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Color constancy is the t e r m  given to the ability to recognize  the color  of objects co r r ec t l y  
under different  conditions of illumination. For  this purpose the visual sys tem must  d e t e r -  
mine the cha rac t e r  of the illumination, introduce a cor rec t ion  for it into the special  compo-  
sition of the light rece ived  f rom the object ,  and hence r e c r e a t e  the t rue  color of its surface .  
Behavioral  exper iments  on fish showed that they possess  constant color  vision of objects.  
Elect rophysiological  exper iments  on ganglion cel ls  of the color  type showed that  the s i m -  
plest  mechanisms of cor rec t ion  for illumination a re  found at  the re t inal  level .  An invest iga-  
tion of model a lgor i thms providing for  co lor  constancy showedthat the  p resence  of color  v i -  
sion makes  it much ea s i e r  to recognize  the th ree-d imens iona l  form of objects .  This  fact  
compels  a reexaminat ion of es tabl ished views regard ing  the place and role  of color  vision in 
functions of the animal visual sys tem as a whole. 

IN TRODUC TION 

The main function of the visual system is to recognize surrounding objects. The difficulty in this 
task is that the retinal images even of unchanging objects vary constantly depending on their distance away, 
rotation, the conditions of illumination, and so on. To ensure constancy of perception of external objects 
it must  t he re fo re  be possible to ex t rac t  f rom the re t inal  image information on cer ta in  invariant  p roper t i es  
of the objects themse lves .  One such invariant  p roper ty  of objects is the ref lec t ing power (color) of thei r  
sur face .  Light  re f lec ted  f rom the surface  depends not only on its co lor ,  but a lso  on the cha rac t e r  of i l lu- 
mination.  C o r r e c t  recognit ion of color  under changing conditions of illumination is called color constancy.  
Hence, determinat ion of the color  of an object is possible only provided that cha rac te r i s t i c s  of both the 
re f lec ted  and the incident light a re  lmown. For  this purpose objective pa rame te r s  of illumination in the 
field of vision must  exist .  In the s imples t  cases  these would be a reas  ref lec t ing nea r ly  all the incident 
l ight,  i . e . ,  white sur faces  [5l. Recognition of color  is thus reduced  to the determinat ion of the conditions 
of illumination and the introduction of an appropr ia te  "cor rec t ion  for i l luminations" [8]. 

We now know that  an external  manifestat ion of the operat ion of constancy mechanisms is invariance 
of the response  to a colored sur face  under constant conditions of illumination, and that the condition for 
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Fig. I. Conditioned-reflex changes in heart rate of fish 
to presentation of positive and differential stimuli: a) during 
training, b) control experiments with change in conditions 
of illumination. 
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Fig.  2. Response  of ganglion cel l  of the c a r p  r e t ina  ~:o presenta t ion  
of g reen  pape r  in white and red  i l lumination.  A) Response  of cell  to 
introduction of g reen  pape r  into recep t ive  field ( a r rows  below) in 
white (a) and red  (b} l ight,  and in the b lack  (1) and white (2) pe r iphe ry ;  
B) r e s p o n s e  of cel l  (for compar i son)  to  p resen ta t ion  of pink pape r  in 
white p e r i p h e r y  with white i l lumination; C) total  n u m b e r  of sp ikes  in 
r e s pons e  to br inging st imulu~ into (abscissa} and r emov ing  it f rom 
(ordinate) visual  f ie ld with white (circles} and red  (squares)  i l lumina-  
tion. Black  symbols  denote black p e r i p h e r y ,  white symbols  - -  white. 
T h r e e  expe r imen ta l  points c o r r e s p o n d  to each  type of exper imen t .  
Ar row indicates shif t  of cell  r e sponse  (to p resen ta t ion  of s t imulus  in 
b lack  per iphery)  evoked by  "reddening"  of i l lumination.  

the i r  no rma l  operat ion is the p r e s e n c e  of object ive  p a r a m e t e r s  of  bllumination. Fishes  a re  convenient  
objects  with which to s tudy the physiological  m e c h a n i s m s  of color  cons tancy,  for  the i r  well-<teveloped 
color  vision has a l r e ady  been thoroughly studied [91. 

EXPERIMENTAL METHOD 

B e h a v i o r a l  E x p e r i m e n t s  

E x p e r i m e n t s  were  c a r r i e d  out on c a r p  Cypr inus  ea rp io  L. P e r m a n e n t  e l ec t rodes  to r e c o r d  the ECG 
were  implanted into the fish which were  fixed dur ing the e x p e r i m e n t  in a f r ame  in an aquar ium.  With con -  
s tant  i l lumination a conditioned autonomic defensive re f lex  to e l ec t r i ca l  s t imulat ion was fo rmed kn the fish: 
the hear t  ra te  d e c r e a s e d  in r e s pons e  to p resen ta t ion  of posi t ive s t imul i  (pieces of red pape r  m e a s u r i n g  
2 x 3 cm) with different iat ion to g r ay  and green paper .  The s t imul i  were  p resen ted  consecut ive ly  aga ins t  a 
white background (a sheet  of white paper  measurL~g 8 × 10 cm) 15 em away f rom the aquar ium.  The fish 
could not  see the source  of i l lumination.  The c h a r a c t e r  of i l lumination was var ied  with the aid of color  
f i l t e r s .  

The r e su l t s  of these  e x p e r i m e n t s  showed [1] that  the re f lex  to r ed  s t imul i  and di f ferent ia t ion to green  
and g ray  s t imul i  produced in the fish dur ing cons tant  i l lumination a l so  p e r s i s t e d  a f t e r  a change in the i l lu-  
minat ion (for example ,  toward  b lue -g reen) ,  al though the l ight  r e f l ec t ed  f rom the p ieces  of red  pape r  be~ 
came  ( co lo r ime t r i ea l l y  speaking} even g r e e n e r  than the light r e f l ec ted  f rom the green s t imul i  under the 
conditions of i l lumination used dur ing t ra in ing  (Fig. 1). 

Since the only p a r a m e t e r  of i l lumination was l ight r e f l ec ted  f rom the white b a c k g r o ~ d ,  a change in 
the color  of the background would be bound to a l t e r  the a s s e s s m e n t  of the i l lumination and would lead to in-  
c o r r e c t  r e s p o n s e s  (the phenomenon of "pseudocons tancy ,  [6]). In fact ,  r e p l a c e m e n t  of the white background 
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Fig. 3. Cell r e sponse  to movement  of 
p iece  of green pape r  into visual  field: 
a) var ia t ion  aga ins t  black pe r iphe ry ,  b) 
r e l a t ive  s tabi l i ty  agains t  white p e r i p h e r y  
dur ing var ia t ion  in c h a r a c t e r  of i l lumina-  
t ion within wide l imi t s .  Number  of sp ikes  
in on response  to s t imulus  (on) plotted 
aga ins t  intensity of additional r ed  i l lumi-  
nation ( I red) .  

by blue,  cor responding  to an apparen t  "blueing" of the 
i l lumination,  led to a sha rp  inc rease  in the r e s p o n s e s  
to the different ia l  (green and gray) s t imul i .  Agains t  a 
c r i m s o n  background,  on the other  hand, the response  
to the posi t ive  s t imul i  was reduced.  

Constancy of the re f l exes  to the colored p ieces  of 
paper  with a change in the conditions of i l lumination and 
the predic table  i nco r r ec t  r e sponses  when the information 
on the conditions of i l lumination was d i s to r ted  thus indi- 
cate  that  the ca rp  p o s s e s s e s  color  constancy and that  the 
l ight r e f l ec ted  f rom a white sur face  can be used by the 
c a r p ' s  visual s y s t e m  as an objective c r i t e r ion  of i l lumi-  
nation. 

I n v e s t i g a t i o n  o f  t h e  C e l l u l a r  

M e c h a n i s m s  o f  C o l o r  C o n s t a n c y  

Attempts  to s imula te  color  constancy have shown 
[6] that in the s i m p l e s t  si tuations a co r rec t ion  for  i l lumi-  

nation mus t  be introduced sepa ra t e ly  for each  color  chan-  
nel.  In the visual  s y s t e m  operat ions  of this  s o r t  a r e  

evident ly  c a r r i e d  out somewhere  a t  the pe r iphe ry ,  for  example ,  at  the re t inal  l eve l ,  where sepa ra t e  
co lor  channels  s t i l l  exis t .  

Spike r e s p o n s e s  of co lor -opponent  ganglion cel ls  of the ca rp  Cypr inus  ca rp io  ' L. and the crucian c a r p  
C a r a s s i u s  c a r a s s i u s ,  r eco rded  ex t r ace l lu l a r ly  f rom endings of the i r  axons in the rec tum opticum, were  in- 
ves t iga ted  by the usual method [3, 4]. The recep t ive  field of these  cel ls  (the a r e a  of the field of vision of 
the f ish within which a given cell  r e sponds  to moving st imuli)  m e a s u r e s  5 • 1 ° . 

The s t imul i  (pieces of co lored  pape r  m e a s u r i n g  m o r e  than 10 ° moved on an endless  b lack  band a t  a 
speed of 20 d e g / s e c  under ad i skeon ta in ing  a round (d iamete r  10 °) hole concent r ic  w i t h r e s p e c t t o t h e r e c e p -  
t i r e  field of the cel l .  The d i sk  could be white (objective c r i t e r ion  of i l lumination a t  the p e r i p h e r y  of the 
field of vision of the cell  p resen t ) ,  b lack (cr i te r ion  of i l lumination absent) ,  or  colored.  The field of vision 
was uniformly i l luminated by two sources  (diascopes) .  The intensity and spec t ra l  composi t ion of i l lumi-  
nation were  var ied  with the aid of f i l te rs .  

P r e l i m i n a r y  expe r imen t s  showed that  the cell  r e sponse  depended both on the intensi ty (number of 
sp ikes  in r e s p o n s e s  to br inging the s t imulus  into and tak ing  it out of  the recep t ive  field increased  with an 
inc rease  in intensity) and on the re la t ive  spec t ra l  composi t ion of the l ight  r e f l ec ted  f rom the st imtflus.  
The r e sponse  to br inging the s t imulus  into the recep t ive  field showed c lose r  cor re la t ion  with the l a t t e r .  
In the s e r i e s  b lue - -g r een - -ye l l ow- - r ed  it inc reased  f rom a l m o s t  ze ro  to a powerful  d i scharge .  

In the main expe r imen t  one of the pieces  of colored paper  was p resen ted  sepa ra t e ly  in the b lack  and 
white p e r i p h e r y  under different  conditions of i l lumination.  The p re sence  of an objective c r i t e r ion  of i l lu- 
minat ion (the white per iphery)  in the field of vision was found to make the cell  v i r tua l ly  insensi t ive to 
changes  in the c h a r a c t e r  of  i l lumination (Fig. 2). Fo r  instance,  inc reas ing  the f rac t ion  of r ed  l ight  in the 
s p e c t r u m  of i l lumination r e su l t ed  in the l ight r e f l ec ted  f r o m  the s t imulus  (blue or green paper)  containing 
a high propor t ion  of red  l ight,  and could be judged f rom the l a rge  r e sponse  to br inging the same st imulus 
into the black pe r iphery .  Lhder  the same  conditions of i l lumination,  but in the white pe r iphe ry ,  the r e -  
spouse  to the same  piece of paper  was v i r tua l ly  indistinguishable f rom the r e sponse  to it in white l ight 
(Fig. 2A) and it depended only on the color  of the paper .  

The r e su l t s  of an e x p e r i m e n t  in which the intensi ty of the additional r ed  il lumination was va r i ed  with-  
in wide l imi t s  (by 16 t imes)  a r e  given in Fig. 3. The cell  r e sponse  to br inging the piece  of g reen  paper  
into the black pe r iphe ry  inc reased  fourfold,  whereas  in the white p e r i p h e r y  it r ema ined  p rac t i ca l ly  
unchanged. S imi la r  r e su l t s  were  obtained in r e sponse  to a change in o~e color  of i l lumination toward 
blue,  and with the use of p ieces  of yellow or c r i m s o n  paper  as  s t imul i .  

A phenomenon of ,pseudocons taney"  (ar i s ing  as  a r e su l t  of actuat ion of the m e c h a n i s m  introducing a 
" co r r ec t ion  for  i l luminat ion" under conditions when the p e r i p h e r y  gave i n c o r r e c t  information about the 
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i l lumination) could a l so  be obs e rved  in the expe r imen t s  on these  ce l l s .  Changing the white p e r i p h e r y  for  
g reen  led to the appea rance  of a c l ea r  r e s ponse  to g ray -b lue  pape r  (this was c h a r a c t e r i s t i c  of the r e sp o n se  
to pink). Conve r se ly ,  aga ins t  a r ed  p e r i p h e r y  a piece of yellow paper  ~turned blue" -- the r e sponse  to 
its p resen ta t ion  d i sappeared .  

At the re t ina l  level  in the visual  s y s t e m  of f ish  ve ry  s imple  m e c h a n i s m s  for de te rmin ing  the co lor  of 
objects  f rom the radia t ion emi t ted  f r o m  them thus exis t .  

M e c h a n i s m s  o f  R e c o g n i z i n g  t h e  C o l o r  o f  S o l i d  O b j e c t s  

Recognit ion of the co lor  of  solid objects  is made  m o r e  difficult  (than that  of the f lat  objects  so  f i r  
examined) by the fact  that  knowledge of only the c h a r a c t e r  of the i l lumination is not  suff icient :  the visual  
s y s t e m  mus t  be able to ex t r ac t  ce r ta in  information about the shape and position of the objects  in the visual  
field,  for  radia t ion F (~) re f l ec ted  by the su r face  is de te rmined  by the color  of this su r face  ~ (~), the s p e c -  
t-rum of the sou rce  S(;~), and a l so  by the or ienta t ion ( a )  of this su r face  re la t ive  to the sou rce  (in the case  of 
i l lumination by a dis tant  point source) :  

F (~) = S ~) .  • (~). cos ~. ( i t  

In this  c a s e ,  to recognize  the co lor  ¢(k) not only mus t  a " co r r ec t ion  be in t roduced,  for  the spec t ru m 
of the sou rce  S()~), but cos a m u s t  a l so  be , e l i m i n a t e d . ,  

In d ic romat ic  color  vis ion,  instead of all  the functions of wavelengthX inthis  equation,  it is suff icient  
to cons ider  only pa i r s  of values c h a r a c t e r i z i n g  the co r respond ing  p a r a m e t e r s  s e p a r a t e l y  in the red (R) and 
g reen  (G) reg ions  of the s p e c t r u m :  

F ~ = S R- @~. cos ~. (2) 

F~ = S o. ¢0. cos =. (3) 

Solid Objects, i l luminated by a point s ou rce ,  th row shadows.  Analys is  of the stmdowed a r e a s  of the 
field of vision is made much s i m p l e r  if it is a s s u m e d  that  objects  in the shadow a r e  i l luminated by diffuse 
l ight f rom another  source  (for example ,  by s ca t t e r ed  light f rom the sky).  In that  case  a r e a d y - m a d e '  a l -  
gor i thm for  recogniz ing  the color  of solid objects  i l luminated by diffuse l ight can be used [2]. The p r e -  
sence  of uniformly co lored  a r e a s  of su r face  in the field of vis ion,  c r o s s e d  by boundar ies  between tight and 
shade,  enables  the information r ega rd ing  the color  of these  su r f ace s  "in the shade"  to be used l a t e r  to de -  
t e r m i n e  the c h a r a c t e r  of i l lumination on the other side of this boundary --  in the light. " 

Since it is imposs ib le  here  to dwell in more  detail  on the method of solving the p rob lem of color  con-  
s tancy  for solid objects  i l luminated by a point sou rce ,  we shall  desc r ibe  only a bas ic  idea, by the use of 
which the contr ibution of su r face  or ienta t ion ("e l iminat ion"  of cos a )  in the re f l ec ted  radia t ion can be taken 
into account.  Since the sur face  or ientat ion at the same  point is a lways the s ame  for radia t ions  in di f ferent  
pa r t s  of the s p e c t r u m ,  the ra t io  between exci ta t ions  of two di f ferent  photosensi t ive  r e c e i v e r s  will be inde- 
pendent of that  or ientat ion,  tn other  words ,  in o rde r  to "e l imina te"  cos a it is s imply  n e c e s s a r y  to divide 
one of the equations (2) and (3) by the other .  

The model of a flat  " re t ina l"  image of a cer ta in  th ree -d imens iona l  si tuation,  i l luminated by two 
(point and diffuse) s o u r c e s ,  can thus reproduce  the spec t r a  of radia t ions  f rom these  s o u r c e s ,  the t rue  co l -  
or  of su r f aces  fal l ing in the field of vis ion,  and the or ienta t ion of those su r f aces  a t  each  point re la t ive  to 
the source .  

The proposed model for  the recogni t ion of color  and orientat ion of the sur face  of solid objects was 
cons t ruc ted  for the s i m p l e s t  case  of color  vision with two photosensi t ive r e c e i v e r s  p resen t .  Three  or more  
r e c e i v e r s  improve  its f t~ction.  Conve r se ly ,  reducing  the number  of r e c e i v e r s  to one (the change to a c h r o -  
ma t i c  vision) immedia te ly  makes  it imposs ib le  to sepa ra t e  the contr ibut ion of the sou rce ,  of  or ientat ion of 
the su r f ace ,  and of its color .  

Since the dis t r ibut ion of cos a a t  al l  points of the su r face  t~f an object  a r i s i ng  as  a by -p roduc t  of the 
working of the model  is in fact information about the shape of the object ,  color  vision thus faci l i ta tes  the 
de te rmina t ion  of the shape of a solid object .  A s i m i l a r  conclusion can be drawn on the bas i s  of  genera l  
a r g u m e n t s :  the recogni t ion of shape can be substant ia l ly  s impl i f ied  if the visual  s y s t e m  uses information 
about the s ame  solid shape obtained by two (or more)  independent color  channels .  
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We thus reach the rather  tmexpected conclusion that color vision in most animals is designed not 
only to recognize the color of surrounding objects, bu~ also (and perhaps mainly) to recognize their solid 
shape. * From this point of view it is easy to tmderstand why the principal classes of vertebrates (active- 
ly using vision in their behavior) -- bony fishes, amphibians, repti les ,  and birds, possess color vision 
[7], and that only in the class of mammals (possessing a brain that is so highly developed that it can recog-  
nize the solid shape of objects even without color vision) whole orders {for example carnivores and tm- 
gulates) of animals are  found that evidently do not possess color vision or do not use it in their  behavior. 

The following main conclusions regarding color constancy can be drawn. 

1. Under natural conditions the visual system, starting from the retinal level, can encode the color 
of objects in the field of vision and not the radiation falling on the retina. This fact largely inval- 
idates research  in which the coding of information on color in the visual system has been investi- 
gated in the inadequate te rms of distribution and spectra of radiation on the retina (and not of the 
color of surrounding objects)° 

2. The recognition of the color of surrot~ding objects is inseparably connected with recognition of 
the solid shape of those objects. 

3. The opposite conclusion is evidently valid also: the mechanisms of recognition of shape, at least  
in some animals,  include color vision as an important element. This means that the study of the 
physiological mechanisms of recognition of shape by animals possessing color vision may be 
beset by fundamental difficulties. 
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