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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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any p a r t i c u l a r  o b j e c t .  No pout i f  i c a l  "grandfather"  o r  "grandmother" c e l l  - 
has been found whose ou tput  is unique ly  s p e c i f i e d  by an o b j e c t .  I t  remains 

p o s s i b l e  t h a t  such s p e c i f i c i t y  becomes encoded i n  t h e  p a t t e r n  of  t h e  o u t p u t  of  

a  neuron --- a p a t t e r n  which can be  s p e c i f i e d  by an i n t e r r e s p o n s e  i n t e r v a l  

h i s togram o r  b u r s t  p r o f i l e .  But t o  d a t e  t h i s  has no t  been accomplished. 

How then  can we account f o r  t h e  pe rcep t ion  of o b j e c t s  and e v e n t s ?  Most 

l i k e l y ,  t h e  pe rcep t ion  of o b j e c t s  and even t s  must be  cons t ruc t ed  by a d d r e s s i n g  

a  popu la t i on  of  neurons whose response  forms a  s p a t i a l  p a t t e r n  unique t o  t h a t  

f e a t u r e .  According t o  t h i s  formula t ion  t h e  popula t ion  of neurons responds t o  

a  f e a t u r e  much as does an audience when asked: a l l  t h o s e  who a r e  blond p l e a s e  

r a i s e  your hand. Now a l l  t hose  wearing red  sweaters  r a i s e  your hand. And now 

those  who a r e  female r a i s e  yours ,  Each query e l i c i t s  a  d i s t i n c t  p a t t e r n  which 

s imul taneous ly  s e l e c t s  a unique p a t t e r n  from a pool of p r o p e r t i e s  i n  which 

t h e s e  p r o p e r t i e s  a r e  a l r e a d y  t o  some e x t e n t  haphazardly conjoined,  The next  

s t a g e  of  p rocess ing  thus  involves  t h e  r e c o g n i t i o n  of s p a t i a l  p a t t e r n  which 

is  dependent on t h e  p r e c i s e  anatomical  c o n n e c t i v i t y  between t h e  pr imary 

senso ry  r e c e i v i n g  c o r t e x  ( t h e  s t r i a t e ,  f o r  v i s i o n )  and i ts  p e r i s e n s o r y  ( t h e  

p r e s t r  i a t e )  surround. 

F e a t u r e  s e l e c t i o n  by n e u r a l  networks can be cons idered  t o  be  a  form of 

f e a t u r e  correspondence. A s  noted i n  t h e  paragraphs above, however, t h e  n a t u r e  

of  t h e  f e a t u r e s  responded t o  by a n e u r a l  network response  p a t t e r n  is  

cons ide rab ly  d i f f e r e n t  from t h e i r  perceived phenomenal n a t u r e .  The s p a t i a l  

p a t t e r n  made by 'neurons which respond t o  a f e a t u r e  though unique t o  t h a t  

f e a t u r e ,  do n o t  resemble t h e  f e a t u r e  i n  any way. Fea tu re  cor respondence  must 

be viewed, t h e r e f o r e ,  a s  non-isomorphic, i.e., t h e r e  i s  no geomet r ic  

correspondence between phenomenal exper ience  and t h e  n e u r a l  p a t  t e r n s  t o  which 

t h a t  expe r i ence  corresponds.  Given t h i s  cavea t ,  t h e  ev idence  f o r  f e a t u r e  

correspondence i s  s u b s t a n t i a l .  Unique n e u r a l  response  p a t  t e r n s  can be 
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abs t rac ted  from the  mul t ip le  conjoined s e l e c t i v i t i e s  of neurons and neuron 

assemblies. The quest ion remains a s  t o  how t h i s  a b s t r a c t i o n  i s  accomplished. 

Object Perception and the  Motor Systems of the  Brain 

It is the  importance of movement t o  perception t h a t  provides t h e  key t o  

an answer t o  the  second quest ion posed e a r l i e r :  How does t h e  

se lec t ion /con junc t ion  process proceed t o  emphasize some f e a t u r e s  t o  t h e  

exclusion of o the r s?  Try the  following demonstration. Have someone touch you 

with a p e n c i l  o r  o the r  objec t .  You f e e l  the  touching, rubbing, pressure ,  e t c .  

These a r e  elementary q u a l i t i e s  of t a c t i l e  s e n s i b i l i t y .  Now grasp  and r o t a t e  

the  same ob jec t  i n  your palm by a c t i v e  manipulation. Suddenly an ob jec t  ( a  

p e n c i l )  has mater ia l ized!  

There i s  an intermediate perception t h a t  can be achieved when t h e  

pass ive  touching is performed i n  a reasonably regu la r  fashion.  Thus and X o r  

a  T may be i d e n t i f i e d  a s  a p a t t e r n  -- somewhat intermediate between a pass ive  

sensa t ion  and an objec t .  Auditory perceptions a r e  based on the  r e l a t i v e  

f requencies  of v i b r a t o r y  s t i m u l i  -- movement i n  time is involved. It i s  

l i k e l y  t h a t  a  s i m i l a r  mechanism opera tes  i n  v is ion .  Here t h e  mechanism i s  

based on r e l a t i o n s h i p s  among s p a t i a l  frequencies,  one of the  f e a t u r e  

p r o p e r t i e s  of  the  r ecep t ive  f i e l d  matrix of the  v i s u a l  c o r t e x  (campbell,  

Cooper i Enroth-Cugell, 1969; Campbell i Robson, 1968; DeValois e t  a l . ,  1979; 

Glezer e t  a l e ,  1973; Maffei & ~ i o r e n t i n i ,  1973; Movshon e t  a l . ,  1978a,b,c;  

Pol len  & Taylor ,  '1974; Pribram e t  a l . ,  1981; S c h i l l e r  et a l e ,  1976). Movement 

is  provided by t h e  cons tant  tremor-like displacements of t h e  eyeba l l .  When an 

image is  a r t i f i c i a l l y  s t a b i l i z e d  on t h e  r e t i n a ,  p a t t e r n  v i s i o n  ceases  wi th in  

seconds (Ditchborn 6r Cinsborg, 1952; Riggs, R a t l i f f ,  Cornsweet & Cornsweet, 

1953 ; Heckenmuel l e t ,  1968). 



How a r e  such s t a b l e  s p a t i a l  p a t t e r n s  generated i n  t h e  c o r t e x ?  R e c a l l  

t h a t  d i r e c t  ion of movement and o r i e n t a t i o n  a s  w e l l  a s  frequency c h a r a c t e r i z e  

t h e  s p a t i a l   ropert ties of  t he  r e c e p t i v e  f i e l d  network. These p r o p e r t i e s  can 

combine i n t o  geometr ic  ' ( F o u r i e r )  d e s c r i p t o r s  which d e s i g n a t e  con tou r s  of 

p a t t e r n s .  Schwartz,  Desimone, Albr ight  , and Gross (1983) have ana lyzed  t h e  

s p a t i a l  frequency s p e c t r a  a t  many o r i e n t a t i o n s  of a  s t imu lus  ( F o u r i e r  

d e s c r i p t o r s  a r e  der ived  from response of neurons t o  s p a t i a l  frequency a t  each 

o r i e n t a t i o n  of a  s t imu lus )  of  r e c e p t i v e  f i e l d s  i n  t h e  infero tempora l  c o r t e x  

and decoded them i n  terms of Four ie r  d e s c r i p t o r s :  a  v a r i e t y  o f  s t i c k  f i g u r e  

contours  emerge. The in fero tempora l  c o r t e x  does more than develop con tou r s  a s  

we s h a l l  s e e  below, but  contours  a r e  a  p r e r e q u i s i t  t o  i t s  f u n c t i o n  i n  o b j e c t  

d i s c r i m i n a t i o n  and choice. Where contours  a r e  developed i s  a t  p r e s e n t  

unknown, al though some pre l iminary  evidence sugges t s  t h a t  t h e  p r e s  t r i a t e  

c o r t e x  i s  c r i t i c a l l y  involved. 

P a t t e r n  percept ion  based on contours  i s  no t  i d e n t i c a l  w i t h  o b j e c t  

pe rcep t ion  however. - The c h a r a c t e r i s t i c  which i d e n t i f i e s  t h e  p e r c e p t i o n  of  

o b j e c t s  is  constancy ac ros s  changes i n  t h e  sensory  p a t t e r n s  they  e l i c i t ,  

Constancy i s  achieved by a  connec t iv i ty  which al lows the  v a r i e t y  of  images and 

t h e i r  contours  t o  be c o r r e l a t e d  s o  t h a t  only inva r i ences  remain. The averaging  

procedure used i n  ana lyz ing  event  r e l a t e d  b r a i n  e l e c t r i c a l  p o t e n t i a l s  i s  an 

example which e x t r a c t s  cons t anc ie s  from noise ,  Edelman and Mountcast l e  (1978) 

have d e t a i l e d  a  mode1 of c o n n e c t i v i t i e s  which ach ieve  c o n s t a n c i e s  by 

e l i m i n a t i n g  i r r e l e v a n t  information.  Mathematically such "degenerat ive" 

procedures  a r e  non-l inear  and i r r e v e r a  i b  le. 

An important  ques t ion  f o r  r e sea rch  i s  whether such n o n - l i n e a r i t i e s  a r e  

in t roduced  a t  t h e  o b j e c t  l e v e l  of processing.  Constancies  can be  developed 
I 

when t h e  func t ions  of motor programs a r e  i n i t i a t e d  i n  systems interwoven w i t h  

and a d j a c e n t  t o  t h e  sensory p r o j e c t i o n s  i n  t he  b ra in .  One of t he  



c h a r a c t e r i s t i c s  of  t h e  development of t h e  mammalian b r a i n  i s  t h e  p r o g r e s s i v e  

s e p a r a t i o n  of motor from sensory c o r t e x  which may a l low a s u b s t i t u t i o n  of t h e  

Edelman t y p e  o f  degene ra t ive  c o n n e c t i v i t y  f o r  t h e  more l o c a l l y  symmetr ical  

c o n n e c t i v i t  i e s  (Burgess ,  Wagner, Jennings  & Bar low, 1981 ;  ribr ram,. 1960) of  

t h e  p r o j e c t i o n  c o r t e x  per  se .  This  is  e s p e c i a l l y  t r u e  i n  t h e  somat ic  

modal i ty .  But t o  some extent ,  i t  i s  a l s o  t r u e  of t he  o t h e r  s enses  ( s e e  

Pribram, i n  p repa ra t ion ) .  

For i n s t a n c e ,  e l e c t r i c a l  e x c i t a t i o n  of t he  p e r i s t r i a t e  c o r t e x  (which 

surrounds t h e  v i s u a l  ~ r o j e c t i o n  a r e a ) '  of monkeys produces eye movements which 

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

of t h i s  visuomotor system. This  p o s s i b i l i t y  is  enhanced by t h e  f i n d i n g  t h a t  

i n  one experiment (Unger le ider ,  Ganz & Pribram, 1977) s i z e  constancy was shown 

t o  depend on t h i s  sys  tem. A f t e r  ex t ens ive  damage, monkeys respond e x c l u s i v e l y  

t o  t h e  r e t i n a l  image s i z e  of an o b j e c t ,  ignor ing  t h e  c o n t e x t u a l  environmental  

and organismic f a c t o r s  r e spons ib l e  f o r  constancy. 

Sper ry  (19471, Held (19681, and F e s t i n g e r ,  Burnham, Ono, and Bamber 

(1967) each have suggested t h a t  a l l  o f  percept ion  i s  e s s e n t i a l l y  a motor 

process .  I n  p a r t  t h i s  sugges t ion  stems from t h e  f a c t  t h a t  neurons a r e  

s e n s i t i v e  t o  t r a n s i e n t s  and movement produces t r a n s i e n t s .  However, t h e i r  

a n a l y s i s  has  f a i l e d  t o  account f o r  our  i n a b i l i t y  t o  b a s i c a l l y  a l t e r  images of  

scenes  --- d e s p i t e  occas iona l  i l l u s o r y  con junc t ions  of f e a t u r e s .  A s  developed 

h e r e ,  t h e  motor systems a r e  ass igned  a  more r e s t r i c t e d  r o l e  -- t h a t  o f  

deve loping  o b j e c t  cons t anc ie s  . Ob j e c t s  a r e  perceived a s  i nwar i an t  when t h e  

organism a c t i v e l y  moves about t h e  environment --- whether w i t h  h i s  e y e s ,  hands 

o r  whole body. 

A s  no t ed ,  Schwartz e t  a l .  (1983) have devised  p r e c i s e  mathemat ica l  

models which can e x t r a c t  geometr ic  (e.g. ,  F o u r i e r )  d e s c r i p t o r s  of shape 

( i nva r  iances  ) from such f  igure-ground per  ime t r y .  Whieman Richards and Lloyd 

f l  



Kaufman (1969)  have pointed out  t h e  re levance  of t h i s  type  of model t o  " c e n t e r  

of g r a v i t y "  tendencies  which occur f o r  spontaneous o p t i c  f i x a t i o n s  o n t o  

f i g u r e s  i n  t h e  presence of flow p a t t e r n s  of v i s u a l  background n o i s e  (ground).  

They sugges t  t h a t  each p a t t e r n  boundary: 

s e t s  up a  wave [ i n  t h e  c o r t i c a l  r e c e p t i v e  f i e l d  m a t r i x ]  
which i s  propagated a t  a  cons t an t  v e l o c i t y .  The p o i n t  
a t  which a l l  waves converge toge the r  w i l l  be  t h e  
apparent  p o s i t i o n  of t he  whi r lpool  [ t h e  f i x a t i o n  po in t ] .  
For s imple f i g u r e s  wi th  no  imaginat ion,  t h i s  p o s i t  ion 
w i l l  be t h e  c e n t e r  of g r a v i t y  of t h e  f i g u r e .  The 
p o s i t i o n s  of  t he  whi r lpool  f o r  more complex f i g u r e s  can 
be c a l c u l a t e d  a s  ou t l i ned  by Blum (1967). 

They conclude by s t a t i n g  t h a t  they would l i k e  t o  cons ider  t h e  p o s s i b i l i t y  t h a t  

a  "center  of g rav i ty"  a n a l y s i s  "which r e g u l a t e s  oculomotor a c t i v i t y  may be 

occurr ing  a t  t h e  same time t h a t  t h e  form of t he  p a t t e r n  i s  analyzed. Thus, i t  

is t h e  flow p a t t e r n  and no t  t h e  form of  t h e  p a t t e r n  which i s  t h e  p r i n c i p a l  

c o r r e l a t e  of t h e  f i x a t i o n  behavior." And I w i l l  add, t h e  flow p a t t e r n  i n  a  

n a t u r a l  s e t t i n g  i s ,  of course ,  l a r g e l y  determined by movement. It is  

movement-produced f low pat  t e r n s  which i n i t i a t e  t h e  emphases and de-emphases 

(conceptua l ized  a s  wave f r o n t s  and v e c t o r s )  which c o n s t i t u t e  s e l e c t i o n  w i t h i n  

t h e  f e a t u r e  ma t r ix  of t h e  cor tex .  Mote h e r e  t h a t  t he  d i r e c t i o n  of c o n t r o l  i s  

from t h e  ~ e r i s t r i a t e  t o  t h e  s t r i a t e  cor tex .  Control  can be e f f e c t e d  v i a  

c o t t i c o f u g a l  e f f e r e n t 8  t o  s u b c o r t i c a l  l o c i  which i n  t u r n  i n f l u e n c e  t h e  

g e n i c u l o - s t r i a t e  s y s  tern, o r  c o n t r o l  may be exe rc i sed  d i r e c t l y  v i a  p e r i s t r  i a t e  

t o  s t r i a t e  c o r t i c o c o r t i c a l  connect ions.  

A s  i n  t h e  Richards and Kaufman experiment ,  flow p a t t e r n s  can o r i g i n a t e  

i n  t h e  environment o r ,  a s  s o  o f t e n  occurs  n a t u r a l l y ,  t hey  a r e  i n i t i a t e d  by 

movement o f  t h e  organism. Movement can c o n s i s t  of d i r e c t i o n a l  d i sp lacement  o r  

i t  can be o s c i l l a t o r y  a s  i n  t h e  spontaneously occurr ing  eye movements which 
1 
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prevent t h e  fade out  which occurs when r e t i n a l  images a r e  experimental ly made 

s t a t ionary .  I n  e i t h e r  case ,  t h e  p e r i s t r i a t e  c o r t e x  becomes involved i n  

f i x a t i n g  t h e  "whirlpool" of the  flow pa t t e rns .  

In  t h e  o l f a c t o r y  mode such o s c i l l a t o r y  movements a r e  produced by 

respi r ' a t ion .  A s  Freeman (1981) has e l egan t ly  demonstrated, o s c i l l a t o r y  

movements c r e a t e  the  formation of wave packets which i n t e r a c t  i n  terms of  

t h e i r  s p a t i a l  frequency. Both Freeman (1981) and Grossberg (1981) have 

presented mathematical models of the  development of perceptual  cons tanc ies  

based on such i n t e r a c t i o n s .  

Monlocality and Holonomic Theory 

Def in i t ion  

A l i k e l y  mechanism by which t h e  a b s t r a c t i o n  necessary t o  o b j e c t  

perception is achieved l i e s  i n  the  powerful c o r r e l a t i o n a l  f a c i l i t y  of 

holonomic t ransformat ions ,  the  transformations which make holography poss ib le .  

The idea t h a t  t h e  neura l  network performs holonomic t ransformat ions  on 

sensory inpu t  must be c l e a r l y  d is t inguished from bo th  f i e l d  t h e o r i e s  and 

f e a t u r e  correspondence theor ie s .  In  a  holonomic t r a n s  format ion t h e  va r ious  

st imulus dimensions become enfolded i n t o  every p a r t  of the  transform domain 

--- a s e t  of neura l  s igna l s  i s  transformed and t r a n s f e r  func t ions ,  r e a d i l y  

d e a l t  ' w i t h  e i t h e r  by wave form o r  s t a t i s t i c a l  mathematics d e s c r i b e  t h e  

transformation.  This d u a l i t y  makes holonomic theory akin  t o  quantum 

mechanics, where the  d u a l  n a t u r e  of quanta of electromagnetic  phenomena being 

described.  This a  combination of wave form and s t a t i s t i c a l  approaches has 

been found t o  be most powerful ( see ,  e.g., Ju lesz ,  1971, f o r  t h e  v i s u a l  system 

and Flanagan, 1972, fo r  the  audi tory  system). Transformation of a  s e t  of 
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s i g n a l s  i n t o  an enfolded order  i s  very d i f f e r e n t  from simply gene ra t ing  a  D.C. 

f i e l d  i n  c o r t e x  by t h e  a r r i v a l  of neu ra l  s i g n a l s .  Holonomic theo ry ,  a  quantum 

theory ,  i s  t h e r e f o r e  not  a  f i e l d  theory al though i t  i s  r e l a t e d  t o  f i e l d  t heo ry  

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

r a t h e r  than po in t  t o  p o i n t  a n a l y s i s  i s  emphasized. 

Holonomic theory  thus  resembles f e a t u r e  correspondence theo ry  t o  some 

e x t e n t  a l though once aga in  t h e  two can be sha rp ly  d i s t i ngu i shed .  The 

s i m i l a r i t y  comes from the  f a c t  t h a t  performing a  t ransform a  second time w i l l  

r e i n s t a t e  t h e  image (wi th  a l l  i t s  f e a t u r e s )  from t h e  t ransform domain, The 

d i f f e r e n c e  between holonomic t ransformat ion  and f e a t u r e  correspondence i s  t h a t  

t he  t ransform domain i s  recognized i n  t he  s t r o n g e s t  form of t h e  theory  a s  the 

domain in  which n e u r a l  networks opera te .  The f ind ing  of m u l t i p l e  f e a t u r e  

s e l e c t i v e s  of most b r a i n  c e l l s  and c e l l  assemblies  i s  compatible  w i t h  such a  

view. As we s h a l l  s e e ,  however, t h i s  s t r o n g e s t  form of  t h e  theory  does no t  

account  f o r  a l l  t h e  a v a i l a b l e  d a t a ,  t hus  n e c e s s i t a t i n g  some s p e c i f i a b l e  

mod i f i ca t ions .  I n  e i t h e r  t h e  s t r o n g e s t  o r  modified ve r s ion  f e a t u r e s  a r e  

~ e n e r a t e d ,  cons t ruc t ed ,  when t h e  encoded . t r a n s f o r m  domain i s  addressed  

through a d d i t i o n a l  sensory  inpu t  o r  by ' " re ference0 '  from o t h e r  n e u r a l  processes  

such a s  s e n s i t i v i t i e s  t o  i n t e r n a l l y  p r d u c e d  s t imu la t ion .  

There i s  t hus  no bra in-perceptua l  isomorphism i n  t h e  holonomic theory  a s  

t h e r e  i s  i n  t h e  f i e l d  t h e o r i e s .  Rather ,  phenomenal exper ience  i s  gene ra t ed  

when sensory  o r  i n t e r n a l l y  der ived  inpu t s  a c t i v a t e  a  ho lographic  process  o r  

s t o r e .  There is t h e r e f o r e  no necessary  geometr ica l  i d e n t i t y  between n e u r a l  

response  pa t  t e r n %  and phenomenal exper ience ,  j u s t  a s  i n  an o p t i c a l  hologram 

t h e r e  i s  no i d e n t i t y  between t h e  p a t t e r n s  of s i l v e r  g r a i n s  on t h e  photographic 

f i l m  and t h e  image produced when t h a t  f i l m  is  p rope r ly  i l l umina ted .  Even a  

f u n c t i o n a l  i d e n t i t y  between phenomenal exper ience  and b r a i n  p roces ses  becomes 
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s u s p e c t  i f  t h i s  means ignor ing  t h e  input  t o  s enses  from t h e  world o u t s i d e  t h e  

organism and t h e  i n p u t  t o  o t h e r  r e c e p t o r s  from w i t h i n  t h e  body. 

The Neural  # i c r o s t r u c t u r e  

A fundamental obse rva t ion  concerning t h e  s t r u c t u r e  and f u n c t i o n  of  t h e  

nervous system i s  t h e  f a c t  t h a t  t h e  r e l a t i o n s h i p  between l o c a t i o n s  t h a t  

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

o r g a n i z a t i o n  o f  t h e  i npu t  t o  and output  from t h e  b r a i n  co r t ex .  The p e r i p h e r a l  

r e l a t i o n s h i p  may become d i s t o r t e d  through convergence i n  t h e  pathways t o  

s y n a p t i c  way s t a t  ions t h a t  a r e  i n t e r c a l a t e d  between pe r iphe ry  and c o r t e x  and 

by d ivergence  from t h o s e  way s t a t i o n s  --- b u t  enough o f  t h e  r e l a t i o n s h i p  is 

maintained t o  be  r ecogn izab le  a s  a  mapping of pe r iphe ry  on to  co r t ex .  I n  o r d e r  

f o r  such c o r t i c a l  mapping t o  be p o s s i b l e ,  s i g n a l s  must b e  t r a n s m i t t e d  from and 

t o  s p e c i f i c  locations i n  t h e  pe r iphe ry  by way of  pathways o f  n e r v e  axon 

systems i n  which impulses a r e  generated and propogated. 

A second fundamental f a c t  about t h e  o r g a n i z a t i o n  of  t h e  nervous sys tem 

i s  t h a t  t h e s e  pe r  iphera l -cor  t i c a l  axonal  pathways a r e  i n t e r l a c e d  a t  every  

s t a t i o n ,  i.e., i n  t h e  pe r iphe ry  ( a s  f o r  example a t  t h e  r e t i n a ) ,  and a t  t h e  

c o r t e x  ( a s  f o r  example i n  t h e  s t r i a t e  c o r t e x ) ,  w i t h  c e l l s  which posses s  e i t h e r  

v e r y  s h o r t  f i ne - f ibe red  axons o r  no axons a t  a l l .  Such c e l l s ,  c a l l e d  l o c a l  

c i r c u i t  neurons (Rakic ,  1976) a r e  incapable  of ma in t a in ing  and t r a n s m i t t i n g  

a c t  ion  ~ o t e n t i a l s  , t h e  nerve  impulses,  which convey s i g n a l s  over  d i s t a n c e s .  

I n s t e a d ,  t h e s e  l o c a l  c i r c u i t  neurons a r e  c h a r a c t e r i z e d  by p r o f u s e l y  branching  

d e n d r i t e s  which i n t e r s e c t  w i t h  o t h e r s  from a d j a c e n t  neurons.  The e l e c t r i c a l  

p o t e n t i a l  changes i n  such d e n d r i t i c  s t r u c t u r e s  tend  t o  be graded r a t h e r  t han  

impuls ive  and when impulses a r e  genera ted  t hey  a r e  s m a l l  i n  ampl i tude ,  decay 

r a p i d l y  and thus  a r e  n o t  conducted over  any c o n s i d e r a b l e  d i s t a n c e   all, 1970; 

Shepherd, 1974). I n  sum, t h e  p o t e n t i a l  changes i n  t h e s e  d e n d r i t i c  
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a r b o r i z a t i o n s  a r e  most o f t e n  hype rpo la r i z ing  and thus  i n h i b i t o r y  (e .g . ,  

Benevento, C r e u t z f e l d t  6 Kuhnt, 1972). 

The i n t e r a c t i o n  between v e r t i c a l  i e pe r iphe ry  t o  c o r t e x )  axonal  

t ransmiss  ion  pathways and t h e  i n t e r l a c e d  h o r i z o n t a l  d e n d r i t  i c  networks h a s  

been worked o u t  i n  s e v e r a l  sensory systems by e x t r a - c e l l u l a r  r eco rd ings  made 

from t h e  s e p a r a t e  neurons composing t h e  axonal  t r ansmis s ion  pathways. I n  

essence ,  t h e  i n t e r a c t i o n  l eads  t o  a  center-surround o r g a n i z a t i o n  when a  

d i s c r e t e  s t imu lus  e x c i t e s  t h e  neuron. A center-surround o rgan iza t ion  i s  one i n  

which t h e  s p a t i a l  e x t e n t  of t h e  s i g n a l s  t r a n s m i t t e d  becomes enveloped i n  a  

penumbra o f  s i g n a l s  of  oppos i t e  s ign .  This  center-surround o r g a n i z a t i o n  o f t e n  

d i s p l a y s  t h e  c h a r a c t e r i s t i c s  of a  wave form i n  t h a t  s e v e r a l  e x c i t a t o r y  and 

i n h i b i t o r y  bands surround t h e  c e n t e r ,  much as  r i p p l e s  a r e  formed i n  a  pond 

when t h e  s u r f a c e  is  e x c i t e d  by a  pebble. P r e c i s e  mathematical  d e s c r i p t i o n s  of  

such center-surround o rgan iza t ions  have been g iven  by Bekesy f o r  t h e  a u d i t o r y  

and somatosensory systems (1959),  and by H a r t l i n e  (1940) and by Rodieck and 

S tone  (1965) f o r  t h e  v i s u a l  system ( s e e  a l s o  t h e  review of e a r l y  fo rmula t ions  

by R a t l i f f ,  1961). The d a t a  obtained from t h e  o l f a c t o r y  system appears  

somewhat more complicated (Shepherd, 1974) ,  bu t  mathematical  t r ea tmen t  has 

been s u c c e s s f u l l y  achieved by Freeman (1  975). 

The r e s u l t s  o f  t h e s e  s t u d i e s  have i n  common t h e  f i n d i n g  t h a t  whatever 

t h e  n a t u r e  of  t h e  i n c i t i n g  s t imulus  t o  r ecep to r  e x c i t a t i o n ,  such excitation 

and i t s  subsequent  p roces s ing  can be r e a d i l y  formulated i n  terms of a c a l c u l u s  

d e s c r i b i n g  t h e  m i c r o s t r u c t u r e  of  a network of hyper- and d e p o l a r  i z a t  ions.  

This  formula t ion  shows t h a t  t h e  p r i n c i p l e  of s u p e r p o s i t i o n  a p p l i e s  t o  t h e  

l o c a l  s p a t i a l  i n t e r a c t  ions  between e x c i e a t  ion ( d e p o l a r i z a t  i o n s )  and i n h i b i t i o n  

( h y p e r p o l a r i z a t  ions ). Supe rpos i t i on  i n d i c a t e s  t h a t  t h e  s y s  tern i s  l i n e a r  

w i t h i n  t h e  ranges  examined and t h a t  a  wave f o w  i n t e r p r e t a t i o n  of t h e  d a t a  i s  

u s e f u l .  This does n o t  n e c e s s a r i l y  mean t h a t  t h e  d e n d r i t i c  p o t e n t i a l s  a c t u a l l y  



, 

make up d i s c e r n a b l e  wave f r o n t s  --- what i t  does mean, a t  t h e  minimum, i s  t h a t  

t h e  center-surround d a t a  d e s c r i b e  t r a n s f e r  func t ions  by which a  m a t r i x  of  

d i s c r e t e  p o l a r i z a t i o n s  is  r e l a t e d  t o  an e x c i t i n g  i n p u t ,  f u n c t i o n s  which can 

r e a d i l y  be t r e a t e d  by l i n e a r  wave equat ions.  

Holography 

These mathematical  t r ea tmen t s  o f  t h e  d a t a  ob t a ined  from reco rd ings  o f  

p o t ' e n t i a l s  of  s i n g l e  neurons i n  t h e  nervous system a r e  a k i n  t o  t h o s e  which 

spawned holography. I n  1946 Dennis Gabor devised  a  mathematics which showed 

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

i n t e n s i t y ,  t h e  p a t t e r n  of  wave f r o n t s  genera ted  on a  photographic  f i l m  by an 

e x c i t i n g  e l e c t r o n  o r  photon were recorded. Gabor addressed h i s  mathematics  t o  

e l e c t r o n  microscopy bu t  i n  t h e  e a r l y  1960 ' s  o p t i c a l  holography succeeded i n  

implementing t h i s  image process ing  technique i n  such a  way t h a t  t he*  p r o p e r t i e s  

of  holograms became r e a d i l y  demonstrated ( L e i t h  & Upatnicks,  1965). The 

e s s e n t i a l  p r o p e r t i e s  a r e :  1 )  t h e  ho lographic  s t o r e  i s  d i s t r i b u t e d ;  2 )  v a s t  

amounts of s t o r a g e  can be concent ra ted  i n  a  sma l l  ho lographic  s p a c e ;  3 )  image 

r e c o n s t r u c t  ion  is  three-dimensional ,  d i s p l a y i n g  cons t anc i e s  and p a r a l l a x ,  and 

is  h i g h l y  t e x t u r e d ;  4 )  images do  n o t  appear coex tens ive  w i t h  t he  ho log raph ic  

s t o r e ;  they  a r e  p r o j e c t e d  away from t h e  f i l m  s u r f a c e ;  5 )  t h e  hologram has  

a s s o c i a t i v e  p r o p e r t i e s ;  when i t  i s  made by t h e  r e f l e c t e d  l i g h t  o f  two o b j e c t s ,  

subsequent  i l l u m i n a t i o n  o f  t h e  s t o r e d  hologram by l i g h t  r e f l e c t e d  from only  

one o b j e c t  w i l l  r e c o n s t r u c t  a  "ghost" image of  t h e  miss ing  o b j e c t .  

These p r o p e r t i e s  of holograms a r e  s o  s i m i l a r  t o  t h e  e l u s i v e  p r o p e r t i e s  

t h a t  n e u r o s c i e n t i s t s  and psycho log i s t s  ( s e e ,  e.g., Boring,  1942)  sought  i n  

b r a i n  t i s s u e  t o  e x p l a i n  p e r c e p t u a l  imaging and engram encoding6 t h a t  t h e  

ho lographic  p roces s  must be  s e r i o u s l y  cons idered  a s  an e x p l a n a t o r y  device .  I n  

do ing  t h i s ,  t h e  c a u t i o n  must,  however, c o n s t a n t l y  be e x e r c i s e d  t h a t  i t  is  t h e  



mathematics of holography and b ra in  func t ion  t h a t  needs t o  be compared and 

t e s t e d ,  not  t h e  o p t i c a l  holograms o r  computer i n s t a n t i a t i o n s  of  holography. 

The e s s e n t i a l s  of t h i s  mathematics can b e s t  be summarized by r e f e r e n c e  

t o  a p a r t i c u l a r  form of holography --- t h e  cons t r u c t  ion  of a Four i e x  hologram. 

The Four ie r  theorem s t a t e s  t h a t  any p a t t e r n ,  no mat te r  how complex, can be  

decomposed i n t o  a s e t  of component, completely r e g u l a r ,  "s ine" waves, The 

Four ie r  t ransform of  an image i s  formed by encoding t h e s e  component wave 

forms. Thus, i n  t h e  transformed record each po in t  i n d i c a t e s  t h e  presence  of a 

p a r t i c u l a r  component wave form r a t h e r  than  t h e  corresponding l o c a l  i n t e n s i t y  

a s  i n  an o rd ina ry  record.  Take f o r  comparison an o rd ina ry  photograph and a 

Four i e r  transformed record.  The ord inary  photograph is  made up o f  a mosaic o f  

p o i n t s  of vary ing  i n t e n s i t i e s ,  t he  i n t e n s i t y  of each poine cor responding  t o  

t h e  i n t e n s i t y  of  a po in t  of  l i g h t  r e f l e c t e d  from a s p e c i f i c  l o c a t i o n  on t h e  

o b j e c t  be ing  photographed. I n  t h e  Four ie r  transformed r eco rd ,  by c o n t r a s t ,  

each p o i n t  r e p r e s e n t s  t h e  amount of  energy p re sen t  in a wave form component of 

t h e  e n t i r e  a r r a y  of  l i g h t  r e f l e c t e d  from t h e  ob jec t .  The bandwidth of  t h a t  

component may vary ;  t h e  r e s o l v i n g  power of  t h e  t ransform i s  i n  p a r t  dependent 

on t h i s  bandwidth. 

To make a ( ~ o u r i e r )  hologram, two such Four i e r  t ransformed r eco rds  must 

be l i n e a r l y  superposed. Piathemat i c a l l y  , t h i s  is per  formed by t h e  t r a n s f e r  

func t ion  i n  which one record  i s  convolved wi th  t h e  o t h e r  and s t o r i n g  t h e  

r e s u l t a n t  complex con juga te .  I n  essence,  convolving c o n s i s t s  of  "mul t ip ly ing"  

t h e  wave forms toge the r ,  Mow each p o i n t  i n  t h e  record  c o n t a i n s  t h i s  

" m u l t i p l i c a t i o n ,  " 1  i. e.,  t h e  r e s u l t a n t  of superposing t h e  energy conta ined  i n  

two wave form components de r ived  from t h e  e n t i r e  a r r a y  of r e f l e c t e d  Light.  A 

holographic  r eco rd  can be made by superposing t h e  Four i e r  t r ans fo rm of t h e  

l i g h t  r e f l e c t e d  from two (o r  more) o b j e c t s  o r  by us ing  t h e  t r ans fo rm of  a 

non- re f l ec t ed  r e fe rence .  When two o r  more o b j e c t s  a r e  used ,  t h e  l i g h t  



r e f l e c t e d  from each se rves  a s  a  r e f e r e n c e  f o r  t h e  o t h e r ( s ) .  This  accounts  f o r  

t h e  p r o p e r t y  of a s s o c i a t i v e  r e c a l l  noted above, I n  a d d i t i o n ,  s i n c e  p a r t s  of  

o b j e c t s  a s  w e l l  a s  whole o b j e c t s  s e r v e  a s  sources of r e f l e c t i o n  and thus  a s  

r e f e r e n c e s  f o r  o t h e r  p a r t s ,  cons t anc ie s  a r e  genera ted  when images a r e  

( r e ) c o n s t r u c t e d .  Constancies a r e  t h e r e f o r e  t h e  r e s u l t  of t h e  f a c t  t h a t  t h e  

transformed "view" of any p a r t  of t he  o b j e c t s  a c t s  a s  a  r e f e r e n c e  f o r  every  

o t h e r  p a r t .  

I t  is t h e s e  en fo ld ing  p r o p e r t i e s  of  holograms t h a t  make them s o  

counter  i n t u i t i v e .  Within t h e  holographic  domain geometry as  we s e n s e  i t  

d i sappea r s  and i s  rep laced  by an o r d e r  i n  which t h e  whole becomes enfolded and 

d i s t r i b u t e d  i n t o  every  p a r t ,  thus  t h e  term hologram. But from each p a r t  t h e  

whole can aga in  be r e c o n s t i t u t e d .  This  i s  due t o  ano the r  p rope r ty  of t h e  

Four i e r  theorem: apply ing  t h e  i d e n t i c a l  t ransform i n v e r t s  t h e  wave form 

domain back i n t o  t h e  image! The process  ( t h e  Four ie r  transform f u n c t i o n )  t h a t  

c o n v e r t s  images i n t o  wave forms can t h e r e f o r e  a l s o  accomplish t h e  i n v e r s e  and 

conve r t  wave forms i n t o  t h e  images. 

This  parsimony i n  process ing  r a i s e s  t h e  ques t ion  of u t i l i t y .  If image 

and wave form domain a r e  s o  r e a d i l y  t ransformed i n t o  each o t h e r ,  why bo the r?  

The answer t o  t h i s  ques t ion  i s  t h a t  c o r r e l a t i o n s  a r e  much s imp le r  t o  

accomplish i n  t h e  wave form domain --- t hey  e s s e n t i a l l y  e n t a i l  s u p e r p o s i t i o n ,  

m u l t i p l i c a t i o n .  That is why t h e  Fas t  Four ie r  Transform (FFT) has proved s o  

u s e f u l  i n  computer as  f o r  i n s t ance  when image r e c o n s t r u c t i o n  by CT 

scan  i n  x-ray tomography is des i r ed .  It i s  t h i s  power of t h e  F o u r i e r  domain 

t h a t  t h e  b r a i n  can e x p l o i t .  

The Transform Domain 

What then  a r e  t h e  t r a n s f e r  Punct ions t h a t  d e s c r i b e  t h e  t r a n s  format i ons  

of s enso ry  and bod i ly  i n p u t s  i n t o  a  b r a i n  holographic  process?  And what a r e  



t h e  l i m i t s  o f  explana tory  power of such t r a n s f e r  func t ions  w i t h  r e s p e c t  t o  t h e  

d a t a  a t  hand? The f i r s t  sugges t ion  t h a t  b r a i n  p roces s ing  might i n v o l v e  a  

Four i e r  a n a l y s i s  was made a  cen tu ry  ago f o r  t h e  a u d i t o r y  sys tem by Ohm, t h e  

same Ohm who formulated ohm's law of  e l e c t r i c i t y ,  This  sugges t ion  was adopted 

by Herman V, Helmholtz,  who performed a  series of  experiments  which led t o  t h e  

p l a c e  t heo ry  of hea r ing  --- e s s e n t i a l l y  a  view o f  t h e  c o c h l e a  a s  a  p i a n o  

keyboard whose keys ,  when s t r u c k  by a c o u s t i c  waves, would i n i t i a t e  n e r v e  

impulses t o  t h e  b r a i n  where resonant  neurons were a c t i v a t e d .  This  view was 

modif ied i n  t h i s  cen tu ry  by George won Bekesy (19591, whose experiments  showed 

t h e  coch lea  and p e r i p h e r a l  neurosensory mechanism t o  o p e r a t e  more l i k e  a  

s t r i n g e d  ins t rument  s e n s i t i v e  t o  s u p e r p o s i t i o n  of a c o u s t i c  wave forms. Good 

evidence has  accrued t o  t h e  e f f e c t  t h a t  a  major e f f e c t  of  i n i t i a l  a u d i t o r y  

p roces s ing  can be  desc r ibed  i n  terms of a  t ime-l imited F o u r i e r  t r ans fo rm 

( i , e . ,  a  Gabor- l ike)  of  t h e  a c o u s t i c  input  (Evans, 1974). 

Bekesy then went on t o  make a  la rge-sca le  model o f  t h e  cochlea  composed 

of  a  s e t  o f  f i v e  v i b r a t o r s  s e t  i n  a  row (1959). The model could  be p laced  on 

t h e  forearm and t h e  phase o f  t h e  v i b r a t o r s  ad jus ted .  A t  p a r t i c u l a r  

ad jus tments  t h e  phenomenal pe rcep t ion  produced by t h e  model was t h a t  o f  a  

p o i n t  source  of s t imu la t i on .  When two such model "cochleas"  were p rope r ly  

a d j u s t e d  and a p p l i e d ,  one t o  each forearm, t h e  p o i n t  source  appeared a t  f i r s t  

t o  jump a l t e r n a t e l y  from one forearm t o  t h e  o t h e r ,  and then  suddenly s t a b i l i z e  

i n  t h e  space  j u s t  forward and between t h e  two arms. I n  s h o r t ,  t h e  s t imu lus  

was "pro jec ted"  away from t h e  s t i m u l a t i n g  source  and r e c e p t i v e  s u r f a c e  i n t o  

t h e  e x t e r n a l  world. 

Both macro- and mic roe l ec t rode  s t u d i e s  have s h o w  t h a t  m u l t i p l e  

v i b r a t o r y  s t i m u l a t i o n s  of  t h e  s k i n  a l s o  evoke u n i t a r y  r e sponses  i n  c o r t e x  

(Dewson, 1964; Lynch, 1971). The e l e c t r i c a l  p o t e n t i a l s  d o  n o t  r e f l e c t  t h e  

a c t u a l  p h y s i c a l  dimensions of t h e  s t imulus .  I n s t e a d ,  t hey  i n d i c a t e  t h a t  t h e  



senso ry  process  has t r a n s  formed t h e  phys i ca l  s t imulus  accord ing  t o  some 

t r a n s f e r  func t ions .  Bekesy noted t h a t  sensory i n h i b i t i o n ,  e f f e c t e d  by l a t e r a l  

i n h i b i t o r y  d e n d r i t i c  networks of neurons,  is t h e  r e s p o n s i b l e  agent  i n  t h e  

t r a n s  format ions.  

Evidence i s  t h e r e f o r e  a t  hand t o  i n d i c a t e  t h a t  t he  input  t o  t h e  e a r  and 

s k i n  becomes transformed i n t o  n e u r a l  p a t t e r n s  t h a t  can be desc r ibed  by s e t s  of 

convo lu t iona l  i n t e g r a l s  of t h e  type  t h a t  Gabor (1969) has suggested a s  s t a g e s  

i n  ach iev ing  a  f u l l y  developed holographic  process.  I n  t h e  v i s u a l  sys tem a s  

w e l l ,  such t ransformat  ions have 'been descr ibed  by Rodieck (1965) a s  convolving 

inpu t  w i t h  r e t i n a l  r e c e p t i v e  f i e l d  p r o p e r t i e s  a s  recorded from u n i t s  i n  t h e  

o p t i c  nerve.  

F igure  5 about he re  

The manner i n  which such a  s tepwise  process  occurs  i s  b e s t  worked out  

f o r  t h e  v i s u a l  system. A second s t e p  i n  t h e  process  occurs  a t  t h e  l a t e r a l  

g e n i c u l a t e  nuc leus  where each g e n i c u l a t e  c e l l  a c t s  a s  a  peephole "viewing" a 

p a r t  o f  t h e  r e t i n a l  mosaic. This  is  due t o  t h e  f a c t  t he  each g e n i c u l a t e  c e l l  

has  converging upon it some 10,000 o p t i c  nerve f i b e r s  o r i g i n a t i n g  i n  t h e  

gang l ion  c e l l s  of t he  r e t i n a .  The r e c e p t i v e  f i e l d  of t h e  g e n i c u l a t e  neuron is 

composed of  a  c e n t e r  surrounded by concen t r i c  r i n g s ,  each  consecu t ive  r i n g  of  

s h a r p l y  d iminish ing  i n t e n s i t y  and of s i g n  oppos i te  t o  t h a t  of i t s  ne ighbors  

(Hammond, 1972). This  type  of o rgan iza t ion  i s  c h a r a c t e r i s t i c  of  u n i t s  

composing a  near  ' f i e l d  F re sne l  hologram (Pribram e t  a l . ,  1974). 

F igures  6 and 7 about h e r e  



A t  t h e  c o r t e x  t h e  t ransformat ion  i n t o  a  F o u r i e r - l i k e  domain becomes 

complete. As noted i n  t h e  s e c t i o n  on f e a t u r e  a n a l y s i s ,  Campbell and Robson 

(19681, P o l l e n ,  Lee, and Taylor (1971),  Maffei  and F i o r e n t i n i  (19731, and 

Glezer  e t  a l .  (1973) began t o  use g r a t i n g s  as  s t i m u l i  (e.g., S c h i l l e r  e t  a l . ,  

1976; Pribram e t  a l .  1981). These s t u d i e s  have r epea t ed ly  confirmed t h a t  t h e  

c e l l s  i n  v i s u a l  c o r t e x  a r e  s e l e c t i v e l y  tuned t o  a  l imi t ed  band- w id th  o f  

s p a t i a l  f requency of approximately an oc tave  (112 t o  1-112 oc t aves ) .  The 

s p a t i a l  f requency ( o r  wave number) of a  g r a t i n g  r e f l e c t s  t h e  wid th  and 

spac ings  of  t h e  ba r s  making up the  g r a t i n g .  When such widths and spac ings  a r e  

narrow the  s p a t i a l  frequency i s  h igh ;  when widths and spac ings  a r e  broad t h e  

s p a t i a l  f requency i s  low. Ord ina r i l y  t h e  term frequency impl ies  a  temporal  

dimension --- i n  t h e  ca se  of s p a t i a l  frequency t h i s  temporal dimension can be  

evoked by s e q u e n t i a l l y  scanning ac ros s  t h e  g ra t ing .  (The temporal e f f e c t  i s  

most dramat ic  i f  an o b j e c t  , i s  moved a c r o s s  t h e  l i g h t  p a t h  of a  p r o j e c t e d  

g r a t i n g .  ) Conversion t o  a temporal dimension i s ,  however, n o t  necessary .  The 

g r a t i n g  i s  a f i l t e r  whose c h a r a c t e r i s t i c s  can be expressed e i t h e r  a s  s p a t i a l  

or  temporal  o r  both. 

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

Figures  8 and 9  about he re  

The d i f f e r e n c e  between a  f e a t u r e  correspondence and a  ho log raph ic  

t ransform approach has r e c e n t l y  been brought i n t o  sha rp  focus by t e s t s  of 

hypo thes i s  devised  t o  c o n t r a s t  t he  two. I n  t h e  v i s u a l  c o r t e x  t h e  

center-surround o rgan iza t ion  of v i s u a l  r e c e p t i v e  f i e l d s  t h a t  o b t a i n s  i n  t h e  

g e n i c u l a t e  nucleue g ives  way t o  an elongated r e c e p t i v e  f i e l d  w i t h  side-bands 

of t h e  oppos i t e  s ign .  Hubel and Wiesel  i n  t h e i r  o r i g i n a l  d i scove ry  of t h i s  

change (1959) emphasized t h a t  l i n e s  presented  a t  s p e c i f i c  o r i e n t a t i o n s  were 

most e f f e c t i v e  s t i m u l i  t o  a c t i v a t e  u n i t s  w i t h  such r e c e p t i v e  f i e l d s .  They 



a l s o  presented evidence t h a t  elongated f i e l d s  might be composed by convergence 

from gen icu la te  c e l l s  wi th  spot - l ike  concentr ic  f i e l d s .  The fea ture-hierarchy 

Eucl id ian  view of f e a t u r e  correspondence grew n a t u r a l l y  from t h e s e  e a r l y  

r e s u l t s  and t h e i r  i n t e r p r e t a t i o n .  More recen t ly  i t  has been shown, as  noted 

above, t h a t  t h e s e  c e l l s  wi th  o r i e n t a t i o n  s e l e c t i v e  elongated r e c e p t i v e  f i e l d s  

a l s o  vary t h e i r  output wi th  changes i n  luminance, movement of l i n e s  ac ross  the  

r e c e p t i v e  f i e l d ,  the  d i r e c t i o n  of t h a t  movement, i t s  v e l o c i t y  and t h e  number 

and spacings of such l i n e s  (g ra t ings  of various s p a t i a l  f requencies) .  In  

a d d i t i o n ,  i t  has been shown t h a t  changes in  the  width of s i n g l e  l i n e s  have 

l i t t l e  e f f e c t  on the  responses of these  c e l l s  ( ~ e n r y  & Bishop, 1971; DeValois 

& DeValois, 1980). 

F i n a l l y ,  i n  d i r e c t  confronta t ion  of f e a t u r e  correspondence theory ,  

DeValois e t  a l .  (1979) showed t h a t  the  complex st imulus such as a p l a i d  o r  

checkerboard had t o  be ro ta ted  i n  such a  way t h a t  the  axes of t h e  Four ier  

t ransform r a t h e r  than the  edges per s e  of the  st imulus p a t t e r n  would engage 

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 the  c e l l .  Every c e l l  examined responded 

maximally when the  p la id  or  checkerboard pa t t e rn  was ro ta ted  t o  the  degree and 

minute of v i s u a l  angle predic ted  by Four ier  (and no o t h e r )  t ransform of the  

p a t t e r n  as  determined by computer (us ing the  Fast Fourier  Transform - FFT). 
The c o r t i c a l  c e l l s  were thus shown t o  respond h o l i s t i c a l l y  e . ,  t o  the  

Four ier  t ransform of the  e n t i r e  p a t t e r n )  r a t h e r  than feature-by-feature.  

Movshon e t  a l .  (19781, i n  another e legant  experiment, d e t a i l e d  t h e  

complimentarity between the  s p a t i a l  p r o f i l e  of the  r e c e p t i v e  f i e l d s  of t h e s e  

c e l l s  and the  Fourier  transform of the st imulus g iv ing r i s e  t o  t h a t  p r o f i l e .  

That c e l l s  i n  the  v i s u a l  co r t ex  encode i n  a  Four ier - l ike  domain i s  thus  an 

e s t a b l i s h e d  f a c t .  



..................... 
Figure  10 about he re  

These f ind ings  do n o t ,  however, mean eha t  t h e  v i s u a l  system p e r f o m s  a 

g l o b a l  Four i e r  t ransform on t h e  input  t o  t h e  r e t i n a  ( s e e  a l s o  J u l e s z  6 C a e l l i ,  

1979). The moving r e t i n a  decomposes t h e  image produced by t h e  l ens  of  t h e  eye  

i n t o  a  "mexican ha t "  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  which can be desc r ibed  a s  

convolving r e t i n a l  o rgan iza t ion  w i t h  sensory  input  ( ~ o d i e c k ,  1965).  But t h e  

spread f u n c t i o n ,  a s  such convolut ions a r e  c a l l e d ,  does not  encompass t h e  

e n t i r e  r e t i n a :  r a t h e r  i t  i s  l imi t ed  t o  t h e  r e c e p t i v e  f i e l d  of  a  r e t i n a l  

gang l ion  c e l l .  S i m i l a r l y  a t  t he  c o r t e x ,  f u l l  f ledged encoding i n  t h e  Four i e r  

domain i s  r e s t r i c t e d  t o  t he  r e c e p t i v e  f i e l d  of  t h e  c o r t i c a l  neuron. There t h e  

e f f e c t  of  l a t e r a l  i n h i b i t  ion produces a  Gaussian envelope, which l i m i t s  t h e  

o therwise  boundaryless  Four ie r  Transform (Marcja,  1980; Burgess e t  a l . ,  1981). 

The r e s u l t i n g  t ransformat ion  i s  c a l l e d  a  Gabor func t ion .  This  pa tchy  

o r g a n i z a t i o n  of  t h e  t ransform domain (Robson, 1975) does n o t  impai r  i t s  

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

The technique  of  patching o r  s t r i p p i n g  toge the r  Gabor, Four i e r - l i k e  

transformed images has  been u t i l i z e d  i n  radioastronomy by Bracewell (1965) t o  

cover  expanses which cannot be viewed wi th  any s i n g l e  t e l e s c o p i c  exposure. 

The technique  has been f u r t h e r  developed by Ross ( s e e  L e i t h ,  1976) i n t o  a  

m u l t i p l e x  hologram t o  produce t h r e e  dimensional moving images when t h e  

i n v e r s e  t ransform i s  e f f ec t ed .  Movement i s  produced when t h e  enconded s t r i p s  

c a p t u r e  s l i g h t l y ,  d i f f e r e n t  images, a s  f o r  i n s t a n c e  when a d j a c e n t  frames o f  a  

motion p i c t u r e  a r e  used a s  t h e  image base  f o r  t h e  t ransformat ion .  

I n  ehe m u l t i p l e x  hologram, s p a t i a l  o e l a t  ionships  among t h e  Gabor- 

t ransformed pa tches  o r  s t r i p s  become important .  Thus, t h i s  form of  hologram 

i e  a  hybr id  from which movement can be derived.  A s imple  hologram is 



c h a r a c t e r i z e d  by t r a n s  l a t  i o n a l  i nva r i ance ,  i. e. , t h e  image t h a t  r e s u l t s  , from 

apply ing  t h e  i n c r e a s e  t ransformat ion  i s  e s s e n t i a l l y  s t a t i o n a r y  and appears  t h e  

same from d i f f e r e n t  vantages except f o r  changes i n  p e r s p e c t i v e  ( o b j e c t  

constancy) .  By c o n t r a s t ,  t h e  hybrid mul t ip l ex  form has  encoded i n  t h e  

spat io- temporal  domain a s  we11 a s  i n  t h e  t ransform domain, and t h i s  has 

considerab l e  advantage f o r  moving organisms. 

Sugges t ions have been made t h a t  t h e  or  i e n t a t  ion s e l e c t i v e  e longated  

r e c e p t i v e  f i e l d s  t h a t  compose the  v i s u a l  c o r t e x  a r e  arranged i n  F i b e r n a c i  

s p i r a l s  a long  t h e  axes of c o r t i c a l  c o l u w s  (Schwartz,  1977). Such an 

arrangement of  t h e  s p a t i a l  r e l a t i o n s h i p s  among t h e  Gabor-transformed pa tches  

of r e c e p t i v e  f i e l d  would inhance s t i l l  f u r t h e r  t h e  power of t h e  t ransform 

domain i n  t h a t  three-dimensional movement (and t h e r e f o r e  t h e  r e s u l t a n t  

space-time r e l a t i o n s h i p )  would be r e a d i l y  explained. 

Counterpoin t  

A s  no ted ,  t h e  mul t ip l ex  hybrid n a t u r e  of c o r t i c a l  ho lographic  

o r g a n i z a t i o n  se rves  a s  a  warning . t h a t  any simply conceived 

"global-Four ier-transform-of-input-into-cortical-organizat ion" i s  untenab l e e  

Futhermore, t h e  m u l t i p l e  s e l e c t i v e s  of  c o r t i c a l  c e l l s  i n  t h e  v i s u a l  ( S p i n e l l i  

e t  a l . ,  1970; S p i n e l l i  e t  a l . ,  1968; P lor re l l ,  19721, a u d i t o r y  (e .g. ,  Evans, 

1974) and somatosensorymotor (e.g., Bach-y-Rita, 1972) p r o j e c t i o n  a r e a s  

c l e a r l y  i n d i c a t e  t h a t  such c e l l s  s e r v e  a s  nodes i n  n e u r a l  networks i n  which 

t h e  Gabor t ransform is only one, a l b e i t  an important  process .  Seve ra l  

a t t empt s  have been made t h e r e f o r e  t o  c h a r a c t e r i z e  more f u l l y  such  c o r t i c a l  

networks i n  terms of t h e i r  e s s e n t i a l  p r o p e r t i e s .  Thus, Longuet-Higgins ( s e e  

W i  l l shaw, Buneman & Longuet-Higgins, 1969) proposed an a s s o c i a t  ive-net model 

and Leon Cooper (1973) has developed t h i s  mode1 i n t o  a  s e l f - o r g a n i z i n g  

d i s t r i b u t e d  n e t  whose mathematical d e s c r i p t i o n  con ta ins  a s  a s p e c i a l  c a s e  t h e  



- d 

Four i e r  t ransform hologram. J u l e s z  (19711, U t t a l  (19781, B o r s e l l i n o  and 

Poggio (19731, ~ o g g i o  and Torre  (1980),  and, i n  our l a b o r a t o r i e s ,  S u t t e r  

(1976) have taken a more s t a t i s t i c a l  s t ance .  Thus, UttaL emphasizes s p a t i a l  

a u t o c o r r e l a t i o n  f u n c t i o n s ,  whi le  Poggio and S u t t e r  r e l y  on Wiener polynomial 

expansions,  I n  a d d i t  ion ,  Poggio t r e a t s  t h e  d e n d r i t  i c  p o t e n t i a l  m i c r o s t r u c t u r e  

i n  terms o f  t h e  V o l t e r r a  s o l u t i o n  of  c a b l e  equa t ions .  His c a r e f u l l y  worked 

out  p roposa l  i nc ludes  a s t a g e  of Four i e r  a n a l y s i s  and ano the r  i n  which t he  

Laplace t ransform occurs .  

David Marr,  Tomas Poggio, and Whitman Richards (Ptarr, 1976a ,b ;  Marr & 

Poggio, 1977; Richards ,  1977; Richards b P o l i t ,  1974) have developed a d e l  

based on r e p e t i t i v e  convolving o f  Laplacians of  a Gaussian d i s t r i b u t i o n .  E. 

Roy John speaks of "hyperneurons" c o n s t i t u t e d  by a d i s t r i b u t e d  sys  tem o f  

graded p o t e n t i a l s  recorded from t h e  b r a i n s  o f  problem-solving an imals .  Such 

o r g a n i z a t i o n s  have been descr ibed  i n  terms o f  Lie groups by Hoffman (19471, 

v e c t o r  ma t r i ce s  by S t u a r t ,  Takahashi,  and Umezawa (1978),  and t e n s o r  ma t r i ce s  

by F inke l s  t e i n  (1976) i n  which t h e  t e n s o r s  r e p r e s e n t  mult id imens ionul  F o u r i e r  

t r a n s  forms. F i n a l l y ,  Edelman and Nountcast le  (1978) have proposed a 

d e g e n e r a t i v e  group model, a l s o  based on an e s s e n t i a l l y  random c o n n e c t i v i t y .  

The commonalit ies and d i s t i n c e i o n s  i n  t h e s e  proposa ls  can be summarized 

a s  problem a r e a s  t h a t  need f u r t h e r  i nqu i ry :  1 )  To what e x t e n t  i s  t h e  

i d e a l i z a t i o n  warranted t h a t  t h e  b r a i n  c o r t i c a l  c o n n e c t i v i t y  is e s s e n t i a l l y  

random? Th i s  i s s u e  has been d iscussed  e a r l i e r  i n  t h i s  paper.  I n  a d d i t i o n ,  

t h e  models proposed by Hoffman and by Poggio c l e a r l y  op t  f o r  non-randomness, 

w h i l e  o t h e r s  area, n e i t h e r  e x p l i c i t l y  or  i m p l i c i t l y  based on an a s sumpt  ion t h a t  

an i d e a l  system may c o n s i s t  of random c o n n e c t i v i t i e s .  2 )  To what e x t e n t  can 

b r a i n  systems be  t r e a t e d  w i t h  Linear (end r e v e r s i b l e )  equa t ions  and t o  what 

e x t e n t  must n o n l i n e a r i t i e s  be introduced eo  a x p l a i n  t h e  a v a i l a b l e  d a t a ?  Good 

evidence i s  a t  hand t h a t  t h e  primary inpu t  and oueput systems ( s e e ,  e.g. ,  



Granit,  1970)  are e s s e n t i a l l y  l inear in  most o f  t h e i r  overa l l  operations 

desp i t e  many l o c a l  non- l inear i t ies .  Hore of  t h i s  i n  the next. s ec t ion .  



PART 11: LOCALIZATION OF NEURAL PROGRAMS 

Decis iona l  Operators  

Overa l l  n o n - l i n e a r i t i e s  may be introduced i n t o  the  system when d e c i s i o n s  have 

t o  be made --- dec i s ions  involved i n  d i s c r i m i n a t i n g  between i n p u t s ,  i n  

performing t h i s  r a t h e r  than t h a t  a c t i o n ,  On o t h e r  hand, d e c i s i o n s  may be 

reached by v i r t u e  of c o r r e l a t i o n  func t ions  --- e s s e n t i a l l y  by cascades  of  

l i n e a r  f i l t e r s .  In  e i t h e r  c a s e  d e c i s i o n a l  ope ra t ions  have been shown t o  be 

l o c a l  func t ions  of t he  i n t r i n s i c  ( a s s o c i a t i o n )  sys  tems of  t he  b r a i n  (Pr ibram, 

1954, 19588, 1958b, 1972a, 1972b, 1974a, 1977). Decis iona l  o p e r a t o r s  can 

e n t e r  t h e  system i n  two ways: The d e c i s i o n s  can be a t t a i n e d  by s e r i a l  

h i e r a r c h i c a l  a b s t r a c t i o n  of t h e  r e l e v a n t  v a r i a b l e s  ( s e e ,  e .g . ,  Gross ,  1973; 

Mishkin, 1973; Weiskranta,  19741, o r  they  can be imposed by a  p a r a l l e l  

c o r t i c o f u g a l  process  upon t h e  sen6ory-motor sys  tems s ribr ram, S p i n e l l i  6 

R e i t z ,  1969; Ungerleider  &  ribr ram, 1977; Chr is tensen  6 Pribram, 1979; 

Pribram, 1971, 1974b). It i s ,  of course ,  a l s o  p o s s i b l e  t h a t  t h e  h i e r a r c h i c a l  

s e r i a l  process  ope ra t e s  dur ing  l ea rn ing  ( a s ,  e.g., suggested by Hebb, 1949) 

whi le  p a r a l l e l  c o r t  i co fuga l  ope ra to r s  determine momentary percept  ions and 

performances. These ope ra to r s  a r e  l o c a l i z e d  t o  one o r  another  b r a i n  system. 

In  any case ,  two major c l a s s e s  of such d e c i s i o n a l  o p e r a t o r s  can be 

d i s t i n g u i s h e d  : 1) a  s e t  o f  sensory-specif  i c  processes  t h a t  involve  the  

p o s t e r i o r  c e r e b r a l  convexi ty  ( infero tempora l  c o r t e x  f o r  v i s i o n ;  s u p e r i o r  

temporal f o r  a u d i t i o n ;  a n t e r i o r  temporal f o r  t a s t e ;  p o s t e r i o r  p a r i e t a l  f o r  

somes thes i s ) ;  2) i n  a d d i t i o n ,  a  se t  of  higher-order  e x e c u t i v e  ( i e e e a  

c o n t e x t - s e n s i t i v e ,  p roceases  has  been i d e n t i f i e d  t o  involve  t h e  f ron to l imb ic  

p o r t i o n s  of t he  f o r e b r a i n  ( see ,  e.g., reviews by Pribram, 1954, 1969c,  1973). 



The Annosias and t h e  P o s t e r i o r  C o r t i c a l  Convexitv 

Sensory S p e c i f i c i t y  

Between t h e  sensory  p r o j e c t i o n  a r e a s  of  t h e  pr imate c e r e b r a l  mantle  l i e s  

a  was t expanse of parieto-temporo- reo occipital cor tex .  C l i n i c a l  obse rva t ion  

has assigned d i s tu rbance  o f  many cogn i t i ve  and language func t ions  t o  l e s i o n s  

of t h i s  expanse. ~ x p e r i m e n t a l  psychosurgical  a n a l y s i s  i n  subhuman pr imates  of 

course  i s  l i m i t e d  eo nonverbal behavior;  wi th in  t h i s  l i m i t a t i o n ,  however, a  

s e e  of s enso ry - spec i f i c  agnosias  ( l o s s e s  i n  t he  c a p a c i t y  t o  c a t e g o r i z e  cues )  

have been produced. D i s t i n c t  reg ions  of  primate c o r t e x  have been shown t o  be 

involved i n  each o f  t he  modal i ty-spec i f ic  c o g n i t i v e  func t ions :  a n t e r i o r  

temporal i n  g u s t a t i o n  (Bagshaw & Pribram, 1953),  i n f e r i o r  temporal i n  v i s i o n  

( ~ i s h k i n  6 Pribram, l954) ,  midtemporal i n  a u d i t i o n  (Weiskrantz & ~ i s h k i n ,  

1958; Dewson, pr ibram & Lynch, 1969),  and o c c i p i t o p a r i e t a l  i n  6omesthesis 

(Pribram & Barry,  1956; Wilson, 1975)- I n  each in s t ance  c a t e g o r i e s  learned  

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

g r e a t  d i f f i c u l t y  (u s ing  a  "savings" c r i t e r i o n )  i n  r e a c q u i s i t i o n  i s  

exper ienced ,  i f  t a s k  s o l u t i o n  i s  p o s s i b l e  a t  a l l .  

The behav io ra l  a n a l y s i s  of t hese  sensory-specif  i c  agnos i a s  has shown 

t h a t  they  involve  a  r e s t r i c t i o n  i n  sampling of a l t e r n a t i v e s ,  a t r u e  in fo r -  

mation process ing  d e f i c i t ,  a  d e f i c i t  i n  r e f e r e n c e  learn ing .  Pe rhaps  t he  

e a s i e s t  way t o  communicate t h i s  i s  t o  review t h e  obse rvu t ions ,  t h ink ing ,  and 

experiments  t h a t  l ed  t o  the  present  view of  t h e  func t ion  of t h e  i n f e r i o r  

temporal c o r t e x  in v i s i o n ,  

Search and Sampling Procedures  ' :  

A l l  s o r t s  of  d i f f e r e n c e s  i n  t h e  physicill  dimensions o f  t he  stimulue, f o r  

example, s i z e ,  a r e  processed l e s s  we l l  a f t e r  i n fe r io r t empora l  l e s i o n s  (Hishkin 
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6 Pribram 1 9 5 4 ) ,  bu t  the  d i s a b i l i t y  is  more complex than  i t  a t  f i r s t  appears  

x - - --- as i l l u s t r a t e d  i n  t he  following s t o r y :  

One day when t e s t i n g  my lesioned monkeys a t  t h e  Yerkes Labora to r i e s  a t  

Orange Park,  F l o r i d a ,  I e a t  down t o  r e s t  from t h e  chore  of c a r r y i n g  a  monkey a 

cons ide rab le  d i s t a n c e  between home cage and l abo ra to ry .  The monkeys, 

inc luding  t h i s  one, were f a i l i n g  miserably  a t  v i s u a l  t a s k s  such a s  choosing a  

square  r a t h e r  than a  c i r c l e .  It was a  h o t ,  muggy, t y p i c a l  F l o r i d a  summer 

a f t e rnoon  and the  a i r  was swarming wieh gna ts .  My monkey reached ou t  and 

caught a  gna t .  Without th inking  I a l s o  reached f o r  a  gna t  --- and missed. 

The monkey reached out  aga in ,  caught a  gna t ,  and put it in h i s  mouth. I 

reached out  --- missed! F i n a l l y  t h e  paradox of t he  s i t u a t i o n  forced i t s e l f  on 

me. I took the  b e a s t  back t o  t he  t e s t i n g  room. Be was s t i l l  d e f i c i e n t  i n  

making v i s u a l  choices .  However, a s  i nd ica t ed  by h i s  a b i l i t y  t o  c a t c h  g n a t s ,  

when no choice  was involved h i s  v i s u a l l y  guided behavior  appeared t o  be  

i n t a c t .  On t h e  b a s i s  of  t h i s  observa t ion  the  hypothesis  was developed t h a t  

cho ice  was t h e  c r u c i a l  v a r i a b l e  r e s p o n s i b l e  f o r  t h e  d e f i c i e n t  d i s c r i m i n a t  ion  

fo l lowing  infero tempora l  l e s ions .  A s  long a s  a  monkey does not  have t o  make a 

cho ice ,  h i s  v i s u a l  performance should remain i n t a c t .  

To t e s t  t h i s  hypothes is ,  monkeys were t r a i n e d  i n  a  Ganzfeld mcrde of a  

t r a n s  l u c e n t  l i g h t  f i x t u r e  l a r g e  enough s o  the  animal could be p h y s i c a l l y  

i n s e r t e d  i n t o  i t  ( E t t l i n g e r ,  1957). The animal could p re s s  a  l eve r  throughout  

t h e  procedure but  was rewarded only dur ing  the  period when i l l u ~ n i n n t i o n  was 

markedly increased  f o r  s e v e r a l  seconds a t  a  time. Soon response  frequency 

became maximal- dur ing  t h i s  "br ight"  period. Under s u c h  c o n d i t i o n s  no 

d i f f e r e n c e s  i n  performance were obta ined  between in fe ro t empora l ly  l e s  ioned and 

c o n t r o l  animals .  The r e s u l t  tended t o  support  t h e  view t h a t  i f  an 

i n f e r ~ t e r n ~ o r a l l y  les ioned  monkey d id  no t  have t o  make a cho ice  he would show 
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no d e f i c i t  i n  behavior ,  s i n c e  in  another  experiment (Mishkin 6 H a l l ,  1955 )  the  

monkeys f a i l e d  t o  choose between d i f f e r e n c e s  i n  br ightness .  . 

In  another  i n s t ance   ribra ram 6 Hishkin, 1955) we t r a i n e d  t h e  monkeys on 

a  t a sk  i n  which they  had t o  choose between e a s i l y  d i sc r iminab le  o b j e c t s :  an 

a s h t r a y  and a tobacco t i n ,  These animals had been t r a i n e d  f o r  t w o  o r  t h r e e  

years  p r i o r  t o  surgery  and were s o p h i s t i c a t e d  prob lem-solvers . This, p l u s  

ea se  of  t a s k ,  produced only a  minimal d e f i c i t  i n  t he  s imultaneous cho ice  t a sk .  

When given t h e  same cues succes s ive ly  t h e  monkeys showed a  d e f i c i t  when 

compared w i t h  t h e i r  c o n t r o l s ,  d e s p i t e  t h e i r  a b i l i t y  t o  d i f f e r e n t i a t e  the  cues 

i n  the  s imultaneous s i t u a t i o n .  

This  r e s u l t  gave f u r t h e r  suppor t  t o  t h e  idea  t h a t  t h e  problem f o r  t h e  

operated monkeys was not  s o  much i n  "seeing" but  i n  being a b l e  t o  r e f e r  i n  a  

u s e f u l  or  meaningful  way t o  what had been r e in fo rced  previously.  Not only  t h e  

s t imu lus  cond i t i ons  but  an e n t i r e  range of response de terminants  appeared t o  

be involved i n  spec i fy ing  the  d e f i c i t ,  To t e s t  t h i s  more q u a n t i t a t i v e l y ,  I 

next  asked whether t h e  d e f i c i t  would vary  a s  a func t ion  of t h e  number of 

a l t e r n a t i v e s  i n  t h e  s i t u a t i o n   ribra ram, 1959). It was expected t h a t  an 

in fo rma t iona l  measure of t h e  d e f i c i t  could be obta ined ,  bu t  something very  

d i f f e r e n t  appeared when I p lo t t ed  ehe number o f  e r r o r s  aga ins t  t he  n u d e r  of  

a l t e r n a t i v e s ,  

----------------- 
Figure  11 about h e r e  

--------------- 
I f  one ploFs r e p e t i t i v e  e r r o r s  made be fo re  t he  s u b j e c t  finds a peanut 

--- t h a t  i s ,  the number of times a monkey searches  t h e  same cue --- v s  t h e  - 
number of a l t e r n a t i v e s  t h i s  s t a g e  t h e  mekeys  wi th  inferotemporah l e s i o n s  were 

doing b e t t e r  than t h e  con t ro l s !  This  eeemed a  paradox. However, as t h e  t e s t  

cont inued ,  t h e  c o n t r o l s  no longer  made 8 0  many e r r o r s ,  whereas t h e  les ioned  



' s u b j e c t s  began t o  accumulate e r r o r s  a t  a  g r e a t e r  r a t e  than shown e a r l i e r  by 

the  c o n t r o l s .  

When a  s t imulus  sampling model was appl ied t o  t he  a n a l y s i s  of t h e  d a t a ,  

a  d i f f e r e n c e  i n  sampling was found, The monkeys wi th  infero tempora l  l e s i o n s  

showed a  lowered sampling r a t i o ;  they sampled fewer cues dur ing  the  f i r s t  h a l f  

of the experiment.  Their  de fec t  can be cha rac t e r i zed  a s  a  r e s t r i c t i o n  on t h e  

number of a l t e r n a t i v e s  searched and sampled, Thei r  sampling competence, t h e i r  

competence t o  process  informat ion,  had become impaired. The l imi t ed  sampling 

r e s t r i c t e d  t h e  a b i l i t y  t o  cons t ruc t  an ex tens ive  memory s t o r e  and t o  r e f e r e n c e  

t h a t  memory dur ing  r e t r i e v a l .  

.................... 
Figure  12 about he re  

------------------- 

Element Learning 

The m u l t i p l e  o b j e c t  t a s k  was administered i n  a  Yerkes t e s t i n g  appa ra tus  

operated manually. Because admin i s t r a t i on  was ted ious  and time consuming, and 

because inadverdant  cueing was d i f f i c u l t  t o  c o n t r o l ,  an automated t e s t i n g  

device  was developed  ribra ram, Gardner, Pressman 6 Bagshaw, 1962; Pribram, 

1969b). The r e s u s l t i n g  computer c o n t r o l l e d  Discr imina t ion  Apparatuii f o r  

D i s c r e t e  T r i a l  ~ n a l y s i s  (DADTA) proved u s e f u l  i n  a  l a r g e  number o f  s t u d i e s ,  

ranging  from t e s t i n g  one-element models of l ea rn ing  ( B l e h e r t  , 1966) t o  

p l o t t i n g  Response Operator C h a r a c t e r i s t i c  (ROC) curves t o  de te rmine  whether 

b i a s  was i n £  luenced toward r i s k  o r  toward cau t ion  by s e l e c t e d  b r a i n  r e s e c t i o n s  

(Spevack &  ribr ram, 1973; Pribram, Spevack, Blower & HcGuinness, 1980).  

To i n v e s t i g a t e  whether l ea rn ing  proceeds by sampling one element a t  a  

t ime,  e i g h t  monkeye were t r a ined  on a  two-choice and a  f ive-choice  sample of 

which only  one cue was rewarded. The choices  of i n d i v i d u a l  monkeys were 



pboteed f o r  each of  t he  cues sampled. A s  can be seen from t h e  accompanying 

f i g u r e  (Fig. 13 ) ,  sampling of cues i s  i n i t i a l l y  random, producing prolonged 

per iods  of s  t a t i o n a r i t y .  Then, a t  some p o i n t ,  behavior  becomes concent ra ted  

on t h e  rewarded cue i n  s t e p s ,  each of which i s  preceded by another  per iod of  

s t a t i o n a r i t y ,  and t h e  e l imina t ion  ( i . e . ,  choice  drops t o  z e r o )  of one of t h e  

unrewarded cues.  

----------------- 
Figure  13 about h e r e  

------------------- 
The s tudy  was undertaken i n  o rde r  t o  determine whether c ros sha tch ing  

(wi th  a c a t a r a c t  k n i f e )  of t he  i n f e r i o r  temporal c o r t e x  would produce s u b t l e  

e f f e c t s  which would o therwise  be missed. No such e f f e c t s  were observed. By 

cont ra8  t , r e s t r i c t e d  undercut t ing  of t h e  i n f e r i o r  temporal r eg ion ,  which 

severed i t s  major i npu t  and output  connec t ions ,  produced t h e  same s e v e r e  

e f f e c t s  a s  ex t ens ive  s u b p i a l  r e s e c t i o n  of the  c o r t e x  per s e .  Sampling was 

s e v e r e l y  r e s t r i c t e d  a s  i n  t he  mul t ip l e  objece experiment (Pribram, B lehe r t  6 

S p i n e l l i ,  1966). 

S u b t l e  e f f e c t s  a r e  obta ined ,  however, when abnormal e l e c t r i c a l  f o c i  o r e  

induced by implant ing ep i l ep togen ic  chemicals i n  the co r t ex .  I n  such 

p repa ra t ions  t h e  per iod  of  s t a t i o n a r i t y  i n  a  two choice  t a s k  i s  increasd  

f ive- fo ld .  Despi te  t h i s ,  t h e  s lope  of a c q u i s i t i o n ,  once i t  beg ins ,  remains 

unaf fec ted .  Obviously during the  period of s t a t  i o n a r i t y  something i s  going on 

i n  t h e  nervous system, something which becomes d i s r u p t e d  by the  process  which 

produces t h e  e l e c t r i c a l  abnormality.  Perhaps t h a t  something devolves on 

d i s t r i b u t i n g  t h e  e f f e c e s  of e r i a l  and e r r o r  over a  s u f f i c i e n t  r each  o f  t h e  

n e u r a l  n e t  u n t i l  an adequate  ae soc iae ive  s t r u c t u r e  is  a t t a i n e d .  
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Cognit ions 

How do the  search  and sampling systems i n t e r a c t  wi th  the  pe rcep tua l  and 

motor sys  terns t o  produce s k i l l e d  performance? Recovery func t ions  in  t h e  

primary v i s u a l  and aud i to ry  sys terns a r e  inf luenced  by e l e c t r i c a l  s t i m u l a t i o n s  

of the  sensory-spec i f ic  i n t r i n s i c  and t h e  f ron to l imb ic  ( s e e  next  s e c t i o n )  

systems ( S p i n e l l i  h Pribram, 1966). This  i n f luence  i s  a  func t ion  of t h e  

a t t e n t i v e  s t a t e  of t he  monkey (Gerbrandt,  S p i n e l l i ,  6 Pribram, 1970).  Visual  

r e c e p t i v e  f i e l d s  have a l s o  been shown to become a l t e r e d  by such s t i m u l a t i o n  

( S p i n e l l i  & Pribram, 19671, F i n a l l y ,  t h e  pathways from the  sensory-specif  i c  

i n t r i n s i c  and from f ronto l imbic  formations ( s e e  next  s e c t i o n )  t o  t he  primary 

input  systems have been i n  g r e a t  p a r t  de l inea t ed  (Re i t z  & Pribram, 1969).  

Perhaps the  most s u r p r i s i n g  f ind ings  of t h e s e  s t u d i e s  i s  t h a t  input  c o n t r o l  is  

t o  a  l a r g e  measure e f f e c t e d  through the  b a s a l  g a n g l i a ,  s t r u c t u r e s  which had 

h i t h e r t o  been thought of as r e g u l a t i n g  motor func t ion .  

......................... 
Figures  14,  15 and 16 about he re  

Thus t h e  func t ions  of t h e  b r a i n  i n  cogn i t i on  a s  we know i t  now a r e  

cons iderably  d i f f e r e n t  from the  ones t h a t  e a r l y  l ea rn ing  t h e o r i s t s  ttlought 

they were working with.  Most formulat ions of  l ea rn ing  depended heav i ly  on t h e  

concept  of a s s o c i a t i v e  s t r e n g t h  based on c o n t i g u i t y  and number. Conf i g u r a l  

v a r i a b l e s  were r e l e g a t e d  t o  percept ion  and perceptua l  l ea rn ing  was, u n t i l  t he  

p a s t  two decades ,  denied o r  ignored. Fu r the r ,  t h e  c o n f i g u r a l  and sampling 

a s p e c t s  of pe rcep tua l  l ea rn ing  had not been teased  a p a r t .  

An even more pervas ive  d i f f i c u l t y  w i th  c l a s s i c a l  l ea rn ing  theory  was i t s  

dependence on t h e  r e f  lex-arc , s timulus-organism-res ponse model of b r a i n  

func t ion .  . We now know t h a i  the b r a i n  i o  organized along servomechanism 

p r i n c i p l e s :  The d iscovery  of the  func t ion  o f  t h e  gamma e f f e r e n t  f i b e r s  of 



motor nerves made i t  necessary t o  modify concept ions of t h e  o r g a n i z a t i o n  of 

t he  r e f l e x  and t h e r e f o r e  of the c o n t r o l  o f  behavior.  The d a t a  on inpue 

c o n t r o l  c i t e d  above i n d i c a t e  t h a t  even t h e  "highest i i  ( t h e  c o g n i t i v e )  sys  terns 

of t h e  b r a i n  e x e r t  t h e i r  in f luence  v i a  t h e  inpu t  t o  t he  b r a i n  r a t h e r  than v i a  

i t s  output .  I n  f a c t  t h e  c o n t r o l  over input  i o  exe rc i sed  v i a  t h e  same motor 

s t r u c t u r e s  ( t h e  b a s a l  gang l i a )  which, when they in f luence  motor behavior ,  do 

' so by " s e t t i n g i '  t h e  muscle s p i n d l e  r ecep to r s  by means o f  t he  loop. 

Feedback and f  eedforward loops,  no t  u n i d i r e c t i o n a l  input-ou t p u t  a r c s ,  

a r e  ubiqui tous  i n  c e n t r a l  nervous sys  tem organiza t ion .  Sensory func t ions  a r e  

c o n t r o l l e d  by motor systems ; behavior . is  r egu la t ed  no t  by a p iano  keyboard 

c o n t r o l  over  muscle con t r ac t ion  bu t  by se rvocon t ro l  o f  t he  s e t t i n g  of muscle 

r ecep to r s  ( s e e  Pribram, Sharafa t  Q Beekman, 1983). . Programs a r e  cons t ruc t ed  

which organize  pe rcep t ions  and compose a  behav io ra l  r e p e r t o i r e .  And t h e s e  

programs o p e r a t e  by v i r t u e  of t e s t s ,  matches, and mismatches between 

conf igu ra t ions  of n e u r a l  p a t t e r n s  i n  memory and ehose produced by sensory  

inpue. 

Amnesia8 and t h e  Limbic Forebra in  

Contextua l  Memory 

The second major d i v i s i o n  of t h e  c e r e b r a l  mantle  t o  which  memory 

func t ions  have been ass igned  by c l i n i c a l  observa t ion  l i e s  on t h e  media l  and 

b a s a l  s u r f a c e  of , ,  t h e  b r a i n  and extends forward t o  i nc lude  t h e  poles  of  t h e  

f r o n t a l  and temporal  lobes,  This fsoneolimlbic poreion of t h e  hemisphere i s  

c y t o a r c h i t e c t u r a l l y  ' d i v e r s  e, 

The e x p e c t a t i o n  t h a t  d i f f e r e n t  pa r t8  might be shown t o  subserve  
.; , 

r a d i c a l l y  d i f  f e r ene  func t ions  was t h e r e f o r e  even g r e a t e r  than  t h a t  e n t e r t a i n e d  
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f o r  t he  more uniform p o s t e r i o r  cor tex .  To some e x t e n t  t h i s  e x p e c t a t i o n  was 

not  f u l f i l l e d :  Lesions of t he  f ronto l imbic  reg ion ,  i r r e s p e c t i v e  of l o c a t  ion 

( d o r s o l a t e r a l  f r o n t a l ,  caudate ,  c ingulate-medial  f r o n t a l ,  o r b i t o i r o n t a l ,  

temporal polar-amygdala, and hippocampal) d i s r u p t e d  "delayed a l t e r n a t i o n "  

behavior .  The a l t e r n a t i o n  t a sk  demands t h a t  t h e  s u b j e c t  a l t e r n a t e  h i s  

responses between two cues ( f o r  example, between two places o r  between two 

o b j e c t s )  o n .  succes s ive  t r i a l s .  On any t r i a l  t h e  c o r r e c t  response  i s  dependent 

on the outcome of t he  previous response. This sugges ts  t h a t  t h e  c r i t i c a l  

v a r i a b l e  which c h a r a c t e r i z e s  t h e  task  i s  i t s  temporal o rgan iza t ion .  In t u r n ,  

t h i s  leads  t o  t he  suppos i t i on  t h a t  t he  d i s r u p t i o n  of a l t e r n a t i o n  behavior  

produced by f ron to l imb ic  l e s ions  r e s u l t s  from an impairment of t h e  process  by 

which t h e  b r a i n  achieves i t s  temporal organiza t ion .  This  suppos i t i on  i s  only 

i n  p a r t  confirmed by f u r t h e r  ana lys i s :  It has been necessary  t o  impose s e v e r e  

r e s t r i c t i o n s  on what i s  meant by "temporal o rgan iza t ion"  and important  a s p e c t s  

of s p a t i a l  o rgan iza t ion  a r e  a l s o  seve re ly  imparied. For i n s t a n c e ,  s k i l l s  

a r e  not  a f f e c t e d  by f ronto l imbic  l e s i o n s ,  nor a r e  d i sc r imina t ions  of = l o d i e s ,  

R e t r i e v a l  of long-held memories a l s o  is l i t t l e  a f f e c t e d .  Rather ,  a  

l a r g e  range o f  s h o r t  term memory processes  a r e  involved. These c l e a r l y  

inc lude  t a s k s  which demand matching from memory t h e  s p a t i a l  l o c a t i o n  of cues 

( a s  i n  the  delayed response problem) (Anderson, Hunt, Vander S toep  d Pribrilm, 

1976) as w e l l  a s  t h e i r  temporal order  of  appearance ( a s  i n  t he  a l t e r n a t i o n  

t a s k )  (Pribram, P l o t k i n ,  Anderson d Leong, 1977). A similar d e f i c i t  i s  

produced when, i n  choice  t a s k s ,  s h i f t s  i n  which cue is rewarded a r e  made over 

succes s ive  t r i a l s ,  (Mishkin d Delacour , 1975). The d e f i c i t  appears  whenever 

t h e  organism must f i t  t h e  p re sen t  event i n t o  a "context" of p r i o r  occurrences ,  

and t h e r e  a r e  no cues which addreas t h i s  contex t  i n  t h e  s i t u a t i o n  a t  hand a t  

t h e  moment o f  response.  ' ' , 



The R e g i s t r a t i o n  of Events a s  Episodes 

As noted ,  d i f f e r e n t  p a r t s  of t he  f ronto l imbic  complex would, on t h e  

bas i s  of t h e i r  anatomical  s t r u c t u r e ,  be expected t o  func t ion  somewhat 

d i f  f e r e n t l y  w i th in  t h e  ca tegory  of con tex tua l  memory processes .  Indeed, 

d i f f e r e n t  forms of con tex tua l  amnesia a r e  praduced by d i f f e r e n t  l e s ions .  In 

o rde r  t o  be experienced a s  memorable, events  must be f i t t e d  t o  con tex t .  A 

s e r i e s  of experiments on the  o r i e n t i n g  r e a c t i o n  t o  novel ty  and i t s  

r e g i s t r a t i o n  have poin ted  t o  the amygdala a s  an important  locus in  t he  

I I context-f  i t t i n g "  mechanism. The experiments were i n s p i r e d  by t h e  r e s u l t s  

f rom, Sokolov' s  l abo ra to ry  (Sokolov, 1960). 

Sokolov presented  human sub jec t s  w i th  a  tone beep of a  c e r t a i n  in ten-  

s i t y  and frequency,  repea ted  a t  i r r e g u l a r  i n t e r v a l s .  Galvanic sk in  response 

(GSR), h e a r t  r a t e ,  f i n g e r  and forehead plethysmograms , and e l ec t ro -  

encephalograms were recorded, I n i t i a l l y ,  ehese r eco rds  showed t h e  per  tu r -  

b a t i o n s  t h a t  were c l a s s i f i e d  a s  t h e  o r i e n t i n g  response. Af t e r  s e v e r a l  

r e p e t i t i o n s  of  t h e  tone,  t h e s e  pe r tu rba t ions  diminish and f i n a l l y  vanish. They 

h a b i t u a t e .  O r i g i n a l l y  i t  had been thought t h a t  h a b i t u a t i o n  r e f l e c t e d  a 

lowered s e n s i t i v i t y  of t h e  c e n t r a l  nervous system t o  inputs .  But when Sokolov 

decreased  t h e  i n t e n s i t y  of the tone beep, leav ing  the o t h e r  parameters  

unchanged, a  full-blown o r i e n t i n g  response was r e e s t a b l i s h e d .  Sokolov 

reasoned t h a t  t h e  c e n t r a l  nervous system could not  be d e s e n s i t i z e d  bu t  t h a t  i t  

was l e s s  r e spons ive  t o  sameness: when any d i f f e r e n c e  occurred in  t he  

s t imu lus  t h e  c e n t r a l  nervous system became more s e n s i t i v e .  H e  t e s t e d  t h i s  

i d e a  by r e h a b i t u a t i n g  h i e  s u b j e c t s  and then occas iona l ly  omi t t i ng  the  tone  

beep, o r  reducing i t e  d u r a t i o n  without  changing any oeher parameter,  A s  
I 

! 
i 

I :  
p r e d i c t e d ,  h i s  s u b j e c t s  now orieneed t o  t h e  unexpected s i l e n c e .  
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The o r i e n t i n g  r e a c t i o n  and h a b i t u a t i o n  a r e  t hus  s e n s i t i v e  measures of  

t h e  process by which context  is  organized. We t h e r e f o r e  i n i t i a t e d  a s e r i e s  of  

experiments t o  analyze i n  d e t a i l  t h e  neu ra l  mechanisms involved i n  o r i e n t a t i n g  

and i t s  hab i tua t ion .  This proved more d i f f i c u l t  than  we imagined. The 

dependent v a r i a b l e s  --- behavior ,  GSR, plethysmogram, and electroencephalogram 

--- a r e  prone t o  d i s s o c i a t e  (#oepke &  ribr ram, 1971 Forehead p l e t  hysmography 

turned out  t o  be e s p e c i a l l y  t r i c k y ,  and we even tua l ly  s e t t l e d  on behavior ,  t h e  

s k i n  conductance (GSR) , h e a r t  and r e s p i r a t o r y  responses ,  and t h e  e l e c t r i c a l  

b r a i n  man i f e s t a t ions  as  most r e l i a b l e .  

The r e s u l t s  of t he  f i r s e  of t h e s e  experiments (Schwartzbaua, Wilson 6 

P i o r r i s s e t t e ,  1961) i nd ica t ed  t h a t ,  under c e r t a i n  cond i t i ons ,  removal o f  t h e  

amygdaloid complex can enhance t h e  p e r s i s t e n c e  of locomotor a c t i v i t y  i n  

monkeys who would normally decrement t h e i r  responses .  The. l e s i o n  thus  

produces a  d i s tu rbance  i n  t h e  h a b i t u a t i o n  of motor a c t i v i t y  (Fig.  7 ) .  

The r e s u l t s  of  t h e  experiments on the  h a b i t u a t i o n  of t he  GSR component 

of t he  o r i e n t i n g  r e a c t i o n  (Bagshaw, Kimble 6 Pribram, 1965) a l s o  i n d i c a t e d  

c l e a r l y  t h a t  amygdalectomy has an e f f e c t  ( ~ i g .  8). The l e s i o n  profoundly 

reduces GSR ampli tude i n  s i t u a t i o n s  where t h e  GSR i s  a  r o b u s t  i n d i c a t o r  of t h e  

o r i e n t i n g  r eac t ion .  Concomitantly, d e c e l e r a t i o n  of  h e a r t b e a t ,  change i n  

r e s p i r a t o r y  rhythm, and some a s p e c t s  of t h e  EEG i n d i c e s  of o r i e n t i n g  a l s o  a r e  

found t o  be absent  (Bagshaw & Benzies, 1968). A s  h a b i t u a t i o n  of motor 

a c t i v i t y  and a l s o  h a b i t u a t i o n  of e a r f  l i c k s  (Bateson, 1969) had been s e v e r e l y  

a l t e r e d  by t h e s e  same l e s i o n s ,  we concluded t h a t  t h e  autonomic i n d i c a t o r s  of 

o r i e n t i n g  a r e  i n  ,.some way c r u c i a l  t o  subsequent behav io ra l  h a b i t u a t i o n .  We 

i d e n t i f i e d  t h e  process  i nd ica t ed  by the  autonomic components of  t h e  o r i e n t i n g  

r e a c t  ion  a s  " r e g i s t e r i n g "  t h e  novel  event.  

However, t h e  t e g i s  t t a t  ion  mechanism i s  not  l imieed t o  novel ty .  

Extending t h e  a n a l y s i s  t o  e c l a s s i c a l  cond i t i on ing  s i t u a t i o n  ( ~ a g s h a w  & 



0 .  

G ~ p p o s k ,  1968; Prieram, Reitx, MsIdeiI 6 Spevack, 1979)  using ehe GSR as u 

measure of cond i t i on ing ,  we found t h a t  normal monkeys not  on ly  c o n d i t i o n  we l l  . 

but  praduce e a r l i e r  and mote f requent  e ~ t i c i p i e o r y  G S R ~  a s  time goes by. 

hygdaleceomiaed  eub jec t e  f a i l  t o  make ouch a n t i c i p a t o r y  responses .  As 

s l a a a i c a l  cond i t i on ing  of a eer iped  muscle proceded normal ly ,  it i s  not  t h e  

condie ioning  per  s e  which is impaired, b e h e r ,  i t  appears  t h a t  r e g i s t r a t i o n  

m e a i l s  some a c t i v e  process  & i n  t o  r e h e a r s a l  --- some c e n t r a l  mechanism aided 

by viscero-autonomic processes  t h a t  s a i n t a i n s  and d i s e r i b u t e s  e x c i t a t i o n  over 

Behaviora l  exper  b e n t s  suppor t  . t h i s  sugges t i o n ,  Amygdalsctomized 

monkeys placed i n  t h e  two-sue t a sk  descr ibed  i n  t h e  previous  s e c t i o n  f a i l  t o  

t a k e  proper  accoune o f  r e in fo rced  events ,  This  d e f i c i e n c y  is  d r a m a t i c a l l y  

d i s p l a y e d  whenever punishment, t h a t  i s ,  negaeive r e in fo rcemen t ,  i s  used. For 

i n s t a n c e ,  an e a r l y  observae ion  showed thee baboons wieh such l e s i o n s  w i l l  

r e p e a t e d l y  (day &d day and week e f t e x  week) put l i g h t e d  matches i n  t h e i r  

mouths d e s p i t e  showing obvious . s i g n s  of being bu rn t  (Fu l ton ,  Pr ibram, 

Stevenson Q Wall, 1949). These observae ione .were  f u r t h e r  q u a n t i f i e d  i n  t a s k s  

measuring avoidance of  ehock ( ~ r i b r a r n  Q Weiskrantz,  1957).  The r e s u l t s  o f  

t h e s e  two experiments  have been confirmed i n  o t h e r  baboraeor ies  and w i t h  o t h e r  

s p e c i e s  80 o f t e n  ehae t h e  hypo thes i s  needed t o  be t e s t e d  t h a t  amygdalectomy 

produces an a l t e r e d  e e n s i t i v i t y  t o  pain. Ragshaw and Pribram (1968) put t h i s  

hypo thes i s  go e e e t  and ohowed ghat the  ampli tude of GSB t o  shock i s  no t  

e l e v a t e d  as i t  would be were t h e r e  en e l e v a t i o n -  of ehe pa in  ehreshold.   ath her 

t h e  t h r e s h o l d  i s ,  i f  any th ing ,  reduced by t h e  ab l ae ion ,  Th i s  exper imenta l  

r e s u l t  suggesee ehae amygdabastomy p r d u s e e  i g 8  effraaaember what had happened 

go them f o r  a per iod  of  t ime p r i o r  t o  the i n j u r y ;  %he durac ion  of such 

reegograde  amnesia v a r i e d  ae a func t ion  of  t h e  e e v e r i e y  o f  ehe i n j u r y .  This  

sugges ted  t h a t  t h e  p re seas  af r e g i e e e r i n g  an exper ience  in memory took some 
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time and t h a t  t h e  in ju red  b r a i n  could not  ca r ry  out  t h i s  process .  Thechemical 

subs tances  immediately a f t e r  they had experienced shock. The . t imes o f  

i n j e c t i o n  were va r i ed  i n  o rde r  t o  c h a r t  t h e  cou r se  of t h e  c o n s o l i d a t i o n  

process .  Once McGaugh had accomplished t h i s  he s e t  ou t  t o  l o c a t e  t h e  b r a i n  

systems involved i n  t h e  process .  The amygdala seemed a good choice  a s  a  

s t a r t i n g  po in t  i n  t h e  search.  Consol idat  ion was now s u c c e s s f u l l y  manipulated 

by e l e c t r i c a l  and chemical s t i a u l a t i o n s  much a s  had p rev ious ly  been done by 

p e r i p h e r a l  chemical i n j e c t  ions.  I n  any such s e r i e s  of  experiments  , however, 

t h e  p o s s i b i l i t y  remains t h a t  a l l  one i s  accomplishing by t h e  b r a i n  s t i m u l a t i o n  

i s  t h e  boos t ing  of a  p e r i p h e r a l  chemical s e c r e t i o n  s o  t h a t  i n  essence  one is  

doing no more than r epea t ing  the  o r i g i n a l  experiments i n  which p e r i p h e r a l  

s t i m u l a t i o n  had been used. To c o n t r o l  f o r  t h i s  Mar t inez ,  working w i t h  

McGaugh, removed va r ious  p e r i p h e r a l  s t r u c t u r e s  such a s  t h e  a d r e n a l  gland. 

They found t h a t  indeed, when the  ad rena l  medulla which s e c r e t e s  ep inephr ine  

and norepinephr ine  was . a b s e n t ,  t h e  amygdala s t i n w l a t  ions  had no e f f e c t  

( ~ a r t i n e z ,  R i g t e r ,  Jensen,  Hessing b Vasquez, e t  a l . ,  1981). 

McGaugh' s  experiments i n d i c a t e ,  a s  ..had ou r s ,  t h a t  r h e  amygdala 

i n f luences  the  l ea rn ing  process  v i a  v i s c e r a l  and g l andu la r  p e r i p h e r a l  

p rocesses  which a r e  l a r g e l y  r egu la t ed  by t he  autonomic nervous sytem. 

E l e c t r i c a l  e x c i t a t i o n  of t he  amygdala --- as  we l l  a s  of t h e  e n t i r e  a n t e r i o r  

p o r t i o n  of t he  l imbic cor tex :  a n t e r i o r  c i n g u l a t e ,  medial  and o r b i t a l  f r o n t a l ,  

a n t e r i o r  i n s u l a ,  and temporal po le  --- i n  anes t h e t  ized monkeys and humans 

produces profound changes in  such visceroautonomic processes  as  blood p r e s s u r e  

and r e s p i r a t o r y  r a t e  (Kaada, Pribram b Eps te in ,  1 9 4 9 ) .  The amygdala thus  

se rves  as  a  focus f o r  a  mediobasal motor c o r t e x  which r e g u l a t e s  . 
wiaceroautonomic and o t h e r  a c t i v i t i e s  (such as h e d  t u r n i n g  which i s  a l s o  

produced by t h e  a t i a u l a t i o n s )  r e l a t e d  t o  o r i e n t i n g ,  



Figure  1 7  about he re  

%e appears  from a l l  t h i s  research  t h a t  such p e r i p h e r a l  a c t i v i t i e s ,  when 

they occur ,  can boost  t he  conso l ida t ion  process  and t h u s  f a c i l i t a t e  t h e  

r e g i s t r a t i o n  of experience i n  memory, Vinogradova (1975) has suggested t h a t  

the  boost  given by t h i s  wisceroautonomic system s tands  in  l i e u  of  r e p s t i t  ion 

of the  exper ience ,  As noted above, t h e  experiments on c o n d i t i o n i n g  sugges t  

t h a t  visceroautonomic a rousa l  a c t s  somewhat l i k e  i n t e r n a l  r e h e a r s a l .  One can 

t ake  visceroautonomic a rousa l  as  an i n d i c a t i o n  ehat  i n t e r e s t  and emotions have 

been engaged: thus  the  mechanism has been Sapped, which accounts  f o r  t h e  w e l l  

known f a c t  t h a t  emotional involvement can dramat ica l ly  i n £  luence l ea rn ing .  

Process ing  t h e  Fami l ia r  

Context i s  no t  composed s o l e l y  of t h e  r e g i s t r a t i o n  of r e i n f o r c i n g  and 

r e in fo rced  events .  As important a r e  t he  e r r o r s ,  t he  non-reinforced a s p e c t s  of 

a  s i t u a t i o n ,  e s p e c i a l l y  i f  on previous occasions they had been r e i n f o r c e d .  I t  

i s  r e s e c t i o n  of t h e  primaee hippocampal folrreaeion (Douglas 6 Pr ibram,  1966) 

which produces r e l a t i v e  i n s e n s i t i v i t y  t o  e r r o r s ,  f r u s  t r a t  i v e  non-reward (Gray, 

1975)  and more g e n e r a l l y  t o  t he  f a m i l i a r ,  non-reinforced a s p e c t s  of t h e  

environment ( t h e  SA of operant  condi t ion ing  ; the  nega t ive  i n s t a n c e s  of 

mathemat i c a l  psychology). 

I n  t h e i r  f i r s e  experience wi th  a  d i sc r imina t ion  l e a r n i n g  si cuat  ion 

s u b j e c t s  w i t h  hi'ppocampal r e s e c t i o n s  show a p e c u l i a r  r e t a r d a r  ion provided 

t h e r e  a r e  many nonrewerded a l t e r n a t i v e s  ba t h a t  situcaeion: For example, i n  an 

experiment us ing  t h e  computer-controlled automated t e s e i n g  appara tus  (DADTA),  

t h e  s u b j e c t  faced 16  pane l s ;  d i scr iminab%e sues  were d isp layed  on only  two of  

ehese panels  and only one cue i s  rewarded. The cues were d isp layed  i.n v a r i o u s  
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l o c a t  ions i n  a  random fash ion  from t r i a l  c o t r i a l .  Rippocampectomized monkeys 

were found t o  p r e s s  t he  u n l i t  and unrewarded panels  f o r  thousands of t r i a l s ,  

long a f t e r  t h e i r  unoperated c o n t r o l s  ceased responding t o  t h e s e  " i r r e l e v a n t "  

i tems. 

It i s  as  i f  i n  t he  normal sub jec t  a  "ground" is e s t a b l i s h e d  by enhancing 

" i n a t t e n t i o n "  t o  a l l  t h e  nega t ive  ins tances  o f  t hose  p a t t e r n s  t h a t  do not  

provide a  r e l e v a n t  "f igure."  This  " i n a t t e n t i o n "  is an a c t i v e ,  e v a l u a t i n g  

process  a s  i nd ica t ed  by the  behavior  shown dur ing  shaping i n  a  d i s c r i m i n a t i o n  

r e v e r s a l  t a s k ,  when the  demand i s  t o  respond t o  the  p rev ious ly  nonre inforced  

cue: Unsophis t ica ted  s u b j e c t s  o f t e n  begin by p re s s ing  on va r ious  p 9 r t s  of  

t h e i r  cage and t h e  t e s t i n g  appara tus  before  they h i t  upon a  chance response  t o  

t h e  non-rewarded cue, 

These and many s i m i l a r  r e s u l t s  i n d i c a t e  t h a t  t he  hippocampal format ion 

i s  p a r t  of  an e v a l u a t i v e  mechanism t h a t  he lps  t o  e s t a b l i s h  t h e  "ground", t h e  

f a m i l i a r  a s p e c t s  of contex t ,  

The Spat io tempora l  S t r u c t u r e  of  Context . 

I n  some r e s p e c t s  t h e  f a r  f r o n t a l  r e s e c t i o n  produces memory d i s t u r b a n c e s  

c h a r a c t e r i s t i c  of both hippocampectomy and amygdalectomy, though not  s o  

severe .  Whereas medial temporal lobe a b l a t i o n s  impair con tex t  formation by 

way of h a b i t u a t i o n  of novel  and f a m i l i a r  even t s ,  f a r  f r o n t a l  l e s i o n s  wreak 

havoc on y e t  another  con tex tua l  dimension, t h a t  of organiz ing  t h e  s p a t i a l  and 

temporal s t r u c t u r e  of the  context  (Pribram, 1961; Anderson er a l . ,  1976; 

 ribr ram et  a l . ,  1977). 

The e f f e c t  i s  b e s t  demonstrated by an experiment i n  which t h e  normal 

s c a l l o p  produced by e f i x e d  i n e e r v a l  schedule of re inforcement  f a i l s  t o  

deve lop  and another  in. which the parameters of t h e  c l a s s i c a l  a l t e r n a t i o n  t a s k  

were a l t e r e d .  Ins tead  o f  i n t e rpos ing  equal  i n t e r v a l s  between t r i a l s  (go 



r i g h t ,  go l e f t  every 5  eesonds) i n  she u sua l  way, s o u p l e t s  of R/L were formed 

by extending t h e  i n t e r t r i a l .  i n t e r v a l  t o  15" before  each R t r i a l  ( ~ 5 "  L15" R5" 

Ll5" BL5". L15", . .. 1, . When t h i s  was done t h e  performance o f  t he  f a r  f r o n t a l l y  

les ioned  monkeys improved i m e d  i a t e l g  and was i n d i s t i n g u i s h a b l e  from t h a t  of  

t he  c o n t r o l s  (Pr ibram Q Tubbs, 1967; Pr ibram c t  a l ,  , 1977). 

F igure  18 aboue h e r e  

This  r e s u l t  sugges t s  t h a t  f o r  t h e  s u b j e s t  w i th  a  b i l a t e r a l  f a r  f r o n t a l  

a b l a t i o n ,  t h e  a l t e r n a t i o n  t a sk  i s  experienced s i m i l a r l y  t o  read ing  this page 

wi thout  any spaces  b e t i e e n  t h e  W O ~ ~ O .  The epaces ,  l i k e  t h e  h o l e s  i n  

doughnuts ,  p rovide  t h e  con tex tua l  s t r u c t u r e ,  t h e  p a r c e l l a e i o n  o r  p a r s i n g  of 

events  by which t h e  o u t s i d e  world can be coded and deciphered.  

Context  a s  a  Funct ion of  Reinforc ing  Contingencies  

C l a s s i c a l l y ,  d i s tu rbance  of  "working" s h o r t  term memory has  been 

a s c r i b e d  t o  l e s i o n s  of  t h e  f r o n t a l  pole.  An te r io r  end medial  r e s e c t i o n s  of 

t he  f a r  f r o n t a l  c o r t e x  were ehe f i r s e  eo  be  shorn t o  produce impairment on 

delayed response  and delayed a l e e r n a t i o n  problems. I n  o t h e r  t e s t s  of  

context-formation and f  i e t i n g ,  f r o n t a l  l e s i o n s  a l s o  t ake  t h e i r  t o l l .  Here 

a l s o  impairment of  condi t ioned  avoidance behavior  and o f  c l a s s i c a l  

c o n d i t i o n i n g ,  and o f  t h e  o r i e n t i n g  CSR i s  found. Furthermore, as shown i n  

F igure  9 ,  e r r o r  s e n s i t i v i t y  i s  reduced i n  an operan t  cond i t i on ing  s i t u a t i o n .  

A f t e r  s e v e r a l  yea r s  o f  e r a i n i n g  on mixed and m u l t i p l e  s chedu le s ,  t h e  animals  

were ex t ingu i shed  over  fair hours.  The fronhsslly,  laeioned animals  f a i l e d  6 0  

e x t i n g u i s h  i n  t h e  four-hour pe r iod , .  whereas t h e  c o n t r o l  monkeys d i d    ribr ram, 
. . . . 

19611, 'Phis f a i l u r e  i n  e x t i n c t i o n  accouneo i n . .  pare  f o r  poor performance i n  

t he  a l t e r n a t i o n  a l r eady  descr ibed:  The f r o n t a l l y  las ioned  an imals  aga in  make 



many more r e p e t i t i v e  e r r o r s .  Even though they  do not f i n d  a  peanut ,  they go 

r i g h t  back and keep looking (Pribram, 1959), 

This r e s u l t  was confirmed and ampl i f ied  i n  s t u d i e e  by Wilson (1962) and 

by Pribram e t  a l ,  (1977) i n  which we asked whether e r r o r s  followed a l t e r n a t i o n  

or  non-reinforcement. A s i t u a t i o n  was devised i n  which both  l i d s  over  two 

food we l l s  opened s imultaneously,  bu t  t h e  monkey could ob ta in  t h e  peanut only 

i f  he had opened t h e  b a i t e d  wel l .  Thus the  monkey was given "complete" 

information on every t r i a l  and the usua l  c o r r e c t i o n  technique could be 

c  ircumvented. There were four  procedural  v a r i a t i o n s  : c o r r e c t  ion-conc i n g e n t ,  

c o r r e c t  ion-noncont i ngen t ,  noncorrec t  ion-contingent , and noncorrec t ion- 

noncontingent .  The contingency r e f e r r e d  t o  whether the pos i t i on  of t h e  peanut 

was a l t e r e d  on t h e  b a s i s  of t h e  monkey's responses ( c o r r e c t  o r  i n c o r r e c t )  o r  

whether i t s  p o s i t i o n  was changed independent ly of t h e  monkey's behavior .  The 

r e l a t i o n s h i p  between each e r r o r  was then analyzed. Table I1 shows t h a t  f o r  

t h e  normal monkey t h e  cond i t i on  of reinforcement  and nonreinforcement  of t h e  

previous t r i a l  m k e s  a  d i f f e r ence .  For t h e  f r o n t a l l y  leaioned monkey t h i s  i s  

n o t  t h e  ca se .  Change i n  l o c a t i o n ,  however, a f f e c t s  both normal and f r o n t a l  

s u b j e c t s  about  equal ly .  In  t h i s  s i t u a t i o n ,  a s  w e l l  a6 in  an automated 

computer c o n t r o l l e d  vers ion  of t he  a l t e r n a t i v e s  problem, f r o n t a l  sub j e t  t a  a r e  

simply uninf luenced  by rewarding . o r  nonrewarding consequences of t h e i r  

behavior .  

F igure  19 about h e r e .  

I n  a  m u l t i p l e  choice  t a s k  (Pribtam, 1959) ( s e e  Fig. 9)  t h e  procedure 

c a l l s  f o r  a  s t r a t e g y  of r e e u r n i n g ' e o  t h e  same o b j e c t  f o r  f i v e  consecu t ive  

eimes, t h a t  i s ,  t o  c r i t e r i o n ,  and ehen a s h i f t  t o  a novel  item. The f r o n t a l l y  

l e s  ioned animals  a r e  markedly d e f i c i e n t  i n  doing t h i s .  Again, t h e  coed i t  ions 



of reinforcement  a r e  r e l a t i v e l y  i n e f f e c t i v e  i n  shaping behavior  i n  animals 

with f r o n t a l  l e s i o n s  and the  monkeys' behavior  becomes n e a r l y  random when 

compared t o  t h a t  of  normal s u b j e c t s   ribra ram, Ahumada, Hartog 6 Roos, 1964). 

Behavior of  the f r o n e a l l y  les ioned  mnbeyo thus  appears t o  be  minimally 

con t ro l l ed  by the  expected outcome. 

T rans fe r  Learning 

When we t ake  a monkey who has learned t o  choose between c i r c l e s  of 

d i f f e r e n t  s i z e s  and ask him t o  t r a n s f e r  h i s  experience t o  a s i t u a t i o n  i n  which 

he must choose among e l l i p s e s  of d i f f e r e n t  s i z e s ,  ( ~ a g s h a w  & Pribram, 1965) he 

w i l l  qu ick ly  master  t he  nep t a sk  unless  he has a l e s i o n  o f  t h e  l imbic 

f o r e b r a i n ,  This is not  due t o  f a u l t y  g e n e r a l i z a t i o n   e ear st & Pribram 

1964a,b) --- g e n e r a l i z a t i o n  i s  impaired by l e s i o n s  of t h e  p o s t e r i o r  c o r t i c a l  

convexity.  Rather ,  t h e  d i f f i c u l t y  stems from an i n a b i l i t y  t o  t rans fe r  what 

has been learned i n  one s i e u a t i o n  t o  another  which i s  more o r  l e s s  s i m i l a r .  

I f  h i s  hippocampus has been r e sec t ed  b i l a t e r a l l y ,  t h e  f a m i l i a r  cue w i l l  be  

normally e f f e c t i v e  only i f  i t  had previous'ly been t h e  rewarded one. The 

previous ly  unrewarded cue w i l l  be r eac t ed  t o  a s  i f  i t  a l s o  were novel  --- as  

i f  i t  had been completely ignored i n  ehe o r i g i n a l  d i s c r i m i n a t i o n  problem. 

J u s t  the  oppos i t e  occurs  when a monkey has been amygdalectomized. Now 

e f f e c t i v e  familiariey relates t o  non-reward ( S  ; nega t ive  i n s t a n c e s ) ;  t h e  

previous ly  rewarded cue is  t r e a t e d  a s  novel  i n  t h e  t r a n s f e r  s i t u a t i o n  (Douglas, 

& Pribram, 1966). 

A v a r i e t y  ' of o the r  problem s i t u a t i o n s  have demonstrated t h i s  

r e l a t i o n s h i p  between hippocampus a n d .  ehe previoualy  non-reinforced 

(non- sa l i en t )  a s p e c t s  of a s i t u a t i o n  and between amygdala and p r i o r  

reinforcement .  Mul t ip l e  choice  (Douglas, Ba r ra t e ,  Pribram Q Cerny, 1969) and 

d i s t r a c t i o n  (Douglas &  ribr ram, 1966) experiments have been es ~ i : c  i a l l y  



i l l umina t ing .  In  a l l  i n s t ances ,  as  i n  the  r e v e r s a l  s i t u a t i o n s ,  whenever t h e  

p r o b a b i l i t y  s t r u c t u r e  of reinforcement  becomes i n s u f f i c i e n t l y  d i s t i n c t ,  o r  t h e  
. . 

d i s t r a c t i o n s  s u f f i c i e n t l y  powerful, l imbic les ioned  s u b j e c t s  f a i l  t o  p e r s i s t  

i n  a  s t r a t e g y  t h a t  had proved u s e f u l  i n  p r i o r  s i t u a t i o n s ,  A t t e n t i o n  and 

search  a r e  no longer  d i r e c t e d  (programmed) by previous exper ience ;  hypo thes i s  

a r e  no longer pursued (Pribram, Douglas 6 Pribram, 1969). The monkeys no 

longer expend t h e  e f f o r t  t o  maintain u s e f u l  s t r a t e g i e s  

Summary: 

Most approaches t o  t h e  o rgan iza t ion  of l ea rn ing  and memory have r e l i e d  

on the  e l u c i d a t i o n  of d i f f e r e n c e s  i n  terms of dichotomies,  such as e p i s o d i c  

v s  semantic ; procedural  d e c l a r a t  iwe; working vs  r e f e r e n t i a l .  The - 
temptat ion i s  t o  i d e n t i f y  t hese  dichotomies d e s p i t e  t h e  f a c t  t h a t  they stem 

from d i s p a r a t e  d a t a  bases.  The r e sea rch  reslpul ts  repor ted  he re  sugges t  

another  approach, v i z . ,  a  h i e r a r c h i c a l  arrangement of  processes  i n  a  t r e e - l i k e  

s t r u c t u r e  ak in  t o  computer programming. F igure  20 present6  such an 

arrangement. The s p e c i f i c s  must n e c e s s a r i l y  remain t e n t a t i v e  b u t  c e r t a i n  

f e a t u r e s  of such a  scheme a r e  worth not ing:  A t  t h e  base  of each branch i s  

a  n e u r a l  system whose ope ra t ion  has been i d e n t i f i e d  i n  some cons ide rab le  

d e t a i l .  What remains unc lear  i s  t h e  anatomical  and phys io log ica l  n a t i u r e  of 

t h e  process  which br ings  toge the r  t h e  branches of t he  t r e e  in t h e  b e h a v i o r a l l y  

determined higher-order  nodes. Nor i s  i t  a t  p re sen t  known how t h e  va r ious  

bas i c  8y8 tern programs address  t he  d i s t r i b u t e d  memory s  t o r e ,  a l though 

sugges t  ions ( s e e  ~ o n c l u s  i on )  have been tendered. 

F igure  20 about  he re  

-------------- 



Conclusion 

When t h e s e  d e c i s i o n a l  processes  ope ra t e  on the  d i s t r i b u t e d  memory s t o r e  

they re-member an i npu t  t h a t  had on e a r l i e r  occasions become dismembered. The 

sensory-specif  i c  ope ra to r s  d e a l  w i th  r ecogn i t i on  and wi th  the  procgss i ng  of 

r e f e r e n t i a l l y  meaningful information. The f r o n t a l  lobe execu t ive  o p e r a t o r s  

d e a l  wi th  r e c a l l  and wi th  t h e   ragm ma tics of processing con tex t  s e n s i e  iwe, 

episode r e l a t e d  in s t ances  ( f o r  review see ,  e ,g . ,  Pribram, 1971, 1977).  

Both n e u r o s c i e n t i s t s  and cogn i t i ve  psychologis t s  c u r r e n t l y  frami: t h e i r  

models in  information processing terms. The d a t a  showing t h a t  d e c i s i o n a l  

ope ra to r s  i n f luence  r e c e p t i v e  f i e  Id p r o p e r t i e s  (Sp ine l  li 6 Pribrarn, 1966 ; 

Pribram e t  a l . ,  19811, though incomplete on t h i s  poine a r e  consonant wi th  a  

proposa l  made by Gabor (1946), and extended by B r i l l o u i n  (1962) and MacKay 

(19691, t h a t  t h e  Four ie r  domain may become segmented i n t o  in fo rma t iona l  u n i t s  

c a l l e d  Logons by t h e  operaeion of a  o'window" which l i m i t s  band width.  The 

i n t e r e s t i n g  a spec t  of ~ a b o r ' s  proposal i s  t h a t  the  window can be s o  ad jus t ed  

t h a t  on some occasions processing occurs  p r imar i ly  i n  the holographic  domain 

( l ead ing  t o  non-local  ope ra t  ions such as t r m s l a e i o n a l  i nva r i ance ,  object and 

s i z e  constancy,  e t c . )  whi le  on o the r  occasions process ing  occurs  i n  t h e  

space/ t ime domain ( l ead ing  t o -  l oca t ing  o b j e c t s  i n  t ime and space) .  Models 

such a6 S p i n e l l i '  6 (1970) content  addressable  and P r i b r m ' s  Zoomar proposals  

(1971) a r e  consonant wi th  a  Logon i n f o m a t i e n  processing approach,  but more 

p r e c i s e  d a t a  a r e  needed t o  e s t a b l i s h  t h e  v i a b i l i t y  of t h i s  form of t h e  

informat ion  process ing  approach. 

The p e r s i s t e n t  puzz le  t h a t  b r a i n  func t ions  appear  t o  be bo th  l o c a l i z e d  

and d i s t r i b u t e d  i s  t hus  resolved.  Memory s t o r a g e  i s  s h o w  t o  be d i s t r i b u t e d ;  

d e c i s i o n a l  o p e r a t o r s  involved i n  coding and r e t r i e v a l  a r e  l o c a l i z e d .  These 

ope ra to r s  can be conceived a s  s epa ra t e  b r a i n  6ys terns, g e n e t i c a l l y  i n h e r e n t  i n  



. 
t h e i r  func t ion  bue dependent on sensory input  from t h e  environment t o  t r i g g e r  

and shape t h e i r  development ( s ee ,  e.g., Chomsky, 1980; Pribram, 1971). In 

s h o r t ,  t h e r e  a r e  "boxes i n  the  bra in"  - each "box" c o r r e s  pond ing t o  a  

" f acu l ty  of mind." But t h e s e  llboxes" ope ra t e  on a  d i s t r i b u t e d  ma t r ix  which is  

non-local and t h e r e f o r e  a v a i l a b l e  t o  a l l ,  

Perhaps t h e  e a s i e s t  way eo conceptua l ize  t h e s e  problems i s  i n  terms of 

s t a t e s  and ope ra to r s  on those  s t a t e s ,  A t  p r e sen t  i t  appears  reasonable  t o  

cont inue  t o  search  f o r  l i n e a r i t i e s  i n  t he  s t a t e  d e s c r i p t i o n s  of sensory  

percept  i on ,  h ighly  p rac t i ced  s k i l l e d  - a c t i o n  and memory s t o r a g e  processes .  

These momentary s t a t e s  come under t he  c o n t r o l  of l oca l i zed  non- l inear  

ope ra to r s  whenever d i s c r i m i n a t i v e  (e.g. ,  r e c o g n i t i o n )  o r  s e l e c t i v e  (p lanned)  

a c t i o n s  a r e  involved. Whether t h e s e  n o n - l i n e a r i t i e s  a r e  a b s t r a c t e d  e e r i a l l y  

and h i e r a r c h i c a l l y  from t h e  s t a t e s ,  or whether they a r e  imposed c o t  t i c o f u g a l l y  

by a  p a r a l l e l  process  --- o r  both --- cont inues  t o  be an a c t i v e  a r e a  o f  

i n v e s t i g a t i o n .  

There i s  a cons ide rab le  i n t e l l e c t u a l  d i s t a n c e  between  ashl ley ' s  d e s p a i r  

i n  f i n d i n g  a  l oca l i zed  engram i n  1950 and t h e  r i c h n e s s  of d a t a  and theory on 

c e r e b r a l  l o c a l i z a t i o n  and d i s t r i b u t i o n  i n  1980  ribra ram, 1982). To h i s  

c r e d i t ,  Lashley recognized t h e  problem and spec i f  i ed  i t  i n  s u f f i c i e n t  d e t a i l  

s o  the  gene ra t ion  of i n v e s t i g a t o r s  s tanding  on h i s  shoulders  could d e a l  

e f f e c t i v e l y  w i t h  i t .  That s o  much progress  has been made r e f l e c t s  chr suppor t  

g iven  by s o c i e t y  t o  t h e  b r a i n  and behaviora l  s c i ences  d u r i n g  t h i s  30-year 

per iod.  Shou Id t h i s  suppor t  cont inue ,  t he  i s s u e  of l o c a l i z a t i o n - d i s  r r  i bu t  ion  

which has mobiliz,ed such d i f  f e t i n g  views over t h e  paat  two c e n t u r i e s  may y e t  

be reso lved  t o  everyone 'e  s a t i s f a c t i o n  be fo re  t h e  ending of  t h e  twent ie th .  
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FIGURE CAPTIONS 

FIG. 1, Average number of e r r o r s  made by a group of four  monkeys whose 

primary v i s u a l  c o r t e x  had been implanted wi th  an e p i l e p t o g e n i c  

agent  (aluminum hydroxide cream). The f ir6 t arrow . i n d i c a t e s  when 

implanta t ions  were made; the second when e l e c t r i c a l  s e i z u r e  p a t -  

t e r n s  commenced, Such e l e c t r i c a l  s e i z u r e s  ( s p i k e  and dome) were 

recorded s p o r a d i c a l l y  while  t he  monkeys ' v i s u a l  d i s c  r i m i n s t  ion 

performance remained above the  90% l eve l .  

FIG. 2. Visual  d i sc r imina t ion  l ea rn ing  curves of monkeys in  whom e l e c t r i -  

c a l  s e i z u r e  p a t t e r n s  were induced by aluminum hydroxide implanta- 

t i o n s  p r i o r  t o  the  beginning of behavioral  t e s t i n g .  Note the  

e longa t ion  of the  period of s t a t i o n a r i t y  and the s i m i l a r i t y  be- 

tween s lopes  of t he  curves once learn ing  has become mani fes t .  

This s i m i l a r i e y  i s  even more s t r i k i n g  when backwards learning 

curves f o r  i nd iv idua l  s u b j e c t s  a r e  compared. 

FIG. 3. An elongated r ecep t ive  f i e l d  of  a s i n g l e  c e l l  i n  t he  v i su i i l  c o r t e x  

of a  c a t .  This  f i e l d  was demonstrated d e s p i t e  t he  f a c t  t h a t  t he  

v i s u a l  system was s t imula ted  wi th  v i s u a l  white  n o i s e ,  i . e . ,  w i t h  a 

spa t io t empora l ly  pseudorandom appearance of s p o t s  on an o s c i l l o -  

scope face.  When the  appearance of a  spo t  i n  u c e r t a i n  l o c a t i o n  

was c o r r e l a t e d  f o r  approximately 30 m e c  w i t h  an i n c r e a s e  ( b r i g h t  

d o t ) ,  decrease  (no  d o t )  o r  no change (avg doe)  i n  the  forming of 

t he  neuron, t h e  r e c e p t i v e  f i e l d  p a t t e r n  emerged, 



' a  FIG, 40 An i n h i b i t o r y  f lank  appears when the c o r r e l a t i o n s  performed a s  f o r  

those  i n  Fig ,  3 a r e  c a r r i e d  out f o r  approximately 40 msec. The 

10-msec de lay  agrees  wi th  t h e  r e s u l t s  of i n t r a c e l l u l a r  r eco rd ings  

by Creu tz fe ld  e t  a l .  (19741, who showed t h a t  the  e f f e c t  i s  due t o  

l a t e r a l  i n h i b i t i o n .  

FIG. 5. A "Mexican h a t t t  three-dimensional con f igu ra t ion  of  a r e c e p t i v e  

f i e l d  of a  s i n g l e  neuron i n  t h e  l a t e r a l  g e n i c u l a t e  nucleus of a 

c a t .  The procedure by which such r e c e p t i v e  f i e l d s  a r e  p l o t t e d  i s  

d e t a i l e d  i n  the  legend of F igure  6. 

FIG. 6. The method by which a  r e c e p t i v e  f i e l d  i s  p lo t t ed  i s  shown. . A com- 

pu te r  c o n t r o l s  the loca t ion  of a  spo t  and c o r r e l a t e s  the nuuber of 

impulses (recorded by a )  emi t ted  by the  neuron whi le  t he  spo t  is  

in  t h a t  loca t ion .  The Mexican h a t  con f igu ra t ion  s h o w  i n  F i g .  5 

r e s u l t s  when the  plane on which the  spo t  i s  d i sp layed  i s  repre-  

sen ted  by the  x and y axes and the  number of impulses by t h e  z 

a x i s .  When t h e  crown of the h a t  i s  sec t ioned  p a r a l l e l  t o  the  

brim, two s tandard  dev ia t ions  above background a c t i v i t y ,  t h e  

o r d i n a r i l y  shown two-dimensional c i r c u  lar-surround ( exc i ta tory-  

i n h i b i t o r y )  r ecep t ive  f i e l d  r e s u l t s .  This concen t r i c  r e c e p t i v e  

f i e l d  arrangement is seen a t  t he  r i g h t  of t he  f igu re .  



' . 
FIG. 7. When t h e  procedure d e t a i l e d  i n  Fig. 6 i s  performed wi th  record ings  D 

from a  c o r t i c a l  c e l l  i n  the v i s u a l  system, t h e  e longated  r e c e p t i v e  

f i e l d  w i t h  i n h i b i t o r y  f l ank (8 )  s i m i l a r  t o ,  t h a t  i n  Figs .  3 and 4 i s  

ob ta ined ,  The e longat ion  of the  r e c e p t i v e  f  i e l d  accounts  f o r  t h e  

f a c t  t h a t  l i n e s  a r e  the  p re fe r r ed  eeimulus t o  ace ivaee  t h e  c o r t i -  

c a l  c e l l s .  

FIG. 8, When l i n e s  a r e  used t o  d e f i n e  the  c o r t i c a l  r e c e p t i v e  f i e l d ,  the  

l i n e s  may vary i n  wideh and spacing. Such v a r i a t i o n s  are des ig-  

na ted  a s  changes in  s p a t i a l  frequency i n  cyc les /degree .  Tuning 

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

system wi th  g r a t i n g s  (mul t ip l e  l i n e s )  of varying s p a t i a l  f r e -  

quency. The toning curves obtained i n  t h e  s tudy presented  i n  

t h i s  f i g u r e  were obtained wi th  above-threeho l d  s t i m u l a t i o n  (and 

remained unchanged by e l e c t r i c a l  ~ t i m u l a e i o n  of f r o n t a l  and pos- 

t e r i o r  b r a i n  sys  tems 1. 

FIG. 9. Tuning curves obeained i n  t h e  m n n e r  descr ibed  i n  t h e  legend f o r  

Fig. 8, bu t  a t  c o n t r a s t  threshold,  From BeValois & DeValois,  

Fig. 10. Comparison of euning curves ( f o r  c o t ,  l e f t  and monkey, r i g h t )  ob- 

t a ined  a s  above wi th  those  obtained when a  s i n g l e  l i n e  of varying 

width i s  used t o  s t i m u l a t e  t h e  v i s u a l  system, Mote t h a t  t h e  l i n e  

can be cons iderably  broadened without  any change in its o u t p u ~ .  

This  i n d i c a t e s  t h a t  t h e  sell1 is b e t t e r  tuned t o  s p a t i a l  frequency 
. , .  ... 

than t o  l i n e s  per ee, See t e x t  f o r  a d d i t i o n a l  exper iments  which 
I '  

suppor t  t h i s  f ind ing ,  



FIG, 11, Average number of r e p e t i t i v e  e r r o r s  made by t h r e e  groups of mon- 

keys (normal c o n t r o l s ,  monkeys wi th  infero tempora l  and wi th  f a r  

f r o n t a l  r e s e c t i o n s )  while. s e a r c h i n g ,  fo r  a peanue hidden under one 

one of s e v e r a l  ( 2  t o  12)  junk objec te .  Mote the changes i n  t h e  

curves of the c o n t r o l s  and infero tempora l  r e s e c t e d  monkeys and 

t h a t  f o r  t he  lower number of cues t h a t  t h e  c o n t r o l s  a r e  perform- 

ing b e t t e r  than the  monkeys with infero tempora l  r e s e c t i o n s .  For 

an explana t ion  of t h i s  r e s u l t ,  s e e  Fig. 12. Note a l s o  t h a t  the  

monkeys w i t h  f a r  f r o n t a l  r e s e c t i o n s  were immediately a t t r a c t e d  t o  

the novel  cue which covered the peanut i n  each s i t u a t i o n ,  thus 

making few r e p e t i t i v e  search  e r r o r s .  See a l s o  Fig. 19.  

FIG. 12. The explana t ion  f o r  the  r e s u l t s  obtained i n  Fig. 11 is  t h a t  t he  

monkeys wi th  r e s e c t i o n s  of t he  inferotemporal  c o r t e x  res tric t r d  

t h e i r  sampling t o  a l imi ted  range of cues ,  thus  ga in ing  a tempo- 

r a r y  advantage over the  normal c o n t r o l  sub jec t s .  

FIG. 13. Graphs of t h e  a c t u a l  l ea rn ing  curves of t h r e e  monkeys mastering a 

d i s c r i m i n a t  ion which involved th ree  separab l e  f e a t u r e s .  Note how 

performance i s  enhanced a s  each non-rewarded f e a t u r e  i s  d i s c r  i m -  

i na t ed  and e l imina ted  from the  response r epe r  t o i r e .  

b 

FIG. 14. Reconstruct ions of the b ra ins  of monkeys whose infero tempora l  cor- 
0 ,  

t e x  has been cross-hatched, For t h e  r e s u l t s  on behav io ra l  t e s t i n g  

s e e  Fig. 16. 



-- 

, 
FIG, 15. ~ e c o n s t r u c t i o n s  of the bra ins  of monkeys whose inferoeemporal  cor-  

t e x  has been undercut.  The conpos i t  f i g u r e  shows bo th  the  a r e a  

common t o  a l l  c u t s  (b l ack )  and ehe sum of a l l  t h e  undercut  a r eas .  

For t h e  e f f e c t e  on behavioral  t e s t i n g  s e e  Fig.  16. 

FIG. 16. The behaviora l  reeu les of cross-hatching and unde rcu t t i ng  - the  in- 

ferotemporal  cor tex .  Mote the  absence of the  e f f e c t s  of c rose-  

haeching and the  severe  def i c i t s  r e su l e ing  from undercut t ing .  

FIG. 17,  Representa t ion  of the  mediobasal motorcortex: The c o r t i c a l  p o i n t s  

on the  med iobasa l . su r f ace  of the  monkey b ra in  from which changes 

i n  blood pressure ,  h e a r t  and r e s p i r a t o r y  r a t e  a r e  obta ined  on 

e l e c t r i c a l  s t imu la t ions .  Top: l a t e r a l  view. Bottom: medio- 

b a s a l  view. 

FIG. 18. The l ea rn ing  curves of monkeys wi th  r e a c t i o n s  of the  f a r  f r o n t a l  

c o r t e x  and t h e i r  unoperated normal c o n t r o l s  on a delayed a l t e r n a -  

t i o n  t a s k  i n  which the  de lay  period was made asymmetrical ( 5  sec  ; 

15 s e c ) .  Note the  e x c e l l e n t  perfogmances of t he  s u b j e c t s  w i t h  t h e  

r e s e c t i o n  and t h a t  they f a i l e d  the  symmetrical de lay  ( 5  s r c ;  5 

s e c )  t a s k  d e s p i t e  having been given much exper ience  (1000 t r o i l e )  

on this task.  



! 
I .  FIG. 19. Graph showing the  number qf t r i a l s  taken t o  come t o  c r i t e r i o n  

a f t e r  f i nd ing  t h e  peanut i n  t h e  mule ip le  eask by monkeys wi th  

f a r  f r o n t a l  and infe ro tempora l  c o r t e x  r e s e c t i o n s  and a  normal 

c o n t r o l  group. Note t h a t  only t h e  f a r  f r o n t a l  group r e p e a t e d l y  

examined o b j e c t s  which covered no ' peanut d e s p i t e  t h e i r  having 

found t h e  o b j e c t  which d id  cover ; p e a n u t .  See a l s o  F igs .  11 and 

FIG. 20. Diagram of t he  r e l a t i o n s h i p s  among types of l e a rn ing  and memory 

processes .  Note t h a t  t h e  func t ions  of the  neu ra l  systems d r -  

s c r i b e d  i n  t h i s  chapter  make up the  endpoin ts  of each of t h e  

branches of ehe t r e e .  The term con tex tua l  is  used i n  p re fe r ence  

t o  such terms a s  working memory (based on t h e  a l t e r n a t i o n  para- 

d  igm) ; d e c l a r a t i v e  (based on computer p rog raming  paradigms ) ; o r  

pragmatic (based on l i n g u i s t i c  ~ a r a d i g m s )  because i t  i s  more gen- 

e r a l  i n  meaning. The term r e f e r e n t i a l  is  used ,  where i n  l i n g u i s -  

t i c s  and cogn i t i ve  psychology the  term semantic would apply.  
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