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ABSTRACT

Future Broadband Integrated Service Digital Networks (B-ISDN) will carry a wide
spectrum of applications with different loss requirements. By adopting a multi-priority
scheme at the cell level, we gain flexibility in coping with these diverse requirements in an
efficient way. In this paper, we address the issue of furnishing a multiclass selective
discard mechanism. We compute the loss probability per class where each class is
modeled as a two-state Markov Modulated Poisson Process
(a 2-MMPP...2-MMPP/D/1/K queue). We make use of a Multiple Class Buffer Priority
algorithm, which has linear complexity as a function of the number of classes. We
illustrate the advantages of a multi-priority scheme as well as the effect of the burstiness

on the loss probability.



) INTRODUCTION

Future Broadband Integrated Services Digital Networks (B-ISDN) will carry a wide
spectrum of multimedia applications with different Quality of Service (QOS) requirements.
Coping with diverse delay and loss requirements in a cost/effective way calls for the
implementation of differential services at the cell level. An alternate approach is to provide
a unique bearer service and to dimension the network resources according to the most
demanding class. This solution either results in network underutilization or leads to
unnecessary restriction of user's demands.

In a statistical multiplexer, whenever the incoming stream of cells exceeds the
storage capacity, loss occurs. A multiclass selective discard mechanism discards cells
in an overflow situation according to their priority level. Whenever a higher priority cell
finds the buffer full and there is an enqueued lower priority cell, the lower priority one is
discarded in order to release a buffer (at the tail of the queue) for the higher priority cell
[1] [2]. By providing different service levels to different streams, the network can support
several different loss requirements that would be impossible otherwise.

Multimedia traffic modelling has gained a lot of attention in the network field starting
with the advent of Integrated Networks, for example [3]. Two-state Markov Modulated
Poisson Arrival (MMPP) models have been successfully used for modelling the
superposition of on-off sources [4]. Several procedures have been developed for
matching the statistics of the aggregate stream with the parameters of a two state MMPP
[5]-[8]. In this paper, we consider a finite capacity multiplexer loaded with n two state
MMPP  inputs where each input has different  buffer priority
(2-MMPP4...2-MMPP/D/1/K). We make use of the Multiple Class Buffer Priority (MCBP)
algorithm, first presented in [9], to compute the loss probability per class in a multiple
class selective discard system. The MCBP algorithm allows the analysis of a multi-priority
queue in O (n) steps where n is the number of classes. We, finally, emphasize the
advantages of a multi-priority system and the impact of the arrival stream’s burstiness on

system performance.



Il) THE SUPERPOSITION OF ON-OFF SOURCES

The integration of video, voice and data has led to many interesting traffic modelling
problems. The on-off model [4] accurately captures the behavior of sources such as:
voice, still image and interactive data. However, the modelling of video sources with
scene changes is still an active research area.

The major challenge in modelling the superposition of several on-off sources is that
the aggregate arrival process is not renewal [10]. The non-renewal nature comes from
the variability of the instantaneous arrival rate due to the fluctuation of the number of
sources in the on state. The aggregate process differs from Poisson in the correlation
between successive interarrival times. Although this is small, at high traffic intensity, the
long-term accumulation of these small correlations has a major impact on the system
performance

In a Markov Modulated Poisson Process, the Markovian arrival rates are determined
by the state of a continuous time Markov chain [11]. The two state MMPP is completely
defined by the arrival rates and the sojourn time of each state. The two-state MMPP has
received a lot of attention due to the accuracy and tractability of mapping its parameters
to the statistics of a process resulting from the superposition of homogeneous on-off
sources [5]-[8]. The original work by Heffes and Lucantoni [5] considered the mean, the
variance and the third moment of the aggregate process. Biocchi et al [6] divide the
superposition process into overload and underload periods. An overload period occurs
whenever the number of active sources exceeds the system capacity. They match the
mean arrival rate and the sojourn time of the underload/overload states with the states of
the MMPP. Wang and Silvester [7] use a similar approach where they consider the upper
bound of the residence time in the overload state instead of an asymptotic approximation
[6]. Narajan et al. [8] also used the underload/overload approach. They match the
variance of the number of arrivals in the overload state. Regarding the superposition of
heterogeneous on/off sources, Li [12] developed a procedure based on a generating

function approach which takes into consideration the characteristics of each individual



source. Although very useful, in general the computational complexity is high.

In order to analyse the 2-MMPP..2-MMPP,/D/1/K queue, we will use the definition
of the superposition of n two-state MMPP's, as in [13] [14]. This aggregate process is still
MMPP with 27 states. Given that the [ 2-state MMPP is completely defined by the
transition rate matrix Q;and the matrix Aj = diag (k1, l1) ; the superposition of the
n 2-state MMPP’s is defined by the 2" x 2" matrices:

Q = 01@02@)...@0”

A = A1®A2®...®An

where Z@® Z represents the Kronecker matrix sum. The Kronecker sum of n matrices is

given by:
M@My®...OM, = M,®@I®..0 +I@M®...@+...+ @D ...®M,

where A ® B is the Kronecker product of two matrices. This product is defined as the
matrix with block elements equalto [ a UB] In the case where A and B are 2x2 matrices,

we have:
A®DB=A®I+I®B-=

Bty By A 2
by @y +by 0 412
412 0 ap+byy by

I a1 Doy g+ Doy

Note that the states of the aggregated process defined by the Kronecker sum of the n
2-state MMPP’s correspond to the lexicographic ordering of the MMPP's that are in the

first state.



lll) THE MCBP ALGORITHM

Selective discard has been extensively studied in the literature. Several results are
available for two class systems [16]-[24]. Studies differ in: i) the arrival assumptions
(Poisson [18], Geometric [19] and batch arrival [20]), ii) different service time (exponential
[18], deterministic and general [21]), and iii) the buffer organization (complete sharing
[21] [22] and partial sharing [23] [24]). Recently, Elwalids and Mitra [25] have derived a
model for multiple class systems with partial buffer sharing organization [25]. The Multiple
Class Buffer Priority (MCBP) algorithm computes the loss probability per class in a multi-
priority queue with complete buffer sharing organization [9].

In addition to the selective discard mechanism that discards cells in an overflow
situation according to their priority level, we define how this principle interacts with the
buffer organization. Buffer space can be shared in two different ways: partial sharing and
complete sharing. In partial buffer sharing a threshold is set for the number of buffers
shared among all classes. If the number of cells exceeds this threshold, only cells with
higher priority are admitted to the system. In the complete buffer sharing scheme there is
no threshold and a cell is always granted the right to wait as long as there is an available
buffer. A queueing scheme is considered work-conservative if no customer is refused the
right of using a queueing resource whenever it is available. If: i) no server is left idle when
the buffer is not empty, ii) customers are lost only when the buffer is full, iii) all classes of
customers have the same service requirement, iv) served customers are immediately
removed from the system and v) no work (i.e. service requirement) is created or destroyed
by any particular employed rule, then the queue is work-conservative [1,2]. According to
this definition, complete buffer sharing with push out and fixed size cells is work-
conservative whereas partial buffer sharing is not, since lower priority cells are lost
whenever the threshold is reached. The MCBP algorithm exploits an important property

of work-conservative queues [18] [20] [21], that:

n
2 Y’,q)’, = 'Y(D
i=1



where @ and (Di are the aggregate loss probability and the loss probability per class
respectively. y is the total arrival rate and Y is the per class arrival rate.

The main problem in solving the n-class case is the complexity growth as a function
of the number of classes. For example, a straightforward approach to the exact solution
for atwo class system has O (K?) complexity whereas for a n class one itis O (K™ where
Kis the number of buffers and nthe number of classes. The MCBP algorithm avoids this
complexity by computing the solution of a n priority class system by solving n-7 two
priority class systems [9]. Each of these two priority class systems corresponds to a
different grouping of the original n classes into two classes. The algorithm starts with the
mapping of the highest priority class of the n class system into the high priority class of
the two class system and the other n-1 classes are mapped into the low priority class. At
step /, the highest j priority classes are mapped into the high priority class of the two class
system and the remaining n-i are mapped into the low priority class. The loss probabilities
of the original n class system are computed based on the loss probabilities of the n-7 two
class systems.

Before showing the MCBP algorithm in more detail, we introduce some notation. Let
@n denote a n class model to be solved and ‘Pg a corresponding two class model. Let
the g highest classes of @n be mapped into the high class of ‘Pg and let the lowestn - g
classes of @n be mapped into the low class of \Pg.

Let y 1g (ng) be the high (low) class arrival rate and @ ) loss

(D
1,9 2,9
probabilities of the high (low) class. Let assume that the classes are ordered in
decreasing order of priority, that is the highest priority class is the first class.

The Multiple Class Buffer Priority algorithm (solution for @n) can be stated as

follows:

STEP 1-Forg=1ton-1
lve W
Solve "



STEP 2- (Dn = (Iqun_1 and cI)1 = (1)1,1

STEP 3-For j=n-1to 2 compute

1
C;= | ¥2,j-1%2 1" 2 Y@
i z=]+1

Note that step 3 could be computed either top down or bottom up. Actually, (I)j
could be computed after the fh step.

Step 1 contains n-17 iterations and each iteration is essentially the solution of two
class system,‘l—‘g. Step 3 computes the n-2 remaining loss probabilities by substitution of
known values. Thus, the MCBP algorithm runs in O (n) steps, and its complexity depends
on the complexity of the elementary step ‘Pg. The MCBP algorithm does not introduce
any approximation and, again, its accuracy depends only on the accuracy of the solution
of the two class model used.

We illustrate, below, the MCBP algorithm for a 5 class system:

STEP 1
_[ HIGH LOW |
W 1 2,3,4.5
lpz 12 34,5
V7] 1,2,3 4,5 |
¥, 1.2.3.4 I 5 |
STEP 2
O =Dy 4
O = O



STEP 3
;
Pa=7y, (75 3P 3= V5Ps5]
1
bg = Ty [Yg 05 5= ¥5P5 = 1,P,]
1
®; = Y, (15 1P 4 = V5P5 =14 P4 = ¥3Ps]

IV) THE MMPP,,MMPP,/D/1/K

In this section, we derive the solution of a two priority class system that can be used
as the elementary step l3[-‘9 of the MCBP algorithm. "E_t’)e inputs to each class are Markov
Modulated Poisson Processes and each contains 2 ' states where m;is the number of
superimposed MMPP sources that each input represents.

To compute the loss probability per stream, we follow the behavior of a general
tagged low priority cell. Without loss of generality we compute the loss probability of the
low priority class and then by use of the conservation law, we derive the loss probability
of the high priority class. We proceed by showing a solution for the aggregate
MMPP/1/D/1/K queue that follows the notation defined in Lucantoni [27]. The
MMPP/1/D/1/K was originally studied by Blondia [26] and by Nagarajan et al. [8].

THE MMPP/D/1/K QUEUE
If we observe the queue at departure instants (1:’, i=0), the sequence
(n p My,

i+1
of cells in the queue and the state of the MMPP immediately after T respectively. We can

1:’.) forms a Markov renewal sequence where n;jand m;are the number

then define the embedded Markov chain with state (N M) where N; is the number of
cells left behind by a departing cell and M; is the state of the MMPP process. The

transition matrix T of the embedded Markov chain is expressed by:



By B By v E B,
n=K
Ay A A, ... E A,
n=~K
To|0AA - Y A,
n=K-1
0 0A.. 2 A,
n=K-2
0 0 0. A
L n=1

where the (j, j)th element of the submatrix A, denoted by a, j, is the probability that the
MMPP makes the transition from i to j and n arrivals occur. Similarly, the (j, j)‘h element
of B,is the probability that n cells arrive and that the state of the MMPP is jat the end
of a service time given that an idle period followed the last departure and the state of the
MMPP was / at that departure.

The steady state probability :rcn’ s P [N = n,M = m] that a departing cell leaves n
cells behind and the MMPP process is in state m can be computed by solving:

[T =11 [Te = 1

where e is the unit columm vector.

In order to compute the A, matrices, we consider an uniformized version of the
MMPP process with uniformizing parameter 6 = max(Q - A) ii [28]. A, is translated

into:



where F:’r(?j ) is recursively defined by:
RY — o-1RU- VAL RU=Y (11071 (@- 7))

(0)
Ry =1

R -0 for (n=1)
The B, matrices are given by:

_ -1
Bn = (A-Q)"'AA n
The loss probability can be calculated as the ratio between the average number of

lost cells and the average number of arrivals:
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and ¢, = 2 E E nyaija x 7 (K, i)

K=1 i=1 y=0 j=1

M
E 2 by, jjx@;x (0, 1)
i=1 j=1

o o]

where M is the number of MMPP states and A = [aij] = E 2L
n=0

Note that A satisfies XA = X and Xe= 1 where X is the MMPP steady state
probability.

To derive the low priority loss probability, (DZ’ we focus on a tagged cell and
compute its survival probability, (I)S; that is the probability that during its waiting time, the
tagged cell is not pushed out by a higher priority cell. We assume that the tagged cell
arrives immediately after the beginning of a service period and that the dropping policy is
Last in First Drop. To compute the survival probability, we first condition on the position
that the tagged cell joins the queue (ie, the number of cells left by a departuring cell):

K M
O = 2 E S(k, i) x (ki)
k=0 i=1

S (k,i) = P (survive / joined the queue at position k and MMPP was in state i)

The tagged cell survives the first service period if the maximum number of high
priority arrivals is equal to K - k. It survives up to the second service period if and only if
the maximum number of high priority arrivals is equal to K - k + 1. In general, it survives
up to the w service period if and only if the cumulative number of high priority arrivals is
at most equal to K - k - (w-7) [18] [20]. This dynamics is translated into the following

recursive discrete convolution algorithm:

a1(z,i) O<sz=K-k
B-I (Z,i) =

0 otherwise
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a () @B, _ (zi) OszsK-k+(w-1)

B, (20) =
0 otherwise
M M M
j=1 i=1 j=1

The conditional probability S (k,i) can be derived as:

1 k=0
S(ki) =1 K
Eﬁw(z,:) 1<k=K
z=0

In turn, the low and high priority loss probabilities are given by:

(I)2=1—(IJS
(4h) —1_[ D - (I)]
17y L 7Y™

1

V) NUMERICAL EXAMPLES

In this section, we make use of our multiple class model to investigate the
advantages of multiple priority classes and also to look at the effect of burstiness on

network performance.
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We have claimed that a multi-priority scheme enhances network flexibilty in coping
with traffic scenarios that have diverse loss requirements. The first two examples illustrate
this claim. In the first example, we consider four traffic classes with the parameters
defined in table 1 (the transition rates are the same for all MMPP in this section). Class A
is the highest priority and class D is the lowest . Figure 1 shows how these four classes
are multiplexed when there are 1, 2, 3 or 4 priority levels and a buffer size equal to 10.
Initially there is no priority, i.e. all classes receive the same performance. When we move
to two prioritiey classes, we split off the most demanding traffic class (A). If three priority
levels are available we use (A), (B) and (C, D). Finally for four priority levels each traffic
class can be assigned to a different level. We can, thus, verify the advantage of an
additional priority level by the difference in the loss probability in the corresponding traffic
class. The flexibility in accomodating different loss requirements may reduce buffer
requirements. Figure 2 shows the minimum buffer size required to transport the traffic
scenario of table 2 as a function of the number of priority levels provided by the network.

The burstiness of a stream is a critical parameter that influences the loss probability.
We use the ratio between the peak and average arrival rate as the burstiness descriptor.
In order to vary the burstiness, we keep the mean arrival rate and the sojourn times
constant and vary the difference between the arrival rate in each state [29]. It was noted
in [29] that the burstiness of the low priority stream has no significant impact on the loss
probability of the high priority class. The next three examples consider figure 3 traffic
scenario. In the third example, figure 3, we have a four priority-level multiplexer loaded
with four traffic classes. The average arrival rate is 0.125 and the burstiness is equal to1.5.
In figure 3, we see the impact of the burstiness of the highest priority class on the loss
probability of each class. In figure 4, we investigate the buffer requirements needed to
mantain a given loss (or better) probability for all priority classes as a function of the
burstiness of the highest priority class. In figure 5, we show for distinct burstiness values
the average arrival rate of the highest priority class that causes two different total loss

probability.
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VI) CONCLUSIONS

In this paper, we determine the loss probabilities for each class for a multi priority
class queueing system where the arrival process for each class is Markov Modulated
Poisson Process. We make use of the Multiple Class Buffer Priority algorithm. The MCBP
algorithm exploits the conservation property of the complete buffer sharing organization.
It computes the exact solution in O (n) steps where n is the number of classes.

We show the advantage of having a multiple class selective discard mechanism to
provide diverse QOS requirements. We also investigate the effect of burstiness on the
loss probability. Estimating network performance for different traffic scenarios is an

ongoing task that requires a fast accurate tool such as the one presented in this paper.
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Table 1: MMPP parameters for example 1

transition arrival

rate rate

state 1 1074 0.175
state 2 1072 0.2625

Table 2: Traffic scenario for example 2
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