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Kyunghe e K o h 
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A b s t r a c t 

We investigated multivariable function leaming--the 
acquisitio n o f  quantitativ e mapping s betwee n 
multipl e continuou s stimulu s dimension s an d a 
singl e continuou s respons e dimension .  Ou r  subject s 
learne d t o predic t  amount s o f  tim e tha t  a  bal l  take s t o 
rol l  d o w n incline d plane s varyin g i n lengt h an d angl e 
of  inclination .  Performanc e wit h respec t  t o th e 
lengt h o f  th e plan e wa s quit e good ,  eve n ver y earl y i n 
learning .  O n th e othe r  hand ,  performanc e wit h 
respec t  t o th e angl e o f  th e plan e wa s systematicall y 
biase d earl y i n learning ,  bu t  eventuall y becam e quit e 
good .  A n extentio n o f  K o h an d Meyer' s (1991 ) 
adaptiv e regressio n mode l  account s wel l  fo r  th e 
results .  Implication s fo r  th e stud y o f  intuitiv e 
physic s mcff e generall y ar e discussed . 

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

Our research concerns function learning—the 
acquisitio n o f  quantitativ e mapping s betwee n 
continuou s stimulu s an d respons e dimensions .  I n 
tennis ,  fcM *  example ,  you r  distanc e fro m th e ne t  i s a 
continuou s stimulu s dimension ,  an d th e forc e wit h 
whic h yo u shoul d hi t  th e tenni s bal l  i s a  continuou s 
respons e dimension .  Furthermore ,  ther e i s a  functio n 
tha t  relate s you r  distanc e fro m th e ne t  t o th e 
apim>priat e amoun t  o f  forc e wit h whic h yo u shoul d 
hi t  th e ball .  Y o u mus t  lear n thi s functio n i f  yo u ar e 
t o becom e a  competen t  tenni s player . 

Of  course ,  i n realit y optima l  respons e magnitude s 
ar e ofte n function s o f  mor e tha n on e stimulu s 
dimension .  Th e amoun t  o f  forc e wit h whic h yo u 
shoul d hi t  a  tenni s bal l  depend s o n mor e tha n jus t 
you r  distanc e fro m th e ne t  I t  i s  also ,  fo r  example ,  a 
functio n o f  th e velocit y wit h whic h th e bal l  i s 
approachin g you .  Th e presen t  article ,  therefore ,  i s 
abou t  multivariabl e functio n leaming-th e acquisitio n 

of  quantitativ e mapping s betwee n multipl e 
continuou s stimulu s dimension s an d a  continuou s 
respons e dimension . 

Befor e presentin g ou r  result s o n multivariabl e 
functio n learning ,  w e wil l  revie w som e recen t  wor k 
by Ko h an d Meye r  (1989 ,  1991 )  o n single-variabl e 
functio n learning .  Th e wor k b y K o h an d Meyer -
particularl y thei r  adaptiv e regressio n mode l  o f 
functio n learning-i s highl y relevan t  her e becaus e i t 
form s th e basi s fo r  ou r  curren t  researc h o n 
multivariabl e functio n learning . 

Th e W o r k o f  K o h an d Meye r  (1991 ) 

Koh and Meyer (1991) studied die learning of a motor 
respons e t o a  singl e dimensio n o f  a  perceptua l 
stimulus .  O n eac h tria l  o f  thei r  experiments ,  subject s 
wer e presente d wit h a  stimulu s consistin g o f  tw o 
vertica l  line s separate d b y som e horizonta l  distance . 
Give n thi s distance ,  subject s ha d t o mak e tw o 
successiv e finge r  tap s suc h tha t  th e amoun t  o f  tim e 
betwee n th e tap s equalle d a  correc t  respons e duration , 
whic h wa s a  predetermine d functio n o f  th e stimulu s 
lengUi .  Ther e wer e tw o type s o f  stimulus-respons e 
pairs :  practic e an d tes t  A t  th e en d o f  eac h tria l  wit h a 
practic e stimulus-respons e pair ,  subject s receive d 
auditor y feedbac k consistin g o f  tw o beeps ,  wit h th e 
amount  o f  tim e betwee n th e beep s equallin g th e 
correc t  respons e duratio n fo r  th e curren t  stimulus . 
Subject s wer e als o informe d abou t  whethe r  thei r 
respons e duration s ha d bee n to o lon g o r  to o shor t  an d 
give n a  poin t  scor e betwee n 0  an d 100 ,  dependin g o n 
ho w clos e thei r  actua l  respons e duratio n ha d com e t o 
th e correc t  respons e duration .  Subject s receive d n o 
feedbac k afte r  trial s wit h tes t  stimulus-respons e pairs . 

I n eac h o f  thre e separat e expaiment s performe d b y 
K oh an d Meye r  (1991) ,  th e correc t  respons e duratio n 
was relate d t o th e stimulu s lengt h b y on e o f  thre e 
stricti y monoton e mappings :  a  powe r  functio n wit h a 
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positiv e exponen t  les s tlia n one ,  a  logarithmi c 
function ,  o r  a  linea r  functio n wit h a  positiv e 
intercept .  Ko h an d Meye r  (1991 )  foun d tha t 
regardles s o f  whic h functio n ha d t o b e learned , 
subjects '  initia l  response s appeare d t o b e a  powe r 
functio n o f  th e stimulu s length .  Thi s resulte d i n th e 
power  functio n o f  Experimen t  1  bein g learne d quickl y 
and accurately ,  wherea s th e logaritmi c an d linea r 
function s o f  Experiment s 2  an d 3  wer e learne d onl y 
afte r  considerabl e practice . 

Thi s power-functio n bia s i s explaine d b y Ko h an d 
Meyer  (1991 )  wit h a n adaptiv e regressio n mode l  o f 
functio n learning .  Accordin g t o th e adaptiv e 
regressio n model ,  th e magnitude s o f  th e stimulu s 
length s an d feedbac k abou t  correc t  respons e duration s 
ar e transforme d logarithmicall y an d stored-alon g wit h 
some noise—i n a  procedura l  memory .  Afte r  eac h 
learnin g trial ,  a  polynomia l  regressio n o f  th e 
transforme d response s ont o th e transforme d stimul i  i s 
performed .  Subsequen t  response s ar e the n chose n o n 
th e basi s o f  parameter s derive d from  thi s regression . 

Under  th e adaptiv e regressio n model ,  th e regressio n 
functio n i s initiall y  constraine d t o b e linea r  i n log-lo g 
coordinate s a t  th e star t  o f  learning .  Thi s constrain t 
allow s peopl e t o lear n powe r  function s quickl y an d 
accurately ,  becaus e suc h function s ar e linea r  i n log -
lo g coordinates .  Becaus e othe r  (non-power )  function s 
ar e no t  linea r  i n log-lo g coordinates ,  th e initia l 
linearit y constrain t  impose d b y th e adaptiv e 
regressio n mode l  implie s tha t  the y woul d b e learne d 
les s easily ,  consisten t  wit h Ko h an d Meyer' s (1991 ) 
results .  A s practic e progresses ,  however ,  th e adaptiv e 
regressio n mode l  assume s tha t  th e initia l  linearit y 
constrain t  i s  graduall y relaxed ,  eventuall y allowin g 
variou s non-powe r  functicxi s t o b e learne d accurately , 
jus t  a s Ko h an d Meye r  als o found . 

Mathematically ,  th e adaptiv e regressio n mode l  i s 
embodie d i n th e fou r  equation s show n below . 

(1 )  h i  R  =  X  a, -  (I n S )  J . 
j = o ' 

(2) L = A.Li -l-(l-X)L2. 

(3) Li = l{[l aj (hi Si) i ] - In Ri }2. 
i= l  j= 0 

(4) L2 = J LlJ(J-l)ajxJ-2j dx. 

Ss J= 2 

Here responses are chosen according to Equation 1, 
wher e R  i s th e curren t  respons e duratio n t o b e 
produce d an d S  i s th e curren t  stimulu s length .  Th e 
coefficient s o f  Equatio n 1 ,  th e ajs ,  ar e estimate d 
throug h th e regressio n proces s s o a s t o minimiz e th e 

quantit y L  o f  Equatio n 2 .  A s Equatio n 2  shows ,  L  i s 
a weighte d combinatio n o f  component s L i  an d L2 , 

whose value s appea r  i n Equation s 3  an d 4 .  L i  i s 

simpl y th e su m o f  square d deviation s betwee n 
predicte d respons e duration s an d store d feedbac k abou t 
value s o f  correc t  respons e durations ,  an d L 2 represent s 

th e degre e o f  curvatur e o f  th e fitte d function . 
Includin g L 2 a s par t  o f  minimizin g L  biase s th e 

compute d coefficient s o f  th e polynomial' s  nonlinea r 
term s t o hav e smal l  absolut e value s wheneve r  th e 
weigh t  paramete r  X  (whic h take s a  valu e betwee n 0 
and 1 )  i s muc h les s tha n 1 .  Consequently ,  th e 
regressio n algorith m wil l  ten d initiall y  t o yiel d a 
linea r  functio n i n log-lo g coordinates .  Nevertheless , 
i f  X  i s significantl y greate r  tha n zero ,  placin g som e 
weigh t  o n Li ,  th e adaptiv e regressio n mode l  ca n 

overcom e it s initia l  tendencies .  A s mor e an d mor e 
stimulus-respons e pair s ar e experienced ,  th e su m o f 
square d deviation s i n L i  wil l  increase ,  eventuall y 

overshadowin g th e curvatur e constrain t  L2 ,  whic h 

remain s essentiall y  constant .  Wit h a n appropriat e 
valu e o f  X ,  therefore ,  th e mode l  ca n closel y mimi c th e 
rat e a t  whic h peopl e lear n non-powe r  functions .  (Se e 
Koh &  Meyer ,  1991 ,  fo r  mor e details) . 

T h e Incl ined-Plan e E x p e r i m e n t 

To study multivariable function learning and to 
exten d th e adaptiv e regressio n model ,  w e ha d subject s 
lear n t o predic t  th e amoun t  o f  tim e tha t  a  bal l  take s t o 
rol l  fro m th e to p t o th e botto m o f  a n incline d plane , 
base d o n th e lengt h o f  th e plan e an d it s angl e o f 
inclination .  Ou r  stimul i  wer e presente d o n a  vide o 
display ,  an d consiste d o f  lin e segment s varyin g i n 
lengt h an d angl e o f  inclination .  Response s consiste d 
of  tw o ke y tap s suc h tha t  th e amoun t  o f  tim e betwee n 
th e tap s constitute d a  predictio n abou t  th e motio n 
tim e o f  a  bal l  o n di e displaye d incline d plane .  Thi s 
methodolog y i s advantageou s becaus e i t  i s 
procedurall y ver y simila r  t o th e wor k o f  K o h an d 
Meyer  (1991) ,  an d conceptuall y ver y simila r  t o prio r 
wor k wit h th e inclined-plan e tas k (e.g. ,  Anderson , 
1983 ;  Bjorkman ,  1965) . 

M e t h o d 

Subjects. Three University of Michigan students 
participate d i n th e experiment .  The y wer e pai d a  bas e 
wage o f  $5.0 0 pe r  75-minut e session ,  plu s a 
performanc e bonu s describe d below . 

Design .  Subject s learne d th e functio n 

(5) T = k[L/sinA]l/2, 
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Stimulu s 
Anel e 11.9 6 

80.0 0 30 0 
39.6 6 37 2 
24.4 3 46 3 
15.5 4 57 5 

10.0 0 71 4 

Stimulu s Lenet h 

18.4 7 

372 
463 
575 
714 
887 

28.4 7 43.9 7 

463 57 5 
575 71 4 
714 88 7 
887 110 2 

1102 137 0 

67.8 3 

714 
887 

1102 
1370 

1701 

Tabl e 1 .  Correct-Respons e Duratio n (ms )  a s a 
Functio n o f  Stimulu s Lengt h (mm )  an d Stimulu s 
Angl e (degree s fro m horizontal) . 

wher e T  i s th e time  dia t  a  bal l  take s t o rol l  fro m th e 
to p t o th e botto m o f  a n incline d plane ,  k  i s a  constan t 
of  gravitation ,  L  i s th e lengt h o f  th e plane ,  an d A  i s 
it s angl e o f  inclination .  Th e stimul i  wer e lin e 
segment s anchore d i n th e lowe r  lef t  come r  o f  a 
Hewlett-Packar d 1437 a graphic s displa y an d extendin g 
diagonall y upwar d t o th e right .  Eac h o f  fiv e stimulu s 
length s wa s combine d wit h eac h o f  fiv e stimulu s 
angle s t o for m 2 5 uniqu e stimuli .  Th e constan t  k 
was chose n s o tha t  th e correc t  respons e time s range d 
fro m 30 0 t o 170 1 m s (se e Tabl e 1) . 

The subject s participate d i n on e 75-minut e 
experimenta l  sessio n pe r  da y ove r  fiv e consecutiv e 
days .  Eac h sessio n bega n wit h fou r  warm-u p trials ; 
response s t o th e warm-u p trial s wer e highl y variabl e 
and wer e therefor e no t  analyzed .  Th e remainde r  o f 
each sessio n wa s divide d int o 3 0 block s o f  25  trial s 
each .  Eac h o f  th e 2 5 stimul i  wa s presente d onc e pe r 
block ,  i n rando m order . 

Procedure .  A t  th e star t  o f  eac h trial ,  on e o f  th e 25 
stimul i  wa s presente d o n th e displa y screen .  Th e 
subjec t  responde d b y tappin g th e slas h ("r )  ke y twic e 
so tha t  th e amoun t  o f  tim e betwee n th e tw o tap s wa s 
hi s o r  he r  predictio n abou t  th e amoun t  o f  time  tha t  a 
bal l  woul d tak e t o rol l  dow n th e displaye d incline d 
plane .  Afte r  responding ,  subject s receive d thre e fcHin s 
of  correct-respons e feedback .  A t  30 0 m s afte r  th e 
secon d tap ,  th e firs t  o f  tw o shor t  beep s (1 5 ms ,  lOCX ) 
Hz tones )  occurred ;  a  secon d bee p followed .  Th e tim e 
betwee n th e tw o beep s wa s th e correc t  respons e time. 
The stimulu s displa y wa s cleare d a t  th e onse t  o f  th e 
secon d beep ,  an d th e subjec t  wa s presente d wit h 
additiona l  informatio n abou t  th e accurac y o f  hi s o r  h w 
response .  On e o f  thre e messages-"LONG, " 
"SHORT,"  o r  "PERFECT'-wa s presented ,  dependin g 
on whethe r  th e respons e wa s greate r  than ,  les s than , 
or  equa l  t o th e correc t  respons e duration . 
Accompanyin g thi s messag e wa s a  numerica l  poin t 
score ,  rangin g fro m 0  t o 100 ,  whic h indicate d ho w 
clos e tiie  subject' s respons e duratio n ha d bee n t o Ui e 
correc t  duration .  Thi s poin t  scor e wa s calculate d 

accordin g t o th e equatio n P  -  10 0 -  . 2 |  T c -  T s | , 

wher e P  i s th e numbe r  o f  points ,  T c i s th e correc t 

respons e duration ,  an d T s i s th e duratio n produce d b y 

Uie subject .  I f  P  happene d t o b e negative ,  a  scor e o f 
zer o point s wa s awarded .  Th e messag e an d poin t 
scor e wer e visibl e fo r  70 0 m s an d wer e followe d b y a 
500 m s intertria l  interval . 

Afte r  eac h tria l  block ,  th e subjec t  wa s presente d 
wit h hi s o r  he r  poin t  tota l  fo r  th e bloc k an d 
cumulativ e poin t  tota l  fo r  th e session .  Ultimately , 
th e cumulativ e poin t  tota l  wa s converte d t o a  bonu s 
payment  o f  $.0 5 pe r  lOCX )  point s earned .  I n general , 
thi s resulte d i n a  bonu s o f  betwee n $2.0 0 an d $2.5 0 
per  session . 

Results 

Tables 2a and 2b show subjects' mean response 
duration s fo r  eac h incline d plan e durin g session s 1  an d 
5,  respectively .  T o mak e th e pattern s i n thes e table s 
clearer .  Figur e 1  show s subjects '  mea n respons e 
duration s fo r  session s 1  an d 5  versu s th e lo g o f  th e 
stimulu s length ,  average d acros s th e fiv e stimulu s 
angles .  Respons e duration s hav e bee n transforme d 

Stimulu s Lengt h 
Stimulu s 

Angl e 11.9 6 18.4 7 28.4 7 43.9 7 67.8 3 
80.0 0 
39.6 6 
24.4 3 
15.5 4 

10.0 0 

324 
434 
534 
618 
741 

451 
567 
653 
833 

1032 

498 
630 
773 
945 

1171 

557 
734 
879 

1024 

1328 

597 
794 
915 

1132 

1475 

Tabl e 2a .  Subjects '  Mea n Respons e Duratio n (ms ) 
as a  Functio n o f  Stimulu s Lengt h (mm )  an d 
Stimulu s Angl e (degree s fro m horizontal) .  Sessio n 
1. 

Stimulu s Lengt h 

Stimulu s 
Angl e 11.9 6 18.4 7 28.4 7 43.9 7 67.8 3 

80.0 0 
39.6 6 
24.4 3 
15.5 4 

10.0 0 

317 
383 
464 
557 
744 

395 
463 
577 
731 
948 

483 
596 
743 
893 

1175 

578 
730 
865 

1010 

1277 

651 
870 

1010 
1196 

1596 

Tabl e 2b .  Subjects '  Mea n Respons e Duratio n (ms ) 
Functio n o f  Stimulu s Lengt h (mm )  an d as a 

Stimulu s Angl e (degree s fro m horizontal) .  Sessio n 
5. 
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e 
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«̂  
a 
u 
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7. 2 p 

7.0 -

6.8 

6.6 -

6.4 -

6.2 -

6.0 

Sessio n 1 

P 

P 

7. 2 p 

7.0 . 

6.8 

6.6 

6.4 

6.2 

6.0 

Sessio n 5 

0 

2 3  4  5 

Ln Stimulus Length 

Figure 1. Log Response Duration versus Log 
Stimulu s Length ,  Average d ove r  Subject s an d 
Stimulu s Angle s fo r  Session s 1  an d 5 ,  respectively . 

logarithmicall y befor e averagin g th e dat a an d makin g 
th e graphs ,  s o a s t o produc e a  linea r  correct-respons e 
functio n (th e dashe d line s i n Figur e 1) . 

Not e tha t  eve n durin g sessio n 1 ,  subjects '  mea n 
respons e duration s appea r  t o b e a  nearl y log-linea r 
functio n o f  stimulu s length ;  tha t  is ,  the y learne d thi s 
aspec t  o f  th e inclined-plan e tas k ver y quickl y an d 
accurately .  T o confir m this ,  a  log-polynomia l 
regressio n o f  mea n respons e duration s ont o stimulu s 
lengt h wa s performe d separatel y fo r  eac h subject , 
session ,  an d angle .  Bot h linea r  an d quadrati c 
coefficient s wer e obtained .  Th e mea n valu e o f  th e 
linea r  coefficient s wa s .48 ,  whic h i s no t  significantl y 
differen t  fro m th e optima l  linea r  coefficien t  o f  .5 0 
[t(2 )  =  1.54 ,  p  >  .05] .  (Note :  Th e optima l  linea r 
coefficien t  equal s 0.5 0 becaus e o f  th e square-roo t 
exponen t  i n Equatio n 5. )  Th e mea n valu e o f  th e 
quadrati c coefficient s wa s -.00003 ,  whic h i s no t 
significantl y differen t  fro m th e optima l  quadrati c 
coefficien t  o f  zer o [t(2 )  =  .03 ,  p  >  .05] .  Thi s implie s 
tha t  ther e wa s essentiall y n o bia s i n subjects ' 

response s wit h respec t  t o lengt h eve n durin g sessio n 
1. 

The linea r  coefficients ,  o r  slopes ,  wer e the n treate d 
as th e dependen t  variabl e i n a n A N O V A wit h sessio n 
number  an d stimulu s angl e a s fixe d factor s an d 
subject s a s a  rando m factor .  Thes e coefficient s di d 
not  chang e significantl y acros s session s [F(4,8 )  > 
.72 ,  p  >  .05] ,  no r  di d the y diffe r  significantl y acros s 
stimulu s angle s [F(4,8 )  =  .71 ,  p  >  .05] .  I n othe r 
words ,  n o significan t  learnin g too k plac e wit h respec t 
t o stimulu s lengt h afte r  sessio n 1 ,  an d performanc e 
wit h respec t  t o stimulu s lengt h di d no t  depen d o n th e 
angl e o f  th e stimulus . 

Figur e 2  show s subjects '  mea n lo g respons e 
duration s fo r  session s 1  an d 5  versu s th e lo g o f  th e 
reciproca l  o f  th e sin e o f  th e stimulu s angle .  Again , 
thi s produce s a  linea r  correct-respons e functio n (th e 
dashe d line s i n Figur e 2) . 

I 

2 
3 

Q 

s 

a 

B 
m3 

7. 2 

7.0 

6.8 

6.6 

6.4 

6.2 

6.0 

Sessio n 1 

n 
D 

/ I d " ° 

r 

7. 2 p 

7.0 -

6.8 -

6.6 -

6.4 -

6.2_L 

6.0 

Sessio n 5 

/ n 

/ 
Q 

/ L 

Q 

0 1  2 

Ln (1/Sine Stimulus Angle) 

Figure 2. Log Response Duration versus the Log 
of  th e Reciproca l  o f  th e Sin e o f  th e Stimulu s Angle , 
Average d ove r  Subject s an d Stimulu s Length s fo r 
Session s 1  an d 5 ,  respectively . 
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Not e tha t  durin g sessio n 1 ,  ther e i s a  pronounce d 
curvatur e i n th e plotte d respons e times .  T o confir m 
this ,  a  log-polynomia l  regressio n o f  mea n respons e 
duratio n ont o th e reciproca l  o f  th e sin e o f  th e angl e 
was performe d fo r  eac h subject ,  session ,  an d stimulu s 
length .  Bot h linea r  an d quadrati c coefficient s wer e 
obtained .  Th e mea n valu e o f  th e linea r  coefficient s 
was .34 ,  whic h agai n i s no t  significantl y differen t 
fro m th e optima l  linea r  coefficien t  o f  .S O [t(2 )  -  1.80 , 
p >  .05] .  However ,  whe n th e dat a wer e analyze d 
separatel y fo r  eac h subject ,  w e foun d tha t  eac h subjec t 
produce d linea r  coefllcient s tha t  wer e significantl y 
les s tha n th e optima l  linea r  coefficien t  o f  .5 0 [t(4 )  = 
15.54 ,  p  <  .05 ;  t(4 )  =  12.46 ,  p  <  .05 ;  t(4 )  -  13.16 ,  p 
< .05] . 

The mea n valu e o f  th e quadrati c coefficient s wa s 
-.013 ,  whic h i s no t  significantl y differen t  fro m zer o 
[t(2 )  =  1.64 ,  p  >.05] .  However ,  i t  i s  thre e order s o f 
magnitud e large r  tha n th e mea n quadrati c coefficien t 
fo r  length ,  an d i t  i s  easil y perceive d a s th e downwar d 
curvatur e i n th e to p pane l  o f  Figur e 2 .  Moreover , 
analyzin g thes e dat a separatel y fcx *  eac h subjec t  reveal s 
tha t  tw o ou t  o f  th e thre e subject s produce d 
significantl y negativ e mea n quadrati c coefficient s [t(4 ) 
= 13.26 ,  p  <  .05 ;  t(4 )  =  8.26 ,  p  <  .05] ,  whil e th e 
tfiird  produce d a  non-significantl y negativ e on e [t(4 )  = 
.00005 ,  p  >  .05] . 

An A N O VA analogou s t o th e on e describe d earlie r 
showe d tha t  th e linea r  coefficient s increase d 
significantl y acros s session s [F(4,8 )  =  5.15 ,  p  <  .05] , 
and th e quadrati c coefficient s decrease d somewha t 
acros s session s [F(4,8 )  =  2.34 ,  p  <  .15] .  Althoug h 
th e latte r  chang e i n th e quadrati c coefficient s wa s no t 
significan t  a t  conventiona l  levels ,  i t  wa s i n th e 
directio n predicte d b y th e adaptiv e regressio n mode l 
(se e below) .  I n othe r  words ,  subjects '  initia l  respons e 
biase s wit h respec t  t o angl e di d decreas e wit h practice . 
Neithe r  th e linea r  no r  quadrati c coefficient s differe d 
acros s stimulu s length s [F(4,8 )  =  1.46 ,  p  >  .05 ; 
F(4.8 )  =  .37 .  p  >  .05] . 

Extendin g th e 

Adapt iv e Regressio n M o d e l 

The adaptive regression model-as originally 
formulate d b y Ko h an d Meye r  (1991)~quit e readil y 
explain s performanc e witi i  respec t  t o stimulu s lengt h 
i n th e presen t  experiment .  Accordin g t o thi s model , 
th e relationshi p betwee n th e logarithmicall y 
transforme d stimulu s lengt h an d respons e duratio n i s 
assumed t o b e linear .  Becaus e th e relationshi p 
betwee n th e lengt h o f  a n incline d plan e an d a  ball' s 
rollin g time  i s i n fac t  linea r  i n log-lo g coordinates , 
th e mode l  predict s tha t  i t  shoul d b e learne d quit e 
rapidly .  Thi s is ,  o f  course ,  exacd y wha t  wa s foun d i n 
th e presen t  experimen t  (Figur e 1) . 
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Figure 3. Log Response Duration versus the Sine 
of  th e Stimulu s Angle ,  Average d ove r  Subject s fo r 
Sessio n 1 . 

The adaptiv e regressio n mode l  ca n als o b e extende d 
t o accoun t  fo r  performanc e wit h respec t  t o stimulu s 
angle .  Ou r  extende d versio n o f  th e mode l  initiall y 
assumes tha t  th e relationshi p betwee n th e ti-ansformed 
stimulu s angl e an d logarithmicall y transforme d 
respons e duratio n i s linear .  I n th e cas e o f  angle , 
however ,  th e transformatio n performe d i s no t 
logarithmic .  Instead ,  th e angl e i s transforme d b y 
takin g it s  sine .  Tha t  subject s actuall y d o assum e a n 
initia l  linea r  relationshi p betwee n th e lo g o f  th e 
respons e duratio n an d th e sin e o f  th e angl e ca n b e 
seen i n Figur e 3 .  Thi s figur e show s subjects '  mea n 
lo g respons e duration s versu s th e sin e o f  di e stimulu s 

angle ;  th e relationshi p i s clearl y linea r  (r ^  =  .994) . 
Our  extende d adaptiv e regressio n mode l  assume s 

furthe r  tha t  th e transforme d respons e duratio n i s a n 
additiv e combinatio n o f  th e tw o transforme d stimulu s 
magnitudes :  I n L  an d si n A .  Earl y performanc e i n th e 
inclined-plan e task ,  therefore ,  i s  characterize d b y th e 
equatio n 

(6 ) I n R  =  a  +  b  I n L  +  c  si n A , 

wher e R  i s th e subject' s respons e duration ,  L  i s th e 
lengt h o f  th e incline d plan e stimulus ,  an d A  i s it s 
angl e o f  inclination .  Equatio n 6  account s fo r  99.4 % 
of  th e varianc e i n subjects '  mea n respons e duration s 
durin g sessio n 1 .  Finally ,  t o explai n ho w subjects ' 
performanc e wit h respec t  t o stimulu s angl e improve s 
over  sessions ,  ou r  extende d ad{q)tiv e regressio n mode l 
graduall y add s non-zero ,  higher-orde r  polynomia l 
term s fo r  sin e A  int o Equatio n 6  a s practic e 
progresses ,  usin g th e sam e sor t  o f  relaxatio n proces s 
posite d i n Equation s 1  throug h 4 . 

556 



D i s c u s s i o n R e f e r e n c e s 

I t  i s  especiall y interestin g t o conside r  th e 
implication s o f  thes e result s fo r  th e domai n o f 
intuitiv e o r  "naive "  physics .  A  numbe r  o f  studie s 
hav e demonstrate d tha t  peopl e hav e fault y initia l 
intuition s abou t  th e behavio r  o f  object s i n a  variet y 
of  simpl e physica l  situation s (e.g. ,  Bjorkman ,  1965 ; 
McCloskey ,  1983) .  Fo r  example ,  peopl e ma y no t 
realiz e tha t  th e mas s o f  a n objec t  i s  irrelevan t  t o th e 
amount  o f  tim e tha t  i t  take s t o fal l  t o th e ground ,  an d 
therefor e ma y predic t  tha t  a  heavie r  objec t  shoul d fal l 
faste r  tha n a  lighte r  object . 

Such fault y intuition s ar e usuall y attribute d t o a 
lac k o f  knowledg e abou t  th e law s o f  physics . 
However ,  di e presen t  result s sugges t  tha t  peopl e ma y 
hav e fault y initia l  intuition s abou t  man y suc h 
physica l  situation s fo r  a  ver y differen t  reason . 
Namely ,  th e natur e o f  th e transformation s tha t  peopl e 
perfor m o n stimulu s variables ,  a s wel l  a s thei r 
preferre d mode s o f  psychologicall y combinin g thos e 
variables ,  m a y lea d t o biase d expectation s an d 
predictions ,  a s i n th e presen t  experiment .  I f  so ,  the n 
eve n th e mos t  highl y educate d physicist s woul d 
exhibi t  th e sam e biase s a s naiv e subjects .  Perhap s 
thi s i s a  possibilit y  wort h explorin g i n futur e 
experiments . 
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