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ABSTRACT

ERIC FRIEDLANDER: Mean-Field Methods in Large Stochastic Networks
(Under the direction of Amarjit Budhiraja)

Analysis of large-scale communication networks (e.g. ad hoc wireless networks, cloud com-
puting systems, server networks etc.) is of great practical interest. The massive size of such
networks frequently makes direct analysis intractable. Asymptotic approximations using fluid
and diffusion scaling limits provide useful methods for approaching such problems. In this dis-
sertation, I study such approximations in two different settings. In the first, I consider a rate
control problem for a weakly interacting particle system. I show that by considering an associ-
ated diffusion control problem, one can construct controls which are asymptotically optimal for
the finite particle system control problem. In the second, I consider a class of load balancing
mechanisms in a large cloud-storage network that uses a Maximum Distance Separable coding
scheme to store a large set of files. Fluid and diffusion approximations are developed for this

system and the long-time behavior of the network is studied.
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CHAPTER 1

Introduction

“All models are wrong but some are useful!” - George Box

Recent technological advances in the telecommunications industry have led to a boom in
the use of distributed processor networks, cloud-based marketplaces and storage networks,
and mobile and sensor networks. The ubiquity of such systems has prompted a significant
amount of research into useful models for these systems (Antunes et al., 2008; Bonald et al.,
2004; Gibbens et al., 1990; Gupta and Kumar, 2003; Ganesh et al., 2003). One of the main
difficulties in such modeling arises from the large size of the systems being considered. Models
for such systems typically take the form of continuous or discrete time Markov chains and the
networks of interest frequently have events (e.g. job arrivals, purchases, file requests, etc.)
which occur at a rate which scales with the size of the network. The resulting processes have
jumps which occur extremely quickly, and thus applying standard techniques to analyze these
models for large networks becomes intractable. In order to simplify, it is useful to consider
asymptotic approximations of such systems under a suitable scaling. Specifically, in many
settings, by speeding the system up and scaling the state space, one can establish tractable
approximations of the underlying system in the form of ordinary differential equations (ODE)
or stochastic differential equations (SDE). These limiting descriptions provide tractable model
simplifications for analyzing the underlying system. In this dissertation, I study two different

problem settings where such approximation methods can be developed.



1.1 Summary of Thesis

1.1.1 Diffusion Approximations for Controlled Weakly Interacting Large Finite
State Systems with Simultaneous Jumps

We study a pure jump, weakly interacting, Markovian particle system in which jump rates
can be dynamically modulated by a controller. The stochastic system of interest describes the
state evolution of a collection of n particles where each particle’s state takes values in a finite
set X. By a weak interaction we mean that the jump rates for a typical particle depend on the
states of the remaining particles through the empirical distribution of particle states. System
dynamics will allow for multiple particles to change states simultaneously, but there will be a
fixed finite number of jump types. Such jump-Markov processes have been proposed as models
for ad hoc wireless networks (Antunes et al., 2008) of the following form. Consider a system
of n finite capacity servers (particles/nodes). Jobs of K different types, each with their own
capacity requirement, arrive at each node at rate i,k = 1,..., K and are admitted if there
is enough available capacity. All the jobs in the system of type k have exponential residence

time with mean Tk_I.

After an exponential holding time with mean ’y,;l a job of type k will
attempt to switch to another server which is chosen uniformly at random, and is admitted
if there is available capacity, otherwise the job is lost. The state of a particle describes the
number of various types of jobs being processed at the server. Under conditions, by classical
results, the stochastic process of particle state empirical measures converges to the solution
of a d-dimensional ODE (cf. (Kurtz, 1970)), where d = |X|. This ODE captures the nominal
behavior of the system over time as n becomes large.

Taking a different perspective, the analysis of such ODE is a natural starting point for
system design. By studying the mapping between system parameters and solution sets of the
ODE one can identify parameter values that lead to desirable system behavior over time, at
least in the law of large number limit as determined by the solution of the ODE. However,
even when the system has been designed to reproduce a certain targeted nominal behavior the
actual stochastic process of interacting particles may deviate significantly from the behavior

determined by the ODE. It then becomes of interest to study dynamic control algorithms

that modulate controllable system parameters to nudge the stochastic process closer to its



desired nominal behavior. In general, adjusting system parameters incurs a cost and thus there
is a trade off between this and the cost for deviating from the nominal behavior. A natural
approach for analyzing this trade off is through an optimal stochastic control formulation where
the controller seeks to minimize a suitable cost function which accounts for both types of costs
noted above.

The goal of this work is to develop a systematic stochastic control framework for studying
optimal regulation of large, weakly interacting, pure jump Markov processes that arise from
problems in communication networks. Since the jump rates in the system are of O(n), and in
a typical system n is large, an exact analysis of this control problem becomes computationally
intractable and thus one seeks a suitable approximate approach. The basic idea is to consider
a sequence of networks indexed by n such that the given physical system is embedded in this
sequence for some fixed large value of m. A suitable asymptotic model, as n — oo, is used
as a surrogate for the control problem in the n-th network. The asymptotic model taken
here is based on diffusion approximations which give the limit behavior of fluctuations of the
empirical measure process from its law of large number (LLN) limit. In an uncontrolled setting,
such diffusion limits can be derived from classical martingale problem techniques (Kurtz, 1971;
Joffe and Métivier, 1986) that are also the starting point here for developing an asymptotic
framework for the study of the optimal stochastic control problem. Diffusion approximation
methods have been used extensively in stochastic network theory, in particular they have been
very useful in the study of critically loaded stochastic processing networks (see (Kushner, 2013;
Harrison, 1988; Atar and Shifrin, 2014; Bell and Williams, 2001; Dai and Lin, 2008; Whitt,
2002; Budhiraja and Ghosh, 2012; Budhiraja et al., 2011) and references therein). In this
context, diffusion processes arise as approximations for a fixed number of centered renewal
processes with rates approaching infinity. Limit theorems and the scaling regime considered
in these works (number of nodes is fixed, traffic intensity approaches 1) is quite different from
the one where the number of nodes (particles) approaches infinity that is considered here. In
communication systems that motivate the study of such interacting processes, jumps correspond
to either an admission of a job to one of the n nodes in the system, transfer of a job from one
node to another node, or the completion/rejection of a job (and thus exit from the system). We

consider a formulation in which controls can make “small” adjustments to the rate values in



order to nudge the system toward its nominal state. Specifically, the overall rate of jumps in the
system is O(n) whereas the allowable rate controls will be O(y/n). Although the magnitude
of control becomes negligible compared to the overall rate as n becomes large, in the diffusion
scaling such a control can lead to an appreciable improvement in performance (see Section 3.6
for some numerical results). In the LLN limit the controlled and uncontrolled systems both
converge to the same nominal behavior as expected, but the diffusion limit of the two systems
will in general differ in the drift coefficient. In particular, under suitable feedback controls
the centered and normalized controlled process will converge to a diffusion with a nonlinear
(in state) drift term whereas the uncontrolled process will converge to a time inhomogeneous
Gauss-Markov process. In terms of cost, one can consider various types of criteria, but for
simplicity we restrict ourselves to a finite time horizon cost where the running cost is a sum of
two terms. The first term is a continuous function, with at most polynomial growth, of the state
of the centered and normalized empirical measure, and the second is a finite convex function of
the (normalized) control.

Rather than attempting to look for an optimal control for the stochastic control problem
for a fixed value of n, i.e. for the n-th system, we instead focus on the more tractable goal of
asymptotic optimality. More precisely, we are interested in constructing a sequence of control
policies (indexed by n) such that the cost associated with the n-th system under the n-th control
policy converges to the smallest possible value as n — co. Analogous notions of asymptotic
optimality are routinely used in heavy traffic analysis of queuing networks (Kushner, 2013;
Harrison, 1988; Atar and Shifrin, 2014; Bell and Williams, 2001; Dai and Lin, 2008; Budhiraja
and Ghosh, 2012; Budhiraja et al., 2011), but in the current work they are introduced in a very
different asymptotic regime. The key ingredient in the approach is to formulate and analyze
a closely related stochastic control problem for diffusion processes. Roughly speaking, the
state process in the diffusion control problem is the asymptotic analogue of the centered and
normalized empirical measure process as n — oo. The control enters in the drift of the diffusion
process whereas the diffusion coefficient is a non-random function of time. Our main result,
Theorem 2, shows that the diffusion control problem is a good approximation of the control
problem for the n-th system, when n is sufficiently large. Specifically, this theorem says that

the value function associated with the control problem for the n-th system converges to the



value function of the limit diffusion control problem. In addition, the result states that for any
€ > 0, there exists an e-optimal continuous feedback control and that the cost incurred from
using such a control in the prelimit system will converge to the cost in the limit. What this
means is that instead of solving the original control problem, one can solve a diffusion control
problem. Using that solution in the original system will yield a near optimal solution if n is
large.

In Section 3.6, we will illustrate our approach through a numerical example. This example
is the controlled analogue of a model introduced in (Antunes et al., 2008), and one can approach
more general forms of this model along similar lines. The running cost function we consider
is quadratic in the normalized state and control processes. The corresponding limit diffusion
control problem in this case becomes the classical stochastic linear quadratic regulator (LQR)
with time dependent coefficients (see (Fleming and Rishel, 1976)). The optimal feedback control
for the diffusion control problem can be given explicitly by solving a suitable Riccati equation.
Our numerical results show that implementation of the control policy based on the optimal
feedback control for the limit LQR to a system with n = 10,000 leads to an improvement of up

to 15.5% on the cost for the uncontrolled system.

1.1.2 Load Balancing Mechanisms in Cloud Storage Systems

In the world of cloud-based computing, large data centers are often used for file storage.
These data centers consist of large networks of servers that are used to store even larger sets of
files. In order to improve reliability and retrieval speed, these files are often “coded”. By coded,
we mean that the file is broken down into smaller pieces which are stored on multiple servers.
Consider the situation in which there are four servers and one file. One can store the entire file
on one server but in such a configuration the file would be inaccessible if that server were to
fail. In order to improve reliability, one can replicate the file across all four servers but such a
method would require much more memory. Suppose we instead split the file into halves, A and
B, and then store A, B, A+B, A- B in each of the four servers, respectively. Then the original
file can be constructed from any two pieces. One can extend this idea to the case where equally

sized pieces of a file are stored across L servers and any k pieces can reconstruct the original file.



This can be accomplished using the Maximum Distance Separable (MDS) code with parameters
(L, k) (Lin and Costello, 2004). The MDS code greatly improves reliability since L—k+1 servers
must fail before the file becomes irretrievable, while only requiring enough total memory to store
L/k files. Given a coding scheme, one can consider load balancing mechanisms to improve file
retrieval speed. In (Li et al., 2016), two routing schemes, called Batch Sampling (BS) and
Redundant Request with Killing (RRK), are considered. In BS routing, incoming jobs are
routed to the k shortest queues containing the file being requested, while in RRK routing jobs
are routed to all servers containing the requested file and then removed from the queue (killed)
once k pieces of the file have been returned. The paper (Li et al., 2016) formally calculates the
steady state (1" — oo) queue length distribution in the large system limit (n — oo) and gives
simulation results for different values of L and k in both routing schemes. In this work we focus
primarily on BS routing.

We are interested in developing a rigorous limit theory for such load balancing schemes for
systems with MDS coding as n becomes large. Specifically, we establish law of large numbers
and diffusion approximations for such systems under an appropriate scaling, as n - co. Such
limit theorems provide useful model simplifications that can then be employed for approxi-
mate simulation of the large and complex n-server systems (see Section 4.5 for some numerical
results). These limit theorems are also the first steps towards making rigorous the program
initiated in (Li et al., 2016) of developing steady state approximations for such systems, with
provable convergence properties as n becomes large.

We consider a system with n servers on which I(n) files are stored using MDS coding with
parameters (L, k). A key assumption to our analysis is that the files are stored such that each
combination of L servers has exactly c files. We further assume that jobs arrive in the system at
rate n\ and request a file uniformly at random. This is another simplifying assumption on our
model that roughly says that all files are in equal demand. These structural assumptions imply
a convenient exchangeability property of the system which allows for the use of certain mean-
field approximation techniques. A single file request spawns k jobs which are then routed into
the k shortest queues within the set of L servers containing the file being requested. Each server
processes the jobs in their queue at rate k according to the first-in-first-out (FIFO) discipline

and processing times are mutually independent. Regarding each server as a “particle”, the



above formulation describes an interacting particle system with simultaneous jumps. Note that
the symmetry structure introduced above implies that every time a file request arrives, it leads
to a selection of L servers uniformly at random (from which the k servers with shortest queues
are chosen). In particular this says that the well studied “Power-of-d” routing scheme (also
known as the “supermarket model”) is a special case of the scheme considered here on taking
L =d and k = 1. Direct analysis of such large and complex n-server systems is challenging even
by simulation methods as frequently the servers in networks of interest number in the hundreds
of thousands with arrival rates of file requests of similar order. The goal of this work is to
develop suitable approximate approaches to such systems.

Limit theorems of the form studied in this work can be used for model simplification and
for computing approximations for performance measures, e.g. through simulation methods.
Direct simulation of the underlying n-server system would in general be prohibitively expensive
for large n since the jumps in the system occur at rate proportional to n. The asymptotic
approximations given in this work (cf. Theorems 10 and 14) allow a system manager to simulate
performance metrics for the system at a coarser scale via numerical ODE solvers or Euler
discretizations for SDE (see Section 4.5 for an example). Although the systems considered
here are required to satisfy certain symmetry conditions (all files are equally sized and all jobs
are in equal demand), the simplified models given by the limiting ODE and SDE give useful
qualitative insights into the behavior of large storage networks employing these types of coding
schemes.

The results obtained here are useful in analyzing the long-time behavior of such systems as
well, e.g. in providing information on the rate at which the queue lengths decay in steady-state
and how such a decay is impacted by different values of L and k. We show that the ODE
system that determines the LLN behavior of the occupancy measure process has a unique fixed
point @ which is stable. Namely, starting from an arbitrary initial condition, the solution to the
ODE converges to this fixed point as t > co. We also show that the queue length distribution
corresponding to the fixed point has tails which decay super-exponentially extending this well
known property of the supermarket model (i.e. k =1) to a general k < L. We give explicit upper
and lower bounds (cf. Theorem 11) on these tails which are sharp in the sense that they coincide

when k = 1. Finally, in Theorem 13, we prove an important interchange of limit property. In



(Li et al., 2016), it has been shown that the queue length process Q™ for the n-server system is
positive recurrent and, thus, has a unique invariant probability measure. This then implies that
the occupancy measure process has a unique invariant distribution. In this work we show that
this invariant measure converges to dz in probability, as n — co. Roughly speaking, this result
says that the limits n - oo and ¢ - oo can be interchanged and, in particular, the fixed point
of the ODE is a good approximation for the steady state behavior of the occupancy process for

large n.

1.2 Notation

The following notation will be used. We will use {X;} and {X(¢)} interchangeably for
stochastic processes. The space of probability measures on a Polish space S, equipped with the
topology of weak convergence, will be denoted by P(S). When S = Ny we will metrize P(S)
with the metric dy defined as

w5 LD =YD sy
For S valued random variables X, X,,, n > 1, convergence in distribution of X, to X as n — oo
will be denoted as X,, = X. The Borel o-field on a Polish space S will be denoted as B(S).
The space of functions that are right continuous with left limits (RCLL) from [0,7"] to S will be
denoted as D([0,7'] : S) and equipped with the usual Skorohod topology. Similarly C([0,7] : S)
will be the space of continuous functions from [0,7] to S, equipped with the uniform topology.

We will usually denote by «, k1, ko, ---, the constants that appear in various estimates within
a proof. The values of these constants may change from one proof to another. Cardinality of a
finite set A will be denoted as |A|. We will denote by B(r) the L' ball of radius r centered at
the origin in some Euclidean space RY. The Euclidean norm of a d-dimensional vector or a d x d
matrix will be denoted as | - |. The linear span of a set A c R? will be denoted as SpA. The
space of continuous (resp. continuous and bounded) functions from metric space S; to Sg will be
denoted as C(S1 : S2) (resp. Cyp(S1:S2)). When S =R we sometimes abbreviate this notation
and write C(S1) and Cy(S;). For a bounded function f:S - R, | flleo = sup,es |f(2)]. The space

of real valued continuous functions defined on R? whose first k € N (resp. all) derivatives exist



and are continuous will be denoted C¥(R?) (resp. C*°(R?)). We denote the subset of C*(R?)
of functions with compact support as C¥(R?). Similarly C12([0, 7] x R?) denotes the space of
functions from (0,7) x R? to R that are once continuously differentiable in the time coordinate,
twice continuously differentiable in the space coordinate, and are such that the function and
its derivatives can be continuously extended to [0,7] x R%. The space of m x n-dimensional
matrices whose entries take values in a set S will be denoted M"*"(S). For M e M"™*"(S), M; ;
will the denote that entry of M which is in the i-th row and j-th column. The transpose of a
matrix M will be denoted as M’ and trace of a square matrix M will be denoted as Tr(M). 1
and I will denote the vector of 1’s and the identity matrix, respectively, the dimension of which
will be context dependent. For a Polish space S we denote by M(S) the space of all locally
finite measures on S. This space will be equipped with the usual vague topology, namely, the

weakest topology such that for every f e Cy(S) with compact support,

VH/S\f(U)V(du), ve M(S),

is continuous.
Let £ = {(a;)720| 720 a]z < oo} be the space of square summable real sequences. This space

is a Hilbert space with inner product

(z,9)2 = > y;.
=0

We denote the corresponding norm as | - [2. Similarly, &1 = {(a;)720| X720 las| < oo} and |- |
is the norm on this Banach space. The Hilbert-Schmidt norm of a Hilbert-Schmidt operator
A on £y will be denoted |A|us (cf. Appendix B). We denote by I the identity operator. For
a Hilbert Space H, M%(H) will denote the space of all H-valued continuous, square integrable
martingales M = { M (t) }o<t<1, such that M(0) = 0. For a real number a, (a); will denote the

positive part of a.



CHAPTER 2

Background and Preliminaries

This chapter contains an introduction to some models used for a variety of communication
networks as well as some background on the techniques used to analyze them. In addition,
we review some of the related literature on communication networks and weakly interacting
particle systems. In Section 2.1, we present an overview of some of the relevant existing work
on weakly interacting particle systems in communication networks. These works describe some
of the ways in which weakly interacting particle systems are used in modeling communication
networks and why such models are useful. Specifically, weakly interacting particle systems
suggest simpler models through mean field approximations under certain symmetry conditions
on the system. The mean field techniques described are particularly useful for load balancing
problems. Section 2.2 is devoted to an overview of the existing relevant work in this area. In
Section 2.3, we present a LLN result which can be used to approximate the dynamics of a given
system through a set of ODE. Section 2.4 provides an introduction to methods for analyzing
the deviations around the LLN. Namely, we provide some of the basic approaches to proving
various Central Limit Theorems (CLT) of interest. These approximation techniques allow us
to analyze communication networks whose large size make this analysis otherwise intractable.

Section 2.5 provides an outline of topics in this dissertation

2.1 Weakly Interacting Particle Systems and Communication Networks

Weakly interacting particle systems are frequently used to model a variety of communica-
tion networks (e.g. large server networks, ad-hoc wireless networks, etc.). A typical model will
consist of a set of n particles (or nodes), each taking values in some state space (in this disser-
tation we mainly consider discrete state spaces). The evolution of these particles is described

in terms of a Markov process. Roughly speaking, a particle system is “weakly interacting” if
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the evolution of a typical particle’s state only depends on its own current state and the current
empirical measure of the states of all particles in the system. In other words, the dynamics
of a given particle only depends on the total number of particles in each state and not on the
state of any individual particle (other than itself). This property, together with certain natu-
ral symmetry conditions, implies the exchangeability of the system that makes these networks
well-suited for mean field approximations. More specifically, if one views the evolution of the
system through the empirical measure of particle states, then, under conditions, the system can
be approximated by a deterministic evolution equation in the space of probability measures,
referred to as the Mckean-Vlasov equation. Under conditions, one can also establish a CLT
that says that the appropriately scaled fluctuations from this nominal deterministic evolution
equation converge to a Gaussian process which is described through a linear SDE (Shiga and
Tanaka, 1985; Sznitman, 1991). These fluid and diffusion approximations can be used to ana-
lyze useful properties regarding the system (e.g. performance measures, stability, etc.). Below
we discuss several examples of such networks that have been studied in the literature.

In (Gibbens et al., 1990), the authors study a routing scheme used in telecommunication
networks called Random Alternative Routing. The authors analyze how this method performs
on calls routed along the edges of a complete graph with n nodes. In this setting, the “particles”
are the links between the nodes rather than the nodes themselves. Each link can handle a fixed,
maximum number of calls at a given time. A natural way to view the state of the system is
through the available capacity at each link. It is assumed that calls arrive at each link as a
Poisson process and are routed as follows. If a call attempts to use a link which does not have
available capacity, two more links are chosen uniformly at random and, if there is available
capacity at both, the call is routed through that path, otherwise the call is lost. The authors
derive a LLN approximation for the system (as n - oo) and show that the limit ODE has exactly
two fixed points. In addition, a diffusion approximation is presented and used to explore the
tunneling behavior between the two stable points.

The paper (Hunt and Kurtz, 1994) presents a method of analyzing large loss networks.
Specifically, the authors consider a network with J links. Each link j has C; “circuits”. In
relation to (Gibbens et al., 1990), a circuit is analogous to a unit of capacity. The paper presents

a LLN limit for the system. The form of scaling in this paper is different than the one considered
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in (Gibbens et al., 1990), namely the paper considers the limit as the arrival/departure rates
and the available capacity go to infinity rather than as the number of links in the network
approach infinity.

In (Antunes et al., 2008), a general mathematical model for a class of communication
networks is studied. Consider a collection of particles (or nodes) each with a finite amount of
space (or capacity). Different types of jobs, each with its own capacity requirement, arrive from
the outside and are accepted only if there is sufficient capacity to meet the job’s requirement.
After an exponential holding time, jobs can either move to another particle or leave the system.
The evolution of the available capacity at all nodes in the system can be described through
a high dimensional pure jump Markov process. Similar to (Gibbens et al., 1990), the authors
present a LLN approximation of the empirical measure process associated with the system and
then show that the resulting deterministic system of ODEs has multiple stable points.

Weakly interacting particle systems are a tractable class of models since they can be often
approximated by simpler mean field models. One such approximation result, which is closely
related to the LLN results described above, has been established in (Graham, 2000) that studies
a class of routing schemes for large queuing networks. A sequence of infinite collections of
sequences of S-valued random variables is said to be Q-chaotic, where Q is a probability measure
on §, if the joint probability law of any subcollection of sequences of k£ random variables
converges to Q®F for all k > 1. Namely, the collection of random variables is asymptotically
i.i.d. with probability law Q. Consider a collection of n servers which process jobs at rate
u from their own infinite buffer queues. Jobs arrive in the system at rate An and each job
is immediately routed to the shortest of d randomly chosen queues. It is shown in (Graham,
2000) that, under exchangeability conditions and independence of initial conditions, this system
has a “Propagation of Chaos” (initial independence [i.e. chaos of particle states] propagates
to later time instants) property. Namely the queue length processes viewed as a collection of
D(R; : Ny)-valued random variables are Q-chaotic for an appropriate probability measure Q
on D(R, : Ny) where D(R, : Ny) is the space of right continuous functions with left limits from
R, to Ny equipped with the usual Skorohod topology.

In (Graham and Robert, 2009) an extension of chaoticity described in the previous para-

graph is presented for multi-class systems. Suppose that, if instead of the full collection being
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exchangeable, the random variables can be divided into K classes such that there is exchange-
ability within each class. Stated formally, a system is said to be Q1 ® --- ® Q g-multi-chaotic if
the joint probability law of any collection of K'm variables, such that m are selected from each
exchangeable group, converges to QF" ®---® Q%". The authors establish such a multi-chaoticity
property for a class of queueing systems. Using this result they then analyze a model for data

transmission.

2.2 Load Balancing

Due to the need to properly design and maintain distributed processor networks and cloud-
based storage systems, mechanisms for an efficient allocation of jobs or file requests in such
networks has garnered quite a bit of attention in recent years. A typical model of interest
is described in terms of asystem of n processors or servers each maintaining its own FIFO
queue. A stream of jobs or file requests enters the system and are routed by a centralized
dispatcher into one or more of the queues. Ultimately the goal is to study how different routing
schemes impact various performance metrics of interest (e.g. mean delay time, queue length
distribution, etc.). This class of problems associated with different types of routing schemes is
frequently referred to as load balancing. In general, the large size of such networks precludes a
direct analysis of such systems so the performance is typically studied in a suitable asymptotic
regime. In many settings, by appropriately scaling the system and taking limits (e.g. as the
number of servers n tends to infinity), one can establish fluid or diffusion approximations for
the desired performance metrics. I now give a brief review of some relevant work but refer the
interested reader to (van der Boor et al., 2017) for a more in depth exposition.

The simplest load balancing scheme is random routing. Namely, when a job arrives in the
system, the dispatcher sends it to a server which is chosen uniformly at random. Consider the
expectation of the empirical measure of queue lengths 7™ under the stationary distribution. It
can be shown that as n — oo, if the traffic intensity A (i.e. the ratio of arrival and departure
rates) is less than one, the limiting expectation, which is a deterministic measure on Ny denoted
as v, has an exponentially decaying tail (i.e. v[k,o00) ~ A¥). The paper (Graham, 2000),

discussed in Section 2.1, and the papers (Vvedenskaya et al., 1996; Mitzenmacher, 2001) first
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analyzed the so-called Power-of-d routing scheme (also known as the Supermarket Model).
Under this scheme, at each instant of job arrival, the dispatcher polls d randomly chosen
servers and routes the jobs to the server with the shortest queue. The paper (Graham, 2000)
establishes a functional law of large numbers for 7 on D([0,7'] : S) in the Power-of-d routing
scheme using characterization results for nonlinear martingale problems. In (Graham, 2000;
Vvedenskaya et al., 1996; Mitzenmacher, 2001), it is shown that for d > 2 the corresponding
measure v has tails which decay hyperexponentially, namely v[k,oc0) ~ A(@-1)/ (d=1) " which is
a vast improvement over the exponential rate for the setting where jobs are routed to servers
uniformly at random.

In (Eschenfeldt and Gamarnik, 2015), the authors consider another routing scheme known
as Join-the-Shortest Queue (JSQ) in which incoming jobs are simply routed into the shortest
available queue. This scheme corresponds to the Power-of-d upon taking d = n. However, since d
scales with n the asymptotic analysis is quite different. The authors establish fluid and diffusion
approximations for the empirical measure JSQ routing policy in the large-system limit under
a heavy-traffic scaling. It is shown that probability of having a queue of length larger than
one converges to zero as n — oco. Furthermore, the diffusion limit can be characterized through
a two-dimensional diffusion. It follows from this theorem that JSQ produces, asymptotically,
the minimal possible wait time. Namely, as the number of servers increases to infinity and
the traffic intensity approaches criticality, the proportion of servers with two of more jobs goes
to zero and thus all jobs which enter the system are routed to empty servers. The excellent
performance of JSQ is counterbalanced by an extremely high overhead cost. The dispatcher
must query every server each time a jobs arrives which may be costly in large networks in which
jobs are arriving extremely rapidly.

A different class of methods, known as pull based routing schemes have also been studied.
Here the dispatcher routes jobs based on information which it receives from the individual
servers. One basic example of such a method is the Join-the-Idle-Queue (JIQ) routing scheme.
In JIQ, each server notifies the dispatcher when it is empty. The dispatcher then routes incoming
jobs to empty servers or, if there are no empty servers, to a server according to some other
routing policy. In (Mukherjee et al., 2016b) it is shown that in a similar asymptotic regime

(i.e. heavy traffic and large n) JIQ produces the same diffusion limit as JSQ. The difference
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between push and pull based schemes is subtle, but by using pull based schemes one can reduce
communication overhead while maintaining low wait times. In the JIQ scheme each server
needs to communicate to the dispatcher when its buffer is empty. In practice this implies that
the number of communications between the dispatcher and the server is of the same order as
the total number of arrivals in the system and thus, in terms of communication costs JIQ and
JSQ are not very different. The authors of (Mukherjee et al., 2016b) also establish a useful
interchange of limits property showing that the steady-state behavior of the n-server system
converges to the unique fixed point of the limiting system under a fluid scaling.

While not discussed here we refer the interested reader to (Mitzenmacher, 2001; Bramson
et al., 2012; Stolyar, 2015; Graham, 2000; Mukherjee et al., 2016a, 2017) and references therein
for further work on load balancing. In the next two sections we summarize the basic LLN and
central limit theorems for pure jump Markov processes that are useful for studying asymptotics

of weakly interacting particle systems of the form considered in this work.

2.3 Law of Large Numbers

Typically, the first method employed when attempting to describe the evolution of the
systems of interest here, as their size becomes large, is to derive a LLN limit for the associated
empirical measure. This limit is given in terms of a system of coupled ODE and describes the
asymptotic behavior of the system under a fluid scaling. One of the classical works on such

limit theory is (Kurtz, 1970) which proves the following result (see Theorem 2.11 therein):

Theorem 1. Let E be a closed set in RF and let, forneN, E, = En %N]g. Let {pn(t)}es0 be

a pure jump Markov process with state space E, and infinitesimal generator A, defined as
Anf (@) =0a(@) [ [£() - F@) (. dz)
where A\, : B, - R, and v, is a transition probability kernel on E,. Define
Fo(x) = An() [En(z—:v)%(x,dz). (2.1)

Suppose the following conditions are met:
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i) There exists a Lipschitz function F : R* - RE such that

lim sup |F,(x) - F(z)|=0.

n—o0 pe

i1) limy o0 tin (0) = xo for some xy € E.

Let 1 be the solution to the following ODE

fi(s) = F(u(s)),  p(0) = zo.

Then for every 6 >0 and t >0

lim P{sup |un(s) —pu(s)|>d}=0.

This theorem says that for a sequence of K-component jump Markov processes, if the
function F), in (2.1) obtained from the generator of the process converges in a suitable manner,
then the sequence of processes converge to the solution of a system of ODE. To see how this
result applies to weakly interacting systems note that for a typical sequence of communication
networks considered in our work the n-th state process is n-dimensional. In particular the
dimension of the state space is increasing with n. In order to arrive at a sequence of processes
with a common state space we instead view the system through its empirical measure process
which will have a finite state space if each particle’s state space is finite. In our work we
will usually apply Theorem 1 (or a generalization in the case that the state space is countably
infinite) to this empirical measure process. In general, an empirical measure process constructed
from an n-dimensional Markov process may not itself be Markovian. However, under the
symmetry properties of the models considered in this work, the Markov property of the empirical

process will indeed hold which will allow the use of Theorem 1.

2.4 Diffusion Approximations

After obtaining a LLN of the form considered in Section 2.3, it is natural to consider the

fluctuations around this limit. More precisely, with u, and p as in Theorem 1, we will be
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interested in the asymptotic behavior of the stochastic process V,, defined as

Vi (t) = V/n(un(t) - u(t)), t20.

Under conditions, this asymptotic behavior can be characterized in terms of a suitable diffusion
process. One natural approach for proving such a limit theorem is to describe the evolution of
the centered and scaled process V,, through a collection of appropriate time changed Poisson
processes (see e.g. (3.6) in Chapter 3). Using this description, one can give a semimartingale

representation for V,, of the following form
t
V(1) = Va(0) + fo An(5,V())ds + My (t) + 0p(1)

where M, is a local martingale with respect to a suitable filtration and A, : [0, c0) x R* > RF
is a suitable map.

The first key step in proving the convergence to a diffusion process is to argue tightness of
(Vi, M,). Next, one needs to argue that every weak limit point (V, M) satisfies a stochastic

equation of the form

V(t):/:a(s,V(s))dSJrM(t), M(t):foto(s)dB(s), (2.2)

where a, 0 are suitable maps, B is a Brownian motion with respect to a suitable filtration and
V' is a continuous process adapted to the filtration. The final step is to argue the uniqueness
of solutions to the stochastic equation (2.2). This progression of arguments can be carried out

under quite general conditions on the model (see e.g. (Joffe and Métivier, 1986)).

2.5 Overview & Organization

This dissertation is organized as follows. In Chapter 3, we study a class of control problems
for models arising from ad hoc wireless networks that are described through certain weakly
interacting particle systems. In a typical setting of interest, a system is designed to produce
a desired nominal state trajectory. However, due to various approximations and sources of

randomness, the actual system performance may deviate significantly from the desired nominal
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state. We consider a formulation where the system manager, by adjusting various rates, can
nudge the actual stochastic system closer to the desired nominal state. However, exercising
control of rates incurs a cost and one needs to suitably balance this cost with the cost of
deviating from the desired behavior. Theory of stochastic control gives a natural framework for
analyzing such processes. For large systems, solving such stochastic control problems directly
is intractable. In this work, we instead consider an approximate approach. Specifically, we
introduce a diffusion control problem which approximates the control problem of interest under
a suitable scaling. Such diffusion control problems have been well studied and there exists an
extensive literature on numerical methods for finding solutions (see e.g. (Kushner and Dupuis,
2013)). Our main result (Theorem 2) shows how an analysis of this diffusion control problem
leads to construction of an asymptotically optimal control policy for the system of interest. A
paper (Budhiraja et al., 2018) has appeared in the Annals of Applied Probability.

In Chapter 4, we study a class of load balancing policies for a large cloud-storage system.
In such networks, files are often “coded” across servers to increase both reliability and retrieval
speed. By coded, we mean that the file is broken down into smaller pieces which are stored
on multiple servers. In the model considered here, we consider a Maximum Distance Separable
(MDS) code. Namely, the files chunks are distributed across a set of L servers such that any
subset of size k is sufficient for reconstructing the original file. In this work we are interested
in developing a rigorous limit theory for such load balancing schemes for systems with MDS
coding as the number of servers becomes large and the arrival rate of file requests approaches
infinity. Specifically, we establish law of large numbers and diffusion approximations (cf. The-
orem 10 and Theorem 14) for such systems under an appropriate scaling, as n — oo. Such limit
theorems provide useful model simplifications that can then be employed for approximate sim-
ulation of the large and complex n-server systems. We also study the long-time behavior of the
system under fluid scaling. In Theorem 13, we establish a useful interchange of limits property.
Namely, that the steady-state distribution of the finite system converges to a dirac measure
concentrated at the fixed point of the limiting ODE. This fixed point will be the probability
measure representing the distribution on queue lengths in the network in the “steady state”.

We provide explicit upper and lower bounds on the tail decay of this fixed point (cf. Theorem
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11). The results of this work have been submitted for publication ((Budhiraja and Friedlander,
2017; Friedlander, 2018)).
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CHAPTER 3

Diffusion Approximations for Controlled Weakly Interacting Large Finite
State Systems with Simultaneous Jumps

In this chapter we study a pure jump, weakly interacting, Markovian particle system in
which jump rates can be dynamically modulated by a controller. The stochastic system of
interest describes the state evolution of a collection of n particles where each particle’s state
takes values in a finite set X. In many applications, the jump rate of such a system scales with
n and thus, for large n, the system jumps extremely quickly. Constructing and implementing
a control policy in such a system is intractable. The goal of this chapter is to provide an
approximate method for constructing asymptotically optimal control policies. In our main
result, Theorem 2, we show that, when n is sufficiently large, one can solve an associated
diffusion control problem instead of the control problem for the n-particle system. Specifically,
this theorem says that the value function associated with the control problem for the n-th system
converges to the value function of the limit diffusion control problem. The key ingredients in
the proof are Theorems 3, 7, and 9. Theorem 3 gives the lower bound, namely it shows that
the value function of the n-th system, asymptotically as n — oo, is bounded below by the
value function of the diffusion control problem. The key steps in the proof are to establish
suitable tightness properties of the sequence of scaled state and control processes and the
characterization of the weak limit points. For the first step it is convenient to work with
the relaxed control formulation (cf. (Kushner, 2013; Borkar, 1989)) through which one can
view controls as elements of a tractable Polish space. The second step proceeds via classical
martingale problem techniques (cf. (Stroock and Varadhan, 2007; Ethier and Kurtz, 2009; Joffe
and Métivier, 1986)). Theorems 7 and 9 give the main steps needed for the complementary
upper bound. For this bound, the main idea is to show that for any fixed € > 0, there exists an e-
optimal continuous feedback control for the diffusion control problem (Theorem 9), and that any

such feedback control can be used to construct a sequence of control policies for the interacting
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particle system such that the associated costs converge to the cost under the feedback policy
for the diffusion control problem (Theorem 7). We begin, in Theorem 8, by arguing that for the
diffusion control problem the infimum over all admissible controls is the same as that over the
class of feedback controls. Proof of this proceeds via certain conditioning arguments and PDE
characterization results (cf. (Borkar, 1989)) that allow the construction of a feedback control
associated with any given admissible control such that the cost corresponding to the feedback
control is no larger than that of the given admissible control. The result says that one can find
an e-optimal control in the space of feedback controls. Although any such control corresponds
to a natural collection of control policies for the sequence of n-particle systems, in order to
prove the convergence of associated costs, which once more is based on martingale problem
methods, we require additional regularity properties of the feedback control. The key step is
Theorem 9 that shows that for any feedback control g there exists a sequence of continuous
feedback controls {g, } for the limit diffusion control problem such that the associated sequence
of controlled diffusions converge weakly to the diffusion under the feedback control g. The proof
requires some estimates based on an application of Girsanov’s theorem which, in turn, relies on
the non-degeneracy of the diffusion coefficient. Although the controlled diffusion that describes
the asymptotic model is degenerate, we show that there is an equivalent formulation in terms
of a (d - 1)-dimensional controlled diffusion which is uniformly non-degenerate under suitable
assumptions. This equivalent representation, in addition to providing a feedback control of the
desired form, is also key in proving weak uniqueness for SDE describing limit state processes
associated with feedback controls.

The chapter is organized as follows. Section 3.1 presents the precise system of weakly
interacting pure jump processes considered here. We will also present key assumptions and the
main result of this chapter. Sections 3.1.1 and 3.1.2 describe the uncontrolled and controlled
systems, respectively. Assumptions which ensure convergence of the system to its fluid limit are
introduced for both cases. Section 3.1.2 also introduces the cost criteria that is considered in this
chapter. Section 3.1.3 presents the diffusion control problem that formally corresponds to the
limit as n — oo of the control problem for the n-th system. The section also introduces the key
non-degeneracy assumption (Condition 3.1.5) that is needed in order to obtain weak uniqueness

of SDE with feedback controls and existence of near optimal continuous feedback controls. We
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also introduce our main assumptions on the controlled rate functions (Conditions 3.1.3 and
3.1.4). In Section 3.1.4 we present our main result, namely Theorem 2. In order to validate
the results of this chapter, we present a numerical example in Section 3.6. This example is the
controlled analogue of a model introduced in (Antunes et al., 2008). The running cost function
we consider is quadratic in the normalized state and control processes. The corresponding limit
diffusion control problem in this case becomes the classical stochastic LQR with time dependent
coefficients (see (Fleming and Rishel, 1976)). The remainder of the chapter is devoted to proof
of Theorem 2. In Section 3.2 we present a key tightness result which is used both in the proof
of the upper and lower bound. In Section 3.3 (see Theorem 3) we prove the lower bound that
was discussed earlier. In preparation for the proof of the upper bound, we introduce the class of
feedback controls in Section 3.4. Sections 3.4.1 and 3.4.2 describe such controls for the prelimit
system and the limit diffusion model, respectively. Section 3.4.3 constructs a sequence of
prelimit control policies from an arbitrary continuous feedback control for the diffusion control
problem such that the cost for the particle systems under the sequence of control policies
converges to the cost of the corresponding controlled diffusion. Finally in Section 3.5, we show
that the infimum of the cost for the limit diffusion over all admissible controls is the same
as that over the class of feedback controls and that there exist continuous feedback controls
which are e-optimal. The results from sections 3.3, 3.4, and 3.5, (namely Theorems 3, 7, and

9) together give our main result, Theorem 2.

3.1 Problem Formulation and Main Results

In this section we will describe the basic control problem of interest and give a precise
mathematical formulation. We begin by introducing the uncontrolled pure jump Markov process
in Section 3.1.1 and recall a classical law of large numbers result for such systems. Section 3.1.2
will present the controlled system that we study and also our cost criteria. In Section 3.1.3
we will introduce our main assumptions on the controlled rate matrices and based on these
assumptions introduce a control problem for diffusion processes that can formally be regarded
as the limit of control problems considered in Section 3.1.2. Finally, in Section 3.1.4 we present

our main result. This result says in particular that a suitable near optimal diffusion control
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can be used to construct a sequence of control policies for the particle system in Section 3.1.2
that are asymptotically near optimal. For a numerical example that illustrates the application
of the result, we refer the reader to Section 3.6 where we present a model from communication
networks that is a controlled version of some models introduced in (Antunes et al., 2008) and

which falls within the framework considered here.

3.1.1 Weakly Interacting Jump Markov Process

Fix T € (0,00). All stochastic processes in this chapter will be considered on the time
horizon [0,7']. Consider a system of n particles where the state of each particle takes values
in the set X = {1,...,d}. The evolution of the system is described by an n-dimensional pure
jump Markov process X,,(t) = {X(t),..., X"(t)} where X! (t) represents the state of particle
1 at time t. The system allows multiple particles to change state at a given time, but restricts
such jumps to K transition types; in particular the k-th transition type can only affect at most
ng particles, k € K = {1,..., K}. The jump intensity is state dependent, however the state
dependence is of the following specific form: Denoting for x € X", the probability measure
{% Yic1 Ly (m) fmex on X by {¢"(2) }imex, the jump intensity at the instant ¢ is a function of
Cn(Xn(t)). The set of jumps and the corresponding transition rates can be described in terms
of the subset M, of M%?(Ny) consisting of all matrices with zeroes on the diagonal and with
sum of all entries at most n, as follows. To any k € K we associate a map ¥F : P(X) x M,, - R,

such that for z € X", Uk ((,(x),0) =0 if

d .
Z@i7]’>nk or Z@i,j>ng}7’z(m), ’i=1,...,d. (31)
4 —

%,J J

Roughly speaking, U¥ (¢, (x),0) will give the rate of type k jumps (associated with ©) when
the system is in state z € X". A type k jump associated with © € M, corresponds to ©;;
particles simultaneously jumping from state i to state j, for all ¢ # j and 4,5 = 1,...,d. Thus
the first inequality in (3.1) says that at most nj particles change states under a jump of type k,
while the second inequality says that a jump of type k can occur only when there are enough

particles to participate in it. In terms of \I/fl the overall rate of jumps of type k associated with

23



O, when the system is in state x € X", is given as

W (u(2), ©) H (gg’j é,j)(emzdgmemd)

and such a jump takes a state x € X" to a state Z € X” where

d d
Gy (Z) =n( (@) + Y. Oim =Y. Oy, m=1,...,d.
i=1

=1

A more convenient description of this system is given through the pure jump Markov process
{pn ()} where p,(t) = Go(Xn(t)) represents the empirical measure of the particle states. We
will identify the space of probability measures, P(X), with the d-dimensional simplex, S =
{(z1,...,2q) e RY XL, 2; = 1}. Similarly, we will identify P, (X), the space of all x € P(X) such
that p{j} e %N for all j € X, with S, =8 n %Nd. Let, for k € K,

kﬁ{(I,J)eNngg: ML= Js <y, Z|Jw—lx|>0},

reX reX reX
and for v = (I,.J) € AF let
d
®(v) = (1,J) ={O e M, |Ze”_1,,Z@”_J],”_1 d
=1

The jumps of {y,(t)} are described as follows. For each k € K and v = (I,.J) € A the empirical

measure jumps from r — r + %e,, with rate

v ¥ weo (5" Mo )

Oecd(v) m,Ly ey

where r = (r™)% _ €Sy, €, = Ypex(Je — I e and e, is the unit vector in R? with 1 at the x-th
coordinate and 0 everywhere else. Thus a jump associated with k € K and v € AF corresponds
to I, particles in state x, = € X, simultaneously jumping to new states such that J, of the

particles end up in state y, y € X. A succinct description of the evolution of the Markov process
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tn(t) is through its infinitesimal generator which is given as

i)=Y Y Firw) [f(r+%ey)—f(r)], res,. (3.2)

keK ve Ak

We will make the following assumption on the asymptotic behavior of the rates.

Condition 3.1.1. For all k € K and v € A* there exists a Lipschitz function 7+~ I'*(r,v) on S

such that

1.
limsup sup | =¥ (r,v) = T*(r,v)| = 0 (3.3)
n

n—oo reS,

We now present a classical law of large numbers result that characterizes the limit, pu(t),
of the pure jump Markov process p,(t) as n - co. For a proof we refer the reader to Theorem

2.11 of (Kurtz, 1970).

Proposition 1. Define,

F(ry=> % I'*(r,v)e,, reS. (3.4)

keK peAk

Suppose that p,(0) - ug in probability and Condition 3.1.1 holds, then u,(t) - pu(t) uniformly

on [0,T], in probability, where u(t) is the unique solution of the ODE

fu(t) = F(u(t)), p(0) = po. (3.5)

3.1.2 Controlled System

In this chapter we will study a controlled version of the Markov process introduced in
Section 3.1.1. Roughly speaking, control action will allow perturbations of the rate function
I'® that are of O (%) The goal of the controller is to minimize a suitable finite time horizon

cost. A precise mathematical formulation is as follows. Let

0= 3" |Ak, (3.6)

keK
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A be a compact convex subset of R, and A, = ﬁA for n € N. A, will be the control set
in the n-th system. Let {I¥(r,u,v) :r € Sp,u € Ap, k € K,v € AF} be a collection of non-
negative real numbers. More precisely, (r,u) = I'¥(r,u,v) is a map from S,, x A,, to R, for each
neN, keK, veAF. These correspond to the controlled rates in the n-th system. We now
introduce the controlled stochastic processes associated with such controlled rates.

Fix n € N and let (2", F",P") be a probability space on which are defined unit rate
mutually independent Poisson processes {Nj.,, k € K, v € AF}. The processes {N}.,} will be
used to describe the stream of jumps corresponding to k € K, v € A*. Let U™ be a A,-valued

measurable process representing the rate control in the system. Under control U™ the state

process (i, (+) is given by the following equation:

(1) = i (0) +% 3 e,,./\/'ky(/()tﬂlf(un(s),U”(s),u)ds). (3.7)

keK pveAk

In order for such a control to be admissible it should satisfy suitable non-anticipative proper-
ties. More precisely, U™ is said to be an admissible control if, with some filtration {F'} on
(2", F",P"), U is {F{" }-progressively measurable, u, is {F}'}-adapted, and {M}! ke K, v €
AF} defined below are {F7*}-martingales

M0 = % (N ([ TEG (.0 0)ds) - [T LE o). U7 (s)0)ids) - 38)

with quadratic variation processes (M} ,,M[, )¢ = 5(,671,)7(;4,”/)#/Otfff(un(s),U”(s),V)ds
where 04, equals 1 if a = @' and 0 otherwise. We note that in general such a filtration
will depend on the control. We denote the set of all such admissible controls as A,,.

For a U™ € A,,, define the process

Va(s) = Vn(pa(s) - p(s)) (3.9)

where, as above, pu, is the state process under control U". We consider a cost that is a function
of the suitably normalized control action and the centered and normalized state of the system

given through the process {V,,(-)}. Specifically, we consider for n € N, z, € S, a “finite time
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horizon cost” associated with an admissible control U™ € A,, and initial condition z,, as,

T
To(U™, vn) ﬁIE/O (k1 (Vie(8)) + ko (\/RU™(5)))ds (3.10)

where v, = \/n(x, — o), k2 € C(A) is a nonnegative convex function, and k; € C(R?) is a
nonnegative function with at most polynomial growth. ILe. there exists a p > 1 and Cy, € (0, c0)

such that ki(z) < Cy, (1 + |2|?) for all 2 € R%. Define the corresponding value function to be
n\vn = inf n n7 nj-
Ry (vy) ik Jn (U™, vp)

Computing an optimal control for the above problem for a given n is, in general, challenging
and computationally intensive. It is therefore of interest to consider approximate approaches.
In the next section we introduce some conditions on the controlled rate matrices that will

suggest a natural diffusion approximation for this control problem.

3.1.3 Diffusion Control Problem

We now introduce our main assumptions on the controlled rate matrices. The first two
conditions make precise the requirement that controlled rates are O (ﬁ) perturbations of the
nominal values given through {T'*, k € K}. In particular, the first condition will ensure that
the controlled pure jump Markov process will converge to the same limit as the uncontrolled

process i, in Section 3.1.1 under the law of large number scaling.
Condition 3.1.2. With {I'*(r,v), ke K, ve A*, re S} as in Condition 3.1.1

1
limsup sup sup |—I¥(r,u,v) - I*(r,v)| = 0. (3.11)

n—>oo  reS, ueA, |1

We next introduce a strengthening of Condition 3.1.2 that will play a key role in the proof

of tightness of the sequence {V,,} of controlled state processes.

Condition 3.1.3. There exists a C; € (0, 00) such that for every n e N

sup sup /n
uehAn £eSn (y)

NG <Ci(1+yl) (3.12)

%FS(LZ/-F{,U,V)—Fk(g,V)
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for all ke K, ve A* and y € B(2y/n) c R? where S,(y) = {£€S: ﬁwg €S, ).

Taking y = 0 in (3.12) we see that Condition 3.1.3 implies that there exists a Cy € (0, 00)

such that

1
Sup sup sup —Fff(r, u,v) < Coy (3.13)

n>1 reS, ueA, 1

for all k€ K, ve A*. Note also that Condition 3.1.3 implies Condition 3.1.2.
The next condition will identify the drift term in our limit diffusion control problem. Note
that any u € A (or A,,) can be indexed by k € K and v € A¥ and we will denote the corresponding

entry by ug,,.

Condition 3.1.4. There exist, for each k € K,v € A bounded functions h}(v,-) : S - R and

hE(v,-) : S - R? such that for ue A, £ €S, y e RY, with

Hk(y7£7u7 V) = hlf(y7€)uk,u + hg(l/,f) Y,
we have for all compact A c R?,

limsupsupsup sup |G} (y,& u,v)| =0 (3.14)
n—oo  uel yeA £eSp(y)

where for n e N,k € K, and v € AF, we define Br (s v) ‘RIxSxA—Ras

Bl?(y?gauﬂj):\/ﬁ(%[f( —Fk(g,z/))—Hk(y’£7u’y)’

1 e 1
— —u,v
\/ﬁy ) \/ﬁ Y
if £ €S,,(y) and 0 otherwise.

Define 7: [0,7] x R = R? and 3:[0,7] - R¥>? as

n(tu) = 30 3 (B p(®)uy) e and () = 3 3 elhg (v, ()] (3.15)

keK peAk keK ve Ak

Note that
> H (g u(t), u,v)ey = n(t,u) + B(t)y, te[0,T],yeR™ (3.16)
keK peAk
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Let a: [0,T] - R™? be defined as

a(t)= 3> 3 (I (u(t),v))ever,.

keK ve Ak

The d x d matrix a(t) will be the square of the diffusion coefficient for the limit controlled

diffusion process. Note that a(t) is a singular matrix since e, -1 = 0 for all k ¢ K and v € A,

Let Q = [q1...q4], qx € R%, be a dxd orthogonal matrix (i.e QQ’ = Q'Q = I) such that g = ﬁl.
Then, in view of the above observation,
, a(t) 0
Qa(t)Q = (3.17)
0 O

where a(-) is a Lipschitz, nonnegative definite, (d — 1) x (d — 1) matrix valued function. Let
o!2(t) be the symmetric square root of a(t). Since ¢ — a(t) is continuous so is t ~ o'/2(t)

(see e.g. (Chen and Huan, 1997)). Define

o 2(t) 0 ,
o(t)=Q Q. (3.18)
0 0

The main goal of this paper is to show that an optimal control problem for certain diffusion
processes can be used to construct asymptotically near optimal control policies for the sequence
of controlled systems in Section 3.1.2. We now introduce this diffusion control problem. Let
(2, F,P,{F;}) be a filtered probability space with a d-dimensional {F;}-Brownian motion
{W:}. We refer to (2, F,P,{F:},{W:}) as a system and denote it by Z. Denote the collection
of Fi-progressively measurable, A valued processes as A(Z). This collection will represent the
set of admissible controls for the diffusion control problem. The initial condition vy for our
controlled diffusion process will lie in the set Vg_y = {x e Rz -1 = 0}. For U ¢ A(E) and

vg € Vy_1, let V be the unique pathwise solution of

V(t) :v0+/(;tn(s,U(s))ds+Atﬁ(s)V(s)ds+f0ta(s)dW(s) (3.19)
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where 7, 5 are as introduced in (3.15) and o is as in (3.18). Define the cost associated with

UeA(ZE) and vg e V4 as
T
J(U,vp) iEfo (k1 (V(8)) + k2(U(s)))ds. (3.20)
The value function associated with the above diffusion control problem is
R zinf inf J(U,vp),
(o) =igf, Iyt I (0o

where the outside infimum is taken over all possible systems Z.
Although the matrix o(t) is singular for each ¢, the following condition will ensure that the

dynamics of V restricted to a certain (d - 1)-dimensional subspace is non-degenerate.

Condition 3.1.5. There exists a A* ¢ U AF such that Sp{e, : v € A*} equals Vy4_1, and for

every v e A* there is a k, € K such that v e A* and

L . Ky
k(T) = V1€1’1Af* ogtlngF (u(t),v) > 0.

The following lemma shows that under Condition 3.1.5, « is uniformly non-degenerate on

compact sets.

Lemma 1. Under Condition 3.1.5, {a(t) : t € [0,T]} is a uniformly positive definite collection,

namely, there ezists a C(T) € (0, 00) such that z'a(t)z > C(T)|z|? for allz e R4 and 0 <t < T.

Proof. We first show that the matrix G = ¥, e,€,, satisfies, for some Cg € (0, 00),
£'Ge > Calé)? (3.21)

for all £ € V4_1. For this it satisfies to check that for any nonzero £ € V4_1, £'GE > 0.
Suppose for some nonzero § € Vg1, 'GE = 0. Since {'GE = Yeenx |€ - e,|? and Sp{e, : v €
A*} =V4 1, we must have £ L Vi 1. But by assumption £ is a nonzero element of V4 1 which

is a contradiction. This proves (3.21).
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Now for 2 e R9!, letting & = (§) e RY,
Yty = #'Qa(t)Qi = (Q2)a(t)(Qh).
Since 1 =v/dgy and #4 =0,
Qi-1=(q1@1++qaZq) 1= (w1 + - +qa-174-1) - 1 = 0.
Thus y = Q% € V41, and consequently for ¢ € [0,T],

yaltyy= 3, o (I (u(t),v))y'every

keK pe Ak
> V&(F“”)(u(t), v))y'eveyy > K(T)y' Gy > w(T)Calyl*.
Thus
v'a(t)z 2 w(T)Cal|QE|* = s(T)Cq|l#|* = K(T)Col[* (3.22)
and the result follows. O

Since t — a(t) is Lipschitz, it follows from Lemma 1 that under Condition 3.1.5, t — /2 (t)
is Lipschitz as well (see Theorem 5.2.2 in (Stroock and Varadhan, 2007)). Note from (3.22),

that z'a?(t)z > (k(T)Cq)/?|z|? for all z € R™? and t € [0,T]. In particular

sup [ 2(t)| < oo. (3.23)

0<t<T

3.1.4 Main Result

We now present the main result of this chapter. In Section 3.4 we will show that for every
measurable function g : [0,7] x R? - A there exists a system = and a U, € A(Z) such that

the corresponding controlled diffusion process is a (time inhomogeneous) Markov process with
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generator

Lyf(tx) =V f(x)-[n(t gt x))+B()z]+ %Tr(a(t)DQf(f)U'(t))a feCZ(RY)  (3.24)

where V and D? are the gradient and the Hessian operators, respectively. Furthermore, as we
will describe in Section 3.4, such a g also defines a control Uy in the n-th system, under which the
state process yy, is a time inhomogeneous Markov process (see (3.49)). We refer to Uy and Uy’ as
the feedback controls associated with g for the diffusion control problem and the n-th controlled
system, respectively. The following is the main result of this chapter. It says the following three
things: (i) The value functions of the n-particle control problem converge to that of the diffusion
control problem as n — oo; (ii) For every € > 0, there exists a continuous e-optimal feedback
control for the diffusion control problem; (iii) A near optimal continuous feedback control for the
diffusion control problem can be used to construct a sequence of asymptotically near optimal

controls for the systems indexed by n.

Theorem 2. Suppose Conditions 3.1.3, 8.1.4, and 3.1.5 hold. Let x, € S, be such that v, =

Vn(x, —xo) > vg as n— oco. Then
(i) Rn(vn) — R(vg) as n — oo.

i) For every e >0, there is a continuous g : [0,T] x R* > A such that
Y g

J(Uy.,v0) < R(vg) +e.

(iii) For any continuous g : [0,T] x RY —» A, Jn(Ug,vn) = J(Ug,v0) as n — oo. In particular,

with g. as in (i1),
R(vo) = lim Rp(vp) < lim J,,(Ug.,v,) < R(vo) + €.

Proof. The above result will be proved in three parts. First in Theorem 3 we will show that

for all v,,vo as in the statement,
liminf Ry, (vy,) > R(vg).
n—00
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Next, Theorem 7 shows the first statement in (éi7). Finally in Theorem 9 we prove part (ii) of
the theorem.

Combining the above results we see that for each € >0

limsup Ry, (v,) < lim J(U,.,vn) = J(Uy.,v0) < R(vo) +e.

n—oo

Since € > 0 is arbitrary it follows immediately that limsup,,_,., Rn(v,) < R(vg) completing the

proof of part (i) and also the second statement in (ii). O

Proof of Theorems 3, 7, and 9 are given in Sections 3.3, 3.4, and 3.5, respectively. Section
3.6 of the paper will present an example that is a controlled analogue of systems introduced
in (Antunes et al., 2008) as models for ad hoc wireless networks. We will verify Conditions
3.1.3-3.1.5 for this example and describe how results from Theorem 2 can be used to construct

a sequence of asymptotically near optimal control policies.

3.2 Tightness

In this section we prove a tightness result which will be needed in the proofs of Theorems 4
and 7. For u e A,, ke K and v € A*, we extend the map r - I'* (r,u,v) to all of R? by setting
TE(r,u,v) =0 if r ¢ S,.

For U™ € A,, define V,, by (3.9) where p,, is the controlled Markov process corresponding
to the system under control U™ given as in (3.7). Define 7, : [0,T] x R? » R? as v, (t,z) =
wu(t) + ﬁx, for x e RY, t € [0,T] and for ¢ € C*(R?), s€[0,T], ue Ay, and y ¢ R? define

G2 Y I (ulsay)ur) [¢(y+%ey)—¢(y>]—¢ﬁF(u<s>>v¢<y). (3.25)

keK veAk

For i = 1,...,d define ¢'(y) = y; and denote the i-th coordinate of e, and F by e’ and F?,

respectively. Let

Vi (s,y) = £2(0'5,9) = D IF (a(s, ). u,v) %eiy—\/ﬁ]ﬂ(u(s))
keK pe Ak
=vn ), > ef)(%ﬂf (vn(s,y),u,V)—F’“(u(s),u))

keK pveAk
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where the second equality follows from the definition of F' in Proposition 1. Also, for i,j =

., d let,

ay?(s,y) = Lu(¢'d,s,y) = yibl“ (s, y) — y;b5" (s,v)
s U, v —eJ y—]e' leiej)
5 Z H O (e ool
— Y/ nF7 (u(s)) = y/nF () =yl (s,y) = y;05" (s,)

= 2 InGulsy)u, V)—e el

keK peAk
‘ ) .
We write b¥ = (by", ... ,b‘,il’u) and apt = (an”"); j-1,...4-

Let

= 2 3.26
nK = I}gl?lléi 1. ( )

The following Lemma gives a key bound needed for tightness.

Lemma 2. Suppose Condition 3.1.3 holds. Then there exists Cs € (0,00) such that for every
neN andte[0,T]

(165" O V@) P + Tr(a,” O (¢, Va(1)))) < C(1+ [ Va()]?)

almost everywhere for every U™ € A,.
Proof. Tt follows from (3.13) that for y € B(2\/n) such that pu(t) € Sp(y), ue Ay, andi=1,...,d

. 1 ;
a""(ty)= > Y. Y (v(t,y),u,v) <2 Caeyey, < Colnig,

keK peAk ” keK peAk
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and from Condition 3.1.3

2
b (1, )? = (z > i n’fm(t,y),u,u)—F’W(t),u)))

keK ve Ak

< ( > Yl y>)

keK ve Ak
< (Crbnxc (1+ [y]))?
<207 g (1+ Jy[*).-
The result now follows on noting that V,,(t) € B(2v/n) and u(t) € (Vi (1)) a.s. O

For n > 1 and ¢ € C2(R?), let v, € C12([0,T] x R?) be defined as

Ya(t,y) = o(Vnly - u())), te[0,T], yeR™
Note that ¢(x) = ¥ (t, 7 (t,z)). Using (3.7) and Dynkin’s formula,

¢(Vn(t)) = ¢n(t :un(t))

(3.27)
=00 pn(0) + [ Lo+ [ 5 (o pn())ds + M

where M," s a locally square-integrable martingale and for u € A, (s,7) € [0,T] x R?,

L, (s,r) = Z Z F (r,u,v) [wn (3 7'+ ) U (s, 7‘)]

keK ve Ak
- S ) [gﬁ(ﬁ(r—u(smiey)—qz»(ﬁ(rw(s))) .

keK peAk Vn

Also, since [i(t) = F'(u(t)),

%%(s,m = —VIF(u(s)) - Vo(V/n(r - (s))).

This shows that the process V,, is a D-semimartingale in the sense of Definition 3.1.1 of (Joffe

and Métivier, 1986) with increasing function A(t) =t and the associated mapping L™ : C(R%) x
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R% % [0,T] x Q" - R (in the notation of (Joffe and Métivier, 1986)) defined as
L"(¢,y,t,w) = E"n(tw)(d),t,y),
where L7 is defined as in (3.25). Furthermore,
by (y,t,w) = b"7 ) (t,y), af(y,t,w) = af”" ) (t,y),

are the local coefficients of first and second order of the semimartingale V,, in the sense of
Definition 3.1.2 of (Joffe and Métivier, 1986). In particular, equation (3.27) combined with

(3.25) implies that
t
M} = Va(t) = Va(0) = [ D" (Va(s).5.0)ds (3.28)

is a d-dimensional locally square-integrable martingale.

Definition 3.1. For z € D([0,7] : RY) let jr(x) = supgeer |2(t) — 2(t-)| be the maximum
jump size of z. We say a tight collection of D([0,7] : R?)-valued random variables { X, }nen is
C-tight if jp(X,) = 0.

If X,,, X are D([0,T] : R%)-valued random variables and X,, = X then P(X e C([0,T] :
R%)) = 1 if and only if {X, }nen is C-tight (Billingsley, 1999). Using Lemma 2, the following
Proposition follows directly from Lemma 3.2.2 and Proposition 3.2.3 of (Joffe and Métivier,

1986).
Proposition 2. Suppose Condition 3.1.3 holds. Define for n e N, V,, through (3.9), where u,

is defined as in (3.7) for some U™ € A,. Suppose V;,(0) = v, € R? and sup,, |va| < co. Then

supE sup [V (t)[ < oo
n>1  0<t<T

and the sequence {Vyyns1 is a tight collection of D([0,T] : RY)-valued random variables. Fur-

thermore the sequence is C-tight.
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Proof. Since b™ and a' are the local coefficients of the semimartingale V,,, the moment bound
is immediate from the properties of b, and a,, established in Lemma 2 upon using Lemma 3.2.2
of (Joffe and Métivier, 1986). Using this moment bound and Lemma 2 once again, tightness
follows from verifying Aldous’ tightness criteria (cf. Theorem 2.2.2 in (Joffe and Métivier,
1986)) as in Proposition 3.2.3 of (Joffe and Métivier, 1986). Also note that {V,,} is C-tight

because jr(V;,) < %Elan where ¢ and nk are as in (3.6) and (3.26), respectively. O
Remark 3.2.1. Proposition 2 in particular says that under Condition 3.1.3 u, converges to

in D([0,77]:R%).

3.3 Lower Bound

In this section we prove the following result.

Theorem 3. Suppose Conditions 3.1.8, 3.1.4, and 3.1.5 hold. Let v,,vy be as in the statement

of Theorem 2. Then
liminf R, (vy,) > R(vp).

A key ingredient in the proof of Theorem 3 will be Theorem 4 which is presented below. In
order to formulate this we first begin with some notation. Note that the local martingale M"

in (3.28) takes the following explicit form.

M) =va Y S e M, (1), te[0,T), (3.29)

keK pyeAk

where MJ is as defined in (3.8). To see this, denote the right side of (3.29) as M™(t) and

then, using (3.7), we can write

n(®) =)+ 52 S o [ TG0 ) ) + )
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From this and recalling the definition of x4 from (3.7) and of H* from Condition 3.1.4, we have

the following representation for Vj, in terms of M™

Va(t) = Vn(pn(t) - u(t))
ot ¥ X e [ V(ST 060 - T ) ds + T (g g0

keK peAk
=Un t Z Z el’/(;tHk(Vn(s)7M(S)a\/ﬁUn(s)ay)ds+Atﬁn(S)dS+Mn(t)

keK veAk

where the error term 9" is given as

9"(s) = 3, 2 ku(s), Uk, (5) =B (Va(s), u(s), vnU"(s),v),

keK pe Ak

and 3} is as in Condition 3.1.4. This proves (3.29).

Note that 9" can be estimated as
9" ()]l < 0™ (Viu())- (3.31)
where for y € R?

0" (y) = (0)Pnx sup sup Y D (B (y, & u,v)),

£eSn(y) ueh keK peAk

with ¢ and nk as in (3.6) and (3.26), respectively. Condition 3.1.4 then implies

sup6”(y) - 0, as n — oo (3.32)
yeA

for all compact A. The above estimate will allow us to estimate the error term 9" in (3.30).
In order to have suitable tightness properties of the control processes it will be convenient
to introduce the following collection of random measures. Define M([0,7] x A) valued random

variables m™ as

m"(Ax B) = fA (VU™ (s))ds. (3.33)
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Note that m™ can be disintegrated as my (du)ds, where m7(du) =6 /myn(s)(du) and &, is the

Dirac measure at the point x. Then for s € [0,T],

HE V(). 1(3), /U™ (5),0) = [ (v () il (du) + 15 (v, () - Va(s):
Thus the state equation (3.30) can be rewritten as

Vo(t) = v, + /0 9" (s)ds + M"(t) + g}:{ ng ey fo _/A hY (v, 1(s) Yup,,m? (du)ds 1)

D IDIEY fothg(Vaﬂ(S))'Vn(s)ds.

keK peAk

Recall from Section 1.2 that M ([0,7] x A) is the space of all finite measures on [0,7] x A

equipped with the usual weak convergence topology.

Theorem 4. Suppose Conditions 3.1.3, 3.1.4, and 3.1.5 hold and let v,,vy be as in Theorem
2. Then:

(i) Y™ = {V,, M",m™, [, 9" (s)ds}ns1 is a tight collection of D([0,T]: R??) x M([0,T]x A) x
C([0,T7] : RY) walued random variables.

(i1) fo 9" (s)ds converges to 0 in probability in C([0,T] :Rd),
(i4) (Vi, M™) 51 is C-tight.

(iv) Suppose {Y™} converges weakly along a subsequence to Y = (V,M,m,0) defined on a
probability space (2%, F*,P*). Then, P* a.s., the first marginal of m is the Lebesgue

measure on [0,T]. Disintegrating m as
m(AxB):fAmt(B)dt, AeB([0,T]), BeB(A),
define

Uk,y(t)ifAuk,ymt(du), te[0,T], keK, ve Ak, (3.35)
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Let {B4(t)} be a one-dimensional standard Brownian motion given on (2*,F*,P*) that
is independent of Y. Let G} = o{By(s),V(s),M(s),m([0,s] x B):s<t,BeB(A)} and
G be the P*-completion of G;. Then there is a d-dimensional {G}-Brownian motion
{W ()}, W = (Wh,...,Wy) such that the following equation is satisfied

>y er fhk(y 1(s))Up(s)ds

keK ve Ak

+2 2 euf h5 (v, u(s)) -V (s)ds (3.36)

keK veAk

:v0+f0 n(s,U(s))ds+/0 B(S)V(s)der[OtU(s)dW(s).

V(t)=vo+ fta(s)dW(s) +

Proof. Tightness of {m"} as M([0,T] x A)-valued random variables is immediate since
m™([0,T] x A) = T for all n and A is a compact set. C-tightness of {V,,} was proved in
Proposition 2.

In order to verify the tightness of { M"},,51, we will use Theorem 2.3.2 of (Joffe and Métivier,
1986) (see Theorem 15 in Appendix). According to this theorem it suffices to verify condi-

tions [A] and [T;], given in Theorem 15, for the sequence of quadratic variation processes,

{Zkex Zvear n{My ) }n>1. Note that

> (Mku>(t)— > / TR (pn(s), U™(s),v)ds.

keK p Ak T kK veAk

Condition [A] and [T;] are now immediate on noting that Condition 3.1.3 implies (see (3.13))
— Iy (pn(s), U™ (s),v) < Ca

almost surely for all n, k,v, and s. Furthermore {M"} is C-tight because jp(M"™) < ﬁﬁlan.

Finally, from (3.31), for § > 0 we have that

‘/ ﬂ”(u)duH > 5:| <P[ sup 0" (Vn(s)) > é

0<s<T

sup
0<s<T
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Since {V,,} is C-tight for every e > 0, there exists some k1 < co such that

P sup [Va(s)|> 1| <e

0<s<T

for all n € N. Recalling (3.32) we see that there exists an ny > 0 such that

Nl

sup 0"(y) <
vyl <k

for all n > ng. Thus for all n > ng

[Sﬂ"(u)du >5:|

P[ sup
0
n 5
<Pl sup 6" (Vi(s)) > =, sup |Vo(s)| <1 |+P| sup |Va(s)||> k1| <e.
0<s<T T <<t 0<s<T

0<s<T

Since e > 0 is arbitrary we conclude that { [, 9" (s)ds} converges to 0 in probability in C([0,T]:
R%). This concludes the proof of (i), (ii) and (4ii).

Consider now (iv). Let Y be as in the statement of the theorem, namely Y™ converges
weakly along a subsequence to Y = (V, M,m,0). The property that the last component of YV
must be 0 is a consequence of (ii). For notational convenience we label the subsequence once
more by {n}. Recall the orthogonal matrix Q = [q1 ¢2 ... g4] and function a : [0,7] - R%¢
defined in Section 3.1.3 as well as the function o!/? : [0,T] - RE@D*(@1) jntroduced above
(3.18). Define (d - 1)- and 1-dimensional processes M™ and R", respectively, as

M™(t)

= Q' M"™(¢). (3.37)
R™(t)

Note that

n n 1 n
R = aaM"(8) = 3, 3, —=VenMii, (1) =0
keK vear Vd

since 1’e, = 0 for all ke K,v € AF,
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We now show that M is a {G;}-martingale. The Burkholder-Davis-Gundy inequality (see
Theorem IV.48 of (Protter, 2005)) implies that there exists ko € (0, 00) such that fori=1,...,d

supE sup (M ())* < sup kon? > E[Ml?u]%
neN  0<t<T neN keK pve Ak

2

—suprz Y)Y E(%/\/’kw([OTFZLC(Mn(s),U”(s),V)dS)) (3.38)

neN keK pe Ak

2
<supka Y, Y, E(%Nh,,(nTCg)) < oo,

neN keK e Ak

where the first inequality on the last line is from (3.13). Thus {supgcr |[M™(t)]*}ns1 is uni-
formly integrable. Let k € N and H : (RYxR% x R)*¥ - R be a bounded and continuous function.
For 0 < s<t<Tand 0 <ty <... <t <s welet & = (Vp(t), M™(t;),m}(f)) and & =
(V(t;), M(t;),m;(f)) where m(f) = /Ax[O,ti] f(w)ym2(du)ds, m;(f) = fo[O,ti] f(u)ms(du)ds
and f € Cy(A). Then

E*H (&1, &) [M () = M(s)] = Tim EH(ET, ..., &) [M™(E) - M"(s)] = 0

where the first equality follows from the uniform integrability property noted above, and the
second equality is a consequence of the martingale property of M™ (which is a consequence
of (3.38)). Combining this with the fact that By is a Brownian motion independent of Y, it
follows that M is a {G;}-martingale.

We now define the process which will converge to the Brownian motion driving the limit
diffusion. Recall that the matrix «'/? is invertible and the property (3.23). Define the (d —1)-

dimensional processes B"(t) = (Bl (t))4} as
" d-1 t 1/2 ~
BI®)= % [ oy (@)aN (),
2
where M™ is as in (3.37). Since M™ is a {F'}-martingale, both M™ and B" are {F}-

martingales as well. From the estimate in (3.38) it follows that {supgccr [|B™(t)[*}ns1 is

uniformly integrable. Also note that for integers 1 < i,j < d — 1, the cross quadratic varia-
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tion of B;" and B} can be expressed as

d-1 d-1

(BLENW= Y X [ o) ), 117, (s).

mi1=1mo=1

Note that for all ¢ € [0,7T]
d d
A
(M M) = (G M @y M™YE) = D™ G Grmams (Mg, M ) ()
ma3=1my=1
where

(M MEND = T 5 et [ ()07 (5).v)ds.

keK ve Ak

Thus

(BIB))(E) - [Ot(@’cr(s)-l >y 1(F5<un<s>7U"<s>,u>eyeL)<o<s>'>-1@) ds
keK veAk ij (3.39)

- [ (@os) el () 1Q), s (1) = 1+ 1)

where I is the d x d identity matrix,

0= QT Y F (S s). U (5),0) - H(u()ov) ) enel (o)) Qs

keK ve Ak

and €5 is the (4,7)-th coordinate of €". From Condition 3.1.3 and (3.23) we have that
E|e™(t)|| = 0 for all t as n — oco.

Also it is easy to see that (cf. Theorem 2.2 of (Kurtz and Protter, 1991))
B"(-) = [ya™2(s)dM(s) = B(:) in D([0,T] : R*'), where (¥) = Q'M. Also since

{supgeser | B™(t)[*}ns1 is uniformly integrable, we have from (3.39) that

E* (H(&r ... &) [BA)B'(t) - B(s)B'(s) - (t - s)I])
= lim E(H(E],....§)[B"(1)(B")' (1) - B"(s)(B")'(s) - (t - 5)I])

- TIII:LIIC}QE (H(f?, o 752)&“”@)) =
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Combining this with the fact that By is independent of Y we see that B is a (d—1)-dimensional
continuous Gy-martingale with quadratic variation (B)(t) = tI which implies, by Lévy’s theo-
rem, that B is a (d — 1)-dimensional {G;}-Brownian motion. Since By is a Brownian motion
independent of Y, it follows that W = (B, By)" is a d-dimensional {G; }-Brownian motion. Also

note that

i = [ "al2()dB(s). (3.40)

The final step of the proof is to show that V' is a solution to (3.36) with W = QW. Note that
since (@ is orthogonal, W is a d-dimensional {G; }-Brownian motion as well. From the definition

of n and since e, -1 =0 for all k € K,v e AF, Q'n takes the form

Q'n(t,u) = it : (3.41)
0

Similarly, from the expression for 8 and from (3.18) it follows that

A o172
asma-1"" °|, @ema-|""" . (3.42)
0 0 0 0

Also since V,, -1 =0 and vg-1 =0, we have

QV=| [, Qu=[%]. (3.43)
0

We first show that V solves the (d - 1)-dimensional equation

f/(t):@0+fotﬁ(s,u)ms(du)dﬁfotﬁ(s)V(s)dﬁfotalﬂ(s)dB(s). (3.44)

Letting [%ﬂ] = Q'V,, and using (3.34), we have,

Vn(t)=6n+fotﬁ(s,u)m’;(du)ds+[OtB(S)Vn(s)ds+[Otign(s)ds+]\;[”(t)
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where [{’él] = Q'v, and [7%"] = Q'Y". Note that (VH,M”,m”,ﬁm) = (V,]\Z/,m,O). Without loss
of generality we assume that the convergence holds a.s.

i - Wi A%
Since m™ — m, we have

'/Ot\//\h’f(V’M(S))Uhymg(dU)ds—>,At_/Ahlf(yju(S))Ukﬂij(dU)dS

and thus

JA L, wym™ (du)ds A (s, )y ma(du)ds. (3.45)

Similarly it follows that

fo B(s)-f/’n(s)ds»/(; B(s) -V (s)ds. (3.46)

Combining (3.45) and (3.46) with (3.40) we see that V satisfies (3.44). Recalling the relation
between (2, V., 8, o'7?) and (vo, V,n, 3,0) we see that V = Q [‘6] is a solution of (3.36), where

W = QW. This proves (iv) and thus completes the proof of the theorem. O

We now apply the above result to prove Theorem 3 which shows that the limit of the value
of the optimal control problem for the n-th system as n - co can be bounded from below by

the value of the control problem for the limit diffusion.

Proof of Theorem 8. Let vy, vg be as in the statement of the theorem. It suffices to show that
for any sequence of admissible controls {U™}, liminf, o J,(U",vy) > R(vg). Let U™ € A,,
and m" be the corresponding relaxed control defined as in (3.33). From the previous theorem
we have that {(V,, M™, m", [;0"(s)ds)}ns1 is tight and thus every subsequence (also denoted

with the index n) has a further subsequence {(V,, M™,m™, [, 9™ (s)ds)} such that
(Vi M, [ 97 (s)ds) = (V. M,m,0).

Furthermore, equation (3.36) holds for the limit point (V, M, m,0) with a {G,; }-Brownian motion

W where {G;} is as in the statement of Theorem 4 and Uy, are defined as in (3.35). It follows
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from Fatou’s Lemma that

ligglefoTkl(Vne(s))dszE*[OT[Akl(V(s))ds.

Another application of Fatou’s Lemma shows

ngyEATAbmmﬁum@awLTA@mmmmms
zEﬁAT@am@ms

where the second inequality follows on using Jensen’s inequality, the relation (3.35), and the

assumed convexity of ko. Thus

lizr_l)glf In, (U™, 0p,) = h?_l)ioile [OT(k‘l(an(s)) + ka(\/neU™(s)))ds
2EATwﬂV@»+@QMQ»@

> R(vo),

where the last inequality follows on noting that U = (Uk,)gekpenr € A(Z) where Z =

(2, F*,P*,{G:}). This completes the proof of the theorem. O

3.4 Feedback Controls

In this section we will introduce feedback controls, Uy € A, and U, € A(Z), associated with
a measurable map g : [0,7] x R? - A and prove that whenever g is continuous and v, — vy, we

have, under suitable conditions,
Jn(Uy'svn) = J(Uy, v0)- (3.47)

In Section 3.4.1 we introduce feedback controls for the n-th system, whereas in Section 3.4.2
we define feedback controls for the limit diffusion. For the latter case we argue, using the

non degeneracy of a(t) (under Condition 3.1.5), that there is a unique weak solution of the
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corresponding stochastic differential equation. Finally, in Section 3.4.3 we prove the convergence

in (3.47) when ¢ is a continuous map.

3.4.1 Feedback Control in the n-th System

Given a measurable function g : [0,7] x R¢ - A, define for all k ¢ K,v € A*, functions

IP9(,v):8,x[0,T] - R, as

1

&9 s vy =" (7‘, NG

g(s,ﬁ(T—u(S)),V)- (3.48)

As with u € A, g can be indexed by k € K and v € A¥ with the corresponding entry denoted as

gk,»- Define pf through the right side of (3.7) by replacing U™(s) with

1

\/ﬁg(s, V(s (s) = p(s))).

Uy (s) =

Then it can be checked that Uj' € A,, and [y is a time inhomogeneous Markov process with

generator

Lyf(s,r)= i > I™9(r s, v) [f (s,r + %ey) - f(s,r)] (3.49)

k=1veAk

for s€[0,T], reSy, f:[0,T] xS, - R.

3.4.2 Diffusion Feedback Control

In this section we introduce feedback controls for the limit diffusion model. Fix vg e V4_1.

Definition 3.2. Let g:[0,7] x R? - A be a measurable map. We say that the equation

dVv(t) =n(t,g(t,V(t)))dt+ &)V (t)dt +o(t)dW(t) (3.50)
V(0) =wu '

admits a weak solution if there exists a filtered probability space (£2,F,P,{F;}) on which is

given an {F;}-Wiener process W and an Fi-adapted continuous process V' such that for all
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V(t):vo+/Otn(s,g(s,V(s)))der[Ot,B(s)V(s)ds+[Oto(s)dW(s)

almost surely. We say that (3.50) admits a unique weak solution if whenever there are two sets
of such spaces and processes denoted as (£2¢, F*,P¢, {Fi}, (W, V?)), i = 1,2 then the probability

law of V1! is the same as that of V2.

Given a weak solution V' associated with the system = = (2, F,P, {F;}, {W;}) define U, =
g(,V(-)) € A(E). We refer to this control as the feedback control (for the limit diffusion)

associated with the map g.
Theorem 5. Under Condition 3.1.5 there is a unique weak solution of (3.50).

Proof. Suppose V is a weak solution of (3.50) on some system = = (£2, F,P,{F;},{W;}). Recall
the definition of V, 7, and 3 from Section 3.3 (cf. (3.41), (3.42), (3.43)). Let Q'W = (,2.) and
note that B and W™ are independent standard (d - 1)- and 1-dimensional Brownian motions,
respectively. Define §:[0,7] x R¥ — A as §(t,v) = g(t,Q(§)) and let (%0) = Q'vg. Note that

V is a solution of the (d - 1)-dimensional SDE

V(t):@0+fotﬁ(s,g(s,f/(s)))dﬁfoté(s)f/(s)dﬁfotalﬂ(s)dB(s). (3.51)

On the other hand if V is a solution of the SDE (3.51) on some filtered probability space
(2, F,P,{F:}), where B is a (d-1)-dimensional {F;} Brownian Motion, then as argued at the
end of Theorem 4, by a suitable augmentation of the space with a one-dimensional Brownian
motion By, @ [‘6] is a solution of the SDE (3.50), with Brownian motion W = Q [gd]. Since
from (3.23) sup,gd fOT la(s) |~ (s, G(s,v))|?ds < oo, a standard argument using Girsanov’s
theorem shows that (3.51) has a unique weak solution. From the one-to-one correspondence

between solutions of (3.51) and (3.50) noted above it now follows that there is a unique weak

solution for (3.50). O

Recall the generator £, in (3.24) associated with a measurable map g:[0,7] x R? - A.
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Definition 3.3. Given vy € V4_1, a d-dimensional stochastic process V' on some filtered proba-
bility space (£2, F,P,{F;}) will be called a solution to the martingale problem associated with
(£g7 UO) lf

BV (D) = 0(00) ~ [ L4005,V ())ds

is a martingale for all ¢ € C°(R?) and V(0) = vo almost surely.
The first part of the following result is standard (cf. (Stroock and Varadhan, 2007)) whereas

the second part is immediate from Theorem 5.

Theorem 6. A process V is a weak solution of the SDE (3.50) if and only if it is the solution
to the martingale problem for (Ly,vo). In particular, under Condition 3.1.5, there is a unique

solution to the martingale problem for (Lg,vo).

3.4.3 Convergence Under Continuous Feedback Controls

Let g : [0,7] x R? - A be a continuous function and V¢ be the unique solution to (3.50)

given on some system = = (2, F,P,{F:},{W:}). Define
V() = Vn(p(t) - u(t)). (3.52)

Recall that Uy(t) = g(t,V9(t)) € A(Z) and Uy(t) = %g(t,‘/}f(t)) € A, are the controls asso-
ciated with ¢ for the limit diffusion and pre-limit system, respectively. In this section we will
show that V¢ converges in distribution to V9, in D([0,7]: R?) and that J, (U, > Un) converges

to J(Ug,v9). Namely we prove the following result.

Theorem 7. Suppose Conditions 3.1.8, 8.1.4, and 8.1.5 hold, and let v,,vy be as in Theorem

2, where x,, = up(0). Then asn — oo:

(i) Vi converges in distribution, in D([0,T]:R?), to V9 where V9 is the unique solution to

the martingale problem for (Lq,v).

(i1) Jn(UZ,0n) - J(UI,00).
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Proof. First consider (i). From Proposition 2 we have that {V;J} is C-tight in D([0,7T7] : R%).
Since g is continuous, the operator £, defined in (3.24) maps C®(R?) to C([0,7] x R?). In
view of this, the tightness of {V;J}, the uniqueness established in Theorem 6, and Theorem

3.3.1 of (Joffe and Métivier, 1986), it suffices to show that for all ¢ € C(R?)

lim OTE"IEZ(eb, 5, Vi (5)) = Lgd(s, Vi (s))lds = 0 (3.53)

n—o0o

where L, is an in (3.24) and L7 is defined by the right side of (3.25), replacing u with
(s, /s~ (), namely

L2652 Y S I (u(s.y).5.0) [¢ (y+%ey)—eb(y)]—ﬁF(u(s))Wﬁ(y)

keK veAk

for ¢ € C°(RY), s€[0,T], y € R? where ¥ is as in (3.48) (definition of I'"9 is extended to all
r e R% on setting I (r, s,v) =0 if r ¢ S,). We note that Theorem 3.3.1 of (Joffe and Métivier,
1986) considers the setting of time-homogeneous diffusions, however the proof carries over to
the setting of time-inhomogeneous generators considered here with minor modifications.

We now fix ¢ € C°(R%) and for all n e N, k € K, v e AF define functions Ph i :R? > R,
Pt [0,T] xR >R, and A7 :[0,T] xR? > R, for j=1,2,3, as

o (y) = ‘¢(y+} ) ) - =l 0(0) - e, D*6(0)e

Oru2(s,y) = 18k (y, 1n(s), 9(s, ), V)l

and

At(s,y) = 3 > TR (m(s,),8,v) @i (1),

keK pve Ak
g(svy) = Z Z @Z7y,2(8,y)|€;jv¢(y)|7
kéKyeAk
Ag(syy)— >3 F'“’g('yn(s y),s,v) = I"(u(s),v)||e, D*¢(y)ey|
kGKueAk
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for s € [0,7] and y € R%. Note that

Tr(a(t)D%) = ¥ Y TH(ut),v)e, D*p(y)e,.

keK veAk
Adding and subtracting
1 1
= Z Z Frlf’g(f)/n(suy%sﬂy)e;JV(b(y) and 2_ Z Z Fs’g(’yn(s,y)’S,V)@,,/D2¢(y)ey
\/ﬁ keK pe Ak keK pe Ak

from Ly (¢,s,y) — Lyé(s,y), the triangle inequality yields

L5 (0,5, Vi) (5)) = Lgd(s, Vil ()] < AT (s, Vi (5)) + Az (5, Vi () + A5 (s, Vi ().

We now consider the three terms on the right side separately. First consider A} (s, V;/(s)).
It follows from Taylor’s theorem and the fact that all derivatives of ¢ are uniformly bounded

that there exists x1 € (0, 00) such that,

3 K
<L
312

€y

NG

n 1 (64
Pra (Vi (5)) < & max sup [ D% ()] x

lef=3 xeRd

where the outside maximum is taken over all mixed derivatives of order 3. Then, since

=Vil () + p(s) € S, (3.13) implies

K2

P V) € B 5 L Onls () 50) i <

keK veAk
for all s€[0,7] and some kg € (0,00). It follows that
T
[0 E"| AT (s, VI(s))|ds — 0 as n — oo.

Now consider A% (s,V,7(s)). From Condition 3.1.4 it follows that for k3 >0, € >0,

| s IVE) € ma s VD) | 0 oo
0<s<T

o1



Also the C-tightness of {V;J} implies that

supP" | sup |VI(s)| > r3|— 0 as k3 - oco.
n 0<s<T

Combining these two observations we see that
Prp2(s,V,7(s)) = 0 in probability as n — co for all s € [0,T']. (3.54)

Next, from Conditions 3.1.3, 3.1.4, and noting that hi, he are bounded functions, we see that

there is a k4 € (0, 00) such that for all ke K, ve A¥ n>1and s>0

Prp2(8, Vi (s)) < ma(L+[VI(5)]) as.

From Proposition 2,
sup E" sup | V2 ()] < oo. (3.55)
n t<T

Thus {¢}, (s, Vil (5))} is uniformly integrable over [0, T]x {2 and so combining this with (3.54),

we have
T
[ Bk VI ))lds = 0 as 1 oo,

Recalling the definition of A%, it follows from the fact that all derivatives of ¢ are uniformly

bounded that there exists k5 € (0, 00) such that

T T
f E" A5 (s, VI(s)lds < ks Y, >, f E"|¢) 2(s, V7 (8))lds - 0 as n — oo.
0 keK peak 0

Finally, consider A% (s, Vi/(s)). It follows from Condition 3.1.3 and the boundedness of the

derivatives of ¢ that there exists a kg € (0, 00) such that,

keCh

K
HEAAHOIE DD lqu’g(%(&Vé’(S)),Sw)—Fk(u(S)’V) < L+ V(D

k=1peAk T \/ﬁ
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Using the moment bound in (3.55) once more, we have that

fo E|A (s, VI(s))|ds — 0.

This proves (3.53) and thus completes the proof of part (7).

Now consider (i7). By a similar argument as in Theorem 4

t yn(s
%10 =vn+/0 b7 ) (5, V9(s))ds + M™(t) for all n > 1

where M"(t) is the local martingale in (3.29), with M, as in (3.8) with U™ replaced by

Uy Recall p and C}, introduced below (3.10). By a similar estimate as in (3.38) there exists

k7 € (0, 00) such that

supT sup [ M (1) <supwen” 3 3 BIME, T
neN  0<t<T neN keK peAk

—owprr 5 E( A ([ (). 09005 )

neN  keK peAk

<supkr Y, . E(_Nku(nTCQ))

neN keK ve Ak

where Cs is as in (3.13). Also, from Lemma 2
[on® (5, VI[P < mr(1+ [VI(3)|).

Combining these two inequalities implies there exists a kg € (0, 00) such that

t
E sup |VI(s)|*! < /ﬁ?g(l-ﬁ- ; E sup Vng(u)HZPds) forall0<t<T.

0<s<t 0<u<s

Gronwall’s inequality then yields,

supE sup |VI(t)|*? < sup/ige T ¢ oo

neN  0<t<T

(3.56)

(3.57)

and thus {sup,.r [Vi/(¢)|’} is uniformly integrable. Recalling the definition of .J,, in (3.10),

it follows from this uniform integrability, part (i) of the theorem, the compactness of A, and
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growth condition on k; (see below (3.10)) that
T T
E [ (V) + ko (VU O)dt ~ B [ (k1 (VI(0)) + Ko (U (9)))

upon noting that /nUj(t) = g(t, Vi (t)), Uy(t) = g(t,V9(t)), and g is continuous. Thus we

have shown J,(Ug',v,) = J(Ug,v9) which completes the proof of (ii). O

3.5 Near Optimal Continuous Feedback Controls

In this section we give the final ingredient in the proof of Theorem 2, namely Theorem 9.
This result says that for every vg € V41 and € > 0 there is a continuous g, : [0,7'] x R?% > A such
that Uy, is an e-optimal control for the diffusion control problem, i.e. J(U,.,v0) < R(vp) + €.
Recall from Section 3.1.4 that this result combined with Theorems 3 and 7 proved earlier will
complete the proof of Theorem 2. We begin with a result that says that for every vy € V4_1, the
infimum of the cost J(-,vp) over all controls is the same as that over all feedback controls. The
proof is similar to Theorem 4.2 in (Borkar, 1989) which considers a time homogeneous setting,
and so we only provide a sketch.

Recall that for every measurable g: [0,7]x R? — A there is a (feedback) control U, € A(Z)
on some system Z. Denote the family of all such feedback controls as Ay,. (This class depends
on the initial condition vy in (3.50) but we suppress this in the notation). Throughout this

section we will assume that Conditions 3.1.3 — 3.1.5 hold.

Theorem 8. Fix vgeVy 1. Then
= inf J(U .
E(UO) Ule " ( ,’U())

Proof. Suppose U € A(E) is an admissible control on a system = = (2, F,P,{F;},{W:}). As
in Section 3.3 (cf. (3.33)) we denote the corresponding relaxed control by m. Let V(-) be
the corresponding unique pathwise solution to (3.19). It suffices to show that there exists an

admissible feedback control U* such that J(U*,vp) < J(U,vp). Define the probability measure
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Uy, € P([0,T] x V41 x A) as

d ! ! du) d
f[ I CEADLRCERI R [ [0 [V @), wymedu) t]
for all f € Cy([0,T] x Vg1 x A). Disintegrate 14, as

U (dt dx du) = By, (dt, dz)w(t, z)(du)

where (,, € P([0,T] xV4_1) is the marginal distribution of v,,, on the first two coordinates and
7:[0,T]x Vg1 - P(A) is the corresponding regular conditional law. Define g* : [0, T]xR? — A
as g*(t,x) = [, ur(t,Ily, , (x))(du) where Iy, , : RY - V,_; is the projection of R? onto V_;.
Let Uy« be the feedback control associated with the map ¢g* given on some system Z* and let V*
be the corresponding state process given as the solution of (3.50) with g replaced by g*. Let for
te[0,T], m =7(t,V*(t)). For (t,2) € [0,T] x Vg1, r € (0,00) and k,(v,u) = ky(v) Ar + ka(u)
define

qbr(t,z):E*[[tTfAET(V*(S),u)ws(du)ds‘V*(t):z],
Vit)= [ [ R (V) wpma(du)ds + 6,2V (1))

It follows using the equivalent description of a weak solution of (3.50) in terms of a (d —1)-
dimensional SDE with uniformly non-degenerate diffusion coefficient as in the proof of Theorem

5 and classical PDE results (cf. Section II1.4.2 of (Bensoussan, 2011)) that ¢, solves the equation

[ eyt ) ) + %@(t, )+ (Lye )t ) = 0 (3.58)

where L+ is the generator for V* given by the right side of (3.24) with g replaced by g*. From

the It6-Krylov formula (cf. (Krylov, 2008)) we have

BV ()] - B (O)] = E [ ([ RV (), uma(du) + 2 005,V (5))

+ (ﬁU(s)(z)r)(S, V(S)))ds.

(3.59)
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where for u € A, £, is the “controlled generator” defined as

Lt (t,2) = Vady (t,x) (n(t,u) + B(t)z) + % Te(o () D, (t,2)0' (1))

By the definition of 7, and since u ﬁugm(t, x) is linear we see that

[ (Ludn) (5,005, 0) () = (£426)(5,), (5,2) € [0.T] x Vi,
From this it follows that
E/Ot ([A ko (V (), w)ms (du) + (ﬁU(S)qST)(s,V(S))) ds
=K fot (fA kr(V(s),u)m(s,V (s))(du) + (Lgr) (s, V(s))) ds.

Thus (3.58) implies that the right hand side of (3.59) is 0 and thus E[Y;(¢)] = E[Y,(0)] =

odr(0,v9) for all ¢t € [0,T]. From the convexity of ko we see that

¢r(0,v9) = E* [/OT[X/;:T(V*(S),U)WS(du)dS]
T _
> B [/0 kr(V*(s),g*(s,V*(s))ds]

= Jr(Ug*,’UO).
Using the monotone convergence theorem it now follows that

J(U,vo) = lim E[Y,(T)] = lim EY;(0)

= lim ¢,(0,v0) > lim J,(Ug+,v0) = J(Ug+,v9).

The result follows. O

We will next show in Theorem 9 below that the above theorem can be strengthened in
that the class Ay, can be replaced by the smaller class A;b of all continuous feedback controls,
i.e. feedback controls for which that corresponding map ¢ is continuous. Recall the orthogonal

matrix Q defined in Section 3.1.3. Fix vy € V4_; and let g* : [0, T]xR% - A be a measurable map.
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Let Uy« be the corresponding feedback control given on some system = = (£2,F,P, {F;},{W;})
and let V* be the solution of (3.50) with g replaced by ¢g* on the right side. Define the
(d - 1)-dimensional process V* such that V* = Q(%*) and the map §* : [0,T] x R¥1 — A as
G (t,v) = g*(t,Q(3)) for v e R¥1. Then,

V*(t):@0+_[Otﬁ(s,g*(s,v*(s)))ds+fOtB(S)V*(s)ds+fota1/2(s)dW(s) (3.60)

where 7, 3, and « are as in (3.41), (3.42), and (3.17), respectively. In addition, vy = Q(%O)

and Q'W = (%‘2) Define g € P([0,T] x R* 1) as

o _UzlP+t?)
o(A) =cfAe 2 dxdt (3.61)

for A € B([0,T] x R*!) where ¢ is a normalizing constant. We denote by B the Lebesgue
o-field on [0,7] xR%!, namely the completion of B([0,T]xR% ') with respect to the Lebesgue

measure.

Lemma 3. For each n € N there exists a B-measurable function G, : [0,T] x R™! - A and

compact sets A, € B([0,T] x RT1YY such that g, is continuous and,
— Ak ~ C C 1
{(5,0) [0, TIx R g (s,0) # Gm(s,0)} € AL and - o(A7) < o (3.62)

Proof. From Lusin’s theorem (cf. 2.24 of (Rudin, 1986)) for each n € N there exists a continuous
function ¢/, : [0, T]xR9! - R’ such that (3.62) is satisfied. Since A is a closed convex set, there
is a continuous map ITx : R® - A such that ITx (u) = u for all u € A. Define §, : [0, T] xR - A

as gn(s,v) =IIA(g,,(s,v)). The result now follows on noting that

{(s,0) :gn(s,v) = 57 (s,0)} 2 {(5,0) : G (s5,v) = 9" (5,0) }.
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Let {vn} c V4_1 be such that v, - vp and let =" = (2", F" {F},P",{W"}) be a system

on which the process V" is the unique (weak) solution to

V”(t)=vn+fotn(s,gn(s,vn(s)))ds+/O-tﬁ(s)V"(s)ds-kLta(s)de(s) (3.63)

where g, : [0,T] x V41 - A is the continuous function defined as g, (s,Q (§)) = gn(s,v), v €
R4, We can extend g, continuously to [0,T] x R? as before using the projection map Iy P

Defining V" as Q'V" = (‘6" ), we can write

V"(t):ﬁn+/Otﬁ(s,gn(s,vn(s)))ds+fotﬁ(s)f/"(s)ds+fota1/2(s)de(s)

where Q"v, = (%) and W™ is a (d - 1)-dimensional Brownian motion.

Theorem 9. Given vy € Vg1, let V* be as introduced in (3.60). Let vy, gn and {V"} be as

introduced above. Then V™ = V* as a sequence of C([0,T] : RY)-valued random variables.

Proof. Tt suffices to show that V" = V*. Let G = R4 x A and define m” e M([0,T] x G) as

T N N
M (Ax BxC) = [ 1L 1a(V"(5)10(n(s V7 ())ds,

where A € B([0,T]), B € B(R*!), C € B(A). Since u + 7(s,u) is a linear function and
Jo gn(s,V"(s))ds = fot um™(ds dv du), V™(t) can be expressed as

D) = by + fotﬁ(s,u)mn(ds dv du) + fotﬁ(s)vn(s)ds . fotal/Q(s)dW"(s).

We can disintegrate m” as m} (dv du)dt, where mj(dv du) = 5V”(t)(dv)6§n(t f/n(t))(du) and 0,
is the Dirac measure at the point z. From the boundedness of 7, B, and o'/?, we get by a

standard application of Gronwall’s inequality that for some C' € (0, c0)
E[V™(t)] < C(1 +6,)e"t, for all neN, t€[0,T]. (3.64)

Using this moment bound and a similar bound on the increments of V" we have that {V"}

is a tight sequence of C([0,T] : R*!)-valued random variables. Now the tightness of {m"}
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as a sequence of M([0,T] x G)-valued random variables is immediate since the first marginal
is the Lebesgue measure (i.e. m”([0,¢) x G) =t for all t € [0,T]), {V"} is tight, and A is
compact. Also, the tightness of {IV"} as a sequence of C([0,T] : R*1)-valued random variables
is immediate since W™ is a standard Brownian motion for each n. Therefore {V™, W" m"} is
a tight collection of C([0,77] : R%@1D) x M([0,T] x G)-valued random variables.

Suppose {V™ W™ m"} converges along a subsequence (also denoted {n}) to a process,
{V,W,m}. Let (£, F',P') be the probability space on which the limit processes are defined.
Then W is a P’-Brownian motion and using the continuity of 7, 3 and a}/? we see that (V, W, m)

satisfy

V(t) = to + '[Otﬁ(s,u)dm(ds dv du) + '[OtBA(s)‘A/(S)dS + /;tal/2(s)dW(5)

P’-almost surely.

Define F! = o{Vs, W, m([0,s] x A) : 0 < s <t,A e B(G)}. It is easy to check that {W;} is
a {F{}-martingale. Indeed, let k € N and # : (R*?) x R)* - R be a bounded and continuous
function. Define Z, = (V;, Wy, m(t, f)) and ZP = (V;*, W, m™(t, f)), where f € Cy(G) and

v(t, f) = fotf(v,u)u(ds dv du) for v =m,m". Then for s<t<T and 0<t; <...t; < s,
EH(Ze,,..., 2) W - Wi] = lim E"H(Z];,... ) [W)" - W] =0,

where the second equality uses the fact that W is a {F}'}-Brownian motion and ZJ is {FJ*}-
adapted. This proves that (W;) is an {F}-martingale.

Note that m,m"™ can be disintegrated as
m(ds dv du) = mgs(dv du)ds, m"(ds dv du) = m[ (dv du)ds.
We will now argue that for all ¢ € [0,7T],

[Ot/Gums(dv du)ds = /Otﬁ*(s,f/(s))ds a.s. P, (3.65)
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Note that (3.65), the linearity of 7 in u, together with the weak-uniqueness of solutions to (3.60)
(which was established in Section 3.4) completes the proof of the theorem.
Note that for any f € Cp(R¥!) we have [} [ f(v)m™(dv du)ds = [J f(V"(s))ds. Since

(m™, V") = (m, V), we have for any such f

_[0 /Gf(v)ms(dv du)ds = [0 F(V(s))ds forall te[0,T], a.s. P'.

Denote by 7!, i = 1,2 the marginal of m; on its i-th coordinate. Then the above display can

be rewritten as
/Ot fRdfl f(v)rng(dv)ds = _/Ot f(V(s))ds, for t € [0,T], a.s. P/, for every feCy(RT':R).
This shows that
g (dv) = 5V(t)(d”)7 Ao P]ae. (t,w) (3.66)

where X is the Lebesgue measure on [0,T].

Recall the definition of A, from Lemma 3 and p from (3.61). Define B,, = n;>_, Ay,. Then
1
Q(Bn)zl—z—n foralln>1

and §*(s,v) = gn(8,v) = gn+1(s,v) = ... for all (s,v) € B,. Since {9, } is bounded we have from

the moment bound in (3.64) that for every e > 0, there is a compact F' c R4 such that

sup sup P"[V"(t) € F¢] <
neN 0<t<T

(3.67)

| ™

Note that this says in particular that {6,} c F. For t € [0,7] and v € R, let p(t,v, 2) be the
transition probability density of the Gaussian random variable Vov(t) given as the solution of

the SDE

Vov(t):v+[0t,5’(s)170”ds+[Otozlp(s)dW(s).
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It is easy to see that there exists a function ¥ :[0,7] - R, and & € (0,00) such that

T
sup p(t,v,z) <¥(t), te[0,T], and fo e () dt < oo. (3.68)

v,zeF

2

Using the boundedness of # and o /2, Girsanov’s theorem, and the Cauchy-Schwarz

inequality we see that there exists a 6 € (0,00) such that for any bounded measurable
f:[0,T] xR >R and t € [0,T]
E’n

fotf(s,f/”(s))ds s9[E’(/Otf(s,%U"(S))st)]l/Q. (3.69)

Since ey ()1 (v)dvds is a finite measure on [0, 7] x R4 that is absolutely continuous with

respect to g, we have for any € >0 a ng € N such that

r -K[s 62
fo fR L, (5,0)e™ L (0) W(s)dods < . (3.70)
Together with (3.68), (3.70) implies
’ T —-K/s v v g
E fo 1 (5, Vg (D) Le(V5 (9))ds < = (3.71)

for all v e F'. From (3.67), (3.69), and (3.71) we have

T 9 N T N 9 A €
E”/O e/ S1Bgo(s,vn(s))ds<E"fO 1p(V™(s))e™ "Ly, (5, V" (5))ds + 5

<6 [IE' (/OT 1F(‘A/0”"(3))67”/51350 (s, ‘A/(}’”((s*))ds)]l/2 + % (3.72)

<e.
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Denote by m;” the marginal of m} on the i-th coordinate for ¢ = 1,2. Then, for any n > ng, ¢ €

[0,T], feC(A), and h e C([0,T1])

Sy e s s duys = [ e RGE) s, ) s
B At /l%d—l 1B, (8’v)e_ﬁ/zsh(s)f(gno(&v))m?’l(d?/)ds
+ fot [Rd_l 13%0 (S’U)e_“/zsh(S)f(?]n(S,v))m?l(dv)ds’

where the second equality follows on noting that for (s,v) € Bp,, gn(S,v) = gny(s,v) when

n > ng. Thus

‘fotfaenmsh(s)f(U)m?(dv du)ds — fotfRd_l €125 11(5) F (i (5, 0) Y (dv)ds

t (3.73)
< 2] flooll oo fo /R g (5,0)e ™2 (do)ds.

It follows from (3.72) that the expectation of (3.73) is bounded above by 2| f||e | 2] coe and thus,

letting n — oo

) o duyds= [ [ R0 G o) ik o)

< 2] ool o] e

Therefore, since gn,(s,v) = §*(s,v) on By,

e_”/Qsh(s)f(u)ms(dv du)ds — /t fdil e_ﬂ/%h(S)f(Q*(s,v))m;(dv)ds
<20l [+ B [7 [ 1 (s 0)e Bk d)as .

Since By, is open, it then follows from (3.72)

¢
/ /Rd g (s,0) Ye 125 ml (dv)ds Shﬁglen_/o Ad—l lgg, (s,0)e™ 2 m™ (dv)ds < e.
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Letting € - 0 we have for all t € [0,T"], h e C([0,T]), f e C(A) that

t t
~+/2sp, dv d d:f/ /28 £ ( 5+ nl(dv)ds ae. P
[ e ns) fyma(do duyds = [ [ e p(7 (s, o)k (do)ds ae
Combined with (3.66) this implies that
ms(dv du) =0y (dv)d. gy (du), [A % P'] a.e. (s,w").
This proves (3.65) and, as argued previously, completes the proof of the theorem. ]

3.6 Example

The following class of models is studied in (Antunes et al., 2008). Consider a system
consisting of n identical servers (nodes) of capacity C' € N and K different classes of jobs each
with its own capacity requirement A € N, k € {1,..., K}. External jobs of type k arrive at
each server with rate A\;. A job of type k remains at a given node for an exponential holding
time with mean ~y, ! before attempting to move to another randomly chosen node. If the server
has available capacity it accepts the job, otherwise the job is rejected and exits the system. If
not rejected first, a type k£ job remains in the system for an exponential amount of time with
mean T ! before leaving the system. We make the usual assumptions of mutual independence,
in particular a.s. at most one job may arrive, switch nodes, or exit the system at a given time,
but note that such an event may correspond to the change in state of multiple servers.

For the discussion below, for simplicity, we consider the case where there are only two classes
of jobs. In the notation of the current paper, the state process X,,(t) = {X}(t),..., X™(t)} is

the pure jump Markov process where X' () takes values in
X={(j,i) eNgxNp:jA; +iAds < C}.

Let, as before, d = [X|, § = P(X), and S,, = P(X) n %Nd. The empirical measure process,
fin(t) € Sy, is a d-dimensional pure jump Markov process where 12" (¢) = % o1 Lixra ((4:9))
represents the proportion of nodes with exactly j and 7 jobs of type 1 and 2, respectively. We

suppose that p,(0) = x, a.s. for some deterministic z,, € S,, such that z,, - xg as n - oo and
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xél > 0 for all (j,7) € X. Also suppose that v, =\/n(z, —x¢) = vg as n - oo. The rate function
ffl associated with this system is described in (Antunes et al., 2008) but we present it below
in our notation for completeness. Jobs can enter or leave the system or switch nodes which
means that there are three transition types for each class of job. Thus the set K of different
jump types can be represented as K = {E, L', C? : i = 1,2} where ngi = ny: = 1 and ngi = 2
for i =1,2. Let for (j,i) € X, &;; = (8(j),(k,¢)) (k,0)ex be the d-dimensional vector which is 1 for
entry (j,7) and O for all other entries. The sets corresponding to the possible jumps of each

type are

1 ~ ~ .. 1 2 . R L. 2
AP = {(ej,iaejﬂ,i) : (Jﬂ) eS” }, AP = {(ej,i7ej,i+1) : (J,Z) eSP }
1 ~ ~ .. 1 2 R N L. 2
AV = {(865-10) : (G,) € ST}, AV = {(644,654-1) ¢ (5,i) € ST}
1 1 A A~ A A . . . . 1
AY = A U {(40+ Erir, €514+ Erer )t (Gyd,57,17) € SO}

2

A% = ALy {(€ji+&jrir i1+ &5 1) (4,4,5,i") € S
where SE' = {(j,i) e X: (j+1,i) eX} and S, L' §L* §C' §C* are defined similarly.

Let r € S;,. The rate of jumps corresponding to a job arriving at a node with j and i jobs of
classes 1 and 2, respectively, is equal to the number of nodes in this configuration multiplied by
the rate at which jobs enter the system. Namely, the rate I'¥(r, ) when v = (€j,i,€541,) € A¥ and
k= E'is nr? x A\, and similarly fff(r, v) =nriix N, v = (é5,i:€5,+1) € A¥ k= E?. The rate of
departures is given similarly but, since all jobs are processed simultaneously, we need to multiply
the processing rate by the number of jobs at a given node. Specifically, f‘,’f(r, v) = jxnritxr for
v=0(865i,€j-1:) € Ak k=LY and TF(r,v) =i x nrd? x ry for v = (éj,€5i-1) € AF k= L? When
jobs attempt to change nodes there are two possible outcomes (successful and unsuccessful
switching) which we will consider separately. The case in which a job successfully switches
nodes is analogous to a job leaving the system but rates are multiplied by the proportion
of nodes in the configuration to which the job is switching. Thus for a job switching from

a node with j and i jobs to a node with j" and i’ jobs (of types 1 and 2, respectively) we

A
nrd

oy where v = (éjﬂ' + éjlﬂ'l,éj_lﬂ' + éj’+1,z") € Ak, k= Cl and

have I'¥(r,v) = j x nrét x 4 x

s
nrd

Frlf(r, I/) =i xnrdt x Y2 X for v = (éj,i + éj/,il,é]ﬂ'_l + éjlﬂ'q_l) € Ak, k= 02. Next consider

unsuccessful switches. Recall that if a job attempts to switch to a node at which there is not
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enough room, then the job is rejected from the system. The rate at which such jumps occur
is, again, analogous to the previous scenario except we instead multiply by the proportion of
nodes without enough room for the job attempting to move. Let rz»C be the proportion of
nodes without enough room to accommodate a job of type i (i.e. nodes in states (i, ;") with
_ .. C

(j'Ayr+i' Az + A; > C)). Then I (r,v) = j xnrP x y x = for v = (j4,8-1,:) € A¥, k=C" and
=L . G nTQC f ~ N Ak: 2
Iy (r,v) =ixnrd® <y x —2 for v =(&;;,¢é;;1) € A%, k=C=.

With the above definition of I'¥, the generator of {1, (t)} is as given by (3.2). I'* is defined

to be the limit of I'¥ which is simply given as

j X T’j’i Xy X Tj/’i/ for v = (éjﬂ' + éjl}i/, éj—l,i + éj’+1,z") € Ak, k= Cl

7 X Tj’i X 7yg X Tj,’i, for v = (éjﬁ‘ + éjlﬂ'l, éjﬂ‘_l + éjrﬂ-q_l) € Ak, k= 02

Fk(Tvl/) = jXTj’iX’}/lXTlC for v = (éj}i,éj_lfi)GAk, k=Cl (374)
ix il x g xr$  for v = (éjﬁ,éj,i_l)eAk, k=C?

Ik (r,v) otherwise

for r € S. Clearly I'*(-,v) is Lipschitz for all k ¢ K,v ¢ A* and (3.3) is satisfied so Condition
3.1.1 holds in this example. From Proposition 1 we then have that p,(t) - w(t) uniformly on
[0,T] where ji(t) = F(u(t)) and F is as in (3.4), with I'* as defined above.

Now suppose that the arrival rates )\;, ¢ = 1,2 can be modulated by exercising an additive
control with values in %[—D, D], D < oo, i=1,2. One can also consider control of any of the
other parameters {7;, 7; : i = 1,2} but for simplicity we will only consider the control of the
arrival rates. Let

A={ueR" x {0} Ouj=ul e [-D,D],j=1,...,|A"",

1 2 (3.75)
up =) € [-D, D],k = AT +1,... |AZ"])

where ¢ = Y2, (|AE1| + |AU| + |Aci|) and {1 = Y2, |AE1| The controls will take values in

A, =-A . ForaueA or A, let u} refer to the value of the first |[AF!| coordinates and u
vn L 2
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refer to the value of the next |AE2| coordinates. Define the controlled rate function as

m‘j’i X ()\1 + u’{) for k = El, V= (éj,i7éj+1,i) € AEl
Iy(rou,v) =4 nriix Ay +ub) for k=E2, v=(6j1 1) € AF’ (3.76)

IF(r,v) otherwise,

where u € A,,. Since controls in A,, are O (%), Condition 3.1.2 is easily seen to be satisfied for
the example.

From our assumption that :UO’ >0 for all (j,7) € X, it follows that ut"i >0 for all (j,i) e X
and 0 <t < T. Using this and the form of I'* given in (3.74), it is then easy to check that
Condition 3.1.5 is satisfied. Similarly our assumption on the initial conditions in Theorem 2 is
satisfied as well. Recalling the definitions of I'* and I'* in (3.76) and (3.74), respectively, we

see that there exists a k € (0, 00) such that for all y € B(2\/n),u € Ay, & € Sp(y)

\/ﬁ(%ﬂlf (%y + §,u,u) -rk (g,u)) <k(1+Jyl)

and therefore Condition 3.1.3 is satisfied. For k € K, v € AF define h}(v,-) : S - R as

.. ~ ~ 1

r»* for k = El, V= (ej,z-,ejﬂ,i) € AE

k _ g ~ ~ 2
hl(I/,T) - rlt for k = EQ, V= (ejm ej,i+1) € AE

0 otherwise
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and h%(v,-) as

)\1 X €4 for k = El, V= (éj,ivéj-i-l,i) € AEI
Aoy X € for k= E2 v=(6j,6j::1) € AP’
J X p1 x e for k = Ll, V= (éj,i,éj—l,i) € ALI
7% H2 X €54 for k = L2, V= (é]’ﬂ', éj,i—l) € ALZ

. y i’ 5! ~ ~ A A
Jxyx (rixejp+13 xe; ;) for v= (&5 + i, Ejo1i+ Ejri1 i) € AR k= C1
. o i ~ A~ ~ A~

1 X yg X (7"]’Z X €414 + It x em') for v = (Ej,i tejir€5i-1t 6]‘!71‘/_,_1) € Ak, k= CQ

j X y1 X (’r‘j’i X 610 + TIC X ej’l-) for v = (éj,iaéj—l,i) € Ak, k= Cl

ixyex (rixel +rxe;;)  forv=(&é1) €Ak, k=02

Defining H*, 87 as in Condition 3.1.4 with h} and h} we see that (3.14) is satisfied and thus
Condition 3.1.4 holds for the example.

We now introduce the following finite time horizon cost
T 2 2
JY(U" v,) =E fo (Va7 + a|/nU™(t)||7)dt, U™ € Ay, (3.77)

where « € (0,00). The cost function penalizes both the deviation from the nominal behavior
and exercising rate control. Note that this cost function satisfies the condition introduced below
(3.10). We have thus verified all the conditions needed for Theorem 2 and from this result it
follows that a near optimal continuous feedback control for the diffusion control problem can be
used to construct an asymptotically optimal sequence of control policies for this system. The
diffusion control problem here takes the same form as (3.20) with n and 8 as in (3.15) and o

as in (3.18) with cost given as
T
JUw) =E [ (VO +alu@®))dt, Ue AS). (3.78)

This is the classical stochastic linear-quadratic regulator problem which has been well studied

(cf. (Fleming and Rishel, 1976)). Replacing [-D, D] with R in the definition of the control set
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in (3.75), the optimal control for the limit stochastic LQR is given in feedback form as follows

u*(s,y) = =B'(s)K"(s)V (s)

where B is defined in terms of {h¥ k € K} via the relation n(t,u) = B(t)u and K* solves
an appropriate Riccati equation (see (Fleming and Rishel, 1976)). For implementing this
feedback control for the prelimit system we truncate u* suitably; such a modification, in
practice, has little to no effect for large n. We construct U as in Section 3.1.4, by taking
Up (1) = /i (£, Va(1)).

We now present our numerical results. The above control policy was implemented (for
a = .01 and .001) on ngyias = 128 different realizations of the stochastic process with the following
parameters n = 10,000,7 =10,C' =6,A1 =1, A5 =1, A1 =1, =1, =1,12=1,y1 = 1,72 = 1.
We also simulate 128 realizations of the corresponding uncontrolled system. Table 3.1 shows
the averaged cost over the 128 simulations for the controlled and uncontrolled systems. The
control policy based on the optimal feedback control for the stochastic LQR leads to a reduction
in cost of 12.7% for o = .01 and 15.5% for o = .001. The deviations from the nominal values

Table 3.1. Cost over 128 Simulations

Uncontrolled | Controlled with o = .01 | Controlled with « = .001
Deviation Cost 8.9556 8.1271 7.5649
Control Cost 0 .01 x 25.37 .001 x 256.8
Total Cost 8.9556 8.3809 7.8217

under the controlled and uncontrolled systems are computed by calculating the average,

1 Ntrials

S [ o) s

Ntrials =1

for the two systems and the cost of exercising control is computed by the average,

1 TMtrials

S [ v mPas.

Ntrials =1

Q X

The deviations are smaller for the controlled system as expected. In general, one can achieve

higher reduction in such deviations by decreasing the parameter « in the cost function. In
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practice the tuning parameter « suitably balances the cost of deviating from the nominal values

and the cost for exercising control.
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CHAPTER 4

Load Balancing Mechanisms in Cloud Storage Systems

In this chapter we are interested in developing a rigorous limit theory for a class of models
used for the analysis of load balancing schemes in large cloud storage networks. We consider a
system of n-serves storing a set of I(n) = C(Z) files using an MDS coding scheme with parameters
L and k. Namely, each file is broken down into L chunks with each chunk being %—th the size of
the original file. In addition, any subset of k£ chunks is sufficient for reconstructing the original
file. Each server maintains its own FIFO queue and processes jobs at rate k. A stream of file
requests arrive in the system at rate nA. Each file request chooses a file uniformly at random
and the files are distributed such that this request corresponds to the selection of L randomly
chosen servers. A centralized dispatcher then routes the file request into the & shortest queues
out of the L which are chosen. The evolution of the collection of queue lengths can be modeled
as a continuous time Markov chain. The transition rates in the system scale with n and so,
for large n, the state process of interest is jumping extremely quickly making a direct analysis
intractable. In order to provide model simplifications we consider the behavior of the system
as the number of queues approaches infinity. Under a suitable scaling we establish asymptotic
approximations in the form of ODE and SDE. These continuous processes provide a more
tractable means of analyzing the original system. For example, simulating the original system
can take quite a long time for large n since every event in the system much be accounted for and
such events are occurring extremely quickly. The limiting ODE and SDE can be discretized on
a much coarser scale via numerical ODE solvers and Euler discretizations leading to a massive
improvement in simulation time.

The starting point of our analysis is to consider, as the state descriptor, the empirical
measure of the n queue lengths rather than the individual values of the queue lengths. Thus
the state space for our system will be the space P, (Ny) of probability measures on Ny that

assign weights in %Ng to sets in Ny rather than the space R}. With this formulation the state
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processes for all n-server systems can be regarded as taking values in a common space S = P(Np)
(the space of probability measures on Ny). It follows from our symmetry assumptions that the
state-evolution of the m-server system describes a pure-jump Markov process with values in
P(Np) and thus one can bring to bear the theory of weak convergence of Markov processes to
study scaling limits as n becomes large. In particular, in Theorem 10 we prove a law of large
numbers for the empirical measure process (7" (t))o<i<r as n — co. We show that 7" converges
to a deterministic function 7 in D([0,7'] : S), where D([0,7'] : S) is the space of functions from
[0,T] to S that are right continuous and have left limits, equipped with the usual Skorohod
topology. We then show that the limiting ODE system the characterizes the limit 7 has a fixed
point 7 which is stable. Namely, starting from an arbitrary initial condition, the solution to
the ODE converges to this fixed point as t — co. Instead of working with 7, it will instead

be convenient to work with @ = (@;)iey, where @; = Y52, 7; for each i € Ny. Intuitively, @;

j=i
represents the proportion of queues with length at least i. We also show that the queue length
distribution given by the fixed point has tails which decay super-exponentially extending this
well known property of the supermarket model (i.e. k£ =1) to a general k < L. We give explicit
upper and lower bounds (cf. Theorem 11) on these tails which are sharp in the sense that they
coincide when k£ = 1. An important interchange of limits property is then established. In (Li
et al., 2016), it has been shown that queue length process Q™ for the n-server system is positive
recurrent and, thus, has a unique invariant probability measure. This then implies that the
occupancy measure process has a unique invariant distribution. We show that this invariant
measure converges to dg in probability, as n — co. Roughly speaking, this result says that the
limits n — oo and ¢ - oo can be interchanged and, in particular, the fixed point of the ODE is
a good approximation for the steady state behavior of the occupancy process for large n.

Next we consider the fluctuation process X™ = \/n(n"™ — 7). This process can be regarded
as taking values in the space of signed measures on Ny, however for an asymptotic analysis it is
convenient to view it as taking values in the Hilbert space of square summable real sequences,
£5. The study of the asymptotics of these fluctuations is the subject of Theorem 14 which shows
that X™ = \/n(7" — ) converges in D([0,T] : £2) to a £a-valued diffusion process.

A basic assumption in our analysis of the fluctuations around the law of large number

limit (see statement of Theorem 14) is a uniform (in n) bound on the second moment of the
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empirical measure at time 0. This condition is not very stringent as in practice one may
consider systems starting from empty or with finitely many jobs (independent of n). We argue
that these integrability properties at time O propagate through to any finite future time 7.
Tightness of the scaled fluctuation processes X" which is shown by establishing, uniform in n,
second moment bounds (on X™) and by employing criteria for tightness of Hilbert space-valued
semimartingales (cf. (Joffe and Métivier, 1986), (Métivier, 1982)), relies on these integrability
properties. Another ingredient in the proof of tightness is a suitable Lipschitz property of the
map F' introduced in (4.4) that enables the use of a Gronwall argument. For this argument one
needs a Lipschitz estimate in the £ norm, however, it is not clear that F', as a map from £5 to

£s, is Lipschitz. We instead restrict attention to a smaller space

VMi{TEEQ:rizO,anl, ziriSM}

=0 1=0

and argue that for each M, the map F is Lipschitz from Vj; to €3. This ‘local’ Lipschitz
property plays an important role in the proof of Proposition 6.

For characterization of limit points in the proof of the central limit theorem, one needs to
argue that the associated stochastic differential equation (SDE) in £y (see (4.14)) has a unique
weak solution in an appropriate class of processes. It turns out that arguing this uniqueness
among adapted processes with paths in C([0,7] : £2) (the space of continuous functions from
[0,T] to £3) is not straightforward due to a lack of suitable regularity of the function G intro-
duced in (4.19). In particular, once more, the Lipschitz property of the map x — G(z,7) (for a
fixed m e P(Np)) from £5 to itself is not immediate. The key observation here is that this map

is Lipschitz when restricted to the space

Zgi{xe£2:2j2x?<oo,2xj:0}.
=0 =0

This observation, together with the property that the limit points X of X" = /n(x" - 7).
satisfy X (t) € £, for all ¢ > 0 almost surely, is key to the characterization of the limit points as

the unique solution of the SDE (4.14) in a suitable class (see Proposition 4).
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The chapter is organized as follows. In Section 4.1 we give a precise mathematical formu-
lation of our model and a statement of our main results. Specifically, Theorem 10 provides
the convergence in probability of the empirical measure process in ID([0,7] : §) to the unique
solution of the ODE defined in (4.7). The fixed point of the limiting ODE system is given in
(4.12). Theorem 11 gives explicit upper and lower bounds on the rate of decay for the tail of
the queue length distribution determined by (4.12). In Theorem 12 we show that (4.12) is, in
fact, a stable fixed point of the ODE (3.5) and Theorem 13 presents the interchange of limits
property discussed earlier. In Theorem 14, we give the main diffusion approximation result.
This result says that the sequence of centered and scaled processes X", defined in (4.13), con-
verges to the unique solution (in a suitable class) of the £€y-valued SDE, driven by a cylindrical
Brownian motion, given in (4.14). In Section 4.1.1 we record the corollaries of these results for
the special setting of power-of-d schemes. The remainder of the chapter is devoted to proofs
of the above results. In Section 4.2 we give a convenient representation of the state processes
through a countable number of time-changed unit rate Poisson processes. Such Poisson rep-
resentations have been used extensively (cf. (Kurtz, 1980; Kang et al., 2014; Anderson and
Kurtz, 2015)) in the study of diffusion approximations for pure jump processes. Using this we
obtain a semimartingale decomposition (see (4.23)) that is central to our analysis. Section 4.3
is devoted to the study of asymptotic behavior under the LLN scaling. In Section 4.3.1 we
prove tightness of the sequence of state processes {n" },cn (see Proposition 5) and the proof of
Theorem 10 is completed in Section 4.3.2. In Section 4.3.3 we prove a lemma which will be
needed in the proof of Theorems 12 and 13. Proofs of Theorems 11, 12, and 13 are then given in
Sections 4.3.4, 4.3.5, and 4.3.6, respectively. Section 4.4 proves Theorem 14. In Section 4.4.1 we
prove the propagation of integrability properties that was discussed earlier and in Section 4.4.2
(see Proposition 6) we prove the key tightness property for the sequence of processes { X" },en
which relies on the Lipschitz property of F, in the €3 norm, on Vj; (Lemma 14). Theorem
14 is then proved in Section 4.4.3. Finally, in Section 4.5, we present some numerical results.
In particular, we use our results to give numerical confidence intervals for several performance
measures of interest and compare the results to those obtained from a direct simulation of the

corresponding n-server systems.
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4.1 Model Description and Main Result

We consider a system with n servers each with its own infinite capacity queue. In all, there
are I(n) equally sized files stored over the n servers. Each file is stored in equally sized pieces at
L servers such that any k pieces can reconstruct the original file. The files are distributed such
that each combination of L servers has exactly c files. This, in particular, implies I(n) = C(Z)
Jobs arrive from outside according to a Poisson process with rate nA and request one of the
I(n) files uniformly at random. Such a request corresponds to selection of one of the (Z) sets of
L servers, uniformly at random, which is the set of servers containing the pieces of the requested
file. The job is then routed to the k shortest queues among this set of L servers. Each server
processes queued jobs according to the first-in-first-out (FIFO) discipline. Processing times at
each server are mutually independent and exponentially distribution with mean k!,

Let Q"(t) = {QI(t)}1, where Q' (t) represents the length of the i-th queue at time ¢ and
let 7"(t) = {7]'(t) }ieny, Where 7]'(t) represents the proportion of queues with length exactly 4

at time ¢. This can explicitly be written as

n 1 -
™ (t) = - 21 Lign(e)=iy- (4.1)
J=

It will be convenient to work with the process u™(t) = {u] }ieny, Where u]'(t) represents the
proportion of queues with length at least i. Namely, uj'(t) = X732, 77 (t). We will assume for
simplicity that @™(0) = ¢" is nonrandom and thus 7"(0) and u™(0) are nonrandom as well.
We identify P(Ng) with the infinite dimensional simplex S = {s € R®|¥2ys; = 1} and let
Sy = %Ng" NS. The spaces S and S, can be identified with subsets of I = {u € R®|1 = ug > ug >

.20} and Uy, = {u € U|u; = 7;/n,r; € Z}, respectively, each endowed with the product metric,

S ]
p(z,y) =), —5—-
A
The identification map ¢ : S — U is defined as ¢(p); = ik, J € No, peS. Note that for
p"p eS8, do(p”,p) = 0 if and only if p(e(p™),(p)) — 0. Additionally, note that 7" (t) € S,
and u"(t) € Uy, for all t € [0,T]. Let ¥ = {£ = (&)L, e N§|¢1 < by < <01} and for £ € %

define p;(¢) = Zle L¢p;=iy, @ € No. Roughly speaking, ¥ will represent the set of possible states
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for L selected queues arranged by non-decreasing queue length. Note that each file will be
stored at L servers and that at any given time ¢ the queue lengths of these L servers (up to a
reordering) will correspond to an element in ¥. We will refer to the elements of ¥ as “queue
length configurations”. Given a configuration £ € ¥, p;(¢) gives the number of queues of length
i (among the L selected). From the above description of the system it follows that the empirical

measure process, 7''(t), is a continuous time Markov chain with state space S, and generator

£ = 5 % () (e 2ar) - 10]

) 0 X (4.2)
+k Y nr; [f (7“ +—(ej-1 - ei)) - f(T)] ;
i=1 n
for f:S,, > R where
k k
JAVES Z €r;+1 — Z €y, (4.3)
i=1 i=1

and for y € Ng, e, € £ is a vector with 1 at the y-th coordinate and 0 elsewhere. Here we use the
standard conventions that 0" = (8) =0l =1, and (‘Z) =0 when a < b. The above generator can
be understood as follows. A typical term in the second expression corresponds to a jump as a
result of a server, with exactly i jobs queued, completing a job. The term in the square brackets
gives the change in value of f as a result of such a jump and the prefactor knr; corresponds
to the fact that servers process jobs at rate k and there are in all nr; queues (prior to the
jump) with exactly ¢ jobs. The first expression in (4.2) corresponds to a jump resulting from
an arrival of a job to the system. Typically, such an arrival makes a request for L servers with
queue length configuration #1 < #9 < --- < /1, and results in the jump %Ag. The sum in (4.3) only
goes up to k (instead of L) since only the smallest k queues are affected by such a jump. Since
prior to the jump, there are nr; queues with exactly 7 jobs, the overall rate associated with the
configuration ¢ = {{; < ¢y <---<lp} € ¥ equals

()

L
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In our setting the first entry in an element of €5 will typically correspond to the number of
empty queues and thus we refer to it as the “0-th” coordinate and any r € €5 will correspond
to a vector of the form (rg,r1,...). For notational convenience, for r € €5 we set r_1 = 0.

The main results in this chapter provide scaling limits for 7. We first present the law of

large numbers which describes the nominal state of the system for large n. Define, for r € £1,

F(r)=\L! Z C_‘S(j, r)ej +k Z[Tﬁl —rjle; +ro€g (4.4)
§=0 3=0
where
) =L - 1) -C3,r)
and, adopting the convention that }.7 , x; = 0 for a < b,

i

. k-1 (Zjn;jo Tm) ' L—iy ‘ . (Tj)ig (22:]41 Tm)L7i17i2
(= 5 S S i) 2 et (45)

For j > 0, the quantities k[rj.1 —r;] in (4.4) roughly represent the rate at which the j-th
coordinate of the state changes (in the limit) as a result of job-completions while the quantity
AL!(C(5 - 1,7) = ((4,7)) represents a similar quantity as a result of job-arrivals. The various
terms in (4.5) can be interpreted as follows. An arrival to a queue with j jobs implies that a
queue length configuration vector ¢ = {{; < ¢5 < -+ < {1} was selected which has the property
that at least one of the k smallest ¢;’s equals j, or equivalently, exactly i1 (i1 =0,1,...,k—1) of
the smallest L selected are less than j, is (i2 = 1,... L—1i;) of these are equal to j, and L—1i1 —io
are greater than j. The three ratios in (4.5) are contributions from these three types of queues.
The term [i3 A (k—41)] is from the fact that only the smallest k of the L queues are affected.

Also observe that for some c¢ € (0, o)
C(j,r) < c¢rj for all j € Ng and 7= (1;)73) € S. (4.6)

Thus the infinite sum in (4.4) is well defined since ¥72;7; = 1 and consequently F is a well
defined map from S to £;. A similar estimate shows that F is a well defined map from £; to £;

and Y720 Fj(r) = 0 for all r € £;.

76



Consider the system of ODEs
w(t) = F(x(t)),  7(0)=mo (4.7)

where F' is defined in (4.4) and m9 € S. The solution of the equation is a continuous map

7:[0,T] - S such that
7(t) =m0 + fOtF(n(s))ds, te[0,T] (4.8)

where the integral on the right side is the classical Bochner integral which is well defined since,
from (4.4) and (4.6),

sup [F(7(s))]1 < sup [F(r)[1 < eo. (4.9)

0<s<T
Equation (4.7) will characterize the law of large number limit of 7.

The following result on the wellposedness of (4.7) will be shown in Section 4.3.2.

Proposition 3. Let g € S. Then there exists am e C([0,T]: S) that solves (4.7). Furthermore,

if T, are two elements of C([0,T]:S8) solving (4.7) with w(0) = 7(0) = m, then w=17.

The next theorem gives a law of large numbers for the sequence {7"},y. Recall we take

7" (0) to be nonrandom.

Theorem 10. Suppose that ©™(0) — mg, in S, as n - oo. Then ©" — 7, in probability, in

D([0,T]:S) where 7 is the unique solution of (4.7) in C([0,T]:S).

Proof of Theorem 10 will be given in Section 4.3.2.
We now consider the long-time behavior of 7". Following (Li et al., 2016), let f = f (LK) .

[0,1] - R be defined as

Fa) = i( L )(L —k+i- 2)(_1)241%“”'

The following lemma gives a representation for ¢ in terms of f.

Lemma 4. Fizr €S and let u=u(r), i.e. uy =Y, i, meNg. Then, for je Ny

LIC(5,7) = f(ug) = £ (ujen)- (4.10)
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Proof of this lemma will be give in Section 4.3.3. It follows from Lemma 4 and Theorem

10 that the law of large number limit of u™ solves the following ODE,

i () = ALf (uj1 (1)) = f(us ()] = klu; () —wja (D)), u(0)=geld. (4.11)

Consider the queue length distribution @ = (U, )men, defined recursively through,

£ (@m) for m e Ny

a1 = AL
TR (4.12)

UO=1

We will see in Theorem 12 that @ is the unique fixed point of (4.11). The following result shows
that the vector (@m )men, which, roughly speaking, represents the steady state distribution of
the queue lengths for large n, decays super-exponentially in m with rate determined by L and

k.

Theorem 11. Suppose u satisfies (4.12). Then the following upper and lower bounds hold:

(L/k)™-1
i) Um <N L1 for all m e Ny.

N (L-k+1)™ -1
i) Up >N Lk for all m € Ny.

We note that the bounds are tight in the sense that when &k = 1 the upper and lower bounds
agree. Proof of this theorem is given in Section 4.3.4. Since f is a polynomial it is easy to see
that f(z) = O(z%**1) as x - 0. Intuitively, it makes sense that the queue length distribution
should have an upper bound of the form )\%. Indeed, we can establish an upper bound
of this form for large m, however due to the higher order terms in f the bound will not hold
for small m. In fact, the threshold for a large enough m will depend on L and k. Furthermore,

L-k+1

the coefficient of x in f depends on L and k and, using its form, it can be shown that the

(L-k+1)™-1
upper bound (for large m) will be of the form a Tk where a depends on L and k. Recall
that the routing scheme considered here corresponds to the well-known “Power-of-d” or super

market model when L = d and k = 1. The above result reduces to results in (Graham, 2000)

and (Vvedenskaya et al., 1996) in this case.
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Following (Vvedenskaya et al., 1996), define
vi(u) =Y u;, uel.
i=j

Let U = {u € Ulv1(u) < oo} and note that this can be identified with the space of probability
measures on Ny with finite first moment. The space U is endowed with the topology inherited
from U. We now characterize the long time behavior of the law of large number limit. Note
that uw € Y. The next theorem shows that « is the unique fixed point in ¢ for the system defined

by (4.11) and this fixed point is, in fact, stable.
Theorem 12. Suppose A <1 and u is a solution to (4.11) with g eU. Then
i) u(t) el for allt.

ii) For each j € No, limyoo(uj(t) — @) = 0 and thus lim;. p(u(t),u) = 0. In particular, u

is the unique fized point of (4.11) in U.

The proof of this theorem will be given in Section 4.3.5.

From Proposition 1 of (Li et al., 2016) the process Q" is positive recurrent and, thus, has
a unique invariant distribution £, € P(Ng). Note that L, can be identified with a measure
L, € P(U,) which is an invariant measure for ™. Furthermore, for any ¢ > 0, u™(t) can be
mapped to Q™(t) € Ny which is equal (up to a relabeling) to Q"(t). Due to symmetry, Q™ and
Q" must have the same invariant distribution. Therefore £,, is the unique invariant measure for

u™. The following result shows that this invariant measure converges, as n — oo, to the Dirac

measure concentrated at «.

Theorem 13. Let L, be the unique invariant distribution for the process u™. Then L, = 6z.

Furthermore, we have
lim lim Eu"(t) = @.

n—oo t—o0

Proof of Theorem 13 is given in Section 4.3.6.
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We now study the fluctuations of 7™ from its law of large number limit. Consider

X™(t) = /a[r"(t) - 7 (t)], t e [0,T]. (4.13)

n

where 7" is the state process introduced in (4.1) and 7 is the unique solution of (4.7) in

C([0,T]:S).
We will show that, under conditions, X™ converges in distribution in D([0,T] : £2) to a
stochastic process that can be characterized as the solution of a stochastic differential equation

(SDE) of the following form.
dX(t) =G(X(t),n(t))dt +a(t)dW (1), X(0) = zo. (4.14)
The equation is again interpreted in the integrated form,

X(t)=330+/OtG(X(s),W(s))ds+[Ota(s)dW(s), Le[0,77]. (4.15)

In the above equations, a is a measurable map from [0,7] to the space of Hilbert-Schmidt
operators from ¢ to 5 such that fOT la(t)|2gdt < oo, where | - |lus denotes the Hilbert-Schmidt
norm (see Appendix B), and W is a £3-cylindrical Brownian motion. Precise definitions are
given in Appendix C, but roughly speaking, W can be identified with an iid sequence {/; }en, of
standard real Brownian motions over [0,7'] and the stochastic integral fot a(s)dW (s) represents

a £o-valued Gaussian martingale M (¢) given as

M) =3 /OtAij(s)dBj(s), Le[0,T], i€ No, (4.16)
=0

where A;;(s) = (ej,a(s)ej)a, s€[0,T], 4,5 € Ng. We refer the reader to Chapter 4 of (Da Prato
and Zabczyk, 2014) for construction and properties of the stochastic integral in (4.15). The
Hilbert-Schmidt and integrability property of a ensure that the infinite sum in (4.16) converges.

The operator a(t) is determined from the system parameters and the law of large number limit
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7 in Theorem 10 as the symmetric square root of the following non-negative trace class operator

B(t) = ALY A AT TR0

> ) +k2(€z 1-e)(eis1 — ) mit). (4.17)

The trace class property of ®(¢) and the integrability of the squared Hilbert-Schmidt norm of

a(t) are shown in Lemma 17. Define the space £y ¢ £y as
b={zely: )y ja7 <00,y x;=0}. (4.18)
=0 =0
In (4.14) G is a map from €3 x S to £5 defined as
d .
Gi(x,r) = F(r+ux)‘ i€Np, ueR. (4.19)

One of the difficulties in the analysis is that G as a map from £5 x S to €5 is not well behaved
and we need to restrict attention to the smaller space £ x S in order to get unique solvability
of (4.14). Note that under the condition ¥ 72, j2x]2 < 0o, the series Y77 |7;] < co and thus the
series 372 ; is convergent. Additionally, the right side of (4.19) is well defined for every x € £,
and r € S, since for each j € Ny and r € £; with Y.;yr; = 1, r = Fj(r) is a polynomial in

(ro,71,...,7j+1) given as

Fj(r) = AL (5 = L,r) = C(5. )] + K(rjer = 7))

where , L
el ( - 10 m)u Leis (r )ZQ (1 Z Orm) —i1—12
C(j,r) = m— 1o A (k=11 J i
¢(4,7) ;::0 i gzzlb ( )] P L—ir— i)l

Also, from (4.4) and (4.5) it is easily checked that there is a ¢ € (0, 00) such that for all z € £,

andreS
[ee)
|Gl(.%',7’)| <c [|xi_1| + |acl| + |1‘Z'+1| + (7’1'_1 + T’i) Z |acm|:| .

m=0
This in particular implies that G(z,7) = (Gi(x,7))ien, € £1 € £ for all (z,7) € b x S.
The following result shows the well-posedness of (4.15). The definition of an £3-cylindrical

Brownian motion is given in Section C.
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Proposition 4. There exists a filtered probability space (2, F,P,{F¢}) on which is given a £o-
cylindrical Brownian motion W and a continuous {F; }-adapted process (X (t))o<t<r with sample
paths in C([0,T] : £) that satisfies the integral equation (4.15) and is such that X (t) € £y c £y
for all t € [0,T] almost surely. Furthermore if {X;}oci<r is another such process then X; = X,

for all t € [0,T], almost surely.

The above result establishes weak existence and pathwise uniqueness of (4.15). By a stan-
dard argument (cf. (Ikeda and Watanabe, 1989, Section IV.1)) it follows that (4.15) has a
unique weak solution. We can now present our main result on fluctuations of ©#™. Recall that

X"™(0) =+/n(7"(0) — my) is deterministic.

Theorem 14. Suppose sup,,.y Z;’ionW;.L(O) < oo and (0) > my in S as n - co. Let w be the
unique solution of (4.7) and, with X" defined as in (4.13), X™(0) - xo in £2. In addition,
suppose that

sup > A (X7(0))? < oo. (4.20)
neN j=0

Then X™ = X in D([0,T'] : €2) where X is the unique weak solution to (4.14) given by Propo-

sition 4.

Proposition 4 and Theorem 14 will be proved in Section 4.4. In Section 4.5 we will de-
scribe how Theorems 10 and 14 can be used for numerical computation of various performance

measures using simulation of diffusion processes.

4.1.1 Supermarket Model

Consider a system of n servers, each with its own queue. Jobs arrive in the system according
to a Poisson process with rate nA. When a job enters the system, d servers are chosen uniformly
at random and the job is routed to the shortest of the d selected queues. All servers process jobs
according to the FIFO discipline. Service times are mutually independent and exponentially
distributed with mean 1. This model has been well studied and is known as Power-of-d routing or
the “Supermarket Model” (see (Vvedenskaya et al., 1996; Mitzenmacher, 2001; Graham, 2000)).

The model is a special case of the system considered in the current chapter, corresponding to
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L =d and k =1. Theorems 10 and 14 then provide, as corollaries, the following law of large
numbers and central limit theorem for the Power-of-d routing scheme.
Define by 77 the empirical measure process of queue lengths in the Power-of-d system. For

r € £, define

d gy . = A N - o0
Fd(r)i)\[;(i)r;_l(;jrm) —;()r;( > rm) ]6j+jz=(:)[7“j+1—7’j]€j.

The following is a direct corollary of Theorem 10.

Corollary 1. Suppose that 7}j(0) - 74(0), in S, as n — co. Then 7} - 74, in probability, in

D([0,T]:S) where g is the unique solution in C([0,T]:S) to the following ODE

wa(t) = Fy(ma(t)),  ma(0) = mo.

Remark 4.1.1. This result has been established in (Graham, 2000) (see Theorem 3.4 therein).
In particular, it is easy to verify that vy, (t) = ¥72,,(74(t)); is the same function as in (3.9) of

(Graham, 2000) (see also (Vvedenskaya et al., 1996)).

Our second corollary studies the fluctuations of #; from its law of large number limit.

Consider

X3 (t) = VAlmy(t) - ma(t)], te [0,T].

Analogous to a(t) introduced in (4.14), let ay(t) be the symmetric square root of the following

non-negative operator

=0 i=1 m=j+1

o a4 o d-i
Da(1) =2 Y (e = ) (ego1 - ) z(i)[m)j(t)r( > m)m(t))
(4.21)
+ Z;(ej—l —ej)(ejo1 =)' (ma); ().

Analogous to G in (4.19), let Gy be a map from £ xS to £o, where £y is as in (4.18), defined as

(Gg)i(x,r) = %(Fd)i(r + ua:)|u 1€Ng, ueR. (4.22)
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In the special case that d = 2, this function simply reduces to

o0

(G2)i(z,7) =2\ Y. [@ic1Tm + Tic1 T = TiTme1 = TiTme1] + (Tiv1 — Ti).
m=1

The following result is immediate from Theorem 14.

Corollary 2. Suppose sup,,y Zﬁon(ﬂ'S)j(O) < oo and 7(0) - my in S as n — oco. Also,

suppose X (0) = /n[n(0) —m] = zo in probability in £y and that

sup 3 72((X1);(0))? < oo.
neN j=0

Then X} = Xq in D([0,T] : £2) where X4 is the unique weak solution to (4.14) with values in
£y, with G replaced by Gy defined by (4.22) and a(t) replaced by aq(t) which is given as the

symmetric square root of the operator ®4(t) in (4.21).

4.2 Semimartingale Representation

In this section we write the state processes using compensated time-changed Poisson pro-
cesses to give a semimartingale representation for the system. Let {Ny, £ € ¥} and {D;, i € Ny}
be collections of mutually independent unit rate Poisson processes. The process N, will be used
to represent the stream of jobs requesting files which are stored at servers with queue length
configuration (immediately before the time of arrival of the request) ¢ = (¢1,...,¢). Similarly
D; will represent the stream of jobs completed by servers whose queue length (immediately
before the time of completion) is equal to i. From the form of the generator in (4.2) we see
that the state process 7" can be expressed as,

7 (t) =x"(0) + % > AN, (]Ot % ﬁ (n;rfzé‘)s))ds) + %g(eil -e;)D; (l{: Atnwf(s)ds) .

lexs L) =0

By adding and subtracting the compensators of the Poisson processes one can write the

state process as a semimartingale. Namely,

() = 7(0) + A™(t) + M (1) (4.23)
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where

U OEDIPAY ft ( j Io‘o[ (n;:zzé‘;))ds + k'g(eil -e) /Otﬂf(s)ds (4.24)

leXs =0

and

o a5 LT )Ry L T e
+ i %(ei—l - e;)D; (k; fotnm{‘(s)ds) - k;(ei,l -€) fo 7l (s)ds.

(4.25)

From (4.46) and (4.73), it follows that for some c¢ € (0, c0)

A (t) < [ ( c<n i (8) + i (s)] + k[T (s) + F;L(S)]) ds
for all t € [0,T], n €N, and j € Ny. Thus, there exists a x € (0, c0) such that
- n 2 - t n 2 n 2 n 2
;)Aj (t)? < K g(j)fo [ 1 (5)% + 71 (5)% + () 2] ds < 3t
j= j=

for all ¢ € [0,7]. Consequently both M™(t) and A™(t) take values in £3. A similar argument
shows that A™(t) in fact takes values in £;.
Similarly, using (4.23) and (4.8) for 7(¢), we can express X" as a semimartingale through

the equation

X™(1) = X™(0) + A™(t) + M (¢) (4.26)

where

Ant) = [A"(t) -/ tF(w(s))ds] (4.27)

and M™(t) = \/nM"(t). We note that there is a natural filtration {F}*}o<¢< on the probability
space where the processes Ny, D;, and 7" are defined such that A", M", =", X" M", A"

are RCLL processes adapted to the filtration and M™, M™ are {F}}-local martingales.

4.3 Fluid Limit

In this section we present the proof of Theorem 10. First, in Section 4.3.1, we use the semi-

martingale representation from Section 4.2 to prove a key tightness property (see Proposition
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5). Then, in Section 4.3.2, we prove the unique solvability of (4.7) and complete the proof of

Theorem 10 by proving convergence of 7™ to the unique solution of (4.7) in C([0,7]: S).

4.3.1 Tightness

In this section we prove tightness of {(7", M™)}en. We first recall the notion of C-tightness.

Definition 4.1. Let (Z,dz) be a Polish space. For z e D([0,T'] : Z) let

Jjr(z) = sup dz(z(t), z(t-)).
o<t<T

We say a tight sequence of D([0,7'] : Z)-valued random variables { Z,, } nen is C-tight if jp(Z,) =
0.

If Z,,, Z are D([0,T] : £Z)-valued random variables and Z,, = Z then P(Z € C([0,T]: £)) =1
if and only if {Z,,} ey is C-tight (Ethier and Kurtz, 2009). The following proposition proves

the C-tightness of {7"},en and convergence of M™ to the zero process.

Proposition 5. Suppose that 7" (0) - 7, in S, as n - oo. Then {(7", M™)}nen is a C-tight

sequence of D([0,T] : S x £3)-valued random variables. Furthermore, M™ = 0 in D([0,T] : £2).

Proof. We first prove the second statement by arguing that Esupgc,p |[M"(s)[3 = 0 as n — oo.

For this, from Doob’s inequality, it suffices to show E|(M")(T)| - 0 as n — co where

(M) (s) = §)<M;L><s>, se[0,7].

From (4.25) and observing
> {ej: (ei1 —ei)(eim1 - ei) ej)oml(s) =y (s) + 7 (s)

~
—_

it follows that

<z\4j>(t):w_j)fO Z(j,nm (s))ds+ﬁf0 (77,1 (5) + 7 (s)]ds. (4.28)
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where

. n _ . Te‘ - nﬂ'z.n(s)
Z(j,nm (s))—&%(ej,AgAe j>2};[)( () ) (4.29)

The ¢-th term in the sum on the right side of (4.29) is the contribution from jobs that request
servers with queue length configuration ¢. A fixed ¢ € ¥ will make non-zero contribution to
(€j, AgAgTej)g if j or j—1 is one of the k-smallest coordinates in £. Thus, for a fixed £ € 3, the /-
th term in (4.29) is nonzero only if j or j—1 is a member of the set (¢1,...,¢;). The contribution
from all such ¢’s in the sum (4.29) can be counted as follows. Suppose 0 < i; < k — 1 servers
are selected among those with queue length less than j — 1. This corresponds to (" Z%QIW&(S))
different choices of servers. In addition suppose i3 < L—141 and i3 < L —11 —io servers are selected
among those with queue length equal to j—1 and j, respectively. This corresponds to (mf‘l(s))
and (mi (s)) choices, respectively. It follows that L — i1 —io — 73 servers must be selected which

n ¥ i+1 Tm(s)

have queue length larger than j which corresponds to ( ) possible choices. Since

L—i1—ig—i3
jobs are only routed to the k shortest servers,
(6]‘, Agﬂgejh = [iQ N (k - il) — i3 A (k} -1 — i2)+:|2. (430)
It follows that for z € nS,
Z(j,x) =
k-1 Jj-2 L-iy 4. L—i1-t2 . o
> (2T T ()R A =i =i a G- i) () (2 ),
i1=0 11 i5=0 192 i3=0 13 L — 171 — 19 —13
(4.31)

where, recall that we adopt the convention that for a <b, 3.7, «; = 0.

Note that for non-negative integers a,b, a > b

(a) <& (4.32)
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This fact, combined with (4.31) and recalling the fact that 7"(s) € S for s € [0,T], gives the

following bound on Z(j,n7"(s)):

Z(j,nm"(s)) < ki:l (n Zzn_fo ()" L (nﬂgb_.lfs))b

21=0 Zl' i9=0 19:
L-iazi nr(s))B (n Y. w (s))Li1—i2—is
x Z k21{izvi3>0}( j.( )) ( Zm_]H. m( )) B
B & (L=iy =iz —ia)! (4.33)

Lk—l L—i1 L—i1—i9 5 ) )
n Z Z Z k 1{i2Vi3>0}(ﬂ?—l(s))w(ﬂ?(s))lg

11=0 22=0 i3=0

<egnt (7)1 (s) + 77 (s)).
for some ¢z € (0,00). Using (4.33) in (4.28) gives

_ 17!
2X\(n—L)!Llczn T E

WMW@Kﬂ

L t oo
/0 ]Z:E)Wj (s)ds

2k [t &
el "(s)d
- [) jZ:[:)ﬂ'] (s)ds

nxn!
(4.34)
‘2A(n-L)uncZnL 2k
< tl+|—t|.
n xn! n

Thus E[{(M™)7| - 0 and consequently Esupgc,ep [M"(s)|3 - 0 as n — oo. It follows that
M"™ =0 in D([0,T] : €3) which completes the proof of (i7).

The tightness of {7" },eny in D([0,T7] : S) follows as in the proof of Theorem 3.4 of (Graham,
2000). Namely, it suffices to show tightness of {Q7 }neny in D([0,77] : N) (cf. (Sznitman, 1991)).
However, this tightness is an immediate consequence of the fact that the jumps of Q7 can be
embedded in a Poisson process with rate AL + k.

Finally in order to show that {n"},y is C-tight it suffices to show that

Jr(m™) = sup do(7"(t), 7" (t-)) = 0 as n > oco.
0<t<T

There are two types of jumps, those corresponding to incoming jobs and those corresponding
to jobs being processed. When a job arrives in the system, the dispatcher assigns it to k
different servers causing the queue length of each of the k chosen servers to increase by one. It
follows that the jump size of such an event can be bounded by % When a job is processed,
the corresponding queue length will drop by 1 and so the jump size of such an event can be

") < % — 0 which completes the proof. ]

bounded by % Therefore jpr(m
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4.3.2 Convergence

In this section we provide the proof of Theorem 10. Since we have already proved tightness
of {m"}nen in Section 4.3.1, all that remains is to prove uniqueness of solutions of (4.7) in
an appropriate class and to characterize the limit of any weakly convergent subsequence as
the unique solution to (4.7). We first present the following Lipschitz property for the map
F:S8 — £y, defined in (4.4), that will give uniqueness of the solutions to (4.7). We remark that
in the proof of Theorem 14 we will need a stronger Lipschitz property of F' in the £5 norm. This
Lipschitz property is not immediate on the space S but, as shown in Lemma 14, is satisfied on

a smaller class V).

Lemma 5. The map F is a Lipschitz function from S to £1. Namely, there exists an Cy € (0, 00)
such that for any r,7 €S,
[ £(r) = F(7) |1 < Cifr = 7. (4.35)

Proof. Let r,7 €S and, for iy € Ng and j,i2 € N, define R;;, 4,(r,7) as

j-1 11 o L—i1-1o j-1 i1 oo L—i1—i2
Ry ia (7,7) i(Z rm) ( > rm) r —(Z fm) ( 3 fm) P2 (4.36)
m=0 m=0

m=7+1 m=7+1

Note that for any a,b,c,a,b, ¢ e Ry,
abe — abé = ab(c — &) + a(b-b)é+ (a —a)bé. (4.37)

Combining (4.36), (4.37), and the fact that r,7 € S, we have

L—i1-i2 L—i1—i2
(o] [ee]
2, m | 2 m
m=j+1 m=j+1
1\ (i \®
Yorm| - D] |
m=0 m=0

For any a,b € R and i € N, (a’ - b') = (a - b) 22‘:1 a'=Ip=t. Thus, if a,b € [0,1] and i < L,

Ry i (r, )| < P2 = 722] 4 72

(4.38)

~io
+ 7.
J

la® - b?| < |a — b|L. This inequality along with (4.38) implies there exist 1, ] > 0 such that for
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all 41,19 < L, i3> 0,
j-1

Ry (r,7)| < K] (|rj —F AT Y = T 4T Y | - me|)
m=j+1 m=0 (439)

<k ([rj = 7]+ 75 ]r = 7[1).

The definition of F' (see (4.4)) and the triangle inequality imply,

| E(r) = (7)1 < AL 2IC_5($T) =3P +k il(r = 7)je1 = (r=7)j] (4.40)

Noting that

C3Gr) -7 =[G -1Lr) -G -1,M)] - [C0G.r) - €. 7)],

it follows that
(4.41)

0 B 0 B oo k-1 L-iy
DG ) =GR <2 X106 =CUA <R 2 D D Ry in (1)
=0 3=0 §=01i1=0 ip=1

where the second inequality follows from the the definitions of ¢ and R. Combining (4.41) with

(4.40) and applying (4.39) yields, for some k3 > 0,

oo k—1 L—-1 00
IF(r) = F()1 < kALY S S [Ryinin ()| + 26 3 |y = 7]
j=041=0 i2=1 =0

o0
<ng Y (I =75l + 7 |r = Fla] + 2k|r = 7y
=0

and thus with C1 = 2(k3 + k), (4.35) is satisfied for all r,7 € S which proves the result. O

Using the above Lipschitz property of F' we can now complete the proof of Proposition 3.

Proof of Proposition 3. Existence of a m € C([0,7] : S) that solves (4.7) will be shown below
in the proof of Theorem 10. We now argue uniqueness. Suppose m and 7 are two elements of

C([0,T"] : S) satisfying (4.7) with 7(0) = 7(0) = mp. The Lipschitz property of F' proved in
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Lemma 5 implies, for all ¢ € [0,7]

Ir(0) - 7@l = | [ P () - FGas| < [T1F () - F(r(s))lds

<0 fot I7(s) = 7(5)| 1ds.

The result follows. O
We now proceed to the proof of Theorem 10.

Proof of Theorem 10. From Proposition 5 we have that {n"},y is a C-tight sequence of
D([0,T] : S)-valued random variables.
Note from (4.23) that for all j € Ny,

7t (t) =7 (0) + V" (t) + M"(t) + [Ot F(7"(s))ds (4.42)
where

Vi) = anw - | " P (s))ds.

From the definition of A in (4.24) we see that

AT () = fo (M Avej)s @1‘[( T )+k[ﬂj+1(s)-wj(s)])ds. (4.43)

By a similar argument (see comments given below (4.45)) used to obtain the representation in

(4.31),

S e (")) = 66 - 1w () =< (5) (449

where for z € nS,,

G2 S (Zm 0””’“) i zQA(k—il)](g)(mﬁ”"”.m). (4.45)

i1=0 o=1 L -1y —ia

One can interpret ((j,x) as the rate at which jobs are being routed into queues of length j when
the system is in state x. Recall that any incoming job corresponds to the selection of L queues.

The term on the right side of (4.45) then sums over all possible queue length configurations
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of this selection. In particular, i; represents the number of queues with lengths less than j, 79
corresponds to the queues of length equal to j, and L — iy —i5 are the queues of length greater
than j. Since we are routing jobs to the k shortest queues the rate must be multiplied by the
factor [iz A (k—i1)] rather than is. From our convention that x_; =0, we see that {(-1,z) = 0.
In addition, recalling the conventions that for a < b, Y7, x; = 0 and that (8) =1 we see ((0,x)

is well defined. Combining (4.43), (4.44), and (4.45) gives the following representation for A’

A0 = 3 f, 06~ () =G ()]s« [ [ () = ())ds. (4)
L
For each fixed j,41 € Ng and 79 € N with 41,49 < L we have

( e 0 m(S))[Z2 A (K - )](nﬂf(S))(nZ?fim 7721(3))

1 19 L—11—-19

B O) () (S5 ()

+ Rn(j7i17i27 S)

[ia A (k—i1)]

Z"I'L

21! Z2! (L—il—iz)!
(4.47)
where
sup |R (]a2177’27s)|</{’1nL ! n(s)
i1,i2<L
and thus, from the definition of ¢ and ¢ in (4.45) and (4.5),
. n n! g L-1 g
¢(,nm"(s)) - T L)'C(]’ ()| < wen™ " mi(s) V s €[0,T]. (4.48)
Furthermore, using the definition of A™ in (4.46) and F in (4.4), (4.48) implies
sup V(1) = sup ‘A”(t) f F(r"())ds| < K3 (4.49)
0<t<T 0<t<T n

Also from Proposition 5, M™ = 0 in D([0,7T] : €2). Combining these observations with the
tightness of 7", we have subsequential convergence of (7", M™, V™) to (w,0,0), in distribution,
in D([0,T] : S x €3 x £2) for some C([0,T] : S)-valued w. By appealing to the Skorohod
representation theorem we can assume that this convergence holds a.s. Noting that r — F}(r)
is a continuous map from S to R for each j € Ny we have that F;(7"(s)) - F;(7(s)) as n — oo

for all j € Ny and s € [0,7]. Thus, upon sending n — oo in (4.42), (4.9) and the dominated
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convergence theorem imply that almost surely,
¢
7i(t) = (mo); + fo Fj(r(s))ds, for all t € [0,T], j € No.

This shows that 7 satisfies (4.7). The result now follows from the uniqueness property shown

in Proposition 3. O

4.3.3 Proof of Lemma 4

The result will follow upon verifying,

¢ S (B 1 mayt S (T 4.50
(=1

i1=0 in=l—i1

and, for £={1,... k},

8 (o 5 (5N § (- an

(o)
j=mi1=0 io=l—i1 j=L—¢+1 \J

These equations can be interpreted as follows. Suppose the occupancy measure is in state r.
Roughly speaking, a typical term in the outside summation on the RHS of (4.50), denoted
as pm(£), corresponds to the probability that the ¢-th largest out of L randomly selected
queues is of length m. Then (4.50) states that the rate of jobs being routed into queues
of length m is equal to the sum Zlgzl pm(?). Recall that a file request will correspond to a
queue length configuration a; < as < --- < ar, where a; corresponds to the length of the j-
th largest queue. A typical term in the outside summation on the LHS of (4.51), denoted
pe(j), corresponds to the probability that ay = j . Terms in the summation on the RHS
of (4.51), denoted g, (j), correspond to the probability that aj_; < m < aj. The expression
(4.51) then states that Y22, pe(j) = ZJL=L—4+1 gm(7). Once these equalities are established the

remainder of the argument follows as in Appendix B of (Li et al., 2016) which argues that
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e Zsz_“l qm(J) = f(up,). Combining this fact with (4.50) and (4.51) then gives,

k L
LI¢(m,r) = me(f) Z NTOEDY pe(])] Z[ 2. am(i) =

(=1|j=m j=m+1 =1]j=L-0+1

= f(um) - f(um+1)

which proves the result.

L
Z Qm+1(j)

We now prove the two equalities. First consider (4.50). By rearranging and collecting

combinatorial terms we can write

LI (m. r)_’“ZlLf ZQA(k_zl)]( )( . )(1 ) iz L2,

21=0 i9=1
Note that the RHS in (4.52) can be written as

T TioA (i
kzjl LZZ:1 [12/\(2:11)] (L)(L )(1 ’U,m)ll 12 L—i1—io
11=0 i2=1 /=1 i1 19 T U1

21=0 i9=1 f=i1+1 12

We then exchange the order of summations as follows

’LQ 1 /= Z1+1

1,7 Liy (nti2)Ak op ooy o
bof G ICETOLI D S (I I v
k

Z1=0é=11+ 12=f—11
k /-1 L L—i1 I —i
— 21 12 1112
—Z ( )(l—um) Z ( ) )1"mumJr1 .
£=1i1=0 \"1 io=l—i; \ 2

Combining (4.52), (4.53), and (4.54) gives (4.50).

We now prove (4.51). Fix £ € {1,...,k} and note that

]:L—Z 41=0
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(4.54)
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Then, applying the binomial theorem to uZ ™ = (ry, + ume1 )™, (4.55) becomes

-1 1 , =l Ly o
3 (i)a-wrmiz = 5 (e 5 (7 Ptz o)
i1=0 \!1 i1=0 \t1 ig=0 v 12

which, by breaking up the summation indexed by i, can be rewritten as

Lzl L .
N
(yluw (7 it
41=0 22

i9=0—1i1

‘ (4.57)
Z( Ja-u I o ) e
= m P i2 m“m+1

Now consider the second term in (4.57). By relabeling the indices we get

107 NI A A
Z (7§1)(1_um)l1 Z ( 12 )T}ﬁbumj11 ’

11=0 i2=0

L L\ . L=y . .y
S (i X (7 ) wyek (4.58)
i1=L—0+1 \'1 =0 \ 22

L
L . .
Z ( )uj}%ﬂ(l - um+1)L "

ir=L—f+1 VU1

where the second equality follows from the binomial theorem. It then follows from (4.55)-(4.58)

that for any m’ >m

i(ﬂ%uwmw

j=L—0+1
m’ (- L—i L—1 L L . .
B0 (e § (rtmr
j=mi1=0 ig=0—11 2 j=L—0+1 J
The result then follows upon sending m’ — oo. O

4.3.4 Proof of Theorem 11

It is proved in Lemma 5 of (Li et al., 2016) that f(z) < kz/* and thus () is immediate
from (4.12).
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We now verify (ii). From (4.12) it suffices to show that f(x) > kx" %1 for z € [0,1]. Since

both sides of the inequality evaluate to zero at x =0, it is equivalent to show

L _f(@) >1 for z € (0,1]. (4.59)

h(z) = 7 gL+l =

Note that f(1) = k (cf. Lemma 2 of (Li et al., 2016)), and thus h(1) = 1. It follows that
h'(z) <0, x €(0,1] is sufficient for verifying (4.59). Taking the derivative of h gives

Laf/(@) = (L=k+1)f(z)

h'(z) = L L Lk+2

(4.60)

Denoting zf'(x) — (L -k +1)f(x) as w(x), we note that in order to show h'(x) < 0 one must
only verify w(z) < 0. One can verify (cf. (68) and (69) of (Li et al., 2016)) that w can be

expressed as follows

hlik-1 , 1 14 .
= -1 —+£+1.
w(z) Z( )( T

Therefore

W (z) = ot ];ZOI P L Ve (o

and so w”(x) <0 for all z € [0,1]. Noting that w’(0) = 0, it follows that w’(x) < 0 for all

x € (0,1] and since w(0) =0, w(x) <0 for z € (0,1]. This verifies (4.59). O

4.3.5 Proof of Theorem 12

In this section we present the proof of Theorem 12. Namely, for every g € U, the solution u
of (4.11) satisfies u(t) e U for all ¢ > 0 (Lemma 10), and there is a unique fixed point to (4.11)
in U defined by (4.12) which is asymptotically stable. The argument follows along the lines
of the proof of Theorem 1 of (Vvedenskaya et al., 1996) (cf. Lemmas 1-7 therein). The key
difference is that the the term A[f(u;-1) — f(u;)] appears in the differential equation instead

of A[u? ; —u?]. As we will see, this difference can be handled using the properties of f shown
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in Lemma 2 of (Li et al., 2016). Specifically, we will use the facts that f(0) =0, f(1) =k, f is
strictly increasing, convex, and differentiable with derivative bounded by L.
We first consider a truncated version of (4.11). Fix K €N, ¢ >0, and consider the following

boundary value problem

$5(t) = ALf(sj-1(8)) = F(s; ()] = k[s;(t) = sj1(D)], j=1,.... K
so(t) =1 (4.61)
5;(0) =g, j=1,....K
with
SK+1(t) =C. (4.62)

The following two lemmas giving monotonicity and uniqueness properties for the truncated

system will be used to extend the same properties to the full system in Lemma 11.

Lemma 6. Suppose s is a solution to (4.61)-(4.62) with initial conditions satisfying

l=go2g1>... 29K 2 gK+1 =C. (4.63)

Then

1:80(t)281(75)Z...ZSK(t)ZSK+1(t)=C (4.64)

for all t > 0.

Proof. Since solutions to (4.61)-(4.62) depend continuously on the initial conditions we can take
the inequalities in (4.63) to be strict, without loss of generality. Let ty be the first time that an
equality appears in (4.64). Since sg > sk 11, then there exists an i € {1,..., K} such that either
si-1(to) > si(to) = si+1(to) or si—1(to) = si(to) > si+1(to). In the former case, since f is strictly
increasing, $;(to) = A[f(si-1(t0)) = f(si(t0))] > 0 and $;:1(to) = k[si+2(to) —si+1(t0)] <0if i < K
and s;41(to) = 0 if ¢ = K, both of which contradict the assumption that s;(t) > s;41(t) for ¢ < tg.

The latter case follows from a similar argument. O
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Lemma 7. Let {551)} Yy and {3( )} Ly solve (4.61) and be such that s( )(O) > s( )(0) for all
i=1,2,...,K. If, in addition, SK+1(t) > (2)1(15) for all t > 0 then s( )(t) k (t) for all
1=1,2,..., K, K+1 and all t > 0.

Proof. Again, assume without loss of generality that the inequalities are strict. lL.e. sgl)(O) >
352)(0) foralli=1,2,...,K and sg(il(t) > 3&21(”7 for all ¢ > 0. Suppose the first time equality
appears is at time tg. If j € {1,..., K} is the largest index such that 55.1)(750) = 5§2)(t0) then,

since f is strictly increasing,

50 (t0) = 5 (t0) = ALF (53 (10)) = F(\2) (t0))] + K[s$) (t0) - 512 (0)]
> k[s$}) (to) = 58 (0)] >

which contradicts the assumption 3§1)(t) > 352)(t) for ¢ < . O

Note that Lemma 7, in particular, shows that there is a unique solution to (4.61)-(4.62).
We now consider the full system (4.11). In the following lemma we show that the full system

can be constructed as the limit of the sequence of truncated systems defined through (4.61).
Lemma 8. Let geld.
i) There exists a unique solution to (4.11) in U.

i1) This solution can be obtained as the limit as K — oo of solutions to the truncated systems

(4.61)-(4.62) associated with ¢ =0

Proof. Part (i) follows immediately from Lemma 4 and Proposition 2.1 of (Budhiraja and
Friedlander, 2017). Let s%(¢), K = 1,2,... denote solutions to (4.61) with s&  (¢) = 0. It
follows from Lemma 6 that s&1(¢) > sX | (¢) = 0 and from Lemma 7 that for fixed ¢ and i < K|,
sEHL(t) > sK(t). Tt follows that limp e 5% (¢) = si(t) exists, s(t) € U, and s; satisfies (4.11)

which proves (i). O

Lemma 9. Let u be a solution to (4.11) taking values in U. Then the following estimate holds
for all t,

ui(t) < ZM j € No. (4.65)
=0
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Proof. The lemma follows from using an inductive argument. Note that the inequality is im-
mediate for j = 0. Suppose now that (4.65) holds for j—1, for some j > 1. Then, since f(0) =0,

f(1) =k, and f is convex on [0, 1], it follows from (4.11) that
ﬂj(t) < /\f(uj_l(t)) < /\kUj_l(t).

Since (4.65) holds for j — 1 by our inductive hypothesis we have, by integrating over ¢ on both

sides of the above inequality, that (4.65) also holds for j. The result follows. O

Lemma 10. Let u be a solution to (4.11) taking values in U. If u(0) eU, then u(t) €U for all

t > 0. Furthermore, v1(u(t)) < exp(Akt)[1 + v1(u(0))].

Proof. This follows immediately from the estimate (4.65). O
The following monotonicity property of the full system (4.11) is an immediate consequence

of Lemma 7 and part (i7) of Lemma 8.

Lemma 11. Let u") and u® be a solutions to (4.11) in U with ugl)(O) > u§.2)(0) for all j € Ny.

Then u{" (t) > u{? (t) for all j =No and all t >0.

With the above lemmas we can now complete the proof of Theorem 12.
Proof of Theorem 12. Part (i) of the theorem was shown in Lemma 10.

Now consider part (ii). Suppose g¢; < @;, i@ € Ng. Then from Lemma 11, it follows that
vi(u(t)) < X2 a; < oo. If instead, g; > @;, ¢ € Ny then from (4.12) and noting that 4y = 1 and
f(1) = k, we have that @; = A\f("*)(1)/k = X\. Thus, from Lemma 11 once more, u;(t) > A for

all ¢t > 0, from which it follows that
d1(u(t)) = Af(1) = kui(t) = k(A —u1(t)) <0.

Therefore, in both cases vy (u(t)) is uniformly bounded in ¢. Assume for now that we are in
one of these two cases.

We now prove that

fo " g (£) = gt < oo (4.66)
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for each k. Noting that f has derivative bounded by L (cf. Lemma 2 of (Li et al., 2016)) it will

then follow that, for each of these two cases we have the desired convergence
tlim |ug(t) —ug| =0, for all k e Ny. (4.67)

From this, convergence for an arbitrary initial condition will follow on noting that from Lemma
11, u™(t) <u(t) <u*(t) where v~ and u* are the solutions to (4.11) with u,(0) = gi A 4y and
u;(0) = gx v uy. Finally, we prove (4.66) using an inductive argument. It is clear that (4.66)

holds for k = 0. Now suppose (4.66) is true for k -1, for some k > 1. Then

Ok (u(t)) = Af (up-1(2)) = kur(t) = ALf (ue-1 () = f (tp-1)] = k[ (t) — ]

and thus

() ~vel9) = [ O (1(5)) = Flara)] = Klua(s) - ix]) s

Note that since vg(u(t)) < v1(u(t)) we must have that vg(u(t))—vg(g) is uniformly bounded in
t. From the inductive assumption and appealing again to the boundedness of the first derivative
of f it follows that Sups[p o) fot M f(ug-1(s)) = f(ug_1)]ds < co. Therefore (4.66) is satisfied for

k which completes the proof. O

4.3.6 Proof of Theorem 13

Note that £, is a probability measure on the set ¢ which is a compact set in the product
topology. Thus, {£,}ney is a tight sequence in P(U). Let {L,, }ren be a weakly convergent
subsequence with limit point £. Suppose u™*(0) is distributed according to L,, (we write
u™(0) ~ Ly,). Then u™(t) ~ Ly, for all t > 0. By a minor modification of the proof of
Theorem 2.2 of (Budhiraja and Friedlander, 2017) it follows now that u,, = w in D([0,T],U)
where u solves the ODE (4.11) a.s. Theorem 2.2 of (Budhiraja and Friedlander, 2017) proves
such a result for the case where the initial occupancy measure u(0) is deterministic. However,

the extension to the case where the initial conditions are stochastic is straight forward. Since at
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any time ¢, up, (t) ~ Ly, , it follows that u(t) ~ £. From the fact that @ is the unique fixed point
of (4.11) it follows now that £ = dz and thus dz must be the limit point of every convergent
subsequence. This completes the proof of the first statement in Theorem 13. The second

statement is immediate on noting that for all k € Ny, Eu}(t) - [, uxdL"(u) as t - oo. O

4.4 Diffusion Approximation

In this section we prove Theorem 14. Section 4.4.1 presents some moment estimates on
m" which will be used in the proof of Theorem 14. Section 4.4.2 then proves tightness of the
sequence of centered and scaled state processes { X"} en. Section 4.4.3 completes the proof of
Theorem 14 by proving unique solvability of the SDE (4.14) (Theorem 4) and characterizing

limit points of X™ as this unique solution.

4.4.1 Moment Bounds
The following elementary lemma will be useful in the proof of Lemma 13.
Lemma 12. For allt>0, ke N, and n € N, limy,_,co EmF supge,; 7% (s) = 0.

Proof. Fix n € N. Note that file requests arrive at rate nA. Let N be a Poisson process
representing the total flow of such file requests. Also let m* = sup{m : 7%,(0) > 0} be the length
of the largest queue at time 0. Note that since the system consists of n queues, m* must be
finite for any fixed n. Then for m > m*,

Em” sup 7" (s) = E sup 1{N(t)2m_m*}mk7rfn(s) +E sup l{N(t)<m_m*}mk7rZ@(s)
O<s<t O<s<t O<s<t

<mFP(N(t) >m-m*).
Thus, from Markov’s inequality, for m > m*

Emk sup 71';2(5) < mke—(m—m*)enkt(e—l).

0<s<t

The result follows. O
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In the next lemma we will we establish two key moment bounds that will be needed in the

tightness proof (see proof of Proposition 6).

Lemma 13. Suppose sup,«y 3272 j27r§‘(0) = Cr(0) < 00. Then

2
supE sup (Z]W"(t)) (4.68)
neN  0<t<T' \ j=0
and
TS,
sup]E[ Yo 3wy (t)dt < co. (4.69)
neN 0 520

Proof. Since 7" (t) = 7"(0) + A™(t) + M"(t), we can write for fixed K € N

2 2 2 2
E sup Z]w”(t) <3 2]#"(0) +3E sup Z]A”(t) +3E sup Z]M”(t) (4.70)
o<t<T j=0 j=0 0<t<T o<t<T
Using (4.44), for K € N, we can write
K 00 n K
>z ane (" (3)) > 160G - 10" () = " (5)]
j=0 (> =0\ pi(£) j=1
- (4.71)
¢(j,nm"(s)) - K¢(K, n7"(s))
]:0
and
K
k Z%)J[ T (s) =75 (s)] = (Z i (s) K?T?(+1(S))~ (4.72)
=
Using similar bounds as in (4.33), for some c¢ € (0, 00)
C(j,nm"(s)) < chLﬂ';?(s). (4.73)

The above bound implies that for some k; € (0,00), for all n, K € N

2 2
A t & . n t &, n Li
Eosgltlng[(TL)[O j;(’(j—l,mr (s))+kf0 jz;)wj(s)ds] SE[(an B +k)T] < Ki.
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Combined with (4.46), (4.71), and (4.72), the above estimate gives, for all n, K € N,

2

K
E sup ZjA?(t) < Ko (1+KE[sup (TI'K(t)+7TK+1(t)):|) (4.74)
0<t<T' | =0 0<t<T

We now consider EsupogtST|ZinojM]”(t)|2. Since ZszojMJ”(t) is a martingale, Doob’s

inequality implies that

2

ZJM"(t)

7=0

E sup
0<t<T

< 41@(2;)]1\4") (T) = 4E fjo iﬂ;m (M, MIL)(T). (4.75)

The diagonal terms (j; = j2) in the above sum are given by (4.28). We now consider the off-
diagonal terms. Fix 0 < j; < j2 < K and note that in order to compute (M}, M7 }(T') we must

expand

. n =S Ve T = (nml(s)
262 (9) = e Acates) TT( ) (4.76)

Similar to (4.29), the ¢-th term in (4.76) is the contribution from jobs that request servers with
queue length configuration ¢. A fixed ¢ € ¥ will make non-zero contribution to (ejl,AgAeTejQ)g
if (j1 or j1 —1) and (j2 or jo —1) are among the k-smallest coordinates in ¢. That is, for a fixed
¢ € 3, the ¢-th term is nonzero only if (j; or j; —1) is a member of the set (¢1,...,¢;) and (j2 or
jo—1) is also a member. The contribution from all such ¢’s in the sum (4.76) can be counted in
a method analogous to the one used to obtain (4.31). Namely, we count the number of choices
of servers with queue length less than j; — 1, equal to j; — 1, equal to ji, between j; and jo — 1,
equal to jo — 1, equal to js, and larger than js. One must be careful in the cases jo -1 = j; and
jo—1=741+1. In both cases there are no servers with length between j; and jo — 1. In the first
case above (jo — 1 = j1), we must also be careful not to double count. To ensure this we include
an indicator function 1;,.; .1 in the upper index of the binomial coefficient corresponding to

the selection of servers with queue length equal to j2 — 1. Combining these observations we see

103



that for z € nS,,

Z(j1,g2,w) = 3 (e DAy ey )2 ﬁ (pz(f))

lex =0
12 k—ip-1 k—i1—ia-1
m= 0 xm) Z (lefl) Z [7, -1 ($j1)
Z ) 2 —is]|
i1= O( i2=0 2 13=0 3
k‘*. —29—12—1 ] -2 L*Zi: Zn .
) i1 i i3 (Zni—j}+1 xm) Zl (x]2_11{‘j2>j1+1}) (4,77)
14=0 4 i5=0 '
L=%5 1 in ;
X Z [(1{]2—31+1}(Z3 ) +15) " (k Z'Ln) _i6A(k_ 27‘”) ]
i6=0 * e

(G

For ji > ja we define Z(ji, j2,7) = Z(j2,j1,2). The contribution to (M, M7 )(T'), for ji # ja,

from completed jobs is given by the following term:

N

2 (€, (ein —ei) (e — ei)"ejy)2mi (8) = =1(j,ojo-1y s (8) = Liji—12jy 7 (5)- (4.78)

<.
Il
—

This follows on noting that if a job is completed from a queue of length j then its queue length
become j — 1. This implies that the contribution is zero unless j; = jo — 1 or j; — 1 = jo which

results in the above expression. Combining (4.77) and (4.78) gives, for j1,j2 € No,

(D MEN(T) = ﬁ [ 2o (5) s
L

k T n n n n
+ ﬁ f() [1{j1=j2}[7rj1 (s)+ 7Tj1+1] - 1{j1=j2—1}7rj2(5) - 1{j1—1=j2}ﬂ-j1(8)]d8
(4.79)

where, by convention, Z(j,j,z) = Z(j,x). Referring to the definition of Z in (4.77), note that
for jo > j1+1, Z(j1,72,x) = 0 unless (i2 or i3) are greater than zero and (i5 or ig) are greater
than zero. In the case that jo = j1+1, Z(j1,j2,2) = 0 unless (ig or i3) are greater than zero and
(i3 or ig) are greater than zero. Therefore (4.32) implies there exists a ¢z € (0, 00) such that for

reS, and jj < jo,

.. ~ L
Z(jl,jg, m') <cgn [7’]‘17’]‘2 T Tj-1Tjy T T Tjo-1+Tj-17jp-1 1{j2:j1+1}rj1]' (480)
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Combining this with (4.33) and (4.79), we have for some £3, k3 € (0,00) and all n, K e N

K K
Y. . Jrje My, M} )(T)

J1=072=0
/1’ [ K K 7 K+1
. [ K
<) Ji T(j;)fw;‘u) ; <K+1>2w?<+1<t>)dt+ 1]'

Recalling 7" (¢) = 7" (0) + A™(t) + M™(t) we have that for all K,neN
TE 2 TE 2 TE 2 T X 2
IE/O RO [O > 7r§‘(0)dt+IE[0 > AR ()t + [0 E Y j2M(t)dt
7=0 7=0 7=0 7=0
T K
guzf S AR () dt + s,
0 =0

where r4 = ¢x(0)T" and the last inequality follows on using the fact that M (¢) is a martingale.

Thus, from (4.46), for some x5 € (0,00) and all K,neN

Ef Z]27r”(t)dt<—Ef Z] / [C(F-1,n7"(s)) = C((j,n7"(s))]ds dt

. (4.82)
+ﬁ5Ef0 Zlffo (771 (5) — 7 (s)]ds dt + ks,
j:
Using the fact that for any ag,...,ax € R
K o K ) K
Z] aj-1 - aj] Z —1 ) aj-1-j aj+(2]—1)aj 1] = KaK+Z(2j—1)aj,1
=1 51 j=1
and
& 2 & 2 2 2 &
> i lajen —az] = Y[ +1) a0 —57a; — (25 + )] = (K +1)%ag - ) (25 + Daja
=0 =0 =0
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in (4.82) we have that, for some g € (0,00) and all K,n e N

B[S e [T S @1 1 dsd
P (t)dt < — ) — y n t
Jy Bm@des (38 [ [ 520 - 0¢G - L(3)ds
T t 9
+ ksE [0 fo (K + 1)22%,(s)ds dt + ks (4.83)

T K
< /iﬁEf [K?% sup 7%, ,(s) + sup Y, mi(s)]dt + ke
0

0<s<t 0<s<t =0

where the second inequality follows from (4.73). Thus it follows from (4.75) and (4.81) that for

some k7 € (0, 00)

K 2 oK
E sup |Y jM"(t)| <= f E Y j°x) (t)dt + v T +1
0<t<T | =0 n 0 §=0
R7 T K ?
<—|1+9x+ E sup |> jnj(u)| ds|, (4.84)
n 0 0<u<s | ;=0

where 71 = E(K?supg.ser 7,1 (s)). Combining (4.70), (4.74), (4.84), and using the fact that

12520377 (0)] < cr(0)s

K 2 K 2 K 2
E sup |> jnj(t)| <kg|1+E sup Y jAT(t)| +E sup |D M} (t)
0<t<T |5=0 0<t<T | =0 0<t<T | 5=0

K
> T (s)

0<s<t | 5=0

2
ds).

By Gronwall’s lemma (since the above inequality also holds for all 77 < T'), there is a 19 € (0, c0)

1 T
<Ko|ll+9k+— E sup
n Jo

such that for all n, K e N

2
< K,lo(l +’y?()

K
>, Ty (t)

J=0

E sup
0<t<T

Sending K — oo and recalling from Lemma 12 that for each fixed n, as K — oo, v = 0 we

have for all n )

E sup
0<t<T

ijjn(t) < K10

J=0

where k19 is independent of n. This proves (4.68). Finally, (4.69) follows from (4.68) upon
sending K — oo in (4.83). O
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4.4.2 Tightness

We now proceed with the proof of tightness of {(X™, M™)},en. Let for M e R,

VMi{T’GS

ii’r’iSM},

1=0

where V) is equipped with the topology inherited from €. We begin by establishing the

following Lipschitz property for F' on V.

Lemma 14. The map F' is a Lipschitz function from Vs to €s for each M € R,.. Namely, there

exists an C(M) € (0,00) such that for any r,7 € Vyy,
| F(r) = F(7)|2 < C(M) |7 =72 (4.85)

Proof. Fix M e R,. Let r,7 € Vs and, for 41 € Ng and j, i € N, recall R;;, i,(r,7) from (4.36).
Using (4.37) and the fact that r,7 € S, we have

(Rjiy.in (r,7))? < 3[r2 — 72 ]?

2

. oo L—i1—io o L—i1—io
~2io _ -
+ 3rj Z Tm Z Tm,

| \m=j+1 m=j+1

(- \" (i1 \'T
+ 3752 (Zrm) —(me) ] :
| \m=0 m=0

By an argument similar to the one used to derive (4.39) and an application of the Cauchy

Schwartz inequality we have the following inequality for all i1,i0 < L, i > 0,

(Rjir o (7)) < i1 ([r = 7512 + (G + D)Fg|r = 7)3) - (4.86)
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Using arguments analogous to those in the proof of Lemma 5 we have

oo k-1 L—i1 1/2 oo 1/2
|F(r) = F(7)|2 < ko AL! (Z;) Z_:O ‘2-:1 [Rji .o (T, f)]2) +2k (ZE)(T - 77)3)

o 1/2
smg(z[[Tj—fj]2+(j+1)fjllr—f||§]) + 2k =72 (4.87)
=0

- 1/2
§n4r—f2(1+2jfj) + 2k||r — 7 2.
§=0

Since 7,7 € Vi, (4.87) gives
|F(r) = F(7)|2 < ka(M + 1)1 = 7]g + 2Kk|r - 7o

and thus with C(M) = k4(M +1)Y? + 2k, (4.85) is satisfied for all r,7 € Vj; which proves the

result. O

Recall the process X" introduced in (4.13) and M™ defined below (4.27). The following

proposition gives tightness of {(X™, M™)}nen.

Proposition 6. Suppose that {n"}n.n is as in the statement of Theorem 10 with
SUD N ZﬁOjQW?(O) < oo. Let X™(0) = /n(7™(0) — m9) and suppose that (4.20) is satisfied.
Then {(X™, M™)}nen is a C-tight sequence of D([0,T]: (£2)?)-valued random variables.

Proof. We will make use of Theorem 17 in the Appendix. We first prove that {M"},.y is
tight. In order to show that condition (A) in Theorem 17 is satisfied for {M"}y it suffices
(cf. Theorem 2.3.2 in (Joffe and Métivier, 1986)) to show that the condition is satisfied for the
real-valued process (M")(t) = Zﬁo(Mf)(t). Fix e € (0,7] and N € [0,T —¢]. Let 7, < N be a

sequence of {F}'}-stopping times. Then, (4.44) and (4.73) imply that for 6 € [0, €]

(M (7 +0)) = (M" (7))

;[[T:W:EZ%(A[,@)Q% l°—°[ (n;ié‘;’)) Tk anTvﬁe[F;ﬂrl(s) - W?(S)]ds]

=0
0 Tn+0 n " n
<r ) [TUIRN(s) 4w (s) + i (5))ds
§=0 7

< K1E.
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Proof of (A) is now immediate.

We next show that {M"},.y satisfies condition (71) in Theorem 17. For this we will apply
Theorem 16. We first verify {M™(t)},en satisfies (a) of Theorem 16 for all ¢ € [0,7]. Tt follows
from (4.34) that

supE(M")(T) = supnE(M")(T) < ko. (4.88)
neN neN

This, combined with Doob’s inequality, implies for each N € N

sup ZE sup ‘M”(t)‘ < N+supZE( sup MP(t))* < N + k3.

neN ;=0 0<t<T neN ;=0 0<t<T

Using Markov’s inequality, part (a) of Theorem 16 follows.
We now verify condition (b) in Theorem 16 for {M™(t)} ey for each fixed ¢ € [0,7]. Note
that (MJ”)(t) =n(M;')(t) and thus, from (4.28) and (4.33),

TY(t) < kg f (771 (5) + 77 (5) + 77 (5))ds. (4.89)
It follows from (4.89) and the Cauchy-Schwartz inequality that

ZE(M”(t))2 ZIE NIT(E)) <H5E[ S at(s)ds

j=N-1

o 1/2 1/2 (4.90)
Sﬁg)( > —2) f ( > j( *(s)) ) ds.
j=N-1J j=N-1
From (4.69),
TE -2 n 2 R 2 _n -~
supE > (7(s))°ds <supE > 77 (8)ds = kg < 00. (4.91)
neN 0 j20 neN 0 o0

Using this observation in (4.90) we have

%Mz

1/2
0o - o q t
Soren( £ 5) 0[5 £
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From Markov’s inequality we now see that for any ¢ > 0

lim supIP( i (]\Z]"(t))2 > 5) =
~ooneN  \ /S
which verifies part (b) of Theorem 16. Thus we have shown that {M™(t)} ey is a tight sequence
of £o-valued random variables for all ¢ € [0,7]. From Theorem 17 it now follows that {M"},cy
is a tight sequence of D([0,T] : £2)-valued random variables.

We will now argue that {X"},en is a tight sequence of D([0,7'] : £2)-valued random vari-
ables. Again, via Theorem 17, it suffices to show that {X"(¢)}ney is tight for every ¢ € [0,T']
(which will follow from verifying conditions (a) and (b) in Theorem 16) and that {X"},cn
satisfies condition (A) of Theorem 17. We first show that, for all ¢ € [0,7], condition (a) in

Theorem 16 holds for {X"(¢)}nen. Namely we show that for each N € N and ¢ € [0,T]

hm sup]P’(Z | X3 ()] > A) (4.92)

A—>00 peN =0
Fix € > 0. From Lemma 13, there is a M € (0, 00) such that

supE( sup Z]ﬂ'] (t)) % (4.93)

neN 0<t<T j=0 2

Let By = {supgier Xjo0jm; () < M}. Then for t € [0,T] and N e N

P(§:|X;‘(t)|>A)§IP’( pi ”(t)>M)+IP’(]ZV:|X;L(t)|>A,BTA‘4)
=0

j=0 <t<T j=0

(4.94)
c N
£§ (Z | X7 ()] > A, BM)
The Cauchy-Schwartz inequality yields
N N 1/2
SIX(t)| < m(z |X;L(t)|2) <VN|X™(t) o (4.95)
i=0 §=0
Furthermore, from (4.23) and the triangle inequality,
[ X" (#) ]2 < [X"(0) 2 + JA™ () |2 + [ M () ]2- (4.96)
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The definition of A" in (4.27) gives

14Ol = Vi | 4" - [ Fer(s))ds

2

The moment bound (4.68) proved in Lemma 13 implies

2

supE sup |’ Jmi ()| = K7 < oo. (4.97)
neN  0<t<T' |;=0
and thus, for some kg € (0, 00),
-~ 2
sup |y jm;i(t)| <ks (4.98)
0<t<T' | j=0

as well. From (4.49) and the Lipschitz property proved in Lemma 14, with M > k7 v kg on the

set By,

A Ol < Vi 11" (5) - F(r(s) s + 2 < 01) [7107(5)ods + 22

Thus, from (4.96) and Gronwall’s lemma, on the set B}, for all n > 1

1 _
sup | X"(t)]2 < k1o (— +[X7(0)]2 + sup ||M”(t)||2) CUT (4.99)
0<t<T \/ﬁ 0<t<T

From (4.88) and Doob’s inequality

supE sup | N"(£)]3 < oo. (4.100)
neN  0<t<T

Also by assumption, X™(0) - xo in €. Thus for the given € > 0, we can find «g such that for

all a > ag
a €
Pl sup | X"()||2 > —,B% | < =.
(s 1Ol > ) <5
Therefore from (4.94) and (4.95) we have that for all A > a—;’V,

N oo e €
supIP’(Z|Xj (t)|>A)£—+—=5.

neN =0
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Since ¢ > 0 is arbitrary we get (4.92). Thus, we have verified part (a) of Theorem 16 for
{X"(t) }nen, for each t € [0,T7].
We next consider part (b) of Theorem 16. Namely, we show that for every § > 0 and
[0,T1,
lim sup]P’( > (X"(t)) > 5) =

N—o0o peN j=N
For this it suffices to show that

supE sup Z] (X"(t))2 < 00, (4.101)
neN  0<i<T j=0

Recalling that X7'(¢) = X7'(0) + A;L(t) + Mj"(t) for each j € N, it follows that

E sup Z] X”(t)) <3sup 2] (X”(O)) +3supE sup Z] (A" ))2
0<t<T j=0 neN j=0 neN  0<t<T j=0

+3supE sup Z] (M"(t))
neN  0<t<T j=0

(4.102)

Using the definitions of A", A", and F in (4.27), (4.46), and (4.4), respectively, we can write

AN 2 (n L) n ?
(Aﬂﬂ)ﬁﬁn{ﬁ o[ O o) - o]

t n—L)! - 2
; fo n[( n!L)'g(j “ 1, (s)) - C(j - l,w(s))] ds (4.103)
+ fotn[ﬂ'?(s) —ﬂ'j(s)]zder Atn[ﬂy+1(s) —7Tj+1(8)]2d8}.
From (4.48) and in a similar manner as in (4.41) we have

e RO «%ww»]<mu{w?@»”wﬂamw%@>—axw@»f}

11=0 ig=1

k-1 L—t;
S R13 {(W]n(s))2 tn Z Z R',il,iz(ﬂn(s)aﬂ(s))z}a
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where R;;, ;, is as in (4.36). By (4.86) and the Cauchy Schwartz inequality we now have,

-~ 2
MRy, (), 7)) < R [(X}‘(s))Q ri9)( 3% X0 ]

< Kna [(X;(s))2 i (s) ( 5 %) D m2(X;g(s))2].

m=0 m=0

Therefore

2
o[ 6 - )|
< { () + OGP () 3 (X560
Combining this estimate with (4.103) and (4.91) yields
TGOS mE{ S ERIOG0  (e (X3 )?
(5 () + 751(5)) io 2(X,:;(s))Q] ds} + g (4.104)

</<;17Ef (1+Z] w](s))(ZjQ(X?(s))Z)ds+/<;17.

Additionally, it follows from (4.89) and (4.69) that,

T
E sup > N0 < B Y. AT )r < s [
0<t<T j=0 §=0 0

1+E 2]27['?(8)] ds < K19.
=0

Therefore, from (4.20), (4.102), and (4.104), for all ¢t € [0,T7],

E sup Z] (Xn(t)) </£20+/£20f0 (1+Z] ﬂj(t))]E sup (Z] (X7 (s)) )

0<t<T j=0 0<s<t j=1

From (4.69) and Fatou’s lemma, fOT POl j?mj(s)ds < oo and thus by Gronwall’s lemma

supE sup Z] (X"(t))2 < K€" Jo (42321 5275(5)) ¢ oo
neN  0<t<T j=Q

This proves (4.101) and verifies part (b) of Theorem 16 for { X" (t) },ey for each ¢ € [0,T"]. Thus

{X"(t) }nen 1s a tight sequence of £s-valued random variables for every t € [0,T'].
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We now show that condition (A) of Theorem 17 holds for { X" },en. Since X™(t) = X™(0) +
A™(t) + M"™(t) and we have shown the condition is satisfied by {M"},n, it suffices to show
that the condition holds for {A"},n. Let N,n,e,0 >0, N <T -6, and suppose {7, }nen is a
family of stopping times such that 7, < N. From the definition of A" (cf. (4.27)) and (4.49) we

have that

_ _ Tn+0 Ko1
|47+ ) = Ay [T VR IFGE ) - Fr(e) e+ (4.103)

where ko1 is independent of the choice of 7, and N. Fix ng € N such that n - '%10 >0 and let

n =n- \%LO Recall k7, kg introduced in (4.97) and (4.98), and B}, introduced below (4.93).

Select M € (0, 00) large enough that M > k7 v kg and (4.93) holds. Then for all n > ng,

>77’}
2

<e{| [ VAt - P

|

It follows from the Lipschitz property of F' proved in Lemma 14 that

ol [ vateer @) - Porona

> n',B}\L/l} +IP’{ sup »- jmy (t) > M} (4.106)
2 0<t<T j=0

fT:ﬁe Vn[F(n"(t)) - F(ﬂ(t))]dt‘

> n',Bf\}} -
2 2

B [ VIEG ) - Fa@)yde o B < {eon [T @l o, By}
(4.107)

Recall from (4.99) that for some C'(M) € (0,00) on the set BY,
C(M) sup [X"(t)]2 < C(M)(L+ sup [M"(t)]2).
0<t<T 0<t<T
Thus from (4.107), Markov’s inequality, and (4.100) we have
Tn+6 ~ —
p{ [ VRIFG ()= F)]lydi> ' By} s POCG(1+ sup 107 (0)]2) > 1)
n <t<

< Gé(M)(l +Esupger HMn(t)HQ)
< o

< GO(M)KQQ
(4.108)
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Combining (4.106) and (4.108) gives, whenever 6 < §,

sup B{| [ VALE G (9) - P

0<0<6

> 77,} < C(M)K/QQ(S + E
2 2
Selecting ¢ small enough that the first term on the RHS is less than £/2 we have,

sup #{| [ vatF o) - Pt

0<0<6

e (4.109)

> ’}<§+E
, 15273

Therefore, combining (4.105) and (4.109), gives

sup sup P{|A"(7, +6) —A”(Tn)H2 >n}<e

n2ng 0<0<0

which shows that condition (A) of Theorem 17 is satisfied for {A"},y. Therefore, as dis-
cussed earlier, { X"}y is a tight sequence of D([0,T'] : £3)-valued random variables and thus
{(X™, M™)}nen is a tight sequence of D([0,¢] : (£2)?)-valued random variables.

Finally, the C-tightness of {(X™, M")},en is immediate from the estimate

- 2+ 2k
Jr(X™) = jp(M™) < % . neN
which follows as in the proof of Proposition 5. O

4.4.3 Convergence

In this section we give the proofs of Proposition 4 and Theorem 14. Since we have shown
tightness of {(X™, M")},en in Section 4.4.2, all that remains in order to complete the proof of
Theorem 14 is to characterize the weak limit points of this sequence of processes. This will be
argued by showing that the limit point of any weakly convergent subsequence of { X"}y will
be a solution to the SDE (4.14) and that uniqueness holds for (4.14) in an appropriate class,
which will also prove Proposition 4. We begin by establishing a uniform integrability property

for the sequence {M™},cx.

Lemma 15. Suppose {m"},en satisfies conditions in Proposition 6. Then the sequence

{supgerer X520 |Mjn(t)|2}neN is uniformly integrable.
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Proof. 1t follows from the Cauchy-Schwartz and Burkholder-Davis-Gundy inequalities that

2
supE sup (ZIM"(t)I2) SSHP(Z Ti )ZEoiltlp j IM"(t)I4<msupZJ E[M]](T)>.

neN  0<t<T' \ j=0 neN \m=0 neN j=0
(4.110)

Recalling the definition of M™ from (4.25), for each 7, HFJ[]\ZJ’"L](T)2 can be written as

- ) 1 ni nm}(s)
E[Mj](T)Q-E{Z;n@],AzAg ey>2Ne( f (pz(ﬁ) )ds)

+l Dk T’I’LTI‘?(S)dS +Djy1 | k TWF?H(S)dS 2
n 0 0

The first term in the expectation on the RHS of the above equation corresponds to the stream of
incoming jobs assigned to queues of length j. From (4.29), (4.30), (4.33), and the independence
of Ny, Ny for £ + ¢’ we have

1 nA T2 (mrl(s)
E(&ZJ(%’AM%”QM(@% (" ) )) < [ 0) 7 ()

Similarly,

E(%[Dj (kaTm;L(s)ds)ij (kaTmrﬁl( ds)]) <H3E[ 7(s) + 7l (5) ]ds

Combining these estimates and using (4.69)

T oo
sup > PEINGIT) < sasupE [ 3 (4 (s) 477 (5) + s () < oo
neN j=0 neN j=1

which, in view of (4.110), gives the desired uniform integrability. O

The following lemma together with (4.101) shows that any weak limit point X of {X"} ey
satisfies X (t) € £y for all t € [0,T7], a.s

Lemma 16. Let 2",z be D([0,T] : €2)-valued random variables such that

sup [2"(t) = z(t)|2 = 0 in probability as n — oo.
0<t<T
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Suppose that Sup, ey Esupocar X2 j2(22(1))? < 0. Then supgerar £ 42(25(8))? < o0 almost

surely and supgc<r ‘Z}’Zo 27 (t) - X320 zj(t)‘ — 0 in probability.

Proof. Let k = sup,,y Esupgcer 2720 J [z ”(t)] Note that

- 1/2
supE sup Z|z"(t)| (Z]l?) VE < 00.

neN  0<t<T' =0 j=1

Also, by Fatou’s lemma Esupge,.r X272 32(2;(t))? < K and so we have supg<r Y5201z (t)] < 00

almost surely as well. Now

[ sup Z 27 (1) - Z zi(t)| A 1]
0<t<T |j=0
m oo oo
sup Zz - > zi(t)|AL[+E| sup 27 ()| A1+ E| sup > ozt al
0<t<T |j=0 7=0 0<t<T | j=m+1 0<t<T | j=m+1
=T7"(n) + 15" (n) + T5"(n).
Then for k1 € (0, 00)
m 2 . 1 m 2 Q- 1
(15" (n))* < Z — |k1  and (T5"(n))* < Z — | K1
j=m+1 j=m+1J
The result now follows on first sending n — oo and then m — oo. O

The following result that shows that ®(t) is a trace class operator will be useful in char-
acterizing the martingale term in the limiting diffusion. Note that, from the definition (4.17),

®(t) is a non-negative operator.

Lemma 17. For each t € [0,T], ®(t) is a non-negative trace class operator. Denote by a(t)

the non-negative square root of ®(t). Then fOT la(s)|?4ds < oo.

Proof. We first show that ®(t) is a trace class operator. Since ®(¢) is non-negative (and hence

self-adjoint) it suffices to show

o0
Z ej, P(s)ej)2 < 00
7=0
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Using an argument similar to that used in the derivation of (4.31) one can write (e;, ®(s)e;)2,

as

(e, ®(s)ej)2 = ALIZ(j,m(s)) + k(7 (s) + Tjs1(5)) (4.111)

where the definition of Z is analogous to Z, given as,

- -1 Tm (s '
ZG.ntey 5 (o)

1 L—-i1 ﬂ.j_l(s)ig L—i1-19

2 S lia A (k—in)s —igA (k=i —i2).]?

i1=0 in! im0 2! i3=0
‘ Lt —io—i
) ﬂ_j(s)zg (Zz=j+1 TI'm(S)) 11—12—13
is! (L —iy —ig —i3)!

(4.112)
Using arguments as in (4.33) and (4.80) it is easy to see that there exists ¢z € (0, o) such that

for all 7 € Ny,

Z(§,m(8)) < cz(mjm1(s) +m;(s)). (4.113)

From (4.111) and (4.113) it follows that there exists a k1 € (0, M) such that,

i(ej, @(t)ej)g ) i[’/‘[’j_l(t) + Wj(t) + 7Tj+1(t)] < 3K1.
=0 Jj=0

Therefore, ®(t) is a trace class operator. Finally, note that
T ) T = T
Jy NG isds = [ Sta()es,al)eshads = [ D les @(s)es)ads < 3T
j= j=

which completes the proof. O
We now proceed with the proofs of Proposition 4 and Theorem 14.

Proof of Proposition 4. The existence of a (X (t))o<t<r as in the statement of Proposition 4 will
be proved as part of Theorem 14. We now consider the second statement in Proposition 4 and
let (X (t))octer, (X(t))octer be two {F;}-adapted processes solving (4.15) with sample paths
in C([0,T] : £5) such that X (t) € &5 and X (t) € £y for all ¢, almost surely. In order to show that

X(t) = X(t) for all t € [0,T] almost surely it suffices to show the following Lipschitz property
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on G: There exists a C € (0, 00) such that for all x, 7 € s,
sup |G(z,7(t)) - G(Z,7(t))|2 < C|z - Z|2. (4.114)
0<t<T
Note from (4.4), (4.5), and (4.19) that for j € Ng and (z,7) € fo x S,
Gj(.’E,T’) = )\L‘[é.]l_l(.i(},r) _é-]l(x’ T) +§j2'—1($7 7’) —€]2-(.’E,7“) +£?_1(1’, 7’) —5]3(.7],7')] + k‘f;l(l') (4115)

where

i1-1 L-iy—iy .
i (o) s (1) (Sirejoa )~ 42
1 m= A (k- J A m»
Glor) 112011 1! igzzzl[zz (k=)] ia! (L -1 —ip)! mzzzox
Z Tm)z Loiy io-1 (Z , )L*i1fi2
9 ( m=0 . . (rj) m=j+1"m )
gj(xar) 112:0 le izzzzl ZQ[ZQA(]C Zl)] 22' (L—Zl—ZQ)! Lj,
) i 2 (Sagara) T &
& (x, r)=2uZl(L—Zl—w)[ZM(k—l)](r]) e2 mﬁlr. ) > Tm,
11=0 1' i9=1 ‘ (L_/Ll _22)! m=j+1
and

& (@) = [2j51 - 5],

Also, let & = ({;);’io for i = 1,2,3,4. Using the triangle inequality, it suffices to show that
(4.114) holds with G replaced with £%,i=1,2,3,4. Since 7(t) €S for all ¢ € [0,T]

2

j-1 j-1
up €z, w (1)) ~ €@ w0 < w5 sup 35 (1)? [z_oxm- Zofcm]

0<t<T 0<t<T j=0

<rl sup 3 gmi(0)x - 3 (4.116)
0<t<T j=0

<kl - 23,

where the last inequality is from (4.98). Also,

sup ¢ (2, 7(t)) - €3(&, 7T(?f))Hz</<622 1 = kol - 73,

0<t<T
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Using the fact that Yo _q @ = Yro_g Tm = 0 and the calculation in (4.116)

0<t<T m=j+1 m=j+1

2
sup € (2, m(t)) - €(&, 7T(t))H2</<a3osup Z?g(t) [ PN :Z"m]
= K4 Sup im(tﬁ[i T — i a:m:|
0<t<T' j=0 m=0 m=0

< kgllz - )3

Finally,
H§ (z) - f(x)”2 Z _x] Zxﬁl x]+1 <2Hx—j||%.

7=0 7=0
Combining the above Lipschitz estimates for &, i = 1,2,3,4, we have (4.114) and the result

follows. u
We now proceed to the proof of Theorem 14.

Proof of Theorem 14. From Proposition 6 {(X™, M™)},en is C-tight in D([0,T7] : (£2)?). Sup-
pose (X, M) is a weak limit of a subsequence of {(X", M")},en (also indexed by {n}) given
on some probability space ({2, F,P). Let m € N and H : (€2 x £3)™ — R be a bounded and
continuous function. For s <t < T and 0 <ty < ... <ty < s we let £ = (X"(t;), M™(t;)) and

= (X(t;), M(t;)). Then, for all j € Ny,

EH (G, ) [V (1) ~ My (s)] = lim BH(EL. ... €3V} () - ()] = 0

where the first equality comes from the uniform integrability property proved in Lemma 15 and
the second comes from the fact that M" is a martingale for each n € N. It follows that M is a
{Fi}-martingale where F; = 0{X (s), M (s),s < t}.

As was shown in (4.79),

(32 L) (E) = n(M7, M) (1)
: ﬁ [ 26 g s)ds =k [ 1y (s) (w117)

L

t t
—k fo Viaregy ) (s)ds + & fo Loy (77(5) + 771 (5) ) ds
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(see (4.31) and (4.77) for definition of Z). Using similar arguments as in (4.77), we have the

estimate

(es ‘I’(S)ej>2 = )‘L!Z(ivjv m(s)) - kl{i+1=j}7rj(5) - kl{z’:jﬂ}m’(s) + k'l{i=j}(77j(3) + 7Tj+1(3))7

where for i < j,

B k2 (22 (S))il bl ()2 hincianl mi(s)is
Zlirjor(s)) = 3 2w Tm) B Emiaa(0)2 BT (s
i1=0 b1 i2=0 12 i3=0 13:

heimia—inm1 (392w (s)) E-Eh, is
1722713 m=i+1 Tm n=11%n 7-‘-].71(3) 1{j>i+1}
N

X

i4=0 lq: i5=0 i5!
L‘Zizl in 4 5
X Z |:(1{j:i+1}(i3—i5)+i5)/\(/€— Zln) —iGA(kJ— Zln) :|
i6:0 n=1 + n=1 +

; o0 L_Z?L: in
L Ta(s) (Zhejermm(5)) '

ig! (L-%5_1in)! ’

for i > j, Z(i,j,m(s)) = Z(j,i,7(s)), and for i = j, Z(j,j,7(s)) = Z(j,7(s)), where Z(j,7) is

defined in (4.112). Using arguments similar to those used in (4.47) and (4.48) one can write

‘Z(z’,j,mr"(s)) - !Z(i,j, 7"(s)) L=1,

n!
- <
(n-1L) =

It follows from this, (4.117), (4.111), and the fact that 7™ — 7 in probability that

sup
0<t<T

-0

(8170 37 (1)) = [ (es, (s)es)ads

in probability. A similar argument as in Lemma 15 shows that {(M*, M )t }nen is uniformly

integrable for each ¢ € [0,7] and 7,5 € Ny. Applying the above convergence and uniform

integrability properties,

BH(EL o &)W N = (V5 M5} = [ e @) )adu]

_ _ _ _ t
= lim BHCE o SN D7) = (VM) = [ (e @(u)e)adu] =0,
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Also from Lemma 15 and Fatou’s lemma Esup...p X575 |M;(t)]> < co. Thus we have that

M = (M;)jen, is a collection of square integrable {F; }-martingales with

(Mi,Mj)(t) = fot(ei,@(s)ej)gds, tel0,T].

From Theorem 8.2 of (Da Prato and Zabczyk, 2014) it now follows that there is a £-cylindrical
Brownian motion {(W;(h))o<t<r : h € £2} on some extension (£2,F,P,{F}) of the filtered

probability space (§2,F,P,{F;}) such that

NI(t) = /Ota(s)dW(s). (4.118)

Recall the representation of X™ in terms of A" and M™ from (4.26). We now argue that
together with X™ and M"™, A™(-) converges to [y G(X (s),n(s))ds in D([0,T] : £2), in distribu-
tion, as n — oo (along the chosen subsequence). The definition of A™ in (4.27) and the estimate

in (4.49) imply that

<2 (4.119)

su
p NG

0<t<T

A0 - [ VALEG () - Fr(s)ds

For r,7 € S such that (r —7) € £y, the i-th component of F(r) — F(7) can be written

[F(r) - F(7)], = fol (%Fi(ru + (1-w)f)du
- fol Gi((r =), ru+ (1= w)i)du

CGi(r -7 F) + [Ol[Gi((r L rut (1= w)F) = Gyl — 7,7 Jdu,

Therefore, observing that ¢Gy(z,7) = Gi(cz,r) for ¢ € R and (x,7) € €5 x S and noting from

(4.101) that X"(s) € £5 for every s € [0,T] almost surely, we can write
Vi[F(r"(s)) = F(m(s)]i = Gi(X"(s),7(s)) + R}'(s) (4.120)

where

R} (s) = /Ol[Gi(X"(s),w”(s)u + (1 -u)n(s)) - Gi(X"(s),7(s))]du.
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Thus
Vil F (7" (s)) - F(n(s))] = G(X"(s),7(s)) + R"(s)
where R"(s) = (R}'(5))ien,. We now show that fOT |R™(s)|l2ds — 0 in probability as n — oo.

Since an:o X3 (8) = = X1 Xin(8), it follows from (4.37) that for r,7 e S

€7 (X" (), 7) = €1(X"(5),7) 3

(i| ) l ﬂ?w(jz[r—ﬂi) m(iv—m)]
=0 \m=0 i=0 i=j+1

K3 iﬁX"(s )fj[j@llr—fll%ﬂr—f]?]

J=0 J=0

In
3
M8

<.
Il

fori=1,2,3. The triangle inequality, (4.115), and the observation that supgcscp X520 jm;(8) < 00

(see (4.98)) then implies that

|G(X" (), 7" (s)u+ (1= uw)n(s)) = G(X"(s),7(s))]3 < 3 (ijQIX}‘(S)IQ) |7" () =7 (s)]3-

j=0

Since  suppeser [77(s) - w(s)l2 - 0 in probability and, from (4.101),

SUP e ESUPgeser 2720 j2|X;l(s)|2 < oo, it follows that

sup sup [G(X"(s), 7" (s)u+ (1 -u)m(s)) - G(X"(s),7(s))[2 >0

0<u<1 0<s<T
in probability, as n — oo and thus

T
f | Rn(5)]2ds — 0, in probability. (4.121)
0

In view of (4.119), (4.120), and (4.121) it now suffices to show that, along the subsequence

(Xn,Mn,[D'G(X"(s),ﬂ(s))ds) - (X,M,fO'G(X(s),w(s))ds)

in D([0,7] : (£2)3). By appealing to the Skorohod representation theorem we can assume

without loss of generality that (X", M™) converges almost surely in D([0,T] : (£2)?) to (X, M).
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From (4.101) and Fatou’s lemma we also have

sup 2‘7'2(Xj(t))2 <oo a.s.
0<t<T j=0

Also, since 3729 X7'(t) =0 for all £ € [0,T] and n € N, by Lemma 16 and (4.101), we have that
Y720 X;(t) =0 for all ¢ € [0,T] almost surely as well. It then follows that X" (), X (t) € £, for
all ¢t € [0,T] almost surely for all n € N. From the Lipschitz property in (4.114) it now follows

that, as n — oo,

T T
[ 16X 6). 7)) = GOX () m(s)lads < C [ IX"(5) = X () |ads >0, (4.122)

which proves the desired convergence. Together with (4.26) and the representation (4.118) we

now have that the limit point (X, M) satisfies

X(t) = a0 + fot G(X (s), 7(s))ds + fota(s)dW(s)

almost surely for all ¢ € [0,T]. Since X (t) € £y for all t e [0,7"] almost surely, this in particular
proves the existence part of Proposition 4. Finally the uniqueness part of Proposition 4 (which
was established earlier in this section) now says that X" converges in distribution along the full

sequence to the unique weak solution of (4.14) with values in £5. The result follows. O

4.5 Numerical Results

In this section, we present some simulation results comparing the pre-limit n-server system
with results of the corresponding law of large number and central limit approximations. We
consider a system with n = 10,000 servers. For all combinations of L and k in the set {(L, k) € Nx
N:2< L <5,k < L}, we simulate 1,000 realizations of both the n-server system and the diffusion
approximation given through Theorem 14 using parameters 7' = 10, A = .9, and ¢ = 1. Note that
since the limiting processes are infinite dimensional we must truncate to a finite dimensional
approximation in order to perform simulations. In our numerical approximations, we truncate
to the first 20 coordinates. All computations were performed in Matlab. A numerical ODE

solver (ode45) was used to compute the ODE corresponding to the law of large number limit.
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The limit diffusion was simulated using Euler’s method with step sizes of .1. The realizations of
the diffusion were used to create 95% confidence intervals for the following metrics at time 7'; the
number of empty queues, the number of “large” queues (queues with more than 5 jobs), and the
mean queue length. The coverage rates (i.e. the proportion of the n-server system simulations
which fall within the 95% confidence interval estimated by the diffusion approximation) can

be found in Tables 4.1, 4.2, and 4.3. As is seen in these results, the diffusion approximation

L L
2 3 4 5 2 3 4 5

1195.1% | 96.3% | 97.7% | 95.9% 1197.1% | 100% | 100% | 100%
K 2 - 96.5% | 95.3% | 95.6% K 2 94.9% | 95.6% | 100%
3 - - 96.8% | 97.5% 3 - - 96.7% | 96.4%
4 - - - 97.1% 4 - - - 95.0%
Table 4.1. Empty Queue Coverage Rate Table 4.2. Large Queue Coverage Rate
L
2 3 4 )

95.2% | 94.8% | 94.8% | 95.4%
94.7 | 92.9% | 94.9%

- 96.8% | 95.1%
- - - 94.8%

=W N =
1

Table 4.3. Mean Queue Length Coverage
Rate

based confidence intervals, in general, contain approximately 95% of the n-server simulated
observations, as desired.

The goal of this paper was to develop reliable approximations of the n-server system that are
much quicker to simulate. Table 4.4 presents the average time (in seconds) required to simulate
one trial of the finite system (left) and diffusion approximation (right). As is seen from these
tables, the time required to simulate the diffusion approximations is substantially smaller than
for the underlying n-server jump-Markov process. In addition, increasing n will further increase
the amount of time required to simulate the n-server system. Indeed, n = 10,000 is a small
number compared to the size of typical data centers and server farms that have machines which

number in the hundreds of thousands.
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L L
2 3 4 5 2 3 4 5
11226 |23.8| 254 19.2 11.29 .50 .79 .79
K 2 - 39.1 | 38.0 | 33.1 K 2| - 24|37\ 46
3 - - 44.5 | 45.5 3| - - 16.0|10.0
4 - - - 57.4 41 - - - | 16.3
(a) Average Time for Finite System (b) Average Time for Limit Diffusion

Table 4.4. Average Simulation Times
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APPENDIX A: TIGHTNESS CRITERIA

In this appendix we collect several tightness criteria that are used in this dissertation.

A.1 Conditions [A] and [T] of (Joffe and Métivier, 1986)

For the sake of the reader’s convenience we present Theorem 2.3.2 and Conditions [A] and
[T1] of (Joffe and Métivier, 1986) in a form that are used to prove Theorem 4 and Proposition
6. Let {M"} be a sequence of R¥-valued processes which are RCLL (right continuous with
left limit) square-integrable local martingales, defined on their own filtered probability space
{(2™, F"*, (F),P")}. Consider the following two conditions for a sequence of k-dimensional
RCLL processes {X,,}, with X, defined on (2", F", (F*),P").

[A] For each € > 0,1 > 0 there exists a § > 0 and ny € N with the property that for every family

of stopping times {7, }neny (7 being an F"-stopping time on 2") with 7, <T -9,

sup sup P"{| X7 - X o 2n} <e.
n2ng 6<6
[Ty] For every t in some dense subset of [0,7], {X['} ey is a tight sequence of R¥ valued

random variables.

Theorem 15 (Theorem 2.3.2 of (Joffe and Métivier, 1986) originally in (Rebolledo, 1979)).
Let (M™) = Y% (MP, M) be the predictable quadratic variation process associated with the
k-dimensional local martingale M"™. Then if the sequence {{M"™)}nen of R-valued stochas-
tic processes satisfies condition [A], the same condition holds for the sequence {M"},n of
RF-valued stochastic processes. Futhermore if {{M™)}nen satisfies [Ty] then the same con-
dition holds for {M"}nen. In particular if {{M")}nen satisfies [A] and [T1], the sequence
{{MP, MP),i=1,... kY pen and {M"}en are tight in D([0,T] : R¥).
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A.2 Criterion for Tightness of Hilbert Space-Valued Random Variables

The following theorem gives sufficient conditions for tightness of a sequence of random vari-
ables taking values in a (possibly infinite-dimensional) Hilbert space. For a proof see Corollary

2.3.1 of (Kallianpur and Xiong, 1995).

Theorem 16. Let H be a separable Hilbert Space with inner product (-,-) and complete orthonor-

mal system {e;}2. Suppose {Yy nen is a sequence of H-valued random variables satisfying the

following conditions:
a) For each N €N, limg_, o SupnGNP(maX15i§N<Yn,€i>2 > A) =0
b) For every 6 >0, limpy_ o0 suanNP(ZﬁN(Yn,eﬁQ >8)=0.

Then {Yy }nen is a tight sequence of H-valued random variables.

A.3 Aldous-Kurtz Criterion for Tightness of RCLL Processes

The following theorem gives a criterion for tightness of a sequence of RCLL processes with

values in a Polish space, see (Kurtz, 1981).

Theorem 17. Let S be a Polish Space and {Yy}new be a sequence of D([0,T] : S)-valued RCLL

{F{*}-adapted satisfying the following conditions:
(Th) {Yn(t)}nen is tight for every t in a dense subset of [0,T].

(A) For eache>0, n>0 and N € [0,T —¢] there exists a 6 >0 and ng with the property that
for every collection of stopping times (Tp)nen (Tn being an FJ' = o{Y,(s) : s < t}-stopping
time) with 7, < N,

sup sup P{d(Yn(Tn + 9)7 Yn(Tn)) 2 77} <g,
n2ng 0<0<H

where d(-,-) is the distance on S.

Then {Y, }nen is tight in D([0,T]:S).
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APPENDIX B: HILBERT-SCHMIDT AND TRACE CLASS OPERATORS

We collect here some elementary facts about trace class and Hilbert-Schmidt operators. We
refer the reader to (Reed and Simon, 1980) for details. For a separable Hilbert space H (with
inner product (-,-) and norm |- ), let L(H) be the collection of all bounded linear operators on
H. An operator A € L(H) is called non-negative if (u, Au) > 0 for all w € H. Such an operator
is called trace class if for some CONS {e;} in H, Y ;(Ae;, e;) < oo in which case the quantity is
finite (and is the same) for every CONS {e;}. An operator A € £L(H) is called Hilbert-Schmidt
if there exists a CONS {e;} in H such that ¥;(Ae;, Aej) = ¥ | Aej|* < co. In that case, this
quantity is the same for all CONS {e;} and its square root is called the Hilbert-Schmidt norm
of A, denoted as |A|us. For a non-negative operator A € L(H), there is a unique non-negative
B € L(H) referred to as the non-negative square root of A such that B = A. If A is a trace

class operator, then B is a Hilbert-Schmidt operator.
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APPENDIX C: CYLINDRICAL BROWNIAN MOTION

In this appendix we present the definition of a cylindrical Brownian motion (CBM) and in-
troduce the stochastic integral with respect to a CBM. A collection of continuous real stochastic
processes {(Wi(h))o<t<r : h € €2} given on a filtered probability space (£2,F,P,{F;}) is called
a €y-cylindrical Brownian motion if for every h € £a, (Wy(h))o<t<r is a {F;}-Brownian motion

with variance |h[3 and for h,k € £;
<W(h)7 W(k)>t = <h7 k>2t7 0<t<T.

For a measurable map a from [0,7"] to the space of Hilbert-Schmidt operators from £y to £,
such that fOT la(s)]%sds < oo, we denote by [ a(s)dW (s) the £o-valued martingale defined as

the limit of

n

n t
Y > i f (¢i,a(s)0j)2dWs(0j)

i=1j=1 0

as n — oo where {¢; }iey is a complete orthonormal system (CONS) in £2. For the fact that
the limit exists and is independent of the choice of CONS, we refer the reader to Chapter 4 of

(Da Prato and Zabczyk, 2014).
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