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Abstract  

The l eng th  of t he  reinforcement i n t e r v a l  ( R I )  i n  pa i r ed -as soc ia t e  

l e a r n i n g  was s tud ied  us ing  a wi th in - sub jec t s  des ign  t o  e l imina te  confound- 

i n g  of p r e s e n t a t i o n  r a t e  w i th  the time between successive p r e s e n t a t i o n s  of 

i tems.  F o r t y  - Ss  were run f o r  f i f t e e n  t r i a l s  on a 24-item l i s t  wi th  R I ' s  of 

L - 1, 2 ,  and 4 sec .  Resu l t s  i nd ica t ed :  ( a )  mean e r r o r s  were a decreasing 2 '  

func t ion  of R I ;  ( b )  mean e r r o r s  f o r  i tems meeting a c r i t e r i o n  were no t  r e -  

l a t e d  t o  R I ,  but  the proport ion of i tems meeting c r i t e r i o n  was an inc reas -  

i n g  func t ion  of R I ;  

bo th  c o r r e c t  and i n c o r r e c t  responses,  whereas p o s t c r i t e r i o n  l a t e n c i e s  de- 

creased;  (d)  t h e  p ropor t ion  of c o r r e c t  responses decreased as t h e  number 

of i n t e rven ing  i tems increased,  but t he  l a t ency  measure showed no e f f e c t .  

( c )  p r e c r i t e r i o n  mean l a t e n c i e s  increased s l i g h t l y  f o r  

S e v e r a l  a l t e r n a t i v e  models deal ing w i t h  R I  e f f e c t s  a r e  proposed and 

eva lua ted  a g a i n s t  t hese  da ta ,  None of t he  models prove e n t i r e l y  s a t i s -  

f a c t o r y .  
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The length or' t he  reinforcement i n t e r v a l  i n  pa i r ed -as soc ia t e  l ea rn ing  

has  been an experimental  v a r i a b l e  i n  r e c e n t  s t u d i e s  by Nodine (1963, 1965); 

Bugelski (1962) ; Bugelski & Rickwood (1963) ; Murdock (1965) ; Newman 

(1964) ; and Keppel & Rehula (1965) a Most of these s t u d i e s  used t h e  

a n t i c i p a t i o n  method which p a r t i t i o n s  an i tem p r e s e n t a t i o n  i n t o  the  fol lowing 

i n t e r v a l s :  

quired t o  respond; ( 2 )  the reinforcement i n t e r v a l  ( R I )  dur ing which t h e  . 

s t i m u l u s  and response members a r e  presented toge the r ;  (3)  the i n t e r s t i m u l u s  

i n t e r v a l  ( I S I )  during which nothing i s  p re sen ted ,  

(1) the  stimulus-alone i n t e r v a l  ( S t )  during which the  - S i s  re- 

The t y p i c a l  experimental  design used t o  s tudy t h e  l eng th  of t h e  r e i n -  

forcement i n t e r v a l  a s s igns  a d i f f e r e n t  value of R I  t o  independent groups of 

- S s  and then compares l ea rn ing  measures a c r o s s  the  groups.  Evaluat ion of 

da t a  obtained using t h i s  design s u f f e r s  from the  f a c t  t h a t  o t h e r  v a r i a b l e s  

a r e  inseparably confounded with the e f f e c t s  of R I .  S p e c i f i c a l l y ,  t h e  t o t a l  

time t o  complete one p r e s e n t a t i o n  cycle  of t h e  list,  and t h e  time between 

s u r r e s s i v e  p r e s e n t a t i o n s  of the Sam? i t , r m  a r e  'cloth conf'ounded with the  

l eng th  of F I .  

The p resen t  s tudy e l imina te s  t,he confounding of' R I  wi th  o t h e r  temporal 

1 
2' v a r i a b l e s  by using a wi th in - sub jec t s  design.  RI's of' - 1, 2 ,  and 4 s e c .  

were assigned t o  four subse t s  of i t e m  with s i x  i tems i n  each subse t .  On 

each t , r i a l  t he  e n t i r e  l i s t  of 24 i tems was p re sen ted  t o  t h e  - S i n  a new 

random o r d e r ,  Consequently, t h e  time r e q u i r e d  foi' a t r i a l  ( i . e . ,  one cyc le  

through the  l i s t ) ,  and Lhe average time between one p r e s e n t a t i o n  of an i tem 

and i t s  next  preseritatiori a r e  ooristant,. 



A second variable manipulated in this study was concerted with the effect 

of always presenting the same RI for an item versus the effect of randomly 

changing RI's from one presentation of t,he item to the next. Two conditions 

were used: one where the RI assigned to an item remained the same throughout 

the session, and one where the RI for an item was randomly assigned on each 

trial. This second independent variable was also handled so that a within- 

subjects comparison could be made. 

The theoretical analysis of the data will deal primarily with an evalua- 

tion of assumptions concerning the effects of manipulating RI; these assump- 

tions will be incorporated into existing versions of both incremental and 

discrete-process models for paired-associates learning. 

Method 

Design. Each - S learned a list of 24 paired-associate items. The 

main independent variable was the length of RI; four values were used. For 

each - S three items were assigned to each of the four values of RI, and will 

be designated F(?), 

of items had fixed RI's of -, 1, 2 y  and 4 sec., respectively. 

ment of RI's for these 12 items remained fixed throilghout the session. For 

the remaining 12 items the RI assignments were variable; i.e., for these 

items the RI's were reassigned randomly at the start of each trial with the 

restriction that each of the four RI's were assigned to exactly three of 

these 12 items. Thus, on every trial, each of the four values of RI always 

occurred with six items, three were fixed assignments and three were variable 

assignments. 

F(1)  F ( 2 )  and F(4) to indicate that these subsets 1 

1 
2 

The assign- 

Subjects. Forty Stanford IJniversity students from an introductory 

psychology class were used. 

toward a course requirement. 

They were either paid $2.00 or given credit 
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M a t e r i a l s .  The s t i m u l i  used were two-digit  numbers: and t,he responses 

were the  l e t t e r s  A ,  B ,  and C. For each S 24 s t i m E l i  were randomly s e l e c t e d  

from a master pool  of 38 s t i m u l i  which was constructed by the  fol lowing 

proceddre: 

a s  descr ibed by B a t t i g  & Spera (1962) were chosen. 

11, 22, 33, ...) and numbers with consecutive d i g i t s  ( i . e . ,  12, 23, 34, ...) 

were el iminated reducing the sample t o  44 numbers ranging from 26 t o  5 .  

(3)  The l a r g e s t  s i x  of these were always used a s  s t i m u l i  i n  a p r a c t i c e  

se s s ion  leaving 38 numters (26-87) a v a i l a b l e  f o r  t h e  l ea rn ing  se s s ion .  The 

s t i m u l i  and responses were drawn with black ink on a white background, photo- 

graphed on microfilm, and p ro jec t ed  on a ground g l a s s  screen during the  ex- 

- 

(1) the  f i f t y  two-digit  numbers with the  lowest a s s o c i a t i o n  va lues  

( 2 )  Double numbers ( i . e o ,  

3 
4 periment.  The l e t t e r s  and numbers appeared a s  l i g h t e d  f i g u r e s ,  - i n .  high,  

on a dark gray background, 

Apparat,us . The experiment was conducted i n  t,he Computer-Based Learn- 

i n g  Laboratory a t  Stanford Un ive r s i ty .  The c o n t r o l  f u n c t i o n s  were performed 

by computer programs running i n  a modified PDP-1 computer manuf'actured by 

t h e  D i g i t a l  Equipment Corp., and m d e r  con t ro l  ol' a Lime-sharing sysLerri. 

The - S was seated a t  an IBM microf'ilm d i s p l a y  terminaL ( IBM 5405). There 

were s i x  terminals  l oca t ed  i n  i n d i v i d u a l  7 X 8 f t .  sound-shielded rooms. 

Elements of t he  d i s p l a y  appeared i n  the fol lowing p o s i t i o n s  on a 10 X 13 
1 

i n .  ground-glass screen:  (1) t h e  s t imulus was 6 i n .  from the  l e f t  edge 

L I 
and 4- 

1 
l e f t  and 72 

in.from t h e  t o p  edge. (2)  The response a r e a s  were - i n .  from t h e  
2 2 

i n .  from the top  and cons i s t ed  of' a row of' t h r e e  boxes, 1 i n .  

L square,  - i n .  a p a r t ,  which contained the  l e t t e r s  A ,  B, and C ,  r e s p e c t i v e l y .  

( 3 )  The response member of  t h e  rcinforcement appeared 5 i n .  t o  the  r i g h t  of 

2 

~ 

4 



the stimulus. 

1 centered 1- 
2 

Responses 

(4) When used, the comment, "Please make response," was 

in. from the top of the screen. 

were made by touching one of the three response boxes with 

a light pen. 

changes there was a moderate amount of noise during the IS1 and a slight 

noise from a fan during the entire session. 

Due to the mechanical operations involved in executing slide 

Pracedure. The Ss arrived in groups of one to four and were taken as - 

a group into one of the six booths, 

ing that they were to learn a list of number-letter pairs. 

where the stimuli would appeal' on the screen and how responses were to be 

made. 

sentation sequence and giving each of them an opportunity to make a few 

practice responses with the light pen. After questions about procedures 

were answered each S was assigned to a booth and the session of 360 item 

presentations began, i.e., 1 5  trials of the 24-item list. For each S the 

computer program performed the functions of randomly selecting stimuli, 

assigning stimuli to fixed and variable conditions, and assigning responses 

to stimuli, as well as randomizing the order of the list on every trial, 

The format for each item was the same except for the length of the RI. The 

stimulus appeared on the screen and remained on until the response was made, 

with the exception that if the response did not occur in 3.6 see., the stimulus 

was removed and the statement, "Please make response," appeared and remained 

cntil the response occurred, After the response was made the stimulus and 

response members of the pair appeared on the screen for the appropriate €31. 

Then there was an IS1 of 2 see. during which the computer selected the slide 

Instructions were read to them explain- 

They were shown 

Then L2 practice items were run for the group illustrating the pre- 

- 

- 
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f o r  t he  next  item. The computer program serv iced  each - S ind iv idua l ly  even 

though more than one - S ran  simultaneously.  

response reminder was r a r e l y  displayed a f t e r  the p r a c t i c e  sess ion  during 

which t i e  - S s  became accustomed t o  the  p re sen ta t ion  r a t e .  

It  should be noted t h a t  t h e  

Resu l t s  

Overa l l  performance. Figure 1 presen t s  t he  mean t o t a l  e r r o r s  per  

i tem f o r  each of t he  experimental  v a r i a b l e s .  For the  four  subse t s  of f ixed-  

assignment items the  mean t o t a l  e r r o r s  a r e  a decreasiQg func t ion  of R I  

(upper curve i n  F i g .  I); 

3.71, p < ,025 f o r  a treatment,s-by-subjects anal-ysis of va r i ance ] .  

the  mean number ot' e r r o r s  over a l l  f i xed  i tems versus  v a r i a b l e  i tems (5.8 

and 5 .9 ,  r e spec t ive ly )  i s  no t  s i g n i f i c a n t  using a pa i red  t - t e s t  [ t ( 3 9 )  = 

Lhese d i f f e rences  a r e  h igh ly  r e l i a b l e  [F(4,39) = 

IIowever, 

1.281 ' 

The learning curves presented i n  F ig .  2 support  the  r e s u l t s  obtained 

f o r  mean t o t a l  e r r o r s .  The curves f o r  t he  f ixed  and va r i ab le  condi t ions  

a re  very c lose  t o  each o ther  t,hroughout the  se s s ion ;  f o r  both curves the  

proport ion of cor rec t  responses inc reases  f ~ o m  about, .33 tro .80 over t h e  

15 t r i a l s .  Although they a r e  not, p resented ,  t he  l ea rn ing  curves f o r  t he  

$our f i x e d - i n t e r v a l  condi t ions  tend t o  be arranged i n  order  of' i nc reas ing  

R I ,  but  t he re  i s  some overlapping of' p o i n t s  over t he  1 5  t r i a l s .  

For i tems with va r i ab le  RI assignments another  a n a l y s i s  i s  needed t o  

demonstrate the e f f e c t  of R I .  We considered the  propor t ion  of cor rec t  

responses condi t iona l  on the  f a c t  Lhat a s p e c i f i c  R I  was presented on the  

previous presentfat ion of t he  item and c.ombined these  over t r i a l s  and i tems .  

'l'he c*onditional prmporti  oris w e i ' ~  (.omput c:d sepau.atc,ly l 'or c-er Lain evexil.:> 
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occurr ing on the  previous t r i a l  which included the  fou r  RI's, the  f i x e d  

ve r sus  v a r i a b l e  condi t ions,  and co r rec t  ve r sus  i n c o r r e c t  responses;  

a r e  displayed i n  F i g .  3. 

c r e a s i r g  func t ion  of RI when t h e  previous response was i n c o r r e c t  f o r  both 

t h e  f i x e d  and the  v a r i a b l e  i tems. When t h e  previous response was c o r r e c t  

t h e  RI's have l e s s  e f f e c t  f o r  the f i x e d  i tems and almost no e f f e c t  f o r  t h e  

v a r i a b l e  i tems. When t h e  response on t r i a l  n i s  ignored and only t h e  RI 

i s  considered we o b t a i n  t h e  two curves i n  the  c e n t e r  s e c t i o n  of F i g .  3, which 

f o r  t h e  f i x e d  items agair, i n d i c a t e  t h a t  p ropor t ion  c o r r e c t  i s  an inc reas ing  

func t ion  of t he  RI on t h e  previous t r i a l .  

v a r i a b l e  i tems i n d i c a t e s l e s s  e f f e c t  of RI with p o s s i b l y  only t h e  4-sec.  

i n t e r v a l  being b e t t e r  than the other  t h r e e  RI's. 

they 

The proport ion of c o r r e c t  responses i s  an i n -  

The corresponding curve f o r  t h e  

C r i t e r i o n  a n a l y s i s .  Since the se s s ions  were terminated a f t e r  1 5  t r i a l s  

a l ea rn ing  c r i t e r i o n  of f i v e  consecutive c o r r e c t  responses was subsequently 

app l i ed  t o  each i tem. The proport ion of i tems meeting the c r i t e r i o n  was 

.625 and ,637 respectively, f o r  the v a r i a b l e  and f i x e d  cond i t ions .  

t h e  four  RI condi t ions a r e  not  equa l ly  r ep resen ted  i n  the  o v e r a l l  f i x e d  

However, 

L 
2 cond i t ion  s ince  the  proport ions of i tems meeting c r i t e r i o n  f o r  F(-) , 

F ( 2 ) ,  and F (4 )  were .52, .60, .68, and .74, r e s p e c t i v e l y .  When we consider 

o n l y  p r e c r i t e r i o n  t r i a l s  the proport ions of e r r o r s  a r e  .65 and .63 based 

on 3554 and 3504 observat ions f o r  t h e  f i x e d  and v a r i a b l e  cond i t ions ,  respec-  

t i v e l y .  

run, t he  corresponding e r r o r  proport ions a r e  .O52 and .054. While we showed 

e a r l i e r  t h a t  mean t o t a l  e r r o r s  was a decreasing func t ion  of RI, f u r t h e r  ar ia lysis  

shows a f l a t  curve ( see  the lower curve of F ig .  1) when only c r i t e r i o n  i tems 

F ( 1 )  

But f o r  1737 and 1734 observat ions which occurred a f t e r  t h e  c r i t e r i o n  

9 
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a re  considered, i nd ica t ing  t h a t  fo r  these i tems the re  i s  l i t t l e  e f f e c t  of 

R I  on performance. 

The mean l a t ency  curves a l s o  tend t o  support  the  separa t ion  of i tem 

Figure 4 disp lays  t r i a l - b y  pro tocols  i n t o  pre-and p o s t c r i t e r i o n  t r i a l s .  

t r i a l  mean l a t e n c i e s  s epa ra t e ly  fo r  the  f ixed  and v a r i a b l e  i tems, where 

t h e  upper curves i n  each panel  are  based on t r i a l  1 t o  the  t r i a l  of l a s t  

e r r o r  f o r  a l l  i tems. For the  lower curves we renumber the  t r i a l s  beginning 

wi th  the  f i r s t  t r i a l  of the c r i t e r i o n  run f o r  those i tems which met c r i t e r i o n .  

Latencies  f o r  p r e c r i t e r i o n  t r i a l s  f o r  both co r rec t  responses and e r r o r s  a r e  

s i m i l a r  t o  each o the r ,  and tend t o  increase  wi th  t r i a l s ;  however, l a t e n c i e s  

f o r  co r rec t  responses i n  the  p o s t c r i t e r i o n  t r i a l s  g radua l ly  decrease t o  about 

1.5 see .  

An ana lys i s  suggested by Suppes and Ginsberg (1963) t o  evaluate  response 

s t a t i o n a r i t y  i n  the  p r e c r i t e r i o n  t r i a l s  involves  s p l i t t i n g  the  pro tocols  

i n t o  four  equal  Vincent q u a r t i l e s .  For each i tem, the  response pro tocol  

a f t e r  t r i a l  1 and before  the  l a s t  e r r o r  i n  the  sequence was divided i n t o  

q u a r t i l e s .  A s  shown i n  F ig .  5 ,  the  proport ion co r rec t  i s  f a i r l y  s t a t i o n a r y  

i n  the  f i r s t  th ree  q u a r t i l e s ,  bu t  i n  the  f o u r t h  q u a r t i l e  i t  increases  f o r  

bo th  the  f ixed  and va r i ab le  condi t ions .  

Analysis  - of in te rvening  i t e m s .  One source of f o r g e t t i n g  may be due 

t o  the  amount of a c t i v i t y  required of - S between successive p re sen ta t ions  

of an i tem. 

complete cyc le ,  the  number of other  i tems which may in te rvene  between two 

When an e n t i r e  l i s t  of 24 i tems i s  randomly presented i n  a 

success ive  occurrencesof a given i tem w i l l  range from 0 

i tems  were independent and no time-dependent f o r g e t t i n g  

t o  46. I f  a l l  

occurred we would 

11 
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expect t h a t  the number of intervening items would no t  a f f e c t  t he  p r o b a b i l i t y  

t h a t  an i t e m  i s  c o r r e c t .  

sponses on t r i a l  n 

vening i tems s ince  i t s  p re sen ta t ion  on t r i a l  n -1. Each of the  curves shows 

decreasing proport ions of c o r r e c t  responses a s  the number of i n t e rven ing  

i tems inc reases .  We might a l s o  expect some change i n  mean l a t ency  a s  a 

funct ion of the number of i n t e r v t q i n g  i tems but a s  i nd ica t ed  i n  F i g .  7 ,  

t h e r e  i s  almost no e f t ' cc t  f o r  e i t h e r  c o r r e c t  or i n c o r r e c t  responses .  

Figure 6 p resen t s  the proport ion of c o r r e c t  r e -  

f o r  a given i tem a s  a func t ion  of t he  number of i n t e r -  

Nonindependence - of sliccessive -- i tems.  I n  an e a r l i e r  a n a l y s i s  we ex- 

amined the e f f e c t  of a p a r t l c u l a r  R I  0x1 t h e  response t o  the same i tem on 

the next  t r i a l ,  I n  t h i s  a n a l y s i s  we consider  t h e  e f f e c t  o f  a p a r t i c u l a r  

R I  on the very next  i tem presented,  and f i n d  t h a t  t h e r e  seems t o  be no 

effect ,  on t h e  l i ke l ihood  of a c o r r e c t  response,  t he  p ropor t ions  c o r r e c t  

were ,613, .608, .607, and .610, given  t h a t  t he  RI's on the p rev ious ly  p re -  

sented i tems were -, 1, 2, and 4 s e c .  However, the mean l a t e n c i e s  show 

r e l i a b l e  e f f e c t s  fo r  both co r rec t  and i n c o r r e c t  resporlses. 

S P C  t h a t  mean l a t ency  i s  an incrL,asing func t ion  of t h e  l eng th  of R I  on t h e  

previous i tem,  

t o  respond t o  the  next s t i m ~ l u s  p r e s e n t a t i o n  when t h e  preceding RI was 

1 
2 

I n  F i g .  8 we 

This i nc reas ing  Function suggests  t h a t  - S was opt imal ly  ready 

L - s e c . ,  but the longer Rl's may have i n i t i a t e d  p rocesses  t h a t  continued 
2 

i n t o  the  s t imulus i n t e r v a l  of the next i tem. 

Disc u s  s ion 

We s h a l l  analyze these  d a t a  i n  terms of two f a i r l y  slmple models 

t h a t  have been proposed t o  account fo r  p a i r e d - a s s o c i a t e  l ea rn ing :  t h e  

l i n e a r  model (Bush & Moste l l e r ,  1955; Ste rnbe rg ,  1959) and t h e  one-element 

14 
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model (Bower, 1961; E s t e s ,  1959). 

e f f e c t  of each reinforcement i s  t o  add an increment t o  the s t r e n g t h  of the  

a s soc ia t ion  between the  s t imulus and t'he c o r r e c t  response.  

denote the  p r o b a b i l i t y  of a cor rec t  response on the  n 

given s t imulus item, t,hen the l i n e a r  model p o s t u l a t e s  t h a t  

The l i n e a r  model assumes t h a t  the  

I f  we l e t  pn 

p resen ta t ion  of a 
t h  

= (1- e)pn  + e pn+ 1 
1 
3 i s  the  i n i t i a l  guessing p r o b a b i l i t y  (which i s  - i n  our exper i -  where pl 

ment). 

i t em proceeds i n  an al l -or-none fashion;  the  i tem i s  e i t ,her  i n  a learned 

s t a t e  ( w k r e  performance i s  p e r f e c t )  or i n  an unlearned s t a t e  (where per -  

formance i s  a t  a chance l e v e l ) .  

model assumes t h a t  

The one-element, model assumes t h a t  l ea rn ing  f o r  any @veri s t imulus 

S ta t ed  more p r e c i s e l y ,  the one-element 

p , with p r o b a b i l i t y  c 

1 
where again p - Thus, response p r o b a b i l i t y  s t a r t s  ou t  a t  -, remains 

a t  t h a t  value f o r  a s e r i e s  of p re sen ta t ions ,  and then jumps t o  one f o r  the 

1 - 3' 3 

remaining t r i a l s .  A more p rec i se  c h a r a c t e r i z a t i o n  of these two models can 

be found i n  Atkinson, Bower, & Crothers (1965, Ch. 3 ) .  

The models being considered make iiu e x p l i c i t  ass im2t iocs  concerning 

each RI a s  a f i x e d  number of base-time u n i t s .  If we assume t h a t  during 

each time u n i t  a l ea rn ing  operator charac te r ized  by the  parameter a i s  

app l i ed ,  then the parameter charact*er iz ing the  e f f e c t  of a reinforcement 

i n t e r v a l  of time t ,  which i s  made up of m time u n i t s , i s  



2 m- 1 a = a + a ( 1 -  a )  + a ( 1 - a )  + ... + a ( 1 - a )  . (I) t 

We s h a l l  r e f e r  t o  the  parameter a a s  t h e  l ea rn ing  parameter,  and i t  i s  

t o  be i n t e r p r e t e d  a s  c i n  the one-element model, and 8 i n  the l i n e a r  

model. Using E q .  1 with a base-time u n i t  of - s e e . ,  t h e  parameters a s soc i -  1 
2 
1 a t e d  with the  f ixed  reinforcement i n t e r v a l s  of -, 1, 2 ,  4 see .  and with the  2 

v a r i a b l e  reinforcement condi t ion a r e  a s  follows: 

a l  = a 
2 

a = a + a ( 1 -  a )  1 

a = a + a ( 1 - a )  + a ( 1 - a )  2 + a ( 1 - a )  3 2 

a4 = a + a ( 1 -  a )  + a ( 1 -  a )  2 + + a ( l -  a )  7 

Equations 1 and 2 assume t h a t  t he  l ea rn ing  ope ra to r  a p p l i e s  uniformly over 

a l l  time u n i t s .  However, i t  i s  poss ib l e  t h a t  t h e r e  i s  some a t t e n u a t i o n  

i n  t h e  e f f ec t iveness  of condi t ioning i n  the  l a t e r  p a r t s  of t he  longer RI’s. 

To t ake  t h i s  p o s s i b i l i t y  i n t o  account we introduce an a t t e n u a t i o n  parameter,  

d ,  i n  the expressions f o r  a * namely i’ 

a i  = a 

a = a + ( 1 - a ) a d  

a 2 = a + ( 1 - a ) a d  + (1- a ) - ( 1 - a d ) a d  

a4 = a + ( 1 - a ) a d  + ( 1 - a ) ( l  - ad )ad  

? 

1 
2 2 3  

f ( 1 - a ) ( l - a d ) ( l - a d  )ad 

2 + - . .  

(3) 6 7  + [(l- a ) ( l -  a d ) ( l - a d ’ )  . . .  (1 -ad  ) ad  ] , 

When d approaches one, the above equat ions reduce t o  those i n  E q .  2 ;  

when d approaches zero,  t h e  expressions approach a common va lue ,  a ,  

implying t h a t  learning i s  not  a f f e c t e d  d i f f e r e n t i a l l y  by the  R I  du ra t ion .  

Another extension of t h i s  l i n e  of  argument invo lves  the i n t r o d u c t i o n  

18 



of a parameter ,  x ,  t o  allow f o r  an es t imate  of l ea rn ing  during t h e  I S I .  

Since a l l  i t ems ,  independent of RI's, have the  sarne IS1 only  a s i n g l e  

value of x i s  r equ i r ed ;  hence 

a '  i = a i + (1- ai)x , (4)  
1 
2 f o r  i = -, 1, 2, 4 ,  v .  I n  summary, t he  parameters a ,  d ,  and x a r e  

used t o  cha rac t e r i ze  the  reinforcement e f f e c t s ;  a i s  the  l ea rn ing  parameter 

appl ied  i n  each time u n i t  of R I ,  d 

time u n i t s  of R I ,  and x i s  appl ied during the  I S I .  

al lows f o r  a t t e n u a t i o n  i n  successive 

Parameter e s t ima tes  f o r  t he  l i n e a r  and one-element models were obta ined  

by us ing  the  chi-square minimization procedure descr ibed by Atkinson & 

Crothers  (1964). The d a t a  used were the  fou r - tup le s  of successes  and 

e r r o r s  from t r i a l s  2 through 5 ,  6 through 9, and 10 through l3* Following 

t h e  n o t a t i o n  of Atkinson and Crothers ,  l e t  0 denote a c o r r e c t  response and 

1 an e r r o r .  

t h e  

j ( j  = F, 1, 2, 4 ,  v) where the  sequence begins  on t r i a l  

Define O i , j , n  a s  t he  fou r - tup le  response seqdence l i s t e d  i n  

ith 

1 

row of the  d a t a  t a b l e s  ( see  Tables 1, 2, and 3 ) ,  f o r  R I  condi t ion 

n ( i n  our a n a l y s i s  

n = 2,  6, and 10). Fur the r ,  l e t  E ( O i  ) be t.he observed frequency of 
,j ,n 

t h e  fou r - tup le ,  and Pr(Oi,j,,n ;p) be the  p red ic t ed  p r o b a b i l i t y  given a 

p a r t i c u l a r  choice of t he  parameter vec tor  p of the model. The expected 

frequency may be obtained by taking the pl.oduct of  Pr(0,  -?j ,n ;P> and T,  

t h e  t o t a l  number of i tem pro tocols  f o r  a given R I  condi t ion .  The f u n c t i o n  

i s  a measure of t he  discrepancy between the p red ic t ed  and observed f r e -  

quencies  f o r  a p a r t i c u l a r  fou r - tup le .  A measure of t,he discrepancy 
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between observed and predicted frequencies for RI condition j is found 

by summing Eq. 5 over the 16 possible four-tuples and the three sets of 

trials, i.e., 
16 16 

2 
J 
X.(a,d,x) = 

i=l i=l i=l 

Note that this equation generates a X2 value for any set of parameters 

a, d, and x that we choose. Hence we can minimize X!(a,d,x) with regard 

to these parameters to obtain an estimate of a, d, and x for condition 

j. However, we would prefer a single estimate of a, d, and x obtained 

simultaneously over the five RI conditions, To do this we define the 

function, 

J 

2 2 2 2 2 
X (a,d,x) = X:(a,d,x) - + X 1 (a,d,x) + X2(a,d,x) + X4!a,d,x) + Xv(a,d,x). ( 7 )  

2 

The minimization of Eq. 7 was carried out for the data presented in 

Tables 2, 3, and 4 by a computer program that searched a grid on the param- 

eter space, yielding parameter estimates accurate to three decimal places. 

In evaluating the minimum of X (a,d,x), note that each set of 16 success- 

error sequences yields 15 df (since the predicted frequencies are constrained 

to sum to the total number of observations); 

sets of four-tuples and five different RI conditions. Hence, the total 

d e g ~ e e s  of frczdon is 15 X 3 X 5 = 225, minus three €or the number of 

parameters being estimated.2 

one-element models and the corresponding chi-squares are presented in 

Table 4. 

2 

further, there are three 

The parameter estimates for the linear and 

The predicted frequencies are presented in Tables I, 2, and 3. 

The estimates of d of .422 and .516 for the one-element and linear 

models, respectively, indicate that there is considerable attenuation in 
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Table 4 

Parameter Estimates and Goodness-of-fit Measures for 

the One-Element and Linear Models 

Mode 1 Parameter Estimate Estimate 
(with d = 1) 

One -e lemen t C 

d 

X 

X2 

Linear e 
d 

X 

X2 

.023 

.422 

.031 

555.84 

.016 

,516 

.047 

1813.47 

.008* 

1. ooo** 

.016 

l255.84 

.008* 

1. ooo** 

10370 37 

*Smallest value used by the minimization procedure 
** Parameter held constant 
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the effectiveness of the longer reinforcement intervals. This result is 

supported by the large chi-squares shown in the second column of estimates, 

which were obtained by carrying out the minimization with d 

unity (d = 1 assumes no attenuation over successive time units). 

of x of .031 and .047 suggest a slight learning effect during the ISI. 

Since both the linear and the one-element models have the same number of 

estimated parameters, the chi-squares of 1813.47 and 555.84 indicate that 

the one-element model does a far better job. However, as indicated by the 

set, eqaal to 

Estimates 

chi-square values, both models can be rejected on statistical grounds. 

Predictions - for separate RI - cogditions. We next estixate the parameters 

for the linear and one-element models separately from each of the five RI 

conditions in order to compare them with the modified versions of the models 

used in the previous section. We also applied the random-trials-incremental 

(RTL) model of Norman (1964) because it subsumes both the l-fnear and one- 

element models as special cases. For the RTI model 

- If 8 equals one, the R T I  model reduces to the one-element where 

model; on the other hand, if c equals one, then the model reduces to the 

L i E  ar modei. 

Pl - 3' 

Table 5 presents the parameter estimates for the three models. These 

estimates were obtained by minimizing the chi-square function defined in 

Eq. 6 separately on data for each RI condition. 

reveals that all three models can be rejected on statistical grounds, 

Again the one-element model fits the data better than t%le linear model, 

Inspection of Table 5 



Table 5 

Parameter Estimates and Goodness-of-fi t  Measures f o r  

t he  One-Element, Linear,  and RTI Models Applied 

Separa t e ly  t o  the  Data of  t h e  Five Experimental Conditions 

Condition 
_ _ _ ~  ~ 

Model Parameter F( 2 )  F ( 1 )  F( 2) F( 4) Variable  1 
_-__l_l__l-"--- 

One -element C .054 .062 .070 .070 ,070 

X2 96.30 98.61 111.54 104. 75 141.94 

Linear  e .062 .070 ,078 .086 .070 

X2 187.56 230.56 270 77 181.07 937 56 

R T I  C 086 .lo2 109 .117 .094 

0 9 738 * 773 .805 .781 875 

X2 60.97 57 995 50.45 53 40 60.14 

26 



t. 
I 

r *  
i 
I 

I 

and of course, the RTI model with its two parameters for each RI condition 

fits best of all. Notice that the parameter 8 of the RTI model is 

relatively constant over conditions; whereas c appears to increase with 

increasing values of RI. An interesting fact that emerges from Table 5 

is that the sums of the chi-squares over the five experimental conditions 

for both the linear model and the one-element model are only slightly lower 

than the chi-squares presented in Table 4. In the case of Table 5, five 

parameters were used, whereas fn Table 4 only three parameters were used 

to characterize changes in RI. Thus, despite the poor fit of the models, 

there is some irdication that the assumptions regarding the effects of 

variations in RI, as represented in Eq. 4, may not be too bad. 
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