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This research describes the development of motion-tracking algorithms for a new 

dynamic spinal motion analysis system. This system utilises digital image processing 

techniques to extract motion parameters from video cineradiographic sequences of the 

human spine. The automated tracking of vertebral motion results in accurate assessment 

of translational and rotational displacement. This has been verified by extensive testing 

on prescribed motion sequences generated by a digital image warping based algorithm. 

The use of the motion measurement system provides a new tool for spinal health care 

professionals in the diagnosis of spinal dysfunction. 

Key words -

cineradiography, image processing, motion-tracking, computer graphics, spinal kinematics. 



Contents 

Abstract iv 

Preface 
Dedication 

xi 

xii 

Acknowledgments xiii 

1 Introduction ........................................................................................................ 1 

1.1 Background .... ............................... ............. ................................. ............. ............ 1 

1.2 Thesis Overview ..... .. ............................................ ........ ..................... . ......... ........ 2 

1.3 Contents by Chapter ......................................................................................... .... 3 

1.4 References ............................................................................................................ 5 

2 X-ray Radiography ............................................................................................ 7 
2.1 Radiographic Images - An Overview of The Physics ......................... . . ................ 7 

2.1.1 X-ray Generation ...... .................................................. ............................. 7 

2.1.2 X-ray Absorption .............................. ... ............................................... ... 11 

2.2 Recording of X-ray Radiation ... ......... ....... . . ....................................................... 11 

2.2.1 Static Radiography ........... .......... . . .... ........... .......................... ................. 12 

2.2.2 Dynamic Radiography ........................................................................... 17 

2.3 Radiographic Noise .......... .................... ....................................................... . . . .... 20 

2.3.1 Radiographic Characteristics: Frequency domain description ......... ....... 21 

2.4 Radiographic Information ................................................................... ...... ...... .... 25 

2.5 Application of Radiography . ................. .......... ............................. ..... .............. .... 26 

2.5.1 Spinal Motion Analysis .................... ................. ........ ............................. 27 

2.6 References ...... ................. ... ............... .. ............. ........................................ .......... 27 

3 Detecting Edges In Cineradiographic Images ............................................... 29 
3.1 Image Segmentation ..................................................................................... . ..... 29 

Pixel-based methods .. ... ... .......... ....... ................... ...................................... 29 

Region-based methods ........ ........ ...... .. .... ............... .... ........... ........... ..... .. .. 30 

Edge-based methods ...... ........ .................. ......................... ... ............. ..... .... 31 

3.2 Low Level Edge Detection Operators ....... .... ....................... .............................. 32 



vi The Development of Motion-tracking Strategies for Cineradiographic Images 

3.2.1 Gradient Operators ........................................ ...... ... ............... .......... .... .. 33 

3.2.2 Compass Operators ........................................ . . . .. ... .... .. .... ...... ..... .. ...... .. 34 

3.2.3 Laplace Operators ................................ ... ........ ..... ..... .. .. . .. . .. ....... ............ 35 

3.2.4 Stochastic Gradients .............. ..... ... .................................. . .. ...... .. .... ....... 36 

3.2.5 Performance of Low Level Edge Detection Operators ... .. ........ .... .... ..... 37 

Perfonnance Measures .............................................................................. 37 

Low-level Edge Detection Results .......................... ...... ............................. 38 

3.3 High-level Edge Detection ..... .................... ...................... .. ..... .... .. .. ................... 40 

3.3.1 Human Visual System Based Edge Detection .......... .. ... ... ...... ............. .. 41 

3.3.2 Optimal Edge Detector .................................. ................... ..... ... .. .. . .... ... . 44 
3.3.3 Rule-based Edge-detection .. ....................................... ..... ..... ................. 49 

3.3.4 Combining Fragmentary Edge information ............. .. ...... .. .. .. ................. 49 

3.3.5 Performance of High Level Edge Detectors . ............... .... ..... . ............. ... 52 

3.4. An Alternative HVS Inspired Approach To Edge Detection ....... ..................... .. 55 

3.4.1 Weber's Law and Profile Based Edge Detection .............. .. . ....... ... ...... .. 5 7  

3.4.2. Target Based Computation Of Threshold Profiles . ........... .. . . . . ... .. ........ .. 59 

3.4.3. Direct Thresholding Using ES-LAI Edge-Template Statistics .. ............. 66 

3.5. Summary of Edge Detection In Cineradiographic Images ............... ................... 69 

3.6 References .................................. ........................................................................ 72 

4 Motion-tracking: An Overview ..................................................................... 76 
4.1 Visual Motion Perception and Description . .. ..... ....................... ...... ... .. ............... 76 

4.1.1 The Aperture Problem ...................................... . . ................ .................. . 79 

4.2 Matching Approaches ..................... ....... ............................................................ 80 

4.2.1 Matching In The Spatial Domain ................................................ ........... 81 

Moment Invariants ..................................................................................... 82 

Surface fitting ............................................................. ............................... 83 

Preprocessing ......... . . . ................................................................................ 84 

4.2.2 Matching In The Transform Domain ............................. ..... . .................. 84 

Energy Compaction and Decorrelation ...................................................... 85 

Matching ......... ............ ..................... ....................................... .................. 86 

The Fourier Transfonn ....................... . . .................... ............ ..................... 86 

Real Transfonns ............ . . . . . .................... .................... . . . ......... ................... 87 

4.2.3 Search Strategies ............................................... .................... ........ ........ 88 

Two-dimensional logarithmic search ........................ ............ ..................... 89 

Sequential search .............................................. ......................................... 90 



Contents Vll 

Hierarchical search . . ........................... ...................................................... 90 

4.2.4 Motion Prediction ......... ................................................................... ...... 90 

4.3 Optical Flow Methods ........................................................................................ 91 

4.3.1 Differential Approaches ......................................................................... 92 

4.3.2 Matching Approaches ............................................................................ 93 

4.3.3 Contour Approaches .............................................................................. 94 

4.3.4 Energy Based Approaches ..................................................................... 94 

4.3.5 Phase based Approaches ....................................................................... 96 

4.3.6 Adapting Optical Flow For Radiographic Images .................. ......... ...... 97 

Continuity Equation .. ............ .............................. ...................................... 97 

4.4 A Suitable Tracking Method for Cineradiographic Images .......................... ...... 99 

4.5 References ............................. ........................................................................... 100 

5 Match Statistic Performance ......................................................................... 102 
5.1 Template Matching .............................. ............................................................ 102 

5.1.1 Match Statistics ................................................................................... 103 

5.1.2 A Match Statistic Sharpness and Selectivity Measure ......................... 104 

5.2 Salient Features and Optimising Match Selectivity . .............................. ........... 106 

5.3 Match Statistic Evaluation ..................................... ................................ ........... 108 

5.3.1 Auto-frame Feature Point Matching .................................................... 108 

5.3.2 Interframe Feature Point Matching ...................................................... 113 

Selectivity and Positional Stability ...................... .................................... 114 

Interframe Match Summary ... ......... ........ ............... ........ ......................... 117 

Interframe Selectivity Constancy ..... ... .. ... ... ....... ... ...... . .. ......................... 118 

5.3.3 Global Image Match Selectivity ........................................................... 120 

5.4 Match Statistic Conclusions ............. ...................................... .......................... 122 

5.5 References . .. ..................................................................................................... 123 

6 Prescribed Motion Cineradiographic Sequences ........................................ 126 
6.1 Introduction ........ . . . . .................. ........................................................................ 126 

6.2 The Stop-and-shoot Method ............................................................................ 127 

6.3 Articulated Equivalent Phantom ............... ........ ............................. ................... 128 

6.4 Artificially Animated Cineradiographic Sequences .......................................... 129 

6.4.1 Digital Image Warping .................. ...................................................... 129 

Two-Pass Transforms .. ..... . . . . . . . ... ..................... ... ... .. ......... ........ .... .......... 131 

Two-Pass Mesh Warping . .. .... .. ....... ...... ... .. . . .... ....................................... 131 



viii The Development of Motion-tracking Strategies for Cineradiographic Images 

6.4.2 Image Rotation .................................................................................... 133 

Rotation Evaluation ................... .................. .................. .......................... 135 

6.5 Motion Sequence Generation ............ ................ ...................................... ......... 138 

6.5.1 Extended Image Warping ................................. ....................................... 139 

Application to Cineradiographic Sequences ...................................... ...... 140 

6.5.2 Initial Implementation .............. ................................................... ......... 141 

6.5.3 Enhanced Implementation . . . .................... ...... ................................... .... 144 

6.5.4 Image Warping Reassessed ... ........................................... .. ................. 148 

A Surface Fitting Paradigm for Geometric Correction ............................ 149 

6.5.5 Final Implementation ..... .... ..................................... .................. .......... . 151 

Image Noise .................................. .......... ................................................. 154 

6.6 Motion Test Sequences .................................................................................... 158 

6.7 References ........................................................................................................ 159 

7 Motion-tracking Cineradiographic Images ................................................. 161 
7.1 Introduction ...................................................................... ...... ......................... . 162 

7.2 Practical Implementation Issues ....................................................................... 162 

7.2.1 Defining Objects Of Interest .. ... ..... ......................... ................ ........ ..... 162 

7.2.2 Vertebral Displacement and Orientation ................... ..... ..... ................. 164 

Orientation by Moments ...................... .................................................... 165 

Orientation by Fold-and-Match, a new method ....................................... 166 

7.2.3 Deriving Suitable Motion Measures .................................................... 168 

7.2.4 Displaying Motion Data Effectively ......... ................ ................... .. ....... 171 

Motion Visualisation ............................ ........... ........................................ 171 

Operator Interaction ........ ........................................................................ 173 

7.3 The Motion-tracking Algorithm ....................................................................... 175 

7.3.1 Theoretical Tracking Constraints .............................................. ........... 178 

7.3.2 Practical Algorithmic Implementation ................................................. 180 

7.3.3 Image Noise ............................................................... ............... ........... 182 

7.4 Tracking Performance .......................................................................... ............ 183 

7.4.1 Single-Cycle Linear Motion: Tracking Results .................................. . 184 

Single-cycle Linear Translation ................. .............................................. 186 

Single-cycle Linear Rotation ...................... ............................................ . 189 

Single-cycle Composite Motion ............................................................... 191 

7.4.2 Double-Cycle Composite Motion: Tracking Results ................... ......... 192 

Double-cycle Composite Motion ............................................................. 192 



Contents ix 

Double-cycle, Extended length, Composite Motion ................................ 193 

7.4.3 Full Motion with Vertebral Interaction: Tracking Results .................... 194 

Realistic Motion ...................................................................................... 195 

7.S Summary of Motion-tracking Performance ...................................................... 199 

7.6 References ........................................................................................................ 200 

8 Discussion and Conclusions .......................................................................... 202 
8.1 Introduction ...................................................................................................... 202 

8.2 Algorithm Enhancements ................................................................................. 203 

8.2.1 Adaptive Enhancements ...................................................................... 20S 

8.3 Future Work ..................................................................................................... 206 

8.4 References ........................................................................................................ 207 

Bibliography .......................................................................................................... 208 

Appendix A - Gradient Mask Derivation ............................................................ A-I 

A. l Introduction ...................................................................................................... A-I 

A.2 Curve Fitting Problem ...................................................................................... A-I 

A.2.1 Curve Fitting Formulation ................................................................... A-I 

A.2.2 Application to Gradient Masks ............................................................ A-2 

Alternative Orthogonal Fonnulation ....................................................... A-3 

A.2.3 Gradient Mask Results ........................................................................ A-3 

A.3 References ........................................................................................................ A-4 

Appendix B - Computational Cost Calculations ................................................ B-1 

B. l Introduction ...................................................................................................... B-1 

B.2 Match Statistic Calculations ............................................................................. B-1 

B.3 Motion-tracking Algorithm Calculations .......................................................... B-4 

B.4 References ........................................................................................................ B-S 

Appendix C - Pascal Source Code ....................................................................... C-l 

C. l Gradient Filters ................................................................................................ C-2 

C.2 Canny Edge-detector ...................................................................................... C-13 

C.3 Edge Comparison Functions .......................................................................... C-21 

C.4 Weber's Law based Edge-detection ............................................................... C-23 

C.S Match-statistic Performance Support ............................................................. C-33 



x 

C.6 

C.7 

e.8 

e.8 

C.10 

The Development of Motion-tracking Strategies for Cineradiographic Images 

Image Rotation ............................................................................................... C-49 

Two-pass Mesh-warp Image Functions ......... .................... ............................ C-52 

Optimal Triangulation .................... ...... ..... .......... . . ............. ................. ........... C-63 

Prescribed Motion by Image Warping .............................................. .............. C-67 

Motion-Tracking .... ...... ..... ............................................................. ............... C-82 



Xl 

In the beginning (assuming there was a beginning) there was .... whatever there was! 

And much, much later I came along, courtesy of my father, a man who inspired me with a talent 

for almost anything requiring mental skill, creativity and mental dexterity. Nurtured by my 

mother, a very talented person in her own right, whose greatest talent was her love for life and 

almost everything in it, I was exposed to many marvellous things and in particular electrical 

devices and electronics caught my fancy. 

My father (the mad experimenter) introduced me to the joys of electrocution either by design in 

the form of a Tesla coil or Windhurst machine or by accident in being reminded that the anode 

voltage on a UX-807 (an old tetrode indirectly heated vacuum tube of the 1935 era) in an audio 

amplifier is more than enough to give you a lift in life. It was probably this 'lift in life' that I 

received on a not too infrequent basis that gave me a head start on many of my friends. At age 

nine I had not only built many a crystal set but had begun to design better ones, covering a 

variety of frequencies from 10ngwave to shortwave. One of my first real joys was building a 

single-triode super-regenerative receiver (one of Colonel Armstrong's many genius ideas). It 

has such economy of parts and performance that I could scarcely believe at the time plus it could 

pickup both AM and FM signals. Through this sort of endeavour from receivers to transmitters 

and lots of audio amplifiers in between, I acquired (guided by my father) the old language of 

electronics and its handicraft. 

It will be, in all probability, almost 10 years to the day that I received my first degree (BE 

Electrical - first class) that I will be receiving my second degree for the work contained in this 

volume. When I completed my first degree I had had enough of University and yearned for a 

job and some money (not an unusual feeling, I'm sure!). This lead me to work for four-and-a­

half years for a small but diverse electronics manufacturing and design company in which my 

industrial skills were honed and I met a lot of nice people. Later I joined the Production 

Technology Department at Massey University where I completed this work and met even more 

nice people! 

It was on 19 July 1989 that I began this work (serendipity had its way) and early the following 

year I attended the wedding of my best school friend who had also chosen to study and work in 

electronics. Tragically only three months later he was dead with cancer. So before I continue I 

will remember Ross Winton Jamieson, 'Rosco' to his friends, a very talented person who on days 

like this is badly missed. May the morphic resonance of your being ring somewhere in the 

universe. 

So in closing, I hope that the reader (may there be many of you in the future) finds the story that 

unfolds is done right and done well. 

Wyatt Page 14 November 1995 
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A philosopher being asked what was the fIrst 

thing necessary to win the love of a woman 

answered: "Opportunity." 

Thomas Moore 

To opportunity, may I always know you 

when we meet. 
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