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Abstract 

In order to understand the relationship between 
human an d machin e discovery ,  i t  i s  necessar y t o 
collec t  dat a abou t  huma n discoverie s whic h ca n 
be compare d wit h machin e discover y performance . 
Historica l  dat a ar e difficul t  t o obtain ,  ar e ver y 
sparse ,  an d arguabl y d o no t  reflec t  a  typica l  hu -
man performance .  W e conten d tha t  cognitiv e ex -
periment s ca n provid e meaningfu l  data ,  becaus e 
th e discover y task s ca n b e carefull y define d an d 
tailore d t o th e compariso n task ,  an d th e subjec t 
selectio n ca n b e controlle d i n diff'eren t  ways . 

We describ e a n experimenta l  stud y o f  th e huma n 
processe s o f  concep t  formatio n an d discover y o f 
regularities .  I n ou r  experiment s huma n subject s 
were allowe d t o interac t  wit h thre e worl d mod -
el s o n th e computer .  Ou r  result s demonstrat e 
tha t  human s us e heuristic s simila r  t o thos e use d 
i n compute r  discover y system s suc h a s B A C ON 
or  F A H R E N H E IT o n comparabl e task s whic h in -
clud e finding  on e dimensiona l  regularities ,  gener -
alizin g the m t o mor e dimensions ,  finding  th e scop e 
of  a  regularity ,  an d introductio n o f  intrinsi c con -
cepts .  Virtuall y a U ou r  subject s mad e som e rela -
tivel y simpl e discoveries ,  whil e som e o f  the m wer e 
abl e t o develo p a  complet e theor y o f  simpl e worl d 
models .  Th e progres s mad e b y huma n subject s 
on comparabl y simpl e task s wa s impede d signif -
icantl y whe n th e domai n becam e richer ,  a s mea -
sure d b y th e numbe r  o f  regularities ,  thei r  dimen -
sionaUty ,  an d th e numbe r  o f  intrinsi c concept s in -
volved .  Thi s ca n b e calle d a  contextua l  complexit y 
phenomenon .  Ou r  subject s demonstrate d a  defi -
nit e patter n o f  chaoti c experimentatio n an d lac k 
of  theoretica l  progres s whe n th e leve l  o f  complex -
it y wa s to o high . 

*Th e wor k describe d i n thi s pape r  wa s supporte d b y th e 
Offic e o f  Nava l  Researc h unde r  grant s #N00014-88-K-022 6 
and #N00014-90-J-1603 . 

T h e tas k 

Little systematic study is available on human at-
tempt s a t  discover y task s (Mynatt ,  Doherty ,  an d 
Tweney,  1977 ;  Shrager ,  1985 ,  1987 ;  Qi n an d Simon , 
1990) .  Studie s tha t  concentrat e o n concep t  creation , 
suc h a s Bruner ,  Goodnow ,  an d Austin ,  (1956 )  d o no t 
conside r  concept s i n th e contex t  o f  la w discovery .  Dis -
cover y ha s traditionall y bee n perceive d a s a n excep -
tiona l  achievemen t  tha t  happen s rarel y an d t o specia l 
people .  Recen t  experienc e wit h compute r  discover y 
system s demonstrate s tha t  th e capabilit y  fo r  makin g 
discoverie s ca n b e decompose d int o a  numbe r  o f  dif -
feren t  "small "  capabilities ,  eac h devoi d o f  myster y an d 
applicabl e t o a  broa d rang e o f  cases .  Relativel y simpl e 
discover y system s lik e B A C ON (Langley ,  Simon ,  Brad -
shaw,  an d Zytkow ,  1987 )  o r  F A H R E N H E IT (Koeh n 
and Zytkow ,  1986 )  ar e successfu l  i n solvin g simpl e dis -
cover y task s an d i n combinin g the m int o mor e comple x 
discoverie s o f  concep t  an d law .  F A H R E N H E IT ha s 
been applie d i n controllin g chemistr y experiment s an d 
collectin g dat a i n a  rea l  laboratory ,  an d t o infe r  the -

orie s base d o n thos e dat a (Zytkow ,  Zhu ,  &  Hussam , 
1990) .  Studie s o n huma n subject s don e b y Shrage r 
(1985 ,  1987) ,  Qi n an d Simo n (1990) ,  an d casua l  exper -
iment s reporte d i n Langle y e t  al .  (1987 ,  p.53 )  demon -
strat e simila r  discover y behavio r  i n humans .  I t  i s rea -
sonabl e t o conjectur e tha t  man y human s ar e endowe d 
wit h th e skill s  neede d t o becom e successfu l  discover -
ers .  Worl d model s whic h ca n b e explore d bot h b y hu -
mans an d discover y system s provid e a  controlle d envi -
ronmen t  fo r  studyin g huma n discoveries . 

I n orde r  t o construc t  an d justif y a  framewor k fo r  de -
scribin g huma n discoveries ,  i t  i s  necessar y t o collec t  a 
lo t  o f  dat a i n explorator y mode .  I n ou r  experiment s w e 
wante d t o se e ho w human s combin e differen t  discover y 
skills ,  an d ho w the y selec t  method s appropriat e t o dif -
feren t  tasks ,  i n particula r  th e task s whic h involv e th e 
accumulatio n o f  severa l  discoveries .  W e wer e abl e t o 
keep ou r  subject s motivate d u p t o severa l  hours .  Thus , 
simpl e multidiscover y task s tha t  coul d b e conclude d i n 
a matte r  o f  hour s (coverin g perhap s a  fe w day s i n sep -
arat e sessions )  wer e chosen .  I n th e futur e w e forese e 
longe r  experiments . 
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Our  subject s wer e confronte d wit h compute r  simula -
tion s o f  simpl e worl d models .  Thes e worl d model s wer e 
interactivel y encoded ,  allowin g subject s t o conduc t  ex -
periment s o f  thei r  choice .  Yet ,  ho w doe s on e creat e a 
worl d o f  appropriat e difficulty ? W e di d i t  empirically , 
by tria l  an d error .  I n th e first  serie s o f  experiment s 
(sectio n o n th e Z O O ) ,  w e underestimate d th e difficult y 
of  discover y problems .  I n effect ,  ou r  subject s discov -
ere d ver y little ,  an d th e protocol s wer e no t  usefu l  fo r 
comparison s becaus e differen t  peopl e explore d diflfer -
ent  smal l  subspace s o f  til l  possibilities .  W e hav e learne d 
severa l  interestin g things ,  however ,  whic h w e briefl y re -
por t  i n th e sectio n o n th e Z O O experiments .  Th e nex t 
tw o experiment s (GOBLIN S an d G R E M L I N S)  wer e 
more successfu l  an d w e repor t  o n the m i n thi s paper . 

The method 

Our subjects were computer science graduate stu-
dent s an d undergraduat e senior s wh o ha d enroUe d i n 
machin e learnin g courses .  The y wer e tol d tha t  thei r 
participatio n i n th e experimen t  woul d hel p the m un -
derstan d th e problem s o f  machin e learnin g an d discov -
ery .  Althoug h ther e wer e n o tim e limit s se t  o n thei r 
discover y task ,  the y wer e aske d t o continu e thei r  re -
searc h a s lon g a s neede d t o develo p a  complet e theor y 
of  eac h world ,  a  theor y tha t  allow s on e t o predic t  th e 
resul t  o f  an y experiment .  The y wer e allowe d t o con -
duc t  a s man y session s a s the y wished ,  an d t o resum e 
the m whe n the y wished .  Onl y afte r  al l  subject s fin-
ishe d thei r  work ,  th e issue s o f  machin e discover y hav e 
been addresse d i n cleiss .  T o explor e th e experimenta l 
worlds ,  th e student s wer e place d i n a  loo p i n whic h 
the y designe d a n experiment ,  wer e provide d wit h a  re -
sult ,  designe d th e nex t  experiment ,  an d s o forth .  Eac h 
experimen t  too k a  fe w keystrokes ,  an d th e resul t  wa s 
immediatel y available .  Student s develope d thei r  theo -
rie s o n paper . 

We di d no t  wan t  t o creat e abstrac t  problem s and , 
at  th e sam e time ,  w e wante d t o minimiz e th e interfer -
in g backgroun d knowledge .  Th e worl d model s wer e 
introduce d i n brie f  stories .  Th e storie s introducin g 
G O B L I NS an d G R E M L I N S ar e quote d i n th e nex t  tw o 
sections .  Afte r  completin g thei r  experiments ,  man y 
subject s acknowledge d tha t  the y quickl y forgo t  abou t 
th e stories ,  an d starte d t o thin k i n term s o f  abstrac t 
problems .  Th e world s o f  G O B L I N S an d G R E M L I N S 
require d a t  leas t  severa l  hour s o f  stud y befor e a  sub -
jec t  coul d develo p a  mor e o r  les s complet e theory .  Th e 
leve l  o f  difficult y wa s a  littl e to o high ,  bu t  th e abilit y 
t o kee p peopl e intereste d wa s jus t  abou t  righ t  fo r  th e 
selecte d grou p o f  subjects . 

T wo type s o f  protocol s wer e kept .  First ,  eac h exper -
imen t  wa s automaticall y recorde d o n a  computer :  tim e 
of  experiment ,  inpu t  dat a an d th e resul t  wer e stored . 
Secondly ,  w e aske d student s t o recor d a s man y idea s 
tha t  cam e t o thei r  min d a s possible ,  includin g al l  hy -
pothese s tha t  the y entertained ,  an d t o mar k th e tim e 

at  whic h the y occurred .  Th e informatio n abou t  tim e 
was helpfu l  i n cross-referencin g bot h type s o f  proto -
cols .  A s w e expected ,  th e note s o f  student s differe d 
considerably .  Still ,  w e di d no t  wan t  t o specif y i n detai l 

what  the y wer e suppose d t o record .  W e fel t  tha t  an y 
instructio n tha t  woul d resul t  i n a  mor e unifor m collec -
tio n o f  dat a woul d provid e hint s tha t  migh t  influenc e 
thei r  discoveries . 

Afte r  th e students '  protocol s wer e turne d in ,  onl y 
some clarifyin g question s wer e asked .  I n thi s wa y 
we sough t  explanatio n o f  unfinishe d phrase s an d ob -
scur e formalism s tha t  the y invented .  N o additiona l 
comments wer e accepte d tha t  coul d reflec t  knowledg e 
gaine d a t  a  late r  stage .  A s a  result ,  th e protocol s wer e 
quit e clea r  an d adequatel y complemente d th e listing s 
of  experiment s collecte d o n th e computer .  W e be -
liev e tha t  th e ope n forma t  w e selecte d bes t  fits  ou r  ex -
plorator y studies .  However ,  othe r  method s coul d als o 
be use d (Ericsso n an d Simon ,  1984) . 

The experiment with GOBLINS 

The following story introduced the world of GOB-
LINS : 

There are many goblins in the fairyland. Each 
gobli n I s characterize d b y intelligenc e an d ap -
petite .  Bot h ca n b e A N Y number ,  an d ar e lim -
ite d t o numbers .  Eac h gobli n ha s it s energy , 
too ,  tha t  i s  measure d i n numbers .  Doe s energ y 
depen d o n intelligenc e an d appetite ? I f  so ,  i n 
what  way ? Thi s i s th e proble m fo r  you .  Fin d a 
complet e theory ,  applicabl e t o al l  goblins .  Yo u 
can develo p you r  theor y a s a  resul t  o f  exper -
imentatio n wit h goblins .  Yo u ca n als o mak e 
hypothese s i f  yo u wish . 

The subjects could study the world of GOBLINS 
by makin g "experiments" .  Eac h experimen t  consiste d 
of  selectin g numerica l  value s fo r  intelligenc e i  an d ap -
petit e a  fo r  whic h th e veJu e o f  energ y e(i ,  a )  wa s re -
turned .  Th e worl d mode l  o f  G O B L I N S i s describe d b y 
a numerica l  functio n e(i ,  a )  o f  tw o independen t  numer -
ica l  variable s i  an d a : 

e{i,a )  = 

(a-l)(0.5i+l ) 

a2 + 2 

fo r  a > 2 i 
fo r  a  >  1 0 -  i ^ 

i n al l  othe r  case s 

Possibl e discoverie s includ e (1 )  thre e regularitie s fo r 
energ y e(i ,  a )  a s a  functio n o f  intelligenc e i  an d ap -
petit e a ,  tha t  hol d i n thre e area s o f  th e 2-dimensiona l 
plan e (i ,  a) ,  an d (2 )  tw o boundarie s tha t  separat e thos e 
areas .  Eac h regularit y ca n b e discovere d b y B A C ON 
and F A H R E N H E I T.  F A H R E N H E IT ca n als o discove r 
th e boundarie s a  =  2 i  an d a  — \ Q — i ^  tha t  separat e 
th e area s o f  differen t  regularities . 

Eleve n student s worke d o n thi s problem .  Th e num -
ber  o f  experiment s varie d betwee n 7 1 an d 1227 .  Th e 
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Tabl e 1 :  Summar y o f  experiment s an d theorie s generate d withi n th e G O B L I N S experimen t 

Number  o f  experiment s 
Formula e discovere d 

Boundarie s foun d 

1227 
3 
2 

1067 
3 
2 

300 
3 
2 

289 
3 
1 

95 
3 
1 

224 
3 
0 

137 
2 
1 

71 
2 
0 

180 
1 
0 

80 
1 
0 

96 
0* 
0 

*  T w o region s o f  differen t  behavio r  wer e discovere d 

tim e spen t  o n experiment s varie d fro m 1 6 minutes ,  cor -
respondin g t o 13 7 experiments ,  t o 92 4 minutes ,  cor -
respondin g t o 106 7 experiments ,  plu s additiona l  tim e 
on buildin g theories .  Everybod y ha d som e succes s i n 
makin g discoverie s (c f  Tabl e 1) .  Thre e student s devel -
oped a  complet e an d correc t  theory ,  includin g eac h o f 
th e thre e regularitie s an d thei r  boundaries .  Column s 3 
and 5  o f  Tabl e 1  stan d ou t  i n compariso n t o othe r  en -
trie s becaus e thos e subject s neede d fewe r  experiment s 
t o achiev e successfu l  results .  I n bot h cases ,  earl y ex -
periment s wer e centere d o n a  particula r  idea .  I t  i s 
not  reall y possibl e t o generaliz e th e typica l  rout e t o 
success ,  becaus e th e protocol s revea l  a  variet y o f  ap -
proaches .  Fo r  instance ,  fo r  th e entr y i n colum n 6  wit h 
224 experiments ,  th e record s sho w tha t  th e first  conclu -
sion s wer e reache d afte r  on e experiment ,  an d a U sub -
sequen t  experiment s wer e ver y systemati c wit h a  goo d 
rang e o f  positiv e an d negativ e number s a s inpu t  data . 
The first  correc t  formul a wa s though t  u p afte r  abou t 
15 experiments ,  th e secon d afte r  9 3 experiment s an d 
th e thir d afte r  14 4 experiments .  A  lon g tim e wa s the n 
spen t  i n tryin g t o understan d th e boundarie s fo r  eac h 
of  th e thre e formulae ;  thi s issue ,  however ,  wa s neve r 
full y  resolved .  Muc h valu e wa s attache d t o th e pre -
dictin g powe r  o f  ne w ideas . 

Protocol s o f  students '  dat a collectio n revea l  a  fre -
quent  us e o f  tw o experimentatio n pattern s whic h ca n 
be describe d a s (1 )  sequentiei l  an d (2 )  boundar y search , 
usuall y bisectional .  Th e first  patter n include s al l  se -
quence s o f  experiment s i n whic h on e variabl e i s varie d 
wherea s othe r  variable s ar e kep t  constant .  A  sequenc e 
of  experiment s ca n b e furthe r  characterize d b y th e ini -
tia l  valu e o f  th e varie d variable ,  th e increment ,  an d 
th e numbe r  o f  experiment s i n sequence .  Typically ,  a 
studen t  kep t  on e o f  th e variables ,  sa y appetite ,  con -
stan t  an d varie d intelligenc e i n a  sequenc e o f  4- 6 ex -
periments ,  usin g a  smal l  intege r  a s a  startin g value , 
and a  smal l  increment ,  usuall y 1 .  The n h e varie d 
appetit e b y a  smal l  incremen t  an d mad e anothe r  se -
quenc e o f  experiment s b y varyin g intelligence .  Thi s 
can b e calle d "recursiv e sequentia l  experimentation " 
and i t  occur s whe n th e sam e patter n i s use d fo r  vary -
in g othe r  variables .  Bot h B A C ON an d F A H R E N H E IT 
use thi s strateg y fo r  dat a collection . 

Sequentia l  experimentatio n wa s use d i n th e searc h 
fo r  regularities ,  wherea s th e secon d experimenta l  strat -
egy wa s use d almos t  exclusivel y i n th e searc h fo r  a 
boundar y afte r  a  regularit y ha d bee n detected .  Th e 
bisectiona l  searc h narrow s th e distanc e betwee n tw o 

value s o f  a n independen t  variabl e (othe r  variable s hel d 
constant) :  th e las t  know n valu e fo r  whic h a  particula r 
regularit y holds ,  an d th e first  fo r  whic h tha t  regularit y 
fails .  F A H R E N H E IT use s thi s strategy ,  systematicall y 
dividin g th e diflferenc e i n half ,  an d terminatin g whe n 
th e differenc e i s les s tha n th e experimenta l  error .  Some 
of  ou r  subject s terminate d tha t  searc h whe n th e differ -
ence wa s one ,  bu t  som e other s carrie d th e division s t o 
th e limi t  o f  th e floating  poin t  operations . 

Experiments with GREMLINS 

The world of GREMLINs was described in the fol-
lowin g way : 

There are many gremlins in the fairyland. 
Ther e i s a  distinc t  specie s o f  gremlin s fo r  eac h 
characte r  fro m a  t o z .  Fo r  instanc e 'c '  grem -
lins ,  o r  'v '  gremlins .  Eac h gremli n belong s t o 
one species ,  whil e ther e ma y b e man y gremlin s 
i n on e species .  Gremlin s lik e t o eat ,  an d eac h 
gremli n ha s it s (o r  his ,  o r  her )  tast e denote d b y 
a positiv e number .  Gremlin s lik e t o Rgh t  eac h 
other ,  too .  Fin d th e la w tha t  fo r  A N Y T W O 
gremlins ,  tell s  whic h on e win s i f  the y figh t  on e 
agains t  th e other .  Yo u ca n develo p you r  the -
or y i n resul t  o f  experimentatio n wit h gremlins . 
You ca n als o mak e hypothese s i f  yo u wish . 

The subjects specified the type and taste for both 
gremlins :  a  lette r  /, ,  ( i  =  1 ,  2) ,  an d a  positiv e numbe r 
<,- ,  { i  =  1 ,  2 )  fo r  each ,  an d i n retur n receive d a  messag e 
abou t  win ,  ti e o r  los s b y th e first  gremlin .  Eac h pai r 
(/,,<, )  define s a  particula r  gremlin .  Invisibl y t o th e 
experimenter ,  eac h lette r  i s  mappe d t o a  number : 

abcdefg h i jk 1 m n op 
2 3  4  5  6  8  9  1 0 1 1 1 2 1  1 2 1 2 1 2 1 2 4.666 6 

q r s t u v w x y z 
12 1 2 1 2 1 2 8.333 3 1 2 1 2 1 2 1 2 1 2 

Then ,  th e product s n,< ,  ar e compute d an d compared . 
I f  nit i  >  n2<2 ,  the n th e first  gremli n wins ;  i f  nit i  = 
n2<2 ,  the n bot h tie ;  i f  nit i  <  712̂ 2 i  the n th e first 
gremli n loses . 

Two majo r  discoverie s includ e (1 )  th e introductio n 
of  a n intrinsi c propert y fo r  eac h gremlin ,  define d b y 
a mappin g fro m letter s t o numbers ,  an d (2 )  finding 
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tha t  thei e i s a  boundar y betwee n th e win s an d loses , 
and tha t  ni< i  =  712* 2 determine s th e tie ,  whil e tw o 
inequalitie s determin e th e wi n an d loss . 

Fourtee n student s worke d o n thi s problem .  Th e 
number  o f  experiment s performe d varie d betwee n 5 5 
and 589 ,  wit h th e amoun t  o f  tim e spen t  a t  a  termina l 
betwee n 6 2 minute s (correspondin g t o 6 0 experiments ) 
and 46 0 minute s (correspondin g t o 48 2 experiments) . 
Thre e person s develope d a  theor y tha t  accuratel y pre -
dict s al l  experimenta l  results ,  eac h theor y base d o n a 
differen t  formalism ,  i n 179 ,  326 ,  an d 58 9 experiment s 
respectively .  Thre e othe r  student s develope d almos t 
th e ful l  theory ,  bu t  wer e plague d b y error s i n assignin g 
number s t o letters .  Seve n student s assigne d numerica l 
value s t o letter s o r  t o pair s o f  letters .  Seve n neve r  trie d 
t o ma p letter s t o numbers . 

Contrar y t o th e worl d o f  GOBLINS ,  wher e every -
bod y detecte d a  meaningfu l  regularity ,  G R E M L I N S 
presente d insurmountabl e problem s fo r  thos e wh o di d 
not  introduc e a n intrinsi c numerica l  property .  Thos e 
subject s detecte d onl y "weak "  regularities ,  suc h a s 
"th e highe r  lette r  wins "  (a t  th e conclusio n o f  5 5 exper -
iments) ,  an d "specie s i n categor y 1  ar e stronge r  tha n 
specie s i n categor y 2 ;  i n th e sam e categor y i t  require s 
highe r  tast e t o bea t  someon e farthe r  awa y alphabeti -
cally "  (a t  th e conclusio n o f  12 5 experiments) . 

An intrinsi c propert y ca n b e introduce d i n variou s 
ways.  Ou r  subject s use d thre e way s o f  assignin g num -
ber s t o letters :  (1 )  a  numbe r  t o eac h letter ,  (2 )  a  frac -
tio n t o a  pai r  o f  letters ,  (3 )  expres s eac h lette r  b y a 
multiplie r  fo r  a  selecte d singl e letter ,  sa y k :  a  i s 2k , 
b i s 3k ,  an d s o forth .  Withi n (1 )  tw o mapping s wer e 
used .  On e wa s th e ordina l  mappin g o f  letter s t o con -
secutiv e numbers :  a-1 ,  b-2,c-3,...,z-26 .  Th e othe r  wa s 
identica l  o r  clos e t o th e actua l  mappin g use d i n G R E M-
LINS ,  an d describe d above .  Belo w w e giv e a  sampl e o f 
variou s experimenta l  strategies ,  formalisms ,  an d theo -
rie s relate d t o th e introductio n o f  intrinsi c concept s b y 
individua l  subjects . 

S-1 introduce d th e ordina l  mappin g afte r  3 1 experi -
ments ,  the n switche d t o th e mappin g derive d fro m ex -
periments ,  bu t  stil l  som e remnant s o f  th e origina l  map -
pin g remaine d i n th e final  solutio n reache d afte r  16 4 
experiments . 

S-2 introduce d a n almos t  correc t  mappin g a t  th e en d 
of  hi s study ,  afte r  25 8 experiments ,  a s a  resul t  o f  the -
oretica l  analysis . 

S-3 performe d abou t  10 0 experiment s an d the n intro -
duce d a  "shifted "  ordina l  mapping ,  b y assignments : 
a-2 ,  b-3 ,  c-4,... ,  z-27 .  Late r  h e realize d tha t  k  i s  spe -
cial ,  an d letter s pas t  k  ar e equivalent ,  bu t  h e neve r 
gav e u p th e initia l  assignment ,  producin g a s a  resul t  a 
ver y comple x theor y o f  2 1 rules .  Th e cos t  o f  maintain -
in g a  wron g paradig m i s obvious ,  bu t  th e resul t  wa s 
empiricall y adequate ,  wit h som e exceptions . 

S-4 performe d 15 0 experiment s an d the n starte d t o us e 
fraction s o f  letters ,  an d equate d the m wit h fraction s o f 

numbers ,  fo r  instanc e a/ b =  3/2 .  Ver y soo n S- 4 real -

ize d tha t  c  =  ftc  =  2 3 ~ i i  ^^ ^  quickl y generalize d 
thi s computatio n t o al l  lette r  fractions .  Afterwards , 
S-4 use d onl y fraction s o f  consecutiv e letters .  Finally , 
afte r  32 6 experiments ,  S- 4 derive d a  theor y tha t  per -
fectl y predict s result s o f  a U experiments ,  bu t  neve r  at -
tempte d a  mappin g t o singl e letters . 

S-5 wrote down the ordinal mapping entirely apriori, 
befor e startin g an y experiments .  Bu t  i n 17 8 experi -
ment s h e neve r  use d tha t  mappin g an d h e di d no t  pro -
duc e an y regularities ,  endin g u p "frustrate d a t  th e fac t 
tha t  th e syste m containe d s o man y inconsistencies. " 

S-6 assigned fractions after 28 experiments, then af-
te r  5 4 experiment s switche d t o a  "multiplier "  fo r  eac h 
number ,  a t  th e sam e tim e producin g a  theor y tha t  per -
fectl y predict s al l  results .  Fro m then ,  unti l  h e com -
plete d 17 9 experiments ,  h e concentrate d o n assignin g 
number s t o letters . 

S-7  came up with another perfectly predicting theory, 
makin g 58 9 experiments ,  an d usin g stil l  anothe r  for -
malism .  Al l  letter s wer e groupe d an d al l  group s wer e 
ordere d accordin g t o differen t  multiplier s 'jo f  k .  Fo r  in -
stanc e b  belong s t o 2k ,  c  t o 3k .  k  play s a  "privileged " 
rol e an d doe s no t  belon g t o an y group .  N o attemp t  t o 
assig n number s t o letter s wa s made . 

Recovering from the erroneous mapping of letters 
int o number s (th e ordina l  mapping )  provide d u s wit h 
interestin g account s o f  scientifi c  crisi s an d theor y re -
vision .  S- 3 responde d t o th e empirica l  inconsisten -
cie s wit h complicatin g hi s theory ,  whil e S- 1 change d 
hi s theor y gradually .  Th e first  la w ha d th e for m 
i 2 =  2ti/{N i  +  N2) ,  an d wa s ver y nicel y confirme d 
withi n th e first  3 9 experiments .  Then ,  i n respons e t o 
th e growin g counter-evidenc e (aroun d experimen t  93) , 
S-2 introduce d anothe r  law ,  no t  changin g th e ordina l 
mapping .  {N i  +  l)i i  =  {N 2 +  1)<2 -  Thi s la w work s 
nicel y fo r  letter s a  throug h e .  Afte r  that ,  rathe r  tha n 
creatin g ne w "small "  law s a s di d S-3 ,  S- 2 use d th e ne w 
la w fo r  assignin g number s t o letters .  H e eventuall y 
change d hi s la w t o th e final  form :  Nit i  =  ^̂ 2*2 -  Hi s 
protocol s offe r  a  captivatin g exampl e o f  gradua l  recov -
er y fro m a  fals e theory . 

T wo ver y usefu l  experimenta l  strategie s wer e intro -
duced .  On e consiste d i n usin g th e sam e tast e valu e 
fo r  bot h gremlins ,  whil e th e letter s wer e varied .  Thi s 
allowe d fo r  efficien t  orderin g o f  al l  letter s accordin g t o 
thei r  "strength" .  S- 2 use d i t  i n 8 4 experiments ,  be -
for e switchin g t o anothe r  strateg y whic h h e use d fo r 
86 final  experiments .  Th e secon d strategy ,  use d b y 
til l  si x successfu l  subject s ca n b e describe d a s a  searc h 
fo r  th e boundar y betwee n wi n an d loss ,  i n a  sequenc e 
of  experiment s wher e tw o letter s an d on e numbe r  ar e 
fixed.  Th e secon d number ,  usuaU y th e tast e o f  th e 
first  gremli n wa s varie d unti l  a  dra w wa s produced ,  o r 
unti l  th e boundar y wa s determine d wit h th e intege r 
accuracy .  Th e assumptio n tha t  th e ti e i s a  stat e be -
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twee n wi n an d los e wa s lesponsibl e fo r  th e bisectiona l 
boundar y seaic h a t  th e beginning ,  whil e th e metho d 
was late i  strengthene d b y it s successfu l  results .  Sev -
era l  unsuccessfu l  subject s als o use d thi s strategy ,  bu t 
the y trie d i t  unsystematicaUy ,  abandonin g i t  fo r  mor e 
chaoti c experimentation .  Onl y th e successfu l  subject s 
systematicall y varie d thre e othe r  variable s i n th e four -
dimensiona l  spac e o f  al l  experiments .  T w o discover -
ie s mad e b y al l  successfu l  subject s reduce d thei r  ex -
perimentation .  First ,  varyin g th e othe r  numbe r  wa s 
quickl y abandone d whe n th e la w o f  proportionalit y fo r 
th e taste s wa s detected .  Then ,  afte r  th e symmetr y be -
twee n th e first  an d th e secon d gremli n wa s detected ,  o r 
a mappin g betwee n letter s an d numbers ,  onl y selecte d 
combination s o f  letter s wer e used . 

Th e Z O O experimen t 

This experiment was chronologically first. The task 
was to o difficult ,  however ,  allowin g th e subject s t o 
make onl y spars e discoveries .  Th e Z O O worl d encode s 
Black' s la w an d i s isomorphi c t o th e processe s i n whic h 
th e temperatur e o f  equilibriu m i s reache d fo r  a  mixtur e 
of  tw o sample s (eac h ca n b e wate r  o r  mercury) ,  char -
acterize d b y thei r  initia l  temperature s an d masses .  In -
trinsi c concept s includ e specifi c  heat ,  laten t  heat ,  an d 
th e phase .  Eac h experimen t  require s a  choic e o f  valu e 
fo r  si x variables :  on e nomina l  an d tw o symboli c fo r 
each sample .  Th e dimensionalit y o f  regularitie s an d 
thei r  boundarie s i s muc h highe r  tha n i n th e cas e o f 
GOBLINS an d G R E M L I N S.  Th e cove r  stor y talke d 
abou t  animal s rathe r  tha n samples .  Curiosit y playe d 
th e rol e o f  mass ,  whil e intelligenc e double d fo r  temper -
ature .  Animal s staye d i n pairs ,  an d i n eac h pai r  th e 
intelligenc e o f  bot h animal s becam e equal .  Th e tas k 
was t o find  th e intelligenc e o f  animal s i n a  give n pair . 

Eigh t  students ,  differen t  fro m thos e wh o worke d o n 
GOBLINS an d G R E M L I N S,  worke d o n th e Z O O prob -
lem.  Nobod y develope d th e fu U theor y governin g th e 
Z OO (i.e .  discovere d th e fu U for m o f  Black' s law )  o r 
even cam e clos e t o discoverin g th e laten t  hea t  law ,  th e 
specifi c  hea t  concept ,  etc .  Some lesse r  thing s wer e dis -
covere d though .  Fo r  instance ,  severa l  student s cam e 
acros s th e number s 0  (freezin g poin t  o f  water) ,  10 0 
(boilin g poin t  o f  water) ,  35 7 (boilin g poin t  o f  mercury) , 
and note d thei r  significance ,  describin g the m a s magi c 
number s ( 2 persons) ,  tellin g tha t  "Strang e thing s hap -
pen fo r  357 ,  100" ,  o r  tha t  "som e range s o f  number s 
alway s see m t o giv e yo u th e intelligenc e o f  357" .  Onl y 
thre e person s attempte d t o fit  som e formula e t o thei r 
experimenta l  results .  Th e res t  gav e qualitativ e descrip -
tion s only :  "bet a animal s see m t o b e mor e intelligent" , 
and th e like . 

Two phenomen a differentiat e th e wor k o n th e Z O O 
fro m th e simple r  domain s o f  G O B L I N S an d G R E M-
LINS .  First ,  i t  seem s tha t  th e overal l  difficult y encoun -
tere d i n th e Z O O impede d eve n partia l  results .  I t  wa s 

much easie r  t o find  regularitie s an d concept s i f  the y oc -
curre d i n th e simple r  world s o f  G O B L I N S an d G R E M-
LINS ,  eve n i f  the y wer e equall y difficult y a s man y par -
tia l  result s i n th e Z O O.  Th e secon d phenomeno n refer s 
t o th e experimentatio n i n th e Z O O world .  Everyon e 
starte d wit h a  ver y systematic ,  sequentia l  experimen -
tatio n patter n (se e Sectio n o n G R E M L I N S ) ,  whic h fo r 
al l  bu t  tw o subject s quickl y degenerate d int o chaos . 
Four  subject s showe d a  patter n o f  rando m choic e o f 
inpu t  parameter s i n a t  leas t  th e las t  1 5 % o f  thei r  ex -
periments .  Chaoti c experimentatio n pattern s see m t o 
be du e t o th e complexit y o f  th e proble m an d shoul d b e 
furthe r  investigate d a s a  respons e t o non-progressin g 
research ,  whic h doe s no t  provid e ne w regularitie s an d 
generalization s o f  th e existin g laws .  Chao s emerge d to -
ward s th e en d o f  mos t  Z O O experimentation ,  wherea s 
onl y tw o student s workin g wit h G R E M L I N S starte d t o 
sho w a  bi t  o f  chaoti c patter n toward s th e en d o f  thei r 
efforts ,  complainin g abou t  complexit y o f  th e problem : 
"thi s i s definitel y gettin g complex" . 

Dimensions of discovery 

The results of our study can be analysed along many 
dimensions .  I n th e curren t  sectio n w e wil l  briefl y sum -
mariz e selecte d results . 

Experimentation strategies: We have already re-
porte d o n thes e i n th e section s o n GOBLINS ,  G R E M-
LINS ,  an d Z O O.  Th e exploratio n o f  al l  world s ben -
efite d fro m th e us e o f  orderl y experimenta l  methods , 
even thoug h som e peopl e neede d hundred s o f  experi -
ment s t o achiev e success .  I n particular ,  th e strateg y 
of  tw o person s wh o bes t  describe d th e worl d o f  G O B-
LIN S ca n b e characterize d a s tha t  o f  a  calculato r  pro -
grammed t o chec k ever y detai l  ste p b y ste p a s oppose d 
t o reachin g an y conclusion s i n a  mor e darin g way . 

Experimental Limitations: Most subjects used 
onl y a  ver y limite d rang e o f  inpu t  value s i n experi -
mentation .  Smal l  integer s ( n <  13 )  wer e use d almos t 
exclusively .  Si x person s neve r  use d fractions .  Mos t 
of  th e other s use d the m sporadicall y i f  the y coul d no t 
complet e th e bisectiona l  searc h otherwise .  Fiv e peopl e 
neve r  use d negativ e number s i n thei r  experiment s wit h 
GOBLINS.  Smal l  integer s wer e almos t  exclusivel y use d 
as increment s fo r  generatin g experimenta l  sequences . 

Testing: Very little time was spent on testing the dis-
covere d theories .  W e note d a n intriguin g phenomenon . 
Afte r  makin g a  majo r  discovery ,  a  studen t  commonl y 
switche d t o anothe r  tas k rathe r  tha n goin g o n t o tes t 
th e validit y o f  th e discovery .  Th e sam e phenomeno n 
can b e notice d i n protocol s fro m experiment s con -
ducte d b y Shrage r  (1985) .  Positiv e thinkin g prevaile d 
over  critica l  thinking ,  an d ther e i s littl e evidenc e tha t 
falsifie d theorie s wer e rejected .  I n general ,  subject s 
di d no t  chang e thei r  theorie s i n respons e t o contradict -
in g experiments ,  eve n i f  performe d immediatel y after -
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wards .  Positiv e evidence ,  however ,  wa s remembere d 
fo r  a  lon g time . 

Complexity: First conclusions were drawn very 
quickly ,  o n averag e afte r  1 0 experiments .  Thi s i s com -
patibl e wit h discover y systems ,  whic h als o dra w con -
clusion s tha t  involv e on e independen t  variabl e afte r  ex -
aminin g onl y a  fe w results .  Anothe r  phenomeno n wa s 
quit e clear :  I f  tw o law s o f  simila r  complexit y hol d i n 
tw o world-models ,  w m i  an d tum2 ,  WTn2 bein g overal l 
more comple x tha n w m i ,  the n i t  i s fa r  mor e difficul t 
fo r  huma n discoverer s t o fin d suc h a  regularit y i n 111771 2 
tha n i n u;r7ii .  Discover y system s ca n succee d equall y 
wel l  i n bot h models ,  i f  the y ar e pu t  o n th e righ t  track . 

Meta-principles :  Th e modes t  suppor t  sufficien t 
t o dra w meta-leve l  conclusion s wa s remarkable .  Sub -
ject s wh o mad e metaleve l  statement s use d jus t  on e o r 
fe w experiment s t o clai m symmetr y ("orde r  o f  pairin g 
i s unimportant") ,  tim e independenc e ("tim e i s no t  a 
factor") ,  o r  determinis m ("n o randomnes s i n th e do -
main") .  I t  i s  actuall y tru e tha t  bot h domain s wer e 
deterministic ,  an d th e worl d o f  G R E M L I N S i s sym -
metric . 

Beyon d empirict J equivalence :  Additiona l  crite -
ri a ca n b e applie d t o furthe r  ran k th e final  theories . 
Thre e subject s reache d th e experimentall y complet e 
theor y o f  G R E M L I N S,  bu t  on e resul t  rank s highe r 
becaus e eac h gremli n wa s represente d b y a  number , 
wherea s i n th e remainin g tw o a  numbe r  i s associate d 
wit h eac h pai r  o f  gremlins .  Th e first  theor y i s  mor e 
comprehensive .  I t  implie s bot h theorie s o f  th e secon d 
type ,  bu t  no t  th e othe r  way . 

Conclusion 

Our research confirms that many students have been 
abl e t o combin e usefu l  experimentatio n strategie s wit h 
elementar y discoveries ,  an d t o combin e elementar y dis -
coverie s int o mor e comple x theories .  Thi s confirm s 
conclusion s o f  Shrage r  (1985) ,  an d Qi n an d Simo n 
(1990) .  Similarl y t o Qi n an d Simon ,  w e foun d man y 
analogie s betwee n huma n subject s an d discover y sys -
tem s i n th e us e o f  operator s an d heuristic s However , 
i t  i s  difficul t  t o g o beyon d superficia l  comparison s t o 
relate d wor k becaus e th e spac e o f  possibl e experiment s 
on discover y i s  enormous ,  an d eac h existin g stud y 
explore s a n "orthogonal "  direction .  Qi n an d Simo n 
(1990) ,  fo r  instance ,  use d Kepler' s thir d la w t o stud y 
i n dept h th e proces s o f  one-dimensiona l  equatio n find-
ing .  Althoug h discoverie s i n ou r  world s involve d sev -
era l  one-dimensiona l  equations ,  non e o f  the m ha s bee n 
comple x enoug h t o allo w compariso n t o th e result s o f 
Qi n an d Simon .  Moreover ,  whil e Qi n an d Simo n pro -
vid e student s wit h data ,  w e requir e the m t o mak e ex -
periments .  Experimentatio n woul d simplif y th e prob -
lem ,  becaus e i t  woul d b e easie r  t o find  Kepler' s la w 
i n dat a obtaine d fo r  smal l  integers ,  whic h th e subject s 
woul d undoubtedl y use . 

Our  wor k ca n b e extende d i n man y directions .  W e 
woul d lik e t o bette r  understan d th e mechanism s b y 
whic h human s introduc e intrinsi c variable s an d us e 
symmetr y heuristics .  BACON' s mechanism s fo r  bot h 
(Langle y e t  al. ,  1987 )  wer e no t  used ,  bu t  BACON' s 
symmetr y operator s requir e a  particula r  experimenta -
tio n strateg y (Langle y e t  al. ,  1987 ,  p.171-4) .  I f  tha t 
strateg y i s no t  followed ,  th e compariso n i s  difficult . 
Experiment s o n ne w version s o f  G R E M L I N S ma y hel p 
i n solvin g thes e problems . 

Anothe r  interestin g proble m i s th e proportio n o f  ef -
for t  spen t  o n experimentatio n an d theories .  I n a  ye t 
unreporte d experiment ,  w e foun d tha t  eve n a  fe w sec -
onds '  dela y i n compute r  respons e t o th e request s fo r  ex -
perimenta l  result s stimulate s subjects '  interes t  i n the -
or y formation ,  limitin g th e numbe r  o f  experiment s the y 
perfor m befor e the y star t  buildin g theories . 
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