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This  paper p re sen t s  experimental  t e s t s  of t h r e e  q u a n t i t a t i v e  models 

of psychological  t ime. I n  two of t hese ,  psychological  time i s  a continuous 

v a r i a b l e ,  and a  s t a t i s t i c a l  dec i s ion  theory a n a l y s i s  i s  used t o  o b t a i n  p red ic t ed  

performance measures. The t h i r d  i s  a f i n i t e  s t a t e  model. It assumes t h a t  

t h e r e  i s  a  f i x e d  time base  underlying t h e  measurement (coding) process ,  

independent of sensory i n p u t .  A measure of a n  i n t e r v a l  i s  t h e  number of 

time p o i n t s  occurr ing  w i t h i n  it .  When asked t o  choose t h e  longer  of a  p a i r  

of i n t e r v a l s ,  t h e  observer  i s  i n  a s t a t e  of u n c e r t a i n t y  when t h e  coding of 

of t h e  two i n t e r v a l s  have t h e  same value. I n  t h i s  ca se ,  i t  i s  assumed t h a t  

t he  s t imulus  p a t t e r n  has been s t o r e d  and can be  recoded a second time. 

The f i r s t  experiment involved forced  choice  d i sc r imina t ion  of 

ad jacent  i n t e r v a l s ,  def ined  by a p a t t e r n  of t h r e e  b r i e f  aud i to ry  s i g n a l s ,  

wi th  a base  d u r a t i o n  of 156 m s ,  The second a l s o  involved ad jacen t  i n t e r v a l s ,  

bu t  t h e  observers  made same-different  judgments. I n  t h e  t h i r d ,  t h e  i n t e r v a l s  

were separa ted  by two seconds; d i sc r imina t ion  func t ions  were obta ined  f o r  two 

base du ra t ions  (100 and 200 ms), us ing  a  forced c h o i c e  procedure. 

The continuous models a r e  shown t o  be  inadequate ,  whi le  t h e  counting 

model accounts f o r  t h e  r e s u l t s  of t h e  t h r e e  experiments reasonably we l l .  

Est imates  of t h e  period of t h e  t ime base  a r e  of t he  o rde r  of 25, 50 and 100 m s .  



In t roduc t ion :  Q u a n t i t a t i v e  t h e o r i e s  of t ime pe rcep t ion  

There a r e  probably many ways i n  which an  i n d i v i d u a l  codes time 

information,  depending on t h e  o rde r  of magnitude and t h e  type  of t ime i n t e r -  

v a l s  being d e a l t  w i th .  One type  of i n t e r v a l  i s  c a l l e d  " f i l l e d "  because t h e  

i n t e r v a l  is def ined  by t h e  du ra t ion  of a  s t imulus  p u l s e  which remains p re sen t  

throughout t h e  i n t e r v a l .  Two f i l l e d  i n t e r v a l s  of d i f f e r e n t  du ra t ions  a c t u a l l y  

d i f f e r  i n  t h e  t o t a l  amount of s t imulus  energy which they con ta in  as we l l  a s  

i n  t h e i r  d u r a t i o n s ,  and d i sc r imina t ion  between them may depend upon e i t h e r  

time o r  energy o r  bo th .  Although t i m e ,  l i k e  space ,  cannot be  i s o l a t e d  from 

energy i n p u t ,  i t  does have a  q u a n t i t a t i v e  a spec t  independent of t h e  energy 

conveying i t .  An i n t e r v a l  bounded by two b r i e f  s i g n a l s  s and s2 i s  r e f e r r e d  
1 

t o  as a n  empty i n t e r v a l ,  and two such p a t t e r n s  d i f f e r i n g  only i n  t h e  t i m e  be- 

tweenonsets of s and s2 d i f f e r  i n  t h e i r  t ime inpu t  b u t  no t  i n  t h e i r  energy 
1 

content .  The experiments t o  be  r epo r t ed  h e r e  d e a l  w i th  empty i n t e r v a l s ,  and 

the  t h r e e  models t o  be  t e s t e d  a l l  assume t h a t  t h e  d i sc r imina t ion  i s  based 

s o l e l y  upon t h e  time information contained i n  i n t e r v a l s .  

A. Creelmanvs model 

Among t h e  few q u a n t i t a t i v e  t h e o r i e s  proposed f o r  t i m e  d i s c r i m i n a t i o n  

i s  one formulated by Creelman (1962). It assumes a mechanism which counts  

t he  d ischarges  of a  very  l a r g e  number  of independent u n i t s  f i r i n g  dur ing  t h e  

i n t e r v a l  T t o  be  measured. The p r o b a b i l i t y  d e n s i t y  d i s t r i b u t i o n  f o r  t h e  number 

of counts (N) from t h i s  random source  can  be c l o s e l y  approximated by a  normal 

d i s t r i b u t i o n  wi th  mean and va r i ance  X T, when AT is  l a r g e .  The parameter A 

is a cons t an t  r e f l e c t i n g  t h e  r a t e  of f i r i n g  of t h e  pu l se  source.  The response 

s t r a t e g y  is  assumed t o  be  one which a s s o c i a t e s  t h e  longer  i n t e r v a l  wi th  t h e  



l a r g e r  count.  I n  o rde r  t o  o b t a i n  a  p red ic t ed  performance measure, cons ider  

t he  d i f f e r e n c e  AN i n  counts  obtained i n  t h e  two i n t e r v a l s  presented on each 

t r i a l  i n  a forced choice  (FC) t a s k .  It i s  assumed t h a t  t h e  count from t h e  

f i r s t  i n t e r v a l  is  always sub t r ac t ed  from t h e  count ob ta ined  i n  t h e  second 

i n t e r v a l .  The mean of t h i s  d i f f e r e n c e  d i s t r i b u t i o n  w i l l  be  a . A T  f o r  t h e  

S p a t t e r n s  (T, T + AT) and - A  AT f o r  t h e  S p a t t e r n s  (T + /IT, T) ,  where 
2 1 

&T is .the d i f f e r e n c e  between t h e  two d u r a t i o n s .  I n  both cases  t h e  va r i ance  

of t h e  d i f f e r e n c e  d i s t r i b u t i o n  is  2 A T + )$.AT. When A N  i s  g r e a t e r  than  

some c r i t e r i o n  va lue  t h e  d e c i s i o n  i s  t o  choose t h e  second i n t e r v a l  as t h e  

longer  of t h e  p a i r .  The corresponding measure of s e n s i t i v i t y  i s  

Creelman modif ies  t h i s  measure by inc luding  a  f a c t o r  ( 1  + KT)-$ t o  t ake  

i n t o  account memory l o s s  of t he  count of t h e  f i r s t  i n t e r v a l  whi le  t h e  count 

2 dur ing  t h e  second i s  being obtained.  He a l s o  adds a  term (s t o  t h e  va r i ance  
v 

(2 X T  + &T) t o  account f o r  any unce r t a in ty  i n  t h e  beginning and ending of 

t h e  s i g n a l s  marking t h e  du ra t ions .  This  parameter i s  an  i n v e r s e  func t ion  of 

s igna l -noise  r a t i o .  T h e ~ s u l t i n g  express ion  f o r  t h e  d e t e c t a b i l i t y  of a given 

du ra t ion  d i f f e r e n c e  &T i s  then 

f o r  t h e  forced choice  s i t u a t i o n ,  



He t e s t e d  t h i s  model wi th  f i l led aud i to ry  i n t e r v a l s  separa ted  by .8 

s e c ,  and concluded t h a t  h i s  model provided a  good d e s c r i p t i o n  of t h e  d a t a  over 

t h e  range of  T used: from .04 t o  1 .0  s e c ,  However, f o r  one experiment t h e  

d a t a  seem t o  be  poorly f i t  by t h e  p red ic t ed  func t ions .  This  is  one which 

j o i n t l y  v a r i e s  t h r e e  v a r i a b l e s  (T, A T ,  and s i g n a l  vo l t age ,  v ) i n  such 
S 

a  way that t h e  r a t i o  aT /T  was cons tan t  f o r  a l l  T and t h e  energy i n  t h e  

increment QT a l s o  was kep t  cons t an t .  A s  T and AT were inc reased ,  v  w a s  
s 

decreased.  He assumes t h a t  t he  only  e f f e c t  of decreased s i g n a l  i n t e n s i t y  is  

t o  i nc rease  t h e  ambiguity i n  onse t  and o f f s e t  of t h e  du ra t ions ,  and s o  t o  

2 
i nc rease  a It  i s  p o s s i b l e ,  though, t h a t  might a l s o  b e  a f f e c t e d  by 

v 

s i g n a l  vo l t ages ,  reaching  a n  asymptotic va lue  as v inc reases  beyond a c e r t a i n  
s 

l e v e l .  He has  no t  d i r e c t l y  t e s t e d  what se!ems t o  be  a  b a s i c  underlying assump- 

t i o n ,  t h a t  t h e  d i sc r imina t ion  of t h e  i n t e r v a l s  i s  made independently of t h e  

t o t a l  energy contained i n  them. 

B .  Quanta1 counting models 

K r i s t o f f e r s o n  (1965) has  proposed a counting model of a  very  d i f f e r e n t  

na tu re  (from Creelman's) f o r  d u r a t i o n  d i sc r imina t ion .  I n  t h r e e  q u i t e  d i f f e r e n t  

types of experiments he  has  obtained behaviora l  cons t an t s  of t h e  o rde r  of 50 m s ,  

h ighly  c o r r e l a t e d  (wi th in  i n d i v i d u a l s )  wi th  each o t h e r  and wi th  t h e  ha l f  per iod  

of t he  a lpha  frequency (1967). He has formulated a theory of psychophysical 

time involv ing  a  very s t a b l e  i n t e r n a l  p e r i o d i c  process ,  independent of ongoing 

sensory even t s .  This p e r i o d i c  process ,  o r  c l o c k , , i s  looked upon a s  gene ra t ing  

time p o i n t s  which mark o f f  equal  u n i t s ,  o r  quanta ,  of t ime. The t ime p o i n t s  

have an important  r o l e  i n  c o n t r o l l i n g  t h e  g a t i n g  of incoming sensory inpu t  



and i n  r e g u l a t i n g  t h e  flow of informat ion  through t h e  c e n t r a l  nervous system. 

H e  has  suggested t h a t  another  p o s s i b l e  func t ion  f o r  t h i s  c lock  is  i n  coding 

time informat ion  over some range of du ra t ions .  An i n t e r v a l  could b e  coded 

i n  terns of t h e  number of t ime p o i n t s  occuring dur ing  it. This  count  is  in-  

dependent of t h e  t o t a l  amount of energy i n p u t ;  it depends only on when t h e  

i n t e r v a l  begins  and ends, and n o t  on how i t  i s  def ined  t o  t h e  observer .  I n  

t e s t i n g  t h i s  model he  used f i l l e d  i n t e r v a l s  def ined  by t h e  time between 

success ive  o f f s e t s  of a v i s u a l  and an  aud i to ry  s t imu lus .  No conclusions were 

drawn about t h e  adequacy of t h e  model, b u t  i t  d i d  look  promising bo th  a s  a 

means of i n v e s t i g a t i n g  d u r a t i o n  d i sc r imina t ion ,  and a s  a p o s s i b l e  ex tens ion  

of h i s  temporal quantum theory.  

The model suggested by K r i s t o f f e r s o n  can  be  t e s t e d  i n  a s i t u a t i o n  

involv ing  ad jacen t  empty i n t e r v a l s ,  T1 and T def ined  by 3 very s h o r t  s i g n a l s  2 

-s chosen s o  as t o  be e a s i l y  de t ec t ed  by t h e  observer .  On any t r ia l ,  - s2 3 

e i t h e r  T >T2 o r  T > TI, and t h e  S is  t o  i n d i c a t e  which i s  t h e  longer  i n t e r v a l .  
1 2 

I f  t h e r e  is  a f ixed  time base  underlying t h e  measurement process ,  t h e  coding 

of t h e  two i n t e r v a l s  w i l l  no t  be  independent,  and t h i s  dependence i s  r e f l e c t e d  

i n  t h e  shape of t h e  p red ic t ed  d i sc r imina t ion  func t ions ,  P(C) vs  AT. 

The b a s i c  assumptions of t h e  quanta1  counting models a r e  a s  fo l lows .  

The b r i e f  succes s ive  s i g n a l s  sl -s -s3 each d e f i n e  a p o i n t  i n  t i m e  f o r  t h e  

s u b j e c t  i n  such a way t h a t  t h e  i n t e r n a l  i n t e r v a l s  which a r e  produced (I1 and 12 )  

a r e  equal  t o  t h e  corresponding e x t e r n a l  i n t e r v a l s  T1 and T on every p re sen ta t ion .  
2 

This  s t rong  assumption i s  l i k e l y  t o  r e q u i r e  r e v i s i o n  b u t  i t  i s  used h e r e  t o  

s imp l i fy  t h e  argument, The i n t e r v a l s  I and I a r e  considered a s  being super- 1 2 

imposed on a s t a b l e  t ime base  which is n o t  a f f e c t e d  by ongoing sensory even t s ,  

wi th  time p o i n t s  occurr ing  a t  cons t an t  i n t e r v a l s  of q m s .  (F ig ,  1). I f  t h e  



dura t ions  of I and I a r e  expressed i n  terms of t h e s e  q-uni ts ,  w e  have 
1 2 

I1 = (m+bl)q wi th  m an  i n t e g e r  and 0 & bl 4 1 

wi th  n an  i n t e g e r  and 0 5 

I f  I begins anywhere w i t h i n  t h e  l a s t  bl.q m s  of an  ongoing quantum, o r  ends 
1 

anywhere w i t h i n  t h e  f i r s t  b .q m s  of a quantum, m+l  time p o i n t s  w i l l  occur  
1 

during I1 s i n c e  t h e r e  w i l l  be  m complete quanta w i t h i n  I Otherwise m time 
1 * 

po in t s  w i l l  occur dur ing  I bounding m-1 complete quanta.  ( see  f i g .  1 . )  1 

Assume t h a t  f o r  l a t e r  comparison t h e  i n t e r v a l s  I and I2 1 

Fig .  1 about  h e r e  

a r e  coded i n  terms of t h e  number of t i m e  p o i n t s  occurr ing  w i t h i n  each i n t e r v a l ,  

Then I i s  coded as t wi th  
1 1 ' 

This  g ives  a quan ta l ,  p r o b a b i l i s t i c  i n t e r n a l  r e p r e s e n t a t i o n  of e x t e r n a l  time. 

When I and I a r e  success ive ,  where I2 begins w i l l  depend on where I begins,  
1 2 1 

wi th  r e s p e c t  t o  t h e  time base .  Thus t h e  coding of I2 w i l l  depend on t h a t  of 

11, o r  equ iva l en t ly ,  on t h e  t o t a l  d u r a t i o n  TD of T1 and T2. K r i s t o f f e r s o n  

assumed t h a t  t h e  coding of t h e  second i n t e r v a l  was independent of t h a t  of t h e  

f i r s t ;  t h e  i n t e r v a l s  t o  b e  d iscr imina ted  were separa ted  by approximately 8 sec .  





I n  dec id ing  whether T o r  T i s  t h e  longer  i n t e r v a l ,  t h e  i n t e g e r s  
1 2 

t and t r e s u l t i n g  from t h e  coding process  a r e  compared and a c o r r e c t  choice  
1 2 

i s  made when t h e r e  is  a d i f f e r e n c e  of a t  l e a s t  one between these  va lues .  When 

tl = t2, t h e  choice i s  a r b i t r a r y .  I f  t h e  response a l t e r n a t i v e s  a r e  denoted 

by l(llT1 is  longer") o r  2 ('IT2 is  longer") ,  t h e  d e c i s i o n  process  i s  summarized 

b Y 

P ( 1  I tl> t 2 )  = 1 

~ ( 1 1  t l <  t 2 )  = 0 

P ( 1  1 tl f 2 )  = k ' with  0 5 k ' f l  

These coding and dec i s ion  processes  can be  schemat ica l ly  summarized by t h e  

two p r o b a b i l i t y  t r e e  diagrams shown i n  F ig .  2. S is  a s t imulus  p a t t e r n  i n  
1 

which T1 > T and S is  one i n  which T2 > T1. 
2 2 I f  P(sl)  ( p(S2) ) i s  t h e  

F ig .  2 about  he re  

p r o b a b i l i t y  of p a t t e r n  S1 (S2) occuring on a t r ia l ,  t h e  p r o b a b i l i t y  P(C) of  

c o r r e c t l y  choosing t h e  longer  i n t e r v a l  over  a series of t r ia l  is  

p (c )  = P ( l  ( s,) .P(Sl) + p (2 I s 2 )  .P(S2) 

However, g iven  S we can consider  i t  a s  being t h e  S p a t t e r n  reversed .  The 
2 1 

number of t ime p o i n t s  i n  I depends on where I ends, which i n  t u r n  "determines" 2 2 

where I ends; i . e . ,  determines t h e  number of p o i n t s  i n  I Thus t h e  c a l c u l a t i o n  1 1" 



Fig.2: The quanta! counting model: a schematic 
representation of the outcomes of the 
coding and *cision processes, 



of dv and -gt given S2 could b e  considered a s  equ iva l en t  t o  t h e  c a l c u l a t i o n  

of a and d given S Hence, ek' = d and % ' = '$ , and w e  have 1 ' 

For a  s e r i e s  of (T T ) p a i r s ,  l e t  t h e  s h o r t e r  i nve rva l  i n  each l9 2 

p a i r  have t h e  f ixed  v a l u e  Ts and l e t  t h e  longer  i n t e r v a l  be  v a r i a b l e  T  . Then 
v 

S is  t h e  p a i r  (TV.Ts) and S2 is  (T 1 s ,  Tv) . For any given d i f f e r e n c e ,  A T = Tv - Ts , 
& and X a r e  obtained by cons ider ing  how many time p o i n t s  can occur  dur ing  I 

1 

and 12, and t h e  r e l a t i v e  p r o b a b i l i t i e s  of t h e s e  numbers. Assuming a given 

p a r t i c u l a r  va lue  of q ,  we have 

w i t h  s ,  v ,  and d being i n t e g e r s .  Severa l  ca ses  must be  considered.  I f  

v  = s+2, T w i l l  always be d iscr imina ted  as longer  than  T s i n c e  I w i l l  v S v 

con ta in  e i t h e r  s + 2 o r  s + 3 t i m e  p o i n t s  wh i l e  I can  con ta in  only s o r  s + 1 
s 

time p o i n t s .  For both v = s and v - s + 1, t h e  cases  b  + bs L. 1 and 
v  

b  + b 3 1 have t o  be  taken s e p a r a t e l y .  The c a l c u l a t i o n s  a r e  descr ibed  i n  
v  s 

g r e a t e r  d e t a i l  i n  Appendix I. 

The r e s u l t i n g  paramet r ic  equat ions  f o r  t h e  p red ic t ed  d u r a t i o n  d iscr imin-  

a t i o n  func t ions  a r e  

f o r b  & bv 
S 

1 



P(C) = %.(2 - b ) a T / q  = 1 - b + bv f o r 0  5 b 4 1 - b  
S s v s 

P(C) = 4 ( 1  + bv) &T/q = 1 - b + b f o r l - b s s  b c 1 (3) 
S v v 

p(C) = 1 f o r  &T/q 2 - b 
S 

These func t ions  a r e  shown i n  F ig .  3a f o r  t h r e e  va lues  of b : 0, 1 /3 ,  314. 
S 

For a l l  va lues  of b except  b = 0 ,  t h e r e  i s  a reg ion  of AT where P(C) i s  
S S 

independent of AT. The h igher  t h e  l e v e l  of P(C) a t  which it occurs ,  t h e  

longer  i t  i s ;  i t  begins when AT = (1 - bs)q,  and has  l e n g t h  0 - b s ) q  Before 

and a f t e r  t h i s  l e v e l  segment, t h e  func t ions  are l i n e a r  w i th  s l o p e  independent 

of bs o r  b . P(C) reaches 1 f o r  AT having some v a l u e  between q and 2q m s :  
v 

P(C) = 1 when AT = (2 - bs)q m s .  

F igure  3 about  h e r e  

It i s  of i n t e r e s t  t o  compare (3) t o  t h e  r e l a t i o n  between P(C) and BT 

i f  t h e  count  i n  T were independent of t h e  count i n  T I n  t h i s  c a s e  t h e  2 1 ' 

parametr ic  equat ions  a r e  

P (C) = k(l+bv-bs) oT/q = by-bs b s t b  v c 1  

(4) 

P(C) = %(2-bs+bVebs) &T/q = l+b v -b s 0 5 bv 6 1 

Figure 3b shows t h e  func t ions  f o r  t h r e e  va lues  of bs: 0 ,  1/2, 314. These 

a r e  equiva len t  t o  t h e  equat ions  der ived  by K r i s t o f f e r s o n  (1965). The i n c r e a s e  







i n  P (C) f o r  0 &  AT/^ 4 1-bs i s  i d e n t i c a l  t o  t h a t  f o r  t h e  dependent ca se ,  and 

t h e  r i s e  of P(C) a s  i t  inc reases  from .5 t o  1 spans t h e  same d i s t a n c e  on t h e  

n T  a x i s .  However, t h e r e  i s  now no l e v e l  r eg ion ,  and t h e  s l o p e  of t h e  second 

segment does depend on b . I n  both  t h e  dependent and independent ca ses ,  changes 
S 

i n  t h e  base d u r a t i o n ,  T , produce s u b s t a n t i a l  changes i n  t h e  func t ions  because 
S 

of t h e  change i n  t h e  parameter b . 
S 

C .  The quan ta l  onse t -o f f se t  model 

I n  t h e  quan ta l  count ing model, psychologica l  t i m e  i s  d e a l t  w i t h  as 

a d i s c r e t e  v a r i a b l e .  Cree lman ' s  model t r e a t s  i t  as a continuous v a r i a b l e ,  

wi th  a s t a t i s t i c a l  d e c i s i o n  theory type of a n a l y s i s  f o r  l i n k i n g  t h e  time 

measurement process  wi th  t h e  d e c i s i o n  process ,  and then  p r e d i c t i n g  performance. 

However, a n  a l t e r n a t i v e  model y i e l d i n g  t ime a s  a continuous v a r i a b l e  has  been 

proposed by Allan,  K r i s t o f f e r s o n  and Weins (1970). Whenever a f i x e d  i n t e r v a l  

T i s  presented  t o  t h e  observer ,  t h e  s i z e  of i ts  corresponding psychologica l  

r e p r e s e n t a t i v e  I t akes  on some v a l u e  w i t h i n  a c e r t a i n  s p e c i f i a b l e  range.  The 

v a r i a b i l i t y  i n  I is assumed t o  be  due e n t i r e l y  t o  v a r i a b i l i t y  i n  t h e  de lays  

between onse t  of T and onse t  of I ,  and o f f s e t  of T and o f f s e t  of I. The n a t u r e  

of  t h e  t iming process  is  l e f t  unspec i f ied ,  except  t h a t  i t  y i e l d s  measures on 

a continuous v a r i a b l e  I ,  wi th  

being t h e  measure of t h e  i n t e r n a l  i n t e r v a l  corresponding t o  T.  The de lay  i n  

s i g n a l i n g  t h e  onse t  ( o f f s e t )  f o r  t h e  t iming of I i s  denoted by d 
on (d o f f ) *  

I f  i t  i s  assumed t h a t  t h e s e  de lays  a r e  independent,  and t h a t  they a r e  uniformly 

d i s t r i b u t e d  random v a r i a b l e s  wi th  0 5 d 
on' o f f  

6 q ,  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  



f o r  I i s  t r i a n g u l a r ,  It i s  defined over  t he  range T - q 5 I ,C T + q wi th  

2 
E(1) = T and va r (1 )  = q 16. 

For two ad jacen t  i n t e r v a l s  def ined  by t h e  time between t h e  o n s e t s  of 

t h r e e  b r i e f  s t i m u l i  s - s2 -s3, t h e  measures 1 and I of t h e  i n t e r v a l s  T 
1 1 2 1 

and T a r e  dependent i n  t h a t  t h e  de lay  i n  r e g i s t e r i n g  t h e  o f f s e t  of I1 i s  equal  
2  

t o  t h e  de lay  i n  r e g i s t e r i n g  t h e  onse t  of I For t h e  two ad jacen t  i n t e r v a l s  
2  ' 

i n  F ig .  4 ,  

Figure 4 about  h e r e  

The observer  s t o r e s  (wi.thout memory l o s s )  t h e  va lue  of I whi le  I2 is  being 
1 

measured, and he then  compares t h e s e  va lues .  I f  t h e  d i f f e r e n c e  A 1  = I2 - I1 

is  g r e a t e r  than  a  c r i t e r i o n  va lue ,  c ,  h e  says  t h a t  t h e  second i n t e r v a l  w a s  

longer ;  o therwise  he  chooses t h e  f i r s t  a s  longer .  On each t r i a l  

wi th  E ( 4 I )  = AT, and AT - 2q a a I Q, AT 9 2q. 

To o b t a i n  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  &.I, f i r s t  d e f i n e  t h e  random v a r i a b l e  

X by 

When dl,  
2  

d2. and d a r e  independent,  E(X) = 0 and v a r  (X) = q 12. The p r o b a b i l i t y  
3 





d i s t r i b u t i o n  f o r  X (der ived i n  Appendix 11)  c o n s i s t s  of 3 pa rabo l i c  segments 

2 
f2(X) = (2q2 - X ) /4q  

3 
f o r  -q 5 X 5 q 

2 3 
f3(X) = (2q - X) /4q f o r  q L, X 5 24 

The express ions  f o r  t h e  cumulat ive d i s t r i b u t i o n  g iv ing  t h e  a r e a  under t h i s  

d i s t r i b u t i o n  ( t h e  Q(3) curve)  a s  a func t ion  of t h e  d i s t a n c e  of a p o i n t  c from 

the  mean, w i th  a l l  d i s t a n c e s  measured i n  u n i t s  of q ,  a r e  a l s o  g iven  i n  Appendix 11. 

A t a b l e  of a r e a s  under t h i s  curve i s  then  used i n  exac t ly  t h e  same way a s  a 

t a b l e  of a r e a s  under t h e  s tandard ized  normal curve;  q corresponds t o  t h e  s tandard  

dev ia t ion  cr , and (PI - is  analogous t o  a z- score,(^ -p) / W  . 
The corresponding p r o b a b i l i t y  d i s t r i b u t i o n  f o r  PI (given t h e  occur- 

rence of an  S p a t t e r n )  i s  now obta ined  by s e t t i n g  X = A 1  - AT i n  equat ions  
2 

(5) above. (For S1, s e t  X = A 1  + A T . )  . F o r  a p a r t i c u l a r  va lue  of AT, once 

we have P ( 1  1 S ) and P (2 I S ) w e  o b t a i n  t h e  d i s t a n c e  of  c from t h e  means of 
1 2 

both d i s t r i b u t i o n s  i n  u n i t s  of q by us ing  t h e  t a b l e  of a r e a s  under t h e  Q (3) 

curve. F igure  5 i l l u s t r a t e s  t h e  r e l a t i o n  between t h e  empir ica l  p r o b a b i l i t i e s  

p ( 1  1.5 ) and P(2 1 S ) ,  and t h e  a r e a s  under t h e  d i f f e r e n c e  d i s t r i b u t i o n s .  It 
1 2 

is  assumed t h a t  t h e  S ' s  response is  "2" whenever &I i s  g r e a t e r  than c ,  and 

is  "1" otherwise .  When p a t t e r n  S1 occu r s ,  t h e  corresponding va lue  of A 1  on 

Figure  5 about  h e r e  

which t h e  d e c i s i o n  is  based w i l l  be  drawn from t h e  d i s t r i b u t i o n  wi th  mean - A T  





and defined over the  range (- AT - 2q) $ 18 I 5 (- AT + 2 q ) .  The area  under 

the  S d i s t r i b u t i o n  t o  the  l e f t  of c  w i l l  be the  p robab i l i ty  of c o r r e c t l y  
1 

saying t h a t  T was t h e  longer i n t e r v a l ,  when S i s  presented over a series of 1 1 

t r i a l s .  S imi lar ly ,  f o r  S the  s e t  of poss ib le  values of A 1  has t h e  same 2  

probabi l i ty  d i s t r i b u t i o n  but  now with mean A T  and defined over ( A T  - 2 q ) f  

& I  5 ( b T  + 2 q ) .  ~ ( 2  Is2)is the  p robab i l i ty  of co r rec t ly  choosing T 
2 

a s  the  longer i n t e r v a l ,  and corresponds to  t h e  probabi l i ty  of obtaining a 

value b9E 41 g r e a t e r  than c over a series of S t r i a l s .  2  

Let d denote the  d is tance  between t h e  means of these  d i s t r i b u t i o n s .  
q 

I n  Fig. 5 ,  xl (x2) i s  t h e  d i rec ted  distance of t h e  c r i t e r i o n  c from the  mean 

of the  (S ) ( . (S ) ) d i s t r i b u t i o n s .  Then 
1 - 2  

Thus the model p red ic t s  a  l i n e a r  r e l a t i o n  between AT and d with the  s lope  
9 ' 

giving an es t imate  of q .  Moreover, from each value  of AT we can get  

an est imate of the loca t ion  of c  with respect  t o  t h e  zero point  of the  A 1  

a x i s .  Once we have a bes t  est imate of q  and c ,  we can c a l c u l a t e  t h e  predicted 

discrimination function.  For q = 25 and c = 0, t h i s  i s  shown i n  Fig.  6.  It 

d i f f e r s  considerably from t h a t  predicted by the  counting model, a s  i t  shows a 

curv i l inea r  r i s e ,  and then a slow approach to  1. a s  AT approaches 4q.  Final ly ,  

the  model p red ic t s  no change i n  t h e  discrimination funct ion with a change i n  

base dura t ion,  s i n c e  t h e  d i f ference  d i s t r i b u t i o n s  depend only on AT and q .  

Figure 6 about here  





Experiment I: Adjacent Empty I n t e r v a l s  

The f i r s t  experiment was designed t o  determine t h e  span and genera l  

shape of t h e  du ra t ion  d i sc r imina t ion  func t ion  f o r  ad j acen t  empty i n t e r v a l s ,  

given a base  d u r a t i o n  T = 156 m s .  When q = 48 m s ,  s = 3 and bs = %; t h i s  s 

base  d u r a t i o n  would r e s u l t  i n  r e l a t i v e l y  smal l  numbers (3,4)  f o r  t h e  p o s s i b l e  

counts  i n  T i f  t h e  quanta1 counting model were v a l i d .  It should be  kep t  i n  
S 

mind t h a t  q is  a parameter which would have t o  be es t imated  f o r  each s u b j e c t  

i n d i v i d u a l l y ,  and t h a t  only q u a l i t a t i v e  f e a t u r e s  of t h e  P(C) v s  AT func t ions  

can be predic ted  from t h i s  model. Small changes i n  q g ive  cons iderable  changes 

i n  b which would be  r e f l e c t e d  i n  t h e  a c t u a l  shape of t he  func t ion .  
s 

The f i r s t  s e t  of t e n  T va lues  ( s e r i e s  I) were chosen s o  t h a t  t h e  
v 

i n t e r v a l  p a i r s  span a AT range of 1 3  t o  105 m s .  A second s e r i e s  ( s e r i e s  11) 

wi th  5 &.AT 5 5 9  m s  was run  i n  o r d e r  t o  o b t a i n  more p o i n t s  on t h e  lower p a r t  

of t h e  func t ion .  For each s u b j e c t  t h e  s e s s i o n s  were continued u n t i l  he  had 

a t  l e a s t  e i g h t  succes s ive  s e s s i o n s  wi th  approximately t h e  same d a i l y  o v e r a l l  

e r r o r  r a t e  p ( e ) .  The experimental  du ra t ion  d i sc r imina t ion  func t ions  a r e  

based on a t  l e a s t  210 t r i a l s  per  p o i n t ,  excluding those  se s s ions  be fo re  p(e)  

had s t a b i l i z e d .  

A l l  t e n  va lues  of AT occurred i n  each s e s s i o n ;  each p a i r  (T ,T ) 
v i  s 

and (Ts,TVi) f o r  i -, 1. . . . .10 ,  occurred t h e  same number of t imes,  w i th  t h e  

t r i a l s  on which each would occur  being randomly s e l e c t e d  a t  t he  beginning of 

each se s s ion .  Each one hour s e s s i o n  was d iv ided  i n t o  s i x  b locks ,  wi th  one 

minute r e s t  per iods  between blocks.  The four  pa id  observers  were usua l ly  run 

f o r  one s e s s i o n  per  day. The aud i to ry  s i g n a l s  were presented  b i n a u r a l l y  over  

earphones, and Ss were sea t ed  i n  a sound a t t enua ted  room. The equipment has  

been f u l l y  descr ibed  elsewhere (Abel, 1970).  



Each of t h e  s i g n a l s  sl-s2-s3 was a  3 m s  s i n u s o i d a l  pu l se  of 2000 cps ,  

i n t e n s i t y  .4 r m s  v o l t s ,  and rise-decay time of 1 m s .  On each t r ia l  t h e r e  occurred 

a  250 m s  aud i to ry  warning s i g n a l ,  a  de lay  of 2  seconds, and then t h e  s i g n a l  

p a t t e r n .  The response t i m e  was l i m i t e d  t o  4- (TV+Ts) seconds, and i f  a  c o r r e c t  

response was made w i t h i n  t h a t  t ime, feedback w a s  g iven  i n  t h e  form of two 125 m s  

tones.  The next  t r i a l  began 4 seconds l a t e r .  

Af t e r  s e r i e s  I and 11, s u b j e c t s  were run under s e v e r a l  d i f f e r e n t  

condi t ions  intended a s  explora tory  t e s t s  of t h e  e f f e c t s  of va r ious  changes 

i n  procedure on reducing t h e  o v e r a l l  e r r o r  r a t e ,  and on t h e  shape of t h e  

d i sc r imina t ion  func t ion .  One S (KL) r a n  a  s e r i e s  w i th  a  1 5  m s  i nc rease  i n  base 

du ra t ion .  Only 6 va lues  of  AT were used, s o  t h a t  a  d i sc r imina t ion  func t ion  

with 240 t r ia ls  pe r  p o i n t  was obta ined  i n  6 s e s s i o n s .  

Resul t s  

Table 1 shows P(2/SL),  P(2/S2) ,  and P(C) f o r  s e r i e s  I and 11. 

The corresponding d i sc r imina t ion  func t ions  a r e  p l o t t e d  i n  f i g .  7 .  There a r e  

s e v e r a l  conmion q u a l i t a t i v e  f e a t u r e s  i n  t h e s e  func t ions .  For t h r e e  Ss ,  P(C) = 1 

f o r  AT ranging from 70 t o  100 m s ,  b u t  P(C) has  r i s e n  from .5 t o  .9 i n  h a l f  

of t h i s  d i s t a n c e .  Thus t h e r e  is  a l onge r  upper p o r t i o n  of t h e  curve where P(C) 

slowly approaches 1. The s lopes  decrease  s t e a d i l y  and P(C) does n o t  appear 

t o  be a  l i n e a r  func t ion  of QT along any p a r t  of t h e  range except f o r  one S(KL). 

For t h i s  S, t h e  1 5  m s  change i n  T had no e f f e c t ;  t h e  r e s u l t i n g  func t ion  over laps  s 

h i s  s e r i e s  I1 func t ion .  I n  most cases  t h e r e  i s  a s m a l l  r eg ion  where P(C) seems 

t o  change very  l i t t l e .  For 3 Ss t h e r e  i s  one such reg ion  around AT = 20 t o  30 m s .  

For t h e  f o u r t h ,  t h e  func t ion  i s  level a t  t h e  upper -end of t h e  s e r i e s  I1 range,  

from AT = 45 m s  onwards. 



Table 1 about  h e r e  

F igure  7 about  h e r e  

It can be  seen  from Table 1 t h a t  t h e r e  i s  a very c o n s i s t e n t  tendency 

f o r  choosing T a s  t h e  longer  i n t e r v a l  when t h e  d i f f e r e n c e  between t h e  i n t e r v a l s  
2  

i s  smal l .  The only except ion  is  HS i n  s e r i e s  I .  Also, i n  a l l  c a ses  except  

one, t h e r e  seems t o  be a  r e v e r s a l  of t h i s  "bias" a s  A T  becomes l a r g e r .  Define 

P(2) by %[p(2/s2) + p(1 / s lu  , and P(1) i n  a  s i m i l a r  way. The d i f f e r e n c e  P(2) - 

P(1) decreases  from f a i r l y  l a r g e  p o s i t i v e  va lues  t o  zero o r  small  nega t ive  

values when a T  i s  somewhere i n  t h e  range 20 t o  35 m s .  This  reg ion  corresponds 

roughly t o  where t h e  "kinks" occur ,  i . e . ,  t o  t h e  r eg ion  of non-monotonicity 

i n  t he  func t ions .  

Theore t i ca l  a i ~ a l y s i s  

(a)  Creelman's model 

k 
Equation (1) p r e d i c t s  t h a t  d  v s  AT/  (2T + h T) should be a  

2 l i n e a r  r e l a t i o n ,  a s  does equat ion  (2) i f  Q = 0. Fig .  2  shows a  p l o t  of t hese  
v 

2 
values f o r  s e r i e s  11. Creelman takes  rr = 0 f o r  vo l t ages  i n  a  range where 

v 

performance is  uninfluenced by increments i n  s i g n a l  vo l t age ;  v  = .4 rms assumed 
s 

t o  be w i t h i n  t h i s  range. For two Ss ,  t h e  p o i n t s  a r e  q u i t e  we l l  f i t  by a s t r a i g h t  

l i n e  over t h e  e n t i r e  range of AT except  f o r  t h e  k inks  occuring around A T  = 25 m s .  

For t h e  o t h e r  two, only t h e  lower h a l f  of t h e  p l o t  i s  l i n e a r .  Af t e r  A T  = 25 m s ,  

MR shows a  sys temat ic  dev ia t ion  whi le  f o r  PC t h e  r e l a t i o n  becomes non-monotonic. 



Fig. 7. Duration discrimination functions for adjacent intervals. 
Series I (o----a) and series l l ( . Ts=156 ms. 



Fig .7. Duration discrimination functions for adjacent intervals. 
Series I (0-- Q) and series I B ( . %=156rns. 



The s h i f t ,  a s  OT inc reases ,  of the  r e l a t i v e  d i f f e r e n c e  between tile 

p r o b a b i l i t y  of a  T2 response a s  compared t o  t h a t  of a  T response c r e a t e s  a  1 

d i f f i c u l t y  f o r  any model of performance us ing  SDT, This  change i n  response 

b i a s  would correspond t o  a s h i f t  o f  a d e c i s i o n  c r i t e r i o n  from some nega t ive  

va lue  t o  some p o s i t i v e  va lue  on t h e  A 1  a x i s .  Since a l l  va lues  of &T a r e  

presented intermixed w i t h i n  every s e s s i o n ,  t h e  d e c i s i o n  c r i t e r i o n  should be  

t h e  sane f o r  a l l  va lues  of AT. It i s  assumed t h a t  t h e  only information t h a t  

t he  observer  has ,  on which t o  base h i s  d e c i s i o n ,  is  some va lue  of AI .  However, 

i t  seems we would have t o  assume t h a t  h e  a l s o  e x t r a c t s  some informat ion  regard ing  

the  abso lu t e  s i z e  of AI. I f  A1 is  l a r g e  he uses  a  d i f f e r e n t  c r i t e r i o n  than  

he  does when A 1  is small .  The c r i t e r i o n  l o c a t i o n  f o r  a  given v a l u e  of A T  is  

est imated by 

The u n i t s  i n  which t h i s  d i s t a n c e  i s  expressed change a s  AT changes s i n c e ,  according 

t o  t h e  Creelman model, t h e  va r i ance  of t h e  A I  d i s t r i b u t i o n  i s  a n  inc reas ing  

func t ion  of A T ,  I n  o r d e r  t o  make comparisons between t h e  va lues  of c  f o r  

d i f f e r e n t  va lues  of a T ,  we w i l l  u se  a s  a  b a s i c  u n i t  of d i s t a n c e  t h e  s tandard  

dev ia t ion  of t he  &I d i s t r i b u t i o n  when AT = 5. Hence we mul t ip ly  c  by t h e  f a c t o r  

Figure 8b and Table 2 g ive  t h e  c r i t e r i o n  l o c a t i o n  a s  a  func t ion  of A T  f o r  those 

Ss showing a s h i f t  i n  t h e  d i f f e r e n c e  P(2)  - P ( l ) ,  i n  s e r i e s  11, There appears  



t o  be a gene ra l  t rend  f o r  c t o  i n c r e a s e  from nega t ive  t o  p o s i t i v e  va lues .  

Table 2 about  he re  

F igure  8 about  he re  

(b) The quanta1 onse t -o f f se t  model 

F igure  9 shows d a s  a func t ion  of A T .  It i s  reasonably l i n e a r  f o r  
4 

o n l y  two Ss;  t h e  s t r a i g h t  l i n e s  ( f i t  by eye) y i e l d  e s t ima te s  of q of 55 m s  f o r  

KL and 44 m s  f o r  HS. Af t e r  AT = 25 m s ,  t h e  func t ion  f o r  MR shows a sys temat ic  

dev ia t ion ,  and t h a t  f o r  PC becomes q u i t e  v a r i a b l e .  A l i n e  corresponding t o  

q = 25 m s  f i t s  t h e  p o i n t s  i n  t h e  lower h a l f  of t h e  AT range f o r  PC. A s  wi th  

t h e  Creelman model, we would s e e  a sys temat ic  s h i f t  of t h e  c r i t e r i o n  from 

negat ive  t o  p o s i t i v e  va lues  with r e spec t  t o  t h e  zero p o i n t  of t he  41 a x i s .  

Figure 9 about  he re  
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Fig. 9. Quantal onset-othet model: dq as a tonction of AT for 
adjacent intervals, series 1 1  . 



(c )  Quanta1 counting models: t h e  two-look model 

Both ve r s ions  of t h e  quanta l  count ing model a r e  c l e a r l y  inadequate ,  

s i n c e  f o r  t h r e e  Ss t h e  d a t a  a r e  n o t  a t  a l l  w e l l  descr ibed  by t h e  s t r a i g h t  

l i n e  segments p red ic t ed .  For t h e  f o u r t h ,  t h e r e  w a s  no change i n  h i s  func t ions  

when T was changed by an  amount s u f f i c i e n t  t o  s u b s t a n t i a l l y  a l t e r  t h e  parameter 
s 

b i f  q  were approximately 50 m s .  However, t h e  quan ta l  count ing model can be  
S 

e a s i l y  modified i n t o  one genera t ing  curved du ra t ion  func t ions  which do have 

f e a t u r e s  corresponding t o  those  obtained i n  t h i s  experiment.  

When the  coded va lues  of T1 and T2 a r e  equal  ( t  1 2  = t ) t h e  observer  

i s  l e f t  i n  an unce r t a in  s t a t e  a s  t o  whether t h e r e  is  a c t u a l l y  a  d i f f e r e n c e  

between T and T Assume t h a t  when h e  i s  i n  t h i s  u n c e r t a i n  s t a t e  he  somehow 
1 2"  

can t ake  a  "second look',' a t  t h e  p a t t e r n  and code T and T a  second time, t h e  1 2 

second coding being independent of  t h e  f i r s t .  The p a t t e r n  would have t o  be 

s t o r e d  f o r  a s h o r t  t ime wi th  no l o s s  i n  information whi le  t h e  f i r s t  coding i s  

being completed. F ig .  10 summarizes t h e  coding and dec i s ion  processes  occurr ing  

f o r  an S p a t t e r n .  A s i m i l a r  diagram 
1 

Figure 10 about h e r e  

would hold f o r  t h e  S2 p a t t e r n .  I f  t he  r e s u l t s  of t h e  second coding a r e  

independent of those  of t h e  f i r s t ,  t h e  p r o b a b i l i t i e s  d and % have t h e  same 

values f o r  t h e  second look as f o r  t h e  f i r s t ,  For S1 = (TV,Ts) 

S imi l a r ly ,  given S 
2 = us. Tv) 9 

so t h a t  i f  P ( S  ) = P ( s ~ )  = %, 
1 





Using t h e  v a l e e s  of 6 and -d obtained i n  t h e  'one-look' case ,  t h e  d u r a t i o n  

d i sc r imina t ion  func t ions  now have the  paramet r ic  equat ions 

dT/q = bv-bs 

2 
(b) P2 ( C )  = )l(bV2-b s + I )  

a T / q  = b -b 
v S 

f o r  bs 5 b v 
1-bs 

f o r  1-b 5 b c 1 
s v 

( 9 )  

f o r  0 5 bv C 1-bS 

2 
(d) p2(C) = k(1+2bv-bv ) 

 AT/^ = l+bv-bs f o r  1-bs 5 b v c 1 

These a r e  p l o t t e d  i n  Fig.  l l a  f o r  bs = 114 and 314. The corresponding func t ions  

obtained when the  coding of T2 i s  assumed independent of t h e  coding of T1 a r e  

shown i n  F ig .  l l b ,  f o r  bs = 114 and 314. They c o n s i s t  of two curved segments, 

with t h e  paramet r ic  equat ions  

2 2 
(a)  p2(C) = k(1-bs) + b (I-b ) - b (1- 2bs) 

v S v 

2 
(b) P2(C) = 1 - kb (1-bv) 

2 
S 

aT /q  = l+bv-bs f o r  0 C bv 1 



The span of t hese  func t ions  is s t i l l  between q and 2q. I n  t h e  dependent 

s i t u a t i o n ,  a h o r i z o n t a l  segment of v a r i a b l e  l eng th  (depending on t h e  va lue  of 

b ) occurs  un le s s  b = 0;  t h e  h ighe r  t h e  va lue  of P(C) a t  which i t  occurs  t h e  
S S 

longer  i t  w i l l  be.  The rise of P(C) i s  q u i t e  f a s t  f o r  t h e  lower p a r t  of t h e  

A T  range,  b u t  i t  decreases  cons iderably  as AT inc reases .  These f e a t u r e s  

correspond t o  f e a t u r e s  of t h e  func t ions  f o r  HS and MR shown i n  f i g .  9 ,  i f  q 

is  of the  o r d e r  of approximately 5 0 m s .  For PC amuch  s m a l l e r v a l u e  of q w o u l d  

be  needed. There is  s t i l l  a s u b s t a n t i a l  d i f f e r e n c e  between t h e  p red ic t ed  func t ions  

f o r  va r ious  va lues  of  b i n  t h e  dependent case ;  a r e l a t i v e l y  smal l  change i n  
s 

base du ra t ion  would provide  a good d i r e c t  t e s t  of t h e  model. However, i f  t 
1 

and t a r e  independent,  t h e r e  is  much l e s s  d i f f e r e n c e  between t h e  func t ions  
2 

f o r  var ious  base  du ra t ions .  I f  a two-laok func t ion  were f i t  t o  t h e  d a t a  f o r  

KL, q would have t o  be  of  t h e  o rde r  of 100 m s .  I n  t h i s  ca se  a 15  m s  change 

i n  base du ra t ion  changes b by only .15. The f a i l u r e  t o  o b t a i n  a change i n  
S 

h i s  d i sc r imina t ion  func:tions might be due t o  e i t h e r  one of two reasons ;  t and 
1 

t a r e  independent,  o r  t h e  change i n  b i s  n o t  l a r g e  enough. 
2 S 

Figure 11 about  h e r e  

From the  r e l a t i o n s  l ead ing  t o  equat ion  (8) ,  we g e t  P(2) - P(1) = 

2 $ (+-kt) .  This  d i f f e r e n c e  depends on both k v = P ( l  l tl = t 2 ) ,  and 3 = P ( t  =t, ) , 1 2  

and w i l l  change i n  s i g n  only  i f  k '  changes from some va lue  l e s s  than  % t o  some 

va lue  g r e a t e r  than % ( o r  v i c e  v e r s a ) .  Fu r the r ,  a l though d is  n o t  gene ra l ly  a 

monotonic decreas ing  func t ion  of AT i t  does decrease  l i n e a r l y  w i th  AT over 

t h e  range 0 5 A T  &( l -bs )q  i f  b i s  6 %, f o r  t and t dependent. This  would 
s 1 2 

be the  case  f o r  45 I q S 52, f o r  example. Thus t h e  model could account f o r  a 

s u b s t a n t i a l  change i n  P(2) - P ( l ) ,  b u t  n o t  f o r  a r e v e r s a l  i n  s i g n .  







Summary 

Both of t h e  models which t r e a t  time a s  a  continuous v a r i a b l e  a r e  

supported by t h e  d a t a  of only two of t h e  fou r  Ss.  However, i n  t h e s e  cases  

t h e r e  i s  t h e  f u r t h e r  d i f f i c u l t y  t h a t  t h e r e  seems t o  b e  a  sys temat ic  c r i t e r i o n  

change a s  AT i n c r e a s e s ,  con t r a ry  t o  t h e  assumptions of t he  s t a t i s t i c a l  dec i s ion  

theory approach used i n  de r iv ing  a predic ted  measure of performance. 

The quanta1 counting model as descr ibed  i n  t h e  i n t r o d u c t i o n  i s  

inadequate  f o r  a l l  f ou r  Ss ,  bu t  t h e  "two-lookt' v e r s i o n  of t h i s  model looks 

promising. It is  obtained by adding t h e  assumption t h a t  t h e  p a t t e r n  i s  coded 

a  second time when t h e  outcome of t h e  f i r s t  coding i s  such t h a t  t h e r e  is  

unce r t a in ty  as t o  which i s  t h e  l a r g e r  i n t e r v a l .  The func t ions  p red ic t ed  i n  

t h i s  case  s h a r e  s e v e r a l  q u a l i t a t i v e  f e a t u r e s  wi th  t h e  func t ions  obta ined ,  and 

would be  a b l e  t o  account f o r  t h e  decrease  i n  t h e  d i f f e r e n c e  P(2) - P ( l )  over  

t h e  lower p a r t  of t h e  AT range,  which was seen  wi th  a l l  f ou r  Ss.  



Experiment 11: Same D i f f e r e n t  Judgments of Adjacent Empty I n t e r v a l s  

The s h i f t  i n  t h e  b i a s  seen  i n  t h e  forced  choice  d i sc r imina t ion  of 

ad j acen t  i n t e r v a l s  gave rise t o  specu la t ion  as t o  whether t h e  S uses  some 

information regard ing  t h e  a b s o l u t e  s i z e  of t h e  d i f f e r e n c e  between t h e  two 

inte-rvals  i n  making t h e  d e c i s i o n  as t o  which i s  t h e  l a r g e r .  One p o s s i b i l i t y  

is  t h a t  t h i s  information is  obtained from t h e  rhythmic s t r u c t u r e  of t h e  pa t -  

t e r n  of t h r e e  aud i to ry  s i g n a l s .  A s  A T  becomes l a r g e r ,  t h e r e  i s  a d e f i n i t e  

f e e l i n g  of rhythm as soc ia t ed  wi th  t h e s e  p a t t e r n s ,  a t  l e a s t  a t  t h e  base  dura- 

t i o n  chosen f o r  experiment I .  I f  t h i s  s u b j e c t i v e  rhythm were being used i n  

some way, i t  might be  r e f l e c t e d  i n  an  improved performance ( a s  compared t o  forced 

choice performance) when t h e  S is  asked t o  dec ide  only  whether o r  no t  t h e  

i n t e r v a l s  a r e  equal ,  wi thout  spec i fy ing  t h e  longer  one. That is ,  h e  might 

d e t e c t  t h a t  t h e  i n t e r v a l s  a r e  d i f f e r e n t ,  r a t h e r  than t h e  same, even though 

he  cannot determine which one is  t h e  longer .  Detec t ing  t h a t  they a r e  d i f -  

ferent  might l e a d  t o  p l ac ing  t h e  c r i t e r i o n  i n  a d i f f e r e n t  p l ace  on t h e  a1 a x i s .  

I n  t h i s  experiment T and AT were kept  f i xed  w i t h i n  any one se s s ion .  The 
D 

s t imulus  a l t e r n a t i v e s  were chosen from t h e  s e t  

w i th  t h e  p r o b a b i l i t y  of a n  SO p a t t e r n  always being P(S ) = k. The t o t a l  dura- 
0 

t i o n ,  TD = 2Ts, was cons t an t  i n  any one se s s ion .  



Data were obta ined  from 2 Ss (HS and KL) who had p a r t i c i p a t e d  i n  

experiment I and from one na ive  S (RM). The procedure and events  on each 

t r i a l  were i d e n t i c a l  t o  those  i n  experiment I ,  except  t h a t  Ss were now 

i n s t r u c t e d  t o  p re s s  key 1 i f  t h e  i n t e r v a l s  were equal  and t o  p re s s  key 2 

i f  they were d i f f e r e n t .  Feedback was g iven  when t h e  response was c o r r e c t .  

The d a t a  i n  Table 3 summarize performance from f o u r  d i f f e r e n t  cond i t i ons .  

Table 3 about  h e r e  

A.  Three s t imulus  a l t e r n a t i v e s  pe r  s e s s i o n .  

I n  t h i s  s e r i e s ,  So, S1, and S were presented i n  each s e s s i o n ,  w i th  
2 

P(SO) - 4, P(S1) = I t ,  and p(S2) = t. Ts was 156 m s  f o r  a l l  3 - Ss;  AT w a s  e i t h e r  

30 o r  50 m s  . The ordered t r i a d  P (D 1 s 2 )  , P (D I S1), P (D I So) r e p r e s e n t s  t h e  

p r o b a b i l i t y  of t h e  response "d i f f e ren t "  f o r  each of t h e  t h r e e  s t imulus  types 

presented,  summarized over  s e v e r a l  s e s s i o n s .  The d a t a  summary i n d i c a t e s  t h e  

t o t a l  number of tr ials involved.  P(C) i s  obtained from t h e  combination; 

The main f i n d i n g  i s  the  s t r o n g ,  c o n s i s t e n t  asymmetry i n  t rea tment  of 

S1 and S2. For a l l  3 S ' s  t h e r e  seems t o  be  a marked tendency t o  a s s o c i a t e  t h e  

response "d i f f e ren t "  w i th  t h e  S2 p a t t e r n ,  whi le  S1 and S seem t o  be  confused. 
0 

P (D I Sl) i s  not  much g r e a t e r  than P (D I S ) f o r  HS and RM a t  AT = 30 m s  . A t  
0 

A T  = 50 m s ,  KL i n i t i a l l y  t r e a t e d  S and S equivalent5y (.76, .76, .52) ,  b u t  1 2 

he  then  showed a s h i f t  i n  performance t o  ( .71, .48,  . 41 ) .  



B. Two s t imulus  a l t e r n a t i v e s  per  s e s s i o n  

I n  o rde r  t o  d i r e c t l y  compare d i s c r i m i n a b i l i t y  between S and S2 0 

wi th  t h a t  between S and S1, s e s s i o n s  were run  wi th  P ( s ~ )  = P ( s ~ )  = 4 and 
0 

P(S2) = P(SO) = 4. For both HS and KL, i t  w a s  found t h a t  P(C I S1 and So) 

was about 20% l e s s  than  P(C 1 S2 and So) .  

C .  Learning e f f e c t s  

Af te r  ob ta in ing  t h e  "basel ine" l e v e l s  of performance i n  s e r i e s  

A and B ,  S s  continued wi th  se s s ions  of S and S p a t t e r n s  t o  s e e  whether 
0 1 

they could improve i n  d i sc r imina t ing  between S and S wi th  extended p r a c t i c e .  0  1 

A t  t h e  beginning of each s e s s i o n ,  KT, and RM were g iven  a  sample of 10 SO 

t r i a l s ,  t o  d e f i n e  t o  them what a n  S ("same") p a t t e r n  a c t u a l l y  sounded l i k e .  
0  

The t h i r d  S (HS) rece ived  So samples a t  AT = 50 m s ,  b u t  n o t  a t  AT = 30. The 

data shown i n  Table 3 a r e  from ses s ions  a f t e r  a  p r a c t i c e  s e r i e s .  The no te s  

i n  t he  f i n a l  column i n d i c a t e  whether o r  no t  S samples were presented i n  t hese  
0 

t e s t  s e s s i o n s  a l s o .  

HS showed no change a f t e r  3 p r a c t i c e  s e s s i o n s  wi th  AT = 30; P(C) 

was s t i l l  a t  .5.  However, a t  A T  = 50 performance s h i f t e d  from (.87, .46, .26) ,  

t o  ( . 9 ,  .8, .24) a f t e r  p r a c t i c e .  For RM a s  w e l l ,  t h e  b igges t  improvement was 

i n  P(D I S1) ; a t  AT = 30, he  changed from (. 78, .45, .33) ,  t o  (. 84,  .75, -35) 

a f t e r  3  s e s s i o n s  of p r a c t i c e  on S and S1. 
0  

KL a l s o  showed a s u b s t a n t i a l  change: from (-, .61, .41) t o  (-, .78, .24) ,  

wi th  P(C I S1 & S ) a f t e r  p r a c t i c e  being equal  t o  P(C I S & S ) be fo re  p r a c t i c e .  
0  2 0 

But when he'was r e t e s t e d  wi th  t h r e e  s t imulus  p a t t e r n s ,  performance w a s  d ramat ica l ly  

a l t e r e d .  S and S were now more confusable  than  S and S ... a r e v e r s a l  of 
0  2 0 1 



t h e  o r i g i n a l  s i t u a t i o n .  Af t e r  t h r e e  more s e s s i o n s  of p r a c t i c e  wi th  So samples, 

and t h r e e  s t imulus  a l t e r n a t i v e s  p r e s e n t ,  he s t i l l  d i d  no t  recover  h i s  o r i g i n a l  

l e v e l  of performance ( .58,  -80,  -37 ) .  It remains t o  be seen  whether t h e  

e f f e c t  would occur wi th  o t h e r  Ss .  

D. Change i n  t o t a l  du ra t ion  

For HS, T was changed from 312 t o  284 m s ;  performance wi th  t h r e e  
D 

s t imulus  p a t t e r n s  per  s e s s i o n  was only s l i g h t l y  d i f f e r e n t .  However, t h e r e  w a s  

a much more s u b s t a n t i a l  change when TD w a s  increased  by 140 m s :  from ( .80,  .36, .33) 

a t  360 m s  t o  ( .52, .46, .41) a t  500 m s .  The q u a n t i t y  changed most i s  P(D / S2).  

For KL, a s  TD increased  from 312 m s  t o  450 m s ,  performance changed 

from (.58, .80, .37)  t o  ( .38,  .63, -36 ) .  I n  t h i s  c a s e ,  P(D I S1) and P(D ) S2) 

decreased by comparable amounts. Af te r  f u r t h e r  p r a c t i c e  wi th  S samples, 
2 

performance was (.55, .45, .36) .  

For both Ss ,  i t  seems as i f  S and S p a t t e r n s  could be  t r e a t e d  more 1 2 

s i m i l a r l y  a t  t h e  l a r g e r  t o t a l  du ra t ions .  Fu r the r ,  t h e  magnitude of t h e  d i f -  

fe rence  P(D I s2) - P(D I S1) seems t o  depend on AT and T both t h e s e  time 
D ; 

parameters would in f luence  t h e  c o n f u s a b i l i t y  of S1 and S2 wi th  So. But KL's 

s h i f t  i n  performance a f t e r  4 s e s s ions  wi th  AT = 50, TD = 312 shows t h a t  such 

changes occur  sometimes wi th  no change i n  AT o r  TD. 

Theore t i ca l  cons ide ra t ions  

The asymmetry between Ss t rea tment  of S1 and S poses a problem f o r  2 

both t h e  Creelman and quanta1 onse t -o f f se t  models i n  t h e i r  o r i g i n a l  form, o r  

f o r  any model us ing  s t a t i s t i c a l  dec i s ion  theory t o  c h a r a c t e r i z e  t h e  dec i s ion  

process .  These models involve  overlapping d i s t r i b u t i o n s  of AI, t h e  d i f f e r e n c e  



between t h e  i n t e r n a l  r ep re sen ta t ions  of t h e  t ime i n t e r v a l s  def ined  by t h e  

s t imulus  p a t t e r n s .  It i s  assumed t h a t  i n  t he  same-different t a sk ,  t h e  S 

f i x e s  two c r i t e r i a ,  P l  and p2. Whenever fll & A 1  6 P , h i s  d e c i s i o n  2 

i s  t h a t  t h e  i n t e r v a l s  a r e  t h e  same. If A I l i e s  o u t s i d e  these  bounds, h i s  

dec i s ion  i s  t h a t  T1 $ T2. F igure  12  r e p r e s e n t s  t h e  d e c i s i o n  s i t u a t i o n .  

F igure  12 about  h e r e  

The d a t a  obta ined  from ses s ions  wi th  3 s t imulus  a l t e r n a t i v e  p re sen t  

a r e  n o t  s u f f i c i e n t  t o  g ive  a n  e s t ima te  of d '  
01  " t h e  d i s t a n c e  between t h e  means of 

t h e  (S ) and (S ) d i s t r i b u t i o n s .  (S imi la r ly  f o r  d '  ) The l o c a t i o n  of 
0 1 02 

(3 ( P 2) wi th  r e spec t  t o  p ( p 2 )  i s  obta ined  from P (D I S1) (P (D I S2) ) . 1 

But t h e  l o c a t i o n  of fJ1 and p2  wi th  r e s p e c t  t o  PO is  not  p o s s i b l e  u n t i l  we 

know t h e  r e l a t i v e  a r e a s  i n  t h e  shaded p o r t i o n s  of t h e  t a i l s  of t h e  (S ) 0 

d i s t r i b u t u i o n  beyond al and P2; we have only the  sum of t h e s e  a r e a s  which 

i s  P (D I So) . ( s ee  f i g .  12)  

The d a t a  from s e s s i o n s  involv ing  t h e  S - S and t h e  S - S a l t e r n a t i v e s  
1 0  2 0 

do y i e l d  e s t ima te s  of dqO1 and d '  
02" 

These a r e  shown i n  Table 4;  d '  
c , o1  

and 

d 'c ,02  r e f e r  t o  va lues  obtained by us ing  t h e  quanta1 onse t -o f f se t  model. I n  

both cases ,  d T O 2  i s  much l a r g e r  than  d '  For HS t h e  r a t i o  d '  02/d101 i s  about 01  ' 

10,  wh i l e  f o r  KL i t  i s  3; both  models p r e d i c t  t h a t  t h i s  r a t i o  should b e  1. 

Table 4 about  he re  

. The e f f e c t  of a change i n  TD wi th  AT kept  cons tan t  a l s o  sugges ts  





t h a t  t h e  onse t -o f f se t  de lay  model i s  n o t  adequate,  un le s s  T = 180 o r  T = 250 s s 

l i e s  o u t s i d e  t h e  range w i t h i n  which i t  would apply. Over a c e r t a i n  range of 

T t h e r e  should be  no e f f e c t  on dO1 o r  d corresponding t o  a g iven  AT. On 
S 02 

t h e  o t h e r  h a n d ,  Creelman's model would p r e d i c t  a  decrease  i n  d '  = d t o 1 +  d r O 2 .  

Using t h e  s impler  formula ( I ) ,  t h e  p red ic t ed  change i n  d '  a s  T i n c r e a s e s  from 
s 

180 m s  t o  250 m s  i s  approximately 

However, t h e  d a t a  a r e  no t  s u f f i c i e n t  t o  y i e l d  an  e s t ima te  of d '  a t  e i t h e r  

va lue  of T so  we cannot e s t a b l i s h  whether t h e  change i n  performance obta ined  
S 

a c t u a l l y  does correspond t o  a change of t h i s  magnitude i n  d ' .  

It should be kept  i n  mind t h a t  t hese  models assume a response s t r a t e g y  

which i s  based on t h e  d i f f e r e n c e  of t h e  measures of t h e  two i n t e r v a l s ,  and on 

t h e  use  of two c r i t e r i a .  If i t  were very  d i f f i c u l t  t o  u se  two c r i t e r i a  r e l i a b l y ,  

t h i s  should be r e f l e c t e d  i n  a  s u b s t a n t i a l  improvement i n  P(D I S1) i n  t h e  So - S1 

sess ions ,  a s  compared t o  P(D S1) i n  t h e  S - S1 - S ses s ions  where only one 0 2 

c r i t e r i o n  would b e  necessary .  This  was no t  s een  wi th  HS. On t h e  o t h e r  hand, 

Ss might u s e  only t h e  informat ion  i n  t h e  f i r s t  i n t e r v a l ,  and c l a s s i f y  t h e  pa t -  

t e r n  according t o  whether t h e  f i r s t  i n t e r v a l  i s  s h o r t e r  than  a  c e r t a i n  c r i t i c a l  

va lue .  A procedure which would be  informat ive  wi th  r e s p e c t  t o  t h i s  ques t ion ,  

i s  one which would use  t h r e e  So p a t t e r n s :  



I f  t he  response s t r a t e g y  were a s  j u s t  suggested,  P(D I SO2) would be much l a r g e r  

than t h e  P (D I Sol). 

One way of us ing  t h e  q-counting type of model t o  account f o r  t h e  asym- 

metry i n  performance on S and S2 found i n  t h i s  experiment is t o  assume t h a t  1 

t h e  dec i s ion  process  involves  two b i a s  parameters:  

A p r o b a b i l i t y  t r e e  diagram summarizing t h e  coding and dec i s ion  processes  is  

given i n  Fig.  12 .  The parameters di, p i ,  Ti ( i  = 0 ,  1 )  depend on AT and q ,  

and on whether o r  no t  t i s  dependent on t The c a l c u l a t i o n s  a r e  descr ibed  
2 1 ' 

i n  Appendix I .  From t h e  diagram we o b t a i n  t h e  fol lowing s e t  of 3 equat ions ,  

any 2 of which (a and b, say)  g ive  us  a n  e s t ima te  of k' and k . 
1 

P(D I So) = %k + f10 + To. k (a )  

+ 
P(D I S1) = d-,.k + q Xl. k' (b (12) 

P ( S I S 2 )  Al + Blk+  T 1 . k V  (c)  

Figure 1 3  about h e r e  

To t e s t  t h e  model we need d a t a  from sessions i n  which t h r e e  s t imulus  a l t e r n a t i v e s  

a r e  p r e s e n t ,  s i n c e  we want t h e  same va lues  of k and k '  t o  be  i n  e f f e c t  when 

we p r e d i c t  t h e  va lue  of P(s  I S ) from ( c ) .  For c e r t a i n  assumed va lues  of  q ,  2 



Fig.13. Scfiem&ie for the quadas eobt~lliglg model in 
the same- different gtualim. 



t h e  corresponding ca l cu la t ed  va lues  of k ,  k'  and P ( D J  S2) a r e  shown i n  Table 5 ,  

f o r  t and t2 dependent. The obtained va lue  of P(D)  S2) ,  f o r  comparison, i s  
1 

t h e  f i r s t  (underl ined)  number i n  t h e  corresponding performance t r i a d .  

There a r e  s e v e r a l  i n d i r e c t  r e s t r i c t i o n s  on q; t h e  s o l u t i o n s  t o  (12) 

must be such t h a t  

(1) 0 f;, k, k' & l  

(2) t h e  p red ic t ed  v a l u e  of P(D 1 S ) must be  c l o s e  t o  t h e  experimental  va lue .  
2 

( 3 )  given a smal l  change i n  T t h e  same va lues  of k,  kt, and q should p r e d i c t  
D $ 

performance, and 

( 4 )  a f t e r  f u r t h e r  p r a c t i c e  wi th  S samples, any performance change should be  
0 

r e f l e c t e d  i n  a change i n  t h e  b i a s  parameters only.  

The va lues  of q shown i n  Table 5 have been s e l e c t e d  from those  which b e s t  s a t i s f y  

a l l  t hese  condi t ions .  For both HS and KL, who had a l a r g e  i n c r e a s e  i n  T D S  

had t o  be doubled t o  g e t  P(D I S2) i n t o  t h e  range of t h e  obtained va lue .  The 

problem of e s t a b l i s h i n g  t h e  uniqueness of t h e s e  s o l u t i o n s  s t i l l  remains,  s i n c e  

f o r  one given t r i a d  t h e r e  may be two o r  more va lues  of q which s a t i s f y  condi- 

t i o n s  (1) and (2 ) .  However, t h i s  s e t  does n o t  n e c e s s a r i l y  co inc ide  wi th  t h a t  

providing accep tab le  s o l u t i o n s  when T i s  increased .  A range of q from 20 t o  
D 

35 m s  was explored f o r  t h e  t h r e e  Ss, and another  from 46 t o  60 m s .  Within 

t h e s e  ranges,  a v a l u e  of q between 25 and 26 m s  g ives  t h e  b e s t  s o l u t i o n s  f o r  

HS and RM, whi l e  q must be  somewhere around 5 1  o r  52 f o r  KL. 

Table 5 about  he re  

I t  i s  of i n t e r e s t  t h a t  t hese  va lues  of q must be doubled t o  g ive  



acceptable  s o l u t i o n s  wi th  t h e  longer  t o t a l  d u r a t i o n s .  The ques t ion  a r i s e s  as 

t o  how q might depend on t h e  t o t a l  d u r a t i o n  of t h e  p a t t e r n s  being d e a l t  wi th .  

Accuracy i n  performance could be  s u b s t a n t i a l l y  increased  by us ing  a t ime base 

wi th  a sma l l e r  per iod (ha l f  t h e  "fundamental"), provided t h e r e  i s  no memory 

l o s s  of t h e  number of t i m e  p o i n t s  i n  t h e  i n t e r v a l s  be ing  measured, o r ,  t h e r e  

might be  a c r i t i c a l  number of t ime po in t s  beyond which double t h e  "fundamental" 

per iod i s  used a s  a u n i t  of measurement of t h e  i n t e r v a l s  being d e a l t  wi th .  

The two-look assumption has  not  been used f o r  t h e  same-different 

s i t u a t i o n ,  s i n c e  i n  t h i s  ca se  t h e r e  i s  no outcome of t h e  coding process  which 

corresponds t o  t h e  s t a t e  of "uncertainty" i n  t h e  forced  choice t a s k .  That i s ,  

t h e r e  i s  a d i r e c t  correspondence between t h e  response a l t e r n a t i v e s  def ined  

t o  t he  observer  and t h e  outcomes of t h e  coding process .  

The r e s u l t s  from t h i s  experiment suggest  t h e  i n c l u s i o n  of a second 

b i a s  parameter i n  t h e  two-look model.  h he same r e s u l t s  a r e  obta ined  i f  i n s t e a d  

we s e t  k = P ( l  I t2 > t l )  2 S e t t i n g  k = P(2 ( tl > t ) ,  t h e  r e s u l t i n g  express ion  2 

f o r  P2(C) i s  

2 P2(C) = P + ( 1  - P) where P = 2 d  + 2 $ d  + -6 (13) 

The c a l c u l a t i o n  of P can be  made f o r  each va lue  of AT once we have s e l e c t e d  

a va lue  f o r  q .  The o r i g i n a l  formula (8) i n  t h e  two-look model i s  a s p e c i a l  

case  of (13) wi th  k = 0. P is  a q u a n t i t y  varying between 1 and 2, so t h e  term 

k(1-P) is  always negat ive ,  except  a t  AT = 0 where P = 1. Thus t h e  p red ic t ed  

va lue  of P2(C) i s  never 1. This p r e d i c t i o n  is  no t  supported by t h e  d a t a  from 



Fig.14. Predicted two-look, two-bias di~rimination 
fundions compared to adjacent interval 
data, series I I . 
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Fig.14. Predicted two-look, two-bias discriminat ion 
fundions compared 40 adjacent inter-! 
data, series 9 1 . 



s e r i e s  I i n  experiment I ,  where 3 Ss d id  o b t a i n  P(C) = 1 when AT was l a r g e .  

SO we set k  = p(2[t l  - t2 = 1 )  and k '  = P ( t  -t - I ) ,  and now o b t a i n  
1 2- 

2p2(c) = P -  k ( l + K )  (d+ A ' +  b. - 1 )  (14 

A s  long a s  o( = cA ' , (14) i s  equiva len t  t o  (13) ; t h i s  w i l l  b e  t h e  c a s e  u n t i l  

A T  = ( 1  - b s ) q  Hence f o r  t h e  lower p o r t i o n  of t h e  AT range,  2P(C) p l o t t e d  

a s  a  func t ion  of P  should be  l i n e a r  wi th  s l o p e  1-k, and should pass  through 

( 1 ,  . I f  45 r, q $ 52, bs 4 $ and t h i s  range i s  a t  l e a s t  22 m s  long .  This  

means t h a t  from t h e  f i r s t  4 o r  5  d a t a  p o i n t s  of s e r i e s  I1 we can e s t ima te  k  

and so  compare predic ted  t o  obtained performance, f o r  t h e  e n t i r e  range of AT. 

Figure 14 shows two-look, two-bias curves wi th  q of t h e  o rde r  of 50 m s  f o r  3  Ss .  

For one S, q  has  t o  be of t h e  order  of 25 m s .  I n  a l l  f ou r  ca ses ,  t h e  d a t a  a r e  

q u i t e  w e l l  f i t  by t h e  predic ted  func t ions .  The range of q  is  r e s t r i c t e d  by 

t h e  cond i t i on  t h a t  we must o b t a i n  a reasonably l i n e a r  p l o t  of 2P(C) vs  P ,  f o r  

AT 5 (1-b ) q ,  w i th  most p o i n t s  l y i n g  on o r  below t h e  d iagonal  from (1,  1 )  s 

t o  ( 2 ,  2 ) .  Po in t s  l y i n g  above t h i s  d iagonal  correspond t o  performance b e t t e r  

than  t h a t  p red ic t ed  wi th  k  = 0.  Another r e s t r i c t i o n  on q  is  t h a t  f o r  those  

Ss who have taken p a r t  i n  both experiments I and 11, t h e r e  should be  some 

correspondence between t h e  va lues  of  q  obtained i n  both s i t u a t i o n s .  For KL 

t h i s  is  so ;  b u t  f o r  HS, q  i n  t h e  FC t a s k  i s  twice t h e  va lue  of q obtained from 

the  SD t a sk .  Once aga in  we can r a i s e  t h e  ques t ion  a s  t o  whether q  depends 

upon t h e  con tex t  f o r  making a  du ra t ion  d i sc r imina t ion .  

F igure  14 about  h e r e  



Discussion 

It w a s  i n i t i a l l y  intended t o  compare performance f o r  two t a sks ,  

forced choice  and same-different ,  This  comparison cannot be  l e g i t i m a t e l y  

made y e t  s i n c e  d a t a  w a s  no t  obtained f o r  a FC t a s k  us ing  t h e  same s t imulus  

a l t e r n a t i v e s  as i n  t h e  SD t a sk .  One b a s i s  of comparison might b e  t h e  P(C) 

measure, Comparing P(C) from experiment I wi th  P(C) from t h i s  experiment,  

both HS and KL show a s u b s t a n t i a l  decrement. I n  s e r i e s  I1 of experiment I ,  

P(C) was z . 8 3  a t  AT = 30, f o r  HS; P(C) was Z . 9  a t  AT = 50 f o r  KL. 

However, t h i s  comparison i s  only sugges t ive .  Inc luding  S would change t h e  
0 

con tex t  f o r  making t h e  d i sc r imina t ion  between S and S2; t h e  c o n f u s a b i l i t y  
1 

of So and S decreases  P(D I sl)  and may a l s o  in£  luence  P ( l  I S ) i n  t h e  FC 
1 1 

task .  It seems more l i k e l y  though, t h a t  we would s e e  t h i s  confusion r e f l e c t e d  

i n  a h igher  va lue  f o r  P ( l  I SO) than  f o r  P(2 I So). i f  random feedback were 

given on t h e  S trials.  
0 

I n  a d d i t i o n  t o  t h e  problem of a b a s i s  of comparison f o r  t h e  FC and SD 

s i t u a t i o n s ,  t h e r e  i s  a l s o  t h e  problem of  whether S and S2 can come t o  be 1 

be t r e a t e d  more equ iva l en t ly  wi th  t h e  r i g h t  kind of t r a i n i n g .  I f  n o t ,  t h e  

o r i g i n a l  ve r s ions  of those  models of t i m e  pe rcep t ion  us ing  s t a t i s t i c a l  

dec i s ion  theory w i l l  have t o  be modified t o  d e a l  wi th  ad j acen t  i n t e r v a l s .  

On the  o t h e r  hand w e  now do have a v e r s i o n  of t h e  quanta1 counting model which 

can t ake  i n t o  account t h i s  asymmetry i n  t h e  t rea tment  of S1 and S2. The b i a s  

parameters should be  s e n s i t i v e  t o  i n s t r u c t i o n s  regard ing  response s t r a t e g y  

and payoffs .  The asymmetry is anintriguing f i n d i n g  which needs t o  b e  r e p l i c a t e d .  



Experiment 111: Separated Empty I n t e r v a l s  

This  experiment looks a t  t he  shape of d i sc r imina t ion  func t ions  f o r  

i n t e r v a l s  s epa ra t ed  by 2 seconds, f o r  two base  du ra t ions .  The procedure w a s  

t h e  same as i n  experiment I. The s t imulus  a l t e r n a t i v e s  were aga in  S = (Tv, TS) 1 

o r  S = (Ts, Tv) wi th  A T  = 2 Tv 
- T having any one of 5 va lues  i n  each s e s s i o n .  

S 

S ix teen  s e s s i o n s  were run  a t  each va lue  of T d iv ided  i n t o  e i g h t  w i th  T = 200 m s ,  
s ' S 

s i x t e e n  wi th  T = 100 m s ,  and a  f i n a l  s e t  of e i g h t  a t  200 m s .  Two Ss (PV and KL) 
s 

d id  not  complete t h e  e n t i r e  s e r i e s ,  bu t  both func t ions  a r e  based on a t  l e a s t  

300 t r i a l s  pe r  p o i n t .  For t h e  o t h e r  3 Ss ,  t h e  func t ions  a r e  based on nea r ly  

800 t r i a l s  pe r  po in t .  PL and V.  were new Ss; t h e  o t h e r  t h r e e  had p a r t i c i p a t e d  

i n  experiment 11. The i n t e n s i t y  of t h e  s i g n a l s  remained unchanged b u t  t h e  

du ra t ions  were increased  s l i g h t l y  t o  6 m s .  

Resul t s  

The d i sc r imina t ion  func t ions  ( ~ i g .  15)  a r e  smooth sha rp ly  r i s i n g  

curves, wi th  decreas ing  s l o p e  a s  A T  approaches 30 m s  f o r  4 of t h e  5 Ss.  

The one l i n e a r  func t ion  (KL) i s  very  s i m i l a r  t o  t h e  performance seen  from t h i s  

S i n  experiment I wi th  ad j acen t  i n t e r v a l s .  For HS, performance i s  b e t t e r  

a t  both base  du ra t ions  i n  t h i s  c a s e  than  i t  w a s  wi th  ad j acen t  i n t e r v a l s .  

The e f f e c t  of a change i n  base  d u r a t i o n  i s  no t  c o n s i s t e n t  over a l l  

Ss .  Three show b e t t e r  performance on a l l  va lues  of h T  when Ts i s  100 m s  as 

compared t o  T = 200 m s :  one (KL) shows no d i f f e r e n c e ;  and f o r  V ,  t h e  d i r e c t i o n  
S 

of t h e  d i f f e r e n c e  between t h e  two func t ions  depends on & T. 

Table 6 shows performance a t  bo th  base  du ra t ions .  Comparing P(l/S1) 

wi th  P(2/S2) ,  t h e r e  seems t o  be no d e f i n i t e  b i a s  t r ends .  P(2/S2) i s  g r e a t e r  



than  P ( ~ / s  ) i n  only f o u r  o u t  of t e n  cases .  For 3 Ss t h e  d i f f e r e n c e s  
1 

p(l/S1) - P ( ~ / S  ) have t h e  same s i g n  f o r  both base  du ra t ions .  The most 
2 .  

s t r i k i n g  b i a s  e f f e c t  is  seen  wi th  KL, f o r  whom P(l/S1) i s  l e s s  than  .5 

u n t i l  AT is  . 30 m s .  

Figure 15  about  he re  

Table 6 about  he re  

Theore t i ca l  a n a l y s i s  

Again we f i n d  t h a t  t h e  quanta1 onse t -o f f se t  model i s  not  adequate  

i n  desc r ib ing  t h e  d a t a .  The model p r e d i c t s  no change i n  performance when base 

du ra t ion  is  changed, s i n c e  t h e  a1 d i s t r i b u t i o n s  depend only on AT and q .  

However, a change i n  performance w a s  d e f i n i t e l y  seen  f o r  t h r e e  Ss.  The t a b l e  

of cumulative a r e a s  under t h e  d i s t r i b u t i o n  wi th  AI = 0 i s  c a l c u l a t e d  from 

t h e  formulae used i n  McKee e t  a 1  (1970) where t h i s  model is  used f o r  t h e  forced  

choice s i t u a t i o n .  Using t h i s  t a b l e  t o  o b t a i n  d we f i n d  t h a t  t h e  d v s  AT 
4 ' q 

r e l a t i o n  i s  l i n e a r  f o r  T = 100 f o r  a l l  5 Ss ,  b u t  i s  non-l inear  when T = 200 s s 

i n  3 cases .  Fu r the r ,  f o r  3 Ss t h e  po in t s  f o r  T = 200 d e v i a t e  sys t ema t i ca l ly  s 

from the  s t r a i g h t  l i n e  f i t t i n g  t h e  p o i n t s  f o r  T = 100. (Fig.  16) It may be 
s 

t h a t  Ts = 200 i s  o u t s i d e  t h e  range i n  which t h i s  model a p p l i e s .  

The s imple v e r s i o n  of t h e  Creelman model i s  a l s o  somewhat inadequate .  

The p l o t  of d ' as a func t ion  of ATDT + + T ) ~  is  shown i n  Fig.  17  ; f o r  only 
S 

two Ss a r e  t h e  d a t a  from both base du ra t ions  reasonably w e l l  f i t  by t h e  same 



Fig.15. Duration discrimination functions for separated intervals. T,=100 
( 0 - - - G I  and p200 ( I .  



zero- in te rcept  s t r a i g h t  l i n e .  I n  t h e  o t h e r  ca ses ,  t h e  p o i n t s  corresponding 

t o  da t a  from one base  du ra t ion  l i e  c o n s i s t e n t l y  below t h e  l i n e  f i t t i n g  t h e  p o i n t s  

from the  o t h e r .  A p l o t  of d '  (100) VS (200 
i s  shown i n  Fig.  18 f o r  a l l  Ss . 

Equation (1) p r e d i c t s  t h a t  a l l  p o i n t s  should l i e  s l i g h t l y  below a l i n e  wi th  

a  s l o p e  of dZ, bu t  d e f i n i t e l y  above one wi th  a  s l o p e  of 1. For 0 L AT 5 50, 

Including t h e  f a c t o r  ( 1  + K T ~ ) - %  would enhance t h e  p red ic t ed  r a t i o .  The obtained 

r a t i o s  f o r  a t  l e a s t  2  Ss (V and KL) a r e  c o n s i s t e n t l y  l e s s  than  p red ic t ed ,  and 

t h a t  f o r  a  t h i r d  (HS) is  much l a r g e r  than  p red ic t ed .  

F igure  16  about  h e r e  

F igure  17 about  h e r e  

Figure 18 about  h e r e  

I n  applying t h e  two-look, two-bias model t o  t h e  d a t a  from t h i s  experi-  

ment, we assume t h a t  t h e  coding of T2 is  independent of t he  coding of T1 when 

c a l c u l a t i n g  t h e  q u a n t i t i e s  c4, 4' and If . For KL, t h e  p l o t s  of 2P(C) vs  P 

r e s u l t i n g  from q = 51 a r e  not  a t  a l l  w e l l  f i t  by a  s t r a i g h t  l i n e  b u t  wi th  

q = 102 t h e r e  i s  cons iderable  improvement. For HS, wi th  q = 25 t h e  p l o t s  of 

2P(C) v s  P a r e  l i n e a r  a t  both base du ra t ions  bu t  they do not  have t h e  same 

s lope ;  a t  Ts = 100, k  = 0 ,  b u t  a t  Ts = 200, k  = .25. However, i f  we use  q = 50 

f o r  Ts = 2009 we o b t a i n  k = 0.  The p red ic t ed  func t ions  f o r  HS shown i n  F ig .  19 

a r e  those  f o r  T = 100 (q = 25) and Ts = 200 (q = 50).  For t h e  o t h e r  t h r e e  Ss 
S 

whose d a t a  can be reasonably w e l l  f i t  by t h i s  model, only t h e  p red ic t ed  func t ions  





Fig. 17 . Creelman's model: d' as a function of A T I ( ~ T ~ +   AT^^ for 
separated intervals. 
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f o r  T = 100 a r e  shown. I n  t h e s e  c a s e s ,  t h e r e  i s  very  l i t t l e  d i f f e r e n c e  between 
S 

t h e  func t ions  a t  t h e  two base  du ra t ions ;  gene ra l ly  t h e  func t ion  f o r  T = 200 
s 

i s  s l i g h t l y  below t h a t  f o r  Ts = 100. For t h e  two new Ss (PL and V) q must be 

of t he  o rde r  of 25 m s .  For RM performance is  much b e t t e r  than  t h e  model 

p r e d i c t s  wi th  q around 25 m s ;  a  much sma l l e r  q  would be  needed. 

Figure 1 9  about he re  

Summary and Conclusions 

Of t h e  t h r e e  models descr ibed  i n  t h e  in t roduc t ion ,  w e  have found those  

two which d e a l  wi th  time as a continuous v a r i a b l e  (Creelman's and t h e  quantal-  

onse t -of fse t  model) t o  be  inadequate  f o r  t h e  ad j acen t  i n t e r v a l  s i t u a t i o n  wi th  

both same-different  and forced-choice judgments. These models r e q u i r e  t h a t  

t h e  i n t e r v a l s  be  t r e a t e d  symmetr ical ly;  i . e . ,  t h a t  i t  should n o t  matter whether 

t h e  longer  i n t e r v a l  i s  presented f i r s t  o r  second i n  t h e  p a t t e r n .  However, t h e r e  

apparent ly  i s  some kind of dependence between t h e  i n t e r v a l s  when t h e  s i g n a l  

which marks t h e  o f f s e t  of t h e  f i r s t  a l s o  denotes  t he  onse t  of t h e  second. The 

c e n t r e  pu l se  s e rves  two func t ions ,  and t h e  s u b j e c t i v e  rhythmic q u a l i t y  of t h e  

s t imulus  p a t t e r n s  may r e f l e c t  a  f u r t h e r  complicat ing f a c t o r .  It may be  more 

reasonable t o  make t h e  assumption of independence of t h e  measurement of t h e  

two i n t e r v a l s  when they a r e  separa ted  by some i n t e r v a l  cons iderably  longer  than  

t h e i r  t o t a l  du ra t ion .  Although t h e  d i sc r imina t ion  of separa ted  empty i n t e r v a l s  

may provide a  s impler  s t imulus  s i t u a t i o n  i n  which t o  t e s t  va r ious  t h e o r i e s  of 

time d i sc r imina t ion ,  Creelman's model is  s t i l l  n o t  adequate ,  and t h e  quan ta l  

onse t -o f f se t  model can a l s o  be r e j e c t e d .  That i s ,  t h e s e  cont inuous models a r e  

inadequate  a s  they have been formulated and appl ied  i n  t h i s  case ;  succes s fu l  

modi f ica t ions  may (or  may n o t )  be  poss ib l e .  



K.L. 
Q = 102 
K = a 0 5  

Solid : Q = 

Dashed : Q = 
K = 

Fig."1. Predicted tw-bok,Pwo-bias discrimirnatim functions compared with 
sewrat ed interval data. 



The c l a s s  of models generated from t h e  quanta1 counting assumption 

involv ing  an i n t e r n a l  time base  independent of ongoing sensory events  t r e a t s  

time a s  a d i s c r e t e  v a r i a b l e .  This  s e t  of models has  d e a l t  q u i t e  s u c c e s s f u l l y  

wi th  t h e  r e s u l t s  of t h e  t h r e e  experiments r epo r t ed  h e r e  -- ad jacen t  as w e l l  

as separa ted  i n t e r v a l s .  One important  assumption is  made f o r  t h e  forced choice  

s i t u a t i o n :  t h a t  a second look  a t  t h e  i n t e r v a l s  t o  be d iscr imina ted  occurs  when 

t h e  r e s u l t s  of t h e  f i r s t  measurement l e a v e  t h e  observer  i n  a s t a t e  of u n c e r t a i n t y  

a s  t o  which is  t h e  longer  i n t e r v a l .  Such a state of unce r t a in ty  occurs  i n  those  

s i t u a t i o n s  where t h e  S i s  presented wi th  a p a i r  of i n t e r v a l s  on each t r i a l ,  

and t h e  response a l t e r n a t i v e s  a r e  such t h a t  a longer  (o r  s h o r t e r )  i n t e r v a l  

must be s e l e c t e d .  

Est imates  of t h e  va lue  of t h e  per iod  of  t he  time base were of t h e  

o rde r  of 25, 50 and 100 m s .  An observer  might u se  e i t h e r  q o r  2q as a u n i t  

of measurement, depending on t h e  base  du ra t ion  and t h e  type  of judgment t o  be  

made. These e s t ima te s  a r e  of cons iderable  i n t e r e s t  s i n c e  they may be  r e l a t e d  

t o  e s t ima te s  of t h e  psychophysical time quantum obtained i n  very d i f f e r e n t  

types of experiments (Kr i s to f f e r son ,  1967).  



Appendix I: Sample c a l c u l a t i o n s  - quanta1 counting model 

Assuming a given p a r t i c u l a r  va lue  of q ,  we have 

Is = (s+bs)q O S b s ~ l  

Iv = (b+bv)q O L b v & l  

ID = Is+Iv = (s+v+bs+bv)q = (d+bd)q O $ b d & l  

wi th  s ,  v ,  and d being i n t e g e r s .  Severa l  ca ses  must be  considered,  I f  v=s+2, 

I w i l l  con ta in  e i t h e r  s+2 o r  s+3 time p o i n t s  wh i l e  I can con ta in  only  s o r  v 

s+l time p o i n t s .  I w i l l  always con ta in  a t  l e a s t  one more t i m e  p o i n t  than I 
v S 

and so  w i l l  always be  chosen a s  t h e  longer  i n t e r v a l .  For both v=s and v=s+l,  

t h e  cases  b +bs 4 1 and bv+bs 31 have t o  be  taken s e p a r a t e l y ,  s i n c e  d w i l l  b e  v 

s+v, o r  s+v+l. 

A s  an  example of t h e  c a l c u l a t i o n s ,  t ake  V=S and b +b >, 1. Then d=2s+l 
v S 

and b =b +b -1. Given S1 = (TV,Ts), Tv con ta ins  e i t h e r  s o r  s+l time p o i n t s ,  
d s v  

wi th  

T con ta ins  e i t h e r  2s+l o r  2s+2 time p o i n t s ,  w i th  D 

Figure  A 1  r e p r e s e n t s  t h e  va r ious  outcomes p o s s i b l e  f o r  any t r i a l  and t h e i r  

a s soc i a t ed  p r o b a b i l i t i e s ,  f o r  t h i s  p a r t i c u l a r  ca se .  

F ig .  A 1  about  he re  

Let  P ( i ; j )  denote t h e  p r o b a b i l i t y  of i p o i n t s  occu r r ing  i n  T and j p o i n t s  i n  
1- 





Then 4 = P ( t 2  > t l )  = P(s+ l ; s )  

and -6 = P ( t  =t ) = P ( s ; s )  + ~ ( s + l ; s + l )  2  1 

But P(s;s) P ( s ; s+ l )  = P ( t  1- -s)  = 1-b 
v  

and P(s+l ; s )  + P(s+l;s+l)  = P( t l=s+l )  = bv 

Looking a t  t h e  t o t a l  number of  p o i n t s  w i t h i n  I and 12, 
1 

P ( s ; s )  = P ( tD=2s)  = 0 

From (3) and (5) P  ( s  ; s+ l )  = 1-b 
v 

! 

and us ing  (6)  and ( 4 ) ,  P(s+ l ; s )  = bv-bd 

A s  a  check, t h e  sum of  (8)  and (9) i s  1-bd, a s  i n  ( 7 ) .  

Going back t o  (1) and (2)  

a( = bv - bd = 1-b 
s 

and hence 

f o r  AT = (by - bS)q , as long as 1-b L,b L 1 
S v  

The o t h e r  t h r e e  cases  a r e  done i n  t h e  same way. 

i When T and T2 a r e  independent ,  
1 

P ( i ; j )  = p( t1=i ) .P( t  2- - j )  

When V=S, A= P(s+-1;s) = b (1-bs) and 
v  



5 = ~(s+l;s+l) + P(s;s) = bv.bs + (1-b )(l-b ) 
v S 

thus P(c) = d + V / 2  = (l+bv-bs)/2 for a T / q  = b -b . 
v s 



Appendix 11: P r o b a b i l i t y  d i s t r i b u t i o n s  - onse t -o f f se t  de lay  model 

Given 3 uniformly d i s t r i b u t e d  random v a r i a b l e s ,  X1' X2' x  3  w i th  t h e  p r o b a b i l i t y  

d i s t r i b u t i o n  func t ions  

gl(xl) = l / q  0 h x  1 & q  

p3(x3) = l l q  0 L - x 3 t q  

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

combination 

X i s  def ined  over  t h e  range -2q & X 5 2q . 
For any va lue  A w i th in  t h i s  range,  

v P(X=A) = L_I P(x -m and x -n and x  -+(x +x -A) ) 1- 2- 3- 1 2  
m,n 

'1 
= -3 . a l l  p o i n t s  (m,n) s a t i s f y i n g  cond i t i ons  1 , 2 , 3  

4  

s imultaneously.  

A l l  p o i n t s  s a t i s f y i n g  (1) and (2) l i e  w i t h i n  t h e  shaded square  shown i n  f i g .  A 2 .  

A l l  p o i n t s  s a t i s f y i n g  (3) l i e  between t h e  l i n e s  ne2q-l-A-m and n=A-m. Hence a l l  

p o i n t s  s a t i s f y i n g  cond i t i ons  ( I ) ,  (2) and (3) s imultaneously a r e  i n  t h a t  po r t ion  

of t h e  square  l y i n g  between t h e  p a i r  of l i n e s .  A s  A i nc reases ,  t h e  "n-intercepts"  

of t h e  l i n e s  move up on t h e  n-axis ,  and t h e  over lap  of t he  two a r e a s  changes. 



2 
A s  A i nc reases  from -2q t o  -q, t h e  over lap  is %(2q+A) , 

2 2 2 
When -q f A 5 0 ,  t h e  over lap  i s  q 2 - ~  = 4(2q  -A ) .  

2 2 
For 0 f A ", t h e  over lap  is  %(2q -A 1. 

2 
For q C A f 2q, t h e  over lap  i s  %(2q-A) a 

Thus the  p r o b a b i l i t y  d i s t r i b u t i o n  func t ion  f o r  X c o n s i s t s  of t h r e e  segments, 

The a d d i t i o n a l  f a c t o r  of % has  been included a s  a  normal iza t ion  c o n s t a n t ,  i n  

o rde r  t o  have t h e  a r e a s  under t h i s  d i s t r i b u t i o n  func t ion  ( t h e  Q ' ~ )  curve) sum 

t o  un i ty .  

To c a l c u l a t e  t h e  cumulative d i s t r i b u t i o n ,  we express  a l l  d i s t a n c e s  i n  

u n i t s  of q .  Se t  x=X/q, and c=c'/q. Then these  a r e a s  a r e  

f o r  -2 f c' $ -1 

f o r  -1 5 c '  f 1 

f o r  1 f c '  f. 2 

It i s  important  t o  keep i n  mind t h a t  c '  i s  a  d i r e c t e d  d i s t a n c e  from t h e  mean 

of t he  Q(3) d i s t r i b u t i o n .  

F ig .  A2 about  he re  



Fig.A-2. Shaded area represents the total number 
ot points (m, n) saisfying simultanmusly 
the three conditions, Oem ~q , 0 rscr e q  , and 
Orm+n-A s q  where A can take on any 

2 
value between t 2q 
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TABLE 1 Summary of Performance : Adjacent Intervals 

HS: Series I HS: Series I1 



TABLE 1 Summary of Performance : Adjacent Intervals 

KL: Series I KL: T = 171 
s 



TABLE 2: Cr i t e r ion  loca t ion  f o r  the  Creelman model 

( i n  standard devia t ion u n i t s )  

*: No es t imate  of d '  o r  c is  ava i l ab le ,  s ince  e i t h e r  



TABLE 3 SUMMARY OF SAME - DIFFERENT DATA 

A. Three s t imulus  a l t e r n a t i v e s  per  s e s s i o n  

KL 
days 2 - 4  

days 5 - 6 

Bs 
days 2 - 4 

days 5 - 6  

RM 

days 2 - 3 

days 4  - 6  - =  300 loo 221  .45 1 3 3  - = . 6 7  1 .64 1 So samples 

*a change i n  T ,  was made towards t h e  end of t h e  experiment.  



TABLE 3  (con t inued)  

B. Two s t i m u l u s  a l t e r n a t i v e s  p e r  s e s s i o n  

S samples 
0  

S samples 2  

1 7 

I 

I 

.36 

.36 

.37 

.33 

. 4 1  

I 

-I .64 
240 

72 - = .64 
1 1 3  

140 - = .63 
221 

277 - 413 = .67 

1 7 0  .59 = 
290 

1 

C .  Change i n  t o t a l  d u r a t i o n  

74 - = .63 KL -57  

-57  

.62 

.63 

.54 

I 

50 

I 

I 30 
450 1 5;; = .55 

I 

- =  

- 
- =  30 .45 
65 

38 - = .35 
108 

- =  76 .36 
211 

69 = .47 

i 115 .85 30 284 135 
- 

- =  156 .80 
194 

- =  76 .52 147 

- 
30 

30 

I 

360 

500 

1 



TABLE 3 - SlJMMA.RY OF SAME - DIFFERENT DATA (continued) 

D. Performance after S - S practice 0 1 

S samples 0 
(in testing) 

S samples 
(in 0 testing) 

S samples 
0 -- - A - - - 

S samples 
0 

.77 

.61 

.66 

.50 

$81 

.71 

.73 
I 

- -  224 - .76 
296 

- -  230 - .60 
382 

- -  168 - .63 
267 

- =  139 .61 228 

103 - = .76 135 

- .70 8 0 - -  
115 

- =  148 96 .65 

.24 

.40 

.37 

.39 

.24 

.30 

.35 

- =  232 .78 
299 

155 - -  
205 

- .76 

-- lo3 .80 
131 

- = .38 9 0 
235 

--.- 56 = .8 
70 

- =  89 .71 
125 

5 7 - = .76 75 

- 

- =  lol .49 206 

78 - -  
136 - .58 

- 

60 = .go 6 7 

- 

65 - -  - .84 
6 7 

KL So - S1 

so - S1 r S2 

HS so - S1 

50 

50 

50 

30 

312 

312 

312 

312 

312 

312 

312 

50 so - S1 - S2 
- 

RM so - S1 

So - S1 - S2 

30 

30 



Table 4 : Estimates of dfO1 and dlo2 from the two stimulus alternative 

data, for the quanta1 onset - offset (QOO) and the Creelman (C) 
models. 

performance 
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