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ABSTRACT

TACHISTOSCOPIC TH RESH O LDS AND INTENSITY-TIME 

FUNCTIONS USING PATTER N  STIMULI 

IN MONKEYS AND HUMANS

t>y

A ndrew  A. G lover  

Advisor: P ro fe sso r  P ed ro  Pasik

In th is  in v es t ig a t io n ,  t a c h is to s c o p ic  th resh o ld s  fo r  p a t t e r n  s t im u li  as well 

as in te n s i ty - t im e  fu n c tio n s  a r e  o b ta in e d  fo r m onkeys and h u m an  o b se rv e rs  a t  

se v e ra l  lu m in an ce  leve ls .  The s t im u l i  a r e  s im u ltan e o u s ly  p re s e n te d  t r ia n g le -  

c i rc le  pairs .  S u b jec ts  i n i t i a t e  th e i r  own t r ia ls  and  a r e  re q u ire d  to  respond  

during  each  t r ia l .

In E x p e r im e n t  I, th re sh o ld s  a r e  o b ta in ed  for tw o  m onkeys using th e  

descend ing  s t a i r c a s e  p ro c e d u re  a s  w ell as  th e  m e th o d  o f  c o n s ta n t  s t im u li .  Two 

leve ls  of lu m in an ce  a r e  used. F o r  e a c h  lev e l ,  a d a p t in g  and s t im u lu s  f ie lds  a r e  

f lu x -e q u a te d .  P sy c h o m e tr ic  fu n c t io n s  a r e  c o n s t ru c te d  from  th e  c o n s ta n t  

s t im u li  d a ta .  Thresho ld  v a lu es ,  as  well as  en e rg y  re q u ired  a t  th resho ld ,  a r e  

co m p arab le  ac ro ss  m ethods .  A t te n u a t in g  th e  lu m in an ce  by 1.2 log u n its  re su l ts  

in an in c re a se  of th resh o ld  d u ra t io n ,  b u t  o f only 0.4 log u n its  m ag n itu d e .  In 

add ition ,  less  en e rg y  is re q u ired  a t  th re sh o ld  fo r  th e  low er v a lues  of 

lum inance .  Q u a l i ta t iv e  o b se rv a t io n s  in a  hum an  s u b je c t  a r e  c o n s is te n t  w ith  

th e se  findings. The re su l t s  in d ic a te  t h a t  d u ra t io n  p lays  a m o re  s ig n if ic an t  ro le  

th an  in te n s i ty  fo r  o b ta in in g  th e  c r i t e r io n  response ,  w hich  su g g es ts  a 

su p e r su m m a t io n  e f f e c t .



In E x p er im e n t  II, th resh o ld s  a re  o b ta in ed  fo r  th r e e  m onkeys and one o th e r  

hum an s u b je c t  using only th e  descend ing  s t a i r c a s e  p ro c e d u re .  Eight s t im u lus  

lu m in a n ces  a r e  used a t  a c o n s ta n t  l ig h t  a d a p ta t io n  lev e l .  S tim u lu s  and ad a p tin g  

f ie ld s  a r e  f lu x -e q u a ted  only in th e  co n d it io n  u t i l iz in g  th e  h ig h es t  lu m in an ce .  

T he o th e r  sev e ra l  levels  a r e  a t t e n u a te d  in 0.3 log  s tep s .  In te n s i ty - t im e  

fu n c tio n s  a r e  c o n s t ru c te d  from  th e s e  d a ta .  Slopes of th e se  fu n c tio n s  a re  

s t e e p e r  than  -1.0, aga in  in d ica t in g  su p e rsu m m at io n ,  i .e .,  d u ra t io n  is m ore 

e f f e c t iv e  th an  in te n s i ty  in e l i c i t in g . th e  c r i te r io n  re sponse .  F u n c tio n  an a ly se s  

show a reg ion  of re c ip ro c i ty  a t  b r ie f e r  d u ra t io n s  fo llow ed by su p e rsu m m atio n .  

R esponse  la te n c y  values re m a in  re la t iv e ly  c o n s ta n t  fo r  s t im uli  of high 

lu m in a n ce  and b r ie f  d u ra t io n ,  and b ec o m e  p ro g ress iv e ly  longer  a t  low er 

lu m in a n ces  and longer  d u ra t io n s .  S im ila r ly ,  th e  s t im u lus  e n e rg y  a t  th re sh o ld  

re s u l t s  in c o m p arab le  la te n c ie s  a t  h igher  lev e ls ,  and  an  in c re m e n t  in la te n c y  a t  

lo w er  leve ls .

The re su l ts  o f  bo th  E x p e r im e n ts  I and  II in d ic a te  t h a t  d u ra t io n  is m ore 

e f f e c t iv e  than  lu m in an ce  fo r  a th resh o ld  p a t t e r n  d isc r im in a t io n  ta sk ,  i .e . ,  

su p e rsu m m at io n  is d e m o n s t r a te d  in bo th  s tu d ie s .  The m ag n itu d e  o f  th e  

p henom enon  is no t  th e  s a m e  ac ro ss  e x p e r im e n ts ,  in d ica t in g  t h a t  th e  lev e l  of 

l ig h t  a d a p ta t io n  m ay have  an e f f e c t .
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C h a p te r  I 

INTROD UCTION

In 1885 Bloch d e sc r ib ed  a r e c ip ro c a l  r e la t io n sh ip  b e tw e e n  in te n s i ty  (I) and  

du ra tio n  (T) in a visual d e te c t io n  task  (Bloch, 1885). Bloch's Law, as  ex te n d e d  

by C h a rp e n t ie r  (1890), s t a t e s  t h a t  lu m in an ce  and  d u ra t io n  of a v isual s t im u lu s  

can be in te rc h a n g e d  re c ip ro c a l ly  below a c e r t a in  c r i t i c a l  d u ra t io n  ( tc)  to  

p roduce  a c o n s ta n t  b eh av io ra l  re sp o n se ,  such as 50% f req u e n c y -o f - se e in g .  This 

law im plies  t h a t  th e  v isual e f f e c t  is so le ly  d e p e n d en t  on th e  to t a l  e n e rg y  (E) o f  

th e  s t im u lu s  (E=IT), so th a t  lu m in an ce  is fu lly  in te g ra te d  o v er  t im e .  T h e  above 

re la t io n sh ip  has been  t e rm e d  c o m p le te  te m p o ra l  in te g ra t io n  o r  su m m at io n .  F o r  

d u ra t io n s  g r e a t e r  than  tc ,  in c re a se s  in t im e  a r e  no t fu lly  c o m p e n s a te d  by 

co r respond ing  d e c re a s e s  in in te n s i ty .

Although Bloch's Law was a ssu m ed  to  hold only fo r  e l e m e n ta ry  p ro c es se s  

such as b r ig h tn e ss  d isc r im in a t io n ,  a num ber of o th e r  m e asu re s  o f  visual 

func tions  such  a s  visual a c u i ty ,  m otion  p e rc e p t io n ,  d ig i t  id e n t i f ic a t io n ,  and 

n u m ero s i ty  hav e  been  shown a lso  to  follow th is  law (Brown, 1955; G rah am  6c 

Cook, 1937; H u n te r  6c S ig ler ,  1940; K ah n em an  6c N orm an , 1964). P e rc e p t io n  o f  

shape  is s im ila r ly  in f lu en ced  by in te n s i ty  and  t im e ,  bu t  th e  p re c ise  n a tu r e  of 

th e  re la t io n sh ip  is not c le a r .  Shape m a tch in g  fu n c tio n s  have  been  o b ta in e d  

(L e ibow itz  6c B ourne, 1956; L e ib o w itz ,  T o ffey  6c S ea r le ,  1966) and th e  findings 

in d ica te  th a t  sh ap e  co n s ta n c y  does n o t  r e s u l t  so le ly  f ro m  th e  t o t a l  e x c i t a t io n  

p roduced  by th e  s t im u la t in g  en e rg y ,  bu t depends  s trong ly  on ex p o su re  t im e .  

A ssum ing a d e q u a te  en e rg y  to  p e rm i t  d isc r im in a t io n ,  th e  ten d en c y  to w ard s  

shape  c o n s ta n c y  se e m s  to  depend  on ad d i t io n a l  m ech an ism s  involving s t im u lu s  

exposures  th a t  a r e  longer  th an  tc .  S im ila r ly ,  th e  findings o f  a fo rc e d -c h o ic e  

task  in which s u b je c ts  have to  choose  b e tw e e n  l in ea r  d isp lays  of do ts ,  a r ra n g e d



in pairs  o r even ly  sp aced ,  p re s e n te d  a t  d i f f e r e n t  exposu re  t im e s  and  in ten s i t ie s ,  

in d ic a te  t h a t  p e rc e p t io n  b e c o m e s  d i f f e r e n t i a t e d  o v e r  t im e .  In ten s i ty  has l i t t l e  

e f f e c t  on th e  d isc r im in a t io n  of pairs  o f  d o ts ,  w h e rea s  ex posu re  t im e  and sp a t ia l  

d i s ta n c e  b e tw e e n  and w ithin  pa irs  o f  d o ts  in c re a se s  th e  p e r c e n t  o f  c o r r e c t  

re sp o n ses  (Kaswan <Sc Young, 1963).

T he  low er and u p p e r  l im its  o f  c o m p le te  in te g ra t io n  hav e  been  d i f f ic u l t  to  

de f in e .  Most in v e s t ig a to rs  find t h a t  Bloch's Law holds fo r s t im u li  in th e  

m ic ro seco n d  ra n g e  (B eam s, 1935; B rindley, 1952; D awson & H arr ison ,  1973; 

G ilm er ,  1937; bu t s e e  Pulling, 1951). With p ro longed  s t im u li ,  h o w ev er ,  th e  

re s u l t s  a r e  m o re  co n tro v e rs ia l ,  b ec au se  d i f f ic u l ty  a r ise s  in judging when th e  

slope o f  th e  fu n c tio n  log I vs log T ch an g es  from  -1.0 to  0.0, i .e . ,  from  c o m p le te  

in te g ra t io n  to  no in te g ra t io n  (see s e g m e n ts  b and d o f  F igu re  4). This problem  

can  be o v e rc o m e ,  ho w ev er ,  by using tw o  l igh t pulses s e p a ra te d  by various t im e  

in te rv a ls .  With this p ro c e d u re ,  t c  is c le a r ly  d e m a r c a te d  by an a b ru p t  inflexion 

in th e  fu n c tio n  (C lark  & B lackw ell,  1959). A reg ion  of p a r t i a l  in te g ra t io n  m ay  

ex is t  beyond t c  for so m e  ra n g e  of s t im u lu s  d u ra t io n s  (Sperling and Jo l l i f fe ,  

1965). In th is  c a se ,  in c re a se s  in t im e  do no t  fu lly  c o m p e n s a te  fo r  co r respond ing  

d e c re a s e s  in lu m in an ce .  P a r t i a l  in te g ra t io n  e x is ts  when a  p rog ress ive ly  less  

lu m in a n ce  d e c r e m e n t  is re q u ired  as d u ra t io n  is in c re a se d  to  m a in ta in  th e  s a m e  

re sp o n se  level.  The lo n g es t  s t im u lu s  d u ra t io n  a t  which p a r t ia l  in te g ra t io n  can  

no lo n g e r  be d e m o n s t r a te d  is ca l led  u t i l i z a t io n  t im e  (P ieron ,  1952). Som e 

in v e s t ig a to rs  (e .g .,  K arn ,  1936; Long, 1951; R onchi,  1974; H err ick ,  1973; Levinson, 

1979) choose  to  ignore p a r t i a l  i n te g ra t io n  a l to g e th e r .  When th is  phenom enon  is 

no t  o b se rv ed ,  i .e .,  when th e r e  is a sh a rp  d e m a r c a t io n  b e tw e en  co m p le te  

r e c ip ro c i ty  and  fa i lu re  o f  re c ip ro c i ty ,  u t i l i z a t io n  t im e  co inc ides  w ith  c r i t i c a l  

d u ra t io n .



C r i t ic a l  du ra tio n  and u t i l iz a t io n  t im e  m ay ta k e  on d i f f e re n t  values

d ep end ing  on th e  e x p e r im e n ta l  cond it ions  and  th e  m e th o d  of d a ta  ana lysis .  The 

form  o f  th e  te m p o ra l  in te g ra t io n  fu n c tio n  is, h o w ev er ,  g en e ra l ly  a g reed  upon. 

It has  been  proposed  t h a t  e x p e r im e n ta l  f a c to r s  a n d /o r  m an ip u la t io n s  t h a t

ch an g e  th e  va lues  o f  c r i t i c a l  d u ra t io n  or u t i l i z a t io n  t im e ,  a n d /o r  a l t e r  th e  form

of th e  fu n c tio n ,  m ay  yie ld  in fo rm a t io n  r e le v a n t  to  u n d ers ta n d in g  te m p o ra l

in te g ra t io n  and  i ts  im p o r ta n c e  in p e rc e p t io n  (W asserm an & Kong, 1979).

D e sp i te  th e  c o n s is te n t  findings in te m p o ra l  su m m a t io n  re s e a rc h  (c o m p le te  

su m m a t io n ,  c r i t i c a l  d u ra t io n ,  p a r t ia l  in te g ra t io n ,  u t i l iz a t io n  t im e ) ,  no

s a t i s f a c to r y  th e o re t ic a l  in te r p r e ta t io n  of the  r e c ip ro c a l  re la t io n sh ip  ex i ts .  

Boynton (1961) n o te s  t h a t  w ha t ca u se s  re c ip ro c i ty  to  fa il  beyond t c  is no t

known. M oreover,  i t  is no t  c le a r  how a  com plex  and  g e n e ra l ly  non linear  sy s tem

follow s such  a  l in ea r  p r in c ip le  as B loch's Law (K ahnem an , 1979).

Most prev ious s tu d ies  on te m p o ra l  in te g ra t io n  have  u t i l iz e d  s ing le  and 

doub le  f la shes  o f  ligh t and  hum an su b jec ts .  The p re s e n t  in v es t ig a t io n  seek s  to  

o b ta in  t e m p o ra l - in te g r a t io n  fu n c tio n s  for p a t t e r n  d isc r im in a t io n  in th e  no rm al 

m onkey (M acaca  m u l a t t a ) and in th e  hum an o b se rv e r .  S ince p a t t e r n s  a r e  c lo se r  

to n a tu ra l  s t im u li ,  t h e  o b ta in ed  fu n c tio n s  m ay  add  s ig n i f ic a n t ly  to

u n d e rs ta n d in g  th e  visual p ro p e r t ie s  of  th e  n o rm al s u b je c t .  T he m onkey is 

s e le c te d  b ec au se  t h e r e  is an a b se n ce  o f  d a t a  ab o u t  th is  an im a l,  and 

in v es t ig a t io n s  with  monkeys would have  p o te n t ia l ly  fe w e r  e x p e r im e n ta l  

r e s t r ic t io n s  th an  w ith  hum ans. F o r  e x a m p le ,  th e  e f f e c t s  o f  c e r e b r a l  les ions  or 

of n e u ro p h a rm a c o lo g ic a l  a g e n ts ,  such a s  n e u r o t r a n s m i t t e r  ag o n is ts  and 

a n ta g o n is ts ,  on th e  in te n s i ty - t im e  fu n c tio n  m ay be in v e s t ig a te d  in th e  fu tu re .  

The in te n s i ty - t im e  fu n c tio n  is also o b ta in ed  in a  hum an o b se rv e r  under 

e s se n t ia l ly  id e n t ic a l  cond it ions  to  co n f irm  th e  an im a l  d a ta .  C o m p arab le  re su lts



w ould g ive m ore  w eigh t to  the a n im a l  m odel for in v es t ig a t io n s  of t e m p o ra l  

in te g ra t io n .

T ra d it io n a l ly  tw o m eth o d s  have  been  used to  s tudy  in te n s i ty - t im e  

re la t io n sh ip s  in vision: an eq u a l- e n e rg y  parad igm  and  an e q u a l -p e r fo rm a n c e

p a rad ig m . With th e  eq u a l  en e rg y  m e th o d ,  th e  in d ep en d en t  v a r ia b le s  co n s is t  of 

in te n s i ty -d u ra t io n  co m b in a t io n s  w hose lum inous en e rg y  p ro d u c t  is c o n s ta n t  

(IT=K). T he  d ep e n d en t  v a r ia b le  is th e  lev e l  o f  p e r fo rm a n c e  s e le c te d  (e.g., 

a b so lu te  th resho ld ) .  With th e  equa l  p e r fo rm a n c e  m e th o d ,  a c r i t e r io n  va lue  of 

p e r fo rm a n c e  is chosen  (e .g .,  50% d e te c t io n )  and e i th e r  lu m in a n ce  or d u ra t io n  is 

he ld  c o n s ta n t  while th e  o th e r  p a r a m e t e r  is v a r ie d  in o rd e r  to  e l i c i t  th e  c r i t e r io n  

re sp o n se .  Two psychophysica l  p ro c e d u re s  a re  used in th e  p re s e n t  s tudy : th e  

d escen d in g  s t a i r c a s e  m e th o d  and  th e  m e th o d  of c o n s ta n t  s t im u li .  Both a re  of 

t h e  equa l  p e r fo rm a n c e  ty p e .

E x p er im e n t  I c o n t r a s t s  th e  tw o  psychophysica l  m ethods: descend ing  

s t a i r c a s e  an d  c o n s ta n t  s t im u li  p ro c ed u re s .  Two lu m in a n ce  lev e ls  a r e  u sed ,  w ith  

t h e  a d a p t in g  and s t im u lu s  fie lds  e q u a te d  for t o t a l  lum inous flux . E x p er im en t  II 

is c o n d u c te d  using only th e  descend ing  s ta i r c a s e  p ro c ed u re  w ith  ligh t 

a d a p ta t io n  held  c o n s ta n t .  The s t im u l i  a re  a t  th e  s a m e  leve l  o f  the  a d a p t in g  

f ie ld ,  or a t  seven  o th e r  low er va lues .  A dditionally ,  l a t e n c y  d a t a  a re  c o l le c te d  

to  co n f irm  a p p ro p r ia te  p e r fo rm a n c e  and to  a s c e r t a in  th e  re la t io n sh ip  of this 

m e a s u re  to  p a r a m e te r s  o f  th e  o b ta in e d  te m p o ra l  su m m a t io n  fu nc tions .  In bo th  

e x p e r im e n t s ,  su b jec ts  a r e  re q u ired  to  in i t i a te  t r ia ls  to  m in im ize  m o tiv a t io n a l  

v a r ia b le s  and  in a t t e n t io n .



C h a p te r  II 

RELEVANT LITER A TU RE

A. T im e and In ten s i ty  V ariab les  A f f e c t in g  T em p o ra l  In teg ra t io n

A ccord ing  to th e  psychophysica l  law o f  r e c ip ro c i ty  (Bloch, 1885) a 

c o n s ta n t  visual e f f e c t  is d ep en d en t  on ly  upon th e  to ta l  s t im u lus  en e rg y  (E = IT), 

if th e  d u ra t io n  is less  th a n  a c r i t i c a l  t im e  (Le G rand , 1968), i .e . ,  IT = K fo r  a 

c r i t e r io n  response .  If in te n s i ty  arx3 d u ra t io n  a r e  p lo t te d  lo g a r i th m ica l ly ,  a 

s t r a ig h t  line w ith  n e g a t iv e  unit s lope is o b ta in e d ,  and  th is  re la t io n sh ip  would 

e x a c t ly  s a t i s fy  th e  c o m p le te  in te g ra t io n  p re d ic te d  by Bloch's Law.

T em p o ra l  in te g ra t io n  can also be  ex p re s sed  in t e r m s  of log IT vs log T.

An ex am p le  from  th e  hum an l i t e r a t u r e  is t a k e n  from Long (1951) and shown in 

F ig u re  1. In th is  case ,  log IT in s tead  o f  log I is d isp layed  on th e  o rd in a te .  The 

s t im u li  a r e  sq u are  pulses o f  w h ite  l ig h t  p re s e n te d  a t  15 d e g re e s  e c c e n t r i c i ty .  

F o r  f lashes  s h o r te r  th an  c r i t i c a l  d u ra t io n ,  th e  o b ta in e d  s lope is ze ro ,  in d ica t in g  

th a t  th e  log IT a t  th re sh o ld  is c o n s ta n t .  C r i t ic a l  d u ra t io n  is th e  upper l im it  of 

p e r f e c t  su m m atio n .  Beyond th is  v a lu e ,  th e  fu n c tio n  exh ib its  a  p os i t ive  un it  

s lope, which shows th a t  th e  visual e f f e c t  is so le ly  d ep e n d en t  on th e  lu m in an ce  (I 

= K).

A s im ila r  fu nc tion ,  also o b ta in ed  from  hum an  o b se rv e rs  by S perling  and

J o l l i f f e  (1965), is shown in F ig u re  2. In th is  s tudy , sq u a re  pulses of  l igh t a re

p re s e n te d  foveally  to  th e  d a r k -a d a p te d  eye .  Unlike F igu re  1, this fu n c tio n  

shows a reg ion  of p a r t ia l  in te g ra t io n  b e tw e e n  c o m p le te  su m m atio n  and no­

su m m at io n .  This g rad u a l  t r a n s i t io n  from  c o m p le te  in te g ra t io n  to  no 

in te g ra t io n ,  which su g g es ts  t h a t  in c re a s e s  in s t im u lu s  du ra tio n  a re  no t 

c o m p e n s a te d  by co rrespond ing  d e c re a s e s  in in te n s i ty  for a c o n s ta n t  visual



Figure  1.

T he in te n s i ty - t im e  cu rv e  o b ta in e d  by Long (1951) show ing  log IT vs log T  fo r  th e  

h um an  o b se rv e r .  Note t h a t  a reg ion  o f  p a r t i a l  i n t e g ra t io n  is no t found.
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F igur e  2.

T he log IT vs. Log T fu n c tio n  rep ro d u ced  from  Sperling  and  J o l l i f f e  (1965). 

Values a re  a v e ra g e s  o f  t h r e e  su b je c ts  for fo v ea lly  p re se n te d  s t im u l i ,  45 d eg ree s  

in d ia m e te r ,  w ith  a w av e len g th  of 650 m ill im icrons ,  a g a in s t  a dark  su rround . 

T he solid line r e p re s e n t s  th e  p re d ic te d  v a lu es  from  a m odel based  on H a r t l in e 's  

s ing le  r e c e p to r  re su l ts .  N o te  a reg ion  o f  p a r t i a l  s u m m a t io n  for th e  fou r  

s t im u lu s  d u ra t io n s  b e tw e e n  c o m p le te  su m m at io n  ( r e p re s e n te d  by th e  tw o  

b r ie f e s t  s t im u li )  and  no su m m a t io n  ( r e p re s e n te d  by th e  tw o  lo n g es t  s tim uli) .
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e f f e c t ,  has  been  n o ted  by sev e ra l  in v e s t ig a to rs  (B aum gard t  <5c Hillm an, 1961; 

Blondel 6c Rey, 1912; C la rk  6c B lackw ell,  1959; K ie tz m a n  6c G illam , 1972). O th e r  

au th o rs  ignore p a r t i a l  in te g ra t io n  and as in F igu re  1, e s t im a te  c r i t i c a l  du ra tion  

from  th e  in te r s e c t io n  of th e  line of z e ro  slope and th e  line o f  unit p o s i t iv e  s lope 

(B iersdorf ,  1955; H e rr ick ,  1973; K arn , 1936; Levinson, 1979; Long, 1951; Nolan, 

1957; R onch i,  1974). The upper l im it  of p a r t ia l  in te g ra t io n  is ca l led  u t i l iz a t io n  

t im e ;  beyond i t ,  i n te g ra t io n  fa ils  co m p le te ly .  F o r  s t im u lu s  d u ra t io n s  g r e a t e r  

th a n  u t i l iz a t io n  t im e ,  lu m in an ce  m ust  rem a in  c o n s ta n t  fo r  th e  su b jec t  to  

m a in ta in  th e  sam e  leve l o f  responding .

In add it ion  to  th e  f ive  c h a r a c te r i s t i c s  o f  s ing le  f lash  s tu d ie s  of te m p o ra l  

s u m m a t io n  o u t l in ed  ab o v e  (c o m p le te  in te g ra t io n ,  c r i t i c a l  d u ra t io n ,  p a r t ia l  

in te g ra t io n ,  u t i l iz a t io n  t im e ,  and  no su m m atio n ) ,  tw o  o th e r  p h en o m en a  have 

b ee n  co n s id e red :  su p e r su m m a t io n  (Kong 6c W asserm an , 1978) and su b su m m atio n  

(K ie tz m an ,  1979). S u p e rsu m m atio n  o ccu rs  when longer  d u ra t io n s  req u ire  

d i s p ro p o r t io n a te ly  low er in te n s i t ie s  fo r  th e  s a m e  c r i t e r io n  re sp o n se  with  a 

c o n se q u en t  s lope th a t  is s t e e p e r  th an  -1.0, in log I vs log T  fu n c tio n s .  S ince 

th e s e  i n te n s i ty - t im e  co m b in a t io n s  r e s u l t  in a  lo w er  en e rg y  re q u i r e m e n t ,  th e  

e f f e c t  can  be c o n s tru e d  as  f a c i l i t a to ry .  One such e f f e c t  has  b een  r e p o r te d  by 

W asserm an  and Kong (1979) and  is shown in F ig u re  3, l e f t .  Working w ith  

L im ulus ey e ,  r e c e p to r  and  sp ike  p o te n t ia l s  from  th e  r e t in u la  ce ll  and th e  axon 

o f th e  e c c e n t r i c  ce ll ,  r e sp e c t iv e ly ,  w ere  r e c o rd e d  under var ious  co m b in a tio n s  

o f  in te n s i ty  and t im e  to  e l ic i t  a  c r i t e r io n  re sp o n se .  T he  d a ta  a re  

an a ly z e d  in te rm s  o f  l a t e n c y  or a m p l i tu d e  o f  th e  g ra d ed  r e c e p to r  p o te n t ia l ,  

l a t e n c y  to  th e  f i r s t  sp ike , peak  spike f req u en cy ,  a r e a  under  th e  a m p l i tu d e / t im e  

fu n c tio n  o f  th e  r e c e p to r  p o te n t ia l ,  and  to ta l  n u m b er  o f  sp ikes. Bloch's law is 

co n f i rm e d  for all  th e s e  m e a s u r e m e n ts  for b r ie f  d u ra t io n s .  With longer  s t im u li ,



F ig ure  3.

F u n c t io n a l  re la t io n sh ip s  (s igna tu res )  found in physio logical e x p e r im e n ts  on th e  

t r a d e - o f f  o f  in te n s i ty  and d u ra t io n  to  produce  a  c r i t e r io n  sen so ry  signal in 

Limulus. The "p rocess"  fu n c tio n  is o b ta in ed  w hen th e  a r e a  u n d e r  a  r e c e p to r  

p o te n t i a l  or th e  to ta l  n u m b er  o f  sp ikes  is co n s id ered .  The " e v e n t"  fu n c tio n  is 

o b ta in e d  when e i th e r  th e  peak  o f  th e  r e c e p to r  p o te n t i a l  or th e  p eak  f req u en c y  

o f  sp ikes  is th e  m easu red  p a r a m e te r .  Note t h a t  th e  "p ro cess"  re la t io n sh ip s  

show a reg ion  of c o m p le te  su m m a t io n  fo llow ed  by s u p e r s u m m a t io n . The 

"ev en t"  fu n c tio n s  d e p ic t  a reg ion  of co m p le te  su m m at io n  fo l low ed  by no­

su m m at io n .  A dditionally ,  "p ro cess"  s ig n a tu re s  a r e  m o d if ied  by c r i t e r io n  

ch an g es  w h e rea s  "ev en t"  s ig n a tu re s  a r e  no t.  T he  in se t  on th e  l e f t  shows th e  

fu n c tio n  d e r iv ed  from  a b eh av io ra l  e x p e r im e n t  w here  su p e r su m m a t io n  is 

fo llow ed  by n o -su m m atio n  (from  W asserm an <Sc Kong, 1979).
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how ever ,  th e  las t  tw o  m easu re s  re q u ir e  r e la t iv e ly  less  in te n s i ty  and, th e r e fo r e ,  

ex h ib i t  th e  su p e rsu m m at io n  phenom enon  a f t e r  c o m p le te  in te g ra t io n .  T he 

au th o rs  in t e r p r e t a t io n  o f  th e se  f indings will be g iven in th e  n ex t  S ec tio n .

O th e r  in s tan ce s  of su p e r su m m a t io n  e f f e c t s  a re  su g g es ted  in th e  

l i t e r a tu r e .  F o r  in s tan ce ,  in a  s tu d y  by H u n te r  and S ig le r  (1940), th e  su b jec t  

judges  th e  nu m b er  o f  d o ts  in a  v isual d isp lay  under various t im e - in te n s i ty  

co m b in a t io n s .  When th e r e  a r e  e ig h t  or less  d o ts ,  c o m p le te  su m m atio n  is 

ev id en t  up to  a  c r i t i c a l  d u ra t io n .  When th e  n u m b er  of d o ts  is n ine or m o re ,  

su p e r su m m a t io n  fu n c tio n s  (slopes s t e e p e r  th an  -1.0) b ec o m e  a p p a re n t .  A 

s ig n i f ic an t  e f f e c t  o f  d u ra t io n  o v er  in te n s i ty  is a lso  re p o r te d ,  as  n o ted  e a r l ie r ,  

by Kasw an and  Young (1963), L e ib o w itz  and Bourne (1956), as  well as  L e ib o w itz ,  

T o ffey  and S ea r le  (1966).

In s p i te  of  th e  ab o v e  findings, so m e in v e s t ig a to rs  q ues t ion  

su p e r su m m a t io n  on em p ir ic a l  a n d /o r  t h e o r e t i c a l  grounds. T he d a t a  of  H u n te r  

and S ig le r  (1940) a r e  i n t e r p r e te d  in th e  c o n te x t  o f  p ro b a b il i ty  su m m a t io n  a n d /o r  

th e  poss ib il i ty  of co u n tin g  th e  s t im u l i  one a t  a t im e  a t  th e  longer  d u ra t io n s  

(Schlosberg , 1948). K ahnem an  (1966) su g g es ts  a lso  t h a t  th e  f ind ings o f  K azw an  

and Young (1963) m ay  be  a t t r i b u t e d  to  a r t i f a c t s  cau sed  uy m asking . T he issue, 

t h e r e f o r e ,  re m a in s  open.

Log I vs log T  fu n c tio n s  w ith  slopes  s t e e p e r  th an  -1 have  a lso  been  

o b ta in ed  in au d i to ry  psychophysics .  In th e s e  ca se s ,  ho w ev er ,  th ey  o c c u r  a t  

b r ie f  s t im u lu s  d u ra t io n  and , t h e r e f o r e ,  a r e  th o u g h t  to  be due to  a n o n - l in ea r  

loss o f  in fo rm a t io n  as  d u ra t io n  is d e c re a s e d .  G r e a t e r  in te n s i ty  in c re m e n ts  a r e  

re q u ired  to  c o m p e n s a te  fo r  r e la t iv e ly  sm a l le r  d e c r e m e n ts  in d u ra t io n  to  e l ic i t  

th e  c r i t e r io n  re sponse .  B ecau se  o f  th e s e  co n s id e ra t io n s ,  th is  phenom enon  is 

in t e rp r e te d  as inh ib ito ry  (Babkoff, 1979). F o r  an  e x te n s iv e  rev iew  o f  au d i to ry



t e m p o ra l  in te g ra t io n  fu n c tio n s  see  K ro o ss-G lo v er ,  1980.

F ina l ly ,  su b su m m a tio n  r e fe r s  to  i n te n s i ty - t im e  re la t io n s  w ith  a p os i t ive  

s lope, i .e .,  t h a t  in c reas in g  th e  s t im u lu s  d u ra t io n  above  som e va lue  re q u ire s  

ad d i t io n a l  in c re a se s  in in te n s i ty  to  m a in ta in  a c o n s ta n t  response .  It is well 

known th a t  to  k eep  su p ra th re sh o ld  b r ig h tn ess  c o n s ta n t ,  i t  is n ec e s sa ry  to  

d e c re a s e  lu m in an ce  as  s t im u lu s  ex posu re  d u ra t io n  is in c reased .  Beyond a 

c e r t a in  d u ra t io n ,  h o w ev er ,  lu m in a n ce  m ust a lso  be in c re a sed  to  m a in ta in  th e  

s a m e  e f f e c t .  This is th e  c la ss ic  B ro ca -S u lze r  e f f e c t  (K ie tz m an ,  1979), which 

som e au th o rs  h av e  i n te r p r e te d  to  su g g es t  an  in h ib ito ry  p ro cess .

F ig u re  4, ta k e n  from  K ie tz m a n  (1979) g ives  a su m m ary  of th e  seven  

c h a r a c te r i s t i c s  o f  th e  te m p o ra l  su m m at io n  fu n c tio n .  The seq u en ce  of th e  

s e g m e n ts  is a r b i t r a r y . F o r  in s ta n c e  in v isual psychophysics ,  s eg m en t  a ,  

re p re s e n t in g  su p e r su m m a t io n ,  o cc u rs  usually  a f t e r  s e g m e n t  b (see Fig. 3) i .e . ,  

a t  lo nger  s t im u lu s  d u ra t io n s ,  w h e rea s  in au d i to ry  e x p e r im e n ts ,  s e g m e n t  a ,  w ith  

slope s t e e p e r  th an  -I, r e s u l t s  w ith  b r i e f e r  s t im u l i .

T em p o ra l  su m m a t io n  o f  p h o t ic  e n e rg y  has b een  s tu d ied  

e le c t ro p h y s io lo g ica l ly  a t  d i f f e r e n t  levels : s ing le  ce ll ,  e le c t ro r e t in o g ra m ,  and 

evoked  p o te n t ia l s  (Johnson Ac B a r t l e t t ,  1956; W asserm an  Ac Kong, 1975; Wicke, 

Donchin  Ac L indsley , 1964). It has  also  b ee n  s tu d ied  in a n u m b er  o f  neu ra l  

s t ru c tu r e s :  p h o to re c e p to r ,  r e t in a l  ganglion  ce l l ,  l a t e r a l  g e n ic u la te  nucleus ,  and  

visual c o r t e x  (Baker,  S an sev e rin o ,  L a m a r re ,  Ac Poggio , 1969; Levick  Ac Zachs, 

1970; W asserm an  Ac Kong, 1975). F ina l ly ,  t e m p o ra l  su m m at io n  has  b een  shown 

to  o c c u r  in a v a r ie ty  o f  sp ec ie s :  ho rsesh o e  c ra b ,  co n g e r  ee l,  goldfish , ra b b i t ,  

c a t ,  and  hum ans  (A drian  Ac M athew s, 1927; B a r t ley ,  1934; H a r t l in e ,  1934; Levick 

Ac Z achs ,  1970; W asserm an A: Kong, 1975). T he  o b se rv ed  tem p o ra l  in te g ra t io n  

fu n c tio n s  a r e  very  s im ila r  in all  sp ec ie s  including  m an, and p rov ide



Figure  4.

The sev en  c h a ra c te r i s t i c s  of te m p o ra l  su m m a t io n  (from K ie tzm a n ,  1979). 

S u p ersu m m atio n ,  co m p le te  su m m at io n ,  p a r t i a l  su m m atio n ,  n o n -su m m atio n ,  and 

su b su m m atio n  a r e  shown by s e g m e n ts  a ,  b, c ,  d, and  e ,  w ith  s lopes  of 

)> -1.0, -1 .0 ,  <  -0.1, 0.0, 0.0, r e sp e c t iv e ly .  CD and UT signify  c r i t i c a l

d u ra t io n  and u t i l i z a t io n  t im e ,  re sp ec t iv e ly .  The seq u en ce  of th e  s e g m e n ts  is 

a r b i t r a r y .
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a physio log ical  s u b s t r a te  for beh av io ra l  p sy ch o p h y s ica l  in v es t ig a t io n s .  The 

c r i te r io n  re sp o n se  m ay  be a g iven  e lec t ro p h y s io lo g ica l  p a r a m e t e r ,  for  in s tan ce ,  

som e f e a tu r e  o f  a g ra d e d  r e c e p to r  p o te n t ia l ,  or o f th e  e le c t ro r e t in o g r a m ,  or 

som e b eh av io r ,  e .g .  50% f r e q u e n c y -o f - s e e in g  or t a i l  m o v e m e n t  re sp o n se  to  light 

in lim ulus (W asserm an  <5c Kong, 1979).

B. O th e r  V ariab les  A ffe c t in g  T e m p o ra l  In te g r a t io n

A n u m b er  o f  f a c to r s  a n d /o r  t h e i r  in te r a c t io n  a r e  th o u g h t  to  in f lu en ce  

te m p o ra l  in te g ra t io n  in ad d it io n  to  th e  in h e re n t  t im e - in te n s i ty  re la t io n sh ip s .  

These  o th e r  v a r iab le s  ca n  be  var ious  s t im u lu s  a t t r i b u t e s ,  o rg an ism ic  cond it ions ,  

response  re q u ir e m e n ts ,  and  m e th o d s  o f  re sp o n se  ana lys is .

It has  been  shown in b eh a v io ra l  s tu d ies  t h a t  c r i t i c a l  d u ra t io n  ex h ib i ts  a 

non -l inea r  in c re a s e  as  a fu n c tio n  o f  s p a t ia l  f r e q u e n c y  b e tw e e n  tw o  and ten  

e y /d e g  (Brown and  B lack, 1976). C o n tra r iw ise ,  low er va lues  o f  t c  have  been  

r e p o r te d  fo r  h igher  lev e ls  o f  l igh t a d a p ta t io n  (Barlow , 1958; C la rk  6c B lackw ell,  

1959; G raham  6c Kem p, 1938; H e rr ick ,  1973; K e lle r ,  1941; Van den Brink <5c 

Bouman, 1954), and fo r l a rg e r  s iz e  s t im u li  (Barlow , 1958; G ra h am  6c M argaria ,  

1935; K arn , 1936). T hese  l a t t e r  f ind ings, h o w ev er ,  a r e  no t  c o n f irm e d  by o th e r  

in v e s t ig a to rs  who find t h a t  light a d a p ta t io n ,  s ize ,  as  well a s  w a v e len g th  have no 

e f f e c t  on c r i t i c a l  d u ra t io n  (Ikeda, 1965; M eijer,  Van d e r  Wildt 6c Van den  Brink, 

1978; Rouse, 1952; U e tsuk i 6c Ikeda ,  1970). T he p e r io d  of p a r t i a l  in te g ra t io n  is 

pro longed  w ith  in c re a se s  in s p a t ia l  f req u en c y  (Legge, 1978) and  s iz e  of th e  

s t im u lus  (B au m g ard t  6c H illm an, 1961; M eijer,  Van d e r  Wildt 6c Van den  Brink, 

1978; Sperling  6c J o l i f f e ,  1965) w h e re a s  l igh t  a d a p ta t io n  has  th e  o ppos i te  e f f e c t  

(Ikeda, 1965; U tesuk i and Ikeda ,  1970).

O rg an ism ic  v a r ia b le s  such  as age ,  b ra in  d a m a g e ,  p sy chopa tho logy  and



re sponse  c r i te r io n  have b een  shown to  in f lu en ce  c r i t i c a l  d u ra t io n .  O lder ad u l ts  

(30-55 y ea rs  old) m a tc h e d  w ith  yo u n g er  ind iv iduals  on s ta n d a rd  t e s t s  fo r  visual 

a c u i ty  have longer  tc 's  fo r  fo rm  d isc r im in a t io n  (E riksen , H am lin  £c B re i tm e y e r ,  

1970). P o s tg e n ic u la te  r a th e r  th an  p r e g e n ic u la te  les ions  pro long  c r i t i c a l  

d u ra t io n  (Wilson, 1967), w hile s c h izo p h ren ic s  hav e  s h o r te r  t c 's  th an  n o rm als  and 

su b jec ts  w ith  o th e r  ty p es  o f  p sychoses  (Collins, K ie tz m a n ,  S u tto n  & Shapiro , 

1978).

T he im p o r ta n c e  o f  re sp o n se  r e q u ir e m e n ts  on t e m p o ra l  in te g ra t io n  have  

also  been  e s tab l ish ed .  K a h n em an  and  N o rm an  (1964) find t h a t  d i f f e r e n t  c r i t i c a l  

d u ra t io n s  a r e  r e l a t e d  to  d i f f e re n c e s  in p e r c e p tu a l  fu n c tio n .  F o r  ex a m p le ,  under  

id e n t ic a l  s t im u lu s  cond it ions ,  th ey  re p o r t  t c  values  o f  a p p ro x im a te ly  80 m sec  

when th e  o b se rv e r  has to  judge  the  r e la t iv e  b r ig h tn e ss  o f  tw o  s t im u li  w h e rea s  

values  o f  a b o u t  300 m sec  a r e  o b ta in e d  when t r ia d s  of d ig i ts  have  to  be 

d isc r im in a te d .  S im ila r  e f f e c t s  a r e  re p o r te d  in an  e x p e r im e n t  involving 

s t ro b o sco p ic  i l lu m in a t io n  o f  a  m oving rad ius .  T he s u b je c t 's  ta s k  is e i th e r  to  

coun t  th e  n u m b er  o f  v isib le  rad ii  or e s t im a te  th e  an g le  su b ten d ed  by th e  lead ing  

and  t ra i l in g  edges  o f  th e  rad ii .  D esp i te  of th e  f a c t  t h a t  th e  s t im u li  a r e  th e  

s a m e ,  o b ta in ed  l im i ts  o f  p h en o m en a l  s im u l ta n e i ty ,  w hich  a p p a re n t ly  is r e la t e d  

to  t c ,  a re  longer  in th e  co u n tin g  ta sk  th a n  th o se  fo r  e s t im a t in g  th e  ang le  

(A llport ,  1970). B ruder and  K ie tz m a n  (1973) c o m p a re  c h a r a c te r i s t i c s  of 

te m p o ra l  su m m a t io n  fo r  t h r e e  responses  m easu re s :  f r e q u e n c y -o f - s e e in g ,  signal 

d e te c ta b i l i ty ,  and  s im p le  r e a c t io n  t im e .  R e c ip ro c i ty  is a lw ays  fo llow ed by 

p a r t i a l  in te g ra t io n ,  bu t c r i t i c a l  d u ra t io n  and  u t i l i z a t io n  t im e  a r e  s h o r te r  fo r  

s im p le  r e a c t io n  t im e  th an  for th e  o th e r  m easu res .

It a p p e a rs  f ro m  th e  p re c e d in g  ex a m p le s  t h a t  s o m e  f e a tu r e s  of  te m p o ra l  

in te g ra t io n  a re  m od if ied  by re sp o n se  re q u i r e m e n ts  in th e  p re s e n c e  of in v a r ia te



s t im u li .  T hese  findings su g g es t  th a t  t e m p o ra l  s u m m a t io n  ca n n o t  be  fully 

ex p la in ed  by ea r ly  sen so ry  p ro cesses  (W asserm an <5c Kong, 1979). T he  conclusion  

th a t  fe ed b ac k  m odu la t ion  is p rov ided  by m ore  c e n t r a l  leve ls ,  h o w ev er ,  ca n n o t  

be ru led  ou t .  In f a c t ,  t h e r e  is ab u n d a n t  a n a to m ic a l  and  phys io log ica l ev id en c e  

in low er v e r t e b r a t e s ,  and  in som e m am m als ,  t h a t  th e  r e t in a  indeed  re c e iv e s  

f ib e rs  of  c e n t r a l  orig in  which m odify  i ts  a c t iv i ty  (C ow an , 1970; Miles, 1972; 

Pow ell,  D ow ner <5t Brooke, 1965).

C h o ice  o f  re sponse  ana lysis  also in f lu en c es  te m p o ra l  su m m at io n  

c h a ra c te r i s t i c s .  As p o in ted  o u t  e a r l ie r ,  i t  has been  shown t h a t  a  f ixed  

p e r ip h e ra l  n eu ra l  s ignal does  no t  m ak e  th e  t im e  co u rse  o f  th e  phenom enon  

in v a r ia te .  The re sp o n se  c h a r a c te r i s t i c  chosen  fo r  ana lys is  m ay  d e t e r m in e  such  

c o u rse  (Kong ic W asserm an , 1978). When t im e - lo c k e d  f e a tu r e s  o f  th e  g rad ed  

r e c e p to r  p o te n t i a l  in Lim ulus re t in u la  ce ll  (such a s  l a t e n c y  or p ea k  am p li tu d e )  

a r e  a n a ly z e d ,  th e  e x p e c te d  te m p o ra l  in te g ra t io n  fu n c tio n  b e c o m e s  ev id en t  and 

th e  sh ap e  is u n a f f e c te d  by ch an g es  in th e  re sp o n se  c r i t e r io n .  The ab o v e  au th o rs  

d e f in e  th is  s o r t  o f  ap p ro ach  as  an "ev en t"  ana lys is  (F igure  3, r ig h t) .  O th e rw ise ,  

when a s p e c t s  r e f l e c t in g  th e  e n t i r e  re sp o n se  a r e  c o n s id e re d ,  such  as  a r e a  under  

th e  r e c e p to r  p o te n t i a l  w a v efo rm , a  d i f f e r e n t  s o r t  o f  r e la t io n sh ip  is o b ta in ed  

w ith  a reg ion  of c o m p le te  su m m a t io n  fo llow ed by s u p e r su m m a t io n .  In th is  ca se  

th e  fo rm  o f  th e  fu n c tio n  v a r ie s  w ith  c r i t e r io n  sh i f t s .  T h ese  a u th o rs  d e s ig n a te  

th is  ap p ro ach  as  a  "p rocess"  an a ly s is  (Fig. 3, le f t ) .  Based  upon e x p e r im e n ts  

involving th e  L im ulus ta i l  f l ick  re sp o n se  to  l ig h t  th ey  su g g es t  t h a t  when 

su p e r su m m a t io n  is found b eh av io ra l ly ,  th e  nervous  sy s te m  is p e r fo rm in g  a 

"p ro cess"  ana lys is .  In th is  c a se ,  su p e r su m m a t io n  is fo l low ed  by a  reg ion  o f  no­

s u m m a t io n  (Fig. 3, l e f t  inset) .  W asserm an  and  Kong (1979) find a

c o r re sp o n d e n c e  b e tw e e n  re sp o n se  la te n c y  and c r i t i c a l  d u ra t io n ,  which they



labe l  ti ,  and  conc lude  t h a t  for a  p rocess  ana lys is ,  they  a re  of th e  sam e  

m ag n itu d e .  For an e v e n t  ana lys is ,  th e s e  au th o rs  su g g es t  th a t  c r i t i c a l  d u ra t io n  

is s h o r te r  than  la te n c y  by a  c o n s ta n t .

C. C o n c e p tu a l  A p p ro ach es  to  T em p o ra l  In te g ra t io n

Two a p p ro a c h e s  have  been proposed  to  ac co u n t  for t e m p o ra l  su m m at io n  

c h a ra c te r i s t i c s :  a  p e r ip h e ra l  one involving p h o to c h e m ic a l  in te g ra t io n  in visual 

p ig m en ts  (H a r t l in e ,  1934), and  a c e n t r a l  one based  on ev id en ce  t h a t  when th e  

s t im u lus  is f ixed, c r i t i c a l  d u ra t io n  v a r ie s  w ith  th e  o b se rv e r 's  t a s k  (Bruder and 

K ie tz m a n ,  1973; K ahnem an  & N orm an , 1964; R aab  <5c F e h re r ,  1962). The f i r s t  

ap p ro ach  su g g es ts  t h a t  th e  c h a r a c te r i s t i c s  o f  te m p o ra l  su m m a t io n  can be  

a c c o u n te d  fo r  so le ly  a t  th e  r e c e p to r  level;  th e  second  v iew poin t im p lies  th a t  a 

m ore  c e n t r a l  p ro cess in g  is involved. For ex a m p le ,  b r ig h tn ess  d isc r im in a t io n  

dflta and th e  b w ave o f  th e  ERG a re  c o m p arab le ,  which su g g es ts  th a t  th e  

re sponse  re q u ir e m e n t  is m e d ia te d  p e r ip h e ra l ly  (B iersdorf ,  1958). S im ilar  

c o r r e l a t e s  for form  d isc r im in a t io n  have n o t  been  no ted .  C e n t ra l  nervous 

sy s tem  in v o lv em en t  in te m p o ra l  in te g ra t io n  has i ts  ro o ts  in th e  f a c t  th a t  ta sk  

re q u ir e m e n ts ,  in th e  p re s e n c e  of r e la t iv e ly  in v a r ia te  s t im u li ,  have  an e f f e c t  on 

c r i t i c a l  d u ra t io n .

System  o p e ra t in g  c h a r a c te r i s t i c s  fo r  b r ig h tn ess  and p a t t e r n  

d isc r im in a t io n  a r e  d i f f e r e n t ,  i .e .  fo r  th e  fo rm e r ,  tc  d e c re a s e s  m o n o to n ica l ly  

w ith  in c reas in g  en e rg y  (G raham  <Sc Kem p, 1938); fo r  th e  l a t t e r ,  t c  d e sc r ib e s  a 

U -shaped  fu n c tio n  w ith  r e s p e c t  to  s t im u la t in g  en e rg y ,  i .e . ,  t c  f i r s t  d e c re a s e s  as  

en e rg y  is in c re a sed  th en  r ises  sharp ly  w ith  f u r th e r  in c re m e n ts  in ene rgy  

(K ahnem an , 1964). C r i t ic a l  t im e  is a lso  s h o r te r  for th e  in te n s i ty  ta sk  

(K ahnem an , N orm an  and  Kubovy, 1967). T hese  a u th o rs  co n c lu d e  th a t  t e m p o ra l



in te g ra t io n  for d i f f e r e n t  ta sk s  m ay be m ed ia te d  d i f fe re n t ly .

Based on e a r l ie r  d a ta ,  K ahnem an  (1979) p roposes  tw o  m odels  to  a c c o u n t  

for IT fa i lu re  a t  t c  when d i f f e r e n t  re sp o n ses  a re  re q u ired :  1) l a t e n c y  c u t -o f f  and 

2) e x c i ta t io n  le ak a g e .  The f i r s t  m odel would apply  to  b r ig h tn ess  d isc r im in a t io n  

task s ,  and involves th e  no tion  o f  an " a c c u m u la to r "  w hich  is ad d re s sed  a t  a g iven 

t im e  a f t e r  s t im u lu s  o n se t .  T he response  is only d e te rm in e d  by w h a t  is in th e  

"m em ory"  up to  a c u t  o f f  pe r iod ,  w hich  is tc .  This m odel cou ld  expla in  sh o r t  

tc 's ,  th e  a b ru p t  t ra n s i t io n  from  c o m p le te  su m m at io n  to  no su m m a t io n ,  as well 

as a c c o m o d a te  the  com m on  finding t h a t  t c  is inverse ly  r e la t e d  to  energy .  T he 

second  m odel would r e la t e  to  v isual a c u ity  s i tu a t io n s ,  bu t involves an 

a c c u m u la to r  which begins losing so m e o f  th e  s to re d  in fo rm a t io n  a t  so m e  t im e .  

In th is  ca se ,  p a r t ia l  su m m at io n  would be  ev id en t  a f t e r  tc .  This m odel 

a c c o m o d a te s  th e  U -shaped  re la t io n  b e tw e e n  t c  and e n e rg y  w h ere  th e  longes t  

c r i t i c a l  d u ra t io n s  a r e  o b ta in ed  fo r th e  m ost  in ten se  s t im u li .  Very long tc 's  

p robab ly  r e f l e c t  a re a l  fa i lu re  o f  in te g ra t io n .

W asserm an  and Kong (1979) see k  to  i n t e g r a te  th e  tw o  a p p ro a c h e s  by 

su g g es t in g  th a t ,  even  though th e  p e r ip h e ra l  n eu ra l  s ignal is in v a r ia te ,  th e  

nervous sy s tem  can  a n a ly z e  th e  inpu t in d i f f e r e n t  ways. F u r th e rm o re ,  c r i t i c a l  

d u ra t io n  g ives  an ind ica t ion  of th e  ty p e  of ana lysis  th e  c e n t r a l  n e rvous  sys tem  

is p e r fo rm in g .  Kong and W asserm an  (1978) s t a t e  t h a t ,  r e c e p to r s  fu n c tio n  

l inear ly  in w eak  l igh t,  and no n - l in ea r ly  in th e  m ore  in te n se  p h o to p ic  ra n g e ,  i .e . ,  

in th e  l a t t e r  cond it ion  d u ra t io n  has m ore  of an e f f e c t  on th e  w id th  of th e  

r e c e p to r  p o te n t ia l  than  in ten s i ty  has on th e  a m p li tu d e .  B ehav iora l  

su p e r su m m a t io n  m ay  r e f l e c t  th e  way th e  c e n t r a l  nervous  sy s tem  a n a ly z e s  

sen so ry  s ignals .



C h a p te r  III

GEN E RA L METHODS 

A. S u b jec ts

1. M onkeys

T h re e  e x p e r im e n ta l ly  naive , m ale  a d o le s c e n t  rhesus  m onkeys (M acaca  

m u l a t t a ) w ith  no a p p a re n t  visual d e f e c t s ,  ran g in g  in w e ig h t  from  2.0 t o  2.5 kg 

a t  th e  beginning  o f  the  e x p e r im e n t ,  se rv e d  as psychophysica l  o b se rv e rs .  

S u b jec ts  w e re  f i t t e d  w ith  re s t r a in in g  c o l la r s ,  cag ed  ind iv idually  in th e  colony 

room , and  g iven a  d ie t  co n s is t in g  o f  P u rina  Monkey Chow m ic ro m ix tu re .  F re sh  

f ru i t  was o f f e r e d  during  th e  w eekend . T he co lony  room t e m p e r a tu r e  w as 

r e g u la te d  b e tw e e n  68 and  72 d e g re e s  F a re n h e i t .  During fo rm a l  t ra in in g  and 

te s t in g ,  an im a ls  w e re  m a in ta in ed  b e tw e e n  85-90%  of th e i r  f r e e  fe e d in g  w e ig h t  

which w as in i t ia l ly  d e te rm in e d  upon e n t ry  in to  th e  colony. B e tw ee n  

e x p e r im e n ts  an im a ls  w e re  fed  20-30 chow p e l le t s  da ily ,  and  r e tu r n e d  to  th e  

p rev io u s  re g im e n  p rio r to  re su m p t io n  o f  t e s t in g . .

2. H um ans

O ne m ale  (VR) and  one fe m a le  (TG), 37 and  28 y ea rs  old, r e s p e c t iv e ly  a lso  

p a r t i c ip a te d  in th e  s tudy .  Both w ere  in good h e a l th  and  had n o rm a l  u n c o r re c te d  

vision.

B. A p p a ra tu s

1. Dual ch an n e l  o p t ic  s t im u la to r

A tw o -c h a n n e l  o p t ic  s t im u la to r  was used to  p re s e n t  bo th  th e  ad a p tin g  

fie ld  and th e  s t im u li  as  i l lu s t r a te d  in F ig u re  5. It co n s is ted  o f  a s im p lif ied



F igure  5.

Dual ch an n e l  o p t ic  s t im u la to r .  SC, s t im u lu s  channel;  AC, ad a p t in g  ch an n e l ;  1, 

2, 3, co l l im a to rs ;  4, 5, p ro je c t io n  lenses;  W, w edge; B, b a la n c e r ;  CG , co v e r  

g lass;  STS, s t im u lu s  s lide; TS, t e x t u r e  s l ide; S, s h u t t e r ;  PR , p h o to re s is to r ;  PT, 

p h o to t ra n s i s to r .
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version o f  t h a t  designed  by B a t te r s b y  and W agman (1959). T he l igh t so u rce  was 

a G e n e ra l  E le c t r ic  v e r t i c a l  co i led  tu n g s te n  f i l a m e n t  la m p  (C P R , 6 vo lt ,  18 am p), 

pow ered  by a heavy  d u ty  6 -v o l t  s to ra g e  b a t t e r y  (75 am p /h r) .  T he  b a t t e r y  was 

con tinuously  t r ic k le - c h a rg e d  by a f i l t e re d  D.C. pow er supply, th e re b y  

s tab i l iz in g  th e  lam p  pow er co n su m p tio n .  The lam p  was housed in a 

c o m p a r tm e n t  with  t h r e e  p o r t s  and was coo led  by fo rced  a ir  from  an o u ts id e  

fan, gu ided  by a v ib ra t io n  d am p en e d ,  f lex ib le  d u c t .  T he  flux  w as m o n ito red  by 

a p h o to re s is to r  p laced  a t  th e  f ro n t  housing a p e r tu r e ,  and  could  be ad ju s ted  

th rough  a m i l l i a m e te r  by m odify ing  th e  f i l a m e n t  c u r r e n t  a n d /o r  r a t e  o f  ch a rg e  

of th e  b a t t e r y .

All t e s t in g  w as co n d u c te d  w ith  th e  m i l l i a m e te r  in d ica to r  m a in ta in ed  a t  

th e  p re s e t  va lue  a t  which lu m in a n ce  c a l ib ra t io n s  w e re  m ad e  (see below). Two 

s y m m e tr ic a l  and o p t ica l ly  id e n t ic a l  b eam s o f  l igh t w e re  o b ta in ed  from  th e  side 

p o r ts  o f  th e  lam p  housing. E ach  beam  was c o l l im a te d ,  r e d i r e c te d  90 d eg ree s  by 

a p rism , and fo cu sed  by a n o th e r  lens on th e  a p e r tu r e  o f  a  V incent A sso c ia te s  

(R o c h e s te r ,  N.Y.) e le c t r o m e c h a n ic a l  s h u t t e r  (23X0A3X5). E ach  s h u t t e r  was 

m o u n ted  on a s ta g e  th a t  could  be moved in th e  v e r t i c a l ,  l a t e r a l ,  and a n te r io r -  

p o s te r io r  d i rec t io n s ,  a l low ing  th e  a p e r tu r e  to  be pos i t ioned  w h ere  th e  im ag e  of 

th e  s o u rc e  f i lam en t  was in sh a rp  *ocus. T he  s h u t t e r  a p e r tu r e s  w ere  d e c re a s e d  

in s ize  so a s  to  e l im in a te  th e  upper and lo w er  reg ions of th e  f i la m e n t  to  re d u ce  

"hot"  spo ts .

A m in im um  am o u n t  of  light was d e f le c te d  by a co v e rs l ip  p laced  a t  45 

d eg ree s  to th e  axis  o f  th e  o p t ic a l  s y s te m ,  d i s ta l  to  th e  s h u t t e r  openings. This 

light c o n t ro l led  th e  base  c u r re n t  o f  p h o to t ra n s is to r s ,  th e  o u tp u t  v o l tag e  of 

which was m o n i to red  with an osc i l lo scope .  T he m ain  po r t io n  of th e  l igh t b eam s 

passed  th ro u g h  n e u t ra l  d e n s i ty  c i rc u la r  w edges  and  b a la n c e rs  provid ing  a ze ro



to  4.0 log unit a t t e n u a t io n .  The w edges w ere  m o u n ted  on s h a f ts  such  th a t

lu m in an ce  could  be ch an g ed  in 0.02 log d i s c r e te  s tep s  by m eans o f  4 inch

d ia m e te r ,  200-division, d ia ls  f i t t e d  w ith  v e rn ie rs .  A f te r  passing  through  th e  

f i l t e r s  th e  b eam s w e re  r e c o l l im a te d  and d e f le c te d  90 d eg ree s  by prism s, and 

th en  passed  th rough  th e  f i r s t  p ro jec t io n  lens: one beam  t ra v e rs e d  a  slide 

co n ta in in g  th e  s t im u lu s  f igu res ,  and th e  o th e r  p ro d u ced  th e  ad a p tin g  f ield  by 

passing  th rough  a s l ide  devoid  o f  f igures .

The s l ides  w e re  m o u n ted  in an  e l e c t ro m e c h a n ic a l  d ev ice  th a t  a l low ed 

posit ion ing  from  side to  s ide  w ithin  th e  p a th  o f  l igh t,  th e re b y  re v e rs in g  the  

pos it ion  of th e  s t im u li  (see below). T he  s l ide  c h a n g e r  excurs ion  w as ad ju s ted  so 

t h a t  th e  s t im u li  w ere  p ro je c te d  on to  th e  c e n te r  o f  r e a r  p ro jec t io n  s c reen s .  A 

com bin ing  prism  r e d i r e c te d  bo th  b eam s  to  a  com m on  f ro n t  lens which focused  

ea ch  figure  on th e  c e n te r s  o f  c i rc u la r  s c re e n s ,  25 mm in d ia m e te r ,  lo c a te d  in

th e  te s t in g  c h a m b e r ,  v e r t ic a l ly  s e p a ra te d  by 57 m m . T he v e r t i c a l  d isp lay  took

a d v a n ta g e  o f  th e  m ost  hom ogenous reg ion  o f  th e  f ie ld  which was e l ip t ic a l  w ith  

a  v e r t ic a l  m ajo r  axis  due to  th e  oblong sh ap e  of th e  so u rce  f i la m e n t .

The s t im u li  w e re  an uprigh t e q u i l a t e r a l  t r ia n g le  and  a c i rc le .  These 

f ig u res  w ere  s e le c te d  b ec au se  bo th  a r e  ea s i ly  d isc r im in ab le  c o m p a c t  polygons. 

In ad d i t io n ,  th ey  have  t ra d i t io n a l ly  been  used  in d isc r im in a t io n  s tu d ie s .  The 

s t im u li  w ere  p ro d u ced  by p ro je c t io n  of a  sp ec ia l ly  c o n s t ru c te d  s lide  which 

co n ta in e d  tw o  s e t s  o f  v e r t ic a l ly  d isp layed  f igu res :  a  c i rc le  in th e  upper position  

and a  t r ia n g le  in th e  low er posit ion  on th e  r ig h t  h a lf ,  and  th e  re v e rse  on th e  l e f t  

half.

2. C o n s tru c t io n  o f  s t im u lu s  and a d a p t in g  f ie ld  s l ides

C o lo r-A id  p ap e r  was used  to  c o n s t r u c t  th e  f ig u re s ,  one t r ia n g le  and one



c i r c le ,  as  well as  th e  background . The fo rm s  w e re  ap p ro x im a te ly  th e  s am e  

a r e a ,  and 20% d a r k e r  th an  th e  ground. A f ig u re  and  i ts  b ackground  c o n s t i tu te d  

a  t a r g e t .  The f ig u re s  w ere  s l igh tly  b r ig h te r  th an  th e  su rrounds .  R e la t iv e ly  low 

c o n t r a s t  s t im u li  w e re  s e l e c t e d  for th e  e x p e r im e n ts  b ec au se  p ilo t  d a ta  using 

h igher  c o n t r a s t  b lack  or w h ite  f ig u re s  ( t r ian g le s ,  c i rc le s  or L an d o lt  C's) ag a in s t  

th e  o p p o s i te  g round  w ere  d isc r im in ab le  a t  th e  h ig h es t  lu m in an ce  and s h o r te s t  

d u ra t io n s  av a ila b le .  Each f ig u re -g ro u n d  was p laced  a t  th e  c e n te r  o f  a copy ing- 

s ta n d  and p h o to g rap h e d  n u m ero u s  t im e s  a t  a  p r e s e le c te d  ex p o su re  and  f s to p  

se t t in g s .  This p ro c e d u re  co n t ro l le d  fo r  su b t le  d i f f e re n c e s  in i l lu m in a tio n  on th e  

s ta n d  as well a s  ex p o su re  e r ro r  in t ro d u ce d  by using m e c h a n ic a l  s h u t t e r s .  Kodak 

P a n a to m ic  X film (ASA, 32) w as used  to  o b ta in  sh a rp  im ag es  a t  low c o n t ra s t .

E ach  n e g a t iv e  co n ta in in g  a  f igu re  w as p laced  in an a n t i -N e w to n  s lide  

b inder  and  in se r te d  in to  th e  s t im u lu s  ch an n e l  s l ide  ch a n g e r .  S o r t in g  of f inal 

t a r g e t s  w as ac co m p lish e d  by a  s e r ie s  o f  p h o to m e t r ic  m e a s u re m e n ts  sam pling  

th e  lu m in an ce  and h o m o g en e i ty  o f  f igu res  and  back g ro u n d s ,  m ad e  on th e  

p ro je c t io n  sc re e n s  w ith  a  p h o to m e te r  (G am m a S c ie n t i f ic  C o rp . ,  m odel 700 log- 

l in ea r  p h o to m u lt ip l ie r ) .  T he  d ev ice  em ployed  a  p h o top ic  f i l t e r  and  f ib e r  o p t ic  

p robe .  A p lex ig las  t e m p la t e  insured  t h a t  th e  f ib e r  o p t ic  p ro b e  w as pos i t ioned  in 

a c o n s is te n t  m an n er .  Two t a r g e t s  o f  each  ty p e ,  w ith  a p p ro x im a te ly  th e  s am e  

lu m in a n ce  and h o m o g en e i ty ,  w e re  s e le c te d  fo r s t im u li  in th e  e x p e r im e n t  and 

p laced  in an a n t i -N e w to n  s lide  b inder .  A n e g a t iv e  w ith  a  d e n s i ty  s im ila r  to  th e  

b ack g ro u n d  o f  th e  f ig u res  was p laced  in th e  a d a p t in g  ch an n e l  to  ac h ie v e  

b a la n c e  o f  t e x tu re .  D if f e re n c e s  in lu m in an ce  b e tw e e n  u p p e r  and  low er sc reen s  

was m in im ized  by ap p end ing  m ylar  s h e e ts  to  th e  s l ide  b inders .  For ab so lu te  

m e a s u r e m e n ts  o f  th e  s t im u li  and ad a p tin g  fie ld ,  th e  p h o to m e te r  was c a l ib r a te d  

ag a in s t  a r a d io a c t iv e  k ry p to n  so u rce ,  th e  h a lf  l ife  of which was ta k e n  in to



a c c o u n t  for f inal n u m er ic a l  c a lc u la t io n s .  M ea su rem en ts  w e re  ta k e n  in a 

c o u n te rb a la n c e d  o rd e r  to  co n tro l  for f lu c tu a t io n s  of ligh t over  t im e .

3. S tim u lus  d im ensions

T ab le  1 co n ta in s  th e  a r e a  and p h o to m e t r ic  m e a s u re m e n ts  ( lum inance ,  L; 

c o n t r a s t ,  C; to ta l  lum inous flux, F) o f  bo th  th e  f igure  (f) and back g ro u n d  (g) o f  

e a ch  t a r g e t  (t) as well a s  o f  th e  ad a p t in g  fie ld . The len g th  o f  th e  s ide  o f  th e  

t r ia n g le  and d i a m e te r  o f  th e  c i r c le  w ere  13.03 mm and  9.78 m m , re sp e c t iv e ly ,  

re su lt in g  in a r e a s  (A) of 73.52 m m ^ and  75.12 m m ^, re sp e c t iv e ly .  

M ea su rem en ts  w ere  ta k e n  w ith  v e rn ie r  ca l l ip e rs  on th e  p ro je c te d  im ages .  

Viewed from  th e  20 cm  a p p ro x im a te  c o rn ea l  t e s t in g  d is ta n c e ,  th e  visual ang les  

su b ten d ed  by th e  c i r c l e s  a p p ro x im a te d  2.9 d eg ree s .  As e x p e c te d ,  t h e r e  w e re  

so m e m in im al d i f f e re n c e s  in s t im u lu s  p a r a m e te r s  which id ea l ly  should have  

been  id en t ica l .  H ow ever ,  all  o f  th e s e  d i f f e re n c e s  w e re  not t a rg e t -b o u n d .  Thus, 

s t im u li  which a p p e a re d  on th e  b o t to m  s c re e n  in ev e ry  t r i a l  had  a  s l ig h tly  h igher 

lu m in an ce ,  flux, and  c o n t ra s t .  T h e re fo r e ,  th e s e  d i f f e r e n c e s  co u ld  no t  be used 

as cu es  for th e  d isc r im in a t io n .  A dd itionally ,  th e  su b je c t 's  v isual f ie ld  was 

a lw ays  la rg e r  them th e  ang le  su b ten d ed  by bo th  s c r e e n s  to g e th e r ,  so t h a t  

d i f f e re n c e s  in flux  b e tw e e n  th e  two t a r g e t s  could  not be sam p led  

in d ep en d en tly .  F ina lly , th e  poss ib il i ty  t h a t  an im als  could  so lve  th e  p rob lem  on 

th e  basis o f  ab so lu te  to t a l  flux from  t r i a l  to  t r i a l  ( las t  co lum n in T ab le  1) w as 

sa fe ly  ru led  o u t  b e c a u se  th e  d i f f e re n c e s  g av e  an e x t r e m e ly  low W eber f r a c t io n  

( A F / F  = 0.04).

4. R e la t iv e  c a l ib ra t io n s  o f  th e  f i l t e r s

T he  p h o to m e te r  was s e t  a t  100 p e r c e n t  when a t t e n u a t io n  was a t  a



TAWi-: 1

Dimens ions  o f  S t i m u l i  nml A d o p t i n g  F i e l d s

F i g u r e  ( f )  nnd Ground (g )

A L F

f 73 .52 3 .536 0 .000817

e 417 .35 2 .826 0 .003705

f 75 .12 3 .817 0.000901

e 415 .75 2 .885 0 .003758

f 75 .1 2 3 .426 0.000809

s 415 .75 2 .689 0 .003512

f 73 . 52 3 .659 0 .000845

ir
e l d

41 7 .35 2 . 765 0 .003625

T a r g e t  ( t )  

A C L  F

490 .87  11.16 2 . 932  0 .004522

49 0 .87  13.91 3 .021 0.004659

490 .87  12.05 2 .8 02  0.004321

4 90 . 87  13 .92 2 .899  0 .004470

Doth T a r g e t s  

L F

2 .977  0.009181

2 .851 0.008791

2 .926  0 .009024

A = a r e a  (nm2)
L = l u n in a n c o  (cd/m2)
F = 1 uni  nous f l u x  ( l u n c n )  = i rA(m2)  L(cd/m2)

L r - L g
C = c o n t r a s t  =  X 100

L f  4I«g
Ff»Fg

L = mean l u n i n a n c e  = ---------
TT A

P h o t o m e t r i c  v a l u e s  a r e  g i v e n  f o r  t h e  h i g h e s t  L u se d .
'Die f o r m i l a  to  c a r p u t e  t o t a l  lu n i n o u s  f l u x  i s  t h a t  a p p l i e d  to  L a m b e r t i a n  ( a s  opposed  to  p o i n t )  
s o u r c e s .



m in im um . M ea su rem en ts  w ere  ta k e n  w ith  th e  f ib e r  o p t ic  p robe ,  p laced  a t  th e  

c e n te r  o f  th e  r e a r  p ro je c t io n  s c r e e n ,  e a ch  t im e  th e  c i rc u la r  w edge  f i l te r s  w ere  

a d v a n c e d  f i f t e e n  divisions (one d ivision w as 0.02 log units). F igu re  6 shows 

p h o to g rap h s  o f  th e  p h o to m e te r  v o l ta g e  o u tp u t  a t  seven  lev e ls  o f  lu m in an ce .  

B ecause  of th e  gain  used  as  well as  th e  d im ensions  of the  o sc i l lo sco p e  d isplay,
9

th e  lo w es t  leve l ,  0.23 c d /m  , ca n n o t  be v isua l ized .

5. S h u t te r s  c a l ib ra t io n s

S h u t t e r  o p e ra t io n  was c o n t ro l le d  by a cus tom  designed  m ic ro p ro c esso r  

and m od if ied  V incent A sso c ia te s  s h u t t e r  d r iv ers  (m odel 200). D uring s t im u lus  

p re s e n ta t io n ,  lead in g  and  t ra i l in g  edges  of th e  a d a p t in g  f ie ld  s h u t t e r  (norm ally  

open) and  s t im u li  p re s e n ta t io n  s h u t t e r  (norm ally  c losed)  w e re  p h ase - lo ck ed  such  

t h a t  th e  h a lf  c losed  po in t o f  th ^  a d a p t in g  s h u t t e r  co inc ided  w ith  th e  h a lf  open  

posi t ion  o f  th e  s t im u li  s h u t t e r  and  v ice  v ersa .  T he a v a ila b le  s t im u lus  d u ra t io n s  

d e c re a s e d  from  4000 to  4 m sec  in a  h a rm o n ic  s e r ie s  t h a t  a p p ro x im a te d  0.1 log 

s te p s  to  w ith in  1%. F ig u re  7 show s p h o to g rap h s  of th e  l igh t  o u tp u t  from  th e  

s h u t t e r s  a t  4, 40, 400 and  4000 m sec ,  as  m o n ito red  th rough  th e  p h o to t r a n s i to r s  

on an osc i l lo scope .

6. M icrop rocesso r  co n t ro l  o f  e x p e r im e n ta l  co n d it io n s

T he m ic ro p ro c es so r  fu n c tio n s  w e re  subdiv ided  in to  th r e e  c a te g o r ie s :  

e v e n t  s e q u e n c e  co n tro l ,  s h u t t e r  t im ing , and  psychophysica l  p ro c e d u re  

im p le m e n ta t io n .  The e v e n t  s eq u e n ce  c o n tro l  co n s is ted  of c a s c a d e d  m o n o s tab le  

m u l t iv ib ra to r s ,  which a l low ed  or d en ied  t r i a l  in i t ia t io n ,  locked  o u t  p r e m a tu r e  

and  m u lt ip le  re sp o n se s ,  c o n t ro l led  th e  s l ide  c h a n g e r ,  p rov ided  th e  m a s te r  

co m m an d  logic  pulse fo r  s h u t t e r  o p e ra t io n ,  and d e te r m in e d  w h e th e r  th e  t r i a l



F ig u re  6.

P h o to m e te r  v o l tag e  o u tp u t  for th e  sev en  h ighes t  lu m in an ce  leve ls  used. N o te  

t h a t  e a ch  su ccess iv e  leve l is one h a lf  th e  he igh t  o f  the  p re ced in g  one. The 

lo w es t  leve l  used could not be re so lved .





F ig u re  7.

Sam ple  reco rd s  o f  ligh t pulses as seen  on m o n i to r  osc il loscope .  Each re co rd  

co n ta in s  five  su per im posed  sw eeps to  i l lu s t r a te  th e  re l ia b i l i ty  of s h u t t e r  

o p e ra t io n .  T h e ' s w e e p  sp ee d  o f  each  t r a c in g  co r resp o n d s  to  th e  s c a le  b a r  

ap p e a r in g  below th e  co lum n o f  n u m era ls .
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in i t ia t io n  l igh t e m i t t in g  d iode (see below) w as on or o ff .  The s h u t t e r  t im ing  

c i r c u i t  in c o rp o ra te d  a 2.52 m e g a h e r tz  "c lock"  prov id ing  pulses which w ere  

subdiv ided  to  a c h ie v e  d i f f e r e n t  s t im u lu s  d u ra t io n s .  T he sp ec if ic  d u ra t io n  

p re s e n te d ,  h o w ev er ,  dep en d ed  on s o f tw a re  which d e te rm in e d  th e  n u m b er  of 

pulses "co u n ted "  and ,  t h e r e f o r e ,  th e  t im e  th e  s h u t t e r s  w ere  a c t iv a te d .  

T rim m in g  c i r c u i t s  a l lo w ed  fo r  a d ju s tm e n t  of  th e  lead in g  and  t ra i l in g  edges of 

th e  s t im u lu s  and  a d a p t in g  f ie ld  s h u t t e r s .  V aria t io n  in s h u t t e r  phase  t im in g  did 

no t e x c eed  1%. The m ic ro p ro c es so r  s e c t io n  c o m m i t t e d  to  p sychophysica l  

p ro c ed u re  im p le m e n ta t io n  ad d ressed  th e  s h u t t e r  t im in g  c i rc u i t  and  d e te rm in e d  

w h e th e r  or no t th e  su b je c t 's  re sp o n ses  a f f e c t e d  th e  s t im u lu s  t im e .  In th e  ca se  

of c o n s ta n t  s t im u l i ,  ex p o su re  t im e  was in d ep en d en t  o f  th e  o b se rv e r 's  responses ;  

w ith  th e  d escen d in g  s t a i r c a s e  p ro c e d u re  th e  su b jec t 's  re sp o n se s  s e t  th e  s t im u lus  

d u ra t io n s .  O ptions  included: e x t e r n a l  t r i a l  p re s e n ta t io n ,  s e l f - in i t i a t e d  t r ia l  

p r e s e n ta t io n ,  o b l ig a to ry  or n o n -o b l ig a to ry  re spond ing  during  a t r ia l ,  

p re s e le c t io n  o f  s t im u lu s  d u ra t io n ,  p re s e le c t io n  o f  c o r r e c t  f igu re  position  

in d ep en d en t  o f  th e  four  p re p ro g ra m m e d  G e lle rm an 's  sch ed u le s ,  and  c o n t ro l  o f  

r e in fo rc e m e n t .

D isp layed  d a t a  included: 1) t r i a l  n u m b er;  2) t r i a l s  rem a in in g ;  3) nu m b er  

and posit ion  o f  c o r r e c t  and  in c o r r e c t  re sponses ,  s t im u lu s  d u ra t io n ;  4) and 

re sponse  la te n c y .  T he l a t t e r  va lue  r e p re s e n te d  th e  t im e  lapse  b e tw e e n  s tim u lus  

o n se t  and  re sp o n se  to  w ith in  0.1 m sec .  F ig u re  8 is a flow d iag ram  of th e  

m ic ro p ro c es so r  o p e ra t io n  using th e  d escen d in g  s t a i r c a s e  p ro ced u re .

7. T e s t in g  c h a m b e r

The t e s t in g  c h a m b e r  co n s is ted  of a  wooden box, 66 cm w ide, 68.6 cm 

long, and 112.5 cm  high, which was a c o u s t ic a l ly  iso la ted  by tw o  inch th ick  foam



F ig u re  8.

Flow d iag ra m  j f  m ic ro p ro c es so r  co n tro l  of e x p e r im e n ta l  co n d i t io n s  (descend ing  

s t a i r c a s e  p ro ced u re ) .
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F ig u re  9.

T es t in g  panel.  R, re sponse  lev e r ;  1TL, in i t ia t io n  t r ia l  lev e r ;  LED, l igh t e m i t t in g  

diode; PP, p e l le t  p o rt ;  R C, re w a rd  cup.
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ru b b e r  and  p lace d  w ith in  a la rg e r  en c lo su re .  A ccess  to  th e  t e s t in g  ch a m b e r  was 

th ro u g h  a h inged  o u te r  and  re m o v a b le  inner door, bo th  having  p lex ig las  v iew ing  

p o r ts .  When th e  o u te r  p o r t  was c o v e red ,  th e  t e s t i n g  box was l ig h t  t ig h t .  T he 

ch a m b e r  in te r io r  was p a in te d  f la t  b lack ,  and  i l lu m in a tio n  was prov ided  by a 

15-w att  r e d  bulb lo c a te d  a t  th e  ce il in g  c e n te r .  C hanne ls  w ith  bo lts  to  s e c u re  

th e  r e s t r a in in g  ch a ir  insured  c o n s is te n t  su b jec t  pos i t ion ing  during  t e s t in g  

sess ions .  Vacuum v e n t i la t io n  w as co n t in u o u s ,  and  m ask ing  noise  was prov ided  

by an o v e rh e a d  fan  as  well a s  by rap id ly  fo rc in g  a ir  th ro u g h  w a te r  in a 

c o n ta in e r .  T h re e  hum an  o b se rv e rs  w e re  n o t  ab le  to  d e t e c t  cues  from  th e  s l ide  

c h a n g e r  w hen th e  m asking  noise was p re s e n t .

T he  t e s t in g  pane l  shown in F ig u re  9 c o n s is te d  o f  tw o  c i rc u la r  r e a r -  

p ro je c t io n  s c r e e n s  p laced  one ab o v e  th e  o th e r ,  tw o  a s s o c ia te d  re sp o n se  le v e r s  

p lace d  to  th e  r ig h t  o f e a ch  s c r e e n ,  a  t r i a l  in i t ia t io n  le v e r  w ith  an in d ic a to r  l ig h t  

e m i t t i n g  d iode  (LED), and  a r e in f o r c e m e n t  cup.

A G e rb ra n d  f e e d e r  (M65110) w as se c u re d  on an  o u ts id e  w all o f  th e  te s t in g  

box, and  w as used  to  d e l iv e r  Noyes d e x t ro s e  p e l le ts  (4.0 mm x 3.3 mm x 45 mg) 

as re w a rd  fo r  c o r r e c t  responses .

C. G e n e ra l  P ro c e d u re s

P ro c e d u re s  o u tl in ed  h e re  a re  ap p l ic a b le  to  E x p e r im e n t  I an d  E x p er im e n t

II. D e ta i l s  s p e c if ic  to  e a c h  s tudy  will be g iven  in th e  re s u l ts  s e c t io n .

1. T e s t in g  c h a m b e r  fa m i l ia r iz a t io n

T h e  m onkey was p lace d  in a p lex ig las  r e s t r a in in g  ch a ir  and  po s i t io n ed  in 

th e  te s t in g  c o m p a r tm e n t  a p p ro x im a te ly  20 cm (co rn ea l  d i s ta n c e )  f ro m , and



d i re c t ly  fac ing ,  th e  te s t in g  panel.  Eye leve l  pos it ion  was c e n te r e d  midway 

b e tw e e n  th e  upper and  low er r e a r  p ro jec t io n  sc reen s .  No s tim ulus  was 

exposed . The head  w as f r e e  to  m ove in e v e ry  d i re c t io n .  A ccess  doors  w e re  le f t  

open , th e  c h a m b e r  red  light on, th e  o p t ic a l  b ench ,  m ic ro p ro c es so r ,  and  room 

ligh t off .  D ex tro se  p e l le ts  w e re  in i t ia l ly  o f f e r e d  to  th e  s u b je c ts  by hand , and 

l a t e r  d e l iv e red  to  th e  r e in f o rc e m e n t  cup  by a c t iv a t in g  th e  f e e d e r .  T he m onkey 

was co n s id e red  to  be f a m il ia r iz e d  w ith  th e  t e s t in g  c h a m b e r  w hen p e l le ts  w ere  

read ily  ta k e n  from  th e  r e in f o rc e m e n t  cup.

2. R esponse  le v e r  t ra in in g

The co n d it io n s  w e re  s im ila r  to  th e  above  e x c e p t  t h a t  th e  a c c e s s  doors 

w e re  c lo sed  and m onkeys w ere  o b se rv ed  th rough  th e  v iew ing  p o r ts .  They w ere  

shaped  to  m an ip u la te  th e  re sp o n se  lev e rs .  When e i th e r  l e v e r  was d ep ressed ,  

r e in f o r c e m e n t  o c c u r re d  on a fixed  ra t io  (FR 1:1) sch ed u le .  C r i te r io n  for 

c o m p le t io n  o f  lev e r  t ra in in g  was 200 re w a rd e d  re sp o n se s  w ith in  a  g iven  session.

3. D isc r im in a t io n  t ra in in g

At th is  s ta g e ,  th e  c h a m b e r  red  l igh t  was o ff ,  and  th e  o p t ic a l  b en ch  was on 

and p laced  under  m ic ro p ro c esso r  c o n tro l .  For th e  d u ra t io n  of th e  s tudy  only 

re sponses  m ade  to  th e  " c o r r e c t "  f ig u re  w ere  re w a rd e d .  T ra in in g  co n s is ted  of 

tw o s ta g e s :  1) lea rn in g  to d i s c r im in a te  b e tw e e n  th e  c o r r e c t  f ig u re  and  a 

d a rk en ed  sc r e e n ,  and  2) le a rn in g  to  d is c r im in a te  b e tw e en  th e  c o r r e c t  and 

in c o r r e c t  f ig u re s  p re s e n te d  s im u ltan eo u s ly .  Only one c o r r e c t  re sp o n se  p er  t r ia l  

was re in fo rc e d .  In th e  f i r s t  phase ,  in c o r r e c t  f ig u re s  w ere  m asked  a t  th e  slide 

w ith  opaque  p h o to g rap h ic  t a p e .  On any t ra in in g  t r ia l ,  t h e r e f o r e ,  only th e  

c o r r e c t  f ig u re s  a p p e a re d  on e i th e r  th e  u pper  or low er r e a r  p ro je c t io n  sc reen .



A d ap tin g  channe l  and s t im u lu s  ch an n e l  w ere  s e t  a t  th e  h ighes t  o u tp u t  ava ilab le  

u nder  th e  e x p e r im e n ta l  cond it ions  (see T ab le  1). In bo th  s ta g e s ,  t r ia ls  w e re  

p re s e n te d  ev e ry  seven  seconds  and re s u l te d  in th e  fo llow ing  seq u e n ce  o f  ev en ts :

1) t r i a l  o n se t  (ad ap tin g  ch an n e l  s h u t t e r  open , s t im u lus  ch an n e l  s h u t t e r  closed),

2) s t im u lu s  o n se t  (ad ap tin g  ch an n e l  s h u t t e r  c losed  in phase  w ith  open ing  of 

s t im u lu s  ch an n e l  s h u t te r ) ,  3) s t im u lu s  o f f s e t  (s t im ulus  channe l  s h u t t e r  c lo sed  in 

phase  w ith  ad a p tin g  ch an n e l  s h u t t e r  opening). S tim u lus  o n se t  began  200 m sec  

a f t e r  t r i a l  o n se t  th e re b y  insuring  t h a t  v ib ra t io n  from  th e  s lide  ch a n g e r  w as not 

t r a n s m i t t e d  to  th e  f igure .

S tim u lu s  o f f s e t  o c c u r re d  4000 m sec  a f t e r  s t im u lu s  o n se t  w ith  the  

fo llow ing  q u a l i f ic a t io n s :  L ev er  responses  a f t e r  t r i a l  o n se t  bu t b e fo re  s t im u lus  

p re s e n ta t io n  ( a n t ic ip a to ry  re sponses)  c a n c e l le d  th e  t r i a l ,  and  su b je c ts  w ere  

re q u ire d  to  w a it  u n ti l  th e  n ex t  t r i a l  b e fo re  a  re sp o n se  could  have a 

•consequence .  A re sp o n se  m ad e  du ring  th e  4000 m sec  s t im u lu s  p re s e n ta t io n  

im m e d ia te ly  r e c a l le d  th e  a d a p t in g  f ie ld  and was re in fo rc e d  if c o r r e c t .  

R esponses  m ad e  a f t e r  th e  s t im u lu s  o f f s e t  bu t  b e fo re  t r i a l  o n se t  had no e f f e c t .  

T he lo ca t io n  o f  th e  c o r r e c t  s t im u lu s  on e a c h  t r i a l  w as d e te r m in e d  by one of 

four  p re p ro g ra m m e d  G e lle rm an 's  sch ed u le s .  Using th e s e  sch ed u le s ,  posit ion  

h ab i t ,  a l t e r n a t io n ,  or double a l t e r n a t io n  r e s u l te d  in c h a n c e  p e r fo rm a n c e .  

P os it ion  h a b i t ,  d e f in ed  in te r m s  o f  in c o r r e c t  re sp o n ses  to  t h r e e  c o n se cu t iv e  

id e n t ic a l  t r ia ls ,  w ere  c o r r e c te d  by r e p e a t in g  th e  s a m e  t r ia ls  t e n  t im e s  b e fo re  

re tu rn in g  to  th e  G e lle rm an 's  s e r ie s .  E ach  session  w as t e r m in a t e d  a f t e r  140 

re sp o n ses .  This phase  o f  t ra in in g  was co n s id e red  m a s te re d  when th e  an im a l  

m ad e  a t  l e a s t  90% c o r r e c t  re sp o n se s  on e a c h  o f  tw o  c o n s e c u t iv e  sessions. The 

s a m e  c r i t e r io n  was used in o th e r  t ra in in g  phases  unless o th e rw is e  n o ted .

4. T r ia l  in i t ia t io n  t ra in in g



D uring th is  s ta g e  of t ra in ing ,  su b jec ts  w ere  shaped  to  s t a r t  t r i a l s  in 

re sp o n se  to  th e  i l lum ina tion  of th e  LED on th e  in i t ia t io n  lev e r .  The su b jec t 's  

c o n t ro l  o f  t r i a l  on se t  was used  to  m in im ize  in a t te n t io n .  No f ix a t io n  l ig h t  was 

used  in th is  s tudy .  In g en e ra l ,  h o w ev er ,  d i r e c t  o b se rv a t io n  o f  th e  an im als  

in d ica ted  th a t  th e i r  g a z e  was d i r e c te d  to w ard  th e  te s t in g  pane l.  In add it ion ,  

t r ia l  in i t ia t io n  could  be used  as  an index of th e  su b jec t 's  m o tiv a t io n ,  i .e .,  

m onkeys t r i e d  to  i n i t i a t e  t r i a l s  while th ey  w e re  being p laced  in th e  t e s t in g  box 

as well as during  th e  i n t e r t r i a l  in te rv a l .

S u b jec ts  w ere  po s i t io n ed  in the  i l lu m in a ted  t e s t in g  c h a m b e r  and observed  

th rough  th e  v iewing p o r ts .  One m in u te  l a t e r  th e  LED was tu rn e d  on. T rial 

o n se t  was used as a s e c o n d a ry  re in fo rc e r  in shaping  th e  p ressing  of th e  t r ia l  

in i t ia t io n  lev e r .  M anipu la t ing  th is  l e v e r  tu rn e d  o f f  th e  LED and r e s u l te d  in th e  

eVent t im in g  seq u e n ce  o u tl in ed  in d isc r im in a t io n  tra in in g .  At th e  end  o f  the  

t im in g  period ,  th e  LED was aga in  tu rn e d  on reg a rd le ss  of w h e th e r  th e  an im al 

re sponded  to  th e  t a r g e t s .  F o r  the  d u ra t io n  o f  th e  s tudy , su b jec ts  were req u ired  

to  i n i t i a t e  th e  t r ia ls .

5. D escend ing  s t a i r c a s e  (ad ap tiv e)  p ro c ed u re  tra in in g .

S u b jec ts  w ere  t r a in e d  to  respond  to  p ro g ress iv e ly  s h o r te r  s t im u lus  

d u ra t io n s .  This t r a in in g  p h ase  had tw o  a s p e c ts :  1) fa m i l ia r iz a t io n  w ith  the  

p ro ced u re ;  and  2) m aking  t r ia l  in i t ia t io n  c o n t in g en t  upon a  re sp o n se  in the  

p re ced in g  t r ia l .  T he fo rc e d  re sp o n se  p ro c e d u re  was used  b ec au se  during 

a d a p t iv e  tra in in g ,  th e  su b je c ts  re sponded  in co n s is ten t ly  to  b r ie f  s t im uli  a f t e r  

in i t ia t in g  a t r ia l .  S u b je c ts  w e re  p lace d  in th e  te s t in g  c h a m b e r  with  th e  red 

light o ff .  L ight a d a p ta t io n  t im e  was 20 m in u tes ,  and was held  c o n s ta n t  fo r  the



re s t  of th e  s tu d y .  T h e r e a f t e r ,  th e  LED was i l lu m in a ted .  T he in i t ia l  s t im u lu s  

p re s e n te d  to  th e  su b jec ts  w as 4000 m sec  long, b u t  su b seq u en t  exposu res  w ere  

co n tro l led  by th e  m ic ro p ro cesso r  a c co rd in g  to  th e  fo llow ing s tep p in g  ru les :  a t  a 

g iven d u ra t io n ,  tw o  su cc ess iv e  c o r r e c t  re sponses  d e c re a s e d  th e  ex posu re  t im e  

by 0.1 log un it ;  one  in c o r r e c t  re sponse  in c re a sed  th e  d u ra t io n  by 0.1 log unit.  

Using th e se  ru le s ,  th e  o b ta in e d  th resh o ld s  a re  eq u iv a le n t  to th o se  r e f le c t in g  a 

70.7% leve l  of  c o r r e c t  re sp o n ses  (L e v it t ,  1971).

At t im e s ,  beh av io r  b e c a m e  d iso rgan ized .  This d e te r io ra t io n  inc luded  

ce ssa t io n  o f  responding ,  fa i lu re  in d isc r im in a t io n ,  a s  w ell as responding  b e fo re  

th e  s t im u lu s  ap p e a re d .  When th e  above  o c c u r re d ,  th e  s t im u lu s  d u ra t io n  w as se t  

a t  4000 m sec  and he ld  c o n s ta n t  un ti l  th e  su b je c t  p e r fo rm e d  p roperly .  If th e  

an im al fa i led  to respond , d e x t ro s e  p e l le ts  w e re  d e l iv e re d  by th e  e x p e r im e n te r  

to  r e in s t i tu te  behav io r .  T h ese  p ro ced u re s  w e re  used  unti l  th e  m onkeys 

p e r fo rm ed  a p p ro p r ia te ly  to  d u ra t io n s  o f  100 m sec  or less  fo r  tw o  co n se cu t iv e  

te s t in g  sessions o f  147 t r i a l s  each .

A f te r  th e  c o m p le t io n  o f  s t a i r c a s e  tra in in g ,  i l lu m in a tio n  of th e  LED (and, 

th e re fo re ,  th e  poss ib il i ty  o f  s t a r t i n g  a  new t r ia l )  was m ad e  co n t in g e n t  upon th e  

su b jec t 's  m ak ing  a ch o ice  during  a  tried. If th e  an im a l  m ade  a  re sp o n se  w ithin  

th e  t r i a l  p e r iod  (any t im e  fo llow ing  s t im u lu s  o n se t  bu t  b e fo re  t e rm in a t io n  of 

th e  tr ia l) ,  th e  LED would be tu rn ed  on ac co rd in g  to  th e  o r ig ina l t im in g  

sequence .  If a  re sp o n se  did  no t  o ccu r ,  th e  LED could  be i l lu m in a ted  by p ressing  

any re sponse  lev e r  w ith in  15 seconds  a f t e r  t e rm in a t io n  o f  th e  t r ia l .  A f t e r  th a t  

t im e ,  th e  e x p e r im e n te r  tu rn e d  on th e  LED. R esponses  m ade  during th e  n o rm al 

t r i a l  per iod  or th e  fo llow ing  15 seco n d s ,  w e re  r e g a rd e d  as c o r r e c t  or 

in c o r r e c t ,a n d  su b seq u en t  d u ra t io n s  w e re  s e t  depend ing  on th is  ev a lu a t io n .  If 

th e  su b jec t  did  no t  respond , th e  su b seq u e n t  d u ra t io n  was not changed .



T h re e  c r i t e r i a  w ere  used  to  d e te r m in e  w h e th e r  th e  o b se rv e rs  p e r fo rm e d  

im properly :  1) o c c u r re n c e  o f  a n t ic ip a to ry  re sponses ;  2) la te n c ie s  under 100 m sec  

and; 3) u n s y s te m a t ic  re sp o n se  p ro f iles .  In th e  a d a p t iv e  p ro c ed u re ,  d u ra t io n s  to  

which th e  s u b je c t  was exposed  dep en d ed  upon th e  p rev ious  responses . If th e  

su b jec t  p e r fo rm e d  a d e q u a te ly ,  th e  s t im u lu s  d u ra t io n s  w ere  d e c re a s e d  in a 

s y s te m a t ic  m an n er  and  th en  o s c i l la te d  above  and  below  th resh o ld  as shown in 

F igu re  10. R andom  b eh a v io r  would re s u l t  in u n s y s te m a t ic  p re s e n ta t io n  of 

s t im u lus  d u ra t io n s .  T he a d a p t iv e  s t a i r c a s e  re sp o n se  p ro f i le ,  t h e re fo re ,  gave  a 

con tinuous  b eh av io ra l  a s s e s s m e n t  of p ro p e r  ta sk  p e r fo rm a n c e .



C h a p te r  IV 

RESULTS

A. E x p e r im e n t  I: T ac h is to sc o p ic  T hresho lds  for P a t t e r n  D isc r im in a t io n

a t  Tw o L u m in an ce  L evels

In th is  e x p e r im e n t ,  th resh o ld s  w ere  o b ta in ed  by tw o  m ethods: the  

descend ing  s t a i r c a s e  p ro c e d u re  and th e  m e th o d  o f  c o n s ta n t  s t im u li .  This w as to  

insure th a t  th e  fo rm e r  p ro c ed u re  could  c o n f id e n t ly  be used to  g e n e ra te  

te m p o ra l  su m m at io n  fu n c tio n s .

1. F ir s t  Phase : D escend ing  S ta i r c a s e  P ro ce d u re

Monkeys #883 ("c irc le  c o r re c t" )  and  #886 (" tr iang le  c o r re c t" )  w ere  

pos i t ioned  in th e  t e s t in g  a p p a ra tu s  and  l igh t  a d a p te d  to  e i t h e r  o f  tw o  lu m in an ce  

leve ls .  The low er lev e l  r e p r e s e n te d  a  1.2 log a t t e n u a t io n  o f  th e  h igher  level.  

A dap ting  and s t im u lu s  fie lds  w e re  flux e q u a te d  a t  0.004508 or 0.000281 lum en  

fo r th e  high and  low lu m in a n ce  leve ls ,  r e s p e c t iv e ly .  Monkeys w e re  t e s t e d  once  

a t  each  lev e l  during  each  daily  t e s t in g  session . L igh t le v e l  p re s e n ta t io n  was 

c o u n te rb a la n c e d  o v e r  days.

The f i r s t  50 p re s e n ta t io n s  o f  e a c h  session  w e re  co n s id e red  w a rm -u p  t r ia ls  

and a llow ed  a s se ssm e n t  of  p e r fo rm a n c e ;  th e  fo llow ing  97 t r ia ls  w e re  used  to  

c a lc u la te  daily  th re sh o ld s  in t e r m s  o f  th e  s t im u lu s  d u ra t io n  which co rresp o n d ed  

to th e  m edian  o f  re v is i ta t io n s  (L e v it t ,  1971). V is i ta t io n s  to  a  g iven  d u ra t io n  

w e re  of th re e  types :  (1) tw o  su cc ess iv e  c o r r e c t  re sp o n ses ,  (2) a  c o r r e c t  and 

in c o r r e c t  re sp o n se  seq u e n ce ;  and (3) one i n c o r r e c t  re sp o n se .  A c u m u la t iv e  

f req u en c y  d is t r ib u tio n  of th e  re v is i ta t io n s  was c o n s t ru c te d  in o rd e r  to  

d e te r m in e  th e  m edian .  F ig u re  10 d e p ic ts  an i l lu s t r a t iv e  session  which gave  a



F ig u re  10.

P ro f i le  o b ta in ed  in th e  f i r s t  session  w ith  th e  d escen d in g  s ta i r c a s e  p ro c ed u re  for 

s u b je c t  883 a t  th e  h ighes t  lu m in a n ce  level.  S tim u lus  d u ra t io n s  a r e  shown on th e  

o rd in a te  and co n se cu t iv e  t r i a l s  on th e  ab sc is sa .  O pen  and c losed  c i rc le s  

in d ic a te  c o r r e c t  and in c o r r e c t  re sp o n ses ,  re s p e c t iv e ly .  F o r  th resho ld  

co m p u ta t io n ,  th e  f i r s t  50 t r ia l s  a r e  d isca rd ed .
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th resh o ld  va lue  of 1.08 log m sec  or 12.02 m sec. T hresho lds  w ere  considered  

s ta b le  if o v er  six daily  te s t in g  sessions, daily  va lues  did no t va ry  by m ore  th an  

0.2 log un its  from  th e  m ean  o f  six su c c e s s iv e  sessions.

During th is  phase  of th e  e x p e r im e n t ,  five hum an o b se rv e rs  em p ir ica l ly  

assessed  w ays for re g a rd in g  th e  te s t in g  pane l to  d e te rm in e  th e  b es t  "looking" 

s t r a t e g y .  In add it ion ,  one hum an su b je c t  (VR) was t e s t e d  in an  a b b re v ia te d  

m an n er  (once a t  e a ch  lu m in a n ce  lev e l)  to  c o m p a re  s t a i r c a s e  p ro files  and 

th re sh o ld s  ag a in s t  th o se  o b ta in e d  in th e  m onkey .

T ab le  2 shows th e  d a ta  fo r  m onkeys #883 and #886 a t  th e  high and low 

lu m in an ce  levels .  For #883, th re sh o ld s  w e re  1.02 and 1.43 log m sec ,  and th e  

en e rg y  re q u ired  a t  th resh o ld  was -4 .03  and  -4 .8 2  log T a lb o ts ,  re sp e c t iv e ly .  F o r  

an im a l  #886, th e  th resh o ld  d u ra t io n s  for th e  high and low lu m in a n ce  leve l  w e re  

1.26 and 1.62 log m sec ,  and th e  e n e rg y  was -3 .82  and -4 .63  log T a lbo ts ,  

r e sp e c t iv e ly .

In g en e ra l ,  fo r  bo th  an im a ls ,  d e c re a s in g  th e  lu m in an ce  by 1.2 log u n its  

r e su l te d  in only a 0.4 log in c re a se  in th re sh o ld  d u ra t io n .  F u r th e rm o re ,  less  

en e rg y  w as re q u ired  a t  th e  low er lu m in a n c e  leve l  than  a t  th e  h igher,  th e  

d i f f e re n c e  being ap p ro x im a te ly  0.8 log  T a lb o ts .

H um ans re p o r te d  th a t  bo th  s c re e n s  could  be scan n ed  du ring  long s t im u lu s  

d u ra tio n s .  This was not possib le ,  h o w ev er ,  for b r ie f  s t im u li  in which th e  

o p t im a l  s t r a t e g y  co n s is ted  in re g a rd in g  only one s c re e n .  P ro f i le s  fo r  one hum an 

o b se rv e r  (VR) w ere  e v a lu a te d  q u a l i t a t iv e ly  to  co nf irm  th e  an im al 's  

p e r fo rm a n c e ,  and  it  was found th a t  th ey  co n fo rm ed  to  th e  c r i t e r io n  m en tioned  

above  in th e  ad a p t iv e  m e th o d  tra in in g .

2. S econd Phase: M ethod o f  C o n s ta n t  S tim uli



TABLE 2

E x p e r im e n t  I. T ac h is to sc o p ic  T hresho lds  (A dap tive  P ro ce d u re )  

Monkey #883 Monkey #886

High L Low L High L Low L

issions -0- ■0- -0- -0-

1 9.82 27.51 14.52 38.86

2 9.03 28.78 14.19 37.40

3 14.82 28.94 19.35 31.77

4 7.02 26.97 20.93 42.20

5 10.87 22.75 16.29 41.76

6 10.71 26.54 14.79 57.43

M ean 10.38 26.92 16.68 41.57

SD 2.59 1.43 2.82 8.36

Log-0- 1.02 1.43 1.22 1.62

log E-0- -4 .03 -4 .82 -3.82 -4 .63

High L, 2.929 cd /m 2

Low L, 0.183 cd /m 2  

-O-, th re sh o ld  (m sec)

E, en e rg y  o f  th e  L a m b e r t ia n  so u rce  is c o m p u te d  by 

E (Talbot)  = F (lum en) x T ( s e c ) . See n o te  in T ab le  1.



T he  a v e ra g e  th re sh o ld s  d e te rm in e d  by th e  s ta i r c a s e  p ro ced u re  for th e  

high and  low lu m in an ce  leve l ,  w e re  used  to  s e le c t  a ra n g e  of s t im u lu s  values  

spann ing  0.7 log un its  in 0.1 log s te p s  to  be  used in th e  c o n s ta n t  s t im uli  

p ro c ed u re .  The s t im u lu s  d u ra t io n  c lo s e s t  to  th e  a v e ra g e  th re sh o ld  w as used  as 

th e  m idpoin t o f  th e  ran g e .  T he m ic ro p ro c es so r  was p ro g ram m e d  da ily  to  

p re se n t  th e  sev en  s t im u li  in a  qu as i- ran d o m  m anner .  E ach  d u ra t io n  in th e  

b ra c k e t  had  to  o c c u r  th e  sam e  n u m b e r  o f  t im e s  when th e  c o r r e c t  f ig u re  was in 

th e  u pper  a s  w ell as low er pos i t ion .  .

S u b jec ts  w ere  p laced  in th e  t e s t in g  c h a m b e r ,  and l igh t a d a p te d  fo r  20 

m in u te s  to  e i th e r  th e  high or low lu m in an ce  va lues  used in a  c o u n te r b a la n c e d  

o rd e r  o v e r  days. S u b jec ts  w e re  t e s t e d  once a t  each  level during e a c h  daily  

session.

All s u b je c ts  s t a r t e d  with  20-30 t r ia ls  on th e  a d a p t iv e  p ro c ed u re  u n t i l  th e  

lpnges t  d u ra t io n  in th e  p r e s e le c te d  b r a c k e t  was re ach e d ;  d u ra t io n s  w e re  th en  

chosen  fo r  th e  m eth o d  of c o n s ta n t  s t im u li .  In it ia l  use of th e  d escen d in g  

s t a i r c a s e  p ro c e d u re  a l low ed  th e  e x p e r im e n te r  to  m onito r th e  re sponse  p ro f ile ,  

and th u s ,  insure  t h a t  th e  an im al was p e r fo rm in g  p roperly .

E ach  one o f  th e  seven  d u ra t io n s  was p re s e n te d  20 t im e s  during  a  sess ion  

fo r  a  t o t a l  o f  140 t r ia ls .  The few  t r ia l s  in which no re sp o n se  was m ad e  w ere  

n o ted ,  and ,  a t  th e  end  o f  th e  sess ion ,  m issing  values w ere  o b ta in ed  from  th e  

r e i t e r a t e d  o r ig ina l s e r ie s  of c o n s ta n t  s t im u li  p re s e n ta t io n s .  D a ta  were 

c o l le c te d  o v er  six su cc es s iv e  days, 120 re sp o n ses  p er  d u ra t io n ,  and w e re  used  to  

c o n s t ru c t  p s y c h o m e tr ic  fu n c tio n s .  The p e r c e n t  c o r r e c t  re sp o n ses  a t  each  

d u ra t io n  w e re  a v e ra g e d  fo r  th e  six t e s t in g  sess ions  a t  each  lu m in an ce  le v e l  (120 

re sp o n se s  per d u ra tion ) .  A c h a n c e  c o r re c t io n  f a c to r  was no t  used. In g en e ra l ,  

as  s t im u lu s  d u ra t io n  was in c re a se d ,  p e r c e n t  c o r r e c t  re sp o n ses  a lso  in c re ased .



F ig u res  11 and 12 i l lu s t r a te  th e  f r e q u e n c y -o f - s e e in g  cu rv es  for m onkeys 

#883 and 886, r e sp e c t iv e ly .  Using th re sh o ld  va lues  in m sec ,  r a th e r  th an  log 

m sec ,  th e  slope and y i n t e r c e p t  w ere  d e te r m in e d  by th e  m ethod  o f  le a s t  

sq u a res .  The th re sh o ld  values  fo r  th e  70.7% c o r r e c t  re sp o n se  lev e l  w e re  th en  

c a lc u la te d  for e a c h  lu m in an ce  by using a l in e a r  eq u a tio n  o f  the  form  Y=mX+b. 

The 70.7% value  was chosen  to f a c i l i t a t e  co m p ar iso n  w ith  d a ta  o b ta in ed  using 

th e  a d a p t iv e  p ro c ed u re ,  which co n v e rg ed  on th is  leve l.  T he o b ta in ed  th re sh o ld  

values  fo r  #883 w e re  1.09 and  1.48 log m sec ,  fo r  th e  high and  low lev e ls  o f  

lu m in an ce ,  re s p e c t iv e ly .  Energy  va lues  a t  th resh o ld  w e re  -3 .96  and -4 .7 7  log 

T a lb o ts .  For #886, th e  th resh o ld s  w e re  1.25 and 1.58 log m sec and  th e  

co r resp o n d in g  en e rg ie s  -3 .80  and -4 .67 log T a lb o ts .

For both  m onkeys, a t t e n u a t in g  th e  lu m in an ce  by 1.2 log un its  was no t  

p a ra l le le d  by th e  s a m e  in c re a se  of th re sh o ld  d u ra t io n ;  less  e n e rg y  was re q u ired  

a t  th e  low er lu m in an ce  leve l ,  th e  d i f f e r e n c e  being  0.8 log T a lb o ts .

T ab le  3 shows th e  su m m a ry  of th re sh o ld  va lues  fo r  bo th  su b je c ts  using th e  

a d a p t iv e  p ro c e d u re  and  m e th o d  o f  c o n s ta n t  s t im u li .  In g e n e ra l ,  th e  m ag n i tu d es  

a r e  s im ila r .  Both m e th o d s  gave  only a 0 .35-0 .40  log in c re a s e  in d u ra t io n  fo r  a 

1.2 log d e c r e m e n t  in lu m in an ce .

B. E x p er im e n t  II. T ac h is to sc o p ic  T hresho lds  fo r P a t t e r n  D isc r im in a t io n
a t  E ight L u m in an ce  L evels

In th is  e x p e r im e n t ,  th re sh o ld s  w ere  d e te rm in e d  by th e  a d a p t iv e  m e th o d  to  

o b ta in  te m p o ra l  in te g ra t io n  fu n c tio n s  and  to  ex p lo re  m ore  fu lly  th e  lack  o f  

c o m p le te  re c ip ro c i ty  o b ta in ed  in E x p e r im e n t  I. In ad d i t io n ,  l a te n c y  d a t a  w ere  

c o l le c te d  for e a c h  re sp o n se  and an a ly z ed  as  a fu n c tio n  o f  s t im u lus  en e rg y  a t  

th resh o ld .

T he ad a p t in g  f ie ld  ch an n e l  was m a in ta in ed  a t  2.926 c d /m 2  and re m a in e d



F ig u re  11.

P s y c h o m e tr ic  fu n c tio n s  fo r  Monkey #883 a t  th e  high (open c i rc le s )  and  low

(closed c irc le s )  lu m in a n ce  leve ls .



P
e

r
c

e
n

t
 

C
o

r
r

e
c

t
 

R
e

s
p

o
n

s
e

s 90

3 0 —

70

60 -

l.O /.5
Threshold Duration (log sec)



F ig u re  12.

P sy c h o m e tr ic  fu n c t io n s  fo r  M onkey #886 a t  th e  high (open c i rc le s )  and  low

(closed c irc le s )  lu m in a n ce  leve ls .
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TABLE 3

E x p e r im e n t  I. C o m p ar iso n  of R esu l ts  A cross  P ro ce d u re s  

T hresho lds  in Log m sec

#883

High L Low L High L

A d ap tiv e  P ro c e d u re  1.02 1.43 1.22

#886

C o n s ta n t  S tim ulus  1.09 1.48 1.25
P ro c e d u re



such  fo r  th e  d u ra t io n  o f  th e  e x p e r im e n t .  The m ean  lu m in an ce  leve ls  for th e  

t a r g e t s  w as s e t  a t  one of th e  fo llow ing  va lues :  2.926, 1.461, 0.731, 0.365, 0.183, 

0.091, 0 .046, and  0.023 cd /m 2 .  Beginning w ith  th e  f i r s t  value , e a c h  su c c e s s iv e  

leve l  r e p r e s e n te d  a  0.3 log a t t e n u a t io n ,  or ha lv ing ,  o f  th e  previous lu m in a n ce  

level.  S tim u lu s  and  a d a p t in g  f ie lds  w e re  e q u a te d  for to t a l  luminous flux only  

fo r th e  s t im u li  o f  h ig h es t  lu m in an ce .  Full a t t e n u a t io n  was 2.1 log  un its .  T h e  

f i r s t  lev e l  w as p h o to p ic ,  th e  la s t  sc o to p ic ,  and  th e  o th e rs  w ere  in th e  m esop ic  

ran g e .

T he o rd e r  of  p r e s e n ta t io n  o f  lu m in a n ce  leve l  w as s e le c te d  q u as i-  

random ly . Each va lue  had  to  o ccu r  an equa l  n u m b er  of t im e s .  C o r r e c t  s t im u lu s  

p os it ion  was d e te rm in e d  by one of fou r  G e lle rm an 's  sch ed u le s  and was ch an g ed  

ran d o m ly  ea ch  t im e  a d i f f e r e n t  leve l  w as used.

M onkeys #883, 886, and  894 an d  one h um an  o b se rv e r  p a r t i c ip a te d  in th is  

q x p e r im e n t .  T he hum an  o b se rv e r  (TG) w as f a m i l ia r iz e d  w ith  th e  a p p a ra tu s ,  

g iven v e rb a l  in s t ru c t io n s  ("choose th e  ass igned  f ig u re ,  guess  if you a re  n o t  

su re"),  and  w a rm -u p  sess ions  a t  th e  h ig h es t ,  i n t e r m e d ia t e ,  and  low est  lu m in a n c e  

leve l .  D e liv e ry  of d e x t ro s e  p e l le ts  in d ic a te d  c o r r e c t  re sp o n ses  fo r  th e  hum an . 

S u b je c ts  w e re  l igh t a d a p te d  in th e  t e s t in g  a p p a ra tu s  fo r  20 m in u tes .  T h resho ld  

and  l a t e n c y  d a t a  w ere  th en  c o l le c te d  fo r th e  tw o  lu m in a n ce  leve ls ,  th e  second  

d e te r m in a t io n  im m e d ia te ly  fo llow ing  th e  f i r s t .  M onkeys w ere  th e n  r e tu r n e d  to  

th e  co lony . T h re e  hours l a t e r ,  th e  a n im a ls  w e re  r e t e s t e d  a t  tw o  m ore  lev e ls  o f  

lu m in a n ce ,  r e tu r n e d  to  th e  colony and  fed . T he hum an  s u b je c t ,  when possib le ,  

ad h e re d  to  th e  s a m e  t e m p o ra l  t e s t in g  sch ed u le .

D uring  tra in in g ,  a l l  m onkeys show ed  a d e te r io r a t io n  in p e r fo rm a n c e  a t

0.183 c d /m 2  and  below. T he d e te r io r a t io n  inc luded  fa i lu re  in d isc r im in a t io n  as  

well a s  re spond ing  b e fo re  th e  s t im u lu s  a p p e a re d .  To im prove  th e  an im a l 's  

beh av io r ,  th e  lu m in a n ce  o f  th e  s t im u lu s  c h a n n e l  w as s e t  a t  th e  h ighes t  level and



th e  m onkey was a llow ed to  m ak e  five  c o r r e c t  re sponses .  The lu m in an ce  was 

th en  d e c re a s e d  by 0.3 log  u n its  and th e  su b jec t  r e q u ired  to  m ake  five c o r r e c t  

re sponses ,  b e fo re  a t t e n u a t in g  by s t i l l  a n o th e r  0.3 log un its .  This p ro ced u re  was 

i t e r a te d  u n ti l  th e  lev e l  o f  lu m in a n ce  was r e a c h e d  a t  which p e r fo rm a n c e  

in i t ia l ly  d e t e r io r a te d .  The s t a i r c a s e  m e th o d  was th en  re su m ed .

The e x p e r im e n ta l  design, fo r  th e  m onkey, c a l le d  fo r a  m in im um  o f  five  

te s t in g  sessions a t  e a ch  level,  i .e . a  to ta l  o f  40 sessions. Monkey #883 d ied  

during  th e  s tudy , a f t e r  c o m p le t in g  a l l  but one o f  th e  sess ions. F o r  th is  an im al 

the  d a ta  a t  0.183 cd /m 2  is based  on only four  te s t in g  sessions.

The hum an o b se rv e r  was g iven  only t h r e e  te s t in g  sessions a t  e a ch  level.

T ab le  4 co n ta in s  th e  su m m a ry  d a ta  fo r  all s u b je c ts  in te rm s  of th re sh o ld  

d u ra t io n ,  log th re sh o ld  d u ra t io n ,  log E a t  th re sh o ld ,  re sp o n se  la te n c y ,  and log 

la te n c y  fo r  e a c h  of th e  e ig h t  lu m in a n c e  leve ls  used.

1. M onkeys

a. G e n e ra l  d a ta  an a ly ses .  As in d ic a te d  in T ab le  4, d e c re a s in g  lu m in an ce  

r e s u l te d  in in c re a sed  th re sh o ld  d u ra t io n s  fo r  a l l  an im als .  For m onkey  #883 

th e se  values  fo r th e  h ighes t  and  low est  lu m in an ces  used  w ere  1.17 and  2.71 log 

m sec ,  r e s p e c t iv e ly .  F o r  an im al #886 th e  r e s p e c t iv e  th resho lds  w e re  1.40 and 

2.84 log m sec. The o b ta in ed  v a lues  fo r  m onkey #894 w e re  1.25 and  2.70 log 

m sec ,  re s p e c t iv e ly .  In g e n e ra l ,  a  2.1 log a t t e n u a t io n  in lu m in a n ce  was 

a s s o c ia te d  w ith  a  th resh o ld  d u ra t io n  in c re m e n t  of ap p ro x im a te ly  1.50 log 

m sec .  Log E m ag n i tu d es  for m onkey  #883, fo r  th e  s am e  tw o  lu m in an ce  leve ls ,  

w e re  -3 .8 8  and  -4 .45  log T a lb o ts ,  r e s p e c t iv e ly .  For an im a l  #886 th e  values  

w ere  -3 .64  and  -4.31 log T a lb o ts .  T he o b ta in ed  va lues  fo r  m onkey #894 w ere  

-3.81 and -4 .45  log T a lb o ts ,  r e s p e c t iv e ly .  For a l l  m onkeys, as lu m in an ce  was 

a t t e n u a te d  less  en e rg y  was re q u ired  a t  th re sh o ld .  The d i f f e re n c e  was



TABLE 4

Exper imcnt I I .  Surmnry Da ta  For  A l l  S u b j e c t s

L log L -0- log -0- log E Lflt Log Lat -0- log-0- log E Lot log I

8883 8886

2 .926 0 .466 14.77 1.17 - 3 . 8 8 449 2 .65 24.93 1.40 - 3 . 6 5 380 2 .58

1.461 0 .165 40.28 1.61 - 3 . 7 4 492 2 .69 45.11 1.65 - 3 . 6 9 433 2 .63

0 .730 - 0 .1 3 7 62.08 1.79 - 3 . 8 5 503 2.70 77.16 1.89 - 3 . 7 7 477 2.68

0 .365 - 0 .4 3 8 85.94 1.93 - 4 . 0 2 529 2 .72 123.31 2 .09 - 3 . 8 7 543 2 .73

0 .183 - 0 .7 3 8 145.61 2 .16 - 4 . 0 9 574 2 .76 176.62 2.25 -4 .0 1 485 . 2 .69

0.091 -1 .041 173.57 2 .24 - 4 . 3 2 598 2 .78 338.94 2 .53 - 4 . 0 3 644 2.81

0 .046 - 1 .3 3 7 292.66 2.47 - 4 . 3 9 659 2 .82 463 .60 2.67 - 4 . 1 9 786 2 .90

0.023 - 1 . 6 3 8 507.10 2.71 - 4 . 4 5 807 2.91 696 .36 2 .84 -4 .3 1 914 2 .96

8894 TC

2 .926 0 . 466 17.84 1.25 -3 .8 1 422 2 . 62

1.461 0.165 48 .99 1.69 - 3 . 6 6 393 2.59 12.99 1.11 - 4 . 2 5 687 2.84

0 .730 - 0 .1 3 7 84.65 1.93 - 3 . 7 2 411 2.61 46 .02 1.66 - 3 . 9 9 612 2 .79

0 .365 - 0 .4 3 8 118.95 2.08 - 3 . 8 7 391 2 .59 86.19 1.94 - 4 . 0 2 579 2 .82

0 .183 - 0 . 7 3 8 244.94 2 .39 - 3 . 8 7 507 2 .70 179.73 2 .25 - 3 . 9 9 854 2 .93

0.091 - 1 .0 4 1 305.84 2.49 - 4 . 0 7 667 2 .82 157.48 2 .20 - 4 . 3 5 724 2 .87

0 .046 - 1 .3 3 7 409.88 2.61 - 4 . 2 4 724 2 .86 205.39 2.31 - 4 . 5 4 681 2 .93

0 .023 - 1 .6 3 8 499.11 2 .70 - 4 . 4 5 801 2 .90 342.34 2.53 -4 .6 1 802 2.91



a p p ro x im a te ly  0.6 log T a lb o ts .  A dditionally ,  l a t e n c y  in c re a sed  as lu m in an ce  

was a t t e n u a te d ,  th e  d i f f e r e n c e  b e tw e e n  th e  e x t r e m e  lev e ls  be ing  a p p ro x im a te ly  

0.30 log m sec.

b. A nalyses of Log L u m in an ce  (L) and  Log Energy  (E) vs Log T hresho ld  

D u ra t io n  (T) F u n c tio n s .  F ig u re s  13, 15 and  17 d e p ic t  g raphs  o f  log L as  a 

fu n c tio n  of log T, and F ig u re s  14, 16 and  18 th e  log E vs lo t  T p lo t te d  for th e  

m onkeys. In sp ec tio n  of th e s e  g rap h s  su g g e s te d  th a t  l in ear  ana lyses  of  full  as 

w ell as  p a r t i a l  fu n c tio n s  m igh t  be  a p p ro p r ia te .  A g en e ra l  l in ea r  m odel (GLM, 

SAS, 1979) was used  to  t e s t  th e s e  h y p o th ese s ,  and  r e v e a le d  t h a t  indeed  i t  could 

p re d ic t  m ost f e a tu r e s  o f  th e  o b ta in e d  fu n c tio n s .

T ab le  5 g ives  th e  slope va lues  o f  th e  tw o  fu n c tio n s  re su lt in g  from  both  

full and p a r t i a l  an a ly se s .  T he  full  an a ly se s  y ie ld ed  s lopes  s t e e p e r  than  -1.0 fo r  

th e  log L vs log  T  and  c lose  to  -0 .5  fo r  th e  log E vs log T  fu n c tio n .  Both  of 

th e s e  re su l ts  in d ica ted  th e  o c c u r re n c e  o f  su p e r su m m a t io n ,  i .e .,  t h a t  the  

s t im u lu s  d u ra t io n  was m o re  e f f e c t i v e  than  lu m in a n ce  in d e te rm in in g  

ta c h is to s c o p ic  th re sh o ld s  fo r  p a t t e r n  d isc r im in a t io n .  F o r  f u r th e r  an a ly se s ,  th e  

d a ta  w ere  d iv ided  by in sp ec t io n  o f  F ig u res  13, 15 and  17 in to  th resh o ld s  fo r  th e  

b r i e f e r  and  lo nger  s t im u lu s  d u ra t io n s .  The c r i t e r io n  fo r  th is  grouping  was th e  

d ev ia t io n  from  th e  t h e o r e t i c a l  line o f  unit n e g a t iv e  s lope .  This p a r t i a l  ana lys is  

s u g g e s te d  th a t  a c e r t a i n  d e g re e  o f  r e c ip r o c i ty  a p p e a re d  a t  th e  b r ie fe r  d u ra t io n s  

w h e rea s  th e  longer  d u ra t io n s  c o n t r ib u te d  m ax im ally  to  th e  su p e rsu m m atio n  

e f f e c t .  This w as ag a in  shown by th e  slopes  o f  th e  fu n c t io n s  which a t  s h o r te r  

d u ra t io n s  a p p ro a c h e d  -1.0 fo r  th e  log  L vs log T  p lo ts ,  and  0.0 fo r  th e  log E vs 

log T fu n c tio n s .  S im ilar ly ,  a t  th e  lo nger  d u ra t io n s  it  was s t e e p e r  th an  -1.0 and 

b e tw e e n  -0 .5  and  -1.0, r e s p e c t iv e ly .  The th re sh o ld  va lues  a t  th e  in flex ion  point 

o f  th e se  fu n c tio n s  w e re  86, 123 and 245 m sec  for m onkeys #883, 886 and  894,



F ig u re  13.

Log lu m in an ce  vs log th re sh o ld  d u ra t io n  for Monkey #883. Each po in t  

r e p re s e n ts  th e  m ean  o f  a t  le a s t  f ive  d e te rm in a t io n s .  The dashed  line in d ic a te s  

n e g a t iv e  un it  s lope re p re s e n t in g  c o m p le te  r e c ip ro c i ty  ( te m p o ra l  su m m atio n ) .  

N o te  t h a t  a t  high lu m in an ces  th e r e  is c o m p le te  su m m at io n .  N ote  th a t  th e  

po in ts  a t  b r ie f  d u ra t io n s  fa ll  c lo se  to  th is  line in d ica t in g  c o m p le te  su m m at io n .  

L onger d u ra t io n s  re s u l t  in a  d e r iv a t io n  w ith  a s lope s t e e p e r  than  -1.0 

d e m o n s t r a t in g  su p e rsu m m at io n .
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F ig u re  14.

Log en e rg y  vs log th resh o ld  d u ra t io n  fo r  M onkey #883. E ach  po in t  r e p re s e n ts  

th e  m ean  o f  a t  le a s t  f ive  d e te rm in a t io n s .  T he dashed  line r e p re s e n ts  0.0 s lope 

Which in d ic a te s  to ta l  su m m a t io n .  N o te  t h a t  r e c ip ro c i ty  is p re se n t  a t  b r ie f  

d u ra t io n s ,  and  is fo llow ed by a n e g a t iv e  s lope in d ica t iv e  o f  su p e rsu m m atio n .
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F igure  15.

Log lu m in a n ce  vs log th re sh o ld  d u ra t io n  for M onkey #886. N o tes  a s  in Fig. 13.
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F igure  16.

Log en e rg y  vs log  thesho ld  d u ra t io n  fo r  Monkey #886. N o te s  a s  in Fig. 14.
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F ig u re  17.

Log lu m in an ce  vs log th resh o ld  d u ra t io n  fo r Monkey #894. N o tes  a s  in Fig. 13.



Luminance (log cd/mz)



F ig u re  18.

L’og  en e rg y  vs log th resh o ld  d u ra t io n  fo r M onkey #894. N o tes  a s  in Fig. 14.
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TABLE 5

E x p e r im e n t  I I .  S lo p e s o f  F u n c t i o n s f o r  A l l  S u b je c t s

a . Log Limi n an ce vs Log T h r e s h o ld  IX ira t io n

S u b j e c t s F u l l  A n a ly s i s P a r t i a l  A n a ly s i s

H L

#883 - 1 . 4 6 ( 3 / 6 ) - 0 . 8 9 - 1 . 6 4

#886 - 1 .4 1 ( 3 / 6 ) - 1 . 1 3 - 1 .4 3

#894 - 1 . 3 3 ( 5 / 4 ) - 0 . 9 9 - 2 .0 4

TG -1 .3 1 ( 4 / 3 ) - 0 . 7 3 -1 .4 7

b .  Log E n erg y  vs  Log T h r e s h o ld  D u r a t io n

F u l l  A n a ly s i s P a r t i a l  A n a ly s i s

H L

#883 - 0 . 4 5 ( 3 / 6 ) 0 .1 1 - 0 . 6 4

#886 -0 .4 1 ( 3 / 6 ) - 0 . 1 3 - 0 .4 3

#894 - 0 . 3 3 ( 5 / 4 ) 0 .0 1 - 1 . 0 4

TG -0 .3 1 ( 4 / 3 ) 0 .2 7 - 0 .4 7

N o t e s : H, h ig h  l im in a n c e  l e v e l s
L, low lu m in an ce  l e v e l s
( / ) ,  n irnber o f  h ig h  /  lew l im in a n c e  v a l u e s



r e sp e c t iv e ly .

c. A nalysis  o f  L a te n c y  D a ta .  F igure  19 is a s c a t t e r g r a m  o f  log la te n c y  vs 

log en e rg y  a t  th re sh o ld  fo r all  t h re e  m onkeys. It is a p p a re n t  t h a t  a t  b r ie f  

s t im u lu s  d u ra t io n s  re q u ir in g  e n e rg y  leve ls  o f  abou t  -3 .8  log T a lb o t ,  la ten c ie s  

w e re  s im ila r  and  of th e  o rde r  o f  2.65 log m sec .  At longer  d u ra t io n s  which 

re q u ired  re la t iv e ly  lo w er  en e rg ie s ,  th e r e  was a  d isp ro p o r t io n a te ly  g r e a t e r  and 

p ro g ress iv e  in c re a s e  in th e  la te n c y .

2. H um an O b se rv e r

a.  G e n e ra l  d a ta  ana lyses .  T ab le  4 co n ta in s  a lso  th e  th resh o ld  m agnitudes  

a s s o c ia te d  w ith  e a ch  lu m in an ce  leve l  fo r  TG. P e r fo r m a n c e  a t  th e  h ighes t  

lu m in an ce  lev e l  was co n s is te n t ly  above  th re sh o ld  even  w ith  th e  s h o r te s t  

d u ra t io n s  av a i la b le .  T he th re sh o ld  va lues  a t  1.461 and  0.023 cd /m 2  w e re  1.11 and 

2.53 log m sec ,  r e sp e c t iv e ly .  In th is  c a s e  a t t e n u a t in g  th e  lu m in an ce  by 1.8 log 

u n its  r e s u l te d  in a 1.42 log m sec  in c re a se  in th re sh o ld .  The E va lues  fo r  the  

h ighes t  and  lo w es t  lu m in an ce  used  w ere  -4 .25  and -4.61 log T a lb o ts .  In g en e ra l  

less  en e rg y  was req u ired  a t  th e  low er leve ls ,  th e  d i f f e r e n c e  being 

a p p ro x im a te ly  0.40 log T albo ts .

b. A na lyses  o f  Log L u m in an ce  and  Log Energy vs Log T hresho ld  D ura t ion  

F u n c t io n s .  F ig u re s  20 and 21 show th e  log L vs log T , and  log E vs log T 

fu n c tio n s  r e s p e c t iv e ly ,  fo r th e  hum an . A GLM ana lys is  was a lso  used  on th e se  

d a ta .  T ab le  5 show s th e  s lope  va lue  a r is ing  from  full as  well as  p a r t ia l  

an a ly se s .  The full an a ly se s  y ie lded  a s lope  s t e e p e r  th an  -1.0 fo r  th e  log L vs log 

T p lo t  and  a p p ro x im a te ly  -0 .3  fo r  th e  log  E vs log T p lo t .  Both of th e s e  re su lts  

su g g es ted  su p e r su m m a t io n .  P a r t i a l  an a ly se s  of  the  d a t a  o b ta in ed  a t  th e  higher 

and  low er lu m in an ce  values  in d ic a te d  th a t ,  a s  in th e  m onkeys, so m e d eg ree  of



F ig u re  19.

Log la te n c y  vs log  en e rg y  a t  th re sh o ld  fo r  th e  t h r e e  an im als :

0— 0, 883; • — I ,  886; +— +, 894. N ote  th e  c lu s te r in g  a t  th e  high en e rg y  levels  

which su g g es t  a re c ip ro c i ty  fu n c tio n ,  i .e . ,  for  s im ila r  en e rg y  re q u i r e m e n ts  a t  

th resho ld ,  th e  la te n c ie s  a re  a lso  s im ila r .  A t low er va lues ,  how ever ,  t h e re  is a  

d isp ro p o r t io n a te ly  g r e a t e r  in c re a s e  in la te n c y .
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F ig u re  20.

Log lum inance  vs log th re sh o ld  d u ra t io n  fo r  th e  h um an  su b je c t  (TG). N o tes  as 

in F ig . 13 e x c e p t  t h a t  each  po in t  r e p re s e n ts  th e  m ean  o f  th r e e  d e te rm in a t io n s .
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F ig u re  21.

Log en e rg y  vs log  th re sh o ld  d u ra t io n  fo r th e  hum an s u b je c t  (TG). N o tes  as 

Fig. 14, e x c e p t  t h a t  po in ts  r e p re s e n t  th e  m ean  o f  th r e e  d e te rm in a t io n s .
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r e c ip ro c i ty  ex is ted  a t  th e  h igher  va lues ,  w h e reas  th e  low er po in ts  c o n t r ib u te d  

m ost to su p e rsu m m atio n .  This was s u p p o r te d  by th e  s lope d a ta ,  which 

a p p ro ach e d  -1.0 fo r  th e  log L vs log T p lo t  and 0.0 for th e  log E vs log T graph  

a t  th e  h igher  leve ls .  S im ilar ly ,  a t  t h e  low lev e ls ,  th e  s lope was s t e e p e r  than  

-1.0 and  a p p ro x im a te ly  -0 .5 ,  r e sp e c t iv e ly .  The in flex ion  poin t o f  th e  func tions  

c o r re sp o n d ed  to  a th re sh o ld  o f  157 m sec .

c. Analysis o f  L a te n c y  D a ta .  The la t e n c y  d a t a  for  th e  hum an  did not 

show any c le a r  re la t io n sh ip  to  log en e rg y  a t  th re sh o ld .  Like th e  m onkeys, th e  

hum an s u b je c t  had no c o n s t ra in t s  to  respond  as qu ick ly  as  possib le  to  the  

s t im u li .  In ad d it io n ,  and m ore  im p o r ta n t ,  m o t iv a t io n  was not m an ip u la ted  by 

food d ep r iv a t io n  or p o s i t iv e  r e in f o rc e m e n t .  F o r  the  l a t t e r  tw o  reasons ,  th e  

d a ta  w ere  no t  th o u g h t  to  m e r i t  f u r th e r  c o n s id e ra t io n .

In su m m ary ,  fo r  bo th  m onkeys and  th e  hum an , ana lysis  o f  e n t i r e  func tions  

show ed t h a t  d e c re a s e s  in lu m in a n ce  w e re  a s s o c ia te d  w ith  in c re a s e s  in th re sh o ld  

d u ra t io n .  H ow ever, m ag n itu d e  o f  th re sh o ld  in c re m e n ts  did no t co r re sp o n d  to  

d e c re m e n ts  in lu m in a n ce ,  w ith  th e  th re sh o ld  d u ra t io n s - in c rea s in g  less  than  th e  

co r respond ing  d e c re a s e s  in lu m in an ce .  The s lope  o f  th e  line of b e s t  f i t  fo r  log 

lu m in an ce - lo g  th resh o ld  d u ra t io n ,  fo r  e a ch  s u b je c t ,  was g r e a t e r  th an  u n it  

n e g a t iv e  slope.

P a r t i a l  ana lys is  o f  th e  fu n c tio n s  in d ic a te d  th a t  r e c ip ro c i ty  o c c u r re d  a t  

th e  h igher  lu m in an ce  lev e ls ,  w hile  su p e r su m m a t io n  was p re s e n t  a t  th e  low er 

leve ls .  In ad d it io n ,  th e s e  low er va lues  c o n t r ib u te d  m ost to  s t e e p e r  th an  un it  

n e g a t iv e  slope. No a s y m p to te  was found a t  th e  lo w es t  lev e l  o f  lu m in an ce  

exp lo red .



C. C o m p ariso n  A cross  E x p e r im e n ts  I and  II

E x p e r im e n ts  I and  n  co n ta in e d  som e co m m o n  f e a tu r e s  th a t  a l low ed  fo r  a

com p ar iso n  of th e  in f lu en c es  o f  th e  s t a t e  o f  l ig h t  a d a p ta t io n  on th e  re su lts .

T hese  f e a tu r e s  inc luded : 1) th e  s a m e  tw o  s u b je c ts  (num bers  883 and  886); 2) th e

ad a p t iv e  p ro ced u re ;  3) tw o  leve l o f  lu m in an ce  (highest and L2 log

a t te n u a t io n ) .  In E x p e r im e n t  I, th e  s t im u lu s  and  a d a p t in g  fields w e re  flux

eq u a te d  a t  e a ch  lu m in a n ce  va lue  used. T h e re fo r e ,  th e  leve l  o f  l igh t a d a p ta t io n
*

was n o t  c o n s ta n t .  In E x p e r im e n t  D, h o w ev er ,  l igh t a d a p ta t io n  was f ixed , and  

eq u a te d  w ith  th e  h ig h es t  lu m in a n ce  s t im u lu s .  As T ab le  6 d e m o n s t r a te s ,  a  1.2 

log a t t e n u a t io n  in lu m in a n ce  r e s u l te d  in ab o u t  a 0.4 log un it  in c re a s e  in 

th re sh o ld  in E x p e r im e n t  I, and  a p p ro x im a te ly  a  1.0 log unit in c re m e n t  in 

E x p e r im e n t  II. T he en e rg y  re q u ired  a t  th re sh o ld  d e c re a s e d  by 0.8 log  un its  in 

th e  f i r s t  s tudy ,  and  by only ab o u t  0.3 log  un its  in th e  second  s tudy .  In 

E x p e r im e n t  II, w hen  a d a p t in g  f ie ld  w as a t  a  h ig h e r  lu m in a n ce  th an  th e  s t im u l i ,  

i .e .,  in th e  low lu m in a n ce  co n d i t io n ,  th e  in c re m e n t  in th re sh o ld  was g r e a t e r  

w h e rea s  th e  d e c r e m e n t  in e n e rg y  a t  th re sh o ld  w as le s se r  th an  th e  r e s p e c t iv e  

m a g n i tu d es  in E x p e r im e n t  I. T hese  d a ta  in d ic a te  t h a t  a l though  d u ra t io n  was 

m ore  e f f e c t iv e  th a n  lu m in a n ce  in d e te rm in in g  th e  c r i t e r io n  re sp o n se  in bo th  

e x p e r im e n ts ,  th e  lev e l  o f  l igh t  a d a p ta t io n  had a s ig n if ican t  e f f e c t  on 

ta c h is to s c o p ic  p a t t e r n  d isc r im in a t io n  th resh o ld s .



TABLE 6

D i f f e r e n c e s  E l i c i t e d  by 1 .2  lo g  A t t e n u a t i o n  in  L u n in an c e

A c ro s s  E x p e r im e n ts

#883 #886

lo g  -e~ lo g  E lo g  -G- lo g  E

Exp. I 0 .41 0 .7 9 0 .4 0 0 .81

Exp. II 0 .9 9 0 .2 1 0 .8 5 0 .3 6



C h a p te r  V 

DISCUSSION

Since th e  pub lica t ion  o f  B loch 's p ap e r  in 1885 on in te n s i ty - t im e  

re c ip ro c i ty ,  m ost  s tu d ies  using l ig h t  f lash es  have su p p o r ted  his findings. This 

re la t io n sh ip  has  a lso  proven  to  be ro b u s t  for m ore  com plex  s i tu a t io n s ,  i .e .,  

a c u i ty  ta sk s ,  d ig i t  id e n t i f ic a t io n ,  sh a p e  d isc r im in a t io n ,  m otion  d e te c t io n ,  and 

n u m ero s i ty ,  and  w ith  s t ro b o sc o p ic a l ly  p re s e n te d  s t im u li  (A llport ,  1970; Brown, 

1955; H u n te r  &. S igler,  1940; K ah n em an  <3c N orm an , 1964; K ah n em an ,  N orm an  & 

Kubovy, 1967; L e ib o w itz ,  T o ffey  <Sc S ea r le ,  1966). P a r a m e te r s  o th e r  than  

in te n s i ty  and  t im e  have been  m an ip u la ted  to  a s c e r t a in  t h e i r  e f f e c t  on th e  

te m p o ra l  su m m a t io n  fu n c tio n  in th e  a t t e m p t  to u n d e rs ta n d  v isual p rocessing .

Unlike o th e r  ta c h is to s c o p ic  s tu d ies  in m onkeys  which involved 

d isc r im in a t io n  m asking  (Adkins, F eh m i & L indsley , 1969), th e  co n seq u en ce  of 

b ra in  lesions on p a t t e r n  re co g n i t io n  (Chow <5c O rb a ch ,  1958), and  changes  in 

la te n c y  and  a c c u r a c y  in id en t i fy in g  s t e r e o m e t r i c  o b je c ts  (F u s te r ,  1958), and th e  

e f f e c t s  o f  a m p h e ta m in e  on b r ig h tn e ss  d isc r im in a t io n  (T hurm ond, 1965), th e  

p re s e n t  in v es t ig a t io n  d e te r m in e d  th re sh o ld s  fo r p a t t e r n  d isc r im in a t io n ,  as  well 

as  t r a d e -o f f  fu n c tio n s  of t im e  and  in te n s i ty .

E x p er im e n t  I c o n t r a s te d  tw o  p sychophys ica l  m eth o d s :  descend ing  

s t a i r c a s e  m e th o d  and  c o n s ta n t  s t im u lu s  p ro c ed u re .  Two lev e ls  of lu m in an ce  

w e re  used, a d a p t in g  and  s t im u lu s  f ie ld s  w e re  f lu x -e q u a te d ,  and su b je c ts  w ere  

re q u ired  to  in i t i a t e  t r i a l s  to  m in im ize  a t t e n t i o n  and m o t iv a t io n a l  var iab les .  

The psychophysica l d a ta  s u g g e s te d  t h a t  d u ra t io n  m ay be m ore  e f f e c t iv e  than  

lu m in an ce  fo r p a t t e r n  d isc r im in a t io n  th resh o ld .  When lu m in an ce  was 

a t t e n u a t e d  by 1.2 log un its ,  th re sh o ld  d u ra t io n  in c re a se d  by ap p ro x im a te ly  0.4 

log u n its  re g a rd le s s  o f  which m e th o d  was used. In ad d i t io n ,  less  ene rgy  was



re q u ired  for the  longer  du ra tio n  s t im u l i .  The en e rg y  d i f fe re n c e  was 

a p p ro x im a te ly  0.8 log  T albo ts .  T hese  re s u l t s  o b ta in e d  w ith  th e  tw o d i f f e r e n t  

psychophysica l  m e th o d s  a r e  indeed  in s t r ik in g  a g r e e m e n t ,  b o th  w ith  r e s p e c t  to  

th resh o ld s  a s  w ell a s  en e rg y  re q u ire d  a t  th re sh o ld ,  and g ive  co n f id e n ce  to  

in v e s t ig a to rs  who choose  to  use th e  a d a p t iv e  p ro c e d u re .

To o b ta in  in te n s i ty -d u ra t io n  fu n c tio n s  and  to  ex a m in e  th e  findings of th e  

f i r s t  s tudy  m ore  fully, E x p e r im e n t  U w as c o n d u c te d  using th e  descend ing  

s ta i r c a s e  p ro c e d u re  w ith  l igh t  a d a p ta t io n  he ld  c o n s ta n t .  T he s t im u li  w e re  th e  

s a m e  lu m in an ce  lev e l  as  th e  a d a p t in g  f ie ld  or seven  o th e r  low er values .  In 

g en e ra l ,  fo r  a ll  su b je c ts ,  an a ly se s  of e n t i r e  fu n c t io n s  show ed  t h a t  d e c re m e n t s  in 

lu m in an ce  w e re  a s s o c ia te d  w ith  in c re m e n ts  in s t im u lu s  d u ra t io n  th resh o ld .  This 

in c re m e n t  was o f  a  low er m a g n i tu d e  th an  th e  co r resp o n d in g  a t t e n u a t io n  in 

lum inance .  The slope of line of bes t  f i t  fo r  log lu m in a n ce - lo g  th re sh o ld  

d u ra t io n ,  fo r  e a c h  su b je c t ,  was s t e e p e r  th a n  un it  n e g a t iv e  slope. For all  

su b jec ts ,  as  lu m in an ce  w as ha lved ,  th re sh o ld  d u ra t io n  did no t  double. S lopes of 

th e  log lu m in a n ce  vs log th re sh o ld  d u ra t io n  v a r iab le s  ran g ed  from  

ap p ro x im a te ly  -1.3 to  -1.46. P a r t i a l  an a ly se s  o f  th e  ind iv idual s e g m e n ts  of  th e  

fu n c tio n s  in d ic a te d  t h a t  r e c ip ro c i ty  o c c u r re d  fo r  b r ie f  s t im u li ,  while 

su p e rsu m m at io n  was p re s e n t  a t  th e  longer d u ra t io n s .  In ad d i t io n ,  th e s e  longer 

d u ra t io n s  c o n t r ib u te d  m o st  to  th e  s t e e p e r  th an  un it  n e g a t iv e  slope o b ta in ed .  

F u r th e rm o re ,  m easu re s  o f  re sp o n se  la t e n c y  also su g g es ted  a  r e c ip ro c i ty  

fu n c tio n  a t  high en e rg y  va lues  fo llow ed  by a  f a i lu re  a t  low er leve ls .  No reg ion  

of to t a l  fa i lu re  o f  su m m at io n  was ev e r  a t t a i n e d  and ,  t h e r e f o r e ,  no value  of 

c r i t i c a l  d u ra t io n  b e c a m e  av a ilab le .  T hese  fa i lu re s  could  be  due to  a  too  l im ited  

sam pling  o f  th e  sc o to p ic  ran g e .  H ow ever ,  a n o th e r  f e a tu r e  of  th e  fu n c tio n s ,  

which thus  f a r  has r e c e iv e d  no a t t e n t io n ,  is th e  in flex ion  point b e tw e en  

re c ip ro c i ty  and su p e rsu m m at io n .  This c h a r a c te r i s t i c  may se rv e  as  a r e f e r e n c e



point like c r i t i c a l  d u ra t io n  and u t i l iz a t io n  t im e  to  fu r th e r  u n d e rs ta n d  visual 

p ro cesses .

T hresho ld  d a ta  o b ta in ed  in E x p er im e n t  I and  II w ere  in ac co rd ,  b u t  th e  

m ag n i tu d es  w ere  no t o f  th e  s a m e  d eg ree ,  i .e . ,  when th e  a d a p t in g  and s tim u lus  

f ie lds  w ere  f lu x -e q u a te d ,  a 1.2 log a t te n u a t io n  of lu m in an ce  re su lted  in 

a p p ro x im a te ly  a  0.40 in c re a s e  in th resh o ld  d u ra t io n ;  when th e  fie lds w e re  not 

e q u a te d  and l ig h t  a d a p ta t io n  was held  c o n s ta n t ,  th is  value  was ap p ro x im a te ly

I.00 log un it .  A t te n u a t in g  th e  lu m in an ce  by 1.20 log  u n it  in E x p er im e n t  I 

re su l te d  in an en e rg y  d i f f e re n c e  of a p p ro x im a te ly  0.8 log T a lbo ts ;  in 

E x p er im e n t  n  th is  va lue  was a p p ro x im a te ly  0.3 log  T a lb o ts .  T hese  findings 

in d ica ted  th a t  th e  lev e l  o f  l igh t a d a p ta t io n  had a  s ig n i f ic an t  e f f e c t  on p a t t e r n  

d isc r im in a t io n  th re sh o ld s .

It should  be n o te d  th a t  o th e r  f a c to r s  m ay c o n t r ib u te  to  the d i f f e r e n t  

m ag n i tu d es  of su p e r su m m a t io n  ac ro ss  s tu d ies .  For in s tan ce ,  pup illa ry  s iz e  m ust 

have re m a in ed  r e la t iv e ly  c o n s ta n t  in E x p e r im e n t  I, and v a r ied  during  th e  t r i a l  

a t  all  bu t one lev e l  in E x p e r im e n t  n, s ince  th e  a d a p t in g  f ie lds  w e re  a lw ays  o f  

h igher  lum inoux flux th an  th e  s t im u lu s  f ie ld s  a t  th o se  leve ls .  The f a c t  t h a t  

su p e rsu m m at io n  was found in E x p er im e n t  I in d ic a te d  t h a t  p up il la ry  s iz e  was not 

an im p o r ta n t  d e te r m in a n t  o f  th e  phenom enon . M oreover,  th e  in f luence  of 

pupilla ry  changes  can  be s a fe ly  ru led  o u t  even  in E x p e r im e n t  n, becau se  

pup illa ry  a r e a  in c re a se s  by only 15% during  th e  in i t ia l  600 m sec  on changing  

from  b r igh t  i l lu m in a t io n  to  to t a l  darkness  (L eG rand , 1968), w hich  r e p re s e n ts  a 

ch an g e  o f  s e v e ra l  log un its  ab o v e  th e  m ax im al a t t e n u a t io n  used in E x p er im en t

II. It should be re c a l le d  t h a t  only one o u t  o f  31 th re sh o ld s  w as above  600 m sec  

(see T ab le  4). F ina lly ,  even  if such  m in u te  am o u n t  o f  d i la t io n  w ere  in f luenc ia l ,  

th e  e x p e c te d  re su l t s  would be in th e  o p p o s i te  d i re c t io n  to th o se  o f  *he p re se n t  

s tudy , n am ely  t h a t  less  en e rg y  would be re q u ired  a t  th re sh o ld  in E x p er im e n t  II



th an  in E x p er im e n t  I (see T ab le  6).

T he possible  in f lu en ce  o f  ey e  m o v em en ts  on th e  re su lt s  m ust a lso  be 

co n s id e red  bu t only in E x p e r im e n t  II s in ce  th re sh o ld s  va lues  in E x p e r im e n t  I 

w e re  a lw ay s  s h o r te r  th an  th e  r e p o r te d  la te n c y  fo r  v isually  e l ic i te d  s a c c a d e s ,  

w hich  ac co rd in g  to  Kling Ac R iggs (1972) is 180-250 m sec .  In E x p e r im e n t  II, th e  

in flex ion  point b e tw e e n  full  r e c ip ro c i ty  and  su p e r su m m a t io n  was c lo se  to  th a t  

l a te n c y  and, t h e r e fo r e ,  i t  was possib le  fo r  th e  su b je c t  to  e x e c u te  s a c c a d e s  

w ith in  th e  t im e  dom ain  o f  th e  su p e r su m m a t io n  e f f e c t .  A lthough th e  ro le  o f  eye  

m o v e m e n ts  have  been  m in im ized  in te m p o ra l  in te g ra t io n  s tu d ie s  (K ahnem an , 

1964; Sperling , 1979) th e  q u es t io n  m ust  a w a i t  fu r th e r  e x p e r im e n ta t io n .

The m ost s ig n if ic an t  r e s u l t  o f  th e  p re s e n t  in v e s t ig a t io n  is th e  o c c u re n c e  

o f  su p e rsu m m at io n  for th e  ra n g e  of lu m in an ce  ex p lo red ,  from  low p h o to p ic  to  

s co to p ic  leve ls .  This  finding is no t in a g r e e m e n t  w ith  m any o th e r  s tu d ie s  of 

t e m p o ra l  in te g ra t io n  involving e i t h e r  l ig h t  f lashes  or m ore  co m p lex  s t im u li ;  

ty p ica l ly  th e se  in v es t ig a t io n s  d e m o n s t r a te  c o m p le te  re c ip ro c i ty  fo llow ed  

s o m e t im e s  by p a r t ia l  in te g ra t io n  and  th e n  a reg ion  of no su m m at io n .  The 

su p e r su m m a t io n  phenom enon  does, how ever ,  a p p e a r ,  a lb e i t  r a re ly ,  in th e  

l i t e r a t u r e  for a  v a r ie ty  of ta sk s ,  such  as v isual a c u i ty  and  n u m e ro s i ty  (H u n te r  Ac 

S ig ler ,  1940; K asw an <Sc Young, 1963). S tud ies  on Lim ulus d e m o n s t r a te s  th is  

p h en o m en o n  b eh av io ra l ly  as well (Kong and  W asserm an , 1978). S u p e rsu m m at io n  

has  b een  d e f in ed  in t e rm s  of log I vs log T fu n c tio n s  which  have  a  s lope  s t e e p e r  

th a n  -1.0 a t  longer  d u ra t io n s  and  is co n s id e red  to  be in d ica t iv e  o f  a  f a c i l i t a to r y  

e f f e c t  (Kong Ac W asserm an , 1978). This in c re a sed  e f f i c i e n c y  is o p p o s i te  o f  w ha t 

is d e m o n s t r a te d  in ty p ic a l  IT in v es t ig a t io n s ,  s in ce  lo nger  pu lses  g en e ra l ly  

re q u ire  m o re  en e rg y  a t  th re sh o ld .

A n o th e r  im p o r ta n t  f e a tu r e  of  th e  p re s e n t  s tudy  is the  use  o f  p a t t e r n  

s t im u li  to  ex p lo re  te m p o ra l  in te g ra t io n  func tions .  This ap p ro ach  has  been



em ployed  ra re ly .  O ne such in v es t ig a t io n  involves id e n t i f ic a t io n  o f  t r ia d s  m ade 

of z e ro e s  and ones  (K ahnem an , 1964). The re su lts  d e m o n s t r a te  a  reg ion  of 

r e c ip ro c i ty  fo llow ed  by fa i lu re  of su m m at io n .  A n o th e r  e x p e r im e n t  shows 

s im ila r  fu n c tio n s ,  bu t  in th is  c a se  th e  ta sk  w as to  re p o r t  th e  po s i t io n  of th e  gap  

in a Landolt  C (Eriksen , H am lin  4c B re i tm e y e r ,  1970). In b o th  s tu d ie s ,  s t im u li  o f  

high lu m in an ce  and  c o n t r a s t  w e re  used  and th e  su b je c ts  w e re  dark  a d a p te d .  

T hese  p a r a m e te r s  c le a r ly  d i f f e r  w ith  th o se  used  in th e  p re s e n t  s tu d y ,  and  m ay 

be r e la te d  to  th e  d i f f e r e n t  sh ap e s  o f  t h e  o b ta in e d  in te g ra t io n  fu n c tio n s .

The a d v a n ta g e  of using p a t t e r n  s t im u li  in a n im a l  e x p e r im e n ts  is th e  

poss ib il i ty  of c la r i fy in g  th e  n a tu r e  of v isual d e f ic i t s  c r e a t e d  by b ra in  lesions. It  

is well known, for  in s ta n c e ,  t h a t  b i l a t e ra l  r e s e c t io n s  o f  t e m p o r a l  n e o c o r te x  

in te r f e r e s  w ith  p a t t e r n  d isc r im in a t io n  (for rev iew  see  D ean , 1976). A lthough 

m ost s tu d ie s  i n t e r p r e t  th e s e  r e s u l t s  a s  in d ic a t iv e  of a  d i s tu rb a n c e  in h igher 

v isual fu n c tio n s ,  th e r e  is som e ev id e n c e  t h a t  th e y  can  b e  a t t r i b u t e d  a t  l e a s t  in 

p a r t  to  a l t e r a t io n s  in th e  fu n c t io n a l  visual f ie ld s  (Pasik , P as ik ,  B a t te r s b y  & 

B ender ,  1960). M oreover,  an in c re a s e  in d i f f e r e n t i a l  th re sh o ld s  fo r  p a t t e r n  

d isc r im in a t io n  w e re  found only a t  low lu m in a n ce  lev e ls  a f t e r  th e  lesions 

(Valciukas <fc Pasik , 1965). It is poss ib le  t h a t  com bin ing  s p a t ia l  and  te m p o ra l  

c h a r a c te r i s t i c s  of  th e  s t im u li ,  a s  in th e  p re s e n t  s tudy , m ay he lp  e lu c id a te  

f u r th e r  th e  n a tu r e  o f  th e s e  d is tu rb a n c e s .

T he re s u l ts  o f  th e  p re se n t  in v e s t ig a t io n  a r e  u n e x p e c te d  to  so m e e x te n t  

b e c a u s e  re sp o n se  re q u ir e m e n ts  as  w e ll  as  t h e  in te n s i ty  and  t im e  o f  th e  s t im u lu s  

va lues  s e le c te d  a p p e a r  to  o v e r la p  w ith  th o se  used by o th e r  in v e s t ig a to rs .  

M ethodolog ica l  issues, i n te g ra t io n  m odels ,  and  im p lica t io n s  o f  th e  d a t a  fo r  

f u tu re  re s e a rc h  will, t h e r e fo r e ,  be  co n s id e red .

M ethodo log ica l  Issues. Both p sychophys ica l  p ro c e d u re s  used  in th is



in v es t ig a t io n  belong to  th e  e q u a l - p e r fo rm a n c e  c a te g o ry  and both  m e th o d s  y ield  

s im ila r  th re sh o ld  d u ra t io n  and  th re sh o ld  en e rg y  d a ta ,  which in d ic a te s  t h a t  th e  

m e th o d  o f  c o n s ta n t  s t im u l i  could  have been  used  in s tead  o f  th e  d escen d in g  

s t a i r c a s e  p ro c ed u re ,  and  th a t  s im ila r  fu n c tio n s  would have  b een  o b ta in ed .  The 

a d a p t iv e  m e th o d  s e e m s  m ore  co n v e n ie n t ,  h o w ev er ,  th an  th e  m e th o d  o f  c o n s ta n t  

s t im u l i  fo r  th e  fo llow ing  reasons:  1) it  is e f f i c i e n t  b ec au se  d a ta  va lues  a re  

c o n c e n t r a t e d  a b o u t  th resh o ld ;  2) th e  su b je c t  is m ore  o f te n  and m ore  re liab ly  

re m in d e d  of th e  ta sk  re q u i r e m e n ts  b e c a u se  th e  in d ep en d en t  v a r ia b le  is a f f e c t e d  

by re sponses ;  and  3) a con tinuous  beh av io ra l  assay  is av a i la b le  to  the  

e x p e r im e n te r .  A dd itionally ,  p sy c h o m e t r ic  fu n c tio n s  can  be d er iv ed  from  th is  

m e th o d  by using s tep p in g  ru les  which co n v e rg e  on d i f f e r e n t  leve ls  o f  c o r r e c t  

respond ing , e .g . th e  70.7%  and  29.3%. S ince th e  p s y c h o m e t r ic  fu n c t io n  is 

roughly  l in e a r  in th e  m id ran g e ,  th e  tw o  po in ts  c a n  be used to  a p p ro x im a te  th is  

re la t io n sh ip .

D iso rg an iza t io n  o f  b eh a v io r  o c c u r re d  w ith  bo th  psychophysica l  m eth o d s  

when lu m in a n ce  w as a t t e n u a te d .  A lthough  th is  was m o re  m ark e d  in t h e  second  

e x p e r im e n t ,  it r e s u l te d  m ore  from  holding l igh t  a d a p ta t io n  co n s ta n t  and  using 

low er lev e ls  of lu m in a n c e  th a n  from  th e  a d a p t iv e  p ro c e d u re  p e r  se .  To 

m in im ize  d e te r io r a t io n  in p e r fo rm a n c e ,  a  s tep p in g  ru le  could be chosen  which 

co n v e rg es  on a  h igher  th re sh o ld  lev e l ,  i .e . m ak ing  th e  ta sk  ea s ie r .  This  change  

would be p a r t ic u la r ly  b e n e f ic ia l  in e x p e r im e n ts  e x p e c te d  to  p ro d u ce  a  d e f ic i t  

such  a s  b ra in  les ion  or c e r t a i n  p h a rm a co lo g ic  m ain p u la t io n s .

In te g ra t io n  Models. In g en e ra l ,  s tu d ie s  which i n te rp r e t  te m p o ra l  

in te g ra t io n  in te rm s  o f  p e r ip h e ra l  or c e n t r a l  p ro c e s se s  ad d re ss  th e  issues of 

c o m p le te  su m m a t io n ,  c r i t i c a l  d u ra t io n ,  p a r t i a l  su m m at io n ,  and no su m m a t io n ,  

and igno re  s u p e r su m m a t io n  a l to g e th e r .  C o n tra r iw is e ,  th e  m odel p roposed  by 

W asserm an  and Kong (1979) ta k e s  into  ac c o u n t  bo th  p e r ip h e ra l  and  c e n t r a l



f a c to r s ,  w ith  p a r t i c u la r  em phasis  on c e n t r a l  nervous sy s tem  analysis  of 

p e r ip h e ra l  s ignals .  "E ven t"  ana lys is  and  "p rocess"  ana lyses  p ro d u ce  d i f f e r e n t  

so r t s  o f  " s ig n a tu res"  (see F igu re  3): th e  fo r m e r  e l ic i t s  the  usual te m p o ra l

in te g ra t io n  fu n c tio n ,  th e  l a t t e r  a  fu n c tio n  in which a reg ion  o f  c o m p le te  

su m m a t io n  is fo llow ed by su p e r su m m a t io n .  Analysis o f  physio log ical  as  well as 

b eh a v io ra l  d a ta  in Lim ulus a p p e a r  to  su p p o r t  th e i r  position t h a t  th e  non- 

l in e a r i ty  o f  r e c e p to r s  as well a s  m ore  c e n t r a l  nervous  sys tem  ana lys is  a c c o u n t  

for su p e r su m m a t io n .  R e p o r te d  c e n t r a l  n o n - l in e a r i ty  seem s  to  d ep en d  on th e  

r e c e p to r  re sp o n se  (W asserm an Sc Kong, 1979). C om press ion  or a  p ro cess  which 

is t im e  l im i te d  m igh t a c c o u n t  fo r  s u p e r su m m a t io n  in a l in ear  s y s te m ,  which  is 

c h a r a c te r i z e d  by i ts  re sp o n se  to  b r ie f  pu lses  o f  l igh t.  To o b ta in  th e  p re p o te n t  

t im e  e f f e c t ,  th e  s y s te m ’s d y n am ic  ra n g e  in re sp o n se  to  in te n s i ty  would be 

l im i te d ,  i .e . ,  above  a  c e r t a in  va lue  in te n s i t ie s  a r e  t r e a t e d  as  eq u iv a le n t .  In this 

c a s e  d u ra t io n  b ec o m e s  m ore  im p o r ta n t  (Sperling, 1979).

Bloch's law  is ub iqu itous  in v isual r e s e a rc h ,  as  a t t e s t e d  to  by th e  num ber 

of m e a s u re s  en co m p assed .  But a r e  t h e r e  ta sk s  whose so lu tion  re q u ire  a 

co n t r ib u t io n  o f  t im e  in d ep en d e n t  o f  in te n s i ty ,  i .e . ,  w here  T = K. E xam ples  a re  

prov ided  by K asw an and Young (1963) and  L e ib o w itz ,  T o ffev  and  S ea r le  (1966). 

In th e  f i r s t  c a se ,  su b jec ts  in a  fo rc e d  ch o ice  s i tu a t io n ,  w e re  re q u ired  to 

d i s c r im in a te  b e tw e e n  l in ea r  d isp lays  of do ts ,  which w ere  p a i re d  or even ly  

sp aced .  T he p a rad ig m  used  w as  one o f  eq u a l  en e rg y .  They found t h a t  in te n s i ty  

had l i t t l e  e f f e c t  on a c c u ra c y ,  bu t  ch an g es  in exposure  t im e ,  e sp ec ia l ly  

in f lu en c ed  th e  d isc r im in a t io n  o f  th e  d o t  pa irs .  A dditionally ,  th e  r e la t iv e  sp a t ia l  

d is ta n c e  o f  b e tw e e n  to  w ith in  p a irs  o f  d o ts  a lso  in f lu en ced  a c c u ra c y .  D e te c t io n  

of s t im u l i  p e r  se ,  h o w ev er ,  was a  fu n c t io n  o f  in te n s i ty  and d u ra t io n ;  re la t iv e  

s p a t ia l  d i s ta n c e  was u n im p o r ta n t .  T he g e n e ra l  conclusion  w as t h a t  d u ra t io n  

was m ore  im p o r ta n t  for  a c c u ra c y  o f  d is c r im in a t io n  th an  in ten s i ty .  The findings



sugges t  t h a t  p e rcep t io n  b ec o m e s  d i f f e r e n t i a t e d  o v er  t im e .  A tw o -s ta g e  model 

o f  p e rc e p t io n  was su g g es ted .  In it ia l ly ,  th e  v isual sy s tem  deals  w ith  th e  

p re se n c e  or a b se n ce  o f  s t im u li ,  bu t  w ith  in c re a se d  exposu re  t im e ,  it b eco m es  

co n c e rn e d  w ith  th e  d e ta i l  o f  th e  s t im ulus .  In th is  c a se ,  d u ra t io n  b eco m es  m ore  

im p o r ta n t  th an  in te n s i ty .

In th e  L e ib o w itz  e t  a l.  (1966) s tudy , a  m a tc h in g  to  s am p le  parad igm  was 

a lso  p re s e n te d  ta c h is to s c o p ic a l ly  and in te n s i ty  and  t im e  w e re  v a r ied  to  p roduce  

equa l en e rg y  p ack ag es .  T he t e s t  o b je c t  w as a  c i rc u la r  d isc o r ie n te d  a t  c o n s ta n t  

ang le  which p ro d u ced  an e l ip t ic a l  r e t in a l  im ag e  w ith  an axis  r a t io  o f  0.5. 

S ub jec ts  w e re  re q u ired  to  s e le c t  a  s t im u lu s  which  a p p e a re d  s im ila r  to  th e  

sam p le .  In te rm s  of sh ap e  p e rc e p t io n  p er  se ,  t h e  d a ta  d e m o n s t r a te d  t h a t  a t  

b r ie f  d u ra t io n s  (0.1-1 m sec) ,  th e  m ean  m a tc h e d  axis ra t io s  w e re  s im ila r  for 

e q u a l- e n e rg y  s t im u li ,  i .e . ,  o b se rv e rs  s e le c te d  co m p ar iso n  s t im u li  on th e  basis  o f  

r e t in a l  im ag e .  F o r  th e  b r ie f  d u ra t io n s  m e n t io n ed ,  th e r e  was l i t t l e  ten d en c y  

to w ard  sh ap e  co n s ta n c y .  The l a t t e r  phenom enon  only o c c u r r  a t  du ra tio n s  

beyond c r i t i c a l  d u ra t io n .  The au th o rs  co n c lu d e  th a t  t im e  m akes a  c r i t i c a l  

co n t r ib u t io n ,  in d ep en d en t  o f  in te n s i ty ,  fo r  sh ap e  co n s tan cy .

Sperling  (1979) o f f e re d  ex am p le s  in which t im e  would also hav e  a 

p re p o te n t  e f f e c t .  O ne ca se  involved  e x p o su re  o f  t e x t  and  th e  c r i te r io n  

re sponse  was p e r c e n ta g e  c o r r e c t  re ca l l .  Given enough lu m in a n ce  to  d e t e c t  th e  

s t im u li ,  f u r th e r  in c re m e n ts  would only im p ro v e  p e r fo rm a n c e  s l ig h tly  but 

in c reases  in d u ra t io n  would be highly f a c i l i t a to r y .  H u n te r  and  S ig ler 's  (1940) 

n u m ero s i ty  d a ta  m ay  be  th o u g h t  o f  in t e r m s  o f  a p ro cess in g  which re q u ire s  

t im e .  A t longer  d u ra t io n s ,  sm a ll  in c re m e n ts  w ere  a s s o c ia te d  w ith  d ra m a t ic  

in c re a se s  in th e  e f f ic ie n c y  of th e  visual s y s te m .  Sperling  (1979) su g g es ted  th a t  

p rocess ing ,  which re q u ire s  t im e  bu t is r e la t iv e ly  u n a f f e c te d  by in te n s i ty ,  would 

be su g g e s te d  by th e  above  ex am p le s .



T he  re su lts  of th e  p re se n t  in v es t ig a t io n  a p p e a r  to  pa ra l le l  those  of Kong 

and W asserm an  (1978) in t h a t  a reg ion  o f  r e c ip ro c i ty  was fo llow ed  by a  reg ion  of 

su p e rsu m m at io n .  The use  o f  a form  d isc r im in a t io n  ta sk  m ight hav e  tap p ed  in to  

a t im e - l im i te d  p ro cess  which would b ec o m e  ev id en t  a t  d u ra t io n s  beyond tc .  In 

th e  p re s e n t  s tudy ,  su b je c ts  w e re  re q u ired  no t  only  to  d e t e c t  th e  p re se n c e  o f  a 

s t im u lu s ,  but a lso  had to  d e te r m in e  i ts  lo c a t io n  and p a t t e r n .  T h e re fo re ,  

exposure  t im e  m ay have  had a m ore  im p o r ta n t  e f f e c t  on th e  c r i t e r io n  re sponse  

th an  lu m in an ce .

O ur findings on re sp o n se  la te n c y  m ay be r e la t e d  to  th o se  of s tu d ie s  on 

in te n s i ty - t im e  r e c ip ro c i ty  in r e a c t io n  t im e  (RT) m e a s u re m e n ts .  I t  should be 

n o ted  how ever ,  th a t  th e  c o n s t ra in t  o f  re spond ing  as  qu ick ly  as possible a f t e r  

s t im u lu s  d e te c t io n  was not used  in th e  p re s e n t  in v es t ig a t io n .  A no ther  

m eth o d o lo g ica l  d i f f e re n c e  was th e  use o f  s t im u l i  which w ere  n o t  of  id en t ica l  

energy .  In any  e v e n t ,  i t  was found t h a t  w hen  s t im u li  w e re  o f  b r ie f  d u ra t io n  and 

high lu m in a n ce ,  th e  en e rg y  re q u ired  a t  th e sh o ld  w ere  co m p ra b le  (w ith in  0.2 log 

units) and  t h a t  under th e se  c i r c u m s ta n c e s  th e  la te n c ie s  w e re  a lso  of s im ila r  

values  (within  0.1 log unit) .  T hese  re su l t s  su g g es t  t h a t  re sp o n se  la te n c y  shows 

som e IT re c ip ro c i ty  a t  b r ie f  s t im u lus  d u ra t io n s  which a g r e e s  w ith  p rev ious  

in v es t ig a t io n s  using RT (K ie tz m an ,  Shap iro  & B iens tock ,  1975) b u t  n o t  w ith  

o th e rs  (G rossberg , 1968).

F u tu re  R e se a rc h .  In su m m a ry  th is  in v es t ig a t io n  has  e s tab l ish ed  a  d a ta  

b ase  fo r  th e  no rm al m onkey which inc ludes  th re sh o ld  d e te rm in a t io n s  using tw o  

psy ch o p h y s ica l  m ethods .  A dd itionally ,  i n te n s i ty - t im e  func tions  w ere  

o b ta in ed .  F u r th e r ,  a  t im e - l im i te d  p ro c es s ,  i .e . su p e r su m m a t io n  has b ee n  

d e m o n s t r a te d .  S ince th e  an im a l  m odel has  few  e x p e r im e n ta l  r e s t r ic t io n s ,  th e  

p h enom enon  m igh t be ex p lo red  f u r th e r  using ad ju c t  tech n iq u e s ,  e .g .  re co rd in g  

c e l lu la r  responses  a t  d i f fe re n t  leve ls ,  ab la t io n s ,  and n e u ro p h a rm ac o lo g ic a l



m anipu la t ions .  For ex a m p le ,  th e  v isual sy s tem  is d ich o to m o u s  in fu n c tio n ,  i.e . 

a t r a n s ie n t  sy s tem  in d ic a te s  t h a t  s o m e th in g  is t h e r e ,  and  a su s ta in ed  sy s tem  

p e r fo rm s  a high leve l  re so lu t io n .  In a n im a ls ,  th e s e  s y s te m s  consis t  o f  Y and X 

ce lls  re sp e c t iv e ly .  The X ce lls  respond to  high s p a t i a l  f req u en c ie s ,  have  

r e la t iv e ly  high th resh o ld s ,  and a r e  involved  in fo rm  re so lu t io n ;  Y ce lls  a re  

sen s i t iv e  to  low er f r e q u e n c ie s ,  h av e  a lo w er  th re sh o ld ,  and a re  tuned  to  

m o v em en t  (for rev iew  see  B re i tm a y e r  <5c G anz ,  1976). A t low er en e rg y  leve ls ,  

th e  s u s ta in e d  sy s tem  would hav e  a lo nger  l a t e n c y  th an  a t  h igher  leve ls .  If th e  

re sponse  o f  such  a sy s tem  in c re a se s  e x p o n e n tia l ly ,  sm a l l  in c re m e n ts  in t im e  a t  

lo nger  d u ra t io n s  m ay  re su lt  in a  d i s p ro p o r t io n a te  in c re m e n t  e f f ic ie n c y  of th e  

sy s tem .  This poss ib il i ty  could  be in v e s t ig a te d  using e le c tro p h y s io lo g ica l  

te ch n iq u e s  in add it ion  to  th e  ty p e  o f  s t im u l i  and  p ro c e d u re s  o u t l in e d  in th is  

s tudy .

R ece n t ly ,  so m e au th o rs  (Sperling , 1979; W asserm an  & Kong, 1979) have 

s t r e s s e d  th e  im p o r ta n c e  o f  using co m p lex  s t im u li ,  m o re  d iv e rse  ta sk s ,  a s  well as  

no n -co n v en t io n a l  d a ta  ana lysis  in s tu d ie s  o f  t e m p o ra l  su m m at io n .  T he  v isual 

en v i ro n m e n t  can  be th ough t  o f  in te rm s  o f  co n t in u o u s  s ignals  vary in g  in 

a m p l i tu d e  over  t im e .  C o ns ide ring  th e  p re s e n c e  o f  f req u en c y  s e le c t iv e  

channe ls ,  th e  use o f  s t im uli  m o re  co m p lex  th an  s ing le  f lash es  m ay be 

a p p ro p r ia te  to  u n d e r s ta n d  th e  n o n - l in e a r  n a tu r e  o f  th e  v isua l sy s tem .  Sperling  

(1979) has proposed  th e  use of a t  le a s t  s in ew av e  or m u lt ip le  pulse s t im u li .  In 

co n ju n c t io n  w ith  a m ore  co m p lex  d isp lay , a  n u m b er  o f  d i f f e r e n t  re sponses  can  

be m easu red ,  e .g . d e te c t io n ,  lo c a l iz a t io n ,  d i s c r im in a t io n ,  re co g n i t io n ,  and  

m ean in g fu ln ess  (W asserm an  & Kong, 1979). D a ta  m igh t  be  an a ly z ed  in te r m s  o f  

" e v e n t /p ro c e s s " ,  s ignal d e te c t io n ,  s p a t ia l  f req u en c y  (F o u r ie r  ana lysis) ,  as w ell 

as w ith  t ra d i t io n a l  p sychophys ica l  m ethods .



R E F E R E N C E  NOTE

K ie tz m a n ,  M.L., S hapiro , E. & B iens tock ,  B. Visual te m p o ra l  in te g ra t io n  
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