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Abstract

Abstract

The Development of a Parallel Implementation of Non-Contact Surface

Measurement

Andrew James Sanyal Ph.D. Thesis

Implementing parallel-processing techniques within a practical optical metrology
environment raises a number of important questions. The first key issue focuses
on how optical metrology techniques are influenced and impinged upon by a
parallel-processing solution. Following on from this is the question of the

practical costs and benefits arising from using parallel processing. With the
recent development of parallel-processing software environments the next
question is how well suited are these environments to optical metrology

problems.

The practical application that this work addresses is the development of fringe
analysis techniques to improve patient set-up and monitoring within a
radiotherapy environment. Such an application places a number of demands
upon the computational system namely speed, reliability and flexibility.

This thesis traces the relevant background developments within both Fringe
Analysis and Parallel Processing. Additionally the problems involved in
Conformal Radiotherapy that make this research necessary are discussed.

Two interferometric phase extraction based techniques have been implemented
within two parallel processing software environments. Fourier Fringe Analysis
is a computationally intensive paradigm that consists of a number of algorithms
while Phase Stepping Profilometry is a less computationally intensive algorithm
that requires comparatively more data. Implementing both of these techniques
addresses the identified goals of this research. As well as this both techniques
require the implementation of an unwrapping stage, and parallel strategies to
perform this raise a number of additional points.

In the final chapter of this thesis the key lessons learned in this work are
summarised. As well as this the final chapter contains discussions which attempt
to answer the questions of the suitability and practicality of using parallel
processing to solve optical metrology problems.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1Introduction

Breathing is one of the most obvious and vital signs of life. Yet this very action
has proven to be a hurdle in increasing the successful treatment of cancer by
Radiotherapy. Non-contact measurement techniques allow information about a
surface to be obtained. With this information the exact shape and location of a
surface can be calculated. A sequence of such measurements allows changes 1n

the surface’s shape and location to be tracked over a given time period. By
applying these techniques in a radiotherapy environment the act of breathing

should no longer be a problem in the modelling of received radiation dose 1n

Radiotherapy.

Radiotherapy 1s based upon the delivery of a lethal dose of 10onising radiation to a
site of cancer cells. Conformal radiotherapy is the customisation of the dose of
radiation received by each patient, involving both the location of the dosage and
the time over which delivery occurs. Treatment is not received in one dose but
In a number of fractions over a given time period. In fig.1.1(a) and fig.1.1 (b) a

patient 1s positioned below the Linear Accelerator used to deliver the required

dosage of radiation.

(a) (b)
Fig 1.1 Conformal Radiotherapy Treatment Machine. (Pictures courtesy of EOS)
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People are dynamic systems, whose external body surface shape can change
through such processes as breathing, sighing or, over some time, weight loss.
Monitoring the changes in the dynamic external surface after each treatment and
over the entire session of treatments would greatly aid the clinician. Using
Conformal Radiotherapy techniques increases the need for accurate models of
where radiation has been received by a patient during a treatment session.

Dosimetric models are based around tolerances of X1mm. Therefore any surface

measuring system must be capable of measuring patients position to within this

level of accuracy.

The automated analysis of any surface data must be performed within paradigms

that require large amounts of processing power. Where single processor
architectures have been unable to match the specifications of a system, parallel

processing techniques have been investigated. These techniques allow high-

speed, high-performance results that to date exceed those of the “traditional”

Uniprocessor system.

However, parallel processing software techniques have lagged far behind those
of the more conventional processor environment. Perhaps the main reason for
this 1s that the attention of developers in this field has been focused solely upon
speed. Optimising code to run as quickly as possible has been the one goal along

this path. Inevitably the end users of such systems have needed to be as educated

in parallel processing as the developers.

Applying parallel processing to non-contact measurement within the clinical
environment of Radiotherapy changes the focus of the software developed.
Speed although still a critical factor within such a domain is not the only
requirement. The final system must be able to measure a number of areas of the
human body and this requires different approaches for different locations. A
measurement must always be achieved by the system; therefore robustness is

also a goal.
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The flexibility, robustness and speed of the final system must all fit into an easy

to use Graphical Interface. As well as this the data must be delivered in such a
way that the final user does not become swamped in a vast quantity of

information.

1.2 Aims of this Research

This research has been set up within the umbrella of the INFOCUS project.

INFOCUS is funded by the European Union research grant of BIOMED II. The
primary goals of INFOCUS are to “develop and improve diagnostic tools,

methods and standards” within the Conformal Radiotherapy field'. To achieve
this broad ranging target there are a number of European partners involved, each
with responsibility for different aspects of achieving the INFOCUS goal. These

partners are:

e The Christie Hospital, Manchester, UK.

e Otto Von Guricke University, Magdeberg, Germany.
¢ (laude Bernard University, Lyon, France.

e SINTEF, Trondheim, Norway.

e Elekta Oncology Systems, UK.

e John Moores University, Liverpool, UK.

Within this préject the development of a non-contact optical sensor for the
precision measurement of the external surface position of the patient is the
specific area that this research falls inside of>. The author’s contribution to this
project has been to develop a parallel processing system to perform fringe

analysis.
The specific goals for this research can be summarised as:

i. To investigate the effects of a practical parallel processing

network topology on “classical” linear image analysis paradigms.
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To show how the practical system can alter the movement of data

and paradigm structure.

ii. To design a robust, flexible and fast software system to use the
data obtained from the non-contact optical sensor. This means

investigating a number of different techniques to achieve near

real-time measurements.

iii.  To investigate the applicability of parallel processing CASE tools

to system design in optical metrology.

1v. To assess whether performing parallel processing of image data is

of any true practical value at this time.

It 1s perhaps this last goal that is of most long-term interest. Perhaps this goal
should be re-stated as a series of questions. Firstly, is parallel processing driven

by the needs of the application or by the wish to perform parallel processing? Is

there an argument for using simpler processing systems, which have slightly
lower processing power but benefit from other advantages? All the work within

this investigation must be tested in the light of these questions.

1.3 Scope of this Research

There is one main boundary placed upon the scope of this work

1. This work does not comment on the nature, cause or treatment of
cancer. It 1s not within the scope of this research to comment on

how the data obtained by this system is used by clinicians.
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1.4 A Basic Introduction to Radiotherapy and its Current

Limitations

As mentioned previously the main aim of radiotherapy is to deliver a fatal dose

of 1onising radiation to an identified cancer site. Conformal radiotherapy 1s a

recent development of this basic idea. This 1dea implies that both the nature and
the geometry of the therapy are customised to each patient’s requirements,
Fig.1.2. There 1s a resulting beneficial increase in the accuracy of the targeted
radiation. Which in turn leads to increased cure rates and a lower incidence of

morbidity 1n the healthy cells surrounding the cancer.

(a) (b)
Fig.1.2(a) Showing how the Treatment Head can be shaped to match the target

volume. (b) Showing an actual planned treatment shape (Picture courtesy of
EOS)

The clinician using Conformal Radiotherapy seeks to irradiate the site of the
tumour with an individually shaped beam from 3 or 4 different angles, fig.1.3.
The basic 1dea behind this strategy is that only the cancer cells receive a lethal
dose while the healthy tissue surrounding the site receives a much lower dosage”’.
Over a number of treatments, or fractions, the healthy cells will have a far greater

likelthood of recovering.

N



Chapter 1 Introduction

MLC
-~ Headand
-\
e AN Gantry
’ So
\ \ / .
\.\ } — }-’ !f
\ L4 IMH ,"'
veO\ /S
Rotational
Locus of \ \ k / /
MLC Head ' \ E | /
and Gantry
Body Cross X0
Section \ \f /

Treatment
Bed

Fig.1.3. Demonstrates how treatment volume is made up of a number of

treatments from different angles.

In 1994 there were over 150,000 deaths from cancer in the UK alone, fig.1.4.

One method of attempting to reduce this figure is to treat people suffering certain
types of cancer with Conformal radiotherapy. At the Christie Hospital

Manchester conformal treatment has grown steadily in it’s importance from less

than 1% of annual treatments in 1991 to over 8% of all treatments performed in
1996*. Added to this the types of cancer that conformal therapy has been very

successful in helping treat are very difficult to effectively manage with more

conventional methods, fig.1.5.
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Fig.1.5 Shows the increasing use of Conformal Radiotherapy at the Christie

Hospital Manchester.

However, there are significant problems with this system. In an ideal world the
clinician would like to be able to irradiate only the cancer. This is not possible

for two main reasons.

1. The cancer site may be located within a relatively mobile organ,
such as the prostate. As this is often the case the clinician must

allow tor some error boundaries within the treatment.
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1i. Although we may think of a person as a static object when lying

still, this is not the case. The very act of being alive means that a
person is not static e.g. breathing moves the body. This dynamic
system is further complicated with the use of fractions of
treatment. The cancer site is positioned relative to the treatment
machine and it is assumed that the position relative to the exterior
of the patient is exactly the same for each session, over a given
treatment period. Where each treatment session typically lasts for
a number of minutes, but these sessions are spread over a number

of weeks.
It is within this second category of problem that this research is focused.

There have been several attempts to solve this problem in the past, most of which
approach the problem by trying to match the internal landmarks of the

3,6,7

patient This method may work for the bony landmarks but is nearly

impossible for soft-tissue. Further any continuous on-line monitoring in these
techniques is greatly inhibited by the very nature of Mega Voltage Images
(MVI). Using some of the ideas from such work in tandem with the external

measurements is one of the goals of the overall INFOCUS project'.

However, of more direct importance to the research presented in this thesis 1s the
attempt to apply non-contact measurement to cancer treatment using Moiré
patterns®. This system uses two light sources to produce a fringe pattern on the

patient’s skin surface. A still camera then photographs this illuminated surface.

Wilks’ approached the problem with an optically much simpler solution.
Utilising a single line of laser light to perform single line triangulation. This
work was extended by the use of a multiple line system. This system 1s both
simple and effective. However, the final resolution of the system is very poor

and only addresses the area of one type of cancer. As well as this both of these
external body surface measurement systems were only implemented in planning

not during treatment.
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1.5 Structure of this Thesis.

This thesis consists of eight chapters.

Chapter 1:
This introductory chapter outlines the application of parallel processing to non-

contact measurement. Details of the precise aims and scope of this research are

also given. The chapter also contains a brief description of Radiotherapy.

Chapter 2:
This chapter acts as an introduction to the main non-contact techniques used

within this research. Attention is focussed on Phase Measuring techniques,
namely Fourier Fringe Analysis and to a lesser extent Phase Stepping

Profilometry.

Chapter 3:
Within this chapter those aspects of parallel processing that are of specific

relevance to this work are discussed. The focus of this chapter is those elements

of parallel processing, which relate to image analysis and user interfaces.

Chapter 4:

This chapter briefly discusses the hardware tools used with in this research. The
software tools used are also presented, with special attention on the final

software environment, Pegasus. As well as this the optical system used in this

research is briefly outlined.

Chapter 5:

This chapter describes in some detail the more general aspects of implementing
Fringe Analysis Techniques in a Parallel Processing environment. Firstly the
effects of the specialist hardware features of the Texas Instrument TMS320C40
(C40) used in this work are detailed. Following on from this the general issues

of data problems are discussed. Topics include data division or partitioning and

data storage.



Chapter 1 Introduction

Chapter 6:

This chapter follows on from the general issues to discuss issues which arise
from the application of the phase extraction techniques within two specific

parallel processing software environments.  Firstly Fourier Fringe Analysis
(FFA) is discussed within both the 3L and Pegasus environments. As FFA 1s

formed from a number of algorithms these sections discuss a number of
important issues. The next sections discuss the application of Phase Stepping
Profilometry (PSP) in a real-time system and show how this technique is

modified by the application rather than the parallel-processing environment.

Finally in this chapter the issues that arise from performing parallel unwrapping

algorithms are discussed.

Chapter 7:

This chapter evaluates the final system and describes the results obtained using
the methods detailed. The work is assessed with regard to the aims identified 1n

the first chapter. Some attempt at a qualitative comparison of the parallel-

processing solution and an alternative Windows based system is made.

Chapter 8:

This final chapter draws conclusions from the research described in this thesis
and discusses areas for further research. The discussion focuses on the question

of whether or not parallel processing is of any real relevance to non-contact

measurement at this time.
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Chapter 2

Review of Fringe Analysis

2.1 Introduction

The field of non-contact measurement has developed into a broad umbrella of

2, There have been a number of applications of

these techniques; see for example Chan’ and Brown®. Yet the number of such

methodologies in recent years

experiments in real-time is a very limited set>®. It is with the application of fringe

analysis to near real-time that this review has been performed.

This chapter does not attempt to review all the developments within the field of

non-contact measurement, but rather focuses on those aspects of the subject, which

are of importance within this research.

Young was the first to demonstrate the interference of light waves to produce fringe
patterns". In this early experiment light from a monochromatic source is projected
through two pinholes in a screen. This has the effect of forming an interference

pattern, due to the pinholes acting as secondary monochromatic point sources

which are mutually coherent.

Light

Source :
Region of

Interference

Screen

Fig.2.1 Young’s Pinhole Experiment

12
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The resulting fringes produced by the experiment in Fig.2.1 are curved in nature.

By changing the set-up to use slits rather than pinholes Young produced fringes
which are straight and also allowed a greater amount of light to be projected

through the screen.

The modern version of this experiment uses an optical set-up based upon laser light

and fibre optics®. Laser light is projected down a fibre optic path, at the point of the
fibre coupler the laser light is split into two optical paths. The light passing along

the fibre paths is mutually coherent and when projected from the fibre heads
interfere in the same way as Young’s slit experiment. Using optic fibres 1s a very
elegant solution to produce Young's fringes and additionally has benefits such as
allowing Peizo transducers (PZT) to manipulate the fibre heads and produce altered
interference patterns. Additionally the fibre optics act as a spatial filter, which

greatly increases the clarity of the fringe pattern produced when campared with the

slit experiment.
Coupler
Fibre Optic Region of
_ - — Paths Interference
Laser

Fig.2.2 Twin Fibre Interferometer

The fringes produced by this system will be orientated at right angles to the line
joining the two fibre heads. This means that by using a PZT to switching the
position of the fibre heads the orientation of the fringe pattern may be altered.

Viewing these fringes from some distance will make them appear straight.

13
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The separation of adjacent bright fringes 1s approximately given by the equation
Po = — (2.1)

where,

po = Fringe Spacing
A = Wavelength of laser light used

d = Distance between fibre heads

a = Distance between projection heads and observation plane

This fringe spacing may be altered by changing the distance between the fibre
heads, d. Using a PZT one of the fibre heads will be shifted away from or toward

the other stationary fibre head.

Fig.2.3(a) Fringe Pattern projected onto the surface of a hand (b) Fringe pattern

projected on to the author’s stomach

The two fringe analysis techniques used in this work, Fourier Fringe Analysis

(FFA) and Phase-Stepping Profilometry (PSP),are phase measuring techniques.

14
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The fringe pattern used is made up of a structured light pattern that varies between
bright and dark in some regular manner such as a cos” pattern, fig.2.3 shows
examples of such patterns projected onto human skin. These patterns are projected
onto a surface, and the resulting image 1s recorded. Because the recorded image is
off axis from the projection the structure of the pattern will have been altered from
the projected pattern by the surface. By the extraction of this alteration, or

modulation, of the pattern surface data can be found.

2.2 Relating Phase and Height.’

T T AN

Fig.2.4 Surface illuminated by Fringe Pattern

Consider a surface illuminated with a projected fringe pattern as is shown in fi1g.2.4.

The height within the plane of the fringe pattern is given by equation 2.2.

15
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90-0 y

Fig.2.5 Relating projection and observation co-ordinate geometry

However, it 1s the height in the plane of observation that is required. By taking the
co-ordinate sets shown in fig.2.5 and using the basic geometry of the system

equation 2.2 can be restated as;

z2=2c08(90-6)+ ysin(90-6) (2.3)
This can be re-expressed as;

z’=zsin(6) + ycos(6) (2.4)
This now allows z"to be removed from equation 2.2 giving;

zsin9+yc039=—g—.p0 (2.5)

27

Rearranging to give height results relative to the observation plane gives;

2= op, B :
2nsin6  tané6

(2.6)
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2.3 Brief Review of Fourier Fringe Analysis (FFA)

In Fringe Analysis the equation of a modulated intensity of a signal at any point is

often stated asm,

g(x,y)=a(x,y)+b(x,y)cosb (2.7)

The terms a(x, y) and b(x, y) represent the unwanted irradiance variations, while the

10

term O contains the desired modulated information. Takeda ™~ proposed that we re-

state this expression in the following format,

g(x,y)=a(x,y)+c(x, y)eﬁmt +Ee*Ex y)e*jw”l (2.8)
where,
1 1
c(x,y) = 5 b(x,y) cos g+ j—b(x, y) sin ¢
2
‘ 1 l
¢ (%,¥) =2 b(x,y)cos g~ j—b(x,y) sin ¢
i g

r—

Then these intensity values g(x, y) taken from a captured and digitally stored image
can be transformed by the application of the Fourier Transform technique. Thus if

expression (2.8) is Fourier transformed with respect to x,

G(f,y)=A(f,Y)+C(f-f,,y)+C*(f—f,,y) (2.9)

Where capital letters represent the Fourier Spectra and f is the frequency in the x
direction. This resulting spatial domain data is made up of two harmonics or carrier

signals and one DC term, fig 2.6.

17
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C*LE=T ) C(f-£ )

-f f

Fi1g.2.6 Frequency spectra, showing two carrier signals and the DC term.

The next stage is the selection of one of the carrier signals, either C (f-f,, y) or C*(f-
fo, ¥) which can then be translated to the origin of the spatial domain, fig. 2.7. This
filters the unwanted background variation represented by A (f, y), this works

because C, A and C* are physically separable. By the application of another FFT,

this time acting as an inverse transform, c(x, y) i1s obtained. Takeda transformed

this data into phase, ¢ (X, y) by the application of a complex logarithm.

G(f)

i E=T,)

L.

Fig.2.7 Frequency shifted carrier signal

However more frequently the data is transformed by the use of an arctan function.
Having separated c(x, y) by filtering and shifting, dividing the imaginary part of
C(X, y) by the real part of c(x, y) gives:

Im[c] B 1/2_b_£_,1:_, y)sin ¢
Re[c] 1/2b(x,y)cos¢

18
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Rearranging this allows the required phase data to be found

p(x,y) = tan™ TocX:) 2.10)

Rec(x,y)

¢

Fig2.8. Wrapped Phase

The phase data at this stage contains discontinuities as in fig.2.8, which can be

corrected by the use of a phase-offset distribution or unwrapping algorithm.

O(x,y)=0 (x,y) =9 (x,,y)+¢" (x,,y) (2.11)

where,
0" (X, y)- 0" (xr, y) = the difference between the present value of ¢"
(X, y) and the previous value
¢’ (XL, y) = the difference between the current line and the

previous line

This simple unwrapping function results in a surface that no longer contains

discontinuities greater than 2m.

Developing these ideas further Takeda'' produced an automatic profilometry
system. The acquired image was analysed line by line, which in later works has

come to mean that this 1S not seen as a truly two-dimensional analysis. Added to
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this a square wave fringe pattern was used and while simple to produce this leads to

complications in the analysis.

Macy'* was among the first people not only to demonstrate the accuracy obtainable

with this method when compared to fringe contouring techniques, but also to begin
to turn the technique into a truly 2D analysis method. The unwrapper implemented

in this work unwraps each row individually and then adds a component of the

column phase. In this manner the 2D phase data can be extracted from the Fourier

Fringe Analysis method.

Later developments such as Bone'® began to greatly refine the work previously
outlined. Using a 2D transform helped with many of the problems inherent in the
unwrapping stage of earlier methods. By using a Hamming window on the data
much of the later edge effect problems were avoided. This is due to the removal of

many of the lower frequencies that become centred around the zeroth, DC,
component. In fact many of the problems associated with edge data are introduced

by the sampling nature of the Discrete Fourier Transtorm.

Bone also proposed that each image should have a planar surface somewhere within
the imaged object. The reasoning behind this was to aid the removal of the DC
component within the frequency spectra. This proposal has the obvious drawback

of requiring every measured surface to contain such a region.

Green et al'* identified two main sources of errors within the FFA system. Firstly
there are additive noise components, such as noisy fringe patterns. However
Fourier is fairly robust in the face of this as long as the phase function 1s slowly
varying. The second class of problem is caused by complicated phase functions.
Conversely to the first class of problem, the FFA technique 1s good at

reconstructing complicated phase as long as the noise 1s not to extreme.

The next stage of the evolution of the FFA techniques was the improvement and
refinement of the filter elements to cope with the previously mentioned problems.
Kreis' highlighted the importance of any Fourier space filtering. Not only does

this remove one of the carrier frequencies; it also allows the further elimination of

20
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distortion and noise. The choice of which of the two carrier signals to use dictates
the local sign of the data, but the global sign of the surface data relies on a priori

knowledge of the experiment.

Unwrapping the phase produced within this technique has proven to be one of the
most problematic areas of FFA'®. There are a number of approaches to solving this,

most of which are highly sophisticated. However, this sophistication although
delivering a better image than the simple line-and-column technique, comes at the

cost of the time to perform the unwrap4.

2.4 Brief Review of Phase Stepping Profilometry (PSP)'~

This technique is similar to FFA in that it uses the phase of a fringe pattern to

produce a 3D-height map of the surface of the object. Unlike FFA this technique
uses a number of images of the object to directly state the required phase'’. There

are a number of variations of this technique but in this section a 3-Frame algorithm

will be used for simplicity'®.

Equation 2.7 is the expression of the modulated intensity of a point in an inference

fringe pattern. For the purposes of PSP this can be restated as:

I =a+bcos(¢g+a) (2.12)

The term o is added to the expression to represent an additional phase term. This 1s

introduced because of the technique’s reliance on a number of fringe patterns. By

translating the fringe pattern by a known shift o, between 0 and 7 for consecutive

images, it is easy to arrive at a number of intensity values for each pixel in the
image. This translation is performed by either shifting a sinusoidial grating with
mini-translation stages or by using a Peizo Transducer (PZT) with a Twin fibre
Interferometer. The PZT works by moving one of the fibre heads either fowards or

backwards in relation to the other stationary fibre head.
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If 3 captures are performed then there are three equations which have three

unknowns, these equations can be stated as

I, =a+bcos(g¢+a,)
I,=a+bcos(¢+a,)

I,=a+bcos(¢ +a,) (2.13)

Where the three unknowns are a, b and ¢. Phase 1s the data that is required and so

the equation can be resolved in the following manner,

4 ,~1)cosa, - (I, -I;)cosa, +(I,—-1,)cosa,

¢ = tan : _ (2.14)
(I,-1,)sina, —(I, - I,)sina, + (I, - 1,)cos c,
This equation can be further resolved to give,
¢ =tan™ U~ 1) (2.15)

(I,-1,)

where,
oy = /4, 0y = 31/4, o3 = 51/4 with phase steps of /2 (90°).

At this stage it can be seen that the equation to be resolved is identical in form to

that of the FFA after forward and inverse transforms. This implies that in PSP a

stage of unwrapping must be performed and this is indeed the case.

'? caused by the need to translate the fringe patterns is one of

The phase shift error
the key areas in any phase stepping routine. Hariharan et al® shown that using a
PZT to produce the translation induces some non-linear movement to the Phase

Step. This problem may be resolved by calibration.

Further errors such as non-linear detectors or unequally spaced fringes may also
hinder the PSP technique. One possible way to resolve all these errors is to

increase the number of Phase stcpszl. In terms of real-time 1maging this technique
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has one major problem in that it requires the surface of an object to be static for a

number of captured images.

2.5 Comparison of FFA and PSP #

It is now important to see how these techniques can help attain the goals of this

research. In order to highlight important issues these techniques are compared.

Fourier Fringe Analysis Phase Stepping Profilomet
Optical Simple projection device Projection requiring
requirements mechanical translation device
Acquisition Time Short — 1 image only Long: Minimum of 3 images +
2 translations
Data Size Single digital image Three digital images
Computation upto FFTs, window and filter Partially Evaluate equ.2.14
Arctangent
Algorithmic Relatively High Relatively low
intensity
Noise Resilience Can have problems inthe ~ Relatively noise resilient
filtering domain
Area of Interest Full-field Full or sub field may be
processed
Effects of movement | Little affected by motion of Object must be static or very
object slow moving

Table 2.1 Comparison of Fourier Fringe Analysis and Phase Stepping Profilomet

The issues raised by this comparison will discussed in later chapters.

2.6 Summary

In this chapter the two techniques that will later be explored as examples of the
application of parallel processing to fringe analysis have been reviewed. It has
been shown that each of these techniques have different requirements both

computationally and optically. Of interest for the later work is the computational

difference. Where the key issues are the difference in data required and the

complexity of the algorithms.
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Simply stated Fourier Fringe Analysis is a relatively low data but highly

computationally complex paradigm. While Phase Stepping is a much simpler

computational problem but requires much greater amounts of data. It is important
at this stage to be aware that producing the arctangent and unwrapping functions are

both highly computationally expensive procedures, and required by both paradigms.
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Brief Review of Parallel Processing for Image Analysis

3.1 Introduction

Image analysis techniques such as FFA place a high demand on the processing

power of any computer system used. This is especially true when the system 1is
constrained by the requirements of real or near-real time processing. One method

of matching these specifications is to utilise parallel processing schemes.

In the field of parallel processing a number of different strategies have evolved to
perform such intensive calculations. Many of the processing elements used have
benefited from implementing parallel architecture, developing these chips away

from “classical” Von Neumann architectures. The following sections examine

those elements of parallelization that are directly relevant to this research.
3.2 Classification of parallel architectures’

One method of categorising parallel architectures is to split processor chips into

three major groupings

¢ Pipelined — such architecture uses overlapping computations to achieve
temporal parallelization.

¢ Array processors — use multiple arithmetic logic units to achieve spatial
parallelization

¢ Multiprocessor systems — use interactive units to achieve asynchronous

parallelization.

These groupings are not exclusive and a system that is pipelined may well have

elements of the other two groupings. Of most interest to this work are those

processors in the multiprocessor chip category.
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Further divisions of computer architecture are available, perhaps the best known of

which is Flynn’s Classification scheme, often used to define parallel architectural

systems. These may be based upon a mixture of the proceeding classes. The

groupings in this scheme are

¢ Single Instruction Stream - Single Data Stream (SISD)
Instructions are executed sequentially but may be overlapped. Such

systems may have more than one functional unit, but one central control

unit manages them all.
¢ Single Instruction Stream - Multiple Data Stream (SIMD)

One control is used to instruct multiple processing units. These units

will be acting on different data sets.

¢ Multiple Instruction Stream - Single Data Stream (MISD)

A largely conceptual classification where shared data is manipulated by

a number of processing units each controlled with it’s own instruction

set,

¢ Multiple Instruction Stream - Multiple Data Stream (MIMD)
Most multiprocessor units and computers can be classified in this
category. A number of processing elements execute different instruction
sets on multiple data sets, such systems have high levels of processing

element interactions.

Conventional processors are classified as SISD architectures, whereas processors

chips such as the TMS320C40 can be placed in the MIMD category. Lim® outlines
the key advantages that the C40 has over more conventional processors, these can

be summarised as

Smaller overheads when responding to interrupts
Separate data buses for instructions and data

¢
¢
¢ Hardware support for parallel multiply and accumulate
¢

Fast on chip memory
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However, getting the full benefits out of such hardware is based on the ability of the

programmer and compiler to fully utilise these special features.

3.3 MIMD Based Topologies

There are a large number of possible theoretical topologies for MIMD machines.
Most of the architectural topologies that are used in image analysis are built up
from a number of simple basic shapes. The first of these is the simple pipeline

structure, which may have any number of processing elements connected in a single

strand fi1g.3.1.

Processor A Processor B Processcr N

Fig.3.1 Simple Pipeline Structure

In this form of parallelization the data flows along a logical sequence of processing
elements. Each element works on the same data set but uses a different instruction

set. This simple to program and configure system lacks the benefits of overlapping

tasks. Further, if any communication link or processor should fail there is no

possible way to re-route data.

Such schemes can be used to build an entire network. One of the advantages of
these systems is the simplicity of the required hardware. However, the

disadvantages include the increase in the time to access memory and lowered

communication bandwidth>.

The next building block structure is based upon a simple ring, fig.3.2. This scheme
allows processing elements to communicate more freely than the pipeline structure.

Additionally it is a simple task to build more complicated structures from this basic

configuration. However, if there is a failure in any of the communication links there
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will be a great deal of re-routing needed, and this can easily overburden the C40

~____________/ N7
Processor Processor
F A
7/ \ /T N\

./ ~_________/
Processor
Processor
E
B

/T \ /T \

~____________/ N/
Processor . . Processor

D C

/T \

Processor.

Fig.3.2 Ring Structure

In the pyramid structure one processing element acts as the parent processor and

communicates data and instructions to the child processors, fig.3.3. Logically this
scheme benefits from having one higher-level processor that in some way controls

the flow of the process. If a processor or link should fail the data may be re-routed

but if the parent processor fails all processing will be stopped.

Parent Processor

~____________/
Child Processor |
Layer
/N .4:::::::£J

Fig.3.3. Simple Pyramid Structure
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From these simple structures a great deal of more complicated and more useful
structures may be achieved. A number of schemes have been used with image
processing the first of which is based upon a simple mesh structure’. A mesh is
easy to configure being based upon a ring shape, but it differs and shows enhanced

performance by having fully connected processors, fig.3.4. This means that data no

longer needs to flow in a pipeline manner.

Connection to other mesh processors

Fig.3.4 Mesh Structure

The next evolution of this mesh structure is to place one block above the mesh to
form a simple pyramid structure, fig.3.5. Rutowitz’ showed that this topology is
well suited to image processing. In this scheme at the higher levels of the pyramid
the complexity of the processors can be allowed to increase, this scheme fits well

with a system that must use a framestore to acquire data and pass the captured

image to lower level processing elements.
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The next development in the parallel image analysis field was the hypercube®. This

structure can be built up from a number of lower level hypercube structures, where
a hypercube is merely a ring structure of 2" in size. By building up these structures
a higher dimensional cube can be achieved. This system has the advantage that

communications can never occur over a length greater than the diameter of the
cube. Additional redundancy may be built into the system by using the additional
communication links of the C40. In fact the basic physical structure of the C40 and

1t’s peripherals is very well suited to this design.
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Fig.3.6. Hypercube Structure

Bhandarkar’ recently purposed the use of a reconfigurable network based on the
ﬁng structure. In this scheme a number of processing elements are connected 1n a
ring and rings are stacked on fop of each other. One of the key problems with this
scheme is that if one link fails the re-routing of data or instructions can overburden
the C40. Thus, similarly to the hypercube a certain amount of redundancy must be

built into the system by using additional communication ports.
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