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Abs t rac t 

Previous psychological research about 
scientifi c  discover y ha s ofte n focuse d o n subjects ' 
heuristic s fo r  discoverin g simpl e concept s wit h 
one relevan t  dimensio n o r  a  fe w relevan t 
dimension s wit h simpl e two-wa y interactions . 
Thi s p^e r  present s result s fro m a n experimen t  i n 
whic h subject s ha d t o discove r  a  concep t 
involvin g comple x three-wa y interaction s o n a 
multi-value d outpu t  b y runnin g experiment s i n a 
computerize d microworld .  Twenty-tw o C M U 
undergraduate s attempte d th e task ,  o f  whic h 
sixtee n succeeded ,  i n a n averag e o f  85  minutes . 
The analyse s focu s o n thre e strategie s use d t o 
regulat e tas k complexity .  First ,  subject s 
preferre d depth-firs t  t o breadth-firs t  search ,  wit h 
successfu l  subject s regulatin g th e numbe r  o f 
feature s varie d fro m experimen t  t o experimen t 
most  effectively .  Second ,  subject s 
systematicall y regulate d th e lengt h o f  thei r 
experiments .  Third ,  a  ne w explici t  searc h 
heuristi c (Pu t  Upo n Stac k Heuristic )  use d b y 
successfu l  subject s i s described . 

One o f  th e mos t  comple x cognitiv e task s tha t 
humans fac e i s scientifi c  discovery .  I t  combine s th e 
myster y o f  creativit y wit h th e rigo r  o f 
experimentatio n an d hypothesi s testing .  B y studyin g 
th e psychologica l  processe s involve d i n scientifi c 
discovery ,  on e ca n tes t  th e scalabilit y o f 
psychologica l  theorie s develope d usin g simple r  tasks , 
and develo p theorie s o f  th e integratio n proces s o f 
numerou s subprocesses ,  whic h doe s no t  occu r  i n 
simpl e tasks . 

The firs t  psychologica l  investigation s o f 
scientifi c  discover y use d simpl e rul e discover y task s 
(e.g. ,  Bruner ,  Goodnow ,  &  Austin ,  1956 ;  Wason , 
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1960) .  Subject s ha d t o discove r  a  rul e fo r  classifyin g 
instance s a s eithe r  member s o r  nonmember s o f  a 
concep t  whic h wa s a n arbitrar y concatenatio n o f  a  fe w 
simpl e features .  Simo n &  Le a (1974 )  propose d tha t 
rul e discover y coul d b e viewe d a s searc h i n tw o 
proble m spaces :  th e rul e spac e (th e se t  o f  al l  rule s fo r 
classificatio n o f  instances )  an d th e instanc e spac e (th e 
set  o f  al l  instance s t o b e examined) .  Rul e discover y 
i s comprise d o f  th e se t  o f  processes ,  algorithms ,  an d 
heuristic s fo r  searchin g eac h o f  th e tw o spaces ,  an d 
integratin g th e searc h betwee n th e spaces . 

Klah r  an d Dunba r  (1988 )  extende d th e dua l  searc h 
ide a b y proposin g tha t  scientifi c  discover y ca n b e 
understoo d i n term s o f  searc h i n tw o proble m spaces : 
th e hypothesi s spac e an d th e experimen t  space .  A 
primar y differenc e betwee n scientifi c  discover y an d 
rul e discover y i s  tha t  th e relationshi p betwee n th e 
hypothesi s an d th e experimen t  i s ver y straight-forwar d 
i n rul e discover y tasks ,  wherea s i t  i s ver y comple x i n 
th e rea l  scientifi c  discover y proces s (Klah r  &  Dunbar , 
1988) .  T o stud y th e psychologica l  processe s i n 
situation s wit h thi s mor e comple x relationship ,  som e 
researcher s hav e use d computerize d microworid s (e.g. , 
Mynatt ,  Doherty ,  &  Tweney,1977 ;  Klah r  &  Dunbar , 
1988 ;  Dunbar ,  1989,1992) . 

As th e complexit y o f  th e domai n grows ,  i t 
becomes increasingl y necessar y t o us e heuristic s t o 
simplif y th e searc h i n th e tw o spaces .  Klah r  & 
Dunbar  (1988 )  describ e tw o heuristic s associate d wit h 
tw o subgroup s o f  subject s i n thei r  experiments :  thei r 
"experimenters "  limite d thei r  searc h mainl y t o th e 
experimen t  spac e an d thei r  "theorists "  limite d thei r 
searc h mainl y t o th e hypothesi s space .  Klahr , 
Dunbar ,  &  Fa y (1990 )  furthe r  identifie d severa l  searc h 
heuristic s use d b y subject s fo r  searchin g withi n eac h 
of  th e tw o spaces .  Exampl e heuristic s identifie d fo r 
searchin g th e experimen t  spac e include d designin g 
experiment s whic h maintai n eas y observability ,  an d 
exploitin g surprisin g results . 

Althoug h thes e heuristic s wer e identifie d i n 
context s involvin g muc h mor e complexit y tha n th e 
classi c rul e discover y tasks ,  ther e remain s a  questio n 
as t o whethe r  th e heuristic s foun d wil l  generaliz e t o 
eve n mor e comple x situations .  Tha t  is ,  a s th e tas k 
becomes mor e complex ,  wil l  subject s us e othe r 
strategie s t o dea l  wit h increase d complexit y i n orde r 
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t o m a k e th e tas k mor e tnictable ? Thi s pape r  report s a 
stud y designe d t o investigat e h o w subject s discove r  a 
comple x concept .  T h e imiUysi s wil l  focu s o n th e 
strategie s use d b y subject s t o dea l  wit h difficuhie s 
encountere d i n discoverin g comple x concepts . 

M e t h o d 

Overview. Subjects were shown the function of all 
but  on e comman d o f  a  device .  Th e subject s designed , 
conducte d an d evaluate d experiment s wit h th e devic e 
t o discove r  ho w th e myster y comman d works .  Th e 
myster y comman d wa s a  comple x sor t  operato r  tha t 
too k thre e arguments . 

Subjects. Twenty-two Carnegie Mellon University 
undergraduate s too k par t  i n th e experimen t  fo r  cours e 
credi t  an d eigh t  dollars .  Twenty-on e o f  th e subject s 
had take n a t  leas t  on e programmin g course ,  an d al l 
had use d a  compute r  before . 

The Computer Interface. Subjects worked in a 
comple x microworl d i n whic h a  "mil k truck "  coul d 
execut e a  sequenc e o f  action s associate d wit h a  dair y 
deliver y route .  A t  an y o f  6  differen t  location s alon g 
it s route ,  i t  coul d too t  it s horn ,  delive r  mil k o r  eggs , 
or  receiv e mone y o r  empties .  Th e rout e o f  th e mil k 

truc k wa s programme d usin g th e keypa d t o ente r  i 
sequenc e o f  action-locatio n parir s (se e figure  1) .  A ; 
subject s entere d thei r  programs ,  th e step s wer e 
displaye d o n th e scree n i n th e progra m listing .  Afte i 
th e rout e ha d bee n entered ,  subjec t  presse d 'RUN '  an c 
th e mil k truc k execute d it s rout e o n th e screen .  Th e 
mil k truc k wen t  t o eac h locatio n o n th e programme d 
rout e i n th e orde r  tha t  i t  wa s prognunmed .  Th e mil k 
truc k stoppe d a t  th e location ,  an d th e subject s wer e 
shown b y wa y o f  animate d icon s wha t  transpire d a l 
th e location .  Also ,  a s th e rout e wa s bein g completed . 
a trac e listin g displaye d i n progra m forma t  wha i 
O-anspirc d durin g tha t  ru n (se e figure  1) . 

W h en th e myster y command ,  6  (delta) ,  wa s no ) 
used ,  th e trac e listin g wa s identica l  t o th e progra m 
listing .  However ,  th e 8  comman d coul d chang e th e 
orde r  o f  delivery ,  an d th e resultant  trac e woul d the n b e 
discrepan t  fro m th e progra m listing .  Subject s coul d 
als o loo k ove r  th e progra m an d trac e listing s o f  thei r 
ol d programs . 

The effec t  o f  th e 6  comman d wa s t o reorde r  th e 
executio n sequenc e o f  par t  o f  th e progra m accordin g 
t o th e value s o f  it s  thre e arguments ,  a  numbe r  (1-6) ,  a 
triangl e (whit e o r  black) ,  an d a  Gree k letter ,  ( a o r  P) . 
Tabl e 1  describe s th e effect s o f  th e delt a command . 
The first  an d secon d program s i n figure 1  sho w th e 
effect s o f  th e 5  wit h whit e triangl e an d a ,  an d wit h 
blac k triangl e an d p . 
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Figur e 1 .  Th e keypa d an d thre e sampl e program s an d outcomes . 

For  th e las t  N  step s i n th e program ,  6  reorder s th e executio n sequenc e o f  th e progra m by.. . 

Whit e triangl e (increasing ) Blac k triangl e (decreasing ) 

g (item ) ...item s i n keypa d order . ...item s i n revers e keypa d order . 
3 (number ) ...increasin g hous e numbe r  order . ...decreasin g hous e numbe r  order . 

Tabl e 1 .  Th e functio n o f  th e argument s t o th e 6  c o m m a n d . 

178 



Materials .  Th e interfac e wa s ru n o n a  Nfacintos h 
Ilex .  Subject s wer e give n a  pe n an d scratc h pape r  t o 
tak e an y note s tha t  the y wishe d durin g th e task .  A 
smal l  audi o tape-recorde r  an d l^e l  microphon e wer e 
use d t o recor d th e verba l  protocols . 

Procedure. Subjects worked on the problem in two 
separat e session s o n consecutiv e days .  Th e first  da y 
consiste d o f  a n introductio n t o th e tas k an d 3 0 
minute s o f  proble m solving .  Th e introductio n t o th e 
tas k presente d eac h aspec t  o f  th e interfac e 
incrementally ,  an d allowe d th e subject s t o tr y a 
sampl e progra m befor e bein g introduce d t o th e 6 
command.  Afte r  bein g introduce d t o th e 5  comman d 
an d it s thre e arguments ,  subject s bega n 
experimentatio n wit h th e explici t  goa l  o f  discoverin g 
what  th e 8  comman d an d it s thre e argument s did . 

For  th e secon d session ,  subject s worke d a t  th e 
tas k unti l  the y ha d eithe r  solve d i t  o r  ha d give n up .  I f 
a subjec t  falsel y accepte d a n incorrec t  hypothesis ,  a 
counter-exampl e wa s presente d (se e progra m 1  i n 
figure  1) .  Th e sam e counter-exampl e wa s use d i n al l 
suc h cases .  I t  wa s designe d s o tha t  n o subjec t  woul d 
be likel y t o predic t  th e actua l  outcom e o n th e basi s o f 
an incorrec t  hypothesis . 

R e s u l t s 

Overview. The 22 subjects produced 1103 total 
experiment s ove r  3 3 hours .  Analyse s wer e conducte d 
at  thre e level s o f  detail :  fina l  solutions ,  compute r 
protocols ,  an d verba l  protocols .  Th e first  tw o level s 
of  analysi s wer e carrie d ou t  fo r  al l  2 2 subjects . 
Verba l  protocol s wer e carrie d ou t  fo r  onl y th e firs t 
five  subjects .  Thes e five  subject s adequatel y represen t 
th e rang e o f  subjects :  th e secon d fastes t  solver ,  th e 
secon d slowes t  solver ,  a n averag e solver ,  a  solve r 
wit h counter-example ,  an d a  non-solver . 

Subjects were grouped according to the 
succes s o f  thei r  solutions .  Thre e solutio n 
group s wil l  b e use d fo r  th e analyses :  subject s w h o 
solve d withou t  a  counter-exampl e (Solve) ;  subject s 
who solve d afte r  receivin g th e counter-exampl e 
(Challenge) ;  an d subject s w h o qui t  withou t  solvin g 
(Quit) .  Al l  subject s wh o receive d a  counter-exampl e 
eventuall y solve d th e task .  Th e counter-exampl e wa s 
usuall y give n i n th e middl e o f  th e secon d da y (mea n 
progra m numbe r  34.6 ,  s=17.6).  Tabl e 2  present s th e 
mean numbe r  o f  experiment s an d tim e o n tas k fo r 
eac h group .  Th e tas k wa s difficul t  bu t  solvable : 
solutio n rate s range d fro m 3 0 t o 17 9 minutes .  Not e 
tha t  th e Qui t  subject s di d no t  simpl y giv e u p 
prematurely :  the y ra n slightl y mor e experiment s 
(F(2,19)<1 )  ove r  a  slightl y longe r  perio d o f  tim e 

(F(2.19)=2.6 ,  p<.l )  tha n th e othe r  subject s (Qui t  vs . 
Solv e Bonferonni/Dun n ̂ (19)=2.94,p<.05) . 

Grou p 

Solv e 

Challeng e 

Qui t 

Tota l 

n 

11 
5 
6 

22 

Experiment s 

49. 5 (18.6 ) 

47. 8 (17.2 ) 

54. 5 (17.6 ) 

50. 4 (17.4 ) 

Tota l  tim e 

78. 6 (40.9 ) 

97. 2 (34.2 ) 

118. 8 (17.8 ) 

93. 8 (37.4 ) 

Tabl e 2 .  M e a n numbe r  o f  experiment s an d tim e o n 
tas k fo r  eac h solutio n grou p (an d standar d deviation) . 

The MilkTruck domain was significantly more 
difficul t  fo r  th e subject s tha n th e origina l  BigTra k 
studie s reporte d i n Klah r  &  Dunba r  (1988) :  th e 
MilkTruc k subject s ra n 6  time s a s man y program s 
ove r  2. 5 time s a s muc h time . 

Subjects varied a small number of 
experimen t  features .  I n th e experimen t  spac e 
framework ,  a n experimen t  ca n b e viewe d a s a  vecto r 
of  features .  On e wa y t o characteriz e a  subject' s searc h 
i n th e experimen t  spac e i s t o measur e th e numbe r  o f 
feature s tha t  chang e fro m on e experimen t  t o th e next . 
I n choosin g h o w man y feature s t o vary ,  th e subjec t 
must  strik e a  balanc e betwee n dept h an d breadt h o f 
search .  I f  a  subjec t  varie s fe w features ,  vali d 
inference s ca n b e mad e b y comparin g effect s acros s 
programs .  However ,  fe w featur e change s betwee n 
experiment s m a y preven t  th e subjec t  fro m reachin g 
certai n ver y informativ e experiment s i n finite  time . 
On th e othe r  hand ,  i f  a  subjec t  varie s man y features ,  a 
broade r  rang e o f  experiment s ar e trie d a t  th e cos t  o f 
bein g abl e t o m a k e vali d comparison s acros s 
experiments .  Thes e tw o mai n strategie s hav e bee n 
describe d i n concep t  attainmen t  a s "Conservativ e 
Focusing "  an d "Focu s Gambling "  (Bruner ,  Goodnow , 
& Austin ,  1956) . 

For  th e followin g analyse s fou r  progra m feature s 
wer e used :  th e programme d route ,  an d th e thre e delt a 
parameters .  Sinc e th e subject s ha d acces s t o mor e 
tha n jus t  th e las t  program ,  ther e ar e severa l  way s o f 
conductin g th e analyses ,  o f  whic h tw o hav e bee n 
chosen :  comparin g eac h progra m t o th e previou s 
program ,  an d comparin g eac h progra m t o th e previou s 
seve n program s an d choosin g th e lowes t  featur e 
variation .  Seve n program s bac k represent s th e 
number  o f  program s o n th e scree n a t  al l  times . 
Compariso n wit h th e las t  progra m bes t  represent s th e 
breadt h o f  search .  Compariso n wit h th e las t  seve n 
program s i s a  measur e o f  th e validit y o f  comparison s 
acros s experiments .  T o se t  a  benchmar k o f 
comparison ,  th e score s o n thes e tw o measure s b y a 
completel y rando m searc h i n th e experimen t  spac e 
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wer e compute d usin g a  Mont e Carl o simulation ^  , 

Th e bas e rate s fo r  th e rando m mode l  wer e 2.4 9 
feature s varie d fo r  comparin g t o th e las t  program ,  an d 
1.4 5 feature s varie d fo r  comparin g t o th e las t  seve n 
programs .  Subject s varie d a  mea n o f  1.7 7 feature s 
wit h respec t  t o th e las t  program ,  an d 1.3 3 feature s 
wit h respec t  t o th e las t  seve n programs .  Bot h o f 
thes e mean s wer e significantl y lowe r  tha n th e rando m 
model  bas e rate s (/(21)=-15.8 .  p<.0001 ,  an d <(21)= -
3.52 ,  p<.00 2 respectively) ,  suggestin g tha t  subject s 
preferre d t o d o depth-firs t  search .  However ,  bot h 
measure s wer e significantl y greate r  tha n 1 
W21)=17.08 ,  p<.0001 ,  an d r(21)=10.01 ,  p<.000 1 
respectively) ,  indicatin g tha t  subject s ofte n chos e 
program s whic h prevente d the m fro m bein g abl e t o 
make vali d comparison s wit h othe r  programs . 

Successful subjects varied features most 
effectively .  T o investigat e th e change s i n th e 
number  o f  feature s varie d acros s time ,  th e tw o 
measure s o f  featur e change s wer e take n fo r  eac h 
quartil e o f  th e tota l  numbe r  o f  program s eac h subjec t 
wrote .  A n A N O V A wa s don e o n th e subjec t  mean s 
fo r  eac h quartil e fo r  eac h solutio n group .  Sinc e th e 
analyse s o f  th e tw o measure s produce d al l  th e sam e 
effects ,  onl y th e analyse s o f  th e measur e o f  featur e 
change s wit h respec t  t o th e las t  progra m ar e reported . 
Overall ,  th e difference s betwee n th e solutio n group s 
wer e no t  significan t  (F(2,19)<1) .  Th e quartil e 
difference s wer e significan t  (F(3,57)=5.99 ,  p<.003) . 
Post-ho c test s reveale d tha t  onl y th e decreas e from  th e 
fu-s t  t o secon d quartile s wa s significan t  (Scheff 6 
F(l,57) = 11.54 ,  p<.001) .  Th e interactio n wa s 
marginall y significan t  (F(6,57)=1.86 ,  p<.10) ,  wit h 
th e Solver s tendin g t o var y th e sam e numbe r  o f 
feature s acros s th e quartiles ,  an d th e Challeng e an d 
Qui t  subject s showin g a  decreas e i n th e numbe r  o f 
feature s varie d (Se e figure  2) . 

Sinc e thes e dat a ar e correlational ,  th e causa l  lin k 
betwee n featur e change s an d solutio n grou p i s 
ambiguous .  However ,  on e plausibl e accoun t  fo r  th e 
difference s i s tha t  th e earl y changin g o f  man y feature s 
i n th e Challeng e an d Qui t  subject s wa s on e sourc e o f 
thei r  problems ,  i.e. ,  changin g to o man y feature s a t 
onc e produce d ambiguou s effects .  Fo r  th e difference s 
i n lat e feature s changes ,  th e us e o f  fewe r  featur e 
change s i n th e Qui t  subject s wa s probabl y a 
sympto m o f  thei r  difficulties ,  i.e. ,  the y migh t  b e 
stuc k investigatin g on e particula r  situation .  O n e 
woul d expec t  th e Challeng e subject s no t  t o hav e thi s 

•̂ A simulatio n o f  10 0 rando m subject s wa s ru n havin g 5 0 
program s eac h o f  mea n lengt h 5 .  Fo r  eac h program ,  a 
lengt h wa s chose n randomly .  Fo r  eac h ste p i n th e 
program ,  a  deliver y ite m an d deliver y locatio n wa s 
chose n randomly .  Similarl y th e delt a parameter s wer e 
chose n randomly .  Th e rando m choice s wer e al l  base d 
upon a  unifor m distribution . 

problem ,  sinc e the y al l  solve d th e task ,  an d henc e 
shoul d loo k lik e th e Solv e subject s a t  th e en d o f  th e 
task .  Usin g th e mea n o f  th e las t  fiv e programs ,  th e 
Challeng e an d Qui t  group s di d diffe r  significantl y 
(K9)=2.17 ,  p<.06) ,  wit h mean s o f  1.8 8 an d 1.4 3 
featur e change s respectively . 

2. 4 n 

3 2. 2 H 

<u 
u 
I  2. 0 
i 

u 
a. 
c l . 6 
CQ 
0) 

1.4 

Chall e 

Solv e 

—I  1  1  1 

first  secon d thir d fourt h 

Figur e 2 .  Mea n numbe r  o f  progra m feature s varie d 
wit h respec t  t o th e las t  progra m fo r  eac h solutio n 
grou p fo r  eac h quartil e o f  tota l  experiments . 

The analyses of the changes in features 
emphasize d th e change s i n 6  parameter s a t  th e cos t  o f 
treatin g al l  change s i n th e bas e progra m th e same . 
However ,  subject s di d som e systemati c variatio n o f 
th e basi c progra m a s well ,  a s i s show n i n th e 
followin g analysis . 

Subjects systematically varied program 
length .  Analyse s o f  th e progra m lengt h reveale d 
tha t  mos t  o f  th e subject s use d a  strateg y o f  graduall y 
increasin g th e progra m length .  W h e n th e lengt h o f 
eac h progra m wa s regresse d agains t  progra m number , 
21 o f  th e 2 2 subject s showe d a  positiv e slope ,  wit h a 
mean r  o f  .5 6 (o=.22) .  T o funhe r  investigat e th e 
natur e o f  thi s strategy ,  eac h subject' s se t  o f  program s 
was divide d int o fou r  equa l  parts ,  an d a n A N O V A o f 
th e mean s fo r  eac h quartil e fo r  eac h solutio n grou p 
wer e calculated .  Th e mai n effec t  fo r  Solutio n grou p 
was no t  significan t  (F(2,19)<1) .  Ther e wer e stron g 
effect s o f  quartil e (F(3,57)=9.4 ,  p<.0001) .  Th e 
quartile s increase d i n progra m lengt h fro m th e firs t  t o 
th e fourt h quartile ,  wit h significan t  increase s betwee n 
th e fu-s t  an d secon d quartile s (Scheff 6 F(3,57)=10.89 , 
p<.05) ,  an d th e thir d an d fou r  quartile s (Scheff 6 
F(3,57)=7.43 .  p<.05) . 

180 



6. 0 H 

t 

I 

E 5. 0 H 

2 
a 

a 4. 0 

3. 0 

Challeng e 

Firs t  Secon d Thir d Fourt h 

Figur e 3 .  Mea n progra m lengt h fo r  eac h quartil e o f 
th e tas k fo r  eac h solutio n group . 

The interaction with Solution group was 
nonsignifican t  (F(6,57)=1.41 ,  p<.23) .  A s ca n b e 
seen i n figur e 3 ,  i t  i s  no t  simpl y th e cas e tha t  Solv e 
subjec t  ra n longe r  program s whic h containe d mor e 
information—althoug h th e difference s wer e no t 
significant .  Solv e actuall y starte d wit h slightl y 
shorte r  programs ,  an d wer e mor e consisten t  i n thei r 
gradua l  increas e o f  progra m length . 
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Figur e 4  Mea n chang e i n progra m lengt h a t  eac h 
confidenc e leve l  (wit h standar d erro r  bars) . 

It is possible that program length could also be 
relate d t o confidenc e levels .  Sinc e progra m lengt h 
increase s durin g th e task ,  an d presumabl y subject s ar e 
becomin g mor e confiden t  late r  i n th e task ,  on e woul d 

expec t  tha t  subject s wer e tryin g longer ,  mor e 
comple x program s whe n the y wer e confident .  T o tes t 
fo r  suc h a  relationship ,  th e pos t  progra m outcom e 
statement s fro m th e ful l  verba l  protocol s wer e code d 
fo r  confidenc e level s o n a  3  poin t  scale :  confused , 
neutral ,  an d confident .  Th e rate r  wa s blin d t o th e 
actua l  progra m bein g run .  A n A N O V A wa s don e o n 
th e chang e i n progra m lengt h fro m on e progra m t o 
th e nex t  fo r  eac h confidenc e leve l  (Se e figure  4) .  Th e 
effec t  o f  confidenc e leve l  wa s significan t 
iF(2255)=4.05 ,  p<.02) ,  wit h post-ho c test s revealin g 
a significan t  differenc e betwee n th e Confuse d an d 
Confiden t  mean s (F(l,255) = 8.06,p<.02) . 

Subjects used an explicit search strategy. 
W h en confronte d wit h grea t  difficult y whil e 
investigatin g a  particula r  situation ,  subject s explicitl y 
switche d t o investigatin g a  differen t  situatio n wit h th e 
goa l  o f  returnin g t o th e confusin g situatio n later . 
U p on completin g thei r  investigation s o f  th e ne w 
situation ,  subject s returne d directl y t o th e ol d 
situation ,  rathe r  tha n a  third ,  ne w situation .  Th e tim e 
spen t  awa y fro m th e origina l  proble m prove d usefu l 
as subject s successfull y the n solve d th e ol d situatio n 
as well .  Thi s heuristi c o f  puttin g a  proble m o n hol d 
and returnin g t o i t  a s soo n a s a  differen t  proble m i s 
solve d wa s labelle d th e Pu t  Upo n Stac k Heuristi c 
(PUSH) . 

Of  th e five  protoco l  subjects ,  onl y th e thre e 
Solv e subject s displaye d evidenc e o f  usin g P U S H . 
Each o f  thes e subject s mad e explici t  comment s abou t 
bein g confuse d b y th e particula r  situatio n tha t  the y 
wer e currentl y investigating ,  an d wantin g t o retur n t o 
tha t  situatio n later .  An d thi s is ,  i n fact ,  wha t  eac h o f 
the m did . 

P U SH ca n b e usefu l  i n thre e differen t  ways . 
First ,  b y enablin g th e subjec t  t o wor k o n a  differen t 
problem ,  P U S H allow s ne w idea s t o becom e activate d 
an d th e activatio n o f  ol d idea s t o decay ,  thereb y 
reducin g se t  effect s an d affectin g th e hypothesi s spac e 
searc h i n th e ol d situation . 

Second ,  th e investigatio n o f  a  differen t  proble m 
ca n sugges t  ne w operator s whic h m a y b e appUe d t o 
th e ol d situation ,  thereb y improvin g th e experimen t 
spac e search .  O n e subject' s protoco l  provide d 
evidenc e fo r  thi s us e o f  P U S H.  Thi s subjec t  indicate d 
tha t  h e wa s goin g t o us e P U S H :  "Yeah .  I' m jus t 
baffle d right  now .  Ok ,  let' s  tak e a  differen t  tack .  Se e 
i f  w e ca n figur e somethin g ou t  firom  a  differen t  angle . 
Let' s g o a t  it ,  lookin g a t  thes e other ,  wha t  thi s othe r 
triangl e does. "  Then ,  fo r  th e fu-s t  time ,  h e ra n tw o 
program s whic h directl y contraste d a  wit h p ,  i.e. , 
varie d onl y a/ p betwee n tw o programs .  Thi s ne w 
operato r  prove d successfu l  i n producin g usefu l 
informatio n t o th e subject ,  an d lea d th e subjec t  t o 
say :  "Let' s tr y th e sam e combinatio n wit h othe r 
triangl e again .  I  hav e a  feelin g tha t  thi s migh t  b e 
what  I  nee d t o b e doin g al l  along .  Th e whit e triangle . 
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We'l l  star t  wit h a. "  Th e subjec t  the n wen t  o n usin g 
thi s operator ,  amon g others ,  t o successfull y solv e th e 
task . 

Third ,  i n inducin g a  comple x concep t  involvin g 
an interactio n suc h a s th e on e use d i n th e curren t 
experiment ,  discoverie s abou t  on e par t  o f  th e concep t 
facilitat e discoverie s abou t  anothe r  psir t  o f  th e 
concept .  Thus ,  a s th e predictiv e powe r  o f  hypothese s 
improve ,  th e easie r  i t  i s  t o resolv e th e remainin g 
ambiguities .  On e subjec t  seeme d t o us e PUS H i n 
thi s way . 

Discussio n 

This experiment has demonstrated three strategies 
used b y subject s i n th e inductio n o f  a  comple x 
concept .  First ,  subject s tende d t o var y on e o r  tw o 
feature s a t  a  tim e betwee n programs ,  wit h thos e 
varyin g th e fewes t  feature s earl y mor e likel y t o solve . 
For  strictl y vali d comparisons ,  scientifi c 
methodolog y state s tha t  onl y on e featur e ma y b e 
varie d a t  a  time .  I f  on e wer e t o tak e thi s stric t  view , 
the n fe w subject s woul d b e sai d t o hav e use d th e 
strateg y sinc e th e mea n featur e chang e fo r  mos t 
subject s wa s wel l  abov e one .  However ,  ther e ar e tw o 
reason s wh y th e numbe r  o f  featur e change s i n 
betwee n progra m comparison s actuall y use d b y 
subject s ma y b e lowe r  tha n th e simpl e number s 
reporte d here :  1 )  th e structur e o f  th e change s withi n a 
singl e progra m provide s a  larg e portio n o f  th e 
information ;  2 )  subject s ca n desig n a  sequenc e o f 
program s whic h d o no t  hav e t o follo w fro m th e 
previou s sequence . 

Second ,  subject s star t  wit h shor t  program s an d 
graduall y increase d thei r  length .  Longe r  program s 
ten d t o b e mor e informative ,  sinc e the y usuall y 
produc e mor e ste p change s tha n shor t  programs ,  an d 
distinguis h betwee n mor e hypotheses .  Fo r  example , 
a tw o ste p progra m ha s onl y tw o possibl e outcomes : 
th e sam e order ,  o r  th e revers e order .  Thus ,  on e woul d 
expec t  th e solver s t o hav e use d longe r  programs . 
However ,  th e us e o f  lon g program s involve s a  hig h 
cognitiv e loa d i n progra m design ,  interpretation ,  an d 
memory.  Thus ,  i t  i s no t  necessaril y  bette r  t o alway s 
use longe r  programs .  Indeed ,  th e fastes t  solve r  use d 
program s o f  a  mea n lengt h o f  onl y 2. 6 step s (1. 9 
standar d deviation s belo w th e mean) ,  indicatin g tha t 
lon g program s ar e no t  necessar y fo r  solution . 
Therefore ,  i t  i s reasonabl e fo r  subject s t o star t  wit h 
shor t  program s whe n the y ar e relativel y unfamilia r 
wit h th e task ,  an d us e longe r  program s late r  i n th e 
task ,  whe n the y nee d t o tes t  subtl e difference s 
betwee n competin g hypotheses .  I n fact ,  subject s di d 
use shorte r  program s whe n the y wer e les s confident . 

Third ,  subject s successfull y mad e us e o f  PUSH. 
Previou s researc h ha s identifie d th e Investigat e 
Surprisin g Phenomen a (ISP )  strateg y (Kulkarn i  & 

Simon ,  1990) .  O n th e surface ,  th e tw o strategie s 
woul d see m t o b e incompatible :  i n th e fac e o f 
difficulty ,  on e strateg y (PUSH )  advise s breadth-firs t 
search ,  wherea s th e othe r  strateg y (ISP )  advise s depth -
firs t  search .  However ,  th e tw o appl y t o slightl y 
differen t  situations .  Whe n th e surprisin g 
phenomenon ha s som e unique ,  salien t  characteristic s 
or  feature s whic h ca n b e teste d i n follow-u p 
experiments ,  the n IS P applies .  O n th e othe r  hand , 
when al l  th e salien t  possibl e reason s fo r  th e 
surprisin g phenomen a hav e bee n investigated ,  the n 
PUSH applies .  Th e strateg y i s t o dela y investigatio n 
unti l  ne w informatio n ha s bee n gathered .  Fro m th e 
describe d mechanism s tha t  ma y underli e th e 
effectivenes s o f  PUSH,  i t  ca n b e see n tha t  PUS H 
may b e relate d t o incubatio n phenomena ,  especiall y 
thos e describe d i n th e histor y o f  scienc e literature . 

I n sum ,  b y extendin g th e complexit y o f  th e 
microworl d domain ,  severa l  ne w heuristic s use d i n 
scientifi c  discover y hav e bee n revealed .  Futur e 
studie s nee d t o addres s th e applicabilit y  o f  thes e 
heuristic s i n othe r  contexts ,  a s wel l  a s asses s th e 
effect s o f  th e increase d domai n complexit y o n th e us e 
and effectivenes s o f  previousl y describe d discover y 
heuristics . 
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