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Table 8-10 Performance of strategy one when noise is added 
to each frame 

STRATEGY OOE 
(WINDOW RADIUS OF 5) 

Fra.l1le Dist 
0 0 
1 2 
2 4 
3 6 
4 8 
s 10 
6 12 
7 14 
8 16 
9 18 

10 20 
11 22 
12 24 
13 26 
14 28 
15 30 
16 32 
17 34 
18 36 
19 38 
20 40 

Deg Should Be (real) (rounded) 
23 54 48 54 48 
23 SS.841 48.7815 56 49 
23 57.682 49.5629 58 50 
23 59.523 50.3444 60 50 
23 61.364 51 .1258 61 51 
23 63.205 51.9073 63 52 
23 65.0461 52. 6888 65 53 
23 66.8871 53.4702 67 53 
23 68. 7281 54.2517 69 54 
23 70. 5691 55.0332 71 55 
23 723101 SS.8146 72 56 
23 74.2511 56.5961 74 57 
23 76.0921 57.3775 76 57 
23 77 .9331 58.159 78 58 
23 79. 7741 58.9405 80 59 
23 81.6151 59. 7219 82 60 
23 83.4562 60.5034 83 61 
23 85.2972 61.2849 85 61 
23 87.1382 62.0663 87 62 
23 88.9792 62.8478 89 63 
23 90.8202 63.6292 91 64 

Noise Scaled By 0.02 
Tracked To Ind RMS Sum RMS 

54.125 47.875 0.177 0.177 
56 48.875 0.184 0.361 

57.875 49.5 0.203 0.564 
59.5 50.125 0.221 0.785 

61.25 50.75 0.393 1.178 
63 52 0.225 1.403 

64.75 52.625 0.303 1.705 
66.75 53.75 0.312 2.017 
68.5 54.375 0.259 2.276 

70.25 55 0.32'. 2.597 
72 55.625 0.452 3.049 

73.625 56.25 0.715 3.764 
75.25 56.75 1.050 4.814 

77.125 57.375 1.126 5.940 
78.875 58.125 1.214 7.154 

81 59 0.948 8.103 
82.75 59.5 1.227 9.330 
84.S 60 1.512 10.842 

86.25 60.75 1.588 12.430 
88.125 61.5 1.596 14.025 

89.75 62 1.949 15.975 

Noise Scaled By 0.05 
Tracked To Ind RMS Swu RMS 

54.375 47.625 0.530 0.530 
55.875 49 0.221 0. 751 

56.25 44.375 5.382 6.133 
58. 75 49.875 0.904 7.038 

60.375 50.375 1.242 8.279 
62.875 53 1 .141 9.421 
64.375 53.5 1.053 10.474 
66.625 55 1.552 12.026 
68.125 54.5 0.652 12.678 

69. 75 SS 0.820 13.498 
71.375 54.625 1.577 15.075 
72. 75 54.875 2.284 17.358 

74.125 54.5 3.486 20.844 
75.5 55 3.987 24.831 

79 58.75 0.797 25.629 
81.375 60.375 0.696 26.324 
83.625 61 0.525 26.849 
86.125 61.625 0.895 27. 744 
87.625 63 1.053 28.797 
89.375 64.375 1 .578 30.375 
90.75 64 0.377 30.752 

Noise Scaled By 0.08 
Tracked To Ind RMS SUJU RMS 

54.5 46.5 1.581 1.581 
57.125 51.25 2. 782 4.364 
55.625 48.875 2.169 6.533 

57 50.75 2.555 9.088 
58.5 51.25 2.867 11.955 

61 54.625 3.500 15.454 
61.625 54.375 3.814 19.268 
61.125 49 7.293 26.561 

62.5 47.25 9.371 35.932 
65 46.75 9.981 45.913 

66.375 47.25 10.477 56.391 
67. 75 46.875 11.695 68.085 

69.125 H.375 H. 751 82.837 
70.625 44.875 15.162 97.998 
72.875 45.375 15.219 113.217 
75.25 50.875 10.899 124.116 

75 47.625 15.407 139.523 
77.625 50.125 13.543 153 .065 
80.375 53.75 10. 719 163. 785 

Noise Scaled By 0.00 
Tracked To Ind RKS Sum RMS 
54 48 0.000 0.000 
56 49 0.270 0.270 
58 so 0.541 0.811 

59.875 so. 75 0.537 1.348 
61.625 51.5 0.456 1.804 

63.5 52.375 0.553 2.357 
65.375 53.25 0.650 3.007 
67 .375 54.25 0.920 3.927 

69.25 55.125 1.017 4.945 
71.125 56 1.115 6.060 

73 56.875 1.213 7.273 
74.875 57.75 1.312 8.585 

76. 75 58.5 1.301 9.886 
78.625 59.25 1.292 11.178 
80.625 60.125 1.458 12.637 
82.625 61.125 1. 729 14.365 

84.5 62 1.825 16.190 
86.375 62.75 1.819 18.009 

88.25 63.5 1.BH 19.823 
90.125 64.375 1.909 21. 732 
92.125 65.375 2.180 23.912 

Noise Scaled By 0.03 
Tracked To Ind RMS Sum RMS 

54.25 fl.75 0.354 0.354 
55.875 48.625 0.160 0.514 
57.625 49.125 0.442 0.955 
59.125 49.875 0.615 1.571 
60.875 50.375 0.896 2.467 
63.375 52.875 0.983 3.449 

65 53.5 0.813 4.262 
67.25 54.875 1.451 5.713 

68.875 55.375 1.133 6.846 
70.625 56 0.968 7.814 

72.25 56.5 0.704 8.518 
73.75 57.125 0.729 9.246 

75.375 57.75 0.808 10.054 
77.125 58.375 0.836 10.891 

79.5 59.625 o. 737 11.628 
81.25 60.875 1.210 12.838 

83 61.375 0.984 13.822 
84.75 61.875 0.805 14.626 

86.375 62.625 0.946 15.572 
88.125 63.25 0.944 16.516 
89.625 63.625 1.195 17.712 

Noise Scaled By 0.06 
Tracked To Ind RMS Sum RMS 

54.5 47 .625 0.625 0.625 
55.875 49 0.221 0.846 

56.25 43. 75 5.987 6.833 
58.75 49.25 1.340 8.173 
60.25 49.75 1. 770 9.943 
63. 75 54.25 2.405 12.348 
65.25 53.S 0.836 13.185 

67.S SS.25 1.882 15.067 
69.875 57 .875 3.800 18.867 
71.625 58.25 3.386 22.253 

73.25 58.5 2.814 25.067 
74.75 59 2.455 27.522 

76 59.625 2.249 29.771 
77 .625 59.125 1.014 30.785 
80.125 60.5 1 .598 32.384 
81.625 62.125 2.403 34.787 
84.125 62.625 2.225 37.011 

86.5 63.375 2.411 39.423 
87 .875 64 2.069 41.492 

91. 5 69.5 7.114 48.606 
90.125 64 0.788 49.394 

Noise Scaled By 0.09 
Tracked To Ind RMS Sum RMS 

54.5 46.5 1 .581 1.581 
57.125 51.25 2.782 4.364 
55.625 48.75 2.212 6.575 

57 50.625 2.539 9.114 
58.5 51.125 2.864 11.978 

61 54.5 3.404 15.382 
58.625 49 7.405 22.787 

60 51.25 7.236 30.023 
62.375 50.875 7.195 37.218 

65 51.375 6.663 43.881 
65.5 45.875 12.106 55.986 

68.125 49.375 9.470 65.456 
69.5 47 12.294 77.750 

70.875 45.75 14.276 92.026 
72.375 42.125 18.371 110.397 
74.875 47.625 13.848 124.245 
75.125 44.875 17.710 141.956 

77.75 48.125 15.170 157.126 
82.375 53.625 9.692 166.819 

8-14 

Noise Scaled By 0.01 
Tracked To Ind RMS Sum RMS 
54 48 0.000 0.000 
56 49 0.270 0.270 

57.875 49.625 0.203 0.473 
59.625 50.375 0.106 0.579 

61.5 51 .125 0.136 0.715 
63.25 52.125 0.222 0.938 

65 52.875 0.192 1.130 
67 53.75 0.302 1.431 

68.875 54.5 0.289 1.720 
70.625 55.25 0.224 1.944 

72.5 56.125 0.323 2.267 
74.25 56.875 0.279 2.546 

76 57.625 0.264 2.810 
77.875 58.25 0.108 2.918 
79.875 59.125 0.210 3.128 

81.75 60 0.309 3.437 
83.625 60.75 0.299 3. 736 
85.375 61.375 0.119 3.855 
87.125 62.125 0.060 3.915 

89 63 0.154 4.069 
90.875 63.75 0.133 4.201 

Noise Scaled By O. 04 
Tracked To Ind RMS Sum RMS 

54.375 48.25 0.451 0.451 
56 49.375 0.614 1.065 

57.75 49.875 0.319 1.385 
59.125 50.5 0.427 1.812 
60.75 51 0.627 2.439 
63.5 54.5 2.609 5.048 

65 54 1.312 6.360 
67.25 55.5 2.062 8.422 

68.625 SS 0.755 9.177 
70.25 55.625 0.672 9.850 

71.875 56 0.566 10.416 
73.25 56.375 1.025 11.441 
74.75 56.625 1.539 12.980 

76.375 57.25 1.804 14.784 
79.875 61 2.062 16.846 

81.5 62.375 2.656 19.501 
83.75 63.125 2.638 22.139 

86 63.875 2.684 24.823 
87.5 64.5 2.460 27.284 

89.25 65.75 2.915 30.198 
90.625 66 2.379 32.577 

Noise Scaled By O • 07 
Tracked To Ind RKS swu RMS 

54.5 47.5 o. 707 0. 707 
58 51 3.096 3.803 

59.625 51.5 2.744 6.546 
63.125 57 7.568 14.114 
65.625 56.375 6.761 20.875 
69.25 60 10.101 30.976 
70.75 64 .625 13.229 H.205 

72.375 61.875 10.038 54.243 
70.875 56.375 3.020 57.263 

68.5 50.875 4.645 61.907 
70.875 50.375 5.652 67 .559 
72.375 52 4.964 72.524 
73.875 51.625 6.165 78.689 

74.5 50.125 8. 737 87 .425 
76 47.5 12.047 99.472 

78.375 49.25 10.962 110.434 
76.875 43.75 18.000 128.434 

79.S 46.375 15.997 144.431 
79.125 44.625 19.194 163.625 

80.75 46.25 18.526 182.151 
84.125 47 17 .926 200.077 

Noise Scaled By o. 1 o 
Tracked To Ind RMS sum RMS 

54.5 46.5 1.581 1.581 
57.125 51.25 2.782 4.364 
55.625 48.75 2.212 6.575 
56.875 50.5 2.653 9.228 
58.375 51 2.992 12.220 
58.75 50.625 4.636 16.855 
59.25 50 6.389 23.245 

60.5 52.25 6.503 29. 748 
62.875 51.875 6.317 36.065 

65.5 52.375 5. 724 41. 789 
66.125 46.875 10.928 52. 716 

67.5 46.5 12.145 64.862 
68.125 42.875 16.547 81.409 
70.75 43.25 16.549 97.958 

72.875 43.625 16.798 114. 755 
75.25 49.125 12.362 127.117 

75.375 46.375 16.276 143.393 
78.875 49 13.862 157.256 
83.625 54.5 8.342 165.598 



Table 8-11 Performance of strategy three when noise is added 
to each frame 

STRATEGY THREE 
(WINDOW RADIUS OF 5) 

Frame Dist Deg Should Be (real) (rounded) 
48 54 48 0 0 

1 2 
2 4 
3 6 
4 8 
5 10 
6 12 
7 14 
8 16 
9 18 

10 20 
11 22 
12 24 
13 26 ,. 28 
15 30 
16 32 
17 34 
18 36 
19 38 
20 40 

23 54 
23 55.841 48.7815 56 49 
23 57.682 49 .5629 58 50 
23 59.523 50.3444 60 50 
23 61.364 51 .1258 61 51 
23 63.205 51.9073 63 52 
23 65.0461 52.6888 65 53 
23 66.8871 53.4702 67 53 
23 68. 7281 54.2517 69 54 
23 70.5691 55.0332 71 55 
23 72.4101 55.8146 72 56 
23 74.2511 56.5961 74 57 
23 76.0921 57 .3775 76 57 
23 77.9331 58.159 78 58 
23 79. 7741 58.9405 80 59 
23 81 .6151 59. 7219 82 60 
23 83.4562 60.5034 83 61 
23 85.2972 61.28H 85 61 
23 87.1382 62.0663 87 62 
23 88.9792 62.8478 89 63 
23 90.8202 63.6292 91 64 

Noise Scaled By 0.02 
Tracked To Ind RMS SUlll RMS 

54.125 48 0.125 0.125 
55.875 48.75 0.046 0.171 
57.625 49.375 0.196 0.368 
59.125 50.125 0.454 0.822 
60.75 50.625 0.792 1.615 
62.5 52 0. 711 2.326 

64.125 52.5 0.940 3.266 
66.375 53.625 0.535 3.801 

68 54.25 0. 728 4.529 
69.75 55.25 0.847 5.376 

71.625 56 0.807 6.183 
73.375 56. 75 0.890 7.072 
75.125 57.375 0.967 8.040 

77 58.125 0.934 8.973 
78. 75 58.875 1.026 9.999 

80.375 59.625 1.244 11.243 
82.25 60.5 1.206 12.450 

84 61 • 125 1. 307 13. 757 
85. 75 61.875 1.401 15.158 

87.375 62.625 1.620 16.777 
89. 1 25 63. 25 1. 737 1 8. 51 5 

Noise Scaled By O. OS 
Tracked To Ind RMS Sum RMS 

54.25 48 0.250 0.250 
55.875 48.625 0.160 0.410 
56.375 H.375 5.350 5.760 

57. 75 45.625 5.041 10.802 
59.125 42 9.396 20.198 
61.375 H.5 7.630 27.828 

62 42. 75 10.395 38.223 
64.625 40.5 13.166 51.389 
67.125 46 8.406 59.795 

68.5 45.5 9. 755 69.550 
70.125 H.125 11.911 81.461 
71.625 43.5 13.357 94.818 

75 49 8.448 103.266 
76.S 45.5 12.740 116.006 

80.875 51 8.016 124.023 
80.25 46.5 13.292 137.315 
82.5 46.125 14.410 151.725 

85.875 51.625 9.677 161.402 
87.625 52.5 9.579 170.981 

90 54.125 8.782 179.763 
89.625 48.75 14.927 194.690 

Noise Scaled By O. 08 
Tracked To Ind RMS Sum RMS 

54.5 46.5 1.581 1.581 
57.75 51.125 3.023 4.604 

62.375 56.625 8.479 13.083 
64.875 62.125 12.939 26.022 

69.5 66.5 17.394 43.417 
71 67 16.987 60.403 

69.625 62.5 10.827 71.231 
75.125 68 16. 703 87 .933 
77.375 71.5 19.294 107.228 
79.875 73.125 20.345 127.572 

84.5 78.625 25.816 153.389 
85.875 80.125 26.244 179.632 
87.375 80.625 25.841 205.473 

87.25 75.875 20.017 225.490 
85. 75 70.375 12.902 238.391 
86.25 69.125 10.483 248.875 

87 .875 70 10.'74 259.349 
91.5 75.5 15.509 274.859 

95 77 16.877 291.735 

Noise Scaled By 0.00 
Tracked To Ind RMS Sum RMS 

54 48 0.000 0.000 
55.875 48.75 0.046 0.046 
57.625 49.5 0.085 0.131 

59.5 50.25 0.097 0.228 
61.375 51.125 0.011 0.239 
63.25 52 0.103 0.342 

65.125 52.75 0.100 0.442 
67 53.5 0.117 0.559 

68.875 54.375 0.192 o. 751 
70.75 55.25 0.282 1.033 

72.625 56.125 0.378 1 .411 
74.5 56.875 0.374 1.785 

76.375 57.625 0.376 2.160 
78.375 58.625 0.642 2.803 

80.25 59.5 0.735 3.537 
82.125 60.25 0.734 4.271 
83.875 61 0.650 4.921 
85.75 61.75 0.649 5.570 
87.75 62. 75 0.917 6.487 
89.75 63.75 1.187 7.674 

91.625 64.5 1.186 8.860 

Noise Sea.led By 0.03 
Tracked To Ind RMS Sum RMS 

54.125 48 0.125 0.125 
55.875 48. 75 0.046 0.171 
57.625 49.25 0.318 0.489 
59.125 50 0.526 1.016 

60.75 50.5 0.877 1.892 
62.5 52.125 0.738 2.630 

63.25 51.5 2.154 4.784 
65.5 52.875 1.509 6.294 

67.125 53.375 1.827 8.121 
68.75 54.25 1.981 10.101 

70.375 54. 75 2.297 12.398 
71.75 55.125 2.902 15.300 
73.5 55.625 3.129 18.429 

75.25 56.5 3.155 21.583 
77.5 57.875 2.511 24.095 

79.875 59.25 1.803 25.897 
81.625 59.875 1.936 27.833 
84.125 61.25 1.173 29.006 
85.75 61.875 1.401 30.408 

87.375 62.625 1.620 32.027 
89 63.125 1.889 33.916 

Noise Scaled By 0.06 
Tracked To Ind RMS Sum RMS 

54.375 47.5 0.625 0.625 
56 48.875 0.184 0.809 

56.375 44.5 5.229 6.038 
57.75 45.875 4.808 10.847 
59.25 42.375 9.003 19.849 

61.375 43.875 8.238 28.087 
62.75 43.375 9.593 37.680 

64.375 45.5 8.357 46.037 
65.875 46 8. 731 54. 768 

66.5 41.5 14.132 68.899 
68.25 42 H.427 83.327 
70.5 45.5 11.713 95.040 

73.125 47.75 10.074 105.114 
73.875 47.125 11.757 116.871 

78.5 52.375 6.688 123.559 
81 54 5.755 129.313 

82.625 49.5 11.035 140.348 
84.875 51.125 10.169 150.517 
87.25 52.75 9.317 159.834 

89.625 54.375 8.497 168.331 
89.25 49 14.713 183.044 

Noise Scaled By 0.09 
Tracked To Ind RMS Sum RIIS 

54.625 46.5 1.625 1.625 
57.875 51.125 3.103 4.728 

62.5 56.625 8.549 13.277 
65 62.125 12.992 26.269 

66.5 61 11.130 37.399 
67 60.375 9.279 46.678 

69.5 62.75 11.003 57.681 
75 68.25 16.860 74.541 

77.375 72.625 20.306 94.847 
79.75 74.875 21.863 116.710 
84.5 80.375 27.375 144.085 

84.875 81 26.616 170. 701 
86.625 81.5 26.322 197.023 
86.875 76.25 20.180 217.203 

87.5 71.5 14.746 231.949 
88 70 12.100 244.049 

92.5 70.625 13.573 257.622 
91.875 65.125 7.617 265.239 

93 65.75 6.923 272.162 

8-15 

Noise Scaled By 0.01 
Tracked To Ind RMS Swa RMS 

54 48 0.000 0.000 
55.875 48.75 0.046 0.046 
57 .625 49.375 0.196 0.243 

59.25 50.125 0.350 0.593 
61 50. 75 0.523 1.116 

62.875 51.625 0.H4 1 .550 
64. 75 52.375 0.431 1 .982 

66.625 53.25 0.342 2.324 
68.375 54 0.434 2.758 
70.25 55 0.321 3.079 

72.125 55.75 0.292 3.371 
73.875 56.5 0.388 3. 759 
75.625 57.25 0.484 4.243 
77.625 58 0.347 4.590 

79.5 58.75 0.334 4.92-4 
81.25 59.625 0.378 5.302 

83 60.25 0.522 5.823 
84. 75 60.875 0.684 6.507 
86.5 61.75 0.712 7 .219 
88.5 62.75 0.489 7.708 
90.25 63.375 0.624 8.333 

Noise Scaled By 0.04 
Tracked To Ind RMS Su:a RMS 

54.25 48 0.250 0.250 
55.875 48.625 0.160 0.410 
56.25 44.375 5.382 5. 792 
57.75 45.625 5.041 10.834 

59.375 46 5.498 16.332 
61.75 48.5 3.705 20.037 

62.5 47.875 5.H6 25.482 
64.25 49.25 4.976 30.459 

65.875 49. 75 5.330 35. 788 
67.375 50.375 5.648 41 .436 

69 49.875 6.849 48.285 
70.625 50.375 7.201 55.486 
73.125 51.875 6.251 61. 738 
73.875 50.375 8.778 70.516 
75.375 48 11.792 82.308 

77.75 49.5 10.928 93.236 
79 .125 so 11 .361 104. 59"7 

81 51.125 11.031 115.629 
82.625 51.75 11.260 126.889 

86 57.25 6.341 133.230 
87.375 56.5 7.918 141.148 

Noise Scaled By 0.07 
Tracked To Ind RMS Su:a RMS 

54.375 47.5 0.625 0.625 
57 .625 52 3 .680 4. 305 
62.125 57.5 9.096 13.401 
64.625 62.125 12.838 26.239 
66.125 61.125 11.075 37.314 

67.5 61.75 10.739 48.053 
70. 125 64 .25 12. 628 60. 680 
74.625 67.875 16.352 77.032 

77 71.375 19.017 96.048 
79.5 73 20.064 116.112 

78.25 68.5 13.965 130.078 
77.75 63.625 7.852 137.929 

78.125 64.25 7.167 145.096 
79.75 63.5 5.642 150.738 
83.25 68.125 9.820 160.558 
82.75 64.625 5.033 165.591 

85.125 66.125 5.864 171.455 
87.375 66.5 5.614 177.068 
88.625 67.625 5.754 182.823 
90.125 67.125 4.428 187.251 

90. 5 65. 75 2.145 189. 395 

Noise Scaled By 0. 10 
Tracked To Ind RMS Sea RMS 

54.875 46.5 1.737 1.737 
58.125 51.125 3.272 5.009 

62.75 56.625 8.692 13.701 
65.25 62.125 13.099 26.800 

66.625 60.875 11.078 37.878 
67.125 60.25 9.218 47.096 
69.625 62.625 10.940 sa.031 
75.125 68 16. 703 7-4. 739 
77.375 71.5 19.294 94.034 
79.875 73.125 20.345 114.379 

84.5 78.625 25.816 140.195 
88.25 81.25 28.351 16<!.546 
89.75 81 27.287 195.833 

93 83.625 29.589 225.422 
94.625 86.375 31.196 256.618 

95 82.75 26.635 283.253 
95.375 84.25 26.570 309.823 
95.125 78.75 20.040 329.864 
94.375 74.25 14.171 344.035 



Table 8-12 Performance of strategy five when noise is added 
to each frame 

STRA= FIVE 
(WINDO!! RADIUS OF S} 

Frame Dist Deg 
0 0 23 
1 2 23 
2 4 23 
3 6 23 
4 8 23 
5 10 23 
6 12 23 
7 H 23 
8 16 23 
9 18 23 

10 20 23 
11 22 23 
12 24 23 
13 26 23 
14 28 23 
15 30 23 
16 32 23 
17 34 23 
18 36 23 
19 38 23 
20 40 23 

Should Be (real} 
54 

55.841 
57. 682 
59.523 
61.364 
63.205 

65.0461 
66.8871 
68. 7281 
70. 5691 
72.4101 
74.2511 
76.0921 
77 .9331 
79.7741 
81.6151 
83.4562 
85.2972 
87.1382 
88.9792 
90.8202 

48 
48.7815 
49.5629 
50.3444 
51. 1258 
51 .9073 
52.6888 
53.4702 
54. 2517 
55.0332 
55.8146 
56.5961 
57.3775 
58.159 

58.9405 
59.7219 
60.5034 
61.2849 
62.0663 
62.8478 
63.6292 

Noise scaled By 0.02 

(rounded} 
54 48 
56 49 
58 50 
60 50 
61 51 
63 52 
65 53 
67 53 
69 54 
71 55 
72 56 
74 57 
76 57 
78 58 
80 59 
82 60 
83 61 
85 61 
87 62 
89 63 
91 64 

Tracked To Ind RMS SUJU RMS 
54.125 48 0.125 0.125 
55.875 48.875 0.099 0.224 
57.75 49.625 0.092 0.317 

59.375 50.5 0.215 0.531 
61.375 51 0.126 0.658 
63.25 52.125 0.222 0.880 

65 52.75 0.077 0.957 
67.125 53.625 0.284 1.240 
68.625 54.375 0.161 1.401 

70.5 55 0.077 1 .478 
72.5 55.875 0.108 1.586 

74.25 56.625 0.029 1.615 
75.875 57.5 0.249 1.864 
77.875 58.125 0.067 1.932 

79.75 58.875 0.070 2.001 
81.5 59.875 0.192 2.193 
83.5 60.S 0.044 2.237 

85.25 61.25 0.059 2.296 
87.125 62 0.068 2.363 
88.875 63.125 0.296 2.659 
90.75 63.5 0.147 2.806 

Noise scaled By 0.05 
Tracked To Ind RMS Sum RMS 

54.25 48 0.250 0.250 
56.125 49.125 0.446 0.696 

56.5 44.5 5.199 5.895 
59.25 49.5 0.887 6.782 

59.5 46.5 4.987 11.769 
63.5 51.5 0.503 12.272 

65 52.875 0.192 12.464 
67.25 54.375 0.975 13.'39 

68.375 53.S 0.831 14.270 
70.5 55 0.077 14.346 
72.5 56 0.206 14.552 
74.S 56.625 0.251 14.803 

75.625 57.5 0.483 15.286 
77.75 58.S 0.387 15.673 
79.S 58.S 0.519 16.192 
81.5 60.625 0.910 17.102 
83.5 60.5 0.0H 17.146 

85.25 61.125 0.167 17.313 
84.S 55.5 7.076 24.389 
86.5 56.5 6.815 31.204 
90.5 61.5 2.153 33.357 

Noise scaled By 0.08 
Tracked To Ind RMS SUJU RKS 

54.5 46.5 1.581 1.581 
56.5 49.125 0.743 2.324 

56.625 44.25 5.417 7.741 
58.75 49.5 1.145 8.886 
59.5 46.375 5.103 13.989 
61.S 45.S 6.630 20.620 
60.S 42.125 11.500 32.120 

63.625 47.25 7.024 39.144 
66.5 49.875 4.911 44.055 

67.375 48.5 7.272 51.327 
67. 75 43.S 13.167 64.494 
71.25 49.5 7.705 72.199 

74.625 55.5 2.383 74.582 
77.625 58.5 0.460 75.041 
81.625 61.5 3.159 78.200 

81.5 61.5 1.782 79.982 
81.375 57.375 3.757 83.739 
84.25 57.375 4.048 87.787 
84.5 SS 7.543 95.329 

Noise scaled By o.oo 
Tracked To Ind RMS Slllll RMS 

Noise sea.led By o .01 
Tracked To Ind IO!S Sua RHS 

54 48 0.000 0.000 54 48 0.000 0.000 
55.875 48. 75 0.046 0.046 55.875 48.875 0.099 0.099 
57.625 49.5 0.085 0.131 57.75 49.5 0.093 0.192 

59. 5 50.375 0.038 o. 170 59.5 50.375 0.038 0.230 
61.375 51.125 0.011 0.181 61.375 51.125 0.011 0.241 

63.25 52 0. 103 0.284 63.25 52 0.103 0.344 
65 52.625 0.079 0.362 65 52.75 0.077 0.421 

66.875 53.5 0.032 0.394 66.875 53.5 0.032 0.453 
68.75 54.25 0.022 0.416 68.75 54.375 0.125 0.578 

70. 5 55 0.077 0.493 70.5 55 0.077 0.655 
72.375 55. 75 0.074 0.567 72.5 55.875 0.108 0.763 
74.25 56.625 0.029 0.596 74.25 56.625 0.029 0.792 

76.125 57 .375 0.033 0.629 76.125 57.5 0.127 0.919 
77.875 58.125 0.067 0.696 77 .875 58.125 0.067 0.987 

79. 75 58.875 0.070 o. 766 79. 75 58.875 0.070 1 .056 
81.625 59. 75 0.030 o. 795 81.625 59.75 0.030 1 .086 

83.5 60.5 0.044 0.839 83.5 60.5 0.044 1. 130 
85.25 61.25 0.059 0.898 85.25 61.25 0.059 1.189 

87.125 -62.125 0.060 0.958 87.125 62.125 0.060 1.249 
89 62.875 0.034 0.992 89 63 0.154 1 .403 

90.875 63.625 0.055 1 .047 90. 75 63.625 0.070 1.473 

Noise scaled By 0. 03 
Tracked To Ind RMS sum. RMS 

Noise Scaled By 0.04 
Tracked To Ind RMS S::m RMS 

54.125 48 0.125 0.125 54.25 48 0.250 0.250 
56.125 49.125 0.446 0.571 56.125 49.125 0.446 0.696 
57.875 H.5 0.203 0.774 57.875 49.5 0.203 0.899 
59.375 50.5 0.215 0.988 59.25 50.5 0.314 1.213 

61.5 51.5 0.398 1.387 61.5 51.5 0.398 1.611 
63.375 52.125 0.276 1.663 63.5 52.25 0.452 2.063 

65 52.875 0.192 1 .855 65 52.875 0.192 2.255 
67.125 53.75 0.367 2.222 67.25 54.25 0.860 3.115 
68.625 54.5 0.269 2.491 68.625 54.5 0.269 3.384 

70.5 55 0.077 2.567 70.5 55 0.077 3. ◄ 61 
72. 5 55.875 0. 108 2. 676 72.5 55.875 0.108 3.569 

74.25 56.625 0.029 2.705 74.5 56.625 0.251 3.820 
75.75 57.5 0.363 3.068 75. 625 57. 5 0.483 4. 302 
77.75 58 0.243 3.310 77.875 58.5 0.3◄ 6 4.6◄ 8 
79.75 58.875 0.070 3.380 79.5 58.5 0.519 5.167 

81.625 60.5 0.778 4.158 81.5 60.5 0.787 5.954 
83.5 60.5 0.0H 4.202 83.5 60.5 0.044 5.99B 

85.25 61.25 0.059 4.261 85.25 61.125 0.167 6.164 
87.125 61.875 0.192 4.453 87.125 61.875 0.192 6.356 
88.875 63.25 0.415 4.868 88.75 63.25 0.463 6.819 
90.625 63.5 0.234 5.102 90.625 63.5 0.234 7.053 

Noise scaled By 0.06 Noise scaled By 0.07 
Tracked To Ind RMS Sum. RM5 Tracked To Ind RMS Su:a RMS 

54.375 47.S 0.625 0.625 54.375 47.5 0.625 0.625 
56.5 49.125 0.743 1.368 56.5 49.125 0.743 1.368 
56.5 44.5 5.199 6.567 56.5 ◄◄ .5 5.199 6.567 59.25 49.5 0.887 7.455 59.25 49.5 0.887 7.455 
59.5 46.5 4.987 12.442 59.5 46.5 4.987 12.-442 
63.5 51.5 0.503 12.945 63.625 51.5 0.585 T3.027 

65 53 0.315 13.259 65 53 0.315 13.342 
67.25 54.5 1 .092 14.35' 67.5 54.625 1.307 14.649 

66.625 49.375 5.311 19.662 66.5 49.625 5.135 19.784 
67.5 48.625 7.105 26.767 67.5 48.5 7.218 27.002 

69.75 48.375 7.901 34.668 69.875 46.375 7.860 34.862 
72.5 53 4.000 38.668 72.375 52.75 4.279 39. 141 

75.625 57.5 0.483 39.151 75.5 57.5 0.605 39.746 
77.75 56.S 0.387 39.536 77.75 58.5 0.387 40.133 
79.S 56.5 0.519 40.057 81.625 61.5 3.159 43.292 
81.5 60.875 1.159 41.216 81.5 61.5 1.782 45.073 
81.5 57.125 3.904 45.1'9 81.5 57.25 3.796 48.870 

65.25 61.125 0.167 45.286 84.25 57.5 3.927 52.797 84.5 55.5 7 .076 52.363 84.5 55.25 7.309 60.106 
86.5 56.5 6.815 59.177 86.5 56.S 6.815 66.921 

89.875 61.S 2.330 61.507 89.875 61.S 2.330 69.250 

Noise scaled By o. 09 Noise scaled By 0.10 
Tracked To Ind RMS Sum RMS Tracked To Ind RMS Sua RMS 54.625 46.5 1.625 1.625 54.875 46.5 1.737 1.737 56.5 49 0.694 2.319 56.S 49 0.694 2.431 56.875 44.5 5.127 7.446 56.875 44.375 5.250 7.681 

58.625 49.5 1 .233 8.679 58.5 49.5 1 .326 9.008 59.5 46.375 5.103 13.762 59.5 ◄ 6.375 5.103 1 ◄ .111 61.5 45.5 6.630 20.412 61.625 45.5 6.599 20.710 
60.5 42.25 11.386 31. 798 60.5 ◄ 2.375 11.271 31.981 

63.625 47.25 7.024 38.622 63.625 47.375 6.913 38.895 66.5 49.875 4.911 43.733 66.5 50 4.800 43.695 
67.25 48.5 7.328 51 .061 67.25 48.5 7.328 51.023 

67.625 43.5 13.212 64.273 67.625 43.5 13.212 64.234 
71.125 49.5 7.754 72.027 69.S ◄7.5 10.262 74.497 74.625 55.5 2.363 74.410 72.5 ◄4.5 13.369 87.866 77.625 58.5 0.460 7◄ .869 72.5 H.375 H.816 102.682 81. 75 61.5 3.233 78.103 73.125 40.625 19.485 122.167 

81.5 61.5 1. 782 79.884 77.5 ◄ 6.5 13.847 136.014 61.375 57.5 3.654 83.538 78.5 44. 75 16.515 152.529 84. 125 57. 25 4. 202 87. 740 74.S 41.5 22.539 175.068 84.5 55 7.543 95.283 78.625 39.5 24.119 199.187 
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Table 8-13 

strategy 0 
0 
1 
3 
5 
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Noise scaling factor 
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Figure 8-11 Error (pixels) of point tracked to the 20th frame 
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Table 8-14 

strategy 0 
0 56.753 
1 23.912 
3 8.86 
5 1.047 
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Figure 8-12 Accumulated error (pixels) over the 20 frames 
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Chapter 9 

Practical results 

9.1 Including a sub-pixel location search in the image subtraction 

statistic 

Strategy 1 (sub-pixel tracking by translating a frame and matching to the previous 

frame) and strategy 3 (sub-pixel tracking by translating a frame and matching to the 

next frame) were implemented in the prototype package to track spinal movement. 

Strategy O (whole pixel tracking) was the original tracking strategy used by the 

prototype package so was evaluated with no modifications. 

The sum of radial errors for each vertebra for each frame and each strategy is shown 

in Table 9-1 and graphed in Figures 9-1 to 9-6. The smoothing filter used to reduce 

the noise from secondary emission from the image intensifier was a median filter 

rank 5 Uahne, 1991]. The smoothing filter 'blurs' the image which effectively reduces 

the noise in the image but also reduced the image clarity. 

The major difference between the runs reported in this Chapter and those performed 

in Chapter 8 was that the image sequence being tracked through was a real captured 

cineagraphic sequence not a computer simulated sequence. This meant features in 

the image would be moving in an independent fashion, undergoing both translation 

and rotation, and interacting with other features ( e.g. two vertebrae jamming together 

while the other vertebrae in the spine rotate freely). 

The results show that smoothing the image does little if anything to improve the 

results of the tracking algorithm. It may indeed be that the loss of image definition 

outweighs the benefit gained from smoothing or blurring the noise. Despite the 

promising performance of strategy 1 in Chapter 8 it in fact made no improvement on 



the original strategy O and often performed markedly worse for the real image 

sequence. During the tests in Chapter 8 the test sequence images had translation 

components only, no rotation and no feature interaction. It is thought that strategy 

1 no longer performed as well as strategy O because the window match would no 

longer be as 'pure' as in the test sequence and when windows centred on the 

outskirts of the search window underwent sub-pixel translation and were compared 

back to the window being searched for they would, in some cases, give a better 

match than the correct result. Strategy 3 performed well giving for most frames and 

vertebrae errors of 4 pixels or less. This may be because only the window being 

searched for was translated reducing the chance of an outlying point being 

manipulated and becoming a better match. As strategy 3 performed as well as, and 

in most cases a lot better than, strategy O the next step was to examine the difference 

in spinal measurements to determine whether it was necessary to permanently 

update the prototype tracking algorithm. 
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Table 9-1 Sum of radial errors for each vertebra 
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:RADIAL o:ACR POt. J:.AiCH VDTEBlA VXE>f TJU.CDD USDtG 
STllATZ<:r SDO (VOOUt-PillL) A>1l> SMOO'l1{IJIQ 

Cl C2 CJ C4 CS C6 
'·"' 9.359 10.791 10.354 9.641 10.472 s.ns 10.s21 11.123 10.25' 10.oa, 11.oJs 
1!1.122 11.729 10.227 51.398 S .. 650 9.537 
6.186 11.76! 9.301 9.39! 1.2H 10.870 
8.122 8.236 9.301 9.049 S.06,t 9.9◄ 4 
7.236 9.162 7.650 7.708 5.064 15.110 -4.650 a.,,, ,.u, S.412 ,.o,a a.ooo 
5.650 11.0,, 6.886 6.472 5.657 6.657 
6.06◄ a.,u 7.06 ◄ ,.o,, ,.o,, ,.aa, 
5.650 9.06' 6.ou s.HJ 6.06, 8. 799 
S.236 7.236 5.41' 4.414 5.650 6.606 
3.41' 1.650 S.000 4.,tlf 3. ◄ 1 ◄ 7.41 ◄ 
3.236 7.236 5.000 3.-41<1 2.000 ,.,so 
C.828 4.000 4.2'3 3.000 S.000 1.4H 
1.,u J.,u ,.a2a 2.000 2 .. 000 2.000 
0.000 1.'14 3.000 0.000 3.000 J.000 
0.000 0.000 0.000 0.000 0.000 0.000 
1.000 , _.,. 0.000 0.000 0.000 6.385 ,.a21 J.ooo 2.000 2.,1, 2.000 a.ooo 
2.828 3.828 3.CU 3 • .f14 3.000 8.062 
S.576 6.886 4.41' S.2'3 ◄ .4U 9.000 
7.236 •• 650 7.06' 5.2'3 J.000 10.'76 
5.'14 l.236 6.650 6.06' 3.236 9.41' 
6.236 6.162 ,.828 5.650 J.236 6.385 
8.650 6.'79 6.06' 5.064 4.2'3 7.325 
8.7'9 4.650 7.'79 ,.,12 2.828 6.799 

11.020 7.06' 7.893 7.186 3.000 7.32S 
10.780 8.122 8.301 7.398 3.828 10.S44 
10. Hl 9.<1192 9.227 8.634 3.000 9.SU 
10.07 9.049 10.677 7.236 4.828 10.476 
6.768 8.301 12.609 7.236 6.236 12.713 
6. 768 7.479 12.609 10.236 3.41' 10.625 

:RADIAL ERR.cm. POR E.ACH ~ VKDl TllACJ:ED USING 
ST.RATEGY ON'£ (SUB-PIXEL) ANI> SlCOI'HING 

Cl C2 CJ C4 CS 
13.166 15.21' 18.188 16.565 14.282 
12.8!2 12.040 15.165 17.940 16.518 
13.091 11. ◄ 92 15.303 18.016 15.060 
13.091 12.405 13.227 19.321 14.0◄ S 
13.310 11.06 ◄ 11.670 16.595 1,L156 
12.074 12.434 11.004 13.062 ,,.110 
12.t-42 10.906 10.0~ 14.610 17.088 
12.246 9.670 9.405 14.08! 15.092 
12.166 9.625 7.243 12.180 13.227 
11 .981 9 • ◄ 3-4 7 .06' 7 .,os 11.962 
7.064 10.906 5.650 7.991 11.335 
6.479 8.071 5.064 6.650 9.S61 
._,,. 7.893 5.576 6.064 7.236 
3.000 S.6SO -4.828 3.000 7.000 
3.41' 5.828 5.'14 3.000 3.41' 
0.000 1.000 J.000 0.000 4.000 
0.000 0.000 0.000 0.000 0.000 
3.414 2 .. 000 2.000 1.000 1. ◄ 14 
5.657 6.000 s.ooo 3.828 ,.ooo 
6.064 5.236 ,.i.J ,.828 6.000 
9.398 6.606 7. ◄79 6.434 ,.,so 

10.227 9.842 8.606 8.071 7 .842 
11.927 10. ◄ 3◄ 7.236 8.828 7.634 
12.705 10.8◄2 7.993 10.886 9.004 
13.807 13.842 8.893 10.628 12.359 
1 ◄ .,2, 14.725 7. ◄72 11 .. 717 10.729 
1 ◄ .392 13 .. 71'. 7 .. 886 13.211 9.078 
1'.914 11.901 7.1◄2 9.831 9.071 
18.389 11..659 7 .. 576 13.801 11 .508 
20.675 15 .. 280 7.472 1 ◄ .634 16.516 
19.098 11.901 10.078 16.680 21.323 
19.545 11.245 11.071 16 .. 886 21.477 

C6 
32.213 
2◄ .621 
24 .638 
25.8'8 
27 .. 756 
29.,30 
21.53' 
21.372 
26.225 
21.387 
24 .977 
25. 191 
23 .857 
15. 119 
10.153 
J.000 
0.000 
2.000 
J.000 
9.122 
8.485 

11.109 
12.677 
9.211 
9.8'8 
9 .. 078 

11. ◄ 42 
15.416 
17 .329 
19.483 
18.378 
17.360 

:RADL\L DltOR Pat EJ.CH VERTEBRA VHEM '15t.ACJ:l':D USDlG 
STRATEGY TKREE (SUB-PIXEL) AND SM)OT}[IllG 

Cl C2 CJ C4 CS 
9.153 4.828 3.000 ,.414 3.000 
5.828 f.236 3.000 S.6SO S.000 
5.000 ,.ooo 4.650 J.236 6.243 
5.000 7. ◄ 14 4 .. 828 3.828 S.991 
4.000 '·'" 5.06 3.41' 2.828 s.ooo 5.828 2.000 1.'14 3 .. 000 
3.000 '·"' 2.,1 ◄ 2.236 -4.2,43 
5.2◄ 3 6.236 2.41' 2.828 2.000 
2.000 3.'14 J.000 4.236 0.000 
1.000 ,.,so J.828 4.236 2.000 
3.000 3.000 1.000 2. ◄ 1 ◄ 5.,414 
3.828 4. ◄ 14 1 .. 000 3. ◄ 1' f.828 
3.000 ,.,u 1.000 2.000 2.000 
2.000 2.000 4.000 ... ,,.. 3.000 
2.000 2.'14 J.,,. 3.000 0.000 
0.000 ,_,,. 3.000 0.000 3.000 
0.000 0.000 0.000 0.000 0.000 
2.000 1.000 0.000 0.000 0.000 
2.000 3.236 3.828 2 .. Clf 3 .. 41' 
0.000 2.000 l.000 1.000 3.414 
6.000 J.000 ,.ooo J.000 4.000 
4.162 2.000 3.828 J.000 4.650 
6.123 3.000 5.000 2.236 5.576 
7.000 3.,41' 5.41' 6 .. 236 5.414 
8.828 '·'" 6.828 '·"' 3.650 9. 70 8. ◄34 8.064 7. 162 6.06◄ 
9.828 7. ◄72 7.479 7.123 5 .. 236 
8.099 7.708 7.06' 7.236 5.576 

10. 733 8.236 9.020 8. 162 6.414 
1'.639 11.00, 9.078 8.700 4.41' 
10.555 8.301 11.071 8.576 8.63.fi 
8.650 10.561 11.606 11.571 7. ◄ 79 

C6 
5.099 
9.083 
6.123 
7.083 
7.497 

H.18S 
7.403 

10.232 
9. 708 
9.153 
7.000 
7.245 
,.236 
2.236 
0.000 
1.000 
0.000 
2.000 
0.000 
2.236 
2 • .fil.fi 
J.000 
2.000 
2.000 
J.650 
2. ◄ 1.fi 
J.000 
3.000 
J.000 
5.650 
J.,u 
3 • .fi14 

MDIAL m:Ca PCD. DCX VDTJ:BJV. V'HEJf '%2lACJ:EP OSDfG 
ll'l'llATZ<:r U:20 (IOl:)Lll:-PIXEL) A)ll) IIO Sl«lOTHDIG 

Cl C2 Cl C4 CS C6 
5.828 10.602 1'.556 13.071 1.256 125.517 
7.236 10.112 13.690 12.913 10.625 10.fi.2◄ 1 
7.650 10.S21 12.469 11.,98 .fi.6S0 81.630 
6.650 10.761 11.055 10.906 1.43.fi 66 .. 610 
5.821 7.113 13.291 10.906 3.6S0 46.357 
4.650 1.739 12.759 1.90 4.650 35.101 
2.414 7.18-6 13.262 1.122 8.06, 19.539 
4.828 10.301 12.,25 8.715 5.243 1 ◄ .. 728 
3.41' ,.650 9.708 7. ◄79 3.828 U.595 
.fi.000 1.06.fi 1.479 5.24113 6 .. 06◄ 11.199 
J.ooo s.650 5.828 ,.828 5.650 1.2n 
.fi.821 7.650 S.828 f.821 3 • .filf 1.41.fi 
4.236 6.236 '-'" 3.828 2.000 6.243 
•• .fil.fi 4.000 2.128 3.000 ◄ .236 1.000 
2.236 3.414 , .. ,u 2.000 2.000 3.000 
0.000 1.41.fi 3.000 0.000 3.000 1.000 
0.000 0.000 0.000 0.000 0.000 0.000 
.fi.000 , .,u 0.000 0 .. 000 0.000 1.000 
5.657 3.000 2.000 3.000 2.000 2.000 
S. ◄ 1 ◄ l. ◄ 14 3 .. ◄ 1 ◄ 3.000 1.000 7.325 
3.828 6.064 J.'14 4.821 5.650 8. 708 
6.236 ,.,so 5.650 4.'14 2.'14 U.460 
5 .. 828 5.,so 7.701 3.121 2.000 13.414 
8.236 ,.,os 6.657 7 .186 2.000 12.000 
7.236 ,.,12 5.2'3 6.472 5.064 16.866 
8.398 5.41' 7.893 7.886 2.'14 16.3'3 
1.606 7.650 7.256 7.064 5.657 12.630 

10.'79 ,.301 8.43' 7.113 4.650 13.050 
7.606 11.596 9.122 1.06.fi 4.2.fi3 12.0S0 
9.576 10.700 10.8&6 s.,u 6 .. 657 15.4153 
8 .. 8 ◄2 11.078 8.816 7.236 ◄ .236 17.272 
8 .. 8,2 11.256 8 .. 186 8.715 2.000 1s.4so 

RADIAL D.J.::ll FCR EACH VDTEBRA WHEN 'I'RACQ:D OSING 
ST:R.ATEGT arr: (SUB-PllEL) Alm NO Sk:CO'fflDlG 

Cl C2 C3 C.fi CS C6 
18.484 2L401 22.100 14.609 9.301 34.162 
16. 705 22 .. 387 22. 797 13.861 8.301 30.089 
15.733 23.]03 19.683 15 .. 646 7.828 29.560 
14.705 20.757 17 • .fi57 15.232 6.576 26.105 
12.634 20 .. 65! 17.59' 11.828 10.064 19 • .fi53 
13.123 19.679 15.7.fil 10.359 8 . .fi72 20.419 
l.fi.5◄ 7 18.05 14.657 9 .. 28S 10.965 13.8.fi2 
1.fi.0419 16.f!if2 14 .. 252 11.797 9.842 15.06 
11.314 15.228 10.831 12.877 6.650 U.505 
11. ◄ 24 11.,05 11.153 10.168 5 .. 162 n.166 
10.078 10.!13 6 .. 886 8 .. 991 3.236 13. 177 
7.991 11.285 5.886 6 • .fi72 3.828 10.870 a.,12 9.670 .fi.828 7 .. 301 , • .elf 8.U2 
5 .. 650 6.472 2 .. 4114 6.162 s .. ooo ,.,so 
3.41' J.128 J.'14 5.236 3.41' 4.828 
0.000 L.fi1f l • .fi14 2.000 3.000 1.000 
0.000 0.000 0.000 0.000 0.000 0.000 
3.000 1.000 0.000 0.000 2.000 7.083 
5.657 ,.ooo 2.000 4.828 6.'79 12.'70 
3.41' 6.650 5.657 6.243 7.708 15.912 
7.576 !J.064 7.301 6 • .fi3.fi 6.236 16 .. 533 
8.576 10.657 1L055 1.670 7.650 16.134 

11.359 12.064 8.670 8.020 5.650 15.857 
12.,12 13.'87 7.650 7.'79 6.991 21.353 
12.472 15.128 5.41' 5.2'3 5.162 25. 170 
14.678 11.668 5.414 1.236 7.576 2◄ .12S 
13.339 19.733 9.398 7.773 7.236 25.136 
15.029 20 .. ,9.fi 10 .. 606 12.182 11.004 25.353 
16.843 2'.486 10.358 12.2'5 9.842 28.050 
21.657 27.75.a 10.991 11.5'3 10.2.fi3 29.055 
19.2.fiS 2,.678 13.526 16.807 15.061 39.590 
20.,87 2s.311 16.810 21 .. 239 u.222 43.6416 

RADIAL EDal Fat EACH 'Vll"t'E!D>. WHEN 'DU.CJ:E:D USDlG 
STAATZG!' TD.EE (SUB-PIXEL) AHO 110 S>«X>'nt:Dlf. 

Cl C2 Cl c, CS C6 
8.819 3.236 3.650 1.000 5.650 2.00C ,.,so ,.236 ,.,so 3.'14 6.236 1.411C 
3.828 J.650 5.650 2.828 6.576 2.'14 
3 • .fiU 3.000 S.650 1. ◄ 14 6. ◄72 0.000 
3.236 1.000 6.064 ,..,, 5.236 0.000 
2.236 2.000 ,.41 ◄ 0.000 .fi .. 000 1..fiU 
J.000 4.000 2.000 1.000 3.236 J.'14 
f.'1.fi .fi .. Clf .fi.000 2.236 3 • .fi1.fi 4.236 
2.000 3.000 3 • .fil.fi 2.236 2.000 1. ◄ 14 
1.000 3.650 3.828 1.414 3. ◄ 1 ◄ 1.O.fi 
2.000 1.41' 1.000 1 • .fil.fi 3 .. 000 0 .. 000 
c.,1 ◄ C.162 1. ◄ 1, 2.414 1.000 1 .. ◄ 1..fi 
3. ◄ 1C 3.~62 1 .. 000 0 .. 000 3.000 2.000 
'·'" 2.000 3.000 1 .ooo ,.ooo 0.000 2 • .filf 1.000 3 .. .fi1' 0.000 1.000 0.000 
0.000 2.236 3.000 0.000 3.000 0.000 
0.000 0.000 0.000 0.000 0.000 0.000 
3.000 1 .000 0.000 0.000 0.000 1 .000 
1.000 2 .. 236 3.414 1.41' 2 • .fi1.fi 1.00C 
l..000 1.000 0.000 1.000 2.41.fi 1.000 
S. ◄ 1 ◄ 1.,1 ◄ 1.,1.fi 0.000 5 .. 650 0.000 
4.000 0.000 1.000 0.000 2.828 o.ooc 
7.'14 0.000 ,.,28 1.000 s.,12 0.000 
5.000 0.000 2.000 3.650 '·'" 1.000 
8.236 1.000 '·'" 3.000 7.064 0.000 10.099 3.606 4.41' 2.236 J.000 0.000 
9.236 3.162 5 • .fi72 1.000 ◄ .828 0.000 
7.359 2.236 6.064 J.828 5.064 0.000 
9.236 2.000 3. ◄ 1 ◄ 1.41' 3.128 1 .. 000 

12.083 3.162 3.000 6.06• 5.'14 0.000 
10.398 f.162 ,.,so J. ◄ 14 6.06◄ 0 .. 000 
11.561 4. !62 6.991 ◄ .. 650 , • .cu 2.000 
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9.2 Effect of sub-pixel tracking on the measurements of the spine 

Table 9-2 shows the spinal measurements calculated using the manually traq.<ed data. 
These measurements were compared to the measurements given by the tracked 
points obtained using strategies 0, 1 and 3. The spinal measurements are given in 
Table 9-3, 9-4 and 9-5 for strategies 0, 1 and 3 respectively. The graphs of the data 
in these Tables are in Figures 9-7 to 9-16. 

Figure 9-7 to 9-12 are graphs of the angles of the vertebrae given for each frame by 
each of strategies 0, 1 and 3 and the manual data. In every case strategy 3 gives a 
measurement far closer to the measurement from the manual data than either 
strategy O or 1. The measurements from strategy O data were often 5 degrees 
different than the manual measurement by the end or the beginning of a sequence. 
This may not be significant for vertebrae Cl and C2, where the vertebrae rotate 
between 35 and 45 degrees throughout the sequence, meaning the error is usually 
below 10%, but for the remainder of the vertebrae this is a significant error. 

Figure 9-13 to 9-17 are the graphs of the planar distance between the vertebrae. The 
graphs appear very erratic due to the small scale of the distance which is never more 
than 5 pixels and in most cases less. Again strategy 3 appears to give the best 
measurements giving very similar measurements to the manual data. 

The graphs of the axial distance between vertebrae are given in Figures 9-18 to 9-22. 
Once again measurements from strategy 3 data are close to the manual measurement. 

From graphs 9-7 to 9-22 it can be seen that although Strategy O and 1 give reasonably 
good measurements for part of a sequence on some of the vertebrae it is strategy 3 
data that gives measurements consistently closer to the manual data measurements. 

In conclusion it would be beneficial, not only to the tracking results but also to the 
spinal measurements to implement strategy 3, as a means of sub-pixel location 
finding, in the Chiropractic prototype. 
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Table 9-2 Spine measurements from manually tracked data 

FRAME ANGLE 01' VERTEBRA PLANAR DISTAOCE BE'J:'lfEEN VERTEBRAE AXIAL DISTAOCE Br."11EEN VERTEBRAE NO Cl C2 CJ C◄ CS C6 C1-C2 C2-C3 C3-C4 C◄-C5 C5-C6 C1-C2 C2-C3 C3-C◄ C4-C5 C5-C6 0 -19.5 -15.2 -26.1 -25.3 -21.5 -2◄ .6 3.3 1.8 3. ◄ 1.0 5.6 27.0 19. 1 19.7 20.0 19.6 -20.2 -14.5 -25.3 -2◄ .9 -22.3 -25. ◄ 2. 7 1.5 3.2 1.1 5.4 26.9 18.3 20.3 1.9. ◄ 19.7 2 -20.2 -15.6 -23.9 -24.1 -19.2 -23.4 2.1 1.7 3.0 0.1 5.8 26.4 19.0 20.3 19.4 19. 7 -19.1 -15.1 -22. 7 -23.3 -19.S -25. ◄ 2.0 2.2 2.6 1.0 5.6 27.1 18.8 19.5 20.3 19.3 
◄ -17.7 -12.0 -22.0 -23.0 -19.5 -2◄ .6 1.6 1.3 3.1 0.2 6.6 26. 7 18.9 19.8 19.6 19.7 -17.7 -11.8 -21.3 -20. ◄ -19.5 -24.6 2.1 1 .5 2.6 0.3 6.2 26.1 19.4 20.1 19.1 19.9 6 -13.8 -10.1 -20.9 -19.6 -22.3 -19.3 1.3 1.3 2.5 1.0 5. 7 27. 1 18.8 19.9 19.4 20.6 -13.8 -10.1 -20.3 -20.4 -20. ◄ -18. ◄ 1.2 1.3 2.8 0.5 5.3 26.6 18.S 19.8 19.3 20.4 8 -12.7 -7.5 -17.5 -18.7 -19.2 -20.2 1.0 0.9 1.8 0.5 6.2 26.5 19.5 19.1 19.9 20.3 -11.8 -6.5 -16.2 -17.0 -19.2 -21.1 1.3 o. 7 1 .9 0.5 6.3 26. ◄ 19.0 20.3 19.3 20.1 10 -9. 1 -3.8 -15.0 -16. 7 -18. ◄ -20.6 0.6 0.4 2.0 0.7 6.1 26. 1 19.4 20.0 19.S 19.6 -5.6 -4. 7 -15.0 -16. 7 -17 .1 -21.1 1.0 0.9 2.0 o.o 6.2 27.5 18.6 20.0 19.9 19.5 12 -5. 7 -3. 7 -14.3 -15.8 -15.9 -19.3 0.6 0.6 2. 1 0.1 5.9 26.3 18.6 20.4 19.0 20.2 -5.6 -0.9 -12.1 -12.9 -13.4 -19.3 0.9 0.2 1. 7 0.5 5.1 27.0 18.9 20.1 19.9 19.1 14 -2.3 0.9 -11.1 -13.1 -15.9 -19.3 0.5 0.6 2.2 0.4 6.2 26.3 19.6 19.7 19.2 19.5 -1. 1 1.9 -10.0 -12.9 -15.7 -20.9 0.5 0.4 2.5 1.0 7.0 26.7 19.1 19.9 19.3 19.0 16 -1 .1 2.8 -10.1 -12.9 -15.9 -20.6 0.5 o. 1 1.8 0.2 6.5 26.5 19.3 20.0 19.2 19.2 -1 .1 3.8 -10.1 -12.9 -15.9 -20.2 o.o o.o 1.8 0.2 6. 7 26.3 19.5 20.0 19.2 19. 1 18 3.4 2.8 -10.1 -11.8 -1 ◄ .9 -20.6 0.4 0.1 2.3 0.6 6.7 27.0 18.8 19. 7 19.2 19. ◄ 3.3 6.5 -6.1 -11.1 -15.7 -21.8 0.6 0.4 1.4 0.4 7.1 26.6 19.2 20.5 18.6 18. 7 20 5. 7 10.2 -6. 1 -9.2 -13.2 -22.2 2.0 0.6 0.7 1.4 7.5 26.0 19.2 20.1 18.9 18.9 7.8 10.4 -3.9 -9.2 -H.9 -20.0 2.0 0.7 1.3 0.5 6.6 26.5 19.7 19.5 19.3 18.6 22 10.0 11.3 -4.0 -9.0 -15.7 -21.3 2.1 1.0 1.9 0.2 7.3 25.8 18.5 20.4 19.0 18.9 12.4 14.3 -4.0 -8.5 -15. 7 -21.8 2.9 0.8 1.4 o.o 7.1 26.0 19.3 19. 7 18. 7 18.7 24 14.6 14.3 -4.0 -8.o -12.5 -21.8 2.8 0.3 1. ◄ 0.9 6.6 26.1 18.8 20.2 18.7 18.4 15.2 1 ◄ .0 -2.0 -8.5 -14.9 -21.3 1. 7 0.8 2.1 0.1 7. 1 26.4 18.8 19.1 18.9 18.7 26 19.5 17.2 -1.0 -5.5 -12.5 -20.9 2.9 0. 7 0.6 0.8 6.7 26.2 18.3 19.2 18.9 19.1 22.0 18.1 0.0 -6.4 -1<1.3 -20.0 2.8 0.3 0.9 0.5 6.9 26.1 18.9 19.7 18.1 19.3 28 22.6 20.2 1.0 -5.6 -13.2 -20.9 3.8 0.8 0.6 0. 1 6.5 25.6 18.7 18. 7 19.0 18.9 24.0 19. 7 2.0 -7.5 -11.5 -21.3 3. ◄ 1.2 2.0 1. 7 7.0 25.5 18.1 19.4 18.8 18.8 30 24 .6 20.4 2.0 -6. ◄ -14.0 -22.2 3.3 0.2 0.6 O. ◄ 6.6 25.7 18.3 19.2 19.0 18.9 26.6 20.8 2.0 -5.8 -15.9 -20.9 2.9 0.0 0.7 0.4 7.3 25.5 18. ◄ 19.0 18.9 18.9 
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Table 9-3 Spine measurements from data tracked using strategy 0 

STRATEGY ZERO lfITll Sl«Xl'l'HING FILTER 

FRAME ANGLE OF VERTEBRA ~ DISTANCE BETWEEN VERTEBRAE .A.Xll.L DISTANCE BETWEl!2i VERTEBRAE NO Cl C2 CJ C4 CS C6 C1-C2 C2-C3 C3-C4 C4-CS CS-C6 C1-C2 C2-C3 C3-C4 C4-CS C5-C6 0 -16.3 -6.5 -19.3 -19.0 -16.8 -18.4 o. 7 0.1 0.5 2. 7 6.0 26.9 19.8 19.7 19.3 19.9 -15.9 -6.7 -19.3 -18.2 -16.8 -18.1 o. 7 0.2 0.3 2.8 5.7 26.9 19.7 19.4 19.5 19.9 2 -15.6 -s.1 -18.4 -18.2 -16.8 -18.1 0.8 o. 1 0.2 2.8 5. 7 26.6 19.7 19.7 19.5 19.9 -14.6 -5.7 -18.4 -11.3 -16.8 -18.1 o.s 0.4 o.o 2.9 5. 7 26. 7 19.6 19.4 19.7 19.9 4 -12.4 -4.8 -17.5 -16.7 -16.S -18.1 1.2 0.0 0.4 2.9 5.9 26.4 19.6 19.2 19.9 19.9 -11.3 -3.8 -16.6 -15.8 -16.S -16.1 1.5 o. 1 0.1 2.0 6.5 26.4 19.6 19.2 19.9 20.5 6 -9.3 -2.8 -15.9 -15.8 -16.3 -16.1 1.9 0.1 0.3 1.8 6. 7 26.6 19.5 19.4 19.8 20.4 -8.1 -1.0 -15.0 -15.8 -16.S -16.1 2.1 o.o 0.2 1.6 6.5 26.2 19.7 19.6 19.7 20.S 8 -7.1 0.0 -14.0 -15.8 -16.S -15.8 2.1 0.1 0. 1 1.6 6. 7 26.2 19.7 19.9 19.7 20.4 -5.9 1.0 -13.1 -16.1 -16.S -15.8 2.0 0.5 0.8 1.3 6.7 26.1 19.7 19.9 19.7 20.4 10 -3.5 2.9 -11.1 -15.2 -16.S -16.8 2.3 0. 7 0.9 1.4 6.8 26.0 19.6 20.1 19.9 20.1 -3.5 2.8 -10.9 -14.0 -16.5 -16.8 2.0 0.2 o. 7 1.4 6.8 26.0 19.6 20.3 19.6 20.1 12 -2.3 2.8 -10.9 -14.o -11.0 -20.6 1. 7 0.2 1.2 0.8 6.4 26.2 19.6 20.2 19.4 18.9 -1.2 2.8 -10.9 -13.1 -17.0 -20.6 1.5 0.2 1.4 0.9 6.4 26.5 19.6 19.9 19.7 18.9 1' -1.2 2.8 -11.1 -13. 1 -17 .o -20.6 1.0 0.1 1.7 0.9 6.4 26.5 19.S 19.8 19.7 18.9 -1. 1 2.8 -10. 1 -12.9 -16.( -20.6 0.5 0.1 1.8 0.6 6.2 26.S 19.3 20.0 19.3 19.3 16 -1. 1 2.8 -10. 1 -12.9 -15.9 -20.6 o.s 0.1 1 .8 0.2 6.5 26.S 19.3 20.0 19.2 19.2 -1.1 2.8 -10.1 -12.9 -15.9 -16.5 0.3 0.1 1.8 0.2 6.7 26.5 19.3 20.0 19.2 20.4 18 -1 .1 2.9 -10.s -13.1 -15.9 -13.1 0.8 0.2 2.2 0.1 5.9 26.5 19.3 20.0 19.1 21.5 1.1 4.8 -9.3 -13.3 -15.S -14.5 0.6 0.1 2.4 0.2 6.9 27. 1 19.0 19.7 19.2 20.9 20 3.1 4.8 -8.6 -13.3 -1,.7 -13.5 0.9 0.3 2.9 0.3 6.6 26.6 18.8 19.8 19.4 21.0 5.2 6.7 -8.6 -13.3 -14.7 -14.3 0.5 0.1 3.4 0.3 6.4 26.2 18.8 19.7 19.4 20.8 22 7.3 8.4 -7.4 -13.3 -14.7 -14.3 0.1 0.1 3.4 0.3 6.4 26.2 18.S 19.5 19.4 20.8 10.5 9.3 -6.2 -12.0 -14.7 -16.3 0.8 0.1 3.2 0.1 5.8 26.3 18.5 19.5 19.0 20.2 24 12.3 11.1 -5.1 -12.0 -14.9 -16.6 0.9 0.2 3.2 0.2 5.9 26.4 18.3 19.2 19.0 20. 1 14.0 12.9 -4.2 -12.9 -14.9 -16.6 0.9 0.1 4.0 0.3 5.9 26.5 18.1 19. 1 18.7 20. 1 26 15.9 14.1 -4.2 -12.0 -15. 1 -15.7 1.3 0.4 3.6 0.0 6. 1 26.6 17.6 18.9 19.0 20.4 17.8 15.6 -3.1 -11. 7 -15.1 -13.6 1.9 0.4 3.6 0.3 5.6 26.3 17. 7 19.2 18.4 21.0 28 20.0 16.4 -2.1 -11.7 -15.1 -13.6 2.4 0.2 3.4 0.3 5.6 26.6 17.2 19.0 18.4 21.0 20.9 17.3 -2.1 -11.8 -H.9 -16.4 2.6 0.2 4.0 0.2 4.9 26.1 17.5 18.9 18.6 20.2 30 21.3 17.3 -2.1 -11.8 -14.9 -16.4 2.9 0.2 4.0 0.2 4.9 26.0 17.5 18.9 18.6 20.2 23. 1 18.4 -2. 1 -12.7 -1'.9 -16.7 2. 7 0.2 4.2 0.1 5.2 25.5 17.8 19.1 18.3 20. 1 

STRATEGY ZERO WITHOUT Sl40CTIIING FILTER 

FRAME ANGLE OF VERTEBRA i'Ll\NAR DISTANCE BETl!Enl VERTEBRAE .A.Xll.L DISTANCE BETWEEN VERTEBRAE NO Cl C2 CJ C4 CS C6 C1-C2 C2-C3 C3-C4 C4-CS C5-C6 C1-C2 C2-C3 C3-C4 C4-CS CS-C6 0 -20.6 -6.7 -13.8 -1s.1 -17.3 38.3 0.6 2.0 0.4 1.8 30.3 26.8 18.4 20.S 18.8 38.8 -20.2 -6.7 -13.8 -15.1 -16.8 31.2 0.8 2.0 0.4 2.4 22.4 26.8 18.4 20.S 18.9 37.0 2 -19.8 -6.7 -13.6 -1s.1 -17.0 24.9 0.9 2.3 0.2 2. 1 15.9 26. 7 18.4 20.4 18.8 34.7 -17. 7 -6.7 -13.3 -15.1 -17.0 19.0 1.1 2.1 0.0 2.1 10. 7 27.1 18.4 20.4 18.8 32.6 4 -15.2 -s.1 -11.s -14.3 -17.0 10.4 0.3 2.6 0.1 1.7 4.4 27.2 18.1 20.5 18.9 29.4 -14.0 -4.7 -10.6 -13.6 -17.4 2.5 0.6 2.6 o.o 1.4 0.1 27.2 18.0 20.4 19.3 26.S 6 -11.8 -3.8 -10.0 -13.6 -17.4 -3.S 1.3 2.4 0.5 1.4 2.3 27.4 17.9 20.6 19.3 u.s -10.6 -1.9 -10.0 -13.6 -17.4 -8.6 1.3 2.4 0.5 1.4 2.7 27.0 18.3 20.6 19.3 23.0 8 -9.5 -1.9 -10.0 -13.6 -17.9 -12.2 1.3 2.2 0.5 0.8 3.0 27.2 18.3 20.6 19.2 22.0 -8.1 -0.9 -10.1 -13.8 -16.5 -12.9 1.0 2.0 1.1 1.2 4.3 27.1 18.S 20.S 19.5 21.3 10 -5. 7 0.9 -10.1 -13.8 -16.s -15.4 1.8 1.3 1.1 1.2 5.4 26.6 18.9 20.5 19.5 20.6 -5.6 1.9 -10.1 -13.8 -16.5 -15.4 1.3 0.9 ,. 1 1.2 5.4 26.3 19.1 20.s 19.5 20.6 12 -4.4 1.9 -10.1 -13.1 -16.S -16.3 0.8 0.9 1.6 1.0 5.5 26.S 19. 1 20.1 19.7 20.3 -3.3 2.8 -10. 1 -13. 1 -16.5 -19.7 o.8 0.6 1.6 1.0 6.3 26.S 19.3 20. 1 19.7 19.3 14 -3.3 2.8 -10. 1 -13.1 -16.5 -19.7 0.3 0.1 1.6 1.0 6.3 26.5 19.3 20. 1 19. 7 19.3 -1. 1 2.8 -10.1 -12.9 -16.5 -20.6 0.5 0. 1 1.8 0.3 6.3 26.5 19.3 20.0 19.5 19.0 16 -1.1 2.8 -10.1 -12.9 -15.9 -20.6 0.5 o. 1 1.8 0.2 6.5 26.5 19.3 20.0 19.2 19.2 -1. 1 2.8 -10.1 -12.9 -15.9 -20.6 0.5 o. 1 1.8 0.2 6.5 26.5 19.3 20.0 19.2 19.2 18 -1.1 2.9 -10.5 -12.1 -15.9 -19.9 0.2 0.2 2.1 0.0 6.0 26.5 19.3 20.0 19. 1 19.4 2.2 s. 7 -9.3 -12.7 -15.9 -15.4 1.2 0.3 2.1 o.o 5.6 26.S 19.2 19.7 19. 1 20.8 20 3.2 5. 7 -9.3 -11.7 -16.2 -15.2 0.3 0.8 1.7 0.3 5.6 26.3 19.2 20.0 18.7 20.8 5.3 6. 7 -9. 1 -10.8 -16.2 -11.1 0.3 0.8 2.2 0.2 5.9 26.6 19.0 19.7 19.0 22.0 22 7.4 6. 7 -9.1 -9.9 -16.2 -11.1 0.2 1.3 2.0 0.1 5.9 26.2 19.0 19.4 19.2 22.0 9.3 7.7 -9.3 -9.8 -16.2 -11.9 0.3 1.7 2.0 0.3 5. 7 26.0 18. 7 19.4 19.2 21.8 24 11.5 9.5 -8.1 -9.8 -16.2 -8.4 0.7 1.7 2.0 0.3 4.3 26.0 18.5 19.2 19.2 22.9 13.5 11.1 -7.0 -9.8 -16.2 -8.4 1 .3 2.2 2.1 0.3 4.3 26.1 18., 18.9 19.2 22.9 26 15.S 12.2 -7.1 -9.8 -1s.9 -12.s 1.2 2.1 2.3 0.5 4.0 26.0 18.1 18.9 19.1 21.7 17.5 13.3 -7.3 -9.8 -15.9 -17.7 1.6 2., 2.6 0.5 3.7 25. 7 17.9 18.8 19.1 20.0 28 18.8 1,.0 -6.2 -9.8 -15.9 -19.2 2.0 2., 2.5 0.5 3.8 25.7 17.5 19.1 19.1 19.5 19.1 14.0 -6. 1 -9.8 -16.2 -18.( 2.3 3.2 2.2 0.3 3.3 25.6 17.5 19.1 19.2 19.7 30 20.1 14.0 -6. 1 -9.8 -16.4 -18.2 2.5 3.2 2.2 0.6 2.8 25.4 17.5 19.1 19. 1 19.8 22.0 H.9 -6.1 -11.s -16., -18.2 2.4 3.5 2.6 0.8 2.8 2'.8 17.9 19.6 18.6 19.8 
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Table 9-4 Spine measurements from data tracked using strategy 1 

STRATEGY ONE WITH SMOOTl!ING l"ILTER 

FRAME ANGLE OF VERTEBRA 
NO c, C2 C3 C4 CS C6 
0 -17.8 -13.3 -22.3 -28.2 -19.8 -7.6 

-17.S -12.4 -23.2 -27.0 -18.7 -11.0 
2 -17.5 -10.7 -24.1 -28.5 -18.7 _, 1 •• 

-16.5 -10.0 -22.3 -28. 1 -20.7 -11.4 
4 -15.1 -a.o -19.1 -27.0 -20.5 -8.9 

-14.3 -S.9 -18. 1 -2s.4 -19.4 -7.6 
6 -12.7 -4.8 -,a. 1 -25.8 -17.7 -8.8 

-11 .s -3.8 -,a.4 -23.3 -17.4 -9.S 
8 -10.4 -1.9 -17.2 -21.6 -16.9 -6.8 

-9.5 -0.9 -15.4 -18.7 -16.9 -6.9 
10 -8.3 o.o -13.1 -16.7 -15.0 -8.0 

-7.0 0.0 -11 .3 -15.6 -14.4 -8.8 
12 -4.6 -0.9 -10.6 -14.7 -14.9 -12.4 

-2.2 o.o -9.8 -12.7 -14.9 -13.8 
14 -1. 1 0.9 -10.0 -12.9 -14.9 -17.4 _,. 1 1 .9 -10.1 -12.9 -16.2 -21.1 
16 _,. 1 2.8 -10. 1 -12.9 -15.9 -20.6 

0.0 3.7 -9.3 -12.7 -14.9 -20.9 
18 1. 1 4.5 -8.6 -12.0 -13.8 -20.9 

3.2 7. 1 -7.5 -13.3 -13.2 -,a.1 
20 5.2 9.6 -5.4 -14.s -12.4 -16.5 

7. 1 12.2 -3.2 -13.8 -12.4 -16.2 
22 10. 1 14.3 -1.1 -12.6 -12.9 -15.4 

12. 1 17.0 0.0 -11.7 -13.S -18.7 
24 14.0 19.5 2.0 -11.9 -11.8 -19.5 

15.9 21.2 2.9 -11.1 -11.9 -19.8 
26 17.8 22.3 3.9 -10. 1 -11.5 -17.2 

21.4 23.4 4.8 -10.0 -12.4 -16.4 
28 23.6 25.0 4.7 -12. 1 -13.7 -14.7 

24.4 25.8 3.7 -15.3 -15.0 -17.9 
30 24.4 26.6 5.4 -15.3 -14.6 -16.6 

25.3 27 .3 8.0 -14.S -14.4 -16.6 

STRATEGY ONE WITHOUT SMOOTHING FILTER 

FRAME 
NO 
0 

2 

6 

8 

10 

12 

14 

16 

18 

20 

22 

24 

26 

28 

30 

ANGLE OF VERTEBRA 
Cl C2 CJ C4 CS C6 

-,s.1 -17.0 -19.7 -26.6 -17.6 -14.0 
-,s.6 -14.8 -18.2 -21.0 -11.6 -14.2 
-15.6 -14.0 -16.9 -27.8 -16.8 -13.3 
-,s.4 -12.s -16.9 -26.6 -16.8 -14.2 
-14.6 -11.2 -17.4 -26.2 -16.8 -16.S 
-14.9 -8.8 -16.5 -22.8 -16.2 -17.0 
-14.0 -7.3 -15.3 -20.6 -15.6 -14.3 
-13.2 -7.3 -13.8 -19.1 -14.7 -12.3 
-12.0 -5.7 -12.2 -19.1 -15.3 -13.3 
-7.3 -4.1 -11.s -11.a -,s.9 -,s.3 
-2.4 -0.9 -11.7 -17.S -15.7 -13.3 
-2.'4 1.8 -11.9 -17.2 -16.8 -14.8 
-2.3 2.7 -11.9 -17.0 -15.1 -17.8 
-1.1 2.7 -11.9 -15.6 -14.9 -17.5 
-1.1 2.8 -11.9 -1'4.5 -14.9 -17.5 
-1.1 2.8 -11.1 -13.6 -15.9 -20.6 
-1. 1 2.8 -10. 1 -12.9 -1 S.9 -20. 6 
-,., 3.8 -10.1 -12.9 -14.9 -15.3 
-1.1 4.7 -10.1 -12.2 -14.S -11.1 

2.2 5.7 -10.1 -11.S -14.S -10.0 
'4.2 6. 7 -10. 1 -9.6 -13.8 -8.8 
7.3 7.6 -10.0 -9.S -13.8 -9.3 

10.0 8.4 -8.8 -9.3 -13.6 -8.S 
10.7 11 .o -7.9 -8.3 -12.9 -4.0 
12.6 13.2 -4.9 -8.1 -12.2 -o.9 
15.2 14.7 -3.0 -9.2 -11.3 -0.9 
15.4 16.1 -1.0 -9.2 -10.4 1.0 
16.3 18.2 1.9 -9.9 -9.3 3.8 
17.5 19.9 3.8 -11.s -9.3 3.8 
18.7 21.1 3.8 -11.3 -9.3 3.9 
18.7 23.2 3.8 -10.3 -9.3 11.7 
18.7 24.9 5.6 -8.6 -10. 1 14.2 

PLANAR DISTAICE BETWEEN VERTEBRAE 
C1-C2 C2-c3 C3-C( C4-CS CS-C6 

0.6 2.9 3.0 1.4 0.3 
0.4 3.0 3. 1 1.8 1.5 
0.6 2.9 4.2 1. 7 2.0 
0.9 2.5 4.2 1.5 2. 7 
0.9 1.5 4.0 1. 7 2.0 
0.5 o.a 4.5 2.0 1.4 
o.s 1.0 5.0 2.5 2. 1 
0.7 0.9 4.7 2.5 1.9 
0.5 0.2 •• 1 2.5 0.8 
o.o o. 1 3.4 2.2 0.6 
0.2 0.4 2.3 2.4 1 .5 
0.5 0.4 1.4 ,. 7 1.3 
0.2 0.1 1.4 1.3 0.8 
o.o 0.3 ,.o 1.8 2.5 
0.3 0.2 1.5 1.6 4.3 
0.2 o.o 1.8 0.4 6.3 
0.5 0.1 1.8 0.2 6.5 
0.9 o. 1 ,. 7 0.9 6.8 
0.9 o.o 1.7 1.0 6.3 
1., 0.4 2.3 0.7 6.9 
1 .5 1.5 2.9 0.6 6.7 
1.7 2.4 3.1 1 .0 7.0 
2.3 2.8 2.5 1.0 7.3 
2.5 3.3 2.1 0.9 7.0 
2.5 3.8 2.3 1.6 7.0 
3.3 3.2 2.2 ,. 7 7.0 
3.6 2.8 1.8 2.0 7.1 
3.8 2.6 1.6 1.5 6.4 
4. 1 2.5 1.5 0.9 6.0 
4.5 2. 1 2.2 0.9 6.3 
4.8 2. 1 1.8 1 .5 6. 7 
4.S 2.3 0.9 1.6 6.9 

PLANAR DISTANCE BJ::I'li'E!N VERTEBRAE 
C1-C2 C2-C3 C3-C4 C4-C5 CS-C6 

4.2 2.2 9.1 1.3 0.4 
3.2 2.2 8.2 1.1 1.0 
2.5 1.7 7.'4 1.0 0.8 
2.3 1.3 6.9 o., o.s 
2.1 ,., 7.1 0.2 1.9 
2.6 1.3 6.8 0.8 2.7 
2.5 0.9 6. 1 1.0 2.8 
2.0 0.4 5.6 1.8 2.7 
1.3 0.6 5.1 2.0 4.3 
0.1 1.0 4.8 2.1 5.9 
1.3 1.2 4.3 1.7 5.7 
1.8 1.4 3.8 0.6 5.8 
2.0 o.a 3.6 o.3 4.9 
1.2 o.5 2.9 o.3 4.8 
0.2 0.3 2.4 0.2 4.9 
0.5 0.1 1.9 0.1 6.1 
0.5 o., 1.8 0.2 6.5 
0.4 0.2 1.8 0.6 6.3 
o., 0.4 1.4 0.5 5.0 
0.4 0.3 1.0 0.3 4.6 
1.6 0.5 0.6 o., 4 •• 
1.5 0.4 1.1 0.1 3.7 
1.1 0.3 1.• 0.4 3.9 
0.8 0.7 1.3 0.7 ,.1 
0.1 1.3 1.6 0.4 2.1 
0.2 1.7 2.1 0.2 1.8 
0.5 2.5 2.0 0.2 2.0 
1 .0 3.3 ,.. 1.2 1.2 ,.a 3.7 1.6 1.6 1.1 
2.4 4.2 1.6 1.7 2.7 
3.0 <1.6 1.7 1.8 0.3 
3.8 5.3 1.3 2.0 1.1 
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AXIAL DISTANCE BETIIEm VERTEBRAE 
C1-C2 C2-C3 C3-C4 C4:-C5 c5-<:6 

30.2 14.6 22. 7 21.6 23.2 
29.9 15.1 22.6 21.6 21 .6 
29.2 15.9 22.5 21.2 21 .2 
29. 1 16. 7 21.8 21.0 21.3 
28.4 16.9 22.0 21.2 21 .9 
27 .6 17.2 21.9 20.8 22.3 
27 .2 17 .4 22.3 20.3 21 .9 
27. 1 17.7 22.0 20. 1 21 .9 
27 .3 18.0 21.4 20.2 22.5 
27 .3 18.5 20.4 20. 1 22.6 
27.3 18.7 20. 1 19.9 22.6 
27.S 18.6 20.0 19.6 22.7 
27 .3 18.6 19.9 19.7 21. 7 
27.0 18.5 20.2 19.8 21.0 
27.0 18.8 20. 1 19.7 20.4 
26. 7 19.0 20.0 19.2 19.5 
26.5 19.3 20.0 19.2 19.2 
26.5 19.3 20.3 19.S 18.8 
26.5 19.3 20.3 20.0 18.7 
26.2 19.7 20.2 19.7 19.6 
26.0 19.9 20.3 19.2 20.2 
25.8 20. 1 20.0 19.0 20.7 
25.6 20. 1 20.3 18.4 20.3 
25.4 20.5 20.4 17.9 19.8 
25.4 20. 1 20.4 ,a.o 19.6 
25.3 20.0 20.4 17.7 19.6 
25.0 20.2 20.4 17. 7 20.9 
24.9 20.2 20. 7 16.9 21.9 
25.6 19.8 20. 7 16.4 22.7 
26.6 19.4 20.6 15.8 22., 
26.8 19.7 20.2 1 S.9 22.3 
26.5 20.3 20.2 15. 7 22.2 

AXIAL DISTANCE BETWEEN VERTEBRAE 
C1-C2 C2-c3 C3-C4 C4-C5 C5-C6 

29.0 16.5 18.2 21.3 26.4 
28.9 16.5 18.S 21.2 25.7 
29.3 16.5 18.9 21.5 25.2 
29.3 16.9 18.8 21.• 24.5 
28.1 17.3 18.7 21.3 22.9 
28.5 18.2 18.5 21.0 22.2 
28.3 18.S 19.0 20.3 22.3 
28. 1 18.9 19.2 20. 1 22.0 
27 .9 19.3 19.3 20.0 21. 6 
27.9 19.0 19.4 20.0 20.9 
27.3 19.5 19.5 19.8 21.0 
27 .0 19. 7 19. 7 19.3 20.4 
26.7 19.9 19.7 19.1 19.2 
26.5 19.8 20.1 18.7 19.2 
26.5 19.8 20.0 18.9 19.7 
26.5 19.5 20.1 18.9 19.3 
26.5 19.3 20.0 19.2 19.2 
26.2 19.5 20.0 19.5 20.6 
26.0 19.8 19.9 19.4 21.7 
25.6 20.0 19.7 19.6 22.0 
25.5 20.3 19.7 19.2 23.1 
25.2 20.5 19.6 19.1 23.0 
24.7 20.5 19.8 19.2 22.7 
24.9 21.0 19.8 19.2 23. 7 
24.1 21.5 20.0 18.9 24.4 
2(.0 21.9 19.6 18.8 24.2 
24.0 22.4 19.1 19.0 24.4 
24.1 22.a 19.2 ,a.a 24.5 
23.9 23.5 19.2 18.3 24.4 
24.1 23.9 19.2 17.7 24.9 
24.3 23.6 18.9 17.9 27.8 
U.4 23.2 19.0 18.2 28.5 



Table 9-5 Spine measurements from data tracked using strategy 3 

STRATEGY THREE WITH SHOOTHING FILTER 

FRAME 
NO 
0 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

22 

24 

26 

28 

30 

AmLE 01' VERTEBRA 
C1 C2 C3 C4 CS C6 

-22.4 -13.3 -24.9 -25.0 -23.9 -20.8 
-22.0 -14.0 -25.3 -25.0 -2'.2 -19.9 
-22.0 -13.1 -24.1 -24.6 -23.8 -21.6 
-21.0 -11.3 -23.7 -23.4 -22.3 -19.9 
-19.9 -9.6 -22.8 -23.0 -21.2 -19.3 
-20.3 -7.6 -20.6 -21.0 -20.9 -16.5 
-16.3 -7.6 -19.3 -21.0 -21.2 -15.5 
-15.5 -5.7 -18.7 -19.8 -20.4 -19.1 
-14.0 -5.8 -17.8 -20.1 -19.2 -15.8 
-12.0 -3.8 -17.2 -19.6 -19.2 -16.8 
-9.3 -2.9 -15.3 -17.6 -18.4 -17.1 
-8.0 -1.0 -15.3 -16.7 -18.7 -16.8 
-6.8 -1.0 -14.0 -17.0 -17.0 -21.4 
-5.6 0.9 -H.O -16. 7 -15.9 -20.9 
-2.3 1.9 -11.9 -15.8 -15.9 -19.3 
-1.1 2.8 -10.1 -12.9 -15.9 -20.6 
-1. 1 2.8 -10. 1 -12.9 -15.9 -20.6 
-,., 3.8 -10.1 -12.9 -15.9 -20.9 
2.2 5.7 -7.1 -11.0 -1 ◄ .3 -20.6 
3.3 7.6 -6.0 -11.0 -14.7 -19.7 
7.4 10.4 -5.0 -10.8 -12.8 -21.3 
9.5 10.4 -4.2 -10.1 -13.8 -20.9 

11.5 12.2 -2.0 -11.0 -12.8 -21.3 
H.5 14.9 -1 .O -11.0 -13.6 -20.0 
16.2 15.8 0.0 -9.9 -12.3 -20.9 
18.1 19.o 3.1 -10.8 -12.2 -20.9 
20.3 19.9 3.2 -9.9 -11.s -20.0 
21.3 21.6 4.1 -9.0 -12.0 -20.9 
23.6 21.0 5.2 -8.9 -12.0 -20.6 
24.4 23.7 6.2 -9.2 -12.0 -19.7 
26.6 24.1 7.4 -9.8 -12.8 -21.4 
27.0 25.0 9.3 -9.0 -11.5 -21.4 

STRATEGY THREE WITHOUT SMOOTHING FILTER 

FRAME 
NO 
0 

2 

4 

6 

8 

10 

12 

H 

16 

18 

20 

22 

24 

26 

28 

30 

ANGLE OF VERTEBRA 
Cl C2 C3 C4 CS C6 

-21.0 -14.7 -26.6 -25.0 -24.6 -25.8 
-20.2 -12.9 -26.6 -23.0 -24.2 -26.6 
-22.0 -12.9 -24.9 -21.8 -23.8 -25.4 
-18.4 -12.s -24.5 -22.1 -22.8 -2s.4 
-18.4 -11.1 -24.1 -21.8 -23.4 -24.6 
-17.4 -10.1 -23.2 -20.4 -21.2 -25.8 
-16.3 -7.5 -20.9 -19.3 -21.2 -21.6 
-H.O -6.5 -19. 7 -18.4 -20.9 -21.6 
-14.0 -5.7 -20.0 -16.7 -19.8 -21.4 
-11.5 -4.8 -19.1 -15.8 -18.7 -22.3 
-10.4 -2.9 -15.9 -15.6 -17.7 -20.6 
-8.0 -1.9 -16.2 -15.8 -17.4 -20.6 
-7.0 -0.9 -14.0 -15.8 -18.4 -19.3 
-4.5 0.9 -13.8 -13.8 -16.8 -19.3 
-2.2 1.9 -11.9 -13.1 -15.7 -19.3 
-1.1 3.8 -10.1 -12.9 -15.9 -20.9 
-1.1 2.8 -10.1 -12.9 -15.9 -20.6 
-1.1 3.8 -10.1 -12.9 -15.9 -20.6 

2.2 4.8 -7.3 -11.1 -15.1 -19.7 
4.4 6.7 -6.1 -10.2 -14.9 -22.2 
7.7 9.5 -s.o -9.2 -15.1 -22.2 
8.4 10.4 -4.0 -9.2 -14.9 -20.0 

11.7 11.3 -2.0 -8.1 -H.3 -21.3 
13.8 14.3 -2.0 -6.3 -14.9 -20.9 
17.8 15.2 o.o -6.3 -14.7 -21.8 
19.7 17.2 1.0 -7.<( -15.1 -21.3 
22.8 20.2 3.9 -5.4 -14.9 -20.9 
23.9 20.2 4.9 -3. 7 -13.0 -20.0 
24.3 22.0 4.0 -4.6 -H.0 -20.0 
26.1 22.7 5.0 -3.8 -14.9 -21.3 
28.9 23.7 4.9 -4.6 -14.0 -22.2 
30.6 24.1 7.9 -2.8 -15.1 -22.2 

PLANAR DISTANCE BET'i!EEN VERTEl!RAE 
C1-C2 C2-C3 C3-C4 C4-C5 C5-C6 

1.5 1.8 2.9 1.1 6.4 
1. 1 2.3 3 .o 0. 7 6.9 
1.3 1.9 2.8 0.9 6.8 
1.2 1.8 3.1 0.0 6.5 
1.0 1.5 2.6 0.4 6.0 
0.9 0.8 2.4 0.0 7.2 
0.7 0.9 2.8 0.2 7.2 
0.8 0.7 2.5 0.4 7.4 
0.5 0.8 2. 7 0.2 6.9 
0.2 0.8 2.8 0.1 6.8 
0.2 0.5 2.6 0.9 7.5 
0.1 0.5 2.0 0.2 7.1 
0.2 0.5 2.2 0.5 6.2 
0.1 0.4 2.4 0.2 6.4 
0.8 0.2 2.1 0. 1 6.2 
0.5 0.1 1.8 0.2 6.1 
0.5 0.1 1.8 0.2 6.5 
0.2 0.2 1.8 0.2 6.8 
1.4 0.3 1.2 0.6 6.3 
,., 0.6 1.3 0.6 6.6 
2.2 0.7 1.4 0.9 7.2 
2.0 0.4 1.3 0.9 7.4 
1 .8 0.8 1.4 1. 1 7. 7 
3.2 ,.o 1.3 0.7 7.5 
2.5 ,.o 0.9 0.7 7.4 
3.8 1.7 1.8 0.9 7.7 
3.5 1.5 ,., 0.9 7.7 
3.6 1.5 1.3 1.1 7.9 
4.2 0.9 0.6 0.8 8.1 
4.9 1.8 1.4 1.3 8.2 
4.9 1.9 1.2 0.6 8.4 
4.6 2.2 0.7 0.7 8.2 

PLANAR DISTANCE BETWEEN VERTEBRAE 
C1-C2 C2-C3 C3-C4 C4-C5 C5-C6 

1.2 2.2 3.4 1.0 6.8 
0.7 1.9 3.1 0.6 7.0 
1.0 2.1 2.7 0.7 6.7 
0.5 1.7 3.1 0.8 6.8 
0.8 1.6 3.1 0.9 6.8 
0.9 1.6 3.0 0.7 6.6 
0.4 0.8 2. 7 0.4 6.8 
0.2 o. 7 2. 7 0.3 6.3 
0.2 1. 1 2. 1 0.2 6.8 
0.3 0.8 2.4 0.1 6.8 
0.1 0.7 1.8 0.2 6.7 
0.6 1.1 1.8 0.1 6.1 
0.3 0.7 1 .8 0.4 6.2 
0.8 o. 1 1.9 0. 1 5.8 ,.o 0.2 1.5 0.7 6.4 
o. 7 0.2 1.8 0.2 6.4 
0.5 0.1 1.8 0.2 6.5 
o.s 0.2 1.8 0.2 6.5 
0.9 0.4 1.7 0.6 6.1 
1.1 0.2 1.2 0.6 6.7 
,.s 0-6 0.7 0.2 7.0 
1.4 0.9 1.5 0.5 6.6 
1.7 0.9 0.8 0.7 7.1 
2.5 1.2 0.5 0.7 7.1 
2.8 1.3 0.4 0.5 7.1 
2.8 1 .4 0.9 o., 7.4 
3. 7 1.8 0.4 0. 1 6.8 
3.3 2.0 0.2 0.4 6.5 
3.7 1.9 0.1 0.1 6.5 
3.7 2.2 0.2 0.2 7.1 
5.4 1. 7 o.o o.o 7. 1 
5.2 2.0 0.8 0.3 7 .6 
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AXIAL DISTANCE BETWEEN VERTEBRAE 
C1-C2 C2-C3 C3-C4 C4,.C5 C5-C6 

25.5 19.5 20.4 18.7 21.4 
25.9 19.1 19.9 19.5 20.9 
25.5 19. 7 20.1 19. 1 20. 7 
25.6 19.6 20.2 18.7 21.6 
26.3 19.4 20.3 19.0 21.2 
25. 7 19.6 20.5 19.0 21.8 
25.9 19.8 20.0 19.1 21.6 
26.0 20.0 20.0 19.3 20.5 
25.8 19.8 20.2 19.1 21. 7 
26.2 19.9 19.6 19.4 20.9 
26.9 19.2 20.1 19.2 21.0 
26.1 19.6 20.5 18.6 21.1 
26.3 19.3 20.1 19.5 19.3 
26.5 19.3 20.1 19.2 19.2 
26.5 19.6 19.8 19.0 19.5 
26.5 19.3 20.0 19.2 19.3 
26.5 19.3 20.0 19.2 19.2 
26.3 19.5 20.0 19.2 19.1 
26.5 19.8 19.8 19.1 19.3 
26.8 19.0 20.5 18.8 19.1 
26.5 19.0 20.8 18.8 18.7 
26.0 19.3 20.2 18.8 18.9 
25.7 19.3 20.5 18.9 18.6 
26.0 19.3 20.7 18.1 19.1 
26.1 19.3 20.3 18.2 18.9 
26.2 18.8 20.2 18.0 19.<t 
25.6 19.1 20.5 18.0 19.4 
25.5 19.4 20.5 17.5 19.3 
25.5 19.3 20.2 17.4 19.3 
25.7 19.5 20.0 17.5 20.0 
25.6 19.0 20.5 17.5 19.1 
25.0 19.2 20.7 17.2 19.2 

AXIAL DISTANCE BETWEEN VERTEBRAE 
Cl -C2 C2-c3 C3-C4 C4-C5 C5-C6 

25.3 19.5 19.7 19.4 19.7 
25.8 19.5 19.2 19.4 19.4 
25.6 19.4 20.1 19.2 19.5 
25.8 19.4 19.9 19.7 19.4 
26.1 19.2 20.1 19.1 19.7 
25.5 19.6 20.3 19.5 18.9 
25.9 19.6 19.8 19.8 20.2 
26.1 19.6 20.2 19.5 19.8 
25.8 19.7 19.8 19.7 19.6 
26.0 19.8 20.2 19.6 19. 1 
26.1 19.9 20.0 19.4 19.4 
26.4 19.6 20.0 19.5 19.3 
26.3 19.3 20.5 19.2 19.8 
26.3 19.4 20.4 19.2 19.4 
26.5 19.6 19.6 19.3 19.5 
26.2 19.5 20.0 19.2 19.2 
26.5 19.3 20.0 19.2 19.2 
26.2 19.5 20.0 19.2 19.2 
26.7 19.5 19.7 19.4 18.8 
26.8 19.2 20.3 19.1 18.6 
26.8 19.2 19.8 19.2 18.5 
26.4 19.7 19.5 19.3 18.6 
27.0 19.5 19.3 19.8 18.5 
26.7 19.2 19.8 19.0 18.2 
27.1 19.0 19.8 18.9 18.5 
26.7 19.3 19.7 18.6 18.6 
26.5 18.8 19.5 19.0 18.8 
26.2 19.0 19.7 19.0 18.7 
26.7 18.8 19.3 19.0 18.9 
26.3 19.0 19.2 18.5 18.7 
25.8 19.2 19.5 18.5 18.7 
26.0 19.5 18.7 18.8 18.8 
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Figure 9-9b Angle of C3 from strategies (no smoothing) 
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smoothing) 

9-19 



-Ill 

Planar Distance Between Vertebrae 
C2 and C3 

3.5 +------------------+--''<-------! 
3+-:;X.:::;-::;;-----------------,---",;:-------1 

l 2.s +--~;,__------------~----~--.., -a. -~ 2-+-;l~-+\r\-------------t--------r-~ 
(J 

.E 1.s+--a?---a-.... ----------~---+-lilllllPlll!l~+-----4 Ill 
0 

o.s +---------lr-::~~c.r~---,c,-,"'-"lc'----'t:--f-~-::1--r---i 
0 ~:::!,.M~~~~~~~~~~~~~s;J 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
Freme Number 

-flllt- llcruoi Dato -+- Slrotogy O smoofho<I ~ Strategy 1 lfflOOlhod -a:- Slralegy l lfflOO!hed 

Figure 9-14a Planar distance C2 to C3 from strategies and 
smoothing 

-

Planar Distance Between Vertebrae 
C2 and C3 

~4-------------------------~ X -a. -~3+----------------------1--~-'--~ (J 
C 
0 
]2~~Y~--..-.::~------------1~~=t?'~-ld~ C 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
Freme Number 

1--Wcn.,oi Dalo -+- Strategy O no .-nlhg ~ Strategy 1 no ornlhg -a:- Slral"l1)' l no lffllhg I 

Figure 9-14b Planar distance C2 to C3 from strategies (no 
smoothing) 

9-20 



Planar Distance Between Vertebrae 
C3 and C4 

0 ..J..,--,.-.,......,."-,---;--,--,.-;---,-.,.....,-,--.-,--.--,---r---,-...--,--.----,--.---,,--.---,-.,......,--,---,--..,..., 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
F' rcme Number 

1--- Wcnucl Data 

Figure 9-15a Planar distance C3 to C4 from strategies and smoothing 

Planar Distance Between Vertebrae 
C3 and C4 

10...------------------------, 9~-------------------------1 84--..q.-----------------------
~ 7+---¼--......-----------------------1 ~ 

i 6 -~ s+--------...,.,-------------------1 CJ 

6 4+--------"""o""-----------------1 -"' c 3+-~~~""'=:;;~----'.l~----------------1 
21-----,t:r;l:;tl~Ce:~~~~7~-=.;;:.,a:.,~7 
1-t------~--------"!~Fr--X'.l;::::aracr-'r-;;;;i 
o J..;...~~c::t==-h-,-,---,--,--,--r-r-,--.-,-,---,-...,.-,--r-,-::;:.,...::~~N'-,..J 0 2 4 6 

1--- Wcnucl Dalo 

8 10 12 14 16 18 20 22 24 26 28 30 
F' r cme Number 

-+- Slral6gy O no 11mthg -M- Slralegy 1 no llmthg ....,. Slralogy :5 no rmlhg ! 

Figure 9-15b Planar distance C3 to C4 from strategies (no smoothing) 
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10.1.1 

Chapter 10 

Further work 

Tracking methods to improve overall results 

Tracking through a sequence 

Normally a point is tracked from the first frame through the consecutive frames to 

the last frame. There are several variations on this. One is to start in the centre of 

the sequence of frames and work towards both ends, thus when using a poor 

algorithm the likely numbers of frames that are tracked within acceptable bounds is 

greatly increased. There is also a decision whether to make the comparison of 

windows interframe or with respect to the first frame in the sequence. When tracking 

interframe rotation is small. Tracking interframe is therefore advantageous if the 

algorithm does not allow for rotation, however a disadvantage is that the point may 

wander because of discretisation, and once the algorithm fails to find a correct 

location there is no chance of recovery unless this is provided by a supervising 

algorithm. The effect of discretisation may be significantly reduced by allowing for 

sub-pixel locations. The disadvantage of using the first frame to compare to the 

whole sequence is that rotation must be allowed for unless the algorithm is 

unaffected by rotation. 

The best, or most robust method, may be a combination of both methods, for example 

tracking between consecutive frames but checking at regular frame intervals with the 

first frame (using a rotation and translation calculation), then adjusting if necessary. 



10.1.2 Searching an image using the two dimensional 

logarithmic search 

A direct search method discussed by Jain Uain, 1991] that is very applicable to the 

tracking work discussed in this report was the two-dimensional logarithmic search. 

For a search radius of five pixels, which has been found sufficient for the nature of 

the movement in the video, the number of search locations for the SAD algorithm 

would be reduced from 121 to between 13 and 21. Currently when scanning for the 

correct new location the statistic for every pixel within the search window is 

calculated. A depression in the statistic value is discernable surrounding the correct 

location match with the correct location of course giving the lowest statistic. This 

search method utilises this characteristic by using the direction of minimum distortion 

as the search direction vector. This allows the area of minima to be quickly zoomed 

in on until the plane of search reduces to a 3 by 3 size and then in the final step all 

nine locations can be searched. It was found that when the search is sub-pixel this 

characteristic also holds. Therefore it is suggested that the next logical step when the 

final 3 by 3 search window has been scanned is to execute a sub-pixel search in the 

area surrounding the pixel with the lowest statistic - again using the direction of 

minimum distortion to highlight the particular area of interest. 

10.1.3 Recovery of a lost point 

10.1.3.1 Referencing to a moused frame 

The most obvious way to recover from a lost point has been discussed in 

section 10.1 and that is to regularly compare the picture to the frame with the 

moused points using a rotation as well as a translation calculation. If there are 

discrepancies then the correct points can be recorded and tracking reversed in 
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sequence, using these correct points, towards where the algorithm tracked 

inaccurately, stopping when the forward tracked and backward tracked 

locations were consistent. This recovery procedure would reduce the complete 

tracking speed if it was regularly necessary to re-track but would be a tidy 

check if the algorithm performed consistently well. 

10.1.3.2 Using the Vertebra rigid body property 

The vertebrae being tracked are of course bone and, although they are a three 

dimensional object, during the X-ray capture the z rotation is minimised 

making it almost ignorable for tracking purposes. A vertebra on the video can 

therefore be conceptualised as a rigid two dimensional roughly rectangular or 

trapezoidal shape. The shape outlined by the four points moused onto each 

vertebra can be compared to and/ or enforced on the points reported back after 

the algorithm has tracked them to each frame. This will allow one point per 

vertebra per frame to be recovered if the other three points on the vertebra 

track satisfactory. This is more useful than it first appears as often only one 

point will deviate, usually due to X-ray shadow or spinal movement that 

causes two vertebra to touch. If one or more points do not conform to the 

original vertebra moused shape a signal or alarm could be used to notify the 

clinician that an error may have occurred in tracking and provide the option 

to move the points to the correct positions or accept the points as tracked by 

the algorithm, before tracking continues. If such a check is implemented 

consideration must be made of what bounds to place on the 'constant' relation 

because there must be an allowance for the possible minimal rotation in the 

z direction, towards the camera, which would change the perceived shape of 

a vertebra. 

The vertebrae rigid body property was used successfully during testing to 

estimate the correct location of vertebra points for measuring the accuracy of 

the tested algorithms. This was implemented by first manually mousing 
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10.2 

10.21 

points on the dearly perceivable features of a vertebra on a selected frame and 

then manually rotating and translating that outline to superimpose it on 

successive frames. 

10.1.3.3 Prediction of location from motion trajectories 

Fletcher [Fletcher, 1990] developed a method of predicting missing points on 

features given a long image sequence. This would be very useful in the 

vertebra tracking application as it is common for X-ray shadows to reduce 

point detection and vertebrae sometimes 'merge' on film which is detrimental 

when attempting to match image windows. Unfortunately the interpolation 

algorithms currently defined in literature ([Schalkoff, 1989], [Cipolla, 1990] and 

[Sethi, 1987]) would have to be modified as they rely on a smoothness of 

motion criteria that allows points to be linked together to form trajectories 

across an image sequence and this criteria would not always hold for vertebra 

motion. 

Alternative statistics 

Methods suggested in literature 

Many feature tracking algorithms reported in the literature track lines, contours or 

curves and rely on dearly defined lines ([Rosin, 1989], [Brint ,1990] and [Deriche, 

1989]). For the cinematic X-ray images of the spine it is difficult to locate a complete 

outline of the vertebra. It may be possible to edge detect Uahne, 1991] or edge 

enhance [Castleman, 1979] the area of interest around a vertebra and then track the 

edges that were deemed trackable. 
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Other methods reported in literature attempt to match a two-dimensional scene to a 

three-dimensional predefined data base model of the object being searched for 

([Stephen, 1990], [Binfold, 1982] and [Besl, 1985]) . Because vertebra shapes vary from 

vertebra to vertebra and patient to patient a three-dimensional model is not possible. 

As z rotation is kept to a minimum in the X-ray sequence is would be possible use 

a two-dimensional outline of the vertebra to aid tracking, if the majority of the points 

being tracked remained accurate. 

10.2.2 Moment of inertia 

One possible algorithm calculates the moment of inertia, fr2, where fin the intensity 

value of the pixel and r is the distance from the central pixel in the window, for each 

point within some radius of a selected location. This statistic is independent of 

rotation and thus reduces computational overhead. 

10.2.3 Rate of change of intensity statistic 

Another type of statistic that may perform well is one that compares the rate of 

change of intensity across two windows. One advantage of this statistic is that it is 

based on locating a change of intensity pattern rather than a pixel to pixel 

comparison. Another benefit is that the change in overall intensity between frames 

has no effect as it is the changes across each window that are being compared. Two 

rate of change statistics were defined. The first statistic used the rate of change to 

weight the intensity difference. If windows being compared are of size n, from 

frames p and q, where f P(i,j) is the intensity of the pixel at position (i,j) in the current 

window somewhere in frame p, then the statistic is given by: 
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n 
LS• :E. 

J. I J 

[ ( (fP(i-l,j) -fp(i+l,j) - (fq(i-l,j) -fq(i+l;j)) ) 

The spatial rate of change statistic ( defined below) is very similar but the rate of 

change is taken across adjacent cells not cells one apart. It is rationalised by scaling 

the statistic by the difference between the average brightness of the two windows 

being compared where as the first statistic has a more localised scaling factor. 

n 
MS - n 2 * :E. l * fp(i,j) - fq(i,j) 

J., J 

[ ( (fp(i,j) -fp(i+l,j)) - (fq(i,j) -fq(i+l,j)) ) + 

( (fP(i,j) -fP(i,j+l)) - (fq(i,j) -fq(i,j+l)) ) ] 

10.2.4 Feature tracking 

When viewing a frame of the video it is often easier to determine where a comer of 

the vertebra is by finding the intercept of the parts of the sides of the vertebra that 

are distinguishable. It is hypothesised that this may be a good foundation for another 

algorithm. In some frames the sides of the vertebra are dearer than in others 

depending on how the edge lined up with the camera senses and the effect of 

shadowing, however the true side can always be determined within two pixels. This 

algorithm would have the advantage that it could always recover itself and could 

compensate for rotation at a very low computational cost as the pixels that defined 

the side could be rotated instead of a large window. 
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Chapter 11 

Conclusions 

The accuracy of the measurements of the spine made by the spinal movement 
analyser depends on the tracking algorithm providing good mapping of the points 
of interest throughout the cine series. The sum of absolute difference algorithm used 
by the original prototype gave varied levels of performance meaning results could 
not be relied on for diagnosis. The more obvious possible causes of these varied 
results were the original point placement, and the effects of rotation and 
discretisation. 

The first factor, the original point selection, can be compensated for by user training 
and a simple test algorithm that compares the moused p_oint to those in the 
surrounding area to test the uniqueness of the point. A point selected on the edge 
of a feature will not be clearly distinguishable from other points along the same edge. 
When points are determined to be not unique or of marginal trackable quality the 
user can be informed by the program to pick another point on a more definite feature 
of the vertebra or in an area of higher contrast. 

The effect of rotation on the algorithm was determined by tracking a point to the 
same frame rotated by computer program. Using a computer program to simulate 
rotation meant an exact measure of the rotation could be compared to the resultant 
performance of the algorithm. The experimental work concluded that because inter 
frame rotation was less than 3 degrees rotation did not have a significant effect on 
the performance of the sum of absolute difference statistic when tracking to the next 
frame in the sequence but when tracking to a frame which is significantly later in the 
sequence rotation must be included in the algorithm. 

Discretisation was found to have a detrimental effect on the sum of absolute 



difference statistic performance. This can be compensated for by adding a sub-pixel 

location calculation into the algorithm which decreased the gross error by 17 pixels 

for a vertebra in one case. 

In the original prototype a median filter (rank 5) was used to smooth the noise in the 

image to be searched. This was found to only slightly improve the performance of 

the statistic unless a sub-pixel location is sought in which case smoothing the picture 

had a detrimental effect due to the loss of image clarity and detail. 

The algorithms defined in the literature were found to be unsuitable for the 

application in question as they tracked clearly discernable lines or searched for a 

shape matching a predefined three-dimensional model. 

One algorithm that may prove to be a suitable alternative is the rate of change 

algorithm that compares changes in intensity across a window so is based on locating 

a change of intensity pattern rather than a pixel to pixel comparison. 

There are additional features that could be included in the tracking procedure to 

make the algorithm more effective (the two dimensional logarithmic search) and 

provide checks and safeguards against points incrementally deviating from the 

correct location as tracking progresses (referencing a moused frame, using the 

vertebra's rigid body property). The benefit of incorporating the safe guard features 

would have to be weighed against the cost of extra computational time. 

In conclusion, using the image subtraction technique to track from one frame was 

improved to within an acceptable error margin by tracking inter frame, that is from 

one frame to the next in the video sequence, and including a sub-pixel location 

calculation. 
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Appendix A 
Full derivation of spinal measurements 

Derivation of rotational displacement 

The point Al is exactly halfway along a 
straight line between Pl and P4. Al is given 
by the average of point Pl and P4. 

1'1 

P4 

Figure 1 

similarly A2 is the average of P2 and P3. 

The rotational displacement, RD, is a measure of the vertebra angle to the horizontal 
plane. This angle may be found using trigonometry. 



Derivation of axial and planar displacement 

The derivation of axial and planar displacement both use the following : 
• a line that bisects the space between the two vertebrae, 

• the centroid of each vertebra, 

• the intercept of the line perpendicular to the bisecting line through the 
centroid of the vertebra and the bisecting line, for each vertebra. 

If the points marked on the corners of 

the vertebrae are named as shown then 

the coordinate of A Vl is the average of 

the coordinates of PAl, P A4, PBl and 

PB4. Similarly the coordinate of A V2 is 

the average of the coordinates of P A2, 

P A3, PB2 and PB3. 

The equation of the bisecting line is : 

PA4 

Pl4 

Figure 2 
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The coordinate of the centroid of a 
vertebra are given by the average of the 
coordinates of the four points where 
these are treated as having equal 
weighting on a plane. VEITHIA t 

P1'1 

Thus the coordinate of the centroid of 
vertebra A, (X,Y)cENTA, are: FiQUre 3 

YPA.1 + YPA2 + YPA3 + YPA4 ) 

4 

and the coordinate of the centroid of vertebra B, (X,Y)CB,"TB, are: 

( 
XPBl+XPB2+XPB3+XPB4 (X, Y) CENTB • 4 , 

y.PB1 + YPB2 + y.PB3 + Yp.84 ) 

4 

To find the coordinates, (X, Y)INTA and (X, Y)INTB, of the perpendicular intercept of a line 
from the vertebra centroid and the bisecting line the equation for the perpendicular 
line must be calculated. The gradient of a line perpendicular to the bisecting line is -
1/MBJs. The Y intercept of the perpendicular line can be calculated as the gradient 
and the coordinate of a point on the line is known : 



The coordinates of the intercepts can be calculated by solving the following 
simultaneous equations: 

y .. 

to find (X, Y)INTA, and : 

Y-

to find (X, Y)INTB. 

Solving these equations gives: 

and 

The axial displacement, AD, is the sum of the distance from (X,Y)cENTA to (X,YhNTA 
and the distance from (X,Y)ce.rn to (X,Y)INTB: 



The planar displacement, PD, is the distance between the two intercepts (X,Y)INTA and 
(X,Y)1NTB: 



APPENDIX B 

Computer program to simulate the 

rotation of an image 

A Pascal program was written to rotate an image. The origin of rotation is taken as 

the centre of a pixel. The program first finds the equations of the lines within the 

area of interest that define the pixels before and after rotation. The intercepts of these 

lines are used to calculate the area of each of the previous pixels that contribute to 

the new pixel intensity. Using these areas and the previous pixel intensities the new 

intensity value of a pixel can be calculated. 



Find_lntcpts 
Rnd all Intercepts 

within a pixel 
boundary 

Find_lntensity 
Finds the Intensity of the pixel In 

position (l,J) after a known rotation 
and/or translaffon 

I 

Div_To_Areas 
DMdes a pixel 

Into areas given the 
Intercept list 

Calc_Area 
Calculates the area 

of the polygons 

Prev_Pixel 
Rnds the pixel reference 

In the frame being rotated 
corresponding to each 

area 

----------------···-··--· 

Axel lntensttv becomes sun 
of old ptxel lntenstty 11mes 
corresponding lntersec11on 

areas for each area 



Find_lntcpts 
Find all intercepts 

within a pixel 
boundary 

2 

i. 
l --------

· · · ·; / · · · ... , / · · · · · · .. 3 

1. Horizontal Grid .. . y = d * (kl - 0.5) 

2. Vertical Grid ... x = d * (k2 - 0.5) 

3. Rotated Horizontal Grid ... y = -x * tan(th) + d * (k3 - 0.5) / cos(th) 

4. Rotated Vertical Grid ... y = x * tan(90 - th) + d * (0.5 - k4) / sin(th) 

where rotation is specified by angle "th" and "d" is the width of the pixel 

The central pixel is defined by line equations and intercepts of : 

Top left hand corner : kl = O k2 = 0 
Top right hand corner : kl = 1 k2 = 0 
Bottom left hand corner : k 1 = O k2 = 1 
Bottom right hand corner : k 1 = 1 k2 = l 



Div_To_Areas 
Divides a pixel 

into areas given the 
intercept list 

Sl }S2 

The algorithm segments the pixel into areas (eg. Al to A4) by traversing 
the line in a clockwise direction (starting at Sl to S4) until encountering the 
nearest intercept along the line. 

This procedure is repeated until the start point is reached. 



Calc_Area 
Calculates the area 

of the polygons 

Calculates area by dividing the area into triangles, then summing the 
area of each triangle. 

Prev_Pixel 
Finds the pixel reference 

in the frame being rotated 
corresponding to each 

area 

Pixel reference is relative to central pixel. 

Pixel Intensify becomes sum 
of old pixel lnte~ ttmes 
corresponding Intersection 

areas for each area 



{home} 
{ unit rottran 

This programm was written to work out the new values of pixels after 
a clockwise rotation of a known ammount. 

The rotated square must be an odd by odd number of pixels 
(i.e. there must be a central pixel) 

EQUATION FOR LINES FOR ODD BY ODD SQUARE OF PIXELS. 
Rotation is specified by angle 'th' taken clockwise, 
'd' is the width of the pixels, 
coordinate (0,0) is in the centre of the central pixel [m,n], 

1. HORIZONTAL GRID .. . y d * (k1 - 0.5) 

2. VERTICAL GRID .. . x = d * (k2 - 0.5) 

3. ROTATED HORIZONTAL GRID ... 
y = -x * tan(th) + d * (k3 - 0.5)/cos(th) 

4. ROTATED VERTICAL GRID ... 
y = x * tan(90-th) + d * (0.5 - k4)/sin(th) 

e.g. The central pixel is defined by line eqns and intercepts of 
(1, k1 0), (1, k1 1), 
( 2 , k2 = 0) , ( 2 , k2 1 ) , 
( 3 , k3 0) , ( 3 , k3 1 ) , 
( 4, k4 0) , ( 4, k4 1 ) , 

nomenclature 

} 

'i' is the vertical axis, 'j' the horizontal. 
- when specifying a pixel in the grid specify in relation to the central 

pixel [m,n], e.g. [m+3, n+1] is the pixel 3 below the central pixel 
and one to the right. 
when specifying a position in a matrix correct order is [i,j]. 
[i,j] = (1,1] is the top left hand corner element of a matrix. 



{******************************} 
unit rottran; 
{********************INTERFACE*****************} 
interface 

uses 
crt, vbles; 

var 
xa,ya integer; {belong in int_in_scope - here for debug} 

PROCEDURE int_in_scope; 

{*******************IMPLEMENTATION*********************} 
implementation 

type 
index= 1 .. 10; 
int type= (i1 2, i1 3, i1 4, i2 3, i2 4·, i3_4); 
type_pr array[int_type] of string[4]; 

ln_type 1 .. 4; 

ptr itype = Alist itype; 
list itype = record 

- itype : int type; 
next: ptr itype; 

end; -

intercept= record 
coords 
itype 

end; 

point; 
int_type; 

ptr int = Aint list; 
int-list = record 

next ptr int; 
data : intercept; 

end; 

ptr k = Ak list; 
K list= record 

next ptr k; 
value: integer; 

end; 

ptr_coords = Acoord list; 
coord list= record­

coords : point; 
next ptr coords; 

end; -

coord = (x,y); 
coord_array array[1 .. 10, coord] of real; 

areas array array[1 .. 8] of coord array; 
side_array = array[1 .. 8] of integer; 

const 

{these coordinates specify 
a polygon} 

black= 0; 
white = 255; 
d = 1; {width and height of individual pixels} 

print type: type pr= ('i1 2','i1 3','i1 4','i2 3','i2 4','i3 4'); 
emptyT: coord_array=( (0,0), (0,0)~ (0,0) ,10,0), (0,0), (0~0), (0,0), (0,0), 

0,0) / (0,0)); 



) ; 

empty2:areas array=( 
< < o -;-o) , < o, o) , < o, o) , < o, o) , < o, o) , < o, o) , < o, o) , < o, o) , < o, o) , < o, o > > , 
( (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0)), 
( (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0)), 
( (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0)), 
( ( 0 I O) I ( 0 I O) I ( 0 I O) I ( 0 I O) f ( 0 f O) I ( 0 t O) f ( 0 t O) f ( 0 f O) t ( 0 f O ). t ( 0 t O) ) f 

( (0,0) I (0,0) I (0,0) I (0,0) f (0,0) f (0,0) f (0,0) f (0,0) f (0,0) f (0,0)) f 

( (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0), (0,0)), 
( (0,0) f (0,0) f (0,0) f (0,0) f (0,0) f (0,0) f (0,0) f (0,0) f (0,0) f (0,0)) 

empty3: side_array = (0,0,0,0,0,0,0,0); 

var 
cor_1, cor_2, cor_3, cor 4 : point; 

test : ptr_int; 

test co ar: coord array; 
test=rl=num: real; 

FUNCTION TAN (angle: real) : real; 

begin 
tan:= sin(angle) / cos(angle); 

end; 

PROCEDURE SEARCH(list: ptr k; kvalue:integer; var found:boolean); 
{Procedure to search a list of k values to establish whether a value is 
already in the list} 

var p: ptr k; 
begin -

p := list; 
found:= false; 
while not found and (p<> nil) do 

if pA.value = kvalue then found:= true 
else p := pA.next 

end; 

PROCEDURE INS INTCPT(info:intercept; var head: ptr int); 
{This procedure inserts an intercept into the front-of the list of 
intercepts.} 

var p: ptr_int; 

begin 

new(p); 
pA.next := head; 
head := p; 
pA.data := info; 

end; 

FUNCTION MEMB(int: intercept; intcpt list: ptr int) : boolean; 
{This function looks through a list of intercepts to check if the intercept 
is a memeber of the list.} 

var 
found: boolean; 
p: ptr_int; 

begin 
p:= intcpt list; 
found:= false; 



while not found and (p <> 
begin; 

if (pA.data.coords.x 
(pA.data.coords.y 

{ and (pA.data.itype = 
then found:= true 
else p := pA.next; 

end; 

memb := found 
end; 

nil) do 

int.coords.x) and 
int.coords.y) 
int. itype) } 

FUNCTION REMOVE(int: intercept; intcpt list: ptr int) : ptr int; 
{This function removes an intercept from a list of intercepts.} 

var 
p, 
p_last : ptr_int; 

begin 
p := intcpt list; 
p_last := nil; 

while (p <> nil) do 
begin 

if (pA.data.coords.x = int.coords.x) and 
(pA.data.coords.y = int.coords.y) and 
(pA.data.itype = int.itype) 

then begin 
if (p last= nil) then begin 

intcpt list := pA.next; 
p := p".next; 
end 

else begin 
p lastA.next := pA.next; 
p-:= p lastA.next; 

end; -
end 

else begin 
p last := p; 
p-:= pA .next; 
end; 

end; 

remove := intcpt_list; 
end; 

PROCEDURE PRINT LIST(list:ptr int); 
{Procedure to print out a list of intercepts.} 

var p: ptr int; 
stop,t: integer; 

begin 
p := list; 
stop:= 10; 
while (p <> nil) do 
begin 

stop:= stop+ 
write ( 'coords: 
wri teln ( ') , 
p : = p A • next ; 

1 ; 
(',pA.data.coords.x:6:3,',',pA.data.coords.y:6:3); 
type : ', print_type[pA.data.itype]); 

if trunc(stop/22)=(stop/22) then readln; 
end; 
fort := (stop mod 22) to 22 do writeln; 

end; 



PROCEDURE INS KLIST(kvalue: integer; var list : ptr k ); 
{This procedure inserts a k value into the a list of ordered k values after 
checking it is not already in the list.} 

var 
finished: boolean; 
p, p_last, p_pres: ptr_k; 

begin 

end; 

p last := nil; 
p-pres := list; 
finished:= false; 

repeat 
begin 

if (p presA.value = kvalue) then finished:= true else 

end; 

if-(p presA.value > kvalue) or (p_pres = nil) then begin 
new(p); 
pA.next := p pres; 
pA.value:= kvalue; 
if (p last= nil) then list := p else p_lastA.next:= p; 
finished:= true; 
end 

else begin 
p_last . p pres; 
p pres . p=lastA.next; 
end; 

until finished; 

PROCEDURE INS CDLIST(coord:point; var list:ptr coords); 
{Checks if the coordinate is in the list and if it isn't then it inserts 
it in the front of the linked list} 

var p: ptr coords; 
found -boolean; 

begin 
found:= false; 
p := list; 

while (p <> nil) and not found do 
begin 

if pA.coords.x = coord.x then 
begin 

if pA.coords.y = coord.y then found. true; 
end 

else p:= pA.next; 
end; 

if not found then 
begin 

new(p); 
pA.coords := coord; 
pA.next . list; 
list := p; 

end; 
end; 

PROCEDURE INS ITYPE(i t : int type; var list: ptr itype); 
{This procedure inserts an itype into a linked list of itypes} 

var 
p ptr_itype; 

begin 



new(p); 
p".itype :=it; 
p".next := list; 
list := p; 

end; 

FUNCTION LENGTH (pts coord:coord array; pt1, pt2 :index) : real; 
{Finds the length of-a line between two points, pt1 and pt2} 

var 
x1 , y1 , 
x2, y2 real; 

{coordinates of first point} 
{coordinates of second point} 

begin 
x1 := 
y1 := 
x2 := 
y2 . 

pts coord[pt1,x]; 
pts-coord[pt1,y]; 
pts-coord[pt2,x]; 
pts=coord[pt2,y]; 

if y1 = y2 then length:= abs(x1 - x2) 
else if x1 = x2 then length:= abs(y1 - y2) 

else length:= sqrt( sqr(x1 - x2) + sqr(y1 - y2) ) ; 
end; 

PROCEDURE SWAP VALS(var val1, val2 : real); 
{Function to swap two values} 

var temp: real; {temporary store} 

begin 
temp:= 
val1 := 
val2 . 

val1; 
val2; 
temp; 

end; 

FUNCTION INT BTWN(num1,num2:real) : integer; 
{This function returns the integer between the two real numbers passed 
to the function} 

begin 
int btwn := round((num1 + num2)/2); 

end 

FUNCTION ANGLE (pts coord:coord array; pt1, pt2, pt3 : index) : real; 
{Finds the angle between three points, where pt1 is the origin of the angle} 

var 
x1 , y1 , 
x2, y2, 
x3, y3 : real; 
adj real; 

{coordinates of first point } 
{ second point} 
{ third point } 

{the length of the side adjacent to the angle} 

begin 
x1 . 
y1 := 
x2 := 
y2 . 
x3 := 
y3 . 

pts coord[pt1,x]; 
pts-coord[pt1,y]; 
pts-coord[pt2,x]; 
pts-coord[pt2,y]; 
pts-coord[pt3,x]; 
pts=coord[pt3,y]; 

if (x1 = x2) then 
begin 

adj := abs(y3 - y1); 
if adj = 0 then angle:= rad90 

else if y2 = y1 then angle. 0 



end; 

else angle . arctan( abs(x3 - x2) / adj) 
end 
else if (x1 = x3) then 

begin 
adj := abs(y2 - y1); 
if adj = 0 then angle:= rad90 

else if y3 = y1 then angle:= 0 
else angle:= arctan( abs(x3 - x2) / adj) 

end 
else if ((x2>x1) and (x1>x3)) or ((x2<x1) and (x1<x3)) then 

angle:= pi - (arctan( abs((y1 - y3) / (x1 - x3)) ) + 
arctan( abs((y1 - y2) / (x1 - x2)) )) 

else if ((y2>y1) and (y3>y1)) or ((y2<y1) and (y3<y1)) then 
angle:= abs(arctan( abs((y1 - y3) / (x1 - x3)) ) -

arctan( abs((y1 - y2) / (x1 - x2)) )) 
else angle := arctan( abs((y1 - y3) / (x1 - x3)) ) + 

arctan( abs((y1 - y2) / (x1 - x2)) ) ; 

FUNCTION CALC AREA (poly coord:coord array; num sides:index) 
{Function to find the area of a polygon. -

real; 

The polygon is defined by the coordinates of each corner, 
The information passed to this function consists of : 

an array of coordinates, 
the number of sides the polygon has. 

The maxinum number of sides is set by the index value defined in the 
main programmes types. 

The polygon is divided into triangles and the area of each triangle 
is calculated - these are summed to give the total area. 
} 

var 
sum area 
height, ang 
base, lngth2 
count 

real; 
real; 
real; 
integer; 

begin 

end; 

sum area := O; 
for-count := 3 to num sides do 
begin 

end; 

base := length(poly coord, 1, count); 
lngth2 := length(poly coord, 1, (count-1) ); 
if base< lngth2 then-swap vals(base, lngth2); 
ang := angle(poly coord, 1~ (count - 1), count); 
height := sin(ang) * lngth2; 
sum area:= sum area+ base* height; 

calc area := 0.5 * sum area 

FUNCTION REAL K3(x,y: real): real; 
{This function returns a k3 value of type real which would give as a point 
on it the x,y coordinates supplied to the function if it was used in the 
equation for the horizontal rotated line.} 

begin 

end; 

if th <> 0 then 
real k3 := 0.5 + (y - trans.y + (x-trans.x)*tan(th)) * cos(th)/d 

else real k3 := (y - trans.y)/d + 0.5; 



FUNCTION REAL_K4(x,y: real): real; 
{This function returns a k4 value of type real which would give as a point 
on it the x,y coordinates supplied to the function if it was used in the 
equation for the vertical rotated line.} 

begin 

end; 

if th <> 0 then 
real k4 := 0.5 - (sin(th)/d)*(y -trans.y - (x-trans.x)*tan(rad90-th)) 

else real k4 := (x - trans.x)/d + 0.5; 

PROCEDURE INTERCEPT 1 2(k1, k2 : integer; var int: point); 
{This procedure finds-the intercept of the horizontal and vertical line 
given k1 and k2, the variables in the equations. } 

begin 
int.x := d * (k2 - 0.5); 
int.y .- d * (k1 - 0.5); 

end; 

PROCEDURE INTCPT 1 3 GK(k1, k3 : integer; var int: point); 
{This procedure rinds the intercept of the horizontal and rotated horizontal 
grid given k1 and k3, the variables in the equations. } 

begin 
int.y := d * (k1 - 0.5); 
int.x := (d * (k3-0.5)/cos(th) - int.y + trans.y)/tan(th) + trans.x; 

end; 

PROCEDURE INTCPT 1 4 GK(k1, k4 : integer; var int: point); 
{This procedure finds the intercept of the horizontal and rotated vertical 
grid given k1 and k4, the variables in the equations. } 

begin 
int.y := d * (k1 - 0.5); 
if th <> 0 then 

int.x := (int.y - trans.y - d * (0.5-k4)/sin(th))/tan(rad90 - th) + trans.x 
else int.x := d * (k4 - 0.5) + trans.x; 

end; 

PROCEDURE INTCPT 2 3 GK(k2, k3 : integer; var int: point); 
{This procedure finds the intercept of the vertical and rotated horizontal 
grid given k2 and k3, the variables in the equations. } 

begin 

end; 

int.x := d * (k2 - 0.5); 
if th <> 0 then 
int.y := - (int.x-trans.x) * tan(th) + d * (k3-0.5)/cos(th) + trans.y 
else int.y := d * (k3 - 0.5) + trans.y; 

PROCEDURE INTCPT 2 4 GK(k2, k4 : integer; var int: point); 
{This procedure finds the intercept of the vertical and rotated vertical 
grid given k2 and k4, the variables in the equations. } 

begin 
int.x := d* (k2 - 0.5); 
int.y := (int.x-trans.x)* tan(rad90 - th) + d * (0.5-k4)/sin(th) + 

trans.y; 
end; 



PROCEDURE INTCPT 3 4 GK(k3, k4 : integer; var int: point); 
{This procedure finds the intercept of the rotated horizontal and rotated 
vertical lines given k2 and k4, the variables in the equations. } 

begin 
if th <> 0 then 
begin 

int.x := trans.x + d * ((k3-0.5)/cos(th) - (0.5-k4)/sin(th)) 
/ (tan(rad90 - th)+tan(th)); 

int.y := -(int.x-trans.x) * tan(th) + d * (k3-0.5)/cos(th) + trans.y; 
end 
else 
begin 

int.x := d * (k4 - 0.5) + trans.x; 
int.y := d * (k3 - 0.5) + trans.y; 

end; 

end; 

PROCEDURE INTERCEPT 1 3(corn1, corn3 :point; k1 hd :ptr k; 
- - var int hd:ptr int;var k3 hd:ptr k); 

{This procedure finds the intercepts of the horizontal grid lines and 
the rotated horizontal grid lines given the coordinates of corners 
one and three of the pixel of interest} 

var 
k3 1, k3 2 : real; 
k1-;- -
k3: integer; 
k1 ptr ptr k; 
intcpt intercept; 

{the values which k3 is between} 

{the value of k3 in the rotated horizontal grid eqn.} 
{pointer to list of k1's} 

begin 

end; 

k1 ptr := k1 hd; 
intcpt.itype := i1_3; 

{finding intercepts with bottom horizontal line} 
k1 := k1 ptrA.value; 
k3 1 := real k3(corn1 .x, corn3.y); 
k3-2 := real-k3(corn3.x, corn3.y); 
k3-:= int btwn(k3 1, k3 2); 
intcpt 1 3 gk(k1,k3, intcpt.coords); 
intcpt~coords.x := round(1000000 * intcpt.coords.x) /1000000; 
intcpt.coords.y := round(1000000 * intcpt.coords.y) /1000000; 
if (intcpt.coords.x >= corn1.x) and (intcpt.coords.x <= corn3.x) and 

(intcpt.coords.y >= corn3.y) and (intcpt.coords.y <= corn1 .y) then 
begin 

ins intcpt(intcpt, int hd); 
ins-klist(k3, k3 hd); -

end; - -

{finding intercept with top horizontal grid line} 
k1 ptr := k1 ptrA.next; 
k1-:= k1 ptrA.value; 
k3 1 := real k3 (corn1 .x, corn1 .y); 
k3-2 := real-k3(corn3.x, corn1.y); 
k3-:= int btwn(k3 1, k3 2); 
intcpt 1 3 gk(k1,k3, intcpt.coords); 
intcpt~coords.x := round(1000000 * intcpt.coords.x) /1000000; 
intcpt.coords.y := round(1000000 * intcpt.coords.y) /1000000; 
if (intcpt.coords.x >= corn1.x) and (intcpt.coords.x <= corn3.x) and 

(intcpt.coords.y >= corn3.y) and (intcpt.coords.y <= corn1.y) then 
begin 

ins intcpt(intcpt, int hd); 
ins-klist(k3, k3 hd); -

end; - -



PROCEDURE INTERCEPT_2_3(corn1, corn3 :point; k2 hd:ptr k; 
var int hd:ptr int;var k3 hd:ptr k); 

{This procedure finds the intercepts of the vertical grid lines and 
the rotated horizontal grid lines given the coordinates of corners 
one and three of the pixel of interest} 

var 
k3 1, k3 2 : real; 
k2-; 
k3: integer; 
k2 ptr ptr k; 
intcpt : intercept; 

{the values which k3 is between} 

{the value of k3 in the rotated horizontal grid eqn.} 
{pointer to list of k2's} 

begin 
k2 ptr := k2 hd; 
intcpt.itype-:= i2_3; 

{finding intercepts with left vertical line} 
k2 := k2 ptrA.value; 
k3 1 := real k3(corn1.x, corn1.y); 
k3-2 := real-k3(corn1.x, corn3.y); 
k3-:= int btwn(k3 1, k3 2); 
intcpt 2 3 gk(k2,k3, intcpt.coords); 
intcpt~coords.x := round(1000000 * intcpt.coords.x) /1000000; 
intcpt.coords.y := round(1000000 * intcpt.coords.y) /1000000; 
if (intcpt.coords.x >= corn1.x) and (intcpt.coords.x <= corn3.x) and 

(intcpt.coords.y >= corn3.y) and (intcpt.coords.y <= corn1.y) then 
begin 

ins intcpt(intcpt, int hd); 
ins-klist(k3, k3 hd); -

end; - -

{finding intercept with right vertical grid line} 
k2 ptr := k2 ptrA.next; 
k2-:= k2 ptrA.value; 
k3 1 := real k3(corn3.x, corn1.y); 
k3-2 := real-k3(corn3.x, corn3.y); 
k3-:= int btwn(k3 1, k3 2); 
intcpt 2 3 gk(k2,k3, intcpt.coords); 
intcpt~coords.x := round(1000000 * intcpt.coords.x) /1000000; 
intcpt.coords.y := round(1000000 * intcpt.coords.y) /1000000; 
if (intcpt.coords.x >= corn1.x) and (intcpt.coords.x <= corn3.x) and 

(intcpt.coords.y >= corn3.y) and (intcpt.coords.y <= corn1.y) then 
begin 

ins intcpt(intcpt, int hd); 
ins-klist(k3, k3 hd); -

end; - -

end; 

PROCEDURE INTERCEPT 1 4(corn1, corn3 :point; k1 hd:ptr k; 
- - var int hd:ptr int;var k4 hd:ptr k); 

{This procedure finds the intercepts or the horizontal grid lines and 
the rotated vertical grid lines given the coordinates of corners one 
and three of the pixel of interest} 

var 
k4 1, k4 2 : real; 
k1-; -
k4: integer; 
k1 ptr ptr k; 
intcpt : intercept; 

begin 
k1_ptr:= k1_hd; 

{the values which k4 is between} 

{the value of k4 in the rotated horizontal grid eqn.} 
{pointer to list of k1's} 



intcpt.itype := i1_4; 

{finding intercepts with bottom horizontal line} 
k1 := k1 ptrA.value; 
k4 1 := real k4(corn1.x, corn3.y); 
k4-2 := real-k4(corn3.x, corn3.y); 
k4-:= int btwn(k4 1, k4 2); 
intcpt 1 4 gk(k1,k4, intcpt.coords); 
intcpt~coords.x := round(1000000 * intcpt.coords.x) /1000000; 
intcpt.coords.y := round(1000000 * intcpt.coords.y) /1000000; 
if (intcpt.coords.x >= corn1.x) and (intcpt.coords.x <= corn3.x) and 

(intcpt.coords.y >= corn3.y) and (intcpt.coords.y <= corn1.y) then 
begin 

ins intcpt(intcpt, int hd); 
ins-klist(k4, k4 hd); -

~d; - -

{finding intercept with top horizontal grid line} 
k1 ptr := k1 ptrA.next; 
k1-:= k1 ptr~.value; 
k4 1 := real k4(corn1.x, corn1.y); 
k4-2 := real-k4(corn3.x, corn1.y); 
k4-:= int btwn(k4 1, k4 2); 
intcpt 1 4 gk(k1,k4, intcpt.coords); 
intcpt~coords.x := round(1000000 * intcpt.coords.x) /1000000; 
intcpt.coords.y := round(1000000 * intcpt.coords.y) /1000000; 
if (intcpt.coords.x >= corn1.x) and (intcpt.coords.x <= corn3.x) and 

(intcpt.coords.y >= corn3.y) and (intcpt.coords.y <= corn1.y) then 
begin 

ins intcpt(intcpt, int hd); 
ins-klist(k4, k4 hd); -

~d; - -

end; 

PROCEDURE INTERCEPT 2 4(corn1, corn3 :point; k2 hd:ptr k; 
- - var int_hd:ptr_int;var k4_hd:ptr_k); 

{This procedure finds the intercepts of the vertical grid lines and 
the rotated vertical grid lines given the coordinates of corners one 
and three of the pixel of interest} 

var 
k4 1, k4 2 : real; 
k2~ -
k4: integer; 
k2 ptr ptr k; 
intcpt : intercept; 

{the values which k4 is between} 

{the value of k4 in the rotated horizontal grid eqn.} 
{pointer to list of k2's} 

begin 
k2 ptr := k2 hd; 
intcpt.itype-:= i2_4; 

{finding intercepts with left vertical line} 
k2 := k2 ptrA.value; 
k4 1 := real k4(corn1.x, corn1 .y); 
k4-2 := real-k4(corn1.x, corn3.y); 
k4-:= int btwn(k4 1, k4 2); 
intcpt 2 4 gk(k2,k4, intcpt.coords); 
intcpt~coords.x := round(1000000 * intcpt.coords.x) /1000000; 
intcpt.coords.y := round(1000000 * intcpt.coords.y) /1000000; 
if (intcpt.coords.x >= corn1.x) and (intcpt.coords.x <= corn3.x) and 

(intcpt.coords.y >= corn3.y) and (intcpt.coords.y <= corn1.y) then 
begin 

ins intcpt(intcpt,int hd); 
ins=klist(k4, k4_hd);-



end; 

{finding intercept with right vertical grid line} 
k2 ptr := k2 ptrA.next; 
k2-:= k2 ptrh.value; 
k4 1 := real k4(corn3.x, corn1.y); 
k4-2 := real-k4(corn3.x, corn3.y); 
k4-:= int btwn(k4 1, k4 2); 
intcpt 2 4 gk(k2,k4, intcpt.coords); 
intcpt~coords.x := round(1000000 * intcpt.coords.x) /1000000; 
intcpt.coords.y := round(1000000 * intcpt.coords.y) /1000000; 
if (intcpt.coords.x >= corn1.x) and (intcpt.coords.x <= corn3.x) and 

(intcpt.coords.y >= corn3.y) and (intcpt.coords.y <= corn1 .y) then 
begin 

ins intcpt(intcpt, int hd); 
ins-klist(k4, k4 hd); -

end; - -

end; 

PROCEDURE INTERCEPT 3 4(corn1, corn3 :point; k3 hd, k4_hd :ptr_k; 
- - var int_hd:ptr_int); -

{This procedure finds the intercepts of the rotated vertical grid lines 
and the rotated horizontal grid lines given the coordinates of corners one 
and three of the pixel of interest and the list of k3's and k4's.} 

var 
a, b: ptr k; 
k3, k4: integer; 
k3 ptr, k4 ptr : ptr k; 
intcpt : Intercept; 

{pointer to list of k3's and k4's} 

begin 

end; 

a:= k3 hd; 
intcpt.Ttype := i3_4; 

while (a<> nil) do 
begin 

b := k4 hd; 
while (b <> nil) do 
begin 

intcpt 3 4 gk(aA.value, bA.value, intcpt.coords); 
intcpt~coords.x := round(1000000 * intcpt.coords.x) /1000000; 
intcpt.coords.y := round(1000000 * intcpt.coords.y) /1000000; 
if (intcpt.coords.x >= corn1.x) and 

(intcpt.coords.x <= corn3.x) and 
(intcpt.coords.y >= corn3.y) and 
(intcpt.coords.y <= corn1.y) 

then ins intcpt(intcpt, int hd); 
b:= bA.next; -
end; 
a:= aA.next; 

end; 

PROCEDURE CORNERS (i, j :integer; var c1, c3 : point; 
var int hd: ptr int; var k1 hd, k2 hd: ptr k); 

{Procedure finds the coordinates of the pixels-four corners gTven 
its position with respect to the central pixel [m,n] is [m+i,n+j]. 

where c1 top left hand corner, 
c2 = top right hand corner, 

} 

c3 bottom right hand corner, 
c4 bottom right hand corner. 



var k1, k2 
intcpt 

integer; 
intercept; 

begin; 

end; 

intcpt.itype := i1_2; 

k1 := 1 - i; 
k2 := j; 
ins klist(k1, k1_hd); 
ins-klist(k2, k2 hd); 
intercept 1 2(k1~ k2, c1); 
intcpt.coords := c1; 
ins_intcpt(intcpt, int_hd); 

k1 := -i; 
k2 := j + 1; 
ins klist(k1, k1_hd); 
ins-klist(k2, k2 hd); 
intercept 1 2(k1~ k2, c3); 
intcpt.coords := c3; 
ins_intcpt(intcpt, int_hd); 

intercept 1 2((1-i), (j+1), intcpt.coords); {c2} 
ins_intcpt(intcpt, int_hd); 

intercept 1 2((-i), j, intcpt.coords); {c4} 
ins_intcpt(intcpt, int_hd); 

PROCEDURE FIND INTCPTS(i, j: integer; var list: ptr int; var c1: point); 
{Procedure to rind all intercepts inside a square specified by [i,j], 
which is its position relative to the central pixel [m,n] .} 

var 
c3: point; {coordinates of corner3, i.e.BR corner (c1 is TL corner} 
k1_list, k2_1ist, k3_1ist, k4 list ptr_k; {lists of the k values} 

begin 
list := nil; 
k1 list := nil; 
k2-list := nil; 
k3-list := nil; 
k4-list := nil; 

corners(i,j,c1,c3,list, k1 list, k2 list); 
if (th <> 0) or (trans.x <> 0) or (trans.y <> 0) then 
begin 

if th <> 0 then 
begin 

intercept 1 3(c1, c3, k1 list, list, k3 list); 
intercept-2-4(c1, c3, k2=list, list, k4=list); 

end; - -
if (th <> 0) or (trans.y <> 0) then 

intercept 2 3(c1, c3, k2 list, list, k3 list); 
if (th <> 0) or (trans.x <> 0) then -

intercept 1 4(c1, c3, k1 list, list, k4 list); 
intercept 3 4(c1,-c3, k3 list, k4 list, list); -

end; - - - -
{********* 
print list(list); 
} -
end; 

FUNCTION ALL ITYPE INTS(list it: ptr itype; list:ptr int) :ptr int; 
{This function sorts through-a list of intercepts and given the list of 
itypes that are possible, gives a list of all the intercepts that have 



a possible itype.} 

var 
t: ptr itype; 
int ptr int; 
ans : ptr=int; 

begin 
t := list it; 
ans := nil; 

while (t <> nil) do 
begin 

int := list; 
while (int <> nil) do 
begin 

if tA.itype = intA.data.itype then ins_intcpt(intA.data, ans); 
int:= intA.next; 

end; 
t : = t A . next ; 

end; 
all itype ints := ans; 

end; - -

FUNCTION POS INTCPTS(trav: ln type; list: ptr int): ptr int; 
{This function returns the posible intercepts-given the-current line type 
about to be traversed} 

var 
it list : ptr_itype; 

begin 
it list := nil; 

case trav of 

1 : begin 
ins itype(i1 2, it list); 
ins=itype (i 1=3, it - list); 
ins_itype(i1_4, it -list); -end; 

2: begin 
ins_itype(i1_2, it list); -ins itype (i2 3, it list); 
ins - itype(i2 - 4, it =list); - -end; 

3: begin 
ins itype(i1 3, it list); 
ins=itype(i2=3, it - list); -ins itype(i3 4, it list); - - -end; 

4: begin 
ins_itype(i1_4, it list); 
ins_itype(i2_4, it -list) ; 
ins _itype (i3 4, it -list); - -end; 

end; 
pos_intcpts . all _itype_ ints(it list, list); -end; 

FUNCTION NEARST INT(last coord:point; list:ptr int) : ptr int; 
{This function rinds the-nearest intercept to the last coordinate} 



var 
p: ptr int; 
nrst int: ptr_int; 
f, 
nrst f : real; 

{nearest intercept at the moment} 
{factor calculated to distuinguish nearest coord} 

{factor of current nearest intercept} 

begin 
nrst int := nil; 
p :=-list; 
nrst_f := 999; 

while (p <> nil) do 
begin 

f := abs(pA.data.coords.x - last coord.x) + 
abs(pA.data.coords.y - last-coord.y); 

if (f < nrst f) and (f>0) then -
begin -

if (nrst int<>nil) then nrst int:= nil; 
ins intcpt(pA.data, nrst int); 
nrst f := f; -

end -
else if (f = nrst f) then ins_intcpt(pA.data, nrst_int); 
p : = p A • next ; -

end; 
nearst int := nrst_int; 

end; 

FUNCTION NEXT INTCPT(x op, y op:integer; coord:point; list:ptr int): ptr int; 
{This function finds the next intercept given the relation to-the last­
intercept by x op and y op, where -1 means 'less than', 0 means 'same as', and 1 - -
means 'greater than'.} 

var 
p: ptr int; 
found :-ptr_int; 

begin 
p := list; 
found:= nil; 
case x op of 
-1 : case y op of 

-1 : begin 
while (p <> nil) do 
begin 

if (pA.data.coords.x < coord.x) and 
(pA.data.coords.y < coord.y) 
then ins intcpt(pA.data, found); 

p:= pA .next; 
end; 

end; 
0 begin 

while (p <> nil) do 
begin 

if (pA.data.coords.x < coord.x) and 
(pA.data.coords.y = coord.y) 
then ins intcpt(pA.data, found); 

p:= pA .next; 
end; 

end; 
begin 

while (p <> nil) do 
begin 

if (pA.data.coords.x < coord.x) and 
(pA.data.coords.y > coord.y) 
then ins intcpt(pA.data, found); 

p:= pA .next; 
end; 



end; 
end; 

0 case y op of 
-1 : begin 

end; 

while (p <> nil) do 
begin 

if (pA.data.coords.x = coord.x) and 
(pA.data.coords.y < coord.y) 
then ins intcpt(pA.data, found); 

p := pA.next; 
end; 

end; 
0 begin 

while (p <> nil) do 
begin 

if (pA.data.coords.x = coord.x) and 
(pA.data.coords.y = coord.y) 
then ins intcpt(pA.data, found); 

p:= pA .next; 
end; 

end; 
1 begin 

while (p <> nil) do 
begin 

if (pA.data.coords.x = coord.x) and 
(pA.data.coords.y > coord.y) 
then ins intcpt(pA.data, found); 

p := pA.next; 
end; 

end; 

case y op of 
-1 : begin 

while (p <> nil) do 
begin 

if (pA.data.coords.x > coord.x) and 
(pA.data.coords.y < coord.y) 
then ins intcpt(pA.data, found); 

p := pA.next; 
end; 

end; 
0 begin 

while (p <> nil) do 
begin 

if (pA.data.coords.x > coord.x) and 
(pA.data.coords.y = coord.y) 
then ins intcpt(pA.data, found); 

p:= pA .next; 
end; 

end; 
begin 

while (p <> nil) do 
begin 

if (pA.data.coords.x > coord.x) and 
(pA.data.coords.y > coord.y) 
then ins intcpt(pA.data, found); 

p := pA.next; 
end; 

end; 
end; 

end; 
if (foundA.next <> nil) then next_intcpt := nearst_int(coord, found) 
else next_intcpt . found; 

end; 

FUNCTION NEXT TRAV(trav: ln type; nxt itype: int type): ln type; 
{This function gives the next line to-be traversed given the last line 



type trasversed and the current intercept type.} 

begin 
case trav of 

1 : begin 
case nxt_itype of 

i1 2 : next trav := 2· , - -i1 3 next trav := 3; 
i 1-4 next -trav := 4 · , 

end; 
end; 

2: begin 
case nxt itype - of 

i1 2 : next trav := 1 ; 
i2 - 3 next - trav 3; . 
i2 -4 next - trav 4; . 

end; 
end; 

3: begin 
case nxt_itype of 

i1 3 : next trav . 1 ; 
i2 - 3 next -trav 2; := - -i3 4 next trav := 4; 

end; 
end; 

4: begin 
case nxt_itype of 

i1 4 next trav := 1 ; 
i2-4 next - trav 2; .--i3 4 next trav := 3; 

end; 
end; 

end; 
end; 

PROCEDURE TRAV LN 12(trav:ln type; last coord :point; 
c1 :point; intcpt list: ptr int; 
var nxt intcpt:ptr int); -

{Procedure to 'traverse' a line1-or a line2 and find the next intercept 
while tracking an area.} 

var 
pos_int ptr_int; 

begin 

pos_int := pos_intcpts(trav, intcpt_list); 

case trav of 
1: begin 

if last coord.y = c1 .y 
then nxt intcpt := next intcpt(1, 0, last coord, pos int) 
else nxt intcpt := next intcpt(-1, 0, last coord, pos int); 

if (nxt intcptA.next <> nil) then {there is an i3 4 intercept} 
begin {the next line type is an i1 4} -

if nxt intcptA.data.itype = i1 4 then nxt intcptA.next := nil 
else nxt intcpt := nxt intcptA~next; -

end; - -
end; 

2: begin 
if last coord.x = c1.x then 

nxt Tntcpt := next intcpt(0, 1, last coord, pos int) 
else nxt intcpt :=-next intcpt(0, -1~ last coord, pos int); 

if (nxt intcptA.next <> nil) then {there is an i3 4 intercept} 
begin {the next line type is an i1 3} -

if nxt intcptA.data.itype = i2 3 then nxt intcptA.next . nil 
else nxt_intcpt . nxt_intcptA~next; -



end; 
end; 

end; 
end; 

PROCEDURE TRAV LN 34(trav:ln type; last intcpt:intercept; 
lst_lst_coords:point; 

inept list: ptr int; var nxt intcpt:ptr int); 
{Procedure to 'traverse' a line3 or a-line4 and find the next-intercept 
while tracking an area.} 

var 
temp, 
pos int, 
pos=int1 ptr int; 

begin 
pos_int := pos_intcpts(trav, incpt_list); 

if (last intcpt.itype <> i3 4) then 
begin- -

pos int1 := remove(last intcpt, pos int); 
nxt=intcpt := nearst_int(last_intcpt.coords,pos_int1); 

end 

else {itype = i3_4} 
begin 
if (th <> 0) then 
begin 

if (1st 1st coords.x < last intcpt.coords.x) then 
if (lst-lst coords.y > last intcpt.coords.y) then 

nxt intcpt:=next intcpt(=1, -1, last intcpt.coords, pos int) 
else nxt intcpt:=next intcpt(1, -1, last intcpt.coords, pos_int) 

else - - -
if (1st 1st coords.y > last intcpt.coords.y) then 

nxt intcpt:=next intcpt(=1, 1, last intcpt.coords, pos int) 
else nxt intcpt:=next intcpt(1, 1, last intcpt.coords, pos int); 

end {calculation if th-<> O} - -

else {this O, i.e. there was no rotation} 
begin 

if (1st 1st coords.x < last intcpt.coords.x) then 
nxt Tntcpt:=next intcpt(O, -1, last intcpt.coords, pos_int) 

else - - -

pos int); 
- end; 

end; 

if (1st 1st coords.x > last intcpt.coords.x) then 
nxt intcpt:=next intcpt(O, 1, last intcpt.coords, pos int) 

else - - - -
if (1st 1st coords.y < last intcpt.coords.y) then 

nxt-intcpt:=next intcpt(1, 0, last intcpt.coords, pos int) 
else T 1st 1st coords.y > last intcpt.coords.y } -

nxt_intcpt:=next_intcpt(-1~ 0, last_intcpt.coords, 

if (nxt intcptA.next <> nil) then {there is an i3 4 intercept} 
{a decision must be made on which intercept is the correct one. 
The rules for this decision are: 

if the line traversed was a 3 then 
if choice is an i1 3 or an i3 4 pick the i1 3, 
if choice is an i2-3 or i3 4 then take the i3 4. 

if the line traversed was a 4 then 

} 
begin 

if choice is an i1 4 or an i3 4 pick the i3 4, 
if choice is an i2-4 or i3 4 then take the i2 4. 

if nxt_intcptA.data.itype i3 4 then 



begin 
temp:= nxt intcpt; 
nxt intcpt := nxt intcptA.next; 

end - -
else temp:= nil; 
case nxt intcptA.data.itype of 

i1 3 :-nxt intcptA.next := nil; 
i2-3 if temp<> nil then 

begin 
tempA.next := nil; 
nxt intcpt := temp; 

end -
else nxt intcpt := nxt intcptA.next; 

i1 4 if temp<> nil then -
begin 

tempA.next := nil; 
nxt intcpt := temp; 

end -
else nxt intcpt := nxt intcptA.next; 

i2 4 nxt_intcptA.next := nil; 
end; 

end; 

end; 

PROCEDURE NEXT START(new start,used start:ptr int ;c1:point; 
- var-nxt st:ptr-int; var-nxt trav: ln type); 

{This procedure finds the next new start and the trav to start the 
tracking of the new area.} 

var 
ns next : ptr int; 
member : boolean; 

begin 
nxt st := new start; 
ns next := new start; 
member:= true; 

{in case it is nil to start with} 

while member and (nxt_st <> nil) do 
begin 

nxt st := ns next; 
member := memb(nxt stA.data, used_start); 
ns next := nxt_stA~next; 

end; 
if (nxt st <> nil) then 
begin -

if (nxt stA.data.itype = i1_3) or (nxt_stA.data.itype = i1_4) then 
nxt trav := 1 

else if (nxt stA .data.Hype= i2 3) or (nxt_stA .data.Hype i2_4) then 
nxt trav := 2 -

else {itype = i1 2} 
if (nxt stA.data~coords.x c1.x) then 

if (nxt stA.data.coords.y = c1.y) then nxt trav := 1 
else nxt trav := 2 

else if (nxt stA.data.coords.y = c1 .y) then nxt trav .- 2 
else nxt trav := 1; 

end; 
end; 

PROCEDURE DIV TO AREAS(incpt 1st : ptr int; c1 :point; 
- - var all areas : areas array; var num sides: side array; 

var num areas : integer); - -
{This procedure divides a pixel into areas given the list of all 
intercepts occuring in that pixel.} 

var 



start trav, {the first line type to be traversed in new 

{the line type about to be traversed} 
area} -

trav, 
nxt trav: ln type; 
ns ptr, us ptr, 
new start,-

{the line type last traversed} 

{list of intercepts areas can be started from} 
{list of 'starts' already used} used start : ptr int; 

area-: coord array; 
1st 1st coords : point; 
last intcpt : intercept; 
nxt start, 

{last coordinates visited} 
{next start - for another area} 

nxt-intcpt : ptr int; 
traverse procedure}­

finished: boolean; 
count integer; 

{next intercept to be visited retuned by the 

{counts number of sides} 

begin 
all areas := empty2; 
area:= empty1; 
new start := nil; 
used start := nil; 
new(nxt start); 
nxt startA.data.coords.x := c1.x; 
nxt-startA.data.coords.y := c1.y; 
nxt-startA.data.itype := i1 2; 
ins-intcpt(nxt startA.data,-new_start); {insert c1 as the first starting 

point} - -
start trav := 1; {traverse a '1' line to start} 
num_areas := O; 

while (nxt start<> nil) do 
begin -

nxt intcpt := nxt_start; 
count := O; 
num areas := num areas+ 1; 
nxt-trav := start trav; 
finished := false; 
area := empty1; 

while not finished do 
begin 

last intcpt := nxt intcptA.data; 
count:= count+ 1; 
area[count,x] := last intcpt.coords.x; 
area[count,y] := last-intcpt.coords.y; 
trav := nxt trav; -
if (trav = T) or (trav = 2) then 

begin 
trav ln 12(trav,last intcpt.coords,c1,incpt lst,nxt intcpt); 
ins Tntcpt(last intcpt, used start); - -

end - - -
else begin {trav = 3 or 4} 

1st 1st coords.x := area[(count-1),x]; 
lst-lst-coords.y := area[(count-1),y]; 
if (last intcpt.itype <> i3 4) 

then ins_intcpt(last_intcpt, new_start); 

trav ln 34(trav,last intcpt,lst 1st coords,incpt lst,nxt intcpt); 
- end; - - - - -

end; 

nxt trav := next trav(trav, nxt intcptA.data.itype); 
if Tnxt intcptA.data.coords.x -area[1,x]) and 

(nxt=intcptA.data.coords.y = area[1,y]) then finished:= true; 
end; 

num sides[num areas] := count; 
all areas[num areas] := area; 
next start(new start, used start, c1, nxt_start, start_trav); 

end; - - -



PROCEDURE PREV PIXEL(area: coord array; num sides: integer; 
var i br, j-br:integerT; 

{This procedure finds the position of a pixel, in relation to the central 
pixel, given the coordinates of an area that marks the rotated pixel.} 

var count : integer; 
x_av, y_av, 
X th, y_ th, 
sum_x, sum_y : real; 

{average x and y} 
{x across at theta, y across at theta} 

begin 
sum x := O; 
sum_y := O; 

for count := 1 to num sides do 
begin 

sum x := sum x + area[count,x]; 
sum y := sum_y + area[count,y]; 

end; -

x av .- sum x / num sides; 
y_av := sum_y / num=sides; 

if th = 
begin 

0 then {no rotation} 

x th. 
y-th := 

end-

x av - trans.x; 
y_av - trans.y; 

else {there is rotation} 

if 

if 

end; 

begin 
{calculate x th and y th for rotation and no translation} 
x th := x av-* cos(thT - y av * sin(th); 
y=th := y=av * cos(th) + x=av * sin(th); 

{if there is translation then adjust x th and y_th acccordingly] 
if (trans.x <> 0) and (trans.y = 0) then 

end; 

begin 
x th := trans.x * cos(th) - x th; 
y-th .- y_th + trans.x * sin(th); 

end-
else if (trans.x = 0) and (trans.y <> 0) then 

begin 
x th := x th + trans.y * sin(th); 
y-th .- trans.y * cos(th) - y_th; 

end-
else if (trans.x <> 0) and (trans.y <> 0) then 

{both x and y translation and rotation} 
{x this the same as for rotation only} 
y=th. y_th - sqrt(sqr(trans.x) + sqr(trans.y)) 

y_th > 0 then i br . -trunc ( (y_th + 0.5*d)/d) 
i-br else := trunc ( (abs (y th) + 0.5*d) /d); 

X th < 0 then j=br := -trunc((abs(x-th) + 0.5*d)/d) 
else j_br .- trunc ( (x_th + 0.5*d) /d); 

FUNCTION FIND INTENSITY(i,j: integer) : integer; 
{This function finds the intensity of a pixel, given its location [i,j], 
after a rotation of deg_th degrees for the whole range of pixels.} 

var 
p pointer; 



asb:string; 
c1 : point; 
test: ptr int; 
div areas-: areas array; 
num-sides : side array; 
num-areas : integer; 
C area: real; 
count1, count2 : integer; 
i br, j br: integer; {the coordinates in the original image} 
sum intensity: real; 
xi,-yi : integer; {the array index that gives intensity of [i,j)} 

begin 
mark (p) ; 
sum intensity:= 0; 
test:= nil; 
find intcpts(i,j, test, c1); 
div to areas(test,c1, div areas, num_sides, num_areas); 
for-count1 := 1 to num areas do 

begin 
c area:= calc area(div areas[count1] , num sides[count1]); 
prev pixel(div-areas[count1], num sides[count1], i br, j br); 
xi :~ spec pt.x + j br; - - -
yi := spec-pt.y + i-br; 
sum intensTty := sum intensity+ (c area*first pic[xi,yi]) 

end; - - - -
find intensity:= round(sum_intensity); 
release(p); 

end; 

FUNCTION CODE(deg,xdir, ydir: real) string; 
{works out a code for the file name} 

VAR. 
a, b, 
sum 

c : integer; 
string; 

begin 
if (deg <= 0) then a:=0 else a:=1; 
if (xdir <= 0) then b:=0 else b:=1; 
if (ydir <= 0) then c:=0 else c:=1; 
str ( ( (4*a) + (2*b) + c), sum); 
code := sum; 

end; 

PROCEDURE INT IN SCOPE; 
{Finds the new intensities after a specified rotation of the pixels needed 
to calculate the statistic for a specified point. 
The area is rotated around the pixel specified by 'spec_pt'.} 

VAR. 
x, y: integer; 
i, j : integer; 
st1, st2 :string; 

{array index} 
{matrix coordinates} 

begin 
for xa := (spec pt.x-win rad) 

to (spec_pt.x+win_rad) do 
begin 

j := xa - spec pt.x; 
for ya:= (spec-pt.y-win rad) 

to (spec_pt.y+win_rad) do 
begin 

i := ya - spec pt.y; 
calc_pic[xa,yaT. find_intensity(i,j); 

end; 



end; 

{for checking} 

{ st1 := code(deg th, trans.x, trans.y); 
str((deg th+trans.x+trans.y) :6:2, st2); 
op_file_name := concat(st1, st2) ;} 

{writing results of translation and rotation to calc pic_file, 
i.e. the new intensities.} 

append(calc pie file); 
write line(calc-pic file); 
write(calc pie rile~ 'rot : ',deg_th:6:2,' trans x ',trans.x:6:3,' y 

:',trans.y:6:3); -
write line(calc pie file); 
write(calc pie file~ 'rotated around: (' ,spec_pt.x,' , ',spec_pt.y,' ) . '); 
write line(calc pie file); 

for-y:= (spec-pt.y-win rad) to (spec pt.y+win rad) do 
begin - - - -

for x := (spec pt.x-win rad) to (spec pt.x+win rad) do 
write(calc pie file, calc pic[x,y],-, '); -

write line(calc pie file); -
end; - - -

close(calc_pic_file); 

end; 

{***********************MAIN PROGRAMME********************} 

end. {main programme} 



Rotated checker images 



1 by 1 pixel Checker pattern 
rotated 1 ° 

1 by 1 pixel Checker pattern 
rotated O 0 



1 by 1 pixel Checker pattern 
rotated 3 ° 

1 by 1 pixel Checker pattern 
rotated 2 ° 



1 by 1 pixel Checker pattern 
rotated 5 ° 

1 by 1 pixel Checker pattern 
rotated 4 o 



1 by 1 pixel Checker pattern 
rotated 15 o 

1 by 1 pixel Checker pattern 
rotated 10 ° 



1 by 1 pixel Checker pattern 
rotated 25 ° 1 by 1 pixel Checker pattern 

rotated 20 o 



1 by 1 pixel Checker pattern 
rotated 35 o 

1 by 1 pixel Checker pattern 
rotated 30 ° 



1 by 1 pixel Checker pattem 
rotated 45 ° 1 by 1 pixel Checker pattem 

rotated 40 ° 



2 by 2 pixel Checker pattern 
rotated 1 ° 

2 by 2 pixel Checker pattern 
rotated O 0 



2 by 2 pixel Checker pattern 
rotated 3 o 

2 by 2 pixel Checker pattern 
rotated 2 ° 



2 by 2 pixel Checker pattern 
rotated 5 ° 2 by 2 pixel Checker pattern 

rotated 4 ° 



2 by 2 pixel Checker pattern 
rotated 15 ° 

2 by 2 pixel Checker pattern 
rotated 10 ° 



2 by 2 pixel Checker pattern 
rotated 25 ° 2 by 2 pixel Checker pattern 

rotated 20 ° 



2 by 2 pixel Checker pattern 
rotated 35 ° 2 by 2 pixel Checker pattern 

rotated 30 ° 



2 by 2 pixel Checker pattern 
rotated 45 ° 2 by 2 pixel Checker pattern 

rotated 40 ° 



3 by 3 pixel Checker pattern 
rotated 1 ° 3 by 3 pixel Checker pattern 

rotated O 0 



3 by 3 pixel Checker pattern 
rotated 3 o 

3 by 3 pixel Checker pattern 
rotated 2 ° 



3 by 3 pixel Checker pattern 
rotated 5 ° 

3 by 3 pixel Checker pattern 
rotated 4 ° 



3 by 3 pixel Checker pattern 
rotated 15 ° 3 by 3 pixel Checker pattern 

rotated 10 ° 



3 by 3 pixel Checker pattern 
rotated 25 ° 

'· 3 by 3 pixel Checker pattern 
rotated 20 o 



3 by 3 pixel Checker pattern 
rotated 35 ° 

3 by 3 pixel Checker pattern 
rotated 30 ° 



3 by 3 pixel Checker pattern 
rotated 45 ° 3 by 3 pixel Checker pattern 

rotated 40 ° 



J 

4 by 4 pixel Checker pattern 
rotated 1 o 

4 by 4 pixel Checker pattern 
rotated O 0 



4 by 4 pixel Checker pattern 
rotated 3 ° 4 by 4 pixel Checker pattern 

rotated 2 ° 



.... ,._ 

4 by 4 pixel Checker pattern 
rotated 5 ° 

4 by 4 pixel Checker pattern 
rotated 4 ° 



I _ .. 
Ill 1-

4 by 4 pixel Checker pattern 
rotated 15 ° 

7 

4 by 4 pixel Checker pattern 
rotated 10 o 



4 by 4 pixel Checker pattern 
rotated 25 ° 4 by 4 pixel Checker pattern 

rotated 20 ° 



4 by 4 pixel Checker pattern 
rotated 35 ° 4 by 4 pixel Checker pattern 

rotated 30 ° 



'1 

I i 

4 by 4 pixel Checker pattern 
rotated 45 ° 

4 by 4 pixel Checker pattern 
rotated 40 o 



Appendix C 
Derivation of simulation of sub-pixel effect 

A frame of a video is made up of a grid of square pixels where a pixel is an area of 
uniform intensity. A pixels intensity value is between O (black) and 255 (white). A 
pixel within a frame may be indexed by an x and y coordinate. The pixel at the 
coordinate (0,0) is in the top left hand corner of the frame. Using this notation an 
equation can be written for the new intensity values of a pixel after a translation and 
therefore the sum of absolute difference statistic value for a window that has been 
translated. 

For x translation only: 

If trx is translation undergone between O and 1 pixels in the horizontal direction, w 
is the width of a pixel and Iold,x.yJ is the old intensity of a pixel at the position (x,y) 
then the new intensity, Inew,x.yJ, of the pixel at location (x,y) is given by: 

Ioldcx-i,y>*tix*W + Ioldcx,y>*W* (w-trx) Inew1x,y> • ----------------------­w2 

The change in intensity of the pixel at (x,y) is: 

llicx.y) - Iold1x,y) - Inewcx,y) 

( Ioldcx-i,y>*tix*W+Ioldcx,y>*W* (w-trx)) .. Ioldcx.y> -
w2 

ld · ( W* (w-trx)) Iold(x-l,yJ*tix*W .. Io 1 > * 1------ - ------="--__:.:'--~y ~ ~ 

trx ( d - w * Ioldcx,y> - Iol <x-l,y}) 



The sum of absolute difference statistic is given by: 

window 
Statistic - L lra,x,y) - Ibcx,y)I 

x,y 

where I'¾x,yl is the intensity of the pixel at (x,y) in window a and Ib!x,yJ is the intensity 
of the pixel at (x,y) in window b. When simulating the effect of sub-pixel translation 
window a is from the frame after sub-pixel translation and window b is from the 
same frame before sub-pixel translation. So for a window size of n the statistic value 
for an x translation of trx is given by : 

n . . trx 't""' Statistic - -- * L., w x•-n 

For y translatio!) only : 

n 
L lroldcx,y) - Iold(x-1,y)I 

y--n 

If try is translation undergone between O and 1 pixels in the vertical direction the 
new intensity, Inew!x,yJ, of the pixel at location (x,y) is given by: 

Inewcx,y> • 
Ioldcx,y-iJ*tiy*W + Ioldcx,y>*W* (w-try} 

w2 

The change in intensity of the pixel at (x,y) is: 

The statistic value for a y translation of try is given by : 

n 
Statistic - try* L 

w x--n 

n 
L lrold(x,y) - Iold(x,y-1)1 

y•-n 



For translation in x and y direction 

If trx is the translation in the x direction and try is translation in they direction then 
the new pixel intensity can be found from a combination of four pixel intensities in 
the untranslated frame. If the coordinate of the pixel whose intensity is being 
calculated is (x,y) then the coordinates of the four pixels whose intensities are being 
used in the combination are (xl,yl), (x2,yl), (x2,y2), and (xl,y2) (from top left to 
bottom left) and are given by the following simple rules: 

if trx > 0 xl = x - round(trx + 0.499) 
x2 = xl + 1 

if trx = 0 xl = x2 = 0 

x2 = x - round(trx - 0.499) 
xl = x2 - 1 

if try > 0 yl = y - round(try + 0.499) 
y2 = yl + 1 

yl = y2 = 0 

y2 = y - round(try - 0.499) 
yl = y2 - 1 

and if ftrx is the fractional part of the translation in the x direction and ftry is the 
fractional part of the translation in the y direction the multipliers M11,1i, M(2.ii, M(2,21 
and M(1,21 (top left to bottom left) are given by : 

if trx > 0 and try> 0 then M(l,1) = ftrx * ftry 
M(2.lJ = (w x-ftrx) * try 
M(2,21 = (wx-ftrx)*(wy-ftry) 
M(1,2J = ftrx * (wy-ftry) 

if trx > 0 and try< 0 then M(l,l) = ftrx * (wy+ftry) 
M(2.l) = (wx-ftrx)*(wy+ftry) 
M!2.21 = (wx-ftrx) * -ftry 
M(l,2) = ftrx * -ftry 

if trx < 0 and try> 0 then M(l,1) = (wx+ftrx) * £try 
M(2.l) = -ftr X * ftr y 
M(2.iJ = -ftrx * (wy-ftry) 
Mu,21 = (wx+ftrx)*(wy-ftry) 



if trx < 0 and try< 0 then 

where w x is the width of the pixel in the x direction and w Y is the width of the pixel 
in the y direction. 

The new intensity of a pixel Inew1x.yl at the location (x,y) is given by: 

Inewcx,y> .. Ioldcz1,yi> *Mc1 , 1 > + Ioldcxz,yi) *Mc 2 , 1 > 

+ Ioldcxz.y2> *Mc2 , 2 > + Ioldcx1,y2 > *Mc1 , 2 > 



Appendix D 

Limited testing conditions 

For testing algorithms the ideal situation would be to synthesise image sequences by 
a repeatable method so all algorithms could be tested under controlled various 
conditions. Examples of factors that are desirable to vary by controlled known 
amounts between runs are contrast levels, noise levels, rotation and translation. 

For the results in this report translation was synthesised by computer program but 
the same program was then used to track making the synthesis less independent of 
the algorithm results. This is an important point when the phenomena of translating 
or rotating a frame twice is considered (see section below). An alternative method 
that was considered was to take a very high resolution picture and create a series of 
frames by extracting parts of that picture and converting it to a lower resolution. 
This synthesis would not be ideal as in the real world translation could be 
infinitesimally small where this simulation method results in the smallest translation 
of about 0.125 pixels. Rotation was also synthesised by software. A further limit of 
both methods is movement in the z direction can not be synthesised and it is also 
difficult to simulate independent vertebra translation and rotation. Mechanical 
translation is possible but the equipment is not presently available at Massey 
University and is very expensive. The best way to control contrast levels and general 
image quality of test sequences may be software window filters. 

The final conclusions made in this report were based on tracking carried out on an 
unsynthesised video. The correct locations were calculated by superimposing an 
outline of the vertebra over each frame and rotating and translating the computer 
estimate to a best match by eye. To enhance results the moused frame with the fitted 
outline was also on each screen for an immediate comparison. 



Affect of two way translation 

When a frame is translated by a specific vector, using a computer program,. then the 

calculated frame is translated by the reverse of that vector, by the same program, 

then if a sub-pixel vector component was involved, the final calculated frame is not 

identical to the initial frame. The reason for this is that after a translation the new 

pixel value is a combination of two or four pixel values from the original frame. 

Which pixels and whether it is two or four depends on the translation vector. When 

this translated picture undergoes the reverse translation the new pixel values are a 

combination of two or four of the translated pictures pixels so instead of reverting 

back to the original it is a combination of a number of the originals pixels. An 

example of this is shown in Figure D-1. 



□ □ □ ,...1.)--l ir.rt ••l.>'-l 

□ □ □ ,...1, 1 II, 1 ,..1, J 

D 0 0 
,...1,ytl ir.M a1'f.yti 

1NA:l.ttfd .... .,...i ,----~----~-----, I I I I I • • • I 
I ~--
' 

- tro.nslo.ted by (-0.5, -0.5) ➔ l--
' I I 
I ., __ 

Tl 
rl.rl 

Tl ~, 

Tl 
r-1,ytt 

Tl Tl 
II, 1-t ,,..1,r, 

Tl T1 
11,J ,..1, 1 

Tl Tl 
II, yti x<f.ytl 

Tl = 0.251:C O + D + □ + D ) ir.1 11,1 ...S. 1 ir, r'i x<l.),o1 

Now If this co.lculo.ted T1 picture undergoes the reverse tro.nslo.tlon : 

T2 T2 
X-1.M x. Y-1 

Tl translo. ted by (0.5, 0.5) ) T2 T2 
rl,J X. 1 

T2 T2 
X-1.M X. Jti 

T2 
,11.r1 

T2 
X"1 y 

T2 
%'1.)"'I 

... 

... 

loo 

--, 
I 
I 
I 
I 

-~ 
I 
l 
I 
I -, 
l 
I 

I I I 
l I I I l----~-----L----• 
"'-'•\t<I 11 

Then T2 ,q = 0,251:( T1 ... 1.rt Tl., ,.1 + Tl ... 1. 
1 
+ Tl ., 1 > 

= o.25J.C o.25*< a + □ + a + a ) + --1.:,-1 11. ,-1 ... 1 ._ 1 
0.25~( 0 + D + 0 + 0 > + -. ,-1 ..+l.y-1 -. y Jttl, 1 
0,25:fi( D + D + D + □ > + ... 1 .. ., ... y+I .. .,., 

0.251( o .. 'I + □ lr'II. 1 + □., 1+1 + 0 ••• ,.1> J 

= 0,06251:( D + 20 + 20 + 40 + D + •·l.y-t -. y-1 •·I. 1 11, 1 ••1.:,-1 

20••1, y t □ •-1.)•/ 20,. 'f'I + 0 __.1,,.{ 

So Instead of reverting be.ck to D o.:; exp'?c~eci lnsteo.ci It I:; o. corr1bino.tion of •• y 
D,,, 

1 
o.ncl the surrounding pixels. 

Figure D-1 An example of the affect of two way translation 




