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slightly.   

    

(a) (b) 

Tables 5.2-5.5 present the similarity values for matching signatures to templates, the 

values in the tables are arranged by subject number, we kept this arrangement to be 

consistent with Table 5.1 and for simplicity in presenting our results. The diagonal values 

have been highlighted in yellow, when the value in the diagonal is not the highest for a 

given subject then the highest value is shown in red and the match is referred to as a 

negative match. We also provide, for illustrative purposes, images for positive matches 

and negative matches.  

5.2.2 Similarity Results for Matching the First Signature Set to Templates 

In table 5.2 we have listed the similarity values for ௌܵଵ்ሺܣ →  ሻ, matching the firstܤ

signature set to the templates. The values in the diagonal for this case are not 1, the 

diagonal values range from 0.3097 to 0.6158, we observe that the diagonal values are the 

Fig. 5.1 Overlay of templates of (a) subject 1 to its own template and (b) subject 1 
template (white) to the template of subject 11 (red) 
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highest values for subject 1 through subject 12 thus leading to a positive match between 

the signature and templates of these subjects. The similarity value for subject 13 is 0.3097, 

in the corresponding column we find that the highest value is 0.3108 this means that the 

first signature of subject 13 was negatively matched to the template of subject 12. In this 

case 12 subjects were positively matched, thus obtaining an accuracy rate of 92.31%. 

Table 5.2 Similarity values for ௌܵଵ்ሺܣ →  ሻ, where A is the first signature set, andܤ
B is a thermal facial template. Accuracy 92.31% 

Subj01 Subj02 Subj03 Subj04 Subj05 Subj06 
T-Subj01 0.4957 0.3024 0.3500 0.2999 0.3256 0.3387 
T-Subj02 0.2089 0.4115 0.2138 0.2263 0.2644 0.2244 
T-Subj03 0.3231 0.2823 0.4635 0.2738 0.3016 0.2764 
T-Subj04 0.2642 0.2858 0.2845 0.4916 0.3312 0.3061 
T-Subj05 0.2828 0.2637 0.2610 0.2986 0.3740 0.3343 
T-Subj06 0.3221 0.3174 0.3207 0.3293 0.3510 0.5043 
T-Subj07 0.3199 0.2964 0.3026 0.2990 0.3095 0.3281 
T-Subj08 0.3149 0.2921 0.3000 0.3334 0.3180 0.3350 
T-Subj09 0.2706 0.3053 0.2599 0.3111 0.2920 0.2906 
T-Subj10 0.2773 0.3184 0.2974 0.2715 0.2824 0.2746 
T-Subj11 0.2184 0.2990 0.2040 0.2039 0.2464 0.2311 
T-Subj12 0.3536 0.2851 0.2845 0.3122 0.3072 0.3218 
T-Subj13 0.2696 0.2952 0.2833 0.2888 0.2936 0.2547 

 
Subj07 Subj08 Subj09 Subj10 Subj11 Subj12 Subj13

T-Subj01 0.2261 0.2852 0.2993 0.2940 0.2528 0.3420 0.2951
T-Subj02 0.1779 0.2138 0.2144 0.2718 0.3181 0.1975 0.2087
T-Subj03 0.2617 0.2489 0.2834 0.3075 0.2600 0.2859 0.2550
T-Subj04 0.2483 0.2880 0.3246 0.2917 0.2728 0.2806 0.2620
T-Subj05 0.2065 0.2817 0.3240 0.2682 0.2898 0.2880 0.2682
T-Subj06 0.2422 0.3022 0.3391 0.2956 0.3174 0.3306 0.3029
T-Subj07 0.4178 0.3349 0.3228 0.3258 0.3154 0.3110 0.2947
T-Subj08 0.2769 0.4648 0.2822 0.2776 0.2893 0.3050 0.3096
T-Subj09 0.2282 0.2417 0.4354 0.2843 0.2732 0.2876 0.2466
T-Subj10 0.2449 0.2505 0.2797 0.4416 0.2851 0.2597 0.2699
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Subj07 Subj08 Subj09 Subj10 Subj11 Subj12 Subj13
T-Subj11 0.1668 0.1730 0.2651 0.2659 0.3376 0.1983 0.1959
T-Subj12 0.2470 0.3249 0.3169 0.2993 0.2702 0.6158 0.3108
T-Subj13 0.2703 0.3050 0.2868 0.2923 0.2648 0.2698 0.3097

In figure 5.2 we show the overlay of the template and signature corresponding to a 

positive match for subjects 12, 6 and 1, these subjects had the highest similarity values in 

table 5.2, [0.6158, 0.5043, 0.4957] respectively. The templates are shown in white and the 

signatures are shown in red. 

     

(a)        (b)       (c) 

In figure 5.3 we present the overlay of the template and signature for the negative match 

of subject 13. In this case figure 5.3a shows the overlay of the template and signature of 

subject 13, similarity value is 0.3097. Figure 5.3b shows the overlay of the template for 

subject 12 to which the signature of subject 13 was negatively matched with a similarity 

value of 0.3108. The templates are shown in white and the signatures are shown in red. 

Fig. 5.2 Overlay of template (white) and signature (red) for positive match of (a) subject 
12, (b) subject 6, and (c) subject 1, with similarity values of [0.6158, 0.5043, 0.4957], 

respectively 
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(a)       (b) 

5.2.3 Similarity Results for Matching the Second Signature Set to Templates 

In table 5.3 we have listed the similarity values for ௌܵଶ்ሺܣ →  ሻ, matching the second setܤ

of signatures to the templates. The range of the similarity values in the diagonal is 

0.2972-0.5806, we observe that these values are the highest for ten subjects: 1, 2, 4-8, 

10-12. Subjects 3, 9 and 13 were negatively matched to the templates of subjects 12, 2 and 

7 respectively. We obtained an accuracy rate of 76.92% for this case. 

Table 5.3 Similarity values for ௌܵଶ்ሺܣ →  ሻ, A is the second signature set, and Bܤ
is a template. Accuracy 76.92% 

Subj01 Subj02 Subj03 Subj04 Subj05 Subj06 
T-Subj01 0.4064 0.2640 0.3304 0.3043 0.3263 0.3269 
T-Subj02 0.1997 0.3644 0.2248 0.2457 0.2358 0.2292 
T-Subj03 0.3141 0.2370 0.3001 0.2593 0.2859 0.2883 
T-Subj04 0.2602 0.2933 0.2920 0.4161 0.3154 0.3191 
T-Subj05 0.2766 0.2871 0.2768 0.2909 0.3784 0.3396 
T-Subj06 0.3037 0.3136 0.3135 0.3410 0.3509 0.5806 
T-Subj07 0.3391 0.2843 0.3168 0.3050 0.3103 0.3377 
T-Subj08 0.3158 0.2769 0.3066 0.3506 0.3028 0.3340 
T-Subj09 0.2505 0.2862 0.2792 0.2741 0.3074 0.3135 

Fig. 5.3 (a) Subject 13’s overlay of its own template (white) and signature (red), similarity 
value 0.3097, (b) negative match of the signature of subject 13 to the template of subject 

12 with a similarity value of 0.3108  
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Subj01 Subj02 Subj03 Subj04 Subj05 Subj06 
T-Subj10 0.2861 0.3100 0.2729 0.2775 0.2778 0.2658 
T-Subj11 0.2094 0.2908 0.2154 0.1894 0.2446 0.2341 
T-Subj12 0.3457 0.2777 0.3541 0.3128 0.3027 0.3318 
T-Subj13 0.2964 0.2661 0.2572 0.2952 0.2721 0.2541 

 
 

Subj07 Subj08 Subj09 Subj10 Subj11 Subj12 Subj13
T-Subj01 0.2321 0.2771 0.2564 0.2885 0.2715 0.3506 0.2837
T-Subj02 0.1931 0.2102 0.3233 0.2509 0.3172 0.2067 0.2521
T-Subj03 0.2631 0.2655 0.2321 0.3093 0.2767 0.2753 0.2864
T-Subj04 0.2462 0.2864 0.2747 0.2799 0.2550 0.2792 0.2763
T-Subj05 0.2077 0.2803 0.2611 0.2608 0.2965 0.2878 0.2970
T-Subj06 0.2562 0.3031 0.3114 0.3075 0.3111 0.3253 0.2592
T-Subj07 0.4345 0.3387 0.3118 0.3295 0.3129 0.3042 0.3356
T-Subj08 0.2832 0.4351 0.2575 0.2883 0.2785 0.2987 0.3252
T-Subj09 0.2270 0.2450 0.2972 0.2870 0.2847 0.2805 0.2775
T-Subj10 0.2600 0.2454 0.3069 0.4389 0.3076 0.2655 0.2766
T-Subj11 0.1727 0.1794 0.2564 0.2626 0.3314 0.2106 0.2115
T-Subj12 0.2629 0.3321 0.2774 0.3129 0.2728 0.5661 0.2785
T-Subj13 0.2806 0.3076 0.2755 0.2727 0.2812 0.2679 0.3311

In figure 5.4 we show the overlay of the template and signature corresponding to a 

positive match for subjects 12, 6 and 8, these subjects had the highest similarity values in 

table 5.3, [0.5661 0.5806, 0.4351] respectively. The templates are shown in white and the 

signatures are shown in red. 
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(a)       (b)       (c) 

In figure 5.5 we present the overlay of the template and signature for the negative match 

of subject 3. In this case figure 5.5a shows the overlay of the template and signature of 

subject 3, similarity value is 0.3001. Figure 5.5b shows the overlay of the template for 

subject 12 to which the signature of subject 3 was negatively matched with a similarity 

value of 0.3541. The templates are shown in white and the signatures are shown in red. 

   

(a)       (b) 

Fig. 5.4 Overlay of template (white) and signature (red) for positive match of (a) subject 
12, (b) subject 6, and (c) subject 8, with similarity values of [0.5661 0.5806, 0.4351] 

respectively 

Fig. 5.5 (a) Subject 3’s overlay of its own template and signature, similarity value 0.3001. 
(b) negative match of the signature of subject 3 to the template of subject 12 with a 

similarity value of 0.3541.  
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5.2.4 Similarity Results for Matching the Third Signature Set to Templates 

In table 5.4 we have listed the similarity values for ௌܵଷ்ሺܣ →  ሻ, matching the third setܤ

of signatures to the templates. The diagonal values in this table ranges from 0.2936 to 

0.5132, in this case we notice that there is only one negative match, the third signature of 

subject 9 is matched to the template of subject 7. The signatures of the other twelve 

subjects are positively matched to their corresponding template, thus obtaining an 

accuracy rate of 92.31%. 

In figure 5.6 we show the overlay of the template and signature corresponding to a 

positive match for subjects 12, 4 and 6, these subjects had the highest similarity values in 

table 5.4, [0.5132, 0.4606, 0.4556] respectively. The templates are shown in white and the 

signatures are shown in red. 

Table 5.4 Similarity values for ௌܵଷ்ሺܣ →  ,ሻ, where A is the third signature setܤ
and B is a thermal facial template. Accuracy 92.31% 

Subj01 Subj02 Subj03 Subj04 Subj05 Subj06 
T-Subj01 0.4190 0.2724 0.3080 0.2822 0.3119 0.2942 
T-Subj02 0.2464 0.3898 0.2068 0.2147 0.2785 0.2978 
T-Subj03 0.2583 0.2427 0.3883 0.2765 0.2702 0.2647 
T-Subj04 0.2962 0.2828 0.2877 0.4606 0.2924 0.3159 
T-Subj05 0.3465 0.2583 0.2619 0.2746 0.4502 0.3015 
T-Subj06 0.3702 0.3110 0.2974 0.3080 0.3507 0.4556 
T-Subj07 0.3168 0.2783 0.3324 0.3127 0.3218 0.3329 
T-Subj08 0.3338 0.2974 0.2820 0.3211 0.2961 0.3406 
T-Subj09 0.2917 0.2802 0.2749 0.3144 0.2961 0.3162 
T-Subj10 0.2175 0.3095 0.2770 0.2864 0.2622 0.2710 
T-Subj11 0.2232 0.2657 0.1830 0.2124 0.2736 0.2433 
T-Subj12 0.3430 0.2729 0.3487 0.2876 0.3016 0.3046 
T-Subj13 0.2457 0.2707 0.2452 0.3071 0.2613 0.3040 
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Subj07 Subj08 Subj09 Subj10 Subj11 Subj12 Subj13
T-Subj01 0.2651 0.2741 0.2465 0.2549 0.2722 0.3389 0.2331
T-Subj02 0.2088 0.2095 0.1860 0.2693 0.2949 0.2292 0.1707
T-Subj03 0.2910 0.2643 0.2234 0.2855 0.2625 0.2811 0.2257
T-Subj04 0.2752 0.2715 0.2535 0.2692 0.2624 0.2827 0.2843
T-Subj05 0.2471 0.2545 0.2322 0.2612 0.2988 0.2986 0.2167
T-Subj06 0.2579 0.2773 0.2560 0.2968 0.2998 0.3337 0.2602
T-Subj07 0.3836 0.3163 0.3346 0.3077 0.3039 0.3168 0.3347
T-Subj08 0.2917 0.3771 0.2871 0.3079 0.2611 0.2956 0.2884
T-Subj09 0.2408 0.2528 0.2936 0.2442 0.3075 0.2892 0.2454
T-Subj10 0.2640 0.2674 0.2158 0.3565 0.3110 0.2720 0.2553
T-Subj11 0.1930 0.1873 0.1632 0.2771 0.3810 0.2138 0.1703
T-Subj12 0.2894 0.3287 0.2980 0.3150 0.2701 0.5132 0.2982
T-Subj13 0.2901 0.2623 0.2435 0.2557 0.2701 0.2803 0.3711

 

     

(a)       (b)       (c) 

In figure 5.7 we present the overlay of the template and signature for the negative match 

of subject 9. In this case figure 5.7a shows the overlay of the template and signature of 

subject 9, similarity value is 0.2936. Figure 5.7b shows the overlay for the template of 

subject 7 to which the signature of subject 9 was negatively matched with a similarity 

value of 0.3346. The templates are shown in white and the signatures are shown in red. 

Fig. 5.6 Overlay of template (white) and signature (red) for positive match of (a) subject 
12, (b) subject 4, and (c) subject 6, with similarity values of [0.5132, 0.4606, 0.4556] 

respectively  
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(a)       (b) 

5.2.5 Similarity Results for Matching the Fourth Signature Set to Templates 

In table 5.5 we have listed the similarity values for ௌܵସ்ሺܣ →  ሻ, matching the fourth setܤ

of signatures to the templates. The diagonal values in this table range from 0.3179 to 

0.5252. in this case we notice that there is only one negative match, the third signature of 

subject 4 was matched to subject 12, and subjects 1-3, 5-12 were positively matched. 

In figure 5.8 we show the overlay of the template and signature corresponding to a 

positive match for subjects 6, 3 ,and 12; these subjects had the highest similarity values in 

table 5.5, [0.5252, 0.4986, 0.4955] respectively. The templates are shown in white and the 

signatures are shown in red. 

  

 

 
 
 

Fig. 5.7 (a) Subject 9’s overlay of its own template and signature, similarity value 0.2936, 
(b) negative match of the signature of subject 9 to the template of subject 7 with a 

similarity value of 0.3346 
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Table 5.5 Similarity values for ௌܵସ்ሺܣ →  ,ሻ, where A is the fourth signature setܤ
and B is a template. Accuracy 92.31%. 
Subj01 Subj02 Subj03 Subj04 Subj05 Subj06 

T-Subj01 0.4280 0.2845 0.3364 0.2871 0.3195 0.3061 
T-Subj02 0.2234 0.4113 0.2059 0.2284 0.2698 0.2492 
T-Subj03 0.2555 0.2648 0.4986 0.2651 0.2619 0.2693 
T-Subj04 0.3002 0.2800 0.2954 0.3179 0.2923 0.3247 
T-Subj05 0.3443 0.2824 0.2821 0.3231 0.4437 0.2977 
T-Subj06 0.3777 0.3364 0.3114 0.3319 0.3621 0.5252 
T-Subj07 0.3246 0.2887 0.3090 0.3033 0.3021 0.3339 
T-Subj08 0.3360 0.2933 0.2844 0.2899 0.2862 0.3375 
T-Subj09 0.2913 0.3075 0.2615 0.3059 0.2997 0.3060 
T-Subj10 0.2318 0.3132 0.3120 0.3089 0.2502 0.2551 
T-Subj11 0.2157 0.2983 0.1925 0.2387 0.2616 0.2346 
T-Subj12 0.3344 0.2654 0.3170 0.3348 0.3011 0.3092 
T-Subj13 0.2491 0.2847 0.2469 0.2889 0.2401 0.2579 

 
 

Subj07 Subj08 Subj09 Subj10 Subj11 Subj12 Subj13
T-Subj01 0.2660 0.2925 0.3144 0.2737 0.2747 0.3222 0.2321
T-Subj02 0.2043 0.2268 0.2805 0.2506 0.3192 0.2038 0.1694
T-Subj03 0.2809 0.2536 0.2701 0.2892 0.2468 0.2668 0.2151
T-Subj04 0.2867 0.3037 0.2991 0.3095 0.3003 0.2605 0.2962
T-Subj05 0.2481 0.3061 0.3245 0.2486 0.2983 0.2804 0.2101
T-Subj06 0.2658 0.3070 0.3142 0.3135 0.3406 0.2943 0.2748
T-Subj07 0.3828 0.3180 0.3251 0.3181 0.3484 0.3162 0.3454
T-Subj08 0.2871 0.3695 0.2867 0.3013 0.2729 0.3023 0.2895
T-Subj09 0.2275 0.2648 0.4330 0.2723 0.3133 0.2773 0.2375
T-Subj10 0.2308 0.2392 0.2891 0.3849 0.3330 0.2703 0.2435
T-Subj11 0.1631 0.2008 0.2723 0.2553 0.4568 0.1963 0.1652
T-Subj12 0.2798 0.2965 0.3229 0.3030 0.2939 0.4955 0.2897
T-Subj13 0.2790 0.2526 0.2927 0.3046 0.2726 0.2566 0.3757
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(a)       (b)       (c) 

 

In figure 5.9 we present the overlay of the template and signature for the negative match 

of subject 4. In this case figure 5.9a shows the overlay of the template and signature of 

subject 4, similarity value is 0.3179. Figure 5.9b shows the overlay for the template of 

subject 12 to which the signature of subject 4 was negatively matched with a similarity 

value of 0.3348. The templates are shown in white and the signatures are shown in red. 

    

(a)       (b) 

Fig. 5.8 Overlay of template (white) and signature (red) for positive match (a) subject 12, 
(b) subject 4, and (c) subject 6, similarity values of [0.5252, 0.4986, 0.4955], respectively  

Fig. 5.9 (a) Subject 4’s overlay of its own template and signature, similarity value 0.3179, 
(b) negative match of the signature of subject 9 to the template of subject 12 with a 

similarity value of 0.3348 
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5.3 Inter-Subject Results for Diffused Template and Signature 

The similarity measure values presented in this section are given in tables 5.6 – 5.10. The 

similarity values in these tables were obtained by using diffused templates and diffused 

signatures. Tables 5.6-5-10 are arranged in the same fashion as the tables in section 5.2.  

5.3.1 Similarity Results for Matching Diffused Templates 

Table 5.6 shows the similarity values ்்ܵሺܣ →  ሻ, all the diagonal values are equal toܤ

one, the thirteen subjects were positively matched using templates with thicker features 

thus attaining an accuracy rate of 100%.  

In figure 5.10a we present the overlay of diffused template for subject 1 with its own 

template, and in figure 5.10b we present the overlay of the diffused template for subject 1 

in white and the diffused template for subject 2 in red. 

Table 5.6 Similarity values for ்்ܵሺܣ →  .ሻ, where A and B are diffused templatesܤ
Accuracy 100% 

Subj01 Subj02 Subj03 Subj04 Subj05 Subj06 
T-Subj01 1.0000 0.3532 0.4230 0.3506 0.3952 0.4204 
T-Subj02 0.2562 1.0000 0.2498 0.2821 0.3150 0.2943 
T-Subj03 0.4169 0.2865 1.0000 0.3052 0.3008 0.3407 
T-Subj04 0.3514 0.3411 0.3135 1.0000 0.3698 0.3982 
T-Subj05 0.3694 0.3490 0.3196 0.3664 1.0000 0.4154 
T-Subj06 0.4412 0.3911 0.3791 0.4069 0.4400 1.0000 
T-Subj07 0.3723 0.3504 0.3938 0.3666 0.3529 0.3877 
T-Subj08 0.4411 0.3844 0.3630 0.3881 0.3689 0.4154 
T-Subj09 0.3146 0.3422 0.2890 0.3840 0.3510 0.3329 
T-Subj10 0.3376 0.3629 0.3764 0.3233 0.2903 0.3255 
T-Subj11 0.2642 0.3795 0.2280 0.2281 0.2942 0.2593 
T-Subj12 0.4240 0.3140 0.3902 0.3325 0.3590 0.3697 
T-Subj13 0.3180 0.3457 0.2824 0.3884 0.2920 0.3182 
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Subj07 Subj08 Subj09 Subj10 Subj11 Subj12 Subj13
T-Subj01 0.2914 0.4354 0.3522 0.3812 0.3412 0.4019 0.3281
T-Subj02 0.2342 0.3182 0.3163 0.3572 0.4319 0.2585 0.3067
T-Subj03 0.3198 0.3150 0.2998 0.3860 0.2894 0.3421 0.2648
T-Subj04 0.3014 0.3899 0.4014 0.3346 0.3184 0.3152 0.3845
T-Subj05 0.2464 0.3546 0.3827 0.3041 0.3546 0.3320 0.2879
T-Subj06 0.3167 0.4213 0.4056 0.3727 0.3554 0.3690 0.3293
T-Subj07 1.0000 0.3915 0.3867 0.3827 0.3939 0.3866 0.3940
T-Subj08 0.3472 1.0000 0.3560 0.3590 0.3004 0.3208 0.4042
T-Subj09 0.2836 0.2983 1.0000 0.3107 0.4108 0.3400 0.2870
T-Subj10 0.3109 0.3346 0.3139 1.0000 0.4003 0.3268 0.3008
T-Subj11 0.2299 0.2179 0.2762 0.3111 1.0000 0.2197 0.1767
T-Subj12 0.3191 0.3204 0.3571 0.3585 0.3040 1.0000 0.3657
T-Subj13 0.3414 0.3780 0.3190 0.3097 0.2769 0.3567 1.0000

 

    

(a) (b) 

5.3.2 Similarity Results for Matching Diffused First Signature Set to Templates 

Table 5.7 we have listed the similarity values for ௌܵଵ்ሺܣ →  ሻ, matching the first set ofܤ

diffused signatures to the diffused templates. The diagonal values in this table range from 

0.3527 to 0.7569. Twelve subjects were correctly matched , subjects 1-12; subject 13 was 

negatively matched to subject 12. We obtained an accuracy rate of 92.31 %. 

Fig. 5.10 Overlay of diffused template of (a) subject 1 to its own template and (b) subject 
1 template (white) to the template of subject 2 (red) 
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Table 5.7 Similarity values ௌܵଵ்ሺܣ →  ሻ, where A is a diffused signature, and B isܤ
a diffused template. Accuracy 92.31% 
Subj01 Subj02 Subj03 Subj04 Subj05 Subj06 

T-Subj01 0.6006 0.3467 0.4189 0.3641 0.3924 0.3801 
T-Subj02 0.2601 0.5091 0.2446 0.2461 0.2752 0.2643 
T-Subj03 0.3764 0.3331 0.5997 0.3190 0.3383 0.3379 
T-Subj04 0.3214 0.3302 0.3385 0.6466 0.4121 0.3711 
T-Subj05 0.3334 0.3287 0.2875 0.3721 0.5044 0.4134 
T-Subj06 0.3727 0.3776 0.3646 0.4263 0.4567 0.6407 
T-Subj07 0.3742 0.3390 0.3696 0.3598 0.3625 0.3863 
T-Subj08 0.3839 0.3473 0.3489 0.4132 0.3675 0.4100 
T-Subj09 0.2659 0.3433 0.2726 0.3512 0.2974 0.3361 
T-Subj10 0.3333 0.3534 0.3796 0.3166 0.3293 0.3121 
T-Subj11 0.2264 0.3551 0.2436 0.1887 0.2748 0.2533 
T-Subj12 0.4331 0.3391 0.3286 0.3737 0.3694 0.3763 
T-Subj13 0.3047 0.3310 0.3288 0.3375 0.3584 0.3280 

 
Subj07 Subj08 Subj09 Subj10 Subj11 Subj12 Subj13

T-Subj01 0.2786 0.3354 0.3528 0.3322 0.2944 0.3915 0.3422
T-Subj02 0.1959 0.2466 0.2357 0.3650 0.4263 0.2320 0.1922
T-Subj03 0.3128 0.3109 0.2950 0.3467 0.3141 0.3176 0.2972
T-Subj04 0.3076 0.3553 0.3793 0.2982 0.3157 0.3023 0.2843
T-Subj05 0.2339 0.3423 0.3857 0.3193 0.3165 0.3335 0.3196
T-Subj06 0.2990 0.3437 0.4243 0.3664 0.3739 0.3462 0.3242
T-Subj07 0.5144 0.3980 0.3780 0.3827 0.3805 0.3783 0.3544
T-Subj08 0.3073 0.5807 0.3407 0.3379 0.3360 0.3143 0.3667
T-Subj09 0.2393 0.2914 0.5295 0.2905 0.3104 0.3507 0.2688
T-Subj10 0.2888 0.3036 0.2752 0.5319 0.3463 0.2994 0.3060
T-Subj11 0.1536 0.2242 0.2930 0.2315 0.4332 0.2032 0.2166
T-Subj12 0.2853 0.3983 0.3721 0.3723 0.3126 0.7569 0.3764
T-Subj13 0.3286 0.3646 0.3453 0.3050 0.2886 0.3107 0.3527

In figure 5.11 we show the overlay of the diffused template and signature corresponding to 

a positive match for subjects 12, 4 ,and 6; these subjects had the highest similarity values 

in table 5.7, [0.7569, 0.6466, 0.6407] respectively. The templates are shown in white and 

the signatures are shown in red. 
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(a)       (b)       (c) 

In figure 5.12 we present the overlay of the diffused template and signature for the 

negative match of subject 13. Figure 5.12a shows the overlay of the diffused template and 

signature of subject 13, similarity value is 0.3527. Figure 5.12b shows the overlay for the 

diffused template of subject 12 to which the diffused signature of subject 4 was negatively 

matched, similarity value of 0.3764. The templates are shown in white and the signatures 

are shown in red. 

    

(a)       (b) 
Fig. 5.12 (a) Subject 13 overlay of its own diffused template and signature, similarity 

value 0.3527, (b) negative match subject 13 to the template of subject 12, similarity value 
of 0.3764. 

Fig. 5.11 Overlay of diffused template (white) and signature (red) for positive match (a) 
subject 12, (b) subject 4, and (c) subject 6, similarity values [0.7569, 0.6466, 0.6407] 

respectively 
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5.3.3 Similarity Results for Matching Diffused Second Signature Set to Templates 

In table 5.8 we have listed the similarity values for ௌܵଶ்ሺܣ →  ሻ, matching the second setܤ

of diffused signatures to the diffused templates. The diagonal values in this table range 

from 0.3081 to 0.7356. In this case subjects 1, 2, 4-8, and 10-13 are positively matched, 

whereas subjects 3 and 9 are matched to subjects 12 and 6 respectively. We obtained an 

accuracy rate of 84.61%. 

In figure 5.13 we show the overlay of the diffused template and signature corresponding to 

a positive match for subjects 12, 6 ,and 1; these subjects had the highest similarity values 

in table 5.8, [0.7356, 0.7129, 0.5479] respectively. The templates are shown in white and 

the signatures are shown in red.  

Table 5.8 Similarity values for ௌܵଶ்ሺܣ →  ,ሻ, where A is the diffused signatureܤ
and B is a diffused template. Accuracy 84.61% 

Subj01 Subj02 Subj03 Subj04 Subj05 Subj06 
T-Subj01 0.5479 0.3037 0.3967 0.3602 0.4016 0.3771 
T-Subj02 0.2910 0.4615 0.2569 0.2362 0.2670 0.2838 
T-Subj03 0.3497 0.2813 0.3163 0.2828 0.3175 0.3456 
T-Subj04 0.2919 0.3537 0.3535 0.5368 0.3788 0.3930 
T-Subj05 0.3236 0.3517 0.3217 0.3596 0.5320 0.4322 
T-Subj06 0.4042 0.3837 0.3622 0.4235 0.4024 0.7129 
T-Subj07 0.3986 0.3333 0.3937 0.3682 0.3598 0.4061 
T-Subj08 0.4395 0.3290 0.3677 0.4286 0.3453 0.4008 
T-Subj09 0.3129 0.3270 0.3215 0.3338 0.3329 0.3226 
T-Subj10 0.3652 0.3815 0.3010 0.3108 0.3065 0.2958 
T-Subj11 0.2182 0.3181 0.2449 0.1851 0.2702 0.2251 
T-Subj12 0.3927 0.3301 0.4249 0.3714 0.3749 0.3889 
T-Subj13 0.3373 0.3269 0.3227 0.3227 0.2978 0.3015 
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Subj07 Subj08 Subj09 Subj10 Subj11 Subj12 Subj13
T-Subj01 0.2746 0.3270 0.2714 0.3011 0.3188 0.4101 0.3288
T-Subj02 0.2439 0.2379 0.3624 0.3391 0.4078 0.2381 0.2617
T-Subj03 0.3151 0.3280 0.2416 0.3507 0.3329 0.3075 0.3453
T-Subj04 0.3115 0.3617 0.3005 0.3147 0.2986 0.3187 0.3388
T-Subj05 0.2492 0.3454 0.3129 0.3183 0.3440 0.3472 0.3700
T-Subj06 0.3181 0.3418 0.3776 0.3586 0.3706 0.3684 0.2996
T-Subj07 0.5363 0.4032 0.3421 0.3940 0.3812 0.3714 0.3960
T-Subj08 0.3321 0.5358 0.3013 0.3402 0.3210 0.3255 0.4041
T-Subj09 0.2642 0.2815 0.3081 0.2925 0.3163 0.3379 0.3253
T-Subj10 0.3181 0.2916 0.2980 0.5357 0.3857 0.2819 0.3001
T-Subj11 0.1778 0.2224 0.2904 0.2375 0.4328 0.2250 0.2124
T-Subj12 0.3025 0.3899 0.3237 0.3919 0.3244 0.7356 0.3459
T-Subj13 0.3333 0.3686 0.2901 0.2800 0.3044 0.3218 0.4311

 

     

(a)       (b)       (c) 

  

In figure 5.14 we present the overlay of the diffused template and signature for the 

negative match of subject 3. Figure 5.14a shows the overlay of the diffused template and 

signature of subject 3, similarity value is 0.3163. Figure 5.14b shows the overlay for the 

diffused template of subject 12 to which the diffused signature of subject 3 was negatively 

Fig. 5.13 Overlay of diffused template (white) and signature (red) for positive match (a) 
subject 12, (b) subject 6, and (c) subject 1, with similarity values [0.7356, 0.7129, 0.5479] 

respectively 
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matched with similarity value of 0.4249. The templates are shown in white and the 

signatures are shown in red. 

   

(a)       (b) 

 

5.3.4  Similarity Results for Matching Diffused Third Signature Set to Templates 

In table 5.9 we have listed the similarity values for ௌܵଷ்ሺܣ →  ሻ, matching the third set ofܤ

diffused signatures to the diffused templates. The diagonal values range from 

0.3026-0.6799. In this case subject 9 was matched to subject 7, the other 12 subjects were 

matched  correctly. We obtained an accuracy rate of 92.31%. 

In figure 5.15 we show the overlay of the diffused template and signature corresponding to 

a positive match for subjects 12, 5, and 6; these subjects had the highest similarity values 

in table 5.9, [0.6799, 0.5787, 0.5733] respectively. The templates are shown in white and 

the signatures are shown in red. 

 

Fig. 5.14 (a) Subject 3 overlay of its own diffused template and signature, similarity value 
0.3163, (b) negative match subject 3 to the template of subject 12, similarity value of 

0.4249 
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Table 5.9 Similarity values ௌܵଷ்ሺܣ →  ሻ, where A is a diffused signature, and B isܤ
a diffused template. Accuracy 92.31%. 
Subj01 Subj02 Subj03 Subj04 Subj05 Subj06 

T-Subj01 0.5273 0.3080 0.3751 0.3343 0.3552 0.3440 
T-Subj02 0.3162 0.5159 0.2539 0.2770 0.3247 0.3410 
T-Subj03 0.3035 0.2741 0.4769 0.3426 0.2942 0.3028 
T-Subj04 0.3409 0.3278 0.3407 0.5922 0.3240 0.3797 
T-Subj05 0.4136 0.3134 0.2931 0.3269 0.5787 0.3579 
T-Subj06 0.4330 0.3669 0.3524 0.3783 0.3960 0.5733 
T-Subj07 0.3690 0.3313 0.4063 0.3687 0.3796 0.3795 
T-Subj08 0.3703 0.3452 0.3316 0.4115 0.3305 0.3860 
T-Subj09 0.3641 0.3033 0.3044 0.3397 0.3526 0.3383 
T-Subj10 0.3037 0.3598 0.3185 0.3626 0.2726 0.3181 
T-Subj11 0.2499 0.3403 0.1983 0.2494 0.3011 0.2722 
T-Subj12 0.4248 0.3295 0.4136 0.3155 0.3390 0.3634 
T-Subj13 0.2911 0.3203 0.2822 0.3691 0.2890 0.3307 

 
 

Subj07 Subj08 Subj09 Subj10 Subj11 Subj12 Subj13
T-Subj01 0.2791 0.3264 0.2749 0.2835 0.3088 0.3643 0.2720
T-Subj02 0.2131 0.2538 0.1914 0.2730 0.3541 0.2576 0.2249
T-Subj03 0.3055 0.3086 0.2381 0.3717 0.3052 0.3091 0.2913
T-Subj04 0.2771 0.3454 0.2815 0.3031 0.3000 0.3280 0.3138
T-Subj05 0.2351 0.2831 0.2603 0.2962 0.3354 0.3674 0.2506
T-Subj06 0.2525 0.3475 0.2720 0.3399 0.3320 0.3759 0.2821
T-Subj07 0.4874 0.3745 0.4072 0.3672 0.3601 0.3766 0.4055
T-Subj08 0.3209 0.4684 0.2750 0.3348 0.3032 0.3110 0.3241
T-Subj09 0.2934 0.3126 0.3026 0.2748 0.3246 0.3391 0.2597
T-Subj10 0.2821 0.2983 0.2196 0.4373 0.3735 0.2896 0.2876
T-Subj11 0.1873 0.2742 0.1685 0.2985 0.4449 0.1854 0.2032
T-Subj12 0.3529 0.3834 0.3322 0.3713 0.3185 0.6799 0.3330
T-Subj13 0.3438 0.3118 0.2644 0.2823 0.2862 0.3271 0.4331
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(a)       (b)       (c) 

In figure 5.16 we present the overlay of the diffused template and signature for the 

negative match of subject 9. Figure 5.16a shows the overlay of the diffused template and 

signature of subject 9, similarity value is 0.3026. Figure 5.16b shows the overlay for the 

diffused template of subject 7 to which the diffused signature of subject 9 was negatively 

matched with similarity value of 0.4072. The templates are shown in white and the 

signatures are shown in red. 

    
(a)       (b) 

Fig. 5.15 Overlay of diffused template (white) and signature (red) for positive match (a) 
subject 12, (b) subject 5, and (c) subject 6, with similarity values [0.6799, 0.5787, 0.5733] 

respectively 

Fig. 5.16 (a) Subject 9 overlay of its own diffused template and signature, similarity value 
0.3026, (b) negative match subject 9 to the template of subject 7, similarity value of 

0.4072 
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5.3.5  Similarity Results for Matching Diffused Fourth Signature Set to Templates 

In table 5.10 the similarity values for ௌܵସ்ሺܣ →  ሻ are given. The diagonal values rangeܤ

from 0.3895-0.6240. In this case subject 4 was matched to subject 6; the other 12 subjects 

were positively matched. We obtained an accuracy rate of 92.31%. 

Table 5.10 Similarity values ௌܵସ்ሺܣ →  ሻ,  A is diffused signature, and B is aܤ
diffused template. Accuracy 92.31% 
Subj01 Subj02 Subj03 Subj04 Subj05 Subj06 

T-Subj01 0.5436 0.3528 0.3920 0.3359 0.3789 0.3931 
T-Subj02 0.2715 0.5279 0.2620 0.2445 0.2570 0.3338 
T-Subj03 0.3469 0.3170 0.5691 0.3157 0.3016 0.2760 
T-Subj04 0.3631 0.3380 0.3060 0.3895 0.3469 0.3445 
T-Subj05 0.4479 0.3510 0.2899 0.3982 0.5674 0.3589 
T-Subj06 0.4403 0.4075 0.3687 0.4389 0.4519 0.6362 
T-Subj07 0.3750 0.3325 0.3705 0.3417 0.3390 0.3898 
T-Subj08 0.4009 0.3545 0.3387 0.3571 0.3357 0.3989 
T-Subj09 0.3238 0.3383 0.2336 0.3332 0.3155 0.3500 
T-Subj10 0.3243 0.3628 0.3097 0.3406 0.2624 0.3146 
T-Subj11 0.2404 0.3506 0.2245 0.2825 0.2646 0.2228 
T-Subj12 0.4138 0.3274 0.3602 0.4146 0.3419 0.3737 
T-Subj13 0.2821 0.3161 0.2784 0.3247 0.2616 0.3346 

 
Subj07 Subj08 Subj09 Subj10 Subj11 Subj12 Subj13

T-Subj01 0.3697 0.3691 0.3896 0.3053 0.3302 0.3936 0.2750
T-Subj02 0.2981 0.2316 0.2860 0.3011 0.4065 0.2359 0.2154
T-Subj03 0.2817 0.3423 0.2938 0.3600 0.2827 0.3236 0.2894
T-Subj04 0.3010 0.3705 0.3576 0.3627 0.3436 0.3369 0.3236
T-Subj05 0.3619 0.3759 0.4230 0.2732 0.3623 0.3176 0.2340
T-Subj06 0.3478 0.3455 0.3952 0.3716 0.3979 0.3824 0.2975
T-Subj07 0.4542 0.3669 0.3783 0.3768 0.4036 0.3777 0.4139
T-Subj08 0.3240 0.4504 0.3373 0.3571 0.3293 0.3542 0.3224
T-Subj09 0.3520 0.3198 0.5058 0.2960 0.3700 0.3454 0.2519
T-Subj10 0.3122 0.2686 0.3060 0.4933 0.3930 0.3433 0.2709
T-Subj11 0.2792 0.2000 0.2845 0.2612 0.5327 0.2089 0.2035
T-Subj12 0.3895 0.3761 0.3769 0.3762 0.3487 0.6240 0.3228
T-Subj13 0.3354 0.3095 0.3457 0.3200 0.2942 0.2928 0.4338
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In figure 5.17 we show the overlay of the diffused template and signature corresponding to 

a positive match for subjects 6, 12, and 3; these subjects had the highest similarity values 

in table 5.10, [0.6362, 0.6240, 0.5691] respectively. The templates are shown in white and 

the signatures are shown in red. 

     

(a)       (b)       (c) 

 

In figure 5.18 we present the overlay of the diffused template and signature for the 

negative match of subject 4. Figure 5.18a shows the overlay of the diffused template and 

signature of subject 4, similarity value is 0.3895. Figure 5.18b shows the overlay for the 

diffused template of subject 6 to which the diffused signature of subject 4 was negatively 

matched with similarity value of 0.4389. The templates are shown in white and the 

signatures are shown in red. 

Fig. 5.17 Overlay of diffused template (white) and signature (red) for positive match (a) 
subject , (6b) subject 12, and (c) subject 3, with similarity values [0.6362, 0.6240, 0.5691] 

respectively. 
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(a)       (b) 

5.3.5 Similarity Results for Matching Signatures to Modified Templates 

The results in this section present the similarity accuracies obtained from matching the 

skeletonized signatures to a modified template. In section 3.2.3 the methodology to obtain 

a template was explained in detail, in the modified method for this section we use three 

signatures per subject to obtain the template. In order to match a signature to a template 

the excluded signature from the template creation process is used as the testing signature, 

thus we obtained 4 different templates and 4 similarity measure value tables. The images 

in figure 5.19 show the overlay of the new template (white) and the testing signature (red) 

for one subject in our database. The label T123-S4 refers to the template being created 

with signatures 1, 2, and 3 while signature 4 is used as the non-reference image when 

applying the similarity measure, the rest of the images in figure 5.19 are labeled in a 

similar fashion.  

Fig. 5.18 (a) Subject 4 overlay of its own diffused template and signature, similarity value 
0.3895, (b) negative match of subject 4 signature to the template of subject 6, similarity 

value of 0.4389 
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(a) T234-S1      (b) T134-S2 

   
(c) T124-S3      (d) T123-S4 

Note how the modified templates change slightly depending on the signatures used to 

create it. The accuracy results for this experiment are shown in table 5.11 which also 

contains the results obtained previously with a template created using four signatures. 

Table 5.11 Accuracy for matching signatures to templates created using 3 
signatures (Template-3S) and 4 signatures (Template-4S). Templates and 

signatures are skeletonized. 
S1 S2 S3 S4 Avg. 

Template-3S  92.31% 61.54% 84.62% 92.31% 82.69%
Template-4S  92.31% 76.92% 92.31% 92.31% 88.46%

Fig. 5.19 Overlay of signatures and modified templates of subject 1  
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The accuracy values decreased on average by 5.77% when three signatures were used to 

create the template. The accuracy dropped most significantly when using signatures 1,3, 

and 4 to create the template and the signature set 2 was used for matching. The drop in the 

accuracy was expected as the information of the testing signature is no longer contained in 

the template.  

The similarity measure was also applied to templates thickened using a rotationally 

symmetric Gaussian low-pass filter of size 2 and with a 1.5 standard deviation. Using this 

filter allows us to thicken the template to a width of 2 pixels. The templates created using 3 

and 4 signatures were thickened using this Gaussian filter, the testing signature sets were 

left in their skeletonized form. Figure 5.20 shows an example of the thicker template (white), 

using 3 signatures, overlaid with the testing signature (red).  

 

    

(a) T234-S1      (b) T134-S2 
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(c) T124-S3      (d) T123-S4 

In figure 5.21 we present an example of a two-pixel thick template (white), created using 4 

signatures, overlaid with the testing signature (red). The naming of images 5.21 a-c follow 

the format T4-S1, in this case T4 means that the template was created using 4 signatures and 

S1 denotes that signature 1 was used for testing.  

   

(a) T4-S1       (b) T4-S2 

Fig. 5.20 Overlay of two-pixels thick templates and skeletonized signatures for subject 1. 
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(c) T4-S3       (d) T4-S4 

The accuracy results obtained for matching each skeletonized signature set to the two-pixels 

thick templates are shown in table 5.12. The results show a small decrease in the accuracy 

when the similarity measure is applied to the template created using three signatures. The 

accuracy in this case was 82.69%, the same accuracy was obtained when both the template 

and the signature are in their skeletonized form. However the accuracy obtained for the 

combination of the two-pixel thick template, created using 4 signatures, and the 

skeletonized signature is 84.62%. There is only a 1.93% accuracy difference in the results 

obtained using a two-pixel thick template created with 4 signatures and a two-pixel thick 

template created with 3 signatures, as it is shown in table 5.12.  

Table 5.12 Accuracy values for matching skeletonized signatures to templates that 
are 2 pixels thick 

S1 S2 S3 S4 Avg. 
T-3 Signatures 92.31% 61.54% 84.62% 92.31% 82.69%
T-4 Signatures 92.31% 76.92% 76.92% 92.31% 84.62%

Fig. 5.21 Overlay of two-pixels thick templates and skeletonized signatures for subject 1 
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5.4 Intra-Subject Results 

Intra-subject similarity values are given in tables 5.13 and 5.14 intra-subject results 

correspond to the values found in the diagonal trace of tables 5.1-5.10. The similarity 

values in table 5.13 are for skeletonized templates and signatures; corresponding to the 

diagonal traces found in tables 5.1-5.5. The values shown in table 5.14 are for diffused 

templates and signatures; corresponding to the diagonal traces found in tables 5.6-5.10. 

For each signature set the diagonal trace is presented column-wise and ordered by subject 

number. The template was always the reference image and the signature was the 

non-reference image. The similarity values leading to a mismatch are in shown in red. 

Table 5.13 Intra-subject similarity values. Skeletonized templates and signatures. 

 
Template

Signature 
Set 1 

Signature 
Set 2 

Signature 
Set 3 

Signature 
Set 4 

Subj01 1.0000 0.4957 0.4064 0.4190 0.4280 
Subj02 1.0000 0.4115 0.3644 0.3898 0.4113 
Subj03 1.0000 0.4635 0.3001 0.3883 0.4986 
Subj04 1.0000 0.4916 0.4161 0.4606 0.3179 
Subj05 1.0000 0.3740 0.3784 0.4502 0.4437 
Subj06 1.0000 0.5043 0.5806 0.4556 0.5252 
Subj07 1.0000 0.4178 0.4345 0.3836 0.3828 
Subj08 1.0000 0.4648 0.4351 0.3771 0.3695 
Subj09 1.0000 0.4354 0.2972 0.2936 0.4330 
Subj10 1.0000 0.4416 0.4389 0.3565 0.3849 
Subj11 1.0000 0.3376 0.3314 0.3810 0.4568 
Subj12 1.0000 0.6158 0.5661 0.5132 0.4955 
Subj13 1.0000 0.3097 0.3311 0.3711 0.3757 

For each negative match in table 5.13 the same subject signature is negatively matched in 

table 5.14, with the exception of subject 13 and his signature 2, this subject was correctly 

matched using the diffused template and signature.  
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Table 5.14 Intra-subject similarity values. Diffused templates and signatures. 
Template Signature1 Signature2 Signature3 Signature4

Subj01 1.0000 0.6006 0.5479 0.5273 0.5436 
Subj02 1.0000 0.5091 0.4615 0.5159 0.5279 
Subj03 1.0000 0.5997 0.3163 0.4769 0.5691 
Subj04 1.0000 0.6466 0.5368 0.5922 0.3895 
Subj05 1.0000 0.5044 0.5320 0.5787 0.5674 
Subj06 1.0000 0.6407 0.7129 0.5733 0.6362 
Subj07 1.0000 0.5144 0.5363 0.4874 0.4542 
Subj08 1.0000 0.5807 0.5358 0.4684 0.4504 
Subj09 1.0000 0.5295 0.3081 0.3026 0.5058 
Subj10 1.0000 0.5319 0.5357 0.4373 0.4933 
Subj11 1.0000 0.4332 0.4328 0.4449 0.5327 
Subj12 1.0000 0.7569 0.7356 0.6799 0.6240 
Subj13 1.0000 0.3527 0.4311 0.4331 0.4338 

In table 5.15 we present the percentage by which the similarity value increased by using 

diffused templates and signatures, negatively matched subjects are shown in red. An 

increase in the similarity value using diffused template and signatures does not translate in 

a positive match.   

          Table 5.15 Percentage increase on similarity values. 
Signature1 Signature2 Signature3 Signature4 

T-Subj01 17.46 % 25.84 % 20.53 % 21.27 % 
T-Subj02 19.17 % 21.04 % 24.44 % 22.09 % 
T-Subj03 22.71 % 5.13 % 18.59 % 12.39 % 
T-Subj04 23.98 % 22.47 % 22.22 % 18.39 % 
T-Subj05 25.85 % 28.88 % 22.20 % 21.80 % 
T-Subj06 21.29 % 18.56 % 20.53 % 17.45 % 
T-Subj07 18.78 % 18.97 % 21.29 % 15.72 % 
T-Subj08 19.96 % 18.79 % 19.49 % 17.96 % 
T-Subj09 17.77 % 3.55 % 2.95 % 14.39 % 
T-Subj10 16.97 % 18.06 % 18.48 % 21.96 % 
T-Subj11 22.07 % 23.44 % 14.36 % 14.26 % 
T-Subj12 18.63 % 23.04 % 24.51 % 20.58 % 
T-Subj13 12.19 % 23.21 % 14.32 % 13.39 % 
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Table 5.16 presents the overall results for the comparison of the signatures to the templates. 

Four signatures for each subject were compared to the template and the average accuracy 

of the match is reported for both the skeletonized and the diffused templates. 

Table 5.16 Accuracy of matching for 4 distinct signatures taken at different time to 
the skeletonized and diffused templates in the database using Euclidean distances 
Di , Euclidean S-1 S-2 S-3 S-4 AVG. σ 
Accuracy 
(skeletonized) 

92.31% 76.92% 92.31% 92.31% 88.46% 7.69 

Accuracy 
(diffused) 

92.31% 84.61% 92.31% 92.31% 90.39% 3.85 

Until now, the results presented were obtained using the Euclidean-based similarity 

measure in Eq. (4.1). We also calculated similarity values using the also well-known 

Manhattan metric, in Eq. (4.1) we simply substituted the Euclidean metric for the 

Manhattan metric, the procedure to calculate the similarity values was the same as 

described in chapter 4, similar tables as those presented in sections 5.2 and 5.3 were 

obtained. Table 5.17 presents the accuracy results obtained when comparing four 

signatures taken over time with the templates in our database using the Manhattan 

distance. 

Table 5.17 Accuracy of matching for 4 distinct signatures taken at different time to 
the skeletonized and diffused templates in the database using Manhattan distances 

    Di, 
Manhattan 

S-1 S-2 S-3 S-4 AVG. σ 

Accuracy 
(skeletonized) 

100% 76.92% 92.31% 92.31% 90.39% 9.68 

Accuracy 
(diffused) 

100% 76.92% 92.31% 92.31% 90.39% 9.68 

A paired two-tail student T-test was employed to determine if the accuracies obtained 
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using the different distance methods are statistically different. It was found that the two 

distance measures do not yield statistically different results (p =0.39).  

In section 5.5 we present results obtained by performing experiments on the database 

C-X1obtained from the Computer Vision Research Laboratory at the University of Notre 

Dame [Flynn et al. 2003, Chen et al. 2003]. 

5.5 Similarity Results for the C-X1 Database 

Once the merit of these similarity measures were confirmed within our database of 

subjects, other experiments were then conducted involving subjects in the C-X1 database. 

The thermal images in this database, which consisted of 83 subjects each with four 

different poses, were collected using a Long-Wave Infrared (LWIR), non-cooled camera 

from Indigo systems. We could have used the entire data set, but for illustrative purposes, 

we first selected 6 different subjects and four thermal images for each. We applied the 

already described feature extraction algorithm to these new thermal images. We created a 

template from the facial signatures obtained for comparative purposes.  

The challenge is viewed in this instance in the fact that the signatures obtained were in our 

opinion too noisy and may include features that are not necessarily part of the facial 

signature. Nonetheless our results are quite robust in including their database to prove the 

validity of the proposed approach, including the merit of the similarity measure. Using the 

Euclidean-based and Manhattan-based similarity measure we obtained results for 

comparing the templates and signatures from the C-X1 data set to the templates in our 
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database. When we compared template to template using the Euclidean- and 

Manhattan-based similarity measure the template matching was 100% accurate and none 

of the templates in our database were matched to the new templates from the C-X1 

database and vice versa. However when it came to match signatures to templates the new 

signatures were often mismatched with the templates in our database, the signatures in our 

database were never matched to the C-X1 templates. Based on these observations and 

results we chose randomly 25 subjects from the C-X1 database and generated thermal 

signatures and templates for each subject, we proceeded to compute the similarity measure 

for skeletonized template and signature matching in the same fashion as with the subjects 

in our database. Table 5.18 presents the accuracy results obtained for skeletonized 

signatures and templates using the Euclidean- and Manhattan-based similarity measure. 

Table 5.18 Accuracy matching for 4 distinct skeletonized signature sets and 
templates for 25 subjects in the C-X1 database. 

 S-1 S-2 S-3 S-4 AVG. σ 
Euclidean 
(skeletonized) 

84% 72% 64% 48% 67% 15.1 

Manhattan 
(skeletonized) 

84% 68% 72% 56% 70% 11.55 

The accuracy results for the subjects in the C-X1 database are lower than the accuracy 

results obtained using our own database. The average accuracy for subjects in C-X1 is 67% 

for the Euclidean-based similarity measure and 70% for the Manhattan-based similarity 

measure, whereas the average accuracy for subjects in our database is 88.46% and 90.39% 

for the Euclidean- and Manhattan-based similarity measure respectively. The mismatch is 
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inherent in the quality of the images. In communication with this research group we were 

informed that the images in C-X1 contain raw measurements values from the sensor. 

Although the sensor is capable of being radio-metrically calibrated, the authors [Flynn et 

al. 2003, Chen et al. 2003] did not attempt to establish lookup tables that compute 

temperature from the sensor response, so the values provided in each LWIR thermograph 

is treated as an arbitrary temperature-correlated unit. The data-set in C-X1 also lacks 

non-uniformity correction (NUC), this is the correction of the non-uniform spread in gain 

and offset of the FPA detectors. Our method relies on the temperatures detected on the 

surface of the human skin so it is of great importance that calibration and NUC are 

performed in the infrared system. Typical thermal signatures of the C-X1 database are 

illustrated in figure 5.22 to demonstrate the complex nature of such signatures. 

    

In figure 5.23 we present two thermal signatures of subject 25 whose similarity results in a 

positive match to its template 

Fig. 5.22 Skeletonized signatures of two different subjects in C-X1. 
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In figure 5.24 we present the overlay of the template and signature for the same subject as 

in figure 5.23, the template is shown in white and the signature is shown in red.  

   

Finally we present in figure 5.25 the overlay of the template and signature of subject 11 

whose similarity value resulted in a negative match, in this case we present in figure 5.25a 

the overlay the template and signature subject 11 in this case the similarity value was not 

high enough to match the signature to its corresponding template, in figure 5.25b we 

present the overlay of the signature of subject 11 and the template of subject 20 to which it 

was matched due to having the highest similarity between template and signature. 

Fig. 5.23 Thermal signatures of a subject in dataset C-X1 and whose similarity values 
result in a positive match to its template 

Fig. 5.24 Overlay of thermal signature (red) of a subject in dataset C-X1 and whose 
similarity values result in a positive match to its template (white) 
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(a)       (b) 

5.6 Validation of Similarity Values Using Principle Component Analysis 

5.6.1 Introduction 

The principal component analysis (PCA) is a statistical technique widely used in the fields 

of pattern recognition, image compression, and decision making processes. In this study, it 

will be used as a validation technique to verify the results obtained by the similarity 

measure given in Eq. (4.1) but at the thermal images themselves rather than on the thermal 

signatures as was previously done with the C-X1 database. 

Using our own database we have grouped the thermal IR images in 4 groups, each group 

is composed of 13 thermal IR images each one corresponding to a different subject. When 

validating the similarity results for group one, which corresponds to the signature set 1, 

group 1 was considered the testing data set, and the other three groups are considered the 

training data set. 

The main steps to perform the PCA are :  

Fig. 5.25 Overlay of templates (white) and signatures (red) whose similarity values 
produced a negative match. The signature in 5.25a and 5.25b is that of subject 11.   
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1. Each thermal image was transformed into a 1D vector with n pixels, where n is 

determined by MxN, and M, N are the dimensions of the images (in our case, 

M=256, and N=320).  

2. The k vectors from the training images were organized into a 2D matrix X, where 

each vector constitutes a column xi in the matrix (X=[x1, x2, x3, …, xk]). 

3. The mean vector m across all training images were computed, where ൌ1/݇ ∑ ௜௞௜ୀଵݔ  . 

4. The matrix X was centered by subtracting the mean as തܺ ൌ ሾݔଵ െ ݉, ଶݔ െ ݉,… , ௞ݔ െ ݉ሿ . 

5. The covariance matrix CX of X was calculated by ܥ௑ ൌ തܺ ത்ܺ. 

6. Once the eigenvectors of the covariance matrix CX were calculated, the 

eigenvectors were sorted by the corresponding eigenvalues in a descending order 

to obtain the eigenvectors.  

7. Select the first q eigenvectors to form a feature basis E =[e1, e2, e3, …, eq]. 

8. Find the projections of each training image pi = ET(xi-m).  

9. For the testing image, once it was transform to be a vector y, its projection is 

determined by t =ET(yi-m).  

10. Calculate the Euclidean distance by di = |t-pi|. 

11. Among the distance [d1, d2, …, dk], find the minimum value ds, and the sth image in 

the training set is determined as the recognition result for the testing image. 
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5.6.2 Results Obtained Using PCA 

The results obtained are shown in tables 5.19 – 5.22. The results for group 1 as the testing 

data set using PCA are shown in table 5.5.1, this group corresponds to the signature set 1. 

Table 5.18 PCA results for group 1 as the testing data set, q=2 

Subject ID 1 2 3 4 5 7 8 9 10 11 12 13 

Recognized 
subject ID 

1 2 3 4 5 7 8 9 10 11 12 13 

When using group 1 as the testing data set we found that the minimum distance between 

subject 13 and subject 12 is 0.12E10+5, which was not the minimum distance among all 

subjects. Using PCA we found that the overall minimum distance, 0.024E10+5, was 

obtained between thermal images of subject 13. The similarity value between subject 13 

and subject 12 has the highest value, 0.3108 and 0.3764 for skeletonized and diffused 

signature 1 (tables 5.2 and 5.7), thus incorrectly matching these two subjects. 

The results for group 2 as the testing data set using PCA are shown in table 5.19, this 

group corresponds to thermal IR signatures 2.  

 Table 5.19 PCA results for group 2 as the testing data set, q=6 

Subject ID 1 2 3 4 5 7 8 9 10 11 12 13 

Recognized 
subject ID 

1 2 3 4 5 7 8 9 10 11 12 13 

Table 5.3 shows three cases in which subjects were incorrectly identified. The similarity 

value in table 5.3 between subject 3 and subject 12 has the highest value 0.3541, using 

PCA subject 3 has a minimum distance of 3.14E10+5 to subject 12, which was not the 

minimum distance among all subjects. The overall minimum PCA value 0.0078E10+5 was 
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obtained between thermal images of subject 3.  

The similarity measure in table 5.3 between subject 9 and subject 2 has the highest value, 

0.3233, using PCA subject 9 has a minimum distance 3.07E10+5 to subject 12, which was 

not the minimum distance among all subjects. The overall minimum 0.0018E10+5 was 

obtained between thermal images of subject 9.  

The similarity value in table 5.3 between subject 13 and subject 7 has the highest value, 

0.3356, using PCA subject 13 has a minimum distance 0.17E10+6 to subject 7, which was 

not the minimum distance among all subjects. The overall minimum 0.018E10+6 was 

obtained between thermal images of subject 13.  

Table 5.8 shows two cases for which the thermal IR signature was incorrectly matched to 

its template, subject 3 and subject 9, these results cannot be confirmed through PCA 

validation. The PCA value for subject 3, it is the same as the case described above.  

The similarity value in table 5.8 between subject 9 and subject 6 has the highest 

value,0.3776, using PCA subject 9 has a minimum distance 1.66E10+5 to subject 6, which 

was not the minimum distance among all subjects. The overall minimum 0.0018E10+5 

was obtained between thermal images of subject 9. 

The results for group 3 as the testing data set using PCA are shown in table 5.20. 

Table 5.20 PCA results for group 3 as the testing data set, q=6 

Subject ID 1 2 3 4 5 7 8 9 10 11 12 13 
Recognized 
subject ID 

1 2 3 4 5 7 8 9 10 11 12 13 

Using PCA subject 9 has a minimum distance value of 0.67E10+6 to subject 7, which was 
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not the minimum distance among all subjects. The overall minimum distance value of 

0.0006E10+6 was obtained between thermal images of subject 9. The similarity value 

between subject 9 and subject 7 is the highest in table 5.4 and 5.9, 0.3346 and 0.4072 

respectively, these matching results cannot be replicated through PCA validation. The 

results for group 4 as the testing data set using PCA are shown in table 5.21. 

Table 5.21 PCA results for group 4 as the testing data set, q=8 
Subject ID 1 2 3 4 5 7 8 9 10 11 12 13 

Recognized 
subject ID 

1 2 3 4 5 7 8 9 10 11 13 13 

Using similarity measure subject 4 is matched to subject 12 in table 5.5. Using PCA we 

find that subject 4 has a minimum distance 3.778E10+5 to subject 12, which was not the 

minimum distance among all subjects. The overall minimum 0.0065E10+5 was obtained 

between thermal images of subject 4. The similarity value in table 5.5 between subject 4 

and subject 12 has the highest value, 0.3348. 

Using similarity measure subject 4 is matched to subject 6 in table 5.10. Using PCA we 

find that subject 4 has a minimum distance 1.405E10+5 to subject 6, which was not the 

minimum distance among all subjects. The overall minimum 0.0065E10+5 was obtained 

between thermal images of subject 4. The similarity value between subject 4 and subject 6 

has the highest value, 0.4389. When using group 4 as the testing data subject 12 was 

identified as subject 13 by PCA, while the similarity measure method correctly matched 

subject 12 in table 5.10. In cases in which PCA and the similarity measure method do not 

agree it is necessary to have other validation methods, such as manual inspection. 
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CHAPTER 6 

Conclusion and Future Work 

The dissertation presented a novel approach for biometric facial recognition based on 

extracting features using thermal mid-wave infrared imaging. The approach used 

localized-contouring algorithms to segment the images of the face of the person and FSL 

for image registration. A morphological image processing technique was developed to 

extract the features from the thermal images, which were matched using a similarity 

measure based on the well known Euclidean and Manhattan metrics.  

Thirteen subjects were used to create an in-house database and we successfully obtained 

the thermal infrared signatures and templates for the subjects using the proposed technique. 

The matching using the Euclidean-based similarity measure showed 88.46% accuracy for 

skeletonized feature signatures and 90.39% accuracy for diffused feature signatures. The 

matching using the Manhattan-based similarity measure showed 90.39% accuracy for both 

skeletonized and diffused feature signatures. Such high accuracies in the matching process 

clearly demonstrate the ability of the developed thermal infrared feature extraction and the 

distance-based similarity measure for accurate, low cost and effective subject matching. 

It has been demonstrated that by using diffused versions of the signatures and templates 

results yielded an 18.9% improvement in the similarity measures. This is a significant 

improvement in the similarities measures however a significant improvement on the 

detection accuracy was not achieved. Higher similarity measures are always essential in 
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biometric matching processes and hence the diffused version of the matching process 

might be useful. However, if the system is aimed to be more restrictive and stringent the 

skeletonized version would be useful. The developed system creates highly distinct 

templates for the subject which contributes to the high accuracies in the results.  

Other studies using thermal images have shown similar accuracies however they do not 

create time invariant templates as generated here. Our technique, which involved 

generation of a feature template by combining various images taken over time, ensures 

that minute changes in the vasculature over time may not impede in the matching process. 

The results section also demonstrated that the developed technique resulted in statistically 

indifferent results when different distance measures are used for the similarity technique. 

This shows that the signatures and the templates generated using the approach are robust 

enough so that any other similarity measures may also be employed. 

The generalized structure of the proposed approach together with the uniqueness in the 

way thermal signature templates were generated and the similarity measure was 

formulated allows this approach to extend to other thermal images and databases. Caution 

should be taken however on what really constitutes a thermal pixel that is assumed to 

belong to the vasculature or at least be consistent through time using several thermal 

images. Thermal infrared image databases are available for research but the image quality 

in these databases is unsuitable for our purpose due to the lack of non-uniformity 

correction performed before gathering images which leads to erroneous feature extraction, 
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other databases provide images of subjects in the outdoors and who are too far away from 

the camera to be able to extract a meaningful facial signature. Since these databases were 

not collected with the purpose of extracting features such as facial blood vessels patterns, 

future work would be to obtain a greater number of subjects to build a larger database for 

testing the algorithm. 

The results also show that what is important in matching the thermal facial signature of a 

subject using a similarity measure is the ranking of the values. Also, PCA was used for 

validating the results of the similarity measure process. The validation provided good 

results with perfect matching in most of the cases. In cases where the validation provided 

results different from the ones obtained by the proposed approach, human intervention for 

the identification purpose is suggested. 

Future work may also include the development of other image registration algorithms for 

improved and even more accurate registration than those acquired by FSL to increase the 

similarity values. Although finger print matching techniques have been used in the past for 

thermal feature matching, the deployment of such techniques on the present dataset must 

be accomplished to see if an improvement in the matching accuracy can be obtained. A 

graphical user interface (GUI) could also be developed in the future to assist in the thermal 

feature matching process. 
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