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Performance Evaluation of 3-Dimensional MIN
with Cache Consistency Maintenance Mechanism

YASUKI TANABE," TAKASHI MIDORIKAWA,t DAISUKE SHIRAISHI,'
MASAYOSHI SHIGENO,! TOSHIHIRO HANAWA
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In this paper we evaluate the two component architectures for the MIN-connected multi-
processors: the Piled Banyan Switching Fabrics (PBSF) and MIN with Cache consistency
mechanism (MINC). The PBSF is a high bandwidth MIN with three dimensional structure.
The MINC is a mechanism for controlling the consistency of private cache modules located
between processors and the MIN. The simulation result shows that (1) the MINC improves
performance and (2) the PBSF with cache provides the sufficient throughput.
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1. Introduction

Multistage Interconnection Networks (MINs)
have been well researched as an interconnection
mechanism between processors and memory
modules especially for the middle-scale multi-
processors. However, in the conventional MINs,
their complicated structure and pin-limitation
problem have been a stumbling block to imple-
ment.

"To address such problem, we proposed a novel
architecture of MINs, which called SSS(Simple
Serial Synchronized)-MIN in 1992V, The SSS-
MIN simplifies MIN with the synchronized bit-
serial communication: all packets are trans-
ferred serially and synchronously. Synchronized
bit-serial communication can simplify the struc-
ture/control, and also solves the pin-limitation
problem. With the simple structure, a highly
integrated chip which works with a high fre-
quency clock rate can be utilized.

In the previous works, we  proposed two
key mechanisms for SSS-MIN: Piled Banyan
Switching Fabrics (PBSF)? and MIN with
Cache Consistency mechanism (MINC)3). The
PBSF is the network topology, which provides
high communication throughput with a three
dimensional structure and multiple outlets. The
MINC is the cache system, which is installed in
the network between the MIN and processors.

For the broader study of SSS-MIN; we devel-
oped an instruction level simulator for the MIN
connected multiprocessor system. The simula-
tor is built using otir parallel simulator develop-
ment library ISISY. In this paper, we present
the design and implementation of the simulator
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and evaluation results.

In'Section 2.1, the concept, structure and con-
trol of the SSS-MIN are introduced. In Sec-
tion 2.2 and 2.3, the architecture of PBSF and
MINC is described. In Section 3, the design
and the implementation of the simulator are ex-
plained. In Section 4, the evaluatlon results are
presented.

2. Component architectures

2.1 SSS-MIN'

The basic operation of the SSS-MIN is 11—
lustrated in Figure 1. Like the ATM (Asyn-
chronous Transfer Mode)-based packet switch-
ing systems for telecommunication, all packets
are inserted into the SSS-MIN serially synchro-
nized with a common frame clock. Since each
switching element stores only one bit (or a few
bits) of the packet, the SSS-MIN behaves like a
set of shift registers with a switching capability.
After cycles for passing through all stages, the
packet headers come out at the output of the
MIN.

When a conflict occurs, elther one of the pack-
ets has to be routed to an incorrect direction be-
cause the SSS-MIN provides no packet buffers
at each switching element. A conflict bit is set
in the routing tag of the misrouted packet so
that it is treated as a dead packet and never in-
terferes with other packets. Packets treated as
a dead packet are reinserted from input buffer

‘again in the next frame.

In order to compensate for the loss of syn-
chronization, techniques called pipelined circuit
switching and stage hopping are introduced.
The details are shown in?).

2.2 Piled Banyan Switching Fabrics

The packet collision creates a large perfor-
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Fig.1 Structure of the SSS-MIN

mance overhead, because the packet which
routed to incorrect destination has to be rein-
serted again in the next frame. To address this
problem, we proposed the Piled Banyan Switch-
ing Fabrics(PBSF)?). ’

In the PBSF, banyan networks are con-
nected in the three dimensional direction (Fig-
ure 2). Each switching element provides four
inputs/outputs(two for horizontal, and two for
vertical direction). Packets are inserted into
the highest layer of banyan network, and trans-
ferred to the horizontal direction. When two
packets collide, one of them descends to the cor-
responding switching element in the next lower
layer with one clock delay. The descending
packet may collide again with packets that are
already in the next layer. In this case, one of
them is sent further down to the next lower layer
network.

If the collision were happened at the bottom
layer, the descending packet is simply discarded.
As already explained, the dead/discarded pack-
ets are re-inserted to the network in the next
frame.
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Fig.2 Piled Banyan Switching Fabrics

2.3 MINC

2.3.1 The directory management method

To reduce latency and congestion in the MIN,
a cache system is indispensable between the pro-
cessors and MIN.

We proposed a cache consistency mainte-

nance hardware for MIN called MINC (MIN
with Cache Consistency mechanism)®.

Unlike several networks which combine MINs
and caches®?®), the key idea of the MINC is
a cache directory scheme called the RHBD?),
which was proposed for a massively parallel pro-
cessor JUMP-18), This technique can be easily
applied to the MIN because of its embedded tree
structure. : ‘

2.3.1.1 RHBD scheme

In this scheme, the bit-map of the hierarchical
directory is equipped only in the main memory
module and reduced using two techniques.

o Using the common bit-map for all nodes of

the same level of hierarchy (tree)

o Sending a message to all children of the
node (thus, broadcasting) when the corre-
sponding bit in the map is set.

The reduced directory is not stored in each hi-
erarchy but stored only in the root. Message is
multicasted according to the reduced bit-map
attached to the message header. Using this
method, a message is quickly transfered since
multicast does not require to access the direc-
tory in each hierarchy level.

3. Instruction level simulator and its
model

3.1 An instruction level simulator

Although various performance evaluation re-
sults are presented for MIN, most of them are
based on probabilistic assumptions with some
exceptions®®). However, in order to evaluate
performance of cache consistency mechanism
MINC, instruction level simulation is required.

We developed an instruction level simulator
for MINs by using a simulator development li-
brary called “ISIS”4). ISIS is an architecture in-
dependent simulation kit for multiprocessors. It
includes various small simulators called “Units”
such as processors, buses, memories, and I/O
devices. The simulator supports execution of
MIPS executable binaries.

We developed new ISIS models for the PBSF
“and MINC. Also for a comparison, we developed
a traditional wormhole MIN model.

3.2 Simulation model: SNAIL-2

Qur instruction level simulator is based on
the architecture of SNAIL-2. SNAIL-2% is the
second prototype of an SSS-MIN multiproces-
sor. It was developed mainly for evaluating the
PBSF and the MINC with practical applica~
tions. ‘

As shown in Figure 3, the PBSF connects th
processing units with the shared memory mod-
ules.
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Fig.3 The structure of the SNAIL-2

4. Evaluation with instruction level

simulation

Table 1 shows the default parameters used in
a simulation.

Table 1 Environment

Number of PUs i 1-64
Cache
size 256KB / PU
Number of ways 2-way
line size 32 byte
Data Trans. Network
Number of Layers 2-layer
Frame Clock 40 clock
Link Width(PU->MM) 16 bit
Link Width(MM->PU) 8 bit
C.Coherent Network
Switching Element 1/0 4x4

Pruning cache 512 entry X 2 way / Sw

For evaluation, we implemented four appli-
cations: Radix, FFT, LU and Ocean from
SPLASH-II benchmark suits!®.

e Radix is a parallel radix sorting program.
Since the shared data is small, it does not
require frequent data exchange or synchro-
nization. 131072 items are sorted.

e FFT is a parallel fast /n basis Fourier’s
transform with 6-step algorithm. The data
exchange is minimized among the proces-
sors. The size is set to be 216,

e LU is a parallel LU decomposition program
for a 192 x 192 matrix.

e Ocean is an ocean tide simulation program
based eddy and boundary currents. Since a
large data is shared among the processors,
it requires the frequent data exchange. The
target grid size is set to 130 x 130.

4.1 Performance of SNAIL-2

Figure 4 shows the performance versus size
of SNAIL-2. The result is normalized to that
with 1 PU for each application. As seen in
the figure, the performance of the SNAIL-2 is

improved even with 64 PUs in FFT, LU and
Ocean, whereas it is degraded in Radix.
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Fig.4 Speed up ratio

4.2. Performance evaluation of PBSF

4.2.1 Number of layers of PBSF

Figure 5 (a) and (b) compare the ratio of con-
flicting packets when LU is executed with or
without the cache.

The peérformance is much improved for adding
the first extra layer. It is saturated, however, af-
ter the second additional layer. Considering the
required hardware and output pins, the PBSF
with 2 layers is the optimal in this situation.

-
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Fig.5 PBSF packet conflict ratio

4.2.2 Comparison with traditional MINs

To investigate the advantages and disadvan-
tages of the PBSF, we also simulated a tradi-
tional wormhole MIN. Figure 6 (a) compares
the results of the both networks. The perfor-
mance is normalized to a system with 1 PU.
Note that, for the traditional MIN, the MINC
cache coherent control could not be applied. So
the PBSF SSS-MIN is evaluated with/without
cache, while only the traditional MIN without
cache is evaluated.

In the system with 16 PUs, the performance
of the PBSF SSS-MIN without cache is less
than that of the traditional MIN. This is mainly
for the overhead of packets synchronization and
serialization. Meantime, the performance of
PBSF SSS-MIN with cache is almost the same
as those of traditional MINs. In the system with -
64 PUs, the PBSF SSS-MIN out performs the
traditional MIN in performance even without
cache.

Figure 6 (b) compares the read latency of each
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Fig.6 PBSF compared with general MIN

network in Radix. This shows the read latency
is directly influences to the performance. In the
SSS-MIN, extra wait cycles are needed for all
packets to synchronize with a common frame
clock. This extra cycle makes the latency of the
network longer.

4.3 Performance improvement by -us-

ing cache

In this discussion, we focus on the cache per-
formance of the systems with 16 PUs and 64
PUs. Figure 7 shows the performance gain ra-
tio of the system with cache. As seen in the
figure, the cache improves the execution time
at most 130% and at least 10%.
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Fig.7 Cache effect on performance

The cache reduces the number-of accesses to
shared memory and lightens the network load.
As aresult, the packet conflict rate is decreased.

This effect greatly contributes to the network.

performance because the packet conflict adds
a large extra latency to the access time — as

already explained, the SSS-MIN re-inserts the

conflicting packets in the next frame.

5. Conclusmn

We evaluated the PBSF and MINC w1th.

an instruction level simulator; the PBSF and
MINC are the two important component ar-
chitectures for the MIN-connected multiproces—
sors. -

2-Layer PBSF topology achieves ‘a hlgh
through-put-even with the large scale system as

64PUs. In the low congestion network however, -

the SSS-MIN has poorer performance than the
traditional wormhole MIN because of the larger

network latency.

The MINC technique allows a system to use
a coherent shared data cache in the network
between MIN and processor. The shared data
cache decreases the congestion of data trans-
fer network thereby much improves the network
performance.  The MINC network achieves a
satisfactory performance on the cache coher-
ent packet transaction when the system size is

small.
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