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U l t r a s o u n d  tomography h o l d s  p r o m i s e  i n  
t h e  a r ea  o f  m e d i c a l  d i a g n o s i s  b u t  i s  
l i m i t e d  by  t h e  i n a d e q u a c i e s  o f  c u r r e n t  
r e c o n s t r u c t i o n  a l g o r i t h m s .  T h i s  p a p e r  
p r e s e n t s  a n  a l t e r n a t i v e  method u s i n g  n e u r a l  
ne tworks .  The t h e o r y  p r e s e n t e d  b e g i n s  w i t h  
X-ray t o m o g r a p h y  a n d  t h e n  e x t e n d s  t o  
u l t r a s o u n d .  A f t e r  p r o v i d i n g  t h e o r e t i c a l  
r e l e v a n c e ,  s e v e r a l  e x p e r i m e n t s  a r e  
d i s c u s s e d ,  i l l u s t r a t i n g  t h e  e f f e c t i v e n e s s  
o f  n e u r a l  n e t w o r k s .  The model  w a s  a 
c i r c u l a r  c y l i n d e r  w i t h  a c o u s t i c  p r o p e r t i e s  
o f  t i s s u e  i n s o n a t e d  by a l i n e  s o u r c e  a t  2 
MHz. The t r a n s d u c e r s  w e r e  a r r a n g e d  i n  a 
r i n g  s u r r o u n d i n g  t h e  c y l i n d e r  w i t h  one  
b e i n g  t h e  t r a n s m i t t e r .  The e x p e r i m e n t s  
i n v o l v e d  v a r y i n g  b o t h  t h e  a c o u s t i c  s p e e d  
and  t h e  r a d i u s  of  t h e  c y l i n d e r .  I n  b o t h  
cases,  t h e  n e u r a l  n e t w o r k  w a s  a b l e  t o  
g e n e r a l i z e  t o  p a r a m e t e r s  o t h e r  t h a n  t h e  
ones  used d u r i n g  t h e  t r a i n i n g .  

I .  I" 
Neura l  networks a r e  n a t u r a l l y  s u i t e d  t o  

p e r f o r m  t h e  i n v e r s i o n  o f  tomography d a t a .  
C a r r o l l  a n d  D i c k i n s o n  h a v e  shown how a 
f e e d f o r w a r d  n e u r a l  network c a n  implement  
t h e  f i l t e r e d  b a c k p r o j e c t i o n  a l g o r i t h m  [l] . 
I n  f a c t ,  n e u r a l  networks can,  i n  p r i n c i p l e ,  
" l e a r n "  a n y  f u n c t i o n  [ 2 ] .  However,  
i m p o r t a n t  p r a c t i c a l  i s s u e s  remain,  s u c h  a s  
t h e  morpho logy  o f  a n  e f f i c i e n t  n e u r a l  
n e t w o r k .  C o n v e n t i o n a l  i n v e r s i o n  me thods  
u s i n g  t h e  F o u r i e r  D i f f r a c t i o n  Theorem 
assume weak s c a t t e r i n g ,  r e s u l t i n g  i n  a l o s s  
o f  a c c u r a c y .  Frequency domain i n t e r p o l a -  
t i o n  i s  p rone  t o  i n s t a b i l i t y  p rob lems .  The 
a p p r o a c h  a d o p t e d  i n  t h i s  p a p e r ,  u s i n g  a 
n e u r a l  n e t w o r k ,  h a s  b e e n  s h o w n  
e x p e r i m e n t a l l y  t o  be an e f f e c t i v e  method, 
and p romises  t o  o f f e r  a b e t t e r  a l t e r n a t i v e .  
I n  o r d e r  t o  i l l u s t r a t e  how n e u r a l  ne tworks  
c a n  be u t i l i z e d ,  a n a t u r a l  e v o l u t i o n  was 
t r a c e d  from t h e  X-ray tomography c a s e  t o  
t h e  u l t r a s o u n d  c a s e .  E x p e r i m e n t s  w i t h  
n e u r a l  ne tworks  f o l l o w ,  showing t h a t  t h i s  
me thod  i s  c a p a b l e  o f  r e c o n s t r u c t i n g  
c h a r a c t e r i s t i c s  o f  a n  o b j e c t  w i t h  good 
accuracy ,  g iven  s c a t t e r e d  f i e l d  d a t a .  
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11. Ixuymxx 
X-ray tomography p o s s e s s e s  a computa- 

t i o n a l l y  e f f i c i e n t  i n v e r s i o n  a l g o r i t h m  
known as f i l t e r e d  b a c k p r o j e c t i o n .  Using 
t h e  fan-beam g e o m e t r y  ( f i g u r e  1) , t h e  
f i l t e r e d  b a c k p r o j e c t i o n  a l g o r i t h m  g i v e s  t h e  
f o l l o w i n g  o b j e c t  f u n c t i o n  f (r ,$) 

and 
r c o s  (p-$) 

D+rs in  (p-($) y = tan- '  
(3). 

Qg (y) i s  t h e  f i l t e r e d  b a c k p r o j e c t i o n  inform- 
a t i o n  a t  a n  a n g l e  o f  i n c i d e n c e  p [31 . 
Qb(Y) can  be found by u s i n g  two d i f f e r e n t  
methods ( f i g u r e  2 ) .  Using t h e  c o n v o l u t i o n  
r o u t e ,  Qg (y) becomes 

P b ( y )  i s  t h e  raw p r o j e c t i o n  d a t a .  I n  o r d e r  
t o  implement (1) u s i n g  a l i n e a r ,  p a r a l l e l  
d i s t r i b u t e d  ' p r o c e s s i n g  (PDP) ne twork ,  t h e  
o b j e c t  f u n c t i o n  e q u a t i o n s  were d i s c r e t i z e d .  
Assuming t h a t  t h e  l o c a t i o n  o f  i n t e r e s t  
( x , y )  was s i t u a t e d  upon t h e  l i n e  between 
t h e  t r a n s m i t t e r  and  a r e c e i v e r ,  y c a n  be  
matched t o  n a ,  where a d e n o t e s  t h e  a n g l e  
inc remen t  between a d j a c e n t  t r a n s d u c e r s .  Now 
f ( x , y )  can be approximated by 

where 
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f o r  n = 0,1,2, . . , ,N-1 
A l i n e a r  n e t w o r k  t o  implemen t  t h e s e  

e q u a t i o n s  i n  shown i n  f i g u r e  3.  T h i s  n e t -  
work implements  ( 6 )  i n  t h e  f o l l o w i n g  way: 

1) S e l e c t  a n  a p p r o p r i a t e  p o i n t  o f  
i n t e r e s t  w i t h i n  t h e  o b j e c t  ( x , y ) .  

2 )  I r r a d i a t e  t h e  o b j e c t  a t  M e q u a l l y  
s p a c e d  a n g l e s  p [ i ] ,  i=l t o  M .  

3)  G a t h e r  p r o j e c t i o n  i n f o r m a t i o n  P b [ i ]  (v). 
4 )  Sample the p r o j e c t i o n  a t  discrete 

a n g l e  i n t e r v a l s  a t o  o b t a i n  P b ( n a ) .  
5 )  Modify t h e  p r o j e c t i o n  P ' p ( n a ) .  
6 )  Convolve t h e  m o d i f i e d  p r o j e c t i o n  w i t h  

t h e  f i l t e r  g ( n a )  where 

n=O 

The sampled m o d i f i e d  p r o j e c t i o n  s e r v e s  as  
t h e  i n p u t  t o  t h e  n e t w o r k .  The c o n n e c t i o n  
w e i g h t s  c o n t a i n  t h e  f i l t e r  i n f o r m a t i o n  
s h i f t e d  t o  p e r f o r m  t h e  c o n v o l u t i o n .  The 
n e t w o r k  m u l t i p l i e s  t h e  i n p u t  by  t h e  v a l u e  
o f  t h e  c o n n e c t i o n  w e i g h t ,  a n d  t h e  w e i g h t e d  
s i g n a l  i s  t h e n  p a s s e d  on t o  t h e  summat ion  
f u n c t i o n .  T h i s  p r o c e s s  i s  r e p e a t e d  i n  t h e  
n e x t  l a y e r .  T h e r e f o r e ,  t h e  ne twork  ( f i g u r e  
3) r e a l i z e s  t h e  o b j e c t  f u n c t i o n  a t  a p o i n t  
( x , y )  f o r  any  ob jec t .  

T h i s  t h e o r y  c a n  be e x t e n d e d  t o  t h e  
u l t r a s o u n d  case, c o n s i d e r i n g  f i r s t  o n l y  t h e  
d i f f r a c t i o n  e f f e c t s .  I n  t h e  l i m i t  o f  h i g h  
f r e q u e n c i e s ,  a n d  i n  t h e  a b s e n c e  o f  
r e f r a c t i o n ,  t h e  a c o u s t i c  a n d  X-ray problems 
become a n a l o g o u s ,  w i t h  a c o u s t i c  a t t e n u a t i o n  
r e p l a c i n g  d e n s i t y .  S t a r t i n g  w i t h  t h i s  
l i n e a r  n e t w o r k  a t  a h i g h  f r e q u e n c y ,  a 
s m o o t h  t r a n s i t i o n  t o  t h e  u l t r a s o u n d  
d i f f r a c t i o n  case c a n  be made by  g r a d u a l l y  
l o w e r i n g  t h e  f r e q u e n c y  a n d  i n t r o d u c i n g  a 
n o n l i n e a r i t y  a f t e r  t h e  n e t w o r k ' s  summation 
f u n c t i o n s .  T h i s  n o n l i n e a r i t y ,  a c h a r a c t e r -  
i s t i c  p r o p e r t y  o f  n e u r a l  n e t w o r k s ,  b r o a d e n s  
t h e  r a n g e  o f  f u n c t i o n s  t h e  n e t w o r k  c a n  
" l e a r n .  " I n  t h i s  case, t h e  n o n l i n e a r i t y  i s  
a h y p e r b o l i c  t a n g e n t .  A f t e r  s l i g h t l y  
r e d u c i n g  t h e  f r e q u e n c y ,  t h e  ne twork  c a n  be 
t r a i n e d  a g a i n .  T h i s  g e n t l e  p r o c e s s  c a n  be 
r e p e a t e d  u n t i l  a ne twork  h a s  b e e n  t r a i n e d  
t h a t  compensa te s  f o r  d i f f r a c t i o n  a n d  a v o i d s  
loca l  minima i n  we igh t  s p a c e .  (See  S e c t i o n  
I11 f o r  d e t a i l s . )  The l i n e a r  ne twork  c a n  
s o l v e  t h e  a c o u s t i c  p r o b l e m  f o r  s i m p l e  
geometries when t h e  object  f u n c t i o n  h a s  a 
l i n e a r  e f f e c t  o n  t h e  s c a t t e r e d  f i e l d ,  

b e c a u s e  t h e  d i f f r a c t i o n  e f f e c t s  c a n  be 
c a l c u l a t e d  a n d  i n c l u d e d  i n  t h e  w e i g h t s .  A 
n e u r a l  ne twork  i s  n e c e s s a r y  i f  t h e  geome- 
t r y  i s  complex or unknown, a s  i s  a l w a y s  t h e  
case w i t h  t i s s u e .  

T h e s e  r e s u l t s  c a n  be e x t e n d e d  t o  
a c o u s t i c  s p e e d  r e c o n s t r u c t i o n ,  b y  u s i n g  
p h a s e  i n f o r m a t i o n .  Aga in ,  s t a r t i n g  f r o m  
t h e  X- ray  case, a s s u m e  t h a t  t h e  p h a s e  
i n f o r m a t i o n  c a n  be c o l l e c t e d .  The r e a l  and  
i m a g i n a r y  p a r t s  o f  t h e  object  f u n c t i o n  c a n  
be c a l c u l a t e d  s e p a r a t e l y  u s i n g  t w o  d i s t i n c t  
l i n e a r  n e t w o r k s .  The  u l t r a s o u n d  case 
r e q u i r e s  t h a t  t h e  n e t w o r k s  f o r  t h e  r e a l  a n d  
i m a g i n a r y  p a r t s  b e  i n t e r c o n n e c t e d .  The 
w e i g h t s  of t h e  t w o  d i s t i n c t  n e t w o r k s  i n  t h e  
X-ray case c a n  be se t  a p r i o r i .  The 
w e i g h t s  o n  t h e  c o n n e c t i o n s  e x t e n d i n g  
be tween t h e  real  and  i m a g i n a r y  n e t w o r k s  c a n  
be se t  t o  v e r y  smal l ,  random v a l u e s .  The 
n e u r a l  n e t w o r k  c a n  t h e n  f i n e - t u n e  t h e  
w e i g h t s  t o  model t h e  u l t r a s o u n d  case 
a c c u r a t e l y .  A s  a p r e l i m i n a r y  e x e r c i s e  
showing t h a t  t h e  n e u r a l  ne twork  i s  c a p a b l e  
o f  i n v e r t i n g  s c a t t e r e d  f i e l d  da t a ,  w e  have  
t r a i n e d  a ne twork  f o r  a s i m p l e  geomet ry .  

111. EXPERIMENTS us- 
The p r e v i o u s  d i s c u s s i o n  i n t r o d u c e d  t h e  

idea o f  a l i n e a r  ne twork  r e p r e s e n t i n g  t h e  
f i l t e r e d  b a c k p r o j e c t i o n  e q u a t i o n s  f o r  f a n -  
beam X-ray tomography.  The u l t r a s o u n d  case 
i s  made more d i f f i c u l t  due  t o  d i f f r a c t i o n  
a n d  r e f r a c t i o n  e f f e c t s .  The n e u r a l  ne twork  
w i t h  a morpho logy  i n s p i r e d  by  t h e  l i n e a r  
n e t w o r k  c a n  overcome t h e s e  d i f f i c u l t i e s .  
I n s t e a d  o f  e n t e r i n g  t h e  v a l u e  of t h e  
c o n n e c t i o n  w e i g h t s ,  t h e  n e u r a l  ne twork  can  
l e a r n  t h e  c o r r e c t  w e i g h t s  when r e p e a t e d l y  
p r e s e n t e d  w i t h  example i n p u t - o u t p u t  pa i r s .  

A b a c k p r o p a g a t i o n  n e u r a l  n e t w o r k  w a s  
u s e d  i n  t h e  f o l l o w i n g  e x p e r i m e n t s  ( f i g u r e  
4 ) .  T h e  ne twork  was c o n s t r u c t e d  w i t h  t h r e e  
f u l l y  c o n n e c t e d  l a y e r s  a n d  a b i a s .  The 
c o n n e c t i o n s  be tween t h e  p r o c e s s i n g  e l e m e n t s  
h o l d  w e i g h t s ,  v a l u e s  m u l t i p l i e d  b y  t h e  
s i g n a l  p a s s i n g  t h r o u g h  t h e  c o n n e c t i o n .  
When t h e  w e i g h t e d  s i g n a l s  r e a c h  t h e  
p r o c e s s i n g  e l e m e n t ,  t h e y  are  added  t o g e t h e r  
i n t e r n a l l y  b e f o r e  p a s s i n g  t h e  r e s u l t a n t  
s i g n a l  t h r o u g h  a n o n l i n e a r i t y ,  t y p i c a l l y  a 
sigmoid f u n c t i o n ,  b u t  h y p e r b o l i c  t a n g e n t s  
a n d  s i n u s o i d s  are  a l so  p o s s i b l e  ( f i g u r e  5 ) .  
The p r o c e s s  c a n  be r e p r e s e n t e d  b y  

and  

The l a y e r s  are i n d e x e d  b y  s ,  s-1, e t c .  
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The we igh t s  a r e  u s u a l l y  i n i t i a l i z e d  t o  a 
random v a l u e .  T r a i n i n g  t h e  n e t w o r k  
i n v o l v e s  a l t e r i n g  t h e  w e i g h t s  t o  a c o r r e c t  
v a l u e  t h a t  g i v e s  t h e  d e s i r e d  o u t p u t .  
T r a i n i n g  b e g i n s  by  p r e s e n t i n g  a n  i n p u t  i t o  
e a c h  o f  t h e  e l e m e n t s  i n  t h e  i n p u t  l a y e r .  
These v a l u e s  p r o p a g a t e  t h r o u g h  t h e  network 
t o  t h e  o u t p u t  l a y e r  i n  a c c o r d i n g  t o  ( 9 )  and 
( 1 0 ) .  A t  t h e  o u t p u t  l a y e r ,  t h e  l o c a l  error 
e i s  c a l c u l a t e d  by compar ing  t h e  network 
o u t p u t  o w i t h  t h e  d e s i r e d  o u t p u t  d .  

e, = d, - ok 

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

[SI [s-11 [ S I  ~ w i : ' ( t )  = c, e j xi + C, A w j i  (t-1) 

( 1 2 )  
[ where A w , : ] ( t - l )  i s  t h e  p r e v i o u s  weight 

c h a n g e ,  and  C1 and C2 r e p r e s e n t  l e a r n i n g  
c o e f f i c i e n t s .  The l o c a l  e r r o r  a n d  t h e  
d e l t a  weight  a r e  c a l c u l a t e d  by  p r o p a g a t i n g  
back  t h r o u g h  e a c h  l a y e r .  Then t h e  w e i g h t s  
a r e  a d j u s t e d  by  a d d i n g  t h e  c o r r e s p o n d i n g  
w e i g h t  c h a n g e .  T h i s  p r o c e s s  c o n t r o l s  
l e a r n i n g .  

The e x p e r i m e n t a l  model o f  t i s s u e  w a s  a 
c i r c u l a r  c y l i n d e r  i n s o n a t e d  by a 2 MHz l i n e  
s o u r c e .  A r i n g  o f  16 t r a n s d u c e r s ,  w i t h  one 
a c t i n g  a s  t h e  t r a n s m i t t e r ,  s u r r o u n d e d  t h e  
c y l i n d e r .  The r a d i u s  o f  t h e  t r a n s d u c e r  
r i n g  was 75 mm. The medium s u r r o u n d i n g  t h e  
c y l i n d e r  had  t h e  a c o u s t i c  p r o p e r t i e s  o f  
water .  The f i r s t  e x p e r i m e n t  u s e d  a non- 
a t t e n u a t i n g  c y l i n d e r  w i t h  a r a d i u s  o f  
0 . 5 6 2 5  mm.  The network w a s  t r a i n e d  w i t h  
s p e e d s  v a r y i n g  f rom 1526 t o  1625  m s - ' .  
A l t h o u g h  a n e u r a l  n e t w o r k  w a s  n o t  
n e c e s s a r y ,  a network w i t h  j u s t  one h i d d e n  
l a y e r  u n i t  g a v e  t h e  b e s t  a c c u r a c y ,  
c o n f i r m i n g  t h e  s i m p l i c i t y  o f  t h i s  problem. 

The second  expe r imen t  i n v o l v e d  v a r y i n g  
t h e  r a d i u s  from 0.454 mm t o  0.754 mm, w h i l e  
k e e p i n g  t h e  s p e e d  c o n s t a n t  a t  1 5 7 6  m s - l .  
The n e u r a l  network was n e c e s s a r y  f o r  t h i s  
k i n d  of  problem. The networks w e r e  t r a i n e d  
w i t h  d i f f e r e n t  numbers o f  e l e m e n t s  i n  t h e  
h i d d e n  l a y e r ,  u s i n g  a t r a i n i n g  set of 80 
i n p u t - o u t p u t  p a i r s  p r e s e n t e d  20,000 t i m e s .  
The t e s t  s e t  c o n s i s t e d  o f  80  random r a d i i  
w i t h i n  t h e  t r a i n i n g  r a n g e .  The i n p u t  w a s  
t h e  r e a l  and i m a g i n a r y  p r e s s u r e s  from t h e  
t r a n s d u c e r s ,  and t h e  o u t p u t  w a s  t h e  r a d i u s .  
The n e u r a l  ne twork  w i t h  1 3  h i d d e n  l a y e r  
u n i t s  l e a r n e d  w i t h  t h e  g r e a t e s t  a c c u r a c y  
w i t h  a n  RMS e r r o r  of  0 .00829 ( f i g u r e  6 ) .  
Networks w i t h  more t h a n  1 6  h i d d e n  u n i t s  
f a i l e d  t o  l e a r n  a f t e r  t h e  2 0 , 0 0 0  p r e s e n t a -  
t i o n s  , s u g g e s t i n g  t h a t  l a r g e r  n e t w o r k s  
r e q u i r e  more p r e s e n t a t i o n s  a n d  h a v e  a 
g r e a t e r  l i k e l i h o o d  o f  f a l l i n g  i n t o  l o c a l  
minima i n  we igh t  s p a c e .  N e u r a l  n e t w o r k s  
c a n  l e a r n  t o  c a l c u l a t e  t h e  r a d i u s  o f  an 
o b j e c t  from i t s  s c a t t e r e d  f i e l d  d a t a ,  and 
c o u l d  p o s s i b l y  a c h i e v e  g r e a t e r  a c c u r a c y  by 

a d j u s t i n g  p a r a m e t e r s ,  such  as t h e  l e a r n i n g  
ra te ,  i n i t i a l  weight  v a l u e s ,  s c a l i n g  of t h e  
i n p u t  d a t a ,  and s i z e  of  t h e  hidden l a y e r .  

I V .  CO" 
N e u r a l  networks can  " l e a r n "  c h a r a c t e r i -  

s t i c s  a b o u t  a s c a n n e d  o b j e c t  f rom i t s  
p r o j e c t i o n  d a t a .  More r e s e a r c h  i s  n e c e s s -  
a r y  t o  d e t e r m i n e  a n  e f f i c i e n t  morphology 
a n d  l e a r n i n g  r a t e  f o r  s p e c i f i c  p r o b l e m s .  
N e u r a l  n e t w o r k s  t r a i n e d  f rom c o m p l e t e l y  
randomized w e i g h t s  r e q u i r e  many t r a i n i n g  
c y c l e s .  S t a r t i n g  w i t h  a n  a c o u s t i c  a n a l o g  
t o  t h e  X-ray a p p r o x i m a t i o n  c a n  p o s s i b l y  
decrease t h e  t r a i n i n g  t i m e .  A n e u r a l  
network t o  a n a l y z e  a n  e n t i r e  image i s  v e r y  
l a r g e .  Fo r  i n s t a n c e ,  a 100  x 1 0 0  p i x e l  
i m a g e  r e q u i r e s  1 0 , 0 0 0  i n t e r c o n n e c t e d  
networks t h a t  i n p u t  b o t h  r e a l  and imag ina ry  
p r e s s u r e s .  Assume t h a t  100 samples  w e r e  
t a k e n  from e v e r y  one of  100  p r o j e c t i o n s ,  so 
t h a t  t h e  i n p u t  l a y e r  o f  e a c h  n e t w o r k  
c o n t a i n s  1 0 , 0 0 0  e l e m e n t s .  The e n t i r e  i n p u t  
l a y e r  c o n t a i n s  on t h e  o r d e r  of  l o 8  e l e m e n t s .  
The h idden  l a y e r  c o n t a i n s  on t h e  o r d e r  of 
l o 6  e lemen t s ,  and t h e  o u t p u t  l a y e r  c o n t a i n s  
1 0 , 0 0 0  e l e m e n t s .  Although t h i s  network i s  
v e r y  l a r g e ,  n e u r a l  network hardware,  u s i n g  
o p t i c a l  o r  VLSI i m p l e m e n t a t i o n s ,  w i l l  
p r o b a b l y  be a b l e  t o  p e r f o r m  a p rob lem of 
t h i s  magn i tude .  T h i s  method d o e s  p romise  
t o  p r o v i d e  g r e a t e r  a c c u r a c y ,  b e c a u s e  t h e  
n e u r a l  network does  n o t  assume weak scat-  
t e r i n g .  The n e u r a l  network c a n  a l s o  be 
f i n e - t u n e d ,  a c c o r d i n g  t o  i n s t r u m e n t -  
dependent  v a r i a b l e s .  

F u r t h e r  e x p e r i m e n t s  w i l l  i n c l u d e  
t r a i n i n g  t h e  network c o n c e i v e d  i n  S e c t i o n  
I1 and  examin ing  t h e  e f f e c t s  o f  v a r i o u s  
m o r p h o l o g i e s  on a c c u r a c y .  S t a r t i n g  t h e  
t r a i n i n g  u s i n g  w e i g h t s  from t h e  X-ray c a s e  
i n s t e a d  o f  random w e i g h t s  w i l l  a l s o  be 
examined. 
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