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I N D U C T I O N O F C O N T I N U O U S S T I M U L U S -

RESPONSE RELATIONS 

Kyunghee Koh David E. Meyer 

University of Michigan 

ABSTRACT 

The present research investigates the mental processes involved in inducing continuous stimulus-

respons e relations .  A  simpl e perceptual-moto r  learnin g tas k wa s use d i n whic h subject s learne d t o 

produc e a  continuou s variabl e (respons e duration )  accuratel y fo r  value s chose n fro m anothe r 

continuou s dimensio n (stimulu s length) .  Subject s wer e traine d o n severa l  "practice "  pairs ,  fo r 

whic h the y receive d feedbac k abou t  th e correc t  responses .  Trial s involvin g practic e pair s wer e 

intermixe d wit h trial s involvin g "transfer "  pairs ,  fo r  whic h n o feedbac k wa s given .  Th e correc t 

response s an d stimul i  wer e relate d b y simpl e mathematica l  functions :  a  powe r  (Experimen t  1) ;  a 

logarithmi c (Experimen t  2) ;  an d a  linea r  functio n wit h a  positiv e intercep t  (Experimen t  3) . 

Experimen t  1  demonstrate d tha t  peopl e ca n lear n a  powe r  functio n rapidl y an d us e i t  t o perfor m a s 

wel l  fo r  transfe r  pair s a s fo r  practic e pairs .  Experiment s 2  an d 3  reveale d a  systemati c patter n o f 

bia s durin g earl y learning ,  consisten t  wit h th e hypothesi s tha t  peopl e hav e a  predispositio n towar d 

inducin g a  powe r  function .  However ,  th e biase s decrease d i n magnitud e wit h practice . 

We propose an account for induction of continuous stimulus-response relations called the 

"adaptive-regression "  model .  Accordin g t o it ,  peopl e ar e initiall y  biase d t o induc e a  powe r 

function ,  bu t  th e bia s i s graduall y weakene d throug h experience ,  s o tha t  othe r  stimulus-respons e 

relation s ca n b e learne d wit h sufficien t  practice .  Th e presen t  result s suppor t  th e adaptive -

regressio n model . 

INTRODUCTION 

A major objective in the study of learning is to describe inductive generalization (Holland, 

Holyoak ,  Nisbett ,  &  Thagard ,  1986) .  A s par t  o f  achievin g thi s objective ,  on e mus t  determin e h o w 

association s betwee n continuou s stimulu s an d respons e variable s tha t  hav e a n indefinitel y larg e se t 

of  value s ar e learned .  Suc h learnin g underlie s th e developmen t  o f  m a n y physica l  skills ,  includin g 

reaching ,  walking ,  an d drivin g a  car ,  whic h requir e accurat e mapping s o f  continuou s stimulu s 

variable s (e.g. ,  distance ,  size ,  an d velocity )  ont o continuou s respons e variable s (e.g. ,  forc e an d 

duration) .  Consequently ,  interestin g question s aris e whe n th e acquisitio n o f  thes e skill s  i s  viewe d 

as a  proble m o f  inducin g continuou s stimulus-respons e relation s o n th e basi s o f  specifi c 

experiences .  Fo r  example ,  h o w d o peopl e us e prio r  experienc e wit h specifi c  stimul i  an d associate d 

response s t o selec t  response s t o nove l  stimuli ? Ar e certai n type s o f  stimulus-respons e relation s 

mor e natura l  an d leamabl e tha n others ? W e repor t  result s fro m thre e experiment s designe d t o 

addres s thes e an d othe r  relate d question s i n th e domai n o f  perceptual-moto r  learning . 
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EXPERIMENT 1 

Overvie w 
Experimen t  1  wa s conducte d ove r  5  sessions .  Durin g eac h session ,  ther e wa s a  sequenc e o f  6 0 

tria l  blocks ,  i n whic h learnin g an d tes t  trial s wer e interspersed .  O n th e learnin g trials ,  w e 

presente d subject s wit h practic e stimul i  chose n fro m a  continuou s stimulu s dimensio n (length) . 

For  eac h practic e stimulus ,  th e subject s ha d t o lear n t o produc e a  particula r  respons e chose n fro m 

anothe r  continuou s respons e dimensio n (duration) .  Thei r  performanc e wa s reinforce d b y givin g 

feedbac k afte r  eac h learnin g trial .  Th e stimul i  an d associate d correc t  response s wer e selecte d s o 

tha t  the y wer e relate d b y a n underlyin g quantitativ e relation ,  namely ,  a  powe r  function .  Ou r  ai m 

was t o stud y whethe r  subject s woul d discove r  an d us e thi s rul e i n makin g thei r  response s t o othe r 

transfe r  stimuli . 

To achieve this aim, test trials were intermixed with learning trials. During test trials, the subjects 

ha d t o produc e response s fo r  transfe r  stimul i  whos e magnitude s differe d fro m thos e o f  th e practic e 

stimuli .  N o feedbac k abou t  respons e accurac y wa s provide d fo r  th e transfe r  stimuli .  However ,  i t 

was possible ,  i n principle ,  fo r  th e subject s t o produc e appropriat e response s t o th e transfe r  stimul i 

as wel l  a s th e practic e stimuli ,  i f  the y successfull y induce d th e underlyin g relatio n betwee n th e 

practic e stimul i  an d responses . 

Method 
Design .  Si x Universit y o f  Michiga n student s participate d a s subjects .  Th e powe r  functio n tha t 

the y ha d t o lear n wa s specifie d b y 1 2 stimulus-respons e pairs ,  a s show n i n Tabl e 1 .  Thes e pair s 

wer e generate d wit h th e equatio n D  =  257.2 4 L  ,  wher e L  an d D  denot e stimulu s lengt h (i n 

m m)  an d respons e duratio n (i n msec) ,  respectively .  Fou r  o f  th e 1 2 stimulus-respons e pair s (Pair s 

5 throug h 8 )  serve d a s transfe r  pairs ,  an d th e remainin g 8  serve d a s practic e pairs .  Eac h stimulu s 

was presente d onc e pe r  block .  Th e orde r  o f  stimul i  withi n eac h bloc k wa s randomized . 

Procedure. At the beginning of each trial, a display containing two vertical bars appeared on a 

displa y screen .  Th e tw o bar s wer e centere d o n th e screen ,  an d wer e separate d b y a  variabl e 

stimulu s length .  Th e subjects '  tas k wa s t o produc e a  respons e duratio n tha t  correctl y matche d th e 

stimulu s length ,  a s specifie d b y th e underlyin g stimulus-respons e relatio n (i.e. ,  powe r  function) . 

Subject s initiate d th e respons e duratio n b y pressin g a  ke y an d terminate d th e duratio n b y pressin g 

th e sam e ke y a  secon d time . 

Tabl e 1 .  Th e Stimulus-Respons e Pair s i n Experimen t  1 

Pair 1 2 3 4 5 6 7 8 9 10 11 12 

Stimulus Length (mm) 2.5 4.5 6.4 8.0 13.1 18.3 23.4 32.6 41.9 52.4 62.7 75.0 

Respons e 
Durauo n (msec )  34 9 42 2 47 5 51 2 60 1 67 1 72 8 81 2 88 2 95 0 100 8 106 9 
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Afte r  eac h practic e stimulus-respons e pair ,  subject s receive d feedbac k regardin g th e correc t 

respons e duratio n fo r  th e stimulu s length .  Thi s wa s don e b y presentin g tw o brie f  beeps ,  whos e 

onset s wer e temporall y separate d b y a n amoun t  o f  tim e tha t  matche d th e stimulu s length ,  a s 

specifie d b y th e stimulus-respons e relatio n t o b e learned .  Afte r  th e beeps ,  subject s receive d 

feedbac k regardin g whethe r  th e respons e duratio n wa s longe r  o r  shorte r  tha n th e correc t  targe t 

duration .  I n addition ,  a  scor e fo r  th e respons e wa s shown ,  indicatin g h o w clos e subject' s 

respons e duratio n ha d c o m e t o th e correc t  duration .  N o feedbac k wa s give n fo r  transfe r  stimulus -

respons e pairs . 

Rationale 
As summarize d b y th e literatur e o n categor y learnin g an d concep t  formation ,  cognitiv e theorie s o f 

inductio n hav e bee n propose d i n term s o f  tw o alternativ e accounts :  exempla r  model s an d 

abstractio n model s (Smit h &  Medin ,  1981) .  Exempla r  model s assum e tha t  natura l  an d artificia l 

categorie s (e.g. ,  ANIMALS ,  VEHICLES ,  FURNITURE,  etc. )  ar e learne d b y storin g specifi c  instance s 

of  th e categories ,  an d tha t  th e productio n o f  a  categorica l  respons e t o a  n e w stimulu s i s base d o n 

th e similarit y betwee n th e ne w stimulu s an d previousl y experience d instances .  I n contrast , 

abstractio n model s assum e tha t  learnin g a  categor y entail s abstractin g a  prototyp e o r  centra l 

tendenc y o f  th e category ,  an d response s t o n e w stimul i  ar e produce d o n th e basi s ofdistatice s 

betwee n thes e stimul i  an d th e prototype . 

Here we are concerned about extending these alternative types of models to characterize the 

learnin g o f  continuou s stimulus-respons e relations .  Fo r  example ,  i n respondin g t o a  transfe r 

stimulus ,  on e possibilit y  i s tha t  subject s migh t  produc e th e respons e durario n associate d wit h 

whicheve r  practic e stimulu s bes t  matche s th e transfe r  stimulus .  Thi s woul d involv e a n exempJar -

base d process ,  an d i t  coul d lea d t o increasingl y goo d performanc e a s th e subject s ge t  mor e an d 

more experienc e a t  makin g response s t o th e practic e stimuli .  However ,  th e accurac y o f  response s 

t o th e transfe r  stimul i  woul d stil l  b e les s tha n th e accurac y o f  response s t o th e practic e stimuli ,  eve n 

afte r  man y learnin g trials ,  becaus e th e response s t o th e practic e stimul i  ar e no t  mos t  appropriat e fo r 

th e transfe r  stimuli . 

Another possibility is that subjects may instead use an abstraction-based process instead; they may 

actuall y induc e th e underlyin g mathematica l  functio n tha t  relate s th e selecte d stimulus-respons e 

pairs .  I f  so ,  w e woul d expec t  equall y goo d performanc e fo r  th e transfe r  an d practic e stimuli , 

becaus e th e induce d functio n shoul d wor k jus t  a s wel l  regardles s o f  stimulu s type .  B y examinin g 

subjects '  performanc e fo r  eac h stimulu s type ,  w e m a y therefor e distinguis h betwee n differen t 

model s o f  th e learnin g process . 

Results and Discussion 
Figur e 1  present s lo g respons e duration s average d acros s subject s a s a  functio n o f  lo g stimulu s 

lengt h fo r  Session s 1  an d 5 ,  respectively .  Th e erro r  bar s indicat e ± 1 standar d deviatio n o f 

individua l  response s poole d acros s subjects .  Th e dashe d line s represen t  th e powe r  functio n t o b e 

learned .  W e hav e plotte d i t  her e i n term s o f  log-lo g coordinate s becaus e thi s make s th e chose n 

functio n appea r  a s a  straigh t  line . 

Subjects' responses were close to the required responses even in the first session, indicating that 

th e powe r  functio n wa s learne d quit e rapidly .  Furthermore ,  performanc e fo r  transfe r  stimulus -

respons e pair s (close d circles )  wa s a s goo d a s tha t  fo r  practic e pair s (ope n circles) .  Th e differenc e 

betwee n mea n biase s fo r  th e practic e an d transfe r  pair s wa s no t  significan t  [F(l,55 )  =  1.30 ;  p 

>.05] .  No r  wa s th e differenc e betwee n standar d deviation s o f  response s fo r  th e practic e an d 

transfe r  pair s significan t  [F(l,55 )  =  .05] . 
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Figur e 1 .  Mea n respons e duratio n (i n log e msec )  average d acros s subject s a s a  functio n o f  stimulu s lengt h (i n log e 

m m)  fo r  th e firs t  an d las t  session s i n Experimen t  1 .  Th e dashe d lin e represent s th e powe r  functio n t o b e learned . 
The erro r  bar s indicat e ± 1 standar d deviatio n o f  individua l  response s poole d acros s subjects . 

Give n thes e results ,  w e hav e doubt s abou t  whethe r  a  simpl e exemplar-base d proces s i s th e primar y 

mechanis m tha t  peopl e us e t o induc e continuou s stimulus-respons e relations .  Instead ,  i t  seem s 

mor e likel y tha t  suc h relation s ar e induce d throug h a n abstraction-base d proces s a s describe d mor e 

full y late r  (se e Genera l  Discussion) . 

EXPERIMENT 2 

In subsequent experiments, we have examined whether subjects can accurately induce continuous 

relation s othe r  tha n th e powe r  functio n use d i n Experimen t  1 .  Ou r  objectiv e her e wa s t o determin e 

h o w genera l  th e abstractio n proces s is .  Dependin g o n th e natur e o f  th e abstractio n process , 

subject s m a y o r  m a y no t  b e abl e t o lear n a  variet y o f  possibl e functions . 

Method 
Th e basi c desig n an d procedur e o f  Experimen t  2  wer e th e sam e a s before .  However ,  th e 

underlyin g relatio n betwee n th e stimulu s an d respons e dimension s involve d a  logarithmi c rathe r 

tha n powe r  function .  Th e chose n functio n wa s D  =  7 5 -( -  223. 5 log g L ,  wher e D  an d L  denot e 

respons e duratio n (i n msec )  an d stimulu s lengt h (i n m m ) ,  respectively .  Th e stimul i  wer e th e sam e 

as thos e use d i n Experimen t  1 ;  th e rang e o f  response s wa s approximatel y equa l  t o tha t  o f 

Experimen t  1 . 

Results and Discussion 

Lo g respons e duration s average d acros s subject s ar e plotte d i n Figur e 2  agains t  lo g stimulu s lengt h 

fo r  Session s 1  an d 5 .  Th e dashe d curv e represent s th e logarithmi c relatio n t o b e learned . 
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Figur e 2 .  Mea n respons e duratio n (i n log e msec )  average d acros s subject s a s a  functio n o f  stimulu s lengt h (i n log c 

m m)  fo r  th e firs t  an d las t  session s i n Experimen t  2 .  Th e dashe d curv e represent s th e logarithmi c relatio n t o b e 
learned . 

As i n Experimen t  1 ,  performanc e fo r  transfe r  stimulus-respons e pair s wa s abou t  a s goo d a s tha t 

fo r  practic e pairs ,  bot h i n term s o f  mea n bia s [F(l,55 )  =  3.15 ;  p  >.05 ]  an d variabiht y [F(l,55 )  < 

1] .  Thi s provide s furthe r  evidenc e o f  a n abstraction-base d process .  However ,  unlik e i n 

Experimen t  1 ,  substantia l  respons e biase s occurre d i n Sessio n 1 ;  th e observe d respons e duration s 

fo r  th e middl e stimul i  wer e shorte r  tha n required ,  wherea s th e observe d response s fo r  th e shor t  an d 

lon g stimul i  wer e longe r  tha n required .  Thi s patter n migh t  resul t  i f  subject s attempte d t o fit  a 

power  functio n (whic h appear s linea r  i n log-lo g coordinates )  t o th e experience d stimulus-respons e 

pairs .  Th e magnitud e o f  thes e biase s decrease d ove r  session s [F(4,20 )  =  3.03 ;  p  <.05] ,  althoug h 

ther e stil l  wer e som e residua l  biase s i n Sessio n 5 . 

Overall, it appears that the subjects had an initial bias toward inducing a power stimulus-response 

relation ,  bu t  graduall y overcam e th e bia s an d learne d th e require d logarithmi c relatio n t o a  relativel y 
clos e approximation . 

EXPERIMENT 3 

Experiment 3 was performed to replicate and extend the results of our previous experiments. Here 

th e require d stimulus-respons e relatio n involve d a  linea r  functio n wit h a  positiv e intercept .  W h e n 

plotte d i n log-lo g coordinates ,  thi s functio n appear s curve d upwar d i n a  mirro r  imag e o f  th e 

logarithmi c functio n use d i n Experimen t  2 ,  whic h i s curve d downward .  I f  peopl e indee d hav e a 

bia s towar d inducin g powe r  functions ,  w e shoul d observ e a  systemati c patter n o f  initia l  bia s 

simila r  t o tha t  foun d i n Experimen t  2 .  Moreover ,  i f  peopl e ca n overcom e th e bia s t o lear n 

functiona l  relation s othe r  tha n powe r  ones ,  the n wit h sufficien t  practice ,  the y shoul d produc e 

response s accordin g t o th e presen t  linea r  function . 
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Metho d 
The desig n an d procedur e o f  Experimen t  3  wer e identica l  t o thos e o f  Experiment s 1  an d 2 ,  excep t 
tha t  th e stimul i  an d response s wer e relate d b y a  linea r  functio n wit h a  positiv e intercept .  Th e 
stimulus-respons e relatio n t o b e learne d her e wa s D  =  453. 5 +  10. 9 L ,  wher e D  an d L  denot e 
respons e duratio n an d stimulu s length ,  respectively .  Th e stimul i  wer e th e sam e a s thos e use d 
before ;  th e response s wer e approximatel y equa l  i n rang e t o th e previou s ones . 

Results and Discussion 
Figur e 3  present s lo g stimulu s lengt h versu s lo g respons e duratio n average d acros s subject s fo r 
Session s 1  an d 5 .  Th e dashe d curv e represent s th e require d linea r  relation .  Th e result s wer e 
simila r  t o thos e o f  Experimen t  2  i n al l  majo r  respects . 

Most important, a systematic pattern of response biases, constituting a mirror image of the one 
obtaine d i n Experimen t  2 ,  occurre d durin g Sessio n 1 .  Thi s patter n support s th e hypothesi s tha t 
peopl e ar e predispose d towar d inducin g powe r  function s t o relat e stimul i  an d responses .  A s i n 
Experimen t  2 ,  th e magnitud e o f  th e biase s decrease d ove r  session s [F(4,20 )  =  11.88 ;  p  <  .0001] ; 
by Sessio n 5 ,  subjects '  response s cam e clos e t o th e require d responses .  Apparently ,  th e 
abstractio n proces s use d b y ou r  subject s i s flexibl e enoug h t o lear n variou s type s o f  relations ,  eve n 
thoug h i t  i s initiall y  biase d towar d powe r  functions . 

GENERAL DiSCUSSiON 

In summary, we have obtained several pieces of evidence suggesting a relatively sophisticated 
abstractio n proces s fo r  inducin g continuou s stimulus-respons e relations .  Performanc e o n transfe r 
pair s wa s a s goo d a s performanc e o n practic e pair s i n al l  thre e experiments .  Also ,  subjects ' 
response s reveale d certai n systemati c biase s an d change s ove r  tim e tha t  sugges t  furthe r  detail s 
abou t  ho w th e abstractio n proces s works . 

Sessio n 1 Sessio n 5 

7. 3 - I 

I  6. 9 

3 
o 

(A 
c 
o 
Q. 
U 
O 
QC 
O) 
o 

6.5 -

6. 1 -

5. 7 

••,..*> ' 

I 

I. : 

7. 3 n 

. 2 6.9 -

Pai r  Typ e 

o practic e 

•  transfe r 

3 
o 
0) 
M 
C 
o 
Q. 
(A 
0> 
oc 
o> 
o 

6.5 -

6. 1 -

T H 5. 7 

J 

i 

{ 
. . . l \ V 

# 

T 
1 2  3 

Log Stimuiu s Lengt h 

3 1 2 

Log Stimulu s Lengt h 

5 

Figur e 3 .  Mea n respons e duratio n (i n leg e msec )  average d acros s subject s a s a  functio n o f  stimulu s lengt h (i n log c 

m m)  fo r  th e first  an d las t  session s i n Experimen t  3 .  Th e dashe d curv e represent s th e linea r  functio n t o b e learned . 
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A Propose d Mode l  :  Adaptive-Regressio n 
To explai n ou r  results ,  w e hav e develope d a  mode l  o f  inductio n calle d th e "adaptive-regression " 
model  tha t  account s fo r  al l  majo r  aspect s o f  th e obtaine d dat a (Ko h &  Meyer ,  1989 ;  Koh ,  1989) . 
Accordin g t o th e model ,  peopl e tr y t o fit  a  polynomia l  (e.g. ,  cubic )  functio n t o th e experience d 
stimulus-respons e pairs .  Th e pair s ar e firs t  transforme d logarithmicall y befor e bein g submitte d t o 
th e fitting  algorithm .  Th e algorith m estimate s polynomia l  coefficient s s o tha t  a  weighte d 
combinatio n o f  1 )  th e curvatur e o f  th e fitte d functio n an d 2 )  th e summed square d deviation s o f  th e 
fitted  functio n fro m th e experience d stimulus-respons e pair s i s minimized . 

Initially, the curvature component of the model has relatively more weight than the squared-
deviatio n component ,  resultin g i n a  bia s towar d inducin g powe r  functions .  Thi s i s du e t o th e fac t 
tha t  line s hav e minimu m (i.e. ,  zero )  curvature ,  an d tha t  powe r  function s correspon d t o linea r 
function s i n log-lo g coordinates .  A s mor e an d mor e stimulus-respons e pair s ar e experienced , 
however ,  th e squared-deviatio n componen t  receive s relativel y mor e weight ,  allowin g th e fitte d 
functio n t o graduall y approac h th e require d function . 

We have implemented the adaptive-regression model and other models based on exemplar as well 
as abstractio n processe s i n a  compute r  program ;  th e result s clearl y favo r  th e adaptive-regressio n 
model .  Th e succes s o f  thi s mode l  i s illustrate d i n Figur e 4 ,  whic h present s result s fro m a 
compute r  simulatio n o f  Experimen t  3 .  Th e simulate d dat a closel y resembl e th e actuall y observe d 
dat a (Figur e 3) . 
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Relatio n t o Previou s Researc h 
The presen t  perceptual-moto r  learnin g tas k i s closel y relate d t o cross-modalit y matchin g task s fo r 
derivin g psychophysica l  functions .  Steven s an d hi s colleague s hav e conducte d a  serie s o f 
experiment s concernin g severa l  sensor y modalities ,  showin g tha t  fo r  al l  o f  them ,  matchin g 
function s betwee n pair s o f  modalitie s com e fro m a  famil y o f  powe r  function s (Stevens ,  1965 ; 
Steven s &  Marks ,  1965) .  Ou r  result s mes h wel l  wit h Stevens '  findings ,  an d togethe r  the y sugges t 
tha t  peopl e hav e a  natura l  tendenc y t o establis h powe r  relation s betwee n pair s o f  continuou s 
dimensions ,  an d tha t  peopl e lear n "natural "  relation s mor e readil y tha n other s (cf .  Shepard ,  1981) . 

Our work is also related to past research on category learning. In recent years, models of category 
learnin g base d o n similarit y amon g perceive d an d remembere d exemplar s hav e receive d muc h 
attentio n an d som e empirica l  suppor t  (Estes ,  1986 ;  Medi n &  Shaffer ,  1978 ;  Nosofsky ,  1984) . 
However ,  th e presen t  result s fo r  a  perceptual-moto r  learnin g tas k canno t  b e explaine d easil y b y 
exempla r  models .  Instead ,  th e result s fi t  quit e nicel y wit h th e adaptive-regressio n model ,  whic h 
involve s a n extensiv e abstractio n process .  I t  woul d b e unappealin g t o postulat e entirel y separat e 
inductiv e mechanism s fo r  categor y learnin g an d perceptual-moto r  learning .  Developin g a  unifie d 
theor y o f  inductio n tha t  encompasse s bot h type s o f  learnin g i s therefor e a n importan t  topi c fo r 
futur e research. 
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