NEAR-OPTIMALITY FOR MULTI-ACTION
MULTI-RESOURCE RESTLESS BANDITS WITH
MANY ARMS

A Dissertation
Presented to the Faculty of the Graduate School
of Cornell University
in Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy

by
Xiangyu Zhang
August 2022



© 2022 Xiangyu Zhang
ALL RIGHTS RESERVED



NEAR-OPTIMALITY FOR MULTI-ACTION MULTI-RESOURCE RESTLESS
BANDITS WITH MANY ARMS
Xiangyu Zhang, Ph.D.
Cornell University 2022

We consider multi-action restless bandits with multiple resource constraints,
also referred to as weakly coupled Markov decision processes. This problem
is important in recommender systems, active learning, revenue management,
and many other areas. An optimal policy can be theoretically found by solv-
ing a Markov decision process, but the computation required scales exponen-
tially in the number of arms N. Thus, scalable approximate policies are im-
portant for problems with large N. We study the optimality gap, i.e., the loss
in expected performance vs. that of the optimal policy, of such scalable poli-
cies. The tightest previous theoretical bounds, which apply only for a handful
of carefully-designed policies, show that this optimality gap is O(/N) for the
finite-horizon case and o(N) for the infinite-horizon case. This dissertation sig-
nificantly improves these bounds by characterizing a much wider class of novel
practically-computable policies for which the optimality gap is O(/N) for both
finite- and infinite-horizon restless bandits. Furthermore, for the finite-horizon
case including time-varying environmental variables that affect transitions and
rewards, we characterize a non-degeneracy condition under which the optimal-
ity gap is surprisingly O(1). We demonstrate that our policies offer state-of-the-

art empirical performance in numerical experiments.
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CHAPTER 1
INTRODUCTION

This Chapter describes the restless bandit problems that this dissertation
studies at a high level, reviews related past work, and summarizes the con-

tributions of this dissertation.

1.1 Motivation and Contributions

We study the restless bandit, a sequential decision-making problem in which
a decision maker manages N Markov processes (colloquially called “arms”),
each with finite state space and finite action space. The transition kernels
and state-action-dependent rewards of the arms are known. Arms produce re-
wards and evolve independently but are coupled through constraints in each
period (called “budget” constraints), since each action is associated with some
state-dependent resource consumption and there is a total amount of resources
shared by all arms in each period. Subject to budget constraints, the decision-

maker seeks to maximize the expected total reward.

We consider three versions of this problem.

¢ Chapter 2 begins by considering a finite horizon, binary actions, with a

single resource and state-independent resource consumption.

¢ Chapter 3 generalizes previous setting to consider multiple actions, mul-
tiple resources, and a stochastically changing environmental variable that
affects rewards and resource consumption. This setting includes problems

studied under the names multi-action restless bandit [57], weakly-coupled



Markov decision process [29], optionally in the presence of environmental

variables [14].

* Finally, Chapter 4 generalize Chapter 2 to its infinite-horizon version, con-
tinuing to assume binary actions, a single resource, and state-independent

resource consumption.

The above problem arises in various fields. For example, when classifying
images with crowd workers [17], we treat each image as an arm. Each arm
is associated with two actions: asking a new worker to label this image or do
nothing. The state of an arm is modeled as the Bayesian posterior distribution
on the corresponding image’s class given past noisy labels. A limited supply of
crowd workers imposes budget constraints: the new label we can request each
period is no greater than the number of crowd workers. Another example arises
in dynamic assortment optimization [13]. A sales manager selects products to
display subject to limited display space. Each product generates revenue when
displayed at an unknown rate, which can be learned from its revenue history.
In this example, we can treat each product as an arm, and each arm is associated
with two actions: whether we display the product or not. The arm’s state is the
Bayesian posterior distribution on the product’s revenue-generation rate, and
the budget constraints are imposed via the limited display space. Problems in
target search by unmanned aerial vehicles [34, 46], online advertising [28, 16],
network communication [38, 4], and sensor management [30] also fit into the

restless bandit framework.

We study a regime in which the number of arms grows large with a fixed
per-arm budgets in each period. This regime was first proposed in [55], where a

binary-action single-resource special case is studied: each arm is associated with



two actions (“pull” or “idle”) and pulling the arm consumes state-independent
amounts of resources. Since its introduction, this problem has been of long-
standing theoretical interest. Moreover, it is practically important in many set-
tings. In the examples above, crowdsourced labeling is most challenging when
there are many images to label and assortment optimization is most challenging

when many products are available.

Despite its importance, this regime presents substantial algorithmic difficul-
ties. While, in principle, one can compute the optimal policy for restless ban-
dit problems via dynamic programming, the state of this dynamic program in-
cludes the state of each arm and so its dimension grows linearly with N. Thus,

solving this dynamic program requires computation exponential in N.

As a result, there has been substantial interest (e.g., [55, 31, 57, 13]) in de-
veloping approximate policies with strong performance but affordable compu-
tation overhead. To measure the performance quality, people define “opt gap”
of a policy as the difference of achieved rewards between itself and the opti-
mal policy. Since the introduction of the restless bandit, substantial effort are
spent in developing policies with slowly-growing opt gap with respect to N
while keeping the computation overhead not depending on N. For example,
[55] proposed the Whittle index policy and conjectured its opt gap is o(N) for
the infinite-horizon case and [13] proposed a heuristic policy with showing its
opt gap is O(\/N) for the finite-horizon case. Despite substantial interest and

effort, current understanding is still limited in several important aspects.

First, the theoretical bound on proposed policies” performance is usually
looser than the practical performance observed. For example, simulation shows

that the index policy proposed in [13] achieve O(1) opt gap in some experi-



ments, while its performance bound provided is O(/N).

Second, there may be better policies with a tighter theoretical performance
bound. In particular, the best known opt gap growing regime is o(N) for
infinite-horizon bandits and O( VN ) for finite-horizon bandits. However, intu-
itively speaking, the infinite-horizon case should not be fundamentally harder
than finite-horizon case. Thus, a natural question to ask is whether we can de-

sign a policy for the infinite-horizon problem with O(+/N) opt gap.

Third, all the performance analysis for infinite-horizon bandits requires
hard-to-verify conditions. For example, the most popular approach, the Whit-
tle index proposed in [55], requires a hard-to-verify indexability condition to be
well-defined and another hard-to-verify condition to guarantee a o(N) optimal-
ity gap. Thus, a natural question to ask is whether we can find a policy both
well-defined and guaranteed to achieve strong performance for all problem in-

stances.

Summary of Contributions This thesis address these holes in the literature.
Chapter 2 address the first limitation: it studies finite-horizon binary-action
single-resource restless bandit and proposes a class of policies always achieving
O(\/N) opt gap, and achieving O(1) opt gap when a non-degeneracy condition
holds true. Chapter 3 generalizes settings in Chapter 2 and addresses the first
limitation but in the setting of finite-horizon multi-action multi-resource restless
bandit with an external environmental variable, proposing a class of policies
always achieving O(+/N) opt gap, and achieving O(1) opt gap when a non-
degeneracy condition holds true. Finally, adapting the technique developed in

Chapter 2 to infinite-horizon cases, Chapter 4 address the second and the third



limitation: it proposes a class of policies well-defined for every infinite-horizon

problem instances and always achieving O(\/N) opt gap.

1.2 Literature Review

There is a large literature on multi-armed bandits. When one considers closely-
related problems, such as weakly coupled MDPs, the literature becomes even
larger. We think of the problems within this larger literature as being divided
into four different classes. The first three classes all focus on what we call “learn-
ing bandits”. They are motivated by the problem of choosing slot machine arms
to pull sequentially over time to maximize the amount of money earned, de-
spite uncertainty about the payoffs associated with each arm. One can “learn”
about an arm’s payoffs by pulling it and observing the resulting payoff. These
three classes are Bayesian bandits, frequentist bandits, and adversarial bandits
and are described in more detail below. The fourth class, Markov decision pro-
cess (MDP) bandits, generalizes Bayesian bandits to settings beyond slot ma-
chines, including those where there is nothing to learn and instead the goal is to
manage resources over time subject to stochasticity. We summarize and explain
these four classes below and in the Venn diagram pictured in Figure 1.1. Our
work falls within the MDP bandit setting and thus also applies to the Bayesian

bandit setting.



Learning Bandits

Frequentist
Bandits

Adversarial
Bandits

Bayesian
Bandits

Markov Decision
Process Bandits

Figure 1.1: Relationships between learning bandits, Bayesian bandits, frequen-
tist bandits, adversarial bandits and Markov decision process bandits.

In all four of these classes, much of the literature considers a canonical set-
ting where one arm is pulled per time period, nothing ties arms together, the
constraint on the number of arms pulled is the only resource constraint, and
there is no additional information available beyond the arms’ past rewards.
There is, however, a great deal of work generalizing beyond these assumptions.

Generalizations considered include:

* pulling more than one arm per period [55];

* multiple types of resources, sometimes referred to as a weakly coupled

MDP [29] or bandits with knapsacks [7];

¢ bandits with more than the two actions (idle or activate) associated with
each arm in the classical literature, called multi-action bandits [57] or ban-

dit superprocesses [55] and also included in weakly coupled MDPs [29];

* bandits whose state changes even when it isn’t pulled, called restless ban-

dits in both the MDP bandit [55] and learning settings [48];



* stochastic environmental variables affecting all arms’ reward, resource

consumption, and total resources available [14];

* dueling bandits [56], where are a kind of learning bandit in which one

activates pairs of arms and sees outcomes comparing their quality;

¢ contextual bandits [36], where each arm can be presented as a list of fea-

tures which affects this arm’s reward by unknown parameters.

This thesis focuses on MDP bandits only, including Bayesian bandits as a
special case. In particular, Chapter 2 focuses on the binary-action finite-horizon
case, Chapter 3 focuses on the multiple-action finite-horizon case with stochas-
tic environmental variables, and Chapter 4 focuses on the binary-action infinite-
horizon case. Detailed discussion of the most recent literature and their limita-

tion in each cases can be found in their own chapter’s literature review section.

We now discuss the four classes of bandit problems (MDP bandits and the
three classes of learning bandits: Bayesian bandits, frequentist bandits, and ad-

versarial bandits) in more details.

Markov decision process (MDP) bandits In an MDP bandit formulation,
there is a decision maker, in charge of managing N Markov processes. Collo-
quially, we call each process an “arm”. Each arm is associated with a finite state
space and finite action space. Applying an action to an arm would consume
resources, and after action applied, the state of the arm may transition and cer-
tain amount of reward would be generated. The state-transition kernels, state-
action-dependent rewards and state-action-dependent resource consumption of
each arm are known to the decision maker. Given a total amount of resources

shared by all arms in each period, the decision maker seeks to maximize the



expected total reward. Depending on whether the problem is of finite horizon
(Chapter 2) or infinite horizon (Chapter 4), we study them separately. We also
study a generalization in Chapter 3 where there is an stochastic environment

variable affecting each arm’s reward and resource consumption.

Our approach follows the tradition of a long literature stream. The first sem-
inal result in this stream may be the work by Gittins [22]. In this work, Gittins
derived the optimal policy for the infinite-horizon problem where only a single
arm can be activated in each period. Gittins designed an index for each state
(called Gittins index), and in each period, the optimal policy just activates the
arm whose state is assigned with the largest index. However, Gittins index is
only defined for problems where an arm’s state does not transition if the arm is
idled. For many restless real-world problems where the state of an arm transi-
tions even when idled, Gittins does not provide a solution. Thus, later Whittle
[55] generalizes the Gittins setting and formulates the restless bandit problem.
Also motivated by the Gittins index, Whittle proposed so-called Whittle index
as a solution for the infinite-horizon restless bandit problem. Different from Git-
tins index, Whittle index is not the optimal policy but is shown to be asymptot-
ically optimal under certain conditions in the regime of number of arms grows
large. Thus, Whittle’s work opens the gate of finding better policies for restless
bandit problems with stronger and stronger performance but less and less com-
putation overhead. For example, in the finite-horizon cases, there is a stream
of literature [31, 57, 13, 58] proposing policies for restless bandit problems with

stronger and stronger performance guarantee.

Learning bandits Moving away from MDP bandits, the term “bandit” often

implicitly refers to a class of problems involving learning, where limited re-



sources need to be allocated to a set of competing objects (colloquially called
“arm”s) to maximize the total generated reward. However, the reward distri-
bution of each arm is unknown to the decision maker initially and the underly-
ing distribution may only become more and more understood if more resources
are allocated to the arm as time passes by. In these problems one often needs
to tackle the so-called “exploration vs. exploitation tradeoff” (Kaelbling or Sut-
ton and Barto) by balancing the amount of resources used to explore the less-
understood arms to better understand their reward distribution and amount of

resources used to exploit high-reward arms to maximize the objective.

We refer to these problems as “learning bandits”. There are three predomi-
nant mathematical formulations of learning bandits: Bayesian bandits, frequen-
tist bandits and adversarial bandits. As we will see below, Bayesian bandits are

a special case of MDP bandits, while frequentist and adversarial bandits are not.

Bayesian bandits The Bayesian approach would model the expected reward
of each arm as an unknown parameter sampled from a known prior, and tries

to design policies in a Bayesian-optimal sense.

Bayesian bandit can be viewed as a special case of our MDP approach. First,
each arm is separately modeled as a MDD, where its state is the posterior dis-
tribution over the parameter we are interested for this arm. Each time we pull
the arm, a new reward is sampled and the posterior is updated according to
the Bayesian rule. Then, all arms together would form a joint MDP with the
state space as the Cartesian product of each arm’s state space. And our aim is
to design policies to maximize the total reward generated from this joint large

MDP.



Frequentist bandits This approach would model the expected reward of each
arm as an unknown parameter, and tries to design policies with acceptable

worst-case performance bound.

To characterize the worst-case performance, this approach introduces the
notion of regret for a policy: the difference between the policy’s expected reward
and the optimal policy’s expected reward with full information. Apparently,
the optimal policy with full information would activate the arm with highest
reward in each period, so its total reward is just the reward of best arm times

the decision horizon. Thus, the smaller the regret, the better the policy.

This approach is quite different from ours for two reasons. First, it uses
a different performance measure. Rather than worst-case expected regret, we
maximize average case expected reward where unknown parameters are drawn
at random from a known prior. This difference in performance measure creates
significant differences in achievable performance. As we show in Chapter 2,
policies with O(1) average case opt gap in the number of arms N exist for finite-
horizon restless bandit. In frequentist bandits, however, the (worst-case) regret

would grow linearly with N [33].

Second, the asymptotic regime on which the frequentist approach is focused
is different from ours. Rather than focusing on large N regime, most of this
literature focuses on the regime where the horizon 7' increases to infinity with
the number of arms N fixed. [33] bounds the regret by a factor proportional to
log(T'). Celebrated algorithms such as UCB (Upper Confidence Bound [2]) and
Thompson Sampling [3] are proved to achieve this lower bound asymptotically.
This stream of work relies on the fact that a long horizon permits many pulls

per arm, which distinguish the “best” arm from others with high probability. In

10



our setting where the number of arms is large enough to permit only a small
number of pulls per arm and the horizon remains fixed, asymptotic guarantees
focusing on large T may not be relevant. Thus, although there is a large litera-
ture demonstrating that variants of UCB, Thompson Sampling, epsilon greedy
[50], and other related algorithms have provably small regret in the large T set-

ting, these results do not imply good performance in the large N setting.

Adversarial bandits The adversarial bandit approach is more conservative
than either the Bayesian approach or frequentist approach. It imagines there
is one adversary who is able to not only foresee your decision strategy but also
choose the reward realization against your strategy. The decision maker should
design strategies in this permissive setting to minimize the “weak regret” [6]:
the difference of the total expected reward generated by the strategy and the

maximal reward achievable by consistently activating a single arm.

Any deterministic strategy performs badly in the adversarial setting, but sur-
prisingly sublinear weak regret can be achieved by randomized strategies. For

example, the EXP3 algorithm [6] achieves O(/NT log N) regret.

We now begin the technical contributions of this thesis, starting with the
study of binary-action finite-horizon restless bandits in Chapter 2. Then, Chap-
ter 3 generalizes the methodology to multi-action multi-resources restless ban-
dit with stochastic environmental variables. Finally, Chapter 4 adapts the
methodology developed in Chapter 2 to the binary-action infinite-horizon rest-

less bandits.

11



CHAPTER 2
BINARY-ACTION FINITE-HORIZON RESTLESS BANDIT

This Chapter formally describe the binary-action finite-horizon restless bandit
problem, and proposes a novel class of policies called “fluid-priority”. Fluid-
priority policies would always achieve O(+/N) opt gap and even achieve O(1)
opt gap when a non-degeneracy condition holds. At the end of this Chapter, we
also illustrate the state-of-the-art performance of the fluid-priority policies via

numerical experiments.

2.1 Literature Review and Contributions

The asymptotic regime we study where the number of arms and the budget
per period grow proportionally with a fixed horizon is first introduced in [55].
However, when first introduced, only the infinite-horizon case is studied. In
this pioneering work, [55] introduced a time-homogeneous Lagrangian relax-
ation of the budget constraints and proposed the “Whittle index” policy when
arms are “indexable”, conjecturing that the Whittle index achieves an o(N) opt
gap when this indexability condition holds. However, [54] later showed that
even under indexability, Whittle index policy’s opt gap is Q(N) for some prob-
lems. Though intuitively promising, the Whittle index policy suffers from the
difficulty of verifying indexibility, the inability to use the policy if indexability
does not hold, and, in some problems, from weak empirical performance. Nev-
ertheless, as a pioneering work in restless bandits, the Whittle index inspired a
stream of follow-up work, in both the infinite-horizon [24, 19] and finite-horizon

cases. As the finite-horizon case is the focus of this chapter, we now discuss its

12



most recent progress in detail.

Following Whittle’s earlier work, later literature (e.g., [31, 57, 13]) studies
the finite-horizon restless bandit using Lagrangian relaxations. Unlike Whit-
tle’s work, they use a time-dependent Lagrange relaxation because of the non-
stationary nature of finite-horizon problems. This technique yields both promis-
ing theoretical guarantees and empirical performance without the need for an
indexability condition. For example, [31] studies the binary-action bandit prob-
lem and proposes an index policy achieving an o(N) opt gap. [57] studies the
multi-action bandit problem and proposes a policy achieving an O(/NlogN)
opt gap. [13] studies the same setting as [31] and proposes policies with an
O(+\/N) opt gap.

Although many exciting progresses in the area of finite-horizon bandits, cur-
rent understanding is still limited in many important aspects. First, simulation
studies show much better performance for large N in some problems than the
best existing theoretical results. Indeed, the tightest existing upper bound on
the opt gap for such policies is O(\/N), shown by [13]. Surprisingly, however,
their simulation studies suggest that the true opt gap in some problems actu-
ally does not grow at all with the number of arms. The proof techniques used
by [13], however, rely heavily on the Central Limit Theorem (CLT), and do not

offer a path toward showing an O(1) bound.

Second, existing results bounding the opt gap are restricted to specific poli-
cies (o(N), O(+/Nlog N) and O(\/N), respectively in [31, 57, 13]). However, one

would expect many policies to achieve such opt gaps asymptotically.

Summary of Contributions Our work addresses these holes in the litera-

13



ture: we propose a broad class of policies, called fluid-priority policies, which
generalize the essential characteristics of policies proposed by [13]. Address-
ing the inconsistency between simulation studies and past theoretical results,
we characterize a sufficient condition, which we call “non-degeneracy”, under
which any fluid-priority policy achieves an O(1) opt gap, strictly better than all
previous results. We show that the simulation study suggesting an O(1) opt
gap in [13] satisfies this non-degeneracy condition. We also address the current
literature’s lack of generality by providing general easy-to-verify sufficient con-
ditions ensuring o(N) and O(\/N) opt gaps. All fluid-priority policies satisfy
these conditions and thus always achieve an O(\/N) opt gap. The policies pro-
posed by [31] and [13] also satisfy the sufficient conditions for an O(+/N) opt

gap and thus our results generalize those in this previous work.

2.2 System Model

This section formulates our decision-making problem as a Markov Decision

Process (MDP).

Model: There are N arms, each of which shares the same finite state space S .
We use s,; to indicate the state of arm i at time 7. At each period ¢ for each arm
i, the decision-maker chooses whether to pull the arm (a,; = 1) or leave it idle
(a;; = 0). We define A = {0,1} to be the action space in which q,; takes values.
These actions must respect a so-called “budget constraint” in which the number
of arms pulled at period ¢ is B, = |a,N |, where 0 < @, < 1 is a pre-specified budget

ratio.

Based on the action applied, each arm’s state transitions stochastically to
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time 7 + 1 according to a known transition kernel P, = {p(s,a, s') }; yes.aea Where
pi(s,a,s") =P(s;11 = 8|81 = 8,a,; = a). We assume all arms share the same transi-
tion kernel, and any arm’s transition is conditionally independent from others
given its own state and action. At period ¢, each state-action pair is associated
with a reward, given by a known function r, : § x A - R. The decision-maker
aims to maximize the total reward from all N arms over a finite horizon subject

to the budget constraint.

To complete the formal definition of our N-arm problem, we introduce some
additional notation. We use S = S¥ to denote the N-fold Cartesian product of
the state space S and define A = AV similarly. All N arms together form an
MDP with state space S and action space A. We call this the “joint MDP” to
distinguish it from MDPs that we reference later involving a single arm. The
state in this joint MDP at time ¢ is s, = (5.1, $:2, ..., S,v) € S, which indicates that
arm i has state s,;. The action is a, = (a,1,4d;2,....a;n) € A, which indicates that

action a,; is applied to arm i.

The reward function of the joint MDP, R, : S x A — R, is the sum of the single-

arm rewards defined above, R, (s, a,) = ¥, ri(s.:, a.;).

For element a = (a;,a,, ...,ay) in A, we use |a| = ¥, a; to indicate the L!-norm
of a, i.e, the number of pulled arms. We write our budget constraint at time 7 as

|at| = Bt'

The transition kernel for the joint MDP is the product of each arm’s transition

kernel,

N
P[Sec1]sr,a] = H Pi(Seis iy Sta1i)-

i=1

We assume all arms start from the same initial state s*. Our analysis can be

15



easily generalized to the case where arms start from different states.

A policy ris a function that maps the current state s, € S and time 7 to an ac-
tion a, € A. The objective of the policy is to maximize the expected total reward,
subject to the budget constraint specified above. This objective can be written

as,

T
max E, Z R/(s,a,)
g =1 (2.1)

subject to: |a,| = |, N|, Vi€ [T],

where E, indicates the expectation taken under policy 7.

We define the value function of a policy 7 as Vy(n) = E, ¥, Ri(s;,a,) and
measure a policy’s performance by comparing its value with that of an optimal
policy solving (2.1). Let V}; = sup, Vy(r) be the value of an optimal policy. Then
the opt gap of a policy x is defined as V}; — V(7). Maximizing the value function
across policies is equivalent to minimizing the opt gap. We are interested in

tinding policies with small opt gaps when N is large.

Applications: The above model has many applications. In the most direct
application, each arm corresponds to a physical process that evolves indepen-
dently of the other physical processes according to a known transition kernel,
e.g. network communication [38, 4] and machine maintenance [24, 18]. For ex-
ample, in maintenance of military aircraft with low radar visibility (so-called
“stealth” aircraft) [18], each aircraft is treated as an arm. Radar visibility (the
state of the arm) increases stochastically according to a known transition kernel
each time the aircraft flies as small particles in the air damage its paint. This
damage can be repaired (the arm can be pulled) by pausing an aircraft’s flights
and performing maintenance. We must allocate limited maintenance resources

to maximize an objective combining flights flown and the number of aircraft
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with low radar visibility.

There are also many applications where information evolves over time. In
such applications, each arm corresponds to one of several independent un-
known quantities. An arm’s state represents our information about this quan-
tity. Examples include autonomous target tracking [34, 30]: each target is an
arm and its state includes whether it is tracked by a sensor and physical fea-
tures affecting its motion. Based on its state, the target moves to a new location

and our goal is to track as many targets for as long as possible.

In perhaps the most famous restless bandit, each arm corresponds to a slot
machine. Each slot machine generates payoffs according to a distribution from
a parametric family (e.g., Bernoulli). The parameter governing an arm’s re-
wards (for Bernoulli arms, the payoff probability) is drawn at random from
a Bayesian prior distribution and is unobserved. The state of the arm is the
Bayesian posterior distribution on its parameter, given all observed payoffs
from the arm. When we pull an arm, we earn a reward (whose distribution
is given by marginalizing over the posterior on the arm’s uncertain parameter)
and the new state is determined by Bayes’ rule and the observed reward. If an
arm’s underlying parameter changes over time, then this causes the posterior to

change even if the arm is not pulled, making the problem restless.

2.3 Background: Preliminary Results and Notation

In this section, we define a LP relaxation that provides an upper bound V; for
V5. Although this bound is standard in the literature and is not part of our con-

tribution, we include it to provide a self-contained presentation and to establish
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notation used later.

Linear Programming Relaxation: Similar to [20, 26], we introduce this re-

laxation of Problem (2.1):

T
Vi =max E; > R/(s.a,)
g =1 (2.2)

subject to E,|a,| = a;N, Vre [T].
This relaxes Problem (2.1)’s almost sure cardinality constraints on the number
of pulls to constraints on the expected cardinality. As we will see soon, solving
relaxation (2.2) is equivalent to solving a linear program whose number of de-
cision variables does not depend on N (see Lemma 2.1 and Problem (2.4)). For
simplicity of presentation, we assume that «, are rational and we restrict atten-
tion and limits over N to those N with integral a,N for all # € [T']. Our results

generalize to irrational e, and non-integral ;N as discussed in Appendix A.2.

The value of this relaxed problem, V;, bounds V;, above. We use this to
bound the opt gap of the policies we study. Moreover, the policies we study in
§2.6 heavily leverage this relaxation in their definition. They benefit from the
fact that the relaxation yields a low-dimensional problem whose number of de-
cision variables and constraints do not scale with N. This allows the relaxation’s
solution to be computed and used to define practical policies, even when N is

large.

The following lemma formally states this bound and also observes (via
Fenchel’s duality theorem, and the separability of a dualized version of Prob-
lem (2.2)) that V;; is determined by the solution to a single-armed problem V;.
Its proof can be found in Appendix A.1. Later in the paper whenever we omit
the technical proof for a lemma, theorem or proposition, its proof can be found

in the Appendix.

18



Lemma 2.1. V;, < Vi, = NV where the quantity V; is given by,

T
max E, Z (s, ar)
" =1 (2.3)

subject to E,|a,| = a;, Yt € [T].

Later analysis and computation is supported by the following equivalent
version of Problem (2.3). Defining the occupation measure, x;(s,a) := P[s, =

s,a, = a], Problem (2.3) is equivalent to

max Y, ET: ri(s,a)x(s,a)

s€S,aeA =1
subject to

Y ox(s,a) = > x1(s,a)p-1(s,a,s), VseS,2<t<T; (2.4)
acA acA s'eS
Yox(s, 1) =a, te[T]; > xi(s*,a)=1;
seS acA
Zle(s,a) =1, VseS; x(s,a) >0, VseS,acA,te[T].
acA seS

The first constraint ensures that flows are balanced; the second ensures that the
budget constraint is met; the third enforces the initial occupation measure; and
the fourth and fifth ensure that x, is a probability distribution for each ¢. We let
x:(s,a) denote the entries in an optimal occupation measure, i.e., one that solves

Problem (2.4). Then, we can compute, Vi = ¥ s es S 7:(s, @) x:(s, a).

The class of policies we analyze depend on solving Problem (2.4) computa-
tionally using a LP solver. As noted above, this is possible, even when N is large,
because the dimensionality of Problem (2.4) does not depend on the number of

arms N.

Additional Notation: Here we introduce some additional notation used in

the following sections. Given the optimal occupation measure, we use z(s) :=
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> aea X:(8,a) to denote the probability that an arm is in state s at time ¢ under this
measure. We use z, and x, to refer to the corresponding vector (or matrix), i.e.,

7= (z/(s),s€S) or x,:= (x;(s,a):s€S,acA).

In the joint MDP with N arms, we let X} (s, a) be the number of arms in state
s for which we take action a at time 7. We let Z"(s) be the number of arms in
state s at time 7. We use ZV, X" to refer to the vectors (ZV(s) : s € §') and matrix
(XN(s,a):seS,acA). Using this notation, a policy 7 of the joint MDP is a map

from ZV to XV.

§2.5 will study deviations between the realization of (Z, X)) and (Nz,, Nx,),
and how these deviations impact the joint MDP’s reward. To support this anal-
ysis, we define diffusion statistics ZN = Z{V;\/lﬁvz’ and X" = Lﬁ Using this notation,

a policy 7 of the joint MDP naturally induces a class of maps 7,y indexed by ¢

and N, from diffusion Z" to diffusion X", such that

n(t,ZV) = XN —= 7,y(ZV) = XV. (2.5)

2.4 Sufficient Conditions for Achieving an o(N) Opt Gap

This section establishes the first of our contributions: general sufficient condi-
tions for an o(N) opt gap. This result allows us to directly verify that the policy
in [57] has an o(N) opt gap. We build on the results here in the next section,
where we give stronger conditions sufficient for an O(\/N) gap and apply it to
the policies in [31] and [13]. This is in preparation for our main contribution in

§2.6.

The main idea in this section is, essentially, that as long as the number of
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arms we pull in each state, X, is approximately proportional to the optimal
occupation measure x, (a property we call “fluid consistency”), the number of
arms in the next period Z, in each state will be approximately proportional to
Z+1. This will cause the reward of the joint MDP to scale proportionally with V.
While random fluctuations cause proportionality to hold only approximately,
their resulting loss in reward is o(N). We begin by formally defining fluid con-

sistency.
Definition 2.1. Under a policy =, if n(t,ZN)/N — x, for all t € [T] and sequences
(ZV : N) satisfying ZN [N — z,, then we say the policy n is fluid consistent.

Based on this definition, we have the following lemma.

Lemma 2.2. If a policy n is fluid consistent, then ZW’N - 7z, and X—A’I,V — X, a.s. for any

te[T]as N — oo.

Using Lemma 2.2, we now show the main result of this section: that fluid

consistency implies the opt gap is o(N).

Theorem 2.1. If a policy n is fluid consistent, then V3, — Vy(x) = o(N).

Proof of Theorem 2.1. Because the policy r is fluid consistent, Lemma 2.2 shows
% -z, and XW’N — x,. Then the total reward of the joint MDP, divided by N, is

IE,,ZT: > r(s,a)X)(s,a) E,TZT: > sa)X’N(S’a).

N t=1 seS,acA t=1 seS,acA N

1 T
B ;Rt(sz, a,) =

This has a limit of E; Y ¥ csaen 7:(5,a)x,(s,a) as N — oo, where we leverage
the dominated convergence theorem, the fact that rewards are bounded, and

0< XN(s,a) <N. |
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One can show that the policies in [31, 57, 13] are all fluid consistent and thus
have o(N) opt gaps. We show this for [57] in Appendix A.13. Below, we show
that [31, 13] meet a stronger condition and thus have O(+/N) opt gaps.

2.5 Sufficient Conditions for Achieving an O(/N) Opt Gap

This section establishes our second contribution: a substantially more general
result than in the literature showing sufficient conditions for an O(\/N) opt gap.
Using this result, we directly verify that policies in [31] and [13] have O(\/N) opt
gaps. This section also provides stepping stones towards our main contribution,

described in §2.6.

The main idea in this section is that, as long as the diffusion statistic X is

bounded by O(1), then Z¥

t+1

will also be bounded by O(1). Thus, the deviation
between the reward of the joint MDP and the relaxation’s upper bound V;; will

be bounded by /N -0(1) = O(+/N).

Recall Equation (2.5), that a policy n naturally induces a class of maps 7, y.
Using this idea, we say a policy r is “diffusion regular” if all induced maps 7,y

keep the diffusion X bounded by O(1). We define this formally here.
Definition 2.2. A policy n is called diffusion regular if its induced maps 7, y satisfy the

following conditions, where | - | indicates the L'-norm in Euclidean space.

1. There exists C; > 0 s.t. |7, n(61) — 7 n(62)| < C1|601 — 6, forall t, N, 6, and 6,.
2. There exists C; > 0 s.t. |, 5(0)| < C, for all t and N.

3. There exists a map 7, o S.t. 7 n(6) - 1.00(6) as N — oo for all 6.

22



We briefly note the following useful fact.

Lemma 2.3. If a policy is diffusion regular then it is also fluid consistent.

We now show that if a policy x is diffusion regular, the diffusion statistics
X and Z° converge in distribution (Lemma 2.4) and their second moments are

uniformly bounded (Lemma 2.5).

Lemma 2.4. If a policy n is diffusion regular, then for any t € [T], there exists sub-
Gaussian random vectors (2, X)) such that (ZN,XN) —» (Z=,X) in distribution as

N — oo.

Lemma 2.5. If a policy n is diffusion reqular, then there exists a constant C such that
E,[||[ZN]3] < C and B,[||XN|[3] < C for all t € [T] and N, where || - ||, indicates the L?*

norm.

Based on Lemma 2.4 and 2.5, we can prove the following theorem.

Theorem 2.2. If a policy r is diffusion reqular, then V; = V() = O(V/N).

Proof of Theorem 2.2. Since the policy n is diffusion regular, there exists sub-
Gaussian random vectors Z=, X, such that Z"¥ — Z*® and X" — X in distri-

bution as N - oo by Lemma 2.4.

Also, the opt gap is bounded above by

Vi = Vy(r) <NVF = Vy(n) = —\/ZT/E,,ZT: Y r(s,a)X)(s,a).

Divide both sides of this bound by VN and take N — co. Then, since XN and
YV are uniformly integrable (Lemma 2.5),

b
VN

lim sup
N t=1 s€S,acA t=1 seS,acA
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To summarize, we have shown V;, - Vy(r) = O(+/N). o

We verify that the policies proposed by [31] and [13] are diffusion regular
(in Appendix A.13) and thus (by Theorem 2.2) have O(/N) opt gaps. Thus,
Theorem 2.2 generalizes the performance guarantees shown in that previous

work.

2.6 Fluid-priority Policies

This section defines fluid-priority policies and show that they are always dif-
fusion regular and thus achieve an O(\/N) opt gap. Later, in §7, we show that

they achieve an O(1) opt gap if an additional condition is satisfied.

Roughly speaking, a fluid-priority policy is defined by first fetching an opti-
mal solution of the LP relaxation, then classifying states into three disjoint cat-
egories based on the solution: fluid-active, fluid-neutral and fluid-inactive. A
fluid priority policy is one that pulls arms while respecting a prioritization de-
rived from these categories: arms in fluid-active states are prioritized for pulling
over those in fluid-neutral states; and arms in fluid-neutral states are prioritized
in turn over arms in fluid-inactive states. Additionally, when pulling arms in
fluid-neutral states, a fluid-priority policy must do so according to proportions

derived from the LP relaxation.

Mathematically speaking, a fluid-priority policy is parameterized by an oc-
cupation measure {x,(s,a)},, solving Problem (2.4) and a sequence of “priority-
score” functions {P,(-)}, assigning each state a real number. Based on the occu-

pation measure {x,(s,a)},, a fluid-priority policy classifies states into these
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three disjoint categories:

The fluid-active category: C; := {s € S|x,(s,1) > 0, x,(s,0) = 0},
The fluid-neutral category: Cy := {s € S|x,(s,1) > 0,x,(s,0) > 0}, (2.6)

The fluid-inactive category: C; := {s € S|x,(s,1) = 0, x,(s,0) = 0}.

We refer to an arm with its state in the fluid-active category as a fluid-active
arm. We define a fluid-neutral arm and a fluid-inactive arm similarly. With these
definitions, the fluid-priority policy corresponding to an occupation measure

and priority-score function is defined by Algorithm 1.

Algorithm 1 allocates its budget by first pulling as many fluid-active arms as
possible, subject to the budget constraint (Lines 5-7). If budget remains, then it
pulls as many fluid-neutral arms as possible, again subject to the constraint on

the remaining budget (Lines 9-17).

When there is enough budget to pull some fluid-neutral arms, but not all of
them, the budget is allocated carefully across them to ensure fluid-consistency.
This is related to “tie-breaking” discussed in Algorithm 2 of [31]. In particular,
lines 9-13 ensure that the number of arms pulled in each fluid-neutral state is at
least equal to | Nx,(s,1)], the number of arms from this state pulled in the fluid
relaxation, as long as the budget constraint B, and number of available arms
Z,(s) allows. If budget remains after this is achieved, additional fluid-neutral

arms are pulled.

Finally, if budget remains after all fluid-neutral arms are pulled, additional
fluid-inactive arms are pulled until the budget is exhausted. Within each cate-
gory (fluid-active, fluid-neutral, fluid-inactive), states are prioritized based on

the priority score.
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Algorithm 1 Fluid-priority policy

Input: optimal occupation measure (x,(s,@))e[7].ses,.0ca, found by solving the
LP (2.4), and priority-score functions {7, } [z
1: forr=1,2,...,.T do
2: Classify states into fluid-active (C;), fluid-neutral (C?) and fluid-inactive

(C;) categories based on the occupation measure, according to equation
(2.6).

3: Observe there are Z,(s) arms in state s and remaining budget B, = |a/N|.
4: Each of the for loops below iterates over states in decreasing order of
Pi(s)
5: for state s in C; do
6: Plan to pull X" (s,1) < min{B,,Z,(s)} arms out of the Z,(s) arms in
state s.
7: Update remaining budget B; < B, - min{B,, Z,(s) }
8: end for
9: for state s in C? do
10: Plan to pull (at least) XV (s,1) < min{B,,Z(s),|Nx(s,1)|} arms in
state s.
11: Store the number of undecided arms UN(s) < ZN(s) - XV (s,1).
12: Update the remaining budget B, < B, — min{B,,Z(s),|Nx:(s,1)]}.
13: end for
14: for state s in C? do
15: Plan to pull min{B,, U,(ss)} additional undecided arms in state s.
16: Update XN (s,1) < XN (s,1) + min{B;, U,(s) }.
17: Update B, < B, - min{B;, U,(s)}.
18: end for
19: for state s in C; do
20: Plan to pull X¥(s,1) < min{B,,Z(s)} arms out of the Z,(s) arms in
state s.
21: Update remaining budget B; < B, - min{B,, Z,(s) }
22: end for
23: For each s, pull X" (s, 1) arms in state s (as planned above)
24: end for
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With this definition in place, we now state the main result of this section:
that fluid-priority policies are diffusion regular, implying they have an O(+/N)
opt gap by Theorem 2.2.

Theorem 2.3. Any fluid-priority policy n is diffusion regular and its optimality gap is
O(VN).

2.7 Non-degeneracy Condition: Achieving an O(1) Opt Gap

This section presents our main contribution: that fluid-priority policies achieve
an O(1) opt gap under a non-degeneracy condition. We define and discuss this

condition before showing this result.

To motivate this non-degeneracy condition, consider a fluid-priority policy
and another policy motivated by the relaxed problem (2.2) in which the almost-
sure budget constraint (|a,] = @,N) has been relaxed. This so-called “budget-
relaxed” policy first categorizes states into fluid-active, fluid-neutral, and fluid-
inactive categories in the same way as its corresponding fluid-priority policy.
It pulls all fluid-active arms (even if this would exceed the budget). If budget
remains, it then pulls fluid-neutral arms in the same way as its corresponding
fluid-priority policy. It does not pull any fluid-inactive arms, even if budget

remains after fluid-active and fluid-neutral arms are pulled.

Pulling all fluid-active arms and idling fluid-inactive arms is exactly the
property required for any feasible policy to be optimal in the LP relaxation (2.2).
Thus, this budget-relaxed policy’s reward is close to the relaxed problem’s opti-
mal reward (Lemma 2.8). Moreover, it behaves identically to its corresponding

fluid-priority policy (Lemma 2.6) except on a specific “budget violation” event:
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that the number of fluid-active arms exceeds the budget, or the number of fluid-
active and fluid-neutral arms together fail to exceed the budget. The probability
of budget-violation allows us to bound the opt gap for fluid-priority policies by

comparing them with their budget-relaxed versions.

The non-degeneracy condition (Definition 2.3) characterizes the probability
of budget violation: when it is met, the expected number of fluid-active arms
is strictly below the budget and the expected number of fluid-active and fluid-
neutral arms is strictly above the budget. Thus, using concentration bounds,
problems meeting the non-degeneracy condition are ones in which the proba-
bility of budget violation vanishes exponentially fast as N grows (Lemma 2.7).
As a result, in such problems, the fluid-priority policy behaves the same as its
budget-relaxed version with high probability for large N. We use this fact to

show an O(1) opt gap in Theorem 2.4.

In the rest of this section, we first formally introduce budget-relaxed poli-
cies, then define the non-degeneracy condition, and finally prove fluid-priority
policies achieve an O(1) opt gap when this condition holds. We also show that
no index policy can strictly outperform all fluid-priority policies. Since the LP
relaxation can have multiple optimal occupation measures, some being degen-
erate and others non-degenerate, we provide an algorithm in Appendix A.14 to

identify a non-degenerate occupation measure when one exists.

2.7.1 Budget-relaxed fluid-priority policies

Given a fluid-priority policy 7f, its budget-relaxed version ng is defined by Al-

gorithm 2. Similar to np, 7 first classifies states into three categories: fluid-
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active, fluid-neutral and fluid-inactive, using the same occupation measure as
nr. Then, mg sorts states in each category in order of decreasing priority-score
(line 4), using the same priority score as nr. Afterwards, g pulls all arms in
the fluid-active category (lines 5 - 8), exceeding the budget if necessary. If there
is still budget remaining, 7y iterates over each state s in the fluid-neutral cate-
gory C?. It pulls arms in this state until the number pulled reaches the quantity
|Nx:(s,1)| derived from the optimal occupation measure, no arms remain in this
state, or no budget remains. Unpulled arms in each such state are called “un-
decided” (lines 12 - 16). Finally, mx iterates over each state in the fluid-neutral
category C) again and pulls undecided arms until either no budget remains or
all undecided arms are pulled (lines 17 - 21). Notice ng idles all arms in the

fluid-inactive category, even if budget remains.

Policy ng behaves the same as its corresponding fluid-priority policy ng, ex-
cept mi pulls all arms in the fluid-active category and idles all arms in the fluid-
inactive category regardless of the budget constraint. This is formally stated as

Lemma 2.6.

Lemma 2.6. Define event A, := {Zseq+ ZV(s) < N < Ve ZV () + Xieco Z,N(s)}

Then on the event A, ng(t,ZN) = np(1,ZN).

We write the complement of A, as A and refer to this as a “budget violation”

event.

2.7.2 Non-degeneracy

The non-degeneracy condition (stated formally below) states that the fluid-

neutral category is not empty, which is sufficient to prove the budget-violation
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Algorithm 2 Budget-relaxed fluid-priority policies

Input: optimal occupation measure (x;(S,a))e[r],ses,aca, Priority-score func-
tion {P;}e[7]-
1. fortr=1,2,...,7 do
2: Classify states into fluid-active (C;), fluid-neutral (C?) and fluid-inactive
(C;) categories based on the occupation measure, according to equation
(2.6).
Observe there are Z(s) arms in state s, and remaining budget B, = |a,N|.
Each of the for loops below iterates over states in decreasing order of

Pi(s).

5 for state s in C; do
6 Plan to pull XV (s, 1) < Z(s) arms out of Z,(s) arms in state s.
7: Update the remaining budget B, < B, — Z,(s).
8: end for
9: if B, <0 then
10: continue
11: end if
12: for state s in C? do
13: Plan to pull (at least) XY (s, 1) < min{B,, Z,(s),|Nx,(s,1)[} in state s.
14: Store the number of undecided arms U¥(s) < ZN(s) - XN(s, 1).
15: Update the remaining budget B, < B, - min{B,, Z (s), Nx,(s, 1)}
16: end for
17: for state s in C? do
18: Plan to pull min{B,, U,(s)} additional undecided arms in state s.
19: Update XY (s,1) < XN(s,1) + min{B,, U,(s)},
20: Update B, < B, - min{B,, U,(s)}.
21: end for
22: For each s € C; uC?, pull XN (s, 1) arms in state s (as planned above). Idle
allarms in C;.
23: end for

events, A7, are probabilistically negligible. Roughly speaking, non-emptiness of
C? guarantees that the occupation measure satisfies, Ysecr 2(8) <ar < Xiecr z(s)+
Yseco u(s). Since both the budget-relaxed fluid-priority policy and the fluid-
priority policy are fluid consistent, the number of arms in state s, ZN(s), is
roughly proportional to z(s), with excursions described by a central limit the-
orem. Thus the probability of event A, approaches 1 exponentially fast as N

grows by concentration inequalities.
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Definition 2.3 formally defines non-degeneracy and Lemma 2.7 states that
non-degeneracy implies that budget violations are probabilistically negligible

for large N.

Definition 2.3. We say an optimal occupation measure (x,(S,a))w[r] ses.aea 1S N0N-
degenerate if Vt € [T], |C?| > 1. Otherwise, we call it degenerate. We also call a fluid-
priority policy non-degenerate (degenerate) when its associated occupation measure is

non-degenerate (degenerate).

Lemma 2.7. If an optimal occupation measure (x,(S,a))e[1],ses,.aea 1S NON-degenerate,
then for any priority-score functions {P;}[r) and the corresponding fluid-priority pol-
icy mp and budget-relaxed policy mg, there exists a constant § > 0 and a constant L such

that for all t € [T] and all N,

max{Py, (AY), P, (AY)} < Lexp(-6N).

Empirically, one can check the non-degeneracy condition for a given optimal
occupation measure x* returned by solving the LP relaxation (2.4) with a com-
mercial LP solver. Recalling from (2.6) that states s in the fluid-neutral category
are those with both x,(s,1) > 0 and x,(s,0) > 0, we check whether x* is non-
degenerate by assessing whether there is at least one such state for each 7. If
there are multiple optimal occupation measures, then some may be degenerate
and others non-degenerate. Since a fluid-priority policy’s optimality guarantee
is significantly stronger when it uses a non-degenerate optimal occupation mea-
sure, it is important to be able to find one if it exists. We present an algorithm

for doing so in Appendix A.14.
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2.7.3 Main result

We now state and prove this section’s main result: a fluid-priority policy
achieves an O(1) opt gap when it is non-degenerate. Before that, we need one
last building block: the budget-relaxed policies” reward deviates from the re-

laxed problem’s optimal reward by O(1) under non-degeneracy.

We show this in the following lemma. There are two main ideas in the proof.
First, recall that the budget-relaxed fluid-priority policy nz pulls all arms in C;
and no arms in C;. Thus, its decisions are optimal under a Lagrangian relax-
ation of Problem 2.2 in which the budget constraint on the expected number of
arms pulled is replaced by a well-chosen linear penalty (in this Lagrangian re-
laxation, pulling fluid-neutral arms does not affect optimality as the incremental
reward is offset by the linear penalty). Second, the fact that 7 pulls a number of
arms equal to the almost-sure budget constraint with high probability ensures
that it nearly satisfies the constraint in Problem 2.2 on the expected budget. This
fact causes the linear penalty to be nearly 0. Finally, the fact that the Lagrangian
relaxation is the sum of this penalty and the unpenalized reward, which we call

Vn(mg), implies that Vy(7g) is within a constant of Vlf,.

Lemma 2.8. Let Vy(nz) = max, E, Y1, R.(s;, a,) for a budget-relaxed fluid priority pol-
icy mg. If an optimal occupation measure (x,(,a))sc[1],ses,aca 1S NON-degenerate, then for
any priority-score functions {P;}.[r), the corresponding budget-relaxed fluid-priority

policy ny, satisfies |V}, — Vy(ng)| < m, where m is a constant not depending on N.

Now we are ready to state and prove our main result: that a fluid-priority
policy achieves an O(1) opt gap when it is non-degenerate. A fluid-priority

policy nz’s opt gap can be bounded by first comparing the reward Vy(zr) with

32



the reward of its corresponding budget-relaxed policy nz. Combining the fact
that 7, deviates from 7z with negligible probability (Lemma 2.7) and that nz’s
reward deviates by O(1) from V; (Lemma 2.8), Vy(nr) is at most O(1) away

(/ *
from V.

Theorem 2.4. If an optimal occupation measure (x,(s,a))e[r],ses.aca 1S NON-degenerate,
then for any priority-score functions {P,}r), the corresponding fluid-priority policy

g satisfies V;\*, — Vy(7r) < m, where m is a constant not depending on N.

Proof of Theorem 2.4. Under nr, the reward is Vy(nr) = Ex, Sy Syesaen :(5,a) XN (s,a).

Under 7z, the reward is Viy(7z) = Ery Y1y Yyesaen 7:(5,a) XV (5, a).

Denote Q7 := AjnA; n...nAr. On this event, g and 7z produce identical

decisions by Lemma 2.6. Using this in the second line below, we have:

I . . T .
Vn(ng) = Vn(tr) = Bxe| 1o, Y. Y, ri(s,a)X) (s,a) |+ Bre| 1o D Y. ri(s,a)X)(s.a)
B t=1 seS,acA - B t=1 seS,acA -
T ; T .
~En|la, Y. > r(s,a)X)(s,a) —E,,F a . Y, r(s,a)X)(s,a)
- t=1 seS,acA N t=1 seS,acA -
T . T .
_E”R Z Z r,(s,a)va(s,a) _Enp Z Z rt(S a)XN(S a)
=1 seSaen : LTS sebae /
T
B[y 3 Il Bl Y S (s alx (s.a)]
t=1 seS,acA t=1 seS,acA

Inequalities 0 < XY (s) < N and 0 < Y¥(s) < N then imply

Vi(x) - VN(ﬂp)<EﬂR[IQcZT: > Irs, a)|N]+EnF[IchT: > Ir(s,a)N]

t=1 seS,acA t=1 seS,acA

<2 (]E,,R[lgcr] + ]E,,F[lgcr]) T|S|r*N,

where r* := max, ., |r;(s,a)|. Then, applying Lemma 2.7 and P,[Q5] < S, P.[A¢],

we have:

T
Vn(mr) = V(rr) <2T|S|r*N Y Py [AC] + Py, [AY] < 4T?|S |r* NLexp(-6N).
t=1
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Finally, applying Lemma 2.8 concludes the proof. o

2.74 The best fluid-priority policy is at least as good as the best

index policy

Here we compare fluid-priority policies against index policies [23]. An index
policy assigns each state an “index” and prioritizes each arm based on the index
of its current state from high to low, pulling arms until we exhaust the current

period’s budget.

A policy can be both a fluid-priority policy and index policy. This occurs
if there is at most one fluid-neutral state in any period and indices of all fluid-
active states are higher than those of all fluid-neutral states, which are higher
in turn than the indices of all fluid-inactive states. There are, however, index
policies that are not fluid priority policies, and vice versa. If the indices do not
respect the ordering implied by the fluid-active, fluid-neutral, and fluid-inactive
categories then this index policy is not a fluid priority policy. Also, if multiple
fluid-neutral states can be occupied in one period, a fluid-priority policy will
allocate pulls across these arms in accordance with an occupation measure and

in a way that is different from an index policy’s strict prioritization.

Since index policies are widely known and used, it is instructive to compare
them with fluid-priority policies. The discussion above shows that the differ-
ence between V;, (the optimal objective of the relaxation) and the value of a
fluid-priority policy Vy(nr) is bounded above by a constant when 7r is non-

degenerate, i.e., that supy V; — Vy(nr) is finite. The following proposition shows
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that the best fluid priority is at least as good as the best index policy, when
measured by supy Vi — V() € Ru {oo}, regardless of whether non-degeneracy

holds.

Proposition 2.1. Consider an index policy rr; such that supy V3, — Vy(n;) < co. Then,

there exists a fluid priority policy nr such that supy, V3, — Vy(nr) < supy V3 = V().

2.8 Numerical Experiments

This section evaluates the performance of fluid-priority and other policies on
three problems, leveraging both simulation experiments, computational inves-

tigations and our earlier theoretical results.

§2.8.1 studies a classical problem: the finite-horizon Bayesian bandit with
Bernoulli rewards. It compares a fluid-priority policy against UCB and TS
policies. We first show the fluid-priority policy substantially outperforms both
methods numerically. Then we show that both UCB and TS’s opt gaps are Q(N),

while the opt gap is O(1) for the fluid-priority policy as it is non-degenerate.

§2.8.2 considers an active learning problem based on [17] in which an algo-
rithm allocates crowd workers to image labeling tasks to support learning an
accurate classifier. We show via numerical experiments that fluid-priority poli-
cies outperform a state-of-the-art policy (Optimistic Knowledge Gradient [17])

specifically designed for this problem.

§2.8.3 shows via direct computation that the dynamic assortment problem
previously studied in [13] satisfies the non-degeneracy condition. This and our

main theoretical result shows that fluid-priority policies have an O(1) opt gap,
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explaining the poorly understood performance of Lagrangian index policies in

[13]’s experiments.

2.8.1 Bayesian bandit with Bernoulli rewards

This section evaluates fluid-priority policies” performance on the Bayesian ban-
dit problems, which is a standard benchmark in the bandit literature. While
the problem is not restless, it allows us to study benchmarks designed for non-

restless settings.

We compare the performance of a fluid-priority policy against UCB and TS
policies and show that the fluid-priority policy achieves an O(1) opt gap while
the opt gaps of both UCB and TS grow linearly with the number of arms. While
UCB and TS are well-known for having a logarithmic asymptotic performance
guarantee of O(Nlog(T')), thisis linear in N. (It also applies to a slightly different
problem setting than the one we study here: a stochastic frequentist setting with
one pull period and where regret is measured with respect to the policy that
pulls the best arm.) Thus, the classical regret guarantee for these policies is
not inconsistent with our finding that these policies have a Q(N) opt gap in a

Bayesian analysis with multiple pulls per period.

This suggests that when T is small and N is large, and where prior informa-
tion supports the use of a Bayesian analysis, there is significant value in using

fluid-priority policies over UCB or TS.

Problem Setup: There are N arms, of which we may pull |N/3]| in each of

T periods. Before any arms are pulled, each arm i has a parameter 6; sampled
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independently from the Bayesian prior distribution on the arm’s reward. This
prior distribution is U[0, 1]. Then, conditioning on 6,, each arm i’s rewards are
generated when pulled as conditionally independent Bernoulli random vari-
ables with the parameter 6. Our objective is to maximize the expected total

reward.

This problem is similar to the more widely-studied stochastic bandit, except
that the arm’s reward is drawn at random from the prior. The expected reward
calculated can be understood as the average-case reward over stochastic bandit
problem instances, i.e., over (6; : i), where the weight on a particular instance

(6; : i) is proportional to its density under the prior.

The non-degeneracy condition holds in this problem for both horizons con-
sidered, T = 15 and T = 20. We verified this numerically by solving the LP (2.4)
and confirming that there is at least one state with a strictly positive occupation

measure in the fluid-neutral category in each period.

Policy Implementation: We describe implementation of UCB, TS and our

fluid-priority policy.

UCB tracks the posterior belief on 6; for each arm i based on the arm’s past
reward realization, and calculates an upper confidence bound for 6; as y; + do,
where ¢ is a fixed parameter, y; is the mean of the posterior belief and o is
the standard deviation. The top |N/3] arms ranked by their upper confidence
bound are pulled. We run UCB with ¢ varying from 0.1 to 1 and report results

for the one with the best expected reward (6* = 0.5) in both experiments.

TS also tracks the posterior belief on 6, for each arm i. At each period, TS

samples a value from each arm’s posterior belief on 6;, then pulls the | N/3] arms
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with the highest sampled values.

The fluid-priority policy is constructed as follows. First, we solve Problem
(2.4) to fetch an optimal occupation measure. Second, to construct the priority-
score function, we use a Lagrangian-relaxation approach similar to [31]: we
solve the min-max problem

T

(A7, .., A7) < A{mlalr max E, ; ri(spa) + (@, - a,), (2.7)
where the inner max can be solved via dynamic programming and the outer min
can be solved via the subgradient method. Then we compute the Q—function
based on the optimal Lagrangian multiplier (417, 45, ..., 4;) iteratively: Q,(s,a) =
ri(s,a) - 4a+ Yy ps,a,s")maxy Quq(s',a’) for 0 < ¢t < T -1, with Qr(s,a) =
rr(s,a) — Ara, and construct the priority-score function as P,(s) = Q,(s,1) -
0,(s,0). Finally, we plug the optimal occupation measure and the score-function

into Algorithm 1 to construct the fluid-priority policy.

Numerical Experiments: We compare the just-described fluid-priority pol-
icy against UCB and TS using two different time horizons T of 15 and 20. Figure
la and 1b display results for 7 = 15 and T = 20 respectively. In both experiments,
we iteratively double the number of arms (from N = 300 to 38400) and plot an
upper bound on the opt gap. This bound on the opt gap is computed by first
computing the value of the relaxed problem V; (which is an upper bound on
the value of the optimal policy) and then subtracting the value of the UCB, TS
or fluid-priority policy estimated via simulation. We compare this upper bound
across policies instead of the exact opt gap because computing the exact opt gap
would require knowing the value of the optimal policy, which would take time
exponential in N, as discussed in §2.3. We use 50N replications to estimate a pol-

icy’s value when there are N arms. We use more samples when there are more
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Figure 2.1: Bayesian bandit with Bernoulli rewards. An upper bound on the
opt gap (relaxed problem’s expected total reward minus a simulation-based es-
timate of reward) vs number of arms N, for the finite-horizon Bayesian multi-
armed bandit with horizons T = 15 (left) and T = 20 (right). The fluid-priority
policy has its opt gap bounded above by a constant while UCB and Thompson
sampling have opt gaps that grow linearly with the number of arms.

arms because having more arms increases the variance of a policy’s reward. We
also compute a confidence interval on this upper bound, computed as the dif-
ference between V;; and the upper and lower limits of a confidence interval on

the policy’s expected reward.

Figure 2.1 compares the performance of fluid-priority, UCB and TS policies.
For both time horizons T of 15 and 20, the fluid-priority policy performs signifi-
cantly better than UCB and TS, especially for large N. The fluid-priority policy’s
reward differs from the optimal policy’s reward by at most 1 for T’ = 15 and at
most 2 for T = 20 even when there are 38400 arms available. UCB outperforms
TS in both time horizons, perhaps due to the tuning of UCB’s hyperparameter.
These results are consistent with Theorem 2.4 and our numerical validation that
the non-degeneracy condition is satisfied, which implies that the fluid-priority

policy’s opt gap is O(1). In contrast, Figure 2.1 suggests that the opt gap for
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UCB and TS are Q(N).

Proposition 2.2 provides a theoretical analysis to confirm that UCB and TS
have Q(N) opt gaps. Its proof defines an iterative algorithm over ¢ to calculate
the occupation measure for UCB and TS in the large N limit. We then use this al-
gorithm to compute occupation measures for specific values for 7' and compare
it to the optimal occupation measure. We find that the occupation measures are
suboptimal for the values of T used in these experiments, implying that UCB
and TS are not fluid-consistent and their opt gaps are Q(N). These values of T

are representative, and UCB and TS have Q(N) opt gap for other T as well.

Proposition 2.2. The opt gap for both UCB and TS is Q(N) for T = 15 and T = 20.

2.8.2 Crowdsourced labeling

This section evaluates a fluid-priority policy’s performance in an active learning
problem [17] on the allocation of crowd workers for accurate image classifica-
tion. We construct this policy by searching over all fluid-priority policies to
find the one with the best empirical performance. There are roughly 30 fluid-
priority policies in this problem, resulting from different priority score functions
and a unique optimal occupation measure. We compare the performance of the
fluid-priority policy selected against the Optimistic Knowledge-Gradient [17],
a method specifically designed for this problem, and the Online Knowledge-

Gradient [49]. The fluid-priority policy outperforms both methods significantly.

We formulate the crowdsourced labeling problem following [17]. There are
N images needing binary labels (e.g., whether this is a picture of a pedestrian or

not) to support training an automatic image classifier to be built later. We ask
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crowd workers to label these images. Each image i has a true underlying binary
class, along with an associated probability p; that a crowd worker will label
the image with the correct class. A crowd worker may provide an incorrect
label because, e.g., the image is blurry or the worker is distracted. We assume
pi > 1/2, i.e. the majority of crowd workers give the correct label. We use an
independent prior belief for each image’s p; ~ U[1/2,1]. We may request T =7
batches of labels from crowd workers, with up to | N/4| images per batch. After
the last batch, we estimate each image’s class via majority vote, which is also

the class with maximum probability under posterior.

Figure 2.2 compares the fluid-priority policy against the Online Knowledge-
Gradient and Optimistic Knowledge-Gradient methods as we vary the number
of arms N, reporting an upper bound on the opt gap for each policy computed
in the same way as §2.8.1. The fluid-priority policy performs extremely well
and incorrectly classifies at most 1 more image on average than the optimal pol-
icy even when there are 1000 images’ labels to be learned. Online Knowledge-
Gradient and Optimistic Knowledge-Gradient perform similarly in our experi-
ment and they both underperform the fluid-priority policy by misclassifying at
least 8 more images on average with 1000 images’ labels to be learned. Even
though the Optimistic Knowledge-Gradient was designed specifically for this

problem, the fluid-priority policy has a significantly better performance.

Figure 2.2 is consistent with our theoretical results. We can verify the non-
degeneracy condition does not hold in this example by implementing the algo-
rithm in Appendix A.14. The lack of non-degeneracy implies that the opt gap of
the fluid-priority policy is O(/N). Its performance in the plot is consistent with

this scaling. The Online Knowledge Gradient and the Optimistic Knowledge
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Figure 2.2: Crowdsourced labeling. An upper bound on the opt gap (relaxed
problem’s expected total reward minus a simulation-based estimate of reward)
vs. number of arms N. The left and right panel show the same data but use
different scales for the y-axis. Both Knowledge Gradient and Optimistic Knowl-
edge Gradient have opt gaps that seem to grow linearly. The fluid-priority pol-
icy has an opt gap that is O(\/N) because the non-degeneracy condition does
not hold in this problem.

Gradient, however, seem to have suboptimality that scales linearly with N.

2.8.3 Dynamic assortment optimization

This section discusses a dynamic assortment optimization problem proposed in
§6.2.1 in [13]. [13] observes empirically that the opt gap of their proposed pol-
icy, shown there to be O(/N), seems to stay constant with N, suggesting that
the O(+/N) bound is loose. We first describe the problem setting and then con-
firm that our theoretical results provide the tighter bound suggested by these

empirical results.

A retailer repeatedly chooses products to display in a selling season. The

retailer has N products but a shelf-space constraint allows only showing |N/4]
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of them in each time period. Each product, if sold, generates profit of $1. The
demand rate for each product i is unknown to the retailer but follows a Poisson
process with intensity ;. The retailer holds a Bayesian prior belief on y;, which
is Gamma-distributed with shape parameter m; and inverse scale parameter k;,
¥i ~ Gamma(m;, k;). All products share the same prior belief (m;,k;) = (1,0.1).
The retailer updates these prior beliefs after observing demand realizations for

displayed products using Bayes rule.

The Gamma distribution is a conjugate prior distribution when observa-
tions are Poisson-distributed, which causes the posterior to remain Gamma-
distributed. = More specifically, the posterior on y; in time period ¢ is
Gamma(m,;, k;;) where m,; and k,; can be computed recursively. For a product
i that was displayed in time period ¢, letting d,; be the demand for the product
in the period, m,; = m,; + d;; and k;1; = k,; + 1. For a product i that was not

displayed in ¢, m.i; = m,; and ki ; = k;;. Att =0, mgp; =1 and ky; = 0.1.

The retailer’s objective is to adaptively choose which products to display in
each period subject to the shelf-space constraint to maximize the expected total
profit over a T-period selling season. This is formulated as a restless bandit with
time horizon T where each product i is an arm whose state at time ¢ is (m,;, k;;).
A good policy must balance exploration and exploitation by showing products
that observed sales and the prior suggest have large y; (exploitation) and also
showing those for which we have little observed sales data to support learning

vi (exploration).

[13] study performance of their proposed Lagrangian policy when T = 8.
They find their policy “perform(s) very well for large N”, and produces profit

“within $6 of the optimal value!” when N = 16,384. They do not, however, offer
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an explanation for why the performance would be so good for a policy with

their shown O(/N) opt gap.

Our results explain this phenomenon. By solving the LP relaxation (2.4) for
this problem, we confirm that the set of fluid-neutral states is non-empty in each
period, thus confirming that the problem is non-degenerate. Moreover, there is
exactly one state in each period’s fluid-neutral category. This is also observed
by [13], as they mention that “there are no scenarios where products in different
states have the same priority indices”. Thus, for this optimal occupation mea-
sure, all fluid-priority policies are index policies and the Lagrangian policy is a

specific example. This explains why the Lagrangian policy achieves an O(1) opt

&ap-
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CHAPTER 3
MULTI-ACTION MULTI-RESOURCE FINITE-HORIZON RESTLESS
BANDIT WITH MARKOVIAN ENVIRONMENTAL VARIABLES

This Chapter studies the multi-action finite-horizon multiple-resource restless
bandit problem with a Markovian environmental variable. This problem gen-
eralizes the restless bandit problem considered in Chapter 2. Generalizing our
analysis in that previous chapter, we propose a generalized version of fluid-
priority policies appropriate for these more general problems. We then show
that these generalized fluid-priority policies always achieve a O(\/N) opt gap,

and achieve O(1) opt gap if a generalized non-degeneracy condition holds.

The problem we study here generalizes the restless bandit in several direc-

tions:

e It allows for multiple actions associated with an arm per period, rather
than the simple “activate” or “idle” binary action assumed by a restless

bandit

¢ [t allows for multiple resources. In the restless bandit, there was implicitly
a single resource: the number of arms that we could activate per period. In
the problem we consider here, an action applied to a state in a time period
consumes some known amount of a collection of resources. We have a
constraint in each period associated with each resource that the amount

consumed does not exceed this constraint.

e It allows for a global Markovian environmental variable, whose transi-
tions are independent of the arms’ states but which influences arms’ re-

wards.
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We first provide a literature review, covering topics specific to the more gen-
eral problem we study here. We then describe the model setup and sequentially
show how to achieve o(N), O(+/N) and O(1) opt gap. Some of the results and
techniques are similar to those from Chapter 2 and these are presented briefly
with less discussion than in Chapter 2. Others, such as the definition of our fluid

policy to handle multiple actions per arm, are significant generalizations.

3.1 Literature Review and Contributions

The model we studied here can be viewed as the intersection of weakly coupled
MDP and MDP with environmental variables. In particular, the weakly cou-
pled MDP can be viewed as a generalization of the classic restless bandit first
proposed by Whittle in [55]. Since the classic restless bandit literature is well-
introduced in the previous two chapters, we focus on weakly coupled MDP and

MDP with environmental variables in this section.

Weakly coupled MDP  Since its introduction, weakly coupled MDP has draw
strong theoretical interests. As a natural generalization of restless bandit, in-
stead of assuming there is a single-type of resource and each arm only permits
two actions, weakly coupled MDP allows multiple resource types and multi-
ple actions for each arm. Under the same regime with restless bandit where
total resources grows proportionally with number of arms in each period, deci-
sion maker seeks policies to maximize the total reward generated from all arms.
Starting from [29], [1, 10] generalized Lagrangian technique developed in [55]

for the weakly coupled MDP and proposed heuristic strategies mimicking Whit-
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tle index for weakly coupled MDP.

Weakly coupled MDP is also of strong practical interest due to its wide appli-
cability. For example, [9] models text marketing as weakly coupled MDP where
each potential customer is treated as an arm, and each type of message is treated
as an action. [8] models rover control problems as weakly coupled MDP, where
each Mars rover is treated as an arm, and its state incorporating information of
its current site, amount of time remaining, its current condition etc. Each action
corresponds to a scientific mission, such as taking a photo or doing some ex-
periments, and the decision maker needs to optimally assign missions to rovers
optimally so that we can maximize our scientific discovery. Other applications
includes network revenue management [51], dynamic assortment [15], multi-

location inventory management [41], etc.

MDP with environmental variables Different from weakly coupled MDP,
MDP with environmental variables is a relatively new topic in literature. [12]
tirst formulated the problem and generalized standard value iteration and pol-
icy iteration technique for this setting. Later on, [14] studied the same set-
ting with ours, the weakly coupled MDP with environmental variables, using
technique developed in [12]. In this work, [14] proposed an index policy with
O(\/N) opt gap.

Although [14] has already proposed policy with sublinear opt gap for weak
coupled MDP with environmental variables, current understanding is still lim-
ited in some important aspects. One of the most important questions is, whether
it is possible to achieve O(1) opt gap in this setting, and if so, under which

conditions. The answer for restless bandit is shown in Chapter 2, where non-
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degeneracy guarantee O(1) opt gap.

Summary of Contributions This chapter considers the same setting with
[13]. By generalizing fluid-priority policies in Chapter 2, we propose a class of
policies which are guaranteed to always achieve O(\/N) opt gap, and achieve

O(1) opt gap when some non-degeneracy conditions hold true.

3.2 System Model

This section formulates our decision-making problem in a Markov Decision Pro-

cess (MDP) form.

Model We have N arms, each of which share the same finite state space §
and action space A. We use s;, € S to indicate the state of i-th arm at time ¢,
and a;, € A to indicate the activation action for i-th arm at time 7. Based on the
state and activation action, the arm’s state transitions to time 7 + 1 according to

a known transition kernel
4 A
pi(s,a,s") =P(Sp1i = 8|50 = 5,0, = a).

All arms share the same transition kernel, and any arm’s transition is condition-

ally independent from others given its own state and action.

At each period ¢, a signal w, is generated, which affects the total resource
available, reward for each arm and the resources consumption for each arm.
We assume signal {w,}tem is a finite-state Markov process with known initial
state w; = w* and transition kernel K;(w,w') = Plw;y = o'|w, = w]. Assume the

state space is W with |W| number of elements within it.
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At each period ¢, the total budget available per arm is b,(w,), where b, : Q —
R? is a known mapping and p indicates the number of different resources’ type.
The resources consumption for an arm in state s with action a taken receiving
w signal is ¢,(s,a,w), where ¢, : § x A x Q - Rr. Similarly, we can define the
generated reward as r,(s,a,w), where r, : § xAxQ — R. Furthermore, we assume
there is a null action a*, s.t. ¢,(s,a*,w) =0 for all (s,w,7) € S x Q x [T]. Action
a* is essential and different from all the other actions since its existence guaran-
tees the feasibility of our budget constraint. Sometimes we also refer to taking
action a* on an arm as “idling the arm”, and taking any other non-null action as

“activating the arm”.

To define the objective function mathematically, we introduce some addi-
tional notation. We use S = S¥ to denote the N-product of state space S, and we
use A = AV to denote the N-product of action space A. All N arms together form
a new MDP with state space S and action space A. At time ¢, with i-th arm’s
state s;; and action a,;, we use s; = (8.1, 5:2,..., ;) in S and a, = (a,1,d:2, ..., a4:n)

in A to indicate the state and action of the joint MDP.

The reward function of the joint MDD, R, : S x A x Q — R, is defined as
the summation across arms of the single-arm reward. At time r with state
St = (81, 812, -, Stv), action a, = (a1, a2, ..., a,y) and signal realization w,, we use
R/(s;,a,w,) = YN, (815, a., ;) to denote this total reward. The transition kernel

of the joint MDP is the product of the arms’ individual transition kernels,

N
P[SH1|S¢, at] = H Pz(Sz,i, Ay SHl,i)a

i=1

which models the transitions as happening independently across arms given

the action taken.
A policy 7 is a function that maps the state (s,,w,) of the joint MDP to a
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feasible action a, € A. The objective of the policy is to maximize the expected
total reward with respect to a total budget B, = b,(w,)N per time period. This

objective can be written as,

T
sup Vy(m) = E, Z R(sa,, w;)
i (3.1)

N
subject to Y ¢;(sis air i) < by(w,)N, Vi e [T].
i=1

Without loss of generality, we assume each arm starts at the same state s* € S at

t=1.

Performance Measurement We measure the performance of the policy 7 by

comparing it with optimal policies to maximize (3.1). Let
Vi, = sup V()

be the expected total reward obtained by an optimal policy. Then the optimality

gap of the policy r is defined as
V;/ - VN(7T) .
The smaller the optimality gap, the better the policy.

We are interested in the asymptotic regime where the total budget B, and

total number of arms N grow to infinity proportionally.

3.3 Background: Preliminary Results and Notations

In this section, we use a linear programming relaxation to provide an easy-to-

compute upper bound V;; for V;.. Some of results shown in the section is similar
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to Section 2.3. We describe these results briefly and leave their proofs to the

Appendix.

Linear Programming Relaxation We relax Problem (3.1)’s almost sure cardi-

nality constraints on resource use to constraints on their expectation:

max E, ET:R,(S,,a,,w,)
t=1 .
""" i=1
Here, the expectation in the constraint is taken over the joint distribution of

all arms’ state conditioned on the policy 7 and all previously realized signals

Wi, Wy, ..., W;.

To write the above relaxed problem in a more compact form, we introduce

some notation first. We denote all signals before period ¢ as a vector w, € Q'
W, = (W1 .y ;).

We denote the s-th component of w, as w, ;. Sometimes it is useful to truncate w,
to the history of signals before s < t. To do this, we define truncation operators

P,: Q' > QS by Py(w,) = w, = (wi, ..., wy).
With this new notation, we can rewrite the above relaxed problem as
T
max E, ZR,(S,, a,w,)
A (32)
SUbjeCt tO ]Eﬂ-,w[ Z C,(Si’,, ai’t, (,()t) S b[((,{)t)N, th.
i=1

Similar to Lemma 2.1, we can show

Lemma 3.1. V;, < Vi = NV;.
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To calculate V;, we only need to solve

T
max E, Z ri(sy, ar, ;)
g =1 (3.3)

subject to By, [¢: (81, ar, w;)] < bi(w,), YEe[T], w, € Q.
In terms of the occupation measure, u(s,a, ;) = P[s; = s,a, = a|lw;] Plw,], Prob-

lem (3.3) is equivalent to

max » > Y > r(s,a,w)u(s a,w;)

t=1 w,eQ acA seS

subject to
Zﬂl‘(s7 a, a)t+1) = Z Zﬂt(sla aa Pl(a)l+1))pl(sl’ aa S)Kl‘(wl" wl‘+1)7
acA acA s’eS
VseS, wu € Q1< T -1. (3.4)
Z (s a,w,)c(s,a,w,) < b(w,) Z w(s,a,w,), Yo, € Q' te[T].
s€S,acA s€S,acA
Zul(s*,a,a)*) =1.
acA

w(s,a,w,) >0, VseS,acA w, e Q,te[T].

Notation We introduce some notation for simplicity of analysis. First, we let

ZaEA:ut(S’ a, Cl),)
ZaEA ZSGS /Jt(s’ a, wt)

ZI(S’ wt) =

denote the conditional probability distribution of an arm in state s at time ¢
given signal realization history w,. Without loss of generality, we assume P[w;,] =
Yaea Loses He(8,a, @) > 0 for all w, to provide a generic analysis of all periods. If

not, we can remove the w, with P[w,] = 0 and treat these w, separately.

Second, we let
(s, a,w,)
ZaeA ZSES ﬂt(s’ a, wt)

denote the conditional probability distribution of an arm in state s with activa-

x(s,a,w,) =

tion action a at time ¢ given signal realization history w;.
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Sometimes, we will use z,(w,) (or x,(w,)) to refer to the corresponding vector

(or matrix), i.e., z/(w,) = (z(s,@,),s €S) (or x,(w,) = (x,(s,a,w,) : s€S,acA)).

To be consistent with z,(s,w;) and x;(s,a, w;), we let ZV(s,w;) be a random
variable whose distribution is the same as the conditional distribution of the
number of arms in state s at time ¢ given the signal realization history w,. Sim-
ilarly, X¥(s,a, w,) is a random variable distributed according to the number of
arms in state s with action a at time ¢ given signal realization history w,. As
in the definition of Z" (s, w,), we sometimes need to consider random variables
restricted to a realization of the signal history. Thus, we use 1(w,) (or Plw;,])
to denote the indicator (or probability) of the event that the realization signal

history is w;.

Similarly to z(w,) and x,(w,), we use Z"(w,) and X" (w,) to refer to vectors

(ZN(s,w;) : s € S) and matrix (XN(s,a,w,): s€S,acA).

Starting from Section 3.5, we will analyze the deviation between the realiza-
tion of Z"(w,), X" (w,) and Nz,(w,), Nx;(w,). To support this analysis, we define
diffusion statistics Z"(w;) as X (w,) as

ZY () = Nzy(w))

_ X (w:) - Nx,(w))
N .

VN

ZzN(wt) = ) va(wt)

Recall a policy 7 of the joint MDP is a map from (s,,w,) to a,. For analysis
in the following sections, we augment the policy class a little bit. We define a
policy 7 of the joint MDP is a map from (w;, Z" (w,)) to X! (w,). Now the policy
not only depends on the signal at current period, but also the signal history
before. The reason we use this augmentation class is that, the history of signals

determines the optimal occupation measure in the future.
Using this new notation, a policy r of the joint MDP naturally induces a class
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of maps #, y indexed by ¢, N, from diffusion (w;, Z" (w,)) to diffusion X" (w,), s.t.

”(wt’ZtN(wt)) = va(a),) — ﬁt,N(wt’ZzN(“)t)) = f(fv(“)t)- (3.5)

3.4 Sufficient Conditions for Achieving an o(N) Opt Gap

This section establishes our first contribution: a substantially more general re-
sult showing sufficient conditions for o(N) optimality gap. Results in this sec-
tion are similar with Section 2.4, so we only briefly state all the results without
detailed explanation. All the proofs in this section can be found in the Ap-

pendix.

Similar with Definition 2.1, we define

Definition 3.1. Under a policy r, if @ - z(w,) implies

almost surely, we say the policy n is fluid consistent.

(Here, when we say that an event A implies an event B almost surely, we mean

that the union of event B and the complement of event A holds almost surely.)

Similar to Theorem 2.1, we have Theorem 3.1 below.

Theorem 3.1. If a policy n is fluid consistent, then Vy, — Vy(r) = o(N).
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3.5 Sufficient Conditions for Achieving an O(/N) Opt Gap

This section establishes our second contribution: substantially more general suf-
ficient conditions than [14] for an O(\/N) optimality gap. Results in this section
are similar to Section 2.5, so we only briefly state the results without detailed
explanation. All the proofs for results in this section can be found in the Ap-

pendix.

Generalizing Definition 2.2, we formulate Definition 3.2. Then, similar to

Theorem 2.2, we have Theorem 3.2 below.

Definition 3.2. A policy n is called diffusion regqular if its induced maps 7, y satisfy the

following conditions

o There exists C; > 0 s.t. forany t, N, 0y, 6,, and any fixed w, € ¥,

[t n (W, 01) = Ty (W, 62)] < C10) - 6,].

* There exists C, > 0, s.t. for any t, N, and any fixed w, € ',

|ﬁt,N(wt» 0)’ < CQ.

e There exists a map o, S.t. An(Wr,0) > Ayoo(wr,0) for any fixed w, € Q' as

N — +o00.

where | - | stands for the L'-norm in Euclidean space.

Theorem 3.2. If a policy n is diffusion regular, then V;; — Vy(n) = O(V/N).
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3.6 Fluid-priority policies

This section defines fluid-priority policies and show that they are always dif-
fusion regular and thus achieve an O(/N) opt gap. Later, in §7, we show that
they achieve an O(1) opt gap if an additional condition is satisfied. The fluid-
priority policy defined here can be viewed as a generalization in Section 2.6,
with a Weight-Round-Robin subroutine to determine which action to activate

for arms in the same state.

Roughly speaking, a fluid-priority policy is defined by first fetching an opti-
mal solution of the LP relaxation, then classifying states into three disjoint cate-
gories based on the solution: fluid-active, fluid-neutral and fluid-inactive. Then
a priority score function is defined to be consistent with this category classifi-
cation: fluid-active states are prioritized above fluid-neutral states and fluid-
neutral states are prioritized above fluid-inactive states. When deciding which
action to take within each state, fluid-priority policy pulls arm in a weighted

Round-Robin (RR) way respecting the optimal occupation measure.

Mathematically speaking, a fluid-priority policy is parameterized by an op-
timal occupation measure {x;(s,a, ;) }w,sq SOlving Problem (3.4) and a set of
“priority-score” functions {P,,(-)}, assigning each state a real number. Based
on the occupation measure {x;(s,a,w;)}sq, a fluid-priority policy classifies
states into these three disjoint categories:

The fluid-active category: C*(w,):={seS| ) x(s,a,w,)>0,x(s,a*,w,) =0},

a*a*

The fluid-neutral category: C%(w;) :={s€S| > x(s,a,w,)>0,x(s,a*,w,;) >0},

a*a*

The fluid-inactive category: C (w,) :={s €S| >_ x(s,a,w,) = 0, x,(s,a*, w,) > 0}.

a*a*
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Then the priority-score function P, () are chosen to prioritize states in C*(w;)
over C°(w;), and states in C*(w;) over C~(w;,). With these definitions, the fluid-
priority policy corresponding to an occupation measure and priority-score func-

tion is defined by Algorithm 3.

Algorithm 3 Fluid-priority policy
Input: an optimal occupation measure (x;(s,a, ;) ), s SOlVing the LP (3.4), and
a priority-score functions {P,,(-) }«, consistent with the category classification.
1. fortr=1,2,...,7T do
2: Observe signal realization w, and form the full signal realization path
w,, and observe there are Z,(s) arms in state s and remaining budget B, =
|b:(w;)N|.
3 for state s in decreasing order given by P, () do
4: Determine X;(s,a) « Weighted-Round-Robin(s, (x,(s, @, @) )ea, B:)
5: Update B, < B, - ¥, X,(s,a)c,(s,a,w,)
6
7
8

end for
Activate X,(s,a) number of arms in state s with action a.
: end for

Inside Algorithm 3, the subroutine Weighted-Round-Robin is more of tech-
nical details. Roughly speaking, when determining X;(s,a), i.e. how many arms
in state s we should activate with action a, we try to make (X;(s, a)) e as propor-
tional to the occupation measure (x;(s,a, ;) )4 as possible while respecting the
budget constraint. The formal definition of Weighted-Round-Robin is defined

as in Algorithm 4.

Algorithm 4 Weight-Round-Robin
Input: a state of interest s, an occupation measure (x,(s,a,w;))qes, remaining
budget B,.
Initialize X;(s,a) = 0 for all ¢ ¢ A. Normalize x(s,a,w,) to x(s,a) :=
x(s,a,w,)] ¥, x:(s,a,w;).
while Y., X,(s,a) < Z,(s) and {a|x,(s,a) > 0,¢,(s,a,w,) < B,} + @ do
Take a minimizes X;(s,a) — Nx,(s,a) within {a|x,(s,a) > 0,¢,(s,a,w,) < B;}.
X,(s,a) < X,(s,a) + 1, B, < B, — ¢,(s,a,w,).
end while
X (s,a*) < Z,(5) = ¥ puar Xi(5,0).
Output: (X;(s,a))aea
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With the algorithm in place, we now state the main result of this section: that
fluid-priority policies are diffusion regular, implying they have an O(/N) opt
gap by Theorem 3.2.

Theorem 3.3. Any fluid-priority policy r is diffusion regular and its optimality gap is
O(VN).

3.7 Non-degeneracy Condition: Achieving an O(1) Opt Gap

This section presents our main contribution: that fluid-priority policies achieve
an O(1) opt gap under a non-degeneracy condition. We define and discuss this

condition before showing this result.

To motivate this non-degeneracy condition, consider a fluid-priority pol-
icy and another policy motivated by the relaxed problem (3.2) in which the
almost-sure budget constraint (Y, ¢;(si,» @i, w,) < b;(w,)N) has been relaxed.
This so-called “budget-relaxed” policy first categorizes states into fluid-active,
fluid-neutral, and fluid-inactive categories in the same way as its correspond-
ing fluid-priority policy. For fluid-active arms, it activates all all of them in
the same weighted Round-Robin way, no matter whether the budget constraint
is violated. If budget constraint is not violated after activating all fluid-active
arms, it then activate / idle all fluid-neutral arms in the same way as its corre-
sponding fluid-priority policy. Same with the fluid-priority policy, it does not

activate any fluid-inactive arms.

Introduction of this budget-relaxed policy builds a bridge between its corre-
sponding fluid-priority policy and the optimal reward of the relaxed problem

(3.2). First, activating all fluid-active arms and idling all fluid-inactive arms
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plus some technical resource consumption property implies a policy to be opti-
mal in the relaxation problem (3.2). Thus, this budget-relaxed policy’s reward
is close to the relaxed problem’s optimal reward (Lemma 3.4). Second, it be-
haves identically to its corresponding fluid-priority policy (Lemma 3.2) except
on a specific “budget violation” event: that activating all arms in fluid-active
category exceeds the budget. So combing the first and the second points to-
gether, bounding the probability of budget-violation allows us to bound the opt
gap for a fluid-priority policy by comparing it with its budget-relaxed version
and comparing the budget-relaxed version with the relaxed problem’s optimal

rewards.

The non-degeneracy condition (Definition 3.3) characterizes the probability
of budget violation. When it is met, the expected resource consumption amount
per fluid-active is strictly below the budget per arm. Thus, using concentration
bounds, problems meeting the non-degeneracy condition are ones in which the
probability of budget violation vanishes exponentially fast as N grows (Lemma
3.3). As a result, in such problems, the fluid-priority policy behaves the same as

its budget-relaxed version with high probability for large N.

The non-degeneracy condition also requires that expected resource con-
sumption would be tight compared to the budget constraint at most for one
resource type. This more technical condition is used to bound the reward of
budget-relaxed policy and the optimal reward of the relaxed problem by O(1).
Thus, when the non-degeneracy condition is met, we can bound the opt gap of

the fluid-priority policy by O(1).

In the rest of this section, we first formally introduce budget-relaxed poli-

cies, then define the non-degeneracy condition, and finally prove fluid-priority
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policies achieve an O(1) opt gap when this condition holds.

3.7.1 Budget-relaxed fluid-priority policies

Given a fluid-priority policy ny, its budget-relaxed version nx is defined by Al-
gorithm 5. Similar to np, mx first classifies states into three categories: fluid-
active, fluid-neutral and fluid-inactive, using the same occupation measure as
nr. Then, mg activates all arms in the fluid-active category using the same
Weighted-Round-Robin procedure, exceeding the budget if necessary. After-
wards, if budget is still not violated, 7y iterates over each state s in the fluid-
neutral category C? and activate / idle arms in a weighted Round-Robin man-

ner. Finally, ng idles all arms in fluid-inactive category.

Algorithm 5 Budget-relaxed fluid-priority policies

Input: an optimal occupation measure (x;(s,a, @) ), sq SOlVing the LP (3.4), and
a priority-score functions {P,,(*) }«,-
1: fortr=1,2,...,7 do
2: Observe signal realization w, and form the full signal realization path w,,
and observe there are Z,(s) arms in state s.
Classify states into fluid-active C; (w,), fluid-neutral C?(w,) and fluid-
inactive C; (w,) categories based on the occupation measure.
for state s € C*(w,) in decreasing order given by P,, () do
Determine X,;(s,a) < Weighted-Round-Robin(s, (x;(s,a,®;))aea, o)
by pretending unlimited budget.
end for
Update remaining budget B, < [b,N | = ¥, ¥ scc+ (w) Xi(8,a)c/(s,a,wy).
for state s € C°(w,) in decreasing order given by P,,(-) do
: Determine X;(s,a) < Weighted-Round-Robin(s, (x,(s,a, ;) )aea, B:).
10: Update B, < B, - ¥, X,(s,a)c,(s,a,w,)
11: end for
12: for state s € C~(w;) do

@

6
7:
8:
9

13: X,(s,a*) =Z,(s) and X,(s,a) =0 for all a + a*.

14: end for

15: Activate X,(s,a) number of arms in state s with action a.
16: end for
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Policy nz behaves the same as its corresponding fluid-priority policy np,
given sufficient resourced needed for all arms in fluid-active category. This is

formally stated as Lemma 3.2.

Lemma 3.2. Define conditional event given the realization history w;:

x(s,a,w,)

Mw)={ ¥ Tlz¥(s.w)

=~ la(s,a,w) <b(w,)N .
seC* (w;) aeA Zaxt(s,a,a)t)] t( t) t( t) }

Then on the event A(w,), ng(w;, ZN) = np(w;, ZV).

A(w;) characterizes the scenario where sufficient resources are available so
that we are not forced to idle any arm (take action a*) in fluid-active category
due to the budget constraint. So we would refer to the complement of A(w;) as

A¢(w;) as a “budget violation” event.

3.7.2 Non-degeneracy

The non-degeneracy condition (stated formally below) requires that budget per
arm strictly dominates the resources needed per arm in fluid-active category to
be activated. This guarantees that budget-violation events are probabilistically
negligible (Lemma 3.3). The high-level reason is that, since both the budget-
relaxed fluid-priority policy and the fluid-priority policy are fluid consistent,
the number of arms in state s is roughly proportional to the optimal occupa-
tion measure, with excursions described by the Central Limit Theorem. Thus
the probability of budget-violation events approaches 0 exponentially fast as N

grows by concentration inequalities.

Definition 3.3. We say an optimal occupation measure (x,(s,d,®;))w,sa 1S NON-
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degenerate if
Vw,, Z Zx,(s,a,w,)ct(s,a,w,) < b(w,)Plw,] and
seCt(wy) a

Y > xi(s,a,0,)c,(s,a,w,) < bi(w,)Pw,] with at most one equality achieved.

seS a
Otherwise, we call it degenerate. We also call a fluid-priority policy non-degenerate

(degenerate) when its associated occupation measure is non-degenerate (degenerate).

We notice that non-degeneracy condition also requires that the resource con-
straint is tight in each period for at most one resource type. This is more of
technical details, and is only used to prove Lemma 3.4: a budget-relaxed policy

deviates from the relaxed problem’s optimal reward by at most O(1).

Lemma 3.3. If an optimal occupation measure (x,(s,a,w;))w,sqa 1S NON-degenerate,
then for any priority-score functions {P,, }., and the corresponding fluid-priority pol-
icy mp and budget-relaxed policy mg, there exists a constant § > 0 and a constant L such

that for any w, and all N,
max{Pr, (A°(w,)),Pr, (A°(w;))} < Lexp(—6N).
Empirically, one can check the non-degeneracy condition for a given opti-

mal occupation measure x* returned by solving the LP relaxation (3.4) with a

commercial LP solver.

3.7.3 Main result

We now state and prove this section’s main result: a fluid-priority policy

achieves an O(1) opt gap when it is non-degenerate. Before that, we need one
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last building block: the budget-relaxed policies” reward deviates from the re-

laxed problem’s optimal reward by O(1) under non-degeneracy.

We show this in the following lemma. There are two main ideas in the proof.
First, recall that the budget-relaxed fluid-priority policy ¢ activates all arms in
C*(w,) regardless of the budget constraint. Thus, its decisions are optimal under
a Lagrangian relaxation of Problem 3.2 in which the budget constraint on the
expected number of arms pulled is replaced by a well-chosen linear penalty (in
this Lagrangian relaxation, activating / idling fluid-neutral arms does not affect
optimality as the incremental reward is offset by the linear penalty). Second, in
the well-chosen linear penalties, only penalties of the resource type with tight
budget constraints are non-zero. Thus, the linear penalty is zero under the event
that the resource type with tight budget constraints are exhausted. We can show
the probability of this event approaches 1 exponentially fast as number of arms

N grows large.

Lemma 3.4. Let Vy(ng) = max,E, Y/, R(s;, a,, w,) for a budget-relaxed fluid priority
policy mg. If an optimal occupation measure (x,;(s,a,W;))w,sa IS NON-degenerate, then
for any priority-score functions { Py, }«,, the corresponding budget-relaxed fluid-priority

policy ng satisfies |V}, — Viy(ng)| < m, where m is a constant not depending on N.

Now we are ready to state and prove our main result: that a fluid-priority
policy achieves an O(1) opt gap when it is non-degenerate. A fluid-priority
policy 7’s opt gap can be bounded by first comparing the reward Vy(nr) with
the reward of its corresponding budget-relaxed policy nz. Combining the fact
that nr deviates from ngz with negligible probability (Lemma 3.3) and that nz’s
reward deviates by O(1) from V; (Lemma 3.4), Vy(nr) is at most O(1) away

(7 *
from V5.
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Theorem 3.4. If an optimal occupation measure (x,(s,a,w;))w,sq iS NON-degenerate,
then for any priority-score functions {Py, }«,, the corresponding fluid-priority policy rr
satisfies Vi, — Vy(nr) < m, where m is a constant not depending on N.

Proof of Theorem 3.4. Under nf, the reward is Vy(np) = E,, .

ri(s,a,w)XN(s,a,w,).

wy,S,a

Under mg, the reward is Vy(7ig) = Ex, Yo, ca (8 @, ) XY (5,0, ).

Within each event wr, denote Q(wr) = A(Pi(wr)) N A(Py(wr)) N ... N
A(Pr(wr)). On this event, ngz and 7y produce identical decisions by Lemma 3.2.

Using this in the second line below, we have:

_ T
Vi(mz) = Viv(mr) = By [ B[ (lan) + laswn) o Y rils,a,0)X (s,.0,0,)|or |

t=1 seS,acA

. T
—E,,F»E»(IQ(Q,T)+1QU(MT))Z > rt(s,a,wt)XfV(s,a,wt)|wTH

t=1 seS,acA

. T }
= By, _E_lgc(wr)z >, r,(s,a,wt)X,N(s,a,w,)|wT]_

t=1 seS,acA

- T .
—ERF-E_lgc(wT)Z > rt(s,a,wt)XfV(s,a,a),)|wT]_

t=1 seS,acA

. T .
<En| Bl locwr) Y. Y. |r(s,a,w) XY (s,a,w,)|wr
- b 1=1 seS acA -

. T .
+E,,F-E_lgc(m)z Z |r,(s,a,w,)|XtN(s,a,a),)|wT_

t=1 seS,acA

| S

—

Inequalities 0 < X (s,a, w,) < N then implies

VN(ﬂ'R) — VN(ﬂ'F)
< Eﬂ-RI:EI:lgc(wT) tr?fﬁ, Ir (s, a,w,)| TN|wT]] +E,,F[E[1Qf(wr) lrglf‘); Iri(s,a,w,)| TN|wT]]

< (EneE[[1orwr)|@r]] + ExeE[[Loc (wp)@r]]) TN;TC%, Ir(s,a,w,)|.
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Then, applying Lemma 3.3 and P,[Q¢(w7)] < ¥~ P[A(P:(wr))], we have:

Vi(rr) = Vv(rr) < TN max [ri(s,a, w)| ) 3 Pry[A°(Pe(@r))] + Pr, [A°(Pi(e07))]

wr t=1

< 2T2N[max Ir.(s,a,w,)| |W|" Lexp(-6N),
where W is the state space of Markov process {w, }.

Finally, combining with Lemma 3.4 concludes the proof.
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CHAPTER 4
BINARY-ACTION INFINITE-HORIZON RESTLESS BANDIT

This Chapter formally describe the binary-action infinite-horizon restless bandit
problem, and proposes a novel class of policies called “fluid-balance” policies.
We show here in this Chapter that fluid-balance policies always achieve O(/N)
opt gap. At the end of this Chapter, we also illustrate the state-of-the-art perfor-

mance of the fluid-balance policies via numerical experiments.

The results in this section are not a straightforward extension of the results
in Chapter 2. Indeed, while Chapter 2 showed that fluid-priority policies have a
O(\/N) optimality gap for undiscounted finite-horizon problems, this bound’s
dependence on T is exponential. Simply applying the bound from Chapter 2 to
a truncated infinite-horizon problem (and leveraging discounting to bound the
reward obtained after truncation) results in an opt gap bound that grows faster
than \/N. Our fluid-balance policies and their analysis are specifically adapted

to the infinite-horizon setting to circumvent this challenge.

We first review the literature and explain our contributions in more detail
in the context of that literature in Section 4.1. We then describe the model
setup (Section 4.2) and review a standard technique: linear relaxation (Section
4.3). Fluid-balance policies are introduced in Section 4.4 and shown to achieve
O(+\/N) opt gap. Finally, we use numerical experiments to justify the state of art
performance of fluid-balance policies over other commonly used policies (Sec-

tion 4.6).
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4.1 Literature Review and Contributions

This section first reviews approaches specifically designed for infinite-horizon
bandits. Then we describe the most recent progress in the area of finite-horizon

bandits which motivates our methodology in this chapter.

Infinite-horizon restless bandits The infinite-horizon restless bandit prob-
lem was first formulated by [55]. Since then, the problem has attracted substan-
tial research interest, both from theoretical and practical perspectives. Here we
review two main streams of this research: the Whittle index and simulation-

based approaches.

Whittle index When the restless bandit problem was first formulated in [55],
this paper also proposed an index policy, the so-called Whittle index, as a solu-
tion. The Whittle index is defined by considering a problem with a single arm
in which one can pull the arm, paying a cost, or idle it. The Whittle index for
a state is the cost that makes an optimal policy indifferent between pulling the
arm and idling it. This implies a ranking over states that, intuitively, is the same
as ranking by a state’s “marginal productivity”: the difference in discounted
long-run reward between activating and idling an arm in this state in the origi-
nal problem [45]. Intuitively, it should be a good policy to simply pull the arms
in the states with the highest marginal productivity. Then Whittle index policy
does exactly this: it activates arms according to their indices, from high to low,

until all resources are used.

Although intuitively promising, [55] noticed that the willingness to pull an
arm in a single-arm problem is not always monotone: it may be optimal to

pull the arm when the cost-per-pull is low, idle it when the cost-per-pull is in
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an intermediate range, and pull it when the cost-per-pull is high. In such set-
tings, the Whittle index is not well-defined and its link to marginal productivity
is lost. [55] conjectured that indexability would imply asymptotic optimality:
the difference between the Whittle index’s expected performance and that of
an optimal policy divided by the number of arms vanishes as the number of
arms grows, allowing a constant fraction of the arms to be pulled per time pe-
riod. Later, however, [54] provided a counterexample to Whittle’s conjecture:
the Whittle index can fail to be asymptotically optimal even when the indexa-

bility condition is satisfied.

Responding to the challenge of establishing indexability, [23, 44] establish
alternate sufficient conditions for indexability and [24] characterize some in-
dexable restless bandit families. [37, 39] and [35] show their studied system is
indexable. [25, 26, 27, 5] and [32] have extended these ideas to more general
settings e.g. convex reward, convex resource budget, stochastic arriving and
leaving arms, etc. Nevertheless, establishing indexability remains challenging
for most problems and typically entails additional theoretical work that must be

done on a problem-by-problem basis.

When a problem is not indexable, multiple values satisfy the conditions that
usually define the Whittle index. Thus, attempting to deploy a Whittle index
policy in practice without first verifying indexability requires the implementa-
tion to explicitly handle this non-uniqueness. The use of implementations as-
suming a unique Whittle index value in non-indexable problems creates a risk
that Whittle index computation produces errors or fails to converge. Also, the
intuition for why a Whittle index policy would perform well relies on indexabil-

ity. When indexability is lacking, policies prioritizing arms based on a Whittle

68



index computation (while handling non-uniqueness) may be less likely to per-

form well.

If indexability can be verified, establishing asymptotic optimality requires
verifying the additional sufficient conditions discussed above. Past literature
suggests that this may be even more difficult than verifying indexability. Most
work using Whittle indices does not prove its asymptotic optimality in the prob-
lem studied [37, 35] or only proves it in a specific parameter regime [39, 52]. In-
stead, past literature often relies on numerical simulation to justify the Whittle

index’s performance.

Thus, despite its popularity, the difficulty of verifying indexability and the
additional conditions needed for asymptotic optimality remain a challenge

when applying Whittle index policy in real-world problems.

Simulation-based approaches Responding to the limitations of the Whittle in-
dex policy, simulation-based approaches have been developed. For example,
[40] develop rollout-based heuristic policies and [42] and [53] develop a deep re-
inforcement learning strategy, using neural networks to approximate the value
function. Numerical performance on a collection of benchmark problem in-
stances is their primary concern rather than theoretical guarantees. A policy
that performs well in the problem instances simulated may perform poorly in
other closely-related problem instances, and so performing well in a simulation-
based study may not guarantee good performance across a wider range of prob-

lem instances faced after a policy is deployed to the field.

Moreover, if all benchmark policies included in a numerical study are

asymptotically suboptimal, a new asymptotically optimal policy has the poten-
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tial to significantly outperform all of them. Thus, identifying new asymptoti-

cally optimal policies is of significant interest.

Finite-horizon restless bandits While the Whittle index faces challenges in
verifying indexability and the additional conditions required for asymptotic op-
timality, recent progress on finite-horizon restless bandits provides algorithms

without these drawbacks in this alternate setting.

In rapid succession, [31, 57, 13] proposed index policies and show that they
have o(N), O(v/Nlog N) and O(+/N) opt gaps respectively. Then, [58] proposed
a class of index policies generalizing [13] and [31], showing that this larger class
of policies have at most a O(+/N) opt gap and, surprisingly, a O(1) opt gap if a

non-degeneracy condition is met.

Unlike the Whittle index, these index policies do not require an indexa-
bility condition to be well-defined. Moreover, they come with performance
guarantees that do not require verifying extra sufficient conditions: O(+/N) for

[58, 13, 31], O(/NlogN) for [57].

We argue in this paper that a key difference in the approach enabled these
tinite-horizon analyses to achieve asymptotic optimality and to avoid chal-
lenges in establishing indexability: their Lagrangian relaxation uses a sequence
of Lagrange multipliers, one for each time period, while the Whittle index uses
a single global Lagrange multiplier. Using a time-varying Lagrange multiplier
is intuitive in the finite-horizon setting: the finite horizon causes the problem to

be non-stationary, naturally inspiring a time-inhomogeneous approach.

We show in this paper that this time-inhomogeneous approach can be gener-

alized to the infinite-horizon setting to overcome the shortcomings of the Whit-
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tle index and other past approaches to the infinite-horizon restless bandit. That
a time-inhomogeneous approach would be relevant to the infinite-horizon set-
ting may, at first glance, seem surprising: the infinite-horizon problem is sta-
tionary, implying the existence of stationary optimal policies, and suggesting
that asymptotically optimal policies should also be stationary. Part of our con-
tribution is to explain why non-stationarity is an important tool for providing

asymptotic optimality in stationary infinite-horizon problems.

Summary of Contribution Out work provide a novel class of computa-
tionally scalable non-stationary infinite-horizon restless bandit policies called
“fluid-balance” policies. We show that they are asymptotically optimal, achiev-
ing a O(\/N) opt gap. This result does not require indexability or other suf-
ficient conditions beyond those defining the problem we study, such as arms’
states belonging to a finite state space and state transitions that are condition-
ally independent across arms. Moreover, despite being time-inhomogeneous in
an infinite horizon problem, we show that they can be computed in finite time.
They are computed by considering a finite linear program formed by truncat-
ing the infinite-horizon problem. Truncating at the O(log N)-th period allows

fluid-balance policies to achieve a O(/N) opt gap.

This requires going substantially beyond applying a previously proposed
finite-horizon policy to the truncated problem. Policies with O(/N) opt gaps
in the finite-horizon setting proposed in [13] and [58] have opt gap bounds that
depend exponentially on the time horizon. Simply applying one of these poli-
cies and its associated performance bound to a truncated problem (and leverag-
ing discounting to bound the reward obtained after truncation) results in an opt

gap bound that grows faster than O(+/N). Our fluid-balance policies and their
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analysis are specifically adapted to the infinite-horizon setting to circumvent

this challenge.

4.2 System Model

This section formulates the infinite-horizon restless bandit problem as a Markov

Decision Process (MDP).

Model There are N arms, each of which shares the same finite state space S.
We use s;, to indicate the state of i-th arm at time ¢. At each period ¢ for each
arm i, the decision-maker chooses whether to pull the arm (a;, = 1) or leave it
idle (a;, = 0). We define A = {0, 1} to be the space of available actions in which
a;, takes values. These actions must respect a so-called “budget constraint” in
which the number of arms pulled at period 7 is B, = |@;N|, where 0 <@, < lisa

pre-specified budget ratio.

Based on the action applied, each arm’s state transitions stochastically to
time 7 + 1 according to a time-homogeneous known transition kernel P =
{p(s,a,s")}sesaea Where p(s,a,s") = P(s;1; = §'|s.; = s,a,; = a). All arms share
the same transition kernel, and any arm’s transition is conditionally indepen-
dent from others given its own state and action. Each state-action pair is as-
sociated with a time-homogeneous reward, given by a known reward function
r:§ xA — R. The decision-maker aims to maximize the total discounted reward

collected from all N arms over the infinite horizon with discount factor 7.

To complete the formal definition of our problem involving N arms, we in-

troduce some additional notation. We use S = SV to denote the N-fold Cartesian

72



product of the state space S, and define A = AN similarly. All N arms together
form an MDP with state space S and action space A. We call this the “joint MDP”
to distinguish it from MDPs that we reference later involving a single arm. The
state in this joint MDP at time 7 is s, = (5.1, S;2, ..., S:nv) € S, which indicates that
arm i has state s;;. The action is a, = (a,1,a2,....,a;nx) € A, which indicates that

action a,; is applied to arm i.

The reward function of the joint MDP, R : S x A - R, is the summation across

all the single-arm reward defined above,

N

R(St»at) = r(st,i’at,i)-
i=1

For element a = (a;,a,, ...,ay) in A, we use |a| = 3.7, a; to indicate the L!-norm
of a, i.e, the number of pulled arms. We write our budget constraint at time 7 as

|at| = Bl'

The transition kernel for the joint MDP is the product of each arm’s transition

kernel,

N
P[Sm |St,az] = H p(st,i’at,i’ St+],i)-

i=1

We assume all arms start from the same initial state s*. Our analysis can be

easily generalized to the case where arms start from different states.

A policy r is a function that maps the current state s, € S and time 7 to an ac-
tion a, € A. The objective of the policy is to maximize the expected total reward,
subject to budget and initial states constraints specified above. This objective

can be written as,

max E, ) y'R(s.,a,)
S (4.1)

subject to: |a | = [N | V1,
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where E, indicates the expectation taken under policy 7.

We define the value function of a policy 7 as Vy(7) = X2, ¥'R(s, a;) and mea-
sure a policy’s performance by comparing it with the optimal policy solving
(4.1). Let V} = sup, Vy(m) be the expected total reward obtained by an optimal

policy. Then the optimality gap of the policy x is defined as
V;/ - VN(T[).

Maximizing policies” value function is equivalent to minimizing their optimal-

ity gap. We are interested in solving (4.1) when N is large.

4.3 Background: Preliminary Results and Notation

In this section, we define a linear programming relaxation that provides an up-
per bound V;; for V. Some of results shown in the section are similar to Section

2.3. We describe these results briefly and leave their proofs to the Appendix.

Linear Programming Relaxation We relax problem (4.1)’s almost sure car-
dinality constraints on the number of pulls to constraints on the expectation of

the number of puls:

¥y = max {E > ¥'R(sia,)|Ela] = a:N, W} : (4.2)

t=1

However, solving the above infinite-horizon relaxed Problem (4.2) exactly is
typically not possible. A technique common among those wishing to solve such
infinite-horizon discounted problems is to truncate (4.2) up to a large horizon T

and solve this finite-horizon approximation:

T
V(T) = max {]E,, > ¥'R(s,a,)|Ela,| = a,N, Vi< T}. (4.3)
d =1
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Computational difficulties aside, our notation explicitly allows T = oo, in which
case V;(o0) = V. We similarly denote the optimal reward of the truncated ver-

sion of the original problem as

|a[| = a’[N, Vl < T} . (4.4:)

T
Vy(T) = max {Eﬂ > ¥'R(s;.a,)
g =1

For simplicity, we assume N is taken such that a,N are integral for all s € §.
All the following results generalize if this is not true as we discuss briefly in
Appendix C.2.

Similar with Lemma 2.1, we can show

Lemma 4.1. V;(T) < Vi(T) = N V:(T).

To calculate V;, we only need to solve

T
max {Eﬂ Zy’r(st, a,)|Elay| = a;, Vi < T} . (4.5)
T =1

Writing Problem (4.5) in terms of the occupation measure x,(s,a) := P[s, = 5,a, =

a], then Problem (4.5) is equivalent to

max . > ¥'r(s,a)x(s,a)

se€S,aeA t=1
subject to
Zx,(s,a) = Z Z x1(s" a)pi1(s',a,s), Vse8,2<t<T;
acA a€eA s'eS (46)

Y ox(s,1)=a, t<T;
seS

le(s*,a) =1; Z xi(s,a) =1;

acA acA,seS

x:(s,a) 20, VseS,aeA,t<T.

Notation We use additional notation borrowed from Section 2.3. To make

this section more self-contained, we list this additional notation here:
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z(8), ZN(s), x,(s,a) and XN(s,a) forall s € S and a € 4;

the vector form of the above pieces of notation, z,,Z", x, and X};

diffusion statistics Z¥ and X";

a policy 7 and its induced maps 7, y.

4.4 Diffusion Regular Conditions

This section characterize a set of properties of policies, which we refer to as dif-
fusion regularity. Then we deduce some implications of these properties. This
section builds the foundation for the following sections: fluid-balance policy

proposed in section 4.5 is diffusion regular.

The insight behind diffusion regularity is, roughly speaking, as long as the

diffusion statistic X is bounded by O(1), ZV¥

t+1

will also be bounded by O(1).
Thus, we could control the grow of the first moments of diffusion statistics

(ZN,XN) across periods (Lemma 4.2).
Formally speaking,

Definition 4.1. A policy r is called diffusion reqular if its induced maps 7, y satisfy

* There exists C, >0, s.t. foranyt<T, N, 6, and 6,
N (61) =7 n(62)] < Ci]6) - 6,
* There exits C, >0, s.t. forany t <T and N

17~ (0)] < C,.
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e There exists a map oo, S.t. T n(0) - T1.00(0) VO and t < T, as N — +oo.

® There exists C3 > 0, s.t. foranyt < T, N, @ and s € S, ¥, |Tn(0)(s,a)| <
|9(S)| + C3.

where | - | stands for the L'-norm in Euclidean space.

If a policy = is diffusion regular, their first moments can be upper bounded
by a linear-growth sequence (Lemma 4.2). Proof of Lemma 4.2 are left in the

Appendix.

Lemma 4.2. If a policy n is diffusion reqular, then there exists constant ¢, and c,

(neither depends on T), s.t. for all t <T and N (N could be infinity),

E[|Z}[] < c1 +cat.

4.5 Fluid-balance Policy

This section defines fluid-balance policies, and shows that all fluid-balance poli-

cies are diffusion regular and achieve O(+/N) + O(Ny™) optimality gap.

Roughly speaking, a fluid-balance policy is defined by two pieces: an opti-
mal solution of the LP relaxation problem and prioritization scores over states.
Then a fluid-balance policy pulls arms respecting two rules: a consistency rule
and a prioritization rule. The consistency rule requires the diffusion statistics
XV (s,-) share the same sign with Z"(s) for each state s. The prioritization rule
requires pulling arms according to the prioritization score as much as we can

with respect to the consistency rule.
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Mathematically speaking, a fluid-priority policy is parameterized by an oc-
cupation measure {x,(s,a)} . solving Problem (4.6), and “priority-score” func-
tions {P;(-) }; assigning each state a real number. With these notations, the fluid-

balance policy is defined as in Algorithm 6.

Algorithm 6 fluid-balance policy

Input: optimal occupation measure (x;(s,a))0.ses5.4ea, priority-score func-
tions {P;} 0.
1: forr=1,2,...,7 do
2: Classify states into three categories: fluid-active, fluid-neutral and fluid-
inactive.
Observe there are Z,(s) arms in state s, and its associated diffusion statis-
tics Z,(s).
for state sin C; uC?uC; do
X,(s,1) < min{Z(s), [x,(s, )N + /N|Z,(s)[]}.
end for
while Y X,(s,1) > |a,N| do
Find state s with the lowest priority-score s.t.

W

X;(s,1) > max{0, | x;(s, 1)N — \/]T/|Z,(s)|J}

9: X (s,1) < X, (s,1) -1
10: end while

11: Pull X,(s, 1) arms in state s.
12: end for

We can show that a fluid-balance policy is always diffusion regular, and ac-
tually yields a slightly tighter L!-moment bound than Lemma 4.2. The proof is

left in the Appendix.

Lemma 4.3. Any fluid-balance policy n is diffusion reqular, and E,[|Z]|] < 2|S|? for

t<T.

Now we are able to show the main results

Theorem 4.1. Given any fluid-balance policy nr, V;; - Vy(rr) = O(V/N) + O(NyT).
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Proof of Theorem 4.1. Denote n* the optimal policy maximizing the infinite-
horizon Problem (4.1). Then by denoting B := max,, |r(s,a)|,

VN VN(”) E Z?”’(Sman) E ZY’”(S”,G”)JFE Z yr(slt’alt) E Z YI”(Smazt)

t=T+1 t=T+1

N(T) B, Zyr(s,,,a,,)+2 Z ¥Y'B

t=T+1

where the last inequality is due to the definition of Vy(T).

We deal with these two terms Vy(T) - E, Y., y'r(sis.ai,) and 2Y.2,., v’ BN

separately. For the first term,

(1) EZy() _ zzy r(s:)%(5.0) < VNBE, [zy |zN|]

=1 s,a

Recall Lemma 4.3, we have

. r T T 2IS[2yB
Un(T) — B Y ¥'r(sisai) < \/NBE,T[ZﬂZﬂ] < VNBY y21S]? < ﬁ(l | 7)2 = O(V/N).
=1 =1 =1 -y

For the second term,

o 2B
23 ¥BN-= 1—7Ny = O(Ny").
y

t=T+1

Combining above analysis together, we conclude V; - Vy(r) = O(+/N) +
O(NyT). i

4.6 Numerical Experiment

This section we illustrate the performance of fluid-balance policy through two

numerical experiments, especially focusing on its advantage over Whittle index

policy.
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In the first experiment, we construct an example which reflects a classic ques-
tion in the real-world decision making: whether slow and steady could win the
race. The decision maker could either choose to generate large amount of re-
ward but only possible in short horizons or generate steady small amount of
reward in a very long horizon. We show this example is not indexable, thus
Whittle index is not well-defined. However, fluid-balance policy can be analyt-

ically solved and is actually the optimal policy.

In the second experiment, we compare the fluid-balance policy against the
Whittle index for an discounted version of a problem studied in [21] and [11].
Although this problem is indexable, fluid-balance policy can outperform the
Whittle index by over 30%. As Whittle index serves as the benchmark in these
literature [21, 11], we would like to kindly remind researchers in the future that

fluid-balance policy may serve as a better benchmark.

4.6.1 Does steady-and-slow win the race?

This section we construct an example which reflects the a common question in
the real-world decision making: should we pursue the short-term interest or
long-term interest? We will show that Whittle index is not well-defined for this

example while fluid-balance policy is actually the optimal policy.

Problem setup There are 7 different states: {Ay,A,A’, B, B’,B*,C}. The tran-
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sition between different states are given as

P51 =A'|s; = Ag,a, =a] =1,Yae{0,1};

P[s 1 =A'|s;=A",a,=a] =1,Yae{0,1};

Plsu1 =A"|s;=A,a,=1]=1-¢€, P[s;s1 =Cls, =A,a, = 1] =€, P[s41 =Bls, =A,a,=0]
P[$:41 = B*|s; = B*,a,=a] =1,Va e {0,1};

P[s;.1 = B*|s,=B,a,=1] =1, P[s;;; = B'|s;,= B',a,=0] = 1,

P[ss1 =B'|s;=B,a,=1]=1-¢€, P[s;y1 =Cl|s, = B,a, = 1] = €, P[5,41 = A|s, = B,a, = 0]

P[s1 =Cls;=C,a,=a] =1,Yae{0,1}.

Reward for most state-action pairs are zero except
r(A,1)=a, r(B',1) =p.
We try to maximize the infinite-horizon discounted reward with discount factor
y = 1 - €. The parameters satisfy 0 < (1+ ;) @ < 8 < Laand e<y.

I-y

We can pull yN number of arms out of N arms in each period. And at the
initial stage, there are ¢; N arms are in state A, ¢,N arms are in state C and ¢;:N

arms are in state Ay, where ¢, = 2 — i, b=y + % -2and ¢3=1-1.

Indexability This problem is not indexable, thus Whittle index is not well-
defined.

Proposition 4.1. The problem is not indexable.

Fluid-balance policy This infinite-horizon relaxation problem permits an

analytical solution, as shown below.

Proposition 4.2. The policy that pulls all arms in A, and A in the first period, then

pulls all arms in A’ starting from the second period solves the relaxation problem.
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Based on the optimal policy for the relaxed problem, we can construct its
corresponding fluid-balance policy n: & pulls all arms in A, and A in the first
period, then pull as many arms in A’ as possible starting from the second period.

If there are less than yN arms in state A’, pull arms in C to meet the budget.

Surprisingly, the fluid-balance policy is not only asymptotically optimal, but

truly optimal.

Proposition 4.3. The fluid-balance policy n is the optimal policy for the original prob-

lem.

When analyzing the opt gap of a fluid-balance policy in Theorem 4.1, we
compare the reward of the policy against the optimal reward of the relaxation
problem rather than the original problem. Since the fluid-balance policy is op-
timal, the opt gap is 0. But still if we compare against the optimal reward of the

relaxation problem, we still get O(/N) upper bound of opt gap.

Proposition 4.4. V; — Vy(r) = 6+/N + O(1), where 6 = (lfy)z(nzy—l)_

Proof of above propositions are left in the appendix.

4.6.2 Whittle index: not a good benchmark

As we discuss in section 4.1, there is a stream of “learning”-style bandit litera-
ture which assumes the state transition is unknown, e.g. [21] and [11]. Rather
than designing policy based on full information, these papers design algorithms
to generate policies on-the-fly while estimating the state transition kernel. Thus,

to benchmark the performance of their algorithm, they usually compare against
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a full-information-based policy (e.g., Whittle index) on some well-known test-
ing problems. We choose one of the most common testing problems in our sec-
ond numerical experiment. In [21] and [11], they benchmark their learning al-
gorithm against an unidiscounted version of this problem which N/10 arms are

allowed to be pulled out of N arms per period.

In this section, we show that benchmarking against the Whittle index policy
may not always be a good idea since it may not be asymptotically optimal. For
the discounted setting with y = 1/2 and N/2 arms are allowed to be pulled out
of N arms per period, we show fluid-balance policy outperforms Whittle index

policy by over 30%.

Problem setup There are 4 different states: {0, 1,2,3} and transition kernels

P, =p(s,0,s") for action a =0 and a = 1 are given by

s,s'eS
12 0 0 1)2 12 1/2 0 0
1/2 1/2 0 0 0 1/2 1/2 0
|12 " Pz oo
0 12 1/2 0 0o 0 1/2 12
0 0 12 12 12 0 0 1/2

The reward solely depends on the state and irrelevant of the action:

r(0,a) =-1, r(1,a) =0, r(2,a) =0, r(3,a) = 1;Va € {0,1}.

The discount factor y = 1/2 and we are allowed to pull N/2 arms out of N
arms per period. Initially, there are N/6 arms in state 0, N/3 arms in state 1 and

N/2 arms in state 2.

Indexability Via direct calculation, we can show that this problem is index-
able. Ranking from the highest to the lowest according to the Whittle index,

state 2 > state 1 > state O > state 3.
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Fluid-balance policy Since this infinite-horizon problem’s relaxation does
not permit an analytical solution, we solve the truncated version up to 7' = 100.
This provides a satisfying approximation of the true relaxation upper bound

100

because total rewards after period 100 is only of machine precision scale: 3 <<

10-'7 where 10-!7 is the machine precision of 64bit float number.

After solving the truncated relaxation problem, we need a final piece be-
fore implementing a fluid-balance policy: the prioritization score. We adhere to
Whittle index here, where we rank states from high to low as state 2 > state 1 >

state 0 > state 3.

Comparison We compare the performance of Whittle index and fluid-

balance policy here.

Average Reward Per Arm Optimality Gap
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Figure 4.1: Performance comparison between Whittle index and fluid-balance
policy. The left panel shows the average reward per arm versus number of
arms, where we compare the relaxation upper bound, the whittle index and the
fluid-balance policy. The right panel shows an upper bound on the opt gap
(relaxation upper bound minus a simulation-based estimate of reward) versus
number of arms N. As we can see, opt gap of Whittle index grows linearly while
opt gap of fluid-balance policy grows sublinearly with respect to N.
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APPENDIX A
APPENDIX: BINARY-ACTION FINITE-HORIZON RESTLESS BANDIT

This section provides all technical proofs not included in the main paper.

A.1 Proof for Lemma 2.1

In the original formulation of the restless bandit, problem (2.1), the budget con-
straint |a,| = |a,N| applies on each sample path. The relaxed problem (2.2) is
identical except that this constraint is replaced by the weaker one, E|a,| = a;N.
Recalling our assumption here that a,N is an integer, the right-hand sides of
these two constraints are the same. (Generalizations to non-integer a,N are dis-
cussed in Appendix A.2). Thus, the set of feasible policies in (2.1) is a subset of
those in (2.2), implying that the value of (2.1) is bounded above by that of (2.2),

ie.,
Vi < Vi (A1)

To prove V*(N) = NV*(1), we use a Lagrangian Relaxation similar to [20, 26] as

the key idea in the following argument.

Through straightforward imitation of the proof of the Fenchel Duality Theo-
rem [47],
T T
max rglin E, ZR,(S,, a,)+A(aeN-la]) = rglin max E, ZRt(st, a,) + A, (N —|a).
g 1T t=1 o 7 t=1
(A.2)

In this use of the Fenchel Duality Theorem, we note that maximization over

policies  on the right-hand side of (A.2) with fixed A;.r can be viewed as as a
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linear program. More detailed discussion of this standard result can be found

in [13].

The left-hand side of Equation (A.2) equals V*(N). On the right hand side,

for fixed A;.7,
T T N

B, ZRI(SI’ a,) + (N - |a,]) = B, Z Z r(Seinari) + (@ — ay).

t=1 1

=1 i=1

Since all arms share the same transition kernel, reward function, and distribu-

tion over initial state,

T
re(Seis i) + (@ —ay;) = N B, Z re(seisan) + (e —ag).

t=1

E.Y.

T N
t=1 i=1

So we conclude

T T
1*/111in max E, ZRz(Sz, a,)+A(aN -la)) = Nrilin max E, Z ri(set,an) + (@ —ayy).
1:T t=1 1:T t=1

(A.3)
By using Fenchel Duality again on the one-arm problem,
T T
r}linmaxE,r ri(si1,a01) + 4(a; — a; ) = max r}linE,r Z ri(si1,ai) + A (@ —agy)
I:T n t=1 n I:T =1
=V (1). (A.4)

Summarizing, equations (A.2), (A.3) and (A.4) together imply,

V*(N) =N V*(1).

A.2 Discussion of the rounding error in budget constraints

The original problem (2.1) constrains the number of pulls to |e,N| (almost
surely), while the relaxed problem (2.2) constrains this number to «,N (in ex-

pectation). We think of these differences as “rounding errors” in the relaxed
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problem. Here we discuss their effect and show that they result in at most a

constant difference in the optimal objective value.
Mathematically speaking, denote

T N
VX]:maX{Eﬂ ZRI(St,a,) E|a,| =a’,N, EZl(Sl’i:S*) :N, Vte [T]},
g =1 i=1

=1 i=1

T N
f/;;,R = max {E,, Y Ri(s,.a,)|Ela] = &N]|, EY 1(s1;=5")=N,Vre [T]} .

We claim that |V -V}, x| < ¢, where ¢ does not depend on N. The theoretical anal-
ysis through the rest of the paper after Lemma 1 compares policy performance
against V and shows that this difference is o(N), O(+/N), or O(1) depending
on conditions. The fact that V;f, is separated from Vg by at most a constant then
implies that the difference in policy performance compared to V; . has the same
asymptotic dependence on N. This and the fact that Vy is an upper bound on
(2.1) even when a;N are not integers provides opt gaps of o(N), O(+/N) or O(1)

respectively.

The proof of the claim that [V — V3 .| < ¢ is straightforward. As seen from
Lemma 2.1, there exists a single-arm strategy that pulls a, arms per period in
expectation and achieves objective value V;. Thus, we can pull N - max, [ai,]

arms according to this strategy and pull each remaining arm with probability

[mNJ—a,(N—n:ax, [g]) c [0, 1] at period 1. Thus, we show

max; [E]

1
N-max, []. .
——— Vi — Vi < Tmaxr(s,a).
N ’ s,a,t
Similarly, we can show
1
N-max, [-]. .
———Var— Va < Tmaxr(s,a).
N ’ s,a,t

Combining the above two inequalities with the fact that V; /N and V;/N
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are both uniformly bounded by 7 max,,,|r/(s,a)| concludes the statement with

¢ =T(1+ max, [ai[]) max;, |r,(s,a)l.

A.3 Proof of Lemma 2.2

We prove Lemma 2.2 by induction on . When ¢ = 1, that all arms are in state
N N
s* implies ZW‘ — z;. Then, by the definition of fluid consistency, XWI — x;. Thus

Lemma 2.2 holds for ¢ = 1.

Now assume Lemma 2.2 holds for ¢, and we will show it holds for ¢ + 1. By
the definition of fluid consistency, we only need to prove

ZN
]t\;l - Zl+1 . (A.5)

Recalling our system dynamics,
N
ZN ()= > > U(syi=5a=a,s01,;=5), (A.6)
s’eS aeA i=1
where 1(s,; = §',a,; = a,s,11; = s) is the indicator function of the event {s,; =
s’ a,; = a, s;1; = s}, we only need to show that
1 N
N Z 1(s;i=5" ai;=a,s41,=5) = x(s,a)p(s,a,s). (A.7)
i-1

since the sum over s’ of the right-hand side is v x,(5",a)p(s',a, s) = 221 ().

If x,(s',a) > 0, then X"(s',a) - oo as N — oo by the induction hypothesis.
Thus as N — oo,

1
N;

XN S’,a 1 N
t (N )X){V(Sl,a) ; 1(St,i = S',at,i =a, S, = S)

M=

!
1(Sz,i =85,4:; =4,8+1, = S) =

I
—_

- x (s, a)p(s,a,s),
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by the definition of fluid consistency and the strong law of large numbers.

If x;(s',a) =0,

1

3 XN(s',a
N Z 1(s;=58"a,;=a,841;=5) < M
i=1

- 0.

Combining the cases x,(s’,a) > 0 and x,(s’,a) = 0, equation (A.7) is shown.

To summarize,

’+1 Z Zl(st,—s Qi =a,S41;=95) Z th(s',a)p(s’,a,s) = z411(5).

K eS s’eS acA

A.4 Proof of Lemma 2.3

This section proves Lemma 2.3. When Z"/N — z,, we have

ng _ ZY - Nz

= - 0.
VN N

To show % - x,, it is equivalent to show
N

TN (ZzN )

VN

Notice by Conditions 1 and 2 in Definition 2.2,

- 0.

i (Z9)] < | (0)] + Co|ZY| < Co + G| ZY).

Thus,

nn(Z7) IZNI

VN f "N
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A.5 Proof of Lemma 2.4

This section proves Lemma 2.4. To begin with, we first state and prove Lemma

Al

Lemma A.1. If a policy n is diffusion reqular and ZN — Z° in distribution, then

XN — X in distribution for some random variable X;°.

Proof of Lemma A.1. By the Skorokhod representation Theorem, there exists a
probability space (Q,P) and a sequence of random variables {Z"}y and Z= such

that
ZN = 7V and Z* = Z in distribution,
ZN 7% asN —» oo a.s.
We will prove convergence in distribution of XV = 7, y(ZN) to X% := 7,0, (Z2°).
Notice

1w (ZY) = oo (Z7°)] < Ve (ZY) = 20 (Z7°)| + 10 () = Ruo (7))

<CUZY - Z7) + in (Z7) - 7o (Z7°)

’

which converges to 0 as N - co by almost sure convergence of Z to Z* and the

convergence of 7,y to 7, . required by the fact that r is diffusion regular. o

Proof of Lemma 2.4. We prove Lemma 2.4 by induction on t. When ¢ = 1, ZV =
0 implying Z = 0. Then, according to Lemma A.1, we know there exists a

constant vector X s.t. XV - X®. Thus, Lemma 2.4 holds true for ¢ = 1.

Now assume Lemma 2.4 holds for t and we will prove it holds for ¢ + 1. It

is sufficient to prove there exists a sub-Gaussian random vector Z*, s.t. ZN, —
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Z=, in distribution. This is because (1) existence of the limit X, follows from
Lemma A.1 and (2) showing Z%, is sub-Gaussian implies X*, is sub-Gaussian

because

(X701 = oo (Z0)] < o0 (Z3)) = Tiroo (0)] + 1100 (0)] < CHIZTE | + Ca

We prove the existence of Z%, by constructing an explicit formula for this
limit,
ZN > Zyg =M+ ) > p(sa, )X (s a) (A.8)
s'eS acA
where M, ~ N(0,%,) is independent of X*(s’,a). The covariance matrix %, is
defined as
(8", 5") =33 x(s',a)Cov[1(spr1 = 5"), (11 = 5")|se1 = 5" a1 = a]
s’ acA
where Cov[1(s11 = 5"), (81211 = 8")|s, = ', a, = a] is the conditional covariance

of the indicators of events {s..11 = 5"} and {511 = s} given s,; = 5, a,; = a.

Once (A.8) is shown, then the fact that Z*, is sub-Gaussian follows because

M, and X?° are both sub-Gaussian.

To prove (A.8), by our system dynamics (A.6) with a vector form,

= Y Bl(s.a), (A9)

s'eS acA
where the BY(s',a) are conditionally independent (across s’ and a) multinomial

distributions with parameters X} (s’,a) and p(s',a) := (p(s',a, s))ses, i-€.,
BY(s',a) | X" ~ Multinomial(X" (s',a), p(s',a)).

BY(s',a) is a vector counting the number of arms in each state, among those

arms that were previously in state s’ and for which we used action a.
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Recall that XY (s’,a) can be decomposed as Nx,(s’,a) + VNX¥(s',a). Accord-
ing to Lemma A.2, there exists two random variables CV(s’,a) and AN(s',a),

such that
BY(s',a) =CN(s',a) + AN(s',a), (A.10)
and that, conditionally on X" (s’,a), have marginal distributions:

CY(s',a) | X} ~ Multinomial(Nx,(s',a), p(s',a)),

AN(s",a) | XN ~ sgn(XN (s, a))Multinomial (/N ‘X,N(s’,a)

, p(s,a)).

By (A.9), (A.10) and the definition of our diffusion statistic Z¥, in terms of

Zh
zN, :% SIGSZQEA CN(s',a) - x,(s',a)p(s’,a)N + AN (s, a).
By Lemma A.3,
%Aﬁv (s'.a) - p(s", )XV (s',a) > 0.
Thus,

4 1 / ! / / v !
Zﬁfl— > Civ(s,a)—xt(s,a)p(s,a)N]+[ > p(s,a)XfV(s,a)]+eN
\/N s’eS ,acA s’eS,acA

1 -
= l— > Cfv(s’,a)—xt(s’,a)p(s’,a)N]+[ > p(s',a)Xf"(s’,a)]+eN+el'v,
\/N s’eS,acA s’eSacA

where ey, €, — 0.

The first term satisfies

1 !/ ! /
NG > CN(s',a) - x(s",a)p(s’,a)N - N(0,%,),
s’eS acA

92



where %, is defined above. We define M, to be equal to this limit. This shows
(A.8) as claimed. Although it is not needed for the proof, we observe that be-
cause X{° was constructed to be equal only in distribution to limy X", we are free

to construct it so that it is independent of M,.

To summarize, we have shown Z¥, - Z*, in distribution. O

Here we give the statement and proof of Lemma A.2 and A.3.

Lemma A.2. Let Y ~ Multinomial(n, p). Then for a given non-negative integer m,

there exist random vectors Y, and Y, such that Y =Y, + Y, and
Y, ~ Multinomial(m, p), Y, ~ sgn(n — m)Multinomial(|n — m|, p),
where sgn(-) is the sign function.
Proof of Lemma A.2. There exists a sequence of iid random vectors X; ~

Multinomial(1, p) s.t.

Y =

-

Il
—_

Xi.

If n > m, taking ¥, = ) X;, Y = ¥, X; concludes the proof. If n < m, taking

Y1 =¥ X, Y2 = - Y7, X; concludes the proof. O

Lemma A.3. Consider a sequence of random variables Xy, X,, ..., Xy, ... converging to
X in distribution and a sequence of i.i.d Bernoulli random variable By, B,, ..., B,, ....

with B[ B, | = p that are also independent of sequence X, X,, .... Then define

(Bn _p)'

Then Yy — 0.
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Proof of Lemma A.3. We calculate the characteristic function of Yy as follows:

Elexp(idYy)] = E[E[exp(idYy)|Xn]]
) Xy /N 1
= E[E[exp(id Z W(Bn_p)NXN]]
- B[E[exp(id 2 =L)X, [ V]

L
~E[(pexp(it L =

)+ (1= p)exp(= MW))XW_]-

We have

))XN\/_

(pexp(il W”) (1-p)exp(-it

Pyo(~ >> +(1-p)(1-iaL

I-
_(p(l-i-l/?. T\]

VN

1
=(1 +0(ﬁ))XN\/N—> 1, as N - oo.

+ O

We would like to then argue that this almost sure convergence implies con-
vergence of the expectations as well, i.e., that E[exp(i1Yy)] converges to 1. To

show this we use the dominated convergence theorem and the following bound:

|pexp<ml¢‘]_5> (1= p)exp(-i ) sp|exp<ml¢‘]_5>| (1 ples(-it )= p e (1-p) =1

Thus E[exp(i1Yy)] - 1, which implies Yy — 0. o

A.6 Proof of Lemma 2.5

We only need to prove there exists a constant C s.t. E[||Z"||3] < C for all ¢ € [T]
and N. The claim in the lemma for X" follows directly from diffusion regularity.

Because

|X£V| = |7~Tt,N(va)| < |7~Tt,N(va) - 73 (0)] + 7N (0)] < C1|va| +(y,
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we have
IXN3 <ISIXNP < [SICUZY| + Caf? < 2ISICHZY P +2IS|C5 < 2IS PCHIZY |15 + 2IS IG5
By taking the expectation,

E|[XM|I3 < 2ISPCT EJIZY]3 +2IS1C3. (A.11)

Similar to the analysis in the proof of Lemma 2.4,

1
A RE— CN(s',a) - x,(s",a)p(s’,a)N + AN(s',a),
N TN s N ¢ A (5.a)

where

CY(s',a) | XY ~ Multinomial(Nx,(s',a), p(s',a)),

AN(s',a) | XY ~ sgn(X" (s, a))Multinomial( VN [X"(s',a)],

Thus,

2
Cﬁv(s’,a) - x(s",a)p(s’,a)N + AN (s, a)

Y B - ||
H 2 \/_AESaEA

2

2
CN(s',a) - x,(s',a)p(s',a)N|| +2

s’eS,acA

AN (s a)

1

2

Notice from its definition as a multinomial random variable that the absolute

value of each component of ﬁAﬁV (s',a) is bounded above by |XV(s',a)|. Thus

2 2
AY(s,a) s|S|[ 5 \X%za)\] CASP T RN(sha) = 2 PIRYE.

2 s’eS aeS s'eS aeS

1
‘ ‘ \/ﬁ s’eSZaeS
(A.12)

On the other hand, noting that CY(s',a) — x,(s’,a) p(s’,a)N has mean 0 and is
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independent across different s, a to get the first equality, we have

2

1
CN(s',a) — x,(s',a)p(s’,a)N =N > EHCﬁv(s',a)—xt(s',a)p(s’,a)NHi

1
E||l—
H \/Ns’eSZ,;GA

2 s’eS,acA
(A.13)
= Z x(s,a)(1 - Zp(s',a, 5)%).
s'eS ,acA seS
(A.14)
Combining inequality (A.12) and (A.13) together,
E(IZ}4| < 2C4 + 4ISPE(IXY3. (A.15)

where Cy = ¥ ics gea Xi(8, @) (1 = Lyes (5, a,5)).
Recall inequality (A.11) and combine it with (A.15) to obtain,
E||Z%|5 < 2Cs + 8|S FC3 + 8IS [*CCIE(IZY 3.

By ZV = 0 and induction, there exists a constant C s.t. E[||ZV|}3] < C for all

te[T]and N. O

A.7 Proof of Theorem 2.3

Given a fluid-priority policy 7, we directly check whether the induced map 7, v

satisfies all three conditions in Definition 2.2.

Verification of Condition 1 Write the induced map 7, y as a collection of maps,
(fr}, No oo ﬁ'tsj\‘,), one giving each component. That is, 7, y(6) is the vector comprised

of (7 (0): 1<i<|S|).
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A direct calculation shows each component function, 7}, (1 <i<|S]), is con-
tinuous, piecewise linear, and has bounded gradients when they exist. Mathe-

matically speaking, there exists a constant C,, s.t., for any 6, any t and any N,

Vet v (0)] < Ci, when V! (0) exists.

For any 6, and 6,, there exists a sequence (°,v!,...,¥") lying on the line seg-

ment between 6, and 65, s.t.

1. &, restricted on the line segment between v/ and v/*! is linear for j =

0,1,....m—-1
2. VO = 91 and v = 62.

Thus

m—1

m—1
7 (81) = 7N (62)] < D 1N () =Ty (V< 3 Cil! = v = Cl6) - 6.
Jj=0 j=0

So by taking C, = |S|C},

5| ‘ S|
Zn(61) =7 (02)] < D 1RV (61) = 7 (62)| < Y7 Cil0) — 65] = C116, - 6]
i=1

i=1
Verification of Condition 2 Direct calculation shows 7, 5(0) = 0.

Verification of Condition 3 Direct calculation shows #, ., (Z;..) is a linear map-
ping. The form of this linear mapping differs across the following three cases.
We state the results of detailed calculations here providing these linear forms

without including the (tedious) calculations themselves.
Casel. C0uC; =@t

fr00(Zi0o)(85,1) = Z,00(s), foreach s € S.
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Case 2. C? + &:

r00(Z1.00) (5, 1) = Z 0 (5), for each s € C;;

Froo(Zioo)(5,1) == > Zioo(s), for the state s € C? with highest priority-score in C};

s'eC}

f100(Z100) (5, 1) = 0, otherwise.

Case 3. C? =g, C; + o

Fr00(Z100 ) (8,1) = Z,.00(5), for each s € C;

Froo(Zioo)(5,1) == > Z1oo(s"), for the state s € C; with highest priority-score in C;;

s'eCf

f100(Z10o ) (5,1) = 0, otherwise.

To summarize, we prove the induced map of any fluid-priority policy sat-
isfies all three conditions in Definition 2.2 and thus any fluid-priority policy is

diffusion regular.

A.8 Proof of Lemma 2.6

Direct comparison of Algorithm 1 and Algorithm 2 justifies Lemma 2.6.

A.9 Proof of Lemma 2.7

Before we prove Lemma 2.7, we prove the following preliminary lemma.

Lemma A.4. Suppose the non-degeneracy condition holds. Then there exists constants
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6>0and C>0s.t., Ve >O0,t€[T], we have

Py, [|Z,N| > ex/ﬁ] < Cexp(-Né€?).

Proof of Lemma A.4. We will show that, for0<¢<T -1,

eN -
P 12212 € VR] s alsPexp(- ) + 25T 1271 (A16

eVN
8IS |* ]

s
The above inequality and the observation ZV = 0 would complete Lemma A 4.

So in the remainder of this proof, we show inequality (A.16) holds true.

By a union bound and the fact that |Z",| > e\/N implies |Z¥,(s)| > e /N/|S|

for at least one s,

e (1212 e VN < e 204012 S

Thus, we only need to show, for any s € S,

ev/'N
N

eVN
4ls?

) + 2|8 [Pr (127] 2 )- (A.17)

an| ¥ ()] > SN ] 4| exp(~<

8|S [

Following a similar approach to the proof of Lemma 2.4, we first write our
system dynamics in a vector form:
VAR Z BY(s',a), (A.18)
s’eS,acA
where the BY(s',a) are conditionally independent (across s’ and a) multinomial

distributions with parameters X} (s’,a) and p(s’,a) := (p(s',a, s))ses, i-€.,
BY(s',a) | X" ~ Multinomial(X" (s, a), p(s',a)).

BY(s',a) is a vector counting the number of arms in each state, among those
arms that were previously in state s’ and for which we used action a. We use

BY(s',a,s) to denote component s of BY(s’,a), i.e. the number of arms that were
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previously in state s’, for which we used action a, and which transitioned to

state s.

Recall the definition of our diffusion statistic Z¥, and combine it with equa-

tion (A.18),

ZN (s) = [ > LN(Bﬁv(s',a, s) —p(s',a,s)XfV(s’,a))] + [ > p(s,a, s)f(fv(s’,a)].

s’eS,acA s’eS,acA

So we have
AGISE f] | 5 o) - psaix¥ ) zﬂ]
| | s’eS,acA 2|S|
+Pr | Y p(s'a,9)XN (5, a)| > \/N
s’eS,acA 2|S|
Notice

2 (

s’eS,acA

eVN

P [ 2|S|]
1 N/ o N eVN

< ¥ Pﬂklﬁwt (s",a,s) - p(s',a,s)X (s, a)‘ 4|S|2]

s’eS,acA

By Hoeffding’s inequality, we have

1 eVN €2N? e2N
PT( Y — BN ,9 ’ - ,a s XN ,7 2— Sz - 32 T~ 1
|1 -l G5 | 2o (-gertay ) <2 (-5

Combining the above inequalities together,

1 eVN 2N
Pﬂ = BN ,a ’ - /s ) XN /$ 2 4S
[z —(B)(+'.a.5) - (. 0.9)X! (+".0)) 2|S|] $lexp(-g70)
(A.19)
On the other hand, combining the bound
>, p(sha )X (s a) < Y 1XN(sa)
s'eS,acA s’eS,acA
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with a union bound, we have

b

Analysis similar to Condition 3 in §A.7 shows that [X"(s',a)| < |Z"| forany s € S.

P, [

Combining inequality (A.19) and (A.20) together implies inequality (A.17),

Y p(s'a,9)X) (s, a)

s'eS,acA

>

EW]

25T | < > P,,Rl|5(§v(s’,a)|z

s’eS,acA

eV/N
4|S|2]'

Thus,

eVN

> p(sa g 2 5

s’eS,aeA

2

(A.20)

]s 2|S|P,, [|Z,N| > em].

4lS?

concluding the proof. o
Now we can prove Lemma 2.7.

Proof of Lemma 2.7. Let Q, := Ajn Ay n...n A, and let Qf denote its complement.

First we notice,

PﬂF(AtCH) = PﬂF (Qt nA;

t+1

)+ P (QF N AS

t+1

= g (Qt n AZ—]) + Pﬂp (Q; n AtC+1

< Pﬂ'R (Af+] ) + Pﬂ'F (th)

t
< Pﬂ'R (Atc+1) + ZPﬂ'F (AZ)
k=1

We will use this recursive expression show that P,, (A{) < Lexp(-6N) by in-
duction on 7. The base case, t = 1, follows immediately from P,,(A{) = 0. Thus, it

is sufficient to prove there exists constants § > 0 and L, s.t. for all 7,

P (AY) < Lexp(—-6N). (A.21)

We rewrite A{ in terms of ZV¥, by first noting that there are two ways to have a

budget violation event Af. The first arises when the number of arms available to
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pull in fluid-active and fluid-neutral states, ¥ .co.c+ Z (s), falls below the num-
ber of arms that the optimal occupation measure plans to pull N 3 .o ¢+ (s, 1),
where we note that the optimal occupation measure never pulls arms in C;. We
define our diffusion statistics Z¥ by subtracting (x;(s,0) +x,(s, 1))N from Z" and
dividing the difference by /N, and so the following conditions are all equiva-
lent:
N Y x(s1)> > ZY(s)
seCOuCH 5eCOuC}

-N Z x(s,0) > Z ZN(s) = N(x,(s,0) + x,(s,1)),

seCoucy seCOucy

VN Y x(s,0)> > ZN(s).

seCoucy seCOucy
Moreover, optimal occupation measures set x,(s,0) = 0 for s € C/. Thus, the
conditions above are equivalent to
-VN Y x(s,0)> > ZN(s).
seC? seCcduct

The other way in which we can have a budget violation is to have the num-
ber of arms available to idle in fluid-inactive and fluid-neutral states fall be-
low the number of arms that the optimal occupation measure plans to idle,
N ¥ ccouc- X:(5,0). By a similar sequence of computations, this occurs if and only
if

> ZY(s)> VN > x(s, 1)

seCt SGC?

Thus,

Afz{—\/ﬁth(s,O)> D Z,N(s)}u{ S ZV(s) > \/Nth(s,l)}.

5eC? seCOucy seC;r s5eC?
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Thus we have,

P (AY) < Py |:—\/N > x(s,0)> > ZtN(st)] + Py, [ Y ZV(s) > VN > x(s, 1)]

seC? seCOucy seCf seC?

< ) P [IZ,N(s)| > \/NZ“L’(SO)] + Y Py, [|Z,N(s)| S \/NM

S| N

seCOUCY seC?

Using Lemma A 4, it is easy to see inequality (A.21) holds. |

A.10 Proof of Lemma 2.8

By the Fenchel Duality Theorem [47], there exists A}, = (1}, 2%, ..., 4}) s.t.
A T
V= max Ex Y ri(ser,an) + A7 (@ —any) (A.22)
=1

where here the maximum is taken over all policies, not just those satisfying the

budget constraint E.|a, | = ;.

Following a dynamic programming argument, we define the value function

V, on states and the Q-factor Q, on state-action pairs recursively as

Oi(s,a) =r(s,a) - Aa+ > p(s, 1,5V (s),

s'eS

Vi(s) = max{Q,(s,0), Q,(s,1)}.

for 0 <t < T with Vr,,(s) =0 for all s € S. Thus, we can classify states into three

disjoint sets

Must-Pull, = {5 € S|0,(s,0) < Q},
Indifferent, = {5 € $|0,(s,0) = Q,(s,1)},

Never-Pull, = {s € S|0,(5,0) > O,(s,1)}.
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A policy is optimal for (A.22) if and only if it satisfies these two conditions

for each #:

e It pulls all arms whose states are in Must-Pull,.

* It never pulls any arms whose states are in Never-Pull,.

It can behave arbitrarily for arms whose states are in Indifferent,.

Any optimal occupation measure (x;(s, @) ).e[r],ses.0ca achieves V} and so must

correspond to an optimal policy. Thus

Must-Pull, € C;, Never-Pull, c C;.

Any budget-relaxed fluid-priority policy nz pulls an arm whenever its state
is in C} and lets an arm idle whenever its state is in C;. Thus, it is optimal for

(A.22) and
T A
Vi(rg) + 3 47 (N = Exe[lal]]) = V3.
t=1

Using the fact that |o,N-E,,[a,]| is bounded above by the probability of a budget
violation event times a bound N on the maximum size of a budget violation, as

well as Lemma 2.7,
la;N — Eg,[|a/]]| < NP (AY) < NLexp(-6N) <m, V1,
where m is a constant not depending on N.

Thus,

T T T
Va(rr) = Vil =120 47 (N = Eg[lad DI < Y- |7 [laeN — Egp[la])| <m ) [47].
t=1 t=1

t=1

104



A.11 Proof for Proposition 2.1

For any index policy 7;, by the strong law of large numbers, X (s,a)/N con-
verges as N — oo to a quantity that we denote x,,(s,a) and refer to as the occu-

pation measure of the index policy.

We argue that x;,(s,a) has at most one state s for each ¢ satisfying both
x14(5,0) > 0 and x;,(s,1) > 0. To see this, first recall that index policies use a
strict priority order over states, pulling all arms in states higher in the priority
order before pulling any arms in lower states. Then define for each state s and

time ¢ the following quantities:

e Let P(s) denote the set of states that have equal or higher priority to s

according to the index policy.

e Let LY(s) denote the number of arms whose states have equal or higher

priority than s and that are not pulled.

e Let M) (s) denote the number of arms pulled whose states have priority

strictly lower than s.

By the mechanics of an index policy’s decisions, we either have LN(s)=0,i.e.,we
pull all of the arms whose states have equal or higher priority to s, or MY (s) =0,

i.e., we pull no arms whose states have priority strictly lower than s

Then, taking the limit as N — oo and using the strong law of large numbers,

we have

LY ()M (s) _

0= lim —————= > x14(s,0) Yo oxp(s 1)),
N=oo N s'eP(s) s'¢P(s)
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This then implies that there is a unique s such that x;,(s’,0) = 1 for 5" € P(s) \
{s} and x;,(s’,1) = O for all s’ ¢ P(s). That is, states that have strictly higher
priority than s are always pulled in the fluid limit, while states that have strictly

lower priority than s are never pulled in this limit.

Now, since any index policy meeting the condition of the proposition has
Vi ~Vy(n;) bounded above by a constant, this index policy’s occupation measure
x1, solves Problem 2.4. We then construct a fluid-priority policy to match this

index policy.

First, we note that the set of fluid-active states for the optimal occupation
measure x;, are those with x;,(s,0) = 0 and that the index policy ranks these
above all other states. We take the priority score used by our fluid priority
policy to rank these fluid-active states among themselves in the same way as

the index policy.

Second, the set of fluid-inactive states for x;, are those with x;,(s,1) = 0. The
index policy ranks these below all other states. Again, we take the priority score
used by our fluid priority policy to rank these fluid-inactive states in the same

way as the index policy.

Third, the at most one state with x;,(s,0) > 0 and x;,(s,1) > 0 is a fluid-
neutral state, and it is ranked by the index policy below the fluid-active states

and above the fluid-inactive states.

Because our fluid-priority policy’s priority score matches the index policy’s
prioritizations on fluid-active and fluid-inactive states, and its prioritizations
also across categories (fluid-active, fluid-neutral, fluid-inactive) match those of

the index policy, our fluid-priority policy is the same as the index policy.
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A.12 Proof for Proposition 2.2

The proof is similar for both UCB and Thompson Sampling policy. We only
show the proof for UCB here.

Under the UCB policy, there exists z/“8(s) and xU2(s,a) which are feasible

for the LP (2.4) and satisfy

zv XN (s,
AR o ), B0 ),

So we have

,,UCB(N)

- ZT: Z Z r,(s,a)xY8(s,a).

t=1 se§ acA

UCB(s,a) can

UCB policy is an index policy. Thus, the occupation measure x
be calculated via forward propagation. Numerically, we can verify x/%(s,a) is

not an optimal solution for LP (2.4) under T = 15 and T = 20.

A.13 Discussion of policies in previous literature

In this section, we show the power of the techniques developed in §2.4 and 2.5
by applying them to policies proposed by previous literature to demonstrate
theoretical guarantees from that literature can be seen as consequences of our re-
sults. Specifically, we observe that the Randomized Assignment Control (RAC)
policy proposed by [57] is fluid-consistent, thus achieving an o(N) opt gap. The
policy proposed by [31] and the “optimal Lagrangian index policy” proposed
by [13] are diffusion-regular, thus achieving O(\/N) opt gaps.
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[57] achieves o(N) opt gap

This section shows the RAC policy proposed by [57] achieves an o(N) opt gap.
To start with, let us first describe the RAC policy. Although [57] defines RAC
policy in settings more general than the binary-action bandit (referring to their
more general problem setting as a “multi-action bandit”), we only focus on the

binary bandit here.

Similar to our approach, [57] first solves the linear programming relaxation
(2.3) and then fetch an optimal occupation measure {x;(s,a)}[r]ses.aea- Then,
based on the occupation measure, an activation probability is defined for each

state s at period :

x"(s’l) if z,(s) > 0;

0, if z,(s) = 0.

Then when deciding which arm to pull at period ¢ under the RAC policy,
we first randomly choose an arm that has not been chosen in this period. If
the arm’s state is s, then we randomly generate a Bernoulli variable with mean
g:(s). If this random realization is 0 or there is no remaining budget, idle the
arm; otherwise, activate the arm. Repeat this process until no budget remains

in the period.

Direct computation and the strong law of large numbers show that the RAC

policy is fluid consistent. Thus, it achieves an o(N) opt gap.

108



[31] and [13] achieve O(/N) opt gaps

The policies proposed by [31] and [13] are very similar. Thus we only discuss
[13]’s policy here. The analysis for [31]’s policy can be generalized without any

essential difficulty.

To start with, we first describe the “optimal Lagrangian index policy” pro-
posed by [13]. Similar to our approach, [13] first solves the linear programming
relaxation (2.3) and fetches an optimal occupation measure {x;(s,a)}c[7],ses.aca/
which is used to do “tie-breaking” discussed later. While solving the relaxed

problem using the Simplex method [43], as a byproduct, its dual problem

T
I/l{llnmaXEﬂ Z I’}(S,, Cl,) + /lt(a[N - at).
T 7 =1

is also solved, which yields optimal Lagrange multipliers {4, }.,.

Then, following a dynamic programming argument, the value function V,

on states and the Q-factor Q, on state-action pairs are defined as

Oi(s,a) =r(s,a) - Aa+ > p(s,1,5)Vei(s),

s'eS

Vi(s) = max{Q,(s,0), Q:(s, 1)}

for 0 <7< T with V7,,(s) =0 for all s € S. Finally the index of a state s at period ¢

is defined as

Index(s) = Q,(s,1) - Q,(s,0).

When deciding which arm to pull, arms are activated from high index to low
index until no budget remains. When there is a tie, i.e., some states share the
same index value, the number of arms activated from a state is proportional to

its occupation measure. More details can be found in [13] Section 4.
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Now we show the optimal Lagrangian index policy is diffusion regular. First
of all, we can show its associated map 7,y is a piece-wise linear map, thus sat-
isfying Condition 1 in Definition 2.2. Second, we can show #,5(0) = 0, thus
satisfying Condition 2. As a piece-wise linear map, we can also show that 7, y

converges as N - co. Thus, Condition 3 is satisfied.

A.14 Choice of Occupation Measure

Multiple optimal occupation measures may exist, some degenerate and others
not. A fluid-priority policy constructed from a non-degenerate optimal occupa-
tion measure is guaranteed to have an O(1) OG while another constructed from
a degenerate one is not. We now give a computational procedure that selects a

non-degenerate optimal occupation measure, if one exists.

First, observe from (2.4) that any convex combination of optimal occupation
measures is also optimal. Thus, suppose we can find a collection of optimal oc-
cupation measures, x**, k € [K], such that, for each ¢, there is either (1) a state
s that is fluid-neutral under some k, or (2) there is a state s that is fluid-active
under some k and fluid-inactive under another k. Then any convex combina-
tion with strictly positive weight on each k is non-degenerate. We describe an
algorithm for finding such a collection, if it exists, or establishing that it does

not.

To accomplish this, first solve the LP (2.4), call the solution x*!, and record its
optimal value for later use. Assess for each r whether there is a state s satisfying
x;(5,0) > 0 and x; (s, 1) > 0. If all 7 satisfy this condition, then we have found a

non-degenerate optimal occupation measure.
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Otherwise, we will continue iteratively in our search. In each stage k, we will
maintain a collection of solutions {x** : k' = 1,...,k} and a set of times A; c [T].
A, contains those times for which we have not yet been able to construct a fluid-
neutral state. Formally, a time ¢ is in A, if and only one of the following holds:
(1) all states are fluid-active at t in all x**', k' < k; or (2) all states are fluid-inactive
at tin all x**, k" < k. If A; is empty, then a non-degenerate optimal occupation
measure can be constructed as a convex combination of {x*”" k=1,..., k} using
strictly positive weights on every solution in this collection. If A; is not empty,
we will then attempt to construct an optimal occupation measure that, when

added to our collection of solutions, causes A, to be a strict subset of A;.

Toward this goal, in stage k, choose #; € A;. This will be the time that we
seek to remove from A; in constructing Ay,;. Let C** contain all of the states
for which x,*k’k'(s, 1) >0 and x,’;’k/(s,O) = 0 for all k¥’ < k. These are the states
that are fluid-active at time 7 for all previously computed optimal occupation
measures. Then solve a linear program minimizing Y. .+« x, (s, 1) subject to all
of the constraints in (2.4) and the linear constraint that the objective in (2.4) is

equal to its optimal value recorded above. Call the solution x**+!.

This linear program assesses whether there is an optimal occupation mea-
sure x*M*1 satisfying ¥ .c+x X, (5, 1) < ax. If no such x**+! exists, then this estab-
lishes that all optimal occupation measures are degenerate. Otherwise, if we
find such a x***!, then we add it to our collection of solutions. We also construct
Ai+1 by removing the time 7, from A;. We additionally remove any other times ¢
for which the new solution x***! provides a state whose category at that time ¢

is different from those in the previous solutions x**', k’ < k.

If Ayyy is the empty set, then this implies that there is a non-degenerate op-
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timal occupation measure. We set K = k + 1 and construct it as described above

from the collection {x** : k < K}.
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APPENDIX B
APPENDIX: MULTI-ACTION MULTI-RESOURCE FINITE-HORIZON
RESTLESS BANDIT

This section provides all technical proof in the main paper.

B.1 Proof for Lemma 3.1

The budget constraint is in sense of cardinality in original problem (3.1), while
in the sense of expectation in relaxation problem (3.2). So a wider class of policy

is feasible in the relaxation problem, which implies
Vi< Vi, (B.1)

To prove V;, = NV, we use Lagrangian Relaxation similar to [20, 26] as the key

idea in the following analysis.

Through imitating straightforwardly the proof of Fenchel Duality Theorem

[47],
N
maxﬂ%nl)nOE ZR (si,a,) + (/l(wt) b,(w,)N - ch(s,t,a,t,wt )
N

= min maxE, ZRt(st,at) (xl(a),),b,(a),)N—Zc,(si,,,ai,,,w,» (B.2)

Aw)>0 7
where 4, is chosen adaptively with respect the realization history w,. The let-
hand side of equation (B.2) equals to V. On the right hand side, for fixed adap-

tive mapping 4,

T N
B, ZRz(Sz,at) + </1(wt)’bz(0)z)N - th(si,t’ai,t’wt)>
t= i=1

T

Z ri(Sip@iy) + (/l(wt)’ b(w;) = ¢/(Siss iy (Ut))

t=1

™M=

= E,

Il
[

i
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Since all arms share the same transition kernel and reward function,

M~

N
E.Y.

ri(Sis ais) </1(wt)7 b(w;) = ¢/(Siss iy wt))
i=1

~
1]

MﬂH

=NE, rt(sl,taal,t) + </l(wt)’ bt(wt) - Ct(sl,taal,t’wt))-

._.

t=
So we conclude

N
A{Bl)llomfx E ZR[(S[, a,) </l(wt) bl‘ (,Ut)N ZC;(S,‘J, ai,t, (i)t)>

t=1 i=1
T

= N,lggi)llomz?'XEﬂ Z rt(sl,t’ al,t) + (ﬂ(wt), bl(wl) - Ct(sl,t’ ais, (Ut)>'

=1
By using Fenchel Duality again on the one-arm problem,

T
A(I(Il)lti)go m;lX E; ; r(Siemaiy) (/l(wt)’ bi(w;) = ci(s1 a1 wt))

T
= mfx/l(rgi)rloE" Z ri(Se1an) + (/l(wt)’ b(w;) = ci(S10 a1, wt))

=1
=V,
To summarize Equation (B.2), (B.3) and (B.4) together,

Vi=NV;.

B.2 Proof of Theorem 3.1

First, we state and prove the following Lemma.

Lemma B.1. If a policy n is fluid consistent, then

Z () X (w,)

- Zt(wt)’

- x(w,) on w,

for any w.
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Proof of Lemma B.1. We prove Lemma B.1 by induction on 7.

When ¢ = 1, by the initial condition all arms start at the same state s* € S,

ZY(wr)
N

- z1(w;) on event w;.

By definition of fluid consistency,

X (wy)

- x1(w) on event w;.
Thus Lemma B.1 holds true for ¢ = 1.

Now assume Lemma B.1 holds for ¢, and we are going to prove Lemma B.1
holds for 7 + 1. By the definition of fluid consistency, we only need to prove that

on event w1,

Zﬁ] (@is1)

N = Zip1(@p41). (B.5)

Recall the system dynamic equation on event P,(w,.)

N
Zﬁ](sawtﬂ) = Z Z l(st,i = S,,at,i =4, 81, = S)

s’,a i=1

we only need to show that on P,(w,.1),

M=

1
N l(st,i = S,’at,i =4, S, = 5) - x,(s',a, Pt(a)t+l))pt(sl’a, S)- (B.6)

Il
—_

If x,(s',a,P,(wy1)) >0, then as N - +00, on P,(w;41)

1 1 X
—XV(s',a,P(w1)) ==Y 1(si=5,a,;=a)
N t t 1+ N; t. t

- xt(sl9a7 Pl‘(wl‘+1))'
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So when N is large enough, X (s, a, P;(w1)) >0 and on P,(wy1)

1
N ;

_XzN(S,,a,Pt(le)) 1 il(st'_sla'_a Si41i =)
= g = sUtg — Yo O+l —
N X[N(S’,Cl,Pt(th)) i=1

M=

4
I(s1;=5a1;=0a,841,=5)

1]
—

= x(s",a, P (w1))p:(s',a,5) as N - +oo.

If x;(s',a,P,(w,+ 1)) =0, then on P;(w,1)

=z

1

XV(s',a, P
N I(si=5"a,;=a,841;=5)< (52 Plwn))
i

N

I
—_

Combining the case of x,(s",a, P,(w,11)) > 0and x,(s’, a, P,(w.1)) = 0, equation

(B.6) is proved.

To summarize, on P,(w;;)

ZN (s, w1 1 X
H—1(1\] - ) - Zﬁzl(st,i = S,,az,i:a,SHl,i: S)

s'a i=1

- z; 2‘xt(S’,a, Pi(wi1))pi(s',a,s)
s’eS ae

= Zt+1(s’wt+l)~

Now we can prove Theorem 3.1 based on Lemma B.1. Because the policy 7
is fluid consistent, Lemma B.1 shows on w,

ZY () X (w,)

- Zt(wt)a

= x;(wy).
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The total reward of the joint MDP over N

%En éR,(s,,a,,w,) = %En ; 1(w,) Sza: r(s,a,w) XN (s,a,w,)
=E, Z 1(w,) Z r:(s,a, w,)w
- > Plw] Y r(s,a,w)x(s,a,w,)
= ;r,(s,a, w ) (s,a, w,),

Thus, we prove V; — Vy(7) = o(N).

B.3 Proof of Theorem 3.2

First we state and prove Lemma below, whose proof could be found in the next

section.

Lemma B.2. If a policy n is diffusion regular, then there exists a constant C, s.t. for all

te[T], Nand w, € &,

E[IZ"(w)P] < C, E[IX} (w))P] < C.

Based on Lemma B.2, we can see that the optimality gap
Vi = V() <NE: ) W) ) ri(s,a,w)x(s,a,0,) =B Y 1(w) Y ri(s,a,w)X] (s5,a,0,)
= -VNE, Y W w) Y r(s,a,w) XY (s,a,0,)
Divide both sides by /N and apply Lemma B.2,

Vi = Vn(n)

TN SE,,;l(a)t);:r,(s,a,w,)pz,}v(s,a,wtﬂ

<E, > W)Y rs,a w) VC.

Thus, we show V; - Vy(r) = O(\/N).
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B.4 Proof of Lemma B.2

We only need to prove there exits a constant C s.t. E[|Z¥(w,)[*] < C on each w,

for all N. The case of X (w;) follows directly from

|X£V(wt)| = |7~T,,N(w,,va(a),))| < |ﬁl,N(w“ZtN) - fr,,N(w,,O)| + |7~Tt,N(“)t,0)| <Gy |ZzN(wt)| + (.

Recall the system dynamic equation on event P,(w.)

N
Zi (s, @1) = Z Z 1(si=5",a1=a, 81, =5).
s’a i=1
Recall definition of diffusion statistics and applying Lemma B.3, on event

Pt(wt+1)

xt(sl’ a, Pt(wH—l))
s’,a xt(s,7a7 Pl‘(wl‘+1))

1
p(s’,a)N + — ZAﬁv(s',a),

t+1(wt+1) - \/— ZCN(S a> B \/N s'a

where

xt(slaa’ Pl(wt+l))
Zs’,a xt(sl’ a, Pt(wH—l))

AN(s',a) ~ sgn(XN(s',a, P,(w11))) Binomial(VN [XV(s',a, P,

CN(s',a) ~ Binomial( N, p(s',a)),

Thus,

-xt(sla a, Pt(wt+l))

N
1Z8 1 (@) —‘\/—ZC (s, Zs’,axt(s,’a’Pl(wH'l))

N x,(s',a, P(w1))
ZC (S a) Zsl’axt(slaa7pl(wl+l))

p(s’,a)N + AN (s, a)

\/_Z
1 Ng ot ?
_NSZ,;,At (s',a)

2
+2

p(s’,a)N

|73

Notice

1 ! v !
A0l < R a Pwr))
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and

2

1 x(s',a, Pi(ws1))
El— Y CN(s',a) - ! ! p(s’,a)N
‘ \/N;z ' ( ) Zs’,a xt(sl,a’Pt(le)) ( )
2
1 /5 ’P
- LS E[er (s - L PLO)) g gy
N s'a Zs’,a XI(S ,a, Pt(wt+l))

x5 (s"aPr(w1))N
o at(s" P (041))

| T
- NZ Z IE|1,~(s’,a)—p(s’,a)|2

i=1

x(s',a, Pi(ws1)) / o
= E l ) ’a _p Ky ’a
szc:z Yoo Xi(s'a, P(wi1)) [1(s",a) - p(s',a)|

X/(S/,G,Pf(wﬁ-l ))
$a %1 x(s"a.Pi(w1))

E|1(s',a) - p(s',a)[’, we have

Denoting C, := max,,,,, 2.
E|ZN  (w:s1)|* € 2C4 + 2|S| EIXN (P/(wi11))* < 2C4 + 4|S|C3 + 4[S||C1|*EIZN (Pi(wis)) .

To conclude, we prove there exits a constant C s.t. E[|Z¥(w,)[*] < C for all N and

a)t- D

Lemma B.3. Suppose random variable S is a Binomial random variable with parameter
n and p, i.e., distributed as the sum of n i.i.d. Bernoulli r.v.s with mean p. Then for a
given non-negative integer m, there exists random variable S, and S,,s.t. S =51+ S,

and

S| ~ Binomial(m, p), S, ~ sgn(n — m)Binomial(|n — m|, p),

where sgn(-) is the sign function.

Proof. Proof of Lemma B.3 There exists a sequence of i.i.d random variables X; ~
Bin(1,p), s.t.

S = X,‘.

-

]
—

If n > m, taking S| = Y12, X;, 52 = Y_,..1 X; concludes the proof. If n < m, taking

Jj=m+

S1=Y" Xi,S2 = - Y"1 X; concludes the proof. 0
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B.5 Proof of Theorem 3.3

Given a fluid-priority policy 7, we directly check the induced map 7, y satisfies

all three conditions in Definition 3.2.

Proof. Verification of Condition 1 Write the induced map in the component form
Ty = (7, ,ﬁ‘tSA',) Given w,, a direct calculation shows each component func-
tion 7}, (1 <i<|S]) is continuous, piece-wise linear, and has bounded gradient

when exits. Mathematically speaking, there exits a constant C,, s.t., for any 6, w,

and N,

|Vt y(w,0)| < €y, when V&l (w,,0) exits.

For any 6; and 6, there exits a sequence (6,.6] ,.....6},) lies on the line seg-

ment between 6, and 65, s.t.

o . . i i+1 - . .
1. &, restricted on line seement between ¢, and #%' is linear for j =
t,N 12 12 J

2. 9(1)’2 = 91 and 6’1"2 = 92.

Thus
. . m_l . . . '+1 m_l ~ : '+l ~
|7~T;,N(wt’91) - ﬁ;,N(wt’02)| < Z |7~T;,N(wt’0{,2) - ﬁ-;,N(wf’ 9{,2 )| < Z C1|9{,2 - 9{,2 | = Ci1|61 - 6,].
=0 =0

So by taking C; = |S|C},

S| S|

‘ﬁt,N(a)z, 91) _ﬁ't,N(wt, 92)| < z ’ﬁﬁ,N(wt, 91) _ﬁi,N(wn 92)‘ < Zél|91 - 92‘ = C1’91 - 92‘~
i=1 i=1

Proof. Verification of Condition 2 Direct calculation shows 7, 5 (0) = 0.
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Proof. Verification of Condition 3 Direct calculation shows #; . (Z,..,) is a piece-

wise linear mapping.

B.6 Proof of Lemma 3.2

We can show that inside fluid-active category, if Z (s, w,) arms are available in

xt(5,a,0;)

state s under signal realization w,, at most [Z! (s, a),)z o)

| arms are acti-
vated with action a. This can be verified by the definition of Weighted-Round-

Robin procedure.

Then, directly comparing Algorithm 3 and Algorithm 5 justifies Lemma 3.2.

B.7 Proof of Lemma 3.3

Before we prove Lemma 3.3, we prove the following preliminary lemma.

Lemma B.4. Suppose the non-degeneracy condition holds. Then there exists constants

0>0and C >0s.t., Ve >0, we have
P, [|Z,N(wt)| > e\/ZT/] < Cexp(-Noe?).

on event w;

Proof. Proof of Lemma B.4 We will show that, for0<¢t<T -1,

Pry [|Z,A+’1(a),+1)| 2 6\/N]

<2/A||S* exp(-

) +|A[IS PPr, [|Z,N(P,(a),+1 )l = eV (B.7)

€N
21A)|S ¢ C2lAllS P |
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The above inequality and the observation Z) = 0 would complete Lemma B.4.

So in the remainder of this proof, we show inequality (B.7) holds true.

Given w;,;, by a union bound and the fact that |Z¥ (w.)| > € /N implies
|ZN (s, w11)| > € /N/J|S| for at least one s,

Pre [| t+l(wl+1)| >€\/_] ZP”R [| 1 (8, @] 2

seS

il

Thus, we only need to show, for any s € S,

=

P”R [| +1(S wl+1)|

<2|A||S |exp(- (B.8)

eeN - eVN
——— )+ |A|IS|P,. [ 1ZV(P >
2|A|2|S|4)+| || | R[| t ( f(a)f+1))| 2|A||S|2]

To prove B.8 above, we first write our system dynamics in a vector form: on

event P,(w1),

Zi (@) = 2 BY(sa), (B.9)
where the BY(s',a) are conditionally independent (across s’ and a) multinomial
distributions with parameters X (s, a, P;(w.1)) and p,(s',a) = (p:(s'.a,s))ses,

ie.,
BY(s',a) | XN (s',a, P/(w:y1)) ~ Multinomial (X" (s, a, P,(w.1)), p(s', a)).

BY(s',a) is a vector counting the number of arms in each state, among those
arms that were previously in state s and for which we used action a. We use
BY(s',a, s) to denote component s of BY (s',a), i.e. the number of arms that were
previously in state s/, for which we used action a, and which transitioned to

state s.

Recall the definition of our diffusion statistic Z¥, and combine it with equa-
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tion (B.9),

Z (s, 0p) = [Z %V(B?’(S’,a,S) - pi(s',a, )X (5", a, P(@1.1)))

s’,a

+ [Z (s’ a, )XV (5" a, P(w.1))

on event P,(wy1).

So we have

S

+P”R[
s'.a

> pi(s'a, )XY (s, a, P,(a),+1))‘ > 62

il

(BN(s',a,s) - p/(s',a,8)XN(s',a, P (w;1) ))‘

=]

R
N ]
eVN
2|A||S|2]’

Pre [| z+1(s wWii1)] 2 E\/_:|

Notice
Pre [ ;ﬁ(BN(S ,a,8) - pi(s',a, )XV (s, a, P,(wm)))‘

_ZP,TR[\/_‘BN(S a,s) - pi(s',a,s)XN(s,a, P,(a),H))‘

By Hoeffding’s inequality, we have

BY(s',a,s) - pi(s',a,)X" (s, a, P,(a),+1))| >

eVN
2lAlls 1P

1

P, | —

|

<2ex (— eN? )<2ex (— eN )

S RSP (e P(wn]) T TR )
Combining the above inequalities together,

P,,Rl YZ;lﬁ(BN(s ,a,8) - pi(s,a, )XV (s, a, P,(a),H)))‘

<2|A||S |exp(-

eVN

- 28]
eN B.10

AT i

On the other hand, combining the bound

> pi(s'a. )X (5.0, Pi(w))| < Y IXY (5" a, Py(@r.))|

s'a s’a
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with a union bound, we have

, o eVN
PHR[ZPz(S,a’S)X;V(Saa’Pt wm))‘_ 2|S|] ZPan|XN(S aP(le))‘ 2|A||S|2]'

Notice [XN(s',a, P/(wp1))| < |ZN(Pi(ws1))| for any s € S. Thus,

2 o

> pi(s'a, )XY (s a, P, 2|S|

]smwm4ﬁﬂawmmZe“ﬁ]

20AlIs 2 |
(B.11)

Combining inequality (B.10) and (B.11) together implies inequality (B.8),

concluding the proof. O

Now we can prove Lemma 3.3.

Proof. Proof of Lemma 3.3 Let Q(w;) := A(Pi(w)) N A(P2(w;)) n...Nn A(w,) and

let Q¢(w,) denote its complement. First we notice,

Prp (A1) = Prp (QP(@111)) N A (@141)) + Pr (Q(Pr(@r41)) N A (@111))
= Prp (P (111)) N A (0111)) + Py (Q°(Py(@111)) NAL)
< Prp (A (@41)) + P (Q(Pr(@111)))

SRMNWMD+;RAN@WMOD

We will use this recursive expression show that P,,(A{) < Lexp(-6N) by in-
duction on 7. The base case, ¢t = 1, follows immediately from A¢(P;(w;)) = @.

Thus, it is sufficient to prove there exists constants § > 0 and L, s.t. for all w,,
Pr.(A°(w;)) < Lexp(—6N). (B.12)
Rewriting A(w,) in terms of Z"(w,) and applying Lemma B.4 concludes the
proof.
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B.8 Proof of Lemma 3.4

By the Fenchel Duality Theorem [47], there exists adaptive mapping 1* s.t.

T
A < argminmaxE, > r(s1,a1,) + (xl(a),), b(w;) - c,(sl,,,al,t,a)t)),
Aw)20 7 t=1
and
A T
Vi= m;lXE,r Z rt(sl,t, al,t) + </l* (wt)’ bt(wt) - Ct(sl,t’ aiz, wt))- (B.13)

—

t=
Thus, we can conclude that 1*(w,) (i) = 0 if E,[c,(s1, a1, w,)(i)] = by(w,)(i) on

event w,, where i refers to the i-th resource.

Following a dynamic programming argument, we define the value function

V, on states and the Q-factor Q, on state-action pairs recursively as

Oi(s,a,w,) = r,(s,a)— < A; (), c:(s,a,w,) > +Eq,,, | Y pi(s,a, 5" Vi (5, (01, 0pa1)) | s

s'eS

Vi(s,w,) = m;:lx{Q,(s, a,w;)}

for all w,,; with Vr, (s,wr.1) = 0 for all s € S. Thus, we can classify states into

three disjoint sets

Must-Activate(w,) = {s € S|0:(s,a", ;) < max Q;(s,a,w;)},
a*a*

Indifferent(w,) = {s € S|Q,(s,a*,w,) = max Q,(s,a,w,)},
a+a*

Must-Idle(w,) = {s € S|0,(s,a", w,) > max Q,(s,a,w,)}.
a*a*

A policy is optimal for (B.13) if and only if it obeys these three criteria for

each event w;:

e It activates all arms whose states are in Must-Activate(w,) with proper

action.
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e Itidles any arms whose states are in Must-Idle(w;).

e It either idles or activates arms in Indifferent(w,) with action a s.t.

Q[(S,a,(,l)[) = Ql‘(s’a*’wl)'
Any optimal occupation measure (x;(s,d, @;))w, s« achieves \71* and so must
correspond to an optimal policy. Thus
Must-Activate(w;) € C*(w,), Must-Idle(w;) € C™(w;).

We can check and verify that any budget-relaxed fluid-priority policy ng

obeys the above three criteria. Thus, it is optimal for (B.13) and

Va(mg) + > Ple] (ﬂ* (wy), by(w;)N - th(s,-,t,a,-,t,wt» = V.

=1

Using the fact that A*(w,) (i) = 0 if E;[c/(s10 a1 w;)(0)] = bi(w;)(i) on event w,
where i refers to the i-th resource and the non-degeneracy condition, we know
at each event w,, there exists at most 1 resource type s.t. 1*(w,)(i) > 0. We denote

itby i}, .
We want to show that the event

bz(wr)(iZ),)N -

N
i=1

ct(si,ta Aty wt)(i:;,) >0 (B.14)

is of negligible probability. Actually rewriting event (B.14) in term of Z¥ (s, w,)

and applying Lemma B.4 conclude the proof.
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APPENDIX C
APPENDIX: BINARY-ACTION INFINITE-HORIZON RESTLESS BANDIT

This section provides all technical proof in the main paper.
C.1 Proof for Lemma 4.1

In original problem (4.1) the budget constraint is in sense of cardinality, while
the expectation constraint is need for relaxation problem (4.3). So a wider class

of policy is feasible in the relaxation problem, which implies
Vi(T) < Vi(T). (C.1)
To prove V;(T) = NV;(T), we use Lagrangian Relaxation similar to [20, 26] as

the key idea in the following argument.

Through imitating straightforwardly the proof of Fenchel Duality Theorem
[47],

T T
max m/linE,, > Y'R(s,a,) + A,(a:N - |a/]) = mﬂinmaXEﬂ > ¥'R(s,.a,) + 4,(a;N — |a,])
n pur T

t=1

(C.2)

where A = (4, 4, ..., A7).

The let-hand side of Equation (C.2) equals to V;(T). On the right hand side,

for fixed A,

T T N
E, Zy’R(St, a,) +4,(aN - |a)|) =E, Z Zy’r(s,,,-,a,,,-) + (- ay).

=1 t=1 i=1

Since all arms share the same transition kernel and reward function,

T
Y'r(seian) + (e, —a;) = N By Z)’tr(st,l,at,l) + (@ —ag).
t=1

M~
M=

Ex

1

Il
—_
Il
—_

t
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So we conclude

T T
mﬂin maxE, > y'R(s;,a;) + 4(a;:N - |a]) = Nmﬂin maxE, > y'r(s.1,ai1) + (@ — agy).
Ve Ve =1

t=1

(C.3)
By using Fenchel Duality again on the one-arm problem,
. T
V(T) = max min E, Y Vr(sosan) + 4@ —a)
d =1
T
= m/linmaxE,rZ)/’r(s,,l,a,’]) +A4(a;—aypy). (C.4)

t=1
To summarize Equation (C.2), (C.3) and (C.4) together,

Vi(T) =N Vi (T).

C.2 Discussion of the rounding error in budget constraints

We want to show a rounding error in the relaxation Problem (4.3) results in
at most a constant difference in the optimal objective value. Mathematically

speaking, denote

T
\A/If,(T) = max {]E,, Zy’R(st, a,)|Ela,| = a;N, Vi< T} ,
T t=1

T
Vir(T) = max {E,, > ¥'R(s.a,)|Ela,| = |a;N], Vi< T}.
g r=1

Then |V} - V5 x| < ¢, where ¢ does not depend on N. Thus, all our analysis
on the asymptotic regime of optimality gap holds true since the LP relaxation
upper bound (in rounded version) deviates from the unrounded version at most

a constant away, not affecting the asymptotic analysis.
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The proof of the above statement is straight forward. As seen from Lemma
4.1, there exists a single-arm pulling strategy which pulls @, arms per period
in expectation and achieves objective value V. Thus, we can pull N - 1 arms
according to this strategy and pull the only arm left with probability |e,N| -

a,;(N - 1) at period t. Thus, we show

N-1,, s max,, r(s,a)
7 Va(T) = Vie(T) € ————
N -y
Similarly, we can show
N-1., A max;, r(s,a)
v Var(T) = Vi(T) € —————
N -y

Combining the above two inequality concludes the statement.

C.3 Proof of Lemma 4.2

To prove Lemma 4.2, first notice

N
ZY,(s) = Z Z I(si=5" a,;=a,8.1;=5) (C.5)
s'eS,aeA i=1

where 1(s,; = 8',a,; = a,s,41; = 5) is the indicator function of event {s,; = s',a,; =
a, s+1,; = §}. By dynamic equation (C.5) in a vector form,
Zi= ), B'(s.a),
5'€S acA
where BY(s',a) is the sum of X! (s’,a) independent |S|-dimensional Bernoulli
random variable with mean (p(s’,a, s))s. For simplicity, we denote p(s’,a) :=

(p(s',a,s))es in the following proof. With this new notation,

BY(s',a) ~ Binomial(X¥ (s",a), p(s',a)).
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Recall that XY (s’,a) can be decomposed as Nx,(s’,a) + VNX¥(s',a). Accord-

ing to Lemma C.1, there exists two random variables C¥ (s, a) and A} (s, a), s.t.
BY(s',a) =CVN(s',a) + AN(s',a), (C.6)
and that, conditionally on XY (s’,a), have marginal distribution:

CY(s',a) ~ Binomial([Nx,(s",a)], p(s',a)),

AN(s',a)

|, p(s',a)).

By equation (C.6) and recall the definition of diffusion statistics,

1 1
N = CN(s',a) - x,(s',a)p(s’,a)N + — AN (s',a).
aa \/N s’eSz:,ueA ' ' \/N s’eSZ:,ueS '

Now consider the L'-norm of ZV,

1
|<‘ AN(s',a)’+—
+1 \/_ s’eS aeS ' \/N s’e.SZ,aeA

< > |)~(§V(s',a)|+% >

seS,acA s’eS,acA
Gils| 1

\/_ \/_ s’ GSZ;EA

where the last inequality is due to diffusion regularity of the policy so that

<|Z"|+

Yuen | XN (s,a)| < |ZN(s)| + C—\/;_v Thus,

s, 1

E|ZN,|=E|ZV+ == + — E
o \/_ \/_ s’ eSz:,aeA
v, GilS| 1
<E|ZN] + — E
' \/_ \/_ s/ GSZ,HEA

C3\S] 1 1+ Nx.(s,a)
<EZN|+ == + — LA L
N st VT

where the last inequality is by Lemma C.2.
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So

|S| 1 1+ Nx/(s",a)
E|ZN | <E|ZV| + == G _
ok \/_ \/_ seSaZe;4€eS 4

:E|Z,N|+C3|S|+§ Y Vx(sha)+1

s’eS,aeA,seS
<E|ZN| + C3|S| +2|S .
Thus, by induction we have
E|Z\| <1(2IS P + G5|S]) + SupEIZNI (C7)
Taking c; = supy E|ZV| and ¢, = 2|S | + C5|S | concludes the proof. O

We state and prove the following Lemma C.1 and C.2.

Lemma C.1. Suppose random variable S is a Binomial random variable with parameter
nand p, i.e., distributed as the sum of n i.i.d. Bernoulli r.v.s with mean p. Then for a
given non-negative integer m, there exists random variable S, and S,,s5.t. S =51+ S>,

and
S| ~ Binomial(m, p), S, ~ sgn(n — m)Binomial(|n — m|, p),

where sgn(-) is the sign function.

Proof of Lemma C.1. There exists a sequence of ii.d random variables X; ~

Binomial(1, p), s.t.

If n > m, taking S| = ¥, Xi,§2 = XL, X; concludes the proof. If n < m, taking

S1=X X, 82 =- Y, X; concludes the proof. o
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Lemma C.2. Suppose there are n i.i.d Bernoulli random variable X, X, ..., X, with

mean p. Then

L n
E| Y X; - np| < \/g.
i=1

Proof of Lemma C.2. Direct calculation

E| Y X -np| < \IEIZXI-—np|2= vnp(1-p) < \/g
i=1

i=1

concludes the proof. o

C.4 Proof of Lemma 4.3

Given a fluid-balance policy 7, we directly check the induced map 7, y satisfies

all three conditions in Definition 4.1.

Verification of Condition 1 Write the induced map in the component form 7, =
(! ns ...,ﬁ't’sj\‘,), and a direct calculation shows each component function 7/, (1 <
i <|S]) is continuous, piece-wise linear, and has bounded gradient when exits.

Mathematically speaking, there exits a constant C, s.t., for any 6, any 7 and any

N,
|V, y(6)] < Ci, when V7, (6) exits.

For any 6, and 6, there exits a sequence () ,.6] ,,...,0},) lies on the line seg-

ment between 6, and 6,, s.t.

~7 . . / +1 . . .
1. 7, restricted on line segment between 6/, and 6/, is linear for j =
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2. 9(1),2 = 91 and 91’32 = 92.

Thus

m—1

m—1
~i ~i ~i j ~i j+1 ~ j j+1 ~
7 (61) = T (62)] < D 17n(61,) — 7w (615 < 3 Cil6l, - 615 | = Cil6r - 6.
J=0 =0

So by taking C, = [S|C,

5| . 5|
703 (61) = Zn (62)] < D 7 (61) = Ty (62)] < 30 Cil6r = 6] = €116, 6.
i=1 i=1

Verification of Condition 2 Direct calculation shows 7, 5(0) = 0.

Verification of Condition 3 Direct calculation shows #, ., (Z>) is a piece-wise

linear map.
Verification of Condition 4 Notice
min{Z,(s),[x,(s,1)N + V'N|Z"(5)[]} 2 max{0, | x,(s, 1)N = V/N|Z(5)|]},

thus showing X, y(s,0) and X" (s, 1) has the same sign with Z"(s) is equivalent

to

> min{Z(s), [x(s, )N + V'N|Z"(5)[]} 2 [@,N], and

> max{0, [ (s, N - VNIZY(5)]]} < [aN].

Notice

Zmin{Z,(s), [x,(s,1)N + \/N'ZIN(S)H} > Zmin{Z,(s),x,(s, N + V/N|ZV ()|}
> Zmin{Z,(s),xt(s, )N + \/]T]ZtN(S)}
=Y u(s, )N + VNZ(s) = aiN,
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and ¥, min{Z(s),[x(s,1)N + /N|Z(s)|]} is an integer, we can conclude

> min{Z,(s), [x(s,1)N + VN|ZN ()1} = [a:N].

Similarly, since
> max{0,|x,(s, )N = VNIZ}(5)|[} < 3 min{0,x(s, )N ~ VNIZY(s)|}
< S min{0, x,(s, 1)N — V/NZN(s)}
=Y xu(s, )N = VNZ'(5) = aiN,
we can conclude

Zmax{O, |x,(s, )N = \/N|ZN(s)|]} < [euN].

To summarize, we prove the induced map of any fluid-balance policy satis-
fies all four conditions in Definition 4.1. Thus, any fluid-balance policy is diffu-

sion regular.

As for the moment bound, notice ZV = 0 and C; = 0 for any fluid balance
policy. Thus, direct calculation of the coefficient in (C.7) gives E.[|Z"|] < 24S|?

fort<T. |

C.5 Proof of Proposition 4.1

We show that

¢ with Lagrangian penalty A = 0, state A is active while state B is inactive;

* with Lagrangian penalty 4 = ¢, state A is inactive while state B is active.

134



Thus, the problem is not indexable. Now we analyze these two cases separately.

To be consistent with [55], we denote V,(x) for the reward-to-go function of

initial state x with Lagrangian penalty A.

With Lagrangian penalty 1 = @, we can see V,(A’) = 0,V,(C) =0,V,(B*) =0

and V,(B’) = B — a via direct calculation. Thus, we have
Vi(A) = max{yV,(B),-a},
V(B) = max{yV,(A),-a+y(1 —€)V,(B)}.

Solving the above equations gives us

Vi(A) =y(¥(B- @) - ), Va(B) =y’ (8- @) - .

Thus, state A is inactive and state B is active.

With Lagrangian penalty 4 = 0, we can see V3 (A") = %, Va(C) = 0,V,(B*) =0

and V,(B’) = B via direct calculation. Thus, we have

Va(A) = max{yVi(B). (1 - €)yVa(A")},

Va(B) = max{yV,(A),y(1 -€)V (B')}.

Solving the above equations gives us

2
,Va(B) =
Y

ay 3

1-

ay
-y

V/I(A) =

Thus, state A is active and state B is inactive.

C.6 Proof of Proposition 4.2

Regardless of the budget constraint,
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* the maximal reward generated from an initial state A, is up bounded by

ya
1-y’

* the maximal reward could be generated from an initial state A is up

bounded by (1 -¢€){=.

Thus, the maximal reward generated from N arms is up bounded by

LI LI LY

N(1-
$IN(1-¢) =y 19"

1

Now we calculate the reward generated by policy = which pulls all arms in
Ao and A in the first period, and then pulls all arms in A’ starting from the second

period.

In the first period, zero reward is generated. In the second period, there
are ¢3N + ¢ N(1 - €) = yN arms in state A’ in expectation. Starting from second
period, we pull all arms in state A’. Thus, we generate yN * ﬁy = %yN amounts

of reward.

C.7 Proof of Proposition 4.3

We only need to show that the optimal policy pulls all arms in state A in the first

period.

If not, then under the optimal policy 7*, there exists an arm x in state A
being idled and an arm y in state A, or C being pulled in the first period. Now
we construct a policy 7 which pulls arm x in the first period with satisfying

Va(#) > V().
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The definition of 7 is pretty simple. It pull x and idles y in the first period,
and starting from the second period, 7 takes the exact same action with n for
every arm. Then for any trajectory w, we can calculate the reward generated

from arm x by n* and # and show Vy(#) > Vy (7).

C.8 Proof of Proposition 4.4

Under fluid-balance policy x, Vi - Vy(n) = {SE[yN - min{Z,yN}], where Z is

number of arms in state A’ starting from the second period.

Thus, we have
(2-1N

Z=(1-y)N+ > I

i=1
where /; is a Bernoulli r.v. with probability y. Thus,
(-N :
E[yN -min{Z,yN}]=E|  Li-y
i=1

By concentration inequality, we know E[yN-min{Z,yN}] = 6 /N+O(1) where

9 = /(1—7)2(737—1).
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