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FOR E WORD 

Major  s t r a t e g i c  i n i t i a t i v e s  w i t h i n  t h e  Un i ted  S ta tes  such as S D I  have 

h i g h l i g h t e d  a growing inadequacy o f  t r a d i t i o n a l  Von Neuman s e r i a l  proces- 

so rs  t o  deal  w i t h  r e a l  t i m e  computing requirements a n t i c i p a t e d  i n  t h e  

b a t t l e f i e l d s  o f  t h e  1990's .  P a r a l l e l i n g  a growth i n  numeric p rocess ing  i s  

an enhanced need f o r  r e a l  t i m e  image a c q u i s i t i o n  and process ing.  Al though 

advancing a t  a r a p i d  pace, e x i s t i n g  image process ing nlethods may soon face 

t h e  same t y p e  o f  s e r i  a1 b o t t l e n e c k  t h a t  has con f ron ted  computer technology. 

A n t i c i p a t i n g  r e q u i  rements f o r  new approaches t o  i nc rease  image process ing 

speed, t h e  U.S. Army Human Eng ineer ing  Labora to ry  has i n i t i a t e d  a bas i c  

research  e f f o r t  w i t h  Oak Ridge Na t iona l  Labora to ry  t o  examine t h e  f e a s i b i -  

l i t y  o f  u s i n g  b i o l o g i c a l  image p rocess ing  as a design bas i s  f o r  advanced 

r o b o t  v i  s i  on sensors. 

A1 though near t e r m  genera t i on  o f  b i  ol o g i  cal  l y  based sensors i s  s t  i 11 

beyond t h e  s t a t e  of t h e  a r t ,  t h e  deielopment o f  h y b r i d  systems having h i g h l y  

p a r a l l e l  n e u r o n - l i k e  processors a t  t h e  f r o n t  end and s e r i a l  p a t t e r n  recog- 

n i t i o n  techno log ies  a t  h i g h e r  l e v e l s  may be f e a s i b l e .  Such h y b r i d s  cou ld  

p r o v i d e  d e f i n i t e  advantages over e x i s t i n g  systems i n  bo th  speed and adap- 

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

The present  e f f o r t  i s  designed t o  produce a mathematical  d e s c r i p t i o n  

o f  what occurs i n  t h e  f i r s t  stages o f  human v i s u a l  process ing.  Emphasis 

i s  p laced on s e l e c t i o n  o f  a p p r o p r i a t e  neura l  mechanisms and p r e c i s e  

d e s c r i p t i o n  of t h e i r  i n f o r m a t i o n  p rocess ing  c h a r a c t e r i s t i c s .  The goal f o r  

1985 was t o  develop mathematical  equat ions t h a t  desc r ibe  human r e t i n a l  

f u n c t i o n .  These equat ions were eva lda ted  by comparing p r e d i c t e d  p a t t e r n s  
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t o  e f f e c t s  perce ived by human sub jec ts  when exposed t o  a s e r i e s  o f  o p t i c a l  

i l l u s i o n s .  I n  t h e  l onger  term, t h e  p r o j e c t  seeks t o  desc r ibe  h i g h e r  image 

process ing  f u n c t i o n s  and t o  represent  se lec ted  v i s u a l  mechanisms i n  spe- 

c i  a1 l y  f a b r i c a t e d  hardware a r c h i t e c t u r e s .  Th is  r e p o r t  r l e ta i  1 s t h e  progress 

made d u r i n g  1985. 
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ABSTRACT 

T h i s  r e p o r t  p resen ts  t h e  f i r s t  r e s u l t s  o f  an e f f o r t  t o  
model v i s i o n  processes o p e r a t i n g  i n  t h e  e a r l y  l a y e r s  o f  t h e  
human r e t i n a .  The u l t i m a t e  goal of t h i s  research i s  t o  develop 
a r o b o t  v i s i o n  system based on computat ional  p r i n c i p l e s  o f  
human v i s i o n .  These i n c l u d e  msssive p a r a l l e l i s m ,  dynamic feed- 
back, and m u l t i l a y e r  p a t t e r n  r e c o g n i t i o n .  Twa. neura l  models 
were developed. The f i r s t  represented e a r l y  v i s i o n  i n  terms o f  
s t a t i c  two-dimensional  l i n e a r  equat ions u s i n g  a l i n e a r  m a t r i x  
and l i m i t e d  feedback. The second considered dynamic two- 
d imensional  n o n l i n e a r  processes and used m a t r i c e s  o f  n o n l i n e a r  
d i  f f e r e n t  i a1 equat ions.  The f i r s t  se t  o f  equat ions was parame- 
t e r i z e d  u s i n g  psychophysica l  da ta  f rom s u b j e c t i v e  i n t e n s i t y  
judgements f o r  v i s u a l  i l l u s i o n s .  I l l u s i o n s  were q u a n t i f i e d  by 
c r e a t i  ng a d i  g i  t i zed image r e p r e s e n t i n g  t h e  s u b j e c t i v e  e f f e c t  
o f  human p e r c e p t i o n  when exposed t o  i n p u t  p a t t e r n s .  A F o u r i e r  
t r a n s f o r m  was made o f  t h e  i n p u t  and o u t p u t  p a t t e r n s  and used t o  
s o l v e  f o r  t h e  c o e f f i c i e n t s  o f  t h e  r e t i n a l  o p e r a t o r  equat ions.  
The equat ions were then  a p p l i e d  t o  new i l l u s i o n s  and compared 
w i t h  human s u b j e c t i v e  r e s u l t s  through t h r e e  dimensional  p l o t s  
o f  o u t p u t  p i x e l  i n t e n s i t i e s .  The second model w i t h  dynamic 
equa t ions  was s t u d i e d  u s i n g  a computer s i m u l a t i o n  developed t o  
ope ra te  on v a r y i n g  i n p u t  wave forms and v a r i a b l e  neura l  connec- 
t i  on topol o g i  es . 
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1.0. EXECUTIVE SUMMARY 

The research i n  t h i s  r e p o r t  had f i v e  phases. The f i r s t  was t h e  iden-  

t i f i c a t i o n  of r e t i n a l  f ea tu res  most l i k e l y  t o  cause s u p e r i o r  p a t t e r n  recog- 

n i t i o n  performance. This  phase i n c l u d e d  examinat ion o f  n e u r o p h y s i o l o g i c a l  

1 i t e r a t u r e ,  assessment o f  i t s  worth,  and summary conclus ions.  The o u t p u t  

was a s p e c i f i c a t i o n  o f  t h r e e  gener i c  stages i n  human v i s i o n  (image t r a n s -  

d u c t i o n ,  f e a t u r e  s e l e c t i o n ,  and r e c o g n i t i o n  desc r ibed  i n  Chapter 2.1) , a 

c o n s i d e r a t i o n  o f  d e f i c i e n c i e s  i n  p r i o r  p a t t e r n  r e c o g n i t i o n  research 

(Chapter  2.2), and an enumerat ion of s i x  impor tan t  r e t i n a l  p r o p e r t i e s  

(Chapter 2.3). The p r o p e r t i e s  were:  p a r a l l e l  p rocess ing  and da ta  

t r a n s f e r ,  h i e r a r c h i c a l  o r g a n i z a t i o n  o f  r e c o g n i t i o n ,  mixed cont inuous and 

d i s c r e t e  s i g n a l  hand l i ng ,  p l a s t i c i t y  o f  neu ra l  i n t e r c o n n e c t i o n s ,  s p a t i a l  

and temporal  t rans fo r rna t i ons ,  and i n t r a -  and i n t e r - l a y e r  feedback. 

The second phase s e l e c t e d  f e a t u r e s  t o  i n c l u d e  i n  math models. These 

t h e  number of neurons t o  be modeled ((1.25 t imes lo8 rods f e a t u r e s  were: 

and t h e  omission o f  cones), an assuniption of a homogeneous d i s t r i b u t i o n  o f  

pho to recep to r  c e l l s ,  t h e  i n i t i a l  use o f  monocular v i s i o n  processes, t h e  

i n c l u s i o n  o f  l i m i t e d  dynamics i n  neL ra l  feedback loops, t h e  a n a l y s i s  o f  

s t i l l  photographs on ly ,  and t h e  omission of t remor,  d r i f t ,  and saccadic 

movement in t h e  eye assembly (Sec t i on  2.4 d e t a i l s  t h i s  i n f o r m a t i o n ) .  

The t h i r d  phase i n v o l v e d  t h e  genera t i on  o f  two r e t i n a l  models. The 

f i r s t  model c o n s i s t e d  o f  a set  o f  two-dimensional  l i n e a r  equat ions con- 

t a i n e d  i n  a l i n e a r  m a t r i x  w i t h  l i m i t e d  neura l  feedback d i s tances .  Th is  

model was based on a m o d i f i e d  v e r s i o n  of t h e  l a t e r a l  i n h i b i t o r y  model p ro -  

posed by H a r t l i n e  and R a t l i f f  (1957). F i g u r e  1 shows a h i e r a r c h y  o f  model 



r e p r e s e n t a t i o n  formats based on i n c r e a s i n g  complex i ty  and s o p h i s t i c a t i o n  

o f  neura l  d e s c r i p t i o n .  Level  one i s  t h e  e a s i e s t  t o  emulate i n  hardware 

b u t  i s  p robab ly  t o o  s imple t o  p r o v i d e  t h e  necessary power requ i red .  Level 

e i g h t  i s  t h e  most powerfu l  d e s c r i p t i v e l y  b u t  may be t o o  complex t o  so l ve  

i t h  e x i s t i n g  technology.  D e t a i l s  f o r  the s e l e c t i o n  o f  a m o d i f i e d  

H a r t l i n e  and R a t l i f f  model can be found i n  Chapter 3 Sect ions 3.1 th rough 

3.3. A unique f e a t u r e  was t h a t  t h i s  model was parameter ized by psychophy- 

s i c a l  experiment.s which p rov ided  numeric values f o r  equat ion  va r iab les .  

A second n o n l i n e a r  dynamic model was a l s o  developed. Due to i t s  

complex i ty ,  t h i s  model was o n l y  s imulated.  It emphasized cgmputat ion 

requi rements and t ime  behaviors .  It i s  d iscussed i n  Sec t ion  3.4. The 

purpose was t o  exp lo re  a r e t i n a l  model a t  a h igh  l e v e l  of d e t a i l  and 

determine whether a more complete d e s c r i p t i o n  o f  neura l  dynamics and sym- 

m e t r i e s  would l ead  u l t i m a t e l y  t o  s imp le r  and more e f f i c i e n t  process ing.  

The f o u r t h  phase was an experiment on human performance w i t h  v i s u a l  

i l l u s i o n s .  The r e s u l t s  were used t o  compare t h e  ou tpu t  o f  t h e  mod i f i ed  

H a r t l i n e  and R a t l i f f  model w i t h  human psycho log ica l  judgements. F i g u r e  2 

o u t l i n e s  t h e  procedure. P i c t o r i a l  i n f o r m a t i o n  was captured  f rom i l l u s i o n  

drawings us ing  a frame grabber and was d i g i t i z e d  as a m a t r i x  of gray sca le  

p i c t u r e  elements ( p i x e l s ) .  Th is  m a t r i x  was used as an argument f o r  t h e  

m a t r i x  o f  l i n e a r  operators .  The a p p l i c a t i o n  o f  t h e  l i n e a r  ope ra to r  m a t r i x  

r e s u l t e d  i n  a t rans formed p i c t u r e  m a t r i x  which was then d i sp layed  as a 

th ree-d imens iona l  p l o t  ( t h e  t h i r d  dimension was the i n t e n s i t y  l e v e l  of a 

p i x e l  ) . The human psycho1 o g i  c a l  judgments o f  ill u s i o n  e f f e c t s  were 

measured by a speei a1 l y  cons t ruc ted  exper imenta l  apparatus. A p i c t u r e  

r e p r e s e n t i n g  these judgments was produced u s i n g  t h e  same three-d imensional  
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Equat ion Complexi ty 

Levels  { l - 4  Equat ions w i t h o u t  feedback, 5-8 Equat ions coupled w i t h  feedback} 

LOW 

\ 

H I G H  

1. One-dimensional l i n e a r  ope ra to rs  w i t h  s t a t i c  processes. 

2. Two-dimensional l i n e a r  ope ra to rs  w i t h  s t a t i c  processes. 

3. Two-dimensional n o n - l i n e a r  s t a t i c  ope ra to rs  w i t h  m a t r i x  

4. Two-dimensional n o n - l i n e a r  dynamic models w i t h  a m a t r i x  

based on n o n - l i n e a r  operators .  

o p e r a t o r  o f  both n o n - l i n e a r  f u n c t i o n s  ;and c o n v o l u t i o n  
i n t e g r a l s .  

5. One-dimensional s t a t i c  l i n e a r  equat ions w i t h  feedback. 

*6. Two-dimensional s t a t i c  l i n e a r  equat ions w i t h  a l i n e a r  
m a t r i x  and 1 i m i  t e d  feedback. 

7. Two-dimensional n o n - l i n e a r  s t a t i c  equat ions w i t h  a 
m a t r i x  o f  non-1 i n e a r  ope ra to rs  and feedback. 

**8. Two-dimensional non-1 i n e a r  dynamic models w i t h  m a t r i c e s  
o f  n o n - l i n e a r  d i f f e r e n t i a l  equat ions.  

0 

*The H a r t l i n e  and R a t l i f f  Equat ions 
**The Gawronski Equat ions o f  a n o n l i q e a r  dynamic r e t i n a  

F ig .  1. Leve ls  of D e s c r i p t i v e  Complexi ty 



4 

ORNL- DWG 86 10122 

1 - 

CAMERA 

3 - 

VISION SYSTEM OF I L L U S I O N  

EXPEWlMENTAL R E T I N A L  M A T R I X  
APPARATUS OPERATORS 

M t ASU R E 0  

F i g .  2. Steps i n  Psychological  Data C o l l e c t i o n  f o r  the S t a t j i c  
L i n e a r  Model. 
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p l o t t i n g  r o u t i n e s .  Human o u t p u t  and model o u t p u t  were then  compared. The 

exper imenta l  method i s  presented i n  Chapter 4. 

F i n a l l y ,  p r e l i m i n a r y  conc lus ions  were drawn r e g a r d i n g  f u t u r e  

research. 

models was necessary because powerfd l  human image p rocess ing  e f f e c t s  

ope ra te  i n  t h e  t i m e  domain. Second, a s t r a t e g y  needs t o  be s e l e c t e d  t o  

compare e x i s t i n g  p a t t e r n  r e c o g n i t i o , i  technology t o  t h e  p o t e n t i a l  i n h e r e n t  

i n  b i  o l  o g i  a1 s imul a t  i on approaches. F i n a l  l y  , more d e t a i  1 i s  r e q u i  r e d  t o  

connect e a r l y  pe rcep tua l  p rocess ing  and t h e  h i g h e r  o r d e r  neura l  mechanisms 

o f  adap t i ve  p a t t e r n  l e a r n i n g  and c o g n i t i v e  c o n t r o l .  O v e r a l l ,  t h e  e f f o r t  

made more progress than a n t i c i p a t e d  and met o r  exceeded programmatic 

goa ls  f o r  t h e  i n i t i a l  e x p l o r a t o r y  p e r i o d  ( t h i s  i n f o r m a t i o n  i s  d e t a i l e d  i n  

Chapter 5) .  

The conc lus ions  were t h a t  a t r a n s i t i o n  f rom s t a t i c  t o  dynamic 
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2.0. CHARACTERISTICS OF HUMAN RETINAL WISION 

2.1. Stages i n  a Generic V i s u a l  System 

I n  t h e  l a s t  decade, t h e r e  has been a growing i n t e r e s t  i n  t h e  prac-  

t i c a l  a p p l i c a t i o n  o f  i n f o r m a t i o n  e x t r a c t e d  f rom v i s u a l  images. 

Charac te r  r e c o g n i t i o n ,  d e t e c t i o n  of o b j e c t s  i n  a e r i a l  photographs, 

c o n t r o l ,  are a l l  

v i s i o n  p ro -  

sua1 process ing,  

s e l e c t i o n  o f  damaged assembly l i n e  

examples o f  p o t e n t i a l  a p p l i c a t i o n s  

cess ing  systems. T h i s  r e p o r t  cons 

p a r t s ,  o r  robo t  mot ion 

f o r  more s o p h i s t i c a t e d  

c'ers one approach t o  v 

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

We s p e c i f y  t h r e e  main stages i r  a gener i c  b i o l o g i c a l  

1. Image Transduct ion 

2. Data Se lec t i on ,  and 

3. Recogni t ion.  

Image T ransduc t ion  

The f i r s t  s tage r e q u i r e s  an app p r i a t e  se 

v i s i o n  system: 

s o r y  a r c h i t e c t u r e  t o  

map l i g h t  s i g n a l s  f r o m  t h e  environment i n t o  an o p t i c  s torage medium. To 

rep resen t  movement, t h e  t i m e  o f  t h i s  s to rage  must be very s h o r t  and i n  

animals t h e  mapping i s  performed by t h e  l ens  o f  t h e  eye and t h e  f i r s t  

l a y e r  of  t h e  r e t i n a  ( t h e  pho to recep to rs  i n c l u d i n g  t h e  rods and cones). 

Cur ren t  TV technology,  and Computer V i s i o n  i n p u t  dev ices may enable 

an emu la t i on  o f  t h e  mapping process w i t h  q u a l i t y  c l o s e  t o  human v i s i o n  

( e x c l u d i n g  s e n s i t i v i t y ) .  Such a l e v e l  o f  r e s o l u t i o n  i s  s u f f i c i e n t  f o r  most 

t e c h n i c a l  a p p l i c a t i o n s  b u t  f u r t h e r  decreases i n  s i ze ,  weight,  and c o s t  o f  

t h e  sensing cameras w i l l  be c r u c i a l  f o r  many a p p l i c a t i o n s ,  e s p e c i a l l y  

r o b o t i c s .  
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Sel e c t  i on 

V i  sua 

h i g h  speed 

t h a n  l o 9  b 

s tage o f  a 

images are  cha rac te r i zed  by a enormous amount o f  da ta  and 

o f  da ta  t r a n s f e r .  Mhen an image captures some mot ion,  more 

t s / s e c  must be t r a n s f e r r e d  t o  memory. There fore  t h e  nex t  

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

f o r  c l a s s i f i c a t i o n  o r  recogn i t i on .  The e x t r a c t i o n  o f  i n f o r m a t i o n  and 

r e j e c t i o n  o f  a l l  b u t  use fu l  da ta  i s  a very complex task.  There are  two 

mai n problems : 

a. To f i n d  t h e  approp r ia te  r u l e s  f o r  da ta  process ing.  

w i t h  h i g h  speed da ta  p rocess ing  requirements. 

t h e  f i r s t  problem may be found i n  t h e  s tudy  o f  t h e  v i s u a l  

s ;  f o r  t h e  second, p a r a l l e l  p rocess ing  and a h i e r a r c h y  of 

a c t i v i t i e s  i s  needed, We b e l i e v e  t h a t  p a r a l l e l  p rocess ing  

may a1 so r e q u i  r e  some l e a r n i  ng procedures. 

b.  To dea 

The s a l u t i o n  t o  

systeni o f  anima 

data  process ing  

Recogn i t ion  Label l i n g  

The l a s t  p a r t  o f  a v i s u a l  system i n v o l v e s  u t i l i z a t i o n  o f  i n f o r m a t i o n  

e x t r a c t e d  f rom v i s u a l  data. For example, i n  p a t t e r n  r e c o g n i t i o n  every 

o b j e c t  needs an a p p r o p r i a t e  l a b e l  des ignat  ng a class t o  which t h e  p i c -  

t u r e  belongs. It may be a l e t t e r  of t h e  a phabet, name o f  an o b j e c t  i n  a 

photograph, or assignment o f  a q u a l i t a t i v e  p roper t y .  It i s  i n  t h e  l a b e l l i n g  

I. 
We w i l l  d i s t i n g u i s h  ' 'datal' represented by i n t e n t i o n a l l y  i n t roduced  
s i g n a l s  - s t o r e d  i n  t h e  system independent o f  f i n a l  a p p l i c a t i o n  - and 
" i n f o r m a t i o n "  as i t  i s  understood i n  modern i n f o r m a t i o n  theory .  Infor -  
mat ion  i n  t h i s  con tex t  i s  da ta  which may be used f o r  process func t ions .  
Therefore,  we speak about " i n f o r m a t i o n  e x t r a c t i o n "  From e x i s t i n g  data.  

* 
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stage t h a t  l e a r n i n g  occurs,  and t h e r e  i s  a g rea t  need f o r  new ideas and 

a l g o r i t h m s  t o  improve t h a t  d e c i s i o n  process. 

2.2. E a r l y  P a t t e r n  Recogn i t i on  E f f D r t s  

I n i t i a l  a t tempts t o  b u i l d  a v i s u a l  r e c o g n i t i o n  system (e.g., 

Rosenblat t ,  1958) r e s u l t e d  i n  t h e  c l sns t ruc t i on  o f  t h e  Perceptron. The 

Perceptron used t h e  i dea  of s t o c h a s t i c  l e a r n i n g  w i t h  re in forcement ,  b u t  

1 acked p r e l  i m i  na ry  da ta  process ing.  L i m i t e d  numbers of i n p u t  p i x e l  s i n  

t h e  Perceptron r a i s e d  d i f f i c u l t i e s  f o r  t h e  r e c o g n i t i o n  o f  more complex 

images. S u f f i c i e n t  r e s u l t s  were ob ta ined  o n l y  w i t h  s imple geometr ic 

f i gures such as t r i  angl  es o r  rec tang les .  

methods i n  p a t t e r n  r e c o g n i t i o n  (G. Sebastyan, 1962, K. S. Fu, 1968 and 

many o t h e r s )  though very successful  i n  a p p l i c a t i o n s  l i k e  medical  d iagnos is ,  

have had l i t t l e  i n f l u e n c e  on t h e  present  s t r u c t u r e  o f  commercial recogn i -  

t i  on systems. 

Appl i c a t  i o n  o f  s t o c h a s t i c  

Major  progress i n  p a t t e r n  r e c o g n i t i o n  was achieved o n l y  a f t e r  t h e  

u t i l i z a t i o n  o f  severa l  key research f i n d i n g s  on t h e  phys io logy  of  t h e  

v i s u a l  systems i n  animals. H. K. H a r t l i n e  (1938) f i r s t  desc r ibed  so 

c a l l e d  r e c e p t i v e  f i e l d s  i n  t h e  v i s u z l  system o f  ve r teb ra tes .  It was a 

s t e p  toward e x p l a i n i n g  how mutual i c t e r a c t i o n s  between para1 l e 1  channels 

may be used f o r  p r a c t i c a l  da ta  process ing.  These i n v e s t i g a t i o n s  cont inued 

and a second impor tan t  s tep  was performed by J .  T. L e t t v i n ,  e t  a l .  (1959), 

and l a t e r  K. Kupfmul ler  and F. Janik  (1961). They exp la ined  t h e  r o l e  o f  

l a t e r a l  i n h i b i t i o n  i n  f e a t u r e  e x t r a c t i o n ,  and found conc re te  f e a t u r e  

d e t e c t o r s  i n  t h e  r e t i n a  of t h e  f rog .  Some progress was a l s o  made i n  t h e  

d e s c r i p t i o n  and a n a l y s i s  of p a r a l l e l  neuron models (Gawronski 1971). A t  

t h e  same t i m e  new i n f o r m a t i o n  came from n e u r o p h y s i o l o g i c a l  i n v e s t i g a t i o n s  
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t h a t  showed t h e  e a r l y  models needed t o  be cons ide rab ly  improved. L a t e r  i t  

was determined t h a t  t h e  o r g a n i z a t i o n  o f  t h e  v i s u a l  system i s  much more 

complex, and more s p e c i f i c  experiments were necessary t o  understand t h e  

work ing  p r i  n c i  p les .  

2 e 3 The Fundament a1 Human V i  sua1 P r o p e r t i e s  

Para1 l e 1  Process ing 

As mentioned above, p a r a l l e l  _._._ process ing  and p a r a l l e l  channels o f  da ta  

t r a n s f e r  a re  one o f  t h e  bas i c  concepts i n  t h e  o r g a n i z a t i o n  of an an ima l ' s  

v i s u a l  system. The f i r s t  s tage o f  image process ing  i s  perforr i led by a sur -  

f ace  of photoreceptors  (see F i g ,  3) which t rans forms a two-dimensional 

d i s t r i b u t i o n  o f  l i g h t  i n t e n s i t y :  i( E,n,t) i n t o  an e l e c t r i c a l  o r  e l e c t r o -  

chemica l )  set  o f  s i g n a l s  e(F;$o,t) .  Th is  sur face  may be t r e a t e d  as a plane. 

'The nex t  s tep  i n  da ta  p rocess ing  i n v o l v e s  s p a t i a l  ope ra t i ons  per -  

formed on each s i g n a l  e(F;,ri,t) i n  p a r a l l e l  and t r a n s f e r r e d  t o  t h e  f o l l o w i n g  

stage. Some e f f o r t s  t o  model these opera t ions  us ing  s tandard computer 

a lgo r i t hms  have been performed f o r  s imp le  images and slow data  process ing.  

Slow data  process ing  becomes one o f  t h e  most impor tan t  c o n s t r a i n t s  i n  t h e  

i n v e s t i g a t i o n  o f  v i s u a l  systems when u s i n g  o n l y  sequent ia l  a lgo r i t hms  and 

c l a s s i c a l  computer a r c h i t e c t u r e s .  

H i  era rch i  ca 1 Organi z a t  i on 

H i e r a r c h i c a l  o r g a n i z a t i o n  o f  v i s u a l  da ta  p rocess ing  and r e c o g n i t i o n  

i s  t h e  second key concept i n  t h e  human v i s i o n  system. T h e o r e t i c a l l y  i t  i s  

p o s s i b l e  t o  assume t h e  ex i s tence  o f  a s p e c i f i c  mechanism per fo rming  

c l a s s i f i c a t i o n  i n  on l y  one stage b u t  such systems would o f  necess i t y  be 
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l i m i t e d  t o  very s p e c i f i c  a p p l i c a t i o n s  [ f o r  example t h e  l i n e a r  c l a s s i f i -  

c a t i o n  o f  separable subsets (N. Ni lsson,  1965)].  A more u n i v e r s a l  system 

always seems t o  i n v o l v e  h i e r a r c h i c a l  o rgan iza t i on .  

2-4. Assuinptions and J u s t i f i c a t i o n  

Po s i m p l i f y  formulas i n  t h i s  s e c t i o n  we have t e m p o r a r i l y  assumed a 

cont inuous  s i g n a l  d i s t r i b u t i o n  over  a p lana r  sur face.  L a t e r  we w i l l  

i n c l u d e  d i  s c r e t e  s i  gnal s , corresponding t o  t h e  d i  s c r e t e  e l  ements t h a t  form 

t h e  v i s u a l  t r a c t .  The f o u r  main stages o f  da ta  p rocess ing  a re  i l l u s t r a t e d  

i n  F ig .  3. 

Stage I .  A photoreceptor  l a y e r  t rans fo rm ing  an i n t e n s i t y  d i s t r i b u t i o n  o f  

i n c i d e n t  l i g h t  i (  S,v,t) on e l e c t r i c a l  s i g n a l  d i s t r i b u t i o n  e(C,n, t )  

Stage 11. The spat io - tempora l  t r a n s f o r m a t i o n  o f  s igna ls :  

where: 
6 3 Q  - Car tes ian  coord ina tes  i n  t h e  f i r s t  stage. 

x,y - coord ina tes  i n  t h e  second stage. 

g I I ( * )  - ke rne l  o f  t he  t r a n s f o r m a t i o n  o f  stage 11. 

R - reg ion  o f  t h e  i n t e g r a t i o n  (over  t h e  whole r e t i n a l  su r face )  

r ( x , y , t )  - an ou tpu t  s i g n a l  f rom t h e  second stage. 

Regarding Eq. ( l ) ,  i f  t h e r e  e x i s t s  a ke rne l  G I I  ( * )  f o r  t h e  i n v e r s e  

o p e r a t i o n  w i t h  a un ique s o l u t i o n  so t h a t :  

t hen  da ta  p rocess ing  can be performed w i t h o u t  any l o s s  o f  i n f o r m a t i o n .  
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There i s  much evidence t h a t  an i n v e r s e  opera t i on ,  Eq. ( 2 )  and a p p r o p r i a t e  

k e r n e l  GII ( ’ )  e x i s t s  i n  t h e  r e t i n a  o f  h i g h e r  animals. 

t h a t  no e s s e n t i a l  l o s s  o f  i n f o r m a t i o n  e x i s t s  in t h i s  second stage o f  t h e  

v i s u a l  system. It was proved (Rod i t xk  1973) t h a t  t h e  accuracy o f  s p a t i a l  

d i s c r i m i n a t i o n  i n  t h e  r e t i n a  has t h e  same o rde r  as t h e  a c u i t y  o f  t h e  o p t i -  

c a l  l e n s  o f  t h e  eyeba l l .  

We a l s o  assume 

Stage 111. Another T rans fo rma t ion  Stage: 

where : 

u,v = new coord ina tes  corresponding t o  t h e  next  s tage o f  s i g n a l  

process ing,  

s(u,v, t )  = t h e  d i s t r i b u t i o n  of s i g n a l s  a f t e r  t h i r d  stage o f  s i g n a l  

process i ng . 
But i n  t h i s  s tage an i n v e r s e  opera t i on :  

r ( x , y , t>  = JI Is (u ,v , t )  } ( 4 )  

and a corresponding unique ke rne l  does no t  e x i s t .  That means t h a t  some 

d a t a  w i l l  be l o s t ,  and we must s e l e c t  i n fo rma t ion .  The main problem cen- 

t e r s  on an a p p r o p r i a t e  s e l e c t o r  [de”ined by g I I I  ( * ) I  which r e j e c t s  a l l  

unnecessary data b u t  preserves i n f o r m a t i o n  necessary f o r  making a f i n a l  

dec i s ion .  There i s  s t r o n g  evidence (Konorsk i ,  1967) t h a t  l e a r n i n g  pro-  

cesses a re  very impor tan t  a t  t h i s  stage. I n  l i v i n g  organisms t h e  f i n a l  

shape o f  E q .  (3 )  i s  e s t a b l i s h e d  by a l e a r n i n g  procedure. 
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a complex 

lower  l e v e  

t o  t h e  a c t  

(Konorsk i  , 

S t a g e  I V .  A C l a s s i f i c a t i o n  and Recogn i t ion  Layer G(w,z,t) 

Accord ing t o  many n e u r o l o g i s t s  (Hebb 1957, Konorski  1967) , t h e  a c t  o f  

r e c o g n i t i o n  i n  an an ima l ' s  b r a i n  i s  descr ibed by t h e  e x c i t a t i o n  of a group 

o f  c e l l s  ( c a l l e d  a "gnos t i c  u n i t "  t h a t  responds t o  a l l  p i c t u r e s  be long ing  

t o  t h e  same c lass .  "By d e f i n i t i o n ,  each u n i t  o f  a gener ic  area represents  

ensory p a t t e r n  ob ta ined by convergence o f  r e c e p t i v e  u n i t s  a t  

s ( r e p r e s e n t i n g  i t s  e lements) .  A pe rcep t ion  which g ives  r i s e  

v a t i o n  o f  a g n o s t i c  u n i t  i s  c a l l e d  - a u n i t a r y  I-.-- p e r c e p t i o n  . . * I i  

1967) .  

E x c i t a t i o n  o f  a g n o s t i c  u n i t ,  or set  o f  u n i t s ,  corresponds t o  a h i g h e r  

l e v e l  ca tegory  o f  de f i ned  sub-classes, and i s  a t y p i c a l  d e c i s i o n  process. 

A l o g i c a l ,  or t h resho ld ,  element, i s  e x c i t e d  o n l y  i f  t h e  image a t  t h e  

i n p u t  ( i ( t , n , t ) )  belongs t o  a c lass  represented by t h i s  u n i t .  

Such e x c i t a t i o n  i s  performed i n  a n o n l i n e a r  ope ra t i on :  

G(w,s,t) = g I v  (U,W,~~,S(U,V,t) ,Z,t)*S(U,V,t) *du*dv 
G 

where: 
s(u,v,t) i s  now a v a r i a b l e  i n  g I v  

w,z = p o s i t i o n  o f  t h e  g n o s t i c  u n i t  and 

G(w,z,t) = s t a t e  o f  t h e  e x c i t a t i o n  ( u s u a l l y  0 o r  1). 

o f  t h e  g n o s t i c  u n i t  w i t h  coord ina tes  w,z. 

Note t h a t  a g n o s t i c  u n i t  may be connected w i t h  many o t h e r  a s s o c i a t i v e  

u n i t s  by means o f  r e c o g n i t i o n  opera tors .  

Learn ing  p l a y s  a c r u c i a l  r o l e  i n  t h e  f i n a l  shape o f  ke rne l  gIv( 0 )  

which i s  "adaptable"  and g r a d u a l l y  "improved" d u r i n g  t h e  l i f e  o f  an animal.  

Because o f  changes i n  g n o s t i c  un i ts , .we see t h a t  t h e  d e c i s i o n  process 

e x i s t i n g  i n  h i g h e r  stages o f  t h e  human v i s u a l  system r e q u i r e s  some n o n l i n e a r  

fea tu res  i n  t h e  operators .  I n  r e a l i t y ,  a lmost a l l  neura l  processt l r  show 
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some n o n l i n e a r  p r o p e r t i e s .  I n  most cases we assume t h a t  some processes i n  

an a r t i f i c i a l  v i s i o n  system w i l l  a l s o  be e s s e n t i a l l y  non l i nea r .  As l o n g  

as we cons ide r  o n l y  a one-to-one mapping o f  data f rom stage t o  stage, we 

may t ry  t o  s o l v e  v i s i o n  model equat ions u s i n g  a l i n e a r  t r a n s f o r m a t i o n ,  as 

we w i l l  at tempt  l a t e r  i n  t h i s  paper, b u t  c a u t i o n  i s  i n .  o r d e r  because t h e  

s e l e c t i o n  o f  i n f o r m a t i o n  i s  a t y p i c a l  n o n l i n e a r  process. 

From everyday exper ience i t  i s  a l s o  e v i d e n t  t h a t  f o r  r e c o g n i t i o n  o f  

images it i s  necessary t o  t a k e  i n t o  account bo th  l o c a l  and g l o b a l  i n f o r -  

mat ion.  Spots, l i n e  c ross ings ,  or sharp bends i n  f i g u r e s  a re  examples o f  

l o c a l  features.  On t h e  o t h e r  hand, dimensional  p r o p o r t i o n s  and r e l a t i v e  

p o s i t i o n s  o f  p i c t u r e  p a r t s ,  are examples o f  g loba l  f ea tu res .  Fo r  example, 

we can desc r ibe  an o p e r a t o r  s e l e c t i n g  l o c a l  f e a t u r e s  u s i n g  fo rmu la  (3)  f o r  

s(u,v, t ) .  I f  ke rne l  gIII s e l e c t s  l o c a l  f e a t u r e s :  

then:  g*II(x,U,Y’v,t) ; 

i f :  

where: E <<< gIII(x,x,y,y,O) ; 

I X - P I  o r  I y - v  I a n ; 

and rl = range o f  t h e  i n f l u e n c e ;  

i.e., o p e r a t o r  (3)  i s  a l o c a l  o p e r a t o r  w i t h  a range s m a l l e r  t han  n and 

accuracy E. 

A l l  neura l  processes are a c t u a l l y  represented by s i g n a l s  v a r y i n g  i n  

t ime.  Even t h e  r e c o g n i t i o n  o f  s t a t i c  images w i l l  u s u a l l y  be proceeded by 

many dynamic processes. Therefore i f  we want t o  compare a hardware model 

w i t h  n e u r o p h y s i o l o g i c a l  r e s u l t s ,  we have t o  cons ide r  model ing some dynamic 

processes. Any at tempt  t o  extend v i s i o n  research and recognize moving 

p i c t u r e s  r e q u i r e s  i n t r o d u c t i o n  o f  dynamic processes at. a l l  stages o f  t h e  
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v i s u a l  system. We know t h a t  even f o r  s t a t i c  images, data p rocess ing  

r a i s e s  e s s e n t i a l  comput,ational problems, and f a r  dynamic, m u l t i l e v e l  

systems t h e  computat ional  burden i s  enormous. We must somehow achieve 

s u b s t a n t i a l  r e l a x a t i o n  by us ing  symmetries and equal t i m e  constants  f o r  

many o f  t h e  processes considered. Some assumptions must a l s o  be made 

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

One i s s u e  i s  how t o  s e l e c t  t h e  number o f  r e c e p t o r  elements on t h e  

eye sur face.  I f  we want our system t o  approximate t h e  c a p a b i l i t i e s  of 

human v i s i o n ,  we must s e l e c t  approx imate ly  l o 6  (or  even more). Though 

t h e  number o f  photoreceptors  i n  t h e  r e t i n a  i s  iiiuch g rea te r ,  ( " l o 8 ,  o r  

125*106rods and 6.4 - l o 6  cones) space summation and n e g l e c t i n g  p e r i p h e r a l  

v i s i o n  ( i f  poss- ib le)  may decrease t h i s  number. 

A second i s s u e  i s  t h e  s e l e c t i o n  of a d e n s i t y  d i s t r i b u t i o n  f o r  photo- 

recep to rs .  A p p l i c a t i o n s  almost always assume a uni form d i s t r i b u t i o n .  But 

i n  b i o l o g y  we observe very nonuni forni  d i s t r i b u t i o n s  w i t h  t h e  g r e a t e s t  den- 

s i t y  i n  t h e  c e n t r a l  p a r t  o f  t h e  r e t i n a .  Such a d i s t r i b u t i o n  pe rm i t s  

t a k i n g  advantage o f  t h e  tremendous a c u i t y  o f  c e n t r a l  v i s i o n  w i t h  a broad 

angu la r  range o f  pe rcep t ion .  I n  t h i s  y e a r ' s  r e t i n a l  models, we w i l l  a l s o  

assume a u n i f o r m  d i s t r i b u t i o n  o f  phatoreceptors  because we must develop 

and v e r i f y  lower orde r  mechanisms f o r  v i s u a l  data process ing.  Next yea r  

we may a1 so cons ide r  nonuni form d i s t r i b u t i o n s  and t h e i  r advantages. 

T k i  rd ,  p e r c e p t i o n  and r e c o g n i t i o n  o f  three-d imensional  o b j e c t s  ( 3 D )  

i s  an impor tan t  goal f o r  many v i  sua1 appl i c a t i o n s  , especi a1 l y  r o b o t i c s .  

I n  p r i n c i p l e  we can use b i n o c u l a r  v i s i o n ,  o r  a method t o  s h i f t  t h e  o p t i c a l  
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a x i s ,  and use p a r a l l a x  f o r  three-d imensional  pe rcep t ion .  We w i l l  however 

model o n l y  two-dimensional  v i s i o n  a!; a necessary s tep towards 3-0. 

Four th ,  most e x i s t i n g  v i s  on systems a re  -- black  and w h i t e  w i t h  grada- 

t i o n s  o f  grayness. For recogn t i o n  o f  images c o n t a i n i n g  shadows and d i f -  

f e r e n t  s u r f a c e  t e x t u r e s ,  i t  i s  necessary t o  i n t r o d u c e  as many s teps o f  

grayness as p o s s i b l e  f o r  a h i g h  l e v e l  o f  r e s o l u t i o n .  We w i l l  assume 64 t o  

128 s teps o f  g r a d a t i o n  o f  l i g h t  i n t e n s i t y  o r  about a 1% change i n  d i f -  

f e r e n t i a t i o n  a t  maximum i l l u m i n a t i o n .  C l o s e l y  r e l a t e d  t o  gray s c a l e  reso- 

l u t i o n  i s  t h e  problem o f  dynamic range. The v i s u a l  systems o f  h i g h e r  

an imals  have an ex t reme ly  wide range under average i l l u m i n a t i o n .  Some 

methods t o  i nc rease  range w i l l  be presented l a t e r .  Where c o l o r  v i s i o n  has 

been s tud ied ,  two main problems need c l e a r  e x p l a n a t i o n :  

1. The mechanism o f  u t i l i z i n g  d i f f e r e n t  percentages of l i g h t  wave- 

l e n g t h s  f rom pho to recep to rs .  

t o r s  e x i s t ,  corresponding t o  t h r e e  c o l o r s ,  b u t  t h e  mechanism p e r m i t t i n g  

such h i g h  s e n s i t i v i t y  and d i s c r i m i n n t i o n  i s  n o t  c l e a r . )  

( I t  i s  known t h a t  t h r e e  k i n d s  o f  photorecep- 

2. The mechanism f o r  u s i n g  c o l o r  coded neura l  s i g n a l s  t o  recogn ize  

o b j e c t s  t h a t  depend on o t h e r  c o n t e x t  i n f o r m a t i o n .  

I n  c o l o r  TV cameras t h e  f i r s t  problem has a l ready  been so lved i n  a 

analogous way b u t  t h e  c o n s t r u c t i o n  o f  a "biosensory ' l  method would be an 

i n t e r e s t i n g  achievement. A s o l u t i o n  t o  t h e  second problem i s  impor tan t  

f o r  severa l  a p p l i c a t i o n s .  An example i s  t e x t u r e  r e c o g n i t i o n  whjch uses 

c o l o r s ,  minute p i c t u r e  d e t a i l s ,  and s e l e c t i o n  o f  o b j e c t s  from a complex 

background. 
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The l a s t  i ssue  i s  t h e  c h a r a c t e r i z a t i o n  o f  dynamic ~ processes i n  t h e  

v i s u a l  t r d c t .  Th is  problem may be d i v i d e d  i n t o  two p a r t s :  

1. How dynamic neura l  processes a re  i n v o l v e d  i n  t h e  r e c o g n i t i o n  o f  

both s t a t i c  and moving scenes, and 

2, how r e c o g n i t i o n  of  t h e  o b j e c t s  t h a t  move w i t h  respec-t t o  t h e  

perceptua l  system i s  achieved, !.e., "dynamic scene ana lys i s . "  

Most p a t t e r n  r e c o g n i t i o n  systems assume s t a t i c  images and s t a t i c  

rep resen ta t i ons .  But,  i t  i s  a l s o  necessary t o  cons ider  cont inuous  process ing  

o f  t ime  and space dependent s igna ls .  It has been suggested t h a t  f o r  s t a -  

t i e  images i t  i s  reasonable t o  use s t a t i c  rep resen ta t i ons  o f  v i s u a l  

s i g n a l s  f o r  one image. However, i n  a l l  stages o f  t h e  v i s u a l  t r a c t  o f  

h i g h e r  animals,  a d i f f e r e n t  s i t u a t i o n  i s  a c t u a l l y  observed, 

A p o s i t - i v e  f r o n t  (sharp i nc rease )  o f  t h e  s i g n a l  produces a s t r o n g  

response ( c a l l e d  t h e  QN-response) which decays w i t h  a t ime  cons tan t  

A f t e r  decay, o n l y  a smal l  s t a t i c  s i g n a l  remains. As t h e  s i g n a l  i s  

sw i tched o f f  we again observe a s t r o n g  response, b u t  o f  oppos i te  s i g n  

t h a t  decays w i t h  t ime  cons tan t  Teff ( c a l l e d  an OFF-response). 

t h e  dynamic p a r t  o f  a neuron 's  response i s  much s t ronger  and e v i d e n t l y  

p l a y s  an impor tan t  r o l e  i n  v i s u a l  s i g n a l  processing. 

No t i ce  t h a t  

Images i n  l i v i n g  systems a l s o  have a dynamic cha rac te r  because o f  

eye movements. Several  k inds  o f  these movements have been observed i n  

humans. Some a re  v o l u n t a r y  and connected w i t h  t h e  pe rcep t ion  o f  complex 

forms as t h e  o p t i c a l  a x i s  i s  s h i f t e d  among a t t e n t i o n  po in ts .  There a l s o  

e x i s t  i n v o l u n t a r y  movements hav i  ng random charac ter .  Three broad ca te -  

g o r i  9 s  o f  movement have been d i  s t i  ngui  shed (Tu1 unay-Kessey 1978) : 
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1. Tremor - very smal l ,  r a r e l y  exceeding 20 sec o f  a rc  i n  ampl i tude,  

b u t  q u i t e  f a s t  with a f requency o f  between 30 and 70 Iiz. 

2. D r i f t s  - a sradual  s h i f t  i n  t h e  d i r e c t i o n  o f  t h e  gaze; w i t h  mean 

r a t e  o f  occurrence between 1 t o  5 t imes  

r a p i d  j e r k y  movement; w i t h  mean aiiipl i tude  

a movement of 20 min of  arc,  d u r a t i o n  

- 
ampliti-rde about: 5 min o f  a rc  and 

pe r  sec. 

3. Saccades - an i r r e g u l a r  

o f  5 inin of arc  and o c c a s i o n a l l y  

6 200 msec. 

-~ 

Resul ts  f o r  many s t u d i e s  o f  

bcen pub l ished.  It has been ver  

r o l  e i n  regu l  a t  i ng c o n t r a s t  sens 

s e n s i t i v i t y  r e g u l a t i o n  occurs i s  

eye movement i n  human pe rcep t ion  have 

f i e d  t h a t  image mot ion  has an impor tan t  

t i v i t y .  The mechanism by which c o n t r a s t  

n o t  c l  ea r  (Tu1 unay-Kessey 1978 S. M. 

Ebenholtm 1984) b u t  -it i s  ev iden t  t h a t  eyeba l l  movements a re  c l o s e l y  

r e l a t e d  t o  t h e  dynamic p r o p e r t i e s  o f  t h e  r e t i n a  and p l a y  an impor tan t  r o l e  

i n  v i s u a l  da ta  process ing.  
- Ihus, t h e r e  a re  t h r e e  impor tan t  reasons t o  i n c l u d e  research on dyna- 

mic  processes i n  t h e  r e t i n a :  

1. Po enable t h e  q u a n t i t a t i v e  comparison o f  a r e t i n a l  model w i t h  

t h e  r e s u l t s  o f  e l e c t r o p h y s i o l o g i c a l  and neuropsycho log ica l  exper iments 

which always con ta i  n some dynatni c components 

2 .  To apply  t h e  r e s u l t s  o f  dynamic mode l l i ng  t o  more advanced sys- 

tems t h a t  i n c l u d e  dynamic scene ana lys i s ,  

3. Po decrease t h e  i n f l u e n c e  o f  i n i t i a l  va lue  i n s t a b i l i t i e s  (because 

dynamic systems arc! l e s s  dependent on s low steady s t a t e  v a r i a t i o n s ) .  
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3.0. MATHEMATICAL REPRESENTATION OF NEURON CQNST 

3.1. I n d i v i d u a l  Neuron C h a r a c t e r i s t i c s  

We now cons ide r  t h e  model led neuron p r o p e r t i e s .  These p r o p e r t i e s  

were chosen because o f  some d i f f i c u l t i e s  t h a t  must be resolved.  

F i r s t ,  should we use analog models o r  s e l e c t  a d i g i t a l  r e p r e s e n t a t i o n  

o f  t h e  neuron. 

lo8)  i n  each l a y e r ,  and a computat ion t i m e  problem we must s e l e c t  t h e  most 

pars imonious elements p o s s i b l e .  There a re  two main choices:  

Because o f  a l a r g e  ?umber o f  p a r a l l e l  elements ( l o 6  t o  

1) Se lec t  s lower elements t h a t  work i n  para1 le1 , o r  

2 )  Se lec t  f a s t e r  elements t h a t  repeat  t h e  same funct- ion s i m u l a t i n g  

many adjacent  elements, 

We would l i k e  t o  use s imple an3log dev ices w i t h  p r o p e r t i e s  c l o s e  t o  

t h e  p r o p e r t i e s  o f  we1 1 understood n2urons. The second p o s s i b i l i t y ,  

however, would be e a s i e r  t o  implerneqt u s i n g  e l e c t r o n i c  ch ips  and ca l cu -  

1 a t  i ng t h e  f i n a l  r e s i l l  t s  by d i g i t a l  ail g o r i  thms. 

D i g i t a l  components may be e a s i s r  i n i t i a l l y  because many ~ ~ ~ e x p ~ ~ ~ ~ v ~  

components a re  a v a i l a b l e  and some procedures may be adapted from e x - i s t i n g  

computer v i  s i  on sof tware.  A1 so d i  g i  t a l  components do n o t  r a i  se p r o b l e m  

concern i  ng t h e  s t a b i  1 i ty  of paramet I r s  and reference va9 ues e 

An i nc rease  i n  t h e  speed o f  data p rocess ing  may a l s o  be achieved by 

t h e  a p p l i c a t i o n  of p a r a l l e l  process ing.  That i s  t h e  a p p l i c a t i o n  o f  a 

g r e a t  number of very s imple elements w i t h  mutual  connect ions.  One ad- 

vantage o f  t h e  lower  l e v e l s  o f  t h e  human v i s u a l  rystern i s  t h a t  these 

connect ions have a great degree o f  symmetry. 
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Second, neurons forming t h e  r e t i n a  are s i m i l a r  t o  o t h e r  neurons i n  t h e  

b r a i n ,  b u t  t hey  have some unique f e a t u r e s  as w e l l .  We considered t h r e e  

speci  a1 types : 

1. Photoreceptors .  For b lack  and w h i t e  images, photoreceptors  may 

be t r e a t e d  as a s e r i e s  connect ion o f  two process elements. The f i r s t  p ro -  

cess i s  a n o n l i n e a r  i l l u m i n a t i o n  t ransducer :  

e = f ( i )  ( 7 )  

where i = i n t e n s i t y  o f  t h e  i n c i d e n t  l i g h t  on a recep to r  

e = ou tpu t  s i g n a l  f rom t h e  t ransducer .  

The second process may be represented by a s imple RC i n e r t i a l  c i r c u i t .  

For  c o l o r  v i s i o n  we must u l t i m a t e l y  cons ide r  d i f f e r e n t  p r o p e r t i e s  o f  

cones, hu t  f o r  t h e  purposes of t h i s  p r o j e c t  we w i l l  assume average pro-  

p e r t i e s  o f  t h e  t ransducer  independent o f  l i g h t  wavelength. 

R e l a t i o n  ( 7 )  may be s p e c i f i e d  f o r  an i l l u m i n a t i o n  t ransducer  u s i n g  

t h e  f o l l o w i n g  for i i iu la,  (Bay lo r  and Fuor tes 1970, o r  Hagins et a1 a 1970) : 

Where : 

Ae - t h e  change of ou tpu t  v o l t a g e  

he,,, - t h e  maximum observed change 

i - t h e  i n t e n s i t y  o f  t h e  l i g h t  f l a s h  

io - a constant  equal t o  t h e  i n t e n s i t y  o f  t h e  l i g h t  f l a s h  

When i << io t h e  response i s  l i n e a r  ( p r o p o r t i o n a l  t o  t h e  l i g h t  i n t e n s i t y )  

When i TJ io t h e  r e l a t i o n  i s  approximately,  l o g a r i t h m i c  

When i > io t h e  response s a t u r a t e s  t o  a peak va lue Aem. 
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The r e s u l t a n t  s e n s i t i v i t y  diagram i s  presented i n  Fig. 5 (Roedieck 

1973) * 

Standard e l e c t r o n i c  pho to recep to rs  do no t  have t h i s  wide dynamic range o f  

s t a b i l i t y  and f o r  l o n g  term a p p l i c a t i o n  it w i l l  be necessary t o  i n t r o d u c e :  

1. An automat ic  diaphragm r e a c t i n g  t o  average i n t e n s i t y  o f  v i s u a l  

f i e l d  i l l u m i n a t i o n ,  s i m i l a r  t o  t h e  p u p i l  i n  t h e  human eye. 

2. Some n o n l i n e a r  feedback e x i s t i n g  between f i r s t  and second l a y e r s  
* 

( h o r i z o n t a l  c e l l s )  of t h e  r e t i n a .  

3. Automat ic ga in  c o n t r o l  f o r  every pho to recep to r ,  which expands 
** 

t h e  dynamic range of t h e  t ransducer  e 

For  t h e  purpose o f  computer m o d e l l i n g  we w i l l  assume t h a t  f o r  every 

pho to recep to r  hav ing t h e  coo rd ina tes  ( 6 , ~ )  t h e  o u t p u t  i s  g i ven  by (9 )  

where k i  i s  a cons tan t  

[ o t h e r  n a t a t i o n s  a re  t h e  same as f o e  Eq. (811. 

would be i n t e r e s t i n g  t o  model t h e  n o n l i n e a r  dependence shown i n  F ig .  6 

because n o n l i n e a r i t i e s  p l u s  a d a p t a t i o n  p r o p e r t i e s  o f  t h e  l a t e r  stages can 

c o n s i d e r a b l y  improve image c o n t r a s t  

I n  l a t e r  development i t  

~ -_.__.___ ..- - . 
This feedback l o c a l l y  changes t h e  s e n s i t i v i t y  o f  t h e  photosur face.  I t  
may be very u s e f u l  f o r  images w i t h  g rea t  c o n t r a s t  o f  i l l u m i n a t i o n ,  
The a b s o l u t e  psychophys io log i ca l  -:hreshold f o r  human v i s i o n  is about 
20 absorped phoLons f o r  a I,@” spot ( o r  4. photon per  500 rods) ,  
ve ry  d i f f i c u l t  t o  achieve t h e  same s e n s i t i v i t y  and t h e  same dynamic 
range i n  non-bi 01 o g i  c a l  systems Th is  p r o b l  em shoul 
s e p a r a t e l y  by speci  a1 i s t s  i n  sol i d  s t a t e  e l e c t r o n i c s  
o f  t h e  processes i n  pho to recep to rs  are i n  general  smal l  ( 2  t o  5 msec) i n  
comparison w i t h  t h e  processes i n  l a t e r  l aye rs .  Therefore we may ne 
them i f  the hardware dev ice d o e s n ’ t  exceed these values, 

*. 
** 

I t  i s  
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HUMAN ROD RANGE ( a ?  LOG UNITS) 
______.... ~ ........ ~ 

H U M A N  ROO M E C H A N I S M  R.&NGf ( 6  9 LOG UNITS) __ ..... __ 

(4 3 LOG U G S I  
IO 5". D E V I A T I O N  

HUMAId RODS 
I! 6 LOG UN!TSl 

t 

7-- 

1 3 

Fig. 5. Dynamic Range o f  Vision for Human Rods. 
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Assumptions Regarding Neurons A f t e r  t h e  T ransduc t ion  Layers 

Four k i n d s  of neurons e x i s t  i n  t h e  r e t i n a  besides photoreceptors .  

Three o f  them: b i p o l a r  c e l l s ,  h o r i r o n t a !  c e l l s  and amacrine c e l l s  a re  

c h a r a c t e r i z e d  g e n e r a l l y  by low l e v e l  analog outputs .  Th i s  i s  a r a r e  

f e a t u r e  i n  nerve c e l l s .  The l a s t  14;lyer o f  t h e  r e t i n a  i s  composed o f  

gang1 i on c e l l  s g e n e r a t i n g  sequences o 

t r a n s m i t t e d  t o  t h e  l a t e r a l  gen icu laxe  

Bas ic  p r o p e r t i e s  o f  a neuron may 

l o g i c a l  t ex tbook  and we w i l l  n o t  cons 

pulses.  These pulses are then  
* 

nucleus i n  t h e  thalamus. 

be found i n  any modern neurophysio- 

d e r  them here, A l so  many mathemati- 

c a l  and t e c h n i c a l  models o f  neurons have been p r e v i o u s l y  r e p o r t e d  s t a r t i n g  

w i t h  t h e  famous t h r e s h o l d  model o f  iylcCulloch and P i t t s  1943. For a su r -  

vey, see R. R. Gawronski 1971, 1975. 

It is  w e l l  known t h a t  r e t i n a l  neurons have cons tan t  p r o p e r t i e s .  No 

changes ( l ong - te rm m o d i f i c a t i o n s )  connected w i t h  l e a r n i n g  have been found. 

But t h i s  i s  no t  t h e  case f o r  t h e  h i g h e r  'Bevels of t h e  v i s u a l  t r a c t  where we 

must t a k e  l e a r n i n g  i n t o  account and adap t i ve  p l a s t i c  p r o p e r t i e s  o f  neurons. 

The most impor tan t  p r o p e r t i e s  of t h e  neuron which we cons ide r  i n  t h e  

p resen t  e f f o r t  a re  presented i n  Figs.  6 and 7. 

Every neuron has many (sometimes hundreds o r  thousands) o f  i n p u t s  

Every i n p u t  s i g n a l  e k ( t )  i s  t r a n s m i t t e d  th rough  s y n a p t i c  connect ions.  

t h rough  a l i n e a r  dynamic element c h a r a c t e r i z e d  by a p u l s e  response g k ( t ) .  

U s u a l l y  these elements may be appro;<imated by a second o r d e r  c i r c u i t  

(F ig .  7 )  hav ing  t h e  response p r e v i o u s l y  presented i n  Fig.  4. I n p u t  

* Other d e s t i n a t i o n  areas i n c l u d e  t h e  s u p e r i o r  c o l l i c u l u s ,  accessory o p t i c  
nuc leus and v e n t r a l  l a t e r a l  geni c u l  a t e  nucleus. 
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-- 
F i g .  7 .  E q u i v a l e n t  C i r c u i t  Modelling I n p u t  Dynamic Processes i n  a Neuron. 
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( t )  >O - which represents  e x c i t a t i o n  e@k s i g n a l s  e k ( t )  may be p o s i t i v e :  

or  nega t i ve :  e i k ( t )  <O which represents  i n h i b i t i o n .  

t h e  neuron i s  approximated by a l i n e a r  slimming element. The r e s u l t i n g  

The next  element o f  

s i g n a l  X may then  be descr ibed by a formula:  

where: K = number o f  independent i npu ts .  

and t h e  s t a r  "*" represents  a c o n v o l u t i o n  opera t ion .  

simp 

On t h e  basis  o f  voluminous l i t e r a t u r e  (see Roedieck 1973) we 

i f y  f u r t h e r .  It i s  known t h a t  t ime  cons tan ts  f o r  p o s i t i v e  s 

may 

ynal  s 

( e x c i t a t i o n )  a re  approx imate ly  t h e  same f o r  a l l  i n p u t s  1, ...., Ke-  F~~ 

n e g a t i v e  s i g n a l s  ( i n h i b i t i o n )  we can assume another  t ime  cons tan t  f o r  

i n p u t s  l,..., K i .  There fore  we can rep lace  a l l  i n e r t i a l  elements by two 

e q u i v a l e n t  c i r c u i t s ,  one f o r  e x c i t a t i o n ,  the  second one f o r  i n h i b i t i o n .  

For  h o r i z o n t a l  , b i p o l a r  and amacrine c e l l s  we can neg lec t  t h e  thres-  

h o l d  p r o p e r t i e s  and pu lse  generators .  There fore  f o r  these c e l l s  we w i l l  

use t h e  s i m p l i f i e d  model presented i n  Fig.  8. It must be s t ressed  however 

t h a t  equ iva len t  c i r c u i t  parameters such as t h e  t ime  cons tan ts  o f  these 

c e l l s  a re  q u i t e  d i f f e r e n t .  

sen ts  t r a n s i e n t s  and de lays  i n  t h e  ou tpu t  s i g n a l s  (so c a l l e d  p resynap t i c  

p r o p e r t i e s )  The i n p u t - o u t p u t  r e l a t i o n s  may be f o r m a l l y  descr ibed by t h e  

f o l l o w i n g  r e l a t i o n s .  

The t r a n s m i t t a n c e  g o ( t )  i n  formula (11)  repre-  
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where "*" means c o n v o l u t i o n  and 

K e  - number o f  e x c i t i n g  i n p u t s ,  

K i  - number o f  i n h i b i t i n g  i n p u t s ,  

- e x c i t i n g  s i g n a l s  a t  t h e  i n p u t  " k " ,  e, ( t )  
k 

e i  ( t )  - i n h i b i t i n g  s i g n a l s  a t  t h e  i n p u t  I l k" ,  
k 

g e ( t )  

g o ( t )  

- e q u i v a l e n t  t r a n s m i t t a n c e  o f  e x c i t i n g  channels, 

- e q u i v a l e n t  t r a n s m i t t a n c e  o f  i n h i b i t i n g  channels. 

I t  i s  p o s s i b l e  t o  w r i t e  d i f f e r e n t i a l  equat ions f o r  these models, bu t  

i t  i s  much e a s i e r  and f a s t e r  t o  c a l c u l a t e  i n t e g r a l s  on t h e  computer than 

t o  so l ve  d i f f e r e n t i a l  equat ions.  Moreover an analog model o f  such a 

system i s  e a s i e r  t o  c o n s t r u c t  u s i n g  t h e  form o f  Eq. (11). 

The t r a n s m i t t a n c e  (ge) o f  an i n e r t i a l  element may be ob ta ined  u s i n g  

o p e r a t i o n a l  ca l cu lus .  (See F i g .  6 ) .  

where 

An ana 

R1 C1 ; -9 = R2 C2 . 
og imp ementat ion o f  a net  composed o f  such elements i s  n o t  d i f f i c u l t .  

The s t a b i l i t y  f o r  s low frequency v a r i a t i o n  o f  parameters and r e f e r -  

ence va l  ues can be cons ide rab ly  improved i i s i  rig t h e  a d d i t i o n a l  feedback 

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

F o r  gang l i on  c e l l s  we have t o  add t h r e s h o l d  elements and a p u l s e  

genera to r .  The model o f  a gang l i on  neuron i s  presented i n  Fig.  9. It i s  

aga in  s i m p l i f i e d  b u t  s u f f i c i e n t  t o  rep resen t  t h e  e x i s t i n g  dynamic and 

n o n l i n e a r  p r o p e r t i e s  o f  ope ra to r  g I I (  * )  i n  Eq. (1). 
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The i n p u t - o u t p u t  r e l a t i o n s  f o r  F ig .  9 may be summarized as 

There are  t w o  general  t h e o r i e s  concern ing such pu lse  coding, The 

f i r s t  one assumes t h a t  s i g n a l s  are t ransmi  t t e d  th rough nerve f i  hers  by 

p u l s e  f requency modulat ion.  It means t h a t  t h e  ampl i tude of t h e  s i g n a l  i s  

represented  by an instantaneous frequency 9 of generated pu lses :  

where q t )  = k W t )  (14 )  

and 

( d e f i n e d  o n l y  f o r  t = t i  where: A t ( t i )  i s  t h e  d i s t a n c e  between t h e  

pu lses  i -1 and i.) The i n t e g r a t i n g  c i r c u i t s  of t h e  next  stages smooth 

these  d i s c o n t i n u i t i e s  and u s u a l l y  we assume "y ( t i )  y j  t%(t ) .  

The second theo ry  i s  much more con ip l i ca ted  and assumes t h a t  we must 

cons ide r  p u l s e - p o s i t i o n  coding. A s i g n a l  i s  coded by t h e  exact  p o s i t i o n  

o f  every pu l se  i n  a sequence o f  pu lses t r a n s m i t t e d  through nerve f i b e r s .  

There i s  l i t t l e  evidence t h a t  t h i s  method o f  cod ing  r e a l l y  e x i s t s  i n  t h e  

v i s u a l  system e s p e c i a l l y  f o r  "b lack-gray-wh i te"  v i s i o n .  

Equat ions 7 t o  14 may be presented i n  a s imp le r  form, convenient  f o r  

v i  sua1 da ta  process ing.  For h o r i z o n t a l  , b i  p o l a r  and amacrine c e l l  s we 

present  t h e  o u t p u t - i n p u t  r e l a t i o n  i n  t h e  form o f  a l i n e a r  opera tor  L ( e ) :  
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where ~ ~ ( t )  i s  a v e c t o r  r e p r e s e n t i n g  a l l  i n p u t  e x c i t a t i o n  s i g n a l s :  

T 

ke  
and : 

( i s  t h e  same f o r  i n h i b i t i o n  s i g n a l s ) .  

Fo r  t h e  gang l i on  c e l l s  we have a s e r i e s  connect ion o f :  

1. a l i n e a r  p a r t  

2. a n o n l i n e a r  p a r t ,  and 

3. some de lay  ~ d .  

w y ( t + T )  = N(I.. e&), -1 e + ) )  

where N { * )  i s  a n o n l i n e a r  t h r e s h o l d  ope ra to r  desc r ibed  by Ey. (13 ) .  

n te rcannec t ions  i n  t h e  Ret ina 

0 es p i t e i n t en s i v e ne u r o p hy s i CP 1 o y .i c a 1 i n ves t  i g a t  i on s o f  i n t e r r e g i on a 1 

connect ions i n  t h e  r e t i n a  [see, S. I-. Polyak 1957 o r  R. W. flodieck (1973)],  

t h e  e x i s t e n c e  o f  severa l  types o f  connect ions and t h e i r  cha rac te r  i s  s t i l l  

u n c e r t a i n .  Therefore severa l  models of  t h e  r e t i n a  pub1 i s h e d  p r e v i o u s l y  

(M. N. O g u z t l i r e l i  1983, R, Sirnonofi’ 1983, J.  C. Cur ldnder  e t  a l .  1983, R. 

E .  Kronzauer and Y. Zeevi 1985) d i f f e r  f rom each o the r .  Most probably,  t h e  

au tho rs  used d i f f e r e n t  n e u r o p h y s i o l o g i c a l  sources and chose d i f f e r e n t  sjin- 

p l i f i c a t i o n s .  It i s  thus necessary t o  cons ide r  t h e i r  op in ions  and s e l e c t  

on l y  connect ions which seem t o  be impor tan t  f o r  t h e  c u r r e n t  e f f o r t .  
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I n  Fig.  10 we present  a summary o f  t h e  most conv inc ing  i n f o r m a t i o n  

about r e t i n a l  connect ions.  Th is  f i g u r e  presents  a one-dimensional c ross-  

s e c t i o n  o f  t h e  r e t i n a .  Ne assume t h a t  a c ross -sec t i on  i n  any d i r e c t i o n  

g i ves  t h e  same image. That nleans we have c i r c u l a r  o r  oblong symmetry i n  

s t r u c t u r a l  o rgan iza t i on .  No t i ce  t h e r e  i s  no d i r e c t  mutual i n f l u e n c e  between 

receptors ,  bu t  t h e r e  i s  impor tan t  i n d i  r e c t  i n f l u e n c e  th rough a second 

1 ayer  o f  h o r i  zon ta l  c e l l  s. Hor i  zon ta l  c e l l  s have long  connect ions and 

p e r m i t  dynamic processes t o  be represented by de lays  and l a r g e  t i m e  

cons tan ts  exceeding 100 msec. H o r i z o n t a l  c e l l s  a re  a l s o  e x c i t e d  by pho- 

t o r e c e p t o r s ,  and they  e x e r t  i n h i b i t i o n  on o t h e r  photoreceptors .  As we 

m n t i o n e d  p r e v i o u s l y  these i n f l u e n c e s  cause a nega t i ve  feedback l oop  

c o n t r o l l i n g  l o c a l  s e n s i t i v i t y  when a s t rong  s i g n a l  i s  a p p l i e d  t o  a sma l le r  

group o f  photoreceptors .  

No t i ce  t h a t  each b i p o l a r  c e l l  i s  connecled w i t h  a group o f  photore-  

cep to rs .  A group o f  photoreceptors  which i n f l u e n c e s  a g iven c e l l  we c a l l  

a " r e c e p t i v e  f i e l d " .  I n  t h e  r e t i n a  r e c e p t i v e  f i e l d s  have c i r c u l a r  symmetry 

(see F ig,  11). H b i p o l a r  c e l l  may be e x c i t e d  by a group o f  photoreceptors  

p laced j u s t  oppos i te  (above) the  c e l l  and i n h i b i t e d  by recep to rs  p laced 

more p e r i p h e r a l l y ;  t h a t  i s ,  i n  a r i n g  around t h e  center .  Th is  i s  an 

"ON-center" r e c e p t i v e  f i e l d  causing l a t e r a l  i n h i b i t i o n .  Reversed o rgan i -  

z a t i o n  or  i n h i b i t i o n  f rom t h e  cen te r  and e x c i t a t i o n  f rom t h e  pe r iphe ry ,  i s  

c a l l e d  an "OFF-center" r e c e p t i v e  f i e l d  causing l a t e r a l  e x c i t a t i o n .  

l h e r e  a re  a t  l e a s t  two k inds  of b i p o l a r  c e l l s :  

1. E x c i t a t o r y  (we assume a p o s i t i v e  ou tpu t  s i g n a l ) .  

2. I n h i b i t o r y  (we assume a nega t i ve  ou tpu t  s i g n a l ) .  
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I n  neuroanatomy t h e r e  a re  a minimum o f  f i v e  d i f f e r e n t  k i n d s  o f  

b i p o l a r  c e l l s  b u t  t h e i r  f u n c t i o n a l  d i f f e r e n c e  i s  n o t  c lea r ,  I n  our  f i r s t  

y e a r ' s  "b lack-gray-wh i te"  models we do n o t  have s u f f i c i e n t  j u s t i f i c a t i o n  t o  

i n t r o d u c e  any more b i p o l a r  ce l l  types.  The nex t  l a y e r  c o n t a i n i n g  amacrine 

c e l l s  i s  o rgan ized i n  a s i m i l a r  way, b u t  t r a n s i e n t  s i g n a l s  p l a y  a more 

i m p o r t a n t  r o l e .  I n  some animals  bo th  ON-center and OFF-center amcrine 

c e l l  o r g a n i z a t i o n s  were found, b u t  t h e  ON-center' o r g a n i z a t i o n  i s  b e t t e r  

conf i rmed.  The l i k e l y  r o l e  o f  t h e  ON-center o r g a n i z a t j o n  i s  t o  generate a 

so c a l l e d  p h a s i c  r e a c t i o n .  A phasic. r e a c t i o n  means t h a t  t h e  t r a n s i e n t  

r e a c t i o n  (see F ig.  4) t o  a square wave s i g n a l  is  much s t r o n g e r  than t h e  

s teady s t a t e  r e a c t i o n  ( t h e  DC comporlent). Such c e l l s  emphasize da ta  t h a t  

cap tures  changes i n  an image and serld then1 t o  h i g h e r  l e v e l s  o f  t he  neura l  

system, 

I f  we t a k e  i n t o  account smal l  eye movements descr ibed i n  t h e  p rev ious  

s e c t i o n ,  we see t h a t  r e a l l y  a l l  s i g f l a l s  coming f rom photoreceptors  vary 

even w i t h  cons tan t  images. These v a r i a t i o n s  cause a modu la t ion  o f  i n p u t  

s i g n a l s  t o  t h e  v i s u a l  system and are  less dependent on s low changes sf 

system parameters. 

The l a s t  l a y e r  i s  composed o f  "gang l i on  c e l l s " .  They are  s t r o n g l y  

n o n l i n e a r  w i t h  t h r e s h o l d  c h a r a c t e r i s t i c s .  The ou tpu t  s i g n a l s  from 

g a n g l i o n  c e l l s  have s h o r t  p u l s e  shapes ( 

These pu lses  a re  t r a n s m i t t e d  th rough t h e  o p t i c  nerve t o  t h e  c e n t r a l  p a r t  

o f  t h e  b r a i n .  

msec) Of 

As a f i r s t  approx imat ion,  gang l i on  c e l l s  may be d i v i d e d  i n t o  t h r e e  

groups ( i g n o r i n g  phas ic  o f f - cen te r  c e l l s )  a l though over  13 types have been 

i d e n t i f i e d :  
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1. Tonic  ON-center c e l l s  r e a c t i n g  p o s i t i v e l y  t o  s i g n a l s  f rom 

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

p e r i p h e r y  ( o u t e r  r i  ng) . 
2. Tonic  OFF-center r e a c t i n g  i n  j u s t  t h e  oppos i te  way as t h e  

p rev ious  group ( t h e  c e l l s  i n  t h e  pe r iphe ry  o f  t h e  r e c e p t i v e  f i e l d  a re  

i n h i b i t e d  by c e l l s  i n  t h e  cen te r  o f  t h e  r e c e p t i v e  f i e l d ) ,  

3. Phasic ON-center gang l ion  c e l l s  which have a s i m i l a r  o rgan i -  

z a t i o n  t o  t h e  r e c e p t i v e  f i e l d  o f  the  t o n i c  ON-center c e l l s .  

The main d i f f e r e n c e  i s  t h a t  t h e  phas ic  c e l l s  have a much s t r o n g e r  

t r a n s i e n t  component and t h e  r e a c t i o n  f o r  a cons tan t  s i g n a l  i s  very  weak. 

Summary o f  I n te rconnec t ions  i n  the Ret ina  -.I 

I n  conc lus ion  t h e  most impor tan t  f e a t u r e s  o f  i n t e r c o n n e c t i o n  are:  

1. P a r t i a l  m u l t i l a y e r  symmetry. 

2. Mutual connect ions r e s u l t i n g  i n  r e c e p t i v e  f i e l d s  (mutual  

i n h i b i t i o n  and mutual  e x c i t a t i o n ) .  

3. Local  dynamic processes t h a t  reac t  t o  any sudden changes i n  v i s u a l  

data.  

4. Approx imate ly  l i n e a r  summation o f  s i g n a l s  i n  t h e  f i r s t  f o u r  l a y e r s  

( u n t i l  t h e  gang l ion  c e l l s ) ,  and a s t r o n g  n o n l i n e a r  r e a c t i o n  t h e r e a f t e r .  

Our problem then i s  t o  s e l e c t  t h e  s imp les t  model f o r  connect ions and 

parameters which s t i l l  ma in ta ins  t h e  p r o p e r t i e s  impor tan t  f o r  v i  sua1 da ta  

process ing.  Next we w i l l  p resent  two approaches t o  r e t i n a l  models. 
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3.3. The S t a t i c  L i n e a r  Operator Equat ions 

L a t e r a l  I n h i b i t i o n  i n  R e t i n a l  V i s i o n  

L a t e r a l  i n h i b i t i o n  as d iscusssed i n  t h e  p rev ious  s e c t i o n  performs 

c e r t a i n  mechan is t i c ,  image sharpening f u n c t i o n s .  The amount o f  i n h i b i t i o n  

which a pho to recep to r  e x e r t s  on i t s  ne ighbors i s  determined by t h e  amount 

o f  l i g h t  f a l l i n g  upon it. Therefore,  t h e  amount of i n h i b i t i o n  sent ou t  by 

a s t r o n g l y  i l l u m i n a t e d  pho to recep to r  i s  g r e a t e r  t han  t h a t  which i s  

receiived f rom i t s  more weakly i l l u m i n a t e d  neighbors.  This  process r e s u l t s  

i n  an enhancement o f  edges. 

Evenly  i l  l i i r r i inated photoreceptDrs 1-i kewise i n h i b i t :  each o t h e r  so 

l a r g e  harnogeneous areas o f  i l l u m i n a t i o n  where t h e r e  i s  l i t t l e  i n f o r m a t i o n  

c o n t e n t  t end  t o  be suppressed. Al though l a t e r a l  i n h i b i t i o n  i s  s imple i n  

concept,  f i g u r i n g  ou t  an a c t i v a t i o n  l e v e i  f o r  a l l  t h e  pho to recep to rs  

becomes d i f f i c u l t  i n  p r a c t i c e .  This  is  because i n  real b i o l o g i c a l  systems, 

even though each pho to recep to r  d i  r e c t l y  i n h i b i t s  o n l y  i t s  neighbors e Each 

o f  these neighbors,  i n  t u r n ,  i n h i b i c s  t h e i r  neighbors and so on. For 

example, i n  Fig.  12 photorece t o r  A i n f l u e n c e s  pho to recep to r  B ,  photore-  

c e p t o r  B i n f l u e n c e s  pho to recep to r  C ,  pho to recep to r  C i n f l u e n c e s  photo- 

r e c e p t o r  D, and so f o r t h ,  U l t i m a t e l y ,  pho to recep to r  A has i n d i r e c t  

i n f  1 uence upon pho to recep to r  K. 

The p ropoga t ing  e f f e c t s  o f  l a t e r a l  i n h i b i t i o n  can be seen i n  e l e c t r o -  

p h y s i o l o g i c a l  reco rd ings  [ f o r  example i n  t h e  p l o t  of the  compound eye o f  

t h e  L imulus (Horseshoe c r a b ) ]  i n  F i g .  13. The dashed l i n e  represents  t h e  

i m p i n g i n g  l i g h t  i n t e n s i t y  d i s t r i b u t i o n ,  t h e  open c i r c l e s  t h e  chemical 
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convers ion  f rom l i g h t  i n t e n s l ’ t y  u n i t s  t o  neura l  a c t i v a t i o n  u n i t s ,  and t h e  

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

I f  f o r  s i m p l i c i t y  b~e assume a t o t a l l y  connected network (i.e., a l l  

i n h i b i t i o n  i s  passed d i r e c t l y  t o  t h e  e l e c t e d  neuron5) t h e  i n h i b i t i o n  pro-  

cess can be descr ibed by t h e  f o l l o w i n g  system o f  simultaneous equat ions.  

L e t :  a = a cons tan t  which conver ts  f rom l i g h t  i n t e n s i t y  u n i t s  t o  

neura l  a c t i v a t i o n  u n i t s ,  

i = the  l i g h t  i n t e n s i t y  s t r i k i n g  a photoreceptor ,  

x = t h e  ou tpu t  o f  a photoreceptor ,  

j = t h e  coluinn i n  which a photoreceptor  i s  loca ted ,  

1 I= t h e  row i n  which a photoreceptor  i s  loca ted ,  

k = ( j , 1 )  ( j + m , l + n )  = i n h i b i t o r y  cons tan t  between phot.oreceptor 

( j , 1 ) and photo  recep to r  ( j +in, 1 + ~ r  ) . 
Then, 

x ( j , R )  = a i ( j , E )  - k ( j , E ) ( j + l g R ) x ( j + l , R )  

- k ( , j ,  N j - W x ( j - L P , l  - k ( j  ,W, 
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The above equat ions a re  s imp ly  a mod i f i ed  ( t h r e s h o l d  f a c t o r  o m i t t e d )  form 

o f  t h e  l a t e r a l  i n h i b i t i o n  equat ions f i r s t  proposed by H a r t l i n e  and R a t l i f f .  

The s o l u t i o n  of such a system (of equat ions,  a l t hough  s t r a i g h t f o r w a r d  

i n  theo ry ,  becomes d i f f i c u l t  i n  p r a c t i c e  if the systein i s  very  l a r g e ,  We 

would ac tua l ly  l i k e  t o  solve a system o f  a m i l l i o n  (1000 x 1000 a r r a y  o f  

p h o t o r e c e p t o r s )  equat ions each hav ing a m i l l i o n  terms. However, t h e  present  

s t a t e - o f - t h e - a r t  f o r  a d i r e c t  solut‘on i n  a reasonable amount o f  t i m e  i s  

o n l y  a few thousand equa t ions  each h a v i n g  a few thousand terms. Therefore,  

as discussed i n  t h e  next  s e c t i o n ,  i t .  was necessary t o  mod i f y  t h e  dbove 

equa t ions  by making a s i m p l i f y i n g  a5sumption about symmetries and t o  then  

a t tempt  a s o l u t i o n  u s i n g  a c o m p u t a t i o n a l l y  e f f i c i e n t  method, 

The S o l u t i o n  of the  L a t e r a l  Inhibition Equat ions 

To implement these  ideas i n  a s o l v a b l e  form, we assume a square 

a r r a y  o f  r e c e p t o r s  l o c a t e d  a t  t h e  l a t t i c e  p o i n t s  = ( , j , k ) 9  0 < j  ~P4-1, 

O G k  4-1. 

v e c t o r  o f  i n t e n s i t i e s  a f t e r  t h e  l a t e r a l  i n h i b i t i o n  process Y = CY,*] v i a  

-+ 
A v e c t o r  o f  i n c i d e n t  i n t e n s i t i e s  P = [ P i ]  i s  r e l a t e d  t o  t h e  

-+ 

a l i n e a r  t r a n s f o r m a t i o n  m a t r i x  A: 

Because of  t h e  p h y s i c a l  process i nvo l ved ,  t h e  m a t r i x  A i s  not comp le te l y  

a r b i t r a r y ,  b u t  r a t h e r  has a ve ry  s p e c i a l  form. I t  i s  p h y s i c a l l y  

reasonable t h a t  t h e  i n h i b i t i o n  betwezn two recep to rs  

~2 = ( j 2 ,  k l )  o r  x2 = (j2, k z )  depend o n l y  on t h e i r  r e l a t i v e  p o s i t i o n  

v e c t o r  ( j l - j z ,  k l - k 2 ) .  For example, t h e  i n h i b i t i o n  r e l a t i n g  t h e  s i t e s  

(O,O) and ( 1 , l )  i s  t h e  same as t h a t  f o r  t h e  p a i r  { ( 1 5 1 ) ,  ( 2 , 2 ) ) ,  w h i l e  

t h e  same i s  t r u e  f o r  t h e  two s tep  pa. i rs  { ( O , O ) ,  ( 0 , 3 ) )  and { ( 2 , 2 ) ,  (2,511. 

= ( j 1 ,  k l )  and  

+ %- 
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Th is  c o n s t r a i n t  i s  r e f l e c t e d  i n  t h e  s t r u c t u r e  o f  m a t r i x  A. I f  t h e  m a t r i x  

elements a r g  denoted by a;,; ( r e p r e s e n t i n g  t h e  i n h i b i t i o n  connect ing  

t h e  s i t e s  x' and y', , then f o r  any f such t h a t  x* + t and y* + z' are  a l s o  

recep to rs  (i .e. t h e  coord ina tes  s a t i s f y  t h e  c o n s t r a i n t s  O C j  G N - 1 ,  OGk cN-1) 

then a;+:,;+:= a,+,; ( 2 )  

( I n  f a c t  these i s  f u r t h e r  symmetry p resent ,  b u t  t h i s  w i l l  be i gno red  f o r  

t h e  moment). 

The p r o v i s i o n  t h a t  x" -b t and y' t t a l s o  be p i x e l s  i s  needed because 

o f  the f i n i t e  s i z e  o f  the  ar ray ,  and t h i s  c o n d i t i o n  makes the  mathematics 

cons ide rab ly  more d i f f i c u l t .  A reasonable approx imat ion,  c o n s i d e r i n g  t h e  

number o f  p i x e l s  p resent  i n  t h e  r e t i n a ,  i s  t o  a l l o w  t h e  system t o  be 

i n f i n i t e  i n  ex ten t  ( - -  < j  <m, -- <k <-). The m a t r i x  A then becomes t r a n s -  

l a t i o n a l l y  i n v a r i a n t :  Eq. (2 )  ho lds  f o r  any x, y ,  z. Because o f  t h e  

t r a n s l a t i o n  i nva r iance ,  t h e  i n f i n i t e  m a t r i x  A i s  mathemat ica l l y  much more 

+ * - +  

t r a c t a b l e .  
.. 

TO s o l v e ,  we d e f i n e  t h e  F o u r i e r  Transform o f  a vec to r  [R($)] of  a 

Vec'tOf- R = [$;I by* 

o f  t h e  m a t r i x  A i s  g iven  by: 

Both I? and Â  are  complex va lued f u n c t i o n s  o f  t h e  v a r i a b l e  s. The 

m a t r i x  m u l t i p l i c a - t i o n  [Eq. (111 i n  " r e a l  space" has t h e  form o f  a con- 

v o l u t i o n  (as was d iscussed i n  Chapter 2)  and under F o u r i e r  Transformat ion,  
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+ 
c o n v o l u t i o n  becomes s imple m u l t i p l i c a t i o n .  I n  "q-space". Equat ion (1) i s  

t h e r e f o r e  

Since t h i s  i s  j u s t  a m u l t i p l i c a t i o n  o f  f u n c t i o n s ,  

and the  rea l  space v e c t o r  Y = Cy;] can be ob ta ined  by an i n v e r s e  F o u r i e r  

Transformat ion.  Thus, once t h e  m a t r i x  A i s  known t h e  system o f  l i n e d r  

equa t ions  (1) can be e a s i l y  s o l v e d  dnd t h e  t r a n s f o r m a t i o n  e f f e c t  o f  this  

o p e r a t i o n  on a p a t t e r n  car1 be computed .  

Moreover s i n c e  Eq. ( 5 )  can a lso  be w r i t t e n  as 

i f  bo th  R and K were known and K f 0 ,  t hen  A can be coniputed. P h i s  i s  

i n  f a c t ,  t h e  procedure t h a t  has been f o l l o w e d  u s i n g  a s e r i e s  o f  s u b j e c t i v e  

i l l u s i o n s  (see Chapter 4 ) .  I n  t h i s  case t h e  i n c i d e n t  i l l u s i o n  i n t e n s i t y  

r,+ i s  e i t h e r  0 ( w h i t e )  or 1 ( b l a c k ) ;  t h e  values f o r  Y were ob ta ined  

e x p e r i m e n t a l l y  by ask ing  s u b j e c t s  t o  gauge the  b r i g h t n e s s  o f  t h e  illusory 

e f f e c t s .  The procedure f o r  o b t a i n i r g  t h e  v a l u e s  f o r  Y i s  d iscussed in 

d e t a i l  i n  Chapter 4 and t h e  g raph ic  r e s u l t s  ob ta ined  a re  presented. F i r s t  

however, we w i l l  complete t h e  matherniatical d i scuss ion  o f  r e t i n a  model ing 

by p r e s e n t i n g  a second approach t o  simulating t h e  e f f e c t s  o f  e a r l y  r e t i n a l  

l a y e r s .  This  approach w i l l  cons ider  n o n l i n e a r  and dynamic c h a r a c t e r i s t i c s  
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n o t  captured by a s i n g l e  l a t e r a l  i n h i b i t i o n  m a t r i x .  The mathematics are 

cons ide rab ly  more complex and readers can go d i r e c t l y  t o  Chapters 4 and 5 

f o r  sunitnary statements i f  des i  red.  

3.4. The Gawronski Model 

a themat i ca l  D e s c r i p t i o n  __. o f  t h e  M u l t i l a y e r  Net M o d e l l i n g  R e t i n a l  
Processes 

As mentioned i n  t h e  i n t r o d u c t i o n ,  t h e  r e t i n a  i s  a m u l t i l a y e r  s t r u c -  

t u r e .  Such a s t r u c t u r e  i s  very u s e f u l  i f  one deals  w i t h  p a r a l l e l  m u l t i -  

channel s i  gnal s. Mu1 t i 1 ayer  organi  z a t  i on means t h a t  neuron c e l l  s are 

d i s t r i b u t e d  on p a r a l l e l  sur faces.  From a f u n c t i o n a l  p o i n t  o f  view, those 

su r faces  may be t r e a t e d  as p a r a l l e l  planes. The most impor tan t  p r o p e r t y  

o f  such organi  z a t  i on i s  t h a t  t he  connect ion r u l e s  and parameters between 

two s i m i l a r  neura l  elements are t h e  same ( e x c l u d i n g  some boundary 

e f f e c t s ) .  I n  t h e  r e t i n a  we noted c i r c u l a r  syniiiietry i n  t h e  r e c e p t i v e  

f i e l d s  r e f l e c t e d  i n  a c i r c u l a r  symmetry o f  neu ra l  connect ions.  Some 

examples o f  l a y e r s ,  shown i n  a one-dimensional cross s e c t i o n  a re  presented 

i n  F ig .  14. The s imp les t  c o n f i g u r a t i o n  i s  shown i n  F i g .  14a where every 

element o f  t h e  f i r s t  l a y e r  sends s i g n a l s  t o  a group o f  elements i n  t h e  

second l a y e r .  No feedback loop e x i s t s  i n  t h i s  c o n f i g u r a t i o n .  Such a n e t  

may be descr ibed by t h e  r e l a t i o n :  

Here on ly  t h e  i n f l u e n c e  from t h e  nearest  neighbors i s  assumed as i n  

Sec t i on  3.2. I f  t h e  range of mutual i n f l u e n c e  i s  g r e a t e r  than one ( f o r  

example, i t  i s  equal t o  "h")  we have t h e  r e l a t i o n .  
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where : 

as - C o e f f i c i e n t  o f  i n f l u e n c e  from a c e l l  i n  t h e  f i r s t  l a y e r  

which i s  s h i f t e d  f rom c e l l  k by " s "  elements. 

ek+s - value o f  e x c i t a t i o n  ( o u t p u t  froin t h e  f i r s t  l a y e r )  o f  c e l l  

number Ilk-& 'I (. 

I n  Fig. 20b we have a ane l a y e r  net  w i t h  mutual connect ions t h a t  forin 

many feedback loops.  The r e l a t i o n  between t h e  i n p u t  "e"  and ou tpu t  " X I '  

i s  now d e f i n e d  by t h e  equat ion:  

or f o r  more connect ions:  
s=h 

s=-h 
Xk = asxk+s bek 

'1-hus we generate a s e t  o f  Ilk'' equat ions assuming t h a t  "as1' and "b" a re  

cons tan t  and k = t h e  # o f  elernents. These equat ions may be presented i n  

m a t r i x  form a s :  

x = A x + be - - 
where: A i s  a m u l t i d i a g o n a l  band m a t r i x :  

and ..__ x i s  a vec to r  o f  ou tpu t  values x. 

if as = a - s 9  m a t r i x  A i s  then symmetric which leads t o  some i n t e r e s t i n g  

p r o p e r t i e s  cons i dered 1 a t e r  e 



I n  F ig .  14c, feedback from l a y e r  I1 t o  l a y e r  I i s  in t roduced.  These 

more complex i n p u t - o u t p u t  r e l a t i o n s  a re  desc r ibed  by t h e  r e l a t i o n s .  

and a re  e q u i v a l e n t  t o  a s i n g l e  e 

Th is  equa t ion  as a l s o  e q u i v a l e 7 t  t o  Eq. (19) .  We see then  t h a t  

t h e  ne ts  presented on Fig.  14b and 14c are  desc r ibed  by e q u i v a l e n t  equat ions 

and have t h e  same p r o p e r t i e s .  The s t r u c t u r e  presented i n  F ig .  14c i s  

s i m i l a r  t o  t h e  connect ions between pho to recep to rs  and amacr ne c e l l s .  

Sorne dynamic p r o p e r t i e s  o f  t h i s  s t r u c t u r e  w i l l  a l s o  be cons dered l a t e r .  

N o t i c e  t h a t  two main types of l a y e r  connect ions e x i s t :  one w i t h o u t  

feedback, t h e  o t h e r  w i t h  fee  

A s i m i l a r  o r g a n i z a t i o n  e x i s t s  . '~r two-dimensional nets .  I n  F i g .  15 

t h e  connect ions o f  a two- laye r  n e t  w i t h o u t  feedback a re  presented. For 

mathematical  convenience we have i n t r o d u c e d  a m a t r i x  l i k e  

o f  elements. Connect ion c o e f f i c i e n t s  V,, w i l l  be c a l l e d  ""input weights  

and they  rep resen t  t h e  t r a n s m i t t a n c e  between elements f rom t h e  f i r s t  t o  

t h e  second l a y e r .  I n d i c e s  "r"  and "5" denote co r respond ing ly  how many 

columns and rows a re  s h i f t e d  f rom t h e  source c e l l  ( l a y e r  I )  t o  t h e  d e s t i n a -  

t i o n  c e l l  ( l a y e r  11). The maximum d i s t a n c e  f o r  which connect ions e x i s t  

i s  "range h", t h a t  i s :  

O G r q h  a n d Q 6 ; s G h  (25 )  
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E a r l i e r  i n  t h e  background d i s c i s s i o n  we noted t h e  c i r c u l a r  sy 

o f  r e t i n a l  connect ions,  b u t  i n  h i g h s r  l e v e l s  o f  t h e  v i s u a l  system, t.here 

i s  a more general  r u l e  o f  symmetry lrlescribed by t h e  r e l a t i o n :  

c a l l e d  r a d i a l  symmetry. O p e r a t i o n a l l y  r a d i a l  symmetry means t h a t  moving 

a long  a l i n e  away from t h e  c e n t e r  i n  bo th  d i r e c t i o n s  we a r r i v e  a t  same 

values o f  weights  u a t  equal d i s tances .  

The i n f l u e n c e  o f  elements of column k i n  t h e  f i r s t  l a y e r  on t h e  

second l a y e r ,  may be desc r ibed  by an equa t ion  s i m i l a r  t o  (18). For row 

"i" and column " k "  we g e t :  

1 =h 
Xoi ,k 1 Y,o  e i t l y k  where X o i  , k  i s  a s i n g l e  o u t p u t  ( 2 7 )  

1 =-h 

o r  i n  m a t r i x  n o t a t i o n :  

where: 

X o  = Vo E 

x0 = [Xoik ]  = m a t r i x  o f  ou tpu ts  

V o  = m a t r i x  o f  weights  

E = m a t r i x  o f  i n p u t s  

when o n l y  i n f l u e n c e s  from t h e  same column a re  taken i n t o  account. 
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V, - i s  a rnu l t id iagona l  m a t r i x  w i t h  o n l y  2 h + l  nonzero d iagonals .  

r e p r e s e n t s  o n l y  i n f l u e n c e s  f r o m  column I lk" elements j u s t  above the  column 

o f  i n t e r e s t .  

i t  
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The i n f l u e n c e  from any o t h e r  column s h i f t e d  by s r i g h t  o r  l e f t  may 

a l s o  be represented by a s i m i l a r  m a t r i x  of weight  i l , .  

Us= 

............ 0 .... 1s ZS hs 

............ 0 0s Is h-is hs 

IS OS IS ..e. .... " " * e  .... 
........ ................ .... . . a .  .... 
........ ................ .... .... .... 
.".. *.e. ................ .... .... .... 
........ ................ .... .... ..". 
........ ................ .... .... .... 
........ ................ .... .... . . e 8  

........ . m e .  .... hs h - 1 ~  1s s IS 

........ ............ D I D @  .... .... 

........ ................ a * * *  .... .... 

........ ................ . . e *  .... .... 

........ ................ .... .... .e.. 

0 .... ........ 0 

0 .... ............ 0 
c- 

.... hS Is os 

.... IS ..e* 

To c a l c u l a t e  t h e  i n f l u e n c e  o f  a column s h i f t e d  by "s" p o s i t i o n s ,  we 

must m u l t i p l y  corresponding ou tpu ts  f rom the f i r s t  l a y e r  ej,kts , 
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(where i - h  < j < i + h )  by corresponding weights o f  t h e  s h i f t e d  m a t r i x  

v,. 
( s h i f t e d  by " s "  columns l e f t  OF r i g h t ) .  

To place t h i s  o p e r a t i o n  i n  m a t r i x  form we i n t r o d u c e  a m a t r i x  E, 

.. 

.. 

.* 

0 

0 
I 

s Column 

...... ..... t el,s+ l  q , s + 2  * - * * *  e1,m O 

e2,m 0 ..... ...... ..... Es - - r I e2,s+1 e2,s+2 

............................................................. 

............................................................. 

............................................................. 
..... ...... 0 ..... en ,s+l en ,s+2 ,m 

S h i f t i n g  a u n i t  d iagonal  m a t r i x  l e f t  o r  r i g h t  we can o b t a i n  pos t  

m u l t i p l i c a t i o n  o f  E by use o f  a " s h i f t i n g  m a t r i c e "  o r  so c a l l e d  "permuta- 

t i o n  ma t r i ces "  H and F: 

H =  

1 0 0 ... 

..................... 
............ 0 1 0 

............ 0 0 1 

.................. 0 

---t 

... ::: : 4 0 0 

0 0 ... 
1 0 ... ... 0 

............................ 

............................ 

............................ 

................. 

....... \ 0 1 4 ......... 
1 0  
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F u r t h e r  s h i f t s  may be ob ta ined  by r a i s i n g  m a t r i x  H ( o r  F) t o  a 

co r respond ing  power e.g., 2 , 3 ,  ...$ k ,  Therefore we can i n c l u d e  t h e  

i n f l u e n c e  from a column r i g h t  s h i f t e d  by " s "  by i n t r o d u c i n g  t h e  component: 

(33) X s  = V s * E a H s  . 
Correspondingly ,  t h e  i n f l u e n c e  from a column sh i f t ed  l e f t  by 'Is" 

means t h e  a d d i t i o n  o f  a component: 

(34)  X-S = V s * E a F S  . 
There fo re  t h e  r e s u l t i n g  i n f l u e n c e  X f rom a l l  columns may be ex- 

pressed by a m a t r i x :  

x = V ~ E F ~  + v ~ - ~  ~ ~ h - 1  +. ..* + V ~ E F ~  t V ~ E F  + V,E 

( 3 5 )  t V l E H  + VzEHE + ... ~h-1EMk-1  + v ~ E H ~  

o r  i n  s h o r t e r  form: 

X = V,E + V i  E[F+H) f V2E [F2 -? H2] -I- ... 
... + VhE LFh f Hh] . 

To s i m p l i f y  n o t a t i o n  again we i n t r o d u c e  t h e  o p e r a t i o n  X d e f i n e d  by 

formula (36)  : 

(36)  

o r  w r i t t e n  i n  e x p l i c i t  form as: 

s=h r=h  

S=-h 
"rs @ i + r , j t s  1 

r = - h  
L - X i j  - (37) 

The main advantage of the  n o t a t i o n  o f  formulas 25-37 w i t h  respec t  

t o  t h e  s i m p l e r  n o t a t i o n  used in Sec t ion  3.2 (and by some o t h e r  authors 

a l s o )  i s  a ve ry  l a r g e  decrease i n  t h e  o r d e r  of m a t r i c e s  i nvo l ved .  
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For n photoreceptors ,  many authors use square m a t r i c e s  because they  

I n  our  n o t a t i o n  use a separate equa t ion  f o r  every pho to recep to r  element. 

we w i l l  deal w i t h  m a t r i c e s  o f  t h e  o rde r  hi x 4;- . 
assume n = 10 

Every element o f  t h i s  t y p e  o f  m a t r i x  corresponds t o  one i n p u t  or ou tpu t  

element. We can reduce r e l a t i o n s  (35 t o  37)  t o  a s t i l l  s i m p l e r  form as a 

m a t r i x  product.  

i n p u t  and o u t p u t  s i g n a l s ,  t a k i n g  t h e  f i r s t  column, appending t h e  next  

column and so on t o  produce a one-dimensional v e c t o r  f rom a two-dimensional  

For example i f  we 

6 pho to recep to rs  we use m a t r i c e s  o f  t h e  o r d e r  lo3  x lo3. 

For t h i s  purpose we i n t r o d u c e  a new d e s c r i p t i v e  index f o r  

m a t r i x .  We get t h e  vec to rs :  

E =  and 

where: m number o f  rows and 

n number o f  columns 

x =  

Next we i n t r o d u c e  a m u l t i d i a g n n a l  m a t r i x  VII. Every element of t h i s  

m a t r i x  w i l l  now c o n s i s t  o f  one m a t r i x  V, def ined by formula (30). 
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VI I 

.... Vh 0 . e . .  ........ 0 vo "1 v2 

.... Vh 0 ........ 0 v1  vo v 1  v2 

v2 v1 v0 v1  v2 ..e. 0 .".. 0 Vh 

........................ .... .... .... .... 

........................ .... . . e .  .... .... 

........................ .... .... .... .... 

........................ .... .... .... .... 

........................ .... .... .... .... 

........................ .... . . e .  . . I. .... 

........................ ea.. .... .... .... 
1 ........................ ..". .... .... .... 
. . . . . . . . . . . . . . . . . . . . . . . .  ..I. .... .... .... 
........................ .... .... .... .... 

1 . . . ..................... .... .... .... .... 
........................ .... .... .... .... 

........ .... .... i o  0 vh v2 VI VO 

(39) 

Thus r e l a t i o n s  (35 t o  37) are represented i n  a s t i l l  more compact 

form as: 

* E = X  . (40) I 

However m a t r i x   VI^ s t i l l  has dimension mon by m e n  w h i c h  means a 

t e r r i b l e  i n c r e a s e  i n  t h e  computer t i m e  used t o  calculate t h e  processes, 

especially i f  we i n t r o d u c e  n o n l i n e a r i t i e s  and dynamic processes. R e l a t i o n  

(40)  i s  u s e f u l  however f o r  formal  c a l c u l a t i o n s  when we i n t r o d u c e  systems 

w i t h  Feedback loops. 
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Reca 

Using t h e  

1 t h a t  our r e s u l t s  so f a r  a re  cons t ra ined  t o  s t a t i c  s 

mathematical  d e s c r i p t i o n  o f  a neuron g iven i n  Chapter 

t u a t  i ons . 
3.1 WE 

can extend our  r e s u l t s  t o  dynarriie processes and then n o n l i n e a r  outputs .  

To i n t r o d u c e  dynamic p r o p e r t i e s  i n  a n e t  we can use Eqs. (91, (10) 

o r  (11). 

For every s i g n a l  x ( t ) ,  i n  p lace  o f  t he  products  v ~ , ~  *ei+r,j.i.s we 

use t h e  c o n v o l u t i o n  opera t i on .  

e i + r , j t s ( t )  * g r , s ( t )  ( 4 1 )  

where 

Sr,s ( t )  i s  t h e  pu lse  response o f  t h e  t r a n s f e r  f u n c t i o n  Gr,s of t h e  

connect ion which rep laces t h e  value o f  weight  vrs-  

Therefore we can c o n s t r u c t  a. m a t r i x  ope ra to r  G which r e p l a c e s  l r ra t r i x  

V i n  equat ions (35 )  and (36). 

R e s u l t i n g  s i g n a l s  y i , j  (see Fig.  6 and 8) may be now c a l c u l a t e d  

u s i n g  t h e  formal r e l a t i o n  

Y = E @ G  

where: 

¶ 
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i s  a symmetric m a t r i x  o f  ope ra to rs  g t , s  def ined by r e l a t i o n  (!I)$ t h e  

i s  analogous t o  o p e r a t i o n  (35)  b u t  w i t h  a t ransposed o r d e r  

o f  mat  r i  x mu 1 t i  p l  i c a t  i on : 

y = E G, t E ( F + H )  G~ t ... + - E ( F ~  + $ 1 ~ ; ~  (44) 

and 

i s  a m a t r i x  of s i g n a l s  f rom t h e  o u t p u t  of t h e  l i n e a r  p a r t s  of  t h e  neuron 

d e f i n e d  by p o s i t i o n  "i ,j". 

Operat ions (42)  o r  (44)  look complex a t  f i r s t  b u t  a re  s t i l l  much 

s i m p l e r  t han  a s e t  of n*m (n *  f o r  a q u a d r a t i c  m a t r i x )  d i f f e r e n t i a l  

equa t ions  which has been proposed by some authors i n v e s t i g a t i n g  smal l  

p o r t i o n s  o f  t h e  r e t i n a  e.g., ( O g u z t o r e l i  1983, Simonoff  1983). 

Here we have avoided t h e  i n t r o d u c t i o n  of d i f f e r e n t i a l  equa t ions  by 

u s i n g  a c o n v o l u t i o n  i n t e g r a l  (9)  f o r  l o c a l  dynamic processes. It i s  much 

e a s i e r  t o  c a l c u l a t e  a s imple i n t e g r a l  on t h e  computer than  use any wthiod 

f o r  s o l v i n g  d i f f e r e n t i a l  equat ions.  f o r  f u t u r e  analog mode l l i ng ,  t h e  

s o l u t i o n  i s  s t i l l  e a s i e r  because we may use RC c i r c u i t s  a t  t h e  i n p u t  o f  

each neuron. 

I n  t h e  nex t  s teps  o f  r e t i n a  m o d e l l i n g  we take i n t o  account n o n l i n e a r  

processes represented by t h e  t h r e s h o l d  c h a r a c t e r i s t i c s  o f  neurons. They 



a r e  de f i ned  by t h e  second 

t h r e s h o l d s :  
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p a r t  o f  Eq. (13 ) .  I n t r o d u c i n g  a m a t r i x  o f  

d e f i n e d  f o r  every neuron o f  t h e  second l a y e r  we, d e f i n e  a n o n l i n e a r  

ope ra to r :  

I--_....-_ 

I n  most cases we may assume 0 j , j  = 0 cons tan t  and i s  equal f o r  a l l  

neurons, b u t  i n  general  t h e  t h r e s h o l d  may be v a r i a b l e  and represents  some 

adap t i ve  processes i n  t h e  nervous system. 

The f u l l  Model 

Using (46) and (42)  t h e  f i n a l  model o f  a t w o  l a y e r  n e t  w i t h o u t  feed- 

back may be descr ibed by t h e  formula:  

W = N {E X G - T }  

where the  n o n l i n e a r  ope ra t i on  N a c t s  on every element o f  t h e  resu 

m a t r i x :  E @ G  - T. 

I n  most cases i t  i s  s u f f i c i e n t  t o  s imu la te  n o n l i n e a r  propei-t 

neuron by use of t h r e s h o l d  c h a r a c t e r i s t i c s  and s a t u r a t i o n .  

( 4 7 )  

t i  ng 

es o f  a 
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* 

The s i t u a t i o n  ge ts  much more compl icated i f  we cons ide r  feedback 

l oops  formed by mutual connect ions i n  one l a y e r .  For a one-dimensional 

case, an analogous s i t u a t i o n  was co,isiderecl i n  F ig .  14 and Eqs. (20-243. 

A two-dimensional  feedback n e t  i s  presented i n  F ig .  16 b u t  o n l y  t he  

s i m p l e s t  case o f  connect ions between neighbors i s  shown. 

For  a s t a t i c  case we a l s o  i n t r o d u c e  two m a t r i c e s  o f  connect ion weights :  

VI - m a t r i x  o f  connect ions weights  e x i s t i n g  i n  t h e  same l a y e r .  

v2 - mat r i  x o f  connect i on wei g k t s  between success i ve 1 ayers . 

T h e  m a t r i x  o f  o u t p u t  s i g n a l s  W i s  now d e f i n e d  by a s e t  o f  n o n l i n e a r  

a l g e b r a i c  equa t ions :  

W s = N  { V i  X W + V 2 X  E - T }  (49)  

T h i s  i s  a se t  o f  n o m  equat ions because every element o f  t h e  m a t r i x  

W i s  d e f i n e d  by one equat ion.  

I f  t h e  s o l u t i o n  o f  t h i s  equa t ion  e x i s t s ,  then we may d e f i n e  t h e  

o p e r a t i o n  +: 

w, = 4 [ E l  (50)  

* i .e., da ta  p rocess ing  performed by a two-dimensional n e t  w i t h  feedback, 

It i s  very probable t h a t  i n  l i v i n g  systems we sometimes have s i t u a -  

t i o n s  when t h e r e  e x i s t s  more than orie s o l u t i o n  ( i . e e ,  u n s t a b l e  s t a t e s ) .  

I n  such s i t u a t i o n s  an adap t i ve  mechanism must change t h e  weights  VI Or 

t h r e s h o l d s  T, u n t i l  a s t a b l e  s i t u a t i o n  i s  acti ieved. 

For  a l i n e a r  case, W i s  e q u i v a l e n t  t o  Y. He keep t h e  same n o t a t i o n  t o  
emphasize t h a t  W -is t h e  ou tpu t  m a t r i x  f o r  bo th  cases. 

* 
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F o r  dynamic processes, Eq. (49)  i s  rep laced by a se t  o f  n o n l i n e a r  

d i f f e r e n t i a l  o r  i n t e g r a l  equat ions.  Using t h e  same m a t r i x  n o t a t i o n  as i n  

(47 )  we rep resen t  t h i s  equa t ion  by t h e  formula: 

(51)  

where: 

GI = m a t r i x  of t r a n s m i t t d n c e s  f o r  s i g n a l s  between elements i n  t h e  

62 = m a t r i x  o f  t r a n s m i t t a n c e s  cor  s i g n a l s  coming from t h e  p rev ious  

N = n o n l i n e a r  t h r e s h o l d i n g  o p e r a t i o n  w i t h  s a t u r a t i o n  

same l a y e r  

1 ayer  

Equat ion (51)  a l s o  rep resen ts  r i e m  equat ions because every element o f  

m a t r i x  W i s  one v a r i a b l e .  Nevertheless,  t h e  s o l u t i o n  of  t h i s  equa t ion  

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

i n  t h e  o p e r a t i o n  a re  symmetric and very sparse. 

Fo r  l a r g e  values o f  nom, c a l c u l a t i o n  of ou tpu t  s i g n a l s  by a d i g i t a l  

computer may be imposs ib le  and a much more p r a c t i c a l  s o l u t i o n  may he the 

t e s t  c o n s t r u c t i o n  of a wafer o f  n x m elements w i t h  t h e  necessary connec- 

t i o n s  and t ransmi t tances .  Every element sf such a wafer would have an 

o u t p u t  a t  whl’ch we c o u l d  measure t h e  r e s u l t  o f  p a r a l l e l  d a t a  process ing.  

fy h. (51 )  

presented 

F o r t u n a t e l y  f o r  e a r l y  ret. ina1 processes we may simp1 

u s i n g  the r e s u l t s  o f  our  a n a l y s i s  of the r e t i n a  s t r u c t u r e  

p r e v i o u s l y .  The most impor tan t  assumption was t h e  l inear ty of processes 

e x i s t i n g  i n  t h e  f i r s t  f o u r  l a y e r s  o f  r e t i n a .  A l a r g e  amount o f  neurophy- 

s i o l o g i c a l  da ta  (see Rodieck 1973) suppor ts  t h i s  assumption, and most  

researchers m o d e l l i n g  segments o f  the r e t i n a  make s i m i l a r  assumptions 

(e-g., Simonoff  1983). We t h e r e f o r e  n e g l e c t  t h e  n o n l i n e a r  o p e r a t o r  N i n  
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Eq, (49) and f o r  s i m p l i c i t y  use s tandard  m a t r i x  n o t a t i o n  i n t roduced  i n  

Eqs. (38-40). We thus  o b t a i n  a l i n e a r  s e t  o f  equat ions i n  m a t r i x  form: 

w s = v 1  - W + V z E  (52 )  

except  now W and E a re  column vec to rs  d e f i n e d  by (38) and V i  Or V2 by 
-1 -1 

(39). and ( I  - V i )  

e x i s t ,  and s o l v i n g  w i t h  respect  t o  W we ge t :  

Assuming t h a t  app rop r ia te  i n v e r t e d  ma t r i ces  V i  

(53) 
- I  Ids = ( I -V1)  v* E 

I f  we c o n s t r u c t  a ne t  w i t h  connect ion  weights :  

( 5 4 )  
-1 

VE = ( I - V l )  v2 

we o b t a i n  a two l a y e r  ne t  e q u i v a l e n t  t o  t h e  above ne t  w i t h  l o c a l  feed- 

back. 

For mode l l i ng  i t  i s  much more convenient  t o  use a two l a y e r  ne t  

w i t h o u t  feedback. 

p lace  o f  d e f i n i n g  t h e  elements o f  m a t r i x  V i .  As a r e s u l t  we must ca l cu -  

l a t e  ope ra to r  (40) which i s  much s imp le r  than s o l v i n g  m x n equat ions  

We can then e x p e r i m e n t a l l y  f i n d  va lues o f  n i a t r i x  VE i n  

( 5 2 )  

For dynamic processes we app ly  s i m i l a r  cons ide ra t i ons  b u t  now must 

use a m a t r i x  o f  l i n e a r  i n t e g r a l  equat ions:  

Wg W * G1 -+ E"G2 ( 5 5 )  

Here a l s o  W, E, G 1  and G2 a re  de f i ned  i n  an analogous way t o  (38)$ 

( 3 9 ) ,  and (43). Every element o f  G i s  an i n t e g r a l  ope ra to r  a c t i n g  on 

v a r i a b l e  W i  ,j. 

We are  i n t e r e s t e d  i n  a un ique s o l u t i o n  o f  Eq. (55) ,  t h e r e f o r e  i f  we 

assume t h a t  t h e  r e s o l u t i o n  kernel f o r  E q .  (55)  e x i s t s  we ge t :  

IdD = E * GE 
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hen two success ive l a y e r s  a re  a p p l i e d  l i n e a r l y  we o b t a i n  a super-  

p o s i t i o n  of' o p e r a t o r  (56)  

where FE2 and GE1 are  t h e  ou tpu ts  From image E on l a y e r s  1 and 2 respec- 

t i  v e l  y 

From t h i s  r e s u l t  we i n f e r  t h a t  i n  p lace  o f  m o d e l l i n g  a very complex 

m u l t i l a y e r  network w i t h  feedback we can model an e q u i v a l e n t  two l a y e r  

n e t  pe r fo rm jng  an o p e r a t i o n :  

-- 

Y = E*Gy ( 5 8 )  

Gdhere Y i s  a v e c t o r  of s i g n a l s  o u t p u t  from t h e  l i n e a r  p a r t  of the r e t i n a l  

network. This  o p e r a t i o n  captures dz t a  p rocess ing  performed on the pr imary  

image r e p r e s e n t a t i o n  E and r e s u l t s  i n  a t ransformed r e p r e s e n t a t i o n  Y. 

Operat ion Cay i s  e q u i v a l e n t  t o  o p e r a t i o n  (1) desc r ibed  i n  Chapter 2. 

Our ultimate goal i s  t o  f i n d  a r  o p e r a t o r  Gy which performs " o p t i m a l "  

t r a n s f o r m a t i o n  o f  t h e  image E. "Opt imal"  i n  t h i s  case m a n s  t h e  'I 

f rom t h e  p o i n t  o f  view o f  a h i g h e r  l e v e l  r e c o g n i t i o n  l a y e r .  I f  Gy 

" o p t i m a l " ,  t h e  s t r u c t u r e  o f  a h ighe r  l e v e l  r e c o g n i t i o n  systern w i l l  

s i m p l e r  f o r  a g i ven  r e c o g n i t i o n  goal. Th is  i s  a very complex prob 

op t ima l  s t r u c t u r e  syn thes i s ,  The bes t  known method o f  solution i s  

e s t "  

i s  

be 

em o f  

t o  use 

an i t e r a t i v e  procedure o f  success ive improvements o f  ope ra to r  Gy ( o r  i t s  

e q u i v a l e n t  G E ) .  

small number o f  parameters. They may a c t u a l l y  be eva lua ted  i f  a p roper  

s e t  o f  exper iments can be designed. These exper iments can be based on 

psychophysica l  and n e u r o p h y s i o l o g i c a l  r e s u l t s  ob ta ined  f o r  human v i s i o n .  

A f i r s t  s tep  i n  t h i s  d i r e c t i o n  i s  t h e  method desc r ibed  i n  t h e  nex t  

It i s  necessary t o  remember t h a t  GY is  d e f i n e d  by o n l y  a 
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chap te r  used t o  parameter ize t h e  equat ions o f  Sec t i on  3.3. Chapter 4 

cons ide rs  our  f i r s t  experiment i n  d e t a i  1. 

Fo r  d i g i t a l  and a l s o  analog m o d e l l i n g  i t  i s  e a s i e r  t o  use t h e  m a t r i x  

n a t a t i o n  i n t r o d u c e d  f o r  Eqs. (35-36) and (47-51). The a l g o r i t h m  f o r  t h e  

s i m u l a t i o n  o f  r e t i r i a l  processes uses t w o  k inds  o f  data:  

1. S t r u c t u r a l  Data ( t h e  model o f  weight  m a t r i c e s  V and G) , and 

2. Data f rom processed images. 

S t r u c t u r a l  da ta  must be s e l e c t e d  f i r s t  and s t o r e d  i n  memory f o r  constant: 

e t e r s .  Image data may be i n t r o d u c e d  f rom any v ideo system. F i g u r e  

1 7  presents  an a l g o r i t h m  f o r  t h e  c a l c u l a t i o n  o f  t h e  data p rocess ing  o f  

s t a t i c  images. A f t e r  t h e  i n t r o d u c t i o n  o f  a l l  da ta  the  a l g o r i t h m  s t a r t s  

w i t h  s = 0. 

The values of Vs E I F s  +- Hs) are  success i ve l y  c a l c u l a t e d  and t h e  

sum of these components then s imu la tes  t h e  ou tpu t  o f  t h e  l i n e a r  p a r t  o f  

t h e  system I I u I ' .  

Then next  s tep  s t a r t s  t h e  c a l c u l a t i o n  o f  t h e  n o n l i n e a r  p o r t i o n  

corresponding t o  processes i n  t h e  gang l i on  c e l l s .  Remember t h a t  t h e  

r e s u l t a n t  t r a n s f e r  f u n c t i o n s  g i  , j  of m a t r i x  I; represent  a s u p e r p o s i t i o n  

o f  t h e  dynamic p rgper t i es  o f  a l l  f o u r  l i n e a r  l a y e r s  i n  t h e  r e t i n a .  

Fo r  dynamic processes two d i f f e r e n t  s o l u t i o n s  a r e  possible. As i n  

the prev ious  case, parameters r e p r e s e n t i n g  t h e  s t r u c t u r e  and t i m e  

cons tan ts  o f  t h e  l i n e a r  l a y e r  and parameters o f  t h e  n o n l i n e a r  l a y e r  a re  

in t roduced.  Then we use a s e t  o f  i n p u t  s i g n a l s  i n  t h e  form o f  a se t  
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of ma t r i ces  E(  k * & )  

frames o f  an irnage, Next a l oop  i s  s t a r t e d  f o r  t h e  c a l c u l a t i o n  o f  

i n t e g r a l s  r e p r e s e n t i n g  t h e  C O ~ V O  u t i o n  [ e i  , j ( k A t ) * ¶ i  , j ( k A t ) ] .  

i s  a set  o f  ma t r i ces  E ( k A t ) ( F s  + Hs) G, ( k h t )  f o r  every 0 6 k G kma,. 

set. o f  ma t r i ces  corresponding t o  values U(kAt)  i s  then c a l c u l a t e d  and t h e  

m o d e l l i n g  of the l a s t  n o n l i n e a r  l a y e r  i s  t h e  same as i n  t h e  p rev ious  case. 

where 0 6 k 6 kmaX. E(  k At)  represents  successive 

The r e s u l t  

The 

I t  i s  a l s o  p o s s i b l e  t o  reve rse  t h e  sequence o f  l oop  c a l c u l a t i o n .  

I f  we have a very f a s t  computer we c o u l d  f i r s t  c a l c u l a t e  a11 components 

E ( k A t ) ( F s  + H s )  6, ( k A t )  f o r  a g iven k and f o r  a l l  "i", "j", and ' r ~ ' i .  

Then we o b t a i n  o u t p u t  nrat r ices U(kAt)  and N ( k * A t )  f o r  g i ven  k. I n  t h i s  

case we o b t a i n  an o n - l i n e  s i m u l a t i o n  o f  dynamic processes b u t  i t ;  i s  s t i l l  

o n l y  p o s s i b l e  f o r  small values o f  n w .  Th is  is  one more reason t o  app ly  

p a r a l l e l  computat ion which w i l l  a l l o w  11s t o  i nc rease  t h e  number o f  p i x e l s  

i n  t h e  image. Depending on t h e  computer and a v a i l a b l e  sof tware,  we may 

use s p e c i a l  procedures t o  s i m p l i f y  c a l c u l a t i o n s  o f  t h e  c o n v o l u t i o n  

i n t e g s z l s  and summations def ined by E q .  (41) .  

Computer S i m u l a t i o n  o f  the Gawrsnski Equat ions ___ 

A p r e l  i rn inary s i m u l a t i o n  o f  these equat ions has been prograrntned i n  

Turbo Pascal on an IBM PC. Designed as an i n t e r a c t i v e  research t o o l ,  t h e  

s i m u l a t i o n  has f o u r  p a r t s :  

1. An i n p u t  s i  ynal  speci f i  c a t i o n  s e c t i  an. 

2. A n e t  segment o f  40 neuron elements w i t h  a d j u s t a b l e  connect ion 
weights  whose e f f e c t s  can be f o l l o w e d  over 3 l a y e r s .  

3. A menu f o r  changing dynamic p r o p e r t i e s  o f  r e t i n a l  neurons. 

4. And a r e s u l t  p l o t t i n g  s e c t i o n  f o r  each l a y e r ,  
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Th is  p r e l i m i n a r y  s i m u l a t i o n  uses a one-dimensional i n p u t  s i g n a l  and 

a one-dimensional l i n e  o f  r e c e p t o r s  t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  d i f -  

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

speeds across t h e  r e t i n a  su r face .  Versions now being programmed w i l l  

cons ide r  two-dimensional e f f e c t s .  Complete d e t a i l s  o f  t h i s  model w i l l  be 

presented i n  1986, b u t  t h e  present  form o f  t h e  s i m u l a t i o n  has t h e  

f o l l o w i n g  opt ions.  

ldaveform C h a r a c t e r i s t i c s  

The user  may manipulate:  

1. The w i d t h  o f  r i s e  f o r  an i n p u t  v i s u a l  pulse.  
2. The w i d t h  o f  t h e  p l a t e a u  f o r  an i n p u t  pulse. 
3. The w i d t h  o f  t h e  f a l l  f o r  t h e  pulse.  
4. The d i  stance between pu l  scs i f  more than  one i s  exarni ned. 
5. The w i d t h  o f  r i s e  for a secondary pu l se  ( o p t i o n a l ) .  
6. The w i d t h  o f  a p l a t e a u  f o r  a second pulse.  
7. The w i d t h  of f a l l  f o r  a second pulse.  
8. The general  wave form o f  t h e  i n p u t  s i g n a l s .  
9. The weight d i s t r i b u t i o n  between neuron i n t e r c o n n e c t i o n s .  

10. The v e l o c i t y  o f  image s h i f t i n g  across t h e  r e t i n a .  
11. 
12. The t i m e  constant  t a u  f o r  e x c i t a t o r y  s i g n a l s ,  
13. The gamma value f o r  i n h i b i t o r y  channels. 
14. The second t a u  value. 
15. The d u r a t i o n  o f  t h e  p e r i o d  t o  be examined. 

The gamma value f o r  an e x c i t a t o r y  channel. 

The r e s u l t s  o f  these opera t i ons  a re  p l o t t e d  g r a p h i c a l l y  as i n  Fig.  

(19)  so t h a t  bo th  i n t r a -  and i n t e r - l a y e r  e f f e c t s  and pa ramet r i c  assump- 

t i o n s  can he examined. Because o f  t h e  speed and g raph ic  l i m i t a t i o n s  o f  a 

PC, t h e  s i m u l a t i o n  has a l s o  been recoded for use on an IBM-AT. L a t e r  

ve rs ions  w i l l  use more powerfu l  machines as app rop r ia te .  Such a s imula-  

t i o n  i s  necessary because psychophysical  exper iments may o n l y  be a b l e  t o  

o b t a i n  i n f o r m a t i o n  f o r  e a r l y  l aye rs .  Thereaf ter ,  a graphic  s i m u l a t i o n  
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t o o l  must be used t o  observe t h e  compound e f f e c t s  o f  many t r a n s f o r m a t i o n s  

on an i n p u t  image. A l s o  such a t o o l  i s  of cons ide rab le  use i n  experimen- 

t a l l y  s o l v i n g  f o r  G y  i n  Eq. (58). 

F i g u r e  19 i s  a photo reduced p l o t  o f  two pulses pass ing through 

t h r e e  r e t i n a l  l aye rs .  The X a x i s  i s  t ime, t h e  Y a x i s  i s  s i g n a l  i n t e n s i t y  

r e l a t i v e  t o  a r e s t i n g  s t a t e .  N o t i c e  how t h e  magnitude of t h e  s p i k e  grows 

and i s  en larged as t h e  ou tpu t  s i g n a l  i s  f e d  from l a y e r  t o  l a y e r  and how 

homogeneous s i g n a l  areas wash out .  

hat Lateral Inhibition Effects Resu l t  A f t e r  Applying the  Equat ions -.-- 

I n  1957 H a r t l i n e  and R a t l i f f  desc r ibed  t h e  p r o p e r t i e s  of mutual 

i n h i b i t i o n .  They showed t h a t  t h e  two l a y e r s  o f  neurons presented i n  Fig.  

20 may d e t e c t  sharp changes i n  e x c i t a t i o n  o f  t h e  f i r s t  l a y e r .  C e l l s  o f  

t h e  second l a y e r  which are e x c i t e d  f rom bo th  s ides get app rox ima te l y  ,the 

same amount o f  e x c i t a t i o n  and i n h i b i t i o n .  Only t h e  c e l l s  c l o s e  t o  t h e  

edge o f  t h e  e x c i t a t i o n  r e c e i v e  more e x c i t a t i o n  than  i n h i b i t i o n .  The ou t -  

p u t  s i g n a l s  f rom these c e l l s  are much s t r o n g e r  than  f rom o t h e r  ce 1s. 

T h i s  p r i n c i p l e  was l a t e r  conf i rmed i n  many i n v e s t i g a t i o n s  concern ng both 

t h e  r e t i n a  and a l s o  h i g h e r  l e v e l s  of t h e  v i s u a l  system, 

To cons ide r  t h e  r e s u l t i n g  p r o p e r t i e s  o f  two-dimensional neuron ne ts  

w i t h  l a t e r a l  i n h i b i t i o n ,  l e t  us cons ide r  a two l a y e r  ne t  desc r ibed  by t h e  

equa t ion  r e s u l t  i ng f rom ( 3 7  1. 
We assume a cont inuous d i s t r i b u t i o n  o f  e x c i t a t i o n  I ( x , y )  over  t h e  

sur face  of  t h e  f i r s t  l a y e r  where x and y now denote independent s p a t i a l  

v a r i a b l e s .  The values o f  f u n c t i o n  I ( x , y )  i n  t h e  e i g h t  p o i n t s  su r round ing  

a g iven  p o i n t  x,y are:  
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Using t h e  d i s c r e t e  approx imat ion  o f  (37 )  and r e p l a c i n g  x by i and y by j 

we get :  

where 

I n  t h e  same way we may d e f i n e  e x c i t a t i o n s  i n  c e l l s  a t  d i s t a n c e  2 s ,  

t h a t  i s  e(.'-2s,0), e ( 0 , ? 2 s ) ,  e (+Ts?s)  and so on. I f  we assume t h a t  t h e  

distance between neurons i s  a l s o  s and s u b s t i t u t e  t h e  values o f  e(x,y)  

i n t o  Eq. (37 )  we g e t :  

S u b s t i t u t i n g  now t h e  values o f  ( 5 9 )  i n t o  (60) we g e t :  



A s h o r t  a n a l y s i s  of t h i s  r e l a t - i o n s h i p  r e v e a l s  some very i n t e r e s t i n g  

p r o p e r t i e s  o f  l a t e r a l  i h i b i t i o n :  

1, I f  t h e  sum o f  weight  ope ra to rs  Vr, i s  equal 0 t h a t  i s :  

t h e n  o p e r a t o r  (60) g i ves  no ( ze ro )  o u t p u t  f o r  a constant  d i s t r i b u t i o n  o f  

i n p u t  s igna ls ,  It i s  c l e a r  t h a t  cons tan t  e x c i t a t i o n  t r a n s f e r s  no i n f o r -  

mat ion.  

For balanced l a t e r a l  i n h i b i t i o n  ( o r  e x c i t a t i o n )  we have t h e  r e l a t i o n :  

For l a t e r a l  e x c i t a t i o n  we have voo 4: 0 and f o r  l a t e r a l  i n h i b i t i o n  

we have voo > 0. 

R e l a t i o n  (63) may sometimes be s a t i s f i e d  only approx imate ly .  In 

t h a t  case i t  i s  p o s s i b l e  t o  d e t e c t  t h e  average e x c i t a t i o n  o f  t h e  f i r s t  

1 ayer. 



2 .  I f  we deal w i t h  r a d i a l  symmetry as descr ibed p r e v i o u s l y  then:  

and we get :  

and i n  an analogous way we get 

r,s=h 

r,s=-h 
2: v r s * s = o  

We see now t h a t  t h e  symmetric ope ra to r  does not  d e t e c t  f i r s t  d e r i v a -  

t i v e s .  That m a n s  t h a t  l i n e a r  changes of an i n p u t  s i g n a l  d i s t r i b u t i o n  

( u n i f o r m  i l l u m i n a t i o n  decreases o r  inc reases)  do n o t  p r o v i d e  any ou tpu t  

s igna ls .  I t  i s  easy t o  see t h a t  c o n d i t i o n  (64)  a l s o  causes: 

We i n f e r  f rom (67)  t h a t  t h i s  r e s u l t  t h e r e f o r e  docs n o t  depend on 

So, saddl e shaped d i s t r i b u t i o n s  are  a1 so  n o t  detected.  m i  xed d e r i  v a t i  ves e 

Taking i n t o  account (63)  t o  (67) f o r  the symmetric ope ra to r  we 

o b t a i  n :  



77 

where : 

r,s=h r,s=R 

r,s=-h r,s=-h 
B - 2  1 vrs r 2  = 2 1 Vrs S 2  

and C i s  an analogous sum which w i l l  appear t h e  a t  t h e  f o u r t h  d e r i v a t i v e .  

N o t i c e  t h a t  t h e  symmetric ope rd to r  (63)  d e t e c t s  second and h i g h e r  

o r d e r  even d e r i v a t i v e s  o f  t h e  i n p u t  d i s t r i b u t i o n .  

We have shown (63) d e t e c t s  contours  because second and h i g h e r  o rde r  

d e r i v a t i v e s  always appear when edge:, , corners,  and o t h e r  sharp changes 

appear i n  t h e  p i c t u r e .  Some v i s u a l  examples o f  t he  d e t e c t i o n  o f  l o c a l  

f e a t u r e s  and t h e  r e s u l t s  of da ta  prclcessing by some symmetric ope ra to rs  

a r e  presented i n  Fig. 21. 

I f  t h e  p i c t u r e  i s  s t a t i c ,  a f t e r  a t r a n s i e n t  t ime p e r i o d  we o b t a i n  

r e s u l t s  s i m i l a r  t o  those j u s t  presented. But i f  the  p i c t u r e s  are  changing 

r a p i d l y ,  we get  i n t e r e s t i n g  e f f e c t s  enab l i ng  d e t e c t i o n  o f  dynamic p roper -  

t i e s  i n  a p i c t u r e .  The s imp les t  s i t u a t i o n  appears when a l i g h t  spot 

moves w i t h  respec t  t o  a background. A s i g n a l  generated by a s i n g l e  spot 

expands w i t h  t i m e  t a k i n g  more and more space ( i t  i s  washed away). But a 

moving spot e x c i t e s  a d j o i n i n g  elements. For a l i n e a r  system we can add 

r e s u l t i n g  e x c i t a t i o n s  f o r  every element. Con t inu ing  t h i s  process we see 

t h a t  t h e  s i g n a l  may be s t r o n g l y  inc reased by t h e  summation o f  dynamic 

processes. 

F i n a l  Remarks and Conclus ions about the Dynamic R e t i n a l  Equat ions 

1. The f i r s t  s tep  o f  v i s u a l  da:a p rocess ing  was shown t o  correspond 

t o  l a y e r s  I and I1 presented i n  F ig .  3 and may be modelled by a sequence 
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ORNL-OWG 86 10126 

a )  EDGES ARE MADE 
TO STAND OUT 

c )  FINDS CENTERS OF 
AREAS 

e )  POINTS OF CHANGE 
ARE DETECTED 

b)  SMOOTHS LOCAL CHANGES. BUT 
ALSO ENHANCES LARGE CHANGES 

d) CHANGES MARKED, BUT OVERALL 
CO N T I N U I T Y M A I N T A I N E D 

f )  SIMILAR CHANGES ARE AVERAGED 

r--- A 
I 

I / \ 

/ \  
/ \ I / \ 

g) DOTTED LINES EDGES ENHANCED 
CONNECTED BUT CONTINUITY 

KEPT 

Fig. 21. Some Examples o f  t h e  De tec t i on  o f  Local Features by a 
Symmetrical Operator  D e t e c t i n g  Even D e r i v a t i v e s  w i t h  Respect t o  x and y. 

(Taken f rom R. Gawronski : Doctora l  Thes is )  
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of  l i n e a r  ope ra to rs  and one n o n l i n e a r  opera tor .  The n o n l i n e a r  ope ra to r  

a c t s  on t h e  r e s u l t  of t h e  l i n e a r  pant and inc ludes  t h r e s h o l d  p r o p e r t i e s .  

2. Using a c o m p u t a t i o n a l l y  e f f e c t i v e  n o t a t i o n  we can model s t a t i c  

images by a p p l y i n g  a r e l a t i v e l y  s imple computer a lgo r i t hm.  Our f i n a l  

goal  i s  t o  s e l e c t  a s e t  o f  res  va lues o f  weights  V i j  which per form t h e  

d e s i r e d  opera t i ons  f o r  subsequent steps, For  a l a r g e  number o f  p i x e l s ,  

t h e  amount o f  c a l c u l a t i o n s  inc reases  cons iderab ly ,  bu t  s t i l l  may be per -  

formed on an a p p r o p r i a t e l y  power fu l  computer. 

3. For a very l a r g e  number o f  p i x e l s  it may be usefu l  t o  c o n s t r u c t '  

s p e c i a l  ch ips  w i t h  a m u l t i l a y e r  s t r u c t u r e  and a p p r o p r i a t e  l o c a l  connect ions.  

Such ch ips  may per fo rm a l l  o p e r a t i o r s  i n  p a r a l l e l .  They may use d i g i t a l  

o r  analog technology.  Never the less,  ca re fu l  p r e l  i m i n a r y  i n v e s t i g a t i o n  t o  

s e l e c t  connect ion  we igh ts  i s  necessary. The r e s u l t s  may then be compared 

with t h e  r e s u l t s  o f  psycho log ica l  and n e u r o l o g i c a l  i n v e s t i g a t i o n  l i k e  i n  

t h e  nex t  chapter  o r  v i a  t h e  s i m u l a t i o n  developed i n  t h i s  paper. 

4. ON-center and OFF-center o r g a n i z a t i o n  o f  t h e  r e t i n a ,  r e s u l t s  on 

p i c t u r e  c o n t r a s t i n g ,  and equat ions  (63) t o  ( 6 9 ) ,  show t h a t  mutual i n h i b i -  

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

da ta  process ing.  It i s  a l s o  necessary t o  v e r i f y  o t h e r  symmetric opera- 

t i o n s  which may be u s e f u l  t o  s e l e c t  l o c a l  p i c t u r e  p r o p e r t i e s .  

5. For p i c t u r e s  v a r y i n g  i n  t ime,  i t  i s  necessary and p robab ly  very  

u s e f u l  t o  t a k e  i n t o  account t h e  dynamic p r o p e r t i e s  i n  each element. 

Mode l l i ng  of dynamic processes needs a very f a s t  computer w i t h  a very  

l a r g e  memory. The r e s u l t s  o f  such mode l l i ng  should revea l  new p o s s i b i l i -  

t i e s  f o r  t h e  d e t e c t i o n  o f  movement and r e c o g n i t i o n  o f  o b j e c t s  moving w i t h  

respec t  t o  a background. 
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4.0. PSYCHOPHYSICAL EXPERIMENTS 

4.1. Background 

It i s  p o s s i b l e  t o  propose many d i f f e r e n t  mathematical  d e s c r i p t i o n s  

f o r  neuron func t i ons ,  b u t  t h e  s e l e c t i o n  o f  s p e c i f i c  mechanisms, assessment 

o f  p h y s i o l o g i c a l  research, and p a r a m e t e r i z a t i o n  o f  equat ions present  f o r -  

m idab le  obs tac les .  

organisms, d i r e c t  p h y s i c a l  measurements a re  poss ib le .  However, once 

i n f o r m a t i o n  i s  needed t h a t  goes beycnd neuroanatomical  p r o p e r t i e s  

problems a r i se .  F i r s t ,  d i r e c t  measurement o f  v i s u a l  p rocess ing  i s  

r a p i d l y  overwhelmed by t h e  sheer number and complex i ty  o f  neura l  i n t e r -  

connect ions.  Second, t i s s u e  samples sever feedback connect ions t h a t  may 

be v i t a l  f o r  unders tand ing  dynamic i n t e r a c t i o n s .  And f i n a l l y ,  neura l  

pathways u l t i m a t e l y  connect t o  complex a s s o c i a t i v e  reg ions  i n  t h e  o c c i p i -  

t a l  lobe o f  t h e  b r a i n  t h a t  i n c o r p o r a t e  o t h e r  sources o f  sensory and phy- 

s i o l o g i c a l  i n fo rma t ion .  Thus i t  i s  unc lear  a t  e x a c t l y  what p o i n t  h ighe r  

o r d e r  c o g n i t i v e  processes are  i n t roduced  i n t o  v i s u a l  percept ion .  

For some cases such as lower  pr imates or p r i m i t i v e  

Fo r tuna te l y ,  i n  t h e  e a r l i e s t  p a r t s  of t h e  r e t i n a ,  t h e  processes tend 

t o  be sequen t ia l ,  i.e. have l e s s  i n t e r - l a y e r  feedback than a t  h ighe r  

stages. 

t h a t  l ead  t o  t h e  equat ions i n  t h i s  repo r t .  One problem t h a t  remains, 

however, i n  t h a t  when equat ions have been generated, they  must s t i l l  be 

parameter ized t o  determine t h e i r  p rocess ing  behav io r  compared t o  human 

performance. Parameter iza t ion  i n  t u r n  r e q u i r e s  t h a t  a t  l e a s t  approximate 

be obta ined.  Because d i r e c t  measurement across severa l  l a y e r s  o f  over  6 

m i l l i o n  neurons seems impossib le ,  anc ther  method had t o  be used t o  o b t a i n  

va lues which c o u l d  be used. An i dea  by one o f  us ( H o l l y )  proposed t h a t  

Th is  s i m p l e r  s t r u c t u r e  has made p o s s i b l e  reasonable con jec tu res  
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pa ramete r i z ing  t h e  v i s i o n  system may be p o s s i b l e  by examining cases 

t h e  human v i s i o n  system breaks down i,e., i s  foo led .  Such s i t u a t i o n s  

m igh t  p rov ide  new c lues  t o  bound t h e  paramet r ic  va lues s f  r e t i n a l  

egidat i ons * 

He suggested t h a t  psycho log ica l  l y  quan t i  f i e d  pe rcep t ions  o f  appro- 

p r i a t e l y  chosen v i  sua1 ill usions rnl gh t  p r o v i d e  t h e  necessary pos t  p rs -  

cess ing  data, A f t e r  c o n s i d e r a t i o n  o f  severa l  p o s s i b i l i t i e s ,  t h r e e  

i l l u s i o n s  b e l i e v e d  t o  r e s u l t  from early a c t i v i t y  i n  ttw r e t i n a l  l a y e r s  

were selected.  These! i l l u s i o i l s  a re  presented i n  F igs .  22, 23 arid 24, 

The f i r s t  i l l u s i o n ,  called t h e  Herman Grid, produces a s e r i e s  of 

f l i c k e r i n g  b lack  do ts  a t  t h e  j u n c t i o n s  between t h e  b r i g h t  h o r i z o n t a l  and 

v e r t i c a l  lines and weaker, d iagonal  dark l i n e s  across t h e  p a t t e r n .  The 

second i l l u s i o n ,  c a l l e d  Mach bands a f t e r  Ernst Mach, c o n s i s t s  o f  apparent 

reg ions  o f  increased b r i g h t n e s s  and darkness occeirri ng a t  j u n c t i o n s  between 

u n i f o r m l y  i n c r e a s i n g  o r  decreas ing i n t e n s i t i e s .  The ORNL experiments 

a c t u a l l y  used a i nod i f i ed  form o f  the Mach Band i l l u s i o n  which w i l l  be 

desc r ibed  i n  mare d e t a i l  l a t e r ,  but i s  more o f  an o p t i c  "wedge''. The 

f i n a l  i l l u s i o n  resembles a r a d i a t i n g  s t a r  i n  t h a t  a l t e r n a t e  beams o f  

l i g h t  and dark rays  eminate from a c e n t r a l  p o i n t  becoming wider as a 

f u n c t i o n  o f  t h e i r  d i s t a n c e  from t h e  o r  g in .  

adequate, t h e  e f f e c t  o f  this i l l u s i o n  s t o  c r e a t e  a shimmer o r  uns tab le  

pe rcep tua l  a rea  a t  a se t  d i s t a n c e  from t h e  cen te r  p o i n t .  The l o g i c  o f  

u s i n g  t h e  i l l u s i o n s  was t h a t  t h e  f a l s e  appearance o f  v i s u a l  i n f o r m a t i o n  

as gray dots  o r  bogus l i n e s  a r e  s i t u a t i o n s  where neura l  processes add 

f a l s e  i n fo rma t ion ,  Thus the na tu re  of i n f o r m a t i o n  added and i t s  magnitude 

p r o v i d e  c lues  t o  choose between a l t e r n a t i v e  equat ion  parameters. Fu r the r ,  

When c o n t r a s t  d i s p l a y  i s  
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F ig .  22 . Herman Gr id  I l l u  sion. 
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F ig .  24. S t a r  Grid Illusion. 



t h e  s p e c i f i c  magnitude o f  t h e  e f f e c t s ,  though s u b j e c t i v e ,  may pe rm i t  an 

approx imate s o l u t i o n  t o  be obta ined.  

4.2. Appraach 

Four teen s u b j e c t s  were presented  w i t h  randomized se ts  of t h r e e  i l l u -  

s ions  i n  a mixed w i th in /be tween sub jec ts  design. Each i l l u s i o n  was 

d i s p l a y e d  on a h i g h  r e s o l u t i o n  CRT mon i to r  con ta ined i n  a l i g h t  shaded 

box w i t h  a sub jec t  face  r e s t  1.3 meters f rom t h e  screen su r face  sub- 

t e n d i n g  a 17" degree f i e l d  o f  v i s i o n  from t h e  r e t i n a l  su r face  t o  t h e  

screen sur face.  I n t e n s i t y  was s tandard ized by d i g i t i z i n g  h i g h  c o n t r a s t  

b l a c k  and w h i t e  drawings and c a p t u r i n g  t h e  images w i t h  an I R I  p300 v i s i o n  

system ( P i c t u r e  1). Each sub jec t  was presented w i t h  a regenerated copy 

o f  t h e  o r i g i n a l  image c a l l e d  up i n t e r a c t i v e l y  a t  t h e  t i m e  o f  t h e  e x p e r i -  

ment. S u b j e c t i v e  q u a n t i f i c a t i o n  of pe rce i ved  b r i g h t n e s s  e f f e c t s  was 

accomplished by means of a s e r i e s  of FORTH language computer programs 

which over layed g raph ic  i n f o r m a t i o n  on t h e  i l l u s i o n .  Th is  g raph ic  

o v e r l a y  was d i f f e r e n t  f o r  each i l l u s i o n  depending on t h e  da ta  measured, 

Sub jec ts  then p rov ided  s u b j e c t i v e  va lues about d i f f e r e n t  e f f e c t s  and t h e  

l o c a t i o n s  a t  which those e f f e c t s  occurred. The numeric i n f o r m a t i o n  was 

l a t e r  re fo rma t ted  f o r  p l o t t i n g  i n  a three-d imensional  g raph ic  d i s p l a y .  

A th ree-d imens iona l  p l o t  o f  t h e  s u b j e c t i v e  impress ion  was produced f o r  

each i l l u s i o n .  Only one o f  t h e  i l l u s i o n s  was used t o  parameter ize  t h e  

r e t i n a l  equat ions.  (These were so lved u s i n g  the F o u r i e r  s o l u t i o n  tech -  

n ique  descr ibed i n  Chapter Three Sect ion  Three.) Once solved, t h e  m a t r i x  

o f  ope ra to r  va lues was used t o  reproduce t h e  e f f e c t  o f  human r e t i n a l  pro- 

cessing, The two unused i l l u s i o n s  were m u l t i p l i e d  by t h e  m a t r i x  ope ra to r  
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and t h e  r e s u l t s  were p l o t t e d .  

impress ion  and one f o r  t h e  model were then compared. 

sec t i on .  ) 

Two outpu ts ,  one- f o r  t h e  human s u b j e c t i v e  

(See t h e  Resu l ts  

4.3. I 1  1 u s i  on Admi n i  s t r a t i  on Procedure 

For  t h e  Herman Gr id  ( P i c t u r e  2) sub jec ts  were presented w i t h  t h e  

i l l u s i o n  on a m o n i t o r  and g iven a keyboard w i t h  a numeric keypad. 

h i t t i n g  t h e  up arrow or down arrow, a l - i n c h  square window w i t h  a fovea l  

f i x a t i o n  p o i n t  appeared i n  t h e  cen te r  o f  t h e  screen s t a r t i n g  w i t h  a gray 

s c a l e  i n t e n s i t y  o f  128 on a sca le  o f  zero (b lack )  t o  255 ( b r i l l a n t  

w h i t e ) .  

o r  down arrow key u n t i l  t h e  cen te r  window matched t h e  s u b j e c t i v e  gray 

s c a l e  o f  t h e  i l l u s o r y  do ts  appear ing a t  t h e  i n t e r s e c t i o n  p o i n t s  o f  t h e  

Herman Grid.  

were t h e  same, a cen te r  key was pressed and t h e  c u r r e n t  gray sca le  va lue 

o f  t h e  cen te r  window was recorded-. 

Upon 

Whi le l o o k i n g  a t  a f i x a t i o n  p o i n t ,  sub jec ts  pressed e i t h e r  an up 

When t h e  sub jec t  was s a t i s f i e d  t h a t  t h e  gray sca le  values 

For t h e  M o d i f i e d  Mach bands ( P i c t u r e  3)  sub jec ts  were again presented 

w i t h  an i l l u s i o n .  I n  t h i s  case however, f o r  reasons o f  p i c t u r e  p u r i t y ,  

t h e  i l l u s i o n  was generated d i r e c t l y  by s to red  graph ics  r o u t i n e s .  Subjects  

were t o l d  t o  l ook  a t  a p i c t u r e  which grew darker  l i n e a r l y  f rom l e f t  t o  

r i g h t  i n  one u n i t  gray sca le  steps. 

began a t  a gray sca le  l e v e l  o f  255 and (ve ry  b r i g h t )  g r a d u a l l y  becoming 

d a r k e r  u n t i l  a t  t h e  r i g h t  hand s i d e  o f  t h e  p i c t u r e ,  t h e  image was t o t a l l y  

b lack  (gray sca le  va lue  o f  0). 

key, a v e r t i c a l  index  ba r  would a l t e r n a t e l y  appear and disappear.  

s u b j e c t  cou ld  move t h i s  ba r  t o  a l i g n  w i t h  t h e  f i r s t  o r  l a t e r  appearances 

Thus t h e  l e f t  h a l f  o f  t h e  screen 

Upon p ress ing  a l e f t  o r  r i g h t  hand arrow 

The 
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o f  i l l u s o r y  Mach l i n e s .  An a l t e r n a t e  appearance and disappearance o f  t h e  

b a r  was r e q u i r e d  because t h e  bar  i t s e l f  i n t e r a c t e d  w i t h  t h e  e f f e c t  and 

caused t h e  Mach l i n e  t o  s h i f t  o r  fade ou t  i f  l e f t  on t h e  screen c o n t i n u a l l y .  

When s a t i s f i e d  about t h e  c o r r e c t  l o c a t i o n ,  t h e  sub jec ts  pressed t h e  

c e n t e r  key which recorded t h e  bar  l o c a t i o n ,  

The s t a r  i l l u s i o n  was presented i n  a s i m i l a r  f ash ion  except i ns tead  

o f  a index bar,  an expanding o r  c o n t r a c t i n g  c i r c u l a r  r i n g  appeared which 

surrounded t h e  cen te r  o f  the r a d i a t i n g  s t a r  ( P i c t u r e  4 ) .  

j e c t s  had surrounded an area o f  maximum d i s t o r t i o n ,  t h e  cen te r  key was 

p iessed and t h e  va lue of t h e  c i r c l e  r a d i u s  was recorded. 

h e n  t h e  sub- 

- 

404 .  Subjects; 

The sub jec ts  were 14 ORNL s t a f f  members 7 males and 7 females 

between t h e  ages o f  20 and 42. Male s t a f f  members were Ph.0 p h y s i c i s t s  

o r  sen io r  graduate s tudents  i n  e l e c t r i c a l  engineer ing.  Females were 

s t a f f  ,members o f  t h e  Rad ia t i on  S h i e l d i n g  I n f o r m a t i o n  Center (RSIC) 

4 0 5 .  Apparatus 

The apparatus cons is ted  o f  an exper imenta l  box composed o f  a r e i n -  

f o r c e d  tunne l  w i t h  a v iewing  s l o t ,  c h i n  brace, and eye shades on one end 

and an open m o n i t o r  housing on t h e  other .  

H i t a c h i  Model VM-129 h i g h  r e s o l u t i o n  mon i to r .  Images on t h e  m o n i t o r  were 

c o n t r o l  l e d  by an I n t e r n a t i o n a l  Robomation I n t e  1 igence P256 v i s i o n  system 

c o n s i s t i n g  o f  a MC68000 hos t  computer, v ideo d g i t i z e r ,  image b u f f e r  

memory, and ded ica ted  i c o n i c  a r r a y  processor  f o r  p o i n t  gray sca le  t r a n s -  

fo rmat ions .  

The box was a t tached t o  a 

Connected t o  t h e  P256 system was a Sony charged couple dev ice 

v i d e o  camera used w i t h  t h e  d i g i t i z e r  t o  capture  p i c t u r e s .  Stored p i c t o r i a l  



. 
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i n f o r m a t i o n  was man ipu la ted  v i a  a s e r i e s  o f  FORTH computer language p r i -  

m i t i v e s  generated by a s p e c i a l i z e d  v i s i o n  command language and superFORTH 

i n t e r p r e t e r .  Subrout ines were w r i t t e n  i n  FORTH f o r  t h e  genera t i on  o f  t h e  

Mach l i n e s ,  screen graph ics ,  and da ta  s to rage  r o u t i n e s  (Appendix 3). 

4.6. Exper imental  Resu l t s  

Resu l t s  f o r  t h e  Herman Grid Test 

Tables 1 and 2 present  summary s t a t i s t i c s  and an a n a l y s i s  of var iance 

f o r  t h e  Herman G r i d  i l l u s i o n .  

o f  t h e  i l l u s i o n  had a mean gray sca le  va lue  o f  154 w i t h  a s tandard  

d e v i a t i o n  o f  16.4. As represented  i n  t h e  frequency p l o t  i n  Table 1, da ta  

had an approx imate ly  normal d i s t r i b u t i o n .  V a r i a t i o n  across t r i a l s  showed 

no sys temat ic  bias.  A l a c k  o f  b i a s  was conf i rmed by both a three-dimen- 

s i o n a l  su r face  p l o t  a t  t h e  bottom o f  Table 1 and an a n a l y s i s  o f  var iance 

i n  Table 2. The a n a l y s i s  of va r iance  compared s u b j e c t s  by s u b j e c t  

number, sex and t r i a l s .  A s l i g h t  t r e n d  (a lpha  o f  .08) was observed f o r  

sex w i t h  males t e n d i n g  t o  score t h e  pe rce i ved  dots  as s l i g h t l y  b r i g h t e r  

(mu equal t o  150) versus t h e  females (mu equal t o  158). Th i s  t r e n d  i s  

most c l e a r l y  seen i n  Table 2 i n  a p l o t  o f  95 percent  conf idence i n t e r v a l s  

f o r  t h e  f a c t o r  means. 

Table 1 shows t h a t  t h e  pe rce i ved  i n t e n s i t y  

O v e r a l l ,  t h e  e f f e c t  of sex was judged no t  s t a t i s t i c a l l y  s i g n i f i c a n t  

and a median va lue  of 155 was chosen f o r  t h e  pe rce i ved  gray sca le  l e v e l  

f o r  i l l u s o r y  dots  i n  t h e  Herman Grid. 

R e s u l t s  f o r  t h e  Machband I l l u s i o n  

Tables 3 and 4 present  t h e  r e s u l t s  f o r  t h e  Machband i l l u s i o n .  Only 

one machl ine was v i s i b l e  on * the  mon i to r  due t o  l i m i t e d  c o n t r a s t  c a p a b i l i t y  
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Table 1. Summary S t a t i s t i c s  and Sur face P l o t  f o r  t h e  
Herman G r i d  I 1  1 u s i  on 

Frequency Histogram and 
3-D Surface P l o t  f o r  Herman Gr id  

Onesampl e A n a l  ysi  s 
gr i d 
4 2  Sample  S t a t i s t i c s :  Number o f  Obs. 

A v e r a g e  1 5 4 . 2 4  
V a r i a n c e  2 7 0 . 7 2  
S t d .  D e v i a t i o n  1 6 . 4 5 4  
Med i an  1 5 5  

Frequency Histogrun 

. . .  . .  . . .  

g r i d  

Plot of wid 

/I----- 
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Table 2. Analysis o f  Variance and 95% Confidence Intervals f o r  the 
Herman Grid Illusion 

W L Y S I S  OF WRlPlNCE FOR GRID ILLUSIW 
WITH FACTOW 13N S M  WD TRIALS 

95 Percent Confidence 
I n t e r v a l s  for Factor Means 

95 Percent Confidence 
I n t e r v a l s  9cr Factor Means 

llr r ~ 7 - T - . T - - .  . . . , 
- 1 7 G F l , i  , / I ,  i , .  , ; r . , . i ,  , ' I ' . . T j  

i j  
I 4 

t 165 t 

95 Pmrcent Cunfidcnce 
In terwa ls  f o r  Factor Means 
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Table 3. Summary S t a t i s t i c s  and Surface P l o t  f o r  the 
Mach Band I l l u s i o n  

Frequency Histogram and 
3-D Surface Plot for  Machband Illusion 

Onesampl e Anal y s i  s 
mac h 
42 Sample Statistics: Number of  Obs. 

Average 71.214 
V a r  i ance 758.32 
Std. Deviation 27.538 
Med i an 68 

Frequency Histogram 

mach 

Plot of mach 

150 

i20 

90 

60 

30 

0 3 
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Table 4. Analysis  of Var iance and 95% Confidence I n t e r v a l s  f o r  the 
Mach Band I l l u s i o n  

W L Y S I S  O f  lhlRICWCE FOR MCHBCYJD ILLUSIM 
WITH FACTORS CN SEX AND TRIALS 

95 P e r c e n t  Confidence 
I n t e r v a l s  f o r  F a c t o r  Means 

9S P e r c e n t  Confidence 
I n t e r v a l s  f o r  F a c t o r  Means 

- - , ,  , !34c , . , 

T 

74 1 t L 

1:: 'r 
i 

T 
i 
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Th is  l i n e  was pe rce i ved  a t  an average p o s i t i o n  7 1  s teps  from t h e  l e f t -  

hand margin o f  t h e  i l l u s i o n  border  o r  approx imate ly  28 percent  o f  the  

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

h i g h  a t  27.5. 

as t o  why. 

w i t h  t h e  number o f  t h e  exper imenta l  sub jec t  and a l s o  inc reased w i t h  

t r i a l s  f o r  each sub jec t .  The r e s u l t  was a wedge shaped su r face  p l o t  w i t h  

a roughness i n d i c a t i v e  o f  normal i n t e r - s u b j e c t  v a r i a t i o n s .  Thus, sub jec ts  

d e f i n i t e l y  perce ived a machline, bu t  i t s  l o c a t i o n  changed over  t h e  two 

day t ime  p e r i o d  o f  t h e  experiment. 

apparen t l y  due t o  a d r i f t  i n  the: cont rast :  l e v e l  o f  t h e  mon i to r .  The 

l o n g e r  t h e  mon i to r  was runn ing  t h e  weaker the  c o n t r a s t  became. 

s l i g h t  drop i n  c o n t r a s t  l e v e l  s h i f t e d  t h e  perce ived l o c a t i o n  of  t h e  mach- 

l i n e  t o  t h e  r i g h t  r e s u l t i n g  i n  a ramp- l i ke  su r face  p l o t  and a g r a d u a l l y  

i n c r e a s i n g  va lue  f o r  t h e  machine l o c a t i o n s .  

Fu tu re  exper imentors should be aware o f  t h e  extreme sensi  t i v i  ‘cy o f  

The s tandard d e v i a t i o n  was unusua l l y  

The su r face  p l o t  a t  t h e  bot tom of t h e  Table 3 g ives  a clue 

The average perce ived l o c a t i o n  o f  t h e  bar  inc reased d i r e c t l y  

The change of inachl ine l o c a t i o n  was 

The 

t h i s  i l l u s i o n  t o  s l i g h t  changes i n  screen cond i t i ons .  The a n a l y s i s  o f  

va r iance  conf i rmed t h e  ex i s tence  o f  t h e  e f f e c t  w i t h i n  s u b j e c t s  by a 

s i g n i f i c a n t  va lue  f o r  bo th  t r i a l s  (a lpha  l e s s  than .02) and sex by t r i a l s  

(a lpha  less than  .004) i n  Table 4. 

Resu l t s  f o r  t h e  Star  Illusion 

Table 5 p resents  t h e  r e s u l t s  f o r  t h e  s t a r  i l l u s i o n .  One concern 

e a r l y  i n  t h e  experiments was t h e  adequacy o f  ORNL mon i to r  screen reso- 

l u t i o n .  A l though t h e  mon i to r  used was t h e  bes t  a v a i l a b l e  on s i t e ,  t h e  

d a t a  i l l u s t r a t e  i t  was no t  able t o  generate t h e  s u b j e c t i v e  i l l u s i o n  

p r o p e r l y .  That f a c t  i s  i l l u s t r a t e d  i n  a very i n t e r e s t i n g  manner by t h e  
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Table 5. Summary Statistics and Surface Plot  
f o r  the Star  Illusion 

Freque'ncy Histogram and 
3-D S u r f a c e  Plat  f o r  Star  I l l u s i o n  

Unesampll e A n a l  y s i  s 
star  

Sample S t a t i s t i c s :  Number o f  Obs. 39 
A v e r a g e  68.846 
Uat- i ance 212.45 

14.576 S t d .  Deviation 
Med i an 65 

F r e q u e n c y  Histogram 
iCIII, @,n-, 

s t a r  

Plot of star 
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exarnpl e o f  the  Shepard e f f e c t  

t o  s o c i a l  pressure. P r i o r  t o  

a p r i n t e d  copy o f  t h e  s t a r  il 

would be ragged l i k e  t h a t  o f  t h e  Herman 

i.e., t h e  

t h e  t e s t ,  

u s i  on hav 

3-D sur face  p l o t  a t  t h e  bot tom o f  Table 5. No t i ce  t h e  f l a t  su r face  of 

the  p l o t  and t h e  one sharp d i p  f o r  sub jec t  number 4. The f l a t  su r face  

i s  t h e  c l u e  t h a t  what sub jec ts  repo r ted  seeing was a c t u a l l y  i n  t h e  screen 

image and - not t h e  s u b j e c t i v e l y  perce ived e f f e c t ,  I f  i t  were, t h e  su r face  

Gr id .  Subject  4 prov ided  a 

response o f  exper imenta l  sub jec ts  

sub jec ts  had been presented  w i t h  

ng very c l e a r  b lack  and w h i t e  

d e f i n i t i o n .  The e f f e c t  f rom t h i s  drawing was very s t rong,  much more so 

than  can be reproduced on t h e  mon i to r  and was used t o  i n s u r e  t h a t  t h e  

s u b j e c t s  understood t h e  e f f e c t  t hey  were t o  no te  i n  t h e  experiment. 

U n f o r t u n a t e l y ,  i t  a l s o  convinced t h e  sub jec ts  they would see an e f f e c t .  

When t h e  e f f e c t  d i d  no t  occur, they  apparen t l y  looked f o r  any unusual area 

on t h e  image t h a t  looked s i m i l a r .  

Such an image d i d  e x i s t  bu t  was caused by a harmonic d i s t o r t i o n  by 

t h e  IRI camera. F i n d i n g  no o t h e r  d i s t o r t i o n ,  t h e  sub jec ts  c i r c l e d  t h e  

harmonic and repo r ted  i t s  value, a l l  b u t  one s t r o n g - w i l l e d  s u b j e c t  who 

d i d  no t  see t h e  e f f e c t  and re fused t o  r e p o r t  any value. That s u b j e c t ’ s  

d a t a  i s  t h e  sudden d i p  i n  t h e  p l a n e r  sur face.  An i n t e r e s t i n g  r e s u l t  of 

t h i s  t e s t  was how obvious t h e  bogus e f f e c t  was when t h e  da ta  was p l o t t e d  

as a three-d imensional  su r face  r a t h e r  than analyzed by s tandard  s t a t i s t i c a l  

methods. The use o f  on l y  t h e  l a t t e r  cou ld  have r e s u l t e d  i n  a f a l s e  para- 

meter  hav ing  been chosen f o r  t h e  r e t i n a l  equat ions.  
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Csncl us ions  

Only t h e  Herman G r i d  had s t a b l e  enough r e s u l t s  t o  s a f e l y  use i n  

comparing t h e  ou tpu t  of t h e  MATRIX o f  l i n e a r  opera tors  and human percep- 

t i o n .  As i t  tu rned  out,  c h l  i n e  values prov ided enough p a r a m e t r i c  da ta  

f a r  an approximate s o l u t i o n  of t h e  opera to r  ma t r i x .  

was used because o f  p e r i o d i c i t y  problems i n  t h e  Herman G r i d  da ta  m a t r i x  

when t h e  F o u r i e r  method was at tempted, so t h e  Herman Gr id  da ta  was used 

i n s t e a d  as a comparison s tandard w i t h  human percept ion,  

c o u l d  n o t  be used w i t h  t h e  c u r r e n t  equipment. 

b e t t e r  exper imenta l  dev ices may remedy t h e  s i t u a t i o n  bu t  extreme care 

shoul  d be taken r e g a r d i  ng adequate screen r e s o l u t i o n ,  cont  F a s t  c o n t r o l  

s t a b i l i t y ,  and t h e  s e n s i t i v i t y  o f  exper imenta l  sub jec ts  t o  e x p e c t a t i o n s  

and s o c i a l  pressures.  Graphic p l o t s  of da ta  and exper imenta l  r e s u l t s  may 

a l s o  be impor tan t  i n  t h e  proper  s e l e c t i o n  o f  parameters as w e l l  as t h e  

i d e n t i f i c a t i o n  o f  f l aws  i n  exper imenta l  designs o r  e 

The b lack l ine data 

The S ta r  i l l u s i o n  

F u r t h e r  research w i t h  

The gray sca le  va lues f rom t h e  Herman G r i d  i l l u s i o n  were used t o  

c r e a t e  a g raph ic  3-D p l o t  where p i x e l  l o c a t i o n  was de f ined  on t h e  x-y 

a x i s ,  and gray sca le  i n t e n s i t y  was p l o t t e d  a long t h e  Z a x i s .  P i c t u r e  5 

shows a smal l  p o r t i o n  o f  a Herman Grid.  The h ighe r  t h e  value, t h e  da rke r  

t h e  area on t h e  o r i g i n a l  i l l u s i o n .  Sub jec t i ve  "do ts"  a re  t r e a t e d  as 

hav ing  normal d i s t r i b u t i o n s  around a midpo in t .  S i m i l a r l y ,  t h e  s u b j e c t i v e  

e f f e c t  o f  t h e  machband ( t h e  3-0 Ramp i n  P i c t u r e  6 )  and segments o f  t h e  

s t a r  ( P i c t u r e  7) were generated. 

The gray sca le  da ta  ma t r i ces  o f  t h e  Herman G r i d  was then m u l t i p l i e d  

by t h e  m a t r i x  o f  opera to rs  and t h e  or i tput  was i n p u t  i n t o  the p l o t t i n g  

r o u t i n e .  (For  a d i s c u s s i o n  o f  t h i s  r o u t i n e  see Appendix 2). 
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P i c t u r e  6. The Mach Band Illusion i n  3-D. 
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P i c t u r e  7. One-Quarter o f  t h e  S t a r  Illusion i n  3-D. 
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P i c t u r e s  8-11 present  t h e  r e s u l t s  of app ly ing  t h e  l i n e a r  m a t r i x  

The f i r s t  represents  a o p e r a t o r  o f  Chapter 3.3 t o  two se ts  of data. 

t h r e e  dimensional  p l o t  of two areas o f  t h e  Herman g r i d  b e f o r e  and a f t e r  

t h e  opera to r  was app l ied .  

o f  f o u r  o f  t h e  dark squares o f  t h e  Herman g r i d  i s  shown. Below i t  i s  t h e  

e f f e c t  on t h e  f r o n t  p a r t  of two o f  these squares a f t e r  t h e  

t o r  i s  app l ied .  N o t i c e  t h a t  t h e  homogeneous reg ion  i n  t h e  cen te r  o f  t h e  

square i s  suppressed (because t h e r e  i s  no change o f  b r i gh tness  across t h e  

homogeneous f i e l d )  b u t  t h e  o u t e r  edges are  ou t l i ned .  

enhanced b u t  t h e  sharpening e f f e c t  i s  t runca ted  by t h e  p l o t t i n g  rou t ine . )  

N o t i c e  a l s o  t h a t  a t  t h e  bottom o f  t h e  p l o t ,  t h e  f l a t  su r face  area begins 

t o  r i s e .  The p l o t  o f  t h i s  area i s  shown i n  P i c t u r e  9 and corresponds t o  

t h e  reg ion  where human sub jec ts  s u b j e c t i v e l y  see a do t  appear ing between 

f o u r  o f  t h e  Herman g r i d  squares. N o t i c e  t h a t  t h e  reg ion  i s  a l s o  r a i s e d  up 

by t h e  m a t r i x  o p e r a t o r  which means i t  i s  now darker  than t h e  o r i g i n a l  

i l l u s i o n  be fo re  t h e  o p e r a t o r  was app l ied .  Thus, t h e  s u b j e c t i v e  do t  i l l u -  

s i o n  o f  t h e  Herman G r i d  was reproduced. The r e s u l t  i s  o f  i n t e r e s t  

because t h e  m a t r i x  o p e r a t o r  was a c t u a l l y  us ing  o n l y  i n f o r m a t i o n  f rom t h e  

m o d i f i e d  Machband i l l u s i o n ,  no t  t h e  Herman Grid.  

I n  t h e  f i r s t  p i c t u r e  a three-d i rnensio 

( A c t u a l l y  they  are  

I n  t h i s  case a t  l e a s t ,  t h e  r e t i n a l  e f f e c t s  p roduc ing  one i l l u s i o n  

was captured by t h e  m a t r i x  ope ra to rs  and a c c u r a t e l y  produced e f f e c t s  

exper ienced by humans i n  another  i l l u s i o n .  

the opera tor  t o  t h e  S t a r  i l l u s i o n  bu t  t h e  r e s u l t s  were i n c o n c l u s i v e  

because t h e  p l o t t i n g  r e s o l u t i o n  i n  t h r e e  dimensions produced t o o  much 

n o i s e  t o  de tec t  any unique e f f e c t s .  

An at tempt  was made t o  apply  
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OWL.-DWG 8610121 

Picture 8. Herman Grid  Befo re .  
Herman Gr id  After Vi sua1 Operator Appl  i cation. 
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Q R N L-0 W 6  86- 1 0 1 27 

P i c t u r e  9. 3-D P l o t  o f  an Est imated Illusory Dot i n  t h e  Herman Gr id .  
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ORNL-DWG 86-101 24 

P i c t u r e  10. O r i g i n a l  Tank P i c t u r e  and i t s  3-D P l o t .  
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P i c t u r e  11. P l o t  o f  3-D Tank P i c t u r e ' A f t e r  A p p l i c a t i o n  
o f  t h e  M a t r i x  Opera to r .  
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Because one goal o f  t h e  p r o j e c t  i s  t o  capture  t h e  i n f o r m a t i o n  p ro -  

cess ing  c h a r a c t e r i s t i c s  o f  t h e  human f o r  a p p l i c a t i o n  t o  r e a l  wor ld  scenes, 

an at tempt  was a 

w h i t e  p i c t u r e  o f  

a r t i l l e r y  s h e l l .  

t u r e  i s  t h e  resu 

so made t o  apply  t h e  m a t r i x  opera tor  t o  a 

a tank about t o  be s t r u c k  by a copperhead 

P i c t u r e  10 shows t h e  o r i g i n a l  image. Be 

t o f  p l o t t i n g  t h e  same p i c t u r e  i n t e n s i t y  

b lack  and 

a n t i t a n k  

ow t h i s  p i c -  

e v e l s  i n  t h r e e  

dimensions. The three-d imensional  p l o t s  a re  r e q u i r e d  because t h e  o p t i c a l  

e f f e c t s  are s u b t l e  and occur  as br igh tness  l e v e l s  o f  va r ious  p a r t s  o f  t h e  

image. 

would no t  reproduce i n  two-dimensional  images. Consequently, t h e  l a s t  

P i c t u r e  (11) i s  p a r t  o f  t h e  three-d imensional  tank p l o t  a f t e r  t h e  opera- 

t o r  has been app l ied .  Some gray sca le  e f f e c t s  can be noted, bu t  i n  

genera l ,  i n f o r m a t i o n  i s  l o s t  i n  t h e  complex i ty  o f  the  p l o t .  If the 

i n f o r m a t i o n  was used i n  a h ighe r  o rder  image i n t e r p r e t a t i o n  system, t h i s  

image would f i r s t  be f i l t e r e d  t o  band pass on ly  t h e  extremes. 

e f f e c t ,  which i s  a common one w i t h  such t r a n s f o r m a t i o n s  as t h e  Sobel 

opera tors ,  would be t o  leave o n l y  a ske le ton  o f  t h e  image w i t h  c e r t a i n  

areas enhanced. 

These d i f f e r e n c e s  do no t  show up we l l  i n  s tandard photos and 

The 

The second year  o f  t h i s  e f f o r t  i s ,  i n  f a c t ,  do ing e x a c t l y  t h a t .  

Other  images were a l s o  processed bu t  have no t  been inc luded  i n  t h e  pre-  

sent  repo r t .  The pr imary  i n t e n t  i n  app ly ing  t h e  l i n e a r  m a t r i x  ope ra to r  

was t o  determine whether o r  not t h e  equat ions were reproduc ing  s u b j e c t i v e  

e f f e c t s  and t o  p rov ide  va lues t o  t e s t  t he  F o u r i e r  s o l u t i o n  method. 

A l though adequate f o r  these purposes, t h e  m a t r i x  ope ra to r  so ob ta ined 

should be t r e a t e d  w i t h  caut ion.  Several f a c t o r s  l ead  t o  t h i s  conclus ion.  

F i r s t ,  t h e  i l l u s i o n s  were no t  t e s t e d  under a wide range of  c o n t r a s t  and 
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1 i g h t i n g  c o n d i t i o n s .  

would vary  i n  a n o n l i n e a r  or h i g h l y  i r r e g u l a r  way. Second, t h e  mon i to rs  

showed a minor  bu t  s i g n i f i c a n t  tendency t o  a u t o m a t i c a l l y  c o r r e c t  f o r  wide 

changes i n  screen luminance. Th is  "averaging"  e f f e c t  tended t o  wash ou t  

ex t remely  sharp edges and t hus  reduce t h e  magnitude o f  an i l l u s o r y  

e f f e c t .  F i n a l l y ,  some a c u i t y  l o s s  a l s o  occur red  between t h e  o r i g i n a l  

image and the s t o r e d  image because (3f degradat ions  i n  t h e  d i g i t i z e r .  

It i s  no t  known whether these s u b j e c t i v e  judgements 

I t  i s  a n t i c i p a t e d  t h a t  i n  1986 two events  should improve our con- 

f i d e n c e  i n  t h e  psychophysica l  data. F i r s t ,  bo th  HEL and OR 

a v a i l a b l e  improved g raph ic  d i s p l a y s  r e s u l t i n g  i o  sharper  more s t a b l e  

images. Second, HEL may per fa rm more c o n t r o l  l e d  experirnents w i t h  l a r g e r  

numbers o f  sub jec ts .  I f  a d d i t i o n a l  i l l u s i o n s  can be found f o r  t h e  e a r l y  

r e t i n a l  l aye rs ,  t h e  l o g i c a l  i n t e r s e c t i o n  o f  m u l t i p l e  s u b j e c t i v e  conf idence 

r a t i n g  i n t e r v a l s  may have t h e  e f f e c t  of nar rowing  t h e  var iance i n  t h e  

da ta  used t o  so l ve  f o r  t h e  m a t r i x  opera tor .  
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5.0. CONCLUSIONS AND FUTURE DIRECTIONS 

As s t a t e d  e a r l i e r ,  t h e  long- te rm goal o f  t h i s  research  program i s  t o  

develop a r o b o t i c  v i s i o n  system based on p r i n c i p l e s  o f  human v i s i o n .  

W i t h i n  t h e  con tex t  of t h e  more l i m i t e d  goa ls  o f  t h e  f i r s t  year ,  cons ide rab le  

p rogress  has been made. It has become apparent f rom a c t u a l l y  a p p l y i n g  

t h e  neura l  models bo th  i n  s i m u l a t i o n s  and w i t h  human exper iments t h a t  a 

v a r i e t y  of i n t e r e s t i n g  e f f e c t s  occur. That i s  no t  s u r p r i s i n g ,  b u t  what 

i s  va luab le  a re  i n s i g h t s  from observ ing  t h e  cumula t ive  e f f e c t s  o f  r e t i n a l  

mechanisms on t h e  o r i g i n a l  p i c t o r i a l  i n fo rma t ion .  With l a r g e  systems o f  

equat ions  i t  becomes ve ry  d i f f i c u l t  t o  a n t i c i p a t e  o r  even v i s u a l i z e  com- 

pounded r e s u l t s  o f  neura l  process ing.  By b reak ing  down t h e  models i n t o  a 

s i m u l a t a b l e  form, t h i s  e f f o r t  has p e r m i t t e d  a s tep-by-step examinat ion o f  

what may be going on d u r i n g  human i n f o r m a t i o n  e x t r a c t i o n  and e a r l y  p a t t e r n  

ana lys i s .  

The use o f  i l l u s i o n s  t o  parameter ize  equat ions  p rov ided  a method f o r  

computa t iona l  measurement o f  p rocess ing  i n  e a r l y  r e t i n a l  l aye rs .  A l though 

i t  now appears t h a t  s imp le  l i n e a r  systems o f  equat ions  w i l l  n o t  be 

f l e x i b l e  enough t o  cap tu re  r e t i n a l  dynamics, t h e  c o n j e c t u r e  has been 

empi r i  c a l l  y exp lo red  i n  t h e  present  research. 

A t  t h e  o t h e r  extreme of complex i ty ,  t h e  Gawrsnski equat ions  appear 

t o  be ab le  t o  cap tu re  r e t i n a l  dynamics w i t h  a cos t  o f  cons ide rab le  i n -  

creases i n  computat ional  requi rements and complex i ty .  So f a r ,  t h e  most 

i n t e r e s t i n g  r e s u l t s  o f  t h i s  work has been t h a t  neura l  process dynamics 

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

s i m p l i f y  t h e  r e p r e s e n t a t i o n a l  problem. A lso ,  a power fu l  s i m u l a t i o n  t o o l  
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has been produced. 

a r c h i t e c t u r e s  such as t h e  ORNL NCUBE machine appears t o  h o l d  r e a l  promise 

f o r  f u t u r e  r e a l  w o r l d  implementat ions.  It i s  a n t i c i p a t e d  t h a t  t h i s  work 

w i l l  be acce le ra ted  more i n  t h e  coming year  due t o  t h e  p romis ing  i n i t i a l  

r e s u l t s .  The g r e a t e s t  l i m i t a t i o n  i s  t h e  probable i n a b i l i t y  t o  determine 

more equat ion  va lues from psychophysica l  experiments. Instead,  s i m u l a t i o n s  

and parameter s e l e c t i o n  based on obse rva t i on  o f  p rocess ing  l a y e r s  w i l l  be 

r e q u i  red. Such an approach poses new d i  f f i c u l  t i es . 

The ex tens ion  o f  t h i s  approach t o  f a s t e r  hardware 

Technica l  I ssues  

The d i r e c t i o n  which t h i s  research w i l l  t a k e  i n  t h e  f u t u r e  depends 

on t h e  r e s o l u t i o n  o f  severa l  i ssues  which w i l l  become more impor tan t  t h e  

c l o s e r  t h e  e f f o r t  comes t o  hardware implementation. I n  the immediate 

f u t u r e ,  t he  process ing  o f  neura l  i n f o r m a t i o n  needs t o  be l i n k e d  t o  h i g h e r  

l e v e l s  o f  c o g n i t i v e  processes i nc luded  i n  p a t t e r n  r e c o g n i t i o n  and 

lea rn ing ,  Most e x i s t i n g  methods do no t  u t i l i z e  concepts o f  p a r a l l e l i s m  

and dynamic feedback. I f  a f u t u r e  robot  v i s i a n  system w i l l  emulate human 

process ing  c h a r a c t e r i s t i c s  a t  h i g h e r  c o r t i c a l  l e v e l s ,  research should a l s o  

beg in  on p a t t e r n  r e c o g n i t i o n  procedures capable o f  accept ing  neura l  t ypes  

o f  inpu t .  It i s  no t  a t  a19 c l e a r  what t h e  suppor t i ng  hardware mechanisms 

w i l l  l ook  l i k e  except t h e r e  i s  a h i g h  p r o b a b i l i t y  they  w i l l  have t o  e x h i b i t  

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

a s s o c i a t i v e  processes i n  t h e  neura l  column. 

A second issue concerns t h e  i n c l u s i o n  o f  dynamic processes. It i s  

ev iden t  t h a t  dynamics occur  bo th  w i t h i n  nerve l a y e r s  and between nerve 

l a y e r s  as feedback. I n  f a c t  such processes are  c r i t i c a l  t o  handle t h e  
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space-time r e l a t i o n s h i p s  i nhe ren t  i n  r e a l  t ime v i s ion .  The present 

e f f o r t  considered some feedback, bu t  the  range o f  i n f l u e n c e  w i t h i n  l a y e r s  

was l i m i t e d  and t h e  amount of i n t e r - l a y e r  feedback minimal. I n  a d d i t i o n  

t o  dynamics w i t h i n  t h e  neura l  system, t h e  e f f o r t  w i l l  e v e n t u a l l y  have t o  

address dynamics i n  t h e  ex te rna l  image environment. 

o n l y  s t a t i c ,  d i g i t i z e d  p i c t u r e s  have been processed. How much dynamics 

can be handled, where dynamics should be u t i l i z e d ,  and w h a t  t h e  e f f e c t s  

migh t  be remain stubborn problems a 

Up t o  t h i s  time, 

C lose ly  r e l a t e d  t o  dynamics i s  the phi losophy f o r  i n c o r p o r a t i n g  t h e  

r e s u l t s  i n  hardware. Computa t iona l l y  i t  seems c l e a r  t h a t  some p a r a l l e l  

computing l o g i c  w i l l  be u t i l i z e d .  What i s  not c l e a r  i s  wh?ch t ype  o f  

a r c h i t e c t u r e  i s  bes t  and whether the  research r e s u l t s  should be embedded 

i n  an advanced e x i s t i n g  system such as a hypercube, b u t t e r f l y ,  o r  Non Von 

machine. Perhaps t h e  m a j o r i t y  o f  computation should bes t  t ake  p lace  on a 

custom chip.  

r e l a t i v e l y  e a r l y  i n  t h i s  e f f o r t  because o f  t h e  p o t e n t i a l  lead t imes 

i n h e r e n t  i n  t h e  f a b r i c a t i o n  of new ch ips  and t h e  genera t ion  o f  computer 

code on advanced computer a r c h i t e c t u r e s .  

The dec i s ions  about t h e  g loba l  approach should be made 

S p e c i f i c  choices f o r  each of these issues should become more obvious 

as experience i n  t h e  behav io r  of t he  neural  models i s  gained. It i s  c l e a r  

t h a t  a g rea t  deal o f  research i n t e r e s t  e x i s t s  i n  t h e  use o f  human sensory 

analogs evidenced by t h e  v a r i e t y  and magnitude o f  R & D programs now 

beg inn ing  t o  appear. It i s  premature t o  s e l e c t  one o f  these approaches 

over t h e  other.  The present  e f f o r t  looks promis ing  y e t  cons iderab le  

obs tac les  remain before the  goal of  d r e t i n a l  based vision system can 

become r e a l i t y .  The payof f  of a successful system i s  so grea t ,  however, 

t h a t  t h e  obs tac les  are more than overshadowed by t h e  p o t e n t i a l .  
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APPENDIX A 
FORTRAN Code f o r  t h e  F o u r i e r  S o l u t i o n  of t h e  L i n e a r  M a t r i x  Equations 
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*CO6FJF i s  a s tandard  numeric a l g o r i t h m  r o u t i n e  f o r  FFT t ransforms,  





E. l  

APPENDIX B 

Graphics Program D e s c r i p t i o n  

A FORTRAN program was w r i t t e n  t o  c r e a t e  t h r e e -  and two-d imensional  

p l o t s  o f  t h e  scene i n t e n s i t y  da ta  used i n  t h e  machine v i s i o n  p r o j e c t .  

The th ree-d imens iona l  p l o t s  sho t h e  i n t e n s i t y  l e v e l  a t  every g r i d  p o i n t  

i n  t h e  d i g i t i z e d  scene. 

mathemat ica l  node1 ' s  o u t p u t  f o r  the i l l u s i o n  scenes w i t h  t h a t  ob ta ined  

f rom s t u d i e s  w i t h  human sub jec ts .  The two-dimensional p l o t s  can be used 

t o  show t h e  mathemat ica l  model 's  o u t p u t  f o r  more complex scenes which are 

more e a s i l y  v e r i f i e d  by l o o k i n g  a t  t h e  two-dimensional views. 

These p l o t s  a l l o w  a r a p i d  comparison o f  t h e  

Th is  program uses t h e  DISSPLA graph ics  sof tware.  For t h e  s imp le  

t y p e  o f  g raph ics  produced i n  t h i s  program, t h e  use o f  t h i s  program has 

seve ra l  advantages. F i r s t ,  t h e  ou tpu t  from t h e  progra  can be a g raph ics  

m e t a f i l e  which can l a t e r  be p l o t t e d  on any o f  t h e  dev ices a v a i l a b l e  a t  

M a r t i n  M a r i e t t a  Energy Systems. Qu ick ,  bu t  h i g h - q u a l i t y ,  p l o t s  can be 

ob ta ined  on t h e  Versatec o r  CalComp p l o t t e r s ,  w h i l e  35mm s l i d e s  and 

g lossy  p r i n t s  can be ob ta ined  f rom t h e  FR80 f i l m  recorder .  Secondly, 

s i n c e  t h e  DISSPLA package i s  used on many o f  t h e  a v a i l a b l e  computer 

systems, it cou ld  e a s i l y  be t r a n s p o r t e d  t o  another  system. Th is  migh t  

become necessary i f ,  for example, t h e  process ing  speed o f  t h e  Cray X/MP 

was deemed t o  be necessary f o r  p r o d u c t i o n  o f  p l o t s .  

T h i s  development o f  t h i s  pr0gra.n i s  t o  t h e  p o i n t  a t  w i c h  t h e  i n i -  

t i a l  p r o d u c t i o n  o f  p l o t s  f o r  t h e  i l l u s i o n  da ta  can begin. A d d i t i o n a l  

f e a t u r e s  may be added as t h e  need f o r  them ar ises .  



B.2 

Program Overview 

The bas ic  f u n c t i o n  o f  t he  program, h e r e a f t e r  r e f e r r e d  t o  as PLQTINT, 

i s  t o  read a data f i l e  o f  scene i n t e n s i t y  values and c rea te  a th ree -  

dimensional  p l o t  on one o f  two dev ices - a Tek t ron i x  4027 graph ics  t e r -  

m ina l ,  o r  a graphics m e t a f i l e .  Working i n t e r a c t i v e l y  on t h e  T e k t r o n i x  

t e r m i n a l ,  t h e  user  can manipulate the  p l o t  u n t i l  i t  s u i t s  h i s  needs. 

Once the  f i n a l  p l o t  has been designed, t h e  commands t o  PLOTINT necesary 

t o  cons t ruc t  t h e  f i n a l  p l o t  can be saved i n  a f i l e .  Th is  f i l e  i s  then 

run  through PLQTINT again, t h i s  t ime  w i t h  t h e  graphics m e t a f i l e  as t h e  

ou tpu t  device. 

dev ices through e x i s t i n g  methods. 

The m e t a f i l e  can then be p l o t t e d  on any o f  t h e  a v a i l a b l e  

The produc t ion  o f  two-dimensional  p l o t s  i s  a secondary f u n c t i o n  of 

PLOTINT. The ou tpu t  i s  a f i l e  c o n t a i n i n g  r a s t e r  data f o r  t h e  Versatec 

r a s t e r  p l o t t e r ,  and i s  thus no t  i n  a form t h a t  can be p l o t t e d  on o t h e r  

devices.  Since t h e  Versatec p l o t t e r  can not  produce p i x e l s  of a r b i t r a r y  

i n t e n s i t y  l e v e l ,  bu t  only an or  o f f ,  va ry ing  i n t e n s i t y  l e v e l s  a re  p ro-  

duced by rep resen t ing  each g r i d  p a i n t  i n  t h e  scene by a m a t r i x  of p i x e l s  

on the  p l o t t e r .  Var ious combinat ions o f  do ts  are used t o  c r e a t e  the  

approp r ia te  shades. Th is  process i s  f a i r l y  crude and makes t h e  two- 

dimensional  ou tpu t  o f  PLOTINT approp r ia te  only f o r  rough v i s u a l i z a t i o n  o f  

t h e  ou tpu t  o f  t he  mathematical  model. 

I n  what fo l l ows ,  t h e  bas i c  c a p a b i l i t i e s  o f  t h e  program are  l i s t e d ,  

a long w i t h  planned ex tens ions  where appropr ia te .  

Input Data 

The i n p u t  data can be i n  one o f  two forms - r e a l  numbered da ta  or  

c h a r a c t e r  data. I f  i t  i s  real-numbered data, each datum i s  an i n t e n s i t y  
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l e v e l ,  i n  t h e  range 0.0 - 1.0, f o r  d s i n g l e  g r i d  p o i n t .  I f  i t  i s  

c h a r a c t e r  data,  each c h a r a c t e r  agai XI represents  a s i n g l e  g r i d  p o i n t  b u t  

t h e  i n t e n s i t y  va lue i s  represented  tis a d i s c r e t e  l e v e l  i n  t h e  range 0-255. 

The l e v e l  i s  g iven  by t h e  o r d i n a l  va lue  o f  t h e  cha rac te r  i n  t h e  EBCDIC 

c o l l a t i n g  sequence. The advantage o f  s t o r i n g  cha rac te r  data i s  t h a t  i t  

o n l y  r e q u i r e s  1 /4  t h e  s to rage space o f  t h e  real-numbered data f i l e .  

Also, t h e  program s t o r e s  t h e  i n p u t  da ta  i n t e r n a l l y  as c h a r a c t e r  data i n  

o r d e r  t o  keep i t ' s  reg ion  requi rements a t  a minimum. 

reason f o r  a l l o w i n g  real-numbered da ta  as i n p u t  i s  t h a t  i t  i s  an e a s i e r  

format  f o r  t h e  mathematical  model t o  ou tpu t .  

Thus, t h e  only 

P l o t t i n g  Region 

The i n p u t  data c o n s i s t s  o f  a 1024 x 1024 g r i d .  Any r e c t a n g u l a r  po r -  

t i o n  o f  t h i s  g r i d  may be used fo r  t h e  p l o t s .  

Mesh Spacing 

The user  can a d j u s t  t h e  mesh spacing f o r  three-d imensional  p l o t s .  A 

va lue  o f  one means t h a t  every g r i d  l ine i n  t h e  p l o t t i n g  r e g i o n  will be 

used, w h i l e  a va lue o f  f i v e  means t h a t  o n l y  every f i f t h  g r i d  l i n e  w i l l  be 

used. Th is  f e a t u r e  i s  u s e f u l  f o r  speeding up t h e  p roduc t i on  o f  t h e  p l o t  

i n  t h e  i n t e r a c t i v e  p l o t  phase. 

V i  ewpoi n t  

Every three-d imensional  p l o t  must have a v iewpo in t  de f ined,  which 

i nc ludes  t h e  v iewing d i r e c t i o n  r e l a t i v e  t o  t h e  cen te r  o f  t h e  p l o t ,  and 

t h e  d i s tance  from t h e  p l o t .  Th is  a l l ows  t h e  user  t o  r o t a t e  t h e  p l o t  

u n t i l  i t  bes t  i l l u s t r a t e s  t h e  scene being p l o t t e d .  Changing t h e  d i s tance  
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from t h e  p l o t  a l lows t h e  user  t o  s h r i n k  or expand t h e  p l o t  t o  make room 

f o r  t i t l e s  o r  o the r  necessary messages. 

Annota t i  on 

C u r r e n t l y ,  a t i t l e  o f  up t o  t h r e e  l i n e s ,  w i t h  each l i n e  p o s s i b l y  a 

d i f f e r e n t  he igh t ,  can be added t o  a three-d imensional  p l o t .  The DISSPLA 

package i s  now dec id ing  where t o  pu t  t h e  t i t l e ,  bu t  t h i s  w i l l  be changed 

t o  g i ve  t h e  user c o n t r o l  over  placement. Also, t h e  a b i l i t y  t o  add messages 

anywhere on t h e  p l o t  w i l l  soon be added. 

M u l t i p l e  Views 

One can a u t o m a t i c a l l y  produce m u l t i p l e  views o f  t h e  p l o t  by 

des ign ing  t h e  s t a r t i n g  and ending p l o t s ,  and then s p e c i f y i n g  t h e  number 

o f  p l o t s  t o  be i n t e r p o l a t e d  between these two extremes. 

s u f f i c i e n t  i n t e r e s t ,  t h i s  f e a t u r e  can be expanded t o  a l l o w  t h e  p roduc t i on  

o f  movie c l i p s  on t h e  FR80 f i l m  recorder .  

I f  t h e r e  i s  

P r o j e c t i o n s  

A t  t imes a three-d imensional  p l o t ,  no ma t te r  how w e l l  manipulated, 

cannot adequately d i s p l a y  an impor tan t  fea ture .  For these cases, t h e  

a b i l i t y  t o  add two-dimensional  p r o j e c t i o n s  o f  t h e  three-d imensional  data 

has been added. Th is  can take  one o f  two forms. I n  t h e  f i r s t  form, a 

v e r t i c a l  s l i c e  a long a g r i d  l i n e  i s  p r o j e c t e d  on a plane p a r a l l e l  t o  t h a t  

s l i c e  and d i sp laced  f a r  enough from t h e  three-d imensional  p l o t  t o  be c l e a r l y  

v i s i b l e .  The curve i n  t h a t  p r o j e c t i o n  i s  t h e  i n t e n s i t y  l e v e l  a long t h a t  

g r i d  l i n e .  The user has c o n t r o l  o f  t h e  p o s i t i o n  o f  t h e  p r o j e c t i o n .  I n  

t h e  second form, the  p r o j e c t i o n  c o n s i s t s  o f  two curves, which are  t h e  

minimum and maximum i n t e n s i t y  l e v e l s  a long t h e  approp r ia te  g r i d  l i n e s .  
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Two-Dimensi onal Plots 

Two-dimensional p l o t s  can be produced on the Versatec r a s t e r  p l o t t e r .  

Each g r i d  p o i n t  i n  t h e  p l o t t i n g  r e g i o n  i s  represented as e i t h e r  a 1 x 1, 

2 x 2, o r  4 x 4 m a t r i x  of p i x e l s  on the p l o t t e r .  Th is  g i v e s  severa l  

l e v e l s  o f  approx imat ion t o  t h e  actucll two-dimensional  image. 
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