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Da ta  r e g a r d i n g  t h e  m o d i f y a b i l i t y  of  r e c e p t i v e  f i e l d  
p r o p e r t i e s  of  v i s u a l  sys tem neurons  were p r e s e n t e d  
t o  i n d i c a t e  t h a t  bo th  c o n v o l u t i o n a l  and m a t r i x  
models  of  c o g n i t i v e  p r o c e s s i n g  cou ld  r e f l e c t  r e a l  
mechanisms o p e r a t i n g  i n  t h e  b r a i n .  Both of  t h e s e  
t y p e s  of  models invoke  r e p r e s e n t a t i o n s  which a r e  
d i s t r i b u t e d  and c o n t e n t - a d d r e s s a b l e .  The c o n v o l u t i o -  
n a l  model i s  adep t  a t  p r o c e s s i n g  s e r i a l  o r d e r  e f f e c t s ;  
t h e  m a t r i x  model does  b e t t e r  w i t h  c a t e g o r i z i n g .  S e r i a l  
o r d e r i n g  h a s  been shown r e l a t e d  t o  t h e  F r o n t o l i m b i c  
p o r t i o n s  of t h e  f o r e b r a i n ,  w h i l e  c a t e g o r i z a t i o n  i s  
r e l a t e d  t o  t h e  sys tems c f  p o s t e r i o r  convex i ty .  

The c u r i o u s  t h e o r y  of Bain and o t h e r s  t h a t  each  i d e a  is  lod- 
ged i n  a s e p a r a t e  g a n g l i o n  c e l l  ( i s )  an h y p o t h e s i s  i m p o s s i b l e  
b o t h  p s y c h o l o g i c a l l y  and p h y s i o l o g i c a l l y  (Ebbinghaus ( 1 9 6 4 ) ,  
p. 63 f o o t n o t e ) .  

The p r o p e r  way i n  which t o  t h i n k  of  t h i s  c a u s a t i o n  ( t h e  i n -  
d i r e c t  s t r e n g t h e n i n g  of a s s o c i a t i o n s )  would become c l e a r  o n l y  
by t h e  i n t r o d u c t i o n  of  p h y s i o l o g i c a l  concep t ions  which must 
f i r s t  be  c o n s t r u c t e d  o r  a t  l e a s t  remodeled (Ebbinghaus (1  964) , 
p.  1 2 2 ) .  

.I 

INTRODUCTION 
: 1 

I n  t a c k l i n g  t h e  problem of " t h e  i n t r o d u c t i o n  of  p h y s i o l o g i c a l  
c o n c e p t i o n s  which must f i r s t  be c o n s t r u c t e d  o r  a t  l e a s t  re- 
modeled,  " I  proposed  t h e  f o l l o w i n g  i n  t h e  surnn,ation s e s s i o n  
of t h e  I n t e r n a t i o n a l  Congress of  Psychology h e l d  i n  F e s t i v a l  
H a l l ,  London, England:  

One of  t h e  f a c t s  of t h e  b r a i n  i s  t h e  p e c u l i a r  f i n d i n g ,  made 
much o f  by L a s h l e y ,  t h a t  poking h o l e s  i n t o  it does  n o t  seem 
t o  b o t h e r  r e c o g n i t i o n  o r  r e c a l l .  A p a t i e n t  b l i n d  i n  h a l f  o r  
more of  h i s  v i s u a l  f i e l d  can y e t  i d e n t i f y  and r e c o g n i z e  
whatever  h e  knew b e f o r e .  H e  d o e s  t h i s  w i t h  t h e  remaining  
b r a i n  t i s s u e  which must c o n t a i n  s u f f i c i e n t  i n f  ormat ion  t o  
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a l low r e c o n s t r u c t i o n  of t h e  whole. Expe r imen ta l  a n a l y s i s  o f  
t h i s  c l i n i c a l  o b s e r v a t i o n  h a s  e s t a b l i s h e d  beyond doub t  t h a t :  
memory s t o r a g e  i n  t h e  b r a i n  is  d i s t r i b u t e d  and r edundan t  
w i t h i n  t h e  sys tem invo lved .  

U n i t 1  r e c e n t l y  t h e r e  was no  e a s i l y  c o n c e i v a b l e  model of a  
d i s t r i b u t e d  r edundan t  memory which a l s o  f i t t e d  t h e  a n a t o m i c a l  
c o n s t r u c t i o n  of  t h e  b r a i n .  The p u z z l e  was t h a t  t h e  b r a i n  i s  
wi red  i n  a  v e r y  s p e c i f i c  f a s h i o n  --- n o t  a t  a l l  l i k e  a  random 
n e t  --- b u t  t h e  p s y c h o l o g i c a l  f u n c t i o n s  of t h i s  s t r u c t u r e  
demanded f l e x i b i l i t y  which o n l y  a  d i s t r i b u t e d  mechanisms 
cou ld  p rov ide .  

The adven t  of h o l o g r a p h i c  photography and t h e  s c i e n c e  of 
o p t i c a l  i n f o r m a t i o n  p r o c e s s i n g  has  changed a l l  t h i s .  Holo- 
graphy depends on p r e c i s e  and s p e c i f i c  r e l a t i o n s h i p s  t o  a t t a i n  
d i s t r i b u t e d  and r edundan t  s t o r a g e .  T h i s  i s  e f f e c t e d  by c o d i n g  
n o t  o n l y  t h e  i n t e n s i t y  b u t  e s p e c i a l l y  t h e  s p a t i a l  phase  
r e l a t i o n s h i p s ,  t h e  s p a t i a l  neighbourhood i n t e r a c t i o n s  among 
s i m u l t a n e o u s l y  o c c u r r i n g  e v e n t s .  Most holograms,  and I be-  
l i e v e  n e u r a l  holograms a r e  of  t h i s  t y p e ,  r e s u l t  when wave- 
forms i n i t i a t e d  by a  s o u r c e  r e a c h  t h e i r  d e s t i n a t i o n  by two 
o r  more r o u t e s  s o  t h a t  p a t t e r n s  of  i n t e r f e r i n g  wave f ron t s  
become e s t a b l i s h e d .  

Holograms have marve l lous  p r o p e r t i e s .  A s m a l l  p i e c e  o f  ho lo -  
g r a p h i c  f i l m  s i l l  a l low r e c o n s t r u c t i o n  of  t h e  whole image o f  
t h e  o b j e c t  photographed j u s t  a s  a s m a l l  p i e c e  of  b r a i n  w i l l  
a l l o w  r e c o g n i t i o n  t o  o c c u r .  When two o r  more o b j e c t s  have 
been photographed,  t r a n s i l l u m i n a t i o n  o f  t h e  f i l m  w i t h  l i g h t  
from one of t h e  o b j e c t s  w i l l  g i v e  r i s e  t o  g h o s t  images of  t h e  
o t h e r s  --- t r u e  a s s o c i a t i v e  r e c a l l  which can  a c t  as an a c t i v e  
f i l t e r  i n  i n f o r m a t i o n  p r o c e s s i n g  sys tems.  F u r t h e r ,  t h e  u s e f u l  
s t o r a g e  c a p a c i t y  of  holograms is  phenomenal : a l r e a d y  100 
m i l l i o n  b i t s  of memory have been s t o r e d  i n  t h e  s p a c e  of  one  
c u b i c  cen t i -me t re .  T h i s  c a p a c i t y  r e s u l t s  from t h e  f a c t  t h a t  
h o l o g r a p h i c  p a t t e r n s  can be  ove r l ayed  and e a c h  r e t r i e v e d  w i t h -  
o u t  a f f e c t i n g  t h e  o t h e r s  when t h e  s p e c i f i c  i n p u t  which gene- 
r a t e d  t h e  p a t t e r n  occu r s .  

I b e l i e v e  t h a t  ho log raphy ,  i. e .  , o p t i c a l  i n £  c r m a t i o n  p roces -  
s i n g  and memory s t o r a g e ,  w i l l  i n f l u e n c e  psychology d u r i n g  t h e  
1970s much a s  computer t echno logy  has  i n f l u e n c e d  o u r  work 
d u r i n g  t h e  s i x t i e s .  The d i g i t a l ,  s e q u e n t i a l  computer  gave r i s e  
t o  ways of hand l ing  t h e  programming of  symbol i c  codes .  The 
ana logue ,  s p a t i a l  hologram w i l l  g i v e  r i s e  t o  ways of  h a n d l i n g  
what I s h a l l  c a l l  c o - o r d i n a t e  coding.  Co-o rd ina t e  t r a n s -  
f o r m a t i o n s  a r e  powerfu l  t o o l s  f o r  c o n t e n t  a d d r e s s i b l e  p a r a l l e l  
i n f o r m a t i o n  p r o c e s s i n g ,  g i v i n g  i n s t a n t a n e o u s  c r o s s - c o r r e l a t i o n s  
when d e s i r e d ,  and sc s p e e d i n g  p a t t e r n  r e c o g n i t i o n  t o  o r d e r s  
of  t ime compat ib le  w i t h  t h o s e  observed i n  b i o l o g i c a l  o rgan i sms .  
(P r ib ram ( 1  96913) , p.  60) . 
The p r e d i c t i o n s  made a t  t h e  Congress have t a k e n  a  b i t  l o n g e r  
t o  come abou t  t h a n  I had hoped and expec ted .  But  by t h e  mid- 
1980s ,  models based  on h o l o g r a p h i c - l i k e  p r o c e s s e s  a r e  begin-  



Convolution and Matrix Sj~stems in Perception and Memory 

n i n g  t o  become s e r i o u s  c o n t e n d e r s  f o r  j o u r n a l  s p a c e  and f o r  
d i s c u s s i o n  a t  c o n f e r e n c e s .  T h i s  e s s a y  w i l l  r e p o r t  some of t h e  
more i n f l u e n t i a l  of t h o s e  a r t i c l e s  i n  t h e  c o n t e x t  of  r e s e a r c h  
from my own l a b o r a t o r y .  

The work of my l a b o r a t o r y  which h a s  b e a r i n g  on t h e  i s s u e  of 
h o l o g r a p h i c - l i k e  models of memory h a s  c e n t e r e d  on t h e  d i s -  
t i n c t i o n  between t h e  f u n c t i o n s  o f  t h e  f r o n t o l i m b i c  f o r m a t i o n s  
c f  t h e  f o r e b r a i n  and t h o s e  of t h e  c o r t i c a l  convex i ty .  T h i s  
e s s a y  w i l l  t r a c e  t h e  impact  of t h i s  r e s e a r c h  on two t y p e s  of 
ma themat i ca l  models of  d i s t r i b u t e d  r e p r e s e n t a t i o n s  of  memory 
c u r r e n t l y  used  i n  c o g n i t i v e  s c i e n c e .  

Murdock h a s  r e c e n t l y  rev iewed t h e  ev idence  which d i s t i n g u i s h e s  
c o n v o l u t i o n  and m a t r i x  t h e o r i e s  of a s s o c i a t i v e  memory i ( 1979) , 
( 1  982) , (1  985) , t h i s  c o n g r e s s )  ) . He p o i n t s  o u t  t h a t  whereas 
t h e  m a t r i x  model a s  developed by P i k e  ( 1  984) h a s  t h e  advantage  
o f  s i m p l i c i t y  i n  o b t a i n i n g  e x p l i c i t  e x p r e s s i o n s  and t o  some 
e x t e n t  i n  s t o r a g e  c a p a c i t y ,  t h e  c o n v c l u t i o n - c o r r e l a t i o n  model 
i s  more powerfu l  i n  many o t h e r  r e s p e c t s  such  a s  t h e  hand l ing  
of  seri  a1  o r d e r  i n f o r m a t i o n .  

T h i s  p r e s e n t a t i o n  w i l l  a d d r e s s  two r e l a t e d  problems which 
s tem from Murdock's r ev iew.  One i s  g e n e r a l  and t h e  o t h e r  
s p e c i f i c .  The g e n e r a l  i s s u e  conce rns  t h e  r e l a t i o n s h i p  of 
ma themat i ca l  models  t o  t h e  " r e a l i t y "  of b r a i n  f u n c t i o n .  The 
s p e c i f i c  i s s u e  is  t h e  one which conce rns  Murdock, i . e . ,  which 
i s  t h e  b e t t e r  of t h e  two models t o  hand le  c o g n i t i v e  p r o c e s s i n g ?  
With r e g a r d  t o  t h e  g e n e r a l  i s s u e ,  I w i l l  d eve lop  t h e  theme 
t h a t  t h e  mathemat ics  d o e s  i n  f a c t  m i r r o r  t h e  r e a l i t i e s  of  
b r a i n  f u n c t i o n ;  w i t h  r e g a r d  t o  t h e  s p e c i f i c  i s s u e  I w i l l  des-  
c r i b e  expe r imen t s  t h a t  i n d i c a t e  t h a t  bo th  t h e  m a t r i x  and t h e  
c o n v o l u t i o n a l  models  have t h e i r  p l a c e .  These e x p e r i m e r ~ t s  w i l l  
be t a k e n  up f i r s t  s i n c e  t h e y  a r e  a l s o  t h e  b a s i s  f o r  t h e  
a s s e r t i o n  r e g a r d i n g  t h e  r e l a t i o n  of t h e  mathemat ics  t o  b r a i n  
f u n c t i o n .  

MODIFICATIONS OF RECEPTIVE FIELD ORGANIZATION 

The p a r t i c u l a r  expe r imen t s  from which I want t o  g e n e r a l i z e  were 
performed on t h e  r e c e p t i v e  f i e l d  o r g a n i z a t i o n  of  s i n g l e  neurons  
i n  t h e  l a t e r a l  g e n i c u l a t e  n u c l e u s  and t h e  pr imary  v i s u a i  c o r t e x  
of c a t s  and morlkeys ( S p i n e l l i  and Pr ibram ( 1  967) , Lassonde , 
P t i t c  and Pr ibram ( 1 9 8 1 ) ) .  The r e c e p t i v e  f i e l d  of a  neuron i s  
t h a t  p a r t  of  i t s  d e n d r i t i c  f i e l d  which i s  f u n c t i o n a l l y  e x c i t e d  
by a  p a r t i c u l a r  s e n s o r y  i n p u t .  I n  t h e  v i s u a l  sys tem t h e  i n p u t  
i s  p r e s e n t e d  monocular ly  t o  a  s u b j e c t  whose gaze  i s  f i x e d  
e i t h e r  by having  t h e  s u b j e c t  f i x a t e  a  p o i n t  i n  t h e  environment 
o r  by t e m p o r a r i l y  p a r a l y z i n g  t h e  eye  muscles .  Maps a r e  t h e n  
c o n s t r u c t e d  which d e l i n e a t e  t h e  l o c a t i o n s  i n  t h e  environment 
i n  which a  s m a l l  l i g h t  w i l l  e x c i t e  o r  i n h i b i t  t h e  c e l l ' s  ou t -  
p u t  which i s  measured by r e c o r d i n g  w i t h  m i c r o e l e c t r o d e s  and 
accumula t ing  t h e  number of impu l ses  g e n e r a t e d  by t h e  c e l l  w h i l e  
t h e  l i g h t  i s  i n  a  p a r t i c u l a r  p o s i t i o n .  I n  o u r  expe r imen t s  t h e  
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l i g h t  w a s  d i s p l a y e d  a s  a  s m a l l  moving d o t  on a c o n s t r a s t i n g  
background. The l o c a t i o n  and motion o f  t h e  d o t  were computer  
c o n t r o l l e d  and t h u s  t h e  computer cou ld  sum i n  a m a t r i x  o f  
b i n s  which r e p r e s e n t e d  t h e  r a n g e  ove r  which t h e  d o t  was moved, 
t h e  number of impu l ses  g e n e r a t e d  f o r  e a c h  p o s i t i o n  o f  t h e  
d o t  s i n c e  it "knew" where t h e  d o t  w a s  l o c a t e d .  

F i g u r e  1 

Three-d imensional  d i s p l a y  of v i s u a l  r e c e p t i v e  f i e l d :  The 
Mexican Hat f u n c t i o n .  
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The r e s u l t s  f o r  t h e  l a t e r a l  g e n i c u l a t e  nuc leus  a r e  shown i n  
F i g u r e s  1  and 2 .  The t h r e e  d imens iona l  r e p r e s e n t a t i o n ,  
F i g u r e  1 ,  is  u s u a l l y  c a l l e d  t h e  Mexican h a t  f u n c t i o n  f o r  
obvious  r e a s o n s .  The br im of t h e  h a t  r e p r e s e n t s  t h e  spon- 
t a n e o u s  background of i m p u l s i v e  a c t i v i t y  of t h e  neuron.  The 
crown of t h e  h a t  r e p r e s e n t s  t h e  e x c i t a t i o n  of t h e  c e l l  by t h e  
d o t  of l i g h t  when it i s  l o c a t e d  a t  t h e  c e n t e r  of t h e  r e c e p t -  
i v e  f i e l d .  Where t h e  crown meets t h e  brim t h e r e  i s  a  de-  
p r e s s i o n  which i n d i c a t e s  t h a t  t h e  o u t p u t  of t h e  c e l l  had been 
i n h i b i t e d .  

T h i s  cen te r - su r round  o r g a n i z a t i o n ,  f i r s t  d e c r i b e d  a t  t h e  
o p t i c  ne rve  l e v e l  by K u f f l e r  (1953) i s  more c l e a r l y  shown 
i n  F i g .  2 which i s  a  c r o s s  s e c t i o n  of t h e  h a t  p a r a l l e l  t o  
t h e  brim. The c u t  is  made two s t a n d a r d  d e v i a t i o n s  above 
t h e  background a c t i v i t y  which c o n s t i t u t e s  t h e  brim. The i n -  
h i b i t o r y  su r round  h a s  been shown ( e . g . ,  C r e u t z f e l d t ,  Kuhnt and 
Benevento (1974) f o r  c o r t i c a l  cel ls)  t o  be  due  t o  hyper-  
p o l a r i z i n g  a c t i v i t y  i n  a l a t e r a l  network of " l o c a l  c i r c u i t  
neurons"  (Rak ic  ( 1  976) ) which a r e  e s s e n t i a l l y  a x o n l e s s  and 
t h e r e f o r e  do  n o t  g e n e r a t e  n e r v e  impu l ses .  

i. . 
I t  i s  t h i s  i n h i b i t o r s  su r round  which can be  augmented o r  

, . .  d imin i shed  by e l e c t r i c a l  e x c i t a t i o n  i n  o t h e r  p a r t s  of t h e  . . f o r e b r a i n .  S t i m u l a t i o n  of t h e  f r o n t a l  c o r t e x  o r  t h e  head of 
t h e  c a u d a t e  nuc leus  d i m i n i s h e s  t h e  i n h i b i t o r y  s u r r o u n d ,  a s  
i n d i c a t e  by F  i n  F i g u r e  2 ;  s t i m u l a t i o n  of t h e  p o s t e r i o r  
i n t r i n s i c  ( a s s o c i a t i o n )  c o r t e x ,  s p e c i f i c a l l y  i n  t h i s  c a s e ,  
t h e  i n f e r o t e m p o r a l  p o r t i o n  of t h i s  c o r t e x ,  o r  of a n o t h e r  of 
t h e  b a s a l  g a n g l i a ,  t h e  putamen,  produces  an augmenta t ion  of 
t h e  i n h i b i t o r y  sur round a s  i n d i c a t e d  by IT i n  t h i s  f i g u r e .  

The r e s u l t s  f o r  c o r t i c a l  neu rons  a r e  somewhat more complex 
s i n c e  t h e i r  r e c e p t i v e  f i e l d s  a r e  e l o n g a t e d  a s  f i r s t  des -  
c r i b e d  by Hubel and Wiese l  (1968) .  However, some of t h e s e  
r e c e p t i v e  f i e l d s  ( c l a s s i f i e d  a s  "s imple"  by Hubel and Wiese l )  
demons t r a t e  i n h i b i t o r y  f l a n k s  and o t h e r s  ( c l a s s i f i e d  a s  
complex ) ,  w h i l e  f a i l i n g  t o  show t h i s  t y p e  of i n t e r n a l  orga-  
n i z a t i o n ,  can n o n e t h e l e s s  change t h e i r  o v e r a l l  f u n c t i o n a l l y  
a c t i v e  s i z e .  D e s p i t e  t h e s e  c o m p l e x i t i e s  t h e  e f f e c t s  of v i s u a l  
c o r t i c a l  c e l l  r e c e p t i v e  f i e l d s  of e l e c t r i c a l  e x c i t a t i o n  of 
f r o n t a l  c o r t e x  and c a u d a t e  on t h e  one hand and of p o s t e r i o r  
c o r t e x  and putamen on t h e  o t h e r  e s s e n t i a l l y  p a r a l l e l  t h o s e  
o b t a i n e d  from t h e  l a t e r a l  g e n i c u l a t e  nuc leus .  

D e n d r i t i c  f i e l d s  o v e r l a p  t o  a  c o n s i d e r a b l e  e x t e n t .  Thus when 
t h e  e x c i t a r o r y  p o r t i o n  of t h e  r e c e p t i v e  f i e l d s  ,become en- 
l a r g e d ,  t h e  d e n d r i t i c  f i e l d s  e s s e n t i a l l y  merge i n t o  a  more 
o r  less con t inuous  f u n c t i o n a l  f i e l d .  By c o n t r a s t ,  when t h e  
e x c i t a t o r y  p o r t i o n  of t h e  r e c e p t i v e  f i e l d s  s h r i n k s  each  
neuron becomes f u n c t i o n a l l y  i s o l a t e d  from i t s  ne ighbor .  

T h i s  m o d i f i a b i l i t y  of t h e  pr imary  v i s u a l  sys tem i n  t h e  d i -  
r e c t i o n  of g r e a t e r  s e p a r a t i o n  o r  con f luence  among channe l s  
was suppor t ed  by t e s t i n g  t h e  e f f e c t s  of t h e  same e l e c t r i c a l  
s t i m u l a t i o n s  on t h e  r e c o v e r y  c y c l e s  of t h e  sys tem a s  r eco rded  
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F i g u r e  2 

v i s u a l - r e c e p t i v e  f i e l d  maps show how i n f o r m a t i o n  f l owing  
th rough  t h e  pr imary  v i s u a l  pathway i s  a l t e r e d  by s t i m u l a t i o n  
e l s e w h e r e  i n  t h e  b r a i n .  Map a i s  t h e  normal  r e s p o n s e  of a  
c e l l  i n  t h e  g e n i c u l a t e  n u c l e u s  when a  l i g h t  s o u r c e  i s  moved 
th rough  a  r a s t e r - l i k e  p a t t e r n s .  Map b  shows k~ow t h e  f i e i d  i s  
c o n t r a c t e d  by s t i m u l a t i o n  of  t h e  i n f e r i o r  t empora l  c o r t e x .  
Map c  shows t h e  expans ion  produced  by s t i m u l a t i o n  o f  t h e  
f r o n t a l  c o r t e x .  Map d  i s  a  f i n a l  c o n t r o l  t a k e n  55 minu te s  a f t e r  
r e c o r d i n g  a .  (From S p i n e l l i  and P r ib ram ( 1  9 6 7 )  ) . 
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F i g u r e  3 

The change produced by c o r t i c a l  s t i m u l a t i o n  i n  r ecove ry  of a  
r e s p o n s e  i n  an af f  e r e n t  channe l .  C o r t i c a l  s t i m u l a t i o n  of  
8--10 Her t z  was ma in ta ined  c o n t i n u o u s l y  f o r  s e v e r a l  months. 
C o n t r o l  s t i m u l a t i o n s  were performed on t h e  p a r i e t a l  c o r t e x .  
Records were made immedia te ly  a f t e r  t h e  o n s e t  of s t i m u l a t i o n  
and weekly t h e r e a f t e r .  The i n i t i a l  r ecove ry  f u n c t i o n s  and 
t h o s e  o b t a i n e d  a f t e r  one month a r e  shown. V e r t i c a l  b a r s  r e -  
p r e s e n t  a c t u a l  v a r i a b i l i t y  of  t h e  r e c o r d s  o b t a i n e d  i n  each  
g roup  of  f o u r  monkeys. The a m p l i t u d e s  of  e l e c t r i c a l  r e s p o n s e s  
evoked i n  pr imary  v i s u a l  c o r t e x  c o n s t i t u t e  t h e  observed  d a t a .  
(From S p i n e l l i  and Pr ibram ( 1  9 6 7 )  ) . 
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with  s m a l l  macroelect rodes .  F i g u r e  3 graphs  t h e  e f f e c t s  ob- 
t a i n e d :  f r o n t a l  s t i m u l a t i o n s  pr'oduce a  slowing of recovery 
whi le  p o s t e r i o r  s t i m u l a t i o n s  r e s u l t  i n  a  more r a p i d  r e -  
covery a s  compared wi th  an uns t imula ted  b a s e l i n e .  Slow re- 
covery i n d i c a t e s  t h a t  t h e  system i s  a c t i n g  i n  unison;  r a p i d  
revoery t h a t  t h e  system i s  "mul t ip lexed" ,  i . e . ,  t h a t  i ts 
channels  a r e  separa ted  and n o t  encumbered by a  more exten-  
s i v e l y  in te rconnec ted  system wi th  consequent g r e a t e r  i n e r t i a .  

INTERPRETATION OF EXPERIMENTAL RESULTS 

With r e s p e c t  t o  bas ing  a  mathematical  p rocess ing  model on 
t h e s e  d a t a  it i s  c l e a r  t h a t  f r o n t a P b r a i n  s t i m u l a t i o n  d r i v e s  
t h e  v i s u a l  system towards a  more cont inuous  mode of o p e r a t i o n  
whi le  p o s t e r i o r  s t i m u l a t i o n  d r i v e s  t h e  system toward a  more 
d i s c r e t e  mode. This  sugges t s  t h a t  the  c o n v o l u t i o n - c o r r e l a t i o n  
model i s  more a p p r o p r i a t e  when t h e  focus  of b r a i n  a c t i v i t y  
s h i f t s  forward and t h a t  t h e  m a t r i x  model i s  more a p p r o p r i a t e  
when t h e  focus  of b r a i n  a c t i v i t y  l i e s  more p o s t e r i o r l y .  To 
test t h i s  i n t e r p r e t a t i o n  we need t o  r e l a t e  t h e  known be- 
h a v i o r a l  f u n c t i o n s  of t h e  f r o n t a l  and p o s t e r i o r  p o r t i o n s  of 
t h e  b r a i n  t o  t h e  known advantages  of t h e  two t y p e s  of models. 

Convolu t ion-cor re la t ion  mathematics have been used t o  model 
sensory-motor and perceptual-motor l e a r n i n g  and s k i l l s .  Thus 
L i c k l i d e r  (1  959) , U t t a l  (1975) and Re ichard t  (1978) de- 
veloped temporal  and s p a t i a l  a u t o c o r r e l a t i o n  models t o  accoun t  
f o r  t h e i r  r e s u l t s  of exper iments  on opt imotor  and p e r c e p t u a l  
performances.  Cooper (1984) and Kohonen ( ( 1 9 7 2 ) ,  (1977) have 
used a  s i m i l a r  models t o  d e s c r i b e  a  v a r i e t y  of p r o p e r t i e s  
bo th  p e r c e p t u a l  and c o g n i t i v e .  Thus, e . g . ,  Cooper has  de- 
veloped a  model based on t h e  e f f e c t s  of monocular d e p r i v a t i o n  
on t h e  respons iveness  of neurons i n  t h e  v i s u a l  c o r t e x  and h a s  
made s u c c e s s f u l  p r e d i c t i o n s  of outcomes of exper iments  i n -  
s p i r e d  by t h e  model. Our own e f f o r t s  (Pr ibram and Car l ton  
(1985a,  b ) )  have used t h i s  t y p e  of model t o  t e a s e  a p a r t ,  
imaging a s  a f u n c t i o n  of convolving t h e  v a r i o u s  s t a g e  of pro-  
c e s s i n g  i n  t h e  primary v i s u a l  system, from o b j e c t  p e r c e p t i o n  
which depends on c o r r e l a t i o n s  among p a t t e r n s  i n  which c e n t e r s  
of symmetry a r e  determined by o p e r a t i o n s  performed i n  t h e  
s u p e r i o r  c o l l i c u l u s  and t h e  visuomotor system. 

None of t h e s e  p e r c e p t u a l  and motor s k i l l s  depend on f u n c t i o n s  
which can be asc r ibed  t o  t h e  f r o n t a l  p a r t  of t h e  b r a i n .  Nor 
a r e  they  r e l a t e d  t o  t h e  in fe ro tempora l  c o r t e x  and t h e  
p o s t e r i o r  i n t r i n s i c  " a s s o c i a t i o n "  systems of which t h e  i n -  
f e ro tempora l  c o r t e x  i s  a  p a r t .  What i s  suggested by t h e s e  
s u c c e s s f u l  models i s  t h a t  t h e  c o n v u l t i o n - c o r r e l a t i o n  approach 
is  t h e  more a p p r o p r i a t e  f o r  fundamental  p e r c e p t u a l  and motor 
performance and t h a t  t h e  m a t r i x  model, t h e  more a p p r o p r i a t e  
f o r  c e r t a i n  s p e c i l a i z e d  c o g n i t i v e  o p e r a t i o n s .  
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B u t ,  a s  n o t e d ,  c e r t a i n  a s p e c t s  of  c o g n i t i v e  p r o c e s s i n g  a r e  
more r e c e p t i v e  t o  t h e  c o n v o l u t i o n a l - c o r r e l a t i o n a l  approach.  
The mode l l i ng  by t h e s e  t e c h n i q u e s  of  s e r i a l  p o s i t i o n  e f f e c t s  
i s  e s p e c i a l l y  f r u i t f u l .  I t  i s  t h e r e f o r e  i n t e r e s t i n g  t h a t  
Mi lne r  h a s  shown t h a t  p a t i e n t s  w i t h  f r o n t a l  l c b e  l e s i o r i s  a r e  
d e f i c i e n t  when " t empora l  t a g g i n g "  i s  n e c e s s a r y  t o  s o l v e  a  
problem ( 1 9 7 4 ) .  I n  my work w i t h  monkeys a  s i m i l a r  r e s u l t s  was 
o b t a i n e d  (P r ib ram and Tubbs (1967) , Tubbs (1969) , Pr ib ram,  
P l o t k i n ,  Anderson and Leong ( 1 9 7 7 ) ) .  F r o n t a l  l o b e  r e s e c t i o n s  
d r a s t i c a l l y  impa i r  t h e  a b i l i t y  of  monkeys t o  per form a  
d e l a y e d  a l t e r n a t i o n  t a s k .  I n  t h i s  t a s k  t h e  monkey h a s  t o  
a l t e r n a t e  from one t r i a l  t o  t h e  n e x t ,  h i s  c h o i c e s  between 
two i d e n t i c a l  boxes i n  o r d e r  t o  o b t a i n  a  reward.  T r i a l s  a r e  
s e p a r a t e d  by e q u a l  t i m e  i n t e r v a l s  d u r i n g  which a  s c r e e n  i s  
i n t e r p o s e d  between t h e  monkey and t h e  boxes ,  which a l l o w s  
b a i t i n g  t h e  a p p r o p r i a t e  box by t h e  expe r imen te r  o u t  of s i g h t  
of  t h e  monkey. The s c r e e n  h a s  been  shown t o  a c t  a s  a  d i s -  
t r a c t o r  (Malmo ( 1 9 4 2 ) )  s u g g e s t i n g  t h a t  t h e  d e f e c t i v e  pe r -  
formance of  t h e  f r o n t a l  l o b e  l e s i o n e d  s u b j e c t s  i s  due t o  
t h e i r  s u s c e p t i b i l i t y  t o  pro-  and r e t r o a c t i v e  i n t e r f e r e n c e ,  
a  s u g g e s t i o n  t h a t  h a s  been s u p p o r t e d  by a  number of  o u t e r  
f i n d i n g s  ( s e e  Pr ibram (1961) and (1973) f o r  r e v i e w ) .  

A s  shown i n  F i g u r e  4 ,  when i n t e r f e r e n c e  i s  minimized by making 
t h e  i n t e r t r i a d  i n t e r v a l  a s y m e t r i c ,  f r o n t a l  l o b e  l e s i o n e d  
monkeys per form a s  w e l l  a s  t h e i r  unope ra t ed  c o n t r o l  s u b j e c t s .  
T h i s  r e s u l t ,  i n  a d d i t i o n  t o  t h a t  o b t a i n e d  on r e c e p t i v e  f i e l d  
s t r u c t u r e  and t h a t  on r e c o v e r y  c y c l e s ,  s u p p o r t s  t h e  s u g g e s t i o n  
t h a t ,  a s  a  g u i d e  f o r  e x p l o r i n g  t h e  n e u r a l  mechanisms i n -  
vo lved  i n  c o g n i t i v e  p r o c e s s i n g  of t h i s  t y p e ,  a  c o n v o l u t i o n a l  
model i s  p r e f e r a b l e  t o  a  m a t r i x  model. 

Where t h e n  does  t h e  m a t r i x  model have t h e  advantage?  An e s -  
s e n t i a l  d i f f e r e n c e  between t h e  c o n v o l u t i o n a l  and m a t r i x  models  
i s  t h a t  i n  t h e  c o n v o l u t i o n a l  model c r i t i c a l  o p e r a t i o n s  a r e  
performed on t h e  i n n e r  p r o d u c t s  of  i t s  v e c t o r  w h i l e  i n  t h e  
m a t r i x  models such  o p e r a t i o n s  u t i l i z e  t h e  o u t e r  p r o d u c t s  
o f  v e c t o r s .  Murdock s t a t e s  t h e  i s s u e  a s  f o l l o w s :  

... t h e  b a s i c  i s s u e  seems t o  be  a s  f o l l o w s .  I would 
s u g g e s t  t h a t  an a s s o c i a t i o n  can be r e p r e s e n t e d  a s  a  
c o n v o l u t i o n ,  i n f o r m a t i o n  i s  s t o r e d  i n  a  common memory 
v e c t o r ,  and c o r r e l a t i o n  i s  t h e  r e t r i e v a l  o p e r a t i o n .  
P i k e  would s u g g e s t  t h a t  an a s s o c i a t i o n  i s  t h e  o u t e r  
p r o d u c t  of two v e c t o r s ,  i n f o r m a t i o n  i s  s t o r e d  i n  a  
memory m a t r i x  o r  set of m a t r i c e s ,  and v e c t o r - m a t r i x  
p r e m u l t i p l i c a t i o n  and p o s t m u l t i p l i c a t i o n  i s  t h e  
r e t r i e v a l  o p e r a t i o n  . . . ( (1  985) , p.  1 3 2 ) .  

As t r e a t e d  by bo th  P i k e  and Murdock, memory i s  of  a  p i e c e .  
T h i s  i s  p robab ly  s o  a t  t h e  d e e p e s t  l e v e l  of p r o c e s s i n g ,  and 
a t  t h i s  l e v e l ,  as a l r e a d y  n o t e d ,  I a g r e e  w i t h  Murdock t h a t  
t h e  c o n v o l u t i o n a l  approach " i s  n o t  q u i t e  r eady  t o  be  abandoned 
i n  f a v o r  of a  m a t r i x  sys tem" ( i b i d )  . But a l l  memory i s  n o t  
a s s o c i a t i v e  i n  s t r u c t u r e .  C a t e g o r i z a t i o n  and h i e r a r c h y  
c h a r a c t e r i z e  r e f e r e n t i a l  ( s e m a n t i c )  sys tems and t h e i r  
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The modif ied  a l t e r n a t i o n  t a s k  which could  be mastered 
r e a d i l y  by monkeys w i t h  p a r t  of t h e i r  f r o n t a l  c o r t e x  re- 
moved. The brain-damaged monkeys had been unab le  t o  s o l v e  
t h e  s t a n d a r d  l e f t - r i g h t  a l t e r n a t i o n  t a s k  even when t h e  i n -  
t e r v a l  between t r i a l s  was on ly  f i v e  seconds .  The t a s k  was 
t h e n  modif ied  s o  t h a t  t h e  i n t e r v a l s  between t r i a l s  des-  
c r i b e d  t h e  p a t t e r n  R 5 sec. L 15 sec. R 5 sec. L 1 5  sec. 
R 5 s e c  L 1 5  s e c .  When t h i s  change was made, brain-demaged 
monkeys performed about  a s  w e l l  a s  normal monkeys, a s  shown. 
Performance cu rves  of f r o n t a l  (upper)  and c o n t r o l  ( lower )  
groups .  E r r o r s  a r e  t h e  number made each day b e f o r e  a monkey 
achieved 4 0  s u c c e s s u f l  t r i a l s .  Bars i n d i c a t e  t h e  r ange  of 
e r r o r s  made by d i f f e r e n t  mor~keys. Data f o r  t h e  1 5 t h  day  
show t h e  r e s u l t  when a l l  t h e  t r i a l s  w e r e  a g a i n  s e p a r a t e d  by 
e q u a l  i n t e r v a l s  of f i v e  seconds .  (From Pr ibram and Tubbs 
( 1 9 6 7 ) ) .  
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o p e r a t i o n s  a r e  se rved  by t h e  p o s t e r i o r  i n t r i n s i c  " a s s o c i a t i o n "  
mechanisms of t h e  b r a i n  ( f o r  review of t h e  neuropsychological  
evidence on p a t i e n t s ,  s e e  Warrington and McCarthy ( 1 9 8 3 ) ) .  

The t a s k  which i s  used i n  animal r e s e a r c h  t o  t e s t  f o r  t h i s  
t y p e  of memory i s  a  sensory  d i s c r i m i n a t i o n  problem i n  which 
t h e  s u b j e c t  must i d e n t i f y  a cue on t h e  b a s i s  of i t s  c o n s i s t e n t  
re inforcement  h i s t o r y .  Thus a  monkey is  t r a i n e d  t o  choose a  
box whose l i d  has  p a i n t e d  on it a  square  r a t h e r  than  a  p l u s  
by v i r t u e  of t h e  f a c t  t h a t  a  peanut i s  always found i n  t h e  
box under t h e  square  and never i n  t h e  one under t h e  p l u s .  Fron- , 
t a l  l e s i o n s  have no e f f e c t  on performing t h i s  t a s k .  I n f e r o -  
temporal  l e s i o n s  do (and have no e f f e c t  on delayed a l t e r n a t i o n ) .  
Resect ions  of o t h e r  p a r t s  of t h e  p o s t e r i o r  i n t r i n s i c  "assoc i -  
a t i o n "  c o r t e x  a f f e c t  d i s c r i m i n a t i o n  l e a r n i n g  and performance 
i n  o t h e r  sense  m o d a l i t i e s :  a n t e r i o r  temporal  f o r  t a s t e ;  
s u p e r i o r  temporal  f o r  hea r ing ;  p a r i e t a l  f o r  Somatosensory. 
I n  a l l  c a s e s  t h e  d e f e c t i v e  performance i s  unique t o  t h e  p a r t i -  
c u l a r  modal i ty  --- t h e  r e s e c t i o n  does n o t  a f f e c t  performance 

, i n  any o t h e r  modal i ty .  There i s  t h u s  a  m u l t i p l e  d i s s o c i a t i o n  
between. i d e n t i f i c a t i o n  of cues  i n  t h e  v a r i o u s  s e n s e  m o d a l i t i e s  
and a l s o  between t h e s e  and delay- type t a s k s  such a s  t h e  delayed 
a l t e r n a t i o n  ( f o r  review s e e  Pribram (1954) , (1969a) , (1972) , 
( 1 9 8 4 ) ) .  

My t e n t a t i v e  sugges t ion  i s  t h a t  t h e  mat r ix  model i s  a l s o  n o t  
y e t  ready t o  be abandoned. Th i s  model i s  c l e a r l y  v a r i a b l e  i n  
t h e  hands of Anderson and h i s  co l l eagues  when a p p l i e d  t o  
l e a r n i n g  and performance of d i s c r i m i n a t i o n  type  t a s k s  ( s e e  
Anderson, S i l v e r s t e i n ,  R i t z  and Jones  (1977) f o r  r e v i e w ) .  When- 
ever  c a t e g o r i c a l  an3 h i e r a r c h i c a l  p rocesses  a r e  invo lved ,  
s t o r a g e  a s  o u t e r  p roduc t s  of v e c t o r s  and r e t r i e v a l  by pos t -  
m u l t i p l i c a t i o n  may be more a p p r o p r i a t e  than  s t o r a g e  by 
a s s o c i a t i o n  i n  a  common v e c t o r  produced by convolving inner  
p roduc t s .  

Th i s  l i n e  of r eason ing  l e a d s  t o  t h e  sugges t ion  t h a t  r e f e r e n c e  
--- semant ic  --- memory i s  b e s t  r ep resen ted  by a  m a t r i x  model 
and t h a t  t h e  convclutional-correlation model be r e s e r v e d  f o r  - 
some o t h e r  type  of memory. Tulving has  d i f f e r e n t i a t e d  "ep i sod ic"  
from semantic memory by a  v a r i e t y  of t a s k s  ( s e e  Tulving (1972) , 
(1985) f o r  r e v i e w ) .  My i n c l i n a t i o n  i s  t o  now procede t o  f i n d  . o u t  i f  indeed t h e  convo lu t ion-cor re la t ion  model w i l l  more 
e f f e c t i v e l y  model a l l  a s p e c t s  of e p i s o d i c  memory than  w i l l  a  
m a t r i x  model. Th i s  i n c l i n a t i o n  i s  f u r t h e r e d  by t h e  f a c t  t h a t  
one c e n t r a l  c h a r a c t e r i s t i c  of e p i s o d i c  memory i s  i t s  p r e s e r -  
v a t i o n  of some s o r t  of p l a c e  keeping,  t ime t a g g i n g ,  and s e r i a l  
o r d e r i n g .  
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I f  t h e  s t a n c e  t a k e n  i n  t h e  p reced ing  s e c t i o n  h a s  m e r i t ,  a 
good c a s e  can be  made f o r  a  match between models  of  t h e  s o r t  
d e s c r i b e d  and t h e  b r a i n  mechanisms t h e y  a r e  wont t o  d e s c r i b e .  
What i s  n e c e s s a r y ,  however, i s  t o  select from t h e  v a r i e t y  
of  p o s s i b i l i t i e s  t h a t  model which w i l l  most  e f f e c t i v e l y  d e s -  
c r i b e  and p r e d i c t  d a t a  a t  t h e  n e u r a l  a s  w e l l  a s  a t  t h e  be-  
h a v i o r a l  l e v e l .  T h i s  means t h a t  c l o s e r  a t t e n t i o n  must  be g i v e n  
. t o  t h e  d i f f e r e n c e s  i n  p r o c e s s e s  s e r v e d  by t h e  s e v e r a l  sys t ems  
of  t h e  b r a i n .  A s  d e s c r i b e d  above ,  t h e r e  i s  a  d i f f e r e n c e  b e t -  
ween t h e  o p e r a t i o n s  of  t h e  s e n s o r y  and t h e  motor  sys t ems  and 
between t h e s e  and t h e i r  a s s o c i a t e d  i n t r i n s i c  sys tems.  F u r t h e r ,  
t h e r e  i s  a d i f f e r e n c e  i n  p r o c e s s i n g  by t h e  f r o n t a l  and t h e  
p o s t e r i o r  i n t r i n s i c  sys tems.  I t  would be  s u r p r i s i n g  indeed  
i f  t h e  i d e n t i c a l  mode l l i ng  approach would h o l d  f o r  t h e  v a r i o u s  
p r o c e s s e s  s e r v e d  by t h e s e  d i f f e r e n t  b r a i n  sys t ems .  

I n  my own work I have  emphasized t h e  d i f f e r e n c e  between pro-  
c e s s i n g  i n  t h e  space- t ime domain and p r o c e s s i n g  i n  t h e  F o u r i e r  
t r a n s f o r m  domain which is  sometimes r e f e r r e d  t o  a s  s p e c t r a l ,  
sometimes a s  f r equency  ( i n  t h e  m a t h e m a t i c a l ,  n o t  t h e  o r d i n a r y  
t ime  dependen t  s e n s e ) ,  sometimes a s  h o l o g r a p h i c .  Gabor,  t h e  
d i s c o v e r e r  of  t h e  mathemat ics  of  ho log raphy ,  d e s c r i b e d  i n  
d e t a i l  t h e  r e l a t i o n s h i p  of  t h i s  mathemat ics  t o  t h a t  used  i n  
quantum p h y s i c s  ( 1 9 4 6 ) .  Gabor e l emen ta ry  f u n c t i o n s  have been  
shown t o  c h a r a c t e r i z e  t h e  r e c e p t i v e  f i e l d  p r o p e r t i e s  of c o r -  
t i c a l  neu rons  i n  t h e  v i s u a l  sys tem ( P o l l e n  and Ronner ( 1  981) , 
M a r j e l l a  (1980) , Burgess ,  Wagner, J e n n i n g s  and Barlow ( 1  981 ) ) . 
These f u n c t i o n s  a r e  composed of a Gauss ian  enve lope  which 
l i m i t s  t h e  e x t e n t  of  an o t h e r w i s e  i n f i n i t e  F o u r i e r  component 
i n  t h e  kransform domain. 

Campbell and Robson and t h e i r  c o l l e a g u e s  ( s e e  Blakemore and 
Campbell (1  969) , Campbell (1  974) and Campbell and Robson 
(1968) f o r  r e v i e w ) ,  and DeValois  and h i s  coworkers  ( s e e  r e v i e w  
by DeValois  and DaValois  ( 1 9 8 0 ) ,  DeValois ,  A l b r e c h t  and 
T h o r e l l  ( 1 9 7 8 a , b ) )  have shown t h a t  under  c e r t a i n  e x p e r i m e n t a l  
c o n d i t i o n s  ( t h e  d r i f t i n g  of g r a t i n g s )  t h e  r e c e p t i v e  f i e l d s  of  
neurons  i n  t h e  v i s u a l  c o r t e x  a r e  each  " t u n e d "  t o  approx ima te ly  
an o c t a v e  of  " s p a t i a l  f r e q u e n c y " ,  t h e  e n t i r e  ensemble of neu- 
r o n s  t h u s  making up an o v e r l a p p i n g  " sound ing  board"  of 
r e s o n a n t  F o u r i e r - l i k e  e l emen t s .  The v i s u a l  sys tem a n a l y z e s  
(and  r e c o n s t r u c t s )  s p a t i o t e m p o r a l  p a t t e r n s ,  much a s  t h e  
a u d i t o r y  sys tem a n a l y z e s  (and r e c o n s t r u c t s )  t e m p o r o s p a t i a l .  

The expe r imen t s  d e s c r i b e d  i n  t h e  i n i t i a l  s e c t i o n  of  t h i s  
p r e s e n t a t i o n  i n d i c a t e  t h a t  l a t e r a l  i n h i b i t i o n  may be r e s -  
p o n s i b l e  f o r  t h e  Gauss ian  l i m i t  on t h e  o t h e r w i s e  i n f i n i t e  
F o u r i e r  component. The Gabor e l emen ta ry  f u n c t i o n  can t h u s  be  
modif ied  i n  t h e  d i r e c t i o n  of  t h e  F o u r i e r  domain o r  i n  t h e  
d i r e c t i o n  o f  t h e  Gauss ian .  When pushed towards  i t s  F o u r i e r  
a s p e c t s  a  c o n v o l u t i o n a l  model i s  a p p r o p r i a t e  s i n c e  t h e  
r e s o n a n t  f r e q u e n c i e s  ( r e p r e s e n t e d  by a  v e c t o r  i n  t h e  model) 
can be s p e c i f i e d .  When t h e  r e c e p t i v e  ( i . e . ,  f u n c t i o n a l  
d e n d r i t i c )  f i e l d  i s  pushed toward i ts  G a u s s i a n ,  an impu l se  
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f u n c t i o n  r e p r e s e n t i n g  a  s p e c i f i c  space-t ime c o o r d i n a t e  i n  a  
m a t r i x  i s  t h e  more a p p r o p r i a t e  model. V e c t o r s  t h e n  i n d i c a t e  
t h e  space- t ime p a t t e r n  of  impulse  f u n c t i o n s .  Movshen, T o l h u r s t  
and Thompson ( 1  978a ,b  , c )  have ,  i n  p r i n c i p l e ,  ana lyzed  t h e  
composi t ion  of complex r e c e p t i v e  f i e l d s  i n t o  s u b f i e l d s  which 
d i s p l a y  e x c i t a t o r y  and i n h i b i t o r y  p r o p e r t i e s  by such an 
apprcach .  

Many s c i e n t i s t s  have  c la imed t h a t  because  t h e  F o u r i e r  r e l a t i o n -  
s h i p  i s  i n v e r t i b l e  ( i . e . ,  one can r e c o n s t r u c t  t h e  space- t ime 
o r d e r  from t h e  F o u r i e r  by s imply  r e a p p l y i n g  t h e  t r a n s f o r n  a  
second t ime)  t h a t  t h e  models  a r e  s imply  ma themat i ca l  o r  com- 
p u t a t i o n a l  d e v i c e s  by which we g a i n  a c c e s s  t o  one o r  a n o t h e r  
a s p e c t  of  a  h idden  r e a l i t y .  T h i s  view i s  s i m i l a r  t o  B o h r ' s  . compl imen ta r i t y  view (1934) i n  quantum p h y s i c s  and t h e  view 
o f  c r i t i c a l  p h i l o s o p h e r s  ( e . g . ,  F e i g e l  ( 1 9 6 0 ) )  w i t h  r e g a r d  
t o  t h e  mind /b ra in  i s s u e .  T h i s  m u l t i p l e  a s p e c t s  v iew i s  s h a r e d  
by MacKay who d e s c r i b e s  it a s  mind t a l k  and b r a i n  t a l k .  

I have coun te red  t h e s e , m u l t i p l e  a s p e c t s  approaches  t o  t h e  
mind /b ra in  i s s u e  by p ropos ing  a  m u l t i p l e  r e a l i z a t i o n  approach 
(Pribram ( 1 9 7 1 a , b ) ,  ( 1 9 8 5 ) ) .  I n  my p r e s e n t a t i o n  h e r e  I have 
extended t h i s  approach t o  s u g g e s t  t h a t  v a r i o u s  p r e c i s e  
t h e o r i e s  i n  t h e  form of ma themat i ca l  models  a r e  n o t  t o  be 
t r e a t e d  a s  mere ly  a l t e r n a t i v e  v iews t r e a t i n g  d i f f e r e n t  a s p e c t s  
o f  t h e  some g l o b a l  c o g n i t i v e / n e u r a l  r e l a t i o n s h i p  b u t  t h a t  t h e  
d i f f e r e n t  models  based  on c o g n i t i v e  and n e u r a l  d a t a  r e f l e c t  
t h e  r e a l i t i e s  of  p r o c e s s i n g  when made s u f f i c i e n t l y  s p e c i f i c  
w i t h  r e g a r d  t o  t h e  b r a i n  sys tems t h e y  a r e  wont t o  d e s c r i b e .  

CONCLUSION 

Data r e g a r d i n g  t h e  m o d i f y a b i l i t y  of  r e c e p t i v e  f i e l d  p r o p e r t i e s  
of  v i s u a l  sys tem neurons  were p r e s e n t e d  t o  i n d i c a t e  t h a t  b o t h  
c o n v o l u t i o n a l  and m a t r i x  models of c o g n i t i v e  p r o c e s s i n g  cou ld  
r e f l e c t  r e a l  mechanisms o p e r a t i n g  i n  t h e  b r z i n .  Both of t h e s e  
t y p e s  of  models invoke  r e p r e s e n t a t i o n s  which a r e  d i s t r i b u t e d  
and c o n t e n t - a d d r e s s a b l e .  The c o n v o l u t i o n a l  model i s  a d e p t  a t  
p r o c e s s i n g  s e r i a l  o r d e r  e f f e c t s ;  t h e  m a t r i x  model does  b e t t e r  
w i t h  c a t e g o r i z i n g .  S e r i a l  o r d e r i n g  h a s  been shown r e l a t e d  t o  

b t h e  f r o n t o l i m b i c  p o r t i o n s  of t h e  f o r e b r a i n ,  w h i l e  c a t e g o r i z a t i o n  
i s  r e l a t e d  t o  t h e  sys t ems  of t h e  p o s t e r i o r  convex i ty .  E l e c t r i c a l  
s t i m u l a t i o n  of f r o n t o l i m b i c  s t r u c t u r e s  r e s u l t s  i n  a  g r e a t e r  

o coherence  among t h e  a c t i v i t y  of  d e n d r i t i c  r e c e p t i v e  f i e l d  
p r o c e s s e s  i n  t h e  v i s u a l  sys tem --- coherence  which i s  b e t t e r  
approximated by c o n v o l u t i o n a l  models .  E l e c t r i c a l  s t i m u l a t i o n  
of systems of t h e  c e r e b r a l  convex i ty  r e s u l t s  i n  f u n c t i o n a l l y  
s e p a r a t i n g  t h e  a c t i v i t i e s  of t h e s e  v a r i o u s  r e c e p t i v e  f i e l d  
channe l s  from one a n o t h e r  --- s e p a r a t i o n  which i s  b e t t e r  
approximated by m a t r i x  models. The re  i s  t h u s  e v e r y  r e a s o n  t o  
u t i l i z e  b o t h  c o n v o l u t i o n a l  and m a t r i x  models ,  and t o  i n f e r  
t h a t  e a c h  r e f l e c t s  a  " r e a l "  b r a i n  p r o c e s s .  
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