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Abstract

This thesis studies resource allocation problems in large-scale stochastic networks. We work on problems
where the availability of resources is subject to time fluctuations, a situation that one may encounter, for
example, in load balancing systems or in wireless downlink scheduling systems. The time fluctuations are
modelled considering two types of processes, controllable processes, whose evolution depends on the action
of the decision maker, and environment processes, whose evolution is exogenous. The stochastic evolution
of the controllable process depends on the the current state of the environment. Depending on whether
the decision maker observes the state of the environment, we say that the environment is observable or
unobservable. The mathematical formulation used is the Markov Decision Processes (MDPs).

The thesis follows three main research axes. In the first problem we study the optimal control of a Multi-
armed restless bandit problem (MARBP) with an unobservable environment. The objective is to characterise
the optimal policy for the controllable process in spite of the fact that the environment cannot be observed.
We consider the large-scale asymptotic regime in which the number of bandits and the speed of the environ-
ment both tend to infinity. In our main result we establish that a set of priority policies is asymptotically
optimal. We show that, in particular, this set includes the Whittle index policy of a system whose parame-
ters are averaged over the stationary behaviour of the environment. In the second problem, we consider an
MARBP with an observable environment. The objective is to leverage information on the environment to
derive an optimal policy for the controllable process. Assuming that the technical condition of indezxability
holds, we develop an algorithm to compute Whittle’s index. We then apply this result to the particular
case of a queue with abandonments. We prove indexability, and we provide closed-form expressions of
Whittle’s index. In the third problem we consider a model of a large-scale storage system, where there are
files distributed across a set of nodes. Each node breaks down following a law that depends on the load it
handles. Whenever a node breaks down, all the files it had are reallocated to other nodes. We study the
evolution of the load of a single node in the mean-field regime, when the number of nodes and files grow
large. We prove the existence of the process in the mean-field regime. We further show the convergence in

distribution of the load in steady state as the average number of files per node tends to infinity.
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Resource allocation is the assignment of scarce resources to competing tasks or users. The problems studied
in resource allocation are multidisciplinary. They have a broad range of applications spanning from health
care and transportation systems to communication networks, and are studied in various domains, such as
computer science, electrical engineering and control theory. In this thesis, we focus on resource allocation
problems in systems that evolve over time, and where there are decisions to take that depend on the current
state of the system. The mathematical formulation used will be the Markov Decision Processes (MDPs), a
relevant modelling framework for optimisation in Markov processes.

We work on problems where the availability of resources is subject to time fluctuations. This is a situation
that arises in different contexts, for example, the number of cashiers needed in a supermarket or the demand
in a cloud computing system. We therefore consider MDPs whose parameters fluctuate over time, and we
differentiate two types of processes: the controllable processes and the environments. The environments
are exogenous Markov processes used to model time fluctuations. The state of the environments deter-
mines the value of the parameters of the controllable processes. We also refer to this as Markov-modulated
environments.

We do not make any assumption on the correlation of the different environments. In the case of independent
distributed environments, this allows us to model the effect of independent fluctuating parameters, as one
may encounter, for example, in the arrival rate of new jobs in load balancing systems, or the abandonment
rate of impatient customers. On the other hand, when environments are strongly correlated, one could
model dependence between the controllable processes through “environmental effects”, as it happens, for
example, in wireless downlink scheduling.

We further differentiate whether the environments can be observed or not at the moment there is a decision

to take. In the unobservable environment case, the decision maker does not know the actual state of the
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environment, whereas in the observable environment case, the decision maker observes the current state
of the environment in order to choose actions. Under both settings, we are interested in deriving efficient
control policies.

Another topic we address is the resource allocation in large-scale storage systems. We consider a model of
storage systems, where there are files distributed across nodes, and the nodes break down following random
times. When a breakdown occurs, the system allocates the files present in the broken node to other nodes at
random, according to a particular allocation policy. Since exact analysis of the system seems out of reach,

we study the performance as the number of nodes grows large.

1.1 Overview of research problems

We describe now the three problems we address in the thesis, each one of them corresponds to a chapter.

The results obtained in each problem are described in Section 1.3.

1.1.1 Control with unobservable environments

In Chapter 2, we study a large-scale resource allocation problem with controllable processes affected by un-
observable environments. We assume that the decision maker takes actions when the controllable processes
change state, and the available information is the current state of the controllable processes but not the
state of the environments. Considering unobservable environments can be motivated from the fact that it
might be too costly to observe the environment and/or change action each time the environment changes.
We focus on a Multi-Armed Restless Bandit Problem (MARBP), a specific subclass of MDPs in which there
are a number of concurrent projects, known as bandits, that can be made active or passive. In Section 1.2.3
we provide more details on MARBP.

The main goal is to find policies that minimise the average cost incurred by the bandits in a long-run criterion.
We do this in an asymptotic regime, where the number of bandits and the speed of the environments grow
large. This regime is known as the mean-field limit. See Section 1.2.5 for an introduction to the mean-field
theory. Among our main results, we propose a set of priority policies that is asymptotically optimal, and
we describe an implementable policy that is inside this set. This policy is derived from an averaged version
of Whittle’s index as studied for the classical MARBP, see Section 1.2.4 for an introduction to Whittle’s
index.

We cite here related work where models on stochastic control with (partially) unobservable environments
have been studied. In [21], the authors study a multi-class single-server queueing network with arrival
and service rates modulated by an unobservable environment. Note that in the multi-class single-server
queue without environments the standard cy rule is optimal. Under this rule, the served class is the one
maximising the product cgpuy, where cg is the holding cost and u,;l is the mean service time of class-k
customers [22, 31]. In the main result in [21], it is shown that an “averaged” version of the classical cu-rule
is asymptotically optimal in the heavy-traffic regime. In [6], optimal load balancing is studied when the
queue lengths of the servers are unobservable. A set of round-robin policies is proved to be optimal in a
heavy-traffic many-server limiting regime. In [7, 50], the authors study optimal control in a multi-class

queueing system where the servers’ capacity varies according to a Markov-modulated random environment.
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The environment can be partially observed for the activated server. As the control decision influences the

observation made, the authors search for policies that achieve maximum stability.

1.1.2 Control with observable environments

In Chapter 3, we consider a control problem with environment processes that can be observed. Again, we fo-
cus on a Multi-Armed Restless Bandit problem, where each bandit is formed by two processes, a controllable
process and an environment. The decision maker bases its decisions on the current state of the controllable
processes and the current state of the environments. Whenever any of the processes changes state, the
action can be changed as well. These problems arise naturally when there is an exogenous phenomenon
that can be observed but cannot be controlled. For example in the context of wireless communications, the
available download rate depends on weather conditions, and in cloud computing systems the arrival rates
of new jobs fluctuate according to the time of the day.

For the approach of the problem, we provide an algorithm that computes Whittle’s index, which gives rise
to Whittle’s index policy. We are able to obtain an analytical characterisation of the index in the concrete
example of a multi-class abandonment queue: the queues are the controllable processes that may be served
or not, and their transition rates depend on an exogenous environment. More details on our contributions
are provided in Section 1.3.

Optimal control with observable environments has been studied in [1, 4, 30]. In [1, 4], the problem of
scheduling tasks in a wireless setting is modelled through MARBPs with an observable environment. The
controllable process is the remaining service time of tasks — which is a decreasing process—, and the environ-
ment is given by the capacity of the channel —which fluctuates over time in an uncontrollable manner—. Both
previous references consider that the environments across processes are independent. In [30] the authors
consider an MDP in a mean-field regime, with independent processes evolving in a common environment.
It is shown that as the number of processes tends to infinity, the optimal policy converges to the optimal

policy of a deterministic discrete time system.

1.1.3 Performance analysis for large-scale storage systems

In Chapter 4, we address an allocation problem in large storage systems using a stochastic modelling
approach. We consider a model where there are files distributed across a set of nodes, and each node breaks
down after an exponentially distributed amount of time that depends on the number of files it handles.
When a node breaks down, all the files it had are reallocated to other nodes, and the node goes back to a
state with zero files. The destination node of the files is chosen at random and independently across the
files.

Since the model with a fixed number of nodes involves a complex analysis, we focus on the mean-field
regime, as we did in Chapter 2. We take the total number of nodes and the total number of files to infinity,
with a fixed average number of files per node. We study the existence of the process that represents the
load of a single node in the mean-field limit. We further consider the case where the average number of files
per node tends to infinity, and we show the convergence in distribution of the load in steady state.

The problem studied here is motivated by the replication methods used in many large storage systems that
rely on data redistribution, such as Hadoop Distributed File System (HDFS) [18], Google File System (GFS)
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[32] and Cassandra [42]. Whenever there is a loss of content of a node due to its breakdown, the system
regenerates the lost data blocks from other copies and allocates them in other functioning nodes. The fact
of a node breaking down is closely related to its level of activity: the more data it stores and the more tasks
it handles, the faster it presents failures.

Consistency and fault-tolerance in replicated data stores have been largely studied, see for example [67,
Chapters 7 and 8] and [56, Chapter 13]. In [63] the authors study the evolution of the load of a node in
an equivalent problem to the one we consider. They propose a model of nodes that breakdown after an
exponentially distributed amount of time with constant rates. When a node crashes, all the files that were
in the node are reallocated following different allocation policies. This model does not take into account the
fact that a node breaks down according to its level of activity. The novelty of our work relies on considering

nodes whose time of failure is determined by a function of the current load they have.

1.2 Methodology

We introduce here the methodology used in the thesis. In Section 1.2.1 we define the Markov Decision
Processes (MDPs), a general framework used for modelling stochastic optimisation problems. In Section
1.2.2 we describe the value iteration method, a numerical technique that can be used for solving MDPs. The
Multi-Armed Restless Bandit Problem (MARBP), a particular subclass of MDPs, is presented in Section
1.2.3. In Section 1.2.4 a relaxation approach for the MARBP is discussed, which allows us to derive well-
performing heuristics policies. The mean-field technique used in Chapter 4 to study systems in large-scale

regimes is outlined in Section 1.2.5.

1.2.1 Markov Decision Processes

In this section we introduce a powerful framework related to the study of stochastic optimisation problems,
the Markov Decision Processes (MDPs). They have been largely studied in literature and are one of the
main tools used in the thesis. MDPs were introduced by Bellman in 1957 ([11]) as a generalisation of Markov
Processes where decisions take a role. For a full overview we refer to the textbooks [13, 38, 57, 60].

A continuous-time MDP is a tuple (X, A, ¢, C), where

e X is the state space of the process. We will consider the discrete state space X = NU {0}.
e A is a finite set of actions, and A(m) C A is the set of actions for state m € X.
o g: X x Ax X — Ry is the transition rates function.

o (C: X x A— Ris the cost function.

In an MDP, a decision maker knows the current state m € X and selects an action a from the space of
actions A(m). The transition to the next state m’ is defined by the exponential transition rate ¢(m'|m,a)
that depends not only on the current state of the Markov Process but also on the action. Let ¢ be a policy
that prescribes which action to take in each moment in time. We will denote by X¥(¢) and A¥(t) the state

and the action of the process at time ¢ under policy ¢, respectively.
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When the process visits state m and the action taken is a, C(m, a) determines the incurred cost. The objec-
tive is to find a policy that minimises some cost criterion. Typically, one studies finite-horizon, discounted
infinite-horizon and average-cost criterion. We will focus on the latter, and we will consider stationary

policies. Hence, our objective is to find a policy ¢ that minimises

lim sup lIE (/T C(X*?(t), A“’(t))dt) .
T—o0 T 0

Obtaining an optimal policy of an MDPs is typically out of reach. The existence of a solution cannot always
be assured, and when it exists, its complexity rapidly scales with the dimensions of the state space, the
so-called “curse of dimensionality” [11].

A method for proving the existence and identifying an optimal policy of an MDP comes after the study of
the average-cost optimality equations, also known as Bellman equations. Let 7(m,a) =3 . » q(m'|m,a)

denote the total transition rate for state m and action a. If there is a pair (g, V/(-)) such that

g+ 7(m,a)V(m) = aemAi(I;m) {C(m, a) + Zq(m’|m,a)V(m’)} Vm, (1.2.1)

then a policy that is the argument of the minimum in (1.2.1) is average-cost optimal [60, Section V]. The
value g is the incurred optimal average cost per unit of time, and V'(+) is known as the value function, which

captures the difference in cost between starting in state m and an arbitrary reference state.

1.2.2 Uniformisation and value iteration

We present now the discrete-time MDPs with time steps n = 1,2,.... A discrete-time MDP is a tuple
(é\; VAP, C'), where X, A and C are the state space, the set of actions and the cost function, respectively, as
in the continuous-time MDP. The function P(m’|m, a) is the probability that the process makes a transition
to state m’ in one step given that the current state is m and the action taken is a.

We are interested in discretising a continuous-time MDP in order to get an equivalent discrete-time one. In
this sense, we use a discretisation method known as wuniformisation. Let (X, A, g, C) be a continuous-time
MDP, and let 7(m,a) be the total transition rate for state m and action a. We say the transition rates
are uniformly bounded if there is a constant v such that 7(m,a) <~ for every m,a. In order to uniformise
(X, A, q,C), we assume it has uniformly bounded rates.

We define an associated discrete-time MDP (.)? VAP, C’), where the time between steps represents expo-
nentially distributed time intervals of mean 1/~ in the continuous-time MDP. We let X = X and A = A be
defined as in the continuous-time MDP, and C(m, a) = C(m, a) /v is the cost function per time step. Then,

for the probabilities, we set

m'|m,a ifm' #m

Pty = LAy
1—7(mya)/y ifm'=m,

where 1—7(m, a) /7 is the probability of having a "dummy" transition, i.e., the chain does not change its state.

The resulting discrete-time process is embedded in the original continuous-time one. As a consequence, the
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optimal policy for the discrete-time model is the same as for the continuous-time MDP. For a deeper insight
in uniformisation see [54, Chapter 3].

We can now introduce the discrete version of the Bellman Equation for a given discrete-time MDP. If there
is a pair (g, V'(+)) such that

j+V(m)= mi P(m NtV 1.2.2
g+V(m) aén/ﬁ&){ m,a +Z [m, a) (m)} m, (1.2.2)

then the argument of the minimum in Equation (1.2.2) is an optimal average cost policy. Note that § = g/
is the average optimal cost per transition and V() is the value function, as described in the continuous-time
Bellman Equation (1.2.1).

Equation (1.2.2) can be numerically solved with algorithms like policy iteration or wvalue iteration. We
focus here on the latter, which we use to characterise optimal policies in Sections 3.4.1 and 3.4.2, and to
numerically determine the performance of an optimal policy in Sections 2.5 and 3.6. Value iteration works

as follows. For each m € X set

Vo(m) = 0

a€A(m)

Vagi1(m) = min { m,a) —l—ZP "lm, a)V,(m ')} forn=0,1,.... (1.2.3)

The function V,,(m) is the minimum expected finite-horizon cost that can be achieved in n steps when
starting in state m. It can also be written as V,,(m) = min, E (ZZ;& C(X%(s),A%?(s))| X0 = m). When
taking the limit in n of the sequence of functions V,,(-), whose existence can be assured under certain
conditions, the value function V(-) and the average optimal cost § from Equation (1.2.2) can be retrieved:
the limits V,,(-) —ng — V(:) and V,41(-) — V(-) = § as n — oo hold. The sequence of actions defined
as the minimising action in each step n in (1.2.3) also converges, and the limit is an average-cost optimal
policy, see [38] for details. In addition, when properties of the value function V' (), such as monotonicity
and convexity, can be proved for the functions V,,(-), these carry over to V(-). We use this approach in the
proof of Theorem 3.14 in Appendix 3.7.5 and for Proposition 3.9 in Section 3.4.1.

We present how value iteration can be numerically applied to obtain an optimal policy of a discrete-time
MDP with finite state space. The algorithm consists in building the functions V,,(-) in a recursive fashion
as defined in Equation (1.2.3). Since for any m, V,,41(m) — V,,(m) converges to the average optimal cost g,
we will stop the recursion when the difference max,,cx (Vir1(m) — Vi (m)) — mingex (Vap1(m) — Vi (m))
is sufficiently small.

Some of the models we study have infinite state space with rates that are not uniformly bounded, namely
the abandonment queue studied in Section 3.4. When we consider abandonments, each customer in the
queue can abandon at a fixed rate, which means that the rates grow linearly with the number of customers.
A method used to handle infinite state spaces and unbounded rates is the so-called truncation. We fix a
state L such that the process does not visit any state m’ > L, i.e. g¢(m’|m,a) = 0 for any m,a and m’ > L.

The rates g(m'|m,a) for m,m’ < L remain unchanged.
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When we use this truncation method for proving analytical properties for V'(-) (e.g. monotonicity), boundary
effects may appear. We will then make use of a smoothing rate truncation method, see [14]. We modify the
rates of the original process for states m < L, such that they decrease to 0 as m grows large, up to state
L, where there are no transitions to states m’ > L. The obtained smoothed process, and its corresponding
value function V£ (-), converges to the original one when L — oo, as it is stated in [14, Theorem 3.1]. The

proofs in Sections 3.7.2 and 3.7.5 are based on this method.

1.2.3 Multi-Armed Restless Bandits

We present a particular subclass of MDPs, the Multi-Armed Restless Bandit Problem (MARBP) introduced
in [72]. The restless bandit model has been proved to be a powerful stochastic optimisation framework to
model control problems. In this thesis we study an MARBP in Chapters 2 and 3.
We consider a set of N bandits. The bandits are controllable stochastic processes whose transition rates
depend on whether they are made active or passive, with the constraint of having at most R < N active
bandits at the same time. We use the same notation as in Section 1.2.1 for the continuous-time MDPs. The
state space of the bandits is X = N U {0}, and the set of actions is A = {0, 1}, where a = 0 denotes the
action of making a bandit passive and a = 1 of making it active. Let ¢ be the policy that determines the
action taken for each bandit, which is a function of the states of the bandits.
For a given policy ¢, X (t) € X' denotes the state of bandit k at time ¢, and X% (t) := (X{(t),..., X5 (1)).
A?(t) € A denotes the action of bandit k at time ¢, and A%(t) := (AL(¢),..., A% (t)). The constraint can
then be expressed as

N

> AL(t) <R Vt>0. (1.2.4)

k=1
We define the set of feasible policies ® as the set of all policies that satisfy (1.2.4).
When X/ (t) = m and A} (t) = a, bandit k& makes a transition from state m to state m’ at rate gz (m'|m, a).
The restless term means that bandits may change state even if they are passive. If Ci(m,a) denotes the
cost per unit of time of bandit k, the objective of the optimisation problem is to find the policy ¢ that

minimises the long-run average cost:

1 Ty
lim sup & ( /0 ch(x,f(t),Af(t))dt>. (1.2.5)

T—o0 b—1

In summary, we look for a policy ¢ that minimises (1.2.5) under constraint (1.2.4).

In order to solve the MARBP, there exists a methodology, explained in Section 1.2.4, that allows us to
derive efficient index-based policies. An index policy assigns an index to each bandit depending on its
current state, and makes active the R bandits having currently the largest indices. Index type policies are
simple to implement. A first seminal work with an index-type solution for the multi-armed bandit problem
has been proposed by Gittins in the classical non-restless model [34], i.e., where the passive bandits do not
change their state.

Optimal control in restless bandit problems provides a powerful optimization framework to model dynamic
scheduling of activities. In particular, regarding optimal control of computing systems, the restless bandit

framework has been successfully applied in, for example, the context of wireless downlink scheduling [4,
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9, 55], load balancing problems [45], systems with delayed state observation [27], broadcast systems [58],
multi-channel access models [2, 47], stochastic scheduling problems [5, 36, 51] and scheduling in systems
with abandonments [10, 35, 43, 52].

1.2.4 Lagrangian relaxation

We describe now the methodology pioneered by Whittle to derive well-performing heuristics for the MARBP
problem [72]. A key step in the methodology is a relaxation of the constraint (1.2.4), which states that the

number of active bandits must be satisfied on average, and not in every decision epoch:

T—o0

1 T X
lim sup TE (/ ZAf(t)dt) <R. (1.2.6)
0 g1

Let ®7FL denote the set of policies satisfying the relaxed constraint (1.2.6), and in particular ® C ®REL,

We consider the problem of finding a policy ¢ that minimises (1.2.5) under constraint (1.2.6). Using the
Lagrangian multipliers approach we can rewrite the problem and obtain the following unconstrained version,

which we call relazed optimisation problem. Find a policy ¢ that minimises

T—o0

1 T N N
limsup —E / D CH(XE (), AL() — W AL | dt | . (1.2.7)
T 0 \g=1 k=0

The Lagrange multiplier W represents a subsidy for making each bandit passive. The Lagrange multipliers’
theory states that there exists a multiplier W such that constraint (1.2.6) is satisfied. This new formulation
does not have a common constraint, and hence it allows us to decompose the problem in N subproblems,

one for each bandit. For a given W, we will consider the one-dimensional problem of minimising

lim sup %E ( /0 (Cu(XP (), AL () — WAZ (1)) dt) , (1.2.8)

T—o0

for each bandit k. As a direct consequence, the optimal policy of the relaxed problem is obtained by
combining the optimal policies of the N subproblems. Studying the one-dimensional problem is the key
idea introduced by Whittle [72], used in order to simplify the original problem. Whittle further showed
that, in case the technical condition known as indexability holds, the solution to (1.2.8) is of index type,
i.e., there exists a function Wy (m) such that the optimal policy is to make active a bandit if and only if
Wi (m) > W. This in turn implies that the optimal policy to solve (1.2.7) is of index type as well, and it
activates all bandits such that their respective current indices are larger than W.

The indexability condition establishes that as the subsidy for passivity W increases, the set of states in
which it is optimal to be passive for bandit k (denoted by Px(W)) increases as well, i.e., W < W' implies
P,(W) C P, (W'). In other words, indexability states that, given a state m € X, if it is optimal to make
bandit k passive in state m for a given W, it is also optimal to make it passive for any W/ > W.

If the indexability condition holds, the solution to (1.2.8) is given by

Wi(m) :=inf {W :m € P,(W)}. (1.2.9)
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Note that Wy (m) is the smallest value for the subsidy such that it is optimal for that bandit to be passive
in that state. This approach as proposed by Whittle has developed into a large research area, and as a
consequence (1.2.9) is commonly known as Whittle’s index.

Since the solution to the relaxed optimisation problem (1.2.7) will in general not be feasible for the original
problem with constraint (1.2.4), Whittle proposed the following heuristic also based on the Whittle’s index:
in every decision epoch make active the R bandits having currently the largest Whittle’s index. We will
refer to this policy as Whittle’s index policy. This heuristic has been proved to be well-performing in
many important examples, see Nifio-Mora [53], and asymptotically optimal under certain circumstances,
see Weber and Weiss [71], Ji et al. [40], Ouyang et al. [55] and Verloop [69].

1.2.5 Mean-field theory

In this section we present the mean-field limit theory. We consider systems with interacting Markov pro-
cesses, and we aim to describe the behaviour of the whole system as the number of processes grows large.
We use this approach to study large-scale systems, in Chapters 2 and 4. For more details we refer to the
lectures [66], and the works in continuous-time [16], in discrete-time [46] and in discrete-time with vanishing
intensity [12].

Assume we have NV continuous-time Markov processes living in the finite state space X, that are identically
distributed and indistinguishable. This means that the transition rates of a given process depend on the
total number of processes present in each state i € X', and not on the current state of one of them. Let X (t)
denote the state of a randomly chosen process. We further define N;(¢) for each i € X as the number of
processes in state i at time ¢. Let N(t) := (N;(t) : i € X) be the state of the whole system, which satisfies
> icx Ni(t) = N for all time ¢. We assume that the evolution of the system is such that there are no
synchronous transitions in different processes. Under these definitions, the transition rates of X (¢) when
the state of the system is N (t) are given by the matrix Q;; defined as follows:

i ! — jIX(t) =i, N(t) = N@) if N;
QT — limy o P (X(t+h)f]\X(t)f N (t) N) £ Ni(t) > 0 12,10
0 if N;(t) = 0

Qu(N(1) = — > Qu(N(),

JEX,jFi

where P (X(t +h)=7j|X(#) =i,N(t) = Nﬁ) is the probability of the process to be in state j at time ¢t + h
conditioned to the fact that at time ¢ it is in state ¢ and the whole system is in state N7.

Let 7i(t) = ]\7(t)/N denote the normalised vector, i.e., n;(¢) is the proportion of processes in state ¢ at time
t, we omit the dependence on N for the ease of the reading. The transition rate function associated to 7i(t)

is given by

g (7i(1)) = Qi (N -i(t)). (1.2.11)

Although (1.2.10) and (1.2.11) describe the same transition matrix, (1.2.10) is defined at discrete points of

integer valued vectors, while (1.2.11) is defined at discrete points whose coordinates are integer multiples of
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1/N. We will focus on the latter since we are interested in studying the limit in distribution of 7i(t) as N
goes to infinity.

An important result in mean-field limit theory ([46, 16]) states that, under certain conditions, there exists a
function g;;(7i(t)) such that g;;(7i(t)) = qgv)(ﬁ(t)), for all N > 1 and all 77 proportions out of N. Then, the
normalised vector 7i(t) converges in distribution to a deterministic vector as N tends to infinity. Moreover,

for each ¢ € X we have the following differential equation:

d S
&ni(t) = Z nj(t)qij(n(t)).
jex
This result can be adapted to different contexts. In Chapter 2 we refer to the limiting results in [17] for
mean-field results in the presence of an environment process. In Chapter 4 we make a detailed analysis of

the evolution of the load of a node in a storage system in the mean-field limit.

1.3 Main contributions

In this section we present the structure of the manuscript and the main contributions obtained.

In Chapter 2, we consider a stochastic problem with controllable processes and unobservable environments,
as described in Section 1.1.1. The chapter is based on our publication [SR1]. We assume that the decision
maker takes actions based only on the current state of the controllable process. We study a continuous-time
multi-armed restless bandits problem (MARBP) in an asymptotic regime, where the number of bandits grows
large together with the speed of the environments. The main goal is to find policies that asymptotically
minimise the long-run average cost.

Our main result is Theorem 2.5, where we provide sufficient conditions for a policy to be asymptotically
optimal. We further introduce a set of priority policies that satisfy those conditions. The second main
result is stated in Proposition 2.13, where an averaged version of Whittle’s index policy is proved to be
inside the set of asymptotic optimal policies. In Section 2.5, we evaluate numerically the performance
under Whittle’s index policy, outside the asymptotic regime. We study a multi-class scheduling problem
in a wireless downlink with two classes. We observe that already for two bandits the performance of
the averaged Whittle’s index policy becomes close to optimal as the speed of the modulated environment
increases.

The key step of the proofs of Chapter 2 follows from studying a system with the averaged parameters of
the stochastic process, where the average is determined by the stationary measure of the environments. In
particular, we consider a fluid process and a linear programming (LP) problem with the defined parameters.
This is based on the results in [17] for the evolution of a particle system under a rapidly changing environ-
ment. The policies proved to be asymptotically optimal are the ones that make the fluid process converge
to the equilibrium of the LP problem.

In Chapter 3, we study an MARBP with observable environments, as described in Section 1.1.2. The chapter
is based on [SR2]. Each bandit is formed by two processes, a controllable process and an environment.

The decision maker observes the current state of the environment when choosing actions for the controllable
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processes. The challenge relies on finding optimal control of bandits living in a multi-dimensional state
space.

We study the dynamics of one bandit, based on the relaxed version of the system as introduced in Section
1.2.4. We consider policies of threshold type, where the controllable process is made active if and only if its
state is above a certain threshold. We assume the optimality of threshold policies, which is typically the
case in many queuing models, and we propose Algorithm 3.4 to find the optimal threshold policy for each
value of the Lagrangian multiplier. Whittle’s index is then derived. In Proposition 3.8 we show that, if we
consider a slow environment process, Whittle’s index coincides with Whittle’s index of a bandit that only
sees a fixed state of the environment.

As a relevant case study, we consider a queuing system with abandonments, under linear holding cost.
Our main results are Theorem 3.14, where indexability is proved, and Theorem 3.15, where closed-form
expressions for Whittle’s index are provided. Various techniques have been used for the proofs, such as the
comparison of stochastic processes as described in [19, Chapter 9], or the smoothing truncation method, as
presented in Section 1.2.1.

In Proposition 3.19 we derive simpler expressions for the queues with abandonments when the environments
vary slowly, and when they vary fast. In particular, the result for the fast regime allows us to compare the
observable model of Chapter 3 with the unobservable model of Chapter 2: in Chapter 3 the index remains
dependent on the state of the environment, in contrast to the index that takes the averaged parameter
values in Chapter 2. This is studied numerically in Section 3.6.3, where we conclude that there can be an
important gain in performance when we allow the decision maker to observe the environment, enlarged in
cases where the optimal policy strongly depends on the state of the environment.

We include a further comparison between the results for the unobservable and observable regimes in the
conclusions of the thesis, see Chapter 5.

In Chapter 4, we study a problem of allocation in large distributed storage system, as introduced in Section
1.1.3. This chapter is based on [SR3]. We consider files distributed among a set of nodes. When one of the
nodes breaks down all the files it has are reallocated at random to other nodes, and the node goes back to a
state with zero files. The analysis is focused on the mean-field regime of the system, i.e., when the number
of nodes and files grow large, assuming a fixed average number of files per node. Under this regime, the
evolution of the load of a node is studied. The main difficulty of the problem relies on the fact that the rate
of the breakdowns of the nodes depend on the load they currently have.

We first consider the so-called Random Weighted allocation policy, that assigns to each node a weighted
probability of receiving a file that depends on its current load. Our main contribution is Theorem 4.5, where
we show the existence of the process in the mean-field limit, together with the existence and uniqueness of
its stationary measure. In a following result in Theorem 4.7, we make the average number of files per node
grow large, and we prove the convergence in distribution of the load in steady state. Alternative proofs are
presented for the Random allocation policy, where the probability of assigning a file is uniform among all
servers. This is done in Theorems 4.8 and 4.10.

We work with urn models in order to describe the dynamics of the process. In an urn model, there is a set
of identical balls moving across urns. Each ball waits an exponentially distributed amount of time and then
it jumps to another urn. For our case, we consider a model where all the balls in an urn jump at the same

time. We study the global balance equations of such a process, and using the properties of the allocation
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functions, we characterise the stationary measure of the process as the solution of a fixed point equation,

see Section 4.3.
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In this chapter we study a large-scale resource allocation problem with controllable processes affected by
unobservable environments. We focus on a multi-armed restless bandit problem, as introduced in Section
1.2.3. The bandits are the controllable processes, whose transition rates depend on the current state of the
environments. We consider that the environments change state relatively fast with respect to the controllable
processes. We study the mean-field limit of the processes, obtained by letting the population of bandits
grow large, together with the speed of the environment.

In our first main contribution, we present sufficient conditions for a policy to be asymptotically optimal
and we show that a set of priority policies satisfies these. In our second main contribution, we introduce
the averaged Whittle’s index policy and prove it to be inside the set of asymptotically optimal policies. We
further provide a numerical evaluation of the performance of the averaged Whittle’s index policy.

For our proofs we consider techniques as used in [69, 71], where MARB problems without environments are
studied in a mean-field regime. In the seminal work [71], Whittle’s index policy is shown to be asymptotically
optimal as the number of bandits that can be made active grows proportionally to the total number of
bandits. In [69], the author does not assume indexability, and, using fluid-scaling techniques, proves that a
set of priority policies is asymptotically optimal.

Another technique that we use is based on convergence results for particle systems living in rapidly varying
environments. We refer to [12, 17], where the authors derived that in the limit the system is described by
an ODE, and the transitions rates of the particles are averaged according to the steady-state distribution

of the environments. The paper [17] considers a countable state space and each particle is associated its

13
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own modulated environment (no assumption is made on the joint evolution of the environments). On the
other hand, in [12] a finite state space and one common environment is considered, resulting in less complex
technical conditions.

In order to infer the state of the unobservable environment, one could apply learning techniques as the ones
studied in [65]. However, we will not use such techniques, since the environments change at a much faster
time scale than the controllable processes, and we assume that it will be too costly to learn from them. We
follow up this discussion in Section 5.2.2, where in the context of reinforcement learning, we introduce a
method for the case where the environments do not change relatively fast.

The chapter is organized as follows. In Section 2.1, we define the multi-class restless bandit control problem
and introduce the Markov-modulated environments. Section 2.2 contains the asymptotic optimality results.
In Section 2.3, we define a set of priority policies and prove it to be asymptotically optimal when the state
space is finite. In Section 2.4 we define an averaged version of Whittle’s index policy and prove it to be

asymptotically optimal. Section 2.5 presents our numerical results.

2.1 Model description

We consider a multi-class restless bandit problem in continuous time. There are K classes of bandits and
there are N}, class-k bandits present in the system. We further define N := )", N as the total number of
bandits and define v;, := Nj /N as the fraction of class-k bandits. At any moment in time, a class-k bandit
is in a certain state j € {1,2,..., Ji}, with J; < co. In particular, the state space can be countable infinite.
At any moment in time, a bandit can either be kept passive or active, denoted by ¢ = 0 and a = 1,
respectively. There is the restriction that at most a/N bandits can be made active at a time, a < 1.
The transitions of the class-k bandits depend on a process called environment, described by the Markov
process Dy (t) that lives in a countable state space Z = {1,...,d,...} and is positive recurrent. We make
no further assumptions on the distribution of the joint vector D(¢) = (D1(t),..., D (t)). For example, it
could be that there is one common environment for all classes of bandits, or instead, the environments per
class are independently distributed. We further let (;5(0?3 denote the stationary probability vector that the
environment vector D(t) is in state d. We let ¢y (dy) denote the marginal probability of environment Dy (t)
to be in state d. We further assume that 5 r(d|d) < Cy, for all d, for some Cy < oo, with r(d’|d) the
transition rate of D(t) from d to d'.

When action a is performed on a class-k bandit in state ¢, s = 1, ..., Ji, and the environment of this class-k
bandit is in state d, it makes a transition to state j with rate %q,&d) (Jli,a), 3 = 1,...,Jk, j # i. The
scaling 1/N makes sure that the evolution of the state of a bandit is relatively slow compared to that of
its environment, i.e., the environment changes relatively fast. We assume that the evolution of one bandit
(given its action and the state of its environment) is independent of that of all the other bandits. We
further define the averaged transition rate by g, (jli,a) := > ;c = o (d)q,id) (jli,a). The fact that the state
of a bandit might evolve even under the passive action explains the term of a restless bandit. Throughout

the chapter, we assume that the transition rates are uniformly bounded, i.e.,

Ji
S (jli.a) < Cs, for all a,d,i. k, (2.1.1)

j=1
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for some Cy < oo.

A policy determines at each decision epoch which aN bandits are made active. Decision epochs are moments
when one of the N bandits changes state. We focus on Markovian policies that base their decisions only
on the current proportion of bandits present in the different states. Hence, this means that the decision
maker cannot observe the state of the environment 5(t) In addition, we assume the decision maker does
not attempt to learn the state of the environment either. We write & := (2;;k=1,...,K,j =1,...,Ji),

where x5 represents the proportion of class-k bandits that are in state j, hence,

TeB:=¢7:0<x;, <1 Vj,kand ij,k:'yk
J

Given policy ¢, we then define the function y#'! : B — |0, 1]21?:1 7k that distinguishes the action chosen for
the bandits. That is, given a policy ¢, yfkl(f) denotes the proportion of class-k bandits in state j that are
activated when the proportion of bandits in each state is given by #. Hence, y#'!(-) satisfies yf}j (@) <z
and y}f}j (%) <, Vj,k. We focus on the set of policies such that y#'1() is continuous. We further define
y;f;fo(:i") =Tk — y}‘j}j (Z), as the proportion of class-k bandits in state j that are kept passive.
For a given policy ¢, we define X V-2 (¢) := (ij.?[k’go(t); k=1,....,K,j5=1,...,Jg), with X;Y,f(t) the number
of class-k bandits that are in state j at time ¢.
Our performance criteria are stability and long-run average holding cost. For a given policy ¢, we will call
the system stable if the process XV ?(t) has a unique invariant probability distribution. We will denote
by XN and X;Y,f the random variables following the steady state distributions, assuming they exist. In
case the state space is finite, the process XN *?(t) being unichain is a sufficient condition for stability of the
policy . For infinite state space, whether or not the system is stable can depend strongly on the employed
policy. We will only be interested in the set of stable policies.
We denote by C’,gd) (jy,a) €R, j=1,...,Jg, the holding cost per unit of time for having a class-k customer
in state j under action a and when in environment d. We note that C,gd) (j,a) can be negative, i.e.,
representing a reward. We define the holding cost averaged over the states of the environment as C'(j, a) :=
Yodcz qbk.(d)C’,gd) (j,a). We further introduce the following value functions for given policy ¢, and initial

XNe(0
proportion of bandits % =rebk:

1 TE I XNe(t)

N@(=\ o i s (D (t))

VIR(X) = hTHi)loréfTE /0 E E E C, " (4,a y]k — dt
k=1 j=1a=0

and

TN (D XNe(t)
V() 1= limsup lg / SIS e DG ayyse <N> dt | . (2.1.2)

k=1j=1a=0
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It Ve (z) = Viv’w(a?) for all Z, then we define VY:? (%) := Vf""(f). We assume there exists a stable policy

for which V:%(Z) < oo. Our objective is to find a policy ¢* that is average optimal,
V+N’“”* (Z) < VN?(Z), for all Z and for all policies ¢, (2.1.3)

under the constraint that at any moment in time at most aN bandits can be made active, that is,

K Ji - N
XVt
E E y}f}cl (N()> < a, for all t. (2.1.4)

2.2 Rapidly varying modulated environments

In this section we study the system as the environment is fast changing and the number of bandits scales.
In Section 2.2.1 we prove asymptotic independence between the proportion of bandits in each state and
the environment. In Section 2.2.2 we establish convergence to a fluid limit and use this to lower bound
the performance for any policy. This lower bound allows to prove asymptotic optimality of certain policies,

which is presented in Section 2.2.3.

2.2.1 Asymptotic independence

In the lemma below we prove that the bandits are asymptotically independent of the environment, i.e.,

when the amount of bandits N tends to infinity. The proof can be found in the Appendix 2.6.

Lemma 2.1. Assume @ is a stable policy for any N. Then, for any subsequence of N such that (XN’W/N)

converges in distribution, we have

NeN

=

) xN-e nyfk ) xN-e XJJVIfK
lim Efe ™17 . .e */kE™N 1(5:@ =¢(d) lim E[e 117N . e”¥rkKETN . (2.2.1)

N —oo N —oc0

2.2.2  Fluid control problem and lower bound

In this section we study the behaviour of the system as N grows large, that is, as the number of bandits
grows large and the environments vary rapidly. We state convergence to the fluid limit and derive an
associated fluid control problem. The latter allows to derive a lower bound on the average holding cost for
any policy .

Before presenting the fluid process to which the stochastic system converges, we first provide some intuition.
Recall that the transition rate of a bandit in state j to state i, when action a is performed, is given by
%q,(cd)(ﬂ j,a). Since the rates of the environment do not scale with N, when we take N — oo, the bandit
will perceive a rapidly changing environment. Before it can make a new transition, its environment has
already changed infinitely many times. Its transition rate will therefore be the average over the states the
environment can be in, that is G, (j|i,a) = > ;2 gbk(d)q,(fd) (jli,a). The fluid process then arises by taking

into account only the mean drifts g.
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We denote by u a fluid control and let z*(t) be the corresponding fluid process. Let z}7/(t) denote the
proportion of class-k fluid in state j under action a at time ¢ and let z%,(t) = wO(t) + z; “l(t) be the
proportion of class-k fluid in state j.

We consider fluid controls u(t) that base their actions only on the state of the fluid process x(¢). As such,
policies for the stochastic process can be reduced to controls for the fluid problem. In particular, when

given a policy ¢, the corresponding fluid control u = ¢ is defined as
ziy () = yii (37(1)). (2.2.2)

We define the dynamics of z"(t) as follows:

da¥, ( ! L& o
W) 5~ S pnGl -y 30 eonia
a=01i=1,i#j a=01i=1,i#j
1
= ZZJ’J t)q, (47, a), (2.2.3)
a=0i=1
where the last step follows from G, (j|j,a) :== — Zl]il i Qi (i]J,a). The constraint on the fluid control u is
that the total proportion of active fluid satisfies
K Ji
Z Zx;kl (t) <a, forall t > 0. (2.2.4)
k=1j=1

In the lemma below we formally state the convergence of the stochastic process X #(t)/N of the proportions
of bandits. This result will not be used in any of the proofs of our results, but is presented for completeness.
The proof can be found in the Appendix 2.6.

For the convergence to hold, it is assumed in Lemma 2.2 that the process describing the state of a class-k
bandit at time ¢, is tight [15] in N, that is, roughly speaking that the processes must not oscillate too wildly
so that probability mass cannot disappear from compact sets. For either a finite state space (J; < o0) or

when the possible transitions in each state is finite, tightness follows directly, see [17, page 12] for details.

Lemma 2.2. Assume policy ¢ is such that yfkl() is uniformly Lipschitz continuous, i.e.,

for all 2,7, (2.2.5)

sukply}fk’l(f) —y2 < Csuplai, -

3, il

with C > 0. For a given policy @, if the process describing the state of a class-k bandit at time t is tight
N,

(with respect to N ), then the stochastic process w

u =@ (as defined in Equations (2.2.2) and (2.2.3)).

converges to the deterministic process x*(t), with

We will be interested in finding an optimal equilibrium point & of the fluid dynamics that minimises the

holding cost averaged over the environments,

K Jg 1 K Ji 1

PIDIDIP I UL AT D D DP DL CRDE:

k=1j=1a=0deZ k=1j=1a=0
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Setting (2.2.3) equal to zero, this gives us the following linear optimisation problem:

K Ji 1
(LP) v = (Iglin) Z Z Z Cr(j,a)x§
7k’ k=1 j=1a=0
1 Jg
st 0= Y al,q,(jli,a), Y4k, (2.2.6)
a=0 i=1
K Ji
Y>> aj<a, (2.2.7)
k=1 j=1
Jr 1
SN at = Yk (2.2.8)
j=1a=0
x5, >0, Vj,ka, (2.2.9)

Let z* and v* denote an optimal solution and optimal value of the (LP) problem, respectively.
In Lemma 2.4 below, we use the LP formulation to find a lower bound on the original stochastic optimisation

problem. Before that, we need the following condition.

Condition 2.3. Given a policy ¢,

a) the process )?II\V,W (t) has a unique invariant probability distribution p™? VN.

b) the family {pN’“’}NGN is tight.
¢) the family {pN"/’}NeN is uniform integrable.
When bandits have a finite state space (J;, < 00), Condition 2.3 is true whenever X>#(¢) is unichain.

Lemma 2.4. Assume Condition 2.3 is satisfied. It then holds that the feasible set of the (LP) problem is
non-empty and
lim inf V#(Z) > v, (2.2.10)

N —oco

with v* the optimal value of the (LP) problem.

The proof can be found in the Appendix 2.6.

2.2.3 Asymptotic optimality

In this section we present the asymptotic optimality results.

Theorem 2.5. Let z* be an optimal solution of the (LP) problem. Let ©* be a policy for which the fluid
process x¥ (t) converges to x* ast — oo, and x* is the unique equilibrium point (global attractor property).

*

Assume @* satisfies Condition 2.8 and the assumptions made in Lemma 2.2. Then, ©* is asymptotically

optimal, that is, for all & and all policies p, it holds that

lim VN9 (Z) < liminf V9 (2). (2.2.11)

N—o0 N—oo



2.3. PRIORITY POLICIES 19

In Section 2.3 we will present a class of policies that satisfy (2.2.5). The global attractor property is verified

numerically for the different examples presented in this chapter, see Section 2.5.

Proof of Theorem 2.5: In [17, Theorem 2.3] the mean-field limit for a particle system in a rapidly varying

environment is given for the stationary regime. Since we assumed tightness of X ];\f (Condition 2.3) and the

fact that the fluid process z#" (t) has a unique global attractor z*, we can apply their result. Also recall the

discussion in the proof of Lemma 2.2. Hence, from [17, Theorem 2.3] we have, limy_, o, P (ij\}w = x*) =1,

for each state j and class k. Together with Lemma 2.1, this gives

XN . -
lim P ~ =z*,D=d| = ¢(d). (2.2.12)

Recall that C(j,a) = > 4c 2 ¢k(d)C,(€d) (j,a). Thus

I
qu
oll
I
&y
v

pors
V@ = i 5SS S S G (X

k=1j=1a=0decZ ¥

—ZZZZC a)y? (7 d(d)

k=1j=1a=0deZ

S D W PATETE

k=1 j=1a=0

where the first equality follows from the ergodicity theorem, the second equality from uniform integrability of
X/N (interchange of limit and summations) and (2.2.12), the third equality from the fact that yi (@) =
23y (see (2.2.2) and limy o 2" (t) = 2*), and the last step follows since Z* is an optimal solutlon of (LP).
This concludes the proof of Theorem 2.5. a

2.3 Priority policies

In this section we will define an important class of priority policies for which we can prove asymptotic
optimality results.

A priority policy is defined as follows. There is a predefined priority ordering on the states each bandit can
be in. At any moment in time, a priority policy makes active a maximum number of bandits being in the
states having the highest priority among all the bandits present. Hence, for a given priority policy prio, we

would have that the proportion of class-k bandits in state j that see action 1 is given by

+

yf,i;w '@ =min | [a- Z Tig | STik | (2.3.1)
(i,1) €8T ()
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where Sﬁmo(j) denotes the set of pairs (i,1),i = 1,...,J;,1 = 1,..., K such that class-l bandits in state i
have higher priority than class-k bandits in state j under policy prio. In the lemma below we show that

this function satisfies (2.2.5) when bandits have a finite state space. The proof is in the Appendix 2.6.
Lemma 2.6. If Ji < oo, Equation (2.2.5) is valid for any priority policy.

We now define a set of priority policies IT* that will play a key role in the chapter. The priority policies are
derived from (the) optimal equilibrium point(s) z* of the (LP) problem: for a given equilibrium point x*,
we consider all priority orderings such that the states that in equilibrium are never passive (xj,g =0)
are of higher priority than states that receive some passive action (.Z‘;IS > 0). In addition, states that in
equilibrium are both active and passive (x;kg . x;‘; > 0) receive higher priority than states that are never

;,1 < a), then the

states that are never active in equilibrium are never activated in the priority ordering. The set of priority

active (:cj,i = 0). Further, if the full capacity is not used in equilibrium (that is, >3, >°. =
policies IT* is formalized in the definition below. In particular, in the next section we will prove that an
averaged version of the well-known Whittle’s index policy is in fact inside this set of policies.

Definition 2.7 (Set of priority policies II*).
We define

X* = {a" : 2" is an optimal solution of (LP) with x4 (0) = Xx(0) }.
The set of priority policies IT* is defined as
IT* := Ugr e x+II(z%),

where TI(x*) is the set of all priority policies that satisfy the following rules:

1. A class-k bandit in state j with x;; >0 and x;kg = 0 is given higher priority than a class-k bandit in
state j with a:;fg > 0.

2. A class-k bandit in state j with m;,g >0 and JZ;F; > 0 is given higher priority than a class-k bandit in
~ . *,0 *,1
state 7 with T > 0 and T = 0.
s If Zszl Z]Jil z;’; < «, then any class-k bandit in state j with ;1:;,1 =0 and x;”g > 0 will never be
made active.

We can now state the asymptotic optimality result for priority policies in the class II*. Intuitively, this
result can be explained as follows. Let ¢* be some policy from the set II(z*) C II*. It is easily verified that
z* is an equilibrium point of the fluid process z¥" (t). If in addition, the point z* is a global attractor, that

is, for any initial point, the process z¥" (t) converges to «*, then using Theorem 2.5 one obtains the result.

Corollary 2.8. Assume a finite state space, Ji < oo, for all k. For a given policy p* € Il(z*) C II*,
assume x* is the global attractor of the fluid process x# (t). If in addition, the process X% (t) is unichain,

then ©* is asymptotically optimal, that is, (2.2.11) is satisfied.

Proof: Lemma 2.6 gives that ¢* satisfies (2.2.5). Hence the result follows directly from Theorem 2.5. O
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Remark 2.9 (Infinite state space). The assumption of finite state space in Corollary 2.8 was made in
order to assure uniformly Lipschitz continuity of the function yj;;l() In fact, when J = oo, one can easily
construct a setting in which (2.2.5) does not hold. For example, for K = 1, take THONFRS xgl) = «a/l for
1<, JUl(l) =1-—a, and xz(-l) =0, fori>1. Take ZV s.t. zi(l) =0 fori<l, zl(l) =1-—a, and zi(l) = «a/l, for
i > 1. Then, y/" " (#V) = 0 and y""" (ZD) = 1 — a, where prio is the policy that prioritizes state 1 over

0 _ (l)| = a/l. Since the state space is infinite, we

state 2, and state 2 over state 3, etc. However, sup; |x
can now take | — co. We then directly see that (2.2.5) does not hold.
We however note that in our numerical example, where we consider an infinite state space, we do observe a

very close to optimal performance of the priority policies.

2.4 Averaged Whittle’s index policy

In this section we introduce an averaged version of Whittle’s index. The averaged Whittle’s index policy is
a particular case of a priority policy. It is however only defined in case the system is indexable, while our
definition of the set of policies IT* is well-defined for both indexable and non-indexable systems.

In Section 1.2.3 we introduced the relaxation technique and Whittle’s index. We recall here the needed
concepts, based on this chapter’s model. We start by Whittle’s relaxation. In (2.1.4) we set the constraint
that at most /N bandits can be active at a time. We replace it by its time-average version:

T K Jg
Th_I)I;O— /ZZy <(t)>dt < a, (2.4.1)

k=1j=1

and we consider the relaxed-constraint problem, i.e., minimise (2.1.2) under constraint (2.4.1). Using the

Lagrangian approach, this can then be written as minimising

T K Jp 1 G N, o
(De®) .\ pa [ X P(1)
J 7B [ 303G (N «

k=1 j=1a=0

+W /Ozzk:y (XN;(t>>dt—a ,

k=1 j=1

where W is the Lagrange multiplier (chosen such that the time-average constraint (2.4.1) holds). The latter
can be decomposed into K subproblems, one for each class of bandit, where in each subproblem one needs
to minimise the cost term plus a cost W whenever the bandit is made active. Each subproblem can be
written as:

.1 r (Dr(t) o
lim ~E / (CPO(SE(8), AP () + W (—))el | | (2.4.2)

0

where S (t) denotes the state of a class-k bandit at time ¢ and Aj(t) denotes the action chosen for the
class-k bandit under policy ¢ (for the one-dimensional process).

We have then the following definitions.
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Definition 2.10 (Whittle’s index). Whittle’s index Wy (j) is defined as the least value of W for which it is

optimal in (2.4.2) to make the class-k bandit in state j passive.

We introduce now the indexability condition, that assures structural properties on the optimal policy of the

relaxed control problem, and allows us to derive a policy from Whittle’s index.

Definition 2.11 (Indexability). A bandit is indexable if the set of states in which passive is an optimal

action in (2.4.2) is increasing in W.

When indexability holds, the solution for the relaxed subproblem (2.4.2) is to activate all bandits that are
currently in a state j such that their Whittle index Wy (j) is larger than W. This solution is however not
feasible for the original K-dimensional problem, since sometimes it may activate more than aN bandits at a
time. For the original problem, the following heuristic was then proposed: active those a/N bandits having
currently the highest index value. This is what we call Whittle’s index policy. The relaxation technique as
such provides a systematic approach to get a simple index policy.

In this chapter, we study restless bandits living in a modulated environment. In the limiting regime, as the
environment varies rapidly, we found that a bandit observes only the averaged (over the steady state of the
environment) parameters, that is, g, (-) and C}(-,-). This motivates us to define the averaged Whittle index

policy.

Definition 2.12 (Averaged Whittle’s index policy). The averaged Whittle’s index Wy (j) for our restless
bandit problem living in a modulated environment is defined as the Whittle index that would result from the
restless bandit problem with parameters G, (ilj, a), Cx(j,a), and no modulating environment.

The averaged Whittle index policy activates those aN bandits having currently the highest averaged Whittle
index value Wy(Sp x(t)), where Sy, i (t) is the state of the nth class-k bandit, k=1,..., K, n=1,..., Ng.

Proposition 2.13. If for the averaged version of the restless bandit problem the process describing the state
of a class-k bandit is unichain, regardless of the policy employed, and in addition the averaged restless bandit
problem is indezxable, then there is an x* such that the averaged Whittle’s index policy is inside the set of
priority policies TI(x*) C II*.

If in addition Ji, < oo, for all k, and x* is the global attractor of the fluid process x%" (t), then the averaged
Whittle index policy is asymptotically optimal.

The above proposition extends the asymptotic optimality result of Whittle’s index policy as obtained in [39,
69, 71] to that of restless bandits living in rapidly varying Markov-modulated environments. The assump-

tions made in Proposition 2.13 are the same as those needed in [39, 69, 71].

Proof of Proposition 2.13: In [69, Proposition 5.6] it was proved that for the standard restless bandit
problem, Whittle’s index policy was inside some set of priority policies defined by some linear program
problem (LP). Since we defined our averaged Whittle’s index policy based on the standard restless bandit
problem with averaged parameters, we directly have that the averaged Whittle index policy is inside the
set of priority policies defined for (L~P) based on the averaged parameters. However, it can be checked that
the (LP) for the averaged parameters is equivalent to our (LP) problem, hence, the averaged Whittle index

policy is inside IT*, which is equal to IT*.
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From the unichain assumption, we obtain that Condition 2.3 is satisfied when J; < oco. The asymptotic

optimality result now follows directly from Theorem 2.5. a

2.5 Numerical evaluation

The objective of this section is to evaluate the performance of the averaged Whittle index policy (and other
heuristics) outside the asymptotic regime. We do this for a multi-class scheduling problem in a wireless
downlink channel. The model we consider is the following. There is one wireless downlink channel that
is shared by two classes of users. For a given policy, let M (t) denote the number of class-k users in the
system. Each class of users is associated a Markov-modulated environment, Dy(t), k = 1,2, which can be
in two states. When Dy (t) = d, class-k users arrive according to a Poisson process with parameter A,id),
k = 1,2. At each moment in time, the base station can send data to at most one of the classes. Given
Dy (t) = d and M} (t) = my, class k (if served) has departure rate

() Mk
k my+1°

This mimics opportunistic scheduling, since the more class-k users present in the system, the higher will
be the maximum capacity available among the class-k users. See for further details the discussion in [45,
Section 6.1].

The scheduler now needs to decide at each moment in time which of the two classes to activate. We assume

with A\, = 2321 )\,(Cd)¢k(d) and [, = 2321 u,(cd)qbk(d), so any work-conserving policy makes the system
stable. The objective will be to minimise the mean number of users in the system.
The performance for a given policy will be computed using the value iteration approach, as introduced in

Section 1.2.2; by writing the dynamic programming equation for the process
(MY (t), M3 (t), Di(t), Da(t)).

Note that we only consider policies that cannot observe the environments when the scheduling decision is
taken.

We describe the averaged Whittle index policy in Section 2.5.1. We calculate a benchmark policy and
numerically evaluate index policies for several settings: in Section 2.5.3 each class is associated its own
environment in order to model Markov-modulated arrival processes. In Section 2.5.4 we will study the
effect of having one common environment that influences the departure rates of the classes. In Section 2.5.5
we introduce a discussion for the observable case. Our overall conclusion is that the averaged Whittle index

policy performs close to optimal when the modulated environments varies rapidly.
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5 1 5 10 25 50 100 500 750 1000 2500 5000

g8 96 97 94 86 77 70 62 61 60 60 59

gV 112 109 102 88 77 70 62 61 6.0 6.0 59

g2oa H@AW 126 119 107 89 78 71 63 62 61 61 6.0
gV 106 105 101 88 78 71 62 61 61 60 6.0

gV 123 129 13 121 111 102 92 91 91 91 9.0
Rel(W) 162 127 84 24 04 00l 003 003 003 003 003
Rel(YS,p(d)W@) | 30.9 226 14 42 17 14 17 17 17 17 17

Rel(W®) 105 9 67 29 1.3 09 09 09 09 09 1

Rel(W®) 276 33.6 375 421 44 45 492 50.2 50.9 521 526

Table 2.1: Results for Example 1.

2.5.1 Averaged Whittle’s index

This model fits in the restless bandit framework with Markov-modulated environments, as presented in
this chapter. In particular, there are two bandits, each bandit representing a class of users, and the state
Jj € 1{1,2,...} of the class-k bandit represents its queue length. Hence, when D = d, the class-k bandit
makes a transition from state j to state j + 1 at rate )\,(Cd), and from j to j — 1 at rate u,(cd)j]ia, where a =1
when the class-k bandit is served, and a = 0 otherwise. At most one bandit can be activated at a time.

Using the expression of Whittle’s index as derived in [45], we obtain that the averaged Whittle index for

the class-k bandit in state n (its queue length), is given by

Wi - EOR) —EQLY
W ) )

n=12,....
Here M]} denotes the stationary random variable of the process M;!(t), where ¢ = n is known as the
threshold policy with threshold n. It is a one-dimensional birth-and-death process with birth rates A, and

death rates in state j at rate 1(j~,)f m2(-) denotes the stationary measure of M;'(t). We will study

jjﬁ.
threshold policies in detail in Chapter 3.
The averaged Whittle index policy serves at each moment in time the class of users having the highest index
value Wy (Mg(t)). From Proposition 2.13 we have that this policy is asymptotically optimal under certain
conditions. One of the conditions concerns indexability, which is easily verified for this example using [45,
Proposition 2]. The global attractor property is verified numerically for the different examples presented
in this section. Another condition needed is that the state space is bounded, which is not the case for our
example. The numerical results however do indicate a good performance.

The optimality results in this chapter are for the limiting regime where both the number of bandits (classes)
as well as the speed of the modulated environments grow large. In the numerical examples we will instead
keep the number of bandits equal to two, which allows to evaluate the performance of our policy outside
the asymptotic regime. We then evaluate the performance of the averaged Whittle index policy, as well as

other heuristics, for different speeds of the environments.
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2.5.2 Benchmark policy

The modulated environments are unobservable. In addition, their evolution does not depend on the state

of the bandits. We consider the following benchmark policy, derived from the Bellman equation:

2 2 2
V(i) =n1 +ng + ZZ /\( )V (7 +er)+ min ZZl (a=k) Pk (d )V((ﬁ— ex))|, (2.5.1)
1d=1

1,2
o1 de1 ae{1,2}

that is, in every state 7 = (n1,n2), the only information available to the decision maker is the steady-state
distribution of the environment. In the next sections we compare the performance of our heuristics to that

of the performance under the actions as defined in (2.5.1).

2.5.3 Markov-modulated arrival processes

Our first numerical example studies Markov-modulated arrival processes. That is, environments D1 (t) and
Dy(t) are two independent Markov processes. Each environment can be in two states {1,2} and environment
Dy (t) makes a transition from state d to state d’ at rate ri(d'|d). When class k sees environment d, the
arrival rate is )\,(fd) (while the departure rates remain unchanged).

Ezample 1: We set the parameters as follows: /\gl) =5, )\?) = 0.1, /\él) = 0.5, /\52) =5, and ugd) = 7.5,
,ugd) =9, for d = 1,2. We take r(2]1) = 0.001 - v, 7,(1]2) = 0.009 - v, k = 1,2, and let  vary from
1 up to 5000, in order to study the effect of the speed of the modulated environments. We then have
¢1(1) = ¢2(1) = 0.9, hence p =~ 0.67.

In Table 2.1 we show the average performance under the averaged Whittle index policy and that of the
benchmark policy. We also show the performance under three other index policies: we consider the index
policy 22:1 oy (d)Wéd)(n), which is the Whittle index averaged over the different environments, and we
consider the index policy W,Ed)(n) for d = 1,2, which is the Whittle index in case the environment would
be always in state d. We denote by g? the performance of the policy as deﬁned in Section 2.5.2 and let g“’
denote the average cost under policy ¢. We define by Rel(p) := Uit _g * 100% the loss gap (in %). Wi
observe that the averaged Whittle index policy W is 2.5% away from the benchmark policy for v = 25, i.e.,
when the transition rates of the environment are 7(2|1) = 0.025 and r;(1]2) = 0.225. Hence, already for
a normal scaled environment, the performance of the averaged Whittle index policy is very high. For slow
speed, v = 1, the averaged Whittle index policy is only 16% away from the benchmark policy. The index
policy 23:1 d)k(d)Wéd) (n) gives slightly worse performance than that of W.

For any speed of the environment, we observe that the index policy W,gl)(n) outperforms the averaged
Whittle index policy, while the index policy W,EQ) (n) gives very bad performance ranging between a loss gap
of 30% until 53%. This can be explained from the fact that the environment is 90% of the time in state 1.

2.5.4 One common environment affecting the departure rates

We now consider one common environment D(¢), which can be in two states {1,2}, with transition rates
r(d’'|d). This time, we let the arrival rates be independent of the environment. Instead, the state of the

environment influences both the departure rate of class 1 and class 2.
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1 5) 10 50 100 500 750 1000 2500 5000 7500 10000 25000

5
g% | 566 458 432 406 398 257 170 141 90 78 74 73 7.0
gV | 874 854 845 830 819 438 21.0 150 91 78 75 73 70

RelW) | 544 863 96 105 106 702 174 64 08 03 02 01  0.04

Table 2.2: Results for Example 2.

~y 1 5 10 25 50 100 500 750 1000 2500 5000

PL 259 17.0 132 94 7.6 6.3 48 46 44 42 40

gV 33.3 214 167 120 95 78 56 52 50 45 43

g ®AWP 333 915 168 122 9.8 81 58 54 52 48 46
gV 30.0 194 152 109 87 72 53 50 48 44 42
gV 341 254 208 154 124 101 68 63 6.0 53 5.0
Rel(W) 285 26.2 26.6 26.7 257 237 16 13.9 125 88 6.9
Rel(YS,p(d)W@) | 289 269 27.8 29 29 279 214 195 182 147 13
Rel(W®) 157 146 151 158 156 146 105 92 84 6.1 48
Rel(W ) 31.8 49.9 57.7 63.5 63.6 60.1 422 375 345 275 244

Table 2.3: Results for Example 3.

Ezample 2: In this example, we chose the parameters such that, when in environment 1, class 1 has a high
departure rate and class 2 a low departure rate, while in environment 2, we have the opposite. The values
for the parameters are: )\§d) = 0.6, )\(Qd) = 1.2, for d = 1,2, and ,ugl) =4, M(12) = 0.5, uél) = 0.1, uéz) = 6.
We take r(2|1) = 0.004 - v, 7(1]2) = 0.006 - v. We then have ¢;(1) = ¢2(1) = 0.6, hence p = 0.72.

Note that for these parameters, )\§2) > u?) and )\él) > ugl). That is, if D(t) = 1, then class 2 is in overload,
while if D(t) = 2, then class 1 is in overload. In particular, this implies that the indices Wéd) (n) are not
well-defined. We therefore only simulate the performance under the averaged Whittle index policy W.
The results can be found in Table 2.2. We observe that the averaged Whittle index policy is 6.4% away
from the benchmark policy when v = 1000, i.e., 7(2|1) = 4 and r(1]2) = 6. Hence, we observe that already
for a normal scaled environment, the performance of the averaged Whittle index policy is very high. When
~v = 2500, i.e., r(2]1) = 10 and r(1|2) = 15, the gap reduces to 0.8%. For v = 500, i.e., r(2]1) = 2 and
r(1]2) = 3, and smaller ~, the loss gap becomes significantly large.

Ezxample 3: In this example, we chose the parameters such that the departure rate of class 1 is always lower
than that of class 2, in each environment. In addition, the departure rate for class 1 is considerably higher
in environment 2 compared to its rate in environment 1.

The values for the parameters are: )\gd) =1, /\gd) = 3.5, for d = 1,2, and ,ugl) = 1.5, u?) =10, Mél) =12,
18P = 11. We take r(2[1) = 0.002 v, r(1|2) = 0.008 - 7. We then have ¢ (1) = ¢2(1) = 0.8, hence p ~ 0.61.
The results can be found in Table 2.3. We observe that the averaged Whittle index policy W is 7% away
from the benchmark policy for v = 5000, i.e., the transition rates of the environment are r;(2|1) = 10 and
r,(1]2) = 40. For slow speed, v = 1, the averaged Whittle index policy is 29% away from the benchmark
policy. The index policy 23:1 oy (d)ngd) (n) gives worse performance than that of W.

For any speed of the environment, we observe that the index policy W,gl)(n) outperforms the averaged

Whittle index policy, while the index policy W,52)(n) gives very bad performance ranging between a loss



2.5. NUMERICAL EVALUATION 27

gap of 32% until 21%. Again, this difference can be explained from the fact that the environment is 80% of

the time in environment 1.

2.5.5 Observable environments

Until now, in the numerical examples, we observed that already for a rather normal speed of the environment,
the averaged Whittle index policy works well. Hence, in case the decision maker aims for a policy that is
robust without observing the environment, our heuristic seems to be a good choice.

We introduce now an analysis considering that the decision maker can observe the environments, as it will
be studied in Chapter 3. For Example 3 we have calculated the performance under the optimal policy when
the environment can be observed, and where decision epochs are moments when one of the bandits changes
state, or the environment changes state. Note that for the observable setting, the stability condition strongly
depends on the policy employed. Numerically, we derived that being able to observe the environment gives
an improvement of 16% when v = 1, and of 60% when v = 5000. The large improvement, especially
when v = 5000, comes from the fact that the policy will schedule in an opportunistic manner. Recall
that the departure rate of class 1 is much larger in environment 2 (compared to environment 1). Hence, in
environment 2, an optimal policy will give more preference to class 1. However, in environment 1, class 2 has
a much higher departure rate compared to class 1, hence, more priority will be given to class 2. Observing
the environment, and being able to change the action when the environment changes, makes this large

improvement in the performance possible.
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2.6 Appendix

Proof of Lemma 2.1: For ease of notation, we remove the superscripts ¢ and N in the proof.
For the random vector % (), we define the following Probability Generating Function (2.6.1) and the Moment

Generating Function (2.6.2), conditioned on the environment vector d:

(d_) X11 Xo1 Xjik XK
g\ (2) = E(le Zof 2 2K 1(5_@)
@11zl Tik T K X - -
=3 ¥ By gy 2 P y=6D=d |, (2.6.1)
z
and
~(d) N, —5 _zX
§(5) = g'V(e )=E(e Nl(f):d‘))- (2.6.2)
. X(t) 5 = 4
The balance equations for the Markov process T D(t) | state that for each (Z,d), we have
P E:fﬁch S ordld)+ Y (k)(]|za)y (Z)- N (2.6.3)
N ) . ‘ N Zk . .
d’GZK k,a,zg
+ X o Er €
_ 7 = _ 7 (dg) . a (= j.k i,k
= #Z r(d|d)P (N —%D—d) + Z NQk P |]7a)yj,k(x+ N N )
d’GZK k,a,j
i/x; >0
3/ k<1
X €k Gk =
N-P|==F+2 -2 D=d]|.
(N TN TN )

Note that we have to restrict the sum on the rhs in order to consider the boundary cases. Multiplying (2.6.3)

by z{1t... ZZI}(K, summing over & on both sides of the equality, we then obtain the following expression:

—

1) ( = 11 LTIk K X
gz > pd|d) —i—Zz . zJKKIP’<N ) > 0™ (jli, a)yt o (Z) (2.6.4)

dezkK k,a,i,j

. 7 ) A¥i rq O ‘
SOLLTLEIS o R o AR S
e k,a,j
i/ k>0
i/=; k<1
< - > s o
.P(N:fjtejj\f—e”k,l?:d)'

Below we will show that the second terms in both the LHS and the RHS of (2.6.4) are equal when taking

limits. We begin rewriting the second term in the LHS. By changing variables Z — e~ (since in the limit
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we have that % is a continuous variable), we have that it is equal to

=

=z, D= J) : (2.6.5)

Ze—snxll”. TSIK KT K Z q(dk) j|’L a yzk( ) P(
T

k,a,i,j

We make the same change of variables in the second term in the RHS. Furthermore, the sums in k,a,,
are bounded, because of the hypothesis (2.1.1), the fact that y{,(.) is a proportion and
mathbbP is a probability. Thus, as a consequence of Fubini’s theorem, we can interchange the order of

summations:

_ _ di) /- - - , k
ST e ek i, 0) -yl 7+ 2k - k)

k,a,i,j T/x; >0
;<1

For each fixed k,7 and 7,

. Y o) X 5 -
Z Z e SuvL e ’KKy’KKﬁ e (7, a)y]k(y)P<N— 7D—d>

koai.d §/yi <1 e~ S
Y5,k >0
—s —g e_Wi d . . X - = -
:Ze S11Y11 o SIKKYIKK — Z QI(g ’“)(z|y,a)y§1’k(y)P (N = ’D:d> . (266)
7 e k,a.j
i/yi k<l
J/Y5,k>0

Comparing (2.6.5) and (2.6.6) there are two aspects that remain different. The first one is the restriction of
summing only when y, x > 0 and y; < 1 in (2.6.6), but we can add the boundary cases which only sum 0:
note that when y;, = 0, there would be a y;lk(g’) = 0 multiplying, and when y; , = 1, as it’s a proportion
in class k bandits, this means that y; » = 0 and again there would be a y () = 0 multiplying. The second

Dtk
. € N
aspect is the factor ————,
Zk 5,k

e N

which converges to 1 as N — oo. Since y§, (%) < 1, in the limit both terms

are the same.
So we can conclude from (2.6.4) that

lim 30 Y r(d|d) = Z dld) lim §9)(3), (2.6.7)

N—oc0 K N —oc0
d'eZK ezkK
that is, limy 00 g(‘f)(g‘) satisfies the balance equations for D. Thus, limy e §(% (5) = ¢(3)¢(d), where ¢(3)
does not depend on d. When summing both sides over cz we obtain ¢(5) = limy_0 E e’%) that is,

Equation (2.2.1) holds true.

Proof of Lemma 2.2 In [17], the mean-field limit is obtained for a particle system living in a rapidly
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varying environment. In particular, in [17, Theorem 2.2] the convergence result in the transient regime is
obtained, which would prove our lemma. Hence, to use the results obtained in [17] we need to verify several
the assumptions A0-A8 as made in that paper. We will do so below.

Each bandit represents a particle, and a transition of a class-k bandit/particle from state j to state ¢ when

1 —
1 @ ;5 v oea [ X0
¥ 2o iy () (2.6.8)

a=0

in environment d occurs at rate

where y (Xjf,t)) needs to be interpreted as the probability for a class-k bandit in state j to see action a.

Expressmn (2.6.8) is the equivalence of [17, Equation (3)].

In [17] a discrete-time setting is considered. In the model we consider, the transition rates are uniformly
bounded!, hence we can uniformise our system to obtain a discrete-time model [54, Section 2.6]. Further-
more, we consider a multi-class particle system, while the results in [17] are for an exchangeable system.
As noted in [17, page 38], this is easily generalized to a multi-class model, when adding a class description
to the state of the bandit and having the class of the vector of bandits at time 0 be determined by an
exchangeable random vector.

We are left with verifying Assumptions A0O-AS8 as stated in [17]. Most of them are true by definition, except
for AO and A2, which we discuss in the remainder of the proof.

[A0.] states a weak correlation between the bandits’ transitions. That is, let A, 1 (¢) denotes the event of the
n-th class-k bandit to have a transition at time ¢. Then in A0 of [17] it is assumed that P (A, k, (t) Ang i, (£)) <
p(N)/N, with p(N) — 0. For our model this is satisfied, since bandits behave independently from each
other, hence this probability is equal to zero.

[A2.] states that the transition rates of the bandits are uniformly Lipschitz, using the total variation

between two empirical measures. That is, there exists a constant C' such that for every &, z|

sup{Zm(d) 5,00y (@) + ai” (1], Dyfi (@) — a1 (115, 00y (2) — <d><i|j,1>y;i;:<2>}

< Csup|gcj k= Zj k| (2.6.9)
j.k

1The transition rate out of state (X, D) are Z X, qu ( |j,a)/N+Zd, r(d|D) < Cy +max; i Z q,(g >(z\], a) < Ch+Csy,

where we use the assumption made on the env1ronment in Section 2.1 and (2.1.1).
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The LHS is equal to

su;o{Dq (il7.0) (y52@) — @) + a0l ) (w53 @ — <*>)|}

<sup{Zq() il7,0)y2% (@) — y52 (D)) + 0t (ild DIy (@) — yjk()}

Ji.k.d i=1

,0 0 - 1o
< Cosup {yf0(®) —yf 0+ ufil (@) i )1}
MELD)
)

A -
< Cosup {loj — il + 253 @) — 453 (D)
VILD)

< C2(2C + 1) suplz;k — 2k,
g,k

where we used (2.1.1) and (2.2.5). That is, (2.6.9) is satisfied.

Proof of Lemma 2.4: Let ¢ be a policy that satisfies Condition 2.3. We first prove that the feasible set
of the (LP) problem is non-empty.

Note that we have relative compactness for the sequence of random variables (X N.e /N ) Nen' In case
Ji < oo for every class k, this is valid because the random vectors live on a compact space. In case J = oo
for some k, relative compactness comes from Condition 2.3 and [15, Theorem 6.1]. As a consequence, we
can consider a subsequence of N (for ease of notation still denoted as N) such that XN /N converges in

distribution when N — oo. Together with Condition 2.3 we can then define the following limiting point

gi= (y}f}f), where
1T XNe(t)
pa . : I p,a
Vi -—E@;H;h%so%fcp J y( o))

It is important to note that this limit can depend on the subsequence of N considered. For ease of notation,
we are not writing this dependence. We will first prove that ¥ is a feasible solution of the (LP) problem.

Since at most N bandits are in the system, we have

X ()
lim ——— =0, for all j, k. (2.6.10)
t—00 t
Note that fo y;, w( XN; (s) )+ Nds is the total aggregated amount of time spent on action a on class-k bandits

in state j during the interval (0,¢]. Hence, we can write the following sample-path construction of the
N,p 4.
process X7 (t):

N,p Nip qk é\JI‘La) K w,a X:N#}<8)
Xj,k (t) Xjk +ZZZ : 1(Dk(5):d)yi,k —N - Nds

a=0 i#j deZ

! a ‘”(m o) t X2 (s)
k a S
ST S ([t (Y ) va). oy

a=0 i#j deZ
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where N (l10)/N (1) are independent Poisson processes having as rates 0\ Gliya) /N, i, G =1,..., Tk, k=

1,..., K, a=0,1. By the ergodic theorem [23] and because of XN having an invariant distribution (see Con-

dition 2.3, item a), we obtain that % fot 1(Dk(s):d)y;‘”}€“(XN;(s) )-Nds converges to E (l(Dk:d)yf}f(X;’w) . N) <

oo as t — oo, for all j, k,a,d, N. Because of Lemma 2.1 we further have

. ©,a XN’LP ©,a
J\}E}nooE L(Dy=d)Yj ) N = or(d)y; ) - (2.6.12)

Now, when dividing both sides in (2.6.11) by ¢, taking t — oo, and using that N?(at)/t — af and (2.6.10)
hold, we obtain

L& g, (jli, a)
O:Z Z N E l(Dk=d)yfl’e

a=0i=1,i1#j deZ
1 Jk
1,2

1

g,” (ilj, a) a

DD D Dhy ool R
a=0i=1,i#j deZ

(d) p,a

>~ 4" Gl a)E | 1(p, 0y

i#j deEZ

1

N
i
-3 S e (o (B
dez

a=01i=1,i#j

1 XN

5

AE]

a=01i=

)) . (2.6.13)

1 Ji
0=>" Z ai(ili, @) on(d)yfy" - Z Z S gl a) oy,

Letting N — oo, together with (2.6.12), we then obtain

a=0i=1,i#j deZ a=01i=0,i1#£j dEZ
1 Jk 1 Jk
=Y TGl eyl => > @il a)yfy, (2.6.14)
a=0i=1,i#j a=01{=0,i#j

a.s., that is, ¥ satisfies Equation (2.2.6). By definition, y¥ satisfies >_, y;.’i;gl < aand y/;" > 0. Hence,
y”* is a feasible solution of (LP). Note that the interchange of limit and summations to go from (2.6.13)
to (2.6.14) is possible because of the uniform integrability given by Condition 2.3.

It is left to prove Inequality (2.2.10). We have,

lim inf V% ()

N—oo
P D) s [ XN(R)
—l}\rfnlnfhmlnf IE /;leock (]>a)'yj,k N dt
j=la=

T K e 1 (Di( XNe(t)
k
>E 1}\I[n1nfhm1nf—/ E E E Cy yjk N dt |,

k=1 j=1a=0
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where the inequality holds because of Fatou’s Lemma. So it would be enough to prove that

T K J, 1

XN (t
1}\1111 inf hm 1nf = /o Z Z Z C,(CDk(t))(j, a)y;f}:(T())dt > 0¥, (2.6.15)

k=1 j=1a=0

almost surely.

Consider a fixed realization w of the process. We first assume that the LHS in (2.6.15) is finite. We then
obtain that

LT (XNe)
lgrllnfllmlnff/o y;fj,C (N 1(p,(1)=aydt

—o0 T—o0

~ lmin(E (1(Dk:d)y;f;j <X;\v[¢>> (2.6.16)
_

= N%iLnOOIE (1(Dk—d)yf7}€a ( N, >>
_—

e ()

— oy, (2.6.17)

with IV; the subsequence corresponding to the liminf sequence and such that

)?II\V,W converges in distribution.
In the third step we used that X~ /N is uniformly integrable and in the fourth step we used (2.6.12) (this

. . )ZN‘¢
equation holds for any weakly converging subsequence of =

). As a consequence we obtain that

TK Jr 1

NW
1 (Pr () (t)
e ity /OZZZC AR el

k=1 j=1a=0
K Jr 1 - N
= (De(t) 1 o, XV9(1)
k=1j=1 a=0
K J. 1 c
=335 5 Gl a)dn(dysy S S S Culalut v
k=1j=1a=0dcZ gt

where the last inequality holds because ¢ is a feasible solution of the (LP) problem.

In particular, the above shows that v* < 0o, since we assumed in Section 2.1 that there exists a policy for
which the LHS in (2.6.15) is finite.

Assume now that the LHS of (2.6.15) is infinite. Then inequality (2.6.15) follows directly, since v* < oo.
This concludes the proof. O

Proof of Lemma 2.6: We consider four possible cases:
(1) 1f (a - Z(i,l)es;f(j) JCM) < 0, then by definition (2.3.1) we have ypm’ Y@ =o.
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If as well (a - Z(i,l)es,f(j) zi,l) < 0, then the LHS of (2.2.5) equals zero, hence (2.2.5) holds. If instead
(0= Siuyesz (s 2i) = 0, then by definition (2.3.1),

@) e @ =min a3 sz
(4,1 €SP ()

Sa- Z 2l

(1,1) €SP ()
< Z (Zi,l — le)
(5,1)ESE™ (5)
K

< YTk suplzig — 2l
=1 il

In the remaining three cases, we can now assume that for both @ = Z, 7, it holds that

o — Z ui; | > 0.

(i) €SP (4)

2) fajr <a-— Z(“)Eg;:(j) x;p and zjp < o — Z(i,l)eSi”"(j) zi1, then we obtain directly the result
W2 (@) =y (D) = g — 2] < supgglai s — zidl.

(3) If Tk < a— Z(i,l)esino(j) z;p and 2, > o — Z(i’l)engiO(j) 21, then

Tk — -+ E Zill-

(4,1)€STT ()

prio,l prio,l

Wik (@) =y ()] =

(2.6.18)

If, in addition, x;, > a — Z(i,l)esg”"(j) 2i1, then since = < a — Z(i,l)esg”"(j) x; 1, we have

‘yéo,q;cio,l(f) - y?’;joyl(z?ﬂ = Tjr— Qo+ Z Zil
(5,1)€SE™ (4)

Z (Zz',l - l‘i,l)
(5,1)ESE™(5)
K
< ZJk sup|z;; — zil,
k=1 v

IN
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since Zle Ji is the number of states (i,1) bandits can be in. Instead, if z;, < o — Z(i,l)esi’”"(j) zi,1, then

N @) =N B =a— YD sk
(4,1)€SPT ()
< Zjk T Tk
< sup|wi — 2l
il

(4)Ifzjr>a— Z(z‘,l)esg””(j) x;p and zjp > o — Z(z‘,l)esij”"(j) zi 1, then

|y§_)77l'€io,1(j’) _ yjprkz‘o,l(g')\ - ' Z (20 — i)
(4,1)ESPT™ ()

K
< Z Je suplxi; — 2l
=1 il

Setting C' = Zszl Jk, we proved (2.2.5). O
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In this chapter we study an optimisation problem with controllable processes affected by observable environ-
ments. We consider a multi-armed restless bandit problem, where each bandit is formed by two processes,
a controllable process and an environment. Thus, the state descriptor of the bandits is two-dimensional.
The decision maker has full information of the state the controllable process and the environment are in.
We further consider the particular case of queues with abandonments under linear holding costs, where
impatient customers can leave the system, regardless of whether they are being served or not. There, the
state of the queue is the controllable process, and the arrival rates, service rates, and abandonment rates
depend on the state of an exogenous environment process.

In our first main contribution, we consider an arbitrary bandit, and under the assumption that the optimal
policy is of threshold type, we provide an algorithm that finds Whittle’s index in any state. In the case the
environment changes at a slower time scale than the controllable process, we derive an analytical expression
for Whittle’s index. For the problem of a multi-class abandonment queue, we show that threshold policies
are optimal. We prove indexability and obtain closed-form expressions for Whittle’s index. These are further
simplified in case the environments vary slowly, and when they vary fast. We further propose a heuristic for
a multi-class queue without abandonments, derived from the results for the problem with abandonments. By
numerical simulations, we assess the suboptimality of Whittle’s index policy in a wide variety of scenarios,
and the general observation is that, as in the case of standard MARBPs, the suboptimality gap of Whittle’s

index policy is small. Numerically, we also assess the performance of the averaged Whittle index policy.

37



38 CHAPTER 3. OPTIMAL CONTROL WITH OBSERVABLE ENVIRONMENTS

The latter was proved to be asymptotically optimal for unobservable environments, see Chapter 2, but we
show that it can be far from optimal in the observable setting.

Most of the references in MARBP consider unidimensional bandits, which is a critical assumption in order
to establish indexability, and in turn to calculate Whittle’s index. On the other hand, literature on mul-
tidimensional MARBPs, as considered here, is scarce. The main difficulty lies in establishing indexability,
i.e., ordering the states, in a multidimensional space. Important exceptions are [1, 4], as we described in
Section 1.1.2.

The multi-class abandonment queue has been largely studied in recent literature, see for example the Special
Issue in Queuing Systems on queuing systems with abandonments [37] and the survey [25] in the many-
server settings. In particular, we mention the work of [44], where the authors formulate the abandonment
queue as an MARBP and derive a closed-form expression for Whittle’s index. In this chapter, we extend
this work by considering the abandonment queue with rates that depend on environments.

The chapter is organised as follows. In Section 3.1 we describe the model. In Section 3.2 we present the
relaxation of the original problem and Whittle’s index. In Section 3.3 we introduce the threshold policies
and, assuming they are optimal, we provide the algorithm to determine Whittle’s index. We establish an
analytical solution of Whittle’s index when the dynamics of the environment are much slower than the
controllable process. In Section 3.4 we study the multi-class queue with abandonments. Optimality of
threshold policies is proved in Section 3.4.1. In Section 3.4.2 we prove indexability and obtain expressions
for Whittle’s index. The proofs of the theorems are in Section 3.4.3. In Section 3.5 we derive Whittle’s
index for a multi-class queue without abandonments living in a Markov-modulated environment. Finally,
in Section 3.6 we numerically evaluate the performance of Whittle’s index policy. For ease of the reading,

many proofs are presented in the appendix.

3.1 Model description

We consider a multi-armed restless bandit problem in continuous time. There are N bandits in the system,
each bandit is composed by a controllable process and an environment process. The controllable process
lives in the state space X = {0, 1,...}. A bandit can be kept passive or made active, with the constraint that
at most R bandits can be made active at a time, R € N. The transition rates of the controllable process of
a bandit depend on whether it is made active or kept passive and on the current state of the environment,
as defined below.

The environments are exogenous Markov processes living in the state space Z = {1,2, ...}, whose evolution
is independent of the state of the controllable processes or the actions taken. Let Dy (¢) = d € Z denote the
state of the environment of bandit k£ at time ¢, k = 1,..., N, and T,(Cdd/) the transition rate of Dy(t) from
state d to d’. We assume the environments Dy (t) are positive recurrent. We denote by ¢4 (d) the stationary
probability of environment Dg(¢) to be in state d.

We note that no further assumptions are made on the correlation between different environments. However,

in the numerical examples, we focus on the following two special cases:



3.1. MODEL DESCRIPTION 39

e Independent environments: The variables (Dy(t))N_; are independently distributed. As a consequence,

given the action, the evolution of the two-dimensional state of a bandit, (M (¢t), D (t)), is independent

of the others. Hence, this setting falls within the classical MARBP with a 2-dimensional state space.

e Common environment: There is only one environment affecting all bandits, that is, Di(¢t) = ... =
Dy (t) = D(t). When environment D(t) changes state from d to d’, it changes the transition rates
of all bandits at once. In this case there is a correlation between bandits, which does not fit in the
standard MARBP model.

Let ¢ denote the policy that determines the action taken for each bandit. We assume that policies are
Markovian, that is, they can base their decisions only on the current state of the bandits. In particular,
this implies that decisions can depend on the state the environments are in. That is, the decision maker
can observe the environments.

For a given policy ¢, let M}’ (t) = m € X denote the state of the controllable process of bandit k at time ¢,
k=1,...,N. Note that (M} (t), Dy(t)) describes the two-dimensional state of bandit k. The full description

(Mip(t)aDl(t)v e '7MJL\’}(t)aDN(t)) )

is then a Markov process.
We denote the passive action by a = 0 and the active action by a = 1. We further denote by Af (¢) € {0,1}
the action taken for bandit k at time ¢ under policy @, and A% (t) := (A7 (t),..., A% (t)) the actions taken

for all the bandits. The constraint can be expressed as

N
> AL <R, Vt>0. (3.1.1)
k=1

We define the set of feasible policies @, as the set of all Markovian policies that satisfy (3.1.1).

When action a is applied to bandit k, it makes a transition from state (m,d) to state (m',d) at rate
qr(m'|m,d,a). Let Cx(m,d,a) denote the cost per unit of time for bandit k¥ when the controllable process
is in state m, the environment is in state d and the action taken is a. For any k, we assume that Cx(m, d, a)
is a convex non-decreasing function in m for any d, a.

The objective of the optimisation problem is to find the policy ¢ that minimises the long-run average holding

cost under constraint (3.1.1), i.e., solve:

1 Ty
min lim sup B ( /0 > Cr(ME(), Dk(t),Af(t))dt> . (3.1.2)

Pe® T 00 =1

Finding a solution for the constrained problem (3.1.2) is PSPACE-hard, hence infeasible, see [33, 49, 73].
However, we refer to the Lagrangian relaxation method, as we introduced in Section 1.2.4, that allows to
obtain efficient index policies for the original problem. In Section 3.2 this is applied to the MARBP with

observable environments.
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3.2 Relaxation and Whittle’s index policy

In this section, we introduce the relaxed version of the Markov-modulated multi-armed restless bandit
problem. The main idea of this methodology, as proposed by Whittle in [72], is to solve an unconstrained
problem obtained via a Lagrangian relaxation approach, instead of solving problem (3.1.2) under constraint
(3.1.1). This leads to a significant simplification of the problem, where the multi-dimensional setting can
be replaced by a a one-dimensional setting. The solution for the relaxed problem can be then described by
the Whittle’s index.

We now study the relaxed problem, that is, the constraint on the number of active bandits must be satisfied

on average, and not in every decision epoch:

T—o0 k=1

1 T
lim sup TE (/0 ZAf(t)dt) <R. (3.2.1)

We denote the set of policies satisfying constraint (3.2.1) by ®#¥L and we note that ® C ®REL. We
now consider the problem of finding a policy ¢ that minimises (3.1.2) under constraint (3.2.1). We use the

Lagrangian multipliers approach to rewrite the following unconstrained version of the relaxed problem:

1 T N N
min lim sup ( /0 <§ Cy (MY (1), Di(t), AL (1)) — W ;;) A“,j(t)) dt) . (3.2.2)

T—o0
The Lagrange multiplier W can be viewed as a subsidy for making each bandit passive. The key observation
made by Whittle is that problem (3.2.2) can be decomposed in N subproblems, one for each bandit, due to

the fact that there is no longer a common constraint. Thus, the solution to (3.2.2) is obtained by combining

the solution to N separate optimisation problems, that is,

min lim sup ~E ( /0 (CL(MPE(8), Di(t), AZ(£)) — WAL (1)) dt) , (3.2.3)

¥ T—oo

for each bandit k. Under ergodicity conditions, we define g (W) as
glf(W) = E(Ck(vaDk7Af)) - WE (Agkp) ’ (324)

where M}”, Dy, A7 are the respective steady-state variables for a given bandit under policy . Then, problem
(3.2.3) is equivalent to the problem min,, g; (W).

We now introduce the indexability notion. Let P, (W) C X x Z denote the set of states (m, d) in which it is
optimal to be passive when the subsidy for passivity is W. A bandit is called indexable if P,(W) increases
in W.

Definition 3.1. Bandit k is indexable if W < W' implies P,(W) C P(W').

In other words, if for W = W it is optimal to be passive in state (m,d), it is also optimal to be passive for
any value for the subsidy W > Wy. The Whittle’s index in state (m,d) is now defined as follows: it is the

smallest value for the subsidy such that it is optimal to be passive in that state.
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Definition 3.2. When bandit k is indexable, the Whittle’s index in state (m,d) is defined by Wi(m,d) :=
inf {W: (m,d) € P,(W)}.

We can now give an optimal solution to the relaxed control problem (3.2.2) for a given W. At any moment
in time ¢, make active all bandits whose current Whittle’s index exceeds the subsidy for passivity, i.e.,
Wi (M (t), Di(t)) > W. A standard Lagrangian argument together with the fact that the cost functions Cj,
are convex non-decreasing, gives that there exists a multiplier W such that constraint (3.2.1) is satisfied.
Since the solution to the relaxed optimisation problem will in general not be feasible for the original problem
(3.1.2) with constraint (3.1.1), Whittle proposed a heuristic also based on the Whittle’s index. We will refer
to this policy as Whittle’s index policy.

Definition 3.3 (Whittle’s index policy). At time t, the Whittle’s index policy prescribes to make active the
R bandits having currently the largest value for their Whittle’s index Wi, (M (t), D (t)).

3.3 Calculation of Whittle’s index

In this section we present our main results for the general model. In Section 3.3.1, we provide an algorithm
to calculate the Whittle’s index, and in Section 3.3.2, we obtain Whittle’s index when the environment
changes very slowly compared to the state of the controllable process.

Since we focus on the relaxed problem for one bandit (3.2.3), we omit the dependence on k for ease of

notation throughout this section.

3.3.1 Threshold policies

We assume throughout the chapter that threshold policies (defined below) are an optimal solution of (3.2.3).
This is typically the case in many queueing models. For the case study of an abandonment queue, we prove
it to hold in Section 3.4.1. In this section, we further assume the bandit is indexable, as defined in Definition
3.1.

Threshold policies are defined through a vector @ = (ng : d € Z), where ng € {-1,0,1,...} U {0}, for
all d. Threshold policy 77 activates the bandit if and only if the controllable process is above the threshold
ng when the state of the environment is d. In other words, A”(m,d) = 1 if m > ng and A%(m,d) = 0
if m < nq. We denote by 77 (m,d) the stationary probability of the process (M7 (t), D(t)) to be in state
(m,d).

Alternatively, for some problems, an appropriate definition of threshold policy is to activate the bandit if
and only if the controllable process is below a threshold. The analysis of both cases is similar, and we choose
the former case in our presentation. See [45, Section 3.2] for a case where both types of threshold policies
are considered.

In order to obtain Whittle’s index, one needs to find the optimal threshold policies for any value of W.

First recall that the average cost (see (3.2.4)) under a threshold policy 7@ is given by

W)=Y > C(m,d,a)n"(m,d) =W > Y 7"(m,d). (3.3.1)

deZ m=0 deZ m=0
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Since we assumed that an optimal solution is of threshold type, the optimal average cost can be written as
g(W) := min g"(W).
n

In Figure 3.1, the function g(W) and the functions ¢g” (W) are plotted. Note that for any 7, g"(W) is a
non-increasing linear function in W whose slope is determined by — Y ;.- >"n¢ 7 (m,d), and g(W) is a
lower envelope of the functions ¢ (). In particular, one observes that the horizontal axis can be split in
intervals, where in each interval a different threshold policy is optimal. To find these intervals, note that for
W = —oo the threshold policy #@~! := (=1,—1,...) is optimal. Now one can simply look to the first value
of the subsidy, W, where a linear function g (W) crosses g(~1~1) (W), and is optimal for W e [Wo, Wy].
Let 7?° be the corresponding threshold policy of this linear function. Then, one knows that Whittle’s index
is given by W(m,d) = W, for m = 0, ... ,nY for all d such that ng > 0, since Wy is the smallest value
such that it is optimal to be passive in those states. This happens because threshold policy (—1,—1,...) is
optimal for W < Wy and 7 is optimal for W & [WO, Wl], with W still unknown. Similarly, one can now
determine W1, and find the optimal threshold policy in the point W1, and as such, the Whittle index for
states (m,d), with n < m <nl.

To formalize the above procedure, we introduce notation for the crossing points of the linear functions g™ (W).
We denote by W (i, 7’) := {W eR ‘ g (W) = gﬁ,(W)} the set of multipliers W such that the expected
cost under threshold policies 77 and 71’ is equal. In case the slopes are not equal, i.e., >, ~ Somd 7(m, d) #
Yodcz ZnL:O 7 (m, d), the set W (7, 7') has a unique element, which from (3.3.1) is given by:

ez o C(myd,a) 7 (m,d) — Y 4cz S0 C (m,d,a) 7 (m, d).
Zdez Z;dezo 7 (m, d) — Edez sz;o wﬁ/(m, d)

Wi, i) = (3.3.2)

Note that in case there are two threshold policies that, besides (—1,—1,...), are optimal in Wo, gﬁ(Wo) =
gﬁ/ (Wo), then the one having the steepest slope will be the one that minimises when W = Wo + A, with A
small enough, hence, we choose that one in the case of a tie.

In Algorithm 3.4 we summarise the above. Under the assumption of threshold optimality and indexability,
the output of Algorithm 3.4 are the threshold policies 7 that optimizes (3.2.3) for each W, and Whittle’s

index.

Algorithm 3.4. Define ! the vector equal to —1 in every coordinate, that is, under policy i~" the bandit

is active in all environments. Then, for j > 0,

Step j Let

Z md #ZZW md andnd>nd1,Vd},
cZm

deZ m=0

and compute

- 21
W; nlenlgj W (i, ) (3.3.3)
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Figure 3.1: Lower envelop g := ming ¢”. Algorithm 3.4 finds Wj for j > 0.

Denote by @i/ the minimiser of (3.3.3). In case of a tie, choose the minimiser that has the steepest
slope =Y yez Sont_ o (m,d). Define W(m,d) := W; for ngfl <m < nil, for every d. Go to step
Jj+1.

Remark 3.5. The numerical computation of this algorithm requires the set where the minimisation is done

to be finite. Hence, in case |X| = oo or |Z| = oo, the results obtained are an approximation.

3.3.2 Slowly changing environment

In this section, we give an analytical solution of Whittle’s index when the environment changes at a much
slower time scale than the dynamics of the controllable process of the bandit. We show that in the limit,
the Whittle index in state (m, d) coincides with the Whittle index of a bandit that only sees environment d.
Before giving the results, we introduce some notation for a bandit that always sees environment d. That
is, the bandit lives in the state space X = {0,1,...} and its transition rates are ¢(m'|m,a) := g(m/|m, d, a)
for m,m’ € X and a = 0,1. Let (p"*(¥(m))gez denote the corresponding steady-state probability under
threshold policy ng. We further let W (4 (m) be the Whittle’s index in state m of a bandit that always sees
environment d.

The different time scales are obtained by scaling the transition rates of the environment by [3: Br(dd'), and
taking the limit 8 — 0. In order to obtain an analytical expression for Whittle’s index in the slow regime,
we will assume the environment can be in two states, i.e., |Z| = 2. Whether the results extend to [Z]| > 2
is left as further research.

When the environment changes state at a much slower time scale than the controllable process, the con-
ditional (on the environment) steady-state behaviour of the bandit is that of a bandit whose environment

never changes. This is stated formally below. The proof can be found in Appendix 3.7.1.
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Lemma 3.6. Assume |Z| = Z < oo and let the transitions of the environment be scaled by B, i.e., ﬁr(ddl).
Then it holds that

lim 7 (m,d) = ¢(d)p"+ P (m), Vm e N. (3.3.4)
—

The following lemma states that in the slow regime, the index value given by Algorithm 3.4 can be found

by changing the threshold value in only one of the two environments. For a given 3, we denote by 7’ (3) =

(nd(B),n3(B)) the values of 7/ as defined in Algorithm 3.4. The proof can be found in Appendix 3.7.1.

Lemma 3.7. Let |Z| = 2 and the transitions of the environment be scaled by 3, fr@) . Assume (7], 73) =
limgﬂo(n{ (8), n’ (B)) exists, for all j, and that the family {M™, 3} is uniform integrable, for any threshold
policy 1. Then,

S 3 C(myd,a) 7 (m,d) — 5 320 C (m,d,a) 7™ (D (m, d)

éin% ainlg 5 5 =y (3.3.5)
—0nek; n 7 n 7i—
’ Ddm1 o T d) = 3o Yo T ) (m, d)
< m.d.a)p™@D(m) — S O (m.d.a)ptn @D
_ d=11n2 H}Jf . Zm:O (ma na a)p (m) Z:szf(l) AETa da a)p d (m) (336)
2 n>n Zm:O pn,(d)(m) — S pa o )(m)
S C i do @) ) () — 5 C (m,d,a) ") () (33.7)
- Y AI=L i ’ e
it m) = £ 50 m)
i1

where dy is such that ﬁflo # fiy "~ (there is at least one such do).

The following proposition states that in the slow regime the index W(m,d) converges to the index for a
fixed environment d, W (9 (m).

Proposition 3.8. Let |Z| = 2 and the transitions of the environment be scaled by 3, Brdd) - Under the

assumptions of Lemma 3.7, we have that for any m,d,

lim W (m,d) = W@ (m).
B—0

The uniform integrability property needs to be checked case by case. For the abandonment queue, as
studied in Section 3.4, we give an alternative proof for the above, which does not require to verify uniform

integrability, see Proposition 3.19.

Proof of Proposition 3.8: The index W(myp,dy) is as obtained from the Algorithm 3.4, through the
values ng (8). Since we assume that the limit of ng(ﬁ) exists and lives on N, we have nil(ﬁ) = ﬁg for 8 small

enough. Hence, we can choose j such that n{lo_l(ﬁ) <mgp < nig (8) and we have
lim W d
S, (mo, do)

00 7 © il
i inf et o C(midsa) 7 (myd) = gy Yoo C (o dya) 7 ) (m, d)
B—0AEE; S22 S w(m,d) — 2, anfizo(@ 7= B) (m, d)

m=0




3.4. ABANDONMENT QUEUE IN A MARKOVIAN ENVIRONMENT 45

For dy it holds that ﬁéo #* ﬁio_l. Hence, by Lemma 3.7, the latter is equal to

m=0

o n,(do oo ﬁj*l7 do
lim W(mo dO) — inf Zm:00<mad07a)p (d )(m) — E C(m,do,a)p do ( )(m)

B—0 i1 P (3.3.8)
Do ) (1) = 55,12 pi0 ) (m)

The latter is the Whittle index of a bandit that always sees environment dy, W(do)(mg). This follows by
applying Algorithm 3.4 to the bandit that always sees environment dy. This concludes the proof. a

3.3.3 Asymptotic optimality of Whittle’s index policy

In [71], the authors considered the standard MARBP model (i.e., no environments) and proved that Whittle’s
index policy is optimal as the number of bandits and the number of active bandits, R, scale proportionally.
This results holds for the standard MARBP setting and requires a so-called global attractor property to be
satisfied for the corresponding deterministic set of differential equations.

In the case of independently distributed environments, the state (m,d) is a two-dimensional state of a
classical bandit. Hence, Whittle’s index policy is then also asymptotically optimal. The result does not

directly carry over to correlated environments. This is left as future research.

3.4 Abandonment queue in a Markovian environment

In this section we study a multi-class queue with abandonments living in an observable environment. There
are N classes of jobs. Each class is associated an environment process Dg(t) that can be either in state 1

(d) ._
EoT

or state 2. For ease of notation, we define r r](cd’37d) for d = 1,2. When the class-k environment is in

state d, new class-k jobs arrive according to a Poisson process with rate )\,(cd). They require an exponentially
distributed amount of service with parameter ;L,(fd). A class-k job abandons the system after an exponentially
distributed amount of time with parameter 9,(;1). Let Ci(m, d, a) denote the cost per unit of time for holding
m class-k jobs in the system when the environment is in state d and action a is taken. We assume that the

cost function satisfies
Cr(m,d,0) — Cx((m —1)",d,0) < Cx(m +1,d,1) — Cx(m,d,1) < Cx(m + 1,d,0) — Cr(m,d,0), (3.4.1)

for all m, d, such that m > 0. This property is directly implied, for example, when (i) Cx(m, d,a) = Ci(m,d),
or when (ii) Cx(m,d,a) = Cx((m —a)*,d). Here, (i) represents holding cost of jobs in the system and case
(ii) represents holding costs of jobs waiting for service in the queue.

The objective is to minimize the time-average holding cost, see (3.1.2).

Similar to [43], we can cast this abandonment model into a Markov-modulated MARBP. There are N
bandits, where each bandit represents a class of jobs. The state of bandit k& is simply the number of class-k

jobs in the system. We then have the following transition rates for bandit k:

gr(m+1jm,d,a) = )\zd) and gqi((m — 1)%|m,d,a) = m@,(ﬁd) + ap'?,



46 CHAPTER 3. OPTIMAL CONTROL WITH OBSERVABLE ENVIRONMENTS

for m € Ng,d = 1,2 and a = 0,1. Activating a bandit is equivalent to serving this class. At most R < N
classes can be served at a time.

In the remainder of this section, we calculate Whittle’s index for one class/bandit. In order to use Algo-
rithm 3.4, we first show in Section 3.4.1 that an optimal solution of the relaxed problem is of threshold type.
Then, in Section 3.4.2, we obtain a closed-form expression for Whittle’s index in the case of linear holding

cost.

3.4.1 Threshold policies

In this section, we prove that an optimal solution of the relaxed problem (3.2.3) for the abandonment model

is of threshold type. We henceforth focus on one bandit. For ease of exposition, we remove the subscript k.

Proposition 3.9. For each W, there exists an i(W) = (n1(W),n2(W)) such that the threshold policy
(W) is an optimal solution of the relazed problem (3.2.3).

Proof: The value function V(m, d) satisfies the Bellman’s optimality equation for average costs [57], which

in this case is

(,U,(d) + mg(d) + /\(d) + r(d))V(m, d) + g=
MDYV (m+1,d) + m DV ((m — 1), d) + 7DV (m,3 — d) (3.4.2)
+min {C(m,d,0) = W + pDV(m,d), C(m,d,1) + 1@V ((m ~1)*,d) } ,

where g is the averaged cost incurred under the optimal policy. Proving optimality of a threshold policy
is equivalent to proving that if in state m + 1 (with m > 0) it is optimal to be passive, it is also optimal
to be passive in state m. Regarding (3.4.2), we have to show that C(m 4 1,d,0) — W + p DV (m +1,d) <
C(m+1,d,1) 4+ p DV (m,d) implies that C(m,d,0) — W + p DV (m,d) < C(m,d,1) + pDV((m - 1)*,d).
A sufficient condition to prove this is Property (3.4.1) together with convexity of the value function for each
d,m, so 2V (m,d) < V(m+1,d) + V((m —1)*,d), which we prove next.

In order to prove the convexity of V(m,d), we use the value iteration method. However, this technique
needs uniformly bounded transition rates. We therefore consider a truncated space at L and smooth the
arrival transitions. We define the value function for the truncated system with parameter L as V¥ (m,d). In
Appendix 3.7.2 we show that V% (m, d) is a convex function, and in Appendix 3.7.2 that sufficient conditions
hold in order to apply [14, Theorem 3.1, to state convergence of VL' — V as L — oo. With these two

results, convexity of V is concluded. O

Below we prove properties on 77 (m, d), the steady-state probability of having m jobs in the system and
being in environment d under threshold policy 7.
Given threshold policy 7 with n; > 0 for ¢ = 1,2, we have the following rate conservation property for a

given environment.

Lemma 3.10. Under threshold policy 7i it holds that

XDo(d) + 1O VB (M (pgg) = (09 +rD)E (M Lpog) + 1@ 3 7(m,d), (343)

m=ng+1
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for d =1,2, where M™ denotes the random variable with distribution 7.

Proof: The rate conservation in a stable system is due to the balance between the arrivals and the departures
in the long-term process. We refer to [20, Section 2.4.7], where the Principle of Set Balance states that
almost surely, the number of exits equals the number of entrances as t tends to infinity. We consider that
each environment defines a stable subsystem. Then, the mentioned balance is represented in both sides of
Equation (3.4.3) for a given environment d. This can be explained as follows. On average, the rate for
arrivals under environment d is A(?¢(d), the rate for departures due to service is p(%) anoznd 11 7 (m, d),
and due to abandonments is (Y (Mﬁl(Dzd)). When the environment of the bandit is in state D(t) = d,
the subsystem in environment d has all the customers, while the subsystem in environment 3 — d is empty.
When the environment changes state, a batch departure of every customer is done from one subsystem to
the other. In this sense, for a fixed environment d, the term rG~9E (Mﬁl(ng_d)) represents arrivals to
the subsystem, and r(DE (Mﬁl(Dzd)) the departures. O
Lemma 3.11 proves monotonicity properties on Y /" 7" (m,d). This quantity represents the probability

that a class is not being served and observes environment d.
Lemma 3.11.

1. The function Y " 7" (m,d) is non-decreasing in ng, for d = 1,2.

2. The function > 1" 7" (m,d) is non-increasing in nz—_q, for d=1,2.

The first property follows naturally, as increasing the threshold ny implies that one is keeping this class
passive in more states, while the drift towards these passive states remains the same. Hence, the probability
of being passive increases. If instead nz_g4 increases, the states where the bandit is passive in environment
d are the same. However, the downward drift in environment 3 — d decreases in some states, which explains
that the probability of being passive in environment d decreases, i.e., the second property. The proofs can
be found in Appendix 3.7.3.

3.4.2 Whittle’s index for linear cost

In this section, we assume linear holding cost, that is, C(m,d,a) = cm, with ¢ € Ryo. We first prove that
the abandonment problem is indexable, and then give an expression for Whittle’s index. For ease of reading,
the proofs of the theorems are in Section 3.4.3.

We introduce the following notation:

Pi—d) 4 (1) | (2)
000 + PR 4 @0

W@ .= cpld (3.4.4)

The following two conditions are used in order to prove indexability, Theorem 3.14. Numerical simulations

however suggest that indexability holds for any set of parameters.

Condition 3.12.
1M < 1@ and 60 > 62,

Condition 3.13.

@)
@ "
Wosse o
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Theorem 3.14. Assume Conditions 3.12 and 3.13 hold. Then all bandits are indexable.

A closed-form expression for the Whittle’s index W (m, d) can now be given.
p® u®@
00 1D 5@ = 9@ T(l) TG

Theorem 3.15. Assume the bandit is indexable, and w.l.0.g., that

We define the subsequence (n;);>—1 as follows: n_y = —1,n9 =0, and for j > 1 let
n; := min W((n;_1,0),(n,0)). (3.4.5)
n>mng;_1

In case there is more than one minimiser, choose the one that minimises — Zd o 7m0 (m, d).
Whittle’s index W(m,d) is given by

0 for m=0
W(m,d) = { W((n;-1,0),(n;,0))  for nj_y <m<mnj, andd =1 (3.4.6)
w® for m>1andd=2.

Moreover, W(m,1) < WO <W® for all m.

(1) (2)
H — H 0% —wO = W@
If A0 0 @ g0 L @ then W(m, 1) = = for all m.

Remark 3.16. If () — i < 02| then the slope of the linear function g™, — Z _ > w0 (m, ),
18 a mon-increasing sequence in n, as it will be stated in Proposition 3.23. As a consequence, in that case,

for each step j in Theorem 3.15, the minimiser n; with the steepest slope is the largest minimiser n.

In the following corollary we consider the particular case where n; = j for all j > —1, or equivalently, the
sequence W ((n — 1,0), (n,0)) is strictly increasing in n.

M )
p 1 — )
Corollary 3.17. If @ @ < 00 10 1@ and the sequence (W((n — 1,0),(n,0)))nen s

strictly increasing in n then Whittle’s index W (m, d) is given by (3.4.7).

0 for m=0
W(m,d) = < W((m —1,0),(m,0)) for d=1 (3.4.7)
w® for d=2 and m > 1.

Although we could not prove the non-decreasing property for the crossing points, based on numerical

observations we believe this holds whenever W (1) = W)

Remark 3.18. The queuing model with abandonments without an environment has been studied in [44].
That is, \(V) = X® = X, uM) = 4@ =y and 6V = 63 = 0. Then, Whittle’s index as in Theorem 38.15
equals cu /8, which is in agreement with [{4, Section 6.1].

We now scale the transition rates of the environments, to further characterize Whittle’s index in the two
extreme cases of very slow changing or very fast changing environments. As in Section 3.3.2, (5 is the scaling

parameter and $r(? is the transition rate of the environment. This proof can be found in Appendix 3.7.4.
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Proposition 3.19. Assume the transition rates of the environment are scaled as fr(®.
It holds that

. pl
élgb W(m,d) = CW, vm, d.
p) _ @ _
When 0 1 170 = 50 10 1@ it holds that
0 for m=20
ma W(m,d) = { limg_0 W((nj-1,0),(nj,0))  for nj_1 <m<nj, andd=1
—00 (2)
c% for d =2,

where 0 := 23:1 #(d)o D,

For the slow regime, we observe that the Whittle Index W (m, d) coincides with that of the Whittle’s index
"

when the bandit always sees environment d, given by ‘0“(—;), see [43].

When the environment changes fast compared to the controllable state of the bandit, the Whittle index

@
remains state dependent. In environment 2, the index simplifies to C#T. This index is very similar to
(i) c%, which is Whittle’s index when there are no environments.

ii c; an index that was proved to be asymptotically optimal in case the environments are unobservable,
ii *0‘ dex that d to b toticall timal th t b bl
in Chapter 2.

Hence, we see that when the environment changes very fast, it takes the form of departure rate over the
averaged abandonment rate. In case the environment is unobservable, the averaged value is taken in the

index.

3.4.3 Proof of Theorems 3.14 and 3.15

In this section, we set out the proofs of Theorems 3.14 and 3.15. In order to do so, we state several lemmas

and propositions, whose proofs can be found in Appendix 3.7.5.
ey e
Throughout this section, we assume that W1 < W®) | or equivalently O T® < T

We start by rewriting W (7, ii’), the subsidy such that the expected cost under both threshold policies 7

and 77’ are equal. From (3.3.2), we obtain

2 oo 7 2 oo i’
Wi, i) =c- 2de1 meom (Mo d) =305 Do _gmr” (m,d)

’ B 2 n - 2 n’ =,
Dode1 meo Ty d) = 35 Yoo ™ (M, d)

given that the denominator in (3.4.8) is not equal to 0.

, (3.4.8)

The rate conservation property of Lemma 3.10 allows us to give an alternative expression for W (7, 7’). For
that, we define
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as the difference between the probability of being passive under threshold policies 7 and 7', while the

environment is in state d.
Lemma 3.20. It holds that
W) = twh 4+ 1 —yw®, (3.4.9)

Sl(ﬁ, ﬁ/)
S1 (ﬁ, T_il) + Sg(ﬁ, 7_7:/) ’

where t 1=

Consider two policies that are always passive in environment d = 1, i.e., @ = (o0, n2) and i’ = (o0, nb),
for any pair na,ny. We have that S_0c_ 7(°°m2) (m, 1) = ¢(1), where ¢(1) is the stationary measure of the
environment for being in state d = 1. Hence, s1(ii,7') = > oo_o w(m2) (m, 1) — 3> m(%0m2) (m, 1) = 0,
and thus

W((c0,n2), (00, nb)) = W), (3.4.10)

Similarly, we have W ((n1,00), (n},00)) = WM. Following this reasoning, we derive properties for the policy

that never serves the bandit, i.e., (00, 00).

Lemma 3.21. We consider the threshold policy that never serves the bandit, (co,00). For any policy
il = (n1,n9) it holds that W ((oco, 00),7) € [WM W], Furthermore, W ((00, 00),7) = W@ if and only if
ny = oo and W ((00,00),7) = WO if and only if ny = oo.

We can now characterise optimal threshold policies that solve the relaxed optimisation problem for (3.3.1)

as a function of the subsidy W.

Proposition 3.22. 1. The threshold policy (—1,—1) is an optimal solution of (3.3.1) when W < 0.
When W < 0, it is the unique optimal threshold policy. When W = 0, the optimal threshold policies
are (—1,-1),(—1,0),(0,—1) and (0,0).

2. Assume Conditions 3.12 and 3.13 hold. For W € [0, W(Q)) the optimal threshold solutions of (3.3.1)
are of the form (n,0) with n > —1.

3. The threshold policy (co,00) is an optimal solution of (3.3.1) when W > W@, When W > W@ it
is the unique optimal threshold policy. When W = W@ | the optimal threshold policies are of the form
(00, n) with n > 0.

Proposition 3.23. Assume Condition 3.12 holds. Then the sequence (— 2321 Somd w("*o)(m,d)) .
ne

which represents the slope of the linear functions (g™ 9),en, is a non-increasing sequence.

We can now prove Theorem 3.14.
Proof of Theorem 3.14: By Proposition 3.9, an optimal solution of (3.3.1) is of threshold form. For
a given subsidy W, let ng(WW) denote the minimum value for a threshold in environment d such that the
threshold policy (ng(W),fi3—q), for some 7i3_g, is optimal.
If

n (W) <ny(W+A) and na(W) < nag(W + A), (3.4.11)
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with A > 0, then, the bandit is indexable. Equation (3.4.11) will be proved below.

First assume W < 0. Then, by Proposition 3.22, the optimal threshold policy is (—1,—1). In W = 0 it
turns to (0,0), and for W > 0 it is of the form (n,0). Hence, for W < 0, (3.4.11) holds.

Now assume 0 < W < W&, If W+ A > W®), then the inequality (3.4.11) is trivially true. Now
assume W + A < W), By Proposition 3.22, it follows that there are n and n’ such that 77(W) = (n,0) and
i(W+A) = (n/,0). Since the function g(W) is a lower envelope, the linear function g(""9 (1) has a steeper
slope than the linear function g("’o)(W), as it can be seen in Figure 3.1. Furthermore, in Proposition 3.23
we proved that the slope of the linear functions g(™° (W) is non-increasing in n. Therefore, n < n’, and
(3.4.11) holds.

Finally, for W > W) the optimal threshold policy is (co,c0), hence ng(W) = oo for both d = 1,2, and
(3.4.11) is trivially true. |

In order to prove Theorem 3.15, we first show that threshold policy (oo, 0) is an optimal solution of (3.3.1)
when W e (W), W],

Proposition 3.24. The threshold policy (00,0) is an optimal solution of (3.3.1) when W € [W(1)7W(2)]
IfwWe (WM W®), then it is the unique optimal threshold policy. If W = W2, then any threshold policy

(00,n) with n > 0 is optimal, and no other threshold policy is.

Using Propositions 3.22 and 3.24 we can prove Theorem 3.15.

Proof of Theorem 3.15: Recall that the Whittle’s index of a state (m,d) is the smallest value for the
subsidy W such that the optimal threshold policy makes that state passive.

First consider states (0,d). From Proposition 3.22, we have that in state 0 it is optimal to be active when
W < 0 and passive if W = 0. Hence, we have that W (0,d) = 0, for both d =1, 2.

Now consider states (m,2), with m > 0. From Proposition 3.24, we have that for W € (WM W) the
unique optimal threshold policy is (co,0). For W > W), the optimal threshold policy is (00, 00), since it is
the steepest one. Hence, W(?) is the smallest value for the subsidy W such that in state (m,2) the optimal
action is to be passive, that is, W (m,2) = W®) for every m > 0.

Now consider states of the form (m,1), with m > 0. Note that for W = 0, in state 0 it is optimal to be
passive, and for W € (W), W(z)) the optimal threshold policy is (00,0). As a consequence, and since the
bandit is indexable, when 0 < W < W) an optimal threshold policy is of the form (n,0). Algorithm 3.4
characterises Whittle’s index by iteratively defining Wj. From Proposition 3.22, we have that for W < 0
the unique optimal threshold policy is i~ = (=1, 1), and for W = 0 the optimal threshold policies are
(-1,-1),(-1,0),(0,—1) and (0,0). Hence, Wy = 0. Furthermore, since the bandit is indexable, for W > 0
it is optimal to be passive in state 0. Therefore, among those four threshold policies, the optimal threshold
policy in the interval [0, Wl] is 7% = (0,0). Then, in W = W, the linear function of the following optimal
threshold policy (n1,0) crosses the linear function ¢(®9 Inductively, the increasing sequence (n;) >0,
provides the set of minimising policies inside the set {(n,0)},~,. As a consequence, in order to determine
the smallest value of W such that the optimal threshold policyimakes a state (m, 1) passive, it is enough to
determine the value j such that n;_1 < m < n;. In other words, W (m,1) = W((n;_1,0), (n;,0)) for any j

and nj_1 <m < ny.
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We are left to prove that W ((n;,0), (n;_1,0)) < W® for every j. To do so, recall from (3.4.9) that
W ((n,0), (n;-1,0)) = W + (1 — 1) (W@) - W<1>) ,

s2((n;,0), (nj—1,0))

s1((n,0), (nj-1,0)) + s2((n5,0), (nj-1,0))
that s2((n;,0), (n,;-1,0)) < 0. We state the following property between arbitrary linear functions in R: if

with 1 — ¢ :=

From Property 2) in Lemma 3.11 it follows

two linear functions cross each other in a given W, the one that minimises for W > W is steeper than the
one that minimises for W < W. In this case, since ¢("3-:%) (W) minimises for W < W ((n;,0), (n;_1,0)) and
g9 (W) minimises for W > W ((n;,0), (n;_1,0)), g% is steeper than g("i-19 i.e., s1((n;,0), (n;_1,0))+
s2((n;,0), (nj-1,0)) > 0. Then 1 —¢ < 0, and as a consequence, W ((n;,0), (n;_1,0)) < W for every j.
O

3.5 Multi-class queue in a Markovian environment

In this section we study a queueing model without abandonments with an observable random environment
and general holding cost. That is, we consider the model as described in Section 3.4 where now the
abandonment rates are set equal to zero. First, we discuss the stability conditions of the model. Secondly,
we derive Whittle’s index, based on the results obtained in the previous section for an abandonment queue

(by letting 8 — 0). The latter is used to propose an index policy.

3.5.1 Stability conditions

We first provide the maximum stability conditions, that is the conditions on the parameters such that there

exists a policy that makes the system stable. This stability result follows from [62].

Proposition 3.25 (Proposition 1, Section 4, in [62]). Let ¢(d) be the probability that bandit k sees envi-
ronment di, k =1,...,N. Recall that ¢ (dy) denotes the marginal distribution.

If there exists a policy such that the multi-class queue with environments is stable, then there exists a vector
F=(v.g:1<k<N,de2ZN), such that

N

Yeq = 0 and Zng o(d), for all k,d, (3.5.1)
k=1
and
STaPord) < T p™ g VI<E<N. (3.5.2)
dez deZN

If there exists a vector 7 such that (3.5.1) and

STaPokd) < > w™ g VI<E<N, (3.5.3)
dez dGZN

then there exists a policy that makes the system stable.
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Proof: For the sake of readability we present a sketch of the proof.

If the system is stable under some policy ¢, then we consider the process under this policy in a stationary
regime, and let 'y}fj be the average fraction of time that the environment is d and bandit k is active. The
obtained vector ¥ satisfies (3.5.1) by definition. It also satisfies Equation (3.5.2), which can be seen by
contradiction. Assume it did not hold, then at least one bandit would grow indeterminately towards infinite
with probability 1.

If (3.5.1) and (3.5.3) hold for a certain ¥, we define the policy ¢ as the policy that, under environment d_:

—

N
makes bandit k active with probability v, ;/¢(d) and with probability 1 — 2:/;_(1(;’“‘1 does not make active

)

any bandit. Then policy ¢ allocates to bandit & on average a service rate equal to dezn ,ukd Vig> Which

by (3.5.3) is larger than its arrival rate. This implies stability. a

3.5.2 Whittle’s index policy

For the multi-class queue without abandonments, one cannot directly apply Algorithm 3.4 in order to get
Whittle’s index. The reason for this is as follows. Let us focus on one bandit, and assume p(*) < u(?). Then,
we believe that as the subsidy grows from —oo to oo, threshold policies of the form (n,0), n =1,2,..., will
be optimal, and then, for larger W, the threshold policy (oo, 0) is optimal. However, once in environment
1 it is optimal to be passive in all states, when now comparing different threshold values for environment
2, each such threshold will have the same steady-state probability of being passive. Hence, there is no
difference in the average obtained subsidy for passivity between threshold policies of the form (oo,n) and
(00,n+n'). This means that no index can be defined for states (m,2). A similar observation was made for
the classical multi-class queue without environments, see [44, Section 7]. In order to obtain Whittle’s index
for the multi-class queue with environments, we therefore assume there are abandonments, and then let the
abandonment rate scale to zero.

We assume linear holding cost. Let W?(m,d) be the Whittle’s index in the presence of abandonments (as
derived in Section 3.4.2), with 6; = 6, = 6, with 6 > 0. It is direct from Theorem 3.15 that if u) < p(?),
then

lim oW (m,2) = cu®, for all m > 1. (3.5.4)
—

That is, in environment 2, one needs to consider the scaled index. In environment 1, we observed numerically

that no scaling was needed in order to obtain a non-trivial limit. In fact, we believe the following to be true:

Conjecture 3.26.

lim W?(m, 1) < oc.
0—0

In order to prove this conjecture, one needs to study W ((n;_1,0), (n;,0)), which by (3.4.9) depends on the
steady-state distributions. A perturbation approach as presented in [3, Theorem 2], would allow to write
the steady state as an expansion in 6. However, the results of [3] do not directly apply since there the
transition rates are assumed to be uniformly bounded.

We can now define a heuristic for the multi-class queue with a random environment. Let us assume there
are N bandits and R can be made active. Define for each bandit k, 1 < k < N, dj, such that ,u(3’d’c) < u(d’“).

In every decision epoch make active the bandits that are currently in their state di. If there are more than
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R, choose the R ones having the largest value for c,u(@). If there are less than R, make also active the
bandits currently in state 3 — di having the largest value for limg_,q WZ(W@ 3 —dy) as defined in Conjecture
3.26.

3.6 Numerical evaluation

In this section the performance under Whittle’s index policy is compared to the performance of an optimal
policy obtained via value iteration. We consider the abandonment model with two classes of users and two
states for the environment(s), Z = {1,2}. The decision epochs occur when there is a change of state, either
in the queue length or in the environment. At each decision epoch the decision maker chooses which user
to serve, that is, R = 1. We assume linear holding costs that do not depend on the environment or action
taken, i.e., Cy (m,d, k) = m.

We plot the relative suboptimality gap in percentage for the different policies. We denote by g¥ the
performance under policy ¢. Then, the suboptimality gap for policy ¢ is given by 100 * (g% — g@FT) /g FT
where g?FT is the average cost under an optimal policy.

In Section 3.6.1, we generate a large number of parameters and using boxplots we show the suboptimality
gaps under different policies. In Section 3.6.2 we focus on one particular set of parameters. In Section 3.6.3,

we discuss how much one can gain by observing the state of the environments.

3.6.1 Boxplots

In this section we consider two different models for the environments. The first model is that of one common
environment, and the second model is that of independent identically distributed environments. Numerically
we calculate the suboptimality gap under Whittle’s index policy W (m, d), Whittle’s index policy for a fixed
environment W (%) (m), and the policy that for each set of parameters chooses at random which bandit to
serve in each state. We do this for 200 sets of randomly generated parameters in order to obtain a boxplot.
This allows us to plot for each policy the 25th and 75th percentiles, the median value with an horizontal
line and the outliers with “+”.

Figure 3.2 (left) considers random sets of parameters chosen as follows: The parameters are chosen uniformly
at random such that A" = X € [1, 10], u{? € 1, 20], »\¥ = r(@ € [1, 20], and 6” = 6 € [0.1, 0.5], for
k =1,2 and d = 1,2. We observe that the suboptimality gap of policies W (m,d) and W@ (m) is very
small, both for independent environments as well as for a common environment. The random policy shows
worse performance having a median of the suboptimality gap in 18%.

The fact that the policy W(® (m) performs similar to Whittle’s index policy W (m,d) is surprising. The
former does not take into account that the environment changes dynamically over time. To show that

W) (m) is not an efficient policy, we narrow our set of randomly generated parameters. As before, we

chose the parameters A,gd),r(d), r,(fd), and 0,(€d). However, the departure rates are chosen differently. In
environment d = 2, the departure rates are equal for both classes, i.e., u?) = ,uéQ) = u, where the value
f is chosen uniformly at random in the interval [1, 20]. In environment d = 1, we take ,ugl) = —a and

,uél) = 1+ a, where a € [0, u] is chosen uniformly at random. Now, the fixed policy wid) (m) will give equal

priority to classes 1 and 2 in environment 2. However, since the environment will change later to state
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Figure 3.2: Suboptimality gap with (left) random parameters and (right) constrained parameters.

d =1, it could have been better to prioritize class 1 in environment 2, because in environment 1 it will have
a lower departure rate, while class 2 has a higher departure rate. This effect of changing environments is
taken into account in the Whittle index policy W (m, d).

Figure 3.2 (right) plots the result for 200 samples. As expected, Whittle’s index policy has an suboptimality
gap close to 0, as in the previous example, while this is not the case for Whittle’s index policy for a fixed
environment, W,Ed) (m). For the latter policy, the median is 4% and the 75th percentile is 15% for the
common environment setting (vs. 0% both values for Whittle’s index policy), and the median is 3% and the

75th percentile is 9% for the independent environments setting (vs. 0% and 2% for Whittle’s index policy).

3.6.2 Particular example

From the above plots, we conclude that even in a common environment, Whittle’s index performs rather
well. Below we show that this is not always the case. We obtain a set of parameters such that Whittle’s
index policy has a good performance when the environments are independent, but it performs bad when
the environments are common for both bandits.

We choose the following parameters: the arrival rates are )\,(Cd) =4vy,v>0, for k=1,2,d = 1,2, and hence
independent of the environment. The departure rates are ;A” = 8, 'ugz) =5, uél) = 27, M§2) = 21, hence
,ugd) < ugd), for each environment d. The abandonment rates are 9%1) =0.1, 0%2) =0.1, 051) = 0.4, 0%2) = 0.3,

hence Hgd) < Héd), for each environment d. These parameters satisfy the following inequalities:

1) Wi << w and 2) W <wiV,

As such, when the environment is in state (Dj(t), D2(t)) = (1,1), the indices (relation 1) indicate that
preference is leaning towards serving class 1. This is surprising, since the departure rate for class 1,
ygl) = 8 is much smaller than the departure rate for class 2 in environment 1, uél) = 27. However,

when (D1 (t), D2(t)) = (2,1), then from relation 2, one sees that preference leans towards serving class 2 at
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Figure 3.3: Suboptimality gap of Whittle’s index policy and the index W(4(m) as a function of (left)

the scaling parameter of arrival rates () and (right) the scaling parameter of the transition rates for the
environment (/3).

his high departure rate 27. When the two environments are independent, one visits this state a positive
fraction of time and hence profits from the highest departure rate for class 2. If instead the environment for
both classes is common, one is never in state (D1(t), D2(t)) = (2, 1), explaining why Whittle’s index policy
can have a large suboptimality gap.

We consider three cases for the environment parameters:

e in the first set, both environments D1 (¢), D2(t) are identically distributed and their transition rates
are given by r(") = 158 and r\®) = 178, k = 1,2, with 8 > 0. Thus, ¢\ = 17/32 and ¢* = 15/32.

Indicated in the plot by “i.i.d..

e In the second set, the environments are non-identical and their transition rates are given by 7“9) =
158,71 =178, r{" = 108 and r{?) = 28, where 8 > 0. Thus, ¢\ = 17/32, ¢'? = 15/32, ¢{") = 1/6

and (,béz) = 5/6. Indicated in the plot by “non-identical”.

e In the third set, the environments are common with r() = 158 and r®) = 178, k = 1,2, with 8 > 0.
Thus, ¢V = 17/32 and ¢(® = 15/32. Indicated in the plot by “common”.

Note that Condition 3.12 and Condition 3.13, which were needed in order to prove indexability, are not

satisfied for the above parameters. However, numerically we observed that for this parameter setting, the
system is indexable.

Scaling arrivals

We first study the suboptimality gap as the load in the system changes. We set 8 = 1. In Figure 3.3 (left)
the relative suboptimality gap under Whittle’s index policy (denoted by W (m,d)) is plotted as a function
of 7. For the independent environment settings, the gap is not larger than 7%, and is 1% when in overload.

However, in a common environment, the gap can be around 25%.



3.6. NUMERICAL EVALUATION o7

O k=1,d=1
80 x k=1,d=2
L k=2,d=1 .
80¢ k=2,d=2 | ) -
6778 opbeh R
+
L+ 70
¢
=) Lt T 675 e BE
- + 5 +
o +
o 50 * . — T
~ + ~—
; + x X X ++
+ x X = +
+ L +
T L 50 .
+ X O k=1,d=1 Lt XX
Lt i % k=1,d=2 + ”
ot } k=2,d=1 o x X
+T + k=2,d=2 ¥ * x
« x X ) X X X X x y x
1 107t 1072 107 1 107t 1072 107

Figure 3.4: Whittle’s index as a function of the scaling parameter of the transition rates for the environment.
(left) state m = 1, (right) state m = 10.

Scaling speed of the environments

We now study the suboptimality gap as the speed of the environments changes.

In Figure 3.3, (right) the suboptimality gap for both policies W (m, d) and W4 (m) is plotted as a function
of the speed of the transitions of the environment (and v = 1). For the two independent environment
settings, we observe that for 8 around 1072, the performance under Whittle’s index policy W (m,d) and
the policy W (%) (m) are very similar. Their suboptimality gap is less than 12%. On the other hand, for
the common environment, the suboptimality gap under Whittle’s index policy is around 23% when the
transition rates of the environments are not scaled. Surprisingly, the fixed Whittle index performs rather
well for any choice of 3.

Recall from Proposition 3.8 that Whittle’s index W (m,d) converges as 3 — 0 to W (4 (m). This explains
why in Figure 3.3, (right) the performance of Whittle’s index policy converges towards the fixed Whittle’s
index policy. Under linear cost, W(®(m) is equal to c,u,(cd)/Hl(cd), for k=1,2 and d = 1,2. In Figure 3.4, we
plot Wy (1,d), Wi (10,d) and the values cu,(cd)/ 9,(;1) and see the convergence.

3.6.3 Unobservable environments

In practice, the environment might not be observable due to technical constraints. In this section, we assess
the performance degradation in case information on the environment is not available.
In Chapter 2 it was shown that the averaged Whittle index policy is asymptotically optimal when the
state of environments is unobservable, as the number of bandits grows large together with the speed of
the environment. In particular, from Chapter 2 together with [44], one obtains that for the abandonment
multi-class queue with linear cost, the averaged Whittle index Wp,(m), is given by

_ 05

Wk(m) =Ck—,
i

with 0y, := 345 o1 (d)0\" and 11, = Y45 dr(d)ul?.
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Figure 3.5: Suboptimality gap for unobservable policies with (left) random parameters and (right) con-
strained parameters.

We present here boxplots that compare the performance of the averaged Whittle index policy, W (m), to
the Whittle index policy, W (m,d), obtained for the observable model. We further include the policy that
for each set of parameters chooses at random which bandit to serve in each state. We consider two models
for the environment: (i) one common environment for both classes, (ii) independent identically distributed
environments.

We first consider 200 sets of randomly generated parameters. In Figure 3.5 (left) the parameters are
chosen uniformly at random such that )\fcd) = X € [1, 10], u,gd) € [1, 20], r,id) = r(@ ¢ [1, 20], and
H,Ed) € [0.1, 0.5], for k = 1,2 and d = 1,2. We observe that the suboptimality gap of policy W (m,d) is very
small, with a median of 0% for both the common environment and the independent environments setting.
The suboptimality gaps of policy W(m) are larger, with a median of 7% for the common environment
setting and 10% for the independent environments setting. The random policy shows worse performance,
where the median of the suboptimality gap is above 20% in both cases.

For Figure 3.5 (right), we narrow our set of randomly generated parameters. In particular, we choose
parameters such that the optimal action depends on the state the environment is in. The averaged index
policy will not be able to mimic this, since it is a static policy. We fix the parameters such that Wl(l) >> W2(1)
and W1(2) << W2(2). Hence, in environment 1 it will be optimal to serve bandit 1 with high probability, and
in environment 2 it will be optimal to serve bandit 2 with high probability. In the boxplot of Figure 3.5
(right), we still observe that the median of the suboptimality gap of policy W (m,d) is 0% in both cases,
while the median of the suboptimality gap of policy W (m) is 29% for the common environment setting and
22% for the independent environments setting.

In Figure 3.5, we considered that the environment has transition rates of the same order as the main
process. In a separate analysis we consider environments whose transition rates are 100 times larger than
the transitions rates of the controllable process. We recall that we proved in Chapter 2 that the averaged
Whittle’s index policy W (m) is optimal in a rapidly varying unobservable environment. In the boxplots of

Figure 3.6 the parameters are chosen as in Figure 3.5, except for the rates of the environment, where we take
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Figure 3.6: Suboptimality gap for unobservable policies with a fast environment, with (left) random param-
eters and (right) constrained parameters.

r,(cd) = (@ € [100, 2000]. We consider 200 sets of parameters for each boxplot. In this case we observe that
the suboptimality gap of policy W (m, d) is still small, below 1% in both boxplots and in both settings. The
median of the suboptimality gap of policy W(m) for the random parameters (left) is 9% for the common
environment setting, and 12% for the independent environments setting, and for the constrained parameters
(right) is 24% for the common environment setting, and 20% for the independent environments setting.

We conclude that in both regimes, with normal speed and with fast speed, there is an important loss in
performance if we consider an unobservable policy. We obtained medians above 7% when the parameters are

chosen at random, and above 20% when the optimal policy depends strongly on the state of the environment.
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3.7 Appendix

3.7.1 Proof of Lemmas of Section 3.3.2.
Proof of Lemma 3.6:

The measure p"¢ (@ (m) is the stationary distribution of the one-dimensional process with the following rates
for m > 0: g(m + 1jm) = X9 and g((m — 1)*|m) = mO@ + 15,5, 1P, Let p"*(@(m) be the stationary

measure of this process, which satisfies the following balance equations:
(XD 4+ mBD 4 1y i) D () (3.7.1)
= 1(m>O)A(d)pnd7(d) (m - 1) + |:(m + l)a(d) + 1(m+1>nd),u(d):| pndV(d) (m + 1)7

for all m > 0, d.

The balance equations for 77 (m, d) are

()‘(d) + mG(d) + 1(m>nd)lu‘ + 5r(d)) (mv d) (372)
= 1mo NP7 (m — 1,1) + | (m + 1)0D + 1<m+1>nd)u(d)] 7 (m 4+ 1,d)

+ 3 B (m, ),

d'#d

for all m > 0, d. The stationary probability measure that satisfies the balance equations is unique. As
B — 0, (3.7.2) is equal to (3.7.1) with p"@(®(m) replaced by limg_,o 7" (m,d). After normalisation, we
hence have that limgs_o 77 (m, d) = ¢(d)p™+ @ (m), for all m > 0. m|

Proof of Lemma 3.7:

Recall that for a given 8, #/(83), j = 0,..., is the minimisation vector obtained in (3.3.3), and Pl =
limg_m ﬁj (B)
For n > 7/, define

Aé(n):ZC(mda ZCmdapd’(d)()
m=0 m=0
A n ﬁjd
Bifn) = 3 p@Dm) = 3 e (m)
m=0 m=0
We define the function
ﬁ 2 0o 7
F(7) := lim Zd 1D 0 C(m,d,a) 7" (m,d) — > 4 1Zm 0C(m,d,a)m (B)(m,d)’ (3.7.3)

0 n 'l (ﬂ) 'Fi'
o S Yy i (myd) — Y5y Yoy 7 (8) (m, d)
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for 7 € E;. By Lemma 3.6 and since M7 is uniform integrable, we have that f7(f) is equal to

23:1 Z?,'f:oc(m»& a) ¢(d)p nd’(d)( ) — 2(21 1 Zf: 0 (m d, a) ¢(d)pﬁg7(d).
Zfl=1 Z?y;jzo (d)p™ Zd 1Zm 0@5( )p a(

1(n1>ﬁ{)¢(1)A{ (n1) + 1(n2>ﬁg)¢(2)Aé(n2)

L, 5ay 8B (1) + 1,500 6(2) B (n2)
By definition of 27U+ and since 7771 (3) = 27+ for B small enough, f7(i7) is minimized in 27+, that is,

Hence, equivalently, we can write f7(7) =

SR = inf (7). (3.7.4)
nek;
In particular, this implies, f7(A/t1) < min(f7 (A3, ad), f(ad, a4*h)), that is,
oA ) + @A) (A{mi“) A >> 575)
— = e L 7.
S(V)BI(7]"7) + o(2) B (A" 1) By
Aj(ﬁj+1) Aj(ﬁj+l
Now, assume there is a strict inequality in (3.7.5), and assume —-—: < 2 7 The strict inequality
1)~ Biayt)

in (3.7.5) implies

YRS YRS

Aé(n%+ ) Aj()
Jj+ J ’
ny 1

Bl (a

BT AL (AT < AT(aJTYBI(a4TY), that is, (3.7.6)

Al (pith Al (pith
This gives contradiction with the assumption that Al( ;-&-1) < Ai(jﬂ .
Bi(7™) By (")

proved that the inequality in (3.7.5) is an equality, that is,
A7) = min(f (a7, 4d), £ (A, 2T). (3.7.7)
Assume without loss of generality that f7 (72", 23) < f(nd,a™"). We are left to prove that

o . o0 1.a) W (m) — S af,(1)
fJ(TAleJrl,’fAL%): inf Zm:oc(m7 ,a)p (m) Zm.:oo(mvlaa)p (m)

oD (m) = X D (m)
Let n] be the n such that the infimum is taken on the RHS. Hence, the RHS can equivalently be written
as fi(n¥,nd). We prove (3.7.8) by contradiction. That is, assume f7(aJ*' a3) > fi(n¥,Ad). But since
FI(AITYY = fi(AdT ad) > f(nt,7d), we have contradiction with the fact that f7 is minimized in A7+1,

Combining (3.7.4), (3.7.7), and (3.7.8), we conclude the proof. |

(3.7.8)
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3.7.2 Proof of Proposition 3.9:

For a given L > 1, we truncate the state space at L and we smooth the arrival transitions by

L @ (1™
a=(m + 1m, d, a) == A (1 L) : (3.7.9)

form=20,1,...,L.

)

Convexity of VE
We assume 1 = XM + X2 4 5,1 4 42 4 (1) 1) 1 1o 1 LR for the uniformisation constant, without
loss of generality. For any d and m = 0,..., L, we initialize by defining Vi*(m,d) = 0 and
Vi (m,d) = (1= 2 ) XDV (minfm +1,L},d)
+rDVE(m, 3 — d) + mODVE((m —1)T,d)
+ min{—W + C(m,d,0) + pPV;E(m,d),C(m,d, 1) + gD VE(m — 1), d)}
+ ZADVE(m, d) + (L= m)0 DV, (m, d)
- (M?’—d) +pB=D G- Le(?’—d)) VL (m,d).

We will prove that
2V (m,d) < VE(m —1)",d) + VE(m+1,d), for 0<m < L—1, (3.7.10)

for any ¢, i.e. the convexity of V.
We first prove by induction in t that V;¥(m,d) is non-decreasing in m. Note that Vi (m,d) = 0 is non-

decreasing by definition, so we assume V,%(m, d) is non-decreasing and we prove that
Vi (m+1,d) — Vi (m,d) >0for 0<m < L—1. (3.7.11)

We study the inequality splitting in terms according to the parameter that is multiplying. Firstly, we look
to the terms multiplied by AY) in V% (m + 1,d) — V% | (m, d), so we have
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1
A@ (1 - m;) ViE(min{m + 2, L}, d) + A ViE(min{m + 1, L}, d)

L
@D (1= Y VL (i _ M @yL
A (1 L) V¥ (min{m + 1, L}, d) T AYVE(m, d)
1
=@ (1 - m;) ViE(min{m + 2, L}, d) + %A(d)vf(min{m +1,L},d)
2@ (1 - m;l> ViE(min{m + 1, L}, d) — %)\(d)VtL(m,d)
=A@ <1 - T”L“) (V;E(min{m + 2, L},d) — V;E(min{m + 1, L}, d))

+ EADWVE (minfm + 1, L}, d) =V (m, d)) = 0.

The last inequality is due to the inductive hypothesis for VtL (m, d). Let us consider now the terms multiplied
by 6(4):

(m + 1)0DVE(m,d) + (L —m — 1)0DVE(min{m + 1, L}, d)
=m0 DV ((m = 1), d) — (L = m)0 DV, (m, d)
=mbDVE(m,d) + (L —m — 10DV (min{m + 1, L}, d)
—mDVE((m = 1), d) — (L —m = 10DV (m, d)
m0'D (V" (m,d) =V ((m = 1)*,d))
+ (L —m =10V (min{m + 1, L},d) — V,F(m,d)) > 0.

v

The last inequality holds because of the non-decreasing hypothesis for V,X(m, d). For the terms multiplied
by (@ it is straightforward that

rDVEm+1,3—d) —r DViE(m,3—d) >0,
because of the inductive hypothesis as well. Equivalently for the dummy transition terms,
AC=D 4 p= D e B=D o LGy (VE(m +1,d) — Vi (m, d)) > 0.

Finally, we consider the minimisation terms in Vi%,(m + 1,d) — V%, (m, d), where the inequality is a con-
sequence of the non-decreasing property of V,”(m,d) and C, and the fact that if A > B and A’ > B’, then
min{A, A’} > min{B, B'}:

min{—W + C(min{m + 1, L}, d, 0) + pPV,* (min{m + 1, L}, d),
C(min{m +1,L},d, 1) + p®V;* (m, d)}

> min{—W + C(m, d,0) + u®V,E(m,d),
C(m,d, 1) + uPVE((m - 1)*,d)}.
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This concludes the proof of (3.7.11), i.e., V;* is non-decreasing.

We consider now equation (3.7.10). Note that for m = 0 the equation reduces to V,X(0, d) < V,*(1,d), which
is true for every t and every d, because V;* is non-decreasing in m. Then for 1 < m < L — 1, we make an
analogous reasoning: we prove it by induction in ¢ and we split the inequalities according to the multiplying
parameters. For the initial step ViF(m) = 0 the inequality holds, so we assume it holds for V,*(m,d) and
we study the inequality (3.7.10) for ¢ + 1. Note that

Wk (m,d) =2 (1 - %) ADVE(m +1,d) + 2%/\(d)l/tL(m, d) (3.7.12)
+2r DV L(m, 3 — d)
+2m0DVE(m —1,d) + 2(L — m)0DV,E(m, d)
+ 2min{—W + C(m,d,0) + p@V, (m,d), C(m,d, 1) + pPV,F(m —1,d)}
+2 (/\(?Hl) + pB=D 4 G- 4 LH(?’*‘”) V- (m, d)

The term V4, (m —1,d) + Vi, (m + 1,d) equals

A@ (1 - mL_1> ViE(m, d) + A@ (1 - mi”) VL (min {m + 2, L} ,d)

1 1
A (n —1,d) + /\(d)%

Vit (m +1,d)
+rDVEm —-1,3-d) +r3DVEm - 1,d) + rDVEm+1,3 - d) + rCDVE(m 4+ 1,d)
+ (m = 10DV ((m—2)*, d) + (m+ 10DV, (m, d)

+(L—m+1)0DVEm —1,d) + (L —m—1)0DV,E(m+1,d)

+ min{—W + C(m —1,d,0) + pPVE(m —1,d),C(m —1,d,1) + p DV ((m — 2)T,d)}
+min{-W + C(m + 1,d,0) +u<2>VtL(m+1 d),C(m+1,d,1) + p PV} (m,d)} (3.7.13)
+ <A<3‘d> +pBD G- 4 9B d) m—1,d)

+ (A(‘**d) + pB=D 4 pG=d) 4 [hB=d) ) VtL(m +1,d).

We first compare the two terms multiplied by A9 in (3.7.12) to check they are smaller than or equal to the
ones multiplied by A in (3.7.13). First assume 1 < m < L — 2. The terms multiplied by A\ in (3.7.12)

are
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2(1 f)VL(m+1 d)+2LVt (m, d)

2(1- mH)VL(mH d)+ 27 D YL (m, d) + VL(md)

L

IN

| 1
1m+>VtL(m,d) <1mL+>V(m+2d)+2 VE(m, d) + m(de)

-
om

- )VtL(m,d)—inL(m,d)+ (1—m2_1>VtL(m+2,d)
+ Q%VtL(m,d) + %VtL(m +1,d)
(1 - m) ViE(m, d) + (1 - mH) ViE(m + 2, d)
L L
+2mT*1vtL(m,d) + %vf(m+ 1,d) (3.7.14)
Because of convexity, we know that 22=1V,E(m, d) < 2=L(VL(m — 1,d) + Vi¥(m + 1,d)), hence the third

term in (3.7.14) can be bounded, and we obtain:

2 (1= ) ViEm +1,d) + 22V (m, )
g(l—L)Vt(m,dH(l—m;>Vt( +2,d)

1 2
mT (Vi (m = 1,d) + VA (m +1,d)) + LV (m +1,d)

(1 - mL) ViE(m, d) + (1 - m;1> ViE(m +2,d)

1 1
+ PV - 1.d) + %Vf(m +1,d), (3.7.15)

which is the same as the terms multiplied by A4 in (3.7.13). Now assume m = L — 1, then inequality
(3.7.10) reduces to 2(1 — 2/L)V,X(L — 1,d) < (1 — 2/L)(V;*(L — 2,d) + V,;*(L,d)), which holds because of
convexity of V;%.

We consider now the terms multiplied by 8(). We need to prove

2mViE(m — 1,d) + 2(L — m)VE(m, d)
< (m—1)VE(m—2)",d) + (m + 1)V;E(m,d) + (L —m + 1)V (m —1,d)
+2VE(m —1,d) + (L —m — 1)VE(m + 1,d),

or, equivalently,

2(m — 1)VE(m —1,d) + 2(L —m — 1)V;E(m, d)
< (m =V ((m = 2)*,d) + (m = )V,H(m, d) + (L —m — DV, (m — 1,d)
+ (L —m —1)VE(m +1,d).
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This last inequality is obtained from the convexity property for 2V;%(m — 1,d) and 2V,*(m, d) on the lhs.
For the terms multiplied by 7%, and the dummy transitions ()\(3_d) + pB=d 4 pB-d) 4 L9(3_d))7 the
inequalities to prove are

2 DVLE(m, 3 —d) <rDVEm—-1,3—d)+rDPVE(m+1,3—d) and
2N 4y B=d) L pB=d) L By Ly d)
< (AOD 4 7D 4 B0 4 oG- D) (VE(m = 1,d) + Vi (m +1,d)),

which are a direct consequence of convexity of V,-.

We lastly consider the minimisation terms, for which we analyse each possible combination of optimal
actions in states m — 1 and m + 1. Since at time ¢, V; is convex, the optimal actions satisfy the optimality
of threshold policies. Denote by a, € {0,1} the optimal action in state m, where action 0 (1) is passive
(active). Then, since the threshold policy is optimal at time ¢, (a,_;,a;,. 1) equals (0,0), (0,1) or (1,1).
We also use Property (3.4.1), regarding the cost function. For a* = (0,1) and 1 <m < L — 1 we have

2min{—W + C(m, d,0) + p@PVE(m, d),C(m,d, 1) + p®VE(m —1,d)}

< —W + C(m,d,0) + pPVLE(m,d) + C(m,d, 1) + p®PVE(m —1,d)

< —W +C(m—1,d,0) + g PV (m,d) + C(m+1,d,1) + pPV,E(m - 1,d)
min{—W + C(m — 1,d,0) + p@V,F(m — 1,d),C(m — 1,d,1) + p@V,((m — 2)*, d)}
+min{—W + C(m+1,d,0) + p@V,E(m +1,d),C(m +1,d,1) + p@PV,(m, d)},

where in the last equality the value for the minimums are given by the optimal action a* = (0,1).

For a* = (0,0), we use convexity of C and V;:

2min{—W + C(m, d,0) + p@V,F(m,d), C(m,d, 1) + p PV (m —1,d)}
= —2W 4 2C(m, d,0) + 2uPV,E (m, d)
< =2W 4+ C(m—1,d,0) +C(m+1,d,0) + P VEm —1,d) + p@PVE(m +1,d)
= min{-W + C(m —1,d,0) + u @V (m — 1,d),C(m — 1,d,1) + pP VL ((m — 2)T,d)}
min{-W + C(m + 1,d,0) + p® VL (m 4+ 1,d), C(m +1,d,1) + u® VL (m, d)}.

Equivalently for a* = (1, 1), we make use of convexity properties:

2min{—W + C(m,d,0) + pPV,E(m,d),C(m,d, 1) + pPV,E(m —1,d)}
= 2C(m,d,1) + 2u P VL (m —1,d)
< C(m—1,d,1) + C(m+1,d,1) + pPVE((m - 2)F,d) + p@ VL (m, d)
= min{—W + C(m —1,d,0) + @ V,E(m —1,d),C(m —1,d,1) + p@PVE((m — 2)*,d)}
min{-W + C(m + 1,d,0) + p® VL (m +1,d), C(m +1,d,1) + p® VL (m, d)}.
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This finishes the proof of (3.7.10) for ¢ + 1, hence function V,© is convex. By [57, Chapter 9.4] it follows
that V,I'(-) —tg — VI as t — oo, where g is the averaged cost incurred under the optimal policy. Hence,

convexity of V, implies convexity of V' ~. a

Hypothesis needed for [14, Theorem 3.1]

In this section, we verify that V¥ — V as L — co. In particular, we verify that the sufficient conditions as
stated in [14, Theorem 3.1] hold.

For ease of notation, we introduce ¢”((m’,d’)|(m, d), a) as the transition rate of the truncated process from
state (m,d) to state (m/,d’), when action a is applied. That is, ¢“((m + 1,d)|(m,d),a) = A9 (1 - %)+,
a“((m = 1)*,d)|(m,d),a) = mdD + au®, and ¢*((m,3 — d)|(m,d),a) = 7D, for m € Ng,d = 1,2 and
a=0,1.

In order to state the sufficient conditions of [14, Theorem 3.1], we need the following definition.

Definition 3.27. A function f: X x Z — Ry is a moment function if there exists an increasing sequence
of finite sets (Epn),cy C X X Z such that lim, oo B, = X x Z and inf {f(m,d) : (m,d) ¢ E,,} — oo as

n — oQ.

The conditions, as stated in [14, Theorem 3.1], are:

1. There exists a function f: X x Z — R, constants o, 5 > 0 and M > 0 such that

> M, d)|(m,d),a) f(m/,d) < —af(m,d) + BLmenry(m,d), for all m,d, ¢, L.
(m',d')eX X Z

2. (a,L) — q“((m',d")|(m,d),a) and (a, L) — Do dEXRZ q“((m',d")|(m,d),a)f(m’,d’) are continu-

ous functions in a and L for all (m,d) and (m/,d’).

We take the function f(m,d) = e with € > 0. We define the sets E,, = {(0,1),(0,2),...,(n,1),(n,2)} for
each n, which are finite, lim, . E, = X X Z and inf {f(m,d) : (m,d) ¢ E,} — o0 as n — co.
Condition 1 can be reduced to show that there exists € > 0, M > 0 and a constant o > 0 such that

Yo M d)|(m.d),a) f(m/,d) < —af(m,d),

(m/,d')eX X Z

for d =1,2 and m > M, that is,

ND (1= T D) 4 (g9 1 @)1

+
()\(d) (1 — %) +mf D 4 au'® + r(d)> e < —ae™,

for d = 1,2 and m > M, where a is the action taken in state (m,d) under policy . The inequality can be

rewritten as

Jr
A@ (1 - %) (€€ — 1) + (m0@ + au@) (e~ — 1) < —a, (3.7.16)
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m\+t m\ T+
Note that, since (1 — f) is decreasing in m, there exists a constant C' such that A(4) (1 — f) (ef—1) <
C. For the other term, since (e=¢ — 1) < 0, there exists an M such that for m > M, (m6@ + au®) (e~ —
1) < —C. Then there exists & > 0 such that inequality (3.7.16) holds for d = 1,2 and m > M and
Condition 1 is proved. For Condition 2, the continuity of the functions (a, L) — ¢~ ((m',d")|(m,d),a) and
(a,L) = > aryeaxz a“(m’,d")|(m,d),a)f(m’,d") in a and L holds by definition of the transition rates.
O

3.7.3 Proof of Lemma 3.11
Proof of Property 1) in Lemma 3.11:

Without loss of generality, we assume that the increasing term is ny. Then, for a given (ni,ns), we will
show that

ny ni+1
Z r(nme) (. 1) < Z 7r("1'~'1’”2)(m7 1).
m=0 m=0

The idea of the proof relies on using the comparison result 9.3.2 in [19, Chapter 9], for both processes given

by the threshold policies (n1,n2) and (nq + 1,n2). For that, we define the following cost function:

_ 1 ifd=1and m <ny
C"(m,d,a) :=
0 otherwise.

In other words, C"(m,d,a) = 1 if and only if the state of the environment is 1 and the process is in a passive

state for policy 7. We also define the resulting expected reward per unit time,

1

G" =" a(m,1).

m=0

The remainder of the proof consists in showing
Grn2) < q(mitlng) (3.7.17)

Since the result 9.3.2 in [19, Chapter 9] requires a uniformisable process and our abandonment rates grow
linearly in n in an infinite state space, we consider a truncated version. Let L be the limited capacity for
the truncated version of the process, with L > max {n; + 1,n2}. We denote by ¢"*((m/,d")|(m,d),a) the
transition rate of the process from state (m, d) to state (m/,d’), when action a is applied, where action a is
determined by the threshold policy 7.

We introduce the uniformisation constant H(L) := maxg {)\(d) + p@ 4 (D 4 Le(d)} and the transition
probabilities P™% ((m’,d’)|(m,d),a) obtained after the standard uniformisation approach [68, P.110] for
each step of length H(L). Let Vtﬁ’L(m7 d) denote the expected cumulative cost over ¢ steps under threshold
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policy 7 when starting in state (m,d). Then Vtﬁ’L satisfies the relation

Cﬁ(m, d, 1m>nd)
H(L)

Vol (m,d) = + Y PR, d)|(m, ), Lnsn,) VOH ().

(m/,d")

Let Gﬁ denote the expected reward for the truncated processes, and, using result 9.3.2 in [19, Chapter 9],
we will prove that
Grmahl < Glmatlna) L, (3.7.18)

In order to apply result 9.3.2 in [19, Chapter 9], we need to prove that for all states (m,d) and t > 0,

CmtLm2) (i d q) — C"2) (m, d, a) (3.7.19)
£ 30 [ar (o ) (m, ), 0) — " () m, ) o)
(m’,d")

) = v, d)|
> 0.

Note that for (m,d) # (ny +1,1), C1+bn2) (m d a) = C(™"2) (m, d, a), and
gL L(m! d)|(m,d),a) = ¢ L ((m/,d)|(m,d),a), for any (m/,d’). Thus the inequality holds

directly. It remains to check the state (m,d) = (ny +1,1). The only difference in rates between g("1+172).L

n2),L

and ¢(" is the transition to state (ni,1). Hence, inequality (3.7.19) simplifies to
q q y p

1 — u(l) |:‘/;(nl’n2)7L(’n,17 1) - %(n17n2)7L(n1 + ]-7 ]-)i| 2 07

or equivalently,

V;(nl)nZ)’L(nh 1) _ ‘/;(”1;712)7[/(”1 + 1’ 1) < (3720)

1
p’
By induction, we can prove the following more general result. For ease of reading, its proof appears in
Appendix 3.7.3.

Lemma 3.28.

ni,n ni,n 1
V;( 1 2)’L(m,d) _ V;( 1 2)’L(m_~_ 1ad) < 0 vVOo<m<L-1, d=1,2.
I
With this Lemma, the proof for the truncated processes is done and (3.7.18) holds. To generalize this for
the original processes with unbounded rates we use the following result from [26, Theorem 3.1]. There exist
constants K1, K5 such that

K
‘G(ﬂhnz),L —_ gn2) | < L
‘G(nlJrl,ng),L o G(n1+17n2) < Ko
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As a consequence and after (3.7.18), we get the following relation:

K1 SG(n1+1,n2),L+ Kl (n1+1,n2)+ K2 + Kl

(n1,m2) < (n1,m2),L
¢ <G T HD) H() = ") T HID)

Since this holds for every L, and H(L) — oo when L — oo, we conclude (3.7.17) and the proof is done. O

Proof of Lemma 3.28.

To simplify notation, since (n1,n2) and L are fixed in the lemma, we will write V; for V;("l’n"’)’L and H for

H(L). The inequality to prove is
1
V}(m,d)—%(m—&—l,d)gﬁ, VOo<m<L-1, d=1,2.
1
We initialize with k& = 0, Vy(m, d) = 0 for every (m,d), and for k = 1,

1/H ifd=1landm<n

V1 (m, d) =
0 otherwise.
A X 1 1
s a consequence, Sup,, q [Vi(m,d) = Vi(m + 1,d)| = Vi < W

1
We assume now Vi(m,d)—Vi(m+1,d) < -0 for every (m, d), and we prove it for V;11(m, d)—Vi11(m+1,d).
o
We begin with the state (nq,1), where we have

1 1
V(1) = m+4 n0DVi(ny — 1,1) + rOVi(ng,2) + AVVy(ny 4+ 1,1)
+ (H —n0® — ¢ — )\(1)) Vi(ny, 1),
1
Vin(m+11) = — ((n1 1) M<1>) Vi(ni, 1) +rOV(ng +1,2) + XV, (g +2,1)

n (H ~ (1 + 1)ED — M ) A<1>) Vi(ny +1,1)

Then, the following equation holds, and we apply the inductive hypothesis
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Vigr(n1,1) = Viga(na +1,1)
1 1

“H'H

+ 2D (Vi(ny +1,1) = Vi(ng +2,1)) — (9<1> + ;N)) (Ve(ny, 1) = Vi(nq + 1,1))

10 (Vi(ny — 1,1) — Vi(ng, 1)) + rD (Vi(ny, 2) — Vi(ny +1,2))

+ (H —n 0 — M )\(1)) (Vi(n1,1) = Vi(ng + 1, 1))1

_1+1
" H H

+ AW (Vi(ny +1,1) — Vi(ny + 2, 1))

A (Vi(n1 = 1,1) = Vi(n1,1)) + r® (Vi(n1,2) = Vi(n +1,2))

+ (H — 77,19(1) — 9(1) — M(l) - 7"(1) - )\(1)) (‘/t(nlv ]-) - V;ﬁ(nl + ]-7 1))‘|

11 1 1 1
S (STC D B ¢S RSN\ ¢ B
SEtm|mt m T m TY m
1
1 1 1 1 1
+(HW)()9<>u<>r<>A<>>M(l)]
H—6W 1
= < —.
H’u,(l) _’u,(l)

For states (m,d) # (n1,1), C" (m,d,a) = C" (m + 1,d,a), which makes the inequality easier to check.
Again, using similar algebraic calculations, we can conclude that Vi1 (m,d) — Viy1(m +1,d) < 1/pM) and

the Lemma is proved. O

Proof of Property 2) in Lemma 3.11:

We compare again the processes (n1,n2) with (ny + 1,n2). In this case we have to prove

no n2
Z ﬂ_(nl,ng)(m,2) > Z 7.(.(n1+1,n2)(,n,l72).
m=0 m=0

We denote by M (™172)(¢) and M (™1+1:m2) (1) the controllable processes of the bandit, under policies (ny, ny)
and (ny + 1, ng) respectively, with initial state given by the stationary measure. Note that their distribution

is given by 7™: for a given m € X,
P(M7(t) = m) = 7" (m,1) + 7" (m, 2).

A simple coupling argument shows that M("1:72)(¢) <, M(™+1m2)(£) since they have the same rates in
every state except for (ny 4 1,1), where M(™1+172)(¢) does not serve and, as a consequence, it has a lower

death rate. Furthermore, the previous statement is true when looking to the second environment, i.e.,
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M("h”?)(t)l(D(t):g) <ot M(”1+17"2)(t)1(D(t):2). This inequality implies that for any n € X,

n

> almine)(m, 2)

P (M("l’"Z)(t) <n,D(t) = 2)

m=0
> P (M<"1+1 m2) (1) <, D(t) = 2)
= z”: pmtlne) (g 9y,
m=0
If we take n = ns, the Proposition is proved. O
3.7.4 Proof of Proposition 3.19:
M(l) M(Q)

Slow regime. We assume without loss of generality Note that
(d)

M
“o@

FIC ) B N TC) SR G YL

limg_,o W@ = for both d = 1,2. Together with Theorem 3.15, it is direct that limg_,o W(m,2) =

(2)
u
9(2 for m > 0.

For d = 1, recall from Lemma 3.20 that W((n;_1,0), (n;,0)) can be written as a function of s; ((n;_1,0), (n;,0))
and s2((nj_1,0), (n;,0)). For any j > 0, so((n;_1,0), (n;,0)) = 7(%-1:0(0,2) — 7(75:9)(0, 2). From Lemma

3.6 we can deduce that for any d € Z and any pair of policies 7,7’ such that ng = n/,

lim 77 (m,d) = Lim 77 (m,d) Vm > 0. (3.7.21)
B—0 B—0

In particular,
élil%) SQ((nj—17 0)7 (njv 0)) =0.

— p®
Then, following from (3.4.9), limg_,o W((n;_1,0), (n;,0)) = W = CW, which concludes the proof for

the slow regime.
r(B3=d)

Fast regime. Since ¢(d) = @ and 0 = Zd #(d)8'D | we can write
r
(1) 4 p(2)) 4 p3-a)
lim W@ = lim c,u(d) B 417 +
B—00 B—00 ﬂ(r(l)g@) + 7‘(2)6(1)) +91)e2)
1+ p(3—d)
= lim cp(? BrB+r2))
s H B @) FIOrIC)
ﬁ(r(l)-}-r@)) B(r(l)-',-'r(z))
14+ 9(3—d)
= lim cp(? BrH+r®)
1 2
o0 ($(2)03) + ¢(1)60) + 5 2m Trs
- M(d)
= CT,
0

which gives the value of the index for d = 2. o
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3.7.5 Proof of results in Section 3.4.3.
Proof of Lemma 3.20: expression for W (7, ).

Since Ynd 7 (m,d) + Y oo gt 7% (m, d) = ¢(d), Lemma 3.10 for 7 states

fe%s) (e’ ng
ADG(d) +rB=D N " ma(m,3—d) = (0D +r )Y ma(m,d) + p Do) - p DY 7 (m, d),
m=0 m=0 m=0
or, equivalently,
e8] - B oo - ng B 1
ZO”” (m,d) = <A<d>¢><d> + 0 ZO”” (m, 3 — d) — p @ (d) + p Zjow <m7d)> 0@ @

for d = 1,2. After some algebra, we can solve these two equationsin Y _, mna™(m, 1) and > o mna™(m,2),

and then we obtain

S mi(m,d) = ((Md) — D) 6(d) (6C=D 700 4 (Ng_g — D) 4(3 — )=

S

3-d "d
43 (3-a) A(m, 3 — d) + p@ (9<37d) 4 r<3*d>) Z Wﬁ(m,d)>

0 m=0

3

1

0@ 1 @1 4 g2 (3.7.22)

for d = 1,2. In the numerator in (3.4.8), the terms can be regrouped per environment, i.e.

2 o]
Zc (Z mz” (m,d) — Z /(m,d)> . (3.7.23)

d=1 m=0

From (3.7.22), and together with the notation s;(7,7) := > "_ 7" (m,i) — ZZE:O 7 (m, i), we obtain

(@) (9B=D) 4 pB3=d)) g4(77, ﬁ) + pB= DBy (i, i)
2)p(

> ma(m,d) = Y ma" (m,d) = OTE R T e . (3.7.24)

Summing we obtain the following expression for (3.7.23):

Zc (Z mz"(m, d) — Z ma” (m, d))

d=1 m=0 m=0

(1) (0(2) + fr(l + 7'(2 ) 51 ﬁ n + :[1“(2) (6(1) + 7‘(1) + 7’(2)) SQ(ﬁ, ﬁ/)
8@ 4 10§ 1 @90

= sy (t, A YWD + sy (i, 7 )W,

= C-

Since the denominator in (3.4.8) is s1 (7, 7) + s2(7, 7i'), Lemma 3.20 is proved. O
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Proof of Lemma 3.21: comparison to policy (co,0).

Since S"1_ 7 (m, i) < ¢(i) for i = 1,2, it follows that s;((00, 00),7) = > oo 7% (m, i) =31 77 (m, )

m=0

¢(i) — >omi_om(m,i) > 0. This implies that 0 < ¢ < 1 as defined in Lemma 3.20, hence together with
(3.4.9), it follows that W ((oco, 00), ) € WM, W3],
Note that Yo' @ (m,1) + > 0_ i7" (m,1) = ¢(1) and Yoo . 7 (m,1) > 0 for n; < co. As a

m=0
consequence, Y ' 7 (m, 1) < ¢(1), so s1((0c0,00),7) = ¢(1) — > 7"(m,1) > 0 and ¢t > 0. Equation
(3.4.9) can be rewritten as W@ — (W@ — W) hence W((00,00),7) < W3 if n; < co. If ny = oo,
s1((00,00),7) = S0 () (m, 1) — 3°%°_ 7w(m2) (m, 1) = ¢(1) — ¢(1) = 0, and ¢ = 0. In this case,
W ((00,00),7) = W3,

The reasoning for ny = oo is analogous. O

Proof of Proposition 3.22

In order to prove Point 1, we start with W = 0. The difference between policies (—1,—1),(—1,0), (0, —1)
and (0, 0) relies on serving or not a queue when it’s empty. As a consequence, they have no difference in their
dynamics (thus, in their invariant distribution 77), neither in their expected cost 2221 Sy emm(m,d).
From the definition of ¢”(0) in Equation (3.3.1) we obtain that ¢g(~1=1(0) = ¢(=10(0) = ¢(®=1(0) =
g(%9(0). Furthermore, if either n; > 0, or ny > 0, or both of them are larger than 0, then the expected
costs satisfy 23:1 S emm @9 (m, d) < Zfl:l S, emm(m, d), because the former is active in every
non-zero state. Hence, g(>9(0) < ¢™(0) for any 7 ¢ {(—1,—1),(—1,0), (0,—1),(0,0)}.

For W < 0, the proof follows considering the slope of the linear functions g™(W), which is given by
— 32 S w(m,d). For policy (—1,—1) the slope is 0, while — 35, 3" 7 (m,d) < 0 for any
7t # (—1,—1). Together with the fact that in W = 0 policy (—1, —1) minimises, we get that (—1, —1) is the
unique optimal threshold policy for W < 0, and the proof of Point 1 is finished.

For the proof of Point 2 we state the following lemma. We present its proof in Appendix 3.7.5.

Lemma 3.29. Assume Conditions 3.12 and 3.13 hold. When d = 2 and m > 0, being active is an optimal
action for 0 < W < W® . When d =2 and m = 0, being passive is an optimal action for 0 < W.

From Lemma 3.29, for 0 < W < W) in environment 2 the optimal action is passive in m = 0 and active
in m > 0, then the optimal threshold policy in environment 2 has to be 0. Thus, the optimal solutions are
in the set of policies {(n,0)} _;., «.-

Point 3 follows from Lemma 3._21_and a comparison of the linear functions. For any policy @7 = (n1,ns),
W ((00,00),7) < W and the slope of its linear function is — > 2, S7 77 (m,d) > —1, since 77 is a
probability distribution. For the policy (co,c0), the slope is — >~ _, 7(22) (m, d) = —1, thus the linear
function g(>>>°) (W) is the steepest one. It follows that for W > W(?)| (00, 00) is an optimal solution of
(3.3.1) and it is the only one for W > W), In addition, when W = W) only policies of the form (oo, n)
have the same cost ¢” (W) as (00, 00) (see Lemma 3.21). Hence, when W = W) optimal threshold policies

are of the form (co,n). O
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Proof of Lemma 3.29.

We want to show the optimal policies in environment d = 2 for 0 < W < W®). Recall from (3.4.2) that

Bellman’s optimality equation is given by:

(1D +moD - ND L NV (m,d) + g =
em+ AV (m+1,d) +mbDV((m—17F,d) +r DV (m,3—d) (3.7.25)
+min {—W + 1DV (m, d), g DV ((m — 1), d)} .

Hence, in state (m,d) passive is an optimal action if and only if —W + pPV (m,d) < p PV ((m — 1), d).
Similarly, active is an optimal action if and only if =W + u(DV (m,d) > p DV ((m —1)*,d). In case m = 0,
W+ DV (0,d) < pDV(0,d) if and only if W > 0. In other words, in state 0 the optimal action is passive
if and only if W > 0, and both actions are optimal if W = 0.

Let W < W®). We will show that

-W + M(Q)V(m,Z) > ,u(2)V(m -1,2), Vm>1,

or equivalently,
V(m,2) = V(m—1,2) >W/u?, vm>1. (3.7.26)

Since we will use the value iteration method, we formulate an analogous property for the truncated value
function VX, see Lemma 3.30. We truncate the state space at L and smooth the transition rates from state

m to state m + 1 as in (3.7.9). That is, we replace the arrival rates @ by

-5y

for m =0,1,..., L. The uniformisation constant is taken as
= /\(1) + )\(2) + M(l) + 'u(2) + 7‘(1) + 7«(2) + Lg(l) + 1’19(2)7 (3727)
We define the value function V,“(m,d) as follows. For any d and m = 0,..., L we initialize by defining

Vi (m,d) = 0 and

cm (1 m)+ A

VLi(m,d)=— + ~VEmin{m+1,L},d
o) =2 )" A ain 1.2} a)

+ i mll’l{_W + ,U/(d)‘/tL(mvd%M(d)‘/;ﬁL((m - 1)+7 d)}
~

(d) _ (d)
m 1})\ " (L—m)d ViE(m, d)

L’ 5
+ % (/\<3*d) +pBD 4B 4 L0<3*d>> V- (m, d).

—|—min{

The following lemma states the property needed for V.
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Lemma 3.30. Assume Conditions 3.12 and 3.13 hold. For 0 < W < W®) there exists an Lg large enough
such that
VEim,2) = vEim—1,2) >wW/u® VYL > Ly and1 <m < L. (3.7.28)

We can conclude now the proof of Lemma 3.29. From Lemma 3.30 there exists an Ly such that inequality
(3.7.28) holds for all L > Lg. Since VL — V| as stated in Section 3.7.2, inequality (3.7.26) is proved, which

concludes the proof. O

Proof of Lemma 3.30:
We define the parameters WL-(4):

gB=d) 4 (1) L p(2) 1 /\(3—d)/L

whd .= c,u(d) .
(e(n L4 %) (9(2) 1@ 4 %) @)

Note that W@ — W a5 [ — 0o. We further define:

CtL’(d)(m) = VtL(m, d) — V;L(m -1, d); d= 1,2,

and we will show that there exists an Lo and ty such that for L > Ly and t > g,

cFPm)>w/u® for1<m<I, (3.7.29)
We write CtL J;(ld) (m) as follows:
Cim) = Vihi(m,d) = Vi (m - 1,d) (3.7.30)
_ s-'_ (1 B %)+ )\r(yd)CtL’(d)(m-f- 1+ T;d)C'tL’(B_d)(m) n (m —,Yl)&(d) CtL,(d)(m —1)

1
+; min {_W + M(d)%(ma d)7u(d)‘/t(m - la d)}

1

— 1@ L —m)e@d

+mL - O @ ) 4 =MD @
AB=d) (3=d) 4 (3-d) 1 [93-d)

n +u +r + CtL7(d)

v

(m)

We have the following properties for functions CtL ’(1)(m) and CtL ’(2)(m).
Lemma 3.31. Assume 0 < W < W@, Define
tg := mtin {t s.t. u(d)CtL’(d) (m) > W for a pair (m,d)} .

Then there exists an Ly large enough such that for L > Ly, ty < oo and C’tL’(d) (m) = CtL’(d) s constant in

m for all t < ty.
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From the previous lemma, we have that g is the minimum ¢ such that either ,u(l)CtL D > W or ,u(Z)C’tL 2 >

W for L > L;. Under Condition 3.12, we will prove that at time tg, it holds that ,u(Q)CtLO’(Z) > ,u(l)CtLo’(l),
and hence ,u(2)CtLO’(2) >W.

Lemma 3.32. Assume Condition 3.12 holds and let 0 < W < W® qand L > 0. Then #(2)052,(2) >
,u(l)C’tL’(l) fort <tp.

The previous property allows us to state conditions under which inequality (3.7.29) holds in ¢ = ¢ for all
L > L;. Note that for ¢ > ¢y, Condition 3.13 will be sufficient to prove that (3.7.29) holds for ¢ > ¢y and

for all m.

Lemma 3.33. Assume Condition 3.13 holds and 0 < W < W), Then there exists an Lg large enough

such that for all L > Ly, CtL’(z)(m) > W/u(2), Vi<m<Landt>tg.

Lemma 3.33 proves that (3.7.29) holds for 0 < W < W®) and L > Ly. Equivalently, (3.7.28) holds and the
proof of Lemma 3.30 is finished. O

We provide now the proofs of Lemmas 3.31, 3.32 and 3.33.

Proof of Lemma 3.31: Since the sequence W) — W®) as L — co and W < W®) | we can take L; such
that for all L > Ly W < W), The property of CtL’(d) (m) being constant in m is trivial for ¢ = 0, since
Vi (m) = 0 for all m, and thus C’()L’(d) (m) =0 as well. For a given t < ty we assume CtL’(d) (m) is constant,
and we then prove this property for ¢t + 1. Since (% C’tL ’(d)(m) < W, at time ¢ passive is the optimal action

in (3.7.30) for m > 1 and for W > 0 passive is also optimal for m = 0. Hence,

L.(d c m\ XD 1w r @ - (m—109 1 4
im) = 4 (1) T D)+ PO ) 4 0 D 1)
(d) 1@ I — m)e@
o L,(d m L.(d m L.(d
PO ) + P20 m) 4 L O

2O 110D 4 10D

5 (m).

At time ¢, we have that CtL’(d) (m) = CtL’(d) for every d and m € {1,..., L}, hence

\@ "D s (m—1)0
B Dy = S (1 _ E) AT o) T an@=d) M DO )
41 (m) v L) ~ 7t v ! v t
() —1A@ L—m)§
+LCtL’(d) n L—CtL’(d) + (L)Cth(d)
L v v
+)\(3—d) + pB=D 4 pB=d) 4 1e(3=d) oL@
~ t
1\ A@ @ . (@)
_ ey (1o 1) M gpa D a1
5 L gl v
+Mcﬁ<d> R s A A of?
~y Y

: (3.7.31)

—gd) _p(d _ \@D /T, (d) o
= 242 g [Eopt@) 4 L2 o=
Y Y Y
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where the last inequality follows from the definition of v, (3.7.27). Hence, C’tL J;(ld) (m) does not depend on m.
To conclude, we show that tg # oo. Since for d = 1,2, CtL’(d) is increasing in ¢, let C% (@) = lim,_, o CtL’(d).

Following from (3.7.31), C*() and C+() are the solutions of the following system of equations.

_p) _ 1) _ 2D 1)
ol = ¢4 7 0 " L oL(1) 4 T;CL(z)

v
c =03 —r@ _ P »(2) (3.7.32)
Cch® = -4 L oL 4 L)
v

After some algebraic computation, we find that the solutions of this set of equations are CL-(1) = W E-(1) / )
and CL() = WL7(2)/,u(2). If tg = oo, then limy_, o ,u(Q)C’tL’(Q) < W < WE®) | which gives a contradiction.
Hence, ty < oo. O

Proof of Lemma 3.32: Let A; = u(Q)C’tL’@) - ,u(l)C’tL’(l). Using (3.7.31) and after some computation we
get

(1)

_p) _ (1) A7 (1) (1) (1)
L,(1) L) | Y 0 T T urr r
Gyt = G [ ~ + el + 4 v te
S FeriSy) (2)(2) (1).(1)
_ TG L T 1) _p@ _ (2 KT

(2)
P (y — 6@ — @ _ 22y ),
)

@ _ 0
+C(u p)
v

+A¢

We show by induction that both CtL’(l) >0and A; > 0. For t = 0 it is trivial. Assume it holds for ¢. Since
c(u® — p)
v

L,(1)

vy =0 — ) — % > 0, it follows that for C;;;’ > 0. For A¢yy we have that > 0, because

1 — 1) >0 by Condition 3.12. The term multiplying A, is:

1@ (y = 0@ — @) _ \® /1) — (D) -
(2 -

which is non-negative if and only if
pP(y =02 — 2 \@ /)y > 00

This holds because p(?) > ™) and (y — 8 — 72 — X@) /L) > (1) by definition of .
Finally, since ") < 1) and 6® < () we have

(2) (1)
T T .

0@ 4@ 4 MY ) 2 g
+7r + m’/’ =~ +

Hence A;1; > 0 and the proof is finished. O
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Proof of Lemma 3.33: We show that there is an L such that the following property holds for every
t > tg, for all L > Lg and all m > 1:

w
CtL’@)(m) > W
3.7.33
0y 5 (O 7 £ XD /LW = e (3.7.33)
t = r(2)p(2) :
Since from Condition 3.13, W < W2 < 7 there exists an Lo such that
r

=90 1@ \@/L

for all L > Lo, or equivalently, (6 + 73 + X2 /L)W — cu® < 0. On the other hand, it is easy to see by
induction from (3.7.30) that C"™ (m) > 0 for all m,t. Hence, C"" (m) > (0(2)HQ)ZQ(:(Q)L)W*C”Q) for all
L > Loy and all ¢.

In Lemmas 3.31 and 3.32 we proved that C’tLO’(Q) (m) > %, holds for L > L; and ¢ = t3. Then we take
Lo = max (L1, Ly), we assume inequalities in (3.7.33) hoﬁl for t > ¢y, and we prove they are valid for ¢ 4 1.

For all states (m,2) we have that active is an optimal action because CtL +(12)(m) > W/u®. Hence, from
(3.7.30):

¢ (2 (m—1)8®
k2 _ ¢ 1= AT oL@ N+ ok cE@
B0 m) = S (1) T O 1) 4 G D)+ o P -
2) 1@ (L —m)o®
M L,(2) m L,(2) m L,(2)
+—C m—1)+ ———0C m)+ ——C
5 ( ) L 4 (m) ~ t
AL @ 40 L e
n +p i+ C,tL,(z) (m)
v
c v — 9(2) — 7"(2) — )\(2)/L W r(z) (9(2) + r(2) J'_ )\(2)/L)W — cu(2)
> 4 —
- ¥ Y u(2) y r(z)'u,@)
-
@

. . . L,(1) (0@ 4r@ 2D /LYW —cp® L,(1)
where in the inequality we used that C;*" (m) > Eeme) . On the other hand, C;”" " (m) >
(0(2)+T(2)j(’\2<)2(/2€)w_c“(2) holds for all ¢ as it was proved before. This concludes the proof of both inequalities
in (3.7.33) for t > ty, and then Lemma 3.33 is proved as well. O

Proof of Proposition 3.23.

The proof here is similar to the one of Property 1) in Lemma 3.11 in Section 3.7.3, in the sense that we
will compare the truncated processes with limited capacity L > n, using the comparison result 9.3.2 in [19,
Chapter 9]. Here we compare the truncated process under threshold policy (n,0) with the one under thresh-
old policy (n+1,0). For the uniformisation, as we repeat the same structure, H(L), P»L ((m/,d")|(m, d), a)
and Vf’L have the same definitions. However, we take as cost function C”(m,d), for a given threshold

policy 7 = (n1,n2),
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. 1 ifm<ng d=1,2

C"(m,d) =
0 otherwise.

So C™(m,d) = 1 in the passive states, regardless the environment. As a result, the reward per unit time is

Gl = 23:1 S, w1 (m,d), which is the term to compare between the truncated processes.

We consider the costs C(9), C("+1,0) and the transition rates ¢(™9-L ¢(n+1.0).L for the truncated processes

under policies (n,0) and (n 4+ 1,0), respectively. Then Inequality (3.7.19) has to be proved for all the states

where C("+1.0) and €9 or ¢ +1.0.L and ¢(™0:L are not the same. This happens in the states that

are active under one policy (n,0) and passive under the other one (n + 1,0), i.e., in state (n + 1,1). The

inequality to prove reduces to

n n 1
‘/t( ,O),L(n7 1) _ ‘/t( ,0)=L(n + 1’ 1) < ﬁ’ (3734)
1

for t > 0. As before, we prove a more general result, as stated in Lemma 3.34.

Lemma 3.34. Under Condition 3.12,

VO (m,d) — VO (m+1,d) < VO<m<L-1, d=1,2

1
(D

Now, result 9.3.2 in [19, Chapter 9] can be applied, and we obtain

2 ng 2 ng
Z Z 71_(n,0)(,'n,d) < Z Z 7T(n+1’0)(m,d)
d=1m=0 d=1m=0

for the truncated processes. Using the same reasoning as in the proof of Property 1) in Lemma 3.11, we
obtain that this property holds as well for the original (untruncated) process.
O

Proof of Lemma 3.34.

The proof is similar to the one in Section 3.7.3. To simplify notation, since (n,0) and L are fixed in the
lemma, we will write V; for Vt("’o)’L and H for H(L). The proof goes by induction, and the cases of t =0
and t = 1 are the same as before. We assume Vi(m,d) — Vy(m + 1,d) < ﬁ for every (m,d). We prove it

now for ¢ + 1. We first consider the state (0, 2).

11

Vii(0,2) = =+ = |r@Vi0,) +AXPVi(1,2) + (H —r® _ A<2>) Vi (0, 2)] ,
1

Vin(1,2) = = |(09 +4®) 13(0,2) + rOVi(1, 1) + AD1E(2,2)

i (H —0® _ @) _ @ _ A<2>> Vi(1,2)
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By applying the inductive hypothesis, we obtain

V;‘/+1(07 2) - V;i+1<17 2)

1 1
= — 4+ —

=+ [7? (Va(0,1) = Vi(1,1) + AP (V(1,2) - Vi(2,2))

= (09 4 1) ((0,2) = Vi(1,2) + (H =@ =22 (13(0,2) - Vi(l, 2))1

1 1 1
1.l o _6® _ 0 @) @) L
Swtm|t T i+ (=0 = = )
H 4y — 0 — 4@
- Hu®

H+ H(l) — 62 _ H(Q)
H/.t(l)
Condition 3.12 and 6 > 0.

Similarly, one obtains the same conclusion for states (m,d) # (0,2). This finishes the inductive step and

1
The inequality P} holds if and only if (™ — p? < ). The latter holds from

the Lemma is proved. O

Proof of Proposition 3.24.

The proof relies on comparing g™ (W) for an arbitrary policy (n,m) with g(>9) (W) for W € [W(l), W(Q)] .
In particular, it will be shown that g(°=0(W) < g™ (W) for W € [WH, W] g(=:0(W) < gt (W)
for W € (WM, W®) and for W = W® the equality ¢(>9 (W) = g™ (W) holds if and only if n = co
To prove the above, we first consider a threshold policy (n,m) = (co,m). From Equation (3.4.10), it is
direct to see that W ((oo,m), (00,0)) = W) hence (> (W) = g0 (W (). Then, we compare the
slopes, recall that — Zd DD 7(m,d) is the slope of g” (W) for any threshold policy 7. In this case,
the slope of g™ (W) is —(¢(1) + > v, 7> (k, 2)) and the slope of g(>0 (W) is —(¢p(1) +7(>0)(0,2)).
From Property 2) in Lemma 3.11, we know that >, 7(e0m)(k,2) > 7(>:0)(0,2). As a consequence,
g™ (W) is steeper than g(°>0) (W), and therefore, for W < W) ¢(>0)(W) < g(>=™)(W). For the if
and only if, in case n # oo, g™ (WR)) #£ g0 (W) because if g™ (W) = g0 (W 2)) then
g (W) = g(o22)(W(2) " and this contradicts Lemma 3.21.

We now consider a threshold policy (n,m) with n # co. We split the proof in two steps. In the first step,
we compare policies (00, 0) and (n,0). Then, in the second step we compare policies (n,0) and (n,m). This
will be sufficient to conclude the comparison between policies (0o, 0) and (n,m).

Step 1. In this step we prove that ¢(>9 (W) < g™9(W), when W € (W(l),W(Q)}, and g(>>0 (W) <
g (WM when W =W,

To prove Step 1, we distinguish between three cases, as depicted in Figure 3.7. The cases represent the

possible relations between the slopes of the functions g(>% (W) and ¢g(™9 (W).
Case a) — Zd (S w000 (m,d) < — Zd Sond 7m0 (m, d).

In this case (> 0)(W) is steeper than g(™)(WW). In terms of s; and s, —23:1 S w0 (m,d) <
. Sond w0 (m, d) is equivalent to s ((00,0), (n,0)) + s2 ((00,0), (n,0)) > 0. Recall from (3.4.9)
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(% (%o
< OO/ {\7{;\0) (OO N OO)
s N (0 SR . (o)
(0, 0) (0, 0)
WW<1) W W WO W W@
Case a) Case b) Case c¢)
Figure 3.7: Proof of Proposition 3.24. Comparing slopes of functions ¢(™? and ¢(°?),
that
W ((00,0), (m,0)) = W 4 (1= ) (W& - wh)) |
with ¢ := 51((00,0), (1, 0))

81((00’ 0)5 (n’ O)) + 82((00’ O)a (n‘v O)) .
Since s1 ((00,0), (n,0)) + 52 ((00,0), (n,0)) > 0 and s5 ((00,0), (n,0)) = 7(>=0(0,2) — 70 (0,2)
cause of Property 2) in Lemma 3.11), we have that ¢ > 1. Since W& —W® >0, W ((c0,0), (n,0))
This, together with the fact that (> is steeper, implies that for W > W) g(>>0() < gm0 (W
for W =w®, g(oo,o)(w(l)) < g(mO)(W(l)),

Case b) — Zd o w000 (m,d) > — Zd L Sond 7m0 (m, d).
When g0 (W) is steeper the opposite situation occurs. Note that

(be-
w@ .
) and

<0
<

- 23:1 Z%izo W(Oo’oo)(ma d) = -1,
,0)) < W® and W ((00,00), (00,0))

hence ¢(>>)(W) is the steepest linear function. Besides W (o0, 00), (n =
0)) > W@ and as a consequence, for W < W),

W@ because of Lemma 3.21. Hence, W ((c0,0), (n,
gD (W) < g O(W),

Case ¢) — Zd D ):—Zd (S w0 (m, d).

Hence ¢ (W) and g(°° O)(W) are parallel, which means that W ((occ,0), (n,0)) is not defined. Since
W ((00,0), (n,0)) < W and W((c0,00), (00,0)) = W) we can conclude that g™ (W) and g(>>9 (W)
are not the same line, and in particular g™ (W) > g(>0) (W) for all W.

7.l.(ooO(

Step 2. Assume n # oo, and fix any m. For W € [W(l), W(2)], g W) < gt (W),

First note that, from Properties 1) and 2) in Lemma 3.11, s5 ((n,m), (n,0)) = 3%, 7™ (1,2) -7 (™0 (1,2) >
0 and s1 ((n,m), (n,0)) = S m™™ (1, 1) = Y7, 7™9(1,1) < 0. From the fact that s ((n,m), (n,0))
and sz ((n,m), (n,0)) have opposite signs (or they are equal to 0), and following from Equation (3.4.9),
W ((n,m), (n,0)) can not be in (W W), Hence, we are in one of the following cases.

If W((n,m), (n,0)) < W, then from Equation (3.4.9) we have

SQ((”? m)a (TL, 0))
Sl((”ﬁm)’ (n>0)) + SQ((”ﬁ m)’ (’ILO))

Since so((n, m), (n,0)) >0, s1((n,m), (n,0)) + s2((n,m), (n,0)) < 0, which means that g(™) (W) is steeper
than g™ (W). This implies that g0 (W) < g™ (W) for W > W ((n,
for W > w.,

<0.

m), (n,0)), hence, in particular
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If W((n,m), (n,0)) > W®), the reasoning is analogous. From Equation (3.4.9) we have

51((n7m)a (n,O))
51 (00 m), (,0) + 55((n, ), (1,0)) =

and, as it was stated before, si((n,m),(n,0)) < 0. Hence, s1((n,m),(n,0)) + s2((n,m),(n,0)) > 0,
which means that g™ W) is steeper than g™ (W). As W((n,m),(n,0)) > W@, for any W < W®),
gmO(W) < gl (W).

O
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In this chapter, we present a model of replication in large distributed storage systems using a stochastic
modelling approach. A storage system consists in a set of nodes used to ensure data availability in large
scale networks. Each node contains a large number of files as well as copies of those files. The nodes are
interconnected in such a way that data blocks can be replicated and reallocated.

A relevant problem among these systems is the fact that the nodes break down: it is common to see nodes
crashing due to issues like a high level of activity. Addressing this problem in order to ensure that the
system continues operating properly is known as fault-tolerance, and in particular we are interested in the
reliability feature. Reliability is the property of not losing information whenever there is a failure. A very
extended method used for guaranteeing reliability is to store copies of the same file in different nodes [70].
Moreover, in order to minimise the probability of losing data, an automatic mechanism of replication works
whenever a node breaks down. The mechanism consists in regenerating a new copy of every file that was in
that node just before the breakdown, using copies present in other nodes, and reallocating the new copies
to different functioning nodes as the system continues working.

Many important systems such as Hadoop Distributed File System (HDFS) [18], Google File System (GFS)
[32] and Cassandra [42] use replication mechanisms as the one previously described to ensure data availabil-
ity. For some references in replication and fault-tolerance in large data stores we also refer to [67, Chapters
7 and 8] and [56, Chapter 13].

We study a version of this mechanism, and we focus our attention on the load distribution of each node,
that is a key feature among these systems. The load distribution can be studied by representing the process
as an urn model, which consists in a set of urns and a set of identical balls jumping across the urns along

time. Each ball waits a randomly distributed amount of time and then jumps to another urn, following a

85
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particular allocation policy, which may be deterministic or randomly distributed. Urn models are frequently
used in theoretical computer science to study the efficiency of algorithms, for example, for the allocation
of copies of files in large distributed systems [42, 63], or the allocation of tasks to processors in large scale
computing networks [41, 48].

We refer to the urn model studied in [64], where after an exponentially distributed amount of time all the
balls in one urn are reallocated to different urns. Each ball is reallocated to an urn chosen by a random
variable, and the random variables used to choose the urns are independent. Under this setting, in [64]
the authors study the local mean-field interactions between urns when the number of urns grows large, and
they prove the convergence of the distribution of the load of each urn under certain conditions.

Another relevant work we cite is [63], where a model of replication for large storage systems is studied. The
authors consider nodes that break down after an exponential distributed amount of time with constant rate,
and whenever a breakdown occurs, all the files in that node are reallocated to other nodes. Each file goes to
a node chosen at random according to an allocation policy, and the random variables that select the nodes
for each file are independent. Different allocation policies are analysed, in particular one that consists in
choosing uniformly at random two nodes, and reallocating the file to the least loaded node among them.
This policy is known as the Power of Choice, and it has been largely studied, see [59] for a survey. In [63]
two limits are considered, in first term the number of nodes grows large, and in second term the average load
per node is taken to infinite. Their striking result is that under the Power of Choice policy the distribution
of the load of a node has a finite support.

We remark that modelling breakdowns with constant rates, as it is done in [63], does not consider that
the level of activity of a node directly affects its lifespan. The novelty of our work relies in considering
times of failures determined by the amount of data a node handles. The more tasks it has to process, the
faster it breaks down. To the best of our knowledge a few works are done under this setting. We refer here
to Schechner’s work [61], inspired in Coleman’s load-sharing model [24]. The author studies nodes with
breakdown rates that are linear in their current charge, but it is not applied in replication mechanisms.

In this chapter we consider the following system. There are files distributed among nodes, where each file
remains in its node until the node breaks down. Each node breaks down at a rate that depends on the
number of files it has. When this happens, all the files present in the broken node are reallocated, and the
node goes back to the state with zero files. For the ease of the tractability of the model we assume that the
reallocation step is done at once for all the files in the node and it does not take time.

When a breakdown occurs, each file is allocated following a random variable. The random variables used
for the reallocated files are independent and identically distributed, and we will state the model for any
arbitrary distribution. For our main results, we will consider the Random Weighted policy, that assigns to
each node a weighted probability of receiving a file according to the load it currently has. We will further
study the Random policy as a particular case of the Random Weighted policy, where all the nodes have the
same weight. In this case we provide a deeper insight.

Under these dynamics, we analyse the evolution of the storage load of a single node in the long term. We
consider the case where the total number of nodes and the total number of files grow large. We make the
scaling assumption that the average number of files per node converges to a real value, denoted by 8. This
is known as the mean-field limit. We will not study the convergence to the mean-field limit, but we focus

on it, and in particular, on the evolution of the process in the mean-field regime.
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We introduce our main results. In our first main contribution, we prove the existence of the process
describing the mean-field limit for a fixed 8. In this same theorem we prove the existence and uniqueness
of the stationary measure of the process. In our second contribution, we let 5 tend to infinity, and we prove
the convergence in distribution of the load in steady state. Finally, for the Random policy we obtain an
expression of the generating function of the load in steady state. Our main results are done for the case
where the rate of the breakdowns is linear in the number of files each node has.

The chapter is organised as follows. In Section 4.1 the stochastic model and the allocation policies are
described for a fixed number of nodes. The mean-field model used to study the large scale system is
presented in Section 4.2. Our main results are introduced in Section 4.3. In Section 4.3.1 we consider the

Random Weighted policy, and in Section 4.3.2 we state the results for the Random policy.

4.1 Model description

We describe the model for a fixed number of nodes. Let Ny = {0,1,...} denote the set of non-negative
integers. We consider a system with N nodes indexed by ¢ =1,..., N, and Fy files distributed among the
nodes, with Fy > N.

The state of the system is described by a vector [= (l1,...,In) € SN, with

SN::{feNéV:l1+...+lN:FN}.

Fori=1,...,N, l; is the amount of files in node 7.

Let f : Ng — R be an increasing function, which determines the rates of the breakdowns of the nodes. If I
is the current state of the system, node ¢ waits an exponentially distributed amount time of rate f(I;) until
it fails. For our main results in Section 4.3 we will assume that the rate of the breakdowns is linear, i.e.,
f(n) = cn, for some ¢ > 0.

When node i breaks down, all the [; files present in the node are reallocated to other nodes at random, and
node ¢ goes back to state 0. The reallocation step does not take time and it is done at the same time for all
the [; files.

For each reallocated file we consider a random variable that selects the destination node with a probability
that depends on the current state of the system [. We assume that the random variables used to select
the destination nodes are independent and identically distributed. If the state of the system is l_: let pf\]’ (f)
denote the probability that a given file in node i is reallocated to node j, and PiN(f) = (pf\{(l_ﬁ, DN (f))
the probabilities of reallocation from node i to the rest of the nodes. Note that when node ¢ breaks down and
the state of the system is l_: the reallocation of the files present in node ¢ are [; independent events. Then, if
Zi]}] (l_j denotes the number of files of node ¢ allocated to node j, Zi];-f (l_) follows a binomial distribution with
parameters /; and pf\; (5

We introduce the notation for the process. The state of the system at time ¢ is denoted by a cadlag process
LN (t), with

=

IN(0) = (LY (1).....IN(1)) € 8w,
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LY (t) is the number of copies on server i at time t. We let I'V (¢) be the empirical distribution of the process,
defined as

1 N
Y (t)(A) = ~ Z oLy (1) (A),
=1

for any A C Ng. T'V(¢)(A) is the fraction of nodes having a number of files in set A at time t.

The evolution of the process LY (t) depends on the times of the breakdowns of the nodes, and the rates
of the breakdowns depend themselves on the state of LV (t). As a consequence, a full description of the
evolution of LV (t) involves the use of complex non-stationary Poisson processes (see [68, Chapter 1.3] for a
definition), which we do not address in this chapter. Nevertheless, we describe here the possible transitions
of the process LY (t) for a given i, based on the exponential rates it follows.

Fix i € {1,..., N}, and consider the process L (¢) in Ng. The process has transitions given by two classes
of events: a) when node i breaks down, and b) when node i receives files from the breakdowns of other
nodes.

a) If at a given time ¢, the process LY (t) = ;, node i breaks down at rate f(l;) and it spreads all its files.
In other words, the transition I; — 0 occurs at rate f(l;).

b) If at a given time ¢, the whole system is in state EN(t) = f, any of the other nodes m =1,..., N, m # 1,
may break down an allocate one or more of its [, files to node ¢. The breakdown of node m occurs at
rate f(In), and when this happens, Z.(I) files are allocated to node i, where ZY (1) is a binomial random
variable with parameters [, and p%i(l_'). Then, the process LY (t) makes the transition {; — I; + Zf,\{l(l_i at
rate f(l,), forallm=1,...,N, m #i.

4.1.1 Allocation policies

For our main results, we will consider two allocation policies, the Random Weighted allocation policy and
the Random policy.
For the Random Weighted allocation policy we set a non-increasing weight function W : Ny — (0, K| for

some constant K > 0. Then, for a given node i and state l_; we define the probabilities pf»\; (f) as:

Ny = , N
O =w) [ S W), (4.1.1)

k=1,k#i

if j # 4, and p (I) = 0. Note that pf\j’(f) is well defined because Zi\f:l’k#i W (lx) > 0. Since Zlepg(l_j =1,
the vector PN (I) defines a probability on the set {1,..., N}.
The Random policy is a particular case of the Random Weighted policy where W is constant. In other

words, for a given node i and state l_; the probabilities pﬁ\; (f) are

() = 5= (4.1.2)

if j # i, and pN (1) = 0.
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4.2 Mean-field limit

The focus of our work is on the mean-field limit of the process, i.e., the regime where N tends to infinity.

We make the scaling assumption that the average number of files per node converges to a value 8 > 0, i.e.:

Bi= lim -~ (4.2.1)

We will not study the convergence to the mean-field limit, but the limiting process of the load of a single
node in such regime. In Section 4.2.1 we provide the conditions assumed in order to consider the mean-field

regime. In Section 4.2.2 we describe the limiting process.

4.2.1 Conditions for convergence
The following condition is regarding the initial state L (0).

Condition 4.1. e For all N, the distribution of the vector LN (0) satisfies the following exchangeability
relation:

dist..
(LY(0),. ., LN (0) “E7 (L3Y(0), ..., LN (0). LY (0))
e The second moment of LY (0) is finite for all N, i.e.,

sup E (L1 (0)?) < occ.
N>1

o The sequence of initial distributions (EN(O))NGN converges to a probability distribution on Ny.
We describe now the asymptotic behaviour of the probabilities of reallocation P{¥(-) as N grows large. We
define an allocation function ¥ : M (Ny) x Ng — R, where M (Ny) denotes the set of probability distributions
on Ny. For a given 0 € M(Np) and | € Ny, if the load of the nodes is identically distributed by o, the
probability of allocating a file to a node currently having [ files is of the order of ¥(o,l)/N, as it is stated
in the following condition.

Condition 4.2. The sequence (PlN('))NeN =PN():1<i< N)NeN satisfies the relation
| XN
lim  sup |[NpN(D) -0 | =) &,.L]||=0, (4.2.2)
N=ooy o N fesy N J;

where W is a non-negative bounded function on M(Ny) x Ny, such that, for any o € M (Ny),

Z U(o,k)o(k) = 1. (4.2.3)

k>0

Relation (4.2.3) is a mass conservation condition: when a node breaks down, every file is reallocated with

probability 1.
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Proposition 4.3. For the Random Weighted policy, the allocation function Vg is

\I/RW 0’ l / (424)
k>0

For the Random policy, the allocation function Vg is

Ur(o,l) = 1/ > a(k). (4.2.5)

k>0

Proof: Following from the definition of the allocation probabilities in Equations (4.1.1) and (4.1.2), we
show that both functions ¥y, g satisfy Condition 4.2.
In the Random Weighted case, for the expression in Equation (4.2.2) we have

sup NpN() — U pw Z 0,1
1<i<N,IESN

NW(l;) W(l;)
= sup —
1<i< N, e ZN s W (lk) 1
SISNIESN | Zak=1 ki B Y ko W(k)ﬁ 2j=101;(F)

= sup NNW(li) - ]]XW(ll) , (4.2.6)
1<i<Nesn | Dopmt i W) 25y Wlk)

where the last inequality follows from the fact that, for a given l_: 61,(k) = 1 if and only if k = [;. Since
the total number of nodes grows large together with the number of files, the limit in NV in Equation (4.2.6)
equals 0. It is easy to see that Equation (4.2.3) holds for ¥y .

In the Random case, in Equation (4.2.2) we have

N
1 N 1
sup Np (1) N Z = sup N_1_ T~
1<i<N, €SN j=1 1<i<N, €SN Zkzo ﬁ ijl 5lj (]g)
N
= sup — -1 (4.2.7)
1<i<N,leSn N-1

1
where for the last inequality we use that N Z;\;l 01, is a probability distribution, and it is evaluated over
Np. The limit in N in Equation (4.2.7) equals 0. It is straightforward to see that Equation (4.2.3) holds for
Ug. |

4.2.2 Limiting process

We introduce now our main problem. We study the existence of the process as the possible limit of
(LY (t))nen as N grows large. This process will be denoted by (Xs(t)). We first provide an informal
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Figure 4.1: diagram of process (Xg(t)).

description of the evolution of (X3(t)), and, in second term, we formally formulate the problem. From this
section, we assume that Condition 4.1 and Condition 4.2 are satisfied.

As it was stated for (LY (¢)), the process (X3(t)) lives in Ny and it has two types of transitions. a) when
the node breaks down, and b) when the node receives files from the breakdowns of other nodes.

The transitions of type a) are the same as for (LY (¢)), thus (Xg(t)) makes transitions n — 0 at rate f(n)
for all state n > 0.

For the transitions of type b), intuitively, as the total number of nodes N grows large, the reallocation step
of a single breakdown does not allocate more than one file to the same node. In other words, for N large

enough, and given nodes 7, j and a state l_:
N _
P (Zij (1) > 2) =0,

where Zi]}’ (l_j is a binomial random variable with parameters [; and pf}( (l_j As a consequence, the transitions
of type b) in (Xg(t)) are birth transitions n — n + 1 for all n > 0. We want to determine the rate of these
transitions, i.e., the rate at which node 1 receives a file from any of the other nodes. In order to do so, we
consider the process in equilibrium.

Let us assume that the process (Xz(t)) is ergodic. We denote by 75 its stationary measure and X the
random variable distributed by 73. Note that, from the scaling assumption (4.2.1), E(X3) = (. At
equilibrium, the load of an arbitrary node is given by X, and the rate at which it breaks down is f(X3).

Therefore, the output flow of files from any node is given by the following parameter «:
a:=E (Yﬁf(YB)) .

The probability that a file is assigned to a node depends on its current state n, and this is determined by
the function ¥ as defined in Condition 4.2. Then, the rate at which a files arrives to node 1 is given by
a¥(mg,n).

In summary, provided that all the conditions needed for its existence are satisfied, (Xg(t)) is a jump process
whose Q-matrix is given by ¢(n,0) = f(n) and g(n,n + 1) = a¥(mg,n), for all n > 0. The evolution of

(Xp(t)) is represented in Figure 4.1. We can now formulate our problem.

Formulation of the problem
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We study the existence of the process (Xg(t)). This process exists if there exist a probability measure 7g

and an o € R, that satisfy the following equations.

mg(n)(a¥(ng,n) + f(n)) = mg(n—1)a¥(mg,n—1), forn>1, (4.2.8)
a = Z nf(n)rs(n), (4.2.9)
n>0

where (4.2.8) are the balance equations of (Xg(t)), and (4.2.9) is the output flow from an arbitrary node.
In Proposition 4.4, we further characterise 7g as the solution of a fixed point equation. This characterisation

will be used in the proofs of our main results.

Proposition 4.4. Assume the process (Xg(t)) exists, i.e., there exist mg and o that satisfy Equations (4.2.8)
and (4.2.9). Let Xz be the random variable distributed by mg. Then mg satisfies the fized point equation
v(mg) = mg in M(Ny), where v is defined for o € M(Ny) as

E (f(X

v(o) =v(o)(n) = NETTERS +f H ST (O_’ T forn >0, (4.2.10)

where (o) = Y, < nf(n)o(n) and we use the convention Hi:l ar=11ifj <.

Proof: Following from Equation (4.2.8), for any n > 1, mg(n) satisfies the following equation:

=mg(n — a(mg)¥(m,n—1)
ma(n) = mp( )a(m)‘lf(m»”)Jff(”).

We deduce inductively from last expression that, for n > 1,

. a(mg)¥(ms,0 —~ U(mg, k)
mg(n) = ﬂ(O)a(m)\I}(W 1;[ m’ ST (4.2.11)

For m5(0), from Relation (4.2.3) on ¥ we have that >, -, ms(n)¥(7g,n) = 1, which can be rewritten as

> wa(n)¥(ms,n) =1 — 75(0)¥(ms,0). (4.2.12)

n>1

Then, we sum both sides of equation (4.2.8) for n > 1, and we get

a(mg) [1 = m5(0)¥(7s,0)] + E (f(X5)) — m5(0)f(0) = almp),

which is equivalent to .
ra(0) = — & (f(X5))
P alme) U (ms,0) + 0)

This proves the expression for n = 0. Furthermore, following from (4.2.11), we obtain

forn > 1,

ma() = ——EUG) _Tp__alms) Vs, )
T alme)W(mg,m) + () L a(mp)W(ms, k) + f(k)
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and the proposition is proved. O

4.3 Main results

In this section we present our results. We assume a linear rate for the breakdowns of the nodes, i.e.,

f(n) =cin, c1 € Ryo.

4.3.1 The Random Weighted allocation

Let us consider the Random Weighted allocation policy, where the allocation function Vgy, is given by
Equation (4.2.4). For a fixed 8, we denote the studied process as defined in Section 4.2.2 by (Xé%W(t)). As
a first step, we prove the process (X ézw (t)) exists. Then, we study the convergence in distribution of the

process in equilibrium as S tends to infinity.

Theorem 4.5. For a given > 0, under the Random Weighted allocation policy and linear rate of break-
downs, the process (XEW (t)) exists. In other words, there exist g and o that satisfy Equations (4.2.8) and
(4.2.9).

Proof: Following from Proposition 4.4, we consider v(o) as defined in (4.2.10). We study the existence and
uniqueness of the solution of the fixed point equation mg = v(mg), and of a(ng), which we will denote o as
an abuse of notation.

Let YI;W denote the random variable distributed by mg, and recall that E(Y;W) = 3. Since we consider
Urw and f(x) = iz, for mg(n) = v(mg)(n) we obtain

n—1
1By oW (k)
= f > 4.3.1
ms(n) aW(n) + ciny kE[o aW (k)+ciky’ orn =20, (43.1)

— 2
where o :=c¢; E <(X§W) ) and v := 3 ;oo W(k)ms(k). Therefore, the proof reduces to show that, under

these definitions, there exist unique values a and ~.

We consider the following two equations.

L _ (e )

CE aW(0)+§n(n+1) (1 HaW(kHclkw)’ (43.2)
_ n)ci1

L z>:o +61WH +c1k7 (4.3.3)

Equation (4.3.2) follows from the fact that > -,mg(n) = 1, a detailed computation can be found in
Appendix 4.4. Equation (4.3.3) follows from the definition of v and Equation (4.3.1).
Let o := 7/, then from Equation (4.3.2) we obtain

n

L_am  gn L (W
B W(0) t2 n(n+1) <1 kl;[O W(k)JrClkxO) : (4.3.4)

n>1

=
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Since [[p_q % is strictly decreasing as a function of xg > 0, the right hand side of Equation (4.3.4)
is strictly increasing in zg. Furthermore, the limit of the right hand side of Equation (4.3.4) as zg — 07 is
0, and its limit as 9 — +o00 is +00. Therefore, for a given § > 0, Equation (4.3.4) has a unique solution
xg > 0.

Then, note that an equivalent formulation of (4.3.3) is

a=cf)] H +c1m B H +c1kx0 (4.3.5)

n>0 k= 0 n>0 k= 0

Since for each 8 > 0 there exists a unique g > 0, from Equation (4.3.5) we deduce that for each 8 > 0
there exists a unique a > 0. Finally, for each g > 0, there exists a unique v = xgar > 0. We conclude that

(Xé%w (t)) exists, and its stationary measure is given by (4.3.1). O

Corollary 4.6. With the notation of Theorem 4.5, we have

1 =0.
sl 7/ =

Proof: This result follows from the proof of Theorem 4.5. Recall that v/ = z, and for each 8 > 0
there exists a unique zy > 0 that satisfies Equation (4.3.4). Furthermore, as 5 tends to infinity, the lhs of
Equation (4.3.4) tends to 0, and the z( that solves the equation tends to 0 as well. O

Convergence as 3 — oo for the case W (n)=cy/n°.

For the remainder of the section, we assume a weight function given by

Co forn=20
W(n)= (4.3.6)
02/n5 forn >1,

—RW
with &, ca > 0. In Theorem 4.7 we prove the convergence in distribution of X5 as 3 grows large. We recall
that v and « are parameters that depend on 3, although we omit it in the notation for ease of the reading.

Theorem 4.7. Let W(n) be defined as in (4.3.6). For the convergence in distribution of the variable ng

we have se2)
lim (C”) XX
B—o0 \ Cotx

~—RW
where X o is a random variable with density

0 o+2 1 d+1
2 (50N 2m0. with € = /(5+2) 3
o P ( 5+2> , >0, with C = (6+2)~ r <6—|—2) (4.3.7)

on Ry, and I' is the classical Gamma function.
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Proof: Following from Equation (4.3.1), we have that the distribution of Y?W forn >11is

c1Byn? nt o

1 2

mg(n) =

a(n) coax + cpyndtl kE[o coatcq vkt
1 ¢1Bynd® nt 1

[ERAN RS €17 1.5+1
cal+ aal o 1+C2ak

cafy s 1

1 5

= n , ,
0204 ]g) 1+617k5+1

Co (¥

and 7g(0) = 0157. We simplify the notation in order to continue the proof. Let a := ¢1y/cacy, Zo =

Co (X
(c1v/caa) ™! is the normalisation constant, and

Ua(n) 1 forn=20
o(n) =
n’ HZ:OW for n > 1.

Then, the expression of the distribution reduces to mg(n) = U, (n)/Z, for all n > 0. Note that from Corollary
4.6, limg_,oc @ = 0.
Using this notation, we prove now the convergence in distribution. If ¢ is a bounded continuous function

on Ry, define

Ua(n) . 1
N 1/(64+2) —
Au(0) = E 10) (a n) NETL with N, = LLU(HZ)J .

n>0

Since the normalisation constant can also be written as Z, = Y, <, Ua(n), we have that A, (1) = Z,/N2+1,

E (o (a/02x]")) = ﬁzi?i .

and

We have to prove that the previous expression converges to E ((;5 (Yiw)) as a goes to 0. We prove this
in two steps. Firstly we show that, if K >0 is sufficiently large, the sum of terms with the indices greater
than KN, in the definition of A,(1) can be made uniformly small with respect to a. Secondly, we prove
the convergence of (A,(¢)) when ¢ has a compact support.

For K>0, let
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By definition of N,, the expression a N>+ is converging to 1 as a goes to 0. We assume that a is sufficiently
small so that aN2*2 is lower bounded by 1/2. We then have

w3 () e (e (e (50) )

n>KN,
+o0 5 [uNa] 1 k 541
< u+1)°exp | — In () du
/K ! ,; 2No \ N,
+00 [uNa]/Na 1
S/ (u+1)° exp —/ N, In <1—|— m5+1> dz | du. (4.3.8)
K 0 2Na

The change of variables in second inequality is n — |ulN, ], and in third inequality is k — xN,.
If v>0, we consider the function w—w In(1+wv/w). This function is increasing on Ry, following from its
derivative, which, with the change of variables p = _t is

In(1+v/w) — wLJrv = —In(p)—14+p >0 for all pe(0,1].

We fix some b>0 sufficiently small. For a€(0,b), we have N, > N, and following from (4.3.8), we get

o0 luNa] /N 1
Ri(a) g/ (u+1)° exp —/ Nyln | 1+ ——2°*1 ) dz | du,
K 0 2Ny

and therefore, by Lebesgue’s Theorem, we get the relation

+00 u
lim sup Rk (a) g/ (u+1)° exp (—/ Npln (1—1—95 1) dx) du.
a0 K 0 2Ny

One can thus choose K sufficiently large so that the right hand side of the last expression is arbitrarily
small, and therefore, all the Rk (a) with a in a neighbourhood of 0 are sufficiently small as well. The first
step is established.

Assume now that ¢ has compact support in [0, K] with KeN, A,(¢) can be written as

Z¢>( 1(+2) )( ) exp< Zln <1+ aN3+2 (ZIVZ)M)).

n=0

As before, the convergence of (aN°+2) to 1 as a goes to 0 shows that, for a sufficiently small, 4,(¢) is in
an interval of the type [BI(¢), B2 (¢)] where n2<1<n; and 1y and 7y are arbitrarily close to 1, with the

definition
[KN.]

BY(¢) == Nia 7;) o(n/N,) (J\Z) exp< Zln <1+ <J;\; >6+1>>.

We study the convergence of B7(¢) as a — 0. We first write the uniform estimation, for 0 <n < [KN,],
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" 1 g\ " 1 u \ 1
Nl [ 14—n( — = [ Wm|1+—n(— — .
kz_on<+Nan<Na> ) /0 n<+Nan<Na) du+O<Na>

Then B]!(¢) is equivalent to

N% Hg:j é(n/N,) ( ) exp ( (HZ\lfan (]\72)5“) du>
= Nia Hi? gb(n/Na)< ) exp< v N, In (1—&—]\17&771#”1) du>. (4.3.9)

The elementary inequality |In(14+xz)—z| < ’”—22, for x€[0, 1], gives us the uniform estimation

1 1
Na hl (1—|—]Va’l’]u6+1> = nu5+1 —|— O (M) B

for u in some fixed finite interval. Following from (4.3.9), we get

1 [KNal n/Ng
BIO) ~ 3 /N (% )exp (— / nu5+1dU>

(KN(J

1 n J n/N, 8+2
- 5 nz:% ¢(n/N,) <Na> exp (—77(/5+)2>

Finally, with the uniform estimation of the integral and Lebesgue’s Theorem, we get the relation

K 20+2
i 51(0) = [ ot)e’ oo (<05 ) s

and, therefore, the desired convergence for (A,(¢)).

The constant C' in (4.3.7) is the normalisation constant needed for the function to be a density, and it can
be computed from the expression of I" (g%). The theorem is proved. O

4.3.2 The Random allocation

In this section we consider the Random allocation policy, where the allocation function Wg is given by
Equation (4.2.5). It is a particular case of the Random Weighted allocation policy, taking a constant weight
function W (n) = K with K > 0, for all n > 0. We denote the studied process as (X (t)), and Y? the
variable distributed by the stationary measure. The novelty of the section relies on the explicit expression
of the generating function of Y?.

We assume a breakdown rate given by f(z) = z.
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Theorem 4.8. For a given 8 > 0, under the Random allocation policy and with a rate of breakdowns given
by f(x) = x, the process (Xé%(t)) exists. In other words, there exist mg and « that satisfy Equations (4.2.8)
and (4.2.9).

Furthermore, the generating function of the variable Y? has the following expression.

E (??) - (H—az /01(1—u)0‘e‘““ du) /<1+a /01(1—u)ae“" du) . (4.3.10)

Proof: Following from the definition of ¥g, and inductively from the balance equations (4.2.8), for n > 1

we have
«

a+k’

mwg(n) = m3(0) H (4.3.11)
k=1

R\ 2
where a :=E ((XB) > Since m3(0) is the normalisation constant, it can be expressed as

-1

m500) = [ 1+ 31 aik . (4.3.12)

n>1k=1

In this case, the existence and uniqueness of g reduces to show the existence and uniqueness of a such that

Equations (4.3.11) and (4.3.12) are well defined. In order to obtain an expression for E(Y;;), we rewrite

anl:[lozik = Ymra-o ]l

n>1 n>1 k=1
n—1 a n a
= « -« E = E a(S,—1— 38
Z a+k a+k (1S n)
n>1 k=1 n>1k=1 n>1

Consequently,

I (4.3.13)

Denote, for x € Ry,

fal@):=>" (H - i k) e (4.3.14)

it is easy to see that
fL(z) =2%+ fo(x) and f,(0) =0, hence fu(z)= / u“e” ™" du.
0

From Equations (4.3.13) and (4.3.14), and the fact that 8 = E(Y?), we obtain that

(07

b= 1+ aaf,(a)’



4.3. MAIN RESULTS 99

or, equivalently, after the substitution © — a(1 — u) in the integral in f,(«), we get

1.1 + /1(1—u)o‘eo‘“ du. (4.3.15)
g« 0
Note that the integrating factor h(a,u) = e*1-w+v) j5 decreasing in «a, since In(1 — u) +u < 0 for
u € (0,1). Then the right hand side of the expression is strictly decreasing in o > 0, and it varies between
+o0 and 0. Hence, for any 8 > 0 there exists a unique « > 0 satisfying Equation (4.3.15), and the proof of
the existence is ended.

For the generating function we have

E (zfﬁ = ma(0) + D ma(n)" = ms(0)+75(0) ) (H aik) .

n>1 n>1

and, in consequence,

E(z?;;) n o
R 14+ <H a+k> 2" (4.3.16)

For m5(0) we have that

1
= 1+a/ (1—u)%e™ du,
0

where the second equality follows from Equation (4.3.13) and the third one from the fact that E(Y?) =/
and from Equation (4.3.15). Then, recall the definition of f,(z) in (4.3.14), in (4.3.16) we obtain

(1+a/01(1—u)%% du> (X)) =1+ (f[ - i k) o

n>1 \k=1
_ 1+fa(az) _ 1+/ (i) e du,
(az)® 0 zay

or, equivalently,

E (ﬁ?) - (1+az /01(1u)%a2u du> /<1+a /01(1u)aea“ du) :

and the proof is ended. O

. N . <R
Convergence as 3 — oo. We present now the convergence in distribution of X5 as 8 — co. In order to

do so, we introduce Proposition 4.9, which is a technical result regarding the growth rate of a(f).
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Proposition 4.9. Under the Random allocation policy,

.aB)
BEIEOO ,82 _2.

Proof: We rewrite the integral in (4.3.15) as:

/01(1—u)aea" du = /1 exp(a(ln(l—u) + u)) du

o) )

Using the relation In(1—z)<—z—2%/2 for x € (0,1), obtained from its Taylor polynomial, and Lebesgue’s

convergence theorem, we get

1 +o00
: o \aou _ —u?/2 _ E
all}rfoo\/&/o (1—u)*e* du /0 e du =/ 5" (4.3.17)

Then, following from (4.3.15),

2
% =a (;) = é + 2/01(1—u)°‘e°‘“ du + (\/&/Ol(l—u)o‘eo‘“ du)

Taking limit as § — oo, and from (4.3.17), we obtain

2

I a T
m —-— = —.
B—>+o0 ,62 2

Theorem 4.10. For the convergence in distribution of the variable YI; we have

Xy on
lim —— =X,
B—ro0 ﬁ
where on is a random variable with density
67%
) =

Proof: We make the change of variables in the generating function, as given by (4.3.10), to get the Laplace

XR
transform of =2 in the limit:

B
s R s 1 -5 !
(eFXB) = (1—|—aeﬂ/ (1—u)®ee v du) /<1+a/ (I—u)%e* du)
0 0

_ (10[4”/&@2 /01(1—u)%a@_5" du) /(\}a—kx/a/ol(l—u)“e““ du) . (4.3.18)

&=

Pp(s) =
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In a separate analysis, we study the following term:

\/a/ol(lu)aeaegu du = /O\/aexp <a (m (1\;‘5) + \;Lae—?f)) du.

Using again the inequality In(1—z)<—z—x2/2 for z € (0,1), we get

In(1—z) + ze” 7 <— (1 - e_%) r—x? /2.

Then,
1 7% Ve s u U2
ﬂli_{l;o \/E/O (I—u)®e*® ""du < ﬁli_{r;o ; exp <oz < (176_3) 7o 20z>> du
\/a S u2
= lim exp (— (1—€7E> Vau — ) du
B—o0 Jo 2
Ve s s 2
= lim exp| — = +o(=5 oau— — | du
i [ o (= (G+o5) vau-g)
\/& @ u s
= lim 6_%8"_72'“’(73)‘/&“ du
B—o0 Jo

o 2
— Jus —_u
= / e \/;SU 2 du,
0

where the second equality is due to the Taylor expansion of 1—e , and the last one to Proposition 4.9. The

inequality is in fact an equality, because of Lebesgue’s convergence theorem. Then, following from (4.3.18),

we get the convergence of the Laplace transform,

o0 = u2
ﬂli_{gosbﬁ(S) = /0 e VEUTY du/\/z

and the density of on is deduced. O

Remark 4.11. The result in Theorem 4.10 can be deduced from Theorem 4.7, taking the limit § — O,
together with Proposition 4.9. In order to obtain the same expression for the density functions, a change of

variables is needed.
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4.4 Appendix

Calculation of Equation (4.3.2): From Equation (4.3.1) we have that

n—1

_ 18y aW(k)
mg(n) = aW(n) + ciny kl;[() oW (k) + crky’

The normalisation relation for 74 states that ) . 7g(n) = 1, then

_ Z 17 nl:[l aW (k)
aW(n) + ciny 20 aW (k) + erky

n>0

™| =

n—1
_ 1y n cy aW (k)
 aW(0) + 7;1 naW(n) + ciny kE[o aW (k) + c1ky

. an 1 (cany +aW(n) —aW(n) n aW (k)
 aW(0) Z ( aW(n) + cyny ) kl;[() aW (k) + c1ky

n
n>1

_ oy Ly oWy aWk)
— alv(0) * Z n (l}:[() oW (k) + c1ky kI;[o aW (k) + cﬂw)

n>1

_an 1 B - aW (k) B _n71 aW (k)
 aW(0) + Z n ((1 kE[o aW (k) + clk’y) (1 kl;[o oW (k) + cﬂc’y))

n>1

_ c1y 11 3 - aW (k)
 alWv(0) +Z (n n+1> (1 H aW(k)—i—clkﬂy)

n>1

. ay _ aW(k)
B aW(O) n—|—1 k:o k)+ciky
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Throughout this thesis we studied resource allocation problems in large-scale stochastic systems. The
mathematical framework used was the Markov Decision Processes (MDPs), and, in particular, we focused
on a subclass of MDPs known as Multi-armed restless bandits problems (MARBP). We worked on problems
with conditions that fluctuate over time. This was modelled considering two types of processes, controllable
processes and environments. The current state of the environment determines the value of the parameters
of the controllable processes. We differentiated whether the environment can be observed or not, and under
both settings we looked for efficient control policies in a long-term average criterion. We further studied a
model of large-scale storage systems with files distributed across nodes. After a node breaks down, all the
files it had are reallocated to other nodes. We analysed the evolution of the load of a single node.

Our main contributions encompasses a range of results on optimal control and on the performance of
allocation policies. For our first problem we considered an MARBP with unobservable environments. We
studied the asymptotic regime, as the number of bandits grows large together with speed of the environment.
In Theorem 2.5 we provided sufficient conditions for a policy to be asymptotically optimal, and we defined
a set of priority policies that satisfies these. When the technical condition known as indexability holds,
an averaged version of Whittle’s index is inside the set of priority policies, see Proposition 2.13. The
second problem we considered is an MARBP with observable environments. We focused on the relaxed
version of the problem, and we proposed Algorithm 3.4 to determine Whittle’s index. For the problem of a
queue with abandonments we prove that indexability holds in Theorem 3.14, and we derive the Whittle’s
index in closed-form in Theorem 3.15. In both problems we delivered a numerical evaluation to show the
performance of the obtained policies. For the problem of large-scale storage systems, we focused on the
mean-field regime as the number of nodes and files grows large. By studying the global balance equations,

we proved the existence of the process in the mean-field regime, in Theorem 4.5. We further showed the

103
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convergence in distribution of the load in steady state as the average number of files per node tends to

infinity, in Theorem 4.7.

5.1 Impact of observability

One of the motivations of this thesis was to study the implications of observability or unobservability on
Whittle’s index. Numerically we analysed this impact in Sections 2.5.5 and 3.6.3. Table 5.1 summarises our
main theoretical characterisations in each of the cases.

In the unobservable case, we proved in Proposition 2.13 that the averaged Whittle’s index policy is asymp-
totically optimal in a fast environment as the number of bandits grows large. In the case of queues with
abandonments, the averaged Whittle’s index reduces to the index Ji,, /0, where i, is the averaged service
rate and 0}, is the averaged abandonment rate of bandit k. We leave for future work the problem of optimal
control with environments that vary relatively slow or with normal speed. In Section 5.2.2, we present some
ideas in this direction.

In the observable case, we considered policies that can depend on the current state of the environment
d € Z, and this is reflected in our results. Algorithm 3.4 provides expressions for the Whittle’s index in the
general setting. In particular, we proved in Proposition 3.8 that when the environment is slow the Whittle’s
index coincides with the Whittle’s index of a bandit that only sees environment d. We denoted this index
by W,Ed) (m) for bandit k in state m. For the model of queues with abandonments, Theorem 3.15 provides
the Whittle’s index in closed-form. In Proposition 3.19, we obtain simpler expressions for the slow and fast
regime, as shown in the table. For the slow regime, the index is u]gd)/ 9,(;1), where ufﬁd) is the service rate
and 9,(;1) the abandonment rate of bandit k£ when the state of the environment is d. For the fast regime, the
index is uéd) /9k. We make the remark that this index remains dependent on state d of the environment, in
contrast to the index in the unobservable model, which takes both averaged parameter values.

As a general conclusion, the results for the observable case are more complete than for the unobservable

case. We comment further on this in the next section.

Speed of the environment
Slow Normal Fast
General Averaged
Unobservable problem Future work | Future work | Whittle’s index
Queues with —
abandonments Fie/ Ok
General (d) . .
Observable problem W," (m) Algorithm 3.4 | Algorithm 3.4
Queues with () ;,(d) ) /3
abandonments /0, Theorem 3.15 Ok

Table 5.1: Index policies obtained for different models and regimes of the speed of the environment.
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5.2 Future work

We outline various lines of research that follow from the works presented in this thesis.

5.2.1 Activation constraint depending on the environment

In Chapters 2 and 3, we considered a unique sample-path constraint on the number of active bandits that
does not depend on the state of the environments. Following the notation of Chapter 3, this was stated in
Equation (3.1.1). An alternative approach can be considered, by proposing a sample-path constraint per

state of the environments. For given values {R T de zN }, we consider the following set of constraints:

N
ZAf(m(ﬁ(t):@ SRl (5_q), 720 and vd e 2V, (5.2.1)
k=1
where D(t) := (D (t), ..., Dn(t)) denotes the state of the environment processes of all the bandits. The
relaxed version of constraints (5.2.1) states that the number of active bandits must be satisfied on average,

and not in every decision epoch.

N T
1 - -
limsup —E /A“’tlﬂ _adt | <R:p(d) Vde zZN,
P T (; AR (50)=d) ) a9(d)
where (b(CZ) is the stationary probability of ﬁ(t) to be in state d. The Lagrangian multipliers approach applied
for several constraints leads us to consider several multipliers, W7, one for each state d the environments

can be in:

¥  T—oo 5—0

1 T N N R
min lim sup (/0 (;; Cr(M (1), Di(t), AL (1)) = Wil (5 _g) > Aﬁ(t)) dt) vd e zN.

We leave for a future work the study of Whittle’s index obtained after this relaxation. In particular, we
believe that for the observable setting, Whittle’s index will not only depend on the state of the bandit
(m,d), as we have in Chapter 3, but also on the environment of the other bandits.

In [28], a relaxation of an MARBP problem with more than one sample-path constraint is proposed, resulting

in multiple Lagrangian multipliers. The authors formulate a related Whittle’s index.

5.2.2 TUnobservable environments

As it is stated in Table 5.1, it remains as future work to study optimal control for bandits affected by
unobservable environments, in cases where the environment does not change relatively fast. In addition to
the environment changing fast, another assumption in our analysis was that the number of bandits tends
to infinity. Thus, the mathematical analysis of the unobservable case remains largely unexplored.

The problem with unobservable environments can be considered as a MARBP with partially observable
states. A reference in Markov Processes with incomplete state information is [8]. One possibility to get

more insights would be to resort to learning algorithms, in particular reinforcement learning (RL). This is



106 CHAPTER 5. CONCLUSIONS

an area of research that recently received a lot of attention, a full overview can be found in the textbook
[65].

Q-learning

We refer here to @Q-learning, a technique used to find optimal control for MDPs without specific knowledge
of its transition rules. In Q-learning, the expected one-step reward is estimated for each state and action,
by repeating many episodes of the process and updating the followed policy according to observations.
Such technique can be explored for an MARBP with unobservable environments in order to learn the optimal
policy, at least numerically. As the experiment is run several times, under ergodicity assumptions, all the
states of the environments are visited. Learning from these transitions allows to obtain an estimation of the
evolution of the process.

For a theoretical approach, a reference in this subject is [29]. The authors adapt the Q-learning technique to
obtain Whittle’s index in a MARBP with unknown transition matrices. They show that the derived policy
performs close to the fully-informed Whittle’s index policy.

5.2.3 Observable environments: Whittle’s index in slow regime

In Proposition 3.8, we proved that, when the environment is slow, Whittle’s index coincides with the index
of a bandit that only sees a fixed environment d € Z. In the proposition, and in previous results, we used
the technical assumption that the environment visits only two states, i.e., |Z| = 2. Although we were not

able to extended the result for | Z] > 2, we believe it holds, and it remains as further research.

5.2.4 Observable environments: optimality for correlated environments

In the classical MARBP theory, the bandits are assumed to be independent. In the model in Chapter 3,
the bandits are formed by the controllable processes and the environments. When the environments are
independent, we can conclude that the bandits are independent, and their state is a two-dimensional state
of a classical bandit. This means that the classical MARBP theory applies, and the associated results hold,
such as the asymptotic optimality of Whittle’s index policy proved in [71].

However, in case the environments are not independent, the previous statement is not true, and some

research questions arise.

e A first question to address is how efficient is Whittle’s index policy in the MARBP. In Section 3.6.1 we
presented a numerical evaluation with random samples to study the performance of Whittle’s index
policy in such a setting. Our results suggest that it has a good performance. We would like to further
study whether Whittle’s index policy is asymptotically optimal, as the number of bandits that can be

made active grows proportionally to the total number of bandits.

e An alternative line of research follows if we consider a non-relaxed approach to solve the problem. A
course of action on this direction would be to study the equilibrium solutions of the linear-programming
problem derived from the fluid dynamics of the system, as it is done for the MARBP in [69].



5.2. FUTURE WORK 107

5.2.5 Large-scale storage systems

We propose some extensions for our main result in Chapter 4, Theorem 4.5. As a first extension, we can
consider a quadratic rate for the breakdowns of the nodes, instead of a linear rate. A possible approach to
solve this problem is to express the solution of the fixed point equation (4.2.10) as the solution of an ODE
of second order. A simpler version of this method is already used in the proof of Theorem 4.8, with an ODE
of first order.

Another extension is to consider allocation policies that involve a more complex analysis than the Random
Weighted policy. In particular, we are interested in the so-called Power of d-Choices policy, where, for
allocating a file after a breakdown, the system chooses d nodes at random, and allocates the file to the
least loaded node among this subset. We would like to generalise the results in [63], where the Power of
d-Choices policy is considered for a system with breakdowns at a constant rate. The authors show that
in the mean-field regime the process behaves as a non-homogeneous Markov process, and the stationary

measure is then derived.
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