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STEIN’S METHOD FOR STEADY-STATE DIFFUSION
APPROXIMATIONS: AN INTRODUCTION THROUGH
THE ERLANG-A AND ERLANG-C MODELS

By ANTON BRAVERMAN, J. G. DAI, AND JIEKUN FENG

Cornell University

This paper provides an introduction to the Stein method frame-
work in the context of steady-state diffusion approximations. The
framework consists of three components: the Poisson equation and
gradient bounds, generator coupling, and moment bounds. Working
in the setting of the Erlang-A and Erlang-C models, 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/ VR,
where R is the offered load. Futhermore, these error bounds are uni-
versal, valid in any load condition from lightly loaded to heavily
loaded.

1. Introduction. In [10], the authors developed a framework based
on Stein’s method [53, 54] to prove the rates of convergence for steady-
state diffusion approximations. Using their framework, they proved conver-
gence rates for the steady-state approximation of the M/Ph/n+ M system,
the many server queue with customer abandonment and phase-type service
times, in the Halfin-Whitt regime [32]. The framework in [10] is modular
and has four components: the Poisson equation and gradient bounds, genera-
tor coupling, moment bounds, and state space collapse (SSC). The purpose
of this paper is to provide an accessible introduction to the Stein frame-
work, focusing on two simple and yet fundamental systems. They are the
M/M/n + M system, known as the Erlang-A system, and M /M /n system,
known as the Erlang-C system. The accessibility is due to the fact that both
systems can be represented by a one-dimensional continuous time Markov
chain (CTMC). In addition, by focusing on these two systems we are able
to present some sharp results that serve as benchmarks that future research
should aspire to meet.

Stein’s method is a powerful method used for studying approximations
of probability distributions, and is best known for its ability to establish
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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 [52, 13|, the recent book [15] and the references within.
Applications of Stein’s method always involve some unknown distribution
to be approximated, and an approximating distribution. For instance, the
first appearance of the method in [53] involved the sum of identically dis-
tributed dependent random variables as the unknown, and the normal as
approximating distribution. Other approximating distributions include the
Poisson [14], binomial [19], and multinomial [46] distributions, just to name
a few. For each approximating distribution, one needs to establish separately
gradient bounds, also known as Stein factors [60, 4], like those in Lemma 3
in Section 3. In this paper, the approximating distribution is the station-
ary distribution of a diffusion process, and the unknown is the stationary
distribution of the CTMC introduced in (1.1) below.

Both Erlang-A and Erlang-C systems have n homogeneous servers that
serve customers in a first-come-first-serve manner. Customers arrive accord-
ing to a Poisson process with rate A, and customer service times are assumed
to be i.i.d. having exponential distribution with mean 1/u. 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 distribution with
mean 1/a. The Erlang-A system is a special case of the systems studied in
[10], where SSC played an important role. The systems in this paper can be
represented by a one-dimensional CTMC, meaning that there is no need to
invoke SSC. Therefore, this paper illustrates only the first three components
of the framework proposed in [10].

We will study the birth-death process

(1.1) X = {X(¢),t >0},

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, a = 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 = \/p,
satisfies

(1.2) R <n.

For both Erlang-A and Erlang-C systems, we use X (c0) to denote the ran-
dom variable having the stationary distribution of X.
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Consider the case when ov = 0 and (1.2) is satisfied. Set

X(00) = (X(o0) = R)/VR,

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

(1.3) exp (% /0 b(y)dy).

where k > 0 is a normalizing constant that makes the density integrate to
one,

(1.4) b(x)=[(z+¢)~ - Ju, and (= (R-n)/VR

Although our choice of notation does not make this explicit, we highlight
that the random variable Y (co) depends on A, u, and n, meaning that we
are actually dealing with a family of random variables {Y(’\’“’”)(oo)}( Agn)-
This plays a role in Lemma 3 in Section 3 for example, where we need to
know exactly how the gradient bounds depend on A, u, and n. The following
theorem illustrates the type of result that can be obtained by Stein’s method.

THEOREM 1. Consider the Erlang-C system (o =10). For all n > 1,
A >0, and p > 0 satisfying 1 < R < n,

i ) s
(19) dy(X(e) Y= swp [BHT () AV ()] < 72,

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

The framework developed in [10] was inspired largely by the work of
Gurvich in [28] who developed methodologies to prove statements similar to
Theorem 1 for a broad class of multidimensional CTMCs. Along the way,
he independently rediscovered many of the ideas central to Stein’s method
in the setting of steady-state diffusion approximations. See [10] for a more
detailed discussion of Gurvich’s results.

Several points are worth mentioning. First, we note that Theorem 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 number of servers goes to infinity. In contrast, our theorem holds
for any finite parameter choices of A\, n, and p satisfying (1.2) and R > 1.
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TABLE 1
Comparing the error ’EX(oo) — (R + \/EEY(OO)H for different system configurations.

n=>5 n = 500
R EX(co) Error R EX(c0) Error

3 3.35 0.10 | 300 300.00 6 x 10~
4 6.22 0.20 | 400  400.00 2x10°¢

4.9 51.47 0.28 | 490 516.79 0.24
4.95 101.48 0.29 | 495 569.15 0.28
4.99  501.49 0.29 | 499 970.89 0.32

Second, the error bound in (1.5) is wuniversal, as it does not assume any
relationship between A, n, and p, other than the stability condition (1.2)
and the condition that R > 1. The latter condition is a mere convenience,
as Theorem 1 could be restated without it, but the error bound would then
contain some terms involving 1/R. One consequence of universality is that
the error bound holds when parameters A, n, and y fall in one of the following
asymptotic regimes:

n=[R+BR], n=|R+BVR|, o n=[R+§],

where 5 > 0 is fixed, while R — oco. 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 [62, 1]. Universal approximations were
previously studied in [59, 31]. Third, as part of the universality of Theorem 1,
we see that

(1.6) |[EX (c0) — (R + VREY (00))| < 205.

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(1/4/1 — p), whereas our error is
bounded by a constant regardless of the load condition. This suggests that
the diffusion approximation for the Erlang-C system is accurate not only as
R — o0, but also in the heavy-traffic setting when R — n. Table 1 contains
some numerical results where we calculate the error on the left side of (1.6).
The constant 205 in (1.6) is unlikely to be a sharp upper bound. In this
paper we did not focus too much on optimizing the upper bound, as Stein’s
method is not known for producing sharp constants.

From Theorem 1 we know that the first moment of X (c0) can be approx-
imated universally by the first moment of Y (c0). It is natural to ask what
can be said about the approximation of higher moments. We performed
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TABLE 2
Approzimating the second and tenth moments of X(oo) with n = 500. The approximation
error grows as R approaches n and suggests that the diffusion approximation of higher
moments is not universal.

R E(X(0))* [E(X(00))® —E(Y(0)’| | E(X(c0))" [E(X(00))" —E(Y(00))"]
300 1 455 x 10~ 9.77 x 10? 31.58
400 1 5.95 x 1077 9.70 x 102 24.44
490 6.96 0.11 7.51 x 10° 7.01 x 108
495 31.56 0.27 9.10 x 102 4.34 x 10%!
499  9.47 x 10% 1.59 1.07 x 10%° 1.03 x 108
499.9 9.94 x 10* 16.50 1.13 x 10%° 1.09 x 10%7

some numerical experiments in which we approximate the second and tenth
moments of X (00) in a system with n = 500. The results are displayed in
Table 2. One can see that the approximation errors grow as the offered load
R gets closer to n. We will see in Section 6 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 [30].

Theorem 1 provides rates of convergence under the Wasserstein metric
[52]. The Wasserstein metric is one of the most commonly studied metrics
in the context of Stein’s method. This is because the the space Lip(1) is
relatively simple to work with, but is also rich enough so that convergence
under the Wasserstein metric implies the convergence in distribution [25].
Another metric commonly studied in problems involving Stein’s method is
the Kolmogorov metric, which measures the distance between cumulative
distribution functions of two random variables. The Kolmogorov distance
between X (00) and Y (c0) is

sup }Eh(f((oo)) — ER(Y (c0))
h(z)eH K

,  where  Hg ={l(_oq(z):a € R}.

Theorems 3 and 4 of Section 2 involve the Kolmogorov metric. A general
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 g
are discontinuous, whereas the ones in Lip(1) are Lipschitz-continuous. In
Section 5, we describe how to overcome this difficulty in our model setting.

The first paper to have established convergence rates for steady-state dif-
fusion approximations was [31], which studied the Erlang-A system using an
excursion based approach. Their approximation error bounds are universal.
Although the authors in [31] did not study the Erlang-C system, their ap-
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proach appears to be extendable to it as well. However, their method is not
readily generalizable to the multi-dimensional setting.

We wish to point out that the results proved in this paper are quite
sharp, and proving analogous results in a high dimensional setting is likely
much more difficult. For instance, the constants in the error bounds in each
theorem of this paper can be recovered explicitly, but this is not true in
the problem studied in [10]. Moreover, the result of [10] is restricted to the
Halfin—Whitt regime, and is not universal. All of this is because the model
considered there is high dimensional.

1.1. Related literature. Diffusion approximations are a popular tool in
queueing theory, and are usually “justified” by heavy traffic limit theorems.
For example, a typical limit theorem 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, [7, 8, 37, 38, 33, 51] for single-class queueing networks, [49, 9, 63]
for multiclass queueing networks, [42, 64] for bandwidth sharing networks,
[32, 50, 17] for many-server queues. The convergence used in these limit the-
orems is the convergence in distribution on the path space D([0, c0), R?), en-
dowed with Skorohod J;-topology [20, 61]. The .Ji-topology on D([0, 0o), R%)
essentially means convergence in D([0, 7], R?%) for each T > 0. In particu-
lar, it says nothing about the convergence at “oco”. Therefore, these limit
theorems do not justify steady-state convergence.

The jump from convergence on D([0,T],R?) to convergence of station-
ary distributions was first established in the seminal paper [22], where the
authors prove an interchange of limits for generalized Jackson networks of
single-server queues. The results in [22] were improved and extended by
various authors for networks of single-servers [12, 68, 43|, for bandwidth
sharing networks [64], and for many-server systems [58, 21, 29]. These “in-
terchange of limits” theorems are qualitative and thus do not provide rates
of convergence as in Theorem 1.

The first uses of Stein’s method for stationary distributions of Markov
processes traces back to [5], where it is pointed out that Stein’s method
can be applied anytime the approximating distribution is the stationary
distribution of a Markov proccess. That paper considers the multivariate
Poisson, which is the stationary distribution of a certain multi-dimensional
birth-death process. One of the major contributions of that paper 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
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arguments; cf. the discussion around (3.20) of this paper. A similar idea
was subsequently used for the multivariate normal distribution through its
connection to the multi-dimensional Ornstein—Uhlenbeck process in [2, 27].

Of the papers that use the connection between Stein’s method and Markov
processes, [11] and the more recent [44] are the most relevant to this work.
The former studies one-dimensional birth-death processes, with the focus
being that many common distributions such as the Poisson, Binomial, Hy-
pergeometric, Negative Binomial, etc., can be viewed as stationary distribu-
tions of a birth-death process. Although the Erlang-A and Erlang-C models
are also birth-death processes, the focus in our paper is on how well these
models can be approximated by diffusions, e.g. qualitative features of the
approximation like the universality in Theorem 1. Diffusion approximations
go beyond approximations of birth-death processes, with the real interest
lying in cases when a higher-dimensional Markov chain collapses to a one-
dimensional diffusion, e.g. [58, 55, 18], or when the diffusion approximation
is multi-dimensional [33, 51, 49, 9, 63].

In [44], 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, requiring 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 success-
fully applied Stein’s framework to establish error bounds for steady-state
mean-field approximations [65, 66]. There is one additional recent line of
work [6, 39, 40, 41, 67] that deserves mention, where the theme is corrected
diffusion approximations using asymptotic series expansions. In particular,
[41] considers the Erlang-C system and [67] 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 P(X (c0) > n).
These types of series expansions 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, expected queue length), and require non-
trivial effort to be derived. They also depend on the choice of parameter
regime, e.g. Halfin-Whitt. In contrast, the results provided by the Stein
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approach can be viewed as more robust because they capture multiple per-
formance metrics and multiple parameter regimes at the same time.

1.2. Notation. For two random variables U and V, define their Wasser-
stein distance to be

(1.7) dw(U,V) = sup [E[r(U)] - E[L(V)]],
h(z)€Lip(1)

where

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

It is known, see for example [52], convergence under the Wasserstein metric
implies convergence in distribution. When Lip(1) in (1.7) is replaced by

(1.8) Hi = {l(—c,a)() 1 a € R},

the corresponding distance is the Kolmogorov distance, denoted by dg (U, V).
For a,b € R, we use at,a™,aAb, and a Vb to denote max(a, 0), max(—a, 0),
min(a, b), and max(a, b), respectively.

The rest of the paper is structured as follows. In Section 2 we state our
main results. In Section 3 we present the Stein framework needed to prove
our main results, Theorems 1-4, by introducing three ingredients central to
our framework. Namely, the Poisson equation and gradient bounds, genera-
tor coupling, and moment bounds. In Section 4 we prove Theorem 1, which
deals with the Wasserstein metric. The Kolmogorov metric presents an ad-
ditional challenge, because the test functions are discontinuous. In Section 5
we address this new challenge. In Section 6, we discuss the approximation
of higher moments in the Erlang-C model. Proofs of technical lemmas are
left to the four appendices.

2. Main results. Recall the offered load R = \/u. For notational con-

venience we define § > 0 as
1
5= L _ \/E
VR A

Let 2(c0) be the unique solution to the flow balance equation
(2.1) A= (z(c0) An)p+ (z(c0) — n)+a.

Here, x(00) is interpreted as the equilibrium number of customers in the
corresponding 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
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the customer abandonment rate with z(co) customers in the system. One
can check that the flow balance equation has a unique solution z(co) given
by

A-np gp R >
(2.2) z(o0) = {2+ « pe

if R<n.

By noting that the number of busy servers x(occ) A n equals n minus the
number of idle servers (z(c0) —n)~, the equation in (2.1) becomes

(2.3) A —np = (z(c0) — n)+04 — (@(c0) = n) p.

We note that z(oo) is well-defined even when o = 0, because in that case
we always assume that R < n.
We consider the CTMC

(2.4) X = {X(t) = 6(X(t) — z(c0)), t >0},

and let the random variable X (co) have its stationary distribution. Define

25) ¢ = b(a(o) —n),
and
(2.6) bz)=[(z+Q)” = Jp—[z+"=(Tla forzeR,

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 (1.2),

n=R—-(VR.

Thus, —¢ = || > 0 is precisely the “safety coefficient” in the square-root
safety-staffing principle [24, equation (15)]. We point out that the event
{X(t) = —¢} corresponds to the event {X(t) = n}.

Throughout this paper, let Y (0co) denote a continuous random variable
on R having density

27) v(a) = wep /O b(y)dy).

where k£ > 0 is a normalizing constant that makes the density integrate to
one. Note that these definitions are consistent with (1.3) and (1.4).
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THEOREM 2. Consider the Erlang-A system (o > 0). There exists an
increasing function Cy : Ry — Ry such that for alln > 1,A > 0, > 0,
and o > 0 satisfying R > 1,

(2.8) dw (X (00), Y (0)) < Cywr(er/p)s.

REMARK 1. The proof of Theorems 1 and 2 uses the same ideas. There-
fore, for the sake of brevity, we only give an outline for the proof of Theorem 2
and its ingredients in Appendix C.1, 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 4 below.

Given two random variables U and V, [52, Proposition 1.2] implies that
when V has a density that is bounded by C' > 0,

(2.9) dx (U, V) < \/2Cdw (U, V).

At best, (2.9) and Theorems 1 and 2 imply a convergence rate of v/§ for
dg (X (00),Y (00)). However, this bound is typically too crude, and the fol-
lowing two theorems show that convergence happens at rate §. Theorem 3 is
proved in Section 5.3. The proof of Theorem 4 is outlined in Appendix C.2.

THEOREM 3. Consider the Erlang-C system (o =10). For all n > 1,
A>0, and p > 0 satisfying 1 < R < n,

(2.10) di (X (00),Y (00)) < 1886.

THEOREM 4. Consider the Erlang-A system (o > 0). There exists an
increasing function Cx : Ry — Ry such that for alln > 1, A > 0,u > 0,
and o > 0 satisfying R > 1,

(2.11) A (X (20), Y (0)) < Cic (/).

Theorems 1 and 3 are new, but versions of Theorems 2 and 4 were first
proved in the pioneering paper [31] using an excursion based approach. How-
ever, our notion of universality in those theorems is stronger than the one
in [31], because most of their results require 1 and « to be fixed. The only
exception is in Appendix C of that paper, where the authors consider the
NDS regime with p = p(A\) = Sv/A and A = npu + B for some § > 0 and
B1 € R.

We emphasize that both constants Cy and Ck are increasing in «/u.
That is, for an Erlang-A system with a higher abandonment rate with respect
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to its service rate, our error bound becomes larger. The reader may wonder
why these constants depend on «/pu, 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/p. The reason is that the Erlang-
C model depends on only three parameters (A, u,n), while the Erlang-A
model also depends on «. As a result, both the gradient bounds and moment
bounds have an extra factor «/p in the Erlang-A model. For example,
compare Lemma 3 in Section 3.5 with Lemma 13 in Appendix B.2.

3. Outline of the Stein framework. In this section we introduce the
main tools needed to prove Theorems 1-4. At this point we do not restrict
ourselves to either the Erlang-A or Erlang-C systems, as the framework
outlined here is generic and holds for both systems.

The following is an informal outline of the rest of this section. We know
that X (co) follows the stationary distribution of the CTMC X, and that this
CTMC has a generator G . To Y(00), we will associate a diffusion process
with generator Gy. We will start by fixing a test function A : R — R and
deriving the identity

(3.1)  [EA(X(c0)) —EA(Y(c0))| = [EG ¢ fr(X (00)) — EGy fa(X(00))],

where fj,(x) is a solution to the Poisson equation
Gy fa(x) = BR(Y(0)) — h(z), = €R.

We then focus on bounding the right hand side of (3.1), which is easier
to handle than the left hand side. This is done by performing a Taylor
expansion of G g fx(z) in Section 3.3. To bound the error term from the

Taylor expansion, we require bounds on various moments of ‘X (00)|, as well
as the derivatives of fj(x). We refer to the former as moment bounds, and
the latter as gradient bounds. These are presented in Sections 3.4 and 3.5,
respectively.

3.1. The Poisson equation of a diffusion process. The random variable
Y (c0) in Theorems 1-4 is well-defined and its density is given in (2.7). It
turns out that Y (co) has the stationary distribution of a diffusion process
Y = {Y(t),t > 0}, which we will define shortly. We do not prove this
claim in this paper since it is not used anywhere in this paper. Nevertheless,
it is helpful to think of Y(co) in the context of diffusion processes. The
diffusion process Y is the one-dimensional piecewise Ornstein—Uhlenbeck
(OU) process. Its generator is given by

(32)  Gyf(x)=b(x)f (z)+pf"(z) forzeR, feC*R),
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where b(x) is defined in (2.6). Clearly, b(0) = 0, and b(x) is Lipschitz con-
tinuous. Indeed,

b(z) = b(y)| < (aVp)|z—yl forzyecR.

Since the diffusion process Y depends on parameters A,n, y, and « in an
arbitrary way, there is no appropriate way to talk about the limit of Y (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 universal 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 [35, 34, 16, 59, 28, 31, 30].

The main tool we use is known as the Poisson equation. It allows us to
say that Y (co) is a good estimate for X (co) if the generator of ¥ behaves
similarly to the generator of X, where X is defined in (2.4). Let H be a class
of functions h : R — R, to be specified shortly. For each function h(z) € H,
consider the Poisson equation

(3:3) Gy fu(z) =b(x)fu(x) + pufy (¥) = BR(Y (00)) — h(z), x€R.

One may verify by differentiation that for all functions h : R — R satisfying
E|h(Y (00))| < oo, the Poisson equation has a family of solutions of the form

(3.4)
fn(x) =a1 + /0 [agL + L/ 1(IElh(Y(oo)) — h(y))y(y)dy du,

v v S
where a1, a2 € R are arbitrary constants, and v(z) is as in (2.7).

In this paper, we take H = Lip(1) when we deal with the Wasserstein
metric (Theorems 1 and 2), and we choose H = H when we deal with the
Kolmogorov metric (Theorems 3 and 4). We claim that [EA(Y (c0))| < oc.
Indeed, when H = Hp, this clearly holds. When H = Lip(1), without loss
of generality we take h(0) = 0 in (3.3), and use the Lipschitz property of
h(x) to see that

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

where the finiteness of E |Y (0c0)| will be proved in (B.16).
From (3.3), one has

(35) [ER(X (00)) — ER(Y ()| = [EGy fi(X (00))|.
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In (3.5), X(o0) has the stationary distribution of the CTMC X, not nec-
essarily defined on the same probability space of Y (co). Actually, X (c0) in
(3.5) 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.

3.2. Comparing generators. To prove Theorems 1-4, we need to bound
the right side of (3.5). The CTMC X defined in (2.4) also has a generator.
We bound the right side of (3.5) by showing that the diffusion generator in
(3.2) is similar to the CTMC generator.

For any k € Zy, we define = z, = 6(k — 2(00)). Then for any function
f:R — R, the generator of X is given by

(3.6) G f(@) = A(f(z+6) — f(2) +dk)(f(z = d) — f(z)),
where
(3.7) d(k) = p(k An) +alk —n)",

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

(3.8) b(z) = 6(\ — d(k)).

The relationship between G ; and the stationary distribution of X is illus-
trated by the following lemma.

LEMMA 1. Let f(z): R = R be a function such that |f(z)| < C(1+ z)?
for some C > 0 (i.e. f(z) is dominated by a quadratic function), and assume
that the CTMC X 1is positive recurrent. Then

E[G 3 f(X(c0))] =0.

REMARK 2. We will see in Lemma 3 later this section, in Lemmas 4 and
5 of Section 5, and in Lemma 13 of Appendix B.2 that there is a family of
solutions to the Poisson equation (3.3) whose first derivatives grow at most
linearly in both the Wasserstein and Kolmgorov settings, meaning that these
solutions satisfy the conditions of Lemma 1.

The proof of Lemma 1 is provided in Appendix D.1, and relies on Propo-
sition 3 of [26]. Suppose for now that for any h(z) € H, the solution to the
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Poisson equation fp,(x) satisfies the conditions of Lemma 1. We can apply
Lemma 1 to (3.5) to see that

IER(X (00)) — ER(Y (00))| = |EGy fi(X ()]
= |EG ¢ fu(X(00)) — EGy f1(X(0))]
(3.9) < E|G ¢ fn(X(00)) — Gy fn(X (c0))].

While the two random variables on the left side of (3.9) are usually defined
on different probability spaces, the two random variables on the right side of
(3.9) are both functions of X (c0). Thus, we have achieved a coupling through
Lemma 1. 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 |]EGyfh()~((oo))} 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
process, it is natural to expect that convergence of generators implies con-
vergence of Markov processes. Indeed, the question of weak convergence was
studied in detail, for instance in [20], using the martingale problem of Stroock
and Varadhan [57]. However, (3.9) lets us go beyond weak convergence, both
because different choices of h(x) lead to different metrics of convergence, and
also because the question of convergence rates can be answered. One inter-
pretation of the Stein approach is to view fy,(z) as a Lyapunov function that
gives us information about h(x). Instead of searching very hard for this Lya-
punov function, the Poisson equation (3.3) removes the guesswork. However,
this comes at the cost of fj,(z) being defined implicitly as the solution to a
differential equation.

3.3. Taylor expansion. To bound the right side of (3.9), we study the
difference G g fi(x) — Gy fx(x). For that we perform a Taylor expansion on
G i fn(x). To illustrate this, suppose that f;'(x) exists for all z € R, and is
absolutely continuous. Then for any k € Z4, and z = z = §(k — z(0)), we
recall that b(x) = 6(A — d(k)) in (3.8) to see that

G fn(x) = M fu(x +6) — fu(z)) + d(k)(fr(z — 0) — fu(x))
= FH@)0— d(R) + 58 F ) (A + d(R)

SN (RE) — F@) + SRS () — fh ()
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= fi()bla) + 5020 = 5b() i (@)

+ SUUFIE) — F@) + 5 (A~ @) ) — Ff(x)
= Gy fulz) — %W{{(m’)b(m) + %u( n (&) — fr(x))
5= B0 () — Fh ()

where & € [z, 2 + d] and n € [x — 0, z]. We invoke the absolute continuity of
/(x) to get

[ER(X (00)) ~ EA(Y ()

1 S S 1 X(oo)+8 "
< e[l EomcEeo ] + 5e| [ s w)a]
(3.10)
H X(OO) " ] 1 % X(Oo) "
e 5m| [ il « gom[pckeon] [ )

As one can see, to show that the right hand side of (3.10) vanishes as § — 0,
we must be able to bound the derivatives of fj,(z); we refer to these as gradi-
ent bounds. Furthermore, we will also need bounds on moments of ‘)N( (oo)};
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
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 3.5. We discuss the Kolmogorov setting separately
in Section 5. In that case we face an added difficulty because f}/(x) has a
discontinuity, and we cannot use (3.10) directly.

3.4. Moment bounds. The following lemma presents the necessary mo-
ment bounds to bound (3.10) in the Erlang-C model, and is proved in Ap-
pendix A.1. These moment bounds are used in both the Wasserstein and
the Kolmogorov metric settings.

LeEmMA 2. Consider the Erlang-C model (o =0). For alln > 1, > 0,
and p > 0 satisfying 0 < R < n,

(3.11) E[(%(o0) LK (00) < ~Q)] < 5 + 5

(3.12) E[|X (00)1(X (00) < ~0)]] < ,/g + ?
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(3.13) E[|X(00)1(X(00) < —Q)|| < 21¢]

N - 16 9
(3.14) E[‘NX(oo)l(X(oo) > Q)] < RIS

(3.15) P(X(00) < —¢) < (2+4)[¢].
We see that (3.14) immediately implies that when ¢ < 1,

[CIP(X(00) 2 =€) < || AE[[X(00)1(X (00) = =)

<A ()

- ¢l 4f¢] 2
(3.16) < 7/4,
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
and 3.

One may wonder why the bounds are separated using the indicators
1{X(c0) < —¢} and 1{X(00) > —(}. This is related to the drift b(z) ap-
pearing in (3.10), and the fact that b(x) takes different forms on the regions
r < —( and x > —(. Furthermore, it may be unclear at this point why
both (3.12) and (3.13) are needed, as the left hand side in both bounds is
identical. The reason is that (3.12) is an O(1) bound (we think of § < 1),
whereas (3.13) is an O(|¢|) bound. The latter is only useful when || is small,
but this is nevertheless an essential bound to achieve universal results. As
we will see later, it negates 1/|¢| terms that appear in (3.10) from f/'(x)
and f}(z).

For the Erlang-A model, we also require moment bounds similar to those
stated in Lemma 2. 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 the precise statement of the
Erlang-A bounds until Lemma 11 in Appendix A.2, to avoid distracting the
reader with a bulky lemma.

3.5. Wasserstein gradient bounds. Recall the Poisson equation (3.3) and
the family of solutions to this equation is given by (3.4); in particular, this
family is parametrized by constants aj,az € R. Fix h(z) € H = Lip(1),
and let fn(x) be a solution to the Poisson equation. The following lemma
presents Wasserstein gradient bounds for the Erlang-C model. It is proved
in Appendix B.1.
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LEMMA 3.  Consider the Erlang-C model («« = 0). The solution to the
Poisson equation fp(z) is twice continuously differentiable, with an abso-
lutely continuous second derivative. Fiz a solution in (3.4) with parameter
az = 0. Then for alln > 1, >0, and p > 0 satisfying 0 < R < n,

(3.17) /7

e
32
" _<1+ I/K‘)? r < —(,
3.18 < H
B18) i) < {qu v

and for those x € R where f}'(x) exists,

319 CCIER fmads:

REMARK 3. This lemma validates the Taylor expansion used to obtain
(3.10) because f; (z) is absolutely continuous. Furthermore, f5(z) satisfies
the conditions of Lemma 1, because f; (z) grows at most linearly.

Gradient bounds, also known as Stein factors, are central to any appli-
cation of Stein’s method. The problem of gradient bounds for diffusion ap-
proximations can be divided into two cases: the one-dimensional case, and
the multi-dimensional case. In the former, the Poisson equation in (3.3) 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) corresponding to a multi-dimensional diffusion process.

The one-dimensional case is simpler, because the explicit form of fj,(x) is
given to us by (3.4). To bound f; (z) and f;'(x) we can analyze (3.4) directly,
as we do in the proof of Lemma 3. This direct analysis can be used as a go-
to method for one-dimensional diffusions, but 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 fj,(z) satisfies

(3.20) falw) = /0 " (B[ (0) | Y(0) = 2] ~ ER(Y (<))t

where Y = {Y(t),t > 0} is a diffusion process with generator Gy [48]. To
bound derivatives of fj(x) based on (3.20), one may use coupling arguments
to bound finite differences of the form %(fy(z + s) — fu(z)). For examples
of coupling arguments, see [5, 3, 11, 4, 23]|. A related paper to these types
of gradient bounds is [56], where the author used a variant of (3.20) for the
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fluid model of a flexible-server queueing system as a Lyapunov function. As
an alternative to coupling, one may combine (3.20) with a-priori Schauder
estimates from PDE theory, as was done in [28].

Just like we did with the moment bounds, we delay the Erlang-A gra-
dient bounds to Lemma 13 in Appendix B.2. We are now ready to prove
Theorem 1.

4. Proof of Theorem 1. In this section we prove Theorem 1. Fix
h(z) € Lip(1), and recall that the family of solutions to the Poisson equation
is given by (3.4). For the remainder of Section 4, we fix one such solution
fn(z) with ag = 0. Then by Lemma 3 , f/(x) is absolutely continuous,
implying that (3.10) holds; we recall it here as

[ER(X (00)) ~ EA(Y (o))

X (c0)+4d

9| 7% (co)b(X ()] + gE[/Xw

1£w)] dy}

L X (o) 1 - X (o0)
an 45| [ (gl + 0| laceon] [ ().
X (c0)—6 X(00)—5

where § = 1/VR = \/u/\.
The proof of Theorem 1 simply involves applying the moment bounds and
gradient bounds to show that the error bound in (4.1) is small.

PrROOF OF THEOREM 1. Throughout the proof we assume that R > 1,
or equivalently, 6 < 1. We bound each of the terms on the right side of
(4.1) individually. We recall here that the support of X (co) 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 (oc0) < —( — 6,
and X (00) > —(. We recall that

(4.2) b(x) = p[lz+¢)~ —(7] = {/:CW r> ¢

and apply the moment bounds (3.12), (3.13), and the gradient bound (3.18),

to see that

E||£7/(X (00))b(X (o0))]] < 3201+ 1/ [C)E || X (00)[1(X (00) < ~¢ — 8)]

+ P(X(00) 2 =()

532(1+1/\q)<2\g\/\ §+%‘52> 1
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1 252
<32( 242 2) 1
<325+ 5 +2)+

<32(V2+2)+1<11L

Next, we use (3.15) and the gradient bound in (3.19) to get

X (c0)+d
vel [ )]

(o)
0
2

5 13
. (23 g |g|)> < 314.

By a similar argument, we can show that

IN

((23+13/[CHP(X (00) < —¢ = 8) + 2P(X (00) = —())

IN

1% X(e0) "
§E/ |fi' (y)] dy| < 310,
X(00)—48

with the only difference in the argument being that we consider the cases
when X(o0) < —¢ and X (c0) > —( + 4, instead of X(o0) < —¢ — § and
X(00) > —(. Lastly, we use the form of b(x), the moment bounds (3.12),
(3.13), and (3.16), and the gradient bound (3.19) to get

4 \ X(Oo) "

SE|pEEoN] [ 1wl
2

2 (234 13/ KDE[| K (o) 1K (c0) < 0] +21CI B(E (w0) = ¢ + 0))

(31371 (213 + %‘52) +14/4)

2
2
52
) (23\/5 + 26 + 14/4) < 3262,

<
<
<
Hence, from (3.10) we conclude that for all R > 1, and h(z) € Lip(1),
(4.3) ‘Eh(f((oo)) - Eh(Y(oo))‘ < 5(111 + 31 + 31 + 328) < 2050,

which proves Theorem 1. ]

5. The Kolmogorov metric. In this section we prove Theorem 3,
which is stated in the Kolmogorov setting. The biggest difference between
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the Wasserstein and Kolmogorov settings is that in the latter, the test func-
tions h(z) used in the Poisson equation (3.3) are discontinuous. For this
reason, the gradient bounds from Lemma 3 and Lemma 13 in Appendix B.2
do not hold anymore, and new gradient bounds need to be derived sepa-
rately for the Kolmogorov setting; we present these new gradient bounds in
Section 5.1. 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 (3.10) is invalid. We discuss an alternative to
(3.10) in Section 5.2. This alternative bound contains a new error term that
cannot be handled by the gradient bounds, nor the moment bounds. This
term appears because the solution to the Poisson equation has a discontinu-
ous second derivative, and to bound it we present Lemma 6. We then prove
Theorem 3 in Section 5.3.

5.1. Kolmogorov gradient bounds. Recall that in the Kolmogorov setting,
we take the class of test functions for the Poisson equation (3.3) to be Hg
defined in (1.8). For the statement of the following two lemmas, we fix a € R
and set h(r) = 1(_s q) (7). We use fo(z) instead of fj,(z) to denote a solution
to the Poisson equation. We recall that the family of solutions to the Poisson
equation is parametrized by constants aj,as € R. The following lemmas
state the gradient bounds in the Kolmogorov setting.

LEMMA 4. Consider the Erlang-C model (o« = 0). Any solution to the
Poisson equation fq(x) is continuously differentiable, with an absolutely con-
tinuous derivative. Fiz a solution in (3.4) with parameter ag = 0. Then for
allm > 1, >0, and p > 0 satisfying 0 < R < n,

/ 5/:“’7 x S _Cv
5.1
( ) |fa(x)‘ = {ﬁ7 T > _C7

and for all x € R,
(5.2) |fa(@)] <3/n,

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

LEMMA 5. Consider the Erlang-A model (o > 0). Any solution to the
Poisson equation fq(x) is continuously differentiable, with an absolutely con-
tinuous derivative. Fiz a solution in (3.4) with parameter ay = 0, and fix
n>1,A>0,u>0,and a>0. If0 < R <n (an underloaded system), then

(5.3) [falw)| < pvame s o<
. a\T)| =
1< %%Aﬁ)a :EZ_C’

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

1

(5.4) f@)| <"

, o< =,
() vz

Moreover, for all A >0,n> 1,14 >0, and o > 0, and all z € R,

(5.5) |fa(@)] < 3/n,

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

[SEINIE]

Lemmas 4 and 5 are proved in Appendix B.3. Unlike the Wasserstein
setting, these lemmas do not guarantee that f”(z) is absolutely continuous.
Indeed, for any a € R, substituting h(x) = 1(_ 4 (z) into (3.3) gives us

pfi(x) = P(Y(00) < a) = L—ooa (@) — b(x) fo(2)-

Since b(z)f.(x) is a continuous function, the above equation implies that

() is discontinuous at the point 2z = a. Thus, we can no longer use the

error bound in (3.10), and require a different expansion of G ¢ f,(x).

5.2. Alternative Taylor expansion. To get an error bound similar to (3.10),
we first define

z+0
(5.6) e(z) = / (46— )(f'(y) — ')y,
(5.7 a@ = [ G- - )y
Now observe that

x40
fulr 4 6) — fulx) = f1(2)5 + / (46— )£ (y)dy
= [4(@) + 50 i)
)
+ / (46— ) (J"(y) — [ (x—))dy

= fi)6+ 30 f ) + ),

and

T

(Falz = 8) — fule)) = — fi(2)5 + / (v~ (z— 6) 1 (y)dy

z—0
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=~ )5+ )
[ =@ ~ i)y
z—0
= — i)+ 50 ) + ea(a).

For k € Z4 and z = xj, = 6(k — z(00)), we recall the forms of Gy f,(x) and
G fa(x) from (3.2) and (3.6) to see that

Gy fa(x) = Ao fy(z) + A%éQf(’l’(:c—) + Aer(z)
— (k)3 i) + (k)50 2 () + d(R)eal)
= b(a) o) + Ag0 ) + Aea(a)

(A= 2b(@) 50 ) + (A~ 5b(@))ea(a)

1 1
= Gy f(z) = b(x) 504 (z=) + Aer(z) + e2(2)) = Sb(@)ea(2),
where in the second equality we used the fact that b(z) = §(A — d(k)), and
in the last equality we use that 62\ = p. Combining this with (3.9), we have

an error bound similar to (3.10):

‘P(X'(oo) < a) = P(Y(c0) < a)‘

< 51@[] 1(X (00)=)b(X(0))| ] + AE[e1 (X (o))

]

where €1(x) and ex(z) are as in (5.6) and (5.7). To bound the error terms
n (5.8) that are associated with €;(z) and ez(z), we need to analyze the
difference f/(y) — f¥(z—) for |z — y| < 4. Since f,(x) is a solution to the
Poisson equation (3.3), we see that for any z,y € R with y # a,

(5.8) XE[Jex(F(00)]| + 3E[p(X (00)) e X (00))

f(lll(y) - fcltl(w_) = %[1(()0@] (ZE) - 1(foo,a](y) + b(x)fé(x) - b(y)fc/z(y)] :

Therefore, for any y € [z, z + ] with y # a,
|fi(y) = fa(z=))|

[Lasae) + 6] |72(0) = £ + o) = )] 1720

IN
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|1

1

(5.9) < M[l(afé,a}(x) +38b(@)| /7] + [b(x) — b(w))| [ fa(y)

and likewise, for any y € [z — §, x| with y # a,

//(x_)|

|
<+ laara@) + 0] 12(0) — £206)| + bG2) — b))
(5.10) s;[1<a,a+5]<w>+6\b< D171+ ) = b)) 72w

The inequalities above contain the indicators 1¢,_;54(z) and 1, 4145().
When we consider the upper bound in (5.8), these indicators will manifest
themselves as probabilities P(a — & < X(00) < a) and P(a < X (c0) < a+9).
To this end we present the following lemma, which will be used in the proof
of Theorem 3.

LEMMA 6. Consider the Erlang-C model (« =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, defined as

z,yeR |l' - y‘
TFY

Recall that dg (X (00), W) is the Kolmogorov distance between X (co) and
W. Then for anya € R, n>1, and 0 < R < n,

Pla— 0 < X(00) < a+06) < w(Fy)20 + dg (X (c0), W) + 962 + 85%.

This lemma is proved in Appendix D.2. We will apply Lemma 6 with
W = Y (c0) in the proof of Theorem 3 that follows. The following lemma
guarantees that the modulus of continuity of the cumulative distribution
function of Y'(00) is bounded by a constant independent of A\, n, and p. Its
proof is provided in Appendix D.3.

LEMMA 7. Consider the Erlang-C model (o = 0), and let v(z) be the
density of Y(oo). Then for for alln > 1,A > 0, and p > 0 satisfying

‘l/(.%')‘ < \/* )
— M E]Ig'
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Lemmas 6 and 7 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 8.  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 for any a € R, a > 0,
n>1, and R>0,

P(a — 0 < X(c0) < a+0)

< W(Fw)26 + dxe (X (00), W) + 9(% v1)st+ 8(% v 1)254.

LEMMA 9. Consider the Erlang-A model (o > 0), and let v(z) be the
density of Y(00). Fixn>1,A>0,u>0, and a > 0. If 0 < R < n, then

2
<4l = R
vl <2 aer,
2
vl <22 s
m\ u

5.3. Proof of Theorem 3.

and if n < R, then

PrOOF OF THEOREM 3. Throughout the proof we assume that R > 1,
or equivalently, 6 < 1. For h(r) = 1(_ (%), we let fu(x) be a solution the
Poisson equation (3.3) with parameter az = 0. In this proof we will show
that for all a € R,

(5.11)
P(X(00) < a) —P(Y(o0) < a)| < %]P’(a — 6 < X(00) < a+8)+ 750,

The upper bound in (5.11) is similar to (4.3), however (5.11) has the extra
term

(5.12) %P(a—é < X(o0) < a+6).

The reason this term appears in the Kolmogorov setting but not in the
Wasserstein setting is because f/(z) is discontinuous in the Kolmogorov
case, as opposed to the Wasserstein case where f;'(x) is continuous. Applying
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Lemmas 6 and 7 to the right hand side of (5.11), and taking the supremum
over all a € R on both sides, we see that

di (X (00),Y (00)) < %dK(X'(oo), Y (00)) + 2\/25 + 96% 4 86" + 750,

di (X (00), Y (c0)) < 1886.

We want to add that Lemma 6 makes heavy use of the birth-death structure
of the Erlang-C model, and that it is not obvious how to handle (5.12) more
generally.

To prove Theorem 3 it remains to verify (5.11), which we now do. The
argument we will use is similar to the argument used to prove (4.3) in The-
orem 1. We will bound each of the terms in (5.8), which we recall here as

‘P(X'(oo) < a) — P(Y(c0) < a)‘
< SOE[| (K (00) (X (o)) + AE[[er (X (o0)
+ AE[\@(X(OO))\] + %E“b(f((oo))eg()z(oo))u.

We also recall the form of b(z) from (4.2). We use the moment bounds (3.12)
and (3.16), and the gradient bound (5.2) to see that

+3( ¢ AB[|X (001X (0) = —0)] )
(5.13) <3V2+ QZ < 10.

Next, we use (5.9), (5.13), and the gradient bound (5.1) to get

AEUQ(X(OO))}}

X(OO)+5 B 5
_ )\IE[ / (X (00) +6 — )| /() — F(X (00)—)|dy
X (00)



Downloaded from informs.org by [216.73.217.84] on 14 June 2026, at 23:15 . For personal use only, all rights reserved.

326 A. BRAVERMAN, J. G. DAL, AND J. FENG

A - (c0)+6  _
g;nz[ o5 (X(00)) /~( <X<oo>+5_y>d4

X (00)
X (c0)46

A > " A \
+ 20BN IA21+ 308 [ e~ b |22y

X (o0

< ZP(a— 6 < X(o0) < a) + 106 4 56

P(a —§ < X(00) < a) + 156,

N~ N =

where in the last inequality we used the fact that for y € [X (c0), X (00) +4],
b(X(00)) = b(y) = udl(X(00) < —( —9).
By a similar argument, one can check that
. 1 .
AE[\Q(X(OO))\] < SP(a < X(00) < a+9) + 156,

with the only difference in the argument being that we consider the cases
WhenX( ) < —C and X(o00) > —( + 9, instead of X (o0) < —( — ¢ and

X (00) > —(. Lastly, we use the first inequality in (5.10) to see that
1
FE B ceNea(X (o0
L [ [ Donatiie
— 1aa 00
M oo)—5 (watd

+ b (12| + |£2w))
+ 0D = b 11200

< 5%E[\b()~((00))‘] +5%E[\62(X(00))f;()?(oo)>ﬂ

+ lE[\lﬁ(i{(oo))\ /X)::; |f2 ()] dy] + 5521@[})2(00)1()2(00) < —g)\]

n
< 13—05+%E[\b?(X(OO))f’(X(OO))H
n E[W X (o0 ‘/ (y)}dy] + 5v/26%,

where in the last 1nequahty we used (5.13) and the moment bound (3.12).
Now by (3.11) and (3.16),

l 20y 0 ! (v 0
5B || (X (00)) fu(X (c0) |
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< 50E[X?(00)1(X(00) < —()] +8[¢|P(X (00) = ¢ +6)

< 124,

—

<106 + 6

AN

and similarly,

1 20y (o) /
CE|WE o] [ ]| < 126
2 X (c0)—0d
Therefore,
1 . . 10 )
EE[‘b(X(oo))eg(X(oo))‘] < 50+ 245+ 5V26° < 350
This verifies (5.11) and concludes the proof of Theorem 3. O

6. Extension: Erlang-C higher moments. In this section we con-
sider the approximation of higher moments for the Erlang-C model. We
begin with the following result.

THEOREM 5. Consider the Erlang-C system (o =0), and fix an integer
m > 0. There exists a constant C = C(m), such that for alln > 1,A > 0,
and p > 0 satisfying 1 < R < n,

(6.1) [E(X (00))™ = E(Y (00))™] < (1+1/[¢|™)C(m)s,
where ¢ is defined in (1.4).

The proof of this theorem follows the standard Stein framework in Sec-
tion 3, but we do not provide it in this paper. The most interesting as-
pect of (6.1) is the appearance of 1/ |¢|™ ! in the bound on the right hand
side, which of course only matters when |(| is small. To check whether the
bound is sharp, we performed some numerical experiments illustrated in Ta-
ble 3. The results suggest that the approximation error does indeed grow
like 1/ [¢[™ L.

A better way to understand the growth parameter 1/ |¢ \m_l is through its
relationship with E(X (00))™ 1. We claim that E(X (00))™ ' & 1/ [¢[™ " for
small values of |(|. The following lemma, which is proved in Appendix D .4,
is needed.

LEMMA 10.  For any integer m > 1, and alln > 1, > 0, and u > 0
satisfying R < n,

(6.2) lm ¢ B(Y (00))" = ml.
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Multiplying both sides of (6.1) by |¢|™ and applying Lemma 10, we see
that for all n > 1, A > 0, and g > 0 satisfying 1 < R < n,

lim ([ E(X (00))™ = ml.

In other words, we can rewrite (6.1) as

[E(X (00))™ — E(Y (00))"|

1~ X (00))™ ) C(m)s
< (4 e B ™))

(1 + \E(X(oo))m—l|)é(m)5,

IN

where C(m) is a redefined version of C'(m). That the approximation error
in Table 3 increases is then attributed to the fact that EX (cc) increases as
¢ 1 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 [30] for the virtual waiting time in the M/GI/1 + GI model, potentially
suggesting a general trend.

TABLE 3
The error term above equals }IE(X(OO))2 —E(Y(0))?| and grows as R — n. The error
term still grows when multiplied by |C\O'5, and the error term shrinks to zero when
multiplied by |¢|*°. However, when multiplied by |C|, the error term appears to converge
to some limiting value, suggesting that the error does indeed grow at a rate of 1/|C|. We
observed consistent behavior for higher moments of X(oo) as well.

R 1q E(X(c0))?>  Error ‘ [¢] xError  |¢|°® xError  [¢|"® xError

499 448 x 1072  9.47 x 102 1.59 | 7.10 x 1072 0.34 1.50 x 1072
499.9 4.50x 1073 9.94 x 10* 16.50 | 7.38 x 1072 1.10 4.94 x 1072
499.95 2.20x107% 3.99 x 10°  33.08 | 7.40 x 1072 1.56 3.50 x 1073
499.99 4.47x107* 9.99 x 10° 165.67 | 7.41 x 1072 3.50 1.57 x 1073
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APPENDICES
Appendix A handles the moment bounds, while Appendix B handles the

gradient bounds. Appendix C contains outlines for the proofs of Theorems 2
and 4, and in Appendix D we prove several miscellaneous lemmas.

APPENDIX A: MOMENT BOUNDS

In Section A.1, we first prove Lemma 2, establishing the moment bounds
for Erlang-C model. In Section A.2, we state and prove Lemma 11, estab-
lishing the moment bounds for Erlang-A model.

A.1. Erlang-C Moment Bounds.

PROOF OF LEMMA 2. We first prove (3.11), (3.12), and (3.14). Recalling
the generator G ¢ defined in (3.6), we apply it to the function V(z) = 2? to
see that for k € Z and © =z}, = §(k — x(00)),

G V(z) = MN220 + 6%) + pu(k An) (=226 + 6%)
=226\ — np 4+ p(k —n)7) + p+ 82 u(k An)
A A
= 20p(C+ (@ Q7)o pln = 25— (k—n)7)
=2zp(C+ (x+¢)7) +p—ouC+p—du(x+¢)”
=1z <-Qu( - 222 + 6z) + 1(z > —()p(22¢ — 6¢) + 2u

52
(A.1) <1z < =Qp( - gacz + 5) + Lz > —Q)p(22¢ — 6¢) + 2p.

Instead of splitting the last two lines into the cases * < —( and = > —(,
we could have also considered x < —( and x > —( instead, and would have
obtained

GiV(z)=1(z < =Qu( —22° + 6z) + L(z > —)p(22¢ — 6¢) + 2u

2
(A.2) <1z < —-Qu(- ;ﬁ - %) + 1z > =Q)p(22¢ — 6¢) + 2p.

We take expected values on both sides of (A.1) with respect to X (c0), and
apply Lemma 1 to see that

2
(A.3) +p ¢ E[(—2X(00) +6)1(X (00) > =O)] +2u+ ——.
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This implies that when [(] > §/2,

Therefore,

E[(X (00)1(X () < ~0)] < 1 + 20~

which proves (3.11). Jensen’s inequality immediately gives us

E[[£(00)1(X () < ~0)[] < {E[(£(50)?L(X () < =0,
which proves (3.12). Furthermore, (A.3) also gives us

. . I )
E|| X (00)1(X(00) > ~Q)I] < 157 + 4757+ 5

which is not quite (3.14) because the inequality above has 1(X (c0) > —()

as opposed to 1(X (c0) > —() as in (3.14). However, we can use (A.2) to get
the stronger bound

. N 2
E[\X(oon(X(oo) > —C)ﬂ < % + % + g
which proves (3.14).
We now prove (3.13), or
(A.4) E[|X (00)1(X (00) < —0)|| <2141

We use the triangle inequality to see that
E[|X (00)1(X(o0) < ~Q)|] < I¢] + E[[X(00) + ¢[1(X(00) < =Q)].

The second term on the right hand side is just the expected number of
idle servers, scaled by 6. We now show that this expected value equals [(].
Applying the generator G ¢ to the test function f(x) = x, one sees that for
all k € Zy and x =z, = 6(k — x(00)),

Ggf(@)=06A—du(k An)=pnl¢+ (x+)7].
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Taking expected values with respect to X (00) on both sides, and applying
Lemma 1, we arrive at

(A.5) E[|(X(s0) + Q1(X (00) < =) | = I¢].

which proves (3.13).
We move on to prove (3.15), or

(A.6) P(X(00) £ =¢) < (2+9)[¢]-

Let I be the unscaled expected number of idle servers. Then by (A.5),
I . 1
I = E(X(00) —n)~ = <E[|(X(00) + 01X (0) < =0)|| = 5 1¢]-

Now let {1 }32, be the stationary distribution of X (the unscaled CTMC).
We want to prove an upper bound on the probability

[P(X Z v < Z Vi + Z V.

VR]
Observe that

n [n—VR]
(n—k)vy > VR Z V.

k=0 k=0

~

Now let k* be the first index that maximizes {v}}72,, i.e.

=inf{k > 0: vy > v;, for all j # k}.

Then
<-0= 3wt 3 s
P(X (o0 v + vp < — + (VR + 1)y
(A7) = |¢| + (VR + Dy

Applying G ; to the test function f(z) = (kAk*), we see that for all k € Z,
and z =z = §(k — 2(c0)),

G f(x) =0A(k < k") —ou(k An)L(k < k¥).
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Taking expected values with respect to X (oc0) on both sides and applying
Lemma 1, we see that

> 0.
np—X\

P(X(00) < k) = - P B[(X(00) =) 1(X(00) < K)] — vie

Using the inequality above, together with the fact that k* < n, we see that

Ve < EE[(X(00) — n)"1(X(00) < k)]

A
7 _ I ¢
< XE[(X(OO) —n) 1(X(c0) <n)] = = ik

The fact that k* < n is a consequence of A < nu, and can be verified through
the flow balance equations of the CTMC X. We combine the bound above
with (A.7) to arrive at (3.15), which concludes the proof of this lemma. [J

A.2. Erlang-A moment bounds. The following lemma states the
necessary moment bounds for the Erlang-A model. The underloaded and
overloaded cases have to be handled separately. Since the drift b(z) is dif-
ferent between the Erlang-A and Erlang-C models, the quantities bounded
in the following lemma will resemble those in Lemma 2, but will not be
identical.

LEMMA 11. Consider the Erlang-A model (o > 0). Fizn > 1, A > 0,
w>0, and a>0. If 0 < R <n (an underloaded system), then

(A8) E :(X(oo))Ql(X'(oo) < —g)] < %(%52 o2y 4),

(A.9) E:‘X(oo)l(f((oo) < —4)\: < \/%(%52 + 62 +4),

e ; ] a [1/p 1
(A.10) E_‘X(oo)l(X(oo) < —C)‘: <2[¢[+ ;\/g (552 + 544‘52),

2 5 [1/a : 7 1
A1l <1+ —+=4/=(—02 24+4 —
A < (500 e+ 9) (R )
1
3

(A12)  E[(X(00) + Q)UK (o0) = —0)] <

(A13) B[R0+ 01K (o) = 0] <3 (Lo + Bay ),

(A1) E[(X(e0) + OUX () 2 ~0)] < (5 + 7 +1):
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(A.15) P(X(o0) < —¢) < (2+9) < ] + %\/% (g(;z + 54 + 52)).

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

(A16)  E[|X(c0)1(X(00) < —Q)] < \/ : (a% + 1),
(A17)  E[|X()1(X(s0) < ~0)l] < = (
(A18)  E[(R(ee)*1(X () 2 —0)] < 5 (9 +42),
(A19)  E[|Xeo)1(X (o) 2 0] < /5 (52 +42),

- 2
(200 E[|(X(0) + 01X (o) < ~0)f] < = (& +1).

¢\ 4
- 2 Q
(a2) B[R0+ 0N (0) < -0)] < 7541
(a22)  E[[(E()+ 1) < 0] <[5 241
(A.23) E:’(X(oo) + LXK (c0) < —g)” < % 1(52 +4§),
- 16 /02 1 « a
(A20  F(X () -0 < (3+0) (Z + 1) (<Z v ;) A ;)

A.2.1. Proof outline for Lemma 11: The underloaded system. The proof
of the underloaded case of Lemma 11 is very similar to that of Lemma 2.
Therefore, we only outline some key intermediate steps needed to obtain
the results. We remind the reader that when R < n, then ¢ < 0. We first
show how to establish (A.8), which is proved in a similar fashion to (3.11)
of Lemma 2 — by applying the generator GG to the Lyapunov function
V(x) = 2%. The following are some useful intermediate steps for any reader
wishing to produce a complete proof. The first step to prove (A.8) is to get
an analogue of (A.1). Namely, when x < —(,

3
G;V(r)= — 2uz® + pox + 2p < —E;w:2 + 162 /2 4 2p,
and when z > —(,

GxV(z) = —2a(z +¢)* +ad(z +¢) — 2u¢| (z +¢)
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—2[¢la(z + Q) + p|¢[ (6 = 2[¢]) + 21

(A.25) <~ Sale+ 0~ 2ulCl (@ + Q) + P02+ /8 + 21

From here, we use Lemma 1 to get a statement similar to (A.3), from which
we can infer (A.8) and by applying Jensen’s inequality to (A.8), we get (A.9).
Observe that this procedure yields (A.12), (A.13), and (A.14) as well. We
now describe how to prove (A.11), which requires only a slight modification
of (A.25). Namely, for x > —(,

GiV(z)=2x(—al@+ )+ u) —6(—alz+¢) +u) + 2u.
From this, we can deduce that since = > —(,
GiV(z) < =2(uAa)r? - 6( — afz +¢) + pC) + 24,
and also
GV(z) < —2pl¢lz—6(—alz+ ) + ul) + 2p.
Then Lemma 1 can be applied as before to see that both

(A.26)
20 [¢I B[ | X (00)1(X (00) = =Q)]] and 2(u A @)E[ (X (0))*1(X (00) = =()]

are bounded by
2% + ud?/2 — OE [( — (X (00) + €) + p¢)1(X (00) > —g)} .

Applying the generator G ; to the test function f(x) = = and taking ex-
pected values with respect to X (c0), we get Eb(X (c0)) =0, or

(A.27)
E| (= a(X(00) +¢) + uO)L(X(00) = —0)] = uE[ X (00)1(X (00) < —)].

When combined with (A.9), this implies that

240+ pd?/2 = B | (— a(X(00) + ) + p¢)1(X (00) = )]

l/a
< 2u 4 pd? el 2 4 52
20+ pud /2—|—,u5\/3<u5 +4 —I—4),
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which proves (A.11), because the quantity above is an upper bound for
(A.26). To prove (A.10), we manipulate (A.27) to get

E[|(X(00) + OUX(00) < =0l = Ie] + JE[[(X(0) + QUK (00) > =0

to which we can apply the triangle inequality and (A.13) to conclude (A.10).
Lastly, the proof of (A.15) is nearly identical to the proof of (3.15) in
Lemma 2. The key step is to obtain an analogue of (A.7).

A.2.2. Proof outline for Lemma 11: The overloaded system. The proof
of the overloaded case of Lemma 11 is also similar to that of Lemma 2.
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 (A.18). Although the left hand side of (A.18) is slightly different
from (3.11) of Lemma 2, it is proved using the same approach — by applying
the generator G to the Lyapunov function V(z) = z2. The following are
some useful intermediate steps for any reader wishing to produce a complete
proof. The first step to prove (A.18) is to get analogue of (A.1l). Namely,
when z < —(,

GiV(x)= —2u(x + O)? + pd(z +¢)
+2(p+ @) [¢] (z +¢) — 2a¢* — ad + 2u
(A.28) < = 2p(x + Q)+ 2(u + a) [¢] (z + ¢) + 21,

and when z > —(,
3
GiV(z) = —2a2® + adz +2u < —EaxQ + ad?/2 + 2p.

From here, we use Lemma 1 to get a statement similar to (A.3), which
implies (A.18). Applying Jensen’s inequality to (A.18) yields (A.19). The
procedure used to get (A.18) also yields (A.20), (A.21), and (A.22).

We now describe how to prove (A.16) and (A.17), which requires only a
slight modification of (A.28). Namely, we use the fact that for x < —(,

GiV(z)=2x(—plz+C)+a) —d(—plz+¢) + o) +2u.
From this, one can deduce that since = < —(,

G5V (2) < =2(u A a)2® + 2p,



Downloaded from informs.org by [216.73.217.84] on 14 June 2026, at 23:15 . For personal use only, all rights reserved.

336 A. BRAVERMAN, J. G. DAL, AND J. FENG

and also
GV (@) < —20[¢|fo] +2p.

Then Lemma 1 and Jensen’s inequality can be applied as before to get both
(A.16) and (A.17).

We now prove (A.23). Observe that

E|| X (00)1(X (00) = =)

[(X(00) + ¢~ O1(X(00) > ~¢)]

|
&=

> B[|(X(00) + QLXK (00) > =) = ¢
E[|(%(00) + Q1(X(00) < =0,

where the last equality comes from applying the generator G'¢ to the func-

Q1I=

tion f(z) =z and taking expected values with respect to X (00) to see that
Eb(X (o0)) =0, or

(A.29)

Therefore,

~ ~ o ~ ~
E[|(X(o0) + OUX () < ~0)l] < VB[ X (20)1(X (00) 2 ~0) .
and we can invoke (A.19) to conclude (A.23).
We now prove (A.24), which requires additional arguments that we have
not used in the proof of Lemma 2. We assume for now that

1
(A.30) A<nu+ 5\/5”'

Fix v € (0,1/2), and define

ln—VR)| n
(A31) Jl = Z Vg, JQ = Z Vi,
e k=[n—yVR]

where {v;}7° is the stationary distribution of X. We note that by (A.30),

n/VR> VR - %\/n/R >VR—-1/2>1/2,
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which implies that n — yv/R > 0. Then
P(X (00) < =€) = P(X(00) < n) < Jy + Ja.
To bound J; we observe that

- |n—vVR]
EHX(OO)WLC‘l{)?(oo)st}} \/—Z n—kjy >y Z v =J1.

Combining (A.20)—(A.23), we conclude that

ne-(7+ (G (zafEvingyftvy)
(A32) <12 H)(% A \E).

Now to bound Jz, we apply G ¢ to the test function f(x) = k A n, where
x = d(k—x(0)), and take the expectation with respect to X (oc0) to see that

/\

0=—vp + (A — nu)P(X(c0) < n)+ pE [(X(c0) —n)~ 1{X(OO)§”}] .

Noticing that

E [(X(00) 1) Tgxoerzn] = 5B [[K(00) + | 1izporeay]

we arrive at

(A33) < 5%((1—2 1) (% A \/% 42 ~"EB(X(00) < ).

The flow balance equations

)\Vk—lzkluyka k:1727'”7n
imply that vg < v < -+ <vp_o < vp—1 < vy, and therefore

Jo < (WR+ Dy,
< (WER+1) [5%(‘; 1) <% A ﬁ) 42 ~B(X (00) < )
2 (6]
e (2 )

A A
(A34) +(WVR+1) )\n'ujl—f-(’)/\/ﬁ-i- 1) /\WJQ
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We use (A.30), the fact that v € (0,1/2), and that R > n > 1 to see that

(vWR + 1))\_)\

Then by rearranging terms in (A.34) and applying (A.32) we conclude that
1 2 (62 1 a) 31 2 /62 1 o
“h< o) =(Z ) (A /E) e 22 (S ) (28
;2= 0t )\/§<4 * )(gA\/;>+47\/§<4 + )(gA u>

31\ 2 /6 1 o
o) (=a /2.
(7—{_5 47)\/§<4+ )(CA ,u)

Hence, we have just shown that under assumption (A.30),

L WR+ DY < Lt VR = (1) <3/

P <020 S (5 ) ()

+4(y+5+31)i(f+1) (hﬁ)
4v//3\4 ¢ Vu
8 (6? 1 o
< (3”)%(1“) <Z/\ ;> ,

where to get the last inequality we fixed v € (0,1/2) that solves y+1/v = 3.

We now wish to establish the same result without assumption (A.30), i.e
when A > nu + %\/ﬁ,u For this, we rely on the following comparison result.
Fix n, and a and let XM (00) be the steady-state customer count in an

Erlang-A system with arrival rate A, service rate u, number of servers n,
and abandonment rate «. Then for any 0 < A\; < Ao,

(A.35) P(X ) (00) < n) < P(XP)(c0) < n).

This says that with all other parameters being held fixed, an Erlang-A sys-
tem with a higher arrival rate is less likely to have idle servers. For a simple
proof involving a coupling argument, see page 163 of [45].

Therefore, for A > nu + $/npu,

P(X ™ (00) < n) < P(XMavim) (00) <

8 /62 1 o
S(?’*‘”%(z“) (WA\/E

where ¢ (nut3Vi) s the ¢ corresponding to X (”’”'%\/ﬁ“)(oo), and satisfies

/n—|—\/_/2 2a\/7
C(nu+ At v

This concludes the proof of (A 24).
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APPENDIX B: GRADIENT BOUNDS

In Section B.1, we first prove Lemma 3, establishing the Wasserstein
gradient bounds for Erlang-C model. In Section B.2, we state and prove
Lemma 13, establishing the Wasserstein gradient bounds for Erlang-A model.
In Section B.3 we prove Lemmas 4 and 5, establishing the Kolmogorov gra-
dient bounds for both Erlang-C and Erlang-A models.

The arguments below follow the proof of [15, Lemma 13.1]. We recall the
Poisson equation (3.3), or

Gy fn(x) = b(2) f3,(x) + pfy/(x) = Bh(Y(00)) — h(z), x€R, h(z) € H.

Furthermore, recall that v(x) is the density of Y (c0), and satisfies

v(z) = Kexp G/Ox b(y)dy)7

where k is a normalizing constant. Now recall that the family of solutions
to the Poisson equation is given by (3.4), and is parametrized by constants
ay,az € R. We fix a solution fj,(z) with ag = 0, and see that for this solution

B fi = / ;i@h(woo))—h(y))u(y)dy, zeR.

Observe that since v(z) is the density of Y (c0),

/_OO %(Eh(y(oo)) — h(y))v(y)dy =0,

which implies that

1 1
B2 )=~ s [ (ERY (o) = ) v
We will see that to establish gradient bounds, we will have to make use of
both expressions for f;(z) in (B.1) and (B.2), depending on the value of
x. It is here that the relationship between the diffusion process Y and the
random variable Y (co) surfaces. If Eh(Y (00)) were to be replaced by any
other constant, then (B.2) would not hold. The reason Eh(Y (c0)) is the
“correct” constant is because Y (co) has the stationary distribution of the
diffusion process Y.

We now proceed to prove the gradient bounds. We do this first in case
when H = Lip(1) (the Wasserstein setting), and then when H = Hg (the
Kolmogorov setting).
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B.1. Wasserstein gradient bounds. Fix h(x) € Lip(1); without loss
of generality we assume that h(0) = 0. We now derive some equations that
will be useful to prove Lemma 3. From the form of f; (z) in (B.1) and (B.2),
we have

, 1 * oo‘
7@ < s [ oty + LN [ g

1 E|Y (c0)|
i) < — [Tty + 2 [T

Now by differentiating the Poisson equation (3.3), we see that for those
x € R where h'(z) and b'(x) are defined,

"(z) = ;[ W (@) — b(@) £ () — b(a) £} (2)].

By observing that b(z) = uv/(x)/v(x), we can rearrange the terms above
and multiply both sides by v(x) to get

(B.3)
@(—h’(w) — [ (2)) = v(@) f'(x) + V(@) fil(z) = (fi (2)v(z))".

Suppose we know that

(B.4) lim v(x)f)(z) =

z—=+o00

Since lim,—, oo v(2) f}/ (x) = 0, we integrate (B.3) to get

o) = oo / ' L) =~ FWV ) )y

and since lim, o v(x) f//(x) = 0, it is also true that

fe) = — % / h %(—h%y) R @)v)dy.

To summarize, we have just shown that provided (B.4) holds,

B5) @) < — / o)y + S / y)dy,

1 (x) J oo v(z)
(B.6) \fﬂx)\sﬂ%@ / ] <>dy+M y)dy,
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(B.7) f%m»=:;é;/“;fx—h%w—aﬂunvw»u@ﬁ@
(B3) =—ﬂ%l;%emm—ﬁ@wwwww,
(B.9) mmzikww—ﬁmwm—ﬂmwm,

where f;”(x) is defined for all z € R such that A'(z) and ¥/(x) exist. The
multiple bounds for fj(x) are convenient, because we can choose which one
to use based on the value of z. For example, suppose { < 0. Then when x < 0,
we will use (B.5), when z > —( we will use (B.6), and when z € [0, —(] we
will use both (B.5) and (B.6) and choose the better bound. The same applies

to fr (z).

B.1.1. Proof of Lemma 3. The following lemma presents several bounds
that will be used to prove Lemma 3. We prove it at the end of this section.

LEMMA 12.  Consider the Erlang-C model (o« = 0), and let v(x) be the
density of Y (c0). Then

(B.10) i/x v(y)dy < {\/§ s =0,

v(z) o 2me2t,  z € [0,—(],
(B.11) ﬁ /;O v(y)dy < {ftﬁ —j, €0 =¢;
i [ {035
(B.13) faéwmwmwg{%fzjﬁiﬂfh
(B.14) Lby(g /; v(y)dy <1, <0,
(B.15) Lby(fm; /:o v(y)dy <2, x>0,
(B.16) E|Y (00)| < % .y

PROOF OF LEMMA 3. We begin by bounding f; () by applying Lemma 12
to (B.5) and (B.6). For x < —(, we apply (B.10), (B.12), and (B.16) to (B.5),
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and for x > 0, we apply (B.11), (B.13), and (B.16) to (B.6) to see that

M‘fl/z(x)}§1+\/g( |C|><23+13/K| £ <0,
:U*‘fllz(x)} < min{QeQC _1+\/ﬁeé<2<1+%),

+é+<\/§+%)<1+%)}, x € [0, —(],

x 1 1 1
}§E+?+W<Hm> |q(:c+1+2/|g|) x> —C.

For = € [0, —(], observe that when || < 1, then

(B.17)
1| fi(x)

26%42_1+@6%<2( ><33 1+42(1+m):6.5+4.2/|<|,

9

and when |¢| > 1, then

2+é+(\ﬁ |2|)(1+ ICI> g3+(1.3+1)(1+%) —5.3423/c].

Therefore,

(B.18) @) < {§(6.5+4.2/yq)7 r< ¢,
m

gle+1+2/1C), ==~
Before proceeding to bound |f/'(x)| and |f;"(x)|, we first verify (B.4), or

lim v(z)ff(z) =

r—=+00
To do so, we rearrange the Poisson equation (3.3) to get

) (0) = () 2 gy 0 + L (B (o0) - (o).

It is now obvious that

lim v(z)f}(z) — 0=0,

r—F00

because h(z) € Lip(1), the drift b(x) is piecewise linear, and f; () is bounded
as in (B.18), but on the other hand v(z) decays exponentially fast as z — oo,
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and decays even faster as * — —oo. To bound |f//(x)|, we use (B.7) and
(B.8), together with the facts that ||A/| <1 and

V(z)=—pl(z < —¢), z€eR,

to see that
(B.19) | /1 ()] < %/m i(1+u\fé(y)}1(y< —Q))v(y)dy
B20) A< 5 [ L0l AW < -0y

We know |f; (x)| is bounded as in (B.18). For z < —(, we apply (B.10) to
(B.19) and for > 0 we apply (B.11) to (B.20) to conclude that
(B.21)

\/_(1+65+4.2/\§\), r <0,
wlfr ()] < mln{ ImeS ,\/§+ﬁ}(1+6.5+4.2/]q), z € [0, -],

W7 x 2 _C

By considering separately the cases when || <1 and || > 1, we see that

(B.22) min {\/%6%42, \/? é } <42,

and therefore,

(B.23) notL T

‘ ‘ {37 1+1/|C|)a r < —(,
1<l

Lastly, we bound |f}’(x)|, which exists for all z € R where h/(z) and b'(x)
exist. The fact that h(x) € Lip(1) together with (B.9) tells us that

‘f”/ ’ %(1 + }f}’l’(x)b(m)‘ + ’ff,L(iﬁ)b’(l‘)l )

For x > —(, we use the forms of b(x) and ¥ (x) together with the bounds on
|f7.(z)] and |f}/(x)| in (B.18) and (B.23) to see that

wel< 3o )

Although tempting, it is not sufficient to use the bound on | f;/(z)| in (B.21)
and the form of b(z) to bound |f;/(z)b(z)| for all < —(. Instead, we
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multiply both sides of (B.19) and (B.20) by |b(x)| to see that

@M < (1 swpn D D [ sy, = <o

< () )

(B.24)
) N I
If@y@I < @+ s wlfiw])0 | vl wep.-q

By invoking (B.14) and (B.15) together with the bound on |f; (z)| from
(B.18), we conclude that

()| < %(1+2(1+6.5+4.2/]C\)+6-5+4-2/K\)v r< =G

Therefore, for those z € R where h/(z) and b'(z) exist,

1 l(23+ 13/ |C|)v r < —(,
|3 ()] < {%’ .

This concludes the proof of Lemma 3. O

PrOOF OF LEMMA 12 . Recall that in the Erlang-C model, we set o = 0,
which makes

¢ =6(x(c0) —n) = 5(% —n) <0, blx)= {_M% -

The density of Y (co0) has the form
1,2
_ < —
(B.25) Yz)=0C 0 TS5
a+€_|<|x7 x> _C)

where a_ and a4 are normalizing constants that make v(z) continuous at
the point z = —(.

In the proof of this lemma we often rely on the fact that for any ¢ > 0
and x > 0,

[e.e] oo
(B.26) ez’ / efécdey < / e’%cdey =4 /T
x 0 2c

One can verify that the left hand side of (B.26) peaks at x = 0 by using the
bound

) 0o —cx?/2
(B.27) / e_%Cdey < / %6_%@/20@ =
z r CT

CT
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to see that the derivative of the left side of (B.26) is negative for x > 0.
We now prove (B.10). When x < 0, we use (B.26) and the symmetry of the

function 67%?”2 to see that

1 /x 12 [% 12 T
L = [ e dy<\ﬁ,
v(z) Jooo o 2

and when z € [0, —(], we use (B.26) again to get
T 0 T
L / v(y) = 6%12/ e_%dey+6%x2/ e_%dey
V(w) —00 —00 0

0
< 26%@/ e_%dey = 2\/Ee%<2.
e 2

We now prove (B.11). Observe that when z > —(,

1 /°° ICw/OO —I¢| 1
— v(y)dy =e e SWdy = —,
@ ), 'Y , i

and when x € [0, —(], we use the fact that a_ = a+e_%<2 together with
(B.26) to see that

o 0o _C
1 / v(y)dy = a+e%x2 / e_mydy n oha? / e_%dey
v(z) J, a_ B i

<L+\/E
SlTvVe

Moving on to show (B.12), when = < 0 we have
1 * 1.2 * _1.2
v(z) / lylv(y)dy = e2* / —ye 2 dy =1,
oo Cw
and when z € [0, —(],
1 z 0 .
/ lylv(y)dy = e%xz/ —ye‘%ygdwe%xz/ ye 3 dy
o) ) ] 0
2

o0
= e2™ + e%’BQ(l - 6,?2).

We now prove (B.13). When z € [0, —(], we again use that a_ = a+e_%<2
to obtain

1 oo S
( / lylv(y)dy = e2” / ye 2¥ dy + —e2* / ye |C|ydy
v(z) /, . o .
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1
= e%’”Z(e’%xQ — 67%42) +e2¢% e’ (1 + ?>e*<2
1
<2+ @
When z > —(,
1 /°° |4|x/°° i z 1
— ylv(y)dy = e ye “Wdy = — + —.
ZON : qate

We move on to prove (B.14) and (B.15). When z < 0, we use (B.27) to see
that

x 22 €z z2
‘b(.’]})| / y(y)dy = —xe 2 / eiédey S —re? < — 167%12) =1.

(@) J oo —o0 z

When z € [0, —(], we also use the fact that a4 = a_e2” to get

b 00 2 € L2 [0
| (l‘)| / V(y)dy: .%’62/ e%dey_i_a_ereg/ e*\(lydy
a
T T

pv () - —
22 /1 2 120 1.2/ 1 2
S(Z,.—3 5¢ 52 = —C
me2($e 2 )—1—62 xe2 (me >
T 2
—1+—€§(I7C)S2
1q
When = > —(,
bz 00 0 B
L™ vtwpay = it [~ ety <.
() Jo .

Lastly we prove (B.16). Letting V(z) = x2, and recalling the form of Gy
from (3.2), we consider

GyV(x) = 2zp(C + (z +()7) +2p
(B.28) = —2ux’l(z < —¢) — 2zp ¢ 1(z > —C) + 2u.

By the standard Foster-Lyapunov condition (see [47, Theorem 4.3] for ex-
ample), this implies that

2E[(Y(00))*1(Y (00) < —O)] + 2[¢| E[Y (00)1(Y (00) > —¢)] <2,
and in particular,
1
=
E[|Y (00)1(Y (o0) < =Q)]| < /E[(¥ (00))21(¥ (50) < =Q)] < 1,

where we applied Jensen’s inequality in the second set of inequalities. This
concludes the proof of Lemma 12. O

E[Y (c0)1(Y (00) > —()]
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B.2. Erlang-A Wasserstein gradient bounds. Below we state the
Erlang-A gradient bounds, the proof of which is similar to that of Lemma 3.
We only outline the necessary steps needed for a proof, and emphasize all
the differences with the proof of Lemma 3. Furthermore, we do not seek
an explicit value for the constant C' below, although it can certainly be
recovered.

LEMMA 13.  Consider the Erlang-A model (o« > 0). The solution to the
Poisson equation fp(z) is twice continuously differentiable, with an abso-
lutely continuous second derivative. Fiz a solution in (3.4) with parameter
as = 0. Then there exists a constant C' > 0 independent of A\,n, u, and «
such that for allm > 1,A > 0, > 0, and o > 0 satisfying 0 < R < n (an
underloaded system),

(B.29)
B L 1 < —
it < gE+AfA+z)+1)C><
(B.30)
c(JErg+1)L <o,
il 1elle £ (VEr )+ s wca
C(%+\/%+1)(\/§Am)i, x>,

and for those x € R where f}'(x) exists,

c(Jerg+1)t =<o
B.31)  |f(2)| < C(\/g/\ﬁ+%+\/§+l)57 z € [0,
C(%+\/%+1)ﬁ, x> =,

and for allm > 1,A > 0, > 0, and o > 0 satisfying n < R (an overloaded
system),

(B.32) |fi(x)| < wo VeV “) r<¢
Cl+LL+l> x>_C
me Vayie )t -
Ly 1181 po g
(B.33) [ <{ b VR ! o
C E+\/;+1>ﬁ\x|+0<ﬁ+ﬁﬁ>, x>~
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and for those © € R where f}"(x) exists,
(B.34)
1" ¢ Iz p
(B.35)
()| < g(3+\/§+1>(1+%2)+9(g+ Vial, ==,
p\p\op u p\p o\ op
(B.36)

Cra a Cra o 2
()| < _(_+ —+1>+—(—+\/j+1) |z, z>—C
o\ pu p o\ p

B.2.1. Proof outline for Lemma 13: The underloaded system. To prove
Lemma 13, we need the following version of Lemma 12.

LEMMA 14. Consider the Erlang-A model (o > 0) with 0 < R < n, and
let v(zx) be the density of Y (c0). Then

1 T \/§7 X S 07
(B.37) ﬁ/ v(y)dy < {\/ﬂe‘— z € [0, ],
RN EryERag se0d
(B.38) e )/ v(y)dy < g%/\ﬁ, x> —C,
) x 1, =<0,
(B.39) ﬂ/ lylv(y)dy < {2642 -1, z€l0,—-¢,
) 00 2+ L, ze0,—(,
(B.40) W/ lylv(y)dy < {1 n %7 x>~
|b(2)|
(B.41) e )/OO v(y)dy <1, <0,
b(z)| [
(B.42) @) / v(y)dy <2, x>0,

(B.43) E|Y (o0 )|<1+\/> é

To prove this lemma, we first observe that

b( ) _ —pr, x S _C>
T e+ O g, =~
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and
1,.2
a—eiim ) €T S - %
(B.44) v(z) = 2 (are—t) ¢
ape B TR s g

where a_ and a are normalizing constants that make v(z) continuous and
integrate to one. By comparing the density in (B.44) to (B.25) for the region
x < —(, we immediately see that (B.37), (B.39) and (B.41) are restatements
of (B.10), (B.12), and (B.14) from Lemma 12, and hence have already been
established. The proof of (B.43) involves applying Gy to the Lyapunov
function V(x) = 22 to see that

GyV(z) = —2u2*l(z < =) +2(— az? + 2((u — a))1(z > —¢) + 2u
< —2ua”1(x < —() = 2( A p)a*1(z > —C) + 24,
and
GyV(z) = —2u2’1(z < —¢) +2(—az(e + ) — pl¢|z)1(z = —¢) + 24

< —2ua”1(z < =¢) = 2u[¢|2l(z > —C) + 2p.

One can compare these inequalities to (B.28) in the proof of Lemma 12 to
see that (B.43) follows by the Foster-Lyapunov condition.

We now go over the proofs of (B.38), (B.40) and (B.42). We first prove
(B.38) when z € [0, —(]. Observe that

o0 a 2 o a
Se%x2/ e‘%y2dy+e%<$2—<2>eﬁ(5<)/ e~V dy
xX

£1¢l
T mp 1
B.45 <4/= —— A=
(B.45) —ﬁww <

where in the first inequality we used a change of variables and the fact that
ay/a_ = €_<2/26%(§C)2, and in the last inequality we used both (B.26)
and (B.27), and the fact that e2(®*=¢*) < 1. The rest of (B.38) is proved
identically. We now prove (B.40). When z € [0, —(],

ﬁ /:O lylv(y)dy

< o .
_ e%mg/ oSy 4 “—%%1’2/ o BB g
T a— —¢
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oo
= (1 - e2@ =) 4 e300 e3¢ /C ye B L% gy

<14em@d /OO ye 5 (WHOP 25 HOCH40?) g
~
> 1
<1 +/ yeW Ty =141+ @
~

and when z > —(,
1 [ T
/ [yl v(y)dy = e ZOZ/ ye W a0% gy
z xr

v(x)
oo
_ et / ye Y dy
z+(—

©

o0

+ (1= p/a) ¢ e THa 0" e~ dy
z+(—£¢
7 1 %
<4 —mmm < Z 41,
T« |<’%(:U+C—§C)_oz

where in the last inequality we used (B.27). Lastly, the argument for (B.42)
is very similar to the chain of inequalities in (B.45), and we leave the details
to the reader.

We now describe how to prove Lemma 13. To prove (B.29), we apply
Lemma 14 to (B.5) and (B.6) just like in (B.17) of Lemma 3. Using these
bounds on f} (x), we argue (B.4) just like in the proof of Lemma 3. We now
describe how to prove (B.30). When = < 0, we apply (B.29) and (B.37)
to (B.7), and when x > —( we apply (B.29) and (B.38) to (B.8). The last
region, when = € [0, —(], has to be handled differently depending on the size
of |¢]. When |(|] < 1, we just apply (B.29) and (B.37) to (B.7). However,
when || > 1, we manipulate (B.8) to see that

—C
(B46)  fl(x) = —ﬁ / %(—h'(y)Jruf;’z(y))V(y)dy
_ V(*O 1 Ool N af! v
(B.47 D | ) eR @)y

We then apply (B.29), (B.38), and the fact that v(—¢)/v(x) < 1 to conclude
(B.30). The proof of (B.31) relies on (B.9), which tells us that

@) < [+ [ @b + | @b )]

=~
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Bounding | f; (x)V'(x)| only relies on (B.29). The term | f;'(x)b(x)| is bounded
similarly to the way it is done in Lemma 3; see for instance (B.24). Namely,
for z < 0 we multiply both sides of (B.7) by b(z) and apply (B.29) with
(B.41), and when z > —( we multiply both sides of (B.8) by b(x) and apply
(B.29) with (B.42). Lastly, when z € [0, —(], we manipulate (B.8) to get

T —C
Mai(0) = = o [ W) + sy
e res [ R s
We then apply (B.29), (B.42), and the fact that ’i&?ﬁg:g! < 1 to get the

required bounds on |b(z)f/(x)| and conclude (B.31). This concludes the
proof outline for Lemma 13.

B.2.2. Proof outline for Lemma 13: The overloaded system. For the over-
loaded case in Lemma 13, we again need the following version of Lemma 12.

LEMMA 15.  Consider the Erlang-A model (o > 0) with R > n, and let
v(x) be the density of Y (c0). Then

e i [ em s iifi Setcn
(B.49) ﬁ / h v(y)dy < \/Z%Ze; wa € [-¢,0],
(B.50) %x) /; ylv(y)dy < {;iﬁi\ff—goi ¢
(B.51) ﬁ/f l v(0)dy < {;ei ; va € [¢, 0],
(B.52) Lby(gi /; v(y)dy <2, z <0,

(B.53) Lby(g /:O v(y)dy <1, >0,

(B.54) E|Y (c0)| < \/g+ 1.
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To prove this lemma, we first observe that

b(z) = {—u(w +¢) +a¢, @<,

—azx, x> —-C(,

and
_ a_e_E(HC_QC) r < —(,
(B.55) v(r) = .
are 2° x> —(,

where a_ and a4 are normalizing constants that make v(z) continuous and
integrate to one. Observe that in the region x > —(, the density in (B.55)
looks very similar to the density in (B.25) in the region z < —(. Hence, one
can check that the arguments needed to prove Lemma 15’s (B.49), (B.51),
and (B.53) are nearly identical to the arguments used to prove Lemma 12’s
(B.10), (B.12), and (B.14), respectively.

The proof of (B.54) involves applying Gy to the Lyapunov function
V(x) = 22 to see that

GyV(z) = —2a2*1(z > —() +2( — p2? + 2¢(a — p))1(z < —¢) + 2u
< —2021(z > —¢) — 2(a A p)z?1(z < —¢) + 2u.

One can compare this inequality to (B.28) in the proof of Lemma 12 to see
that (B.54) follows by the Foster-Lyapunov condition.

We now describe how to prove (B.48), (B.50), and (B.52). To prove (B.48)
we use a series of arguments similar to those in (B.45), where we proved
(B.38) of Lemma 14. We now prove (B.50). When = < —(,

I T T
/ [yl v(y)dy = 2+ “Oz/ _ye 2RO gy

I/(:L') — 0 —00
oo [THC-2C
= e%(”C_EC)Q/ " e 2 dy
—o0
oz [THCEC
4—(1-a/u)<e5@*<u<ﬁt/i " b gy

T 1 s I
(B.56) §1+C(\£AW)S1+\/;CAE’

where in the last inequality we used both (B.26) and (B.27). For z € [—(, 0],

L /m lylv(y)dy

() J-o
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_ a2 =< _1 a2 a2 [* o2
— a_eQMx / _ye 2(y+< ,_LC) dy + egux / _y€2u’y dy
a+ —00 —

_a 2 liar2
Repeating arguments from (B.56) and using a_ /a4 = e 26 e2(n¢)

show that the first term above satisfies

o _C e o
gieﬁxa/ _yégw+ojﬁﬁﬂlgezﬂﬁ—@)@,%ﬁ>’
—0o0

, We can

and by computing the second term explicitly, we conclude that

Lo 2] ) L B e
- < Lad 2
v(x) /—oo ylvy)dy < e <1 + a) + 04(1 e )

<1+%
«

which proves (B.50). Lastly, it is not hard to see that (B.52) follows from a
straightforward application of (B.27).

Having argued Lemma 15, we now use it to prove the bounds in (B.32)-
(B.36). To prove (B.32), we apply Lemma 15 to (B.5) and (B.6) just like
in (B.17) of Lemma 3. Using these bounds on f}(x), we argue (B.4) just
like in the proof of Lemma 3. We now describe how to prove (B.33). When
x < —(, we apply (B.32) and (B.48) to (B.7). When = > —(, instead of
using the expressions for f}/(x) in (B.7) and (B.8) like we would usually do,
we instead apply (B.32) to the bound

}ﬁ@ﬂéiUM@WMN+%U$+WYwW% z €R,

which follows by rewriting the Poisson equation (3.3) and using the Lipschitz
property of h(x). We now prove (B.34)—(B.36). We recall (B.9) to see that

)| < %[1 A @)b()] + | @) ()] ].

Bounding |f} ()b ()| is simple, and only relies on (B.32). The other term,
| f7/(x)b(z)], is bounded as follows. To prove (B.34), i.e. when z < —(, we
multiply both sides of (B.7) by b(x), and apply (B.32) and (B.52) to the
result. When =z > —( then

| i (@)b(x)| = o] | f5 ()]

and the difference between (B.35) and (B.36) lies in the way that the quan-
tity above is bounded. To get (B.35), we simply apply the bounds on f;'(x)
from (B.33) to the right hand side above.
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To prove (B.36), we will first argue that

(B.57)
Cla el C
)] < —(—+\/j+1) ﬁ( +[+1) x|, we[=¢0]
Cla+fa+1). a0
where C' is some positive constant independent of everything else; this will
imply (B.36). The only difference between the proof of (B.57) and the bound
on f;"(x) in (B.35) is in how |f}/(x)b(x)| is bounded; we now describe the
different way to bound | f;'(x)b(z)|. When = > 0, we multiply both sides of

(B.8) by b(x) and use the bounds in (B.32) and (B.53) to bound | f;'(x)b(x)|.
When z € [—(, 0], we want to prove that

(6% « 2
(B.58) ()| < %(;—F\/E-i- 1) (1+\/g) (c/\ C)

which, after considering separately the cases when ¢ < p/a and ¢ > p/a,

implies that
" Cra o I C
| fi(z)] < E(;—i—ﬁ—l—l)(l—i—ﬂ;) +—

We can then use this fact to bound |f/(z)b(z)| = a|z||f}(x)|. To prove
(B.58) for ¢ < y/pu/a, we bound (B.8) using (B.32) and (B.49). To prove
(B.58) for ¢ > \/p/a, we bound (B.7) using (B.32) and (B.48). We point
out that to bound (B.7) we need to perform a manipulation similar to the
one in (B.47). This concludes the proof outline for the overloaded case.

B.3. Kolmogorov gradient bounds: Proof of Lemmas 4 and 5.
For the remainder of this section, we take H = Hg in (3.3). With this
choice of test functions, 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. Fix a € R and consider the Poisson
equation

GYfa( )_ b( )f ( )‘f'/if//( ) Fy(a) - 1(—00,(1](1.)7

where Fy (z) is the distribution function of Y (c0). If f,(x) is a solution the
Poisson equation with ag = 0, then just as in (B.1) and (B.2),

! 1 *
fua) = = [ (Ar(@) = 1))
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1

pv ()

which immediately implies that

o)l < smin{d [ vy, [ van}.

pv () —o0

fi(a) = | @ - 1)),

Furthermore,

f(x) = %[Fm) oo (7) — (@) ().

We now prove the Kolmogorov gradient bounds for the Erlang-C model.

PrROOF OF LEMMA 4. First of all, by (B.10) and (B.11),

\/gv I'SO,
(B.59)  pulfi(@)| < {min{V2mex®, /T + L} 20—,

|f1‘7 x> _Ca
and (B.22) implies that
1
min{\/27re%<2, g + m} <5,

which proves the bounds for f/(z). Second, (B.14) and (B.15) imply that
for all x € R,

@00 |72 < |1+ B i { [ van, [T vman] </

It pv () —oo

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

PrROOF OF LEMMA 5. The proof of this lemma is almost identical to the
proof of Lemma 4. By using the analogues of (B.14) and (B.15) from Lem-
mas 14 and 15, its not hard to check that (B.60) holds for the Erlang-A
model as well. To prove the bounds on f!(z), we obtain inequalities similar
to (B.59) by using analogues of (B.10) and (B.11) from Lemmas 14 and
15. These inequalities will imply (5.3) and (5.4) once we consider in them
separately the cases when || <1 and |[(] > 1. O

APPENDIX C: PROOF OUTLINES OF ERLANG-A THEOREMS

Sections C.1 and C.2 contain an outline for the proofs of Theorems 2 and
4, respectively.
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C.1. Outline for Theorem 2. Proving Theorem 2 consists of bound-
ing the four error terms in (3.10). Since the procedure is very similar to the
proof of Theorem 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 (3.10), we use moment bounds (A.9), (A.10), and (A.13), together
with the gradient bounds in (B.30). For the second and third terms, we use
moment bound (A.15) and the gradient bounds in (B.31). For the fourth
term, we use moment bounds (A.9)-(A.13), and the gradient bounds in
(B.31).

We now prove the overloaded case, when R > n. To bound the first term
in (3.10), we use moment bounds (A.16)—(A.23), together with the gradient
bounds in (B.33). For the second and third terms, we use moment bounds
(A.18),(A.19), and (A.24), together with the gradient bounds in (B.34) and
(B.35). For the fourth term, we use moment bounds (A.16)-(A.23), and
gradient bounds in (B.34) and (B.36).

C.2. Outline for Theorem 4. The proof of this theorem is nearly
identical to the proof of Theorem 3. Therefore, we only outline the key steps
and differences. The goal is to obtain a version of (5.11), from which the
theorem follows by applying Lemmas 8 and 9. To get a version of (5.11), we
bound each of the terms in (5.8), just like we did in the proof of Theorem 3.
The proof varies between the underloaded and overloaded cases.

We begin with the underloaded case (1 < R < n). To bound the first term
in (5.8), we use moment bounds (A.9), (A.11), and (A.13), together with
gradient bound (5.5). For the second and third terms in (5.8) we use the
gradient bound in (5.3). For the fourth error term, we use gradient bound
(5.3), and moment bounds (A.8), (A.11), and

E[(6(X (0))*1(X (0) 2 ~0)]
= o[ (X(00) + O)*1(X (00) = —0)| + #2¢P(X (00) > ()

+ 200 || E[ (X (00) + O)1(X (o) = =()]
1/p 7 -
< 20 (g2 2y 2 2 QIP) X > _
< a2 (£ + B4 4 67) 412 CPP(X (20) = —Q)
2 o 52

+ 2aM(Z; ++1),
where the last inequality follows from moment bounds (A.12) and (A.14).

In the overloaded case (n < R), to bound the first term in (5.8) we use
moment bounds (A.16), (A.19), and (A.22) with gradient bound (5.5). To
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bound the second and third terms in (5.8) we use gradient bound (5.4). To
bound the fourth term in (5.8), we use gradient bound (5.5), with moment
bounds (A.18) and

B[ (6 (00))*1(X (50) < 0|
= WE[ (X (00) + ¢)"1(X (o) < =O)| +a*C?P(X (o) < ()

+ 2auCE | (X (00) + O)1(X (00) < —0)|
< (g o) el (G ) vaen(F o),

where the last inequality follows from moment bounds (A.17), (A.20), and
(A.21).

APPENDIX D: MISCELLANEOUS LEMMAS
This appendix proves Lemmas 1, 6, 7, and 10.

D.1. Proof of Lemma 1.

PROOF OF LEMMA 1. Let f(z) : R — R satisfy |f(z)] < C(1 + )% A
sufficient condition to ensure that

E[Ggf(X(x))] =0

is given by [36, Proposition 1.1] (alternatively, see [26, Proposition 3]).
Namely, we require that

(D.1) E||G ¢ (X (00), X(00))f(X(0))]| < o0,

where G ¢(x,x) is the diagonal entry of the generator matrix G ¢ corre-
sponding to state x.

We begin with the Erlang-C model, where the transition rates of the
CTMC are bounded by A + nu. Since |f(z)] < C(1 + x)?, it suffices to
show that E(X(00))? < 00, or that E(X(00))? < oo, where X (c0) has the
stationary distribution of the CTMC X. Consider the function V (k) = k3,
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 pu(k A n) in state
k € Z4. Then for k > n,

GxV(k) = M(k+1)2 = k) +nu((k—1)3 — k%)
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= A3k + 3k + 1) + nu(—3k* + 3k — 1)
(D.2) = —3K* (np — N\) + 3k(\ + np) + (A — np).

It is not hard to see that there exists some kg € Z,, and a constant ¢ > 0
(that depends on A, n, and p), such that for all k > ko,

(D.3) =3k (np — A) + 3k(\ + np) < —ck?.

We combine (D.2)—(D.3) to conclude that there exists some constant d > 0
(that depends on A\, n, and p) satisfying

GxV(z) < —ca® +dl(k < (ko V n)),

and invoking [47, Theorem 4.3], we see that E(X (cc))? < co.

The case of the Erlang-A model is not very different. When « > 0, the
transition rates of the CTMC depend linearly on its state. Hence, to satisfy
(D.1) we need to show that E(X(00))? < oco. This is readily proven by
repeating the procedure above with the Lyapunov function V (k) = k%, and
we omit the details. O

D.2. Proof of Lemma 6.

PROOF OF LEMMA 6. We let Fyy(w) and Fg () be the distribution func-
tions of W and X (00), respectively. For any a € R, let a = 6(a — z(c0)). We
want to show that

P(a—6< X(o0) <a+6) = Fg(a+6)— Fg(a—9)
(D.4) < 20w(Fyw) + d (X (00), W) 4 962 + 852,

Define
kE* =inf{k > 0: vy, > v;, for all j # k}.
Then for any a € R,
Fg(a+6) - Fg(a—0) < 2w,

because X (00) takes at most two values in the interval (@ — 4, @+ 6]. Observe
that by the flow balance equations, we know that for any k € Z,

d(k +1)

v = ﬁwﬁ_l.
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Since k* is the maximizer of {vy}, we know that
d(k*) < A< d(K* +1) < A+ 1,

where in the last inequality we have used the fact that the increase in depar-
ture rate between state k* and k*+1 is at most u. Likewise, d(k*+1i) < A+iu
for ¢« = 2, 3. Hence,

dk*+1

Vigx = %Vk*—i-l < (1 + %)karl < Vpreg1 + 52>
d(k* +1) d(k* +2)

YRR X k2

< (14 0%)(1 4 20%) vpesg < vpesg + 362 + 264,
d(k* +2) d(k* + 3)

Vgx41 = b\ b\ Vg*+3
< (14 26%)(1 + 36%) e 43 < Vpr 43 + 5O + 662,

which implies that for any a € R,
Fe(a+6)— Fg(a—06) <2up < vgs + vgrqq +6°
= Fg(k* +0) — Fg(k* — 8) + %
There are now 4 cases to consider, with the first three being simple to
handle. Recall that w(Fy) is the modulus of continuity of Fyy (w).
L If Fy(k* = 6) < Fg(k* = 6) and Fyy (k* + 6) > Fg(k* +6), then

(D.5)
Fe(k* +0) — Fg(k* = 8) < Fy (k* 4+ 6) — Fy (k* — 8) < 20w(Fyy).

2. If Fyy(k* —0) < Fg(k* — §) but Fy(k* + ) < Fg(k* 4 §), then
Fg(k* +6) — Fg(k* —9)
< Fg(k* +96) — Fw (k* +0) + Fw (k" +6) — Fy (k* — 9)
(D.6) < 26w(Fw) + dg (X (00), W).

3. Similarly, if Fyy (k* — 8) > Fg(k* — ) and Fyy (k* +68) > Fg(k* +6),
then

Fg(k* +6) — Fg(k* - 9)
< Fw(k* +0) — Fw(k* = 8) + F (K — 0) — Fg(k* —9)
(D.7) < 20w(Fw) + dg (X (00), W).
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4. Suppose Fyy (k* —0) > FX(IE* —6) and Fyy (k* +9) < FX(I;:* +0), then
we need to use a different approach. We know that

Fe(k* +0) — Fg(k* = 8) = vpe + Upi1
< Vprgg + Vgry3 + 842 + 854
= Fe(k* +30) — Fg(k* + ) 4 852 + 85,
Since Fyy (k* + ) < Fj((];‘* + 0), we are either in case 1 or 2 for
FX(];:* +39) — FX(IQ* + ), and hence we have
Fg(k* +30) — Fg(k* +6) < 20w(Fw) + dre (X (c0), W).
This proves (D.4), concluding the proof of this lemma. O

D.3. Proof of Lemma 7 .

PrOOF OF LEMMA 7. In the Erlang-C model,

(D.8) v(z) = {a_ﬁx s

aye lKle x> ¢

To bound this density, we need to bound a_ and ay. We know that v(x)
must integrate to one, which implies that

=< 1,2 &
a/ eV dy + a+/ €—|C\ydy -1
— oo —¢

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

1 2

_1le2 _
a_e 26 =aye ¢

Combining these two facts, we see that

(D.9) a-=— - L - < ! - = z,
fioco efindy 1 e2¢? ffz e~ lClvdy fi)oo efﬁyzdy ™

and

(D.10)

0. 1 1 a2

= le2 (¢ 1,9 o) S 12 -0 1.2 =
e 26 oo e 2Y dy—i—f_C e~lClydy — e 2¢ S e 2V dy ™
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Therefore, for x < —(,

2
<a_ <4/—
p@l <o </,

and for x > —(, we recall that { < 0 to see that
lv(z)| < a+e*|€|1‘ < \/geé@eml‘ < \/2
T i

D.4. Proof of Lemma 10.

PrROOF OF LEMMA 10. The density of Y (co) is given in (D.8), and so

_C 0o
B o) =a [ ey ra, [ yretivay
o e
where a_ and a4 are as in (D.9) and (D.10). In particular,
1 1
a_

27

:—4 _1.,2 L2 _ :—g _ 1,2 1 -1
f_ooe 2Y dy-|—ez< ffZe |<\ydy f_ooe 2Y dy—i—me 2¢

which implies that

lim |¢|™ /C me=3Y’ dy = 0
1m a_— e = U.
im N y

Furthermore,
1 1
ay = — = — ’
o362 fiogo efédey + ffz e~ lClvdy e3¢ fioi efédey + |—2|6_C2
and using integration by parts,
00 m I 1 .
2 m!
yme—|<|ydy — G_C ——— |<~|m—J
/ 2 =G
m—1
! 1 ; m!
_ ¢ m | —¢?
= (m=g)tep* ¢

Hence,
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