Large-scale parallel
processing systems
Parallel processing is widely perceived to be the way forward to greater
computer power. Howard Jay Siegel, Thomas Schwederski,
David G Meyer and William Tsun-yuk Hsu give examples of parallel
algorithms, explain the different parallel interconnection strategies and
highlight some microprocessor-based parallel computers

Parallel processing is an area of growing interest to the
computer science and engineering communities. This
paper is an introduction to some of the concepts involved
in the design and use of large-scale parallel systems.
Parallel machines that are classified as SIMD (synchronous)
and MIMD (asynchronous) systems, composed of a large
number of microprocessors, are explored. Parallelalgorithms
are examined, using image smoothin& recursive doubling
and contour tracing as examples. Single stage and multistage
networks are discussed. The single stage Cube, PM21, Four
Nearest Neighbor and Shuffle-Exchange networks are
presented, and the multistage Cube network is described.
Case studies of three microprocessor-based systems are
given as examples of parallel machine designs, specifically
the MPP SIMD machine, the Ultracomputer MIMD system,
and the PASM SIMD/MIMD machine.
parallel computers

parallel algorithms

interconnection networks

Many of today's scientific and industrial problems require
enormous processing power. Examples of such computations are aerodynamic simulations, air traffic control,
ballistic missile defence, biomedical image processing,
chemical reaction simulations, fluid dynamics studies,
map making, seismic data processing, satellite-collected
imagery analysis, missile guidance, plasma physics simulations, robot vision, speech understanding, weather
forecasting and VI~I design automation algorithms. The
common factor among these applications is, in terms of
computational requirements, a 'need for speed.' This
need is generally a result of the time constraints on
attaining the results combined with the computational
complexity of the algorithms involved and the sizes of the
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data sets to be processed. To be able to solve these
problems in a reasonable time, e.g. calculate a 24-hour
weather forecast in less than 24 hours, very powerful
computer systems are needed. To increase computational
power, different approaches may be taken. For example,
faster technology can be used, or special-purpose
hardware with a narrow scope of functionality can be
designed. An approach to enhancing computational
speed that is receiving increasing attention is parallel
processing, i.e. the use of a collection of computers
coupled in some way to work together to perform a single
overall task. Many ways to combine computers have been
proposed and implemented.
In this paper, aspects of the design and use of largescale parallel processing systems are overviewed. Following a classification of parallel processing systems, parallel
algorithms are discussed. Interconnection networks for
large-scale systems are described. Finally, case studies of
three parallel computer systems are presented. While
many parallel computer systems employ complex processors constructed from discrete components, the three
systems overviewed here use commercial or custom
microprocessors as their computing nodes.

MODELS A N D MODES OF PARALLEL
COMPUTER SYSTEMS
Two basic models of parallel computer systems are
shown in Figures 1 and 2. The processor-to-memory
model (Figure 1) assumes N processors on one side of a
bidirectional network and N memory modules on the
other side. In the PE-to-PE model (Figure 2), PE i is
connected to input i and output i of a unidirectional
interconnection network, where each PE (processing
element) is a processor paired with its own memory.
Two of the modes of parallelism described in a
taxonomy originated by Flynn 1 are the SIMD and MIMD
modes. These modes will be described in terms of the PEto-PE model. SIMD stands for 'single instruction, multiple
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SIMD/MIMD machines. MSIMD machines are wstern.~
which can be reconfigured into a number of smaller
independent SIMD machines of various sizes. Proposed
MSIMD systems are MAP 16' 17 and the original design for
the Illiac IV 2' 18. Partitionable SIMD/MIMD machines can
be partitioned into smaller independent machines ot
different sizes working in SIMD o r M I M D mode. Examples
of partitionable SIMD/MIMD systems are PASM19,
TRAC 20 and DCA 21

Figure 1. Processor-to-memory
parallel
machine
configuration with N processors and N memories
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data' stream. An SIMD machine may consist of N PEs, an
interconnection network which provides communications
between PEs, and a single control unit (Figure 3). The
control unit broadcasts instructions to all the PEs, and all
enabled PEsexecute the same instructions simultaneously.
Thus, there is a single instruction stream. Each PE operates
on its own data from its memory. Hence, there are
multiple data streams. Examples of SIMD machines that
have been built are the Illiac IV 2, Staran 3, MPP 4' s and the
Connection Machihe 6. IBM's GF117 is an SIMD machine
currently under construction.
M I M D stands for 'multiple instruction, multiple data'
stream. An M I M D machine may consist of N PEs linked by
an interconnection network (Figure 2). Each PE stores and
executes its own instructions and operates on its own
data. Therefore, there are multiple instruction streams and
multiple data streams. Examples of M I M D machines that
have been built are Cm .8-1°, the BBN Butterfly 11, the
Cosmic Cube 12 and HEP13. Proposed M I M D systems
include the NYU Ultracomputer 14 and the IBM RP3is.
Two variations on these modes of parallelism are
MSIMD (multiple-SIMD) machines and partitionable
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Designing algorithms for SIMD and M I M D machines
requires the programmer to 'think parallel'. Three examples
of parallel algorithms for PE-to-PE systems are given in this
section. Additional examples can be found in References
22-27.

A simple window-based SIMD algorithm for image
smoothing is-~onsidered 19. The algorithm has '1' as an
input image and 'S' as an output image. Assume both I and
S contain 512 X 512 pixels (picture elements) for a total
of 5122 pixels each. Each pixel of I is an 8-bit unsigned
integer representing one of 256 grey levels. The grey level
of each pixel indicates how 'dark' that pixel is, where 0
means white and 255 means black. Each pixel in the
smoothed image, S(i, j), is the average of the grey levels of
I(i, j) and its eight nearest neighbours, I ( i - 1, j - 1),
I(i - 1, j), I(i - 1, j + 1), I(i, j - 1), I(i, j + 1), I(i + 1, j - 1),
I(i + 1,j) and I(i + 1,j + 1). The top, bottom, left and right
edge pixels of S are set to zero since their corresponding
pixels in I do not have eight adjacent neighbours.
Assume an SIMD machine with N = 1024 PEs, logically
arranged as an array of 32 X 32 PEs as shown in Figure 4a.
Each PE stores a 1 6 x 16 sub-image block of the
512 x 512 image I; specifically, PE 0 stores the pixels in
columns 0 to 15 of rows 0 to 15, PE 1 stores the pixels in
columns 16 to 31 of rows 0 to 15, and so on. Each PE
smooths its own sub-image, with all PEs doing this
simultaneously. At the edges of each 16 x 16 sub-image,
data must be transmitted between PEs in order to
calculate the smoothed value. The necessary data
transfers are shown for PEJ in Figure 4b. Transfers between
different PEs can occur simultaneously, e.g. when PEJ - 1
sends its upper right corner pixel to PEJ, PEJ can send its
upper right corner pixel to PE J + 1, PE J + 1 can send its
upper right corner pixel to PE J + 2, etc.
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Figure 4. a, Data allocation and b, inter-PE transfers for
the image smoothing algorithm
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To perform a smoothing operation on a 512 X 512
image by the parallel smoothing of 1024 sub-image
blocks of size 16 x 16, 256 parallel smoothing operations
are executed. As described above, the neighbours of the
sub-image edge pixels must be transferred from adjacent
PEs. The total number of parallel data element transfers
needed is (4 X 16) + 4 = 6 8 : 1 6 for each of the top,
bottom, left side, and right side edges, and four for the
corners (see Figure 4b). The corresponding serial algorithm
needs no data transfers between PEs, but 5122 = 262 144
smoothing calculations must be performed. If no data
transfers were needed, the parallel algorithm would be
faster than the serial algorithm by a factor of 262 144/
256 = 1024 = N. If the inter-PE data transfer time is
included and it is assumed that each parallel data transfer
requires at most as much time as one smoothing
operation, then the time factor improvement is 262 144/
324 = 809. The inter-PE transfer time approximation is a
consewative one. Thus, the overhead of the 68 inter-PE
transfers that must be performed in the SIMD machine is
negligible compared to the reduction in smoothing
operations.
The last step is to set to zero the edge pixels of S. This
creates an additional (although negligible) overhead
which is to enable only the appropriate PEs when the zero
values are stored for these edge pixels (only enabled PEs
execute the instructions broadcasted). Serially, this would
require (4 x 5 1 2 ) - 4 = 2044 stores, and in the SIMD
machine only (4 X 16) = 64 parallel stores.

Recursive doubling
Recursive doubling is a technique that is used to speed up
parallel computations, such as summing all elements of a
vector. In a serial computer, avariable would be initialized
to the value of the first element of the vector, and all
subsequent elements would be added to this variable. If
the vector contained N elements, N - 1 additions are
required. Assume that on an SIMD machine the vector is
distributed among PEs, i.e. each of the N PEs holds one
element. If the serial method were used on the parallel
machine, one processor would accumulate the result and
all other processors would send their element values to
this processor. Clearly, this still requires N - 1 additions,
all performed by the accumulating processor. Thus, no
speed-up is achieved by using a parallel machine.
The recursive doubling procedure, for N a power of 2, is
illustrated in Figure 5 for N = 8. In the first step, each odd
numbered PE (i.e. 1,3, 5, 7) sends its vector element to an
even numbered PE (i.e. 1 to 0, 3 to 2, etc.). All even
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numbered PEs then add the value they received to their
own vector element, forming N/2(= 4) partial results. The
odd numbered PEs do not participate and are disabled. In
the next step this procedure is repeated. PE 2 forwards its
partial result to PE 0, while PE 6 sends its result to PE 4. PEs
0 and 4 add the new value to their respective partial
results, and all other PEs are disabled. In the last step, PE 4
sends its partial result to PE 0. PE 0 adds this value to its
own partial result, and the sum is found. In general, log2 N
additions and data transfer steps are required. This is a
significant improvement over the serial algorithm.

Contour extraction
The contour extraction algorithm is designed for a system
capable of operating in both the SIMD and M I M D modes
of parallelism 28' 29. A contour in an image is the boundary
of some feature of the image. Two algorithms from a
contour extraction task are edge-guided thresholding
(EGT) and contour tracing. The SIMD EGT algorithm is
used to determine a set of optimal thresholds for
requantizing the image, i.e. translating each pixel from a
grey level value to either black (1) or white (0) depending
whether it is above or below the threshold 3°. The M I M D
contour tracing algorithm uses the set of thresholds to
segment the image and trace the contours. It is assumed
that the image to be processed is distributed among the
PEs as in the smoothing example.
There are two major steps in the SIMD EGT algorithm.
First, the Sobel edge operator ~1 is used to generate a
'Sobel image' in which grey levels indicate the magnitude
of the gradient (i.e. the amount of change in the grey level
of the original image from one pixel to the next).
Information from the Sobel image is then used to
determine which threshold level is most appropriate for
performing the segmentation. This is done for each PE's
sub-image independently. Thus, the threshold levels may
differ from one sub-image to the next. The window-based
Sobel operator calculations and inter-PE communications
used in the SlMD EGT algorithm are very similar to those
discussed earlier for the image smoothing algorithm.
The system is switched to M I M D mode to execute the
two phases of the contour tracing algorithm. In phase I, PEs
segment their sub-image based on the threshold value
each calculated using the EGT algorithm, i.e. each PE
converts all pixels of its sub-image from grey level values
to either black or white. Within each sub-image, all
contours (collections of connected black pixels) are
traced. Some will be closed (complete), others will extend
into neighbouring sub-images (partial). In phase II, partial
contours traced during phase I are connected.
Consider phase I in more detail. Each PE creates a
segmented sub-image for a particular threshold T, and the
contour tracing starts with each PE scanning the rows of its
segmented sub-image beginning with the first pixel of the
top row. Scanning stops when a start point of a new
contour is found. A start point is a pixel with a value 1
which has a zero-valued neighbour to either or both sides.
Contours are traced in either a clockwise or counterclockwise direction and the Freeman direction codes 32 of
the 'chain' of pixels are recorded. When a pixel from an
adjacent sub-image would be required to determine the
next direction of the contour, a point of indecision is
reached. Such a point is recorded as an end point, and the
algorithm returns to the start point to trace the contour in

5

the opposite direction until another point of indecision is
reached. Closed contours that are contained within a subimage are traced completely during phase I. No inter-PE
data transfers are used.
Each PE attempts to connect its partial contours to
those located in neighbouring PEs in phase II. PEs consider
each partial contour's end point in turn and try to find a
possible extending contour in a neighbouring PE. Once
such an extended contour is found, the process is
repeated, if necessary, by following the contour to the
next PE until the contour is closed or cannot be extended.
Phase II is complete when all contours have been
connected. Inter-PE data transfers are used in this phase.
The advantage of an SIMD/MIMD machine over an
SIMD machine or an M I M D machine is demonstrated by
the contour extraction task. The EGT algorithm can be
executed more efficiently in SIMD mode, while the
tracing algorithm can be executed more efficiently in
M I M D mode. Thus, the ability of a PE to operate in either
SIMD or M I M D mode allows the most appropriate type of
parallelism to be employed by each algorithm in the task.

INTERCONNECTION

NETWORKS

The problem of how to interconnect N processors and N
memory modules to form an efficientparallel processing
system, where N may be in the range 2°to 216, is a difficult
one. The interconnection scheme must provide fast and
flexible communications without unreasonable cost. A
single shared bus, as shown in Figure 6, is not sufficient,
since it is often desirable to allow all PEs to send data to
other PEs simultaneously (e.g. as in the smoothing
algorithm). The ideal situation would be to link directly
each PEto every other PE, so that the system is completely
connected, as shown for N = 8 in Figure 7. Unfortunately
this is highly impractical for large N since it requires N - 1
unidirectional lines for each processor. For example, if
N = 21°, then 2 l° x (2 l° - 1) = 1 047 552 links would be
needed.
The crossbar switch, shown in Figure 8, is another way
to completely connect a system. In this example, the
processors communicate through the memories. The
network can be viewed as a set of intersecting lines, where
interconnections between processors and memories are
specified by the crosspoint switches at each line intersection 33. The difficulty with crossbar networks is that the
cost of the network (the number of crosspoint switches)
grows with N 2, which, given current technology, makes it
infeasible for large systems.
Many different networks between the extremes of the
single bus and the completely connected scheme have
been proposed in the literature as more cost-effective

approaches. There is no one network that is generally
considered 'best'. The cost-effectiveness of a particular
network design depends on such factors as the computational tasks for which it will be used, the desired speed
of interprocessor data transfers, the actual hardware
implementation of the network, the number of processors
in the system, and any cost constraints on the construction.
A variety of networks which have been proposed are
overviewed in numerous survey articles and books, e.g.
References 34-44.
In this section we overview four single stage networks - Cube, PM21, Four Nearest Neighbour, and ShuffleExchange--and one multistage network, Generalized
Cube. These networks can provide the communications
needed in a parallel processing system consisting of a
large number of PEs (e.g. 2 6 tO 216) which are working
together to perform a single overall task. In a single stage
network, data items may have to be passed through the
switches several times before reaching their final destinations. In a multistage network, generally one pass
through the multiple (usually log2 N) stages of switches is
sufficient to transfer the data items to their final destinations. The PE-to-PE model will be used in the section,
but the material presented is also applicable to processorto-memory systems45' 46
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The partitionability of an interconnection network is
the ability to divide the network into independent
subnetworks of different sizes47. Each subnetwork of size
N' < N must have all of the interconnection capabilities
of a complete network of that same type built to be of size
N'. Multiple-SIMD systems use partitionable interconnection networks to dynamically reconfigure the
system into independent SIMD machines of varying sizes.
The multiple-SIMD model is used as a framework for the
partitioning analyses in this section. However, the results
can also be used to partition M I M D and partitionable
SIMD/MIMD machines. Three of the networks presented
are partitionable.

Single stage interconnection networks
Consider a parallel system with N = 2 m PEs, numbered
(addressed) from 0 to N - 1. An interconnection network
can be described by a set of interconnection functions,
where each interconnection function is a bijection
(permutation) on the set of PE addresses4s. Interconnection functions represent inter-PE data transfers
using mathematical mappings. When an interconnection
function f is executed, PE i sends data to PE f(i). If a system
is operating in SIMD mode, this means that every PE sends
data to exactly one PE, and every PE receives data from
exactly one PE (assuming all PEs are active). Otherwise, the
data transfer from PE i to PE f(i) may occur only for a subset
of the PEs in the system.
Let the binary representation of an arbitrary PE address
P be Pm - 1 Pm - 2 • • • Pl P0, let ~ be the complement of Pi,
and let the integer n be the square root of N. It is assumed
that - j modulo N = N - j modulo N, for j > 0; e.g. - 5
modulo 16 = 11 modulo 1 6.

Single stage Cube n e t w o r k

The Cube network, shown in Figure 9, consists of m
interconnection functions
cubei(Pm- 1 . . . P i + 1 Pi Pi - 1 . . . Po) =
Pm

-

1 • • • Pi

+ 1 Pi Pi

-

1 • • • PO

for 0 < i < m 4~. For example, cube2 (3) = 7. This network
is called the Cube because when the PE addresses are
considered as the corners of an m-dimensional cube,

a

EB--E3

D3-EB

Figure 9. Cube network for N = 8: a, cubeo connections;
b, cube1 connections; c, cube2 connections
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using an appropriate labelling, this network connects
each PE to its m neighbours, as shown in Figure 10 for
N = 8. In terms of mapping source addresses to destinations, the Cube interconnection function cube; maps
the address P to cube/(P), i.e. the cube/function sends
data from PE P to PE cube/(P).
Systems using the single stage Cube include the
Cosmic Cube M I M D machine 12, the proposed CHoPP
M I M D machine 49, the Intel iPSC M I M D machine s°, and
the Connection Machine SIMD system 6. The Cube
network forms the undedying structure of many multistage
networks, such as the SW-banyan (S = F = 2) sl, Staran
flip s2, Benes s3, indirect binary n-cube s4, Generalized
Cube 4s, ss, Extra Stage Cube s6, and the BBN Butterfly 11.
Various properties of the single stage Cube network are
discussed in References 41, 46-48, 57-61.
When operating in SIMD mode the network settings
for data transfers can be determined by means of a system
control unit. The system control unit simply specifies the
Cube function to be performed and the set of PEs which
would be involved in the transfer, all as part of the SIMD
program. A given data movement among the PEs may
require a sequence of Cube functions to be executed.
In M I M D mode, inter-PE data transfers are less
structured. Individual PEs generate their own data and
propagate it through the network. There may be several
ways to route a message through intermediate PEs. For
example, for N = 8, to transfer data from PE 4 to PE 2, one
possible sequence of cube/transfers would be cube1 and
cube2, moving the data from PE 4 to 6, and then from PE 6
to 2. The order of performing the cube/functions is not
important. For example, cube2 and then cube1 would
move data from PE 4 to 0, and then from PE 0 to 2.
The partitioning of the Cube network can be done
based on any bit position of the PE addresses. If the use of
the cube/function is disallowed, all PEs with a '0' in the ith
bit of their addresses cannot communicate with PEswith a
'1' in the ith bit of their addresses. Two subnetworks of
size N/2 are formed, each with m - 1 = Iog2(N/2) Cube
functions. Each of these Cube subnetworks can then be
further subdivided into smaller partitions. In general, the
physical addresses of all the PEs in a partition of size 2s
must agree in the m - s bit positions not corresponding
to the s Cube functions the partition will use for
communications.
Figure 11 shows an example, for N = 8, of partitioning
the PEs into two groups: GE, those with even physical
numbers ((3,2, 4, and 6), and GO, those with odd physical
numbers (1, 3, 5, and 7). Within each group, the PEs will
be numbered logically from 0 to 3. Let logically numbered
PEs 0, 1, 2, and 3 in GE be the physical PEs 0, 2, 4, and 6,
respectively. Similarly, let logical PEs, 0, 1, 2, and 3 of GO
be the physical PEs 1,3, 5, and 7, respectively. If the cube0
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Figure 11. Partitioning a Cube network for N = 8: a,
physical cube~ (logical cubeo); b, physical cube2 (logical
cuber)
function is not used, then the two groups are independent
and cannot communicate. This is because all PEs in GE
have a '0' in the lower order physical address bit position
and all PEs in GO have a '1'in that position. The only way
for a PE in GE to communicate with a PE in GO is by using
the cube0 connection. Using the logical numbering of the
PEs, the physical cube1 connections act as logical cube 0
connections and the physical cube2 connections act as
logical cube1 connections. In a multiple-SIMD environment, if the physically even numbered PEs can be
connected to one control unit and the physically odd
numbered PEs can be connected to a'second control unit,
the two partitions can operate independently with
complete Cube networks of size four. In an M I M D
environment, each partition can operate as an independent virtual M I M D machine.

Single stage P l u s - M i n u s 2 i (PM21) n e t w o r k
The Plus-Minus 2i (PM21) network, shown in Figure 12,
consists of 2m interconnection functions
PM2+I(P) = P + 2i modulo N
PM2_i(P) = P - 2i modulo N
for 0 < i < m 48. For example, PM2+2(4)=8 if N > 8 .
Since P + 2 m - 1 = p _ 2m - 1 modulo N, PM2+(m - 1) and
PM2-(m-1) are equivalent. This network is called the
Plus-Minus 2' since, in terms of mapping source addresses
to destinations, it can add or subtract 2' from the PE
addresses, i.e. it allows PEP to send data to any one of PE
P + 2 i or PEP - 2i, arithmetic modulo N, 0 <<i < m.

Networks similar to the PM21 are used in the Novel
Multiprocessor Array '62, the Omen computed ~B and the
SIMDA machine 64. The data manipulator 65, ADM~5~
IADM 66 and gamma 67 multistage networks are based on
the PM2t connection pattern. Various properties of the
single stage PM21 network are discussed in References 41,
46-48, 57, 61, 68-70.
In SIMD mode, network control carl be achieved by
means of a system control unit, as in the Cube network.
Data transfers in M I M D mode can be implemented based
on the difference between the source and destination
addresses. For example, for N = 16, to route data from PE
1 to PE 15, 14 has to be added to 1. One sequence of
PM21 functions that would perform this transfer is PM2+I,
PM2+2 and PM2+3, and the message would go through
PEs 1, 3, 7 and 15. As in the Cube network, the order of
performing the PM21 functions is not important. Also, a
different set of PM21 functions may result in the same
routing if the sum of the functions is equal to the
difference between the source and destination addresses.
For example, it is also possible to use PM2_I to route data
from PE 1 to PE 15.
To partition the PM21 network into two PM21 subnetworks of size N/2, use of the PM2+_0 interconnection
function must be disallowed. This subdivides the PEs into
an even-numbered group and an odd-numbered group,
and PEs in one group cannot communicate with PEs in the
other group. This is because the only way for PEs in the
odd-numbered group to communicate with a PE in the
even-numbered group is to use PM2± 0. Each of the two
subnetworks formed has 2 ( m - 1 ) = 21og2(N/2) PM21
functions. Each of these subnetworks can be further
divided into smaller subnetworks by disallowing PM2~ 1,
PM2_+ 2, and so on, in order. In general, the physical
addresses of all of the PEs in a partition of size 2s must
agree in their low order m - s positions. The physical
PM2± r connections are used by the partition as logical
connections PM2+ (r (m - s)), m - s < r < m. An example
of partitioning a size eight PM21 network into two
subnetworks of size four is shown in Figure 13. The two
groups and the logical numbering for each are the same as
those for the Cube partitioning example. The physical
PM2±I interconnection functions act as the logical
PM2± 0 functions for each partition, and the physical
PM2+ 2 function acts as the logical PM2± 1. In a multipleSIMD environment, if the physically even numbered PEs
can be connected to one control unit and the physically
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Figure 12. PM21 network for N = 8: a, PM2 +o connections;
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odd numbered PEs can be connected to a second control
unit, the two partitions can operate independently with
complete PM21 networks of size four. The same partitioning
can be used in an M I M D environment to create two
independent virtual M I M D machines.
Single stage Four Nearest Neighbor network

The Four Nearest Neighbor (FNN) network, shown in
Figure 14, consists of four interconnection functions
FNN+I (P) = P + 1 modulo N
FNN_ 1 (P) = P - 1 modulo N

different sets of FNN functions which would perform the
same routing, e.g. going from PE 2 to PE 28 could also be
accomplished by executing FNN-n five times and FNN+.I
twice, and the datawould go through PEs,2, 58, 50, 42, 34,
26, 27, and 28.
The FNN network cannot be partitioned into independent subnetworks, each of which has the properties
of a complete FNN network. To have a subnetwork that
has the same properties as the FNN, each PE must have
four interconnection functions. Allowing each PEto use all
four functions, however, results in the full network.
Single stage Shuffle-Exchange network

FNN+n (P) = P + n modulo N
FNN-n (P) = P - n modulo N
where n (the square root of N) is assumed to be an integer.
For example, if N = 16, FNN+n (2) = 6. This network
allows PEP to send data to any one of PEs P + 1, P - 1,
P + n or P - n, arithmetic modulo N. The FNN network is
a subset of the PM21 network, i.e. FNN_+ 1 = PM2_+0, and
FNN+_n = PM2_+m/2.
The FNN type of network was used in the Illiac IVSIMD
machine 2, and is included in the MPP s and DAP 71 SIMD
systems. It is similar to the eight nearest neighbour
network used in the CLIP472 machine. The 'mesh'
interconnection network sS' 73-7s is like the FNN network
except there are no 'wrap-around' connections (see
Figure 14). Various properties and capabilities of the FNN
network are discussed in References 2, 76, 77.
The operation of the FNN network in SIMD mode is
similar to that for the Cube. To do data transfers in M I M D
mode, a sequence of FNN functions which add up to the
difference between the source and destination addresses
is used to transfer the data. For example, for N = 64, for PE
2 to transmit data to PE 28, one possible sequence would
be to execute FNN+n three times and FNN+I twice. The
route taken would be through PEs 2,10,18, 26, 27, and 28.
As in the PM21 network, the order of performing the
transfers is not important, and it is also possible to find

The Shuffle-Exchange network, shown in Figure 15,
consists of a shuffle function and an exchange function.
The shuffle is defined by
shuffle (Pro - 1 Pm - 2 . . . Pl P0) =
P m - 2 Pm - 3 • • • Pl Po Pm - 1

and the exchange is defined by
exchange (,Orn- 1 P m - 2 . . . Pl PO) =
P r o - 1 P m - 2 • • .Pl PO

For example, shuffle (6) = 5 for N = 8. Shuffling a PE's
address is equivalent to taking the left cyclic end-around
shift of its binary representation. The name 'shuffle' has its
origin in shuffling cards, by perfectly intermixing two
halves of a deck, as shown in Figure 16. The exchange
function is equivalent to cube0.
The shuffle is included in the networks of the Omen 63
and RAP78 systems. The multistage omega network is a
series of m Shuffle-Exchanges79. Mathematical properties
of the shuffle are discussed in References 80 and 81.
Features of the single stage Shuffle-Exchange network are
discussed in References 41,46-48, 57, 58, 60, 61, 68, 76,
82-87.

d

a

\

3---E

I

Figure 15. Shuffle-Exchange n e t w o r k for N = 8: - exchange, - - - - shuffle

3---E 3---E

0

s(0) = 0

1

S(4) = 1

2

g--<_ 3---E 3---E

Cut
deck
here

.---E 3---E

3

7~,

×X

S(1) =2
S(5) = 3

S(2) =4
S(6) = 5

s(3) = 6
d

Figure 14. FNN n e t w o r k for N = 16. Vertical lines are
+ N 1/2 a n d - N I/2. H o r i z o n t a l lines are + 1 a n d - 1 .
Lower-case letters indicate w r a p a r o u n d connections

Vol 11 N o 1 lanuary/February 1987

S(7) =7
Figure 16. Perfectly shuffling a deck of eight cards.
S stands for 'shuffle"
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The network's operation in SIMD mode is similar to
that of the Cube. In M I M D operations, data routing is
accomplished by a sequence of shuffles and exchanges.
For example, for N = 16, one way to transmit data from PE
11 (1011 ) to PE 0 (0000) is to perform one shuffle (1011 to
0111), an exchange (0111 to 0110), two shuffles (0110 to
1100 to 1001), an exchange (1001 to 1000), one shuffle
(1000 to 0001), and an exchange (0001 to 0000). Note
that even though the Shuffle-Exchange contains only two
interconnection functions, it takes at most 2m moves (at
most m shuffles and m exchanges) to go from any source
to any destination.
The Shuffle-Exchange network cannot be partitioned
into independent subnetworks. The reasoning is similar to
that for the FNN network, since the Shuffle-Exchange
network also has a constant number of interconnection
functions.

Multistage

Cube

network

The multistage cube family of networks is being studied
and used by many research teams designing large-scale
parallel processing systems. As a representative of this
family, the Generalized Cube (GC) network 4s'ss is
described in this section. This topology is eqivalent to that
used by the omega 79, indirect binary n-cube s4, Staran s2,
and SW-banyan (F = S = 2) sl networks ss. Other networks
in this family include the delta 88 an~d baseline 89. This type
of network is used or proposed for use in Staran 9°, DISP 91,
PASM 19, Ultracomputer TM, BBN Butterfly 11, the Burroughs
Flow Model Processor for t h e Numerical Aerodynamic
Simulator 92, the IBM Research Parallel Processor Prototype
(RP3) 15, and data flow machines 93. This network can
operate in the SIMD, multiple-SIMD, MIMD, and partitionable S I M D / M I M D modes of parallelism.
An N I/O GC network is shown in Figure 17. It has
m = log2 N stages, where each stage consists of a set of N
lines (links) connected to N/2 interchange boxes. Each
interchange box is a two-input, two-output switch, and
can be set to one of four legitimate states, as shown in
Figure 1 8. The links are labelled from 0 to N - 1, and the

Straight

Lower
broadcast

Figure 18.
box

\

OF-j0

01

Upper
broadcast

The four legitimate states of an interchange

labels of the links entering the upper and lower box inputs
have the same labels as the upper and lower outputs,
respectively. Each interchange box will be controlled
independently through the use of routing tags.
The 'Generalized Cube' network name comes from
the fact that this network is a multistage implementation
of the Cube interconnection functions (defined above)
that was designed as a standard to represent this family of
networks. Stage i of a GC topology has the capabilities of
the cubei interconnection function because it pairs links
that differ in the ith bit position.
To set the GC to perform one-to-one connections, the
straight and swap box settings are used. When an
interchange box in stage i is setto swap it is implementing
the cubei interconnection function. For example, in Figure
19 the path from source S = 2 to destination D = 4 in the
GC network for N = 8 is shown. The interchange boxes
through which the data from source 2 travels are set to
swap in stages 2 and 1 (cube 2 and cube1), and straight in
stage 0. In general, to go from a source S =sm - 1 • • • Sl So
to a destination D =dm - 1 • • • dl do, the stage i box in the
path from 5 to D must be set to swap (cube/) if si ~ di and
to straight if si = d;. There is only one path from a given
source to a given destination, since only stage i can
T=I
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Figure 19. Path from input 2 to output 4 in the
Generalized Cube network for N = 8. T is the routing tag
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determine the /th bit of the destination address. To
perform a broadcast (one-to-many) connection, the lower
and/or upper broadcast states of interchange boxes are
also used. An example is shown in Figure 20, where input
5 broadcasts to outputs 2, 3, 6 and 7.
In SIMD mode, permutation connections, where each
input is connected to a single distinct output, are used.
Since each connection in a permutation is one-to-one,
only the straight and swap box settings are used (see
Figure 21 for example). Since each of the N m / 2 boxes can
be set to straight or swap, the GC can do 2 Nm/2 of the N!
different permutations, where for N > 8, 2 Nml2 << N!.
However, the GC can do most permutations that are
important in SIMD processings4' 79.
The GC network can be controlled by using a routing
tag as a header on each message. This allows network
control to be distributed among the PEs. An m-bit tag for
one-to-one (non-broadcast) connections or permutations
can be computed from the source and destination
o
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Figure 20. The broadcast path from input 5 to outputs 2,
3, 6, and 7 in the Genera/ized Cube network for N = 8

o

address. Lets = Sm - 1 • • • Sl So be the source address and
D = d m - 1 • • • dl do be the destination address. Then the
tag is T =tm - 1 . . . tl to = S (~ D ( ~ is 'exclusive-OR')4s;
ti = 1 means si ~= di, ti = 0 means si = d i . An interchange
box in the network at stage i need only examine ti. If t i = 1,
a swap is performed (i.e. cube/is performed) and if t~ = 0,
the straight connection is used. For example, if N = 8,
S = 2 = 0 1 0 , and D = 4 = 1 0 0 ,
then T = 1 1 0 , and the
corresponding stage settings are swap, swap, and straight,
as shown in Figure 19. Since each source generates its own
tag, it is possible that a conflict will occur in the network,
e.g. the tag on the upper input link of a box specifies a
swap while the tag on the lower input specifies a straight.
In a situation like this, one message must wait until the
other has completed its transmission. Both requests
cannot be serviced simultaneously. If broadcasts are
allowed, then 2m bits are used in the tag 4s.
The partitioning of the GC is related to the partitioning
of the single stage Cube network which was described
previously. First consider partitioning a GC of size N into
two independent subnetworks, each of size N/2. There
are m ways to do this, each being based on a different bit
position of the I/O port addresses (i.e. a different Cube
interconnection function). One way is to force all boxes in
stage m - 1 to the straight state (i.e. disallow the use of
cubem-1). This would form two subnetworks, one
consisting of those I/O ports with a 0 in the high order bit
position of their addresses and the other consisting of
those ports with a 1 in the high order bit position. These
two groups could communicate with each other only by
using the swap setting in stage m - 1 (i.e. the cubem - 1
function). By forcing this stage to straight, the subnetworks
are independent and have full use of the rest of the
network (stages m - 2 to 0, corresponding to cubem _ 2 to
cube0). This is shown for N = 8 in Figure 22.
Since each subnetwork is a GC, each can be further
subdivided. In Figure 22, subnetwork B can be further
divided usingthe middle bit position, formingtwo smaller
subgroups of two PEs each, as shown in Figure 23. Thus, a
size N/2 subnetwork can be divided into two size N / 4
subnetworks by setting all the stage i boxes in the size N/2
subnetwork to straight, for any i, 0 < i < m, as long as
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Figure 21. GC for N = 8 set to do the permutation input
j to output j + l modu/o N, O < j < N
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two (C and D)

stage i was not used to create the size N/2 subnetworks
(as stage m - 1 was above). This process of dividing
subnetworks into independent halves can be repeated to
create any size subnetwork from one to N/2. The only
constraints are that the size of each subnetwork must be a
power of two, the physical addresses of the I/O ports of a
subnetwork of size 2s must all agree in any fixed set of
m - s bit positions, and each I/O port can belong to at
most one subnetwork.
For a partition of size 2 s, to map logical stage numbers
to physical stage numbers, once the network has been
partitioned, follow any path within the partition from
input to output. The first stage containing a box not forced
to straight acts as logical stage s - 1, the next stage
containing a box not forced to straight acts as s - 2 , etc.
For example, consider the A subnetwork in Figure 22. By
following link number I it can be seen that physical stage
1 becomes logical stage 1 and physical stage 0 becomes
logical stage 0.
Partitioning can be enforced using the routing tags
and an m-bit partitioning mask. The mask is set to 0 in all
the bits that correspond to the stages which are forced to
straight in that partition, and all other bits are set to 1. The
routing tag is logically ANDed with the mask to force
corresponding stages to straight.
One implementation aspect of all multistage networks
is the way in which paths through the network are
established and released. Circuit switching implies the
establishing of a complete path between the source and
the destination. Once such a path is established, subsequent transfers along the path can be accomplished at
high speed and efficiently. A packet-switched network,
often referred to as message-switched, does not establish
a complete path from source to destination. Instead, data
and routing information are collected into a packet, and
this packet makes its way from stage to stage, releasing
links and interchange boxes immediately after using
them. Thus, a packet uses only one interchange box at a
time.
The next section overviews three parallel processing
system designs. One of them uses an FNN-type network
and the other two use multistage cube-type networks.
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Massively Parallel Processor (MPP)
The Massively Parallel Processor (MPP) 4'5 is an SIMD
computer that was designed by Goodyear Aerospace
Corporation of the USA and delivered to NASA in 1982. Its
processing power originates from 16 384 bit-serial processing elements; for example, the machine can perform
up to 6553M 8-bit integer additions per second.
Figure 24 shows the basic structure of MPP. The array
unit (ARU) performs array computations under the control
of the array control unit which also executes scalar
arithmetic. The overall flow of data and control in the MPP
is handled by the program and data management unit,
which is also used to develop programs and perform
diagnostic functions. A staging memory and two 128-bit
wide I/O interfaces transfer data to and from the ARU
through two switches.
The PEs in the ARU are organized as a 128 x 128
square array. The PEs are simple bit-serial processors with
1024 bit of memory each. A subarray of 2 × 4 processors
(without the memory) are packaged into a VLSI chip.
Only by using large-scale integration could the size of
MPP be kept reasonable. There are four extra columns of
PEs in the array (for a total of 132) for fault tolerance; four
columns were chosen due to the 2 x 4 organization of
PEs in the VLSI chips. If no fault exists in the array, an
arbitrary set of four columns is disabled. When a fault
occurs, the set of the four columns the faulty PE belongs
to is disabled and processing can continue at full speed.
Since a fault usually corrupts data, the currently executed
program is restarted from the beginning or rerun from a
checkpoint at which all data and the machine status were
known.
MPP uses the PE-to-PE organization. Due to the very
large number of processing elements, the simplicity of
each PE, and the expected computational tasks, a variation
of the simple FNN interprocessor communication network
was chosen. The top and bottom connections can either
be left open or be connected within each column. The
left and right edges can either be left open or be
connected within each row, in an open spiral or in a
closed spiral. For the open spiral, PE i is bidirectionally
connected to PE i + 1 , 0 < i < 1 6 3 8 2
(i.e. PEs 0 and
16 383 are not connected). In the closed spiral mode, PEs
0 and 16 383 are also connected. These modes of the
edge connections can be chosen under software control.
The choice of edge connections will depend on the
algorithm being executed. As with the FNN network, in
some cases, multiple data transfers may be required to
move data to their intended destination.
Figure 25 shows a PE. The speed of the bit-serial PEs is
one operation per 100 ns. Six 1-bit registers, the A, B, C,
G, P and S registers, are available. They communicate with
each other and with the random access memory through
a data bus. Arithmetic operations are performed by a 1-bit
full adder and a shift register of programmable length. The
interconnection network interfaces to the P register,
which has a bidirectional path to each of its nearest
neighbour PEs. To route information, for example, from
top to bottom, each PE shifts the contents of its P register
into the P register of the PE below, and thus receives the
information from its neighbour above. Additional logic
associated with the P register (see Figure 25) can perform
all Boolean operations on the content of the P register and
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MPP processing

the bit currently on the data bus. The result is left in the P
register. The adder sums the content of the A and P
registers and the carry in the C register; it leaves the least
significant bit of the result in the B register, and the carry in
the C register. The length of the shift register can be
programmed to be 2, 6, 10, 14, 18, 22, 26 and 30 bits. The
A and B registers can be thought of as additional elements
of the shift register; the total shift register length is thus a
multiple of four. These simple components are sufficient
to perform all basic arithmetic operations: addition,
subtraction, multiplication, division, and floating point
operations. In many applications (such as in the smoothing
example), PEs have to be disabled. To disable PEs,the G
register is provided. If a masked instruction is executed,
only those PEswith a I in their G register participate in the
execution. A comparator speeds up certain algorithms,
e.g. normalization of floating point numbers. Global
minimum value and maximum value searches and other
global operations can be performed by the sum-OR tree,
which is atree of inclusive-OR gates. It has inputs from all
PEs,and its output is connected to the array control unit.
Data enters and leaves the ARU through the S-registers.
Each PE has one l-bit S-register, and together, the 1282
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S-registers form a plane that can shift data. Each S-register
operates independently from the rest of the PE. An
S-register sends its content to its right neighbour and
receives the content from the S-register that is its left
neighbour, i.e. 128-bit columns of data are shifted across
the S-register plane. The 128 bits of data that are
simultaneously shifted into the S-registers of the leftmost
column of PEs originate from the input switches (Figure 24).
This shifting is done without interrupting normal processing. After 128 shift cycles, a complete 128 x 128 bit
plane is loaded into the S-registers. Processing is interrupted for a single 100 ns cycle and this complete data
plane of 128 x 128 bit is transferred from the S-registers
into the PE memories, each S register sending one bit to its
PE. If necessary, all PEs can simultaneously move a
memory bit from an old plane into their associated
S-register in a second cycle. Then a new plane of
128 × 128 bit can be shifted in and the old plane can be
shifted out at the same time. The data that is shifted out of
the rightmost PEs is accepted by the output switches, one
column (128 bit) per cycle (Figure 24). This method of
overlapping shift in and shift out provides a very efficient
way to get data into and out of the MPP PEs.
The staging memory can interface the ARU with
magnetic tapes, discs, terminals, line printers, and the
external host computer. Data arriving from the outside
world, e.g. from an image sensor, will be organized as a
stream of pixel values. The same is true for output, e.g. the
output of a smoothed image to an image display device
usually needs to be formatted as a stream of pixel values.
The PEs on the other hand have to be loaded with a bit
slice from all 128 × 128 pixel values at once. The staging
memory (up to 40 Mbyte capacity) facilitates this reformatting process for the input and output data.

NYU Ultracomputer
As an example of a large scale MIMD system, the
proposed design of the NYU Ultracomputer machine 14,94
is described. Ultracomputer could have as many as 4096
processors connected to 4096 memories through a
packet-switched multistage cube interconnection network;
thus, the basic Ultracomputer configuration is of the
processor-to-memory type. Figure 26 shows the basic
organization of the Ultracomputer. The N processors are
not necessarily identical as in many other designs; at least
some of them could be special-purpose machines for FIT
computations or matrix multiplications, or they could be
I/O processors interfacing the system with the outside
world. Due to the large number of processors (up to
4096), most of them would very likely be identical onechip microprocessors with some local memory (cache).
The processors interface to the interconnection network
through a processor network interface (PNI), and the
network is connected to each of the N memories through
a memory network interface (MNI).
The most innovative feature of the Ultracomputer is
the fetch-and-add instruction, denoted F&A(V, e), which
provides a simple and efficient way for processor
synchronization and is supported by hardware. V is an
integer variable in shared memory and e is an integer
expression. The execution of an F&A instruction returns
the old value of V and adds to V the value of e. The
instruction is indivisible, i.e. while the F&A operation is
being performed on V by one processor, no other
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processor can access V. If two processors A and B try to
execute a F&A operation on the same variable at the same
time, the effect will be as if one processor preceded the
other in time. For example processor A can receive the old
value of V and V will be incremented by the value of e of
processor A. Processor Bwill then receive the new value of
V, and V is incremented by the value of e of processor B.
The following example illustrates how the F&A operation can be used to solve a variety of synchronization
problems. Suppose N processors are to be used to each
perform a complex operation on an N element array, e.g.
calculate the tangent. The first task is to associate one
processor with each of the N array elements. This is easily
accomplished by initializing a shared variable Vl to zero,
and then having each of the N processors execute an
F&A(Vl, I). Each processor will receive a distinct value for
Vl in the range from 0 to N - I; thus each processor
knows the array element it is supposed to handle. Only
after all processors have completed their task, processing
that utilizes the result of the computations can resume. To
ensure this, a second shared variable V2 is set to N - I
before the parallel execution starts. After a processor has
completed its task, it executes an F&A(V2,-I). If the
returned value is not 0, other processors are still working
on their assigned array element. Therefore the processor
simply terminates working on this problem and can be
reassigned to other processes. The processor that receives
a value of 0 is the last one to complete the task, and this
processor continues execution of the program.
The F&A operation is implemented by hardware
provided at two places: adders in the MNI and intelligent
interchange boxes in the network. When an F&A(Y, e) has
passed through the network and reaches the MNI, the
value of Y is fetched from memory. This value is passed
back through the network to the source of the request,
and the value of Y is added to e. The sum is then written
back to memory, resulting in the desired F&A operation.
An adder and a local memory are associated with each
interchange box in the network. Whenever two requests
(from different processors) for the same memory location,
e.g. F&A(X, el) and F&A(X, e2), arrive at a box, the box
stores el in its memory, adds el and e2, and passes a
request for F&A(X, el + e2) on to the memory. The
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memory updates the variable X by adding el + e2 to it,
and passes the original value of X back to the network.
When this return message reaches the above box, the box
passes the original value of × back to the location that
requested F&A(X, el), adds the stored value of el to the
value of X, and passes the result back to the second
source. If requests to the same memory location that were
combined as described above meet at another box, they
can be combined further, thus combining previously
combined requests. In this manner, multiple requests to
the same memory location can be served in the time of a
single request. Interprocessor coordination is therefore
not serialized.
It was estimated that a 4096 PE Ultracomputer could
be packaged into a 1.5 x 1.5 x 3.0 m enclosure using
1990 technology TM. This small physical size is possible
only through custom-designed processors, and the use of
large-scale integration in the interconnection network.
Due to such integration, the complex operations required
for a network capable of F&A do not impede the network
speed significantly. Any on-chip delay will be dominated
by chip-to-chip delayTM. A 64-processor prototype is
currently under development.

PASM parallel processingsystem
PASM is a partitionable SIMD/MIMD machine, using the
PE-to-PE configuration, being designed at Purdue University to include over a thousand PEs19'9s,96. A
30-processor prototype is under construction 97. A block
diagram of the basic components of PASM is shown in
Figure 27. The parallel computation unit (Figure 28)
contains N = 2 m PEs and an interconnection network.
The PE processors are sophisticated microprocessors that
perform the actual SIMD and M I M D operations. In the
PASM prototype, Motorola MC68010 CPUs are employed.
The PE memory modules are used by the processors for
data storage in SIMD mode and both data and instruction

control
unit

Micro
controllers

I
Parallel
computation unit

Figure 2 7.

Block diagram of PASM

storage in M I M D mode. The N PEs are numbered from 0
to N - 1. A pair of memory units is used for each module
to allow data to be moved between one memory unit and
secondary storage (the memory storage system), while
the processor operates on data in the other memory unit.
Two types of multistage interconnection networks are
being considered for PASM: the Generalized Cube 4s and
the Augmented Data Manipulator 66. A fault tolerant
variation of the Generalized Cube network, the Extra
Stage Cube (ESC) network s6, is included in the prototype.
A set of processors called the micro controllers (MCs)
act as the control units for the PEs in SIMD mode and
orchestrate the activities of the PEs in M I M D mode. There
are Q = 2q MCs, physically addressed (numbered) from 0
to Q - 1. Each MC controls N/Q PEs. PASM is being
designed forN = 1024 and Q = 32 (N = 16and Q = 4 i n
the prototype). The MCs are multiple control units
needed in order to have a partitionable SIMD/MIMD
system. Each MC includes a memory module, which
consists of a pair of memory units so that memory loading
and computations can be overlapped. In SIMD mode,
each MC fetches instructions and common data from its
memory module, executes the control flow instructions
(e.g. branches) and broadcasts the data processing
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instructions to its PEs. In MIMD mode, each MC gets
instructions and common data for coordinating its PEs
from its memory. The programs for the MCs are contained
in control storage.
When constructing partitions (i.e. virtual SIMD/MIMD
machines) in PASM, the combining rule is that all PEs in a
partition of size 2 s must agree in their m - s low-order bit
positions. The physical addresses of the N/Q processors
which are connected to an MC must all have the same
low-order q bits so that they are in the same partition. The
value of these low-order q bits is the physical address of
the MC. A virtual SIMD machine of size RN/Q is obtained
by havingR = 2r, 0 < r < q, MCs use the same instructions
and synchronizing the MCs. The physical addresses of the
MCs must have the same low-order q - r bits so that all
PEs in the partition have the same low-order q - r physical
address bits. A virtual MIMD machine of size RN/Q is
obtained similarly. In MIMD mode, the MCs may be used
to help coordinate the activities of their PEs. Q is the
maximum number of partitions allowable, and N/Q is the
size of the smallest partition.
The memory storage system provides secondary
storage space for the PEs in the parallel computation unit.
It contains data files for SIMD mode, and data and control
instructions for MIMD mode. It consists of N/Q independent memory storage units, numbered from 0 to
N/Q - 1. Each memory storage unit is connected to Q PE
memory modules and includes a processor for file
management. For 0 < i < N/Q, memory storage unit i is
connected to those PE memory modules whose physical
addresses have the value i in their m - q high-order bits.
Recall that, for 0 < k < Q, MC k is connected to those PEs
whose physical addresses have the value k in their q loworder bits. This is shown for N = 32 and Q = 4 in Figure
29. Consider a virtual machine of RN/Q PEs, R = 2r,
0 < r < q, where the PEs are logically numbered from 0 to
(RN/Q) - 1, using the r + m - q high-order bits of their
physical addresses as their logical addresses. To load such
a virtual machine requires only R parallel block moves if
the data for the PE memory module whose high-order
m - q logical address bits equal i is loaded into memory
storage unit i. This is true no matter which group of R MCs
(which agree in their low order q - r physical address bits)
is chosen. This is done by making use of the full memory
bandwidth available. The transferring of files between the
memory storage system and the PEs is controlled by the
memory management system, which is composed of a
separate set of microprocessors (four in the prototype)
dedicated to performing tasks in a distributed fashion.
For example, consider Figure 29, and assume a virtual
machine of size 16 is desired. The data for the PE memory
modules whose logical addresses are 0 and 1 are loaded
into memory storage unit 0, for memory modules 2 and 3
into unit 1, etc. Assume the partition of size 16 is chosen
to consist of the PEs connected to MCs 1 and 3. The
memory storage units first simultaneously load PE memory
modules physically addressed 1, 5, 9, 13, 17, 21, 25, and
29 (logically addressed 0, 2, 4, 6, 8, 10, 12, and 14), and
then simultaneously load PE memory modules physically
addressed 3, 7, 11, 15, 19, 23, 27, and 31 (logically
addressed 1, 3, 5, 7, 9, 11, 13, and 15). No matter which
pair of MCs is chosen (i.e. MCs 1 and 3, or MCs 0 and 2),
only two parallel block loads are needed.
The system control unit is responsible for the overall
coordination of the other components of PASM. The
types of tasks the system control unit will perform include
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Figure 29. Organization of the memory storage unit,
shown for N = 32 and Q -= 4. MSU is memory storage unit,
PCU is parallel computation unit
program development, job scheduling, and coordination
of the loading of the PE memory modules from the
memory storage system with the loading of the MC
memory modules from control storage. By carefully
choosing which tasks should be assigned to the system
control unit and which should be assigned to other
system components (e.g. the MCs and memory management system), the system control unit can work effectively
and not become a bottleneck. For the N = 1024 PASM,
the system control unit may consist of several processors
in order to perform all of its functions efficiently. In the
N = 16 prototype, the system control unit is a microprocessor and the program development functions are
performed by a host computer.

CONCLUSIONS
Parallel processing is one of the ways being investigated to
achieve higher performance computers than are presently
available, and is currently one of the most actively
researched areas in computer science. In this paper, we
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have overviewed some of the concepts involved in the
design and use of parallel processing systems. We placed
emphasis on SIMD and MIMD architectures and related
topics like algorithms and interconnection networks for
large-scale systems. This paper is a brief introduction and
thus does not cover all topics of interest; there are other
concepts of parallelism, such as data flow machines, and
other important issues, such as parallel programming
languages. Sources which provide more information on
parallel processing concepts and systems include
References 34, 37, 38, 41, 44, 98-104.

REFERENCES
1 Flynn, M J 'Very high-speed computing systems'
Proc. IEEE Vol 54 (December 1966) pp 1901-1909
2 Bouknight, W J, Denenberg, S A, Mclntryre, D E,
Randall, J M, Sameh, A H and Slotnick, D L 'The
Illiac IV system' Proc. IEEE Vol 60 (April 1972)
pp 369-388
3 Batcher, K E 'STARAN parallel processor system
hardware' AFIPS 1974 NCC (May 1974) pp 405-410
4 Balcher, K E 'Design of a massively parallel processor' IEEETrans. on Comput. Vol C-29 (September
1980) pp 836-840
5 Batcher, K E 'Bit serial parallel processing systems'
IEEE Trans. on Comput. Vol C-31 (May 1982)
pp 377-384
6 Hillis, W D The Connection Machine MIT Press,
Cambridge, MA, USA (1985)
7 Beetem, J, Denneau, M and Weingarten, D 'The
GF11 supercomputer' 12th Ann. Int. Syrup. on
Computer Architecture (June 1985) pp 108-115
8 Swan, R I, Fuller, S and Siewiorek, D P 'Cm*: a
modular multimicroprocessor' AFIPS 1977 NCC
(june 1977) pp 637-644
9 Swan, R J, Bechtolsheim, A, Lai, K W and
Ouslerhout, l K 'The implementation of the Cm*
multimicroprocessor' AFIPS 1977 NCC (June 1977)
pp 645-655
10 Jones, A K, Chansler, R l Jr., Durham, I, Feller, P
and Schwans, K 'Software management of Cm* -- a
distributed multiprocessor' AFIPS 1977 NCC (June
1977) pp 657-663
11 Crowther, W, Goodhue, J, Thomas, R, Milliken, W
and Blackadar, T 'Performance measurements on a
128-node butterfly parallel processor' 1985 Int.
Conf. on Parallel Processing (August 1985)
pp 531-540
12 Seitz, C L 'The Cosmic Cube' Comm. ACM (January
1985) pp 22-33
13 Hagan, MT, Demuth, H B and Singgih, P H 'Parallel
signal processing on the HEP' 1985 Int. Conf. on
Parallel Processing (August 1985) pp 599-606
14 Gottlieb, A, Grishman, R, Kruskal, C P, McAuliffe,
K P, Rudolph, L and Snir, M 'The NYU Ultracomputer--designing an MIMD shared-memory
parallel computer' IEEE Trans. on Comput. Vol C-32
(February 1983) pp 175-189
15 Pfister, G F, Brantley, W C, George, D A, Harvey,
S L, Kleinfelder, W J, McAuliffe, K P, Melton, E A,
Norton, VA and Weiss, J 'The IBM Research Parallel
Processor Prototype (RP3): introduction and architecture' 1985 Int. Conf. on Parallel Processing
(August 1985) pp 764-771
16 Null, G l 'Microprocessor implementation of a

Vol 11 No 1 January/February 1987

parallel processor' 4th Ann. Symp. on Computer
Architecture (March 1977) pp 147-152
17 Null, G J 'A parallel processor operating system
comparison' IEEE Trans. on Software Eng. Vol SE-3
(November 1977) pp 467-475
18 Barnes, G H, Brown, R, Kato, M, Kuck, D J,
Slotnick, D L and Stokes, R A 'The Illiac IV
computer' IEEE Trans. on CompuL Vol C-17 (August
1968) pp 746-757
19 Siegel, H J, Siegel, LJ, Kemmerer, F C, Mueller, PT
Jr., Smalley, H E Jr., and Smith, S D 'PASM: a
partitionable SIMD/MIMD system for image processing and pattern recognition' IEEE Trans. on
Comput. Vol 0 3 0 (December 1981) pp 934-947
20 Sejnowski, M C, Upchurch, E T, Kapur, R N,
Charlu, D P S and Lipovski, G l 'An oveMew of the
Texas Reconfigurable Array Computer' AFIPS 1980
NCC (June 1980) pp 631-641
21 Kartashev, S I and Kartashev, S P'A multicomputer
system with dynamic architecture' IEEE Trans. on
Comput. Vol C-28 (October 1979) pp 704-720
22 Jamieson, L H, Mueller, P T and Siegel, H J 'FFT
algorithms for SIMD parallel processing systems'
Parallel and Distflbuted Computing Vol 3 (March
1986) pp 48-71
23 Kuehn, l T, Fessler, J A and Siegel, H J 'Parallel
image thinning and vectorization on PASM' 1985
IEEE Computer Society Conf. on Computer Vision
and Pattern Recognition (June 1985) pp 368-374
24 Siegel, L J, Siegel, H J and Feather, A E 'Parallel
processing approaches to image correlation' IEEE
Trans. on CompuL Vol C-31 (March 1982)
pp 208-218
25 Warpenburg, M R and Siegel, L l 'SIMD image
resampling' IEEE Trans. on Computers Vol C-31
(October 1982) pp 934-942
26 Yoder, M A and Jamieson, L H 'Simulation of a
highly parallel system for word recognition' 1985 Int.
ConL on Acoustics, Speech and Signal Processing
(March 1985) pp 1449-1453
27 Yoder, M A and Siegel, L l 'Dynamic time warping
algorithms for SIMD machines and VLSI processor
arrays' 1982 Int. Conf. on Acoustics, Speech and
Signal Processing (May 1982) pp 1274-1277
28 Kuehn, J T, Siegel, H J, Tuomenoksa, D L and
Adams G B III 'The use and design of PASM' in
S Levialdi (ed.) Integrated Technology for parallel
image processing Academic Press, London, UK
(1985) pp 133-152
29 Tuomenoksa, D L, Adams, G B III, Siegel, H l and
Mitchell, O R 'A parallel algorithm for contour
extraction: advantages and architectural implications'
1983 IEEE Computer Society Symp. on Computer
Vision and Pattern Recognition (June 1983)
pp 336-344
30 Mitchell, O R, Reeves, A P and Fu, K-S 'Shape and
texture measurements for automated cartography'
1981 IEEE Computer Society Conf. on Pattern
Recognition and Image Processing (August 1981)
p 367
31 Duda, R O and Hart, P E Pattern classification and
scene analysis John Wiley, New York, NY, USA
(1973)
32 Freeman, H 'Techniques for the digital computer
analysis of chain-encoded arbitrary plane curves'
Proc. NEC Vol 17 (October 1961) pp 421-432

17

33 Thurber, K J 'Parallel processor architectures -- part
1: general purpose systems' Comput. Des. Vol 18
(January 1979) pp 89-97
34 Baer, J-L Computer systems architecture Computer
Science Press, Potomac, MD, USA (1980)
35 Broomell, G and Heath, J R'Classification categories
and historical development of circuit switching
topologies' ACM Comput. Surveys Vol 15 (June
1983) pp 95-133
36 Feng, T Y 'A survey of interconnection networks'
Computer Vol 14 (December 1981) pp 12-27
37 Hockney, R W and Jesshope, C R Parallel computers
Adam Hilger, Bristol, UK (1981)
38 Hwang, K and Briggs, F A Computer architecture
and parallel processing McGraw-Hill, New York, NY,
USA (1984)
39 Kuck, D J The structure of computers and computations, Vol 1 John Wiley, New York, NY, USA
(1978)
40 Masson, G M, Gingher, G C and Nakamura, S 'A
sample of circuit switching networks' Computer Vol
12 (June 1979) pp 32-48
41 Siegel, H J Interconnection networks for large-scale
parallel processing: theory and case studies Lexington
Books, D C Heath & Co., Lexington, MA, USA (1985)
42 Siegel, H J, McMillen, R J and Mueller, P T Jr 'A
survey of interconnection methods for reconfigurable parallel processing systems' AFIPS 1979
NCC (June 1979) pp 529-542
43 Thurber, K J and Masson, G M Distributedprocessor communication architecture Lexington
Books, D C Heath & Co., Lexington,/VIA, USA (1979)
44 Wu, C-L and Fens, T Y Tutorial: interconnection
networks for parallel and distributed computing I EEE
Computer Society Press, Silver Spring, MD, USA
(1984)
45 Siegel, H J and McMillen, R J 'The multistage cube:
a versatile interconnection network' Computer Vol
14 (December 1981) pp 65-76
46 Smith, S D and Siegel, H J 'Recirculating, pipelined,
and multistage SIMD interconnection networks'
1978 Int. Conf. on Parallel Processing (August 1978)
pp 206-214
47 Siegel, H l 'The theory underlying the partitioning of
permutation networks' IEEETrans. on Comput. Vol
C-29 (September 1980) pp 791-801
48 Siegel, H I 'Analysis techniques for SIMD machine
interconnection networks and the effects of processor address masks' IEEE Trans. on Comput. Vol
C-26 (February 1977) pp 153-161
49 Sullivan, H, Bashkow, T R and Klappholz, K 'A
large-scale homogeneous, fully distributed parallel
machine' 4th Ann. Symp. on Computer Architecture
(March 1977) pp 105-124
50 'A new direction in scientific computing' Order No.
28009-001 Intel Corp. (1985)
51 Goke, G R and Lipovski, G l 'Banyan networks for
partitioning multiprocessor systems' 1st Ann. Syrup.
on Computer Architecture (December 1973)
pp 21-28
52 Batcher, K E 'The flip network in STARAN' 1976 Int.
Conf. on Parallel Processing (August 1976) pp 65-71
53 Benes, V E Mathematical theory of connecting
networks and telephone traffic Academic Press,
New York, NY, USA (1965)
54 Pease, M C III 'The indirect binary n-cube micro-

18

55
56

57
58
59
60
61

62
63
64
65
66
67

68

69

70

71

72
73

processor array' IEFF Trans. on Comput. Voi C-26
(May 1977) pp 458-473
Siegel, H l and Smith, S D 'Study of multistage
SIMD interconnection networks' 5th Ann. Symp. on
Computer Architecture (April 1978) pp 223-229
Adams, G B III and Siegel, H J 'The extra stage
cube: a fault-tolerant interconnection network for
supersystems' IEEE Trans. CornpuL Vol C-31 (May
1982) pp 443-454
Fishburn, J P and Finkel, R A 'Quotient networks'
IEEE Trans. on CompuL Vol C-31 (April 1982)
pp 288-295
Nassimi, D and Sahni, S 'Data broadcasting in
SIMD computers' IEEETrans. on Comput. Vol C-30
(February 1981) pp 101-107
Nassimi, D and Sahni, S 'Optimal BPC permutations
on a cube connected SIMD computer' IEEE Trans.
on CompuL Vol C-31 (April 1982) pp 338-341
Nassimi, D and Sahni, S 'Parallel permutation and
sorting algorithms and a new generalized connection
network' J. ACM Vol 29 (July 1982) pp 642-667
Siegel, H I 'A model of SIMD machines and a
comparison of various interconnection networks'
IEEE Trans. on Comput. Vol C-28 (December 1979)
pp 907-917
Okada, Y, Tajima, H and Mori, R 'A reconfigurable
parallel processor with microprogram control' IEEE
Micro Vol 2 (November 1982) pp 48-60
Higbie, L C 'The Omen computer: associative array
processor' IEEEComp. Soc. Compcon 72 (September
1972) pp 287-290
Wester, A H 'Special features in SIMDA' 1972
Sagamore Computer Conf. on Parallel Processing
(August 1972) pp 29-40
Feng, T Y 'Data manipulating functions in parallel
processors and their implementations' IEEE Trans.
CompuL Vol C-23 (March 1974) pp 309-318
Siegel, H I and McMillen, RI 'Usingthe augmented
data manipulator network in PASM' Computer Vol
14 (February 1981) pp 25-33
Parker, D S and Raghavendra, C S 'The gamma
network: a multiprocessor interconnection network
with redundant paths' 9th Ann. Syrup. Computer
Architecture (April 1982) pp 73-80
Pradhan, D K and Kodandapani, K L 'A uniform
representation of single- and multistage interconnection networks used in SIMD machines' IEEE
Trans. on Comput. Vol C-29 (September 1980)
pp 777-791
Siegel, H J and Smith, S D 'An interconnection
network for multimicroprocessor emulator systems'
1st Int. Conf. on Distributed Computing Systems
(October 1979) pp 772-782
Smith, S D and Siegel, H J 'An emulator network for
SIMD machine interconnection networks' 6th Ann.
Symp. on Computer Architecture (April 1979)
pp 232-241
Hunt, D J 'The ICL DAP and its application to image
processing in Duff, M J B and Levialdi, S (eds)
Languages and architectures for image processing
Academic Press, London, UK (1981) pp 275-282
Duff, M I B 'Real applications on CLIP4' in
Levialdi, S (ed.) Integrated technology for parallel
image processing Academic (1985) pp 153-165
Nassimi, D and Sahni, S 'Bitonic sort on a meshconnected parallel computer' IEEETrans. on Comput.

Microprocessors and Microsystems

Vol C-28 (January 1979) pp 2-7
74 Nassimi, D and Sahni, S 'An optimal routing
algorithm for mesh-connected parallel computers'
J. ACM Vol 27 (January 1980) pp 6-29
75 Thompson, C D and Kung, H T 'Sorting on a meshconnected parallel computer' Comm. ACM Vol 20
(April 1977) pp 263-271
76 Gentleman, W M 'Some complexity results for
matrix computations on parallel processors' J. ACM
Vol 25 (January 1978) pp 112-115
77 Orcutt, S E 'Implementation of permutation
functions in Illiac IV-type computers' IEEETrans. on
Comput. Vol C-25 (September 1976) pp 929-936
78 Couranz, G R, Gerhardt, M S and Young, C J
'Programmable RADAR signal processing using the
RAP' 1974 Sagamore Comput. Conf. on Parallel
Processing (August 1974) pp 37-52
79 Lawrie, D H 'Access and alignment of data in an
array processor' IEEE Trans. on CompuL Vol C-24
(December 1975) pp 1145-1155
80 Golomb, S W'Permutations by cutting and shuffling'
SlAM Rev. Vol 3 (October 1961) pp 293-297
81 Johnson, P B 'Congruences and card shuffling'
American Mathematical Monthly Vol 63 (December
1956) pp 718-719
82 Chen, P-Y, Lawrie, D H, Yew, P-C and Padua, D A
'lnterconnection networks using shuffles' Computer
Vol 14 (December 1981) pp 55-64
83 Chen, P-Y, Yew, P-C and Lawrie, D H 'Performance
of packet switching in buffered single-stage shuffleexchange networks' 3rd Int. Conf. on Distributed
Computing Systems (October 1982) pp 622-627
84 Lang, T 'lnterconnections between processors and
memory modules using the shuffle-exchange
network' IEEE Trans. on Comput. Vol C-25 (May
1976) pp 496-503
85 Lang, T and Stone, H S'A shuffle-exchange network
with simplified control' IEEE Trans. on Comput. Vol
C-25 (January 1976) pp 55-66
86 Stone, H S 'Parallel processing with the perfect
shuffle' IEEE Trans. on Comput. Vol C-20 (February
1971) pp 153-161
87 Wu, C-L and Feng, T Y 'The universality of the
shuffle-exchange network' IEEE Trans. on Comput.
Vol 0 3 0 (May 1981) pp 324-332
88 Patel, J H 'Performance of processor-memory
interconnections for multiprocessors' IEEETrans. on
Comput. Vot 0 3 0 (October 1981) pp 771-780
89 Wu, C-L and Feng, T Y 'On a class of multistage
interconnection networks' IEEE Trans. on Comput.
Vol C-29 (August 1980) pp 694-702
90 Batcher, K E 'STARAN series E' 1977 Int. Conf. on
Parallel Processing (August 1977) pp 140-143
91 Filip, A E 'A distributed signal processing architecture'
3rd Int. Conf. on Distributed Computing Systems
(October 1982) pp 49-55
92 Barnes, G H and Lundstrom, S F 'Design and
validation of a connection network for manyprocessor multiprocessor systems' Computer Vol
14 (December 1981) pp 31-41
93 Dennis, J B, Boughton, G A and Leung, C K C
'Building blocks for data flow prototypes' 7th Ann.
Syrup. on Computer Architecture (May 1980) pp 1-8
94 Edler, I, Gottlieb, A, Kruskal, C P, McAuliffe, K P,
Rudolph, L, Snir, M, Teller, P I and Wilson, J 'Issues
related to MIMD shared-memory computers: the

Vol 11 No 1 January/February 1987

Howard Jay Siegel is a
professor and director of the
PASM Parallel Processing
Laboratory in the School of
Electrical
Engineering at
Purdue University. Dr Siegel
received B5 degrees in
electrical engineering and in
management
from
the
Massachusetts Institute of
Technology (MIT), MA, USA,
wo~
~ ....
in 19 72, and the MA and MSE
degrees in 1974 and the PhD degree in 7977, all in
electrical engineering and computer science, from
Princeton University, NJ, USA. He has published over
100 technical papers on parallel/distributed computer
systems, has authored the book Interconnection
networks for large-scale parallel processing, and does
consulting and gives tutorials in these areas. He has
been an IEEE Computer Society Distinguished Visitor
and a NA TO Advanced Study Institute Lecturer. He is a
member of the Eta Kappa Nu and Sigma Xi honorary
societies.
Thomas Schwederski
is
currently working toward a
PhD in computer engineering
in the School of Electrical
Engineering
at
Purdue
University, where he is the
member of the PASM Parallel
Processing Laboratory in
charge
of the system
prototype construction. Mr
Schwederski received the
Diplom-lngenieur degree in
electrical engineering from Ruhr-Universit,~t Bochum,
FRG, in 1983, and the MS degree in electrical
engineering from Purdue University in 1985. His
research interests include computer architecture,
parallel processing, multimicroprocessing systems and
VLSI design. He is a member of the Eta Kappa Nu
honorary society.
William Tsun-Yuk Hsu is
working towards his PhD
degree in the Computer
Science Department at the
University of Illinois at
Champaign-Urbana,
USA,
where he is a research
assistant in the Center for
Supercomputing Research
and
DevelopmenL
He
received his B5 and MS
degrees
from
Purdue
University, both from the School of Electrical
Engineering. While at Purdue, he was a member of the
PASM Parallel Processing Laboratory specializing in
interconnection network design. His research interests
are computer architecture, parallel processing,
interconnection networks and graph theory. He is a
member of the Eta Kappa Nu and Phi Kappa Phi
honorary societies.

19

NYU Ultracomputer approach' 12th int~ Syrup on
Computer Architecture (June 1985) pp 126-135
95 Kuehn, l T, Schwederski, T and Siegel, H J 'Design
of a 1024-processor PASM system' 1st Int~ Conf. on
Supercomputing
Systems (December
1985)
pp 603-612
96 Siegel, H J, Schwederski, T, Davis, N J IV and
Kuehn, J T 'PASM: a reconfigurable parallel system
for image processing' Workshop on algorithmguided parallel architectures for automatic target
recognition (July 1984) pp 263-291 (Also appears in
CompuL Architecture News Vol 12 No 4 (September
1984) pp 7-19)
97 Meyer, D G, Siegel, H J, Schwederski, T, Davis, N J
IV and Kuehn, J T 'The PASM parallel system
prototype' iEEE Computer Society Spring Compcon
85 (February 1985) pp 429-434
98 Agrawal, D P (ed.)Advancedcomputerarchitecture
IEEE Computer Society Press, New York, NY, USA
(1986)
99 Gajski, D D, Milutinovic, V M, Siegel, H J and
Fuhrt, B P (eds) Computer architecture IEEE
Computer Society Press, Washington, DC, USA
(1986)
100 Hwang, K (ed.) Tutorial on supercomputers: design
and applications IEEE Computer Society Press,
Washington, DC, USA (1984)
101 Kuhn, R H and Padua, D A (eds) Tutorial on parallel
processing IEEEComputer Society Press,Washington,
DC, USA (1981)
102 Milutinovic, V M (ed.) Computer architecture:
concepts and systems Elsevier, New York, NY, USA

20

- -

David Meyer is an assistant
professor and member of the
PASM Parallel Processing
Laboratory in the School of
Electrical
Engineering at
Purdue
University'. He
received the BS degree in
electrical engineering
in
"~, 1973, the IVISE degree in
electrical engineering
in
1975, the MS degree in
computer science in 1979,
and the PhD degree in electrical engineering in 1981, all
from Purdue University. His research interests include
advanced microprocessors, computer architecture,
acoustics, digital signal processing, parallel processing
systems, VLSI design and educational delivery systems.
Dr Meyer has consulted in acoustics for both AT&T Bell
Laboratories and Electro-Voice Inc. He is a member of
the Eta Kappa Nu and the Tau Beta Pi honorary
societies.

(1987)
103 Snyder, L, Jamieson, L H, Gannon, D B and Siegel,
H I (eds) Algorithmically specialized parallel
computers Academic Press,Orlando, FL, USA (1985)
104 Stone, H S 'Parallel computers' in Stone, H S (ed.)
introduction to computer architecture (2nd edn.)
Science Research Associates Inc., Chicago, IL, USA
(1980) pp 363-425

Microprocessors and Microsystems

