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Abstract

Consider an aggregate arrival process AV obtained by multiplexing N on-off processes
with exponential off periods of rate A and subexponential on periods T°". As N goes
to infinity, with AN — A, AN approaches an M/ G /oo type process. Both for finite
and infinite N, we obtain the asymptotic characterization of the arrival process activity
period.

Using these results we investigate a fluid queue with the limiting M/G/oo arrival
process A?° and capacity c. When on periods are regularly varying (with non-integer
exponent), we derive a precise asymptotic behavior of the queue length random variable
QF observed at the beginning of the arrival process activity periods

. o0
P[QF>x]~AM/ Plz°" > u]ldu x — oo,
C=pP Jx/(r+p—c)

where p = EA® < ¢;r (¢ < r) is the rate at which the fluid is arriving during an on
period. The asymptotic (time average) queue distribution lower bound is obtained under
more general assumptions regarding on periods than regular variation.

In addition, we analyse a queueing system in which one on-off process, whose on period
belongs to a subclass of subexponential distributions, is multiplexed with independent
exponential processes with aggregate expected rate [Ee;. This system is shown to be
asymptotically equivalent to the same queueing system with the exponential arrival
processes being replaced by their total mean value Ee;.

Keywords: Non-Cramér type conditions; subexponential distributions; long-tailed
distributions; long-range dependency; network multiplexer; fluid flow queue; M/ G /oo
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1. Introduction

The problem of multiplexing on-off sources arises frequently as the basic model of con-
tention in multimedia communication systems, as well as in some storage systems. More
specifically, in modern multimedia communication networks, such as ATM, various calls
are simultaneously established among the different source-destination pairs. These calls are
usually discretized/packetized. An individual call/source can be either active, in which case it
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transmits a packet, or silent, i.e. there is no transmission. Therefore, each source can be viewed
as an on-off process. Along their routes, sources that are simultaneously active share common
network resources: bandwidth, buffer space, computational power, etc. The fundamental
building blocks for sharing bandwidth and buffer space are network multiplexers (MUX).
Sharing of common network resources may lead to quality of service (QOS) degradation for
individual flows. Therefore, it is important to have computationally efficient algorithms for
evaluating QOS measures under all possible traffic loads. A first step towards a satisfact-
ory solution to this problem is understanding network MUX units in isolation. The most
fundamental mathematical model of a network MUX is an infinite buffer queue loaded with
multiplexed on-off arrival processes; the main QOS performance measure for this queueing
system is the buffer occupancy probability distribution.

The problem of multiplexing dates back to [21, 50]. In [21], Cohen obtained a complete
Laplace transform solution to this problem! More recently, he revisited this problem in [22].
However, inverting the Laplace transform is usually a very tedious process. Hence, invest-
igating computationally tractable exact and approximate solution techniques are needed. For
Markovian fluid on-off processes a thorough investigation of this problem was made in [3].
Many other results for multiplexing Markovian on-off processes followed. These led to the
Equivalent Bandwidth theory for Markovian, or, in general, exponentially bounded arrival
processes; extensive references can be found for example in [24, 25, 27].

Recently statistical analysis has increasingly shown that the traffic streams in modern broad-
band networks exhibit long-tailed/subexponential characteristics. For Ethernet traffic such res-
ults were examined in [41]. These statistical results have stimulated research in queueing ana-
lysis under the heavy-tailed (non-Cramér) assumptions. Queueing analysis with self-similar
long-range dependent arrival processes appears in [24, 42, 44, 46, 48, 51]. Recently, long-
tailed characteristics of the scene length distribution of MPEG video streams were explored in
[29, 30, 35, 36].

Parallel to the modeling approach through self-similar long-range dependent processes,
a more analytically tractable approach using fluid renewal type models in which renewal
times are long-tailed has been explored in [2, 28]. Queueing results in these two papers
rely on the classical result by Pakes [45] on the subexponential asymptotics of the waiting
time distribution in a GI/GI/1 queue or on earlier work of Cohen [20] which considered a
regularly varying GI/G1/1 queue.

The result of Pakes has been generalized to a Markov modulated setting [6, 34]. In [6] the
subexponential asymptotics of a Markov modulated M/ G/1 queue was investigated. Work in
[34] further generalized these results to Markov modulated G/G/1 queues. In the same paper
it was shown that a subexponential GI/G1/1 queue is invariant under Markov modulation. In
other words, a subexponential Markov modulated G/G/1 queue has the same asymptotics as
the corresponding GI1/GI/1 queue. These results made possible the analysis of a subexpo-
nential semi-Markov fluid queue [34]. Further generalizations of the result in [34] to arrival
processes with a more complex dependency structure were investigated in [7]. Asymptotic
expansion refinements of Pakes’ result can be found in [1, 53].

The analysis of a fluid queue in which more than one long-tailed process is multiplexed
appears to be a very difficult problem. This is due to the fact that the renewal structure of
an aggregate arrival process may be very complex, although the appearance of each individual
process may be truly innocuous (like an on-off process). The complex autocorrelation structure
of the aggregate process obtained by multiplexing long-tailed on-off processes has been ex-
amined in [28]. General bounds for multiplexing long-tailed fluid processes have been derived
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in [15]. In [12] a limiting case of an infinite number of on-off processes with regularly varying
on distribution has been investigated. In the same paper (see also [13]) a case of two processes,
one of which had regularly varying on periods and the other had exponential on periods, has
been solved. A similar scenario with intermediately regularly varying on periods has been
examined in [49]. The literature does not explicitly give precise asymptotic results for the case
of multiplexing two or more long-tailed processes.

From a mathematical point of view the new results in this paper were achieved through
the combination of the theory of subexponential distributions, renewal theory, Karamata’s
theory and the utilization of sample path arguments. From an engineering standpoint this
paper advances two important results. The first result intuitively states that when a process
with subexponential characteristics, e.g. MPEG video, is multiplexed with a process that has
exponential characteristics, e.g. voice, the contribution to the large buffer asymptotics of the
exponential processes is reflected only through their mean values. This result suggests that,
under appropriate conditions, for admission control of both VBR video and voice streams, the
voice streams need to be characterized only by their mean values. The second result is an
accurate approximation with low computational complexity of the large buffer probabilities
of finitely many subexponential on-off processes. Besides accuracy, it is of special import-
ance for engineering the MUX that this approximation has basically negligible computational
complexity. To the best of our knowledge, this is the only result in literature of comparable
computational complexity that is both proven theoretically and demonstrated experimentally as
a good approximation for the buffer overflow probabilities with multiplexed long-tailed arrival
streams. For the experimental verification of this asymptotic approximation see [31, 32, 33].

The rest of the paper is organized as follows. Section 2 contains necessary definitions
and examples of long-tailed and subexponential distributions. In Section 3 we examine the
aggregate arrival process obtained by multiplexing N independent and identically distributed
on-off processes. For this process we derive the asymptotic relation between the distribution of
its activity period and the distribution of on periods of individual processes. Using Karamata’s
theory for the case when on periods are regularly varying with non-integer exponent, we obtain
a precise asymptotic behavior of the server overflow distribution during the arrival process
activity period. Using these asymptotic relations, in Section 4, we derive several results for
the fluid queue asymptotics of multiplexed long-tailed processes. The paper is concluded in
Section 5.

2. Long-tailed and subexponential distributions

This section contains necessary definitions of long-tailed and subexponential distributions.
For convenience, we give some basic results on these distributions in Appendix A.

Definition 2.1. A distribution function F on [0, 00) is called long-tailed (F € L) if

. I=Fkx—-y

Definition 2.2. A distribution function F on [0, 00) is called subexponential (F € &) if

. 1=F*2x)
lim —————~ =2, (2.2)
x—oo 1 — F(x)
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where F*2 denotes the second convolution of F with itself, i.e.
F2x) = f F(x — y)Fdy).
[0,00)

The class of subexponential distributions was first introduced by Chistyakov [14]. The
definition is motivated by the simplification of the asymptotic analysis of convolution tails.
One of the best known examples of distribution functions in 4§ (and «£) are functions of regular
variation R _, (in particular Pareto family); F € R_, if itis given by

F(x):l—@aiO,
X

where /(x) : R4 — R is a function of slow variation, i.e. limy_ s [(6x)/I(x) =1, > 1.
These functions were invented by Karamata [37] (the main reference book is [11]). The other
examples include lognormal and some Weibull distributions (see [39, 34]).

3. Analysis of the aggregate arrival process

This section consists of two parts. The first part is contained in Section 3.1, where we
asymptotically relate the tail of the activity period distribution of an aggregate arrival process,
obtained by multiplexing independent and identically distributed on-off processes, and the tail
of the on period distribution of the individual on-off processes. The main results are given in
Theorem 3.3 and Theorem 3.5. In the second part, Section 3.2, using Karamata’s theory we
derive the asymptotic behavior of the distribution of the queue increment during the arrival
process activity period. In Section 4, these results will be used to obtain asymptotic queueing
results.

off

More formally, consider two independent sequences of i.i.d. random variables {r,)"*, n > 0},

{t2", n > 0}, ig" = ¢ = 0. Define a point process T;'" = S o@ 4+ M), n > 0; this
process will be interpreted as representing the beginnings of off periods in an on-off process.
Further, define an on-off process a; with rate r, as
a; =rif TnOff -7 <t< TnOff, n>1,

and a; = 0, otherwise. For the rest of the paper, unless otherwise specified, we will assume
that r,?“ is exponentially distributed with parameter A, i.e., ]P[r,?ﬁ >t]=e*,t>0. Also,
7" is assumed to have a finite mean. Steady state probabilities of this process are given as
o = limy oo Pla; = 0] = 1/(1 4+ AET®") = 1 — mq, where 71 = lim;_, o P[a; = r]. Let
AN = Zf’ a', be an aggregate arrival process obtained by multiplexing N independent and
identically distributed on-off processes a’, 1 <i < N.

3.1. Asymptotic behavior of the aggregate process activity period

The central idea of this section is to relate the rate of convergence of P[a; = 0] to its
steady state and the tail of its on period (Section 3.1.1). Then, the rate of convergence for the
aggregate process is easily computable from P[AYN = 0] = (P[a, = 0])"; from here one can
refer back and relate ]P[Afv = 0] to the tail of its activity period distribution (Sections 3.1.2
and 3.1.3).

3.1.1. Single on-off process: convergence to steady state. Let us now investigate the speed of
convergence of P[a; = 0] to its steady state. For that reason we define a transient function
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F. (1) def Pla; = 1]/m; notice that F;(0) = 0 and lim;_,  Fi;(¢) = 1. Therefore, if Fi(¢)

is monotonic, it will represent a proper probability distribution function, in which case we
call it the transient probability measure. To simplify the notation, throughout the rest of the
paper, for any distribution F we define its tail function as F(x) Cy_F (x); in addition, if
F has a finite mean m def fooo F (x) dx, we denote its integrated tail distribution as Fj(x) def
m~! f(f F(u)du. In the following theorem we use a class of subexponential distributions
named &,4. For all practical purposes F' € 4, is virtually the same as F' € 4. A precise
definition of 4, is given in Definition A.1.

Theorem 3.1. Let F be a distribution of t° with ET® < oo and let t° be exponentially
distributed with parameter A. Then, the Laplace—Stieltjes (LS) transform of the transient
function is given as

o0 on
~ _ (1 + AEz°") Fy (s)
Fu(s) = S Fe(t)dt = . 3.1
w(s) = s fo & Fult)dr = s G.D)
If F1 € 8 and AEx°" < 1, then
- 1 -
Fy(t) ~ ————F|(t) ast — oo. (3.2)

1 4 AEron

If F € 8; and MEx® < 1, then (3.2) holds, and the density function fi(t) def dF(t)/dt
satisfies

fu®) ! Fa) f — oo (3.3)
Y —/——— as . .
N 1 4+ AEgon Fgon

Proof. Equation (3.1) follows directly from equation (2.1.3) in [21], and the observation
that Fi(s) = (1 — F(s)) /(sIE°"). The asymptotic relation in (3.2) is a direct consequence of
Theorem A.1, and the fact that for all A\Ez°" < 1 equation (3.1) implies

Fu(t) = (1 + AEx®) Y (—=AE*)" " F (1), (3.4)

n=1

Similarly, equation (3.3) follows by differentiation of the equation above and Theorem A.2.
This finishes the proof of the theorem.

For the remainder of this paper, it is of special interest to find sufficient conditions under
which the transient function Fi;(¢) is a proper distribution function, i.e. monotonic. One set of
sufficient conditions, for the case when off periods are large, is given in the following theorem.
This is typically satisfied when there are a large number of processes with a small average
arrival rate.

Theorem 3.2. Let F be a distribution of T° with ET®" < oo and let t° be exponentially
distributed with parameter . For any fixed F € &, there exists a Ao > 0, such that for all
A< Ay, Fr(t) = Fé‘(z‘) is a probability distribution function, i.e., f;(t) > 0,t > 0.
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Proof. Differentiation of (3.4) gives
x
Ji®) = (14 2B Y (=ABz*)" =L @)

n=1

=1+ AET"“)( f{) = Mz Y " (—AEro")" 2 fO (r))
n=2

> (1+ AET"“)(f(t) — ABT®" Z(AET°")”—2f®”(t)>,

n=2
where f(t) = F(t)/Fr°". Now, by applying Lemma A.5(i), for € > 0,

ETCe(14 €)% (1) aef Cf®
1 —(1+e)AEron 1 —(1+e)AEron’

o]
ETOH Z()\.E‘L’OH )n—Z f®}’l (t) S
n=2

for some C,, C. > 0,and all A < 1/(Ex°"(1 + €)). Therefore,

on g
fu®) = (1 4+ 2FT™) £0) (1 1—(1+e)mfon>20’

forall A < 1/(Ex® (1 + €) + C.). This concludes the proof of the theorem.

3.1.2. Finite number of processes. In this section we consider an aggregate process Afv that
is obtained by multiplexing N' independent on-off processes, i.e. AN = Z;N: , @i, where a!
are independent and identically distributed on-off processes. Note that the indicator process
1(Afv = 0) is an on-off process with exponentially distributed off periods with parameter NA.
Let {I,{V ’Off, I,{V “°% 'n > 1} be the lengths of the nth off and on periods in the indicator process
l(AfV = 0), respectively. In the following theorem we characterize asymptotically the tail of

the distribution function of I,{V "°% " Observe that the steady state probability of the aggregate
N

process being in state 0 is given by [1p = 7’.

Theorem 3.3. Assume that . < Ao, where Lg is the same as in Theorem 3.2 (or that P[a; = 0]
is monotonic, and MEt°" < 1). If F € 4, then

[o)e] o0
f PV > y]du ~ (1 4+ AE°H)N ! f Pt > u]ldu ast — oo, (3.5)

t t

and
PN > 1]~ (1 + A BV P[> £] ast — oo. (3.6)
Proof. From the definition of Fi:(#) and Theorem 3.1 it follows that
Plaj = 0] = mo(1 + m Fi(t) + o(F1 (1)), 1<i<N,

where mg = 1 —m; = 1/(1 + AEz®"), and F is the integrated tail distribution of F. This
implies that

P[A; = 0] =Pla! = 01" =z} (1 + Nm1 F1(t) + o(Fi())) ast — oc.
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Therefore, the transient function Fi, y(¢) satisfies the following asymptotics

_ : P[AN =1 PIAN = 01— =Y aNNm -
Ftr,N(l‘)d=etl— 4, N]z L4, ]N 0 ~ 20 NlFl(t) ast —oo. (3.7
1 —m, 1 —m, 1 —m,

By Theorem 3.2, for all A < Ao, Fi:(¢) is a distribution function, implying that ]P[a,i = 0]
and ]P[Afv = 0] are monotonic, which further implies that Fi y(¢) is a probability distribu-
tion function. Here, let Fyy 1 be the integrated tail distribution of / N.on and I:”N,l be its LS
transform. Then, as in (3.1), we obtain

(1 + NARIN-o")Fy 1 (s)
1+ NAEIN-onFy (s)

Fun(s) =

After simple algebra, it follows that

7l Fen ()
1= (1 =) Fen(s)

Fy1(s) =
or, in the time domain

o0
Fyi@) =m0 Y (1= )" "R (o). (3.8)
n=1
Now, F € &, implies F1 € 8 (Theorem 1.1, [40]), which by (3.7), and Lemma A.3(ii), yields
Fi.nv € 4. Hence, by Theorem A.1 and (3.8) it follows that

Nmy

N
o

Fi(t) ast— oo, 3.9

Fya() ~my N Fen () ~

where the second asymptotic relation follows from (3.7). By substituting EI'V-°" = (1/ 71(1)\’ -
1)/(NX) in (3.9) we obtain

o0 [o)e]
f PN > y)du ~ (1 + AEOM)N 1 f Pt > u]ldu ast — oo,

t t
which proves (3.5).
In order to prove (3.6) we first determine the asymptotic behavior of fi; n

(e & AT =1

dr l—n(j)v
_ d1—=Pla=0"

dr l—n(])\’
_d 1= =mFu@)¥
T dr l—n(j)v

N N—1
= N(l_antr(t)) 71 fur ()
1—710
n(J)VNm F(1)

t ) 3.10
l—n(])\]E‘L’O“ ast — o0 ( )
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where the last asymptotic relation follows from (3.3). Next, by taking a derivative in (3.8) we
obtain

o]
Fy@) =BV )" (1 =7y £ER @), (3.11)

n=1
where Fy () is the distribution function of 7"-°". Finally, by applying Theorem A.2 we get
Fn(t) ~EINo N fi v (1) as t — oo,

which together with (3.10) yields (3.6).

3.1.3. Infinite number of on-off processes. In this subsection we analyse the limiting case of
an infinite number of on-off sources. First, we show that the aggregate process Afv converges
in distribution to an M /G /oo process AP which we define as follows. Let 7,,, n > 0, Tp =0,
be a Poisson process with rate A. Define A7 = Z;’lil rI(T, <t <T,+ 1), r > 0. Then
the following theorem holds.

Theorem 3.4. If Fr)" < oo, and AN — A as N — oo, then
AV &A% a5 N > oo, (3.12)

d . e
where = symbolizes convergence in distribution.

Proof. Tt is enough to prove that the beginnings of on periods in the process Afv converge
to a Poisson process with rate A. This follows from a classical result on multiplexing a large
number of renewal processes [16, 23].

Lemma 3.1. The transient probability of the arrival process AS° being silent is given by
t
P[A° = 0] = exp {—Af Pz > u]} du. (3.13)
0

Furthermore, if Fx°" < 00, then limy_, o P[A?° = 0] = exp{—AFz°"}.

Proof. Follows from Theorem 2.2 in [21].

Remark. Observe that A> represents the number of customers in service in an M/G/oo
queue in which the customer service requirement has the same distribution as t°" and the
arrival rate is A. (For recent asymptotic results on M/ G /oo processes see [47].)

Note that Theorem 3.3 implies that

m i PLINor > 4] on ”
NLmoo ti)rgo W = eXp{A‘L’ } (3 )
AN—A
However, this does not necessarily imply that we can interchange the limit and derive the
asymptotics of the activity period 7°°" in the A® process. The following result gives the
asymptotic characterization of 7°>°" and indeed shows that the limits in (3.14) can be inter-
changed.
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Theorem 3.5. The asymptotics of the distribution of 1°°°" and its integrated tail are related
as follows:

(1) If F1 € 4, then
o0 o0
f P[I%°°" > y]du ~ exp{AErO“}f Pz > uldu ast — oo.
t t

(i) Ifin addition F € 84, then
PI%°" > t] ~ exp{AET°"}P[t*" > t] ast — oo.

Remark. For the case of 7°" being regularly varying, P[z°" > ] = [(t)/t%, 1 < o < 2,
this result was obtained in [12] where Karamata’s Tauberian/Abelian theorems was used to
asymptotically relate 7°°:°" and t°"

Proof. As before, we define a transient probability distribution function

P[A%® > 0]
Fioo) € : :
1 —exp{—AEron}

Observe that this is a proper probability distribution function, i.e. it is monotonically increasing
from Fir 00(0) = 0 to lim;, o6 Fir 0o () = 1. Next, by using Lemma 3.1 we derive

1 —exp {—A f(;]P[rO“ > u]du}
1 — exp{—AlEron}
exp {—A f(; P[z°" > u] du} (1 —exp{=A [ZP[t > u]du})
1 — exp{—AlEron}

Firoo(t) =1 —

A exp{—AET"}

o0
P[c™ 1
sy o [z > u]du (3.15)

as t — 0o. Now, the Laplace transform of Fi; » for any s € R is given by
- [o)e]
Fir,00(s) = f e ! dFir 00 (t)
0

o0
=y f e Fy.oo(t) dt
0

X
= s Ef e Y1(AX > 0)dr
1 —exp{—AEz°"} Jo

[e9] Z:I:OI (Iioo.on_,’_l_oo.off)

N i
= E e dr
1 — eXp{-AE‘[OH} ng(:) :if)ﬁ_"_zn_o(loo on Ioo.off)

00
§ 7 off 00,0n oo,off
eI B (b 3T )]

(1 —exp{—s[, 37"}
s
A (1 — Eexp{—sI°°"})
1 —exp{—AE7ro"} s + A — AEexp{—sIon}’
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By solving the last equation in [Eexp{—s7°>°"} and putting y = 1 — exp{—AlLz°"} (< 1), we
obtain

Ay F
FEexp{—sI®°"} =1— M,
1 — ¥ Fi 00 (5)

or equivalently

1 — Eexp{—sI>°"} A7y Fir oo (5)
s 1=y Firoo(s)

Observing that (1 — Eexp{—sI°>°"})/s is the LS transform of f(; P[1°°°" > y]du we arrive
at

t o0
f P > uldu = A™1 Y " (Frioo) ™ (1), (3.16)
0

n=1

which in combination with (3.15) and the same arguments as in the proof of Theorem 3.3
yields the conclusion (i) of this theorem.

The proof of (ii) can be obtained in a similar manner by first deriving the asymptotic
behavior of fi;(#) and combining it with the derivative of (3.16); we omit the details.

3.2. Total server overflow during the activity period
Let B,,n > 1, be a sequence of random variables representing the total amount of fluid
that is brought to the system during the nth activity period, i.e., B, = ft t,” AP dr, where

t,’,’, t¢, represent the beginning and end of the nth activity period, respectively. Further, define

def . . .
D¢ = B, —cI?™, 0 < ¢ < r; note that D, = D, , is a non-negative random variable. If we

imagine that A% represents the rate at which the fluid is arriving to a fluid queue, and that ¢ is
the constant rate at which the queue drains, then D,, represents the queue increment during the
nth activity period. In order to derive the queueing asymptotics, we first have to understand
the asymptotic behavior of D,. Unfortunately, this is a much more difficult task than the
investigation of the asymptotic behavior of the activity period that we have done so far. For
that reason we are forced to work under much more restrictive assumptions with distribution
functions of regular variation. The method of proof for the following result will be through
Karamata’s Tauberian/Abelian theorems.

Theorem 3.6. Consider an M /G /oo arrival process with on periods being regularly varying
Pl > x] = I(x)/x%, @ > 1, where « is non-integer. If 0 < ¢ <r, then

X

]P)[Dc’n > x] ~ exp{AE‘rO" }]p |:T0n > m

j| as x — o0. (3.17)
Proof. Given in Appendix B.

Next, consider a stationary version of the arrival process

A = Z (T, <t < T, 4+ 1),

—o0<n<o0
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where T, is a stationary Poisson process with rate A. Given that at time + = 0, the arrival
process is active (A; > 0), denote by D.(q) the total queue increment since the beginning of
the last activity period until time zero, i.e., D¢y = ftzi (A® —¢)dr,0 < ¢ < r, where t(’)’
represents the beginning of the activity period that is still active at ¢ = 0.

Now, by Theorem 4.3 of [4, p. 64], it follows that the process {7, + 7", —00 < n < o0}
is also a stationary Poisson process with the same rate A. Therefore, the process A" is

reversible. This implies that D, () is equal in distribution to f(;o (AP° —c) dt, where £ represents
the end of the activity period that is active at # = 0. For simplicity reasons, we will refer to
both of these variables by D¢ ).

Conjecture 3.1. Consider an M /G /oo arrival process with on periods being regularly
varying, P[t°" > x] = l(x)/x%, a > 1, where « is non-integer. If 0 < ¢ < r, then
A exp{AFEzo"} [

P[Dco) > x] ~ ——————— P[t°" > u]ldu asx — co. (3.18)
‘ exp{AEr"} — 1 x/(r+rAEto" —c)

Heuristics. We believe that the proof of this theorem can be done in the same spirit as the
proof of Theorem 3.6. Unfortunately, this seems to be very technical and for that reason we
do not attempt to provide a rigorous proof. Instead we give the following heuristics. From
Theorem 3.6 it follows that

P[D. > x] ~ P[I°"(r + rAET°™ —¢) > x] asx — oo. (3.19)
Based on this, one can expect that
P[Dcqy > x] ~ ]P[I(%“(r +rAET™ —¢) > x] asx — oo,

where 1 (%“) is the residual activity time at time zero, which satisfies

o0
PIG > x] = 1/EI™ f P > u]du
g o0
~ 1/EI°" eAFT f P[t° > u]du asx — oo, (3.20)
X

where (3.20) follows from Theorem 3.5. Finally, (3.18) follows by combining (3.20), (3.19),
and E/°" = (exp{AEz"} — 1)/A.

4. Queueing analysis

We begin this section with a classical result on subexponential asymptotics of a GI/GI/1
queue. The result was obtained by Pakes 1975 (see also Veraverbeke for the random walk ap-
proach to this problem). For extensions of this result to Markov-modulated M/ G/1 queues see
[6], and to Markov-modulated G/G/1 queues (equivalently random walks) see [34]. Further
extension of these results to more general arrival processes was obtained in [7].

Let {A,,n > 0} and {C,,n > 0} be two independent sequences of non-negative i.i.d.
random variables that are driving a queueing process (Lindley’s recursion)

Ont1 =(Qn + Ay —C))™, n>0, (4.1)
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where g7 = max(0, g). According to the classical result of Loynes [43] under the stability
condition [EA,, < [EC, this recursion admits a unique stationary solution, and for all initial
conditions P[Q, < x] converges to the stationary distribution P[Q < x]. For the rest of
this paper we will assume that all queueing systems under consideration are in their stationary
regimes. Let G and G represent the distribution and its integrated tail distribution for A,,
respectively.

Theorem 4.1 (Pakes) If G| € 8 (or G € $4) and EA,, < EC,, then

o]

PIQ, > t] ~ P[A,; > uldu ast — oo.

1
EC, — EA, fx
4.1. Fluid queue: preliminaries
The physical interpretation for a fluid queue is that at any moment of time 7, fluid is arriving
to the system with rate a; and is leaving the system with rate c¢;. We call a; and ¢; the arrival

and the service process, respectively. Then, the amount of fluid Q; (also called queue length)
evolves according to

th = ((1[ — Ct)dt if Qt > 0, ora; > ¢, (42)

and dQ; = 0, otherwise. It is not very difficult to see that, starting from Q¢ = 0, the solution
O, t > 0,to (4.2) is given by

t
Q; = sup f(av—cv)dv. 4.3)

O<u<t

And if a; and ¢; are stationary, Q; is equal in distribution to

PlO: = x] =P[ sup W, Sx}

O<u<t

where W, def fi)t(au —¢y)du,t > 0. Now, whenever the stability condition Fa; < Fc; is
satisfied (by Birkhoff’s Strong Law of Large Numbers), P[Q; < x] converges to a proper
probability distribution, i.e.

P[Q < x] “é“tgrgomg,sac]:ﬂ{ sup W, sx}-

0<u<oo

. def L . . .
Further, when the difference process x; = a; — ¢, is driven by a stationary and ergodic point
process {T,,, —00 < n < oo}, i.e.

Xt = xTn’ te [T}’lﬂ T}’l-‘rl)a
then the fluid queue process evolves as
Qi = (Q1,— + (= T)x1)", 1 €[Th Thp), (4.4)

where g7 = max (g, 0). From the recursion above, it is clear that the process Q; is essentially
the same as the G/G/1 workload process. Hence, by the fundamental stability theorem of
Loynes (see Chapter 2 in [9]) there exists a unique stationary process {Q}, —00 < t < 00}
(P[Q} < x] = P[Q < x]) that satisfies (4.4) (or equivalently (4.2)). In the rest of the paper,
whenever we refer to Q;, we will actually mean Q. The existence and uniqueness of this
stationary solution will be important for establishing the relation between the Palm queue

probabilities and the time average probabilities P[Q; < x].
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4.2. Fluid queue with a single on-off process

Consider a fluid queue with capacity ¢ and an on-off arrival process with on arrival rate r.
In this subsection we assume that off periods are also general (not necessarily exponential). A
general storage model in a two state random environment was investigated in [38]. Then, if
we observe the queue at the beginning of on periods, the queue length QE evolves as follows
(P stands for Palm probability [9]).

o =P+ — o —ctdHF, nxo0. (4.5)

Recall that F and F; denote the distribution and the integrated tail distribution of t°".
Theorem 4.2. Ifr > ¢, (r — ¢)Eton < cErofr, and F1 € 8 (or F € 8), then

_ o0
PIOF > x] ~ i f Pl > u]du asx — oo. (4.6)
clErotr — (r — ¢)Eton x/(r—c)

Proof. By defining A, = (r —¢)7" and C,, = cr,?ff the theorem follows immediately from
Theorem 4.1.

4.2.1. Time averages. Here, we will compute queue time averages based on the queue Palm
probabilities computed in Theorem 4.2. For this we need a stationary version a; of the on-off
arrival process a;. Let T,)", —co < n < oo, be a stationary point process that represents the
beginnings of the on-off periods, with a convention that 7;™ < 0 < T". Then, according to
[48], the random variable 7" can be represented as —7;)" = B(r(o(f)f +oM + 1 - B)r(%“),
where the random variables B, r(%“), r(‘g)f are independent of {t ", r,‘,’ff, n < —1}, % Bisa
Bernoulli random variable with P[B = 0] = 1 — P[B = 1] = Er°"/(E*" + Ez°f), and
r(%“), r("g)f, are distributed as integrated tail distributions of t°", roff respectively. Furthermore,
the net increment of the load that comes to the queue in the interval [Ty, 0] is given by the

following equation

O o
f (aj —c)dt = B[(r — o)15" — cr(‘g)f] + (1= B)(r — o) (4.7)

on
TO

Before we present our result let us state the following well known lemma on long-tailed
distributions.

Lemma 4.1. Let X and Y be two independent non-negative random variables. If X € L, then
PIX—Y >t]~P[X>1t] ast - oo.
Proof. Follows easily from the definition of L.

Theorem 4.3. Ifr > ¢, (r — ¢)Eton < cEtofr, and F1 € 8 (or F € 8), then

o0
P ~P[oP _— P[z" d 4.8
[Qr > 2~ PO > ]+ i ron fx/v_c) (e = uldu @9
o0
~ K/ Pz > u]ldu asx — oo, 4.9)
x/(r—c)
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where
— 1
K = ¢ + - .
CETOff - (I‘ - C)Efon ETOﬁ =+ Eron

(4.10)

Remarks. (i) This theorem improves on known results in [15, 48] that were obtained under
the assumption of t°" being regularly varying.

(i1) The following proof can be carried out to establish the relationship between the Palm and
time averages in much more general settings like semi-Markov fluid queues.

Proof. Let {Q;, —00 < t < 00} be a unique stationary solution to (4.5). Then, by using
equation (4.7), and the independence of B of Q1,, r(‘g)f , r(%“), 7 we obtain

P[Qo > x] =P[Qo > x, B =1]+P[Qo > x, B =0]
=P[Or + 1" (r —¢c) — cr(‘g)f >x, B=11+P[0p+ (r — o)1) > x, B =0]

Froff "
= Tron £ ol IEIoff]ID[QTO + 19" (r —¢) — ety > x]

on
=+ WP[QTO =+ (r — C)T(OOH) > x]. (411)
(Note that Qg = Qr,.) Since Q7 and r(%“) are independent, subexponential, and have asymp-
totically proportional tails, by applying Lemma A.3(ii) it follows that

P[O7y + (r — Oty > x]1 ~ P[Q7) > x] + P[(r — o)7(g) > x] asx — oo. (4.12)

Next, F1 € £ and Theorem 4.2 implies P[r(‘)’“(r —c) > x] =oP[Qp, > x]) as x — oo,
which in conjunction with Lemma A.3(i) and Lemma 4.1 yields

P[Q7,+ 7" (r — ¢) — ety > x] ~ P[Qp, > x] asx — oo. (4.13)

Finally, by replacing asymptotic relations (4.12), (4.13), in (4.11), we obtain (4.8); combina-
tion of (4.6) and (4.8) gives (4.9). This completes the proof.

4.3. Multiplexing a long-tailed process with exponential processes

In this section we consider multiplexing one long-tailed on-off process with exponential
processes (see Definition 4.2 below) in a fluid queue. The important conclusion to be drawn is
that this queueing system is asymptotically interchangeable with a queueing system in which
the on-off process is arriving alone and the exponential processes are replaced by their mean
values. To reach this conclusion we need the following definition.

Definition 4.1. A distribution function F is intermediate regular varying (F € JR) if

. ... F@D
limliminf — =1.
§}1 t—>o0 F(l‘)

Remark. For recent results on distributions of intermediate regular variation we refer the
reader to [19]. Some basic properties of 4R are: LR C 4; R C JR. Also, it is not very
difficult to see that 4R C 4,4. Therefore, all of the results that we have obtained up to now
apply for £R. In addition, directly from the definition it can be shown that if F € 4R and
Jo© F(t)dt < oo, then Fy € IR.
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Under the general large deviation Gartner—Ellis conditions (see [52]) on the arrival process,
it can be proved that the queue length distribution is exponentially bounded. To avoid stating
Gartner—Ellis conditions, we will define an arrival process e; to be exponential, if whenever this
process is fed into a constant server fluid queue, the queue length distribution is exponentially
bounded.

Definition 4.2. We say that a stationary and ergodic arrival process e; is exponential if for any
server capacity ¢ > [He; there exist K = K(c) and § = §(c) > 0 such that

0
]P|:sup (ey —c)du > x} < Ke %%,

>0 J—t

Remark. The main examples when the conditions of this definition are satisfied, i.e. Gartnér—
Ellis conditions hold, are finite state space Markov chains or processes. Also, in terms of the
on-off processes the conditions will hold whenever the distribution of on periods is exponen-
tially bounded and off periods have a finite mean.

Recall that F and F; represent the distribution and the integrated tail distribution of an on
period, respectively.

Theorem 4.4. Consider a single server queue with a capacity ¢ and two independent arrival
streams e; and a;. Assume that e; is an exponential process (as in Definition 4.2) and a; is an
on-off process withrate r, F € 4R, and generally distributed off periods with a finite mean. If

E(e; +a;) <c,r > ¢ Lo [Ee;, then the queue asymptotics of this queueing system is equal
to the queue asymptotics in which only the on-off process arrives and the server capacity is
replaced by c/, i.e. it is given by equation (4.9) in which c is replaced by c'.

Remark. (i) In [12, 13], a precise asymptotics of the embedded queue distribution was
obtained for multiplexing on-off sources, one of which had regularly varying on periods while
the others had exponentially distributed on periods. A similar setting with intermediately
varying on periods was investigated in [49]. However, in both papers the equivalence relation
of the original system to the system in which the exponential process is replaced by its mean
has not been observed. (ii) The assumption of e; being exponential can be weakened to
P[sup;~¢ f?t(eu —c¢)du > x] = o(F1(x)), for all ¢ > [Fe;, without any changes in the
proof.

Proof. Upper bound. For any € > 0, we can make the following decomposition

0 0 0
W, = (ey +ay, —c)du = (ey — Eeg —€)du + (ay — (c —Eeg — €))du
—t —t —t

Lhwe 1w,

Call ¢, e c—IEeg —e. Observe that for all sufficiently small € > 0, such that [E(e; +a;)+€ < c,
P[sup,~o W/} < x] represents the queue length distributionin a stable on-off queue with arrival
process a;, and service capacity c.. This implies that Plsup,~.o W} < x] € IR (by using
Theorem 4.3). B
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Further,

P[Q; > x] = P| sup(WS + W}) > x}

Lt>0

<P| sup W/ +sup W} > x}

Lt>0 t>0
~P|sup W} > x} as x — 00, (4.14)
Lt>0

where (4.14) follows from Lemma A.3(i), since sup, W¢ and Sup,>q W} are two independent
random variables, with P[sup, Wf > x] = o(P[sup,>¢ W} > x]) as x — co. Now,

P[su WS > x
lim — upzo Wi > 7] =K., (4.15)

x—>00 Xo/o(r_ce)ﬂb[ro“ > uldu N

where K. is given by equation (4.10) in Theorem 4.3, with ¢, in place of c. Consequently, this
leads to

o0
P APt > u]du
lim sup —5 [0/ ;x] < K¢ limsup fx{{é’ ce) — . (4.16)
X—00 x/(r—c’) ]P)[‘L' > u] du X—00 x/(r—c') ]P)[‘L’ > u] du
Finally, if we let € — 0 in (4.16), we obtain
P
lim sup 121 > ¥ <K, (4.17)

X—00 x/(r—c") ]p[fOH > u] du =

where K’, similarly to K, is given by equation (4.10) in Theorem 4.3, with ¢’ in place of c.
This concludes the proof of the upper bounds.

Lower bound. For the lower bound we consider a different decomposition of W, i.e., we
redefine W7 and W} as follows (¢ > 0)

0 0 0
W, = (ey +ay —c)du = — (Eeg — € —e,) du + (ay — (¢ — ey +€))du
—t —t

—t

E_we+ wy.

Also, redefine c, def ¢ — [Fep + €. As in the upper bound case, for € < [FEeg + Fag — c,
P[sup,~o W} < x] represents a queue length distribution in a stable on-off queue with arrival
process a;, and service capacity c.. Hence, P[sup,-o W} < x] € LR. Further,

P[Q; > x] = P| sup(=W/ + W}) > x}

Lt>0

>P in(f)—Wf +sup W} > x} (4.18)
>

L t>0

=P| — sup W/ +sup W} > x}
t>0 t>0
~ P|sup W} > x} as x — 0o, (4.19)

Lt>0
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where in (4.18) we use the fact that sup(f + g) > inf f + supg for any two functions
fig : R — RR; asymptotics in (4.19) follows from the independence of a; and ey,
Psup;>o WP < x] € £, P[sup;59 W/ < oo] = 1, and Lemma 4.1(ii). Consequently, (4.19)
leads to

o0
P AP > uldu
liminf 12t > ¥ > K liminf ) x/rce) , (4.20)
xX—>00 X/ (r—c') Plto" > u]du xX—>00 X/ (r—c') Pl[to" > u]du

where again K. is computed from Theorem 4.3 with ¢, in place of c. Consequently, using the
same arguments as in (4.17) we arrive at

P
liminf — [0/ ;x] > K/, 4.21)
X—00 =) Plro" > u]du

which together with (4.17) concludes the proof.

4.4. Subexponential M /G /oo arrival process

In the next theorem we obtain a tight lower bound for the fluid queue asymptotics with
M /G /oo arrivals. For this fluid queue we denote its queue content process by Q°.

4.4.1. Lower bound

Theorem 4.5. Let p def EA>Y = ArFEr® < c. Ifr + p > ¢, and t°" € IR, then
liminf PIO® > x] - Ar
imin > .
x—00 fxo/o(r-i-p—c) Plto" > y]du ~—c—p

Proof. Let A% = {A®Y 1 > 0}, A7 = {A;”Y,1 > 0}, y > 0, be two independent
M /G /oo type processes with Poisson arrival rate and with on distributions respectively given
as AV = P[t°" < y]A, A = P[ro" > YIA, Fy(x) =Pz < x]/P[r*" < y],0 < x <y,
F(x) =Ply < " < x]/P[z°" > yl,x > y? all three processes are assumed to have the
same parameter 7. Now, we claim that

A% L poy L 7Y (4.22)

where = stands for equality in distribution. Observe that, for a fixed parameter r, any M /G /oo
process is uniquely defined with Possion arrival times {7,,}, and the lengths of on periods
{t.)"}; likewise, the pair {7}, {t;"} uniquely defines a compound Poisson process (see [17,
p- 90]), that is a piecewise constant process with Poisson jump times {7}, and jump sizes
{t;"}. Hence, proving (4.22) is equivalent to

7L< 47, (4.23)

where Z, Z*, Z”, are the compound Poisson processes corresponding to A%, A%V, AT
respectively. Since Z, Z”, Z’, are processes with stationary independent increments, (4.23) is
equivalent to

4

Z, =72 +Z, 1>0. (4.24)
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Evidently (4.24) is implied by
Eexp{—s(Z; + Z})}
= Eexp{—sZ; }Eexp{—sZ; }

= exp (—ty f T ey dF, (u)) exp (—th f T —ey dFy(u)) (4.25)
0 - 0

= exp (—tA fy(l —e ') dF(u)) exp (—tA /Oo(l —e %) dF(u))
0 y

= exp (—tA/ 1—-e dF(u)) = Fexp{—sZ;:}; (4.26)
0

equalities (4.25), (4.26), are well known expressions for compound Poisson processes (see
[17], p. 94). This proves (4.22).
Note that process A;""” has bounded on periods, and in conclusion, it is an exponential

process (i.e., it satisfies Definition 4.2). Also, Z?o’y > rl(X?o’y > 0). Therefore, P[Q° > x]
is stochastically larger than a queueing process gtoo obtained by feeding A?o’y —i—rl(Z?o’y > 0)
into it. Let Qf’y be a queueing process with a subexponential on-off arrival process
al def rl(X?o’y > 0), and a server capacity ¢, = ¢ — FAY = ¢ — rP[t° < y]AEzO".
Here, by Theorem 4.4, we obtain

PIOYX > x] = P[Q® > x] ~ P[Qf > x] asx — oc. (4.27)

In addition, a; has off period / off.y exponentially distributed with parameter A7, on period
1°%Y with mean [E1°"Y = 1/A” (exp{A Ero"Y} — 1) = 1/A” (exp{AF"1(z°" > y)} — 1),
and asymptotics (by Theorem 3.5)
P[I™ > t] ~ exp{A Er®Y}P[t°™ > ¢] ast — 00 (4.28)
_ exp{AET"1(z°" > y)}p
Plron > y]

[T°" > £].

Hence, Theorem 4.3 and (4.28) lead to

0
PLOY > x] ~ Kyf P[t°" > u]du asx — oo, (4.29)
x/(r=cy)

where

def r—cy + 1 exp{AET"1(z°" > y)}
Y ey BIOTY — (r — ¢y )EIony  EJoff.y 4 Efon.y P[zon > y] '

Combining (4.27) and (4.29) produces

0
PO S e PIT" > uldu
timinf 12t =L liminf L , (430)
¥ fxpreen PO > ] du X200 [ e PITO" > ul du

where ¢/ & ¢ — p. Here, observe that K, — Ar/c’ as y — oo, and, by assumption F € LR,

oo on
lim liminf Jsjr—ey PI™" > uldu 1
y—>00 X—>00 xo/o(r_c/) P[zo" > u] du
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Finally, if we take the limit with respect to y in (4.30), we obtain the statement of the theorem.

4.4.2. Precise queue asymptotics. Let Q,},) "° be the queue size observed at the beginning of
the nth activity period in the M/ G /oo arrival process.

Theorem 4.6. Let p = EAS™ = ArEt® < c¢. If ¢ < r, and T°" is regularly varying with
non-integer exponent o > 1, then

P,o0
lim Q> =A( : —1>.

x—>00 fx/(err_c)]P[rO“ > u]du c—p

Proof. Eroof follows directly from Theorem 4.1 and Theorem 3.6, by taking A, def D¢ p,
Cy = cI°®, and observing that (A, — C,,) = eA™*™ (ArEt® — ¢)/A.

Theorem 4.7. Let p = EA}™ = ArEt® < c. If Conjecture 3.1 holds, ¢ < r, and " is
regularly varying with non-integer exponent « > 1, then

. PLO7° > x] r
lim

=A .
o fxo/o(P-i-r—c) Pzt > uldu c=p

Proof. This theorem follows from Theorem 4.8, Conjecture 3.1, and exactly the same
arguments as in the proof of Theorem 4.3. We omit the details.

Remark. The asymptotic result in this theorem is the same as the lower bound obtained in
Theorem 4.5.

4.5. Finite number of subexponential on-off processes

For a finite number of long-tailed on-off processes we can easily obtain the upper bound
given by Theorem C.1. Similarly, utilization of A > r1(AY > 0), Theorem 3.3 and
Theorem 4.3 can easily produce a lower bound. Unfortunately, these bounds are very weak
and for this reason we resort back to Theorems 4.5, 4.6, and 4.7. Based on these results in
[31, 32, 33] we have suggested an approximation for the finite number of on-off processes. In
the same papers this approximation was tested using simulation experiments.

5. Conclusion

In this paper we have established a precise asymptotic characterization of the activity period
of an arrival process obtained by multiplexing on-off processes with exponential off periods
and subexponential on periods. This characterization has been done both for a finite number
of processes as well as for the limiting M/ G /oo case.

For a simple subexponential on-off fluid flow queue we have obtained a precise asymptotic
relation between the Palm queue distribution and the time average queue distribution. Further-
more, exponential processes, when multiplexed with a subexponential on-off process, have
been shown to contribute to the large buffer asymptotics only through their mean value.

In the limiting M /G /oo case (e.g. large number of subexponential on-off processes) with
regularly varying on periods with non-integer exponents we have obtained a precise queue
asymptotics observed at the beginning of the arrival process activity periods. The asymptotic
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time average queue lower bound has been derived under more general assumptions of inter-
mediately varying on periods.

Based on these asymptotic results, a computationally efficient approximation was sug-
gested in [31, 32, 33] for the large buffer probabilities of finitely many subexponential on-
off processes. The accuracy of this approximation was verified using extensive simulation
experiments.

The results in this paper bring us closer to understanding the subexponential queueing
asymptotics of multiplexed long-tailed processes. The precision and low computational com-
plexity of the M/G/oo approximation has a practical impact on improving the efficacy of
ATM admission controllers.

Appendix A. Basic results on subexponential and long-tailed distributions

In what follows we will state a few important results from the literature on subexponential
distributions. The general relation between 4 and £ is the following.

Lemma A.l. [8] 8 C L.
Lemma A.2. IfF € L then (1 — F(x))e* — coasx — oo, foralla > 0.

Note. Lemma A.2 clearly shows that for long-tailed distributions Cramér type conditions are
not satisfied.
The proof of the following result can be found in [26].

Lemma A.3. Let F € 8. Then,

(1) If G is a probability distribution such that (_?(x) = O(F(x)) asx — oo, then F x G(x) ~
F(x) as x — oQ.

(1) If limy_s G(x)/F(x) = ¢ € (0, 00), where G is a distribution function on [0, 00),
then G € 8, and F % G(x) ~ F(x) + G(x) as x — o0.

The next result is due to Athreya and Ney (see [8, pp. 147-150]).
Lemma Ad. If F € &, then

@) W(x)/ﬁ(x) —nasx — oo, foralln € N.

(i) For each € > O there exists a constant C.(< 00) such that F*(x) < C¢(1 4+ €)" F(x)
for all x and n.

This lemma directly gives the asymptotics of a renewal measure with the following Pollazcek—
Khintchine representation

o]

Ge) €Yy ). (A1)

n=0

Using dominated convergence and the previous lemma it is easy to prove the following very
useful theorem.

Theorem A.1. If F € 8, and —1 < y < 1, then

i GO _
m —= = .
x—00 F(x) (11— y)z
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Proof. Follows easily from Lemma A.4 and dominated convergence (see [6]).

Sometimes when F is absolutely continuous, i.e. F has a density function f, itis of interest
to calculate the density g of G. If we take a derivative in (A.1) with respect to x we obtain

g@) &Yy (), (A2)

n=0

where f®"(x) is the density of F™*; f®2(x) = [ f(x — w)fu)du, and fE"TD(x) =
f(f F®"(x — u) f(u)du. The investigation of the asymptotics of g requires the investigation
of the asymptotics of f®*(x). This motivated the introduction of subexponential density
functions in [40].

Definition A.1. A function f : R4 — R, such that f(x) > 0 on [A, co) for some A € R
belongs to the class 4§, if f is long-tailed, and

[P
lim =

X—>00 f(x)

Then, equivalent results to Lemma A.4, and Theorem A.1 (in its most general form) were
obtained in Theorem 3.2 of [40]. For convenience we state here simplified versions of these
results.

Lemma A.5. Let f € 8,4, and fooo f(x)dx = 1. Then, both (i) and (ii) of Lemma A.4 are true
with F replaced by f and F* (x) replaced by f®".

Theorem A.2. If f € 84, with fooo f(x)dx =1,and -1 <y < 1, then

glx) ~ (l_wa(x) asx — oo.

An extensive treatment of subexponential distributions and further references can be found
in [18, 39]. For a recent survey of the application of subexponential distributions in queueing
theory the reader is referred to [5].

Appendix B. Proof of Theorem 3.6

As we have already mentioned, the proof of this result is based on Karamata’s Tauberian/-
Abelian theorem for distribution functions of regular variation. This theorem relates the tail
behavior of a distribution function to the asymptotic behavior of its Laplace transform at the
origin. For convenience we state the following result due to Bingham and Doney ([10], [11,
p- 333)).

Let F be a distribution function on [0, 00), and let F (s) be its Laplace—Stieltjes transform.
Denote by m, = EX" = f[(),oo) x"dF(x),n = 0,1,.... When m, < oo, F(s) may be
expanded in a Taylor series as far as the s” term:

F(s) =) mi(=)"/k!+o(s") ass | 0.

k=0
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To compare the tail behavior of F with the behavior of F at the origin, one needs to eliminate
the Taylor polynomial Y j_ mx (—=s)k/k!. This may be done by subtraction or repeated
differentiation, i.e. let

fals) E (=1 {ﬁ ) - ka(—S)k/k!},
k=0

gn(s) & d" £, (5)/ds™ = my — (—1)"F®(s), n >0,

where F" (s) denotes the nth derivative of F(s); in general for any function G we will use
G™ to denote its nth derivative.

Theorem B.1. Let | be a slowly varying function,n € No, ando =n+ 8,0 < 8 < 1 («
non-integer). Then, the following are equivalent

fu(s) ~s¥1(1/s) ass |0, (B.1)

gn(s) ~ %sﬂl(m) ass |0, (B.2)

()" FOED () ~ F(I‘f(—;)l)sﬂ‘l I(1/s) ass |0, (B.3)
1—F(x)~ %x_al(x) as x — 0o, (B.4)

where I stands for the gamma function.

Now, in order to determine the tail behavior of D, ,, we will investigate asymptotics of
its LS transform at the origin. Note that without loss of generality we can set r = 1, since
D, = rDcr1; Dc, stands for D. where the arrival process has parameter r. To simplify
the notation we use D = D, T = t°". Slight modification of Theorem 2.10, [21], reads as
follows.

Theorem B.2. Let0 <c <1 (r = 1), Er < oo. Then, fors > 0,

% =1 A/O E[exp{—s(t —c)}l(z = )]exp{—f(s.0}dr.  (B.S)
where

fls, 1) = At(1 = F(5)) + Flt exp(—s1)] — El(x — 1) exp(—sT)1(r > 1)1},

F(s) = Ee™7, and Fi(s) = (1 —Ee™*7)/(sEt), Di(s) = (1 — Ee*P)/(sED), are the
Laplace—Stieltjes transforms of the integrated tail distributions of F and D, respectively;
ED = (Er — ¢/A)e T 4+ ¢/A.

Proof of Theorem 3.6. Let r = 1. In order to simplify the usage of Theorem B.1, without
loss of generality we assume that 1 — F(x) ~ (—1)"x"%I(x)/T(1 —a),a =n+ B,n € N,
0 < B < 1. Let us write the integral in (B.5) as

P (s) = f cmg(s, e /60 dr,
0
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where g(s, t) def Efe*=<D1(r > 1)}. Next, we want to find the nth derivative of ¢ (s) and
compare it with the nth derivative of the left-hand side of (B.5) as s | 0. The main technical
difficulty in doing this is to prove the following two lemmas.

Lemma B.1. For any p > € > 0, there exist so > 0,1ty > 0, such that for all 0 < s < so,
t>1ty,0<k<n,

k
(1 _ E),Oktk e—S(,O"rG)t—,O < (_l)ka_ e—f(s,t) < (1 + E),Oktk e—j‘(p—e)t—p' (B6)
dsk

Proof. Given at the end of this section.

Lemma B.1 is crucial in proving the following result which directly leads to the proof of
Theorem 3.6. Unfortunately, the proof of this lemma is very technical and, due to the space
limitations, we do not present it here.

LemmaB.2. Ass | 0
dn o0
¢ (s) ~ — f Fle ™~ 1(x = n}e PP dr, (B.7)
ds” 0

where p = AFr.
Proof. Given in [31].
At this point we are ready to finish the proof of Theorem 3.6. By using Lemma B.2 we derive

B ~1 4 ()
£1j51s /s)=" o ()

n

d T
= 1imsl—ﬂ (l(l/s))_l e P —_TRe ST f e—(p—c)st dr
540 0

ds”
qr e—(p—c)sr -1
=1lims' P s) e P —Fe T ———
XIIBIS @d/s) e ds” © —s(p —¢)
R e ST — e—(p—i—l—c)sr
=lims' 21 /s)) " e P —
S%ls @d/s)"e ds” s(p —c¢)
—P TR qr 1— —(p+1—c)st 1 — 57
= Tims'Aays)) ' — | E—S _E-——°
p—cC sl0 ds™ sEr sEr
e PEr . _ . ar ~ ~
= lims'P1/s)™' —[(p+1 -0 F(s(p+1—0) — Fi(5)]; (B.8)
p—cC sl0 ds”

recall that F 1(s) is the LS transform of the integrated tail distribution of 7. From the assump-
tion on F it follows that

1— Fi(x) ~ (=1)"x @ D1x)/(D(1 — @) (@ — 1)ET)
= (=D)""x"@ D) /(C2 - a)Fr) x — 0.
Consequently, by Theorem B.1, equation (B.3),

I'(a)
I'(B)Er

F" () ~ (=1)" sP7N(A)s). ass | oo, (B-9)
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The latter result, when replaced in (B.8), produces

Ae? (=D'T@)
(o))

—Aliigsl_ﬂ(l(l/s))_l¢(”)(s) = [1—(p+1-0)"], (B.10)

which represents the result of taking the operator limy s'7B((1/5))~1 d"/ds™ on the right-
hand side of (B.5). To finish the proof we have to compute the result of applying the same
operator on the left-hand side of (B.5). Let us start with the derivative

d" ¢ — AFrF(s)  —AFcE"™ (s) N (c — AFzFy (s)) AED D" (s) CR6)
@ 1) _ h L5,
ds" ¢ — AEDD,(s) ¢ — AEDD, (s) (c — AEDD (5)) "l

(B.11)

where R,,_1(s) is a rational function that contains only the first n — 1 derivatives of Dl (s),
and F(s). Note that |F* (s)| < |F¥(0)| < oo, for0 < k < n — 1, s > 0. Furthermore,
by induction and by taking successive derivatives in (B.5), it is easy to show that |D§k) )] <
1D (0)] < o0, for0 <k <n— 1,5 > 0. Therefore,

lim |R,—1 (s)] < o0. (B.12)
540
Combining (B.9) and ED = (Er — ¢/A)e” 4 ¢/ A we obtain

_ (1) — _1\n
AFRTF| _ (s) N Ae™? y (-1 F(a)sﬂ_ll(l/s)
c—AEDD(s) p—c I'(B)

s — 0. (B.13)

Finally, ED = (Br — ¢/A)e” +¢/A, (B.10), (B.11), (B.12), and (B.13), yield

(c — AED)2  —Ae? (=D'T'(x)

. 1-8 A (1) _ o\«
Ejgs 1(1/s)D{" (s) = (c —2)AED X g X TG (p+1-0)
_ o« (=D"T(@)
=e’(p+1—-0) TBED (B.14)

which is, by Theorem B.1, equivalent to
[o)e]
f P[D>uldu~e’(p+1—)*(=D"x"@Djx)/)TQ2-a) asx — oo;
X

finally, by the Monotone Density Theorem [11, p. 39]

PD>x]~e’(p+1—-0)*(=D"x"%x)/TU—-—a)~e’(p+1—0c)*P[t > x]
~ePlt(p+1—c) > x]

as x — oo; this finishes the proof of Theorem 3.6 for the case r = 1. Forr # 1,
D, =rD¢y1; thus

P[Dey > x] =P[rDejry > x] ~e’(r + p — )*P[r > x] asx — o0,

where p = r AlEt. This completes the proof of Theorem 3.6.
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Proof of Lemma B.1. Let us start with the case k = 0. Since E[(t — t) exp(—st)1(T > 1)]
<TE(( -0l > 1)] — 0,ast — oo, and (1 — F(s))/s — Fr, F[t exp(—s7)] — Fr
as s — 0, it follows that for any € > 0, € < p, there exist so > 0, fp > 0, such that for all
0<s <so,t>10

(1 —€)esPTOI=r < /1) < (] 4 ¢)e5P=O =P, (B.15)
For 1 < k < n let us first show that for any p > € > 0,
ak
(1—ep'th = (=1 SO0 e/ < (14 e)ptt, (B.16)
s
for all sufficiently small s and all sufficiently large r. To show this, notice that for all

1<k<@m-—1),andalls > 0,

k

aa—kf(s, 1)+ AtFP ()| < AE[T* T + ArFE[<F1(z > 1)). (B.17)
S

Fork =n
n

Pra < A" (< O]+ AtE["1(z > 1)] = o), (B.18)

f(s, 1)+ ArFD(s)

as r — o0o. Hence, since |F® (s)| < Er* < 00,5 > 0,0 < k < n, (B.17) and (B.18) imply
that

ak
ﬁf(s, | = 0(@), (B.19)

uniformly for all 1 < k <n, and all s > 0. Furthermore, for k = 1, forany ¢ > 0, € < p,

(I —ept = aa—sf(s, 1) = (1+e)pt, (B.20)

for all sufficiently small s and all sufficiently large ¢. Using (B.19), after some straightforward
algebra, which we skip here, we arrive at

i 9 ‘
(—D* ef(‘”)ﬁ e /6 — (gf(s, t)) = 0@, (B.21)

uniformly in s > 0. Subsequently, combination of (B.20) and (B.21) yields (B.16) (with
possibly two different € in (B.20) and (B.16)). Finally, (B.15) and (B.16), give (B.6), for
1 < k < n. This finishes the proof of Lemma B.1.

Appendix C. Finite number of subexponential on-off processes: upper bound

For a finite number of long-tailed on-off processes we can obtain the following general
upper bound.
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Theorem C.1. Let F1 € 8. Ifr > ¢/ N, then

2 N
lim —— 12 ;x] < NKy, (C.1)
x—>00 x/(r_cN)]P)[r > uldu

where cy = ¢/ N, and Ky is given by Theorem 4.3, Equation (4.10), with cy in place of c.
Proof. As in the proof of Theorem 4.4, we have the decomposition

0 N .0
W= | (AN —odu=>"[ (a,—c/N)du
-t =171
N
def i
= w;.
i=1

Hence,

N
]P[va > x] = P[supz wf > x}

120 -
N
< P[Z sup w; > x}
i=1 120
~N]P>|:supw,1 >x} as x — o0 (C2)
t>0
= NKy, (C.3)

where (C.2) follows from Lemma A.4(i), since sup, wf, 1 <i < N, arei.i.d. subexponential
(by Theorem 4.3) random variables; (C.3) follows also from Theorem 4.3. This proves (C.1).
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