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Abstract

This study developed a set ot low level image processing
tools on a parallel computer that allows concurrent
processing of images in order to support development of
systems that use multiple images to gather information. The
parallel computer used is a collection of powerful processors
connected in a8 hypercube topology.

The software developed simplifies the interface between
the parallel computer and the applications developer by
providing a library of functions in the C programmiag
language. These functions are used to control "image
processor programs” that run independently in the parallel
computer and perform the image processing operations. The
complexities of the parallel processor are hidden and
replaced with a flexible structure specifically designed for
image processing. This structure provides a simplified
interface, but also acts as a framework to which additional
image processing operations can be added.

Timing measurements indicate that, in addition to
providing a unique applications development environment, the
set of tools offers a significant reduction inm the time
required to perform some commonly used image processing

operations.
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I. Introduction ¥

!

This thesis was prompted by the growing need for ;

Ny

sophisticated computer systems that can process large amounts 25
-" )

of image information in a limited amount of time. Developing !
these systems will require new methodologies and equipment, ;&
'

)

and as a first step toward developing these systems, a ,Q
'

"t

structured set of image processing tools was implemented ]

using a parallel computer. More important than potential

speed increases, a parallel computer offers a whole new

WREEEXAR

‘t; development environment not possible with uni-processor

systems. Parallel computers avail researchers of a way to f!
create new techniques and a vehicle to implement these gf
techniques., It is intended that the tool set be used for E'
image analysis, expanded to include other tools, and in the ;;
future be implemented as a part of a real-time image ‘f
processing system. q
Background ':-{

As man has developed complex machines, more information Ef
is needed for the machines” operation in control and .:
decision-making roles. In the past, information has been :ﬁ
input to the machines by human operators, but this is not ;

always a desirable solution. Humans can not react quickly
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enough in some situations or are subject to fatigue and loss a
; ﬁg& of concentration., Also, some machines operate {n g
environments where human presence is either not desirable or ?
not possible. An alternative to the “"human in the 1link" 5

.
approach is to devise better techniques that use machine 2
X sensor sets to gather the information needed for the i
: machine”s operation. This will eliminate the need for a w
human, using his sensor set, to provide information to the 3

. machine. o
i It is said that humans receive as much as 75% of their g
: information about the world around them through vision T
(10:1) with the rest coming from the other senses: g
hearing, smell, touch, and taste. Given this vast amount of ;

‘E; information humans gather through their eyes, much research 3
; has been dedicated to developing the capability for machines b
i to analyze images and obtain the same information as E’
! humans., It i{s the hypothesis that there exists a feature set ?
contained within a scene that, 1f identified and isolated, g

can be used by a machine to gather what 1Is considered the }
important information. While it is the intent to allow :A
, machines to use Image data, this does not necessarily imply E‘
» that the methods used in "machine vision"” need be based on a E:
? model of the human vision mechanism or, furthermore, even ;j
4 remotely resemble the human visual system. It is true that E
an understanding of the human visual system can ald in the E:

development of machine vision systems, but humans and K

1N .
oL 3'

]
#
t
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machines are vastly different entitles; what is meaningful
to the human system may not be useful at all to a machine
system. One could attempt to duplicate the human vision
system in order to produce a quality machine vision system
but, this seems a difficult way to solve the problem. An
alternative i{s to find a method that will reduce a scene to
terms that can be meaningful in a model that is more readily
implementable in a machine. Another important difference
between the human system and the machine system is the type
of sensors available to each: the human system has the
visual light range and the other four senses available while
the machine can make use of other ranges of light, 1in
particular infared, as well as numerous other passive and
active sensors just as easily as it can use the visual range,
It is the use of multiple sensors that seems to hold the most
promise for machine vision systems.

One of the areas of machine vision research is digital
image processing. Here a scene is encoded in a digital
computer €format, binary numbers, and then manipulated by the
use of specfial purpose computer hardware controlled by
firmware or, as in much research, by the use of a general
purpose digital computer. The digital computer allows great
flexibility in the design and implementation of machine
vision systems. Also, image processing techniques that are
difficult, expensive, or not possible by other means, such as
optical or analog processing, can be implemented using a

digital computer, The history of computer image processing

PRI

o'
-

‘-{"l{ '.l“,;‘. ; - v ': ‘:

SN PR RN

Pyl

."'."s"-f. Y

e,

e
5 .' -l .'

PEXAL

X,
N5

4

L ]
-‘{’

v
’

~
2
e}




is relatively brief with many of the techniques being
developed, exploited, or applied in the last two decades
(10:1).

There are already a number of fields that have benefited
from machine vision in general and, of particular interest,
from digital image processing. In manufacturing, machine
vision has helped to improve some manufacturing processes and
increase product safety and reliability (12:15). One of
the simplest examples of machine vision is a photoelectric
machine guard that uses a set of light sorrces and light
receivers to detect a human operator”s stray limbs and stops
the operation of the machinery when any of the light paths
are interrupted (12:3). Another example, which uses more
complex techniques, is a system that scans a conveyor belt to
identify metal castings as one of six types and passes the
type and position information to a set of robot arms used to
sort the castings into skips (12:5-6). Other systems that
use machine vision in manufacturing include crack detection
in glass an? metal parts, detection of skewed labels on
product containers, detection of blemished food products, and
inspection of sheet metal, photographic film, and other

products for surface defects (12:18-20). In the integrated

circuit (IC) industry machine vision is used in chip assembly
and defect detection (14:12). Also, there is a die-bond
machine which uses machine vision to isolate bonding pads and

connects select pairs of these pads with wire (14:12).
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: In military applications, image interpretation is
g ga; complicated by several factors. First, conditions such as :
i lighting and perspective can not be controlled as in ;
; commercial applications. Second, it is often the case that ‘
% the objects that are being sought are purposefully hidden. \
> Thus, while techniques to successfully find and identify a s
5; metal casting on a conveyer belt exist, techniques to find ;
ﬁ tanks in a forest are proving more difficult. However, there %
; are a number of weapon system concepts that are being ;
; developed that rely on image processing as a primary mode of E
K gathering information. E
- It has been proposed that the accuracy of strategic and ;
) conventional missiles can be improved by supplementing
§ . inertial systems with a guidance system that matches imagery

(g- along the flight-path and in the terminal area with a stored Y
: database (22). Another autonomous target recognition (ATR)
ﬁ technique that is being studied is using laser rangefinder
q information to guide alir-to-surface missiles to their targets
M (7). A proposed guidance technique for anti-tank

munitioans uses the large infared signatures of the tank”s

P exhaust system to identify targets in a scene (26). :
E Another notable system that is under development for fighter i
i afrcraft {s the LANTIRN system which is designed to provide ;
<, navigation and targeting capabilities in adverse conditions
:; using forward looking infared (FLIR) sensors. It {is E
J projected that future guifdance systems will require multiple Y
" {x& sensors to deal with the more complex battlefield of tomorrow ;
‘ hi“..’ ¢
¢ 5
.
v, y
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(8:221). Approaches are being developed to integrate or
“"fuse"” information from electro-optical, FLIR, and
millimeter-wave (MMW) radar. The range of conditions under
which a system can perform may be extended by this
combination of sensors. For instance, one sensor may be able
to provide useful information when another can not, or it may
be possible to blend information from two sensors to achleve
a symbiotic effect. These new approaches are required for
the detection and identification of strategic targets, a task
which has been complicated by the increased mobility of those
targets and by camouflage, concealment, and deception (CCD)
techniques employed to increase theilr survivability (28:180).

One of the most serious drawbacks to digital image
processing (or digital computation in gemeral) is the amount
of time required to process increasingly large amounts of
data. Using a single processor each picture element (or
pixel) of the entire image array must be operated on in turn.
The system performance trade-off then becomes one of a
greater numbers of pixels, giving more detail, for a longer
time required to complete the processiag.

A complicating factor is, in many cases, the time
required to execute an algorithm does not grow linearly with
the number of pixels considered but rather, grows
proportional to the square or cube of the number of pixels.
This provides an even greater impetus to find methods which

increase the computational speed available in computers.
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One method to decrease the required processing time is
the use of multiple computers, as opposed to the traditional
method of using a single computer. By using multi-processor
computer systems, a computational task can be divided into
its independent sub-tasks which can be performed
simultaneously thereby increasing the computational

capability applied to the task.

Thesis Problem

The AFIT Department of Electrical and Computer
Engineering has recently acquired two Intel iPSC hypercubes,
and is interested in developing an image processing
capability on these machines. There are numerous algorithms
and operations used in image processing whose execution time
can be significantly decreased by using these multi-processor
computers, This thesis effort resulted in the development of
a low-level image processing capability for the iPSC
hypercubes. Low-level operations used in image processing
include image retrieval and storage, image copying and
movement with the processing structure, elementary
mathematical functions, and other common operations used in
image analysis including correlation. The software developed
was designed to fit into a larger hlerarchical structure
which is presented in Chapter 3. This Is to allow further
expansion at the lowest level as well as the development of

higher tiers in the hierarchy. This multi-level approach
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allows for an orderly growth path for the project in further

thesis efforts.

Scope

The goal of this thesls effort was to develop a
fundamental image processing software package for a parallel
computer, Further, this package should allow, not only the
use of multiple processors for faster image processing, but
also allow multiple tasks to be performed concurrently.
Examples of these concurrent tasks include processing data
from two or more sensors (multi-sensor fusion) and processing
multiple images from one sensor separated in time (temporal
processing).

The image processing algorithms implemented were chosen
from the set of those most commonly used in the field. The
objective was not to develop Iimage processing techniques but,
to develop a tool with which image processing research can be
conducted. The hypercube was used {in {ts native
configuration, That {is, no attempt was made to map it {nto
another architecture such as a tree, mesh, or grid.
Particular attention was given to the view that the software
developed is to be used for any ot a number of tuture
projects and, as such, flexibility Is most {mportant.

At the present, machine vision and image prucessing are
in the beginning stages and consequently ver ‘ew techniques
beyond the lowest level are widely estatlished in the tield.

Because this 1s the case, sufficient documentation {s
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included to promote further development of the package while
maintaining the structure needed for a multi-processor,

multi-task tool.

Aggtoach

The first task was to develop the software system

structure for the the project. Second, a 2 dimensional Fast

v

Fourier Transform (2D-FFT) routine written by Intel was

incorporated into this structure. Next, an image display
routine was developed on a Sun Microsystems workstation so
that the input and resultant images could be displayed.
Then, the bulk of the image processing routines were written
on the hypercube and finally, a portioa of the image
processing routines was moved to run on the Sun workstation
rather than the Intel host computer by using a "remote-

hosting™ software package written by Oakridge National Labs.

Materials and Equipment

Two Intel 1PSC hypercube computers were used to develop

the image processing routines. The hypercubes consist of two

primary parts: the host computer and the cube. The host

computer is a Xenix based multi-user, multitasking computer.

It is used to edit and compile all software for it and the

cube. The cube 1s a collection of 2\ processors, where N is

l1 to 7, arranged in a hypercube configuration which, under

the present operating system, is viewed as a system resource

that 18 allocated to one user at a time.
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A Sun Microsystems workstation is used to run the host
sof tware that activates the cube image processing routines
and to display the images. The Sun workstation has excellent
graphics capability, a multi-window environment and runs the
Unix operating system. This combination makes it an
excellent vehicle for future projects ranging from an
interactive image processing workstation to an expert system
based image analysis package. In each application the
hypercube can be used to run multiple computationally
intensive tasks with software on the Sun providing display,

control, and decision-making or supervisory capabilities.

Presentation

Chapter 2 presents an explanation of the image
processing algorithms implemented along with some
introductory material on parallel processing. The next
chapter presents the system requirements, design analysis,
and a system definition. The fourth chapter outlines the
detailed design, coding, and testing of the software.

Chapter 5 presents an analysis of the effectiveness of the
sof tware developed and the last chapter covers some
conclusions and recommendations for further study. The
Appendix 1s a user”s manual that details how to use the image

processing software developed during this thesis.
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II. Review of the Literature
Overview

A potential way of decreasing the amount of time
required to complete a processing task is through the use of
parallel processing. As mentioned in Chapter 1, image
processing is one of the applications that can benefit from
this emerging technology.

The fundamentals of parallel processors are presented
here to provide a background for programming a parallel
processor. Next, a general introduction to the field of

image processing 1s given including a development of the

algorithms selacted to be implemented.

‘} Parallel Processors

Since the first electronic computer, ENIAC, was built in

1946 typical electronic computers have had the basic
structure shown in Figure 1. This architecture, known as the
von Neumann architecture, is described by Baer (3:4) as
consisting of the following five basic parts: 1) the input
receives data and instructions from the user, 2) the memory
{ stores the instructions (program), data, and any results, 3)
the arithmetic and logic unit (ALU) performs all arithmetical
and logic operations on the data, 4) the control unit
retrieves and executes instructions from the memory and 5)
the output transmits resulting data to the user. As a

o program is running, the control unit fetches the next

11
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Figure 1. Basic Computer Architecture (3:5)

instruction from memory, decodes the instruction, and then
either activates the finput, the output, or the ALU. This
cycle continues until the program 1is complete.

It has been estimated that the maximum theoretical
computation rate for computers built around this single
processor arrangement is about 3 billion floating point
operations per second (3 Giga-FLOPS) (27:46). This limit
is imposed by the laws of physics which state that

information can not be transmitted faster than the speed of

l1tght., 1In practice, today s peak computation rates for these

12
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types of computers are two or three orders of magnitude less.
While there is still much processing capability still to be
galned in theory, practical limits such as impurities in
materials are hampering further increases. If multiple
coples of these single processors were coordinated to work on
parts of a computation in parallel, a reduction in processing
time over that of a single processor computation time can, 1in
many cases, be achileved.

The term "parallel processor” is used to describe a
number of different computer architectures that contain more
than one processor. Baer (3:491-494) presents Flynn“s
taxonomy as one way of classifying the various computer
architectures.

Flynn”s Taxonomy. Around 1966 Flynn devised a method of

classifying computer architectures based upon number of data
streams and the number of instruction streams. Each of these
is further classified as either single or multiple. Thus,

there are four categories under Flynn“s classification

scheme:
Single Instruction Single Data (SISD)
Single Instruction Multiple Data (SIMD)
Multiple Instruction Single Data (MISD)

Multiple Instruction Multiple Data (MIMD)

Single Instruction-Single Data. Most computers

used today are categorized as SISD. Here a single
instruction stream {s used by the processor to operate on a

data set.

13
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Single Instruction-Multiple Data. An SIMD computer

is composed of a number of processors and a controlling unit.
The controlling unit feeds instructions to all the processors
and they execute the instructions on their respective data
sets at the same time. Thus, all processors are synchronized
(executing in a lock-step fashion), performing the same
operations on their data. An example of an SIMD computer is
an array processor, which performs simultaneous arithmetic
operations on one-dimensional vectors that can have thousands
of elements. This type of parallel processing is used in the
Cray supercomputers.,

Multiple Instruction-Sin&le Data. Presently, there

are few examples of this architecture. Here multiple
processors apply differing instructions on the same data
stream.

Multiple Instruction-Multiple Data. The MIMD

architecture differs from the SIMD in that each processor
operates asynchronous to all other processors. Each
processor has its own instruction stream and may perform
different tasks than all of {its neighboring processors.

MIMD Architectures. There are several characteristics

that help to further distinguish parallel computers in the
MIMD category.

Memory. The first distinguishing characteristic
among MIMD machines is whether all processors share a common
memory or if each of the processors has its own memory (see

Fligure 2). The "shared-memory"” computer has the advantage
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Figure 2. Shared and Non-shared Memory Systems (1:32)

Lt

that data commonly used by all processors is available in one

place. This saves storage space by avoiding replication as 3

N
in multiple memory systems and it also simplifies the problem 3

of {nosuring that all processors have access to the most ;

|
recent values of the data. These systems are referred to as ;»

A
"tightly coupled” because of their high degree of ?‘
interdependency. The shared memory system does have some M

]

serious drawbacks. First is the problem of devising a method -
to allow the multiple processors access to the same memory. k‘

A )

-
While dual-port memories do exist, they are significantly ¥\
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more expensive than memories used in the non-shared memory
computers and even then only allow access for two processors,
For larger numbers of processors a memory access multiplexing
system must be used and this results in contention for access
to the memory. This becomes a severe bottleneck as the
number of processors accessing the memory increases (17:193).

In contrast to the shared memory computers, non-~shared
memory computers are referred to as “"loosely coupled”; all
processors have a local memory and communicate with each
other and the outside world via an interconnection system.
In these systems the memory access question, assocliated with
shared-memory systems, is traded for a communications
question. The system will use "messages” to communicate data
from one processor to another through the interconnection
system. The number of processors plays an {mportant role in
determining the structure of this arrangement,

Processors. Another issue ia the implementation of

a parallel computer is the number of processors used. Some
parallel computers use thousands of simple processors each
capable of a small number operations while others use a
smaller number of more powerful processors. The ideal
situation would be to have a larger number of the more
powerful processors, which has to date has proven
economically unattractive. The trade-off of numbers verses

capability gives rise to the concept of granularity.
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This can be thought of as either a measure of the &;
nominal length of messages sent from processor to ﬂ

&6& processor during execution of a problem, or the number &
of instructions typically assigned to a processor in a .
single procedure. Grain size is important, in that fine b
grain applications for example, fit naturally on a hti
system of many small, less capable processors with very 3,

fast communications paths between processors geared to t
relatively short messages. Course grain applications, ﬁ
those with thousands of instructions per procedure and )
large interprocessor messages, w#ould fit well on a .
system of a few large processors and an interconnection :
medium designed to transfer large blocks of data ?i
[1:38]. S

A

Once the number of processors has been fixed, the way -
Y

processors are inter-connected, the topology, must be %ﬁ
b

iy

established. ::'l
Y

5

Topology. Finally, communications links must be ‘!

t

provided for data exchange in the non-shared memory MIMD \k
\

t

computer. The ideal case would be a complete interconnection &
. ]

Q.’ (see Figure 3) between all processors or "nodes". In this 2
interconnection topology each processor has a dedicated 1line {:

to all other processors. No delays are caused by the

unavailability of communications channels if each line {is

s [P ol

bidirectional but, this comes at a cost. Each node must have E{
the memory and processing capability to receive and store E;
information from all its communications channels until the ; 
data is needed. Also, the number of lines required for the ;g
complete inter-connected topology of N nodes is N(N-1)/2. E{
For a relatively small network of 16 nodes, 120 bidirectional 1

d
data channels are needed. Therefore, for all but the :‘
smallest numbers of nodes the complete interconnect is not a ,ﬁ

P

feasible solution. An alternative, i1s a bus oriented

PRy
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//////—-Nodea

Bi-Directional
Data Lines

Figure 3. Complete Inter-connect Topology

architecture where all nodes are connected to a single high-
bandwidth communications channel (see Figure 4). This
topology can be expanded to include large numbers of
processors witnout the rapid growth of data paths assoclated
with the complete inter-connect. However, as the number of
nodes grows the data bus may become very congested with data
traffic. So, both the complete interconnect and the uni-bus
architectures are limited in their usefulness to relatively
small networks of nodes.

There are numerous other multi-processor organizations
including mesh, pyramid, shuffle-exchange network, butterfly,

hypercube (cube-connected), and cube-connected cycles

18
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(21:25-29). Each of these structures differs in the
f interconnection scheme used in providing inter-node
o

compunications and have different strengths. Some of these
j are i1llustrated in Figure 5.
- Hypercube. "One of the most powerful interconnection
: methods is called the hypercube™ (17:193). The hypercube
E has been chosen by several computer manufactures as the
; interconnection scheme for their commercially available
: computers. These maaufactures include Intel, Amatek, N Cube,
E TMI, and FPS (9:6). The number of processors or nodes
: in a hypercube is often denoted by its "dimension.” A
) <. hypercube said to be of dimension N has 2N processors. In
R

19

-

LA L LL

-
e R

%

v

LI A

-y

-

SN NS

Y Ny

NP T e Ty

s

£ %

red

S N g R R L I R R T L e Tt N A AT e T T T T e e U I I TN
Y N e e e B e T e g T Wy P NN e A I SR R S



.~..,.~.."..‘y.......a.. el . f oo gt vad_ag tad_", I Sufo Ut i a0 Ahe oho 2 s, oYy o

rFrreL NS "~

b
3
«Q
z
®
»
-
’/‘l

Y
oy

rx W A

N
Zrpi e SSRGS

X

6?, Butterfly Tree
¢

e

|

VPR

Figure 5. Various Inter-connection Topologies

constructing a cube of dimension N, each of the processors in

CA A

connected to N other processors. Figure 6 illustrates

g

hypercubes of dimensions 0, 1, 2, 3, and 4. The connections
are assigned in the following manner: the nodes are assigned

labels equal to the binary representation of the numbers 0

SR 7y,

%>

through 2N-1 and every node 1s connected to every other

-,

RS

node whose binary label differs in one bit position

(17:193). Thus, in a dimension 3 cube, the node labeled

»

-i" "-

100 is connected to nodes 000, 110, and 101. Palmer

3
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“ P l‘
‘. points out the following characteristics the of hypercube: '
- 1) The number of directly connected neighbors to a f
- processors grows with the order of the hypercube. 3
{ Thus, a hypercube 1s more densely connected than a )
mesh or tree,.
5 2) The hypercube can be mapped onto most other useful %
; interconnection schemes. )
s 3) The hypercube is recursive. A hypercube of order N )
‘0 is made of two hypercubes of order N-1. P
> The first property of hypercubes allows a programmer to
K. ignore the optimum interconnection scheme for a given .
9 problem and simply assume that his machine is maximally :
< interconnected. The second property, ... allows a »
5’ programmer to use almost any loglical interconnection A
' that seems optimal for a given problem. And the third ’
property allows programs to be written so that they can
y run on any order hypercube. Thus, the order of the
R hypercube can be a parameter of the program. A
. corollary to this 1s that an operating system that .
A manages a hypercube array can treat it as a large set
2 of logical hypercubes that can be allocated in sizes 3
requested by the users [17:193].
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In summary, while computers built around a single
processor have been traditionally used, physical limits are
beginning to taper off the performance increases that can be
realized. As an alternative, parallel computers may provide
additional performance increases for some applications. The
type of parallel computer that used be used for an
application appears, at this point, to depend greatly on the

nature of the problem.

Image Processing Algorithms

In the ideal case, a computation requiring an amount of
time, T, to complete on a serial computer would require a
time of IT/N on a parallel computer with N processors. This
ideal speed-up is, in general, not achievable because most
computations cannot be divided into N independent
computatfions and thus necessitates the exchange of
intermediate results and prevents achieving the fideal speed-
up. However, performance gains can be achieved for many
algorithms. Because of large amounts of data used in image
processing, parallel processing is considered as a possible
answer to the performance needs in this field.

According to Hall (10:2), the field of computer image
processing today can be divided into five major areas:
enhancement, communications, reconstruction, segmentation,
and recognition. 1Image enhancement and restoration address
improving the quality of images for human use. Since the

measure of success 1s the subjective opinion of a human
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being, exactly what techniques provide the best results must -%
~ ox
fgk be determined through testing with humans over a period of !
)
time. Reconstruction deals with recreating the form of a ‘ﬂx
Y
three-dimensional object from two-dimensional images. One of .

the more notable applications of reconstruction techniques is

computer tomography used in the medical filield (24:615).

Image communication deals with the transmission

technigques used in the broader topic of digital

:l.‘»‘}:-:‘&.- -

-’

communications and human factors issues in image enhancement

o

and restoration. Image segmentation is a process that

-
K

involves breaking an image into meaningful components so that

objects, and relations between those objects, can be

identified. 1Image recognition deals witn the task of
'i‘ identifying an object that has been previously “learned.”

; The following sections present some algorithms that have

S
Py

been used in one or more of the five areas of image

Ny
processing. The intent is to provide an understanding of the o
algorithms and some of the applications that make use of iJ
those algorithms. There are, however, many applications that ;‘
make use of these techniques that are not discussed here. ?ﬁ
The algorithms were implemented for this thesis on the Intel t“
iPSC hypercube, a non-shared memory, large grain computer. :;
Some of the algorithms, such as the Fast Fourier Transform f'
require inter-node communications while others do not. :!

L
P

; Fast Fourier Transform. The Fourier Transform is an

-

’ 0
P

important analytical tool in linear systems analysis, antenna

2%
2rA

"
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design, optics, probability theory, random processes, quantum
physics, and boundary-value analysis (5:7) as well as

image processing. As its name implies it is a transform: a
technique involving converting an expression to an equivalent
form, often to simplify analysis. In the case Fourier
Transform, the two forms involved are the time domain and the
frequency domalin representations. Transform methods in
general are used ia areas such as "sound and music analysis,
communications systems design, analysis of mechanfical
vibrations, ocean wave analysis, statistics and many octhers”
(23:16). The logarithm i{s a simple example of a transform
method that can be used to avoid long division by taking the
logarithm of the two quantities, subtracting the two, and
taking the anti-logarithm of the result (5:2). In image
processing the Fourier Transform is used to convert images to
their frequency representation for frequency domain

analysls. The Fourier Transform of a time domain function {s

defined as
F(®) = [ f()e™ /™t (1)

The reverse process, golng from the frequency domain to the

time domain is tne Inverse Fourier Transform.
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Similarly, the two dimensional Fourier Transform and {ts

inverse are defined as

Fuyv) =[ [f(xy)e M4y

—00—00

(3)

and

fy) = [ [Fuv)el 2™+ gyg, (4)

—00—00

where x and y are the spatial domain variables and u and v
are the frequency domain variables.

It has become convenient to compute the Discrete Fourier
fransform (DFIl), the discrete-time version of the Fourier
Transform, with the advent of digital computers. Figure 7
1llustrates the relation of the Fourier and Discrete Fourler
Transforms. Since digital computers can oanly store and
manipulate discrete quantities both the time domain and
frequency domain representation must be converted to discrete
representations. In Figure 7, step (a) shows a function h(t)
on the left and 1its Fourier Transform H(f) on the right. A

sampling function (b) will be used to sample h(t). In the
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time domain (a) will be multiplied by (b).

to a correlation in the frequency domain. Next, the time
RO
Krdus
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Figure 7.

A Graphical Development of the DFT (5:100)
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- function is limited in time by multiplying ft by (d). At &'
. .‘;l A
QQF this point the time domain representation of h(t) has been ]

converted to a form suitable for computer representation (e), het'

L

however, the frequency domain equivalent is still a
continuous function. As the final step (f) the frequency

domain representation is sampled just as the time domain

% ) A s

representation was. The final representation in (g) is a

discrete, time-limited, periodic version of the original

. !

h(t) :'::Z

Although the DFT has proven to be a useful tool, the '!t

number of computations required for large problems 1is ;’
prohibitive. 1In 1365, Cooley and Tukey published a paper g:
describing a method that substantially reduced the number of Eﬁ

‘i} computations required to compute the DFI (6:297). Along f
o with other similar methods proposed later, this method became ;
known as the Fast Fourier Transform. Any of these operations E*

(the Fourie