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ABSTRACT
A PARALLEL IMPLEMENTATION OF
FAST FOURIER TRANSFORM ALGORITHM
TUGTEKiN, Sadan
M.S. in Computer Engineering
Supervisor: Assoc. Prof. Dr. Ayse Kiper B

April 1988, 141 pages

Parallel implementations of the fast Fourier
transform algorithms (FFI) on multiprocessor systems are
investigated and simulated with concurrent érogramming.

Two parallel FFT implementations are consideréd for
simulation on a VAXcluster system which consists of two
interconnected VAX 11/780 computers. These are the
Bergland’'s parallel FFT algorithm on é parallel element
processing ensemble, and the decimation-in-time radix-2
FFT algorithm on a loosely coupled multiprocessor system.
A set of simulation programs is developed . for each
implementation, in VAX FORTRAN language. Furthermore, each
simulation is tested for a set of time domain waveforms
and results are discussed in terms of complexity,

execution time, and efficiency.

Key words: FFT algorithm, parallel implementation,
simulation, concurrent programming,

execution time. N —
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8ZET
HIZLI FOURIER DUNUSUM
YONTEMiNiN PARALEL UYGULANISI
TUGTEKIN, Sadan
Yuksek Lisans Tezi, Bilgisayar Mih. BOGl.
Tez Yoneticisi: Dog¢. Dr. Ayse Kiper
Nisan 1988, 141 sayfa

Bu ¢aligsmada hizli Fourier d6nigliim (HFD) y6nteminin
¢oklu igletim birimine sahip bilgisayarlardaki paralel
uygulanigi arastirilmis ve egzamanli programlama ile
benzetimi yapilmigtir.

Bu uygulamalardan iki tanesi, VAXcluster denilen,
iki VAX 11/780 bilgisayarin karsilikli baglanmasindan
olusan sistemde, benzetim yapmak i¢in ele alinmistir.
Bunlardan biri Bergland’'in paralel HFD ydnteminin, paralel
eleman igletim biitlinli, denilen bilgisayardaki uygulanisi
ve digeride zamanda-pargalama taban-2 HFD y6nteminin, bir
gevsek baglantili ¢oklu igletim birimi, sistemindeki
uygulanigidir. Her iki uygulama gekli ig¢in, VAX FORTRAN
dilinde benzetim programlari geliétirilmigtir. Ayrica,
her benzetim gesitli dalga sekilleri igin test edilmis
ve sonuglar karmagiklik, galisma zamanli ve verim

yoninden tartigilmistir.

Anahtar kelimeler: HFD yontemi, paralel uygulanisg,
benzetim, eszamanli programlama,
caligma zamani.
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CHAPTER 1.

INTRODUCTION

Fourier analysis is not a new subject. It has been
around since 1800s when J.B.J. Fourier developed the
initial concepts and theory. Since then numerous papers
and books dealing with Fourier theory have been published
and the Fourier transform has found its way into signal
processing area.

Both the Fourier series and the Fourier integral
transform are the Fourier analysis tools used for
investigating the frequency spectrum of a time domain
waveform with a set of conditions. The discrete Fourier
transform (DFT) is a third type of Fourier transform, and
it is defined only for discrete values over a finite time
interval.

The term "fast Fourier transform" or "FFI" refers to
a family of algorithms that can pecform the DFT
calculation with much less computational effort than the
straightforward approach.

The FFT algorithms are based on decomposing the DFT
calculation of a sequence of length N, into successively
smaller DFTs. Two well-known types of FFT algorithms,
"decimation-in-time" and "decimation-in-frequency", are
derived from this decomposition.“

~ 8ince 1its general introduction in 1965, the FFT has

been a commonly used algorithm for evaluating the DFT.

T. C. -
Yiksekogretim Kurula
Dokiimantasyon Merkeal



Today, the FFT algorithm forms the core of digital signal
processing. It provides an efficient method of perfoiming
the operations; convolution, correlation, and Fourier
analysis, to emphasize . a ‘basis for radar signal
processing, sonar signal processing, seismic signal
processing, speech analysis, pattern recoénition, image
processing and the other branches of digital signal
processing.

Since the FFT algorithm is basic for implementing all
of these operations, the extent to which they can be done
in real-time is often limited by the rate at which the FFT
algorithm can be executed. High performance requirements,
for real-time, led to the design of special-purpose
FFT processors or the parallel implementations on
multiprocessor systems.

Although a considerable amount of work has been done
in the design of special-purpose FFT processors, very few
researchers have studied the pgrformance of the FFT
algorithm on a general-purpose multiprocessor system.

o The goal of this work is to investigate the parallel

FFT implementations and to realize a few of them by
simulating with concurrent programming on gg_avgilabig_
loosely coupled two-node VAXcluster system. Two different
FFT algorithms, namely, Bergland’s parallel FFT algorithm
and decimation-in-time radix-2 FFT algorithm have been
chosen for this purpose.

The first one; Bergland’s paréllel FFT algorithm, has

been simulated by using only one node of the VAXcluster



system, and the second one; decimation-in-time radix-2 FFT
algorithm, has been simulated by using both nodes of the
systen,

This thesis contains seven chapters and an appendix.
Chapter 2 presents an overview for the discrete Fourier
transform and fast Fourier transform algorithm to
emphasize a basis for the chosen parallel FFT algorithms,
given in Chapter 4. Chapter 3 gives a survey on FFT
implementations in two main sections. First section
describes the initial implementations and the second
section introduces the recent developments for the FFT
algorithm. Chapter 4 is about parallel FFT algorithms,
namely, Bergland's parallel FFT algorithm and decimation-
in-time radix-2 FFT algorithm, and contains a detailed
information for their implementations on a parallel
element processing ensemble and a shared bus computer,
respectively. Chapter 5 describes the simylations of the
algorithms, introduced in Chapter 4, in a VAXcluster
environment by giving an information about the written
'simulation programs. Some numerical results for the FFT
simulation software of the familiar time domain waveforms:
exp(-x), sin x, and cos x, are given in Chapter 6. These
results are obtained from the sgmple runs of the
simulation programs. In addition, total execution times

of the simulations are also discussed this chapter.



Chapter 7 gives a summary for the simulations explained
in Chapter 5, and concludes the sﬁudy with some comments
{Sr future implementations of the FFT algorithm. Finally,
Appendix-A contains the source listings of the simulation

programs.



CHAPTER 2.
FAST FOURIER TRANSFORM ALGORITHM

The fast Fourier transform is a computational tool
ﬁhiqh facilitates the signal processing by means of
digital computers. It is simply a method for efficiently
computing the discrete Fourier transform. ‘ -

From a digital viewpoint, the FFT realizes the exact
transformations of the given discrete values. Either
a continuous periodic signal or a continuous nonperiodic
signal can be sampled to provide the discrete values.
These discrete values can then be transformed to frequency
domain by the FFT. Thus, the FFT provides the correct
frequency domain information for the sampled vetsion of a
time domain waveform.

Since the FFT is a method for computing the DFT; it

is appropriate to begin with a brief review of the DFT.

2.1. DISCRETE FOURIER TRANSFORM

The discrete Fourier transform 1is a third type of
Fourier transform and related to the Fourier series and
Fourier integral transform.

The Fourier integral transform is also called as
continuous Fourier transform or just as Fourier transform.

It is one of the most important mathematical tools used in



‘signal processing both from theoretical and practical
viewpoints.

The discrete Fourier transform is derived from the
continuous Fourier transform and applied only to the
sampled versions of the periodic or nonperiodic time
domain waveforms. . The common form of the N-point DFT and

its inverse are

A(p) = E wPe a(q), p=20,...,N-1, (2.1)

1]

N-1
a(q) = N1 E wPd Ap), q=0,...,N-1, (2.2)
p=0

where w = Wy = eiZﬂlN’ and i = (-1)1/2, A(p) represents
the p th coefficient of DFT and a(q) denotes the gq th
sample of the time series which consists of N samples. The
a(q)’s can be complex numbers and the A(p)’s are almost
always complex.

This definition of the DFT is not uniform in the
literature. Some authors use A(p) / N as the DFT
coefficienté, others use A(p) / Nllz, still others‘use a

ﬁegative exponent in the weighting function w.



A continuous waveform can be sampled to provide the
input discrete values of DFT. In practice, these samples
can be easily obtained by using an analog-to-digital

converter. There are two basic concepts in the analog-to-

digital conversion of a continuous waveform. They are

. windowing: taking a part of the waveform over
a finite time interval, ‘
. sampling : finding the function values of thé
windowed waveform between specified

time intervals.

As an example, the result of an analog¥t6—digital
conversion of a cosine wave is shown in Fig.2.1l. In this
conversion, 0.0l sec 1is wused as a sampling time intérval
over the window, ‘from 0.00 to 0.31 sec. There are 32
equally spaced samples in the window. The function wvalues
of the samples are stored in the a(q)’'s and wused as
input data for the DFT in Eq.(2.1).

After the DFT computation on these samples by using
an FFT algorithm, the corresponding DFT coefficients,
A(p)’'s, contain the frequency components of the given
cosine wave, The result is shown in Fig.2.2. In the same
manner, the inverse DFT in Eq.(2.2) can be used for
transforming the A(p)’s, back to the initial discrete

samples, a(q)’s.
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2.2. DERIVATION OF FFT ALGORITHM

After the brief vreview of the DFT in previous
section, an example derivation of the FFT algorithm is
given in the following. \

A straightforward calculation of the DFT in Eq.(2.1)
would require N2 operations where ‘'"operation" means
a complex multiplication followed by a complex addition.

The FFT algorithm described here 1is the original
Cooley-Tukey algorithm [C141, and yields the result in
approximately N.log,N operations. To derive the
algorithm, suppose that the number of discrete complex

data points, N, is a composite number such that N = £y.r5.

Then, the indices in Eq.(2.1) can be expressed as

n

= plrl +po’ po 0,...,!‘1—1, pl = 0,...,!‘2"‘1, (2-3)

P
q = qlrz + qo' qo = 0,...,r2'1, ql = O’O.-'rl_l' (2.4)

and then, one can write

A<pl,po)=§ E wPd ala;,qq), (2.5)
9 9

where

p{g{¥-> + dp)
WP = o 172 0

pa f,  Pa
=w 12y 0 | (2.6)



Note that, this decomposition of the time sequence
index "q" has been used in the original Cooley-Tukey [141]
FFT algorithm and called as ‘"decimation-in-time". The
decomposition of the frequency spectrum index "p" has been
used instead of "q" in the Sande-Tukey version L20] and
called as "decimation-in-frequency". While the methods
differ, the two algorithms produce the same final results.

It is just a different path.

Justifying the first term of Eq.(2.6)

pq;ry (pyritPglda;r;
W W

r P19 Pe931ty
W W

Pyq Po9; Y
(wN) 131 w 021" 2

Pod ¥
w 0°1°2 (2.7)

since

wl = gi2TN/N _ 12T - (2.8)

cos(2W) + isin(2T)

= 1.

Podi%, P4
wPd = ¢ 07172 770 (2.9)

and therefore, the Eq.(2.5) becomes

10



Pod1¥y Pdg
Alpy,pgy) = E § ala;,9p) w oo, (2.10)
a q
0 1

The inner sum, over q;, depends only on p, and g, and

can be defined as an individual

sum

:E:: Po91r2
a,(pgr9p) = w algq,,qq)-

9

The result, then can be written

(plrl+po)q
AR ,pg) = > W p

- : q 0

The steps Eq.(2.11) and Eq
Cooley-Tukey L[14]1 FFT algorithm
able to choose N to be a highly
can make very real gains. This
algorithm. That is, if N is a

such that

11

al(povqo)

.(2.12) fo
for N = r

composite

(2.11)
. (2.12)
rms the original
1°F2- If we are
number, then we

is the key idea of the FFT

highly

composite

number



then the transformation can be decomposed into m stages

with N/ri sub-transformations of size ry within each

stage. Here, if each r; equals to r, then N becomes ™

and the resulting FFT algorithm takes a prefix name as
“radix-r".

After Cooley-Tukey L1411, most subsequent authors have
directed attention to the special case of N = 2™,
Explanation and programming are simpler for N = 2™  than
for general case, and the restricted choice of values of N
is adequate for a majority of applications. In addition,
in the case of N = 2™, the reduced number of operations,
N.logzN, can be obtained exactly. The general form of the
original Cooley-Tukey [14]1 FFT algorithm for N = 2™ is
stated in Section 4.2.2 of Chapter 4.

- There are also a number of other algorithms,
offshoots of the Cooley-Tukey algorithm (see L[201,C241,
and £251), that are 1lumped under the term FFT, and any
algorithm that provides the N.logzN advantagem;; generally

referred to as an FFT.

12



CHAPTER 3.
- PAST RESEARCHES RELATED WITH FFT

An efficient algorithm for the computation of
discrete Fourier transform was first reported by
J.W. Cooley and J.W. Tukey [141 in 1965. Since the
algorithm was required much less computational effort than
the direct methods, it was called as the "“fast Fourier
transform". The fast Fourier transform algorithm has
produced major changes in the computational techniques of
digital signal processing. The FFT algorithm has a long
and interesting history that has been summarized by
Cooley, Lewis and Welch L[C151.

A software implementation of N-point FFT élgorithm on
a general-purpose serial machine reduce the N2 ma jor
operations of DFT computation to N.logzN, 'Even greater
gains can be realized by either a special-purpose FFT
processor oy a parallel implementation on a multiprocessor
system.

In most applications of digital signal processing, a
processing rate slower than real-time would overload the
system with input data or lead to worthless results. The
other applications involve off-line processing where the
-volume of data makes processing impractical unless a
dedicated machine is wused. Because of these inherent
real-time constraints of digital signal processing

problems, a considerable amount of work has been done in

13



the design of special-purpose FFT processors. But
unfortunately, very few researchers have studied the
performance of the FFT algorithm on a general-purpose
multiprocessor system. However, since the FFT is a highly
parallel algorithm, the real-time digital signal
processing 1is an area where parallel computers can be
used particularly advantageously.

In this chapter, the developments in the
implementation of FFT algorithm are divided into two main
sections. 1In the first section, several papers concerning
the subjects; extension hardware units, special-purpose
FFT processors, and first FFT programs on general-purpose.
computers are referenced. In the second section, the
recent developments, such as machine oriented algorithms
with their implementations on special-purpose FFT
processors, improvements in FFT algorithm, implementations
for these improved forms of FFT, vector computer FFT
implementgtions, radix-2 FFT butterfly processors, and
ideal machine architectures for parallel FFT

implementations will be mentioned.

3.1. INITIAL FFT IMPLEMENTATIONS

In this section, we ¢try to summarize the first
developments interested in the initial implementations of
the FFT algorithm. These hardware related developments
began with the capability enhancements of general-purpose

computers for digital signal processing. The wuse of’

14



extension hardware wunits, such as additional processors,
extension memory units, and auxiliary storage devices,
for the avaliable host computers has been discussed by
many authors in the late 1960s. Furthermore, many FFT
programs coded in ALGOL or FORTRAN have been implemented
on general-purpose computers. Meanwhile, also many
scientists and companies have studied the design of
special-purpose FFT processors. We now refer to several

papers that are concerned with the above subjects.

3.1.1 Extension Hardware Units for Host Computers

Gold, Lebow, McHugh, and Rader [22] introduced the
drchitecture of a fast digital processor (FDP). It was a
general-purpose digital attachment to a UNIVAC 1219
computer. The main purpose of the FDP was to enhance the
capability of the UNIVAC computer for performance of
digital signal processing operations. This was
accomplished by a structure which allows for a degree of
parallel processing, pipeline methods, and the use of high
speed circuits. The FDP has been constructed at the
M.I.T. Lincoln laboratory.

HWesley L[431 proposed an associative memory as a
parallel processing unit for the FFT. He derived the
formulas for the number of memory operations required ¢to

execute the algorithm for various number of data points.

15



He showed that a 1024 word by 64 bit memory with an
operation time of 100 ns could execute a 1024 point

transform in 8.4 ms.

Singleton [371 and Brenner [1l11] described two
different methods for computing the FFT of the large
volume of data using external storage devices. In
addition, 8Singleton has coded his method in ALGOL of

Burroughs B5500 computer.

3.1.2 FFT Programs

Bergland ([11,C21, Singleton [£383, and Brenner [101,
presented several FORTRAN programs for the various forms
of the FFT algorithm.

Bergland [C11] gave the total number of complex
multiplications for the optimized FFT programs -in radices-
2,4,8, and 16, and pointed out that radix-8 with provision
for an additional factor of 4 or 2, is a good choice for
an efficient FFT program when N is a power of two. In
addition, Bergland [21, wrote a radix-8 FFT program for
the real-valued time series depending upon.the results of

his previous paper.

Programs written by Singleton [£381 and Brenner LC101,

were for two different mixed radix FFT algorithms,

16



described mathematically in their papers. The major
difference of Singleton’s program was that an efficient
method to arrange the results in ascending order. The
number of complex multiplications was reduced in both
programs by similar methods. However, Singleton
additionally was wused Bergland’'s L[11 results for this
reduction. These optimized programs have been implemented
on a number of computers, such as CDC 6400, CDC 6600,
IBM 360/67, and. Burroughs B5500, and Singleton’s program

wés found significantly faster.

3.1.3 Special-Purpose FFT Processors

Pease L3211 presented a work which was concerned with
the development of a variation of the FFT algorithm that
was better adapted to parallel processing in a special-
purpose machine. His primary objective was to see what
capabilities would be needed in such a machine.‘ He has
concluded his study in another paper and proposed a
valuable machine architecture for the parallel FFT

implementation.

Bergland [31 prepared a list of features that serves
to characterize an FFT processor. Based on this list,
information was requested from 20 companies that each one
has at least one FFT processor. The published table in

the paper represents a compilation of the returns. After

17



‘this surveying, Bergland [41] introduced the problems
associated with implementing the FFT algorithm in hardware
and provided a frame of reference for characterizing
specific implementations. He also described many of the
design options applicable to an EFT processor, and gave a
brief comparison of several machine organizations.
Bergland and Wilson [5]1 presented an FFT algorithm
for an unstructred, parallel ensemble of computing
elements with global control. The procedure has made
efficient use of a fixed-size memory and has minimized
the data transmission between computing elements. In this
paper, some practical considerations of the tradeoffs
between element utilization and gain of computing speed

via parallelism were also included.

Groginsky and Works [271 described a novel structure
for an FFT processor using Bergland’s [£41 alternative
organizations for FFT processors. The machine was
composed of nine processing modules, a synchronizer, an
A/D converter, and a display. The pipeline structure was
used to implement a real-time FFT machine to provide
spectral analysis for wide-band radars. This machine was
capable of processing simultaneously eiéht channels of
input data at a sample rate of 16000 complex samples per
second per channel with a transform length of 512 complex
samples. This pipelined organization of the FFT processor

has been constructed and used for radar signal processing.
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Corinthios [16]3 introduced an arbitrary-radix FFT
algorithm and design of its implémenting signal processing
machine. The algorithm, yields an implementation with a
level of parallelism proportional to the radix-r
factorization of the DFT, allowed 100 percent wutilization
of the arithmetic wunit, and yields prope;iy ”orderé;
Fourier coefficients without the need for pre- or

postordering of data.

3.2. RECENT DEVELOPMENTS

Over the past few years summarized in tﬁe previous
section, a large body of knowledge has been generated on
the subject of FFT algorithms. While most of this work
has been concerned with  hardware, a substantial
information has also been made available for programming.

FFT programs, like Bergland C11,CL21, Singleton L[381,
and Brenner [C10]1, naturally have to be conditioned by the
architecture of the particular serial computer. On the
other hand, the designer of a special-purpose FFT device
has the freedom to match the hardware design and the FFT
algorithm. This freedom is of particular advantage in
designing high-speed systems. HWHe refer here a few
examples of such systems.

Several scientists, Good £251, Winograd [451,
Sudhakar, Agarwal, and Roy [401, and Swartzrauber L4117,

have concerned only with the mathematical and
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computational aspects of the FFT algorithm. The
Consequences of these interests are the improved forms of
the FFT algorithm which are more flexible and general than
the original in some special application fields. Papers
related with these particular improvements and their
subsequent implementations, Bergland [6]1, Chu-Burrus L[131,
and Chow, Vranesic, and Yen [121, are included in this
section.

After the parallel and vector computers became
operational, a few researchers, such as Korn-Lambiotte
CZBJ, and Fornberg [C191, have studied the impiementation
of the FFT algorithm on these systems. In this section,
two FFT implementations on the CDC STAR-100 vector
computer are mentioned.

More recently, a number of single chip radix-2
butterfly processors has been fabricated using the very
large scale integration (VLSI) architecture. The related
papers, White [44131, Mactaggart-JdJack [301,L311, are also
included in this section.

Finally, a number of proposed machine architectures,
like Pease [331, Stone [39], is mentioned. These machines
have a 'high degree of parallelism in the numerical
solutions of the ¢time consuming problems; such as FFT,
partial differential equations, polynomial evaluation, and

large matrix operations.
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3.2.1 Special-Purpose FFT Processors

Gold and Biallly [23] reviewed the parallelism in
fast Fourier transform algorithm. They derived a
diagrammatic representation for mixed radix and highest
radix FFT algorithms. Using this representation, they
have explored the classes of FFT hardware from the point
of view of speed, parallelism, radix number and type of

memory.

Gottlieb and Lorenzo [261 prensented an algorithm
that introduced two degrees of parallelism dinto the
implementation of FFT processors. They also described a
serial vector multiplier that was ideally suited to the
implementation of a general radix arithmetic wunit. Two
different machine organizations, four arithmetic wunit
radix-2 and single arithmetic unit radix-4 were compared

in terms of speed, complexity, and cost efficiency.

Despain [£18]1 presented a new, especially attractive
FFT computer architecture using the compensated and the
modified CORDIC iterations. In the CORDIC iterations, the
number of operations was found as a function of transform
method and radix representation. Using these
representations, he also examined several hardware

configurations for cost, speed, and complexityﬁfrad@offstwf

Corinthios, Smith and Yen [171 introduced the

organization and functional design of a parallel radix-4
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FFT computer for real-time signal processing of wide-band
signals. The constructed special-purpose FFT processor
éerformed a real-time processing of signals at a rate of
up to 1.6 million samples per second. The computation

time of the FFT of 1024 samples was equal to 0.64 ms. -

3.2.2 Improvements in FFT Algorithm

Good’'s [25] main purpose was to show as clearly as
possible the mathematical relationship between the two
basic fast methods, Cooley-Tukey [141 and Good [241, wused
for the calculation of DFTs and to generalize one of
the methods a 1little further. He has also developed
a prime-factor algorithm for decomposing the DFT. His
method can be applied to all those linear transformations

whose matrices are expressible as direct methods.

Winograd [45]1 described new algorithms using the
results of his own previous study for computing the DFT.
In his previous study, he has investigated the minimum
number of multiplications needed to obtain the
coefficients of the product of ¢two (n-1) st degree
polynomials in mod (n th degree polynomial). These new
algorithms used about the same number of additions as the
algorithm proposed by Cooley and Tukey [141 but only about
20 percent of the number of multiplications which their

algorithm required.
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- Sudhakar, Agarwal, and Roy [40] proposed an algoritm
for computing the Fourier transform. The new algorithm
was more general than existing ones. It was retained the
order of computation at FFT 1levels, but allowed the
flexibility of choosing arbitrary frequencies for a
uniformly sampled signal. The method was based on the
fact that the Fourier transform of a finite length
sequence at any arbitrary frequency can be expressed as a
weighted sum of its DFT coefficients. The computational
aspects of the algorithm and its behavior with typical

signals have been critically examined.

Swarztrauber [41] proposed a number of new algorithms
for symmetric FFTs that were somewhat more efficient and
general than existing ones. Note that the symmetric FFTs
are used extensively in the solution of boundary-value
problems in partial differential equations. The
algorithms prensented in this study have been obtained by
modifying the FFT itself and they have given satisfactory
results with more less computational times because of the

eliminated steps from original algorithm.

3.2.3 Implementations for the Improved Forms of FFT

Bergland CL6] described an FFI algorithm for -the
parallel FFT implementation on a parallel element

processing ensemble (PEPE), previously described by
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Githen [£2131. Several methods of implementing the FFT
algorithm that permit parallel operations were also
described by Bergland in [41. An additional paralle}
implementation was proposed by Bergland and Wilson in
C51. Bergland’'s new parallel FFT algorithm combined the
componenﬁs of Bergland and Wilson’'s algorithm with a
variation of the Good’s [25]1 prime-factor algorithm. The
resulting algorithm computes an N-point DFT in a pdrallel
manner when N can be expressed as the product of two
integers R and S which are relatively prime. Bergland have
concluded that the algorithm is most efficient when R is

considerably smaller than S.

Chu and Burrus [13] developed a time-efficient prime
factor Fourier transform (PFFT) algorithm for calculating
the DFT. First, Good’s [25]1 prime-factor algorithm was
used for decomposing the DFT into multiple short prime
DFT's. Next, a method of Winograd [45]1 based on the index
permulation proposed by Rader [341 was used to convert the
short DFT’'s into convolution. When programmed on a 2480
microprocessor, the algorithm becomes 2-20 times faster
than conventional algorithms. The approach has also made
it possible to add a simple external logic to a

microprocessor system to further increase the speed.

Chow, Vranesic, and Yen [12] showed that previous

-

experience of Chu and Burrus [C131 in implementing the PFFT

is nmuch more difficult to do than the FFT because of its
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complicated structure. They also described a general
architecture for implementing PFFT' machines using
distributed arithmetic and 1lookup tables in ROM’'s to
perform the computations. It was found to be much simpler
and more modular than a design which uses multipliers and
adders. The proposed architecture was also suitable for

computing other linear functions.

3.2.4 Vector Computer FFT Implementations

Korn and Lambiotte [28B1 presented two algorithms for
performing an FFT on a vector computer. The first one was
an adaptation and extension of an algorithm proposed by
Pease [321 and second one was a variant of the original
Cooley-Tukey £141 FFT algorithm. These two algorithms have
been conpared on the CDC STAR-100 vector computer and the
relative merits of both algorithms have beeﬂ shown to
depend upon whether only a few or many independent

transforms are desired.

Fornberg [191 improved the results 1in the previous
paper of Korn and Lambiotte C[28]1 by considering the
relative hardware speeds between different machine
instructions. He also showed how the use of a different
algorithm and trigonometric tables lead to more than three
times faster execution times. But, the times for large
transforms increase only about 39 percent if +the tables

are eliminated in order to save storage.
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3.2.5 Radix-2 FFT Butterfly Processors

White [443 developed a very simple computational
’ requirement for the FFT butterfly. Based wupon the
distributed arithmetic and an algebraic substitution an
architecture has been developed. This architecture can be
Jsed effectively with a serial interface to very
efficiently mechanize the radix-2 FFT butterfly

computation for both decimation-in-time and decimation-in-

frequency configuration.

Mactaggart and Jack [30] described a two-dimensional
pipelined FFT butterfly processor using a distributed
arithmetic algorithm. An 8-bit processor which contains
approximately 8000 transistors has been fabricated based

on this architecture.

Mactaggart and Jack [311 again, developed another
arithmetic processor chip for radix-2 FFT butterfly
computation. But, in this case, 1t has a modified
architecture with 16-bit design and higher glocking rate.
They also described 1in detail that the distributed
arithmetic techniques can be applied in parallel-data
arithmetic computations to achieve highly regular and

efficient VLSI structures on silicon.
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il 3.2.6 Ideal Machine Architectures for Parallel FFT

Implementations

Pease’'s [33]1 study explored the possibility of using
a large-scale array of microprocessors as a computational
facility for  the execution of massive numerical
computations with a high degree of parallelism. The array
studied was called as the "indirect binary n-cube array".
He has used a network of switching nodes to obtain a high
degree of flexibility of the connections among the
microprocessors. The wuse of the array for radix-2 FFT,
partial differential equations, and matrix multiplication,
have been considered. Finally, he has concluded that the
indirect binary n-cube 1is very useful for a wide range of
important problems, and thus attractive candidate for the

design of a large-scale array of microprocessors.

Stone [£39] proposed an interconnection pattern for a
parallel processor that was called as the ‘"perfect
shuffle". He has defined the perfect shuffle such that
given a vector of elements, the perfect shuffle of this
vector is a permutation of the elements that are identical
to a perfect shuffle of a deck of cards. Elements of the
first half of the vector are interlaced with elements \of
the second half in the perfect shuffle of the vector. He
" has also indicated by a series of examples that the
perfect shuffle is an important interconnection pattern
for a parallel processor. The examples include the FFT,
polynomial evaluation, sorting and.matrix transposition.
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Bhuyan and Agrawal [71 considered a decimation-in-
time radix-2 FFT algorithm for implementation in
multiprocessors with shared bus, multistage
interconnection network [81,0291,0L331,CL391, and in mesh
connected computers [91,C39]. Results have been derived
for data allocation, interprocessor communication,
approximate computation time, and speedup of an N-point
FFT on any P available processing elements. A performance
comparison has also been carried out mainly between a
shared bus multiprocesssor and a computer with multiétage

interconnection network.
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CHAPTER 4.

PARALLEL FFT IMPLEMENTATIONS

In this chapter, we describe two different parallel
FFT algorithms with their original implementations. The
first one is the Bergland's [61 parallel FFT algorithm on
a parallel element processing ensemble (PEPE) C211, and
the second one is the decimation-in-time radix-2 FFT
algorithm on a loosely coupled multiprocessor system LCL71].
The Bergland’'s parallel FFT algorithm is easy to simulate
with concurrent programming on a serial machine, such as
VAX 11/780. However, the decimation-in-time radix-2 FFT
algorithm is adequate for a majority of signal processing

applications, and also has an applicable structure for the

available VAXcluster system. The simulated implementations

of these two algorithms emphasize the core of this study.

4.1. BERGLAND'S PARALLEL FFT ALGORITHM

In 1972, Bergland derived algorithms for parallel FFT
implementation. 1In the basic form of Bergland's parallel
FFT algorithm, the first assumption is that the number of

discrete complex data points, N, is factorable as
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N=RxS where R and S are relatiVeiy prime.
Additionally, one can always assume that R is an odd
number and S is a power of two.

By using this factorization, the algorithm segments
the computations of an N-term FFT in an odd number of
identical parallel operations which can be performed
independently and concurrently.

A type of multiprocessor system; parallel element
processing énsemble, was proposed for implementing the
Bergland’'s parallel FFT algorithm. The architecture of
this computer system 1is similar to single instruction
multiple data (SIMD) machines. It consists of one central
control processor (CP) and R processing elements (PE).
These processing elements can parallelly perform S-point
transforms on the data stored in their own memories, under
the general control of the control processor. In order to
implement the algorithm efficiently, the number of
processing elements, R, should be considerably smaller
than S. The value of R can be 3,5, or 7, for efficient

implementations.

-

4.1.1 The Algorithm

Assume that N is a product of two factors, R and S.

Then, redefining p and q of the Eq.(2.1) using Good's
prime-factor algorithm [251, we obtain

q = S.ql + R.qz, mod N, 0 { q < N,
q, = q.SR (mod R), mod R, 0 ( q; { R,
qz = q.RS (mod S), mod S, 0 ( 9, { 8,
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and

p = S.SR.p1 + R’RS‘pZ' mod N, 0  p ¢ N,
Pl = p (mod R), mod R, 0 ( P { R,
p, = p (mod S), mod S5, 0 ¢ Py <{ S,

where SR and Rs are the solutions of

S.SR = 1 (mod R), SR (R,
R.RS =1 (mod 8), RS < S,
respectively.

If we rewrite the Eq.(2.1) with these new

-.

definitions for P and d, and applying the
decimation-in~-frequency method (that is, - decomposing p),
it becomes

(i) Compute the DFT on R points

R-1

P,9;
B(pl,qz) = E wp a(ql,qz) (4.1)

q,=0

(ii) Compute the DFT on S points

5-1
Al - 272
q,=0
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The Bergland’'s parallel FFT algorithm consists of
mainly these two steps. An example is given in the next

section to illustrate the process of computing the N-term

FET.

4,1.2 Use of the Algorithm

Let N=12 =R x S = 3 x 4. The N—térm series of
discrete complex data points is a(0),a(l),a(2),...,a(ll).
This N-term series of the time domain data will be
transformed to the frequency domain, that is, to their
corresponding Fourier coefficients A(O0),A(1l),A(2),.:,A(11l)"
by applying the steps of the Bergland’'s parallel FFT

algorithm,

Using Good’s notation, we have

q = 4ql + 3q2, mod 12, 0 < q ¢ 12,

ql = q.SR {mod 3), mod 3, 0 ( ql < 3,

q, = q.RS {mod 4), mod 4, 0 ¢ qz < 3,
and

p = 4SR.p1 + 3Rg.Py, mod 12, 0 & p < 12,

Py =P (mod 3), mod 3, 0 ( Py < 3,

Py =P (mod 4), mod 4, 0 Py < 4,
where

SR =1,4,7,... < 3, Sg = 1,

RS = 3,7,11,... < 4, RS = 3.
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Eq.(4.1),
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a(2,3).
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If we expand the
transforms
B(0,0) = wgo"o’ a(0,0)
B(1,0) = wgl"o’ a(0,0)
B(2,0) = wéZ)(O) a(0,0)
B(0,1) = w§°"°’ a(0,1)
B(1,1) = wgl"o’ a(0,1)
B(2,1) = w§2)(0) a(0,1)
B(0,2) = wéo"o’ a(0,2)
B(1,2) = wél"o’ a(0,2)
B(2,2) = wéz”o’ a(0,2)
B(0,3) = wgo”o’ a(0,3)
B(1,3) = wgl”o’ a(0,3)
B(2,3) = wéZ)(O’ a(0,3)

Since R = 3, we

PEO, PEl, PEZ' These

have

three

processing elements,

processor numbers are written at the

left side column of the following equations to show which

equation is calculated by which processing element.

*
It is a number for the equations between in dashed lines.
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.

Since q = 4q1 + 3q2,

mod 12, O

rewrite the equations in (4.3) as

 qg<12,

we can
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Thus,
a(o0)
a(4)
a(8)

a(6)
a(lo0)
a(2)

PE#

PE, B(0,0) = w3 a(0) +
PE, B(1,0) = wg a(0) +
PE, B(2,0) = wg a(0) +
PE, B(0,1) = wg a(3) +
PE B(1,1) = wg a(3) +
PE, B(2,1) = wg a(3) +
PE, B(0,2) = wg a(6) +
PE, B(1,2) = wg a(6) +
PE, B(2,2) = wg a(6) +
PE, B(0,3) = wg a(9) +
PE, B(1,3) = wg a(9) +
PE,, B(2,3) = wg a(9) +
(4.4)

the Eq.(4.1) gives

B(0,0)

are used to B(1,0)

compute B(2,0)

B(0,2)

are used to B(l,2)

compute B(2,2)
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a(9)
a(l)
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compute

are used to

compute

B(0,1)
B(1,1)
B(2,1)

B(0,3)
B(1l,3)
B(2,3)



Similary, if we expand the Eq.(4.2) and using
the relation p = 4pl + 9p2, mod 12, 0 ¢ p < 12, we

have R, S-point transforms

PE#

PE,

A(0)=A(0,0)=w] B(0,0) + wy B(0,1) + w§ B(0,2) + wy B(0,3),

A(9)=A(0,1)=wd B(0,0) + wj B(0,1) + w2 B(0,2) + w,; B(0,3),

A(6)=A(O,2)=w2 B(0,0) + WZ B(0,1) + wg B(0,2) + wg B(0,3),

A(3)=A(0,3)=w2 B(0,0) + wi B(0,1) + wg B(0,2) + WZ B(0,3),

PE,

A(4)=A(l,0)=w2 B(1,0) + wg B(1,1) + wg B(1,2) + wg B(1,3),

A(1)=A(1,1)=w) B(1,0) + sy B(1,1) + w2 B(1,2) + w, B(1,3),

A(10)=A(1,2)=wy B(1,0)+ w2 B(1,1) + wj B(1,2) + wg B(1,3),

A(7)=A(1,3)=w) B(1,0) + w; B(1,1) + w§ B(1,2) + w, B(1,3),

PE.,

A(B)=A(2,0)=w] B(2,0) + wj B(2,1) + w) B(2,2) + w; B(2,3),

A(5)=A(2,1)=w2 B(2,0) + wi B(2,1) + wz B(2,2) + wZ B(2,3),

A(2)=A(2,2)=w) B(2,0) + w2 B(2,1) + w; B(2,2) + w§ B(2,3),

A(11)=Agz,3)=w2 B(2,0)+ wZ B(2,1) + wg B(2,2) + WZ B(2,3).
(4.5) — -
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Thus, the Eq.(4.2) gives

B(0,0) A(0) B(1,0) ' A(4)
B(0,1) are used to A(9) B(l,1) are used to A(l)
B(0,2) compute A(6) B(1,2) compute  A(10)
B(0,3) A(3) B(1,3) A7)
B(2,0) A(8)

B(2,1) are used to A(5)
B(2,2) compute A(2)
B(2,3) A(l1ll)

The summations have been expanded briefly in Eq.(4.4)
and Eg.(4.5). The example implementation can now be

considered in more detail on the proposed hardware.

The Bergland’s parallel FFT algorithm for
N=12=Rx S8 =3 x4 on a PEPE multiprocessor system is
illustrated in Fig.4.1l. The details of the implementation

can be explained by using this configuration.

Each processing element consists of an arithmetic
processor and a memory module. The communications between
the central control processor and the PE’s are achieved
through the communication network. There 1is no data
transfer between PE’'s, and they can only execute the

instructions coming from the control processor.
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The parallel implementation of the algorithm works as

follows.

(1) The N-term series of the time domain data

(2)

(3)

a(0),a(l),a(2),...,a(1l) are initially stored in the
array A of control processor’s memory. At the end
of the computations they will be replaced by their
corresponding Fourier coefficients, that is

A(0),A(1) ,A(2),...,A(1]1).

This NQterm series is prensented sequentially by the
control processor using the communication network, to
the entire ensemble of R processing elements. This

is simply a broadcast operation.

Each of the sums of Eq.(4.1) are accumulated during
this time in the array B of each processing element’s
memory. For example, the first processor accumulates

B(0,0),B(0,1),B(0,2), and B(0,3), of the 8, R-point

transforms indicated by Eq.(4.1), the second processor

accumulates B(1,0),B(1,1),B(1,2), and B(1,3) and the
third processor accumulates B(2,0), B(2,1),B(2,2), and
B(2,3).

Each processing element accumulates these coefficients

>by simply accepting every sample a(q) as it is

broadcast to all of the processors, then multiplying

it by the appropriate power of w, stored in its w
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(4)

(5)

array, and finally adding the resulting product to the
correct location in its array B. This step-isudone by
using the equations in (4.4). The 'left side column of

(4.4) shows the numbers of the processing elements.

When all the input terms have been processed, the
processor s memories have accumulated the
intermediate results as depicted in Fig.4.1.
These intermediate results, that is the set of
B(i,j) terms can then be transformed independently and
concurrently. Note that these R, S-point parallel
transforms are shown in the equations (4.5) and they

can be evaluated via any standard FFT algorithm.

The last step is to read out the evaluated Fourier
coefficients of the N-term series, in ascending order.
This is done by noting the correspondence between the
A(p) notation and the A(pl,pz) notation where

p (mod S).

i

P; = p (mod R) and Py
In the example, for N =12 =R x 5 = 3 x 4, results

of the computations will be stored in the array B of

each processing element’s memory, as shown in Fig.4.2.
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Py PE number

0 1 2

0 ACO) A(4) A(8)
Pzt

1 A(9) A(l) A(5)
address
in 2 A(6) A(l10) A(2)
array B

3 A(3) A(7) A(1ll)

Figure 4.2 Location of the A(p)‘’s where p is a
function of Py and Py-

Reading the A(p) terms out, in ascending frequency
order, 1is done by forming a (mod R) counter which
identifies the value of Py and a (mod S) counter which

identifies the value of Py, that is

"k, = 0 (mod 3)

1 —p count = 0 — A(0),
k2 = 0 (mod 4)
kl = 1 (mod 3)
— count =1 — A(l),
k2 = 1 (mod 4)

L[]

k., = 11 (mod 3) 2
—) count

3

11 ——»  A(1l).

ky = 11 (mod 4)
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4.2. DECIMATION-IN-TIME RADIX-2 FFT ALGORITHM

In the Bergland’'s case, the original derivation of
the fast Fourier transform algorithm is modified for
parallel implementation. However, the fast Fourier
transform, as it is, is a highly parallel algorithm, so
there is no need for exploring further parallelism in it.
In the following sections, the original form of the
decimation-in-time radix-2 FFT algorithm is considered on
a loosely coupled multiprocessor system.

If the factorization of the discrete Fourier
transform formula is carried out using factor 2 as a
base or a radix, then the derived FFIT algorithm takes a
prefix-name, "radix-2". Furthermore, in the same
factorization of the DFT, if the time sequence index "gq"
is decomposed, then the resulting algorithm is also called
as "decimation-in-time".

Since it has many distinct advantages in its
computation, the radix-2 FFT algorithm is the most popular

and developed one among other FFT algorithms.

e

4.2.1 The Computer System

The general architecture of a looséi& ébupled
multiprocessor system is depicted in Fig.4.3.
As in the PEPE system used for implementing the

Bergland’s algorithm, each processing element consists of
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Figure 4.3 A loosely coupled multiprocessor.

cpP

{Control Frocessor)

PE

PE

PE

Figure 4.4 A shared bus computer.




a processor and a memory module. However, in a loosely
coupled multiprocessor system the PE’s are intellegent
enough to execute ‘their own programs and the communication
between the processing elements are achieved through IN.
We additionally assume that there is a central control
processor that supervises the operation and switches the
IN for interprocessor communications.

A type of loosely coupled multiprocessor system,
"computer with shared bus", is illustrated in Fig.4i4.
This computer system is specifically considered here to
implement the decimation—in—time_radix—z FFT algorithm.

- In the computer with shared bus, there are P
processing elements where P = Zk. Each PE has its own
local memory and the bus operates in a time multiplexed
mode to transfer data from one PE to another.vmfhe.central
control processor enables connection between two PE’s.
Once the connection is established, the data transfer

begins with a block of data.

4.2.2 The Algorithm

The general form of the decimation-in-time radix-2

FFT algorithm is stated as follows.

When N = 2™, p and q of the Eq.(2.1) can be

represented in binary form (the name "radix-2") as
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+ 2™ 2%p to.ot Poo (4.6)

+...4 q. (4.7)

Using this representation, we can rewrite the Eq.(2.1) as

A(pm_l,pm_z, LI 'po)

E : E E pq
.se w a(qm—l'qm—Z""'qO)'

9 93 9n-1
(4.8)

Note that the single summation in Eq.(2.1l) must now
be replaced by m summations in order to enumerate all the
bits of the binary representation of q. The term wPd  in

Eq.(4.8) is

m-1 m-2 m-1 m-2
(2 pm_1+2 p _2+...+p0)(2 qm_1+2 qm_2+...+q0)

wP9=¢; m
(4.9)
Here, if we decompose q, that is,
m-1 m-2
p(2 aq .) p(2 qa  ,) jole|
wPd = m-1 W m-2 cee W 0, (4.10)

then the algorithm 1is called as "decimation-in-time",

whereas if we decompose p

m-1 m-2.
pmnl)q w(2 pm_z)q Pod

(2
s W r (4‘11)

WP < g
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it is called as "decimation-in-frequency". i

Performing each of the summations 1in Eq.(4.8)'
seperately and labeling the stages of intermediate results,

we obtain

Zm—l(poqm_l)
al(Porqm_zr---rqo) = W ao(qm-l""'qo)'

m-1

32(PgsP1s9p-3+ -+ rdg) =

(2pl+p0)2""2qm_2
E w al(pO'qm‘Z""’qO)’

qm—z

(4.12)

am(po’plloon,pm_l)

( zm_lpm_1+2m—2pm_2+ PR +po ) qo
§ w am—l(pOrplr---rqo)r

9o
AP _1/Pp_gr-++rPg) = ap(pPg/PyrevssPp_7)-

This set of iterative equations represents the
original formulation of the decimation-in-time radix-2
FFT algorithm. The final results am(po,pl,...,pm_l) which{
‘are obtained from the last summation of Eq.(4.12), are in’
bit-reversed order with respect to the desired values?

!
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APy _/Pp-nr--++Pg) - This is simply called as
"scrambling” that results from the FFT algorithm. The
final step in computing the FFT 1is to unscramble the
results as shown in the last equation of Eq.(4.12).

However, if the input data is given as in scrambled
order, that is in bit-reversed order, then the output data
of the FFT does not need any unscrambliﬁgv operation,
because, in this case the FFT gives the results in desired
natural order.

2m—1(poqm—l)

al(qo’...'qm_zppo) = W ao(qoynoo'qm_l)(

82(dgr+ - r9p-3,P1,Pg) =

E w a1(dgrecsrdp_2,Pg) e

qm-Z

(4.13)

am(pm_lr°--rpllpo)

m-1 m-2
w(2 pm_l+2 pm_2+...+p0)q0 . ( )
m_l qo""’pl’po bd

9

This second method, that is, bit-reversed input data
and natural ordered results is considered in the following

sections.
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4.2.3 Use of the Algorithm

In this section, an example is given to illustrate
the process of computing the N-term FFT. Let N = 16 = 20
4

= 2 The N-term series containing the bit-reversed input

data is
a(0),a(l),a(2),...,a(ls),

and the corresponding Fourier coefficients containing

the natural ordered results are
A(0),A(1),A(2),...,A(15).

For N = 24, p and q is represented as 4-bit binary

numbers,

3 2
2 p3 + 2

3 2
2 q3 + 2 q2 + 2q1 + dg.

T
f

Pz + 291 + Por

Q
i

Using Eq.(4.13), we obtain following equations

a = P03 a
1{99r9y,99,Pg) = Wy 09,9y r93,93) ,
- ' q3

(2p1+pgldy
a,(q94,49;,Py,Pg) = § Wa ay(dg,97,497,Pg) r-

9;
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(4p,+2p+pg) 4y
a3(q0vpzrplrpo) = g wg az(qorqlrplrpo)r
9
(8p3+4p2+2p1+p0)q0 -
a4(p3,P7,P),Pgy) = E w a3(gqg,Pz,P1+Pg) -

9y
(4.14)

Because of the binary nature of the parameters

93,495,497 and dg each of the sums in Eq.(4.14) consists of
two terms only. For example, consider the first equation

of Eq.(4.14)

al(qorql'qzrpo)

:E:: Pod3
bl a5(dp,9;,92,93)

93

-

(po)(O) (po)(l)
2 ao(qorqquZro) + Wa ao(qorqlqurl)r

W

P
0 0
Wy 39(dg,d1,95,0) + Wy 8g(qg,d;,92,1).

Furthermore, since p, takes values 0 or 1 only, the

computations of the two terms

al(qorqquZIO) = Wg aO(qO'ql’qZ’ 0) + Wg ao(qorqlqurl)i
and
a, ( ds,1) = wd a,( 0) + wk a,( 1)
1 dgr9y-9r 2 9o 9pr97 -9~ 2 %o qorqquzr ’

can be diagrammed as shown in Fig.4.5.
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30(qgrdy+93,0) a;(q9r,43,92,0)
w3
2
39(gpray 93, 1) aylagrdy-9z-1)
3

Figure 4.5 Butterfly computation of decimation-in-

time radix-2 FFT algorithm.

This computational diagram is called as the
"butterfly"” computation of radix-2 FFT algorithm in
Eq.(4.13). Similar diagrams can be drawn for each of the

sums in Eq.(4.14).

4.2.4 Parailel Implementation of the Algorithm

In a decimation-in-time N-point radix-2 FFT algorithnm,
m stages of computations are required with N/2 butterfly
computations per stage, where m = logzN. With P number of
PE‘'s, N/2P butterfly computations are carried out in each

PE per stage. The partitioning of a 16 point FFT with 2,4,
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and 8, PE’'s are shown in Fig.4.6 (a), (b), and (c¢),
respectively.

Note that at each stage of interprocessor
communication, a PE keeps one datum of each butterfly in
its memory for the next stage computation and sends the

other data to some other PE.

The parallel implementation of the algorithm works as

follows.

(1) The control processor sends the same amount of input
data which is N/P to each of the P available PE’'s.

(2) Each PE computes N/2P butterflies per stage until
{m-k) stages.

(3) PE; sends N/2P data items to PEj where 1 ¢ i,j ¢ P.

(4) Each PE computes N/2P butterflies.

(5) Repeat from step (3) until m stagesgare complete.

(6) Each PE sends its resulting data back to control

processor.

4.2.5 General Features of the Algorithm

In the decimation-in-time radix-2 FFT algorithm
considered here, the inputs are bit-reversed and the
outputs are ordered. We assume that the input data a(q)
and output data A(p).are numbered from 0 to N-1 and the
PE's are numbered from 1 to P where P = 2K. The following

results are obtained.
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Figure 4.6(a) 16-point decimation-in-time radix-2
FFT computation with P = 2.
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Figure 4.6(b) 16-point decimation-in-time radix-2
FFT computation with P = 4.
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(1) For a decimation-in-time N-point radix-2 FFT algorithm

(2)

(3)

with P available PE’'s, the number of Dbutterfly
computations per PE per stage is N/2P. Assuming each
butterfly computation takes one unit of fime,
computation time per stage is N/2P. The rest of ¢the
butterflies in that stage are also simultaneously
computed by other PE’'s. Hence, for m stages, the total

time of butterfly computations is m(N/2P) units.
The amount of data per PE is N/P. The i th PE

[((N/P) (i-1)

will contain input data 4 to

_}N/P)i -1

[(N/2P) (i-1)

to

(N/2P)i - 1

and produce output data € and

(N/2P) (i-1) + (N/2)

to

| ((N/2P)i - 1) + (N/2)

Note that these input-output sequences for N = 16 and

P = 2,4, and 8, are illustrated in Fig.4.6(a),(b) and

(c), respectively.

There is no data transfer for stages s { (m-k). After
(m~k) stages, the PE’'s are grouped for data transfer
with a difference of 1,2,4,8,... until m stages are
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complete; so the difference grows by powers of two.

For the s th stage of computation, the difference

between PEi and PEj with respect to s is given by

for 1 ¢ s & (m-k),

]
o

[i-31

and

p.2{s"1) , g for (m-k) < s § m.

1]

i-31
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CHAPTER 5.
SIMULATED IMPLEMENTATIONS

In this chapter, we describe a set of FORTRAN
programs that simulate the two different parallel FFT
algorithms with concurrent programming. The source
listings of the programs are given in Appendix-A.

This set of simulation programs has been implemented

on an available VAXcluster system which consists of two
interconnected VAX 11/780 computers. The Bergland's
parallel FFT algorithm has been simulated by using only
one node of the VAXcluster system and the decimation-in-
time radix-2 FFT algorithm by using both nodes of the
system.
- Loosely coupled VAXcluster systems are configured
using a new method of interconnecting or "clustering" VAX
processors. Communications within the VAXcluster ‘systems
are handled through a central interconnect data channel
which is called as the high speed Computer Interconnect or
“CI".

In addition to the CI architecture, the available
VAXcluster system has an ethernet which provides the
accessing to Local Area Network (LAN). Ethernet combines
with the CI and terminal servers to proVide a total
communication solution for VAXcluster systems. Two-node

VAXcluster system interconnected by the CI and ethernet is

shown in Fig.5.1l.
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The VAX/VMS operating system provides a high
performance environment for concurrent multiuser time
‘sharing operations and offers a set of very valuable
routines for concurrent programming in implementing with
high level languages. Both algorithms have been
implemented by wusing these routines and some other
programmed system services, such as interprocess
communication services and intersystem communication
services. The VAX/VMS manuals related with these subjects

are referenced between in LCL461-C531.

5.1. SIMULATION OF BERGLAND'S PARALLEL FFT ALGORITHM

The simulated implementation of Bergland'’s parallel
FFT algorithm on a VAX 11/780 computer is illustrated in
Fig.5.2. The following 5 programs are used for this

simulation.

. CONTROL_PROCESSOR (a program executed in a parent
process to simulate the central
control processor)

.+ GET_POINTS (a subprogram to generate input
data)
. PUT_RESULTS (a subprogram to output results)

» PROCESSING_ELEMENT (a program executed in each
concurrent subprocess to

simulate a PE)
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. FFT4_2 (a subprogram to calculate

S-point FFT)

A parent process executing the program CONTROL_

PROCESSOR simulates the central control processor and
sequentially creates R number of concurrent subprocesses
(maximum 9). Each one of these concurrent subprocesses
simulates a PE by executing the program PROCESSING_
ELEMENT. '
- The subprogram GET_POINTS is called by the CONTROL_
PROCESSOR and generates the input data using one of the
time domain waveforms exp(-x), sin x, and cosAx, and ﬁﬂe
step size in the interval 0 ¢ h ¢ 1.

The subprogram PUT RESULTS is also called by the
CONTROL_PROCESSOR and has two choices as Screen and Disk
to where the results will be output.

The subprogram FFT4_2 is called by each one of the R
PROCESSING_ELEMENT's to perform the Eq.(4.2) independently
and concurrently. It is an optimized radix~"4+2; standard
FFT algorithm.

As shown in Fig.5.2, the communications bétween
CONTROL_PROCESSOR and PROCESSING_ELEMENT's are achieved by
using a previously installed common block. In the VAX/VMS
operating system, we can use an installed common block for
interprocess communication or for allowing two or more
processes to access the same data simultaneously.

Note that, the desired common block is in the program

file IN_PLACE.FOR (Appendix-A).
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In addition, common event flags are used to
synchronize the events between PROCESSING_ELEMENT's. This
synchronization is especially required for communicating
between CONTROL_PROCESSOR and PROCESSING_ELEMENT's using

the installed common block.

5.2. SIMULATION OF DECIMATION-IN-TIME RADIX-2

FFT ATLGORITHM

As mentioned previously, the decimabion-in-Lime
radix-2 FFT algorithm has been simulated by using both
nodes of the available VAXcluster system (Fig.5.1). The

following 5 programs are used for this simulation.

. CONTROL_PROCESSOR (a program executed in a parent
process in local node to simulate
the central control processor)

. GET_POINTS (a subprogram to generate input
data)

. BIT REVERSED (a subprogram to take the
bit-reversed order of input data)

. PUT_RESU#TS (a subprogram to output results)

. PROCESSING_ELEMENT (a program executed in each
local subprocess and femﬁte

process to simulate a PE)

Note that, the four programs have the same name with
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different content by the simulation programs of the
Bergland’'s algorithm.

Each of the two interconnected VAX 11/780 computers
has a node name as “"node BATI" and "node DOGU". _ In the
simulation programs, node BATI is used as a local node and
node DOGU as a remote node.

In each node, the same number of concurrent processes
(maximum total is 8) are created sequentially by a parent
process which executes the program CONTROL_PROCESSOR to
simulate the central control processor. If a process is
created in local node, it is called as 1local subprocess,
whereas if it is created at remote node by establishind a
logical 1link between two nodes, then it is called as
remote process.

Each local subprocess or remote process executes the
same program; PROCESSING_ELEMENT, to simulate a PE. In the
following, the terms; 1local subprocess and remote process
are used synonymously with local PROCESSING_ELEMENT and
remote PROCESSING_ELEMENT, respectively.

All subprograms are called by the CONTROL_PROCESSOR.
Tasks of the GET _POINTS and PUT_RESULTS are the same as in
the Bergland’s case. However, the BIT_ REVERSED is used to
take the bit-reversed order of input data generated by
the GET_POINTS.

In this simulation, synchronous mailboxes are used
instead of an installed common block for interprocess
communication. Mailboxes are pseudo input-output devices

located in memory, and synchronous mailbox means that read
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or write to a mailbox, and then wait for the cooperatiqg
process to perform the opposite operation. -

In the simulation programs, mailboxes are used both.
for communicating between PROCESSING_ELEMENT'’'s in the same
node (it doesn’'t matter the node is local or remote) and
for CONTROL_PROCESSOR and PROCESSING_ELEMENT's in local
node.

In addition ¢to the mailboxes for interprocess
communication, the logical links, established 5etween the
CONTROL_PROCESSOR in local node and the PROCESSING_
ELEMENT's at remote node while the CONTROL_PROCESSOR
creating remote processes are used for intersystem
communication.

The interprocess communications with the synchronous
mailboxes and the intersystem communications with the
logical links are shown in Fig.5.3 (a),(b), and (c), for
P = 2,4, and 8, respectively. Functions of the mailboxes,

shown in Fig.5.3, are as follows:

. The mailbox CP in local node is used to transfer
the identification data of each local PROCESSING_
ELEMENT.

. The mailboxes, MBXO0#, in 1local node are used for
communicating between CONTROL_PROCESSOR and each
local PROCESSING_ELEMENT.

. The other mailboxes, MBX##, both in 1local and
remote node are wused for communicating between

PROCESSING_ELEMENT's in the same node.
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Figure 5.3 Interprocess and intersystem communications
for the VAXcluster simulation of decimation-
in-time radix-2 FFT algorithm.
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The communications between a local PROCESSING_ELEMENT

and a remote PROCESSING_ELEMENT is done as follows.

As it is seen in Section 4.2. that there is no data
transfer for the stages s  (m-k), and after (m-k) stage,
there are k transfer stages in the computation. In our
simulation, wup to k th transfer stage, the data transfer
between PROCESSING ELEMENT's in the same hode is done by
using the mailboxes, MBX##, in that node. However, in the
k th transfer stage, the data transfer between PROCESSING_
ELEMENT's in different nodes is required. This synchronous

intersystem data transfer is done as follows.

. As in the each tranfer stage, the PROCESSING_
ELEMENT(i) determines its communication partner
PROCESSING_ELEMENT(j) also in the k th transfer
stage.

. Assume that PROCESSING_ELEMENT(i) is a local
subprocess and PROCESSING_ELEMENT(j) is a remote
process. After the step; determining communication
partner, local PROCESSING_ELEMENT(i) knows its

- partner remote PROCESSING_ELEMENT(j), and also
remote PROCESSING_ELEMENT(j) knows local PROCESSING

_ELEMENT(1i).

. Local PROCESSING_ELEMENT(i) puts the data to the
mailbox MBX0i and waits for the CONTROL_PROCESSOR
to read out the data from that mailbox.

. CONTROL_PROCESSOR gets the data from MBX0i, and

then PROCESSING_ELEMENT(i) wakes up to continue.
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. CONTROIL_PROCESSOR outputs the data to remote
PROCESSING_ELEMENT( j) synchronously over the
established logical link between CONTROL_PROCESSOR
and PROCESSING_ELEMENT( j).

. Finally, a reverse operation begins with this last
step to transfer the data from PROCESSING_

ELEMENT(j) to PROCESSING_ELEMENT(1i).
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CHAPTER 6.
RESULTS AND DISCUSSIONS

A complex multiplication, requiring four real
multiplications and two real additions, is a relatively
slow operation on most computers. The fact that the FFT
of N points requires N.log,N complex multiplications while
the straightforward approach requires NZ, providing
a clear choice of algorithms for serial computers.

The number of complex multiplications still remains
important for parallel computers, but several other
factors, such as the data transfe; time between processing
elements, becomes equally significant. In a highly
parallel algorithm like the FFT, the computation time in
various multiprocessor organizations remains the same
while the communication overhead due to interprocessor.-
data transfer is extremely important. It decides the
actual performance of the algorithm, since the total time
required to move data to the appropriate processing
elements can be larger than the computation time, on
certain multiprocessor architectures.

In the following sections, the execution times both
for the ‘simulation of Bergland'’'s parallelAFFT algorithm
and the simulation of decimation-in-time radix-2 FFT
algorithm are considered for various values of - N,
in different number of processing elements. Note that, the
execution time is a total of computation time and the data
transfer time of the specified simulation.
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Note also that, the execution times given in the
following sections for both simulations can be obtained by
using anyone of the time domain waveforms: exp(-x), sin x,
and cos x, as input data. Because, the content of input

data does not change the execution time of the simulation.

6.1. BERGLAND'S PARALLEL FFT ALGORITHM

The total number of complex multiplications that must

be performed in sequence using this algorithm is the sum
of the operations required in evaluating Eq.(4.1) and

Eq.(4.2), that is,

and

(logzs / 3 -1)s +1, o (6.2)
respectively. Thus the algorithm requires that a total of
(R + logZS / 3 - 2)sS + 1, (6.3)

complex multiplications must be performed sequentially per
execution.

The simulation of Bergland’s parallel FFT algorithm
on a VAX 11/780 computer runs without requiring any data
transfer, since the necessary data both for CONTROL_
PROCESSOR and PROCESSING_ELEMENT's is stored in a common
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memory area. Thus, the  execution times given in this -
section, contain only the computation time of :the
simulation.

Some numerical results for the FFT simulation
software of the familiar time domain waveforms: exp(-x),
}in x, and cos x, with the sampling interval 0 ¢( h ¢ 1

(starting from origin), are listed in Table 6.1,

Table 6.2, and Table 6.3, respectively.
These tables are obtained from the sample runs of the
simulation programs and contain the following information:
. values of R and S,
. used time domain waveform,
. sampling interval value,
and

. the related FFT results.

Furthermore, the execution times of the simulation
for various values of R and S are tabulated in Table 6.4.
The left most column of Table 6.4 shows the tested values
of S (2 to 4096) and the number of complex multiplications
required to compute these S-point transformé. Each value
of R (1 to 9) occupies a heading column that covers the
following information:

(i) ¢ number of complex multiplications in

evaluating the Egq.(4.1),

Total : total number of complex multiplications,
N : total number of discrete complex

data points, R x §,
Time : execution time.
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R=23,8 4 — N =12

[}

Haveform exp(-x)

Sampling interval = 0.1

FFT Results

Index Real part Imaginary part

0 7.34328318 0.00000000
1 0.60122949 1.25703716
2 0.41870633 0.59918678
3 0.38422716 0.34766316
4 0.37265784 0.20105702
5 0.36810848 0.09337187
6 0.36685848 0.00000000
7 0.36810845 ~0.09337187
8 0.37265757 -0.20105749
9 0.38422716 -0.34766316
10 0.41870651 -0.59918672
11 0.60122973 -1.25703716

Table 6.1 1l2-point FFT of the function exp(-x)
with h = 0.1.
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R=5,8=8 —» N-=40
Waveform = sin x
Sampling interval = 0.01
FFT Results
Index Real part Imaginary part
0 7.69912624 0.00000000
1 ~0,22689843 -2.48410320
2 -0.20278139 -1.23060215
3 -0.19833173 -0.81139416
4 -0.19677617 -0.59941018
5 -0.19605695 -0.47014979
6 -0.19566670 -0.38218462
7 -0.,19543199 -0.317765%50
8 -0.19527966 ~-0.26801360
9 -0.19517718 -0.22798851
10 -0.19510402 -0.19471884
11 -0.19505043 ~0.16630450
12 -0.19%01071 -0.14146982
13 ~0.19498037 -0.11932194
14 -0.19495772 -0.09921227
15 -0.19494024 -0.08065359
16 -0.19492714 ~-0.06326666
17 -0.19491792 -0.04674694
18 -0.19491161 -0.03083992
19 -0.19490775 -0.01532447
20 -0.19490623 0.00000000
21 ~0.19490772 0.01532435
22 -0.19491138 0.03083962
23 -0.19491751 0.04674646
24 -0.19492806 0.06326592
25 ~-0.19494022 0.08065359
26 -0.19495773 0.09921230
27 -0.19498064 0.11932202
28 -0.19501078 0.14146984
29 -0.19505058 0.16630462
30 -0.19510399 0.19471884
31 ~0.19517712 0.22798863
32 -0.19528036 0.26801334
33 -0.19543235 0.31776580
34 ~0.19566695 0.38218459
35 -0.19605693 0.47014979
36 -0.19677649 0.59941012
37 -0.19833215 0.81139427
38 -0.20278190 1.23060215
39 -0.22689927 2.48410320
Table 6.2 40-point FFT of the function sin x

with h =

0.01.
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= 0.001

s ults

Imaginary part

0.00000000
0.01395816
0.00695640
0.00461329
0.00343409
0.00272039
0.00223988
0.00189255
0.00162822
0.001418B13
0.00124735
0.00110454
0.00098264
0.00087696
0.00078B392
0.00070077
0.,00062698
0.00055606
0.00049251
0.00043322
0.00037748
0.00032471
0.00027436
0.00022566
0.00018635
0.00013328
0.00008B829
0.00004429
0.00000000
~-0.00004370
-0,00008827
~0.00013316
-0.00018993
-0.00022561
-0.00027436
-0,00032471
-0.00037771
~0.00043325
~0.00049251
~0.00055617
~0.00063264
~0.00070017
~0.00078392
~0.00087636
-0.00098270
~0.00110466
~0.00124735
-0,00141810
~0.00162512
-0.00189255
~0.00223988
-0.00272044
~0.00343409
~0.00461317
-0.00695641
-0.01395757

R=7,85=8 —> N = 56
Waveform = cos x
Sampling interval
FET R e
Index Real part
00 55.97151947
01 -0.00366738
02 -0.00033231
03 0.00028503
04 0.00050139
05 0.00060120
06 0.00065541
07 0.00068834
08 0.00071108
09 0.00072393
10 0.000734472
11 0.00074197
12 0.00074747
13 0.00075243
14 0.00075722
15 0.00075855
16 0.00076745%
17 0.00076325
18 0.00076416
19 0.00076561
20 0.00076652
21 0.00076792
22 0.00076783
23 0.00076857
24 0.00076747
25 0.00076917
26 0.00076972
27 0.00076905
28 0.00076866
29 0.00076916
30 0.00076954
31 0.00076926
32 0.00076640
33 0.00076846
34 0.00076783
35 0.00076792
a6 0.00076652
37 0.00076565
38 0.00076416
39 0.00076317
40 0.00074029
4] 0.00075867
42 0.00075722
43 0.00075231
44 0.00074761
45 0.00074188
46 0.00073442
47 0.00072349
48 0.00072208
49 0.000668834
50 0.00065541
51 0.00060108
52 0.00050128
53 0.00028512
54 -0.00033225
55 ~0.00366750

Table 6.3 56-point FFT of the function cos x

with h = 0.001.
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The execution times are CPU times, which are measured
with 10 milliseconds (0.010 second) resolution. The times
measured on successive runs rarely differ by more than 10
to 20 milliseconds. Furthermore, the program has been run
for N = 2,4,6,8,10, and 12, and yields a timiﬁg }esult of
0 or 10 milliseconds and for N = 36384 = R x S = 9 x 4096
exceeds the size of input array A (program CONTROL_
PROCESSOR in Appendix-A).

The Bergland’'s parallel FFI algorithm is the most
efficient when R is considerably smaller than §, as
mentioned in Chapter 4. It can be seen from Table 6.4 such
that, given a number of identical processors that can each
efficiently perform 1024 point transforms, these
processors can then be interconnected ¢to perform

3 x 1024 = 3072 point transform, 5 x 1024

i

5120 point
transforms, and 7 x 1024 = 7168 point transforms, Qith the
corresponding times 390, 470, and 670 milliseconds,
respectively. Thus, while the number of discrete complex
data points increases substantially, the execution time
increases moderately.

However, as R increases, the N - S operations, that
is, the number of complex multiplications in evaluating
Eq.(4.1), take an increasing percentage of the execution
time of the algorithm. The execution times for various
vdalues of R and S are plotted in Fig.6.1, as a function of
N by using Table 6.4.

It can be seen from Fig.6.1 that for systems with~
mbre than five to seven processors the algorithm becomes

time-inefficient.
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6.2. DECIMATION-IN-TIME RADIX-2 FFT ALGORITHM

Some numerical results for the FFT simulation
software of the time domain waveforms: exp(-x), sin x, and
cos x, are given in Table 6.5, Table 6.6, and Table 6.7,
respectively.

These tables are obtained from the sample runs of the
simulation programs and contain the similar information as
in the case of Bergland’s algorithm.

The performance of this algorithm is examined both
for VAXcluster simulation and &' suitable shared bus

computer, in the following three subsections.

6.2.1 Shared Bus Computer Implementation

In order to examine the performance of decimation-in-
time vradix-2 FFT algorithm on a P-processor shared bus
computer, the following ¢times (machine constants) are

needed.

u ¢ unit transfer time

(The time to transfer one datum of

)

a butterfly from PEi to PEj. -

v : switching overhead
(The time needed by the control
processor to establish a connection

between PEi and PEj.)
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Haveform:

exp(-x)

Sampling interval

=

0.01

FFT Results
Index Real part Imaginary part
0 7.72687149 0.00000000
1 0.03975432 0.09279081
2 0.03882639 0.03843970
3 0.03866703 0.01592252
4 0.03863382 -0.00000034
5 0.03866697 -0.01592268
6 0.03882606 -0.03844004
7 0.03975395 -0.09279098
Table 6.5 8-point FFT of the function exp(~-x)
with h = 0.01.
P=4, N =16
HWaveform: sin x
Sampling interval = 0.1
FFT Results
Index Real part Imaginary part
0 9,78363132 0.00000000
1 -1.22209954 ~2.68908453
2 -0.67823285 ~1.22753012
3 -0.58368760 ~0.75408661
4 -0.55141896 ~0.50229645
5 -0.53707695 -0.33515799
6 -0.52996945 ~0.20762622
7 -0.52655953 ~0.09967268
8 -0.52553844 ~-0.00000045
9 -0.52655989 0.09967232
10 -0.52996963 0.20762593
11 -0.53707719 0.33515775
12 -0.55141950 0.50229597
13 -0.58368814 0.75408649
14 -0.67823374 1.22752988
15 ~-1.22210109 2.68908477

Table 6.6 16-point FFT of the function sin x

with h =

0'1.
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P =8, N-= 32
Waveform: cos x
Sampling interval = 0.001
FFT Results
Index Real part Imaginary part
0 31.99479485 0.00000000
1 ~0.00057574 0.00259894
2 0.00004677 0.00128684
3 0.00016131 0.00084369
4 0.00020237 0.00061760
5 0.00022001 0.00047892
6 0.00023037 0.00038269
7 0.00023619 0.00031183
8 0.00024055 0.00025536
9 0.00024264 0.00021006
10 0.00024464 0.00017106
11 0.00024588 0.00013679
12 0.00024685 0.00010595
13 0.00024716 0.00007757
14 0.00024770 0.00005097
15 0.00024791 0.00002516
16 0.00024796 -0.00000140
17 0.00024789 -0.00002534
18 0,00024763 -0.00005132
19 0.00024710 -0.00007775
20 0.00024656 -0.00010665
21 0.00024579 -0.00013696
22 0.00024440 -0.00017141
23 0.00024250 -0.00021023
24 6.00023915 -0.00025676
25 0.00023598 -0.00031201
26 0.00022984 -0.00038304
27 0.00021969 -0.00047909
28 0.00020068 -0.00061830
29 0.00016074 -0.00084387
30 0.00004502 -0.00128718
31 -0.00057751 -0.00259912
Table 6.7 32-point FFT of the function cos x

with h = 0.001.
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b : butterfly computation time
(The time for calculating a single

butterfly.)

The total execution time of the decimation-in-time
radix-2 FFT algorithm consists of: a) total data transfer
time, b) total switching overhead, and c¢) total butterfly

computation time.

a) Total data transfer time:

As mentioned préviously in Chapter 4., in FFT
calculations no data transfer is necessary for stages
s { (m-k). For stages s > (m-k), each PEi keeps one datum
out of a butterfly for computation in the next stage and
transfers the other data to PEj. With N/2P number of
butterflies per processor, data are transferred
sequentially over the bus for all 1 ¢ i,j £ P. Each PE
takes transfer time (N/2P)u per stage. For P PE's and k

transfer stages, the total data transfer time is
k(N/2)u.
Note that, the time required to transfer the initial
data from control processor to PE’'s plus the output data

from PE's to control processor has been excluded from this

total.
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b) Total switching overhead:

The control processor takes -time v to establish a
connection between PE‘'s 1 and j. After PEi sends N/2P
data items to PEj, a reverse transfer occurs over the same
connection. With P/2 such connections and k stages of

transfers, the total switching overhead is
k(P/2)v.

c) Total butterfly computation time:

The butterfly computation time in a single PE is

t = m(N/2)b,

and in P PE’'s is

m(N/2P)b.

Hence, the total time is
T = m(N/2P)b + k(N/2)u + k(P/2)v. (6.4)
and, the speed-up ratio is

Sp = t/T =P/ (1 + P(k/m)(u/b) + (PZ/N)(k/m)(v/b)).
(6.5)
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6.2.2 VAXcluster Simulation

In this simulation, the machine constants u,v, and b,

can be redefined as follows:

=

The mailbox transfer time of an 8-byte complex

number.

The logical 1link transfer time of an 8-byte
complex number,

The time needed to create a mailbox between two
PROCESSING_ELEMENT's.

The charged CPU time for a Dbutterfly

computation.

In addition, the following two more times are needed

to create the concurrent processes;

Hence,

for a local subprocess,

for a remote process.

the total time for the simulated

implementation is

82



T = m(N/2P)b C The butterfly computation time.
+ (P/2)(1l+r) S The time needed to create local
| subprocesses and remote processes.
+ (1+P/2)v S The time needed to create mailboxes
CP and MBX0# between CONTROL_
PROCESSOR and local PROCESSING_
ELEMENT's, and,
+ (k-1)v C MBX## between PROCESSING_ELEMENT's
in the same node.
+ (k~1)(N/P)ul C The data tranfer time using
mailboxes, MBX#i#.
+ (N/2)(ul+u2) S The data transfer time using
logical links and mailboxes, MBXQ#.

(6.6)

where C and S show the operation type as Concurrent and

Sequential, respectively.

Remarks:

. The second term, that is, the time needed to create

local subprocesses and remote processes can be ignored

-

by assuming that they are created previously (in the

following, we ignore it).

. The time required to transfer the identification data of
local PROCESSING_ELEMENTS's (using mailbox CP) and
remote PROCESSING_ELEMENTS‘s (using logical links) has

been worked out.
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. As in the previous subsection, the transfer time of the
initial and output data from/to CONTROL_PROCESSOR has

been excluded from the total.
Therefore, the speed-up ratio is

P/ (1 + (P/mNb) (2k+P)v + (1/mb)((2(k—l)+P)ul + Puz)).
(6.7)

Because of the absence of a definite klowledge of the
machine constants u,v, and b, for the available VAXcluster
system, several test programs have bheen written for an
estimation. The following rough values have been obtained

from these test programs

ul = 0.8 ms,
s u
U, = 4 ms,
v = 10 ms, - .- -
b = 0.05 ms.

They have been calculated by taking a mean of the
results obtained from the successive runs of the test
programs. According to these values, the execution times
of the VAXcluster simulation for various values of N and P
are tabulated in Table 6.8 (all time values are in
milliseconds).

Since both ul and Uy, and v are greater than b, the
VAXcluster simulation of the algorithm is completely
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N P=1 pP=2 P=4 P=8

4 0.2 29.7 - -

8 0.6 39.5 6l.1 -
le 1.6 59.2 82.4 112.4
32 4.0 98.8 125.2 155.2
64 9.6 178.4 211.2 241.2
128 22.4 338.4 384.0 414.0
256 51.2 660.0 731.2 761.2
512 115.21 1306.4( 1428.8| 1458.8
1024 256.0]| 2605.6| 2830.4( 2860.4
2048 563.2| 5216.8| 5646.4| 5676.4
4096| 1228.8|10464.8(11304.0/11334.0
B192| 2662.4(21012.0(22670.4}22700.4
16384 | 5734.4142208.8|45505.6[45535.6
32768112288.0(84807.2}91380.8{91410.8

Table 6.8 Total execution times of decimation-in-
time radix-2 FFT algorithm on VAXcluster.
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unsuitable. This result is depicted in Fig.6.2, by using
the values in Table 6.8.

However, it is just a simulation and the result is
dependent exactly on the VAXcluster architecture, and the

available software tools.

-

6.2.3 General Results

In order to implement the algorithm efficiently, the

first term of the Eq.(6.4),

m(N/2P)b,

must be the most dominant term on the result of the
equation. To do this, the order of times u, v, and b, for

the chosen machine must be as
v {u < b.

The desired results are obtained merely from this
ideal ordering. For example, the results in Table 6.9 for
a suitable shared bus computer that has the realistic
values of b = 0.05, u = 0.001, and v = 0.0001 show that
the speed-up ratio Eq.(6.5) of the algorithm closes to its
perfect value, that is P. However, it 1is also seen from
Table 6.9 that for larger values of P the speed-up ratio
is smaller, although the time values u, v, and b, are in

ideal order.
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o The results of the suitable shared bus computer are
plotted in Fig.6.3, by using Table 6.9.

It is clear that the speed-up ratio, Eq.(6.5)- depends
"heavily wupon the factors u/b and v/b. As mentioned
previously, these constants are machine dependent and vary
from one configuration to another.

The speed-up Sp of the suitable shared bus computer
are plotted in Fig.6.4, using the values in Table 6.9. As
shown in this figure, the implementation of decimation-in-
time radix-2 FFT algorithm on a shared bus computer closes
to theoretical performance for P 16, and gives much less
speed-up for P > 16.

Finally, we can conclude that, when P and N are very
large, the shared bus system is unsuitable because of the

high congestion in the single bus.

88



-393ndmwod sng paJeys STqE3ITNS © Uo WYITIobTe IJIJ

Z-XTPRA SWI3-UT-UOTJRWIDSP JO SSWIJ UOTINDSXd Tw30L 6°9 9Iqel

2ELE°9T | 0BT6°S9Y 0ZbL°+1 |26E£5°€€B 61SL°L ZEST SBST| [BLSE'E YBSL POTE] [LP66°T 1¥BE£°0919) {0°BBZZT |B9LZE
9cb0°92 }0891°022 9669 4T |TZULT 16E BYEL L TLLE T1HL 8456 € p9B6°6v¥T| |EP66°1 1Z6£°6L82| ¥ vELS $EE9T
6:.9°6Z (0BBSEOT 9695 v1  (ZLBL°ZBT I5TL°¢L Z6B0°SHE v156°€ Y¥26L°€L9 6£66°1 1962 "SEET| ¥ 2952 2618
0652°52 {08+9°BY £LSY° YT  |2566°%8 2768°L ZSHYL 65T bLY6 € +96Z°T1€ YE66°1 IB+%°919 B*BIZT 960%
00BL Y2 |08ZL°22 TTEE"+T |Z66Z°6E $¥599°L ZELY EL 9Zb6° ¢ $8Y¥8°Z+1 BZ66°1 1$29°282 2°£9§ 80z
1¥22°%C | 08B9S°0T 6181 ¢T {Z150°81 ££E9°2 ZLES EE 0LEE"E ¥$20°69 0z66°T 121578271 0°952 $20T
6£95°€Z |0BBE"%Y £200°%1 |zLZl"B EP65°L Z691°61 T0£6°¢ pZIE" 67 1166°1 1958°LS Z°ST1 z18
psLL zz | 6BYZ T TIBL ET  |Z81L°E BSPS L Z88L" 9 +126°¢ +960° €1 0066°1 1821752 7718 gz
$68L°17 {o08zeo°1 §008°€T1 |T659°1 9EBY "L TE66°2 £0T16°¢€ PETLC 9886°1 1%92° 11 L 244 821
B8Z15°0Z |0B9%°0 1621°€T  |2IEL°0 900%°¢L 2L62°1 SS6E° ¢ +49%°2 L9861 128 ¥ 56 1T

- - £019°ZT [TLIE"O EEBZ L 26%5°0 CPLBE $ZED "1 0tB6°T 1910°2 0% zE

- - - - B¥0T°L 762270 GZ+E°€ +91%'0 0086°1 18080 9°1 91

- - - - - - 6LBL L $RS1°0 0ELE T 1$0£°0 o°p B

- - - - - - - - 8656°1 1201°0 z°0 3

ég ZE=g as 97=g ds B=d ag b=g s Z=d 1=d N

89




“ZE pu®e ‘91’8°%‘Z = d 307
uoTjejuaWATdWT SNQ PaavYS JO SSWJ] UOTINDSXD TvI0L £°9 2anbIg

78£391 618 9607 8502 920l
N4 — 5 _ .

e=d

81=d

o
"

d

$
+

~
n
a.

1114

007

goct

oozt

= ¢
274 1=d ¥ sw

90




*ZE pue ‘91‘8°%°C

i

= g 203 aandwod snq paIeys STqeiINns v

uo wyjzTaobTe ILIJ Z-XIpea SuWil-uj-uojleuydap Jo dn-psadg $°9 LaInbTJ

N

28¢5l 618 9607 8002 920l
Nm " - A _ a A
qm 5 . . & 3
8¢ - -]
Qm - \‘\0\
g .

9

91




CHAPTER 7.
SUMMARY AND CONCLUSIONS

In this study, the original implementations of two
different FFT algorithms, namely, Bergland's parallel FFT
algorithm on a PEPE system and decimation-in-time radix-2
FFT algorithm on a shared bus computer have been simulated
with concurrent programming on an avaliable two;node
VAXcluster system.

The simulation of Bergland'’s algorithm on a
VAX 11/780 computer (one node of VAXcluster), gave good
results that are very close to the results of its original
implementation. An installed common block and the common
event flags were used in this concurrent simulation both
for communication and synchronization purposes between
CONTROL_PROCESSOR and PROCESSING_ELEMENT's. The value of
R can be 1,3,5,7, or 9, and the S, which is a power of
two, is in the interval, 2 ¢ S  4096. It was shown that
the systems with more than five to seven processors the
algorithm becomes time-inefficient.

The simulation of decimation-in-time radix-2 FFT
algoritm on both nodes of VAXcluster gave bad results
because of the large amount of time spent for ‘data
transfer between PROCESSING_ELEMENT's. Synchronous
mailboxes and logical links were used for interprocess and
intersystem communications in this concurrent simulation.

The value of P can be 2,4, and 8, and the number of
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discrete complex data points, N, is in the interval,
4 { N  65536. An approximate evaluation of speed-up has
been done both for shared bus implementation and
VAXcluster simulation of the algorithm. Finally, it was
shown that the VAXcluster is completely unsuitable because
of its architecture and shared bus implementation closes
to theoretical performance for P { 16 and gives much less
speed-up for P > 16.

As a result, there is an efficieny limit both for the
number of processors and the number of data points in the
'parallel FFT implementations on multiprocessor systems,
such as PEPE and shared bus computer.

It 1is obvious that these limits will be increaééd
in the future architectures of multiprocessor systems.
Although the computer; SIMD architecture with Multistage
Interconnection Networks (MIN's) [81,C293,C331, and (391,
is not yet commercially available, much research in
the area indicates their potential advantage in various
types of applications. The proposed systems like the
Shuffle Exchange Network of Stone L3911, and ﬁhe Indirect
Binary n-Cube Network of Pease [331, can be much suitable

for future implementations of the FFT algorithm.
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APPENDIX-A
PROGRAM LISTINGS

This appendix contains the source and complementary
codes of the simulations. Both the file and program names
are given separately in the following.

The simulation software for Bergland's parallel FFT
algorithm consists of the following files that contain the

specified program or the complementary code.

File name Program name
CP.FOR CONTROL_PROCESSOR
GET.FOR GET_POINTS

PUT.FOR PUT_RESULTS

PE.FOR PROCESSING_ELEMENT
FFT4_2.FOR FFT4_2

and, the complementary codes

IN_PLACE.FOR
IN_PLACE.OPT

The simulation sof tware for decimation-in-time
radix-2 FFT algorithm consists of the following files that

contain the specified program or the complementary code.

File name Program name

- CP.FOR CONTROL_PROCESSOR
GET.FOR GET_POINTS
SCRAMBLE. FOR BIT REVERSED
PUT.FOR PUT_RESULTS
PE.FOR PROCESSING_ELEMENT -

and, the complementary code
PE.COM
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A.1. PROGRAMS FOR THE SIMULATION OF BERGLAND'S
PARALLEL FFT ALGORITHM

C+
C FILE: FET$BERGLAND:CP.FOR
(N
C AUTHOR: Sadan Tugqtekin, CREATION DATE: November, 1987
C_
PROGRAM  CONTROL_PROCESSOR
[

I1Declare variables
i

COMFLEXA8 A(0:28671) IComplex Jdiscrete data points
INTEGERA4 ELAG(0:31), !Flags of CLUSTER_2

2 E/63/, Index variable for FLAG

2 PE, IProcessing element number

2 R, 10dd factor of N

2 RPLUSL, IR + 1

2 RMINUSI, IR -1

2 S, I0ther factor of N, a power of 2
2 N, INumber of complex data points

2 STATUS, 1Conditions returned

2 MASK, 1To run processes concurrently

2 POUER, 1§ = 2AAPOMWEK

2 I !Incremental variable for loops
CHARACTER QUIA?, 10utput file name for subprocess
2 CPE ICharacter data type of PE

]
Illeclare external system services and

lrun time library routines
[

INTEGERA4 SYS$ASCEEC, 'Ass. Comm. Event Flag Cluster

2 SYS$SETEE, 1Set Event Flag

2 SYS$CLREE, IClear Event Flag

2 SYSSUWAITER, IWait for Single Event Flag -

2 LIB$SPAUN, ISpawn Subprocess

2 LIB$SIGNAL, 15ignal Exception Condition

2 LIB$INIT_TIMEK, lInitialize Times and Counts

2 LIB$SHOW_TIMER IShow Accumulated Times and Counts
]

IDeclare installed common memory area
i

COMMON /IN_PLACE/ A,R,S,
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2 /PE_NUM/ FE,
2 /SYNCHRONIZE/ ELAG
|

IInput K and 8
!
IYPE 1100
1100 FORMAT(X’Enter K(=1,3,5,7,9) and $({=4096): ',$)
ACCEPT %, K,S
]
{Check validity of R and §
!
POWER = INT(ALOG(EFLOAT(S)) / ALOG(2.0))
IF (R .LI. 1 .0OR. R .GT. 9) THEN
SI0P ‘R must be 1,3,5,7 or 9/
ELSE IEF (R .EQG. 2 .0OK. R .EQ. 4 .OK.
2 K .EQR. 6 .0K. R .EQ. 8) THEN
"~ SIOP ‘R must be odd’
ELSE IF (S8 .LT. 2 .0OR. S .GT. 4096) THEN
STIOF ‘S must be in 2 <= § <= 4096’
ELSE IE (2AAXPOWER .NE. S) THEN
STOP ‘S must be a power of 2’ .
ELSE IF (K .EQ. 9 .ANI'. S .EQ. 4096) THEN
STOF ‘Common block exceeds the g9lobal page limit’
ENL IE
!
Ilnitialize times and counts
]
CALL LIB$INIT_TIMER
I
ICalculate initial values
!
N=FR%S
RPLUSY = R + 1
RMINUSL = kK - 1
!
Input FLAG by flags of CLUSTEEK_2
]
po 1=0,31
F=F+1
ELAG(I) = F
END DO
E =240
!
IInput A with complex discrete data points
]

CALL GET_FOINTS
!
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lAssociate common event flag CLUSTER_2
{
STATUS = SYS$ASCEFC(ZVAL(FLAG(F)),’CLUSTER_2',,)
IF (.NOT. STATUS) CALL LIB$SIGNAL(XVAL(STAIUS))
!
1Set the lowest bit of the longuword MASK (pass as a
Iparameter to LIB$SPAWN routine) to run spawned
lsubprocesses and CP, concurrently.
!
MASK = IBSET(MASK,0)
!
iCreate and run PEs
[
0 PE=0,RMINUSI
!
IMake up an output file name for the subprocess
fto be spawned
l
WRITE(CPE, (I1)’) PE
ouT = ‘FE‘//CPE//’.0UT’
r
!Spawn the subprocess which will be run concurrently
lwith this CP and all other subprocesses
!
STATUS = LIB$SPAWN(‘/RUN PE’,,0UT,MASK)
IF {.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATIUS))
!
1Wait, spawned subprocess must qet its PE_number
lfrom installed common memory area
!
STATUS = SYSYWAITER(AZVAL(ELAG(F)))
IF (.NOTI. STATUS) CALL LIB$SIGNAL(XVAL(STAIUS))
!
IClear event flag for the next FPE
!
STATUS = SYS$CLREE(XVAL(ELAG(E)))
IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(SIATUS))
END 1O
!
IWait, now PEs are working to finish their jobs
!
po I1=0,RMINUSI1
F = I + RPLUSI
STATUS = SYS$WAITER(ZVAL(ELAG(E)))
IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))

END IO
!
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{8how accumulated times and counts

!

CALL LIB$SHOW_TIMER

]

;OlJtput transformation results

1

CALL PUT_RESULIS

END 10f control_proucessor
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C+
C FILE: EFT$RERGLAND:GET.EOR
c
€ AUTHOR: Sadan Tugtekin, CREATION DATE: November, 1987
C_
SUBROUTINE GET_POINTS
]
IDeclare variables
]

COHELEX*B A(0228671) IComplex discrete data points
REALX4 X/0.0/, 1Yalue of x

2 H 1Step size of equally spaced data
CHARACTER ANSWER TAnswer to exp(-x), sin x, cos ® 7
INTEGERX4 R, 10dd factor of N

2 5, 10ther factor of N, a power of 2

2 N, INumber of complex data points

2 I 'Incremental variable for loops

|

Iheclare run time library routine
!

INTEGERX4 STKR$UPCASE

!

Illeclare only /IN_PLACE/ part of the
linstalled common memory area

]

COMMON /IN_PLACE/ A,R,S

|

'Find N

!

N=R*%*S9

|

IN complex discrete data points can be obtained

Ifrom the familiar time domain waveforms

!

| exp(-x),

! sin x,

! and

! cos X,

!

lwith step sige 0 < h ¢= 1.

A

!

t {Learn the user request
| ,

10 IYPE 110

110 FORMAT(X, ’Eiexp(-x), Sisin x, Cicos x 7 ’,%)
ACCEPT 120, ANSUWER
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120

20
210

220

FORMAT (4)

! -

IConvert ANSWER to uppercase character
1

CALL STR$UPCASE(ANSWER,ANSWEK)
]

ICheck the validity of ANSWEER
I
IE (ANSWEE .NE. ‘E’ .AND.
2  ANSWER .NE. ‘S’ .AND.
2 ANSWEK .NE .’C’) H0OTO 10
|
IYFE 210
EORMAT(X,’Enter step size (0 ¢ h <= 1): /,%)
ACCEPT 220, H
FORMATI(F10.6)
IF (H .LE. 0 .OR. H .GT. 1) GOTIO 20
IF (ANSWER .EQ@. ‘E’) THEN
|
lexp(-x)
!
po I=0,N-1

A(I) = EXP(-X)
X=X+H
END DO

ELSE IF (ANSWEK .EQ. ‘S’) THEN
{
lsin %
!
0o I=0,N-1
ACI) = SIN(X)
X=X+H
END DO
ELSE
i
lcos x
!
D0 I=0,N-1
A(I) = COS{X)
X=X+H
END DO
END IE
!
RETURN 1To control_processor
END 10f get_points

- 104



C+
€ FILE: FET$BERGLAND:PUT.EFOR
c
C AUTHOR: Sadan Tuqtekin, CREATION DAIE: November, 1987
c..
SUBROUTINE PUT_RESULIS
!
|Ileclare variables
]

COMPLEXA8 A(0:28671) IComplex discrete data points

CHARACTER ANSWER lAnswer to Screen, Disk, End?
INTEGERA4 R, 10dd factor of N _
2 5, I0ther factor of N, a power of 2
2 N, INumber of complex data pojints

I !Incremental variable for loops

— N

IDeclare run time library routine
|

INTEGERA4 STR$UPCASE

!

IBeclare only /IN_PLACE/ part of the
linstalled common memory area

i

COMMON /IN_PLACE/ A,R,S
!
1Find N
!
N=R%XxS
!
ILearn the user request to where the results
Iwill be output
!
10 IYPE 100
100 EORMAT(X,’S:Screen, D:Disk, EiEnd? ' ,$)
ACCEPT 120, ANSWER
120 EORMAT (A)
!
IConvert ANSWER to uppercase character
!
CALL STR$UPCASE(ANSWER,ANSWER)
t
ICheck validity of ANSWER
1
IF (ANSWER .NE. ‘S’ .AND.
2 TANSUER .NE. ‘D’ .AND.
2  ANSWER .NE .’E’) GOTOD 10
!
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110

IDutput the results to Screen or Disk, or End
tthe program
|
IF (ANSWER .EQ. ‘S’) THEN
|
10utput the results to Screen
I
IYPE &, ’ kkk EFT RESULTIS A&#’
D0 I=0,N-1
TYPE 110, I,REALCACID)),AINAG(A(I))
FORMAT(X,’A(’,14.4,’) = (’,F14.8,’,’,F14.8,")")
END DO
ELSE IF (ANSHER .EQ. ‘D) THEN
|
0utput the results to Disk
|
TYPE 4, ‘Wait, I’'‘m writing to FET.DAT”’
OPEN (UNIT=1,
FILE='EET.DAT’,
STATUS='NEW’,
RECL=80)
WRITE(1,A) ’ kkxk FFT KRESULTS Akxk’
ng I1=0,N-1
WRITE(1,110) I,REALCA(I)),AIMAGCA(I))
END' DO
END IF
I

I If ANSWER is ‘E’ then End the program
1

[ VIR S X

RETURN ITo control_processor
END 10f put_results

-
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C+
C FILE: EFT$BERGLAND:PE.FOK

c

C AUTHOR: Sadan Tugqtekin, CREATION DATE: November, 1987

c~-

PROGRAM  PROCESSING_ELEMENT

]
IDeclare variables
!
COMPLEXA8 A(0:28671),
2 B(0:4095),
2 H(l:8)
REALX4 TEWP,
2 TPIE
INTEGERA4 FLAG(0:31),
E/0/,
PE,
R,
kKPLUS1,
RMINUSI,
8,
SMINUS],
N,
a,
Q1,
oz,
F,
Pl,
= r2,
Sk/1/,
RS/17,
S_5K,
R_KS,
FRM_R,
PRM_S,
STATUS,
I

LOGICALA1 EXIT
!

B OB ORI OB OM OB OB ORI OB OB BRI OB OB ODN

B B OB OBRI B OB W

IComplex discrete data points
!Data array for standard FFT
ICEXP() values used to input B
|Temporary variable

ITwo pie

IFlags of CLUSTER_2

!Index variable for EFLAG
IProcessing element number
10dd factor of N

IR + 1

IR - 1

!0ther factor of N, a power of 2
1§ -1

'Number of complex data points
YUsed for

lgenerating

10 values-

lUsed

Ifor

Igenerating

Ip

lvalues

1S & SK -

Ik % RS

!To pass R and §

las paranmeters

!Conditions returned
IIncremental variable for loops
ITo exit from DO WHILE()s

Iheclare external system services and

‘run time library routines

!
INTEGERA4 SYS$ASCEEC,

2 SYS$SETEEF,
2 SYS$WAITER,
2 LIE$SIGNAL,
2 LIB$ INIT_TIMER,

'Ass. Comm. Event Flag Cluster.
1S5et Event Flag
IWait for Single Event Flag

'8ignal Exception Condition
tInitialize Iimes and Counts
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2 LIB$SHOW_TIMER 1Show Accumulated Times‘and Counts

!

IDeclare installed common memory area
!

COMHON /IN_PLACE/ A,R,S,

2 /PE_NUM/ PE,

2 /SYNCHRONIZE/ ELAG

!

Hnitialize times and counts

!

CALL LIE$INIT_TIMER

|

lAssociate common event flag CLUSTER_2
| .

STATUS = SYS$ASCEFC(ZVAL(ELAG(F)), CLUSTER_2‘,,)
IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS})
!

IGet PE_number from installed common

Imemory area and siqnal CP

!

Pl = PE

S5TATUS = SYS$SETEF(ZVAL(ELAG(E)))

IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))
1

I1Calculate initial values

rt

ol

x

i

142}

n
=2 B~ B <

RFLUS] = kK + 1
RMINUSL = kK - 1
SMINUSL = § - 1
TPIE = 8.0 % ATAN(1.0)
!
Iletermine elements of W
1{Since the zeroeth element of W is 1 for each PE
! and all the elements of W is 1 for PEO, they are
! not considered.)
.
IF (P1 .NE. 0) THEN

TEMP = TPIE % P1 / R

00 Q1=1,RHINUS]

W(Ql) = CEXP(CHPLX(0.0,TEHP & Q1))

END DO
END IF
!
lGenerate input values of standard EET algorithm
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I(First equation of Rergland’s Algorithm.
I It represents a set of R point transforms.)
|
IF (P1 .NE. 0) THEN
00 @2=0,5MINUS]
B(Q2) = B(R2) + A(MOD(PRM_K % Q2,N))
0o Qi=1,KMINUS]
@ =R A02+ 85 %0l

R = MOD(Q,N)
B(A2) = B(A2) + W(QL) 4 ACQ)
END DO
END DO

ELSE
Do @2=0,SHINUS]
[0 Q1=0,KkMINUS]
Q=K A02+8§5 %01

a = Mop(a,N) ‘
B(R2) = R(R2) + ACQ)
END DO
END' DO
END IF
E =Pl +1

!
! Invoke Radix 4_2 FFT subroutine
!{Second equation of Bergqland’s Algorithm,

! It represents a set of S point transforms.)
]

CALL FET4_2(E,PRN_S)
!
1Signal other PEs which are
twaiting for this PE
!
IF (R .NE. 1) THEN
STATUS = SYS$SETEF (ZVAL(ELAG(E)))

IF (.NOTI. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))
END' IF
i
IWait for other PEs to put transformation

Ilresults to A
i

IF (R .NE. 1) THEN
D0 I=0,RMINUS]
E=1+1
IF (I .NE. Pl) THEN
STATUS = SYS$WAITER(ZVAL(ELAG(E)))
IF (.NDT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))
END IE
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END DO
END IF
!
ICalculate SR
i
IF (R .NE. 1) THEN
EXIT = .FALSE.
DO WHILE (.NOTI. EXIT)
S 8R = § & SR
IE (MOD(S_SR,PRM_K) .EQ. 1) THEN
EXIT = .TRUE.
ELSE
8k = 8k + 1
END IF
END' DO
ELSE
§ 8k =1
END IF
1

1Calculate KS
!
EXIT = .FALSE.
D0 WHILE (.NOT. EXII)
R_RS = R & RS
IF (MOD(R_KS,PRM_S) .EQ. 1) THEN

EXIT = .TRUE.
ELSE
RS = RS + 1
END IF
END DO

Y o
{Put the transformed values to A
I
=20
TEMF = S_SK & Fl
0 F2=0,5MINUS]
F = TEMF + R_RS & P2
P = HOD(P,N)
A(P) = B(Q)
@=0+1
END DO '
|
1Show accumulated times and counts
1

CALL LIB$SHOW_TIMEK
I

18ignal CP that is waiting for ending
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]
F = P1 + RPLUSI

STATUS = SYSB$SETEE(XVAL(EFLAG(E)))

IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))
END 10f processing_element
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C+
C FILE: FETSBERGLAND:EET4_2.FOK
C

€ AUTHOR: Sadan Tuqtekin, CREATION DATE: November, 1987

C_
SUBROUTINE FET4_2(A,N)
COMPLEXAB A(0:4),

2 Al,
2 A2,

2 A3

REALA4  TEMP,

2 PIE,

2 cosI,

2 SINE,

2 cos1,

2 cosz,

2 cos3,

2 SINI,

2 SINZ,

2 SING,

2 REL,

2 ING
INTEGERA4 LENGTH,

2 SKIF,

2 START,

2 PO,

2 Pl1,

2 P2,

2 P3,

2 PERMUTE(0:20),
2 PHI/0/,

2 N,

2 NMINUSI,

2 NAOR2,

2 LNINUS1
INTEGERA2 EACTOR(11),
2 N/0/,

2 SYMMEIRIC,
2 1

LOGICALA1 EXIT
!

iCalculate initial values

I

IE (N-2 .LT. 0) RETUERN
PIE = 4.0 % ATAN(1.0)
NMINUSLI = N - 1

LENGTH = N

IComplex discrete data points
!Temporary variables
Variables

lto

lcalculate

ltwiddle

Ifactors

lArquments
Ifor CHFLX()

lIndex

lvariables

1To permute results

! Index variable for PERMUIE
INumber of complex data points
IN -1

IN/ 4 or N/ 2

ILENGTIH - 1

IFactors of N

fNumber of factors

INumber of symmetric factors
| Index variable

1To exit from DO WHILE()s
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PERMUTE(PHI) = N

| -
IDetermine factors of N symmetrically
]
FO = N
0 WHILE (PO-(PO/16)%16 .EQ. O)
H=HM+1
FACTOR(M) = 4
PO = PO / 16
END DO
IF (PO .LE. 4) THEN
SYHWHETIRIC = H

FACTOR(M+1) = PO

IF (PO .NE. 1) M = M + 1
ELSE _

W=+ 2

SYMMEIRIC = H - 1
EACTOR(SYMMEIRIC) = 2
EACTOR(H) = 2
END IF
IF (SYMMEIRIC. NE. 0) THEN
Do I = SYMMEIRIC,1,-1
H=M4+1
FACTOR(M) = FACTOR(I)
ENDI' DO
I1=20
END IE
D0 WHILE (LENGTH .GI. 1)
|

1Set up required values of transform split

|
TEMP

= PIE / ELOAT(LENGTIH)
COSI = 2.0 & SINCIEHWP)AAZ
SINE = SIN(TEMP+TEMP)
J=1+1

IF (FACTOR(J) .EQ. 4) THEN
1
ICalculate Radix_4 transform
]
SKIP = LENGIH
LENGTH = LENGIH / 4
LMINUS1 = LENGIH - 1
FHT = PMT + 1
PERMUTE(PMT) = LENGIH
€051 = 1.0
SIN1 = 0.0
D0 START=0,LMINUS1



DO PO=START,NMINUS1,SKIP

PO + LENGTH -
P1 + LENGTH

P2 + LENGTH

REL = REAL(A(P1)) - REAL(A(F3))

Pl
P2
P3

1

IMG = AIMAG(A(FL))

Al
Ad
A2

i

A(FO)
IF (STARI

f

AIMAGC(ACP3))

A(PO) - A(P2) + CMPLX(-IMG,REL)
A(PO) -~ A(P2) + CHPLX(IMG,-REL)
ACPO) - A(P1) + A(P2) - A(FP3)

= A(P0) + A(PLl) + A(P2) + A(P3)

.GI. 0) THEN

IMultiply by twiddle factors

H

A(PL)
A(P2)
A(F3)

ELSE
!

it

Al % CMPLX(COS1,S5IND)
A2 & CHFLX(COS2,SIND)
A3 & CMPLX(COS3,S5IN3)

ISkip these multiplications for points
Iwhich have no twiddle factor or
ltwiddle factor of value 1

A(PL)
A(P2)
A(F3)

END IF

END DO

Al
A2
A3

IF (START-LMINUS1 .LI. 0) THEN

iCaleulate a new set of twiddle factors

i
TEMP
Cos1
SIN1
cos2
SIN2
€053
SIN3
END IE
END DO

ELSE
!

SIN
cos1
TEMP
Cosl

2.0
cos1

C0s1

+

> N 2

(SINEACOS1 - COSIASIN1)
(COSIACOS81 + SINEASINI)

COS1 - SINl % SINI
COS1 & SINI

C0S82 -~ SINl % SIN2
SIN2 + C0S2 & SINI

ICalculate Radix_2 transform

“ 8KIP = LENGIH
LENGTH = LENGTIH / 2
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-

PHT = PMT + 1
FERMUTE(FMI) = LENGIH
P2 = LENGTIH + 1
! .
iCalculate transform values of points
Iwhich have no twiddle factor or
ltwiddle factor of value 1
|
DO PO=0,NMINUS1,SKIP
P1 = PO + LENGTIH
Al = A(PO) - A(F1)
A(PO) = A(PFO) + A(Pl)
A(Fl1) = Al
END DO
IF (LENGTH .GI. 1) THEN
]

ICalculate twiddle factors
|

€0sl = 1.0 - COSI
SIN1 = SINE

PO = PO - NMINUS]
EXIT = .FALSE.

D0 WHILE (.NOT. EXIT)
!

IMultiply by twiddle factors
I
[0 PO=PO,NMINUSL,SKIF
Pl = PO + LENGTH
a1l = A(PO) - A(PD)
A(FO) = A(PO) + A(PL1)
A(Fl) = Al & CHFLX(COS1,SINL)
END DD
F1 = PO - NMINUSI1
£0Ss1 = -CO0S1
PO = P2 - Pl
IF (FO .LE. P1) THEN
FO = PO + 1
IF (PO .LT. Pl) THEN
]

1Calculate a new set of twiddle factors

!
TEMP

= BIN1 + (SINEACOS1 - COSIASINL)
C0S1 = C0S1 - (COSIXCOS1 + SINEASINL)
SIN1 = TEMF
ELSE
EXIT = .TRUE.
END IE

115



END IE
END DO

END IF
END IE
END DO
!
{Unscramble the results
1
START = 1
N4OR2 = PERHUTE(1)
SKIP = NAOK2
PNT = 0
IO WHILE (START .LT. NMINUSL)
Al = A(START)
A(START) = A(SKIP)
A(SKIP) = Al
START = START + 1
SKIP = SKIF + N4OR2Z
[0 WHILE (SKIPF .GE. PERMUTE(PMT)-1 .ANDI. START .LTI. NMINUS1)
SKIP = SKIP - PERMUTE(PMI)
FNT = PHT + 1
SKIP = SKIP + PERMUTE(PMI+1)
[0 WHILE (SKIF .LE. PERMUTE(PMT)-1)
PMT = 0
[0 WHILE (SKIF .LE. NMINUS1)
IF (START .LT. SKIP) THEN
GOTO 999
ELSE
START = START + ]
SKIP = SKIF + N40K2

END IF
END DO
END' DO
END DO
999 END DO
RETURN 1To processing_element
END 10f fft4_2
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C+
C FILE: FET$BERGLAND:IN_PFLACE.EOR

ABSTRACT:
To communicate between processes using a common block,
you must install the common block as a shared shareable image
and link each program that references the common block against
that shareable image. s

IN_FLACE.EOR is a EORIRAN program containing non_executable
code for the common block to be installed.

Yo compile and link the program, type the following commands:

$ LINK/SHAREARLE IN_PLACE

Give yourself CMKRNL privilege (required for use of Install
Utility) and install the shareable image by following commands:

$ INSTALL
INSTALL> CREATE FFI$BERGLAND:IN_PLACE/WRITEARLE/SHAREL

c

C

C

c

c

£

c

c

c

c

c

C $ EOKTRAN IN_FLACE
c

c

c

c

C

c

c

c INSTALL> EXIT
C
c
c

AUTHOR: Sadan Tugtekin, CREATION DATE: November, 1987

{Declare variables used in common block
I

COMPLEXAB A(0:28671) IComplex discrete data points

INTEGERA4 FLAG(0:31), 1Flags of CLUSTEK_2

2 PE, tProcessing element number

3 K, 10dd factor of N

4 8 10ther factor of N, a power of 2

Declare common block
!

COMMON  /IN_PLACE/  A,RK,S,

2 /PE_NUM/ PE, ~
3 /SYNCHRONIZE/ FLAG
END
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+
EILE: FET$BERGLAND: IN_PLACE.OFI

!

!

!

! ABSTRACT:

| Linking against a shareable image requires
] an options file.
!

!

!

!

!

IN_FLACE.OPT is that options file.

AUTHOR: Sadan Tugtekin, CREATION DATE: November, 1987

IN_PLACE / SHAREABLE
1

| End of options file IN_PLACE.OPT
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A.2. PROGRAMS FOR THE SIMULATION OF DECIMATION-IN-TIME
RADIX-2 FFT ALGORITHM

G+
C FILE: EFT$BRHUYAN:CP.FOR
c
C AUTHOR: Sadan Tuqtekin, CREATION DATE: November, 1987
C_
PROGRAM  CONTROL_PROCESSOE
!
Illeclare variables
I

COMPLEXX8 A(0:655335), !Complex discrete data points

2 CTEMP !Complex temporary variable

INTEGERA4 STATUS, 1Conditions returned

2 MASK, !To run processes concurrently

2 CHANNEL, 11/0 channel for a mailbox

2 LUNA(O:8), lArray for logical unit numbers

2 LE/0O/, ! Index variable for LUNA

2 N, INumber of complex data points

2 NOVEK2, IN/ 2

2 NOVERP, IN/ F

2 NOVER2P, IN/ (2 & P)

2 P, 1Total number of PE

2 POVERZ, p /2

2 FE, IProcessing element number

2 REMOTE_PE, IPE_number on remote node

2 My IN = 2kAN

2 K, 1P = 244K

2 TROI, ITheoretical beqinning of input

2 TEOI, ITheoretical end of input

2 IROO1, ITheoretical beqinning of output one

2 TEOO1, ITheoretical end of output one

2 TE0O02, !Theoretical end of output two

2 EINISH, Index

2 TRANSEER, lyariables

27 OUTPUT Ifor data transfer

CHARACTER QUTA7, 1Qutput file name for subprocess
CPE, ICharacter data type of PE
HAILBOXAS, IMailbox name _

2 o .
2 TASKAB0 IProcedure name at remote node
|
i

Declare external system services and
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1100

Irun time library routines

INTEGERX4 SYS$CKREMBX,

!Create Mailbox, Assiqn an I/0 Channel

-_ NN N NN

!

LIB$GET_LUN, lGet Logical Unit Number
LIE$SPAUN, ISpawn Subprocess
LIB$SIGNAL, 1Sigqnal Exception Condition
LIB$ INIT_TIMER, lInitialize Times and Counts
LIB$SHOW_TIMER !Show Accumulated Times and Counts
VInput F,N
!
IYPE 1100

EORMAT(X’Enter F(=2,4,8) and N(<{=65536): ’,$)
ACCEPT %, F,N

ICheck validity of P and N
|
H INT(ALOG(FLOAT(N)) / ALOG(2.0))
K INT{ALOG(ELOAT(F)}) / ALOG(2.0))
IF (F .LT. 2 .OR. P .GT. 8) THEN
STOP ‘P must be 2,4,0r 8/
ELSE IF (F .GE. N) THEN
STOF ‘N must be at least twice P’
ELSE IF (24xK .NE. P) THEN
STOF ‘P must be a power of 2
ELSE IF (N .LT. 2 .DK. N .GT. 65536) THEN
STOF ‘N musit be in 2 <= § {= 65536’
ELSE IF (2kiM .NE. N) THEN
STOP ‘N must be a power of 2

END IF
|

[}

H

ICalculate initial values
|

NOVEER2

=N/ 2
NOVERPF =N/ P
NOVER2P = N / (2 % P)
POVER2 =P / 2
-TASK = ’‘IIOGU"SADAN TUGTEKIN®"::"TASK=PE"’

!

lInput A with complex discrete data points
l

CALL GET_POINIS(A,N)

!

|Scramble A by bit_reversing

|

CALL BIT_REVERSED(A,N,M)
!
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lInitialize times and counts
]

CALL LIB$INIT_TIMER

!

18et the lowest bit of the longword MASK (pass as a
Iparameter to LIB$SPAWN routine) to run spawned
!subprocesses and CP, concurrently.

!

MASK = IBSET(MASK,0)

!

ICreate and run local and remote PEs

!

00 PE=1,POVER2

!

IMake up an output file name for the local
Isubprocess to be spawned

!

WRITE(CPE,’(I1)’) PE

outr = ‘PE‘//CPE//'.DUT"

!

1Spawn the local subprocess

!

STATUS = LIR$SPAWN(’/RUN PE‘,,0UT,MASK)

IF (.NOT. STATUS) CALL LIEB$SIGNAL(XVAL(STATUS))
!

!To create the remote processes, get a logical
lupnit number and request a logical link connection

ibetween CP and remote node
|

REMOTE_PE = PE + POVERZ

STATUS = LIBSGET_LUN(LUNA(REMOTE_FE))

IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))
OPEN (UNIT=LUNA(REMOTE_FE),

2 EFILE = TASK,
2 FORM = ‘UNEORMATIED’,
2 STATUS = '0OLD")

END DO
| .
{Get a3 logical unit number and create a common

Imailbox between CP and all local subprocesses
1 -

STATUS = LIB$GET_LUN(LUNA(LE))

IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))
STATUS = SYS$CREMEX(,CHANNEL,,,,, CONTROL_PROCESSOK’)

IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STAIUS))
OPEN (UNIT = LUNA(LF),

2 EILE = ‘CONTROL_PROCESSOK’,
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2 STATUS = ‘UNKNOWN’,
2 CARRIAGECONIROL = ‘LIST’,
2 ° FOKM = ‘UNEORMATTIEL’)
!
!Transfer the identification data of local
Isubprocesses and remote processes B
!
[0 PE=1,FOVER2
[
Transfer the identification data of specified
llocal subprocess to the common mailbox created
'between CP and all local subprocesses
!
WRITE(UNIT=LUNA(LF)) N,P,FE
1
ITransfer the identification data of specified
!remote process over the logical link established
lbetween CP and that remote process
!
REMOTE_FE = PE + POVER2
WRITE(UNIT=LUNA(REMOTE_FE)) N,P,REMOTE_FE
END IO
!

!Transfer A to local and remote PEs
1

o PE=1,POVER2
i
ICreate a mailbox between CF and
Ithe specified local PE to transfer A
i
WRITE(CPE,‘(I1)’) PE
MAILBOX = ‘MBX0’//CPE
STATUS = SYS$CREMBX(,CHANNEL,,,,,MAILBOX)
IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))
STATUS = LIB$GET_LUN(LUNACPE))
IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))
OPEN (UNIT = LUNA(FE),
FILE = MAILBOX,
STATUS = ‘UNKNOWN’,
CARRIAGECONTROL = ‘LIST’,
FORM = ‘UNFORMATTIED’)

F3 23 BN MO

ICalculate theoretical begqinning and
Itheoretical end of input for that local PE
|
TROI
TEDI

NOVERP % (PE - 1)
NOVERP # FPE - 1
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ITransfer the data to that local PE
!
[0 TRANSFER=TBOI,TEOI
WRITE(UNIT=LUNACPE)) A(TRANSFER)
END DO
!
iCalculate theoretical beginning and theoretical
lend of input for the specified remote FE
!
REMOTE_FPE = PE + POVER2
IBOI = NOVERF % (REMOTE_PE - 1)
TEOI = NOVERPF # REMOTE_FE - 1
!
1o the data transfer over the logical link
lestablished between CP and that remote PE
l
[0 TRANSFER=IBOI,TEOI
WRITE(UNIT=LUNA(REMOTE_FE)) A{TRANSFEK)
END DO

END' DO

H

10rqanize the communication of local
lsubprocesses and remote processes

Do PE=1,FPOVER2

REMOTE_PE = PE + POVER2

D0 TRANSFER=1,NOVER2F
!
1Get data from specified remote PE
!

READ(UNIT=LUNA(REMOTE_PE)) CTEHF
i

1Put data to specified local PE
]

WRITE(UNIT=LUNACFE}) CTEMP
I

1Get data from specified local PE
I

READ(UNIT=LUNA(FE)) CIEMP
!

1Put data to specified remote PE
]

WRITE(UNIT=LUNA(REMOTE_PE)) CTEMP
END DO

END IO
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IGet the transformation results
1from local and remote FEs
!
D0 PE=1,POVER2
!
ICalculate theoretical output limits
lof the specified local PE
]

TBOO1 = NOVER2F % (PE - 1)
TEOOL = NOVER2F % PE - 1
TE0O0Z2 = TEOOL + NOVEKR2

lUse the mailbox created between specified
!local PE and CP, to get transformed values
|
O TRANSEER=TROO1,TE002,NOVEKR2
FINISH = TRANSFER + NOVERZP - 1
00 OUTPUT=TRANSEER,FINISH
READ(UNIT=LUNACPE)) A(OUTFUT)
END [0
END DO
!
ICalculate theoretical output limits
lof the specified remote PE
i

REMOTE_PE = PE + POVER2

TBEOO1 = NOVER2F % (REMOTE_PE - 1)
TEOOL1 = NOVERZ2ZP % KEMOTE_PE - 1
"TEO02 = TEOOLl + NOVER2

!
tUse the logical link established between specified
Iremote PE and CP, to g9et transformed values
!
DO TRANSFER=TBOO1,TE002,NOVER2
FINISH = TRANSFER + NOVER2ZP - 1
[0 OUTPUT=TRANSEFER,EINISH )
READ(UNIT=LUNA(KEMOTE_FE)) A(OUTIPUT)
END DO
END DO
END IO
!
18how accumulated counts and times
|
CALL LIB$SHOW_TIMER
!
10utput transformation results
I
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CALL PUT_RESULIS(A,N)
END ‘ 10f control_processor
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C+
C EFILE: FFI$BHUYAN:GET.EOK
C
C AUTHOR: Sadan Tugtekin, CREATION DATE: November, 1987
c..
SUBROUTINE GET_POINIS(A,N)
|
iDeclare variables
i

COMPLEXA8 A(O:4%) !Complex discrete data points
REAL%4 X/70.0/, Value of x

2 H !Step size of equally spaced data
CHARACTER ANSWER lAnswer to exp(-x), sin %, cos x ?
INTEGERA4 N, 'Number of complex data points

2 I ' Incremental variable for loops

1
IDeclare run time library routine
!
INTEGERA4 STR$UPCASE
1
IN complex discrete data points can be obtained
'from the familiar time domain waveforms
|
! exp(-x),
! sin X,
! and
- cos X,
1
'with step size 0 < h <= 1.
]
1
ILearn the user request
]

10 IYPE 110

110 EORMAT (X, Ezexp(-x), Sisin x, Cicas x 7 ’,$)
ACCEPT 120, ANSWER
120 EORMAT(A)

{
IConvert ANSWER to uppercase character
]

CALL STR$UPCASE(ANSWER,ANSWER)
!

!Check the validity of ANSWEKR
|

IF (ANSWER .NE. ‘E’ .AND.

2  ANSWER .NE. ‘S’ .AND.

2 ANSWER .NE .’C’) GOTO 10
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!
IYFE 210

20

210 EORMAT (X, "Enter step
ACCEPT 220, H

220 FORMAT(F10.6)

IF (H .LE. 0 .OKk. H .

IF (ANSWER .EQ. ‘E")
|
lexp(-x)
!
D0 I=0,N-1
ACI) = EXP(-X)
X=X+H
"END DO
ELSE IF (ANSWER .EQ.
I
Isin x
!
po I=0,N-1
ACI) = SIN(X)
X=X+H
END DO
ELSE
"
lcos
!
0 I=0,N~1
A(I) = COS(X)
X=X+H
END DO
END IE
!
RETURN
END

size (0 ¢ h <= 11! ’,%)

GT. 1) GOTO 20
THEN

‘8’) THEN

1To control_processor
10f qet_points
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C+

C FILE: FET$BHUYAN:SCRAMBLE.FOR

c

€ AUTHOR: Sadan Tugtekin,

c-

SUBROUTINE BIT_REVERSED(A,N,M)
!

. IDeclare variables

H

COMPLEXAB A(Q:k), 1Complex discrete data points
2 Al IComplex temporary variable
INTEGERA4 PERMUTE(0:20), 1To permute results

2 PHT, I Index variable faor PERMUTE

2 SKIP, Hndex

2 START, lvariables

2 NOVERZ, IN / 2

2 N, INumber of complex data points
2 NMINUSL, IN -1

2 M IN = 2&4HM

IDetermine the elements of PEKMUTE
by powers of 2 from N to 1
]
PERMUTE(0) = N
D0 PMI = 1,H

FERMUTE(PHT) = PERMUIE(PMI-1) / 2
END IO
PHT = 0
!
ICalculate initial values
i
NMINUSL =
START = 1
NOVER2 = PERMUTE(1)

SKIP = NOVEER2
!

N -1

|8Scramble the array A by bit_reversing
]

[0 WHILE (START .LT. NMINUSL)
Al = A(START)
A(START) = A(SKIP)
A(SKIF) = Al
START = START + 1
SKIF = SKIP + NOVER2

DO WHILE (SKIP .GE. PERMUTE(FMI)-1 .AND. START .LT. NMINUS1)

SKIP = SKIP - PERMUTE(FMI)
PHT = PHT + 1
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SKIP = SKIF + PERMUTE(PMI+1)
DO WHILE (SKIP .LE. PERMUTE(FMI)-1)
FNI = 0
DD WHILE (SKIP .LE. NMINUSY)
IF (START .LT. SKIF) THEN
G010 999
ELSE
START = START + 1
SKIP = SKIP + NOVER2

END IF
END [0
END DD
END DO
9299 END DO
RETURN ITo control_processor
END 10f bit_reversed
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G+

C FILE:

c

EFT$BHUYAN:PUT.FOK

C AUTHOR: Sadan Tugtekin, CREATION DATE: November, 1987

c-

10
110

120

130

SUEROUTINE PUT_RESULTIS(A,N)
|

eclare variables

|

COMPLEXXB A(O:k) IComplex discrete data points
CHARACTER ANSWEKR !Answer to Screen, Disk, End?
INTEGERA4 N, 'Number of complex data points
2 1 !'Incremental variable for loops

!

IDeclare run time library routine

1

INTEGERA4 STR$UFPCASE

!

ILearn the user request to where the results
Iwill be output

!

IYFE 110

EORMAT(X,’S:8creen, D:Disk, E:End? /,$)
ACCEPT 120, ANSWER

FORMAT(A)

!

!Convert ANSWER to uppercase character
1

CALL STR$UPCASE(ANSWER,ANSWER)

1 -

ICheck the validity of ANSWER

!

IF (ANSWER .NE. ‘S’ .AND.

2  ANSWEEK .NE. ‘D’ .AND.

2  ANSWER .NE .‘E’') GOTOD 10

l

'utput the results to Screen or Disk, or End
lthe program

!

IF (ANSWER .EQ. ‘S’) THEN
]

'Dutput the results to Screen
]

TYPE &, ’ kkk EET RESULTS XA’

D0 I=0,N-1
TYFE 130, I,REALCACI)),AIMAG(A(I))
EORMAT (X, AC’,14.4,7) = (’/,F14.8,’,,F14.8,/)")
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END DO
ELSE IF (ANSWER .EQ. “D’) THEN
}

I0utput the results to Disk
!
IYPE %, ‘Wait, I’’m writing to EFT.DAT’
OPEN (UNIT=1,
FILE='EFT.DAT’,
STATUS='NEW’,
RECL=80)
WRITE(1,%) ‘ k4% EFET RESULTS kA4’
oo I=0,N-1
WRITE(1,130) I,REAL(A(I)),AIMAG(A(I))
END DO
END IF
1

If ANSWEK is ‘E’ then End the program
]

SN B

RETURN 1To control_processor
END 10f put_results
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c+

C FILE: EET$BHUYAN:PE.EFOR

c

€ AUTHOR: Sadan Tugtekin,

c_

PROGRAM
!

PROCESSING_ELEMENT

IDeclare variables

!

COMPLEXA8 A(0:32767),

[ v OO R % R N |

REAL%4

3.«

INTEGERA4

B B R BB BB B BIEI MBS BRI BD BRI BRI MBS BT BB BB N BB

CTENE,
OUTGOING,
Wo,

Wl

TPIE,
TEMP
STATUS,
CHANNEL,
LUNA(0:8),
LF/0/,

N,
NOVER2,
NOVERP,
NOVER2F,
P,
POVER2,
PE,
DIEEERENCE,
PAKTNER,
RANGE,
PEMOD,

My

K,

MM INUSK,
BOI,

E01,
TEOI,
TEDI,
STAGE,
WPo,

WP1,
OLDWPO,
OLDWP1,
SKIP,
LENGTH,
WLENGTH,
START,

CREATION DATE: November, 1987

IComplex discrete data points
IComplex temporary variable
10utgoing data

VEirst value of W

1Second value of ¥

ITwo pie

IReal temporary value
IConditions returned

11/0 channel for mailbox
lArray for logical unit numbers
!Index variable for LUNA
INumber of complex data points
IN/ 2

IN/ F

IN7/ (2 % P)

1Total number of FE

'p 7/ 2

!Processing element number
IDifference between two PE
ICommunication partner of PE
!Twice DIFEERENCE

IValue of MOD(PE,RANGE)

IN = 2xiHM
IP = 2AAK
M - K

TBeqinning of input

YEnd of input
ITheoretical beginning of input
!Theoretical end of input
iStage number

IFirst power of W

!Second power of W
IPrevious value of WPO
I'Previous value of WP1
I'Index

lvariables

{o

lcalculate
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BN N NN

EINISH,
FIRST,
SECOND,
TRANSEER,
OUTFUT

CHARACTER MAILBOXAS,

SN X Iy X

LOGICALA1 KEMOTE/.FALSE./

NODEA4,
- CPE,
CPARINER

lbutterfly

'F

IF

IT

loperations

IMailbox name

INetwork node nanme

!Character data type of PE
{Character data type of PARINER
ICheck for remote node

Ileclare external system services and

Irun time library routines

INTEGERAX4 SYS$CREMEX,

[SCT N R N I N <N )

]

tInclude $SYIDEF for use of

LIRSGET_LUN,
LIB$GETISYI,
LIB$SIGNAL,
LIB$INIT_TIMEK,
LIB$SHOW_TIMER

lroutine LIB$GETSYI

|

INCLUDE ‘($SYIDEE)’

!

lInitialize times and counts

CALL LIB$INIT_TIMEK

ICreate Mailbox, Assign an I/0 Channel
1Get Logical Unit Number

IGet System-Wide Information

18ignal Exception Condition
IInitialize Times and Counts

18how Accumulated Times and Counts

10btain network node name of the processor

!

STATUS = LIE$GETSYI(SYI$_NODENAME,,NODE,,,)
IF (.NOT. STATUS) CALL LIE$SIGNAL(ZVAL(STATUS))

IF (NODE .NE. ‘BATI’) REMOTE =

!

-TRUE.

IGet a logical unit number to input
lthe identification data of this PE

STATUS = LIB$GET_LUN(LUNA(LF))

IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))
IF (.NOT. KREMOTE) THEN

ICreate (or assigqn an I/0 channel to) the common
Imailbox for this local PE to communicate with CF

STATUS = SYS$CREMBEX(,CHANNEL,,,,, CONIROL_PROCESSOK’)
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IF (.NOT. STATUS) CALL LIBSSIGNAL(ZVAL(STATUS))
OPEN (UNIT = LUNA(LF), )

2 FILE = 'CONIROL_PROCESSOR‘,
2 STATUS = ‘UNKNOWN',

2 CARRIAGECONTROL = ‘LIST/,

2 FORM = ‘UNEORMATIED’)

ELSE

i
IComplete the logical link request for
Ithis remote PE to communicate with CP
|
OPEN (UNIT=LUNA(LE),

FILE = ‘SYS$NET’,

FORM = ‘UNEORMATIED’,

STATUS = ‘0LD’)

[

r3 N

END IF

]

Vinput the identification data

tof this PE from CFP

!

READ(UNIT=LUNA(LF)) N,P,FE

!

ICalculate initial values

!

IPIE = 8.0 % ATAN(1.0)

H = INT(ALOG(FLOAT(N)) / ALO0G(2.0))
K = INT(ALOG(ELOAT(F)) / ALOG(2.0))

MMINUSK = M - K
NOVER2Z = N/ 2
NOVERF =N/ P
NOVER2F = N /7 (2 % P)
POVER2Z =P / 2

BOI = 0

EOI = NOVERP - 1

TEOI = NOVERP # (FE - 1)
TEOI = NOVERP % PE - 1
WRITE(CPE,’(I1)’) PE

I

'Input A from CP
]

IF (.NOT. REMOTE) THEN
!

1

ICreate a mailbox between this
Ilocal PE and CP to input A

|

LP = FPE

HAILROX = ‘MEX0’//CPE
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STATUS = SYS$CREMBX(,CHANNEL,,,,,MAILBOX)
IF (.NOI. STATUS) CALL LIEB$SIGNAL(XZVAL(STATUS))
STATUS = LIB$GET_LUN(CLUNA(LP))
IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))
OFPEN (UNIT = LUNA(LP),

FILE = MAILROX,

STATUS = "UNKNOUWN’,

CARRIAGECONTROL = ‘LIST’,

FORM = ‘UNEORMATIED’)

[ %I % R X %]

3]
Lo
—
tr

lUse the completed logical link established
Ibetween this remote PE and CP to input A
!
LF = 0
END' IF
!
{Do the data transfer
!
00 TRANSFER=ROI,EQI
READ(UNIT=LUNACLP)) A(TRANSFER)
END 10
!
ICalculate M -~ K stages butterfly FET operations
Iwhich have no data transfer among PEs
]
D0 STAGE=1,MMINUSK
!
1S5etup required values of transform split
{
SKIF = 2AASTAGE
LENGIH = SKIP / 2
WFo = -1
WPl = WFO + LENGTH
FINISH = BOI + (LENGIH - 1)
- TEMP = IFIE / SKIF
!
IS5tart iterative FFI computations
!
D0 START=ROI,FINISH
!
IDetermine WO and Wl values
!
Weo
WPl
Wo
Wl

WEO + 1
WPl + 1
CEXF(CMPLX(0.0,TENF % WFQ))
CEXP{CHPLX(0.0,TEMP & WP1))

i1
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I
Do the butterfly operations
!
DO FIRST=S5TARI,E0I,SKIP
SECOND = FIRST + LENGTH
CTIEMP = A(EFIRSI) + Wl %X A(SECOND)
A(FIRST) = A(FIRST) + WO A A(SECOND)
A(SECOND) = CTEMFP
END DO
END DO
ENI' DO
!
1Calculate butterfly FFT operations after M - K stage
!
DO STAGE=MMINUSK+1,M
!
ISetup required values of transform split
land calculate DIEFERENCE, RANGE, and PEMOD
!
SKIP = 2&ASTAGE
WLENGTIH = SKIP / 2
DIEFERENCE = P x 2AA{(STAGE ~ 1) / N
RANGE = DIFFERENCE % 2
IF (PE .GT. RANGE) THEN
FEMOD = MOD(PE,RANGE)
IF (PENOD .EQ. 0) PEMOD' = RANGE
ELSE
PEMOD = PE
END IF
!
Iletermine communication partner of PE and
Ido the necessary data transfer
]
IF (PEMOD' .LE. DIFFERENCE) THEN
!
IPartner’s PE_number is gqreater,
!
PARINER = PE + DIFFERENCE
!
= 1Is the partner at remote node or in local node?
!
IF (PE .LE. POVER2 .AND. PARINER .GI. POVEEK2) THEN
!
IPartner is at remote node and this PE is in
1local node.
!To communicate with partner;
! - first, use the mailbox created between
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! this local PE and CP, to communicate with CP,
I - and then CP uses the logical link established
! between partner and CP.

!

LF = FE
ELSE
!
{Both partner and this PE are in the same node.
I1{It doesn’t matter, the node is local or remote.)
1Create a mailbox to communicate with partner.
]
LF = PARTNER
WRITE(CPARINER, (I1)‘) PARTINER
MAILROX = ‘MBX‘//CPE//CPARINER
STATUS = SYS$CREMBX(,CHANNEL,,,,,MAILEOX)
IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))
STATUS = LIB$GET_LUN(LUNACLF))
IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))
OFEN (UNIT = LUNA(LE),
FILE = MAILEOX,
STATUS = ‘UNKNOWN‘,
CARRIAGECONTROL = ‘LIST’,
FORM = ‘UNEORMATIED’)
END IF
!
Ilo the data transfer
1
START = BOI + NOVER2P
D0 TRANSEER=START,EQI
OUTGOING = A(TRANSEER)
READ(UNIT=LUNA(LP)) A(TRANSFER)
WRITE(UNIT=LUNACLP)) OUTGOING
END DO
!
ICalculate initial values of WPO and WP1
]
IF (STAGE .EQ. MMINUSK+1) OLDWPO = TEBOI
OLDWPY = OLDWPO + WLENGTH
WFO = MOD(OLDWPO,SKIF)
WPl = WPO + WLENGTH
]
ELSE
!
IPartner’s PE_number is less.
1

FARTNER = PE - DIFEERENCE
!
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= 1Is the partner at remote node or in local node?

]
IF (PE .GI. POVERZ .AND. PARINERK .LE. POVEK2) THEN
]
IPartner is in local node and this PE is at
Iremote node.
!To communicate with partner;
! - first, use the logical link established
! between this remote PE and CF,
! and then CP uses the mailbox created between
! partrner and CP, to communicate with partner
!

LP
ELSE

!
IBoth partner and this PE are in the same node.
(It doesn’t matter, the node is local ar remote.)
ICreate a mailbox to communicate with partrner.
]
LP = PARTNEK
WRITE(CPARTNER,’ (I1)‘) PARINER
MAILROX = ‘MEX’//CPARINER//CPE
STATUS = SYS4CREMBX(,CHANNEL,,,,,MAILBOX)
IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STATUS))
STATUS = LIB$GET_LUNCLUNA(LP))
IF (.NOT. STATUS) CALL LIB$SIGNAL(ZVAL(STIATUS))
OPEN (UNIT = LUNACLP),

FILE = MAILBOX,

STATUS = ‘UNKNOWN’,

CARRIAGECONTROL = ‘LIST’,

EORM = ‘UNEORMATTED')

u
<

END IE

!

1llo the data transfer

!

FINISH = BOI + (NOVER2F - 1)

['0 TRANSEEK=BOI,EINISH
WRITE(UNIT=LUNACLE)) A(TRANSFER)
READ(UNIT=LUNACLP)) A(IRANSEER)

END 10 '

!

1Calculate initial values of WPO and WPI1

1

IEF (STAGE .EQ. MMINUSK+1) OLDWP1 = TEOI - (LENGIH - 1)

OLDWPO = OLDWP1 - WLENGTH -

WP1 = MODCOLUWPY,SKIP)

WPO = WP1 - WLENGIH
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!
END IF
{
15tart
]
TEMF =
0 EIRS
{
Ilete
|
Wo
Wl
}
Do t
!
SECON
CTIEMP
A(FIEK
A(SEC
!
1Calc
|
WFO
WPl
END' DO

END DO
!

-

]}

it

iTransfer
(

IF (.NOT.
!

iterative FEFT computations

TFPIE / SKIFP
I=BOI,E0I-LENGTH

rmine WO and Wl values

CEXP(CMPLX(0.0,TEMP % WFO))
CEXP(CMPLX(0.0,TEHP % WP1))

he butterfly operations

D = EFIRST + LENGIH

= A(FIRST) + W1 A& A(SECOND)
5I) = A(EIRSI) + W0 A A(SECOND)
OND) = CTEMP

ulate next powers of W

WPO + 1
WPl + 1

the FET results of this PE to CP

REMOTE) THEN

lUse the mailbox created between this

PE and CP to transfer the results

llocal

|

LF = PE
ELSE

.

IUse the logical link established between
Ithis remote FE and CP to transfer the results

!

LP = 0
END IF
!

Do the data transfer

p0 OUTPUT=BOI,EO0I
WRITE(UNIT=LUNACLE)) ACOUTPUT)
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END DO
!

IShow accumulated counts and times
|

CALL LIB$SHOW_TIMER
END 10f processing_element
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$! FILE: EET$BERGLAND:PE.COM

$!

$! ABSIRACT:

$! ~ PE.COM is executed for each connect request
$! to establish a logical link between the CP in
$! local node and the PE’s in remote node.

$!

$! AUTHOR: Sadan Tugtiekin, CREATION DATE: November, 1987

$!

$ SET PROCESS/PRIVILEGE=GRPNAM

$ DEFINE/TABLE=LNM$PROCESS_DIRECTORY LNM$TEMFORARY_MAILBOX LNM$GROUP-

¢ RUN PE
$ PURGE/KEEP=4 NETSERVER.LOG
$ EXIT ! End of PE.COM

g . e <
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