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Abstract Extending Ward Whitt’s pioneering work “Fluid Models for Multi-
server Queues with Abandonments, Operations Research, 54(1) 37-54, 2006,
this paper establishes a many-server heavy-traffic functional central limit theo-
rem for the overloaded G/GI/n+ GI queue with stationary arrivals, nonexpo-
nential service times, n identical servers, and nonexponential patience times.
Process-level convergence to non-Markovian Gaussian limits is established as
the number of servers goes to infinity for key performance processes such as
the waiting times, queue length, abandonment and departure processes. Ana-
lytic formulas are developed to characterize the distributions of these Gaussian
limits.
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1 Introduction

When the third author began his M.S. study at Columbia University in 2006,
Ward Whitt published a paper at Operations Research entitled “Fluid Mod-
els for Multiserver Queues with Abandonments” [36], where he proposed a
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new framework to study many-server queueing models having nonexponential
service times and abandonment times. Specifically, Whitt developed the fluid
model, which is proven to be the many-server heavy-traffic (MSHT) functional
weak law of large numbers (FWLLN) limit, for the G/GI/n + GI queueing
model having stationary arrivals (the G), independent and identically distribut-
ed (i.i.d.) nonexponential service times (the GT), n servers in parallel, customer
abandonment according to i.i.d. patience times following a nonexponential dis-
tribution (the +GI), and a first-come first-served (FCFS) service rule.

Many empirical studies had revealed that service-time and abandonment-
time distributions in service systems (e.g., call centers and health care) are
far from exponentially distributed, and yet researchers prior to 2006 had to
assume Markovian structure (with exponential distributions) in order to gain
mathematical tractability. However, after 2006, Whitt’s pioneering work [36]
opened a new line of research on non-Markovian queues which successfully
brought more practical models within the reach of tractability. His 2006 paper
is regarded as one of his most important works after 2000. This paper also laid
a foundation for the Ph.D. dissertation of the third author.

As his academic descendants: academic grandson (first author), academic
grandson of Peter Glynn who is Whitt’s academic brother (second author), and
former Ph.D. student (third author), we are pleased to be able to contribute
to this special issue in honor of Ward Whitt’s 75*" birthday! In this paper we
will extend his 2006 paper [36] by developing an MSHT functional central limit
theorem (FCLT) for the G/GI/n+ GI system (same model in [36]) operating
in the efficiency-driven (ED) regime. We will prove that the properly scaled
performance functions, such as the waiting time, number in system, and queue-
length, converge in distribution to Gaussian processes as the number of server
n increases. Our research here also extends Whitt’s joint work with the third
author on FCLT limit of queues with M (exponential) service [25].

MSHT literature on ED models. There is a large body of literature on
MSHT limits for queueing models. We hereby only review the related work
on the ED regime, or equivalently, the overloaded case. A fluid model for the
G/GI/n + GI queue is developed by Whitt [36] using two-parameter perfor-
mance functions keeping track of elapsed service and waiting time of customer-
s; in addition, an FWLLN is established in [36] in a discrete-time framework.
This fluid model has subsequently been extended to incorporate time-varying
arrivals and staffing levels in [22] and network fluid models [21,24]. FWLLN
results for the G/GI/n + GI queue has been obtained in [23,14,37].

We next review FCLT results for queueing systems in the ED regime. Whitt
[35] showed that the queue length process of the Markovian M /M /s+ M queue
has an Ornstein-Uhlenbeck (OU) FCLT limit. Mandelbaum et al. [26] devel-
oped the FWLLN and FCLT limits for queueing networks having Markovian
probability structure. Dai et al. [7] established a multidimensional diffusion
FCLT limit for the GI/Ph/n+ M queue exponential abandonment times and
phase-type service times (the Ph). A stochastic partial differential equation
(SPDE) limit was established in [16] for general many-server queueing models



using measure-valued processes. Liu and Whitt [25] studied the time-varying
Gy/M/s; + GI system alternating between underloaded and overloaded time
intervals. They have obtained a stochastic differential equation driven by inde-
pendent Brownian motions for the waiting time process; they also established
limits for the number in system, the queue length, the virtual waiting time,
and the number of abandonments. In a recent paper by Huang et al. [13], the
authors developed an FCLT limit for the ED G/M/n + GI model under the
hazard-rate scaling and applied their FCLT results in the context of delay
announcements. It is evident that the FCLT limits for the performance pro-
cesses are bound to become non-Markovian for fully non-Markovian queueing
systems (having especially nonexponential service times), under the standard
FCLT scaling. He [12] considered the G/GI/n+ GI model and applied a time
scaling to the waiting time and queue length processes. Specifically, He [12]
scaled time by the mean patience time to obtain a simple one-dimensional OU
process FCLT limit for the queue length process, with the mean patience time
going to infinity. In [12], the customer’s individual behavior disappears in the
limit (e.g., patience time approaches infinity, service time distribution function
beyond its first two moments no longer plays a role). In addition, the approx-
imation formulas based on the new patience-time-scaled FCLT limits in [12]
may become ineffective for systems having small or medium mean patience
times.

In this paper, we develop an FCLT for the G/GI/n + GI queue under the
conventional scaling. Specifically, we only apply spatial scaling (no temporal
scaling); we scale the queue length but we do not scale the waiting times
(nor the distribution functions of service and patience times) so that customer
behavior (characterized by their distribution functions) can be fully preserved
in the limit; the full distribution of service (patience) time plays a role in
the MSHT FCLT limit beyond its first and second moments. Comparing to
[12], our FCLT limits may provide performance formulas for models that are
more customized to the customer behavior and those with a wider range of
model inputs (especially when the mean abandonment time is not too large).
However, the tradeoff here is that our FCLT limits is more complex than those
of [12] (our limits are not Markovian).

Main difficulty of GI service. For models with exponential service times
as in [25,13], the service-completion process can be formulated as a nonho-
mogeneous Poisson process (NHPP) which nicely converges to a time-changed
Brownian motion. This helps develop convenient FCLT limits for other per-
formance functions. For instance, the FCLT limit for the waiting-time process
solves a simple Brownian driven stochastic differential equation (SDE) with a
linear draft:

o~

AW (t) = h()W ()dt + In(t)dB(t) + Lo (£)dBa(t) + L,(t)dBs(t),  (1.1)

where By, B, and B are three independent Brownian motions corresponding
to the FCLT limits of the arrivals, abandonments and service completions, and



h, I, I, and I, are determinisitic functions of the model inputs. See (4.9) and
(6.64) in [25] for details.

For GI service, the main difficulty is that the service-completion process
is no longer an NHPP so it does not converge to a convenient Brownian limit.
In this paper, we show that the service-completion process converges to a
non-Brownian zero-mean Gaussian process with a known covariance function.
Unlike (1.1), we will obtain an SDE for the waiting-time process, driven by
both Brownian motions and a Gaussian process.

We prove an FCLT for key performance functions of the G/GI/n + GI
queueing model; we identify the FCLT limits and fully describe their distri-
butions. To characterize the limiting processes we construct a stochastic inte-
gral with respect to centered Gaussian processes with almost-surely Holder-
continuous sample paths where the integrand is a two-parameter determinis-
tic function. We show that such stochastic integrals can be defined pathwisely,
and they satisfy an integration-by-parts formula. Integrals with respect to non-
Brownian Gaussian processes have been studied by [4] (fractional Brownian
motions) and [1,18] (Volterra processes).

Our proofs are based on the careful analysis of the number of customers
entering service from the queue. Unlike [13,25,29], we introduce a new rep-
resentation for the enter-service process, based on which we derive an SDE;,
indexed by n, for the prelimit waiting-time process, and we prove its conver-
gence to a limiting SDE. The main steps of our proof technique involves a
martingale FCLT, Gronwall’s inequality, and the continuous mapping theo-
rem. Unlike [13,25], we do not take the commonly used compactness approach
(see, e.g., [34]) to prove weak convergence. An advantage of our new proof is
that we can avoid having to prove tightness which is often quite complicated
(e.g., see [13,25] for the complex treatment of tightness, even for M service).
In particular, using the n-indexed SDE, we prove stochastic boundedness of
the waiting time and then prove the weak convergence by applying Gronwall’s
inequality. We further characterize the FCLT limits by computing the covari-
ance function of the Gaussian solution to the limiting SDE. Convergence of
other processes is established by applying continuous mapping theorem. In
addition, the martingale FCLT in this paper is different from those in [13,8].

Organization of the Paper. In §2 we describe a sequence of the G/GI/n+
G1I queueing systems and specify all model assumptions. In §3 we give some
preliminary results that are building blocks of the main results. In §4, we
present our main results: We first give our FCLT limits in §4.1; we next char-
acterize the distributions of the FCLT limits in §4.2 and §4.3. Proofs of the
main results are given in §5. In §6, we consider a more general staffing function,
generalizing the main results in §4. Additional proofs appear in the appendix.

2 A Sequence of Overloaded G/GI/n + GI Queues

We consider a sequence of G/GI/n + GI queueing systems, which is indexed
by the number of servers n, having i.i.d. nonexponential service times with



cumulative distribution function (cdf) G, complementary cdf (ccdf) G¢=1—
G, probability density function (pdf) g and mean service time 1/u < oo, and
non-exponential patience times (the +G1I) with cdf F', cedf F¢ =1—F, pdf f,
and hazard rate hp = f/F¢. All random variables and processes are defined
on a common probability space. We next define relevant system functions and
give assumptions on our model primitives. These assumptions will be enforced
throughout the paper.

Service times and patience times. We impose the following regularity condi-
tions:

(i) The patience-time pdf

0 < f(z) < fT =sup f(z) < o0, x> 0.
x>0

(ii) The service-time cdf G and pdf g satisfy

G(t) —G(0
lim sup Gl = GO) < 00, and g =supg(z) < . (2.1)
10 t >0

Condition (2.1) is necessary for weak convergence results of the service-completion
processes (see [10,33,34]).

Arrival process. Let Np(t) be the number of customer arrivals in the interval
[0,t]. We assume N, satisfies an FCLT

No(t) = n~V2(N,(t) — nA(t)) = N(t) = caBa(A(t)) in D as n—)(oo)
2.2

where B} is a standard Brownian motion (BM), A(t) = At, A and ¢y > 0 mea-
sure the (average) arrival rate and stochastic variability of the arrival process
N,, asymptotically. One way to construct an N,, satisfying (2.2) is to simply
apply a time change with function nA(t) to a rate-1 renewal process with inter-
renewal times having variance c3 (see [11,19] for examples). A benchmark case
is the Poisson arrival with ¢y = 1. Here the notation “=" denotes weak con-
vergence (i.e., convergence in distribution). We denote by D = D([0, T]; R) the
space of real-valued right-continuous functions with left limits on the interval
[0,T], and by C = C([0,T]; R) the subset of D consisting of continuous func-
tions. Convergence in D is characterized through the Skorokhod J;-topology;
Ji-convergence to a continuous limit implies uniform convergence over all com-
pact sets. See [5,34] for details of weak convergence in D and C.

We remark that our analysis allows the FCLT limit N to be a more general
process having a continuous sample path and independent increments (so N is
not restricted to a Brownian motion). As an immediate corollary of the FCLT
(2.2) is an FWLLN. In particular,

N,(t) =n"'N,(t) = A(t) in D as n— oco.

Since our model operates in the ED regime, we assume the traffic intensity
pP=Ap>1.



System functions. Let E,(t), D,(t) and A, (t) be the total number of cus-
tomers who have entered service, completed service, and abandoned from the
queue in [0, t], respectively. Let the two-parameter process By, (t,y) (Qn(t,y))
denote the number of customers in service (in queue) at time ¢ for at most y
units of time in the nth system. In addition, let B, (t) = By(t, o), Qn(t) =
Qn(t,00), and X, (t) = B, (t) + Qn(t) be the number of customers in service,
number waiting in the queue, and total number in the system at time t. Let
W, (t) denote the head-of-line waiting time (HWT), i.e., the elapsed waiting
time of the customer at the head of line at time ¢, i.e., the waiting time of
the customer who has been waiting the longest (if there is any); W,,(t) = 0 if
there is no customer waiting in the queue. Finally, we let V,(¢) be the potential
waiting time (PWT) at time ¢, i.e., the waiting time of an arriving customer at
t assuming the customer has infinite patience. When the system is overloaded,
W, (t) and V,,(t) satisfy the relations

Va(t = Wa(t)) = Wa(t) + O(1/n) (2.3)
Vo (t) = Wa(t + Va(t) + O(1/n)) + O(1/n), (2.4)

where (2.3) suggests that the virtual waiting time at the time of arrival of the
head-of-line customer at time ¢ is the head-of-line customer’s elapsed waiting
time in line at time ¢ plus the additional time until one of the n busy servers
becomes idle. (The additional time is O(1/n) if there are n busy servers.) The
equality in (2.4) is obtained by a change of variable.

Initial content. At time 0, we assume the system is initially critically loaded,
that is, @,(0) = W,(0) = 0 and X, (0) = B,(0) = n for all n > 1. Let
v be a generic service time, we assume that customers initially in service at

(0) 0 following cdf G, the

time 0 have i.i.d. remaining service times 1, ,...,V1(1
equilibrium version of G, given by

_ Jo G(s)ds

G0 =gy

. x>0 (2.5)

The above assumption has been commonly used in the literature [31,27,12,
10,16]). Because the system is asymptotically overloaded for all ¢ > 0, the
service-completion process associated with each server forms an independent
equilibrium renewal process. The assumption is not too restrictive because we
plan to later focus on characterizing the long-run behavior on which initial
conditions have little impact.

MSHT scalings. For E,, D,, A,, By, @, and X,,, we define their correspond-
ing LLN-scaled versions

, Qn

i En A Dn T An D, Bn
D -
n

n

% 4 X
n



and CLT-scaled versions

~ E, —nE ~ D, —nD ~ A, —nA
E,=—"—, D,=—"——, A, =—"——,
. B,-nB ~ - o X,-nX
B,=—"—"—— i Q EL” ne = 2n— R4 . (2.7)

n b) XTL
N Vn Vn
For PWT V,, and HWT W,,, we define their CLT-scaled version as
W,=van(W,—w) and V,=vn(V,—v). (2.8)

The centering terms F, D, A, B, , X, w and v are the fluid limits, which
will be given in §4.

3 Preliminaries

We now present some preliminary results which are the building blocks of
our analysis. In §3.1, we first provide convenient representations for prelimit
processes. Next, in §3.2 we define a class of stochastic integrals with respect
to Gaussian processes which will be used to analyze our FCLT limits.

3.1 Prelimit Processes

First define the LLN- and CLT-scaled sequential empirical processes

[nt]
Un(t,x)z%Zugigx), t>0,0<z <1,
i=1
Lnt]
Un(t, ) = v (Un(t,z) — E[U,(t,2)]) = % Z (1(& <z)—=), (3.1)

where &1,&s, ... are i.i.d. random variables uniformly distributed on [0, 1]. Tt
has been showed in [17] that U, = U in Dp = D([0,00); D([0,1];R)), as
n — 00, where the two-parameter process U is the standard Kiefer process.
See [17], [29] and references therein for more details.

Enter-service process. Based on the sequential empirical process in (3.1),
we give a stochastic integral representation for E,, the number of customers
entering service in the interval [0,t]. Let random variables 0 < 7{* < 73 < ---
denote the customers’ arrival times, and 71,72, ... denote the i.i.d. patience
times with cdf F.

N (t=Wn(t))

En(t) = Z 1(yi > V(7))

ti;/n(t) 1 o
—n / / 1y > F(Va(s=)) dUn(Nn(s)y).  (3:2)
0 0
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Fig. 1 Graphic demonstration of E,, (t).

Our new representation in (3.2) is more convenient than those in [25]; it
helps simplify the proofs (see §5 for details). To see why Equation (3.2) hold-
s: First, by the definition of W, (t), all arrivals before time ¢t — W, (t) have
already entered service provided that they do not abandon; Next, the con-
dition ; > V,,(7]'—) guarantees that customer ¢ arriving time 7)* will not
abandon (because its patience time +; is bigger than its offered waiting time
w = Vo (17'—). Here E,(t) is the random measure counting the number of
points in the topleft shaded area in Figure 1. Following [17,29] we obtain the
equivalent stochastic integral representation in (3.2).

The process E,(t) in (3.2) can be decomposed to the sum of three terms,
which can be quickly verified by the definitions of U, and U, (also see [29]).
Specifically,

E,(t) = E,1(t) + En2(t) + B, 3(t), (3.3)
where
t—Wy (t)
Bualt)=via [ V(=) ARG, (3.4
0
=W (t) 1 o
Eoa(t) = Vi / / 1(y > F(Va(s-)) d0u(Nu(s)9).  (35)
0 0
W ()
E,3(t) = n)\/ Fe(V,(s—)) ds. t>0. (3.6)
0
We remark that the decomposition (3.3) nicely separates the variability of the
n'™ system: Given the waiting times V,, and W,,, (3.4) captures the variability

in the arrival process through N, (3.5) includes the variability in the aban-
donment times through U,; and (3.6) represent the average value of F,. In



addition, the “—” in V,(-) will disappear as n — oo, because both the FWLLN
limit v(s) and FCLT limit V (s) are continuous in time s.

Queue-length process. Similar to E,,, the number of customer waiting in
line at time ¢ can be represented as

N, (t)

Qn(t) = > 1y +71" > )

=N, (t—W,(t))+1
t 1
—n / / 1y > F(t— ) d0u(Nu(s)y).  (3.7)
=W (t) Jo

To wit, a customer ¢ is waiting in queue at ¢ if (i) it arrives after time ¢t — W, (t)
and its patience time y; > t — 7;*. See the shaded area on the right in Figure
1. Similarly to (3.2), (3.7) can be represented as the sum of three terms, i.e,

Qn(t) = Qn,l(t) + Qn,Q(t) + Q’I’L,B(t)7 t 2 07

where

Qua(t) = Vi /t o FE) AN, (s), (3.8)

Qna(t) = \/ﬁ/t_w (t)/o 1(z > F(t — s)) dUn(Ny(s), 2), (3.9)

t

Qns(t) = nA / Fet—s)ds, t>0. (3.10)
t—Wy (t)

3.2 Gaussian Integrals

Definition 3.1 (Hoélder continuity) A real-valued function ¢ defined on
[a,b] is said to be Holder continuous of order 0 < o < 1 if there is a constant
¢ such that

lp(s) — ()] < c¢|ls —t|* forall a<s<t<b.

Let Z(w,t) be a Gaussian process with Holder continuous sample paths for al-
most all w € £2, zero mean, and covariance function Cz(s,t) = Cov(Z(s), Z(t)).
We next consider the stochastic integral

L(w,t) = /Ot J(t,u)dZ(w,u), t>0, (3.11)

where J(t,u) is a deterministic two-parameter function which is differentiable
with respect to u. To make sure (3.11) is well defined and to be able to charac-
terize its distribution, we define a sequence of discrete version of (3.11), that
is, {L(™) :m > 1}, where

L) =3 J(tw) (Z(w, wip1) — Z(w,ug)), t>0, (3.12)
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for a given partition on the interval [0,¢], 0 = ug < ug < -+ < Uy, = t.

Proposition 3.1 (A Gaussian integral) Suppose (Z(w,t) : t > 0) is a
centered Gaussian process on the interval [0,T] with almost-surely Hoélder-
continuous sample paths, and for each fixed t, the deterministic integrand
J(t,u) is continuously differentiable with respect to u. Then the stochastic
integral L(w,t) in (3.11) is well defined and

L(w,t):/o J(t,u)dZ (w,u)
= (D) Z(w,t) — T(E0)Z(w,0) — / Tty de (313)
0

where J,,(t,u) = 0J(t,u)/0u, the equality holds almost surely, and the integral
on the right-hand side is understood as the Riemann-Stieltjes integral.

In addition, L(t) in (3.11) is a centered Gaussian process with the covariance
function

Cr(t1,t2)
:J(tl,tl)J(tQ,tg)Cz(tl,tz)—|—J(t1, ) (tz, )Cz(o 0) J(tg,tg) (tl, )Cz(o tz)

It ) (b, 0)C(0, £1) — /tl T(ts, t2)Js (11, $)Cr (5, t2) ds
0

tl t2
+ J(tQ, ) (tl, )Cz(o 8) ds — J(tl,tl)J (tz, )Cz(tl,s)ds
0

to
+/ J(tl, ) (tQ, CZ 0,s d8+/ / tl, tg, )Cz(s T)deT
0
(3.14)

for 0 <ty < ts.

The proofs of Proposition 3.1 is given in the appendix.

4 Main Results

We present our FCLT results for the overloaded G/GI/n + GI model in §4.1;
we establish the process-level convergence of the CLT-scaled system functions.
In §4.2, we further characterize the distributions of the Gaussian FCLT limits
and give steady-state performance approximation formulas.

4.1 An FCLT for the G/GI/n + GI Queue and Gaussian Limits

We first give an FWLLN for the overloaded G/GI/n + GI model; we show
that the LLN-scaled processes in (2.6) converge to their fluid limits.
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Theorem 4.1 (FWLLN for the overloaded G/GI/n + GI model) If all
assumptions in §2 hold, then as n — oo,

(V_Vn,Vn7Dn7En7BnaQn7XnanaAn) = (w,v,D,E,B,Q,X,A,A) in Dg

(4.1)
where B(t) = 1, A(t) = M, w and v satisfy
A R S
w0 = [ (1= ety (42)
v(t) = w(t + v(t)) and w(t) = v(t —w(t)), (4.3)
and D, E, Q, X and A are given by
D) = B(t) = ut, - )\/ (t—s)ds, X()=Qt)+1, (4.4)

and A(t) = A(t) — E(t) — Q(t).

The limiting fluid functions here are special cases of those of the more general
G/GI/s4+G1I model in [22]. We give the proof of Theorem 4.1 in the appendix;
the proof follows from the proofs in [23,25].

Next we establish an FCLT result showing that the CLT-scaled system
functions in (2.7) and (2.8) converge to their corresponding Gaussian FCLT
limits.

Theorem 4.2 (FCLT for the overloaded G/GI/n + GI model) If all
assumptions in §2 hold, as n — oo,

N AN AN A A AN A~

(Was Vi Duy Eny Buy @y X, Nyy Ay) = (W, V,E,E, B,Q,Q,N,A) in D°

where B(t) =0, and A(t) = N(t) — Q(t) — E(t).
The FCLT limit for the enter-service process E(t) is a centered Gaussian
process with covariance

Cr(s,t) = Cov(E(s), E(t)) = E[So(s)So(t)] — p3st, s,t>0, (4.6)

where Sy is an equilibrium renewal process (ERP) with interrenewal cdf G and
the first renewal cdf Ge in (2.5).
The FCLT limit for the HWT W (t) uniquely solves the SDE

W) = /f ds+m@(t), (4.7)

where w s given in (4.2), f is the pdf of F,

0= [ F — (s + B (3 [ FO)FEw) ) - B

= /Otc,\FC ))dBA(A(s — w(s))) + Ba ()\ /tFC(v(u))F(v(u)) du) — E(t),

0
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with B, being the standard Brownian motion independent of the processes N
and E.
The FCLT limit for the PWT satisfies

Vi(t)= t>0, (4.9)

7 W(t+o(t))
L—w(t+o() =

where W is the derivative of w.
The FCLT limit for the queue-length process is the sum of three terms, i.e.,

Qt) = Qu(t) + Qa(t) + Qs(t),

O(t) = / Fe(t— 5)dN(s) = / | F =) dBAG))

/ t)/ (z > F(t — s))dU(\s, z)

4 \/Fc(t—s))F(t—s)dBa(A(s))iBa (/t Fc(t—s)F(t—s))\ds>,
t) t

—w(t)

Qs(t) = AF“(w(t))W (1), (4.10)
where U is a standard Kiefer process.

Remark 4.1 (Special case of M service) For the G/M /n+ GI model having an
exponential service distribution, we remark that the FCLT limit of the enter-
server process is a Brownian motion, i.e., E(t) = Bs(ut), where Bs is an
independent standard BM, because Sy becomes a Poisson process with rate .
This is consistent with the SDE (1.1) and results in [25].

Remark 4.2 (Separation of variability) The process G in (4.8) is characterized
by three independent terms. The first term captures the variability of the arrival
process (as a function of N ); the second term accounts for the randomness of
the patience times of customers waiting in queue; and the third term stems
from the variability of the service process (through E). Independence of the
three processes follows from mutual independence of arrivals, service times,
and patience times.

4.2 Characterizing the Distributions of the FCLT Limits

We now further characterize the distributions of the FCLT limits given in
Theorem 4.2. We first give a Gaussian-integral representation for the FCLT
limit for HWT W which is an integral of E. Because the covariance of E is
related to the covariance of an ERP (4.6), we first discuss how to compute the
variance and covariance for ERPs.
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Proposition 4.1 (Covariance of an equilibrium renewal process) Sup-

pose NV is a stationary renewal counting process (having stationary increments

with N°(0) = 0) with interrenewal-time cdf G having pdf g and mean p=1.

Then, fort < u,
Cov(N(t), N°(u)) = Var(N°(t)) + Cou(NO(t), N°(u) — N°(t)),  (4.11)

where
Var(N°(t)) = 2,u/0 (M(s) — ps+0.5) ds = 2,u/0 M (s)ds — pi*t* + ut,
(4.12)
Cou(N°(t), N°(u) — N°(t))

:,u/tda/u_tdbg(a—i-b)[l + M(t—a)][l + M(u—t—b)] — pPt(u —t),
’ ’ (4.13)

where M (t) is the renewal function of the associated ordinary renewal process,
satisfying the renewal equation

M) = G(t) + /0 M(t —x)g(x) dx. (4.14)

Proof The proof of (4.12) is given on p.57 of [6]. Also see Theorem 7.2.4 of [34].
(We point out that there is a mistake in the proof of Theorem 7.2.4 of [34] so
the covariance formulas there are incorrect. We give the correct versions here.)
For (4.13), consider the first renewal occurs after ¢; it falls at ¢ + b with the
stationary-excess pdf g.(b) = pG¢(b). Conditional on that renewal being at
t+b, the last renewal by t occurs at t —a with pdf g(a+b)/G°(b). Conditional
on the time of these two renewals at t — a and ¢ + b, we have

E[N"(t)(N°(u) — N°(t))]

:/Oda Oudb]E[No(t)(NO(u)—No(t))|SN(t) =t—a,Syw+41 =t+b| nf(a+b)
:“/o da/ou_ db[M(t — a) + 1)[M(u—t — b) + 1]g(a + b).

Because N is an ERP, E[N°(¢)|E[(N°(u) — N°(t))] = (ut) - (u(u —t)), which
yields (4.13).

To prove that the Gaussian integral is a well-defined stochastic integral, we
justify that the limit process E in (4.6) has almost surely Holder continuous
sample paths.

Proposition 4.2 The FCLT limit for the enter-service process {E(t) : t > 0}
is Holder continuous for almost all w € §2 for some 6 > 0.
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Proof Let Y (t) be a centered Gaussian process with covariance function ¢(s,t) =
E[Y ()Y (t)]. According to Corollary 25.6 of [32], we know that a sufficient con-
dition for Y (¢) to be continuous is that ¢ should be locally Holder continuous,
that is, for each N € N there exists § = ¢(IN) > 0 and C' = C(N) such that,
for |s|, |t| < N,

65, 1) — B(t, 1) < Cls — 1] (4.15)
We next validate the condition (4.15) for E(t). Combining (4.11) and (4.13),

we obtain for u >t

~

[¢(u,t) — @(t,1)| = |Cov(E(t), E(u) — E(1))]

t u—t . u o "
%Adal db g(a+b)[1+ M(t — a)][1 + M(u—t — b)] — 12t (u — 1)

where p is the service rate and g is service-time pdf. Then for any 0 < t <
u< N anda € [0,t],b € [0,u —¢],

oust) = o) < [ da [ g1+ MOV + st - 1)

= put(u — 0)g" [T+ MNP + p2t(u — )
< (uNg' L+ M(N)* + i>N) (u —t)

which satisfies the sufficient condition (4.15) after taking the absolute value
of both sides. Hence E has a version with continuous sample paths. Then,
by Kolmogorovs continuity theorem, we deduce that the version is Holder
continuous of some order 6 > 0.

Having proved that the Gaussian process E has the desired sample-path
properties, we next provide a closed-form solution W to the SDE (4.7).

Corollary 4.1 (Gaussian integrals for /V[7) The FCLT limit for the HWT

o~ o~ o~

W) = Wi (t) + Walt) + Ws(t)

40t ()

¢ \//\FC(’U w))F(v(uw)H(t,u) ) — ¢ H(t,u) = "

i ER0) 4Ba(u) /oq@,w(t)) 4B(w),
(4.16)

where the first term on the right-hand side defined in Lemma 5.1, the third
term is defined in §3.2; q(t,w(t)) = AF°(w(t)), and
CAf(w(r)

H(t,u) = efzf h(r)dr with h(?“) = q(t w(t)) = _}J:
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Proof To verify (4.16) is indeed the unique strong solution to (4.7), we apply
1t6’s rule. Note that the non-Brownian integrals are Riemann-Stieltjes integrals
with deterministic integrands for almost all w € 2. Moreover, the integrators
By, B, and E are all independent. Let ¢(t,w(t)) = AF(w(t)), we rewrite (4.7)
as

W)= [ A g [ VAP @) e

q(u, w(u)) (u, w(u))

Y S S AR L) B TR
/oq( @) 2 )+/0 A dBx(A(u — w(u))), (4.18)

u, w q(u, w(w))

where the time-changed Brownian term in (4.7) is replaced with an equivalent
It6 integral. The uniqueness and existence of a solution to (4.18) immediately

follows from It6 theory because the last two terms of (4.18) do not involve W(t)
and are independent of the Brownian motion in the second term. Furthermore,
the last two integrals are Riemann-Stieltjes integrals for almost all w € (2.
Consequently, we can use [t&’s formula to solve (4.18). In particular, using the
differential form, we have

AW () = h(t)W (1) dt + K1 (£)dBa(t) + Ko (t)dE(t) + Ks(t) dBx(t — w(t)),
which implies

d (e* Jo h() dTW(t)) = K1(t)dBa(t) + Ko (t)dB(t) + K3(t) dB(t — w(t))
where H(t,0) = e~ Jo P dr K, (1) = H(t,0)K;(t), i = 1,2,3,

PO Few) o o Fe(w(w)
= w0 RO a0 = m ey

Integrating both sides and multiplying through by H (t,0) yields (4.16).

Ki(t)

Covariance Formulas for the Gaussian Limats. Since all the FCLT lim-
its are Gaussian processes, it suffices to compute their means and covariances.
We next give closed-form covariance formulas for the FCLT limits ), W and
X. Our covariance formulas are explicit functions of the covariance of E. The
proof of the next theorem is given in the appendix.

Theorem 4.3 (Further characterization of the FCLT limits) The
FCLT limits W, V and QQ are all centered Gaussian processes with the covari-

ance functions
Coo(W (1), W(t')) = O (t,) = O, (t,1) + O, (1) + Cp (1)
Cor(t, 1)
(1 =) (1 —w())’
Cou(Q(t), Q(t) = Cy(t,t') = Cg (t,1) + Cg, (t,t) + Cg, (£, ),

Cov(‘A/(t), ‘A/(t/)) =Cy(t,t') =
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fort, t' > 0 where

o (1,1)) :Aci/o VHET (1 ) d,

t t
Cws(t,t’):cé(t,t’)f/ Ju(t’,u)CA(u,t)duf/ Ju(t,u)Cg(u,t')du
0 0

t ot

+// Ju(t,u) Ju(t',v)Cq(u, v)dvdu,
o Jo
tAt

Cp, (1) = A& / Fe(t— s)FC(t — 5)ds,
(t—w(t)) V(' —w(t"))
AL
Ca,tt") =X F@ANt —s)Fe(t Vit — s)ds,
(t—w(t)) V(' —w(t"))
Ca,t,t) = N Fe(w(t) FC(w(t')) Cqp (¢, 1) (4.19)

~

with Cg(u,v) = Cov(E(u), E(v)) is the covariance function for E in (4.6),
J(t,u) = H(t,u)/q(u,w(u)), H(t,u) and g(u,w(u)) are as in (4.17), and
u) = oJ (t,u) _ Ch(H(tu)  q(u,w(u))H(t, u)
P =TT T ) (s w(w)?
(1 — i (w))hp(w(u))e fod =) he (w(s)) ds
AFe(w(u))
Flw(u))e fe@=w(s)hr(w(s)) ds
AFe(w(u))?

+

(4.20)

4.3 Steady-State Distributions of the FCLT Limits

We now characterize the steady-state distributions of the FCLT limits as
t — oo. In particular, we show that the steady state of the FCLT limits
are centered Gaussian random variables and we compute their variances to
fully characterize their distributions. Consequently, we obtain approximations
for the long-run performance of the nth queueing system, i.e.,

~ 1 —

Qn(00) & nQ(00) +vnQ(c0), Wn(c0) = w(oo) + 7n W(oo),  (4.21)
where Q(00) and w(oo) are the steady states of the fluid functions in Theorem
4.1, Q(oc0) and W (o) are the steady states of Q(t) and W (t). A more rigorous
argument to support (4.21) involves the validation of the interchange of the
two limits “n — c0” and “t — oo”. However, this is beyond the scope of this
paper.
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E(=t+s) - E@®) E(s)
-t —t+s 0 s t

Fig. 2 Extension of E on (—oo, 0].

First, Theorem 3.1 of [36] and Theorem 4.1 of [22] show that the overloaded
fluid queueing system has the following steady state functions:

= =F! —l v=v(oc0) =w w = “(w) an
w=w(oo) = F (1 p), = u(00) =w, q(tw(t) = \F(w) and
QEQ(OO)Z/\/ Fe(x)dz. (4.22)
0

Next, we characterize the steady state of the FCLT limits in Theorem 4.2
by letting ¢ — oco. We first obtain the variance for W(co) which is necessary
for V(c0) and Q(o0).

The convergence, as t — oo, of the variance function of Wi(t) in Theorem
4.3 is straightforward for ¢ = 1,2. However, the treatment of /W;g(t) is not
straightforward because the covariance formula for Wg(t) in (4.19) involves
several integrals; the negative term in (4.19) goes to —oo and the positive
term goes to co as t — oo (because Var(f?(t)) = Cp(t,t) = o0 as t — 00).

To derive convenient steady-state formulas, we propose a technique which
extends the Gaussian limit F given in Theorem 4.2 to the interval (—o0,0].
Specifically, we define another Gaussian process E in Lemma 4.1 that can be
understood as a two-sided extension of E to the negative half line to resolve
this issue (see Figure 2). We imagine the stationary FCLT limit is associated
with a queueing system starting from the infinity past (which is in steady state
at time 0).

The proof of Lemma 4.1 is given in the appendix.

Lemma 4.1 (Extending E to the negative half line) There exists a Gaussian
process {E(t) : —oo < t < 0} such that (i) E(0) = 0; (i1) E[E(t)] = 0 for all
—oo < t <0; and (i) the covariance function

Cou (E(~2), E(~y)) = C(~2,~y) = Cpla Vy, 2V y) - Cp(aVy, |z — y))
(4.23)

for x>0,y >0, with Cg being the covariance function in (4.6). In addition,

E has the same stationary increment distribution as E. In particular, for any
t>0,

(BE(s—t)—E(—t):0<s<t} L {E(s):0< s <t} (4.24)

Using the extended version E, we next obtain a more convenient expression
for Var(W3(t)) in Theorem 4.4. The proof of Theorem 4.4 is in the appendix.
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Theorem 4.4 (Steady state of the FCLT limits) The steady state ver-

sions W( ), V(00) and Q(c0) for the FCLT limits of W( ), V() and Q(t)
are Gaussian random variables with means 0 and variances

oty = VGT(W(OO)) = Var(V (oo ))
_ c? F(w) e () )
:2hF(Aw)/\+2Af( ) /\2FC / / M@ C(—g, —y) dyda
(4.25)

o% = Var(Q(c0)) = A3 /Ow Fe(u)?du + X /Ow F(u)F(u) du + N F¢(w)?o}y,,
(4.26)

where C(—x, —y) is as in (4.23), and w is the steady-state fluid HOL waiting
time given in (4.22).

We next show that our formulas degenerate to special cases of M service.
The proof of Corollary 4.2 is in the appendix.

Corollary 4.2 (The M service special cases)

(i) For the G/M/n + GI queue having exponential service times, steady-state
variances ofW and Q reduce to

2
2 _(x-1)+2p
W )
v Ai-D+2p
2 _ 2 _|\Fe 1) Fe 2 e 5 (e
oH=A ; ((c5 = 1)FC(u) + 1) F(u)du + N’ F*(w) oy ()

(4.27)

(i) For the fully Markovian M/M/n + M queue, the steady-state variance of
W and @Q reduce to

oy =—  and oh = (4.28)

Q:

where 0 > 0 is the abandonment rate (1/0 is the mean abandonment time).

5 Proofs

The proof of Theorem 4.1 is similar to [25] and is given in §B.1. We hereby
prove Theorem 4.2. All other results are given in the appendix. To prove
Theorem 4.2, we first prove the FCLT for W, (85.1). Given the FCLT for W,
we establish FCLTs for the other processes in §5.2.

Remark 5.1 (Extending to nonstationary arrivals) Although both Theorem
4.1 and Theorem 4.2 are stated under the assumption of stationary arrivals
with A(t) = At, our proof can be easily generalized to the case of nonstationary
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arrivals with a time-varying arrival rate A(t), as long as the system is asymp-
totically overloaded. Because real service systems (such as health care) are
often overloaded with time-varying arrivals, the more general FCLT result-
s with time-varying arrivals may stimulate future research (e.g., conducting
transient analysis and controls).

5.1 FCLT for HWT

It might be possible to prove the FCLT for Wn using the standard com-
pactness approach: (i) tightness (which implies that every subsequence has
a further convergent subsubsequence); and (ii) uniqueness of the limit of ev-
ery convergent subsequence [13,12,25,29]. But that approach would involve a
complicated treatment of tightness. For example, see [25,29] for details (the
tightness proofs for the CLT-scaled processes there are somewhat tricky and
lengthy). We hereby adopt a new approach: (i) we show that the prelimit W,
satisfies an SDE indexed by n; (ii) using the prelimit SDE, we establish the
full convergence Wn =W using the continuous mapping theorem, martingale
convergence theorem and Gronwall’s inequality. We show that the limit pro-
cess W uniquely solves the SDE in (4.7), which generalizes the SDE given in
(6.64) of [25]. The extension from M service to G1T service replaces the Brown-
ian motion By therein by a centered Gaussian process. Our new approach has
two advantages: First, it is simpler (because it nicely avoids having to prove
the tightness in space D); Second, this method may be used to treat other
processes and models in future research.

5.1.1 Overview of the proof.

The FCLT of ﬁ/\n draws heavily on the careful analysis of En and its conver-
gence as n — oo. To wit, the HWT W,, ought to increase (decrease) if the
flow-into-service E,, is big (small); and the variability of HWT (represented
by Wn) largely depends on the variability of E,, (i.e., En) On the one hand,
we will prove that En converges to a Gaussian process E by taking advantage
of the structure of the superposition of many ERPs.

On the other hand, according to the decomposition of E,(t) given in (3.3)-
(3.6), we write

% %Enﬂ(t) + (En,.?)(t) - TLEg(t))

= Ep1(t) 4 Epalt) + Ens(t). (5.1)

En(t) = —EB, 1 (t) +

Si-

We establish the convergence of En,l and Emg separately; and we express the
third term E»mg as a function of the desired Wn This will result in an SDE
for Wn (This is our key step). To establish the convergence of the right-hand
side of (5.1), we will show their joint convergence and apply the continu-
ous mapping theorem with addition. We know that joint convergence of two
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random elements is equivalent to the individual convergence of both terms if
they are independent. Even though En 1 En,g and En 3 are not independent,
because they all involve the arrival-time sequence 7", HWT W,, and PWT
Vi, or equivalently N,,, W,, and V,,, they are conditionally independent given
(J\_fn, W, Vn). Hence, in order to treat the three terms separately we can con-
dition upon (N, W,,V,) (which converges according to the FWLLN result)
and then uncondition. See Lemma 4.1 of [2] for a reference, which is a variant

of Theorem 7.6 of [30].

Lemma 5.1 (Convergence of the first and second terms in (5.1)) As
n — 0o,

En1(t) = /0 e exFe(v(w)) dBx(A(u))
/O " exF(w(s)) dBa(A(s — w(s)), (5.2)
Bua(t) = Balt) = | o / (v > F(u(s))) d0(A(s), y)
s [T P ) B (A(w)

0

t—w(t)
B, (/ Fe(v(u))F(v(u))A du)

= B, </t Fé(w(s))F(w(s)) (1 —u(s)) Ad5> - (53)

0

[[e

The first convergence result (5.2) is established using the continuous mapping
approach; the second (5.3) is proved using the martingale convergence theorem.
The detailed proofs are given in §C of the appendix.

5.1.2 Treating the third term in (5.1).

According to the FWLLN results, we have FE, ;(t) = (1/n)E,i(t) = 0 for
i=1,2, and

t—w(t)
Enalt) = ~Ens(t) = E(t) = Es(t) = /0 Fo(u(s)dA(s)  as m— oo,

(5.4)

3=
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Following (3.6) and (5.4), we have
En,S(t) - nE3(t)

=W () t—w(t)
- n/ Fe(Viy(s—)) dA(s) — n/ Fe(Viy(s—)) dA(s)
0 0
t—w(t)
tn / [F(Va(s—)) — Fe(u(s—))] dA(s)
0

t—Wy(t) t—w(t)
=n [P A e [ IV Gso) = F(u(s)))dAG)

—w(t)

g t—w(t) =R
= VAF O (ONT0) = Vi [ (B ()5 dAs) + ol

- t—w(t) R
= VAP OO0 =V [ 02,(9)T(5)dAs) + o)
(5.5)

where f is the PDF of F, the last equality holds because v(s—) = v(s) and
[V (s) = Vi(s—)| = O(1/n) (note there are n busy servers), 61 ,,(t) and 05 ,,(t)
satisfy

Vot = Wo() AV (t —w(t)) < 01.,(t) < Viu(t — Wi(t) V Vi (t —w(t)),
(5.6)
Vi (8) Av(t) < 02, (8) < Vi (t) V u(t). 5.7

From Lemma 5.1 and (5.5), we have

En(t) = VB, 1(t) + vVnEn2(t) + (En3(t) — nEs(t)) + nEs(t)

_ \/ﬁ/ exF(w(s)) dBr(A(s — w(s)))
0
+v/nB, (/o Fe(v(u))F(v(w) dA(u>> = VRF (01, (1) AW (1)
t—w(t) ~
NG / F (62 (5)Va(s) dAs) + nEs(t) + o(v/n).  (5.8)

Deriving an SDE for Wn ._We observe that the desired Wn now appears in
(5.8). To derive an SDE for W, it remains to relate the PWT V,, in (5.7) to

W,. Let AV, (t) = Vo, (t) — v(t) and AW, (t) = W, (t) — w(t) where w(t) and
v(t) are as the fluid limits given in Theorem 4.1. Using (2.4) we write
AV (t) = AW, (t + Vi (1) + O(1/n)) + w(t + Vi (1)) — w(t +v(t)) + O(1/n)
= AWy (t + Va(t) + O(1/n)) +w(t + v(t)) AV, (t) + O(1/n),

where the last equality holds because

w(t + V(1)) = w(t +v(t)) + w(t +v(t) AV, (t) + %zb(t +0(t))AV2(t) + o( AV2(1)),
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and (t) = d?w(t)/dt*> which exists by (4.2) and the smoothness of F. As
AV, (t) = O(1/y/n), we have w(t + V;,(t)) —w(t +v(t)) = w(t +v(t)) AV, (t) +
O(1/n). This implies

AW, (4 Vi (t) +O(1/n))
N 1 —i(t+v(t))

AV, () + 0(AV,(¢)) + O(1/n),

which implies that

W, (t+v(t)

Valt) = 1= Wt +u(t))

sup
0<t<T

= Vno(1/n) = o(1/v/n), (5.9)

Note that o(AV,,(t)) = o(1/n) since AV, (t) is of O(1/n). This provides a
formula to switch between the two waiting times V,,(t) and /Wn(t)

Applying the change-of-variable formula (5.9), the last integral in (5.8)
becomes

t—w(t) ~
Vi [ 1) Tate) s
0

o~

T RIACLLIO) I T
~van [ f(92,n(5))<1_w(8+v(8))> aA(s) +o(1)

1 —w(u)

0

= ﬁ/o F(O3.0 (1)) W (u) Adu + o(1), (5.10)

where the second equality holds by applying the second formula in (4.3) and
a change of variable u = s + v(s). To wit, first, the second equality in (4.3)
implies that t—w(t)+v(t—w(t)) = t—w(t)+w(t) = t; second, the first equality
in (4.3) implies that w(u) = w(s+wv(s)) = v(s), so that s = u—wv(s) = u—w(u)
and ds = (1 — w(u))du. Here 03 ,(t) satisfies

Via(t — w(t)) Av(t — w(t)) < 5.0 (t) < Vi(t —w(t)) Volt —w(t)). (5.11)

FCLT limits for E,. Label all servers from 1 to n. Let D;(t) count the num-
ber of service completions at server j by time ¢, 1 < j < n. Because the system
operates in the ED regime with p > 1, all servers will be busy at all times
with probability 1 as n — oco. Hence, the total number of service completions
in [0,¢] is given by D, (t) = Z?:l Dj(t) for t > 0, where D1 (t), Da(t), ... are
LID. ERPs. (That is, D,, is asymptotically equivalent to the superposition of
n ERPs.) By Theorem 2 of [33], we have (E,,, D,,) = (E, E) as n — oo, where
the limiting Gaussian process Eis given by (4.6). Hence, we can write

E,(t) = nE(t) + vVnE(t) + o(v/n). (5.12)
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Combining (5.10), (5.8) and (5.12) yields an SDE

Wi (t) = _M/O F(03,0(5)) Wi(s) ds + m G(t) +o(1)
(5.13)

G(t) = /0 exFe(w(s)) dBx(A(s — w(s))) + Ba (/0 Fe(v(u))F(v(u)) d/l(u)) — E(t).

To complete the proof of the FCLT for W,,, we first revise (5.13) to obtain a
much neater SDE for W,,. To do so, we apply Gronwall’s inequality below.

Lemma 5.2 (Gronwall’s Inequality) Consider measurable functions f,h >
0:[0,7] — [0,00) and a locally-finite nonnegative measure p on [0,T]. If

f(®) < h(t) +/O fu) plu)du — with /0 h(uw)p(uw)du < oo,
then

F(8) < h(t) + /Oth<u>e<fi”<““>u<u>du. (5.14)

See [26] for a reference.We first apply Gronwall’s inequality to show that Wn
is stochastically bounded. The SDE (5.13) implies that

— 1 t — 1 ~
70| < 75 | 10060 W, o)1 s + Ty 001+ o)
(5.15)
Applying Gronwall’s inequality (5.14) to (5.15) with
)= [Tat0)] . hie) = a0l ) = L

leads to

= (€G] CIGW) g e e f(B30(u))
‘Wn(t)‘ < N0 +/0 )\FC(Gl,n(u))e (01,0 (u)) FC(;1,n(t)) du + o(1)

|é(t)| eF‘c(el—tﬂL(m t ‘é(uﬂf(@g,n(u)) du + o(1).

= NFrn () FOia0) Jo  AF(rn(w)

Hence, the stochastic boundedness of ﬁ/\n follows from the stochastic bound-
edness of G,,.
Inequalities (5.7) and (5.11) imply that

O1,(t) =v(t —w(t))+o(l) =w
0., (t) = v(t —w(t)) + o(1) = w(t) + o(1), (5.16)
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where the second and last equality follows from (4.3). Replacing 61 ,,(t) and
05, (t) by w(t) in the SDE (5.13) yields much cleaner SDE

1 K — 1 .

Note that the stochastic boundedness of ﬁ/\n plays a key role here because it
keeps the errors caused by the approximations in (5.16) under control.

Remark 5.2 (Formulas for time-varying arrival rate A(t)) If the arrival rate
A(t) is a time-varying function, then the SDEs (5.13) and (5.17) generalize to

— 1 t — 1 5
W,(t) = _ﬁT(t) /0 f(Os3.1(s)) Wi(s) A(s —w(s))ds + ET(t) G(t) +o(1)
1 —~

Wi(s) AM(s — w(s)) ds

PG, )
1

T Fewmme —w(@) © el

where g, (t) = F¢(01,,(¢)) At — w(?)).

Finishing the proof of the FCLT of Wn In order to show that Wn =W
where W satisfies the SDE (4.7), we match both sides of the two SDEs (5.17)
and (4.7):

1

Wo(t) = W0)| < Gy [ 1006 [Wa(s) = W) ds o)

= / (W, (5) — W(s)| i(s) ds + o(1),

with f(s) = f(w(s))/F°(w(t)). Applying Gronwall’s inequality (5.14) once
again with

yields that
— — J§ FQw(syas [
‘Wn(t) — W(t)‘ S e OFC(m(t)) / O(I)Ff:c(u}ﬂ du + 0(1),
0

which implies that Hﬁ/\n - /WHT = 0 asn — oo.

Remark 5.3 (If we were to take the compactness approach) The key step in our
new approach is the development of the convenient SDEs (5.13) and (5.17).
We remark that our new SDE representation will provide a simple proof even
if we were to take the conventional compactness approach. The first step of
the compactness approach requires tightness of W,,, which can be shown by
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establishing (i (i) that W, is stochastically bounded (already shown here) and
(ii) that W has controlled modulus of continuity (see [34] for the necessary
and sufficient condition for tightness in D). However, our new SDE (5.17)
provides a simple proof for step (ii). Indeed, with the integral representation
(5.17) for W,, the stochastic boundedness can be used to control the modulus
of continuity, that is, we can show that

‘Wn(ﬂ—é)—Wn(t)’SC(t) tt+6f ‘W ’ds—f—o()

for some finite C(t). The stochastic boundedness of W, implies that
‘Wn(t +8) — Wa(t)
0 <t < T, which concludes the C-tightness for W,

Next, given tightness for ﬁ/\n, we assume that there exists a convergent
subsequence W, . We can easﬂy use SDE (5.17) to show that the subsequence

Wnk converges to some W* which solves the SDE (4.7).

is asymptotically bounded by C'§ for some C < oo for all

5.2 FCLT for Other Processes

Then (J/\\7mﬁn,f7mwn) = (N,E,E,W) follows from convergence-together
theorem (see Theorem 11.4.7. of [34]) and the continuous mapping theorem.
Having established W,, = W, we immediately have V,, = V with

= W (t + v(t))
V) = T wr o)

following (5.9).

We next_prove the FCLT for the queue-length process @n based on the
FCLT for W,, and the continuous mapping theorem. First, FWLLN implies
that
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Following (3.8)-(3.10), as n — oo,

i) = Or(t) = /t t | F (= S) B (A)), (5.18)

= Ot /w@/ (x> F(t — 5))dU(A(s), z)

4 / VE— ) F({i —5)dBa (A(s))
t—w(t)

d ' c(t—s — S S| = v “(u u U
—Ba</tw(t)F(t VE(t )/\d>_6a</0 F()F()Ad),

(5.19)
—~ t— w(t)
Qn,fi(t)ET(Qnd()_nQS \f/ _ Fe(t — s)\ds
= W () F(w(t)A + o(1) = Qs(t) = W (£)F°(w(t))A. (5.20)

Here the proofs for convergence in (5.18) and (5.19) are similar to the proofs of
Lemma 5.1. Note that Q3 in (5.20) involves W given in (4.16), which involves
stochastic integrals with respect to By and E and the Kiefer integral of U
(or Brownian motion B,). A careful analysis reveals that the Kiefer integral
of E in Lemma 5.1 involves U in the time interval [0,¢ — w(t)] while Q in
(5.19) involves U in [t—w(t),t]. So Q- and Qs are independent because a Kiefer
process has independent increments with respect to the first (time) component.
Similarly, because E in Lemma 1 involves By in [0, £ —w(t)] while Q; in (5.18)
involves BA in [t — ( ), t], @1 and @3 are independent. In summary, all three
terms Ql, Qg and Qg are independent.

The above analysis enables us to obtain an alternative representation for
Q by regrouping the integrals, writing Q as a sum of three new independent

integrals:
/K,\tudBA /KtudB /Ktu (u),

where the integrands K (t,u), K,(t,u) and K(¢t,u) are analytic functions,
with K (t,u) and K,(¢,u) being piecewise functions (having different forms
for 0 < u <t —w(t) and t — w(t) < u < t). This alternative formula nicely
separates the variabilities in the arrival process (through B,), abandonment
times (through B, or U) and service times (through E).
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6 Refined Staffing Levels

In this section, we consider a refined staffing function given by
sp = [ns1 +v/nsa] where sq, so > 0. (6.1)

The refined staffing function in (6.1) is closely related to the staffing functions
introduced in [28]. The general form of (6.1) enables us to recover two of
the staffing functions considered in [28] that respectively lead to the ED and
ED+QED operating regimes. More specifically, the two staffing functions in
[28] are given by

nep = [(1 —7)Ral, (6.2)
nEp+QED = [(1 = 7)Rn + 61/ Ra (6.3)

where 0 < v < 1 and R, is the offered load defined as R,, = nA/u. Letting
s1=(1—=~)A/p and sy = 0 yields (6.2) whereas letting s = (1 —y)\/u and
s2 = 0/ A/ yields (6.3). Also see [20] and §10 in [25] for time-varying versions
of the refined staffing (6.1).

We next briefly discuss the changes resulting from considering the staffing
function s, instead of n. In the previous sections, the staffing function happens
to coincide with our scaling factor n, i.e., s, = n. In this section, we let n
and /n be the scaling factors for FWLLN and FCLT, respectively, and let
the staffing function have a more general form s, = [ns; + /nsa| where
s1, 82 > 0. To indicate the processes associated with the new staffing function,
we use superscript r, whereas, to indicate the processes associated the case
where s, = n, we use notations without a superscript. Because the arrival
process is independent of the staffing level, it holds that N/ (t) = N,(t) for
allm > 1 and t > 0, and hence, N"(t) = N(t). The FWLLN limit and the
FCLT limit for the service-completion process, on the other hand, becomes
D"(t) = s1D(t), and D"(t) = /51D(t) + s2D(t), respectively, where D(t)
is a centered Gaussian process with covariance function Cr in Theorem 4.2,
and D(t) = pt as in (4.4). Hence D" (t) is a Gaussian process with covariance
function C"(+,-) = s1CEg(-,-) and mean ssout. Consequently, the enter-service
process satisfies E" (t) = \/ﬁﬁ(t) + Soput.

The following theorem is an analogue of Theorems 4.1 and 4.2 for the
G/GI/n + GI model having the refined staffing function s, in (6.1). The
proof is given in the appendix.

Theorem 6.1 (FWLLN and FCLT with refined staffing) Consider the
G/GI/n + GI with staffing level s, given by (6.1) and p" = X/ us; > 1.

(i) Under the conditions of Theorem 4.1, an analogue of joint convergence
n (4.1) holds as n — oo where A" (t) = At,

DI(t) = BT (8) = b, w' (1) :/O (1-%) du,
v (t) = w"(t 4+ 0" (). (6.4)
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The limits Q" (t), X" (t) and A" (t) have the same mathematical form as their
counterparts in Theorem 4.1 with modified components.

(it) Under the conditions of Theorem 4.1, an analogue of joint convergence
n (4.5) holds as n — oo where

/ — Tt wr}g?’")cx dBx(A(u — w" (u)))
\/)\FC (v (u))F (v (u))H" (t,u)
/ q(t,wr (t)) dBa(u)
NPTRT0) dE(u) zu/O T w @) du, (6.5)

w”(t) and v"(t) are as in (6.4), H"(-,-) and q(-,w"(+)) as in (4.17) with w(t)
replaced by w" (t). The virtual waiting time V' (t) and the queue-length process
Q" (t) have the same mathematical forms as in (4.9) and (4.10), respectively,
with w(t), v(t) and W (t) replaced by their counterparts w' (), v (t) and /Wr(t).
The FCLT limit for the abandonment process is A™(t) = N(t) — Q" (t) — E"(t).

- VA

Note that (6.5) is different than (4.16) in that the third term on the right-hand
side is scaled by ,/s; and that there is an additional deterministic term. This
implies that both the variance and mean of HWT change and so do those
of the PWT and queue length. The corresponding steady-state formulas are
given in the following corollary.

Corollary 6.1 (Steady state of limits with refined stafﬁAng) Under the
assumptions of Theorem 4.4 the steady-state random variables W"(00), V" (c0)
and Q" (00) have Gaussian distributions with means

- = E |77 (00)| = B[V (00)] = —5 25,
B Q7 (00)] = AF“(u)B [ (00)| = — 20,
and variances
Var(W'(c0)) = Var(V"(c0)) = o2y, = a__, Bl | s10%7

2hp(w™)N 22X f(w")

where

0-12/[/; )\QFC wr / / _hF(w ) m+y)c( T, — )dyd.]?

the covariance function C(—z,—y) is as in (4.23), and w" = F~1(1—1/p").
The variance of the steady-state queue length Q(co) has the same mathematical
form with w and W replaced by w™ and WT.
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Remark 6.1 (Optimal staffing problems) Heavy-traffic FWLLN and FCLT lim-
its have been proven useful in solving optimal staffing problems with respect to
service-level constraints in large scale service systems [3,28]. A general frame-
work of this type of approaches has two steps: First, a corresponding optimal
staffing problem is formulated and solved using analytic FWLLN or FCLT
limits (which are often more convenient than their corresponding stochastic
versions); Next, an asymptotic optimality result is established by showing that
the FWLLN- or FCLT-based optimal staffing problem is asymptotically equiv-
alent to its desired stochastic version as the scale n — co. We advocate that
our new FCLT limit with refined staffing functions provides a basis for solving
optimal staffing problems in the G/GI/n + GI queueing systems (note that
two control factors s; and sy for the staffing function are preserved in the lim-
it). For example, in the FCLT-based optimal staffing problem, we may choose
the optimal s7 and s5 in order to minimize certain performance functions,
e.g., the mean waiting time, queue length, or abandonment probability, see
the formulation in [3]. We leave this to future research.
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APPENDIX

This appendix provides additional proofs for results in the main paper.

A Proof of Proposition 3.1

Suppose w € 2 is such that (Z(w,t) : ¢ > 0) has Holder continuous sample paths. For
simplicity, we suppress w hereafter. For m > 0, consider the partition 0 = ug < u1 < -+ <
Um =t and

m—1 m m—1
LM (1) = T(twi) (Z(uigr) — Z(ui)) = > J(tui1)Z(ui) — > J(t,ui) Z(u;)
1=0 =1 =0
m—1
= J(tum—1)Z(um) — J(£,00Z2(0) = > [J(t,us) — J(tui—1)] Z(us). (A1)
=1

Because Z(t) is continuous the summation converges to the Riemann-Stieltjes integral as
partition mesh goes to 0 if J(¢,u) is monotone in the second component for each ¢. Moreover,
if J(¢,w) is differentiable for each ¢, we can replace the integrator d.J(t,u) of the Riemann-
Stieltjes integral with Jy, (¢, u)du where the subscript denotes derivative with respect to the
second component. The Riemann-Stieltjes integral is well-defined if the derivative as a func-
tion of u for fixed ¢ is continuous (in general, finitely-many jumps are allowed). Therefore,

/t J(t,u)dZ(u) = lim LU (1) = J(t,t)Z(w,t)—J(t,O)Z(w,O)—/t Z(w, u) dJ(t, u).
0 m— oo 0

Moreover, with A = max{u; —u;—1 : 1 < i < m}, we have

m—1 t
[Tt ug) — J(t,ui—1)] Z(us) — / Ju(t,w)Z(u) du
i=1 0

m—1

Z /u7 [](t,ui) —Jtuio1) Ju(t, u)} (Z(u) — Z(ui)) du

=1 Juia Ui — Ui—1

< 1A AY =0

D~

as A — 0, where the inequality holds because Z has Hélder continuous sample paths and
J(t,u) is differentiable with respect to the second component.

We prove Proposition 3.1 in two steps. First, we show in Lemma A.1 that if the sequence
of covariance functions associated with the processes {L(m) :m > 1} converges to some limit
function, then the sequence {L(m) :m > 1} converges in distribution to a Gaussian process.
Moreover, the covariance function of the limit Gaussian process coincides with the limit of
the covariance function associated with {L(m) :m > 1}. Then, in the second step, we show
that the covariance functions associated with {L(™) : m > 1} indeed converges.

Lemma A.1 Let X(m) = (Xfm), .. .,Xl(m>) be a sequence of centered Gaussian random

vector in R! and let (™) be the covariance matriz of X(™). If X(™) — 3 as m — oo,
then X (™M) = X where the limit X is Gaussian with mean zero and covariance X.

Proof Consider the characteristic function ¢, (6) = E [ewTX(m)] of the vector X (™), The

convergence X(™) — 5 implies the convergence of characteristic functions
1T s2(m 1T
dm(0) = e 30T F0 L (g) = m307 2

due to continuity of ¢,,. Then the result follows from Lévy’s continuity theorem.
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We next show that the covariance function associated with the sequence {L(™) : m > 1}
in (3.12) converge. We consider a partition of the interval [0, ¢2] such that there are a total of
mo intervals partitioning [0, t2] and m; intervals partitioning [0, ¢1]. We use the form in (A.1)
to compute the covariance of L("™)(t). Let Cz (-, -) be the covariance function associated with
the process Z. Then, for 0 < ¢; < t2 and the partition 0 = sg < 51 <+ < Spmy—1 < Smy =
t1 < Smi41 < < Smy—1 < Smy = t2,

E[L(™ (t1) L™ (t2)]
mi1—1

=E |:<J(t1,sm11)Z(t1) — J(t1,0)2(0) — > (J(t1, ) — J(tl,si_l))Z(si)>

i=1

mo—1
X <J(t275m21)Z(t2) — J(tQ,O)Z(O) — Z (J(tz, Si) — J(tg, Si—l))Z(si)>:|
=1
= J(t1,Smq—1)J(t2, Smao—1)Cz(t1,t2) + J(t1,0)J(t2,0)Cz(0,0)
—J(t2,8m2_ ) (tl, )Cz(o tQ) (tl,8m1_1)J(t270)Cz(0,t1)
m1—1
— Z J(t2,8m2_1)(J(t1,Si) _J(t175i71))cz(si,t2)

mi—1

+ Z J(t2,0)(J(t1,8:) — J(t1,5-1))Cz(0, 5i)

mo—1

— Z t1,sm1_1)(J(t2,Si)7J(t2,si,1))CZ(t1,si)

+ ) J(t1,0)(J(t2,50) — J(t2,5i-1))Cz(0, 5:)

Z Z (J(t1,8:) — J(t1,8i-1))(J(t2, 85) — J(t2,8;-1))Cz (84, 85)-

Convergence of the first four terms follows from continuity of u — J(t,u) for each fixed t as
Smy—1 — t1 and Spm,—1 — t2 as m — oco. Convergence of the last four summations follows
from the fact that Cz is bounded over compact intervals and J(¢,u) is differentiable and,
therefore, bounded for each ¢ over compact intervals. Hence the limits of these terms are
the Riemann-Stieltjes integrals given in (3.14). Finally, the last summation term converges
to the two-dimensional Riemann-Stieltjes integral in (3.14) due to similar reasoning. O

B Proof of Results in §4

B.1 Proof of Theorem 4.1

We first establish a FWLLN for W, following the compactness approach, i.e., (i) the se-
quence Wy, is C-tight, which implies that every subsequence has a convergent subsequence
with a limit in C; and (i¢) every convergent subsequence converges to the same limit, which
in our case uniquely solves the ODE in (4.2). Finally, we establish convergence for the oth-
er processes and characterize their limits. We remark that the tightness for W, is quite
straightforward, but the tightness for the CLT-scaled processes (e.g., /Wn) is complicated
(which is why we adopt a new approach to prove the FCLT).

The proof closely follows the arguments in [23] and §6.6 of [25]. We, hereby, redo the steps
therein for the new representation of the enter-service process Ey,; we use the decomposition
n (3.3)-(3.6) that is different than the expressions for E, in [25].
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Tz'ghtness Of {Wn} To prove tightness, first we show that W, is stochastically bounded
and then show that W, has controlled modulus of continuity, that is, for each T' > 0 and
e>0,

%Sif(} lim sup P(w(W,,8,T) >€) =0 (B.1)

n—oo

where w(Wh,d,T) is the modulus of continuity of Wy, i.e., sup{w(Why, [t1,t2]) : 0 < t1 <
to < (t1 + 6) AT} with w(Wh, A) = sup{Whn(s1) — Wn(s2) : 51,82 € A}.

The stochastic boundedness is obvious, because in any finite interval [0, 7], we immedi-
ately see that HOL satisfies 0 < Wy, (¢t) < T for alln > 1, t € [0, T).

To treat the modulus of continuity, we first see that Wy, (¢t + ) — Wy (t) < for § > 0
and 0 <t < T, because the HWT can increase at most at rate 1. Therefore, it remains to
find a bound on W, (t) — Wy (¢ + §). To this end, define

_ _ - 46— W (646)
Bns(t,6) = Bns(t +8) — Bnalt) = / F(Via(s))\ ds. (B.2)
W ()

Because the cedf F¢(z) > 0 for allz > 0, let ¢ = inf,¢[o, 7] { ()} > 0. Hence, the integrand
in (B.2) is bounded below by a constant cA > 0, which yields a lower bound on E, 3(t,4):

Bns(t,s
Wi (t) = Wy (t+8) +6 < % t> 0.
C.

From the FCLT in Theorem 2 of [33], we know that D, (t) = D(t) = ut so that E, 3(t) —
E3(t) = D(t) = pt. Therefore, we have limsup,, , {Wn(t) — Wn(t+ 6)} < pd/cX so that

lim sup |[Wn(t + 8) — Wi (¢)| < ¢*6, ¢* = max (p/cA, 1). (B.3)

n—00

Hence, W, is tight. In addition (B.3) also implies that the limit of every convergent subse-
quence of Wy, is in C and is Lipschitz continuous.

Limit of Convergent Subsequence of {W,}. The C-tightness implies that every sub-
sequence of Wy, has a convergent subsequence. Let Wy, be a convergent subsequence with
the limit w*, i.e., Wy, = w*. From (2.3) and (2.4), we deduce that the PWT on the
subsequence also converges, that is, V, = v*, with the limit v* satisfying

v (t) = wr(t +v*(t)) and v (t —w*(t)) = w*(t), t>0. (B.4)
We now show that w* solves the ODE (4.2). On the one hand, the FCLT in Theorem
2 of [33] implies that (En, Dyn) = (D, D) with D(¢t) = ut. On the other hand, (3.3) implies

that E, along the subsequence associated with Wy, and Vi, converges to a limit E*.
Specifically,

_ t—w* (1)
En, (t) = E*(t) = B3(t) = /0 Fe(v*(s))Ads = D(t) = put. (B.5)

Because the prelimit process is C-tight, we know the derivative w*(¢) exists. Taking
derivative in (B.5) yields

p= (1 =" @O))F (" (t —w" ()X = (1 — " (£)) F(w* () A, (B.6)

which coincides with the ODE (4.2).
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FWLLN for the other processes. To prove full convergence of Vi, we write

Vi (= Wi () = (t = w(®)] < [Vir(t = Wi (1)) = Vaa(t = w(0))] + Vi (t = w(8)) — w(t — ()]
= |Wh(t) —w(t) + O(1/n)| + |w(t) + O(1/n) — w(t)|
< [Wn () = w(t)] + O(1/n) (B.7)

Applying the change of variable to (B.7) with u, =t — W, (¢) and v = ¢t — w(¢) to obtain
w., —
[V — of| < w +0(1/n) = O(1/n) (B.8)

for a constant v > 0, where the equality holds because un, = u + o(1).

The limit of the sequences of processes (3.8)-(3.10) can be obtained the same way it is
done in [25] which makes use of Theorem 3.1. of [29] and then applies continuous mapping
theorem given W,, = w. From (6.17) of [25], we immediately write

t
Qni=0 for i=1,2 Qnsz=Q3(t) = / Fe(t—s)Ads, as mn—oo. (B.9)

t—w(t)

B.2 Proof of Theorem 4.3

The expressions for CW1 (t,t") and CWQ (t,t") are obtained by applying rules of Ito integral.
Derivation of these functions follows from standard arguments and therefore the details are

omitted.
To compute CW3 (t,t") we make use of (3.14) with J(t,u) = H(¢,u)/q(u, w(u)) where
H(t,u) and g(u,w(u)) are as in (4.17). In particular, for 0 <t < t/,

CVAVB(t,t’) = J(t,t)J(t ,t)Cg(t,t) —/t J(t, 1) Ju (t',u)Cp (t, u)du
0

t t ot
7/ J(t’,t’)Ju(t,u)CE(t’,u)du+/ / Tu(t,w) o (t, 0)Ci (u, v)dvdu
0 0 0

1 , 1 ¢
= N E ) <" T S Few®) Jo

1 t , t ot )
_ W/O Ju(t,u)CE(t 7u)clqu/O /0 Ju(t,u)Jy (', v)CEg (u, v)dvdu

Ju(t',u)CE (t,u)du

where Jy (¢, u) is as in (4.20).

We next derive the covariance function for the limit queue-length process. First, C 0, (¢, t")
can be obtained from isometry property of It6 integral. The function C@Q (t,t") can be ob-
tained by U(Xs,y) = W(As,y) — yW(As, 1) where W(-.-) is a two-dimensional Brownian
motion. We refer interested readers to the long version of [29] and the references therein
for a definition of Kiefer process and of stochastic integrals with respect to two-parameter
martingales. The last term easily follows by definition. [}

B.3 Proof of Lemma 4.1

First, we prove the existence of E(t) It suffices to show that for any n > 1 and —t; <
—tz < ... < —tp < 0, the matrix M = (C(—t;,—t;))}';—; is non-negative definite. Let
ri =ty and rj; = t;_1 —¢; for j = 2,...,n and define N = (Cg(ri,r;))};—;. For any z =
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n

)T suchthaty; = >°0 | z; andy; = — %

(21,22, ., 2n)T € R™, definey = (y1, 42, -, yn
for 7 = 2,...,n. Given that é(t, s) = Cg(—t,—t) — Cg(—t,s —t) , we can compute

n
2TMz = Z C(—ti,—t;)22 +2 Z C(—ti, —tj)ziz; = yT Ny.
i=1 1<i<j<n

We shall explain how to derive the above equation for n = 2.

22C(—t1, —t1) 4 22122C(—t1, —t2) + 25C(—ta, —t2)
=22Cg(r1,r) + 22122(Cg(r1,71) — Cr(r1,r2)) + 22CE(r1 — ro, 71 — 72)
=22Cp(r1,r1) + 22122(Cg(r1,r1) — Cr(r1,r2)) + 25 (Cg(r1,m1) — 2Cg(r1,72) + Cg(ra,m2))
= (21 4 22)2CE(r1,m) — 222(21 + 22)Cp(r1,r2) + 22Cg(r2,r2) = yT Ny.

Since CFg is the covariance function of a Gaussian process, the matrix N is non-negative
definite and hence y” Ny > 0. As the vector z is any vector in R™, we can conclude that
M is also non-negative definite and the existence of E follows. The argument is similar for
n > 3, therefore, the details are omitted.

Next we show that (4.24) holds. Since a Gaussian process is fully characterized by its
covariance function, it suffices to show that for any fixed t > 0 and 0 <r < s <,

Cov(E(—t +1) — E(—t), E(—t + s) — E(—t)) = Cg(r, s).
By our definition of 6’(1&, s), we can compute

Cov(E(—t + 1) — E(—t), E(—t + s) — E(—t))
=Cg(t—rt—r)—Cg(t—r,s—r)+Cg(t,s)+ Cg(t,r) — Cg(t,t). (B.10)

By the stationary increments of E, we have
Cg(t—rt—7r)= Var(E(t —r)) = Var(E(t) — E(r)) = Cg(t,t) — 2Cg(t,7) + Cg(r,1),
Cg(t—r,s—r) = Cov(E(t —r),E(s —r)) = Cov(E(t) — E(r), E(s) — E(r))
=Cg(t,s) = Cp(t,r) — Cp(r,s) + Cp(r,7),
which along with (B.10) implies that

Cov(E(—t + 1) — E(=t), E(—t + s) — E(=t)) = Cg(r, s).

This completes the proof. [}

B.4 Proof of Theorem 4.4

Steady state of W. Let AV'(0,02) denote the normal distribution with mean 0 and
variance 2. First, we treat Wi (t) in (4.16) by applying a change of variable with u = s+wv(s).
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Let x(t) be the inverse of the function 8(t) = ¢ + v(t). We write

_ rw(t) S(w(s+v(s s+ v(s
Wi = [ VP wls +vODHL s+ v(9) g (4(s 4 os) — w(s + v(s)

() AFe(w(t))
(1) Fe(u(s))H(t, s + v(s))
= ! dBy (A
/ e e dBa(A(s)
K(t) . 2 re(t)
g °x 7hp(w)(tfsfv(s))d g i/ 72hp(w)(tfsf'u(s))d
/0 G e B (s) = B < A e s

=
[l

B i/te—QhF(w)(t—s)dH(s) B A (1_6—2thp(w)>
AN Jo A\ 2hp (w)X

— 2
éWl(oo)g/\f 0,—2>— |, as t — oo,

where the second equality follows from (4.3). Similarly, an application of Theorem 3.4.6 of
[15] yields

VW) e’hF(w)(t’“)dBa(U)-i-o(l)iga( Flo) (1_e,2thF<w)))

0 VAFe(w) 22 f(w)
= Wa(co) N (07 ij(j(uu)])) , as t— oo.

Next, (4.22) and (4.16) imply that

W L K —hp(w)(t—u) 40
Var(W3(t)) = WV&I‘ (/o e~ hr(w)(t—u) dE(u))
1 _ ¢ N

=g (2B = [t B )

R S . o —hp(w)t /t —hp(w)s S .

T X2Fc(w)? {e C(=t,—t) + 2hr(w)e o e C(—s,—t)ds
t T -

+2hp (w)? / / e~ hr W@y (g, —y)dyd:c:| (B.11)

0o Jo

where the second equality follows from (4.24). Note that C(—t, —s) = Cov(E(—s), E(—t)) <
\/Var ))Var(E(s) \/Var ))Var(E(s)). As Var(E(t)) = O(t2) as t — oo, we can

conclude that C(— t,—s) = O(st) as s,t — oo0. As a result, the first term in (B.11) is
O(e2hr(W)t42) _ 0 and the second term is O(e~"F(®)t42) 5 0 as t — oco. Hence we
conclude that

Wi (t) = Wa(oo) SN (0,0%,) as t— oo

where
0‘2/[/3 = 2/\2Fc(w / / e MW@ C(—g, —y)dyde, (B.12)

and C(-,-) is as defined in Lemma 4.1.
Finally, by independence, we conclude that

W (t) = W(o0) = Wi (00) + Wa(oo) + Wa(o0) L N (0,0%,), as t— oo,
A F(w) 2

h 2 = )
where T = S (w)x T 2af(w) T TWs
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Steady-state of (). We next characterize the steady state for the queue-length process.

Q1(t) = cx ' FC(t—s)dBA(A(s))gckxf)\/ch(w—s)dB)\(t—w—s—s)

t—w
,c/\\f/ Fe(w —s)dB/\(s)éQl(oo) N(0, O’Ql) as t— oo,
where 0’%1 = /\ci/ Fe(u)?du. (B.13)
0
Next, the expression in (5.19) implies that, as t — oo,
A d w(t) . ’\ d 2
Q2(t) = B, / Feu)F(u)Adu | = Q2(c0) = N(0,05,),
0
where 0222 =X [y F(u)F¢(u) du. Finally, (4.10) yields that
Qs(t) = AFC(w) W(t) = Qs(c0) = A FC(w) W (o) £ N (o, 0%3) . as t— o0,

where ‘7223 = )\QFC(w)2a€‘/,\. ~ ~

The independence of Q1,02 and Q3 yields

@(t) = @(oo) EY (0,0%) as t— oo, where aé = 0‘2Q1 + Uéz + 053.

B.5 Proof of Corollary 4.2

Remaining service times are exponentially distributed due to lack of memory if the service-
time distribution is exponential. Consequently, service completions at each server is a Poisson
process with constant rate g > 0 which implies by [33] that the sequence E, converges to
a centered Gaussian process with covariance function Cg(s,t) = p(s At) for s,t > 0. Then

(4.23) becomes C(—x, —y) = p(z V y) — plz — y| for z > 0, y > 0. Consequently, (B.12)
becomes

oy, =2 /\QFC(w / / e~hE @@+ 4y dyds

hp(w)? / —hp( / -
-9 F(w)x hp(w)yd d
T2 Fc(w)2 o pe o ye yax

2 oo
= QM / pe~hr(we (,%efhl-‘(w)m + % <1 _ e*hF(wﬂ)) dx
/\2Fc(w ( (w) hF(w

/\QFC(w)2
hF( /oo efhp(w)a: (1 _ efhp(w)z) dx)
hr(w)?

E
W w _ 1
NEFe(w)? (2hF<w>2 2hr(w) | hp(wp | 2hp(w)? )f 2 f(w)

Summing up 0"2,‘/3 with aavi(oo) for i = 1,2 yields (4.27).

The variance 0‘2/‘,3 for the M/M/n + M queue can be immediately obtained by letting

c2 =1 and hp(w) = 6 in (4.27). Finally we obtain C’Zg in (4.28) as follows:

=2 L A COL
2

2 _ wcu2u v u Cu2u 20w20_2
O—Q(oo)fx/o F()d+>\/0 F(u)FE(u)? du + \2F€(w)202,

A A1 A
7(1767610)4"»7'7:77
) 0 p 0

where the last equality holds because w = F~1 (1 —1/p) sothat 1—1/p = F(w) = 1—e~ %,

w
= /\/ Fe(u) du + A2F°(w)?03, =
0
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C Proofs of Lemma 5.1
C.1 Proof of the Convergence in (5.2)

We consider the modified processes E; 1 (t) given below. We first prove convergence for the
sequence E\; ; and then show that the difference between the modified sequences E;L , and

the desired sequence En,l is asymptotically negligible (see (C.3)) which proves the desired
convergence in (5.2).

Now define for ¢ > 0,

~7 ’ tfw(t> ~
B0 = %E 0= [ ) R

. - t—w(t)
= F°(v(t — w(t)))Nn(t — w(t)) — F(v(0))Nn(0) — /0 Nn(s=)dF®(v(s))
= F(w(t))Nn(t — w(t)) — Nn(0) — /0 No(s — w(s)) dF°(w(s)). (C.1)

The second equality holds by integration by parts. The last equality follows from (4.3). Next
we define a mapping 1 : D — D such that for z € D,

t
P(2)(t) = F¢(w(t))z(t) — 2(0) — /0 z(s)dF¢(w(s)), 0<t<T.

We now prove that the mapping v is continuous in D. Let {z,} be a sequence in D such
that ||xn — z||7 — 0. Then

[t (@n)(8) — () (2)]
t t
= Fc(ﬂ)(t))l‘n(t)*ﬂﬂn(o)*/0 xn(S)ch(w(S))*FC(W(t))w(t)Jrﬂf(O)Jr/o z(s) dF(w(s))

< F(w(t)en(t) — z()] + [2n (0) — 2(0)] + [|2n — xHT‘ /0 ch(w(S))‘ <dllzn — x|

Hence the mapping % is continuous. In general, proving convergence with respect to the
uniform topology does not necessarily imply J; convergence because there may be measur-
ability issues (see e.g. [34,5]). However, we will be interested in the case where the limit «
is continuous, i.e., x € C. Therefore, we will not have any measurability issues and obtain
the desired convergence in D with respect to Skorokhod’s J; metric.

Convergence of the modified process in (C.1) follows by continuous mapping theorem
with composition. In particular, let Z,(t) = Nn(t — Wn(t)). Then Z, : [0,7] — R and

Zn = Z where Z(t) = N(t — w(t)). Convergence of {Z,} follows from continuous mapping
theorem with composition. Then we have n='/2E, 1(t) = ¥(Z»)(t) = ¥(Z)(t) in D with

t . . N t
w(Z)E/O f‘w(w(S))dN(S*W(S))EFc(w(t))f\/(t*W(lﬁ))*N(O)*/O N(s —w(s)) dF(w(s))

t
= F(w(t))exBa(A(t — w(t))) — exBa(0) — /0 exBa(A(s — w(s))) dF©(w(s)).
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Finally, to establish (5.2), we show that the difference between the processes n= /2 E, 1(t)
and nil/zE;L’l(t) is asymptotically negligible. In particular,

|Bna®) = B, 1 (0) (C.2)
N % /otiwnm F®(Vn(s=)) dNn(s) */Otiw(t) F*(v(s)) dNn(s)

1 t—Wh (t) . B T (s 1 t—w(t) . N elus ..
=7 /t,w(t) FE(Va(s=)) dNu(s) +ﬁ/0 |[F*(Vin(s-)) = F*(0(s))] dNn(s)
< in | Nt = Wa (1)) = Na(t = w(®))| + % |Na(t = w(®)) = Na(0)] = 0. (C.3)

C.2 Proof of the Convergence in (5.3)

To prove convergence in (5.3), we apply the martingale FCLT in [30] (Also see [8,13] for
applications of the martingale FCLT). First we define a sequence of discrete-time processes
(see (C.4)) and argue that it is a sequence of martingales adapted to a specific filtration
24, as defined below. Next, we define continuous-time martingales using the discrete-time
martingales in (C.4). Then we invoke Theorem 7.1.4. on p.339 in [9] to establish convergence
and characterize the limit.

Consider the discrete-time processes

k
% S @AGE > wl) = Fe@l) for k=1,2,... (C.4)

i=1

)

n
k

3

Also, consider the filtration " = o{7]% ;,v}*,7] : 1 <i < k}. Then IEHFI;?” < k/y/n and

1

E[HI? - H1?71|,}f}€”71} = \/ﬁ

By > wp)| A4, ] = F(wy)) =0,

which implies that the process {(ﬁg,yi”k”) : k > 1} is a discrete-time martingale for each
n > 1.

Our next step is to replace k with |nt| for ¢ > 0 to obtain a continuous-time martingale.
By a direct application of Lemma 4.2 of [8], we deduce that the continuous-time process
(H™(t),2™(t) : t >0) = (H[Lntj , jﬁ”ﬁ” 1t > 0) is a martingale with quadratic variation

[nt]
0 = 3 AGT > ul) = Fwi)?. (©5)
=1

We next show that the sequence of martingales (H™(t), #"(t) : t > 0) satisfies the condi-
tions of Theorem 7.1.4. of [9]. In particular, it is required that (¢) jumps of the processes
ﬁ"(y) are asymptotically negligible and (i4) quadratic variation of the processes converges
in probability to a limit characterized in Theorem 7.1.1. of [9].

(2) Negligibility of jumps. We now show that condition (a) of Theorem 7.1.4. holds. Let
Hn(t—) = lim g4 H™(s). Then, for each T > 0, we have SUPg<i<T |[Hn(t)—H™(t—)| < 1/+/n
and hence o

lim E| sup |[H™(t)— H"(t-)|| =0,
n—roo 0<t<T

which is the desired condition.
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(#4) Convergence of quadratic variations. We now prove that the quadratic variation
processes given in (C.5) converges in L2 sense as n — oo. In particular,

o 0! 2
E |:<71‘L Z (1(’7;'” > wf) — Fc(w;”))Z _/0 Fc(v(u))Fc(v(u)) d/l(u)) :|

i=1

3

Lt 2
<2E {(1 > [aep > wi) - Fewi)? - F%w?)F(w?)]) }

i=1

+E[<
ni

1 [nt] A1) 2
+4E [(n > e =)F(u(r]-)) —/O Fc(v(u—))F(v(u—))dA(U)> ]
=1

Lnt]

,,
3
&

&

2
[Fé(wi) F(wi') — Fc(v(T?—))F(v(T?—))]) }

1

< 5 SE|anr > up) - Fewn)? (Fwn) - )|
=1
+ ZES (107 > uf) - Fowi) (1] > w)) - F(w))) x
i#]
(Flwp) = Fe(p)) (Ff) - F*(uf))]
1 ot 2
HAE || = D0 [P F(w]) = FE(o(r =) F(v(r]" -))] (C.6)
i=1

| Lnt] A1) 2
HAE || D Fe(u(r] =) F(u(rf'-)) —/0 FO(v(u)=)F(v(u)—) dA(u)
i=1

(1)
The first sum vanishes as n — oo because the summands are bounded by 1 and, therefore,
the first term is bounded by 2|nt|/n? — 0 as n — oco. The summands of the second term
are independent. Therefore, the second term is equal to 0.
To prove convergence of (C.6), we first rewrite the summands of (C.6) as
FE(wi)F(w]!) = FO(o(r]' =) F(u(r] =) = FE(w]") = F(u(r]'=)) = (F(w})? = F°(u(r]'-))?)
(C.8)
Next we make use of the FWLLN for PWT V,,(¢), i.e., V;, = v in D, and continuity of the
function F' to show that (C.6) converges to 0. In particular, for all ¢ > 1,
Fe(wi) = FE(Va(r{—)) = F(u(7" =) + o(1)).
Combining with (C.8), this implies that the summands in (C.6) can be bounded above by
|FC(u(rf' =) + o(1)) = FC(u(r{* )| + [F*(v(7]' =) + 0(1))* = F*(v(7]"=))*| < |o(1)]

where the inequality holds by continuity of cdf F'. This implies that the squared sum inside
the expectation in (C.6) is bounded above by (Jo(1)||nt]/n)2? < t2|o(1)| = o(1) for all t > 0.
Convergence of (C.6) to 0 then follows from dominated convergence theorem.

The summation in (C.7) can be alternatively represented as

|nt] A;Ll(t) ~
=S P FEE ) = [ P e Fu(um) 4N ()
=1

ATH®)
- / F(u(u=))F(o(u=)) dA(u),  (C.9)
0
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where the convergence (C.9) follows from the continuous mapping theorem. Having estab-
lished the convergence in (C.9), convergence in mean square is obtained by first applying
continuous mapping theorem with the function f(z) = 22 and then applying dominated
convergence theorem by using the fact that both the summation and the limit integral in
(C.9) are bounded by t. Hence (C.7) converges to 0. That completes the proof of convergence
of the quadratic variation (C.5).

Having proved conditions () and (i¢) are indeed satisfied, by Theorem 7.1.4 of [9], we
deduce that H™ = H in D where H is a Gaussian process with independent increments and
continuous sample paths. Moreover, as implied by the proof of Theorem 7.1.1. of [9], the
limit H is indeed a time-changed Brownian motion where time-change is the limit of the
quadratic variation, i.e.,

~ - A1)
H(t) = Ba((H)(t)) = Ba (/O Fe(v(u—))F(v(u—)) dA(u)) ;

where B, is the standard Brownian motion.

Finally, to complete the proof, we note that Eyp 2(t) = H™ (N, (t— Wy (t))). Then, by the

2(t
convergence together theorem, we have H"(Nn) = H(A) in D. Consequently, as n — oo,

1 Np (t=Wn(t)) t w(t)

D DR CICHE RO B o ")):»B(

VS Fe(o(u=))F(v(u=—)) dA(u )>

(C.10)

We next verify the other two expressions in (5.3). The last expression is obtained by a change
of variable with u = s — w(s). (Note that according to (4.3) we have v(s — w(s)) = w(s).)
The Kiefer integral expression holds because it is a Gaussian process with zero mean and
the same covariance function as the Brownian expression. Specifically, for t,¢’ > 0, the first
Brownian expression has the covariance

(t—w(E)AE —w(t)
/0 Fe(v(w)F(v(u)) dA(u). (C.11)

On the other hand, the Kiefer integral in (5.3) has the covariance

t—w(t) pl = t'—w(t') ,1 =N
/0 /0 1(y > F(o(s)))d0 (5, ) x /0 /O 1(y > F(o(s)))d0 (5, )

t—w(t) [eS) R t —w(t") oo N
=E |:/ / 1(z > v(s))dU(s, F(x)) x / /0 1(z > v(s))dU (s, F(.Z‘)):|

(t=w(®)A(t —w(t") (t—w () At —w(t ))
= / / 1(z > v(s))dF(z)dA(s) +/ Fe(v(s))F°(v(s))dA(s)
0 0

- 2/(t7w(t))/\(t —w(t >>/ 1(z > v(s))F°(v(s))dF (z)dA(s)

0 0
/‘(f*w(t))/\(t'*W(t'))

(t=w () A —w(t')) )
Fe(v(s))dA(s) + / (F(v(s)))” dA(s)

0

Fe(0(s)) F2(0(5))dA(s)
(t—w(t)A(H —w(t'))
/ (

/(t*w(t))ﬂ(t'*w(t’))

0
/-(t—w(t))A(t’—w(t’))

= Fe(v(s))dA(s) — Fe(u(s)))% dA(s)

0
/(t—w(t))A(t’—w(t’))

= F(u(s)) (1 = F9(v(s))) dA(s),

0

which coincides with (C.11).



41

D Proofs of Results in §6

In this section we provide proofs of Theorem 6.1 and Corollary 6.1. The proof of both results
closely follow the arguments in the proofs of Theorem 4.1, Theorem 4.2, Corollary 4.1 and
Theorem 4.4. Therefore, we mostly refer to proofs of those results in below proofs and argue
in what way the new staffing function s, = [ns1 + v/ns2] make changes in arguments.
We skip lengthy details. Throughout the section, the processes with superscript r corre-
spond to those associated with staffing level s, whereas the processes without superscript
r correspond to those associated with staffing level n.
Proof of Theorem 6.1. The LLN- and CLT-scaled departure process

Dr(t) = Zj;lnDj(t) - %” : Z;l; AN D" (t) = s1D(t) = syt (D.1)
Z§l1 Dj(t) — nD" (1) _ Visn 2;21 Dj(t) — snput n Sput —nD"(t)
NG Jn New Jn
5 n . Dj(t) — sn ~ ~
= Js1 4 7277 : W + sout + O(1/y/n) = D" (t) = /s1D(t) — sapt
(D.2)

Dr) =

where O(1/4/n) in the second equality accounts for the error caused by dropping [-] in sy,
and ﬁ(t) is the Gaussian process in Theorem 4.2. Hence we deduce from (D.2) that D (¢) is
a Gaussian process negative drift —sput and covariance function C”(-,-) = s1Cg(-,-) with
CE being the covariance function in Theorem 4.2.

Having obtained the modified fluid limits in (D.1) and established the joint convergence,
we deduce that the proof in §B.1 continues to hold with minor modifications. But the limit in
(B.5) changes because the fluid limit of the departure process is now given by D" (t) = squt.
Consequently, the ODE in Theorem 4.1 has sjut in the numerator instead of put.

Similarly, given the joint convergence (ﬁfl, lA)ZL, E;) = (]V"", IA)T, Er), we can prove the
FCLT with slightly modified proof. The arguments in §5 continue to hold for modified fluid
limits and cause only minor changes in the final expressions. In particular, (5.4)-(5.7) has
the same mathematical form with fluid limits and prelimit stochastic process replaced with
their counterparts with superscript r. Hence the steps of proof in §5.1.2 can be replicated
with counterpart processes. Only step that requires careful treatment is that the limit of the
enter-service process is now E”(t) = /s1E(t) — saut. Since the the additional term —saput
is deterministic and /s1. E(t) is a centered Gaussian process, we can use similar arguments
in proof of Corollary 4.1 to deduce that (6.5) is indeed the desired solution.

Proof of Corollary 6.1. We first derive the mean of /V[7(oo) from (6.5). Since the first

three terms in (6.5) have mean equal to zero, ]E[W(oo)] is the limit of the last term in (6.5)
as t — oo. In particular,

=, . t H"(t,u) . t o—hp(w")(t—u)
E[W" (c0)] :tlggo fsz,u/o mdu:tlggo 782#./0 Wdu

_ —S2M _ _—hp(w")t
=50 M (wh) (1 ¢ )

Having established the mean of W(oo), it is easy to establish the mean for V' (co) and Q(c0)
by letting t — oo in

oGt ®) and Q7 (t) = AFC(w” (£))W" (¥).

Computation of variance is standard and as given in §B.3.
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