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A b s t r a c t

SCOTOPIC-PHOTOPIG in t e r r e l a t i o n s h i p s  

IN METACONTRAST and paracontrast

by

M ic ha e l  C. B a r r i s  

A d v i s e r :  Dr.  Thomas E. Frumkes

, The i n t e r r e l a t i o n s h i p  be tw een  th e  s c o t o p i c  and p h o t o p i c  sys tem s  

was i n v e s t i g a t e d  i n  a s e r i e s  o f  m e t a c o n t r a s t  and p a r a c o n t r a s t  e x p e r i ­

m e n t s .  A M axw el l i an  view o p t i c a l  s y s te m  was used t o  p r e s e n t  

s t i m u l i  t o  t h r e e  d a r k - a d a p t e d  o b s e r v e r s .  A 2°  d i a m e t e r ,  10-msec 

d u r a t i o n  t e s t  f l a s h  (F ) was p r e s e n t e d  a t  7°  on t h e  h o r i z o n t a l  

m e r i d i a n  i n  t h e  t e m p o r a l  v i s u a l  f i e l d  o f  t h e  r i g h t  e y e .  A 10-msec 

a n n u l a r  a d a p t i n g  f l a s h  (F ) which  had a 2°  i n n e r  d i a m e t e r  and a 

10° o u t e r  d i a m e t e r  was p r e s e n t e d  c o n c e n t r i c a l l y  w i t h  t h e  F .

The t e m p o r a l  i n t e r v a l  be tw e en  t h e  o n s e t s  o f  t h e  s t i m u l i  (F^ - F 

i n t e r v a l )  and t h e  w a v e l e n g t h  and i l l u m i n a n c e  of  t h e  f l a s h e s  

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

(A n e g a t i v e  F^ - f  i n t e r v a l  i n d i c a t e s  t h a t  t h e  Ffc p r e c e d e s  t h e  

Fa ; a p o s i t i v e  i n t e r v a l  i n d i c a t e s  t h e  o p p o s i t e . )

I n  E xp e r im en t  1, t h e  t h r e s h o l d  o f  a 512 nm w a v e l e n g t h  F was 

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

512 nm o r  655 nm w a v e l e n g t h  F • W ith  b o t h  F s ,  t h e  F t  t h r e s h o l da a t

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

r e g a r d l e s s  o f  t h e  F - F i n t e r v a l .  However,  a t  c e r t a i n  F - F 
6  a  t  a t

i n t e r v a l s ,  t h e  s c o t o p i c  i l l u m i n a n c e  o f  t h e  F a l o n e  d e t e r m i n e d  F ’ r  a t

t h r e s h o l d .  At  d i f f e r e n t  F -  F i n t e r v a l s ,  t h e  655 nm w a v e l e n g t h
a t
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Fa was e i t h e r  more o r  l e s s  e f f e c t i v e  t h a n  t h e  512 nm w a v e l e n g t h  F . 

These r e s u l t s  a r e  i m p o s s i b l e  t o  r e c o n c i l e  w i t h  t h e  c o n c e p t  t h a t  on ly  

one ty p e  o f  r e c e p t o r  s t i m u l a t e d  by t h e  Ffl i s  i n f l u e n c i n g  F t h r e s h o l d  

I n  E x p e r im e n t  2 ,  a  F 512 nm i n  w a v e l e n g t h  was p r e s e n t e d  a t  a 

f i x e d  i l l u m i n a n c e  o f  1 .9  log  s c o t o p i c  t r o l a n d s  ( 0 .5  lo g  u n i t s  above 

a b s o l u t e  t h r e s h o l d ) .  Because  o f  i t s  w a v e l e n g t h  and i l l u m i n a n c e ,  i t  

was assumed t o  be d e t e c t e d  s o l e l y  by t h e  s c o t o p i c  s y s t e m .  The i l l u m i  

nance o f  e i t h e r  a 512 nm w a v e l e n g t h  or  a r e d - h u e d  (W r a t t e n  29 f i l t e r )  

Fa wh ich  masked t h e  F fc Was d e t e r m i n e d  a t  many Fa - Ffc i n t e r v a l s .  

R e g a r d l e s s  o f  F w a v e l e n g t h ,  t h e  F i l l u m i n a n c e  n e c e s s a r y  t o  mask
3  3.

t h e  F f i r s t  d e c r e a s e d ,  and t h e n  i n c r e a s e d  a s  t h e  F - F i n t e r v a l  
t  a t

became l o n g e r .  I n  g e n e r a l ,  however ,  t h e  r e d - h u e d  F was morea

e f f e c t i v e  i n  mask ing  t h e  F a t  n e g a t i v e  F - F i n t e r v a l s ,  w h i l e  t h e
t  a t

512 nm w a v e l e n g t h  F was more e f f e c t i v e  a t  p o s i t i v e  F - F i n t e r v a l s
a a t

Only a t  t h e  - 1 0 0 ,  - 5 0 ,  and -1-150 msec F - F i n t e r v a l s  were t h e  two& t

d i f f e r e n t  Fa s e q u a l  i n  t h e i r  e f f e c t  on t h e  F t .

E xpe r im en t  3 was p e r f o r m e d  i n  o r d e r  t o  a s c e r t a i n  t h a t  t h e

s c o t o p i c  s y s te m  a l o n e  was d e t e c t i n g  t h e  F i n  E x p e r im e n t  2 .  The

i l l u m i n a n c e  o f  tx^o F s o f  d i f f e r e n t  w a v e l e n g t h  t h a t  masked t h e  F
a t

xjas d e t e r m i n e d  a t  t h r e e  F - F i n t e r v a l s .  With  t h e s e  s i x  d i f f e r e n ta t

c o n d i t i o n s  ( t h r e e  i n t e r v a l s  a t  two F w a v e l e n g t h s ) , t h e  t h r e s h o l da

log  r e l a t i v e  q u a n ta  o f  a v a r i a b l e  x^avelength  F was d e t e r m i n e d  i n

t h e  p r e s e n c e  o f  t h e  F . I n  a l l  c a s e s ,  t h e  F t h r e s h o l d  l o g  r e l a t i v e
a  t

q u a n t a  d e s c r i b e d  t h e  s e n s i t i v i t y  o f  t h e  C . I . E .  s c o t o p i c  o b s e r v e r  

c o r r e c t e d  f o r  q u a n t a .  T h e r e f o r e ,  i n  Expe r im en t  2,  t h e  F must
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a lw ays  be d e t e c t e d  by t h e  s c o t o p i c  sys tem .

I n  Expe r im en t  4 ,  a F , 512 nm i n  w a v e l e n g t h ,  was a g a i n  p r e s e n t e d  

a t  a f i x e d  i l l u m i n a n c e  o f  1 .9  lo g  s c o t o p i c  t r o l a n d s  ( 0 .5  lo g  u n i t s  

above  a b s o l u t e  t h r e s h o l d ) . The lo g  r e l a t i v e  q u a n t a  o f  a v a r i a b l e

w a v e l e n g t h  F which  masked t h e  F. was d e t e r m i n e d  a t  f o u r  F - F.a  t  a t
i n t e r v a l s .  When t h e  F& p r e c e d e d  th e  by 100 o r  200 msec,  the

lo g  r e l a t i v e  q u a n t a  o f  t h e  F n e c e s s a r y  t o  mask t h e  F was p r e d i c t a b l e
a t

by c o n s i d e r i n g  th e  F s e n s i t i v i t y  t o  on ly  t h e  s c o t o p i c  s y s te m .  When
a

t h e  F t  p r e c e d e d  th e  F& by 50 or  150 msec,  however ,  t h e  s e n s i t i v i t y

o f  t h e  s c o t o p i c  s y s te m  a l o n e  d i d  no t  p r e d i c t  the  log  r e l a t i v e

q u a n t a  o f  t h e  Fa n e c e s s a r y  t o  mask t h e  F fc- With  t h e  r e d - h u e d  Fa s ,

t h e  log  r e l a t i v e  q u a n ta  n e c e s s a r y  t o  mask the  F was c o n s i d e r a b l y

l e s s  t h a n  t h a t  p r e d i c t e d  by s c o t o p i c  s e n s i t i v i t y .

The r e s u l t s  o f  t h e s e  e x p e r i m e n t s  show t h a t ,  i n  m e t a c o n t r a s t

and p a r a c o n t r a s t  s i t u a t i o n s  i n  w h ic h  a F̂ _ i s  d e t e c t e d  o n ly  by the

s c o t o p i c  s y s te m ,  t h e  t y p e  o f  r e c e p t o r  w h ich  i n f l u e n c e s  F^ t h r e s h o l d

i s  d e t e r m i n e d  by t h e  F “ F i n t e r v a l .  I f  t h e  F p r e c e d e s  t h e  F ,a t  a  1 t

t h e  i n f l u e n c e  o f  t h e  F on t h e  s c o t o p i c  s y s te m  a l o n e  d e t e r m i n e s  F
a t

t h r e s h o l d .  These  r e s u l t s  a r e  r e l a t e d  t o  t h e  d i f f e r e n c e  i n  l a t e n c y  

betx^een t h e  s c o t o p i c  and p h o t o p i c  s y s t e m s .
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C h a p t e r  1 

I n t r o d u c t i o n

Max S c h u l t z e ' s  (1866)  i d e n t i f i c a t i o n  o f  r e t i n a l  r o d s  and cones  

formed t h e  b a s i s  o f  t h e  d u p l i c i t y  t h e o r y  o f  v i s i o n .  T h i s  t h e o r y  

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

v i s i o n  and r e t i n a l  cones  w i t h  p h o t o p i c  (day)  v i s i o n .  A p rob lem  

a r i s i n g  from t h e  d u p l i c i t y  t h e o r y  i s  t h e  r e l a t i o n s h i p  be tw e en  th e  

two s y s t e m s :  Do t h e  sy s te m s  i n h i b i t  e a c h  o t h e r ;  do t h e y  summate

w i t h  e a c h  o t h e r ;  o r ,  a r e  t h e y  c o m p l e t e l y  i n d e p e n d e n t ?

I n  r e c e n t  y e a r s ,  t h e  q u e s t i o n  o f  s c o t o p i c - p h o t o p i c  i n t e r a c t i o n  

has  b e e n  s p e c i f i c a l l y  a d d r e s s e d  by p s y c h o p h y s i c a l  s t u d i e s  i n v o l v i n g  

d u a l - f l a s h  t h r e s h o l d  t e c h n i q u e s  ( S t i l e s ,  1939,  1959; A l p e r n ,  1965; 

W e s th e im e r ,  1970;  F r u m k e s , S e k u l e r ,  & R e i s s ,  1972;  I n g l i n g ,  1972; 

F r u m k e s , S e k u l e r ,  B a r r i s ,  R e i s s ,  & C h a l u p a ,  1973;  L enn ie  &. MacLeod, 

1973;  Makous & B oo the ,  1974;  M a r t i n e z  & S t u r r ,  1975;  F o s t e r ,  1976;  

B l i c k  & MacLeod, i n  p r e s s ;  Temme 6: Frumkes ,  i n  p r e s s ;  Frumkes & Temme, 

i n  p r e s s ) .

Of t h e s e  s t u d i e s ,  t h e  one most  f r e q u e n t l y  c i t e d  a s  e v i d e n c e  f o r  

s c o t o p i c - p h o t o p i c  i n d e p e n d e n c e  i s  t h a t  o f  A l p e r n  ( 1 9 6 5 ) ,  w h ic h  used  

an  a f t e r f l a s h ,  o r  r n e t a c o n t r a s t , p a ra d ig m .  A l p e r n  i m p l i e s  t h a t  m e t a ­

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

f l a s h e s  t h a t  a r e  s e p a r a t e d  b o t h  spatially and temporally. In h i s  

study, he presented all stimuli at 6° from the fixation point of 

the dark-adapted observer. His test flash (F t ) was a 2.5° square 

5 msec i n  duration. Since h i s  F fc was 527 nm i n  wavelength and was
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g e n e r a l l y  dim enough t o  a p p e a r  h u e l e s s ,  i t  p r o b a b l y  was d e t e c t e d  by

t h e  s c o t o p i c  s y s te m  i n  most  p h a s e s  o f  t h i s  s t u d y .  His a d a p t i n g

f l a s h  (F 5 o r  a f t e r f l a s h  i n  h i s  t e r m i n o l o g y )  was a l s o  5 msec i n

d u r a t i o n ,  b u t  i t  was p r e s e n t e d  50 msec a f t e r  t h e  o n s e t  o f  t h e  F .

The w a v e l e n g t h  o f  t h e  F„ was e i t h e r  500 or  635 nm. When t h e s ea

Fa s were e q u a t e d  f o r  t h e i r  i n f l u e n c e  on t h e  s c o t o p i c  s y s te m ,  t h e  

635 nm Ffl had a  much g r e a t e r  i n f l u e n c e  on t h e  p h o t o p i c  s y s te m  t h a n  

t h e  500 nm w a v e l e n g t h  F . The F s were  9°  d i s k s  which  e c c e n t r i c a l l y
a  Si J

s u r r o u n d e d  b u t  d i d  n o t  o v e r l a p  t h e  F . I n  most  c a s e s ,  t h e  F. t h r e s h o l d
t  t

i l l u m i n a n c e  was d e t e r m i n e d  a s  a f u n c t i o n  o f  F i l l u m i n a n c e .
a

A l p e r n  (1965)  found t h a t  F t h r e s h o l d  i l l u m i n a n c e  m o n o t o n i c a l l y

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

i n c r e a s e d .  When t h e  f u n c t i o n s  f o r  t h e  F s o f  d i f f e r e n t  w a v e l e n g t h sa

were compared ( se e  F i g .  12 ) ,  t h e y  s u p e r p o s e d  i f  t h e  a b s c i s s a e  were

e x p r e s s e d  i n  t e rm s  o f  s c o t o p i c  i l l u m i n a n c e ,  i . e ,  x^hen t h e y  were

e q u a t e d  f o r  t h e  s c o t o p i c  s y s te m .  I f  t h e  a b s c i s s a e  o f  t h e s e  same

f u n c t i o n s  were e x p r e s s e d  i n  t e rm s  o f  p h o t o p i c  i l l u m i n a n c e ,  t h e  527

nm w a v e l e n g t h  F was much more e f f e c t i v e  i n  i n f l u e n c i n g  F t h r e s h o l d ,  a t

I n  t h i s  c a s e ,  i f  t h e  f u n c t i o n s  were  e q u a t e d  f o r  t h e  p h o t o p i c  s y s te m ,

t h e y  d i d  no t  o v e r l a p .  A l p e r n  c o n c lu d e d  t h a t  o n ly  t h e  s c o t o p i c

component s t i m u l a t e d  by t h e  F r a i s e d  t h e  s c o t o p i c  F t h r e s h o l d .
a

S in c e  1965, A l p e r n  ( e . g . ,  A l p e r n ,  1976) has  g e n e r a l i z e d  b r o a d l y  

from t h e  r e s u l t s  o f  t h i s  s t u d y .  He has  s t a t e d  t h a t  a l l  r e c e p t o r  

sy s te m s  a c t  independertLy o f  e a c h  o t h e r  i n  many p e r c e p t u a l  s i t u a t i o n s .  

However , t h e r e  a r e  two m e t h o d o l o g i c a l  f a c t o r s  i n  h i s  s t u d y  which  m ig h t
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have  i n f l u e n c e d  h i s  r e s u l t s .  F i r s t  o f  a l l ,  A l p e r n  (1953)  h i m s e l f

and many o t h e r  i n v e s t i g a t o r s  ( f o r  r e v i e w s ,  see  Kahneman, 1968;

W e i s s t e i n ,  1972;  L e f t o n ,  1973;  M a t i n ,  1975;  B r e i t m e y e r  & Ganz,

1976) have d e m o n s t r a t e d  t h a t  t h e  i n f l u e n c e  o f  a n  F& upon t h e

b r i g h t n e s s  or  t h r e s h o l d  o f  a  F i s  d e p e n d e n t  upon t h e  i n t e r v a l

be tw e en  t h e  two s t i m u l i .  Because  o f  t h e  w ide ly -know n  d i f f e r e n c e s

be tw een  t h e  l a t e n c y  o f  p h o t o p i c  and s c o t o p i c  sy s te m s  (Wooten, 1972;

W a l t e r s ,  1971;  C o u r a s ,  1966; Gouras  & L ink ,  1966;  S t e i n b e r g ,  1969;

Niemeyer  & G oura s ,  1973;  F a i n ,  1975) ,  h i s  c h o i c e  o f  a  s i n g l e  i n t e r v a l

be tw e en  t h e  F a n d f *. c o u ld  have b i a s e d  h i s  d a t a .  I f  he had used  a  t

o t h e r  i n t e r v a l s ,  he m igh t  have n o t i c e d  d i f f e r e n t  e f f e c t s .  Second,  

h i s  d a t a  m igh t  be  s p e c i f i c  t o  t h e  p a r t i c u l a r  s p a t i a l  c o n f i g u r a t i o n  

t h a t  he u s e d .  I f  he had v a r i e d  t h e  d i a m e t e r  o f  h i s  f l a s h e s  or  

changed t h e i r  p o s i t i o n  i n  t h e  o b s e r v e r ' s  v i s u a l  f i e l d ,  he might  

have  n o t i c e d  d i f f e r e n t  e f f e c t s .

A l p e r n 1s c l a i m  o f  s c o t o p i c - p h o t o p i c  i n d e p e n d e n c e  i n  d u a l - f l a s h  

s i t u a t i o n s  has  n o t  gone u n c h a l l e n g e d .  Fo r  e xa m p le ,  Frumkes e t  a l .  

(1973)  s t u d i e d  s c o t o p i c - p h o t o p i c  i n t e r r e l a t i o n s h i p s  u s i n g  a  metho­

d o l o g i c a l  p a ra d ig m  ( t h e  r a p i d  a d a p t a t i o n  t e c h n i q u e  o f  C ra w fo rd ,  1947) 

s i m i l a r  t o  t h e  m e t a c o n t r a s t  s i t u a t i o n .  I n  t h e i r  e x p e r i m e n t s ,  

s t i m u l i  were p r e s e n t e d  c o n c e n t r i c a l l y  a t  7°  f rom t h e  f i x a t i o n  p a h t  

o f  t h e  d a r k - a d a p t e d  o b s e r v e r .  The F̂ _ was a  55 '  d i a m e t e r  d i s k ,

10 msec i n  d u r a t i o n .  I t s  w a v e l e n g t h  was gove rned  by  e i t h e r  420 

or  680 nm na r row  p a s sb a n d  i n t e r f e r e n c e  f i l t e r s .  These i n v e s t i g a t o r s  

assumed t h a t  t h e  420 nm w a v e l e n g t h  s t i m u l i  were  p r i n c i p a l l y  d e t e c t e d
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by t h e  s c o t o p i c  s y s te m  and  t h e  630 nm w a v e l e n g t h  s t i m u l i  by t h e  

p h o t o p i c  s y s t e m .  I n  g e n e r a l ,  F t h r e s h o l d  i l l u m i n a n c e  was d e t e r m i n e d  

a s  a  f u n c t i o n  o f  t h e  t e m p o r a l  o n s e t  i n t e r v a l  be tw een  t h e  F^ and

F t  (Fa  " F t  i n t e r v a l ) •

When t h e  two f l a s h e s  were i d e n t i c a l  i n  w a v e l e n g t h ,  Frumkes

e t  a l .  (1973)  found t h a t  F t h r e s h o l d  i l l u m i n a n c e  was g r e a t e s t

when t h e  two s t i m u l i  were p r e s e n t e d  s i m u l t a n e o u s l y .  The F

t h r e s h o l d  i l l u m i n a n c e  d e c r e a s e d  a s  t h e  F was p r e s e n t e d  e i t h e r

e a r l i e r  o r  l a t e r  t h a n  t h e  F . A s i m i l a r  i n v e r t e d  U-shaped  f u n c t i o n

was o b t a i n e d  when t h e  two s t i m u l i  were d i f f e r e n t  f rom e a c h  o t h e r

i n  w a v e l e n g t h .  However,  when t h e  F w a v e l e n g t h  was 680 nm, maximum
Si

t h r e s h o l d  i l l u m i n a n c e  f o r  t h e  420 nm w a v e l e n g t h  F o c c u r r e d  when
t

i t  was p r e s e n t e d  b e f o r e  t h e  F . To t h e  e x t e n t  that  t h e  420 nm 

w a v e l e n g t h  s t i m u l i  i n f l u e n c e  t h e  s c o t o p i c  s y s te m  e x c l u s i v e l y  

and t h e  680 nm w a v e l e n g t h  s t i m u l i  t h e  p h o t o p i c  s js  tern, t h e  d a t a  

s u g g e s t e d  s c o t o p i c - p h o t o p i c  i n t e r a c t i o n .  Frumkes e t  a l .  (1973) 

i n t e r p r e t e d  t h e  s h i f t  i n  t h e  t im e  c o u r s e  o f  t h e i r  f u n c t i o n s  

a s  t h e  r e s u l t  o f  t h e  d i f f e r e n c e  i n  l a t e n c y  be tw een  t h e  s c o t o p i c  

and p h o t o p i c  s y s t e m s .  N e v e r t h e l e s s ,  t h e y  p roduced  no c o n c l u s i v e  

e v i d e n c e  t h a t  t h e i r  420 o r  680 nm w a v e l e n g t h  s t i m u l i  d i s c r e t e l y  

a f f e c t e d  o n l y  one t y p e  o f  r e c e p t o r .

Th re e  f a c t o r s  c o u ld  d e t e r m i n e  t h e  d i f f e r e n t  c o n c l u s i o n s  r e a c h e d  

by A l p e r n  (1965)  and Frumkes e t  a l .  ( 1 9 7 3 ) .  F i r s t ,  t h e  s p a t i a l  

p a r a m e t e r s  d i f f e r e d  be tw een  t h e s e  two s t u d i e s .  S p e c i f i c a l l y ,

Frumkes e t  a l .  (1973) u s e d  a  d i s k  F s u p e r p o s e d  on a  d i s k  FQ,
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w h i l e  A l p e r n  (1965)  u sed  a  s q u a r e  F w i t h  an  e c c e n t r i c  s u r r o u n d i n g

f l a s h .  However , i n  l i g h t  o f  r e c e n t  r e p l i c a t i o n s  o f  t h e  e x p e r i m e n t s

o f  Frumkes e t  a l .  (1972)  u s i n g  d i s k  F t s and c o n c e n t r i c  a n n u l i  as

s t i m u l i  ( I n g l i n g ,  1972;  F o s t e r ,  1976 ) ,  t h i s  f a c t o r  by i t s e l f

p r o b a b l y  does  n o t  a c c o u n t  f o r  t h e  d i s c r e p a n c y .  Second,  none o f

t h e  s t u d i e s  c i t e d  above  a d e q u a t e l y  d e m o n s t r a t e d  which  ty p e  o f

r e c e p t o r  p o p u l a t i o n  was a f f e c t e d  by t h e  v a r i o u s  w a v e l e n g t h  s t i m u l i .

T h i r d ,  A l p e r n ' s  (1965)  c o n c l u s i o n  o f  s c o t o p i c - p h o t o p i c  i n d e p e n d e n c e

may be s p e c i f i c  t o  t h e  s i n g l e  F - F i n t e r v a l  t h a t  he u s e d .  T h i s
a  t

i s  p r o b a b l e  i n  l i g h t  o f  o b s e r v a t i o n s  (Frumkes e t  a l . ,  1972, 1973;  

I n g l i n g ,  1972;  F o s t e r ,  1976) t h a t  show t h e  F - F i n t e r v a l  a s  an
cl £

i m p o r t a n t  v a r i a b l e  i n  d e t e r m i n i n g  s c o t o p i c - p h o t o p i c  i n t e r a c t i o n s .

The p r e s e n t  i n v e s t i g a t i o n  i s  a  s t u d y  o f  s c o t o p i c - p h o t o p i c

i n t e r a c t i o n  u n d e r  m e t a c o n t r a s t  and p a r a c o n t r a s t  c o n d i t i o n s .

I n  b r i e f ,  t h e  t h r e s h o l d  i l l u m i n a n c e  o f  a 512 nm w a v e l e n g t h  F

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

a n  F a s  w e l l  a s  F - F i n t e r v a l .  By d e t e r m i n i n g  a c t i o n  s p e c t r a ,  
a  a t

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

t y p e  o f  r e c e p t o r  p o p u l a t i o n  d e t e c t e d  t h e  d i f f e r e n t  s t i m u l i .  The 

r e s u l t s  show t h a t  t h e  i n t e r r e l a t i o n s h i p  be tw een  t h e  p h o t o p i c  and 

s c o t o p i c  sy s te m s  i n  m e t a c o n t r a s t  and p a r a c o n t r a s t  i s  h i g h l y  

d e p e n d e n t  on t h e  F& - F i n t e r v a l .
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C h a p t e r  2 

L i t e r a t u r e  Review

The d u p l i c i t y  t h e o r y  o f  v i s i o n  e v o lv e d  i n  t h e  n i n e t e e n t h  c e n t u r y  

a s  a n  a t t e m p t  t o  e x p l a i n  v i s u a l  phenomena r e l a t e d  t o  d i f f e r e n c e s  i n  

t h e  p r e v a i l i n g  l e v e l  o f  i l l u m i n a t i o n  ( f o r  e a r l y  l i t e r a t u r e  r e f e r e n c e s , 

s e e  LeGrand,  1975) .  As e a r l y  a s  1819,  Pur lc in je  n o t e d  t h a t ,  a t  low 

l e v e l s  o f  i l l u m i n a t i o n ,  a c u i t y  i s  s h a r p e r ,  v i s i o n  i s  h u e l e s s ,  and 

s e n s i t i v i t y  i s  g r e a t e r  w i t h  s h o r t e r  w a v e l e n g t h s  o f  l i g h t .  I n  

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

d i f f e r e n t  hue s  a r e  e a s i l y  d i s c r i m i n a t e d ,  and s e n s i t i v i t y  i s  g r e a t e r  

w i t h  l o n g e r  w a v e l e n g t h s .  I n  1866,  S c h u l t z e  d e s c r i b e d  two t y p e s  o f  

p h o t o r e c e p t o r s  i n  t h e  v e r t e b r a t e  r e t i n a ,  t h e  r o d s  and th e  c o n e s .

F i f t e e n  y e a r s  l a t e r ,  P a r i n a u d  and von K r i e s  r e l a t e d  t h i s  a n a t o m i c a l  

d u p l i c i t y  t o  t h e  a p p a r e n t  f u n c t i o n a l  d u p l i c i t y  o f  human v i s i o n .

They d e s c r i b e d  v i s i o n  i n  dim l i g h t  a s  s c o t o p i c  and a t t r i b u t a b l e  t o  

r o d s ,  w h i l e  v i s i o n  i n  b r i g h t  l i g h t  was d e s c r i b e d  a s  p h o t o p i c  and 

due t o  c o n e s .  S ince  t h a t  t i m e ,  s e v e r a l  c o n v e r g i n g  l i n e s  o f  e v id e n c e  

have  been  o f f e r e d  a s  s u p p o r t  f o r  t h e  d u p l i c i t y  t h e o r y .

A p rob lem  a r i s i n g  from t h e  d u p l i c i t y  t h e o r y  o f  v i s i o n  i s  t h e  

n a t u r e  o f  t h e  t r a n s i t i o n  be tw een  t h e  s c o t o p i c  and p h o t o p i c  s y s t e m s ^ .

■'•The t e rm ,  s c o t o p i c  s y s t e m ,  i s  used h e r e  t o  r e f e r  t o  t h e  f u n c t i o n a l  

and s t r u c t u r a l  s y s te m  which  i s  c o n n e c t e d  t o  t h e  r o d s ,  w h i l e  t h e  t e r m ,  

p h o t o p i c  s y s te m ,  r e f e r s  s i m i l a r l y  t o  t h e  s y s te m  c o n n e c t e d  t o  t h e  

c o n e s .  T h i s  n o m e n c l a t u r e  i s  p r e f e r a b l e  t o  t h e  t e r m s ,  rod  and cone 

s y s t e m s ,  which  imply  t h a t  o n ly  p h o t o r e c e p t o r s  a r e  i n v o l v e d  i n  e a c h  

s y s t e m .  I n  f a c t ,  s e v e r a l  o r d e r s  o f  ne u rons  a r e  i n v o l v e d .



Barris 18

Do t h e y  a lw ays  f u n c t i o n  i n d e p e n d e n t l y  o f  one a n o t h e r  o r  a r e  t h e y  

co u p le d  i n  some manner?

A n a t o m i c a l  e v i d e n c e  i n  t h e  p r i m a t e . Much e v id e n c e  shows 

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

t h e  p r i m a t e  r e t i n a  (Dowling & B o y c o t t ,  1966; B o y c o t t  & Dowling ,  

1969) ,  s u g g e s t i n g  t h a t  t h e  s c o t o p i c  and p h o t o p i c  sy s te m s  o p e r a t e  

i n d e p e n d e n t l y  o f  one a n o t h e r .  However , t h e r e  a r e  s e v e r a l  s t r u c t u r a l  

f e a t u r e s  w h ich  s u g g e s t  t h a t  r o d s  and cones  may i n t e r a c t  i n  t h e  

r e t i n a .  R a v i o l a  and G i l u l a  (1973) have  documented t h e  e x i s t e n c e  

o f  gap j u n c t i o n s  be tw e en  r o d s  and cones  i n  v e r t e b r a t e  a n i m a l s ,  

i n c l u d i n g  monkeys.  To t h e  e x t e n t  t h a t  t h e  gap j u n c t i o n s  have  been  

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

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

f o r  r o d - c o n e  i n t e r a c t i o n  i n  p r i m a t e s .  M oreover ,  Xolb (1970)  has  

shown t h a t  a l l  o f  t h e  p r i m a t e  h o r i z o n t a l  c e l l s  w h ic h  she  s t u d i e d  

had d e n d r i t i c  c o n n e c t i o n s  w i t h  cones  and a x o n a l  p r o c e s s e s  p a s s i n g  

t o  r o d s .  F i n a l l y ,  s e v e r a l  a n a t o m i s t s  ( P o ly a k ,  1941;  Dowling & 

B o y c o t t ,  1966;  Kolb & F a r a i g l i e t t i , 1974) have  shown t h a t  rod  and 

cone  b i p o l a r  c e l l s  c o n v e rg e  on t h e  same g a n g l i o n  c e l l  i n  a v a r i e t y  

o f  mammals.

I n  summary, t h e r e  a r e  s e v e r a l  s t r u c t u r a l  b a s e s  f o r  i n t e r a c t i o n  

be tw e en  s c o t o p i c  and p h o t o p i c  s i g n a l s  a t  s e v e r a l  d i f f e r e n t  l o c i  

w i t h i n  t h e  r e t i n a .

P h y s i o l o g i c a l  e v i d e n c e  i n  c a t  and p r i m a t e . P h y s i o l o g i c a l  

e v id e n c e  f o r  s c o t o p i c - p h o t o p i c  i n t e r a c t i o n s  h a s  b e e n  w e l l  documented
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by r e c o r d i n g s  from e v e ry  c e l l  t y p e  w i t h i n  the  v e r t e b r a t e  r e t i n a .  

U n f o r t u n a t e l y ,  a good d e a l  o f  t h i s  e v i d e n c e  ( e . g . ,  S c h w a r tz ,  1975;  

F a i n ,  1975) s tems  from the  r e t i n a s  o f  c o l d - b l o o d e d  a n i m a l s .  N e ve r ­

t h e l e s s ,  t h e r e  i s  ample e v i d e n c e  f o r  s c o t o p i c - p h o t o p i c  i n t e r a c t i o n  

i n  t h e  c a t  and p r i m a t e s .  R e c o rd in g  i n t r a c e l l u l a r l y  f rom c a t  c o n e s ,  

N e l son  (1975) has  shown t h a t  cones  a r e  i n f l u e n c e d  by rod  s i g n a l s .

O th e r  i n v e s t i g a t o r s  ( S t e i n b e r g ,  1969;  Niemeyer  & G oura s ,  1973;  N e l s o n ,  

von LUtzow, Ko lb ,  & Gouras ,  1975) have no ted  t h a t  h o r i z o n t a l  c e l l s  

r e c e i v e  bo th  s c o t o p i c  and p h o t o p i c  s i g n a l s .  However,  the  n a t u r e  of  

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

by r e c o r d s  o f  the  l a t e  r e c e p t o r  p o t e n t i a l ,  an e l e c t r o r e t i n o g r a m  

(ERG) component ,  o b t a i n e d  i n  the  p r i m a t e  ( W h i t t e n  & Brown, 1973) .  

C o n s i d e r i n g  t h e s e  p a p e r s ,  i t  i s  r e a s o n a b l e  t o  c o n c lu d e  t h a t  some 

i n t e r a c t i o n  be tw een  the  s c o t o p i c  and p h o t o p i c  sy s te m s  i s  o c c u r r i n g  

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

A number o f  s t u d i e s  i n  t h e  c a t  (Andrews & Hammond, 1970a,  1970b;  

Hammond & Jam es ,  1971; Rodieck  6c R u s h to n ,  1976)  have c l e a r l y  

documented t h a t  s c o t o p i c  and p h o t o p i c  s i g n a l s  c a n  i n t e r a c t  i n  an 

i n h i b i t o r y  manner a t  t h e  g a n g l i o n  c e l l  l e v e l .

C o l l e c t i v e l y ,  t h e r e  i s  ample e l e c t r o p h y s i o l o g i c a l  and a n a t o m i c a l  

e v id e n c e  f o r  i n t e r a c t i o n  be tw een  the  s c o t o p i c  and p h o t o p i c  sys tem s  

w i t h i n  t h e  r e t i n a .  The s p e c i f i c  pa thways  i n v o l v e d  i n  t h e  mammalian 

r e t i n a ,  however ,  have y e t  t o  be o u t l i n e d .

P s y c h o p h y s i c a l  e v i d e n c e  i n  t h e  human. Some p s y c h o p h y s i c a l  

e v id e n c e  o b t a i n e d  w i t h  human o b s e r v e r s  s u p p o r t s  t h e  h y p o t h e s i s  of  

i n d ep e n d e n c e  be tw een  t h e  s c o t o p i c  and p h o t o p i c  s y s t e m s .  However,
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o t h e r  p s y c h o p h y s i c a l  e v i d e n c e  s u g g e s t s  t h a t  e i t h e r  summation or  

i n h i b i t i o n  o c c u r s  be tw een  th e  two s y s t e m s .

One l i n e  o f  work i s  based  on e x p e r i m e n t s  a s s e s s i n g  th e  c o l o r -  

m ix ing  p r o p e r t i e s  o f  t h e  human o b s e r v e r .  T r a d i t i o n a l  s t u d i e s  

( e . g . ,  W r igh t  & P i t t ,  1934; H urv ich  & Jameson ,  1957) s u g g e s t  

t h a t  c o l o r  v i s i o n  can  be a t t r i b u t e d  t o  t h r e e  d i f f e r e n t  cone 

( p h o t o p i c )  mechan isms .  However, a  growing  body o f  l i t e r a t u r e  

w r i t t e n  from t h e  t h e o r e t i c a l  v i e w p o i n t  o f  H e lmho l tz  ( T r e z o n a ,

1970, 1973,  1974) ,  H er ing  ( S t a b e l l ,  B . , & S t a b e l l ,  U. 1973,

1974;  S t a b e l l ,  U . , & S t a b e l l ,  B . , 1973,  1975a,  1975b) ,  and 

Land (McCann & Ben ton ,  1969; McCann, 1972) i n d i c a t e  t h a t  r o d s  

must  p l a y  a r o l e  i n  d e t e r m i n i n g  b o t h  t h e  hue and s a t u r a t i o n  of  

a s t i m u l u s .  The d i f f e r e n c e  be tw een  r e s u l t s  c l a i m i n g  i n t e r a c t i o n  

o r  i n d ep e n d e n c e  seems t o  be q u i t e  c l e a r :  i f  l a r g e  or  e x t r a f o v e a l

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

must  be c o n s i d e r e d  t o  a c c o u n t  f u l l y  f o r  t h e  r e s u l t s  o f  c o l o r  m a tc h in g  

and c o l o r  a d d i t i v i t y  e x p e r i m e n t s .

A second  l i n e  o f  work i n v o l v e s  t h e  s t u d y  o f  f l i c k e r .  T r a d i t i o n a l  

f l i c k e r  s t u d i e s  i n d i c a t e  t h a t  c r i t i c a l  f l i c k e r  f r e q u e n c y  (CFF) 

i n c r e a s e s  w i t h  s t i m u l u s  i l l u m i n a n c e  ( e . g . ,  Hecht & S h l a e r ,  1936) .

These f u n c t i o n s  a r e  t w o - l im b e d ;  t h e  lower l imb i s  a t t r i b u t e d  t o  

t h e  s c o t o p i c  s y s te m ,  and  the  u ppe r  l imb i s  a t t r i b u t e d  t o  t h e  

p h o t o p i c  s y s te m .  Such i n t e r p r e t a t i o n s  w h ich  i n v o l v e d  t h e  d u p l i c i t y  

t h e o r y  were q u e s t i o n e d  a s  e a r l y  a s  1929 (Lythgoe  & T a n s l e y ,  1929) .  

R e c e n t l y ,  s c o t o p i c - p h o t o p i c  i n t e r a c t i o n s  have been  i n d i c a t e d  b o th
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p s y c ' a o p h y s i c a l l y  and e l e c t r o p h y s i o l o g i c a l l y  i n  f l i c k e r  p a ra d ig m s .  

MacLeod (1972)  c o n c lu d e d  t h a t  s c o t o p i c  s i g n a l s  evoked by a f l i c k e r i n g  

s t i m u l u s  c o m p l e t e l y  c a n c e l l e d  p h o t o p i c  s i g n a l s  evoked by th e  same 

s t i m u l u s  a t  m esop ic  i l l u m i n a n c e  l e v e l s  where b o t h  t h e  s c o t o p i c  

and p h o t o p i c  sys tem s  were s t i m u l a t e d .  W a l t e r s  (1971) examined 

p s y c h o p h y s i c a l  r e p o r t s  o f  hue d e s a t u r a t i o n  i n  f l i c k e r  s t u d i e s .

He found ERG e v i d e n c e  t h a t  t h e  s c o t o p i c  sys tem  was e f f e c t i v e  

when t h e  o b s e r v e r  r e p o r t e d  t h a t  t h e  s t i m u l u s  hue was d e s a t u r a t e d .  

C o n s e q u e n t l y ,  he p o s t u l a t e d  an i n t e r a c t i o n  be tw een  t h e  s c o t o p i c  

and p h o t o p i c  sy s te m s  t o  a c c o u n t  f o r  t h e  d e s a t u r a t i o n .

A t h i r d  l i n e  o f  work d e r i v e s  f rom s t u d i e s  o f  d a r k  a d a p t a t i o n .  

Most d a r k  a d a p t a t i o n  s t u d i e s  have c o n c lu d e d  t h a t  t h e  s c o t o p i c  

and p h o t o p i c  sy s te m s  a d a p t  i n d e p e n d e n t l y  ( f o r  r e v i e w s ,  see  Hecht ,  

1937;  R u s h to n ,  1961;  I layhoe , MacLeod, & Bruch,  1976) .  However, 

some w o r k e r s  have r e p o r t e d  e v i d e n c e  f o r  s c o t o p i c - p h o t o p i c  i n t e r ­

a c t i o n  d u r i n g  d a r k  a d a p t a t i o n .  Hough and Ruddoch (1969a ,  1969b) 

compared P u r k i n j e  s h i f t s  i n  t h e  s p e c t r a l  s e n s i t i v i t y  f u n c t i o n s  

o f  o b s e r v e r s  w i t h  normal  c o l o r  v i s i o n  w i t h  t h o s e  o f  t r i t a n o p i c  

o b s e r v e r s .  They c o n c lu d e d  t h a t  t h e  s h o r t  w a v e l e n g t h  c h r o m a t i c  

mechanism,  which  i s  m i s s i n g  i n  t h e  t r i t a n o p e ,  i n h i b i t s  the  s c o t o p i c  

s y s t e m .  Lythgoe  (1932)  and S p i l l m a n  & Conlon (1972) have shown 

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

t h e  r o d - c o n e  b r e a k  o f  t h e  t r a d i t i o n a l  d a r k  a d a p t a t i o n  c u r v e .

T h i s  i n d i c a t e s  t h a t  p h o t o p i c  a c t i v i t y  i s  s u p p r e s s e d  by t h e  s c o t o p i c  

s y s te m .  The c o n c l u s i o n  o f  i n d e p e n d e n c e  or  i n t e r a c t i o n  a p p a r e n t l y
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depends  upon t h e  b e h a v i o r a l  measure  used  and th e  p a r t i c u l a r  a s p e c t  

o f  the  d a t a  emphas ized  by th e  i n v e s t i g a t o r .

A f o u r t h  l i n e  o f  work i n v o l v e s  e x p e r i m e n t s  s t u d y i n g  t h e  summation 

o f  s i g n a l s  s t i m u l a t e d  by two f l a s h e s .  I k e d a  & Urakubo (1969)  

have a p p l i e d  t h e  summation i n d e x  t e c h n i q u e  o f  Boyn ton ,  I k e d a ,

6c S t i l e s  (1964)  t o  t h e  s t u d y  o f  summation be tw een  p h o t o p i c  and 

s c o t o p i c  s i g n a l s ,  a l t h o u g h  t h e i r  r e s u l t s  were i n c o n c l u s i v e .

Frumkes e t  a l .  (1973)  found t h a t  b o t h  s c o t o p i c  and p h o t o p i c  

t e s t  f l a s h  (F t ) t h r e s h o l d  was r ed u c e d  when i t  was p a i r e d  w i t h  

s u b l i m i n a l  s c o t o p i c  and p h o t o p i c  a d a p t i n g  f l a s h e s  (F s ) . Thect

amount  o f  summation be tw e en  t h e  f l a s h e s  was d e p e n d e n t  on t h e

t e m p o r a l  o n s e t  i n t e r v a l  be tw een  t h e  F and t h e  F (F - F i n t e r v a l ) .
a  t a t

S c o t o p i c - p h o t o p i c  i n t e r a c t i o n  was i n d i c a t e d  o n ly  when t h e  g r e a t e r

l a t e n c y  o f  t h e  s c o t o p i c  s y s te m  was c o n s i d e r e d .

A f i f t h  l i n e  o f  r e s e a r c h  s tems from t h e  i n c r e m e n t  t h r e s h o l d

s t u d i e s  o f  S t i l e s  (1939 ,  1959) .  I n  h i s  o r i g i n a l  s t u d i e s ,  t h e

t h r e s h o l d  o f  a F o °  i n  d i a m e t e r  and 200 msec i n  d u r a t i o n  was 
t

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

exposed  a d a p t i n g  f i e l d  10° i n  d i a m e t e r .  S t i l e s  o b t a i n e d  a s e r i e s  

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

by s y s t e m a t i c a l l y  v a r y i n g  t h e  w a v e l e n g t h  o f  b o t h  f l a s h e s .  He 

c o n c lu d e d  t h a t  t h e  s p e c t r a l  mechanisms d e t e c t i n g  th e  F f u n c t i o n e d  

i n d e p e n d e n t l y  o f  e a c h  o t h e r .  For  exam ple ,  when t h e  s t i m u l i  were 

p r e s e n t e d  p a r a f o v e a l l y  and t h e  f l a s h e s  were  r e l a t i v e l y  dim,  a l l  

t h e  t v i  f u n c t i o n s  had t h e  same s h a p e .  The f u n c t i o n s  were d i s p l a c e d
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l a t e r a l l y  i f  t h e  a d a p t i n g  f i e l d  w a v e l e n g t h  was v a r i e d .  A c t i o n

s p e c t r a  o f  t h e  i n v a r i a n t - s h a p e d  t v i  f u n c t i o n s  were n e a r l y  i d e n t i c a l

t o  t h e  C . I . E .  s c o t o p i c  l u m i n o s i t y  f u n c t i o n .  T h e r e f o r e ,  S t i l e s

c o n c lu d e d  t h a t  t h e  o n ly  i n f l u e n c e  o f  t h e  a d a p t i n g  f i e l d  on F

t h r e s h o l d  was t h e  e x t e n t  o f  i t s  i n f l u e n c e  on t h e  s p e c t r a l  mechanism

w hich  a c t u a l l y  d e t e c t e d  t h e  F^_. I n  t h i s  c a s e ,  t h e  s p e c t r a l

mechanism was t h e  s c o t o p i c  mechanism.  T h i s  i s  s t r i k i n g  e v id e n c e

f o r  s c o t o p i c - p h o t o p i c  indepe nde nc e  s i n c e  h i s  l o n g - w a v e l e n g t h

a d a p t i n g  f i e l d s  a lw ays  s t i m u l a t e d  cones  a s  w e l l  a s  r o d s ,  a s  was
2

e v i d e n t  f rom t h e i r  r e d  hue ( see  A g u i l a r  & S t i l e s ,  1954) .

S e v e r a l  r e c e n t  r e p o r t s ,  however ,  i n d i c a t e  t h a t  some p h o t o p i c  

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

t h r e s h o l d  s i t u a t i o n .  For  example ,  Frumkes & Temme ( i n  p r e s s )  

r e p e a t e d  some o f  t h e  e x p e r i m e n t s  o f  S t i l e s  (1939)  , b u t  t h e y  a l s o  

v a r i e d  t h e  d i a m e t e r  o f  t h e i r  a d a p t i n g  f i e l d .  They showed t h a t  the  

s c o t o p i c  i n f l u e n c e  o f  an  a d a p t i n g  f i e l d  3° i n  d i a m e t e r  on t h e  

t h r e s h o l d  o f  a F t  d e t e c t e d  by the  s c o t o p i c  s y s te m  was p r e d i c t e d  

by t h e  s c o t o p i c  s e n s i t i v i t y  f u n c t i o n .  These r e s u l t s  were e q u i v a l e n t

t o  t h o s e  o f  S t i l e s  (1939) . When th e  a d a p t i n g  f i e l d  was a b o u t  1°
■

When s i m i l a r  e x p e r i m e n t s  were pe r fo rm e d  i n  the  f o v e a ,  t h e  

t v i  c u r v e s  were no t  i n v a r i a n t  i n  s h a p e .  A c c o r d in g  t o  h i s  o r i g i n a l  

a n a l y s i s  ( S t i l e s ,  1939,  1959) ,  t h e s e  f o v e a l  e x p e r i m e n t s  r e v e a l e d  

t h e  p r e s e n c e  o f  f i v e  d i f f e r e n t  p h o t o p i c  mechanisms.  These  e x p e r i m e n t s  

however ,  a r e  no t  r e l a t e d  t o  t h e  c u r r e n t  s t u d y  o f  s c o t o p i c - p h o t o p i c  

i n t e r r e l a t i o n s h i p s .
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i n  d i a m e t e r ,  however ,  Frumkes & Temme ( i n  p r e s s )  showed t h a t  l o n g e r  

w a v e l e n g t h  a d a p t i n g  f i e l d s  (which s t i m u l a t e d  t h e  p h o t o p i c  as  w e l l  

a s  the  s c o t o p i c  sy s tem )  were more e f f e c t i v e  t h a n  s h o r t e r - w a v e l e n g t h  

a d a p t i n g  f i e l d s  i n  t h e i r  i n f l u e n c e  on F t h r e s h o l d .  With an  

a n a l y s i s  which  in v o lv e d  a c t i o n  s p e c t r a ,  t h e y  showed t h a t  t h e  

s c o t o p i c  s y s te m  a l o n e  c o u ld  no t  be i n f l u e n c i n g  th e  s c o t o p i c  F 

t h r e s h o l d  ttfhen s m a l l  a d a p t i n g  f i e l d s  were u s e d .  These  r e s u l t s ,  

a s  w e l l  o f  t h o s e  o f  o t h e r  i n v e s t i g a t o r s  (L enn ie  & MacLeod, 1973; 

Makous & Boo the ,  1974;  M a r t i n e z  & S t u r r ,  1975;  B l i c k  & MacLeod, 

i n  p r e s s )  c l e a r l y  show t h a t  t h e  s p a t i a l  r e l a t i o n s h i p  be tw een  

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

s y s te m  m e d i a t i n g  t h e  F t h r e s h o l d  i s  i n d e p e n d e n t  o f  p h o t o p i c  

i n f l u e n c e .

I n  r e c e n t  y e a r s ,  on ly  one o t h e r  i n c r e m e n t  t h r e s h o l d  s tu d y  

(Westhei rner ,  1970) has  s u g g e s t e d  t h a t  t h e  s c o t o p i c  t h r e s h o l d  

i s  i n d e p e n d e n t  o f  t h e  p h o t o p i c  s y s te m .  Westheirner  (1970)  p r e s e n t e d  

a 5 ' i n d i a m e t e r ,  10 msec i n  d u r a t i o n ,  and 527 nm i n  w a v e l e n g t h  

t o  t h e  p a r a f o v e a l  r e t i n a  i n  o r d e r  t o  a s s e s s  i t s  s c o t o p i c  t h r e s h o l d .  

T h i s  F̂ _ was s u p e r p o s e d  on a c o n t i n u o u s l y - e x p o s e d  r e d - h u e d  s t i m u l u s  

8 °  i n  d i a m e t e r  and 200 p h o t o p i c  t r o l a n d s  i n  i l l u m i n a n c e .  Some 

p h a s e s  o f  t h i s  s t u d y  i n v o l v e d  a t h i r d  c o n t i n u a l l y - e x p o s e d  s t i m u l u s ,  

w h ich  was a n  a n n u l u s  w i t h  a  65 '  i n n e r  d i a m e t e r  and a  8 6 ' o u t e r  

d i a m e t e r .  T h i s  s e n s i t i z i n g  a n n u lu s  lo wered  F t h r e s h o l d ,  r e g a r d l e s  

o f  i t s  w a v e l e n g t h .  M oreover ,  r e d -  and g r e e n - h u e d  a n n u l i  e q u a t e d  

f o r  t h e i r  i n f l u e n c e  upon t h e  s c o t o p i c  s y s te m  p roduced  an  e q u i v a l e n t  

i n f l u e n c e  on F t h r e s h o l d .  Thus ,  Westheirner  (1970)  c o nc lude d



Barris 25

t h a t  t h i s  s e n s i t i z i n g  e f f e c t  i n v o l v e d  one o t h e r  example o f  s c o t o p i c -  

p h o t o p i c  i n d e p e n d e n c e .  However, W esthe im er '  s (1970) r e s u l t s  

were  p r o b a b l y  a t t r i b u t a b l e  t o  t h e  p a r t i c u l a r  s i z e  o f  h i s  s t i m u l i .

Fo r  e xa m p le ,  t h e  r e s u l t s  o f  Frumkes & Temme ( i n  p r e s s )  s u g g e s t  

t h a t  W e s t h e i m e r ' s  (1970)  s e n s i t i z i n g  a n n u l u s  would have t o  be 

somewhat  s m a l l e r  t o  p r o d u c e  s c o t o p i c - p h o t o p i c  i n t e r a c t i o n .  I n  

f a c t ,  when a  s m a l l e r  s e n s i t i z i n g  a n n u l u s  was used  i n  a pa rad igm  

a lm o s t  i d e n t i c a l  t o  W e s t h e i m e r 1s (1970)  p a ra d ig m ,  s c o t o p i c - p h o t o p i c  

i n t e r a c t i o n  was i n d i c a t e d  ( L e n n ie  & MacLeod, 1973) .

A l p e r n  (1965)  used  a  r a t i o n a l e  s i m i l a r  t o  t h a t  o f  S t i l e s  

(1939 ,  1959) and W esthe im er  (1970)  t o  s t u d y  s c o t o p i c - p h o t o p i c  

i n t e r a c t i o n s  i n  t h e  a f t e r f l a s h  ( m e t a c o n t r a s t )  p a ra d ig m .  A F , 

w h ich  was a  2 . 5 °  s q u a r e  5 msec i n  d u r a t i o n  and 527 nm i n  wave­

l e n g t h ,  was p r e s e n t e d  t o  t h e  d a r k - a d a p t e d  p a r a f o v e a l  r e t i n a .  T h i s  

was g e n e r a l l y  d e t e c t e d  by t h e  s c o t o p i c  s y s t e m .  A much l a r g e r  

5 msec d u r a t i o n  s t i m u l u s ,  w h ich  s u r r o u n d e d  b u t  d i d  no t  o v e r l a p

t h e  F̂ ., was p r e s e n t e d  50 msec a f t e r  t h e  F . T h i s  F was e i t h e rt ’ ^ t  a

r e d  o r  g r e e n  i n  h u e .  A l p e r n  found t h a t  Ffc t h r e s h o l d  i n c r e a s e d

a s  t h e  F^ i l l u m i n a n c e  i n c r e a s e d .  I f  t h e  r e d -  and g r e e n - h u e d

Fa s a r e  e q u a t e d  f o r  s c o t o p i c  i l l u m i n a n c e ,  t h e y  p ro d u ce  i d e n t i c a l  

e f f e c t s  on t h e  s c o t o p i c  F t h r e s h o l d ,  t h u s  s u g g e s t i n g  s c o t o p i c -  

p h o t o p i c  i n d e p e n d e n c e .

I  p r o p o s e  t h a t  A l p e r n ' s  (1965)  c o n c l u s i o n  may be  v a l i d  

o n l y  f o r  t h e  s p e c i f i c  s t i m u l u s  p a r a m e t e r s  which  he u s e d .  I n  

o r d e r  t o  c o n s i d e r  t h i s  more f u l l y ,  a  b r i e f  r e v i e w  o f  c o n t r a s t
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f l a s h  e x p e r i m e n t s  i s  n e c e s s a r y .

B a s i c  f i n d i n g s  o f  c o n t r a s t  f l a s h  e x p e r i m e n t s . S t i g l e r

(1910)  was t h e  f i r s t  t o  examine  the  i n f l u e n c e  o f  c o n t r a s t  f l a s h e s

(FflS) .  ! n t h i s  p a r a d i g m ,  the  i n f l u e n c e  o f  an F^ on th e  p e r c e p t u a l

a t t r i b u t e s  o f  a o p a t i a l l y - a d j a c e n t  i s  examined when t h e  Fg - F

i n t e r v a l  i s  p a r a m e t r i c a l l y  v a r i e d .  In  S t i g l e r ' s  (1910)  s t u d y ,

th e  a p p a r e n t  b r i g h t n e s s  o f  t h e  F was t h e  d e p e n d e n t  v a r i a b l e .

S t i g l e r  (1910)  n o t e d  t h a t  p r e s e n t a t i o n  o f  t h e  f  g e n e r a l l y  made

th e  F a p p e a r  dimmer t o  t h e  o b s e r v e r .  Th i s  e f f e c t  was much g r e a t e r

when th e  F p r e c e d e d  the  ( t h e  m e t a c o n t r a s t  s i t u a t i o n )  t h a n  when

th e  Fa p r e c e d e d  t h e  F ( t h e  p a r a c o n t r a s t  s i t u a t i o n ) .

S in c e  t h e  work o f  S t i g l e r  ( 1 9 1 0 ) ,  m e t a c o n t r a s t  has  been

t h e  s u b j e c t  o f  much s t u d y ,  as  i s  e v i d e n t  i n  many r e v i e w s  ( A l p e r n ,

1952; Raab ,  1963;  B l a n c - G a r i n ,  1967;  Kahneman, 1968;  W e i s s t e i n ,

1972;  L e f t o n ,  1973; M a t i n ,  1975;  Ganz, 1975;  R r e i t m e y e r  & Ganz,

19 7 6 ) .  There  a r e  s e v e r a l  g e n e r a l  f i n d i n g s .  I f  t h e  F and F
t  a

a r e  a p p r o x i m a t e l y  t h e  same s i z e ,  l u m in a n c e ,  and d u r a t i o n ,  and i f

F b r i g h t n e s s  i s  t h e  d e p e n d e n t  v a r i a b l e ,  t h e  i n f l u e n c e  o f  the

Ffl i s  g r e a t e s t  when i t  p r e c e d e s  t h e  F by 50 t o  100 m sec .  As

th e  F -  F i n t e r v a l  i s  changed  from t h i s  o p t i m a l  s e t t i n g ,  the  3 t

i n f l u e n c e  o f  t h e  F^ becomes s m a l l e r .  T h i s  r e l a t i o n s h i p  has  

commonly b e e n  c a l l e d  Type B m ask ing  ( K o l e r s ,  1962;  Kahneman,  1968) .

I f  Ffc t h r e s h o l d  i s  t h e  d e p e n d e n t  v a r i a b l e ,  o r  i f  F b r i g h t ­

n e s s  i s  t h e  d e p e n d e n t  v a r i a b l e  b u t  t h e  F i s  much l a r g e r ,  l o n g e r ,  

o r  g r e a t e r  i n  i l l u m i n a n c e  t h a n  t h e  F , Type A m ask ing  ( K o l e r s ,  1962;  

Kahneman, 1968)  i s  o b t a i n e d .  I n  Type A m a s k in g ,  t h e  i n f l u e n c e
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o f  t h e  F i s  most  marked when t h e  two f l a s h e s  a r e  s i m u l t a n e o u sa

and d e c r e a s e s  when e i t h e r  t h e  F p r e c e d e s  ( m e t a c o n t r a s t )  o r

f o l l o w s  ( p a r a c o n t r a s t )  t h e  F . Type A m ask ing  i s  s i m i l a r  t o
a

o t h e r  forms o f  v i s u a l  m a s k in g .  However ,  Type B m ask ing  i s  d i f f e r e n t .

S c o t o p i c - p h o t o p i c  i n t e r r e l a t i o n s h i p s  i n  d u a l - f l a s h  s i t u a t i o n s .

I n  h i s  s t u d y  o f  s c o t o p i c - p h o t o p i c  i n t e r r e l a t i o n s h i p s ,  A l p e r n  (1965)

d e t e r m i n e d  th e  F t h r e s h o l d  as  a f u n c t i o n  o f  F i l l u m i n a n c e .  He t  a

p r e s e n t e d  th e  F 50 msec a f t e r  t h e  F f o r  t h r e e  r e a s o n s .  F i r s t ,  
a t

i n  a p r e v i o u s  s t u d y  u s i n g  a Type B p a ra d i g m ,  A l p e r n  (1953)  had

n o t e d  maximal  m ask ing  a t  t h i s  i n t e r v a l .  Second,  t h e s e  f u n c t i o n s

c o u ld  be i n t e r p r e t e d  u s i n g  t h e  r a t i o n a l e  o f  S t i l e s  (1939,  1959 ) .

F i n a l l y ,  t h e  use o f  t h i s  i n t e r v a l  c l e a r l y  d i s t i n g u i s h e d  h i s

s i t u a t i o n  from t h e  i n c r e m e n t  t h r e s h o l d  s i t u a t i o n  o f  S t i l e s  (1939 ,  1959)

My c o n t e n t i o n  i s  t h a t  A l p e r n ' s  (1965)  use o f  t h i s  s i n g l e

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

e c o t o p i c - p h o t o p i c  i n d e p e n d e n c e  i n  t h e  m e t a c o n t r a s t  s i t u a t i o n .

F i r s t ,  by u s i n g  F t h r e s h o l d  as  h i s  d e p e n d e n t  v a r i a b l e ,  A l p e r n ' s

(1965)  s i t u a t i o n  would p ro d u ce  a Type A s i t u a t i o n  where m ask ing

would be maximal  when t h e  two f l a s h e s  were s i m u l t a n e o u s .  Th is

was n o t  t h e  i n t e r v a l  which  A l p e r n  (1965) u s e d .  Second ,  many

i n v e s t i g a t o r s  i n c l u d i n g  A l p e r n  (1953)  h i m s e l f  have shown t h a t  t h e

r e l a t i o n s h i p  be tw een  F̂ _ t h r e s h o l d  and Fg i l l u m i n a n c e  i n  t h e  Type A

m a s k in g  s i t u a t i o n  depends  on F - F i n t e r v a l  i n  a complex
a t

manne r .  Once a g a i n ,  t h e  c h o i c e  o f  a s i n g l e  i n t e r v a l  c o u ld  i n f l u e n c e  

t h e  d a t a  o b t a i n e d .  T h i r d ,  t h e r e  a r e  s e v e r a l  p s y c h o p h y s i c a l
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( e . g . ,  Frurakes e t  a l . ,  1972,  1973) and e l e c t r o p h y s i o l o g i c a l  

( W a l t e r s ,  1971;  Wooten,  1972)  d e m o n s t r a t i o n s  i n  t h e  human o b s e r v e r  

t h a t  show t h a t  t h e  s c o t o p i c  s y s te m  h a s  a c o n s i d e r a b l y  s lo w e r

l a t e n c y  t h a n  th e  p h o t o p i c  s y s t e m .  T h e r e f o r e ,  i f  a F which
a

s t i m u l a t e s  t h e  p h o t o p i c  s y s te m  i n f l u e n c e s  t h e  t h r e s h o l d  o f  a F 

which  s t i m u l a t e s  t h e  s c o t o p i c  s y s t e m ,  i t s  e f f e c t  would  p r o b a b l y  

n o t  be a p p a r e n t  even  when t h e  F f o l l o w s  t h e  F by 50 msec.
cl t  J

This  c o n t e n t i o n  i s  s u p p o r t e d  by s e v e r a l  s t u d i e s .  Frumkes 

e t  a l .  (1972 ,  1973) d e t e r m i n e d  th e  t h r e s h o l d  o f  a 420 nm wave­

l e n g t h  F a t  v a r i o u s  F - F i n t e r v a l s  w i t h  r e s p e c t  t o  a l a r g e r -
U el L

d i a m e t e r  Fa e i t h e r  420 o r  680 nm i n  w a v e l e n g t h .  They assumed

t h a t  the  420 nm w a v e l e n g t h  s t i m u l u s  a f f e c t e d  o n l y  t h e  s c o t o p i c

s y s te m  and t h a t  t h e  680 nm w a v e l e n g t h  s t i m u l u s  t h e  p h o t o p i c  s y s te m

p r i m a r i l y .  When t h e  s t i m u l i  were p r e s e n t e d  h o m o c h r o m a t i c a l l y

a t  a w a v e l e n g t h  o f  420 nm, t h e y  found t h a t  F t h r e s h o l d  was

maximal  when t h e  two f l a s h e s  were p r e s e n t e d  s i m u l t a n e o u s l y  and

d e c r e a s e d  as  t h e  F e i t h e r  p r e c e d e d  o r  f o l l o w e d  t h e  F . When th e
t  a

Fa w a v e l e n g t h  was 680 nm, a s i m i l a r  i n v e r t e d  U-shaped  f u n c t i o n  

was o b t a i n e d .  However ,  t h i s  f u n c t i o n  was s h i f t e d  so  t h a t  maximal 

t h r e s h o l d  o c c u r r e d  when t h e  Ffc p r e c e d e d  t h e  F . They i n t e r ­

p r e t e d  t h e s e  f i n d i n g s  as  an i n d i c a t i o n  t h a t  t h e  p h o t o p i c  s y s te m  

c o u l d  i n h i b i t  t h e  p h o t o p i c  s y s te m  p r o v i d e d  t h a t  t h e  g r e a t e r  

l a t e n c y  o f  t h e  s c o t o p i c  s y s t e m  was t a k e n  i n t o  a c c o u n t .  The 

s p a t i a l  c o n f i g u r a t i o n  o f  t h e  Fg [^Frumkes e t  a l .  (1972 ,  1973) 

used  a d i s k  r a t h e r  t h a n  t h e  s u r r o u n d i n g  f i e l d  u sed  by  A l p e r n  (1965
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was n o t  a d e t e r m i n a n t  o f  t h e s e  r e s u l t s ,  s i n c e  s i m i l a r  r e s u l t s

have  b e e n  o b t a i n e d  w i t h  a n  a n n u l a r  F ( I n g l i n g ,  1972;  F o s t e r ,  19 7 6 ) .

R a t i o n a l e  o f  t h e  p r e s e n t  s t u d y . The r a t i o n a l e  o f  t h e  p r e s e n t

s t u d y  f o l l o w s  t h a t  o f  S t i l e s  (1939 ,  1 9 5 9 ) ,  A l p e r n  ( 1 9 6 5 ) ,  and

Westhe im er  ( 1 9 7 0 ) .  A 512 nm w a v e l e n g t h  F i s  p r e s e n t e d  t o  t h e

p a r a f o v e a l  r e t i n a  o f  t h e  d a r k - a d a p t e d  o b s e r v e r .  Because  i t s

i l l u m i n a n c e  i s  a lways l e s s  t h a n  1 .5  lo g  u n i t s  above a b s o l u t e

t h r e s h o l d ,  t h e  F i s  assumed t o  be d e t e c t e d  by o n ly  t h e  s c o t o p i c

s y s t e m .  The i n f l u e n c e  o f  an  F on F v i s i b i l i t y  ( g e n e r a l l y
3 t

t h r e s h o l d )  i s  d e t e r m i n e d  a t  many d i f f e r e n t  Fg - F i n t e r v a l s .

I f  t h e  t h r e s h o l d  o f  t h e  s c o t o p i c  s y s te m  i s  i n d e p e n d e n t  o f

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

s h o u l d  be t h e  s c o t o p i c  i l l u m i n a n c e  o f  t h e  F and F - F. i n t e r v a l .3 3 t

S p e c i f i c a l l y ,  t h e  w a v e l e n g t h  and p h o t o p i c  i l l u m i n a n c e  o f  t h e  F
a

s h o u l d  have no i n f l u e n c e  on F t h r e s h o l d .  I f ,  how ever ,  the  

p h o t o p i c  s y s te m  i n f l u e n c e s  s c o t o p i c  t h r e s h o l d ,  F s wh ich  s t i m u l a t e  

t h e  p h o t o p i c  s y s te m  t o  a g r e a t e r  e x t e n t  ( i . e . ,  F s w i t h  l o n g e r3

w a v e l e n g t h s )  s h o u ld  e x e r t  a g r e a t e r  i n f l u e n c e  on F̂ _ t h r e s h o l d .

I f  t h e  d i f f e r e n c e  i n  l a t e n c y  be tw e en  t h e  s c o t o p i c  and p h o t o p i c

sy s te m s  i s  a c r u c i a l  v a r i a b l e  i n  d e t e r m i n i n g  i n t e r a c t i o n  be tw een

t h e s e  s y s t e m s ,  t h i s  s h o u l d  be  o b s e r v e d  when th e  F p r e c e d e s  t h e  F .
a t

A c t i o n  s p e c t r a  o b t a i n e d  w i t h  t h e  F^ o r  F s h o u ld  conform t o  t h e

s c o t o p i c  l u m i n o s i t y  f u n c t i o n  c o r r e c t e d  f o r  q u a n t a  i f  t h e  F o r  F
t  a

i s  a lw ays  d e t e c t e d  by t h e  s c o t o p i c  s y s t e m .  D e v i a t i o n s  from t h a t  

f u n c t i o n  s h o u l d  i n d i c a t e  a c o n t r i b u t i o n  o f  t h e  p h o t o p i c  s y s te m .
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C h a p t e r  3 

A p p a r a tu s

A f o u r - c h a n n e l  M a xw e l l i an  v iew  o p t i c a l  s y s te m  was used  

t o  p r e s e n t  a l l  s t i m u l i  t o  t h e  o b s e r v e r s .  Frumkes & S t u r r  (1968) 

have d e s c r i b e d  t h e  o p t i c s  o f  an i d e n t i c a l  s y s t e m ,  and B a t t e r s b y  

& Schuckman (1970)  have  d e s c r i b e d  t h e  e l e c t r o n i c  c o n t r o l s .

O p t i c a l  s y s t e m . F i g .  1 i s  a  s c h e m a t i c  d i a g r a m  o f  t h e  o p t i c a l  

s y s te m  which  i s  composed o f  two s y m m e t r i c a l  m a jo r  and two s y m m e t r i c a l  

m in or  c h a n n e l s .  S ince  t h i s  s y s te m  was d e s i g n e d  f o r  d i c h o p t i c  and 

m onocu la r  s t i m u l a t i o n ,  o n l y  t h e  l i g h t  beams u se d  i n  t h i s  m onocu la r  

s t u d y  a r e  i n d i c a t e d  w i t h  t h e  d o t t e d  l i n e s .

S i n d i c a t e s  t h e  l i g h t  s o u r c e ,  which was an 18 ampere t u n g s t e n  

f i l a m e n t  i n c a n d e s c e n t  lamp (G e n e ra l  F l e c t r i c  CPR P r o j e c t o r  Lamp).

The lamp was powered by a 6 - v o l t  power s u p p l y  ( E l e c t r o  P r o d u c t s  

Model H ) . The o u t p u t  o f  t h e  power s u p p l y  was c o n t r o l l e d  by a 

r h e o s t a t ,  and t h e  c u r r e n t  was m o n i t o r e d  by an ammeter .  A c c o r d in g  

t o  t h e  m a n u f a c t u r e r ' s  s p e c i f i c a t i o n s ,  t h e  a p p ro x i m a t e  c o l o r  

t e m p e r a t u r e  o f  t h e  lamp i s  2250°K a t  t h e  r a t e d  power .  The lamp 

was a lw ays  underpowered  a t  a p p r o x i m a t e l y  16 .5  amperes  i n  o r d e r  t o  

i n c r e a s e  i t s  l i f e .  The same lamp was used i n  t h e  c o l l e c t i o n  o f  a l l  

t h e  d a t a  r e p o r t e d  h e r e .

The two s y m m e t r i c a l  m a jo r  c h a n n e l s  i n  t h e  o p t i c a l  s y s te m  

gove rned  t h e  f l a s h  p a r a m e t e r s .  I n  ea ch  c h a n n e l ,  i n d i c a t e s  

t h e  i n i t i a l  c o l l i m a t i n g  l e n s  which  c o l l e c t s  t h e  l i g h t  f rom t h e  

s o u r c e .  L2 i n d i c a t e s  a f o c u s i n g  l e n s  which b r i n g s  t h e  l i g h t  beam 

i n t o  f o c u s  i n  t h e  p l a n e  o f  t h e  s h u t t e r ,  i n d i c a t e d  by Sh. The
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F i g .  1 .  Sc he m a t ic  d i a g r a m  o f  t h e  f o u r - c h a n n e l  M a x w e l l i an  

v iew o p t i c a l  s y s te m  d i s c u s s e d  i n  t h e  t e x t .
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s h u t t e r  c o n t r o l s  t h e  d u r a t i o n  o f  t h e  s t i m u l u s .  W i n d i c a t e s  a 

v a r i a b l e  n e u t r a l  d e n s i t y  wedge,  w h ich  i s  b a l a n c e d  by a f i x e d  

wedge ,  i n d i c a t e d  by b .  The wedges c o n t r o l  t h e  i l l u m i n a n c e  o f  

t h e  s t i m u l u s .  Lg i n d i c a t e s  a c o l l i m a t i n g  l e n s .  P^ i n d i c a t e s  

a r i g h t - a n g l e  p r i s m .  A i n d i c a t e s  an  a p e r t u r e  which  d e t e r m i n e s  

t h e  s i z e  and s p a t i a l  p o s i t i o n  of  t h e  s t i m u l u s .  F i n d i c a t e s  

a f i l t e r  r a c k  which  c o n t a i n s  w a v e l e n g t h - c o n t r o l l i n g  f i l t e r s

and i l l u m i n a n c e - c o n t r o l l i n g  n e u t r a l  d e n s i t y  f i l t e r s .  L, i n d i c a t e s
4

a f o c u s i n g  l e n s .  i n d i c a t e s  a b e a m s p l i t t e r  which  combines

one m a jo r  and one min or  c h a n n e l .  i n d i c a t e s  a r i g h t - a n g l e

p r i s m  which  d i r e c t s  t h e  combined beam t o  t h e  f i n a l  b e a m s p l i t t e r ,  

i n d i c a t e d  by . T h i s  f i n a l  b e a m s p l i t t e r  combines a l l  f o u r  c h a n n e l s  

and l e a d s  t h e s e  beams t o  a c o l l i m a t i n g  l e n s ,  i n d i c a t e d  by 1, .

RP i n d i c a t e s  a rhomboid p r i s m ,  which  a d j u s t s  t h e  beam t o  a c o n ­

v e n i e n t  p o s i t i o n  f o r  t h e  o b s e r v e r .  L i n d i c a t e s  t h e  f i n a l  eye
6

l e n s  which  f o c u s e s  t h e  beam i n  t h e  p l a n e  o f  t h e  p u p i l  o f  t h e

o b s e r v e r ' s  r i g h t  e y e ,  i n d i c a t e d  by RE.

Two s y m m e t r i c a l  minor  c h a n n e l s  o f  t h e  o p t i c a l  sy s te m  p r o v id e

an a d a p t a t i o n  f i e l d ,  a f i x a t i o n  t a r g e t ,  and a s o u r c e  r a d i a n c e

m o n i t o r .  M i n d i c a t e s  a p a r t i a l l y - r e f l e c t i n g  m i r r o r  which  d i v e r t s

l i g h t  f rom a m a jo r  c h a n n e l  i n t o  a min or  c h a n n e l .  B^ i n d i c a t e s

a b e a m s p l i t t e r  which  combines t h e  two min or  c h a n n e l s .  Two beams

e n t e r  t h e  b e a m s p l i t t e r  and a r e  combined ,  and t h e n  t h e  two combined

beams l e a v e .  P„ i n d i c a t e s  a r i g h t - a n g l e  p r i s m .  A and
3 6  F + FIX

F i x  i n d i c a t e  a p e r t u r e s  which  g o v e rn  t h e  s p a t i a l  c o n f i g u r a t i o n

o f  t h e  f i x a t i o n  s t i m u l i .  F and F i n d i c a t e  r a c k s  f o r  f i l t e r sR L
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w hich  c o n t r o l  t h e  w a v e l e n g t h  and t h e  i l l u m i n a n c e  o f  t h e  f i x a t i o n

c h a n n e l s .  i n d i c a t e s  a f o c u s i n g  l e n s  which  conveys t h e  l i g h t

beam t o  t h e  b e a m s p l i t t e r ,  i n d i c a t e d  by B^, f o r  c o m b i n a t i o n  w i t h

a m a jo r  c h a n n e l .

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

p a r t i a l l y - r e f l e c t i n g  m i r r o r s ,  i n d i c a t e d  by m , d i v i d e  t h e  beams
L

i n  t h e  two m in or  c h a n n e l s  and p r e s e n t  t h e  beams t o  a p h o t o c e l l ,

i n d i c a t e d  by PC. The c u r r e n t  o f  t h e  p h o t o c e l l  i s  m o n i t o r e d  by

a m ic r o a m m e te r . The e x p e r i m e n t e r  a d j u s t e d  t h e  r h e o s t a t  c o n t r o l l i n g

t h e  l i g h t  s o u r c e  c u r r e n t  whe never  he found t h a t  t h e  microammeter

r e a d i n g  had d e p a r t e d  from i t s  c a l i b r a t e d  r e a d i n g .

S p a t i a l  c o n t r o l . The s p a t i a l  c o n f i g u r a t i o n  o f  e a c h  s t i m u l u s

was gov e rn e d  by a t a r g e t  mounted a t  t h e  p o s i t i o n  i n d i c a t e d  by

A. Each t a r g e t  was mounted i n  a m i c r o m a n i p u l a t o r  w h ich  p e r m i t t e d

p r e c i s e  movement v e r t i c a l l y  and h o r i z o n t a l l y .  A p r o j e c t i o n

t e c h n i q u e  showed t h a t  a n  a p e r t u r e  1 mm i n  d i a m e t e r  r e s u l t e d

i n  a n  image 1 . 8 °  i n  d i a m e t e r .  S in c e  a s t i m u l u s  o f  any s i z e  can

be mounted on t h e  m i c r o m a n i p u l a t o r ,  which  i s  a l s o  c a l i b r a t e d ,

b o t h  t h e  r e t i n a l  p o s i t i o n  and s i z e  o f  a l l  s t i m u l i  can be a c c u r a t e l y

d e t e r m i n e d .  The t e s t  f l a s h  (F ) t a r g e t  was an a p e r t u r e  d r i l l e d

i n  a m e t a l  p l a t e ,  w h ich  p r o v i d e d  a 2°  d i s k  i n  M a x w e l l i a n  v i e w .

The a d a p t i n g  f l a s h  (F ) t a r g e t  was a p h o t o g r a p h i c  f i l m ,  which
a

o o
p r o v i d e d  an  a n n u l u s  w i t h  a 2 i n n e r  d i a m e t e r  and a 10  o u t e r

d i a m e t e r  i n  M a x w e l l i a n  v i ew .  These s t i m u l i  a r e  i l l u s t r a t e d

i n  F i g .  2a .  The F was c e n t e r e d  a t  a p o i n t  7°  f rom t h e  f i x a t i o n
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F i g .  2a .  S p a t i a l  a r r a n g e m e n t  o f  t h e  F and F . The F
t  a t

i s  a 2°  d i a m e t e r  d i s k  l o c a t e d  7°  f rom t h e  f i x a t i o n  p o i n t  on

t h e  h o r i z o n t a l  m e r i d i a n  i n  t h e  t e m p o r a l  v i s u a l  f i e l d  o f  t h e  r i g h t

e y e .  The F i s  an  a n n u lu s  w i t h  a 2° i n n e r  d i a m e t e r  and a 10° 
a

o u t e r  d i a m e t e r  c o n c e n t r i c  w i t h  t h e  F .
t

F i g .  2b .  Temporal  a r r a n g e m e n t  o f  t h e  F. and F as  t h e y
t  a

a p p e a r  on t h e  m o n i t o r i n g  o s c i l l o s c o p e .  The t e r m ,  Ffl -  F

i n t e r v a l ,  r e f e r s  t o  t h e  t e m p o r a l  i n t e r v a l  be tw e en  t h e  o n s e t s

o f  t h e  F and t h e  F . The F i s  r e p r e s e n t e d  by a low a m p l i t u d e  
8  t  t

p u l s e ,  w h i l e  t h e  F i s  r e p r e s e n t e d  by a h i g h e r  a m p l i t u d e  p u l s e .  

The t r a c e  l a b e l l e d  -50  i l l u s t r a t e s  t h e  s i t u a t i o n  where t h e  F
t

o n s e t  p r e c e d e s  t h e  F^ o n s e t  by 50 msec .  The t r a c e  l a b e l l e d

+50 i l l u s t r a t e s  t h e  s i t u a t i o n  where  t h e  F o n s e t  f o l l o w s  t h e
t

F o n s e t  by 50 msec ,  a y
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p o i n t  on t h e  h o r i z o n t a l  m e r i d i a n  o f  t h e  t e m p o r a l  v i s u a l  f i e l d  

o f  t h e  r i g h t  e y e .  The a n n u lu s  was a d j u s t e d  u n t i l  i t  was c o n c e n t r i c  

w i t h  t h e  Ffc.

Temporal  c o n t r o l . The d u r a t i o n  o f  t h e  s t i m u l i  and t h e  

t e m p o r a l  o n s e t  i n t e r v a l s  be tw e en  t h e  F and F. (F -  F. i n t e r v a l s )
cl u cl £

i s  gove rned  by t h e  s h u t t e r s  and t h e i r  e l e c t r o n i c  c o n t r o l s .

One T e k t r o n i x  162 Waveform G e n e r a t o r  p r o v i d e s  an a d j u s t a b l e

r e c y c l i n g  r a t e .  D u r in g  t h i s  e x p e r i m e n t ,  t h e  r e c y c l i n g  r a t e  was

a lw ays  one c y c l e  f o r  e v e r y  f o u r  s e c o n d s .  A second  Waveform

G e n e r a t o r  p r o v i d e s  a  t ime  b a se  f o r  t h e  s t i m u l u s - m o n i t o r i n g

o s c i l l o s c o p e  ( T e k t r o n i x  360)  and  two T e k t r o n i x  161 P u l s e  G e n e r a t o r s .

One P u l s e  G e n e r a t o r  c o n t r o l s  t h e  d u r a t i o n ,  o n s e t ,  and waveform

of  t h e  F . The second  P u l s e  G e n e r a t o r  gove rns  t h e s e  p a r a m e t e r s  
t

f o r  t h e  F . Each P u l s e  G e n e r a t o r  c o n t r o l s  a s h u t t e r  power s u p p l y3

o f  l o c a l  d e s i g n  w h ich  d r i v e s  a g a lv a n o m e t e r  moto r  w i t h  a s h u t t e r  

a t t a c h e d .

Tempora l  p a r a m e t e r s  o f  t h e  s t i m u l i  a r e  m o n i t o r e d  by p h o t o c e l l s  

and a s s o c i a t e d  e l e c t r o n i c  c i r c u i t r y  mounted b e h in d  t h e  s h u t t e r s  

i n  e a ch  m a jo r  c h a n n e l .  I n  t h e  s c h e m a t i c  d i a g r a m ,  t h e y  a r e  i n d i c a t e d  

by PC, and t h e  p a r t i a l l y - r e f l e c t i n g  m i r r o r  p r o v i d i n g  t h e  beam 

i s  i n d i c a t e d  by m^,. C u r r e n t s  f rom t h e s e  p h o t o c e l l s  a r e  d i s p l a y e d  

on t h e  m o n i t o r i n g  o s c i l l o s c o p e ,  i n d i c a t e d  by CRO. The e x p e r i m e n t e r  

c a n  c o n t i n u o u s l y  m o n i t o r  a l l  t e m p o r a l  p a r a m e t e r s  w i t h  t h i s  a r r a n g e m e n t .

F i g .  2b i l l u s t r a t e s  t h e  a p p e a r a n c e  o f  t h e  o s c i l l o s c o p e  t r a c e s  

f o r  two Fa  -  Ffc i n t e r v a l s .  The F i s  r e p r e s e n t e d  by a low a m p l i t u d e  

p u l s e ,  and  t h e  F i s  r e p r e s e n t e d  by a h i g h e r  a m p l i t u d e  p u l s e .
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The d u r a t i o n  o f  b o t h  p u l s e s  was a lw ays  10 msec .  The t r a c e  l a b e l l e d  

-50  msec i l l u s t r a t e s  t h e  s i t u a t i o n  where  t h e  F o n s e t  p r e c e d e s  

t h e  F o n s e t  by 50 m sec .  The t r a c e  l a b e l l e d  +50 msec i l l u s t r a t e s
cl

t h e  s i t u a t i o n  where t h e  F o n s e t  f o l l o w s  t h e  F o n s e t  by 50 msec .
t  a

The t e r m ,  -  F i n t e r v a l ,  i s  u s e d  t h r o u g h o u t  t h i s  s t u d y  t o

r e f e r  t o  t h e  t e m p o r a l  i n t e r v a l  b e tw e en  t h e  o n s e t s  o f  t h e  F and F .
a t

I l l u m i n a n c e  c o n t r o l . The i l l u m i n a n c e  o f  t h e  m a jo r  c h a n n e l s  

i s  c o n t r o l l e d  by f o u r - l o g - u n i t ,  c i r c u l a r ,  and b a l a n c e d  n e u t r a l  

d e n s i t y  wedges g e a r e d  t o  i n d i c a t o r  d i a l s .  F o r t y  r e v o l u t i o n s  

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

wedge .  T h e r e f o r e ,  one r e v o l u t i o n  r e s u l t s  i n  an  i l l u m i n a n c e  change 

o f  0 . 1  l o g  u n i t s .  F u r t h e r  i l l u m i n a n c e  c o n t r o l  i n  t h e  m a jo r  c h a n n e l s  

i s  p r o v i d e d  by  a d d in g  n e u t r a l  d e n s i t y  f i l t e r s  a t  t h e  p o s i t i o n  

i n d i c a t e d  by F .  I l l u m i n a n c e  c o n t r o l  o f  t h e  m ino r  c h a n n e l s  i s

a c h e i v e d  by p l a c i n g  n e u t r a l  d e n s i t y  f i l t e r s  a t  F and  F .
L R

W a v e le n g th  c o n t r o l . S t im u lu s  w a v e l e n g t h  was g o v e rn e d  by 

B a i rd - A t o m ic  B-16A i n t e r f e r e n c e  f i l t e r s  w i t h  peak  w a v e l e n g t h s  

o f  420 ,  472 ,  495 ,  512 ,  525 ,  577 ,  615 ,  630 ,  655 ,  and 680 nm.

F i n d i c a t e s  t h e  l o c a t i o n  o f  t h e s e  f i l t e r s  i n  t h e  o p t i c a l  s y s te m .  

S p e c t r o p h o t o m e t r i c  d a t a  r e p o r t e d  by t h e  m a n u f a c t u r e r  show t h a t  

a p p r o x i m a t e l y  45-90% o f  t h e  p h o t o n s  w i t h  t h e  peak  w a v e l e n g t h  

a r e  t r a n s m i t t e d .  The h a l f  b a n d w id th  o f  ea ch  f i l t e r  i s  a p p r o x i ­

m a t e l y  10 nm. F i g .  3a i l l u s t r a t e s  t r a n s m i t t a n c e  a s  a f u n c t i o n  

o f  w a v e l e n g t h  f o r  a  f i l t e r  o f  t h i s  t y p e  w i t h  a peak  w a v e l e n g t h  

o f  550 nm.
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F i g .  3 a .  T r a n s m i t t a n c e  a s  a  f u n c t i o n  o f  w a v e l e n g t h  f o r  

a n  i n t e r f e r e n c e  f i l t e r  w i t h  a peak  w a v e l e n g t h  o f  550 nm ( from 

W yszeck i  and S t i l e s ,  1967,  p 1 7 4 ) .

F i g .  3 b .  T r a n s m i t t a n c e  a s  a f u n c t i o n  o f  w a v e l e n g t h  f o r  

a Kodak W r a t t e n  29 a b s o r p t i o n  f i l t e r  ( f rom  Wyszeck i  and S t i l e s ,  

1967 ,  p 1 4 8 ) .



A- 550 nm f i l t e r

700600500400

B. W ra t ten  29 f i l t e r

T ra n sm it te dNot t r a n s m i t t e d

700600400 500

Wavelength (nm)
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I n  a d d i t i o n ,  a Kodak W r a t t e n  29 a b s o r p t i o n  f i l t e r  was used  

i n  t h e  c h a n n e l  i n  E x p e r im e n t s  2 and 3 .  T r a n s m i t t a n c e  as  a 

f u n c t i o n  o f  w a v e l e n g t h  f o r  t h i s  f i l t e r  i s  i n d i c a t e d  i n  F i g .  3b.

T h i s  f i l t e r  does  n o t  p e r m i t  a p p r e c i a b l e  t r a n s m i t t a n c e  o f  p h o t o n s  

w i t h  w a v e l e n g t h s  l e s s  t h a n  600 nm. I t s  p r e d o m i n a n t  t r a n s m i t t a n c e  

i n v o l v e s  p h o t o n s  w i t h  w a v e l e n g t h s  g r e a t e r  t h a n  660 nm. T h i s  

f i l t e r  was u s e d  b e c a u s e  o f  t h e  i n a b i l i t y  t o  o b t a i n  a d e q u a t e  

i l l u m i n a n c e  w i t h  m onochrom at ic  l o n g - w a v e l e n g t h  f i l t e r s .

I l l u m i n a n c e  c a l i b r a t i o n . The i l l u m i n a n c e  o f  t h e  s p e c t r a l l y -  

u n f i l t e r e d  c h a n n e l s  o f  t h e  o p t i c a l  s y s t e m  was d e t e r m i n e d  w i t h  

t h e  p r o c e d u r e  o u t l i n e d  by W es the im er  ( 1 9 6 6 ) .  F i r s t ,  a p e r f e c t l y  

d i f f u s i n g  s u r f a c e  w i t h  a s p e c i f i c  r e f l e c t i v i t y ,  r ,  was p l a c e d  

a t  a g i v e n  d i s t a n c e ,  x ,  beyond t h e  f i l a m e n t  image .  D u r in g  e x p e r i ­

m e n t a t i o n ,  t h i s  image was i n  t h e  p l a n e  o f  t h e  o b s e r v e r ' s  p u p i l .  

Second ,  t h e  lum inance  o f  t h e  s u r f a c e ,  B r a i l l i l a m b e r t s , was m easu red  

w i t h  a Macbeth  i l l u m i n o m e t e r .  F i n a l l y ,  t h e  r e t i n a l  i l l u m i n a n c e

was c a l c u l a t e d  w i t h  e q u a t i o n  1.  E i s  t h e  r e t i n a l  i l l u m i n a n c e

7 — 2
E q u a t i o n  1. E = 10 B x / r

i n  t r o l a n d s ,  B i s  t h e  s u r f a c e  lum inance  i n  m i l l i l a m b e r t s  d e t e r m i n e d  

i n  t h e  s e cond  s t e p ,  x i s  t h e  d i s t a n c e  i n  m e t e r s  b e tw e en  t h e  f i l a m e n t  

image and t h e  d i f f u s i n g  s u r f a c e ,  and  r  i s  t h e  r e f l e c t i v i t y  of  

t h e  d i f f u s i n g  s u r f a c e .  T h i s  p r o c e d u r e  i s  r e q u i r e d  t o  s p e c i f y  

t h e  i l l u m i n a n c e  o f  t h e  s t i m u l i  a t  t h e  r e t i n a .  Luminance m e a s u r e s  

a t  a p o i n t  i n  s p a c e  do n o t  a d e q u a t e l y  d e s c r i b e  t h e  s t i m u l i  a t  

t h e  r e t i n a .
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The illuminance of the 512 nm wavelength stimuli was calibrated 

by performing brightness matches between a spectrally-unfiltered 

(approximate color temperature = 2250°K) stimulus 1 . 0  log scotopic 

trolands in illuminance and a 512 nm wavelength annular stimulus.

The duration of both stimuli was one sec. At this illuminance 

level and wavelength, the hue of the two stimuli appeared identical. 

Therefore, it is reasonable to assume that only the scotopic system 

is determining threshold. This brightness match was used as the 

basis for calibrating the illuminance of stimuli of all other 

wave lengths.

Calibrating the illuminance of stimuli of other wavelengths, 

particularly the red-huod long-wavelength stimuli, was more difficult, 

since all commonly-used procedures involve several tenuous assump­

tions. Therefore, three procedures were used to determine the 

scotopic illuminance of the red-hued stimuli. In the first 

procedure, brightness matches were made between these annular 

stimuli and a 512 nm wavelength disk stimulus presented at an 

illuminance of 1 ,0  log scotopic trolands. This procedure assumes 

that the apparent brightness of both stimuli is determined by 

the scotopic system. In the second procedure, the absolute threshold 

illuminance of red-hued flashes 2° in diameter and 10 msec in 

duration was arbitrarily equated in illuminance to the absolute 

threshold illuminance of a 512 nm wavelength stimulus with the 

same diameter and duration. This procedure assumes th t the 

absolute threshold of both stimuli are determined by the scotopic
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system, although several investigators (e.g., Wald, 1945)  suggest 

that peripheral cones are more sensitive than rods at these 

wavelengths. In the third procedure, increment threshold functions 

were obtained with a 512 nm wavelength F̂_ 2° in diameter and 

10 msec in duration presented on a continuous adapting field 10° 

in diameter. The adapting field wavelength was governed by either 

a 512 nm, 655 nm, or a Wratten 29 filter. Functions obtained 

with adapting fields of different wavelengths were always identical 

in shape. Using the example given in Fig. 4 ,  the experimenters 

laterally shifted the graph of the function obtained with a 

655 nm wavelength adapting field with respect to the graph of 

the function obtained with a 512 nm wavelength adapting field 

until the two functions superposed. Common points on the super­

posed functions were taken as equivalent in scotopic illuminance 

for the 512 and 655 nm wavelength stimuli. The numerical difference 

between the abscissa values of the common points expressed in 

arbitrary dial units provided the value for calibrating the unknown 

illuminance of the 655 nm wavelength stimulus with the known 

illuminance of the 512 nm wavel ngth stimulus. This procedure is 

warranted on the basis of Stiles' (1939 ,  1959)  data, although 

he assumed strict scotopic-photopic independence.

Each o f  t h e  t h r e e  m ethods  u se d  w i t h  two o b s e r v e r s  gave an  

e s t i m a t e  o f  s c o t o p i c  i l l u m i n a n c e .  T a b le  1 p r e s e n t s  t h e  a r b i t r a r y  

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

by a 655 nm w a v e l e n g t h  o r  a W r a t t e n  29 f i l t e r  which  a r e  r e q u i r e d



Barris 44

F i g .  4 .  The F t h r e s h o l d  i l l u m i n a n c e  as  a f u n c t i o n  o f  

i l l u m i n a n c e  f o r  a c o n t i n u o u s l y - e x p o s e d  s o l i d  d i s k  a d a p t i n g  f i e l d  

10° i n  d i a m e t e r .  C losed  c i r c l e s  and s o l i d  l i n e s  i n d i c a t e  t h e  

f u n c t i o n  o b t a i n e d  when t h e  a d a p t i n g  f i e l d  w a v e l e n g t h  i s  512 nm. 

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

t h e  a d a p t i n g  f i e l d  w a v e l e n g t h  i s  655 nm. The f u n c t i o n s  on the  

u p p e r  s e t  o f  c o o r d i n a t e s  were o b t a i n e d  w i t h  o b s e r v e r  MCB, and 

t h e  f u n c t i o n s  on t h e  low er  s e t  o f  c o o r d i n a t e s  were o b t a i n e d  w i t h  

o b s e r v e r  ARK. The F t h r e s h o l d  i l l u m i n a n c e  f o r  t h e  p r e s e n t e d  

a l o n e  i s  r e p r e s e n t e d  by t h e  c l o s e d  diamond symbol ov e r  t h e  a b s c i s s  

p o s i t i o n  marked "minus i n f i n i t y " .  The c r o s s b a r s  i n d i c a t e  957, 

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

w a v e l e n g t h s  a r e  d i s p l a c e d  l a t e r a l l y  by a p p r o x i m a t e l y  0 . 2  l o g  

u n i t s  b e c a u s e  t h e  a b s c i s s a  c a l i b r a t i o n  i s  b a s e d  on th e  mean 

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

t h e  i n c r e m e n t  t h r e s h o l d  t e c h n i q u e  a l o n e .
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T a b le 1

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

c o n t r o l l e d  by a W r a t t e n 29 f i l t e r which  a r e r e q u i r e d  t o  match  a

z e r o  s e t t i n g  o f  a 512 nm w a v e l e n g t h  s t i m u l u s .

O b s e r v e r

Method MCB ARK Mean o f  two o b s e r v e r s

B r i g h t n e s s  match 1 .3 4 1 .03 1 .18

A b s o l u t e  t h r e s h o l d 1 .41 1 .31 1.36

I n c r e m e n t  t h r e s h o l d 1 . 1 2 1 .05 1 .08

Mean o f  t h r e e  methods 1 .29 1 .13 1 . 2 0

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

c o n t r o l l e d  by a 655 nm w a v e l e n g t h f i l t e r  r e q u i r e d  t o  match a z e r o

s e t t i n g  o f  a 512 nm w a v e l e n g t h  s t i m u l u s .

O b s e r v e r

Method MCB ARK Mean o f  two o b s e r v e r s

B r i g h t n e s s  match 2 . 1 2 2 . 0 2 2.07

A b s o l u t e  t h r e s h o l d 2 .0 5 2 .56 2 .3 0

I n c r e m e n t  t h r e s h o l d 2 . 2 0 2 .05 2 . 1 2

Mean o f  t h r e e  methods 2 . 1 2 2 . 2 1 2.16
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t o  match a z e r o  a r b i t r a r y  d i a l  s e t t i n g  o f  a 512 nm w a v e l e n g t h  

s t i m u l u s .  T h i s  i n f o r m a t i o n  i s  g i v e n  f o r  two o b s e r v e r s  and t h r e e  

m e t h o d s .  The a r i t h m e t i c  mean o f  t h e s e  s i x  m easu res  p r o v i d e d  th e  

b a s i s  f o r  c a l i b r a t i n g  t h e  i l l u m i n a n c e  c o o r d i n a t e s  used  i n  t h i s  s t u d y .

I r r a d i a n c e  c a l i b r a t i o n . An E.G. and G. Model 580 /585  

S p e c t r o r a d i o m e t e r / R a d i o m e t e r  was used  t o  m easu re  t h e  e n e rg y  

i n  e a c h  c h a n n e l  w i t h  e a c h  o f  t h e  11  monochromat ic  i n t e r f e r e n c e  

f i l t e r s .  These  e n e r g y  v a l u e s  were c o n v e r t e d  t o  l o g  q u a n t a  r e l a t i v e  

t o  t h e  number o f  q u a n t a  t r a n s m i t t e d  w i t h  t h e  420 nm w a v e l e n g t h  

f i l t e r .  T h i s  f i l t e r  was c h o s e n  as  t h e  r e f e r e n c e  b e c a u s e  i t  t r a n s ­

m i t t e d  l e s s  e n e r g y  t h a n  any o f  t h e  o t h e r  f i l t e r s .  Fo r  example,  

i n  one s p e c i f i c  c h a n n e l ,  t h e  420 nm w a v e l e n g t h  f i l t e r  t r a n s m i t t e d  

0 l o g  r e l a t i v e  q u a n t a ,  t h e  512 nm w a v e l e n g t h  f i l t e r  t r a n s m i t t e d  

0 .8 6 2  lo g  r e l a t i v e  q u a n t a ,  and t h e  680 nm w a v e l e n g t h  f i l t e r  

t r a n s m i t t e d  1 .3 6 0  lo g  r e l a t i v e  q u a n t a .

F i x a t i o n  t a r g e t . A c o n t i n u o u s  f i x a t i o n  t a r g e t  i s  p r o v i d e d  

i n  t h e  o p t i c a l  s y s te m  a t  t h e  p o i n t  i n d i c a t e d  by F ix  and F .

At low l e v e l s  o f  a d a p t a t i o n  f i e l d  i l l u m i n a t i o n ,  t h i s  t a r g e t  

a p p e a r s  as  f o u r  r e d  d i s k s  a p p r o x i m a t e l y  15 '  i n  d i a m e t e r .  These 

d i s k s  o u t l i n e  a 3°  s q u a r e .  The s p a t i a l  c o n f i g u r a t i o n  o f  t h e s e  

d i i k s  i s  g o v e rn e d  by a p h o t o g r a p h i c  f i l m  p l a c e d  i n  f r o n t  o f  a 

c i r c u l a r  a p e r t u r e  w i t h  a 40°  d i a m e t e r  i n  M a xw e l l i an  v i e w .  Wave­

l e n g t h  i s  gov e rn e d  by a W r a t t e n  29 f i l t e r ,  w h i l e  i l l u m i n a n c e  

i s  c o n t r o l l e d  by n e u t r a l  d e n s i t y  f i l t e r s .

A d a p t a t i o n  f i e l d . I n  o r d e r  t o  r e d u c e  s t r a y  l i g h t ,  s t a b i l i z e
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a d a p t a t i o n ,  r e d u c e  v a r i a b i l i t y ,  and a i d  f i x a t i o n ,  a 40°  d i a m e t e r

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

o p t i c a l  s y s te m  a t  t h e  p o i n t  l a b e l l e d  A and F _ . T h i sF + FIX L
s p e c t r a l l y - u n f i l t e r e d  f i e l d  p r o v i d e d  4 . 6  lo g  s c o t o p i c  t r o l a n d s  

o f  i l l u m i n a n c e ,  wh ich  was d e t e r m i n e d  by n e u t r a l  d e n s i t y  f i l t e r s .  

The f i x a t i o n  c r o s s h a i r s  were v i s i b l e  t o  t h e  o b s e r v e r  o n l y  when 

t h e  i l l u m in a n c e  l e v e l  was c o n s i d e r a b l y  h i g h e r  t h a n  t h e  l e v e l  

u s e d  d u r i n g  d a t a  c o l l e c t i o n .

Head and eye p o s i t i o n  c o n t r o l . The o b s e r v e r ' s  head  and 

eye  p o s i t i o n  i s  c o n t r o l l e d  by a Bausch and Lomb c h i n -  and h e a d r e s t  

wh ich  i s  mounted  so  t h a t  i t  c an  be a c c u r a t e l y  p o s i t i o n e d  i n  t h r e e  

p l a n e s .  W hil e  l i g h t - a d a p t e d ,  t h e  o b s e r v e r  a d j u s t e d  t h i s  d e v i c e  

u n t i l  he  had a s h a r p  and  f u l l  v iew o f  t h e  a d a p t a t i o n  f i e l d  2 .6  

l o g  t r o l a n d s  i n  i l l u m i n a t i o n  w i t h  t h e  c r o s s h a i r s  i n  t h e  c e n t e r .

The f i n a l  f i l a m e n t  image ,  a p p r o x i m a t e l y  0 . 5  x 2 mm, was c e n t e r e d  

i n  t h e  p u p i l  o f  e a c h  o b s e r v e r .  S in c e  t h e  p u p i l  was c o n s i d e r a b l y  

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

low l e v e l s  o f  i l l u m i n a t i o n ,  p u p i l  s i z e  s h o u ld  n o t  r e d u c e  r e t i n a l  

i l l u m i n a t i o n .
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C h a p t e r  4 

Method

O b s e r v e r s . Three  o b s e r v e r s  were u sed  d u r i n g  t h e  c o u r s e  

o f  t h e  e x p e r i m e n t .  The a u t h o r ,  MCB, was a myopic ( 5 /2 0 0  b i l a t e r a l l y )  

male  31 y e a r s  o f  a g e ,  ARK was an  emmetrop ic  male  18 y e a r s  o f  a g e ,  

and DLG was a n  emm etrop ic  f em a le  17 y e a r s  o f  a g e .  No c o r r e c t i v e  

l e n s e s  were worn by t h e  o b s e r v e r s  d u r i n g  e x p e r i m e n t a t i o n ,  b u t  

t h e  f i n a l  eye l e n s  p r o v i d e d  an a d j u s t m e n t  f o r  r e f r a c t i v e  e r r o r .

The o b s e r v e r s  were s c r e e n e d  f o r  normal  c o l o r  v i s i o n  w i t h  p s e u d o -  

i s o c h r o m a t i c  p l a t e s .  E x p e r i m e n t e r s  and o b s e r v e r s  a l t e r n a t e d  

r o l e s  among s e s s i o n s .

G e n e r a l  p r o c e d u r e . At  t h e  b e g i n n i n g  o f  ea ch  s e s s i o n ,  t h e  

o b s e r v e r  a l i g n e d  h i s  r i g h t  eye w i t h  t h e  4 0°  d i a m e t e r  a d a p t a t i o n  

f i e l d  a t  an i l l u m i n a n c e  o f  2 . 6  l o g  t r o l a n d s .  He a d j u s t e d  the  

c h i n -  and h e a d r e s t  and t h e  f i n a l  eye l e n s  u n t i l  he  saw t h e  f u l l  

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

The o b s e r v e r  t h e n  b e ga n  t o  d a r k  a d a p t .  A f t e r  10 m i n u t e s  o f  

d a r k  a d a p t a t i o n ,  t h e  o b s e r v e r  v iewed  t h e  a d a p t a t i o n  f i e l d  a t  

an  i l l u m i n a n c e  o f  2 . 6  l o g  s c o t o p i c  t r o l a n d s .  I f  t h e  o b s e r v e r  

d i d  n o t  s e e  t h e  f u l l  a d a p t a t i o n  f i e l d  and t h e  r e d  f i x a t i o n  t a r g e t s ,  

he a d a p t e d  an  a d d i t i o n a l  f i v e  m i n u t e s  b e f o r e  v i e w in g  t h e  f i x a t i o n  

t a r g e t  a g a i n .  (The o b s e r v e r s  a lw ays  saw t h e  f u l l  a d a p t a t i o n  f i e l d  

a f t e r  15 m in u t e s  o f  d a r k  a d a p t a t i o n . )

A f t e r  25 m i n u t e s  o f  d a r k  a d a p t a t i o n ,  t h e  o b s e r v e r  v iewed  t h e  

a d a p t a t i o n  f i e l d  a t  i t s  e x p e r i m e n t a l  i l l u m i n a n c e  o f  4 . 6  l o g  s c o t o p i c
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t r o l a n d s .  The t e s t  f l a s h  (Ffc) was t h e n  p r e s e n t e d  t o  t h e  o b s e r v e r  

once e v e r y  f o u r  s e c o n d s .  Us ing  t h e  method o f  a d j u s t m e n t ,  t h e  

o b s e r v e r  a d j u s t e d  t h e  v a r i a b l e  wedge c o n t r o l l i n g  F i l l u m i n a n c e  

u n t i l  he  no l o n g e r  d e t e c t e d  t h e  F . T h i s  p r o c e d u r e  was r e p e a t e d  

s e v e r a l  t im es  as  a c o n t r o l  m easu re  t o  d e t e r m i n e  t h a t  d a r k  a d a p t a t i o n  

was c o m p l e t e .  T h i s  was i n d i c a t e d  by s t a b l e  t h r e s h o l d  i l l u m i n a n c e  

v a l u e s .  The p r o c e d u r e  was t h e n  r e p e a t e d  w i t h  t h e  a d a p t i n g  f l a s h  (F ) .3

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

t h e  F s and F s a p p r o p r i a t e  t o  t h e  e x p e r i m e n t a l  s e s s i o n  were 
t  a

t h e n  p r e s e n t e d  a t  p r e d e t e r m i n e d  t e m p o r a l  o n s e t  i n t e r v a l s  be tw een

t h e  F and F (F - F i n t e r v a l s ) .  Us ing  th e  method of  a d j u s t m e n t ,  
a t  a t

t h e  o b s e r v e r  t h e n  a d j u s t e d  t h e  a p p r o p r i a t e  s t i m u l u s  u n t i l  he no 

l o n g e r  d e t e c t e d  t h e  F^_. I n  E x p e r im e n t s  1 and 3 ,  t h e  o b s e r v e r  

v a r i e d  i l l u m i n a n c e  u n t i l  he  no l o n g e r  d e t e c t e d  t h e  F . I n  

E x p e r im en t s  2 and 4 ,  t h e  o b s e r v e r  a d j u s t e d  t h e  F u n t i l  i t  masked 

t h e  F fc.

A s e t  o f  r u l e s  g o v e rn e d  d a t a  c o l l e c t i o n .  F i r s t ,  e v e r y  t h r e s h o l d  

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

r e p e a t e d  t h r e e  t im e s  i n  a b l o c k  w i t h i n  an  e x p e r i m e n t a l  s e s s i o n .

I f  t h e  r an g e  o f  v a l u e s  e xc ee de d  0 . 2  l o g  u n i t s ,  one a d d i t i o n a l  

t h r e s h o l d  v a l u e  was d e t e r m i n e d .  Second,  e v e r y  d a t a  p o i n t  r e p o r t e d  

was b a s e d  on o b s e r v a t i o n s  o b t a i n e d  i n  a t  l e a s t  two e x p e r i m e n t a l  

s e s s i o n s .  T h i r d ,  one d e t e r m i n a t i o n  o f  t h e  t h r e s h o l d  i l l u m i n a n c e  

o f  t h e  F p r e s e n t e d  a l o n e  was made a f t e r  e v e r y  b l o c k  o f  t r i a l s .

The d a i l y  mean o f  t h e s e  d e t e r m i n a t i o n s  was p l o t t e d  a t  t h e  end o f
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e v e r y  s e s s i o n  t o  d e t e r m i n e  w h e t h e r  l o n g - t e r m  t h r e s h o l d  t r e n d s  

were o c c u r r i n g  ov e r  s e s s i o n s .  F o u r t h ,  no e x p e r i m e n t a l  s e s s i o n  

l a s t e d  more t h a n  90 m i n u t e s  a f t e r  d a r k  . a d a p t a t i o n  was c o m p l e t e .  

F i n a l l y ,  e a c h  o b s e r v e r  was r e p e t i t i v e l y  i n s t r u c t e d  t o  a d j u s t  

t h e  s t i m u l i  u n t i l  t h e  F was no l o n g e r  d e t e c t e d .  He was a l s o  

i n s t r u c t e d  t o  u se  a b l a n k i n g  p r o c e d u r e  when he was a p p r o a c h i n g  

t h r e s h o l d .  Tha t  i s ,  t h e  o b s e r v e r  pushed  a button which  c a n c e l l e d  

t h e  F f o r  one p r e s e n t a t i o n .  Then he compared t h e  a p p e a r a n c e  

o f  t h e  F^ p r e s e n t e d  a l o n e  w i t h  t h e  n e x t  p r e s e n t a t i o n  where b o t h  

f l a s h e s  were  p r e s e n t e d  t o g e t h e r .

The g e n e r a l  g o a l  o f  t h i s  r e s e a r c h  was t o  d e t e r m i n e  w h e th e r  

t h e  p h o t o p i c  s y s te m  can  i n f l u e n c e  t h e  s c o t o p i c  s y s te m  i n  t h e  

m e t a c o n t r a s t  and p a r a c o n t r a s t  s i t u a t i o n s .  T h i s  g o a l  was a c h e i v e d  

by u s i n g  f o u r  s t r a t e g i e s .  T a b le  ?. summarizes  t h e  s t i m u l u s  p a r a ­

m e t e r s  common t o  a l l  t h e  e x p e r i m e n t a l  s t r a t e g i e s  as  w e l l  as  t h e  

p a r a m e t e r s  s p e c i f i c  t o  ea ch  s t r a t e g y .

I n  t h e  f i r s t  and s econd  e x p e r i m e n t s ,  t h r e s h o l d s  a r e  p l o t t e d  

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

e x p r e s s e s  t h e  i l l u m i n a n c e  a t  t h e  r e t i n a .  I n  t h e  t h i r d  and f o u r t h  

e x p e r i m e n t s ,  t h r e s h o l d s  a r e  p l o t t e d  i n  t e rm s  o f  l o g  r e l a t i v e  

q u a n ta  i n c i d e n t  a t  t h e  c o r n e a .  T h i s  i s  b e c a u s e  t h e  C . I . E .  s t a n d a r d  

r e l a t i v e  s p e c t r a l  luminous  e f f i c i e n c y  f u n c t i o n s  f o r  s c o t o p i c  

and p h o t o p i c  v i s i o n  ( s c o t o p i c  and p h o t o p i c  l u m i n o s i t y  f u n c t i o n s )  

e x p r e s s  t h e  r a t i o  cf t h e  luminous  f l u x  t o  t h e  r a d i a n t  f l u x  a t  

d i f f e r e n t  w a v e l e n g t h s .  T h i s  p r o c e d u r e  a c c o u n t s  f o r  q u a n t a l
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D u r a t i o n

D i a m e t e r

S p a t i a l
l o c a t i o n

I l l u m i n a n c e

W ave leng th

I l l u m i n a n c e

W a ve le ng th

V a r i e d

T a b l e  2

P a r a m e t e r s  Common t o  A l l  E xpe r im en t s  

Ft
10  msec 10  msec

2 °  2°  i n n e r  d i a m e t e r
10  o u t e r  d i a m e t e r

7 °  i n  t h e  t e m p o r a l  7°  i n  t h e  t e m p o r a l
v i s u a l  f i e l d  v i s u a l  f i e l d

P a r a m e t e r s  S p e c i f i c  t o  E xpe r im en t  1̂

F t

A d j u s t e d  t o  t h r e s h o l d  V a r i e d  p a r a m e t r i c a l l y

512 nm 512 and 655 nm

^a " i n t e r v a l s  (msec)

-1 0 0 ,  - 5 0 ,  0 ,  +50 ,  +100

P a r a m e t e r s  S p e c i f i c  t o  E xp e r im en t  2

F Ft  a

F i x e d  a t  0 . 5  l o g  u n i t s  A d j u s t e d  t o  mask t h e  F
above a b s o l u t e  t h r e s h o l d

512 nm 512 nm and r e d - h u e d
( W r a t t e n  29 f i l t e r )

-  Ffc i n t e r v a l s  (msec) 

a t  50 msec i n t e r v a l s  be tw e en  -200  and 450 msec
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Log r e l a t i v e  
q u a n t a

W ave leng th

Log r e l a t i v e  
q u a n t a

W a ve le ng th

T a b le  2 

( c o n t i n u e d )

P a r a m e t e r s  S p e c i f i c  t o  E xp e r im en t  3_

F t

A d j u s t e d  t o  t h r e s h o l d  F i x e d  a t  v a l u e s  d e t e r m i n e d
i n  E xp e r im en t  2

420 ,  472 ,  512 ,  577,  620 nm 512 nm and r e d - h u e d
( W r a t t e n  29 f i l t e r )

Fa “ Ft  i n t e r v a l s  (msec)

- 1 5 0 ,  0,  +150

P a r a m e t e r s  S p e c i f i c  t o  E x p e r im en t  4

F. Ft  a

F i x e d  a t  0 . 5  l o g  u n i t s  A d j u s t e d  t o  mask t h e  Ffc
above a b s o l u t e  t h r e s h o l d

512 nm V a r i e d  p a r a m e t r i c a l l y
be tw een  420 and 680 nm

F “ F i n t e r v a l s  (msec)  a t

-1 5 0 ,  - 5 0 ,  +100 ,  +200
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a b s o r p t i o n  by t h e  o c u l a r  m e d i a ®  w e l l  as  by t h e  p h o t o p i g m e n t s .  

C o n s e q u e n t l y ,  t h e  d a t a  mus t  be p r e s e n t e d  i n  t e rm s  o f  lo g  r e l a t i v e  

q u a n t a  t o  p e r m i t  c o m p a r i s o n  w i t h  t h e  C . I . E .  s c o t o p i c  and p h o t o p i c  

l u m i n o s i t y  f u n c t i o n s  c o r r e c t e d  f o r  q u a n t a  (Wyszecki  and S t i l e s ,

1967,  pp 3 7 1 - 3 8 3 ) .

E xp e r im en t  _1. I n  t h e  f i r s t  e x p e r i m e n t ,  t h r e s h o l d  i l l u m i n a n c e  

v a l u e s  o f  t h e  512 nm w a v e l e n g t h  Ffc were d e t e r m i n e d  a t  f i v e  Fa - 

i n t e r v a l s  ( - 1 0 0 ,  - 5 0 ,  0 ,  +50 ,  and +100 msec)  w i t h  e i t h e r  a 512 or  

655 nm w a v e l e n g t h  F whose i l l u m i n a n c e  was p a r a m e t r i c a l l y  v a r i e d .
3

I f  t h e  F t h r e s h o l d  i l l u m i n a n c e  i s  d e t e r m i n e d  by t h e  s c o t o p i c  

s y s t e m ,  and i f  t h e  s c o t o p i c  and p h o t o p i c  sy s te m s  f u n c t i o n  i n d e ­

p e n d e n t l y ,  t h e  r e s u l t s  s h o u ld  be i n d e p e n d e n t  o f  F w a v e l e n g t h .3

For  e a c h  s e s s i o n ,  a s i n g l e  F w a v e l e n g t h  was random ly s e l e c t e d .8l

Two Fa -  F i n t e r v a l s  f o r  t h a t  w a v e l e n g t h  were r andomly s e l e c t e d

w i t h o u t  r e p l a c e m e n t  f rom a t a b l e  o f  i n t e r v a l s .  Fo r  e a ch  F -  F
a t

i n t e r v a l ,  t h e  e x p e r i m e n t e r  u s e d  b l o c k s  o f  s u c c e s s i v e l y  i n c r e a s i n g

F i l l u m i n a n c e  r a n g i n g  i n  f i v e  e q u a l  s t e p s  f rom n e a r  F t h r e s h o l d  
a a

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

E xpe r im en t  2.  I n  t h e  second  e x p e r i m e n t ,  t h r e s h o l d  i l l u m i n a n c e

v a l u e s  o f  a 512 nm w a v e l e n g t h  F were  o b t a i n e d  f o u r  t im e s  i n

s u c c e s s i o n  w i t h  no F p r e s e n t .  The mean o f  t h e s e  f o u r  d e t e r m i n a t i o n sa

was computed .  Then t h e  F was p r e s e n t e d  a t  an i l l u m i n a n c e  v a l u e

0 . 5  l o g  u n i t s  above t h e  mean t h r e s h o l d  i l l u m i n a n c e  v a l u e .  Nex t ,

an  F w i t h  w a v e l e n g t h  g o v e rn e d  by e i t h e r  a 512 nm w a v e l e n g t h

o r  a W r a t t e n  29 f i l t e r  was i n t r o d u c e d  a t  s e v e r a l  F„ -  F_ i n t e r v a l sa t
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( - 2 0 0 ,  - 1 7 5 ,  - 1 5 0 ,  - 1 0 0 ,  - 5 0 ,  0 ,  -1-50, +100,  +150,  +200,  +250,

+300 ,  +350,  +400,  and +450 m s e c ) .  The o b s e r v e r  a d j u s t e d  t h e  

i l l u m i n a n c e  o f  t h e  F„ u n t i l  i t  masked t h e  F«.. I f  F_ t h r e s h o l d
1 ' 1 1 11 1 1 11 """ ■ 1 “ a  L  l

i l l u m i n a n c e  i s  d e t e r m i n e d  by t h e  s c o t o p i c  s y s t e m ,  and i f  t h e

s c o t o p i c  and p h o t o p i c  sy s te m s  f u n c t i o n  i n d e p e n d e n t l y ,  t h e  r e s u l t s

s h o u ld  be i n d e p e n d e n t  o f  F w a v e l e n g t h .  The a d v a n ta g e  o f  t h i s

s t r a t e g y  o v e r  t h a t  u sed  i n  t h e  f i r s t  e x p e r i m e n t  i s  t h a t  i t  i s

u n l i k e l y  t h a t  t h e  F i t s e l f  c o u ld  a p p r e c i a b l y  i n f l u e n c e  th e

p h o t o p i c  s y s te m  w i t h  a low i l l u m i n a n c e  a t  t h i s  w a v e l e n g t h .

I n  e a c h  e x p e r i m e n t a l  s e s s i o n ,  a s i n g l e  w a v e l e n g t h  F was
8

r andom ly  s e l e c t e d .  W i t h i n  e a c h  s e s s i o n ,  t h r e s h o l d  i l l u m i n a n c e

v a l u e s  were d e t e r m i n e d  a t  s e v e n  o r  more F -  F i n t e r v a l s ,  whicha t  ’

were  o r d e r e d  r andom ly .

E xp e r im en t  3^ The t h i r d  e x p e r i m e n t  was c o n c e p t u a l i z e d  i n

t h e  f o l l o w i n g  m anne r .  An w i t h  i t s  w a v e l e n g t h  g o v e rn e d  by

e i t h e r  a 512 nm wavelength o r  W r a t t e n  29 f i l t e r  was p r e s e n t e d

t o  t h e  o b s e r v e r  a t  t h r e e  F -  F i n t e r v a l s  ( - 1 5 0 ,  0 ,  and +150
a t

m s e c ) .  R e g a r d l e s s  o f  i n t e r v a l  o r  w a v e l e n g t h ,  F i l l u m i n a n c e
a

was f i x e d  a t  t h e  l e v e l  w h ich  masked t h e  F i n  t h e  second  e x p e r i ­

m en t .  The lo g  r e l a t i v e  cmanta o f  a v a r i a b l e  w a v e l e n g t h  F was 

a d j u s t e d  by t h e  o b s e r v e r  u n t i l  i t  was no l o n g e r  d e t e c t e d .  I f  

t h e  F t h r e s h o l d  was m e d i a t e d  by o n l y  t h e  s c o t o p i c  s y s te m  i n  

t h e  s e c o n d  e x p e r i m e n t ,  t h e  s c o t o p i c  l u m i n o s i t y  f u n c t i o n  c o r r e c t e d  

f o r  q u a n ta  s h o u ld  d e s c r i b e  F t h r e s h o l d  l o g  r e l a t i v e  q u a n t a .

I n  f a c t ,  t h e  t h i r d  e x p e r i m e n t  was p e r f o r m e d  t h e  f o l l o w i n g  way
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i n  o r d e r  t o  i n s u r e  c o n t i n u i t y  be tw e en  th e  r e s u l t s  o f  t h e  second  

and t h i r d  e x p e r i m e n t  and i n  o r d e r  t o  a c c o u n t  f o r  i n t e r s e s s i o n  

v a r i a b i l i t y .  At t h e  b e g i n n i n g  o f  each  s e s s i o n ,  a 512 nm w a v e l e n g t h  

F was r a i s e d  0 .5  l o g  u n i t s  above i t s  a v e r a g e  t h r e s h o l d  i l l u m i n a n c e  

v a l u e  w i t h  no Fg p r e s e n t .  T h i s  v a l u e  had been  d e t e r m i n e d  o v e r  

many p r e v i o u s  s e s s i o n s .  An F o f  e i t h e r  w a v e l e n g t h  was a d j u s t e d3

t h r e e  t im e s  u n t i l  t h e  F was no l o n g e r  d e t e c t e d .  The mean F
t  a

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

Then,  a m onochrom at ic  f i l t e r  g o v e r n i n g  F w a v e l e n g t h  was s e l e c t e d .

The Ffc l o g  r e l a t i v e  q u a n ta  was a d j u s t e d  u n t i l  t h e  F was masked.

The e x p e r i m e n t e r  r e c o r d e d  t h e  l o g  r e l a t i v e  q u a n ta  v a l u e  o f  t h i s

d e t e r m i n a t i o n .  Monochromatic  f i l t e r s  420 ,  472,  577,  and 615 nm

i n  w a v e l e n g t h  were  i n t r o d u c e d  i n  random o r d e r  i n t o  t h e  F c h a n n e l

a t  a F - F„ i n t e r v a l  o f  0 msec ,  w h i l e  472. and 577 nm w a v e l e n g t h  a t  * b

m onochrom at ic  f i l t e r s  were  used  i n  random o r d e r ,  when t h e  F - F
a t

i n t e r v a l  was -150 o r  +150 msec .  These two i n t e r v a l s  were s e l e c t e d

b e c a u s e  t h e y  were t h e  l o n g e s t  i n t e r v a l s  a t  which  i t  was p o s s i b l e

t o  o b t a i n  c o m p le te  a c t i o n  s p e c t r a .  At l o n g e r  i n t e r v a l s ,  t h e

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

a c t i o n  s p e c t r a .  The 0 msec Fg -  F̂ _ i n t e r v a l  was s e l e c t e d  b e c a u s e

o f  i t s  c e n t r a l  l o c a t i o n  b e tw e en  t h e s e  two i n t e r v a l s .  The s p a t i a l

a l i g n m e n t  o f  t h e  F was c a r e f u l l y  checked  w i t h  ea ch  change i n
a

F w a v e l e n g t h  b e c a u s e  o f  c h r o m a t i c  a b e r r a t i o n  which  c a u s e d  changes  

i n  t h e  s p a t i a l  p o s i t i o n  o f  t h e  s t i m u l i .

E xp e r im en t  4 .  I n  t h e  f o u r t h  e x p e r i m e n t ,  a 512 nm w a v e l e n g t h
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F was p r e s e n t e d  a t  a c o n s t a n t  i l l u m i n a n c e  o f  1 .9  l o g  s c o t o p i c

t r o l a n d s ,  which  was 0 .5  l o g  u n i t s  above t h e  a v e r a g e  t h r e s h o l d

i l l u m i n a n c e  w i t h  no F p r e s e n t .  An F o f  a r a n d o m l y - s e l e c t e d
a a

w a v e l e n g t h  ( e i t h e r  420 ,  472,  495,  512,  525,  555,  577,  615,  630,

655 ,  o r  680 nm) was i n t r o d u c e d  a t  one o f  f o u r  F -  F i n t e r v a l sa t

(+200,  +100 ,  - 5 0 ,  and -150  m s e c ) .  These i n t e r v a l s  were s e l e c t e d

t o  a s s e s s  a p p a r e n t l y  c r u c i a l  p o i n t s  i n  t h e  d a t a  o f  E xpe r im en t  2.

The o b s e r v e r  t h e n  a d j u 8 te d  t h e  l o g  r e l a t i v e  q u a n ta  u n t i l  i t

masked t h e  F J . I f  t h e  i n f l u e n c e  o f  t h e  F upon t h e  F was due t  a t

t o  t h e  s c o t o p i c  s y s te m  a l o n e  f o r  any g i v e n  Fg -  F i n t e r v a l ,  t h a n

Fa lo g  r e l a t i v e  q u a n t a  s h o u ld  be p r e d i c t e d  by t h e  s c o t o p i c  l u m i n o s i t y

f u n c t i o n  c o r r e c t e d  f o r  q u a n t a .

Only one i n t e r v a l  was used  i n  e a ch  e x p e r i m e n t a l  s e s s i o n ,

w h i l e  a t  l e a s t  f i v e  d i f f e r e n t  w a v e l e n g t h  f i l t e r s  were  i n t r o d u c e d

i n t o  t h e  F c h a n n e l .  Fach w a v e l e n g t h  change  r e n u i r e d  r e a l i g n m e n t

o f  t h e  o p t i c a l  s y s t e m  b e c a u s e  o f  c h r o m a t i c  a b e r r a t i o n .  Throughou t

e a c h  e x p e r i m e n t a l  s e s s i o n ,  t h e  F t h r e s h o l d  i l l u m i n a n c e  was

d e t e r m i n e d  w i t h  t h e  F a b s e n t  t o  i n s u r e  t h a t  t h e  o b s e r v e r ' sa

s e n s i t i v i t y  had n o t  changed d u r i n g  t h e  c o u r s e  o f  t h e  s e s s i o n .

Each o f  t h e  f u n c t i o n s  r e s u l t i n g  from t h e  f o u r  d i f f e r e n t  

-  F i n t e r v a l s  was o b t a i n e d  o v e r  two e x p e r i m e n t a l  s e s s i o n s .

Some o f  t h e  same w a v e l e n g t h  Fa s were  used  i n  a l l  e x p e r i m e n t a l  

s e s s i o n s  t o  i n s u r e  t h a t  i n t e r s e s s i o n  v a r i a b i l i t y  d i d  n o t  d e t e r m i n e  

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 .
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C h a p t e r  5 

R e s u l t s

Expe r im en t  _1. I n  t h e  f i r s t  e x p e r i m e n t ,  t h e  o b s e r v e r s  a d j u s t e d

t h e  i l l u m i n a n c e  o f  a 512 nm w a v e l e n g t h  t e s t  f l a s h  (F ) u n t i l  i t

was no l o n g e r  d e t e c t e d  i n  t h e  p r e s e n c e  o f  e i t h e r  a 512 o r  655 nm

w a v e l e n g t h  a d a p t i n g  f l a s h  (F ) ,  whose i l l u m i n a n c e  was i n c r e a s e d

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

were made a t  f i v e  t e m p o r a l  i n t e r v a l s  be tw e en  t h e  o n s e t s  o f  t h e

Fg and t h e  Ffc (Ffl -  F t  i n t e r v a l s )  f o r  Fa s o f  e i t h e r  w a v e l e n g t h .

F i g .  5 f o r  o b s e r v e r  MCE and F i g .  6 f o r  o b s e r v e r  DLG p r e s e n t

512 nm w a v e l e n g t h  Ft  t h r e s h o l d  i l l u m i n a n c e  as  a f u n c t i o n  o f

s c o t o p i c  i l l u m i n a n c e  f o r  b o t h  a 512 and a 655 nm w a v e l e n g t h  F .

The s p e c i f i c  F^ -  F i n t e r v a l  r e p r e s e n t e d  by each  p a i r  o f  f u n c t i o n s

i s  i n d i c a t e d  above t h e  f u n c t i o n s .  The t h r e s h o l d  i l l u m i n a n c e

v a l u e  o f  t h e  F w i t h  no F p r e s e n t  i s  i n d i c a t e d  on t h e  a b s c i s s a  
t  a

a t  t h e  p o s i t i o n  l a b e l l e d  "minus i n f i n i t y " .  The 95% f i d u c i a l

l i m i t s  a r e  i n d i c a t e d  by t h e  c r o s s b a r s .  The 957- f id u c i a l  l i m i t s

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

l e s s  t h a n  0 .2 5  lo g  u n i t s .  R e g a r d l e s s  o f  F w a v e l e n g t h ,  F t h r e s h o l d
a t

i l l u m i n a n c e  g e n e r a l l y  i n c r e a s e  m o n o t o n i c a l l y  as  a f u n c t i o n  o f

F i l l u m i n a n c e ,  a

I f  t h e  i n f l u e n c e  o f  t h e  Fg upon t h e  F i s  due s o l e l y  t o  

t h e  s c o t o p i c  s y s t e m ,  t h e s e  f u n c t i o n s  s h o u ld  be i n d e p e n d e n t  o f  

Fa w a v e l e n g t h  a t  e v e r y  Ffl -  Ft  i n t e r v a l ,  i . e . ,  t h e y  s h o u l d  be 

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



Barris 59

F i g .  5 .  R e s u l t s  o f  E x p e r im en t  1 . The F t h r e s h o l d  i l l u m i n a n c e

a s  a f u n c t i o n  o f  F i l l u m i n a n c e  f o r  f i v e  F -  F. i n t e r v a l s  f o r  a a t

o b s e r v e r  MCB. C lose d  c i r c l e s  and  s o l i d  l i n e s  i n d i c a t e  t h e  f u n c t i o n

o b t a i n e d  when t h e  F w a v e l e n g t h  i s  512 nm, w h i l e  open c i r c l e s
8

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

w a v e l e n g t h  i s  655 nm. T h r e s h o l d  o f  t h e  F p r e s e n t e d  a l o n e  i s  

r e p r e s e n t e d  by t h e  c l o s e d  diamond symbol  o v e r  th^ : a b s c i s s a  p o s i t i o n  

marked "minus i n f i n i t y " *  The c r o s s b a r s  i n d i c a t e  t h e  95% f i d u c i a l  

l i m i t s .
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F i g .  6 . R e s u l t s  o f  E x p e r im en t  1 . The F t h r e s h o l d  i l l u m i n a n c e  

a s  a f u n c t i o n  o f  Fg i l l u m i n a n c e  f o r  o b s e r v e r  DLG. See t h e  l eg e n d  

o f  F i g .  5 .
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+100 and -100  msec F -  F i n t e r v a l s  f o r  b o t h  o b s e r v e r s  anda t

t h e  0 msec F -  F i n t e r v a l  f o r  o b s e r v e r  DLG. With  t h e  o t h e r  a t

i n t e r v a l s ,  however ,  F t h r e s h o l d  i l l u m i n a n c e  seems t o  depend

upon b o t h  F w a v e l e n g t h  and i l l u m i n a n c e .  Fo r  exam p le ,  a t  t h e  
a

+50 msec F -  F. i n t e r v a l ,  t h e  F w a v e l e n g t h  a t  low F i l l u m i n a n c e  a t  a a

does  n o t  seem t o  make a d i f f e r e n c e .  However , a t  h i g h e r  Fg

i l l u m i n a n c e ,  t h e  655 nm w a v e l e n g t h  F c a u s e s  a h i g h e r  F t h r e s h o l d
a t

t h a n  t h e  512 nm w a v e l e n g t h  F . At t h e  -50  msec F -  F i n t e r v a la a t

t h e  512 nm w a v e l e n g t h  F r a i s e s  F t h r e s h o l d  i l l u m i n a n c e  more
a t

t h a n  t h e  655 nm w a v e l e n g t h  F , e s p e c i a l l y  a t  t h e  h i g h e r  i l l u m i n a n c e

v a l u e s .  At t h e  +50 msec F - f  i n t e r v a l  f o r  o b s e r v e r  DLG ( F i g .  6 ) ,
a t

t h e  655 nm w a v e l e n g t h  F r a i s e s  t h e  F t h r e s h o l d  i l l u m i n a n c e  more
a t

t h a n  t h e  512 nm w a v e l e n g t h  F . F o r  o b s e r v e r  MCB ( F i g .  5 ) ,  t h i s

t r e n d  i s  a p p a r e n t  a t  b o t h  t h e  0 and +50 msec Fg - F i n t e r v a l s .

A p p a r e n t l y ,  a t  t h e  -50  and +50 msec and p e r h a p s  a t  t h e  0 msec

F -  Ft- i n t e r v a l s .  F^ t h r e s h o l d  i l l u m i n a n c e  does  n o t  i n c r e a s e
3  t  tZ

as  a s im p l e  f u n c t i o n  o f  i n c r e a s i n g  F i l l u m i n a n c e .  S in c e  t h e  wave-
a

l e n g t h  o f  t h e  F was t h e  o n l y  o t h e r  p a r a m e t e r  t h a t  c hanged ,  the  

m os t  p r o b a b l e  e x p l a n a t i o n  f o r  t h e  d i f f e r e n c e  b e tw e en  t h e  two 

f u n c t i o n s  i s  t h e  a c t i v a t i o n  o f  t h e  p h o t o p i c  s y s te m  by t h e  655 nm 

w a v e l e n g t h  F .

C o l l e c t i v e l y ,  t h e  r e s u l t s  o f  t h e  f i r s t  e x p e r i m e n t  i n d i c a t e

t h a t  t h e  e f f e c t  o f  F i l l u m i n a n c e  upon F t h r e s h o l d  i l l u m i n a n c ea t

i s  d e p e n d e n t  upon F^ w a v e l e n g t h .  F u r t h e r m o r e ,  t h i s  i n f l u e n c e  o f

w a v e l e n g t h  i s  d e p e n d e n t  upon F -  F i n t e r v a l .  The second
8 t
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e x p e r i m e n t  e x p l o r e s  t h e  i n f l u e n c e  o f  F w a v e l e n g t h  and F - F
9  9  tl

i n t e r v a l  on F t h r e s h o l d  i l l u m i n a n c e ,  
t

Expe r im en t  2.  I n  t h e  s econd  e x p e r i m e n t ,  t h e  o b s e r v e r  a d j u s t e d

t h e  i l l u m i n a n c e  o f  a F u n t i l  i t  masked a 512 nm w a v e l e n g t h  Fa t

0 . 5  l o g  u n i t s  above F t h r e s h o l d  i l l u m i n a n c e  d e t e r m i n e d  w i t h  no 

F p r e s e n t .  The s p e c t r a l  c o m p o s i t i o n  o f  t h e  F_ was d e t e r m i n e d  

by e i t h e r  a 512 nm w a v e l e n g t h  o r  a W r a t t e n  2.9 f i l t e r .  D e t e r m i ­

n a t i o n s  were  made a t  s e v e r a l  F -  F,. i n t e r v a l s  w i t h  each  f i l t e r .a t

F i g .  7 i l l u s t r a t e s  t h e  F^ i l l u m i n a n c e  n e c e s s a r y  t o  mask a 

512 nm w a v e l e n g t h  Ffc 0 .5  l o g  u n i t s  above F fc t h r e s h o l d  i l l u m i n a n c e  

w i t h  no Fa p r e s e n t  as  a f u n c t i o n  o f  Fg -  F i n t e r v a l .  N e g a t iv e  

a b s c i s s a  v a l u e s  i n d i c a t e  t h a t  t h e  F o n s e t  p r e c e d e s  F o n s e t ,L *• 9 *

w h i l e  p o s i t i v e  a b s c i s s a  v a l u e s  i n d i c a t e  t h a t  t h e  F o c c u r s  f i r s t .3

One f u n c t i o n  was o b t a i n e d  w i t h  a 512 nm w a v e l e n g t h  FflJ and th e

o t h e r  f u n c t i o n  was o b t a i n e d  w i t h  a r e d - h u e d  ( W r a t t e n  29 f i l t e r )

Fa . The two s e t s  o f  c o o r d i n a t e s  r e p r e s e n t  d a t a  o b t a i n e d  w i t h

two d i f f e r e n t  o b s e r v e r s .  W ith  b o t h  o b s e r v e r s ,  t h e  F i l l u m i n a n c e’ a

n e c e s s a r y  t o  mask t h e  F fc f i r s t  d e c r e a s e d ,  and t h e n  i t  i n c r e a s e d

a s  t h e  Fa - F t  i n t e r v a l  i n c r e a s e d  from n e g a t i v e  t o  p o s i t i v e  v a l u e s .

The s c o t o p i c  i l l u m i n a n c e  o f  t h e  F i n d i c a t e s  i t s  i n f l u e n c ea

on t h e  s c o t o p i c  s y s t e m .  I f  o n l y  t h e  s c o t o p i c  s y s te m  i n f l u e n c e s  

t h e  Ffc t h r e s h o l d  i l l u m i n a n c e ,  t h e  same U -shaped  f u n c t i o n  s h o u ld  

r e s u l t ,  r e g a r d l e s s  o f  F w a v e l e n g t h .  F i g .  7 ,  how ever ,  i n d i c a t e s
9

t h a t  t h e  f u n c t i o n s  p r o d u c e d  by t h e  d i f f e r e n t  w a v e l e n g t h  Ffls a r e

d i s s i m i l a r .  Only a t  t h e  - 1 0 0 ,  - 5 0 ,  and +150 msec F -  F i n t e r v a l s
a t

do t h e  d i f f e r e n t  wavdeng th  F s have  e q u i v a l e n t  e f f e c t s .  Thea
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F i g .  7 .  R e s u l t s  o f  E x p e r im en t  2 .  The F i l l u m i n a n c e  r e q u i r e d

t o  mask a Ffc raised 0 .5  l o g  u n i t s  above a b s o l u t e  t h r e s h o l d  as  a

f u n c t i o n  o f  F -  F^ i n t e r v a l  f o r  two o b s e r v e r s .  C losed  c i r c l e s  a t

and s o l i d  l i n e s  i n d i c a t e  t h e  f u n c t i o n  o b t a i n e d  when t h e  Fa

w a v e l e n g t h  i s  g o v e rn e d  by a 512 nm w a v e l e n g t h  f i l t e r ,  and open 

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

Fa w a v e l e n g t h  i s  g o ve rne d  by a W r a t t e n  29 f i l t e r .  The f u n c t i o n s  

on t h e  u ppe r  s e t  o f  c o o r d i n a t e s  were  o b t a i n e d  w i t h  o b s e r v e r  MCB, 

and t h e  f u n c t i o n s  on t h e  low er  s e t  o f  c o o r d i n a t e s  i n d i c a t e  the  

f u n c t i o n s  o b t a i n e d  w i t h  o b s e r v e r  ARK.
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f u n c t i o n s  o b t a i n e d  w i t h  t h e  512 nm w a v e l e n g t h  f i l t e r s  d i f f e r

u n s y s t e m a t i c a l l y  a t  t h e  0 ,  +50 ,  and +100 msec Fa -  Ffc i n t e r v a l s

b e tw e e n  t h e  two o b s e r v e r s .  However , c e r t a i n  t r e n d s  a r e  s t i l l

a p p a r e n t .  I n  g e n e r a l ,  t h e  r e d - h u e d  ( W r a t t e n  29 f i l t e r )  Fg p r o d u c e s

a f u n c t i o n  which  i s  d i s p l a c e d  tow ards  more n e g a t i v e  i n t e r v a l s

t h a n  t h e  f u n c t i o n  p r o d u c e d  by t h e  512 nm w a v e l e n g t h  F . The
a

minima o f  t h e s e  two f u n c t i o n s  a r e  a t  t h e  +50 and +100 msec F -  F
a t

i n t e r v a l s  r e s p e c t i v e l y .  U n r e p o r t e d  d a t a  c o l l e c t e d  e a r l y  d u r i n g

t h i s  s t u d y  showed t h a t  Fg -  F̂ . i n t e r v a l s  s p a c e d  a t  25 msec i n t e r v a l s

confo rmed  t o  t h e  e x p e c t e d  U -shaped  f u n c t i o n .  C o n s e q u e n t l y ,

i n t e r v a l s  more c l o s e l y  s p a c e d  t h a n  50 msec a p p e a r  u n n e c e s s a r y

t o  a c h e i v e  g r e a t e r  r e s o l u t i o n  i n  t h e  f u n c t i o n .

The e f f e c t  o f  t h e  F upon t h e  s c o t o p i c  s y s t e m  a l o n e  does

n o t  a d e q u a t e l y  e x p l a i n  t h e  d i f f e r e n c e  i n  F t h r e s h o l d  i l l u m i n a n c e

a t  e v e r y  F -  F. i n t e r v a l .  To t h e  e x t e n t  t h a t  F. t h r e s h o l d  
3  L t

i l l u m i n a n c e  i s  m e d i a t e d  by  tVie p h o t o p i c  s y s t e m ,  t h e s e  t e m p o r a l

s h i f t s  p r o b a b l y  i n d i c a t e  s c o t o p i c - p h o t o p i c  i n t e r a c t i o n .  The t h i r d

e x p e r i m e n t  p r o v i d e s  e v id e n c e  t h  t  t h e  s c o t o p i c  s y s t e m  d e t e c t e d

t h e  Ft> r e g a r d l e s s  o f  t h e  Fa -  Ffc i n t e r v a l  and F w a v e l e n g t h .

E xp e r im en t  3_. The t h i r d  e x p e r i m e n t  i s  c o n c e p t u a l l y  r e l a t e d

t o  t h e  second  e x p e r i m e n t  i n  t h e  f o l l o w i n g  m anne r .  At t h e  -1 5 0 ,

0 ,  and +150 msec F -  F*. i n t e r v a l s ,  a d e t e r m i n a t i o n  was made * a t *

o f  t h e  i l l u m i n a n c e  v a l u e  o f  e i t h e r  a 512 nm w a v e l e n g t h  o r  r e d -

hued  ( W r a t t e n  29 f i l t e r )  F_ t h a t  masked a 512 nm w a v e l e n g t h  F*.8

1 . 9  l o g  s c o t o p i c  t r o l a n d s  i n  i l l u m i n a n c e .  T h i s  i l l u m i n a n c e  was
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0 .5  l o g  u n i t s  above t h e  a v e r a g e  F t h r e s h o l d  i l l u m i n a n c e  w i t h  no

F present. Subsequently, F s of several different wavelengths a t

were introduced while the F was maintained at the previously-
a

determined illuminance level. The F threshold log relativet
quanta values were determined by adjusting the F log relative 

quanta until the F was no longer detected. The methods chapter 

describes the actual procedure, which was somewhat different 

from this conceptual description.

F i g .  8 shows F fc t h r e s h o l d  l o g  r e l a t i v e  rruanta as  a f u n c t i o n  

o f  F. w a v e l e n g t h  w i t h  F - F. i n t e r v a l  and F w a v e l e n g t h  as  

p a r a m e t e r s .  F o r  p u r p o s e s  o f  c o m p a r i s o n ,  t h e  p l o t t e d  f u n c t i o n  

i s  t h e  C . I . E .  s c o t o p i c  l u m i n o s i t y  f u n c t i o n  c o r r e c t e d  f o r  q u a n ta  

(Wyazecki  and S t i l e s ,  1967,  pp 3 7 8 - 3 8 3 ) .  The v e r t i c a l  p o s i t i o n  

o f  e a ch  o f  t h e  s i x  s e t s  o f  d a t a  p o i n t s  and t h e  C . I . F .  f u n c t i o n  

was s h i f t e d  v e r t i c a l l y  u n t i l  t h e i r  minima c o r r e s p o n d e d .  Th is  

was t h e  o n l y  c u r v e - f i t t i n g  m a n i p u l a t i o n .

Clearly, the six sets of data points do not deviate signi­

ficantly from the data of the C.I.E. scotopic observer corrected 

for quanta. This finding strongly suggests that the F at threshold 

illuminance is detected by the scotopic system regardless of the 

F wavelength and F0 - F. interval. The fourth experiment indicates 

the type of receptors stimulated by the F that is influencing the 

scotopic Ft threshold.

E x p e r im en t  4 .  The f o u r t h  e x p e r i m e n t  i s  c o n c e p t u a l l y  r e l a t e d  

t o  t h e  second  e x p e r i m e n t  i n  t h e  f o l l o w i n g  m anne r .  A 512 nm
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F i g .  8 .  R e s u l t s  o f  E xpe r im en t  3 .  Log r e l a t i v e  e u a n t a  o f  a 

F r e q u i r e d  t o  be masked by an Fg o f  an i l l u m i n a n c e  t h a t  masks 

a 512 nm w a v e l e n g t h  F r a i s e d  0 . 5  l o g  u n i t s  above i t s  a b s o l u t e  

t h r e s h o l d  as  a f u n c t i o n  o f  F w a v e l e n g t h .  C losed  symbols  i n d i c a t e  

t h a t  t h e  Fg w a v e l e n g t h  i s  c o n t r o l l e d  by a W r a t t e n  29 f i l t e r .

Open symbols  i n d i c a t e  t h a t  t h e  Fa w a v e l e n g t h  i s  c o n t r o l l e d  by a 

512 nm w a v e l e n g t h  f i l t e r .  S q u a res  i n d i c a t e  t h a t  t h e  F_ - F.3 t

i n t e r v a l  i s  -150  msec ,  t r i a n g l e s  i n d i c a t e  t h a t  t h e  i n t e r v a l  

i s  0 msec ,  and c i r c l e s  i n d i c a t e  t h a t  t h e  i n t e r v a l  i s  (-150 msec.

The s o l i d  l i n e  i s  t h e  C . I . E .  s c o t o p i c  l u m i n o s i t y  f u n c t i o n  c o r r e c t e d  

f o r  q u a n t a  f rom Wyszecki  and S t i l e s  (1967 ,  pp 3 7 8 - 3 8 3 ) .  The 

up p e r  s e t  o f  c o o r d i n a t e s  p r e s e n t s  d a t a  o b t a i n e d  w i t h  o b s e r v e r  

MCB, and t h e  low er  s e t  o f  c o o r d i n a t e s  p r e s e n t s  d a t a  o b t a i n e d  

w i t h  o b s e r v e r  ARK.
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w a v e l e n g t h  F was p r e s e n t e d  a t  t h e  same i l l u m i n a n c e  i n  b o t h  

e x p e r i m e n t s .  At t h e  - 1 5 0 ,  - 5 0 ,  +100,  and +200 msec Fa -  Ffc 

i n t e r v a l s ,  t h e  l o g  r e l a t i v e  q u a n t a  o f  a v a r i a b l e  w a v e l e n g t h  F8

n e c e s s a r y  t o  mask t h e  F was d e t e r m i n e d .

F i g s .  9 and 10 show t h e  l o g  r e l a t i v e  q u a n ta  r e q u i r e d  t o

mask t h e  F a s  a f u n c t i o n  o f  F w a v e l e n g t h .  Each s e t  o f  c o o r d i n a t e s  £ 8

d i s p l a y s  t h e  r e s u l t s  o b t a i n e d  a t  t h e  i n d i c a t e d  Ffl -  Ft  i n t e r v a l

w i t h  b o t h  o b s e r v e r s .  The s o l i d  and b r o k e n  c u r v e s  r e p r e s e n t

t h e  C . I . E .  s c o t o p i c  and p h o t o p i c  l u m i n o s i t y  f u n c t i o n s  r e s p e c t i v e l y

c o r r e c t e d  f o r  q u a n t a  (Wyszecki  and S t i l e s ,  1967,  pp 3 7 8 - 3 8 3 ) .

The v e r t i c a l  p o s i t i o n  o f  each  s e t  o f  d a t a  p o i n t s  and t h e  C . I . E .

f u n c t i o n s  was s h i f t e d  v e r t i c a l l y  u n t i l  t h e i r  minima c o r r e s p o n d e d .

This was the o n l y  c u r v e - f i t t t n g  m a n i p u l a t i o n .

F i g .  11 shows t h e  d e v i a t i o n  o f  d a t a  p o i n t s  f rom t h e  s c o t o p i c

l u m i n o s i t y  f u n c t i o n  c o r r e c t e d  f o r  r ruanta as  a f u n c t i o n  o f  w a v e l e n g t h .

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

i n d i c a t e d  F -  F. i n t e r v a l  w i t h  b o t h  o b s e r v e r s .  T h i s  d i s p l a y  a t

e m pha s ize s  t h e  d e v i a t i o n s  more t h a n  F i g s .  9 and 10.

With a +100 msec F -  F.. i n t e r v a l  ( F i g .  9 l o w e r ,  F i g .  118 £

u p p e r  r i g h t ) ,  t h e  d a t a  p o i n t s  g e n e r a l l y  c o r r e s p o n d  t o  t h e  C . I . E .  

s c o t o p i c  f u n c t i o n .  At t h i s  i n t e r v a l ,  i t  i s  r e a s o n a b l e  t o  c o n c lu d e  

t h a t  t h e  s c o t o p i c  s y s te m  a l o n e  i s  i n f l u e n c i n g  t h e  Ffc t h r e s h o l d  

i l l u m i n a n c e .  At t h e  +200 msec F -  F i n t e r v a l  ( F i g .  9 u p p e r ,
8 L

F i g .  11 u p p e r  l e f t ) ,  t h e  d a t a  p o i n t s  do n o t  c o r r e s p o n d  w e l l  t o  

t h e  s c o t o p i c  l u m i n o s i t y  f u n c t i o n .  At b o t h  t h e  -50  ( F i g .  10 u p p e r ,  

F i g .  11 lower  l e f t )  and -150  ( F i g .  10 l o w e r ,  F i g .  11 low e r  r i g h t )
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F i g .  9 .  R e s u l t s  o f  E x p e r im en t  4 .  Log r e l a t i v e  q u a n ta

o f  an  F r e q u i r e d  t o  mask a 512 nm w a v e l e n g t h  F. r a i s e d  0 5 a t  *

l o g  u n i t s  above i t s  a b s o l u t e  t h r e s h o l d  as  a f u n c t i o n  o f  Fa

w a v e l e n g t h  a t  p o s i t i v e  F -  F i n t e r v a l s .  C lo se d  c i r c l e s  i n d i c a t ea t

d a t a  o b t a i n e d  w i t h  o b s e r v e r  MCB, w h i l e  open c i r c l e s  i n d i c a t e  

d a t a  o b t a i n e d  w i t h  o b s e r v e r  ARK. The s o l i d  l i n e  i n d i c a t e s  t h e  

C . I . E .  s c o t o p i c  l u m i n o s i t y  f u n c t i o n  c o r r e c t e d  f o r  q u a n t a ,  and 

t h e  b r o k e n  l i n e  i n d i c a t e s  t h e  C . I . E .  p h o t o p i c  l u m i n o s i t y  f u n c t i o n  

c o r r e c t e d  f o r  q u a n ta  (Wyszecki  & S t i l e s ,  1967,  pp 3 7 8 - 3 8 3 ) .

The u p p e r  s e t  o f  c o o r d i n a t e s  p r e s e n t s  d a t a  o b t a i n e d  when th e  

-  F t  i n t e r v a l  i s  + 2 0 0  msec ,  and t h e  lower  s e t  o f  c o o r d i n a t e s  

p r e s e n t s  d a t a  o b t a i n e d  when t h e  F - F i n t e r v a l  i s  +100 msec.
cl t



Lo
g 

R
el

at
iv

e 
Q

ua
nt

a

Fig. 9

F . I n te r v a l  = +200 msec

Observer

MCB

ARK

00
OO

400 500 600 700

4 _

Ft  I n te r v a l  = +100 msec

Q»

400
J i L

500 600 700

Fa Wavelength (nm)



Barris  74

F i g .  10. R e s u l t s  o f  E x p e r im e n t  4 .  Log r e l a t i v e  q u a n ta

o f  an F r e q u i r e d  t o  mask a 512 nm v rave leng th  F r a i s e d  0 .5  a t

l o g  u n i t s  above i t s  a b s o l u t e  t h r e s h o l d  a s  a f u n c t i o n  o f  Fa

w a v e l e n g t h  a t  n e g a t i v e  F^ -  F i n t e r v a l s .  The uppe r  s e t  o f

c o o r d i n a t e s  p r e s e n t s  d a t a  o b t a i n e d  when t h e  F -  F i n t e r v a l
3 t

i s  -50  m se c ,  and t h e  low er  s e t  o f  c o o r d i n a t e s  p r e s e n t s  d a t a

o b t a i n e d  when t h e  F - F i n t e r v a l  i s  - 1 5 0  msec .  See t h ea t

l e g e n d  o f  F i g .  9 .
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F i g .  11.  R e s u l t s  o f  E xp e r im en t  4 .  D e v i a t i o n  o f  d a t a  p o i n t s

from t h e  s c o t o p i c  l u m i n o s i t y  f u n c t i o n  c o r r e c t e d  f o r  q u a n ta  as

a f u n c t i o n  o f  w a v e l e n g t h .  D e v i a t i o n s  f o r  t h e  +200 msec F -  F
8 t

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

t h e  +100 msec i n t e r v a l  on t h e  u ppe r  r i g h t  s e t ,  t h e  -50  msec 

i n t e r v a l  on t h e  lower  l e f t  s e t ,  and t h e  -150 msec i n t e r v a l  on 

t h e  low er  r i g h t  s e t .  On e a ch  s e t  o f  c o o r d i n a t e s ,  o b s e r v e r  MCB 

i s  r e p r e s e n t e d  by t h e  c l o s e d  c i r c l e s  and o b s e r v e r  ARK by t h e  

open  c i r c l e s .
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msec F -  p i n t e r v a l s ,  c l o s e  c o r r e s p o n d e n c e  b e tw e e n  t h e  d a t a  
a t

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

o n l y  f o r  F w a v e l e n g t h s  l e s s  t h a n  512 nm. As t h e  F w a v e l e n g t h
cl <9

i n c r e a s e s ,  t h e  F l o g  r e l a t i v e  o u a n ta  r e o u i r e d  t o  mask t h e  F i s  
a t

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

w h i l e  becoming c l o s e r  t o  t h e  p h o t o p i c  f u n c t i o n .  These  d a t a  

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

F t h r e s h o l d  i l l u m i n a n c e  a t  t h e  -50  and -150  msec F -  F i n t e r v a l s ,  t  a t
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Chaptor 6 

Discussion

The first and second experiments of this study show that the

i n f l u e n c e  of the adapting flash (F ) on test flash (F ) threshold
* t

is highly dependent on temporal onset interval between the F and
a

Fj. (Fa -  Ffc i n t e r v a l ) .  The Fa i s  g e n e r a l l y  most  e f f e c t i v e  i n

m ask ing  t h e  F t h r e s h o l d  when i t  p r e c e d e s  t h e  F (E x p e r im e n t  2)E t

o r  p e r h a p s  when t h e  s t i m u l i  a r e  s i m u l t a n e o u s  i n  o n s e t  (E x p e r im e n t  1 ) .  

The e f f e c t i v e n e s s  o f  t h e  m ask ing  d e c r e a s e s  as  t h e  F -  F i n t e r v a l<5 t

becomes l o n g e r .  These f i n d i n g s  a r e  c o n s i s t e n t  w i t h  most  m e t a c o n t r a s t

and p a r a c o n t r a s t  s t u d i e s  where  t h e  F^ t h r e s h o l d  i s  t h e  d e p e n d e n t

v a r i a b l e ,  ( e . g . ,  s e e  Kahneman, 1968;  W e i s s t e i n ,  1972;  L e f t o n ,  1973;

M a t i n ,  1975; and B r e i t m e y e r  & Ganz, 1976 ) .  F u r t h e r m o r e ,  t h e  f i r s t

and second  e x p e r i m e n t s  show t h a t  t h e  s c o t o p i c  i l l u m i n a n c e  o f  t h e

F r e q u i r e d  t o  mask a F. i s  d e p e n d e n t  on F w a v e l e n g t h .  Fo r  
** t  a

e xa m ple ,  F i g .  7 shows t h a t  f l a s h e s  o f  t h e  same s c o t o p i c  i l l u m i n a n c e

b u t  d i f f e r e n t  w a v e l e n g t h  a r e  e q u i v a l e n t  i n  t h e i r  influence on

Ffc t h r e s h o l d  a t  o n l y  t h r e e  i n t e r v a l s .  At i n t e r v a l s  where t h e

F p r e c e d e s  t h e  F by more t h a n  100 msec ,  t h e  s c o t o p i c  i l l u m i n a n c e  
a

r e q u i r e d  t o  p r o d u c e  a g i v e n  e f f e c t  by t h e  r e d - h u e d  Fg i s  l e s s

t h a n  t h a t  o f  t h e  512 nm w a v e l e n g t h  F . When t h e  F.. f o l l o w s  t h ea t

Fq by 150 msec o r  m ore ,  t h e  s c o t o p i c  i l l u m i n a n c e  r e q u i r e d  t o

p r o d u c e  a g i v e n  e f f e c t  by a r e d - h u e d  F i s  more t h a n  t h a t  r e q u i r e d
a

by t h e  512 nm w a v e l e n g t h  F . These r e s u l t s  c o n f i r m  o t h e r  s t u d i e s
a

u s i n g  m e t a c o n t r a s t  and p a r a c o n t r a s t  pa ra d igm s  ( I n g l i n g ,  1972;
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F o s t e r ,  1976) o r  t h e  Crawford (1947)  a d a p t a t i o n  p a ra d ig m  (Frumkes 

e t  a l . ,  1972,  1 9 7 3 ) .  To t h e  e x t e n t  t h a t  t h e  F i s  d e t e c t e d  by 

t h e  s c o t o p i c  s y s t e m  a l o n e  i n  t h e  f i r s t  and second  e x p e r i m e n t s ,  

t h e s e  r e s u l t s  i n d i c a t e  a p h o t o p i c  i n f l u e n c e '  on t h e  s c o t o p i c a l l y -  

m e d i a t e d  t h r e s h o l d .

In order to interpret these data, it is important to consider

w h e t h e r  t h e  s c o t o p i c  o r  p h o t o p i c  s y s te m  i s  m e d i a t i n g  t h e  F

threshold. In the first experiment, the only evidence of exclusive

scotopic mediation of the Ffc threshold is that the F̂_ was always

w i t h i n  1 .5  l o g  u n i t s  o f  a b s o l u t e  t h r e s h o l d .  F u r t h e r m o r e ,  i t

always appeared hueless to both observers. Therefore, given

the classic spectral sensitivity data (Hecht & Hsia, 1945;  Wald,

1 9 4 5 ) ,  t h e  F i s  a p p a r e n t l y  m e d i a t e d  by  t h e  s c o t o p i c  s y s te m  a l o n e .

In the second and fourth experiments, however, the evidence

f o r  s c o t o p i c  m e d i a t i o n  o f  F t h r e s h o l d  i s  much more c o m p e l l i n g .

First, the F was presented at a constant illuminance, which

was 0 . 5  lo g  u n i t s  above a b s o l u t e  t h r e s h o l d .  Second,  t h e  t h i r d

e x p e r i m e n t  showed F t h r e s h o l d  lo g  r e l a t i v e  o u a n t a  was alw ays

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

q u a n t a  r e g a r d l e s s  o f  t h e  s t i m u l u s  w a v e l e n g t h  and F -  F i n t e r v a l .
a t

Therefore, F̂_ threshold is certainly mediated by only the tc.o topic 

system in the second and fourth experiments.

Since  F t h r e s h o l d  i s  m e d i a t e d  by t h e  s c o t o p i c  s y s te m  a l o n e  

i n  t h e  second e x p e r i m e n t ,  and a ssum ing  t h a t  t h e  i l l u m i n a n c e  c a l i ­

b r a t i o n  was c o r r e c t ,  t h e  i n f l u e n c e  o f  t h e  F on t h e  F„ t h r e s h o l d* a t

cannot be attributed solely to the scotopic system. If only
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t h e  s c o t o p i c  s y s te m  i n f l u e n c e d  F t h r e s h o l d ,  t h e  same s c o t o p i c

i l l u m i n a n c e  wo' be r e q u i r e d  t o  mask t h e  F r e g a r d l e s s  o f  Ft  3

w a v e l e n g t h .  T h i s  i s  o b v i o u s l y  n o t  t h e  c a s e .  M oreove r ,  a 

c a l i b r a t i o n  e r r o r  c o u ld  n o t  e x p l a i n  t h e  d a t a  o f  t h e  second  e x p e r i ­

ment  i n  t e rm s  o f  s t r i c t  i n d e p e n d e n c e  be tw e en  t h e  s c o t o p i c  and 

p h o t o p i c  s y s t e m s .  I f  t h e  s c o t o p i c  s y s t e m  a l o n e  was i n f l u e n c i n g  

F t h r e s h o l d ,  t h e  same m ask ing  f u n c t i o n  s h o u ld  be o b t a i n e d ,  

r e g a r d l e s s  o f  F w a v e l e n g t h .  A c a l i b r a t i o n  e r r o r  would m e r e l y3

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

r e s p e c t  t o  e a ch  o t h e r .  However , t h e  second  e x p e r i m e n t  c l e a r l y  

shows t h a t  t h e  e n t i r e  f u n c t i o n  was s h i f t e d  i n  t ime  as  a f u n c t i o n  

o f  F w a v e l e n g t h .  I n  a d d i t i o n ,  t h e r e  i s  a s u g g e s t i o n  o f  a d i f f e r e n c e
ct

i n  shape  be tw e en  t h e  two f u n c t i o n s .  Tha t  i s ,  a t  F -  F. i n t e r v a l s  r  ’ a t

g r e a t e r  t h a n  + 1 0 0 , t h e  l imb o f  t h e  f u n c t i o n  o b t a i n e d  w i t h  t h e

512 nm w a v e l e n g t h  F was d e p r e s s e d  w i t h  r e s p e c t  t o  t h e  o t h e r

f u n c t i o n .  F i n a l l y ,  t h e  a c t i o n  s p e c t r a  o f  t h e  f o u r t h  e x p e r i m e n t

c l e a r l y  show t h a t  t h e  s c o t o p i c  s y s t e m  a l o n e  c a n n o t  be i n f l u e n c i n g

F t h r e s h o l d  s i n c e  an  a c t i o n  s p e c t r u m  o f  t h e  f o u r t h  e x p e r i m e n t

c l e a r l y  shows t h a t  an  a c t i o n  s p e c t r u m  much b r o a d e r  t h a n  t h e

s c o t o p i c  l u m i n o s i t y  f u n c t i o n  c o r r e c t e d  f o r  q u a n ta  i s  o b t a i n e d

a t  n e g a t i v e  F -  F i n t e r v a l s ,  
a t

The p r e s e n t  r e s u l t s  a p p a r e n t l y  c o n t r a d i c t  t h o s e  o f  A l p e r n  

( 1 9 6 5 ) ,  b u t ,  i n  f a c t ,  t h e y  m e r e l y  c o n t r a d i c t  h i s  c o n c l u s i o n s .

F i g .  12 r e p l o t s  t h e  d a t a  o f  F i g .  5 o b t a i n e d  a t  t h e  -50  msec 

Ffl -  F i n t e r v a l  f o r  o b s e r v e r  MCB a l o n g  w i t h  t h e  e m p i r i c a l  c u rv e  

d e s c r i b i n g  t h e  d a t a  o f  A l p e r n  ( 1 9 6 5 ) .  The d a t a  p o i n t s  a r e  t h e
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Fig. 12.  The F threshold illuminance in log scotopic 

troland seconds as a function of the illuminance in log scotopic 

troland seconds of F s either 512 (closed circles) or 655 (open
GL

c i r c l e s )  nm i n  w a v e l e n g t h .  The F -  F i n t e r v a l  i s  -50  msec ,3 u

and t h e  o b s e r v e r  i s  MCB. One p a r t  o f  F i g .  5 p r e s e n t s  t h e  same 

d a t a  i n  t e rm s  o f  l o g  s c o t o p i c  t r o l a n d s .  The d a t a  i s  p r e s e n t e d  

h e r e  i n  t e rm s  o f  l o g  s c o t o p i c  t r o l a n d  s e co n d s  t o  f a c i l i t a t e  

c o m p a r i s o n  w i t h  t h e  f u n c t i o n  r e p o r t e d  by A l p e r n  ( 1 9 6 5 ) ,  which  

i s  r e p r e s e n t e d  by t h e  s o l i d  c u r v e .  The i n c r e m e n t  t h r e s h o l d  

c a l i b r a t i o n  p r o c e d u r e  d e s c r i b e d  on p 43 p r o v i d e d  t h e  b a s i s  f o r  

p l o t t i n g  t h e  d a t a  o f  t h e  p r e s e n t  f i g u r e .
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same in both Fig. 5 and Fig. 12.  However, they appear different 

for three reasons. First, the function is considerably enlarged 

in Fig. 12. Second, the calibration used in plotting these data 

is based solely on the increment threshold technique described 

on p 43 .  The brightness matching and absolute threshold techniques 

described in the methods chapter were not used at all. This 

was done to conform with the procedure used by Alpern (1 9 6 5 ) .

Third, the ordinate and abscissa values of Fig. 12 are plotted 

in log scotopic troland seconds to conform to the technique of 

Alpern ( 1 9 6 5 ) .  The present data are consistent with those of 

Alpern ( 1 9 6 5 ) ,  despite the fact that the experiment was done 

with stimuli of a different shape and with a different observer.

The time course of contrast flash interaction. The results 

of the second and fourth experiments show that, at negative and 

short positive F - F intervals, the red-hued F s are generally3 t 3

more effective in influencing F thresholds than the 512 nm 

wavelength F . As originally proposed by Frumkes et al. (1972)3

and l a t e r  a d o p te d  by o t h e r  i n v e s t i g a t o r s  ( I n g l i n g ,  1972;  Frumkes 

e t  a l . ,  1973;  F o s t e r ,  1976 ) ,  w e l l -know n  l a t e n c y  d i f f e r e n c e s  

b e tw e e n  t h e  s c o t o p i c  and p h o t o p i c  sy s te m s  e a s i l y  e x p l a i n  t h i s  

e f f e c t .  These i n v e s t i g a t o r s  assume t h a t  maximal  i n t e r a c t i o n  

o c c u r s  when t h e  n e u r a l  s i g n a l s  o r i g i n a t i n g  from t h e  F and F3 L

a r e  a t  some f i x e d  t e m p o r a l  r e l a t i o n s h i p .  As t h e  n e u r a l  s i g n a l s  

become s e p a r a t e d  by i n c r e a s i n g  i n t e r v a l s ,  t h e  m ask ing  e f f e c t  d e c r e a s e s  

s y s t e m a t i c a l l y .  I f  b o t h  f l a s h e s  s t i m u l a t e  o n l y  t h e  s c o t o p i c  

s y s t e m ,  a U-shaped  f u n c t i o n  w i t h  i t s  minimum c e n t e r e d  a t  a 0 msec



Barris 85

Fa “ Ft  i n t e r v a l  s h o u l d  o c c u r .  A U -shaped  f u n c t i o n  w i t h  i t s

minimum c e n t e r e d  a t  a n e g a t i v e  F -  F i n t e r v a l  s h o u ld  be o b t a i n e dd t

when t h e  Fa s t i m u l a t e s  b o t h  t h e  s c o t o p i c  s y s t e m  and t h e  s h o r t e r -  

l a t e n c y  p h o t o p i c  s y s te m ;  s p e c i f i c a l l y ,  more m ask ing  s h o u l d  o c c u r  

a t  n e g a t i v e  Fa  -  Ft  i n t e r v a l s .  I n  f a c t ,  t h e  d a t a  o f  t h e  second  

e x p e r i m e n t  show t h a t  t h e  r e d - h u e d  Fg> w h ic h  u n d o u b t a b l y  i n f l u e n c e s  

t h e  p h o t o p i c  a s  w e l l  a s  t h e  s c o t o p i c  s y s t e m ,  i s  a more e f f e c t i v e  

m ask ing  s t i m u l u s  t h a n  t h e  512 nm w a v e l e n g t h  F a t  t h e  n e g a t i v e3

and s h o r t  p o s i t i v e  i n t e r v a l s .  However ,  t h e r e  a r e  s e v e r a l  f l a w s

i n  suc h  a l a t e n c y  d i f f e r e n c e  h y p o t h e s i s .  F i r s t ,  t h e  minimum

o f  t h e  f u n c t i o n  o b t a i n e d  when b o t h  f l a s h e s  s t i m u l a t e  t h e  s c o t o p i c

s y s te m  o c c u r s  a t  t h e  +100 msec F -  F. i n t e r v a l  r a t h e r  t h a n  t h e  J a t

0 msec i n t e r v a l ,  a s  p r e d i c t e d  by t h e  m ode l .  T h i s  a d d i t i o n a l  

l a t e n c y  m ig h t  be a t t r i b u t e d  t o  a s low  i n h i b i t o r y  s i g n a l  g e n e r a t e d  

by t h e  a n n u l a r  s u r r o u n d .  Second ,  i f  t h e  d i f f e r e n t  w a v e l e n g t h  

F s  o f  t h e  s e cond  e x p e r i m e n t  a r e  p r o p e r l y  e q u a t e d  f o r  s c o t o p i c  

i l l u m i n a n c e ,  i t  would be d i f f i c u l t  t o  e x p l a i n  why t h e  r e d - h u e d

F would e v e r  be l e s s  e f f e c t i v e  t h a n  t h e  512 nm w a v e l e n g t h  F a a

i n  i n f l u e n c i n g  F fc t h r e s h o l d .  Yet  t h e  d a t a  o f  t h e  second  e x p e r i ­

ment  c l e a r l y  show (and t h e  d a t a  f o r  t h e  + 2 0 0  msec i n t e r v a l  o f  

F i g .  9 u p p e r  s u g g e s t )  t h a t  t h e  r e d - h u e d  F_ i s  l e s s  e f f e c t i v e

t h a n  t h e  512 nm w a v e l e n g t h  F i n  m ask ing  t h e  F.. a t  i n t e r v a l sa  t

where  t h e  Ffl p r e c e d e s  t h e  Ffc by 200 msec o r  m ore .  A l though  

no e x p l a n a t i o n  i s  a p p a r e n t ,  b o t h  o b s e r v e r s  n o t e d  a t  t h e s e  i n t e r v a l s  

t h a t  t h e  512 nm w a v e l e n g t h  Fg p r o d u c e d  a  d e f i n i t e  and p r o l o n g e d
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positive afterimage and the red-hued F did not. Whatever mechanism
cl

i s  r e s p o n s i b l e  f o r  t h e  a f t e r i m a g e  m ig h t  a c c o u n t  f o r  t h i s  f i n d i n g .

Mechanisms for scotopic-photopic interaction in the contrast 

flash situation. There are two general means by which the cones 

(or the photopic system) stimulated by the red-hued F could 

influence the rod- (or scotopic system) mediated Ffc threshold.

On the one hand, the data could be interpreted in terms of scotopic- 

photopic summation. That is, when the photopic system is stimulated 

by the F , it may summate with the scotopic system activity stim- 

ulated by the same F . This summed effect of the two systems 

would inhibit the scotopic system activity stimulated by the F .

On the other hand, this data could be interpreted in terms 

of scotopic-photopic inhibition. That is, when the photopic system 

is stimulated by the FQ, it may inhibit the scotopic system 

activity stimulated by the F .

At t h i s  t i m e ,  i t  i s  d i f f i c u l t  t o  d i s c e r n  wh ich  o f  t h e s e  two 

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

o f  m e t a c o n t r a s t  and p a r a c o n t r a s t  i s  unknown. A l p e r n  (1965)  and 

A l p e r n  and R ush ton  (1965 ,  1967)  t r y  t o  a c c o u n t  f o r  m e t a c o n t r a s t  

i n  t e rm s  o f  p u r e l y  r e t i n a l  i n t e r a c t i o n s .  However , mos t  m e t a c o n t r a s t  

phenomena can  be o b t a i n e d  b o t h  m o n o c u l a r l y  and d i c h o p t i c a l l y ,  

s u g g e s t i n g  t h a t  c o r t i c a l  i n t e r a c t i o n s  a r e  o c c u r r i n g  ( f o r  one 

r e v i e w ,  s e e  Ganz,  1975) .

Before proposing a more detailed model, determination of 

whether the scotopic-photopic interaction reported here is retinal 

or cortical in origin would be valuable. A logical extension
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o f  t h e  p r e s e n t  s t u d y  would  m o d i fy  t h e  second  e x p e r i m e n t  by p r e s e n t i n g  

t h e  F t o  one eye and t h e  F t o  t h e  o t h e r  e y e .  I f  r e d - h u e dL 8

and 512 nm w a v e l e n g t h  F s a r e  n o t  e q u i v a l e n t  i n  t h e i r  i n f l u e n c ea

on t h e  Ffc u n d e r  t h e s e  d i c h o p t i c  c o n d i t i o n s ,  t h i s  would s u g g e s t  

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

o r i g i n .  I f  t h e  m ask ing  f u n c t i o n s  o b t a i n e d  w i t h  b o t h  w a v e l e n g t h  

Fa s  a r e  i d e n t i c a l ,  t h i s  would  s u g g e s t  t h a t  t h e  s c o t o p i c - p h o t o p i c  

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

W i t h o u t  f u r t h e r  e x p e r i m e n t a t i o n ,  t h e  mechanisms u n d e r l y i n g  t h e  

p h o t o p i c - s c o t o p i c  i n t e r a c t i o n s  o b s e r v e d  i n  t h i s  s t u d y  r e m a in  

o b s c u r e .
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C h a p t e r  7 

Summary and C o n c l u s io n s  

The i n t e r r e l a t i o n s h i p  be tw e en  t h e  s c o t o p i c  and p h o t o p i c  

sy s te m s  was i n v e s t i g a t e d  i n  a s e r i e s  o f  m e t a c o n t r a s t  and p a r a ­

c o n t r a s t  e x p e r i m e n t s .  A M a xw e l l i an  v iew  o p t i c a l  s y s t e m  was used 

t o  p r e s e n t  a l l  s t i m u l i  t o  t h r e e  d a r k - a d a p t e d  o b s e r v e r s .  A 2° 

d i a m e t e r ,  10-msec d u r a t i o n  t e s t  f l a s h  (Ffc) was p r e s e n t e d  a t  7° 

on t h e  h o r i z o n t a l  m e r i d i a n  i n  t h e  t e m p o r a l  v i s u a l  f i e l d  o f  t h e  

r i g h t  e y e .  A 10-msec a n n u l a r  a d a p t i n g  f l a s h  (F ) w h ich  had 

a 2 °  i n n e r  d i a m e t e r  and a 1 0 °  o u t e r  d i a m e t e r  was p r e s e n t e d  

c o n c e n t r i c a l l y  w i t h  t h e  F^_. The t e m p o r a l  i n t e r v a l  be tw e en  t h e  

o n s e t s  o f  t h e  s t i m u l i  (F^ -  F i n t e r v a l )  and t h e  w a v e l e n g t h  

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

t h e  v a r i o u s  p h a s e s  o f  t h e  s t u d y .  (A n e g a t i v e  F -  F i n t e r v a l3 t

i n d i c a t e s  that ,  t h e  F p r e c e d e s  t h e  F ; a  p o s i t i v e  i n t e r v a l  i n d i c a t e s  

t h e  o p p o s i t e . )

I n  E xp e r im en t  1,  t h e  t h r e s h o l d  o f  a 512 nm w a v e l e n g t h  F

was d e t e r m i n e d  as  a f u n c t i o n  o f  t h e  s c o t o p i c  i l l u m i n a n c e  o f

e i t h e r  a 512 nm o r  655 nm w a v e l e n g t h  F W ith  b o t h  F s ,  t h e  F
& a ’ a t

t h r e s h o l d  m o n o t o n i c a l l y  i n c r e a s e d  as  t h e  s c o t o p i c  i l l u m i n a n c e

increased, regardless of the Fg - F interval. However, at

c e r t a i n  F -  F i n t e r v a l s ,  t h e  s c o t o p i c  i l l u m i n a n c e  o f  t h e  F 
a t  ’ * a

a l o n e  d e t e r m i n e d  F t h r e s h o l d .  At  d i f f e r e n t  F -  F i n t e r v a l s ,t a t ’
the 655 nm wavelength Fg was either more or less effective than 

the 512 nm wavelength F . These results are impossible to reconciled
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w i t h  t h e  c o n c e p t  t h a t  o n l y  one t y p e  o f  r e c e p t o r  s t i m u l a t e d  by

t h e  F^ i s  i n f l u e n c i n g  F t h r e s h o l d .

I n  E x p e r im e n t  2 ,  a F 512 nm i n  w a v e l e n g t h  was p r e s e n t e d

a t  a  f i x e d  i l l u m i n a n c e  o f  1 . 9  l o g  s c o t o p i c  t r o l a n d s  ( 0 .5  log

u n i t s  above a b s o l u t e  t h r e s h o l d ) .  Because  o f  i t s  w a v e l e n g t h  and

i l l u m i n a n c e ,  i t  was assumed t o  be d e t e c t e d  s o l e l y  by t h e  s c o t o p i c

s y s t e m .  The i l l u m i n a n c e  o f  e i t h e r  a 512 nm w a v e l e n g t h  o r  a

r e d - h u e d  ( W r a t t e n  29 f i l t e r )  F which  masked t h e  F was d e t e r m i n e d
a t

a t  many F -  F i n t e r v a l s .  R e g a r d l e s s  o f  F w a v e l e n g t h , t h e  F
3  t  3  3

i l l u m i n a n c e  n e c e s s a r y  t o  mask t h e  F t  f i r s t  d e c r e a s e d ,  and t h e n

i n c r e a s e d  a s  t h e  Fa -  Ffc i n t e r v a l  became l o n g e r .  I n  g e n e r a l ,

how ever ,  t h e  r e d - h u e d  F was more e f f e c t i v e  i n  m ask ing  t h e  F.’ a t

a t  n e g a t i v e  F -  F i n t e r v a l s ,  w h i l e  t h e  512 nm w a v e l e n g t h  F
3 t  3

was more e f f e c t i v e  a t  p o s i t i v e  Fg -  F i n t e r v a l s .  Only a t  t h e

- 1 0 0 ,  - 5 0 ,  and +150 msec F -  F i n t e r v a l s  were t h e  two d i f f e r e n t  ’ ’ a t

Ffls e q u a l  i n  t h e i r  e f f e c t  on t h e  Ffc.

E x p e r im e n t  3 was p e r f o r m e d  i n  o r d e r  t o  a s c e r t a i n  t h a t  t h e  

s c o t o p i c  s y s t e m  a l o n e  was d e t e c t i n g  t h e  F i n  Expe r im en t  2.

The i l l u m i n a n c e  o f  two Fg s o f  d i f f e r e n t  w a v e l e n g t h  t h a t  masked

t h e  F was d e t e r m i n e d  a t  t h r e e  F -  F^ i n t e r v a l s .  W ith  t h e s e  c a t

s i x  d i f f e r e n t  c o n d i t i o n s  ( t h r e e  i n t e r v a l s  a t  two Fa w a v e l e n g t h s ) ,  

t h e  t h r e s h o l d  l o g  r e l a t i v e  q u a n t a  o f  a v a r i a b l e  w a v e l e n g t h  F 

was d e t e r m i n e d  i n  t h e  p r e s e n c e  o f  t h e  Ffl. I n  a l l  c a s e s ,  t h e  F 

l o g  r e l a t i v e  q u a n t a  d e s c r i b e d  t h e  s e n s i t i v i t y  o f  t h e  C . I . E .  

s c o t o p i c  o b s e r v e r  c o r r e c t e d  f o r  q u a n t a .  T h e r e f o r e ,  i n  Expe r im en t  2 ,
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t h e  F must  a lw ays  be  d e t e c t e d  by t h e  s c o t o p i c  s y s te m .

I n  E x p e r im en t  4 ,  a Ft , 512 nm i n  w a v e l e n g t h ,  was a g a i n

p r e s e n t e d  a t  a  f i x e d  i l l u m i n a n c e  o f  1 . 9  l o g  s c o t o p i c  t r o l a n d s

( 0 . 5  l o g  u n i t s  above  a b s o l u t e  t h r e s h o l d ) .  The lo g  r e l a t i v e

quanta of a variable wavelength F which masked the F wasfl t

determined at four F - F. intervals. When the F precededa t  a

t h e  F by 100 o r  200 m se c ,  t h e  l o g  r e l a t i v e  q u a n t a  o f  t h e  FL S

n e c e s s a r y  t o  mask t h e  F was p r e d i c t a b l e  by  c o n s i d e r i n g  t h e  Ft  Sl

s e n s i t i v i t y  t o  o n l y  t h e  s c o t o p i c  s y s t e m .  When t h e  F̂ _ p r e c e d e d  

t h e  F by 50 o r  150 m se c ,  however ,  t h e  s e n s i t i v i t y  o f  t h e  s c o t o p i c  

s y s t e m  a l o n e  d i d  n o t  p r e d i c t  t h e  lo g  r e l a t i v e  o u a n t a  o f  t h e  F
a

n e c e s s a r y  t o  mask t h e  F . With  t h e  r e d - h u e d  F s, t h e  l o g  r e l a t i v et  St

q u a n t a  n e c e s s a r y  t o  mask t h e  F was c o n s i d e r a b l y  l e s s  t h a n  t h a t

p r e d i c t e d  by s c o t o p i c  s e n s i t i v i t y .

The results of these experiments show that, i n  metacontrast

and p a r a c o n t r a s t  s i t u a t i o n s  i n  w h ich  a F̂ _ i s  d e t e c t e d  o n l y  by

t h e  s c o t o p i c  s y s t e m ,  t h e  t y p e  o f  r e c e p t o r  which  i n f l u e n c e s  F

threshold is determined by the F -  F interval. If the F
a t  a

p r e c e d e s  t h e  Ft, t h e  i n f l u e n c e  o f  t h e  Ffi on t h e  s c o t o p i c  s y s te m  

a l o n e  d e t e r m i n e s  F t h r e s h o l d .  These  r e s u l t s  a r e  r e l a t e d  t o  

t h e  d i f f e r e n c e  i n  l a t e n c y  be tw e en  t h e  s c o t o p i c  and p h o t o p i c  

s y s t e m s .
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