arXiv:0912.2837v1 [math.PR] 15 Dec 2009

The Annals of Applied Probability

2009, Vol. 19, No. 6, 2211-2269

DOI: 10.1214/09-AAP609

© Institute of Mathematical Statistics, 2009

THE G/GI/N QUEUE IN THE HALFIN-WHITT REGIME!

By JosH REED
New York University

In this paper, we study the G/GI/N queue in the Halfin-Whitt
regime. Our first result is to obtain a deterministic fluid limit for
the properly centered and scaled number of customers in the sys-
tem which may be used to provide a first-order approximation to the
queue length process. Our second result is to obtain a second-order
stochastic approximation to the number of customers in the system
in the Halfin—-Whitt regime. This is accomplished by first centering
the queue length process by its deterministic fluid limit and then
normalizing by an appropriate factor. We then proceed to obtain an
alternative but equivalent characterization of our limiting approxima-
tion which involves the renewal function associated with the service
time distribution. This alternative characterization reduces to the
diffusion process obtained by Halfin and Whitt [Oper. Res. 29 (1981)
567-588] in the case of exponentially distributed service times.

1. Introduction. In this paper, we study the G/GI/N queue in the
Halfin—-Whitt regime. This problem has received considerable attention in
the literature recently, however, to this date it has remained an open prob-
lem to extend the pioneering work of Halfin and Whitt [6] on the GI /M /N
queue to the more general G/GI /N queue. In this paper and its sequel [18],
we resolve this open problem by providing both fluid and diffusion limit
results for the queue length process of the G/GI/N queue in the Halfin—
Whitt regime. In addition to providing these results, we also hope that the
general methodology which is employed here, labeled the “Infinite Server
Queue Systems Equations” approach (see below), will be helpful in future
applications.
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2 J. REED

Loosely speaking, the Halfin—Whitt regime is achieved by considering a
sequence of many server queues indexed by the number of servers queues in-
dexed by the number of servers N where the arrival rate to the system grows
large but the service time distribution remains fixed. Specifically, denoting
by AV the arrival rate to the Nth system, we assume that

AV = as N — oo.

In order for the sequence of systems to remain stable, this then requires that
the number of servers be large enough to handle the growing arrival rate. In
particular, assuming without loss of generality that the mean service time
is equal to one and denoting by p" = AV /N the traffic intensity to the Nth
system, in the Halfin—-Whitt regime we assume that

VN1 -pV) =3 as N — oo,

where —oo < 8 < oo. Thus, in the Halfin—-Whitt regime we assume that the
traffic intensity of the system remains close to 1 while the number of servers
grows without bound. Note also by the results of Kiefer and Wolfowitz [13],
that, if 8 > 0, then, for large enough N, the sequence of systems will be stable
in the pre-limit, while if 5 < 0, they will not. The case 8 = 0 is indeterminate.

Halfin and Whitt showed in their seminal paper [8] that in the regime
described above, the properly centered and scaled queue length process will
converge to a limiting diffusion. Unfortunately, they were not able to ex-
tend their results beyond the assumption of exponential service time dis-
tributions. This is mainly due to the fact that the infinitesimal generator
approach to their proof breaks down when the service times are no longer
exponentially distributed. This has naturally led to much speculation in the
literature as to how to approach the situation of general service time dis-
tributions and specifically in such situations what the limiting process of
the properly centered and scaled queue length process must be. In an effort
to answer this question, several authors have recently obtained convergence
results for carefully selected classes of service time distributions which are
particularly well suited to analysis. Puhalskii and Reiman [17] have demon-
strated convergence of the G/PH /N queue length process in the Halfin and
Whitt regime, where PH stands for phase type service time distributions.
Their approach is to consider a multi-dimensional Markovian process where
each dimension corresponds to a different phase of the service time distribu-
tion. Jelenkovié¢, Mandelbaum and Mom¢éilovié [10] have shown convergence
of the steady state distribution of the GI/D/N queue, where D stands for
deterministic service times. Their proof involves focusing on a single server
in the system and studying its queue length behavior as it evolves over
time. Whitt in [21] has shown process level convergence of the G/H3 /N/M
queue, where Hj stands for a mixture of an exponential random variable and
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a point mass at zero. In [16], Mandelbaum and Mom¢ilovi¢ study the virtual
waiting time process of G/GI /N in the Halfin-Whitt regime assuming that
the service time distribution possess finite support. Their approach relies
on a combination of combinatorial and probabilistic arguments. Gamarnik
and Momcilovi¢ [5] analyze the GI/GI/N queue assuming that the service
time distribution is lattice valued with finite support. They analyze the sta-
tionary values of the queue length and waiting time processes and show
that the in the Halfin—Whitt regime, the diffusion scaled stationary value
of the queue length converges to a limiting random variable corresponding
to the stationary measure of a Markov chain, which, interestingly, may be
recovered from our limit as well. Kaspi and Ramanan [12] consider service
time distributions with a density and provide a fluid limit for the measure-
valued process which keeps track of the amount of time that each customer
has spent in the system. Nevertheless, with the exception of the results of
Kapsi and Ramanan [12], it does not appear that any of the aforementioned
approaches may be easily extended to the case of general service time dis-
tributions, and so to this date there has remained no general methodology
for analyzing the G/GI/N queue in the Halfin—-Whitt regime. This is the
main contribution of the present set of papers.

In particular, in this paper and its sequel [18], we provide two separate
approaches for extending the results of Halfin and Whitt [6] to the G/GI /N
queue. Each of these approaches has its own unique set of advantages and
disadvantages and in subsequent work we intend to provide important ap-
plications in which one approach may be more advantageous than the other.
For the remainder of the present paper we focus our attention on the first
approach which we label the “Infinite Server Queue System Equations” ap-
proach and defer discussion of the second approach, the “Idle Time System
Equations” approach, until the sequel.

The main insight to the “Infinite Server Queue System Equations” ap-
proach is to write the system equations in a manner similar to the system
equations for the G/ GI /oo queue. Proposition 2.1 in Section 2 then provides
a crucial link between our system and the G/GI /oo queue which allows the
asymptotic analysis to proceed. In an effort to give a quick idea of what our
main results, first recall the heavy traffic results found in Borovkov [2] and
Krichagina and Puhalskii [14]. Recall that heavy traffic for the G/GI /oo
queue is defined by letting the arrival rate to the system grow large while
holding the service time distribution fixed. In such a regime, it can be shown
that the properly centered and scaled queue length processes will converge
to a Gaussian process which we denote by Q.

Let us therefore denote by Q1 the limiting Gaussian process obtained for a
G/GI /oo queue with the same sequence of arrival processes and an identical
service time distribution as in our original sequence of G/GI/N queues.
Then the limiting process of Theorem 5.1 of Section 5 for the properly
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centered and scaled queue length process in our original sequence of G/ GI /N
queues is given by the unique strong solution to

(L) QW) =gl + Qi) ~ R0+ [ QF - s)aF(s

for ¢ >0, where Q" = maX(Q,O), F' is the CDF of the service time distri-
bution, F¢ is the equilibrium distribution associated with F' [see (5.4)] and
Mg is an additional process which is related to the initial conditions of the
queue. Note that the additional integral term on the right-hand side of (1.1)
is naturally positive as one would expect more customers in a G/GI/N
queue than in a corresponding G/ GI /oo queue. Corollary 5.2 in Section 5
also shows that (1.1) may be equivalently expressed as

(12) QO=¢)+ [ ¢t 9)aM(s) - pi— [ @t~ 9)am(s

for t > 0, where ( = MQ +Q7, @~ =min(0,Q) and M is the renewal function
associated with the pure renewal process with interarrival distribution F.
From (1.2), it is then a matter of a few direct calculations to recover Halfin
and Whitt’s original results. We also point out that in Section 4 we develop
fluid limit results which closely resemble (1.1) above.

The methodology of proof used in the present paper is heavily influenced
by the results found in [14]. In particular, the authors in [14] use martingale
techniques in order to show that certain processes associated with the queue
length process are tight. In this paper, many of these same arguments are re-
peated again but with the slight modifications necessary in order to account
for the finiteness of the number of servers. We therefore encourage the inter-
ested reader to concurrently review the results found in [14] in order to gain
a fuller understanding of the present paper. In particular, one of the main
insights from [14] is to show that the limiting process of @7 in (1.1) may be
decomposed into a sum of two processes M; and Ms, which represent the
randomness arising from the arrival process and service times, respectively.
Furthermore, the process My may represented as a double integral against
the Kiefer process.

The remainder of this paper is now organized as follows. Section 2 provides
the system equations for the G/GI/N queue. In Section 3, we provide a
regulator map result upon which our weak convergence argument will hinge.
Sections 4 and 5 contain our weak convergence results for the queue length
process. Specifically, in Section 4 we study the queue length process under
fluid scaling and our main result in this section is Theorem 4.1. Next, in
Section 5, we study the fluid centered queue length process under diffusion
scaling in the Halfin—Whitt regime and our main result there is Theorem
5.1. Corollary 5.2 of Section 5 also provides an equivalent characterization
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of the limiting process obtained in Theorem 5.1. This then serves as the link
between Halfin and Whitt’s results and ours. In Section 6, we conclude by
providing several directions for future research. The Appendix also includes
several proofs which are similar in nature to those found in [14] but are
necessary for our results and so are included here for completeness.

1.1. Notation. In what follows, all random variables are assumed to be
defined on a common probability space (€2, F,[P). Stochastic processes are
assumed to measurable maps from (2, F) to (D[0,00), D), where DI[0,00) is
the space of all right continuous with left limit (RCLL) functions on [0, c0)
and D is the Borel o-algebra generated by the Skorohod Ji-topology, see
Chapter 16 of [1] for further details.

We denote by B(R), the Borel o-field on R. For any two measure spaces,
(51,81) and (S2,82), we denote by (S7 X S2,81 X S2), the product measure
space which is endowed with the product o-field, §; x Ss. Specifically, we
define (D*[0,00), D*) to be the product measure space (D[0,00) x --- x
DI[0,00),D x --- x D).

We denote by dj,, the Skorohod metric on D[0,00) and by u the uniform
metric. For each x € D[0,00) and T > 0, we denote by

[zllr = sup_|2(t)],
0<t<T

the supremum metric on [0,7]. We also denote by |- |, the Euclidian metric
on R. For any two metric spaces, (S1,m1) and (S2,m2), we denote by (S x
Sa,mq1 X m3), the product metric space which is endowed with the maximum
metric my X mqy defined by

(my1 x ma)((x1,22), (y1,y2)) = max{my (z1,y1), ma(x2,92)}.

In particular, we define (Dk[O,oo),dﬁl) to be the product metric space
(Dk[O,oo),dﬁl) = (D[0,00) x - -+ x D[0,00),d, X ---xdy,) and we set (D*[0, 00),
uF) = (D[0,00) x -+ x D[0,00),u X --- X u).

2. System equations for the G/ GI /N queue. In this section, we provide
the system equation for the G/GI/N queue. One of the key insights from
Halfin and Whitt [6] was that for large N, the GI/M/N queue will, for
stretches of time when the number of customers is low, behave as if it were
an GI /M /oo queue. Our main results in Sections 4 and 5 show that the same
holds true for the G/GI/N queue as well. Our first step towards showing
that this is the case is to write down the system equations for the G/GI /N
queue in a similar way to those for the G/GI /oo queue. For the reader’s
convenience, we will closely adhere to the notation used in [14] as many of
the arguments we use here cite results from that paper.
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Initially, at time 0—, we assume that there are (g customers in the sys-
tem. The first min(Qo, V) of these customers will be in service and the
remainder are waiting to be served. Those customers in service at time 0—
have already been in service for some amount of time and we denote by 7;
the residual service time of the ith customer in service at time 0—. We as-
sume that {7;,7 > 1} is an i.i.d. sequence of random variables with common
distribution Fj.

Customers next arrive to the system according to the arrival process A =
{A(t),t > 0} and are served on a first come first served (FCFS) basis. The
arrival time of the ith customer is defined to be the quantity

7 =1inf{t > 0: A(t) > i}, i>1.
Setting 79 = 0, we also define
(2.1) §i=Ti—Ti1, i>1,

to be the interarrival times between the (i — 1)st and ith customers to arrive
to the system.

The ith customer to enter service after time 0— is assigned the service
time n;. We assume that {n;,7 > 1} is an i.i.d. sequence of mean 1, random
variables with common distribution F' whose tail distribution we denote
by G =1— F. Note that we impose no assumptions on the service time
distribution, other than it have a finite first moment.

For each i > 1, let w; denote the waiting time of the ith customer to
arrive to the system after time 0— and let w; denote the waiting time of
the (N +4)th initial customer in the system at time 0—, if such a customer
exists. We begin our indexing by N + 1 since the first N initial customers in
the system will not have to wait. Using this notation as well as that of the
previous paragraphs, the total number of customers in the system at time ¢
is given by

min(Qo,N) (Qo—N)*
QY= > Ym>th+ > Ybi+n >t}
i=1 i=1
2.2
(2.2) A
+ 2 Ui+ wi+ ey i > -
=1

We henceforth refer to the process Q@ = {Q(t),t > 0} as the queue length
process. It is important to note that () does not only count those customers
in the queue waiting to be served but that indeed it counts the total number
of customers in the system. The number of customers waiting to be served
may however be recovered from @ and is given by (Q — N)™. Also note that
in general Qp # Q(0) since it is possible for customers to arrive to the system



THE G/GI/N QUEUE IN THE HALFIN-WHITT REGIME 7

at time zero. One may think of @y as being equal to Q(0—), the left-hand
limit of @ at time t =0.

Centering each of the indicator functions in the first summation on the
right-hand side of (2.2) by the means and the indicator functions in the
last two summations by their means conditional on their arrival times and
waiting times, we obtain

Q(t) =min(Qo, N ) Fy(t) + Wo(t) + My(t)

(2.3)
(Qo—N)* A(t)
+ Z G(t—’tf)i)—FZG(t—Ti—’wi),
i=1 i=1
where
min(Qo,N) -
(2.4) Wo(t)= Y (>t} —Fo(t))
i=1
and
(Qo—N)*
My(t)y= > (M +m >t} — Gt —y))
i=1
2.5
(2.5) A
+ Z(l{ﬂ' T Wi +1N(Qo—N)Ft+i > t} =Gt — 71— w)).
i=1

We also set Wy = {Wy(t),t >0} and My = {My(t),t > 0}.
Next, adding in and subtracting out the terms

t
(2.6) Ac(t) = /0 G(t — 5) dA(s)
and (Qp — N)TG(t) both to and from the right-hand side of (2.3), we obtain
Q(t) = I(t) + Wo(t) + Ma(t) + Ac(t)

(Qo—N)*
(2.7) + ) (Gt =) — G(t)
i=1
A()
+) (Gt =7 —w;) — Gt — 1)),
=1

where
I(t) = min(Qo, N) Fo(t) + (Qo — N)TG(t).

Note that Ag(t) as given in (2.6) is the expected number of customers
in G/GI /oo queue at time ¢ with same arrival process and service time
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distribution as in our G/GI/N queue conditional on the arrival process A.
We also set Ag ={Ag(t),t >0} and I ={I(t),t >0}.
We now have the following key proposition.

PropoOsITION 2.1. For each t >0,

A(t)

Z(G(f — T; — wi) — G(t — TZ))
=1

' (Qo—N)*
:/0 Qt—s)—N)tdF(s)— S (Gt —) - G(1)).
=1

PRrOOF. First note that for each time ¢ > 0, we have that the total num-
ber of customers waiting to be served at time ¢ may be written as

(Qo—N)* A(t)
QB -NT= > Ht<wr+ > Hn<t<m+w}
i=1 1=1
We therefore have that
A(t)
Z(G(f — T; — wi) — G(t — TZ))
i=1
A(t)
_ Z / F(s)
—(mi+w;))t
A(t)

_Z/ Wt —(m+w;) <s<t—m7}dF(s)

A(t)

_Z/ Hri <t —s<7+w}dF(s)

00 Alt)

:/0 S Hm<t—s<ti+w}dF(s)

i=1
(Qo—N)*

:/Ot<(Q(t—s) Nyt - Z 1{; > t—s})dF(s)

t(Qo N)*

:/Ot(Q(t—s) / Hw; >t —s}dF(s).
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A reverse argument can now also be used to show that

¢ (Qo—N)* (Qo—N)*
/0 S Hai>t—stdF(s)= > (Gt —w;)—G(t)).
=1 i=1

This completes the proof. [

Proposition 2.1 now allows us to rewrite equation (2.7) for the queue
length at time ¢ as

Q(t) = I(t) + Wo(t) + Mg(t) + Ag(t)
(2.8)

4 /0 (Q(t — 5) — Nt dF(s).

Equation (2.8) is the starting point for our analysis in Sections 4 and 5. In
the next section, we develop a family of regulator map results which will be
useful in representing the queue length process in (2.8).

3. A family of regulator map results. In this section, a family of regu-
lator map results are provided which will be relied upon in the proof of our
main results. In particular, these maps will provide convenient representa-
tions for the queue length processes in Sections 4 and 5.

Let B be a cumulative distribution function on R and let a € R. For each
x € D[0,00), we would like to find and characterize solutions z € D]0, c0) to
equations of the form

(3.1) z(t):a:(t)+/0t(z(t—s)+a)+ dB(s),  t>0.

We therefore define the mapping ¢% : D[0,00) — D[0,00) to be such that
% () is a solution to (3.1) for each x € D[0,00). The following proposition
now shows that ¢% is uniquely defined and provides some regularity results
for ¢% as well. Its proof may be found in the Appendix.

PROPOSITION 3.1. For each x € D[0,00), there exists a unique solution
o4 (z) to (3.1). Moreover, the function ¢%: D]0,00) — D[0,00) is Lipschitz
continuous in the topology of uniform convergence over bounded intervals
and measurable with respect to the Borel o-field generated by the Skorohod
J1 topology.

4. Fluid limit results. In this section, we obtain a nonlinear convolution
equation as the fluid limit for the queue length process of the G/GI/N
queue in the Halin—Whitt regime. The limit which we obtain may be seen to
be decomposed into four separate parts, one of which is the corresponding
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fluid limit for a G/GI /oo queue with the same sequence of arrival processes
as our G/GI/N queue and also with the same service time distribution.
Although in many cases our fluid limit may not be directly solved for, we
also present a special case in which it can which also highlights the rather
unconventional behavior which our fluid limits may display.

Our underlying premise is that we are considering a sequence of G/GI /N
queues which we index by the number of servers N. In general, we will use
a superscript IV to denote all processes and quantities associated with Nth
System.

Initially, at time 0—, there are Q) customers in the Nth system. The
residual service time distribution of those customers in service in the Nth
system at time 0— are i.i.d. with common distribution Fy. We denote by
{n;,i>1} the i.i.d. sequence of residual service times.

Customers arrive to the Nth system according to the arrival process AN =
{AN(t),t > 0}. We denote by

TZN:inf{tZO:AN(t)Zi}, 1>1,

the time of the arrival of the ith customer after time 0— to the Nth system.
The ith customer to enter service after time 0— in the Nth system is assigned
the service n;, where {n;,7 > 1} is an i.i.d. sequence of random variables with
common distribution F'. Finally, we denote by G = 1 — F the tail distribution
of F'. Note that neither the sequence of residual service times or actual
service times is changing with N.

For the remainder of this section, we study the fluid scaled queue length
process QY = {N~1QN(¢),t > 0}. Our high level approach will be similar
in spirit to fluid limit proofs for the queue length process in conventional
heavy-traffic in which the number of servers remains fixed but the service
rate is increased. In particular, we first provide a representation of the queue
length process in terms of the regulator mapping % provided by Proposition
3.1 and an associated free process, say X. We then provide several weak
convergence results related to X which may be used in conjunction with
the Continuous Mapping theorem and the representation in terms of % in
order to establish the main result of the section, Theorem 4.1, which details
the asymptotic behavior of the fluid scaled queue length process.

Let QN ={Q"(t),t > 0} be the queue length process in the Nth system
and recall that by equation (2.8) of Section 2, we have that
. QY (6) =1 (t) + W (8) + M (1) + AY (1)

t
+ [(@V(t—s)—N)Tar(s)
0
If we now define the fluid scaled quantities,

N QN ()
(4.2) QN (t) = N
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-0
i = 2o,
(4.3) N (1) = Mi )
and
(1.0 =20

it then follows from (4.1) that

45 QN (1) = I () + Wy (t) + M3 (1) + AG ()

4 /Ot(QN(t _ )= 1) dF(s).
Furthermore, since by Proposition 3.1, the mapping ¢% is uniquely defined
with a = —1, setting
QY ={QN ().t >0},
N ={1"(@),t >0},
e = {Wg' (t).t > 0},
My = {M3" (t),t > 0}
and
Ag () ={AZ ().t > 0},
we have from (4.5) that
(4.6) QY =ph (I + Wy + My + AF),
with a = —1. The representation (4.6) above will turn out to be useful when
proving the main result of this section.
We now state several preliminary results in preparation for the statement

of the main result of the section, Theorem 4.1. Our first result shows that
WON converges to zero as N goes to oo.

PROPOSITION 4.1. W =0 as N — co.

ProoFr. First, note that

Nmin(N~1Q{,1)
W' (t)=N"" > (1{m; >t} — Fo(t)).

i=1
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Thus, for each 7' > 0 and 6 > 0, we have
Nmin(N~1Q} 1)

P( sup [Nt > (1{m; >t} — Fy(t))| > 5)
0<t<T P
2 -
< P( sup sup |N! Z ({m; >t} — Fo(t))]| > 5).
0<a<10<i<T =1
However, by Lemma 3.1 in [14],
[zN] -
P< sup sup |N* Z(l{ﬁi>t}—F0(t)) >(5> —0 as N — oo,

which completes the proof. [

We next show that MJ¥ converges in distribution to zero. The full proof
of this result may be found in the Appendix.

PROPOSITION 4.2. M3 =0 as N — co.
PROOF. See the Appendix. O

The following is now the main result of this section. It provides a de-
terministic first-order approximation to the queue length process. Later, in
Section 5, we use this result to center the queue length process and obtain
a second-order approximation.

Let
N
N _ Qo
Q) ==
be the fluid scaled initial number of customer in the system at time 0— and

x AN(t)
AN(t) = —~

(="5

be the fluid scaled number of arrivals by time ¢t > 0. We also set AN =
{AN(t),t > 0} to be the fluid scaled arrival process. We then have the fol-
lowing.

THEOREM 4.1. If (Q),AN) = (Qv,A) in (R x D[0,00),| | x dy,) as
N — o0, where A is a stochastic process with P-a.s. continuous sample paths,
then QN = Q as N — 0o, where Q is the unique strong solution to

Q(t) =min(Qo, 1) Fo(t) + (Qo — 1) G(¢)

(4.7) t t
+ /0 Gt — 5)dA(s) + /0 (Q(t — s) — 1)t dF(s)

fort>0.
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PROOF. First, note that by the definition of AY in (4.4) and the assump-
tion of the theorem that AN = A as N — oo, where A has P-a.s. continuous
sample paths, it follows as in the proof of Theorem 3 of [14] that

AN = / G(- — ) dAN (s)
(4.8) °

= / Gl — s)dA(s)
0

as N — oo. Next, setting

MY =W + My + Ag,
it follows by Propositions 4.1 and 4.2 and (4.8) that

MY :>/ G(-—5)dA(s) as N — oo.
0

Since, by assumption, (QY,AY) = (Qp, A) in (R x D[0,00),|- | x dj,) as
N — o0, it now follows by Theorem 11.4.5 in [20] that

(Mé\f’@é\f)i (/(;G(_S)dA(s)vQO) in (RX D[0,00),|- | ><dJ1)

as N — 0o. By Theorem 11.4.1 in [20], the space R x D is separable under
the product topology induced by the maximum metric |- | x dj, and thus,
by the Skorohod representation theorem [20], there exists some alternate
probability space, (Q,]} , P), on which are defined a sequence of processes

(4.9) (M3, Q). N >1}
such that
(4.10) (MY, Q) £ (3, QYY)  for N>1,

and also processes

(4.11) (/O'G(. - s)dA(s),Qo) 4 (/0 Gl —s) dA(s),QO>,
where

(1@ ([ 66 - 9)dd(s).Qo
(4.12) ’ )
in (RxD,|-|xdy) P-as.
as N — co. Furthermore, as the process [;G(- — s)dA(s) on the right-hand
side of (4.12) is, by the assumption of the continuity on A, continuous, it fol-
lows that the convergence in (4.12) can also be strengthened to convergence
in (RxD,|-|xu).
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Now set
N =min(Q), 1)Fy + (QY —1)TG
and note that by (4.10), we have
(4.13) (VN N L (N Y)Y for N> 1.
Furthermore, letting
['=min(Qo,1)Fo + (Qo — )G,
we have for each 7' > 0, by (4.12),
sup [PN(t) = F(5) = sup_|(min(Q}, 1) — min(Qo, 1)) Fo()

0<t<T 0<t<T
(4.14) A A
+((Q) =)' = (Qo —1))G()]
< |Qp" — Qol sup (Fo(t) +G(1))
0<t<T
< 2|Q — Qo
(4.15) —0 P-a.s. as N — oc.
Now let

QN = b (IN + 113",
where a = —1, and note that by the representation (4.6), (4.9), (4.13) and
the measurability of ¢% from Proposition 3.1, it follows that

(4.16) ONLON  for N>1.

Furthermore, it follows from (4.12), (4.14) and the continuity of ¢% with re-
spect to the topology of uniform convergence over compact sets from Propo-
sition 3.1, that

QN = (I + My)
— 5 (min(Qo, DFy+ (Qo—1)"G+ /0 G(-—s) d[l(s))

in (D[0,00),u) P-a.s. as N — oo. Thus, since convergence in (D,u) im-
plies convergence in (D,dy,) and almost sure convergence implies conver-
gence in distribution, it follows by the measurability of ¢% : (D]0,00),D) —
(D[0,0),D) from Proposition 3.1 and (4.16) that

QN = ¢f (min(Qo,l)Fo +(Qo— DTG+ /0 Rt —s)dA(s)) as N — o0,

which completes the proof. [
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Note that the fluid limit Q given by (4.7) of Theorem 4.1 may be decom-
posed into four separate parts. The first two terms on the right-hand side
of (4.7) are representative of the fluid scaled number of customers in the
queue at time 0—. Specifically, min(Qg,1)Fy(t) is the limiting fluid scaled
number of customers who were in the service at time 0— and still remain in
the system at time ¢ and (Qp — 1)"G(t) is representative of those customers
who were waiting in the queue to be served at time 0—. Next, the term
fot G(t — 5)dA(s) may be viewed as the limiting fluid scaled number of cus-
tomers in the system at time ¢ in an G/ GI /oo queue with the same sequence
of arrival processes and service time distribution as in our G/GI /N queue
and which starts out empty at time 0—. Finally, the integral term on the
right-hand side of (4.7) may be thought of as an adjustment to the infinite
server term immediately preceding it which takes into account the waiting
times of customers.

In general, the limiting process of Theorem 5.1, @, cannot be directly
solved for. This is mainly due to the presence of the nonlinear ()™ operator in
the integral term. However, under certain special circumstances it can. The
following example now presents one such case in which an explicit solution
may be found.

ExaMpPLE 1. Consider the case of deterministic service times in which
we have Qy =1 and A = e. Further, we also assume that the residual service
times are constant with mean equal to 1 so that Fy(z) = F(z) = 1{z >
1},2 > 0. In this case, (4.7) takes the rather simple form

(4.17) Qty=1+4t, 0<t<l,
and
(4.18) Q=14+ Q) —1)*,  t>1.

Solving this recursion, one finds that

(4.19) Qt)=1+t—|t], t>0.

Thus, Q exhibits the sawtooth pattern as shown in Figure 1 above. Note the
rather unconventional nature of the fluid limit in Figure 1. In particular, it
is periodic with a period of 1 and it is also discontinuous. Thus, our limit
process may in general display rather irregular behavior. However, as is
shown in Section 5 below, if one starts out the queue length process under
general “equilibrium” conditions, then much more regular behavior of the
fluid limit may be obtained.
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0 1
Time ¢

FiG. 1. The graph of {Q(t),t >0} for Qo =1,A=c and Fy(t) = F(t)=1{t > 1}.

5. Diffusion limit results. In this section, we obtain limiting results for
the G/GI/N queue in the Halfin-Whitt regime. Our main result of the
section is to provide a limiting approximation for the diffusion scaled queue
length process in this regime. This limiting approximation may be viewed
as the solution to a stochastic nonlinear convolution equation. In order to
proceed, we first express the queue length process for the G/GI /N queue via
the regulator map ¢% defined in Section 3. We then provide several useful
propositions in preparation for the statement of our main result, Theorem
5.1, which provides a limiting approximation for the diffusion scaled queue
length process. In Corollary 5.2, we provide an alternative representation
of the limiting process obtained in Theorem 5.1. This representation has
several desirable properties and we conclude the section by showing how in
the case of exponentially distributed service times and renewal arrivals it
reduces to the diffusion obtained by Halfin and Whitt [7].

5.1. The Halfin—-Whitt regime heavy-traffic regime. In order to proceed,
we must first provide a detailed description of the Halfin—Whitt regime.
Our setup is similar to Section 4 where we obtained our fluid limit results.
Again, we consider a sequence of G/GI/N queues indexed by the number
of servers N. Initially, at time 0—, there are @} customers in the system
and the first min(QZ’, N) of these customers have i.i.d. residual service times
with common distribution Fy. We denote by 7;, the residual service time of
the ith customer in service at time 0—.

Customers arrive to the Nth system according to the arrival process AN =
{AN(t),t > 0} and we denote by

N =inf{t >0:AN(t) >},  i>1,

the time of the arrival of the ith customer after time 0— to the Nth system.
We also assume that there exists a sequence of constants {p’, N > 1} such
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that p” — 1 as N — oo, and, where, setting

~ AN(t) — NpNt
5.1 AN =P s,
6.1) 0= >
and AN = {AN(t),t > 0}, we have that
(5.2) AN =¢  as N — oo,

where 5 is a stochastic process with P-a.s. continuous sample paths. Loosely
speaking, one may interpret p as the arrival rate of customers to the Nth
system.

Note that assumption (5.2) is flexible from a modeling point of view. In
heavy traffic theory, one often assumes that AV (e) = A(Ne), where A is a
renewal process, in which case, by Donsker’s theorem, the process 5 in (5.2)
turns out to be a Brownian motion. The interpretation this assumption is
that customers are emanating from a single source, albeit at a rapid rate.
However, in many applications, with telephone call centers being just one
such example, it is perhaps more natural to assume that customers are
emanating from many sources. This then leads to the assumption that AV
is a superposition of many i.i.d. renewal arrival processes, that is, AV =
Zf\il A;. Under such an assumption, the process £ turns out to be a centered
Gaussian process whose covariance structure is inherited from that of each
of the individual A;’s. The interested reader is referred to Section 7.2 of [20]
for further details on this remark.

As in Section 4, the service time distribution is held fixed as we index
through N. We therefore denote by 7); the service time of the ith customer
to enter service after time 0—, where {7;,7 > 1} is an i.i.d. sequence of mean
1 random variables with common distribution F. We denote by G =1— F
the tail distribution of F'. Note also that we place no additional restrictions
on I’ beyond a first moment.

It now remains to provide the key relationship characterizing the Halfin—
Whitt regime. As noted above, we have that by (5.1) and (5.2), the quantity
NpV may be loosely interpreted as the arrival rate to the Nth system.
Next, since there are N servers in the Nth system and it is assumed that
the service rate is fixed at one, it also follows that p” may also be interpreted
as the traffic intensity of the Nth system. The Halfin—Whitt regime is now
achieved by specifying the rate at which the traffic intensity of the system
converges to one as N grows to infinity. Specifically, we assume that

(5.3) VNA-pN)= B as N — oo,

where —oo0 < 5 < 0.
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5.2. Initial conditions. In proving our main diffusion limit result, it will
be useful to assume that the limiting fluid scaled number of customers in
the system is constant for all ¢ > 0. Let

(5.4) F.(z)= /Ox G(u) du, x>0,

be the equilibrium distribution associated with F'. The following result may
now be seen as a corollary to Theorem 5.1 of Section 4.

COROLLARY 5.1. If Fp=F, and Q) =1 as N — oo, then QY =1 as
N — o0.

PrOOF. First note that (5.1), (5.2) and the Halfin-Whitt assumption
(5.3) imply the functional weak large of law large numbers result, AN = e as
N — oo, where e = {t,t > 0} is the identity process. Thus, by Theorem 3.9 in
[1] and the assumption QY = 1 as N — oo, we have that (QY, AY) = (1,e)
in(RxD,|-|xdy)as N—oco.

It now follows by Theorem 5.1 in Section 4 that QY = Q as N — oo,
where () is given by the unique solution to

Q) =min(1, ) F.(¢)+ (1 - 1)TG(t) + /Ot G(t — s)de(s)
—l—/ot(Q(t—s)—l)erF(s)

=F t —s)ds "0 —s)— 1) dF(s

=0+ [ Gl—s)ds+ [ (Qt=9)=1)" dF(s)

=1+ /Ot(Q(t —5)—1)"dF(s)

for t > 0. By inspection, one sees that Q(t) = 1 for ¢ > 0 is the unique solution
to this equation, which completes the proof. [

For the remainder of this section, we assume that the simplifying as-
sumptions of the above corollary hold. That is, we assume that the initial
residual service time distribution is equal to the equilibrium distribution F,
and that QN =1 as N — co. In future papers, we intend to remove these
assumptions.

5.3. Weak convergence results. We now proceed to provide our weak
convergence results. We begin by providing a convenient representation for
the queue length process in terms of the regulator map of Proposition 3.1.
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Recall that by equation (2.8) of Section 2, we have that the queue length at
time ¢ may be written as

(55) QN (1) = IV (1) + Wy (t) + M3 (t) + AG (1)

+/0 (QN(t =)= N)* dF(s).

We would next like to the center the queue length process by its fluid
limit, appropriately scaled. By Corollary 5.1 above, we have that the limiting
fluid number of customers in the system, Q, is equal to 1 for all ¢ > 0. We
therefore choose to center the queue length process in the Nth system by
N. Performing such a centering as well as some algebraic manipulations and
recalling the definition of F, from (5.4), one then obtains that

QN (t) = N =MJ(t)+H (t) + W (t) + My (t) + M (¢)

(5.6)
SN pMEW + [ (@Yt —s)—N)T R (),
where
ME (1) =(Qy — N)T(G(t) — Fe(t)),
HY(t) = (Q) — N)F.(t)
and
(5.7) M (1) = /0 "Gt — $)d(AN (s) — NpVs).

Let MY = {M5(t),t >0}, HN = {HN(t),t > 0} and M = {M{"(t),t > 0}.
If we now define the diffusion scaled quantities,

AN _QN(t)—N
Q= E=
- MA (¢
(5.5 i (1) = j]_y,
N _HN(t)
O
3 N
i) = o,
B N
() = 22
and
(5.9) i = M0
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it then follows, dividing (5.6) by v/N, that
QY (1) = MY (1) + Q7' (t) = VN(1 = p™) Fe(t)

(5.10) t
+ [ Q¥ —sare).
where
QY (t) = HN(t) + Wy () + M7 (t) + My (1).
Letting
QN ={QN(t),t >0},
MY ={M5(t),t >0},
HY = {HY(t),t > 0},
Wo' = {Wg" (t),t > 0},
My = {M' (t),t > 0},
MY = {M(t),t >0}
and

QY =HN + W + MM + MY,
we then have, since the mapping ¢% with a = 0 is by Proposition 3.1 uniquely
defined, that (5.10) may also be written as

(5.11) QY = (MY +QF —VN(1-p")F),

with a =0.

The representation (5.11) will be useful in the proof our main result. How-
ever, before stating this result, we first provide several preliminary proposi-
tions and lemmas which are interesting in their own right and will be crucial
in the proof of our main result.

The proof of the following result may now be found in the Appendix.
It provides a limiting process which represents the randomness of the ser-
vice times in the limit. For further details on the limit process below, the
interested reader may consult [14].

PROPOSITION 5.1. Let
R Nt
MY (t)=N"23 (YN "Yi+m >t} — Gt — N7hi)), t>0,
=1
and set My = { M (t),t >0}. Then,
(MY, M) = (My, My) in (D?0,00),d3,) as N — o0,
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where My is a centered Gaussian process with covariance structure

E[My(t)My(t +6)] = /Ot Gt+6—u)F(t—u)du  fort,6>0.

PROOF. See the Appendix. O

We next prove a joint convergence result on the diffusion scaled processes
defined at the beginning of this section. Let

- N _
(5.12) R

be the diffusion scaled number of customers in the system at time 0—.

Next, let Wy = {Wy(t),t > 0} be a Brownian bridge. In other words, W)
is the unique continuous, centered Gaussian process on [0, 1] with covariance
function

EWo(s)Wo(t)] = (s At) —st, 0<s<t<l1.

Moreover, set Wo(F.) = {Wy(F.(t)),t > 0}, where F, is the equilibrium dis-
tribution associated with F' as defined in (5.4). One may view Wy(F,) as a
time changed Brownian bridge.

We then have the following result.

PROPOSITION 5.2.  If Q) = Qo as N — oo, then
(Qé\f?W({VaANaMZN) = (QO? WO(FE)757 MQ) in (R X D3[07OO)7 ’ : ‘ X ngl)

as N — oo, where each of the limiting processes appearing on the right-hand
side above are independent of one another.

ProoOF. We first show convergence of the marginals. The convergence
of QY to Qq is clear by assumption (5.12).
Let
N

W ()= N~V2 Y (Ui > ) — Fe(t))
i=1

and set W = {W/(t),t > 0}. The convergence
(5.13) (W, W) = (Wo(E.), Wo(F.)) in (DQ[O,oo),dle) as N — oo,
follows by the representation

Nmin(N~1Q{,1)

WG =NT2 S (1> 1) — R(1),
=1
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the Random Time Change theorem [1] and Lemma 3.1 of [14], since, by the
Continuous Mapping theorem and assumption (5.12),

min(N'QY, 1) =1 as N — oo.

The convergence of AV to 5 follows by assumption (5.2) and the convergence
of MQN to M, is immediate by Proposition 5.1.

It remains to show the joint convergence as stated in the proposition. The
convergence

(QéVdeV,AN’MzN) = (QOaWO(Fe)yéa M2) in (R X D3[07OO)7 | : | X dil)

as N — oo, follows by Theorem 11.4.4 in [20] since each of the component
processes appearing in the prelimit above are independent of one another
and further, they converge to their desired limits as shown in the previous
paragraph. Next, note that

(1< d5,) (@, W', AN, M5Y), (Q, W, AN, M3Y))
<dy (Wo' ,W5') +duy (M3, M3Y)
and thus, if we can show that
(5.14) dy, WY WM +dyy (MY, MYY=0  as N — oo,

then by Theorem 11.4.7 in [20] the proof will be complete. However, (5.14)
follows by (5.13), Proposition 5.1 and Theorem 11.4.8 in [20]. The proof is
now complete. [J

We are now ready to state the main result of this section. Assume first
that Q) = Q¢ as N — oo and let

(5.15) H=QoF, and Mg=Qi (G~ F,).
Next, set
- t -
(5.16) i) = [ Gt-di(s).  t=0
0

and M, = {M;(t),t > 0}, where the process £ appearing in (5.16) is the
limiting process appearing in (5.2) at the beginning of this section. Note
also that the integral above may be interpreted as the result of integration
by parts.

Next, let SF, be the process {F,(t),t > 0}, where we recall the definition
of F, from (5.4) above.

Finally, let

(5.17) Qr=H +Wy(F,) + My + M.
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Note that by Theorem 3 of [14], Qg is the limiting queue length process
associated with a sequence of G/GI /oo queues with identical arrival pro-
cesses and service time sequence as our original sequence of G/GI /N queues
and with Q) customers in service at time zero with residual service time
distribution Fp.

The following is now our second main result.

~ THEOREM 5.1. If the residual service time distribution Fy = F. and
QY = Qo as N — oo, then QN = p%(Mg + Qr — BE.) as N — co.

PROOF. Let f:R x D3+ R x D? be the map defined for (21,22, 73,24) €
R x D3 by

(5.18) J((z1,22,23,24)) = (f1(21), fo(x2), f3(23), fa(w4)),

where fi(z1) =21, fo(22) = 22, fa(z4) = 24 and

(5.19) f(ws)() = /0 G(- — 5) das(s),

where the above integral above may be interpreted as the result of integra-
tion by parts.

Next, note that since by assumption Fy= F, and Qév = Qg as N — o0,
it follows by Proposition 5.2 that

(520) (Qé\[’WdVvAN,MéN) = (@07 WO(Fe)agy M2)

in (R x D3[0,00), || x d3 ) as N — oo, where each of the limiting processes
above are independent of one another. Furthermore, we have that each of the
limiting processes above are P-a.s. continuous. Thus, since by Lemma A.9
of the Appendix, f:(R x D3[0,00),] - | x d?h) — (R x D3[0,00),| - | x d?h)
is continuous at continuous limit points (x1,22,73,24) € R x D3[0,00) such
that z9, 23,24 € C[0,00), we have that

(5.21) P((Qo, Wo(F.), &, My) € Disc(f)) =0.

Now note by (5.1), (5.7), (5.9) and the definition of f in (5.18) and (5.19),
we have the representation

(@0 Wo", MY, M3Y) = F((Q), Wo", AN, MyY)).
It therefore follows by (5.20), the measurability of f: (R x D3[0,00), B(R) x

D?) — (R x D3[0,00), B(R) x D?) by Lemma A.9 in the Appendix, (5.21),
the Continuous Mapping theorem [1] and the definition M; in (5.16) that

(Qév7 WC{V7 Mljv7 MQZV) = (QN07 WO(Fe)a Mh MQ)
in (R x D3]0,00), B(R) x D3) as N — 0o, where each of the limiting processes
appearing on the right-hand side above are independent of one another.
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Next, since (R,R) and (D, D) are both separable spaces, it follows by
Theorem 11.4.1 in [20] that R x D3 is separable under the product topology
induced by the maximum metric |- | x dil. Thus, by the Skorohod represen-

tation theorem [20], there exists some alternate probability space, (Q, F, P),
on which are defined a sequence of processes

{(Qév7 Wév7 M]{V7 M2]V)7 N Z 1}7
where
(5.22) QY W, N, ) £ (QF W MY 1), N>,

and also processes

(5.23) (Qo, Wo(Fe), My, M) < (Qo, Wo(F.), My, My),
such that
(524) (Qé\f’ W({V7va7M2N) — (QO)WO(F6)7M17M2)

in (R x D?[0,00), || x d%) P-a.s. as N — oo. Furthermore, since each of the
processes appearing on the right-hand side of (5.24) is continuous, we may
assume that above convergence also occurs in (R x D3[0,00),] | x u?).
Now, set

~N AN _
and

Mo =Qf(G-F.).
It is then clear that

sup |3 (1) — Mo (1)] < Q) ~ Qul sup [G(H) ~ Fe(t)

0<t<T
<2|Qq — Qol,
and so it follows by (5.24) that
(5.25) Mg — Mo in (D[0,00),u) P-a.s. as N — co.
Next, letting
HY = Q) F.,
a similar augment shows that
(5.26) HN > [ in (D[0,00),u) P-a.s. as N — 0o,

where

H:QOFe-
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Finally, it is clear by the Halfin-Whitt condition (5.3) and the boundedness
of F,, that

(5.27) VN1 - pMYE, — BF,  in (D[0,00),u) P-a.s.

as N — oo.
Thus, letting

QY =HN + W' + MY + My,
we have by (5.24)—(5.27) that
(5.28) MY +QY — VN1 - pN)F. — Mg + Qr — BF.
in (D[0,00),u) P-a.s. as N — co, where

Qr=H+W(F)+ M + M.
Furthermore, it follows by (5.23) that

(5:20) 31y + QY — V(- oML 11 + QY — VN (- o).

for N > 1.
Now set
(5.30) QN = b (M + Q) —VN(1 = p")F).

Since by Proposition 3.1, the map ¢%: (D[0,00), D) + (D[0,0), D) is mea-
surable, it follows by (5.11), (5.29) and (5.30) that

(5.31) ONLON, N>1.
Furthermore, by the continuity portion of Proposition 3.1 and (5.28),
(5-32) Q¥ = (Mg + QY — VN1 = pM)F.) = o (Mq + Q1 — BE.)

in (D[0,00),u) P-a.s. as N — oo. Since convergence in (D[0,00),u) im-
plies convergence in (D[0,00),dy,) and almost sure convergence implies
convergence in distribution, it now follows by (5.31), the measurability of
©%: (D]0,00), D) + (D[0,00), D) from Proposition 3.1 and (5.32) that Q¥ =
@%(MQ +Q — BE.) as N — oo, which completes the proof. [

Note that the diffusion limit for the queue length process given by Theo-

rem 5.1 may be written out in expanded form as the solution to the stochastic
convolution equation

(5:33) Qr(t) = Mo(t) +Q:(0) = AE.0) + | "GHt-s)dF(s), 20
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In this representation, we see that Q p may be decomposed into four separate
parts. The second term on the right-hand side of (5.33), @7, defined by
(5.17) above, is the diffusion limit for the G/GI /oo queue with the same
number of initial customers as in our G/GI/N queue and with the same
sequence of arrival processes and identical service time distribution as in
our G/GI /N queue. It is the primary stochastic component which drives the
convolution equation above. The third term on the right-hand side above,
BF(t), arises out of the Halfin-Whitt condition (5.3). The first term on
the right-hand side above, Mg, takes into account the discrepancy between
the G/GI/N and G/GI /oo queue in the initial number of customers in the
system at time 0— who remain in the system at time ¢. Finally, similar to
as in the fluid limit of Section 4, the integral term on the right-hand side of
(5.33) represents an adjustment term to the infinite server queue limit, Q;
which takes into account the waiting times of the customers in the G/GI /N
queue. Note also that the adjustment integral term is positive as one would
expect since the number of customers in the G/GI/N queue will always be
stochastically larger than in a corresponding G/ GI /oo queue. Furthermore,
only the positive portion of the queue length process, QF., appears in the
limit since it is only when there are more customers than servers in the
system that the finite server approximation to the infinite server queue will
be off.

5.4. The wvirtual waiting time process. In this subsection, we study the
diffusion scaled virtual waiting time process and the diffusion scaled cus-
tomer waiting time process for the G/GI/N queue in the Haflin-Whitt
regime. For each ¢ >0, let V" (¢) denote the hypothetical amount of time
that a customer arriving to the Nth system at time ¢ would have to wait
before being served and, for i > 1, let VZ-N denote the waiting time of the ith
customer to arrive the system after time 0—. Note that denoting by D (¢)
the number of departures from the Nth system by time ¢t > 0, we have that

VN(t) +t=inf{s>0: DN (s) > AN(t) + Q}'}

for t >0 and V.V = V¥ (7N —). In this subsection, we obtain asymptotic re-
sults for the diffusion scaled virtual waiting time process VN (t) = {N'/2V N (¢),
t >0} and the also for the diffusion scaled customer waiting time process

‘:/'N(t) = {N1/2VLJJ\\7,tJ ,t > 0}. Our main approach will be to leverage off of the

results of Section 5.3 on the diffusion scaled queue length process.

The main result of this subsection is the following theorem which provides
a weak limit for the sequences of diffusion scaled virtual waiting time and
customer waiting time processes in the Halfin—Whitt regime. Note that as a
byproduct, this limit implies that waiting times in the Halfin—-Whitt regime
are of order N~1/2 and thus decrease as the number of servers become large.
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Furthermore, we also note that as expounded upon further below, the limit
we obtain is similar in form to that informally obtained by Mandelbaum
and Mom¢ilovié¢ in [16] for the diffusion scaled virtual waiting time process.
We then have the following.

PROPOSITION 5.3.  If AN (0) =0 P-a.s. for each N > 1, and the residual
service time distribution Fo = F, and QY = Qo as N — oo, then VN =V

as N — o0 and VN =V as N — oo, where V is given by the unique solution
to the integral equation

~ ~ ~ t +
(5.34) V(t):<MQ(t)+QI(t)— BF.(t) + /0 V(t—s)dF(s)) . t>0.

In [16], in the case of renewal arrivals, the diffusion scaled limiting station-
ary virtual waiting time process was conjectured to be expressed in terms
of the supremum over an infinite weighted full K-ary tree

(5.35) Veo(t) = sup (Wr)T,  teR.
TCF]t)

Furthermore, it was shown in Lemma 10 of [16] that the process Voo =
{Vo(t),t > 0} defined by (5.35) satisfies the stochastic integral equation

(5.36)  Va(t) = (X(t) _ B+ /0 TVt — ) dF(u)>+, LER,

where X = {X(t),t >0} is a stationary Gaussian process whose covariance
function may be explicitly calculated.

We now show informally by taking the limit as ¢ approaches oo on both
sides of (5.34) that (5.36) may actually be viewed as the stationary version
of the limiting diffusion scaled virtual waiting time process. First, note that
by the definition of Mg in (5.15), we have that Mq(t) — 0 P-a.s. as t — oco.
Next, since F, is a distribution function, it follows that SF,(t) — 8 P-a.s. as
t — 0o. Thus, for ¢t large, we have from (5.34) that

- . t+s _ +
(5.37)  V(t+s)~ (Q,(t+s)—5+ Vs dF(u)>

for s > 0, where the ~ sign is meant to mean approximately equal. One may
next check that for ¢ large the process {Q7(t + s),s > 0} is approximately
equal in law to that of X in (5.37). Finally, for ¢ large, the integral on the
right-hand side of (5.37) may be taken to be an interval over the entire
nonnegative portion of the real line. Thus, setting V; ={V(t+s),s >0}, we
obtain from (5.37) and the preceding discussion that

(5.38)  Vi(s)~ (X(s)—5+/oooxz(s—u)dF(u))+, s3>0,
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which is the similar to (5.38). As t approaches oo, the approximation in
(5.38) becomes more precise and indeed a completely rigorous argument of
the discussion above may be given but we omit the details here.

In order to prove Proposition 5.3, we must first provide an intermediary
result for the diffusion scaled number of customers waiting to be served.
Note that since the system is operating under a nonidling policy, the total
number of customers waiting to be served at time ¢ is given by the quantity
(QN(t) — N)*. We also define

B N _ +
GV = U

to be the diffusion scaled number of customers waiting to be served at time
t and set QT = {N"V2(QN(t) — N)T,t >0} to be the diffusion scaled
number of customers waiting to be served process. Note also the relationship
QN (t) = (QN(t))* which will be taken advantage of in the following result.

t>0,

_ PROPOSITION 5.4.  If the residual service time distribution Fy = F, and
Qév = Qo as N — oo, then we have the joint convergence (QN,QN*) =
(Qr,QF) in (D?[0,00),D?) as N — oco.

PROOF. Define the function f:(D[0,00),ds,) — (D?[0,00),d3) by
f(x1) = (z1,2]) for x; € D[0,00), where x{ = (max{0,z1(¢)}, > 0). We
now claim that the function f:(D[0,00),d,) — (D?[0,00),d?,) is continu-
ous. Assume that =7 — z; in dj,. We then have that

&3, (f (@), f(21)) = d5, (2, 27"), (21, 27))
= max{dy, (7, 21),dy, (27", 27)}
< dy, (o}, 21)
—0 as n — 00,

and thus the claim is proven. The proof now follows by the representa-
tion (QV,QNT) = f(Q"), the Continuous Mapping theorem [20] and The-
orem 5.1 above. [

Using Lemma A.10 in the Appendix, we may now prove the proposition
above.

PROOF OF PROPOSITION 5.3. By Proposition 5.4, QN =Qt as N —
oo and by assumption we have that AN = ¢ as N — oco. Furthermore, by
(5.1) and the heavy traffic condition (5.3), p~N — 1 as N — co. Thus, by
Lemma A.10 in the Appendix, VN =V = Q1 as N — oo, which by the
representation (5.33), completes the proof. [
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5.5. An alternative representation. The representation of the limiting
diffusion scaled queue length process given by (5.33) provides a convenient
expression for Qp in terms of a corresponding infinite server queue limit,
Q7. However, it is not evident that the limiting process of (5.33) is equiv-
alent to the diffusion limit of Theorem 2 of Halfin and Whitt [8] for the
specific case of exponentially distributed service times. The following corol-
lary provides an alternative representation of the limit of (5.33) which may
be used to rigorously verify this equivalency. Let M = {M(t),t > 0} be the
renewal function associated with the pure renewal process with interarrival
distribution given by the service time distribution F. Recall that for ¢ > 0,
M (t) is by definition equal to the expected number of renewals by time t.
Furthermore, by Exercise 3.4 of [19], M is given by the unique solution to
the renewal equation

(5.39) M(t) = F(t) + /0 "M(t—w)dF@)  for t>0.

Let us also set
(5.40) C(t) = Mo(t) + Qr(t),  t>0,
and ¢ = {((t),t > 0}. We then have the following result.

COROLLARY 5.2. The limiting process, Qp, of Theorem 5.1 may be
equivalently expressed as the unique strong solution to

641 Qut) =0+ [ = waM(w) - st~ [ Qe — ) dbi(a)
for t >0, where Qy;(t) = min(Qs(t),0).

PrRoOF. Let F={F(t),t > 0} be adistribution function and r = {r(t),t >
0} be an unknown function satisfying the integral equation of renewal type,

(5.42) r(t) = H(t)+ /0 ) dF(t—u)  fort>0

for some H ={H(t),t >0}. If H is a locally bounded function, then (5.42)
has a unique locally bounded solution [11], which is given by

(5.43) r(t) = H(t) + /0 "H (= w) dM (),

where M = {M (t),t > 0} is the solution to the renewal equation (5.39).
By the definition of ¢ in (5.40) and the representation (5.33), the limiting
process of Theorem 5.1 may be written as

Gr()=00) - R0+ [ Q(s)dF(—s)  for 120,
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Next, since Qp = @; + QE, we have

QHO =00 - R0~ Qe () ~ [ QR aF(—s).

Furthermore, it follows that 5 —BF.+ Q} is almost surely a locally bounded
function since it is almost surely an element of D[0,00). It therefore follows
from (5.42) and (5.43) that

G0 =)~ BE0) - Qe + [ Clt - wdM(w)

—B/Ft—udM /QFt— w) dM (u),

or, equivalently,

_ /Ct— ) dM (u)
(5.44) —ﬁ(Fe(t)Jr /0 Fut—s) dM(s))
—/Ot@}(t—u)dM(u).

However, since
t
+/ Fu(t—s)dM(s)=t, t>0,
0

if follows by (5.44) that

t~

(5.45) Qr(t) =C(t)+ / (e —w)yaM(w) — pt = [ Qrlt—wdM(w),
0

which completes the proof. [

Note that Corollary 5.2 also implies the convergence QN = Qu as N —
oo, where Qs is the stochastic process given by the unique strong solution
o (5.41). The proof of this result is trivial and essentially proceeds in two
stages. First, one may use Theorem 5.1 to show the weak convergence QN =
Qr as N — oo and then use Corollary 2 to show the equivalency in law
between Qp and Q7. In a sequel [18] to this paper, we provide a more direct
proof of the convergence of QV to Q. This follows along more traditional
line of conventional heavy-traffic proofs in where the queue length process is
modeled by a conservation of flow as the difference between the number of
arrivals and the number of departures. The integral term on the right-hand
side of (5.41) then turns out to representative of the idle time processes of
the servers in the system.
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As noted above, in the case of the GI/M/N queue, Corollary 5.2 may
be used to obtain the original diffusion limit result provided by Halfin and
Whitt [6]. This may be seen by first noting that for exponentially distributed
service times, the renewal function M in (5.41) is the renewal function for a
rate 1 Poisson process, which is simply given by M (t) = t. Thus, the limiting
process of Corollary 5.2 may be written as

(5.46)  Qur(t) =C(t) + /Ot C(s)ds — Bt — /Ot Quy(s)ds,  t>0.

Furthermore, using (5.40), (5.15) and (5.17), extensive covariance calcula-
tions show that

BO={0+ [ {o)ds, 120,

is a Brownian motion with infinitesimal variance 1 + o2, where o2 is the
variance of the interarrival times. Therefore, the process (5.46) is a diffusion
with infinitesimal drift m(z) = —f for £ >0 and m(x) = —z — 8 for x <0
and infinitesimal variance 1 + o2, which is in agreement with Theorem 3 of
Halfin and Whitt [6].

6. Conclusion. In this paper, we have studied the G/GI/N queue in
the Halfin—-Whitt regime. In our first main result, we obtained a first-order
approximation to the queue length process. This approximation turned out
to be the solution to a nonlinear convolution equation. Next, after centering
the queue length process by its deterministic fluid limit and scaling by an
appropriate constant, we obtained a second-order stochastic approximation
as well. Our limiting stochastic process is nonlinear, stochastic convolution
equation which is driven by a Gaussian process and includes a drift term
which incorporates a time lag. In the case of exponentially distributed service
times, it can be shown that this process is equivalent to the diffusion process
obtained by Halfin and Whitt [6].

In the sequel to this paper [18], we provide a direct approach to the proof
of Corollary 5.2. This is based off of a conservation of flow equation where
we write the queue length process as the difference between the number of
arrivals and the number of departures. In this case, central limit theorem
type results for sums of i.i.d. renewal process will have to be invoked.

In the future, it would be nice to have a better understanding of the limit-
ing process we have obtained. Ideally, one would like to solve for its limiting
distribution. Unfortunately, this in general appears to be a difficult prob-
lem. Therefore, if analytical solutions cannot be found, efficient numerical
procedures might perhaps be developed. Simulation studies could also be
conducted to test the accuracy of the proposed approximations relative to
their actual values. This would be especially interesting when the system is
close to being in the Halfin—-Whitt regime.
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APPENDIX

In the appendix, we provide the proofs of Propositions 3.1, 4.2 and 5.1
and Lemmas A.9 and A.10. We begin with the proof of Proposition 3.1.

PROOF OF PROPOSITION 3.1. Suppose first that B is concentrated on
the point ¢ > 0. In this case, it is clear that the solution to (3.1) satisfies the
recursion

(A1) z(t) =z(t), 0<t<eg,
and
2(t)=x(t) + (z2(t—c) +a)T, t>c,
in which case it is clearly unique. Furthermore, defining ¢% : D[0,00)
DJ0,00) to be the solution to this recursion, it follows that
leB(x1) — B (x2)lle = llz1 — 220

for 0 <t < ¢. Now suppose that for some integer k, we have

(A.2) (1) — PB(x2)lle < kllwr — zo:
for (k—1)c <t < ke. It then follows that for k <t < (k+ 1)c,

leE(w1) — pE(@2)lle < |lz1 — 22t + [[0E (71) — B (T2) l1—c
<oy — z2lle + Kz — 22l
= (k+ Dz — 22+

By induction, this implies that the relationship (A.2) must hold for all ¢,
which show that ¢% is Lipschitz continuous if B is concentrated on a single
point. The proof of measurability of ¢% for the case of B concentrated at a
single point will be included below.

Suppose now that there exists a § > 0 such that B(y + ) — B(y) < e
for some 0 < e <1 for all y > 0. Such a § will always exist so long as B
is not concentrated on a single point. We now provide proofs of existence,
uniqueness and Lipschitz continuity for this case.

Ezistence: We use the method of successive approximations. Let ug =0
and recursively define

t

(A3)  upet(t) = 2(t) +/ (un(t —s)+a) dB(s),  t>0,
0

for n > 1 and note that

(AA) Un+1(t) — un(t)

:/Ot((un(t_s)+a)+_(un—l(t—3)+a)+)dB(S), t>0.



THE G/GI/N QUEUE IN THE HALFIN-WHITT REGIME 33

We now show by induction that for each integer 1 <k < [67177,
(A.5) [tnt1 — unlljs < Fnle™|x|r for j=1,...,k,
for n > 1. For the base case k =1, observe by (A.4) that

[unt1 = unlls < B(0)||un — un-1lls < ellun — tun-1ls,

and so, since
(A.6) [lur —wolls = [lz1 = Olls < |21 l7,
we have the relationship
(A7) [tnt1 = unlls <"||zllz < ne"|zf7

for n > 1. We now proceed with the induction step. Assume that (A.5) holds
for some k and we will now show that it holds for (k+ 1). Note that by (A.4)
and the induction hypothesis (A.5),

(A.8) [ un”(k—i—l)é
k
< Ze\lun — Un—1ljs +€llun — un—IH(k—i-l)é
j=1
k . .
<Y el (n— 1Y Ye|lzllr + ellun — w1l 1 1)s

1

<

(A.9) < KRR+ eflun — o s
Furthermore, since as in (A.6),
lur — uollis < [|zll7
for all [=1,...,[67'T1], it follows by repeated iteration of (A.9) that
n
1 = | g 1ys < KFH (Zik>€"\l$llT
i=0
< kk+1(nk+1 + 1)Eon”T
< (k‘ + 1)k+1nk+1€n‘|$”T’

and so the induction hypothesis has been proved.
Thus, since

00 0o
Z ||un+1 — unHT < Z Hun-i-l - unHM*IT](S

n=1 n=1

< ST TRl T |
n=1

A

o0,
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it follows that {u,} is a Cauchy sequence. Furthermore, since the space
DJ]0,00) is a Banach space under the supremum metric u, there exists a
limit point u* of {u,,}. Taking limits on both sides of (A.3), we now see that
u* is a solution to (3.1), which completes the proof of existence for the case
of nondegenerate distributions.

Uniqueness: Suppose that u and v both satisfy (3.1) and let

A(t)=u(t) —v(t) = /Ot((u(t —s)+a)t — (v(t—s)+a)")dB(s), t>0.
We then have for 0 <t <4, that
DI [ (= )+ @) — (ot~ ) +0) | aB(s) <<llAl,

which implies that A(¢) =0 on [0,0]. Next, for 6 < < 20, we have that
A <elAlls +ell Allzs = el All2s,

which implies that A(¢t) =0 on [4,20]. Iterating the above argument until
we reach T completes the proof.
Lipschitz continuity: Note that for 0 <t < ¢, we have

leE(r2) — wp(z1)lls < [|v2 — 215 + el (22) — ©B(21)]ls,
which implies that
% (22) — % (z1)]ls < (1 — &) Hza — z1ls-
Next, for § <t <26, we have
% (x2) — B (x1)]l25

<|lz2 — z1ll2s +ellB(z2) — wB(@1) s +ellpB(v2) — ©B(z1) ]2
1

< i-9) 21 — 2|25 + ellpB (x2) — @B (21)]|2s,

which implies that

1
l¢E(x2) — e (w1)]l2s < W”xl — @226

Iterating the above argument for k = [§~'7T] — 2 more time intervals com-
pletes the proof.

Finally, we provide a proof of measurability of ¢% for the case of a general
B.

Measurability: We begin by defining the function ¥% : D[0,00) — D: [0, 00)
by

T () () = /Ot(u(t — 9 +a)tdB(s),  t>0.
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We now show that W% is measurable with respect to the Borel o-field D
generated by the Skorohod .J; topology. Note that since D is equal to the
Kolmogorov o-field, which is generated by the finite-dimensional cylinder
sets, it is sufficient to check that for each n > 1 and Aj, As,..., A, € B(R),

{u e D[0,00): (WY (w)(tr), ..., U (w)(tn)) € (Ar,..., Ay)} €D

for 0 <ty <ty <---<t,. However, since o-algebras are closed under finite
intersections, it is sufficient to check that for each ¢ >0, U%(-)(¢) is measur-
able. In order to show this, we first decompose B into its continuous and
discrete parts so that

B(t) = Bu(t) + Ba(t),  t>0,

where we write
(A.lO) Bd(t) == Z Cn(S(pn)(t)
n=1

for the discrete part of B. We then show that both ¥ and U%  are mea-
surable functions and so, since the sum of two measurable functions from
(D,D) to (D, D) is measurable, and Uj =W + W, we have the desired
measurability of ¥%.

We begin with the proof of measurability for W% for which it will be
sufficient to show that for each t > 0,¥% (-)(¢) is continuous when viewed
as a function from (D[0,00),dy,) to (R,]|-|). Let u,, — u under the metric
dj,. This then implies that w,(t) — u(t) for all but a countable number of
t (see, for instance, page 247 of [1]). Furthermore, the measure defined by
B, assigns measure 0 to all countable sets. Thus, since for each ¢ > 0, the
sequence {Supg<g<y [un(s)[,n > 1} is bounded, it follows by Theorem 3 of [4]
that

(A1) [, (un)(t) = U, (u)(D)]

/Ot((un(t — ) +a)t = (ult— s)+a)")dB(s)

< [ fun(t = 5) = u(s)|dB(s)
(A.12) —0 as n — oo.

This completes the proof of the measurability of ¥ .
Now consider W% . It is clear from (A.10) that

@O =3 Te@(®), >0,
k=1
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where
Yr(u)(t) = e 1{t > pr}(ult — pp) +a) ™.
For each n > 1, define

Vi (w)(t) =Y Te(u)(t),  t=0.
k=1
We then have that for each u € D[0,00) and t > 0,

sup (W (1) (s) — W, (1))

— sup | > elfs = ped(uls — po) - a)

0<s<t k—n
[e.9]
< sup |u(s)+a Ck
gl 3

and so it follows that ¥4 (u) is the pointwise limit in (D[0,00),u) of W3"(u)
as n — 0o. Thus, if each \I’%Z(u) is measurable, it will follow that ¥%  is
measurable as well. However, in order to show that ¥%" is measurable, it
will suffice to show that each Y, is measurable since the sum of a finite
number of measurable functions is measurable. The fact that Y is measur-
able may been seen by noting that Y is first the translation of the function
u by a constant p; and then a multiplication by a constant cp. Both of
these functions are easily seen to be measurable functions and so Y, being
the composition of two measurable functions, is measurable as well. This
completes the proof of the measurability of ¥% .
Now define the map =% :(D|0,00), D) — (D[0,00),D) by

E5(u)(t) = z(t) + Th(u)(t), t>0.

It is clear that =% is measurable since W% is measurable. Furthermore,
from the existence portion of the arguments above, it follows that for each
x € D[0,00),

where 24" (x) = 24" 0 2% is the n-fold composition of =% with itself

and the limit is taken with respect to the metric of uniform convergence
over bounded intervals, u. Thus, since the composition of two measurable
functions is measurable, it follows that %" is measurable for each n. But this
then implies that ¢%, being the pointwise limit of a sequence of measurable
functions, is measurable as well, and so the proof is now complete. [
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The next portion of the Appendix is devoted to the proofs of Proposi-
tions 4.2 and 5.1. Our proof of Proposition 4.2 closely parallels the proofs of
Lemmas 3.4-3.8 of [14]. In order to begin, we must first set up the following
notation. Let AN (t) be equal to the number of customers in the Nth system
who entered service after time 0— but before or at time ¢. We then define
the two parameter process

AN (1)
(A13)  VN(ta)= Y ({m<a}—F(z), t>0,2>0,

i=1
where we recall the definition in Section 2 of n; as the service time of the
ith customer to arrive to the system after time 0—. Note that by setting

LVt]
UN(t,z)=> ({F(p;)<a}—x), t>0,0<z<1,
i=1
we have
(A.14) V¥(t,z) = UN(AY(t), F(2)),
where
AN
(A.15) Ny sy
N
It then follows from the definition of M4 in (2.5) that
t ot
(A.16) MY (1) :/ / s+ <ty dVN(s,z),
0 Jo

where the integrals above are taken over the closed intervals [0,¢]. We now
decompose M2N in two processes, G and H". Let

AN
(A17) LN(t,z) = Ag) (1{m <a}— /Omm %) t>0,2>0,
where F(y—) = lim,_,, F(x).
By (A.13) and (A.17), we have that
(A.18) VN (t,2) = — /0 ' % dF(y) + LV (t, 2).
Therefore, by (A.16) and (A.18), we have
(A.19) MY (t) =GN (@t)+ HN (1),

where

tYN(t—x,2—)
GN(t)z—/O T(x_)dF(x), t>0,
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and

N _ Lot N
(A20)  H (t)—/o /0 s+z<tydLN(s,2),  ¢>0.

We set GN = {GV(t),t >0} and HY = {H"(t),t > 0} and note that (A.19)
is the desired decomposition of M2N . It will be useful in proving several
results related to M4" such as tightness and weak convergence.

Now, for each k> 1, let

AN (t)Ak

HY )= > (1{0<m§t_@.N}_

i=1
for t > 0, where

mAt=TN)Y AR (1) )
0+ 1= F(u-)

N —inf{t>0:AN(t) >4}

is the time at which the ith customer to enter service after time 0— begins
being served. We also set HY = {H}N(t),t > 0}. Furthermore, we define the
filtration HY = (#N,t > 0) by

HyY = o{Q)'}V o{iii,i > 1} Vo{&,i>1}
Vo{l{n =0 1{m <s—"},s<t,i=1,...,AN(@t)}
Vo{AN(s),s <t} VN,

where &; is as defined in (2.1) of Section 2 and N is the P completion of
F. It easy to see that H" satisfies the usual conditions and is actually a
filtration.

The following lemma is similar to Lemma 3.5 of [14]. Consequently, the
proof that follows is a straightforward adaptation of that found in [14].

LEMMA A.1. The process H,iv is an HY -square-integrable martingale
with predictable quadratic variation process

AN (t)Ak A(E—N )+ B u
Z /077 %dF(u), t>0.

PROOF. We first decompose H}' by writing

k
c(t) =" HV(t)
i=1
where
t—+ M)+ dF(u)
1—F(u—)
As in [14], the proof now proceeds in three parts. They are:

. i
(A.21) HN”(t):1{0<m§t—%iN}—/
0+
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1. For each i > 1, the process HN? = (HN(t),t > 0) is an H-square-
integrable martingale. '
2. The predictable quadratic covariation process of HV"' is given by

nAE=HT 1~ F(u)
. 1 Fluyz

3. The martingales H™ and H™ are orthogonal for i # j.

(A.22) CRSIORY|

These three statements are then sufficient to imply the conclusion of the
lemma. We begin with the proof of part 1.
First, note that HV* is HV-adapted and, furthermore, we have that

sup E(H™(t))? < oo.
>0

We now prove the martingale property for HY? by showing that for s <,

(A.23) Y > sYE[HN () HY ] =0
and
(A.24) HN <sYE[HN ()| HY] = HN(s).

We begin with (A.23). First, note that 7V is an H-stopping time since
o(AN(s),s <t) CHY for each t >0 and so we may define the o-field ’HiVN

K3

Furthermore,
LAY > sYEHY ()M = U7 > s}EIEHEN (0)H)H]].
In order to prove (A.23), we now show that
(A.25) E(HNvi(t)mgN) = 0.
This follows informally since on the event {n; > 0}, we have

E(HM(1)|7Y)

—0,
P(n; >0)

(A.26) E(H™ () Hv) = 1{n; > 0}

where the last equality is by (A.21) and the independence of 7; and %ZN .
In order to rigorously to prove the first equality in (A.26), we make use of
Lemma 3.6 of [14].

Specifically, we show that

(A27) HN N {m >0} C (o{QY} vV ofi,i > 1}
(A.28) Vol&,r>1mp,p>Lp£it Vo{iN } VN)
N {Th > O}
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Note that it is enough to check (A.27) for sets which generate ’HiVN However,
by the definition of #}V, it is not difficult to see that
HI = o{Q0} Vol i > 1} vo{&,r>1}

(A.29) Vo{r Hn =0h {0 <np <s AT - 77,
s>0,r=1,..., ANGEN)I VN

(use, for example, the argument of Brémaud [3]). Then, for I =4,i+1,...,m =

1,2,...,n=1,2,...,81,892,...,5 >0 and Borel sets A, Bi,...,Bn,,C1,...,

CnyD1y,...,E1,..., By and Fy,...,F;, we have, since AN(%ZN) > 1> i, then
N — 2N r=4+1,...,1, that

r i

QY e Ayn <ﬁ{ﬁr c BT}) n (ﬁ{a c a}) AN > 1)

r=1 r=1

>

N <h{f,§v eDr}> N <h{1{m =0} € Er}>

r=1 r=1

l
ﬁ(ﬂ 1{0<77¢§s,1/\722-N—}N}6F,«>ﬂ{mZO}

r=1

(A30) —{Q) € A}n <ﬁ{ﬁr c BT}> n (ﬁ{@ e a})
r=1

r=1

N < rl] (N :%TJ,V}> A <ﬁl{ﬁ{\f € D,,}) N <h{%,fv € D,})

r=i+1 r=1 r=i

l
ﬂ( N {1{m=0}€Er}>

r=1,r#1

i—1

N <ﬂ Ho<n <s, ATN — A7{V}€Fr> N{n; >0},
r=1

when 0 € E;,0 € F,.,i <r <[, and the left-hand side is @ otherwise. We show

that the event on the right-hand side of (A.30) is in (o{Q}} V o{f;,i >

L Vo{&,r>1n,p>1p#i} Vo{iN} VN) N {n >0}. It is enough to

prove that this holds for the event

l
N & =430 (> 0).
r=i+1

First, note that for i + 1, there exists a Borel function hf\il such that

721']-\{-1 = Ti+1 vV ((%ZN + 772) A hlj'\—[i-l(Q87ﬁlal 2 17§T7T 2 1777p7p 2 17p 7é Z))
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The random variable hH_l(Q{)‘,ﬁl,l > 1,&,r > 1,np,p>1,p#1) is either
equal to 7; if a server is idle in the system after the arrival of customer
1 or, if not, the time of the next departure from the queue after the arrival
of customer ¢ not including customer . Since,

F = = < n{m=0}
U{RN(QF i > 1,&n,m > 1mp,p > 1p #14) <77},
we have that
{77 =7} 0 {n; >0}

(A.31) = {7 <AV (B (G = L p > Lp #0) <4V}
N {n:i >0}.
A similar argument shows that for r=7+2,...,1

) (# =Ny {ni > 0}
' =N <A AN > L p > 1, p A1) <V {ns > 0},

where hlY is also a Borel function and hY (&, 7 > 1,m,,p > 1,p # i) is the
time of the (r —i)th departure from the queue after the arrival of customer
i not taking into account customer i. By (A.31) and (A.32),

l
) A7 =70 {n; >0}

r=i+1
! l
= ) { <& ) A (&r =1 p>1p#i)=7"}
r=i+1 r=i+1

which yields (A.27). By Lemma 3.6 of [14], (A.27) implies the first equality
in (A.26) which show that (A.25) holds and so (A.23) is proved.
We now proceed to show that (A.24) holds. We have

7Y < s}BIHN ()M
=Y <5 — 7 YE[HM (OHT] + UHn > s = 7 > 0} E[HY ()| H]].

However, since both 1{n; < s — 7V} and 1{n; > s — 7V} are both H-
measurable, and by (A.21) we have that

Un; <s— 7 YHY(t)
=1{o<m <s—7N})

nin(s=7)* dF(u)
R (U
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where the latter is H2-measurable, it follows that
7Y < syBIH™M ()M

=1{0<ny <s—7N}
(A.33) .
niN(s—=7; dF(u)
_ 1 i < S — A’LN / I S

+1{ni > s — 7 > 0} E[HN (1) | 1Y),

We now proceed to evaluate the quantity 1{n; > s — 7 > 0}E[HN(t)|HD].
First observe that on the event that customer ¢ has not completed service
by time s, mathematically, the event {n; > s — ﬂN >0}, we have that »; is
independent of the process AN up to time s which keeps track of the number
of customers who have entered service by time s. Also, since 7; is independent
of ny for I # i, we conclude from the definition of #}¥ and (A.21) that, on the
event {n; >s— 7N >0}, HV/(t) is dependent upon H2 only though n; and
ﬂ-N . To put it more accurately, let AN (u),u > 0, be the number of arrivals
to the servers up until time u that would have occurred if the customer with
service time 7; remained in service forever. Then, AN (u) is a Borel function
of &,7>1,m,,p>1,p+#1i, on the one hand, and coincides with AN (u) for
u < s on the event {7 +17; > s}, on the other hand. In analogy with (A.27),
this yields by the definition of HL,

HY N {ni>s -V >0}
(A.34) C(of{&,r>Lmpp2Lp#£i} V{7 } VN)
N{n >s—7" >0}

Now noting that 1{n; > s — 7/ >0} is H-measurable and applying Lemma
3.6 of [14], it then follows that
Wi > s =7 > 0y BIH™ () 1]
E[1{n; > s — iV YHN(1)|7]"]
P(n; > s —#N|#N) ’

where 0/0 = 0. Now evaluating the right-hand side of the above using (A.21),
it follows

=1{n>s—%" >0}

Hni > s — 7 > 0}E[HY (1) HY]
~N
. =7 dF(u)
=—1n>s—7N>0 —
{n } e 1=

which, together with (A.33), implies (A.24). We now have that (A.23) and
(A.24) have been proved and so the martingale property of H N:i has been
proved.
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The proof of part 2 follows identically to the proof of part 2 of Lemma
3.5 of [14]. In particular, since the second term on the right-hand side of
(A.21) is HY -predictable, the HY -predictable measure of the jumps of the
process (1{0 <mn; <t — 7N}, >0) is (see Liptser and Shiryaev [15], Jacod
and Shiryaev [9])

dF(u—#N)
1—F((u—7N)-)

and so the predictable quadratic-variation process of H™' is (see, e.g.,
Liptser and Shiryaev [15], Problem 11, Chapter 4, Section 1)

(HN) (¢ // 2 Vi (du, d) — 3 </Rx’/N’i({U},dx)>2

O<u<t

. t
N0, T, A) = {1 € A} [ 1Y <u<ni+ 7Y}
0

t
:/ Wil <u<m+7}
0

- Z N <u<7],—|—TN}<

O<u<t
B /mv(t—nN ' dF(u) 3 ( AF (u) )2
0 1= Fu-) O<umA(t—7N)+ 1= F(u=))

where the sum is over all of the jumps. Since the above is equal to the
right-hand side of (A.22), this then completes the proof of part 2.

We now demonstrate step 3 by proving the martingale property for H™:¢ N
in a similar to manner to the proof of the martingale property for H™:?.
Specifically, for s < t,j <1, we prove that

(A.35) N > sYE[HN () HNI ()| HY] =

and

(A.36) N < sYE[HN ) HNI () HN]) = HN () HNI (1).
For (A.35), we have

(A.37) N > sYE[HN ) HN (1) HY]

(A.38) =1{#N > s}E[E[HN’i(t)HN’j(tNHgV]|’H£V].
However, since

E[HY () HN (t) H2]
(A.39) =1{n; <7 = 7 YE[HN (O HY ()| H ]

+ 1y > 7 — 2N VBN () HY (1) 2,
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and 1{n; < ?iN—%]N} and 1{n; < — AJN}HNJ(t) =1{n; < %ZN—%JZV}HN’j(t/\
#N) are HéVN—measurable [use (A.29)], it follows that
Wy <7 = 2 YEHY () HY ()| H 3]
= E[n; <7 — 7 YHN (O HN (1) H W]
=1{n; <7 = F N () BIHY (6) [ H W),

and so, since HV is a square-integrable martingale, by Doob’s stopping
theorem ([9], 1.1.19, 1.1.42), E[HNZ(t)\HﬁV] = HY¥(#N) =0 and thus, the

first term on the right-hand side of (A.39) is 0.

Consider now the second term. On the event {n; > 7 — %JN }, we have
that customer j finishes service after customer i arrives and so customer j’s
service time has no no effect on 7, the time at which customer i enters
service. Thus, 7; and 7V are independent on the event {n; > 7 — %jN }.

To put it more accurately, there exists a random variable 7"Z-N which is a

Borel function of &.,7 > 1,n,,p > 1,p#i,p # j, such that {n; > N — %]N} =
{n; >+ - 7A'JN } and 7V = 7 on either event. One may view 7V as the time

at which customer i would enters service if customer j’s service time were
infinitely long. Thus, applying Lemma 3.6 of [14] and using the fact that »;

and 7; are independent of 7‘Z~N and %JN , we have that

Wn > 7 = 7Y B (O HY ()| H ]

E1{n; > 7 — e YN ) EY (0)]7Y, 7]
N

{7].7 ! } P(TIJ >7V-ZN _72]]\/’7:21\/77:] ) 7

J

where H™* denotes H™V"' with 7V substituted for 7. Furthermore, since 7;
is independent of 7"Z-N ,n; and %]N , we obtain that

E[1{n; > 7 =+ YAV ) HY (8) |7, 7]
=E[{n; > 7 =+ YHNI )7 # N EEY (1)|7)],

where the last multiplier on the right-hand side is equal to 0 by the definition
of HM+" and the fact that n; is independent of 7. Thus, the right-hand side
of (A.39) is 0, and so E[HNZ(t)HNJ(t)]Hﬁ\,] =0 so that (A.35) is proved.

In order to prove (A.36), we proceed similarly to (A.24) and so some of
the details are omitted. First, note that

N < syE[EN () HN (1) 1)]
=1{n; <s— 7N} {n; <s— 7 YE[HN () H (t)|HY]
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+1{n; > s — 7 > 0 1{n; < s — #NYEHN () HN (8)[ 1Y)
A +1{n; > s — 7N > 031 {n; < s — FNEHN () BN (8)[ 1]
+1{ni > s — 7 > 0}1{n, >S—7A'JNZO}
x E[HN () HN (1) H)]

and, further,

Wi <5 —#V31{n; <s— 2 YE[EN () HY ()| H)]
zl{nigs—%iN}l{nj §s—7°JN}
(A.41) . _
x E[1{n; < s — iV YHN (6)1{n; <5 — 7 LHY (1) 1]
=1{n; <s— V11 {n; <s— 2N YEN)HNI (1),
Wi <s— 7N {n; > s — 7 > 0 E[HN (1) HY (1) 1Y
(A.42) =1 <s =7 YHY () 1{n; > s — 77 > OYE[HY ()| H)]
=1{n; <s-— %iN}HN’i(S)l{nj > 5 — ?]N > O}HN’j(S),
W >s— 7 > 0b{n; < s —#NYEEN () HY (1) HD]
(A.43) =1{n; <s— 7 OLH" ()1{n; > s — 7Y > O} E[H" ()| 1]]
= 1{n; <s— 7 0LH" ()1{n; > s — 7Y > 0}HN(s),

where in (A.42) and (A.43) we use the martingale property of H": and
HNJ.
Consider now the last term on the right of (A.40). Since {s — 7 > 0,7, >
s — %]N} c{nj > - %JN}, it follows as above that {s — 7 >0,n; > s —
Vy={s—7N>0,n;>s—7"} and 7V =7 on either event. Hence,
Wi > s =3 2 0}1{n; > s — 77 > O} B (1) HY (1) |1
=1{ni >s—7" > 01{n; > s — 7" > O E[HY () H™ ()|,

where 7; and 7; are independent of 7‘Z~N and %JN . Also, similar to (A.27) and
(A.34),

HYN{ni>s—#3n{n;>s—7"}
C(o{&,r=1mpp>Lp#ip# i Vao{i¥, 7N} VN)

ﬂ{m>s—7‘zN}ﬂ{nj>s—7°]N},
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and so by Lemma 3.6 of [14],
i >s— 7Y >0}1{n; >s— 7 > 0YE[HN"(t)H" 7 (t)|1)]
=1{n; >s— 7" > 0}1{n; >s—7°N20}
(A.44) X (E[1{n; >s =7 >0}1{n; >s— 7" > 0}H"(t)
< HV ()|, #N)
J(P(ni>s— 7Y >0,n; >S—T > 07N, 7 N))

However, since 7; and 7; are independent of each other and #N and ?]N , we
have that

Bl >s =7 >0}1{n; >s =7 > 0 HN () HN (6) |7, 7]V]
(A.45) — E[l{m >s— 7N > 0 HNi(1)|7]
x E[l{n; > s — 7 > 0YH™ (1)]7"]
and
Pni>s—7 >0,m;>s—7" >0/7",7")
(A.46)

=P(n; >s— 7"Z- > 0]7’3 VP(n; > s — 7°j > O\%JN).
Applying Lemma 3.6 of [14] and using analogues of (A.34), we have that

E{n; >s—#N >0 AN (1)|7]]
P(n; >s— N >0|#Y)

=1{n; >s =7 = O} E[H"(t)|H]

Wn >s— 7 >0}

and
E[l{n; >s—7) > 0yHNI (t)|7]]

{n;>s—N>0
{n; 5 =0 P(nj>8—7°;V20|7°JN)

=1{n; > s — 7" > 0}E[H ()| 1],

so that dividing (A.45) by (A.46), using (A.44), the fact that 7 = 7" on
{s =N >0,n;>s— %jN} ={s—#FH">0,m >s— %]N} and the martingale
property of HY* and HNJ we get
Wi > s =7 > 041{n; > s — 7Y > O} EHN (6)H™ ()| 1]
=i >s— 7 > 0}E[HN(1)[H]]
(A.47)
x Y > s — 7 > 0}E[H™ (1)|[H,]

=1{n;>s— 7°Z- > O}HN’Z(S)l{nj > 5 — %]N > O}HN’j(s).
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Substituting (A.41)—(A.43) and (A.47) into (A.40), we obtain (A.36), which
completes the proof of the lemma. [

Now note that by (4.3) and (A.19), we have

(A.48) MYt =GN (t)+ HN (1),
where
_ GN
N e
(A.49) G = N
and
_ HN
N —_——
(A.50) HY = N

It therefore follows by (A.48) that in order to show M3 =0 as N — oo,
it will be sufficient to show that GN = 0 and HY = 0 as N — co. First,
however, we must provide the following result.

Let

AN(2)

N )
be the fluid scaled number of customers to enter service by time t. We then
have the following.

(A.51) AN(t) =

LEMMA A.2. For each T >0, there exists a k>0 such that P(AN(T) >
k) —0 as N — co.

PROOF. In order to show that the result is true, we stochastically bound
{AN(T)} by another sequence of random variables for which the result holds.
This will then imply that the result holds for { AN (T)} as well.

Let min(Q™(T), N) be the total number of customers in service at time
T. We then have that

(A.52) min(QN(T), N) = min(Q), N) + AN(T) — DN (1),

where DV (T) is the number of departures from the system by time 7.
Equation (A.52) then implies that

AN(T) = min(Q™(T), N) + D™(T) — min(QY', N)
(A.53) < min(Q™(T), N) + DN(T)
< N+ DN(T).

We next bound D™(T). Let SN (t) be the number of departures from
server i in its first ¢ units of processing time for ¢ >0 and let B}¥(t) be the
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amount of time that server ¢ is busy in the first ¢ time units. We then have
that

DYT) =S SV (BY D) <3SN,
3 =1

since BN(T) <T.

Now note that for each 4, S{¥(T)) is either the number of renewals by time
T of a pure renewal process with interarrival distribution F' or a delayed
renewal process with delay distribution Fy and interarrival distribution F.
Furthermore, for i # j, we have that SV (T) and SJN (T') are independent of
one another. Letting {P;,7 > 1} be an i.i.d. sequence of pure renewal pro-
cesses with interarrival distribution F' and {Q;,i > 1} an i.i.d. sequence of
delayed renewal processes with delay distribution Fjy and interarrival distri-
bution F', it therefore follows that

N N N
NI SMT) < NS P(T) + N7 Qu(T)
=1 =1 =1

= M(T)+ Mp(T) as N — oo,

where M is the renewal function associated with P; and Mp is the renewal
function associated with Q1. This completes the proof. [J

We now show that M4V = 0 as N — co. We begin by showing that GV = 0
as N — oo. Let

(A.54) oN = —.
We then have the following.

LEMMA A.3. GV =0 as N — oc.

ProoF. The proof of is nearly identical to the proof of Lemma 3.4 of
[14] but for completeness we will include it here as well.
We first show that for each § >0 and T > 0,

/t VNt —x,2-)
o 1—F(z—)

lim lim sup P < sup
el N 0<t<T

(A.55) X I{F(z—)>1—¢e}dF(x)

>3)

—0,
where VN (t,2) = N7V (¢, z).
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By (A.14) and recalling the definition of UY from (A.54), we have that
for any k£ > 0,
VNt —x,2-)
< P(AN(T) > kT)

© {F(z—)>1—¢} — N
+P</0 1= o) OSS;JSII)@T’U (t,F(z—))|dF(z) >5>.

P( sup
0<t<T

For k sufficiently large, we have by Lemma A.2 that
P(AN(T) > kT) =0 as N — oo.

Thus, by applying Chebyshev’s inequality and Fubini’s theorem, we now
must prove that

- ©HF(z—)>1—¢} N
lim1 / E UM (¢, F(z—))|dF (z) = 0.
i limsup | ) ogSg%T' (t, F(z—))[dF (z)

However, the proof of this proceeds identically to as in Lemma 3.4 of [14],
which completes the proof. [

We next show that HV converges to 0 as N goes to co. Again, the mod-
ifications to the proof of Lemma 3.7 of [14] are slight but we include a full
proof for completeness.

LEMMA A4. HNVN =0 as N = .

Proor. Let

AY(®) mAE=Tt R
f{N ty=N"! <1 P <t — AN ' ¢> >
O=NT L (osmse-a - [T ) ez

and note that by (A.17), (A.20) and (A.50) we have that
AN(2) A
AN)=N"" 3 (Hm=0} = F(0)) + HY(t).
i=1

We first show that the term involving the summation converges to 0. Let
T >0 and 6 > 0. We have
> 6)

P < sup
0<t<T
| Nkt]

<P(NT'AN(T)>k)+ P <Osupl N7V (1 =0} — F(0))
Sts i=1

AN
N7 (Hmi =0} - F(0)
1=1

-4).
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However, for sufficiently large k, we have by Lemma A.2 that P(N~'AN(T) >
k) — 0 as N — oco. Furthermore, by the functional strong law of large num-
bers and the i.i.d. assumption of {n;,7 > 1}, it follows that

P sup
0<t<1
It thus remains to show the convergence of HY to 0.

Fix T'> 0. For each € > 0, we have

P( sup HN(t) >€) < P(NT'AN(T) > k) —l—P( sup |HY, (1) >€),
0<t<T 0<t<T

| Nkt

NTE Y (Hmi =0} - F(0)

=1

>5>—>0 as N — 0.

where
_ HY
H _ Nk
Ne= "N
By definition (A.15) and Lemma A.2, for k sufficiently large,

P(NT'AN(T)>k) =0  as N — oo.

Next, recall by Lemma A.1 that H %k is an HY -square-integrable martingale
with predictable quadratic variation process

(HNw)(t)
(A.56)
ANk
niAt—=N —F( )
_ 0 v t>0.
N Z /0 0 Fa)? dF (u), >0
Thus, by the Lenglart—Rebolledo mequahty [15], it follows that for any v > 0,
P( sup [HY (0] > <) < &5 + PUHN)T) > 7).
0<t<T
However, by (A.56),
AN(T)
_ _ i dF(u)
. N(T) < N2 / e

Furthermore, since E[f)"(1 — F(u—))"'dF(u)] =1, it follows by the func-
tional strong law of large numbers that

LN

22/ :>O as N — oo.

By (A.57), the Random Time Change theorem [1] and Lemma A.2, this then
implies that for any v > 0,

P((Flﬁk>(T)>’y)—>O as N — oo,
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which completes the proof. [J
We are now in a position to give a proof of Proposition 4.2.

PROOF OF PROPOSITION 4.2. The proof follows by the decomposition
(A.48) and Lemmas A.3 and A.4 above. [

We now proceed to proving Proposition 5.1. We first begin with the fol-
lowing result. Recall the definition of AN (t) as the number of customers in
the Nth system who entered service after time 0— but before or at time ¢.
Also, recall the definition of AV from (A.51) as the fluid scaled version of
AN We then have the following result.

LEMMA A.5. Under the assumptions of Section 5, AN = e as N — cc.

ProOF. First, note the relationship
ANy = AN - @V - N) T+ (@Y () -N)T,  t>0,
which, dividing by N, may be equivalently expressed as
AN = AN - (@Y () - DT+ (@ -1, t=>0.

By (5.1), (5.2) and the Halfin-Whitt assumption (5.3), it follows that AV =
e as N — co. Thus, by Corollary 5.1, the assumption that Q) = 1 as N — oo
and the Continuous Mapping theorem [20], it follows that

AV = AN — (@Y — DT+ Q) — 1)t =e as N — oo,
which completes the proof. [

Now, define the processes

v _ GY
VN
and
gy HY
VN’
and note that by (5.9) and (A.19) it follows that
(A58) VY —GN 4 Y,

Our next result will be to show that the sequence {Miv } is tight. In order
to show this, it will be sufficient to show that both {G"} and {H"} are
tight. The proofs of these results are similar to proofs of Lemmas 3.4 and
3.7 of [14], and hence have not been included. We begin with a proof of the
tightness of {GV}.
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LEMMA A.6. The sequence {GNY is tight.

PrOOF. By virtue of Lemma A.5 and the fact that the identity process
e(t) =t is a continuous process, the proof now follows identically to the proof
of Lemma 3.4 in [14]. The modifications to this proof are essentially trivial
and the interested reader is referred to Lemma 3.4 of [14] for further details.
O

Next, we show that {H} is tight.
LEMMA A.7. The sequence {HNY} is tight.

PROOF. Since by Lemma A.1, the process H év is an HV-square-integrable-
martingale for each N and k, by Lemma A.5 the proof now follows similarly
to the proof of Lemma 3.7 of [14] and will not be included. Again, the
interested reader is referred to [14] for further details. [

We may now state the following result.
PROPOSITION A.1. The sequence { M} is tight.

PROOF. The result follows by the decomposition (A.58) and Lemmas A.6
and A.7 above. [

We are now ready to give a proof of Proposition 5.1. Before doing so,
however, we must first recall Lemma 5.2 from [14]. The proof of this result
is similar in our case and therefore will not be included for the sake of brevity.

Let 8i(z,y) be bounded real-valued Borel functions such that E[S;(z,n;) =
0] and define the processes by RY = {RN(t),t > 0} and (RY) = {(RN)(t),t >
0}, m=1,2,..., by

AN(H)Am AN (t)nm

(A59) RY()= > BEY.m) and (R)= > BEFY),
i=1 1=1

where

Bi(x) = BB} (x,my).
We also set the o-fields ftN =o{tN, i, 1 <i<[t|]} VN and FY = {7} A
%f]{N(t)H,nMAN(t),i > 1} VN, and define the filtrations FV = {FN,t > 0}

and FV = {FN t>0}.
We then have the following result.
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LEMMA A.8. 1. The #¥,i=1,2,..., are FN-stopping times, and the
following inclusions hold: }'7{\_1(, D ﬁzfil,gﬁ C ]:"Z-N, where GN =a{BN{#N >
tht>0,BeFN};

2. The process AN s FN _predictable;

3. The processes R%,m =1,2,..., are FN_square-integrable martingales
with the processes (RY) as predictable quadratic-variation processes.

PRrROOF. The proof is identical to the proof of Lemma 5.2 of [14]. [
We are now prepared to give a proof of Proposition 5.1.

PROOF OD PROPOSITION 5.1.  Ourproof is similar to the proof of Lemma
5.3 of [14] but we restate it here for the sake of completeness. Our first step
is to show that the finite-dimensional distributions of (M4¥, MJ¥) converge

to those of (My, My). We denote finite-dimensional convergence by 3
Let

gy 0%
VN

and note that by Lemma 3.1 of [14], UN = U in D(]0,00), D[0,1]) as N — oo,
where U is the Kiefer process. Next, let

k
(A.60) Mgy (t) = OUN((AN(si_y), F(0)), (AY (s7), F(t — 7)),
i=1
where the increment
DU ((a1,a2), (b1, b2)) = U (b1,b2) — U™ (a1, b2)
— (jN(bl, ag) + UN(CLl,CLg),
and the points 0 = sk < s¥ < -.. < sF =t are chosen such that

max |s¥ — s¥ | =0 as k — oo.
1<i<k

We also define in analogy,
K

Ma,(t) = D (OU((e(si1), F(0)), (e(s]), F(t — s7)))

i=1
+ (Ul(e(sF), F(0)) — Ule(s_1), F(0)))),
where
OU((a1,az), (b1,b2)) = U(by, bg) — U(a1,bo) — U(by,ag) + Ul(a,as2).
We now show that
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(a) M3, = Ms g, i i
(b) limg—yo0 limsuppy_, o P(|M2Afk(t) — MY ()| >n)=0 for n>0,t>0,
(¢) limy,_yoo P(IM (t) — MY (t)] > 1) =0 for n > 0, > 0.

Since My () £ Ms(t) as k — oo by definition, this will prove the finite-
dimensional convergence stated in the paragraph above.

The proofs of (a) and (b) are identical to the proofs in Lemma 5.3 of
[14] but we include them here for the sake of completeness. We proceed as
follows.

By the Lemma 3.1 of [14] and the continuity of the Keifer process U, it
follows, setting

7

k
(A61) M (t)=> OUY((e(s7), F(0)), (e(s?), F(t = 57))),  ¢>0,
i=1

that
Msz = Mo, as N — oo.

Next, by Lemma A.5, Lemma 3.1 of [14] and the continuity of U and e, we
obtain from (A.60) and (A.61) that

(A62)  lim P( sup [M(t) — MP(H)] >¢) =0,  T>0,e>0.

1
N—oo  No<i<T

This then implies that MQNk = My}, as N — oo, which completes the proof

of (a).
We will next prove (b), making use of Lemma A.8. In the conditions of
the lemma, we take, fixing ¢ and k for the moment,

Bi(z,y) = i sk <a<s}(1{t—sh<a<t—a}
p=1
— (F(t—z) — F(t—sh))).

Then
Bi(z) = E[Bi(x,m)*]

k
=S sk <o <sEMF(t-x) — F(t - b))
p=1
x (1—F(t—=z)— F(t—s)

p

and (A.59) yields, by (A.13), (A.16) and (A.60),
(A.63)  NTVERN(t) = N (t) — M3 (t) on {AN(t) <m}.
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By (A.63) and (A.59),
N™HR)()

AN@)

<N! > Zl{sp L <7 <Sk}( (t—S )—F(t—s;?))

i=1 p=1

k
SIS (B(t = sE_) = F(t— s* 4 p)) (AN (sh) — AN (s_)))

< sup (NTVAN(sh) — NTTAN(sh ).
1<p<k

Then, by Lemma A.8, applying the Lenglart—Rebolledo inequality and (A.63),
for n >0, >0,

P(|M3Y () = May, ()| > n)
< P(AN(t) >mN) + P(NT2|RN(1)] > 1)
< P(N1AN ()>m)+n—
—l—P( sup (N_lle(s];) - N_lle(s];_l)) > 6).
1<p<k

By Lemma A.5, continuity of the identity function e(t) =t and the fact that

maxi<p<i(s® +p—sk_ ) = 0as k— oo,

lim limsup P(N'AN () > m) =0,

Mm—=0 N_y00

lim limsupP( sup (N_IAN(sp) - N_IAN(SI;_I)) > 6) =0,
k=00 N—oo 1<p<k

ending the proof of (b).
We next prove part (c). The proof proceeds in a similar manner to the
proof of parts (a) and (b). Letting B (t) = | Nt], we first note that

. t ot
MY (t) = N—1/2/ / s +x <t}dUN(BN(s),z).
0 Jo
Furthermore, setting BY = {N~'BM(t),t > 0}, it is clear that
(A.64) BN =e¢ as N — oo.
Next, letting

B2k ZDUN BN( ) 0)7(BN(3§)7F(t_S§)))7
i=1
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it follows by (A.64), Lemma 3.1 of [14] and the continuity of U and e, that
by (A.60),

(A.65)  lim P( sup |BY(t) = M) >2) =0,  T>0,c>0.

1
N—o0 0<t<T
A similar proof to that of part (b) above can also be used to show that

(A.66) lim limsup P(|BY,(t) — MY ()| >n) =0 for n>0,t>0.
k—oo N_oo '
Part (b), (A.62), (A.65) and (A.66) above now imply part (c).

Parts (a)—(c) imply the finite-dimensional convergence (Mg, M) =
(Ma, M) as N — co. It therefore remains to show that the sequence {(MQN )
MQN )} is tight in order to complete the proof. However, by Proposition
A.1, the sequence {]\N@N } is tight and a similar if not identical proof also
shows that {MJ'} is tight. Thus, the sequence {(MJ,M})} is tight in
(D20, oo),dzjl), which completes the proof. [

The remainder of the appendix is now devoted to providing proofs of Lem-
mas A.9 and A.10. We begin with Lemma A.10. Recall first the definition
of f:R x D3[0,00) = R x D3[0,00) in (5.18) and (5.19) as

(A.67) J((z1, 22,23, 74)) = (f1(21), fo(x2), f3(23), fa(w4)),

for (z1,29,23,74) € R x D3[0,00), where fi(z1) = z1, fo(x2) = m2, fa(24) =
x4 and

(A.68) f(ws)() = /0 G(- — 5) das(s),

where the above integral above may be interpreted as the result of integra-
tion by parts.
We then have the following result.

LEMMA A.9. The function f defined by (A.67) and (A.68) is measurable
as a map from (R x D3[0,00),B(R) x D3) to (R x D3[0,00),B(R) x D3).
Furthermore, it is continuous at continuous limits points (x1,x2,3,24) €
R x D3[0,00) such that x2,3,74 € C[0,00).

PROOF. We first show that the function f: (R x D3[0,00), B(R) x D3)
(R x D3[0,00), B(R) x D3) is measurable. It is clear that f;:(R,B(R)) —
(R7B(R))7 f2 : (D[07 OO)7D) = (D[07 OO)7D) and f4: (D[Ov OO),D) = (D[Ov OO)7D)
are measurable since each of these functions are the identity functions.
Therefore, if we may now show that f3:(D][0,00),D) — (D[0,00),D) is mea-~
surable, then, by (A.67), we will have shown the measurability of f.
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In order to show that f5:(D]0,00),D)+— (D[0,00),D) is measurable, first
note that, integrating by parts, we have

(A.69) fs(x3) = a(w3) — b(xz) — c(xs),
where a(z3) = G(0)x3,b(x3) = x(0)G and

(A.70) o(x3)() = /0 2g(- — 8)dG(s).

The functions a(x3) is measurable since it is the identity function multiplied
by a constant and b(x3) is measurable as well since by [1] we have that
the projection map is mg(xz3) = x3(0) is a measurable function too. Thus,
since the sum of a finit number of measurable functions is measurable, it
remains to show that ¢(x3) is measurable from (D[0,00), D) to (D]0,0),D)
in order to complete the proof of the measurability of f. However, this may
be shown in a manner similar to the proof of the measurability of ¥'% in the
measurability portion of the proof of Proposition 3.1. We omit the details
for the sake of brevity. This completes the proof of the measurability of f.

We now show that f: (R x D3[0,00), ]| x d?h) — (R x D3[0,00), |- | x d?’,l)
is continuous at continuous limit points (x1,22,73,24) € R x D3[0,00) such
that z9, z3, 24 € C[0,00). First, it is clear that the functions f : (R, |-|) — (R,
| ’ |)7f2 : (D[0,00),’LL) = (D[0,00),’LL) and fy: (D[0,00),’LL) = (D[0,00),’LL) are
continuous. This follows easily since each of these functions are the identity
functions. We now show that the function f3:(D[0,00),u) — (D[0,00),u)
is continuous. This then implies that f:(R x D3[0,00),] - | x u?) — (R x
D?3[0,00), |- | x u?) is continuous. However, since converge in (D[0,00),d,)
to a continuous limit point = € C[0,00) is equivalent to convergence in
(D[0,00),u), this then implies that f: (R x D3[0,00), || x u3) + (R x D3[0, 00),
|| xd3,) is continuous a continuous limit points (1,22, 23,24) € R x C?[0,00),
which completes the proof.

Suppose first that =% — x5 in (D[0,00),u) as n — oco. It then follows that
for each T >0,

sup |z5(t) —x(t)| =0 as n — oo.
0<t<T
However, recalling the representation of fs(x3) in (A.70), this then implies
that
sup | f3(x3)(t) — fa(x3)(t)]

0<t<T
= sup |[(a(x3)(t) — b(x3)(t) — c(zz)(t))

0<t<T
— (a(x3)(t) — b(x3)(t) — c(z3)(t))]
= sup |(a(zz)(t) — axs)(t)) — (b(xz)(t) — b(x3)(t))

0<t<T
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— (e(a3)(t) — c(23)(1))]
(G(0)z3(t) — G(0)z3(t)) — (23(0)G () — 23(0)G(t))

= sup
0<t<T

- (/Otng(t_s)dG(s)_/Otxg(t_S)dG(S))’

G(0)(x5 (1) — w3(t)) — G()(25(0) — 23(0))

= sup
0<t<T

- /ot<:c;z<t —5) — a3t — 5)) dG()

< sup |G(0)(z5(t) —x3(t))| + sup [G(t)(z5(0) —x5(0))]
0<t<T 0<i<T

+ sup /t(xg(t —§) — a3(t — $)) dC(s)
0<t<T | JO
< sup |G(0)(z5(t) —23(t))|+ sup |G(t)(25(0) —z3(0))]
0<t<T 0<t<T
+ ozltlgT/ot |z (t — s) — z3(t — s)| dG(s)

<G(0) S |25 (8) — 23(t)| + G(T)|25(0) — 23(0)|

+G(T) sup [zz(t) —w3(t)|
0<t<T

= (G(0) +26(T)) sup [a(t) ~ 3(1)

—0 as n — o0,

and so the function f3 is continuous as a map from (D|0, c0),u) to (D]0, c0),
u), which completes the proof. [

We now provide a proof of Lemma A.10 which is instrumental in the proof
of Proposition 5.3. Our setup is the same as in the proof of Lemma A2 of
Puhalskii and Reiman [17]. In particular, we consider a sequence of queueing
systems indexed by NV, each operating under the FIFO service discipline and
each with a single arrival process A = { AN (t),t > 0} and a single departure
process DV = {D™(t),t > 0}. We denote by Q~(¢) the queue length of the
Nth system at time ¢, by V¥ (¢) the virtual waiting time at time ¢, and by
ViN the waiting time of the ith customer to arrive to the system. Finally,
we set QN (t) = N=V2QN(t), AN(t) = N=V2(AN(t) — ANt) where {AN} is
a sequence of constants and we assume that AN (0) = DV (0) = 0. We then
have the following result.
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LEMMA A.10. If QN = Q and AN =€ as N — oo, each on DI0, ),
and AN /N — X\ > 0, then the processes {N'V/2VN(t), t >0} and {Nl/z‘/'fjv\htJ ,
t >0} converge in distribution on (D[0,00),dy,) to the respective processes

{Q(t) /A,t=0} and {Q(t/N)/A,t > 0}.

PrROOF. First, note that since QY = Q and AN = §: as N — oo, it
follows by Prohorov’s theorem [1] that the sequences {QV,N > 1} and
{AN N > 1} are both tight. Thus, we have that sequence {(Q"V, AN), N > 1}
is tight in (D?[0, 00), d2J1) and hence, by a second application of Prohorov’s

theorem [1], the sequence {(QN,AN), N > 1} is relatively compact. Thus,
for any subsequence {Nj}, there exists a further subsequence {N}} such

that (QN,’C,AN;) = (Q,A) as k — oco. Thus, by Lemma A2 of Puhalskii

and Reiman [17], we have that {N,’gl/2VNllc(t),t >0} and {N/gl/2VL]]\\[,%J,t >

0} converge in distribution on (D]0,00),ds,) to the respective processes
{Q(t)/\,t >0} and {Q(t/\)/\,t > 0}. However, since it must be the case

that Q 4 Q and the sequence {N} was arbitrary, this completes the proof.
O
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