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Diffusion approximations have been a popular tool for performance analysis
in queueing theory, with the main reason being tractability and computational
efficiency. This dissertation is concerned with establishing theoretical guaran-
tees on the performance of steady-state diffusion approximations of queueing
systems. We develop a modular framework based on Stein’s method that al-
lows us to establish error bounds, or convergence rates, for the approximations.
We apply this framework three queueing systems: the Erlang-C, Erlang-A, and
M/Ph/n + M systems.

The former two systems are simpler and allow us to showcase the full poten-
tial of the framework. Namely, we prove that both Wasserstein and Kolmogorov
distances between the stationary distribution of a normalized customer count
process, and that of an appropriately defined diffusion process decrease at a
rate of 1/ V'R, where R is the offered load. Futhermore, these error bounds are
universal, valid in any load condition from lightly loaded to heavily loaded. For
the Erlang-C model, we also show that a diffusion approximation with state-
dependent diffusion coefficient can achieve a rate of convergence of 1/R, which
is an order of magnitude faster when compared to approximations with con-

stant diffusion coefficients.
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CHAPTER 1
INTRODUCTION

Diffusion approximations have been a popular tool for performance analysis in
queueing theory, with the main reason being tractability and computational ef-
ticiency. As an example, in [27], an algorithm was developed to compute the
stationary distribution of the diffusion approximation of the M/H,/500 + M
system, which is a many-server queue with 500 servers, Poisson arrivals, hyper-
exponential service times and customer abandonment. The approximation is
remarkably accurate; see, for example, Figure 1 there. It was demonstrated
there that computational efficiency, in terms of both time and memory, can be
achieved by diffusion approximations. For example, in the M /H,/500 + M sys-
tem, it took around 1 hour and peak memory usage of 5 GB to compute the
stationary distribution of the customer count. On the same computer, it took
less than 1 minute to compute the stationary distribution of the corresponding
diffusion approximation, and peak memory usage was less than 200 MB. This
dissertation is concerned with establishing error bounds on steady-state diffu-

sion approximations of queueing systems.

The main technical driver of our results is a mathematical framework known
as Stein’s method. Stein’s method is a powerful method used for studying ap-
proximations of probability distributions, and is best known for its ability to
establish convergence rates. It has been widely used in probability, statistics,
and their wide range of applications such as bioinformatics; see, for example,
the survey papers [19, 74], the recent book [23] and the references within. Ap-
plications of Stein’s method always involve some unknown distribution to be

approximated, and an approximating distribution. For instance, the first ap-



pearance of the method in [77] involved the sum of identically distributed de-
pendent random variables as the unknown, and the normal as approximating
distribution. Other approximating distributions include the Poisson [20], bino-
mial [32], and multinomial [64] distributions, just to name a few. To begin our
discussion, we provide an example to illustrate the type of result that will be

frequently encountered in this document.

1.1 A Typical Result

Consider the Erlang-A and Erlang-C queuing systems. Both systems have n
homogeneous servers that serve customers in a first-come-first-serve manner.
Customers arrive according to a Poisson process with rate A, and customer ser-
vice times are assumed to be i.i.d. having exponential distribution with mean
1/p. In the Erlang-A system, each customer has a patience time and when his
waiting time in queue exceeds his patience time, he abandons the queue without
service; the patience times are assumed to be i.i.d. having exponential distribu-

tion with mean 1/a. We consider the birth-death process
X ={X(®),t >0}, (1.1)

where X (t) is the number of customers in the system at time ¢. In the Erlang-
A system, « is assumed to be positive and therefore the mean patience time is
finite. This guarantees that the CTMC X is positive recurrent. In the Erlang-C
system, o = 0, and in order for the CTMC to be positive recurrent we need to

assume that the offered load to the system, defined as R = \/y, satisfies

R <n. (1.2)



For both Erlang-A and Erlang-C systems, we use X (oco) to denote the random

variable having the stationary distribution of X.

Consider the case when o = 0 and (1.2) is satisfied. Set

and let Y'(co) denote a continuous random variable on R having density

K exp (%/Ox b(y)dy), r € R, (1.3)

where x > 0 is a normalizing constant that makes the density integrate to one,
b(x)=((x+¢)~ —¢)p forzeR, and (= (R—-n)/VR (1.4)

Although our choice of notation does not make this explicit, we highlight that
the random variable Y (co) depends on A, 1, and n, meaning that we are actually
dealing with a family of random variables {Y**™(c0)}( ... The following

theorem illustrates the type of result that can be obtained by Stein’s method.

Theorem 1.1. Consider the Erlang-C system. For all n > 1,

A >0, and pp > O satisfying 1 < R <mn,

(X(00), ¥ (00)) = sup  [B(K(0c)) ~BA(Y (o0))| = o

, (1.5)

3l

where

Lip(1) = {h: R = R, |h(z) = h(y)| < |z —y|, 2,y € R}.

Several points are worth mentioning. First, we note that Theorem 1.1 is not
a limit theorem. Steady-state approximations are usually justified by some kind
of limit theorem. That is, one considers a sequence of queueing systems and

proves that the corresponding sequence of steady-state distributions converges



to some limiting distribution as traffic intensity approaches one, or as the num-
ber of servers goes to infinity. In contrast, our theorem holds for any finite pa-
rameter choices of \,n, and p satisfying (1.2) and R > 1. Second, the error
bound in (1.5) is universal, as it does not assume any relationship between A, n,
and y, other than the stability condition (1.2) and the condition that R > 1. Uni-
versal approximations were previously studied in [45, 82]. One consequence of
universality is that the error bound holds when parameters A, n, and p fall in

one of the following asymptotic regimes:
n=[R+BR], n=|R+8VE|, or n=[R+4],

where 3 > 0 is fixed, while R — oo. The first two parameter regimes above
describe the quality-driven (QD), and quality-and-efficiency-driven (QED)
regimes, respectively. The last regime is the nondegenerate-slowdown (NDS)
regime, which was studied in [4, 86]. Third, as part of the universality of Theo-

rem 1.1, we see that
IEX (c0) — (R + VREY (c0)) ]| < 190. (1.6)

For a fixed n, let p = R/n 1 1. One expects that EX(co) be on the order of
1/(1 — p). Conventional heavy-traffic limit theorems often guarantee that the
left hand side of (1.6) is at most o(1/+/1 — p), whereas our error is bounded by
a constant regardless of the load condition. This suggests that the diffusion ap-
proximation for the Erlang-C system is accurate not only as R — oo, but also
in the heavy-traffic setting when R — n. Table 1.1 contains some numerical re-
sults where we calculate the error on the left side of (1.6). The constant 190 in
(1.6) is unlikely to be a sharp upper bound. In this thesis, we do not focus on
optimizing such upper bounds, as Stein’s method is not known for producing

sharp constants. Theorem 1.1 provides rates of convergence under the Wasser-



n=>5 n = 500
R EX(co) Error| R EX(oco)  Error
3 335 0.10 | 300 300.00 6 x 10~
4 6.22 0.20 | 400 400.00 2x107°
49 5147 0.28 | 490 516.79 0.24
495 10148 029 | 495 569.15 0.28
499 50149 029 | 499 970.89 0.32

Table 1.1: Comparing the error |[EX (c0) — (R+V/REY (c0))| for different system
configurations.

stein metric [74]. The Wasserstein metric dy (-, -) is one of the most commonly
studied metrics when Stein’s method is concerned. This is because the the space
Lip(1) is relatively simple to work with, but is also rich enough so that conver-

gence under the Wasserstein metric implies the convergence in distribution [40].

1.2 Outline of the Stein Framework

Having seen the example in the previous section, let us briefly outline the key
components of Stein’s method. These are the Poisson equation, generator com-
parison, gradient bounds, moment bounds, and state-space collapse (SSC). The
generator comparison idea is also known as the generator approach, and is at-
tributed to Barbour [5, 8] and Gétze [42]. Chapter 2 is devoted to a detailed
walkthrough of the first four of these components, while the SSC component is

not required until Chapter 5.

Consider two sequences of stochastic processes {X (¥}, and {Y¥}2 in-
dexed by ¢, where X() = {X®)(¢) € R4 ¢t > 0} is a continuous-time Markov
chain (CTMC) and Y¥ = {YO(¢) € R ¢ > 0} is a diffusion process. Suppose

X®(x0) and Y9 (00) are two random vectors having the stationary distributions



of X and Y, respectively. Let Gy« and Gy« be the generators of X and
y®, respectively; for a diffusion process, Gy is a second order elliptic differ-
ential operator. For a function i : R? — R in a “nice” (but large enough) class,
we wish to bound

IER(X D (00)) — ER(Y ) (0))].

The first component is to set up the Poisson equation
Gy fu(z) =Eh(Y(00)) — h(x), z€R" (1.7)
We then take the expectation of both sides above to see that
Eh(Y®(00)) — ER(X9(00)) = EGy 0 fu(X'(00)). (1.8)

When d = 1, the Poisson equation (1.7) is an ordinary differential equation
(ODE), and when d > 1, it is a partial differential equation (PDE). To execute
Stein’s method, we require bounds on the derivatives of f;(x) (usually up to the

third derivative). We refer to these as gradient bounds.

The next step is to rely on the following relationship between the generator
and stationary distribution of a CTMC. One can check that a random vector

X® (o) € R? has the stationary distribution of the CTMC X if and only if
EG xo f(X(00)) =0 (1.9)

for all functions f : RY — R that have compact support. For a given h(z), the
corresponding Poisson equation solution f,(z) does not have compact support,
but it is typically not hard to prove that (1.9) continues to hold for f,(z). Thus,
it follows from (1.8) and (1.9) that

E(Y9(00)) = ER(X Y (00)) = E[Gyw (X (00)) = Gy fu(X ()], (1.10)



The focus now falls on bounding the right side of (1.10). To do so, we study

Gxo fu(@) = Gy fu(z) (1.11)

for each z in the state space of X). By performing Taylor expansion on
Gxw fr(z), we find that the difference in (1.11) involves the product of partial
derivatives of f;,(z) and terms related to the transition structure of X ). The for-
mer are why we need gradient bounds, and the latter can typically be bounded
by a polynomial of z. Therefore, we also need bounds on various moments of

}X“)(oo)

, which we refer to as moment bounds. The main challenge is that
both gradient and moment bounds must be uniform in ¢. Once we have both

gradient and moment bounds, the right hand side of (1.11) can be bounded.

We point out that this procedure can also be carried out when X itself is
not a CTMC, but a function of some higher dimensional CTMC U%“) = {U®)(t) €
U,t > 0}, where the dimension of the state space U is strictly greater than d.
When this is the case, the CTMC U® must exhibit some form of SSC. This is
the case in Chapter 5, where we study the M/Ph/n + M system. This dif-
ference in dimensions is partly responsible for the computational speedup in
diffusion approximations; most complex stochastic processing systems exhibit
some form of SSC [9, 13, 30, 33, 35, 48, 49, 73, 84, 87]. Let Gy be the generator
of U¥ and U (o) have its stationary distribution. Now, BAR (1.9) becomes

Gy F(UY(c0)) = 0 for each “nice” F : U — R. Furthermore, (1.10) becomes
ER(X“(00)) —ER(Y)(00)) = E[Gyw fu(X'D(00)) = Gy Fu (U (00))], (1.12)

where F}, : U — R is the lifting of f;, : RY — R defined by letting = € R be the

projection of u € U and then setting

Fi(u) = fa(z). (1.13)



As before, we can perform Taylor expansion on G« Fj,(u) to simplify the dif-
ference Gy Fi,(u) — Gy fn(x). To use this difference to bound the right side of
(1.12), we need a steady-state SSC result for U¥)(c0), which tells us how to ap-
proximate U (00) from X“(cc) and guarantees that this approximation error
is small. Typically, such an SSC result relies heavily on the structure of U“). The

SSC component will not appear until Chapter 5.

1.3 Related Literature

This dissertation lies at the intersection of two mathematical communities: the
queueing theory, and Stein method communities. It is therefore appropriate to
separate the literature review into two parts. We begin with the literature from

queueing theory.

Diffusion approximations are a popular tool in queueing theory, and are usu-
ally “justified” by heavy traffic limit theorems. For example, a typical limit theo-
rem would say that an appropriately scaled and centered version of the process
X in (1.1) converges to some limiting diffusion process as the system utilization
p tends to one. Proving such limit theorems has been an active area of research
in the last 50 years; see, for example, [11, 12,47, 54, 55, 72] for single-class queue-
ing networks, [13, 69, 87] for multiclass queueing networks, [59, 88] for band-
width sharing networks, [28, 46, 71] for many-server queues. The convergence
used in these limit theorems is the convergence in distribution on the path space
D([0, 00), R?), endowed with Skorohod J;-topology [34, 85]. The J;-topology on
D([0, o), R?) essentially means convergence in D([0, 7], R?) for each 7' > 0. In

particular, it says nothing about the convergence at “oo”. Therefore, these limit



theorems do not justify steady-state convergence.

The jump from convergence on D([0, 7’|, RY) to convergence of stationary dis-
tributions was first established in the seminal paper [37], where the authors
prove an interchange of limits for generalized Jackson networks of single-server
queues. The results in [37] were improved and extended by various authors for
networks of single-servers [17, 60, 92], for bandwidth sharing networks [85], and
for many-server systems [36, 44, 81]. These “interchange of limits” theorems are

qualitative and thus do not provide rates of convergence as in Theorem 1.1.

The first paper to have established convergence rates for steady-state diffu-
sion approximations was [45], which studied the Erlang-A system (many-server
queue with customer abandonment) using an excursion based approach. Their
approximation error bounds are universal. Although the authors in [45] did not
study the Erlang-C system, their approach appears to be extendable to it as well.
However, their method is not readily generalizable to the multi-dimensional

setting.

Following [45], Gurvich [43] develops an approach to prove statements sim-
ilar to Theorem 1.1 for various queueing systems. Along the way, he indepen-
dently rediscovers many of the ideas central to Stein’s method in the setting of
steady-state diffusion approximations. In particular, Gurvich’s results also rely
on the Poisson equation, generator comparison, gradient and moment bounds
components discussed in Section 1.2. Gurvich packages the necessary condi-
tions to establish convergence rates into a single condition which requires the
existence of a uniform Lyapunov function for the diffusion processes. In par-
ticular, this Lyapunov function provides the necessary moment and gradient

bounds to establish convergence rates. However, his results are no longer imme-



diately applicable when the SSC component is required, i.e. when dim(/) > d.
In contrast, Stein’s method is a modular framework. It allows one to separate a
problem into its components, e.g. gradient bounds, moment bounds etc., and

treat the difficulties of each component in isolation.

We now discuss the relevant literature in the Stein method community. The
first uses of Stein’s method for stationary distributions of Markov processes
traces back to [8], where it is pointed out that Stein’s method can be applied any-
time the approximating distribution is the stationary distribution of a Markov
proccess. That paper considers the multivariate Poisson, which is the station-
ary distribution of a certain multi-dimensional birth-death process. One of the
major contributions of [8] was to show how viewing the Poisson distribution
as the stationary distribution of a Markov chain could be exploited to establish
gradient bounds using coupling arguments; cf. the discussion around (2.37)
of this document. A similar idea was subsequently used for the multivariate
normal distribution through its connection to the multi-dimensional Ornstein—

Uhlenbeck process in [5, 42].

Of the papers that use the connection between Stein’s method and Markov
processes, [16] and the more recent [62] are the most relevant to this work.
The former studies one-dimensional birth-death processes, with the focus be-
ing that many common distributions such as the Poisson, Binomial, Hyperge-
ometric, Negative Binomial, etc., can be viewed as stationary distributions of
a birth-death process. Although the Erlang-A and Erlang-C models are also
birth-death processes, the focus in Chapter 2 is on how well these models
can be approximated by diffusions, e.g. qualitative features of the approxima-

tion like the universality in Theorem 1.1. Diffusion approximations go beyond

10



approximations of birth-death processes, with the real interest lying in cases
when a higher-dimensional Markov chain collapses to a one-dimensional diffu-
sion, e.g. [29, 78, 81], or when the diffusion approximation is multi-dimensional

[13,47,69, 72, 87].

In [62], the authors apply Stein’s method to one-dimensional diffusions. The
motivation is again that many common distributions like the gamma, uniform,
beta, etc., happen to be stationary distributions of diffusions. Their chief result
is to establish gradient bounds for a very large class of diffusion processes, re-
quiring only the mild condition that the drift of the diffusion be a decreasing
function. However, their result cannot be applied here, because it is impossible
to say how their gradient bounds depend on the parameters of the diffusion.
Detailed knowledge of this dependence is crucial, because we are dealing with

a family of approximating distributions; cf. (1.3) and the comments below (1.4).

Outside the diffusion approximation domain, Ying has recently successfully
applied Stein’s framework to establish error bounds for steady-state mean-
tield approximations [89, 90]. There is one additional recent line of work
[10, 56, 57, 58, 91] that deserves mention, where the theme is corrected dif-
fusion approximations using asymptotic series expansions. In particular, [58]
considers the Erlang-C system and [91] considers the Erlang-A system. In these
papers, the authors derive series expansions for various steady-state quantities
of interest like the probability of waiting IP(X (c0) > n). These types of series ex-
pansions are very powerful because they allow one to approximate steady-state
quantities of interest within arbitrary precision. However, while accurate, these
expansions vary for different performance metrics (e.g. waiting probability, ex-

pected queue length), and require non-trivial effort to be derived. They also

11



depend on the choice of parameter regime, e.g. Halfin-Whitt. In contrast, the
results provided by the Stein approach can be viewed as more robust because
they capture multiple performance metrics and multiple parameter regimes at

the same time.

1.4 Outline of Dissertation

The rest of this document is structured as follows. Chapter 2 serves as an intro-
duction to Stein’s method, where we outline the main steps of the procedure and
carry them out on the Erlang-A and Erlang-C models. In Chapter 3 we work in
the setting of the Erlang-C model. We prove that we can achieve a faster conver-
gence rate by using a diffusion approximation with a state dependent diffusion
coefficient. Finally, in Chapter 5, we apply Stein’s method to the M /Ph/n + M
queueing system, which is a significantly more complicated model than both
the Erlang-A and Erlang-C systems. Each of the chapters requires its own mo-
ment and gradient bounds. We aggregate all moment bounds in Appendix A,

and all gradient bounds in Appendix B.

1.5 Notation

All random variables and stochastic processes are defined on a common prob-
ability space (2, F,P) unless otherwise specified. For a sequence of random
variables {X"}>°,, we write X" = X to denote convergence in distribution
(also known as weak convergence) of X™ to some random variable X. If a > b,

b
we adopt the convention that > (-) = 0. For an integer d > 1, R? denotes

i=a

12



the d-dimensional Euclidean space and Z¢ denotes the space of d-dimensional
vectors whose elements are non-negative integers. For a,b € R, we define
aVb = max{a,b} and a A b = min{a,b}. For z € R, we define 27 = 2V 0
and z~ = (—z) V0. For z € R?, we use z; to denote its ith entry and |z| to denote
its Euclidean norm. For z,y € R? we write x < y when x; < ; for all i and
when = < y we define the vector interval [z,y] = {2 : * < z < y}. All vectors
are assumed to be column vectors. We let 27 and A” denote the transpose of
a vector x and matrix A, respectively. For a matrix A, we use A;; to denote the
entry in the ith row and jth column. We reserve I for the identity matrix, e for
the vector of all ones and e for the vector that has a one in the ith element and

zeroes elsewhere; the dimensions of these vectors will be clear from the context.

1.5.1 Probability Metrics

For two random variables U and V/, define their Wasserstein distance, or Wasser-

stein metric, to be

dw(U,V) = sup [E[n(U)] = E[RV)]], (1.14)
h(z)€Lip(1)

where

Lip(1) = {h: R = R, [h(x) — h(y)| < |z —y[}.

It is known, see for example [74], convergence under the Wasserstein metric

implies convergence in distribution. We can replace Lip(1) in (1.14) by

Hi = {1(_00764(5[7) rac R}, (1.15)
and define
dg(U,V) = sup [E[R(U)] —E[R(V)]]. (1.16)
h(z)eH K

13



This quantity is known as the Kolmogorov distance, or Kolmogorov metric.
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CHAPTER 2
INTRODUCTION TO STEIN’S METHOD VIA THE ERLANG-A AND
ERLANG-C MODELS

The goal of this Chapter is to introduce the reader to the main ideas behind
Stein’s method, and specifically in the context of steady-state diffusion approx-
imations. We use the Erlang-A and Erlang-C systems as working examples to
illustrate the technical aspects of the method. We begin this chapter with Sec-
tion 2.1, where we recall some details about the Erlang-A and Erlang-C models.
In Section 2.2, we list the main results of this chapter. In Section 2.3, we outline
the key steps of the Stein framework: the Poisson equation, generator compari-
son, gradient bounds and moment bounds. In Section 2.4 we prove Theorem 1.1,
which is a result about the Wasserstein distance. In Section 2.6, we discuss the
Kolmogorov distance and the additional difficulties typically associated with it.

Finally, we briefly discuss the approximation of higher moments in Section 2.7.

This chapter is based on [15]. The author would like to acknowledge Jiekun
Feng, who contributed significantly to the contents of this chapter, and in par-

ticular to the results about the Erlang-A model.

2.1 Chapter Introduction

Section 1.1 already describes much of the focus of this chapter. We quickly re-
call some of the details about the Erlang-C and Erlang-A systems introduced
there. Both systems have n homogeneous servers that serve customers in a first-

come-first-serve manner. Customers arrive according to a Poisson process with
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rate )\, and customer service times are assumed to be i.i.d. having exponential
distribution with mean 1/y. In the Erlang-A system, each customer has a pa-
tience time and when his waiting time in queue exceeds his patience time, he
abandons the queue without service; the patience times are assumed to be i.i.d.
having exponential distribution with mean 1/«. Recall that X = {X(¢),t > 0}
is the customer count process. This process is positive recurrent when o > 0,
or if « = 0 and the offered load R = \/u satisfies R < n. We use X(o0) to
denote the random variable having the stationary distribution of X, and set

X(00) = (X(00) — R)/VR. Theorem 1.1 states that

(X (o), Y (o) = sup  [BR(X(o0)) ~ BR(Y (o0))| < = e

where Y (c0) is the random variable defined in (1.3).

In addition to the discussion on universality below Theorem 1.1 in Sec-
tion 1.1, there are two additional aspects that we will focus on in this chapter.
From (2.1), we know that the first moment of X (c0) can be approximated uni-
versally by the first moment of Y'(c0). It is natural to ask what can be said about
the approximation of higher moments. We performed some numerical experi-
ments in which we approximate the second and tenth moments of X (cc) in a
system with n = 500. The results are displayed in Table 2.1. One can see that
the approximation errors grow as the offered load R gets closer to n. We will
see in Section 2.7 that this happens because the (m — 1)th moment appears in
the approximation error of the mth moment. A similar phenomenon was first

observed for the M /GI/1 + GI model in Theorem 1 of [53].

The rate of convergence in (2.1) is for the Wasserstein metric [74], which is
usually the simplest metric to work with. Another metric commonly studied

in problems involving Stein’s method is the Kolmogorov metric, which mea-
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R E(X())* [E(X(c0))” —E(Y(00))*| | E(X(00))" [E(X(00))" — E(Y(c0))"|
300 1 155 x 1019 0.77 x 107 31.58
400 1 5.95 x 107 9.70 x 10 24.44
490 696 0.11 751 x 10° 7.01 x 108
495 3156 0.27 9.10 x 102 4.34 x 101
499 9.47 x 10 159 1.07 x 102 1.03 x 108
499.9  9.94 x 10* 16.50 1.13 x 102 1.09 x 1027

Table 2.1: Approximating the second and tenth moments of X (co) with n =
500. The approximation error grows as R approaches n and suggests that the
diffusion approximation of higher moments is not universal.

sures the distance between cumulative distribution functions of two random
variables. The Kolmogorov distance between X (cc) and Y (c0) is
h(f)lg)ﬁ{ }Eh()z'(oo)) —Eh(Y(0))|, where Hg ={l_wq():acR}.

Theorems 2.2 and 2.3 of Section 2.2 involve the Kolmogorov metric. A gen-
eral trend in Stein’s method is that establishing convergence rates for the Kol-
mogorov metric often requires much more effort than establishing rates for the
Wasserstein metric, and our problem is no exception. The extra difficulty always
comes from the fact that the test functions belonging to the class ‘H x are discon-
tinuous, whereas the ones in Lip(1) are Lipschitz-continuous. In Section 2.6, we
describe how to overcome this difficulty in our model setting. We now move on

to state the main results of this chapter.

2.2 Main results

Recall the offered load R = \/u. For notational convenience we define § > 0 as
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Let z(0c0) be the unique solution to the flow balance equation
A= (z(o0) An)p+ (z(o0) — n)+oz. (2.2)

Here, z(00) is interpreted as the equilibrium number of customers in the cor-
responding fluid model, and is the point at which the arrival rate equals the
departure rate. The latter is the sum of the service completion rate and the cus-
tomer abandonment rate with z(co) customers in the system. One can check

that the flow balance equation has a unique solution z(oco) given by

n + ’\7# if R > n,
z(o0) = (2.3)

R if R <n.
By noting that the number of busy servers z(co) A n equals n minus the number

of idle servers (z(oc0) — n)~, the equation in (2.2) becomes
A —np = (z(c0) — n)+oz — (z(00) = n) p. (2.4)

We note that z(c0) is well-defined even when o = 0, because in that case we

always assume that R < n.

We consider the CTMC
X = {X(t) = 8(X(t) — x(c0)), t 2 0}, (2.5)
and let the random variable X (co) have its stationary distribution. Define
¢ =0(x(00) =), (26)
and
b(z)=((z+¢) = )p—((z+ T =(Na  forz eR, (2.7)

with convention that « is set to be zero in the Erlang-C system. For intuition

about the quantity ¢, we note that in the Erlang-C system satisfying R < n,

n=R-(VR.
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Thus, —¢ = [¢| > 0 is precisely the “safety coefficient” in the square-root safety-
staffing principle [39, equation (15)]. We point out that the event {X(t) = —(}

corresponds to the event { X (¢) = n}.

Throughout this chapter, let Y (co) denote a continuous random variable on

R having density

v(x) = Kexp (%/Om b(y)dy), (2.8)

where x > 0 is a normalizing constant that makes the density integrate to one.

Note that these definitions are consistent with (1.3) and (1.4).

Theorem 2.1. Consider the Erlang-A system (o > 0). There exists an increasing
function Cy : Ry — Ry such that foralln > 1,A > 0, > 0, and o > 0 satisfying
R>1,

dw (X (00),Y (00)) < Cw (ar/p)o. (2.9)

Remark 2.1. The proof of Theorems 1.1 and 2.1 uses the same ideas. Therefore,
for the sake of brevity, we only give an outline for the proof of Theorem 2.1 in
Section 2.5.2, without filling in all the details. It is for this reason that we do
not write out the explicit form of Cy (a/p), although it can be obtained from the

proof. The same is true for Theorem 2.3 below.

Given two random variables U and V, [74, Proposition 1.2] implies that

when V has a density that is bounded by C' > 0,

dx(U, V) < \/2Cdyw (U, V). (2.10)

At best, (2.10) and Theorems 1.1 and 2.1 imply a convergence rate of v/§ for
di (X (00),Y (00)). However, this bound is typically too crude, and the following
two theorems show that convergence happens at rate §. Theorem 2.2 is proved

in Section 2.6.3. The proof of Theorem 2.3 is outlined in Section 2.6.4.
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Theorem 2.2. Consider the Erlang-C system (o = 0). Forall n > 1,

A >0, and pp > O satisfying 1 < R <mn,
dg (X (00), Y (00)) < 1560. (2.11)

Theorem 2.3. Consider the Erlang-A system (o > 0). There exists an increasing
function Cx : Ry — Ry such that foralln > 1,\ > 0, > 0, and o > 0 satisfying
R>1,

dic(X(00),Y (00)) < Cre(a/p)s. (2.12)

Theorems 1.1 and 2.2 are new, but versions of Theorems 2.1 and 2.3 were
first proved in the pioneering paper [45] using an excursion based approach.
However, our notion of universality in those theorems is stronger than the one
in [45], because most of their results require 1 and « to be fixed. The only excep-
tion is in Appendix C of that paper, where the authors consider the NDS regime
with 1 = p()\) = Bv/Aand A = np + B for some 8 > 0 and f; € R.

We emphasize that both constants Cy and Ck are increasing in «/p. That
is, for an Erlang-A system with a higher abandonment rate with respect to its
service rate, our error bound becomes larger. The reader may wonder why these
constants depend on o/, while the constant in the Erlang-C theorems does not
depend on anything. Despite our best efforts, we were unable to get rid of the
dependency on «a/x. The reason is that the Erlang-C model depends on only
three parameters (A, i1, n), while the Erlang-A model also depends on o. As a
result, both the gradient bounds and moment bounds have an extra factor o/
in the Erlang-A model. For example, compare Lemma 2.4 in Section 2.3.5 with

Lemma 2.6 in Section 2.5.1.
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2.3 OQutline of the Stein Framework

In this section we introduce the main tools needed to prove Theorems 1.1-2.3.
However, the framework presented here is generic, and is not limited to the
Erlang-A or Erlang-C systems. It can be applied whenever one compares a
Markov chain to a diffusion process; the content here will be referred to lib-
erally in all chapters of this dissertation. The following is an informal outline of

the rest of this section.

We know that X (c0) follows the stationary distribution of the CTMC X, and
that this CTMC has a generator G;. To Y (o0), we will associate a diffusion
process with generator Gy. We will start by fixing a test function 4 : R — R and

deriving the identity
[ER(X (00)) — ER(Y (00))| = [EG ¢ fu(X (00)) — EGy fu(X(c0))], (2.13)
where f,(z) is a solution to the Poisson equation
Gy fn(x) = Eh(Y (0)) — h(z), z€R.

We then focus on bounding the right hand side of (2.13), which is easier to han-
dle than the left hand side. This is done by performing a Taylor expansion of
G fu(x) in Section 2.3.3. To bound the error term from the Taylor expansion,

, as well as the derivatives

we require bounds on various moments of ‘f( (00)
of fn(z). We refer to the former as moment bounds, and the latter as gradient

bounds. These are presented in Sections 2.3.4 and 2.3.5, respectively.
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2.3.1 The Poisson Equation of a Diffusion Process

A one-dimensional diffusion process can be described by its generator

Gf(x) = B) f (z) + %a(a:) f@) forze€R, feC’(R).  (214)

The functions b(z) and a(x) are known as the drift, and diffusion coefficient,
respectively. It is typically required that a(x) > 0 for all z € R, and that both

b(r) and a(r) satisfy some regularity condition, e.g. Lipschitz continuity.

The random variable Y (c0) in Theorems 1.1-2.3 is well-defined and its den-
sity is given in (2.8). It turns out that Y (co) has the stationary distribution of
a diffusion process Y = {Y(¢),t > 0}. The process Y is the one-dimensional

piecewise Ornstein—-Uhlenbeck (OU) process, whose generator is given by
Gy f(x) = b(a) f'(x) + puf'(x) forz € R, feC2(R),  (215)

where b(z) is defined in (2.7). Clearly, b(0) = 0, and b(z) is Lipschitz continuous.
Indeed,

b(z) = b(y)| < (aVp)lz—y| forz,yeR.

The generator in (2.15) has a constant diffusion coefficient a(x) = 2.

Since the diffusion process Y depends on parameters A, n,;, and « in an
arbitrary way, there is no appropriate way to talk about the limit of ¥ (c0) in
terms of these parameters. Therefore, we call Y a diffusion model, as opposed to
a diffusion limit. Having a diffusion model whose input parameters are directly
taken from the corresponding Markov chain model is critical to achieve univer-
sal accuracy. In other words, this diffusion model is accurate in any parameter
regime, from underloaded, to critically loaded, and to overloaded. Diffusion
models, not limits, of queueing networks with a given set of parameters have

been advanced in [27, 43, 45, 50, 51, 53, 82].
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The main tool we use is known as the Poisson equation. It allows us to say
that Y (o) is a good estimate for X (o) if the generator of Y behaves similarly
to the generator of X, where X is defined in (2.5). Let H be a class of functions
h : R — R, to be specified shortly. For each function h(z) € #, consider the

Poisson equation

Gy fu(x) = b(x) f(x) + pfi(x) = Bh(Y (o0)) — h(z), x€R. (2.16)

The solution to the Poisson equation is described by the following generic

lemma.

Lemma 2.1. Let a : R — R, and b : R — R be continuous functions, and assume

that a(x) > 0 for all z € R. Assume also that

<2 2b
/ —exp(/ (u )du>dac<oo
oo 0(2) o a(u)
and let V' be a continuous random variable with density
a(a:) exXp ( , 2abu dU)
) b(u
S e (fy B da

Fix h : R — R satisfying E |h(V')| < oo, and consider the Poisson equation

z € R.

a(x)f)(z) + b(x)fj(x) = ER(V) — h(z), z€R. (2.17)

N | —

There exists a solution f,(x) to this equation satisfying

) = FE [ S ER0) by 218)
S / m%< M) = b)) S vay, 219)
(x) = — 2;<($)) ( (). (2.20)

Proof. The integrals in (2.18) and (2.19) are finite because E |h(V)| < co. One
can verify directly that both forms of f;(x) in (2.18) and (2.19) satisfy (2.17). The

form of f/(x) follows from rearranging (2.17). N
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Remark 2.2. Provided h(z), a(z), and b(x)/a(x) are sufficiently differentiable,

fn(z) can have more than two derivatives. For example,

@ = = (Y fr) - 20 ey - 2y - 22 (m1(v) — ).

a() a(x) " a(x) a*(x)

(2.21)

In this chapter, we take H = Lip(1) when we deal with the Wasserstein met-
ric (Theorems 1.1 and 2.1), and we choose H = Hx (defined in (1.15)) when
we deal with the Kolmogorov metric (Theorems 2.2 and 2.3). We claim that
|Eh(Y (00))| < co. Indeed, when H = H, this clearly holds. When H = Lip(1),
without loss of generality we take ~(0) = 0 in (2.16), and use the Lipschitz prop-
erty of h(z) to see that

[ER(Y (00))] < E[Y(00)| < o0,

where the finiteness of E |Y (co)| will be proved in (B.26).

From (2.16), one has
[EL(X (00)) — ER(Y (00))| = [EGy fn(X (00))|. (222)

In (2.22), X (00) has the stationary distribution of the CTMC X, not necessarily
defined on the same probability space of Y (c0). Actually, X (c0) in (2.22) can be
replaced by any other random variable, although one does not expect the error
on the right side to be small if this random variable has no relationship with the

diffusion process Y.

2.3.2 Comparing Generators

To prove Theorems 1.1-2.3, we need to bound the right side of (2.22). The CTMC
X defined in (2.5) also has a generator. We bound the right side of (2.22) by

24



showing that the diffusion generator in (2.15) is similar to the CTMC generator.

For any k € Z,, we define ©+ = z;, = 6(k — x(00)). Then for any function

f : R — R, the generator of X is given by
Gif(x) =A[f(z+06) — f(x) +d(k)(f(z = 6) — f(z)), (2.23)
where
d(k) = p(k An) + a(k —n)*, (2.24)

is the departure rate corresponding to the system having k customers. One may

check that
b(x) = d(A —d(k)). (2.25)

The relationship between G ; and the stationary distribution of X is illustrated

by the following lemma.

Lemma 2.2. Let f(z) : R — R be a function such that | f(z)| < C(1 + |z|)? for some
C > 0 (ie. f(x) is dominated by a cubic function), and assume that the CTMC X is

positive recurrent. Then
E[Gy f(X(00))] = 0.

Remark 2.3. We will see in Lemma 2.4 later this section, in Lemmas 2.7 and
2.8 of Section 2.6, and in Lemma 2.6 of Section B.2.2 that there is a family of
solutions to the Poisson equation (2.16) whose first derivatives grow at most
linearly in both the Wasserstein and Kolmgorov settings, meaning that these

solutions satisfy the conditions of Lemma 2.2.

The proof of Lemma 2.2 is provided in Section 2.8.1. Suppose for now that for

any h(z) € H, the solution to the Poisson equation f;(x) satisfies the conditions

25



of Lemma 2.2. We can apply Lemma 2.2 to (2.22) to see that

[EA(X (00)) — EA(Y (20))| = |EGy f4(X(0))]
= [EG 5 f1(X(00)) — EGy f(X (00))]

<E|Ggfu(X(0)) — Gy fu(X(00))]- (2.26)

While the two random variables on the left side of (2.26) are usually defined
on different probability spaces, the two random variables on the right side of
(2.26) are both functions of X (co). Thus, we have achieved a coupling through
Lemma 2.2. Setting up the Poisson equation is a generic first step one performs
any time one wishes to apply Stein’s method to a problem. The next step is to
bound the equivalent of our |EGy fu(X (00))|. This is usually done by using a
coupling argument. However, this coupling is always problem specific, and is
one of the greatest sources of difficulty one encounters when applying Stein’s
method. In our case, this generator coupling is natural because we deal with

Markov processes X and Y.

Since the generator completely characterizes the behavior of a Markov pro-
cess, it is natural to expect that convergence of generators implies convergence
of Markov processes. Indeed, the question of weak convergence was studied in
detail, for instance in [34], using the martingale problem of Stroock and Varad-
han [80]. However, (2.26) lets us go beyond weak convergence, both because
different choices of h(x) lead to different metrics of convergence, and also be-
cause the question of convergence rates can be answered. One interpretation of
the Stein approach is to view f;,(x) as a Lyapunov function that gives us infor-
mation about i(z). Instead of searching very hard for this Lyapunov function,
the Poisson equation (2.16) removes the guesswork. However, this comes at the

cost of fj,(z) being defined implicitly as the solution to a differential equation.
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2.3.3 Taylor Expansion

To bound the right side of (2.26), we study the difference G ; f,(x) — Gy fi(z). For
that we perform a Taylor expansion on G 3 f;,(z). To illustrate this, suppose that
7 (z) exists for all z € R, and is absolutely continuous. Then for any k € Z,,

and = = x, = §(k — xz(00)), we recall that b(z) = §(A — d(k)) in (2.25) to see that

G fu(x) = Afu(x +0) — fulx)) + d(k)(fu(z = 6) = fu(2))

= @)~ d(R)) + 50 7 ) A+ d(R)

FARRLE) — F@) + AR ) — ()
1

2 1 "
x)b(z) + 55 2\ — gb(x)) Y (x)

HUE) — F(@) + 50— DNF () — F (@)

= Gy () — 5Of7(bla) + Zu(F(E) — Fi(x)
5= S () — Fi(a),

N =

ot
— Jh

+

DN | —

where ¢ € [z,z+ 6] and n € [x — 0, z]. We invoke the absolute continuity of f}/(x)

to get

< %5151[11%’()? (50))b(X (00)) +§E[ /X f:mr 'y )Idy}
+§E[/:: £ ()] dy } + 5151[! 00))| X:)5| 'y )|dy]- (227)

As one can see, to show that the right hand side of (2.27) vanishes as § — 0,
we must be able to bound the derivatives of f;,(x); we refer to these as gradi-

ent bounds. Furthermore, we will also need bounds on moments of |)~( (c0)|;

we refer to these as moment bounds. Both moment and gradient bounds will

vary between the Erlang-A or Erlang-C setting, and the gradient bounds will
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be different for the Wasserstein, and Kolmogorov settings. Moment bounds
will be discussed shortly, and gradient bounds in the Wasserstein setting will
be presented in Section 2.3.5. We discuss the Kolmogorov setting separately in
Section 2.6. In that case we face an added difficulty because f}/(z) has a discon-

tinuity, and we cannot use (2.27) directly.

2.3.4 Moment Bounds

The following lemma presents the necessary moment bounds to bound (2.27) in
the Erlang-C model, and is proved in Appendix A.1.1. These moment bounds

are used for both the Wasserstein and Kolmogorov metrics.

Lemma 2.3. Consider the Erlang-C model (o = 0). Foralln > 1,A > 0, and pu > 0

satisfying 0 < R < n,

E[(%(00)1(X(00) < Q)] < 3+ - (2.28)

E[| X (c0)1(K(00) < Q)] < 1/5 + 2 229)

E[| % (00)1(X(00) < =[] < 21¢ (2.30)
M= ~ 1 1 52 )

E _|X(oo)1(X(oo) > —c)\_ < 0 + 1 + 5 (2.31)

P(X(o0) < —() < (246 [¢]. (2.32)

We see that (2.31) immediately implies that when § <1,

[CIP(X(00) > =¢) < [C| AE[| X (50)1(X(00) > =)
1 &2 6
<l (G * 7+ 3)

<7/4, (2.33)
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where to get the last inequality we considered separately the cases where |¢| < 1

and |(| > 1. This bound will be used in the proofs of Theorems 1.1 and 2.2.

One may wonder why the bounds are separated using the indicators
1{X(00) < —¢} and 1{X(c0) > —(}. This is related to the drift b(x) appear-
ing in (2.27), and the fact that b(x) takes different forms on the regions + < —(
and x > —(. Furthermore, it may be unclear at this point why both (2.29) and
(2.30) are needed, as the left hand side in both bounds is identical. The reason
is that (2.29) is an O(1) bound (we think of § < 1), whereas (2.30) is an O(|(])
bound. The latter is only useful when |(| is small, but this is nevertheless an es-
sential bound to achieve universal results. As we will see later, it negates 1/ ||

terms that appear in (2.27) from f;'(z) and f;"(x).

For the Erlang-A model, we also require moment bounds similar to those
stated in Lemma 2.3. Both the proof, and subsequent usage, of the Erlang-A
moment bounds are similar to the proof and subsequent usage of the Erlang-C
moment bounds. We therefore delay their precise statement until Lemma 2.5 in

Section 2.5.1 to avoid distracting the reader with a bulky lemma.

2.3.5 Wasserstein Gradient Bounds

Given a function h(z), there are multiple solutions to the Poisson equation
(2.16). Going forward, when we refer to a solution f;,(z), we mean the solu-
tion in Lemma 2.1 with b(x) = b(r) and a(x) = 2u. The following lemma
presents Wasserstein gradient bounds for the Erlang-C model. It is proved in

Section B.2.1.

Lemma 2.4. Consider the Erlang-C model (o« = 0), and fix h(x) € Lip(1). Then f,(x)
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is twice continuously differentiable, with an absolutely continuous second derivative.

Furthermore, for alln > 1, A > 0, and p > 0 satisfying 0 < R < n,

() < <" (2.34)
AR REA A
LA+, <,
@) < <" (2.35)
kﬁ’ z 2 _Ca
and for those x € R where f;"(x) exists,
(@) < " (2.36)

Remark 2.4. This lemma validates the Taylor expansion used to obtain (2.27) be-
cause f} (x) is absolutely continuous. Furthermore, f;(z) satisfies the conditions

of Lemma 2.2, because f; (z) grows at most linearly.

Gradient bounds, also known as Stein factors, are central to any application
of Stein’s method. The problem of gradient bounds for diffusion approxima-
tions can be divided into two cases: the one-dimensional case, and the multi-
dimensional case. In the former, the Poisson equation is an ordinary differential
equation (ODE) corresponding to a one-dimensional diffusion process. In the
latter, the Poisson equation is a partial differential equation (PDE) correspond-

ing to a multi-dimensional diffusion process.

The one-dimensional case is simpler, because the explicit form of f,(z) is
given to us by Lemma 2.1. Tobound f; (z) and f;'(z) we can analyze (2.18)—(2.20)
directly, as we do in the proof of Lemma 2.4. In Appendix B.1, we see that this

direct analysis can be used as a go-to method for one-dimensional diffusions.
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However, it fails in the multi-dimensional case, because closed form solutions
for PDE’s are not typically known. In this case, it helps to exploit the fact that

fn(z) satisfies

Falz) = /O h (E (Y (£)) | Y(0) = 2] — Eh(Y(oo)))dt, (2.37)

where Y = {Y(¢),t > 0} is a diffusion process with generator Gy [68]. To bound
derivatives of f,(z) based on (2.37), one may use coupling arguments to bound
finite differences of the form X(f,(z + s) — fu(x)). For examples of coupling
arguments, see [6, 7, 8, 16, 38, 65]. A related paper to these types of gradient
bounds is [79], where the author used a variant of (2.37) for the fluid model of
a flexible-server queueing system as a Lyapunov function. As an alternative to
coupling, one may combine (2.37) with a-priori Schauder estimates from PDE

theory, as was done in [43].

Just like we did with the moment bounds, we delay the Erlang-A gradient

bounds to Lemma 2.6 in Section 2.5.1. We are now ready to prove Theorem 1.1.

2.4 Proof of Theorem 1.1 (Erlang-C Wasserstein)

In this section we prove Theorem 1.1. Fixing h(x) € Lip(1l), we see from
Lemma 2.4 that f;/(z) is absolutely continuous, implying that (2.27) holds. We

recall it here as

~ X (c0)+6
< 0B | (X (00))b(X (00))] +HE{ [ dy}
X (00)
i Xeo) ] 1 [ " Xe) ]
+ 2E[/)2(w)6|fh (v)ldy| + 50E |b(X ( ))‘/x(oo)glfh Wldy|.  @38)
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where § = 1/v/R = \/ui/\. The proof of Theorem 1.1 simply involves applying
the moment bounds and gradient bounds to show that the error bound in (2.38)

is small.

Proof of Theorem 1.1. Throughout the proof we assume that R > 1, or equiva-
lently, 6 < 1. We bound each of the terms on the right side of (2.38) individually.
We recall here that the support of X (cc) is a d-spaced grid, and in particular this
grid contains the point —(. In the bounds that follow, we will often consider

separately the cases where X (00) < —¢ — 4, and X (c0) > —(. We recall that

b(x)=p((z+¢)~=¢7) = (2.39)

and apply the moment bounds (2.29), (2.30), and the gradient bound (2.35), to

see that
E| /(X (00)b(X (00))]] <341 +1/ KDE[| X (00)[1(X (00) < ~¢ = 0)]
+P(X(00) = ()

§34(1+1/\§\)(2\g\/\ §+2?52) +1

1 252
<34< 242 2) 1
< 3t t2)+

<34(V2+2) +1< 118,

Next, we use (2.32) and the gradient bound in (2.36) to get

X (c0)+6
vel [ i wla]

X (00)

10

g Bl) <240
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By a similar argument, we can show that

/’1/ X(OO) "
5| [ ] <

X(00)—68

with the only difference in the argument being that we consider the cases when
X(00) < —¢ and X (00) > —( + 4, instead of X (o0) < —¢ — § and X (c0) > —(.
Lastly, we use the form of b(z), the moment bounds (2.29), (2.30), and (2.33), and
the gradient bound (2. 36) to get

o [

<2 (a7+10/ [ [|X (X (o0) < ~0)] +2[¢[B(X(00) > ~¢ +9))
< %((17+ 10/ 1¢1)(21¢] A §+%52) +14/4)
< %2(17\/§+ 20 + 14/4) < 246°.

Hence, from (2.27) we conclude that for all R > 1, and h(x) € Lip(1),
‘Eh(f((oo)) - ]Eh(Y(oo))‘ < 5(118 + 24 + 24 + 245) < 1906, (2.40)

which proves Theorem 1.1. O

2.5 Proof Outline for Theorem 2.1 (Erlang-A Wasserstein)

We begin by stating some necessary moment and gradient bounds, and then

outline the proof of Theorems 2.1.

2,51 Erlang-A Moment and Gradient Bounds

The following lemma states the necessary moment bounds for the Erlang-A

model. The underloaded and overloaded cases have to be handled separately.
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Since the drift b(z) is different between the Erlang-A and Erlang-C models, the

quantities bounded in the following lemma will resemble those in Lemma 2.3,

but will not be identical. Its proof is outlined in Appendix A.1.2.

Lemma 2.5. Consider the Erlang-A model (o > 0). Fixn > 1, X > 0,

w>0,and a > 0. If 0 < R < n (an underloaded system), then

E[(X(00))*1(X (0) < ~)] < %(%52 £ 4),

E:\X(oo)uf((oo) < —g)|: < \/% <%52 + 62 +4),

- : : 1
E|[X (00)L(X (00) < —¢)]| < 21¢] + %\/g (g& + 54 + 52),

E[(X(00) + O1(X(s0) > =¢)] < (T2 +5+1),

P(X(00) < —() < (2+5)(|<y + %\/%(gau 54”2))-

and if n < R (an overloaded system), then

E’X(oo)l(f((oo) < _Q‘] S\/ 1 <a%2+u),
1

B[[(X(e) + 1K (o0) < ~0)] < 7(5 +1).
B[(X(o0) + 071X (o) < —0)] < £ 21,

(2.41)
(2.42)

(2.43)

(2.44)
(2.45)
(2.46)

(2.47)

(2.48)

(2.49)

(2.50)
(2.51)
(2.52)
(2.53)

(2.54)



E[| (X (00) + O1(X(00) < ~0)]] < ,/‘5{% .y (2.55)
| ]

<& 1(52 + 43), (2.56)
w3
P(X(00) < —() < (3+ s <Z + 1) ((% v %) A \/g) (2.57)

The following Wasserstein gradient bounds are proved in Appendix B.2.2.

Lemma 2.6. Consider the Erlang-A model (o« > 0), and fix h(x) € Lip(1). Then f,(x)
given in Lemma 2.1 is twice continuously differentiable, with an absolutely continuous
second derivative. Furthermore, there exists a constant C' > 0 independent of A\, n, 1,
and o such that for all n > 1, X > 0, > 0, and o > 0 satisfying 0 < R < n (an

underloaded system),

fr(2)] < CE o« L (2.58)
C

[fi ()] <

( Lo
{(%+\/%+1) (@/\%)%—1} ooz elo, =, (2.59)
(%+ §+1)< gAﬁ)i, x> —(,

(2.60)

"

and for those x € R where f;"(x) exists,

p

1 1
C(\/%Am‘i‘l);, LESO,

@)l < {c (IA RERRYEs 1) oo wel=d, (261)

O(H 2+1)l, T > —C,
ey
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and foralln > 1, A > 0, > 0, and o > 0 satisfying n < R (an overloaded system),

)
Cli+LL+5aL), <
| fr(z)] < <“ Ve "‘) (2.62)
1 1 1 1
kc(ﬁ—i_\/_a\/_ﬁ—i_E)’ x> —C,
(
Cli+ LL +5A1) z<—
| fr ()] < <“ Ve ) (2.63)
a «Q 1 1 1 1
kC(;—F ,7+1>‘|$|+C<,7+\/_a\/_ﬁ>’ T > —(,
(2.64)
and for those x € R where f;"(x) exists,
m c p 0
<= Lad L < - .
s S(eErnt) ps— 265)
Cra oY « Cra «
" <2 (= - 2 (= - > _ .
’f"(m_u<u+\/;+1>(1+u$)+u(u+ M)]m\, r>—(, (2.66)

2.5.2 Proof Outline

Proving Theorem 2.1 consists of bounding the four error terms in (2.27). Since
the procedure is very similar to the proof of Theorem 1.1, we will only outline

which gradient and moment bounds need to be used to bound each error term.

We start with the underloaded case, when R < n. To bound the first term in
(2.27), we use moment bounds (2.42), (2.43), and (2.46), together with the gra-
dient bounds in (2.59). For the second and third terms, we use moment bound
(2.48) and the gradient bounds in (2.61). For the fourth term, we use moment

bounds (2.42)—(2.46), and the gradient bounds in (2.61).

We now prove the overloaded case, when R > n. To bound the first term in

(2.27), we use moment bounds (2.49)—(2.56), together with the gradient bounds
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in (2.63). For the second and third terms, we use moment bounds (2.51),(2.52),
and (2.57), together with the gradient bounds in (2.65) and (2.66). For the fourth

term, we use moment bounds (2.49)—(2.56), and gradient bounds in (2.65) and
(2.67).

2.6 The Kolmogorov Metric

In this section we prove Theorem 2.2, which is stated in the Kolmogorov set-
ting. The biggest difference between the Wasserstein and Kolmogorov settings
is that in the latter, the test functions (x) used in the Poisson equation (2.16) are
discontinuous. For this reason, new gradient bounds need to be derived sep-
arately for the Kolmogorov setting; we present these new gradient bounds in
Section 2.6.1. Furthermore, the solution to the Poisson equation no longer has
a continuous second derivative, meaning that the Taylor expansion we used to
derive the upper bound in (2.27) is invalid. We discuss an alternative to (2.27)
in Section 2.6.2. This alternative bound contains a new error term that cannot
be handled by the gradient bounds, nor the moment bounds. This term ap-
pears because the solution to the Poisson equation has a discontinuous second
derivative, and to bound it we present Lemma 2.9. We then prove Theorem 2.2

in Section 2.6.3, and outline the proof for Theorem 2.3 in Section 2.6.4.

2.6.1 Kolmogorov Gradient Bounds

Recall that in the Kolmogorov setting, we take the class of test functions for

the Poisson equation (2.16) to be Hx defined in (1.15). For the statement of the

37



following two lemmas, we fix a € R and set h(z) = 1(_oq(x). Recall that the

Poisson equation has multiple solutions, but going forward we always work

with the one from Lemma 2.1. Furthermore, we use f,(x) instead of fj,(x) to

denote the solution to the Poisson equation.

Lemma 2.7. Consider the Erlang-C model (o« = 0). Then f,(x) is continuously differ-

entiable, with an absolutely continuous derivative. Furthermore, for alln > 1, X > 0,

and p > 0 satisfying 0 < R < n,

’ 4/:“’ T < _Ca
|[fa(@)] <
1
m7 x Z _CJ
and for all x € R,
|fa (@) <2/n,

where f)(x) is understood to be the left derivative at the point x = a.

(2.68)

(2.69)

Lemma 2.8. Consider the Erlang-A model (o« > 0). Then f,(x) is continuously dif-

ferentiable, with an absolutely continuous derivative. Fix n > 1, A > 0, > 0, and

a > 0.If0 < R < n (an underloaded system), then

i 27T€1/27 x < _Ca

|fa(@)] <

1 THE A 1 _
u< 2aA|<\>’ v 2 =G,

and if n < R (an overloaded system), then

1

|fala)] <"
%\/§<1+ \/g>, x> —C.

Moreover, forall A > 0,n > 1,u > 0,and o > 0, and all x € R,

ga xr < _Ca

|fa ()] <3/,

where f!'(x) is understood to be the left derivative at the point x = a.
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Lemmas 2.7 and 2.8 are proved in Appendix B.2.3. Unlike the Wasserstein set-
ting, these lemmas do not guarantee that f//(x) is absolutely continuous. Indeed,

for any a € R, substituting h(x) = 1(_ q(2) into (5.16) gives us

pfa () =P(Y(00) < a) = 1(—ooq(x) — b(x) fo(2).

Since b(z) fi(x) is a continuous function, the above equation implies that f!/(x)
is discontinuous at the point = a. Thus, we can no longer use the error bound

in (2.27), and require a different expansion of G ; f,(x).

2.6.2 Alternative Taylor Expansion

To get an error bound similar to (2.27), we first define

x+6
() = / (16— () — f/x—))dy, 2.73)
e(x) = /:(y — (z=0)(f(y) — fi(z—))dy. (2.74)

Now observe that
z+0
fule +8) = fule) = F1(2)5 + / (46— ) f" (y)dy
= [y@)0+ 38 a-)
x+6
T / (16— )(f"(y) — £ (a—))dy

= S0+ 58 F =) + e (a), 2.75)
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and

(o= ) = ) = = £+ [ (0= (@ =)0y
o AR A
[ == ) - sy
= @3+ 58U a) + eala).

For k € Zy and © = z, = 6(k — 2(0)), we recall the forms of Gy f,(z) and

G fu(z) from (2.15) and (2.23) to see that

G ful) = Mo fal) + Agh* £ (x=) + Aer(a)
— d(R)B i) + d(R) 3 (=) + d(R)eal)

= (o) ) + A8l a=) + M)

(A= 2b(@) 381 (=) + (O = 5h)ea(a)

= Gy () — b(a) g0 fia-) + Mar(0) + () — $b(a)ea(r),

where in the second equality we used the fact that b(z) = 6(A — d(k)), and in the
last equality we use that 6>\ = p. Combining this with (2.26), we have an error

bound similar to (2.27):

AE |l X (00) ] + %E“b()?(oo))eQ(X(oo))”, (2.76)

where ¢, (z) and e;(x) are as in (2.73) and (2.74), respectively. To bound the error
terms in (2.76) that are associated with ¢;(z) and e3(x), we need to analyze the

difference f!(y) — f/(xz—) for |z — y| < 4. Since f,(z) is a solution to the Poisson
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equation (2.16), we see that for any z,y € R with y # q,

i) — fil(a—) = %[1(—oo,a}(x) — (oo () + () fi(x) — b(y) f1(y)]-

Therefore, for any y € [z, z + ] with y # q,

|fa (y) — fo (z—)]

< L [lamsae) + ) 1725) = 0|+ ) — b))
< [lo-sal@) + 3B+ ) —DEWI]. @79

and likewise, for any y € [z — 0, 2] with y # q,

|fa (y) = fa (z—)]
< i[lw,am () + [b(@)] |fa(@) = fa@)] + [b(x) — b))l o)l ]
<

[Laara (@) + o) 1l + [b(z) — b)) [ fa(w)] |- (2.78)

==

The inequalities above contain the indicators 1,54 (%) and 1¢, o45)(z). When we
consider the upper bound in (2.76), these indicators will manifest themselves as
probabilities P(a — § < X(00) < a) and P(a < X(oc0) < a + 6). To this end we

present the following lemma, which will be used in the proof of Theorem 2.2.

Lemma 2.9. Consider the Erlang-C model (o = 0). Let W be an arbitrary random
variable with cumulative distribution function Fy, : R — [0,1]. Let w(Fyw ) be the

modulus of continuity of Fyy, defined as

F; — B
z,yeR [z —y
Y

Recall that d(X (00), W) is the Kolmogorov distance between X (co) and W. Then for

anya € R,n>1,and 0 < R <mn,
Pla—6 < X(00) < a+06) < w(Fy)20 + dx(X(c0), W) + 962 + 86*.
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This lemma is proved in Section 2.8.1. We will apply Lemma 2.9 with W =
Y (00) in the proof of Theorem 2.2 that follows. The following lemma guarantees
that the modulus of continuity of the cumulative distribution function of Y (c0)
is bounded by a constant independent of A, n, and p. Its proof is provided in

Section 2.8.1.

Lemma 2.10. Consider the Erlang-C model (o« = 0), and let v(x) be the density of
Y (00), defined in (1.3). Then for for alln > 1, A > 0, and p > 0 satisfying 0 < R < n,

2
v(@)| < \ﬁ reR
v

Lemmas 2.9 and 2.10 are stated for the Erlang-C model, but one can easily repeat
the arguments in the proofs of those lemmas to prove analogues for the Erlang-

A model. Therefore, we state the following lemmas without proof.

Lemma 2.11. Consider the Erlang-A model (o« > 0). Let W be an arbitrary random
variable with cumulative distribution function Fy, : R — [0,1]. Let w(Fw ) be the

modulus of continuity of Fy. Then foranya € R,a>0,n>1,and R > 0,

P(a — 0§ < X(c0) < a+6)

< w(Fw)26 + di(X (00), W) + 9(% v 1)52 n 8(% v 1)254.

Lemma 2.12. Consider the Erlang-A model (o« > 0), and let v(x) be the density of
Y (o00). Fixn>1,A>0,u>0,and o > 0. If0 < R < n, then

2
<4/ = R
vl <2 rem
2
\u<x>|s\ﬁ\/§ v R
T\
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2.6.3 Proof of Theorem 2.2 (Erlang-C Kolmogorov)

Proof of Theorem 2.2. Throughout the proof we assume that R > 1, or equiv-
alently, § < 1. For h(z) = 1_xq(z), we let f,(z) be a solution the Poisson
equation (2.16) with parameter a; = 0. In this proof we will show that for all

a € R,

P(X (00) < a) —P(Y(c0) < a)| < %P(a — 0 < X(00) <a+8)+59, (2.79)

The upper bound in (2.79) is similar to (2.40), however (2.79) has the extra term
1 -
iP(a —0 < X(o0) <a+9). (2.80)

The reason this term appears in the Kolmogorov setting but not in the Wasser-
stein setting is because f!(x) is discontinuous in the Kolmogorov case, as op-
posed to the Wasserstein case where f}/(x) is continuous. Applying Lemmas 2.9
and 2.10 to the right hand side of (2.79), and taking the supremum over alla € R

on both sides, we see that
dr (X (00),Y (0)) < %dK(X(oo), Y (00)) + 2\/25 + 962 + 86* 4 599,
or
dr (X (00),Y (c0)) < 1566.

We want to add that Lemma 2.9 makes heavy use of the birth-death structure
of the Erlang-C model, and that it is not obvious how to handle (2.80) more

generally.

To prove Theorem 2.2 it remains to verify (2.79), which we now do. The argu-

ment we will use is similar to the argument used to prove (2.40) in Theorem 1.1.
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We will bound each of the terms in (2.76), which we recall here as

We also recall the form of b(x) from (2.39). We use the moment bounds (2.29)

and (2.33), and the gradient bound (2.69) to see that

[\f”( (00)- (X (o))

<2
< E[lpx ﬂ
=2E \ (00)L(X —( - 5)\]+2|C|IP’(5((OO)Z—C)
<9 % %52 2(1¢| AB[| X (00)|1(X (00) > —0)])
< 2f+ = < 7. (2.81)

Next, we use (2.77), (2.81), and the gradient bound (2.68) to get

AE e (X (0

]
:AEUX(( W(X( )+ 6 —y)|fr(y) — fI(X (0 \dy]

o)

)\ X(OO)+5

< ;E {1@5@} (X(00)) /

T R0y 40— y>dy}
X (o0)

\ , ~ . A X(oo)—&-é 5 ,
+ 50 E[\b(X(oo))ﬂ 1+ _&E{/x(w) |b(X (00)) — b(y))\lfa(y)ldy]

Pla—6 < X(00) <a)+ 70446

where in the last inequality we used the fact that for y € [X(c0), X (00) + 6],
b(X (50)) — bly) = pd1(X(50) < —C — 0).

44



By a similar argument, one can check that

Pla < X(o0) < a+6)+ 116,

N —

AE [[ex(X (00))]] <

with the only difference in the argument being that we consider the cases when
X (00) < —Cand X (00) > —( + 4, instead of X(o0) < —( — 6 and X (c0) > —(.

Lastly, we use the first inequality in (2.78) to see that

72001 do | + 17| K01 (X o) < =)

X (c0)—6

() dy} T aE,

X (c0)—6
where in the last inequality we used (2.81) and the moment bound (2.29). Now

by (2.28) and (2.33),

1 2/ 1 (Y
5 B[[IP(X(00) 1 (X (o))

< 4SE[X?(00)1(X (00) < —C)] + 0 [¢|P(X(00) > —( +6)

<85+ 5£ < 104,

and similarly,

[|b25< |/ N |dy} <106,
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Therefore,
~E [|b()?(oo))62()2(oo))|} < ga + 206 + 4/262 < 300.

This verifies (2.79) and concludes the proof of Theorem 2.2. O

2.6.4 Outline for Theorem 2.3 (Erlang-A Kolmogorov)

The proof of Theorem 2.3 is nearly identical to the proof of Theorem 2.2. There-
fore, we only outline the key steps and differences. The goal is to obtain a ver-
sion of (2.79), from which the theorem follows by applying Lemmas 2.11 and
2.12. To get a version of (2.79), we bound each of the terms in (2.76), just like we
did in the proof of Theorem 2.2. The proof varies between the underloaded and

overloaded cases.

We begin with the underloaded case (1 < R < n). To bound the first term in
(2.76), we use moment bounds (2.42), (2.44), and (2.46), together with gradient
bound (2.72). For the second and third terms in (2.76) we use the gradient bound
in (2.70). For the fourth error term, we use gradient bound (2.70), and moment

bounds (2.41), (2.44), and

E[(b@(oo»)?l@%(oo) > —o]

= o?E[(X(00) +)"1(X ~0)] + K2CP(X (00) = ()
+ 21/ E[(X(00) + LK (0) = ()]

< azé(chQ + g4 + 52> + 12CPP(X (00) > —()

4o (52@+52+1>
a —— —
Mg Tt

where the last inequality follows from moment bounds (2.45) and (2.47).
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In the overloaded case (n < R), to bound the first term in (2.76) we use
moment bounds (2.49), (2.52), and (2.55) with gradient bound (2.72). To bound
the second and third terms in (2.76) we use gradient bound (2.71). To bound the
fourth term in (2.76), we use gradient bound (2.72), with moment bounds (2.51)

and

= 17| (X (00) + ¢)"1(X(00) < =)] + a*CP(X(0) < ()

+ 20CE[|(X(00) + QLK (o) < 0]

§u2(%2%+1> +a2(5£+ “) +2a,u<5z2+1),

(0%

where the last inequality follows from moment bounds (2.50), (2.53), and (2.54).

2.7 Extension: Erlang-C Higher Moments

In this section we consider the approximation of higher moments for the Erlang-

C model. We begin with the following result.

Theorem 2.4. Consider the Erlang-C system (o = 0), and fix an integer m > 0. There
exists a constant C' = C(m), such that for all n > 1,\ > 0, and p > 0 satisfying

1< R<n,
IE(X (00))™ —E(Y (00))™| < (14 1/[¢" HC(m)s, (2.82)
where ( is defined in (1.4).
The proof of this theorem follows the standard Stein framework in Sec-

tion 2.3, but we do not provide it in this document. The most interesting as-

pect of (2.82) is the appearance of 1/[¢|™ " in the bound on the right hand side,
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which of course only matters when |(| is small. To check whether the bound is
sharp, we performed some numerical experiments illustrated in Table 2.2. The

results suggest that the approximation error does indeed grow like 1/ |¢|™".

A better way to understand the growth parameter 1/ |¢|™ " is through its
relationship with E(X (c0))”!. We claim that E(X (00))™ ' ~ 1/[¢|™ " for small

values of |(|. The following lemma, which is proved in Section 2.8.1, is needed.

Lemma 2.13. For any integer m > 1, and all n > 1, > 0, and p > 0 satisfying

R < n,

12%1|C|ME(Y(OO))W =ml. (2.83)

Multiplying both sides of (2.82) by |(|™ and applying Lemma 2.13, we see

that for alln > 1, A > 0, and i > 0 satisfying 1 < R < n,

lin (] E(X (c0))" =

In other words, we can rewrite (2.82) as

[E(X (00))™ — E(Y (00))"|

1 -
_ oo))™ ! m)o
< (U (e ey R D et

< (1+ [B(X (00))™ ) Cm)s

where C(m) is a redefined version of C(m). That the approximation error in
Table 2.2 increases is then attributed to the fact that EX (0c0) increases as ¢ 7T
0. As we mentioned before, the appearance of the (m — 1)th moment in the
approximation error of the mth moment was also observed recently in [53] for
the virtual waiting time in the M/GI/1 + GI model, potentially suggesting a

general trend.
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R <] E(X (00))? Error‘ ¢| xError  [¢|*® xError [¢|"® xError

499 448 x 1072 947 x 10> 159 [ 7.10 x 1072 0.34 1.50 x 1072
4999 4.50 x 1073 9.94 x 10* 16.50 | 7.38 x 1072 1.10 4.94 x 1073
49995 2.20 x 1073 3.99 x 10° 33.08 | 7.40 x 1072 1.56 3.50 x 1073
499.99 4.47 x 107* 9.99 x 10¢ 165.67 | 7.41 x 102 3.50 1.57 x 1073

Table 2.2: The error term above equals |E(X(00))? — E(Y (c0))?| and grows as
R — n. The error term still grows when multiplied by |¢|*°, and the error term
shrinks to zero when multiplied by |¢|'°. However, when multiplied by [¢|, the
error term appears to converge to some limiting value, suggesting that the error
does indeed grow at a rate of 1/ |¢|. We observed consistent behavior for higher
moments of X (co) as well.

2.8 Chapter Appendix

2.8.1 Miscellaneous Lemmas

In this section we prove Lemmas 2.2, 2.9, 2.10, and 2.13.

Proof of Lemma 2.2

Proof of Lemma 2.2. Let f(z) : R — Rsatisfy |f(z)] < C(1 + |z|)®. A sufficient

condition to ensure that
E[Gxf(X(c0))] =0

is given by [52, Proposition 1.1] (alternatively, see [41, Proposition 3]). Namely,

we require that
E[|G ¢ (X (00), X (00)) f(X (00))]| < o0, (2.84)

where G ¢ (x, x) is the diagonal entry of the generator matrix G corresponding

to state zx.

49



In the Erlang-C model, the transition rates of X are bounded by A +n. Since
|f(x)| < C(1+ |z])?, it suffices to show that E(X (00))® < 0o, or that E(X (c0))? <
0o, where X (00) has the stationary distribution of the CTMC X. Consider the
function V (k) = k*, where k € Z,. Let Gx be the generator of X, which is a
simple birth death process with constant birth rate A and departure rate j(k An)

in state k € Z. Then for k > n,

GxV(E) =Mk +1D* — kY +nu((k — D)* — kY
= N4k + 6k + 4k + 1) + nu(—4k> + 6k> — 4k + 1)
= — 4k (np — ) + 6k*(np + \) — dk(np — A) + (A +np).  (2.85)

It is not hard to see that there exists some ky € Z,, and a constant ¢ > 0 (that

depends on A, n, and p), such that for all £ > £,
— A4k (np — \) + 6k (np + X) — dk(np — \) < —ck®. (2.86)

We combine (2.85)—(2.86) to conclude that there exists some constant d > 0 (that

depends on A, n, and 1) satisfying
GxV(k) < —ck® +dl(k < (ko Vn)),
and invoking [67, Theorem 4.3], we see that E(X (00))? < 0.

The case of the Erlang-A model is not very different. When a > 0, the tran-
sition rates of the CTMC depend linearly on its state. Hence, to satisfy (2.84)
we need to show that E(X(c0))* < oo. This is readily proven by repeating the
procedure above with the Lyapunov function V (k) = k°, and we omit the de-

tails. =
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Proof of Lemma 2.9

Proof of Lemma 2.9. We let Fyy(w) and Fy(z) be the distribution functions of W
and X (00), respectively. For any a € R, let & = §(a — x(c0)). We want to show

that

P(a—6 < X(00) <a+6)=Fg(a+0)— Fg(a—9o)

< 20w(Fyw) + dg(X(00), W) + 962 +86*.  (2.87)
Let {m}32, be the distribution of X (c0), and
k* =inf{k > 0:m, > v;, forall j # k}.
Then for any a € R,
Fg(a+0) — Fg(a—9) < 2mp,

because X (00) takes at most two values in the interval (& — 6, + 6]. Observe

that by the flow balance equations, we know that for any k£ € Z,

d(k + 1)

T = b\ Tk+1,

where d(k) is defined in (2.24). Since k* is the maximizer of {m,}, we know that
d(k) < X< d(k* +1) <\ +p,

where in the last inequality we have used the fact that the increase in departure

rate between state k* and k* + 1 is at most p. Likewise, d(k* + i) < X\ + ip for
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1 = 2,3. Hence,

dlk*+1
T = %Wk*+l < (1 + %)Wk“rl < Mpeyr1 + 67,
Ak + 1) d(k* +2)
T = \ 2\ Th* 42

< (14 6%)(1 + 20 Tpeyn < Mpo o + 302 + 264,
d(k* 4 2) d(k* + 3)

Thr41 = Tk*43
A A

< (14 26%) (1 + 36%) Mgy < Tpeyg + 502 + 66,
which implies that for any a € R,

Fg(a+06) — Fg(a—0) < 2mpe < T + Tpegy + 67

= Fe(k* +0) — Fg(k* —0) 4 02

There are now 4 cases to consider, with the first three being simple to handle.

Recall that w(Fyy) is the modulus of continuity of Fy (w).

1. If Fy(k* — 6) < Fg(k* — 6) and Fyy (k* + 0) > Fg(k* + 0), then

Fe(k*40) — Fg(k* —0) < Fy(k* +6) — Fy (k* — 8) < 20w(Fy). (2.88)

2. If Fyy (k* — 6) < Fg(k* — 6) but Fyy (k* +8) < Fg(k* 4 6), then

Fj((];?* + 5) — F)Z(/;Z* — (5)
< Fe(k* +0) — Fyw(k* +0) + Fw(k* +0) — Fw (k* = 0)
< 26w(Fyw) + dg (X (c0), W). (2.89)
3. Similarly, if Fyy (k* — 6) > Fg(k* — 6) and Fyy (k* +6) > Fg(k* + ), then
Fe(k* +6) — Fg(k* —0)

< Fi (k" +6) = Fur(k* = 8) + R (F — 6) — F (k" — 9)

< 20w(Fy) + di (X (c0), W). (2.90)
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4. Suppose Fy (k* — ) > Fg(k* — 0) and Fyy(k* + 6) < Fg(k* + ), then we

need to use a different approach. We know that

< Tgrqo + Mgz + 86% + 80%

= F(k* +30) — Fg(k* +0) + 8% + 85,

Since Fyy (k*+0) < Fy(k*+6), we are either in case 1 or 2 for the difference

Fy(k* +30) — Fg(k* 4 0), and hence we have

Fe(k*430) — Fe(k* +68) < 20w(Fy) + dg (X (00), W).

This proves (2.87), concluding the proof of this lemma.

Proof of Lemma 2.10

Proof of Lemma 2.10. In the Erlang-C model,
v(z) = (2.91)

To bound this density, we need to bound a_ and a,. We know that v(z) must

integrate to one, which implies that

<, *
a_/ e 2Y dy + a+/ e ISay =1
—00 —C

Furthermore, since v(z) is continuous at z = —(,

1

_ 1.2 _ 2
a_e 2% =aye .
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Combining these two facts, we see that

1 1 2
R S v TN oy Ve (2.92)
Jo e dy +ext [Zoelvdy — [T em2dy
and
1 1 12 [2
_ — 036
ay = — - < = e2 —. (2.93)
e3¢ f_oi e*%dey+f_c elCludy ~ e3¢ ff)oo e~ 2% dy ™
Therefore, for z < —(,
2
<a_ <4/ —
bl <o <2,
and for x > —(, we recall that ¢ < 0 to see that
w(z)| < ape < \/§e§<2€—|<|w < \/2
m m
]

Proof of Lemma 2.13

Proof of Lemma 2.13 . The density of Y (c0) is given in (2.91), and so
—<

[e. 9]

yme_mydy,
¢

E(Y (00))™ = a_ / ye W dy + al /

where a_ and a; are as in (2.92) and (2.93). In particular,

1 1
= ¢ _1 1 o = ¢ _1 1
f_ocoe 29’ dy 4 e2¢ f_ce*‘dydy f_oie 2y2dy—|—ﬁe 2¢

a_ =

which implies that
¢ .
lci%l I<|™ a_ /_Oo y"e 2 dy = 0.
Furthermore,
1 1

e3¢ [T e dy + % e lelvdy e3¢ [TC ey + ﬁe—e’

a+
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and using integration by parts,

/ e gy — o c?Z
—¢ j=0

42

J:0

,_.

Hence,

N

W“

JH ¢

¢+

lim ma/ me= Iy = m).
210 |C| + %y Y
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CHAPTER 3
STATE DEPENDENT DIFFUSION COEFFICIENT: FASTER
CONVERGENCE RATES

Choosing a diffusion approximation involves selecting a drift b(z) and a dif-
fusion coefficient a(z). When choosing a diffusion approximation of a Markov
chain, one would think that best course of action would be to choose b(z) and
a(z) based on the infinitesimal drift and variance of the Markov chain, respec-
tively. While the drift of the diffusion b(x) is usually matched exactly to the in-
finitesimal drift of the Markov chain, the diffusion coefficient a(z) is often taken
to be a constant, even when the infinitesimal variance of the Markov chain is
state dependent; see [4, 45, 46, 83] just to name a few. However, not everyone
uses a constant a(x). State-dependent diffusion coefficients are used for example
in strong approximation theorems in [66]; see [45, Remark 2.2] for further dis-
cussion. In [82, p. 116], the authors compare two diffusion approximations, one
with constant and one with state-dependent a(z). Numerically, they find that
the latter does perform a little better, but overall they are unenthusiastic about
promoting its use. The main reason being that a state-dependent diffusion co-
efficient makes the transient behavior of the diffusion process more difficult to
compute, and their observed accuracy gains are not sufficient to justify this extra

difficulty.

The purpose of this chapter is to strongly promote the use of state-dependent
diffusion coefficients a(x) that more accurately capture the infinitesimal vari-
ance of the Markov chain. Working in the setting of the Erlang-C model,
we prove in Theorem 3.1 that the error from an approximation with a state-

dependent diffusion coefficient goes to zero an order of magnitude faster than
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the error from an approximation with a constant diffusion coefficient. We will
also see that a state-dependent diffusion coefficient does not increase the diffi-

culty of computing the stationary distribution of the diffusion.

Going forward, the reader is assumed to be familiar with the content of
Chapter 2. In particular, we assume familiarity with the Stein framework from
Section 2.3. We begin the chapter with Section 3.1, where we present Theo-
rem 3.1 and some numerical results that go along with it. In Section 3.2, we
present the ingredients needed to prove Theorem 3.1 and carry out the proof in

Section 3.3. Section 3.4.1 is a short appendix for the chapter.

3.1 Main Result

We adopt the notation of Chapter 2, which we recall briefly below. The Erlang-C
system has n servers, arrival rate )\, and service rate ;.. The quantity R = \/p
is known as the offered load, and we set § = 1/+/R for convenience. The cus-
tomer count process is X = {X(¢),t > 0} and the scaled and centered process is
X = {6(X(t) — R),t > 0}. When R < n, these processes are positive recurrent,
and X (00) and X (00) are the random variables having the respective stationary

distributions. The process X has generator
Gif(x) = A(f(z +6) — f(x) + d(k)(f(z = &) — f(x)), (3.1)
where k € Z,, & = 24 = d(k — 2(c0)), and
d(k) = p(k An),

is the departure rate corresponding to the system having & customers. We also

recall ¢ = §(R — n), which was defined in (2.6). The approximation to X (co)
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was Y (00), a continuous random variable with density v(x) given in (2.8). The

random variable Y (co) corresponds to a diffusion process with drift
b(x) = (3.2)

and diffusion coefficient 2.

In this chapter, we propose a different diffusion approximation. Namely, let
Ys(00) be the continuous random variable with density
K ©2b(y)
= — —=d R .
vs(w) = Sy exp (/0 (0) y) T €R, (33)

where x > 0 is a normalization constant, and

p

K T < _1/57

a(r) = u2+6x), zel-1/8,—(], - (3.4)

One may check that for k € Z, and z = §(k — R),
b(x) =d(N—d(k)), and a(z)=0dA+d(k)1(k>0)). (3.5)

The random variable Ys(co) has the stationary distribution of a diffusion pro-
cess on the real line with drift b(z) and state dependent diffusion coefficient a(z).
In contrast, in Chapter 2 we used a constant diffusion coefficient of 2;.. The

following is the main result of this chapter.

Theorem 3.1. There exists a constant C' > 0 (independent of \,n, and ), such that

foralln > 1, > 0, and p > 0 satisfying1 < R <n,

i, (X (00), Ys(00)) i= sup |ER(X(00)) — Bh(Ys(c0))| <

h(I)EWQ

= Q

, (3.6)
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where

Wy ={h:R — R|h(z),k(z) € Lip(1)}. (3.7)

Theorem 3.1 should be compared with Theorem 1.1 of Chapter 2. The former
has a convergence rate of 1/R versus the 1/v/R rate of the latter. The class of
functions W, in (3.6) is not significantly smaller than Lip(1), meaning that the
two statements are comparable. We will see in Section 3.4.1 that W, is a rich

enough class of functions to imply convergence in distribution.

Theorem 3.1 can also be compared to the results in [43, 45] and Chapter 5
(which is based in [14]), all of which study convergence rates for steady-state
diffusion approximations of various models. A rate of 1/R is an order of mag-
nitude better than the rates in any of the previously mentioned papers, whose

rates are equivalent to 1/v/R in our model.

3.1.1 Numerical Study

Before moving on to the proof of Theorem 3.1, we present some numerical re-
sults to complement the theorem. The results in this section show that Ys(o0)
consistently outperforms Y (co). In Table 3.1 we see that for large or heavily
loaded systems, i.e. when R is either large or close to n, the approximation
Y (00) performs reasonably well, and the accuracy gained from using Ys(oo) is
not as impressive. However, the accuracy gain of Ys(c0) is much more signifi-
cant for smaller systems with lighter loads. In Table 3.2 we see that the errors
of Y(oo) and Yg(co) indeed decrease at a rate of 1/v/R and 1/R, respectively.
Furthermore, the table suggests that the approximation error of the second mo-

ment also decreases at a rate of 1/ R, even though (3.6) does not guarantee this.
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Numerically, we observed a rate of 1/R for higher moments as well. This is not
surprising, as there is nothing preventing us from repeating the analysis in this

chapter for higher moments.

n=2>
R EX(oc0) ’]EY(oo) ~EX (oo)| Relative Error ‘EYS(oo) ~EX (oo)’ Relative Error
3 020 5.87 x 1072 28.69% 9.34 x 1073 4.57%
4 1.11 9.91 x 1072 8.95% 1.12 x 1072 1.08%
49 21.04 1.28 x 1071 0.61% 1.29 x 1072 0.06%
495 4339 1.29 x 107! 0.30% 1.29 x 1072 0.03%
499 22226 1.30 x 107" 0.06% 1.29 x 1072 0.006%
n = 100
R EX(x) ||EY(0c0) —EX(c0)| RelativeError | |[EYs(co) — EX(co)| Relative Error
60 2.97x 1077 2.73 x 1077 91.83% 5.11 x 1078 17.24%
80 8.79 x 1073 2.25 x 1073 25.60% 1.03 x 1074 1.17%
98 3.84 2.85 x 1072 0.74% 7.00 x 1074 0.02%
99 8.78 3.04 x 1072 0.35% 7.26 x 107 0.008%
99.8 48.74 3.19 x 1072 0.07% 7.46 x 107 0.002%

Table 3.1: The new approximation Yg(oo) consistently outperforms Y (o).

n i?, EX (00) | [EX (00) — EY (20)| | |[EX (00) — EY(00)|

5 1.11 9.9 x 1072 1.2 x 1072

50 46.59 | 1.04 3.2 x 1072 1.2 x 1073
500 488.94| 1.02 1.0 x 1072 1.2 x 1074
5000 4965 | 1.01 3.3x 1073 1.2 x 107

n_ R |E(X(c0))’|[E(X(00))* — E(Y(00))*] | |[E(X(00))* — E(Ys(00))?]
4 6.54 1.00 6 x 102

5
50 46.59 5.84 0.30 5.7x 1073
500 488.94 5.63 0.092 5.6 x 1074
5000 4965 5.57 0.029 5.5 x 107°

Table 3.2: As the offered load increases by a factor of 10, the approximation
error of Y (o00), derived with a constant diffusion coefficient, shrinks at a rate of
/10, whereas the approximation error of Ys(co), derived with a state-dependent
diffusion coefficient, shrinks at a rate of 10. Similar experiments for moments
higher than the second yield consistent results.

Furthermore, although Theorem 3.1 is only stated in the context of the W,

metric, we show that Ys(o00) is a superior approximation to Y (co) when it comes
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to estimating the both the probability mass function (PMF), and cumulative dis-
tribution function (CDF). Let {7}, be the distribution of X (c0). For k € Z

define

Y :]P’(Y(oo) € [6(k — R)—6/2,6(k — R) + 5/2]),

e :]P’(Yg(oo) € [6(k - R)—6/2,6(k — R) + 5/2}).

Results for the PMF are displayed in Figure 3.1 and Table 3.3, and results for
the CDF are in Table 3.4. We observe numerically that the Kolmogorov distance
converges to zero at a rate of 1/v/R as opposed to 1/R. However, Yg(co) still
performs better.

0157

T
Exact

= Const. Diffusion Coeff.
! State Dependent

ol ;. \ |

oosf | \ g
s

/
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Figure 3.1: The plot above corresponds to a small system with n = 5and R = 4.
The blue, green and red lines are 7y, 7T]§, and 7rkYS, respectively.
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n=>5

n = 100

R supyez, ‘Wk - 7r}c/| SUPgez, |Tk — W:S R SUDgez,. |7Tk — FZ’ SUPgez, |Tk — w{s
3 2.72 x 1072 5.84 x 1073 60 1.59 x 1073 2.95 x 107°
4 1.72 x 1072 2.67 x 1073 80 1.16 x 1073 1.92 x 1073
49 2.51 x 1073 3.54 x 10~ 98 3.59 x 1074 9.81 x 107
4.95 1.28 x 1073 1.78 x 1074 99 2.07 x 1074 5.80 x 1076
4.99 2.61 x 1074 3.62 x 107° 99.98 4.71 x 107° 1.34 x 1076
n R | supges, |me— 7| | suppes, |m—
5 4 1.72 x 1072 2.67 x 1073
50 46.59 1.41 x 1073 4.78 x 107°
500 488.94 1.38 x 1074 1.27 x 1076
5000 4965 1.37 x 107° 3.81 x 1078

Table 3.3: Approximating the probability mass function of X (c0).

n=>5 n = 100
R dx(X(00),Y(00)) dr(X(0),Ys(00)) | R dr(X(00),Y(00)) dr(X(0),Ys(0))
3 1.32 x 107! 9.27 x 1072 60 3.43 x 1072 2.58 x 1072
4 8.76 x 1072 6.41 x 1072 80 2.93 x 1072 2.23 x 1072
49 1.32 x 1072 9.48 x 1073 98 1.03 x 1072 8.10 x 1073
4.95 6.84 x 1073 4.84 x 1073 99 5.86 x 1073 4.53 x 1073
4.99 1.41 x 1073 9.84 x 1074 99.98 1.31 x 1073 0.93 x 1074
n R | dg(X(00),Y(o0)) | dg(X(00),Ys(o0))
5 4 8.76 x 1072 6.41 x 1072
50 46.59 2.60 x 1072 2.11 x 1072
500 488.94 7.98 x 1073 6.48 x 1073
5000 4965 2.50 x 1073 2.03 x 1073

Table 3.4: Approximating the cumulative distribution function of X(c0). In
the second table, as R increases by a factor of 10, both dy (X (c0),Y (c0)) and

di (X (00), Y5(00)) decrease by a factor of /10, and not 10.
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3.2 Proof Components

The proof of Theorem 3.1 uses the Stein framework developed in Section 2.3.
We assume familiarity with that section, and now state the main ingredients
needed to prove Theorem 3.1. As we mentioned, the random variable Yg(c0) is

associated to a diffusion process with generator
1
Gys[(2) = b(x) ['(x) + a(2)["(x) forzeR, [ C*(R), (3.8)

where b(z) and a(x) are defined in (3.2) and (3.4), respectively. Fix h(z) € W,

with h(0) = 0, and consider the Poisson equation
Gy fn(z) =Eh(Y(00)) — h(z), ze€R. (3.9)
We use the Lipschitz property of h(z) to see that
[ER(Ys(00))| < E|Ys(00)| < oo,

where the finiteness of E‘Ys(oo)‘ will be proved in (B.62). Just as was done in
(2.26), we can take expected values on both sides of (3.9) with respect to X (co)

and apply Lemma 2.2 to get

IER(X (00)) — Eh(Ys(0))| = [EGyq fu(X (00))]
= [EG g f1(X (00)) — EGy, (X (00))]

<E|G g fu(X(00)) = Gys fu(X(20))|.  (3.10)

We will shortly see in Lemma 3.3 that there is indeed a solution f;,(x) to the
Poisson equation (3.9) with a bounded second derivative. This means that it
can be bounded by a quadratic polynomial, and hence satisfy the conditions of
Lemma 2.2. The following section presents the necessary moment and gradient

bounds.
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3.2.1 Moment Bounds and Gradient Bounds

Recall that ¢ < 0. We begin with several moment bounds.

Lemma 3.1. Foralln > 1,\ > 0,and p > 0 satisfying1 < R < n,

( é_') [\X( )1(X (0 )<—C)|}§¢§+2, (3.11)
(1+ |§|) [(X(00)"1(X (00) < )] <0 (3.12)
(| (X (0) > () <2, (3.13)
¢*P(X (00) > —() < 20, (3.14)

and if 0 < R < n, then
P(X(00) < —() < (2+9)[¢]. (3.15)

Lemma 3.2. Let {7}, be the distribution of X (co). Foralln > 1, A > 0, and ;1 > 0

satisfying 0 < R < n,
mo <424 8)6%[¢|, when || <1, (3.16)
and

T, < (. (3.17)

Lemmas 3.1 and 3.2 are proved in Section A.2. Next we present the gradient

bounds, which are proved in Section B.3.

Lemma 3.3. Fix h(x) € Wy with h(0) = 0 and consider the Poisson equation (3.9).
There exists a solution f;,(x) such that f;/(x) is absolutely continuous, f;"(x) exists and
is continuous everywhere except the points x = —1/6 and x = —(, and limy, f}" (u)

and lim,, |, f}"(u) both exist at those two points. Moreover, there exists a constant C' > 0
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independent of \,n, and i, such that for alln > 1,\ > 0, and p > 0 satisfying

1< R<n,
g 1+L ) r < _Ca
|fi ()] < “( ‘C') (3.18)
c 1
\m<m+1+m), x> —(,
g 1+i ) r < _Cv
|frl ()] < “( ‘C') (3.19)
c
m7 x Z _Cv
and
¢ 1 + L ) x S _Ca
f(x)] < ”“< '<'> (3.20)

=1Q

) l’>—<,

where f;(x) is interpreted as the left derivative at the points x = —1/6 and x = —.

The gradient bounds in Lemma 3.3 involve only the first three derivatives of
fn(z), and are not sufficient for us. We require the following bounds on the

fourth derivative (when it exists). These are proved in Appendix B.3.2.

Lemma 3.4. Fix h(z) € W5 with h(0) = 0, and let f,,(x) be the solution to the Poisson
equation (5.16) from Lemma 3.3. Consider only those x € R such that + = §(k — R)
for some k € Z.. Then there exists a constant C' > 0 independent of \,n, and i, such

that foralln > 1, X > 0, and p > 0 satisfying 1 < R < n,

" n 05 ]‘
=) = S < =5 1 < =00+ ) (14 75

+1(x2—(+5)(1+]§|)], y€e(x—0o,x) (321)
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and

|fi (x=) = 13" ()]
< % {1@; < (-6 + |x|)(1 + %) + 1z > —=)(1+[¢])
pi( e Cya-h]. ve@ars. G2

Remark 3.1. The upper bound in (3.22) has an extra term compared to the
bound in (3.21). This terms is the result of the discontinuity of f;"(z) atz = —1/¢

and r = —(.

3.2.2 Taylor Expansion

In this section we perform a Taylor expansion on G ; f;(z) to get a handle on the
difference G s f,(x) — Gy, fn(x). The Taylor expansion here is similar to the one in
Section 2.6.2, except that now we expand to four terms, whereas the expansion
in Section 2.6.2 was done only up to three terms. Lemma 3.3 guarantees that

+/(x) is absolutely continuous, and that f;”(x) is continuous everywhere except

the points © = —1/0, and z = —(. We write f;"(z—) to denote lim,, f;"(u). We

first define

z+9
a0 =5 [ @80 - ), s eR 3.2
aw)= —5 [ G- @-0PU0) - e ceR 624
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Now observe that

x+6
fule +8) — fule) = fL(@)6 + L82f7 (@) + / (46— y)(f(y) — f1(2)dy

2
! ]' 2 pl ]' 3 e
:fh<$)5+§5 h(l’)‘i‘gé h(T—)
1 z+6 )
b5 [ @) - Sy
! ]' 1 ]' " ~
= R@)0+ 3B 1(@) + PR -) + a),

where the first equality is the same as in (2.75). Similarly, one can check that

(e = 8) = Fule)) = ~fh(@)3 + 30 (@) — 58 (a) + al).

Recall from (3.5) that for any k € Z,, and z = z;, = 6(k — R), b(z) = 6(\ — d(k))
and a(z) = 0(A + d(k)1(k > 0)). Therefore,

G fal@) = N Ji(@) + X5 F(@) + NP F/ (=) + Aer(a)

— d(R)3f () + d(R)30f(@) — () 5 o) + ARl

= b)) + O+ ()1 > —1/5)) 5621 (2)

+ %53@ — d(k)) i (z=) + AL (@) + (A — %b@))gz(iﬂ)

~ Gy fulz) + éé%(m) (=) + AE () + &) — %b(x)ég(x), (3.25)

and
EA(X (00)) ~ Bh(Vs(o0)| < c07E[| /(X (00) )b (o)) + AE[Jea(X(00) ]
E[6(X (00)|] + 5B H(X (c0))ea( X (00) ]

(3.26)

The Taylor expansion in (3.25) reveals the reason this approximation is better
than the one in Chapter 2. This approximation is able to capture the entire

second order term in the Taylor expansion of G f,(z) (i.e. all the terms that

67



correspond to fj(x) and f}(x)). In contrast, the constant diffusion coefficient
approximation in Chapter 2 uses a a(0) = 2y for the diffusion coefficient. Com-

paring (3.26) to (2.27), we see that there is an extra error term of the form

PE[| (X0 (a(E(o0) - a(0)[] = 37B[ K o ()]

which turns out to be on the order of §, not . We are now ready to prove

Theorem 3.1.

3.3 Proof of Theorem 3.1 (Faster convergence rates)

Fix h(xz) € Wy with h(0) = 0, and let f;,(x) be as in Lemma 3.3. We will focus on

bounding (3.26), which we recall here as

Eh(X (00)) — Eh(Ys(o0) ‘g% B[ (% wo))|| + A& (X (o))
+E|[&(X (o0 >>|}+ E[\bff o)X (00))]]
(3.27)
where
aw =1 [ s P06 - R,
o) =~ 5 | = (e= P00 - £y

Proof of Theorem 3.1. Throughout the proof we assume that ® > 1, or equiva-
lently, § < 1. We will use C' > 0 to denote a generic constant that may change
from line to line, but does not depend of A\, n, and p. Suppose we know that for

some positive constants cy, ..., cy > 0 independent of A\, n, and g,

Eh(X(OO)) — Eh(YS(OO)) S 52(61 +co+c3 + 504) + C(S(?To + 7Tn), (328)
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where {7 }72 , is the distribution of X (co). Then to prove the theorem we would

only need to show that
o, T < CO.

One way to prove this is to appeal to Theorem 2.2, which states that the Kol-

mogorov distance

dr (X (00),Y (00)) = sup UP’(X(OO) < a) —P(Y(c0) < a)| <1560

a€R

foralln > 1and 1 < R < n, where Y (c0) is the random variable with density

v(x) defined in (2.8). We would then have that

T =P(—C = 6/2 < X(00) < —( +6/2)
=P(—(¢ —6/2 <Y (00) < —C+6/2)
+P(=¢—6/2 < X(00) < =(+6/2) = P(=( —6/2 < Y(00) < —( +6/2)

< 8]l + 2dx (X (00), Y (20)) < 4C, (329)

where in the last inequality we apply Lemma 2.10, which states that v(x) is

always bounded by y/2/7. The same argument can be used to bound 7.

To conclude the theorem it remains to verify (3.28), which we do by bound-
ing each of the terms on the right side of (3.27) individually. We recall here that
the support of X(cc) is a d-spaced grid, and in particular this grid contains the
points —1/6 and —¢. In the bounds that follow, we will often consider separately

the cases where X(oo) < —(,and X(oo) > —( + 0. We recall that

b(z) = p((x+¢)~ +¢),

and apply the gradient bound (3.20) together with (3.11) and (3.13) of Lemma 3.1
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to see that

B[ (X (oe) - o) < € (14 7 )E[| K (001K (o0) < =)
+CICP(E () = ~C+9)

<C(W2+2)+2C = ¢.

To bound the next term, we use (3.22) from Lemma 3.4 to see that
X (c0)+6

AJE[!&(X(OO))” = %E[/X(m)

gc(fﬁ{l( (00) < ¢ =) (1+[X (o0 D(H%)

X (0)) = £0)| ]

F1(X(o0) = ~O(1 +[¢)
#3 (0 R € 1)
<C8|E { [|X(oo)1(X(oo) < (- 5)@ (1 + %)
+B(¥(o0) <~ = )(1+ 73)
FP(E0) 2 ~OL+ 6D + 5 (14 167) o+ m)

where in the last inequality we used the fact that P(X(c0) = —1/4) and
IP’(X (c0) = —() equal 1 and 7, respectively. We first use (3.11), (3.13), and
(3.15) to see that

A]E[!él(f((oo))”

SC&Q((\/§+2)+(1+3)+(1+2)) +05<1+ )(w0+7rn)

q

< C6* + C8(mo + ) + %(WO + 7,)

cé Cé C
= 0(52 + 05(W0 + 7Tn) + |—C|7T01(K| Z 1) + mﬂ'olﬂd S 1) + mﬂ'n
< C6* + C8(mo + ) + %Swol(m <1)+ %Wn.
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Next, we apply the bounds on 7, and 7,, from (3.16) and (3.17) to conclude that
AE Ugl(fc(oo))}] < 0% + C8(mo + 7).

We move on to bound the next term in (3.27). Using (3.21) from Lemma 3.4,

AE“@(X(OO))H < HE{/X(W)

X (00)—68

IR (0)-) = £/ ]

< 052E[1(X(oo) < —C)<1 + ’X(OO)D (1 * ]_él)

_l’_
=
>
2
V
|

> —C+6)(1+c])]

+
=

Ko (e0) < 0] (14 1)
FPCR(0) 2 =G+ 0)(1+ ).
Now (3.11), (3.13), and (3.15) imply that
)\E“gQ(X(OO))” <CF(A+ (V2+2) + (1+2)) = cs62.

For the last term in (3.27), we use the form of b(x) together with (3.21) from
Lemma 3.4 to see that

L[| (o)) (K (o0))

X (c0)
< E[|b y/

gc(s?’{ X (s0)( 1+|Xoo\1(f(< ) < _<)|}(1+%)

X (0)-) = 00| ]

FP(X(00) 2 ¢ +8)[c] (1 + |<|>]

<08 lEUX(OO)l(X(OO) < —C)” (1 + %)

+E|(X(00))"1(X(00) < =0)| | (1+ %)

FP(X(s0) 2 € +8)(1¢| + |<|2>}
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We apply (3.11)—(3.14) from Lemma 3.1 to conclude that
1 \ ~ (Y 3 3
515:[%()((00))62()((00))@ < CP((V2+2) + 942+ 20) = c46°.

Therefore, we have shown that for all R > 1, and h(z) € W, with A(0) = 0, (3.28)

holds, concluding the proof of Theorem 3.1. O

3.4 Chapter Appendix

3.4.1 The W5 Metric

Let W, be the class of functions defined in (3.7), i.e. the class of differentiable
functions h(x) : R — R such that both h(z) and A'(x) belong to Lip(1). For two

random variables U and V/, define their W, distance to be

dw, (U, V) = sup [E[n(U)] - E[R(V)]], (3.30)

heWs

and recall the Kolmogorov distance dx (U, V') defined in (1.16). In this section
we prove the following relationship between the W, and Kolmogorov distances.

This lemma is a modified version of [74, Proposition 1.2].

Lemma 3.5. Let U,V be two random variables, and assume that V has a density

bounded by some constant C' > 0. If dw, (U, V') < 4C, then

2/3
(U, V) < 5(%) dyw, (U, V)13,

We wish to combine Lemma 3.5 with Theorem 3.1, but to do so we need a bound

on the density of Yg(c0).
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Lemma 3.6. Let vg(x) : R — R be the density of Ys(oo), whose form is given in (3.3).

Then foralln > 1, \ > 0, and ju > 0 satisfying 1 > R < n,

vs(z) <4, xzeR.

Now combining Theorem 3.1 with Lemmas 3.5 and 3.6 implies that
dg (f( (00), Ys(00)) converges to zero at a rate of 1/R'/?. However, we believe
this rate to be sub-optimal, and that dy (X (c0), Ys(c0)) actually vanishes at a

rate of 1/v/R. This is supported by numerical results in Section 3.1.1.

Proof of Lemma 3.5 . Fix a € R and let h(z) = 1(_wq(z). Now fix € € (0,2) and

define the smoothed version

)
1, xr < a,

—e%(a:—a)Q—i—l, x € la,a+€/2],

e%[x—(a+e/2)]2—%(x—a)+%, z € la+e/2,a+ €,

0, T > a+e.

\

Since we chose € < 2, it is not hard to see that

|he(2)] <

=
P
=
IN

where h/(x) is interpreted as the left derivative of A (x) for x € {a,a+¢€/2,a+¢€}.
Therefore, %he(x) € W,. Then
Ehr(U) —Eh(V) =Eh(U) — Eh (V) + E[ V) — h(V)}
< Eh(U) — Eh (V) + C/
= Eh (U) — Eh(V) + Ce/2

4
< 6—2dW2(U, V) +Ce/2,
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2dW2 (U7V)

1/3
= ) , which lies in (0,2) by our assumption that

Choose ¢ = <
dw, (U, V) < 4C. Then

Ch\2/3
EW(U) ~ER(V) <5(5)  du(U, V)2
Using the function h(z) := h.(z + ¢), a similar argument can be repeated to
show that

Eh(V) —Eh(U) = ER(V) — Eh (V) + Eh (V) — EA(U)

<5(5) @ vy

concluding the proof. O

Proof of Lemma 3.6. One can check (see also (B.57) in Section B.3) that (3.3) im-

plies

%€_$ , x < —1/4,

2

vs(x) = ¢ —2__ jee [21°g(2+5”")_5”"}, x € [—1/0,—(],

a3  52%5[C] >
e RS

where the constants a;, az, a3 make the vg(z) continuous and integrate to one.
To prove that vg(z) is bounded, we need to bound these three constants. We
know that
—1/s —C
o / Levdy + a, / L alseran-si g,
o M _1/6 M2+ 6Yy)

> 1 —2[¢ly

+a / ——————e?2lddy = 1. (3.31)
e n2+01C))

We first bound vg(z) when z < —1/4. Since a; and a5 are chosen to make vg(z)

5?2 2/8

continuous at + = —1/§, we know that a;e™"/% = age 3/6%

2 —
, Or ag = a;e

Substituting this into (3.31), we see that
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1 20
< .
65%[210g(2+6y)—6y]dy T o-3/62 fi/é 65%[2log(2+6y)—5y]dy

a; <
6_3/52 J"—C 1
—1/6 p(2+0y)

[2log(2+0y)—dy

The derivative of e:? Vis positive on the interval [—1/0, 0]. Therefore,

on the interval [—1/4, 0], this function achieves its minimum at y = —1/4, imply-
ing that e3? 218+ =04 > 2/8° for o € [—1/6,0], and

20 21

< 1/52.
o—3/82 ffw ¢ 52 [2108(2H0Y)=0u] g, T o—3/8 ffl/é €2/ dy

a; <

= 2ude
Hence, for z < —1/6,
1/62 1 _3:2
vs(z) < 2ude’” —e " <20 <2,
1

where in the last inequality we used the fact that R > 1, or 6 < 1. We now

bound vg(z) when = € [-1/6, —(]. By (3.31),

1 2
ap < —¢ 1 2 [21og(2+38y) —dy] — 0 22 logp(JQJréy)féy] )
f—l/& 2oy € dy f—l/a es dy
Using the Taylor expansion
2 (%y)

2log(2 + 0y) = 2log(2) + %59 26y 2

where £(0y) € [dy, 0], we see that

2.2
l[ 5%y 4

e5%[2log(2+<5y)—<5y] — eg%log@)eé? (2+s<5y>)2} > e3? 0g(2) ,—2y° y € [-1/6,0].

Therefore,

21 24 B 2,ue_%2 log(2)

f01 666%[21og(2+5y)—5y]dy - eg%bg(z) f£)1 G_Qyzdy - fi)l eﬁygdya

a2<

where in the second inequality we used the fact that § < 1. We conclude that for

S [_1/57 _C]/
410 2210 ox)—d0x
Vs(x) _ a2 66%[210g(2+§z)*6x] < 2e” 77 1Bz Plon(on)7on) < 2 < 4
(2 + 6z) - fi)l e~ 2% dy N ffl e~23dy T
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where in the second last inequality we used the fact that on the interval
[—1/d, —(], the function ¢32[2108(2+02)=07] 4 hjeves its maximum at # = 0. This

fact can be checked by differentiating the function.

Lastly, we bound vg(z) when z > —(. By (3.31),

1 _2¢2
az < e = 21 [C| eI,
1
¢ oy €T dy
which means that for x > —(,
as 2tz 2|¢|
vs(7) = —— eI < o——— < (], (3.32)
(2 +0|C]) 24 0¢]

which a useful bound only when |(| is small, say || < 1. Now suppose |¢| > 1.
Since vg(x) is continuous at x = —(, we have

,2(2

ay = aze? e 52 [210g(2+5|C|)—5|CH.

We insert this into (3.31) to see that for x > —(,

2¢2
< e2+9[¢]
asz >~
=< 1 [21og(2+6y)—8y] ,— 2 [2log(2+5|¢|)—d[¢]
f 1/6 u(2+63/)€§2 e dy
_2¢2 _2¢2
_ eTHoTel e ZHoTC] 24+0]C] =2¢
= 2+6[¢]
> % % € )
Jo fo 2+5\g| ydy €]

where in the second inequality we used that

ez [2108(2+0y)=0u] o= 5 2log (240N =0l > 1 ) < [0, (],

5 [2log(2+6y)—6y]

which is true because the derivative of the function e is negative

on the interval [0, —(]. Therefore, for z > —(,

as —2|<| 1 2<2 —2[¢|e 1
e2+ 2+0[¢f g 2401¢] < —

[ < — .
ERFIRIN < Y
Together with (3.32), this implies that vg(x) < 1 for x > —(. This concludes the

I/S(JT) =

proof of this lemma. H
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CHAPTER 4
MODERATE DEVIATIONS IN THE ERLANG-C MODEL

This chapter focuses again on the Erlang-C model. We adopt the notation from
previous chapters, and refer the reader to Section 3.1 for a quick recap of the
model and notation. In Theorem 2.2 of Chapter 2, we proved a bound on the
Kolmogorov distance between the steady-state customer count X (cc) and the

diffusion approximation Y (co). Namely, we showed that

. . 156
dg (X (00),Y(00)) = sup [P(X(00) < 2) —P(Y(00) < 2)| < Vi

where R is the offered load to the system. The Kolmogorov distance repre-
sents the absolute error between the cumulative distribution functions (CDF).
However, when P(X (c0) < z2) is small, the absolute error is a poor indicator of
performance, and the relative error becomes more important. It turns out that
Stein’s method can also be used to prove error bounds on the relative error, and
the goal of this chapter is to do this for the Erlang-C model. Our main result is

Theorem 4.1 contained in Section 4.1, which shows that there exists a constant

C > 0 independent of A\, n, and y, such that for = ‘= (k — R),k > n,k € Z,,

VR
‘P({?(OO)ZZ)_l

P(Yg(o0) > 2)

(1=p)  20=p? 1 el 11-p (1-p°
ST S 4 C (R+\/§p+ pQ)

+C€2C2C2(% + \}Elgp + ( ;f)z) min{(z\/ 1),R<% + %)3}, 4.1)

where n is the number of servers in the system, R is the offered load, p = R/n
is the system utilization, ¢ = (R — n)/v/R, and Ys(oo) is the diffusion approxi-
mation defined in (3.3) of Chapter 3. In particular, the bound in (4.1) says that
in the quality-and-efficiency-driven (QED) regime where n = [R + 8 \/}_2-‘ for
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I\

) C(p) e
2 -1 < ﬁ—l—(](ﬁ)mm{ﬁ(zvl),l}.

Stein’s method has been used to prove bounds on the relative error of the
CDF approximation in [18, 21, 22, 24, 75]. These results are referred to as mod-
erate deviations results, which date back to Cramér [25], who derived expan-
sions for tail probabilities of sums of independent random variables in terms of
the normal distribution. The following is a typical moderate deviations result
[70, Chapter 8, equation (2.41)]. If X;,...,X,, are i.i.d. random variables with

EX; = 0, Var(X;) = 1, and Ee®/¥il < oo for some t, > 0, then

P(X;+...+ X, > 2) 1+ 23
=1 1
1= 3(2) O —7=

where ®(z) is the CDF of the standard normal, O(1) is bounded a constant, and

0<2z< aoml/ﬁ,

both the bound on O(1) and q, are independent of m. The name “moderate”
deviations comes from the restriction z € [0, aym/%], which makes the bound
valid as long as P(X; + ... + X,, > z) is not too small. This type of range
restriction on z is always present in moderate deviations results. In contrast,

(4.1) does not have an upper bound on the value that z can take.

The rest of this chapter is structured as follows. We state and prove our
main results in Section 4.1, and prove some auxiliary lemmas in Section 4.2. The
author would like to thank Xiao Fang, who provided him with a preliminary

version of the moderate deviations result for the Erlang-C system.
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4.1 Main Result

In this section we state and prove the main result of this chapter. We assume
familiarity with the Stein framework introduced in Section 2.3. We also refer
the reader to Section 3.1 for a quick summary of notation. In addition to the

notation used there, we let p = \/nu be the utilization in the Erlang-C system.

Theorem 4.1. Recall that ( = 6(R — n). There exists a constant C' > 0 such that for

any k € Zy, k>n, z=96(k—R), A >0, > 0,and n > 1 satisfying p > 1/2,

‘IP’(X(OO)ZZ)_1
P(Ys(o0) > 2)
S(1—,0)+2(1—p) +52+0642<52+51—p+(1—29)>
p p p p
2¢2 2 ( 52 l—p (1=pP\ . Lol ?
+Ce<g<5 Fo— Py )m1n{(z\/1),—2<m+5) } 4.2)

To supplement the theorem, we present some numerical results below. Recall
that in addition to Ys(oo), the diffusion approximation with state-dependent
diffusion coefficient, we also have Y (c0), the approximation with constant diffu-
sion coefficient; cf. (2.8). From the results in Chapter 3, it is natural to anticipate
that Yg(oc0) is a better approximation, and this is correct. Figure 4.1 displays the
relative error of approximating P(X (o) > z) when n = 100 and p = 0.9. We see
a qualitative difference in the approximation quality of Y (c0) and Yg(c0). The
relative error of the former increases linearly in z, whereas the error of the lat-
ter is bounded no matter how large »z becomes. These results are consistent for

other choices of n and p.

In contrast to the universal approximation results we saw in the previous
chapters, the upper bound in Theorem 4.1 only decreases as p 1 1. However,

we believe that universality still holds, and that the current statement of The-
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orem 4.1 is simply a shortcoming of the author’s proof. To support this, we
present Table 4.1, which shows the relative error when n increases while p is
tixed at 0.6. As we had hoped, the relative error of the approximation decreases
as n grows, which suggests that the current statement of Theorem 4.1 can be

improved upon.

0.7

061

051

041

031

021

0.1r-

Figure 4.1: n = 100,p = 0.9. The plot above shows the relative error of ap-
proximating P(X(co) > z). The x-axis displays the value of z; when z = §,

P(X(o0) > z) ~ 10~*. The blue dots correspond to m% — 1|, the error of

the constant diffusion coefficient approximation. The green circles correspond
to % — 1|, the error from the state-dependent coefficient approximation.
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n | P(X(c0) > 2.4) W—l\ %—1\
100 0.0146 0.1347 0.3090
200 0.0117 0.1027 0.2473
400 0.0104 0.0767 0.1890
800 0.0102 0.0561 0.1386
1600 0.0094 0.0409 0.1029

Table 4.1: Approximating P(X(00) > z) with p = 0.6. The value z = 2.4 was
chosen because P(X(c0) > 2.4) ~ 0.01. Even though Theorem 4.1 does not
guarantee sharp error bounds for p = 0.6, the relative error of the diffusion

approximation still shrinks.
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41.1 Proof of the Main Result

The rest of this section is dedicated to proving Theorem 4.1. To reduce notational

clutter, going forward we let
W =X(c0), and Y= Yg(c0). (4.3)

The proof of Theorem 4.1 follows the standard Stein framework. We recall the

generator Gy, defined in (3.8), as

1

Grof () = b(w) (&) + 5a(@) (@),

where a(z) and b(z) are as in (3.2) and (3.4), respectively. Fix z € R and suppose

f-(w) satisfies the Poisson equation

b(u) () + yaw) f2(w) = B(Ys > 2) ~1(w > 2)

Let G ; be the generator of the CTMC associated to W = X (00), whose form can
be found in (3.1). Using the Taylor expansion performed in Section 2.6.2, one

can check that for w = §(k — R),

G f.(w) — Gy fa(w)
v 1

w+o
— A / (w+ 6 — ) [ (y)dy + d(k) / (v — (w—8) " (y)dy — ~a(w) " (w)

w w—4 2

= [ s xG =+ [ )+ )= b /5)dy = Salw)f2(w)

where d(k) = p(k An), and f/(w) is understood to be the left derivative at the

points w = z and w = —JR. Lemma 2.2 tells us that EGy f.(w) = 0, and we
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conclude that
=EGy f.(W) —EG 3 f.(W)
= E[Sa(W) (7))
) 0
- E[ / POV + NG = )y + [ OV )= (5) o + 8y (4

The proof of Theorem 4.1 revolves around bounding the right hand side above.

Define
(A=bW)/6)(y+6) >0, ye[-0,0],
Kw(y) =
Ao —y)>0, yel0,0].
It can be checked that
0 1, 1
/ Kuw(y)dy = 56\ — S0b(), (45)
-6
J 1
/ Kuw(y)dy = 50N, (4.6)
05 1
/ K (w)dy = 5a(1V) (47)

Together with (4.7), the expansion in (4.4) then implies that
P(Ys 2 2) = P(W = z)

= e[ [ v ) - K

—6

=& [ (U s 1) - 200 ) Kt

+]EU_Z (ﬁuw > ) - mKW by > z))KW(y)dy}

’ 2 2
FR(Ys > z)E[ | G - G(W))wady], 18)
where we used f/(w) = —ib&”)) filw) + 5 (P(Ys > 2) — 1(w > 2)) in the last

equation. The following lemma is assumed for now, and will be proved at the

end of Section 4.2.
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Lemma 4.1. There exists a constant C' > 0, independent of A, pu or n, such that
> (26(W +y) 2b(W)
E e LIV _ /
B[, Gl 00+ =2 o) ket
2 — _ 2 . >
§064<52+51 p, U p))+2(1 PRP(W > 2)

2

p p L+p P(Ys>2)
+062<2§2<62+51;p+ “;f) >min{ ,%(f' +5) } (4.9)

We now prove Theorem 4.1.

Proof of Theorem 4.1 . Throughout the proof we will let C' > 0 be a positive con-
stant that may change from line to line, but will always be independent of A, n,
and p. We begin by bounding the second and third terms on the right hand
side of (4.8). Since we assumed that = = 6(k — R) and k > n, this implies that

z > —( + d. Observe that

4
[, Gt 2 =)= gy OV + 02 2) K o)y
1

:1(W:z)—1(W:z)/0 ml(W—i—yZz)KW(y)dy
:1(W:z)—1<wzz)a(fo% 2

B L 146C]

=W =255

zl(W:z)liP,

where in the second equality we used the fact that a(z +y) = a(—() for y € [0, 9],
and in the last equality we used the fact that 6 || = 6*(n — R) = 1/p — 1. The

flow-balance equations of the Erlang-C model imply that

P(W =2z2)=(1—-p)P(W > 2). (4.10)
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Therefore,

E[/Z (a(;/)uw > ) - ml(ﬂf by z>)KW(y>dy1
1 1—0p

— g = > _ .
P(W z)1+p IP’(W_z)1+p (4.11)
To bound the third term in (4.8), observe that
G5t o] = Cat v
s \a(W +y) a(W) wy)dy a(W + y)a(w) )Y
<2— Kw(y)dy = 6%, 4.12
<270 [ Kty 4.12)

where in inequality we used the fact that Ky (y) > 0, 1/a(w) < 1/p, and o' (w) <

po for all w € R. Applying the bounds in (4.9), (4.11), and (4.12) to (4.8), we

arrive at
IP’(WZZ)_l
2 L—p  (A=p2\ , 20=p?*P(W >2)
< Ces (62
<0 (8 4+ E ) T P(Ye s
> 1—p  (1—=p)%\ . 1/1 3
2¢2 -2 ( 52 (=
+ Ce C((S +0 P + 7 )m1n{(z\/1),62<|<’+5>}
PW>2)1-p
2
2 1-— 1—p)?
=2+ Ce (82 40 P! 2'0))
P P
2 l—p (L=pP?\ . 1 3
2¢2 -2 ( <2 =
+ Ce C<5 +9 ; + 7 )mm{(ZV1)5<|§| >}
P(W > 2)1—p+2(1—p)°
P(Ys > 2) 1+p '
It remains to bound ]H;(E/ >Z) For convenience, let us define

2 l—p (1-p)?
) 2 (2
W(z) = 8%+ e (8240 E )

roeee (ot Ly u _2”)2) min { (= 1) 6i<|i‘| +a)}

p p
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Rearranging the inequality above, we see that

P(W > z) 1—p+2(1—p)
Hw(z)z[@(yszz)(l_ 1+p )
:JP’(WZZ)< p 9—2(1—0)2>
P(Ys > z) \1+p 1+ p
JPW =z p
TPYs>z2)1+4p

where in the last inequality we used the fact that p—2(1—p)? > 0 forp € [1/2,1].

Therefore,

PW>z) 1+p
P> 2) = (1 +4(2)),

and we conclude that

1] <)+ L )

1—p+2(1—-p)?

1—p+2(1—p)?
1+p

P(W > 2)
‘]P’(Ys > z)

+ Cy(2).

4.2 Auxiliary Proofs

Having proved Theorem 4.1, we now describe how to prove (4.9). Attempting to
bound the left hand side of (4.9) in its present form will not yield anything use-
ful. This following lemma manipulates the left hand side into something more

manageable using a combination of Taylor’s theorem and the Poisson equation.
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Lemma 4.2. Assume z > —( + 6, and let r(w) = 2b(w)/a(w). Then

|G w200 w0

oW 1) (W)

:éa%(W)%W)) Frowy + (2 / K (y) / ’ / POV 4+ w)dudsdy

+%Jg oy [k / / (W + w)dudsdy

—1(W=Z)%a—)/ yEw(y)dy

er0s2 5 [0 [ (g — )

AW = —1/8) fA(W / K (y / (W + s)dsdy

LW / Kw(y / (W + s)dsdy

+1W e [-1/064+06,—C—0])f /KW // "(W + u)dudsdy

LW € [<1/6 +6,—C — )L (W) (W)~ 5%( ) (4.13)

Examining the right hand side of (4.13), we see that we will again need moment
and gradient bounds to bound its expected value. One of the moment bounds

we will need is

E[(X(20)1(X(o0) < ~0)] < 3 + 20 (4.14)

This was proved in (2.28) of Chapter 2. The following lemma presents the nec-

essary gradient bounds. It is proved in Section B.3.3.
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Lemma 4.3. There exists a constant C' > 0 such that forany A > 0, u > 0,and n > 1,

) < B+ ID, @<= (@15
/ P(Ys < 2)
=0 - 4.1
1 1" O 2
P(Ys > 2) £ (w)] < ;eC (1+¢)+¢Y), w<—(, (4.17)
P(YSIZ Z) |f!(w)| S %eww€@(1 + |C| + C2), w e [—C’ 2]7 (418)
fllw)=0, w>z (4.19)

2[6(=9)|

Recall that 2|b(—¢)| /a(=¢) = 2[¢| /(2 + ¢§]|¢]). The appearance of "« in

(4.18) means that we require bounds on the moment generating function of V.

The following lemma contains what we need, and is proved in Section 4.2.2.

Lemma 4.4. There exists a constant C' > 0 such that for any A > 0, u > 0, and n > 1

o 2+5[¢
satisfying p > 0.1, and any v > JQF‘CH 3
(el —1)w 2¢?
E(e 2ol ) (W > —()) < yCe2HKd (4.20)
1 3 2¢2
E(er a1 > ) < 5—2(’—1’ +6) Cemia, (4.21)

We are now ready to prove Lemma 4.1.

Proof of Lemma 4.1. We prove this lemma by taking expected values on both

sides of (4.13), and bounding the terms on the right hand side one at a time.
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Namely, we will bound 1/P(Ys > 2) times

5[ pom 2 12|
+ IE— W> 2/5KW /y/sf”W—kududsdyH

—l—E /KW // W—i—ududsdy”

+ E_l(W:z) (W) im/ YK (y )dy”
> e Sy / 6ot [ (g~ )|
L E]1 W——l/(S /KW / W+s)dsdy”
Ll / Kwly / W+s)dsdy”
+E_(We[ 1/6 46, —C — 8)) /KW // W+ududsdy”
L [E :1(W € [~1/546,—C — ) LWy (W)E(SQb(W)} ' (4.22)

one line at a time. We begin with the first line in (4.22):

1 EFé?b(W)%(W)f"(W)H

P(Ys > 2)| |6 a(W) "%
< 52%642(1 + ¢+ 62)E[2§%) (W< —C)}
S i+ el e . 2)]
< 0 1+ 10+ OR[ww < )
+ 52%@(1 + ¢+ <2>sz(_‘<§)E[eWﬁ%1<W € [—c,zn}
< OO (14 (¢ + () + 525 L+ [el+¢ >%E [eWﬁWW € [—wD]

< 02 (1 4 |¢| + ) + PCe L+ Ic| + OE [ WL e [—c,zn],
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where we used (4.14) in the third inequality. If z < 2;@'4' , then

E{ewzi'éﬂ'q(w e [, z])} <3

If 2 > 2;(2"“ , we use (4.20) with z = ~ there to see that

E[ewzia‘uuw e [—g,z])] _ E{eW(MIC “Vz) Wi (117 e [—C,z])}

_2¢% 2
< 2CeZH < 20 .

Using (4.21),

1

z +5> SOt <i< 1 +5) Ces.

e ] e oo <31
Hence,

1

2h(W)
a(W)
1

< O3 (14 [C] + %) + €% A1+ || + () min { (2 v 1), %(m + 5)3}.

e | sonm) 20 o

Moving on to the second line of (4.22):

Kw(y // (W+u< C)f"(W—i—u)dudsdy}
w Y

E/K

]P’(Yslzz { / K (y / / f”W+ududsdyH
g(ib( OV’E U Kw(y // (W +u> g)f”(WJru)dudsdy]
+E[ )/

|

// (W +u € [~C, 2))

X ge (14 [¢] + ¢2)e™ 2il§|l€dudsdy]
0

* E{(ib((vvvv))f / Z K (y) /0 y /0 < —<>%e<2(1 +1¢] +C2)dudsdy},

where in the second inequality we used the gradient bounds from Lemma 4.3.
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To bound the first term, note that

o [ [

C 2
X Eec (1+ ¢+ C2)€(W+u)2+|§<dudsd4

<(GED e et-ca [ ZC52KW( >% I+ ey
< (ib((__g)))ch A+ R [ ,2])e +“/ Kw(y dy}

- (B <<1+2 <+ [(We[ G L)

= 500 (Ho) St 16l + |10 € ¢, e

< 0% (14 || + g)%Q((_g min { 2. %(& 5)}

< 082X (14 |¢] + C2)¢ mm{ 52(|€| +5) }

For the second term,

“| G

(W< g/KW //—e (1+[¢| + ¢ dudsdy]

§05“(1+|C|+C) ( ) (W <=0)5 /KW dy}
= oot (1410l + | () 10w < -0 "0
- e+ i+ | T < —cﬂ

< C8% (1 + ¢+ ).

Hence,

[ /KW //f W+ududsdy”

1 3
< 082S (1+[¢] + ¢ )+O<52 RO+ ¢ >mm{(”1) 52(|C| 5> }

YS>Z
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We now bound the third line in (4.22):

2200 ) [ st [ [ o0 +uiutsa|
E{Qab((l?//)) fL(W) /_Z Kw(y) /Oy /084 X 1(W +u < —Odudsdy] ‘

-5 ]

1
]P)(YS > Z)
1
<
- ]P)(YS Z Z)
< 1
- P(YS Z Z)

>
< 58] W) 10 < 0

) 1 o
<6 ]E{u W | Eé (14 [¢H1W < —C)}
< 82 (1+¢)),

where in the second last inequality we used (4.15), and in the last inequality we

used (4.14). We now bound the fourth line in (4.22):

E {1(W =2) 2b<mvf)) a(iv) /_Z wa(y)dyl '

aa)z/}“ @’

) 2[b(=0)
(Ys > 2) a(=()

2| P(W >2)
2+ 0[C|P(Ys > 2)’

where in the second last equality we used (4.10). We now bound the fifth line in
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(4.22):

SofE[res 2 9 2 /5 ) [ (G~ o) ‘

P(Ys > z)
[ 0 Y 1a —a s
=~y [ v [ S e

[20(W) [° Voo 2ud|s|
=Elam / vl / AW+ s)a(W)dey]

[20(W) [° vo2u6?
=Bl [ | ua(W)dey]

FZ{%Z }(ﬁv) [ Kwtwa
5K
(

=5E

a(W)

<§C+),

where in the first inequality we used the fact that «’(w) < pd for all w € R, and

in the last inequality we used (4.14). We now bound the sixth line in (4.22):

1

< P(W = —1/6)% / Kw(y) / 16/ (~1/6 + 5)|dsdy

E{(W_—l/é /KW / W+s)dsdy”

)
<P(W = —1/5)% / 15K (y)dy
0

2

—B(W = _1/5)345&
1

< CSP(W = —1/5)
< C8%,

where we obtained the first inequality from (4.15). The term in the seventh line
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is bounded similarly:

E{ /KW / W+s)dsdy”

1

suwM/:r—ofiﬁaﬁﬂﬂl/;4dxw«wdy
:Mwu:gﬁi%}ﬁﬁ Liex—ab(=0))

< COP(W = —()e" (1+¢])
< OO (1+[¢)).

We now bound the eighth line in (4.22):

1

E{l(W € [~1/5+8,—C — 8 fL(W)

x/_iKW(y) /Oy /Osg”(W—i—u)dudsdyH

E {1(W €[-1/6+6,—C—0)) /_Z 8(52Kw(y)dy]

§£@+m>
7]

_ @45%@ [1(W e[-1/646,—C — 5])a(W)}
< MWE {1(W < —Qu2+0 \W!)l

< C8% (14 |¢)).

Finally, we bound the ninth line in (4.22):
L
P(YS > Z)
CQ
I
< CO* (L +[¢).

E {1(W e-1/6+6,—C — 5])f;(W)9’(W>é5Qb<W>)1 ‘

<C LW < —=¢)6 [b(W)] ]

Combining these nine bounds together, we arrive at the final bound of

2|¢| P(W > 2)P(W > 2)
2+5|C|P(YS > 2)P(Ys = 2)

C6%eS (1 + |¢| + ¢2) +6(1 — p)

+ C8%% (14 |¢| + ¢*) min {(z V1), = (é_’ + 6) }
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Combining the above with the fact that ¢ |(| = é*(n — R) = 1/p — 1 concludes

the proof. O

421 Proof of Lemma 4.2 (Error term)

Recall that r(w) = % Using the forms of a(w) and b(w) in (3.4) and (3.2), it is

not hard to check that

(

2, w<—1/4,
r'(w) = o W E (=1/6,—(],
0, w>—(,
\
where 7'(w) is understood to be the left derivative at the points w = —1/6 and

w = —(. Assume for now that for all y € (-6, 0),

20(W +y)
—(W+y) SOV +y) -
B 2b( ) 2b(W

Yawy s
2(1V) )
+ a(W)/O ( (W+S) (W 5>z)—ml(W>z)>d5

FP(Ye > Z)ib((v@ /Oy (a(W2+ - a(iv)>ds + (W) /Oy r'(W + s)ds.

)) ‘()

/ 2b(W POV +0) 47 (W + ) f! (W))duds
+

(

a(W)

(4.23)

We postpone verifying (4.23) to the end of this proof. Since z > —( + ¢ and

a(w) = a(—() for w > —(, we see that

26(W) /y( : 2 1(W—{—SZZ)_L1(WZZ)>CZS

a(W) a(W +s) a(W)
:1(W:z)%a(‘2y)/o (1(s > 0) —1)ds (4.24)
26(W) 2

=W = 2)7 s (-l 2 0). (4.25)
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Combining (4.23)-(4.25) with the fact that ff sYEKw(y)dy = £66(W), we arrive

at
bV +y) | 20(W)
[ B v ) - r 100 K )y
éé b(W)ib((Mm;)>ﬁ + 2/ Kw(y //f"W+u dudsdy

/KW // (W 4 u)dudsdy

L G(W) o / yKw (y)dy
20(W) [?° v 2 2
+P<YSZZ>W/_5KW<”/O (G~ )

/ Kw(y / (W + s)dsdy

We are almost done, but the last term on the right hand side above requires

some additional manipulations. Since r'(w) = 0 for w > —( and Kw (y) = 0 for

W =—-1/6and y € [—0,0],

/ Kw(y / (W + s)dsdy

(W = —1/6) / Kw(y /yr’(W—i—s)dsdy
/ Ku(y / (W + s)dsdy
LW e [=1/5 46, —§—5])/_5 Kw(y) /Oyr’(W—irs)dsdy,
and for W € [1/5+ 6, —¢ — 4],

/ Kw(y / (W + s)dsdy
5

/KW / W+s)—r(W))dsdy+r’(W)/ YK (y)dy

-4

_ / () /O /0 r”(W+u)dudsdy+r’(W)é52b(W).
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To conclude the proof, we verify (4.23). Since

() f1w)) = ) 1)+ (@) ),

it follows from the Fundamental Theorem of Calculus that

20(W + ) 20(W)
a(W +vy) a(W)

_ Y Qb(W> " / /
_ /O <a(W) FIOW +5) +7'(W +5) fL(W) ) ds. (4.26)

W +y) - f2(W)

Now

/Oyf;’(W+s)ds +/ LW +s) — fI(W))ds

W +/0 %VVVV: (W+s)—%f;(W))ds

+/0 G (W+s) e z2) - a(iV)l(sz))ds
+P(Ys 2 2) /Oy (a(W2+ 9 a(évﬂds’

and applying (4.26) once again, we see that this equals

yf, (W / / Qb AW +u) +r'(W+u)f, (W))duds

—|—/0 (ml(W—i— s> z)— a(;/)l(w > z))ds
+P(Ys 2 2) /Oy (a(W2+ 9 a(IZ/V))dS’

thus proving (4.23).

4.2.2 Moment Generating Function Bound

Proof of Lemma 4.4. Throughout the proof we will let C' > 0 be a positive con-
stant that may change from line to line, but will always be independent of A, n,

and p. Recall that ( = §(R — n) and that the random variable W lives on the
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lattice 6(Z; — R). Fixr > 0and M € {6(k — R) : k > n}. Consider the test

function f(w) = e"*™), where

p
_Ca w S _C7

P(w) = w, w € [—¢, M|,
K]\4, w > M.

For w = §(k — R), we have

Gw f(w) = A f(w +6) = f(w)L(w € [=¢, M = 4])
+ plk An)(f(w —=06) = f(w))l(w € [=C+ 6, M])
=AM (w)(e" = D1(w € [, M —4])
+npf(w) (e = 1)(w € [=¢ + 6, M])
= Af(w)(e" = D1(w € [=¢, M]) = Af(M)(e” = 1)(w = M)

g (w) (e = 11w € [~¢, M]) = pnf(=0)(e™" = 11w = =),
Since EGw f(W) = 0, we take the expectation in the equation above to see that

— (M = 1)+ mp(e™ — D)E(FW)LW € [~¢, M])
= = Af(M)(" = DP(W = M) + npf(=¢)(1 — e )P(W = —().  (4.27)
First, note that the right hand side is bounded by
npf (=1 = eP(W = =) = Af(=O)(1 = e")P(W = —( = 4)
S A (=QorP(W = —( = 9)
< Af(=Q)orCo

= rf(~()Ch, (4.28)

where the first equality follows from the flow-balance equations of the CTMC

corresponding to W, and the last inequality follows from the same logic used to
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prove (3.29) of Section 3.3. Now let v > 2|b(( C) and set r = 215’((__5)‘ — % Assume

we can prove that

1 452
(M = 1) 4 (e — 1)) > u(%% + qTo> p>0.1. (4.29)
Then using (4.27) and (4.28) we get
2 el 21(=0) _ 1
E(fWIW € [=¢ M]) Sy77—f (=00 <ACe w0 K, r= =735 = 2,
1 21b(=Q)| 2|b(—C¢
B(AWI0V € (¢, M)) < 0319, = 2ESL

and taking M — oo then establishes the claim in the lemma.

We now verify (4.29). Using the Taylor expansions
1

1 4 1 5 &(or)
l=rd+ - (7’5) 6(r6) 24(r5) + 20 (rd)’e
1 1
=or _ 1 — _ - o 57")
e rd + — (7“5) 6(7"5) o (7“5) 120(r6)

where £(0r) € [0,07] and n(—0r) € [—or, 0] (the fifth order expansion is neces-

sary), we rewrite the left side of (4.27) as
_ <()\ ) (v 4 (ms) N 4 (At nﬂ)(%(mf + i(my‘))E( FOV)LOW € [—¢, M]))

120(7"6) (AetC) — npue™™NE(F(W)L(W € [—¢, M])).

Recalling that (A — nu) = pl, A6* = p, and né* = 1/p, the quantity above

becomes

/1))(%72 4 2—147*462))]E(f(W)1(W e [~¢, M)

L 553(; 0 EONB(FW) LW € [—¢, M)

u(!ﬂ (r+ lr?’é?) —(1+

120
1 1 1 1 :
> (1610 90 + 057+ 5pr*) = ")

< E(F(W)L(W € [—¢, M]))
1.1 1 32 1.1 1 5¢3 _6or
D937) + (1] = (14 1)) — o)

—pu(r(Icl = (1+
x E(fW)L(W € [-¢, M]))  (4.30)
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2[b(=0)|
a(=¢)

Now if r = -1 -~ for some v > 2|b— then

1

-+ 230 = k- @+ 23 2lel 1

J2asg )

2+0|¢l -1~ 1.11
=[] s ()5
2441 P2y
2+ (-1 -1 1,11
= [ — (14 -)5
2441C p' 2y
_11l+p
v 2p

where in the third equality we used the fact that § || = §*(n — R) = % — 1. The
right hand side of (4.30) then equals

it + %r%zg cl+ glj—pp) ST PEVE(FVI(Y € [, M)
> (S + 15 I = e B VIOV € [~ M)
> u(g%p T 1—125 _ steér)xa(ﬂwmw e [-¢, M))),
where in the last inequality we used the fact that || > 2i|§|‘<| > r. Now
G Wl 2-p) _ 2-p) _21-p)

T240[Cl p2HOKD) 20+ (1=p)  14p ]
and so it can be checked that
1

1 5530 — rté? ri62 1 2(1 — p)e2(11;pp>

|
) B - - —rse?) >0 - =28 =p)
0 g e = gy (T groe) = 5o (1= 4 1+p )
T452
>__
=12 10

whenever p > 0.1.
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CHAPTER 5
STEADY-STATE DIFFUSION APPROXIMATION OF THE M/PH/N + M
MODEL

This chapter is based on [14]. We ignore any notation defined in previous chap-
ters, and start fresh with notation (although much of the notation will be similar
to the previous chapters). In this chapter, we apply the Stein framework intro-
duced in Chapter 2 to the M /Ph/n+ M system, which serves as a building block
to model large-scale service systems such as customer contact centers [1, 39] and
hospital operations [2, 76]. In such a system, there are n identical servers, the
arrival process is Poisson (the symbol M) with rate ), the service times are i.i.d.
having a phase-type distribution (the symbol Ph) with d phases and mean 1/,
the patience times of customers are i.i.d. having an exponential distribution (the
symbol +M) with mean 1/a < oco. When the waiting time of a customer in
queue exceeds her patience time, the customer abandons the system without
service; once the service of a customer is started, the customer does not aban-

don.

Let X;(t) be the number of customers in phase i at time ¢ fori = 1,...,d,
where d is the number of phases in the service time distribution. Let X (¢) be
the corresponding vector. Then the system size process X = {X(¢),t > 0} has
a unique stationary distribution for any arrival rate A and any server number n
due to customer abandonment; although X is not a Markov chain, it is a func-
tion of a Markov chain with a unique stationary distribution, see Section 5.3 for
details. In Theorem 5.1 of this chapter, we prove that

sup [E[(X¥(00))] ~ E[h(¥ (20))] | <

forany A >0andn >1 (5.1)

S0
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satisfying
np =X+ ﬁﬁ, (5.2)

where 3 € R is some constant and H is some class of functions & : R* — R. This
is known as the Halfin-Whitt, or quality- and efficiency-driven (QED) regime
[46]. In (5.1), XM (00) is a random vector having the stationary distribution of
a properly scaled version of X = X that depends on the arrival rate \, num-
ber of servers n, the service time distribution, and the abandonment rate «, and
Y (00) is a random vector having the stationary distribution of a d-dimensional
piecewise Ornstein-Uhlenbeck (OU) process Y = {Y'(¢),t > 0}. The stationary
distribution of XV exists even when 3 is negative because « is assumed to be
positive. The constant C' depends on the service time distribution, abandon-
ment rate o, the constant 5 in (5.2), and the choice of H, but C' is independent
of the arrival rate A and the number of servers n. Unlike the results in Chap-
ters 2 and 3, which were universal and did not rely on any particular parameter
regime, we do require the QED regime to prove the result in (5.1). The reason
for this is the additional difficulty in establishing gradient and moments bounds

due to the multi-dimensional nature of X (c0) and the approximation Y (co).

Two different classes H will used in our Theorem 5.1. First, we take #H to be
the class of polynomials up to a certain order. In this case, (5.1) provides rates of
convergence for steady-state moments. Second, H is taken to be W@ the class

of all 1-Lipschitz functions
WD = {h:RY 5 R: |h(z) — h(y)| < |z —yl}. (5.3)

In this case, (5.1) provides rates of convergence for stationary distributions un-
der the Wasserstein metric; convergence under Wasserstein metric implies the

convergence in distribution [40].
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As previously mentioned in Section 1, the authors of [27] develop an algo-
rithm to compute the distribution of Y (c0). The algorithm is more computa-
tionally efficient, in terms of both time and memory, than computing the distri-
bution of XV (o). For example, in an M/H,/500 + M system studied in [27],
where the system has 500 servers and a hyper-exponential service time distri-
bution, it took around 1 hour and peak memory usage of 5 GB to compute the
distribution of X». On the same computer, it took less than 1 minute to com-
pute the distribution of Y'(c0), and peak memory usage was less than 200 MB.
Theorem 5.1 quantifies the steady-state diffusion approximations developed in

[27].

In [26], the authors prove the convergence of distribution X (c0) to that
of Y (00) by proving an interchange of limits. The proof technique follows that
of the seminal paper [37], where the authors prove an interchange of limits for
generalized Jackson networks of single-server queues. The results in [37] were
improved and extended by various authors for networks of single-servers [17,
60, 92], for bandwidth sharing networks [88], and for many-server systems [36,
44, 81]. These “interchange limits theorems” are qualitative and thus do not

provide rates of convergence as in (5.1).

Our use of Stein’s method in this chapter has two important features that
were not present in the previous chapters. Unlike the Erlang-A and Erlang-C
models, which are relatively simple one-dimensional birth death processes, the
M /Ph/n+ M model is a multi-dimensional Markov chain, and the correspond-
ing diffusion approxmiation is also multi-dimensional. This means that our
usual approach for deriving gradient bounds does not hold anymore, and we

rely on ideas from [43] to solve this problem. The second feature of this chap-
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ter is state-space collapse (SSC). We will see that the Markov chain representing
the M/Ph/n + M system lives in a higher dimensional space than the diffusion
approximation. Therefore, certain SSC error bounds need to be established in

order for us to carry out Stein’s method.

In Chapter 3 we discussed the benefits of using a diffusion approximation
with a state-dependent diffusion coefficient. The approximation Y (c0) in (5.1)
is based on a diffusion process with a constant diffusion coefficient. Nothing
is proved about the approximation with state-dependent diffusion coefficient,
because the multi-dimensional nature of the M /Ph/n + M model makes this
task much more difficult. However, this does not prevent us from evaluating
the approximation numerically, which we do in Section 5.7. Our observations
depend on the type of service-time distribution we use. Namely, we observe a
difference between the cases when the first service phase is deterministic or ran-
dom. In the former case, no SSC is required, and the state-dependent coefficient
approximation performs better. Namely, we observe the phenomenon of faster
convergence rates of 1/)\, analogous to what was proved in Chapter 3. In the
latter case, SSC is required, and we do not have faster convergence rates. This
is because the SSC error is of order 1/v/\ and does not vanish with the use of a

state-dependent diffusion coefficient.

The rest of the chapter is structured as follows. We begin with Section 5.1,
where we formally define the M /Ph/n + M system as well as the diffusion pro-
cess whose steady-state distribution will approximate the system. Section 5.2
states our main results. Section 5.3 describes the continuous-time Markov chain
(CTMC) representation of the M /Ph/n+ M system. Section 5.4 sets up the Pois-

son equation, gradient bounds, and Taylor expansion of the CTMC generator.
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Section 5.5 deals with SSC. Moment bounds and the proof of our main result can
be found in Section 5.6. Section 5.7 contains numerical results evaluating the

performance of an approximation with state-dependent diffusion coefficient.

5.1 Models

In this section, we give additional description of the M /Ph/n + M system and

the corresponding diffusion model.

5.1.1 The M/Ph/n+ M System

The basic description of the A//Ph/n+ M queueing system was given in the first
paragraph of the introduction. Here, we describe the dynamics of the system.
Upon arrival to the system with idle servers, a customer begins service immedi-
ately. Otherwise, if all servers are busy, the customer enters an infinite capacity
queue to wait for service. When a server completes serving a customer, the
server becomes idle if the queue is empty, or takes a customer from the queue
under the first-come-first-served service policy if it is nonempty. Recall that the
Ph indicates that customer service times are i.i.d. following a phase-type distri-
bution. We shall provide a definition of a phase-type distribution shortly below.
The phase-type distribution can approximate any positive-valued distribution

[3, Theorem II1.4.2].
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Phase-type Service Time Distribution

A phase-type distribution is assumed to have d > 1 phases. Each phase-type
distribution is determined by the tuple (p, v, P), where p € R? is a vector of non-
negative entries whose sum is equal to one, v € R? is a vector of positive entries

and P is a d x d sub-stochastic matrix. We assume that P is transient, i.e.
(I - P)' exists, 5.4)

and without loss of generality, we also assume that the diagonal entries of P are

zero (P; = 0).

A random variable is said to have a phase-type distribution with parameters
(p,v, P) if it is equal to the absorption time of the following CTMC. The state
space of the CTMC is {1, ...,d + 1}, with d + 1 being the absorbing state. The
CTMC starts off in one of the states in {1, ..., d} according to distribution p. For
i =1,...,d, the time spent in state 7 is exponentially distributed with mean 1/v;.
Upon leaving state 7, the CTMC transitions to state j = 1, ..., d with probability

P;;, or gets absorbed into state d 4 1 with probability 1 — E?Zl P;.

The CTMC above is a useful way to describe the service times in the
M/Ph/n 4+ M system. Upon arrival to the system, a customer is assigned her
tirst service phase according to distribution p. If the customer is forced to wait
in queue because all servers are busy, she is still assigned a first service phase,
but this phase of service will not start until a server takes on this customer for
service. Once a customer with initial phase i enters service, her service time is
the time until absorption to state d 4 1 by the CTMC. We assume without loss of

generality that for each service phase i, either

pi > 0or P;; > 0 for some j. (5.5)

106



This simply means that there are no redundant phases.

We now define some useful quantities for future use. Define
R = (I — P")diag(v) and ~=puR 'p, (5.6)

where the matrix diag(v) is the d x d diagonal matrix with diagonal entries given
d
by the components of v. One may verify that ) | 7, = 1. One can interpret ~; to
1=1
be the fraction of phase ¢ service load on the n servers.
For concreteness, we provide two examples of phase-type distributions

when d = 2. The first example is the two-phase hyper-exponential distribution,

denoted by H,. The corresponding tuple of parameters is (p, v, P), where
p=(pi,p2)", v=(1,1n)", and P=0.
Therefore, with probability p;, the service time follows an exponential distribu-
tion with mean 1/v;.
The second example is the Erlang-2 distribution, denoted by E,. The corre-
sponding tuple of parameters is (p, v, P), where

1
p=(1,07, v=(,0" and P=
0 0

An B, random variable is a sum of two i.i.d. exponential random variables, each

having mean 1/6.

5.1.2 System Size Process and Diffusion Model

Before we state the main results, we introduce the process we wish to approx-

imate, as well as the approximating diffusion process — the piecewise OU pro-
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cess. Recall that X = {X(¢) € R% ¢ > 0} is the system size process, where
X(t) = (Xu(t), . Xa(1)",

and X;(t) is the number of customers of phase i in the system (queue + service)
at time ¢. We emphasize that X is not a CTMC, but it is a deterministic function

of a higher-dimensional CTMC, which will be described in Section 5.3.

The process X depends on A\, n, «, p, P, and v. However, in this chapter we
keep o, p, P, and v fixed, and allow A and n to vary according to (5.2). For the
remainder of the chapter we write X») to emphasize the dependence of X on

); the dependence of X™ on n is implicit through (5.2).

Recall the definition of v in (5.6) and define the scaled random variable
XP(o0) = 6(X M (00) =), (57)
where, for convenience, we let
§=1/VA (5.8)

To approximate X ¥ (00), we introduce the piecewise OU process Y = {Y (t),t >

0}. This is a d-dimensional diffusion process satisfying

t t
Y(t) =Y (0)—ppt— R/ (Y(s) —p(e"Y (s))")ds— ap/ (7Y (s))Tds+VEB(t).
0 0
(5.9)
Above, B(t) is the d-dimensional standard Brownian motion and v/¥ is any d x d

matrix satisfying

VEVE = = diag(p) + > i H* + (I — PT)diag(v)diag()(I — P), (5.10)

k=1

where the matrix H* is defined as
H = Py(1— Py), H};=—PyPy forj#i.
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Comparing the form of ¥ above to (2.24) of [27] confirms that it is positive def-
inite. Thus VX exists. Observe that Y’ depends only on 3, o, p, P, and v, all of

which are held constant throughout this chapter.

The diffusion process in (5.9) has been studied by [31]. They prove that Y is
positive recurrent by finding an appropriate Lyapunov function. In particular,

this means that Y admits a stationary distribution.

5.2 Main Results

We now state our main results.

Theorem 5.1. For every integer m > 0, there exists a constant C,, =

C(B,a, p,v, P) > 0 such that for all locally Lipschitz functions h : R? — R sat-

isfying
h(z)| < [a[*  fore € RY,
we have
Eh(X™(00)) — EA(Y ()| < % forall X > 0
satisfying (5.2), which we recall below as
np = A+ VA

Theorem 5.1 will be proved in Section 5.6. As a consequence of the theorem,

we immediately have the following corollary.

Corollary 1. There exists a constant Cy, = Cy (83, a, p, v, P) > 0 such that

sup |ER(XM(00)) — Eh(Y ()| < == forall A >0
heW(d) A

ﬂQ
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satisfying (5.2), where W'Y is defined in (5.3). In particular,

XMV(o0) = Y(o0) as A — oo

Proof. Suppose h € W@. Without loss of generality, we may assume that (0) =

0, otherwise we may simply consider h(z) — h(0). By definition of W(®,
\h(z)| < |z| forz € R?
and the result follows from Theorem 5.1 with m = 1. O]

Remark 5.1. For any fixed 8 € R, there are only finitely many combinations
of A € (0,4) and integer n > 1 satisfying (5.2). Therefore, it suffices to prove

Theorem 5.1 by restricting A > 4, a convenience for technical purposes.

5.3 Markov Representation

The M/Ph/n + M system can be represented as a CTMC
UN ={UN@),t >0}

taking values in U, the set of finite sequences {uy,...,u;} . The sequence u =
{u1, ..., ux } encodes the service phase of each customer and their order of arrival
to the system. For example, the sequence {5, 1,4} corresponds to 3 customers in
the system, with the service phases of the first, second and third customers (in
the order of their arrival to the system) being 5, 1 and 4, respectively. We use |u]
to denote the length of the sequence u. The irreducibility of the CTMC U™ is
guaranteed by (5.4) and (5.5).

We remark here that U™ is not the simplest Markovian representation of

the M/Ph/n + M system. Another way to represent this system would be to
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consider a d + 1 dimensional CTMC that keeps track of the total number of
customers in the system, as well as the total number of customers in each phase
that are currently in service; this d + 1 dimensional CTMC is used in [28]. In
this chapter we use the infinite dimensional CTMC U™ because the system size
process XM cannot be recovered sample path wise from the d + 1 dimensional
CTMC, it can only be recovered from UW. Also, the CTMC U™ will play an

important role in our SSC argument in Section 5.5.

In addition to the system size process XV, we define the queue size process

={QW(t) € z4,t > 0}, where

and QZ(-A) (t) is the number of customers of phase ¢ in the queue at time ¢. Then

xW (t) — QZQ) (t) > 0 is the number phase ¢ customers in service at time t.

7

To recover XM (t) and Q™ (t) from UW(t), we define the projection functions

Iy : U — R%and Il : U — R? For each u € U and each phasei € {1,...,d},

Jul [ul
= Z Lug=iy and HQ Z Lug=iy-
k=1 k=n+1

It is clear that on each sample path
XV =TIx(UN®#) and QW(t) = (UM (1)) fort > 0. (5.11)

Because there is customer abandonment the Markov chain U™ can be proved to
be positive recurrent with a unique stationary distribution [26]. We use U™ (c0)
to denote the random element that has the stationary distribution. It follows that
XM (00) = x (UM (c0)) has the stationary distribution of X, and X™ (c0) in
(5.7) is given by

XN (00) = §(Ix (UM (00)) — yn). (5.12)
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For u € U, we define
r=0Ilx(u) —yn), ¢=Ilg(u) and z=IIx(u)—q. (5.13)

When the CTMC is in state u, we interpret (IIx(u));, ¢;, and z; as the number of
the phase ¢ customers in system, in queue, and in service, respectively. It follows

that z > 0.

Let G0 be the generator of the CTMC U (N To describe it, we introduce the

lifting operator A. For any function f : RY — R, we define Af : i/ — R by

Af(u) = f(6(Ilx(u) —yn)) = f(z). (5.14)

Hence, for any function f : R? — R, the generator acts on the lifted version Af

as follows:
GumAf(u Z Api(f(z + 6e® ) + Z aqi(f(z — 6eD) — f(z))
—i—ZVlzl[Z z + eV — e)
+(1- iﬂnf(x —de) = f()]. (5.15)

Observe that Gy Af(u) does not depend on the entire sequence u; it depends

on z, ¢, and the function f only.

5.4 Applying Stein’s Method

In this section, we prepare the ingredients needed to prove Theorem 5.1 using
the Stein framework introduced in Section 2.3. We prove Theorem 5.1 in Section

5.6.
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5.4.1 Poisson Equation

Consider the Poisson equation
Gy fulw) = ER(Y () — h(z), (5.16)

where the generator Gy of the diffusion process Y, applied to a function f(z) €

C*(R%), is given by

Gy f(z)
d d
= 30/ (@) [pif — vl — pu(e"0)) — api( )+ X Py — (e 0))|
i= j=
d
+3 > 80 f(z)  forz e R (5.17)
i,j=1
Taking expected values in (5.16) with respect to XV (c0), we focus on bounding
the left hand side

EGy fu(X™V(00)). (5.18)

The following lemma, based on the results of [43], guarantees the existence
of a solution to (5.16) and provides gradient bounds for it. The proof of this

lemma is given in Section B.4.

Lemma 5.1. For any locally Lipschitz function h : R? — R satisfying |h(z)| < |z|*",
equation (5.16) has a solution fj,(x). Moreover, there exists a constant C'(m,1) > 0

(depending only on (8, a, p, v, P)) such that for x € R?

(@] < Clm, 1)1+ [2)", (5.19)

Ofu(@)] < Clm, A+ )" (1+[2]),  (5.20)

0 fu(x)] < Clm, DA+ [2)"(1+ [2])?, (5.21)

e 'a”fh(?@:i’rfh(x” < C(m, D)1+ |2)™(1+ |2])%. (5.22)
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5.4.2 Comparing Generators

The following is an analogue of Lemma 2.2.

Lemma 5.2. Let h : RY — R satisfy |h(x)| < |z|*™. The function fy(z) given by
(56.16) satisfies
EG o Afn(UN(00)) = 0. (5.23)

To prove the lemma, we need finite moments of the steady-state system size.

Lemma 5.3. (a) Let L(u) = exp(e’ Iy (u)) for u € U. Then
EL(UM(c0)) < oc. (5.24)

(b) all moments of e XY (o) are finite.

Proof. One may verify that
Gy L(u) < Mexp(1) — 1) L(u) — (e Ty (u) — n)* (1 — exp(—1))L(u).

It follows that there exist a positive constant C' = C'(\, n, ) such that, whenever

eTTlx (u) is large enough,
Gy L(u) < —CL(u) + 1. (5.25)
Part (a) follows from [67, Theorem 4.2]. Part (b) follows from (5.24) and the

equality e Tlx (U™ (00)) = T XM (00). O

The function L(u) is said to be a Lyapunov function. Inequality (5.25) is known
as a Foster-Lyapunov condition and guarantees that the CTMC is positive re-

current; see, for example, [67].
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Proof of Lemma 5.2. A sufficient condition for (5.23) to hold is given by [52,

Proposition 1.1] (alternatively, see [41, Proposition 3]), namely
E[ |Guon (UV(00), UM (00))| [ A1 (U ()] | < o0. (5.26)

Above, Gy (u, u) is the uth diagonal entry of the generator matrix G . In our

case, the left side of (5.26) is equal to
= E[ |Gy (UM (00), UM (00) |11 X W (00)) ]

= E

At a(e" XN (00) = m)* 4+ (XY (00) — QEA)(OO)‘ F(X(00))

Y

< E ‘)\ + (Vv m?X{Vi})eTX(’\)(oo)

(XD (o0))

where the first equality follows from (5.12) and (5.14). One may apply (5.19) and

(5.24) to see that the quantity above is finite. O

5.4.3 Taylor Expansion

To prove that
ER(X™)(00))) ~ ER(Y (50)| = [EGyo AU (60)) = Gy S XV (00))
is small, we perform Taylor expansion on G, A f5(u), which is defined in (5.15):

2

- 2
= ; Api (60; fn () + %&th(gj)) + ag;( — 60 fu(z) + %dlfh(fz))

d d 2
FYnall = Y Py (— 60 ue) + 0, h(E)

J=1

d d 2
F30 S na Py~ 00ufula) + 60, fule) + S DufulEs)

i=1 j=1

52
+§ajjfh(§ij) - 523z‘jfh(§z‘j)>, (5.27)
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where &' € [z, 7+ 6eD], & € [x — §e| z] and &;; lies somewhere between z and
z— el +del9). Using the gradient bounds in Lemma 5.1, we have the following

lemma, which will be proved in Section 5.8.1.

Lemma 5.4. There exists a constant C(m,2) > 0 (depending only on (53, v, p, v, P))

such that for any u € U,

Gy Afn(u) — Gy fu(z)

d d
= Z O fn(x) [(VZ —a— Z Pjiv;)(6q; — pi(e"2) ") | + E(uw),  (5.28)

j=1

where q and x are as in (5.13),  as in (5.8), and E(u) is an error term that satisfies

[B(u)] < 8C(m,2)(1 + |al*)™ (1 + |=])*.

5.5 State Space Collapse

One of the challenges we face comes from the fact that our CTMC U™ is infinite-
dimensional, while the approximating diffusion process is only d-dimensional.
Recall the process (XM, QW) defined in (5.11) and the lifting operator A acting
on functions f : RY — R, as defined in (5.14). When acting on the lifted functions
Af(UM(00)), the CTMC generator Gy, depends on both X™ (c0) and Q™ (c0),
but its approximation Gy f (X (c0)) only depends on X M (c0). This is captured
in (5.28) by the term

> 0ufula) | (v — @ = 3 Pv) (60 — pile"0)*) .

j=1
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To bound this term, observe that for any 1 <7 <d,

(I/i —a— i PjiuJ')@ifh(a:) (6g; — pi(eTa:ﬁ)
— (yi —a— i Pjiuj> (@fh(:c) — Oifn(x — dq +p(eT:c)+)> (6g; — pi(e"z) ™)

+ (l/i —a— Z Pjiyj)é)ifh (z — g+ p(e"z) ") (6q; — pi(e"x)™)

j=1

= (Vi — Q= Z PjiVj> Zﬁikfh(g)@(ﬁc - pk(eTx)+>(5q2‘ - pz’(eTx>+)

d
+ (z/i —a— Z Pjiyj)aifh (5(2 —n) + p(eTx)+) ((5qi — pi(eT:c)Jr), (5.29)

where z, defined in (5.13), is a vector that represents the number of customers
of each type in service, and ¢ is some point between z and = — dq + p(e’z)". In
particular, there exists some constant C' that doesn’t depend on A and n, such
that

€] < |z + 6 g + |p| (e"x)t < Oz, (5.30)

because dg; < (e’z)™ for each 1 < i < d (i.e. the number of phase i customers in

queue can never exceed the queue size).

In order to bound the expected value of (5.29), we must prove a relationship
between XV (00) and QW (c0). Intuitively, the number of customers of phase
i waiting in the queue should be approximately equal to a fraction p; of the
total queue size. The following two lemmas bound the error caused by the SSC

approximation. They are proved at the end of this section.

Lemma 5.5. Let Z™ (00) = XM (00) — QW (00) be the vector representing the number
of customers of each type in service in steady-state. Then conditioned on (e” XM (c0))*,

the random vectors Q™ (oo) and Z™ (c0) are independent. Furthermore,

E[6Q™ (00) — p(e" XV (00))*| (" XN (0))*| =0, (5.31)
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and for any integer m > 0, there exists C'(m, 3) > 0 (depending only on (3, o, p, v, P))
such that for all X\ > 0 and n > 1 satisfying (5.2),

E[[60V(00) — ple" XV (00)) | ] < 87 Clm BE[T XD (00)) ], (5.32)
where § = 1/+/X as in (5.8).

Lemma 5.6. For any integer m > 0, there exists C(m,4) > 0 (depending only on
(B, ,p, v, P)) such that for any locally Lipschitz function h : R? — R satisfying
\h(z)| < |z|*™, and all X > 0 and n > 1 satisfying (5.2)

[aifho@”( )| (i —a- Z (0 (c0) - pz-<eTf<<A><oo>>+>}H

< 0C(m, QB[ (" XM (00))*)’] \/E[1 + ‘f(w(oo)]s} (5.33)

where fy,(x) is the solution to the Poisson equation (5.16).

Proof of Lemma 5.5. We begin by proving (5.32), for which it suffices to show that
for all A > 0 and n > 1 satistying (5.2)

E[|Q™(00) = p(e" XV (00) = n)*[*" | < Clam, BE[(e" XV (o0) —m)*]"

We first prove a version of (5.32) for any finite time ¢ > 0. Then, (e? XV (¢) —n)*
is the total number of customers waiting in queue at time ¢. Assume that the
system is empty at time ¢t = 0, i.e. XY)(0) = 0. Fix a phase i. Upon arrival to the
system, a customer is assigned to service phase ¢ with probability p;. Consider
the sequence {{; : j = 1,2,...}, where ¢; is one if the jth customer to enter the
system was assigned to phase i, and zero otherwise. Then {{; : j =1,2,...}isa
sequence of iid Bernoulli random variables with P(¢; = 1) = p;. Fort > 0, define

A(t) and B(t) to be the total number of customers to have entered the system,
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and entered service by time t, respectively. Also let (;(¢) be the indicator of

whether customer j is still waiting in queue at time ¢. Then

(e XN (1) Z ¢;(t) (5.34)

j=B(t)+1

Zj@g (5.35)
7.

1

Let ZMV(t) = XM (t) — QW(t) be the vector keeping track of the customer types
in service at time ¢ and let B(/, p;) be a binomial random variable with ¢ € Z,
trials and success probability p;. Assuming X (0) = 0, by a sample path con-
struction of the process UY) one can verify that for any time ¢ > 0, the fol-

lowing three properties hold. First, for any z € Z%, a,b € Z, witha > 1, and
Tl ooy Tay Y1y - Ya € {0,1},
P(&pi1 =1, &pta = Ta | A(t) = b+a, B(t) = b, ZV(t) = z,
Cor1 = Y15+ Coa = ya)
= P(fi = $1)P(€2 = $2) .- -P(fa = l‘a)
= ) (5.36)

The right side of (5.36) is independent of b, z, yi,...,y,. It then follows from
(5.34), (5.35) and (5.36) that for any integer ¢ > 1, ¢; € Z,,and z € Z<,

P(QV(1) = ;| (" XV (1) =n)* = £, 2N (1) = 2)
=PQM(t) = g | ("XV(t) —n)* =)
=P(B((,p:) = ). (5.37)
Since (5.37) holds for all ¢ > 0, it holds in stationarity as well.
We now say a few words about how to construct U N and argue (5.36)-

(5.37). One would start with four primitive sequences: a sequence of inter-

arrival times, potential service times, patience times, and routing decisions. The
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sequence of potential service times would hold all the service information about
each customer provided they were patient enough to get into service. The rout-
ing sequence would represent the phase each customer is assigned upon enter-

ing the system.

To see why (5.36) is true, we first observe that at any time ¢ > 0, the random
variable A(t) depends only on the inter-arrival time primitives; in particular,
it is independent of the routing sequence {¢;,j > 1}. Second, any customer to
arrive after customer number B(t) = bhas no impact on any of the servers at any
point in time during [0, ¢]. In particular, the primitives including {&,.;,7 > 1}
associated to those customers are independent of B(t) = b and ZW(t). Lastly,
the decisions of those customers whether to abandon or not by time ¢ depends
only on their arrival times, patience times, and the service history in the interval
0,¢]. In particular, the sequence {(y+;(t),j > 1} is independent of {&,,,,j > 1}.

This proves the the first equality in (5.36).

We now move on to complete the proof of this lemma. We use (5.37) to see

that for any positive integer N,

A m
E([QE () = pi(e" XV (t) — n)*]? 1{(6TX(>\)(t)—n)+§N})

= SE[(BUp) - pi)™"|R("XV (1)~ ) = 0)
< C(m, 6)€mP((eTX(>\) (t) _ n) _ 6)
/=1
= C(m, G)E([(eT XN(t) —n)tm {(ETW)(”_WSNQ, (5.38)

where we have used the fact that there is a constant C'(m, 6) > 0 such that
E[(B(E,pi) —pl-z)?’”] < O(m,6)f™ forall £ > 1;
see, for example, (4.10) of [61]. Letting ¢ — oo in both sides of (5.38), by the
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dominated convergence theorem, one has

A m
E([QE )(OO) - pi(eTX(A)(OO) —n)"P? 1{(6TX<)‘)(00)—TL)+§N})
< C(m, 6)E<[(€TX(A)(OO) - n)+]m1{(eTX<>‘>(oo)fn)+§N})'

Letting N — oo, by the monotone convergence theorem, one has

E(Q1V(00) = pi(e” XM (00) = n)*)*™ < C(m, 6)E[(e" XN (00) = n)*]™.

)

Then (5.32) follows from this inequality for each i and the fact that there is a
constant B,, > 0 such that |z|*" < B,, Y%, (z;)*™ for all z € R%. One can check
that (5.31) can be obtained by an argument very similar to the one used to prove

(5.32). u

Proof of Lemma 5.6. Recall that
2% (00) = X™(00) — QW (o)

is the vector representing the number of customers of each type in service in

steady-state. Then from (5.29) we have

K {aifho”dwoo))(a@?)(oo) _ pl-<eT5f<A><oo>>+)]

I
B

E [aikfh@)(é@,?)(oo) — pi(e" XV (00))) (6Q (00) — pz-<eTX<*><oo>>+)}

i

1

+E [aifh (32 (50) = ym) + p(e" XV (00))* ) (51" (0) - pz-<eTf<<A><oo>>+)] .

By Lemma 5.5, the second expected value equals zero. For the first term, one

can use the Cauchy-Schwarz inequality, together with the gradient bound (5.21)
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and the SSC result (5.32) to see that forall 1 <1,k <,
|01 1(6) (501" (00) = (e X (00)7) (501" (59) = (T X Vo))
< (E[(&-kfh(f))zbl/?( KéQ(A)( ) — pk(eTX(A)(OO))+>4])1/4

« (]E {(5@9)(00) - X<A)(oo>>+>1 ) :

< 60(2,3)E[(e" XM (00))T] 2\/E [(aikfh(g))z}

< 50 BE[(ET XD (o0)) " Clm, 1)y [E[(1 -+ P21+ i)

We now combine everything together with the fact that { satisfies (5.30) to con-
clude that there exists a constant C'(m, 4) that does not depend on X or n, such

that

{fhow )| (i —a- Z )(5Q;” (00) - pi<eTX“><oo>>+>}H

< 5C(m,4)E[(eTX<A><oo))+]2\/ E[l + )X W(oo)\g],

which concludes the proof of the lemma. O

5.6 Proof of Theorem 5.1

To prove Theorem 5.1, we need an additional lemma on uniform bounds for

moments of scaled system size. It will be proved in Section A.3.

Lemma 5.7. For any integer m > 0, there exists a constant C(m,5) > 0 (depending

only on (B, «, p, v, P)) such that

E ‘X()‘)(oo)‘m < C(m,5). (5.39)
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We remark that in the special case when the service time distribution is taken to

be hyper-exponential, it is proved in [36] that

lim sup E exp (9 ‘f((’\)(oo)‘ ) < 0

A—00
for # in a neighborhood around zero. The proof relies on a result that allows one
to compare the system with an infinite-server system, whose stationary distri-

bution is known to be Poisson.

Proof of Theorem 5.1. 1t follows from Lemmas 5.4 and 5.6 that

)Eh(ff(woo)) —EA(Y (00)) ] - ‘EGU@)A Fu(UM(o0)) — EGy fh(f(@)(oo))‘

{@fh(jf()\)(oo))[ _Q—ZPNV] 5@ ( ) pi(eTX(/\)(OO))+)]]|
+6C (m, 2)E [1+ ]XM )Q)W( XW(c0) )4}

gao(m,4)1[-«:[(( TX M (o0))*)? \/IE XM (o00) 8}

+5C(m, 2)E [1+‘X 00)| )m(1 4+ [ X (00) il (5.40)

By Lemma 5.7, there are constants B;(m), Bo(m) > 0 (depending only on
(ﬁ7 a,p, v, P)) such that

E[((e"XW(00))*)’] JE 14 | X0 e)[ ] < Bitm),

E[(1+ ‘X@)(oo)f)mu 00| < Bafm).

Therefore, the right side of (5.40) is less than or equal to

dC(m,4)By(m) 4+ 6C(m,2)Ba(m)

< (C(m,4)31(m) +C(m, 2)32(m)) for A > 0.

-

This concludes the proof of Theorem 5.1. O
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5.7 State Dependent Diffusion Coefficient

In Chapter 3, we showed that using a state-dependent diffusion coefficient
yields a much better approximation for the Erlang-C model. In this section we
explore the use of a state-dependent diffusion coefficient for the AM/Ph/n + M
model. We perform a numerical study, as the multi-dimensional nature of the

M/Ph/n + M model makes it difficult to prove any rigorous bounds.

To understand which diffusion approximation to use, we first group the

terms on the right hand side of (5.27) by partial derivatives to see that

Gy Af(u Z Oif (x )\pi — ag; — V’izi)

d

+ 8”f 52 >\p1+0zqz+mzz+z 525
Jj=1
d

ZZ@U f(2)0%vziPy, uel, (5.41)

i=1 j=

d
1
where 2, ¢ and z are defined in (5.13). We wish to replace z and ¢ by functions

of z. We know that
XT; = (S(Zz + q; — ’ym).

Lemma 5.5 tells us to use the approximation

d
5q; ~ pi(e’x) sz (5.42)

A

which suggests that

1
o= 30— )+ un = = 7)) +n

The state space of the CTMC makes it so z; can never be negative, i.e. the number

of customers in service is never negative. Therefore,

2= (z;)T =~ (%(m, —pi(e’z)") + %n>+. (5.43)
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We apply (5.42) and (5.43) to (5.41) to arrive at the diffusion approximation with

generator

d

Gf(z) = Z 0; f () <5>‘pi —api(e’z)" — (l‘z —pi(eTx)t + 5%‘”)+>

=1

d
1
+ Z 8iif(:v)§ (52>\pi + dap;(e’z)t + dv (z; — pi(e"x) T + 57m)+
i=1

+5ZPJZVJ —pile’x)t +57jn)+>

d d

= > 0uf(@)oviPy (i — pile"x) T + 6yin) (5.44)

i=1 j=1

Comparing the generator in (5.44) to Gy in (5.17), we see that the coefficients
of the second derivatives are state-dependent in the former, but constant in the
latter. Although we are not guaranteed that the diffusion process with generator
given by (5.44) is positive recurrent, we assume it is, and use a modified version

of the finite element algorithm in [27] to compute its stationary distribution.

In the rest of this section, we will be interested in approximating the steady-

state total customer count in the system. For convenience, we define

T:=XMoo)+ XM(o) and T := XM (00) + XM (00) =6(T —n), (5.45)
where XM (00) is defined in (5.12). We set
W = Yi(00) + Ya(00), (5.46)

where Y (00) has the steady-state distribution of the diffusion process with gen-
erator Gy. The random variable W is the constant diffusion coefficient approxi-
mation to 7. Analogously to (5.46), we let W be the approximation to 7 based
on the diffusion process with generator in (5.44). The code used in the following
numerical study is publicly available at ht tps://github.com/anton0824/

mphnplusm.
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5.71 M/Cy/n + M Model — No State Space Collapse

We first focus on the special case of the M /C5/n+ M model. The C, stands for a
2-phase Coxian distribution. The corresponding tuple of parameters is (p, v, P),

where

0 P
p=(1,07", v=,»w!’, and P= 1
0 0

It can be checked that in this case, 1/u = 1/v; + Pia/vy, v = p/vy, and vy =
puPia/vo. All customers start out in phase 1, and after completing that phase
they move on to phase 2 with probability P;,, or leave system with probability
1 — Py5. Choosing the parameters vy, 15, Py is often done by first choosing the
desired mean 1/ and squared coefficient of variation ¢?; the squared coefficient
of variation of a random variable Z equals Var(Z)/(E(Z))?. After choosing 1/u
and ¢?, we then set v; = 2u, Pi» = 1/(2¢?), v2 = Ppory. In the following example,

we choose 4 = 1 and ¢? = 24.

The algorithm of [27] that we use to compute the density of W and Wy re-
quire choosing a reference density, truncation rectangle, and a mesh resolution.
To generate Table 5.1, and Figures 5.1 and 5.2, we used a truncation rectangle of
[—10, 35] x [—10,35], and a lattice mesh in which all finite elements are 0.5 x 0.5
squares. The reference density used is similar to (3.21) and (3.23) of [27], but
with one exception. With a C; service time distribution, any customer in the
buffer must be a type-1 customer, and therefore type-2 customers never aban-

don the system. Therefore, using the notation of [27], we choose

ro(2) = esp | = ——2 &
2 P\T e+ 1+&

>, for z > 0.

Since all customers start out in phase 1 of service, the M/Cs/n + M model

can be represented by a 2-dimensional CTMC. Namely, {(X;(t), X»(t)),t > 0}
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is a CTMC. This fact is important, because the diffusion approximation is also
2-dimensional, and no SSC is required. This means that (5.42) and (5.43) are
actually equalities, not just approximations, and that the diffusion generator
completely captures the first and second derivative terms of the Taylor expan-
sion in (5.27). We observed in Chapter 3 that capturing the first and second
derivative terms in the generator of the Erlang-C model gave us faster conver-
gence rates. By similar logic, we expect the approximation in (5.44) to have a
faster convergence rate of 1/) as opposed to 1/v/)\. Table 5.1 is consistent with
this expectation, and shows that when approximating |7, the errors from us-
ing W and W shrink at rates 1/v/X and 1/), respectively. Similar results were

observed for higher moments of 7" as well.

n  E[T| ‘E|W| - E|T\| Relative Error |E|WS| - E|T|‘ Relative Error

15 0.900 | 2.07 x 1072 2.29% 2.31 x 1073 0.26%

30 0.907 | 1.40x 1072 1.54% 1.16 x 1073 0.13%

60 0912 | 9.55x 1073 1.05% 5.68 x 1074 0.06%
125 0915 | 6.43 x 1073 0.70% 2.49 x 1074 0.03%
250 0917 | 4.45x 1073 0.49% 9.71 x 107 0.01%
500 0.918 | 3.09 x 1073 0.34% 1.95 x 1075 0.002%

1000 0919 | 2.15 x 1073 0.23% 2.03 x 107 0.002%

Table 5.1: Approximation error of E|T|. In each row, x = 1 and A\ = n. The
approximation with the state-dependent diffusion coefficient outperforms the
one with constant diffusion coefficient. We see that as A\ doubles, the error of
E|W| decreases by a factor of /2, while the error of E|IWs| decreases by a factor
of 2. When n = 250, 500, and 1000, the value of E|Ws| is so close to E|T’| that the
approximation error reported in the table is due to the numerical error in the
finite element algorithm used to compute E|W|.

Another criterion by which we evaluate the diffusion approximations is how
well they approximate the probability mass function (pmf) of 7', the unscaled
total customer count. Figure 5.1 contains plots the pmf of 7" together with the
constant and state-dependent coefficient approximations. We see that the bene-

fit of the latter approximation is more pronounced for the smaller-sized system.
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We refer the reader to Figure 5.2, which plots the relative error of approximat-
ing P(T" > k). We see from that figure that when approximating tail events, e.g.
when P(T > k) < 0.05, the state-dependent coefficient approximation performs

significantly better.

T
——exact
— constant

T
—exact

——constant

—— state-dependent | 0.02f ——state-dependent

v

probability

probabilit

0,031

0.005F

L L
20 25 30

|
0 5 10 15
number of customers in system

number of customers in svstem
Figure 5.1: In the plot on the left, \ = n = 15, and i = 1. In the plot on the right,
A =n = 250, and p = 1. In both plots, the blue line represents the probability
mass function of 7', i.e. P(7" = k). The green and red lines plot the densities of
the diffusion approximations with constant and state-dependent diffusion coef-
ficients, respectively. The benefit of using a state-dependent diffusion coefficient
is more pronounced for smaller-sized systems.
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Figure 5.2: In the top plot, A = n = 15, and ¢ = 1. In the bottom plot,
A =n = 250, and ;¢ = 1. Both plots show the relative error of approximat-
ing the tail CDF P(T" > k) by the two diffusion approximations. The x-axis
contains P(7" > k) as k ranges from zero to some large value. The green dots

PW/otn=k )_P(Tzk), the relative error of the constant diffusion co-

P(T>k)
efficient approximation. The red circles correspond to s/ 5??5;1)_?@2]‘3), the

relative error from the state-dependent coefficient approximation. Observe that
the state-dependent coefficient approximation is a much better choice for ap-
proximating tail events, e.g. events when P(T" > k) < 0.05.

correspond to
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5.7.2 M/Hs/n+ M Model

We now focus on the M/H,/n + M model, where the H, stands for a 2-phase
hyper-exponential distribution. The corresponding tuple of parameters (p, v, P)
is
p=(p,p2)", v=(1,1)", and P=0.

The starting service phase of each customer is random, and unlike how it was
with the Coxian distribution, the process {X;(¢), X2(¢),t > 0} is not a CTMC.
In particular, this means that the approximation in (5.42) has non-zero approx-
imation error. As a result, even though we use a state-dependent diffusion co-
efficient, we are unable to fully capture the first and second derivative terms in
the Taylor expansion of G;,). We also have no reason to expect faster conver-
gence rates because the error terms corresponding to the first derivatives are a
bottleneck of order 1/v/)\. Figures 5.3 and 5.4 compare the two diffusion approx-
imations for a system with 100 servers. Due to the approximation error in (5.42),
using a state-dependent diffusion coefficient does not give us the improved ac-
curacy we are accustomed to. In fact, we cannot conclude which approximation

is better.

To generate Figures 5.3 and 5.4, we used the same reference density as in
(3.21) and (3.23) of [27], a truncation rectangle of [—15,40] x [—15,40], and a
lattice mesh in which all finite elements are 0.5 x 0.5 squares; see [27] for more

details.
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Figure 5.3: 2-phase hyper-exponential distribution with A = n = 100, and p =
1. The blue line represents the probability mass function of 7', i.e. P(T" = k).
The green and red lines plot the densities of the diffusion approximations with
constant and state-dependent diffusion coefficients, respectively. Using a state-
dependent diffusion coefficient does not add any benefit.
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Figure 5.4: 2-phase hyper-exponential distribution with A = n = 100, and
pu = 1. Both plots show the absolute error of approximating the tail CDF
P(T > k) by the two diffusion approximations. The x-axis contains P(7" > k)
as k ranges from zero to some large value. The green dots correspond to
P(W/§+n > k) —P(T > k)|, the error of the constant diffusion coefficient ap-
proximation. The red circles correspond to |P(Ws/d +n > k) —P(T > k)|, the
error from the state-dependent coefficient approximation.
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5.8 Chapter Appendix

5.8.1 Proof of Lemma 5.4 (Generator Difference)

The main idea here is that Gy f;(z) is hidden within G Af,(u), where the
litting operator A is in (5.14). We algebraically manipulate the Taylor expansion
of Gy Afn(u) to make this evident. First, we first rearrange the terms in the

Taylor expansion (5.27) to group them by partial derivatives. Thus, Gy A fy(u)

equals
d
Z 58 fh |:pl — aqg; — Viz; + Z I/]ZJ]
7j=1
52 d d
+ ; Eanfh(x) |:pi/\ +aq; + vz + ; IDjil/jZ]’] - ; 6°0;; fu(x) [ Pyvizi)

d

+ i %2 (0ufal6) = Dufala)) [ag + (L= 3_ Py

j=1

—i—ié;(@ufh(ff) — Oifu(x ) Api] Z(SQ (@jfh &ij) — Oijfulw ))[ Vi%i]

i#j

ey Z (0t = 0ui(a)) [Pz + Py,

i=1 j5=1

To proceed we observe that (5.6) gives us the identity
— Uyin + Z iV = —np;. (5.47)
Recall the form of Gy f;,(x) from (5.17). From the form of ¥ in (5.10), we see that

Y= 2<pZ + Z nyjuj> —(Pyvivi + Pjivyy;) for j # i (5.48)

using (5.17), (5.47) and (5.48), the difference G Afn(u) — Gy fr(x) becomes
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Xd: i fn() [ ;— o — Z i) (0Gi — pi eTx)J“)} (5.49)
- Za“fh [Z Vﬂj} (né* —1) Zamfh [ iViYi + P, l/ﬂj} (né* — 1)
i#]

_Z‘Sgaufh )[pZ(A—n)—aql vi( Z ]

i#]
d o d
+ Z %(aufh(fz_) — O fn()) [Oé% +(1 - Z Pij)ViZi]
+ Z aufh azth( [)‘pz] 252 azyfh 5@]) azyfh( ))[ szz]

]

+ Z Z azth 57,_] 8ufh( )) |: ViZi + P'iVjZ]} .

i=1 j5=1

We remind the reader that our target is to prove that

Gy Afu(u) = Gy fula )
zd:@fh(w)[ —&—Z i)(0g; — pi(e’2)7) | + B(u),
i=1
where E(u) is an error term that satisfies
[B(u)] < 8C(m,2)(1 + |al*)™ (1 + |=])*".

We choose E(u) to be all the terms in (5.49) except for the first line. We now
describe how to bound |E(u)|. Most of the summands in (5.49) look as follows:
a term in large square brackets multiplied by some partial derivative of f;,. The
partial derivatives are very easy to bound; we simply use (5.20) - (5.22). We wish
to point out that &, & and &;; lie within distance 26 of z. When 2§ < 1, (5.22)
implies

105 fn(€) = D fu ()] < 26C(1 + |2))™(1 + |])? (5.50)
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for some constant C' > 0 (i.e. an extra § term is gained). When 26 > 1 (by
Remark 5.1 this occurs in finitely many cases), we may use (5.21) to obtain (5.50)
with a redefined C'. From here on out, we shall let C' > 0 be a generic positive
constant that will change from line to line, but will always be independent of A

and n.

Now we shall list the facts needed to bound all the square bracket terms in
(5.49) except for the very first one. Recall that we are operating in the Halfin-

Whitt regime as defined by (5.2). Therefore,
(nd® —1) =B and §(\ — n) = — 4.
Furthermore, it must be true that
0g; < (e'x)" < Claf,
as the number of phase i customers may never exceed the total queue size. Next,
10(2i = yin)| = |wi — dq;| < C'lz|

and lastly,

622 < |60%vin| + (6% (2 — vim)| < C(1 + |z).

It is now a simple matter to verify that the inequalities above, combined with
the bounds on the partials of f; are all that it takes to achieve our desired upper

bound.
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APPENDIX A
MOMENT BOUNDS

This appendix proves all of the moment bounds used in this document. Bounds

for Chapters 2, 3 and 5 are proved in Sections A.1, A.2, and A.3, respectively.

A.1 Chapter 2 Moment Bounds

We first prove Lemma 2.3 in Section A.1.1, establishing the moment bounds
for Erlang-C model. In Section A.1.2, we prove Lemma 2.5, establishing the

moment bounds for Erlang-A model.

A11 Erlang-C Moment Bounds

Proof of Lemma 2.3. We first prove (2.28), (2.29), and (2.31). Recalling the gener-
ator Gy defined in (2.23), we apply it to the function V(z) = z? to see that for
ke€Zyand z =z, = 6(k — z(00)),

GV (z) = N2x6 + 6°) + p(k An)(—2z8 + 6°)
=200\ — np 4+ p(k —n)") + p+ 2u(k An)

:2:c,u((—l—(a:+C))+u+5zu(n—3+%—<k_”>)

=2zp(C+ (2 +Q)7) +p— 0pC + p — dp(z + )~

=1(z < —C),u( — 222 —|—5x) + 1(z > —C),u(ZxC — 5() +2u
2

<z < =Qp( - gﬂcQ + %) +1(z > —Qp(22¢ — 6¢) +2p. (A1)
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Instead of splitting the last two lines into the cases * < —( and # > —(, we could

have also considered z < —( and z > —( instead, and would have obtained

GeVi(z) =1z < =Qp( —22° + 6z) + 1(z > —)u(2x¢ — 6¢) + 2
<1z < —Q)pu(- ;xg + %) +1(x > —Q)p(22¢ — 6¢) + 2. (A2)

We take expected values on both sides of (A.1) with respect to X (c0), and apply

Lemma 2.2 to see that

0 < — SHE[(X(00)/1(X (o) < ~0)
+u|C|E[(—2X(oo)+5)1(X(oo)>—C)] +2,u+%§2. (A.3)
This implies that when |(| > /2,

0<— guE[<X<oo)>21<X (00) < —Q)] + 21 + %

and when |¢| < /2,
0< — SUE[(X(00)"1 (X (00) < —Q)] + 20 +

Therefore,
B[(X(00)P1(X(00) < )] < 5 + 2

which proves (2.28). Jensen’s inequality immediately gives us

E[|X (00)1(X(20) < —Q)]] < y/E[(X(00)21(X (00) < ~C)],

which proves (2.29). Furthermore, (A.3) also gives us

. . | )
E||X(c0)1(X(0) > — S+t +5
[IXeo(X(ee) > ~0] < 15+ 17 + 5
which is not quite (2.31) because the inequality above has 1(X(c0) > —() as
opposed to 1(X(00) > —() as in (2.31). However, we can use (A.2) to get the

stronger bound
1 62 9

E“X(oo)l(X(oo) > —g)\] <Etiaty
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which proves (2.31). We now prove (2.30), or

E[| X (00)1(X(00) < —0)[| <21¢]. (A4)

We use the triangle inequality to see that

E[[X(00)1(X (00) < =Q)]] < I¢] +E[|X(00) + ¢[1(X(00) < =¢)]

The second term on the right hand side is just the expected number of idle
servers, scaled by §. We now show that this expected value equals |(|. Applying
the generator Gy to the test function f(z) = x, one sees that for all £ € Z; and

x =z = 0(k — x(c0)),

Gef(x) =0A—opu(k An)=p[¢+ (z+ ).

Taking expected values with respect to X (co) on both sides, and applying

Lemma 2.2, we arrive at
E[|(%(o0) + QUK (00) < =0)]] = ], (A5)
which proves (2.30).
We move on to prove (2.32), or
P(X (00) < —¢) < (2+6)[¢]- (A.6)
Let I be the unscaled expected number of idle servers. Then by (A.5),
I =E(X(00) )~ = 2E[|(X(00) + O1(X(o0) < -0} = £ 1¢].

Now let {7 }32, be the distribution of X (c0). We want to prove an upper bound

on the probability

IP’(X Zwk Z T + Z

k=[n—VR]
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Observe that
n ln—VR|

1= (n—k)m>VR Z T

k=0

Now let k* be the first index that maximizes {7 }°, i.e.

k* =inf{k > 0: 7, > v;, forall j # k}.

Then
3 [n—VR)] n I
P(X(c0)<—C)= > m+ > m< vl (VR + 1)
k=0 k=[n—VR]

= |¢| + (VR + 1)mpe. (A7)

Applying G ; to the test function f(x) = (k A k*), we see that for all £ € Z, and
x =z =0(k —x(c0)),

Gef(z) =M (k < k*) — dpu(k An)l(k < k*).

Taking expected values with respect to X(co) on both sides and applying

Lemma 2.2, we see that

P(X(00) <k7)

:n,u—)\

Using the inequality above, together with the fact that £* < n, we see that

s %E[(X(oo) —n)"1(X(00) < k)]

< PB[(X(o0) = m)1(X (o) < )] = & = L

CROVE
The fact that £* < n is a consequence of A < ny, and can be verified through

the flow balance equations of the CTMC X. We combine the bound above with

(A.7) to arrive at (2.32), which concludes the proof of this lemma.
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A.1.2 Erlang-A Moment Bounds

Recall Lemma 2.5 stated in Section 2.5.1. We outline the proof of it below.

Proof Outline for Lemma 2.5: The Underloaded System

The proof of the underloaded case of Lemma 2.5 is very similar to that of
Lemma 2.3. Therefore, we only outline some key intermediate steps needed
to obtain the results. We remind the reader that when R < n, then ¢ < 0.
We ftirst show how to establish (2.41), which is proved in a similar fashion to
(2.28) of Lemma 2.3 — by applying the generator G'; to the Lyapunov function
V(z) = z*. The following are some useful intermediate steps for any reader
wishing to produce a complete proof. The first step to prove (2.41) is to get an

analogue of (A.1). Namely, when z < —(,
GiV(r) = —2ua® + pdx +2p < —g/mz + 6?2 + 2,
and when z > —(,
GgV(r) = —2a(r+)* +ad(z + ) = 2ul¢| (z + ()
= 2[¢l e+ ¢) + p[¢] (6 = 2[C]) + 2p
< o+ Q7 — il (1 + O+ Paf2+ Fufs o (AS)

From here, we use Lemma 2.2 to get a statement similar to (A.3), from which
we can infer (2.41) and by applying Jensen’s inequality to (2.41), we get (2.42).
Observe that this procedure yields (2.45), (2.46), and (2.47) as well. We now
describe how to prove (2.44), which requires only a slight modification of (A.8).

Namely, for x > —(,

GeV(z)=2x(—alz+ )+ pu) —d(—alz+¢) + ) + 2p.
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From this, we can deduce that since z > —(,
GeV(z) < =2(pAa)a® = 6(— oz + ) + pC) + 24,
and also
GzV(r) < =2plClz —d( —alz+ () + uC) + 2p.
Then Lemma 2.2 can be applied as before to see that both

20 [¢| B[ | X (00)1(X (00) = )| | and 2(u & )| (X (00)) *1(X (o)

vV
|
N
N—
—_

are bounded by

2 + pud* /2 — 6]E[( — a(X(00) + ¢) + p¢) 1(X (c0) > —()]

Applying the generator G ; to the test function f(z) = 2 and taking expected

values with respect to X (o), we get Eb(X (c0)) = 0, or

E[(— a(X(s0) + )+ #O)1(X(00) = —¢)| = s [ X (00)1(X (00) < —)].
(A.10)

When combined with (2.42), this implies that

2+ /2 9| ( — a(X (00) + ) + Q) 1(X(00) > ~0)]

l/a
< 2 Z(Zs2 2
<24+ po /2+u5\/3(M5 +0 +4>,

which proves (2.44), because the quantity above is an upper bound for (A.9). To

prove (2.43), we manipulate (A.10) to get
E[|(X(e0) + (X (o0) < =) =1l + E[|(X(00) + Q1 (o0) > =0,

to which we can apply the triangle inequality and (2.46) to conclude (2.43).
Lastly, the proof of (2.48) is nearly identical to the proof of (2.32) in Lemma 2.3.

The key step is to obtain an analogue of (A.7).
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Proof Outline for Lemma 2.5: The Overloaded System

The proof of the overloaded case of Lemma 2.5 is also similar to that of
Lemma 2.3. Therefore, we only outline some key intermediate steps needed
to obtain the results; the bounds in this lemma are not proved in the order in
which they are stated. We remind the reader that when R > n, then ( > 0. We
start by proving (2.51). Although the left hand side of (2.51) is slightly different
from (2.28) of Lemma 2.3, it is proved using the same approach — by applying
the generator G ; to the Lyapunov function V(z) = 2?. The following are some
useful intermediate steps for any reader wishing to produce a complete proof.

The first step to prove (2.51) is to get analogue of (A.1). Namely, when z < —(,

GV(z) = —2u(z +¢)* + pd(z + )
+2(p 4 @) [¢] (z + () = 2a¢* — ad( + 2p

< = 2p(z 4+ O +2(p + ) [¢| (z +¢) + 24, (A.11)
and when z > —(,
G;V(r) = — 2a2® + adr +2u < —gam2 + ad?/2 4 2.

From here, we use Lemma 2.2 to get a statement similar to (A.3), which implies
(2.51). Applying Jensen’s inequality to (2.51) yields (2.52). The procedure used
to get (2.51) also yields (2.53), (2.54), and (2.55).

We now describe how to prove (2.49) and (2.50), which requires only a slight

modification of (A.11). Namely, we use the fact that for x < —(,
GV (x) =22( = plz +¢) +ag) = 6( — pla +¢) +af) + 2.
From this, one can deduce that since z < —(,

GV(z) < =2(p A a)z® + 2,
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and also
GV (x) < —2a | |2] + 2.

Then Lemma 2.2 and Jensen’s inequality can be applied as before to get both

(2.49) and (2.50).
We now prove (2.56). Observe that

E[|X(00)1(X (00) = —¢)|

o

= E[|(X(00) + ¢~ )1(X(00) > )]

where the last equality comes from applying the generator G'; to the func-
tion f(x) = z and taking expected values with respect to X(cc) to see that

Eb(X (c0)) = 0, or

E[( = i(X(00) + ¢) +aQ)1(X(00) < —0)] = aB[X(00)1(X (s0) > —)]
(A.12)
Therefore,
E[|(X(o0) + QX (o0) < ~Q)[] < TE[|X(o0)1(X(o0) = ~0)]

and we can invoke (2.52) to conclude (2.56).

We now prove (2.57), which requires additional arguments that we have not

used in the proof of Lemma 2.3. We assume for now that

A<nu-+ %\/ﬁp (A.13)
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Fix v € (0,1/2), and define

[n—VR] n
Jp = Z Ty Ja = Z Tk, (A-14)
k=0 k=[n—vVR]

where {7 }7° , is the distribution of X (co). We note that by (A.13),
n/\/EZ\/E—%\/n/_RZ VR—1/2>1/2,
which implies that n — y+/R > 0. Then
P(X(00) < —¢) =P(X(c0) <n) < Jy + J.

To bound J; we observe that

~ 1 n [n—yVR|
£ HX(OO) N C‘ 1{>?<oo>s—<}} -~ VR dtn—km>=y > m=v]
k=0 k=0

Combining (2.53)-(2.56), we conclude that

J1g%%(%ﬂ)(%m/%vm%,/gw)
< %%(%ﬂ )t \/%) (A15)

Now to bound J,, we apply G 3 to the test function f(z) = k A n, where x =

5(k — z(00)), and take the expectation with respect to X (co) to see that
0=—Am, + (A — np)P(X (c0) < n) + pE [(X(00) — 1) 1ix(sc)<n}] -
Noticing that
_ 1 =
E [(X(00) =) Lxorzm] = 5B [|X(00) + ¢ Lgooea]

we arrive at

o < 51(5_2 + 1) (% A %) ;A _)\nMIP’(X(oo) <n). (A.16)
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The flow balance equations
A7Tk—1:k:,u71—k7 k:1727 , TV
imply that my < m < -+ < m,_9 < m,_1 < m,, and therefore

J2 S (’7\/E+ 1)7Tn

S(v\/ﬁ+1)[5%<6—2+1> (1/\ g) + )‘_W]P’(X(oo) <n)

4 ¢ 1 A
2 /62 1 &)
:(fy—}—(i)ﬁ(Z—i—l) (E/\ ;)
VR DA b (VR )A (A17)

We use (A.13), the fact that v € (0,1/2), and that R > n > 1 to see that

A\ —
A

WE+ DA < VR )Y < Lo r VB = L) < 34

Then by rearranging terms in (A.17) and applying (A.15) we conclude that
1 2 /6° 1 o 31 2 /62 1 o
Z 7, < 2 (= Z o -2 (= _ i
4J2_(7+5)\/§(4 +1> (CA\/;>+4%/§<4 —|—1><§/\ M)
31\ 2 /62 1 o
—<’Y+(5+Z;>ﬁ(z+1>(z/\ p)
Hence, we have just shown that under assumption (A.13),

o) <=0 <t < 35T+ 1) (00)

31\ 2 /62 1 «
+4<’y+(5+1;>ﬁ(z+1> (Z/\ p)
8 /62 1 &)
<BH+0)—F7=—+1)(=Ay/— ],
= >\/§<4 >(C u)
where to get the last inequality we fixed v € (0,1/2) that solves v+ 1/v = 3.

We now wish to establish the same result without assumption (A.13), i.e.
when A > nyu + 5+/nu. For this, we rely on the following comparison result. Fix

n,u and a and let XM (c0) be the steady-state customer count in an Erlang-A
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system with arrival rate )\, service rate ;;, number of servers n, and abandonment

rate a. Then for any 0 < A; < Ay,

P(X ) (00) < n) < P(XP)(00) < n). (A.18)
This says that with all other parameters being held fixed, an Erlang-A system
with a higher arrival rate is less likely to have idle servers. For a simple proof
involving a coupling argument, see page 163 of [63].

Therefore, for A > nu + $/np,
P(XM(00) < n) < P(XT 2V (c0) < n)
8 /4* 1 a
(3”)\/3(4 +1) (WA ;)

where ¢("#2v™) is the ¢ corresponding to X +2v™)(00), and satisfies

/n+ /2 2a\/7
C(W+ o ivan) ’

This concludes the proof of (2.57).

A.2 Chapter 3 Moment Bounds

In this section we prove Lemmas 3.1 and 3.2. To do so, we rely on the mo-
ment bounds in Lemma 2.3 (from Section 2.3.4). However, the bounds from that

lemma are not sufficient, and the following additional bounds are needed.

Lemma A.1. Foralln > 1, > 0,and p > 0 satisfying 0 < R < n,

E[(X(00)1(X(00) < =0)] < (5+6(1+6/2)¢% + 2+ ) [¢] (A.19)
T U S B L N ¢ R
E[(X(00)*1(X(00) = —()] < 6% +8+ |C|<|<| +4|<’+2) S

(A.20)
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Proof of Lemma A.1. We first prove (A.19), or
E[(X(00)?1(X(00) < =0)] < (5+6(1+8/2))¢ + 2+ )]
Let z be of the form = = 6(k — R), where k € Z,. Applying G ; to the function
f(z) = [6(k —n)"]* = [(z+¢)7]°, and observing that 1(k < n) = 1(z < —(), we
get
Gief(x) =Mz < —¢ —6)(20(x +¢) + 6%)
+p(k An)1(z < —() (= 25(z +¢) +6°)
=AM(z < =) (26(z + () + 6°) + pkl(z < =) (= 20(z + () + 6%)
— A (z = =)
=1z < =) (26(z + O\ — ) + 8\ + k) ) — A (& = ()
:Mxé—O@&x+@@—um+2ww+fww%ﬁ+ﬁ@+u@>
— A (z = —C)

=1z < =0) (20w + O = 2pu(w + Q) + 6*(A+ uk) ) — A1 (x = =),

Taking expected values on both sides and applying Lemma 2.2, we see that

< CE[(X(00) + O1(X(00) < —0)] + %P(X(oo) < —O(A+ um)
= CE[(X(00) + O1(X (00) < ~Q)] + 5P(X(00) < ~Q)(1+ &n).

Recall (A.5), which tells us that E[(X (c0) + ¢)1(X (c0) < —()] = ¢, to see that

E[(X(00) + 0?1 (00) < ~0)] <+ 3P(X(o0) < ~O)(1 +6%n)

2+0
<G+ =K1 +0%n),

where we used (2.32) to get the last inequality. Since || = d(n — ﬁ),

n = 52§+525 = 5[C|+1,
W
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and hence,
E[(X(00) + 1(K(00) < 0] <+ 222 el 2+ 51c)).

By expanding the square inside the expected value on the left hand side and

using (2.30), we see that
g (

E (X (00)"1(X(00) < )
<+ 2200 @4 1) + 2 B[ K (o)1 (X(00) < 0
<5¢+ 222 gl 2+ 51d)

= (5+6(1+6/2)C+(2+0)[¢].

This proves (A.19). Now we prove (A.20), or

. e o B ) 4188y 2(2046%)
E|(X(00))*1(X (o0) > o}ga+8+|(|(|C|+4K|+2)+—3m .

Let x be of the form x = §(k — R), where k € Z... Recall from (3.5) that
) = [+ o+ Q)] = 60 =l A ).
Seta = 0(|R| — R) < 0, and consider the function f(z) = 2°1(z > a + §). Then

Gef(x) =AMz >a+06)((z+0)° —2°) + M(z = a)(z +9)°
+ uk An)l(z > a+6)((x —0)° —2°) + pk An)l(z = a+8)(—2z")
—1(z > a+0) [)\((x + 0 = 2®) + plk An)((z — 6)° — x3)]

+A(z=a)(z+0)* — p(k An)l(z =a+d)(z — 95> (A.21)
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Suppose = > a+ 6. Using the fact that 1(z = a+0) = 1(k = | R] + 1), we see that

Gz f(z)
= \(36x% + 38%x + 0°) + pu(k An)(—=302° + 36%°x — §°) — a®u(k An)l(x = a+9)
=362°(\ — pu(k An)) +38%x(\ + p(k An)) + 8* (A — u(k An))

—a’u(([R] + 1) An)l(z =a+0)
= 32”b(x) + 30°z (2A — (A — p(k An))) + 6°b(x)

—a’u((|R] + 1) An)l(z =a+0)

= 32°b(x) + 6px — 30zb(z) + 0°b(z) — ’u((|R] + 1) An)l(z =a+46). (A22)

When = € [a + 0, —() (which is the empty interval if |R| + 1 = n), then b(z) =

—pzx, and

Gyf(x) = —3ua® + 6px + 36px® — 0°px — a’u(([R) + 1) An)l(z = a+0)
1
< —3p(a® — 62 + 5(523:) + 6px + P u(|R] +1)
1
< —3p(2® — 62 + 552:1:) + 6 + o+ 83

< 6px + o+ 8p, (A.23)

where in the first inequality we used the fact that |a| < ¢, and in the last in-
equality we used the fact that g(z) := 2* — d2* + 262z > 0 for all z > 0, which
is true because ¢g(0) = 0 and ¢'(z) > 0 for all x € R. Now when = > —(, then

b(z) = —p|¢|, and using (A.22) we see that

Gyf(a) = —32°pu[C] + 6px + 30xp || — 8*p[¢] — a’u(([R] +1) An)l(z = a+9)
< =3pl¢| (2% = 6z) + 6pz — ®u((|R] + 1) An)l(z = a+96)
< —3ul¢] (¢° — 6x) + 6px + 6p+ 6 p

1 1
< —3ul¢| (§x2 — 552) + 6pux 4+ S+ 0 p, (A.24)
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Combining (A.23) and (A.24) with (A.21), we have just shown that

Geflz) < — gum (2”7 = 6%)1(z > —¢) + 6pal(z > a +9)
+ 0+ P p 4+ A(z = a)(x + )%

Taking expected values on both sides above, and applying Lemma 2.2, we see

that

I [(X (00)"1(K(o0) > ~0)]

< gu |C| 6% + 6uE UX(oo)” +0p+ 8+ Ma +0)?,

and since \(a + ) < A\é* = 1, we have

B[(X(00) "1 () 2 =0)] <8+ B[ (e0)]] +

Using the moment bounds in (2.30) and (2.31), we conclude that

2(20 + 6°)
3¢l

s - ) A1 6y 220+
E[(£(22))"1(X(00) 2 ~0] <048+ (1 17 +5) + g

which proves (A.20). O
We now prove Lemma 3.1, followed by a proof of Lemma 3.2.

Proof of Lemma 3.1. Observe that (2.32) is identical to (3.15). Now assume that
d < 1. We begin by proving (3.11). Using the moment bounds in (2.29) and

(2.30), we see that

(1+1/ O[] X (c0)1(X (00) < Q)] < (1+1/ \<|)(2 A3+ %)

IN

( §+%52+2) < (V2+2).

150



Next we prove (3.12). Using the moment bounds in (2.28) and (A.19), we see

that

(14 1/ [CDE[ (X (00))21(X (00) < =0)]
<(1+ 1/|<|)<((5+5(1 +5/2))C + (24 0) \g|> A (g + %52))

§2+((6.5|C|+3) )<2+7

q

where to get the last inequality we considered separately the cases when || <

1/2 and |¢| > 1/2. To prove (3.13), we use the moment bound (2.31) to get

[CIP(X(00) > —¢) < [C| AE| X (50)1(X(00) > )|

2
<1 (g + 1+ )

<2

Y

where to get the last inequality we considered separately the cases where |(| < 1
and |(| > 1. The proof of (3.14) is similar. We use the moment bound (A.20) to

see that

(X (00) 2 —() < ¢ AE[(X(00))"1(X (s0) = ()]

4 s 1 52 0 2(2(54-(53)
gCQ (52+8+m<m+m+§> —3’0 >

SCQ/\( +8+m<%+ﬁ+%)+%)

<20

?

where to get the last inequality we considered separately the cases where |(| < 1

and |¢| > 1. This concludes the proof of Lemma 3.1. O

Proof of Lemma 3.2. We first prove (3.16). From (3.15), we know that

P(X(c0) < —¢) = P(X Zm (2+6)[¢]-
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From the flow balance equations, one can see that 7|z maximizes {m;};>,. Now

when [(] < 1,

K=o —B) = —=(n-R)< 1.
which implies that
R>n—vVR>n—/n,

where in the last inequality we used R < n. We use this inequality together with
the fact that 7o < m; < ... < 7|, which can be verified from the flow balance

equations, to see that

LR)

(240)[¢] =) me > > m > m|R] > moln— V).

Hence, for n > 4,

n_ (2490)[c n (240)I¢l _ 42+96)[¢]
7TOS[n—\/ﬁJ n Sn—\/ﬁ—l R = R =4

To conclude the proof of (3.16) we need to verify the bound above holds for

(24 6)5?% (] .

n < 4, but this is simple to do. Observe that for n < 4,
mo < P(X(00) <n) <(2+40)[¢] = (24 6)RO*[¢] < (24 6)nd” [¢] < 4(2+ 6)5°[¢].

This proves (3.16), and we move on to prove (3.17). From the flow balance

equations corresponding to the CTMC X, it is easy to see that

RTL
nl R —R Rn—R R
s e Sl = = == = —3[¢ < 5[]
>hmo mr %ﬁ n n n R n
This concludes the proof of the lemma. 0

A.3 Chapter 5 Moment Bounds

This section uses notation from Chapter 5.
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Proof of Lemma 5.7 . We first provide an intuitive roadmap for the proof. The
goal is to show that a Lyapunov function for the diffusion process is also a Lya-
punov function for the CTMC; this has two parts to it. In the first part of this
proof, we compare how the two generators G and Gy act on this Lyapunov
function, obtaining an upper bound for the difference G;;) — Gy in (A.29). One
notes that the right hand side of (A.29) is unbounded. This is due to the dif-
ference in dimensions of the CTMC and diffusion process. To overcome this
difficulty, we move on to the second part of the proof, which exploits our SSC
result in Lemma 5.5 to bound the expectation of the right hand side of (A.29).
We end up with a recursive relationship that guarantees the 2mth moment is
bounded (uniformly in A and n satisfying (5.2)) provided that the mth moment
is. Finally, we rely on prior results obtained in [26] for a uniform bound on the

first moment.

We remark that a version of this lemma was already proved [43, Theorem
3.3] for the case where the dimension of the CTMC equals the dimension of the
diffusion process. However, the difference in dimensions poses an additional

technical challenge, which is overcome in the second part of this proof.

Its enough to prove (5.39) for the cases when m = 27 for some j > 0. Fur-
thermore, we may assume that A > 4 because by Remark 5.1, there are only
finitely many cases when A < 4. In all those cases, E ‘X W(oo)‘m < oo by
(5.24). Throughout the proof, we shall use C, Cy, Cs, Cs, Cy to denote generic
positive constants that may change from line to line. They may depend on

(m, B, a, p, v, P), but will be independent of both A\ and n. Define

V(@) = (14 V()™
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where V' is as in (B.95). By [43, Remark 3.4], V,,, also satisfies
Gyvm(l‘) S —C’le(x) + CQ

aslong as V € C3(R?) and satisfies condition (30) of [43], which is easy to verify.

To prove the lemma, we will show that for large enough A, V' satisfies
EGyoy AV (UM (00)) < —=C1EV;, (XM (00)) + Cs,
where A is the lifting operator defined in (5.14). We begin by observing
Gy AV, < Guoy AV —Gy Vi + Gy Vi, < Gy AV, —Gy Vi, —C1 Vi +Cs. (A25)

Using (5.49), we write G, AV, — Gy 'V, as

Zav iC 03 P e T2)")|

7j=1

+ Zau\/ [Z Pﬂyﬂj] (né* — 1) Z@z]V [ Vi + Pji Vﬂ]] (nd® — 1)
i#£]

52 .
- Z S 0Vanl@) [P\ = 1) — @i = vi(zs — 3am) = > Py (25 — )]
i=1 7j=1

d
52
— Z 58ijvm($) [Pij’/i(zi in) + Pvi(z; —ymn )}
i#£]
d

+ 3 FOVale) — (oD o+ (1= D Pyjwis]

J=1

d_ ¢
F3 S 0Valeh) — 0Vl an] - S0, 6) ~ 0 Vin(2)) | Py
= i#j

d d

i=1 j=1

Now we wish to bound the derivatives of V,,,. By [43, Remark 3.4], V,, satisfies
(16) and (30) of [43], namely

sup Vin(z +y)

C A.26
i<t V() = ( )
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and

(10:Von (@) + 105 Vin (2)] + 1038 Vin () ) (1 + []) < CVi (). (A.27)

For ¢ being one of &, & or &,

105 Vin(§) = 033 Vin (@) (1 + |2]) < 61035V (n) + 0355 Vin ()] (1 + |2]) < CoVin(2),
(A.28)
where the first inequality comes from a Taylor expansion and the second in-
equality follows by (A.27), the fact that |n —z| < 2§ < 1 and by (A.26). Fol-
lowing the exact same argument that we used to bound (5.49) in the proof of
Lemma 5.4 (with (A.27) and (A.28) replacing the gradient bounds of fj, there),

we get
d
Gy AVy — Gy Vi < C6Vin(2) + C' S [0,Vin ()] [ lg; — pi(e"x) "] ]

i=1

Differentiating V', we see that
(VV ()" =2(e"2)e” + 26(x" — p"o(e"2))QUI — pe” ¢/ ("))
Combined with the fact that 0 < ¢/(z) < 1, itis clear that
0V (z)| < C(1 + |2]).

Therefore,

d
Gy AV, — Gy Vi < CoVinl(2) + C' S Vo (2)(1 + |a]) [ i — pie7 )| ]
=1
(A.29)

It remains to find an appropriate bound for

Vo (@)(1 -+ [al) | |ai = pile™e) | | = 6V s (@)(1 + |a])

g — pi(eTx)*|
; .
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We have

Vm—1(z)(1 + |z])

J

| — i )+|]

< VoV 1 (@)1 + |z])? + VoV, 1 (2) [‘% 25 M]

< CVV(x) + VoV _o(x)Va(z) + VVi_a(2) [‘q’ ZaT )ﬂ]

< OV ) + VoV, (2) + VVi_a(@)Vi(x) + VOV, () [‘ql ZéT M]
<

< CVV(z) + V6 (A.30)

@ = pile"2)* [ ]
5 )

where in the last inequality, we used the fact that m = 27. Using (A.25), (A.29)
and (A.30),

=1

GU(A)AVm(u) < —Vm(xxcl _ \/(_503) L O+ \/5042 [|Qz p15€T55)+{ ] |

where = and ¢ are related to u by (5.13). The arguments in the proof of
Lemma 5.2 can be used to show
EG o0 AV (UM (00)) = 0.
Therefore, for § small enough,
E ‘X(’\)(oo)

‘2m

< CEVp (XM (00))

2m

¢ ¢ E[5Q1(00)  p(e" XV (00)*
< m<02+\/504i21 5 )
By (5.32), it follows that
E|X0(o0)[" < S <1 + ﬁE[(eTﬂ”(oo))ﬂm).
T O — V00,
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Hence, we have a recursive relationship that guarantees

~ 2m
supE ‘X(’\)(oo) < 00

A>0

whenever

sup E[(e” XM (00)) ™ < 0.
A>0

To conclude, we need to verify that
sup E[(e" XV (00))™] < oo,
A>0

but this was proved in equation (5.2) of [26].
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APPENDIX B
GRADIENT BOUNDS

This appendix proves all of the gradient bounds used in this document. Sec-
tion B.1 provides some generic tools for establishing gradient bounds in the case
of a one-dimensional diffusion approximation, i.e. when the Poisson equation
is an ordinary differential equation. Bounds for Chapters 2, 3 and 5 are proved

in Sections B.2, B.3, and B.4, respectively.

B.1 The Poisson Equation for Diffusion Processes

To make this section self-contained, we begin by repeating Lemma 2.1. Let a :

R — R, and b : R — R be continuous functions, and assume that

inf a(z) > 0.

z€R

Assume that

/ _2 exp </ 2b(u )du)dx < 00, (B.1)
a() o a(u)
and let V' be a continuous random variable with density
% exp ( N 2; ;‘)) du)
T 2b(u
f 00 a x) eXp (fO 2(1((u)) du) dl’

Lemma B.1. Fix h : R — R satisfying E|h(V)| < oo, and consider the Poisson

x € R. (B.2)

equation

a(x)f)(z) +b(x)fj(x) = ER(V) — h(z), =z €R. (B.3)

N | —
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There exists a solution f,(x) to this equation satisfying

f(x) = Jﬁ%d/%_%ﬂwmn—hppﬁﬁwww (B.4)
= - [T Env) - h)ek E ey, @
o) = = SV @) + o (BRYV) — (). (®.6)

Provided h(z), a(x), and b(z)/a(z) are sufficiently differentiable, f),(x) can have

more than two derivatives. For example,

v = - (2 5w - 28 g - 2

The biggest source of difficulty in bounding f(x), f/(x), and f;’(z), are the

(EA(V) — h(x)).

integrals in (B.4) and (B.5). Before describing how to bound them, we give an
alternative representation of f;'(x), which is taken from the proof of [23, Lemma
13.1]. The assumptions of the following lemma are only slightly stronger than

those in Lemma 2.1.

Lemma B.2. Fix h : R — R satisfying E|h(V')| < oo, and let f;(x) be as in (B.4)—
(B.5). Assume a(x),b(z)/a(z), and h(z) are absolutely continuous. If

z?maé;ﬁ()”ﬁwmzo, (B.7)
then
1" _ o ib(;‘)d ; L ! _ 26/(3/) _
) = T [ (o) - B )~ hw)
2b(y)\' o B gy
_ <a<y) ) fi(y )) w “dy. (B.8)
Similarly, if
oy 2(—;;((5)) ila)els S~ o, (B9)
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then

1 — e o Q(iz(g)du > 2 ., . Qa/(y) .
() = © l:(aamw 5 (Bh(V) = h(y))
20(y)\' v 2B
~(5g7) )ty (B.10)

This lemma is proved at the end of this section. In practice, working with the
representation in Lemma B.2 often yields better bounds on f;'(z) than using

(B. 6) Again, we see that both (B.8) and (B.10) contain integral term involving

¥ S To help bound these integrals, we make several assumptions on b(z).

Assume that

(al) b(x) is a non-increasing function of z

(a2) b(x) has at most one zero,

and define
—o0, b(z)<0,z€R

To = oo, b(z)>0,z€R (B.11)

\ the zero of b(x), otherwise.
It may be helpful to the reader to pretend that z, = 0, which will always be
the case in this thesis. The following two lemmas present some useful inequal-
ities that will be very helpful in getting the gradient bounds that we require.

Due to their generality, they may also be of independent interest. We discuss

assumptions (al) and (a2) after their statements and proofs.

Lemma B.3. Suppose b(x) satisfies both (al) and (a2), and let xq be as in (B.11). Then

z 2b(u) z 2 b(u) 1
e Jo Ty du / elo Wy du Ydy < ——, x < xp, (B.12)
a(y)" (z)
1

a
@ 2b(u) 9 y 2b(u)
e Jo 2y du / 7_€fo a(w) d“dy <
z  aly

el x> o, (B.13)
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where we adopt the convention that {z : © > oo} = {x : x < —oo} = (). Furthermore,

if z is finite, then for any c; € (—o0, xg) and ¢y € (xg, 00),

T 2b(u)d x 2 fy 2b(u) 1 1
e Jo W _ 0 a(w) ¢ “dy < —— +2]c; — x| sup —, z < o,
o @

(y) b( ) yEle1,xo) a y)’
(B.14)
@ 2b(u) <2 v 2b(u) 1 1
e Jro a0y M / el My < +2|e; — x| sup ——, x>0
T a(y> }b } yE[zo,c2) a’(@/)
(B.15)

Remark B.1. Suppose 7 is finite. Since b(z) = 0, the bounds in (B.12) and (B.13)

lose relevance for x near x,. This is the reason for having (B.14) and (B.15).

Proof of Lemma B.3. We first prove (B.12). The assumption that b(z) is decreasing

implies that b(y) /b(x) > 1 for y < x < x¢. Therefore,

z 2b(u) x 2 y 2b(u) z 2b(u) x 2 y 2b(u)
e 0 a(u) du / fO a(u) dy = e fzo a(u) du / _efzo a(u) dudy
—0oQ

&(y) GE?J)
<e -1 ib(f))d / %b( )_L eJro o d“dy
—oe @(Y) b()
— o 5 2 d“_i <ef;0 2 o Jeo 20 4u >
b(x)
< L (B.16)
= () '

One can justify (B.13) using a symmetric argument. We now prove (B.14). Fix

1 < mp and suppose x < ¢;. Then (B.16), together with the fact that b(z) > b(c;)

implies

x 2b(u) z 2b(u) 1
e Jo aw) du/ fy dudy S -
eay)”

b(cy)
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Now when z € [¢y, 7],

= 2b(u) x 2 y 2b(u)
e I a(u) du/ __efo a(w) d“dy
— A(Yy)
Jer B g, : . : : . i
e’zo a(w) _ rep 2b(w) 2 y 2b(u) _rz 2b(u) 2 y 2b(u)
e Jzg A d“/ efzo a(w) d“dy + e Jzo aw du efzo a(u) d“dy
c1

f;o 2;((5; du —oo ALY d(y)

e
<e” czl %ib(%))d“; + / _ief ; Z:ib((s))dudy
b<61> c1 a(y)

1 2 —
+ sup —|C} $0|
(Cl) y€[c1,xo] a(y)

<

j=al

where in the last inequality we used the fact that b(u) > 0 for u € [c;,z]. This

proves (B.14), and a symmetric argument can be used to prove (B.15). [

Remark B.2. The first inequality of (B.16) was inspired by the well-known
bound on the CDF of the normal distribution
/x e_yQ/Qdy < /w ye_yQ/Qdy = 16_362/2, x <0,
o oo T x

which is used to prove gradient bounds for the normal distribution [23, 74].

Lemma B.4. Suppose b(x) satisfies both (al) and (a2), and w, as defined in (B.11), is
finite. Suppose also that there exist { < xo and r > xq such that a(x) = a, for x < £

and a(x) = a, for x > r. Then for any k € N,

_ gvzb(w))du/:” 2|y I 2’5((u>)d“d <zk: k! ( g >j 1 o |F </
6 alu —e alu — =
0 UL\ b TR

0o A(Y)
(B.17)
e o e du /oo Mefoy ?é:))d“d < i i ( dr >j — L I >
. a) PSS\ ap@]) P
(B.18)
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Proof. Fix x < { <z, then

k
x 2b(u) x 2 y 2b(u)
e 0 a(u )d / |—y| a(u) du dy
—0o0

a(y)
T k .
= / 2_|i|ei y %:éu))dudy
o G(Y)
¢ 2|?/|k b(z) [* =2~d
< / _—67 (x)fy au) udy
o A(Y)
k T
I N L . L/ kykLe M@ Iy atmdu gy,
b(.ﬁE) Yy=—00 b(.l?) —00

In the first inequality we used the fact that l_)(y) > 0 for y < xg, and the last
equality was obtained using integration by parts. At this point we invoke the

assumption that a(z) = a, for x < ¢ to see that

|y| efb(:p Iy %du r 4 - 1 / kykqe—l‘)(x) Iy %dudy

b(x) y=—c0  b(z) Jooo
ly* sy 1 k1~ 22 (a—y)

= Tl’)e ag — + B(_x) /_OO ky ag dy

I / Kyl e 5 @ gy, (B.19)
b(x)  b(z) /oo

Continuing to use integration by parts, we arrive at (B.17). The case when z > r

is handled symmetrically. O

Remark B.3. In practice, the assumption that a(x) is constant for z < ¢ may be
relaxed if we can establish some control over f du in order to bound the left

hand side of (B.19). Same goes for the case when = > 7.

Assumption (a2) is made mostly for technical convenience. It is not hard to
adapt the results above to the case when b() equals zero at more than one point.
Assumption (al) is quite reasonable when b(z) is the drift of a positive recurrent
diffusion process on the real line. For the diffusion process to be positive re-

current, we expect its drift to be negative when the process is far to the right of
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zero, and to be positive when the diffusion is far to the left of zero; cf. the re-
quirement in (B.1). To further match this intuition, assumption (al) can actually
be weakened to say that b() is a non-increasing function outside some compact
interval around zero, and the lemmas above could be modified accordingly to
deal with this. One may compare assumption (al), and its proposed relaxation,
to the assumptions in [62, Proposition 2]. We conclude this section with the

proof of Lemma B.2.

Proof of Lemma B.2. Differentiating both sides of the Poisson equation (B.3)

yields

v@ =-(22) 5w - 28 110y - L) - B8 @rv) - hiw),

The derivative above exists almost everywhere because we assumed that

a(z),b(z)/a(x), and h(z) are all absolutely continuous. The latter assump-
x M U - .

tion also implies that f/(z)e0 @ ™ is absolutely continuous. Hence, for any

x,l eR,

x 2b(u) d’l.t 2b(u) du

Ha)ell 5 — fr(e)eh o

2b(u) du 2b(u)

Fr(y)eld G g (y)elo e M ay

\/gv _
= [ (= a0 ~ S ) =] = () i) 56t

a(y) a(y)

To conclude (B.8), we wish to take ¢/ — —oo and show that

lim f”( ) fz Q{Lb((s)) —0

f——00

Observe that

e OF 2b(€)
e = 25

2 1 (0)ell 4 (BA(V) - h(0)— e
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. : B(0) g1 gy S 2B gy . .
By assumptlon limy,_ o 0 fr(0)e’o @@ ™ = 0. Furthermore, (B.1) implies that

£ 2b(u)
fo T M — . Lastly, our assumption that E|h(Y")| < co means that

/OO ()| e T

. a(y)"

hmﬁ—) 0]

£ 2b(u)

which implies that lim,_,_., h(ﬁ)mefo Tayd = 0. This proves (B.8). To prove

(B.10), we take ¢ — oo and repeat the above arguments. [

B.2 Gradient Bounds for Chapter 2

In Section B.2.1, we first prove Lemma 2.4, establishing the Wasserstein gradient
bounds for Erlang-C model. In Section B.2.2, we state and prove Lemma 2.6, es-
tablishing the Wasserstein gradient bounds for Erlang-A model. In Section B.2.3
we prove Lemmas 2.7 and 2.8, establishing the Kolmogorov gradient bounds for

both Erlang-C and Erlang-A models.

B.2.1 Erlang-C Wasserstein Gradient Bounds

Recall b(z) defined in (2.7). For the remainder of Section B.2.1, we set

_ - —HT, r < _Cv
a(x) =2u, and b(x) =0b(z) = (B.20)

MC? x> _C7
where ¢ = §(R —n) < 0. Observe that this b(r) satisfies both (al) and (a2), and
that =, from (B.11) equals zero. Furthermore,

1.2

exp (/Om 2’6(@ dU> = crrETe (B.21)

a(u) @03 4> ¢
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Fix h(z) € Lip(1); without loss of generality we assume that 4(0) = 0.

The following lemma presents several bounds that will be used to prove

Lemma 2.4.

Lemma B.5. Let a(z) and b(x) be as in (B.20). Then

2
z 2b(u x b(u e x S 07
67 0 2n.b((u))d/u‘/' __(2 efoy Zﬁb(<u>)dudy S : (B'ZZ)
—o0 QY
222+ I, v e 0.~)
.
x 2b(u) o0 2 y 2b(u) 2 + ﬁ’ VS [O’ _C:I7
e Jo G du/ _2 ol Em d“dy <dHr ok (B.23)
K -
3
z 2b(u x b(u l? x S 07
e~ J5 A du / %efoy 2ab<<u>>d“dy <" (B.24)
o @ 1
’ L2e3 1), w0,
\
z 2b(u) o0 2 |y| y 2b(u) 2 + %7 VS [0’ _C]7
e Jo a() du/ ﬂefO atw) dudy S 12 I (B.25)
T a y x 1
\ m + Wﬂ T Z _C7
1
EJY (c0)] < [+ 1 (B.26)

Proof of Lemma B.5 . We first prove (B.22). When = < 0, we can choose ¢; = —1

in (B.14) to see that

6_ 0z 2;(27)) du/ iefoy 2&1}((17)) dudy S ; + Sup i — z
oo A(Y) b(—1)  ye-roaly) p
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0 - T
z 2b(u) 2 y 2b(w) z 2b(u) 2 y 2b(w)
—¢e Jo aw du / ﬂefo a(u) d“dy +e =I5 a(u) / fo a(u) du dy
0o QY 0
o0

aly)°
I2/2 0 21_7(u) 0 2 2b(u) T 1
¢ o aw oo A(Y) o I
< 2y L Iq

1 -
= =22+ ()
e .
7

We now prove (B.23). When =z > —(, we use (B.13) to see that

o0
Iy Zb((i‘))d / 2 oI foﬁfd Uy < - 1 _ 1 .
. aly)” (=) pc]

When x € [0, —(],

@ 2b(u) * 2 y 2b(u)
6 0 a(u) du / fO a(u) dy
. aly)”

T 2b(u)d ¢ 2 fy 2b(u foz Qab((s)) _ f*{ 2E(u)d & 2 fy 25( “)d
= e J0 a(w / 0 a(u) dy + Tb(u)e 0 a(uw) u/ a(u) dy
x (Z(y) 6_ fO a(u) du —C a(y)
<e I T du / oJo ey dy +e o ‘2 d“/ — 2 elo e “dy
)" —¢ ay)
T u C u
S e Jo 2ab((u))d / 2 ny 2:(<u) dy + — 1 (B27)
. aly) pIcl

We now bound the first term on the right hand side above. When [(| > 1, we

use (B.15) with ¢, = 1 to see that

z 2b(u) ¢ 2 y 2b(u) z 2b(u) o0 2 y 2b(u)
e 0 a(u) du / f a(u) du dy S 6 0 a(u) du / f a(u) du dy
x x

a(y) d(y)
o 1o 12
(1) uow
When |(| < 1,
T u 74 u b(u 1
. ()Qab((u))d/ _2 ey2b( ) du My < e olib((u))d“/ 2 2 4y <61/21§2.
»  ay) o ay) pop
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Therefore, for z € [0, —(],

o = 2;<<5>>du/ _—efoy éb(%)dudy < 2 + L
« ay) e

To prove (B.24), observe that when = < 0,

6_ Oz 2(35((1713) du/ Mefoy %EB(%))dudy — e;IQ/ __ye_%y2dy — l’
—o0 a(y) —o0o M %

and when z € [0, —(],

- T = 0o _ T
e Jo 2ab((u))du/ _? |y‘ efoy 2¢‘zb(<u))dudy = e%xz / _ye_%gﬂdy + €%$2 / ye_%dey
—00 a<y> —o0 M 0o M

le% et l65952(1 - e_%IQ).
p M

We now prove (B.25). Since a(x) = 2, we can use (B.18) to see that for x > —(,

e 2 g /OO 2 |y [ 2 g, x 2u 1 x 1
e Jo aw) —_¢Jo aw dy S _ —+ _ _ — + .
. a(y) b(x)]  2]b(x)] |b(x)]  wIC] pC?

Furthermore, for x € [0, —(],

@ 2b(u) oo 2 y 2b(u)
e Jo G d“/ ﬂefo a(u) d“dy
T

a(y)
z 2b(u)
_ — , —fO 222 du o7 oo =
z 2b 2b(u) a(u) ¢ 2b(u) 2b(u)
—e Jo a(%))d"/ Meﬁ a(:) d“dy + BWG_ Jo a(::) du/ M@foy &(5) dudy
- — - —
T a’(y) _fo a(u) du —C a(y)
€
xz 2b(u)
—C —Jo Fpy du _¢ 2B 00 3
1 1 e _ ¢ 2b(u) 2 y 2b(w)
- 6/ e By b e / 21l it o,
T 1% ef f() a(u) du —¢ a(y)
1 —fe 25((u)) ” _ % 9 _
a(u —¢ 2b(u 2b(u)
= ei (e = i) ¢ Sl S / Iyl 1y g,
_ “ -
2 e_fo () U —C a(y)

z 2b(u)
1 6_f0 26,(u)du < |C| 1 >

<- v +
2 e*fogéb((u))d“ N|C| pG?

— [ 26 g, ¢ 2w g i
where in the last inequality, we used the fact that e Jo a0 < ¢ Jo” TG4 This

proves (B.25), and we move on to prove (B.26). Letting V(z) = z?, and recalling
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the form of Gy from (2.15), we consider

GyV(z) =2zp(C+ (x+¢)7) +2u

= —2ux®1(x < —C) — 2xp|¢] 1(x > —C) + 2 (B.28)

By the standard Foster-Lyapunov condition (see [67, Theorem 4.3] for example),

this implies that
2E[(Y(00))*1(Y (00) < ()] +2[¢|E[Y(00)1(Y (00) = ()] <2,

and in particular,

E[|Y (c0)1(¥ (50) < =) < /E[(Y(00))21(Y (00) < —=0)] < 1,

where we applied Jensen’s inequality in the second set of inequalities. This

concludes the proof of Lemma B.5. O

Proof of Lemma 2.4. Let b(z) and a(z) be as in (B.20). We begin by bounding
f7,(x). Observe that since h(z) € Lip(1) and ~(0) = 0, then (B.4) and (B.5) imply
that

= 2b(u) u z 2 y 2b(u) w

filw) < el atrd / m(’y\ +E[Y (00)])el a0 dy,
oz 2w (2 y 2b(u) g

file) < T [Tl + B (o))t 55

Ql

For z < —(, we apply (B.22), (B.24), and (B.26) to the first inequality above, and
for x > 0, we apply (B.23), (B.25), and (B.26) to the second inequality above to
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see that

plfi@)l <1+2(1+ ,q)<3+2ﬂﬂ T <0,

plfi(x)| < min{262< 14 e (24 |C|)<1 N |_é|>7

+é+(2+%)(1+|—é|)}, z € [0, —(],

plh@)l < = (96+1+2/|C|) r=>—C  (B29)

1 1
!<| |<|< E) 1¢]

For = € [0, —(], observe that when |(| < 1, then

1,2 1,2 1
2654—1+(2+|(|)e§<< )<33—1+5(

o )—75+5/|<\

q

and when |¢| > 1, then

2+é+<2+%)< |C|> 3+3< |<’>—6+3/|C\

Therefore,

, L75+5/[C)), @<=
| fr(@)] < (B.30)

ﬁ(z—i—l—i—?/K]), z > —C.

v
Before proceeding to bound |f/(x)| and |f;"(z)|, we first note that both (B.7)
and (B.9) are satisfied. This is because c‘z( ) is constant, b(z) is piecewise linear,
f7,(z) is bounded as in (B.30), but s “ decays exponentially fast as  — oo,

and decays even faster as + — —oo. To bound | f//(z)|, we use (B.8) and (B.10),

together with the facts that a(z) is constant, i(x) € Lip(1), and
V(z) = —pl(z < (), =€R,

to see that

2b(u)

fi(@)] < e S / 214 ulfi ) 1y < —0)eR F gy (B31)

a(y)
Ifl(z)| < e -l ibff))d“ /:O %(1 +u|fr(y)] 1y < g‘)) Je 2ab((u) d“dy. (B.32)

170



We know | f; (z)| is bounded as in (B.30). For x < —(, we apply (B.22) to (B.31)
and for x > 0 we apply (B.23) to (B.32) to conclude that

.

2(1+7.5+5/\q), r <0,

P @] < min {2+ [¢)exs, 2+ L1 +75+5/[¢]), =<0,
\ﬁa I’Z—C
(B.33)

By considering separately the cases when |(| < 1/2 and |(| > 1/2, we see that

min{(2+\§|) 2+m} <4, (B.34)

and therefore,

RA+1/Eh), =<,
() << " (B.35)
ﬁy iy Z _C

Lastly, we bound |f"(x)|, which exists for all x € R where //(x) and V'(z) exist.

Since a(z) is a constant and h(z) € Lip(1), we know from (2.21) that

=

For # > —(, we use the forms of b(z) and ¥'(z) together with the bounds on

|fi.(x)] and | f;/(z)| in (B.30) and (B.35) to see that

@<~ (141 1)

Although tempting, it is not sufficient to use the bound on |f}/(z)| in (B.33) and

the form of b(z) to bound | f//(2)b(xz)| for all # < —(. Instead, we multiply both
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sides of (B.31) and (B.32) by |b(z)| to see that

13 (2)b(z) |
. 2b(u) " T fy 2b(u)
< (14supplfs b o / T es0

(1 sl 7)) o) it
I1f7 (2)b()|

T 2b(u)d > fy 2 du
1+ sup plfia(y)l) |b(z 0 G / "y, xe0,—(].
( ye[x C] h )| | T a(y)

(B.36)
By invoking (B.12) and (B.13), together with the bound on |f;(z)| from (B.30),
we conclude that

|fr' (x )\Sl(1+(1+7.5+5/|c|)+7.5+5/|§|), z < —C.

=

Therefore, for those 2 € R where h/(x) and ¥ (z) exist,

iy < | EOTHIOVKD, 2=

%7 x Z _C

This concludes the proof of Lemma 2.4. O

B.2.2 Erlang-A Wasserstein Gradient Bounds

Below we prove the Erlang-A gradient bounds, which were stated in Lemma 2.6
of Section 2.5.1. Their proof is similar to that of Lemma 2.4. We only outline the
necessary steps needed for a proof, and emphasize all the differences with the

proof of Lemma 2.4.
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Proof Outline for Lemma 2.6: The Underloaded System

In the Erlang-A model,

_ —pr, <=,
b(z) =
—Oé(.%' + C) + MC? x> _Ca
and a(x) = 2u. To prove Lemma 2.6, we need the following version of

Lemma B.5.

Lemma B.6. Consider the Erlang-A model (o > 0) with 0 < R < n. Then there exists

a constant C, independent of \, u,n, and «, such that

x 2b(u) z y 2b(u)
e 0 a(u)d fO a(u)d dy S <
oo a(y)

0 a(u)

% c T AL _
- o“”i”(ﬂi?d/ 2 A, 1T Veng), wel—,

ay
S(VEAD), w2

C
_rw 2b(u) r 9 y 2b(u) =, <0,
e 0 a(w) du/ |y| fO a(w) Cl”LLd S 1
—00 CL(y) C ¢2
o

o Jo B du /mz,y| Jo ib<(5)d“dy§<
. aly)

To prove this lemma, we first observe that

1.2
—sT
e 27, x S _C7

fz 2b(u)

0 a(u)

P ISPl G ue)’ , x> —(,
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By comparing (B.42) to (B.21) for the region z < —(, we immediately see that
(B.37) and (B.39) are restatements of (B.22) and (B.24), from Lemma B.5, and
hence have already been established. The proof of (B.41) involves applying Gy

to the Lyapunov function V (z) = z? to see that

GyV(z) = —2ur*1(z < =)+ 2( — az® + 2 (p — @) L(x > —¢) + 2u
< = 2ua’l(z < ) = 2(a A p)a*l(z > —C) + 2p,
and
GyV(z) = —2ur*l(z < =)+ 2( — az(z + ) — p|¢|z)L(z > —¢) + 2u
< —2px1(e < =) = 2u[¢|21(x > —() + 2u.

One can compare these inequalities to (B.28) in the proof of Lemma B.5 to see

that (B.41) follows by the Foster-Lyapunov condition.

We now go over the proofs of (B.38) and (B.40). We first prove (B.38) when
€ [0, —(]. Just like in (B.27) and the displays right below it, we can show that

z 2b(u) x© 9 v 2b(w)
6 0 a(u) du / fO a(u) du dy
T

aly)"
x u C u u © u
<o i 200 gy / 2 o 20 g, udy o Ji ¢ B g, / 2 ol 200 gy vy
. aly)© —¢ ay)"
2 1
<z 4
w e
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It can also be checked that

o Jo ¢ B du /OO —2 eJ8 T du tdy = e3¢ et ) /OO 16 2#(3’“‘54)26@
—¢ a(y) | M
:65(7'2_42)620;(24)2\/ le QMy dy
Lic| M
<e 2@(#()2/ 16 5.y dy
ki) K

< / Loge dy
o H
B 1 T
N W 2a’
where in the last inequality, we used the fact that for + > 0, the function
e e %e*%lﬂdy is maximized at * = 0 (this can be checked by differenti-

ating the function). This proves the part of (B.38) when z € [0,—(]. The case

when z > —( is handled similarly. We now prove (B.40). When z € [0, —(],

e Jo T du / 2l elo o du dy
. )"

—¢ 1 00 .
$2/ ye 3 dy + ﬁezu( et _42)/ ye m T80’ gy
v ~

_ =y o Losor dere) /°° o £ g
K -

9
Nl

TIRrTEIPEIR T

—~
—_

IN

I

1 [ 1 1 1
¢ P pg

4 Loz / " e s (2o £07) g
—C

(VAN
+

= |
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and when z > —(,

g B, / 2] oy 55 g
. aly)”

o (mHC—1)2 / e L0 g
o (et / T ety
z+(—5¢
(1= pfa) gl eB 0 [© iy
z+(—L
1 o _ue2 [ Y _a .2
+ = ’dew(m-l—C 50 / S —
It vrc—pc (@ +C—5C)
Iz 1 Lrp
el )g—(—+1). (B.43)
<04 e +C=50)/ 7 pla

We now describe how to prove Lemma 2.6. To prove (2.58), we repeat the proce-

+ ===

IN
Tl =
Ol = |~

dure used to get (B.29), except this time using the bounds in Lemma B.6 instead
of those in Lemma B.5. Using the resulting bounds on f; (z), we argue that (B.7)
and (B.9) are true, just like we did in the proof of Lemma 2.4. We now describe
how to prove (2.59). When = < 0, we apply (2.58) and (B.37) to (B.8), and when
x > —( we apply (2.58) and (B.38) to (B.10). The last region, when = € [0, —(],
has to be handled differently depending on the size of |(|. When |(] < 1, we just
apply (2.58) and (B.37) to (B.8). However, when || > 1, we manipulate (B.10) to

see that

z 2b(u) du

7< v
) = = TES [ ) + ufi)e

2b(u) du

dy
x 2b(u)

e "0 atw) —¢ 2w g (1 , ,
e W [ o) vasie 8 ey, @4y

a(u)

T 25(“)
0 “a(u)

We then apply (2.58), (B.38), and the fact that e T,
e O ”‘(“)

The proof of (2.61) relies on (2.21), which tells us that

< 1 to conclude (2.59).

@) < L1+ | @) + | f @) (@)]].

= |
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Bounding ‘ fi(x)b' (z

)| only relies on (2.58). The term | f;/(x)b(z

) | is bounded sim-

ilarly to the way it is done in Lemma 2.4; see for instance (B.36). This concludes

the proof outline for Lemma 2.6 when the system is underloaded.

Proof Outline for Lemma 2.6: The Overloaded System

For the overloaded case in Lemma 2.6, we again need the following version of

Lemma B.5.

Lemma B.7. Consider the Erlang-A model (o > 0) with 0 < R < n. Then there exists

a constant C, independent of A, 1, n, and «, such that

X
,f(x 3’((5)01 / ]
ealy)©
e do T du / ~
. aly)”
x
oo 2 g / 2y
ealy)”

- Oﬂ”i”((“))d/ 2|y|
. aly)”

E|Y (c0)] < \/g+ 1.

ny 2b(u)

f(;/ 2b(u) du

a(u)

a(u)

C JE, 3¢
2b u)d E\/E€2” )

.

=1Q

(1/\0%),

(1+ENQ),

=1Q

\
(

My <

Yy < M

To prove this lemma, we first observe that a(x) = 2y,
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and

(%<)26_% 26_%($+<_%<)2, r < —(C

z 2b(u) € =

e Jo G du _ (B.50)
e x> (.

Observe that in the region x > —(, the form of (B.50) is very similar to the
(B.21) in the region < —(. Hence, one can check that the arguments needed to
prove Lemma B.7’s (B.46) and (B.48) are nearly identical to the arguments used

to prove Lemma B.5’s (B.22) and (B.24).

The proof of (B.49) involves applying Gy, where

1

Gy f(z) = 5a(e) " () +Bla) (@)

to the Lyapunov function V' (z) = 2? to see that
GyV(z) = —202’1(z > —() + 2( — pa® + 2((a — p))1(z < —¢) + 2u
< —2az?1(z > —¢) — 2(a A p)z*1(z < —C) + 2p.

One can compare this inequality to (B.28) in the proof of Lemma B.5 to see that

(B.49) follows by the Foster-Lyapunov condition.

We now describe how to prove (B.45) and (B.47). The proof of (B.45) uses
a series of arguments similar to those in the proof of (B.38) of Lemma B.6. We

now prove (B.47). When z < —(,
e o 2135((5)) du / ?|_y| efoy 2.35<(3>) d“dy
oo A(Y)

eé(m+<—gc>2/ e b0ty

L, fEheae
2 (@H=10)? / ' —ye ¥ dy

— 00
L

L apeterir [T g,
u -

1 ( s 1 s I
<2 S JEA—— V<14 /Ecnt B.51
—,fru(\/g gg—x—g>— +\/; o (B:51)
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where the second last inequality uses logic similar to what was used in (B.43).
For z € [-(,0],
o i i du / 2yl gy 2 “dy
aly)”

_C [e3 [e3
:lefﬁ 2eé(uozewﬁ/ —ye 2 dy—i—l€2“$2/ —yes¥dy.

00 —<

Repeating arguments from (B.51), we can show that the first term above satisfies

=<
f o
and by computing the second term explicitly, we conclude that

oI B / 21yl g g, < Lo <1 . H) n lﬁ(l )
aly)” p as pa

1 P
_;(1—!—0)

which proves (B.47).

Having argued Lemma B.7, we now use it to prove the bounds in (2.62)-
(2.67). To prove (2.62), we repeat the procedure used to get (B.29), except this
time using the bounds in Lemma B.7 instead of those in Lemma B.5. Using the
resulting bounds on f; (z), we argue that (B.7) and (B.9) are true, just like we
did in the proof of Lemma 2.4. We now describe how to prove (2.63). When
x < —(, we apply (2.62) and (B.45) to (B.8). When = > —(, instead of using the
expressions for f;'(z) in (B.8) and (B.10) like we would usually do, we instead

apply (2.62) to the bound
" 1 / 7
Ih@ﬂﬁpm@H% H—Uﬂ+EW(H) r €R,

which follows by rewriting the Poisson equation (2.16) and using the Lipschitz
property of h(x). We now prove (2.65)—-(2.67). We recall (2.21) to see that

@) < [ @) + | f@)B @) ],

= |
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Bounding | fi(z)t (a:)‘ is simple, and only relies on (2.62). The other term,

| fi! (2)b(x)

} 1 (:1:)5(93)| is bounded similarly to the way it is done in Lemma 2.4; see for

, is bounded as follows. To prove (2.65), i.e. when x < —(, the term

instance (B.36). When = > —( then

|fi (@)b(2)| = ala| [ £ ()],

and the difference between (2.66) and (2.67) lies in the way that the quantity
above is bounded. To get (2.66), we simply apply the bounds on f;/(z) from
(2.63) to the right hand side above.

To prove (2.67), we will first argue that

2
) < Clav frr)+ (s /a41) ol cel-col 552
%<g+\/%+1), x>0,
where C'is some positive constant independent of everything else; this will im-
ply (2.67). The only difference between the proof of (B.52) and the bound on
7(x) in (2.66) is in how |f;/(z)b(z)| is bounded; we now describe the different
way to bound | f}/(z)b(z)|. When 2 > 0, we bound | f//(z)b(z)| just like we did in

Lemma 2.4; see for instance (B.36). When x € [—(, 0], we want to prove that

‘f’/l/(x”S%(%*\/%“)(H\/@*%(“@M—;) (B.53)

which, after considering separately the cases when ¢ < p/aand ¢ > p/a, im-

plies that

< 9@+ Tr) B+ €

We can then use this fact to bound |f/(z)b(x)| = «|z||f/(z)|. To prove (B.53)
for ¢ < y/p1/c, we bound (B.10) using (2.62) and (B.46). To prove (B.53) for ¢ >
V/ 1t/ o, we bound (B.8) using (2.62) and (B.45). We point out that to bound (B.8)
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we need to perform a manipulation similar to the one in (B.44). This concludes

the proof outline for the overloaded case.

B.2.3 Kolmogorov Gradient Bounds: Proof of Lemmas 2.7 and

2.8

Let a(x) and b(z) be as in (B.20). Fix a € R and let h(z) = 1(_q(x). The the

Poisson equation is

a(z) fy (x) = Fy(a) = L—coa (),

where Fy (z) = P(Y (c0) < ). Since 1(_ () is discontinuous, any solution to
the Poisson equation will have a discontinuity in its second derivative, which

makes the gradient bounds for it differ from the Wasserstein setting.

Together, (B.4) and (B.5) both imply that

(w2 g z 2 v 2b(w) g 9 y 2b(w) 4
o) < B i { [* ol titing,, [T 2ok g, )
—oo @(Y) . ay)

Furthermore,

fi(x) = %(m@ ey (2) — D) f1(2))

We now prove the Kolmogorov gradient bounds for the Erlang-C model.

Proof of Lemma 2.7. First of all, by (B.22) and (B.23),

(

2, x<0,
plfa@)] < qmin {2+ ¢)ex, 2+ L}, €0, (B.54)
\‘%P x Z _Ca
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and (B.34) implies that

min{(2+ ez’ 24—@} < 4,

which proves the bounds for f;(x). Second, (B.12) and (B.13) imply that for all

z € R,

| fo ()]
< l (1 + |[_)(Q; | =I5 ibélﬁ) “min { / — 2 foy 2:((5)) dy’/ — 2 fy ib((ff
I waly)© ., aly)”

<2/u,

where f!(x) is understood to be the left derivative at the point = = a.

dy}>

(B.55)

Proof of Lemma 2.8. The proof of this lemma is almost identical to the proof of

Lemma 2.7. Its not hard to check that (B.55) holds for the Erlang-A model as

well. To prove the bounds on f/(z), we obtain inequalities similar to (B.54) by

using analogues of (B.22) and (B.23) from Lemmas B.6 and B.7. These inequal-

ities will imply (2.70) and (2.71) once we consider in them separately the cases

when |(| < 1and [(| > 1.
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B.3 Gradient Bounds for Chapters 3 and 4

In the setting of Chapter 3 and 4,

;

u, x<-—1/§,
_ —HT, X S _C7
a(z) = p(2+6z), =e[-1/8,—(, and  b(z) =
pC, x> —(,
w2+, 2= —C
(B.56)

where ( = §(R —n) < 0. Observe that b(z) satisfies both (a1) and (a2), and that

xo from (B.11) equals zero. Furthermore,

exp ( /0 ) Qab((uu)) du)

e (b + % = logf2) exp(—a?), & < —1/5

— 3 1og(2) + F(2log(2+ 8 [¢]) — A ICI) + 575
(B.57)
The following lemma presents several bounds that will be used to prove

Lemma 3.3 and 4.3.

Lemma B.8. Let a(x) and b(z) be as in (B.56). Then

.

T u z Y u §7 :L‘ < 07
e Jo 2ab((u))d / _( ) f ib((u)) dudy S o - (B58)
0o @
! L34 [cl), @€ [0,~C)
;
z 2b(u o0 Uu l(2—1'_ ) x607_g7
oo d“/ 2 oo e du Yy < " 3 | | (B.59)
L HICl? -
(
z 2b(u z 2b(u l, T < O7
e Jo ) du / 2 ‘y’ eJo o )dud . B (B.60)
a 2
(y) 26%7 HAS [07 _C]a




2 1 b
2z 2b(u y 2b(u ” 2 2ulcl? € 07 —Sh
e Jo 2ab((u) du / 2 |y‘ eJo 2ab<u)>dudy <" T Tt 0.~ (B.61)
z @ y) =z 4 1 _6 x> —C
ulcl one® T 2pC)? - ’
2462
E|Y (00)| < VEZ+ 2+ V202 + 4+ \+<| +5 (B.62)

Proof of Lemma B.8. To prove this lemma we verify (B.58)-(B.62) one at a time.

We now prove (B.58). Using (B.14) with ¢; = —1, we see that for 2 <0,

@ 2b(w) z 2 2b(u) 1 2 1 2 3
e Jo Gt / 2 ol aw d“dy <—+4 sup —<—+-—=—-. (B.63)
oo 1%

a(y) b(—=1)  yer-10 aly ) B
For z € [0, —(],
e Jo o du / _ 2 oo e du “dy
aly)
x 25(u)
ei 0 a(u) du _r0 2b( u)d 0 fy 2b(u fz 2b(u) du fy 2b(u)d
— Tb(u)e 0 a(u) 0 a(u) dy _|_ e 0 a(u) 0 a(u) dy
e Jo aw a(Q) 0o a y)
xr u xr b u _C u
B LN 2ab<(u>)d“/ —_2 I3 i “dy
2 o a(y)
z 2b(u) 3 @ 2b(u) 1
< e o G du Z e do Gy du ‘C‘ -, (B.64)
1% 2

where in the second last inequality we used (B.63), and in the last inequality we
used the fact that e/ 5 < land a(y) > 2u for y € [0, —(]. From (B.57), we

know that

z 2b(u)

e o ww M = exp < ;(log(Z + dx) — log(2) — (5;1:/2)), z € [0, —(].

Using Taylor expansion,
L1y
27 2(2+&W)*

where {(y) is some point between 0 and y. Therefore, for x € [0, —(],

log(2 + y) = log(2) + y € (—2,00), (B.65)

z 2b(u)

e Jo T M = exp ( ;(log(2 + dx) — log(2) — 533/2))

B 41 522
- o (ﬁi(z n §(5x))2)
2

< exp (%) , (B.66)
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where in the last inequality we used the fact that {(dz) > 0 for x > 0. Combining
this with (B.64), we conclude that

x 2b(u) z 2 2b(w) 4 ¢*
e M(u)d/ N Ty < (34 1cl), e 0,
o ju

a(y)

which proves (B.58). We now prove (B.59). When = > —(, (B.13) implies that

o ozibff))d/ 72 fyi”(ﬂj‘)’d Uy < _1 _ 1‘
. aly)” b(z)|  rlC]

When z € [0, —(], we can repeat the procedure in (B.27) to see that

© 2b(w) 9 v 25(u) @ 2b(u) 4 ¢ 2 y 2b(u)
e Jo T / f a(u) ¢ dy <e = I Gy @ / f a(u) d“dy + —
X X

aly)” aly)”

1
s
We now bound the first term on the right hand side above. When [(| > 1, we

use (B.15) with ¢, = 1 to see that

_ —¢ 00 _
_rz 2b(w) 2 2b( ) @ 2b(u) 4 2 26(u)
e o G du/ —= elo it dy <e -l a(u) / —e 0 a(u) dudy
. ay) « a(y)

<t

When || < 1, (B.66) implies that

© 2b(u < ¢ 25(u 1
e Jo 2ab<(u))du/ 2 oo T du “dy < e~ o€ %du/ ,idy < 6C2/21 < 2
T a(y) 0

Therefore, for z € [0, —(],

= = ii%fd /00 2 fy ib(f))dudy < z + L7
. aly) o plcl

which proves (B.59). We now prove (B.60). For z <0,
e o ib(%))d /z 2 |y| foy Qf((f))d dy o Qab((:))d /90 1 Qb( ) foy 2ab((u))al “d
wdly) waly)

_ l<1 e P )

0
1
P

<
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When z € [0, —(],

z 2b(u) z 2 y 2b(u)
oo a(u>d/ |y| f a(u>ddy

a(y)
0 T
_ oI5 Hau / _(2‘7? ol Tt au dy + e o Tdu / o du “dy
aty o aly
0 7 5 T 19b
x u u x u (u
—e¢ o s du / l2_b((y)) ol 2ab((u>)d“dy P T du / 12_6(( )) Sy “dy
poaly o M aly
— le o Qab((:))d (( fo ib((;)) _ efoioo 256((5)) d“) < Jo Qab((:)) U f(? Qab((g))d >>
W

2 fﬁ?‘fﬁ <2642/27

u I

where in the last inequality we used (B.66). This proves (B.60), and now we

prove (B.61). Fix x € [0, —(].

We now prove (B.25). Since a(z) = p(2 + 9 |(|) for x > —(, we can use (B.18)

to see that for x > —(,

. ;%bgw/ 20yl B, v p2F6[C]) 1

YS1m 1T o7 ;
aw il T 2] )
oz 2405[¢) 1
e 2|¢] pl¢l
Furthermore, for = € [0, —(],
o Oz 2:((:)) du / 2 ‘y| fy 2:((5)) du dy
. aly)
x u _C b U
— — e Jo Qab((u))d / l%b( ) foy 2*b(( ))d dy
«  Hoay)
x 2b(u)
e I Gy B, 72yl Iy
+ _f B Lo @(y) oty
—Jo a(u) —C
< —e o e / 1%(( )) J3 S dy + e o ko d“/ 2<|y>| S dy
»  Haly —¢ 4
Ll fg;;du( oo BB | 5 T )+efo‘41553du / 20l gy g,
7 - G(Z/)
1 240 1
S_+(IC|+ <l >
[ANTIq 2[¢] plc]

186



_ [ 2b(w) _ ¢ 2b(w) }
where in the first inequality, we used the fact that e Jo' Sty <e Jo" T@ % This

proves (B.61), and we move on to verify (B.62). Consider the Lyapunov function

V(z) = 22, and recall the form of Gy from (3.8) to see that
GyV(z) =2zpu((+ (z+¢)7) + zu(l + 1z > =1/8) (1 —0(C+ (z + C)‘))).
Now when z < —(,
GyV(z) = —2pua” +2u(1+ 1(z > —1/6)(1 + 6z))
< —2uz” + 2pdxl(z € [0, —C)) +4p
= —2u2”1(z < 0) — 2p(2* — 62)1(z € [0, —C)) + 4p
< —2ux*l(z < 0) — p(a® — 6*)1(z € [0,—¢)) +4u
< —2u2’1(z < 0) — pa’l(z € [0,—()) + pud® + 4p,
and when z > —¢,
GyV(z) = — 2zp|C| + 200 [C] + 4p
= = 2u|¢[ (z = 0)L(I¢| < 0) = 2u[¢] (z — O)1(|¢] = 0) + 4p
< = 2u|¢21(|¢] < 6) + 2u8”1(|¢] < 8) — 2p|¢] (x = 0)1(|¢| = 0) + 4pe.
Therefore,
GyV(z) < —2uz*1(z < 0) — px’1(z € [0, —())
— 2p[¢l 2 L([¢] < 6)L(z = =C) = 2u[¢| (z — §)1(|¢] = 6)1(z = —()
+2u8”1(|¢] < 9)1(z > =) + pd®1(x < —C) + 4p,
i.e. GyV (x) satisfies
GyV(z) < —f(z) + g(),

where f(z) and g(z) are functions from R — R,. By the standard Foster-

Lyapunov condition (see for example [67, Theorem 4.3]), this implies that

Ef(Y(00)) < Eg(Y(00)),
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or

2E[(Y(00))*1(Y (00) < 0)] + E[(Y(00))*1(Y (00) € [0,—())]
+2[¢|E[Y(00)1(Y (00) = =Q)]1(I¢] < 9)

+2[¢|E[(Y (00) = 8)1(Y (00) = =¢)]1(I¢] = 0)

< 26% + 4,

from which we can see that

62 2
E[Y (00)1(Y (c0) > —()] < 0 + & + 6.

Furthermore, by invoking Jensen’s inequality we see that

E[[Y (00)1(¥ (50) < 0)]| < \/B[(¥ (00))21(Y (o) < 0)]
<V 42,
E[[Y (00)1(Y (00) € [0,-0))|] < /E[(Y(00))21(Y (c0) € [0,~0))]
< V262 + 4.

Hence

EHY(OO)H :E[‘Y(oo)l(Y(oo) < 0)‘] —i—E[’Y(oo)l(Y(oo) € [0,—0)‘]

+E[Y (00)1(Y(00) > ()]
2+ 62
[q

<V +24+V202 44+ + 6.

This proves (B.62) and concludes the proof of this lemma.

We are now ready to prove Lemma 3.3 and 4.3.
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B.3.1 Proof of Lemma 3.3 (I, Bounds)

Proof of Lemma 3.3 . Recall our assumption that R > 1, or equivalently, § < 1.
Throughout the proof we use C' > 0 to denote a generic constant that does not
depend on A, n, and y, and may change from line to line. We begin by bounding

f7,(x). Observe that since h(z) € W, and h(0) = 0, then (B.4) and (B.5) imply that

x 2b(u) du

/ fo a(uw) /':Ij i +E|Y (0o efoy %EB((S))dud
file) < [+ E Yoo Ty,

x 2b(u) du

oo 2 u)d
(x) <e oW 2 (ly] + E[Y (c0)| )&k T g
fulz) < L qum Y (00)])e y.
We apply (B.58), (B.60), and (B.62) to the first inequality above when z < —( to

see that

umxn<00+KQ r <0,

plfi(@)] <203 4+ € (3 + [C)E|Y (00

S [07 _C]a

and apply (B.59), (B.61), and (B.62) to the second inequality when = > 0 to see

that

1
ulf,;(:c)\s2+—2+

)E}Y e [0, —],

;L+(
2] 1
()] < r+1+ x> —C(.
plfi@) < m< ) ¢
Above, there are two possible bounds on p | f; (z)| when z € [0, —(]. By consid-

ering separately the cases when |(| < 1 and || > 1, and using (B.62) to bound

E|Y (00

) 1
plfi@l<C(1+5), web =

Therefore,

|fr(@)] < ‘ (B.67)



which proves (3.18). Using (B.56), (B.57), and (B.67), the reader can verify that
(B.7) and (B.9) are satisfied, which allows us to use the two forms of f;/(z) in
(B.8) and (B.10). We now bound | f//(x)|. Since ~A(0) = 0 and h(z) € W5, we know
that |h(z)| < |z| and |W/(z)| < 1 for all z € R. From (B.8) and (B.10), it follows

that
o £ (2 By
# (Y s| )l 5 ay, B
o)< e B He [0 (2 20l 2Ry
‘@%%anﬂ)“iﬁ%w (B.69)

We now bound the terms inside the integrals above. By definition of a(z) in

(B.56), we see that
a'(z) = pol(z € (=1/4,—()), (B.70)
where @'(z) is interpreted as the left derivative for + = —1/§ and + = —(. There-
fore,
T)r] _ _mltl o a5 o) <i(e (<1/5.-q)), B
a(z) w2+ dx) ’ - ’ ’ '
@) _ o
< 50(1 n \C\> (x € (—1/8,—C]), (B.72)
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where in the last inequality we used (B.62) and the fact that 6 < 1 to bound

E|Y (c0)|. Furthermore,

. '—2x, r < —1/6, . (—2, x < —1/6,
T e selyi-d. (55 < S e ce1i-g,
\2+2§|<|7 x> —(, 0. v>—
(B.73)
where (?éf;)l is interpreted as the left derivative at the points + = —1/§ and

x = —(. Combining (B.73) with the bound on f/(z) in (B.67), we get

2b(x) o
‘( il ))fh( )‘ =2[fi ()| 1(z < —1/0) + (2+5 3 @)1 € (=1/6,~C])

<2|fy ()| Lz < —1/6) +

W) 1(z € (=1/6, =(])

C 1 1
< Trie i s )<
:%< |é|> (x < —0). (B.74)

Therefore, when = < —( we apply the bounds in (B.71), (B.72), and (B.74) to
(B.68) to see that

)< ce B [ (e (10 -q)

(y

Q I

+5<1+ \C|> (y € (=1/8, =)
(14 )1 —0)eld 0y
@ 2b(u) g

x 1 y 2b(u)
< Ce do T / — (14 el Tty p < — B.75
) v © B
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and when z > 0 we apply the same bounds to (B.69) to see that
" -y 2 g, /OO 1
< 0 a(u) . 1 1 _1 —
fi ()| < Ce e 1=
+0(1+ ye(—=1/6,—¢C
( |<|)< (<1/6,~¢))
fy 2b(u)
_ < 0 a(u
+ (1 + ,d)l(y C)) M dy
< Qe 0 S / L(l v %) YRRy > 0. (B.76)

aly)
We apply (B.58) to (B.75) and (B.59) to (B.76) to get

<1—|— ICI> x <0,

i@l < Ymin{e 2@+ )2+ H S (1+ 7). @elo,~C,

c
L <) x> _CJ
and by considering separately the cases when |(| < 1 and || > 1, we conclude

that

| fr ()] < (B.77)

which proves (3.19).

Now we prove (3.20). Recall the form of f;"(x) from (2.21), which together

with the facts that |2 (z)| < |z| and |A/(z)| < 1 implies that for all z € R,

,,, () 2b(x) 2 | 2a(x)]
e < |(28) s + [ )| + 2+ 2 (1o + By o))
where f}”(x) is interpreted as the left derivative at the points + = —1/6 and

r = —(. We apply the bound on from (B.74), the bounds on

(Z9) i ()
@' (z)z| /a(z) and E|Y (c0)| |@'(x)| /a(z) from (B.71) and (B.72), and the fact that

1/a(x) < 1/ufor all z € R to see that

1
q

<= (1

D=0+ 16> -0+ [E ).

a(x) "
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, but this term does not pose much added dif-

It remains to bound ‘2;(%) 7 (x)

ticulty. Indeed, one can multiply both sides of (B.75) and (B.76) by ’2@5((;)) and
invoke (B.12) and (B.13) to arrive at
21_)(13) ,,( ) %<1+ﬁ>7 x < Ca
a(z) " e
E? x Z _g
This proves (3.20) and concludes the proof of this lemma. O

B.3.2 Proof of Lemma 3.4 (/5 Fourth Derivative)

This section is devoted to proving Lemma 3.4. In this entire section, we reserve
the variable z to be of the form z = 2, = 6(k — R), where k € Z,. Let a(x) and
b(z) be as in (3.4) and (3.2), respectively, and let r(z) = 2b(z)/a(x), whose form
can be found in (B.73). The form of f;’(z) in (2.21) implies that for any y € R,

|1 () = S’ (a=)]

< [r'(y) =" @) A+ 1 @=)l () = fr)]
+r(y) — @[ W)+ @) i (@) = fi ()]
+12/a(z) = 2/a(y) [N ()] + [2/alx)| |W (=) = h'(y)]

2a' (z—) _ 2d/ (1) . 24/ (z—) o
) - 20 (i + acy oo ) + | 22 o) = hio-
(B.78)

We first state a few auxiliary lemmas that will help us prove Lemma 3.4. These
lemmas are proved at the end of this section. The first lemma deals with the

case when y € (z — 4§, x).

Lemma B.9. Fix h(x) € Wy with h(0) = 0, and let f,(x) be the solution to the Poisson

equation (5.16) that satisfies the conditions of Lemma 3.3. There exists a constant C' > 0
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(independent of \,n, and 1), such that for all x = x), = 6(k — R) with k € Z, all

ye (x—d,x),andalln > 1, A > 0,and p > 0 satisfying 1 < R <n,

(6) = 1@ )] + (@) ) = Fi)] < S (14 )1 < =00
(B.79)
) — @] W]+ P @] )~ )
Co
<& [<1+|a:|>(1 )L < =0 +Idl 1 2 <+a>] (B.50)
2/a(e) = 2/a)] )] + 2/a(o)] W (=) ~ W ()| < (B51)
2/(a-)  2(y) 2a) |
- 2 ny ol + 252 o) - i)
Co 1
ST(HW 1(z € [~1/6 + 6, —]) (B.82)
2d'(x—)  2d(y) co B B
-2 i < e e s+ -0 (B.53)

The second lemma deals with the case when y € (z,z + 9).

Lemma B.10. Consider the same setup as in Lemma B.9, but this time let y € (x, x+6).
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Then

7 (5) = ' @) @)+ 1 @) (@) = frlw)]
&) 1
<l ghes—<-o+ H |<,) (we{-1/5,-Ch]. B8

il
r(y) = @) L)+ @) 1) = )
co 1

< Ll la (14 )1 < - 0) + 1602 ~0)| (B.85)
2/a(e) = 2/a(y)| ()] + [2/al)| ' (a=) = ()| < (B.36)
2d/(xz—)  2d/(y) ~ 2a/ (z—) N

- 2 ny ol + 252 o) - i)

< %(1 + %)1@ e [~1/8, () (B.87)
2d'(x—)  2d'(y) co 1

2wy | M S |1 € [21/6+ 6, =8 + 1w € {1/, —¢})]

(B.88)

With these two lemmas, the proof of Lemma 3.4 becomes trivial.

Proof of Lemma 3.4. When y € (x — §,z), we just apply (B.79)-(B.83) from
Lemma B.9 to (B.78) to get (3.21). Similarly, for y € (x,x + §) we apply
(B.84)—(B.88) of Lemma B.10 to (B.78) to get (3.22). This concludes the proof
of Lemma 3.4. N

Proof of Lemma B.9

Proof of Lemma B.9. Fix k € Zy,letx = z, = 6(k — R), and fix y € (z — 0, x).
Throughout the proof we use C' > 0 to denote a generic constant that may
change from line to line, but does not depend on A, n, and p. To prove this

lemma we verify (B.79)—(B.83), starting with (B.79). Using the form of r/(z) =
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r'(y) = r'(z=)] = I (y) = r'(e=)[1(z € [-1/0 4 6, =(]).
Furthermore, 7 (u) exists for all u € (—1/0, —(), and from (B.73) one can see that

80 <8, we(-1/6,—C).

T/,(u) _ m <

Therefore,

' (y) = ' (@)1, W)] < [f»)| Lz € [-1/6 +0,—(]) /: 7" (u)| du
< 052<

1
1+ |<|> (€ [~1/6 + 6, —]), (B.89)

where in the last inequality we used the gradient bound (2.34). Furthermore,

we observe that

P(e-) <4x 1 < ),

i@ = fml< [ 1Rl S+ 2)1e <=0+ iz ~C+0)]

where in the first line we used the form of r/(x) from (B.73), and in the second
line we used the gradient bound (2.35). Recalling that § < 1, we conclude that

cé 1

1+ 1(z < —=().

— (e ==

This proves (B.79), and we move on to show (B.80). Observe that

7' (y) = (e =) L) + [ (=) f(e) = fr(w)] <

(@) <22l 1z < ~0) + I¢] L@ > —C +3),
r(z) — r(y)] < / (0)] du < 481(x < —C),
x—0

601 < =[(14 17160 < =0+ e = ¢+ ),
1

i@ - i< [ i< (14 7)1 < -0+ 16 2 ¢+ ),

(B.90)
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where the first two lines above are obtained using the form of r(z) in (B.73), and
in the last two lines we used the gradient bounds (2.35) and (2.36). Combining

the bounds above proves (B.80), and we move on to prove (B.81). Observe that

a'(u)

2/a(z)| < 2/p,
20

2/a(o) - 2/aly) <2 [ :

W (z=)[ <1, and [W(z—) =N (y)| < [P"]|]z =yl <6, (BID)

where in the first two lines we used the forms of a(x) and d/(x) from (3.4) and
(B.70), and in the last line we used the fact that h(z) € W,. Combining these

bounds proves (B.81), and we move on to prove (B.82). Observe that

2d'(x—)| 20 20,

) - e e s a0 < Paw e s+ -q)
()| _ 2

i <2 e 1/ 6=,

, and  |h(z) = h(y)| < [[W]| | —y| <6,

where in the first line we used the forms of a(x) and o’(x) from (3.4) and (B.70),

and in the last line we used the fact that h(x) € W,5. We use the bounds above

together with (B.62) and the fact that 6 < 1 to see that

2d/ (z—) B 2d/ (y)
a*(x)  a*(y)

2a/ (z— (00 2d' (y)
2 () ‘E’Y 1)

05(1+ |§|> (€ [-1/5+6.~C)) + 27‘521@ € [-1/5 +6,~C))

' ER(Y (s0))] +

2d/ (z—) B
- \rhu) hy)|

‘E[y(oo)} + 27521@ € [=1/0+6,=(])

&) 1
7(1+m>1(ace [—1/6 + 6, —¢)), (B.92)

which proves (B.82). Lastly we show (B.83). Observe that

2&’(1’—) QGI(Q)‘ _ 2a/(1‘—) B 2@’(?/) 1(:L’ c [_1/5+ 0, —C])7

a*(z)  a*(y)

a*(z)  a*(y)
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and that the derivative of 2a’(u—)/a*(u) exists for all u € (—1/§, —() and satisfies

(o)l

Recalling that |h(y)| < |y|, we see that

4
T 2+ u)d

ue (=1/6,—().

2d/(xz—)  2d/(y) relo _ ‘ 2d/(u) ' u

- 2wl <1 e 1o+ o-a) [ |25 |4
i el-1/5+0 —<]>/_5 ,u(2i1|—55u)2 (ziym du
<iwe[-1/5+3, —@%‘5/: (ijéu) du
<1z €[-1/6 +0, —c])%5(52+ 1), (B.93)

where to obtain the last inequality, we used the fact that |y — u| < 6 and du > —1

to see that

<52+‘5—u

< 8%+ 1.

0y
- 2+ du

(2 + du)

- ld(y—u)—l—du
(24 0u)

Recalling that 6 < 1 establishes (B.83), and concludes the proof of this lemma.
O

Proof of Lemma B.10

Proof of Lemma B.10. Fix k € Zy, let v = x, = 0(k — R), and fix y € (z,z +
§). Throughout the proof we use C' > 0 to denote a generic constant that may
change from line to line, but does not depend on A, n, and p. The proof for
this lemma is very similar to the proof of Lemma B.9. In most cases, the only
adjustment necessary to the proof is to consider cases when x < —( — § and

x > —(,instead of z < —( and z > —( + 0. We now verify (B.84)—(B.88) in order,
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starting with (B.84). Using the form of 7'(z) in (B.73), we see that

' (y) —r'(x=) = |[r'(y) —r'(z—)| L(z € [-1/6 + 6, —C — 4])
+ (I +2)L(z = =1/8) + [’ (z—)| Lz = =().
Therefore,

7' (y) = ' (z =) 1 fa (W)
= ['(y) =" (@) 15 ()| Lz € [-1/0 4 6,=¢ = 0])

+ (M) +2) ) 1o = =1/8) + [P @) )] e = =)
C6? 1 C 1
< ( )1 € 1040, =¢ =) + (14 1 ) 1w = —1/8)

(@) W)z = =0),

where in the last inequality, the first term is obtained just like in (B.89), and the
second term comes from the gradient bound (2.34) and the fact that |'(y)| < 4,
which can be seen from (B.73). Now using the gradient bounds (2.34) and (2.35),

together with the facts that |/(|¢| —)| <4 and ¢ < 1, we see that

7 (z=) | 1fn ()] 1(z = =C)
< @) [fa@)| Wz = =¢) + [ (@ =) | fu(x) = fry)| Lz = =C)

C 1 , RN s
< S DNl = -0+ e = o[g /()] dus

;<1 + %)1(55 — ),

and therefore

Q=

7' (y) = r'(a=) [ fi ()] <
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Furthermore,

(@) 1fi(x) — )] < 1P |/ £ ()] du
C’(5 1 o)
< @*WQ)< P < =C=0)+ o e ==0)

where in the second inequality we used that |r(z)| < 4 and the gradient bound

in (2.35). Recalling that § < 1, we can combine the bounds above to see that

) = @) 7 )+ I @) 1) = fr ()]
o) 1
<[+ e =+ 5 (14 )1 e 10—

which proves (B.84).

The proofs for (B.85), (B.86), and (B.87), are nearly identical to the proofs of
(B.80), (B.81), and (B.82) from Lemma B.9, respectively, and we do not repeat
them here. The only differences to note is that (B.85) is separated into the cases
r < —(—6and z > —(, as opposed to (B.80) which has * < —( and = >
—( + 0. Likewise, (B.87) contains 1(z € [—1/0,—(]), whereas (B.82) contains
1z e [-1/6+ 9, —(]).

Lastly we prove (B.88). From the form of ¢’(x) in (B.70), we see that

2a'(v—) 2a’(y)’ _ 2d/ (=)  2d'(y)
a*(z)  a*(y) a*(x)  a*(y)

2¢W) | {1y — _
0] ‘1( 1/8) +

We can repeat the argument from (B.93) to get

2d/(xz—)  2d/(y)
at(x)  a*(y)

< Vs 1)1 e [-1/6 46, —C — 3]) + 2‘;'(9)‘ ly 1(z = —1/4)
I a*(y)

‘me [—1/6+6,—C — d])

2d/ (z—)
a?(z—)

’1(35 = —0).

2d/(x—)
a?(z—)

i1 =0
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Then using (B.71), the form of ¢’(x) in (B.70), and the fact that a(z) < 1/u, we

can bound the term above by

%‘51@ €=1/6406,—C—d]) +
(|| +6)a’ (x—

ja(z—)]| a(z—)

cs c.._ Cllg = —
§71(q:e[—1/5+5,—C—5])+El(:c— 1/5)+M1< Q)

ya W) ‘ 1(z = —1/5)

Hence,

2d'(z—)  2d'(y)
a*(x)  a*(y)

which proves (B.88) and concludes the proof of this lemma. O

)l < S 1w € [-1/6+ 5.~ - ) + 10 € {15,

B.3.3 Proof of Lemma 4.3 (Kolmogorov Bounds)

Proof of Lemma 4.3. From (B.4) and (B.5) Its not hard to check that

w 2b(u)d y 2b(u)d

P(Ys > z)e” ho str® [1 Zoel sy, w < z,

fo(w) =

w 2b(u) y 2b(u)

P(YS < Z a<u> a foo 2 a(u) dudy7 w 2 Z?

In fact, for w > z > —(,

—¢ 2b(y)
) = e O

* 2 ¢ 2b(u) 25(—¢)
o P(Ys < 2) / elo Gty du WO T3

w  a(y)
_ 2b< c>21P’YS<z /
6

a( C) dy
]P(YS S Z)
b(=C)
and hence, f/(w) = 0 for w > z. Applying (B.58) to the form of f.(w) tells us

that for x < —(,

Fi(w)] < %e@m D),
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which proves (4.15). To prove the rest of the bounds on | f/ (w)|, we differentiate

f1(w) to see that for w < z,

1 ; 2b(w) _ w2 g, /w WECE 2
—— (W) = ———¢ Yo aw - atw Wy 4 — = B.94
PGz T aw) W Gy B
We claim that the right hand side above is bounded by 2/a(w) < 2/ when

w < 0. This is true for w = 0 because b(0) = 0. For w < 0, we use (B.12) to see

that

2})( )e fow Zab((s) /w 2 foy 2;((:)) du d S _ .
a(y)" a(w)
Combining this with the fact that b(w) > 0 for w < 0 verifies our claim. When

w € [0,—(], we apply (B.58) and the fact that |B(w)‘ = pw to (B.94) to conclude
that

" 1
Bvs 5 3 Hr ) S 2 (@1 +1)
e (w1 +[¢)) +1),

where in the last inequality we used the fact that 2/a(w) < 2/u. This proves
(4.17), and it remains to prove the bound on | f/(w)| in the case when w € [—(, z].

Observe that

w 2b(u) w Y 2b(u)
e 0 a(u) du fO a(u) dy
a(y)

¢
—¢ 2b(u w 2b(u 2b(u
= fo a(<u) f ¢ a((u) / 2 foy a((u))d dy
)
_ (2b(u) _pw 2b(u) w9 ¢ 2b(w) v 2b(u)
_|_ e fO a(u) du f ¢ a(u) du / fO a(u) du ef—( a(u) dudy
- a(y)

w 2b(u) du ]_

_ w  2b(u) ” 2 2b(u)
<e SR Mo (34 |¢]) 4 e e mm e / el ny gy
i —caly

¢

C(wr) 20 1 IR TCTS B et
e OTE —e (34 [¢]) + e Y /
¢

o

)

- 2 e(erO 2;5:5))

a(—¢)
) S

26(=9)
a(=¢) >

I
26(-¢) 1 1 —(w
—e (w-i-C)a( 9 = 2(3+|C|)+—<1_ +¢

S

25( C)
S 6_(w+<) a(—




We combine the above inequality with (B.94) to see that for w € [—(, 2], and

therefore
1 1/
B )
_ ‘ B 2_b(_C)e w ib((s))du /w ] fy 2ab(5))d d N _L‘
a(—¢) aly)” a(=¢)
- |20 <€_(w+¢)%§; a4 () + 6—(w+C)2ab((:CC)>> L1
a(—C) " [b(=0)] z
1 -~ 2b(—¢) UJ 25 =) 1
< e (w+<)é(—c)e (3|q+g )+_ +0) % =0 4+ =
u u M
1 wQ\( 2|b( 9l 1
< T e (31¢) + ) et D 4
f i 1
1,29
< e VS0 (14 3¢+ D)+~

where in the first inequality we used the fact that a(w) > 2u for w € [—(, z|. This
proves (4.18) once we recall that 2 |b(—¢)| /a(—¢) = 2[¢| /(2 + & [¢]). O

B.4 Gradient Bounds for Chapter 5

In this section, we prove Lemma 5.1. We adopt the notation from Chapter 5.
Before proving the lemma, we introduce an important common quadratic Lya-
punov function from [31]. This Lyapunov function plays a key role in the proof

of this lemma. As in (5.24) of [31], for = € R?, define

V(x) = (e"2)* + klo — pp(e’ 2)] Mz — pp(e’ 2)], (B.95)
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where x > 0 is some constant, M is some d x d positive definite matrix, and the

function ¢ is a smooth approximation to  — =™ and is defined by

(

X, ifx >0,
P(z) = —%e, if v < —e,

smooth, if —e <z <0.

L
In (5.24) of [31], the authors use Q to represent the positive definite matrix that
we called M in (B.95). We use M instead of () on purpose, to avoid any potential
confusion with the queue size ()(¢). For our purposes, “smooth” means that ¢
can be anything as long as ¢ € C3(R?). We require that the “smooth” part of ¢
also satisfies —1¢ < ¢(x) < z and 0 < ¢/(x) < 1. For example, ¢ can be taken
to be a polynomial of sufficiently high degree on (—¢,0) and this will satisfy
our requirements. The vector p is as in (5.9). The constant x and matrix M are
chosen just as in [31]; their exact values are not important to us. In their paper,

they show that V' (z) satisfies
GyV(z) < —e1V(z) + ¢, forallz € R

for some positive constants c;,c,; this result requires o > 0, i.e. a strictly positive
abandonment rate. Before proceeding to the proof of Lemma 5.1, we state two

bounds on V (z) that shall be useful in the future. For some constant C' > 0,

Viz) < C(1+ =), (B.96)

lz]> < C(1+V(x)). (B.97)

The first is immediate from the form of V' (x), while the second is proved in [31].

Proof of Lemma 5.1. Without loss of generality, we may assume that 2(0) = 0,

otherwise one may consider h(z) — h(0). This lemma is essentially a restatement

204



of equation (22) and equation (40) from the discussion that follows after [43,
Theorem 4.1]. We verify that (22) and (40) are applicable in our case by first con-
tirming that we have a function satisfying assumption 3.1 of [43]. Recalling the
definition of V'(x) from (B.95), when ¢ is taken to be a polynomial (of sufficiently

high degree to guarantee V (z) € C3(R?)), the function
14+ V(z)

satisfies assumption 3.1. To verify condition (17) of Assumption 3.1, one ob-
serves that

XV(t) < XN0) 4+ n4+ AV(@),
where AM(#) is the total number of arrivals to the system by time ¢ and it is a

Poisson random variable with mean At for each ¢ > 0. The properties of Poisson

processes then yield (17). By [43, Remark 3.4],
C(1+V(x))™

also satisfies assumption 3.1 for any constant C' > 0. Since we require that

|h(z)| < |z|™, by (B.97) we have
() = EA(Y (00))| < [a]™ + E[Y(00)|™ < Cn (1 + V()™

The finiteness of E [Y (c0)|™ is guaranteed because one of the conditions of as-

sumption 3.1 is that
Gy(14+V(@)" < —c(14+V(z)" + ¢

for some positive constants c¢; and c,. Therefore, equation (22) gives us (5.19)
and equation (40) gives us (5.20) and (5.21). We get (5.22) by observing that in
the discussion preceding (40), everything still holds if we replace B,(l/\/n) by
an open ball of radius 1 centered at z. We wish to point out that the constants in

(40) and (22) do not depend on the choice of function h(z). O
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