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Fast Packet Switches
with Shared Buffer Memory
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Modern networks (such as BISDN, gigabit networks,
parallel computer networks, LANSs, etc.) introduce fast
packet switches as a new concept of a switching node.
Fast packet switches which employ shared storage are
able to utilize the buffer efficiently. Several analytical
techniques to evaluate the performance of shared buffer
switches have been proposed. They range from the
simple convolution technique which is fast but inaccu-
rate, to the approach proposed by Eckberg and Hou,
which is accurate, but computationally slow. This
paper proposes a new approach to performance analysis
of shared buffer switches, called the reduced variance
approximation (RVA). The new method appears to offer
accurate results and efficient computation in comparison
to other approaches. Implementation of this method
provides reduction in the required shared buffer size.
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1. Introduction

The ATM (Asynchronous Transfer Mode) has
been selected as the multiplexing and switch-
ing technique for BISDN (CCITT,1989). Vari-
ous ATM switching-architectures have been pro-
posed (Tobagi,1990). Most of them introduce
some buffering strategies in order to avoid cell
loss due to contention.

It is recognized that the output buffering of-
fers the best delay and throughput characteris-
tics (Karol,1987), (Yeh,1987). If the output
buffer memories are organized so that they are
completely shared by all the outputs, reduction
in memory size can be achieved (Irland,1978).
Also, the packet loss characteristics can be dra-
matically improved (Hluchyj,1988). Therefore,
Shared Buffer Switches appear to be the most
promising concept for fast packet switching ar-
chitectures.

Attention has been focused on performance
analysis of shared buffer switches. A new
analytical method for performance analysis of
shared buffer switches, called the reduced vari-
ance approximation (RVA), is proposed. In this
approach, the variance of the input arrival pro-
cess is reduced due to the negative correlation
that exists between the streams destined to the
different output ports. The main feature of this
method is that it gives a comparable accuracy
to the accurate method of Eckberg and Hou, but
is much more efficient computationally. It also
results in reduction of requested shared buffer
size.

The brief overview of shared buffer architecture
and it’s characteristics is given in Section 2. A
new approach is proposed in Section 3. The sig-
nificance of the proposed approach is supported
in Section 4, where some numerical results are
presented and compared with simulation, con-
volution and Eckberg’s methods. Conclusion
follows in the last section.

2. Shared Buffer Architectures

The idea of the shared memory is conceptually
realized in different manners inside the switch-
ing fabric (Garcia—Jaro,94).

The global concept of switching architecture
is presented in Fig. 1. It consists of a com-
mon memory used for storage of the packets (or
cells), until the packets arrived on the different
inputs, and destined to the different outputs, are
processed through the switch. The process of
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Fig. 1. Shared Buffer Switch

write in and read out of the memory is con-
trolled by the control bloc.

The main characteristics of this concept are:

o The common memory can be accessed by
any inlet and outlet on the shared manner;

e Shared buffer approach can be introduced on
a switch level (Devault,1988) or on a basic
switching element level (Kuwahara,1989);

e The control function, established to maintain
management of the flow of the packets, can
be centralized (Devault,1988) or distributed
(Huang,1984). An example of distributed
control is self-routing of the packets (Den-
zel,1992);

e The size of the packets that are switched
through the switching fabric depend on the
particular architecture. The packets can be
ATM cells (Kuwahara,1989) or some inter-
nally specified blocks of smaller size (Hen-
rion,1990);

e In order to maintain the speed requirements
(speed-up due to multiple access to shared mem-
ory), internal parallelization is established. The
parallelization can be performed on byte level,
packet (cell) level, or in a form of bit-slice con-
figurations of identical shared buffer memories
(Kozaki,1991).

The main problem in hardware realization of
the shared buffer switches is centralized control
of large architectures. That makes them more
adequate for smaller switching fabrics (for ex-
ample, 16 x 16). Processing time through the
switch can also be critical. It can be overcome
by very fast write in and read out memories and
control blocs. The size of the memory block
and its price is another important parameter.

The main feature of these architectures is that
they utilize the buffers most efficiently. They
are insensitive to the unbalanced traffic and
burstiness. The lowest loss probabilities can
be achieved with minimum number of buffers.

Due to the stricter requirements from the future
applications, the fast packet switches should:

e support multicast and broadcast functions;

e be capable of building growable architec-
tures (up to 1024 x 1024 inlets /outlets) (Gar-
cia—Jaro,1994)

e become independent of external environment
(Henrion,1991)

e work with very fast input/output lines, from
150 Mbit/s and 600 Mbit/s up to Gbit/s (Den-
zel,1992).

Several different arcitectures, based on out-
put shared buffering strategy were proposed
in the last few years: Prelude Switch (De-
vault,1988), Hitachi Switch (Kuwahara,1989),
Alcatel’s Multipath Self Routing Switch (Hen-
rion,1990), (Srodi,1992), (Henrion,1993),
IBM’s switch called PRIZMA (Denzel, 1992).
Some benefits of shared buffering, in a more
general sense, are used in well known archutec-
tures such as Starlite (Huang,1984), Knockout
(Yeh,1987), and others. In some architectures,
as in Starburst (Widjaja,1992), the principle of
shared buffer memory is combined with the ded-
icated buffering to optimize and improve the
performances of the switch.
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3. Analysis of Shared Buffer Switches

The reduced variance approximation (RVA)

method is presented in the following Section.
The results of the performance analysis are
compared with the convolution method, sim-
ulation results and Eckberg’s method. The con-
volution approach is computationally efficient
but tends to produce quite conservative results,
whereas Eckberg’s approach is more accurate
but is much less efficient. The reduced vari-
ance approximation compares favorably with
the convolution method in terms of computa-
tion speed, but with a much greater accuracy.

We assume that the packet arrival processes
on each of the N input ports are independent
Bernoulli trials, with parameter p, and each
packet is equally likely destined for each output
port. Our approach is to first assume that the
shared buffer is of infinite capacity. Then we
compute the overflow probability by truncating
the tail of probability distribution beyond the
size of the shared buffer.

If we focus on the packets that are destined for a
tagged output, then the probability that k pack-
ets arrive in the time slot is given by the binomial
probability distribution

(1)

ott) & it (V) (£)" (- %)"’ N
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The probability generating function (PGF) of
the random variable A is (Kleinrock,1976):

(2) GA(z]—iP[Az :(1~£+z-£,-)N.
k

=0
Let the random variable O denote the steady-
state number of packets in the tagged output
buffer. The PGF of the random variable () can
be easily obtained (Karol,1987):

(1-p)(1-2)
Ga(z) —

Let random variable S denote the total number
of packets in the shared buffer. In the convo-
lution method, the random variables Qj’s (the
number of packets in output buffer j) are as-
sumed independent. Thus, the distribution of

(3) Go(z) =

S is simply N-fold convolution of the distribu-
tions of Q’s. In the z-transform domain, the
PGF of the random variable S can be expressed
as Gy = [Gy»]". Thus, the distribution of
S can be obtained by inverting its PGF using,
for example, the Fast Fourier Transform (FFT)
algorithm.

Eckberg and Hou were the first to note that,
during this computation, large errors can occur,
when the switch size is small and the offered
load is high (Eckberg,1988). In particular, it
is noted that the total number of packet arrivals
at each time slot destined for individual out-
put ports is not independent, and, in fact, they
are negatively correlated. It means that if all |
the packets are destined to one particular out-
put, then no packets are addressed to the other
outputs. Because of the negative correlation,
the random variable § would be stochastically
smaller than the sum of the random variables
(0’s, assuming the output queues are indepen-
dent. In fact the variance of § is given by

(4)
Var(S) = N Var(Q;) + N(N — 1) Cov(Q;, Q))
where Cov(Q;, Q;) is the covariance between
any parts of individual buffers. The mean of S
is still given by the sum of means of individual
buffers, which 1s:
(5) E[S] = NE[Q].

Based on the information of this two moments,
(Eckberg,1988) proposes to use the Gamma dis-
tribution to approximate the distribution of S.
Unfortunately, the computation of Cov(Q;, Q;)
in (4) requires the computation of the joint dis-
tribution of any pair of two queues. Moreover, it
is found that the joint generating function of the
two queues can not be determined analytically.
They propose an iterative numerical method for
solving the joint generating function.

Recall that the number of arriving packets to the
tagged output port at each time slot forms a Bi-
nomial distribution. Thus the expected number
of packet arrivals is E[A] = p and the vari-
ance is Var(A) = p(1 — p/N). The approxi-
mation of the shared buffer switch, assuming
independence among the output queues, would
give a conservative result. This is because of
the existence of the negative correlation among
the packet streams destined for different out-
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put ports. To be able to catch this correlation
we need to look at the arriving process to the
entire shared buffer system. A simple compu-
tation shows that the variance of the arriving
process to the entire shared buffer system is
less than the sum of the variances of the indi-
vidual arriving processes to the output queues,
assuming independence among them. Thus, it
appears natural to reduce the variance of the
packet arrivals to a given output, to improve
the approximation, while keeping the mean un-
changed. Through extensive experiments, we
have found that choosing the variance of the ar-
rival process to be p(1 —p/+/N) would virtually
transfer the effect of the negative correlation to
the input process and tends to give good esti-
mates on the performance. Given the mean and
the reduced variance, our next task is to find the
associated new packet arrival distribution to an
output queue.

At this point, we employ the maximum entropy
method (MEM) to find the distribution satisfy-
ing the constrains of the mean and the variance
(Garcia, 1994), (Kouvatos,1989). Specifically,
we consider the following problem:

subject to:

where @; is the probability that there are 1 packet
arrivals destined to a given output port in a
time slot, A = p (the means), and A> = (1 —
p/v/N)p+ p? (the second moment). If the con-
straints are absent from the problem, the distri-
bution that maximizes the entropy is known to
have a uniform distribution. In our case, where
the mean and the second moment (or the vari-

ance) are predetermined, the optimization can
be found through the Lagrange multiplier ap-
proach. Applying this approach the distribution
can be obtained by maximizing the expression

naﬂr}q(i:& )
)

by differentiation with respect to a;. The con-
stants A1, Ap, A3 are the Lagrange multipliers
which need to be determined. After differenti-
ating the expression (8), setting the derivative
to zero, and solving for @z, we have
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Applying the constrains in (7) to the solution in
(9), we obtain the following system of nonlinear
equations:

N
Ze (Ko +K*23) _ ,—(—1)
k=0

(10) Z kel (ko +h723) Ae~M—1)
i=0
N
Z k2ekhati®s) _ A2 ~(M—1)
i=0

The problem of finding the constraints A’s in
(10) translates to the problem of finding the root
of a multidimensional function. This system of
nonlinear equations must be solved numerically.
Fortunately, there exists an algorithm based on
a multidimensional Newton—Raphson method
that can solve the constraints very efficiently
(Press,1990).

Having found the modified distribution of the
packet arrivals to an output port &, = a(k) =
P[A = k], we compute the distribution of pack-
ets in an output buffer of infinite size, g(k), as
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(Karol,1987)

_(1-p)

" (1)
(1-a(0)—a

(13)
_(1-a(1) = a(i)

The distribution of packets in the shared buffer,
P[S = k], can be obtained by performing N-fold
convolutions of g(k)’s. Finally, the overflow
probability can be computed by truncating the
tail of the probability distribution beyond the
size of the shared buffer.

4. Performance Comparison

In this section we investigate the accuracy of
the proposed reduced variance approximation
against other methods. For the purpose of
comparison, we also include the convolution
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Fig.2. Overflow probability versus normalized buffer
size for a switch of size 16 x 16
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Fig.3. Overflow probability versus normalized buffer
size for a switch of size 8 x 8

method, the Eckberg’s method, and the simula-
tion results. Fig. 2 plots the overflow probabil-
ity versus the shared buffer size for a switch of
size 16 x 16. The shared buffer size is normal-
ized with respect to the switch size N. The fig-
ure provides two sets of curves at offered loads
p = 0.8 and p = 0.9. The simulation results
are provided with 95% confidence interval. It
is obvious from the figure that the convolution
method gives very conservative results, which in
general can be orders of magnitude larger than
the simulation results. Particularly, at overflow
probability 1070 and offered loads from p = 0.8
to p = 0.9, the overestimation from 20% to 25%
of the required buffer size appears. This value
grows up at lower overflow probabilities. The
Eckberg’s approach gives more accurate results
then the reduced variance approximation at high
overflow probability (> 0.01). However, at low
overflow probability (< 10~¢) which is the nat-
ural operating region, the estimate given by the
reduced variance approximation is competitive
with that given by Eckberg’s approach. In terms
of the computation time, the reduced variance
approximation is comparable to the convolu-
tion method and is much more efficient than the
Eckberg’s approach.

Fig. 3 shows the corresponding curves for a
switch of size 8 x 8. Note that both, the reduced
variance approximation and the Eckberg’s ap-
proach are very accurate. On the other hand,
the convolution results become poor for small
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Fig.4. Overflow probability versus normalized buffer
size for a switch of size 32 x 32

switch size. The reduction in the required buffer
size for overflow probability 107, and offered
loads p = 0.8 and p = 0.9, varies from 20% to
36%.

Fig.4 shows the corresponding curves for a
switch of size 32 x 32. We note that Eck-
berg’s approach loses its accuracy at high loads
while the reduced variance approximation re-
mains highly accurate over a wide range of traf-
fic loads. We also note that the convolution
method 1mproves as the switch size increases.
This is because the negative correlation among
the arrival processes to different output queues
diminishes as the number of inputs/outputs in-
creases. The reduction in the required buffer
size for the overflow probability 107, in this
case, goes from 18% to 20%.

5. Conclusion

In this paper, we have developed a simple and
accurate method, called the reduced variance
approximation, for computing the performance
of shared buffer ATM switches. The basic idea
of the method is that the negative correlation
existing among the packet streams destined to
different outputs can be used to reduce the vari-
ance of packet arrivals destined to a given out-
put. The modified distribution of packet ar-
rivals, given the mean and the reduced variance,

is then found through the maximum entropy
method, and the shared buffer distribution is
found through N-fold convolution of individual
output queues. We have investigated the perfor-
mance of shared buffer switches under random
traffic. Introducing the negative correlation, for
overflow probability 10~ and different switch
size, we acquire reduction in the required buffer
memory from 18%-36%. 1t is of current inter-
est to extend the analytical method to the case
of bursty traffic.
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