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Abstract. This paper studies the tail of the buffer occupancy distribu-
tion of a queueing system with c parallel deterministic servers, infinite
buffer capacity and an input process with consists of a superposition of a
long range dependent on-off source and a batch renewal process. In par-
ticular, we investigate the decay of the tail for different values of c and for
different compositions of the traffic mix. It is shown that for c = 1 (i.e.
a single server system), the tail has a power law decay, while for c > 1,
different cases may be distinguished: if the arrival rate of the background
traffic is larger than c − 1, then the tail probabilities decay according to
a power law, while for the other case, the decay is exponential.

1 Introduction

In the past years, traffic measurements on packet networks (e.g. Ethernet LAN
traffic [11], VBR video streams over ATM [8]) have shown that the autocorrela-
tion function of the number of arrivals in a time interval does not decrease ex-
ponentially in time, but according to a power-law. This type of traffic is referred
to as long range dependent traffic (LRD), in contrast with the more classical
short range dependent traffic (SRD) (e.g. Markovian models). The autocorrela-
tion structure of the arrival process has a major impact on the buffer occupancy
of a queueing system with this process as input. For Markovian traffic, the tail of
the queue length distribution decays exponentially, while for LRD input traffic
the tail of the buffer distribution decays according to a power law (see e.g. [5],
[7], [9], [10] ). In [2], an exact formula for the buffer asymptotics of a discrete-
time queue with an LRD M/G/∞ input process was obtained. The M/G/∞ is
defined as a process where trains arrive in a time slot according to a Poisson
process with rate λ. Each train consists of a number of back-to-back arrivals
with length τA, with distribution given by P{τA = k} ∼ ak−s, with 2 < s < 3
and a > 0. The buffer asymptotics are then determined by

P{q > k} ∼ λaρs−2

(s − 2)(s − 1)(1 − ρ)
k2−s, (1)

where q denotes the buffer occupancy and ρ is the load of the system.
In this paper we consider a queueing system where the input process consists
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of a mix of LRD and SRD traffic. The LRD component is an on-off source
with geometrically distributed off-period and on-periods which have a Pareto-
like distribution. The SRD component consists of a batch renewal process. To
model the difference in speed of the input and output lines, we assume that
this traffic mix is fed to a multi-server queue with c parallel servers. The aim
of the paper is to investigate the tail of the buffer occupancy distribution of
this (LRD+SRD)/D/c queue for different compositions of the traffic mix and
different values of c. We show that when c = 1, the tail has a power law decay,
while for c > 1, different cases may be distinguished: if the arrival rate of the
background traffic is larger than c−1, then the tail probabilities decay according
to a power law, while for the other case, i.e. the arrival rate of the background
traffic is less than c − 1, the decay is exponential. With respect to the transition
point (i.e. when the arrival rate of the background traffic is exactly c − 1), no
conclusions can be drawn.
These results give some insight about the influence of spacing cells of an LRD
traffic stream on the queueing behavior. The number of servers c is a measure
for the spacing distance. The results show that by spacing an LRD traffic stream
and mixing with SRD traffic, a tail which decays according to a power law may
be changed into an exponential decay.

2 The Queueing System

The queueing system that is considered consists of a multiplexer with c servers
each having a deterministic service time of one time slot, an infinite capacity
buffer and input traffic which is the superposition of an on-off source and so-
called background traffic. The on-off source has geometrically distributed off-
periods and on-periods which have a Pareto-like distribution. Let τA be the
duration of the on-periods and let ak = P{τA = k} ∼ ak−s, with 2 < s < 3 and
a > 0. For these parameters the on-off source generates LRD traffic. Indeed, if
Xk denotes the number of arrivals generated by the on-off source in slot k, then
the results presented in [15] imply that

Var(X1 + . . . + Xn) ∼ E[τB ]2

(E[τA] + E[τB ])3
a

(4 − s)(3 − s)(s − 1)
n4−s. (2)

Hence by [14], the source generates LRD traffic with Hurst parameter H =
(4 − s)/2. The generating function associated with the off-periods is given by

(1 − β)z
1 − βz

. (3)

Let A(z) =
∑∞

k=1 akzk. The background traffic generates Xn arrivals in slot
n, with {Xn, n > 1} a sequence of i.i.d. random variables. The corresponding
generating function is denoted by φ(z).

In what follows, we describe the input traffic using a matrix-analytic notation.
The LRD on-off source can be considered as a D-BMAP (see [1]) as follows. Let
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pa
n be the probability that the LRD source is in the (n+1)th slot of an on-period

given that it was in the nth slot of this on-period in the previous slot. Then

pa
n =

1 − ∑n
i=1 ai

1 − ∑n−1
i=1 ai

Letting the first state of the LRD source be the off-state, then the generating
function defining the transitions of the corresponding D-BMAP, is given by

D(z) =




β (1 − β)z 0 0 0 . . .
1 − pa

1 0 pa
1z 0 0 . . .

1 − pa
2 0 0 pa

2z 0 . . .
1 − pa

3 0 0 0 pa
3z . . .

...
...

...
...

...
. . .




.

Remark that D(z) is an infinite matrix. By the special structure of D(z) it is
possible to obtain an implicit equation for its Perron-Frobenius eigenvalue λ(z):

λ(z) = β + (1 − β)A
( z

λ(z)

)
.

The generating function of the D-BMAP describing the superposition of the on-
off source and the background traffic is given by φ(z)D(z) with mean arrival
rate

ρ = φ′(1) +
(1 − β)A′(1)

(1 − β)A′(1) + 1
.

3 The Tail Probabilities

Consider the (LRD+SRD)/D/c queue defined in the previous section. We con-
sider two cases, namely c = 1 and c > 1.

3.1 The Tail Probabilities When c = 1

Since there is only one server, the queueing model is a simple D-BMAP/D/1
queue. Define the generating function of the buffer occupancy as

Q(z) def=
∞∑

k=0

qkzk,

with qk the steady-state probability of having k customers in this system. Clearly
Q(z) = X(z)e, with X(z) given by

X(z) = (z − 1)x0φ(z)D(z)
(
zI − φ(z)D(z)

)−1
.

This expression is the Pollachek-Kinchin equation for the D-BMAP/D/1 queue,
with the input determined by the generating function φ(z)D(z). Since there is
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only one off-state, the vector x0 is given by x0 =
(
1 − ρ 0 0 . . .

)
. The structure

of D(z) allows us to compute the vector

w(z) def= x0φ(z)D(z)
(
zI − φ(z)D(z)

)−1
, (4)

with w(z) =
(
w0(z) w1(z) . . .

)
. Some straightforward algebra leads to

w0(z) =
βφ(z)z + (1 − β)φ(z)A

(
φ(z)

)
z

z2 − βzφ(z) − A
(
φ(z)

)
(1 − β)zφ(z)

,

w1(z) =
(1 − β)z2

z2 − βzφ(z) − A
(
φ(z)

)
(1 − β)zφ(z)

,

and for k ≥ 2,

wk(z) =
[
1 −

k−1∑
i=1

ai

]
φ(z)kw1(z). (5)

Since Q(z) = X(z)e = (1 − ρ)(z − 1)w(z)e, it follows that

Q(z) = (1 − ρ)(z − 1)
[
w0(z) + w1(z)

1 − A
(
φ(z)

)
1 − φ(z)

]
. (6)

By calculating Q′(1) we obtain

E[q] =
∞∑

k=0

P{q > k} =
A′′(1)

2
1

E[τA] + E[τB ]

(
φ′(1)2

1 − ρ
+ φ′(1)

)
+ Ω,

with Ω denoting a term involving the finite quantities β, φ′(1), φ′′(1) and A′(1)
(we suppose that all the moments of the background traffic exist). Since E[τ2

A] =
∞, Q′(z) diverges when z approaches 1.

The Tauberian Theorem for power series (see e.g. [6]) plays a central role in
the derivation of an expression for the tail probabilities of the buffer occupancy.

Theorem 1 (Tauberian theorem for power series). Let pk > 0 and suppose
that

P (z) =
∞∑

k=0

pkzk

converges for 0 6 z < 1. If L is a constant and 0 6 σ < ∞, then the following
relations are equivalent:

P (z) ∼ L

(1 − z)σ
for z → 1−

p0 + p1 + . . . + pn−1 ∼ L

Γ (σ + 1)
nσ for n → ∞.
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This theorem leads to an expression for the behaviour of Q′(z) near 1.

Lemma 1. The behaviour of Q′(z) near 1 is given by

Q′(z) ∼ L

(1 − z)3−s
for z → 1−, (7)

with

L =
aΓ (3 − s)

s − 1
1

E[τA] + E[τB ]

(
φ′(1)s−1

1 − ρ
+ φ′(1)s−2

)
.

Proof. To prove the statement (7) we rewrite Q(z):

Q(z) = (1 − ρ)
(
f0(z) + f1(z)

)
,

with

f0(z) = (z − 1)
t(z)

z2 − t(z)
, f1(z) = (z − 1)

(1 − β)z2

z2 − t(z)
1 − A

(
φ(z)

)
1 − φ(z)

, (8)

t(z) = βzφ(z) + (1 − β)zφ(z)A
(
φ(z)

)
. (9)

Let us focus on the behaviour of f ′
0(z) as the function f ′

1(z) can be analysed
in a similar way. A combination of the results for f ′

0(z) and f ′
1(z) leads to (7).

Clearly

f ′
0(z) = −

(
t(z) − z

)2

(
z2 − t(z)

)2 + z2 (z − 1)2
∑∞

k=0(k + 1)Tk+2z
k(

z2 − t(z)
)2 ,

with Tk =
∑

j>k tj . Since the first term of f ′
0(z) does not diverge for z → 1−,

we only need to take the second term into account. First we determine the
asymptotic behaviour of Tk by applying Theorem 1 to t′′(z). Observe that

t′′(z) ∼ (1 − β)zφ(z)
d2

dz2

[
A(φ(z))

]
for z → 1−.

Let σ = 3 − s. We have

lim
z→1−

(1 − z)σ d2

dz2

[
A

(
φ(z)

)]

= lim
z→1−

( 1 − z

1 − φ(z)

)σ

(1 − φ(z))σA′′(φ(z)
)(

φ′(z)
)2

= lim
y→1−

(1 − y)σA′′(y)
(
φ′(1)

)2−σ
.

Applying Theorem 1 twice,

A′′(y) ∼ 1
(1 − y)σ

aΓ (σ),
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n∑
k=0

k(k − 1)tk ∼ aΓ (σ)
Γ (σ + 1)

nσ(φ′(1))2−σ(1 − β),

we obtain

Tk ∼ a

φ

′
(1)s−1(1 − β)k1−s.

One more application of Theorem 1 results in

f ′
0(z) ∼ 1(

2 − t′(1)
)2

aΓ (3 − s)
(s − 1)Γ (4 − s)

(1 − z)s−3.

Furthermore observe that

(1 − ρ) =
2 − t′(1)

(1 − β)A′(1) + 1
,

hence

f ′
0(z) ∼ 1

(1 − ρ)2
(
(1 − β)A′(1) + 1

)2
aΓ (3 − s)

(s − 1)Γ (4 − s)
(1 − z)s−3.

Using the Tauberian theorem for power series, the asymptotic behaviour of the
coefficients of Q′(z) =

∑
k kqkzk−1 follows from (7). Applying this theorem to

Q′(z) results in

q1 + 2q2 + . . . nqn ∼ L

Γ (4 − s)
n3−s. (10)

Using [12, 3.3 (c), pg. 59], we obtain

∑
j>k

qj ∼ L

Γ (4 − s)
3 − s

s − 2
k2−s,

or

P{q > k} ∼ a

(s − 1)(s − 2)
1

E[τA] + E[τB ]

(
φ′(1)s−1

1 − ρ
+ φ′(1)s−2

)
k2−s. (11)

Numerical example .
To illustrate how fast the asymptotic regime is reached we simulate the

D-BMAP/D/1 queue with LRD arrival process characterized by P{τA = j} =
(j + 1)−s − j−s, and φ(z) = 1 − ν + νz. Here a = s − 1. For the first example
s = 2.8, β = 0.6 and ν = 0.3, and for the second example s = 2.3, β = 0.8 and
ν = 0.3. Hence the load of the system is about 0.68 for the first case and about
0.65 for the second case. As can be seen from Figure 1, the asymptotic regime
is reached very quickly. The asymptotic behaviour of P{q = k} is given by

P{q = k} ∼ a

(s − 1)
1

E[τA] + E[τB ]

(
φ′(1)s−1

1 − ρ
+ φ′(1)s−2

)
k1−s.
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3.2 The Tail Probabilities When c > 1

Contrary to the case c = 1, no closed form formula describing the asymptotic
behaviour can be obtained when c > 1. The main reason is that an explicit
formula for Q(z) like (11) does not exist for the D-BMAP/D/c with c > 1.
Nevertheless it is possible to determine precisely the behaviour of the tail pro-
babilities. It turns out that this behaviour depends on c and on the sizes of the
LRD and the SRD shares of the traffic mix.

First we derive an expression for the generating function of the stationary
buffer distribution q, denoted by Q(z), from the Pollachek-Kinchin equation for
the D-BMAP/D/c queue.

-6
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-4

-3

-2

-1

0

0 50 100 150 200 250 300 350 400 450 500

yl
ab

el

xlabel

xxexample1
xxexample2

xxxasymptotic

Fig. 1. Numerical example with c = 1

Calculating Q(z) When c > 1. Recall that the Pollachek-Kinchin equation
for the D-BMAP/D/c queue is given by

X(z) =
c−1∑
l=0

xlD(z)(zc − zl)
(
zcI − D(z)

)−1
.

Whereas for c = 1 the vector x0 is known explicitly, here the vectors x0, . . . ,xc−1
can only be computed numerically, as is shown in [13, pg. 310–329]. This pre-
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vents us from deriving a closed form formula for Q(z) = X(z)e. Define for
l = 0, 1, . . . , c − 1,

w(l)(z) = xlD(z)
(
z2I − D(z)

)−1
,

with w(l)(z) =
(
w

(l)
0 w

(l)
1 . . .

)
. After some algebraic manipulations (see [3] for

details) we obtain

w(l)(z)e = w
(l)
0 (z) + w

(l)
1 (z)

[
1 +

∞∑
k=1

(∑
j>k

aj

)(φ(z)
zc−1

)k
]

+
∞∑

j=1

(xl)j

∞∑
k=j

1 − ∑k
i=1 ai

1 − ∑j−1
i=1 ai

(φ(z)
zc−1

)k−j+1
.

(12)

The analysis of

Q(z) =
c−1∑
l=0

(
zc − zl

)
w(l)(z)e, (13)

reveals two different types of asymptotic behaviour. If φ′(1) > c − 1, or equiva-
lently, if the mean arrival rate of the background traffic exceeds c − 1, then the
tail probabilities decay according to a power-law, as is shown under Case 1. If
the mean arrival rate of the background traffic is strictly less than c−1, then the
tail probabilities decay approximately exponentially, as is demonstrated under
Case 2. It turns out that the rate of this decay can be determined easily. For the
case φ′(1) = c − 1, the transition point, no conclusions can be drawn.

Case 1: φ′(1) > c − 1. Since φ′(1) > c − 1 we have

d

dz

(φ(z)
zc−1

)∣∣∣
z=1

> 0.

Hence there exists an open set G ⊂ D(0, 1), with D(0, 1) the closed complex
unit disk, having the following properties:

for each z ∈ G:
∣∣∣φ(z)
zc−1

∣∣∣ < 1; (14)

the interval [ζ, 1) belongs to G for some ζ ∈ (0, 1). (15)

Hence on G the representation (13) of Q(z) can be used. Since we focus on the
influence of the LRD on-off source, φ(z) is taken to be analytical on some open
set containing D(0, 1).

We obtain the asymptotic behaviour of the tail probabilities, as in 3.1, by
examining the behaviour of Q′(z). A detailed description of this analysis can be
found in [3]. It is shown that for some C > 0,

Q′(z) ∼ C

(1 − z)3−s
for z → 1−,
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which implies

P{q > k} ∼ C(3 − s)
(s − 2)Γ (4 − s)

k2−s.

The constant C depends on A(z), β, φ(z), c and the vectors x0, . . . xc−1. Keep
in mind that x0, . . . ,xc−1 need a numerically calculation.

Case 2: φ′(1) < c − 1. Contrary to the case φ′(1) > c − 1, there exists some
z0 > 1 such that φ(z0) = z0. We suppose that z0 < ∞, as z0 = ∞ would imply
that the background traffic generates at most c−1 arrivals in a slot. If this is the
case no buffer is needed, because all arriving cells can be served instantaneously.
For z ∈ (1, z0),

φ(z)
zc−1 < 1.

Since φ(z) is a generating function, it follows that |φ(z)| < |zc−1|, for all complex
number z, with 1 < |z| < |z0|. Furthermore, because φ(z) 6= zn for each n > 0,
there exist at most a finite number of complex points z?

i with modulus 1 such
that |φ(z?

i )| = |z?
i |. Let G be the maximal open set such that for z ∈ G,

∣∣∣φ(z)
zc−1

∣∣∣ < 1.

Hence z ∈ G, for all 1 < |z| < |z0|. Furthermore G∩D(0, 1) is non-empty. Notice
that on G the function Q(z), given by (13), is well-defined. Recall that q denotes
the random variable associated with the stationary buffer distribution. Because
G∩D(0, 1) is non-empty, Q(z) is a representation of the z-transform E[zq] on G.
Hence the power series

∑∞
k=0 qkzk, associated with E[zq], is holomorphic on the

open disk with centre 0 and radius |z0|. The point z0 represents a non-removable
singularity. Since on G,

E[zq] =
∞∑

k=0

qkzk = Q(z),

it is possible to determine the asymptotic behaviour of qk = P{q = k} by
examining the behaviour of Q′(z). Define for y ∈ (0, 1),

f(y) = Q′(z0y).

Analysing the behaviour of f(y) for y → 1−, by using similar arguments as for
the φ′(1) > c − 1 case, we obtain

q1 + 2z0q2 + . . . + nzn−1
0 qn ∼ Cn3−s,

with C > 0. If the sequence (kzk−1
0 qk) decreases, this implies

P{q = k} ∼ (3 − s)Cz−k
0 k1−s.

In [4] this type of asymptotic behaviour is conjectured for similar queueing sys-
tems.
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Fig. 2. Numerical example with c = 2

Numerical Example. The tail probabilities for three examples, each one cor-
responding to a case considered above, are shown in Figure 2. The on-periods are
distributed as P{τA = j} = (j + 1)−s − j−s, the background traffic is generated
by Poisson variables with parameter λ. For the first example s = 2.3, β = 0.4
and λ = 0.8, which results in a mean arrival rate of 1.5. Clearly this example is
covered by Case 2. The second example has s = 2.6, β = 0.4 and λ = 1. Hence
the mean arrival rate is 1.6. Since λ = 1, this example is a transition point case.
In the third example s = 2.6, β = 0.8 and λ = 1.2, hence mean arrival rate is
1.5. This leads to a power law decay.

4 Conclusions

In this paper we have investigated the decay of the tail of the buffer occupancy
distribution for a c-server queue which is fed by a mix of long range and short
range dependent traffic. It turns out that the decay may be exponentially or
according to a power law, depending on the composition of the traffic mix and
the number of parallel servers c. The transition point occurs when the c > 1 and
the arrival rate of the SRD traffic is exactly c − 1. These results may be applied
to traffic control schemes for LRD traffic in the following way. Consider SRD
traffic mixed with LRD traffic which is spaced. The spacing distance is related
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to the value of the number of parallel servers c in the model of the paper. The
results give some insight under what conditions with respect to traffic mix and
spacing distance, the tail of the buffer occupancy switches from a power law type
to exponential.
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