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Abstract

Swilching elements in interconnection networks
for highly parallel shared memory computer systems
may gc implemented with different internal buffer
structures. A Multistage Interconnection Nctworks
(MIN) consists of several stages of small crossbar
switching elements (SEs). The aim of this paper is
to study the performance of a multibuffered MIN with
different SEs architecture, in the presence (;funiform
and nonuniform traffic. For the purpose of compari-
son, the throughput and the network delay have been
used as the performance meas.res.

1 Introduction

A multiprocessor system consists of a number
of processors and memories connected together by
an interconnection network. Overall system perfor-
mance for a highly parallel shared memory com-
puter system depends on the message throughput
that can be achieved by the interconnection network.
Early work in the performance analysis of unbuffered
MINs was done by Patel [1]. Performance of un-
buffered MINs in the presence of nonuniform traffic
have been reported in [2, 3]. Performance of MINs
using buffered SEs under uniform and non uniform
traffic are presented in [4, 5, 6, 7, 8, 3].

Three different 2 x 2 crossbar switching elements
(SE) are analyzed in [9] for the single and unbounded
queue sizes. The aim of this paper is to study the
performance of MINs having finite buffered SEs, in
the presence of uniform and Eot spot traffic patterns.
The results of the research work will enable the de-
signer to consider the options for hardware imple-
mentation of 2 x 2 buffered SEs in a MIN, to char-
acterize the performance of low cost hardware im-

lementations, to prove the throughput limitations
For different SE architectures, and to quantify the
performance differences between the dif%erent. types
of SEs. In this study the throughput and delay are
considered as the performance measures.

In Section 2, the structure of the different SE ar-
chitectures and their operation are described, fol-
lowed by the network operating assumptions of a
buffered Omega network. A traffic model for the
performance evaluation of the Omega network is pro-
posed in Section 3. The simulation methodology is
presented in Section 4. In Section 5, we present. the
comparison of performance of buffered Omega net-
works with difterent SE architectures, in the pres-
ence of both uniform and hot spot traffic pattern,
followed by concluding remarks in Section 6.
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Figure 1: An 8 x 8 Omega network under hot spot
traffic pattern

2 Omega Network and Assumptions

Figure 1 shows an Omega network using several
stages of SEs. This section describes the different
SE architectures and network operating assumptions
under which the research has been carried out.

2.1 Switch Element Architectures

Three possible arrangements of the buffers inside
an SE are illustrated in Figure 2 . As discussed in
[9], 2x 2 buffered SEs used in a MIN can be classified
into three different types. The first design, Type A,
contains two output guﬂ'ers each buffer capable of
accepting two packets simuitaneously. This design
has been analyzed in [10, 11, 4], but has the dis-
advantage of being more difficult to implement than
the designs of Type B and C given below. The capa-
bility of inserting two packets into a queue during a
cycle adds considerable complexity an% may increase
tKe cycle time of the component, which may in turn,
increase the network cycle time.

Type B and C SEs have single-input and output
buffers. They are simpler to design and need fewer
hardware resources per buffer than the Type A de-
sign. Each switch o}f) type B has four of these sim-
pler buffers, one for each input/output pair, and is
the one that has been used to implement the NYU
Ultracomputer switching node [9]. Each switch of
{,y}i(e C has a single input buffer at each of its input
mks.



Figure 2: Three types of 2 x 2 buffered SE: (a)Type
4; (b) Type B; (c) Type C

In the T)épe A switch, ¢; and g2 refer to two
buffers paired at an output port. A Type C switch
with two single-input buffers, is the simplest hard-
ware implementation.
2.2 Network Assumptions

We make the following assumptions regarding the
operation and the environment of the interconnec-

tion network in which the above mentioned switches
are used [10, 3] .

1. There are N = 2" processors and N mem-
ory modules in the system, where n is an inte-
ger. The processors and memories will be rep-
resented by PE;, 0 < i < N—-1,and M i
0 < j < N —1 respectively.

2. The network operates synchronously.

3. A backpressure mechanism ensures that no
packets are lost within the network.

4. The arrival process at each input of the network
is a simple Bernoulli process. Each input link
of the network is offered the same traffic load.

5. There is no blocking at the output links of the
network.

6. The conflict resolution logic at each SE is fair,
Le., routing conflicts among packets at the in-
puts of an SE are randomly resolved.

7. In addition to the buffers in the SEs, the net-
work has input buffer controllers (IBCs) at ev-
ery input of the network.

8. The minimum possible delay of a packet. is equal
to n + 1, where n is the number of stages. It
includes the delay at the IBC buffer.

3 Traffic Modeling

In this study, we have considered uniform and hot
spot traffic patterns.
3.1 The Traffic Matrix of a Switch

A traffic matrix denotes the probability with
which a packet arriving at an input port of a MIN is
destined to the different outputs of the network. Let
P = {pi;,0<¢,j < N —1} denote the traffic matrix
of an N x N MIN. The sum of the elements of row §
of the traffic matrix, given by p; = Z;V:"(,l Pij, is the
traffic load to input port i. The sum of column j
of the traffic matrix, given by r; = ZfV:T,l Pij, is the
arrival rate of packets, at any network input, which
are destined for output port j. Letting g;; be the
probability of a packet arriving at input. port i being
destined for output port j, we have p;; = p;q;;. W(E
can represent the traffic matrix P by the product of
the traffic load matrix Py and the traffic Jestinntiou
matrix Pp. The traffic matrix is therefore expressed
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as P= Py Pp =

po O ... 0 qoo Jo(N-1)
6 p ... 0 q10 qi(N-1)
0 0 ... pnvoy q(N-1)0

3.2 Uniform Traffic Pattern
Uniform traffic satisfies the following conditions:
(1) pi =p,0<i< N-land(ii) g;; =1/N,0<4,j <
N — 1. Under condition (i}, the traffic load matrix
is uniform in that each diagonal element equals p,
i.e., P = diag[p,p,...,p]. Under condition (ii), the
traffic distribution matrix becomes uniform in that
every element is equal to 1/N. The elements of the
traffic matrix P are all equal, i.e., p;; = p/N,0 <
i,j < N—1. Thus, under uniform traffic, the average
packet arrival rate to any output is equal to r; =
pO0<j<N-1
3.3 Hot-spot Traffic Pattern
The nonuniform traffic pattern to be considered
in this paper is the hot spot traffic pattern. In the
hot spot traffic pattern, there is an output destina-
tion port which is accessed more than other output
orts. Such a hot-spot traffic can be characterized
gy a single hot-spot of a higher access rate, super-
imposed on a background of uniform traffic [6]. Let
h be the fraction of packets directed to the hot-spot
output jg. Then we have, for all ¢
lf] =JH (1)

h L
o= ¥ iifin

Figure 1 shows an 8 x 8 Omega network under a
hot spot traffic pattern. The switching elements and
links that carry hot traffic are shown by thick lines.
The traffic matrix for the hot spot pattern is given
below. M M, will be assumed to be a hot memory
module for all processors. Processor PE; generates
packets to memory M M; with rate ¢;; at each cycle.
Assume that the traffic load on each input is equal
to p, 80 pi; = pgij.

gl-N;.)g oh + 51;’;.)2 (1—Nh)p

P=| : oo
Q=h)p k4 (=he (1~h)p

N L N

The average packet arrival rate for the j-th output

is
_ 1+(N-Dhlp if j=ju

" ‘{ (R A Sy A
Aslongas h > 0, we have r; > pfor j = jy,and r; <
p for j # ju. Only one packet can be transmitted
to an output link in one time slot, so in order to
guarantee a stable output queueing, the traffic load
p must be limited such that r; < 1 for j = jg.
Therefore, from Eqn.(2),

1
p< m (3)

4 The Simulation Method

We carried out simulation of three types of
buffered Omega networks with arbitrary buffer size
and uniform and hotspot traffic patterns. The as-
sumptions mentioned in Section 2.2 were imple-
mented in the simulator as follows.



1. At each stage cycle, a random request genera-
tor generates a packet with probability p (iuput
load) at an input port.

2. The destination of a generated packet is taken
from a uniform random number generator in the
case of a uniform traffic, and in the case of hot
spot traffic, from a nonuniform random number
generator which generates requests according to
the distribution mentioned in Section 3.

3. If there is a routing conflict among packets
within an SE, a packet is selected randomly by
another random number generator.

4. First-in-first-out (FIFO) queuneing policy was
used at the buffers in the SEs.

5. The throughput and the delay were measured at
each output port of the network and averaged
over the network size and simulation time span
(typically 50,000 cycles) to get the normalized
throughput and the normalized delay of the net-
work. e outputs for the first 500 cycles were
discarded to allow the network to reach a steady
state.

The simulator, written in C, has the following
components: main routine to control the flow of the
program; switex( ) to implement the switching oper-
ation; generate( ) to generate random requests; con-
flict( ) to resolve the conflicts randomly; shuf( ) to
give the shuffled form of a link; unshuf( ) to give the
unshuffled form of a link; shuffle( ) to actual shuffle
operation on a set of requests; rotate( ) to give the
destination bit to be tested at a stage; count( ) to
count the number of requests to a memory; shift( )
to shift the packets forward in the buffer, and the
report generator.

We use a three-dimensional array to represent the
buffers at the SEs of the network. The first dimen-
sion is the stage number, the second is the number of
the SE in the stage and the third is the buffer in the
SE. A two-dimensional array contains the address of
the current empty location in the queue. The follow-
ing input data values were varied each run to have a
comprehensive picture of the network behavior:

1. Length of the simulation: The number of cycles
for which the simulations were performed were
large, typically 50,000.

2. Seed for the random number generator: The
simulator required two indepenﬁent streams of
numbers, one for the generation of the requests
and the other for the resolution of the conflicts.

3. System size: Networks of sizes up to 128 were
simulated.

4. p and h were varied.

4.1 Parameters evaluated

The parameters evaluated for the comparison of
performance include the normalized throughput and
the average time delay. When the network reached a
steady state after t; cK‘)ck cycles | the nnmber of valid
packets at the outputs of the network were counted
at the end of each cycle after ;. These were averaged

over a large number of cKcles upto t3 to give the av-
erage memory bandwidth. The normalized through-
put (1) is therefore given by

1 N—-1 t3

A= Ne—w) 22 e @

1=0 t=t

where, A, is the throughput at the I-th output link
during cycle ¢.

The mean network delay is obtained by averaging
the delay experienced by the packets over a large
number of cycles. It is given by

r=%;zm )

where, 7 is the delay experienced by a packet (if
there is one) at the I-th output link during cycle ¢,
and s is the total number of packets that have arrived
at the output links during the interval ({2 — ;).

5 Results and Discussions

We have simulated 8 x 8,16 x 16,32 x 32,64 x 64,
and 128 x 128 multibuffered Omega network using
type A, B and C SEs under uniform and hot spot
traffic patterns.

Figure 3 shows the normalized throughput versus
input load (p) for three different 64 x 64 Omega net-
works using the three types of SEs. Figure 4 and 5
plot the normalized throughput versus the hot spot
probability for the three types of buffered Omega
networks with different network sizes. h was var-
ied from 0 to 0.25. The normalized throughput is
calculated by offering the network a load of one.
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Figure 3: Normalized throughput versus input load

Figure 6 shows the normalized throughput versus
buffer size for a 64 x 64 Omega network with three
types of SEs under hot spot traffic pattern. Figure 7
shows the delay versus input load (p) for an 8 x 8
Omega network under different hot spot probabili-
ties. Tt shows tree saturation occurring at p = 0.8
for type A and B buffered network, wﬁe equals
0.02, and at p = 0.6 for type C buffered network.
When h equals 0.14, the tree saturation occurs ap-
broximate at 0.45 for networks with type A and B
SEs. Figure 8 shows the mean transfer time versus
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Figure 4: Normalized throughput versus hot spot.

Figure 6: Normalized throughput versus buffer size

40.0 T
1o 0—OType A h=014
4 G—EType C,h=0.14
— b
)
08 2 300 1
5 S V—¥Type B, h =0.14 ]
& )
o0 Q
E 06 E
5 = 0
Q
g ‘Z
5 8
S04t 5]
g § 100
z =
02t
00 R L . .
00 " i r 00 02 04 06 08 1.0
0.00 005 .20 025 Offered traffic load

010 oIS
Hot spot probability (h)

Figure 5: Normalized throughput versus hot spot

normalized throughput for networks using type A,
B and C SEs.

When buffers are located at the input links (type
C), the maximum normalized throughput of a large
network is limited to 0.62 under uniform input traf-
fic pattern (Figure 4). This bottleneck, due to the
head of the line (HOL) contention at each SE, is
intrinsic to input queueing. When a packet at the
head of a buffer loses a contention, it impedes the
rest of the packets in the same buffer from progress-
ing forwamf, if packets are served on a FC]L:‘S rasis.
Another bottleneck arises when two or more packets
contend for the same buffer in an SE. Since only one
packet can be admitted to the buffer in one clock
cycle, the other one is blocked and will have to retry
in the next clock cycle. When buffers are placed at
the output links of each switching element (type A
and type B), a maximum throughput of unity can
be achieved. From Figure 4, we see that the maxi-
mum normalized throughput of 0.9 is achieved when
h =0and N = 32. As the hot spot probability in-
creases, the normalized throughput decreases. The
larger the network size, the faster the throughput
drops off (Figures 4, and 5). At low hot. spot. proba-
bilities, the output-buffered networks (using types 4
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Figure 7: Delay versus input load (p)

and B SEs) have higher throughput than the input-
buffered network (type C). That is due to the HOL
contention in the case of input buffered SEs. And
in high hot spot probability (say larger than 0.1
for a 32 x 32 network in Figure 4), the normalized
throughput curve is the same for mput and output
buffered networks. That is because of tree satura-
tion mentioned in Section 1. Comparison of results
from simulation studies show that the performance
of an output-buffered network is much better than
an input-buffered network when the hot request (k)
is low. But the performance is the same for both
networks when the level of hot requests is medium
and hiFh. This is due to tree saturation. Certain
general conclusions can be drawn:

e Type A and type B network with large buffer
size are very cfose in normalized throughput
performance. The parameters illustrated in Fig-
ure 3 shows type A values are identical to type
B. In Figure 6, the normalized throughput per-
formance of type B is better than type A for
small buffer size.

e For loads under 60%, the throughput perfor-
mance of type C switches is reasonably close
to that of types A and B, and because of its
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Figure 8: Mean transfer time versus normalized
throughput

lower cost, type C may be the implementation
of choice. However, in addition to the through-
put limitation, type C switches show a sigmfi-
cant increase in mean time delay even at loads
as low as 60% (Figure 7).

Adding bigger buffers to a type C switch will not
bring about a substantial performance improve-
ment, since the output rate is limited at 75%
due to the head of the line contention. Type
B and type A switches with small size buffers
have significantly better performance than type
C switches with large buffer size. Thus if addi-
tional hardware resources are to be applied to
improving network performance, they are bet-
ter spent on implementing type B or type A
designs than on making larger buffers for a type
C design.

In Figure 7 and 8, the average time delay is com-
pared. The offered load is varied from 0.01 pkt/cycle
to 1.0 pkt/cycle for each processing element. It is
shown the mean time delay of type B is smaller than
that of type A and type C"’ .

6 Conclusion

A simulation model has been developed to evalu-
ate the performance of multibuffered Omega network
with different switch element architectures under
uniform and hot spot traffic environment. It is quan-
tified the intuition that better performance results
with type B switch than with type A and C switches.
Besides performance, of course, there are other is-
sues, such as switch implementation, that must be
considered in designing a switch network. We com-
pared the performance of input-buffered MINs (type
C) with output-buffered MINs (type 4 and B) nn-
der hot spot traffic condition. The results show that,
the performance of output-buffered network is much
better than input-buffered network when the hot. re-
quest is low. But the performance is the same for
both networks when the hot requests are medium
and high. This is due to the onset of tree saturation
at medium and high network traffic loads. Develop-
ment of an analytical model for multibuffered multi-
stage interconnection network with different switch
architectures by considering the correlations between
consecutive clock cycles as well as the states of the
buffers in the adjacent stages is currently nnderway.
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