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Abstract

In this paper, we propose a modular ATM switching network by modifying the original
delta network. It is composed of several stages of awitching modules, and all the switching
modules are of the same type of basic building block. In order to improve the performance,
the channel group connecting the switching modules in all stages are expanded to contain
more than one link. The switching system is in fact a discrete-time queueing network, and
each output of a particular switching module is modeled as a finite buffer, multi-server queune
with multiple cell arrival streams. We obtain a general performance evaluation procedure for
such a multi-stage, self-routing switching system.

1 Introduction

In recent years, the modularity problem in the ATM switch fabric design have become a major
concern. In order to obtain the best delay/throughput performance, many researchers adopted
the output queueing concept, but they also paid for such a design with the price of performance
degradation or implementation difficulty. When this switching network expands larger and larger,
i.e., the number of switch modules in the first stage grows to be very large, it is very much difficult
to implement the path assignment function (especially in the high speed B-ISDN environment). In
contrast, many manufacturers prefer the switching network to be composed of the same building
blocks, such as shared memory or shared medium switches. By this method, they can construct
the entire switching system based on one type of switch module.

For those modular architectures, the selection of appropriate system parameters such as buffer
sige and the number of intermediate switch module , etc, are essential to the switch performance
such as cell loss rate and delay. Many general performance evaluation procedures such as {1, 2, 7]
for ATM system can be applied to this task.

In this paper, we extend the delta network to a more general architecture and call it the Eztended
Delta Network (EDN). Such an architecture not only can grow in a modular fashion using only a
single type of switch module, but also provides the seif-routing capabilities to improve switching
speed. The out-of-sequence problem can also be avoided. Next, we provide a general evaluation
procedure to obtain the cell loss probability and delay performance experienced by a particular
test stream in the switch. We find that this procedure is more useful to guarantee the Q.O.S.
(quality of service) of a particular call. Furthermore, our approach can be used for the analysis
of many other modular switches. This procedure is based on certain approximations but still
provides an enough accuracy for the architecture design process.

2 The Switch Architecture

The EDN architecture is shown in Fig.1(a). In this figure, the N x N switching system can be
split into two stages of switching modules (M x M and L x L). The numbers M and L can be
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any power of 2 and N = M - L. Both of these two types of switching modules can be constructed
with smaller switching modules in the same way. (See also the 4-stage EDN example in Fig.1(b))
The number of internal links between the two stages can be expanded to more than one, in order
to improve the performance. In fact, these switch modules may be any small scale, non-blocking
switch. The only constraint is that all switching modules must be of the same type and the same
scale, for the sake of simplicity. In order to operate easily in high speed, each switch module
can self-route the incoming cells according to the corresponding fraction of their addresses (local
address). If the dimension of the switch module in the first stage is sixteen, this switch module
will route the cells according to the firat four bits in their address fields. The EDN locates the
buffers internally. In addition, the number of output ports belonging to the same local address
in each switch module is expanded to be more than one to improve the performance, and these
output ports are refered as a channael group. The production of channel group size and dimension
of each switch module is required to be lower than the scale of the basic building block.

Since the out-of-sequence event is not allowed, we let the cells depart for the same module using
the output ports of a particular channel group in a round-robin fashion. For instance, if the former
cell leaves from the nth output port in its output channel group, the latter cell must be put on the
(n+1)th output (or the first output when n is the group size). The dimensions of switch modules,
sizes of channel groups and buffers of each stage can be different. So we can obtain an optimal
combination under the constraint such as cell loss probability, total delay time, and admissible
buffer space in each switch module. In the following sections, we modified the analysis in [1, 2] to
analygze the EDN. With such an evaluation procedure, we can easily obtain the relations between
performances and parameters of this switching network.

3 System State Analysis

In this section, we define the system states required for the general analysis procedure for a multi-
stage, self-routing ATM switching network. Because the size of cell has been defined to be fixed,
we have a discrete time queueing system. Although there have been many researches dedicated
to the analysis of the ATM switch, they approximate the switching system to a continuous time
queueing model. Other approaches such as {7] operate in accordance with a discrete time system,
but restrict the usage in output queueing. For the proposed multi-stages switching system, we
prefer to calculate in an iterative procedure, as in [1, 2].

3.1 System State Definitions

As in (2], we consider three kinds of traffic streams to join the switching network. The first one
is the test stream with batch arrivals, where the distributions of the inter-arrival time between
arriving batches and the batch sise are both general. We call it as T-stream (for test-stream).
The other traffic streams are i) aggregated arrivals of cells which form a Bernoulli process with
batch arrivals (M-stream), and ii) several traffic streams, each of which is modeled as a discrete
time interrupted Poisson process (IPP)(B-stream). In the tagged stage, we select Nis inputs to
carry the M-stream, Np inputs to carry the B-stream, and g inputs to bear the T-stream in the
switch module where the test stream flow through. The dimension of switch module m is equal to
the sum of N, Np and u. Other switch modules in the same stage carry only the B-stream and
M-stream, and these two kinds of traffic streams occupy the inputs with the ratio of Np : Nas.
In this paper, we assume the output address is uniformly distributed, and all the cells belonging
to the T-stream are destined for the same output port of this switching network. The size of
the particular output channel group where the T-stream destined for is denoted as r. The switch
modules can be all shared memory switches or of other type, so the capacity of each output queue
may be variable. In order to simplify the analysis, we call the buffer area for cells waiting for
transmission the waiting buffer, and assume the waiting buffer size of each channel group is fixed,
and denote it as Q. Here we exclude the buffer for those cells in transmission and thus the waiting
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buffer sige is r less than the buffer sise of the corresponding queue. For the discrete time queue
where the T-stream flows through, we define the following random variables:

Qf:),‘ Queue length of the tagged output in the current switch module at the end of kth slot
! after the nth T-stream batch arrival where i, IPPs are ON.

™) System length of the tagged output (queue length plus number of servers) in the

Zakt
. particular switch module at the beginning of the kth slot after the nth T-stream batch

arrival on the condition that the number of B-streams in the ON state is 3;_; in the
previous slot.

M: Number of cells from M-stream destined for the same output as the T-stream in the
currently analysing switch module.

B;: Number of cells from B-stream destined for the same output as the test stream in the
current stage while i IPPs are ON.

X: the batch sise of the T-stream arriving at the current stage.

A: the inter-arrival time between batches from the T-stream in the analyzing switch mod-

ule.

The probability density of M, denoted as m(j), is easy to compute:
n 2 _ o _ (Na)  (pa\ Py \ Nar—i
mi) & Pt =51 = (M) - () (1- 2™ R
where py i8 the average traffic load of M-stream. The probability distribution of B; is{2]
wi) & primi== () ¥ -a-n o< i< (@)

The symbol X is defined to be the arriving probability of B-stream to the destination channel
group of T-stream when the IPP is ON.

Similarly, the density functions a(k) 2 Pr[A = k] and 2(j) 2 Pr{X = j] define the probability
function of 4 and X respectively. The cells in an arriving batch from T-stream can only come
from one input channel group, so E;-‘=l z(7) = 1. In order to reduce the computation time, we
assume the inter-arrival time between batches from T-stream is finite, i.e., . axs a(k) = 1. We
record the aggregated state of the arrival process as the number of IPPs’ in ON phase, and denote
P(")(i;.), the probability that i IPPs from B-stream are ON at the end of kth slot afier the nth
T-stream batch arrival. To derive the these probability densities later, we employ the following
operators as in [1]:

(i) 2 w) d<m

™Y = Tamy(i) i=m, (3
0 i>m.
0 j<n,

(¥(5)) 2 { T ¥ i=n, ()
¥(7) i>n.

3.2 Analysis of Random Variables

Fig. 2 is the sample path for random variables defined above. At the beginning of the first slot

following the nth T-stream batch arrival, there are ‘I’S'o'.)l cells presented in the system. These
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\Ivf:)l cells are the sum of: i) the cells which have been located in the buffer immediately before the
nth batch arrival from T-stream (Q'(:)o); ii) the nth arrived batch from T-stream (X); iii) newly

arrived M-stream cells (M); iv) newly arrived cells from B-stream (B;,). So
") = min(8() + M + Bi, + X, Q+7); 0 < io < Np. (5)

10,0

As in [2], we do not count the cell having been served in the first slot for computing ")

13,1!
but do consider that the number of B-streams in the ON state is changed from % to ;. Prior to
analyzing the queue length i&j‘},, we first compute the probability of the event that i; IPPs from

B-stream are ON at the end of the first slot by

Na
PM(iy) = Y P(ig)- Pigyy; 0 < o, i1 < Na. (8)
i0=0
Where P;,_, ;, is the probability that the number of B-streams in the ON state is changed from
ix_1 to i3 at the end of the kth slot. We now can go on computing <I>S:)1
P)(io)

Ns
(r) _ PRI -7 8 (m _
Qi,,l —‘z_:opio.h P(")(l'l) lm(q’ln,l T 0): (7)
o=

After the second slot, we have the following recurrence equations for k = 2, 3, ..., Anae for
the same reasons.

o), = min(@ ,_y+ M+ By, Q1) ®)
Ns
P)iy) = Z P(ig_1)- Py ini ©
ty-1=0
Ng (n)(s 3
" _ . PO ) :
ik = {,Z;OP“HM Pm)(3;) mar(Fiumsn O w

3.3 The Density Functions

Next, we consider the density functions for the above random variables. Define ¢E:',)l(]) and

¢§:31'.(j) to be the probability densities for Qg:,)h and ‘I’E:Z,,h respectively. That is, ¢:(‘:,)k(j) 2
R I~ -

Pr(®(), = j] (k= 0,1, ..., Amas) and ${7),4(G) 2 Prl®() , = j] (k= 1,2, ..., Aree).

Because the queue length of the tagged output; number of cells from M-stream, B-stream, and

T-stream are all independent with each other (so do the system length of the tagged output), we

employ the convolution operation on Eq. 5-Eq. 10 to obtain

() = 79 [BEN() + ml5) » by () * 2(5)]; (11)
¥ )iy, .
M= D P gy w440 (12)

$40) = 7 1)+ ml) w i ()
(13)
Asin (2], when a new batch from the T-stream arrives in the kth slot following the last arrival,

the new cells in this batch will find the queue length d>£:))l upon their arrival. This event occurs
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with the probability a(k), so one can derive the queue length distribution immediately before the
(n+ 1)th batch arrival from the T-stream by

Aman
$030G) = Y alk)- 800 u i) (14)

k=1

For the same sake,

Aman
P (i) = 3 a(k) - PM(ia = da), (15)

k=1
Using Eq. 11-Eq. 15, we analyse the transient behavior of this system. The steady-state
probabilities that there are j cells in the buffer of the tagged output immediately before a T-
stream batch arrival, and the probability that the number of B-streams in the ON state at the
end of the kth slot is i; are given by $i,,0(f) = liMn_co BTh(5), and P(i) = limn_.co PC)(ik),
respectively. Prior to an iterative calculation procedure, we assume the initial queue length to be
gero by setting 452:.)0(0) =1and ¢$:?o(j) = 0for all 1 < j < Q. The iterative calculation continues
computing Eq. 11-Eq. 15 until the difference of the results between two iterations converges to be

within an acceptable range.

4 Analysis of Module and Network Performance

First, we are concerned about the waiting time and loss probability of the test stream, T-stream
within a single switching module. The analysis of the other streams can be derived by modifying
the inter-arrival time distribution a(k) to the M-stream and B-stream case.

We denote E;;, as the event that the test cell from T-stream arrives in the ith position in the
system (including the discarded cells) when the number of B-streams in ON state is %. Let B
be the probability that event E;;, occurs. Then

Vo

A min(i—1,Q)
By S PrEis]= Y. digo(l) wio(i - 1) (18)
=0

where w;,(j) is the probability that the test cell from the T-stream locates in the jth position
among cells arriving in the same time slot when there are ig B-streams in the ON state. Then

Nactiots

Tl = Y, e lm(s)+buls) +x)), an

izj

where x(j) = j - 2(j)/E(X), is the probability that the test cell arrives in a T-stream batch with
size equal to j.

To derive the waiting time, we introduce one more random variable. The random variable T;,
represents the time interval that the test cell in the T-stream must wait for before its service under
the condition that there are ip B-streams in the ON state. For the sake of analysis, we must choose
the cell in position 1 < 1 < @ + r a8 a view point in waiting time computation. That means the
analysis of waiting time must be conditional on this constraint and we don’t care the i > Q + r
condition. We call this the truncating effect. Let ¢;,(j) be the density function of T;, under this
constraint, then

. minl(j+ 1, Q] p, Q-1
(DEPHT, =fl=t=irtl Mg ¢ i< -
t‘N)(J) 7‘[ o J] E&tr ﬁ,".'n H L£J = r + 11 (18)
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where |z| denotes the largest integer which is not more than z. It is easy to obtain the waiting
time distribution W{)(j) of the particular stage i in steady-state by

Ns
TI() = Y &,(3) - P(io)- (19)

10=0

To analyze the cell loss probability, we use the random variable L;,; to represent the loss
probability of the T-stream; under the condition that iy IPPs of B-stream are ON and the queue
length immediately before the test cell arrivalis j. And the average cell loss probability of T-stream

in the current stage i is
Ns Q

L = E Z LioJ : ¢ic-0(j) ¢ P(’O) (20)
i0=03=0

Based upon the above analysis, we can then proceed to obtain the inter-arrival time and batch
sige distribution to the next stage, using a procedure similar to [2]. For the B-stream and M-
stream, we assume they have the same traffic characteristics for every physical output address.
That is, when the dimension of the switch module grows to a given size, the number of inputs
carrying the M-stream (B-stream) also increases with the same ratio. After obtaining the mean
cell loss probabilities of all stages by Eq. 20, the total cell loss probability L can be easily derived

by
L=1—(1-LW).(1-123)..... (1 - L™, (21)

where we assume that the number of stages in the entire switching system is n.
For the total delay time distribution d(j) of the switching system, we assume the waiting time
of each stage is independent with each other. So

d(j) =TI —n) + T —n) x- -+ DG - n). (22)

5 Numerical Results

In this section, we present numerical results to verify our evaluation procedure and show that
the performance of EDN approaches to output queueing switch under appropriate arrangements
of its system parameters. We employ the following parameters: 1) The dimension of the whole
switching system is 64. The number of stage is 2. 2) The sizes of switching modules in stage-1
and stage-2 are both 8. 3) The output channel group sise of the first stage’s switching module is
4. 4) The total waiting waiting buffer size is 640; that means the buffer sise of one output channel
group of each switching module is 5. 5) The traffic load of the test stream (T-stream) is fixed at
0.2, The number of inputs carrying M-stream is 63, and there is no input carrying the B-stream.

Fig.3(a) shows the cell loss probability of T-stream versus the traffic load of M-stream for EDN
and output queueing switch. For this figure, the outpui-queueing-1 and output-gueneing-2 is the
loss probabilities for single module 64 x 64 output queueing switches with total waiting buffer size
equal to 640 and 320 respectively. That is, in the output-queueing-1 and output-queueing-2 switch,
the waiting buffer size for an output port is given by 10 and 5 respectively. For the particular
output where the test stream is destined for, the carried traffic load is approximately equal to the
sum of loads of the test stream and the M-stream. For example, if the M-stream load is 0.75, the
traffic load carried by the particular output is 0.2 4 0.75 x g = 0.94.

For the output-queueing-1 switch, the total waiting buffer size is equal to the EDN’s but are
located at the output ports of a single stage; thus its loss probability is lower than the latter by
two order of magnitude under light traffic. For the output-queueing-2, each output experiences
the same buffer size as an individual output channel group of each switching module of EDN.
Hence, its loss probability curve is close to the latter. When the traffic load grows to heavy, these
three curves are almost the same. The largest difference between simulation results and analysis
results is never beyond 10%, and the major difference of this evaluation procedure is caused by the
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computation of inter-departure time, where we assume the arrival and departure processes to be
independent. Fig.3(b) also illustrates the curves of mean delay time of T-stream versus the traffic
load of M-streams. The simulation and analysis results coincide better in medium loads. This is
because we assume the waiting time of different stages to be independent with each other, and
their correlations become significant when the traffic load is heavy. For the sake of multiple stages
of buffers, the EDN delays more than the output-queueing-1 and output-queueing-2 switches. It
is interesting to note that when the traffic load reaches a very heavy level, the delay time of
output-queueing-1 becomes the largest among these three designs since it has the lowest cell loss
rate.

6 Conclusion

A performance evaluation procedure for a particular cell stream is then presented. The difference
between analysis and simulation results is never beyond 10%. This analysis procedure may be
applied to another multi-stage switching system such as those in [5, 6] by modifying the address
distribution. It is also applicable to other multiple-stage output queueing switch. The only
additional modification work is adjusting the dimensions of all switching modules and setting the
buffer spaces of the first two stages to be sero. We also find that the analysis in {7] is just a
special case of our analysis. The cell loss probability of EDN is found to be higher than that of
the single-module output queueing switch by two order with the same total buffer sise. However,
this should not be consider as a drawback of EDN, and be treated as the cost associated with
modularity. Considering the importance of modularity for large sise ATM switches, the EDN
should still be more promising than the single module output queueing switches.
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Figure 1: (a) General architecture of the Extended Delta Network (b) a 4-stage example.
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Figure 2: Sample path for random variables.
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Figure 3: (a) The cell loss probability of the proposed switch versus the traffic load of the M-
stream.(b) The delay of the proposed switch versus the traffic load of the M-stream.



