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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. 



Acknowledgements 

Acknowledgements 

The author would like to acknowledge the debt of gratitude that he owes to a 

number of people. 

Firstly the author would like to thank his supervisory team. Professor David 

Burton, for his encouragement, advice and guidance, the lack of which would 

have prevented this work from ever being completed or started. Professor 

Michael Lalor, for teaching the author all the optics that he needed to know and 
listening when it was needed. Dr Jerry Pearson, for his short stories which have 

helped put the author's concerns into perspective. 

The author would also like to thank his unofficial supervisory team. Francis 

Lilley for all his help and mentoring. Brewster LaMacchia for having the 

patience to understand the author's complaints and teaching him a little bit about 

how C40s work. 

The author would also like to thank all the members of the Coherent and Electro- 

Optics Research group at the JMU. It is the author's belief that the team work 

and friendship of this group has contributed greatly to the successful completion 

of this work. 

The author would also like to thank the European Regional Development Fund 

for his grant funding via the Centre for Precision Measurement and Industrial 

Inspection. All the research in this thesis has been performed on equipment 

provided via the European IVt' Framework project called INFOCUS funded 

under the BIOMED II initiative. 

ii 



Contents 

Contents 

Abstract i 

List of Figures viii 

List of Tables xii 

Abbreviations and Symbols xiii 

Chapter I. Introduction 

1.1 Introduction 1 

1.2 Aims of this Research 3 

1.3 Scope of this Research 4 

1.4 A Basic Introduction to Radiotherapy and its Current Limitations 5 

1.5 Structure of this Thesis 9 

1.6 References 11 

Chapter 2- Review of Fringe Analysis 

2.1 Introduction 12 

2.2 Relating Phase and Height 15 

2.3 Brief Review of Fourier Fringe Analysis 17 

2.4 Brief Review of Phase Stepping Profilometry 21 

2.5 Comparison of FFA and PSP 23 

2.6 Summary 23 

2.7 References 24 

Chapter 3- Brief Review of Parallel Processing For Image Analysis 

3.1 Introduction 27 

3.2 Classification of Parallel Architectures 27 

3.3 MIMD Based Architectures 29 

3.4 DSP Parallel image Processing 34 

3.5 Summary 36 

3.6 References 37 

111 



Contents 

Chapter 4- System Hardware, Software and Optical Engineering 

4.1 Introduction 39 

4.2 Hardware 40 

4.2.1 The C40 Processor 41 

4.2.2 The TDM435 Framestore 41 

4.2.3 The TIM412 Motherboard 42 

4.3 Software 43 

4.3.1 Programming Languages Used 44 

4.3.2 Pegasus Design Environment 45 

4.4 Optical Engineering 46 

4.5 Summary 47 

4.6 References 47 

Chapter 5- General Issues in Parallel Fringe Analysis Techniques 

5.1 Introduction 49 

5.1.1 Non-linear Programming 50 

5.2 Reasons for Parallelization 51 

5.3 Key Effects of the Processing Hardware 52 

5.3.1 On-board Ram Block 52 

5.3.2 DMA co-processor 54 

5.3.3 Communication Ports 55 

5.3.4 Topology 56 

5.3.5. Effective topologies 62 

5.4 Data 65 

5.4.1 Data Size 65 

5.4.2 Data Partitioning 66 

5.4.3 Data Storage Strategies 69 

5.6 Summary 71 

iv 



Contents 

Chapter 6- Specific Issues in Parallel Fringe Analysis Techniques 

6.1 Introduction 73 

6.1.1 Examining FFA and PSP in the Parallel Environment 74 

6.2 Implementation of a FFA Algorithm by Parts within the 3L environment 78 

6.2.1 Image Capture 78 

6.2.2 Pre-processing 79 

6.2.3 Forward Row FFT 79 

6.2.4 Matrix Corner Turn Block 81 

6.2.5 Forward Column FFT 84 

6.2.6 Filtering 84 

6.2.7 Inverse Row FFT 88 

6.2.8 Inverse Column FFT 88 

6.2.9 Arctangent 90 

6.3 Pegasus Environment FFA by Parts 91 

6.3.1 Image Capture 91 

6.3.2 Pre-processing 92 

6.3.3 Row Forward FFT 93 

6.3.4 Matrix Corner Turn 94 

6.3.5 Forward Column FFT 96 

6.3.6 Filtering 97 

6.3.7 Inverse Row FFT 98 

6.3.8 Inverse Column FFT 99 

6.3.9 Arctangent 100 

6.4 3L PSP Algorithm by Parts 101 

6.4.1 Phase Stepping Equation 102 

6.4.2 PSP Image Capture and Distribution 102 

6.4.3 Phase Stepping Algorithm 103 

6.5 Pegasus PSP Algorithm by Parts 104 

6.5.1 Phase Stepping Algorithms 104 

6.5.2 PSP Image Capture and Distribution 105 

V 



Contents 

6.5.3 Phase Stepping Algorithm 107 

6.6 Unwrapper by Parts 108 

6.6.1 Unwrapper Algorithm 109 

6.6.2 3L Unwrapper 111 
6.6.3 Pegasus Strip Unwrapper 114 
6.6.4 Pegasus Non-consecutive Strip Unwrapper 117 

6.7 Summary 120 

6.8 References 122 

Chapter 7- Results 

7.1 Introduction 124 

7.1.1 Windows PC Based FFA System 125 

7.2 3L Results 126 

7.2.1 Internal Ram Blocks 126 
7.2.2 DMA Transfers 128 

7.2.3 Number of Processors to Use 129 

7.2.4 Distributed v Centralised Storage 132 

7.2.5 3L FFA Stages 133 

7.3 Pegasus Results 135 

7.3.1 Arguments for Partitioning 136 

7.3.2 Non-consecutive strip unwrapping 137 

7.3.3 Pegasus Stages 138 

7.3.4 Comparing 3L and Pegasus 140 
7.3.5 Effects of the Host PC 142 

7.4 Images 147 
7.5 Summary 158 

V1 



Contents 

Chapter 8- Discussions and Conclusions 

8.1 Introduction 160 

8.2 Effects Upon Linear Paradigms from a Parallel Processing Solution 161 

8.2.1 Data Issues 161 

8.2.2 Fourier Fringe Analysis Issues 163 

8.2.3 Phase Stepping Profilometry Issues 166 

8.2.4 Unwrapper Issues 167 

8.2.5 Concurrent Paradigms 169 

8.2.6 Conclusions on the Effect upon Linear Paradigms 170 

8.3 Discussion on Parallel Processing Software Environments 170 

8.3.1 3L 171 

8.3.2 Pegasus 172 

8.3.3 CASE Tools for Image Analysis 173 

8.3.4 Conclusions on CASE Tools 175 

8.4 Discussion of Parallel Processing for Image Analysis 176 

8.4.1 Arguments against Parallel Processing 177 

8.4.2 Arguments for Parallel Processing 178 

8.4.3 Conclusions on Image Analysis with Parallel Processing 179 

8.5 Future Developments for the INFOCUS Sensor 180 

8.6 Conclusions 182 

8.7 References 183 

Appendix 1 
A. 1 Published Works 184 

vi' 



List of Figures 

List of Figures 

Fig. 1.1 Conformal Radiotherapy Treatment Machine 1 

Fig. 1.2 (a) Showing how the Treatment Head can be shaped to match the 5 

Target volume 
(b) Showing an actual planned Treatment shape 

Fig. 1.3 Demonstrates how Treatments Volume made-up of a number 6 

of Treatments from Different Angles 

Fig. 1.4 The Percentages of the Total Number of Deaths due to Cancer 7 

in the UK in 1994 for the different forms of Cancer 

Fig. 1.5 Shows the increasing use of Conformal Radiotherapy at the 7 

Christies Hospital Manchester. 

Fig. 2.1 Young's Pinhole Experiment 12 

Fig. 2.2 Twin Fibre Interferometer 13 

Fig. 2.3 (a) Fringe Pattern Projected onto the Surface of a Hand 14 

(b)Fringe Pattern Projected onto Stomach 

Fig. 2.4 Surface Illuminated by Fringe Pattern 15 

Fig. 2.5 Relating Projection and Observation co-ordinate geometry 16 

Fig. 2.6 Frequency Spectra, Showing Two Carrier Signals and the DC term 18 

Fig. 2.7 Frequency Shifted Carrier Signal 18 

Fig. 2.8 Wrapped Phase 19 

Fig. 3.1 Simple Pipeline Structure 29 

Fig. 3.2 Ring Structure 30 

Fig. 3.3 Simple Pyramid Structure 30 

Fig. 3.4 Mesh Structure 31 

Fig. 3.5 Pyramid Structure 32 

Fig. 3.6 Hypercube Structure 33 

Fig. 4.1 Categories involved in INFOCUS Optical Sensor project 39 

Fig. 4.2 Showing the Hardware System used in this Research 40 

Fig. 4.3 Simplified drawing of theTDM411 with Four Fully Interconnected 42 

Processors 

viii 



List of Figures 

Fig. 4.4 Simplified Drawing of the TDM411 with Framestore and One C40 42 

Fig. 4.5 Elements that make-up the Programming Environment of the 43 

INFOCUS Optical Sensor 

Fig. 4.6 Optical Sensor Equipment in Experimental Rig 46 

Fig. 5.1 Interaction of Factors which effect the Final Parallel System 49 

Fig. 5.2 Influence of the On-board Ram blocks 52 

Fig. 5.3 Parallel Communication and Computation 54 

Fig. 5.4 Factors Influencing the Parallel Topology Designed 56 

Fig. 5.5 Layer 1 Connections 59 

Fig. 5.6 Layer 2 Connections 60 

Fig. 5.7 Abstract Diagram of the Final Network Topology Designed 61 

Fig. 5.8 Topological Scheme for both FFA and PSP 62 

Fig. 5.9 Topological Scheme for FFA only 64 

Fig. 5.10 Factors Affecting Issues in Data within the Parallel Processing system 65 

Fig. 5.11 (a) Data Partitioning using Strip Strategy 67 

Fig. 5.11 (b) Data Partitioning using Segment Strategy 67 

Fig. 5.12 Data Partitioning Stages under the 3L Software Environment 68 

Fig. 5.13 Demonstrating the 8 Line Strip Method Used in the 68 

Pegasus Environment 

Fig. 5.14 Distributed Data Scheme 69 

Fig. 5.15 Centralised Data Scheme 70 

Fig. 6.1 Stages in Fringe Fourier Analysis 74 

Fig. 6.2 Stages in 3-Frame Phase Algorithm 76 

Fig. 6.3 Organisation of a Line of Data after the Application of the 80 

Fig. 6.4 3L Corner Turn Scheme for Data from the Forward Row FFT 83 

Fig. 6.5 (a) Represents the Signal Returned from a Single Line of the 85 

Real-only transform 

Fig. 6.5 (b) The I` Order Harmonic 85 

Fig. 6.5 (c) Frequency Shifted ls` Order harmonic 85 

Fig. 6.6 (a) Conventional Frequency Space 86 

Fig. 6.6 (b) Standard Quadrant Swapped Format 86 

ix 



List of Figures 

Fig. 6.7 (a) Quadrant Swapped Data under the 3L environment 87 

Fig. 6.7 (b) Storage of the Data for Inverse Row FFT 87 

Fig. 6.8 Showing why Padding is Required to Achieve aN by N Matrix for 89 

Inverse Column FFT 

Fig. 6.9 The Effects of Various Stages of Pre-processing upon a Line of Data 92 

Fig. 6.10 Pegasus Scheme of Data Organisation after Forward Row FFT 95 

Fig. 6.11 (a) Pegasus System Quadrant Swapped Scheme 97 

Fig. 6.11 (b) Showing How Lines Consist of Components from the Top 97 

And Bottom Half of the Array 

Fig. 6.12 Showing how the 3 Fringe Images in the 3L PSP Algorithm are 102 

Divided and Communicated 

Fig. 6.13 Carre Data Blocks 106 

Fig. 6.14 (a) Wrapped Phase Data 108 

Fig. 6.14 (b) Unwrapped Phase Data 108 

Fig. 6.15 Flowchart for the Column Component of a Single Processor Unwrapper 109 

Fig. 6.16 Flowchart for the Row Component of a Single Processor Unwrapper 110 

Fig. 6.17 (a) Segment Phase Data 112 

Fig. 6.17 (b) Four Unwrapped Segments 112 

Fig. 6.18 (a) Strip Phase Data 114 

Fig. 6.18 (b) Four Unwrapped Strips 114 

Fig. 6.19 Flowchart for Column Component of Pegasus Strip Unwrapper 115 

Fig. 6.20 (a) Non-consecutive Strip Phase Data 117 

Fig. 6.20 (b) Four Unwrapped Non-consecutive Strips 117 

Fig. 6.21 Flowchart for Column Component of Non-consecutive Strip Unwrapper 118 

Fig. 7.1 Comparing the EDRAM performance of a 256 complex FFT 126 

with the performance of the C40 internal ram memory. 
Fig. 7.2 Comparing the performance of two internal RAM blocks when 127 

performing FFTs with that for one internal RAM block 

Fig. 7.3 Comparing 1D FFT timings using DMA transfers with 129 

those not using DMA transfers 

X 



List of Figures 

Fig. 7.4 Showing decreasing performance times for both 1D and 2D FFTs 130 

as the number of processors used increases 

Fig. 7.5 Graph Showing as the number of Processors used to perform 130 

a function increase the resulting differential lessens 

Fig. 7.6 Comparing the time to perform a 2D-FFT functions using 132 

two data storage strategies. 
Fig. 7.7 Comparing the stages of the FFA system performed under the 3L 133 

Environment 

Fig. 7.8 Different Topologies for parallel processing 135 

Fig. 7.9 Comparing the performance of the three topologies in fig. 7.8 over a 136 

Over a number of processes 
Fig. 7.10 Comparing the performance of different non-consecutive strip strategies 137 

Where the lines per chunk analysed are varied 

Fig. 7.1 1 Comparing the timing results for the various stages of the Pegasus 138 

Environment 

Fig. 7.12 Comparison of Pegasus and 3L functions 140 

Fig. 7.13 Comparing 1D FFA Performance times in the 3L and Pegasus 141 

environments 
Fig. 7.14 Compares the time to Perform FFA as well as the display of data in 142 

various data formats 

Fig. 7.15 Comparing the time to save analysed data in various formats within the 143 

Windows operating system 

Fig. 7.16 Shows that increasing the lines sent to the Host PC adversely effects the 144 

The speed performance of the system 

Fig. 7.17 Comparing the time to perform Concurrent PSP and FFA with the time 145 

to perform FFA only 
Fig. 7.18 (a) Plaster Cast of Back used by parallel processing system 147 

Fig. 7.18 (b) Close-up view of the area analysed by the parallel-processing system 147 

Fig. 7.19 Background Intensity image 

Fig. 7.20 Fringe Pattern projected onto a surface 

148 

148 

Fig. 7.21 Pre-processed data where Hamming Window has not yet been 149 

xi 



List of Figures 

Performed 

Fig. 7.22 (a) Fully Pre-processed image from the parallel processing environment 150 

Fig. 7.22 (b) Pre-processed image from the IDL system 150 

Fig. 7.23 Magnitude arising from the application of an "Ideal Rectangle" filter 151 

In Fourier Space 

Fig. 7.24 (a) Wrapped Phase after the application of the "Ideal Rectangle" filter 151 

Fig. 7.24 (b) Unwrapped Phase without Tilt removal or height multiplication 151 

Fig. 7.25 (a) Parallel-processing version of frequency shifted Fourier domain data 153 

Fig. 7.25 (b) IDL version of frequency shifted Fourier domain data 153 

Fig. 7.26 (a) Wrapped Phase from the Frequency shifted parallel processing 154 

Version 

Fig. 7.26 (b) Wrapped Phase from the Frequency shifted IDL solution 154 

Fig. 7.27 Parallel Unwrapped Data 155 

Fig. 7.28 (a) Unwrapped Surface data from the parallel processing solution 156 

Fig. 7.28 (b) Unwrapped Surface data from the IDL solution 156 

Fig. 7.29 Surface data from fig. 7.28(a) displayed within the IDL environment 156 

List of Tables 

Table 2.1 Comparison of Fourier Fringe Analysis and Phase Stepping 23 

Profilometry 

Table 7.1 Crucial timing results 159 

Table 8.1 Highlighting some of the Differences between Conventional DSP 175 

Environments and CASE Tool Environments 

xii 



Abbreviations and Symbols Used 

1D One Dimension 

2D Two Dimensions 

C Programming Language 

CASE Computer Aided Software Engineering 

C40 Texas Instruments TMS320C40 DSP Processor Chip 

CPU Co-processor Unit 

DDU Discrete Data Unit 

DLL Dynamic Link Library 

DMA Direct Memory Addressing 

DSP Digital Signal Processing 

EDRAM Enhanced Dynamic RAM 

FFA Fourier Fringe Analysis 

FFT Fast Fourier Transform 

FPGA Field Programmable Gate Array 

IDL Interactive Data Language 

1/0 Input and Output 

MFLOPS Millions of Floating Points Operations Per Second 

MIMD Multiple Instruction - Multiple Data 

MIPS Millions of Instructions Per Second 

MISD Multiple Instruction - Single Data 

MLC Multi-leave Collimator 

MVI Megavoltage Images 

ms Milliseconds 

MSVC Microsoft Visual C++ 

PC Personal Computer 

PSP Phase Stepping Profilometry 

PZT Peizo Transducer 

RAM Random Access Memory 

SIMD Single Instruction - Multiple Data 

Xlll 



SISD Single Instruction - Single Data 

TDM435 Transtech Framestore Module 

TI Texas Instruments 

TIM-40 TI C40 chip 
TIM411 Transtech TIM-40 Motherboard 

VRAM Video RAM 

xiv 



Chapter 1 Introduction 

Chapter 1 

Introduction 

1. l Introduction 

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 in 

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 in 

Radiotherapy. 

Radiotherapy is based upon the delivery of a lethal dose of ionising 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 is positioned below the Linear Accelerator used to deliver the required 

dosage of radiation. 

9 ý& 

,ý_. 

ý 
°^ 

ý. ýý. ý 

(a) (h) 
Fig 1.1 Conformal Radiotherapy Treatment Machine. (Pictures courtesy of EOS) 
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Chapter 1 Introduction 

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 ±1mm. 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 is 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. 

2 



Chapter 1 Introduction 

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: 

" The Christie Hospital, Manchester, UK. 

" Otto Von Guricke University, Magdeberg, Germany. 

" Claude Bernard University, Lyon, France. 

" SINTEF, Trondheim, Norway. 

" Elekta Oncology Systems, UK. 

" John Moores University, Liverpool, UK. 

Within this project 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 of2. 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. 

3 



Chapter 1 Introduction 

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. 

iv. To assess whether performing parallel processing of image data is 

of any true practical value at this time. 

It is 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 

i. This work does not comment on the nature, cause or treatment of 

cancer. It is 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 ionising radiation to an identified cancer site. Conformal radiotherapy is a 

recent development of this basic idea. This idea implies that both the nature and 

the geometry of the therapy are customised to each patient's requirements, 

Fig. 1.2. There is 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 in the healthy cells surrounding the cancer. 

}ý. ý 

is ýmm 

(a) 1h 

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 idea behind this strategy is that only the cancer cells receive a lethal 

dose while the healthy tissue surrounding the site receives a much lower dosage3. 

Over a number of treatments, or fractions, the healthy cells will have a far greater 

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

treatments from different anples. 

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 

19964. 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. 1.4 The Percentages of the Total Number of Deaths due to Cancer in the UK 

in 1994 for the different forms of Cancer. 
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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. 

i. 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 for some error boundaries within the treatment. 
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ii. 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 

patient5'6'7. 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 is the 

attempt to apply non-contact measurement to cancer treatment using Moire 

patterns8. 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. 

Wilks9 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 is 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. 
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Chapter 6: 

Introduction 

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 is 

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 in 

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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Review of Fringe Analysis 

2.1 Introduction 

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

methodologies in recent years l'2. There have been a number of applications of 

these techniques; see for example Chan3 and Brown4. Yet the number of such 

experiments in real-time is a very limited sets'6. 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 

patterns7. 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 

Fig. 2.1 Young's Pinhole Experiment 
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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 modem version of this experiment uses an optical set-up based upon laser light 

and fibre optics8. 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 is 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 compared 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 is approximately given by the equation 
Aa 

Po =- d 

where, 

p0 = Fringe Spacing 

A= Wavelength of laser light used 

d= Distance between fibre heads 

a= Distance between projection heads and observation plane 

(2.1) 

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. 
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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 2 pattern, fig. 2.3 shows 

examples of such patterns projected onto human skin. These patterns are projected 

onto a surface, and the resulting image is 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. `' 

Po 

Fig. 2.4 Surface illuminated by Fringe Pattern 

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

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

Z ý= 
2 

TO (2.2) 
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Fig. 2.5 Relating projection and observation co-ordinate geometry 

However, it is 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; 

z'= z cos(90 - 6) +y sin(90 - 6) (2.3) 

This can be re-expressed as; 

z'= z sin(6) +y cos(6) (2.4) 

This now allows z'to be removed from equation 2.2 giving; 

zsinO+ ycosO =0 Po (2.5) 
2n 

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

ON 
_Y ýý 6) 

2jz sin 6 tan 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 as10, 

g(x, y) = a(x, y) + b(x, y) cos 6 (2.7) 

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

term 0 contains the desired modulated information. Takeda10 proposed that we re- 

state this expression in the following format, 

g(x, y)=a(x, y)+c(x,. v)ej2nf�. v+c*(x, v)e-j2,1a;, k (2.8) 

where, 

I1 
c(x, y) =2 b(x, y) cos 0+ j-b(x, y) sin 0 

1) 

I1 
c (. V, y) _ b(x, v-) cos O- j-b(x, y) sin 0 

2 

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, v)+C(. f -f,,, y)+C*ff -. f,,, v) (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. 
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f 

Fig. 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-f0, y) or C*(f- 

f0, y) 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) is obtained. Takeda transformed 

this data into phase, 0 (x, y) by the application of a complex logarithm. 

G(f) 

f 

f 

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] I/ 2b(x, y) sin 0 
Re [c] I/ 2b(x, v) cos 0 
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Rearranging this allows the required phase data to be found 

O(x, y) =tan -' 
Im c(x, y) (2.10) 
Rec(x, y) 

7c 

0 

- 7r 

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. 

0(x, Y)=0x(x, Y)-0x(x�y)+0'(x� y) 

where, 

(2.11) 

OX (x, y)- Ox (XL, y) = the difference between the present value of 4' 

(x, y) and the previous value 

OY (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 27r. 

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 is 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. 

Macy12 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'3 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 Transform. 

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 al14 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 is slowly 

varying. The second class of problem is caused by complicated phase functions. 

Conversely to the first class of problem, the FFA technique is good at 

reconstructing complicated phase as long as the noise is 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' 5 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 
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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 FFA16. 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)12 

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 phase17. There 

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

will be used for simplicity' 8. 

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(b+a) (2.12) 

The term a is added to the expression to represent an additional phase term. This is 

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

translating the fringe pattern by a known shift a, between 0 and it 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 

Il =a+bcos(q+al) 

I2 =a+bcos(q+a2) 

, 31- a+bcos(O+a3) (2.13) 

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

the equation can be resolved in the following manner, 

- tan-' 
(I2 -I3)cosat -(I, -13)cosa2 +(I -12)cosa3 (2.14) 
(I2 -13)sina, - (Il-13)sina2 +(I, -12)cosa3 

This equation can be further resolved to give, 

= tan-' 
(I3 - I2) 

(2.15) 
(Il-'2) 

where, 

a1= 7U4, a2 = 37c/4, a3 = 5it14 with phase steps of 7c/2 (900). 

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. 

The phase shift error19 caused by the need to translate the fringe patterns is one of 

the key areas in any phase stepping routine. Hariharan et a12° 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 steps21. In terms of real-time imaging 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 22 

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 Pro ilomet 
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 in the 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 SteppingProfilometry. 

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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Chapter 3 

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 is 

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 

f Pipelined - such architecture uses overlapping computations to achieve 

temporal parallelization. 

f Array processors - use multiple arithmetic logic units to achieve spatial 

parallelization 

f 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. 

27 



Chapter 3 Brief Review of Parallel Processing for Image Analysis 

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 

f 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. 

f 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. 

f 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. 

f 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. Lim2 outlines 

the key advantages that the C40 has over more conventional processors, these can 
be summarised as 

f Smaller overheads when responding to interrupts 

f Separate data buses for instructions and data 

f Hardware support for parallel multiply and accumulate 

f 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 fig. 3.1. 

Processor A Processor B Processor 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 bandwidth3. 

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 

processor. 

Pro 

Processor 
E 

or 

Processor 
B 

Proce, 
D 

Fig. 3.2 Ring Structure 

'. ssor 

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 

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 structure4. 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. 

IU 
II 
IU 
IU 

""' 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. Rutowitz5 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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Child I r"-'--"""'-""I I Child 

Parent 
level 

Child I r'"'""'""-'"'"I I Child 

Parent level connections 

Child level connections 

Fig 3.5 Pyramid Structure, not all connections are shown for the sake of clarity 

The next development in the parallel image analysis field was the hypercube6. This 

structure can be built up from a number of lower level hypercube structures, where 

a hypercube is merely a ring structure of 2N 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 
it's peripherals is very well suited to this design. 
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Fig 3,6. Hypercube Structure 

Bhandarkar7 recently purposed the use of a reconfigurable network based on the 

ring structure. In this scheme a number of processing elements are connected in a 

ring and rings are stacked on top 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. 


