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A b s t r a c t 

A n i n v e s t i g a t i o n i n t o t h e f e a s i b i l i t y o f a p p l y i n g 

p a t t e r n r e c o g n i t i o n c o n c e p t s t o t h e c l a s s i f i c a t i o n o f 

m e t a l l i c o b j e c t s by t h e i r e l e c t r o m a g n e t i c r e s p o n s e w a s 

; p e r f o r m e d . T h e e f f e c t on t h e r e s p o n s e o f v a r i o u s f a c t o r s s u c h 

a s o b j e c t s h a p e a n d o r i e n t a t i o n w a s e x a m i n e d a n d a p a t t e r n 

r e c o g n i t i o n s c h e m e w a s p r o p o s e d b a s e d on t h e s e r e s u l t s . 

I m p l e m e n t a t i o n o f t h e p r o p o s a l i n v o l v e d t h e d e v e l o p m e n t o f a 

n o v e l e x t e n s i o n t o t h e n e a r e s t m e a n v e c t o r t y p e o f c l a s s i f i e r 

i n w h i c h t h e c l a s s " c e n t r o i d " w a s g e n e r a l i z e d t o be a c u r v e 

i n t h e f e a t u r e s p a c e r a t h e r t h a n a p o i n t . 

T h e r e s u l t a n t p a t t e r n r e c o g n i t i o n s c h e m e w a s t e s t e d o n 

a r e p r e s e n t a t i v e t e s t s e t w h i c h i n c l u d e d 8 1 5 s i g n a t u r e s o f 

o b j e c t s , c o r r e s p o n d i n g t o 104 v a r i a t i o n s i n o b j e c t a n d 

o r i e n t a t i o n . A s u c c e s s r a t e o f g r e a t e r t h a n 98 p e r c e n t w a s 

a c h i e v e d . I t i s n o t e d t h a t t h e c l a s s i f i e r e x t e n s i o n 

d e v e l o p e d p r o v i d e s a v i a b l e a p p r o a c h t o c l a s s i f i c a t i o n o f 

r e s p o n s e s i g n a t u r e s t h a t v a r y c o n t i n u o u s l y w i t h r e s p e c t t o 

a n y s i n g l e p a r a m e t e r . 
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C h a p t e r 1: I n t r o d u c t i o n  

1.1 P u r p o s e 

A n e e d e x i s t s i n many f i e l d s t o a c c u r a t e l y l o c a t e a n d 

i d e n t i f y b u r i e d m e t a l l i c o b j e c t s . T h e s e o b j e c t s m i g h t r a n g e 

f r o m a r c h e o l o g i c a l a r t i f a c t s t o p i p e l i n e s . The s p e c i f i c n e e d 

a d d r e s s e d by t h i s w o r k , h o w e v e r , i s t h a t o f l o c a t i n g and 

i d e n t i f y i n g b u r i e d u n e x p l o d e d a r t i l l e r y s h e l l s . 

W h e r e v e r an a r e a has been u s e d as an a r t i l l e r y i m p a c t 

z o n e , a c e r t a i n p e r c e n t a g e (.1-10%) o f s h e l l s i m p a c t i n g do 

n o t e x p l o d e due t o f u z e f a i l u r e o r o t h e r c a u s e , y e t t h e y 

r e m a i n a l o n g t e r m e x p l o s i v e h a z a r d p r o h i b i t i n g t h e use o f 

t h e a r e a f o r o t h e r p u r p o s e s . The p r e s e n t s o l u t i o n t o t h i s 

p r o b l e m r e l i e s on m a n u a l l y s w e e p i n g t h e a r e a w i t h h a n d - h e l d 

m e t a l d e t e c t o r s . In i t s e l f t h i s i s a c o s t l y and v e r y t i m e 

c o n s u m i n g o p e r a t i o n w h i c h i s made w o r s e by t h e i n a d e q u a c i e s 

o f c o n v e n t i o n a l d e t e c t o r s . C u r r e n t l y a v a i l a b l e d e t e c t o r s do 

n o t a l l o w a u s e r t o d e t e r m i n e d e p t h and l o c a t i o n a c c u r a t e l y 

and t h e y p r o v i d e no i n f o r m a t i o n a b o u t t h e s i z e and t y p e o f 

t h e o b j e c t d e t e c t e d . H e n c e t h e e x p l o s i v e h a z a r d o f any o b j e c t 

d e t e c t e d i s unknown and r e m o v a l m e t h o d s mus t t h e r e f o r e be 

b a s e d on t h e g r e a t e s t known h a z a r d . 

S e v e r a l m e t h o d s t o p r o v i d e a c c u r a t e l o c a t i o n and d e p t h 

i n f o r m a t i o n o f b u r i e d m e t a l l i c o b j e c t s have been p r o p o s e d 

[ 8 ,10 ] .The mos t p r o m i s i n g o f t h e s e i n c l u d e : 

i ) M e a s u r e m e n t and a n a l y s i s o f t h e a n o m a l y i n t h e 

e a r t h ' s m a g n e t i c f i e l d i n d u c e d by t h e p r e s e n c e o^ 

a f e r r o u s o b j e c t . 
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i i ) Analys is of the response of a conducting object to 
a time varying electromagnetic f i e l d . 

E i t h e r of these methods can be used to l o c a l i z e an 
object and both approaches have been shown to be capable of 
providing depth information in the range (<2m) under 
cons iderat ion for this a p p l i c a t i o n . This thesis addresses the 
f e a s i b i l i t y of object i d e n t i f i c a t i o n by sui table analysis of 
i t s electromagnetic response. 

D irec t analysis of the response to a n a l y t i c a l l y 
determine the object parameters such as material composition, 
shape and volume has not proven promising [ 3 ] . Hence this 
research invest igates the potential of applying pattern 
recognit ion techniques to the analysis of the response, such 
that the object might be c l a s s i f i e d from within a known set 
of poss ible objects . 

For the purposes of this research the object set was 
r e s t r i c t e d to a set of steel prolate spheroids of varying 
shapes and volumes. This object set was chosen to provide .a 
r e a l i s t i c object shape with respect to a r t i l l e r y shel ls while 
re ta in ing a readi ly character!"zable geometry. A d d i t i o n a l l y , 
the responses studied were r e s t r i c t e d to those of the object 
in a i r , rather than in s o i l . 

1.2 Scope 

The thesis covers the development of an ent ire 
recogni t ion s tructure , from determination of the potential of 
the object signatures for meaningful c l a s s i f i c a t i o n through 
to the development and tes t ing of a prototype c l a s s i f i e r . 
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C h a p t e r two d e s c r i b e s t h e s e n s o r m e t h o d o l o g y and 

d o c u m e n t s t h e r e s t r i c t i o n s and a s s u m p t i o n s made i n t h e w o r k . 

I n c l u d e d as w e l l i s a summary o f t h e r e s u l t s o f t h e i n i t i a l 

i n v e s t i g a t i o n u n d e r t a k e n t o d e t e r m i n e w h e t h e r t h e s i g n a t u r e s 

c o n t a i n e d s u f f i c i e n t i n f o r m a t i o n t o a l l o w d i s c r i m i n a t i o n 

b e t w e e n o b j e c t s . The e f f e c t o f c h a n g e s i n o b j e c t o r i e n t a t i o n 

on ' t h e r e s p o n s e i s a l s o e x a m i n e d . 

T h e t h i r d c h a p t e r d e s c r i b e s t h e f e a t u r e e x t r a c t i o n 

t e c h n i q u e s c o n s i d e r e d f o r i m p l e m e n t a t i o n and d e t a i l s a 

p r e l i m i n a r y i n v e s t i g a t i o n i n t o t h e i r r e l a t i v e e f f e c t i v e n e s s . 

C h a p t e r f o u r d e s c r i b e s t h e c l a s s i f i e r i m p l e m e n t a t i o n . The 

e x t e n s i o n s t o c o n v e n t i o n a l n e a r e s t mean v e c t o r t e c h n i q u e s 

n e c e s s a r y t o a c c o m m o d a t e t h e o r i e n t a t i o n d e p e n d e n c e o f t h e 

o b j e c t r e s p o n s e s a r e d i s c u s s e d . 

C h a p t e r f i v e d e s c r i b e s t h e t e s t s u s e d t o e v a l u a t e t h e 

c l a s s i f i e r and d e t a i l s t h e p e r f o r m a n c e s t a n d a r d u s e d i n 

e v a l u a t i n g t h e r e s u l t s . The p e r f o r m a n c e o f t h e s y s t e m on a 

r e p r e s e n t a t i v e t e s t d a t a s e t i s e x a m i n e d i n c h a p t e r s i x , 

i n c l u d i n g an a n a l y s i s o f t h e f a i l u r e t r e n d s and an e v a l u a t i o n 

o f t h e s i g n i f i c a n c e o f t h e s e r e s u l t s . C h a p t e r s e v e n e m b o d i e s 

an o v e r a l l summary and p r e s e n t s s u g g e s t i o n s f o r f u t u r e 

r e s e a r c h . 
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C h a p t e r 2 : S e n s i n g Method and System Assumptions 

2.1 Sensor System 

While s e v e r a l methods of measuring the e l e c t r o m a g n e t i c 
r esponse of an o b j e c t e x i s t , the one t h a t has shown the most 
promise f o r o b j e c t l o c a l i z a t i o n and depth d e t e r m i n a t i o n i n a 
harsh e n v i r o n m e h t [ 9 ] i s pursued here. T h i s method i s 
c o n v e n t i o n a l l y known as p u l s e i n d u c t i o n . 

The p u l s e i n d u c t i o n t e c h n i q u e i s based on the p r i n c i p l e 
t h a t c o n d u c t i n g o b j e c t s s u b j e c t e d to a stepped magnetic f i e l d 
d evelop eddy c u r r e n t s w i t h i n them which s u b s e q u e n t l y decay i n 
a manner determined by the o b j e c t parameters. The decay of 
these eddy c u r r e n t s e s t a b l i s h e s a secondary magnetic f i e l d 
which can be sensed by a s i m p l e c o i l near the o b j e c t . 

The sensor geometry used f o r the measurements i s 
i l l u s t r a t e d i n F i g u r e 2 . 1 . I t c o n s i s t s of c o - p l a n a r 
t r a n s m i t and r e c e i v e c o i l s p l a c e d h o r i z o n t a l l y above the 
t a r g e t o b j e c t at a d i s t a n c e , d, from the c o i l c e n t r e to the 
c e n t r e of mass of the t a r g e t . The t r a n s m i t c o i l i s d r i v e n by 
a c u r r e n t p u l s e t r a i n and the r e c e i v e c o i l i s m onitored 
d u r i n g the t r a n s m i t t e r q u i e s c e n t p e r i o d a f t e r the f a l l of 
each c u r r e n t p u l s e . R e l e v a n t d e t a i l s of the e x p e r i m e n t a l 
a p p a r a t u s used to c o l l e c t data f o r t h i s t h e s i s are i n c l u d e d 
as Appendix A. 

A t h e o r e t i c a l s o l u t i o n a p p r o x i m a t i n g the step response 
of such a system e x i s t s f o r s p h e r i c a l o b j e c t s [ 7 ] . The 
v o l t a g e , v ( t ) , induced i n the r e c e i v e c o i l due to a 
t r a n s m i t t e r c u r r e n t step i s g i v e n by: 
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2 oo 2 

v ( t ) = - - I A k ' e x p ( " t ) ( 2 , 1 ) 

2 2 3 / 2 2 2 3 / 2 n _ 1 n 2 
(R T+d ) (R +d ) o H 0

u r a a 

where a - i s the ra d i u s of the o b j e c t 
a - i s the c o n d u c t i v i t y of the o b j e c t 
\IQ- i s the p e r m e a b i l i t y of f r e e space 
u r- i s the r e l a t i v e p e r m e a b i l i t y of the 

o b j e c t 
d - c o i l - o b j e c t d i s t a n c e d e f i n e d above 
t - time from i n s t a n t of f a l l of c u r r e n t pulse 

C = » N T N R R T 1 

2 
RT - r a d i u s of the transmit c o i l 
R - r a d i u s of the r e c e i v e c o i l 
I - the change i n c u r r e n t i n the transmit c o i l 
N T - the number of turns i n the transmit 

c o i l 
- the number of turns i n the r e c e i v e 
c o i l 

2 
6 k 

\ = D 
n 2 

( ( u r - l ) ( u r + 2 ) + k n ) 

and the set of k n are the s o l u t i o n s to the 
tr a n s c e n d e n t a l equation 

tan k = k n ( V 1 * n 
V ( u r-1) 

As one can see, the response, v ( t ) , i s a sum of 
weighted damped e x p o n e n t i a l s . The weighting and the 
c o e f f i c i e n t s are determined by the primary f i e l d change, the 



Figure 2.1 Sensor geometry. 



7 

s p h e r e d i m e n s i o n s , a n d t h e s p h e r e m a t e r i a l p r o p e r t i e s . T h e 

e f f e c t o f v a r i a t i o n s i n a n y o f t h e s e p a r a m e t e r s c a n be q u i t e 

c o m p l e x ; h o w e v e r , s o m e g e n e r a l o b s e r v a t i o n s a r e i n o r d e r . 

T h e e f f e c t o f a c h a n g e i n t h e p r i m a r y f i e l d a m p l i t u d e 

m o d i f i e s o n l y t h e o v e r a l l c o n s t a n t t e r m C . H e n c e , v a r i a t i o n s 

f r o m t h i s s o u r c e c a n be e l i m i n a t e d by m o n i t o r i n g t h e 

t r a n s m i t t e r c u r r e n t a n d a p p l y i n g a m u l t i p l i c a t i v e c o r r e c t i o n 

t o t h e o b s e r v e d r e s p o n s e . 

T h e e f f e c t s a s s o c i a t e d w i t h o b j e c t d i m e n s i o n a r e m o r e 

c o m p l e x . A n i n c r e a s e i n r a d i u s b o t h i n c r e a s e s t h e i n i t i a l 

a m p l i t u d e o f t h e r e s p o n s e t e r m s a n d l e n g t h e n s t h e i r e x t e n t b y 

i n c r e a s i n g t h e t i m e c o n s t a n t o f t h e t e r m s . A n i n c r e a s e i n 

c o n d u c t i v i t y w o u l d be e x p e c t e d t o r e d u c e t h e i n i t i a l 

a m p l i t u d e s o f t h e e x p o n e n t i a l t e r m s , w h i l e a g a i n i n c r e a s i n g 

t h e t i m e c o n s t a n t s . 

T h e r e s p o n s e s i g n a t u r e i s a v e r y c o m p l e x f u n c t i o n o f 

t h e p e r m e a b i l i t y o f t h e o b j e c t a n d t h e e f f e c t o f a c h a n g e 

c a n n o t be s i m p l y d e s c r i b e d . H o w e v e r i n g e n e r a l , t h e r e s p o n s e 

f o r a n o n - p e r m e a b l e o b j e c t i s c h a r a c t e r i z e d by e a c h t e r m i n 

t h e r e s p o n s e h a v i n g e q u a l i n i t i a l a m p l i t u d e , b u t t h e h i g h e r 

o r d e r t e r m s h a v i n g p r o g r e s s i v e l y s h o r t e r t i m e c o n s t a n t s . F o r 

p e r m e a b l e o b j e c t s t h e t i m e c o n s t a n t s a l s o r e d u c e a s t h e o r d e r 

i n c r e a s e s ; h o w e v e r i n t h i s c a s e , t h e i n i t i a l a m p l i t u d e s o f 

t h e t e r m s i n c r e a s e . 

S u p e r f i c i a l l y , i t w o u l d a p p e a r t h a t t h i s m o d e l m i g h t 

a l l o w a n a l y s i s o f t h e s e n s o r s i g n a t u r e s t o d i r e c t l y d e r i v e 

a l l r e l e v a n t p a r a m e t e r s d e t a i l i n g t h e o b j e c t s i z e a n d 

m a t e r i a l p r o p e r t i e s . U n f o r t u n a t e l y o t h e r r e s e a r c h [ 3 ] h a s 

s h o w n t h a t t h i s a p p r o a c h b e a r s l i t t l e p r o m i s e , p r i m a r i l y d u e 
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t o t h e n o i s e s e n s i t i v i t y o f t h e a l g o r i t h m s u s e d t o e x t r a c t 

t h e s e p a r a m e t e r s f r o m t h e r e s p o n s e s i g n a t u r e . 

2 . 2 I n i t i a l I n v e s t i g a t i o n s 

The a b o v e mode l a l l o w s one t o p r e d i c t t h e p u l s e 

i n d u c t i o n r e s p o n s e o f a s p h e r i c a l o b j e c t . H o w e v e r , no 

e q u i v a l e n t mode l e x i s t s f o r o b j e c t s o f a more c o m p l e x 

g e o m e t r y . T h e r e f o r e a p r e l i m i n a r y e x p e r i m e n t a l s t u d y was 

u n d e r t a k e n t o d e l i n e a t e t h e g e n e r a l t r e n d s i n b e h a v i o r o f 

p u l s e i n d u c t i o n s i g n a t u r e s f o r o b j e c t s w i t h p r o l a t e 

s p h e r o i d a l s h a p e . T h i s s t u d y e x a m i n e d c h a n g e s i n o b j e c t 

r e s p o n s e w i t h r e s p e c t t o : 

i ) C h a n g e o f o b j e c t s h a p e o r m a t e r i a l p r o p e r t i e s , 

( o b j e c t s c o n s i d e r e d w e r e a l l p r o l a t e s p e r o i d s 

whose s h a p e was d e f i n e d by t h e i r m i n o r r a d i u s A 

and t h e a s p e c t r a t i o E) 

i i ) C h a n g e s i n t h e o r i e n t a t i o n o f an o b j e c t i n t h e 

v e r t i c a l p l a n e (6,F i g u r e 2 . 1 ) . 

i i i ) C h a n g e s i n t h e d e p t h o f an o b j e c t ( d , f i g u r e 2 . 1 ) . 

F rom t h e s y m m e t r y o f t h e s e n s o r s y s t e m , one can s e e 

t h a t no o r i e n t a t i o n d e p e n d e n c e e x i s t s f o r r o t a t i o n s o f t h e 

o b j e c t i n t h e h o r i z o n t a l p l a n e . A d d i t i o n a l l y t h e s y m m e t r y o f 

t h e o b j e c t s s t u d i e d a l l o w s one t o c o n s t r a i n t h e v e r t i c a l 

a n g l e t o a r a n g e o f 0 t o 9 0 ° . 

T h e s e i n v e s t i g a t i o n s w e r e l a r g e l y q u a l i t a t i v e a n d 

p a r a m e t e r i z e d t h e r e s p o n s e s o l e l y by i t s m a g n i t u d e and f o r m . 

C h a n g e s i n f o r m w e r e a s s e s s e d a f t e r t h e s i g n a t u r e s w e r e 

n o r m a l i z e d t o an c o n s t a n t RMS v a l u e . 
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The r e s u l t s o f t h e s e p r e l i m i n a r y i n v e s t i g a t i o n s w e r e 

as f o l l o w s : 

i ) The c h a n g e o f an o b j e c t t y p e ( i . e . s h a p e o r 

m a t e r i a l ) , g i v e n t h e same d e p t h and o r i e n t a t i o n , 

c h a n g e d t h e r e s p o n s e s i g n a t u r e b o t h w i t h r e s p e c t 

t o i t s o v e r a l l a m p l i t u d e and i t s f o r m . As one 

w o u l d e x p e c t f r o m t h e s p h e r e m o d e l , t h e a m p l i t u d e 

o f t h e s i g n a t u r e i n c r e a s e d w i t h t h e s i z e o f t h e 

t a r g e t ( m a t e r i a l p a r a m e t e r s h e l d c o n s t a n t ) and 

was s i g n i f i c a n t l y h i g h e r f o r s t e e l o b j e c t s t h a n 

f o r a l u m i n u m o b j e c t s o f s i m i l a r s h a p e . F i g u r e 2 . 2 

shows t h e s i g n a t u r e s o f t h r e e o b j e c t s (2 s t e e l , 

1 a l u m i n u m ) a t t h e same d e p t h and o r i e n t a t i o n t o 

d e m o n s t r a t e t h e e x t e n t o f t h e s e c h a n g e s . 

i i ) C h a n g e s i n t h e o r i e n t a t i o n o f an o b j e c t p r o d u c e d 

v a r i a t i o n s i n t h e r e s p o n s e s i g n a t u r e s as w e l l . 

F o r a l u m i n u m o b j e c t s t h e c h a n g e s w e r e l a r g e l y 

c o n f i n e d t o v a r i a t i o n s i n t h e a m p l i t u d e o f t h e 

w a v e f o r m w i t h r e l a t i v e l y i n s i g n i f i c a n t c h a n g e s i n 

t h e w a v e f o r m s h a p e . S t e e l o b j e c t s h o w e v e r , 

e x h i b i t e d s i g n i f i c a n t r e s p o n s e v a r i a t i o n s b o t h i n 

r e s p e c t t o a m p l i t u d e and f o r m . F i g u r e 2 . 3 shows 

t h i s e f f e c t by c o m p a r i n g t h e r e s p o n s e s o f a 

s i n g l e o b j e c t (made o f s t e e l ) , a t c o n s t a n t d e p t h , 

f o r t h r e e d i f f e r e n t o r i e n t a t i o n s i n t h e v e r t i c a l 

p l a n e ( 6 = 0 , 4 5 , 9 0 ° ) . 

i i i ) C h a n g e s i n t h e d e p t h o f t h e o b j e c t s p r o d u c e d an 

i n t e r e s t i n g and p o t e n t i a l l y b e n e f i c i a l 

o b s e r v a t i o n . N a m e l y , t h a t w h i l e a c h a n g e i n d e p t h 
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Figure 2.2: Response variation with object. Depth and orientation held constant. 
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Figure 2.3: Response variation with orientation. Normalized response with distance held constant. 
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a f f e c t e d t h e o v e r a l l a m p l i t u d e o f a r e s p o n s e , i t 

had m i n i m a l e f f e c t on t h e f o r m . As F i g u r e 2 . 4 

s h o w s , t h e m a g n i t u d e o f v a r i a t i o n i n t h e 

n o r m a l i z e d o b j e c t r e s p o n s e s , d i f f e r i n g o n l y i n 

s e n s o r - o b j e c t d i s t a n c e , i s v e r y s l i g h t and i s 

c l o s e t o b e i n g masked by t h e n o i s e i n h e r e n t i n 

t h e m e a s u r e m e n t t a k e n a t t h e l a r g e r d i s t a n c e . The 

f i g u r e shown i s c h a r a c t e r i s t i c o f t h e r e s u l t s 

o b s e r v e d f o r a l l o b j e c t s s t u d i e d . 

T h e s e i n v e s t i g a t i o n s i n d i c a t e t h a t t h e r e a r e 

s i g n i f i c a n t d i f f e r e n c e s b e t w e e n t h e r e s p o n s e s o f d i s p a r a t e 

o b j e c t s a t t h e same o r i e n t a t i o n . W h i l e t h i s was n o t 

c o n c l u s i v e p r o o f t h a t s e p a r a t i o n o f t h e r e p o n s e o f two 

o b j e c t s was p o s s i b l e a t any two o r i e n t a t i o n s , some p r o m i s e 

c o u l d be h e l d f o r a me thod t o be d e v e l o p e d w h i c h w o u l d 

p r o v i d e o b j e c t t y p e i d e n t i f i c a t i o n . T h a t i s , by s u i t a b l e 

i n t e r p r e t a t i o n o f t h e p u l s e i n d u c t i o n r e s p o n s e f r o m an 

unknown o b j e c t , i t s m e m b e r s h i p f r o m a known s e t c o u l d be 

d e t e r m i n e d . 

2 . 3 A s s u m p t i o n s and R e s t r i c t i o n s 

T h r o u g h o u t t h i s work c e r t a i n a s s u m p t i o n s have b e e n 

made t o l i m i t t h e c o m p l e x i t y o f t h e p r o b l e m t o be c o n s i d e r e d . 

T h e s e a s s u m p t i o n s a r e as f o l l o w s : 

i ) T h e r e i s no e r r o r i n s e n s o r p o s i t i o n i n g ( i . e . 

t h e c o i l a x i s i n t e r s e c t s t h e o b j e c t ' s c e n t r e o f 

m a s s ) . T h i s i s n o t u n r e a s o n a b l e as one c a n s h o w : 

t h a t , i n t h e s p h e r e c a s e , t h e maximum a m p l i t u d e 

r e s p o n s e w i l l o c c u r i n t h i s p o s i t i o n . 
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Figure 2.4: Response variation with distance. Normalized response with orientation held constant. 
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i i ) No e x t r a n e o u s m e t a l l i c c l u t t e r i s p r e s e n t ; i . e . 

no s h e l l f r a g m e n t s o r o t h e r m e t a l o b j e c t s a r e 

n e a r b y , and h e n c e t h e r e s p o n s e m e a s u r e d i s t h a t 

o f t h e o b j e c t i n i s o l a t i o n . I t i s a s s u m e d t h a t i n 

an o p e r a t i o n a l e n v i r o n m e n t , s u r f a c e c l u t t e r , 

i n c l u d i n g mos t s h e l l f r a g m e n t s , w o u l d be r e m o v e d 

b e f o r e i d e n t i f i c a t i o n i s a t t e m p t e d . 

i i i ) O n l y a l i m i t e d number o f t a r g e t s a r e p o s s i b l e , 

a l t h o u g h t h e i r o r i e n t a t i o n s a r e i n d e t e r m i n a t e . 

T h i s i s c o n s i s t e n t w i t h t h e p r o b l e m s t a t e m e n t i i i 

t h a t a r t i l l e r y s h e l l s a r e l i m i t e d i n t h e i r 

v a r i e t y . S p e c i f i c a l l y , t h e s e t o f t a r g e t s u s e d 

c o m p r i s e s f o u r o b j e c t s . A l l t h e o b j e c t s a r e 

p r o l a t e s p h e r o i d s made o f m i l d s t e e l . The 

o b j e c t s d i f f e r i n t h e i r m i n o r r a d i i d i m e n s i o n (A) 

and t h e i r a s p e c t r a t i o ( E = B / A , B - m a j o r r a d i i ) . 

The o b j e c t s used are shown i n f i g u r e 2 . 5 . 

i v ) C l a s s i f i c a t i o n v a l i d i t y i s j u d g e d o n l y on 

r e c o g n i t i o n o f t a r g e t t y p e and n o t on 

d e t e r m i n a t i o n o f i t s o r i e n t a t i o n . T h i s m e r e l y 

r e f l e c t s t h e f a c t t h a t t a r g e t o r i e n t a t i o n i s n o t 

a m a j o r c o n c e r n . 

v) A d d i t i o n a l l y , and p e r h a p s mos t i m p o r t a n t l y , i t i s 

a s s u m e d t h a t t h e unknown s i g n a t u r e s u s e d t o t e s t 

t h e s y s t e m c a n d e r i v e o n l y f r o m t h e known s e t o f 

o b j e c t s . T h a t i s , r e j e c t i o n o f unknown t a r g e t s i s 

n o t a r e q u i s i t e r e s p o n s e f o r t h e s y s t e m . T h i s 

a s s u m p t i o n d e r i v e s f r o m t h e p r o h i b i t i v e r i s k 

a s s o c i a t e d w i t h m i s c i a s s i f y i n g an e x p l o s i v e 

h a z a r d as a n o n - h a z a r d o u s o b j e c t . 
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Chapter 3: Feature Extraction 

3.1 Feature Types 

As in a l l pattern recognition problems, the 
prerequisites for feature selection comprise compression of 
the data to the fewest possible features while retaining 
important discrimatory information. While i t would be 
possible to consider the sampled response signature as a 
feature vector in i t s e l f , the computational and memory size 
requirements of that approach are p r o h i b i t i v e . Hence, some 
algorithm to compress the response is required. 

The methodology chosen for feature extraction in this 
thesis is a straightforward one, extending the approach used 
by Das et al [ 4 ] . The technique consists of normalizing the 
response signature to a constant RMS value, segmenting the 
response into k time segments and developing a single feature 
element for each segment. The time sequence of these elements 
then comprise the feature vector. 

Normalization of the overall response is required in 
this application as the amplitude of the signal is much more 
a function of the depth of the object than i t s type. Small 
offsets in depth, which one cannot expect accurate a p r i o r i 
knowledge of, would otherwise swamp the r e l a t i v e l y small 
response variations associated with differences in the object 
type. 

The original work with this concept used equal length 
segments and established as the feature element the time 
constant of a single exponential term f i t t e d to the data 

i 
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w i t h i n t h e s e g m e n t . T h i s p r o d u c e d e n c o u r a g i n g r e s u l t s on 

s i m u l a t e d d a t a ( u s i n g t h e s p h e r e m o d e l ) f o r c a s e s o f 

d i f f e r i n g r a d i i and m a t e r i a l p r o p e r t i e s . E x t e n s i o n s o f t h i s 

s c h e m e w e r e h e n c e i m p l e m e n t e d f o r t h i s t h e s i s . 

The v a r i a t i o n s t e s t e d i n c l u d e d c h a n g e s i n b o t h t h e 

s e g m e n t a t i o n scheme arid t h e f e a t u r e d e v e l o p e d f o r t h e 

i n d i v i d u a l s e g m e n t . F o u r f e a t u r e t y p e s w e r e c o n s i d e r e d , t h e s e 

w e r e : 

F l - The t i m e c o n s t a n t o f a s i n g l e d e c a y i n g 

e x p o n e n t i a l t e r m f i t t e d t o t h e d a t a w i t h i n t h e 

s e g m e n t . 

F2 - The s l o p e o f a l i n e s e g m e n t f i t t e d t o t h e s e g m e n t 

d a t a . 

F3 - The mean v a l u e o f t h e s e g m e n t . 

F4 - The d i f f e r e n c e b e t w e e n t h e mean v a l u e s o f 

s u c c e s s i v e s e g m e n t s , t h e l a s t f e a t u r e e l e m e n t 

b e i n g t h e mean o f t h a t s e g m e n t i t s e l f . 

The f i r s t two f e a t u r e t y p e s ( F 1 . F 2 ) a r e c h o s e n s i n c e 

one w o u l d e x p e c t t h e s e f e a t u r e s t o a c c u r a t e l y c h a r a c t e r i z e 

t h e f o r m o f t h e r e s p o n s e f o r s i g n a t u r e s o f t h i s t y p e . T h e i r 

a b i l i t y t o c h a r a c t e r i z e t h e s i g n a l i s shown i n F i g u r e s 3 .1 a 

& b, w h e r e f i t s a s s o c i a t e d w i t h t h e s e two f e a t u r e s a r e 

o v e r l a i d on t h e d a t a u s e d t o d e v e l o p t h e m . H o w e v e r , t h e s e 

two f e a t u r e e x t r a c t i o n t e c h n i q u e s s u f f e r f r o m t h e p r o s p e c t o f 

p o o r p e r f o r m a n c e i n h i g h n o i s e c a s e s due t o t h e l i m i t a t i o n s 

i n t h e f i t t i n g t e c h n i q u e s . T h i s i s e s p e c i a l l y t r u e when t h e 
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number o f p o i n t s u s e d t o e s t i m a t e t h e f e a t u r e i s s m a l l , as 

w o u l d be t h e c a s e i f many s e g m e n t s a r e u s e d t o d e v e l o p t h e 

f e a t u r e v e c t o r . 

The l a s t two f e a t u r e t y p e s ( F 3 , F 4 ) c a n be c o n s i d e r e d 

a s ' e s s e n t i a l l y r e d u c e d s a m p l e v e r s i o n s o f t h e r e s p o n s e 

( F i g u r e s 3 . 1 c & d ) . The l a s t t y p e (mean d i f f e r e n c e , F 4 ) 

e m p h a s i z e s t h e c h a n g e s i n r e s p o n s e f r o m s e g m e n t t o s e g m e n t 

r a t h e r t h a n t h e r e s p o n s e i t s e l f . T h e s e two f e a t u r e t y p e s 

a r e i n h e r e n t l y n o i s e i n s e n s i t i v e and v e r y e a s y t o i m p l e m e n t , 

b u t c a n n o t be e x p e c t e d t o c h a r a c t e r i z e t h e r e s p o n s e w e l l f o r 

t h e c a s e o f few s e g m e n t s . 

E a c h o f t h e s e f e a t u r e t y p e s was c o n s i d e r e d f o r n u m b e r s 

o f s e g m e n t s i n t h e r a n g e o f two t o f i f t e e n u n d e r two 

s e g m e n t a t i o n p l a n s . The f i r s t s e g m e n t a t i o n p l a n u s e d e q u a l 

l e n g t h s e g m e n t s ; t h e s e c o n d b a s e d t h e s e g m e n t l e n g t h on 

a c h i e v i n g e q u a l s e g m e n t a r e a s . T h i s s e c o n d s e g m e n t a t i o n p l a n 

i s d e s i g n e d s u c h t h a t t h e s i g n a l t o n o i s e o f t h e m e a n - b a s e d 

f e a t u r e s ( F 3 , F 4 ) w o u l d be r o u g h l y c o n s t a n t i n a l l c o m p o n e n t s 

o f t h e f e a t u r e s p a c e . The s e g m e n t l i m i t s r e q u i r e d t o a c h i e v e 

e q u a l a r e a s e g m e n t s a r e d e p e n d e n t on t h e o b s e r v e d r e s p o n s e 

a n d h e n c e t h e s e c o n d s e g m e n t a t i o n p l a n a s s u m e d a r e s p o n s e 

a v e r a g e d o v e r t h e e n t i r e d a t a s e t i n c a l c u l a t i n g t h e 

s e g m e n t a t i o n r e q u i r e d . T h i s s e g m e n t a t i o n p l a n i s t h e n f i x e d 

f o r t h e c h o s e n number o f s e g m e n t s and u s e d t o p r o c e s s b o t h 

t h e d e s i g n and t e s t s e t . 

3 . 2 F e a t u r e E v a l u a t i o n 

W h i l e i t w o u l d be c o n c e i v a b l e t o t a k e e v e r y 

c o m b i n a t i o n o f t h e s e f e a t u r e e x t r a c t i o n t e c h n i q u e s and s u b m i t 
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t h e m t o t h e c l a s s i f i e r t o d e t e r m i n e t h e i r r e l a t i v e 

e f f e c t i v e n e s s , t h a t w o u l d be a v e r y t i m e c o n s u m i n g e x e r c i s e . 

T o a v o i d t h i s , a p r e l i m i n a r y e v a l u a t i o n o f t h e f e a t u r e s w a s 

u n d e r t a k e n . F o r t h i s e v a l u a t i o n e a c h c o m b i n a t i o n o f f e a t u r e 

e x t r a c t i o n t e c h n i q u e a n d s e g m e n t a t i o n w a s a p p l i e d t o a 

t y p i c a l d e s i g n d a t a s e t . A d e s i g n f e a t u r e s e t ( c o m p r i s i n g t h e 

c l a s s m e a n s ) a n d an e s t i m a t e o f t h e v a r i a n c e a t e a c h p o i n t i n 

t h e d e s i g n s e t w a s d e v e l o p e d f o r e a c h c o m b i n a t i o n . T h e s e 

v a r i o u s d e s i g n f e a t u r e s e t s w e r e t h e n e v a l u a t e d u s i n g a 

p e r f o r m a n c e m e a s u r e ( d i s c u s s e d l a t e r ) t o e s t a b l i s h w h a t 

t r e n d s i n c l a s s i f i e r p e r f o r m a n c e c o u l d be e x p e c t e d w i t h 

r e s p e c t t o c h a n g e s i n : 

i ) t h e n u m b e r o f s e g m e n t s u s e d . 
/ 

i i ) t h e t y p e o f f e a t u r e e x t r a c t e d . 

i i i ) t h e t y p e o f s e g m e n t a t i o n u s e d . 

T h e d e s i g n d a t a s e t u s e d w a s d e v e l o p e d by s e p a r a t e l y 

a v e r a g i n g a l l d a t a r e c o r d s a v a i l a b l e f o r e a c h c o m b i n a t i o n o f 

o b j e c t a n d o r i e n t a t i o n . T h e r e s u l t i n g s e t o f r e c o r d s w e r e 

t h e n c o n s i d e r e d n o i s e - f r e e p r o t o t y p e s o f o b j e c t r e s p o n s e s f o r 

e a c h o b j e c t a n d e a c h o r i e n t a t i o n . E a c h r e c o r d i n t h i s s e t i s 

t h e n r e p l i c a t e d 20 t i m e s w i t h t h e a d d i t i o n o f w h i t e G a u s s i a n 

n o i s e ( A W G N ) s u c h t h a t t h e s i g n a l t o n o i s e r a t i o i s 7 5 . T h i s 

p r o c e s s y i e l d s a s i m u l a t e d n o i s y d a t a s e t w i t h c o n s t a n t l e v e l 

n o i s e w i t h t h e n o i s e l e v e l b e i n g c o m p a r a b l e t o t h a t o f t h e 

w o r s t c a s e f o r w h i c h c l a s s i f i c a t i o n w o u l d be a t t e m p t e d . T h e 

f e a t u r e e x t r a c t o r u n d e r c o n s i d e r a t i o n i s t h e n a p p l i e d t o t h i s 

d a t a s e t a n d t h e c l a s s m e a n s m i 5 j ( c l a s s i , o r i e n t a t i o n 

j ) , a n d v a r i a n c e v e c t o r s j h * , j i n t h e f e a t u r e s p a c e a r e 
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e s t i m a t e d . The c l a s s means t h u s c o m p u t e d f o r m t h e p o i n t s o f 

t h e d e s i g n s e t f o r t h e e v a l u a t i o n . The use o f t h i s a r t i f i c i a l 

d a t a s e t a l l o w s one t o make two a s s u m p t i o n s f o r t h e f o l l o w i n g 

a n a l y s i s . T h e s e a r e : 

i ) The f e a t u r e s w i l l e x h i b i t no c o v a r i a n c e ( f o l l o w s 

f r o m AWGN). 

i i ) The v a r i a n c e v e c t o r s ^ i , j w i l l b e r o u g h l y 

e q u a l ( f o l l o w s f r o m c o n s i s t e n t S / N ) . 

The p e r f o r m a n c e m e a s u r e ( ' P m c ) u s e d i s an e s t i m a t e 

o f t h e p r o b a b i l i t y o f m i s c i a s s i f i c a t i o n (Pmc) a s s o c i a t e d 

w i t h a p a r t i c u l a r d e s i g n s e t i n t h e c o n t e x t o f a s i m p l e 

n e a r e s t - m e a n - v e c t o r c l a s s i f i e r . I t s h o u l d be n o t e d t h a t f o r 

t h i s a p p l i c a t i o n , a m i s c i a s s i f i c a t i o n e v e n t (mc) o c c u r s when 

a f e a t u r e s p a c e p o i n t b e l o n g i n g t o c l a s s i a t o r i e n t a t i o n j 

i s c l a s s i f i e d as c l a s s k ; c l a s s i f i c a t i o n as c l a s s i a t an 

o r i e n t a t i o n o t h e r t h a n j i s n o t d e f i n e d as an e r r o r . 

The p r o b a b i l i t y o f m i s c i a s s i f i c a t i o n f o r t h e d e s i g n 

s e t u n d e r t e s t ( a n d h e n c e t h e f e a t u r e t y p e and s e g m e n t a t i o n ) 

i s t h e n d e r i v e d f r o m t h e p r o b a b i l i t y o f m i s c i a s s i f y i n g any 

p o i n t b e l o n g i n g t o c l a s s i a t o r i e n t a t i o n j , P ( m c / i , j ) , as 

f o l 1 o w s : 

Pmc = I P ( m c / i ) * P ( i ) ( 3 . 1 ) 
i 

w h e r e 

P ( m c / i ) = I P ( m c / i , j ) * P ( j ) 

j 
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L a c k i n g a b a s i s f o r any o t h e r a s s u m p t i o n , i t i s 

a s s u m e d t h a t a l l c l a s s and o r i e n t a t i o n s a r e e q u i p r o b a b l e . 

E q u a t i o n 3 , 1 t h e n r e d u c e s t o : 

Pmc = 1 * z s P ( m c / i , j ) ( 3 . 2 ) 

n c * n 0 i j 

w h e r e n c - number o f c l a s s e s v 

j ne - number o f o r i e n t a t i o n s / c l a s s 

D e t e r m i n i n g t h e p r o b a b i l i t y o f m i s c i a s s i f i c a t i o n 

P ( m c / i , j ) f o r e a c h p o i n t ( i , j ) i s n o t s t r a i g h t f o r w a r d f o r a 

c l a s s i f i e r i n v o l v i n g more t h a n two c l a s s e s . H o w e v e r , i t i s 

p o s s i b l e t o d e t e r m i n e an u p p e r l i m i t f r o m t h e f o l l o w i n g 

r e l a t i o n : 

P ( m c / i , j ) < I P ( d e c ' n = k / i , j ) ( 3 . 3 ) 

w h e r e P ( d e c ' n = k / i , j ) i s t h e p r o b a b i l i t y t h a t a member o f t h e 

c l a s s c e n t r e d a t t h e p o i n t ( i , j ) i s c l a s s i f i e d as b e l o n g i n g 

t o a n o t h e r c l a s s k i n a two c l a s s c a s e ; i . e . w h e r e 

m i s c i a s s i f i c a t i o n as c l a s s k i s t h e o n l y p o s s i b l e e r r o r . A 

v a l u e f o r t h i s p r o b a b i l i t y ( P ( d e c ' n = k / i , j )) i s n o t a v a i l a b l e 

w i t h o u t r e s o r t i n g t o a v e r y e x t e n s i v e c o m p u t a t i o n a l m e t h o d . 

H e n c e an a s s u m p t i o n i s made a b o u t t h e m a g n i t u d e o f t h i s 

p r o b a b i l i t y . I t i s a s s u m e d t h a t P ( d e c ' n = k / i , j ) c a n be 

a p p r o x i m a t e d by P ( d e c ' n = k , 1 / i , j ) w h e r e t h e p o i n t ( k , l ) i s t h e 

n e a r e s t p o i n t o f t h e c l a s s k t o t h e p o i n t ( i , j ) f o r any 1. I t 

s h o u l d be n o t e d t h a t P ( d e c ' n = k , 1 / i , j ) , i n t h e g e n e r a l c a s e , 

i s o n l y one c o m p o n e n t o f P ( d e c 1 n = k / i , j ) , a l b e i t t h e l a r g e s t . 

H e n c e t h e r e s u l t a n t v a l u e P m c ( E q n 3 . 7 ) i s o n l y an 
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a p p r o x i m a t i o n t o t h e p r o b a b i l i t y o f m i s c i a s s i f i c a t i o n . T h u s , 
A 
P m c s h o u l d be c o n s i d e r e d o n l y as a r e l a t i v e p e r f o r m a n c e 

m e a s u r e , f r o m one m e t h o d t o a n o t h e r , r a t h e r t h a n an a b s o l u t e 

e s t i m a t e o f t h e p e r f o r m a n c e . G i v e n t h i s a s s u m p t i o n , 

c a l c u l a t i o n o f t h i s two c l a s s p r o b a b i l i t y o f 

m i s c i a s s i f i c a t i o n i s s t r a i g h t f o r w a r d u n d e r t h e a s s u m p t i o n s 

d e r i v i n g f r o m t h e c o n s t r u c t i o n o f t h e d a t a s e t (AWGN, e q u a l 

v a r i a n c e v e c t o r s ) [ 1 5 ] . I t i n v o l v e s m e r e l y t h e d e t e r m i n a t i o n 

o f t h e w e i g h t e d d i s t a n c e ( d i , j , k ^ b e t w e e n t h e p o i n t i n 

q u e s t i o n ( m i , j ) and t h e n e a r e s t d e s i g n s e t p o i n t o f 

a n o t h e r c l a s s ( m | c } i ) . 

mi n 
i , j , k 1 

m. , - m. 
- k , 1 - i , J 

s . . ' 
( 3 . 4 ) 

T h e n 

P ( d e c ' n = k / i , j ) « P ( Z > d . . . / 2 ) 
1 , J , K 

( 3 . 5 ) 

w h e r e Z i s g o v e r n e d by a n o r m a l d i s t r i b u t i o n , 

mean=0 , v a r i a n c e - ! 

F o r t h i s c a s e t h e n 

P ( m c / i , j ) - I P ( Z > d . , . / 2 ) 
k * i 1 , J ' K 

( 3 . 6 ) 

a n d 

P. 
ITIC * I I I P ( Z > d . . . / 2 ) ( 3 . 7 ) 

n c

 x n Q i j k v i 
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The r e s u l t s o f t h i s e v a l u a t i o n a r e p r e s e n t e d i n 

F i g u r e s 3 . 2 and 3 . 3 . The p e r f o r m a n c e t r e n d s c o n f i r m i n t u i t i v e 

e x p e c t a t i o n s . The m e a n - b a s e d f e a t u r e t y p e s ( F 3 , F 4 ) g e n e r a l l y 

p e r f o r m b e t t e r as t h e number o f s e g m e n t s a r e i n c r e a s e d and 

t h e y r e p r e s e n t t h e s i g n a l b e t t e r . T h i s t r e n d b r e a k s down f o r 

t h e mean d i f f e r e n c e f e a t u r e t y p e ( F 4 , F i g u r e s 3 . 2 ( d ) , 3 . 3 ( d ) ) 

a t l a r g e n u m b e r s o f s e g m e n t s s i n c e f o r t h e s e c a s e s t h e n o i s e 

r e d u c t i o n a s s o c i a t e d w i t h c o m p u t i n g t h e mean i s d e c r e a s e d . 

The F4 f e a t u r e t y p e i s more s e n s i t i v e t o t h i s e f f e c t due t o 

t h e i n c r e a s e i n e r r o r a s s o c i a t e d w i t h t h e d i f f e r e n c e 

o p e r a t i o n . 

The f e a t u r e t y p e s b a s e d on f i t t i n g t h e d a t a ( F 1 . F 2 ) 

e x h i b i t e d a d e g r a d a t i o n i n p e r f o r m a n c e as t h e s e g m e n t l e n g t h 

d e c r e a s e d . T h i s i s due t o t h e i n c r e a s e i n u n c e r t a i n t y i n 

e s t i m a t i n g t h e f e a t u r e s as t h e number o f p o i n t s i n t h e 

s e g m e n t d e c r e a s e s . 

No d e f i n i t i v e c o n c l u s i o n s c a n be made a t t h i s p o i n t on 

t h e r e s u l t s o f t h e s e t e s t s w i t h r e p e c t t o t h e r e l a t i v e 

p e r f o r m a n c e o f t h e two s e g m e n t a t i o n p l a n s , a l t h o u g h t h e one 

b a s e d on e q u a l a r e a a p p e a r s t o p r o v i d e r e s u l t s t h a t a r e 

somewha t s u p e r i o r f o r t h e m a j o r i t y o f c a s e s . 
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C h a p t e r 4: C l a s s i f i e r d e s i g n 

4 . 1 C l a s s i f i e r T y p e 

The g o a l o f any p a t t e r n r e c o g n i t i o n s y s t e m i s t o 

e x t r a c t m e a n i n g f u l i n f o r m a t i o n . The i n f o r m a t i o n t h a t we 

r e q u i r e i n t h i s a p p l i c a t i o n i s t h e t y p e o f t h e o b j e c t , i n 

o r d e r t o a l l o w one t o d e a l w i t h t h e o b j e c t i n an a p p r o p r i a t e 

m a n n e r . The o r i e n t a t i o n o f t h e o b j e c t , w h i l e o f p e r i p h e r a l 

i n t e r e s t , i s n o t an i m p o r t a n t p a r a m e t e r f o r t h i s 

a p p l i c a t i o n . 

As n o t e d p r e v i o u s l y , t h e r e s p o n s e s i g n a t u r e s c h a n g e 

w i t h r e s p e c t t o c h a n g e s i n b o t h t h e o b j e c t t y p e and 

o r i e n t a t i o n . T h i s b e h a v i o r c a r r i e s o v e r i n t o t h e f e a t u r e 

s p a c e r e p r e s e n t a t i o n as w e l l . In some c o n t e x t s w h e r e one 

m i g h t r e q u i r e b o t h t h e t y p e and o r i e n t a t i o n i n f o r m a t i o n , t h i s 

v a r i a t i o n c o u l d be b e n i f i c i a l . H o w e v e r , t h i s i s n o t so f o r 

t h i s a p p l i c a t i o n . One i s f a c e d w i t h t h e p r o b l e m t h a t , e v e n 

i n t h e a b s e n c e o f n o i s e , t h e s i g n a t u r e s o f any c l a s s c o m p r i s e 

a c o n t i n u u m o f p o i n t s i n t h e f e a t u r e s p a c e c o r r e s p o n d i n g t o 

t h e i n f i n i t e v a r i a b i l i t y i n t h e o r i e n t a t i o n o f t h a t o b j e c t . 

A c o m p l e t e f e a t u r e d e s i g n s e t f o r a g i v e n o b j e c t w o u l d 

h e n c e f o r m a l o c u s t h r o u g h t h e f e a t u r e s p a c e r e p r e s e n t i n g t h e 

r e s p o n s e o f t h a t o b j e c t a t a l l o r i e n t a t i o n s i n a v e r t i c a l 

p l a n e ( 6 = 0 . , 9 0 ° ) . S i n c e one c a n n o t a c q u i r e an i n f i n i t e 

number o f p o i n t s t o d e f i n e t h i s t r a c k , one mus t c o n s i d e r 

a p p r o x i m a t i n g i t by some m e t h o d . One p o t e n t i a l s o l u t i o n i s t o 

a p p r o x i m a t e t h i s i n f i n i t e c o l l e c t i o n o f p o i n t s by a s m a l l 

s e q u e n c e o f p o i n t s r e p r e s e n t i n g t h e o b j e c t r e s p o n s e a t 

v a r i o u s a n g l e s , and t h e n t o u s e c o n v e n t i o n a l c l a s s i f i c a t i o n 

t e c h n i q u e s w i t h t h e s e p o i n t s as t h e d e s i g n s e t . 
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S e v e r e l i m i t a t i o n s e x i s t f o r t h i s a p p r o a c h however. As 
one can see i n t h e example c o o r d i n a t e v e c t o r p r o j e c t i o n i n 
F i g u r e 4.1, the d i s t a n c e i n the f e a t u r e space between p o i n t s 
w i t h i n a c l a s s measured 15° a p a r t can g r e a t l y e x c e e d the 
i n t e r - c l a s s d i s t a n c e . I t can a l s o be seen from t h i s f i g u r e 
t h a t a d e s i g n s e t c o n s i s t i n g of f e a t u r e s p a c e p o i n t s 
r e p r e s e n t i n g the o b j e c t r e s p o n s e a t 15° i n c r e m e n t s i n 
v e r t i c a l a n g l e would be i n a d e q u a t e f o r any c l a s s i f i e r b a s e d 
on any s i m p l e d i s t a n c e measure. The p o i n t (A) r e p r e s e n t i n g 
o b j e c t 1 a t an i n t e r m e d i a t e a n g l e (0=35°) i s c l e a r l y c l o s e r 
t o the d e s i g n s e t p o i n t r e p r e s e n t i n g o b j e c t 4 at 45° than any 
p o i n t i n t h e d e s i g n s e t of o b j e c t 1. Hence, any c l a s s i f i e r , 
such as a n e a r e s t n e i g h b o r [1] or minimum d i s t a n c e to mean 
[2] ( n e a r e s t mean v e c t o r ) , c o m p u t i n g a d i s t a n c e measure to 
d i s c r e t e d e s i g n s e t p o i n t s would be c l e a r l y u n w o r k a b l e u n l e s s 
a g r e a t number of p o i n t s were used to d e f i n e the d e s i g n s e t 
f o r t h e c l a s s . 

A l t e r n a t i v e l y , a b e t t e r method of a p p r o x i m a t i n g t h i s 
d e s i g n s e t t r a c k would be to f i t t h e c l a s s d e s i g n s e t p o i n t s 
w i t h some g e n e r a l f u n c t i o n . T h i s would a l l o w the use of a 
s i m p l e e x t e n s i o n of a n e a r e s t mean v e c t o r (NMV) c l a s s i f i e r i n 
which the d e f i n i t i o n of the c l a s s mean would be b r o a d e n e d t o 
i n c l u d e any p o i n t on the f u n c t i o n d e f i n e d f o r t h a t c l a s s . An 
i m p l e m e n t a t i o n of t h i s c l a s s i f i e r would th e n d e t e r m i n e the 
c l a s s of an a r b i t r a r y t e s t p o i n t by d e t e r m i n i n g the d i s t a n c e s 
from the t e s t p o i n t to the n e a r e s t p o i n t on each of t h e 
f u n c t i o n s d e f i n e d f o r the i n d i v i d u a l c l a s s e s and then 
c h o o s i n g the c l a s s f o r which t h i s d i s t a n c e was a minimum. 

T h i s l a t t e r a p p r o a c h r a i s e s c e r t a i n d i f f i c u l t i e s 
however. The f i t t i n g of a d e f i n i n g f u n c t i o n to the d e s i g n s e " 
p o i n t s i s i n i t s e l f a complex t a s k i n t h a t we have no 
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t h e o r e t i c a l b a s i s on w h i c h t o e s t a b l i s h a mode l f o r t h e . 

f u n c t i o n f i t t e d t o t h e p o i n t s . H e n c e , d e f i n i n g t h e g o o d n e s s 

o f f i t f o r v a r i o u s p o s s i b l e f i t t i n g f u n c t i o n s w o u l d be 

d i f f i c u l t . The m a i n d i f f i c u l t y w i t h t h i s a p p r o a c h i s , 

h o w e v e r , t h a t i n t h e d e s i g n o f a n e a r e s t n e i g h b o r c l a s s i f i e r 

f o r i t , a t e s t p o i n t s h o u l d be c l a s s i f i e d a c c o r d i n g t o t h e 

c l a s s f o r m i n g t h e n e a r e s t t r a c k . Thus t h e m in imum d i s t a n c e 

f r o m t h e n - s p a c e c u r v e d e f i n e d by t h e f i t t e d f u n c t i o n t o t h e 

t e s t p o i n t mus t be c o m p u t e d . T h i s c o m p u t a t i o n i s n o t 

g e n e r a l l y a m e n a b l e t o d i r e c t s o l u t i o n and an i t e r a t i v e 

s o l u t i o n w o u l d h a v e to be i m p l e m e n t e d w i t h i t s i n h e r e n t 

d e p e n d e n c e on i n i t i a l g u e s s e s and p r o b l e m s o f e n s u r i n g 

c o n v e r g e n c e . 

H e n c e f o r t h e p u r p o s e s o f t h i s t h e s i s , t h e c o n c e p t o f 

u s i n g a g e n e r a l c u r v e i n t h e f e a t u r e s p a c e as t h e d e s i g n s e t 

f o r a c l a s s has been r e s t r i c t e d t o a p p r o x i m a t i n g t h e t r a c k by 

a s e r i e s o f l i n e s e g m e n t s c o n n e c t i n g e a c h two s u c c e s s i v e 

p o i n t s i n t h e d e s i g n s e t . T h i s a p p r o a c h i s a good 

a p p r o x i m a t i o n f o r t h i s a p p l i c a t i o n and i t a l l o w s f o r d i r e c t 

s o l u t i o n o f t h e min imum d i s t a n c e c a l c u l a t i o n w i t h m i n i m a l 

c o m p u t i o n a l c o m p l e x i t y . 

The d e s i g n s e t f o r e a c h c l a s s , d e t e r m i n e d by ne 

p o i n t s i n t h e f e a t u r e s p a c e , t h e n c o n s i s t s o f n e - 1 l i n e 

s e g m e n t s d e f i n e d , i n p a r a m e t r i c f o r m , as f o l l o w s : 

l i , j = c i y _ i , j + JEi.J >0<q<l • 

w h e r e V J J = mi,j + i - mi,j ( 4 . 1 ) 

l < i < n c , l < j < n e - l 
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From t h i s d e f i n i t i o n the d i s t a n c e from a t e s t p o i n t t 

to any l i n e segment d e f i n e d by .1 i , j i s t n e magnitude of 
the normal to the l i n e passing through the p o i n t _t. This i s 
given by: 

c . . • v . . 
where d. . =c. .- v. . with c. . = t-m 

v . . «v. . - 1,3 -i,3 , j 
i / j 11 j 

T h i s s o l u t i o n i s only v a l i d i f the i n t e r s e c t i o n p o i n t 
of the normal i s w i t h i n the l i m i t s of the l i n e segment ( i . e . , 
0<q<l). Wherever t h i s i s not the case the minimum d i s t a n c e 
to that l i n e segment must be d e f i n e d , not as the d i s t a n c e to 
the l i n e , but as the d i s t a n c e to the nearest endpoint of that 
l i n e segment. T h i s provides f o r both the case of a p o i n t 
near a "convex" track segment (Figure 4.2,pt.B) and a l s o f o r 
a p o i n t beyond the endpoint of the track d e f i n e d (Figure 4.2, 
p t . A ) . Examples of each of these cases are shown i n F i g u r e 
4.2 f o r a 2-dimensional case, where the d i s t a n c e to the c l a s s 
design set i s d r a t h e r than d" f o r both cases. 

The c l a s s determined by the c l a s s i f i e r i s then that 
c l a s s f o r which d i f j i s a minimum ( f o r any j ) . 

T h i s approach appears to provide an e x c e l l e n t 
approximation f o r t h i s a p p l i c a t i o n . Figure 4.3 shows the 
design set developed f o r o b j e c t 1 based on 15° increments i n 
o r i e n t a t i o n angle. T h i s i s o v e r l a i d with f e a t u r e space p o i n t s 
r e p r e s e n t i n g o b j e c t 1 at intermediate angles. The d e v i a t i o n s 
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seen in these points from the design set l ine segments are 
within the noise bounds for this data. Hence, the 
approximation would appear to be s u f f i c i e n t l y accurate that a 
c l a s s i f i e r implementation using this approach is v a l i d . 

4.2 C l a s s i f i e r Distance Measure 

Having developed a concept def ining the design set one 
must s t i l l approach other decisions on the methods used for 
the precise implementation of the c l a s s i f i e r . One of these 
descis ions is to choose a measure of distance. The form of 
distance measure considered within this work is as fol lows; 

d. • = ( (t-m. , ) T C - 1 ( t - m . .) ] H (4.3) 

where the matrix C may take one of three common forms: 

i ) an ident i ty matrix. In this instance the distance 
measured is the Euclidean distance between the 
poi nts _t and mn'} j . 

i i ) a matrix with the diagonal terms equal to the 
components of the variance vector estimated. 
Terms off the diagonal are zero. The distance 
measure then computes a weighted distance in 
which the Euclidean distance in each dimension of 
the feature space is divided by the estimated 
standard deviation in that dimension. 

i i i ) an estimate of the covariance matrix. The 
distance measure would then be computing the 

Mahalanobis [16] distance between the points t̂ 

and m-j t j . 

In this work, the signal to noise ra t io and hence the 

variance of the data can change with a change in depth or 
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o r i e n t a t i o n . T h e r e f o r e , i t i s not p o s s i b l e to e s t a b l i s h a 
v a r i a n c e ( o r c o v a r i a n c e ) f o r the d e s i g n s e t s t r u c t u r e , as i t 
i s i n t e n d e d to be i n v a r i a n t under changes i n o b j e c t d e p t h . 
The o n l y a v a i l a b l e e s t i m a t e of v a r i a n c e i s then t h a t of the 
t e s t d a t a r e c o r d to be c l a s s i f i e d . As i t i s not p o s s i b l e t o 
g e n e r a t e an e s t i m a t e of the c o v a r i a n c e m a t r i x from a s i n g l e 
r e c o r d , use of the M a h a l a n o b i s d i s t a n c e i s p r e c l u d e d and t h e 
s i m p l e r w e i g h t e d d i s t a n c e measure was used f o r t h i s work. 

No component of the w e i g h t i n g used i n t h i s measure i s 
due to p o s s i b l e e r r o r i n t h e d e s i g n s e t . T h i s i m p l i e s t h a t 
t h e e r r o r s i n the d e s i g n s e t a r e s i g n i f i c a n t l y l e s s than t h e 
e r r o r s i n the t e s t p o i n t . T h i s a s s u m p t i o n i s v a l i d at the 
p o i n t s i n the d e s i g n s e t d e f i n i n g the l i n e segments, as t h e s e 
p o i n t s a r e t a k e n from the a v e r a g e of f i v e r e s p o n s e s at the 
h i g h e s t s i g n a l to n o i s e r a t i o a v a i l a b l e . However, i t w i l l 
b r e ak down a t o t h e r p o i n t s a l o n g the f e a t u r e t r a c k where the 
l i n e a p p r o x i m a t i o n d e v i a t e s from the e x a c t l o c u s . T h i s 
e f f e c t can not be s i m p l y a v o i d e d however, as the w e i g h t i n g 
used must be u n i f o r m t h r o u g h o u t the c l a s s to a l l o w 
c o m p u t a t i o n of the minimum d i s t a n c e between the t e s t p o i n t 
and the l i n e segments. 

More complex w e i g h t i n g s y s t e m s [17] based on r e l a t i v e 
i n f o r m a t i o n c o n t e n t , f e a t u r e to f e a t u r e , were c o n s i d e r e d but 
were r e j e c t e d . In g e n e r a l , they r e q u i r e knowledge of t h e 
p r o b a b i l i t y of m i s c i a s s i f i c a t i o n a t a p o i n t i n the d e s i g n 
s e t , and i n t h i s i m p l e m e n t a t i o n t h a t would r e q u i r e a p r i o r i 
k nowledge of the o r i e n t a t i o n of the o b j e c t . One c o u l d 
e s t a b l i s h a w e i g h t by a v e r a g i n g the m i s c l a s s i f i c a t i o n 
p r o b a b i l i t i e s at each o r i e n t a t i o n i n c l u d e d i n the d e s i g n s e t : 
however, i t was f e l t t h a t the c o m p l e x i t y e n t a i l e d was n o t 
w a r r a n t e d . 
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C h a p t e r 5: E x p e r i m e n t s 

5.1 I n t r o d u c t i o n 

T h r e e g o a l s were e s t a b l i s h e d f o r the e x p e r i m e n t s 
d e v e l o p e d f o r t h i s work. These were: 

i ) To v a l i d a t e the d e s i g n of the c l a s s i f i e r , w i t h 
p a r t i c u l a r r e f e r e n c e to t e s t i n g i t s a b i l i t y to 
c o r r e c t l y c l a s s i f y t e s t d a t a t a k e n a t 
o r i e n t a t i o n s o t h e r than t h o s e used i n f o r m i n g the 
d e s i g n s e t . 

i i ) To v a l i d a t e the t r e n d s a s s o c i a t e d w i t h t h e 
p r e d i c t e d p e r f o r m a n c e of the v a r i o u s f e a t u r e 
e x t r a c t i o n t e c h n i q u e s p r o p o s e d , and to d e t e r m i n e 
w h i c h t e c h n i q u e h o l d s the most p r o m i s e f o r 
f u r t h e r work. 

i i i ) To d e t e r m i n e the p o t e n t i a l f o r e x t e n d i n g t h e 
c l a s s i f i e r t o c l a s s i f y d a t a d e r i v e d from d e p t h s 
o t h e r than t h a t used i n f o r m i n g the d e s i g n s e t . 

The c r i t e r i a d e f i n i n g the p e r f o r m a n c e of t h e 
c l a s s i f i e r must a l s o be examined a t t h i s p o i n t . In c h a p t e r 3, 
an e s t i m a t e of the P m c was d e v e l o p e d which was a s i n g l e 
v a l u e f o r any g i v e n c o m b i n a t i o n of s e g m e n t a t i o n and f e a t u r e 
e x t r a c t i o n t e c h n i q u e s . T h i s s i n g l e v a l u e d c h a r a c t e r i z a t i o n i s 
p o s s i b l e o n l y due to the a s s u m p t i o n of a b s o l u t e knowledge o f 
t h e d e s i g n s e t p o i n t s and the a s s u m p t i o n of a t h e o r e t i c a l 
d i s t r i b u t i o n f o r the t e s t d a t a . In p r a c t i c e t h i s would i m p l y 
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t h a t t h e number o f r e c o r d s u s e d t o b o t h d e s i g n and t e s t t h e 

c l a s s i f i e r was i n f i n i t e . 

M o r e g e n e r a l l y , t h e p r o b a b i l i t y o f m i s c i a s s i f i c a t i o n 

f o r a NMV c l a s s i f i e r i s a random v a r i a b l e w i t h a c e n t r a l 

v a l u e P j ^ c d e t e r m i n e d by t h e s t r u c t u r e o f t h e 

c l a s s i f i e r and t h e s t a t i s t i c a l d i s t r i b u t i o n o f members i n t h e 

c l a s s e s . T h e v a r i a n c e o f t h e random v a r i a b l e P m c i s 

d e t e r m i n e d by t h e number o f r e c o r d s u s e d t o f o r m t h e c l a s s 

m e a n - v e c t o r s and t h e d i s t r i b u t i o n a s s o c i a t e d w i t h e a c h c l a s s . 

T h i s ; d i s t r i b u t i o n o f P m c c a n be t h o u g h t o f as t h e 

r e f l e c t i o n o f t h e u n c e r t a i n t y i n e s t i m a t i n g t h e c l a s s means 

f r o m a f i n i t e number o f r e c o r d s and P^ c i s t h e 

l i m / i t v a l u e t o w h i c h t h e d i s t r i b u t i o n w o u l d t e n d as t h e 

number o f r e c o r d s u s e d t o f o r m t h e c l a s s means wen t t o 

i n f i n i t y . The p r o b a b i l i t y o f m i s c i a s s i f i c a t i o n a s s o c i a t e d 

w i t h any p a r t i c u l a r i m p l e m e n t a t i o n o f t h e c l a s s i f i e r , u s i n g a 

f i n i t e d e s i g n s e t , i s o n l y a s a m p l e ( P m c ) d rawn f r o m 

t h e d i s t r i b u t i o n P m c . I t s h o u l d t h e n be n o t e d t h a t t h e 

c l a s s i f i c a t i o n e r r o r ( E c = n o . o f e r r o r s / n o . o f t r i a l s ) 

o b s e r v e d on any s i n g l e run o f t h e c l a s s i f i e r , w i t h a f i n i t e 

t e s t s e t , i s o n l y an e s t i m a t e o f t h i s v a l u e , P m c . 

T h e c o n v e n t i o n a l m e t h o d o f c h a r a c t e r i z i n g P m c 

r e l i e s on t h e use o f l a r g e d e s i g n and t e s t s e t s . T h i s a l l o w s 

a c c u r a t e d e f i n i t i o n o f t h e c l a s s means and i m p l i e s t h a t t h e 

t e s t s e t w i l l r e f l e c t c l o s e l y t h e s t a t i s t i c a l d i s t r i b u t i o n o f 

t h e c l a s s p o p u l a t i o n . The c l a s s i f i e r i s t h e n r u n a g a i n s t t h e 

t e s t s e t and t h e r e s u l t i n g o b s e r v a t i o n o f E c i s p r e s u m e d t o 

be a good p r . t i m a t e o f P j £ c . 
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W h i l e a t f i r s t g l a n c e i t w o u l d seem t h a t t h e 518 

r e c o r d s a v a i l a b l e i n t h e p r i m a r y d a t a s e t ( T a b l e 5 . 1 ) w o u l d 

a l l o w t h i s a p p r o a c h , t h i s i s n o t t h e c a s e . The d e s i g n o f t h e 

c l a s s i f i e r r e q u i r e s s i x l i n e s e g m e n t s t o d e f i n e a s i n g l e 

c l a s s , t w e n t y - f o u r t o d e f i n e a l l f o u r . T h i s a l l o w s an a v e r a g e 

o f ' o n l y 22 p o i n t s t o d e f i n e t h e d e s i g n s e t and t o t e s t t h e 

c l a s s i f i e r f o r e a c h r e g i o n a b o u t a l i n e s e g m e n t i n t h e d e s i g n 

s e t . G i v e n t h i s v e r y l i m i t e d d a t a s e t , t h e E c o b s e r v e d on 

any s i n g l e t e s t o f t h e c l a s s i f i e r i s u n l i k e l y t o a c c u r a t e l y 

c h a r a c t e r i z e i t s p e r f o r m a n c e i n a more g e n e r a l c a s e . 

The m e t h o d u s e d h e r e i n t o c o u n t e r t h i s l i m i t a t i o n i s 

t o r u n t h e c l a s s i f i e r s e v e r a l t i m e s , e a c h t i m e c h o o s i n g a 

d i f f e r e n t d e s i g n s e t f r o m w i t h i n t h e d a t a and o b s e r v i n g t h e 

r e s u l t i n g v a l u e o f E c . T h i s a p p r o a c h i s a r e d u c e d 

i m p l e m e n t a t i o n o f t h e h o l d o u t m e t h o d [ 1 8 , 6 ] i n w h i c h t h e 

c l a s s i f i e r i s e v a l u a t e d f o r a l l p o s s i b l e p a r t i t i o n s o f t h e 

d a t a s e t w i t h a g i v e n d e s i g n s e t s i z e . F o r t h i s m e t h o d t h e 

e r r o r p r o b a b i l i t y i s t h e n e s t i m a t e d as t h e a v e r a g e o f t h e 

r e s u l t s . A c o m p l e t e i m p l e m e n t a t i o n o f t h i s a p p r o a c h i s 

c o m p u t a t i o n a l l y p r o h i b i t i v e i n t h i s a p p l i c a t i o n as i t w o u l d 

i n v o l v e o v e r 250 r u n s o f t h e c l a s s i f i e r f o r e a c h t e s t . The 

number o f o b s e r v a t i o n s o f E c u s e d i n t h i s work i s s i x , t h e 

s p r e a d o f w h i c h i s c o n s i d e r e d t o c h a r a c t e r i z e P m c 

a d e q u a t e l y , f o r t h e c l a s s i f i e r s t r u c t u r e and t h e g i v e n d a t a 

s e t . T h i s number o f o b s e r v a t i o n s was; c h o s e n on t h e b a s i s 

t h a t , i f one w e r e t o assume i n d e p e n d e n c e , t h e p r o b a b i l i t y o f 

s i x s a m p l e s s p a n n i n g t h e mean w o u l d be 97% [ 1 4 ] . 

I t s h o u l d be n o t e d t h a t t h e v a l u e s o f E c o b s e r v e d 

f o r d i f f e r e n t c h o i c e s o f d e s i g n s e t c a n n o t be c o n s i d e r e d t o 

be e n t i r e l y i n d e p e n d e n t o f e a c h o t h e r as t h e y a l l d e r i v e f r o m 
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T a b l e 5 . 1 : P r i m a r y D a t a S e t 

O b j e c t D e p t h Number o f D e s c r i p t i o n 
I d e n t i f i e r ( c m . ) R e c o r d s 

1 40 130 10 e a c h a t 9=0 , 1 5 , . . 9 0 ° 
5 e a c h a t 9 = 5 , 1 0 , 2 0 , . . 8 5 ' 

2 50 128 1 0 a e a c h a t 8 = 0 , 1 5 , . . 9 0 ° 
5 D e a c h a t 9 = 5 , 1 0 , 2 0 , . . 8 5 ' 

3 60 130 10 e a c h a t 9 = 0 , 1 5 , . . 9 0 ° 
5 e a c h a t 9 = 5 , 1 0 , 2 0 , . . 8 5 

4 50 130 10 e a c h a t 9 = 0 , 1 5 , . . 9 0 ° 
5 e a c h a t 6 = 5 , 1 0 , 2 0 , . . 8 5 ' 

a) 9 o n l y a t 6=30° 
b) 4 o n l y a t 8=40° 

o 

T a b l e 5 . 2 : A d d i t i o n a l D a t a S e t 

O b j e c t 
I d e n t i f i e r 

D e p t h 
( c m . ) 

Number o f 
R e c o r d s 

D e s c r i p t i o n 

1 50 70 10 e a c h a t 8 = 0 , 1 5 , . . 9 0 ° 

2 60 70 10 e a c h a t 9 = 0 , 1 5 , . . 9 0 ° 

3 70 69 1 0 a e a c h a t 9 = 0 , 1 5 , . . 9 0 ° 

4 60 68 1 0 D e a c h a t 6 = 0 , 1 5 , . . 9 0 ° 

a) 9 o n l y a t 8=30° 
b) 9 o n l y a t 9 = 7 5 , 9 0 ° 
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the same d a t a s e t . Hence c o n c l u s i o n s b a s e d on t h e s e r e s u l t s 
must, i n g e n e r a l , be r e s t r i c t e d to i n s t a n c e s where r e l a t i v e l y 
g r o s s t r e n d s are e v i d e n t . An e x c e p t i o n to t h i s l i m i t a t i o n 
e x i s t s f o r c a s e s where the same group of d e s i g n s e t s i s used 
i n a s e r i e s of t r i a l s . F o r t h i s i n s t a n c e , i t i s p o s s i b l e to 
" p a i r " the r e s u l t s of runs u s i n g the same d e s i g n s e t and 
r e d u c e the e f f e c t s of dependence by a n a l y z i n g the d i f f e r e n c e s 
i n p e r f o r m a n c e from t r i a l t o t r i a l . T h i s a l l o w s one to use 
c o n v e n t i o n a l s t a t i s t i c a l t e c h n i q u e s such as the W i l c o x o n rank 
sum t e s t ( A p p e n d i x 8) to d e t e r m i n e w h e t h e r the c l a s s i f i e r 
s t r u c t u r e s i n each t r i a l d i f f e r i n p e r f o r m a n c e , and i f so,-
wh i c h i s s u p e r i o r . 

5.2 O r i e n t a t i o n S e n s i t i v i t y T e s t 

The f i r s t t e s t of the c l a s s i f i e r used d a t a from one 
d e p t h f o r each o b j e c t ( T a b l e 5 . 1 ) . In g e n e r a l , t e n 
i n d e p e n d e n t r e c o r d s were a v a i l a b l e f o r each o b j e c t a t each of 
the s even v e r t i c a l a n g l e s used to d e v e l o p the d e s i g n s e t 
(0 , 15, 30 ,.. , 90) w i t h f i v e a d d i t i o n a l measurements f o r each 
i n t e r v e n i n g f i v e d egree i n c r e m e n t i n a n g l e . Of the t e n 
r e c o r d s at each of the d e s i g n s e t a n g l e s , f i v e were randomly 
c h o s e n and used to form the d e s i g n s e t w i t h the r e m a i n d e r 
c o n t r i b u t i n g to the t e s t s e t . 

T e s t 1 then c o n s i s t e d of s i x runs of the c l a s s i f i e r 
(one f o r each d i f f e r e n t c h o i c e of the d e s i g n s e t ) f o r each of 
the f o u r f e a t u r e e x t r a c t i o n t e c h n i q u e s p r e v i o u s l y d e t a i l e d . 
T h e s e runs were r e p e a t e d f o r each of the two d i f f e r e n t 
s e g m e n t a t i o n schemes and f o r t h r e e c h o i c e s i n the number of 
segments, namely t h r e e , s i x and t w e l v e . The r e s u l t s of t h i s 
t r i a l were then be used to d e t e r m i n e the v a l i d i t y of t h e 
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p r e d i c t e d p e r f o r m a n c e t r e n d s , and to i s o l a t e the most 
p r o m i s i n g f e a t u r e e x t r a c t i o n t e c h n i q u e . The s u c c e s s of the 
c l a s s i f i e r a t h a n d l i n g the c o n t i n u o u s changes i n f e a t u r e 
p a r a m e t e r s due to changes i n the v e r t i c a l a n g l e of the o b j e c t 
was a l s o a s s e s s e d from t h i s e x p e r i m e n t . The r e s u l t s of t h i s 
t e s t are p r e s e n t e d i n s e c t i o n 6.1. 

5.3 Depth S e n s i t i v i t y T e s t s 

T h r e e t e s t s were run to d e t e r m i n e the s e n s i t i v i t y o f 
th e c l a s s i f i e r to the r e l a t i v e l y minor v a r i a t i o n s i n 
s i g n a t u r e s o b s e r v e d w i t h a change i n depth of the o b j e c t . 
T h e s e t e s t s a l l made use of the f e a t u r e e x t r a c t i o n t e c h n i q u e 
j u d g e d to p r o v i d e the b e s t p e r f o r m a n c e i n the f i r s t t e s t . 
T h e s e t e s t s made use of an a d d i t i o n a l d a t a s e t ( T a b l e 5.2) 
which i n c l u d e s d a t a from the f o u r o b j e c t s a t a depth 10 cm. 
g r e a t e r t han t h a t used i n the f i r s t t e s t . However, t h i s d a t a 
s e t i n c l u d e d o n l y r e c o r d s t a k e n at the 15° i n c r e m e n t s i n 
v e r t i c a l a n g l e a s s o c i a t e d w i t h the d e s i g n s e t ( 0 , 1 5 , . . 9 0 ° ) . 
The r e s u l t s of t h i s s e r i e s of t r i a l s a r e i n c l u d e d as s e c t i o n s 
6.2 and 6.3. 

The s e c o n d t r i a l ( T e s t 2) i n v o l v e s s i x runs of t h e 
c l a s s i f i e r u s i n g the d e s i g n s e t s d e v e l o p e d i n the f i r s t t e s t . 
However i n t h i s t r i a l , the t e s t s e t i s expanded to i n c l u d e 
t e s t p o i n t s d e r i v e d from both the d a t a s e t s such t h a t i t 
r e p r e s e n t s both d e p t h s . T h i s t r i a l d e t e r m i n e s the p e r f o r m a n c e 
o f the c l a s s i f i e r s t r u c t u r e a g a i n s t d a t a from d e p t h s o t h e r 
than t h o s e used to form the d e s i g n s e t . 

T e s t 3 a g a i n c o m p r i s e s s i x runs of the c l a s s i f i e r w i t i 
d a t a t a k e n from s o l e l y t h e a d d i t i o n a l d a t a s e t . T h a t i s , both 
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t h e d e s i g n and t e s t s e t a r e d e r i v e d f r o m d a t a t a k e n a t a 

d e p t h g r e a t e r t h a n t h a t u s e d i n t h e T e s t 1. A l t h o u g h t h i s i s 

n o t a c o m p l e t e t e s t due t o t h e l a c k o f d a t a a t v e r t i c a l 

a n g l e s n o t a s s o c i a t e d w i t h t h e d e s i g n s e t , t h i s p r e s e n t s t h e 

c l a s s i f i e r w i t h d a t a o f m a r k e d l y p o o r e r s i g n a l t o n o i s e t h a n 

t h a t o f t h e f i r s t t r i a l , and p r o v i d e s a r e f e r e n c e w i t h w h i c h 

t o c o m p a r e t h e r e s u l t s o f T e s t 2 . 

, T e s t 4 u s e s a t e s t s e t d e r i v e d f r o m b o t h d e p t h s as i n 

T e s t 2 ; h o w e v e r , i n t h i s i n s t a n c e t h e d e s i g n s e t i s d rawn 

f r o m t h e two d e p t h s r e p r e s e n t e d i n t h e t e s t s e t r a t h e r t h a n 

f r o m s i m p l y one d e p t h . F o r t h i s t e s t , t h e d e s i g n s e t 

c o n s i s t e d o f s i x r e c o r d s r a t h e r t h a n f i v e , w i t h t h r e e r e c o r d s 

b e i n g u s e d f r o m e a c h d e p t h . T h i s t r i a l i s d e s i g n e d t o 

d e t e r m i n e t h e p o t e n t i a l f o r r e d u c i n g any d e p t h s e n s i t i v i t y 

t h a t t h e c l a s s i f i e r may e x h i b i t , by i n c o r p o r a t i n g d a t a f r o m 

a l l d e p t h s o f i n t e r e s t i n t h e d e s i g n s e t . 
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C h a p t e r 6: R e s u l t s and E v a l u a t i o n 

6.1 R e s u l t s of O r i e n t a t i o n S e n s i t i v i t y T e s t s 

The r e s u l t s of T e s t 1 a r e shown i n F i g u r e s 6.1 and 
6.2. These f i g u r e s o v e r l a y the p r e d i c t e d v a l u e s of P m c 

d e v e l o p e d i n C h a p t e r 3 w i t h the range of the o b s e r v e d E c 

f o r the s e g m e n t a t i o n and f e a t u r e e x t r a c t i o n t e c h n i q u e s 
t e s t e d . 

The r e s u l t s c o n f i r m the p r e d i c t e d t r e n d s of c l a s s i f i e r 
p e r f o r m a n c e w i t h r e s p e c t to changes i n the number of segments 
and t y p e of f e a t u r e e x t r a c t e d . The mean-based f e a t u r e 
e x t r a c t i o n t e c h n i q u e s (F3.F4) c l e a r l y o u t p e r f o r m the o t h e r 
t e c h n i q u e s , e s p e c i a l l y f o r l a r g e r numbers of segments. 
A d d i t i o n a l l y , t h e s e r e s u l t s show t h a t s e g m e n t a t i o n based on 
e q u a l segment a r e a s p r o v i d e s b e t t e r r e s u l t s f o r the m a j o r i t y 
o f c a s e s . One s h o u l d note t h a t d i f f e r e n c e s between p r e d i c t e d 
and o b s e r v e d r e s u l t s are to be e x p e c t e d s i n c e the p r e d i c t i o n s 
were based on a c o m p a r i t i v e l y s i m p l e c l a s s i f i e r s t r u c t u r e . 
A d d i t i o n a l l y , the p r e d i c t i o n s were based on d a t a t h a t d i d n o t 
i n c o r p o r a t e o r i e n t a t i o n s o t h e r than t h o s e used to form the 
d e s i g n s e t and which had an a r t i f i c i a l l y e s t a b l i s h e d n o i s e 
c h a r a c t e r i s t i c . 

As one can see ( F i g u r e 6 . 1 ( a ) ) the b e s t r e s u l t s a p p e a r 
t o have been a c h i e v e d u s i n g the c o m b i n a t i o n of t w e l v e e q u a l 
a r e a segments w i t h the segment mean (F3) as the f e a t u r e 
e x t r a c t e d . T h i s o b s e r v a t i o n was c o n f i r m e d by a p p l i c a t i o n of 
the W i l c o x o n rank sum t e s t ( A p p e n d i x B) which i n d i c a t e s t h a t 
t h e p e r f o r m a n c e of t h i s c l a s s i f i e r i m p l e m e n t a t i o n i s s u p e r i o r 
to the o t h e r s i n the t r i a l ( c o n f i d e n c e l e v e l i s 9 8 % ) . Not 
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Figure 6.1: Classifier performance with equal area segmentation. 
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Figure 6.2: Classifier performance with equal length segmentation. 
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o n l y were the o v e r a l l r e s u l t s f o r t h i s c a s e b e t t e r than f o r 
t h e o t h e r c a s e s , the range of the o b s e r v a t i o n s was the 
s m a l l e s t , i n d i c a t i n g a r e l a t i v e l y m i n o r s e n s i t i v i t y to d e s i g n 
s e t v a r i a t i o n . The c o n f u s i o n t a b l e s f o r the runs a s s o c i a t e d 
w i t h t h i s c a s e a r e p r e s e n t e d i n T a b l e 6.1. The e r r o r s 
o b s e r v e d a r e m a i n l y t h e r e s u l t of m i s c i a s s i f i c a t i o n of o b j e c t 
2 as o b j e c t 1, a l t h o u g h even f o r t h i s o b j e c t the v a l u e s o f 
E c a r e s t i l l l e s s t h an 2.2%. 

A f u r t h e r breakdown of the e r r o r s i n c l a s s i f i c a t i o n 
o c c u r r i n g w i t h t h i s f e a t u r e e x t r a c t i o n t e c h n i q u e i s made i n 
T a b l e 6.2. T h i s t a b l e shows the a v e r a g e c l a s s i f i c a t i o n e r r o r 
o v e r a l l d e s i g n s e t s v e r s u s the v e r t i c a l a n g l e of the t e s t 
s e t o b j e c t s . No e r r o r s were o b s e r v e d f o r any of the a n g l e s 
from w h i c h d a t a was i n c o r p o r a t e d i n t o the d e s i g n s e t . The 
e r r o r s a t o t h e r a n g l e s a r e l a r g e l y due to m i s c i a s s i f i c a t i o n s 
o f o b j e c t 2 a t v e r t i c a l a n g l e s of 5 and 10 d e g r e e s . A l l of 
t h e s e m i s c i a s s i f i c a t i o n s t h a t were o b s e r v e d f o r o b j e c t 2 a t 
5,10° were the r e s u l t of the c l a s s i f i e r m i s c i a s s i f y i n g the 
same two d a t a r e c o r d s i n each i n s t a n c e . T h i s c o i n c i d e n c e o f 
r e c o r d s was u n u s u a l and hence the d a t a f o r t h i s o b j e c t at 
t h e s e o r i e n t a t i o n s was f u r t h e r i n v e s t i g a t e d . A c l a s s mean f o r 
each c a s e was d e v e l o p e d and the d i s t a n c e , d-j , from each 
i n d i v i d u a l p o i n t to the c l a s s mean was computed u s i n g a 
w e i g h t e d d i s t a n c e measure as f o l l o w s . 

i i " m (6.1) 

As one can see i n T a b l e 6.3, the two p o i n t s i d e n t i f i e d 
as f a i l i n g i n the c l a s s i f i e r a re r e l a t i v e l y d i s t a n t from the 
c l a s s mean. W h i l e one c a n n o t d i s c a r d t h e s e p o i n t s on t h e 
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T a b l e 6 . 1 : C o n f u s i o n T a b l e s f o r T e s t 1 

F e a t u r e : s e g m e n t mean ( F 3 ) 
S e g m e n t a t i o n : 12 e q u a l a r e a s e g m e n t s 
C o n d i t i o n s : D e s i g n and t e s t s e t s d rawn f r o m p r i m a r y d a t a 

\ D e c 
O b g \ 

1 n 
s e t . 

2 3 4 
\ D e c 

0 b j \ 
: ' n 

1 2 3 4 

1 95 0 0 0 1 94 1 0 0 
2 2 91 0 0 2 2 91 0 0 
3 0 0 95 0 3 0 0 95 0 
4 0 0 1 94 4 0 0 1 94 

a ) D e s i g n s e t 1: E c = 0 .79% b ) D e s i g n s e t 2 : E c = l . 06% 

1 94 0 1 0 1 95 0 0 0 
2 2 91 0 0 2 2 91 0 0 
3 0 0 94 1 3 0 0 95 0 
4 0 0 0 95 4 0 0 0 95 

c) D e s i g n s e t 3 : .06% d ) D e s i g n s e t 4 : E c = 0 . 53% 

1 95 0 0 0 1 94 1 0 0 
2 2 91 0 0 2 2 91 0 0 
3 0 0 95 0 3 0 0 95 0 
4 0 0 1 94 4 0 0 1 94 

e ) D e s i g n s e t 5 : E c = 0 .79% f ) D e s i g n s e t 6 : E c = l . 06% 

T a b l e 6 . 2 : D i s t r i b u t i o n o f F a i l u r e s w i t h A n g l e 

O b j e c t 

1 2 1 
2 6 6 
3 1 
4 3 1 

0 5 10 15 20 25 30 35 40 45 E0 55 60 65 70 75 80 85 90 

V e r t i c a l A n g l e ( e , ° ) 

N o t e : R e s u l t s f r o m a l l d e s i g n s e t s i n c l u d e d . 
( T o t a l number o f t r i a l s = 2 2 6 8 ) 
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Tab le 6.3: D i s t ance to C l a s s Means f o r Objec t 2 

Ob jec t Or i e n t a t i on Record D i s t ance to 
number number c l a s s mean 

2 5° 1 2.34 
2 2.70 
3* 4.83 
4 2.68 
5 2.17 

2 10° 1 2.93 
2 2.54 
3* 4.91 
4 1.96 
5 2.24 

records caus ing c l a s s i f i e r f a i l u r e s f o r a l l 
des i gn sets (Test 1) . 

Tab le 6.4 Con fus ion Tab le s f o r Te s t 2 

F e a t u r e : segment mean (F3) 
Segmentat ion : 12 equal area segments 
C o n d i t i o n s : Design sets drawn from pr imary data s e t . Tes t se t 

i n c l u d e s remainder of pr imary data set and whole 
of a d d i t i o n a l data s e t . 

v Dec 1 n v D e c ' n 

O b j \ 1 2 3 4 O b j \ 1 2 3 4 

1 156 9 0 0 1 153 10 2 0 
2 5 158 0 0 2 4 159 0 0 
3 1 0 157 0 3 2 0 155 7 
4 0 0 11 152 4 0 0 11 152 

a ) D e s i g n set 1: E c = 4 .89% b)Des ign set 2: E c = 5. 50% 

1 155 10 0 0 1 154 9 2 0 
2 6 157 0 0 2 4 159 0 0 
3 1 0 156 7 3 1 0 158 5 
4 0 0 11 152 4 0 0 11 152 

c ) D e s i g n set 3: E c = 5 .34% d)Des ign set 4: E c = 4. 89% 

1 155 10 0 0 1 156 9 0 0 
2 5 158 0 0 2 5 158 0 0 
3 1 0 157 6 3 2 0 156 6 
4 0 0 11 152 4 0 0 12 151 

e) D e s i g n set 5: E c = 5 .34% f )Do s i gn set 6: E c = 4. 89% 
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b a s i s o f t h i s m e a s u r e , t h e y a r e c l e a r l y a n o m a l o u s a n d may 

h a v e b e e n t h e p r o d u c t o f an u n o b s e r v e d s y s t e m a t i c e r r o r i n 

t h e d a t a c o l l e c t i o n p r o c e s s . 

6 . 2 R e s u l t s o f D e p t h S e n s i t i v i t y T e s t s 

T h e c o n f u s i o n t a b l e s f o r t h e r u n s d o n e w i t h t h e t e s t 

s e t d e r i v e d f r o m t w o d e p t h s a r e s h o w n i n T a b l e 6 . 4 . A s c a n be 

r e a d i l y s e e n , t h e p e r f o r m a n c e o f t h e c l a s s i f i e r i s d e g r a d e d 

by t h e i n c l u s i o n o f t h e e x t r a d a t a . F u r t h e r a n a l y s i s o f t h i s 

r e s u l t , a g a i n u s i n g t h e W i l c o x o n t e s t ( A p p e n d i x B ) , i n d i c a t e s 

t h a t t h i s d e g r a d a t i o n i s i n d e e d s i g n i f i c a n t a t a 98% 

c o n f i d e n c e l e v e l . A b r e a k d o w n o f t h e s e r e s u l t s i s s h o w n i n 

T a b l e 6 . 5 , w h i c h s h o w s t h e o b s e r v e d v a l u e o f E c f o r 

i n c r e m e n t s i n d e p t h v e r s u s t h e d i f f e r e n t o b j e c t t y p e s . 

Two f a c t o r s a r e s e e n a s c o n t r i b u t i n g t o t h e s e r e s u l t s . 

T h e f i r s t a n d m o s t o b v i o u s o f t h e s e i s t h a t t h e s i g n a l t o 

n o i s e r a t i o o f t h e a d d e d d a t a i s m a r k e d l y p o o r e r t h a n t h a t o f 

t h e o r i g i n a l d a t a b e c a u s e t h e a d d e d d a t a w a s t a k e n a t a 

g r e a t e r d e p t h . T h i s w o u l d l e a d t o g r e a t e r s p r e a d o f t h e d a t a 

i n t h e f e a t u r e s p a c e a n d w o u l d be e x p e c t e d t o c o n t r i b u t e t o 

p o o r e r r e s u l t s . T h e s e c o n d p o t e n t i a l c o n t r i b u t i n g f a c t o r i s 

t h a t s i g n a t u r e s o f t h e o b j e c t s a t t h e s a m e o r i e n t a t i o n , b u t 

d i f f e r e n t d e p t h s , may d i f f e r t o s u c h an e x t e n t t h a t a d e s i g n 

s e t b a s e d on o n l y o n e d e p t h w o u l d n o t be r e p r e s e n t a t i v e o f 

d a t a f r o m a n o t h e r d e p t h . 

T h e c o n t r i b u t i o n o f e a c h o f t h e s e f a c t o r s t o t h e 

m i s c i a s s i f i c a t i o n s o b s e r v e d i n t h i s t r i a l i s d i f f i c u l t t o 

d e t e r m i n e . H o w e v e r , T e s t 3 i s d e s i g n e d t o i n v e s t i g a t e t h e 

e x t e n t t o w h i c h t h e f i r s t f a c t o r c o n t r i b u t e s . T h e a p p r o a c h 
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T a b l e 6.5: E c v e r s u s O b j e c t Type and Depth f o r T e s t 2 

Type E c (%) 

1 0.53 13.80 
2 2.15 4.05 
3 0.18 10.63 
4 0.70 15.44 

O v e r a l l 0.88% 10.83% 

I n i t i a l S e c o n d 
d e p t h d e p t h 

N o t e : R e s u l t s f o r a l l d e s i g n s e t s i n c l u d e d . 

T a b l e 6.6: C o n f u s i o n T a b l e s f o r T e s t 3 

F e a t u r e : segment mean (F3) 
S e g m e n t a t i o n : 12 equal a r e a segments 
C o n d i t i o n s : D e s i g n and t e s t s e t s drawn from a d d i t i o n a l d a t a 

\Dec 
O b j \ 

'n 
1 

s e t . 

2 3 4 
\Dec 

Ob.iX 
'n ^ 

2 3 4 

1 35 0 0 0 1 35 0 0 0 
2 0 35 0 0 2 0 35 0 0 
3 0 0 34 0 3 0 0 34 0 
4 0 0 3 30 4 0 0 2 31 

a ) D e s i g n s e t 1: E c = 2 . 19% b ) D e s i g n s e t 2: E c = l . 46% 

1 35 0 0 0 1 35 0 0 0 
2 0 35 0 0 2 0 35 0 0 
3 0 0 34 0 3 0 0 33 1 
4 0 0 1 32 4 0 0 1 32 

c ) D e s i g n s e t 3: E c = 0 . 73% d ) D e s i g n s e t 4: E c = l . 46% 

1 35 0 0 0 1 35 0 0 0 
2 0 35 0 0 2 0 35 0 0 
3 0 0 33 1 3 0 0 34 0 
4 1 0 2 30 4 0 0 3 30 

e) D e s i g n s e t 5: E C = 2 .92% f ) D e s i g n s e t 6: E c = 2. 19% 
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u n d e r t a k e n f o r t h i s t e s t i s t o u s e s o l e l y t h e d a t a f r o m , t h e 

g r e . a t e r d e p t h f o r b o t h t h e d e s i g n a n d t e s t s e t . T h i s r e m o v e s 

a n y p o s s i b l e . - , b i a s i n t h e d e s i g n s e t , d u e t o d e p t h 

s e n s i t i v i t y , a t t h e e x p e n s e o f g r e a t e r v a r i a b i l i t y d u e t o t h e 

i n c r e a s e d n o i s e . 

T h e r e s u l t s f o r t h i s t r i a l a r e s h o w n i n T a b l e 6 . 6 . 

W h i l e t h e r e s u l t s a r e n o t a s g o o d a s t h o s e f o r T e s t 1 , t h e y 

a r e s t i l l m a r k e d l y b e t t e r t h a n t h o s e f o r T e s t 2 . T h i s 

i n d i c a t e s t h a t w h i l e t h e n o r m a l i z e d s i g n a t u r e s o f t h e s a m e 

o b j e c t a t . d i f f e r e n t d e p t h s a r e v i r t u a l l y i n d i s t i n g u i s h a b l e t o 

t h e e y e , e n o u g h o f a d i f f e r e n c e e x i s t s t o i n t e r f e r e w i t h 

p r o p e r c l a s s i f i c a t i o n w h e n t h e d e s i g n s e t d a t a i s c o l l e c t e d 

a t a d i f f e r e n t d e p t h t h a n t h e t e s t d a t a . 

6 . 3 E f f e c t s o f a M o d i f i e d D e s i g n S e t ( T e s t 4 ) 

O n e p o t e n t i a l s o l u t i o n t o t h e p r o b l e m o f d e p t h 

d e p e n d e n c e i n t h e d e s i g n s e t i s t o i n c o r p o r a t e d a t a f r o m b o t h 

d e p t h s i n t o t h e d e s i g n s e t . T h i s w i l l h a v e t h e e f f e c t o f 

s h i f t i n g t h e c l a s s m e a n f o r e a c h d e s i g n s e t p o i n t t o some 

i n t e r m e d i a t e p o i n t b e t w e e n t h e t w o c l a s s m e a n s f o r m e d f o r 

e a c h d e p t h . t a k e n i n d e p e n d e n t l y . W h i l e t h i s c a n be e x p e c t e d t o 

r e s u l t i n an i n f e r i o r c l a s s i f i e r f o r . d a t a t a k e n f r o m e i t h e r 

o f t h e d e p t h s , i f c o n s i d e r e d s e p a r a t e l y , i t may i m p r o v e 

r e s u l t s f o r t h e c o m b i n a t i o n o f d e p t h s . 

T h e f o u r t h t r i a l s e r i e s i m p l e m e n t e d t h i s a p p r o a c h w i t h 

r e s u l t s a s s h o w n i n t a b l e 6 . 7 a n d 6 . 8 . A n o t i c e a b l e 

i m p r o v e m e n t i s g a i n e d i n t h e o v e r a l l p e r f o r m a n c e o f t h e 

c l a s s i f i e r i n c o m p a r i s o n t o o n e u s i n g a d e s i g n s e t b a s e d on a 

s i n g l e d e p t i . C o m p a r i n g t a b l e s 6 . 5 a n d 6 . 8 , o n e c a n s e e t h a t 
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T a b l e 6 . 7 : C o n f u s i o n t a b l e s f o r T e s t 4 

F e a t u r e : s e g m e n t mean ( F 3 ) 
S e g m e n t a t i o n : 12 e q u a l a r e a s e g m e n t s 
C o n d i t i o n s : D e s i g n and t e s t s e t s d rawn f r o m c o m b i n a t i o n o f 

p r i m a r y and a d d i t i o n a l d a t a s e t s . 
v De 

O b j \ 

c ' n 
1 2 3 4 

0 b , ] \ 

ic' n 
1 2 3 4 

1 164 0 1 0 1 161 4 0 0 
2 3 160 0 0 2 5 158 0 0 
3 2 0 152 10 3 2 0 156 6 
4 0 0 10 153 4 0 0 9 154 

a ) D e s i g n s e t 1: E C = 3 .97% b ) D e s i g n s e t 2 : E c = 3 . 97% 

1 164 0 1 0 1 165 0 0 0 
2 2 161 0 0 2 2 161 0 0 
3 1 0 159 4 3 1 0 153 10 
4 0 0 6 157 4 0 0 9 154 

c ) D e s i g n s e t 3 : Ec = 2 . 14% d ) D e s i g n s e t 4 : E c = 3 . 36% 

1 165 0 0 0 1 165 0 0 0 
2 3 160 0 0 2 2 161 0 0 
3 1 0 153 10 3 1 0 158 5 
4 0 0 8 155 4 0 0 7 156 

e ) D e s i gn s e t 5 : E C = 3 .36% f ) D e s i g n s e t 6 : E c = 2 . 29% 

T a b l e 6 . 8 : E c v e r s u s o b j e c t t y p e a n d d e p t h f o r T e s t 4 

T y p e E C 
(%) 

1 0 . 9 2 0 . 0 0 
2 2 . 1 5 0 . 0 0 
3 1 .07 1 5 . 9 7 
4 1 . 8 4 1 3 . 1 2 

O v e r a l l 1 .63% 7 . 1 7 % 

I n i t i a l S e c o n d 
d e p t h d e p t h 

N o t e : R e s u l t s f o r a l l d e s i g n s e t s i n c l u d e d . 
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t h e c l a s s i f i e r e r r o r i s r e d u c e d f o r the l a r g e r depth at t h e 
e x p e n s e o f t h e l e s s e r . The r e s u l t s a r e s i g n i f i c a n t l y worse 
t h a n t h o s e r e c o r d e d f o r e i t h e r of the i n s t a n c e s where t h e 
d e s i g n and t e s t s e t are from the same d e p t h . 

6.4 E v a l u a t i o n o f R e s u l t s 

The r e s u l t s summarized above i n d i c a t e t h a t the f e a t u r e 
e x t r a c t i o n t e c h n i q u e and the c l a s s i f i e r d e v e l o p e d h e r e i n have 
e x c e l l e n t p o t e n t i a l as a s o l u t i o n to the p r o b l e m o f 
i d e n t i f i c a t i o n of b u r i e d m e t a l l i c o b j e c t s . The r e s u l t s of 
a p p l y i n g t h e c l a s s i f i e r t o d a t a from a s i n g l e d e p t h a r e 
e s p e c i a l l y e n c o u r a g i n g c o n s i d e r i n g the c o n t i n u o u s v a r i a t i o n 
i n / f e a t u r e s w i t h r e s p e c t to o b j e c t o r i e n t a t i o n . 

T h r e e i m p o r t a n t i s s u e s a r e r a i s e d by t h e s e r e s u l t s 
however. The f i r s t i s t h a t the o b j e c t r e s p o n s e s a r e c l e a r l y 
n o t a b s o l u t e l y depth i n v a r i a n t . The c l a s s i f i e r was a b l e t o 
a c h i e v e b e t t e r r e s u l t s a g a i n s t d a t a from a s i n g l e depth than 
a g a i n s t m u l t i p l e d e p t h s , even when the d e s i g n s e t i n c l u d e d 
i n f o r m a t i o n from a l l d e p t h s . T h i s d e g r a d a t i o n i n p e r f o r m a n c e 
was not d r a m a t i c , but was s t i l l g r e a t e r than would be 
a c c e p t a b l e i n an o p e r a t i o n a l s y s t e m . Hence w h i l e p r e c i s e 
d e p t h d e t e r m i n a t i o n i s not seen to be n e c e s s a r y , some 
p r e l i m i n a r y l o c a l i z a t i o n of o b j e c t depth on the o r d e r of *5 

cm. would a p p e a r to be n e c e s s a r y f o r a s y s t e m based on t h e s e 
t e c h n i q u e s to f u n c t i o n a d e q u a t e l y . T h i s would a l l o w one to 
d e f i n e d i f f e r e n t d e s i g n s e t s f o r s e v e r a l d i f f e r e n t d e p t h s and 
t o use t h e most a p p r o p r i a t e one based on t h e e s t i m a t e d depth 
of t h e o b j e c t . W h i l e no e m p i r i c a l s y s t e m has been 
d e m o n s t r a t e d t o d e t e r m i n e depth t o t h i s a c c u r a c y , i t has been 
shown [5] t h a t f o r the s p h e r e model, such a d e t e r m i n a t i o n i s 
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possible using a pulse induction system with two receive 
c o i l s of d i f f e r i n g r a d i i . 

The second issue raised by these results relates to 
the adequacy of the f i t t i n g procedure used to approximate the 
locus of class means in the feature space. In the majority of 
cases, the li n e segment approximation resulted in excellent 
performance. However, the arbitrary d e f i n i t i o n of segment 
endpoints based on fixed changes in object orientation cannot 
be expected to be optimal as the rate of change of the 
feature space representation for a class does not follow a 
straight l i n e r e l a t i o n with the object angle (ref. Figures 
4.1,4 . 3 ) . 

The last major issue is that of the s e n s i t i v i t y of the 
c l a s s i f i e r to the selection of the design set. The variation 
in result over d i f f e r i n g sets indicates that a much greater 
amount of data would have to be taken to accurately establish 
the class means at the design set points. This would be most 
especially true at greater depths where the signal to noise 
r a t i o of the responses is lower. 

Both of these l a t t e r issues r e f l e c t limitations in the 
available data set rather than li m i t a t i o n s in the technique. 
One can e a s i l y envisage an interactive system which would 
establish the number of segments and the endpoints to use in 
forming the class design d e f i n i t i o n by examining the discrete 
"curvature" of the succession of points developed in the 
feature space for that object as i t was rotated in a v e r t i c a l 
plane. As well, the number of records defining a design set 
point could be adjusted based on the actual signal to noise 
r a t i o of the data, such that the class mean for a point could 
be established to any desired accuracy. 
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C h a p t e r 7: C o n c l u s i o n s and Recommendations f o r F u r t h e r S t u d y  

7.1 C o n c l u s i o n s 

T h i s work has d e m o n s t r a t e d the f e a s i b i l i t y o f 
i d e n t i f y i n g s t e e l s p h e r o i d s by i n t e r p r e t a t i o n of t h e i r 
e l e c t r o m a g n e t i c r e s p o n s e , g i v e n t h a t t h e y a r e from a known 
s e t . In the p r o c e s s , two o t h e r n o t a b l e r e s u l t s have 
emerged. 

An e f f e c t i v e f e a t u r e t y p e has been d e v e l o p e d f o r t h i s 
f o r m o f r e s p o n s e s i g n a t u r e ; t h i s f e a t u r e b e i n g the mean v a l u e 
of the samples w i t h i n segments of the r e s p o n s e which have 
r o u g h l y equal a r e a . W h i l e no s t a t e m e n t can be made about the 
a b s o l u t e m e r i t of t h i s f e a t u r e a g a i n s t a l l o t h e r p o s s i b l e 
f e a t u r e s , c e r t a i n l y i t s p e r f o r m a n c e r e l a t i v e to the o t h e r 
methods p r o p o s e d h e r e i n i s e x c e l l e n t . A d d i t i o n a l l y , i t has 
t h e d i s t i n c t a d v a n t a g e of e x c e p t i o n a l i m p l e m e n t a t i o n 
s i m p l i c i t y and of b e i n g amenable to i m p l e m e n t a t i o n i n e i t h e r 
s o f t w a r e or s p e c i a l p u r p o s e h a r d w a r e . 

The o t h e r n o t a b l e r e s u l t e s t a b l i s h e d h e r e i n has been 
t h e d e v e l o p m e n t of an e x t e n s i o n to the NMV t y p e of 
c l a s s i f i e r . The e x t e n s i o n g e n e r a l i z e s the c l a s s mean to t h e 
l o c u s of p o i n t s i n f e a t u r e s p a ce d e f i n i n g the c l a s s . T h i s 
a l l o w s c l a s s i f i c a t i o n of s i g n a t u r e s whose f e a t u r e s v a r y 
w i t h r e s p e c t to a p a r a m e t e r whose range i s c o n t i n u o u s ( w i t h i n 
some l i m i t s ) . The i m p l e m e n t a t i o n d e s c r i b e d h e r e i n l i m i t s t h i s 
a p p r o a c h , f o r c o m p u t a t i o n a l s i m p l i c i t y , t o a pi.ecewise l i n e a r 
a p p r o x i m a t i o n to the l o c u s . 
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I t s h o u l d be n o t e d t h a t i t would be s t r a i g h t f o r w a r d t o 
e x t e n d the c l a s s i f i e r c o n c e p t to e x t r a c t an e s t i m a t e of the 
c o n t i n u o u s p a r a m e t e r based on the p o i n t of the d e s i g n 
l o c u s t h a t most c l o s e l y a p p r o a c h e s the t e s t p o i n t . F o r 
example, i n the i m p l e m e n t a t i o n d e t a i l e d h e r e i n one must 
d e t e r m i n e the l i n e p a r a m e t e r , q, t o d e t e r m i n e i f the 
i n t e r s e c t i o n p o i n t of the normal t o the l i n e i s w i t h i n t h e 
l i n e segment. From t h i s p a r a m e t e r , and knowing the a n g l e s 
e l > e 2 c o r r e s p o n d i n g to the s t a r t and end p o i n t s of the 
l i n e segment, one c o u l d i n t e r p o l a t e an e s t i m a t e o f 9 as 
f o l l o w s : 

9 = ( 6 2 - 8 i ) * q 

7.2 Recommendations f o r F u r t h e r S t u d y 

S e v e r a l a s p e c t s of the work p r e s e n t e d h e r e i n r e q u i r e 
f u r t h e r s t u d y to d e t e r m i n e p o s s i b l e improvements and to 
a d e q u a t e l y d e l i n e a t e the c l a s s i f i e r p e r f o r m a n c e i n an 
u n c o n s t r a i n e d e n v i r o n m e n t . These i n c l u d e : 

i ) D e v elopment of a method to c h o o s e the d e s i g n s e t 
p o i n t s d e t e r m i n i n g the l i n e segments, such t h a t 
c l a s s i f i e r p e r f o r m a n c e i s o p t i m i z e d f o r any g i v e n 
number of segments. 

i i ) F u r t h e r t e s t s to d e t e r m i n e the e f f e c t on 
c l a s s i f i e r p e r f o r m a n c e of r e l a t i v e l y minor (±1..5 
cm.) t e s t s e t depth v a r i a t i o n s f o r a g i v e n d e s i g n 
s e t . 
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i i i ) F u r t h e r t e s t s are a l s o r e q u i r e d to d e t e r m i n e t h e 
e f f e c t s of r e l a x i n g the a s s u m p t i o n s made f o r t h i s 
work. The e f f e c t s of i n c l u d i n g more complex 
a s s y m m e t r i c shapes i n t h e o b j e c t s e t s h o u l d be 
d e t e r m i n e d . A l s o of i n t e r e s t i s the e f f e c t of a 
h o r i z o n t a l p o s i t i o n i n g e r r o r i n d u c e d when the 
t e s t d a t a i s c o l l e c t e d . 

i v ) F i n a l l y , f u r t h e r t e s t s a r e r e q u i r e d to d e t e r m i n e 
t h e e f f e c t of m e a s u r i n g t h e r e p o n s e s i n e a r t h 
r a t h e r than i n a i r . W h i l e t h i s e f f e c t i s e x p e c t e d 
t o be minor i n e x t e n t due to the use of 
b a c k g r o u n d s u b t r a c t i o n i n the d a t a c o l l e c t i o n , 
l o c a l v a r i a t i o n s i n s o i l c o n d u c t i v i t y and 
p e r m e a b i l i t y c o u l d i n d u c e e f f e c t s t h a t would b e a r 
i n v e s t i g a t i o n . 

Many a s p e c t s of t h e s e r ecommendations a r e q u i t e 
s t r a i g h t f o r w a r d ; however, they must a l l a w a i t c o l l e c t i o n of a 
much l a r g e r d a t a s e t . 

7 .3 F i n a l Remarks 

In o v e r a l l summary, the work d e t a i l e d h e r e i n d e v e l o p s 
a f e a s i b l e s o l u t i o n to the p r o b l e m w i t h i n t h e s t a t e d 
a s s u m p t i o n s . E x c e l l e n t r e s u l t s a r e a c h i e v e d f o r the s i n g l e 
d e p t h c a s e s . W h i l e one c a n n o t p r o j e c t the r e s u l t of the 
f u r t h e r work n e c e s s a r y to d e t e r m i n e the p e r f o r m a n c e i n an 
u n c o n s t r a i n e d e n v i r o n m e n t , the c o n c e p t p r o v i d e s e x c e p t i o n a l 
p r o m i s e f o r t h i s a p p l i c a t i o n . 
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A p p e n d i x A: E x p e r i m e n t a l A p p a r a t u s 

An o v e r v i e w of the d a t a c o l l e c t i o n s y s t e m d e v e l o p e d 
f o r t h i s r e s e a r c h i s shown i n F i g u r e A . l . The s e n s o r s y s t e m 
( c o i l s , Tx and Rx) was l o c a t e d i n a s p e c i a l p u r p o s e 
l a b o r a t o r y . A f e a t u r e of t h i s l a b o r a t o r y i s t h a t i t i s 
c o n s t r u c t e d e n t i r e l y w i t h o u t m e t a l , so t h a t the r e s p o n s e s o f 
m e t al o b j e c t s can be measured i n i s o l a t i o n . O u t p u t s of the 
s e n s o r s y s t e m are t r a n s m i t t e d to a s e p a r a t e s u p p o r t b u i l d i n g 
(35 m. d i s t a n t ) which houses the d i g i t i z a t i o n s y s t e m and i t s 
a s s o c i a t e d computer. The d a t a i s t h e n t r a n s m i t t e d o v e r a 
s e r i a l d a t a l i n k to a s e c o n d computer f o r s t o r a g e and l a t e r 
p r o c e s s i n g . The d i g i t i z e r used i s a s p e c i a l p u r p o s e s y s t e m 
w h i c h a l l o w s s y n c h r o n o u s a v e r a g i n g of s u c c e s s i v e frames of 
d a t a to r e d u c e u n c o r r e l a t e d n o i s e . 

The s e n s o r system c o m p r i s e s c o - p l a n a r t r a n s m i t and 
r e c e i v e c o i l s . These c o i l s are mounted on a t e s t s t a n d as 
shown i n F i g u r e s A.2 and A.3. T h i s s t a n d a l l o w s c o n t r o l of 
d i s t a n c e from t h e c o i l s t o t h e o b j e c t by v a r y i n g t h e p o s i t i o n 
of the p l a t f o r m h o l d i n g the o b j e c t j i g . The o b j e c t j i g i s 
d e s i g n e d to a l l o w changes i n t h e o b j e c t o r i e n t a t i o n i n the 
v e r t i c a l p l a n e w h i l e m a i n t a i n i n g c o n s t a n t c o i l - o b j e c t 
d i s t a n c e . 

The e x p e r i m e n t a l p r o c e d u r e used i s as f o l l o w s : 

i ) A measurement of the b a c k g r o u n d r e s p o n s e (due t o 
c o i l i n t e r a c t i o n , e a r t h r e s p o n s e , e t c . ) i s t a k e n 
and d i g i t i z e d . 

i i ) The o b j e c t i s p l a c e d under the c o i l s ( a l o n g t h e 
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Figure A.2: Photograph of experimental apparatus. 
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Figure A.3: Detail of coils and object jig. 
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c o i l a x i s ) a t the c o r r e c t d i s t a n c e and 
o r i e n t a t i o n . 

i i i ) A s e q u e n c e of r e s p o n s e measurements (5 or 10) a r e 
t a k e n and d i g i t i z e d . 

i v ) The p r e v i o u s l y measured b a c k g r o u n d r e s p o n s e i s 
s u b t r a c t e d from the r e c o r d s and they a r e t h e n 
s t o r e d . 

v) The o b j e c t i s removed from the t e s t s t a n d and t h e 
s e q u e n c e i s r e p e a t e d 

A summary of the s y s t e m p a r a m e t e r s f o l l o w s ( s y m b o l s as 
d e f i n e d i n C h a p t e r 2 ) : 

N j - 27 t u r n s 
N - 100 t u r n s 
R j - 28 cm. 
R - 25 cm. 
I - ~2.6 Amperes 

T r a n s m i t t e r r e p e t i t i o n r a t e - 488.28 Hz. 
T r a n s m i t t e r duty c y c l e - 50% 
R e c e i v e r g a i n - 60 dB 
D i g i t i z a t i o n r a t e - 250 kHz. 
Number of frames a v e r a g e d - 500 

Note: T r a n s m i t t e r r e p e t i t i o n r a t e i s based on 
m e a s u r i n g 256 r e s p o n s e p o i n t s i n the q u i e s c e n t 
p e r i o d of the t r a n s m i t t e r c y c l e . 
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Appendix B; Wilcoxon Rank Sum Test f o r Pai r e d Experiments 

Within t h i s work a t e s t i s r e q u i r e d ( S e c t i o n 6.3) to 
determine whether observed performance d i f f e r e n c e s between 
c l a s s i f i e r implementations are s t a t i s t i c a l l y s i g n i f i c a n t . 
While t h i s may seem s t r a i g h t f o r w a r d , two c o n s i d e r a t i o n s must 
be addressed f o r t h i s a p p l i c a t i o n . The f i r s t of these i s that 
no knowledge of the d i s t r i b u t i o n of P m c (or i t s estimate 
E c) can be assumed. Hence, many con v e n t i o n a l s t a t i s t i c a l 
t e s t s to determine i f d i f f e r e n c e s are s i g n i f i c a n t (Student's 
T, etc.) cannot be a p p l i e d . The second c o n s i d e r a t i o n i s that 
the method used to ga i n samples of E c (re-use of the data 
set with d i f f e r i n g p a r t i t i o n s of design and t e s t s e t s ) does 
not guarantee that the samples do not trend with these 
changes. 

The f i r s t c o n s i d e r a t i o n i s addressed by the use of 
the Wilcoxon Rank Sum t e s t [ l l ]. T h i s i s a non-parametric 
s t a t i s t i c a l t e s t i n which no assumptions are made about the 
d i s t r i b u t i o n s from which the samples are drawn. The n u l l 
hypothesis (H D) f o r the t e s t i s that the d i s t r i b u t i o n s from 
which the two sample sets are drawn are i d e n t i c a l . The 
a l t e r n a t e hypothesis (H a) i s that the median of one 
d i s t r i b u t i o n i s l e s s than that of the other. 

A p a i r e d experiment i s used to compensate f o r the 
p o s s i b l e trends of the r e s u l t s f o r a sequence of data set 
p a r t i t i o n i n g s (second c o n s i d e r a t i o n ) . T r i a l s using the same 
design set f o r two experiments are p a i r e d and the d i f f e r e n c e 
i n performance f o r a succesion of p a i r s i s then the data 
analyzed. 

The t e s t i s p r e d i c a t e d on the hypothesis that, f o r 
H D to hold , the number of p o s i t i v e and negative d i f f e r e n c e s 
between p a i r s of experimental r e s u l t s shoud be equal. 
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A d d i t i o n a l l y , i f the d i f f e r e n c e s a r e r a n k e d i n o r d e r o f 
a b s o l u t e v a l u e , t h e r a n k s o f p o s i t i v e and n e g a t i v e e l e m e n t s 
s h o u l d be random. To a s s e s s t h i s , t h e r a n k s o f a l l p o s i t i v e 
( o r n e g a t i v e ) e l e m e n t s a r e summed. The p r o b a b i l i t y o f t h e 
rank sum e q u a l l i n g a p a r t i c u l a r v a l u e c an t h e n be d e t e r m i n e d 
by a p p l i c a t i o n o f b a s i c p r o b a b i l i t y t h e o r y [12 ]. T h i s 
c a l c u l a t i o n i s , i n g e n e r a l , q u i t e t e d i o u s ; however, t a b l e s 
g i v i n g c r i t i c a l v a l u e s o f rank sum a r e a v a i l a b l e [13 ]. 

The c a l c u l a t i o n s i n v o l v e d i n t h e two i n s t a n c e s f o r 
w h i c h t h i s t e s t i s i n v o k e d i n t h e t e x t f o l l o w as exampl e s . 

Example 1: 

For Test 1 - Determining the best combination of 
segmentation and feature extract ion 
technique. 

Case A -• 12 equal area segments, feature is segment 
mean (F3). 

Case B • • 12 equal area segments, feature is mean 
di fference (F4). 

Desi gn Result Result Di fference Rank 
Set under A under B B-A 

1 .79 1.85 1.06 Sh 

2 1.06 1.85 .79 2 
3 1.06 1.85 .79 2 
4 ,. .53 1.32 .79 2 
5 .79 1.59 .80 4 
6 1.06 2.12 1.06 Sh 

No negative elements are present, therefore the negative 

rank sum is 0. From tables the c r i t i c a l value of rank sum 
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(98% c o n f i d e n c e l e v e l , 6 t r i a l s ) i s 1 . H e n c e , H 0 i s 

r e j e c t e d ; i . e . t h e r e i s s i g n i f i c a n t d i f f e r e n c e b e t w e e n t h e 

r e s u l t s . 

E x a m p l e 2 : 

F o r T e s t 2 - D e t e r m i n i n g i f p e r f o r m a n c e d e g r a d e s w i t h 

a d d i t i o n o f d a t a , f r o m n o n - d e s i g n s e t d e p t h s , 

t o t h e t e s t s e t . 

C a s e A - T e s t s e t i s t h e p r i m a r y d a t a s e t ( T a b l e 5 . 1 ) w i t h 

t h e r e c o r d s d rawn t o f o r m t h e d e s i g n s e t r e m o v e d . 

C a s e B -• T e s t s e t as a b o v e , w i t h r e c o r d s f r o m t h e 

a d d i t i o n a l d a t a s e t ( T a b l e 5 . 2 ) i n c l u d e d . 

D e s i g n R e s u l t R e s u l t D i f f e r e n c e Rank 

S e t u n d e r A u n d e r B B - A 

1 . 7 9 4 . 8 9 4 . 1 0 2 

2 1 .06 5 . 5 0 4 . 4 4 5 

3 1 . 0 6 5 . 3 4 4 . 2 6 3 

4 . 5 3 4 . 8 9 4 . 3 6 4 

5 . 7 9 5 . 34 4 . 55 6 

6 1 .06 4 . 8 9 3 . 8 3 1 

N e g a t i v e r ank sum i s 0 . H 0 i s r e j e c t e d as a b o v e ; 

p e r f o r m a n c e does d e g r a d e s i g n i f i c a n t l y w i t h t h e i n c l u s i o n o f 

d a t a f r o m n o n - d e s i g n s e t d e p t h s . 
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