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Abstract: This is an expository review paper illustrating the “martin-
gale method” for proving many-server heavy-traffic stochastic-process lim-
its for queueing models, supporting diffusion-process approximations. Care-
ful treatment is given to an elementary model — the classical infinite-server
model M /M /oo, but models with finitely many servers and customer aban-
donment are also treated. The Markovian stochastic process representing
the number of customers in the system is constructed in terms of rate-
1 Poisson processes in two ways: (i) through random time changes and
(ii) through random thinnings. Associated martingale representations are
obtained for these constructions by applying, respectively: (i) optional stop-
ping theorems where the random time changes are the stopping times and
(ii) the integration theorem associated with random thinning of a counting
process. Convergence to the diffusion process limit for the appropriate se-
quence of scaled queueing processes is obtained by applying the continuous
mapping theorem. A key FCLT and a key FWLLN in this framework are
established both with and without applying martingales.
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1. Introduction

The purpose of this paper is to illustrate how to do martingale proofs of
many-server heavy-traffic limit theorems for queueing models, as in Krichagina
and Puhalskii [E2] and Puhalskii and Reiman [B3]. Even though the method is re-
markably effective, it is somewhat complicated. Thus it is helpful to see how the
argument applies to simple models before considering more elaborate models.
For the more elementary Markovian models considered here, these many-server
heavy-traffic limits were originally established by other methods, but new meth-
ods of proof have been developed. For the more elementary models, we show

how key steps in the proof - a FCLT () and a FWLLN (LemmalE&) - can be
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done without martingales as well as with martingales. For the argument without
martingales, we follow Mandelbaum and Pats [, ES], but without their level
of generality and without discussing strong approximations.

Even though we focus on elementary Markov models here, we are motivated
by the desire to treat more complicated models, such as the non-Markovian
GI/GI/n models in Krichagina and Puhalskii [E4, Puhalskii and Reiman [E3],
Reed [BH] and Kaspi and Ramanan [B4], and network generalizations of these,
such as non-Markovian generalizations of the network models considered by
Dai and Tezcan [i2, [, [£8], Gurvich and Whitt [Z2 B2, B3] and references cited
there. Thus we want to do more than achieve a quick proof for the simple models,
which need not rely so much on martingales; we want to illustrate martingale
methods that may prove useful for more complicated models.

1.1. The Classical Markovian Infinite-Server Model

We start by focusing on what is a candidate to be the easiest queueing model
— the classic M /M /oo model — which has a Poisson arrival process (the first M),
i.i.d. exponential service times (the second M), independent of the arrival pro-
cess, and infinitely many servers. Let the arrival rate be A and let the individual
mean service time be 1/p.

Afterwards, in &0 we treat the associated M/M/n/oo + M (Erlang A or
Palm) model, which has n servers, unlimited waiting room, the first-come first-
served (FCFS) service discipline and Markovian customer abandonment (the
final +M); customers abandon (leave) if they have to spend too long waiting
in queue. The successive customer times to abandon are assumed to be i.i.d.
exponential random variables, independent of the history up to that time. That
assumption is often reasonable with invisible queues, as in telephone call cen-
ters. Limits for the associated M/M/n/occ (Erlang C) model (without customer
abandonment) are obtained as a corollary, by simply letting the abandonment
rate be zero.

For the initial M/M /oo model, let Q(t) be the number of customers in the
system at time ¢, which coincides with the number of busy servers at time ¢. It is
well known that @ = {Q(t) : t > 0} is a birth-and-death stochastic process and
that Q(t) = Q(o0) as t — oo, where = denotes convergence in distribution,
provided that P(Q(0) < oo) = 1, and Q(o0) has a Poisson distribution with
mean FE[Q(c0)] = A/ p.

We are interested in heavy-traffic limits in which the arrival rate is allowed
to increase. Accordingly, we consider a sequence of models indexed by n and let
the arrival rate in model n be

A =nu, n>1. (1)

Let @, (t) be the number of customers in the system at time ¢ in model n. By the
observation above, @,(c0) has a Poisson distribution with mean E[Q,(c0)] =
An/p = n. Since the Poisson distribution approaches the normal distribution as
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the mean increases, we know that

Qn(0) —n
NG

where N(0,1) denotes a standard normal random variables (with mean 0 and
variance 1).

However, we want to establish a limit for the entire stochastic process {Q,(t) :
t > 0} as n — oo. For that purpose, we consider the scaled processes X, =
{X,(t) : t > 0} defined by

= N(0,1) as n— o0, (2)

X,z oy (3)

Vn

To establish the stochastic-process limit in (B, we have to be careful about the
initial conditions. We will assume that X,,(0) = X (0) as n — oo. In addition, we
assume that the random initial number of busy servers, @, (0), is independent
of the arrival process and the service times. Since the service-time distribution
is exponential, the remaining service times of those customers initially in ser-
vice have independent exponential distributions because of the lack-of-memory
property of the exponential distribution.

The heavy-traffic limit theorem asserts that the sequence of stochastic pro-
cesses {X,, : n > 1} converges in distribution in the function space D =
D([0,0),R) to the Ornstein-Uhlenbeck (OU) diffusion process as n — oo, pro-
vided that appropriate initial conditions are in force; see Billingsley [ and
Whitt B9 for background on such stochastic-process limits.

Here is the theorem for the basic M/M /oo model:

Theorem 1.1 (heavy-traffic limit in D for the M/M /oo model) Consider the
sequence of M/M /oo models defined above. If

Xn(0)=X(0) in R as n—oo, (4)
then
X=X i D as n—oo,
where X is the OU diffusion process with infinitesimal mean m(x) = —px and

infinitesimal variance o2 (x) = 2u. Alternatively, X satisfies the stochastic inte-
gral equation

X(t) = X(0) + /2uB(t) — ”/o X(s)ds, t>0, (5)

where B = {B(t) : t > 0} is a standard Brownian motion. Equivalently, X
satisfies the stochastic differential equation (SDE)

dX (t) = —uX(t)dt + \/2udB(t), t>0. (6)
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Much of this paper is devoted to four proofs of Theorem IEM Tt is possible
to base the proof on the martingale functional central limit theorem (FCLT),
as given in §7.1 of Ethier and Kurtz [Ed] and here in 8 as we will show in
JEA but it is not necessary to do so. Instead, it can be based on the classic
FCLT for the Poisson process, which is an easy consequence of Donsker’s FCLT
for sums of i.i.d. random variables, and the continuous mapping theorem. Nev-
ertheless, the martingale structure can still play an important role. With that
approach, the martingale structure can be used to establish stochastic bounded-
ness of the scaled queueing processes, which we show implies required fluid limits
or functional weak laws of large numbers (FWLLN’s) for random-time-change
stochastic processes, needed for an application of the continuous mapping the-
orem with the composition map. Alternatively (the third method of proof), the
fluid limit can be established by combining the same continuous mapping with
the strong law of large numbers (SLLN) for the Poisson process.

It is also necessary to understand the characterization of the limiting diffu-
sion process via (l) and (l). That is aided by the general theory of stochastic
integration, which can be considered part of the martingale theory [Ed, BE5].

1.2. The QED Many-Server Heavy-Traffic Limiting Regime

We will also establish many-server heavy-traffic limits for Markovian models
with finitely many servers, where the number n of servers goes to infinity along
with the arrival rate in the limit. We will consider the sequence of models in the
quality-and-efficiency (QED) many-server heavy-traffic limiting regime, which
is defined by the condition

np — An

Nz

This limit in which the arrival rate and number of servers increase together
according to (@) is just the right way so that the probability of delay converges
to a nondegenerate limit (strictly between 0 and 1); see Halfin and Whitt [Ed].

We will also allow finite waiting rooms of size m,,, where the waiting rooms
grow at rate y/n as n — oo, i.e., so that

— [ as n—oo. (7)

T k>0 as n—oo. (8)
n

With the spatial scaling by +/n, as in (), this scaling in (@) is just right to
produce a reflecting upper barrier at x in the limit process.

In addition, we allow Markovian abandonment, with each waiting customer
abandoning at rate §. We let the individual service rate p and individual aban-
donment rate 6 be fixed, independent of n. These modifications produce a se-
quence of M/M/n/m, + M models (with +M indicating abandonment). The
special case of the Erlang A (abandonment), B (blocking or loss) and C' (delay)
models are obtained, respectively, by (i) letting m,, = oo, (ii) letting m,, = 0,
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in which case the +M plays no role, and (iii) letting m,, = co and § = 0. So all
the basic many-server Markovian queueing models are covered.
Here is the corresponding theorem for the M/M/n/m,, + M model.

Theorem 1.2 (heavy-traffic limit in D for the M /M /n/m, + M model) Con-
sider the sequence of M/M/n/m, + M models defined above, with the scaling
in @ and @). Let X,, be as defined in @). If X,,(0) = X(0) in R as n — oo,
then X, = X in D as n — oo, where the limit X is the diffusion process with
infinitesimal mean m(x) = —fu — px for x < 0 and m(x) = —PBu — Oz for
x > 0, infinitesimal variance o?(x) = 2u and reflecting upper barrier at k. Al-
ternatively, the limit process X is the unique (—o0, k]-valued process satisfying
the stochastic integral equation

t
X(t) = X(0) = But +/2uB(t) —/ [1(X(s) AO) +6(X(s) VO)] ds—U(t) (9)
0
fort >0, where B = {B(t) : t > 0} is a standard Brownian motion and U is
the unique nondecreasing nonnegative process in D such that @) holds and

[ tixwen v =0, (10)
0

1.3. Literature Review

A landmark in the application of martingales to queues is the book by
Brémaud [E4]; contributions over the previous decade are described there. As
reflected by the references cited in Krichagina and Puhalskii [E4] and Puhalskii
and Reiman [B3], and as substantiated by Puhalskii in personal communica-
tion, Liptser was instrumental in developing the martingale method to prove
limit theorems for queueing models, leading to diffusion approximations; e.g.,
see Kogan, Liptser and Smorodinskii [Ef] and §10.4 of Liptser and Shiryaev [2].

The specific M/M /oo result in Theorem Il was first established by Iglehart
[Q]; see Borovkov [B, Ed, Whitt [B9], Glynn and Whitt [Z], Massey and Whitt
[Ed], Mandelbaum and Pats [ 5], Mandelbaum, Massey and Reiman [ and
Krichagina and Puhalskii [E7] for further discussion and extensions. A closely
related textbook treatment appears in Chapter 6 of Robert [B4]. Iglehart applied
a different argument; in particular, he applied Stone’s [52] theorem, which shows
for birth-and-death processes that it suffices to have the infinitesimal means and
infinitesimal variances converge, plus other regularity conditions; see Garnett et
al. [Z1 and Whitt [IZ for recent uses of that same technique. Iglehart directly
assumed finitely many servers and let the number of servers increase rapidly with
the arrival rate; the number of servers increases so rapidly that it is tantamount
to having infinitely many servers. The case of infinitely many servers can be
treated by a minor modification of the same argument.

The corresponding QED finite-server result in Theorem &3 in which the
arrival rate and number of servers increase together according to (M), which is
just the right way so that the probability of delay converges to a nondegenerate
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limit (strictly between 0 and 1), was considered by Halfin and Whitt [ for
the case of infinite waiting room and no abandonment. There have been many
subsequent results; e.g., see Mandelbaum and Pats [E4, 5], Srikant and Whitt
[E3], Mandelbaum et al. [i@], Puhalskii and Reiman [53], Garnett et al. [,
Borst et al. [, Jelenkovié et al. [EH], Whitt 2], Mandelbaum and Zeltyn [E9]
and Reed [BH] for further discussion and extensions.

Puhalskii and Reiman [B3] apply the martingale argument to establish heavy-
traffic limits in the QED regime. They establish many-server heavy-traffic limits
for the GI/PH/n/oco model, having renewal arrival process (the GI), phase-
type service-time distributions (the PH), n servers, unlimited waiting space,
and the first-come first-served (FCFS) service discipline. They focus on the
number of customers in each phase of service, which leads to convergence to a
multi-dimensional diffusion process. One of our four proofs is essentially their
argument.

Whitt 22 applied the same martingale argument to treat the G/M/n/m, +
M model, having a general stationary point process for an arrival process (the
(), i.i.d. exponential service times, n servers, m, waiting spaces, the FCFS ser-
vice discipline and customer abandonment with i.i.d exponential times to aban-
don; see Theorem 3.1 in [Z2]. Whitt [&F] is primarily devoted to a heavy-traffic
limit for the G/Hj/n/my model, having a special Hj service-time distribution
(a mixture of an exponential and a point mass at 0), by a different argument,
but there is a short treatment of the G/M/n/m,, + M model by the martingale
argument, following Puhalskii and Reiman [B3] quite closely. The martingale
proof is briefly outlined in §5 there. The extension to general arrival processes
is perhaps the most interesting contribution there, but that generalization can
also be achieved in other ways.

For our proof without martingales, we follow Mandelbaum and Pats [, ],
but without using strong approximations as they do. Subsequent related work
has established similar asymptotic results for Markovian service networks with
multiple stations, each with multiple servers, and possibly multiple customer
classes; e.g., see Armony [{], Armony et al. [ H|, Atar [@], Atar et al. [3 H], Dai
and Tezcan [, B3, [f], Gurvich and Whitt [E3, P4 ], Harrison and Zeevi [Z4],
and Tezcan [B]. These complex stochastic networks have important applications
to telephone call centers; see Gans et al. [E].

1.4. Organization

The rest of this paper is organized as follows: We start in § by constructing
the Markovian stochastic process @) representing the number of customers in
the system in terms of rate-1 Poisson processes. We do this in two ways: (i)
through random time changes and (ii) through random thinnings. We also give
the construction in terms of arrival and service times used by Krichagina and
Puhalskii B4 to treat the G/GI /oo model.

Section § is devoted to martingales. After reviewing basic martingale no-
tions, we construct martingale representations associated with the different con-
structions. We justify the first two representations by applying, respectively: (i)
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optional stopping theorems where the random time changes are the stopping
times and (ii) the integration theorem associated with random thinning of a
counting process. The two resulting integral representations are very similar.
These integral representations are summarized in Theorems B and BEZ1 In 8
we also present two other martingale representations, one based on constructing
counting processes associated with a continuous-time Markov chain, exploiting
the infinitesimal generator, and the other - for G/GI/co - based on the sequen-
tial empirical process (see (E)).

Section @ is devoted to the main steps of the proof of Theorem Il using the
first two martingale representations. In J we show that the integral repre-
sentation has a unique solution and constitutes a continuous function mapping
R x D into D. In order to establish measurability, we establish continuity in
the Skorohod [BH] J; topology as well as the topology of uniform convergence
over bounded intervals. As a consequence of the continuity, it suffices to prove
FCLT’s for the scaled martingales in these integral representations. For the
first martingale representation, the scaled martingales themselves are random
time changes of the scaled Poisson process. In &8 we show that a FCLT for
the martingales based on this first representation, and thus the scaled queue-
ing processes, can be obtained by applying the classical FCLT for the Poisson
process and the continuous mapping theorem with the composition map.

To carry out the continuous-mapping argument above, we also need to estab-
lish the required fluid limit or functional weak law of large numbers (FWLLN)
for the random time changes, needed in the application of the CMT with the
composition map. In &I following Mandelbaum and Pats [E4 B3], we show
that this fluid-limit step can be established by applying the strong law of large
numbers (SLLN) for the Poisson process with the same continuous mapping de-
termined by the integral representation. If we do not use martingales, then we
observe that it is easy to extend the stochastic-process limit to general arrival
processes satisfying a FCLT.

But we can also use martingales to establish the FCLT and the FWLLN.
For the FWLLN, the martingale structure can be exploited via the Lenglart-
Rebolledo inequality to prove stochastic boundedness, first for the scaled mar-
tingales and then for the scaled queueing processes, which in turn can be used to
to establish the required FWLLN for the scaled random time changes - Lemma
1o |

Since this martingale proof of the fluid limit relies on stochastic boundedness,
which is related to tightness, we present background on these two important con-
cepts in §ll For the proof of Theorem Bl we conclude there that it suffices to
show that the predictable quadratic variations of the square-integrable martin-
gales are stochastically bounded in R in order to have the sequence of scaled
queueing processes {X,,} be stochastically bounded in D.

We complete the proof of Theorem Il in §8 In Lemma B and & we
show that stochastic boundedness of {X,,} in D implies the desired fluid limit
or FWLLN needed for the scaled random-time-change processes needed in an
application of the continuous mapping with the composition function. In A we
complete the proof by showing that the predictable quadratic variation processes
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of the martingales are indeed stochastically bounded in R. In B3 we show
that it is possible to remove a moment condition imposed on @, (0), the initial
random number of customers in the system, in the martingale representation;
in particular, we show that it is not necessary to assume that E[Q,(0)] < cc.
Finally, in 9820 we state the G/GI/oo limit in Krichagina and Puhalskii [Ed]
and show that the special case M/M /oo is consistent with Theorem =l

In A we discuss stochastic-process limits for other queueing models. In S
we present a martingale proof of the corresponding many-server heavy-traffic
limit for the M/M/n/oco + M model. Corresponding results hold for the model
without customer abandonment by setting the abandonment rate to zero. The
proof is nearly the same as for the M /M /oo model. The only significant differ-
ence is the use of the optional stopping theorem for multiple stopping times with
respect to multiparameter martingales, as in Kurtz [, §§2.8 and 6.2 of Ethier
and Kurtz i3] and §12 of Mandelbaum and Pats [i3]. We discuss the extension
to cover finite waiting rooms in J& and non-Markovian arrival processes in
=

We state a version of the martingale FCLT from p 339 of Ethier and Kurtz
9] in 8 In a companion paper, Whitt [], we review the proof, elaborating
on the proof in Ethier and Kurtz i8] and presenting alternative arguments,
primarily based on Jacod and Shiryayev [Ed]. We present a more extensive review
of tightness there. In 8 we show how the martingale FCLT implies both the
FCLT for a Poisson process and the required FCLT for the scaled martingales
arising in the second and third martingale representations.

2. Sample-Path Constructions

We start by making direct sample-path constructions of the stochastic process
@ representing the number of customers in the system in terms of independent
Poisson processes. We show how this can be done in two different ways. After-
wards, we present a different construction based on arrival and service times,
which only exploits the fact that the service times are mutually independent
and independent of the arrival process and the initial number of customers in
the system (with appropriate common distribution assumptions).

2.1. Random Time Change of Unit-Rate Poisson Processes

We first represent arrivals and departures as random time changes of inde-
pendent unit-rate Poisson processes. For that purpose, let A = {A(¢) : t > 0}
and S = {S(t) : t > 0} be two independent Poisson processes, each with rate
(intensity) 1. We use the process A to generate arrivals and the process S to gen-
erate service completions, and thus departures. Let the initial number of busy
servers be Q(0). We assume that Q(0) is a proper random variable independent
of the two Poisson processes A and S.

The arrival process is simple. We obtain the originally-specified arrival process
with rate A by simply scaling time in the rate-1 Poisson process A; i.e., we use
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Ax(t) = A(Mt) for t > 0. Tt is elementary to see that the stochastic process Ay
is a Poisson process with rate .

The treatment of service completions is more complicated. Let D(t) be the
number of departures (service completions) in the interval [0,¢]. We construct
this process in terms of S by setting

_S(u/OtQ(s)ds>, t>0, (11)

but formula (&) is more complicated than it looks. The complication is that Q(t)
appearing as part of the argument inside S necessarily depends on the history
{Q(s) : 0 < s < t} which in turn depends on the history of S, in particular,
upon {5 (u fo u)du) : 0 < s < t}. Hence formula () is recursive; we must
show that it is well defined.

Of course, the idea is not so complicated: Formula (&) is a consequence of
the fact that the intensity of departures at time s is u@(s), where the number
Q(s) of busy servers at time s is multiplied by the individual service rate p. The
function p fo s)ds appearing as an argument inside S serves as a random
time change; see §H 6 of Brémaud [, Chapter 6 of Ethier and Kurtz [Ed] and
§7.4 of Daley and Vere-Jones [

By the simple conservation of flow, which expresses the content at time t as
initial content plus flow in minus flow out, we have the basic expression

Q) = Q)+ AN - D(t), t>0,
= Q(0)+ A(Xt) — (/Q ) t>0. (12)

Lemma 2.1 (construction) The stochastic process {Q(t) : t > 0} is well defined
as a random element of the function space D by formula @&A>). Moreover, it is
a birth-and-death stochastic process with constant birth rate A\, = X and linear
state-dependent death rate p, = k.

Proof. To construct a bonafide random element of D, start by conditioning
upon the random variable Q(0) and the two Poisson processes A and S. Then,
with these sample paths specified, we recursively construct the sample path of
the stochastic process Q = {Q(t) : t > 0}. By induction over the sucessive jump
times of the process @, we show that the sample paths of @) are right-continuous
piecewise-constant real-valued functions of ¢. Since the Poisson processes A and
S have only finitely many transitions in any finite interval w.p.1, the same is
necessarily true of the constructed process (. This sample-path construction
follows Theorem 4.1 in Chapter 8 on p. 327 of Ethier and Kurtz [E]; the argu-
ment also appears in Theorem 9.2 of Mandelbaum et al. [i]. Finally, we can
directly verify that the stochastic process @) satisfies the differential definition of
a birth-and-death stochastic process. Let F; represent the history of the system
up to time ¢. That is the sigma field generated by {Q(s) : 0 < s < t}. It is then
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straightforward that the infinitesimal transition rates are as claimed:

PQ(t+h) = Q) =+1|Q(t) =k, F1) = Ar+o(h),
PQ(t+h) = Q) = -1|Qt) = k. F1) = kph+o(h),
PQ(t+h) —Q(t)=0/Q(t) =k, F;) = 1—Arv—kuh+o(h),

as h | 0 for each k > 0, where o(h) denotes a function f such that f(h)/h — 0 as
h | 0. Ethier and Kurtz B8 approach this last distributional step by verifying
that the uniquely constructed process is the solution of the local-martingale
problem for the generator of the Markov process, which in our case is the birth-
and-death process. =

Some further explanation is perhaps helpful. Our construction above is con-
sistent with the construction of the queue-length process as a Markov process,
specifically, a birth-and-death process. There are other possible constructions.
A different construction would be the standard approach in discrete-event simu-
lation, with event clocks. Upon the arrival of each customer, we might schedule
the arrival time of the next customer, by generating an exponential interarrival
time. We might also generate the required service time of the current arrival.
With the simulation approach, we have information about the future state that
we do not have with the Markov-process construction. The critical distinction
between the different constructions involves the information available at each
time. The information available is captured by the filtration, which we discuss
with the martingale representations in the next section.

The random-time-change approach we have used here is natural when apply-
ing strong approximations, as was done by Mandelbaum, Massey and Reiman
[Ed) and Mandelbaum and Pats &8 E¥]. They applied the strong approximation
for a Poisson process, as did Kurtz [E3]. A different use of strong approxima-
tions to establish heavy-traffic limits for non-Markovian infinite-server models
is contained in Glynn and Whitt [E4].

2.2. Random Thinning of Poisson Processes

We now present an alternative construction, which follows §I1.5 of Brémaud
[ and Puhalskii and Reiman [B3]. For this construction, let Ay and S,  for k >
1 be independent Poisson processes with rate A\ and p, respectively. As before,
we assume that these Poisson processes are independent of the initial number of
busy servers, Q(0). This will not alter the overall system behavior, because the
service-time distribution is exponential. By the lack-of-memory property, the
remaining service times are distributed as i.i.d. exponential random variables,
independent of the elapsed service times at time 0.

We let all arrivals be generated from arrival process Ay; we let service com-
pletions from individual servers be generated from the processes S, 1. To be
specific, let the servers be numbered. With that numbering, at any time we use
Sy,k to generate service completions from the busy server with the kM smallest
index among all busy servers. (We do not fix attention on a particular server,
because we want the initial indices to refer to the busy servers at all time.)
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Instead of (&), we define the departure process by

) t
D(t) = Z/ 1o(s—y>k} ASuk(s), t>0, (13)
k=170

where 14 is the indicator function of the event A; i.e., 14(w) =1 of w € A and
14(w) = 0 otherwise. It is important that we use the left limit Q(s—) in the
integrand of (&), so that the intensity of any service completion does not depend
on that service completion itself; i.e., the functions Q(s—) and 1yg(s—)=r} are
left-continuous in s for each sample point. Then, instead of (&), we have

Q(t) = Q(O) + A()\t) — ZA 1{Q(57)2k} dS‘u)k(S), t>0. (14)
k=1

With this alternative construction, there is an analog of Lemma B2l proved
in essentially the same way. In this setting, it is even more evident that we
can construct a sample path of the stochastic process {Q(¢) : t > 0} by first
conditioning on a realization of Q(0), {Ax(¢) : t > 0} and {S, x(¢) : t > 0},
k> 1

Even though this construction is different that the one in & it too is
consistent with the Markov-process view. Consistent with most applications, we
know what has happened up to time ¢, but not future arrival times and service
times.

2.3. Construction from Arrival and Service Times

Now, following Krichagina and Puhalskii [Ed], we construct the sample paths
of the process ) from the arrival and service times. This construction applies
to the more general G/GI/co system; we will show how the approach applies
to the special case M/M/oo; see §BZM and B2 See [EA for references to related
work.

Let A(t) be the cumulative number of arrivals in the interval [0,¢] and let 7
be the time of the i*" arrival. Let all the service times be mutually independent
random variables, independent of the arrival process and the number, Q(0), of
customers in the system at time 0 (before new arrivals). Let Q(0) be independent
of the arrival process. Let the Q(0) initial customers have service times from
{7:i,4 > 1} with cumulative distribution function (cdf) Fy. Let the new arrivals
have service times from {7;,7 > 1} with cdf F.

Then D(t), the number of customers that leave the system by time ¢, can be
expressed as

Q(0) A(t)
D) => 1<)+ > 1Um+mn<t), t>0. (15)
=1 =1
and
Q(0) A(t)
Q) = Zl(ﬁi>t)+zl(7'i+77i>t>a t=>0. (16)

=1 =1
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Since this construction does not require A to be Poisson (or even renewal)
or the cdf’s F and Fy to be exponential, this approach applies to the non-
Markovian G /G1I /oo model. However, the stochastic process @ itself is no longer
Markov in the general setting. With Poisson arrivals, we can extend [Ed] to
obtain a Markov process by considering the two-parameter process {Q(t,y) :
0 <y <tt>0}, where Q(t,y) is the number of customers in the system at
time ¢ that have elapsed service times greater than or equal to y. (For simplicity
in treating the initial conditions, let the initial customers have elapsed service
times 0 at time 0. Since P(A(0) = 0) = 1, Q(t,t) is (w.p.1) the number of initial
customers still in the system at time ¢.) Then

Q(0) A(t—y)
Qty) = > 1g>t+ Y, Un+m>1),0<y<t t>0 (17)
=1 =1

With renewal (GI) arrivals (and the extra assumption that P(A(0) = 0) = 1),
we can obtain a Markov process by also appending the elapsed interarrival time.
Of course, there is an alternative to (&) if we add remaining times instead of
elapsed times, but that information is less likely to be available as time evolves.
Heavy-traffic limits for these two-parameter processes follow from the argument
of [EA, but we leave detailed discussion of these extensions to future work. For
other recent constructions and limits in this spirit, see Kaspi and Ramanan [E2]
and references cited there.

3. Martingale Representations

For each of the sample-path constructions in the previous section, we have as-
sociated martingale representations. At a high level, it is easy to summarize how
to treat the first two sample-path constructions, drawing only on the first two
chapters of Brémaud [[&4. We represent the random time changes as stopping
times with respect to appropriate filtrations and apply versions of the optional
stopping theorem, which states that random time changes of martingales are
again martingales, under appropriate regularity conditions; e.g., see Theorem
T2 on p. 7 of . The problems we consider tend to produce multiple random
time changes, making it desirable to apply the optional stopping theorem for
multiparameter random time changes, as in §§2.8 and 6.2 of Ethier and Kurtz
9], but we postpone discussion of that more involved approach until Section
=

For the random thinning, we instead apply the integration theorem for mar-
tingales associated with counting processes, as in Theorem T8 on p. 27 of
Brémaud [, which concludes that integrals of predictable processes with re-
spect to martingales associated with counting processes produce new martin-
gales, under regularity conditions.

We also present a third martingale representation, based on martingales asso-
ciated with generators of Markov processes. That approach applies nicely here,
because the queueing processes we consider are birth-and-death processes. Thus
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we can also apply martingales associated with Markov chains, as on pp 5-6, 294
of 4. Finally, we present a fourth martingale representation associated with

=

3.1. Martingale Basics

In this subsection we present some preliminary material on continuous-time
martingales. There is a large body of literature providing background, including
the books by: Brémaud [, Ethier and Kurtz [i£9], Liptser and Shiryayev [E2],
Jacod and Shiryayev [Ed], Rogers and Williams [B3, B9, Karatzas and Shreve
[E3] and Kallenberg [EH]. The early book by Brémaud [E4 remains especially
useful because of its focus on stochastic point processes and queueing models.
More recent lecture notes by Kurtz [E] and van der Vaart [B2] are very helpful
as well.

Stochastic integrals play a prominent role, but we only need relatively sim-
ple cases. Since we will be considering martingales associated with counting
processes, we rely on the elementary theory for finite-variation processes, as
in §IV.3 of Rogers and Williams [BJ]. In that setting, the stochastic integrals
reduce to ordinary Stieltjes integrals and we exploit integration by parts.

On the other hand, as can be seen from Theorems =l and I the limiting
stochastic processes involve stochastic integrals with respect to Brownian mo-
tion, which is substantially more complicated. However, that still leaves us well
within the classical theory. We can apply the Ito calculus as in Chapter IV of
[E3], without having to draw upon the advanced theory in Chapter VI.

For the stochastic-process limits in the martingale setting, it is natural to turn
to Ethier and Kurtz [, Liptser and Shiryayev [E2] and Jacod and Shiryayev
[Ed]. We primarily rely on Theorem 7.1 on p. 339 of Ethier and Kurtz [E9].
The Shiryayev books are thorough; Liptser and Shiryayev [E2] focuses on basic
martingale theory, while Jacod and Shiryayev [E] focuses on stochastic-process
limits.

We will start by imposing regularity conditions. We assume that all stochastic
processes X = {X(¢) : ¢ > 0} under consideration are measurable maps from an
underlying probability space (2, F, P) to the function space D = D([0, ), R)
endowed with the standard Skorohod J; topology and the associated Borel o-
field (generated by the open subsets), which coincides with the usual o-field
generated by the coordinate projection maps; see §§3.3 and 11.5 of [B9].

Since we will be working with martingales, a prominent role is played by
the filtration (histories, family of o fields) F = {F; : t > 0} defined on the
underlying probability space (Q, F, P). (We have the containments: F;, C F;, C
F for all t; < to.) As is customary, see p. 1 of [i2], we assume that all filtrations
satisfy the usual conditions:

(i) they are right-continuous:

Fi = mfu forall ¢, 0<t<oo, and

w:u>t
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(ii) complete (Fp, and thus F; contains all P-null sets of F).

We will assume that any stochastic process X under consideration is adapted
to the filtration; i.e., X is F-adapted, which means that X (¢) is F;-measurable
for each ¢. These regularity conditions guarantee desirable measurability proper-
ties, such as progressive measurability: The stochastic process X is progressively
measurable with respect to the filtration F if, for each ¢ > 0 and Borel measur-
able subset A of R, the set {(s,w) : 0 < s < t,w € Q, X(s,w) € A} belongs to
the product o field B([0,t]) x Fi, where B([0,t]) is the usual Borel ¢ field on
the interval [0,¢]. See p. 5 of [ and Section 1.1 of [E]. In turn, progressive
measurability implies measurability, regarding X (¢) as a map from the product
space §2 x [0,00) to R.

A stochastic process M = {M(t) : t > 0} is a a martingale (submartingale)
with respect to a filtration F = {F; : ¢t > 0} if M(¢) is adapted to F; and
E[M(t)] < oo for each ¢ > 0, and

E[M(t + s)|Fi] = (=)M(t)

with probability 1 (w.p.1) with respect to the underlying probability measure
P foreach t > 0 and s > 0.

It is often important to have a stronger property than the finite-moment
condition E[M (t)] < co. A stochastic process X = {X(¢) : t > 0} is uniformly
integrable (UI) if

lim sup {E[|X(£)[1{xt)>n}]} = 0;
n—00 ;>(
see p. 286 of B4 and p. 114 of [BY. We remark that UTI implies, but is not
implied by
sup {E[[X(0)]]} < o0 (18)

A word of warning is appropriate, because the books are not consistent in their
assumptions about integrability. A stochastic process X = {X(¢) : ¢ > 0} may
be called integrable if E[|X(t)|]] < oo for all ¢ or if the stronger () holds.
This variation occurs with square-integrable, defined below. Similarly, the basic
objects may be taken to be martingales, as defined as above, or might instead
be UI martingales, as on p. 20 of [E2].

The stronger Ul property is used in preservation theorems - theorems im-
plying that stopped martingales and stochastic integrals with respect to mar-
tingales - remain martingales. In order to get this property when it is not at
first present, the technique of localizing is applied. We localize by introducing
associated stopped processes, where the stopping is done with stopping times.
A nonnegative random variable 7 is an F-stopping time if stopping sometime
before ¢ depends only on the history up to time ¢, i.e., if

{r<tteF forall t>0.

For any class C of stochastic processes, we define the associated local class
Cioc as the class of stochastic processes {X(t) : ¢ > 0} for which there exists a
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sequence of stopping times {7, : n > 1} such that 7, — oo w.p.1 as n — oo and
the associated stopped processes {X (7, At) : t > 0} belong to class C for each
n, where a A b = min{a, b}. We obtain the class of local martingales when
C is the class of martingales. Localizing expands the scope, because if we start
with martingales, then such stopped martingales remain martingales, so that all
martingales are local martingales. Localizing is important, because the stopped
processes not only are martingales but can be taken to be UI martingales; see
p. 21 of [ and §IV.12 of [B5]. The UT property is needed for the preservation
theorems.

As is customary, we will also be exploiting predictable stochastic processes,
which we will take to mean having left-continuous sample paths. See p. 8 of [
and §1.2 of [E| for the more general definition and additional discussion. The
general idea is that a stochastic process X = {X(¢t) : t > 0} is predictable if
its value at ¢ is determined by values at times prior to t. But we can obtain
simplification by working with stochastic processes with sample paths in D. In
the setting of D, we can have a left-continuous process by either (i) considering
the left-limit version {X(t—) : ¢ > 0} of a stochastic process X in D (with
X(0—) = X(0)) or (ii) considering a stochastic process in D with continuous
sample paths. Once we restrict attention to stochastic processes with sample
paths in D, we do not need the more general notion, because the left-continuous
version is always well defined. If we allowed more general sample paths, that
would not be the case.

We will be interested in martingales associated with counting processes,
adapted to the appropriate filtration. These counting processes will be nonneg-
ative submartingale processes. Thus we will be applying the following special
case of the Doob-Meyer decomposition.

Theorem 3.1 (Doob-Meyer decomposition for nonnegative submartingales) If
Y is a submartingale with nonnegative sample paths, E[Y (t)] < oo for each t,
and Y is adapted to a filtration F = {F;}, then there exists an F-predictable
process A, called the compensator of Y or the dual-predictable projection, such
that A has nonnegative nondecreasing sample paths, E[A(t)] < oo for each t,
and M =Y — A is an F-martingale. The compensator is unique in the sense
that the sample paths of any two versions must be equal w.p.1.

Proof. See §1.4 of Karatzas and Shreve [E3]. The DL condition in [E3F] is
satisfied because of the assumed nonnegativity; see Definition 4.8 and Problem
4.9 on p. 24. For a full account, see §VI.6 of [B]. =

3.2. Quadratic Variation and Covariation Processes

A central role in the martingale approach to stochastic-process limits is played
by the quadratic-variation and quadratic-covariation processes, as can be seen
from the martingale FCLT stated here in §8l That in turn depends on the notion
of square-integrability. We say that a stochastic process X = {X(¢) : ¢ > 0}
is square integrable if E[X(t)?] < oo for each t > 0. We thus say that a
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martingale M = {M(t) : t > 0} (with respect to some filtration) is square
integrable if E[M(t)?] < oo for each t > 0. Again, to expand the scope, we
can localize, and focus on the class of locally square integrable martingales.
Because we can localize to get the square-integrability, the condition is not very
restrictive.

If M is a square-integrable martingale, then M? = {M(t)? : t > 0} is nec-
essarily a submartingale with nonnegative sample paths, and thus satisfies the
conditions of Theorem EZl The predictable quadratic variation (PQV) of
a square-integrable martingale M, denoted by (M) = {(M)(t) : t > 0} the
(angle-bracket process), is the compensator of the submartingale M?; i.e.,
the stochastic process (M) is the unique nondecreasing nonnegative predictable
process such that E[(M)(t)] < oo for each ¢t and M? — (M) is a martingale with
respect to the reference filtration. (Again, uniqueness holds to the extent that
any two versions have the same sample paths w.p.1.) Not only does square inte-
grability extend by localizing, but Theorem Bl has a local version; see p. 375 of
[E3]. As a consequence the PQV is well defined for any locally square-integrable
martingale.

Given two locally square-integrable martingales M; and My, the predictable
quadratic covariation can be defined as

(My, M) = — (M1 + M2) — (M — Mz)) ;

RNy

see p. 48 of [E]. It can be characterized as the unique (up to equality of
sample paths w.p.1) nondecreasing nonnegative predictable process such that
E[(My, M3)(t)] < oo for each t and My Ms — (M7, Ms) is a martingale.

We will also be interested in another quadratic variation of a square-integrable
martingale M, the so-called optional quadratic variation [M] (OQV), the
square-bracket process). The square-bracket process is actually more gen-
eral than the angle-bracket process, because the square-bracket process is well
defined for any local martingale, as opposed to only all locally square-integrable
martingales; see §§IV. 18, 26 and VI. 36, 37 of [B3]. The following is Theorem
37.8 on p. 389 of [B]. For a stochastic process M, let AM(t) = M(t) — M (t—),
the jump at ¢, for ¢t > 0.

Theorem 3.2 (optional quadratic covariation for local martingales) Let M;
and My be local martingales with M;(0) = M2(0) = 0. Then there exists a
unique process, denoted by [My, Ms], with sample paths of finite variation over
bounded intervals and [My, M2](0) = 0 such that

())My My — [My, M) is a local martingale
(1) A[My, Ma) = (AM;)(AMs) .

For one local martingale M, the optional quadratic variation is then defined as
[M] = [M, M].

Note that, for a locally square-integrable martingale M, both M? — (M) and
M? —[M] are local martingales, but (M) is predictable while [M] is not. Indeed,
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subtracting, we see that [M] — (M) is a local martingale, so that (M) is the
compensator of both M? and [M].

There is also an alternative definition of the OQV; see Theorem 5.57 in §5.8
of [B2].

Theorem 3.3 (alternative definition) If My and Mz are local martingales with
M1(0) = M2(0) =0, then

o0

[My, Mo](t) = lim > (My(tn i) = M (tn,io1))(Ma(tni) = Ma(tni-1))

where t,; =t A (i27"™) and the mode of convergence for the limit as n — oo
is understood to be in probability. The limit is independent of the way that the
time points t,; are selected within the interval [0,t], provided that t, ; > tni—1
and that the mazimum difference ty, ; —tn i—1 for points inside the interval [0, ]
goes to 0 as n — oo.

Unfortunately, these two quadratic-variation processes (M) and [M] asso-
ciated with a locally square-integrable martingale M, and the more general
covariation processes (My, Ms) and [M;, Ms], are somewhat elusive, since the
definitions are indirect; it remains to exhibit these processes. We will exploit
our sample-path constructions in terms of Poisson processes above to identify
appropriate quadratic variation and covariation processes in following subsec-
tions.

Fortunately, however, the story about structure is relatively simple in the
two cases of interest to us: (i) when the martingale is a compensated counting
process, and (ii) when the martingale has continuous sample paths. The story
in the second case is easy to tell: When M is continuous, (M) = [M], and this
(predictable and optional) quadratic variation process itself is continuous; see
§VI.34 of [B5]. This case applies to Brownian motion and our limit processes.
For standard Brownian motion, (M)(t) = [M](t)=t, ¢t > 0.

3.3. Counting Processes

The martingales we consider for our pre-limit processes will be compensated
counting processes. By a counting process (or point process), we mean a stochas-
tic process N = {N(t) : t > 0} with nondecreasing nonnegative-integer-valued
sample paths in D and N (0) = 0. We say that N is a unit-jump counting process
if all jumps are of size 1. We say that N is non-explosive if N(t) < co w.p.1 for
each t < oo. Equivalently, if {7}, : n > 1} is the associated sequence of points,
where

Nt)=max{n>0:T,<t}, t>0,

with Tp = 0, then N is a unit-jump counting process if T;,4; > T,, for all n > 0;
while N is non-explosive if T,, — oo w.p.1 as n — o0; see p. 18 of Brémaud
(1981).
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As discussed by Brémaud [, the compensator of a non-explosive unit-jump
counting process is typically (under regularity conditions!) a stochastic process
with sample paths that are absolutely continuous with respect to Lebesgue
measure, so that the compensator A can represented as an integral

A(t)—/otX(s)ds, t>0,

where X = {X(¢) : t > 0} is adapted to the filtration F. When the compensator
has such an integral representation, the integrand X is called the stochastic
intensity of the counting process N.

We will apply the following extension of Theorem B2l

Lemma 3.1 (PQV for unit-jump counting processes) If N is a non-explosive
unit-jump counting process adapted to F with E[N(t)] < co for all t, and if the
compensator A of N provided by Theorem B2l is continuous, then the martingale
M = N — A is a square-integrable martingale with respect to F with quadratic
variation processes:

(My=A and [M]=N .

We first observe that the conditions of Lemma Bl imply that N is a nonnegative
F-submartingale, so that we can apply Theorem B2l We use the extra conditions
to get more. We prove Lemma B2l in the Appendix.

3.4. First Martingale Representation

We start with the first sample-path construction in & As a regularity
condition, here we assume that E[Q(0)] < oco. We will show how to remove
that condition later in g8 It could also be removed immediately if we chose
to localize.

Here is a quick summary of how martingales enter the picture:
The Poisson processes A(t) and S(t) underlying the first representation of the

queueing model in & as well as the new processes A(At) and S (,u fot Q(s) ds)

there have nondecreasing nonnegative sample paths. Consequently, they are
submartingales with respect to appropriate filtrations (histories, families of o-
fields). Thus, by subtracting the compensators, we obtain martingales. Then
the martingale M so constructed turns out to be square integrable, admitting
a martingale representation M? — (M), where (M) is the predictable quadratic
variation, which in our context will coincide with the compensator.

In constructing this representation, we want to be careful about the filtration
(histories, family of ¢ fields). Here we will want to use the filtration F = {F; :
t > 0} defined by

Fi=o (Q(O),A()\s),S (;L/j@(u)du) 0<s< t) Ct>0,  (19)

augmented by including all null sets.
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The following processes will be proved to be F-martingales:

Mi(t) = A(M)
S

(1

where here A refers to the arrival process. Hence, instead of (&), we have the
alternate martingale representation

— Xt
Myt = A§X$¢)—u41xgw,tzo, (20)

Q@—@®+M@—MﬂH%FwAQ@%,tZU (21)

In applications of Theorem B2l and Lemma B2l it remains to show that the
conditions are satisfied and to identify the compensator. The following lemma
fills in that step for a random time change of a rate-1 Poisson process by ap-
plying the optional stopping theorem. At this step, it is natural, as in §12 of
Mandelbaum and Pats [E3], to apply the optional stopping theorem for mar-
tingales indexed by directed sets (Theorem 2.8.7 on p. 87 of Ethier and Kurtz
[E9)) associated with multiparameter random time changes (§6.2 on p. 311 of
[9]), but here we can use a more elementary approach. For supporting theory
at this point, see Theorem 17.24 and Proposition 7.9 of Kallenberg [EH] and §7.4
of Daley and Vere-Jones [[E. We use the mutiparameter random time change
in G2

Let o be the composition map applied to functions, i.e., (x o y)(t) = x(y(t)).
Lemma 3.2 (random time change of a rate-1 Poisson process) Suppose that S
is a rate-1 Poisson process adapted to a filtration F = {F; : t > 0} and I =
{I(t) : t > 0} is a stochastic process with continuous nondecreasing nonnegative
sample paths, where 1(t) is an F-stopping time for each t > 0. In addition,
suppose that the following moment conditions hold:

E[I(t)] <oco and E[SI(t)] <oo forall t>0. (22)

Then Sol = {S(I(t)) : t > 0} is a non-explosive unit-jump counting process
such that M = SolI —1 = {S(I(t)) — I(t) : t > 0} is a square-integrable
martingale with respect to the filtration F; = {Fyyy : t > 0}, having quadratic
variation processes

(M)(t) = I(t) and [M](t) = S(I(t)), t=0. (23)

Proof. Since the sample paths of I are continuous, it is evident that Sol is a
unit-jump counting process. By condition (&), it is non-explosive. In order to
apply the optional stopping theorem, we now localize by letting

Since I(t) is an F-stopping time, I"™(t) is a bounded F-stopping time for each
m > 1. The optional stopping theorem then implies that M™ = So I™ — ™ =
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{S(I™(t)) — I"™(t) : t > 0} is an Fr-martingale; e.g., see p. 7 of [ or p.
61 of i9). As a consequence I"™ is the compensator of S o I". Since we have
the moment conditions in (B), we can let m 1 oo and apply the monotone
convergence theorem with conditioning, as on p. 280 of Brémaud, to deduce
that M = Sol —1={S(I(t)) —I(t) :t > 0} is a martingale. Specifically, given
that

E[SI™(t+s)) —I™(t + 5)|Frs)) = SUT™(s)) = I™(s) w.p.l

for all m,
E[S(™ (¢ + )| Fro)] — EISU(E+9)|Frig] wpd as m— oo

E[I™(t + s)|Frs)) = E[I(t + s)|Fr)) w.p.l as m— oo,

S(I™(s))) T S(I(s)) and I"™(s) T I(s) as m — oo, we have
E[S(I(t+s)) — I(t + s)|Frs)) = SU(s)) = I(s) w.p.l

LemmaBlimplies the square-integrability and identifies the quadratic variation
processes. =

To apply Lemma B to our M /M /oo queueing problem, we need to verify the
finite-moment conditions in (E8). For that purpose, we use a crude inequality:

Lemma 3.3 (crude inequality) Given the representation (),
Q) < Q)+ A(Xt), t>0, (24)
so that .
/0 Q(s)ds < t(Q(0)+ A(At)), t>0. (25)

Now we want to show that our processes in (BH) actually are martingales with
respect to the filtration in (). To do so, we will apply Lemma B2 However,
to apply Lemma B2 we will first alter the filtration. In order to focus on the
service completions in the easiest way, we initially condition on the entire arrival
process, and consider the filtration F' = {F} : t > 0} defined by

Fl=0(Q0),{A(u):u>0},S(s):0<s<t), t>0, (26)

augmented by including all null sets. Then, as in the statement of Lemma B2
we consider the associated filtration F} = {}'}(t) : t > 0}. Finally, we are able
to obtain the desired martingale result with respect to the desired filtration F
in (3.

Lemma 3.4 (verifying the conditions.) Suppose that E[Q(0)] < oo in the set-
ting of &M with {Q(t) : t > 0} defined in (2),

1) zu/o Qs)ds, >0, (27)

and the filtration being F* in @). Then the conditions of Lemma B are satis-
fied, so that Sol —1I is a square-integrable F} -martingale with F}—compensator
I in ). As a consequence, S oI — I is also a square-integrable F-martingale
with F-compensator I in (&) for filtration F in ().
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Proof. First, we can apply the crude inequality in () to establish the re-
quired moment conditions: Since E[Q(0)] < oo,

E [u / Qs) ds] < 1t (E[Q(0)] + E[AN)]) = itE[Q(0)] + pA? < 00, >0,

and
S(u / @(s)ds) < S(uQM) + A(N)), t20,

so that

EF(EKQ@M%]

IN

E[S (ut(Q(0) + A(A))],

= E[E[S(ut(Q0)+ AM)) Q) + A(M)]], t=0,
= ut(EQO)]+ At) <oco, t>0.

Then, by virtue of (B8 and the recursive construction in Lemma B2l for each
t >0, I(t) in (& is a stopping time relative to F! for all x > 0, i.e.,

{It)<x}eFr forall >0 and t>0.

(This step is a bit tricky: To know I(t), we need to know Q(s),0 < s < t,
but, by (2.2), that depends on I(s),0 < s < t. Hence, to know whether or not
{I(t) < z} holds, it suffices to know S(u) : 0 < u < z.) Since {S(t) —t : t >
0} is a martingale with respect to F! and the moment conditions in (ZJ) are
satisfied, we can apply Lemma B& to deduce that {S(I(t)) — I(t) : t > 0} is a
square-integrable martingale with respect to the filtration F} = {}'Il(t) 1t >0}
augmented by including all null sets and that I in (B is both the compensator
and the predictable quadratic variation. Finally, since the process representing
the arrivals after time ¢, i.e., the stochastic process {A(t + s) — A(t) : s > 0},
is independent of Q(s), 0 < s < ¢, by virtue of the recursive construction in
Lemma B (and the assumption that A is a Poisson process), we can replace
the filtration F} by the smaller filtration F in (). That completes the proof. =

We now introduce corresponding processes associated with the sequence of
models indexed by n. We have

@n(t) = Qn(0) + My 1 (t) = My 5(t) + Ant — u/o @n(s)ds, t=0. (28)

where

MIL(f) = A(nt) — Ao,
M) = 8 (i [ @uoras) = [ Quisras (29)

The filtrations change with n in the obvious way
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We now introduce the scaling, just as in (l). Let the scaled martingales be

Mf/_;(t) and My 2(t) = Mi;)%(t),

Then, from (E3)-E), we get

Xu(t) = L“(\t/)ﬁ‘ n
Qn(0) —n i My, (t) My ,(t) n Ant — nput

Vn NG Vn

My ()

£>0. (30)

X (0) + Mu (1) = Muo(t) = | Xals)ds, 20, (1)

Now we summarize this martingale representation for the scaled processes,
depending upon the index n. Here is the implication of the analysis above:

Theorem 3.4 (first martingale representation for the scaled processes)
If E[Qn(0)] < oo for each n > 1, then the scaled processes X, in (@) have
the martingale representation

Xn(t) = X0 (0) + M1 (t) — Myo(t) — u/otxn(s) ds, t>0, (32)

where My, ; are given in (BF) and B). These processes M, ; are square-integrable
martingales with respect to the filtrations Fp, = {Fpn4: t > 0} defined by

Fot =0 (QH(O),A()\HS),S (Iu/os Qn(u) du) :0<s< t) , t>0,

augmented by including all null sets. Their associated predictable quadratic vari-
ations are (M, 1)(t) = Apt/n, t >0, and

(M, 2)(t) = % /O Qu(s)ds, t>0, (33)

where E[(My2)(t)] < oo for allt > 0 and n > 1. The associated optional
quadratic variations are [My1](t) = A(A\nt)/n, t > 0 and

S (1 Jy @uls) ds)

3

(M 2)(t) =

t>0.
n
Note that X,, appears on both sides of the integral representation (B), but
X, (t) appears on the left, while X,,(s) for 0 < s < t appears on the right. In
Y we show how to work with this integral representation.
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3.5. Second Martingale Representation
We can also start with the second sample-path construction and obtain an-

other integral representation of the form (E).
Now we start with the martingales:

Mu(t) = Aa(t) — M,
Ms, () = Sux(t) —pt,

Z/ LQ(s—)>k} Sy, (s) Z/ PL{Q(s—) >k} dS,
= Z/ LQ(s—)>k} Sy, (8) /Zul{% )>k} s,
_ Z/ Li0tsmyony S (s) /Q (34)

so that, instead of (&), we have the alternate representation

5
~—
=
MMl

Q(t) = Q(0) + Ma(t) — Ms(t) + M — u / Qs—)ds,, >0,  (35)

where M4 and Mg are square-integrable martingales with respect to the filtra-
tion F = {F; : t > 0} defined by

Fi =0 (Q0), Ax(s),Suk(s), k>1:0<s<t), t>0, (36)

again augmented by the null sets. Notice that this martingale representation is
very similar to the martingale representation in (Zll). The martingales in (EZH)
and (B are different and the filtrations in (&) and (BH) are different, but
the predictable quadratic variations are the same and the form of the integral
representation is the same. Thus, there is an analog of Theorem B2 in this
setting.

We now provide theoretical support for the claims above. First, we put our-
selves in the setting of Lemma BEZl

Lemma 3.5 (asecond integrable counting process with unit jumps) If E[Q(0)] <
00, then, in addition to being adapted to the filtration {F;} in (B, the stochastic
process Y defined by

ot
t) = Z/O L{Q(s—)>k} dSk(s), =0, (37)
k=1

is a unit-jump counting process such that E[Y (t)] < oo for all t > 0.
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Proof. It is immediate that Y is a counting process with unit jumps, but
there is some question about integrability To establish integrability, we apply
the crude inequality (B to get

) < Z / Li@)+a()=ky dSk(s) Z {QO)+AN) =k} Sk (T)

so that

=
=
I

Z P(Q(0) + A(Mt) > k)E[Sk(t)]

< ZP 0) + A(Xt) > k)ut

< JE(QM)+ A = ut(EIQO)] + ) < 5o . =

Given Lemmas Bl and B2 it only remains to identify the compensator of
the counting process Y, which we call Y since A is used to refer to the arrival
process. For that purpose, we can apply the integration theorem, as on p. 10 of
Brémaud [&. But our process Y in (B is actually a sum involving infinitely
many Poisson processes, so we need to be careful.

Lemma 3.6 (identifying the compensator of Y') The compensator of Y in (Bl
is given by

[e’e] t t
Y t) = Z/ 1{Q(57)2k},u ds = ,u/ Q(S—) ds, t>0; (38)
k=10 0

e., Y =Y is an F-martingale for the filtration in (E).

Proof. As indicated above, we can apply the integration theorem on p. 10 of
Brémaud, but we have to be careful because Y involves infinitely many Pois-
son processes. Hence we first consider the first n terms in the sum. With that
restriction, since the integrand is an indicator function for each k, we consider
the integral of a bounded predictable process with respect to the martingale
{3 %1 (Suk(t)—ut) : t > 0}, which is a martingale of “integrable bounded varia-
tion,” as required (and defined) by Brémaud. As a consequence, {Mg(t) : ¢t > 0}
is an F-martingale, where

Z/ L{Q(s—)>k} dSpu,k(8) Z/ pliQes—y=kyds . (39)

However, given that E[Y(t)] < oo, we can apply the monotone convergence
theorem to each of the two terms in (BH) in order to take the limit as n — oo to
deduce that E[Y (t)] < co and Mg itself, as defined in (B, is an F-martingale,
which implies that the compensator of Y in (B is indeed given by (BH). =
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By this route we obtain another integral representation for the scaled pro-
cesses of exactly the same form as in Theorem B2 As before in (E)-E), we
introduce the sequence of models indexed by n. The martingales and filtrations
are slightly different, but in the end the predictable quadratic variation processes
are essentially the same.

Theorem 3.5 (second martingale representation for the scaled processes) If
E[Q.,(0)] < oo for each n > 1, then the scaled processes X, in (@) have the
martingale representation

Xn(t) = X0 (0) + M1 (t) — Myo(t) — u/otxn(s) ds, t>0, (40)

where M, ; are given in (&), but instead of @), we have
My q(t) = A\, () — Aty

[e'e] t t
M (1) 2;41WMkzud&m@>—uAc%@—ww.
k=1

These processes My, ; are square-integrable martingales with respect to the filtra-
tions Fp, = {Fpns:t > 0} defined by

fn,tEU(QH(O)aA)\n(S)aS,u,k(S)a k210§5§t), tZO 5

augmented by including all null sets. Their associated predictable quadratic vari-
ations are (M, 1)(t) = Apt/n, t >0, and

t
.20 =2 [ Quisyds. 10, (41)
0

where E[(My2)(t)] < oo for allt >0 and n > 1 and (My, 1)(t) = (Apt/n) = pt.
The associated optional quadratic variations are [Mp 1](t) = Ax, (t)/n, t > 0,

and .

pas 1o, (s— das,
[Mn72](t) _ Zk:l fO {Qn(s—)>k} #>k(s), t Z 0. (42)
n

3.6. Third Martingale Representation

We can also obtain a martingale representation for the stochastic process @
by exploiting the fact that the stochastic process @ is a birth-and-death process.
We have the basic representation

Q) = Q(0) + A(t) - D(t), t=0,

where A is the arrival process and D is the departure process, as in ([&). Since
Q@ is a birth-and-death process, we can apply the Lévy and Dynkin formulas,
as on p. 294 of Brémaud [ to obtain martingales associated with various
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counting processes associated with @, including the counting processes A and
D. Of course, A is easy, but the Dynkin formula immediately yields the desired
martingale for D:

MD(t)ED(t)—,u/O Q(s)ds, t>0,

where the compensator of Mp is just as in the first two martingale representa-
tion, i.e., as in (E), (Ed). BA) and (BF); see pp 6 and 294 of [&]. We thus again
obtain the martingale representation of the form (E) and (BH). Here, however,
the filtration can be taken to be

Fi=0(Q(s):0<s<t), t>0.

The proof of Theorem I is then the same as for the second representation,
which will be by an application of the martingale FCLT in §8

3.7. Fourth Martingale Representation

In this section, we present the martingale representation for the construction
in terms of arrival and service times in & but without any proofs. Consider
a sequence of G/GI /oo queues indexed by n and let Q,,(0), @y, Ay, and D,, be
the corresponding quantities in the n'" queueing system, just as defined in &3
For any cdf F, let the associated complementary cdf (ccdf) be Fe=1— F.

Given representation (&), the Krichagina and Puhalskii [Ed insight is to
write the process @, as

Qn(0)
Qu(t) = Y (17 > 1) = F(t) + Qn(0)Fg (1)

where

1
Kn(t,x)EEZI(mgx), t>0, >0, (44)
1=1

is a sequential empirical process (a random field, having two parameters), so

that
An(t)

K, (Ajjt),ﬂ:) - % d imi<a), t>0, x>0 (45)

=1

The division by n in () provides a law-of-large-numbers (LLN) or fluid-
limit scaling. To proceed, we define associated queueing processes with LLN
scaling. In particular, define the normalized processes Q, = {Qn(t),t > 0},
A, ={A,(t),t >0} and D,, = {D,(t),t > 0} as
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Qn(t) = %Qn(t), A (t) = %An(t), D,(t) = %Dn(t), t>0. (46)

For our general arrival process, we assume that A, (t) — a(t) = ut w.p.1 as
n — o0o. For the M/M /oo special case, that follows from (ll).
Next write equation (B as

K (Af)@) _ Ln[in A_n(t)(l(msﬂ‘F(x))}+%An(t>F($)
An(t)
= =Y am e -rw)
+§%B%MA0—Mﬂﬂﬂ@+ﬂ@F@l

Now we introduce stochastic processes with central-limit-theorem (CLT) scal-
ing. In particular, let

1 A®
Va(t,o) = —= ) (L(n: < z) = F(x)),
and A -
An(t) = VA(AL (1) - alt)). (47)
Then
Ko (A, (1), 7) = %Vn(t, ) + %fln(t)F(x) +a(t)F (@),
so that the process @, in (&) can be written as
Qn(0)
Qn(t) = Z (1(m > 1) = F5(1)) + Qn(0) F5 ()

+\/ﬁ/0t/ooo1(s+x>t)dvn(s,x)
+ \/ﬁ/ot /Ooo 1(s+z > t)dA,(s)dF (z)

+ n/o /0 1(s +x > t)da(s)dF(x)
Qn(0)
= Y (A >t) = F§(t) + Qu(0)F5(t) (48)

=1

+\/ﬁ/0t/0001(s+x>t)dvn(s,x)
+\/ﬁ/OtFC(t—s)dfln(s) +n/t Fe(t — s)daf(s)

0
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Qn(0)

= Y (@ >t) = F§(t) + Qu(0)F5(t) +n/0 FO(t — s)da(s)

=1

+\/H(Mn71(t) — Mn,2(t)) )

where

M,.(t) = /O FO(t — s)dA,(s) (49)

and
M, o(t) = _/Ot/ooo 1(s+z > t)dV,(s,x)
_ /Ot/ooo s+ < H)dVi(s, 7). (50)

In contrast to previous representations, note that, except for @, (0) which
can be regarded as known, @, (s) for s < t does not appear on the righthand
side of representation (EH). Instead of the integral representations in Theorems
B and B2 here we have a direct expression of @, (t) in terms of other model
elements, but we will see that some of these model elements in turn do have
integral representations.

By equations (E@) and (@), we have

- 1 Qn(0) ~ t
Qu(t) = — Z (17 > t) = F§(t) + Qu(0)F5(2) + /O Fe(t — s)da(s)
—|—%(Mn71(t) — My 2(t)), t>0. (51)

From equation (&), we can prove the following FWLLN. We remark that we
could allow more general limit functions a for the LLN-scaled arrival process.

Theorem 3.6 (FWLLN for the fourth martingale representation) If there is
convergence (Qn(0), A,) = (¢(0),a) in R x D as n — oo, where a(t) = ut,

t >0, then Q,, = q, where

a(t) = q(O)FE(t) + /O F(t — s)da(s), ¢>0. (52)

For the M/M /oo special case,

t
a(t) = q(0)e " + p / e ds = 1 — (1 g(0)e ™, > 0.
0

If, in addition, q(0) = 1, then q(t) =1 fort > 0.
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Let the scaled process X, be defined by

If q(t) =1 for ¢ > 0, then (B) coincides with (). By equations (BE), (B) and
(B3), we obtain the following theorem for the scaled processes.

Theorem 3.7 (fourth martingale representation for the scaled processes) The
scaled process X, in (BA) has the representation

Qn(0)
X)) = 2= 3 (1> 1) = F5(0) + VA(Qu(0) — a(0) F5 1)
Moo (t) — Mys(t), ¢ 0, (54)

where My 1 and M, o are defined as in (@) and @), respectively.

The situation is more complicated here, because the processes M, 1 and M, o
in () and (B) are not naturally martingales for the G/GI/oo model or even
the M /M /oo special case, with respect to the obvious filtration, but they can
be analyzed by martingale methods. In particular, associated martingales can
be exploited to establish stochastic-process limits. In particular, the proof of the
FCLT for the processes X, in (B - see I8~ exploits semimartingale decompo-
sitions of the following two-parameter process U,, = {U, (¢, z),t > 0,0 <z < 1}
(and related martingale properties):

Un(t,z) = —= Y (1(¢G < 2) —x) (55)

where the (; are independent and uniformly distributed on [0, 1].

Extending Bickel and Wichura [A, Krichagina and Puhalskii [E7 proved that
the sequence of processes {U,,n > 1} converges in distribution to the Kiefer
process U in D([0,00), D([0, 1])). For properties of Kiefer processes, we refer
to Csorgé M. and P. Révéz [ and Khoshnevisan [EH]. The importance of the
Kiefer process for infinite-server queues was evidently first observed by Louchard
[E=).

The process U, has the following semimartingale decomposition (See Chapter
IX of Jacod and Shiryaev [E]):

ULt
Un(t, z) = _/ #den,O(t,@,
0 Y

where
[nt]

My o(t,z) = % > (16 <o) - /OMQ ﬁdy),
1=1

is a square-integrable martingale relative to the filtration F" = \/, .|, Fi(z)
and Fi(z) = o(1((; < y),0 <y < x) VN forall z € [0, 1].
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Hence V,,(t, ) = Up(an(t), F(x)) can be written as

[Vt .
Va(t,x) = CT-F )dF( y) + Ln(t, ) ,
where ) . 1
L(t,2) = —= Z (1(n; < ) _/o mdF(y),

F_(y) is the left-continuous version of F, F_(0) = 0 and V,, _ is the left-
continuous version of V,, in the second argument. Therefore, M, 5 can be written
as

My 2(t) = Gu(t) + Hp(t)

/t /oo 1(s+z < t)d( - Om 71/_;,5’(:;)) dF(y))
= /" St ar )

t):/ot/ooo 1(s 4+ z < t)dLy,(s, x).

In closing this subsection, we remark that an associated representation holds
for the two-parameter process Q(¢,y) in (). Let the associated scaled two-
parameter process be defined by

Xo(t,y) = Vn(Qalt,y) —a(t,y)), >0, (56)
where Q. (t,y) = Qu(t,y)/n, Qn = q as n — oo and

where

Q
3
—~
~
~—
MMl

and

qmw—«mmm+AZWrwwa$. (57)

Corollary 3.1 (associated representation for the scaled two-parameter processes)
Paralleling &), the scaled process in BH) has the representation

Qn(0)
Xalty) = % Z (1(7; > t) = Fg(t)) + vn(Qa(0) — q(0)) F5 (t)
+M;71(t, y) — Mn72(t, y), t Z 0, (58)

where, paralleling (B and (B,

Moa(ty) — /0 Rl - s)ddy (s)

and

t—y
My, 2(t,y) / / 1(s +x < t)dV,(s, ).
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4. Main Steps in the Proof of Theorem [l

In this section we indicate the main steps in the proof of Theorem Bl starting
from one of the first three martingale representations in the previous section.
First, in &0 we show that the integral representation appearing in both The-
orems B and B2 has a unique solution, so that it constitutes a continuous
function from D to D. Next, in I8 we show how the limit can be obtained
from the functional central limit theorem for the Poisson process and the con-
tinuous mapping theorem, but a fluid limit (Lemma B or Lemma E&l) remains
to be verified. In 3 we show how the proof can be completed without martin-
gales by directly establishing that associated fluid limit. In §§8H we show how
martingales can achieve the same result. In §8 we indicate how to complete
the proof with the fourth martingale representation.

4.1. Continuity of the Integral Representation

We apply the continuous-mapping theorem (CMT) with the integral
representation in (B) and (E) in order to establish the desired convergence; for
background on the CMT, see §3.4 of [Bd]. In subsequent sections we will show
that the scaled martingales converge weakly to independent Brownian motions,
ie.,

(M, 1, My, 0) = (\/uB1,/iB2) in D*=DxD as n— oo, (59)

where B; and Bs are two independent standard Brownian motions, from which
an application of the CMT with subtraction yields

My — M, 5= JiB) —\/iBa £ \/2uB in D as n— oo, (60)

where B is a single standard Brownian motion.
We then apply the CMT with the function f : D x R — D taking (y, b) into
x determined by the integral representation

x(t)—b—ky(t)—,u/o x(s)ds, t>0. (61)

In the pre-limit, the function y in (&) is played by M,, 1 — M, 2 = {M, 1(t) —
My 2(t) : t > 0} in (BI), while b is played by X,,(0). In the limit, the function
y in (B is played by the limit /2B in (B), while b is played by X(0). (The
constant b does not play an essential role in (B); it is sometimes convenient
when we want to focus on the solution z as a function of the initial conditions.)

For our application, the limiting stochastic process in (BI) has continuous
sample paths. Moreover, the function f in (B) maps continuous functions into
continuous functions, as we show below. Hence, it suffices to show that the
map f: D xR — D is measurable and continuous at continuous limits. Since
the limit is necessarily continuous as well, the required continuity follows from
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continuity when the function space D appearing in both the domain and the
range is endowed with the topology of uniform convergence on bounded inter-
vals. However, if we only establish such continuity, then that leaves open the
issue of measurability. It is significant that the o field on D generated by the
topology of uniform convergence on bounded intervals is not the desired cus-
tomary o field on D, which is generated by the coordinate projections or by
any of the Skorohod topologies; see §11.5 of [Ed and §18 of Billingsley [H]. We
prove measurability with respect to the appropriate o field on D (generated by
the J; topology) by proving continuity when the function space D appearing
in both the domain and the range is endowed with the Skorohod .J; topology.
That implies the required measurability. At the same time, of course, it provides
continuity in that setting.

We now establish the basic continuity result. We establish a slightly more
general form than needed here in order to be able to treat other cases. In par-
ticular, we introduce a Lipschitz function h : R — R; i.e., we assume that there
exists a constant ¢ > 0 such that

|h(s1) — h(s2)| < ¢|sy —s2| forall s1,s2 €R. (62)

We apply the more general form to treat the Erlang A model in & Theorem
= in &3 involves an even more general version in which h: D — D.

Theorem 4.1 (continuity of the integral representation) Consider the integral
representation

x(t) = b+ y(t) —|—/0 h(z(s))ds, t>0, (63)

where h : R — R satisfies h(0) = 0 and is a Lipschitz function as defined in
B). The integral representation in [B&;) has a unique solution x, so that the
integral representation constitutes a function f: D xR — D mapping (y,b) into
x = f(y,b). In addition, the function f is continuous provided that the function
space D (in both the domain and range) is endowed with either: (i) the topology
of uniform convergence over bounded intervals or (ii) the Skorohod Ji topology.
Moreover, if y is continuous, then so is x.

Proof. If y is a piecewise-constant function, then we can directly construct
the solution z of the integral representation by doing an inductive construction,
just as in Lemma B2 Since any element y of D can be represented as the limit
of piecewise-constant functions, where the convergence is uniform over bounded
intervals, using endpoints that are continuity points of y, we can then extend the
function f to arbitrary elements of D, exploiting continuity in the topology of
uniform convergence over bounded intervals, shown below. Uniqueness follows
from the fact that the only function = in D satisfying the inequality

t
|x<t>|§c/ a(s)|ds, 120,
0
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is the zero function, which is a consequence of Gronwall’s inequality, which we
re-state in Lemma 2 below in the form needed here.

For the remainder of the proof, we apply Gronwall’s inequality again. We
introduce the norm

|z||r = sup |z(t)] .
0<t<T

First consider the case of the topology of uniform convergence over bounded
intervals. We need to show that, for any ¢ > 0, there exists a § > 0 such that
l|z1 — 22||7 < € when [by — ba| + ||y — yo||7 < &, where (y;, z;) are two pairs of
functions satisfying the relation (B). From &), we have

IN

|1 (t) — 22(t)] b1 = ba| + |ya(t) — y2(t)] + /0 [h(x1(s)) — h(za(s))| ds ,

IN

|b1—b2|+|y1<t>—y2<t>|+c/0 [@1(s) = a(s)| ds . (64)

Suppose that [by — ba| + ||y1 — y2||7 < 6. By Gronwall’s inequality,

|71 (t) — 22(t)] < de and ||z — z2||7 < 5ecT .
Hence it suffices to let § = eeT".

We now turn to the Skorohod J; topology; see §§3.3 and 11.5 and Chapter 12
of [B9 for background. To treat this non-uniform topology, we will use the fact
that the function z is necessarily bounded. That is proved later in Lemma BEZ3
We want to show that z,, — x in D([0, o), R, J;) when b,, —» bin R and y, — y
in D([0,00), R, J1). For y given, let the interval right endpoint T be a continuity
point of y. Then there exist increasing homeomorphisms A, of the interval [0, T']
such that ||y, —yoA,||r — 0 and |\, —e|]lr — 0 as n — oo. Moreover, it suffices
to consider homeomorphisms A, that are absolutely continuous with respect to
Lebesgue measure on [0, 7] having derivatives A, satisfying ||\, — 1|7 — 0 as
n — oo. The fact that the topology is actually unchanged is a consequence
of Billingsley’s equivalent complete metric dyp on pp 112-114 of Billingsley [H].
Hence, for y given, let M = supy<,<r {|x(t)|}. Since h in (@A) is Lipschitz, we
have

sup {[A(@(6))]} < h(0)+ sup {|(a(t)) = h(0)[} < h(0) + M = cM .
0<t<T 0<t<T

Thus we have

2n(t) —2(An@)] < [bn = b+ [lyn =y o Anll7
t An(t)
+ / h(xn(u))du—/ h(z(u)) du
0 0
< b =0+ [[yn —y o Aullr

+ /0 h(xn(u))du—/o h(z(An(uw)An(u) du
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T
< |bn—b|+||yn—yoxn||T+||An—1||T/ ()] du
0
t
4 / () — B (Ao (1)) du
< b= b+ lgm — 0 Anllr 4 3 — 1r(eMT)

-+c]c L (1) — (A ()| du

Choose ng such that | A, —1||7 < §/(2¢MT) and |b, —b|+||yn—yoAn||7 < 6/2.
Then Gronwall’s inequality implies that

|20 (t) —2(\u (1) < Je* forall ¢, 0<t<T,
so that
20 — 0 Ap|l7 < 6T .

Hence, for € > 0 given, choose § < ee~“T to have |zn —xo)\n||T < e forn > ng.
If necessary, choose n larger to make ||\, — ¢||r < € and ||\, — 1||7 < € as well.
Finally, for the inheritance of continuity, note that

t+s
x(t+s)—x(t) =ylt+s) —ylt)+ /t h(z(uw))du ,
so that
t+s
W@+®—$QNSWQ+®—ﬂ@ﬂ+1) [h(z(w))| du .

Since z is bounded over [0, T], « is continuous if y is continuous. =

In our case we can simply let h(s) = us, but we will need the more compli-
cated function h in (B3 and (B) in A To be self-contained, we now state
a version of Gronwall’s inequality; see p. 498 of [[&]. See §11 of [EH| for other
versions of Gronwall’s inequality.

Lemma 4.1 (version of Gronwall’s inequality) Suppose that g : [0,00) — [0, 00)
is a Borel-measurable function such that

t
0§g(t)§e+M/ gls)ds, 0<t<T,
0

for some positive finite € and M. Then
g(t)SeeMt, 0<t<T.

It thus remains to establish the limit in (@3). Our proof based on the first
martingale representation in Theorem B relies on a FCLT for the Poisson pro-
cess and the CMT with the composition map. The application of the CMT with
the composition map requires a fluid limit, which requires further argument.
That is contained in subsequent sections.
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4.2. Poisson FCLT Plus the CMT

As a consequence of the last section, it suffices to show that the scaled mar-
tingales converge, as in (BH). From the martingale perspective, it is natural to
achieve that goal by directly applying the martingale FCLT, as in §7.1 of Ethier
and Kurtz i), and as reviewed here in @8 and that works. In particular, the
desired limit (BH) follows from Theorems B and B3l (ii) (or Theorems B and
B3 (ii)) plus Lemma & below. Lemma B2 shows that the scaled predictable
quadratic variation processes in (Bl) and ([ll) converge, as required in condition
(E3) of Theorem Bl here; see

However, starting with the first martingale representation in Theorem B2 we
do not need to apply the martingale FCLT. Instead, we can justify the martin-
gale limit in (B3) by yet another application of the CMT, using the composition
map associated with the random time changes, in addition to a functional central
limit theorem (FCLT) for scaled Poisson processes. Our approach also requires
establishing a limit for the sequence of scaled predictable quadratic variations
associated with the martingales, so the main steps of the argument become the
same as when applying the martingale FCLT.

The FCLT for Poisson processes is a classical result. It is a special case of
the FCLT for a renewal process, appearing as Theorem 17.3 in Billingsley [H].
It and generalizations are also discussed extensively in [B9]; see §86.3, 7.3, 7.4,
13.7 and 13.8. The FCLT for a Poisson process can also be obtained via a strong
approximation, as was done by Kurtz [Eg], Mandelbaum and Pats [E4, 5] and
Mandelbaum, Massey and Reiman [E#]. Finally, the FCLT for a Poisson process
itself can be obtained as an easy application of the martingale FCLT, as we
show in g8l

We start with the scaled Poisson processes

Man(t) = — and Mg, (t) = — t>0. (65)

We employ the following basic FCLT: Since A and S are independent rate-1
Poisson processes, we have

Theorem 4.2 (FCLT for independent Poisson processes) If A and S are inde-
pendent rate-1 Poisson processes, then

(Man,Ms,) = (B1,By) in D*=DxD as n— oo, (66)

A(nt) —nt S(nt) —nt

where Ma,, and Mg, are the scaled processes in (BH), while By and By are
independent standard Brownian motions.

We can prove the desired limit in (B3 for both martingale representations,
but we will only give the details for the first martingale representation in The-
orem B2 In order to get the desired limit in (B3), we introduce a deterministic
and a random time change. For that purpose, let e : [0,00) — [0,00) be the
identity function in D, defined by e(t) = ¢ for ¢ > 0. Then let

Ant

Pan(t) = —==ut=(ue)(t),
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Dgn(t) = %/0 Qu(s)ds, t>0. (67)

We will establish the following fluid limit, which can be regarded as a func-
tional weak law of large numbers (FWLLN). Here below, and frequently later,
we have convergence in distribution to a deterministic limit; that is equivalent
to convergence in probability; see p. 27 of [H].

Lemma 4.2 (desired fluid limit) Under the conditions of Theorem I,
bgp=pe in D as n— oo, (68)

where gy, is defined in (B).

For that purpose, it suffices to establish another more basic fluid limit. Con-
sider the stochastic process
t
Vs, (t) = @n®) , t>0. (69)

n

Let w be the function that is identically 1 for all ¢.
Lemma 4.3 (basic fluid limit) Under the conditions of Theorem I,

Usp,=>w in D as n—oo, (70)
where Vg, is defined in @) and w(t) =1, t > 0.

Proof of Lemma BEE3 The desired fluid limit in Lemma B3 follows from
the basic fluid limit in Lemma & by applying the CMT with the function
h: D — D defined by

h(z)(t) E,u/o z(s)ds, t>0. = (71)

We thus have the following result
Lemma 4.4 (all but the fluid limit) If the limit in @@ holds, then

(M1, My, 2) = (\/iB1,/iBs) in D? (72)

as required to complete the proof of Theorem =R

Proof. From the limit in (BH), the desired fluid limit in (B3) and Theorem
11.4.5 of B9, it follows that

(MA,H; He, MS,H; (I)S,n) = (Bla He, BQ} /Le) in D4 =Dx---xD (73)

as n — oo. From the CMT with the composition map, as in §§3.4 and 13.2 of
B9 - in particular, with Theorem 13.2.1 - we obtain the desired limit in (BE):

(Mp1, My 2) = (May, o pe, Mgy 0 ®Pg,) = (Bropue,Baope) in D? (74)
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as n — 00. By basic properties of Brownian motion,

(By o pe, By o pe) < (B, /iBz) in D?. =

It thus remains to establish the key fluid limit in Lemma & In the next
section we show how to do that directly, without martingales, by applying the
continuous mapping provided by Theorem B2l in the fluid scale or, equivalently,
by applying Gronwall’s inequality again. We would stop there if we only wanted
to analyze the M/M /oo model, but in order to illustrate other methods used
in Krichagina and Puhalskii [E2 and Puhalskii and Reiman [B3], we also apply
martingale methods. Thus, in the subsequent four sections we show how to es-
tablish that fluid limit using martingales. Here is an outline of the remaining
martingale argument:

(1) To prove the needed Lemma B it suffices to demonstrate that {X,,} is
stochastically bounded in D. (Combine Lemma B8 and 82)

(2) However, {X,,} is stochastically bounded in D if the sequences of martin-
gales {M,, 1} and {M, 2} are stochastically bounded in D. (Combine Theorem
EA and Lemma BE21)

(3) But then the sequences of martingales {M,, 1} and {M, 2} are stochasti-
cally bounded in D if the associated sequences of predictable quadratic varia-
tions {(My,1)(t)} and {(M,, 2)(t)} are stochastically bounded in R for each ¢ > 0
(Apply Lemma B3 One of these is trivial because it is deterministic.)

(4) Finally, we establish stochastic boundedness of {{M,, 2)(¢)} (the one non-
trivial case) through a crude bound in &=

This alternate route to the fluid limit is much longer, but all the steps might
be considered well known. We remark that the fluid limit seems to be required
by any of the proofs, including by the direct application of the martingale FCLT.

4.83. Fluid Limit Without Martingales

In this section we prove Lemma B without using martingales. We do so
by establishing a stochastic-process limit in the fluid scale which is similar to
the corresponding stochastic-process limit with the more refined scaling. This
is a standard line of reasoning for heavy-traffic stochastic-process limits; e.g.,
see the proofs of Theorems 9.3.4, 10.2.3 and 14.7.4 of Whitt [B9]. The specific
argument here follows §6 of Mandelbaum and Pats [E&4. With this approach, even
though we exploit the martingale representations, we do not need to mention
martingales at all. We are only applying the continuous mapping theorem.

By essentially the same reasoning as in & we obtain a fluid-scale analog

of (Bl) and (BA):
Qn(t) —n

n

X, (t)
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Qn(0) —n i M 4 (t) B M, 5(t) n Ant — nut
n n n n

o[ (252)s.

t
= X (0) 4 Ma (£) — M o(2) _u/ Ko(s)ds, t>0, (75)
0
where . .
— o Mn,l(t) v o Mn,2(t)
Mn)l(t) = n and Mn)Q(t) = T, t>0 y (76)

with M ;(t) defined in ().
Notice that the limit

X,=n in D* as n— oo, (77)

where
n(t) =0, t>0, (78)
is equivalent to the desired conclusion of Lemma B Hence we will prove the
fluid limit in ().
The assumed limit in (@) implies that X,,(0) = 0 in R as n — oo. We can
apply Theorem &l or directly Gronwall’s inequality in Lemma Bl to deduce
the desired limit (&8 if we can establish the following lemma.

Lemma 4.5 (fluid limit for the martingales) Under the conditions of Theorem

= -
M,,=mn in D wpl as n— oo, (79)

for i =1,2, where M, ; is defined in ) and 1 is defined in ).

Proof of LemmaBZ3 We can apply the SLLN for the Poisson process, which
is equivalent to the more general functional strong law of large numbers (FS-
LLN); see §3.2 of . (Alternatively, we could apply the FWLLN, which is a
corollary to the FCLT.) First, the SLLN for the Poisson process states that

Alt t
¥—>1 and ?Hl w.p.l as t— o0,
which implies the corresponding FSLLN’s

A(nt t
sup { (nt) _ t} -0 and sup {S(n )
o<t<T M o<t<T M

—t}—0 w.pl (80)

asn — 00 for each T with 0 < T < co. We thus can treat Mn,l directly. To treat
M, 2, we combine (BH) with the crude inequality in () and the representation
in (BY)-@@) in order to obtain the desired limit @d). To elaborate, the crude

inequality in (B) implies that, for any 77 > 0, there exists 75 such that

nJo

T
P(ﬁ Qn(s)ds>T2>—>0 as m — 0o .
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That provides the key, because

P (| My sz, >€) <P (ﬁ
n Jo

T
Qn(s)ds > T2> + P (HS’HHT2 > 6/2) ,

where

5. Tightness and Stochastic Boundedness
5.1. Tightness

As indicated at the end of Y we can also use a stochastic-boundedness
argument in order to establish the desired fluid limit. Since stochastic bound-
edness is closely related to tightness, we start by reviewing tightness concepts.
In the next section we apply the tightness notions to stochastic boundedness.
The next three sections contain extra material not really needed for the current
proofs. Additional material on tightness criteria appears in Whitt [=].

We work in the setting of a complete separable metric space (CSMS), also
known as a Polish space; see §813 and 19 of Billingsley [H|, §§3.8-3.10 of Ethier
and Kurtz i8] and §§11.1 and 11.2 of [B9]. (The space D* = D([0, 00), R)¥ is
made a CSMS in a standard way and the space of probability measures on D*
becomes a CSMS as well.) Key concepts are: closed, compact, tight, relatively
compact and sequentially compact. We assume knowledge of metric spaces and
compactness in metric spaces.

Definition 5.1 (tightness) A set A of probability measures on a metric space
S is tight if, for all € > 0, there exists a compact subset K of S such that

P(K)>1—¢€ forall PeA.

A set of random elements of the metric space S is tight if the associated set of
their probability laws on S is tight. Consequently, a sequence {X,, : n > 1} of
random elements of the metric space S is tight if, for all e > 0, there exists a
compact subset K of S such that

PX,eK)>1—¢ forall n>1.

Since a continuous image of a compact subset is compact, we have the fol-
lowing lemma.

Lemma 5.1 (continuous functions of random elements) Suppose that {X,, :
n > 1} is a tight sequence of random elements of the metric space S. If f : S —
S’ is a continuous function mapping the metric space S into another metric
space S', then {f(X,) : m > 1} is a tight sequence of random elements of the
metric space S’.
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Proof. As before, let o be used for composition: (f o g)(z) = f(g(x)). For any
function f: S — S’ and any subset A of S, A C f~1o f(A). Let € > 0 be given.
Since {X,, : n > 1} is a tight sequence of random elements of the metric space
S, there exists a compact subset K of S such that

P(X,eK)>1—¢ forall n>1.
Then f(K) will serve as the desired compact set in S’, because
P(f(Xn) € J(K)) = P(Xp € (f71 o [)(K)) 2 P(X, € K)>1—¢

foralln>1. =
We next observe that on products of separable metric spaces tightness is
characterized by tightness of the components; see §11.4 of [E9].

Lemma 5.2 (tightness on product spaces) Suppose that {(Xn1,..., Xnk) :
n > 1} is a sequence of random elements of the product space S; X -+ X
Sk, where each coordinate space S; is a separable metric space. The sequence
{(Xn1,-s Xnk) :n > 1} is tight if and only if the sequence {Xy,,; :n > 1} is
tight for each i, 1 <i <k.

Proof. The implication from the random vector to the components follows
from Lemma B2l because the component X, ; is the image of the projection
map 7; : S1 X - X S — S; taking (1, ..., zk) into x;, and the projection map
is continuous. Going the other way, we use the fact that

k k
Al><"'XAk:077;1(141'):mWIIOWi(AIX"'XAk)
1=1

=1

for all subsets A; C S;. Thus, for each ¢ and any € > 0, we can choose K; such
that P(X,; ¢ K;) < ¢/k for all n > 1. We then let Ky x - - - x K}, be the desired
compact for the random vector. We have

k
P(Xn1,. ', Xpp) ¢ K1 x--xK) = P (U{Xm- ¢ Ki}>

k
< Y P(Xni¢Ki)<e. m
1=1

Tightness goes a long way toward establishing convergence because of Pro-
horov’s theorem. It involves the notions of sequential compactness and relative
compactness.

Definition 5.2 (relative compactness and sequential compactness) A subset A
of a metric space S is relatively compact if every sequence {x,, : n > 1} from
A has a subsequence that converges to a limit in S (which necessarily belongs to

the closure A of A).
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We can now state Prohorov’s theorem; see §11.6 of [B9]. It relates compactness
of sets of measures to compact subsets of the underlying sample space S on which
the probability measures are defined.

Theorem 5.1 (Prohorov’s theorem) A subset of probability measures on a CSMS
is tight if and only if it is relatively compact.

We have the following elementary corollaries:

Corollary 5.1 (convergence implies tightness) If X,, = X as n — oo for
random elements of a CSMS, then the sequence {X, : n > 1} is tight.

Corollary 5.2 (individual probability measures) Every individual probability
measure on a CSMS is tight.

As a consequence of Prohorov’s Theorem, we have the following method for
establishing convergence of random elements:

Corollary 5.3 (convergence in distribution via tightness) Let {X,, : n > 1} be
a sequence of random elements of a CSMS S. We have

X,=X in S as n— o0

if and only if (i) the sequence {X,, : n > 1} is tight and (ii) the limit of every
convergent subsequence of {X, : n > 1} is the same fized random element X
(has a common probability law).

In other words, once we have established tightness, it only remains to show
that the limits of all converging subsequences must be the same. With tightness,
we only need to uniquely determine the limit. When proving Donsker’s theorem,
it is natural to uniquely determine the limit through the finite-dimensional dis-
tributions. Convergence of all the finite-dimensional distributions is not enough
to imply convergence on D, but it does uniquely determine the distribution of
the limit; see pp 20 and 121 of Billingsley [H] and Example 11.6.1 in [B9].

This approach is applied to prove the martingale FCLT stated in & see [].
In the martingale setting it is natural instead to use the martingale character-
ization of Brownian motion, originally established by Lévy [E4 and proved by
Ito’s formula by Kunita and Watanabe [E]; see p. 156 of Karatzas and Shreve
[E3], and various extensions, such as to continuous processes with independent
Gaussian increments, as in Theorem 1.1 on p. 338 of Ethier and Kurtz (9. A
thorough study of martingale characterizations appears in Chapter 4 of Liptser
and Shiryayev [ and in Chapters VIII and IX of Jacod and Shiryayev [Ef.

We have not discussed conditions to have tightness; they are reviewed in [Z4].

5.2. Stochastic Boundedness

We start by defining stochastic boundedness and relating it to tightness.
We then discuss situations in which stochastic boundedness is preserved. Af-
terwards, we give conditions for a sequence of martingales to be stochastically
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bounded in D involving the stochastic boundedness of appropriate sequences
of R-valued random variables. Finally, we show that the FWLLN follows from
stochastic boundedness.

5.2.1. Connection to Tightness

For random elements of R and R*, stochastic boundedness and tightness are
equivalent, but tightness is stronger than stochastic boundedness for random
elements of the functions spaces C' and D (and the associated product spaces
C* and DF).

Definition 5.3 (stochastic boundedness for random vectors) A sequence {X,, :
n > 1} of random vectors taking values in R¥ is stochastically bounded (SB)
if the sequence is tight, as defined in Definition Bl

The notions of tightness and stochastic boundedness thus agree for random
elements of R¥, but these notions differ for stochastic processes. For a function
x € D¥ = D(]0,00), R)¥, let

lzllr = sup {|z(t)]},
0<t<T

where |b| is a norm of b = (by, ba, . . ., bs,) in R¥ inducing the Euclidean topology,
such as the maximum norm: |b] = max {|b1], |ba, - - ., |bk|}- (Recall that all norms
on Euclidean space R* are equivalent.)

Definition 5.4 (stochastic boundedness for random elements of D¥) A se-
quence {X,, : n > 1} of random elements of D* is stochastically bounded
in DF if the sequence of real-valued random wvariables {||Xn|lr : n > 1} is
stochastically bounded in R for each T > 0, using Definition BE=

For random elements of D¥, tightness is a strictly stronger concept than
stochastic boundedness. Tightness of {X,,} in D* implies stochastic bounded-
ness, but not conversely; see §15 of Billingsely [H. However, stochastic bound-
edness is sufficient for us, because it alone implies the desired fluid limit.

5.2.2. Preservation

We have the following analog of Lemma B2l which characterizes tightness for
sequences of random vectors in terms of tightness of the associated sequences
of components.

Lemma 5.3 (stochastic boundedness on D* via components) A sequence
{(Xn1,-o s Xng):n>1} in D*=Dx---xD

is stochastically bounded in D* if and only if the sequence {X,; : n > 1} is
stochastically bounded in D = D' for each i, 1 <1i < k.
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Proof. Assume that we are using the maximum norm on product spaces. We
can apply Lemma BZ after noticing that

(@1, wp) || = max {[|af|7 : 1 <@ <k}

for each element (z1,...,x) of D*. Since other norms are equivalent, the result
applies more generally. =

Lemma 5.4 (stochastic boundedness in D* for sums) Suppose that
Y, () =Xp1(t) +---+Xni(t), t>0,

for each n > 1, where {(Xn1,...,Xnk) : n > 1} is a sequence of random
elements of the product space D¥ = D x --- x D. If {X,; : n > 1} is stochas-
tically bounded in D for each i, 1 < i < k, then the sequence {Y, : n > 1} is
stochastically bounded in D.

Note that the converse is not true: We could have k = 2 with X, 2(t) =
—Xp,1(t) for all n and ¢. In that case we have Y,,(t) = 0 for all X, 1(t).

We now provide conditions for the stochastic boundedness of integral repre-
sentations such as (E).

Lemma 5.5 (stochastic boundedness for integral representations) Suppose that
t
Xn(t) = X0 (0) + Yo 1(t) + -+ - 4+ Yo k(1) +/ h(Xn(s))ds, t>0,
0

where h is a Lipschitz function as in BB and (Xn(0), Yn1,...,Yn k) 5 a
random element of R x D¥ for each n > 1. If the sequences {X,(0) : n > 1}
and {Y,,; : n > 1} are stochastically bounded (in R and D, respectively,) for
1 <i <k, then the sequence {X,, : n > 1} is stochastically bounded in D.

Proof. For the proof here, it is perhaps easiest to imitate the proof of Theorem
B In particular, we will construct the following bound

| Xnllr < Ke T,

assuming that | X, (0)| + ||Yn ||z + - + [|[Yakl|lz + T|h(0)| < K. As before, we
apply Gronwall’s inequality, Lemma 2l Inserting absolute values into all the
terms of the integral representation, we have

IN

[ X (1)] [ X (O) + [Yn 1 ()] + - - + [Yo (1) +/O [h(Xn(s))] ds,

IN

t
[ X (O)] + Yol + - - + [V kllr + Th(0) + 0/ [ Xn(s)| ds
0

for t > 0, where c is the Lipschitz modulus. Suppose that | X, (0)| + ||Yn.1ll7 +
oo+ [|Yo il + T)R(0)|] < K. By Gronwall’s inequality,

X, (1) < Ke* and || X,||r < KeT . =
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5.2.8. Stochastic Boundedness for Martingales

We now provide ways to get stochastic boundedness for sequences of martingales
in D from associated sequences of random variables. Our first result exploits
the classical submartingale-maximum inequality; e.g., see p. 13 of Karatzas and
Shreve [EJ|. We say that a function f : R — R is even if f(—x) = f(x) for all
z € R.

Lemma 5.6 (SB from the maximum inequality) Suppose that, for each n > 1,
M, = {M,(t) : t > 0} is a martingale (with respect to a specified filtration)
with sample paths in D. Also suppose that, for each T > 0, there exists an even
nonnegative convex function f: R — R with first derivative f'(t) >0 fort >0
(e.g., f(t) = t2), there exists a positive constant K = K (T, f), and there exists
an integer ng = no(T, f, K), such that

E[f(M,(T))] <K forall n>mng.

Then the sequence of stochastic processes {My, : m > 1} is stochastically bounded
m D.

Proof. Since any set of finitely many random elements of D is automatically
tight, Theorem 1.3 of Billingsley [H], it suffices to consider n > ng. Since f is
continuous and f/(t) > 0 for t > 0, ¢ > c if and only if f(¢t) > f(c) for t > 0.
Since f is even,

E[f(Mn(1))] = E[f(IMn(t)])] < E[f(IMn(T)])] = E[f(Mn(T))] < K

forall¢,0 <t < T. Since these moments are finite and f is convex, the stochastic
process {f(My,(t)) : 0 <t < T} is a submartingale for each n > 1, so that we
can apply the submartingale-maximum inequality to get

P(||My|l7 > ¢) = P(||f o My||7 > f(c)) < E[f(%Z)(T))] < fl((c)

for all n > ng. Since f(c) — oo as ¢ — oo, we have the desired conclusion. =
We now establish another sufficient condition for stochastic boundedness of

square-integrable martingales by applying the Lenglart-Rebolledo inequality;

see p. 66 of Liptser and Shiryayev [E2] or p. 30 of Karatzas and Shreve [E3].

Lemma 5.7 (Lenglart-Rebolledo inequality) Suppose that M = {M(t) : t > 0}
is a square-integrable martingale (with respect to a specified filtration) with pre-
dictable quadratic variation (M) = {(M)(t) : t > 0}, i.e., such that M*— (M) =
{M(#t)> — (M)(t) : t > 0} is a martingale by the Doob-Meyer decomposition.
Then, for allc >0 and d > 0,

P ( sup {M(0)]} > ) <P ()T > ) . (s1)
o<t<T C
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As a consequence we have the following criterion for stochastic boundedness
of a sequence of square-integrable martingales.

Lemma 5.8 (SB criterion for square-integrable martingales) Suppose that, for
eachn > 1, My, = {M,(t) : t > 0} is a square-integrable martingale (with respect
to a specified filtration) with predictable quadratic variation (My) = {(M,)(t) :
t > 0}, i.e., such that M2—(M,) = { M, (t)2—(M,)(t) : t > 0} is a martingale by
the Doob-Meyer decomposition. If the sequence of random variables {{My)(T) :
n > 1} is stochastically bounded in R for each T > 0, then the sequence of
stochastic processes {My : n > 1} is stochastically bounded in D.

Proof. For ¢ > 0 given, apply the assumed stochastic boundedness of the
sequence {(M,,)(T) : n > 1} to obtain a constant d such that

P((M,)T)>d)<e/2 forall n>1.

Then for that determined d, choose ¢ such that d/c? < ¢/2. By the Lenglart-
Rebolledo inequality (BH), these two inequalities imply that

P( sup {|Mn(t)|}>c> <e. m

0<t<T

5.2.4. FWLLN from Stochastic Boundedness

We will want to apply stochastic boundedness in D to imply the desired fluid
limit in Lemmas 2 and 2 The fluid limit corresponds to a functional weak
law of large numbers (FWLLN).

Lemma 5.9 (FWLLN from stochastic boundedness in D*) Let {X,, : n > 1} be
a sequence of random elements of D*. Let {a,, : n > 1} be a sequence of positive
real numbers such that a, — oo as n — oo. If the sequence {X,, : n > 1} is
stochastically bounded in D* | then

X

"=y in D* as n— oo, (82)
Qn

where n(t) = (0,0,...,0), t > 0.

Proof. As specified in Definition B2 stochastic boundedness of the sequence
{X,, : n > 1} in D¥ corresponds to stochastic boundedness of the associated
sequence {[|X,|l7 : » > 1} in R for each T" > 0. By Definition B&l stochas-
tic boundedness in R is equivalent to tightness. It is easy to verify directly
that we then have tightness (or, equivalently, stochastic boundedness) for the
associated sequence {||X,||7/an : n > 1} in R. By Prohorov’s theorem, Theo-
rem B2l tightness on R (or any CSMS) is equivalent to relative compactness.
Hence consider a convergent subsequence {|| X, ||r/an, : & > 1} of the se-
quence {|| Xyn||7/an : n > 1} in R: || X, ||7/an, — L as k — oo. It suffices to
show that P(L = 0) = 1; then all convergent subsequences will have the same
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limit, which implies convergence to that limit. For that purpose, consider the
associated subsequence {|| Xy, |7 : & > 1} in R. It too is tight. So by Prohorov’s
theorem again, it too is relatively compact. Thus there exists a convergent sub-
subsequence: || Xy, [[7 = L' in R. Tt follows immediately that

([ X, [l

ankl

=0 in R as [— 0. (83)

This can be regarded as a consequence of the generalized continuous map-
ping theorem (GCMT), Theorem 3.4.4 of [B9], which involves a sequence of
continuous functions: Consider the functions f, : R — R defined by f.(z) =
x/an, n > 1, and the limiting zero function f : R — R defined by f(x) = 0 for
all z. It is easy to see that f,(x,) — f(x) = 0 whenever z,, — x in R. Thus
the GCMT implies the limit in (B). Consequently, the limit L we found for
the subsequence {||X,,||7/an, : k > 1} must actually be 0. Since that must be
true for all convergent subsequences, we must have the claimed convergence in

€. =

6. Completing the Proof of Theorem I

In the next three subsections we complete the proof of Theorem Il by the
martingale argument, as outlined at the end of &1 In 820 we show that the
required fluid limit in Lemma & follows from the stochastic boundedness of the
the sequence of stochastic processes {X,, : n > 1}. In 88 we finish the proof
of the fluid limit by proving that the associated predictable quadratic variation
processes are stochastically bounded. Finally, in &3 we show how to remove
the condition on the initial conditions.

6.1. Fluid Limit from Stochastic Boundedness in D

We now show how to apply stochastic boundedness to imply the desired fluid
limit in Lemma B Here we simply apply Lemma B with a,, = \/n for n > 1
to our particular sequence of stochastic processes {X,, : n > 1} in (@) or (EJ).

Lemma 6.1 (application to queueing processes) Let X,, be the random ele-
ments of D defined in (@) or @A). If the sequence {X,, : n > 1} is stochastically
bounded in D, then

In'Qn —wllr =0 as n—oo foral T>0, (84)
where w(t) = 1, t > 0. Equivalently,

sup {|(Qn(t)/n) =1} =0 as n—oo forall T>0. (85)
0<t<T
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Proof. As a consequence of Lemma B8 From the stochastic boundedness of
{X,} in D, we will obtain

X

TZL:>77 in D as n— oo,
where 7 is the zero function defined above. This limit is equivalent to (B) and
€Y. -

In §E we already observed that Lemma & implies the desired Lemma
So we have completed the required proof.

Recap: How this all goes together. The consequence of the last three sec-
tions is as follows: In order to complete the martingale argument to establish the
required fluid limit in Lemmas 2 and B2 it suffices to establish the stochastic
boundedness of two sequences of random variables: {(M,, 1)(T) : n > 1} and
{{Mp2)(T) :n > 1} for any T > 0.

Here is an explanation: For each n > 1, the associated stochastic processes
{{Mp1)(t) : t > 0} and {(M,2)(t) : t > 0} are the predictable quadratic
variations (compensators) of the scaled martingales M, 1 and M, > in (&),
D) and (). First, by Lemma B the stochastic boundedness of these two
sequences of PQV random variables implies stochastic boundedness in D of the
two sequences of scaled martingales {M,, 1 : n > 1} and {M,, 2 : n > 1} in (ED).
That, in turn, under condition (@), implies the stochastic boundedness in D of
the sequence of scaled queue-length processes {X,, : n > 1} in (BH) and (EH)
by Lemma EZ3 Finally, by Lemma B3 the stochastic boundedness of {X,,} in
D implies the required fluid limit in (). The fluid limit in (BH) was just what
was needed in Lemmas & and I

6.2. Stochastic Boundedness of the Quadratic Variations

We have observed at the end of the last section that it only remains to
establish the stochastic boundedness of two sequences of PQV random variables:
{{Mp1)(t) :n > 1} and {(My, 2)(t) : n > 1} for any ¢ > 0. For each n > 1, the
associated stochastic processes {(My 1)(t) : t > 0} and {{My2)(t) : ¢ > 0} are
the predictable quadratic variations (compensators) of the scaled martingales
M, 1 and M, 5 in (BH). We note that the stochastic boundedness of {(M, 1)(t) :
t > 0} is trivial because it is deterministic.

Lemma 6.2 (stochastic boundedness of {(M, 2)} Under the assumptions in
Theorems IR and B, the sequence {(My2)(t)} : n > 1}) is stochastically
bounded for each t > 0, where

(M) (t) = %/0 On(s)ds, t>0.
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Proof. It suffices to apply the crude inequality in Lemma BEZ}

# / Qu(s)ds < "(Qul(0) + A1) .
n Jo n

By Lemma B2 it suffices to show that the two sequences {@,(0)/n} and
{A(Ant)/n} are stochastically bounded. By condition (@) and the CMT, we
have the WLLN’s
@n(0) —n @n(0)
n

72 =0 as n— oo so that
n

=1 as n—oo,

but that convergence implies stochastic boundedness; see Corollary B2l Turning
to the other term, since \,, = nu, we have
A(Ant)

——— —put as n—oo w.p.l
n

by the SLLN for Poisson processes. But convergence w.p.1 implies convergence
in distribution, which in turn implies stochastic boundedness; again apply Corol-
lary B2l Hence we have completed the proof. =

6.3. The Initial Conditions

The results in §JEHE have used the finite moment condition E[Q,(0)] < oo,
but we want to establish Theorem 2l without this condition. In particular, note
that this moment condition appears prominently in Lemmas B and B2 and in
the resulting final martingale representations for the scaled processes, e.g., as
stated in Theorems B and B

However, for the desired Theorem IEl we do not need to directly impose this
moment condition. We do need the assumed convergence of the scaled initial
conditions in (), but we can circumvent this moment condition by defining
bounded initial conditions that converge to the same limit. For that purpose,
we can work with

Qn(0)=Qn(0)A2n, n>0,

and R
Xn(o)zw, n>1.
Vn
Then, for each n > 1, we use Q,(0) and X,,(0) instead of Q,(0) and X,,(0).
We then obtain Theorem I for these modified processes: X, = X in D as
n — oo. However, P(X,, # X,,) » 0 as mn — oo. Hence, we have X,, = X as
well.

6.4. Limit from the Fourth Martingale Representation

In this section we state the FCLT limit for the general G/GI /oo queue stem-
ming from the fourth martingale representation in §& but we omit proofs and
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simply refer to Krichagina and Puhalskii [Ed. (We do not call the FCLT a dif-
fusion limit because the limit is not a diffusion process.) Even in the M/M /oo
special case, the limit process has a different representation from the represen-
tation in Theorem B We will show that the two representations are actually
equivalent.

Theorem 6.1 (FCLT from the fourth martingale representation) Let X,, be
defined in (BF) and let A, be defined in (@) and @W). If X,.(0) = X(0) in
R and A, = Z in D, where Z is a process with continuous sample paths and
Z(0) =0, then X, = X in D, where

X(t) = F§#)X(0) + /qO)WO(Fo(t)) + My (t) — Ma(t), t>0, (86)

where WO = {WO(t) : 0 <t < 1} is a Brownian bridge, U = {U(t,z),t > 0,0 <
x < 1} is a Kiefer process, X(0), W°, Z and U are independent,

Ml(t)_/Oth(t—s)dZ(s), t>0,

and
My(t) = /0 /0 1(s 4+ z < t)dU(a(s), F(x)), t>0.

For M/M/oo queues, Z = /B, where B is a standard Brownian motion
and the limit process is

X(t) = e"X(0)+qO)W'(1—e )+ /i /0 e =) dB(s)

t ot
- / / 1(s+x <t)dU(us, 1 — e H), t>0. (87)
0 Jo

Remark 6.1 A corresponding limit holds for the two-parameter processes X, =
{X,.(t,y)} in CorollaryB& by a minor variation of the same argument.

Connection to Theorem &l We now show that the two characterizations
of the limit X in (B and @) are equivalent for the M/M /oo special case. For
that purpose, express the process X in (B0) as X = Z1 + Z2 + Z3 + Z4, where

Zi(t) = e X(0), Zo(t) = Va(O)WO (1 — ™),
Zs(t) = /it /0 e M=) 4B(s),

t ot
Z4(t):—/0/01(S—|—33§t)dU(,us,1—e*‘“”), t>0.

Clearly, Z1(t) can be written as

Zi(t) = —p /0 Z1(s)ds + X (0). (88)
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By the solution to the linear SDE, §5.6 in [E3], we have

Zs(t) = —p /O Za(s)ds + EB(2), (89)

where B is again standard Brownian motion.
Recall - see §5.6.B, [Bd] - that the Brownian bridge W is the unique strong
solution to the one-dimensional SDE
Y(t
dY (t) = —1—(1dt+ dBs(t), Y (0) =0, 0<t<,
where Bs is second independent standard Brownian motion. So we can write

()

WO (z) = — | ﬁdzﬁ-Bz(ﬁf) (90)
and it follows that
1—eHt 0
n0 = Vao(- [ Ty B - o)
— _ ' 0 — e M) s o _ ef,ut
= Va) (= [ WO e )ds+ Ba1 =)
S / Zo(s)ds + \/a0) Bs(1 — e ), (91)

Paralleling (E), the Kiefer process U is related to the Brownian sheet W =
{W(t,z) :t>0,0 <z <1} by

Ut
U(t,az):—/ ﬁ—’z)dy—FW(t,x), t>0, 0<z<1. (92)
0 _
Hence, for t > 0,z > 0, we have
1—e H*
U(ut
U(pt,1 —e ™) = —/ fui’yy)dy + Wiut,1 —e )
0 _

= —pu /OI Uut,1 —e ")dy + W(ut,1 — e H%).
Next, by similar reasoning, it can be shown that
Zy(t) = —p /Ot Z4(s)ds + /Ot /Ot 1(s+z < t)dW(us,1 —e 1), (93)
By (B3), (B3), (El) and ), we have
Xt = Xo —;L/OtX(s)ds + VEB(t) + v/q(0)Ba(1 — e7t)

—|—/0 /0 1(s+xz < t)dW (us,1 — e "), (94)
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where B and Bs are independent standard Brownian motions. Let B be the
sum of the last three components in (@), i.e.,

B(t) = VEB() + Va(0)Bo(1 — ) +/O /O 1(s + 2 < t)dW (us, 1 — e 7).

It is evident that the process B is a continuous Gaussian process with mean 0
and, for s < t,

E[B(t) — B(s)]? = 2u(t — 5) — (1 — q(0)) (e~ — ™),

and
BIB()B(s)] = 2us — (1 — q(0))(1 — ).

However, in the M/M /oo case, we have ¢(0) = 1, so that E[B(t)B(s)] = 2u(s A
t), which implies that the process {B(t) : t > 0} is distributed the same as
{V2uB(t) : t > 0}, where B is a standard Brownian motion. Therefore, we have
shown that the M /M /oo case of Theorem Bl is consistent with Theorem &l

7. Other Models

In this section we discuss how to treat other models closely related to our
initial M/M /oo model. We consider the Erlang-A model in &k we also consider
limits for the waiting time there. We consider finite waiting rooms in &=
Finally, we indicate how to treat general non-Poisson arrival processes in &3

7.1. Erlang A Model

In this section we prove the corresponding many-server heavy-traffic limit
for the M/M/n/oo + M (or Erlang-A or Palm) model in the QED regime. As
before, the arrival rate is A and the individual service rate is . Now there are n
servers and unlimited waiting room with the FCFS service discipline. Customer
times to abandon are i.i.d. exponential random variables with a mean of 1/6.
Thus individual customers waiting in queue abandon at a constant rate 6. The
Erlang-C model arises when there is no abandonment, which occurs when 6 = 0.
The Erlang C' model is covered as a special case of the result below.

Let Q(t) denote the number of customers in the system at time ¢, either
waiting or being served. It is well known that the stochastic process Q = {Q(¢) :
t > 0} is a birth-and-death stochastic process with constant birth rate A\ = A
and state-dependent death rate pup = (kA n)u + (kK —n)T0, k > 0, where
aAb=min{a,b}, aVb=max{a,b} and (a)" = a V0 for real numbers a and b.

As in Theorem B0 the many-server heavy-traffic limit involves a sequence
of Erlang-A queueing models. As before, we let this sequence be indexed by n,
but now this n coincides with the number of servers. Thus now we are letting
the number of servers be finite, but then letting that number grow. At the same
time, we let the arrival rate increase. As before, we let the arrival rate in model
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n be \,, but now we stipulate that \,, grows with n. At the same time, we hold
the individual service rate p and abandonment rate 6 fixed. Let p,, = A, /nu be
the traffic intensity in model n. We stipulate that

(1=pn)Vn— B as n—oo, (95)
where ( a (finite) real number. That is equivalent to assuming that

%eﬂu as n — 0o, (96)

as in (@). Conditions () and (@) are known to characterize the QED many-
server heavy-traffic regime; see Halfin and Whitt [Ed] and Puhalskii and Reiman
[E3]. The many-server heavy-traffic limit theorem for the Erlang-A model was
proved by Garnett, Mandelbaum and Reiman [EH], exploiting Stone [BJ]. See
Zeltyn and Mandelbaum [ and Mandelbaum and Zeltyn [E9] for extensions
and elaboration. For related results for single-server models with customer aban-
donment, see Ward and Glynn [B3, BE B4

Here is the QED many-server heavy-traffic limit theorem for the M /M /n/oco+
M model:

Theorem 7.1 (heavy-traffic limit in D for the M/M/n 4+ M model) Consider
the sequence of M/M/n/oc+ M models defined above, with the scaling in ().
Let X, be as defined in @). If X,(0) = X(0) in R as n — oo, then X, = X in
D as n — oo, where X is the diffusion process with infinitesimal mean m(x) =
—Bu—px for x < 0 and m(x) = —fu—0x for x > 0, and infinitesimal variance
o%(x) = 2u. Alternatively, the limit process X satisfies the stochastic integral
equation

X(t) = X(0) — pft +/2uB(t) — /O [1(X (s) A 0) + 0(X(s) VO)] ds

fort >0, where B is a standard Brownian motion. Equivalently, X satisfies the
SDE

dX (t) = —pf — p(X () A0)dt — (X (t) V 0)dt + \/2udB(t), t>0.

Proof. In the rest of this section we very quickly summarize the proof; the
argument mostly differs little from what we did before. Indeed, if we use the
second martingale representation as in §§EA and B2 then there is very little
difference. However, if we use the first martingale representation, as in §SZ
and B2 then there is a difference, because now we want to use the optional
stopping theorem for multiparameter random time changes, as in §§2.8 and
6.2 of Ethier and Kurtz [id]. That approach follows Kurtz [Ed], which draws
on Helms [EJ]. That approach has been applied in §12 of Mandelbaum and
Pats [E5]. To illustrate this alternate approach, we use the random time change
approach here.

Just as in &I we can construct the stochastic process @ in terms of rate-1
Poisson processes. In addition to the two Poisson processes A and S introduced
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before, now we have an extra rate-1 Poisson process R used to generate aban-
donments. Instead of (&), here we have representation

QU = QW)+ AN) —D(H) —L(H), 120,
= @+ 400 -5 (1 [ @) Amas)

r(of Q) —nys) (97)

for ¢ > 0, where D(¢) is the number of departures (service completions) in
the time interval [0, ¢], while L(¢) is the number of customers lost because of
abandonment in the time interval [0,¢]. Since there are only n servers, the in-
stantaneous overall service rate at time s is u(Q(s) An), while the instantaneous
overall abandonment rate (which is only from waiting customers, not yet in ser-
vice) at time s is 0(Q(s) —n)™T.

Paralleling (E), we have the martingale representation

Q) = QO)+ Mi(t) — Ma(t) — My(t) + Xt
i / (Q(s) An)ds— 6 / (Q(s) — m)* ds (98)

for t > 0, where

Mi(t) = A) =\,
Myt) = S (u/ot@(s)m) ds) —u/ot@(s)m) ds
o) = (o /(:(Q(S)—H)WS)—@ /(f(@@)—nms (99)

for ¢t > 0 and the filtration is F = {F; : ¢ > 0} defined by

Fi=o (Q(O), ANs), S (u /OS(Q(U) An) du> , (100)

R(@/()S(Q(u)—nﬁdu) :O§s§t> :

for t > 0, augmented by including all null sets.

We now want to justify the claims in (E3)-(). Just as before, we can apply
Lemmas Bl and B to justify this martingale representation, but now we need
to replace Lemmas B and B2 by corresponding lemmas involving the optional
stopping theorem with multiparameter random time changes, as in §§2.8 and
6.2 of [E¥]. We now sketch the approach: We start with the three-parameter
filtration

H = H(tl,tQ,tQ,) (101)
o (Q(0), A(s1),S5(s2), R(s3) : 0 < 51 <t1,0 <55 <tp,0 < 53 <t3)
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augmented by adding all null sets. Next introduce the three nondecreasing non-
negative stochastic processes

Il(t) = )\t,
L) = / (Q(s) A n) ds,

I3(t)

t s) —n)T ds .
9/0(62() )Tds, t>0

Then observe that the vector (I1(t), I2(t), I3(t)) is an H-stopping time. (This is
essentially by the same arguments as we used in LemmalBZ1 But here we directly
gain control of the arrival process, because the event {I;(¢t) < x1} coincides with
the requirement that {\t < x1}, which ensures that we always have enough of
the arrival process to construct Q(s), 0 < s <t.)

Moreover, since A, S and R are assumed to be independent rate-1 Poisson
processes, the stochastic process

M = (Ml, MQ, Mg) = {(]\_41(51), MQ(SQ), Mg(Sg) 81 Z 0, S92 Z 0, S3 Z 0}
where
M(t) = A(t)—t,
My(t) = S(t)—t,
Ms(t) = R(t)—t, t>0,

is an H-multiparameter martingale. As a consequence of the optional stopping
theorem, Theorem 8.7 on p. 87 of [,

(Ml (e} Il, MQ e} 12, Mg e} Ig) = {Ml(ll(t)), MQ(IQ(t)), Mg([g(t)) it Z 0}
is a martingale with respect to the filtration F = {F; : ¢ > 0} in (), because

L), Io(t), I3(1))

H ), I
Q(O),A(Sl), S(SQ), R(Sg) . 0 S S1 S Il(t), 0 S S92 S IQ(t), 0 S S3 S Ig(t))

ag

— (@409 (n [ @ Anau),

(
(

t
R(uA(Q(s)—n)+du>:O§s§t>—ft forall ¢>0.

As in A we use the crude inequality in Lemma B& to guarantee that the
moment conditions are satisfied:

E[I;(t)] < oo and E[M;(t)]<oo for j=1,2,3.

Just as before, we then consider the sequence of models indexed by n. Just
as in (E3)-(BW), we define associated scaled processes:

Mui(t) = n Y2 [AMnt) — Mot], (102)
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t t
M,o(t) = n'/? [S (,u/ (Qn(s) An) ds) — ,u/ (Qn(s) An) ds] ,
0 0
t t
M, s(t) = n/? [R (9/ (Qn(s) —n)" ds) - 9/ (Qn(s) —n)* ds] :
0 0

for ¢t > 0.
We thus obtain the following analog of Theorem EZk

Theorem 7.2 (first martingale representation for the scaled processes in the
Erlang A model) If E[Q,(0)] < oo, then the scaled processes have the martingale
representation
(Ap — pun)t

vn

—/t [W(Xn(s) NO) +0X,(s)T] ds, t>0, (103)
0

Xn(t) = Xn(0)+ My1(t) — My 2(t) — My s(t) +

where M, ; are the scaled martingales in ([EX). These processes M, ; are square-
integrable martingales with respect to the filtrations Fp, = {Fn ¢ :t > 0} defined

by
Far = 0 (@u0.4009.5 (i [ @uw Ay au)
R(@/()S(Qn(u)—nﬁdu) :O§s§t> , t>0, (104)

augmented by including all null sets. Their associated predictable quadratic vari-

ations are

Ant
n

3

M) = 2 [ (Quls) An)ds,

0
9 t
a0 = & [ (Qus—mtds 10, (105)
" Jo
where E[(My,;)(t)] < oo for alli, t >0 and n > 1.
The representation in () satisfies the Lipschitz condition in Theorem El
so that the integral representation is again a continuous mapping. In particular,
here we have

(A — pn)t
vn

+/0 h(Xn(s))ds, t>0, (106)

Xn(t) = Xn(0)+ My1(t) — My 2(t) — My s(t) +

where h : R — R is the function

h(s) = —u(s A0)—0(s)", seR, (107)
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so that h is Lipschitz as required for Theorem R
[h(s1) — h(s2)| < (uV 0)|sy —s2| forall s1,s0€R.

Hence the proof can proceed exactly as before. Note that we have convergence

A —
% — —uf as n— 00
for the deterministic term in () by virtue of the QED scaling assumption in
@

The analog of Theorem B is the corresponding FCLT for three independent
rate-1 Poisson processes, now including R as well as A and S. We now have
three random-time-change processes: ® 4 ,,, ®s, and ®g ,, which here take the
form:

Pan) = (Mn1)(t) = —,

Bsult) = L)~ [ QA as

Brnll) = (Mus)(t)=" / (Q(s) —n)* ds . (108)

n
drawing upon (E). By the same line of reasoning as before, we obtain the
deterministic limits

Pan(t) = pe, Psn(t)=pe and Ogr,(t)=1n, (109)

where, as before, e is the identity map e(t) = ¢, t > 0, and 7 is the zero
function n(t) =0, t > 0. In particular, we again get the sequence {X,, : n > 1}
stochastically bounded in D by the reasoning in §§8&8 and B2 Then, by Lemma
B3 and A we get the FWLLN corresponding to Lemma I Finally, from
Lemma B we can prove (M), just as we proved Lemma & using analogs
of the continuous map in (&) for the random time changes in (). The new
functions for applications of the CMT are

hi(z)(t) = ,u/o (x(s) A1l)ds and ho(z)(t) = 9/0 (z(s) —1)" ds

for ¢ > 0.
Paralleling (&), here we have

(MA,n; (I)A,n; MS,na (I)S,na MR,na (I)R,n) = (Bl » M€, BQ} He, B3a 77) in D6

as n — oo. Hence we can apply the CMT with composition just as before.
Paralleling (0), here we obtain first

(Mayo®an, Mgy o®syn, Mpy, 0 ®ry) = (By o pe, By o pe, By on)
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in D3 as n — oo, and then
(Mano®an— Mspo®Psy,— Mrpo®Pr,) = (Byoue— Byope— Bson)

in D. However,

31o,ue—BQO,ue—BgongBlo,ue—Bgo,ue—ng\/2,uB. (110)

Finally, the CMT with the integral representation () and Theorem Bl com-
pletes the proof. Note that the limiting Brownian motion associated with R
does not appear, because ®r, is asymptotically negligible. That is why the
infinitesimal variance is the same as before. =

7.2. Finite Waiting Rooms

We can also obtain stochastic-process limits for the number of customers in
the system in associated M/M /n/0 (Erlang-B), M /M /n/my and M /M /n/m,+
M models, which have finite waiting rooms. For the Erlang-B model, there is
no waiting room at all; for the other models there is a waiting room on size
m,, in model n, where m,, is allowed to grow with n so that m,/v/n — k > 0
as n — oo as in (). The QED many-server heavy-traffic limit was stated as
Theorem 23

The proof can be much the same as in &8 The idea is to introduce the finite
waiting room via a reflection map, as in §§3.5, 5.2, 13.5, 14.2, 14.3 and 14.8 of
Whitt [B9], corresponding to an upper barrier at x, but the reflection map here
is more complicated than for single-server queues and networks of such queues,
because it is not applied to a free process. We use an extension of Theorem
constructing a mapping from D x R into D?, taking model data into the content
function and the upper-barrier regulator function.

Theorem 7.3 (a continuous integral representation with reflection) Consider
the modified integral representation

z(t) = b+ y(t) —|—/0 h(z(s))ds—u(t), t>0, (111)

where z(t) < k, h: R — R satisfies h(0) = 0 and is a Lipschitz function as in
@A), and u is a nondecreasing nonnegative function in D such that (B holds
and

/ l{m(t)<,{} du(t)=0.
0

The modified integral representation in [E&) has a unique solution (x,u), so that
it constitutes a bonafide function (f1, fo) : D x R — D x D mapping (y,b) into
z = f1(y,b) and u = fo(y,b). In addition, the function (f1, f2) is continuous
provided that the product topology is used for product spaces and the function
space D (in both the domain and range) is endowed with either: (i) the topology
of uniform convergence over bounded intervals or (ii) the Skorohod Ji topology.
Moreover, if y is continuous, then so are x and w.
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Proof. We only show the key step, for which we follow the argument in §3 of
Mandelbaum and Pats [B3] and §4 of Reed and Ward [BH|; see these sources for
additional details and references. The idea is to combine classical results for the
conventional one-dimensional reflection map, as in §§5.2 and 13.5 of [B9] with a
modification of Theorem 4.1. Let (¢, 1) be the one-sided reflection map with
upper barrier at k, so that ¢.(y) = y — ¥« (y), with ¢.(y) being the content
function and 1, (y) being the nondecreasing regulator function; see §85.2 and
13.5 of [E9]. We observe that the map in () can be expressed as x = ¢ (w)
and u = ¥, (w), where
t

w(t)zg(b,y)(t)zb+y(t)+/0h(qﬁ,{(w(s)))ds, (>0, (112)

This lets us represent the desired map as the composition of the maps (¢, 1)
and £. The argument to treat € is essentially the same as in the proof of Theorem
B but we need to make a slight adjustment; we could apply it directly if we
had h : D — D in Theorem EEl Recall that ¢, is Lipschitz continuous on
D([0,t] for each ¢t with the uniform norm, ||¢.(y1) — &k (y2)|lt < 2[lv1 — y2lls,
with modulus 2 independent of ¢. Hence, paralleling (B2), we have

t
w1 — walls < [b1 — b2| + [lyr — y2|le + 20/ w1 —w2||s ds
0

for each t > 0. Hence we can apply Gronwall’s inequality in Lemma X to
establish (Lipschitz) continuity of the map & on D([0,T]) x R. Combining this
with the known (Lipschitz) continuity of the reflection map (¢, 1y ), we have the
desired continuity for the overall map in the uniform topology. We can extend
to the Ji topology as in the proof of Theorem El =

Now that we understand how we are treating the finite waiting rooms, the
QED many-server heavy-traffic limit theorem is as stated in Theorem =2 This
modification alters the limiting diffusion process in Theorem &l only by the
addition of a reflecting upper barrier at x for the sequence of models with
waiting rooms of size m,,, where x = 0 for the Erlang-B model. When x = 0, X
is a reflected OU (ROU) process. Properties of the ROU process are contained
in Ward and Glynn [BH|. Proofs for the two cases x > 0 and k = 0 by other
methods are contained in §4.5 of Whitt 2] and Theorem 4.1 of Srikant and
Whitt [BH. General references on reflection maps are Lions and Sznitman [
and Dupuis and Ishii [B5].

Proof of Theorem =2 We briefly sketch the proof. Instead of (E), here we
have representation

Qn(t) = Qn(0)+ AAnt) — Dy(t) — Lp(t) = Up(t), t>0,
Qn(0) + AN\t) — S (,u/ (Qn(s) Am) ds)

t
0

r(of (Quls) —m)* ) - 0.0, (113)
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for t > 0, where U,(t) is the number of arrivals in the time interval [0, {] when
the system is full in model n, i.e., when @, (t) = n + m,,. In particular,

t
U,(t) = A l{Qn(S):nern} dA(Mns), t>0. (114)

To connect to Theorem & it is significant that U, can also be represented as
the unique nondecreasing nonnegative process such that @, (t) < n+m,, (3
holds and

/0 L@ (hy<ry dUn(t) = 0. (115)

We now construct a martingale representation, just as in (E3)-(Z). The
following is the natural extension of Theorem =&

Theorem 7.4 (first martingale representation for the scaled processes in the
M/M/n/m,+M model) If k < oo, then the scaled processes have the martingale
representation
(Ap — pn)t

vn

—/t [ Xn(s) AO) +0X,(s)T] ds — Viu(t), t>0, (116)
0

Xn(t) = Xn(0) + My1(t) — My 2(t) — My s(t) +

M, ; are the scaled martingales in (A and

t>0 (117)

for U, in (EE)-@Z). The scaled processes My, ; are square-integrable martin-
gales with respect to the filtrations Fp, = {Fp1:t > 0} defined by

Far = 0 (@0.40,9.5 (u [ @ut) Ay )
R(@/()S(Qn(u)—nﬁdu) :O§s§t> , t>0, (118)

augmented by including all null sets. Their associated predictable quadratic vari-
ations are

M) = 22t
= ﬁ t S n S
020 = & [(Que nmas
(M, 3)(t) = %/(Qn(s)—n)+ds, t>0, (119)
0

where E[(My,;)(t)] < oo for alli, t >0 and n > 1.
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By combining Theorems = and 23 we obtain the joint convergence
(Xn, Vo) = (X,U) in D? as n— oo,

for X,, and V,, in (B and (&), where the vector (X, U) is characterized by
@) and (E@). That implies Theorem I stated in il

Remark 7.1 (correction) The argument in this section follows Whitt 2], but
provides more detail. We note that the upper-barrier regulator processes are
incorrectly expressed in formulas (5.2) and (5.8) of [ZF].

7.3. General Non-Markovian Arrival Processes

In this section, following §5 of Whitt 23], we show how to extend the many-
server heavy-traffic limit from M/M/n/m, + M models to G/M/n/my, + M
models, where the arrival processes are allowed to be general stochastic point
processes satisfying a FCLT. They could be renewal processes (GI) or even more
general arrival processes. The limit of the arrival-process FCLT need not have
continuous sample paths. (As noted at the end of Y& this separate argument
is not needed if we do not use martingales.)

Let A, = {A,(t) : t > 0} be the general arrival process in model n and let

An(t) = W, £>0, (120)

be the associated scaled arrival process. We assume that

A, =A in D as n—oo. (121)

We also assume that, conditional on the entire arrival process, model n evolves
as the Markovian queueing process with i.i.d. exponential service times and i.i.d.
exponential times until abandonment.

Thus, instead of Theorem EEA we have

Theorem 7.5 (first martingale representation for the scaled processes in the
G/M/n/m,+ M model) Consider the family of G/M/n/m,+ M models defined
above, evolving as a Markovian queue conditional on the arrival process. If m, <
00, then the scaled processes have the martingale representation

(Ap — pn)t
vn

- /t [(Xn(s) AO) + 00X, (s)T] ds — Viu(t), t>0,(122)
0

Xn(t) = Xn(0)+ An(t) — Mp2(t) — My 3(t) +

where Ay, is the scaled arrival process in (B2), M, ,; are the scaled martingales in

EX) and V,(t) = Un(t)//n, t >0, for U, in (E)-@XD). The scaled processes
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M, ; are square-integrable martingales with respect to the filtrations Fy, = {Fp +
t > 0} defined by

Far = 0 (@O A0z 08 (1 [ (@ an ).
R(@/()S(Qn(u)—nﬁdu) :O§s§t> , t>0, (123)

augmented by including all null sets. The associated predictable quadratic vari-
ations of the two martingales are

n

Moy = - / (Qu(s) An)ds,

(M, 3)(t) = g/0 (Qn(s)—n)Tds, t>0, (124)

n

where E[(My,;)(t)] < oo for alli, t >0 and n > 1.
Here is the corresponding theorem for the G/M/n/m, + M model.

Theorem 7.6 (heavy-traffic limit in D for the G/M/n/m, + M model) Con-
sider the sequence of G/M/n/m, + M models defined above, with the scaling in

(=), @) and @). Let X,, be as defined in @). If
Xn,(0)=X0) in R and A,=A in D as n— oo,

then X,, = X m D as n — oo, where the limit process X satisfies the
stochastic integral equation

X(t) = X(0)+A(t) — But + JEB(t)
- /0 [1(X(s) A 0) + 0(X(s) V0)] ds — U(t) (125)

fort > 0 with B = {B(t) : t > 0} being a standard Brownian motion and U
being the unique nondecreasing nonnegative process in D such that X (t) < k for

all t, @) holds and
/ 1{X(t)<l~c} dU(t) =0.
0

Proof. We start with the FCLT for the arrival process assumed in (E2) and
(). We condition on possible realizations of the arrival process: For each
n > 1, let {, be a possible realization of the scaled arrival process A, and let
be a possible realization of the limit process A. Let XS be the scaled process
X, conditional on A,, = (,, and let X ¢ be the limit process X conditional on
A=

Since X,, and A,, are random elements of D, these quantities X5 and X¢ are
well defined via regular conditional probabilities; e.g., see §8 of Chapter V, pp
146-150, of Parthasarathy [E3]. In particular, we can regard P(X,, € :|A4, = 2)
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as a probability measure on D for each z € D and we can regard P(X,, €
B|A,, = z) as a measurable function of z in D for each Borel set B in D, where

P(X, € B)= / P(X, € B|A, =2)dP(A, ==2) .
B
And similarly for the pair (X, A).
A minor modification of the previous proof of Theorem I establishes that

X5 = XS in D whenever (, —(¢ in D;
i.e., for each continuous bounded real-valued function f on D,
E[f(X3")] = E[f(X%)] as n— oo (126)

whenever ¢, — ( in D. Now fix a continuous bounded real-valued function f
and let

ha(Ga) = ELf(X5")] and  h(¢) = B[f(X°)] . (127)

Since we have regular conditional probabilities, we can regard the functions h,,
and h as measurable functions from D to R (depending on f).

We are now ready to apply the generalized continuous mapping theorem, The-
orem 3.4.4 of [B9]. Since h,, and h are measurable functions such that i, ((,) —
h(¢) whenever (, — (¢ and since A, = A in D, we have hy,(A4,) = h(A) as
n — o0. Since the function f used in (E2) and (&) is bounded, these random
variables are bounded. Hence convergence in distribution implies convergence
of moments. Hence, for that function f, we have

E[f(Xn)] = Elhn(An)] — E[W(A)] = E[f(X)] as n—o0.

Since this convergence holds for all continuous bounded real-valued functions f
on D, we have shown that X,, = X, as claimed. =

8. The Martingale FCLT

We now turn to the martingale FCLT. For our queueing stochastic-process
limits, it is of interest because it provides one way to prove the FCLT for a
Poisson process in Theorem B2l and because we can base our entire proof of
Theorem =l on the martingale FCLT. However, the gain in the proof of Theorem
X is not so great.

We now state a version of the martingale FCLT for a sequence of local mar-
tingales {M,, : n > 1} in D¥, based on Theorem 7.1 on p. 339 of Ethier and
Kurtz i3], hereafter referred to as EK. Another important reference is Jacod
and Shiryayev [, hereafter referred to as JS. See Section VIIL3 of JS for
related results; see other sections of JS for generalizations.

We will state a special case of Theorem 7.1 of EK in which the limit pro-
cess is multi-dimensional Brownian motion. However, the framework always
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produces limits with continuous sample paths and independent Gaussian in-
crements. Most applications involve convergence to Brownian motion. Other
situations are covered by JS, from which we see that proving convergence to
discontinuous processes is more complicated.

The key part of each condition below is the convergence of the quadratic
covariation processes. Condition (i) involves the optional quadratic-covariation
(square-bracket) processes [My i, M, ;], while condition (ii) involves the pre-
dictable quadratic-covariation (angle-bracket) processes (M, ;, M, ;). Recall from
B that the square-bracket process is more general, being well defined for
any local martingale (and thus any martingale), whereas the associated angle-
bracket process is well defined only for any locally square-integrable martingale
(and thus any square-integrable martingale).

Thus the key conditions below are the assumed convergence of the quadratic-
variation processes in conditions (M) and (). The other conditions (=),
&) and @) are technical regularity conditions. There is some variation
in the literature concerning the extra technical regularity conditions; e.g., see
Rebolledo [B2] and JS.

Let J be the maximum-jump function, defined for any x € D and T' > 0
by

J(x,T) =sup {|z(t) —x(t—)|: 0 <t <T} . (128)
Theorem 8.1 (multidimensional martingale FCLT) For n > 1, let M,
(My,..., My k) be a local martingale in DF with respect to a filtration F,, =
{Fn,t : t > 0} satisfying M,,(0) = (0,...,0). Let C = (¢; ;) be a k x k covariance
matriz, i.e., a nonnegative-definite symmetric matriz of real numbers.

Assume that one of the following two conditions holds:

(i) The expected value of the mazimum jump in M, is asymptotically negli-
gible; i.e., for each T' > 0,

lim {E[J(M,,T)]} =0 (129)

and, for each pair (i,j) with 1 <i <k and 1 <j <k, and each t > 0,

My, My ;] (1) = cijt in R as n—oo. (130)

(i) The local martingale M,, is locally square-integrable, so that the pre-
dictable quadratic-covariation processes (M ;, My ;) can be defined. The ex-
pected value of the mazimum jump in (M, ;, M, ;) and the mazimum squared
Jgump of M, are asymptotically negligible; i.e., for each T > 0 and (i,7) with
1<i<kandl1<j<k,

lim {E[J ((My s, M, ;). T)]} =0, (131)

n—oo

lim {E [J (Mn,Tﬂ } -0, (132)

n—oo



G. Pang, R. Talreja and W. Whitt/Martingale Proofs 257

and
(My i, My, j)(t) = ¢t in R as n— o0 (133)

for each t > 0 and for each (i, j).
Conclusion:
If indeed one of the the conditions (i) or (it) above holds, then
M, =M in DF as n— oo,

where M is a k-dimensional (0, C)-Brownian motion, having mean vector
and covariance matrix

E[M()]=(0,...,0) and E[M@)M@®)"]=Ct, t>0,
where, for a matriz A, A" is the transpose.

Of course, a common simple case arises when C is a diagonal matrix; then
the k component marginal one-dimensional Brownian motions are independent.
When C' = I, the identity matrix, M is a standard k-dimensional Brown-
ian motion, with independent one-dimensional standard Brownian motions as
marginals.

At a high level, Theorem BXll says that, under regularity conditions, conver-
gence of martingales in D is implied by convergence of the associated quadratic
covariation processes. At first glance, the result seems even stronger, because we
need convergence of only the one-dimensional quadratic covariation processes
for a single time argument. However, that is misleading, because the stronger
weak convergence of these quadratic covariation processes in D¥ is actually
equivalent to the weaker required convergence in R for each ¢, 4, j in conditions

() and (E5); see 3.

9. Applications of the Martingale FCLT

In this section we make two applications of the preceding martingale FCLT.
First, we apply it to prove the FCLT for the scaled Poisson process, Theorem
B Then we apply it to provide a third proof of Theorem 2l In the same way
we could obtain alternate proofs of Theorems IEl and EE1

9.1. Proof of the Poisson FCLT

We now apply the martingale FCLT to prove the Poisson FCLT in Theorem
B To do so, it suffices to consider the one-dimensional version in D, since the
Poisson processes are mutually independent. Let the martingales M,, = Ma
be as defined in (B3, i.e.,

A(n

t) —nt
Mn:MA,n(t):#; tZO,
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with their internal filtrations. The limits in ([E3) and [E23) hold, because

J(M,,T) < % and J(MZ2,T) < % n>1.
For each n > 1, M, is square integrable, the optional quadratic variation process
is
)0 = M M0 = 2Dz,
and the predictable quadratic variation process is
(M) () = (Mo, M) (6) = = =1, 120

Hence both () and () hold trivially. By the SLLN for a Poisson process,
A(nt)/n — t w.p.1 as n — oo for each ¢ > 0. Hence both conditions (i) and (ii)
in Theorem Bl are satisfied, with C =¢; 1 =1. =

9.2. Completing the Proof of Theorem Il

The bulk of this paper has consisted of a proof of Theorem I based on the
first martingale representation in Theorem B2 which in turn is based on the
representation of the service-completion counting process as a random time
change of a rate-1 Poisson process, as in (). A second proof in JEd established
the fluid limit directly.

In this subsection we present a third proof of Theorem Bl based on the second
martingale representation in Theorem BZ which in turn is based on a random
thinning of rate-1 Poisson processes, as in (E0). This third proof also applies
to the third martingale representation in &I which is based on constructing
martingales for counting processes associated with the birth-and-death process
{Q(t) : t > 0} via its infinitesimal generator.

Starting with the second martingale representation in Theorem B3 (or the
third martingale representation in Subsection B, we cannot rely on the Poisson
FCLT to obtain the required stochastic process limit

(M, 1, My, 2) = (/uBi,/iBs) in D? as n— oo, (134)

in (BH). However, we can apply the martingale FCLT for this purpose, and we
show how to do that now.

As in g we can apply either condition (i) or (ii) in Theorem EZ but it is
easier to apply (ii), so we will. The required argument looks more complicated
because we have to establish the two-dimensional convergence in (E2) in D?
because the scaled martingales M,, ; and M,, » are not independent. Fortunately,
however, they are orthogonal, by virtue of the following lemma. That still means
that we need to establish the two-dimensional limit in (&), but it is not difficult
to do so.
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We say that two locally square-integrable martingales with respect to the
filtration F, M; and M,, are orthogonal if the process M;Ms is a local mar-
tingale with Mj(0)M2(0) = 0. Since My My — (My, Ms) is a local martingale,
orthogonality implies that (M7, M) (t) = 0 for all .

Lemma 9.1 (orthogonality of stochastic integrals with respect to orthogonal
martingales) Suppose that My and My are locally square-integrable martingales
with respect to the filtration F, where M1(0) = M2(0) = 0, while Cy and Cy are
locally-bounded F-predictable processes. If My and My are orthogonal, (which

is implied by independence), then the stochastic integrals fot C1(s) dM;(s) and
fot Co(s) dMs(s) are orthogonal, which implies that

</Cl(s) dMl(s),/Cz(s) dM2(5)> t)=0, t>0.
[/ Ci(s) dMl(s),/Cz(s) dMQ(s)] t)=0, t>0.

Lemma Xl follows from the following representation for the quadratic covari-
ation of the stochastic integrals; see §5.9 of van der Vaart [B2.

and

Lemma 9.2 (Quadratic covariation of stochastic integrals with respect to mar-
tingales) Suppose that My and My are locally square-integrable martingales with
respect to the filtration F, while C; and Cq are locally-bounded F-predictable
processes. Then

{ /0 ' Cy(s) dMa (5) /0 ' Ca(s) dM(s)
- [/Cl(s) dMl(s),/Cz(s) dMg(s)] (t):t> 0}

{/Ot(h(s) dM; (s) /Ot(j2(5) dMs(s)
- ([awan. [ e ane o= of

are local F-martingales, where the quadratic covariation processes are

and

[/Cl ) dM; (s /Cg ) dMs(s ] /01 )Ca(s) d[My, M2](s)

</c1 ) dMi (s /02 ) dMa(s > /01 )Co(s) d(My, Ma)(s), t>0.
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As a consequence of the orthogonality provided by Lemma B2l we have
[My1, My 2](t) = 0 and (M, 1, M, 2)(t) = 0 for all ¢ and n for the martin-
gales in (BA), which in turn come from Theorem EZl Thus the orthogonality
trivially implies that

[My 1, Mp2] =0 and (M1, Mp2)(t)=0 in R as n— oo
for all ¢ > 0. We then have
<Mn71‘, Mn71>(t) = Ciyit = ut in R as n— oo

for each t and i = 1,2 by (El) in Theorem B and Lemma B2 as in the previous
argument used in the first proof of Theorem Il in §YHE As stated above,
the bulk of the proof is thus identical. By additional argument, we can also show
that

[My iy My i)(t) = ciit=put in R as n—oo.

starting from (E).

We have just shown that &) holds. It thus remains to show the other con-
ditions in Theorem B2l (ii) are satisfied. First, since we have a scaled unit-jump
counting process, condition (E2) holds by virtue of the scaling in Theorem
EA and (B). Next (B3) holds trivially because the predictable quadratic vari-
ation processes (M, 1) and (M, 2) are continuous. Hence this third proof is
complete. =

In closing this section, we observe that this alternate method of proof also
applies to the Erlang-A model in &0 and the generalization with finite waiting
rooms in Theorem =3

Acknowledgments

The authors thank Jim Dai, Itay Gurvich and anonymous referees for helpful
comments on this paper. This work was supported by NSF Grant DMI-0457095.

References

[1] Armony, M. 2005. Dynamic routing in large-scale service systems with het-
erogeneous servers. Queueing Systems 51, 287—-329. (MR Z1IXULUE

[2] Armony M., I., Gurvich and C. Maglaras. 2006. Cross-selling in a call cen-
ter with a heterogeneous customer population. Working Paper, New York
University, New York, NY, and Columbia University, New York, NY.

[3] Armony M., I. Gurvich and A. Mandelbaum. 2006. Service level differ-
entiation in call Centers with fully flexible servers. Management Science,
forthcoming.

[4] Atar R. 2005. Scheduling control for queueing systems with many servers:
asymptotic optimality in heavy traffic. Ann. Appl. Probab. 15, 2606-2650.

VIR 71X/ XL1E


http://www.ams.org/mathscinet-getitem?mr=2189596
http://www.ams.org/mathscinet-getitem?mr=2187306

[5]

[6]

G. Pang, R. Talreja and W. Whitt/Martingale Proofs 261

Atar R., A. Mandelbaum and M. I. Reiman. 2004a. Scheduling a multi-class
queue with many exponential servers. Ann. Appl. Probab. 14, 1084-1134.
AVIRS &R WAl Vil i)

Atar R., A. Mandelbaum and M. I. Reiman. 2004b. Brownian control prob-
lems for queueing systems in the Halfin-Whitt regime. Ann. Appl. Probab.
14, 1084-1134. MR LA

Bickel P.J. and M.J. Wichura. 1971. Convergence criteria for multiparam-
eter stochastic processes and some applications. Ann. Math. Statist. 42,
1656—1670. MIEINAXIAX"

Billingsley, P. 1968. Convergence of Probability Measures, Wiley (second
edition, 1999) VN>R WAR RV

Borovkov, A. A. 1967. On limit laws for service processes in multi-channel
systems (in Russian). Siberian Math J. 8, 746-763. NMRLIZ22U L

Borovkov, A. A. 1984. Asymptotic Methods in Queueing Theory, Wiley,
New York. MKt /45n71

Borst, S., A. Mandelbaum and M. I. Reiman. 2004. Dimensioning large call
centers. Oper. Res. 52, 17-34. MEZ0ah73>

Brémaud, P. 1981. Point Processes and Queues: Martingale Dynamics,
Springer. VIKLIhIh /5

Csorgdé M. and P. Révéz. 1981. Strong Approximations in Probability and
Statistics. Akademiai Kiado.

Dai J. G. and T. Tezcan. 2005. State space collapse in many server diffu-
sion limits of parallel server systems. Working Paper, Georgia Institute of
Technology, Atlanta, GA.

Dai J. G. and T. Tezcan. 2006. Dynamic control of N systems with many
servers: asymptotic optimality of a static priority policy in heavy traffic.
Working Paper, Georgia Institute of Technology, Atlanta, GA.

Dai J. G. and T. Tezcan. 2007. Optimal control of parallel server systems
with many servers in heavy traffic. Working Paper, Georgia Institute of
Technology, Atlanta, GA.

Daley, D. J. and D. Vere-Jones. 2003. An Introduction to the Theory of
Point Processes, second ed., Springer. [VIKLUALLLOE

Dupuis, P. and H. Ishii. 1991. On when the solution to the Skorohod
problem is Lipschitz continuous with applications. Stochastics 35, 31-62.
VIR LU

Ethier, S. N. and T. G. Kurtz. 1986. Markov Processes; Characterization
and Convergence, Wiley. [MERIXIXUIXE

Gans, N.; G. Koole and A. Mandelbaum. 2003. Telephone call centers:
tutorial, review and research prospects. Manufacturing Service Oper. Man-
agement 5(2), 79-141.

Garnett, O., A. Mandelbaum and M. I. Reiman. 2002. Designing a call cen-
ter with impatient customers. Manufacturing Service Oper. Management 4,
208-227.

Glynn, P. W. and W. Whitt. 1991. A new view of the heavy-traffic
limit theorem for the infinite-server queue. Adv. Appl. Prob. 23, 188-209.

A\VINSSRNIVRNRLY P


http://www.ams.org/mathscinet-getitem?mr=2071417
http://www.ams.org/mathscinet-getitem?mr=2071417
http://www.ams.org/mathscinet-getitem?mr=0383482
http://www.ams.org/mathscinet-getitem?mr=1700749
http://www.ams.org/mathscinet-getitem?mr=0222973
http://www.ams.org/mathscinet-getitem?mr=0745620
http://www.ams.org/mathscinet-getitem?mr=2066238
http://www.ams.org/mathscinet-getitem?mr=0636252
http://www.ams.org/mathscinet-getitem?mr=0950166
http://www.ams.org/mathscinet-getitem?mr=1110990
http://www.ams.org/mathscinet-getitem?mr=0838085
http://www.ams.org/mathscinet-getitem?mr=1091098

[23]

[24]

[26]

[27]

[28]
[29]
[30]

31]

G. Pang, R. Talreja and W. Whitt/Martingale Proofs 262

Gurvich, I. and W. Whitt. 2007a. Queue-and-idleness-ratio controls in
many-server servbice systems. working paper, Columbia University. Avail-
able at: attp://www.columbia.edu/ ww204(

Gurvich, I. and W. Whitt. 2007b. Service-level differentiation in
many-server service systems: a solution based on fixed-queue-
ratio routing. working paper, Columbia University. Available at:
1ttp://www.columbia.edu/ wwl04(

Gurvich, I. and W. Whitt. 2007c. Scheduling Flexible Servers with
convex delay costs in many-server service systems. Manufactur-
ing and Service Operations Management, forthcoming. Available at:
1ttp://www.columbia.edu/ wwl04(

Halfin, S. and W. Whitt. 1981. Heavy-traffic limits for queues with many
exponential servers. Oper. Res. 29, 567-588. MRLHZ0.10S

Harrison, J. M. and A. Zeevi. 2005. Dynamic scheduling of a multiclass
queue in the Halfin and Whitt heavy traffic regime. Oper. Res. 52, 243—
257, VIR Z1hh XU

Helms, L. L. 1974. Ergodic properties of several interacting Poisson parti-
cles. Advances in Math. 12, 32-57. NLIRORAL A

Iglehart, D. L. 1965. Limit diffusion approximations for the many server
queue and the repairman problem. J. Appl. Prob. 2, 429-441. NMIROIXAZI
Jacod, J. and A. N. Shiryayev. 1987. Limit Theorems for Stochastic Pro-
cesses, Springer. [VIRLUAU1LX

Jelenkovié, P.; A. Mandelbaum and P. Moméilovié. 2004. Heavy traffic lim-
its for queues with many deterministic servers. Queueing Systems 47, 53—69.
AVIRS VIR WViNaWad

Kallenberg, O. 2002. Foundations of Modern Probability, second edition,
Springer. VIK IX/h1ht

Karatzas, I, and S. Shreve. 1988. Brownian Motion and Stochastic Calculus,
Springer. NIROU LUK

Kaspi, H. and K. Ramanan. 2007. Law of large numbers limit for many-
server queues. Working paper. The Technion and Carnegie Mellon Univer-
sity.

Khoshnevisan D. 2002. Multiparameter Processes: An Introduction to Ran-
dom Fields, Springer. MR ILUILATZA>

Kogan, Y., R. Sh. Liptser and A. V. Smorodinskii. 1986. Gaussian diffusion
approximations of closed Markov models of computer networks. Problems.
Inform. Transmission 22, 38-51. [VIKIXIXOX>

Krichagina, E. V. and A. A. Puhalskii. 1997. A heavy-traffic analysis of a
closed queueing system with a GI /oo service center. Queueing Systems 25,
235-280. MR 1LA5XHKU |

Kunita, H. and S. Watanabe. 1967. On square-integrble martingales.
Nagoya Math. J. 30, 209-245. NIKOZ1/XAE

Kurtz, T. 1978. Strong approximation theorems for density dependent
Markov chains. Stoch. Process Appl. 6, 223-240. MEOAAALZ

Kurtz, T. 1980. Representations of Markov processes as multiparameter
time changes. Ann. Probability 8, 682—715. ML L1


http://www.columbia.edu/~ww2040
http://www.columbia.edu/~ww2040
http://www.columbia.edu/~ww2040
http://www.ams.org/mathscinet-getitem?mr=0629195
http://www.ams.org/mathscinet-getitem?mr=2066399
http://www.ams.org/mathscinet-getitem?mr=0345247
http://www.ams.org/mathscinet-getitem?mr=0184302
http://www.ams.org/mathscinet-getitem?mr=0959133
http://www.ams.org/mathscinet-getitem?mr=2074672
http://www.ams.org/mathscinet-getitem?mr=1876169
http://www.ams.org/mathscinet-getitem?mr=0917065
http://www.ams.org/mathscinet-getitem?mr=1914748
http://www.ams.org/mathscinet-getitem?mr=0838688
http://www.ams.org/mathscinet-getitem?mr=1458591
http://www.ams.org/mathscinet-getitem?mr=0217856
http://www.ams.org/mathscinet-getitem?mr=0464414
http://www.ams.org/mathscinet-getitem?mr=0577310

[41]
[42]

[43]

G. Pang, R. Talreja and W. Whitt/Martingale Proofs 263

Kurtz, T. 2001. Lectures on Stochastic Analysis, Department of Mathemat-
ics and Statistics, University of Wisconsin, Madison, WI 53706-1388.
Lévy, P. 1948. Processus Stochastiques et Mouvement Borownien,
Gauthiers-Villars, Paris.

Lions, P. and A. Sznitman. 1984. Stochastic differential equations with
reflecting boundary conditions. Commun. Pure Appl. Math. 37, 511-537.
VIR /AN XX]

Liptser, R. Sh. and A. N. Shiryayev. 1989. Theory of Martingales, Kluwer
(English translation of 1986 Russian edition).

Louchard, G. 1988. Large finite population queueing systems. Part I: The
infinite server model. Comm. Statist. Stochastic Models 4(3), 473-505.
VIROU /1N,

Mandelbaum, A., W. A. Massey and M. I. Reiman. 1998. Strong approx-
imations for Markovian service networks. Queueing Systems 30, 149-201.
VI IhhL/h ./

Mandelbaum, A. and G. Pats. 1995. State-dependent queues: approxima-
tions and applications. In Stochastic Networks, F. P. Kelly, R. J. Williams
(eds.), Institute for Mathematics and its Applications, Vol. 71, Springer,
239-282. VIR ILAX 1111

Mandelbaum, A. and G. Pats. 1998. State-dependent stochastic networks.
Part I: Approximations and Applications with continuous diffusion limits.
Ann. Appl. Prob. 8, 569-646. MK Laza0n:

Mandelbaum, A. and S. Zeltyn. 2005. The Erlang-A/Palm queue,
with applications to call centers. Working paper, The Technion,
Haifa, Israel. Available at: |attp://1ew3.technion.ac.1l/serveng,
ieterences/reterences _htm|

Massey, W. A. and W. Whitt. 1993. Networks of infinite-server queues with
nonstationary Poisson input. Queueing Systems 13, 183-250. IVLKLZ1IXRAS
Parthasarathy, K. R. 1967. Probability Measures on Metric Spaces, Aca-
demic Press. VI 7nnhX/

Puhalskii, A. A. 1994. On the invariance principle for the first passage time.
Math. Oper. Res. 19, 946-954. MK 13040]

Puhalskii, A. A. and M. I. Reiman. 2000. The mutliclass GI/PH/N queue
in the Halfin-Whitt regime. Adv. Appl. Prob. 32, 564-595. MR LZ/XOXI
Rebolledo, R. 1980. Central limit theorems for local martingales. Zeitschrift
Wahrscheinlichkeitstheorie verw. Gebiete 51, 269-286. [VIRIIAOh /]

Reed, J. 2005. The G/GI/N queue in the Halfin-Whitt regime. working
paper, Georgia Institute of Technology.

Reed, J. and A. R. Ward. 2007. Approximating the GI/GI/1 + GI queue
with a nonlinear drift diffusion: hazard-rate scaling in heavy traffic. working
paper, Georgia Institute of Technology.

Robert, P. 2003. Stochastic Networks and Queues, Springer. [MEIUUOXXS
Rogers, L. C. G. and D. Williams. 1987. Diffusions, Markov Processes and
Martingales, Volume 2: Ito Calculus, Wiley. NLRUUZ 172>

Rogers, L. C. G. and D. Williams. 2000. Diffusions, Markov Processes
and Martingales, Volume 1: Foundations, Cambridge University Press.


http://www.ams.org/mathscinet-getitem?mr=0745330
http://www.ams.org/mathscinet-getitem?mr=0971602
http://www.ams.org/mathscinet-getitem?mr=1663767
http://www.ams.org/mathscinet-getitem?mr=1381015
http://www.ams.org/mathscinet-getitem?mr=1624965
http://iew3.technion.ac.il/serveng/References/references.html
http://iew3.technion.ac.il/serveng/References/references.html
http://www.ams.org/mathscinet-getitem?mr=1218848
http://www.ams.org/mathscinet-getitem?mr=0226684
http://www.ams.org/mathscinet-getitem?mr=1304631
http://www.ams.org/mathscinet-getitem?mr=1778580
http://www.ams.org/mathscinet-getitem?mr=0566321
http://www.ams.org/mathscinet-getitem?mr=1996883
http://www.ams.org/mathscinet-getitem?mr=0921238

G. Pang, R. Talreja and W. Whitt/Martingale Proofs 264

VIR 1 /UhKh XU

[60] Skorohod, A. V. 1956. Limit theorems for stochastic processes. Prob. The-
ory Appl. 1, 261-290. MEONRAXY

[61] Srikant, R. and W. Whitt. 1996. Simulation run lengths to estimate block-
ing probabilities. ACM Trans. Modeling Computer Simulations 6, 7—52.

[62] Stone, C. 1963. Limit theorems for random walks, birth and death processes
and diffusion processes. Illinois J. Math. 4, 638—-660. MKEIAXAAL

[63] Tezcan T. 2006. Optimal control of distributed parallel server systems
under the Halfin and Whitt regime. Working Paper, University of Illi-
nois at Urbana-Champaign. Available at: [attps://nettiles.uiuc.edu,
ttezcan/www/lolgalezcansubmittedMUR121906.pd1

[64] van der Vaart, A. W. 2006. Martingales, Diffusions and Financial
Mathematics Lecture Notes, Available at: [attp://www.math.vu.nl/sto/
onderwiis/mdim,

[65] Ward, A. R. and P. W. Glynn. 2003a. A diffusion approximation
for a Markovian queue with reneging. Queueing Systems 43, 103-128.
VIR LUN /XX

[66] Ward, A. R. and P. W. Glynn. 2003b. Properties of the reflected Ornstein-
Uhlenbeck process. Queueing Systems 44, 109-123. (VIR IUU37 7>

[67] Ward, A. R. and P. W. Glynn. 2005. A diffusion approximation for a
GI/GI/1 queue with balking or reneging. Queueing Systems 50, 371-400.
VIR 71 (79Ul

[68] Whitt, W. 1982. On the heavy-traffic limit theorem for GI/G /oo queues.
Adv. Appl. Prob. 14, 171-190. NIRURAATIT

[69] Whitt, W. 2002. Stochastic-Process Limits, Springer. NEIXIhaX

[70] Whitt, W. 2002a. Internet Supplement to Stochastic-Process Limits, Avail-
able at: attp://www.columbia.edu/ ww2040/supplement.html

[71] Whitt, W. 2004. Efficiency-driven heavy-traffic approximations for many-
server queues with abandonments. Management Science 50, 1449-1461.

[72] Whitt, W. 2005. Heavy-traffic limits for the G/ Hj /n/m queue. Math. Oper.
Res. 30, 1-27. MR 2175135

[73] Whitt, W. 2007. Proofs of the martingale functional central limit theorem.
Probability Surveys, forthcoming.

[74] Zeltyn S. and A. Mandelbaum. 2005. Call centers with impatient customers:
many-server asymptotics of the M/M/n+G queue. Queueing Systems 51,
361-402. VIR Z1IXunhux

APPENDIX

Appendix A: Proof of Lemma EJ
Let A be the jump function, i.e., AX(t) = X(t) — X(¢t—) and let

Y (AX(s))?, t=0,

s<t


http://www.ams.org/mathscinet-getitem?mr=1796539
http://www.ams.org/mathscinet-getitem?mr=0084897
http://www.ams.org/mathscinet-getitem?mr=0158440
https://netfiles.uiuc.edu/ttezcan/www/TolgaTezcansubmittedMOR121906.pdf
https://netfiles.uiuc.edu/ttezcan/www/TolgaTezcansubmittedMOR121906.pdf
http://www.math.vu.nl/sto/onderwijs/mdfm/
http://www.math.vu.nl/sto/onderwijs/mdfm/
http://www.ams.org/mathscinet-getitem?mr=1957808
http://www.ams.org/mathscinet-getitem?mr=1993278
http://www.ams.org/mathscinet-getitem?mr=2172907
http://www.ams.org/mathscinet-getitem?mr=0644013
http://www.ams.org/mathscinet-getitem?mr=1876437
http://www.columbia.edu/~ww2040/supplement.html
http://www.ams.org/mathscinet-getitem?mr=2125135
http://www.ams.org/mathscinet-getitem?mr=2189598

G. Pang, R. Talreja and W. Whitt/Martingale Proofs 265

represent the sum of all squared jumps. Since (AX(s))? > 0, the sum is indepen-
dent of the order. Hence the sum is necessarily well defined, although possibly
infinite. (For any positive integer n, a function in D has at most finitely many
jumps with |z(t) — z(t—)| > 1/n over any bounded interval; see Lemma 1 on p.
110 of Billingsley [H]. Hence, the sample paths of each stochastic process in D
have only countably many jumps.)

The optional quadratic variation has a very simple structure for locally-
bounded-variation processes, i.e., processes with sample paths of bounded vari-
ation over every bounded interval; see (18.1) on p. 27 of Rogers and Williams

[ av. J .
Lemma A.1 (optional quadratic covariation and variation for a locally-bounded-

variation process) If stochastic processes X and Y almost surely have sample
paths of bounded variation over each bounded interval, then

[X,Y](t) = > _(AX(s))(AY (s)), t>0, (135)
and
(X](1) = [X, X](t) = Y (AX(s))>, t>0. (136)

Lemma A.2 (optional quadratic variation for a counting process) If N is a
non-explosive unit-jump counting process with compensator A, both adapted to
the filtration F, then N — A is a locally square-integrable martingale of locally
bounded variation with square-bracket process

[N =A() = D (AN = 4)(s)) (137)

= N(t)—2/0tAA(s) dN(s)+/0t AA(s)dA(s), t>0.

If, in addition, the compensator A is continuous, then
[N-—A]=N, (138)

Proof. For (EX), we apply (E20) in Lemma Bk see §5.8 of van der Vaart
[B2). For (B23), we observe that the last two terms in (IE&) become 0 when A is
continuous. =

Proof of Lemma Bl We will directly construct the compensator of the
submartingale { M (¢)% : t > 0}. Since (i) N is a non-explosive counting process,
(ii) E[N(t)] < oo and E[A(t)] < oo for all ¢ and (iii) NV and A have nondecreasing
sample paths, the sample paths of the martingale M = N — A provided by
Theorem Bl are of bounded variation over bounded intervals. Since N(0) = 0,
M(0) = 0. We can thus start by applying integration by parts, referred to as
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the product formula on p. 336 of Brémaud [], to write
¢
M(t)? = / M(s—) / M(s)dM/(s
= 2 [ tsyanr) + [ (1) - G- ame

~ 9 /O M(s—) dM(s) + [M](t)
_ 2/tM(s—)dM(s)+N(t), £>0, (139)
0

The last step follows from (EB3) in Lemma B
We now want to show that the stochastic integral fot M(s—)dM(s) is a mar-
tingale. To get the desired preservation of the martingale structure, we can apply
the integration theorem, Theorem T6 on p. 10 of &, but we need additional
regularity conditions. At this point, we localize in order to obtain boundedness.
To obtain such bounded martingales associated with N and M = N — A, let
the stopping times be defined in the obvious way by

Tm =inf{t >0: |M(t)]>m or A(t) >m}. (140)

Then {7, <t} € F;, t > 0. We now define the associated stopped processes:
Let

M™(t) = M@EATR), N™E) =NEAT,) and A™(t) = A(tA1y) (141)

for all t > 0 and m > 1. Then N™(t) = M™(t) + A™(¢t) for t > 0 and {M™(¢) :
t > 0} is a martingale with respect to {F;} having compensator {A™(t) : t > 0}
for each m > 1, as claimed. Moreover, all three stochastic processes N™, M™
and A™ are bounded. The boundedness follows since N has unit jumps and A
is continuous.

We then obtain the representation for these stopped processes corresponding

to (B); in particular,
_2/ M™(s—)dM™(s) + N™(t), t>0, (142)

for each m > 1. With the extra boundedness provided by the stopping times, we
can apply Theorem T6 on p. 10 of [E to deduce that the integral
fot M™(s—)dM™(s) is an F-martingale. First, M™(¢) is a martingale of inte-
grable bounded variation with respect to F, as defined on p. 10 of 4. Moreover,
the process {M™(t—) : t > 0} is an F-predictable process such that

/0 [M™(s=)|d|M™|(s) < o0 .

By Theorem T6 on p. 10 of [, the integral fot M™(s=)dM™(s) is an F-
martingale. Thus {M™(t)?2 — N™(t) : t > 0} is an F-martingale. But {N™(t) —
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A™(t) : t > 0} is also an F-martingale. Adding, we see that {M™(t)% — A™(t) :
t > 0} is an F-martingale for each m. Thus, for each m, the predictable quadratic
variation of M™ is (M™)(t) = A™(t), t > 0.

Now we can let m T oo and apply Fatou’s Lemma to get

E[M(t)?] = E[ lim Mm(t)‘z]

m— 00

IN

1iminfE[Mm(t)2] - 1iminfE[Am(t)] - E[A(t)} < .
Therefore, M itself is square integrable. We can now apply the monotone con-
vergence theorem in the conditioning framework, as on p. 280 of [, to get

E[M™(t+ s)?|F;] — E[M(t+3s)*|F;] and E[A™(t+s)|F] — E[A(t+5)|F]
as m — oo for each t > 0 and s > 0. Then, since
E[M™(t +5)* — A™(t + 8)|Fi) = M™(t)* — A™(t) forall m>1,
M™(t) — M(t) and A™(t) — A(t), we have
E[M(t+ s5)* — A(t + 8)|F:] = M(t)* — A(t)

as well, so that M? — A is indeed a martingale. Of course that implies that
(M) = A, as claimed. We get [M] = N from Lemma B2 as noted at the
beginning of the proof. =

We remark that there is a parallel to Lemma B2 for the angle-bracket pro-
cess, applying to cases in which the compensator is not continuous. In contrast
to Lemma B2l we now do not assume that E[N(t)] < oo, so we need to localize.

Lemma A.3 (predictable quadratic variation for a counting process) If N is a
non-explosive unit-jump counting process with compensator A, both adapted to
the filtration F, then N — A is a locally square-integrable martingale of locally
bounded variation with angle-bracket process

(N-A)t) = (N-A)QF) (143)
A(t) — | AA(s)dA(s) = / (1—-AA(s))dA(s), t>0.
0 0
If, in addition, the compensator A is continuous, then

(N—A)y=A. (144)

Proof. For (), we exploit the fact that (N — A) = ([N — A]); see p. 377 of
Rogers and Williams B8] and §5.8 of van der Vaart [B4]. The third term on the
right in (=) is predictable and thus its own compensator. The compensators
of the first two terms in ([E&) are obtained by replacing N by its compensator
A. See Problem 3 on p. 60 of Liptser and Shiryayev [id]. =
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