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ABSTRACT. We present a heavy traffic analysis for a G/G/1 queue in which
customers have unbounded random deadlines correlated with their service
times. The customers are processed according to the earliest-deadline-first
(EDF) queue discipline. At any time, the customers have a lead time, the
time until their deadline lapses. We model the evolution of these lead times
as a random measure on the real line. Under suitable scaling, it is proved that
the measure-valued lead-time process converges to a deterministic function of
the workload process. This work is a generalization of Doytchinov et al. [6],
which developed these results for the case of bounded deadlines independent
of the service times. Another generalization of the latter results, covering the
case of long range dependence, is also discussed.

1. Introduction. Real-time queueing theory is devoted to the study of
systems that service customers with individual timing requirements. Such
systems arise naturally in manufacturing in which orders have due dates,
or in real-time computer and communication networks. To study queueing
systems in which the customers have deadlines, we must attach a lead-time
variable to each customer in the system (the lead time is the time until
the deadline of the customer’s job). It is convenient to model the vector
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of customer lead times at any time t as a counting measure on R with a
unit atom at the current lead-time of each customer and total mass equal
to the number of customers in the system at that time. Doytchinov et
al. [6] investigated the single queue case under the Earliest-Deadline-First
(EDF) queue discipline. They proved that under heavy traffic conditions,
a suitably scaled random lead time measure converges to a non-random
function of the limit of the scaled workload process. Kruk et al. [11] gave the
corresponding results for the First-In-First-Out (FIFO) queue discipline and
generalized both the EDF and the FIFO results to the case of a single station
with K input streams, queued in separate buffers and served by the head-
of-the-line processor sharing (HOL-PS) policy across streams. Yeung and
Lehoczky [16] generalized the single server, single customer class analysis
for EDF and FIFO to multi-class feedforward networks. Kruk et al. [12]
extended these results to multi-class acyclic EDF networks. The accuracy
of the approximations of Doytchinov et al. [6] was investigated in Kruk et
al. [9, 10].

In all the above-mentioned papers, it was assumed that the (suitably
rescaled) customer lead times are bounded above by a constant y* < oo
and the arguments depended heavily on this assumption. Moreover, inde-
pendence of the customer service times and initial lead times was always
assumed. Both these assumptions may be limiting in some applications, e.g.,
they do not allow for modelling a regularization of the Shortest-Remaining-
Processing-Time-First (SRPT) protocol suggested by Bender et al. [1], in
which we use (pseudo-) lead times equal to (suitable positive multiples of)
the service times. It is perhaps surprising that the deterministic upper
bound for the customer initial lead times seems to be the most important
assumption for the analysis of Doytchinov et al. [6] and their result may be
generalized considerably with little additional effort as long as we keep this
assumption. For a more detailed discussion of this issue, see Appendix, to
follow. On the other hand, the need for generalizing the existing theory to
more general deadline distributions was already recognized in Doytchinov
et al. [6], which provided simulation results suggesting that the main result
of that paper should hold also in the case of unbounded lead times.

The aim of this paper is to get a counterpart of the result of Doytchinov
et al. [6] for unbounded initial lead times whose positive parts have finite
second moments. Our analysis does not require the independence of the
customer service times and their initial lead times. It turns out that the
approach developed by Doytchinov et al. [6], based on arrival analysis and
the observation that the number of partially served customers and the work
associated with them are negligible under heavy-traffic scaling, can still be
applied. However, in our case, the analysis of the timing requirements of
the incoming customers is more difficult and requires different probabilistic
tools. Additional difficulties also arise when the workload in the system is
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small, because then customers with arbitrarily large lead times may receive
service. We consider the single queue, single customer class case, but it
should be possible to extend our result to HOL-PS stations, feedforward
and acyclic networks along the lines of Kruk et al. [11, 12], Yeung and
Lehoczky [16].

This paper is organized as follows. Section 2 presents the model, notation
and assumptions. It also introduces the measure-valued processes associated
with customer lead times and the frontier processes. Section 3 states the
main results of the paper. Section 4 is devoted to the analysis of the lead-
time profiles of the arriving customers and the work associated with them.
In Section 5 we show that the work in the system associated with partially
served customers is negligible under diffusion scaling and that the same
is true about the number of these customers, provided that the workload
is not too small. Section 6 provides proofs of the main results. Section
7 contains two examples illustrating our results. Appendix presents an
immediate generalization of the results of Doytchinov et al. [6] to the case
of dependent customer arrival times, service times and lead times under the
assumption that the customer lead times are bounded from above.

2. The model, assumptions and notation.

2.1. Notation. The following notation will be used throughout the paper.
Let N = {1,2,...} and let R denote the set of real numbers. For a,b € R,
we write a V b for the maximum of @ and b, a A b for the minimum of a and
b, a™ for the positive part of a, |a| for the largest integer less than or equal
to a and [a] for the smallest integer greater than or equal to a. For a,b € R
such that a > b, by definition, (a, b] 20 LtR2RU {—00,00} be the
two-point compactification of R with the obvious topology.

A rectangle (s1, s2] X (t1,t2], where s1, s9,t1,t2 € R, 81 < 89, t1 < tg, will
be called a block. Two blocks By, Bs are called neighbouring if they share
an edge, i.e., By = (s1,82] X (t1,t2] and either By = (s2,s3] X (t1,12], or
By = (s1,82] X (ta,t3] for some s;,t; € R, i = 1,2,3. For a two-parameter

random field X (s, ¢) and a block B = (s1, s2] X (t1, t2], let X (B) = X (s2,t2)—
X(Sl,tg) — X(Sg,tl) —i—X(Sl,tl).

Denote by M the set of all finite, nonnegative measures on B(R), the
Borel subsets of R. Under the weak topology, M is a Polish space.

Let A be an arbitrary set. The space ¢>°(A) is defined as the set of all
uniformly bounded real functions on A, i.e., all functions z : A — R such

that ||z]|a = SUpgea |2(a)] < oco. (€*°(A),]| - ||a) is a Banach space (not
necessarily separable).

We will use the symbol = to denote weak convergence of measures, either
on R (in this case, the same symbol is used for convergence of the corre-
sponding cumulative distribution functions (c.d.f.s)) or R?, or on £>°(A)
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for a suitable set A, or, finally, on the space Dg[0,00) of right-continuous
functions with left-hand limits (RCLL functions) from [0,00) to a Polish
space S, equipped with the Skorokhod .J; topology. See van der Vaart and
Wellner [14], Whitt [15] for details. When dealing with Dg[0, c0), we take
S = R or R?, with appropriate dimension d for vector-valued functions,
unless explicitly stated otherwise. We will also use the space D([0,7]?) of
real, RCLL functions on a square [0,7]?, see, e.g., Bickel and Wichura [2]
for its definition and more details.

For functions f,g: R — R, where g is RCLL, and for —oco < a < b < oo,

we write f;f(s)dg(s) (or f;f(s)g(ds)) to denote [, o f(s)dg(s).
Denote by e the identity map on [0,00), i.e., e(t) =¢, t > 0.

2.2. The basic model. We have a sequence of single-station queueing
systems, each serving one class of customers. The queueing systems are
indexed by superscript n.

The inter-arrival times for the customer arrival process are {u;‘};il,
quence of strictly positive, independent, identically distributed (i.i.d.) ran-
dom variables (r.v.s) with mean 1/, and standard deviation c,,. The ser-
vice times are {v;b };’il, another sequence of positive, i.i.d. r.v.s with mean
1/p, and standard deviation (3,. We assume that each queue is empty at
time zero and

a se-

(2.1) lim A\, = lim p, = A >0.
n—oo n—oo
We define the customer arrival times
k
(2.2) Sp20, SpEY wr k1,
=1

the customer arrival process
(2.3) A"(t) B max {k: Sp<t}, t>0,

and the work arrival process

(2.4) O}

The work which has arrived to the queue by time ¢ is then V"(A"™(t)).

Each customer arrives with an initial lead time L;-"‘, the time between the
arrival time and the deadline for completion of service for that customer.
These initial lead times have common distribution given by

(2.5) P{L} < Vny} = G"(y),
where

(2.6) G" = G.
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We assume that the random vectors {(v]”, L;L) };.11 are i.i.d. and that

A
(2.7) GMy) A E [U?]I{L}LS ﬁy}} = Gol(y),

A 2
(2:8) ) 2E | (01) Lin< iy | = Gur W),
where G, and G2 are c.d.f.s of finite positive measures on R such that G,
has total mass 1/ and G,(y) < 1/X for every y € R. We also assume
that for every m, the sequences {u;‘};il and {(v;?,L?) };)11 are mutually
independent.

Customers are served using the EDF queue discipline, i.e., the server
always serves the customer with the shortest lead time. Preemption is
permitted (we assume preempt-resume). There is no set up, switch-over,
or other type of overhead. Late customers (customers with negative lead
times) stay in queue until served to completion.

The netput process

(2.9) N"(t) £V (A™ME) — ¢t

measures the amount of work in queue at time t provided that the server is
never idle up to time ¢t. The cumulative idleness process
A .
2.1 I"(t) = — inf N7"
(2.10) (t) = = inf N"(s),
gives the amount of time the server is idle, and adding this to the netput
process, we obtain the workload process

(2.11) W™ (t) = N™(t) + I"(¢),

which records the amount of work in the queue, taking server idleness into
account. All the above processes are independent of the queue service dis-
cipline, provided that the server is never idle when there are customers in
the queue. However, the queue length process Q" (t), which is the number
of customers in the queue at time t, depends on the queue discipline. All
these processes are RCLL.

2.3. Heavy traffic assumptions. We assume that

(2.12) lim o, =a >0, lim B,=06>0
and that

n 2 S
(2.13) E((L})")" <Cn

for some constant C' and all n. Define the traffic intensity Pn 2 An/ . We
make the heavy traffic assumption

(2.14) lim /(1 —p,) =7

n—o0
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for some v € R. We impose the Lindeberg condition on the inter-arrival
times, service times and the positive parts of the rescaled lead times:

. n - 2
lim E [(UJ = (An) 1) H{]u?—(kn)’1|>c\/ﬁ}}

. n - 2
(2.15) =l B | (o = (i) ™) Ty 1oy
T 1 n\+ ny+)2 =
= lm ~E [((Lj) —E(L})") H{|(L;)+—E(L?)+‘>Cn}} =0

for all ¢ > 0. We extend G”, to R by G2(—o0) 2 0, Gy2(0) 2 E(v?)Q. For
every z,y € R, we define a semimetric p on R by the formula

(2.16) Maméﬁgawm— " (y))-

We assume that (@, p) is a totally bounded semimetric space, i.e., for every
e > 0, R may be decomposed into a finite number of sets (or, equivalently,
open balls) with radius less than e. This is the case if, for example, G2
is continuous or G, = G2 (see the proof of Lemma 4.2, to follow, for the
argument), or, more generally, G, = a,G,2, where a, are real constants
converging to 1. The latter is the case if, e.g., G" = G and the lead times
are independent of the service times. However, the assumption (2.8) does
not always imply total boundedness of (R, p), a counterexample is G (y) =
H{%Sy}’ n € N. Finally, we assume that

lim sup/ (1—-G"(n))dn
y

Y70 peN
> /1
= lim sup/ ( - GS(n)) dn = 0.
Y= neNJy  \fin

(2.1), (2.7)-(2.8), (2.17) and Fatou’s lemma imply

(2.18) Amu—amwm<m,

(2.17)

(2.19) /000(1 — A Gy(n))dn < oc.

We introduce the heavy traffic scaling for the idleness, workload and queue
length processes

1 — 1 e
—I"(nt), W"™t) = —=W"(nt), "(t) =
L), W) = W), Q)

and the centered heavy traffic scaling for the arrival processes

L on(e),

(2.20) I™(t) = NG

[nt)
21 A0 = o[ - a7 = = (o)
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We define also
~ 1

(2.22) N"(t) = NG [V (A™(nt)) — nt] .
Note that Wn(t) = N"(t) + I"(t).

Theorem 3.1 in Prokhorov [13] and Theorem 14.6 in Billingsley [4] imply
(2.23) A" = A* V=V
where A* (V*) is a Brownian motion with no drift and variance a2\ (3?)
per unit time. It is also a standard result (see Iglehart and Whitt [7]) that

(2.24) (N", T, W™) = (N*, I*, W*),
where N* is a Brownian motion with variance (o + $%)\ per unit time
and drift —vy, I*(t) 2 —ming<g<; N*(s), and W*(t) = N*(t) + [*(t). In

other words, W* is a reflected Brownian motion with drift, and I* causes
the reflection.

2.4. Measure-valued processes and frontiers. To study whether cus-
tomers meet their timing requirements, one must keep track of customer
lead times, where the lead time is the time remaining until the deadline
elapses, i.e.,

lead time = deadline — current time.

In this section, we define a collection of measure-valued processes which
will be useful in the analysis of the instantaneous lead-time profile of the
customers.

Queue length measure:

Q"(#)(B) A | Number of customers in the queue at time ¢
~ | having lead times at time ¢ in B C R ’
Workload measure:
W (1)(B) A | Work in the queue at time ¢ associated with customers
~ | in this queue having lead times at time ¢ in B C R
Customer arrival measure:

A Number of all arrivals by time £,
A"(t)(B) = { whether or not still in the system at time ¢,
having lead times at time t in B C R

Workload arrival measure:

Work associated with all arrivals by time ¢,
whether or not still in the system at time ¢,
having lead times at time ¢ in B C R

A

V(1) (B)

The following relationships easily follow:

(2.25) Q"(t) = "()(R), W"(t) = W"(t)(R),
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An(2)

(2.26) = Lizn—-smeBy = ZH{S"eB+t Ln, Sr<t}y
j=1 j=1
An(t) o
(227) V'®)(B) = D oflirng-smeny = Y Vi srensi-Lr, sn<i)-
=1 =1

To study the behavior of the EDF queue discipline, it is useful to keep
track of the lead time of the customer currently in service and the largest
lead time of all customers, whether present or departed, who have ever been
in service. We define the frontier

Largest lead time of all customers who have ever been
in service, whether still present or not, if ¢ > ST, ,
or 4+ oo, if t < ST

Fr(t) 2

the modified frontier
oo A . 3 . 3
Fy (t):{ F"(t), if t > n1, or + o0, if t <ni },

and the current lead time

o (t) 2 Lead time of the customer in service,
| or F™(t) if the queue is empty :

Under the EDF queue discipline, there is no customer with lead time smaller
than C"(t), and there has never been a customer in service whose lead
time, if the customer were still present, would exceed F"(t). Furthermore,
C"(t) < F"(t) < F}*(t) for all t > 0. F", F* and C™ are RCLL.

For the processes just defined, we use the following heavy traffic scalings:

1>

Bl

A

(2.28) F™(t) F™(nt), Fl()é "(nt), C™(t) C"(nt),

1
\/ﬁ
W (nt)(vnB).

7

Lo (nt)(v/rB), W()(B) 2

Nk

1
NG

1>

(2.29) O™(t)(B)

We define also
A" (nt)

1
\T "(nt)(vnB) = 7n Z LiLn—(ni-smevnBy

1 D
=7 231 LisneynBnt—Lr, sn<nt}s
]:
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A™(nt)
Sn Al n 1 n
VI((B) = =V (n) (ViB) = > Uiy (u-sy)evin)
(2.31) =

1 &>
= g Al
\/ﬁ' - JH{S}evnB+nt—L}, S} <nt}-
]:

For any y € @, define
. A 9] 1 . A [
) 2 [ ( e <n>) o HW2 [T 0= i
Yy Yy

) 20 [ -6 w)an Hw) 2 [ (1= )an
) Yy

By (2.18) and (2.19), H and H, are finite on R. By (2.1), (2.17) and
the bounded convergence theorem, H,' and H" are also finite on R and,
moreover, H'(y) — H,(y) and H"(y) — H(y) uniformly in y € [¢,00) for
every ¢ € R. The function H, maps R onto [0, o0] and is strictly decreasing
and continuous on R. Therefore, there exists a continuous inverse function
H;':[0,00] — R.

The motivation for introducing the modified frontier can be explained
as follows. For a queue operating under the EDF discipline, we expect a
relationship between the frontier and the workload. For example, if F"(t)
is very negative, there are a lot of customers in the system with lead times
greater than F"(t) and thus W"(t) is large. Conversely, if F"(t) is very
large, then a customer with a very large lead time must have been served
recently, so W"(t) is likely to be small. In fact, Proposition 3.1, to follow,
which is a crucial step in the characterization of the limiting behavior of the
processes Q"(t) and Wn(t), asserts that for ¢ not too close to zero,

(2.32) Fr(t) ~ Hy Y (WD),

There is no hope, however, for extending (2.32) to all ¢ > 0. Indeed, for
t <uf/n, F"(t) = +oo = H, ' (0) = H; ' (W"(t)), but the random variable
ﬁ”(u’f/n) = LT/+/n has distribution G", while W"(u}/n) = v}'/y/n = 0.
In fact, the above facts, together with (2.24), imply that the process F™

does not converge weakly in Dg[0, 00) equipped with any of the Skorokhod
topologies. Therefore, we have introduced the modified frontier process

F'(t), which agrees with F"(t) after an initial time period [0, n%), negligible
under heavy-traffic scaling, in which F{*(t) = 400 and W"(t) is of the order
o(y/n), so

FY (1)~ H, (W(1)
for allt > 0 (see Proposition 3.1 and its proof). Intuitively, the modification
of the frontier corresponds to giving the system enough time to “warm up”
until the relation (2.32) begins to hold. Let us also remark that the exponent
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% in the definition of F{*(¢) may be replaced by any x € (1/2,1) (the proof

of Proposition 3.1 requires that nfr — 400 and we want the time interval
[0,n") to be negligible under heavy-traffic scaling).

3. Main results. We define the limiting scaled frontier process

(3.1) F*(t) & HyY(W*(1), >0,

where W* is as in (2.24).
Proposition 3.1. We have ﬁln = F* in Dgl0,00) as n — oo.

Let W* and Q* be the measure-valued processes defined by

(32) womE [ G

(3.3) Q*(1)(B) 2 A / (1 - G(n)) dn,

BA[F*(),00)

for all Borel sets B C R.

Theorem 3.2. The processes W and or converge weakly in Dxy]0,00) to
W* and QF, respectively.
Corollary 3.3. We have Q" = Q* 2 H(F*) in D[0,00) as n — oo.

In particular, the equality Q* = AW* does not hold in general, although
it does hold if the service times and the lead times are independent.

4. Arrival analysis. In this section, we analyze the limiting behavior of
the number of incoming customers with specific timing requirements and the
work associated with these customers, without taking departures and service
provided by the system into account. We start with Proposition 4.1, a law of
large numbers for the distribution iunction of 17", which, together with the
corresponding Proposition 4.6 for A", is the most important auxiliary result
of this paper. In its (long and somewhat technical) proof, we use techniques
from the theory of empirical processes. Next, in Proposition 4.7, we refine
Propositions 4.1 and 4.6 to Glivenko—Cantelli type results. Corollary 4.8,
showing that the atoms of V" and A™ are asymptotically negligible, follows.

Proposition 4.1. Let T' > 0 and let y be a point of continuity of both G,
and G,2. Then

(4.1) sup. [V7(1)(y,00) — HI(w) + By + vt | 20
0<t<T
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To aid the reader, we first provide an outline of the proof. To ease

notation throughout this section, let M]"(y) = vl H{Ln<fy} G (y) for

y € Rand j € N. We also put M*(—o0) 20, M7 (o0) 2 yn oY — ;Tn' By (2.31),
we have
(4.2)  V"(t)(y,00) = / Zﬂ{nt Vall—y)<Sr<nt}d (U H{Ln<f1})

The main idea of the proof is to approximate 17”(t)(y, o0) by

A 1

(4.3) = / Z Lnt— -y <sp<nty Go (dl),
=1

i.e., by the process obtained from the RHS of (4.2) by replacing the random
variables vl Lr<yml) by their means. It is relatively easy to show that

(4.4) |7 (t) — H (y) + Hy (y + Vnt)| = 0

in D[0,T]. Thus, to prove (4.1), it suffices to show that the process

I3 () £ V(1) (y, 00) — I7(1)

(4.5)
/ Zﬂ{nt Vn(l y)<S"<nt}M (dl)

(i.e., the error in the approximation of V"(t)(y,c0) by I7(t)) converges
weakly to zero. Intuitively, this should follow from a suitable modifica-
tion of the law of large numbers. However, a rigorous justification of the
fact that I3 = 0 is rather involved. We break I3 (t) into two parts: I3, (t)
and 134(t), corresponding to integration over (y,y++/nt] and (y+/nt, o)
in (4.5), respectively. For t > 0, y++/nt — 0o as n — 00, so the process I3,
may be expected to converge weakly to zero. We show that this is indeed
the case with the help of Lemma 4.2 and Corollary 4.3, to follow, using the
bracketing central limit theorem from the theory of empirical processes. To
deal with I3, (¢), we write it in the form

(4.6) 134( f/ Z M]n (y + v/nds)

j=An(n(t—s))+
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and approximate it by the process
[Annt]

\f/ > M (y + v/nds)

j=|Ann(t—s)|+1

(4.7) 1 ]
55 it v )

resulting from (4.6) by replacing A" (nt) by its deterministic approximation
Apnt. We then show that both U™ and I3 — U™ converge weakly to zero
in D[0,T]. The latter task is accomplished, roughly speaking, by using
a criterion for tightness of random fields due to Bickel and Wichura [2]
and arguing that the finite-dimensional distributions of U™ and I3y — U"
converge to zero.

Proof of Proposition 4.1. For every t € [0, 7],

(4.8) V() (y, 00) = I1'(t) + I3 (1),
where I7'(t) and I3 (t) are given by (4.3) and (4.5), respectively. We have

. 1 y+y/nt
[1 (t) = ﬁ /y Zﬂ{ntf\/ﬁ(l*y)<sjn§nt}

j=1
I n<nt dl
(4.9) /Hﬂ; )
' 1 y+v/nt
_V%/‘ (A"(nt) — A" (nt — /a(l — y))) G2(dl)
+ \}ﬁAn(nt) (171 -Gl (y+ \/ﬁt)>
=17, (8) + I12(t) + I1'3(1),
_ yhy/mt An(4\ _ An _ l_iy n

(4.10) It (t) = /y (A (t)— A <t NG )) Gr(dl),

ZW@—WWM@)AW(M—WWMHU

(4.12) Iy (t) = (An\/ﬁt + /T"(t)) <1 — Gy + \/ﬁt)> ,

n



Diffusion approximation for a G/G/1 EDF queue... 63

(4.13) I3(t) = I3, (t) + I35(t),
y+ft i
\f/ a H{nt—\/ﬁ(l—y)<5y§nt}Mf(dl)
Y/t A"(nt)
(4.14) = / M (dl)
Vi G=Am(nt— f( )+
A” nt
7n / M (y + Vnds),
\F j=An(n t s))+1
I3 —= / Tisn <y MJ(dl
2( \f +\ft; {sr<nt} (dl)
(4.15) o
\f Z — M (y + Vnt)) .

We begin by showing (4.4). We claim that I7; = 0. Indeed, let ¢ > 0.
y (2.23), there exists a constant C' > 0 such that P(A,) > 1 - § for
every n, where A, = [SUPogth ‘A\”(s)‘ < C’}. Let y. > y be a point of

continuity of G, such that } — Gu(y.) < ;5. Thus, by (2.1) and (2.7),
there exists mg such that ;%n — Gy(y«) < 4 for n > ng. For § > 0, let

w™(9) 2 SUPo<s; <sp<T A\n(SQ) —E”(sl)‘. By (2.23), there exists 9 > 0
s9—81<9

such that P(B,) > 1 — § for every n, where B, = [w"(dy) < #3¢]. Then

2
P(A, N B,) > 1 — €. Moreover, for every ¢t € [0,7] and n > ng V <y* y) ,
on the set A,, N B,, we have

Yy« A(t+/nt) y++/nt
mol<( [T/
Y Y« A(t++/nt)

An(t) — A" <t - Z) ’ G (dl)

Jn
<1 Ant) — A <t S>+ +2C<1 an( )>
— sup - - — =Gy (ys
Hn 0<s<y.—y \/ﬁ Hn

w" (do)
< — <
s = —|—2C4C <€,

so IT; = 0 as claimed. Thus, by (4.9)-(4.12), to show (4.4), it suffices to
verify that

(4.16) A™(t) (:n -Gy (y+ \/Ht)) =0
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in D[0,T]. Let e > 0. By (2.23) and the fact that A*(0) = 0, there exist
to > 0 and n; € N such that P(C,) > 1 — § for every n > ny, where C,, =

|:Sup0§t§t0 ‘g"(s)‘ < eun}. By (2.7), the sequence {G7'} is tight, so there

exists ny € N such that for every n > no, ;%n -Gy (y + \/ﬁto) < &, where
C is the constant appearing in the definition of A,. For every n > ni V no,
P(A,NCy) >1—¢€and

sup {‘En(t)‘ (: —~ Gy + \/ﬁt)>}

0<t<T n

(v e, ) {100l G - orts )

< <e,unuln> V (Cé) =€
on A, N Cp, so (4.16) holds. We have proved (4.4).
The next step is to show
(4.17) I3y =0
in D[0,T]. Let us define a random field
Lns)

n a1 n
(4.18) Yi(sy) = = Z M (y)
with s > 0, y € R. We need

Lemma 4.2. There exists a random field Y such that for every T >0,Y
is tight in °°([0,T"] x R) and Y™ =Y in £>°([0,T'] x R).

Proof of Lemma 4.2. Fix T" > 0. Let F = [0,7"] x R. For each n € N,

let my, = |[nT"|. Forn € Nand j =1,..., my,, let us consider random fields
a1
Znj(s,y) = %Uj H{L;Lgﬁy}]l{jgns}7 (s,y) € F.
For each n, Zy,1,..., Zym, are independent with finite second moments. We

have ||Z,;||F = ﬁv?, so, by (2.15), for every n > 0

m. m
n 1 n
DB (120l Lzt | < 5 DB (12053 L1z, 15 |
(4.19) =1 j=1
[nT"]

= E |0 L yiany | — 0.

For (s,x), (t,y) € F, let p1((s,x), (t,v)) 2 |s —t| + p(z,y). It is easy to see

that total boundedness of (R, p) implies that (F,p;) is a totally bounded
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semimetric space. Let C1 = sup,ey ((ﬂ")2 + M%), Cy = 2(T" + C1). Let
(s,z),(t,y) € F. To fix ideas, assume x < y. Then

Z E (an(s, x) - an (t, y))2
j=1
nT"]

2
<-> E [(U? )QH{L?SM}HWW)<j§n(svt)}}
j=1
(4.20) 2’|
+

n

E {(v?)%{we\/ﬁ(m]}]

S WE(’U?)Q + 2T, ( ZQ (y) - GZZ (1‘))
< Cop((s.2), () + 20,

so for every sequence 6, | 0, we have

Mn

(421) sup D B (Znj(s,3) = Znj(t,))* — 0.
pl((S,x),(t,y))<5n ]—1

For every n € N and € > 0, define the bracketing number Ny (e, F, L2) !as

the minimal number of sets N, in a partition F = U;N:‘I Fe; of the set F

such that for every partitioning set F;

mnp

E  sup  (Zuj(s,2) — Znj(t,y)* < €%
j=1 (s@),(ty)ery;

We want to show that every sequence 6, | 0,

On
(4.22) / \/log Ny(e, F, L2)de — 0.
0
Fix e € (0,1). Let 7,..., 2} be all the atoms of G, of size at least %

Observe that k,, < %’ because the total mass of G, is E(’U?)Q = (8")?+
o < Cu. Let, for i =1,... Ky, Fr = {al} and let A, = {a,...,2} }.
For y € R, ~let éﬁz (y) = 2 (y) — 211211 ( V2 (372) -Gk (wz‘—)) H{rZSy}' Let
l, = {72026?22(00)w V1. We have 1 < [, < 2061# + 1. If I, > 1, take

Y = (NZ}Q)_1 (%), i=1,...,0, — 1, where (Ggg)_l(y) 2 inf{6 € R :

GZQ(H) > y}. Observe that é’gz (y7) < 5—22 and C'ZQ (Y1) — é& (yl) < 5—22

for v = 1,...,1, — 2, because GZQ has no atoms of size bigger than or

IThis notation, although complicated, is used in the theory of empirical processes, see
van der Vaart and Wellner [14].
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equal to % Let 2 < .-+ < zp ., _; besuch that {27,...,2; , |} =
AnU{yts -y 1}, where {y{‘, <oyl 1} = O by definition if I, = 1. Take
féfknﬂ = [~o0,27] \ 4n, F, ekn+z+1 (Zznvzznﬂ] \Ap,i=1,...ky+ 1y
Flok a1, = (%%, 41,1, 0] By construction, R= U2k"+l” .7:” and

2

€
(4.23) sup |Gl (z) — Gla(y)| < o t=1,...,2k, + 1.

x,yeﬁgi 2

Ifn< 202 ,let p, = [nT'| +1. Then p, < (T"+1)n < w In this
case, let Bk = [E=L By (0,7, k=1,...,p,. Ifn > 2(52, then =< % In

n ’n
. ' — .
this case, let p, = LQ%TJ +1, B, = [( 2(,%2)6 750 ) N[0, 7, k=1,...,pn
Observe that, in any case, p, < %, [0, 7] = i~ By and
t1] — nt 2
(4.24) sup [lnta] = [nta]| < 6—, k=1,...,pn.
t1,t2€ By, n Co
Indeed, if n < 2602 then the LHS of (4. 24) is O otherwise for t1,ty € By,
t t nty—nta|+1 2 2
[l 1JnLn2J\ < Inh 22‘ = |t1 —to] + 1 < 2()2 + 202 = & Now, for

kE=1,...,pn 0 =1,...,2k, + Iy, let Fep; = By X .7-"21. We have F =
1U2k”+l".7: ki and pn(2k +1,) < Cf, where C3 = 2(Cy vV 1)(T" +
)(60102 + 1). Proceeding as in (4.20) and using (4.23)—(4.24), we can
check that for k=1,...,pn, i =1,...,2k, + I,
Mn
E  sup  (Znj(s,2) = Zanj(t,y)?
j:l (svx)7(t7y)e*7:2k’i
lnta] — [nta]] _

<27 sup |G (x) — Gla(y)| +2C1 sup -

xyef"- t1,t2E€By

Thus, for all n and € € (0,1), Ny(e, F, L7) < ‘&, so for 6, small enough,

/n\/logN[](e,]-",L%)deg/n\/03—4logede§\/5/n\/\loge\de,
0 0 0

o (4.22) holds.

It is easy to see that the finite-dimensional distributions of Y™ converge.
Thus, by (4.19), (4.21), (4.22) and the bracketing central limit theorem
(Theorem 2.11.9 in van der Vaart and Wellner [14]), the sequence of random
fields

[nT’| My
. 1
Y (s, 0) = > G (v Lipreymyy — Galy ))H{jm} > (Zuj(5,9) ~EZ0j)
j=1 7j=1

converges weakly to a tight random field Y in £>°([0,7"] x R). O
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Corollary 4.3. For every T' > 0, the sequence Y™ is asymptotically uni-
formly p1-equicontinuous in probability on F, i.e., for every e,n > 0 there
exists 6 > 0 such that limsup,, . P[||Y"||£, > €] <n, where

V"l = sup{|Y" (s, 2) = Y"(t, )| : (5,2), (t,) € F, pr((s,2), () < 5}.

This follows immediately from the proof of the bracketing central limit
theorem (see van der Vaart and Wellner [14], pp. 217-220).

Returning to the proof of Proposition 4.1, let us observe that, by (4.15),
1 1
(4.25) IH(t) =Y" (nA"(nt), oo) -Yy" (nA"(nt),y + \/ﬁt> :

For every 6 > 0, we have |[I3,[lo1) = [[132ll0.6 V [[122]ls1)- By (2.23),
P(D,) — 1, where D,, = [A™(nt) < n(A + 1)t for every ¢t € [0,T]]. Let T' =
(A + 1)T'. By definition, Y™(0,-) = 0, so, by (4.25), on D,

1
113,104 < sup ‘Y”(O, S (A%t),oo)
t€[0,d] n

(4.26) s

t€(0,4]
<2/|y"

Y™ 0,y + vnt) = Y™ <2A"(nt),y + \/ﬁt) ‘

’|-7'—(>\+1)67

12oll5.r) = sup
te[6,T]

(4.27) < sup ’Y” (t,o0) = Y™ (t, y+ \/ﬁs)‘
t€[0,77],s>6

< HY”HFP(@/JH/E&OO)'
By (2.8) and (2.16), lim,joo p(z, 00) = 0, so, by Corollary 4.3, (4.26), (4.27)
and the fact that P(D,) — 1, we have (4.17). Therefore, by (4.8), (4.13),
(4.4) and (4.17), to prove (4.1), it suffices to show that
(4.28) I3y =0

in D[0,T]. To this end, it suffices to prove the following two lemmas con-
cerning the process U" defined in (4.7).

n

& (1A"(nt), oo> —-Y" <iA”(nt),y + \/ﬁt> ’

Lemma 4.4. U" = 0 in D[0,T].
Lemma 4.5. R" £ I3, — U™ = 0 in D[0,T].

Proof of Lemma 4.4. For s,t € [0,7], let us define a random field
1 [Annt]

X(s,1) & o ; M <y+\/ﬁs— Aﬂ%)

11>
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By straightforward, but tedious, computations one may check that for every
pair of neighbouring blocks By, Bs C [0,T)?,

(4.29) E |(X"(B1)* (X"(By))?] < m"(By)m"(Ba),
where m' are finite, positive measures on [0, T]2 defined by

g a €S, j 0 j
w28 S e (yrvis- ) e (vvam - L)

j= L)\nnt1j +1

+Gp <y +V/nsy — /\n]\/’ﬁ> — Gy <y +V/nsy — )‘ni/ﬁ>:|
for any B = (s, s2] % (t1,t2] C [0,7]? and
(4.30) C =1Vsup(l/pn).
neN

Of course, (4.29) remains true if we replace X" by xn, where, for s,t €
[0,T], X™(s,t) = X"(s,t) — X™(0,t). We have X"(0,-) = X"(-,0) = 0.
Using (2.7)—(2.8), one can check that m™ = m, where, for B as above,

m(B) = C (1 AR+ i) (53 Ata) — (s1V £1))" .
In particular, m has continuous marginals. By Theorem 3 in Bickel and
Wichura [2] (strictly speaking, by its extension described on pp. 1665-1666
of that paper), the sequence {X"} is tight in D([0,T]?). However, the
stochastic processes X™(0,t) converge weakly in D([0,T])? by Theorem 3.1
in Prokhorov [13], so the sequence {X"} is also tight in D([0,7]?). In
particular, the sequence {X"(¢,t)} is tight in D[0,7]. For 0 < ¢t < T,
U™(t) = Y (Ant,y ++/nt) — X™(t,t) (recall that Y™ was defined by (4.18)).
As in (4.25)—(4.27), we show that

(4.31) Y7 (Ant, 00) = Y™ (Ant,y +v/nt)|ljom) = 0.

By Theorem 3.1 in Prokhorov [13], Y"(A,t, 00) converges weakly in D0, T'].
Thus, the sequence {U"} is tight in D[0,T]. Also, by (4.7), for any ¢t > 0,

[Annt]
1
E Un t 2 < = E vn ZH . n
(") < n ]Z:; ( J) {y+\/ﬁt_knﬂﬁ<3jﬁ§y+«/ﬁt}]
(4.32) L !
. < = n _om _
<0 ; ( w(00) = Gs <y+\/ﬁt Mﬁ))

L

~ n/o( m(00) — G (y + Vir(t — 5))) ds.
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For a fixed s € [0,t), G7(00) = G7 (y + v/n(t — 5)) — 0 as n — oo by (2.8).
Thus, by the bounded convergence theorem, (4.32) implies that U"(¢) — 0
in L? for any t, so, U™ = 0 in D[0,T] as claimed. O

Proof of Lemma 4.5. By (4.14), (4.7) and the definition of R"™, for t > 0,

A”(nt [Annt]
(4.33) ~Vn / - X Mj (y + V/nds)
j= A" N+ j=[Ann(t—s)]+1
= Ry (t) — Ry (1),
where
A1 ¢ [A"(nt)  [Annt]
102 2= [ X - X |+ vads)
(4.34) A
' . "(nt)  |[Annt]
= - (M} (y + v/nt) — M}'(y)) ,
Jn pt p J J
A1 At(n(t—s))  [Ann(t—s)]
0 j=1 j=1

By (4.15) and (4.34), we have

RI(t) =V" (iA”(nt)) — I3y (t) = Y™ (Aut,y + v/nt)

n 1 n n
S EY ) B A!

where

nt]
~ 1

(4.36) Vot Z MI'(y) =V

\/>

for a Brownian motion V7 by Theorem 3.1 in Prokhorov [13]. Thus, by

(2.23), (4.17), (4.31), the fact that Y™ (Ayt,00) = V™(A,t) and the Differ-
encing Theorem,

||l>

RI(t) = V" (iA”(nt)) — (0t
(4.37)

~

+ U <711A"(nt)> — U () + o(1) = 0.
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For 0 < s <t <T, we have j < A"(n(t — s)) if and only if S} < n(t — s),
which, in turn, is equivalent to s <t — S]” /n. Thus,

" (n(t-s))

/ M (y + Vnds)
a3 - A() 1y (v vt - =s7) - 07|
A (nt

J

_ '1)[M“<y+\ft e () - )|
A

where, for u > 0, H"(u) SL/\nfuJ/\f u. Observe that

(4.39) H" =0

in D[0,00) by the functional law of large numbers and H"™ is a(u?, j =
1,...)-measurable. Also, for 0 < s <t, j < |An(t—s)|iff s <t—j/(Apn),
SO

/ ’\n’is M} (y + v/nds)

[Annt]

S8 o520

(4.40)

By (4.35), (4.38) and (4.40),

Ry(t) = (Z™ — X")(t,t) + <Z” <t, AinA"(nt)> - Z"(t,t))

N (vyn <;A”(nt)> - V;(Ant)> ,

(4.41)

where, for s,t > 0,

X (s,1) 2 ;ﬁ f:” M ( (vi AjﬁY) |
w2 3o S (v (0 (3m) )

As in the proof of Lemma 4.4, one may check that for every pair of neigh-
bouring blocks By, Bs C [0,T + 1]2,

(4.42) E|(X"(B1)” (X"(B2)"] < mi(Bomi (By),
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where m[' are finite, positive measures on [0,7" + 1]? defined by
Annt
n

< (i 327) )
(e (mnla) ) e (o (i) )
o (“ (v~ f) )

for any B = (s1, 2] x (t1,t2] C [0,T + 1]?, with C given by (4.30). Also,
mY = mq, where, for B as above,

mi (B) =AC (Gv2 (OO) — Gy (y)
+Gy(00) = Gu(y)) ((s2 A t2) = (s1V 1)) "

3

==

=
I

(4.43)

(here we use the assumption that y is a point of continuity of G, and G,2).
This, as in the proof of Lemma 4.4, implies that the sequence {X '} is tight
in D([0,T + 1]?). Using Theorem 3.1 in Prokhorov [13], together with the
Cramer—Wold device (see, e.g., Billingsley [3]) and the Kolmogorov—Centsov
theorem (see, e.g., Karatzas and Shreve [8]), we can easily check that the
finite-dimensional distributions of X' converge to the corresponding finite-
dimensional distributions of a Gaussian X with continuous sample paths.
Thus, X' = X in D([0,T + 1]?). Therefore, by (2.23), (4.33), (4.36),
(4.37), (4.41) and continuity of the sample paths of X, to finish the proof
of Lemma 4.5, it suffices to show that

(4.44) 7" -X"=0

in D([0,T+1]?). (4.44) is a statement about weak convergence of stochastic
processes, so the underlying probability spaces are irrelevant. Thus, without
loss of generality we can assume that all the random variables (and thus all
the stochastic processes) under consideration are defined on the same proba-
bility space (£, A, P) and, moreover, all the arrival times {u”} , are inde-

pendent of all the random vectors {( 4 L”) }] P
sumption, because if, for different n > 1, the probability spaces (2", A", P™)
on which the sequences {uy };il, {( 5 L") }j are defined, are different, we
can take (Q, A, P) = 1172, (Q™, A", ]P’”) By (4 39), there exists a sequence
€n | 0 such that P(4,) — 1, where A, = [supgc,cpy1 |[H"(s)] < €]. To
prove (4.44), it suffices to show

This is not a hrmtlng as-

(4.45) (Zz" —X") 14, =0
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in D([0,T + 1]?). By straightforward, but tedious, computations we may
check that for any neighbouring blocks By, By C [0,T + 1],

(a46) (Z2™(B1))* (2™(By))* Ia, | H™ ()] <
<

where Mm% and m} are finite, positive random measures on [0, T +1]? defined
by
J J
m _ _ Hn 2
Gv <y + (\/ﬁSQ /\n\/?l <)\nn>
n J n_J
- - -H
G < + <\/ﬁ81 )\n\/’ﬁ <)\nn
J i \\"
n . _ H"
e (o (Vi (55)
J i \\"
—_am -4 _ H"
(v (s - (25)

A C L)\nntgj
my(B) = . >

j=[Annt1]+1

for any B = (s1,85] x (t1,ta) C [0,T + 1)2 and m§ £ myla, + malac,
where C' and m; are defined by (4.30) and (4.43). Using (2.7)—(2.8), we can
check that for every w € Q, mf(w) = m;. As in the proof of Lemma 4.4,
this implies conditional tightness of {Z"14, } with respect to H"(-) (F) in
D([0,T +1]?). The random fields X are independent on F and X' = X,
so {(Z™ — X ")I4,} are also conditionally tight with respect to H"(-) (F) in
D([0,T+1)?). Moreover, for any s,t > 0, by (2.8), the bounded convergence
theorem and the fact that y is not an atom of G,2, we have

o (sl () )
o (v (o))

~ An/ot)Gﬁz (v+ (Vals —u—H" () /vn) ")
-G (y—|— (\/ﬁ(s - u)+> ‘ du

E[ (2" - X")La, |7]

[Annt]

1
n
Jj=1
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gAn/O (G (v + V(s —u)™ + €)
— Gl (y+vn(s—u)" —e,)] du— 0.

Thus gives the conditional convergence (4.45) with respect to F, so (4.45)
holds unconditionally.

The proof of Proposition 4.1 is now complete.
Using a similar (but simpler) argument, we can prove

Proposition 4.6. Let T' > 0 and let y be a point of continuity of G. Then

(147)  sup. A () (y, 00) = H"(y) + H" (y + v/t) | > 0.

Propositions 4.1 and 4.6 can be refined to

Proposition 4.7. For every T > 0 and yo € R, we have

(4.48) sup sup ‘ﬁ"(t)(y, 00) — Hy (y) + Hy (y + \/ﬁt)‘ o,
y=yo 0<t<T

(4.49) sup sup ‘ﬁ”(t)(y, 00) — H™(y) + H" (y + \/ﬁt)‘ ..
y=yo 0<t<T

Proof. We will show (4.48), the proof of (4.49) is similar. Without loss
of generality we can assume that gy is a point of continuity of both G,
and G2 (if not, change it to y, < yo with this property). Let ¢ > 0 be
arbitrary. By (2.17), we can choose 3 € (yo,00), a point of continuity
of both G, and Gz, such that sup,~; Hy(y°) < £. Choose a partition
Yo < y1 < --- < yu = y° such that v, is a point of continuity of both G,
and G2 and |ym41 — Ym| < 52— for m =0,..., M — 1. Observe that

— 2sup,>1pn
for such m and all n,

n n €
(4‘50) 0 < Hv (ym) - Hv (ym-‘rl) < pn‘ym-I—l - ym’ < 5

By Proposition 4.1, there exists ng such that for m = 0,..., M and all
n > ng, P(Bnm) < 7575, where

FIGYESHE
Using (4.50) and proceeding as in the proof of Proposition 3.4 in Doytchinov
et al. [6], we show that P(B,) < §, where

~

V™ (8) (4 00) = HE (ym) + Hy (3 + V1) | =

N o

By = | sup
0<t<T

B, =

sup sup [V ()(y,00) — H2(y) + HE (y + v/nt) | = ] .
yo<y<y® 0<t<T
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For y >y and ¢ € [0, 7], on By s
0 < V"(£)(y, 00) < V"(t)(yo, )

= (V" ()0, 00) = HY(0) + H (3° + Viut) ) + HE(y°) — HE (5 + v/t)
€ e

4+ - =

_€ 3¢
2 4 4’

SO
~ 3
— SV (O(y.00) — H}(y) + H} (y+vt) < T+ =c.
Let B = B N B¢ ;. Then, P(B) > 1 — € and

B C |sup sup ‘9"(15)(@/,00) — H}(y) + H} (y + \/ﬁt)‘ < e] . O
y=yo 0<t<T
Corollary 4.8. For every T > 0 and yg € R, we have
(4.51) sup sup V"(t){y} 0, sup sup A"(t){y} 0.
y2>yo 0<t<T y2yo 0<t<T

This follows from Proposition 4.7 in the same way as Corollary 3.5 in
Doytchinov et al. [6] follows from Proposition 3.4 there.

Remark 4.9. In this section, the assumption (2.13) and the Lindeberg
condition on (L?)*/y/n were not used.

5. Customers behind the frontiers. In this section, we prove that the
work in the n-th system at time nt associated with customers in this system
having lead times smaller than or equal to F™(nt) becomes negligible (Corol-
lary 5.4) and that the number of these customers is also negligible provided
that the workload is not too small (Corollary 5.7). (Later we will show that
if the workload is small, then the number of customers in the system is also
small, see the proof of Theorem 3.2.) This is to be expected, because un-
der the EDF queue discipline these customers form a “high priority class”,
arriving at the system at a rate less than 1 and being served with rate 1,
thus experiencing low traffic conditions. We formalize this idea with the
help of Lemmas 5.3 and 5.6, estimating the last time in which a customer
with lead time equal to the frontier was served. Along the way, we establish
Lemmas 5.1 and 5.5, showing tightness of the rescaled frontiers (the upper
bound, given by Lemma 5.5, requires that the workload is bounded below).
The latter results follow from Proposition 4.7, together with the observation
that the customers with lead times greater than the current frontier have
not received any service. Indeed, if F"(t) is very large negative, then, by
Proposition 4.7, the workload /W”(t), bounded below by 9”(t)(ﬁ” (t),00), is
very large, contradicting tightness of the sequence {W”(t)} following from
(2.24). If, on the other hand, F™(t) is very large, then, because the work
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associated with customers with lead times not greater than the frontier is
negligible, the workload W"(t) &~ V"(t)(F"(t),00) is very small (again by
Proposition 4.7), contrary to the assumption that the workload is not too
small.

Lemma 5.1. For every T > 0 and € > 0, there exists C € R such that for
all n,

(5.1) P [ inf F™(t) > C] >1—e
0<t<T

Proof. None of the customers with lead times at time nt greater than
F™(nt) has received service by time nt, so, by (2.24),
(5.2) sup )7”(t)(ﬁ”(t),oo) < sup /W”(t):> sup W*(t).

0<t<T 0<t<T 0<t<T
Recall that H,(y) > 0 for all y, limy_._ H,(y) = oo, the functions H;'
are decreasing and such that H,' — H,. By these properties, together with
(5.2), we can choose C; € R such that for all n, H?(Cy) > (24/¢)? and
P(Ay,) > 1 —€¢/6, where

Ap = .

sup V(1) (F"(t),00) < v/Hp(Ch)

0<t<T

By Proposition 4.7, for n > ng, P(B,) > 1 — ¢/6, where

B, = [ inf {9n(t)(cl,oo) +HY(C) + \/ﬁt)} > Hg(cl)/z} .

0<t<T

Let ¢ > 0 be such that H]'(Ci +¢) < H]}(Cy)/4 for all n. In particular, on
Bn,

inf V() (C > H"(Cy) /4.
C/\/lﬁnﬁgV (t)(C1,00) > H,(C1)/

Proceeding as in the proof of Lemma 3.7 in Doytchinov et al. [6], we get,
for n > ng,

IP’[{ inf ﬁ”(t)<01}ﬁAntn}§4/\/m,

c/v/n<t<T
so P [infc/\/ﬁgth Frt) < Cl} < €¢/2. We have
inf F"(t) > L"/\/n—c,
ogtlgnc/\/ﬁ (t) > L} /vn—c
so, by (2.5)—(2.6), there exists Cy € R such that for all n,
P [ inf  F™(t) > 02] >1—¢/2.
0<t<e/vn

Let C' = C; A Co. We have (5.1) for n > ng. Decreasing C, if necessary, we
get (5.1) for all n. O
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Lemma 5.2. For everyT >0 and ¢ > 0, as n — o0,

(5.3) P [ max L7 > en] — 0.
1<j< AR (nT)
Proof. Assume that (5.3) is false, i.e., for some subsequence ny — oo,
(5.4) lim P { max LM% > enk] =c>0.
k—oo | 1<j<A™ (nT) 7
(Lﬁk)-!— 2 ~
By (2.13), we can assume that E[ﬁ] —¢1 €10,C] as k — oo. Thus,

by (2.15) and Theorem 3.1 in Prokhorov [13],

L)‘n nktj n
A 1 £ ((ij)+ B

(5.5) B™(t) = T ; Nin \}717

in D0, 00), where B is a Brownian motion. Let A,, = [A"(nT) < \n(T +
1)]. By (2.23), P(4,) — 1. On A,,, we have

(L3t

> = B(t)

1 1 LY+ L)+
— max L' < — max ( J ) —E ( J )
Nk 1< <A™ (ngT) 7 VI 1<5<nn(T+1) | /T NG

(5.6)

Ll [(L?’“V

vk | Vi

The first term on the RHS of (5.6) is bounded above by supg< ;<71 [B"* (t)—
B (t—)], which converges weakly to zero by (5.5) and the continuous map-
ping theorem. The second term converges to zero by (2.13) and the Schwarz
inequality. Thus, the LHS of (5.6) is bounded above by a process converging
weakly to zero, which contradicts (5.4). O

Define, for ¢ > 0,
(5.7) 7(t) 2 sup{s € [0,4] : C"(s) = F"(s)}.

Observe that C™(0) = F™(0) = oo, so the supremum in (5.7) is taken over
a nonempty set.

Lemma 5.3. 7" = e in D0, 0).

Proof. We fix T' > 0 and prove convergence on [0,7]. By the definition
(5.7) and the fact that the inter-arrival times are strictly positive, we have

—~ ~ ~ 1
W () [C™ (7)), F™(T"(1))) = —=ViAn (e
655 [ v )
< Jnax, [N"(s) — N"(s—)].
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As long as there are customers with lead times in [C™, F™), F™ decreases
at rate 1 per unit time, so for s € (n7"(t),nt], F"(s) = F"(nt"(t)) —
(s —n1™(t)). Let

Zv Linen (< sr<nty Lo — (nt—sm) < Fr (nen (0) —n(t—r7(6))}

be the work assoc1ated with customers arriving within the time interval
(nT™(t), nt] whose lead times upon arrival are to the left of the frontier. On
the time interval (n7"(t), nt] the server is never idle, so

0 < W(H)[C™(t), F" (1)) = W™ (" (1)) [C™(+"(¢)), F™(r"(1)))

59 + \/lﬁD"(t) _ alt— ().
Let € > 0. For a given ¢ € [0, 7], either

(5.10) t—7"(t) <e,

or

(5.11) T (t) +e <t

Assume (5.11). Let y be a point of continuity of G, such that for each
n, G2(y) < 1/(2un) (such a choice is possible by (2.7)) and let A4, =
[supg<i<r F™(t) < ne + /ny]. By Lemma 5.2, P(4,) — 1 as n — oo.
On A,,, we have

1
TD"( f Z Vi linrn ()< sn<n(rn(t)+o)}

+ % Z U?]I{n(T” (t)+e)<S}1§nt}H{L?<F"(T" (t))—ne}
j=1

N AN _L A (nT™
<TV (A™(n(7"(t) + €))) \/ﬁv (A" (n7"(t)))

* % ; vy Ln@n)+o<sp<nnlizn < my)

~

= N™(r"(t) + €) = N"(r"(t)) + v/ne + Y™ (iA”(nt), y)

v (LA + 0y ) + L (4 an) - A7)+ )
= N"("(1) 4 €) = N2 (5) + Ve + Y™ (At +0(1), )
=Y (7 (1) + €) + 0(1),9) + Gily) (A7(1) = A7 () + o))

+ ARG ) (E— 7"(t) — €.
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Thus, by (2.23), (2.24), Lemma 4.2 and the choice of y, on A,, we have

1 T
JD"(0) < 00) + Ve %\/ﬁ(t () — ).
Plugging this into (5.9) and using (5.8), we obtain, under the assumption
(5.11),

(5.12) 0<01)+ (%" - 1) Ja(t — () —e)

on Ap. If (5.10) holds, then (¢t — 7"(¢t) — e)* = 0. Thus, by (2.14) and
(5.12), (t — 7™(t) — )t = 0 in D[0,T]. Since € > 0 is arbitrary, 7 = e in
DJo,T). O
Corollary 5.4. W'[C", F"] = 0 in D[0, ).
Proof. We have

T TR, B + T+ 9 (7, o)

=W [6”, ﬁ”) + 17”(1?”, 00) + o(1),

because, by Corollary 4.8 and Lemma 5.1,
(5.13) 0 <WH{E"} <VME™) = o(1).
Thus,

—~

W™(t) = W" (7" (1)) = W™ () [C" (1), F"(t))
(5.14)

() (F™(7"(t)), 00) + o(1).

By (2.24) and Lemma 5.3, the LHS of (5.14) is o(1). The second term
on the RHS of (5.14) is o(1) by (2.24) and (5.8). Finally, on the time
interval [7"(t),t], V(-)(F"(-),00) is nondecreasing, so (5.14) implies that
Wn(t) [6“(15),?"(15)) = 0 in D[0,00). This, together with (5.13), shows
that W [C™, F"] = 0 in D[0, 00). O
Lemma 5.5. Let € > 0, n > 0 be arbitrary. There exists C > 0 such that
for all n,

>1—n.

1 P F () <
(5.15) LiltlgT{ (t) {Wn(t)ze}} <C

Proof. By Corollary 5.4, there exists ny such that for n > ny, P(4,) >
1 —1n/3, where A, = [SUPogth wrn [6", ﬁ"] < 6/2]. We have

(5.16) W — m [G, B + D" (P, o0).
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so on Ay, for any ¢ € [0,T], V"(F ( "(t),00) > Wn(t)—e/2. Using Lemma 5.1,
choose C such that P(B,,) > 1—n/3 for all n, where B,, = [1nf0<t<T F™(t) >

Cl}. By Proposition 4.7, there exists ny such that for n > ng, P(C,) >
1 —n/3, where

Cp =

sup sup | V"(t)(y,00) — HI(y) + HE (y +v/it)| < /4] .
y>C1 0<t<T

On A, NB,NC,N [W"(t} > e], we have
¢/2 V" (F"(t),00) < Hy (F" (1)) — Hy (F"(t) + V/nt) + ¢/4.
In particular, on this set €/4 < H]}(ﬁ"(t)), SO F"(t) < (HM) Ye/4) < C
where C' 2 sup,en(HY) 71 (e/4) < 0o, because, by (2.17),
lim sup H,'(y) = 0.

Y70 pneN

Thus, on A, N B, N C,,

sup {F"(0l72y ) <€

0<t<T
and P(4, N B, NC,) >1—n for n > ny V ng. Increasing C, if necessary,
we get (5.15) for all n. O
Lemma 5.6. For every e > 0,
(5.17) Vit — 7™ (t)I (W)=} =0
in D[0, 00).

Proof. We fix T' > 0 and prove convergence on [0,7]. Choose n > 0. By
(2.24), there exist 6 > 0 and n; € N such that for n > n;, P(A,) > 1—7/3,
where A, = [w, () < €/2] and for a function f € D[0,00),

w(0) = sup [f(s2) = f(s1)]-

0<s]<sg<T

s9—81<0
By Lemma 5.3, there exists ng such that for n > ng, P(B,,) > 1—n/3, where
By, = [supgc;r(t — 7"(t)) < 6]. Fort € [0,T], on AN B, N [/W”(t) > €| we
have W"(7"(t)) > ¢/2. By Lemma 5.5, we can choose C' > 0 such that for
all n, P(Cy,) > 1 —n/3, where C,, = [Supogng {ﬁn(s)ﬂ{wn(s)ze/ﬂ} < C’}.
Thus, for ¢ € [0,T], on A, N B, NCy, N [W”(t) > e,
(5.18) F™(7"(t)) < C.
Let ¢ > 0 be such that C' — ¢ is a point of continuity of G,. Either

(5.19) t—1"(t) <c/vn,

n
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or
(5.20) nt"(t) + cv/n < nt.
Assume (5.20). Then, on A, N B, NCp, N [W”(t) > e],

1
\/ﬁ (t) = \/’71 jz::lvg {nT () <SP <nT™(t)+cv/n}
1 n
+ 7n ]; Vi L (t)+evmesr<ntylinn<pn(en () —cym
1 1
< (A" n V(A n
< \/EV ( (nT (t)—i—c\/ﬁ)) \/ﬁV (A™(n7"(1)))
1 n
+ 7n ; Ui Unen () +eymesr<nty i Ln < ym(c—c))

= N"(7"(t) + ¢/v/n) — N*(r"(t)) + ¢
+Y" <1A”(nt), C— c) -Y" (iA” (nT™(t) + cv/n), C — c>

+ G"(\F (A™(nt) A"(nT (t) + cv/n))
—N"( +c¢/v/n) — ) +c+Y" (At +0(1),C —¢)
—Y”( T'(t) +o(1),C —C)

QYO ¢ (A”(t) AN + 0(1)) + Anv/a(t — T(E)) — )\nc> ,

where the second inequality follows from (5.18). By Theorem 3.1 in Pro-
khorov [13], Y™ (-,C — ¢) converge weakly to a Brownian motion. Thus, by

(2.24) and Lemma 5.3, on 4,,NB,NC,N [W" (t) > €], under the assumption
(5.20),
(5.21) \}D%) < 0(1) + MG(C = )t —7(6) + (1 = MG (C = o).
n
Plugging (5.21) into (5.9) and using (5.8), we get
(5.22) 0<o(1) — (1 = A\GR(C —e))vn(t —7"(t)) + (1 — MG (C — ¢))c.
Thus, on A, N B, N Cy, N [W”(t) > €, under the assumption (5.20),
o(1)
1—X\G2(C —¢)
Of course, if (5.19) holds, then (5.23) holds as well. However, G}}(C —¢) —

Gy(C —¢) < 1/X and ¢ > 0 may be arbitrarily small, so (5.23) and the fact
that P(A, N B, N Cy) > 1 —n imply (5.17). O

(5.23) 0<Vn(t—1"t) <c+
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Corollary 5.7. For every € > 0,

(5.24) Q" (1) [C" (1), F™ ()] Lpn s = O
in D[0, 0).
Proof.

Q" (1) [C (1), F™ () Lm0}

(5.25) < [14 A"(nt) — A" (nT"(t))] ]I{Wn(t)ze}

n

Hﬂ‘H

< NG + [A™(t) — A™(77(t)) + Anv/n(t — Tn(t))]]l{wn(t)ze} =0
by (2.23) and Lemma 5.6. Using the inequality 0 < Q"{F"} < A"{F"},
Corollary 4.8 and Lemma 5.1, we upgrade (5.25) to (5.24). O

6. Proofs of the main results. In this section, we prove Proposition 3.1
and Theorem 3.2. Proposition 3.1, the fact that W = W* and the limiting
behavior of Q" as long as Wn is bounded away from zero follow quickly from
the results of Sections 4 and 5. Therefore, to show that @" = O, it suffices
to show that for large n, @" is small when W™ is small (the latter is not
obvious, because, in principle, there may be many partially served customers
present in the system). This is implied by Lemma 6.1, to follow.

Proof of Proposition 3.1. Fix T > (0. We will show that

(6.1) sup ‘W”(t) —H, (ﬁf(t))‘ L.0.
0<t<T

By (2.24) and the definition of ﬁln,

sup

1 W”(t)—Hv(ﬁ{L(t))‘ = sup ‘W”(t)‘ 2.0,

0<t<n~ 1 0<t<n~1

so it suffices to prove
(6.2) sup ‘W"(t) —H, (Fp(t))( 2.0
n= I <t<T
Let € > 0. Using Lemma 5.1, we choose C' > 0 such that P(4,,) > 1 —¢/3,
where A, = [infogtg’f ﬁ"(t) > C]. By Proposition 4.7 and Corollary 5.4,

there exists ng such that for n > ng, P(B,) > 1—¢€/3 and P(C},) > 1 —¢/3,
where

B, =

sup sup | V"(t)(y, 00) = H}(y) + Hy (y +v/t) | < e/4] ,
y>C 0<t<T
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Cp =

sup W(t) [C™(t), F™(t)] < 6/4] .

0<t<T
On A, N B, NChy,

V() (F™ (1), 00) — HP(F™(t)) + H (F"(t) + \/ﬁt)’ < e/4,

sup
0<t<T

so, by (5.16),

sup ‘W”(t) — Y (FM(t)) + HMNF™(t) + v/nt) ] < /2.

On A, N B, N Cy,
sup  HI'(F™(t) + /nt) < HX(C +ni) =0

1
n~I<<T

by (2.17), so there exists ny > ng such that for n > ny,

(W“ — HM(EN(t ‘ < 3¢/4
n 4<t<T

(recall that, by definition, ﬁln(t) = ﬁ”(t) for t > nfi). The functions H)}
converge to H, uniformly on [C,0), so there exists ny > nj such that for
n = ny,
sup ‘W” - H, (ﬁf(t))‘
n 4<t<T
on A, N B, NCy and P(A, N B, NCy) >1— ¢ Thus, (6.2) holds, so (6.1)
holds also. In partlcular by (2 24), H, ( 1”) = W* in D[0,T]. Applying a

continuous map H, !, we get F1 = F* in Dg[0,T7. O

<e€

Proof of Theorem 3.2. Fix T > 0. From Proposition 4.7, for any yg € R,

sup sup ‘)A)"(t) (ﬁ”(t) Vo, oo) — H} (ﬁ”(t) vV y)
y>yo 0<t<T

+ H (P vy) + vat)| o,

From this, using the inequality ]7"(15) (1/7\ "(t)Vy, oo) < /W”(t) and proceeding
as in the proof of (6.1), we get

(6.3) sup sup |V"(t) (ﬁ"(t) Vy,00) — H, (ﬁln(t) v y)’ ..

y=>yo 0<t<T

By Lemma 5.1, (6.3) may be extended to

(6.4) sup sup ‘f}”(t) (ﬁ"(t) Vy,o0) — H, (ﬁln(t) % y)’ .o,
yeR 0<t<T
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Similarly, we can show

(6.5) sup  sup ’.%T"(t)(ﬁln(t) Vy,00) — )\H(ﬁln(t) v y)‘ L0
VRt <<t

(6.4), together with Corollary 5.4, implies that

sup sup [W"(t)(y,00) — Hu(F{(1) v )|
yER 0<t<T
(6.6) < sup W'(1)[C"(1), F"(1)]
0<t<T

~

V() (B (1) V y,00) — Hy(FL(t) v y)| 0.

+ sup sup
yER 0<t<T

Define 1,11 : R — M by
B = [ G @B =A [ -G
BN[z,00) Bn[z,00)
for any B € B(R). It is easy to check that 1,1, are continuous. In partic-
ular, by Proposition 3.1,
(6.7) Y(FP) = p(F) =W, i (F]) = i (F7) = Q°
in Dq[0,00). Moreover, for any y € R, @/}(I/J‘\{L(t))(y,oo) = H, (F\{‘(t) Vy),
so (6.6) and (6.7) imply that W™ = W* in D [0, c0).

We claim that for every ¢ > 0,

(6.8) sup sup ‘@”(t)(y, 00) — AH (F'(t) V y) ‘ H{W"(t)>e} — 0.
yeR 0<t<T a

Indeed, for n_% <t<T,

sup [Q(1)(y,0) = M (F 0V 1) L5720y

< Q"(t)[C™(t), F™(t)] Lo )=y

+up [ Q°(0) (B (1) v ) ~ M (FL (1) V)
ye

= Qn(t) [én(t)a F\n(t)}ﬂ{wn(t)ZE}

o+ sup | A" (1) (B (8) V y,00) = M (B () V )|
yeR
because the customers with lead times greater than F™(nt) have not received
service by time nt and F™(t) = F{*(t) for all ¢ under consideration. This,
together with Corollary 5.7 and (6.5), shows

(6.9)  sup sup ’@"(t)(y, o) — )\H(ﬁf(t) Vy) ’ H{Wn(t)ze} =50,
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However, by (2.24) and the equality W*(0) = 0,

P| sup /W”(t) >el —0,
0<t<n~1

which, together with (6.9), proves (6.8). We need

Lemma 6.1. For every ¢ > 0, as n — 00,
(6.10) P [@”(t) < )\H(ﬁln(t)) + € for every t € [0,T]| — 1.

The main idea of the proof of Lemma 6.1 is, roughly speaking, the obser-
vation that if

(6.11) Q"(t) = MH (F](1)) + ¢

for some t, then, by (4.49) and the fact that Q" < A", there exists a constant
C such that customers with lead times at most C'y/n have been present at
the system for some period of time before nt. Therefore, the newcoming
customers with lead times greater than Cy/n have not received any service

during this time period and, consequently, /W”(t) is bounded away from
zero. This, however, is unlikely because of (6.8) and (6.11).

Proof of Lemma 6.1. Suppose that (6.10) is false. Then, there exist n >
0 and a subsequence (still denoted by n) such that along this subsequence,
P(A;) > n, where

Ay = [@n(t) > \H (FP(t)) + € for some t € [0, Tﬂ :

Let
o inf {t €1[0,T]: Q™(t) > AH (FJ'(t)) + 6} on Ay,
+o0 on Af.
On A,, Q"(c™) > )\H(ﬁ{l(a")) + e. By (6.8), we have, for every e; > 0,
Plo™ < oo,ﬁ/\”(o”) > €] — 0,0
(6.12) W™ (0™ gn <0} = 0.
Let

n {Sup {t €[0,0: Q"(t) < 6/2} on Ay,

“+00 on A¢.

The inter-arrival times are strictly positive, so on A,

(6.13) €/2 < Q") <€/2+1/v/n.
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Thus, on A,, Q"(t) > ¢/2 for t € [v",0"]. In what follows, all random
quantities under consideration are evaluated at some w € A,. Our next
step is to show
(6.14) sup W™(t) =0

vn<t<o™
If 7 (o™) < n_%, then, by Lemma 5.3, 0" = o(1) and thus, by (2.24) and
W*(0) = 0, (6.14) holds. Assume 7"(c") > noi By (2.24), Lemma 5.3
and (6.12), W"(rt™(¢™)) = 0, so, by (6.1), F[*(7"(¢™)) = oo. Thus, by
Proposition 4.7 and the fact that lim, .. sup,, ey H"(y) = 0,

Q"(7"(o™) (F{'(7"(0™)), 00) < A" (7" (6™)) (FY' (7" (6™)), 00) = 0.

Also, F\{L(T"(J”)) = F"(r"(¢™)), so, by Corollary (4.8) and the definition
of 7",

A"(T"(G”)){Ff(rn(a"))} = % +0o(1) = 0.
Thus, Q"(r"(c™)) = 0, so P[r™(0¢™) > v"] — 0. This implies that, with
probability arbitrarily close to 1,
sup /W"(t) < sup /W”(t) =0
v <t<o™ T (o")<t<o™
by (2.24), Lemma 5.3 and (6.12). In any case, (6.14) holds.

Let C' > 0 be such that sup, .y H"(C) < €/6. We claim that there exists
ng such that for every n > ngy, P(B,) > 3n/4, where B,, C A, is the set
on which at any time ¢ € [nv™,no"| customers with lead times at most
C'y/n are present in the system. Indeed, suppose that P(4, \ By,) > n/4 for
infinitely many n. On the set A, \ By, there exists t' € [nv", no™] such that
all customers in the system at time ¢’ have lead times greater than Cy/n,
so, for t = ¢’ /n, by Proposition 4.6,

S 2Qn(1) = Q')(C,00) < A(1)(C,00)

< H™(C) — H™(C + V/nt) + % <H"(C)+ < <

(=20 e
Wl ™

with probability at least 1/6 for n sufficiently large, contradiction. By
(2.23), we can choose § > 0 and n; € N such that for n > n;, P(C,) >
1 —n/4, where C), = [w3,(0) < ¢/6] and w3, is the modulus of continuity of

A" on [0,T). Let ¢ = €¢/(6)). On B, N C,, we have, for n sufficiently large,
(6.15) Vn(e™ —v") > e
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Indeed, if (6.15) is false, then, by (2.1), (6.13), for arbitrarily large n, on
B, NCy,

€< Q70" < QW) + (0"~ A (W) 4+ A/i(e" — ")
< €/2+ 1/v/n+ e/ (6X) +€/6 < e,
contradiction. The customers who have entered the system in the time
interval [nv™,nv™ + cy/n| with initial lead times greater than /n(C + c)
have lead times greater than /nC at all times in [nl/”, nv" + c\/ﬁ], so, by

(6.15) and the definition of B,, on the event B, N C,, none of them has
received any service by time nv™ + ¢y/n. Thus, on this event,

W™ (1" ¢/+/n)
> \}ﬁ (v" (A" (" + cﬁ)) . V"(A”(nu")))
— (Y” (TllA" (nv™ + cy/n),C + c) —-y" (;An(nu"), C+ c>>
1

NG (A" (nv" 4+ ¢y/n) — A" (™)) G (C + ¢)
= N”(V” +¢/v/n) — N" (™) + ¢
—Y" (M (V" +¢/vn) +0(1),C +¢) + Y™ (A +0(1),C + ¢)
— (A + e/ V) = A7) + Ane) GE(C + )
=c(1 - MGy(C+c))+o(1),

because (2.23)-(2.24) hold and, as we have already explained, Y"(-,C + ¢)
converges weakly to a Brownian motion. This, however, contradicts (6.14)—
(6.15), because P(B,NC,) > n/2 for n > ngVn; and limsup,, ., \,G3(C'+
c) < AGy(d) < 1 for any d > C + ¢ being a point of continuity of G,. O

Returning to the proof of Theorem 3.2, we want to upgrade (6.8) to

(6.16) sup sup ‘@”(t)(y, 00) — AH(ﬁln(t) v y)‘ = 0.
yER 0<t<T

Let € > 0 be arbitrary and let e; > 0 be such that N\H (H, !(2¢1)) +€1 < €/2.
Let

A, = @”(t) < )\H(ﬁln(t)) + € for every ¢ € [O,T]} ,
B, = | sup ’W"(t) = Hv(ﬁln(t))‘ < 61] :
0<t<T

Cp = [sup sup |Q"(t)(y,00) — NH(FI(t) Vy)| I < )
_yeﬁogth’ (t)(y, o) (F'(t) y)‘ (Wn()za) 61]
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By (6.1), (6.8) and Lemma 6.1, P(A, N B, NCy,) — 1. On A, N B,, if
W™ (t) < e1, then Hy,(F{'(t)) < 2e1, so XH (F'(t)) < AH(H, ' (2€1)). Thus,
on A, N B, NC,N [W”(t) < 61],

0<Q™Mt) < NH(FP(t)) +e1 < NH(H, M (2€1)) + €1 < €/2,
soon A, N B, NCy,

sup sup ’@”(t)(y,oo) — )\H(ﬁln(t) v y)‘ <e.
yER 0<t<T

Thus, (6.16) holds. This, together with (6.7) and the equality
U (F(0) (g, 00) = \H (F'() V )

for all y € R, shows that Q" = Q" in D [0, 00). O

7. Examples. In this section, we provide two examples illustrating our
theory. In the first one, customer service times and initial lead times are
independent. Thus, we get a counterpart of the results of Doytchinov et al.
[6] for the case of unbounded lead times. In the second example, customer
initial lead times are equal to their (suitably rescaled) service times. This
case may be thought of as a regularization of the SRPT service discipline, in
which small jobs get preferential treatment, but the priorities of large jobs
increase as they wait in queue. For more information on the latter issue,
see Bender et al. [1], Crovella et al. [5].

7.1. Independence of initial lead times and service times. Suppose
that, in addition to the independence assumptions made in Section 2.2, v}
and L7 are independent for all j,n € Nand G = G is such that G (y) < 1 for

all y € R. Assume that (2.1) and (2.18) hold. Then G} = M%G =G, = 1G
and G, = (ﬁ% + é) G=Gp=(*+ /\—12) G. Assume also (2.12), (2.14),

the Lindeberg condition on u}, v}, and IE((L;‘)‘*‘A/H)Q = [, n*dG(n) < oo.

Then (2.13) holds and (L})*//n satisfy the Lindeberg condition. Moreover,
(2.18) implies (2.17) and, as we have observed in Section 2.3, (R, p) is totally
bounded. Here we have H, = H so, by (3.1), F* = H-Y(W*). By (3.2)-
(3.3), for all Borel sets B C R,

W) = [ (1 - Gm)) dn
BN[F*(t),00)

and @* = AW*. By Theorem 3.2, W" = W* and Q" = O* in D [0, 00).
This generalizes the result of Doytchinov et al. [6] to the case of unbounded
lead times whose positive parts have finite second moments.



88 L. Kruk

7.2. Initial lead times equal to multiples of service times. Now
assume that L} = \/nv} for each j,n € N and that (2.1), (2.12) hold. For
simplicity, we also assume that the distribution G" = G of v} does not
depend on n. In particular, u, = A, 6, = 0 and for y > 0,

Gi(w) = B [1§1pp] = Guto) = [ G,

() = B [(0}) Topen] = Gunlo) = [ PGl

Also, [7°(1—G(n))dn =Ev} < co and

/ (1= AG(m)dn = A / h /y " dG(n)dy

_)\ 002 _)‘ n\2
_2/0 ndG(n)—QE(vj) < 00,

s0 (2.17) holds. We assume (2.14) and the Lindeberg condition on u}. Then,

(2.13) and (2.15) hold. Also, as we have observed in Section 2.3, (R, p) is
totally bounded. After simple computations, we get

5 [ —yA)dG(2), y >0,

Hv(y) = 2
(% + i) -, y < 0.

The limiting distributions for Wn and Q" are given by

W*(£)(B) = A / /n T dG() dn

BA[F*(t),00) Jn+
for all Borel sets B C R and (3.3) respectively, where F'* is defined by (3.1).

Appendix. In the Appendix, we observe that the original argument of
Doytchinov et al. [6] works, without any substantial modification, as long
as functional central limit theorems for the customer arrival and service
times hold (see (A.2) and (A.3), to follow), with the limiting processes
having continuous sample paths, and the customer lead times are bounded
from above. These assumptions hold in a much more general setting than
the one that was originally considered in Doytchinov et al. [6]. For example,
all the stochastic primitives may be correlated and may exhibit short- or
long-range dependence. In the latter case, we can consider heavy-tailed
interarrival and/or service time distributions. For more information, see
Whitt [15].

Consider a sequence of single-station queueing systems, indexed by su-
perscript n, each with one customer class. Assume that {U?};ip the cus-

tomer inter-arrival times, are strictly positive, i.i.d. r.v.s with mean 1/\,
oo . . oy .. .
and {v?}jzl, the customer service times, are positive, i.i.d. r.v.s with mean
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1/p,. We assume that each queue is empty at time zero and (2.1) holds.
Let ¢, be a sequence of constants such that ¢, — oo, n/c, — oo. Let L;” de-
note the customer initial lead times. Assume that their distribution is given
by IF’{L;L < cpy} = G™(y) and such that y* 2 min{y € R : G"(y) = 1}
is finite and independent of n. Moreover, we assume G" = G. We as-
sume that the random vectors {(U;L,L;L) };’;1 are i.i.d. and that G} (y) =

E [U?H{Lygcny}} = Gy(y), where G, is a c.d.f. of a finite, positive measure
on R with total mass 1/X. We make the heavy traffic assumption
(A.1) lim n(1 — pp)/cn =

n—oo

for some v € R, where p, 2 An/tin. Let S™, A™ V™ W™ be defined by
(2.2)-(2.4), (2.9)-(2.11), and let, for t > 0,

Sn(t) 2 e[S nt) — N tnt], V) £ et [VE(nt) — g tnt]
We assume that
(A4.2) (8, 07) = (5%, V")
in Dp2[0,00), where S* and V* have continuous sample paths. Thus, by

Theorem 9.3.4 in Whitt [15], /V[7"(t) = e iWn(nt) = W*(t) in D[0, 00),

where, for any ¢t > 0, W*(t) = N*(t) —info<s<¢t N*(s) and N* = (V*—5%)o
Ae — ve. Finally, we assume that, for every —oo < a < b < y*,

1 Lt

= (0 enacrr<eny — (GE0) = Gi(@)) = Vay(1)

C
n j=1

1>

(A3)  Vau(t)

in D[0, 00), where V¥, has continuous sample paths. For y < y*, let H,(y) =
S (1= MGy (n)dn. Let

Largest lead time of all customers who have ever been in
service, whether still present or not, or ¢, y* — t, if this )
quantity is larger than the former one

and let W™ and Q" be as in Section 2.4. Let F™(t) = ¢;'F™(nt) and let,
for any Borel set B C R,

Q"(1)(B) = ;' Q" (nt)(enB),  W'(H)(B) = ;' W (nt) (¢ B).

Let F*, W*, Q* be as in (3.1)—(3.3).

1>

20

Proposition A.1. F" = F* in Dgl0,00) as n — oo.
Theorem A.2. W" = W* and O" = Q* in Dpm[0,00) as n — oo.

Proposition A.1 and Theorem A.2 can be proved by a straightforward
generalization of the arguments of Doytchinov et al. [6].
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