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The I s sues  

The f a c t  t h a t  i tems i n  memory (engrams) become t o  some e x t e n t  

d i s t r i b u t e d  i n  b r a i n  systems ( s e e ,  e.g. ,  Lashley, 19501, has  l e t  t o  a  s e a r c h  

f o r  mechanisms t h a t  mediate  d i s t r i b u t i o n .  Among such mechanisms, t h e  

holographic  hypothes is  of b r a i n  func t ion  (Pribram, 1966, 1969a, 1971 ; Pribram, 

Nuwer & Baron, 1974) i n  memory and percept ion  has s t i r r e d  a  c o n s i d e r a b l e  

amount of cont roversy  ( see ,  e.g., Arbib, 1972) which has sometimes become 

mani fes t  i n  overweaning i n t e r e s t  ( ~ s y c h o l o g y  Today, Feb., 1979; Re-vis ion,  

Summer/Fall, 1978; -1 Omni Oct. ,  1982) and a t  o t h e r s  i n  simply being ignored 

( e ,  g., Edelman & Mountcast l e ,  1978). I n  t he  b ra in lbehav io ra l  s c i e n c e s  t h e  

tendency i s  t o  l a t c h  on t o  a  concept and t r y  t o  make i t  do more than t h e  

evidence warran ts  : The thalamic t h e o r i e s  of emotion and t h e  a l l  encompassing 

and o f t e n  unspec i f i ed  r o l e  of the r e t i c u l a r  formation i n  emotion, m o t i v a t i o n ,  

thought ,  l e a r n i n g ,  dec i s ion  making, consciousness  and a t t e n t i o n  come t o  mind 

a s  h i s t o r i c a l l y  i n t e r e s t i n g  examples. There i s  good reason ,  t h e r e f o r e ,  t o  

review once aga in  what t h e  holographic hypothes is  i s  about ,  i t s  b a s i s ,  i t s  

c la ims  and l i m i t a t i o n s ,  and t o  juxtapose t h i s  review wi th  one t h a t  d e a l s  w i t h  

t h e  format ion of  l oca l i zed  neu ra l  programs which ope ra t e  on t h e  non-local  

i npu t  s t o r e .  A clear s ta tement  concerning what t he  holographic  hypo thes i s  is 

n o t  about  can a l s o  be he lp fu l .  - 
Let  us  begin wi th  t h i s  l a s t  i tem --- what t h e  holographic  hypo thes i s  is  

not .  It is no t  a  theory o r  model addressed t o  "how t h e  b r a i n  works" i n  - 
gene ra l .  It does no t  aim t o  account f o r  a l l  b r a i n  physiology nor  a l l  of t h e  

problems of psychology. For example, t h e  holographic hypo thes i s  has  l i t t l e  t o  

say  about  t h e  o r d e r l y  sequencing of behavior  which i s  expla ined  much more 

r e a d i l y  by r ecour se  t o  models based on computer programming ( s e e ,  e .g . ,  



H i l l e r ,  Galanter  & Pribram, 1960). Evidence f o r  local ized  s t o r a g e  of programs 

is reviewed i n  Pa r t  I1 of t h i s  chapter .  

Nor does t h e  holographic hypothesis  of b ra in  funct ion  t a k e  a s  i t s  - 
primary model the  o p t i c a l  hologram. Both t h e  o p t i c a l  hologram and a s p e c t s  of 

b r a i n  funct ion  a r e  considered t o  be ins  t a n t i a t  ions of Gabor' s mathematical 

proposi t ion  t h a t  encoding the  Fourier  o r  r e l a t e d  transforms of a  d i s p l a y  

allows image reconst ruct ion  of g r e a t e r  r e s o l u t i o n  than t h a t  provided by 

encoding the  image per se. An a d d i t i o n a l  i n s t a n t i a t i o n  of t h i s  mathematics is  

performed when d i g i t a l  computers perform (by way of the  Fast  Four ier  

Trans form-FFT) image reconst ruct ions  a s  i n  tomography (CT scans --- 
computerized tomography). 

Furthermore, the  holographic hypothesis  of b ra in  func t ion  does - no t  

c la im t o  c o n t r a d i c t  the  l o c a l i z a t i o n  of neural  processes wi th in  systems of the  

brain.  A s  we s h a l l  see ,  both l o c a l  - and non-local neura l  funct ions  depend on 

p r e c i s e l y  arranged connections between b r a i n  and pe r iphera l  s t r u c t u r e s ,  and 

between b ra in  systems. Such connections determine what is  encoded i n  the  

s e v e r a l  b r a i n  systems, a  top ic  reviewed i n  P a r t  I1 of t h i s  chapter .  By 

c o n t r a s t ,  t he  holographic hypothesis  addresses the  i n e r  ins  i c  c o n n e c t i v i t y  

wi th in  each system which determines hov events  become encoded. The 

s t r o n g e s t  form of the  holographic hypothesis  is based on the  Four ier  t r a n s f o w  

but  weaker forms admit of cascades of convolutions ( see ,  e.g., Gabor, 19461, 

of averaging over Laplacians of a  Gaussian d i s t r i b u t i o n ,  and s i m i l a r  l i n e a r  

t r a n s  forms. 

What then does the  hypothesis  claim? The hypothesis  claims t o  provide a 

model a t  the  neurologica l  l e v e l  t h a t  accounts f o r  t h e  apparent  d i s t r i b u t i o n  of 

memory s to rage ;  the  v a s t  capaci ty  of t h a t  s torage;  t h e  imaging c a p a b i l i t y  of 

human sensory systems and some of the p r o p e r t i e s  of a s s o c i a t i v e  r e c a l l .  The 

hypothesis  does not  claim e x c l u s i v i t y  ( i . e . ,  t h a t  o ther  models cannot account 



f o r  t h e s e  phenomena) but  s i n c e  i t  can be  manipulated independent ly  o f  b r a i n  i t  

can provide i n s i g h t s  i n t o  t h e  necessary  c o n e t r a i n t s  such models must embody, 

Such " in  v i t r o "  procedures  a r e  s u c c e s s f u l l y  app l i ed  i n  o t h e r  sciences (e.g., 

biochemis t ry ,  where r e a c t i o n s  can be  examined i n  test  tubes  a p a r t  from t h e  

b i o l o g i c a l  con tex t  i n  which they occur 1. 

F i n a l l y  , a l though t h e  mathematical  exp re s s ions  ( forms of o r  t hogoaa l  

polynomials)  t h a t  d e s c r i b e  t h e  theory  a r e  known a s  spread f u n c t i o n s  and t h e i r  

o p t i c a l  r e a l i z a t i o n  i n  photography can r e s u l t  i n  a  bounda r i l e s s  d i s t r i b u t i o n  

of in format ion  on f i l m ,  t h e s e  g l o b a l  t ransforms a r e  not t h e  o n l y  form o f  

holography . I n  radio-astronomy (e .g . ,  Bracewell ,  1965) and r a d a r  

a p p l i c a t i o n s ,  a s  w e l l  a s  i n  c o n s t r u c t i n g  mu l t i p l ex  o p t i c a l  holograms, s t r i p s  

or  pa tches  of  ho log raph ica l ly  t ransformed information a r e  s p l i c e d  t o  p rov ide  

no t  on ly  a  three-dimensional  image ( a s  i n  o rd ina ry  holography)  b u t  a l s o  a 

moving image. A s  w e  s h a l l  s e e ,  such paech, s t r i p  o r  m u l t i p l e x  holograms, 

r ep re sen t ed  mathemat ica l ly  by Gabor and not  Four i e r  t ransforms ,  p rov ide  models 

more i n  consonance wi th  t h e  b r a i n  f a c t s  than any g l o b a l l y  d i s t r i b u t e d  system. 

Most of  she o b j e c t i o n s  t h a t  have been formulated ( s e e ,  e.g., J u l e s z  6 C a e l l i ,  

1979) have addressed  the  l i m i t a t i o n s  o f  g loba l  Four i e r  t ransforms  t o  d e a l  w i t h  

psychophys ica l  d a t a ,  

These d o n ' t s  and d o ' s  have c h a r a c t e r i z e d  ehe model from i t s  incep t ion .  

Over t h e  20 yea r s  t h a t  have in te rvened  , however, t h e s e  c h a r a c t e r  i s  t i c s  have 

become a r t i c u l a t e d  i n  more p r e c i s e  terms and d a t a  have accumulated i n  suppor t  

of t h e  model. 

The f i r s t  p a r t  of t h i s  paper w i l l  be concerned f o r  t h e  mose p a r t  w i t h  

t h e s e  accumula t ions  of d a t a .  Mose of  t h e  d a t a  were no t  ga the red  w i t h  t h e  

model i n  mind. And t h e  model i t s e l f  d i d  not o r i g i n a t e  i n  b ra in /behav io r  

s t u d i e s  bu t  from the  problems posed by morphogenesis d u r i n g  embryologica l  

development: S t r u c t u r a l  t h e o r i e s  based on t h e  p r i n c i p l e  of chemical  g r a d i e n t s  



and resonances t h a t  "tune" s p e c i f i c  l o c a t i o n s  i n  cytoplasm a s  i nduc to r s  f o r  

o rgane l l e s  have been i n f l u e n t i a l  i n  embryology s i n c e  be fo re  t h e  t u r n  of t h e  

cen tu ry  ( s e e ,  e.g., Jacques Loeb, 1907, and Paul  Weiss, 1939). I n  1906, 

Goldscheider  suggested t h a t  t h e  s t r u c t u r e s  of pe rcep t ion  and memory. might be 

s i m i l a r l y  cons t ruc t ed  by resonances among wave f r o n t s  c r e a t e d  by senso ry  

i n p u t s  i n  b r a i n ,  e s p e c i a l l y  c o r t i c a l ,  t i s s u e .  I n  1942, Lashley adopted t h i s  

view a s  an a l t e r n a t i v e  both t o  Kohler ' s  f i e l d  ( a s  s t a t e d  i n  f i n a l  form i n  

1958) and t o  a  l o c a l i z a t i o n i s t  view i n  which one pe rcep t  o r  engram, one 

f e a t u r e  of exper ience ,  is  matched t o  one neuron o r  neuron assembly. Lashley 

was never s a t i s f i e d  wi th  t h i s  adopt ion because he could not env i s ion  t h e  

s p e c i f i c  mechanisms which would g ive  r i s e  t o  resonant  (and i n t e r f e r i n g )  wave 

f r o n t s  i n  b r a i n  t i s s u e  and, equa l ly  impor tan t ,  how t h e s e ,  i n  t u r n ,  might be 

r e s p o n s i b l e  f o r  t h e  s t r u c t u r e s  t h a t  comprise pe rcep t ion  and engram. He 

none the l e s s  he ld  t o  t h e  view t h a t  n e i t h e r  f i e l d  nor  l o c a l i z a t i o n  ( a s ,  e .g . ,  i n  

t h e  s o p h i s t i c a t e d  development by Bebb, 1949) could account  f o r  t h e  complex 

r e l a t i o n s h i p  between b r a i n  anatomy and phenomena1 exper ience  o r  d e a l  

adequate ly  wi th  t h e  encoding of memory. 

The holographic  hypothes is  provides  s p e c i f i c  mechanisms which can g i v e  

r i s e  t o  resonant  (and i n t e r f e r i n g )  wave f r o n t s  (which can a s  w e l l  be viewed i n  

s t a t i s t i c a l  terms a s  composed of vec to r s  i n  ma t r i ce s  o r  l a t i c e s  of n e u r a l  

events  i n  b r a i n  t i s s u e )  and demonstrates  how t h e s e  i n  t u r n  might be 

r e s p o n s i b l e  f o r  t h e  images t h a t  comprise pe rcep t ion  and t h e  d i s t r i b u t e d  

engrams t h a t  make' up t h e  memory s t o r e .  I n  o r d e r  t o  f u l l y  d i s p l a y  t h e  u t i l i t y  

of t h e  model, i t  w i l l  be cont ra8  ted  w i t h  two o t h e r  ,major  c l a s s e s  of p roposa l s ,  

f i e l d  t heo ry  and f e a t u r e  correspondence theory ,  which u n t i l  very  r e c e n t l y  

provided t h e  only  major a l t e r n a t i v e  c l a s s e s  of models. F i e l d  theory  i s  shown 

wanting w i t h  r e s p e c t  t o  percept ion  al though i t  p lays  an important  r o l e  i n  

learn ing .  The chap te r  then  procedes t o  apply t h e  r e s u l t s  of r e s e a r c h  on 



f e a t u r e  correspondence and holographic  encoding t o  o b j e c t  p e r c e p t i o n ,  which is 

I found t o  depend on t h e  i n t e r a c t i o n  of  t he  sensory  wi th  t h e  motor mechanisms of  

!I 
t h e  b ra in .  P a r t  I1 procedes t o  d e t a i l  t h e  o p e r a t i o n s  of f u r t h e r  s t a g e s  o f  

t motor- l ike p r o g r a m i n g  t o  c o n s t i t u t e  t h e  c o g n i t i v e  o p e r a t i o n s  embedded i n  

v a r i o u s  techniques of l e a rn ing  and memory encoding. 



PART 1: FIELDS, FEATURES AND NEURAL HOLOGRAPHY 

I n  t h e  i n t r o d u c t i o n  i t  was noted t h a t  u n t i l  t h e  immediate p r e s e n t  t h e r e  

r e a l l y  have been only  t h r e e  c l a s s e s  of n e u r a l  mechanisms proposed t o  e x p l a i n  

t h e  p r o p e r t i e s  of percept ion.  The t h r e e  may, f o r  convenience, be l abe l ed  

f i e l d  t h e o r e t  i c  , f e a t u r e  correspondent ,  and holographic.  

Wolfgang Kohler proposed t h a t  d i r e c t  c u r r e n t  (D.c.) f i e l d s  were s e t  

up i n  t h e  b r a i n  c o r t e x  by sensory s t i m u l a t i o n  and t h a t  t h e s e  f i e l d s  were 

isomorphic w i t h ,  i . e . ,  had t h e  same shape a s ,  t h e  phenomenally perce ived  

s t imulus .  Kohler and Wegener (1955) showed t h a t  i n  f a c t  sensory  

s t i m u l a t i o n  d i d  r e s u l t  i n  D.C. s h i f t s  and i n  our l abo ra to ry  we showed t h a t  

such s h i f t s  were accompanied by desynchroniza t ion  of the  e l e c t r o c o r t i c o g r a m  

(Gumnit, 1960). 

However, s e v e r a l  experiments which throw doubt on t h e  r e l a t i o n s h i p  

between such s h i f t s  and perceptua l  performance were performed by Lashley,  by 

Sper ry ,  and by Pribram. I n  t h e s e  experiments gold f o i l  was placed over  t h e  

s u r f a c e  of t h e  c o r t e x  ( ~ a s h l e y ,  Chow 6 Samnes, 1951);  mica s t r i p s  were 

implanted i n  cross-hatched c o r t e x  (Sperry,  Hiner & Myers, 19551, and aluminum 

hydroxide cream i n j e c t e d  i n  minute amounts i n t o  the  c o r t e x  t o  produce g r o s s  

abnormal t ies   ribra ram, 1951; Kra f t ,  Obr i s t  6 Pribram, 1960; Stamm & Knight ,  

1963). 

........................... 
Figures  1 and 2 about h e r e  

......................... 
I n  none of  t h e s e  experiments d i d  t h e  an'imals show any change i n  t h e i r  

a b i l i t y  t o  d i s c r i m i n a t e  among cues --- g r o s s  a l t e r a t i o n  of t h e  c o r t i c a l  D.C. 

f i e l d  was not  accompanied by any g ros s  change i n  pe rcep tua l  performance. 

These f i n d i n g s  t a k e  a d d i t i o n a l  meaning from the  f a c t  t h a t  t h e  aluminum 



hydroxide cream imp lan t a t i on  produced a  f ive- fo ld  r e t a r d a t i o n  of l e a r n i n g  and 

t h a t  impos ing d i r e c t  c u r r e n t s  ac ros s  c o r t e x  impai rs  (when c a t h o d a l )  and 

enhances (when anodal  from s u r f a c e  t o  dep th )  l e a r n i n g  (Starmn & Rosen, 1972). 

D i r ec t  c u r r e n t  f i e l d s  a r e  thus  shown capable  of b i a s i n g  l e a r n i n g  r a t e ;  and a t  

t h e  same time such f i e l d s  seem t o  be un re l a t ed  t o  t h e  s t r u c t u r i n g  of pe rcep t s .  

We t u r n  t h e r e f o r e  t o  t h e  evidence f o r  f e a t u r e  correspondence and ho log raph ic  

encoding f o r  exp lana t  ions of t h e  neu ra l  mechanisms r e s p o n s i b l e  f o r  p e r c e p t u a l  

phenomena. 

Fea tu re  Correspondence Theory 

D e f i n i t i o n  

F i e l d  t heo ry  and f e a t u r e  correspondence concepts  e i t h e r  e x p l i c i t l y  o r  

i m p l i c i t y  imply a  bra in-perceptua l  isomorphism. I n  t h e  c a s e  of f e a t u r e  

correspondence isomorphism i s  thought t o  be e s t a b l i s h e d  when a  p a r t i c u l a r  c e l l  

o r  c e l l  assembly responds uniquely t o  a  f e a t u r e  of t h e  phenomenally 

experienced image --- i . e . ,  a  f e a t u r e  of t he  imaged o b j e c t  is de t ec t ed .  It is 

then assumed t h a t  t h e  organism's  response t o  t h e  t o t a l  o b j e c t  i s  composed by 

convergence of t h e  ou tpu t s  from a  s e t  of  f e a t u r e  s e l e c t i v e  elements  onto a 

h ighe r  l e v e l  neu rope rcep tua l  u n i t  -- a  " p o n t i f i c a l "  c e l l  or c e l l  assembly 

composed of l i k e  elements  ( "card ina l"  c e l l s ) .  

I n  t h e  la ' t e  1950 ' s  and e a r l y  1960 ' s  Hubel and Wiesel  (e .g . ,  1959) 

d i s cove red  t h a t  t h e  center-surround o r g a n i z a t i o n  of t h e  d e n d r i t i c  

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

system became elongated.  F u r t h e r ,  they presen ted  i n d i r e c t  ev idence  t h a t  t h i s  

e longa t ion  might be  due t o  convergence on to  t h e  c o r t i c a l  c e l l s  of  f i b e r s  from 

c e l l s  w i t h  center-surround r e c e p t i v e  f i e l d s .  The i r  demons t ra t ion  emphasized 

f 



t h a t  c e l l s  i n  t h e  v i s u a l  c o r t e x  responded b e s t  t o  b a r s  of l i g h t  p r e sen t ed  i n  

s p e c i f i c  . o r i e n t a t i o n s .  It was easy t o  g e n e r a l i z e  t h e s e  f i n d i n g s  i n t o  a 

E u c l i d i a n  geometry of b r a i n  func t ion :  poinee t o  o r i e n t e d  l i n e s ,  t o  curves  and 

p l anes ,  t o  complex f i g u r e s  o f  a l l  s o r t s .  The sea rch  f o r  f e a t u r e  d e t e c t o r s  was 

on. 

The r e s u l t s  of t h e  s ea rch  were by no means meager. For i n s t a n c e ,  one 

c e l l  i n  monkey c o r t e x  was found t o  respon maximally t o  a  monkey's hand ( ~ r o s s ,  

Bender & Rocha-Miranda, 1969);  another  c e l l  was shown t o  respond b e s t  when a  

s t imu lus  was r epea t ed  s i x  times (Groves & Thompson, 1970);  s t i l l  o t h e r s  

appeared t o  be  a c t i v a t e d  l a r g e l y  by v o c a l i z a t i o n s  of  t h e i r  own s p e c i e s  (Maurus 

& Ploog ,  1971). 

Fea tu re s  Ex t r ac t ed  From Noise 

There i s  a  c o n s i d e r a b l e  body of ev idence  which suppor t s  t h e  concept ion  

t h a t  a t  l e a s t  some o f  t h e  f e a t u r e  p r o p e r t i e s  m a t r i x  a r e  inborn  ( s e e ,  e.g., 

Wiese l  & Rubel ,  1965a, 1965b; Chow, 1961, '1970; Ganz, 1971).  True ,  t h e s e  

p r o p e r t i e s  must be  exe rc i s ed  i n  an o r d i n a r i l y  r i c h  environment les t  t h e y  

d e t e r i o r a t e  and/or  develop abnormally (Wiesel & Hubel, 1965a, 1965b; 

P e t t i g r e w ,  1974).  And t h e r e  i s  some a d d i t i o n a l  t un ing  t h a t  can occur  a s  a  

r e s u l t  of  s p e c i a l i z e d  environmental  i n p u t s  (Hi rsch  & S p i n e l l i ,  1970; 

Blakemore, 1974).  I n  t h e  con tex t  o f  phenomenal pe rcep t ion ,  t h e s e  d a t a  can be 

taken  t o  i n d i c a t e  t h a t  a  f e a t u r e  ma t r ix  i s  a  r e l a t i v e l y  s t a b l e  p rope r ty  of t h e  

organism's  s enso ry  ( r e c e p t o r  t o  c o r t i c a l )  system. Tuning of e lements  i n  t h a t  

m a t r i x  by senso ry  i n p u t  from t h e  environment is f e a s i b l e ,  bu t  t h e  e lements  t o  

be tuned a r e  c h a r a c t e r i s t i c  of  t h e  organism. 

An a d d i t i o n a l  exper imenta l  r e s u l t  bea r s  on t h i s  i s sue :  S u t t e r  (19761, 

i n  my l a b o r a t o r y ,  i d e n t i f i e d  a c o r t i c a l  u n i t  w i th  s imple  r e c e p t i v e  f i e l d  

p r o p e r t i e s  and then  s t imu la t ed  i t  wi th  v i s u a l  wh i t e  n o i s e ,  c r e a t e d  by a random 
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p r e s e n t a t i o n  of s p o t s  on a  TV monitor.  The experiment  was undertaken t o  

determine whether t h e  response  of t he  c e l l  was l i n e a r  ( i . e . ,  whether a l l  o f  

t h e  va r i ance  could  be accounted f o r  by t h e  f i r s t  k e r n e l  of a  Wiener 

polynomial).  Much t o  our  s u r p r i s e ,  w i t h i n  t h e  f i r s t  30 m i l l i s e c o n d s  t h e  c e l l  

responded only  t o  t hose  s p o t s  w i th in  i t s  r e c e p t i v e  f i e l d ,  e x a c t l y  a s  i t  does 

t o  t h e  conven t iona l  mapping procedure us ing  a  l i n e s  i n  p a r t i c u l a r  

o r i e n t a t i o n s .  Ten mi l l i s econds  l a t e r  an i n h i b i t o r y  f l a n k  appeared ,  a s  would 

be p r e d i c t e d  f o r  s imple  r e c e p t i v e  f i e l d  p r o p e r t i e s  from i n t r a c e l l u l a r  

r eco rd ings  ( C r e u t z f e l d t ,  Kuhnt & Benewento, 1974). I n  e f f e c t ,  t h e  c e l l  

e x t r a c t e d  t h e  f e a t u r e s  "elongat ion" and " o r i e n t a t i o n "  from n o i s e  on t h e  b a s i s  

of i t s  own p r o p e n s i t i e s .  S imi l a r  r e s u l t s  were ob ta ined  f o r  f requency  

s e l e c t i o n  i n  t h e  a u d i t o r y  system ( ~ o s f o r d ,  1977). C l e a r l y ,  t h e  c e l l s  a r e  

s e l e c t i n g  from t h e  mult i form sensory  i n p u t  on ly  t h o s e  p r o p e r t i e s  t o  which 

they  a r e  s e n s i t i v e .  

.......................... 
Figures  3 and 4 about h e r e  

The Conjoining of Fea tu re s  by S ing le  Neurons 

The s p e c i f i c  s e l e c t i v i t i e s  of  neurones can be mi s l ead ing ,  however, i f  

they  a r e  i n t e r p e t e d  a s  showing t h a t  t he  c e l l s  i n  q u e s t i o n  f u n c t i o n  a s  f e a t u r e  

d e t e c t o r s .  To s e r v e  as a  d e t e c t o r ,  t h e  ou tpu t  of  t h e  c e l l  must un ique ly  

r e f l e c t  t h e  i npu t  f e a t u r e  and t h i s  i s  on ly  o c c a s i o n a l l y  t h e  case .  More o f t e n  

a c e l l  responds  t o  a v a r i e t y  of  f e a t u r e  t r i g g e r s .  I n  t h e  v i s u a l  system, f o r  

example, a  c e l l  which responds s e l e c t i v e l y  t o  l i n e s  i n  a s p e c i f i c  o r i e n t a t i o n ,  

w i l l  modify t h a t  response  w i t h  a change i n  luminance, w i t h  t h e  d i r e c t i o n  of  

movement of  t hose  l i n e s  and t h e  v e l o c i t y  of  such movement ( S p i n e l l i ,  Pr ibram & 

Bridgeman, 1970; Pribram, Lassonde & P t i t o ,  1981). Futhermore, t h a t  very  same 
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c e l l  may show a  d i f f e r e n t  response  t o  c o l o r  and even be  tuned t o  a  s p e c i f i c  

a u d i t o r y  .frequency ( S p i n e l l i ,  S t a r r  & B a r r e t t  , 1968). F i n a l l y ,  t h e  number of  

l i n e s ,  t h e i r  widths  and spac ings ,  a l s o  i n f luence  t h e  response  of t h e  c e l l  

which sugges t s  t h a t  " s t r i p e s "  r a t h e r  than  " l i n e s "  form t h e  c r i t  i c a  1 s t imu lus  

dimension f o r  t h e i r  o r i e n t a t i o n  s e l e c t i v i t y  (DeValois,  Albrecht  & T h o r e l l ,  

1979; G leze r ,  Ivanof f  & Tscherbach, 1973; Movshon, Thompson 6 T o l h u r s t ,  
# 

1978a ,b ,c ;  Po l l en  & Taylor ,  1974; S c h i l l e r ,  F in l ay  6 Volman, 1976).  More of 

t h i s  i n  a moment. 

F ind ings  such a s  t he se ,  and they a r e  e q u a l l y  t r u e  of o t h e r  systems ( s e e ,  

e.g., Evans, 1966) ,  f o r  c e l l s  i n  t h e  a u d i t o r y  c o r t e x )  make un tenab le  t h e  view 

t h a t  t h e s e  c o r t i c a l  c e l l s  a r e  s imple d e t e c t o r s  of f e a t u r e s .  Nonethe less ,  each 

c e l l  i s  s e l e c t i v e l y  r e spons ive  t o  v a r i e t y  of h i g h l y  s p e c i f i c  s t i m u l u s  

dimensions,  t h e  " f e a t u r e  t r i g g e r s . "  Some of  t h e s e  dimensions appear  t o  be 

mapped i n t o  r ecogn izab le  p a t t e r n s  i n  ad j acen t  c e l l s  -- e.g. ,  o r i e n t a t i o n  

s e l e c t i v i t y  has  been r e l a t e d  t o  t h e  columnar s t r u c t u r e  o f  c o r t e x  ( ~ u b e l  & 

Wiese l ,  1977) and s e l e c t i v i t y  t o  l i n e  width and spac ing  has  been r e p o r t e d  t o  

be a  f u n c t i o n  of c o r t i c a l  l a y e r s  (Maffei  & F i o r e n t i n i ,  1973). Other  s t i m u l u s  

dimensions such a s  t h e  tun ing  o f  c e l l s  i n  t h e  v i s u a l  c o r t e x  t o  a u d i t o r y  

f r equenc i e s  a r e  d i s t r i b u t e d  wi thout  any apparen t  r e g u l a r i t y  over  much wider 

expanses of  co r t ex .  These d i s t r i b u t e d  forms o f  o r g a n i z a t i o n  become e s p e c i a l l y  

e v i d e n t  when r eco rd ings  a r e  made from groups of neurons when problem s o l v i n g  

is  be ing  i n v e s t i g a t e d  ( ~ o h n ,  B a r t l e t t ,  Shimokochi & Kleinman, 1973; Gross e t  

a l . ,  1979;  ribr ram, S p i n e l l i  & Kamback, 1967). 

The view ob ta ined  from t h e  r e s u l t s  of t h e s e  s t u d i e s  is t h a t ,  r a t h e r  than 

f e a t u r e  d e t e c t i o n  by s i n g l e  neurons,  some s o r t  of  f e a t u r e  s e l e c t i o n  is 

e f f e c t e d  by neuron networks. For example, a t  t h e  t ime Rube1 and wiesel 

d i scove red  t h e  o r i e n t a t i o n  s e l e c t i v i t y  of r e c e p t i v e  f i e l d s  of c e l l s  i n  t h e  

v i s u a l  c o r t e x  (1959) they a l s o  desc r ibed  a d d i t i o n a l  p r o p e r t i e s  c a l l e d  s imple ,  



complex, and hypercomplex by which va r ious  r e c e p t i v e  f i e l d s  could  be  

d i s t i n g u i s h e d .  (The s imple p rope r ty  is  c h a r a c t e r i z e d  by an e longa t ed  

e x c i t a t o r y  band f lanked by one o r  more i n h i b i t o r y  s idebands ;  t h e  complex 

p rope r ty  by a  more homogenous e x c i t a t o r y  f i e l d ;  t h e  hypercomplex p rope r ty  by 

end-stopping of  t h e  e x c i t a t o r y  band by i n h i b i t  ion. ) These d i s c o v e r i e s  have  

led  t o  t he  almost  u n i v e r s a l  i n t e r p r e t a t i o n  t h a t  t h e  neurons of  t h e  v i s u a l  

c o r t e x  can be c l a s s i f i e d  according t o  t h e i r  r e c e p t i v e  f i e l d  p r o p e r t i e s .  

Based on t h i s  seminal  work of  Hubel and baiesel i n  t h e  l a t e  1 9 5 0 t s ,  which 

ass igned  c e l l s  t o  c a t e g o r i e s  such a s  c o n c e n t r i c ,  s imple ,  complex, and 

hypercomplex (1959, 1962),  a  s e r i e s  of s t u d i e s  were begun i n  our  l a b o r a t o r y  

du r ing  the  mid 1960 ' s  ( S p i n e l l i  & B a r r e t t ,  1969; S p i n e l l i ,  e t  a l . ,  1970; 

Phe lps ,  1973, 1974). We at tempted t o  make a  q u a n t i t a t i v e  assessment  of t h e  

n a t u r e  of t h e  p r o p e r t i e s  d e f i n i n g  t h e s e  c a t e g o r i e s  by u s i n g  a  computer 

c o n t r o l l e d  exper imenta l  s i t u a t i o n  i n  which s i n g l e ,  double ,  and m u l t i p l e  s p o t s  

and l i n e s  were d r i f t e d  ac ros s  t he  v i s u a l  f i e l d  o f  c a t s  and monkeys. I n  t h i s  

way t h e  r e c e p t i v e  f i e l d  of a  c e l l  could be  a c c u r a t e l y  mapped because  t h e  

computer "knew" where t h e  s p o t s  o r  l i n e s  were loca t ed  and could  a s s i g n  t h e  

r e sponse  of t h e  u n i t  t o  t h a t  l o c a t i o n  i n  a  s e t  of  b in s  t h a t  r e p r e s e n t e d  t h e  

p o s s i b l e  l o c a t i o n s  i n  which t h e  s p o t ( s )  o r  l i n e ( s )  might appear.  I n  a d d i t i o n ,  

e lementary s e n s i t i v i t i e s  of  t h e  c e l l s  t o  such s t i m u l i  a s  c o l o r ,  and t h e  

d i r e c t  i o n  and ve loc  i t y  of movement were assessed  . 
The most s t r i k i n g  r e s u l t  of t h e s e  and subsequent  experiments  (Pr ibram e t  

a l . ,  1981) was t h e  f a c t  t h a t  each c e l l  i n  t h e  primary v i s u a l  p r o j e c t i o n  c o r t e x  

has  m u l t i p l e  s e l e c t i v i t i e s  and t h a t  t h e  c e l l s  d i f f e r e d  i n  t h e  combinat ions 

of t h e s e  s e l e c t i v i t i e s .  Thus i t  became impossible  t o  c l a s s i f y  t h e  c e l l s  --- 
only  t h e  p r o p e r t i e s  o f  a  network of  r e c e p t i v e  f i e l d s  were amenable t o  

s p e c i f i c a t i o n  and c l a s s i f i c a t i o n .  These p r o p e r t i e s  were t o  a l a r g e  e x t e n t ,  

though not  e x c l u s i v e l y ,  c h a r a c t e r i z e d  by t h e  elementary s t i m u l i  t h a t  were used 



t o  s tudy  t h e  r e c e p t i v e  f i e l d  network. I n  s h o r t ,  each neuron i n  t h e  pr imary 

v i s u a l  c o r t e x  h a s  a l r e a d y  con joined elementary sensory  proper  t i e s  i n  some 

c h a r a c t e r i s t i c  combination. 

Here a r e  some examples: G. 8. Henry (1977) has  n o t e d ,  i-n s e v e r a l  

thousand e x p l o r a t i o n s ,  hypercomplex p r o p e r t i e s  e , an i n h i b i t i o n  when 

e longa t ion  o f  t h e  s t r u c t u r e  ex tends  beyond c e r t a i n  l i m i t s )  were  found only  

r a r e l y  and t h a t  when p r e s e n t ,  t h e  r e c e p t i v e  f i e l d  a l s o  showed e i t h e r  complex 

e . ,  r e spons ive  t o  such a  s t imu lus  anywhere i n  i t s  r e c e p t i v e  f i e l d )  o r  

s imple ( i .  e. , showing e x c i t a t o r y  and i n h i b i t o r y  r eg ions  w i th in  i t s  r e c e p t  i v e  

f i e l d )  p r o p e r t i e s .  S c h i l l e r ,  F in l ay ,  and Volman (1976) found s o  many 

p r o p e r t i e s  f o r  each neuron they  examined t h a t  they  a t  tempted c l a s s i f i c a t i o n  

v i a  a  mul t id imens iona l  s t a t i s t i c a l  a n a l y s i s .  Though no t  under taken  by them, 

Henry 's  and S c h i l l e r ' s  approach,  d r a w  t o  i t s  l o g i c a l  conc lus ion  r e s u l t s  i n  a  

c l a s s i f i c a t i o n .  o f  r e c e p t i v e  f i e l d  e .  , network) p r o p e r t i e s  n o t  a  

c l a s s i f i c a t i o n  o f  s i n g l e  neurons (Pribram e t  a l e ,  1981). 

Thus any c o n c e p t u a l i z a t i o n  based on ' t h e  i d e a  t h a t  s e n s o r y  f e a t u r e  

e lements  are kep t  i s o l a t e d  i n  t h e  primary v i s u a l  p r o j e c t i o n  systems i s  wrong. 

Whatever t h e  n a t u r e .  of f e a t u r e  a n a l y s i s  and of  channel  s e p a r a t i o n ,  i t  i s  - no t  

due t o  a l i m i t e d  l i n e ,  neuron t o  neuron mechanism. 

Let  me r e p e a t  t h i s  p o i n t  once aga in  f o r  i t  i s  c r i t i c a l  t o  any 

unders tanding  of t h e  i s s u e  of whether pe rcep t ion  i s  c o n s t r u c t e d  by c o n j o i n i n g  

f e a t u r e s  which a r e  i n i t h e  c e l l .  Some of t h e s e  c e l l s  i n  t h e  v i s u a l  c o r t e x  a r e  

even s e l e c t i v e l y '  tuned t o  a c o u s t i c  f requenc ies  ( S p i n e l l i ,  S t a r r  C B a r r e t t ,  

1968) and groups of  neurons and even s i n g l e  c e l l s  show l a t e  r e sponses  

(300-400 msec a f t e r  a  s t i m u l u s  is  ~ r e s e n t e d )  on ly  t o  a  rewarded cue i n  a  

problem s o l v i n g  s i t u a t i o n  (Pribram e t  a l . ,  1967; Bridgeman, 1982). 

This  con jo in ing .  of p r o p e r t i e s  in  a  r e c e p t i v e  f i e l d  of a  neuron does no t  

mean however t h a t  each neuron r e p r e s e n t s  those  conjunc t ions  which c h a r a c t e r i z e  
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