v = [vy,...,v%]. We
denote the expectations with respect to RCA given v as E..
First, we rewrite the regret in the following form:

R (n)
T(n)

= /1,1E.‘,, [T(n)] — E”/[z 730(2)]

t=1
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PR BT - B S e
t=T(n)+1
K ‘
= {ulE T(n)] — ZMZE’V [T‘(T(n))]} - Z.,(n)
i=1
+ut By —Tm)] - E,[ Y ] (29)

t=T(n)+1

where for notational convenience, we have used

T s
Z,(n)= B, LZ o) |- S W B, [TH(T()]
t=1 =1

We can bound the first difference in (29) logarithmically using
Lemma 6, so it remains to bound Z- () and the last difference.
We have

[ ' (b(n)) -‘
Z.(n) > Z Z Z I(X! =9)
yes! [ J=1 XleX1(j J
B (b(m))
LY Yae | S Y nxi-w| 60

gt <ul yest j=1

—p'E, [Tl (T(n))]

1>1

Xiexi(y)

) E., [B'(b(n))]

where the inequality comes from counting only the rewards
obtained during the SB2s for all suboptimal arms. Applying
Lemma 15 to (30), we get

B*(b(n))

Y Y X =y :77rr—“’15q [B'(b(n))] .

E
J=l XJeXi() g
Rearrange terms and noting ! = 1"1 1

Z(n) > R'(n) -

PN

it <t

(S inax + I)E"r’ [Bz(b(n))] (31)

where

I(X} =y)
=1 Xlex'()

Consider now R!(n). Since all suboptimal arms are played at
most logarithmically, the number of time steps in which the
best arm is not played is at most logarithmic. It follows that
the number of discontinuities between plays of the best arm is
at most logarithmic. Suppose we combine successive blocks in
which the best arm is played, and denote by X () the jth com-
bined block. Let ' denote the total number of combined blocks
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up to block b. Each X! thus consists of two SBs: X1 that con-
tains the states visited from beginning of X! (empty if the first
state is 1) to the state right before hitting v!, and SB X3 that
contains the rest of X' (a random number of regenerative cy-
cles).

Since a block X! starts after discontinuity in playing the best
arm, b'(n) is less than or equal to total number of completed
blocks in which the best arm is not played up to time 7. Thus

EL[b'(n)] <> Ey[B(b(n (32)
i>1
We rewrite I21(n) in the following form:
b (n)
Rinm)y= > mE, | > Y IX!=y)| 33
yeS! J=l X1eXi(h
b(n)
- > By |1 X3(5)] (34)
yeST j=1
[b1(1z) -‘
+ Y B, S IX!=y)| 9
yeSs? [ i=1 X'eX!(j) J
bt (n)
=Dy Z X1 (36)
'UESI
19;&2& (B (b (37)

>1

where the last inequality is obtained by noting the difference
between (33) and (34) is zero by Lemma 15, using positivity
of rewards to lower bound (35) by 0, and (32) to upper bound
(36). Combining this with (28) and (31), we can thus obtain a
logarithmic upper bound on —Z-,(n). Finally, we have

"

/l,lEN‘, [n—T(n)] - E,| Z 7?0(’2)]
t=T(n)+1
S/f'< !
Timin

+ max Q. + 1) .
.y
Therefore, we have obtained the stated logarithmic bound for
(29). Note that this bound does not depend on +, and therefore
is also an upper bound for R(n), completing the proof.

(38)

APPENDIX E
PROOF OF THEOREM 4

A list of notations used in the proof (in addition to the ones
used in Section V) is summarized as follows.

1) T%7(t): the total number of times (slots) arm 4 is played by

user 7 up to the last completed block of arm ¢ up to time #.

2) O(b): the set of arms that are free to be selected by some

player ¢ upon its completion of the bth block; these are arms
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that are currently not being played by other players (during
time slot ¢(b)), and the arms whose blocks are completed
at time #(b).
Before proving Theorem 3, we state the following lemmas
which will be used to prove Theorem 3.

Lemma 16: Assume Condition 1 holds and all arms are
restless. Let gf w = THW) + ¢, e w = \/L In ¢/w. Under
RCA-M with constant L > 11252 r2 &2 /€min, for any
suboptimal arm ¢ and optimal arm j, we have

i2(b) t—1 t—1 ) .
»y 1571+ 157)
E Z I(gi,w S g;wi) S 71_7/6
t=1 w=1w,=l min
where | = ’7% and 3 = Z?; =2

Proof: Result is obtained by following steps similar to the
proof of Lemma 14. ]

Lemma 17: Assume Condition 1 holds and all
arms are restless. Under RCA-M with a constant L >

112Smax maxﬁ—max/ﬁnm’ we have
i —uYD;lnn
S - s 4y ¢ TL)
i>M > M t
M
+ Z (' —p)D; |14+ M Z Cij
i>M G=1
where
(IS +187])8 2
o L e VS P N
! Tmnin / ;

" “max

1
b= (v ).
Tnin

Proof: Let ¢, = +/Llnt/w, and let [ be any positive
integer. Then

=1+ Z (&(m) = 1)
m=K+1
b
<l+ Z I(a(m) =i,B"(m —1) > 1). (39)
m=K-+1

Consider any sample path w and the following sets:

M

_ L
E= Ul {“’ : gtg(m,fl),T;j(tg(mfl))(w)
=

< Gl o) 25121 @)}

and

M

)
ﬂ {‘*’ : gtg(mq),rg(tg(mq))(“’)

=1

EC =

> giz(m—l)vTﬁ(tz (m—1)) (W)} ’
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Ifw € E°, then &(m) # i. Therefore, {w :
E and

a(m)(w)

=i} C

I((S/(m) =i,B'(m—-1)>1)<I(we€ E,B(m-1)>1)

< Z ( Tty (m—1), T (t2(m—1)) = qh(m 1). T3 (k2 (m—1))°

B(m—l)zl).

Therefore, continuing from (39)

<Z—I—Z Z (Mm 1,73 (12 (m -1))

I=lm=K+1
< gzg('lnfl),T;(tQ('rnfl))"Bl(ﬂl - 1) > l)

M b
: J
<i+), 2 f(lgwgz;zin_l)g

to(m—1),w
j=1lm=K+1

< : i
- n(l)«ingi(m 1) th(ml)’"”)
b ta(m—1) ta(m—1)
<i+ Z Z Z Z I Jfo(m) w = Jto(m) w; )
j=lm=K+1 w=1 ul,ff,(l)
(40)
(41)

S l + M I(ggm; S g;,wl)

where g ,, = 7 (w) + ¢; ., and we have assumed that the index
value of an arm remains the same between two updates.

The inequality in (41) follows from the facts that the second
outer sum in (41) is over time, while the second outer sum in
(40) is over blocks; each block lasts at least two time slots and
at most M blocks can be completed in each time step. From this
point on, we use Lemma 14 to get

E[B'(b(n))[b(n) = b] < [ ALInt5(b) W

T — )2
M

3o 081 187D

j 1 7rn11n

for all suboptimal arms. Therefore

M
+1+M> G

J=1

4L1nn

E[B'(b(n))] < T — )2

(42)

since n > #2(b(n)) almost surely.

The total number of plays of arm ¢ at the end of block b(n)
is equal to the total number of plays of arm ¢ during the regen-
erative cycles of visiting state +* plus the total number of plays
before entering the regenerative cycles plus one more play re-
sulting from the last play of the block which is state y*. This
gives

mﬁwmms(i—+mm

min

) E[B*(b(n))].
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Thus
- D ln 0
1 [
s — O E | <4L
T DR
i>M i>M
M
+ 3 (=)D 1+ MY 0y (43)
i>M j=1
[ |

Now, we give the proof of Theorem 3. Assume that the states
which determine the regenerative sample paths are given a
priori by v = [v%,...,v%]. This is to simplify the analysis
by skipping the initialization stage of the algorithm and we
will show that this choice does not affect the regret bound. We
denote the expectations with respect to RCA-M given y as E.,.
First, we rewrite the regret in the following form:

Rw(“)
T (n)

= Z,LLJE 1T(n)] Z Z ”(1)
t=1 a(t)€A(t)

+Y W BT B

> v et

t=T(n)+1 a(t)EA(t

M K
D WET(n)] =Y W ETH(T(n))] ¢ — Z-(n) (44)
j=1 i=1
M )
+ Y WE, n—T(n) - E, Z >or®l @4s)
i=1

t=T(n)+1a(t)EA(L)

where for notational convenience, we have used

T(n) K
AS T e |- Sus ).
t=1 a(t)eA(t) i=1
We have
Z W E [T Z W' E., [TH(T(n))]
M K M K
=Y D WE T (T(m)] - D> W BT (T(n))]
j=1:i=1 j=1:i=1
:ZZH—M LT (T (n))]
J=1i>M
< > (= pHELTH(T(n))). (46)
i>M
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Since we can bound (46), i.e., the difference in the brackets
in (44) logarithmically using Lemma 17, it remains to bound
Z.,(n) and the difference in (45). We have

Z(n)
M _ B*(b(n))
Sy Y AE Y Y =y
i=1 yesi b=1 XieXi(b)
4 [Bi(bm)) , ]
+ 3 S ik, S IXi=y)| @7
i>M ycSi [ b=1  X;eXi(h) J

S W, [T ()]
=1
- Z l" <_ + Sz;nax + 1) E"/ [Bt(b(’ll))]

i>M "’l

where the inequality comes from counting only the rewards ob-
tained during the SB2’s for all suboptimal arms and the last part
of the proof of Lemma 17. Applying Lemma 15 to (47), we get

Bi(b(n)) ‘ 7ri ‘
By 105 = )| = 2B, [B6m)]
b=1  X:eXi(b) v

Rearranging terms, we get

Zo(n) 2 R*(n) = 3 4 Qs + DE- [B'(b(n))]  (48)
i>M
where

M 4 [Bi(b(n))

I IR
i=1 ycs? [ b=1 €X(b) J
M

— Z Z 7;7{'3E~ (77))] .
i=1yeS7

Consider now R*(n). Since all suboptimal arms are played
at most logarithmically, the total number of time slots in which
an optimal arm is not played is at most logarithmic. It follows
that the number of discontinuities between plays of any single
optimal arm is at most logarithmic. For any optimal arm ¢ €
{1,.... M}, we combine consecutive blocks in which arm i is
played into a single combined block, and denote by X(j) the
jth combined block of arm . Let b denote the total number of
combined blocks for arm i up to block b. Each X thus consists
of two SBs: X7 that contains the states visited from the begin-
ning of X¢ (empty if the first state is 7*) to the state right before
hitting v¢, and SB X4 that contains the rest of X* (a random
number of regenerative cycles).
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Since a combined block X’ necessarily starts after certain
discontinuity in playing the ith best arm, b(n) is less than or
equal to the total number of discontinuities of play of the ith
best arm up to time 7. At the same time, the total number of
discontinuities of play of the ¢th best arm up to time n is less
than or equal to the total number of blocks in which suboptimal
arms are played up to time n. Thus

LB (n)] < ZE F(b(n))). (49)
k>M
We now rewrite R*(n) in the following form:
R*(n)
b'(n)
YA Y Y ai=n| o
=1 yes* b=1 XieXi(b)
b*(n)
- Z > rrE Z (51)
=1 ye St b=1
b (n)
+ZZTEA > Z I(X] =y) (52)
i=1 ye5? b=1 X cX: (b)
5 (n)
—erwy . Z (53)
=1 yes? h=1
M
> 0— Z Hl(xnax Z E‘/[‘Bk(b(”))] (54)
i=1 k>M

where the last inequality is obtained by noting the difference
between (50) and (51) is zero by Lemma 15, using positivity of
rewards to lower bound (52) by 0, and (49) to upper bound (53).
Combining this with (42) and (48), we can obtain a logarithmic
upper bound on —Z.,(n) by the following steps:

—Z,(n) < —=R*(n) E 1 (Qax + DE,, [B'(b(n)
i >M
M M
4LInn
< E L E —— 41 N[E Chr 0
it 8 mdkk>u (= k) T kJ[)

+Z”

i>M

max

4L1nn
W+1+M20k zﬂ)

We also have

o0 |

M
;/LjE.),[77, - -E, [ Z Z ”'“)J

t=T(n)+1 a(t)€A(t)
Mo
< ZwEw[n ~ T(n)

_Z“J(

(55)

71—111111
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Finally, combining the aforementioned results as well as
Lemma 17, we get

Ry (n)
S BT ] = Yt [T @] - 24 (n)

+ i/ﬂ'Eﬁ, [n—T(n)] — { z Z “E?)}

t=T(n)+1 a(t)EA(L

< S (4 — 1B, [T (T (n)

i>M
M M
4L1nn
+ Zu Ve 2 | ot — i + 1+ M D il
k>M =1
4L1nn

—I_ZM Qltnax —Z 1+MZCLIG

i>M (/l’ — i ) =
T max | Qo +

ZM <7r1111n 76{1‘.3( K} >

5 ((u' = 1')Di + E;)

M
+ > (W =D+ E) [ 14+ MY Cij | +F.

i>M j=1

Therefore, we have obtained the stated logarithmic bound for
(44). Note that this bound does not depend on -y, and therefore
is also an upper bound for R2(n), completing the proof.

APPENDIX F
PROOF OF LEMMA 7

Let &v;(b) be the arm selected by player j in its bth block.
Assume that player j has completed the &'th block.

Bi,j(b/)
=1+ Z (6(b) = i)
K+
<+ Z (a;(b) =i, B"(b—1) > 1)
b=K+1
b M
k.j ij
<i+ Z ZI(%Q,BM@?U < gbil:Bi-J(b—l)’
b=K+1k=1

BY(h—1)>1)
M b’

<Z+Z Z ( mln ‘71; 151 §l1<na)<<bqb 151>

k=1b=K+1
M ¥ -1 b—

<H‘ZEZZI(J17 1,56 SJb 1,5 )

k=1b=1s,=135;=1

(56)

5609

Then, proceeding from (56) the same way as in the proof of
Lemma 13, but using a Chernoff-Hoeffding bound for i.i.d.
process instead of the large deviation bound for a Markov chain,

forl = [%], we have

8Ind’

e (AT P

i (n))[bj(n) =] < +1+ Mp.

Thus, we have

8lnn

= e +1+ M§p.

E[B" (b;(n))] <

APPENDIX G
PROOF OF LEMMA 9

The event that the index of any one of the optimal arms cal-
culated by player 7 is in wrong order at v;th block of player j
is included in the event

M

U U {gl Bed(vy) = gi)j Beid v]-)}'

a=1c¢=a-+1

Let B;_;(b) denote the set of blocks that player ¢ is in, during
the bth block of player j. The event that the index of any one of
the optimal arms calculated by player « # j is in wrong order
during any interval at »;th block of player j is included in the
event

M

U U U {gvZ Bi(w;) _gl B iy )}

wiEB, 5 (v) a=1 e=a+1

Ei(vg) =

The event that the index of any one of the optimal arms calcu-
lated by any player is in wrong order during any interval at »;th
block of player 7 is included in the event

U Ei(Uj).

Let B7(b;(n)) be the number of completed blocks of player j up
to time n in which there is at least one player who has a wrong
order for an index of some optimal arm during some part of a
block of player 7. Then

bj(n) M M bi(n)
=Y I(UE v; > <> > i
v;=1 =1 v;=1

Using union bound, we have

bj(n)
> I(EBi(v;)
vy =1
bi(n) M K
< (57)

= 7 [(qz 7Ba_7(v) —qu BCJ(L ))
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and E [Hlaxvlzl:bi(n)Jrl ‘311(111)” < E [Inax'ulzl:bz(n)+1 ]7(U1)]
Note that the random variables /;(v;),v; = 1 : b;i(n) + 1
i () are independent due to Markov property but not necessarily
Z I(E identically distributed since player ¢ might play different arms
=1

at different blocks.

bi(n) M Let pk,(t) denote the # step transition probability
<Z Z Z Z o, BM(I _QZZBH (vs ) (58)  from state = to y of arm k. Since all arms are ergodic,
vl v, i (vy) =1 atl there exists N > 0 such that p¥ (N) > 0, for all
ke K, zy € S Let p* = mingex, o yest ph, (N).
We define a geometric random variable [, with distribution
7, we have P(lpax = 2N2) = (1 — p*)*~1p*, 2 = 1,2,.... Itis easy to
by (n) o ol see thgt P(l§ )d< z) > Péllmaflg z() )4 = 1l 2,. (1 (C(;nsid)e}r

nn an i.1.d. set of random variables {/ . (1), . ... max(bi(n)+1
E Z ()] < Z Z < (& — pe) Tl '6) where each /,,x(v) has the same distribution as ;5. Since

(59) 1;(.) and I ,.x(.) are nonnegative random variables, we have

Proceeding from (57) the same way as in the proof of Lemma

vi=1 a=1c=a+1

In (58), for each block of player 7, the second sum counts the
number of blocks of player ¢ which intersects with that block B {
of player j. This is less than or equal to counting the number
of blocks of 7 which intersects with a block of i for blocks
1,...,b;(n) + 1 of i. We consider block b;(n) + 1 of i because
it may intersect with completed blocks of player j up to b;(n).
Thus, we have

max  Li(v;)
v;=1:b;(n)+1

P ( max  li(v;) > z)

v;=1:041

(-

bi(n) = b}

M i1

o

P(li(v;) < 4))

o~ & o
T

bji(n) 20

Z I(E,(UJ)) S Z (1 - P(l/max(vi) S Z))
v=1 z= v, =1

bi(n)+1 K

max { v;
=1 b(n)+1 max( )

|
|

D|bi(n) = b} .

Z Z Z Z 9u,; Bnlv)—ggzlsm(i ))

vi=1l wv;€B; ;(v;)a=1c=u+1 )
Finally

with probability 1. Taking the conditional expectation, we get

n E ¢ lmax 1 b'/ ) =b
R 0 i) =)
Z I(Ei(v;))|1B;i(1)| = na, oo

v =1 = Z (1= P(lmax < 2)"*)

|Bj ‘i( ( ) )| = Ty, (7l)+1]
[ n)+1 M K

c,i > 1_ lmd)\SQN b+1
_E[Z Z Z” 1g,, Baz(q)_q BH(U))} ZZ 2)")

v;,—=1 a=1c=a+1l

1
b (n 1. MK <IN |1+ = E - (61)
< max FE E I( @l <ot ) A =1 !

Tu=lib, (n)+1 g”i’BaJ’(”i) _gvlvBc’z(”i) ' ( :

v;=l,0=1,c=w 1
hrehemed + X(hl n+ 1)) (62)
Using the aforementioned result and following the same ap-

proach as in (39), we have where A = In ( ) (61) follows from [26, eq. (4)], and (62)

b;(n) follows from b; (n) + 1 < logn with probability 1. Using the
E Z I(Ei(v;)| < E { max | Bj‘,i(vi)@ aforementioned results on (60), we get

- vi=1:b; 1
v=1 v (n)+

x Z Z ( 8lnn +1—|—ﬂ) (60) b(n)

1
a=1 c=a+1 E 121 I(E(v;))| < 2N (1 + X(lnn + 1))
The next step is to bound F [max,,—1.,(n)+1 |Bj.i(vi)]]- MK ,
Let /;(v;) be the length of the v;th block of player i. Clearly, X Z Z <81$ +1+ /3) ) (63)
we have |B,;(v;)| < I;(v;) with probability 1. Therefore, i (e ©)?
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Using (59) and (63), we have

M bi(n)

|<E ZZ

i=1 v;=1

< {QN(M—I) <1+
55 ().
a=1c=a+1 ,U o )

E[BY(b;(n

%(lnn+ 1)) + 1]

Thus, we have

E[B'(n)] <M [zN(M —1) (1 +

a=1c=a-+1

%(mw 1)) 4 1}

+1+ ﬁ) (64)

APPENDIX H
PROOF OF LEMMA 10

Let b be a block in which all players know the correct order of
the M -best channels and b — 1 be a block in which there exists
at least one player whose order of indices for A -best channels
are different than the order of the mean rewards. We call such
an event a transition from a bad state to a good state. Then, by
Lemma 7, the expected number of blocks needed to settle to an
orthogonal configuration after block b is bounded by Opg. Since
the expected number of such transitions is F[B’(n)], we have
E[H(n)] < OpF[B'(n)].
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