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This paper presents a second-order heavy traffic analysis of a single
server queue that processes customers having deadlines using the earliest-
deadline-first scheduling policy. For such systems, referred to as real-time
queueing systems, performance is measured by the fraction of customers who
meet their deadline, rather than more traditional performance measures, such
as customer delay, queue length or server utilization. To model such systems,
one must keep track of customer lead times (the time remaining until a cus-
tomer deadline elapses) or equivalent information. This paper reviews the
earlier heavy traffic analysis of such systems that provided approximations
to the system’s behavior. The main result of this paper is the development
of a second-order analysis that gives the accuracy of the approximations and
the rate of convergence of the sequence of real-time queueing systems to its
heavy traffic limit.

1. Introduction.

1.1. Background. Real-time queueing systems are queueing systems whose
customers have specific timing requirements. These systems arise in voice and
video communication systems, control systems including avionics and automo-
tive, and many aspects of modern manufacturing systems. The performance mea-
sures associated with such systems relate to the ability of the system to meet the
customers’ timing requirements as a function of the workload and the queue dis-
cipline. This is quite different from the more common queueing system perfor-
mance measures, such as customer delay, queue length or server utilization. In
real-time queues, a queue discipline such as earliest deadline first (EDF) should
be used rather than a more standard queue discipline like first-in-first-out (FIFO),
which ignores the customer deadlines. EDF is a well studied queue discipline,
especially in computer systems; see, for example, the monograph by Stankovic,
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Spuri, Ramamritham and Buttazzo [15]. In certain situations, EDF is optimal. For
example, Panwar and Towsley [12] showed that, for a G/M/c queue with preemp-
tion, serving customers with general deadlines, EDF maximizes the fraction of
customers that meet their deadlines within the class of work-conserving policies.
In this paper we also treat the case of EDF with preemption.

In real-time queues, the state space is high dimensional in that the individual
task deadlines, the task lead times (time until the deadline elapses) or some equiv-
alent information must be kept to determine whether a customer deadline was
met when it completes its service. This high-dimensional state space makes exact
analysis intractable; however, a heavy traffic analysis can be carried out. This was
done by Doytchinov, Lehoczky and Shreve (DLS) [4] for the single node, single
traffic flow case, Kruk, Lehoczky, Shreve and Yeung [10] for the multi-class single
station case, Yeung and Lehoczky [17] for feed-forward networks, and by Kruk,
Lehoczky, Shreve and Yeung [11] for multi-flow acyclic networks. Both EDF and
FIFO queue disciplines were considered.

In the rest of this section we summarize some of the existing results of the
heavy traffic analysis and introduce the second-order analysis that is the subject
of this paper. The model, assumptions and analysis are reviewed and made precise
in Section 2 of this paper. The main results are stated in Section 3, and the proofs
are developed in Sections 4-6. Simulations demonstrating the main results are
presented in Section 7.

1.2. Previous analytic results. The heavy traffic analysis of real-time queues
begins with a sequence of queueing systems, the nth system having indepen-
dent strictly positive interarrival times with arrival rate A(", and the customers
having independent service times with mean ﬁ Assume the traffic intensity

n (n) . ..
o™ = ;kt((")) =1- VW for some sequence y ™ having a limit y. It follows that

the scaled workload process

(1.1) W) & = W*(1),

W (nt)
Nz
where W* is a reflected Brownian motion process with drift —y [see (2.17)].

To study the lead times of the customers in the queue, we introduce measure-
valued processes @™ (r)(B) and W™ (1)(B), where @™ (¢)(B) gives the number
of customers in the queue at time ¢ having lead times in the Borel set B, while
W (£)(B) is the work at time ¢ associated with customers in the queue having
lead times in B. By considering B = (—00, y], —00 < y < 00, one can construct
the cumulative lead-time distribution of work in the queue. The interval (—oo, 0)
is of special importance because it is associated with work that is late.

To characterize the limiting behavior of these measure-valued processes, it is
convenient to define the frontier, F(t), roughly the largest lead time of all the
customers ever having received any service. Any customer with lead time larger
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than F® (¢) has never received any service. The frontier allows us to divide the
workload (or customers) into two parts: those customers with lead times not larger
than F ™ (z), that is, W (r)(—o0, F (r)], and those with lead times greater than
F®™ (z), that is, W (r)(F™(¢), 00). DLS [4] prove that the scaled version of
W (—o0, F™(1)], namely, ﬁw(")(nt)(—oo, F™ (nt)], has limit zero; hence,

we focus on the behavior of W™ (¢)(y v F™ (), 00). (We use the notation a v b £
max{a, b} and a A b = min{a, b}.)

Under the heavy traffic scaling implicit in the discussion so far, in order to obtain
nontrivial limits as n — o0, time is accelerated by the factor n and the workload
and number of customers in queue is scaled by ﬁ Because the unscaled work-

load is of order 4/n, the time each customer spends in queue is also of order /n.
In order to have a nontrivial limiting lead-time distribution, the lead times of ar-
riving customers in the nth system must be of order ,/n. We assume therefore that
arriving customers in the nth sytem have lead times equal to 4/n times random
variables drawn independently from a cumulative distribution function G. We as-
sume that G satisfies y* £ min{y|G(y) = 1} < oo, so that these random variables
are bounded from above. It is natural to assume that G(0—) = 0, so that all lead
times are nonnegative, but we do not need this for our analysis and, hence, do not
assume it.

We set

*

00 y ] i
(1.2) H(y)é/ (1 —G(n))dn:{fy (I —=G@)dn, if y < y*,
’ 0, if y > y*.

The function H maps (—oo, y*] onto [0, co) and is strictly decreasing and Lip-
schitz continuous with Lipschitz constant 1 on (—oo, y*]. Therefore, there exists
a continuous inverse function H~! that maps [0, co) onto (—oo, y*]. In [4] it is
shown that, as n — 00, the scaled frontier process
- 1

1.3 F™ )2 —F™ ),

(1.3) (t) N (nt)
the scaled workload measure process

oy 1

1.4 WD (1) (B) £ —=W™ (nr)(/nB),

(1.4) (1(B) = =W )(v/nB)
and the scaled queue length measure process

(1.5) Q" (t)(B) £ %@Wm)(ﬁlﬁ)

converge weakly to the limiting scaled frontier process

(1.6) F*t)2 H ' (W*@)),  t>0,
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the limiting scaled workload measure process

(1.7) W (1)(B) & / (1-G(y)dy.

BO[F*(t),00)

and the limiting scaled queue-length measure process

(1.8) @ 0B 2 u (1-G()dy,
BN[F*(1),00)

where A = lim,,_ o A" and W =1lim,_ o /L("). Since lim,,_ oo ,o(”) =1, we have
A = u, but shall use both of these symbols to keep track of whether a term appears
as the limit of A or the limit of £ . This is useful to help conjecture the correct
formulas if there were multiple input streams, in which case the limit of the sum
of the arrival rates for the streams would equal w, rather than the limit for any
particular arrival stream. It also aids in simulation (see Section 7), in which we are
not yet at the limit and, thus, must replace A and y in certain formulas by A and
™, and these two are generally different.

In summary, DLS [4] prove that, as n — o0,

(1.9) F® = F*, WD = W* and Q™ = @Q*.

These convergence results allow us to approximate ”W(")(y, o0) for —oco <y < 00
and F™ in terms of the scaled workload process W) . We present those approxi-
mations and discuss their accuracy below.

1.3. Second-order analysis. Our goal is to approximate the scaled fron-
tier F™ and the scaled workload measure ‘W using the scaled workload
scalar W, and to determine the accuracy of these approximations. The work-
load process is most useful as an approximation quantity as it is the most easily
measured. Recall W™ (1) = W*(¢), F™ (1) = H~ ' (W*(t)), and

W (1)(y, 00) = W (1)(y, 00) = H(y vV F*(t)) = H(y v H (W*(1))).

These suggest the following approximations for W(")(t)(y, o0) and F™:

(1.10) W (t)(y, 00) ~ H(y v F™@)),
(1.11) W @) (v, 00) > H(y v H- (WM @),
(1.12) F® ()~ H- (W™ (r)).

In this paper we study the accuracy of these approximations by showing that
the difference between the desired quantity and its proposed approximation when
scaled by n'/4 converges to a limiting process. As n — 0o, the approximations
in (1.10)—(1.12) become exact, and so some dilation of the difference of the two
sides is necessary in order to obtain a nontrivial limit. In these approximations, ¢ is
held fixed and the process parameter y has been scaled by /n [the \/n B term in
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(1.4)—(1.5)]. This is actually a scaling of lead times, and when time is scaled by
J/n, space must be scaled by # in order to obtain a central limit result. However,

space has already been scaled by ﬁ [the ﬁ term in (1.4) and (1.5)]. We must

therefore multiply by n'/% to partially cancel this and obtain a scaling of #
Specifically, using [1] and [14], we prove the following results:

(1.13) nVA WD (1) (y, 00) — H(y v F (1) = J*(y v F*(1)),
(1.14) WD () (y, 00) — H(y v HL (W™ ()] = T*O)[{Fray<y)
RN N J*(F*(1))
1/4 1T (n) _ 7 e
(1.15) nH- (WP @®) - F™M 1)) = G0

where J* is a mean-zero Gaussian process with continuous paths and a covari-
ance function defined in Theorem 3.3 below. In (1.13) and (1.14), both the left-
and right-hand sides are processes in the parameter y < y* with ¢ > 0 fixed; the
convergence is weak convergence in D(—oo, y*]. In (1.15), ¢ > 0 is again fixed
and we have weak convergence of random variables.

2. The model, assumptions and notation.

2.1. The basic model. We now specify the model and its assumptions pre-
cisely. We have a sequence of single-station queueing systems, each serving one
class of customers. The queueing systems are indexed by superscript (n). The
interarrival times for the customer arrival process are {u j } j=1» @ sequence of
strictly positive, independent, identically distributed random variables with com-

1 (")}oo

mon mean -7 and standard deviation o™ . The service times are {v i Y=, an-

other sequence of positive, independent, identically distributed random variables
with common mean ﬁ and standard deviation 8. We assume that each queue

is empty at time zero.
We define the customer arrival times

k
2.1) s20, sV EY W, k=1,
i=1

the customer arrival process
(2.2) A (1) 2 max{k; S <1}, t>0,
and the work arrival process
(2.3) v 2 ij W, =0
Jj=1 ! -

The work that has arrived to the queue by time 7 is then VvV (A™ (1)).



ACCURACY OF STATE SPACE COLLAPSE 521

Each customer arrives with an initial lead time LE-") , the time between the arrival
time and the deadline for completion of service for that customer. These initial lead
times are independent and identically distributed with distribution given by

2.4) P{LY < Vny} =G (),
where G is a right-continuous cumulative distribution function. We define

(2.5) y* £ min{y e R; G(y) = 1},

and assume that y* is finite. We assume that, for every n, the sequences {ug.")};?il,

{vﬁ-”)}j?‘;l and {LE'”)}?; are mutually independent.

We assume that customers are served using the earliest-deadline-first (EDF)
queue discipline, that is, the server always serves the customer with the shortest
lead time. Preemption occurs when a customer more urgent than the customer in
service arrives (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

(2.6) N®@) 2 v (AM (1)) —¢

measures the amount of work in queue at time ¢, provided that the server is never
idle up to time ¢. The cumulative idleness process
2.7 I™@) 2 — inf N®(s)

0<s<t
gives the amount of time the server is idle, and adding this to the netput process,
we obtain the workload process

(2.8) WD) =ND @)+ 1™(@),

which records the amount of work in the queue, taking server idleness into account.
All the above processes are independent of the queue service discipline, 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 ¢, depends on the queue discipline. All these processes are right-continuous
with left-hand limits (RCLL).

2.2. Heavy traffic assumptions. We assume that the following limits exist and
are all positive:

; (n) _ ; (n) _
Jim i =2, i =
2.9)
lim o™ =q, lim g™ = g.

n—oo n—oo
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Define the traffic intensity p™ £ :‘L(:,)) . We make the heavy traffic assumption
i — ,my
210 Tim V(1 - ) =y

for some y € R. This implies that A = u, although, for reasons explained in Sec-
tion 1.3, we shall use both symbols. We use the notation p = A/ in certain for-
mulas, even though p = 1. We also impose the modified Lindeberg condition on
the interarrival and service times: for every ¢ > 0,

. (n) —1,\2
lim E[(ujn _ ()\,(n)) ) H{\u§'1)—(k(”))_l\>Cn1/4}]

n—oo
@1h (n) (n)y—1)2
Rt n n)\— —
= lim E{(v;" = (™) )H{w;”)—(um))—l|>cn1/4}]—O'
This condition is satisfied, for example, if sup,cy IE(ME."))”‘S < oo and

supneNIE(v;n))H‘S < oo for some § > 0. Clearly, (2.11) implies the usual

Lindeberg condition on the interarrival and service times:
. (n) n)y—1)2

nllygoE[(u] - ()‘ ! ) ) H{|u§")7()\(n))—1|>c\/ﬁ}]

(2.12) _ o 112
= lim E[(vj — (") )1

n—oo

{|v§")—<u<n>>*1\>cﬁ}] =0

for every ¢ > 0. It can be shown that (2.12) does not, in general, imply (2.11).
We introduce the heavy traffic scaling for the idleness, workload and queue
length processes

1
7)) 1y — (n)
_ 1
W™ () = w®

- 1
0" (1) = EQW(m),

and the centered heavy traffic scaling for the arrival processes

) 1w

n _ n _

> (t)_ﬁz_ 1(“1‘ ,\<n>>’
J:

AN (1) = —=[A" (nr) — A Pnr].

Jn



ACCURACY OF STATE SPACE COLLAPSE 523

‘We define also

—~ 1

(2.14) N (1) = —=[VP(A" (nr)) — nt].
n

Note that W (£) = N (r) + T (z).
Theorem 3.1 in [13] and Theorem 7.3.2 in [16] imply that

(2.15) (™, AM) = (5%, %),

where A* is a Brownian motion with zero drift and variance «?A3 per unit time
and

* 1 *
(2.16) S ()Lt):—XA (1), t>0.
It is a standard result [6] that
(2.17) (N®, T®W W) = (N*, I*, W*),

where N* is a Brownian motion with variance («?p? + ﬂz))\ per unit time and
drift —y, I*(¢) & —ming<s<; N*(s), and W*(t) = N*(t) + I*(¢). In other words,
W* is a reflected Brownian motion with drift —y, and I* causes the reflection.

Here and elsewhere, the symbol = denotes weak convergence of measures on
the space D(T, S) of functions from a set 7' (which is either a closed interval in R
or a closed rectangle in R2, both possibly unbounded) to a Polish space S that are
right-continuous with left limits. If § = R, we shall write simply D(T"). Through-
out this paper, we shall use two topologies on D(T, S). In almost all places, the
Skorohod J; topology will be employed. This topology is convenient for dealing
with weak convergence to continuous processes. The definition of the J; topology
can be found, for example, in [3, 5, 16] for T C R and in [1] for the case of a rec-
tangle T in R2. In the sequel, whenever we consider weak convergence in D(T, S),
we always assume that this space is endowed with the J; topology unless explicitly
stated otherwise. In particular, (2.15) and (2.17) hold in the J; topology. However,
in Theorem 3.4, the (weaker) M| topology on a half-line 7 will be used. We need
to use the latter topology to establish stochastic-process limits with unmatched
jumps in the limit process, for example, in the case of functions with asymptoti-
cally vanishing maximal jumps converging to an indicator function. See [16] for a
definition of the M topology and more details. We usually take T = [0, co) and
S =R4, with appropriate dimension d [e.g., d =2 in (2.15) and d = 3 in (2.17)],
unless explicitly stated otherwise. For stochastic processes A and B with sample
paths in D(T, S), we shall write A 4 B if A and B have the same distribution on
D(T, S).



524 L. KRUK, J. LEHOCZKY AND S. SHREVE

2.3. Measure-valued processes and frontiers. 'To study whether tasks or 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, that is,

lead time = deadline — current time.

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

Q™ (1)(B) 2 { Number of customers in the queue at time }

t having lead times at time # in B C R
Workload measure:

W (1y(B) 2 { Work in the queue at time 7 associated with }

customers having lead times at time  in B C R

Customer arrival measure:

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

Workload arrival measure:

Work associated with all arrivals by time ¢,
V® (1) (B) £ { whether or not still in the system at time 7, ¢ .
having lead times at time # in B C R

The following relationships easily follow:
(2.18) 0" (1) =" (1)(R), W (1) = W (1) (R),
(2.19) AD () = ADO®R),  VOAD @)=V (1) (R),

A(")(Z)
A (1)(B) = Lo . oo
Z {L}"~@~S;")eB)

j=1
(2.20) o
= Jg H{S}")GBH—L;”),S;")g}’
A(")(t) o
(n) _ n
VP (1)(B) = Z; v H{L;M_U_S;n))em
j:
(2.21)

w1
JoSWeBti—Lm s <1y

oL

I
—_

J

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
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customers, whether present or departed, who have ever been in service. We define
the frontier

Largest current lead time of all customers who have ever
F™ (1) 2 { been in service, whether still present or not, or \/ny* — 1,
if this quantity is larger than the former one

and the current lead time
SO {

Lead time of the customer in service,
or F™ (1) if the queue is empty ’

Prior to arrival of the first customer, F")(r) = \/n y* — t. 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(z). Furthermore, C™ (r) < F (¢) for all ¢ > 0. Both
F® and C™ are RCLL.

We define the scaled versions (1.3), (1.4), (1.5) and 6(”)0) = ﬁc(”)(m) of

the processes defined above under the EDF queue discpline. We define also

A (1)(B) & %A(")(m)(\/ﬁlﬁ)

1 A (nr)
(2.22) = & T s )e yp
]:
1 o
:_,1211 "WeJnB4nt—L" 8" <nry
j:
Q) s 1 ym
V()(B) = (nt)(v/n B)

Do
2
(2.23) Z Lo —ui—s)e vy

S\

J:
o

\/— Z S(”)efB+nt L(") S(")<nt}

3. Main results. Denote by M the set of all finite, nonnegative measures
on B(R), the Borel subsets of R. Under the weak topology, M is metrizable as
a complete, separable topological space. We recall Proposition 3.10 and Theo-
rem 3.1 of [4], which characterize the limiting distributions of the workload mea-
sure and the queue length measure under the EDF service discipline.

PROPOSITION 3.1 (Proposition 3.10 of [4]). We have F™ = F* as n — oo.
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THEOREM 3.2 (Theorem 3.1 of [4]). Let W* and @* be the measure-valued
processes defined by

(3.1) W) (B) & (1-G)dy,  @*1)(B) 2 uW*1t)(B),
BN[F*(t),00)

for all Borel sets B C R. The processes W and @™ converge weakly in
D([0, 00), M) to W* and @QF, respectively.
By Theorem 3.2, for every t > 0 and y € R,
W (1) (y, 00) = W (1) (y,00) = H(y vV F*(1)) = H(y v H™ (W*(1))).

In particular,

(3.2) T (1)(y, 00) & H(y v E®(1)).

In some cases, the frontier F (and, thus, its rescaled counterpart) may bg difficult
to evaluate. By Proposition 3.1, (1.6) and Theorem 3.2, we can replace F (1) in
(3.2) by the approximate rescaled frontier H “Lw®™ @), getting

(3.3) WD (1) (y, 00) ~ H(y v H L (W™ (1))).

The aim of this paper is to investigate the rate of convergence of W (1)
to W*(¢) in Theorem 3.2. More precisely, we find the empirical processes corre-
sponding to the workload measure. In what follows, we fix ¢ > 0. Our main results
are the following:

THEOREM 3.3. Asa processiny < y*, we have the convergence
(3.4) n WM (1) (y, 00) — H(y v ()] = J*(y v F*(1))

in D(—o00, y*], where J* is a mean-zero Gaussian process with continuous paths
and covariance

*

* * 24 2 Y ¥
E[J"(ynDJ ()] =a"2p / (€ —=y) A (k—=y2)dG)dG (k)
Y1 2

Yi=1vy) /1 )
(3.5) +a /0 <?G((y1 Aya)+x)+ B )

x (1 =G((y1Vy2)+x))dx,
independent of F*(t).

THEOREM 3.4. As a process in'y < y*, we have the convergence
(3.6) n WD) (v, 00 = H(y Vv H (WP )] = J* ODLiF+i)=y)

in D(—o0, y*] endowed with the M topology, where J* is as in Theorem 3.3.
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Let us note that Theorems 3.3 and 3.4 characterize the accuracy of the approx-
imations (3.2) and (3.3), respectively. One might also ask about the accuracy of
approximating F® (t) by H _1(W(”)(t)). The answer to this question is given by
the following proposition:

PROPOSITION 3.5. For a fixed t > 0, we have the convergence

JE(F* (1)

1/471 =1 (77 (n) _ ) -
(3.7) n'fTH (W™ @) - F (t)]:>1_G(F*(t)),

where J* is as in Theorem 3.3.

Let us observe that, by (1.6), P{F*(t) < y*} = P{W*(r) > 0} = 1, so the limit
in (3.7) is well defined.

4. Customers behind the frontiers. In this section we prove that the work
in the nth system at time nt associated with customers in this system having lead
times smaller than the current frontier F (nt) becomes negligible after division
by n!/4. The following lemma is a refinement of the second part of Proposition 3.6
in [4].

LEMMA 4.1. Under the earliest-deadline-first queue discipline, we have

(4.1 n AW ) [C™ (1), F™ (1)) = 0.

PROOF. We define
4.2) ™ (1) £ supfs € [0, 1]; C™(s) = F™(s)).

Because the system is initially empty, C™(0) = F™ (0) = 0 and the above supre-
mum is not over the empty set. In the proof of Proposition 3.6 in [4], it is shown
that

(4.3) Ju(t — ™) = 0.

Let us observe that, by the definition (4.2) and the fact that the interarrival times
are strictly positive, we have

Py ~ —~ 1
@ OO 0), FOE O] = vl iy

with strict inequality only when ™ () =t and cm (1) = F® (1), in which case
the left-hand side is zero. We want to show that

@.5) LI =0
: nl1/4 7A@ (nT™ (1)) ’
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To this end, let us choose a sequence ¢, |, 0 so slowly that P(A,) - 1 asn — oo,
where A, = [t (1) > — &en/+/n] [such a choice is possible by (4.3)]. By (2.15)
and the differencing theorem (see, e.g., Appendix A of [4]),

%[A(n)(nt) — A (nt — Jney) — AP ng,] = AW (1) — A <t B %) Y

Therefore, it is possible to find a sequence a, | O so slowly that P(B,) — 1
as n — oo, where B, = [A®Wnt) — AWt — /ne,) < b,/n], and
b, = AMg, + a,. For any § > 0, we have

1
: ()
lim ]P’Hnl/4 Vg (e ) = 8} NA,N Bn]

(1
< lim P {—4 max v} za}mAntn]
n=o0 [ | nl/* A0 (ur)—by < j<A® r) 7

1
< lim P —7a max v(-") 28}
n=00" | nl/* A (ny—by < j<A® )

1
(4.6) < lim P| —  max v(.")z(S}
n—oo _n1/4 lfjfbn«/ﬁ'f'l

Lbn v/ |41 "

i n 1/4

=1_nll>noloP|: N v <ot }}
j=1

=1— lim P[vi") <5n1/4]LbnﬁJ+1

n—oo

<1-— lim
n—oo

82/n 7

where the fourth line follows from the independence of the service times and the ar-
rivals, the sixth one from the fact that {v(-")}".ozl is a sequence of i.i.d. random vari-
ables, and the last one from (2.9) and the fact that b, — 0. But P(A, N B,) — 1,
so (4.6) implies (4.5).

An upper bound on the work with lead times in [C M (nt), F™ (nt)) at time nt
is the work arrived to the system during the time interval [nt ) (¢), nt] minus the

work served, which is nt — nt ™ (¢). From this and (4.4), we obtain the bound
0 < n/AW () [C™ (1), F™ (1))

()
1o 1 A ()

(n) _ 3/4(, _ _(n)
= 174V AD (e (1) + nl/4 Z v, —n (t—7" (D)
J=A® (nr ™ ()41

1
_ (n)
@47 = 2174 VA® (e (1)
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n n1/4|:‘7(n) (lA(n)(nt)> _ f/\(n)(lA(n)(nr(n)(t)))}
n n

(n) — AW () _ 34 )
o AT ) = AT T )] = e T D)
| 1/4] S 1 ~n) @
= 172V A e ) T [V <—ﬁA )+ t)

_pm (% A0 (0 (1)) + ,\(mT(n)(,))]

4 R
+ %[A(ﬂ)(l‘) —AM (f(")(t))] — (1 — p(”))n3/4(t _ (l))

By (4.5), the first term on the right-hand side of (4.7) converges to zero in distrib-
ution. Also, by (2.10) and (4.3),
(1= ™) (1 = T @) =0~ (Y (1 = p™)) (Valt — (1))

=0.

4.8)
Fix ¢ > 0. We have
n1/4[g(n)(t) _ A\(")(‘c(n)(t))]

+n1/4|:A‘(n)<(t _ %) Vv .L.(n)(t)) _ A\(ﬂ)(t(n)(t))jl'
n

The second term on the right-hand side of (4.9) converges weakly to zero by (4.3).
The first term is bounded above by

V4 max  [AM (1) — AW (s)|

n
t—e//n<s<t
(4.10)
_ 174 700 _gm)(t_ L)‘
Olgsa;an ( ) \/ﬁ

One can check that ordinary and renewal functional central limit theorems for
triangular arrays (see, e.g., [5, 7, 13] and Theorem 14.6 in [3]) imply that

Ty o 1A Zm ey S
4.11) AW ()2 p (A (1) — A (t ﬁ)):B(s),

where B is a Brownian motion (with zero drift and variance o223 per unit time).
Therefore, (4.10) converges weakly to maxo<s<¢ |B(s)|, which, in turn, converges
to zero when ¢ |, 0. We conclude that

(4.12) n1/4[A‘(n)(t) — A (‘L'(”)(t))] = 0.
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The analysis of the second term on the right-hand side of (4.7) is similar to that
given above. For a fixed ¢ > 0, we have

1

o1 _ .
1/4 V(n)( A0 )\(’“z) _ V(n)( A0 (20 (1)) 4 1M >]
n [ NG (1) + NG (@) + 1" @)

SNV N
/4 V(n)( o M")z)
" [ Jn @

o wn((- 5) o)

(= ) v

oo (G (- ) veoo)
oo %)

~ 1 ~
_ V(n)( A0 (20 (1)) 4 1M (4 )}
A0+ ()
As before, the second of the two terms on the right-hand side of (4.13) converges

weakly to zero by (4.3). To analyze the first one, we define a sequence of processes
(depending on the parameters ¢t > 0 and & > 0) by

+
AOE n—l/“[v(”) <ﬁs + A(")n<z — i) )
, N

_yw (M'”n <t _ %)*) _ L;{(ﬁnfj ]

By the above-mentioned functional central limit theorems for triangular arrays,

(4.14) V" (s) = B(s),

where B is a Brownian motion (with drift zero and variance 8% per unit time).
Moreover,

~ 1 <
1/4 V(n>(_A(n> . A(")t>
n [ NG ) +

_ V(n)(%;{‘(n)((, ) y r(")(t))
() wen))

(4.15) = V(AW (1) + 20 (Jnt — (Vnt — ) 7))
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- (X(”) ((r - %) v t(")(t)>
+ 2D (nt ™ (1) — (/nt — e)+)+)

+ o4,

The right-hand side of (4.15) converges weakly to 0 by (2.15), (4.3), (4.14) and
the differencing theorem. This, together with (4.7), (4.5), (4.8), (4.12) and (4.13),
gives (4.1). O

5. Approximation for the workload arrival measure. By Proposition 3.4
of [4], for every yg < y*,

o~ n P
(5.1 sup |V (1) (v, 00) — H(y)| — 0.
Yo<y=<y*

In this section we want to find the joint limiting distribution for the the rescaled
workload W™ (¢) and the empirical process

(5.2) TR En VP 0,000 —HY)), vy
corresponding to (5.1). For y < y*, let

1
)y o 0) _

We have
~ 1 &
VO (0)(y, 00) = N Z U.g'n)ﬂ{mh/ﬁy—L;”)<s§")§m}
(5.3) =
= 1"+ 1" (),
where

*

(5.4) 1"(y) = / ’

de(.”)(Z),
y

1 o
ﬁ 2:1 H{nt-i—\/ﬁy—\/ﬁ(Z<S;”)§nt}
J:

G5 My = /

}dG(E).
y

1 &1
ﬁ Z (n) H{nt+ﬁy—ﬁ£<5(”>§nt
=1 122 J
In Sections 5.1 and 5.2 we study the limiting behavior of / 1(") and 12("), respectively.
We shall see that in the limit n'/471 1(") depends only on the service times and lead
times, not on the interarrival times, whereas 12(") obviously depends only on the

interarrival times. Hence, the limits of n1/41 1(") and n'/ 4(12(") — H), both of which
exist, are independent. In Sectj_gn 5.3 we use these obervations to characterize the
limiting distribution of (f(”), W™ (1)).
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5.1. Asymptotic analysis for | 1(”). For £ > y, we have
AW (nt) — A (nt — /n(€ — y))
~ ~ 1
(56) = KO =)+ Vi (A0 = A0 (1= T )
n

=210l —y) +nPAD (0 — ).

From (5.4) and (5.6), by the fact that customer arrival times are independent of
their service times and lead times, we get

| v AW (nt)
W () = Y / 2 M )
Y j=AD (i — () +1

Lo yr AP @) =AD (nt— /(¢ ~y))

d 1 (n)
(5.7) =7 ), . dM;" (6)
Jj=1
|yt MOV £ A () "
n
= ], > dM;" ().
j:
For s > 0 and y < y*, let us define a random field
1 syl j
(n) A" ) %\ ag)
) (0% M (= +2))
J:
Then
|yt BOVAE-Y) o
n
nl/4 Z de ©
y j=1
1yt POVEGTY) o
= 1 /y 2 Tezjjom i M ©)
j=1
(5.9)
1 POV o o j
- n kY n _
= i ; (Mj O —M; ((k(n)ﬁ+y> ))
=Y"W@G* =y y-).
Let

AW ()= AP (nt—/n(C—y)) AW Jn—y)]

n N v (n)
(5.10) R()(y):m/y< > - X )de ©).

j=1 j=1
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Then, by the second inequality in (5.7) and (5.8)—(5.10),
d
(5.11) n ) £ YOG =y 3 + RO ).
In the remainder of this subsection we find the limiting distribution for ¥ ™ and

show that the process R™ converges weakly to zero.

PROPOSITION 5.1.  For every so > 0 and yo < y*, Y™ =Y in D([0, so] x
[vo, y*1), where Y is a mean-zero Gaussian random field with continuous paths
and covariance

E[Y (s1, y1)Y (52, ¥2)]

S1INS2 1 )
=x[) <EG((y1/\y2)+x)+/3)(I—G((ylvy2)+x))dx.

PROOF. We will first show that the sequence {¥ ™} is tight. For y < y* and
j=1,2,..., let

A J
6,02 6(551=+)
Also, for 0 <s1 <52 <53 <50, y0 <y1 <y2 < y3 <", let
Y™ ((si,8i011 X ks Yer11)
Ly —y®s, —y®g, Y (.
(Sl+17 yk+l) (Slv yk+l) (Sl+lv Yk)+ (Slv yk)

| sy o
=7 Yo AM (ks i),
J= s yn | +1

where

) o Oy
AM;™ (Vi Yit1) = M (/\(n)ﬁﬂk) M; (W)ﬁﬂkﬂ).

We define By = (s1, s2] X (y1, y2] and we will take B; to be a block “neighboring”
B1, considering both the case that

(5.12) By = (52, 53] < (y1, 21

is to the right of By and also the case that

(5.13) By = (s1, 521 X (y2, y3]

is above Bjp. Our goal in both cases is to obtain the bound (5.23).
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We continue with B; given by (5.12). The independence of the random variables
AMJ(.") (Y&, Yk+1) for different values of j implies

1 sy o ,
n
ﬁ Z E(AMJ- ()71,)’2)) ,
j

=[AMs;/n |+1
(515 E[(r™(Bn)* (Y™ (B)’] = E(Y ™ (B))’E(Y " (B))’,
fori =1, 2. Let us note that

E(AMJ(-n)(yl, )’

(5.14) E(Y ™ (B;))* =

1 2
_wl,m . .
- E[”J‘ H{j/wﬂwﬁyl<L§”>sj/x<">+ﬁyz} T @ (Gj(2) = Gjly 1))}
(5.16) 1
n)\2 2
=E(")*(G;(3) — G;(y) — iy (G102 = G(m)
<C(G;(y)—G,;()),
where

1
_ (2 _ (n)\2
C_sng(vj ) —sgp{(,B )+ (M(”))z} <00

is a constant independent of j and n because of (2.9). Let U ) be a random vari-
able such that

(5.17) IP’[U(”) -7 ]: 1

' Al A nsol”
Let X be a random variable with cumulative distribution function G, independent
of U™ . For 0 <s1 <52 <50, Yo < y1 < y2 < y*, let us define

j=1..., L)»(”)\/ES()J.

m\" ((s1, 521 x (1, y21)
(5.18) 2P[U™, X —U™) € (s1,52] x (31, y2]]

1 VSN
= ) (Gj) —Gj(m).
(n)
A0V /nso] ;

=012 /n+1
We have, by (5.14)—(5.18),
(n) 2
E[(r® (Bo) (r(B2)°] = Cz(%) m}” (Bom}" (By)

(5.19) )
< C2(AMs0)*m{"” (Bym{" (By).

We have obtained (5.23) with m™ £ A(")soCm(ln).
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Now let B, be given by (5.13). Using the fact that EAM (" (i1, yi) =0 and

the AMJ(.n) (k» Yk+1) are independent for different values of j, we have

E[(y™ (B)* (Y™ (B2))*]

| 10 i " 2, A N 2
=;E[( Y AM{ (y1,yz)> ( Y AM; (yz,y3)> }

J=LA0s i J+1 J= A0 i |41

A5y /n ] , ,
= > E[(AM,(-")(yl,yz)) (AM;”)(yz,%)) ]
T im0y 41

A sy /| ) ,
+ - > [E(AM (y1. ) E(AM™ (v2. y3))°]

n
Jok=11"s;/n ] +1
J#k

(5.20)

A" s2/n ]
+ - > E[AM (y1, y2) AM{” (v2. y3)]

n
Jok=11"s;/n |41
J#k

< E[AM (31, y) AM" (v2. y3)].

Using (5.20) and proceeding as in (5.16), we can check that there exists a constant
C1 independent of j and n such that

E[(Y™ (B)* (Y™ (B2))’]
C A"y /n ]

G2 <=L S (G50 = G 0)(Gi () — G ()
=1 0s /n | +1
25 /n |
+2 > (Gj(32) — G;(y))(Gx(y3) — Gk (32)) |-
Jok=12Wsy/n |+1
J#k
Thus,

(5.22)  E[(Y™(B))* (Y™ (B))*] < 2(s0r™)>C1m'"™ (B1)m'\"™ (By).

By (5.18), (5.19) and (5.22), for all “neighboring blocks” B and B in [0, so] x
[0, y*], we have

(5.23) E[(Y™ (B))* (Y™ (By))*] < m™ (B))m™ (By),

where m®™ £ 1™ g, (C + /2C; )mﬁn).
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It is clear that m(ln) = m1, and thus,

(5.24) m™ = m,
where
mi((s1, 521 x (1, y21) EP[(U, X — U) € (s1, 521 x (1, y21],
m 2 xso(C +/2C1 )my,

with independent random variables U and X having distributions uniform on
[0, so] and G, respectively. In particular, m has continuous marginals. Then, by
(5.23), (5.24) and Theorem 3 from [1] (strictly speaking, by its extension described
on pages 1665-1666 of that paper), the sequence {¥ ™} is tight in D([0, so] x
[0, y*1). (Note that ¥ ™ vanishes along ({0} x [yo, y*1) U ([0, so] x {y*}), instead
of the “lower boundary” ({0} x [yg, y*1) U ([0, so] X {yo}), as required by the as-
sumptions of (the extension of ) Theorem 3 from [1], but the proof of the latter
result clearly goes through also in our case.)

Now we will show that the finite-dimensional distributions of ¥ ™ converge to
the corresponding distributions of Y. Let 0 < sy < s2 <sg and yg < y1, y2 < y* be
given. We claim that

(5.20)  lim E[Y™ (s, y)Y ™ (52, y2)] = ELY (51, y)Y (52, 2)]-

(5.25)

Let us observe that
E[Y ™ (s1, y)Y P52, y2)] = E[Y ™ (s1, y) Y ™ (51, ¥2)]
+E[Y® (s1, yD) (Y ™M (52, y2) = Y P (51, )]
=E[Y™ (s1, y)Y " (51, 1)),

and E[Y (s1, y1)Y (s2, y2)] = E[Y (s1, y1)Y (51, ¥2)] by the definition of Y, so it suf-
fices to check (5.26) for s; = 5o £ 5. Assume that y1 < y2. Then

E[Y™ (s, y)Y ™ (s, 2)]
| sy

_ b YR Oy S
= L E(mP0n - (55 )
J:
(RN (n) ]
><<Mj ) — M} (w)ﬁﬂz»}
| sy

1
_ 3 ) _ _ G
B = E[(”/ Lo i <2 1vm ~ Gf(yl))>
J:

1
(n) .
(5:27) X <”J H{j/(k<")ﬁ>+yz<L§’l>/ﬁ} NG (1- Gf(”)))]
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1 A ®sy/n |

=— E(]")*(1-G,(2)
1
- W(l —G;(yD)(1 - Gj()’z))]
1 (A /n | 1
- mH\2Y) _ —C. .
1 L)\( )S\/_J 1 (2

To obtain (5.26), we observe that the last term in (5.27) converges to
s/ 1
[ (500140 +82) (1= G2 +0) dx =EI¥ 65,30V (5,32,
To show convergence of the finite-dimensional distributions of ¥, we will

use the Cramér—Wold device (see, e.g., [2]). Fix m, 0 <s1 <--- < s, <50, Y0 <
Viseoow Ym <y*andty,...,t, € R. Then

m
> YD (si, v)
i=1

1 mo sivn] j
B ' n) . ()
(5.28) _—n1/4;tl 2 (MJ 07— M; (Mn)\/ﬁ”’))
1= J=
LA 5 4/ |
& (n)
= XY,
j=1

where

~ 1 ]
(n) & ) (n) ()
Xj =7 E t,<Mj " - M] (Mn)\/_—i-y,))

{i: j<a0 /ns;}

are independent, mean-zero random variables. By (5.28), we have

(A, /n | ~ m
2 & Var( > Xﬁ’”) =Var<ZtiY(")(Si, yi))

=1 i=1
(5.29) !

m
= > GuBY ™ (s, y) Y™ (e, )]s
k=

i,k=1
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s0, by (5.26),

m
nlgrgos kX:l Lt ELY (si, i)Y (sks yi)]
i.k=

(5.30)

m

= Var(ZtiY(si, yi)>.

i=1
If s =0, then Y7, ;Y™ (s;, yi) = Y7, Y (si, yi) by (5.29), (5.30) and the
Chebyshev inequality. Assume s > 0. We shall check that the random variables
f(;”) satisfy the Lindeberg condition. Let X;”) £ pl/ 45(;"). It is easy to see that
there exist constants C, C > 0 such that |X§”)| < C1v§") + C; forevery j, n. Let
& > 0 be arbitrary. Then

1 (AW s /11 ]

X

j=1

o (n)\2
XU ap
{|2§-”>|Zssn}( )

2 = (x;") ap

(X [zes,m1/4)

n j=I1
2 L)h(")smﬁJ
531 < = (v + c3)ap
G0 = spv/n ; {”_5")20/01)(esnn'/‘*—cz)}( ) 2)
(n)
=0( dP
M M=(1/C1)(esn/4~C2)) )
1/4 _
Cy
As n — 00,
1/4 _
P[vin)zgsnn Cz} < 1C41 Evi”)
(5.32) C gs,nl/4 — C,
. ¢,
(esynt/* — Co)p™
and
(5.33) f V) dP — 0
> (1/Cp)(esun A= Cy))

by (2.11) and (5.32). Thus, by (5.31)—(5.33), the random variables )25.") sat-

isfy the Lindeberg condition. Therefore, by the Lindeberg central limit theo-
rem, the sum /", ;Y ™ (s, yi) converges weakly to N (0, s), the distribution of
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> Y (si, yi). We have proved convergence of the finite-dimensional distribu-
tions of ¥ ™ to the corresponding distributions of Y.

Finally, we show that the limiting random field Y has continuous sample paths.
By the Kolmogorov—éentsov theorem (see, e.g., [8]), it suffices to show that there
exists a constant C such that, for any 0 < s1 < 2, y1, y2 < y*,

(5.34) E[Y (1, y1) — ¥ (52, y2)|° < Cll 51, y1) — (52, v,

where | - || denotes the Euclidean norm in RZ. It is well known that, for every n,
there exists a constant C,, such that, for every normal random variable Z with mean
Zero, EZ" <Cy (EZZ)”. In particular, because Y is Gaussian, to prove (5.34), it
suffices to find a constant C such that

(5.35) E|Y (s1, y1) — Y (52, y2) 1> < ClI (51, y1) — (52, y2)I.
We have
E|Y (s1, 1) — Y (52, y2)|?
(5.36)
=EY (s1, y1)* — 2E[Y (s1, y1) Y (52, y2)] + EY (52, y2)*.
But
IEY (52, y2)* — E[Y (s1, y) Y (52, y2)]|
_k‘f ( GOy +x)+8 )(1 —G(y2+x))dx
(5.37)

—/Osl (%G(()’l /\yz)+X)+,32)

X (1=G((y1Vy2) +x))dx

If y; < y,, then the right-hand side of (5.37) equals

A 81
F/o (G2 +x) =GOy +x)(1 = G(y2+x))dx
52 1
1 [ (56024 0+ 82) (1= Gn +0) dx
A
= / (G(y2+x) = G(y1 +x))dx + (? —}—Aﬁz) (s2 — 1)

A

w?

A y2+s1 Yi+s1 A )

_Z(f —/ )G(x)dx-i—(—z-i-kﬂ >(sz—sl)
w V1 M

A

A
Fly2=yl+ (F +)»,32) (52— 51)-

,u
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Similarly, if y; > y», then the right-hand side of (5.37) is equal to

)»f( G(yz—l—x)—l-,B>(G(y1—|—x)—G(y2+x))dx

+/\/ ( Gy 4x)+p >(1—G(y2+x))dx

IA

(34 8) [ (01+0 =602 ) dx+3( 5+ 862 =0

IA

1
A(E +/32>(|y2 I+ (2= 5).
Thus,

(5.38) |EY (52, v2)* — E[Y (s1, y)Y (52, ¥2)1| < C1l[(s1, y1) — (52, ¥2)]I,

where C1 = ﬁk(ﬁ + B%). By a similar (in fact, simpler) argument, we get

(5.39) |EY (s1, y1)* = E[Y (s1, y1)Y (52, y)1I < Cill(s1, y1) — (52, y2) -
Relations (5.36), (5.38) and (5.39) give (5.35) with C=2C;. O

LEMMA 5.2. Let ¥, 2 o(u(n) j=1,....) and let K™ be F,-measurable
stochastic processes such that K(”) = 0in D[0,00). For s >0 and y < y*, let

(n)
z™(s )éiu ijﬁj M =M (v + _g(
» Y n1/4 4 J y y (n)\/— A(”)\/ﬁ .

j=1

Then, for every so > 0 and yy < y*, Z®™ — Y™ = 0 in D([0, so] x [y0, y*]).

PROOF. Because K™ = 0, there exists a sequence &, of positive numbers
converging to zero so slowly that P(A,) — 1, where A, = [supy<,, K™ (s)| <
&n]. It suffices to prove that

(5.40) (2™ — Y™\, =0

in D([0, so] x [0, y*]). Relation (5.40) 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 prelimit processes) under consideration are defined on the same proba-

bility space (€2, #, P) and, moreover, all the arrival times {u( )}°° _ are inde-

pendent of all the service times {v( n) }OO —; and all the lead times {L(")} Fn=1-
This is not a limiting assumption, because if, for different n, the probablhty

spaces (™, A™ P on which the sequences {u( )}j 1 {v(")}, 1 {LE.")}C/?O:1
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are defined are different, we can take (2, A, P) = ]_[2021(9(”), AW P(”)). Let

F = a(usn), jsn=1,...). Note that, for any (deterministic) function f,

(5.41) E[f (¥, zM)F]1=E[f(x®, Z")| K™ ()],

that is, we can evaluate the left-hand side of (5.41) by conditioning on a sample
path of K (.). As in the proof of Proposition 5.1, let U™, n=1,..., be a se-
quence of random variables with distribution (5.17), let X be a random variable
independent of this sequence and having cumulative distribution function G, and
let (X,U D y?, ..) be independent of ¥ . Let m m2 ™) be a random measure, de-
pending on the sample path of K "(.), defined by

) ((s1, 521 X (1, y2l)

2P((U™, X = U™ + KD (U™)) € (51,50 x (01, y201K™ ()]

1 I_SZ)“(n)\/ﬁJ

a > (G0 -G o),
T 0 nso ) )fsoJ L AP |1 / !

where 0 <51 <52 <50, yo <y1 <y2 <y* and

T T !

Let us also define random measures mg’) £ mg’)ﬂAn + ml4¢, where m is the
measure defined by (5.25). Observe that, for every w € €2,

(5.42) mi (@) = m;.
Proceeding as in the proof of Proposition 5.1, we get

E[(Z(”)(Bl))2(2<")(Bz))ZHAn 1K™ (]
(5.43) cimy” (Byms (B)la,

Cimy" (Byym$" (By)

for some deterministic constant C; and any “neighboring blocks” Bj, By C
[0, s0] X [v0, ¥*]. As in the proof of Proposition 5.1, (5.42)—(5.43) imply that
the random fields Z™1,, are conditionally tight with respect to K(-). By
Proposition 5.1 and the fact that ¥ is independent of ¥, the random fields
(Z™W — Y™, are also conditionally tight with respect to K (-). For any
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0<s<spand yg <y < y*, we have

E[(Z™ — Y ™) (s, y)a, |K @ ()]

(n)
- E(Uin))z [AMsy/n]

<= > (G(y#—ﬁ—l—sn)

j=1
)
A /n

<Cm\((0, 51 x (y — &, y + £41) = 0,

(5.44)

where C is a constant independent of n, because, as we have seen in the proof of
Proposition 5.1, the measures m;| ~ converge weakly to a continuous measure mj.
In particular, the finite-dimensional conditional distributions of (Z™ — Y ™),
with respect to K " (-) converge to zero. Thus, the conditional distributions of the
random fields (Z™ — Y™)I4, on D([0, so] x [yo, y*]) with respect to K (-)
converge weakly to 0, so for any continuous and bounded function f : D([0, sg] x

[y0. ¥*]) — R,
E[f((2" — Y ") a )IF]=E[f (2™ — Y™)4,) K™ )] = £(0),

where the equality follows from (5.41). This implies (5.40), because, by the
bounded convergence theorem,

Ef((Z™ —Y™)la,) =B{E[f((Z" — Y?)I4,)IF]} > £(0). O
PROPOSITION 5.3. R"™ = 0 in D(—o0, y*].

PROOF. Let y < y* be given. For any 1 < j < A®(nt) — A™(nr — /n x
(y*—y)) and y <€ <y*, A®Wmr) — AWt — /n( — y)) > j if and only if
nt —/n(l —y) < SXZ)(M)_].H which, in turn, is equivalent to £ > y + ﬁ(nt —

()
SA<">(nz)—j+1)‘ Thus,

v A (nt)— AW (nt—/n(L—y))

[ S
y

J=1

AD (nt)— AW (nt—/n(y*—y))
(545) = ) (M6
j=1
— MJ(") (y+

1
(n)
ﬁ("t - SA(")(nt)—j—l—l)))'
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For s > 0 and y < y*, let

LA sy/n ]
'y T opl/4 — iV i\ NG (AW (nn)—j+D+
J:
LA sy/n ] i i
_ () xy _ _ g
- X (1709 = (v + 5=~ 1 (557
J:

where, for u > 0,

1
H( ) A ) _ —
T ﬁ[SLA<n>(nz)+1—x<n>ﬁquo (nt — /nu)]

=3 S
= (/A a1 m=2Du) iyt T 3 T

— /nt +u.

Observe that, by (2.15), (2.16) and the differencing theorem, with probability ap-
proaching 1,

|A® (1) + 1 — 2™ Jnu |*

~ 1 ~ 1
(n) _ o) (n)
HY (u) = SA(”)t—i-o(l) + O AV () + O(—\/ﬁ> = 0.

By Lemma 5.2, for every so > 0 and yy < y*,

(5.46) X" —y®W =0

in D([0, so] x [yo, ¥y*]) and, thus, by Proposition 5.1,
(5.47) XM=y

in D([0, so] x [yo, y*], R). By (5.10), (5.45), the definition of X, (5.6) and (5.9),
1 ~
(n) —_ y® (n) (n)

(R
= (X(”) (y* — YVt aaA " =, y> - X0y, y))

+(XO O =y, ) =YV =y )
+ (Y0 =y, ) = YP 0~y y0),

which converges to 0 in D[y, y*] for every yo < y* by (4.11), Proposition 5.1,
(5.46), (5.47), continuity of the sample paths of Y and the differencing theorem.
O
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5.2. Asymptotic analysis for 12(”). The analysis of the limiting behavior of
nl/ 412(") (y) is easier. We have the following:

LEMMA 5.4. We have n1/4(12(") — H) = Z in D(—o0, y*], where Z is a
mean-zero Gaussian process with continuous paths and covariance

E[Z(y1)Z ()] = ha®p? / "7 =y A k- 1) dG @) G ().
Y1 y2

PROOF. Fory < y*, let Z(y) £ ﬁ fyy* B¢ —y)dG(£), where B is a zero-drift
Brownian motion with variance >A> per unit time. It is easy to see that Z is a
mean-zero Gaussian process with continuous sample paths. Furthermore,

1 * 1 *
E[Z(yl)Z(yz)]=E[— T B —ywdGwo) -~ [ B(k—yz)dG(k)}
M Iy M Iy

1 ey
= —2/ E[B(£ — y1)B(k — y2)1dG(£) dG (k)
n=Jyr Iy

* *

=ahip? [T [T €= A= a6 a6,
1 y

2

Finally, by (5.5),

moo_ Y w (n)
LYy = u(”)ﬁ/y (AP (nt) — AD (nt — /n(€ — 1)) dG (L)
1 y* - ~ L—y
_ )y W 2,
(5.48) -5 /y (,\ € —y)+ AP @) - A (r N ))dG(Z)

w [ R )
= [*€=pac@ + [ A0~y dGee),
y y MYVn
and thus, by (2.9), (2.10), (4.11) and the fact that
y*
(5.49) | €-nico =),
y

we have [with A defined by (4.11)]

n4( () — H())
(5.50)

DA 1
_ m)p _ S
_fy M(n)A” ¢ y)dG(ﬁ)+0<n1/4):>Z(y). O
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5.3. Asymptotic analysis for (T, WM (1)),

COROLLARY 5.5. We have J™ = J* in D(—o00, y*], where J* is a mean-
zero Gaussian process with continuous paths and covariance (3.5).

PROOF. By (5.7), (5.9), (5.10), (5.50), Propositions 5.1, 5.3 and the indepen-
dence of the arrivals, the service times and the lead times,

(41" (). n (1" (3) — H()))

1 y* A Ja(l—y)+n'FAD (e—y)—1
n

(n)
m ,/;» Z dMA(")(nl‘)—j (@),
j=0

*

y 1 ~
/ WAW(E — y)dG(E)) +o(1)
y

Sl 1 A fn(e—y)+nl /A A® (0—y)
551 £ (1—/4/ > am{" (o),
n y =

y 1 ~
/ WA(")(E - y)dG(Z)) +o(l)
y

( YW -y, y— )+R<”’(y>/ AW~ y)dG(z))+o(1)

= YO =y.9).Z®©»)),

where Y and Z are as in Proposition 5.1 and Lemma 5.4, independent of each
other. Thus, by (5.2), (5.3) and (5.51), T = J* asclaimed. O

PROPOSITION 5.6.  We have (J™, W™ (1)) = (J*, W*(1)) in D(—o00, y*] x
R, where J* is as in Corollary 5.5 and W* is a reflected Brownian motion with
variance (> p* + B)A per unit time and drift —y , independent of J*.

PROOF. Fix an arbitrary yp < y*. By (2.17), Corollary 5.5 and its proof, it suf-
fices to show that W (¢) is asymptotically independent of the pair of processes
(n1/411(n)(y),n1/4(12(")(y) — H®»))), yo <y < y*. We assume throughout the
proof that n is sufficiently large so that nt — /n(y* — yp) > 0. We note at the
outset that, by (2.17) and the differencing theorem,

(5.52) ww (z = %(y* - yo)) —WP@1) = 0.

Denote T;" SA(n)(m VA —y0)) and T, SA<">(nt Va(y*=yo)+1’

7" <nt — Jn(y* — yo) < T,". Define 6™ = T" — (nt — /n(y* — y0)). The

so that
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process AW (s),0<s <nt— J/n(y* — yp), and the process
A" () 2 AT + Yn(y - yo) — A”(13")
=AM (nt — /n(y* —y) +0™) = A" (nt — /n(y* — yo) +6"),

yo <y < y*, are independent.
We show now that

1
()
(5.53) Y —7z07 =0.
Using the process S that has the continuous limit $* in (2.15), we may write
1 1
S Sy = — () _
O<rrrlg)2(kt} 2k ( )’ N lgjgfluntj “j A
max ! u — ! .
1<1<L2me[ “j VA

Because the limit of S™ is continuous, the term maxj<;<|2iu1| f u converges

to zero in probability. Since A = A* we can choose a sequence of sets {B,}7 |
with P(B,) — 1 such that A" (nt) < 2int — 1 on B,. We set

1 1
sfn) = —(nt — T<n)), sé") (nt — T(n)),

Ji NG

SO

1 1

L I e N N () B () RN )
ﬁ”A<">(nt—ﬁ(y*—yo))+1—ﬁ(Tz ") =5 S ZﬁQ .

In particular, (s( -5, ))]I B, converges to zero in probablhty, and hence, so does
s{n) (n) . We have s(n) = sf") (s(n) 8y )) > y* (s(n) Sy )), so P(C,) —

1, where C, = [s2 > 0]. On the set C,,, the differencmg theorem now implies that
zero is the limit in probability of

1

LA =58 JR) = AP s — )
_ A —5)

1

= (=2 V(s — )

We conclude that n1/4(s§") — sé")) = 0. This implies (5.53).
Recall that

A (s(7) = A0(s4) =

1 * A (nr)
P = | > dMP@O),  y<y <yt
Y j=AD (i n(t=y)+1
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We define the related process I 1(") (y) by

5 1 v A (nr+o™)
W) = i | 3 am® ()
V=AM (i — (=)0 ™)+1
AW (nr40™)
3 aM{” ()

1 /(y+9(”)/ﬁ)Ay*
y J=A® (it —Jn(t—y)+0 ) +1

— /s

(5.54)

1 y* A (nr40™) -
— dM ()
nl/4 /<y+9<">/ﬁm* 2 /

J=A® (n)+1

1/4 7(n) 6™ «
+n'7 <<y+ﬁ>/\y>.

Recall further that, by (5.48) and (5.49),
1/4(pm n'’ (1) (n)
w00 - 1) = | Mm@ —an(i -t

)]dG(Z)

y=y

+n' A (™ ~D)HG). o
We define the related process 12( )(y) by

n4H I (y) - H(y))

/4 ay* g - {— )
n y
— A(”)<t _) — A (; - )] dG ¢
u(’”/ [ +— NG +— 0
/A p 8™ ) Ay* 6
S )

n
5.55) _ A (r ey 901))] dG(¢)
( . ﬁ n

(5 (2 53) )05

V4(pm _ 1) 6"
n/A(p™ — 1 H(y—i— )
Jn

nl/4 ") g ~n) . Q)
+M(n)[A <r+ - )—A (t)][G(y )—G(y+ﬁ)]
Note in (5.55) that G(y) = G(y*) =1 and H(y) = H(y*) =0 for y > y*, so

. ™ . . :
evaluating G and H at y + % gives the same result as evaluating these functions
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at (y + %) A y*. The pair of processes (il(")(y), fz(")(y); yo <y < y*) is indepen-
dent of the random variable W (r — ﬁ (y* = ¥0)), as we now explain. In 7, 1(") ),
the sum j = A® (nz — \/n(€ — y) +6™) + 1 to A (nz +6™) has

AP (nt +0™) — AD (nt — /u(t — y) +6™) =AM (3 — A (v — (1 — y))

terms, and this is independent of W(”)(t — ﬁ(y* — y0)). The M](.”) processes

appearing in this sum involve service times v but these particular indices j do

not appear in the definition of WO — ﬁ(y* — yo)). The integrand appearing
in ;" (v),

@) _ )
A0(e4 E0) - Am (-2 4 00

n \/I’_l n
([ o
= W[A( )(y*) _ A( )(y* _ (l _ y)) _ )h(n)\/ﬁ(l _ y)]’

is also independent of W (r — ﬁ(y* —)0))-
It remains to show

(5.56) (I (y) - 1" (y) =0, n I () = P (y)) = 0.

This will imply that the limit of the pair @41 (), n A () — H(y)))
is independent of W*(z), the limit of W (r — ﬁ(y* — y0)). Since f(”)(y) =

n1/411(")(y) + n1/4(12(”)(y) — H(y)) = J*(y), we will have the desired result.
From (5.54), we have

n I () — 17(y))

n * (n) 9

1 O+ mny AT (et

= f 3 dm\" (o)
Y J=A® (nt =/ (l—y)+0™)+1

(5.57)
A (nr4-6™)

1 7). ¥ . g .
o 2 (Mo - ((v+ ) a0

J=A® ()41

)
+n1/4[1f")(<y + eﬁ> A y*) - If")(y)]
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For every y € [yo, y*], the absolute value of each of the first two terms on the
right-hand side of (5.57) is bounded above by

A® (nt4-0M) o 1
n
(5.58) 7 Yoy +u<">>'
J=A®M (nt)+1

The ordinary and renewal functional central limit theorems for triangular arrays
(see, e.g., [5, 7, 13] and Theorem 14.6 in [3]) imply that

~ 1
C™(s) 2 1—/4[A(”) (nt 4 /ns) — AP (nr) — A /ns]
n

(5.59)
_ 14 T s (n) *
=n [A (t + ﬁ) A (t)] = C*(s),

where C* is a Brownian motion with zero drift and variance o223 per unit time. In
particular, C™ (sn=1/4) = 0 in D[0, c0) and, thus,

1
(5.60) —g AW (1 + 50 — AW ()] = s
n

in D[0, 00). Let ¢ > 0 be given. The convergence (5.53) implies that P(D,) — 1,
where D,, = [0™ < en!/*]. On D,,, the expression (5.58) is dominated by

A (nt+en'/*)

1 w1
S (”j+ )

n j=A® (nt)+1 'u(n)
AWt +en'/*y — AW (nr)
- nl/4
1 AD (nt4-en'/*) - |
AW (nr + enl/*) — A (nr) 2 (vi + ,N))’

F=A® () +1

which converges weakly to Ae - % = 2¢ by (5.60) and the law of large numbers
for triangular arrays, together with the independence of the arrival times and the
service times. Thus, the expression (5.58) converges to zero in probability. To see
that the third term on the right-hand side of (5.57) converges to zero, we use (5.53),
the fact that n1/411(”)(y) = Y(y* — y,y) by (5.11) and Propositions 5.1, 5.3, the
joint continuity of Y and the differencing theorem. This concludes the proof of the
first convergence claimed in (5.56).
For the second convergence claimed in (5.56), we use (5.55) to write

A () — 17 ()

14 p(4+0™ ) ymAy* T o
561 = %/ [A(")(t+ )
pi Jy n
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~ L—y W
—AW(f =
A (r o )]dG(E)

n
(n)
4l (o 6
st (8((v+ 5 ) )

(n)

- H(y + %)) — (") - H(y))]

1/4( () 6"
—n'*(p —1)H<y+ﬁ)

AT o\ gm
) _ 2 * _
o [A <t+ . > A (t):|[G(y) G<y+ ﬁ)]

The absolute value of the first term on the right-hand side of (5.61) is bounded
uniformly in yg < y < y* by ﬁ SUPo<s <6/ /n |C™ (s)|, which converges to zero
by (5.53) and (5.59). Convergence to zero of the second term on the right-hand
side of (5.61) follows from Lemma 5.4, (5.53) and the differencing theorem. The
absolute value of the third term in (5.61) is bounded uniformly in yg < y < y* by
nl/4p™ — 1|1H (y0), which converges to zero by (2.10). Finally, the last term on
the right-hand side of (5.61) converges weakly to zero by (5.53), (5.59) and the
differencing theorem. [

COROLLARY 5.7.  We have (J'™ , W™ (1), F™ (1)) = (J*, W*(1), F*(1)) in
the space D(—o0, y*] x R2.

PROOF. By the definition of the frontier, customers with lead times at time n¢
exceeding F " (nt) have not received any service by that time. Thus, by Corol-
lary 3.8 of [4] and the display above (3.32) in [4],

W™ () =V (1) (F™(1), 00) + W (1) [C™ (1), F™ (1)]
(5.62) =V @) (F™ (1), 00) + o(1)
= H(F™ (1)) 4 o(1).

The function H~! is continuous, hence, uniformly continuous on each bounded
interval [0, c], ¢ > 0, and the Lipschitz constant of H ~lon [c, o0) approaches 1 as
¢ — oo. In particular, H~! is uniformly continuous on [0, 00), so (5.62) implies
that H=L(W®(£)) — F™(¢) = 0. Thus, by Proposition 5.6,

(TD, WD), F™ (1)) = (7™, WP (1), HY (W™ (1)) 4 o(1)
= (J*, W* (@), F*(1)). O
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6. Proofs of the main results. In this section we prove Theorems 3.3, 3.4
and Proposition 3.5. We need the following refinement of Lemma 4.1 to include
the right endpoint F ™ (z).

LEMMA 6.1.  We have n'/*W® (1)[C™ (1), F™(1)] = 0.
PROOF. By Proposition 3.1 and Lemma 4.1, it suffices to show that, for any
fixed yg < y*,
(6.1) n WO O{FD )V 500 )2y = O-
Take a sequence ¢, | O such that ¢, = o(n~'/%). Then
n W OLF ™ O 700 ()= y0)
<n'*VOOFD O 700 1))
62 <n'H VD @) (F™ (1) — £4, 00) = V() (F™ (1), 00) [ 2 (12 o)
< [j\(n) (F(n) (t) — Sn) — j\(”)(ﬁ(n) (l‘))]]l{ﬁ(n)(,)zyo}
+nVY(H(F™ (1) — &,) — H(F™(1)))
S a)(f(n)’ 8}1) + n1/48n7
where, for x € D(—o0, y*] and § > 0,

A
w(x,d8) = sup |x (s2) — x(s1)]
Yo—e1<s1<sp<y*
s7—51<8

[and we have used Lipschitz continuity of H in the last line of (6.2)]. The right-
hand side of the last inequality in (6.2) converges weakly to zero by Corollary 5.5
and the choice of &,,.. This shows (6.1). [

PROOF OF THEOREM 3.3. Forevery y < y*, we have
nHWD (1) (y, 00) — H(y v E™(1))]
=n'A W @) ([C™ @), F™ (0] N (y,00))
€ + VD) (y v F™(1),00) — H(y v F™)]
=T (yv F™ @) +o(1),

where the first equality follows from the definition of the frontier as in the
proof of Corollary 5.7 and the second one from Lemma 6.1. The mapping
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®: D(—00, y*] x (—00, y*] = D(—00, y*] defined by ®(x, y)(-) £ x(y V ) is
continuous on C(—00, y*] x (—o0, y*]. Thus, by (6.3) and Corollary 5.7,
n WD (1) (y, 00) — H(y v F™)] = &(J™, F® (1)) (y) + o(1
(1)(y, 00) y ; (1) () +o(1)
= O(J*, F (1) (y)
= J*(yV F*1))
in D(—o0, y*]. O
PROOF OF THEOREM 3.4. Let W:[0, 00)> x R — D(—00, y*] be the map-
ping defined by W(a, a, ¢)(y) & CI[{y<H7|(a)}, V(a,b,c)(y) 2 aib (an H(y) —

b A H(y)) fora # b. It is easy to check that W is a continuous map of [0, 00)? xR
into the space D(—o0, y*] endowed with the M/ topology. As in (6.3), we have

AW @) — H(EW )] = [WDO[C” (1), F0)]
+ VD (0)(F™ (1), 00) — H(F™(1))]
= TD(F™ (1)) +o(1),

so, by Corollary 5.7, we get
(W™ @), H(F™ @), n W™ 0) — H(F™ (1))])
(6.4)
= (W), W* (1), J*(F*(1))),

because the mapping ® : D(—o00, y*] x (—00, y*] — R defined by ®(x, y) £ x(y)
is continuous on C(—00, y*] x (—o0, y*]. By (1.6) and (6.4),

VAH(y v B (WO 0) - Hy v FO )]
=nM[(H ) AW @0) ~ (H) A HEF® 0)))]

6.5) = W(WD @), HE™ ). n AW (1) — H(F™ 0)]) ()
= W(W*(t), W*(t), J*(F*(1)))(y)
= J*(F*())iy<F+@)).

where weak convergence holds in the M| topology. The J; topology on D(—o0,
y*] is stronger than the M topology, so, by Theorem 3.3, (3.4) holds in the M
topology. It is clear from the above argument and the proof of Theorem 3.3 that the
convergence (3.4) and (6.5) is, in fact, joint [because both (3.4) and (6.5) follow
from Corollary 5.7 by the continuous mapping theorem]. Thus,

nHWD (1) (y, 00) — H(y v H L (W™ (1)))]
='W (1) (y, 00) — H(y v F™(1))]
—nYHyvH (WD) - H(yv F™@1)]
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= J*(yV F @) = T (F*(t))y<F*(ry)
=T WFe@y<y)
in the M topology. [

PROOF OF PROPOSITION 3.5. Recall from (6.4) that
(6.6) VWD (1) — H(F™W (1) = J*(F*(1)).

We derive (3.7) from (6.6) using the delta method. Let us observe that H is a
convex, decreasing function on R. In particular, H —1 is convex on [0, 00) and
both H and H~! have one-sided derivatives at each point of their domains. Clearly,
H'(y+)=G(y) — 1, y € R. Also,

(6.7) (HYHM-H =1, y<y-
Indeed, for every ¢ > 0 and y < y*, we have
1 _ _
I =—(H YH(y+e)—H '(H())

_HT\(HG+e) - HTY(H©Y) Hy+e) - H()
H(y+e) — H(y) €

— (H™Y(H)—-) H' (y+)

as ¢ | 0, so (6.7) holds. For every n, there is an element D™ (depending on the
elementary event w) belonging to the subdifferential of H ~1 at some intermediate
point z € [W™ (1) A H(F™(2)), W™ (1) v H(F™(z))] such that

(6.8) H Y (W™ @) — F™ () = DWW (r) — H(F™(1))].
By (6.7), for any z > 0,

1 1
H'(H-'()+)  GH'@) -1
Applying (6.9) to a sequence z, | z, we get

(6.9) (H Y (z—) =

1

—1y/ _
(6.10) H Y = oS =1

Using (6.9), (6.10) and convexity of H~!, we get

1
GH=Y W™ (1) A H(F™(1)))) — 1

<D™ < — L .
- T GHTI W™ () v HF™(1)))—) — 1

6.11)
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Multiplying both sides of (6.8) by n'/4, using (6.4), (6.11), together with continuity
of the distribution of F*(¢) and the fact that G has at most countably many jumps,
we obtain

JH(F*(@))
G(F*(t))—1
Finally, let us observe that J* is a mean-zero Gaussian process, independent of

F*(@), so (J*, F*(t)) and (=J%*, F*(¢)) have the same distribution. Therefore,
(6.12) implies (3.7). O

(6.12) nHHTY (WD @) - FP )] =

7. First-in-first-out simulations. To illustrate our results, we consider the
special case of constant initial lead times, that is,

(7.1) G(y) =Ly>yx for some y* € R.

In this case, all customers in the nth system arrive with initial lead time /ny*
and EDF reduces to the well-known first-in-first-out (FIFO) service discipline.
By (7.1), we have H(y) = (y* — y)* and H~!(w) = y* — w for all w > 0. Thus,
by (1.6), F*(t) = y* — W*(¢). Evaluating the right-hand side of (3.5), we get
E[J*(yDJ* ()] = A(@®p® + (" = y1) A (7* = y2)) 50 J*(3) = B(Y* — ),
y < y*, where B is a Brownian motion with zero drift and variance A(a?p? + B2)
per unit time, independent of W*(¢). By Theorem 3.3,

(7.2)  n WP (y,00) — (v* — (y vV F™(0))] = B(* — y) A W)
in D(—o00, y*] [by definition, F ™ () < y*]. Theorem 3.4 yields
(7.3)  n WD)y, 00) — (* = ) AW @) = B — W iws )=y —y)

in D(—o00, y*] endowed with the M topology. Finally, because W*(¢) > 0 almost
surely, we have G (F*(t)) = 0 almost surely and by Proposition 3.5,

(7.4) nA(y* = WD (@) = F™ ()] = B(W*(1))

in D(—o0, y*].

This case (with y* = 0 for convenience) was already considered in [9]. In par-
ticular, (7.2) and (7.3) are contained in Corollary 4.5 and Theorem 4.1 from [9],
respectively. Note that the convergence in Theorem 4.1 from [9] takes place in
D(—o00, 0] endowed with the M| topology, although this was not written explic-
itly in the statement of that theorem.

We conduct two types of simulations. For the first simulation, we observe that
an important use of the theory in [4] is to predict the amount of lateness that will
be incurred by the queueing system, and the result of this paper concerns the accu-
racy of that prediction. In particular, [4] provides the limiting lateness result (see
Theorem 3.2)

(7.5) W (1) (—00, 0] = W*(t) — W*(1)(0, 00) = (W*(r) — y*) ™.
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In particular,
(7.6) (WD (1) — y*) " = W (1) (=00, 0] = 0.

The first term on the left-hand side of (7.6) is the lateness predicted by the theory
as a function of the scaled workload, and the second term is the actual lateness.
Setting y = 0 in (7.3), we obtain

A7) AW @) — 3T = WD (1) (00, 01] = B w+r)=y)-
With the change of variable s = nt, we conclude from (7.7) that
(W (s) = /ny*) " — W (s)(~00, 0]
= (WP (1) — y*)" = /n W™ (1) (=00, 0]
d
(1.8) ~n B w2y

d
= B(Vny" N yaws 1)z yiiy*)
= B(Vny" )i (5)= iy

where W(s) = Jn W*(%) is a reflected Brownian motion with drift — Ln and vari-

5
ance A(?p? + ,32) per unit time.
We assume in this section that y is strictly positive. Under this assumption, the
. . . . = . . . l _ 2y
stationary distribution of W' is exponential with mean 7, where 6 = Tr@eT D
When conducting simulations on a single system, as opposed to a sequence of

. .. .. (n
systems indexed by 7, we know only the prelimit quantities ”Tn) =1—p®, 100,

a™ and ,B(”) for a single value of n, and we do not know the value of n. We thus
define

0(”) s 2(1 — p(n))
A (™) (p™)? + (™)1
a quantity we use as a surrogate for 6. In particular, an approximate density for
W{(s) is
(7.9 F»)=0"exp(=0™y).  y=0,

and an approximate distribution for (W (s) — /n y*)* — W (s)(—00, 0] is a

20—p")ny* .
—gm with

total mass exp(—0")/n y*) and a point mass of size 1 — exp(—6"™ /n y*) at 0.
We will shortly present simulations to assess the accuracy of this approximate
distribution.

While (7.2) and (7.3) are assertions about convergence of processes, (7.4) is an
assertion about convergence of random variables. It describes the accuracy of the

mixture of a normal distribution with mean zero and variance
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prediction of the frontier as the function H~! applied to the workload. From (7.4)
we have

Viy* =W (s) = F"(s) = Vny* = /n W (0) = n F® (1)
d
(7.10) ~n! M BW*(1))
L B(JaW* (1)) = B(W(s)).

Because B(y) is normal with mean-zero and variance approximately equal to

2(1;(# and B(y) is independent of W*(¢), the density of B(W(s)) is approxi-

mately

o o 1 6™ x2
4 (1= p™) J=oo /¥ 41— p™)y
Using the Laplace transform formula

o0 = o(a/4y)—py dy = ze—«/@, a>0,p>0,
0 Y p

we can simplify (7.11) to obtain Laplace’s density

g |x |6
(7.12) —exp<—7>, xeR.

g(X):z /1 —pm [1— p®™

To test the predictive value of (7.8) and (7.10) as approximations to the
empirical distributions of (W (s) — /ny*)T — W (s)(—o0, 0] and /n y* —
W™ (s) — F(s), we simulated a single server queueing system with Poisson ar-
rivals (A" = 0.96) and with three different service distributions: Exponential(1),
Gamma(2, 0.5) and Uniform[0.5, 1.5]. Each of these distributions has mean 1 but
different variances, so in all cases, p(”) = (0.96. All customers had a constant ini-
tial lead time of /n y* = 30. The queueing system began in an empty state and
was simulated for 7 = 4,000 time units to ensure that the equilibrium assump-
tion underlying the use of (7.9) as an approximate density for W (s) was valid.
The simulation was independently repeated a total of 4,000 times to determine the
empirical distribution.

Figures 1, 2 and 3 present normal Q—Q plots of the values for (WM (s) —
N W™ (s)(—00, 0] restricted to the situation in which W™ (s) > 30. In
this case, these values should be approximated by a normal distribution and the
normal plot should be close to linear. These three figures provide strong confirma-
tion of the accuracy of the continuous part of the proposed limiting distribution.
Table 1 compares the theoretical probability that W (s) > 30 with the empirical
probability derived from the simulation. The tabled probabilities are the total mass
associated with the continuous part of the distribution. Again, the table shows the
theory to be remarkably accurate.

The same simulations were used to assess the second limiting result. In particu-
lar, Figures 4, 5 and 6 address the accuracy of approximating /n y* — W (s) —

(7.11)  g(x) = )f(y)dy.
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Normal Probability Plot
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F1G. 1. Q-0 normal plot of continuous part of (7.8): exponential service.
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FI1G. 2.  Q-Q normal plot of continuous part of (7.8): gamma service.
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F1G. 3.  O-Q normal plot of continuous part of (7.8): uniform service.

Q-Q Plot versus Laplace Distribution
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FIG. 4. Sorted values of (7.10) and Q-Q plot versus Laplace distribution (7.12): exponential ser-
vice.
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Q-Q Plot versus Laplace Distribution
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F1G. 5. Sorted values of (7.12) and Q—Q plot versus Laplace distribution (7.12): gamma service.

F™(s) by the Laplace distribution defined by (7.12). The figures differ only in
the particular choice of service distribution. The figures on the left present the
sorted values of /n y* — W (s) — F " (s) from 4,000 independent simulations
of an M/G/1 queue stopped at time 7 = 4,000. To evaluate the appropriateness
of the proposed Laplace distribution approximation, the plots on the right present
a Q—Q plot with respect to the Laplace distribution. The more linear the plot, the
more appropriate is the Laplace distribution. The curves in each of these figures
are highly linear; hence, they offer strong evidence of the appropriateness of this
approximation.

Q-Q Plot versus Laplace Distribution
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F1G. 6. Sorted values of (7.12) and Q—Q plot versus Laplace disribution (7.12): uniform service.
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TABLE 1
Mass of the continuous part of (7.8)

Service distribution Variance Theory: exp(—300 (“)) Simulation

Exponential 1.000 0.2865 0.2840
Gamma(2,0.5) 0.500 0.1889 0.1880
Uniform 0.083 0.0995 0.0975
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