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Abstract

This paper describes a new parallel architectural system which we have called an MIMD-
SIMD hybrid system. As the name implies, MIMD-SIMD hybrid system (also denoted as
hybrid system in this paper) is a combination of both SIMD and MIMD systems working
concurrently to produce an optimal architecture. This new parallel architecture has the capa-
bility of achieving speedup rates more than its corresponding MIMD architecture can achieve
alone. We introduce our new SIMD concept and also show the contribution of the SIMD on
this hybrid system. We have also developed a general formula for determining the speedup of
the hybrid system so that accurate predictions can be made on the performance of the hybrid
system. A MIMD-SIMD hybrid system was constructed and was used to implement on a vi-
sualization algorithm.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Today, computer problems are not only getting bigger but they are also getting
more complicated. The range and complexity of computer applications grow because
we strive to achieve a more correct representation of reality. At the current rate of
progress, it is likely that the complexity of computer applications may outgrow
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the rate of increase in the processor technology. Hence there is a need for higher per-
formance systems. Higher performance systems can be achieved by concurrent exe-
cution of programs either on a single processor or multiple processors. Parallel
computing has in fact emerged as an indispensable tool for problem solving in many
scientific domains. Some of these exciting problem areas include medical imaging, fi-
nancial modeling applications and computer visualization, just to name a few. With
the availability of increasingly faster and cheaper processors, parallel processing has
become even more feasible and realizable. The majority of the parallel computers de-
veloped to date are based on processors built using the Von Neumann principle.
Flynn produced a taxonomy of parallel machines that is widely used and classifies
computers according to how they process the program instruction and data streams.
We thus embarked on the task of integrating the taxonomy concept and developed a
very new architecture suitable for most parallel applications. This new architecture is
called a MIMD-SIMD hybrid system and we have developed an application suitable
for this architecture. We have also formulated the speedup equation which can pre-
dict the effects of parameter change in this hybrid system. We have also verified the
correctness of the equation. Our focused application is on a computer visualization
application, namely volume rendering using a Ray-Casting algorithm. Not only can
the algorithm be parallel at the pixel level, its very highly data-parallel nature makes
it advantageous for used in massively parallel systems. Ray-Casting is also known to
produce accurate rendering of images as it generates images directly from the data
values without creating intermediate geometric representations. The basic idea of
this direct volume rendering is the simulation of light interaction and hence it is very
view dependent i.e. requiring re-calculation each time the view changes. This in turn
makes it a good research prospect for parallelization with the general goal of speed-
ing up the computation without sacrificing image quality [1].

1.1. Related work

Visualization of scientific or medical data is an area of computer graphics of in-
creasing interest. Fast visualization such as volume rendering is one of the common
uses of parallel processing. Volume rendering is a very computationally intensive
task involving large volumes of data [6]. In the past, many researchers have investi-
gated several methods to improve the computational task of volume rendering, in-
cluding the use of large and powerful supercomputers. However, it has drawbacks
e.g. making the processes becoming computationally expensive. Some researchers
have tried to use parallel architectures to enhance the computational performance.
Most parallel algorithms for volume rendering are categorized into direct Ray-Cast-
ing of volume data for MIMD (e.g. for IBM SP2 [12], nCube 6410 [7]) or SIMD sys-
tem [1,5]. A parallel algorithm for a message passing MIMD machine was also
implemented on a Pixel 5 multi-computer [3]. It employed a heterogeneous multi-
processor architecture that comprised graphics processors, Renderers, RISC based
distributed memory machines connected in a token ring network topology. Though
it was able to achieve fast processing, the system had the disadvantage that it lacked
modularity due to its heterogeneous nature. Tasks are also system specific with each



L.C. Sim et al. | Parallel Computing 29 (2003) 21-36 23

MIMD system being responsible for a specific type of purpose. The high computa-
tional requirements of visualization also led to the development of special-purpose
systems. Pfister and Kaufman [11] developed a special purpose visualization machine
called Cube-4 which is capable of fast visualization. The architecture uses distributed
interleaved memory and several parallel processing pipelines. Though the system was
able to achieve fast performance (4D visualization i.e. 3D data over time), Cube-4
however, is a dedicated special purpose machine for volume rendering and its hard-
ware cost is high. Using special purpose hardware also mean that it loses its flexibil-
ity for other applications.

2. A new parallel architecture—MIMD-SIMD hybrid system (Hybrid 4PE)

Essentially, the MIMD-SIMD hybrid system is a new form of parallel architec-
ture in that it is a combination of both single instruction multiple data (SIMD)
and multiple instruction multiple data (MIMD) systems.

The concept of this hybrid architecture is to make use of ‘Off-The-Shelf’ compo-
nents and standard components and thereby making the hardware easier to maintain
and also lower in cost. We have constructed and investigated a prototype hybrid sys-
tem and have named this new cluster Hybrid 4PE. As the name implies, the config-
uration of our hybrid system involves using 4 PCs networked together and in each
PC, a Systola 1024 card is installed for fine granularity (see Fig. 1). The Systola
1024 boards make use of the Instruction Systolic Array concept [15]. This is dis-
cussed in greater detail in Section 3 of this paper. As the Systola 1024 is a new par-
allel computer in its prototype stage, we also present its architecture in Section 4.
The PCs in the cluster were 333 MHz homogenous systems running Windows NT
operating system and the network connection between them was via fast ethernet.
Inter-PC communication was accomplished using message passing interface (MPI)
routines. In our case, we used a new Window NT compatible MPI software,
PaTENT MPI, which is compliant to the MPI-2 message passing standard. The mes-
sage passing programs were written as sequential code and were basically a commu-
nication library that facilitates the parallelization of codes to run on multiple CPUs

Fig. 1. MIMD-SIMD hybrid system architecture.
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across network. Due to the modularity feature of such a system, additional hybrid
nodes can always be easily inserted into the cluster as and when need arises.

3. Concept of instruction systolic array

In the hybrid system, there is fine granularity and coarse granularity working con-
currently. Fine grain performance is provided by the SIMD and in our case, it is the
Systola 1024 also known as the instruction systolic array (ISA) processor. The Syst-
ola 1024 is a quadratic array of identical processors, each connected to its four direct
neighbours. The array is synchronised by a global clock that runs at a 50 MHz clock
rate. The processors are controlled by instructions, row-selectors, and column-selec-
tors. Instructions enter from the upper left corner of the processor array, and from
there they move step by step in horizontal and vertical directions through the array.
This guarantees that within each diagonal of the array the same instruction is active
during each clock cycle. The selectors also move systolically through the array (the
row-selectors horizontally from left to right, the column-selectors vertically from top
to bottom). The selectors mask the execution of the instructions within the proces-
sors; i.e. an instruction is executed if and only if both selector bits, currently in that
processor, are set to one. Otherwise, a no-operation is executed. This construction
leads to a flexible structure which creates the possibility of very efficient solutions
for a large variety of applications, e.g. image processing [2,13,14].

The upper image of Fig. 2 shows two consecutive instructions and all row and col-
umn selectors are active. The lower images depict the execution of these instructions
in the first four cycles. Each processor has read and write access to its own memory.
Besides that, it has a designated communication register (C-register) that can also be
read by its four neighbour processors (CINORTH], CIWEST], C[SOUTH], C[EAST]
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Fig. 2. Control flow in an ISA.
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which denotes the C-register of a processor’s neighbour). Within each clock phase
reading access is always performed before writing access. Thus, two adjacent proces-
sors can exchange data within a single clock cycle in which both processors overwrite
the contents of their own C-register with the contents of the communication register
of its neighbour. This convention avoids read/write conflicts and also creates the pos-
sibility of performing aggregate functions within one instruction (or a constant num-
ber of instructions). Aggregate functions on a processor array are associative and
commutative functions to which every processor provides an argument value. As
they are commutative and associative, aggregate functions can be evaluated in many
different ways (orders). The ISA supports top—down column operations and left—
right row operations, due to the systolic flow of the instructions. Thus, an aggregate
function can be implemented on the ISA by executing it firstly on all columns, plac-
ing the corresponding results within the last processor within each column, and sec-
ondly applying the aggregate function to these results in the last row, executing it
within the last row (left-to-right). Simple examples of aggregate functions are the
sum of all and the maximum of all. Other important operations that can be executed
particularly well on the ISA are row broadcast (left-to-right), column broadcast (top—
down) and ring-shift operations.

Row broadcast (C:=C[WEST]): Each processor reads the value from its left
neighbour. Since the execution of this operation is pipelined along the row, the same
value is propagated from one communication register to the next, until it finally ar-
rives at the rightmost processor. Note that the row broadcast requires only a single
instruction.

Row ring-shift (C:=C[WEST];, C:=C[EAST]): The contents of the C-registers
can be ring-shifted along the processor rows by two instructions. Every two hori-
zontally adjacent processors exchange data (using one read left and one read right
operation). Because of the instruction flow from west to east, this implements a
ring-shift. Of course, a column ring-shift can be executed in the same way.

4. Architecture of the Systola 1024

The parallel computer Systola 1024 is a low cost add-on board for standard PCs.
The ISA on the board is integrated on a 4 x 4 array of processor chips. Each chip
contains 64 processors, arranged as an 8 x 8 square. This provides 1024 processors
on the board. In order to exploit the computation capabilities of this unit, it is nec-
essary to provide data and control information at an extremely high speed. There-
fore, a cascaded memory concept is implemented on board that forms a fast input
and output environment for the parallel processing unit. For the fast data exchange
with the processor array there are rows of intelligent memory units at the northern
and western borders of the array. These units are called interface processors (IPs).
Eight IPs are integrated on one chip. Each IP is connected to its adjacent array pro-
cessor by a single wire for data transfer in each direction. The IPs have access to an
on-board memory by means of special fast data channels, those at the northern in-
terface chips with the northern board RAM, and those of the western chips with the
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Fig. 3. Data paths in the parallel computer.

western board RAM. The northern and the western board RAM can communicate
bi-directionally with the PC memory over the PCI bus. The data transfer between
every two memory units within this hierarchy is controlled by an on-board controller
chip (see Fig. 3). Due to the limited chip area each processor has to be very compact.
In particular, it implies a bit serial data organization. The size of the local memory is
limited to 32 internal registers plus a C-register. The word-length of the data items is
16 bits. The instruction set and the internal data formats were defined such that ar-
bitrary formats for integer and floating point arithmetic could be handled.

5. Hybrid-parallelization mapping for volume data

Basically, parallelization mapping refers to the task of distributing volume data
into the required parallel architecture system’s resources [8—10]. Parallelization map-
ping for hybrid system differs slightly from the traditional parallel model such as the
MIMD or SIMD in that it is a more layered mapping. There are two layers of map-
ping required for hybrid system and we termed these as coarse parallelization map-
ping (CPM) (Fig. 4) and fine parallelization mapping (FPM). The purpose of
coarse and fine parallelization is essentially for each of these mapping tasks to appor-
tion the data segment into suitable structures for loading into the MIMD and then to
SIMD, respectively. In coarse parallel algorithm, there are three possible structures
available, namely slabs, shafts and blocks.

Selection of CPM will be determined by the nature of the application algorithm.
Each slab, shaft or block is in fact a series of segmented data slices. The distance be-
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Fig. 5. Fine parallelization mapping.

tween two adjacent slices is a voxel distance apart. In the finer aspects of paralleliza-
tion mapping (FPM), two possible structures exist, namely strips and square tiles.
Each strip or square tile is a representation of a segment of an image slice from
CPM. For example, in a 64° volume data, the data for each slice of image is
64 x 64 pixels and it can be loaded into the Systola 1024 using either of the two ways
shown in Fig. 5. Conceptually, there are 3 x 2 or a total of six different possible com-
binations of hybrid—parallelization mapping available for this new form of architec-
ture.

In our visualization application i.e. volume rendering application using the
Ray-Casting approach, we need to composite all of the data slices for the final com-
putation of the pixel’s intensity. Also in the rendering pipeline, there is a need for
acquiring six adjacent neighbouring voxel values for computation and a symmetrical
loading structure would be preferred. Hence the slab for coarse parallelization into
the MIMD and square tiling has been chosen as the fine parallelization mapping into
the SIMD.

6. SIMD contribution to hybrid computing

Like all parallel architectures, it would be useful to establish the connection be-
tween the contribution of the SIMD to the hybrid system. Determining the hybrid
speedup formula would help us to predict the expected performance of the cluster
even before investment is poured in.
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6.1. Establishing the hybrid speedup

The speedup of parallel processing is often determined by using the ‘Before and
After’ approach. In other words, speedup is a measure of the processing time before
implementing parallel processing over the processing time after parallel processing.
In MIMD architecture and applying Gustafson’s law [4], speedup can be expressed
as:

I+ N(T)

Speedup = L+T, (1)
where: T; is serial processing time; 7, is parallel processing time; N is number of
MIMD processors.

In the context of the hybrid system, the processing time 7, can be again further
subdivided into its serial and parallel processing components for its incorporation
of the SIMD systems. Assuming that each SIMD system is homogenous to the
MIMD machine, i.e. has the same processing speed and completes the required
SIMD task in one pass, Eq. (1) can be re-written as:

T, + N(Ty + PI,) T, + NTy + NPT,
I+ T+ 1T, Ii+T+ 1,

SpeedupHybrid = (2)
where: T is serial processing time for SIMD; 75 is parallel processing time for SIMD
at MIMD speed; P is number of SIMD processors.

This, we do by substituting 7, process in the numerator by 7; + PT>. The denom-
inator, which is the total processing time of hybrid system, is the summation of the
serial of the SIMD and MIMD and the parallel times in the SIMD (i.e. Ty + 71 + 7).

The speedup equation (2), however, has assumed that both SIMD and MIMD
have similar processing performance. This is an unlikely scenario. In our Hybrid
4PE model for instance, the SIMD is the Systola 1024 and the MIMD is the PC run-
ning Windows NT and both have different level of performance efficiency. The
SIMD performance efficiency is also largely dependent on the SIMD processing
speed as well as the code portability. This is because in SIMD systems, code re-gen-
eration is required as most SIMD architectures require programming of codes in
low-level language. The conversion ratio, X, is the term which caters for the difference
in the SIMD and MIMD processing speed as well as for code transformation from
MIMD to SIMD. We can measure the conversion ratio, by taking the time for the
MIMD system to run the same code that the SIMD takes to run. On careful analysis,
we can ascertain that the time taken for processing 75 is in fact equal to the product
of the total SIMD processing time and the conversion ratio. We can equate the fol-
lowing:

T = XTima (3)
where: conversion ratio, X is ratio of processing time for MIMD to run code seg-

ment over processing time for SIMD to run same code segment; Tynq 1S total pro-
cessing time in SIMD.
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Fig. 6. Hybrid system processing time.

The total time that the program takes to run using the hybrid system is equal to
the serial time of both the master station and the MIMD system and the parallel time
in the SIMD (refer to Fig. 6). From Eq. (2), we can now re-write the speedup equa-
tion for any hybrid systems as:

I+ T + Tima

Conversion factor ratio, X and Tynq Will balance each other so that the numer-
ator always remains a constant. This is rightly so as the numerator represents the
processing time prior to any parallelization and this value is independent of any
SIMD processing speed. Any change in the SIMD processing speed should only
affect the denominator. Effectively, by simple algebra, we can re-write Eq. (4) as fol-
lows:

SpeedupHybrid =

(1-=N)T  (PX —1)(NTiima)

— N+
T+ Tgma + T T1 + Tgma + T

(5)

As a guiding principle, we can check the correctness of Eq. (4) by reverting it back
as an MIMD system. In this, we make Ty,q equals zero (i.e. no SIMD) and 7| ap-
proaches T},. The result of the hybrid speedup then becomes:

1ML (=0T _y (=
T4+ Tima + T T+ Tima+ T ) T+ 1T,

lim (N + (6)

n—Tp

As expected, this is consistent with Gustafson’s law.
6.2. Effect of SIMD processing speed on hybrid speedup

Having established the hybrid speedup equation, we would like to determine the
upper and lower bounds of the above equation. For a fixed problem size of a partic-
ular application, 7; and 7 should remain constant and the only parameter that is
likely to change is the Ty,4 i.e. varying the SIMD speed. Hence, the lower limit of
the equation should be when Ty,q is very large i.e. very slow SIMD system. The
equation becomes:
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lim

Tgimd —

@+ (1-MT  (PX = 1)(NTiima)

=N+0+(PX —1)N =PXN
T + Tima + T 1) + Tima + T > ( )

(7)

Conversely, the maximum limit of any hybrid speedup is achieved when the Tgng
is very small i.e. very fast SIMD processing speed such that processing time ap-
proaches zero while the values of 7; and 7} remains unchanged. This will therefore
result in the speedup as:

lim (N +

T5ima—0

(1-N)T, UW—DWmm):N+a—Nm .
T+ Tima + Ty T+ Tyima + T Ty +Th
If we were to sketch the graph of speedup versus SIMD processing represented by
Tyima, it can be ascertained that the sketch of the graph for a given SIMD is an ‘S’
curve (see Fig. 7). The SIMD speed and Tyy,q are inverse to one another in that as the
SIMD processing speed gets faster, Tgnq gets smaller. The asymptote indicates the
maximum limit of any hybrid system’s speedup.

Data loading and unloading time from the MIMD to SIMD and vice versa is a
time to be taken into account in Ty,q i.e. the processing time in SIMD. Similarly
the data loading from the Master Station to the MIMD system is a time to be incor-
porated in the serial part of MIMD, T;. From the graph sketch and Egs. (7) and (8)
formulated above, we can derive at the following two rules:

Rule I: For a fixed problem size, increasing the SIMD processing speed increases
the speedup of the hybrid system.

Rule 2: For a fixed problem size, the range of hybrid system speedup is from
PXN to

(1-N)T;

N
* T, +Th

Speedup A
N4 1-N)T;
T, +T,
PXN SIMD
speed

Fig. 7. Sketch of speedup vs SIMD.
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6.3. Effects of increasing the problem size

In many practical applications, the problem size grows. When the increase in
problem size can be formulated into a data parallel or function parallel problem,
such an increase can be distributed across the various nodes for fine-grain processing
in the SIMD or processed in the MIMD nodes respectively.

In the case of data parallel problems, speedup for these applications can be ex-
pected to increase if these additional data can be distributed evenly and each process-
ing element performs the same amount of computation on them i.e. we need to
divide the problem size equally and make the PE busy all the time. In such a case,
the proportion of parallel task for the SIMD increases. The drawback of this in-
creased problem size is that it leads to an unfortunate increase in data loading time
and hence increases the communication time. However, with applications having
favorable ratio of the parallel computation task to the data communication task,
better speedup is expected. In the same manner, if the problem size growth can be
formulated to function in parallel, this growth can then be parallelized to improve
its speedup. In volume visualization applications, the problem size can grow in
terms of the volume data, which is a data parallel problem. It is therefore antici-
pated that the speedup of the task will increase when a larger problem size is being
processed.

6.4. Increasing of array processors

An important assessment consideration for any SIMD system is its data loading/
unloading time. In fact in many applications, there is a requirement for each SIMD
to run many times before completing its required task. Each time the SIMD is called
to process, data loading/unloading is required. Effectively, Tynq is made up of two
components, data loading/unloading time (7,,) and execution time (7¢) i.€.

Tsimd - Trw + Texe (9)

Expressing T}, and T.,. as a factor (R) of the SIMD processing time.
Trw = RTsimd

Texe - (1 - R>Tsimd

Increasing the number of array processors basically has two implications to the
SIMD. One, it is essentially to reduce the number of calls to SIMD since more pro-
cessors means more data can be computed at any one time and secondly, it also re-
duces the total SIMD processing time. Taking the increase of the array processor by
a factor of 4 as an example, (i.e. the n x n array of processors of the Systola is now
increased to 2n x 2n), the increase in either the number of rows or columns is only by
2 times. Hence, it can be said that though the Ty, processing time decreases by a
factor of 4 (i.e. 2 x 2), the data loading increases by only a factor 2. From Eq.
(9), we can express this new SIMD processing time, 7}, in terms of the original
SIMD processing time as:
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(1 = R) Tima _ Tiima + TRTiima

Tima = 2RTsma + (10)

4 4
For any improvement in SIMD processing performance, this means that:
Tiima > T (11)
1 — R) Tiim 3
Tsimd > 2RT5ima + % =R< 5 (12)

This means that for any data loading/unloading time that is less than 3/7 of the Tyq
time, a 2 times increase in the number of rows and column will result in the SIMD
processing time to be reduced. From Rule 1 above, this also translates to mean that
the speedup will also increase. Reformulating Eq. (10) for the general case, we get:

l1-R Tsim
Tiima > nRTgma + (n% (13)
n?—1

where n: factor increase in both rows and columns of array processor.

7. Performance results

We have implemented and evaluated the hybrid system architecture as described
and have made use of it to process a volume rendering application. The result of the
performance has been encouraging. Using the volume rendering routines, we have
managed to measure the conversion ratio X, of the Systola board and the Tg,4 for
our visualization. As the value of X can be very small, we find the value of P times
of X (i.e. PX) instead by running the code for P number of times. This, we found to
be 4.0. We have used C++ routines to accurately time our models for a 256 data of
a human spine data and a 64° of a symbol structure model. Table 1 depicts the ren-
dering time for various configurations using different number of PCs in the hybrid
cluster for two different models. The measured speedup can be easily obtained by di-
viding the processing time of the application that does not have any parallelization

Table 1
Performance results for volume rendering using MIMD-SIMD hybrid system
Model Cluster size with SIMD PC w/o SIMD
1 PC 2 PC 3 PC 4 PC
Processing time (s)
Spine 18.61 12.67 7.36 5.65 42.0
Symbol 0.34 0.23 0.22 0.15 0.78
Speedup (spine) 2.25 3.31 5.71 7.43 1.00

Speedup (symbol) 2.29 3.39 3.55 5.20 1.00
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with the various clusters having different number of PCs. In each of the PCs inside
the MIMD nodes, the Systola 1024 has been added to function as the SIMD.

Table 2 shows its corresponding speedup using the usual MIMD system (i.e. each
MIMD PC does not have a SIMD card). Evidently, the speedup performance of the
hybrid system surpasses that of the MIMD system alone. This is due to the contrib-
uting factor of the SIMD in the MIMD. It is pertinent to note the conversion ratio
will differ from application to application. The reason being that the performance ef-
ficiency of most SIMD systems improves when application uses integer computation
as opposed to floating-point computation. Also, one of the strengths of our SIMD
(Systola 1024) is in performing aggregate functions. Such functions when widely im-
plemented in the algorithm will yield high performance results as compared to those
which do not.

Table 2

Performance results for volume rendering without SIMD in the MIMD system
Model Cluster size without SIMD

1 PC 2 PC 3 PC 4 PC

Processing time (s)
Spine 42.0 28.1 16.47 12.73
Symbol 0.78 0.53 0.47 0.30
Speedup (spine) 1.00 1.50 2.55 3.30
Speedup (symbol) 1.00 1.47 1.66 2.60

Table 3

Comparison between the measured and predicted speedup (spine) (Panel A); (symbol) (Panel B)
Parameters Cluster size

4 PC 3 PC 2 PC 1 PC

Panel A
Computed hybrid speedup (spine)
T. 0.76 0.78 3.23 0.01
T 3.41 4.37 6.31 12.22
Timd 1.55 2.04 3.10 6.21
Predicted speedup 6.86 5.34 3.22 2.01
Measured speedup 7.43 5.71 3.31 2.25
Panel B
Computed hybrid speedup (symbol)
T: 0.01 0.01 0.01 0.00
T 0.10 0.18 0.13 0.24
Timd 0.024 0.024 0.049 0.098
Predicted speedup 5.92 3.91 3.50 1.87
Measured speedup  5.20 3.55 3.39 2.29

See Fig. 8(a) and (b).
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Special attempts have been made to ensure that there is even load balance
achieved in each of the nodes. The load balance technique used is the Slice Orienta-
tion algorithm [16]. The algorithm basically orientates the image slices to be either
vertical or horizontal depending on the viewing angle. If the viewing angle is less
than 45°, the slices are orientated horizontally, otherwise, they are orientated verti-
cally. In so doing, we are able to achieve a balanced number of voxels per slice for
loading into each of the SIMD. In the volume rendering algorithm, larger volume
data tends to exhibit higher speedups. The increased in volume data are being dis-
tributed over the nodes into SIMD for fine-grain processing and as expected, the
speedup increases.

Table 3 (see Fig. 8(a) and (b)) compares the actual measured speedup of two mod-
els (spine and symbol) with its predicted speedup. The predicted speedup was ob-
tained using the hybrid speedup equation that was derived earlier. We found the
two sets of values to be relatively close. The discrepancies are likely to be introduced
due to the measuring of processing time as well as from the truncation errors. These
discrepancies tend to be slightly larger if the measured time is small.

Measured and Predicted Speedup(Spine)
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Fig. 8. Comparison between the measured and predicted speedup (spine) (a); (symbol) (b).
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8. Conclusion

We have introduced a new type of parallel architecture which we called MIMD-—
SIMD hybrid system consisting of both SIMD and MIMD parallel systems func-
tioning at the same architecture. The hybrid system, in general, is able to achieve
speedup higher than what its corresponding MIMD system can achieve. Not only
is the Hybrid 4PE scalable, it is also a low-cost system using ‘Off-The-Shelf’ compo-
nents and without any proprietary or dedicated hardware. In the Hybrid 4PE, com-
munications among stations within the cluster are accomplished using a MPI. The
SIMD system that we are using is the Systola 1024 which uses an interesting instruc-
tion systolic array concept. We have introduced the Systola 1024 architecture and its
instruction systolic array concept. Our current Systola is in a prototype stage and
there are plans to enhance it further. With the increased performance of this SIMD
or any other SIMD system, it can be expected that the performance speedup of the
hybrid system can increase by a significantly larger magnitude. This we can predict
by using our derived formula for the contribution of the SIMD on the hybrid system.
Using the speedup formula and comparing it with the visualization application that
we have developed on the hybrid system, we have found the prediction to be rela-
tively accurate. With known parameters, this formula is able to compute the speedup
for any hybrid system.
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