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1:. A REVISED CONCEPTION O F  VISUAL R E C E P T l V E  FIELDS 

/ B A S E D  OX PSEUDORAXDOirl SPATIO-TEMPORAL P A T T E R S  S T I Z l i i - 1  

E r i 6 h  S u t t e r  

1. Introduct ion 

The concept  of the  recep t ive  f i e ld  o r ig ina ted  i n  s o m e s t h e s i s .  T h c r r  
the reccpt ive ficld of a  neuron  w a s  defined a s  the  sk in  a r e a  iron, which 2 
tactile s t l m u l u s  would inf luence the  f i r i n g  p a t t e r n  of a  neuron. R e s e a r c h c r s  
in vision took o v e r  the  concept  to  denote those  a r e a s  of the re t ina  f r o m  wh:ch 
a  cel l  r e c e i v e s  i t s  exc i ta to ry  o r  inh ib i to ry  input. 

~ o s t '  of the r e s e a r c h  in t h e  m a m m a l i a n  v i sua l  s y s t e m  c o n c e r n s  i t s e l f  
with recept ive f i e lds  in  one  way o r  ano ther .  In the m o r e  conventional exper:- 
ments s t imul i  a r e  p ro jec ted  onto a  s c r e e n  i n  f ron t  of the  immobil ized e y e s  
of the a n i m a l  p r e p a r a t i o n ,  while  a  s ing le  neuron  i n  the visual  s y s t e m  i s  nlon-  
itored. Some r e s e a r c h e r s  ( 7 ,  8) p r o b e  the  v i sua l  f ie ld of the a n i m a l  with a  
hand p r o j e c t o r  to find out  the  a p p r o x i m a t e  s i z e  of t h e  exc i ta to ry  and ir.hibitory 
areas .  Othcr  inves t iga tors  ( 3 ,  4 ,  10, 11, 12) a r r i v e d  a t  a  m o r e  quant i ta t ive 
method by record ing  the  r e s p o n s e s  t o  a  c e r t a i n  b a s i c  s e t  of s t imuli .  A good 
example i s  Sp ine l l i ' s  technique f r o m  o u r  l abora tory .  H e r e  the  r e s p o n s e s  t o  
a  s m a l l  l ight o r  d a r k  spo t  s t i m u l u s  a r e  r e c o r d e d  i n  2, 500 evenly d i s t r ibu ted ,  
sequential spot posi t ions.  In a  c o m p u t e r  g e n e r a t e d  display those  posi t ions 
in the visual  field f o r  which t h e  r e s p o n s e  e x c e e d s  a  c e r t a i n  t h r e s h o l d  a r e  
marked with l ight  spo ts  ( F i g .  1). 

Genera l ly  a  moving o r  f lashlng s t imulus  i s  used ,  s ince  m o s t  c e l l s  
eeem to respond  to changes  i n  the phys ica l  s t i m u l u s  r a t h e r  than to the geo-  
metry of the s t imulus  i tself .  Except  f o r  th i s  point the t i m e  d imens ion  h a s  

1 not en te red  into these  recep t ive  f ie ld s tud ies .  In o t h e r  e x p e r i m e n t s ,  however ,  
the a v e r a g e  delay t i m e  between s t i m u l u s  and r e s p o n s e  h a s  been m e a s u r e d  

! ( 2 ,  5, 6 ,  13). Although a l a r g e  amount  of valuable in format ion .has  been  ga ther ,  
i with these  methods,  i t  s e e m s  unlikely that  they wil l  be powerful enough t o  con-  

i vey a n  adequate understanding of  the  s y s t e m  a t  hand. This  may  be the t i m e  
to go beyond the a l l  too r e s t r i c t i v e  concepts  of recep t ive  field and t i m e  de lay  

. and face t h e  genera l  p r o b l e m  of d e t e r m i n i n g  the t r a n s f e r  c h a r a c t e r i s t i c s  of 
! the visual  s y s t e m  a s  defined by v i s u a l  input and s ingle  unit response .  S ince  
. such s y s t e m s  have a  c e r t a i n  amount  of " m e m o r y "  and m a y  be nonl inear ,  the  

ase of the Wiener  method f o r  nonl inear  s y s t e m s  and identification (1, 14) 
seems indicated. 

2. Input 

Color  s t imul i  will  not b e  d i s c u s s e d  h e r e  s ince  the ca t ,  on which the 
experiments w e r e  perforrr led,  r a r e l y  shows c o l o r  vis ion when tes ted  behavior -  
ally. Everything s a i d  h e r e  can ,  a t  a  l a t e r  t i m e ,  be genera l ized  f o r  the  i n v e s -  
tigation o f  co lor  vis ion i n  p r i m a t e s .  Thus the input  to the  s y s t e m  i s  given by 
a s imple  light intensi ty  funct ion I(x,  y, t )  where  x and y a r e  the two d imens ions  
of the v i sua l  field. The l ight  in tens i ty  i s  a  posi t ive definite function. How- 
ever, the response  d o e s  not s e e m  t o  depend on the  a v e r a g e  light in tens i ty ,  a t  
least a s  long a s  the  s t i m u l u s  r e m a i n s  within e i t h e r  the photoplc o r  the sco top ic  



range. T h e  z e r o  l e v e l  of the  l ight  intensi ty  can  thus  be redefined a t  ti;(. lc,,: 
of the  a v e r a g e  l ight  intensi ty .  The  s e t  of functions I (x ,  y ,  t )  can then  5,. 
chosen a s  t h e  L~ s p a c e  of  s q u a r e  in tegrab le  in tens i t i es .  T h e  s c a l a r  Tr,,2.;,: 

then al lows t h e  choice of o thonormal  b a s e s .  

Let  u s  a s s u m e  t e m p o r a r i l y  that  the s y s t e m  we a r e  dea l ing  , ~ , t n  i . . , ,  
negligible m e m o r y .  In t h i s  c a s e  the  r e s p o n s e  a t  t i m e  t  ( R ( t )  depends cr.:.,. 

., 

t h e  in tens i ty  p a t t e r n  I(x,  y ,  t  - T  )),  where  T i s  the  t i m e  delay.  Thc JE!). :. .. 
vant t e m p o r a l  in format ion  concern ing  the  s y s t e m  i s  thus the delay ti;::, .  . . 
All o ther  in format ion  i s  purely spa t ia l  and cons i s t s  i n  the spccif icat : . , :~  ,,: :, 
s t reng th  and  s i g n  ( inhibi tory o r  exc i ta to ry)  of the inputs  f r o m  diiiercr:t  :.: - 
points.  It  is d e s c r i b e d  by t h e  functional 

If,  f u r t h e r m o r e .  the t r a n s f e r  c h a r a c t e r i s t i c s  a r e  l i n e a r ,  tk;s c . , : .  . .- 
r e p r e s e n t e d  by the i n t e g r a l  

R =I$ dxdy r ( x ,  y) I (s, y) % , . 

F o r  t h e  de te rmina t ion  of r ( x ,  y) i t  i s  sufficient to  t e s t  the  syjt,:::: .,.: 
a  complete  o r t h o n o r m a l  s e t  of intensi ty  functions {ik (x, y )  I k  = 1 . .  . r:. . . 
a s  given, e .  g. by a  s e r i e s  of s ine  wave gra t ings  i n  the x  and y  d i rcc t i~ , : :  ;:, . 
the  cutoff f requency  of the  s y s t e m ,  o r  by a  s m a l l  spo t  in a  l a r g e  nun1i~t.r . : 
evenly s p a c e d  posi t ions a s  used in  the Spinel l i  technique mentioned c a r \ : # - : .  

Unfortunately ne i ther  l inear i ty  nor  z e r o  m e m o r y  ci.n be ass<::. . , :  : . 

t h e  d e s c r i p t i o n  of the s ingle  unit response  to  visual  s t i r~ iu l i .  A cu~:i?i,.!. 
o r t h o n o r m a l  s e t  is t h e r e f o r e  by no m e a n s  adequate f o r  the  i n v e s t ~ g s t i ~ ~ : - .  .: : .. 
t r a n s f e r  c h a r a c t e r i s t i c s  

R ( T )  = F { I ( s ,  y ,  t ) ;  T) (;; ! 

IVe have t o  r e a c h  f o r  a  much  l a r g e r  s t imulus  a r s e n a l ,  namely a n  crgori:i  ..: 
ulus a s  gpven by s p a t i o - t e m p o r a l  Gauss ian  white noise.  Such a  stir11ul::a L : . .  

p r o x i m a t e s  a l l  poss ib le  spa t io - tempora l  configurat ions wi-thin the r ~ i c . : ~ ~ : . :  
dynamic r a n g e  t o  a  suff icient  d e g r e e  of a c c u r a c y  with a  t ime  in te rva l  ( ~ f  .i,:, 

length. 

3 .  Output 

The r e s p o n s e  o f  the s y s t e m  c o n s i s t s  of a  t c m p o r a l  pa t tc rn  o i  
potent ials  which often o c c u r  in  b u r s t s .  The s a m e  pa t tc rn  can g e n e r s l l ~  ::, : - 
reproduced  by repe t i t ion  of the s a m e  visual  s t imulus  sequence.  Beh~r:~!  ::..' 
fac t  m a y  l i e  one o r  s e v e r a l  of the  iollowing r e a s o n s :  f i r s t ,  o t h e r  uncc.n::.- . . .  
inputs  to  t h e  s y s t e m ;  second ,  spon tancous act ivi ty  of the s y s t e m  itscl!'; : 

t h i r d ,  the p robabi l i s t i c  na ture  of the functional p r o p e r t i e s  of i t s  ~or.po:~':-: ' .  
It s e e m s  t h e r e f o r e  n e c e s s a r y  to  obtain the probabi l i ty  densi ty f o r  actio:: i,v.:' : . 
t i a l s  by repea ted  playing of the s a m e  noise s t imulus .  Once an  adequ~l tc  1;;::: ' 
inlation to the  dens i ty  i s  obtained i t  can be t r e a t e d  jus t  l ike a continuous rc ' -  
sponse.  



?.. 3- p 4. Wiener  k e r n e l s  

,' Under t h e  a s s u m p t i o n  of t rans la t iona l  invar iance  in  t i m e .  the functional 
s e r i e s  expansion of R(1) r e s u l t s  i n  the  V o l t e r r a  s e r i e s :  

:rusality d e m a n d s  tha t  hi = 0 fo r  t<t ' .  

The k e r n e l s  hi can  be de te rmined  by c r o s s  c o r r e l a t i o n  (9) :  

h  = E : R ( ~ ) : I  a v e r a g e  f i r ing  r a t e  

1  h l ( x ,  Y. T )  = - E[ R( t )  I (x ,  y, t - ~ ) ]  
P 

1 
h 2 ( x , y , ~ ; x ' .  y ' ,  T O  = 7 E[ R ( t ) I ( x , y ,  t - T )  I ( x t ,  y r ,  t - T t ) ]  

P 

w h e r e  p  i s  the  power leve l  of the  
white  no ise  input 

The enormous ly  high dimensional i ty  of the h igher  o r d e r  k e r n e l s  makes  
i complete calculat ion of k e r n e l s  of higher  than f i r s t  o r  second o r d e r  vir tual ly  
mpossible. However ,  c e r t a i n  m a t r i x  e l e m e n t s  which m a y  be of p a r t i c u l a r  
:terest could be individually calculated.  

I 

If the  probabi l i ty  densi ty of spike r e s p o n s e s  i s  not a c c e s s i b l e ,  s ing le  
j.ursts ( o r  s p i k e s )  can be in te rpre ted  a s  d i s c r e t e  r e s p o n s e s .  The response  
i.nset can  be a c c u r a t e l y  defined by the f i r s t  sp ike  in t h e  b u r s t  while the  s t reng th  

the r e s p o n s e  i s  given by the number  of sp ikes  i n  the  b u r s t .  The  resul t ing 
l:esponse function i s  given by 

a i  = stre:gth of the ith r e s p o n s e  
t i  = t ime of the  ith response  

%e e x p r e s s i o n s  f o r  t h e  f i r s t  t h r e e  Wiener k e r n e l s  then become:  

a v e r a g e  r e s p o n s e  s t reng th  (8) 

r e s p o n s e  re la ted  weighted 
a v e r a g e  of s t imulus  epochs 

spa t io - tempora l  covar iance  m a t r i x  

3 5 5 



Dealing with th i s  type of d i s c r e t e  r e s p o n s e  r a t h e r  than wit11 sp:k, 
"robability dens i t i es  defini te ly h a s  i t s  d rawbacks .  It  i s  not l ikely that E.-.,,5 

I 
.I 

r e s u l t s  wil l  be  when the  f i r i n g  r a t e  of the c e l l  i s  pr imari1)-  ~ f i ! : : : , . , , ?  j 
by the  s t imulus .  In such  i n s t a n c e s  t h e  a b s e n c e  of s p i k e s  h a s  to  be Inter?:,.,., ( 
a s  a  response .  Absences ,  however ,  a r e  i m p o s s i b l e  t o  define if the 
f i r ing  r a t e  i s  a l r e a d y  low, a s  i n  t h e  c a s e  of many c o r t i c a l  c e l l s .  

5. P i lo t  Study 

In the pre l in l inary  s tudy c e r t a i n  s implifying assumpt ions  wer?: ::.. .,... 
main ly  in  o r d e r  to m e e t  the  l imi ta t ions  of the ava i lab le  equipment .  i7 : r , : ,  . . . 

ducing a  continuous s p a t i o - t e m p o r a l  whitc  no ise  s t imulus  i s  no triv:ai ::: ,::. . ,  
One obs tac le  i s  the  f l i cker  p roduced  by o r d i n a r y  TV s c a n  and notli;:: I,:, :.,.:, 
f i lm.  A s i m p l e  way t o  p roduce  a  cont inuous no ise  s t imulus  cons i s t s  ::i .:.: ... : 
white noise t o  the x ,  y  and in tens i ty  inputs  of the  d i sp lay  scope.  .A.l~!..,~i:::.. , , 
a  s t imulus  does  not m e e t  the s p e c t r a l  r e q u i r e m e n t s  of Gauss ian  whltt: :.: ..., 
i t  proved adequate fo r  obtaining a  rough e s t i m a t e  of hl. 

In th i s  e x p e r i m e n t  t h e  r e s p o n s e s  w e r e  cons idered  d i s c r e t ~ . .  :\ :... :%- 
a n a l y z e r  was designed to s e l e c t  b u r s t s  and m e a s u r e  t h e i r  s t reng th  by i:, ,. : 
the number of sp ikes .  The  functioning of the a n a l y z e r  i s  explained ::: i :;. . . 

Fig. 3 shows the g e n e r a l  a r r a n g e m e n t  used  f o r  the r e c o r c l i n ~  j ~ . , , .  - 
A single tape i s  run through two ad jacen t  tape r e c o r d e r s .  The  one url r::,. : .  + , 

reproduces  the  s t imulus  while  the  one on t h e  lef t  r e c o r d s  the s ingle  u:::; :... 
sponse  on a  different  t r a c k  of the  s a m e  tape. Note tha t  the t e m p o r a l  r e - :  ,:. : 

sh ip  between s t imulus  and r e s p o n s e  is p r e s e r v e d .  

In the subsequent  d a t a  p r o c e s s i n g  t h e  a r r a n g e m e n t  shotvn i n  I;:-. i . a  

used .  

The s t i m u l u s  i s  played back jus t  a s  in  record ing  s e s s i o n  esc<:jit : r : ., 
f a c t  that  the b r igh tness  input  z i s  only t r i g g e r e d  for  a  3 m s  in te rva l  tvi:,.::. i .  : 

' the pulse ana lyzer  de tec t s  a  r e s p o n s e  in t h e  r e c o r d e d  f i r ing  pat tern c;i ti: , .  , .. 
The br igh tness  pulse i s  p r o p o r t i o n a l  to  the n u m b e r  of sp ikes  in t h ~ .  r c ~ ~ ; , ~ ~ :  . 8  

such  that  the b r igh tness  of the d i sp lay  i s  weighted accord ing  to thc str,.::;::. 
r e s p o n s e  to which it  i s  re la ted .  By adjust ing the d i s tance  be t~veen  ti:<, : . 
r e c o r d e r s  with. the help of the  m i c r o d r i v e ,  the 3 m s  in te rva l  of d i s p l ~ y  i . 1 : :  , ,  

chosen  to p recede  the r e s p o n s e  by a  given t i m e  T. It  can thus be ma(![. ::. : 8 . .  

anywhere within the s t imulus  epoch  re levan t  to the r e s p o n s e  (F ig .  5) .  

A  c a m e r a  with a n  open s h u t t e r  located in f r o n t  of the scope scrC.1.:; . .  * . *  

the  averag ing  by summing  u p  a l l  the 3 m s  f lashes  displayed. 

F o r  e v e r y  set t ing of the  advance  t i m e  T a n  a v e r a g e  p ic ture  i s   oh:,^::., 

By varying T  in s m a l l  s t e p s ,  t h e  whole re levan t  s t i m u l u s  epoch can bc. s~..b:.: ' 
Thus  a  sequence of photographs i s  obtained which i l l u s t r a t e s  the spativ-:*.::::. ' .  
s t r u c t u r e  of the a v e r a g e  r e s p o n s e  r e l a t e d  s t imulus  epoch. 

The quest ion a r i s e s  a s  t o  how long a  record ing  s e s s i o n  has to  bc. :;: : 

t o  produce adequate r e s u l t s .  In t h e  c a s e  of a  finite s a m p l e ,  the estlm.l.:t. :.: : 

the f i r s t  Wiener k e r n e l  hl i s  equa l  t o  the s a m p l e  m e a n  



1 V a r  lMn = - V a r  X 

,e have 
A 1  1 var h ( T )  = - Var  [-- a. y. t . - s ) l  

1  P '  

The v a r i a n c e  of  t h e  s t i m u l u s  input i tself  c a n  be  taken  a s  a n  upper  
,,"nd for  the v a r i a n c e  I (x ,  y ,  t i  - T )  a t  the  fix point (x, y). If 2. 500 equa l ly  
seed points a r e  to  b e  r e s o l v e d  on the display s c r e e n ,  i t  can  be  a s s u m e d  
$t perhaps a  thousand of t h e s e  a r e  the  o r ig in  of a n  a p p r e c i a b l e  input to  the 

On the  a v e r a g e ,  e a c h  input thus con t r ibu tes  one-thousandth of t h e  total  
.e,ponse. If t h r e e  in tens i ty  l e v e l s  a r e  to  be reso lved ,  the  n u m b e r  n of  sarr.- 
.its in  fo rmula  (12) above f o r  the v a r i a n c e  of the e s t i m a t e  h a s  to be c h o s e n  
Irger than 3 , 0 0 0 .  The  a v e r a g e  r e s p o n s e  r a t e  i s  of the  o r d e r  of one  p e r  
,econd such  tha t  the t i m e  r e q u i r e d  f o r  the col lect ion of 3.000 s a m p l e s  amounts  
3 about 50 minutcs .  

This  i s  a v e r y  rough e s t i m a t e .  The fact  tha t  the  thousand inputs  do 
:ot contr ibute  equal ly r e d u c e s  the requ i red  t ime.  On the  o t h e r  hand, not a l l  
:csponses a r e  s t in lu lus  r e l a t e d ,  s ince  the input-output re la t ionsh ip  i s  con-  
rminated with o t h e r ,  unkno\vn inputs  a s  well  a s  spontaneous act ivi ty .  T h i s  
.ontamination, of c o u r s e ,  r e q u i r e s  a  lengthening of the  r e c o r d i n g  t i m e .  

The  r e s u l t s  shown in Fig. 6 w e r e  obtained f r o m  a half-hour  r e c o r d  of 
,s imple ce l l  f r o m  the p r i m a r y  v i sua l  c o r t e x  of the cat .  The  p i c t u r e s  r e p r e -  
,tnt a  computer  p r o c e s s e d  v e r s i o n  of the photographs and  d i s t inguish  2. 500 
:oints, each  with t h r e e  d i s c r e t e  in  t ens i ty  levels .  The poor spa t ia l  resolutior.  
I partly due to  i n a c c u r a t e  reproduct ion of the s t i m u l u s  i n  d i f fe ren t  r e p l a y s .  
:he va r iance  i n  the  posi t ion of the scope  t r a c e  amounted  t o  m o r e  than 10 p e r -  
:ent of the hor izon ta l  d imens ion .  With be t te r  equipment  and the r e a l  s p a t i o -  
,?mporal G a u s s i a n  white no ise  s t imulus ,  a  much  h igher  resolut ion could be 
:xpected f r o m  a r e c o r d  of the  s a m e  length. 

It s e e m e d  n e c e s s a r y  to  dev ise  a n  exper imenta l  t e s t  f o r  the s p a t i a l  and 
cmporal reso lu t ion  of which the exper imenta l  s e t - u p  i s  capable.  F o r  t h i s  
mrpose a  s i m u l a t o r  with v e r y  wel l  defined t r a n s f e r  c h a r a c t e r i s t i c s  w a s  d e -  

rigned. I t ' s  function i s  i l l u s t r a t e d  i n  Fig.  7. 

Two photo d iodes  moni tor  the a v e r a g e  l ight  in tens i ty  of two p a r a l l e l  
iars in the  v i sua l  field. If the light in tens i t i es  r e a c h  t h e i r  r e s p e c t i v e  t h r e s h -  
Jd two "neurons" A and B f i r e  with a  t i m e  de lay  T. A connection f r o m  
j to A inhibi ts  A whenever  B f i r e s .  This  inhibition a r r i v e s  a t  A with a  de lay  
310 ms and l a s t s  f o r  a  per iod  of 12 m s .  A, which i s  being moni tored ,  wil l  
kerefore f i r e  a t  s o m e  a r b i t r a r y  t i m e  t  i f  and only i f  t h e  light intensi ty  on  b a r  ! 
l c e e d s  t h r e s h o l d  a t  t i m e  t - T  and the light intensi ty  on  b a r  11 was  below t h r e s h -  
dd f r o m  t i m e  t - T - l 0 t n s  to  t - T - 2 2  m s .  The e s t i m a t e  f o r  hl o b t a i n e d  f r o m  
~ 1 0 - m i n u t e  r e c o r d  shows  tha t  the a v e r a g e  s t imulus  epoch  i n  the  exper in len t  
~pptox imates  t h e  p r e d i c t e d  s p a t i o - t e m p o r a l  s t r u c t u r e  qui te  well  (F ig .  8). 

6. Conclusion 

The  pi lot  s tudy showed that ,  i n  spi te  of the  l a r g e  n u m b e r  of inputs  



which have t o  be reso lved  f o r  adequate spa t ia l  reso lu t ion ,  a  Wiener - typr  
a n a l y s i s  can  be expected to produce r e s u l t s  f r o m  r e c o r d i n g  s e s s i o n s  la,::.  .s 
one  o r  two hours .  In o r d e r  to m a k e  the invest igat ion m o r e  q u a n t i t a ~ i ~ , .  ,,?,: 

t o  extend i t  t o  the  second o r d e r  Wiener  k e r n e l ,  i t  wi l l  be n e c e s s a r y  t o  t ! , . . , . , ; . -  
a highly reproduc ib le  and well defined s p a t i o - t e m p o r a l  G a u s s i a n  w!litc r.;,:,, " 

s t imulus .  The s a m e  s t imulus  should b e  p r e s e n t e d  s e v e r a l  t i m e s  in u r c , . :  ! 

obtain a  cont inuous sp ike  dens i ty  function for  p rocess ing .  If the  ind;.::,::;,,: 
r e s p o n s e  r e c o r d s  a r e  s t o r e d  s e p a r a t e l y ,  the  Wiener  method  could eve: :.. . 
re f ined  f o r  a  m o r e  detai led invest igat ion of the r e s p o n s e  s t r u c t u r e .  \I;:::, 
co lored  no ise  and a n  adequate i n c r e a s e  in  r e c o r d  length,  the  technlquc 
r e a d i l y  adapted t o  the invest igat ion of color  v i s ion  in p r i m a t e s .  
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FIGURE LEGENDS 

Example of a plot obtained with the  Spinelli technique. 

Actual scope t r a c e s  i l lustrat ing the function of the pulse analyzer. 
If two subsequent spikes do not fal l  within a given t ime interval T, 
the c r i t e r ion  for  the onset of a response i s  not met. No output is  
generated ( top f rame) .  If the cr i te r ion  i s  met  (bottom f rame) .  an 
integrator s t eps  up the voltage with every spike. At t ime interval 
TZ, a f t e r  the f i r s t  spike, a 3 m s  pulse proportional to the r e s u l t ~ n ~  
level is generated a t  the output. 

The recording arrangement.  

The process ing  ar rangement .  

The top l ine symbolizes the st imulus,  the bottom line the correspon. 
ding d i sc re t e  responses.  The st imulus epoch which i s  related to the  
response i s  filled in black. A 3 m s  section (initiated by hatching) l o  

flashed onto the display sc reen  with a n  intensity proportional to the 
strength of the corresponding response.  Photographic sumrnatlon of 
a l l  the f lashes  resul t s  in a single f r ame  out of the average stimulus 
epoch. 

Average st imulus epoch of a simple cell  in the pr imary  visual cortcn 
of the cat. The z e r o  point for  the t ime indicated in milliseconds below 
each f r a m e  i s  the f i r s t  spike of the response burst. 

The function of the tes t  s imulator (See text). 

Average st imulus epoch obtained with the t e s t  simulator. The con:n:+n 

t ime delay (See Figure  7)  which only produces an overall  shift rn tr:ns 
has been chosen to  be zero.  The f i r s t  f r a m e  indicates the actual out:;= 

of the two bars .  
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