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We consider the classical M/G/1 queue with two priority classes and the nonpre-
emptive and preemptive-resume disciplines. We show that the low-priority steady-
state waiting-time can be expressed as a geometric random sum of i.i.d. random
variables, just like the M/G/1 FIFO waiting-time distribution. We exploit this
structures to determine the asymptotic behavior of the tail probabilities. Unlike
the FIFO case, there is routinely a region of the parameters such that the tail prob-
abilities have non-exponential asymptotics. This phenomenon even occurs when
both service-time distributions are exponential. When non-exponential asymp-
totics holds, the asymptotic form tends to be determined by the non-exponential
asymptotics for the high-priority busy-period distribution. We obtain asymptotic
expansions for the low-priority waiting-time distribution by obtaining an asymp-
totic expansion for the busy-period transform from Kendall’s functional equation.
We identify the boundary between the exponential and non-exponential asymp-
totic regions. For the special cases of an exponential high-priority service-time
distribution and of common general service-time distributions, we obtain con-
venient explicit forms for the low-priority waiting-time transform. We also es-
tablish asymptotic results for cases with long-tail service-time distributions. As
with FIFO, the exponential asymptotics tend to provide excellent approximations,
while the non-exponential asymptotics do not, but the asymptotic relations indi-
cate the general form. In all cases, exact results can be obtained by numerically
inverting the waiting-time transform.
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1 Introduction

In this paper we study the low-priority steady-state waiting-time distribution in the classi-
cal M/G/1 queue with two priority classes and the nonpreemptive and preemptive-resume
disciplines. The priority structure tends to make the low-priority waiting-time distribu-
tion have a relatively long tail. We quantify this effect.

The Laplace transform of the low-priority waiting-time distribution and the first few
moments are well known, e.g., see Section II1.3.6 of Cohen [30], Section 11.5 of Heyman
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and Sobel [41] and Theorem 2.1 below, but the distribution itself is somewhat complicated,
depending on the busy-period distribution of the high-priority customers, which in turn
is characterized implicitly via the Kendall functional equation for its transform, (2.4)
below. In fact, the low-priority waiting-time distribution is easily computed numerically
by numerical transform inversion, e.g., by the Fourier-series method or the Laguerre series
method; see Abate and Whitt [4] and Abate, Choudhury and Whitt [15]. The required
high-priority busy-period transform values for complex arguments are easily obtained by
iterating the Kendall functional equation for the high-priority busy-period transform, as
shown in Abate and Whitt [5]. This iterative calculation of the busy-period transform
was also used to calculate transient performance measures in the M/G/1 queue with the
first-in first-out (FIFO) discipline in Choudhury, Lucantoni and Whitt [27].

Here we aim to obtain a better understanding of the low-priority waiting-time distri-
bution by doing asymptotic analysis to determine the limiting form as ¢ — co. As in the
FIFO case, there is often an exponential tail; i.e., if W5 is the steady-state low-priority
waiting-time cumulative distribution function, then we often have

1—Wa(t) ~ae™™ as t— oo (1.1)

for positive constants « and 7, where f(t) ~ g(t) as t — oo means that f(t)/g(t) — 1 as
t — oo; see Abate, Choudhury and Whitt [12], [14]. Moreover, as in the FIFO case, the
asymptote in (1.1) usually provides a good approximation for ¢ not too small.

However, unlike the FIFO case, there also is routinely asymptotics of the form

1—Wa(t) ~at™3/2e™ as t — o0 (1.2)

for positive constants o and n (different from the parameters in (1.1)). This observation
evidently has not been made before in the literature except in a special case considered
by Washburn [52], which we discuss in Section 13.

With FIFO we can also have asymptotics of the general form (1.2), but only for
special service-time distributions, called class IT in [11], for which the service-time Laplace
transform §(s) has rightmost singularity —s* < 0 and §(—s*) < co. (A Laplace transform
of a probability density is analytic in the right halfplane, so any singularity s must have
Re(s) < 0. See Section 3 for a classification of probability distributions.) Unlike FIFO,
asymptotics of the form (1.2) occurs for the low-priority waiting-time distribution for
well-behaved service-time distributions, e.g., when both service-time distributions are
exponential. Indeed, for well behaved service-time distributions, we have exponential
asymptotics as in (1.1) when the low-priority arrival rate is above a critical threshold (with
the requirement that the model still be stable), and the non-exponential asymptotics in
(1.2) when the low-priority arrival rate is below this threshold. Moreover, when (1.2)
holds, the asymptotic decay rate n in (1.2) does not increase (corresponding to smaller
tail probabilities) when the low-priority arrival rate decreases.

Upon reflection, this can be understood by observing that the low-priority waiting
time should be dominated by the remaining high-priority busy period when the low-
priority arrival rate is sufficiently small. Thus, as the low-priority arrival rate approaches
0, the low-priority waiting-time distribution approaches a nondegenerate limit, which
corresponds to the high-priority equilibrium time to emptiness, which in turn is closely
related to the equilibrium excess of the busy-period distribution (see (2.13) below). Thus,
the asymptotic form (1.2) can be anticipated if one realizes that it is the asymptotic form
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of the M/G/1 busy-period distribution, first determined by Cox and Smith [31]; see
Theorems 7.1 and 8.1 below.

As in the FIFO case, it is also possible to have asymptotics different from (1.1)
and (1.2). However, such asymptotics can occur only with the class IT and III service-
time distributions in [11]. (Class III distributions are long-tail service-time distributions,
having 0 as the rightmost singularity of their Laplace transforms; see Section 3 for more
discussion.) We obtain such asymptotic results here, although some of our procedures
remain to be fully justified. (We will point out the gaps.)

Our experience is that the non-exponential asymptotes, (1.2) and others, tend to be
not nearly as accurate approximations as the exponential asymptote in (1.1), so that in
applications it may be desirable to calculate exact values in those cases, but the asymp-
totes indicate the general tendency. We give numerical examples here, which support
previous examples [3], [8], [11], [12], [13], [14]. The reader could elect to go directly to
the examples in Section 14.

The quality of the different asymptotic approximations can be explained theoretically
by the very different rates of convergence that prevail. Usually the rate of convergence
is exponential in (1.1) and only linear in (1.2); i.e., the typical refinements of (1.1) and
(1.2) are, respectively,

1—Wa(t) ~ae ™ (14+o0(e™")) as t = oo (1.3)

for € > 0 and
1 — Wa(t) ~ at™32e (1 + O(1/t)) as t— o0 . (1.4)

(Recall that an asymptotic expansion

F&)~> gi(t) as t— o0 (1.5)
k=0
means that .
F@&) =D gklt) ~ gnia(t) as t— o0, (1.6)
k=0

for all n > 0; see Erdélyi [37] or Olver [46].

The exponential asymptotics with the exponential rate of convergence in (1.3) occurs
when the rightmost singularity of the low-priority waiting-time Laplace transform ws(s)
is a simple pole at —n with Re(¢) < —(n + €) for all other singularities ¢. The non-
exponential asymptotics in (1.4) occurs when the rightmost singularity of ws(s) is a
branch point singularity at —n, such that Heaviside’s asymptotic expansion applies in the
form

00 0o

wa(s) = / e St dWa(t) ~ Zak(s + )2 as s — —n; (1.7)

0 k=0

see p. 254 of Doetsch [34] or p. 139 of Van der Pol and Bremmer [51]. The whole integer
powers in (1.7) correspond to analytic functions and thus have no influence upon the
asymptotics as ¢ — oo in the time domain. We establish results of the form (1.3) and (1.4)
in Sections 8 and 12 here. We provide a conceptually satisfying derivation by obtaining
a corresponding asymptotic expansion for the high-priority busy-period transform from
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Kendall’s functional equation. The asymptotic expansion (1.7) for the transform ws(s)
follows quite directly from the asymptotic expansion for the busy-period transform by
exploiting simple relations among asymptotic expansions, as on p. 19 of Olver [46].

We also determine the different asymptotic behavior at the boundary between (1.1)
and (1.2). At this boundary point,

1—Wa(t) ~at /2™ as t — oo, (1.8)

where o and 7 are positive constants (different from those in (1.1) and (1.2)). The
boundary asymptote in (1.8) can provide a much better approximation than the other
two approximations in the neighborhood of the boundary. When (1.1) applies near the
boundary point, the asymptotic constant « in (1.1) becomes very small; when (1.2) applies
near the boundary point, the asymptotic constant « in (1.2) becomes very large. (See
Remark 7.4 and Theorem 7.5.)

The work here complements other recent work on asymptotics for waiting-time distri-
butions with non-FIFO disciplines. Related asymptotics for the LIFO discipline appears
in Abate, Choudhury and Whitt [12] and Abate and Whitt [1], for polling models in
Choudhury and Whitt [26] and Duffield [35], and for the random-order-of-service (ROS)
discipline in Flatto [39]. For the LIFO discipline, the asymptotic form is as in (1.2). For
polling models, the asymptotics is of the more general form W¢(t) ~ at=Pe~" as t — oo.
For ROS, even for the M/M/1 model, the asymptotics is not of this form; Flatto shows

for the M/M/1 model that We(t) ~ at=5/6e=m=7"""" a5 ¢ — oo for positive constants
a,n and v.

Here is how this paper is organized. In Section 2 we introduce our notation and
establish convenient representations for the low-priority waiting-time distribution. A
geometric random sum representation enables us to directly apply previous asymptotic
results. In Section 3 we discuss the three classes of distributions on the positive halfline
mentioned above and establish preliminary results. In Section 4 we show that the low-
priority waiting-time distribution has a long tail if and only if at least one of the two
service-time distributions has a long tail. In Section 5 we establish the main asymptotic
result for 1—W5(¢). Throughout the paper we give arguments in both the time domain and
the transform domain. In Section 6 we establish heavy-traffic limits (as the low-priority
traffic intensity increases). We show that the two iterated limits agree.

A more detailed description of the asymptotics for 1 — W5 (t) depends on asymptotics
for the high-priority busy-period distribution. In Section 7 we review the asymptotics
for the busy-period distribution obtained by saddle point methods by Cox and Smith
[31] and apply the results to support (1.2). In Section 8 we develop the new asymptotic
expansion for the busy-period transform and apply it to support (1.3)—(1.8). In Section 9
we establish results for the long-tail case. We obtain the asymptotes in considerable
generality there, but several of the arguments remain to be made rigorous. In Section 10
we establish associated asymptotic results for the low-priority sojourn time, which is the
low-priority waiting time plus the low-priority service time (completion time) for the
nonpreemptive (preemptive-resume) discipline.

The next three sections consider special cases. In Section 11 we discuss the special
case in which the high-priority service-time distribution is exponential. We also discuss
the special case in which both service-time distributions are exponential. In Section 12
we discuss the special case in which the two service distributions coincide, but may be
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general. In Section 13 we discuss the special case, first considered by Washburn [52],
in which the low-priority arrival rate is high and service times are short, such that the
low-priority traffic intensity is nonnegligible, making the low priority class correspond to
fluid input. We also consider the case in which the high-priority input corresponds to a
fluid. In all these special cases we are able to find more explicit expressions.

In Section 14 we give numerical examples. The first two numerical examples are for
the case in which the two classes have a common exponential service-time distribution.
The first example focuses on the two cases in (1.1) and (1.2); the second example focuses
on the boundary case in (1.8). The third example is for the case in which the two classes
have a common long-tail service-time distribution.

We conclude this introduction by mentioning that results in this paper are applied
in Berger and Whitt [21] to investigate the concept of effective bandwidths for waiting
times in high-speed communication networks using priorities; see de Veciana, Kesidis and
Walrand [33] and Chang and Thomas [24] for overviews of previous work with the FIFO
discipline. The asymptotic results here imply that modifications in the concept of effective
bandwidths are needed when they are applied to waiting times with priorities.

2 The Geometric Random Sum Representation

In this section we express the classical results for the M/G/1 low-priority waiting-time
transform in a convenient form. We consider two priorities, with high priority indexed by
1 and low priority indexed by 2. We consider the waiting time before beginning service
in the non-preemptive case, which is the same as for preemptive resume; e.g., see (3.63)
on p. 450 and (3.76) on p. 455 of Cohen [30]. Results for the waiting time to complete
service — the overall sojourn time — will be obtained as a corollaries in Section 10, just as
was done for the FIFO discipline in [14].

For any cumulative distribution function (cdf) G(t) on the nonnegative real line, let
g(t) be its probability density function (pdf), G°(t) = 1 — G(t) its complementary cdf
(ccdf), g its k'™ moment,

g@yzémeﬂWGuy:Ameﬂ@@mt (2.1)

its Laplace-Stieltjes transform (the Laplace transform of g(¢)) and

am:iAw@m (2.2)

its associated equilibrium excess cdf, which has Laplace-Stieltjes transform §.(s) = (1 —

9(s))/sg1-
For class i (i = 1,2), let the arrival rate be A;, the service-time cdf be G;(t) and the
traffic intensity be p; = X\;g;1. To have proper steady-state distributions, we assume that

p=p1+p2<l. (2.3)

Without loss of generality (by choosing units), let g;; = 1.
The distribution of the low-priority waiting time depends on the busy-period distribu-
tion of the high priority class and related quantities. Let B;(t) be the class-1 busy-period
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cdf, by (t) its density and by(s) the Laplace transform of b (t), defined as in (2.1). The
busy-period transform is characterized as the solution to the Kendall functional equation

Bl(s) = gl(s +p1 — pll;l(s)) . (24)
Let
HV(t) = (1 - Py (1)/p (2.5)

be the high-priority server-occupancy cdf, where PO%)(t) is the high-priority emptiness
probability, i.e., the probability that the system has no class-1 customers at time ¢ given

that it had none at time 0, which is known to be monotone, so that Hél)(t) in (2.5) is a

bonafide cdf; see Section 3 of [6]. Let ﬁ(()l)(s) be the Laplace-Stieltjes transform of Hél)(t),

again defined as in (2.1). From Theorem 4 of [6],

- (1 bie(s) 1—by(s)

A (s) = _ = LA (2.6)
1—p1+ plble(s) S+ p1— plbl(s)

Let Fgg(l)) (t) be the cdf of the first passage time to 0 for class 1 starting from an initial
level of class-1 work . The Laplace transform of its density fi(l)) (t) is

Fl(s) = em) | @2.7)

where A

z1(s) = s+ p1 — p1bi(s) ; (2.8)
see (33) of [6]. The first passage time starting from a random level with density g(t)
having Laplace transform §(s) thus has Laplace transform §(z1(s)). The busy-period
transform can thus be expressed as by (s) = §1(21(s)) as in (2.4).

A convenient representation for the low-priority virtual waiting time until beginning
service, which holds in much more general models, is the class-1 first passage time to
0 initialized by the steady-state workload of both classes. (The class-i workload is the
remaining service time of all class-i customers in the system at an arbitrary time in steady
state or, by the Poisson Arrivals See Time Averages (PASTA) property, just before an
arrival; see Wolff [54].) If a low-priority customer were to arrive in steady state, he
finds the steady-state workload of both classes. He must then wait for this work and all
subsequent class-1 input to clear until he can begin service. By the PASTA property, the
actual waiting-time distribution coincides with the virtual waiting-time distribution with
Poisson arrivals.

Thus, let V' be the steady-state workload cdf for both classes and let 9(s) be its
Laplace-Stieltjes transform. We have just observed that

wa(s) = 0(21(s)) - (2.9)

and

o0
Wat) = [ F 0 (o) (2.10)
0
A key concept in analyzing the M/G/1 priority queue introduced by Gaver [40], is
the completion time, which is the time from when one low-priority customer can begin
service until the next could begin if he were present. The completion time transform is

é(s) = ga(z1(s)) . (2.11)
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Let g2(s) be the Pollaczek-Khintchine transform with the completion time as service time

and arrival rate w/cq, i.e.,
1-w
g =—. 2.12
y2(s) 1_ wée(s) ( )
(Formula (2.12) is not the class-2 workload.)
Another useful quantity is the equilibrium time to emptiness for class-1, which has
transform

F9(s) = 01(21(s) = 1 = p1 + pabue(s) | (2.13)
where 91 (s) = w1(s) is the Laplace transform of the steady-state workload for class-1; see

Theorem 3 of [6]. In the introduction, we noted that fe(é)(s) is the light-traffic limit of
wa(s), i.e., the limit as py — 0 with p; fixed. (This result follows easily from the second
representation below.)

We now give three convenient expressions for the low-priority steady-state waiting-
time transform.
Theorem 2.1 The steady-state waiting time until beginning service for the low-priority
class has Laplace transform

2 (s) = /0 T e tamat) = o(a(s))

o
= Um0 () o6 (a(s)

1 — wée(s)
- _l=r 2.14
1—pf(s) (244
where . .
f(s)= =i (s) + d2e(21(9)) (2.15)

C p1top2 p1+ p2

Jor w = ps/(1 = p1), h§(s) in (2.6), z1(s) in (2.8), Gac(s) = (1= Ga(s))/ga1s, [ (5) in
(2.18), ée(s) = (1 —¢é(s))/c1 for é(s) in (2.11) and ¢1 = ga1/(1— p1), §2(8) in (2.12), and
0(s) is the transform of the steady-state workload for both classes.

The first formula in Theorem 2.1 is given in (2.9) above. The second formula is
a variant of a familiar decomposition; see p. 441 of Heyman and Sobel [41]. It is also
elementary to show that the last formula is equivalent to the transform formula in Cohen
[30].

The final representation (2.14) is attractive because it is in the same form as the
Pollaczek-Khintchine transform for the FIFO waiting time with f(s) in (2.14) and (2.15)
substituted for the transform of the equilibrium excess of the service-time distribution.
The transform f(s) in (2.15), being a mixture of the two probability transforms ﬁ(()l)(s)
and §oe(z1(s)), is itself a transform of a probability distribution. Let F'(t) be the cdf
associated with f(s) in (2.15), i.e.,

— P1 (1) P2 / (1)
F(t) = H, t)+ F thex . 2.16
() 1 o 0 () 1 2> Jo mO() 2 ( ) ( )

Paralleling the classic Benes formula for the M/G/1 FIFO waiting time, e.g., (4.82) on
p. 255 of [30], we obtain a time-domain formula directly from (2.14). It is a geometric
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mixture of convolutions of the cdf F' in (2.16).
Corollary. The ccdf of the low-priority waiting time is

Wi = S (1 - p)p" Fe(t) (2.17)
n=1

where FC(t) is the ccdf of the n-fold convolution of F(t) in (2.16).

The geometric random sum representation in (2.14) and (2.17) also holds for the
GI/G/1 FIFO steady-state waiting-time, there achieved by the ladder variable represen-
tation; see Chapters VII and VIII of Asmussen [18] and (14) of [12].

The moments of the low-priority waiting time are easily computed from (2.14), (2.16)

and the moments of Hél)(t) and Fgg(l)) (t), given in Theorems 6 and 7 of [11]. For example,
the well-known formula for the mean is

war — pi(g12/911) + p2(g22/921) _ W ’ (2.18)
21 =p1)(1 = p) 1—p1
where v; is the mean steady-state workload for both classes, i.e.,
2(1-p)
with G being the mixture of the cdf’s G; and Gs, i.e.,
M Gy(t AaGa(t

_>\1—|—/\2 )\1—|—/\2’

gk is the k" moment of G and ¢2 = (g2 — g?)/g?. To have (2.18) finite we require that
g12 < 00 and gaa < co. It turns out that the mean in (2.18) describes the performance
remarkably well under heavy loads (when p is suitably large; see Section 6). When p is
large and ps is small (so that p; ~ p), we see that wa; = O((1 — p)~2).

Remark 2.1. The first formula in (2.14) suggests an approximation. We can approximate
the distribution of V' by an exponential cdf with mean v; = (1 — p;)we; (for motivation,

see Section 3, Theorem 4.1(a) and Remark 4.1) and we can approximate fi(lj) (t) by an
inverse Gaussian distribution. Then we obtain an exponential mixture of inverse Gaussian
distributions (EMIG) as an approximation for the cdf Wa(t). As a refinement, we can let
V have its known atom of 1 — p at the origin and let (V|V' > 0) be exponential with mean
vy /p. For related previous work, see [3], [8] and [9]. g

Unfortunately, the explicit formula for the ccdf W (t) in (2.17) is not so convenient
for calculation. However, it is straightforward to calculate the ccdf Wy (t) numerically by
inverting its transform

We(s) = /O ettt — 12220 (2.21)

s
for wo(s) in (2.14). For example, we can apply the Fourier-series method in [4]. We can
obtain the required busy-period transform values b;(s) for complex s by iterating the
Kendall equation (2.4), as indicated in [5].
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We conclude this section by pointing out that the two-dimensional transform of
the joint steady-state distribution of the high-priority and low-priority workloads, say
0(s1, 82), is given in Kella [44]. It is thus also possible to calculate this joint distribution
by applying two-dimensional inversion algorithms, e.g., as in Choudhury, Lucantoni and
Whitt [27] or Abate, Choudhury and Whitt [16]. An algorithm to compute the joint
distribution of the queue lengths when both classes have exponential service times was
developed by Miller [45].

3 Three Classes of Distributions

As indicated in Section 5 of [11], it is useful to divide probability distributions on the
positive halfline into three classes according to the rightmost singularity of the Laplace
transform and the value of the Laplace transform at that singularity. When we classify
the service-time distributions in this way, we determine the relevant cases for waiting-time
asymptotics.

Let g(t) be a pdf with Laplace transform §(s) (defined as in (2.1)). Let —s* be the
rightmost singularity of §(s), with —s* = —oco if §(s) is analytic everywhere, as in the
case g(t) has bounded support. (Note that s* is the radius of convergence of the moment
generating function, which equals g(—s) for real s with s < s*. However, the Laplace
transform §(s) might be defined for complex s with Re(s) < —s* even though the moment
generating function is infinite.) Since g(¢) is a pdf, we always have s* > 0. In this setting
the pdf g(t) and its transform §(s) are classified as follows:

classI:  s* >0 and §(—s*) = o0,
class II:  s* >0and 1 < g(—s*) < 00 ; (3.1)
class III:  s* =0 and g(—s*)=1.

VY

Class-I distributions are the “well behaved” distributions. All pdf’s with rational
Laplace transforms are class I; e.g., this includes all phase-type distributions. Whenever
the rightmost singularity —s* of §(s) is a pole (single or multiple), §(—s*) = co. However,
even if —s* is a branch point singularity, we may have g*(—s*) = oo; e.g., this is the case
for the gamma (1/2) transform 1/4/1 + 2s. The steady-state waiting time in an M/G/1
queue with a service-time distribution having mean 1 has an exponential tail for all arrival
rates p, 0 < p < 1, if and only if the service-time distribution is class I; e.g., see [12].

Class-III distributions are the long-tail distributions, which fail to have proper mo-
ment generating function. They are often called subexponential distributions because they
tend to decay more slowly than any exponential. Any pdf with only finitely many finite
moments is in Class III. A familiar example is the Pareto distribution. Another example
is the Pareto mixture of exponential (PME) distributions in [11]. There are also class-IIT
distributions with moments of all orders, such as the Weibull and log-normal distributions.
In particular, the Weibull ccdf G¢(t) = e~(*)" is class ITI when ¢ < 1. The steady-state
waiting time in an M/G/1 queue with a service-time distribution having mean 1 has a
class III distribution for all arrival rates p, 0 < p < 1, if and only if the service-time
distribution is class ITI. (This is a consequence of Theorem 4.2 below; related results are
reviewed in [11].)

In [11] we called class-II distributions semi-ezponential distributions, because they



Joseph Abate and Ward Whitt 10

are dominated by an exponential, i.e.,

: t e
tlg(r)lo eNG(t) =0 (3.2)
for all v < s*, but they do not have a pure exponential tail. Since §(—s*) < oo, the
rightmost singularity —s* is necessarily a branch point singularity, not a pole.

Class-1II distributions are less familiar, but they are important for us because the
M/G/1 busy-period distribution is usually class II. Indeed, the M/G/1 busy-period dis-
tribution is always class II when the service-time distribution is class I. We will elaborate
on this point in Sections 7 and 8.

Class-II distributions are intimately related to class-III distributions, because one can
be converted into the other by exponential damping. Given any class-III pdf g(t), and
any v > 0, we can construct an associated class-II pdf

oty = 9D sy (3.3)

J(v) -

Similarly, given any class-II pdf g (t) with rightmost singularity at —y (and g,(—v) < o0),
we can construct an associated class-III pdf
t
oft) = <Y 9y(%) , t>0. (3.4)
9+(=7)

Since the distributions are classified according to the rightmost singularities of the
Laplace transform, it is useful to be able to draw conclusions about these singularities.
For this purpose, we give an elementary comparison lemma which is based on ordinary
stochastic order; see Section 1.2 of Stoyan [49].

Lemma 3.1. If X; and X5 are two random variables with P(X; > t) < P(X3 > t) for
all t, then EevX1 < EeX2 for all positive real v. Hence the rightmost singularities of the
Laplace transforms §;(s) = Ee=*Xi are ordered by —s} < —s3.

We now want to relate the rightmost singularity of g(s) to the tail behavior of the
cedf G(¢).

Lemma 3.2. Let X be a random variable with ccdf G°(t). Then for positive real v,

EeX = / e"'dG(t) < oo if and only if / e'Ge(t)dt < oo, (3.5)
0 0
in which case
Jim e"'Ge(t) =0. (3.6)
—00

As a consequence, the rightmost singularities of §(s) and G°(s) coincide.
Proof. Apply integration by parts as on p. 150 of Feller [38], obtaining

b b
/ e dG(t) =1 — e?°G°(b) + v / e'GE(t)dt . (3.7)
0 0

First suppose that the integral on the left in (3.7) converges as b — oo. Since the
contribution over (b, 00) dominates e?°G¢(b), we must have e?*G¢(b) — 0 as b — oo
and the integral on the right in (3.7) must converge. Next suppose that the integral on
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the right in (3.7) converges. Since one plus the integral on the right is greater than the
integral on the left, the integral on the left must converge. g

Lemma 3.2 implies that if —s* is the rightmost singularity of §(s), then s* is the supre-
mum of those v for which e7*G¢(t) is integrable. Moreover, if v < s*, then e7*G¢(t) — 0
as t — oo. Under extra regularity conditions, we have e?"*G¢(t) — oo for all v > s*.
Lemma 3.3. Assume that

e"'Ge(t) = C(y) ast— o0, (3.8)

where C(v) is some constant with 0 < C(y) < oo, for all but at most one real y. Then
we must have C(y) = 0 for v < s* and C(vy) = oo for v > s*, where —s* is the rightmost
singularity of the Laplace-Stieltjes transform of G(t).

Proof. The result for v < s* holds by (3.6) in Lemma 3.2 without condition (3.8).
Suppose that C(y) < oo for some v with v > s*. Then e”G°(t) = O(e~("=M?) as
t — oo for any n with v > n > s*. This implies that e”*G°(¢) must be integrable, which
by Lemma 3.2, implies that s* > 7, which is a contradiction. Hence, we must have
C(7) = oo for all v > s*. The one value of v for which (3.8) need not hold must be s*. g

Example 3.1. Lemma 3.2 implies that e7G¢(t) is not integrable if v > s*, but that does
not imply that e"*G¢(t) — oo as t — oo. To understand the need for regularity condition
(3.8), let

Get)=e =2 | 2kl << ok
for k > 1, with G¢(¢t) = 1 for ¢t < 1. Then

limsupe® 'G°(t) = 1,
t—o0

but

. 25t e _

htrgg)lfe Ge(t)=1. |

The three classes of distributions can also be identified by comparing the tail behavior

of the ccdf of the two-fold convolution with the tail behavior of the ccdf itself. For this
purpose, we assume the convolution asymptotic property

Jim G5(1)/G7(1) = (39)

for some constant 7, 0 < v < oo, where G§(t) is the ccdf of the two-fold convolution of G
with itself. From an applied point of view, condition (3.9) is a regularity condition that
we should be very willing to assume. The idea of characterizing the tail behavior of the
distribution G(t) via the convolution asymptotic property is due to Chistyakov [25] and
was further developed by Chover, Ney and Wainger [28], [29]. Further discussion appears
in Section IV .4 of Athreya and Ney [20] and Appendix 4 of Bingham, Goldie and Teugels
[22].

Assuming that the convolution asymptotic property (3.9) holds, the distributions can
be classified according to the constant v appearing in (3.9). This is intimately related to
our previous classification in (3.1) because it can be shown that necessarily

v =24(=5") ; (3.10)
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see [20], [28], [29]. As a consequence, v > 2. Moreover, given (3.9), it can be shown that
the n-fold convolutions satisfy the related asymptotic relation

lim G (t)/G(t) = ng(—s*)""* . (3.11)

t—o0

The convolution asymptotic property (3.9) has been established in many special cases,
but it remains somewhat elusive in general. We give some illustrative examples and
supporting results here.

We first give an example showing the need for the regularity condition (3.9).
Example 3.2. To see the need for condition (3.9), let {¢; : k£ > 1} be a sequence with
ti+1 > 2ty for all k. Let

Ge(t) = e S for t_q <t <t
for k > 1, with G¢(t) = 1 for t < to = 1. Then
G5(tk) = G°(tx)(2 — G°(tr))
but, for any fixed m and all k suitably large,

GS(tr + tm) = 2G°(tr) G (tm) — G(tr)? = 2G(te + tm)G (tm) — GC(tx +tm)?,

so that G ()
S(t
li 22/ >2
el Ge(t) =
but ot
lim inf 5(4)

< ¢ .
minf Zog) S 207 (n) <2 9

We next give an example covering many class-I distributions. To relate the result
about pdf’s to cedf’s, we use the following basic lemma; see p. 17 of Erdélyi [37].
Lemma 3.4. If f(t) ~ g(t) as t — oo, then [ f(u)du ~ [ g(u)du ast — co.
Example 3.3. Consider two pdf’s g¢;(¢) for ¢ = 1,2, with Laplace transforms §;(s).
Suppose that the rightmost singularity of §;(s) is an isolated simple pole at —s* for each
i, so that

il_lff(l) sgi(s —s") = a; (3.12)
and
. s*t . .
tlg(r)loe gi(t) = a; (3.13)

for 0 < a; < 0o. Then the convolution pdf

(g1 % g2)(t) = / a(t—y)ga(w)dy . £>0, (3.14)

has Laplace transform §;(s)g2(s) whose rightmost singularity is an isolated multiple pole
at —s*, so that
s2g1(s — s™)ga(s — s*) = apay as s —0 (3.15)
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and
lim e* ‘g;(t) = oo . (3.16)

t—o00

If the two pdf’s g1 (¢) and g2(t) coincide, then we obtain (3.9) with v = 2§(—s*) = co. By
induction on n, we also obtain (3.11) with g(—s*) = co. g

We next establish (3.9) and (3.11) for the non-exponential asymptotics of primary
interest in the priority model. For this purpose, we apply the following lemma.
Lemma 3.5. If f(t) ~ 0(t) = at=Pe™" ast — oo, then [ f(u)du ~ 6(t)/n ast — oco.
Proof. Given Lemma 3.4 and the condition, it suffices to differentiate 6(t) and observe
that —0'(t)n~! ~ 0(t) as t — co. g

Lemma 3.6. Let X; and X3 be independent random variables with densities g;(t), i =
1,2, such that
gi(t) ~ At Pe " as t — oo (3.17)

for constants n >0, 8> 1 and A; > 0. Then
(Arda + Aody)

P(X1+Xo>1t) ~ ; tPe as t— o0 . (3.18)
where
di = Ee"™ i = §;(—n) < oo . (3.19)
Proof. The expression for convolution yields
t
tPe"P(X, + Xo > t) = tPe™GS(t) + / P VGS (t — y)e ga(y)dy (3.20)
0

By the assumption and Lemma 3.2, the first term in (3.20) approaches A /7, so we focus
on the second term of (3.20). We break up the integral in (3.20) into two pieces, above
and below (1 — €)t for small positive e. First

(1-e)t Ay [
/ PG (t — y)e™ ga(y)dy — —1/ e"g2(y)dy
o n Jo

by the dominated convergence theorem and Lemma 3.2, since (t/(t —y))? < (1 — €)™
for all t and y < (1 —€)t. Second, we do a change of variables in the second integral with
z =1 —y, writing

t et ¢ B
/( fﬁe"“‘y)Gi(t—y)e"yg2(y)dy:/ e G (2) <—> (t—2)Pe =) gyt — 2)dz .
0

1—e)t t—=z

We now let t — oo and apply the dominated convergence theorem plus Lemma 3.2 again
to obtain the limit
b e 1 [ As(di —1
aa [T emiy = (Gl + 3 [T emaci) = 201
0 n nJo n
with the last step following from integration by parts. Combining the pieces yields (3.18).
]
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An important subclass of class III is the set of the ccdf’s with regularly varying tails,
i.e., where
G°(t) ~t °L(t) ast— oo,

for ¢ > 1 and L(t) slowly varying; see p. 275 of Feller [38] and Bingham, Goldie and
Teugels [22]. (An important special case is when L(t) is a constant.) Feller establishes
the following result on p. 278 of [38], which implies (3.9) with v = 1 and (3.11) with
g(=s") =1.

Lemma 3.7. Let Xy and X2 be independent random variables with ccdf’s G$(t) for
i = 1,2, having reqularly varying tails, i.e.,

G{(t) ~t7°Li(t) as t— oo
for ¢ > 1 and L;(t) slowly varying. Then
P(X1+Xo>t)~t7%L1(¢) + La(t)) as t = o0 .

We now show how to establish the convolution asymptotic properties for class II and
IIT distributions using operational principles for Laplace transforms. These operational
principles can be rigorously justified in some cases, but remain to be in others; see p. 139
of Van Der Pol and Bremmer [51], p. 254 of Doetsch [34] and Sections 3 and 5 of [11] for
more discussion.
Heaviside Operational Principle. Suppose that a function g(t) has Laplace transform
g(s) with rightmost singularity —s* and asymptotic expansion

g(s) ~ Zak(s +5) +0(s) as s— —s*, (3.21)
k=0

where 0(s) is the transform (possibly a pseudofunction, see p. 61 of Doetsch [34]) of a
function 0(t). Then g(t) ~ 0(t) as t — oo.

The idea is that since the terms ay (s + s*)* are analytic functions, they should not
contribute to the asymptotics in the time domain. This operational principle is established
as Heaviside’s theorem in the case that

0(s) ~A(s+s™)" as s— —s* (3.22)

and .
Ae®
O~ )

for some positive non-integer power v, where I'(x) is the gamma function, on p. 254 of
Doetsch [34]. Note that (s + s*)7 is then not an analytic function. Then the series only
has positive coefficients a; for & < 4. Then a condition in the theorem is that g(s)
have no other singularity besides —s* for Re(s) > —s* — € for some ¢ > 0. Doetsch [34]
actually has a slightly stronger singularity condition; the form stated is in Sutton [50].
The application to Pareto mizture of exponential (PME) distributions in [11] illustrates
an application beyond Heaviside’s theorem with 6(s) in (3.22) in Doetsch [34] and Sutton
[50].

We can apply Heaviside’s operational principle to obtain a convolution operational
principle supporting (3.9) and (3.11).

as t— oo, (3.23)
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Convolution Operational Principle. Fori=1,2, let g;(t) be a function with Laplace
transform §;(s) with rightmost singularity —s* (independent of i) and asymptotic expan-
ston

gi(s) ~ Zaik(s + 5 +0;(s) as s — —s*, (3.24)
k=0

as in (8.21), where a;o # 0 for i = 1,2. Let (g1 * g2)(t) be the convolution of g1(t) and
92(t). Then

(g1 %g2)(t) = /O g1t —y)g2(y)dy ~ a1002(t) + ag001(t) as t — oo . (3.25)

Supporting Argument. Note that the transform of (g * g2)(t) is

oo

G1(8)g2(s) ~ Z bi(s + 5°)F + a1002(s) + 0(61(s)) + azb:(s) + o(fa(s)) as s — —s*
k=0

for suitable constants by and apply the Heaviside operational principle. g

Of course, if 61(t) dominates 0(t) or vice versa, then only one term appears in the
right of (3.25).
Example 3.4. To illustrate the Heaviside operational principle and the convolution
operational principle applied to establish the convolution asymptotic formulas (3.9) and
(3.11), consider the inverse Gaussian pdf

e t 1
g(t) o P ( 1 4t> , t>0, (3.26)
with Laplace transform
§(s) = Veexp(—v1+4s/2) , (3.27)

which has rightmost singularity —s* = —1/4 and g(—1/4) = y/e. From (3.26), we directly
obtain the asymptotic relation

g(t) ~0(t) = 1/%6_“4 as t— oo, (3.28)
7r

so that in this case we can verify the results we get by operations on the transforms.
If we expand the exponential in (3.27) in a power series, then we obtain

9(s) = d +(s) (3.29)
where d = /e, 9(s) = ve Y00, é(;!)n e~™/? and
0(s) = —v/ev1+4s/2 . (3.30)

The function A(s) in (3.30) is the pseudofunction transform of 6(¢) in (3.28) (see p. 61

of Doetsch [34]). (Note that ¢(s) — 0(s) as s — —s*.) From Heaviside’s operational
principle, we deduce that g(t) ~ 0(t) as t — co. Moreover,

g(8)" = (d+P(s))" ~d"* + nd M(s) as s — —s*=—-1/4, (3.31)
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so that we should have
gn(t) ~nd"tg(t) as t— oo, (3.32)

where g, (t) is the n-fold convolution of g(¢) with itself, just as in (5.13). In this case we
can also directly invert ga(s) = g(s)? to obtain

g2(t) = 2/eb(t)e /", t>0, (3.33)

which agrees with the asymptotic result (3.32). Indeed, in this case we can actually
apply Heaviside’s theorem as in Doetsch [34] to prove that, not only does g(t) have the
asymptotic form (3.28), but it also has an asymptotic expansion of the form

g(t) ~0(t)(1 + i ait™) as t— o0 (3.34)

for constants a;. §

4 Long Tail or Not

Focusing on the two service-time distributions in the priority model, we obtain nine
cases in which the service-time distributions each can be class I, IT or III as described in
Section 3. In five of these cases, the low-priority waiting-time distribution is class III; in
the other four it is class I or class II. We will show that if either service-time distribution
is class III, then so is the low-priority waiting-time distribution. We will also show that
if both service-time distributions are class I or II, then so is the low-priority waiting-time
distribution.

We first determine when the high-priority busy-period distribution is class III.

Theorem 4.1. The high-priority busy-period transform 31(3) has 0 as its rightmost sin-
gularity if and only if the high-priority service-time transform g1(s) has 0 as its rightmost
singularity.
Proof. First, since a busy period is at least as long as one service time, we have
B§(t) > G5(t) for all ¢, so that we can apply Lemma 3.1 to deduce that the rightmost
singularities are ordered: If the rightmost singularity of g1 (s) is 0, then so is the rightmost
singularity of by(s). On the other hand, if the rightmost singularity of §;(s) is less than
0, then g;(s) is analytic in a neighborhood of 0. If §;(s) is analytic in a neighborhood of
0, then we can apply the implicit function theorem, e.g., p. 269 of Hille [43]. The Kendall
functional equation (2.4) is known to have a unique solution, e.g., see [5]. We can expand
§(s) in a power series and obtain a power series for by (s) from the Kendall functional
equation (2.4) by reversion of power series, as on p. 147 of Cox and Smith [31], which
implies that Bl(s) is analytic in a neighborhood of 0 as well. g

We now turn to the low priority waiting-time distribution.
Theorem 4.2. The low-priority waiting-time transform wsa(s) has 0 as its rightmost
singularity if and only if at least one of the service-time transforms §g1(s) and ga2(s) has 0
as its rightmost singularity.
Proof. First we bound W(¢) below by

WE(t) > prGSs(t) + paGs,(t) , £ 0, (4.1)
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so that we can apply Lemma 3.1 to conclude that the rightmost singularity of ws(s) is
at least as large as the rightmost singularities of gi.(s) and g2.(s). By Lemma 3.2, the
rightmost singularities of §;(s) and g;.(s) coincide for each i. Hence, if either §i(s) or
g2(s) has 0 as its rightmost singularity, then so does wa(s).

We can write (4.1) because the steady-state low-priority waiting time exceeds the
steady-state workload of the two classes. The steady-state workload in turn exceeds the
remaining service time of the customer in service, if any. With probability 1 — p the server
is idle, with probability p; the server is serving a class-¢ customer. Conditional on serving
a class-i customer, the remaining service time is distributed as G¢,(t). Hence we have
(4.1) as claimed.

On the other hand, if §;(s) is analytic in a neighborhood of 0, then so is by(s) by

Theorem 4.1. Then also is fl(()l)(s) and z1(s) by (2.6) and (2.8). For lAL(()l)(s)7 we can rewrite
(2.6) as
R 1— o)W
bio(s) = L= Puho () plz(f) () (4.2)
1 —p1hg ' (s)

Since the rightmost singularity of b1 (s) is inherited by by (s), by Lemma 3.2, the rightmost
singularity of h(()l)(s) must also be less than 0. (Note that the dominator in (4.2) can only

have a root for s < 0.) By (2.8),

z1(s) = s+pi(1—b(s))
= s+ pi(burs +o(s))

P1
= s+ s+ o(s (4.3)
T, 0 o)

= +o(s) as s—0.
T (s)

Hence, if §2(s) is analytic in a neighborhood of 0, so is §2¢(s) by Lemma 3.2 and §ae(21($)).
Consequently, if g1 (s) and ga(s) are both analytic at s = 0, then so is f(s) in (2.15). Since
1 — pf(s) can only have a zero for s < 0, wz(s) in (2.14) is analytic at s = 0 too. g

5 The Main Theorem

We now establish asymptotics for the low-priority waiting-time ccdf W§(t). Because of
Theorem 2.1, we can draw on previous theory in the time domain, just as Pakes [47]
did to treat non-exponential asymptotics for the GI/G/1 FIFO model; see Athreya and
Ney [20], Chover, Ney and Wainger [28], [29] and Abate et al. [11], [12]. We also give
alternative transform arguments, which are remarkably simple, but which either require
extra conditions or which remain to be fully justified.

As a technical regularity condition needed for treating the cases with non-exponential
tails, we will assume that the cdf F'(¢) in (2.16) has the convolution asymptotic property

F5(t)/F(t) >y as t = o0 (5.1)

for some constant v, 2 < v < oo, where Fy(t) is the ccdf of the two-fold convolution
of F(t) with itself, as in (3.9). Lemma 3.6 implies that (5.1) holds in the principal case
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of non-exponential asymptotics considered here leading to (1.2). Lemma 3.7 treats the
special case of a regularly varying tail, leading to (5.1) with v = 2.
We will also assume that

Fe(t—b
ﬁ — () as t > o0 (5.2)
for each real b. Tt follows that v(b) = e* ?, where —s* is the rightmost singularity of the
Laplace transform f(s). When (5.1) holds with v = 2, (5.2) also holds with ¢(b) = 1; see
Lemma 3 on p. 148 of Athreya and Ney [20].

It turns out the asymptotics is determined by the low-priority waiting-time root equa-
tion

fls)=—; (5-3)

a root of (5.3) is a zero of the denominator of the low-priority waiting-time transform
wa(s) in (2.14). Clearly, any root of equation (5.3) is a singularity of wz(s). Moreover,
since f(s) is monotone in real s where it is analytic, equation (5.3) has at most one root
to the right of the rightmost singularity of f (s).
Theorem 5.1. Let —s* be the rightmost singularity of f(s) in (2.15).

(a) If equation (5.8) has a negative real root —n with n < s*, then

Wi(t) ~ae™™ as t — oo, (5.4)
where 1
a=—P2 (5.5)
—f'(=n)
(b). If (5.1) and (5.2) hold and f(—s*) < p~', so that (5.8) has no root in (—s*,c),
then )
wet) ~ —LE =) ety as ¢ oo (5.6)

(1—pf(=s%))?
for F in (2.16).

Proof. (a) We give both a probabilistic proof and a transform proof of (5.4). The
transform proof requires an extra technical condition, but the proof is very simple. The
probabilistic proof is a renewal-theory argument, as on p. 411 of Feller [38], supplemented

by a derivation of direct Riemann integrability (a technical condition). In particular, by
(2.17),

Walt) = 1—p+p3 (1-p)p! / Foa(t — y)dP(y)

1—p+p/0 Wa(t —y)dF(y) ,

so that Wg(t) satisfies the defective renewal equation

WE(t) = pFe(t) + p / WE(t — y)dF(y) (5.7)
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Multiplying (5.7) through by e, we see that e W (t) satisfies the proper renewal equa-
tion

t
eMWs(t) = e pFe(t) + p/ e"EIWE(t — y)e™dF (y) | (5.8)
0

provided that e"YpdF(y) corresponds to a proper probability distribution, i.e., provided
that

1= /OOO e pdF(y) = pf(—n) , (5.9)

which is the stated condition. Assuming that e" F¢(z) is directly Riemann integrable
(dRi), which we verify below, we can apply the key renewal theorem (p. 363 of Feller [38]
or p. 118 of Asmussen [18]) to deduce that

e Fe(y)d
lim "W (1) = W : (5.10)
oo o yendF(y)

Using integration by parts in the numerator and denominator of (5.10), we see that the
numerator is = (f(—n)—1) = (1—p)/pn and the denominator is — f'(—n) = (—f'(—n)n—
(n/p))/n?, which implies (5.5).

Finally, we need to verify that e"™F¢(t) is dRi for the application of the renewal
theorem. We can apply condition (iv) on p. 119 of Asmussen [18]. Since f(s) is analytic
for Re(s) > —s*, Ee(1t9)X < oo for X distributed as F and some ¢ > 0. Hence,
E[et)X: X > #] — 0 as t — oo, but E[e9X; X > t] > et Fe(t), which implies
that e Fe(t) — 0 as t — oco. Hence, there is a constant C such that e"™ F¢(t) < Ce
for all t > 0. Since ™ F¢(t) is also continuous and bounded, it is dRi by (iv) on p. 119 of
[18].

Now we give the transform proof of (5.4). For this, we need an extra technical
regularity condition, which seems no serious imposition for practical purposes. We assume
that

e'Ws(t) — d(c) as t— oo (5.11)

for all positive ¢, where d(c) is some constant depending on ¢ with 0 < d(c) < co. (Clearly
for all but at most one choice of ¢ we must have d(c) = 0 or c0.) Given that (5.11) holds,

sWs(s —¢) = d(c) as s —0 (5.12)

for each positive ¢ by the final value theorem for Laplace transforms. As a special case of
(5.12), we have
sWs(s—n) > a as s—>0

for the 7 satisfying (5.9) and some «, 0 < a < co. However, by L’Hospital’s rule,

(s ) — sl =) el famm)

s=1 (s —=m)(1—pf(s —n))

for o in (5.5). Since 7 < s*, f(s) is analytic at —7, so that the derivative f’(—n) is finite.
With transforms, in a specific application we could verify condition (5.11) by examining
the singularities of wy(s) and showing that the rightmost singularity is an isolated pole.
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(b) Again we give both probabilistic and transform arguments. In both cases, the limit
(5.6) follows by a term-by-term limit in (2.17), with

FE(t) ~ nf(—s*)""1F(t) as t — oo (5.13)

by (5.1), just as in (3.11). The supporting technical details for the case s* = 0 are given
in Section IV.4 of Athreya and Ney [20]; then f(—s*) = 1 in (5.6) and the constant
becomes p/(1 — p). The supporting technical details for the case —s* < 0 are given in
Chover, Ney and Wainger [28], [29]. Conditions (5.1) and (5.2) are assumptions there.
The term-by-term limit is justified in these sources.

We now turn to the transform proof of part (b). Since the root equation (5.3) has no

root to the right of —s*, the rightmost singularity of ws(s) is the rightmost singularity
of f(s), which is —s*. Thus, the desired limiting behavior of both F¢(t) and Wg(t) as
t — o0 is determined by the limiting behavior of f(s) and ty(s) as s | —s*. Moreover,
we must have f(—s*) < 00, so that —s* is a branch point singularity. Hence, we are
in the domain of Heaviside’s operational principle. Indeed, the convolution operational
principle in Section 3 implies (5.13) by induction on n. However, both the convolution
operational principle and the term-by-term limit in (2.17) remain to be justified with the
transform argument.
Remark 5.1. Note that the root equation (5.3) has a solution —n for all p if and only
if f(s) is class I, while it never has a solution if f(s) and w(s) are class III. There are
two regions when f(s) is of class IL. In Section 7 we will show that f(s) is typically of
class II.

6 The Heavy-Traffic Limit

We now discuss the heavy-traffic limit for the steady-state low-priority waiting-time dis-
tribution obtained by letting p — 1, which we do by letting po — 1 — p; with p; fixed.
It lends extra support to the exponential asymptotics in Theorem 5.1(a). We omit the
dependence on ps in our notation. Our limit here complements previous heavy-traffic
limits for the stochastic processes in this model; see Harrison [42] and Whitt [53].
Theorem 6.1 Assume that g12 < 00 and goo < 0o. If po — 1 — p1 then

Ws(t/wa) — e 5 t>0, (6.1)

for way in (2.18).
Proof. We use Laplace transforms, exploiting the continuity theorem; p. 431 of Feller
[38]. We show that wa(s/wa21) — (14 )™t as p — 1. Rewrite the transform (2.14) as

Then we show that

p p1(912/2911)
= 9 s (2220 (g )
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This follows from (2.6) and (2.8), since h(()ll) = ¢12/2(1 — p1) by Theorem 6(a) of [6],
by = 1/(1 = p1),

RSP (L~ p)s) =1 — (1 — p)shly +O((1 - p)?)
2((1 = p)s) = (1+ prbun) (1 — p)s + O((1 — p)?)

g2e(2((1 = p)s)) = 1 = gaea (1 + p1bu1)(1 = p)s + O((1 — p)*)
as p2 — 1-— r1- 1
The approximation suggested by Theorem 6.1 is
W§(t) = pe P/v= | >0, (6.2)

for wgy in (2.18). In (6.2) we have refined the heavy-traffic approximation obtained di-
rectly from (6.1) by accounting for the known probability of emptiness of 1 — p. However,
unlike FIFO, the heavy-traffic approximation (6.2) is not exact for the usual exponential
special cases. (We will give exact results for exponential service times later.)
Remark 6.1. We note that the heavy-traffic approximation can be extended to very
general single-server queues with non-Poisson arrivals. The key observation is that the
low-priority steady-state virtual waiting time satisfies the first representation in Theo-
rem 2.1. In heavy traffic, the actual waiting time will be close to the virtual waiting
time. In heavy traffic, the total workload of both classes will tend to be large. When
the initial level of work, say x, is very large, then the high-priority first passage time to
0 is approximately z/(1 — p1) by the law of large numbers. (For the M/G/1 model this
is always the expected value; see Theorem 7 of [6].) Hence, in heavy traffic, we have the
approximation

Ws(z) = V(1 - p1)z) (6.3)

where V is the steady-state workload cdf for both classes. Thus, standard heavy-traffic
approximations for V' (ignoring the priority structure) translate into heavy-traffic approx-
imations for Wa. Theorem 6.1 and approximation (6.2) can be regarded as special cases
of this argument.
Remark 6.2. By (6.2), p/ws; is a natural candidate to serve as an initial guess for the
asymptotic parameter 7 in the Newton-Raphson method for finding a root of the equation
1—pf(s)=0in (5.3).

As in [7] and Section 3 of [12], we can develop a heavy-traffic expansion in powers of
1 — p for the asymptotic parameters n and « in the exponential asymptotics in (5.4) by
doing a Taylor series expansion of f (s). We thus obtain the following result by a minor
modification of the proof of Theorem 6.1.
Theorem 6.2. Assume that the condition of Theorem 5.1(a) holds. Then, as pa — 1—p1,

n=wy' +0((1-p)?) as p—1 (6.4)

for way in (2.18) and
a=14+0((1-p) as p—1. (6.5)
Theorems 6.1 and 6.2 imply that the two iterated limits involving ps — 1 — p; and
t — oo agree.
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7 The Busy-Period Asymptotics Equation

Further detail about the asymptotics for W (t) in Theorem 5.1 primarily depends upon
asymptotics for the high-priority first-passage-time and busy-period distributions. We
draw upon asymptotic results established by saddle point methods by Cox and Smith
[31]. We restate their result in the form of an asymptotic expansion and give additional
details about the proof. (An asymptotic expansion is defined in (1.5) and (1.6).)

Note that the reciprocal of the asymptotic decay rate for the busy period is the
relazation time for the total workload process; see II1.7.3 of Cohen [30]. We let 71 represent
this relaxation time.

Theorem 7.1. (Cox and Smith [31]) If there is a negative real root —(; of the busy-period
asymptotics equation

—3l(s) =~ (7.1)

where —(; is to the right of all singularities of §1(s), then fl,(t) and bi(t) have asymptotic
eTpansions

£ (1) ~ weleprag (nt?) V2T (14 Y Bt ) as t— oo (7.2)

x
i=1

for all x > 0 and

bi(t) ~ an(mt?) 27T (14> Bt as t— o0, (7.3)
=1
where
mh=p+ G- pa(=G), (7.4)
ar = 20397 (=¢)] 72 (7.5)

Bi is a constant for each i with

5(4)
5 N
1= —aip} [g(ﬁp%g?)(—ﬁf - w : (7.6)

Proof. The asymptotic expansions (7.2) and (7.3) are obtained in the same way from

integral representations, so we only discuss (7.3). Note that 7.3 is obtained formally from
(7.2) by integrating with respect to Gy, i.e.,

bi(t) = /0 T 1O 0)de () | (7.7)

using condition (7.1). Cox and Smith [31] established a contour integral representation
for by (t), namely

1 a+100
bi(t) = té1(s)g 7.8
10 =55 /a ¢ ° (78)

— 100
where

$1(s) = s —p1+ p191(8) - (7.9)
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(We do not elaborate on the derivation of (7.8) because it is explained fully in [31] and
reviewed in [13].) The contour in (7.8) is a vertical line with Re(s) = a such that g;(s) has
no singularities on or to the right of it. To establish (7.3), we apply Laplace’s method or
the saddle point method as on pages 80, 121-127 of Olver [46]. We elaborate on this point,
because it is not explained in [31]. Since the service-time transform §;(s) is generic, it is
not possible to exploit specific structure beyond the fact that it is a probability transform,
defined as in (2.1). Assuming that (7.1) holds, we see that ¢(—() < 0, ¢'(—¢) = 0 and
¢! (=¢) > 0, so that for large ¢ the integral in (7.8) is dominated by its behavior in the
neighborhood of —¢. Since —( is to the right of all singularities of §;(s) and thus of ¢4 (s),
we can change the contour without changing the value of the integral. It is convenient to
replace the contour by three pieces: two vertical lines —( — € — wi and —( + € 4+ wi for
w > 0 and the closed interval [-( — e, — { + €] for suitably small positive € (proceeding
continuously starting from —( — € — i00). It turns out that we can neglect the integral
over the two vertical lines, because

|et¢1(5)| = tfie(91(5) < gtor(Re(s)) (7.10)

for ¢1(s) in (7.9). To establish the inequality in (7.10), let s = o + iw and note that

Re(¢p1(s)) = o—p+ p/ooo e~ 7% cos(wx)dGi (z)

< o—p+ p/ooo e 7%dG(x) = ¢1(Re(s)) . (7.11)

Hence, for this problem, the saddle point problem in the complex plane reduces to
Laplace’s method on the real line, as discussed on pp. 80-86 of Olver [46]. Then (7.3) fol-
lows from taking a Taylor series expansion of ¢1(s), i.e., ¢1(s) =~ ¢1(—C) + qb’{(—()#
for real s; see p. 80 of [18] for details. See pp. 86 and 127 of [46] for the asymptotic

expansion. |

Corollary 7.1. Under the conditions of Theorem 7.1, the rightmost singularity of by (s)
is — * and
bi(=m ) =14p (G =) =01(=G)

so that by (t) is a class II distribution.
Remark 7.1. Note that a root —(; exists for the busy-period equation (7.1) whenever
the service-time cdf Gy (¢) is class I. When G (¢) class II, a root —(; for (7.1) exists if and
only if —gi(—s7) > 1/p1, where §i(—s7) is the right derivative at the singularity —s7.

We combine Theorem 7.1 and Lemmas 3.4 and 3.5 to obtain the following corollary.
(This corollary is not stated correctly in [31]. Recall that we have assumed that g;; = 1.)
Corollary 7.2. Under the assumptions of Theorem 7.1,

BE(t) ~ mbi(t) as t— oo (7.12)

and
Bf (t) ~ (1 — p1 )1 B§(t) ~ (1 — p1)78bi(t) as t — oo . (7.13)

For the non-exponential asymptotics in (5.6), we need to determine the asymptotics
for the ccdf F(t) in (2.16). However, we have already determined the asymptotics for the
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component Hél)c(t) in our previous treatment of M/G/1 LIFO waiting times, assuming
that the busy-period root equation (7.1) has the zero, which is by essentially the same
argument as in Theorem 7.1. By (37) of [12] or by (2.7) and Theorem 3.1 of [10],

h§Y () ~ (o /mGE) (mt?) 727 as t— oo (7.14)
and, by Lemma 3.5,
HV*(t) ~ (on/G)(mt?) 1267/ as t— o0 (7.15)

Since Hél)c(t) is related to the probability of emptiness by (2.5), (7.15) also follows from
asymptotic results for the probability of emptiness in the GI/G/1 queue on p. 609 of
Cohen [30].

More generally, we can relate the asymptotics of H él)c(t) to the asymptotics of BE(¢),
by the same reasoning used in Theorem 5.1(b).

Theorem 7.2. Let —s* be the rightmost singularity of il(()l)(s). (a) If 1 — plil(()l)(s) has
no real root in (—s*,0) and if Hél)c(t) satisfies (5.1) and (5.2), then

1—p1 (e
BE,(t) ~ _ HV () as t - 00 . (7.16)
' (1—prh{D (=s7))2 "

If in addition s* = 0, then
HV ) ~ (1= p1)BS(t) as t— 0. (7.17)

Proof. Note that we can rewrite (2.6) as

(1= p)ig" (s

7 ) = n n+1
bue(s) =5 = (L) D o () (7.18)

so that we have a minor modification of the geometric random sum representation and
we can apply the argument in Theorem 5.1(b). g

We now characterize the rightmost singularity of iz(()l)(s) and f(s) under the assump-
tion of Theorem 7.1 and determine when the exponential asymptotics holds. In our
statement we use the inverse function of z1(s) for negative real s, denoted by z;'(s),
which can be expressed as

z(s) =s—p1+pmau(s) . (7.19)
By (2.4), z; *(21(s)) = s for any complex s; see (29) and (30) of [6].
Theorem 7.3. Assume the condition of Theorem 7.1.
(a). Then —1; " is the rightmost singularity of ft(()l)(s),
~ _ 1 _
b (=) = (= (Gm) ™) (7.20)

and 1 — plﬁ(()l)(s) has no root in (—1; 1, 0).
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(b). Let —s% and —s* be the rightmost singularities of §o(s) and f(s), respectively.
Then

T ) Cl < S;
s*=1¢ —z;'(=85) >0, (>85>0 (7.21)
0, 53=0

(c) If in addition s3 > 0, then the oot equation (5.3) has a negative real zero —n with
n < s*, so that the exponential asymptotics in (5.4) holds for all p > p%, where

-1
9217y

52 (0T >0
p; = 0 y S; < Cl and gz(—S;) = 00 (722)
Lo h (93 e and go(—st) < oo
Gac(—s3) 0 2 S0 ARG G2TS '

Proof. (a) By (7.15), H{V°(t) ~ (1/71¢2)BS(t) as t — oo, so that —7; " is the rightmost
singularity of lAL(()l)(s)7 just like of by (s). Moreover, 1 — pyho(s) must not have a zero in

the interval or else byc(s) would have exponential asymptotics, by virtue of (7.18), using
the reasoning of Theorem 5.1. By (7.16),

1 p(1) _—1y)2
= (1= 0 AW (=
7'1(12 Tl( P11y ( T )) ’
which implies (7.20). By (7.20), plﬁ(()l)(—T_l) < 1. Since fl(()l)(s) is monotone, we have a

second direct derivation showing that p; iz(()l)(s) — 1 has no root in the interval (—7; !, 0).
(b) By (2.4), (2.8) and (7.19),

bi(-m ) =1+p (G- (7.23)

and
z(-m) =G, (7.24)
from which we obtain (7.21).

(c) First suppose that s§ > (1, so that the rightmost singularity of f(s) is —r; ' To
find the boundary point p} in (7.22) we solve for p} in the equation

1= pih (=1 1) = p3doe(z1(—11) = 0. (7.25)

Combining (7.24), (7.25) and (7.25) yields the first case of (7.22).

Since g2.(2z1(—s)) is increasing in real s, if s5 < (1, then the rightmost singularity of
f(s) is z7*(—s3). Then the equation 1 — pf(s) = 0 will have a root —n with n < 77 * for
all po provided that go.(—s3) = oo, which occurs if go(—s3) = co. If Go(—s5) < oo, then
§2¢(—$*) < 0o and the boundary for the existence of the root 7 is the equation

L= pihg (5171 (=53)) = pifac(=53) =0,
which yields the third case of (7.22). g

Remark 7.2. Note that exponential asymptotics holds for all py (i.e., p5 = 0) when
s5 < (1 and §a(—s3) = oo. However, if §2(s) has no singularities (as with a finite mixture
of atoms), then p} is never 0. g
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We now establish the non-exponential asymptotics in Theorem 6.1(b) in the main
case. The next three results are used in our proof of Theorem 7.4 below.
Lemma 7.1. Under the conditions of Theorem 7.1,

< (L-p)G
Proof. Since §;(—s) is strictly convex in s,

g1(=¢1) — 4(0)
G1

Since §(0) = 1, combining this with (7.4) completes the proof. g

> —g1(0)=1.

Our next lemma establishes a regularity property about F;é)c(t) for large x. We can
apply the law of large numbers to show that the first passage time is likely to occur near
time x/(1— py) for large . We use a large deviations argument to establish an exponential
bound refinement.

Lemma 7.2. Under the conditions of Theorem 7.1, for all positive €,

1 ¢ - - —€ €
F 1 oolt) < em(mea=at@ 4 (7.26)
and "
F(l—pl)(1+5)t70(t) < e—(l—P1)(1+6)t€(e) , t>0 7 (727)
where

£(e) = sup{se — z1(s)} = (1 asel0 (7.28)
for z1(s) in (2.8), so that for all positive € sufficiently small

F oo = o(FL° (1) = o(e™/™) as t — 0o (7.29)

and

PO

(1—p1)(1+e)t,o(t) = O(e_t/ﬁ)) as t— 00 . (7.30)

Proof. Recall that F,Ei%o(t) is the n-fold convolution of Félo) (t) for all positive x and

positive integers n, that the mean of Fé(l))(t) isz/(1—p1) (e.g., see Theorem 7 of [6]), and

that the Laplace transform of fi(lj) (t) is given in (2.7). Hence, we can apply Chernoff’s
bound, e.g., (1.6a) on p. 14 of Shwartz and Weiss [48], to obtain (7.26) and (7.27). By
(29) and (30) of [6] and (7.23) and (7.24), we see that the root of z](—s) = 0 is {3, which
implies that £(e) — ¢; as € | 0. We apply Lemma 7.1 to obtain (7.29) and (7.30). g

We now obtain control of the asymptotics of the second term of F¢(t) in (2.16) under
regularity conditions.
Lemma 7.3. Under the conditions of Theorem 7.1, if G is any cdf on the nonnegative
real line such that
G<(ct) = o(e7¥™) as t — oo (7.31)
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for ¢ <1—p1, then

| FYwace) ~ —i-are
~ —§ (=) prma(nt®) V2T as t — oo . (7.32)

Proof. By Fatou’s lemma, (7.2) and Lemma 3.5,

litrgianl((])‘)c(t)_l / FiY°(1)dG(z) > / 2e$7dG(z) = —§' (—C1) - (7.33)
> 0 0

Thus it suffices to establish an upper bound for the limsup. For this purpose, we break
up the integral into three parts, as

oo N 0o NVct
[ =[] +f (7.34)
0 0 NvVet N

letting ¢ = (1 — p1)(1 — €) for small positive e. We bound F;é)c(t) above by 1 in the
second integral in (7.34) and we apply Lemma 7.2 to show that the third integral in
(7.34) is negligible. In particular, for the third integral, F((l))c(t) < Fc(t{%c(t) for all  and

J2V°4dG(w) < 1. Thus,

IN

lim sup F{3)¢(t) ™" / FY(1)dG ()

t—o00 0

N c F(l)c t
/ ze**dG(z) + lim sup { Gzl)(cd) + C(tl’?c( ) }
0 tmoo | Fyp' (t)  Fyp' (¢)

Ooxegsz;r.
f;eemac

Theorem 7.4. If the conditions of Theorem 7.1 hold and if s5 > (1, where —s3 1is the
rightmost singularity of the low-priority service-time transform §a(s), then

IN

-2 Al
Fc(t) ~ (p1<1 P2P171926( C1)> 041(7Tt3)_1/2€_t/7—1 as 1 — 0o (7.35)
p1 -+t p2

and, if py < 3 for p3 = go1/71(G2(~C1) — 1) as in (7.22), then

(1= p)p172[1 — poriC19h(—C1)gar' — (p2/p3)] e /™
[1— (p2/p5))? t3

for ¢y in (7.1), Tt in (7.4) and oy in (7.5).
Proof. By Theorem 7.3(b), the rightmost singularity of f(s) is —7, ! The asymptotics

W5 (t) ~

as t— oo (7.36)

for Hél)c(t) is given in (7.15). The asymptotics for the second term of F' in (2.16) is given
by Lemma 7.3. Since s5 > (;, by assumption, and (1 — p;)¢1 > 7, *, by Lemma 7.1,
condition (7.31) holds for G = Ga.. Since §ac(s) = (1 — g2(s))/g215,
. 1 —g2(=C1) — Gga(—
ih () = T 0BG (7.57)
92163

Finally, we apply Theorem 5.1(b), (7.20) and (7.22) to obtain (7.36). In this case we can
directly verify conditions (5.1) and (5.2); condition (5.1) follows from Lemma 3.6. g
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Remark 7.3. Note that the asymptotic decay rate 7; ! in (7.36) does not depend on p»
provided that p2 < p3.
Remark 7.4. Note that the asymptotic constant in (7.36) explodes as pa 1 pj.

We have just noted that the non-exponential asymptote in (7.36) becomes useless
as p2 T p3, because the asymptotic constant explodes. Our next result shows that the
exponential asymptote in (5.4) also becomes useless as p2 | p5. We need the following
lemma in our proof of Theorem 7.5 below.

Lemma 7.4. If the conditions of Theorem 7.1 hold, then b, (-7 1) = —oo.
Proof. By Kendall’s equation (2.4),

bi(s) = 31(=1(9))(L = pudf (5)) (7.38)

Since z(—7; ') = —(; and §;(—¢1) = —p; ', equation (7.38) approaches

—pibi (=) = 1= pibi (=)
as s | —1; . However, x = oo is the only solution to the equation z =z + 1. g

Theorem 7.5. Assume that the conditions of Theorem 7.1 hold with s3 > (1, so that
—7 1 is the rightmost singularity of f(s) as in (7.21). If p2 | p5, then a — 0 for a in
(5.5).

Proof. As ps | p5, n | 7', Hence, by (5.5), it suffices to show that f’(—Tl_l) = —00,
where all derivatives at —7 ! are understood to be right derivatives. First, by Lemma 7.4,

by (—m 1) = —oo. Then, since
- 1 S
WL s
0'(5) p1 prz(s)
we have p )
P S L b (s)) |
ds ° (s) p121(s) P121(5)2( & 1(8))
Since z1(—1; 1) = —¢; and b (—7;1) = —oo, fl(()l)/(—ﬁ_l) = —o0, which implies that

Fi=mh) = ~cc.

We conclude this section by treating the third case in Theorem 7.3 in which s3 < (1,
g2(—s3) < o0 and pz < pj.
Theorem 7.6. Assume that the condition of Theorem 7.1 holds, but that —(1 < —s3,
where —s% is the rightmost singularity of g2(s) and gae(—s3) < 00, so that

G2¢(5) ~ Goc(—53) + Bae(s) as s — —sb . (7.39)
then )
Wa(s) ~ 1- L~ L= + (1= p)g)gﬂ(s) as s — —sj (7.40)
A() — p29(8) AO A()
for
O(s) = Ooe(1 (21" (=53))) (7.41)

Ao = 1= pih§P (2D (=55)) = poiie(—s55) = Goc(—s3)(ps — p2) ,  (7.42)
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27 N(s) in (7.19) and pb in (7.22). If, in addition,
O20(s) ~ A(s + s5) as s — —s} (7.43)

for some positive non-integer v and §o.(s) has no singularities other than —s3 with
Re(s) > —s3 — € for some € > 0, then

(L—p)p2 ( t >
W5 (t) ~ S t— . 7.44
O~ e g ey) © T (740
If, in addition —s5 = 0, then
WE(t) ~ 1'02 GS.(1—pi)t) as t— 0. (7.45)
-p

Proof. Expand o (21(s)) around z; !(—s3). Then

G2e(21(5)) ~ Goe(—s5) +0(s) as s — —s}

and A R
1—pf(s) ~ Ao — p20(s) as s — —s;

for A(s) in (7.41) and Ag in (7.42), from which we obtain (7.40). Under the extra conditions
on é2e(s) in (7.43) and on the singularities of §o.(s), we can apply Heaviside’s theorem on
p. 254 of Doetsch [34] and Sutton [50] to obtain the asymptotic relation for the density
in the time domain, which implies (7.44) by Lemma 3.4. Finally, for (7.45), note that
27 1(0) = 0 and

—1 1
4O =1 ph 0 =1 (20 ) =

Also note that Ag =1 — p for Ag in (7.42) when —s5 = 0. g

Remark 7.5. By the Heaviside operational principle in Section 3, we conclude (7.44)
and (7.45) without imposing the condition (7.43), but this step remains to be justified.

8 Asymptotic Expansions from Kendall’s Functional Equation

In Theorem 7.1 we obtained an asymptotic expansion for the high-priority busy-period
pdf b1 (t) by using saddle point methods with an integral representation. This enabled us
to obtain the asymptote for the low-priority waiting-time ccdf W§(t), but this required
rather difficult arguments in the time domain, such as Lemma 7.2. In this section we show
that asymptotics for W§(¢) can be developed more easily starting from an asymptotic
expansion for the high-priority busy-period transform by ().

We obtain our asymptotic expansion for Bl(s) from Kendall’s functional equation
(2.4). If we assume that the rightmost singularity of b1 (s) is a branch point singularity
at s = —7; " and that b;(s) no other singularities for Re(s) > —7; * — € for some positive
e, and if we also assume that by (s) has an asymptotic expansion in powers of (s + 77 '),
ie.,

bi(s) ~ Zak(s + )" as s — -t (8.1)
k=0
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where 7, < yg41 for all k, then we can apply Theorem 7.1 and Heaviside’s theorem on
p. 254 of Doetsch [34] and Sutton [50] to conclude that b;(s) must have an asymptotic
expansion in half powers, i.e.,

by(s) ~ Zak(s+rf1)k/2 as s — —7 (8.2)
k=0

when the busy-period root equation (7.1) has a root to the right of all singularities to the
high-priority service-time transform §;(s). The terms in (8.1) with non-integer powers
must have counterparts in the time-domain expansion in Theorem 7.1. As indicated in
Doetsch [34], the terms asx(s + 77 1)* in (8.1) and (8.2) with whole integer powers are
analytic functions and thus do not contribute to the asymptotic expansion in the time
domain. Since the terms with integer powers in (8.2) have no counterpart in the time
domain, evidently it is not possible to obtain the transform asymptotic expansion (8.2)
directly from the time-domain asymptotic expansion established in Theorem 7.1, but that
is an unresolved point.

We now directly establish the asymptotic expansion in half powers in (8.2). Thus, we
obtain an asymptotic expansion for Bl(s) and an alternative proof of Theorem 7.1.

To carry out one step of the proof of Theorem 8.1 below and to understand how
Theorems 7.1 and 8.1 are related, we need to know how Heaviside’s theorem converts
asymptotics for transforms into asymptotics in the time domain. Let £71(f(s)) denote
the inverse of the transform f(s). Then

— —e~t/m
E_l( S+Tl_1) ~ ﬁ as t —> o (83)

Tt

and
3et/m

4 \/rtd
see p. 254 of Doetsch [34]. In particular, note the sign change in (8.3).

Theorem 8.1. If the busy-period equation —p1gi(s) = 1 in (7.1) has a root —(; with
—s7 < —(1, where —s7 is the rightmost singularity of g1(s), then the half-power asymptotic
expansion (8.2) is valid and the first four coefficients in (8.2) are

L7(s+ 717 1)3?) ~ as t— 00 ; (8.4)

a0 = g1(—C1) (8.5)
-2
a1 = ————— = 201, (8.6)
20895 (= 1)
1 (G1P1)4A(3)

@ =+ a0, (8.7)

and ( )5

—(a R 5 .

oa = UL g0(-) - SatotalV () (5.9

for aq in (7.5).
Proof. Given Theorem 7.1, we anticipate that the transform by (s) should have asymptotic
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expansion (8.2). To justify the asymptotic expansion, we expand the transforms in power
series in the region where they are analytic, and then let the expansion point approach the
singularity. For € > 0, perform the change of variables s = —7; ' 4 e 4+ u? for Re(u) > 0.
By (2.8) and (7.4), the Kendall functional equation (2.4) becomes

(= 4 e+u?) = gi(z(—mt+e+u?)
= gil-m ' +etut+pr—pibi(—1 " +e+u?)) (8.9)
= Gile+u? = pibi(—m1 + e+ ud) + prbi(—1 1) = 1) -

Since b1 (s) is analytic at —77 ! + € and §i(s) is analytic at —(;, we can expand the
functions in power series about —7; !+ ¢ and —(1, respectively, obtaining

bi(—mitHetu?) = Y52, Brle)ut
8.10)
~ (k) (
= k=0 : k! - 5(63 u)k )

where -
3(e,u) = Bo(€) — p1Bi(e)u + (1 — p1Ba(€))u® = Y p1Bj(e)u? (8.11)

j=3

By, (€) are unknown coefficients depending upon € and

Bo(e) = € — p1Bo(€) + piby (—77Y) . (8.12)

Since by (s) = by (=7 1) as s | —7 L,
Bo(e) = bi(—771) and By(e) =0 as e—0.

We now match coefficients of u* in (8.10) for each k successively starting with k& = 0.
Considering u°, we first obtain

N G >
Bo(€) = g1(—G1) + > 7= Bo(e)* = g1(~G + Bo(e)) - (8.13)

Since §1(s) is analytic at —(j, it is continuous. Since Bo(e) — 0 as € — 0 we see that
Bo(e) = §1(—¢1) as e — 0. This implies that by(—7; 1) = §1(—C1), which is consistent
with (7.4), (7.23) and (7.24).

Moreover, from (8.13), we see that By(e) is the solution to the equation

x=g1(A—p1z) (8.14)

for A= —(; + e+ pibi(—77 1) Differentiating with respect to x in (8.14), we see that we
must have )
1+ p1g3Y (—¢1 + Bo(e)) = 0 (8.15)

for all €, consistent with the assumed equation (7.1), which is the case e = 0.
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Next, considering the coefficients of u! in (8.10), we obtain
Bi(e) = gt (=) (=p1Bi(e)) + Z 9" 6) < )Bo(E)k_l(—plBl(e)) : (8.16)

y (8.15) for e = 0, —plg(l)( ¢1) =1, so that (8.16) reduces to

= 9" (=¢ + Bo(e)) — 3 (—C)](—pBa(e)) (8.17)
By (8.15), using € and 0,
90 (=¢1 + Bo(e)) — g (=¢1) =0 forall .

Hence equation (8.17) places no constraint upon Bj ().
Next, considering the coefficients of u? in (8.10), we obtain

)pr1(6)

Ba(e) = 31 (=) (1 = p1 Ba()) + 357 (~ 1) =

+Bo(€)g? (~¢1) (1 — p1Ba(e))

=g (=) [(k Bo(eF—1(1 B K\ B (oyh-2 B2l (818
+k:2:3T 1) Bo(€" (L= p1B2(€)) + { , ) Bo(e)" " (=p1Bu(e))”| - (8:18)
Applying (8.15) again, we see that (8.17) is equivalent to

0 = le)(—Cl) + 9%2)(—@)% + [A(l)(—Cl + By(e)) — 9%1)(—@)](1 — p1B2(€))

+ 6P (=¢ + Bo(e) — 87 (—¢))(93Bu(e)?)

= 3060 + () 2B 6 (6, 4 Bo(o) - 4 (Gl Bu(e)? (819

Since § 91 ( ¢1 + Bo(e)) — 91 ( ¢1) as € — 0, (8.19) implies that

By(e)* = B1(0)% = a} = 291 a2 (8.20)

1 (—Cl)P P191 ( (1)

as e — 0.

Considering the coefficient of u* in (8.10), we see that two applications of (8.15)
eliminates the variable Bj(e) and we can solve for Bjy_i(€) recursively. Given that
Bj(e) — B;(0) as € — 0 for all j < k — 2 and By(e) — 0, we obtain By_1(e) — Bx_1(0)
by induction on k. g

Remark 8.1. Using (8.3) and (8.4), we can see that the coefficients a; and a3 in (8.5) and
(8.8) are consistent with the two calculated coefficients in Theorem 7.1. In Theorem 7.1
there is no counterpart of as in (8.7) though. g
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We now can apply the asymptotic expansion for by (s) in (8.2) to obtain asymptotic
expansions for the other quantities of interest by using elementary operations on asymp-

totic expansions; e.g., see p. 19 of Olver [46]. We now treat il(()l)(s), the Laplace-Stieltjes
transform of Hél)(t), which is related to the emptiness probability PO%)(t) via (2.5). The
corresponding asymptotic expansion for PO%)(t) extends the previous asymptotic result

(the first term) in II1.7.3 of Cohen [30].
Theorem 8.2. Under the assumptions of Theorem 8.1,

h(1 Nch s+ 2 as s -t (8.21)
k=0
where 1 .
a
c 1-——), aa=—, 8.22
- ( Clﬁ) g (822)
1 2 2
e2 = ——=(nlf —aipf — (1 - praz)) (8.23)
P1T1 C1
and
c3 = C - (a3p? +2a1C1(1 — praz) + (Faz + army)) - (8.24)
1

for a1,a2 and as in Theorem 8.1.
Proof. By (2.6), we can write

. 1—b 1 1 -
=L s Lm0 g
s+pL—pibi(s) P11 p1zi(s) pr - pz(o)

where o = s+7; ! and 2, (o) = —¢; +6(0) for § = §(0,0) in (8.11). Hence, we can expand
and match coefficients of 0*/2 as in Theorem 8.1. m

Theorem 8.3. If, in addition to the assumptions of Theorem 8.1, —s5 < (1, where —s3
is the rightmost singularity of ga(s), then

G2e(21(8)) ~ Z =2~ de s+ D2 as s -t (8.26)
k=0

where § = §(0,0) is given in (8.11), 0 = s+ 1, ' and

do = ie(—C1) s dy = ———2 (8.27)

3952 (—C1)
1 (dip1)* .3)

dy = —
2 p1+ 19 Y2

(=¢) (8.28)

and
(dip1)®

P [50(q) — Sdiotal(-0)7) (8.29)

dg = ———
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Combining Theorems 8.2 and 8.3, we obtain an asymptotic expansion for 1 — pf(s),
the denominator of ws(s) in (2.14).
Theorem 8.4. Under the conditions of Theorem 8.3,

1—pf(s) =1 - p1h§(s) — pagoe(z1(s) ~ D en(s + )2 ass— —m ', (8.30)

k=0
where the first two coefficients are
1
=—1- 5 8.31
€o Cm[ (p2/p3)] (8.31)
and
2a .
e1 = B (1= paiCRghe(~C1)) (8.32)
T1(i
for
-1
* g21T1
=_J=1 8.33
P2 92(_<1) 1 ( )

Now we obtain asymptotic expansions for ws(s) and corresponding asymptotic ex-

pansions for the pdf wy(t). There are three cases, depending on whether ps is greater
than, equal to or less than p} for p4 in (8.33).
Theorem 8.5 Assume that the busy-period equation (7.1) has a root —(q with —s7 < —(;
and —s5 < —(1, where —s? is the rightmost singularity of g;(s). Assume that by(s) has
no singularities besides —7'1_1 with Re(s) > —71_1 —e¢. Letn, a, a1 = —a1/2, eg and e1
be as in (5.3), (5.5), and (7.5), (8.31) and (8.32), respectively.

(a) If p2 > pb for pb in (8.33), then

wa(s) — so—i—nn ~ ka(s + 2 as s — -t (8.34)
k=0

for constants vy, and, in particular,

vy = 1= and v = 7_(1 —2p)61 ) (8.35)
€o €0
so that y
_ Ajoqe /M
wa(t) —ame ™M ~ ——— (14 0O(1/t as t — oo 8.36
2(t) ~ an L1+ 00/1) (5.36)
and y
_ Arogmetm
W) —ae™™ ~ = (1+0(1/t)) as t— o0, 8.37
3 (t) T ( (1/t)) (8.37)
where .
I p)261 _ (A =p)pn(1— p27—iC1292e(_C1)) ' (8.38)
2a1€5 (1 — (p2/p3)]

(b) If p2 = p§, then eg = 0 and
Wa(s) ~ Z vp(s + )2 as s — —m ! (8.39)
k=—1
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and, in particular,

A 1-p -1
Wa(s) ~ ———= as s— -7 , (8.40)
e/ s+ ’7'1_1
so that y
—t/m
t)~ A 14+ 0(1/t t— 8.41
wa(t) ~ Ag = ( (1/1)) as 00 (8.41)
and
e—t/Tl
WS(t) ~ AleW(l +0(1/t)) as t— o0, (8.42)
where ( e
1—-p 1-p)ngq
A — _ ] . 8.43
T e 20m(1- pmiCih.(—C1)) (843)
(c) If p2 < p3, then
wa(8) ~ ka(s + Y2 as s — -t (8.44)
k=0
where vo and v1 are given in (8.85), so that
Alozle_t/"l
wa(t) ~ ——=——(1+0(1/t)) as t — oo 8.45
2(t) T ( (1/1)) (8.45)
and
7'16_25/"—1
Ws(t) ~ Ay (14+0(1/t)) as t— o0, (8.46)

Vrt3
where Ay is in (8.38).
Proof. The assumption on the singularities allows us to apply Heaviside’s theorem on
p. 254 of Doetsch [34] and Sutton [50] to obtain asymptotic expansions in the time domain
from the transform asymptotic expansions. We apply Theorem 8.4 to get an asymptotic
expansion for 1 — pf(s). For part (a), we write

1— 1—p)—
dp(s) = — =L _on_ (L= p) = mad(s) (8.47)
1=pf(s) nts  1-pj(s)
where R
1—pf(s)
§) = ———=. 8.48
o(s) = 22 (5.18)
After we subtract the pole at —n, the rightmost singularity is at —7; 1. We can then
exploit the asymptotic expansion for 1 — pf(s) at s = —71; ! Using algebra, we see that
(8.47) implies (8.34), where vy and vy are given by (8.35). We use the fact that
- 1—pf(=") €o
P(—7 N = —11 = -1 - (8.49)
n—mn n—mn

For (b), since ey = 0, the first term in 1—pf(s) is (s+7; 1)/2, which makes (s+7;)~1/2
the first term in w(s). By Lemma 3.5, we must multiply the asymptotic constant by 71
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when going from the pdf wy(¢) to the ccdf W5(t). B

Remark 8.2. The constant A; in (8.38) is consistent with the asymptotic constant for
the ccdf Wi (t) in (7.36).

Remark 8.3. By Theorem 7.5, a — 0 as p2 | p5 where « is the first asymptotic constant
in (8.36). On the other hand, by (8.38), eg — 0 and A; — oo as ps | p5. hence, even the
two-term approximation based on (8.36) cannot be good when ps is close to p3.

9 Long-Tail Distributions

In this section we obtain results for the case in which one of the service-time cdf’s G1(t)
or G(t) has a long tail (class IIT). (Theorem 7.6 already includes a result for the case in
which Ga(¢) is class III, but Gy (¢) is not.)

We are able to combine Theorem 7.2 with a result by De Meyer and Teugels [32] to

obtain the asymptotics for Hél)c(t) when the service-time distribution has a long tail.
They treat the special case in which G§(t) has a regularly varying tail, i.e., when

G{(t) ~t7°L(t) as t— o0, (9.1)

where ¢ > 1 and L(¢) is a slowly varying function; see p. 275 of Feller [38] and Bingham,
Goldie and Teugels [22]. (An important special case is when L(t) is a constant.) We will
apply this result in Section 12 to determine the asymptotics for F¢(t), and thus Wy (t),
when the two classes have a common long-tail service-time distribution.

Theorem 9.1. (De Meyer and Teugels [32]) If (9.1) holds, then

B§(t) ~ (L= p1) 'G5 ((L = po)t) ~ (L= p1) " °L(t) as t—oo.  (9.2)

De Meyer and Teugels only state the final simple asymptotic form in (9.2), but in some
cases the equivalent intermediate form can serve as a much better approximation. (The
advantage of a well chosen equivalent asymptotic form is illustrated by the asymptotic
normal approximation in Theorem 2 of [8].) We can combine Theorems 7.2(b) and 9.1
and Lemma 3.4 to obtain the following result. This result was also obtained in a different
way by Asmussen and Teugels [19]; see (39) of [8].

Theorem 9.2. If (9.1) holds for ¢ > 1, then as t — oo

HW ~ 0= p)B 0~ (1= p) [ Biwda

- /(Oo G = (1~ p)) (9.3)
(1= py) DD L)

p— as t— 0o . (9.4)

Proof. As indicated, we can combine Theorems 7.2(b) and 9.1 and Lemma 3.4 to obtain
the first two lines. To obtain the final relation, apply Theorem 1 on p. 281 and (8.6) on
p. 276 of Feller [38]. g

In fact, it appears that Theorems 9.1 and 9.2 can be extended to a much more general
class of long-tail distributions. We call the following result a conjecture because it relies
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on the Heaviside operational principle in Section 3, which remain to be fully justified.
Indeed, a variant of this reasoning is used by De Meyer and Teugels [32] to establish
Theorem 9.1.

Conjecture 9.1. Suppose that, the Laplace transform g1(s) has 0 as its rightmost sin-
gularity and can be represented in the form (3.21). Then

bi(t) ~ gi((1—p1)t), (9.5)
Bi(t) ~ (1—=p1) 'Gi((1 = p1)t) (9.6)

and
HV(t) ~ G5 (1= pi)t) as t— oo . (9.7)

Supporting Argument. By the Heaviside’s operational principle, g1(t) ~ 0(¢t) as t —
00. By (4.3), z1(s) ~ s/(1 — p1) as s — 0. By Theorem 4.1, by (s) has 0 as its rightmost
singularity. We assume that Bl(s) can also be represented in the form (3.21). We now
apply the Kendall functional equation (2.4). Given

g(z) ~1—2z+ Z aiz(s)' +0,(2) as z(s) =0,

we can write

b(s) = §(z1(s)) ~ 1= (s 4 p— pbi(s)) + Zaizi(s)i +0,(2(s)) as s—0,
i=2

so that
(1—pbi(s) ~ 1—p—s+ Z a;zi(s)' + 0,(2(s))
i=2
[e%S) . ) s
~ 1—p—s+;aizi(s) +9g(1_p) as s —0
and
. E 1 : 1 . s
b ~1- — izi(8) + ——0,(—— 0.
1(s) 1_p+1_p;az(s) +1_pg(1_p) as s —

Given that z;(s) ~ s/(1—p1) as s = 0, >~ a;z;(s)* should be asymptotically negligible
as s — 0. Hence, we should have

A 1 - s

O(s) ~ 1Tpag(l —

) as s—0. (9.8)

Hence, with (9.8), the Heaviside operational principle implies (9.5). Then (9.6) follow
from Lemma 3.4. Finally (9.7) follows from Lemma 3.4 and (7.17). g

We are able to treat the case in which the low-priority service-time cdf Gz(¢) is long-
tail in the sense of (9.1). We make the assumption directly in terms of the associated
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equilibrium-excess ccdf G5, (t). The following complements (7.45) in Theorem 7.6.
Theorem 9.3. Suppose that the assumption of Theorem 7.1 holds and

5(t) ~t7°L(t) as t— o0 (9.9)

for ¢ > 1 and a slowly varying function L(t). Then

c P2 e p2L(t)
Fe(t) ~ 2G5, (1 — p)t) ~ 220 g5 t— 00 9.10
(0~ 26501 - p)) ~ L2 (9.10)
and L)
c P2 c P2
W5(t) ~ —— l—-pi)t) ~ —"— as t = 0. 9.11
2( ) 1_p 26(( pl) ) p(l—p1)ctc ( )
Proof. By (2.16), it suffices to show that
/ FO°(1)dGe () — G5, (1 — pr)t) as £ — oo, (9.12)
0

because the first term in F¢(t) involving H, él)c(t) is clearly asymptotically negligible. The
proof is a modification of the proof of Lemma 7.3. We establish an upper bound for the
lim sup and a lower bound for the lim inf. For each, we divide the integral into three pieces
as in (7.34). We use the fact that L(ct)/L(t) — 1 for any positive ¢ for a slowly varying
function L(t). For the upper (lower) bound, we let c= (1 —p)(1 —€) (¢ = (1 —p)(1 +¢))
for small positive € and apply (7.26) and (7.27). First, by Lemma 7.2,

5.((1— p1)(1 - e)t)} o
G5 (L~ p1)D) o

lim sup Gge((l—pl)t)_l/ ng(l))c(t)dGze(z) < limsup{
0

t—o00 t—o0

Second, by Lemma 7.2 again,

. 1 [T (e - 5e((L—p1)(1+e€)t) 1
liminf G5, (1—p)t) ™ [ O (t)dChe (x) > limint { Foell = :
imint G5, (1-p)0) " [ F(0)Gac(o) > tymint § el OO -
Since € is arbitrary, we obtain (9.12). To obtain (9.11), we apply Theorem 5.1(b). Con-
dition (5.1) in this case implied by Lemma 3.7. g

We now discuss the case in which the high-priority cdf G (¢) is long-tail. We already
have a result for Hél)c(t) for the special case of regularly varying G§(¢), as in (9.1), in
Theorem 9.2 and the more general Conjecture 9.1. We now want to consider the second
term of F(t) and more general cdf’s G2. However, we do not yet have a proper proof for
the formulas below. This conjecture is consistent with established results in Section 12
for the case in which both classes have a common long-tail service-time distribution.
Conjecture 9.2 Assume that the rightmost singularity of §1(s) is 0 and Féé)c(t) satisfies
(5.1) and (5.2) for all x > 0 (with v = 2, the long tail case). Then

FO) ~ %Gf((l —p)t) as t— o0, (9.13)
—p1
for all positive x,
1
Bi(t) ~ R G{((1—p1)t) as t— o0, (9.14)
—p1
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Fc(t) ~ P1 Gie((l _ P1)f) + ( P2 922/)1G§((1 - Pl)t) + Gge((l _ pl)t)}glf))

p1+ p2 p1 + p2) 2g21(1 — p1)
14 c P2 c
~ (1 — t) + (1 — t) as t— 9.16
LG (- )0 + 2G5 (1 - 1)) (9.16)
and P£1 P2
Ws(t) ~ 1prie((l —p1)t) + T pGge((l —p1)t) as t—o0. (9.17)

for F in (2.16).
Supporting Arguments. Since FY

nx,0

(t) is the n-fold convolution of Fé(l))(t) for all
positive x and all positive integers n, and since (5.1) holds for F;é)c(t) with v = 2,

F(l)c t) ~ mF(l)C t) as t — o0 9.18
0 10

x

for all z; see (3.11). Next note that

F°(t) = pre( /0 b FS(H)dGy(z)) + O(?) as e =0, (9.19)

where
N
(1)e l)c (1)e
/0 FO(t)dC (x) = / (1)dC (a / FO()dGy (x) -

The argument of Theorems 7.4 and 16.1 suggest that

/N FO°(0)dG (z) ~ G5((1— po)t)

for N suitably large. On the other hand,

/ FL°(t)dGy (z) ~ giY Ffy(t) as t— o0,
0

where gﬁv) — g11 = 1 as N — co. Now divide through (9.19) by € and note that, by

(9.18),
6_1F€(01)C( t) ~ Fl(l)c( t) as t— oo foreach €>0,

so that we should have
Fg(t) ~ pr g (1) + ;G5 (1= pr)t) as t— o0

and, thus,

Fi(t) ~ 1 GS(1—pi)t) ast— oo . (9.20)

-
Combining (9.18) and (9.20) yields (9.13). Turning to (9.14), recall that
B0 = [ F 6@

By the argument above,

Bi(t) ~ P () + G5((1— p1)t) as t— o0,
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which gives (9.14). Finally, for (9.15), we treat the two pieces in (2.16). For H(gl)c(t), we
apply Conjecture 9.1. For the second piece, we repeat the argument above, obtaining

| F06a0(0) ~ gaa TG0 = pr)0) + Gl(1=p)t) s ¢ o0
. -

It seems that in this long tail case we should have
G{(t) = o(G5.(t)) as t—o00; (9.21)

e.g., this is clearly true under (9.1). That makes (9.15) asymptotically equivalent to
(9.16). Indeed, (9.21) is needed to make (9.18) consistent with the special case in which
both classes have the same long-tail service-time distribution in Section 13.

Remark 9.1. Of course one service-time ccdf may dominate the other in (9.16), in which
case only one of the two terms in (9.16) and (9.17) will appear.

10 Sojourn Times

With the nonpreemptive priority discipline, the low-priority sojourn time is the low-
priority waiting time plus the low-priority service time, which has transform g,(s). With
the preemptive-resume discipline, the low-priority sojourn time is the low-priority waiting
time plus the low-priority completion time, which has transform é(s) in (2.11). Thus, the
exponential asymptotic result for the low-priority waiting time in Section 5 extends quite
directly to the low-priority sojourn time, as indicated for the FIFO discipline in [14].
Let S5(t) be the low-priority sojourn-time ccdf.
Theorem 10.1. Assume that the condition of Theorem 7.1 holds and ps > p5 for p% in
(7.22), so that the exponential asymptotics in (5.4) holds for W§(t).
(a) With the nonpreemptive discipline,

S5(t) ~ ga(—)W5(t) as t—o0. (10.1)
(b) With the preemptive-resume discipline,
S5(t) ~ é(—m)W(t) as t— oo, (10.2)

where
e(—n) = g2(—n— G +71) > ga(-n) . (10.3)
Proof. We apply Theorem 1 of [14]. By Theorem 7.3 (b) and Lemma 15.1,

n<st<ml<(<sy. (10.4)

For (a), we use 1 < s5; for (b) we use n < 77 ', because 77 * is the rightmost singularity
of é(s) in (2.11). By (7.23), we have (10.3). g

We now consider the non-exponential asymptotics as in Theorem 7.5. For this pur-
pose, we apply Lemma 3.6. We use Lemma 3.6 in part (b) below because both the
waiting-time and the completion-time transforms have —7; ! as their rightmost singular-
ities.
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Theorem 10.2. Suppose that the conditions of Theorem 7.5 hold with ps < p5, so that

the non-exponential asymptotics for W$(t) in (7.36) holds.
(a) With the nonpreemptive discipline,

S5(t) ~ Ga(—rTYWE(H) as t— oo
(b) With the preemptive-resume discipline,
S5(t) ~ (=7 YWE(E) + o~ NCE(E) as t— o0,
where the completion-time ccdf satisfies
C(t) ~ —g5(—C1)p1mibi(t) as t — 0.

Proof. Expressing S§(t) as a convolution, we have

_ t - N
$3/2¢71 lth(t) _ / (t — y)3/2e7'1 1(t—y)W20(t —y) <t—) et ldez(y) .
0 -y

For each y,

3/2
- t
(t —y)3/2en EDWEL — ) <—> — A= lim 327 TWE()

t—o0

t—y

Hence, for part (a) we can apply Fatou’s lemma to obtain

liminf #3/2¢™ tSC / Ae dez( ) = Ag(—1 1)'

t—o0

(10.5)

(10.6)

(10.7)

(10.8)

We bound the limsup above by dividing the integral in (10.8) in two parts, over the

intervals (0, (1 — €)t) and ((1 — €t, t). We obtain

. (1—e)t t
limsup t3/2e™ 1S5(t) < / +/

t—o0

< / Ae™ VdG(y) + / £3/2¢T1 LWE(0)dGa (y)
—e)t

< Aj(—mY) 4 limsup £*/2e™ tGC((l —e)t) < Ag(—

t—o0

because we can choose € so that 7, < (1 — €)s}.

SRR

(b) For part (b) we apply Lemma 3.6. We apply Lemma 7.3 with (2.11) to obtain

(10.7). n

We conclude this section by conjecturing the results when G is a long-tail cdf.

Conjecture 10.1. Suppose that the rightmost singularity of §1(s) is 0.
(a) With the nonpreemptive discipline,

SS(t) ~ WE() + GS(t) as t— oo

(10.9)
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(b) With the preemptive-resume discipline,
S5(t) ~ W5 (t) + C(t) , (10.10)

where

C(t) ~ i"ﬂppl GS((1— p)t) + GS((L— p1)t as t— 0o . (10.11)
- p1

Supporting Argument. Apply the convolution operational principle in Section 3. The

case of regularly varying tails is covered by Lemma 3.7. Second, for (10.11), we apply

Conjectures 9.1 and 9.2.

11 Exponential High-Priority Service Times

In this section we begin considering special cases for the low-priority waiting-time distri-
bution. Here we consider the case in which the high-priority service-time distribution is
exponential, denoted by M/M,G/1. This case is easier to analyze, because the Kendall
functional equation for the busy-period transform (2.4) becomes a quadratic equation,
yielding the explicit solution

A 1

bi(s) = 5 ~(0(5) = Vol ~ dpu) (11.1)

for
o(s)=14+p1+s (11.2)

Moreover, for the M/M/1 model, lAL(()l)(s) = by(s); see Corollary 4.2.3 of [1].
Thus, in this case the transform f(s) in (2.15) becomes

7 Lz P2
s) = bi(s) + e(z1(8)) . 11.3
f(5) = ~Lbi(5) + 22— (a(5) (113
Hence, the transform wq(s) in (2.20) becomes explicit, no longer involving the Kendall
functional equation.
When G is exponential,

== vm)?, (11.4)
bi(—m ) =1/v/pr (11.5)
and
(- =G=1-p, (11.6)
so that, when s5 > (1 =1 - ,/p1,
ot — -y (= V1) g21 (11.7)
2 g1+ yp1) G214+ 1) -1 ‘
For pay < p3,

Wy (t) ~a'mib(t) as t — oo (11.8)
where the asymptotics for bi(t) is given in (7.3) and

s _ P2 = p)(pip1 + p2(v/P1L—p1))

0 — /o2 — )? (1L9)
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Remark 11.1 Note that the asymptotics for W§(t) when ps < p5 depends strongly on
the high-priority busy-period pdf b;(t), but not at all upon the low-priority service-time
cdf G2. Note that the asymptotic constant o’ in (11.9) depends upon G2 only through
p2 and p3.

Remark 11.2 Roughly speaking, for any G, the exponential asymptotics takes over
when go1 > 2¢11 and po > p1/2, which is the natural (good) operating regime for a
two-priority system. This observation is supported by the following example. Consider
three gamma distributions for Go: T'(1/2), I'(1) = M and I'(co) = D. Table 11.1 displays
values of p} as a function of the type of cdf G2 and its mean go1 in the case p; = 4/9.

G2 go1 =2 | g21 =0.2 |
T1/2) | 0 0.30

M 0.11 0.31

D 0.23 0.32

Table 11.1 Values of p5 as a function of the low-priority service-time cdf G5 and its mean
g21 for the case with p; =4/9.

We now consider the further special case in which the service-time distributions of
both classes are exponential, denoted by M /M7, Ms/1. Let the means for classes 1 and 2
be 1 and ¢!, respectively, with 0 < g < oo; i.e., the service-time Laplace transforms are

and g¢a(s) = g (11.10)

T 1+s qg+s

q1(s)

Theorem 11.1 For the M /My, Ms/1 priority model, the Laplace transform of the low-
priority steady-state waiting time before beginning service is

(1= p1—p2) <%+ (3)" =1 +q—1)

wa(s) = 11.11
2(#) Vo2 —4pr+o(1-2)—r ( )
where
r=pi+p2—(¢— 11— p2) (11.12)
and o = o(s) is in (11.2).
Proof. For the M/M/1 model, iz(()l)(s) = by (s), so that formula (2.14) becomes
1—p5 —
Wa(s) = Lo (11.13)
1= pbi(s) - 350

Since z1(s) = by(s)~! — 1 for M/M/1 by (2.4), (11.13) is equivalent to

QfJQ(S) _ (1 —P1— P2)(81(3)_1 +q - 1) . (1114)

bi(s)=t — 7 — (¢ — 1)p1bi(s))
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for r in (11.12). Finally, (11.14) implies (11.11) because of (11.1) and

1
bi(s) ™! = 3 (a /o2 o 4,01) (11.15)
for o in (11.2). g

Since the transform s (s) is available explicitly (in terms of o in (11.2)), it can
be directly inverted. We now identify the parameters for the exponential asymptotics
explicitly.

Theorem 11.2 In the M /M, M2/1 model, if pa > p5, where
1-— P1 .
s (S e a1
5=
0 if q <1- VP11

then the exponential asymptotics in (5.4) holds with

n=1+p — qi—l (g (1 + sgn(r)y/T + 4p1(q — 1)/r2) - 1) (11.16)

and

o =

(1—p1—p2) (0(—771)2 —4p1+ (o(=m) +2(¢ — 1))\/o(-m)* - 4/)1) (11.17)
U qo(—m) + (2 —q)y/o(—m)? — 4p1
forr in (11.12) and o(s) in (11.2).

Proof. If ps > p3, the denominator of (11.11) has s = —p in (11.16) as the rightmost
negative zero. Then L’Hospital’s rule yields

sw(s —n) — A(=n)/B'(-n) (11.18)

where w(s) = A(s)/B(s) for A and B in (11.11). From (11.11) and (11.18), we obtain
(11.17). §

We conclude this section by considering some further special cases:

(a). If ¢ — 0, then r — 1+ p; and n ~ g as ¢ — 0. Recall that p3 = 0 for
q<1-—./p1.

(b). If ¢ = 1, then the two service-time distributions coincide, r = p1 + pa,
p3> = /p1 — p1 and ) = [p2/(p1 + p2)] — p2, which agrees with the special case
considered in Section 13.

(c). If g = 2, then p5 = (1—p1)/2and n = 1+p1—+/(1 + p1)? — 4p2(1 — p1 — p2).
(d). If ¢ = oo, then r ~ —q(1 — p2) as ¢ — 00, p5 — 1 —/p1 and n —
p2 — p1p2/(1— p2), which agrees with the special case considered in Section 14.

12 One Common General Distribution

In this section we consider the special case in which G is the service-time cdf of both
classes, as occurs whenever the service-time distribution is not related to the priority
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structure. Let the common mean be g1; = 1. Then p; and p, represent the two arrival
rates. Note that the two arrival rates need not coincide, however, so that we can have
any values of p; and ps, provided that p = p; + p2 < 1.
Theorem 12.1 In the M/G/1 priority model with common service-time distributions
having mean g11 = 1,
. 1-p
wa(s) = —m (12.1)
1— phy(s)
for fl(()l)(s) in (2.6).
Proof. The general formula in (2.14) simplifies because

s+ p1— 21(8) = p191(21(5)) = p1ga(21(s))
by (31) of [6]. @

Theorem 12.2. Assume that the condition of Theorem 7.1 holds for the common service-
time cdf G1 and let

* P1
=— 12.2
P2 G — 1 ( )
(a) If p2 > p5, then
Wa(t) ~ae™™ as t — oo,
where 1 is the minimum positive real root of the equation
ph{V(=s) =1 (12.3)
and 1
—-p
o= —" . (12.4)
—nphg!” (=)
(b) If p2 < ps, then
c p(]' — p) 1)c
WE(t) ~ o H (1)
(1= phg (=71 ))?
p(L=p)1 + (p1/P5) 1 (1)e
e e H (1)
(1= (p2/p5)]
1— 1 *\12 —t/T1

L= (/)P Gl

for p% in (12.2) and for 11,1 and (1 as in Theorem 7.1.

Proof. Because of the structure of (12.1), Theorem 5.1 can be applied, with fl(()l)(s)
playing the role of the transform f(s). The asymptotic behavior of H, él)c(t) was given in
(7.15). The value of h{") (=) is given in (7.20), yielding 1 — p1AS" (=771) = (¢1m1) L
[

Remark 12.1. As noted in Section 2, the low-priority steady-state waiting time coincides
with the first passage time to 0 for the high priority alone (ignoring future low-priority
arrivals) starting from the steady-state workload for both classes. Thus, when the two
classes have the same service-time distribution, the low-priority steady-state waiting time
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is the same as the transient waiting time with the FIFO discipline when the arrival rate
is shifted to A; after the system has been in steady state with arrival rate A1 + 2. B

We next discuss the M/M,M/1 special case in which both classes have a common
exponential distribution. In this case, fl(()l)(s) = by(s), so that

oy tmp = p)hi(s)
2O e T T T (120

where by (s) is given in (11.1) and can be reexpressed as

bi(s) = 2ip1(1 +p1ts— \/(71_1 +5)(n +5)) (12.7)
for
== yp) and m=(1+ o). (12.8)

In this case, equations (12.6) and (12.7) can be inverted analytically by using contour
integrals, as in Chapter 3 of Duffy [36], yielding

(1= p)3(t) +ane™ +y(t) it  p2>p3=/p1—p1

ws(t) = (12.9)
(L=p)8(t) +y(t) it p2<p3,
where ) )
0o’ —p1 _ (p2—p3+/p1) —n (12.10)
P2 P2

d(t) is the delta function corresponding to a unit point mass at the origin,

71 —xt
y(t) = 12_7rp /Tll ;_n\/(x—Tfl)(%—x)dx, (12.11)
n=p2Al=p)/p, (12.12)
and
1M ;
n) = gon [ e o -
e—t/m AT o
= 2 /0 e w(dy/p1 — p)dp . (12.13)

For (12.13), see Section 3 of [3].
The integrals in (12.11) and (12.13) have asymptotic expansions that can be deter-
mined by using Watson’s lemma, e.g., see p. 71 of Olver [46]. It follows from (12.11) and

(12.13) that
p1(1—p)bi(t)

— as t— oo (12.14)
(g t- n)

y(t) ~

and
—1

p(r7t = n) = (p5 — p2)?
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provided that ps # p5 Watson’s lemma enables us to determine an asymptotic expansion
for the waiting-time pdf of the form

_pp(l—p) etm
(p5 — p2)? 2p?/4\/ mt3

for pa < pb as indicated in (1.4). The first three terms for the busy period are given in
(4.1) of [2]. This time domain analysis supports Section 8.

Note that the root equation 1—pb; (s) = 0 in the denominator of (12.6) has no root for
p2 < py = \/p1—p1, but y(t) in (12.1) is valid for all pa. At po = p3,n =1 " = (1—/p1)?,
so that y(t) has a different structure, namely

ws(?) (1+%+%+...) as ¢ — 0o (12.15)

L—p (™ _ M-
t) = —= ot d
y(®) 27 € x—Tl_l v

1

(12.16)

and therefore a different asymptotic expansion, consistent with Theorem 8.5(b).

We conclude this section by stating a result for long-tail distributions.
Theorem 12.3. If the common service-time ccdf G5(t) has a regularly varying tail as in
(9.1), then

WE(t) ~ ﬁa;e(u —p1)t) as t— 0. (12.17)
Proof. Combine Theorems 5.1(b) and 9.2. Condition (5.1) holds by Lemma 3.7. Condi-
tion (5.2) follows easily too. g

As in Conjectures 9.1 and 9.2, we conjecture that (12.17) holds for more general long-
tail distributions (when 0 is the rightmost singularity of §1(s)).
Remark 12.2. It is instructive to compare (12.17) with the corresponding result for the
FIFO discipline, see [11] or Pakes [47], which is

Werro (t) ~ ?'OpGe(t) as t— oo . (12.18)

If Ge(t) ~t¢, as t — oo, then (12.17) is equivalent to

p

Wy (t) ~ t— 12.19
5 (1) (1= p) (1 — py)e—tte—1 as o, ( )

whereas (12.18) is equivalent to

C p
WFIFO(t) ~ W as t — oo ; (1220)
ie.,
1

ch(t) ~ _1WFIFO(t) as t— oo . (1221)

(1—p1)°
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13 Fluid Inputs

Washburn [52] considered the interesting case in which the low-priority service times are
deterministic but very small. In particular, he considered the limiting case as go; — 0
and Ay — 0o with pa = A2g21 held fixed. Since §a2(s) &~ 1 — ga15+ 0(g21) as g1 — 0,

/\292(21(8)) — )\2 — —pzzl(s) as go1 — 0 (131)

and
. L

wa(s) > —————~— as go1 =0 (13.2)
1= hg(s)

for v = p1/(1 — p2), so that this case has the same general form as analyzed in Section 12
(with « in (13.2) replacing p in (12.1)).

Now suppose instead that the high-priority service times are deterministic but very
small, i.e., suppose that g;; — 0 and A\; — co where p; = A1g11 is held fixed. Then, from
(2.4), we see that

61(8) —1 as gi1 — 0 (133)

corresponding to Bp(t) — 1 for all ¢ > 0; i.e., the high-priority busy periods become
negligible.
In this situation iz(()l)(s) — 1 and 21(s) — s, so that (2.14) holds with

3 P1 P2
s)= +
prL+p2  p1+p2

92¢(s) (13.4)

which in turn is equivalent to

o (s) = 1—p2/(1—p1)
L= (p2/(1 = p1))gae(s)

Formula (13.5) is the M/G/1 FIFO Pollaczek-Khintchine formula for the steady-state
workload when the traffic intensity is inflated by (1—p1)~! to account for the unavailability
of the server.

Finally, if both classes had fluid inputs, there would be no steady-state workload.

(13.5)

14 Numerical Examples

In this section we consider three numerical examples. Our first numerical example has
two classes with a common exponential service-time distribution having mean 1. The
only parameters are the two arrival rates p; and p2. This example is a special case of
both Sections 11 and 12, so all results there apply. In this example the boundary between
exponential and non-exponential asymptotics is p3 = (/p1 — p1. We let p; = 0.5 and
consider two cases: ps = 0.3 and p2 = 0.1. In the first case p2 > p5 = 0.2071; in the
second case p2 < p3.

In the first case we have exponential asymptotics as in (1.1) and (5.4) with n =
(1 —p)p2/p and a = (p? — p1)/p2, so that n~1 = 13.33 and a = 0.4667. The exponential
asymptote is compared to exact values of W3 (t) obtained by numerical transform inversion
in Table 14.1.
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The approximation is not as good as in the FIFO examples in [12], but it is quite
good, giving reasonable accuracy by the 90*" percentile. We can understand why the
exponential asymptote is not as good an approximation as in most FIFO examples by
looking at the singularities of w2 (s). The rightmost singularity is of course n = 0.0750.
The next singularity of @ (s) is the rightmost singularity of f(s), which is determined by
the busy-period distribution. Tt is 7, ' = (1 — V/P)? = 0.0858. The fact that 7 ! is close
to 1 explains why the exponential approximation is not better; i.e.,

time  W§(¢) e
10~>  .8000 A7

1 .6780 43

5 .4330 .32

10 .2742 .22

20 1195 .104

40 .02492 .0232
80 .001187 .001157

120 .00005824  .00005759
160  .000002883 .000002867

Table 14.1. A comparison of the exponential asymptote in case 1 of the M/M,M/1 example
with po = 0.3 to exact values obtained by numerical transform inversion.

A —t/Tl
WE(t) ~ ae™™ + % as t — 00 (14.1)
Y

by (8.37).
In the second case we have the non-exponential asymptotics

Alalﬁe_t/”
~

Wit ~ S

as t— oo, (14.2)

as in (1.2), (8.46) and (11.8) with 7 = (1 — \/p1)"2 = 11.65685,71(} = 1, al_l =
208* and Ay = p1p(1 — p)/(p — p2)? = 10.460376, so that Ay, = 102.53477. (The
asymptotic constant in (14.2) is consistent with (7.36) and (12.5).) The non-exponential
asymptote in (14.2) is compared to exact values obtained by numerical transform inversion
in Table 14.2. As in previous FIFO examples, the non-exponential asymptote is a much
worse approximation. As explained previously, this is due to the slower rate of convergence
in (1.4). Even for every small tail probabilities, it might well be judged necessary to rely
on the numerical inversion in this case. Reasonable approximations for Ws(t) in the region
of primary interest can also be obtained by fitting a hyperexponential (H2, mixture of
two exponentials) by matching the first three moments, as was done for the M/M/1 busy
period in [3].
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time  W§(t) asymptote (14.2)
10-5 .6000

1 4323

) 1897

10 .08814 .78

20 .02415 .12

40  .002516 .0074
60  .0003119  .00072
80  .00004208 .000085
100 .00000598 .000011

Table 14.2. A comparison of the non-exponential asymptote in case 2 of the M/M , M /

1 example with po = 0.1 to exact values obtained by numerical transform inversion.

Our second example focuses on the boundary case in which py = p5. Again let both
service times be exponential with mean 1, but now let py = 4/9 and p2 = p5 = \/p1—p1 =
2/9. In this case p =2/3, 71 = (1 — \/p1)"2 =9 and

. 1—p

Wy(s) v ———— as s —7; ', (14.3)
2paiy/s + 7'1_1
so that
—t/Tl —t/g
c 3/4, — T1€ e
WE(t) ~ p/ 4 (ot — 1)W = (2.44949 .. ) = astooo. (14.4)

We compare the boundary non-exponential asymptote in (14.4) to exact values obtained
by numerical transform inversion in Table 14.3. From Table 14.3, we see that the quality
of the approximation is much better than in Table 14.2.

time  W§(¢) asymptote (14.4)
10~°  .6667

1 0039

5 .2358 .35

10 .1104 .14

20  .02849 .033

30  .008000 .0090

40 .002338 .0027

50  .0006995 .00076

60  .0002126 .0002271
80  .00002025  .00002131
100  .000001981 .000002065

Table 14.3. A comparison of the non-exponential asymptote in the boundary case of the
second M/M, M/1 example having p; = 4/9 and p2 = 2/9 to exact values obtained by
numerical transform inversion.

Our third example has two classes with a common long-tail distribution having
mean 1. For this example we use a Pareto mizture of exponentials (PME) distribution,
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as in [11], with density, ccdf and transform

16 3 92 98 3t
= — — — - _ - /2
91(t) = 37 (1 <1+2+ =+ 16)e ) (14.5)
16 3 9
St)= = (1 14+ 5 +St?) e 32 14.
61 = g (1- (1+ 5+ 32) ) | (146)
A < 45 8 4
gi1(s) = e g(t)dt:l—s—l-?—gs log(1+3/2s) . (14.7)
0

The moments of Gy are g11 = 1, g12 = 8/3 and g1, = oo for n > 3. Both classes have the
same service time cdf GG1, but they can have different arrival rates.
The PME distribution has a regularly varying tail as in (9.1). Hence, we can apply
Theorem 12.3 to conclude that
p [T P 8
Ws(t) ~ —— G¢(u)du ~ ( ) as t— oo . (14.8)
2 L=pJa-p) 1=p) 9((1 = p1)t)?

As t gets large, the exponential term e 32 in (14.5) and (14.6) becomes negligible, so
nothing is lost here in replacing G¢(t) by its asymptote 16/9¢3, which is what we have
done in (14.8).

time exact asymptote (14.8)
10~> .6000

1 4171

10 .04574 .016

20 .009022 .0041

40 .001473 .0010

60 .0005656 .00045

80 .0002988 .00026

100 .0001848 .00016

200 .00004342 .000041
400 .00001056 .0000103
800 .000002605  .00000257
1600 .0000006470 .000000643

Table 14.4. A comparison of the power-tail asymptote for W (¢) in the long-tail example
to exact values obtained by numerical transform inversion.

As a specific example, we let the arrival rates be p; = 0.5 and ps = 0.1. In this
case the mean of the low-priority waiting time is we; = 4. The asymptote in (14.8)
is compared with exact values obtained by numerically inverting the Laplace transform
W§(s) = (1 — aba(s))/s for ia(s) in (12.1) and lAL(()l)(s) in (2.6) in Table 14.4. From
Table 14.4, we see that the asymptote is not very accurate by the 99th percentile (about
t = 20), but the asymptote does much better than in Table 14.2 further out in the
tail. Since the class III (long-tail) distributions do not have the exponential term, the
probabilities are non-negligible for larger values of t. Note that the largest values of ¢ in
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Tables 14.2 and 14.4 are 100 and 1600, respectively. This phenomenon seems to make the
class III asymptotes more useful than the class IT asymptotes.

Acknowledgment. We are grateful to John A. Morrison for help with the saddle point
proof of Theorem 7.1.
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