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A b s t r a c t  

This  expe r imen ta l  series had a s  i t s  main concern t h e  i n v e s t i g a t i o n  

o f  c e r t a i n  assumed temporal  and s p a t i a l  i n t e r a c t i o n s  of an opponent- 

p roces s  theory  o f  c o l o r  v i s i o n .  A v i s u a l  masking paradigm was used ,  

employing bo th  forward and backward masking sequences .  The r e s u l t s  

i n d i c a t e  t h a t  i n  a backward masking sequence ,  where t h e  t e s t  s t i m u l u s  

fo l l ows  t h e  mask s t i m u l u s ,  g r e a t e r  masking occu r r ed  when t h e  t e s t  and mask 

s t i m u l i  were of non-opponent hues .  For  t h e  forward masking sequence t h e  

r e s u l t s  were l e s s  c l e a r .  The degree  of masking ob t a ined  was markedly l e s s ,  

and when i t  d i d  occur  i t  was g e n e r a l l y  g r e a t e r  f o r  opponent than  non- 

opponent p a i r i n g s  of test-mask hues .  T e s t  s t i m u l u s  hues  were o rde red  

g r e e n ,  ye l l ow ,  r e d ,  b l u e  i n  terms of r e s i s t a n c e  t o  masking,  t h i s  o r d e r  

be ing  t h e  same f o r  bo th  backward and forward masking sequences .  A s i m i l a r  

c o n s i s t e n t  o r d e r i n g  of  t h e  mask s t i m u l u s  hues  was n o t  demons t ra ted .  I t  

is  g e n e r a l l y  concluded t h a t  t h e  r e s u l t s ,  wh i l e  n o t  c o n c l u s i v e ,  do p r o v i d e  

some e m p i r i c a l  s u p p o r t  f o r  an opponent-process t heo ry  of  c o l o r  v i s i o n .  
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- 
I n t r o d u c t i o n  

The g e n e r a l  purpose of t h e  r e sea rch  r epo r t ed  i n  t h i s  t h e s i s  was t o  

i n v e s t i g a t e  c e r t a i n  assumed temporal  and s p a t i a l  i n t e r a c t i o n s  of  an 

opponent-process theory  o f  c o l o r  v i s i o n .  An a t t empt  was made t o  test  t h e  

p o s t u l a t e d  temporal and s p a t i a l  i n t e r a c t i o n s  of opponent-processes based 

on Hurvich & ~ a m e s o n ' s  (1957) r e s t a t e m e n t  of Hering 's  o r i g i n a l  theory  of 

c o l o r  v i s i o n .  

Opponent-process theory  - Hering Model 

The opponent-process theory  a s  o r i g i n a l l y  s t a t e d  p o s t u l a t e s  t h r e e  

independent  v a r i a b l e s  which provide  t h e  b a s i s  f o r  c o l o r  v i s i o n .  These 

t h r e e  v a r i a b l e s  r e p r e s e n t  t h r e e  p a i r s  of p roces se s  i n t e r a c t i n g  wi th  t h r e e  

p a i r s  of  sensory  q u a l i t i e s ;  r ed  (+) - green  (-), yel low (+) - b l u e  (-), 

and t h e  achromat ic  p a i r ,  b lack  (+) - whi t e  (-). Each member of t h e  

i n d i v i d u a l  p a i r s  i s  mutua l ly  opposed t o  t h e  o t h e r  member o f  t h e  p a i r  i n  

terms of  t h e  assumed under ly ing  p h y s i o l o g i c a l  p rocesses .  To d i f f e r e n t i a t e  

between t h e  opposed members t h e  f i r s t  member of each p a i r  i s  l a b e l e d  w i t h  

a p o s i t i v e  s i g n  (+), and t h e  second w i t h  a  n e g a t i v e  s i g n  (-). I n  t h e  

absence o f  chromat ic  s t i m u l i  t h e  opponent response  systems are p o s t u l a t e d  

t o  r e t u r n  t o  a  s t a t e  of equ i l i b r ium.  

The Hurvich 6 Jameson p o s t u l a t e s  

(a )  Temporal i n t e r a c t i o n s  

I n  a d d i t i o n  t o  t he  above Hering p o s t u l a t e s  of mutual  i n h i b i t i o n  of 

opponent p r o c e s s e s ,  Hurvich & Jameson (1957) have a t tempted  t o  d e f i n e  t h e  

s p e c i f i c  temporal i n t e r a c t i o n ' s  o c c u r r i n g  among t h e s e  processes .  I t  i s  

proposed t h a t  momentary a c t i v i t y  i n  one member of  an  opponent p roces s  

p rec ludes  a c t i v i t y  i n  t h e  o t h e r ;  cont inued  a c t i v i t y  i n  t h a t  same member 



however, r e s u l t s  i n  a  dec reas ing  tendency f o r  i t s  cont inued  a c t i v i t y ,  

and an i n c r e a s i n g  tendency f o r  a c t i v i t y  i n  t h e  opponent member. For 

example, s t i m u l a t i o n  of t h e  r ed  p roces s  r e s u l t s  i n  an i n i t i a l  i n h i b i t i o n  

of t h e  green  p roces s ,  however w i t h  cont inued  s t i m u l a t i o n  t h e r e  is  a  

dec reas ing  tendency f o r  t h e  red  response  and an  i n c r e a s i n g  tendency f o r  

t h e  green response.  

(b)  S p a t i a l  i n t e r a c t i o n s  

Not on ly  a r e  t h e  v i s u a l  responses  modi f ied  by changes i n  t i m e ,  b u t  

i n  a d d i t i o n ,  Hurvich & Jameson p o s t u l a t e  a  s i m i l a r  s p a t i a l  i n t e r a c t i o n  

That i s ,  an i n i t i a l  response  i n  one member of an  opponent p roces s  r e s u l t s  

i n  a  momentary i n h i b i t i o n  of responses  i n  s p a t i a l l y  a d j a c e n t  p roces se s .  

Continued a c t i v i t y  i n  t h i s  member r e s u l t s  i n  a  dec reas ing  tendency f o r  

i t s  cont inued  a c t i v i t y  and an i n c r e a s i n g  tendency f o r  a c t i v i t y  i n  t h e  

s p a t i a l l y  a d j a c e n t  opponent process .  Such s p a t i a l  i n t e r a c t i o n s  a r e  

o f f e r e d  a s  e x p l a n a t i o n  f o r  t h e  f a m i l i a r  c o l o r  c o n t r a s t  phenomenon such 

as ' s imul taneous  c o l o r  c o n t r a s t '  o r  ' c o n t r a s t  enhancement' . 
Psychophysical  ev idence  

Experimental  suppor t  f o r  t h e  p o s t u l a t e d  temporal  i n t e r a c t i o n s  among 

opponent p roces se s  has  been o f f e r e d  by Keston (1965). The purpose of 

Keston 's  i n v e s t i g a t i o n  was t o  de te rmine  t h e  changes i n  pe rce ived  c o l o r  

produced by t h e  temporal succes s ion  of  two b r i e f ,  superimposed p u l s e s  of  

l i g h t ,  t h i s  procedure being termed ' t empora l  chromat ic  i n d u c t i o n '  by 

Keston. The i n t e r a c t i o n  of two s u c c e s s i v e  p u l s e s  of e q u a l  luminance and 

d u r a t i o n  was s t u d i e d  a s  a  f u n c t i o n  o f  pu lse-dura t ion  and luminance. The 

s t i m u l i  c o n s i s t e d  of a  red  f l a s h  followed by a  near-white  f l a s h .  Both 

p u l s e s  were p re sen t ed  t o  t he  same a r e a  of t h e  r e t i n a .  There was no da rk  

i n t e r v a l  between pu l se s .  P u l s e  d u r a t i o n s  ranged from 10 - 250 msecs. and 



luminances were 21.0, 2.1 and 0.21 mL. Changes i n  perce ived  c o l o r  were 

measured by s u b j e c t i v e  r e p o r t s  of hue and s a t u r a t i o n .  The r e s u l t s  

i n d i c a t e d  t h a t  a s  t he  p a i r e d  pulse-dura t ions  lengthened,  r eds  became 

i n c r e a s i n g l y  d e s a t u r a t e d ,  then wh i t e ,  then  f i n a l l y  blue-green. Keston 

proposes t h a t  h i s  r e s u l t s  a r e  analogous t o ,  and c o n s i s t e n t  w i t h  

Jameson & ~ u r v i c h ' s  (1961) f i n d i n g s  t h a t  i n  s p a t i a l  i n t e r a c t i o n s  a f f e c t -  

i n g  perce ived  c o l o r ,  induced responses  a r e  opponent t o  t hose  of t h e  

inducing  s t i m u l i .  A p a r a l l e l  may b e  drawn (a l though Keston admits  t o  

o v e r s i m p l i f i c a t i o n )  between h i s  f i n d i n g s  i n  temporal i n t e r a c t i o n s  of 

hues and those  of Jameson & Hurvich i n  t h e  s p a t i a l  realm. 

I n  t h e i r  i n v e s t i g a t i o n  of s p a t i a l  i n t e r a c t i o n s  of pe rce ived  c o l o r ,  

Jameson & Hurvich a l s o  have shown t h a t  an a r e a  of ' da rkness '  i n t e r p o s e d  

between t h e  f o c a l  a r e a  and the  inducing a r e a  appeared t o  reduce induc- 

t i o n  e f f e c t s .  According t o  Keston, t he  i n t r o d u c t i o n  of a  ' da rk  i n t e r -  

v a l '  i n  a  temporal i n t e r a c t i o n  s i t u a t i o n  does n o t  appear  t o  s e r v e  t h e  

same func t ion .  The dark  i n t e r v a l  ( o r  i n t e r s t i m u l u s  i n t e r v a l )  may 

serve t o  enhance t h e  degree  of i n t e r a c t i o n ,  t o  dec rease  t h e  i n t e r a c t i o n ,  

o r  i t  may have no e f f e c t .  I n  o t h e r  words, t h e  dark  i n t e r v a l  i n t e r a c t s  

w i t h  va r ious  o t h e r  parameters  ( n o t  s p e c i f i e d )  i n  determining perce ived  

c o l o r  i n  temporal i n t e r a c t i o n  s i t u a t i o n s .  I t  would appear  t h a t  s y s t e m a t i c  

i n v e s t i g a t i o n  of t h e s e  parameters  is  warranted  i n  an a t t empt  t o  d e f i n e  

t h e  n a t u r e  and s i g n i f i c a n c e  of temporal i n t e r a c t i o n s  i n  c o l o r  v i s i o n  

theo ry ,  

Q u i t e  a p a r t  from t h e  s p a t i a l  and temporal i n t e r a c t i v e  e f f e c t s  between 

members o f  t h e  opponent p r o c e s s e s ,  i . e .  between R+ and G - ,  and between 

Y+ and B-, t h e r e  appears  t o  be impor tan t  d i f f e r e n c e s  between the  t h r e e  

p a i r e d  processes .  The t h r e e  p a i r s  of v i s u a l  response  p roces ses  appear  

t o  be independent of each o t h e r ;  t h a t  i s ,  they e x h i b i t  d i f f e r e n t i a l  



response  t h r e sho lds  and fo l low d i f f e r e n t i a l  r a t e s  of  i n c r e a s e  w i t h  

i n c r e a s e s  i n  t h e  s t r e n g t h  of  s t i m u l a t i o n .  According t o  Hurvich 6 

Jameson ( l 9 5 7 ) ,  t h e  response  t h r e s h o l d s  of t h e  t h r e e  p a i r e d  p roces se s  

are a  f u n c t i o n  of  photochemical a b s o r p t i o n  a c t i v i t y  o r  ' s e n s i t i v i t y 1 :  

t h a t  is, i n  t h e  achromatic  (black-white)  p a i r ,  t h e  amount of  photo- 

chemical  a b s o r p t i o n  neces sa ry  t o  e x c i t e  t h e  achromat ic  w h i t e  response  

is  less than  t h e  amount o f  photochemical a c t i v i t y  r e q u i r e d  t o  s t i m u l a t e  

e i t h e r  t h e  R K -  o r  Y+B- chromatic  p a i r s .  S i m i l a r l y ,  t h e  red-green 

system h a s  a  lower t h r e s h o l d  than  t h e  yellow-blue system. Some sup- 

p o r t  f o r  such  d i f f e r e n t i a l  response  t h r e s h o l d s  may be  ob t a ined  from 

"small  f i e l d  dichromasy" s t u d i e s  i n  which t h e  eye  behaves,  w i t h  r e s p e c t  

t o  s t i m u l i  t h a t  are very  s m a l l  i n  a r e a  (20'  of v i s u a l  ang le )  and of  

low i n t e n s i t y ,  i n  a manner s i m i l a r  t o  t h a t  of t h e  c o n g e n i t a l  t r i t a n o p e  

who can only  d i s c r i m i n a t e  r e d s  and g reens .  Th i s  dichromatism f o r  s m a l l  

l i g h t  s o u r c e s  appears  t o  suppor t  t h e  view of  Hurvich and Jameson t h a t  

a t  l e v e l s  (nea r  t h r e s h o l d )  which a r e  s u f f i c i e n t  t o  a c t i v a t e  t h e  red- 

g r e e n  system, t h e  yellow-blue system f a i l s  t o  respond. 

With i n c r e a s e s  i n  l e v e l s  of luminance t h e  t h r e e  p a i r e d  sys tems  a l s o  

show d i f f e r e n c e s  i n  r a t e  of  response  i n c r e a s e  (Hurvich S Jameson, 1957).  

For  example, t h e  achromat ic  response  i n c r e a s e  is probably  t h e  most r a p i d  

of  t h e  t h r e e ,  r e s u l t i n g  i n  d e s a t u r a t i o n  of s p e c t r a l  s t i m u l i  a t  h i g h  

i n t e n s i t y  l e v e l s .  The yellow-blue system, a l t hough  e x h i b i t i n g  a  h i g h e r  

response  t h r e s h o l d  a s  noted e a r l i e r ,  shows a  more r a p i d  r a t e  of i n c r e a s e  

i n  response  a s  luminance l e v e l s  i n c r e a s e  than  does t h e  red-green system. 

The d i f f e r e n c e s  i n  response  i n c r e a s e  w i t h  changes i n  i l l u m i n a t i o n  account  

f o r  t h e  dec reas ing  s a t u r a t i o n  of hues w i t h  i n c r e a s i n g  i l l u m i n a t i o n  and 

t h e  tendency f o r  mixed hues t o  be  more ye l low o r  b l u e  a t  h i g h  l e v e l s  of 



i l l m i n a t i o n  and more r ed  o r  g r een  a t  low i l l u m i n a t i o n  l e v e l s - ( L e  Grand, 

1957). Such hue s h i f t  phenomenon a r e  known a s  t h e  Bezold-Brucke e f f e c t s .  

Neurophys io logica l  ev idence  

C e n t r a l  t o  t h e  Hurvich and Jameson (1957) r e s t a t e m e n t  of Her ing ' s  

p o s t u l a t e s  is  t h e  concept  of induced a c t i v i t y  i n  s p a t i a l l y  a d j a c e n t  

p roces se s  a s  o u t l i n e d  e a r l i e r .  The work of H.  K. H a r t l i n e  and 

a s s o c i a t e s  is e s p e c i a l l y  impor tan t  i n  p rov id ing  a  p h y s i o l o g i c a l  view- 

p o i n t  i n  t h i s  concept of  l a t e r a l  i n h i b i t i o n  and e x c i t a t i o n  of a d j a c e n t  

n e u r a l  even t s .  H a r t l i n e  (1956) has  found t h a t  t h e  d i s c h a r g e  of impulses  

i n  any one o p t i c  ne rve  f i b e r  i n  t h e  Limulus ommatidia depends n o t  on ly  

upon t h e  s t i m u l a t i o n  of  t h e  s p e c i f i c  r e c e p t o r  from which t h e  n e u r a l  

f i b e r  a r i s e s ,  b u t  a l s o  upon t h e  s t i m u l a t i o n  ove r  t h e  e n t i r e  popu la t i on  

of mutua l ly  i n t e r a c t i n g  e lements .  L a t e r a l  i n h i b i t i o n  and e x c i t a t i o n  i s  

n o t  on ly  conf ined  t o  i n v e r t e b r a t e s  b u t  h a s  been i n v e s t i g a t e d  and con- 

f i rmed i n  t h e  v e r t e b r a t e s ,  i nc lud ing  t h e  f r o g  (Barlow, 1953 a ,  b )  and 

t h e  c a t  ( K u f f l e r ,  1953).  

The c u r r e n t  s t a t u s  of p h y s i o l o g i c a l  ev idence  f o r  t h e  e x i s t e n c e  of 

n e u r a l  p roces se s  w i t h i n  t h e  v i s u a l  system which respond t o  s p e c i f i c  wave- 

l e n g t h s  and i n t e n s i t i e s  appears  t o  s u p p o r t  an opponent-process model 

i n  many r e s p e c t s .  DeValois,  Abramov and Jacobs  (1966) conducted a  

d e t a i l e d  a n a l y s i s  o f  a  popu la t i on  of s i n g l e  c e l l s  i n  t h e  l a t e r a l  gen ic -  

u l a t e  nuc l eus  (LGN) of t h e  macaque monkey. On t h e  b a s i s  of t h e  o b t a i n e d  

responses  t o  monochromatic l i g h t  t h e s e  LGN c e l l s  were d i v i d e d  i n t o  two 

g e n e r a l  c l a s s e s :  

(a)  s p e c t r a l l y  non-opponent c e l l s  responding t o  a l l  wavelengths ,  and,  

(b) s p e c t r a l l y  opponent c e l l s  responding t o  c e r t a i n  p o r t i o n s  of t h e  

spectrum. Four types  o f  s p e c t r a l l y  opponent c e l l s  were c l a o s i f i e d :  



( i )  red  e x c i t a t o r y  and g reen  i n h i b i t o r y  (+R-G), 

( i i )  g r een  e x c i t a t o r y  and r ed  i n h i b i t o r y  (+G-R),  

( i i i )  ye l low e x c i t a t o r y  and b l u e  i n h i b i t o r y  (+Y-B), 

( i v )  b l u e  e x c i t a t o r y  and ye l low i n h i b i t o r y  (+B-Y). 

Comparisons w i th  psychophysical  d a t a  appear  t o  i n d i c a t e  t h a t  t h e  

s p e c t r a l l y  non-opponent c e l l s  t r a n s m i t  b r i g h t n e s s  i n fo rma t ion ;  opponent 

cells however, appear  t o  t r a n s m i t  i n fo rma t ion  about  c o l o r  (DeValois, 

1965). Subsequent r e s e a r c h  h a s  confirmed t h e s e  f i n d i n g s  (DeValois,  

Abramov and Mead, 1967).  I n  f u r t h e r  neu rophys io log ica l  a n a l y s e s  of t h e  

responses  of  c e l l s  i n  t h e  macaque LGN, Abramov (1968) s u g g e s t s  p o s s i b l e  

a s s o c i a t i o n s  between cone types  i n  t h e  r e t i n a  and t h e  s p e c t r a l l y  oppo- 

n e n t  cells i n  t h e  LGN. It appears  t h a t  +R-G and +G-R c e l l s  a r e  

a s s o c i a t e d  w i t h  cone pigments having a b s o r p t i o n  maxima a t  535 and 570 

m i l l i m i c r o n s ,  a l s o ,  +Y-B and +B-Y a r e  a s s o c i a t e d  w i t h  445 and 570 m i l l i -  

micron cone types .  These f i n d i n g s  b a s i c a l l y  s u p p o r t  a  t h r e e  pigment - 
n e u r a l  opponent response  model of  t h e  type  proposed by Hurvich and 

Jameson (1957). 

The Bezold-Brucke e f f e c t ,  r e f e r r e d  t o  p r e v i o u s l y  i n  t h e  c o n t e x t  of 

d i f f e r e n t i a l  r a t e s  of  response  i n c r e a s e  of opponent p a i r s  based on 

psychophys ica l  d a t a ,  may now a l s o  be viewed w i t h i n  a  p h y s i o l o g i c a l  

framework. Some h i n t s  a s  t o  t h e  neu rophys io log ica l  mechanisms under- 

l y i n g  t h e  Bezold-Brucke e f f e c t  a r e  s een  i n  t h e  opponent c e l l  r e sponses  

ob t a ined  by DeValois (1965) i n  t h e  macaque LGN. More s p e c i f i c a l l y ,  t h e  

manner i n  which t h e  i n h i b i t o r y  (-) and e x c i t a t o r y  (+) proces se s  vary  a s  

a  f u n c t i o n  of i n t e n s i t y  can now be  examined i n  terms of t h e  above e f f e c t .  

I n  t h e  +R-G c e l l  popu la t i on  t h e  e x c i t a t o r y  phase i s  u s u a l l y  more s e n s i t i v e  

a t  low i n t e n s i t i e s ,  w i t h  maximum e x c i t a t o r y  responses  o c c u r r i n g  a t  570 



mp. A s  i n t e n s i t y  i n c r e a s e s  more and more i n h i b i t i o n  from the--G p roces s  

occurs .  This  i n h i b i t i o n  t ends  t o  l i m i t  t h e  i n c r e a s e  i n  e x c i t a t i o n  i n  t h e  

570-600 mp range ,  and a t  some o f  t h e s e  wavelengths  i n c r e a s e s  i n  i n t e n s i t y  

may begin  t o  produce a  dec rease  r a t h e r  t han  an  i n c r e a s e  i n  f i r i n g  r a t e ,  

i n  o t h e r  words,  t h e  i n t e n s i t y  response  curve r e v e r s e s  i t s  s l o p e  a t  h igh  

i n t e n s i t y  l e v e l s .  A t  t h e  l onge r  wavelengths  (above 600 mp) an i n c r e a s e  

i n  i n t e n s i t y  produces a  s t e a d y  i n c r e a s e  i n  f i r i n g  r a t e  w i th  l i t t l e  o r  no 

i n h i b i t i o n  from t h e  -G p roces s .  A s  a  r e s u l t ,  a s  i n t e n s i t y  i n c r e a s e s  

t h e r e  is  a  p r o g r e s s i v e  s h i f t  i n  t h e  maximum e x c i t a t i o n  i n  a  +R-G c e l l  

from 570 t o  600 m u  o r  more. Assuming t h a t  t h e  +R-G c e l l s  a r e  s i g n a l l i n g  

"red" w i t h  an i n c r e a s e  i n  a c t i v i t y ,  and "green" w i th  a  dec rease  i n  a c t i v i t y ,  

then t h e  pe rce ived  c o l o r  changes t h a t  make up t h e  Bezold-Brucke e f f e c t  a r e  a s  

expected.  A s  i n t e n s i t y  i s  i n c r e a s e d ,  l o n g e r  and longe r  wavelengths  a r e  

necessary  t o  ma in t a in  a  degree  of pe rce ived  "redness" ,  a s  i n t e n s i t y  is 

i n c r e a s e d ,  l onge r  and longe r  wavelengths  a r e  a l s o  neces sa ry  t o  produce 

maximum f i r i n g  r a t e  of t h e  +R-G c e l l s .  A s i m i l a r  argument may be  a p p l i e d  t o  

t h e  s h i f t s  i n  response  of t h e  +G-R c e l l s .  I n c r e a s i n g  t h e  i n t e n s i t y  of  l i g h t  

from t h e  g reen  p a r t  of t h e  spectrum n e c e s s i t a t e s  a  p r o g r e s s i v e  s h i f t  toward 

s h o r t e r  wavelengths  t o  m a i n t a i n  t h e  same pe rce ived  c o l o r ,  i .e .  a l o w  i n t en -  

s i t y  l i g h t  of  550 mu may appear  t o  have t h e  same c o l o r  a s  a  h igh  i n t e n s i t y  

l i g h t  of  530 mp. 

It should  be no ted  t h a t  t h e  p h y s i o l o g i c a l  s t u d i e s  under c o n s i d e r a t i o n  

have been conducted on infra-human s p e c i e s  and t h a t  a t t e m p t s  t o  g e n e r a l i z e  

t o  t h e  psychophysics  of human v i s u a l  responses  a r e  n a t u r a l l y  open t o  

c r i t i c i s m .  Evidence suppor t i ng  such a  g e n e r a l i z a t i o n  however, may be drawn 

from behaviora l  s t u d i e s  which have shown t h a t  t h e  macaque monkey ( f o r  example) ,  

and man, have t h e  same s e n s i t i v i t y  t o  l i g h t  and t h e  same c o l o r  v i s i o n  

(DeValois, 1965; Devalois  and Jacobs ,  1968).  Biochemical ev idence  i n d i c a t e s  



a c l o s e  correspondence between macaque photopigments and those  of man 
\ 

(Marks, Dobel le  and MacNichol, 1964).  

The exper imenta l  problem 

I n  l i g h t  of t h e  s u p p o r t ,  ob t a ined  from both psychophys ica l  and 

p h y s i o l o g i c a l  d a t a ,  f o r  an i n t e r p r e t a t i o n  of  c o l o r  v i s i o n  i n  terms o f  

an  opponent-process system, t h i s  i n v e s t i g a t i o n  had a s  i ts  main concern 

t h e  t e s t i n g  of hypotheses  de r ived  from t h e  p o s t u l a t e d  s p a t i a l  and 

temporal  i n t e r a c t i o n s  of  opponent-processes i n  c o l o r  v i s i o n  theory .  

S ince  t h e  problem t o  be  i n v e s t i g a t e d  was t h e s e  temporal  i n t e r a c t i o n s  

among opponent s enso ry  q u a l i t i e s ,  an exper imenta l  paradigm was devised  

i n  which temporal ly  s e q u e n t i a l  s t i m u l i  were p re sen t ed  i n  r a p i d  suc- 

c e s s i o n  and which y i e l d e d  a  measure of t h e  i n t e r a c t i o n  of t h e s e  s t i m u l i .  

These c o n d i t i o n s  were m e t  i n  a  v i s u a l  masking paradigm i n  which 

i n h i b i t o r y  e f f e c t s  on a t e s t - s t i m u l u s  can be  induced by e i t h e r  a  pre-  

ceding o r  subsequent  'masking' s t imu lus .  

V i sua l  masking is probably one of t he  most a c t i v e  a r e a s  i n  expe r i -  

men ta l  psychology today,  and accord ing  t o  Kahneman (1968) more s t u d i e s  

of masking and a s s o c i a t e d  phenomena have appeared s i n c e  t h e  most r e c e n t  

review of  t h e  f i e l d  (Raab, l 9 6 3 ) ,  than were c i t e d  i n  t h a t  review. 

Although t h e  major  t h e o r e t i c a l  i s s u e s  i n  masking have n o t  y e t  been 

r e s o l v e d ,  i t s  u t i l i t y  a s  a  t o o l  i n  v i s i o n  r e sea rch  h a s  been amply demon- 

s t r a t e d .  I n  s p i t e  of t h e  widespread use of masking techniques  i n  

p e r c e p t i o n  and a l l i e d  f i e l d s ,  made appa ren t  by both  Raab (1963) and 

Kahneman (1968),  t h e  technique  has  n o t  been employed t o  any g r e a t  e x t e n t  

i n  i n v e s t i g a t i o n s  of temporal i n t e r a c t i o n s  of  hues.  However, i t  was f e l t  

t h a t  such a  paradigm could  be u s e f u l l y  employed i n  t h i s  i n v e s t i g a t i o n  f o r  

t h e  purposes  r e f e r r e d  t o  above. 



Experiment I: Backward Masking and Hue I n t e r a c t i o n -  

The purpose of t h e  f i r s t  s t udy  was t o  i n v e s t i g a t e  t h e  temporal  i n t e r -  

a c t i o n s  of hues employing t h e  v i s u a l  masking paradigm. Hurvich and Jameson 

(1957) p o s t u l a t e d  t h a t  momentary a c t i v i t y  i n  one member of  an opponent p roces s  

p rec ludes  a c t i v i t y  i n  t h e  o t h e r ;  cont inued a c t i v i t y  i n  t h a t  same member, 

however, r e s u l t s  i n  a dec reas ing  tendency f o r  i ts  cont inued  a c t i v i t y  and an 

i n c r e a s i n g  tendency f o r  a c t i v i t y  i n  t h e  opponent member. As an i l l u s t r a t i o n ,  

i t  can be proposed t h a t  e x c i t a t i o n  i n  a r ed  o r  b l u e  p roces s  r e s u l t s  i n  an 

i n c r e a s i n g  tendency f o r  a c t i v i t y  i n  t h e  opponent green  o r  yel low members 

accompanied, o r  fo l lowed,  by a dec reas ing  tendency f o r  cont inued  red  o r  b l u e  

a c t i v i t y  (assuming cont inuous r a t h e r  than  momentary a c t i v i t y  of  t h e  i n i t i a l  

e x c i t a t i o n ) .  

I n  g e n e r a l ,  v i s u a l  masking r e f e r s  t o  a c l a s s  of s i t u a t i o n s  i n  which 

some measure of  t he  e f f e c t i v e n e s s  of a v i s u a l  s t i m u l u s ,  i . e .  a t e s t  s t i m u l u s ,  

is  reduced by t h e  p r e s e n t a t i o n  of ano the r  ( t h e  masking s t i m u l u s )  i n  c l o s e ,  

s p e c i f i e d  temporal c o n t i g u i t y  t o  it. When t h e  mask s t imu lus  fo l lows  t h e  

test s t imu lus  i n  temporal  sequence t h e  s i t u a t i o n  is  termed 'backward mask- 

i n g ' ;  conve r se ly ,  when t h e  test s t imu lus  fo l lows  t h e  mask s t imu lus  t h e  

s i t u a t i o n  is  one of ' forward masking' .  The test  and mask s t i m u l i  may o r  

may n o t  ove r l ap  s p a t i a l l y .  When t h e  test  and mask s t i m u l u s  do n o t  o v e r l a p  

s p a t i a l l y  t h e  ca se s  of forward and backward masking a r e  termed para-  

c o n t r a s t  and me tacon t r a s t  r e s p e c t i v e l y  (Kahneman, 1968).  This  s tudy  

(Expt. I )  employed a backward masking paradigm where t h e  mask s t i m u l u s  

fo l lows  t h e  t e s t  s t imu lus  i n  t ime ,  and t e s t e d  t h e  temporal i n t e r a c t i o n  of 

an i n i t i a l  s t imu lus ,  t h e  t e s t  s t i m u l u s ,  composed of t h e  hues r e d ,  g r e e n ,  

ye l low o r  b l u e  and a subsequent  s t imu lus ,  t h e  mask s t i m u l u s ,  composed of 

t h e  same hues.  Both opponent and non-opponent hues were p a i r e d  i n  a l l  



combinations.  4 

The s p e c i f i c  exper imenta l  hypotheses  f o r  t h i s  s tudy  a r e  a s  fo l lows:  

(1) There is a  g e n e r a l  i n h i b i t o r y  e f f e c t  i n  t h e  form of  a  r educ t ion  

of t h e  e f f e c t i v e n e s s  of t h e  test  s t i m u l u s ,  c o n s i s t i n g  of  red  g reen  

yel low and b l u e  l e t te rs ,  a s  a  f u n c t i o n  of t h e  masking s t imu lus .  

Th i s  r educ t ion  of t h e  e f f e c t i v e n e s s  ( i n  terms of r e c o g n i t i o n )  of t h e  

test s t imu lus  o r  'masking' ,  i s  independent  of t h e  hue combinations 

w i th  t h e  mask s t imu lus .  

(2 )  There is  a  d i f f e r e n t i a l  i n h i b i t o r y ,  o r  masking e f f e c t ,  q u i t e  a p a r t  

from t h e  g e n e r a l  e f f e c t  a s  hypothesized i n  (1)  a s  a  f u n c t i o n  of 

opponent o r  non-opponent r e l a t i o n s h i p s  between t h e  test and mask 

s t imu lus  . 
P r i o r  t o  t h e  main s tudy  o u t l i n e d  above a  p i l o t  series was under taken ,  

f i r s t ,  t o  determine r e c o g n i t i o n  t h r e sho lds  f o r  a l l  l e t t e r  and hue combi- 

n a t i o n s  (A,  T ,  U ,  r e d ,  g reen ,  ye l low and b l u e )  f o r  each s u b j e c t  and second,  

t o  i n v e s t i g a t e  c e r t a i n  v a r i a b l e s  i n  a  masking s tudy .  

Thresholds  were determined employing a  s u b j e c t i v e  conf idence  r a t i n g ,  

i.e. each s u b j e c t  a t t ached  a  percentage  e s t i m a t e ,  from ze ro  t o  one hundred 

p e r c e n t ,  t o  t h e  degree of conf idence  experienced i n  t h e  i d e n t i f i c a t i o n  of 

t h e  p a r t i c u l a r  t e s t  s t imu lus .  From t h e  r e s u l t s  provided i n  t h e  r e c o g n i t i o n  

t r i a l s  a  p l o t  of ' conf idence  r a t i n g  ve r sus  exposure d u r a t i o n  of test  

s t i m u l u s s  was then made f o r  each s u b j e c t .  From t h e s e  p l o t s  an  exposure 

d u r a t i o n  was chosen f o r  each hue a t  a  c e r t a i n  conf idence  r a t i n g  v a l u e  f o r  

t h a t  p a r t i c u l a r  s u b j e c t .  

This  s e l e c t e d  exposure d u r a t i o n  f o r  a  p a r t i c u l a r  hue and s u b j e c t  was 

then employed a s  t h e  t e s t  s t imu lus  d u r a t i o n  i n  t h e  subsequent  p i l o t  masking 

s tudy .  I n  t h i s  p i l o t ,  t h e  v a r i a b l e s  of i n t e r e s t  were,  t h e  i n t e r s t i m u l u s  

i n t e r v a l ,  opponent hue p a i r i n g  of  t e s t  s t imu lus  and mask s t i m u l u s ,  and 



l e t t e r s .  I n t e r s t i m u l u s  i n t e r v a l s  o f  0 ,  20, 40 and 80 msec were inves-  

t i g a t e d ,  w i th  a  c o n s t a n t  mask s t imu lus  d u r a t i o n  of 200 msec. The r e s u l t s  

of  t h e  p i l o t  masking s tudy  then determined t h e  i n t e r s t i m u l u s  i n t e r v a l  

t h a t  was used i n  t h e  main s tudy .  

Method 

Sub jec t s  

F ive  male s u b j e c t s , o f  average age 26 y e a r s ,  were s e l e c t e d  on t h e  b a s i s  

of a t  l e a s t  two c r i t e r i a :  

(1) 20120 v i s i o n ,  a s  determined by t h e  O r t h o r a t e r  tests f o r  a c u i t y ,  

( 2 )  normal c o l o r  v i s i o n ,  a s  determined by Dvorine c o l o r  p l a t e s .  

A s i x t h  s u b j e c t  ( female) ,  a l though having m e t  t h e  above c r i t e r i a ,  was n o t  

inc luded  wi th  t h e  above s u b j e c t s .  The s u b j e c t ' s  responses  were cons idered  

t o  be  t o o  a b e r r a n t  f o r  i n c l u s i o n .  

Apparatus 

P r e s e n t a t i o n  of s t i m u l i  was accomplished us ing  t h e  S c i e n t i f i c  P ro to type  

Model GB three-channel  t a c h i s t o s c o p e  and timer. The l i g h t  s o u r c e  f o r  each 

f i e l d  was Westinghouse ' ~ a y l i g h t '  lamps ( c o l o r  tempera ture  approximately 

6 6 0 0 ~ ~ )  des igna ted  a s  s t a n d a r d  sou rce  'c' as s p e c i f i e d  by t h e  I n t e r n a t i o n a l  

Commission on I l l u m i n a t i o n  (CIE). 

The b r i g h t n e s s  of  a l l  s t i m u l i  i n  each f i e l d  of t h e  t a c h i s t o s c o p e  was 

measured us ing  t h e  P r i t c h a r d  'Spec t r a '  photometer and f l i c k e r  photometry. 

Cor rec t ions  were made us ing  Kodak n e u t r a l  d e n s i t y  f i l t e r s  t hus  ensu r ing  

e q u a l i t y  of  b r i g h t n e s s  a t  8  x  lo-' f o o t  l amber t s  i n  a l l  s t i m u l u s  f i e l d s .  

The t ach i s to scope  eyep iece  was modi f ied  t o  accomnodate an i r i s  d ia -  

phragm f o r  use  a s  an a r t i f i c i a l  p u p i l ,  t h i s ,  i n  con junc t ion  w i t h  a  forehead  

r e s t r a i n t  and c h i n - r e s t ,  ensured e l i m i n a t i o n  from t h e  f i e l d  o f  view o f  a l l  

b u t  t h e  s p e c i f i c  t a r g e t  s t imu lus .  



M a t e r i a l s  4 

The t e s t  s t i m u l i  c o n s i s t e d  of two s e p a r a t e  components: 

(1) 5" x 7" Kodal i th  n e g a t i v e s  i n  t h e  c e n t e r  of which were l o c a t e d  

t h e  t r a n s p a r e n t  letters A ,  T o r  U ,  and, 

(2) Kodak Wratten narrow-band f i l t e r s  w i th  t h e  fo l lowing  c h a r a c t e r i s t i c s :  

( a )  Number 49, de s igna t ed  a s  b l u e ,  dominant wavelength 461 m i l l i -  

microns.  

( b )  Number 73, de s igna t ed  a s  yel low,  dominant wavelength 576 

mi l l imic rons .  

(c )  Number 92,  des igna ted  a s  r e d ,  dominant wavelength 646 m i l l i -  

microns.  

(d )  Number 58,  de s igna t ed  a s  g reen ,  dominant wavelength 538 m i l l i d  

microns.  

By s e l e c t i n g  t h e  a p p r o p r i a t e  t ransparency  and f i l t e r  twelve test s t i m u l u s  

c o n d i t i o n s  can be genera ted .  The test s t i m u l u s  letters subtended a  v i s u a l  

0 
a n g l e  of  0 .5  . 

The masking s t i m u l i  a l s o  c o n s i s t e d  of two components: 

(1) a  5" x 7" Kodal i th  n e g a t i v e  i n  t h e  c e n t e r  of  which is  l o c a t e d  a  

t r a n s p a r e n t  annulus ,  and,  

(2) Kodak Wratten f i l t e r s ,  a s  de sc r ibed  above. 

0 
The masking s t i m u l i  subtended a v i s u a l  ang le  of  1 .4  . A w h i t e  p in-poin t  

l i g h t  sou rce  s e rved  a s  a f i x a t i o n  p o i n t  and was provided i n  t h e  t h i r d  f i e l d  

of t h e  t ach i s to scope .  Diagrammatic r e p r e s e n t a t i o n s  of  t h e  t e s t  and mask 

s t i m u l i  a r e  shown i n  Fig.  1. 

Procedure 

The f i r s t  p i l o t  s t udy  was conducted t o  de te rmine  i d e n t i f i c a t i o n  th resh-  

o l d s  f o r  each hue and l e t t e r  combination f o r  each of t h e  f i v e  Ss us ing  a  

1 s u b j e c t i v e  conf idence  r a t i n g '  method. A p l o t  of ' conf idence  r a t i n g  ve r sus  



(a) Mask ' Stimulus 

- Channel 2 

I I 

l i  
(b) Test Stimulus 

- Channel 1 

@ 
( c )  Subject ive view 

Fig.  1. Diagrammatic representation of stimulus f i gures .  Dotted l i n e  represents 
Kodak Wratten f i l t e r  placed behind stimulus. Stimulus f igures  (annulus and l e t t e r )  

are actual  s i r e ;  stimulus frames (broken l i n e s )  are 5" x 7" .  



exposure d u r a t i o n  of test s t imu lus '  were ob ta ined  f o r  each s u E j e c t ,  per-  

m i t t i n g  t h e  s e l e c t i o n  of exposure d u r a t i o n s  corresponding t o  t h e  75% 

conf idence  r a t i n g  l e v e l  a s  t h e  t e s t  s t imu lus  d u r a t i o n  i n  t h e  subsequent  

exper imenta l  masking procedures.  

P rocedura l ly ,  t h e  de te rmina t ion  of i d e n t i f i c a t i o n  t h r e s h o l d s  f o r  hue and 

l e t te r  combinations f o r  each s u b j e c t  was a s  fo l lows:  a f t e r  a  p e r i o d  of  dark  

a d a p t a t i o n  ( a  minimum of  25 minutes)  each s u b j e c t ' s  t a s k  was t o  i d e n t i f y  t h e  

t a c h i s t o s c o p i c a l l y  exposed l e t t e r  ( A ,  T o r  U) and t h e  hue ( r ed ,  g r een ,  

yel low o r  b lue)  a t  exposure d u r a t i o n s  of 0 ,  5 ,  10 ,  15 ,  20, 30, 40, 50, 60, 

70, 80,  90 and 100 m i l l i s e c o n d s  i n  random sequence. I n s t r u c t i o n s  t o  t h e  

s u b j e c t  were a s  fo l lows:  

"your t a s k  w i l l  be  t o  r e p o r t  t h e  i d e n t i t y  of a  t e s t - s t imu lus  p re sen t ed  

i n  t h e  f i e l d  of t h e  t ach i s to scope .  The s t imu lus  f i g u r e  w i l l  c o n s i s t  of a  

l e t te r  of a  c e r t a i n  hue. You a r e  t o  r e p o r t  t h e  l e t t e r  and t h e  hue,and a t  

t h e  same t i m e  a t tempt  t o  e s t i m a t e  how s u r e  you a r e  i n  your i d e n t i f i c a t i o n  

and r e p o r t  t h i s  degree  of confidence i n  terms of a  percentage  from ze ro  t o  

one hundred. For example, i f  you a r e  completely s u r e  you can i d e n t i f y  a  

' r e d  A ' ,  then r e p o r t ,  ' r e d  A ,  100%'.  You can p r e s e n t  t h e  t e s t  s t i m u l i  a t  

your  own r a t e  by p r e s s i n g  t h e  swi t ch  provided. Between p r e s e n t a t i o n s  be 

s u r e  t o  ma in t a in  l o c a t i o n  of t h e  f i x a t i o n  p o i n t  provided i n  t he  c e n t e r  of 

t h e  f i e l d " .  

From t h e  r e s u l t s  provided i n  t h e s e  r ecogn i t i on  t r i a l s ,  a p p r o p r i a t e  test  

s t imu lus  d u r a t i o n s  were chosen f o r  t h e  subsequent  masking s tudy .  I n  a  

second p i lo t - s tudy  i n  which i n t e r s t i m u l u s  i n t e r v a l  was v a r i e d ,  a  20 msec 

i n t e r s t i m u l u s  i n t e r v a l  was found t o  r e s u l t  i n  optimum masking. 

The procedure f o r  Expt. I d i d  n o t  d i f f e r  g r e a t l y  from t h a t  o f  t he  

p i l o t  r ecogn i t i on  s tudy .  A f t e r  a  pe r iod  of dark a d a p t a t i o n  t h e  s u b j e c t ' s  



t a s k  was t o  i d e n t i f y  t h e  exposed l e t te r  (A, T o r  U) and t h e  hue ( r e d ,  

g r een ,  yel low and b lue )  a t  t h e  predetermined exposure d u r a t i o n ,  w i t h  t h e  

added complexity of a  temporal ly  subsequent  masking s t imu lus  (an annulus  

completely enc los ing  the  t e s t  s t i m u l u s )  of t h e  hues r e d ,  g r een ,  ye l low o r  

b lue .  The d u r a t i o n  of t h e  mask s t i m u l u s  was a  cons t an t  200 msec., t h e  

i n t e r s t i m u l u s  i n t e r v a l ,  between test s t i m u l u s  and mask s t i m u l u s ,  was a  

cons t an t  20 msec. 

I n s t r u c t i o n s  t o  t h e  s u b j e c t  were s i m i l a r  t o  t hose  g iven  above. Each 

t r i a l ,  t h e r e f o r e ,  c o n s i s t e d  of t h e  fo l lowing:  

(1) Dark a d a p t a t i o n ,  ( 2 )  I n s t r u c t i o n s  (omi t ted  a f  ter t h e  f i r s t  t r i a l ) ,  

(3) v e r b a l  ready s i g n a l ,  (4) p r e s e n t a t i o n  of t h e  t e s t  s t i m u l u s ,  (5) I n t e r -  

s t i m u l u s  i n t e r n a l ,  ( 6 )  p r e s e n t a t i o n  of t h e  mask s t i m u l u s  ( 7 )  v e r b a l  r e p o r t ,  

i n c l u d i n g  s u b j e c t i v e  conf idence  r a t i n g .  

There were 48 measures f o r  each s u b j e c t  w i th  t h r e e  l e t t e r s ,  f o u r  mask 

s t i m u l i  hues and f o u r  t e s t  s t i m u l i  hues,  w i t h  bo th  opponent and non- 

opponent p a i r i n g s .  The d a t a  were analyzed i n  a  s u b j e c t s  x 3 x 4  x 4  des ign .  

The experimental  v a r i a b l e s  were l e t t e r s  (A, T and U), mask s t imu lus  hue 

( r e d ,  g r een ,  yel low and b l u e )  and test  s t imu lus  hue ( r e d ,  g r een ,  ye l low and 

b l u e ) .  

Resu l t s  

Measures used i n  t h i s  ana lyses  c o n s i s t e d  of q u a n t i t a t i v e  s t a t emen t s  of 

conf idence  i n  t h e  response ,  n o t  t h e  c o r r e c t n e s s  o r  i n c o r r e c t n e s s  of t h e  

response.  I t  should  be  f u r t h e r  no ted  t h a t  t h e  number of i n c o r r e c t  responses  

made wi th  a  100% confidence r a t i n g  o f  any p a r t i c u l a r  test  s t imu lus  were i n  

f a c t  minimal and a r e  cons idered  t o  be e f f e c t i v e l y  n e g l i g i b l e .  S ince  a l l  

measures a r e  s u b j e c t i v e  conf idence  r a t i n g s  of r e c o g n i t i o n  on a  ze ro  t o  one 

hundred p e r  c e n t  s c a l e ,  a  h igh  r a t i n g  r e p r e s e n t s  less masking than  a  low 



r a t i n g .  The means responses  f o r  t e s t  s t imu lus  r ecogn i t i on  ( s i b j e c t i v e  

conf idence  r a t i n g s )  f o r  each of  t he  f i v e  s u b j e c t s  and t h e  hues r e d ,  g r e e n ,  

yel low and b lue  i n d i c a t e  a  g e n e r a l  cons is tency  i n  t h e  response of each 

s u b j e c t ,  p a r t i c u l a r l y  wi th  regard  t o  responses  made f o r  each hue ( s ee  

Appendix A) .  These d a t a  a r e  i n t e r p r e t e d  a s  being s u f f i c i e n t  i n d i c a t i o n  

f o r  c o n s i s t e n t  responses  t o  t h e  fou r  hues ,  and f u r t h e r ,  t h a t  t h e r e  a r e  no 

anomalous responses  t o  i n d i v i d u a l  hues.  

The s u b j e c t i v e  confidence r a t i n g s  of t h i s  f i r s t  experiment  were analyzed 

i n  a 5 x  3 x 4  x 4  a n a l y s i s  of va r i ance .  The sou rce  t a b l e  and F va lues  

a r e  p re sen t ed  i n  Table  1. The f i r s t  hypo thes i s  of  a  g e n e r a l  i n h i b i t o r y  

e f f e c t  i n  t he  form of a  r educ t ion  i n  t h e  e f f e c t i v e n e s s  of t h e  test s t i m u l u s ,  

o r  g e n e r a l  masking e f f e c t ,  was confirmed. A l l  mean r a t i n g s  f e l l  sub- 

s t a n t i a l l y  below t h e  75% conf idence  l e v e l ,  i n d i c a t i n g  t h a t  masking was 

occu r r ing .  The mean s u b j e c t i v e  confidence r a t i n g  f o r  r e d  test s t i m u l i ,  

a c r o s s  a l l  c o n d i t i o n s ,  was 41.0, t h e  mean conf idence  r a t i n g  f o r  g r een  t e s t  

s t i m u l i  was 61.0, t h e  mean confidence r a t i n g  f o r  ye l low test  s t i m u l i  was 

52.5, and t h e  mean confidence r a t i n g  f o r  b l u e  test s t i m u l i  was 7.0. The 

d i f f e r e n c e  i n  t h i s  e f f e c t  on r e c o g n i t i o n  between t h e  above test  s t i m u l u s  

hues is  s i g n i f i c a n t  a t  t h e  .01 l e v e l  (F = 10.73, df = 3, 12) .  Mean 

d i f f e r e n c e s  between t h e  f o u r  test s t i m u l u s  hues a r e  g iven  i n  Table  2. 

Using t h e  method of m u l t i p l e  comparisons between means ( H ~ Y S ,  1963: p.468) 

t h e  mean d i f f e r e n c e s  between red  and g reen ,  r ed  and ye l low,  a l s o  r e d  and 

b l u e  test s t i m u l i  a r e  found t o  be s i g n i f i c a n t  a t  t h e  .05 l e v e l .  The mean 

d i f f e r e n c e  between green  and b lue  test s t i m u l i  a r e  s i g n i f i c a n t  a t  t h e  .05 

l e v e l ,  however t h e  d i f f e r e n c e  between g reen  and yel low is  n o t  s i g n i f i c a n t .  

F i n a l l y ,  t h e  mean d i f f e r e n c e  between yel low and b lue  test  s t i m u l i  is s i g -  

n i f i c a n t  a t  t h e  .05 l e v e l .  



T a b l e  1 
1 

A n a l y s i s  o f  V a r i a n c e  o f  C o n f i d e n c e  R a t i n g s  as a F u n c t i o n  o f  

L e t t e r s ,  T e s t  S t i m u l u s  Hue and  Mask S t i m u l u s  Hue: 

E x p e r i m e n t  I 

S o u r c e  o f  V a r i a t i o n  d f MS F 

Mean 1 3912.34 

S u b j e c t s  (S)  4 174 .39  

L e t t e r s  (L) 2  13 .01  

T e s t  S t i m u l u s  Hue (T) 3 337.33 

Mask S t i m u l u s  Hue (M) 

S x L  

S x T  

L  x T  

S x M  

L x  M 

T x M  

S x L x T  

S x L x M  

S x T x M  

S x T x M  

S x L x T x M  



Table 2  d 

Dif fe rence  i n  Mean Confidence Rat ing f o r ,  

a )  A l l  P a i r s  of  T e s t  St imulus Hues, and 

b)  A l l  P a i r s  of  Mask St imulus Hues: 

Experiment I 

a )  T e s t  St imulus 

Hues 

Red 

Green 

Yellow 

Blue 

Red - Green 

20. oo* .... 

34. OO* 54. OO* 

Yellow 

.... 

b )  Mask St imulus  

Hues - Red Green Yellow 

.... .... .... Red 

.... Green 7.33* ..e. 

.... Yellow 0.50 6.83* 

Blue 3.66* 2.67 3.16* 

Blue - 
.... 
.... 
.... 
.... 

Blue 

* I n d i c a t e s  s i g n i f i c a n c e  a t  t h e  .05 l e v e l ,  df  3 ,  u s ing  m u l t i p l e  

comparison methods. 



The mask s t imu lus  hue main e f f e c t  d i d  n o t  reach s i g n i f i c a n c e  a t  t he  

.05 l e v e l  (F = 0.84, df = 3, 12 ) .  Mean d i f f e r e n c e s  between mask s t imu lus  

hues a r e  a l s o  shown i n  Table  2. Mean d i f f e r e n c e s  between r ed  and g reen ,  

yel low and g reen ,  b lue  and green ,  and b lue  and yel low mask hues a r e  

s i g n i f i c a n t  a t  t h e  .05 l e v e l ,  however, mean d i f f e r e n c e s  between red  and 

ye l low,  and b l u e  and green mask hues do n o t  reach s i g n i f i c a n c e .  F igure  2 

p r e s e n t s  t he  test s t imu lus  and mask s t imu lus  hue mean r a t i n g s  f o r  each of 

the f o u r  t e s t  and mask hues. 

The main e f f e c t  f o r  test s t imu lus  l e t t e r s  d id  reach  s t a t i s t i c a l  s i g n i f i -  

cance a t  t h e  .05 l e v e l  (F = 1.54, df 2 ,  12).  

The l e t te r  by test  hue i n t e r a c t i o n  reached s i g n i f i c a n c e  (F = 2.80, 

df = 6,  24)  a t  t he  5% l e v e l .  The s i g n i f i c a n c e  of t h i s  le t ter  by t e s t  hue 

i n t e r a c t i o n  appears  t o  be l a r g e l y  due t o  cons iderab ly  reduced r e c o g n i t i o n  

of t h e  red  'T' when compared wi th  t h e  o t h e r  h u e - l e t t e r  combinations.  

The second hypothes i s  of d i f f e r e n t i a l  masking a s  a  f u n c t i o n  of t h e  

opponent o r  non-opponent r e l a t i o n s h i p s  between test  and mask s t i m u l i  was 

only p a r t i a l l y  confirmed. The test  s t imu lus  by mask s t imu lus  i n t e r a c t i o n  

(F = 1.26, df  - 9, 36) does n o t  reach s i g n i f i c a n c e  of t h e  .05 l e v e l .  HOW- 

e v e r ,  examination of t h e  comparisons between means of t h e  test-mask p a i r s ,  

on t h e  b a s i s  of opponent and non-opponent r e l a t i o n s h i p s ,  us ing  t h e  method 

of  m u l t i p l e  comparisons between means (Hays, 1963) ,  i n d i c a t e s  t h a t  more 

masking i . e .  l e s s  r ecogn i t i on ,  occurs  wi th  non-opponent p a i r s  than wi th  

opponent test-mask p a i r s .  These comparisons a r e  shown i n  Table  3. For 

purposes of comparison test-mask p a i r s  of t h e  same hue, i .e .  red- red ,  green- 

g reen ,  a r e  omit ted.  Note t h a t  seven of t h e  e i g h t  comparisons i n  Table  3 

i n d i c a t e  g r e a t e r  masking occur r ing  wi th  non-opponent p a i r s ,  and s i x  of 

t h e s e  d i f f e r e n c e s  a r e  s i g n i f i c a n t  a t  t he  .05 l e v e l ,  df = 9. One comparison 



T e s t  St imulus  
0-0 Piask Stimulus - -- T e s t  s t imulus  r e c o g n i t i o n  thresho ld  

1 1 I I 

Ke d Green Yellow Blue 

St imulus  Hue 

Figure 2 .  Amount o f  r e c o g n i t i o n ,  expressed  a s  conf idence  
r a t i n g s  as a  f u n c t i o n  o f  s t imulus  hue ,  f o r  the  t e s t  and mask 
s t imulus  i n  Experiment 1 .  



Table 3 .d 

Comparisons Between Mean Confidence Ra t ings  f o r  Opponent 

and Non-opponent P a i r s  of  Test-Mask S t imulus  Hues: 

Experiment I 

T e s  t-Mask St imulus Hues Mean Confidence Rat ing P a i r  showing l e s s  
r e c o g n i t i o n  

Opponent Non-opp. Opponent Non-opp. Opp. /Non-opp. 

R-G R-Y 56.00 26.65 Non-opp . * 
R- G R- B 56.00 42.67 Non-opp . * 
G- R G-Y 56.00 64.67 Opponent* 

G- R G- B 56.00 50.67 Non-opp . 
Y-B Y-R 63.34 51.33 Non-opp . * 
Y-B Y-G 63.34 50.00 Non-opp . * 
B-Y B- R 15.34 4.00 Non-opp . * 
B-Y B- G 15.34 0.60 Non-opp. * 

*Ind ica t e s  s i g n i f i c a n c e  a t  t h e  .05 l e v e l ,  us ing  m u l t i p l e  comparison methods, 



(G-RIG-Y) i n d i c a t e d  g r e a t e r  masking occu r r ing  w i t h  t h e  opponent p a i r  

( s i g n i f i c a n t  a t  t h e  .05 l e v e l ) .  F igure  3 p r e s e n t s  t h e s e  test s t imu lus  

by mask s t i m u l u s  d a t a  i n  g raph ic  form expressed  a s  test s t i m u l u s  recog- 

n i t i o n  (pe rcen t  s u b j e c t i v e  conf idence  r a t i n g )  a s  a  f u n c t i o n  o f  mask 

s t i m u l u s  hue f o r  bo th  non-opponent and opponent hue r e l a t i o n s h i p s .  

Discuss  ion  

Comparisons made between opponent and non-opponent test-mask p a i r s  

(Table 3) i n d i c a t e  a  s i g n i f i c a n t l y  g r e a t e r  d i f f e r e n t i a l  masking e f f e c t  i n  

t h e  d i r e c t i o n  of non-opponent p a i r s  i n  75% of t h e s e  comparisons i n  s p i t e  

of  t h e  non-s ign i f icance  of t h e  o v e r a l l  t e s t  by mask i n t e r a c t i o n .  This  

l a c k  of  s i g n i f i c a n c e  r e s u l t s ,  i n  p a r t ,  from a l a r g e  mean d i f f e r e n c e  between 

t h e  G - R / G Y  p a i r s ,  t h i s  d i f f e r e n c e  l y i n g  i n  t h e  opponent (G-R) d i r e c t i o n .  

The exper imenta l  f i n d i n g  of a  g r e a t e r  masking e f f e c t  i n  non-opponent test- 

mask p a i r s  appears  t o  s u p p o r t  t h e  under ly ing  t h e o r e t i c a l  assumptions of  an 

opponent-process theory  of c o l o r  v i s i o n .  A more complete a n a l y s i s  and 

i n t e r p r e t a t i o n  of  t h e s e  f i n d i n g s  w i l l  be d i s cus sed  i n  g r e a t e r  d e t a i l  i n  t h e  

f i n a l  s m a r y  and conc lus ions  chap te r .  

Examination of t h e  mean masking e f f e c t s  of t h e  f o u r  hues ,  a l t hough  n o t  

s i g n i f i c a n t  o v e r a l l ,  does i n d i c a t e  some cons i s t ency  i n  t h e  o r d e r i n g  of  t h e  

magnitude of  t h e s e  e f f e c t s  i n  terms of masking e f f i c i e n c y  of t h e  f o u r  hues. 

Masking e f f i c i e n c y  i s  de f ined  h e r e  a s  being t h e  a b i l i t y  of  t h e  mask s t i m u l u s  

t o  e f f e c t i v e l y  reduce r e c o g n i t i o n  of t h e  t e s t  s t i m u l u s  a s  measured by t h e  

s u b j e c t i v e  conf idence  r a t i n g .  The s m a l l e r  t h e  r a t i n g ,  t h e  more e f f i c i e n t  

t h e  mask. shown i n  F igure  1, t h e  r ed  mask hue i s  s e e n  a s  be ing  t h e  most 

e f f i c i e n t  (37.52 r e c o g n i t i o n ) ,  fol lowed by yel low (38.0%) and b l u e  (41.1%) 

and finally green  (44.8%). S i m i l a r  o r d e r i n g  e f f e c t s  of t h e  f o u r  test s t i m u l u s  

hues may be demons t ra ted .  Ordering of t h e  test s t i m u l u s  hues  may be made i n  
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Fig. 3. T e s t  s t i m u l u s  r e c o g n i t i o n ,  e x p r e s s e d  a s  c o n f i d e n c e  
r a t i n g s ,  a s  a  f u n c t i o n  o f  t e s t  s t i m u l u s  h u e ,  f o r  e a c h  opponen t  
mask h u e ,  t h e  a v e r a g e  o f  each non-opponent mask h u e ,  and f o r  t h e  
a v e r a g e  o f  a l l  mask hues  i n  Exper iment  I. 



t e rms  o f  t e s t  s t i m u l u s  e f f i c i e n c y  i . e .  r e s i s t a n c e  o f  t h e  test s t i m u l u s  t o  

masking e f f e c t s .  The o v e r a l l  test s t i m u l u s  hue means a r e  s i g n i f i c a n t ,  a s  

n o t e d  i n  t h e  p r e v i o u s  s e c t i o n ,  and a s  shown i n  F i g u r e  1 t h e  g r e e n  t e s t  hue 

is  most  e f f i c i e n t  (61.0% r e c o g n i t i o n ) ,  fo l lowed  by y e l l o w  (52.5%) and r e d  

(41.0%),  and f i n a l l y  b l u e  (7.0%). Although t h e  r e d ,  g r e e n ,  y e l l o w  and 

b l u e  test  s t i m u l i  were p r e s e n t e d  a t  t empora l  d u r a t i o n s  w e l l  above t h r e s h -  

o l d ,  d e r i v e d  from r e c o g n i t i o n  t h r e s h o l d  d e t e r m i n a t i o n s ,  t h e  s i g n i f i c a n t  

d i f f e r e n c e  between t h e  f o u r  test hue  means a p p e a r s  t o  i n d i c a t e  a d i f f e r -  

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

t h e  p r e s e n c e  o f  a  mask s t i m u l u s  and i t s  a s s o c i a t e d  hue.  T h i s  f i n d i n g  is  

s u b s t a n t i a t e d  t o  a l a r g e  e x t e n t  by t h e  opponent  and non-opponent comparisons  

p r e v i o u s l y  d i s c u s s e d ,  i n  which non-opponen t tes t-mask p a i r s  demons t ra ted  a  

g r e a t e r  d i f f e r e n t i a l  r e d u c t i o n  i n  t h e  e f f e c t i v e n e s s  o f  t h e  test  s t i m u l u s ,  

o r  masking e f f e c t .  Apar t  from t h e  above c o n s i d e r a t i o n s  o f  t h e  r e l a t i o n s  

between tes t -mask p a i r s  and t h e i r  opponent  p r o p e r t i e s ,  t h e  means f o r  t h e  

test and mask s t i m u l u s  hues  d e m o n s t r a t e  t h a t  g r e e n  is t h e  most e f f i c i e n t  

test h u e ,  b u t  t h e  least e f f i c i e n t  mask hue.  Yellow is  e q u a l l y  a s  e f f i c i e n t  

as a test  hue as i t  is a mask hue,  however,  r e d  r a n k s  t h i r d  i n  e f f i c i e n c y  a s  

a test h u e ,  b u t  most  e f f i c i e n t  o f  a l l  a s  a mask hue.  F i n a l l y ,  b l u e  ranks  

leas t  e f f i c i e n t  a s  a test hue ,  b u t  r a n k s  t h i r d  as a mask hue.  

The l a c k  o f  a  s i g n i f i c a n t  d i f f e r e n c e  f o r  l e t t e r  means, a c r o s s  a l l  h u e s ,  

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

t o  any d i f f e r e n t i a l  masking e f f e c t s .  The l e t t e r s  A,  T  and U a p p e a r  t o  p o s s e s s  

e q u a l  a s  t e s t  s t i m u l i  w i t h  r e s p e c t  t o  c o n t o u r  r e l a t i o n s h i p s  and 

t h e  a n n u l a x  mask s t i m u l u s .  T h i s  c o n c l u s i o n  a p p e a r s  t o  b e  

warranted in s p i t e  o f  t h e  p r e s e n c e  of a  s i g n i f i c a n t  l e t t e r  x hue  i n t e r a c t i o n ,  

t h i s  interaction i n  l a r g e  p a r t  be ing  due t o  anomalous c o n f i d e n c e  r a t i n g s  f o r  

t h e  r e d  "J." t e s t  S t i m u l u s *  
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Experiment 11 : Forward Masking and Hue I n t e r a c t i o n  

I n  t h e  p r ev ious  s e c t i o n ,  Experiment I ,  i t  was hypothes ized  t h a t  d i f f e r -  

e n t i a l  masking of  hues  would occu r  a s  a  f u n c t i o n  of t h e  opponent o r  non- 

opponent n a t u r e  of t h e  mask and test  s t i m u l u s  hues i n  a  backward masking 

paradigm. However, i t  can be  hypo thes i zed  t h a t  t h e  p o s t u l a t e d  temporal  

i n t e r a c t i o n s  of  opponent p r o c e s s e s  may a l s o  occu r  i n  a  forward o r  p ro -ac t i ve  

sequence a s  w e l l  a s  i n  a  r e t r o a c t i v e  o r  backward sequence.  I t  shou ld  be  

no t ed  t h a t  i n  r a p i d  p r e s e n t a t i o n s  of s u c c e s s i v e  s t i m u l i ,  a s  i n  a  masking 

s i t u a t i o n ,  t h e r e  a r e  both backward and forward masking e f f e c t s .  A t  t h e  

p r e s e n t  t ime t h e r e  is  l i t t l e  o r  no ev idence  t o  s u p p o r t  e i t h e r  a  p r o a c t i v e  

o r  r e t r o a c t i v e  temporal  sequence f o r  opponent hues .  The purpose  of t h i s  p a r t  

of  t h e  s t u d y  was t h e r e f o r e  t o  examine p r o a c t i v e  temporal  sequences  o f  bo th  

non-opponent and opponent hues ,  and t o  compare t h e s e  f i n d i n g s  w i t h  t h o s e  o f  

Experiment I. 

I n  a  forward masking paradigm t h e  masking s t i m u l u s  p r ecedes  t h e  test  

s t i m u l u s  i n  t ime ,  such a  temporal  sequence w i l l  be employed i n  t h i s  p a r t  of 

t h e  s t u d y ,  and w i l l  t e s t  t h e  temporal  i n t e r a c t i o n  of  an  i n i t i a l  s t i m u l u s ,  

t h e  mask s t i m u l u s ,  o f  t h e  hues  r e d ,  g r e e n ,  ye l low o r  b l u e  and a  subsequent  

s t i m u l u s ,  t h e  t e s t  s t i m u l u s ,  composed o f  t h e  same hues.  Both opponent and 

non-opponent hues  were p a i r e d  i n  a l l  combinat ions .  

The s p e c i f i c  expe r imen ta l  hypotheses  f o r  t h i s  s t u d y  a r e  a s  fol lows:  

(1) There i s  a  g e n e r a l  i n h i b i t o r y  e f f e c t  i n  t h e  form of  a  r e d u c t i o n  o f  t h e  

e f  f ec t fvenes s  of t h e  t e s t  s t i m u l u s ,  c o n s i s t i n g  of r e d ,  g r e e n ,  ye l low and 

b l u e  l e t te rs ,  a s  a  f u n c t i o n  of t h e  mask s t imu lus .  Th i s  r e d u c t i o n  o f  t h e  

e f f e c t i v e n e s s  ( i n  terms of r e c o g n i t i o n )  of  t h e  test  s t i m u l u s ,  o r  'mask ing t ,  

is independent  of  t h e  hue combinat ions  w i t h  t h e  mask s t i m u l u s .  

(2 )  There is a d i f f e r e n t i a l  i n h i b i t o r y  o r  masking e f f e c t ,  q u i t e  a p a r t  from 



t h e  g e n e r a l  e f f e c t  a s  h y p o t h e s i z e d  i n  (11 ,  a s  a f u n c t i o n  of opponent  o r  

non-opponent r e l a t i o n s h i p s  between test  and mask s t i m u l u s .  

(3) Both t h e  g e n e r a l  and d i f f e r e n t i a l  masking e f f e c t s ,  a s  h y p o t h e s i z e d  i n  

(1) and ( 2 ) ,  d i f f e r  i n  magni tude i n  t h i s  forward masking sequence  when 

compared w i t h  t h e  magni tude of masking i n  t h e  backward masking sequence .  

Method 

S u b j e c t  

The same f i v e  s u b j e c t s  who p a r t i c i p a t e d  i n  Experiment I were used i n  

t h i s  exper iment .  

Appara tus ,  M a t e r i a l s  and Procedure  

The a p p a r a t u s ,  m a t e r i a l s  and p r o c e d u r e  were i d e n t i c a l  t o  t h o s e  used i n  

Exper iment  I w i t h  t h e  e x c e p t i o n  t h a t  t h e  t e s t  s t i m u l u s  was p r e s e n t e d  a f t e r  

t h e  mask s t i m u l u s ,  i .e .  i n  a forward masking paradigm. 

R e s u l t s  

AS i n  Experiment I ,  t h e  measures  employed were  q u a n t i t a t i v e  s t a t e m e n t s  

o f  c o n f i d e n c e  i n  r e c o g n i t i o n  o f  t h e  t e s t  s t i m u l i  n o t  measures  o f  c o r r e c t n e s s  

o r  i n c o r r e c t n e s s .  A h i g h  c o n f i d e n c e  r a t i n g  i n d i c a t e s  g r e a t e r  r e c o g n i t i o n ,  

1.e. less masking,  o f  t h e  test s t i m u l u s ,  t h a n  a low r a t i n g .  Mean r e s p o n s e s  

f o r  test  s t i m u l u s  r e c o g n i t i o n  f o r  e a c h  o f  t h e  f i v e  s u b j e c t s  and t h e  hues  

r e d  g r e e n  y e l l o w  and b l u e  i n d i c a t e  a  g e n e r a l  c o n s i s t e n c y  i n  t h e  r e s p o n s e  o f  

e a c h  s u b j e c t  ~ a r t i c u l a r l y  w i t h  r e g a r d  t o  t h o s e  r e s p o n s e s  made f o r  e a c h  h u e  

(see  Appendix B ) .  These d a t a  a r e  i n t e r p r e t e d ,  a s  i n  Experiment I ,  a s  b e i n g  

s u f f i c i e n t  i n d i c a t i o n  f o r  c o n s i s t e n t  and r e l i a b l e  r e s p o n s e s  t o  t h e  f o u r  

h u e s ,  and t h a t  t h e r e  a r e  no anomalous r e s p o n s e s  t o  i n d i v i d u a l  hues .  

The conf idence  r a t i n g s  o f  t h i s  second exper iment  were  a n a l y z e d  i n  a  

5 3 4 4 a n a l y s i s  o f  v a r i a n c e .  The s o u r c e  t a b l e  and F v a l u e s  a r e  

given i n  T a b l e  4 .  A s  b e f o r e ,  a l l  s c o r e s  a r e  s u b j e c t i v e  c o n f i d e n c e  r a t i n g s  



Table 4  .a 

Analysis  o f  Variance of Confidence Ratings a s  a Function of 

Let ters ,  Test Stimulus Hue, and Mask Stimulus Hue: 

Experiment I I 

Source of Variation d f M S F 

Me an 1 6933.75 

Subjects  (S) 4  200 .59  

Let ters  (L) 2 43 .36  5 .82* 

Test Stimulus Hue (T) 3  536 .54  24.87** 

Mask Stimulus Hue (M) 3 5 . 9 2  0 . 7 0  

S x L  8 7 . 4 4  

S x T  12 21 .57  

L x T  6 15 .46  2.733* 

S x M  12 8 . 3 6  

L x M  6 14 .85  4.15** 

T x M  9 4 . 9 3  1 . 0 5  

S x L x T  2 4  5 . 6 5  

S x L x M  24 3 .57 

S x T x M  36 4 . 6 8  

L x T x M  1 8  10.36 

S x L x T x M  7 2 6 . 5 5  



based on a  t e n  t o  one hundred s c a l e ,  a  high r a t i n g  i n d i c a t e s  g r e a t e r  

r e c o g n i t i o n ,  i .e.  less masking o f  t h e  test  s t i m u l u s ,  than  a  low r a t i n g .  

The f i r s t  hypo thes i s  of  a  g e n e r a l  i n h i b i t o r y  e f f e c t  i n  t h e  form o f  

a r educ t ion  i n  t h e  e f f e c t i v e n e s s  o f  t h e  t e s t  s t i m u l u s ,  o r  g e n e r a l  masking 

e f f e c t ,  was confirmed. An examinat ion of  t h e  d a t a  shows t h a t  t h e  mean 

test  s t i m u l u s  r e c o g n i t i o n  ( s u b j e c t i v e  conf idence  r a t i n g ) ,  a c r o s s  a l l  hues ,  

was 53.75%. The mean s u b j e c t i v e  conf idence  r a t i n g  f o r  r ed  test  s t i m u l i ,  

a c r o s s  a l l  c o n d i t i o n s ,  was 51.3,  f o r  g r een  test  s t i m u l i ,  76.3, f o r  ye l low 

test s t i m u l i ,  75.0 and f o r  b l u e ,  12.3. The d i f f e r e n c e  i n  t h i s  e f f e c t  on 

r e c o g n i t i o n  between t h e  above t e s t  s t i m u l u s  hues i s  s i g n i f i c a n t  a t  t h e  . 01  

l e v e l  (F = 24.87, df = 3, 12. These r e s u l t s  i n d i c a t e  an o v e r a l l  i n c r e a s e  

i n  tes t  s t i m u l u s  r e c o g n i t i o n ,  i .e. l e s s  masking, t hen  was found i n  

Experiment I. S p e c i f i c a l l y ,  on t h e  average  t h e r e  i s  no masking f o r  t h e  

g reen  and ye l low t e s t  s t i m u l i .  

Mean d i f f e r e n c e s  between t h e  f o u r  t e s t  s t i m u l u s  hues a r e  shown i n  Table  

5 .  The mean d i f f e r e n c e s  between red  and g r e e n ,  r ed  and ye l low,  and r ed  and 

b l u e  a r e  s i g n i f i c a n t  a t  t he  .05 l e v e l .  Mean d i f f e r e n c e s  between g r e e n  and 

b l u e  tes t  s t i m u l i  a r e  s i g n i f i c a n t  a t  t h e  .05 l e v e l ,  however t h e  g reen  and 

ye l low mean d i f f e r e n c e  is n o t  s i g n i f i c a n t .  The mean d i f f e r e n c e  between 

ye l low and b lue  test  s t i m u l i  is  s i g n i f i c a n t  a t  t h e  .05 l e v e l .  These s i g -  

n i f i c a n t  mean d i f f e r e n c e s  between t h e  fou r  t e s t  hues a r e  i n  accord  w i t h  

t hose  d i f f e r e n c e s  found i n  Experiment I ,  i n  s p i t e  of t h e  i n c r e a s e  i n  

r e c o g n i t i o n  s c o r e s  f o r  t h e  green  and ye l low t e s t  s t i m u l i  shown i n  t h i s  

experiment .  

The mask s t imu lus  hue main e f f e c t  d i d  n o t  reach s i g n i f i c a n c e  a t  t h e  

-05  level (F 0.708, df = 3, 12 ) .  Mean r a t i n g  d i f f e r e n c e s  between mask - 
stimulus hues a r e  a l s o  g iven  i n  Table  5. The mean d i f f e r e n c e  between r ed  

and masking hues i s  s i g n i f i c a n t  a t  t h e  -05  l e v e l ,  bu t  t h e  remaining 



Hues 

Red 

Tab le  5 

D i f f e r e n c e  i n  Mean Confidence R a t i n g  f o r  

a) A l l  P a i r s  of T e s t  S t i m u l u s  Hue, and 

b)  A l l  P a i r s  of Mask S t i m u l u s  Hues: 

Experiment I1 

Green 

Y e  1 low 

Blue 

a) T e s t  S t i m u l u s  

Red - Green Yellow 

.... 
Blue 

.... 

.... 

.... 

.... 

b) Mask S t i m u l u s  

Hues - Red - Green Yellow Blue  

.... .... .... .... Red 

.... .... .... Green 6.34* 

.... .... Yellow 5 .OO 2.34 

.... Blue 2.67 3.67 2.33 

* I n d i c a t e s  s i g n i f i c a n c e  a t  t h e  .05 l e v e l ,  d f  = 3 ,  u s i n g  m u l t i p l e  

comparison p r o c e d u r e s .  



hue d i f f e r e n c e s  a r e  n o t  s i g n i f i c a n t .  F igure  4  p r e s e n t s  t h e  tdst s t i m u l u s  

and mask s t imu lus  mean r a t i n g s  f o r  each of  t he  f o u r  t e s t  and mask hues. 

Recogni t ion is  expressed  a s  p e r c e n t  s u b j e c t i v e  conf idence  r a t i n g s .  

The main e f f e c t  f o r  test s t imu lus  le t ters  does reach  s t a t i s t i c a l  s i g n i -  

f i c a n c e  a t  t he  -05  l e v e l  (F = 5.82, df = 2 , 8 ) ,  r e f l e c t i n g  lower conf idence  

r a t i n g s  f o r  'T' than f o r  ' A '  and 'u'. 

The l e t t e r  by t e s t  s t i m u l u s  hue i n t e r a c t i o n  reached s i g n i f i c a n c e  a t  

t h e  .05 l e v e l  (F = 2.73, df = 6 ,  241, t h i s  s i g n i f i c a n t  i n t e r a c t i o n  a g a i n ,  

a s  i n  Experiment I ,  appears  t o  be due t o  reduced r e c o g n i t i o n  of t h e  r ed  

'TI when compared w i t h  t h e  o t h e r  l e t t e r  - hue combinat ions.  The l e t t e r  

by mask s t imu lus  hue i n t e r a c t i o n  was a l s o  s i g n i f i c a n t  a t  t h e  .05 l e v e l  

(F  P 4.15, df = 6 ,  24 ) ,  t h i s  i n t e r a c t i o n  appea r s ,  i n  l a r g e  p a r t ,  t o  be  

due t o  reduced r e c o g n i t i o n  of  t h e  green  ' T '  when used a s  a  mask s t i m u l u s  

when compared w i t h  t h e  remaining l e t t e r -mask  hue combinat ions.  

The second hypo thes i s  of d i f f e r e n t i a l  masking e f f e c t s  a s  a  f u n c t i o n  of 

t h e  opponent o r  non-opponent r e l a t i o n s h i p s  between test and mask s t i m u l i  

was n o t  confirmed. The test s t i m u l u s  by mask s t i m u l u s  i n t e r a c t i o n  does n o t  

reach  s t a t i s t i c a l  s i g n i f i c a n c e  a t  t h e  .05 l e v e l  (F = 1.05 ,  df  = 9, 36).  

Examination of comparisons between means of t h e  t e s  t-mask p a i r s ,  i n  terms 

o f  opponent and non-opponent r e l a t i o n s h i p s  (shown i n  Table  6 ) ,  i n d i c a t e s  

l i t t l e  cons i s t ency  i n  t h e  r e s u l t s .  For purposes  of comparison, test-mask 

p a i r s  o f  t h e  same hue a r e  omi t ted .  The r e s u l t s  of t h e s e  opponent-nonopponent 

comparisons show r e l a t i o n s h i p s  i n  both d i r e c t i o n s  and some, though n o t  a l l ,  

a r e  s i g n i f i c a n t  a t  t h e  .05 l e v e l .  The R-G/R-Y comparison shows s i g n i f i c a n t  

d i f f e r e n c e s  i n  t h e  opponent d i r e c t i o n s ,  i . e .  g r e a t e r  masking o c c u r r i n g  i n  

t he  opponent R-G test-mask p a i r .  However, t h e  G-RIG-Y comparison i n d i c a t e s  

greater masking i n  t he  non-opponent (G-Y) p a i r .  S i m i l a r  non-opponent mask- 



@-a T e s t  s t i m u l u s  
0-0 Flask s t i m u l u s  --- T e s t  s t i m u l u s  r e c o g n i t i o n  t h r e s h o l d  

n 1 I I 

Red Green Yellow Blue  

S t i m u l u s  Hue 

FIR.  4.  m o u n t  of  r e c o g n i t i o n ,  e x p r e s s e d  a s  c o n f i d e n c e  r a t i n g s  
as a  f u n c t i o n  o f  s t i m u l u s  hue f o r  t h e  test and mask s t i m u l u s  i n  

Exper iment  I I .  



Table 6 

Expt. 11: Comparisons Between Opponent and Non- 

opponent Tes t  Stimulus-Mask St imulus P a i r s  

Test-Mask St imulus Hues Mean Confidence Rat ing P a i r  Showing 1,ess 
Recogni t ion  

Opponent Non-opp . Opponent Non-opp. Opp. /Non-opp . 
R-G R-Y 47.34 60.00 Opponent* 

R-G R- B 47.34 47.34 Equal 

G- R G-Y 76.67 70.67 Non-opp . * 
G-R G- B 76.67 80.00 Opponent 

Y-B Y-R 78.00 85.34 Opponent 

Y-B Y-G 78.00 67.34 Non-opp . * 
B-Y B- R 10.00 17.34 Opponent * 

* I n d i c a t e s  s i g n i f i c a n c e  a t  t h e  .05 l e v e l ,  us ing  m u l t i p l e  comparison 

procedures .  



i n g  e f f e c t s  a r e  a l s o  shown i n  t h e  Y-B/Y-G p a i r .  I n  t o t a l ,  f o u r  o f  t h e  

e i g h t  ~ o s s i b l e  comparisons  i n d i c a t e  g r e a t e r  opponent  p a i r  mask ing ,  t h r e e  

non-opponent and one comparison (K-G/R-B) shows no d i f f e r e n c e  a t  a l l .  

F i g u r e  5 p r e s e n t s  t h e  above test s t i m u l u s  by mask s t i m u l u s  d a t a  i n  t h e  

form of  t e s t  s t i m u l u s  r e c o g n i t i o n ,  p e r c e n t  s u b j e c t i v e  c o n f i d e n c e  r a t i n g s ,  

as a f u n c t i o n  of mask s t i m u l u s  hue f o r  b o t h  non-opponent and opponen t  

r e l a t i o n s h i p s .  

The t h i r d  h y p o t h e s i s  o f  b o t h  g e n e r a l  and d i f f e r e n t i a l  masking e f f e c t s  

d i f f e r i n g  i n  magni tude i n  a  fo rward  o r  p r o a c t i v e  masking s e q u e n c e  when 

compared w i t h  t h e  magni tude o f  mask ins  i n  t h e  backward o r  r e t r o a c t i v e  

masking sequence  was conf i rmed.  (The s o u r c e  t a b l e  and F v a l u e s  a r e  

p r e s e n t e d  a s  a  combined a n a l y s i s  i n  T a b l e  7 ) .  The r e s u l t s  show i n c r e a s e d  

t es t  s t i m u l u s  r e c o g n i t i o n  i n  t h e  fo rward  masking sequence  ( ~ x ~ t .  1 1 )  when 

compared w i t h  t e s t  s t i m u l u s  r e c o g n i t i o n  i n  t h e  backward masking s e q u e n c e  

(Expt.  I ) ,  where F = 7.7,  d f  = 1, 4. The mean t e s t  S t i m u l u s  c o n f i d e n c e  

r a t i n g ,  a c r o s s  a l l  c o n d i t i o n s ,  f o r  t h e  fo rward  masking sequence  was 52.2g%, 

and f o r  t h e  backward masking sequence  mean t e s t  s t i m u l u s  c o n f i d e n c e  r a t i n g  

was 41.412. 

The l e t t e r  by t e s t - s t i m u l u s  hue i n t e r a c t i o n  i n  t h e  combined a n a l y s i s  is 

a l s o  found t o  be  s i g n i f i c a n t  a t  t h e  -05 l e v e l  (F a 4.15,  d f  = 6 ,  2 4 ) ,  a s  

is a  l e t t e r  by mask hue i n t e r a c t i o n  ( F  a 4 - 1 6 ,  d f  6 ,  24) .  An a d d i t i o n a l  

significant i n t e r a c t i o n  - t h e  mask c o n d i t i o n  by mask hue i n t e r a c t i o n  

(I: 3.49,  d f  3 ,  12)  - o c c u r s  i n  t h i s  combined a n a l y s i s  o f  v a r i a n c e ,  

re f lec t ing  very s i m i l a r  c o n f i d e n c e  r a t i n g s  f o r  t h e  g r e e n  mask hue ( 46 .5  i n  

backward 4 8 . 6  i n  fo rward  masking)  t h a n  f o r  r e d ,  y e l l o w  and b l u e  

mask hues  i n  t h e  two masking c o n d i t i o n s *  



0-0 Means a c r o s s  a l l  mask h u e s  
a - - - - A Mean non-opponen t mask hues  
- - - T e s t  s t i m u l u s  r e c o g n i t i o n  t h r e s h o l d  

T e s t  S t i m u l u s  Hue 

Fig.  5 .  T e s t  s t i m u l u s  r e c o g n i t i o n ,  e x p r e s s e d  a s  c o n f i d e n c e  
r a t i n g s ,  a s  a  f u n c t i o n  o f  tes t  s t i m u l u s  h u e ,  e a c h  opponen t  mask 
h u e ,  f o r  t h e  a v e r a g e  o f  e a c h  non-opponent mask h u e ,  and f o r  t h e  
a v e r a e e  o f  a l l  mask hues  i n  Exper iment  11. 



T a b l e  7 

A n a l y s i s  o f  Var iance  o f  Confidence R a t i n g s  a s  a Func t ion  of 

L e t t e r s ,  T e s t  S t imulus  Hue, Mask S t imulus  Hue, and Forward 

vs. Backward Masking: Experiment I1 

Source  o f  V a r i a t i o n  d f MS F 

Mean 1 10537.50 

S u b j e c t s  (S) 4 391.23 

L e t t e r s  (L) 2 32.78 1 .83  

T e s t  S t imulus  Hue (T) 3 914.46 16.58** 

Forward v s .  Backward 
Masking (C) 

Mask S t imulus  Hue (M) 

S X L  

S x T  

L x T  

s x c  

L x C  

T x C  

S x M  

L x M  

T x M  

C x l l  

S X L X C  

S x T x C  

L x T x C  

S x L x M  



Table 7  (Cont 'd) 

Analys i s  of Variance of Confidence Rat ings  a s  a Funct ion of 

L e t t e r s ,  Tes t  St imulus Hue, Plask St imulus Hue, and Forward 

vs. Backward Masking: Experiment I1 

Source of V a r i a t i o n  d f M S  F 

L x T x M  1 8  7.60 1 .23  

S x C x M  12 3.01 

L x C x M  6  7.66 2.139 

S x L x T x M  7  2  6.17 

S x L x C x M  2  4  3.58 

S x L x C x M  36 5 .03 

L x T x C x M  1 8  1.9 3  0.449 

S x L x T x C x M  7  2  4.32 



D i s c u s s i o n  

I t  was h y p o t h e s i z e d  t h a t  opponent  hue tes t-mask p a i r s  would e x h i b i t  

a s y s t e m a t i c a l l y  d i f f e r e n t  masking e f f e c t  t h a n  would non-opponent hue 

tes t -mask p a i r s .  The r e s u l t s  i n d i c a t e  t h a t  t h i s  h y p o t h e s i s  was n o t  con- 

f i rmed .  I n  f a c t ,  o n l y  f o u r  o u t  of t h e  e i g h t  comparisons  made i n  T a b l e  3 

show g r e a t e r  masking i n  opponent  p a i r s ,  and o n l y  two of  t h e s e  opponent  

comparisons  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t .  Of t h e  f o u r  remain ing  compar- 

i s o n s  i t  was shown t h a t  t h r e e  i n d i c a t e d  g r e a t e r  masking f o r  non-opponent 

p a i r s ,  and t h e  f o u r t h  showed no d i f f e r e n c e .  I n  t h e  p r e v i o u s  e x p e r i m e n t  

(Expt.  I ) ,  t h e  r e s u l t s  i n d i c a t e d  t h a t ,  i n  g e n e r a l ,  g r e a t e r  masking o f  t h e  

test  s t i m u l u s  o c c u r r e d  w i t h  non-opponent hues  i n  tes t -mask p a i r s .  The o n l y  

d i f f e r e n c e  between Exper iments  1 and 2 l i e s  i n  t h e  t empora l  s e q u e n c e  o f  t h e  

test  and mask s t i m u l u s .  The c o n f l i c t i n g  r e s u l t s  o b t a i n e d  i n  t h e  second  

exper iment  a r e ,  i t  a p p e a r s ,  p r o b a b l y  due t o  t h e  p r o a c t i v e  masking s e q u e n c e  

o f  t h e  t e s t  and mask s t i m u l i .  Concomitant w i t h  t h e s e  c o n f l i c t i n g  compar- 

i s o n s  found i n  t h e  forward masking sequence  is  t h e  n o t i c e a b l y  i n c r e a s e d  

l e v e l  o f  r e c o g n i t i o n  of t h e  test s t i m u l u s ,  i .e.  weaker  masking e f f e c t .  In 

f a c t ,  no masking was o b t a i n e d  w i t h  g r e e n  and y e l l o w  test  s t i m u l u s  hues .  

The d a t a  s u g g e s t  t h a t  w i t h  a  p r o a c t i v e  O r  fo rward  t empora l  s e q u e n c e  o f  t es t  

and mask hue a  weaker masking of t h e  t e s t  S t i m u l ~ s  o c c u r s  r e s u l t i n g  i n  a  

less w e l l - d e f i n e d  f u n c t i o n a l  r e l a t i o n s h i p  between t h e  tes t -mask p a i r  and 

t h e  opponent o r  non-opponent s e n s o r y  q u a l i t i e s  o f  t h e  h u e s .  A more comple te  

discuss ion and i n t e r p r e t a t i o n  w i l l  be p r o v i d e d  i n  t h e  f i n a l  summary and  

c o n c l u s i o n s  c h a p t e r .  

Examina t ion  o f  t h e  mean masking e f f e c t s  o f  t h e  f o u r  mask h u e s ,  a l t h o u g h  

not significant o v e r a l l ,  does  show some o r d e r i n g  i n  terms o f  masking 

of  these f o u r  hues .  A s  b e f o r e ,  t h e  s m a l l e r  t h e  s u b j e c t i v e  con- 



f i d e n c e  r a t i n g ,  t h e  more e f f i c i e n t  t h e  mask. A s  shown i n  F i g u r e  4 ,  t h e  

g r e e n  mask hue shows t h e  h i g h e s t  e f f i c i e n c y  (50.162) ,  f o l l o w e d  by y e l l o w  

(52.50%),  and b l u e  (54 .83%) ,  and f i n a l l y  r e d  (57.502).  These  o r d e r i n g  

e f f e c t s  a r e  somewhat d i f f e r e n t  when compared w i t h  t h o s e  o f  Expt.  I. I n  

t h e  f i r s t  exper iment  t h e  mask hue  o r d e r  was r e d ,  y e l l o w ,  b l u e  and g r e e n ,  

i n  t h i s  exper iment  t h e  o r d e r  i s  changed,  i .e .  g r e e n ,  y e l l o w ,  b l u e ,  r e d .  

Yellow and b l u e  m a i n t a i n  t h e i r  r e l a t i v e  p o s i t i o n s ,  however,  r e d  and g r e e n  

have t r a n s p o s e d  t h e  f i r s t  and f o u r t h  p o s i t i o n ,  g r e e n  now b e i n g  t h e  most 

e f f i c i e n t  mask hue and r e d  t h e  l e a s t .  

S i m i l a r  comparisons  between o r d e r i n g  e f f e c t s  of t h e  f o u r  t e s t  s t i m u l u s  

h u e s  may b e  made. The o v e r a l l  t e s t  s t i m u l u s  hue means are s i g n i f i c a n t  as 

t h e  r e s u l t s  have shown, and a s  shown i n  F i g u r e  1 t h e  g r e e n  test  hue is  most 

e f f i c i e n t  i n  r e s i s t i n g  masking e f f e c t s  (76.34% r e c o g n i t i o n )  fo l lowed  by 

y e l l o w  (75 .0%) ,  t h e n  r e d  (51.34%) and f i n a l l y  b l u e  (12.34%).  T h i s  o r d e r  is  

p r e s e r v e d  i n  b o t h  Expt.  I and t h i s  exper iment  and a p p e a r s  t o  d e m o n s t r a t e  

t h a t  i n  b o t h  forward and backward masking t h e  p r o b a b i l i t y  o f  r e c o g n i t i o n  o f  

t h e  test  s t i m u l u s  l e t t e r s  d e c r e a s e s  from a  maximum w i t h  a  g r e e n  test  h u e  

t h r o u g h  y e l l o w  and r e d  t o  a minimum w i t h  b l u e .  



Summary and Conc lus ions  

T h i s  s e r i e s  o f  e x p e r i m e n t s  had a s  t h e i r  main concern  t h e  i n v e s t i g a t i o n  

o f  c e r t a i n  assumed tempora l  i n t e r a c t i o n s  o f  an  opponent  p r o c e s s  t h e o r y  

o f  c o l o r  v i s i o n  employing a  v i s u a l  masking paradigm. The opponent-  

p r o c e s s  t h e o r y ,  as o r i g i n a l l y  p o s t u l a t e d  by Hering and l a t e r  r e s t a t e d  by 

Hurvich and Jameson, p r o p o s e s  t h a t  t h e r e  a r e  t h r e e  independen t  v a r i a b l e s  

which s u b s e r v e  b o t h  c h r o m a t i c  and a c h r o m a t i c  v i s i o n ,  i . e .  r ed-green ,  yel low- 

b l u e  and b lack-whi te  p r o c e s s e s .  Fur the rmore ,  each  member o f  t h e  i n d i v i d u a l  

p a i r s  is  m u t u a l l y  opposed t o  t h e  o t h e r  member of t h e  p a i r  i n  terms o f  t h e  

assumed u n d e r l y i n g  p h y s i o l o g i c a l  p r o c e s s e s .  T h i s  opponent  a c t i v i t y  i s  

assumed t o  b e  r e f l e c t e d  i n  t h e  t empora l  i n t e r a c t i o n s  o f  t h e  opponent  hues .  

It  h a s  been proposed t h a t  momentary a c t i v i t y  i n  one  member o f  an  opponent  

p r o c e s s  p r e c l u d e s  a c t i v i t y  i n  t h e  o t h e r ,  c o n t i n u e d  a c t i v i t y  i n  t h a t  same 

member however,  r e s u l t s  i n  a  d e c r e a s i n g  tendency f o r  i t s  c o n t i n u e d  a c t i v i t y ,  

and a n  i n c r e a s i n g  tendency f o r  a c t i v i t y  i n  t h e  opponent  member. 

S i n c e  t h e  problem t o  b e  i n v e s t i g a t e d  was t h e s e  t empora l  i n t e r a c t i o n s  

among opponent  h u e s ,  a n  e x p e r i m e n t a l  paradigm had t o  be  employed i n  which 

t e m p o r a l l y  s e q u e n t i a l  s t i m u l i  c o u l d  be  p r e s e n t e d  i n  r a p i d  s u c c e s s i o n .  

These  c o n d i t i o n s  were  met i n  a v i s u a l  masking paradigm i n  which i n h i b i t o r y  

e f f e c t s  on a  t e s t  s t i m u l u s  were  induced  by e i t h e r  a  p r e c e d i n g  o r  s u b s e q u e n t  

s t i m u l u s ,  t h e  mask s t i m u l u s .  

The f i r s t  exper iment  i n  t h i s  s e r i e s  i n v e s t i g a t e d  t h e  t empora l  i n t e r -  

a c t i o n  of opponent and non-opponent hues  i n  a  backward masking s e q u e n c e ,  

where t h e  mask s t i m u l u s  f o l l o w s  t h e  t e s t  s t i m u l u s  i n  t i m e ,  and was d e s i g n e d  

to test  t h e  h y p o t h e s i s  t h a t  a p a r t  from a  g e n e r a l  i n h i b i t o r y  e f f e c t  i n  t h e  

form of  a  r e d u c t i o n  i n  t h e  e f f e c t i v e n e s s  o f  t h e  test s t i m u l u s ,  t h e r e  would 

be a  d i f f e r e n t i a l  masking e f f e c t  a s  a f u n c t i o n  o f  t h e  opponent  o r  non- 

opponent r e l a t i o n s h i p s  between t h e  test and mask s t i m u l u s .  The f i r s t  



h y p o t h e s i s ,  of  a g e n e r a l  i n h i b i t o r y  o r  masking e f f e c t  of t h e  t e s t  s t i m u l u s ,  

was conf i rmed .  Ffean r e c o g n i t i o n  a c r o s s  a l l  hue c o n d i t i o n s ,  a s  i n d i c a t e d  

by c o n f i d e n c e  r a t i n g s ,  was 40.37%, us ing  a t e s t  s t i m u l u s  d u r a t i o n  which 

a l lowed  75% r e c o g n i t i o n  i n  t r i a l s  made p r i o r  t o  Experiment I. The second 

h y p o t h e s i s ,  of  d i f f e r e n t i a l  masking e f f e c t s  a s  a f u n c t i o n  of  t h e  opponent  

s e n s o r y  q u a l i t i e s  between mask and t e s t  s t i m u l u s ,  was n o t  a s  c l e a r l y  

conf i rmed.  Although t h e  t e s t  hue  by mask hue i n t e r a c t i o n  i n  t h e  a n a l y s i s  

o f  v a r i a n c e  of  c o n f i d e n c e  r a t i n g s  d i d  n o t  r e a c h  s i g n i f i c a n c e ,  compar isons  

made between t h e  tes t -mask p a i r s  on t h e  b a s i s  of  non-opponent and opponent  

r e l a t i o n s h i p s  d i d  show s i g n i f i c a n t l y  reduced r e c o g n i t i o n ,  i .e.  i n c r e a s e d  

masking,  w i t h  non-opponent tes t -mask p a i r s  r a t h e r  t h a n  w i t h  opponent  p a i r s  

i n  s i x  o u t  of  e i g h t  compar isons  made. R e l a t e d  t o  t h i s  h y p o t h e s i s  was t h e  

assumpt ion  o f  an  i n c r e a s e  i n  a c t i v i t y  i n  one member o f  an  opponent  hue  p a i r  

w i t h  a concomi tan t  momentary d e c r e a s e  i n  a c t i v i t y  i n  t h e  o t h e r  member; 

however,  c o n t i n u e d  a c t i v i t y  o f  t h i s  member r e s u l t s  i n  a d e c r e a s i n g  tendency 

f o r  a c t i v i t y  i n  t h e  opponent  member. I t  was assumed t h a t  t h e  t empora l  

d u r a t i o n s  of  t h e  t e s t  s t i m u l u s  and mask s t i m u l u s  were of s h o r t  enough dura-  

t i o n  t o  b e  'momentary' i n  t h e  s e n s e  t h a t  Hurvich & Jameson u s e  t h e  term.  

S i n c e  g r e a t e r  masking ( reduced r e c o g n i t i o n )  was obse rved  i n  non-opponent 

t h a n  i n  opponent p a i r s  o f  h u e s ,  i t  seems r e a s o n a b l e  t o  conc lude  t h a t  t h e  

minimal  masking o f  opponent  hues  a r o s e  o u t  o f  a s i t u a t i o n  where t h e  test 

s t i m u l u s ,  d e f i n e d  a s  'momentary ' ,  i s  c h a r a c t e r i s e d  by a n  i n c r e a s e  i n  

a c t i v i t y  of t h e  h u e ,  w i t h  t h e  a s s o c i a t e d  r e d u c t i o n  i n  a c t i v i t y  o f  t h e  o t h e r  

member o f  t h e  p a i r .  The mask s t i m u l u s ,  o f  t h e  opponent  hue t o  t h e  t e s t  

s t i m u l u s ,  can be  d e f i n e d  a s  ' c o n t i n u o u s '  w i t h  r e s p e c t  t o  t h e  t e s t  s t i m u l u s ,  

and is  c h a r a c t e r i s e d  by an i n c r e a s i n g  tendency f o r  a c t i v i t y  i n  t h e  opponent  

member, i . e .  t h e  t e s t  s t i m u l u s  hue.  T h i s  i n c r e a s e  i n  a c t i v i t y  i s  assumed t o  

b e  s u f f i c i e n t  f o r  a r e d u c t i o n  i n  masking e f f e c t ,  i .e .  more e f f i c i e n t  t e s t  



s t i m u l u s  i n  a  backward masking s i t u a t i o n ,  hence non-opponent hue masking 

is  predominant .  I t  is s u g g e s t e d  t h a t  i n  t h e  forward masking s e q u e n c e s ,  

a l t h o u g h  o v e r a l l  masking was r e d u c e d ,  t h e  o p p o s i t e  c o n d i t i o n  may o c c u r ,  

t h a t  is ,  opponent-hue masking is more predominant .  

The p r e c e d i n g  assumpt ions  a r e  a l l  based  on one f u r t h e r  p o s t u l a t e  o f  

opponent-process  t h e o r y ,  t h a t  i s ,  t h e  o c c u r r e n c e  of opponent  i n d u c t i o n  

p r o c e s s e s  t h a t  make a  r e s p o n s e  i n  any l o c a l  a r e a  of t h e  v i s u a l  f i e l d  

dependent  n o t  o n l y  on t h e  l o c a l  s t i m u l a t i o n  i n  t h a t  a r e a ,  b u t  a l s o  on  

a c t i v i t i e s  i n  s u r r o u n d i n g  v i s u a l  r e g i o n s .  T h i s  l a s t  a ssumpt ion  h a s  con- 

s i d e r a b l e  impor tance  s i n c e  t h e  test  and mask s t i m u l i  d i d  n o t  occupy t h e  

same r e t i n a l  r e g i o n  b u t  were ,  i n  f a c t ,  s e p a r a t e d  s p a t i a l l y ,  t h e  t e s t  

s t i m u l u s  b e i n g  c i r c u m s c r i b e d  by t h e  annu lus  o f  t h e  mask s t i m u l u s .  The two 

s t i m u l i  were s e p a r a t e d ,  b o t h  s p a t i a l l y  and t e m p o r a l l y ,  by a ' d a r k '  r e g i o n .  

I t  can b e  s u g g e s t e d  h e r e  t h a t  m a n i p u l a t i o n  o f  t h e s e  s p a t i a l  and t empora l  

v a r i a b l e s ,  i n c l u d i n g  t h e  d u r a t i o n  o f  t h e  mask s t i m u l u s ,  might  p rove  t o  b e  

f r u i t f u l  a r e a s  i n  f u r t h e r  s u p p o r t  o f  an  opponent-process  t h e o r y  o f  c o l o r  

v i s i o n .  

The second exper iment  a g a i n  h y p o t h e s i z e d  a  g e n e r a l  r e d u c t i o n  i n  t h e  

e f f e c t i v e n e s s  of t h e  t e s t  s t i m u l u s  a s  a  f u n c t i o n  of t h e  mask s t i m u l u s ,  

independen t  of t h e  hue combina t ions .  The t empora l  sequence  between t e s t  

and mask hue was a  p r o a c t i v e  o r  forward masking sequence.  Again i t  was 

p r e d i c t e d  a  d i f f e r e n t i a l  masking e f f e c t  would o c c u r  a s  a f u n c t i o n  o f  t h e  

opponent  and non-opponent r e l a t i o n s h i p  between t h e  tes t -mask p a i r .  The 

f i r s t  l l y p o t h e s i s  o f  a  g e n e r a l  masking e f f e c t ,  a c r o s s  h u e s ,  was conf i rmed ,  

t h e  mean t e s t  s t i m u l u s  r e c o g n i t i o n  was 53.75% (46.252 masking) .  When 

compared w i t h  t h e  f i r s t  experiment i t  can  b e  concluded t h a t  a weaker masking 

effect ,  o r  i n c r e a s e d  r e c o g n i t i o n ,  took p l a c e  i n  t h e  forward masking sequence.  

 his i s  conf i rmed i n  t h e  combined a n a l y s i s  o f  forward v e r s u s  



backward masking.  The h y p o t h e s i s  of d i f f e r e n t i a l  masking e f f e c t s  i n  

opponent  and non-opponent hue p a i r s  was n o t  conf i rmed.  Four o f  e i g h t  

comparisons  made between opponent  and non-opponent tes t -mask p a i r s  i n d i -  

c a t e d  g r e a t e r  opponent  p a i r  masking;  o f  t h e  remaining f o u r  compar i sons ,  

t h r e e  showed g r e a t e r  masking i n  t h e  non-opponent p a i r s ,  and i n  t h e  f o u r t h ,  

no  d i f f e r e n c e  was demons t ra ted .  I t  seems r e a s o n a b l e  t o  conc lude  on t h e  

b a s i s  o f  t h e  f o r e g o i n g  t h a t  w i t h  a  p r o a c t i v e  mask- tes t  sequence  t h e r e  i s  

a consequen t  r e d u c t i o n  i n  masking e f f e c t  which i s  f u r t h e r  r e f l e c t e d  i n  t h e  

l a c k  of any d e f i n i t e  r e l a t i o n s h i p  between t h e  opponent  h u e s ,  mask and test 

s t i m u l u s .  I t  a p p e a r s  t h a t ,  t h e  s t r o n g e r  t h e  masking e f f e c t ,  t h e  more 

e x p l i c i t  t h e  r e l a t i o n s h i p  becomes w i t h  r e g a r d  t o  opponent  hue  and non- 

opponent  hue tes t -mask p a i r s .  

Of f u r t h e r  i n t e r e s t  a r e  t h e  means f o r  t h e  f o u r  h u e s  a s  t e s t  and mask 

s t i m u l i  ~ a r t i c u l a r l y  w i t h  r e g a r d  t o  t h e  o r d e r  o f  test and mask e f f i c i e n c y .  

For  b o t h  backward and fo rward  masking c o n d i t i o n s  t h e  g r e e n  t e s t  hue was 

most e f f i c i e n t  i n  r e s i s t i n g  masking e f f e c t s ,  fo l lowed  by y e l l o w ,  r e d  and 

b l u e .  T h i s  o r d e r i n g  e f f e c t  v a r i e s  c o n s i d e r a b l y  w i t h  t h e  r e s u l t s  o b t a i n e d  

by T e f t  (1969) whose f o u r  test  hues  were  o r d e r e d ,  i n  t e rms  o f  t h e i r  

r e s i s t a n c e  t o  masking e f f e c t s ,  from b l u e ,  r e d ,  g r e e n  t o  ye l low.  F o r  T e f t ,  

b l u e  i s  t h e  most e f f i c i e n t  hue i n  t e rms  of r e s i s t a n c e  t o  masking e f f e c t s ;  

however i n  t h i s  e x p e r i m e n t a l  s e r i e s ,  b l u e  i s  t h e  l e a s t  e f f i c i e n t  hue i n  

t h i s  r e s p e c t .  D i f f e r e n c e s  i n  e x p e r i m e n t a l  methods however,  make any corn- 

p a r i s o n s  between t h e s e  two s t u d i e s  less t h a n  c o n c l u s i v e .  

The unusual ly  i n c r e a s e d  r e d u c t i o n  i n  r e c o g n i t i o n  o f  b l u e  h u e - l e t t e r  

combina t ions  s h o u l d  p robab ly  be  regarded  w i t h  some s u s p i c i o n .  I n  s p i t e  o f  

t h e  fact  t l , a t  d u r a t i o n  t h r e s h o l d s  f o r  t h e  f o u r  h u e s  were  de te rmined  p r i o r  

to t h e  e x p e r i m e n t a l  s e r i e s  u s i n g  r e c o g n i t i o n  p r o c e d u r e s ,  b l u e  t e s t  s t i m u l i  

were masked to a c o n s i d e r a b l y  g r e a t e r  e x t e n t  t h a n  t h e  o t h e r  t h r e e  hues .  



T h i s  r a i s e s  t h e  q u e s t i o n  o f  why s h o u l d  b l u e  test s t i m u l i ,  i n  t h i s  

e x p e r i m e n t a l  s i t u a t i o n ,  b e  more p r o n e  t o  masking t h a n  t h e  o t h e r  h u e s ?  

A s u g g e s t e d  s o l u t i o n  may l i e  i n  t h e  d e g r e e  o f  c o n t r a s t  p r e s e n t  between 

t h e  t e s t  s t i m u l i  and t h e  opaque b l a c k  background.  I\s n o t e d  above,  t h e  

o r d e r  of e f f i c i e n c y ,  i n  terms o f  r e s i s t i n g  mask ing ,  was g r e e n ,  y e l l o w ,  

r e d  and b l u e ,  w i t h  b l u e  b e i n g  t h e  l e a s t  e f f i c i e n t ,  i .e .  most  e a s i l y  

masked t e s t  s t i m u l u s  hue.  Comments by t h e  s u b j e c t s  i n d i c a t e d  t h a t  b l u e  

a p p e a r e d  t o  b e  h i g h l y  s a t u r a t e d  when compared w i t h  t h e  o t h e r  h u e s ,  

p a r t i c u l a r l y  g r e e n  and y e l l o w .  T h i s  s u g g e s t s  t h a t  a  low c o n t r a s t  cond i -  

t i o n  e x i s t e d  between b l u e  and t h e  b l a c k  background when compared w i t h  

y e l l o w  and a  b l a c k  background. Such a  low c o n t r a s t  c o n d i t i o n ,  a s  d e s c r i b e d  

above ,  migh t  a c c o u n t  t o  a  l a r g e  e x t e n t  f o r  t h e  r e d u c t i o n  i n  r e c o g n i t i o n  o f  

t h e  b l u e  t e s t  s t i m u l i  a l o n g  w i t h  any c o n c u r r e n t  masking e f f e c t s  due  t o  

t h e  p r e s e n c e  o f  a n  i n i t i a l  o r  s u b s e q u e n t  masking s t i m u l u s  

I n  g e n e r a l ,  i t  may b e  s t a t e d  t h a t  t h e  r e s u l t s  o f  t h i s  e x p e r i m e n t a l  

s e r i e s ,  w h i l e  n o t  c o n c l u s i v e ,  do  a p p e a r  t o  p r o v i d e  some e m p i r i c a l  s u p p o r t  

for  a n  opponen t -p rocess  t h e o r y  of  c o l o r  v i s i o n .  F u r t h e r m o r e ,  t h e  r e s u l t s  

do tend to support e a r l i e r  f i n d i n g s  o f  c h r o m a t i c  backward masking.  The 

e x t e n t  o f  masking v a r i e s  s i g n i f i c a n t l y  w i t h  n o t  o n l y  t h e  p a r t i c u l a r  t e s t  

and mask h u e s  employed,  b u t  a l s o  w i t h  t h e  t empora l  s e q u e n c e  o f  t h e  t e s t  

and mask stimulus, 1 . e .  a  backward o r  fo rward  masking s e q u e n c e *  
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Appendix A 

Figure of mean t e s t  st imulus recogni t ion ,  subjec t ive  con•’ idence 
r a t i n g ,  f o r  each of  f i v e  subjects  for  the hues red ,  green,  ye l low 
and blue  (Backward masking cond i t ion) .  



Red Green Yellow I 

T e s t  S t i m u l u s  hue 

Mean t e s t  s t i m u l u s  r e c o g n i t i o n ,  s u b j e c t i v e  c o n f i d e n c e  r a t i n g ,  
f o r  e a c h  of  f i v e  s u b j e c t s  f o r  t h e  h u e s  r e d  g r e e n  y e l l o w  and b l u e  
(backward mask c o n d i t i o n ) .  



Appendix B 

F igu re  of mean test s t i m u l u s  r e c o g n i t i o n ,  s u b j e c t i v e  conf idence  
r a t i n g ,  f o r  each of f i v e  s u b j e c t s  f o r  t h e  hues  r e d ,  g r e e n ,  ye l low 
and b l u e  ( forward masking c o n d i t i o n ) .  



Red Green Yellow Blue 

T e s t  s t i m u l u s  hue  

Mean test s t i m u l u s  r e c o g n i t i o n ,  s u b j e c t i v e  c o n f i d e n c e  r a t i n g ,  
f o r  e a c h  o f  f i v e  s u b j e c t s  f o r  t h e  h u e s  r e d ,  g r e e n ,  y e l l o w  and b l u e  
( fo rward  mask c o n d i t i o n ) .  


