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I n Galilea n Kinemat ics * 

Pete r  C-H .  Chen g 
Departmen t  o f  Psycholog y 

Carnegi e Mello n Universit y 
Pittsburgh ,  P A 1521 3 

pc2n+@andrew.cmu.ed u 

A b s t r a c t 

This paper investigates how different strategies affect 
th e succes s an d efficienc y o f  scientifi c  discovery ,  b y 
examinin g differen t  approache s i n Galilea n 
kinematics .  Computationa l  model s wit h biase s fo r 
inductiv e o r  deductiv e approache s t o discover y wer e 
constructe d t o simulat e th e processe s involve d i n 
finding  coheren t  an d empiricall y correc t  set s o f  laws . 
The performanc e o f  th e model s show s tha t  th e bes t 
overal l  strateg y i s t o begi n wit h a n inductiv e bia s an d 
the n perfor m tigh t  cycle s o f  la w generatio n an d 
experimenta l  testing .  Compariso n o f  th e model s 
wit h previou s findings  indicate s tha t  th e bes t  overal l 
strateg y fo r  discover y depend s o n th e relativ e eas e o f 
searc h i n hypothesi s an d experimen t  spaces . 

1 I n t r oduc t i o n 

Scientific discovery is an important and growing area 
of  researc h i n th e cognitiv e sciences .  A  majo r  issu e 
i n th e are a concern s wha t  strategie s scientist s us e t o 
make discoverie s an d th e effectivenes s an d efficienc y 
of  thos e strategies .  M u c h o f  th e empirica l  wor k ha s 
focusse d o n th e biase s tha t  see m t o exis t  i n th e 
proces s o f  seekin g evidenc e t o asses s hypotheses , 
Gorman (1992) .  Th e wor k o f  Klah r  an d Dunba r 
(1988 )  an d Klah r  et .  a l  (1990 )  addresse s discover y 
strategie s fro m a  wide r  context .  Thei r  studie s 
employe d a  simulate d discover y environmen t 
consistin g o f  a  to y robot .  BigTrak ,  controlle d usin g a 
LOGO-lik e programmin g language .  Th e tas k wa s t o 
determin e h o w a  myster y programmin g ke y 
functione d b y writin g program s incorporatin g th e ke y 
and observin g th e subsequen t  behavio r  o f  BigTrak .  I t 
was foun d tha t  subject s coul d b e classifie d a s eithe r 
experimenter s o r  theorist s accordin g thei r  preferenc e 
t o searc h th e spac e o f  experiment s o r  th e spac e o f 

'Thank s shoul d g o t o Herber t  Simo n fo r  th e discussion s 
tha t  helpe d t o shap e thi s research .  Thi s wor k wa s 
supporte d b y a  U K Scienc e an d Engineerin g Researc h 
Counci l  postdoctora l  fellowship . 

hypothesis .  Theorist s wer e mor e successfu l  an d 
faster ,  becaus e the y generate d ne w hypothese s usin g 
relevan t  prio r  knowledge .  Experimenter s wer e les s 
effectiv e an d efficient ,  becaus e the y laboriousl y 
performe d experiment s an d attempte d t o generaliz e th e 
result s int o hypotheses .  Klah r  an d Dunba r  charac -
teriz e scientifi c  discover y a s th e dua l  searc h o f  th e 
hypothesi s an d experimen t  spaces .  T h e bes t 
discover y strateg y fo r  thi s tas k i s initiall y  t o generat e 
severa l  hypothese s an d the n tes t  the m experimentally . 

I n contras t  t o th e wor k o f  Klah r  an d colleagues , 
thi s pape r  describe s computationa l  wor k tha t  model s 
differen t  strategie s i n Galileo' s discover y o f  th e law s 
of  fre e fall .  A  larg e numbe r  o f  computationa l 
system s alread y exis t  tha t  mode l  man y aspect s o f 
scientifi c  discover y (se e Cheng ,  1992a ,  fo r  a  review) . 
The conventiona l  computationa l  approac h attempt s t o 
demonstrat e th e acceptabilit y  o f  a  complet e mode l  b y 
simulatin g on e o r  mor e episode s o f  discovery .  T w o 
relevan t  example s are :  Kulkarn i  an d Simon' s (1988 ) 
K E K E DA system ,  whic h demonstrate s tha t  promp t 
investigatio n o f  surprisin g experimenta l  outcome s i s 
a goo d strategy ;  and ,  Cheng' s (1990 ,  1991 )  S T E R N 
syste m tha t  ha s previousl y modelle d Galilea n 
kinemati c discoveries .  However ,  th e approac h 
adopte d her e i s different .  Th e modellin g wil l  focu s 
on a  particula r  facto r  tha t  i s  importan t  i n discover y 
by constructin g model s tha t  diffe r  wit h respec t  t o th e 
facto r  bu t  ar e otherwis e a s simila r  a s possible .  Thu s 
th e differenc e i n th e models '  performanc e wil l  directl y 
demonstrat e h o w th e facto r  affect s th e succes s an d 
efficienc y i n a  particula r  discover y task .  Thi s 
approac h wa s previousl y use d t o demonstrat e th e 
computationa l  benefit s o f  usin g diagram s i n 
discovery ,  b y comparin g model s usin g diagrammati c 
an d conventiona l  mathematica l  representation s 
(Cheng ,  1992b ;  Chen g &  Simon ,  1992) .  Her e th e 
model s hav e bee n give n biase s fo r  eithe r  inductiv e o r 
deductiv e approache s t o discovery ,  t o examin e h o w 
th e approache s influenc e th e overal l  succes s an d 
efficienc y o f  discover y i n th e Galilea n domain . 

We wil l  begi n b y considerin g Galileo' s kinemati c 
discoveries . 
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Figur e 1 Figur e 2 

2 G a l i l e a n K i n e m a t i c D i s c o v e r y 

Although historians of science do not agree upon the 
precis e manne r  i n whic h Galile o foun d th e law s 
governin g th e motio n o f  bodie s i n fre e fall ,  ther e i s 
reasonabl e agreemen t  o n th e mai n stage s o f  th e 
episod e (e.g. ,  Drake .  1973 .  1975 ,  1978 ;  Drak e & 
MacLachlan .  1975 ;  Hill ,  1988 ;  Naylor .  1974) .  W e 
tak e u p th e stor y fro m th e poin t  wher e Galile o ha d 
rejecte d th e Aristotelia n view s o f  motio n but 
incorrectl y believe d th e spee d o f  a  naturall y 
accelerate d bod y t o b e i n proportio n t o th e distanc e 
travelle d fro m rest ,  whic h m a y b e expresse d a s a n 
equatio n thus ; 

vab/va c =  dab/dac -  •  •  •  0 ) 

wher e v  an d d  ar e spee d an d distance ,  respectively ,  an d 
a b an d a c indicat e tw o differen t  fall s  fro m rest . 
Galile o typicall y state d quantitativ e law s a s sentence s 
referrin g t o ratio s o f  simila r  variables ,  bu t  fo r  eas e o f 
comprehensio n equation s wil l  b e use d here ,  withou t 
affectin g th e claim s bein g made .  Galile o eventuall y 
foun d th e correc t  law s o f  motion ; 

vab/va c =  ̂ ab^ ^  '  •  •  •  (2 ) 

dab^^'ac = tab^/'ac^' • •• (3) 

and- vab/vac = ^ab^^^/dac^^ ' • • • (4) 

wher e t  i s  time .  Th e precis e manne r  o f  thei r 
discover y i s uncertain ,  th e historian s hav e conjecture d 
many differen t  paths ,  bu t  i t  i s  clea r  tha t  Galile o use d 
a combinatio n o f  deductiv e an d inductiv e methods . 
The y ar e considere d i n turn . 

Galile o (1974 )  publishe d hi s kinemati c flndings  i n 
th e Thir d an d Fourt h Day s (sections )  o f  th e T w o N e w 
Sciences ,  T N S hereafter .  Th e Thir d Da y ha s tw o 
subsections .  Th e first  concern s constan t  spee d 
motion ,  an d present s law s relatin g speed ,  tim e an d 
distanc e whe n acceleratio n i s absent .  Fo r  example , 
th e fourt h an d sixt h proposition s are ,  respectively ; 

def/dg h =  vef/vg h •  tgf/tg h ,  •  . •  (5 ) 

and '  vgf/vg h =  d f̂/dg h /  tgf/tg h >  •  • •  (6 ) 

wher e th e variable s hav e th e sam e meaning s a s 
above ,  th e value s o f  v  ar e constants ,  an d th e 
subscript s denot e tw o differen t  bodie s o r  paths .  Th e 
secon d subsectio n o f  th e Thir d Da y concern s th e 
accelerate d motio n o f  bodie s unde r  man y differen t 
circumstances .  Beginnin g wit h a  singl e postulate ,  a 

definition ,  an d th e law s o f  constan t  spee d motion ,  3 8 
proposition s ar e derived .  Th e definitio n happen s t o 
be Equatio n 2 ,  an d th e secon d propositio n (TNS-in-2 ) 
and it s corollarie s ar e equivalen t  t o Equatio n 3 .  T N S -
II1- 2 i s derive d fro m TNS-III-1 ,  whic h state s tha t  th e 
mean spee d o f  a  bod y fallin g fro m res t  i s  on e hal f  it s 
m a x i m u m speed .  A s th e speed s o f  tw o bodie s ar e i n 
proportio n t o thei r  times ,  Equatio n 2 ,  thei r  mea n 
speed s wil l  thu s b e i n proportio n t o th e times . 
However ,  a s th e mea n speed s ar e bot h constan t  b y 
definition .  Equatio n 5  holds ,  s o time s ca n b e 
substitute d fo r  speed s t o giv e Equatio n 3 .  Anothe r 
propositio n o f  TNS-lI I  i s  th e doubl e distanc e law , 
TNS-IlI-9 .  Referrin g t o Figur e 1 ,  i f  a  bod y fall s 
fro m rest  throug h distanc e A B an d i s turne d throug h a 
right  angl e s o tha t  i t  travel s horizontall y alon g B C , 
the n th e distanc e B C wil l  b e doubl e tha t  o i A B whe n 
th e tim e fo r  A B equal s th e tim e fo r  B C .  Thi s propo -
sitio n i s use d i n th e derivatio n o f  Equatio n 4 , 
considere d next . 

I n TNS-rV- 3 Galile o derive s th e relatio n fo r  spee d 
and distance .  Equatio n 4 .  Fo r  vertica l  fall s  fro m res t 
ove r  tw o distance s A C an d A B ,  Figur e 2 ,  th e doubl e 
distanc e la w ca n b e <̂ )plie d twic e t o distance s C D an d 
B E.  A s th e speed s alon g C D an d B E ar e constan t 
thei r  rati o i s give n b y Equatio n 6 , 

vcd/vb e =  dcd/dbf e /  W ^ b e -  •  • •  (7 ) 

However ,  fro m th e doubl e distanc e rul e w e know :  (i ) 
th e rati o o f  th e time s C D t o B E i s equa l  t o th e rati o 
of  th e time s A C t o A B ;  (ii )  distanc e C D i s doubl e 
A C an d distanc e B E doubl e A B ;  and ,  (iii )  th e spee d a t 
end o f  th e fal l  A C equal s th e spee d alon g C D ,  an d 
similarl y fo r  A B an d B E .  Therefore ,  th e times , 
distance s an d speed s o f  i4 C an d A B ca n b e substitute d 
int o Equatio n 7 ; 

W ^ a c =  dab^da c /  tab/tac -  •  • •  (8 ) 

N o w,  Equatio n 8  relate s distance s an d time s i n fre e 
fall ,  s o th e time s ca n b e eliminate d usin g Equatio n 3 
givin g Equatio n 4 ,  s o completin g th e derivatio n o f 

th e se t  o f  thre e laws^ . 
Th e classe s o f  motio n experiment s tha t  historian s 

ar e sur e Galile o ha d a t  hi s disposa l  wer e pendulums , 
incline d plane s o r  ramps ,  an d projectiles .  I n th e 
incline d plan e experiment s Galile o rolle d a  bal l  dow n 
th e plan e an d measure d h o w th e distanc e alon g th e 
plan e varie d wit h time .  T o perfor m experiment s o n 
projectiles ,  Galile o use d a n incline d plan e wit h a  li p 
at  it s  en d t o launc h th e bal l  horizontall y int o th e air . 
Thi s combine d incline d plan e an d projectil e 
experimen t  allowe d Galile o t o determin e speed s usin g 
Equatio n 6 ,  becaus e th e horizonta l  spee d o f  a 
projectil e i s constan t  an d th e tim e o f  fal l  i s  als o 
constan t  whe n th e vertica l  distanc e i s fixed.  Chen g 
(1991 )  describe s th e experiment s i n mor e detail .  Th e 

^Why Galile o di d no t  jus t  substitut e fo r  t  i n Equation s 2 
and 3 ,  t o deriv e Equatio n 4 ,  i s  a  mystery . 
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specifi c  purpose s behin d th e experiment s ar e dispute d 
becaus e Galile o (1979 )  onl y lef t  ters e an d crypti c 
record s o f  them ,  bu t  i s  possibl e tha t  the y coul d hav e 
bee n performe d i n eithe r  a n inductiv e manne r  o r  a 
confirmator y mode .  Galile o wa s a  competen t  mathe -
maticia n s o wa s abl e t o fin d expression s describin g 
experimenta l  dat a o r  t o judg e h o w wel l  numerica l 
prediction s an d dat a matched . 

We wil l  no w defin e mor e precisel y th e discover y 
tas k t o b e modelled . 

3 S impl i f ie d D i s c o v e r y T a s k 

A simplified version of the Galilean episode is 
considere d fo r  tw o reasons .  First ,  i t  i s  necessar y t o 
reduc e th e complexit y o f  th e proble m t o mak e th e 
constructio n o f  model s an d th e performanc e analysi s a 
practica l  proposition .  Second ,  th e simplificatio n wil l 
focu s o n th e aspect s o f  th e discover y wit h th e greates t 
historica l  certainty . 

The discover y tas k i s t o find  a n acceptabl e se t  o f 
law s relatin g th e speed ,  distanc e an d tim e o f  a  bod y i n 
accelerate d motion ,  give n th e law s o f  constan t  spee d 
motion .  Th e law s t o b e foun d wil l  b e powe r 
functio n o f  pair s o f  variables .  A  se t  o f  thre e law s i s 
necessar y t o cove r  al l  th e combination s o f  pair s o f 
variable s an d a  se t  i s acceptabl e i f  i t  i s  coheren t  an d 
empiricall y correct .  A  se t  i s coheren t  i f  fro m an y 
tw o law s th e thir d ca n b e validl y inferre d b y 
eliminatio n o f  a  share d variable ;  whic h i s th e cas e fo r 
Equation s 2 ,  3  an d 4 .  Law s ar e empiricall y correc t 
when the y matc h experimenta l  dat a wit h sufficien t 
accuracy . 

T o clarif y th e natur e o f  th e discover y task , 
conside r  a  subse t  o f  th e spac e o f  law s i n whic h th e 
variable s ar e linearl y relate d o r  on e variabl e i s i n 
proportio n th e square-roo t  o f  th e other .  Ther e ar e 

nin e law s i n th e subset ,  s o 8 4 (=9!/(6!-3!) )  combi -
nation s o f  set s o f  thre e law s ar e possible .  Figur e 3 
show s th e nin e law s (usin g proportionalit y sign s 
rathe r  tha n ratio s o f  variables) .  Th e tas k i s t o find  a n 
acceptabl e se t  fro m amongs t  al l  th e (84 )  possibl e 
sets .  Th e triangle s indicat e th e si x set s o f  coheren t 
laws .  Th e uppermos t  triplet ,  wit h th e soli d triangle . 

SUBS I N 
VRBLS 

DERIVE FROM DERIV E FROM_ DERIV E 
2 LAWS CLASS"  DEF_&_LA W m o M Ot F 

Figur e 4 

is the empirically correct set. This characterization of 
th e tas k suggest s tha t  enumeratio n o f  al l  th e coheren t 
set s m a y b e a n effectiv e w a y t o begi n tacklin g th e 
problem ,  becaus e o f  th e substantia l  reductio n i n th e 
searc h spac e (fro m 8 4 t o 6 ,  i n th e example) . 
However ,  th e model s wil l  tak e a  mor e historicall y 
constraine d approach ,  employin g method s tha t 
Galile o woul d hav e ha d a t  hi s disposal . 

4 Progra m an d Model s 

The basis for the models is a single production 
syste m tha t  ca n b e give n a  bia s fo r  eithe r  a n inductiv e 
or  a  deductiv e approac h t o discovery .  Car e ha s bee n 
take n i n th e specificatio n o f  th e knowledg e structure s 
and production s t o ensur e a  clos e matc h t o th e 
inference s step s see n i n th e historica l  material .  Th e 
declarativ e knowledg e representation s wil l  b e con -
sidere d first  followe d b y a  descriptio n o f  th e variou s 
inferenc e processe s o f  th e model . 

T h e knowledg e representation s ar e simpl e 
predicate-argument-lik e structures ,  tha t  ca n b e 
considere d a t  thre e levels .  Informatio n o n th e highes t 
leve l  relate s t o th e overal l  tas k o f  discover y an d 
includes :  a  lis t  o f  th e relevan t  variable s (e.g. ,  spee d 
distanc e time) ;  th e permitte d indice s o f  th e powe r 
function s (e.g. ,  1 ,  1/2 ,  2) ;  th e typ e o f  phenomeno n 
(i.e. ,  fre e fal l  accelerate d motion) ;  and ,  th e identifier s 
of  set s o f  law s tha t  hav e bee n considere d (ni l 
initially) .  Thes e to p leve l  item s ar e give n a s run -
tim e inputs .  Th e secon d leve l  o f  knowledg e ha s 
informatio n require d fo r  inference s involvin g set s o f 
laws ,  including :  th e identifie r  o f  th e se t  unde r  activ e 
consideration ;  th e pair s o f  variable s fo r  eac h law ;  and , 
a statemen t  abou t  a  set' s coherence ,  whe n tested .  Th e 
lowes t  leve l  concern s individua l  law s an d associate d 
information ,  including :  th e law' s powe r  equation ;  an d 
record s o f  th e statu s o f  th e deductiv e an d inductiv e 
inference s made . 

Figur e 4  show s th e hierarch y o f  classe s o f  rule s 
use d b y th e program .  T h e T O P _ L E V EL rule s contro l 
th e overal l  operatio n o f  progra m b y invokin g th e on e 
of  five  classe s o n th e nex t  level .  Thes e classe s ar e 
briefl y describe d befor e returnin g t o TOP_LEVEL 

Th e P R E P A RE rule s plac e secon d an d thir d leve l 
knowledg e structure s int o workin g m e m o r y fo r  us e 
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by othe r  processes ,  s o i t  i s  th e firs t  clas s t o b e 
invoke d b y TOP_LEVEL whe n a  simulatio n begins .  I t 
i s  als o invoke d wheneve r  a  se t  o f  rule s i s rejecte d t o 
initializ e a  ne w se t  o f  structures .  P R E P A RE ma y 
generat e a  ne w la w a s a  definitio n base d o n a  pai r  o f 
preferre d variable s an d a n inde x no t  previousl y 
considere d wit h th e variables . 

The E X P E R I M E NT clas s attempt s t o fin d law s b y 
performin g experiments .  Description s o f  experi -
menta l  tests ,  give n a s input s t o th e program ,  specif y 
whic h propertie s ca n b e employe d a s manipulate d 
inpu t  an d measure d outpu t  variable s (Cheng ,  1991) . 
For  example ,  tim e i s th e manipulate d inpu t  an d 
distanc e th e measure d outpu t  i n a n incline d plan e 
experiment .  Give n a  pai r  o f  variable s EXPT_TEST i s 
calle d t o fin d a n experimen t  tes t  wit h matchin g inpu t 
and outpu t  variables .  W h e n ther e i s n o direc t  matc h 
an alternativ e variabl e ma y b e use d a s th e inpu t  o r 
output ,  i f  ther e i s a  know n relationshi p betwee n i t 
and th e give n variable .  Fo r  example ,  horizonta l 
distanc e i n th e combine d incline d plan e an d projectil e 
experimen t  ca n b e use d t o measur e speed .  W h e n a 
suitabl e tes t  i s  found ,  a  specia l  rul e place s th e 
experimenta l  result s i n workin g memory ,  a s i f  th e 
experimen t  ha d bee n performed .  Th e INDUC E clas s i s 
the n engage d t o see k a  simpl e powe r  la w tha t 
account s fo r  th e numerica l  data .  Finally ,  th e 
S U B S _ I N _ V R B LS clas s i s employe d t o substitut e 
variable s i n t o th e powe r  la w whe n necessary ;  e.g. , 
spee d fo r  distanc e i n th e incline d plan e an d projectil e 
experiment . 

Th e functio n o f  E X P T _ C O N F I R M i s t o tes t 
experimentall y a  la w foun d deductively .  EXPT_CON-
FIR M simpl y invoke s EXPERIMENT,  describe d above , 
t o induc e a  la w tha t  i s  compare d wit h th e derive d la w 
t o se e i f  the y ar e th e same .  Galile o woul d hav e mad e 
a quantitativ e predictio n fro m th e derive d la w an d 
compare d thi s wit h th e experimenta l  data ,  rathe r  tha n 
generalizin g th e dat a an d comparin g laws .  However , 
th e differenc e i s mino r  an d doe s no t  hav e a  significan t 
bearin g o n th e conclusion s t o b e drawn ;  s o fo r 
simplicit y i t  i s  acceptable . 

The T H E O RY clas s i s th e deductiv e modul e o f  th e 
progra m an d call s thre e othe r  classes . 
D E R I V E _ F R O M _ D EF an d D E R I V E _ F R O M _ D E F _ &_ 
L A W attemp t  t o find  a  la w fro m a  defmition ,  o r  fro m 
a definitio n an d a n existin g law ,  respectively .  Th e 
tw o classe s includ e rule s instantiatin g constan t  spee d 
law s an d generalize d version s o f  th e inference s tha t 
Galile o employe d i n th e T N S .  Th e rule s ar e genera l 
i n tw o ways :  (i )  the y emplo y variable s fo r  predicate s 
and arguments ;  and ,  (ii )  the y conside r  an y powe r 
functio n rathe r  tha n a  particula r  relation .  Genera l 
rule s mea n tha t  th e correc t  accelerate d motio n law s 
ar e no t  implicitl y  buil t  int o th e deductiv e 
mechanism s o f  th e system .  Fo r  example ,  TNS-III- 1 
state s tha t  th e mea n spee d i s on e hal f  th e max imu m 
spee d o f  a  uniforml y accelerate d body ,  a s th e spee d 

increase s linearl y wit h time .  Th e equivalen t  rul e i s 
(ffanslate d int o pseudo-English) : 

If the set of laws G is being considered, 

and th e la w M i s bein g considered , 

and M I s a  definitiona l  la w o f  th e for m 

SSxyP/SSxzP=TTxy ' • /TTxz ^ 

and G' s contex t  i s  fre e fai l  motion , 

and SSx y an d TTx y ar e known , 

The n SSa b i s th e mea n o f  SSxy , 

and S S a b i s constan t  wit h respec t  t o TTab , 

and TTxy=TTab , 

and SSab=n.SSx y wher e n=p/(p+r) , 

and not e SSa b &  TTa b ca n b e determined . 

G and M are names; SS and TT stand for predicates; 
n,  p ,  an d r  ar e numbers ;  and ,  a ,  b ,  x ,  y  an d z  ar e 
point s o n paths .  Thi s rul e determine s th e mea n o f 
SS a s a  functio n o f  it s  max imum ,  a s i t  increase s a s 
some powe r  o f  TT . 

D E R I V E _ F R O M _ 2 _ L A WS attempt s t o find a  ne w 
la w fro m tw o give n law s b y substitution .  Al l  thre e 
derivatio n classe s invok e th e M A T H S rule s (no t 
show n i n Figur e 4 )  t o mak e simpl e mathematica l 
inferences . 

The remainin g class ,  C O H E R E N C E,  test s whethe r  a 
set  o f  thre e law s i s coheren t  b y examinin g th e value s 
of  th e indice s i n th e equations .  Galile o woul d prob -
abl y hav e performe d th e tes t  b y inspectio n o r 
possibl y b y substitutin g value s int o th e equations . 

T O P _ L E V EL call s variou s rul e classe s unde r 
differen t  circumstances .  PREPARE i s invoke d when -
eve r  a  ne w se t  o f  law s i s t o b e considered . 
C O H E R E N CE i s invoke d wheneve r  thre e law s hav e 
been foun d i n th e activ e set .  E X P T . C O N F I R M 
follow s th e C O H E R E N CE clas s whe n a  coheren t  se t  o f 
law s ha s bee n found .  Eithe r  E X P E R I M E NT o r 
T H E O RY ca n b e invoke d whe n a  se t  o f  law s i s 
incomplet e dependin g o n th e relativ e priorit y o f  th e 
tw o classe s se t  b y th e user .  W h e n EXPERIMENT ha s 
th e highe r  priorit y i t  i s  alway s invoke d i n preferenc e 
t o th e T H E O RY class ,  s o makin g th e progra m a  mode l 
wit h a n inductiv e bias .  A  mode l  wit h a  deductiv e 
bia s i s obtaine d whe n T H E O RY ha s th e highe r 
priority .  T O P _ L E V EL include s rule s t o evaluat e th e 
acceptabilit y  o f  a  se t  o f  laws .  Th e progra m halt s 
when a n acceptabl e se t  i s  discovere d bu t  a  ne w se t  i s 
sough t  whe n a n unacceptabl e se t  i s  found . 

That  complete s th e overvie w o f  th e progra m tha t 
ca n b e employe d a s model s wit h inductiv e o r 
deductiv e biases .  Th e followin g sectio n consider s th e 
performanc e o f  th e tw o models . 

5 P e r f o r m a n c e o f  th e M o d e l s 

The two models have been run with different input 
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conditions .  O n e inductiv e an d tw o deductiv e 
simulation s ar e described .  I n al l  thre e simulation s 
th e incline d plane ,  an d th e combine d incline d plan e 
and î ojectil e experiments ,  wer e give n a s inputs . 

The first  simulatio n employe d th e inductiv e mode l 
and n o initia l  la w wa s give n a s a  definition .  Onc e 
P R E P A RE ha d se t  u p th e variou s knowledg e struc -
tures ,  E X P E R I M E NT wa s invoke d becaus e o f  th e 
inductiv e bias .  Pair s o f  variable s wer e considere d i n 
tur n an d suitabl e experimenta l  test s wer e foun d fo r 
tw o o f  th e thre e pairs .  Th e incline d plan e wa s use d 
t o find  dat a relatin g distanc e an d time ;  an d th e 
combine d incline d plan e an d projectil e experimen t 
use d t o find  dat a relatin g spee d an d distance .  Th e dat a 
wer e generalize d int o tw o equations .  Equation s 3  an d 
4,  b y I N D U C E .  N o experiment s wer e availabl e t o 
find  th e relatio n betwee n spee d an d time ,  s o T H E O RY 
was invoke d t o find  th e thir d la w b y combinin g th e 
induce d laws ,  resultin g i n Equatio n 2 .  C O H E R E N CE 
the n determine d th e law s wer e coherent ,  an d a s tw o 
law s matche d th e experimenta l  data ,  a n acceptabl e se t 
had bee n found . 

Include d amongs t  th e inpu t  o f  th e first  o f  th e tw o 
deductiv e simulation s wa s on e o f  th e correc t  law s o f 
motion .  Equatio n 2 .  Th e syste m wa s no t  tol d tha t 
th e la w wa s acceptabl e an d i t  wa s use d a s th e basi s 
fo r  th e inference s mad e b y T H E O R Y,  followin g th e 
step s i n th e T N S .  First ,  th e relatio n betwee n 
distanc e an d tim e wa s foun d usin g th e mea n spee d 
relation .  Then ,  th e la w relatin g spee d an d distanc e 
was inferre d b y applying :  th e definitiona l  law ;  th e 
la w jus t  derived ;  and ,  th e doubl e distanc e scenari o 
twice .  Th e se t  o f  law s wa s foun d t o b e coheren t  s o 
EXPT_CONFIRM wa s calle d t o find  whethe r  th e law s 
wer e compatibl e wit h experimenta l  data ,  whic h the y 
were .  Thu s a n acceptabl e se t  wa s found . 
Approximatel y tw o third s mor e computation ,  i n 
term s o f  number s o f  production s fired,  wa s require d 
fo r  thi s simulatio n tha n th e first ,  eve n thoug h on e o f 
th e correc t  law s wa s give n a s a n input . 

Th e secon d deductiv e simulatio n ha d th e sam e 
input s a s th e first  excep t  th e give n definitio n wa s 
Galileo' s earlie r  incorrec t  definition ,  EquaUo n 1 . 
Agai n tw o furthe r  law s wer e derived ; 

tab/tac = dab^/dac^' • • • (9) 

and, Vab/vac = tab^%ac^^^- • • • dO) 

The tw o law s an d th e definitio n for m a  coheren t  set , 
but  durin g experimenta l  testin g Equatio n 9  di d no t 
matc h th e data .  Thi s demonstrate s tha t  th e deductiv e 
approac h ca n generat e a  coheren t  se t  o f  law s tha t  ar e 
not  empiricall y acceptable .  Th e whol e se t  wa s 
rejecte d an d PREPARE invoke d t o begi n th e searc h fo r 
a ne w se t  o f  laws .  P R E P A RE generate d a  ne w la w 
tha t  happene d t o b e Equatio n 2 ,  s o th e simulatio n 
the n followe d th e cours e take n b y th e first  deductiv e 
run .  Th e effor t  t o generat e th e first  bu t  incorrec t  se t 
of  law s increase d th e amoun t  o f  computatio n ove r  th e 

previou s deductiv e simulatio n b y approximatel y 
7 0 %. 

The implication s o f  th e performanc e o f  th e model s 
wil l  b e considere d next . 

6 D i s c u s s i o n 

In the present discovery task both inductive and 
deductiv e approache s ar e necessar y fo r  successfu l 
discovery ,  irrespectiv e o f  whethe r  th e mode l  ha s a n 
inductiv e o r  deductiv e bias .  Thi s i s consisten t  wit h 
th e historica l  picture .  Further ,  an d mor e interest -
ingly ,  th e performanc e o f  th e model s indicate s tha t 
th e mos t  effectiv e strateg y i s initiall y  t o adop t  a n 
inductiv e o r  experimenta l  approac h tha t  cover s a s 
many o f  th e pair s o f  variable s a s i s possible .  W h e n 
deductiv e inference s hav e t o b e made ,  i t  i s  preferabl e 
t o emplo y right  cycle s o f  la w generario n an d 
experimenta l  testing .  Thre e relate d aspect s o f  th e 
tas k explai n w h y thi s i s th e bes t  strategy .  First ,  th e 
experiment s wil l  hav e t o b e performe d n o matte r 
whic h approac h i s taken ,  becaus e empirica l  dat a wil l 
be require d t o determin e whethe r  law s i n a  coheren t 
set s ar e empiricall y correct .  I t  i s  a  wast e o f  effor t  t o 
deriv e severa l  law s unde r  th e deductiv e approac h onl y 
the n t o perfor m experiment s fro m whic h th e law s 
coul d hav e bee n mor e easil y inferred ,  b y inductiv e 
generalization ,  i n th e firs t  place .  Second ,  law s 
induce d from  experiment s rul e ou t  a  large r  par t  o f  th e 
searc h spac e o f  law s tha n thos e foun d b y deductiv e 
inferences .  T w o experimenta l  law s wil l  uniquel y 
identif y a  coheren t  an d empiricall y correc t  set , 
wherea s tw o deductiv e law s onl y defin e a  coheren t  se t 
withou t  an y indicatio n o f  empirica l  acceptability . 
Third ,  th e amoun t  o f  wor k require d t o deriv e eac h la w 
i s substanUal ,  an d a s th e derivatio n doe s no t 
guarante e th e acceptabilit y  o f  th e law ,  i t  i s  bes t  t o 
asses s th e empirica l  acceptabilit y  o f  a  la w a s soo n a s 
i t  i s  foun d t o avoi d makin g furtiie r  inference s base d 
on a n unacceptabl e law .  I n summary ,  th e strateg y 
aim s t o minimiz e th e amoun t  o f  computatio n tha t 
migh t  b e waste d i n generatin g law s tha t  ar e coheren t 
but  no t  empiricall y correct . 

Th e overal l  strateg y fo r  th e kinemati c domai n 
contrast s wit h KJah r  an d Dunbar' s bes t  strateg y fo r 
th e BigTra k discover y contex t  (se e §  1) .  The y conten d 
tha t  th e bes t  strateg y i s t o maintai n a  bia s fo r 
hypothesi s spac e searc h an d initiall y  t o thin k o f 
hypothese s befor e conductin g an y experiments . 
Compariso n o f  th e task s an d model s reveal s th e 
reason s fo r  th e difference s i n th e strategies .  M a n y o f 
Klah r  an d Dunbar' s (1988 )  subject s foun d i t  relativel y 
eas y t o thin k o f  nove l  hypotheses ,  an d th e correc t 
hypothesi s wa s ofte n a m o n g th e smal l  numbe r 
generated .  W h e n th e correc t  hypothesi s wa s no t  on e 
proposed ,  th e initia l  searc h o f  th e hypothesi s spac e 
m a de i t  easie r  fo r  subject s t o induc e th e correc t 
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hypothesi s fro m experimenta l  outcomes .  I n th e 
Galilea n task ,  however ,  deductivel y generatin g set s o f 
law s i s difficult ,  an d existin g set s d o no t  hel p i n th e 
generalizatio n o f  experimenta l  dat a int o laws .  Thi s 
suggest s tha t  th e experimentall y lea d strateg y coul d 
be th e mos t  effectiv e i n th e BigTra k tas k unde r 
certai n circumstances ;  specifically ,  whe n th e correc t 
hypothesi s i s no t  a  member  o f  th e smal l  se t  o f 
seemingl y reasonabl e hypotheses ,  bu t  i s highl y 

unexpected^ .  Subject s wil l  no t  b e abl e t o thin k o f 
th e hypothesi s initially ,  an d considerin g seeml y 
reasonabl e bu t  irrelevan t  hypothese s wil l  b e unlikel y 
t o hel p subject s find  th e correc t  hypothesi s whe n th e 
experiment s ar e conducted . 

To summarize ,  i t  seem s bes t  t o adop t  a n inductiv e 
experimenta l  approac h whe n th e searc h o f  th e 
hypothesi s spac e fo r  a  particula r  domai n i s likel y t o 
be relativel y difficul t  an d computationall y expensive . 
Alternatively ,  whe n th e relativ e amoun t  o f  effor t  t o 
perfor m experiment s i s likel y t o b e great ,  i t  i s  bes t 
initiall y  t o generat e hypothese s befor e conductin g th e 
experiments . 

7 Conclusion s 

The best strategy for the discovery task considered 
her e i s initiall y  t o tak e a n inductiv e approac h 
followe d b y tigh t  cycle s o f  la w generatio n an d 
experimenta l  testing .  Th e compariso n o f  thi s finding 
wit h Klah r  an d Dunbar' s wor k indicate s tha t  th e mos t 
effectiv e an d efficien t  strateg y wil l  depen d o n th e 
relativ e eas e wit h whic h hypothesi s an d experimen t 
space s ca n b e searched .  How ,  o r  eve n whether , 
scientist s mak e suc h evaluations ,  t o ai d th e selectio n 
of  th e mos t  appropriat e strateg y fo r  a  particula r 
discover y task ,  remain s a s a n importan t  issu e t o b e 
addresse d b y futur e research .  Th e kinemati c domai n 
wil l  b e a  goo d startin g poin t  fo r  thi s wor k a s 
Galileo' s knowledg e o f  Euclidea n geometr y an d hi s 
abilit y  a s a n experimente r  coul d hav e bee n th e basi s 
fo r  suc h reasoning . 
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