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A c t u a l  us e o f  analogie s i n r e m a r k a b l e scientifi c  discoverie s 

Kazuhir o Ued a 
Departmen t  o f  Coiiipiilc r  an d Graphi c Science s 

Th e Universit y o f  Toky o 
3-8- 1 K o m a b a ,  Meguro-ku ,  Toky o 153 ,  J A P A N 

uedafigould.c.u-tokyo.ac.j p 

Thi s stud y use s a n intervie w metho d t o investigat e 
ho w scientist s us e analogie s i n actua l  remarkabl e scien -
tifi c  discoveries .  Th e observe d case s o f  analog y ar e clas -
sifie d int o si x classe s accordin g t o th e tw o criteri a o f  sim -
ilarit y an d transfer ,  onl y fou r  o f  whic h classe s actuall y 
includ e th e observe d cases .  Eac h typica l  cas e o f  thre e o f 
th e fou r  classe s i s show n an d explaine d i n relatio n t o th e 
availabilit y  o f  th e goa l  o f  th e analog y an d othe r  form s 
of  reasoning .  O n e o f  th e thre e case s i s especiall y consid -
ere d a  cas e o f  analog y wit h th e reformatio n o f  knowledg e 
base d o n themati c abstraction ,  whos e dynami c proces s 
has no t  full y  bee n investigated . 

Introduction 

Analogica l  reasonin g ha s bee n pointe d ou t  t o b e on e 
of  th e mos t  promisin g menta l  resource s fo r  abduction ^ 
whic h bring s ou t  a n importan t  scientifi c  discovery .  Ther e 
hav e bee n i n fac t  a  considerabl e numbe r  o f  studie s o n 
analogica l  thinking .  Almos t  al l  o f  them ,  however ,  em -
ploye d a n i n vitr o approac h (Dunbar ,  1995 )  whic h wa s 
base d o n cognitiv e experiments .  A s a  result ,  the y faile d 
t o investigat e th e actua l  spontaneou s us e o f  analogy ,  es -
peciall y tha t  a s use d i n real-worl d laboratories ,  wher e th e 
proces s o f  a n analog y migh t  exten d ove r  a  m u c h longe r 
perio d tha n i n artificia l  setting s suc h a s psychologica l 
experiments .  O n th e othe r  hand ,  som e studies ,  whos e 
number  i s  quit e small ,  adopte d a n i n viv o approach: 
Dunbar ,  fo r  example ,  collecte d dat a o n actua l  scientifi c 
thinkin g i n fou r  laboratorie s base d o n observation s o f  a 
participan t  fo r  1 0 months ,  an d analyze d th e reasonin g o f 
th e scientist s i n real-worl ^  context s (Dunbar ,  1995) .  H e 
foun d tha t  th e thre e laboratorie s i n whic h analogie s wer e 
commonl y use d coul d mak e rea l  gain s i n thei r  scientifi c 
work ,  wherea s th e on e laborator y tha t  faile d t o engag e i n 
analogica l  thinkin g coul d not .  H e insiste d tha t  analogi -
cal  reasonin g wa s a  poten t  sourc e o f  conceptua l  chang e 
or  emergen t  thinking .  Hi s study ,  however ,  i s  considere d 
t o hav e tw o shortcomings :  (1 )  i t  fail s t o provid e case s 
of  th e whol e proces s o f  analogica l  reasonin g observe d i n 
a real-worl d laboratory ,  whic h proces s m a y b e mor e dy -
nami c an d complicate d tha n tha t  observe d i n a  cognitiv e 
experimen t  an d (2 )  i t  di d no t  full y  captur e th e type s an d 
cognitiv e mechanism s o f  analogica l  reasonin g use d i n sci -

'I n thi s paper ,  abductio n i s assume d t o includ e th e whol e 
proces s o f  generation ,  modificatio n an d verificatio n o f  ex -
planator y hypotheses ,  wherea s i n A I  i t  usuaU y mean s a  back -
war d searc h o f  th e knowledg e whic h explain s certai n facts . 

entifi c  discoverie s becaus e i t  i s  considere d t o hav e bee n 
concerne d mainl y wit h th e metaphor s use d i n socia l  in -
teractions ,  suc h a s a n explanatio n o f  one' s o w n ide a t o 
others ,  rathe r  tha n wit h analogica l  reasonin g itself .  Thi s 
study ,  however ,  applie s a n intervie w metho d t o provid e 
th e case s o f  analogie s tha t  som e researcher s i n differen t 
fields  use d t o mak e actua l  importan t  scientifi c  discov -
eries .  Th e followin g ar e considere d t o b e th e ̂ iestion s 
concernin g analog y tha t  shoul d b e answere d i n studie s 
on analogica l  reasoning : 

1.  H o w i s th e sourc e retrieve d a s a  potentiall y  relevan t 
analogu e an d o n wha t  similarit y i s i t  based ? O n wha t 
similarit y i s  th e mappin g fro m th e sourc e t o th e targe t 
based ? 

2.  H o w i s th e portio n o f  knowledg e abou t  eac h retrieve d 
sourc e searche d fo r  an d transferre d t o th e target ? 

Thi s stud y intend s t o classif y al l  th e case s collecte d fro m 
th e abov e tw o viewpoint s an d t o investigat e wha t  type s 
of  analog y wer e use d i n real-worl d laboratorie s an d h o w 
the y contribute d t o scientifi c  abduction . 

Method 
T wo method s ca n b e adopte d a s th e i n viv o approach: 
participan t  observatio n an d interview .  Observatio n i s 
considere d t o provid e mor e reliabl e dat a tha n intervie w 
(Dunbar ,  1995 ;  Ericsso n &  Simon ,  1993) ,  becaus e inter -
vie w necessaril y  depend s o n th e memorie s o f  intervie -
wees.  Then ,  wh y wa s th e intervie w metho d adopte d i n 
thi s pape r  i n spit e o f  it s  relativel y lo w reliability ? T h e 
reason s ar e a s follows . 
•  Th e intervie w metho d allow s dat a t o b e collecte d fro m 

researcher s i n variou s fields,  makin g i t  possibl e t o con -
side r  th e difference s a m o n g fields  a s wel l  a s thos e 
among individual s o r  laboratories .  Wi t h a  partici -
pan t  observation ,  dat a ca n onl y b e collecte d fro m re -
searcher s i n on e o r  tw o fields.  Dunbar ,  i n fact ,  col -
lecte d dat a i n onl y on e majo r  field. 

•  I n man y cases ,  th e proces s o f  scientifi c  abductio n 
extend s ove r  a  quit e lon g period .  I t  m a y b e tru e 
tha t  analog y i s  m a d e instantly ,  bu t  th e incubatio n 
(o r  preparation )  an d justificatio n o f  analog y generall y 
nee d a  lon g perio d o f  time .  A n intervie w metho d i s 
als o usefu l  i n thi s respec t  becaus e th e perio d o f  a  re -
searc h projec t  i s  no t  relevant .  I n fact ,  al l  thre e o f  th e 
case s o f  analog y explaine d i n th e nex t  sectio n laste d 
fo r  m u c h mor e tha n th e 1 0 month s ove r  whic h Dunba r 
ha d m a d e participan t  observations . 
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I n t e r v i ewee s 

Twent y tw o leadin g Japanes e researcher s i n th e fields  o f 
natura l  scienc e an d technolog y wer e interviewed :  thei r 
researc h fields  wer e mainl y materia l  science ,  biotechnol -
ogy ,  ecolog y an d theoretica l  astronomy .  Th e intervie -
wees wer e selecte d fro m amon g (h e researcher s whos e 
achievement s ha d bee n highl y estimate d b y thei r  col -
league s bâ se d o n th e consensua l  asstssmen t  itchuique . 
As a  result ,  th e followin g researcher s wer e selected . 

•  A  leade r  o r  a  chie f  researche r  i n a  publi c o r  nationa l 
majo r  researc h project . 

•  A  productiv e an d creativ e researche r  w h o ha d bee n 
awarde d b y academi c societie s i n th e recen t  severa l 
yeeirs . 

Interview method 

Retrospectiv e report s ar e sai d t o suffe r  fro m th e rela -
tivel y lo w reliabilit y  cause d b y th e vaguenes s o f  inter -
viewee' s memorie s (Dunbar ,  1995 ;  Ericsso n e t  al. ,  1993) . 
T o compensat e fo r  suc h a  weakness ,  therefore ,  onl y th e 
researc h project s satisfyin g bot h o f  th e followin g tw o 
condition s wer e selected :  (1 )  th e researc h proces s wa s 
recorde d i n relativ e detai l  an d (2 )  th e researc h projec t 
ha d bee n complete d recentl y o r  wa s i n progress .  I n ad -
dition ,  th e followin g effort s wer e made . 

•  Th e autho r  examine d al l  th e availabl e researc h record s 
provide d b y th e interviewee s themselve s an d b y thei r 
co-researchers . 

•  I n som e cases ,  th e autho r  checke d th e consistenc y o f 
th e dat a provide d b y th e interviewe e himself/hersel f 
an d th e dat a provide d b y his/he r  co-researchers .  Th e 
tw o type s o f  collecte d dat a turne d ou t  t o b e basicall y 
consistent .  I n al l  thre e case s o f  analog y explaine d i n 
th e nex t  section ,  th e dat a wer e collecte d fro m mor e 
tha n on e researche r  pe r  project ,  an d thei r  consistenc y 
was checke d an d confirmed . 

•  Th e autho r  ha d th e interviewee s themselve s reconfir m 
whethe r  th e result s o f  analyzin g th e dat a seeme d ap -
propriat e o r  not .  Th e resul t  o f  a n analysi s wa s ex -
clude d fro m consideratio n whe n i t  wa s regarde d a s in -
appropriate . 

Interview procedure 

Th e intervie w procedur e consiste d o f  thre e tasks :  a  pre -
interview ,  th e intervie w itself ,  an d a  post-interview .  I n 
almos t  ever y case ,  th e interviewe r  repeate d th e inter -
vie w an d post-intervie w wit h th e sam e interviewe e sev -
era l  times . 

Pre-interview The interviewer (the author) pre-
sente d th e questionnair e t o ever y interviewe e i n advance . 
Eac h interviewe e wa s aske d t o selec t  som e case s appro -
priat e fo r  th e purpos e o f  th e intervie w amon g his/he r 
recen t  researc h project s an d t o provid e th e specia l  knowl -
edg e o f  his/he r  field  (i n th e for m o f  a  revie w o r  origina l 
pape r  an d othe r  researc h material )  tha t  wa s necessar y 
fo r  th e interviewe r  t o understan d his/he r  explanation . 
I n addition ,  he/sh e wa s require d t o presen t  his/he r  o w n 
pas t  researc h dat a an d record s whic h th e interviewe r 
use d t o conside r  th e plausibilit y  o f  th e intervie w data . 

Intervie w Eac h interviewe e wa s first  aske d t o dictat e 
th e outlin e o f  his/he r  o w n researc h an d thinkin g pro -
cesse s fo r  th e case s selected .  Tha t  wa s followe d b y ques -
tion s an d answer s betwee n th e interviewe e an d th e in -
terviewer .  Al l  th e dat a wer e recorde d o n tape . 

Post-intervi«^ w Al l  th e protoco l  dat a wer e analyze d 
by th e metho d explaine d below .  Ever y interviewe e wa s 
aske d t o confir m whethe r  th e result s o f  analysi s wer e ap -
propriat e o r  no t  fro m th e technica l  viewpoin t  o f  his/he r 
research .  I n som e cases ,  th e interviewe r  aske d th e in -
terviewee' s researc h colleague s t o confir m whethe r  th e 
interviewee' s report s wer e consisten t  wit h thei r  m e m o-
rie s an d whethe r  th e interviewee' s thinkin g processe s re -
porte d wer e uniqu e t o th e interviewe e o r  migh t  b e com -
monl y observe d amon g th e researcher s i n th e field. 

Method of analysis 

Al l  th e dat a recorde d wer e first  transcribe d an d the n re -
compose d i n chronologica l  order .  Th e content s o f  eac h 
verba l  protoco l  wer e classifie d int o respectiv e researc h 
themes ,  the n eac h them e wa s classifie d int o abductio n 
processes ,  eac h o f  whic h wa s consisten t  i n content .  Th e 
case s o f  analog y wer e elicite d fro m amon g variou s form s 
of  reasonin g observe d i n eac h abductio n process .  Al l 
th e case s wer e analyze d fro m th e viewpoint s o f  th e tw o 
question s concernin g analog y explaine d i n th e first  sec -
tio n an d classifie d int o si x classe s a s explaine d below . 

Criteria of classification The two questions concern-
in g analog y hav e ofte n bee n use d a s criteri a fo r  classify -
in g analogie s i n previou s studie s an d ar e als o use d here . 

First ,  th e case s o f  analog y ca n b e classifie d accordin g 
t o th e type s o f  similarit y use d bot h i n th e retrieva l  o f  a 
potentiall y  relevan t  sourc e an d i n th e mapping .  Thre e 
type s o f  similarit y ar e widel y know n t o b e use d i n th e 
retrieva l  (an d mapping )  process :  object-level ,  relation -
level ,  an d pragmati c similarity .  Th e relation-leve l  simi -
larit y whic h i s irrelevan t  t o th e goa l  o f  analogy ,  however , 
i s  considere d t o b e hardl y use d a s a  retrieva l  cu e becaus e 
a targe t  involve s onl y a  fe w causa l  relations .  I n fact ,  th e 
result s o f  analysi s revea l  tha t  th e relationa l  similarit y 
was neve r  use d a s a  retrieva l  cu e i n al l  th e case s ob -
served .  Relation-leve l  similarit y  is ,  therefore ,  exclude d 
here :  object-leve l  an d pragmati c similaritie s wil l  b e use d 
as classifiers .  Object-leve l  similarit y i s calle d category -
base d similarit y i n thi s paper ,  becaus e th e objec t  whic h 
i s generall y use d a s a  retrieva l  cu e i n scientifi c  abduc -
tio n i s th e categor y o f  natura l  kinds. ^  I n additio n t o th e 
tw o similarities ,  anothe r  typ e o f  similarit y wa s actuall y 
used :  category-formatwna l  similarity ,  whic h mean s tha t 
a potentia l  sourc e i s mappe d t o th e targe t  base d o n th e 
categor y newl y create d i n th e proces s o f  th e analogy . 

Second ,  th e case s o f  analog y ca n b e classifie d accord -
in g t o th e type s o f  searc h fo r  th e knowledg e whic h i s po -
tentiall y  transferred .  Th e mechanis m o f  decidin g whic h 
portio n o f  knowledg e i s t o b e transferred ,  however ,  ha s 
rarel y bee n investigated ,  althoug h som e theorie s o n re -

^Not e tha t  category-base d analog y i n som e case s i s als o 
goal-directe d o r  goal-derived .  Th e questio n her e i s whethe r 
th e goa l  o f  a  targe t  is ,  i n fact ,  use d a s a  retrieva l  cu e o r  not . 
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trieva l  an d mappin g suc h a s S M E (Falkenhainer ,  Forbus , 
k Centner ,  1989 )  an d A R C S (Thagard ,  Holyoak ,  Nelson , 
k Gochfeld ,  1990 )  hav e bee n proposed .  Thi s i s consi d 
ere d t o b e becaus e th e knowledg e structur e o f  a  sourc e i s 
assumed t o b e explicitl y  give n i n mos t  previou s studies . 
The knowledg e structur e o f  concer n o f  bot h th e sourc e 
and th e targe t  can ,  however ,  dynamicall y chang e i n th e 
proces s o f  a n analogy .  T o clarif y  this ,  th e followin g tw o 
classifier s wil l  b e newl y introduced ;  searc h fo r  th e trans -
ferabl e knowledg e base d o n causalit y an d tha t  base d o n 
meta-constraint . 

Al l  th e case s observe d wil l  be ,  therefore ,  classifie d int o 
si x classe s accordin g t o th e thre e type s o f  similarit y an d 
th e tw o type s o f  transfer .  I n addition ,  i t  shoul d b e ana -
lyze d whethe r  themati c abstraction ^  (Suzuki ,  1994 )  wa s 
actuall y use d i n th e proces s o f  analogy ,  becaus e th e ab -
stractio n i s considere d t o b e closel y relate d wit h th e ref -
ormatio n o f  knowledg e o r  conceptua l  chang e whil e a n 
analog y i s bein g made . 

Results and analyses 

There were many intra-iaboratory and interlaboratory 
similaritie s i n th e spontaneou s us e o f  analog y i n abduc -
tion .  Hence ,  a  numbe r  o f  trend s hav e emerge d fro m th e 
intervie w data ,  althoug h th e amoun t  o f  th e dat a i s in -
sufficien t  fo r  statistica l  analysis. ^  Thes e trend s wil l  b e 
explaine d an d th e observe d case s o f  analogie s wil l  b e 
classifie d int o th e si x classe s identified . 

Classification of analogies 

The analogie s observe d ar e explaine d mainl y accordin g 
t o th e type s o f  similarit y use d i n retrieva l  (an d als o i n 
mapping) . 

Goal-directe d analog y I n thi s clas s o f  analogy ,  a  po -
tentiall y  relevan t  sourc e analo g i s retrieve d b y usin g a 
goal  whic h ha s bee n full y clarifie d throug h othe r  type s o f 
reasonin g (includin g meta-reasoning )  prio r  t o th e anal -
ogy :  th e goa l  itsel f  i s  use d a s a  retrieva l  cue. ^  A  typica l 
exampl e i s show n i n Figur e 1 ,  althoug h th e figure  pro -
vide s a  summar y rathe r  tha n th e ra w protoco l  data. ^ 

The detaile d explanatio n o f  th e abductio n base d o n 
analog y use s th e followin g notations .  A  targe t  domai n 
i s denote d b y < .  K t  i s a .  se t  o f  fact s specifi c  t o th e tar -
get .  A  sourc e domai n i s th e on e retrieve d a s a  potentia l 
analogu e o f  th e targe t  domai n t ,  whic h i s denote d b y s . 
K,  i s a  se t  o f  fact s specifi c  t o th e source ,  th e sam e a s 
Kt -  G t  i s th e goa l  o f  th e target . 

First ,  a  domai n wit h G, ,  whic h i s a  counterpar t  o f  Gt , 
i s  retrieve d a s a  potentiall y  relevan t  analogue ,  wher e G , 

'I t  mean s a  thematicall y an d functionall y organize d ab -
stractio n base d o n th e goa l  o f  analogy . 

Ŝtatistica l  analysis ,  whic h i s a  futur e work ,  i s  neede d 
t o decid e t o whic h factor s (researc h field/laborator y strat -
egy/individua l  tendency )  eac h observe d tren d i s attributed . 

^Thi s clas s o f  analog y i s considere d simila r  t o purpose -
directe d analog y i n (Kedar-Cabelli ,  1985) . 

*Th e ra w protoco l  dat a o f  eac h explaine d cas e canno t  b e 
reporte d i n thi s pape r  becaus e the y hav e a  larg e quantit y 
and,  i n som e cases ,  ar e no t  permitte d t o becom e open . 

i s equivalen t  t o G t  wit h respec t  t o th e object s an d rela -
tion s o f  concern .  Speakin g o f  th e cas e show n i n Figur e 
1,  Cr t  i s  " a (molecul e of )  sebu m penetrate s th e interio r 
of  a  singl e fiber"  an d G ,  i s ' a molecul e o f  insecticid e 
penetrate s th e interio r  o f  a  singl e fiber."  Henc e G ,  i s 
simila r  t o G ,  i n tha t  a  certai n molecul e penetrate s th e 
interio r  o f  a  singl e fiber.  Second ,  K', ,  th e portio n o f  K, , 
tha t  causall y explain s G ,  an d tha t  share s th e equivalen t 
fact s wit h Kt ,  i s  searche d for .  A s fo r  th e cas e i n Figur e 1 , 
K' ,  i s  "th e molecul e o f  concer n i s soluble "  whic h share s 
th e propert y o f  solubilit y  wit h Kt .  I n addition ,  K "  whic h 
i s causall y explaine d b y K' ,  i s  searche d for .  A s fo r  th e 
example ,  K "  i s "th e molecul e o f  concer n i s gelabl e an d 
thu s trappe d firmly."  Finally ,  th e unio n o f  K' ^  an d K' /  i s 
transferre d int o Kt -  Thi s cas e i s als o classifie d int o th e 
analog y wit h causality-base d transfer ,  becaus e i t  use s 
th e causalitie s i n searchin g fo r  th e relevan t  knowledge , 
I.e .  K [  an d A 7 . 

Not e tha t  two-stag e similarit y matc h (th e compariso n 
of  goal s an d tha t  o f  potentiall y  relevan t  share d facts )  i s 
ofte n observe d i n thi s analog y an d tha t  th e tw o matche s 
ar e exactl y opposit e i n th e directio n o f  compariso n (th e 
compariso n o f  goal s i s m a d e fro m targe t  t o sourc e whil e 
tha t  o f  fact s i s m a d e fro m sourc e t o target) . 

Thi s analog y require s tha t  th e goa l  o f  a  targe t  b e 
clarifie d befor e th e analogy ,  becaus e th e whol e proces s 
i s goal-directe d an d goal-derived.* ^  T h e reasonin g be -
for e th e analog y m a y contribut e mor e t o abductio n tha n 
th e analog y itself .  Not e tha t  th e relevan t  similarit y an d 
causalit y ar e no t  explici t  t o a n analogis t  i n advanc e bu t 
graduall y m a d e salien t  i n th e proces s o f  a n analogy :  the y 
ar e dynamicall y determine d i n th e ligh t  o f  th e goa l  o f  a n 
analog y whil e the y ar e fixed  i n S M E . 

Thi s clas s o f  analog y i s ofte n use d i n inventin g a 
metho d fo r  realizin g a  goal ® o r  i n speculatin g whethe r  a 
relativel y simpl e phenomeno n i s likel y t o occur .  Abou t 
hal f  o f  th e observe d analogie s belon g t o thi s class :  th e 
number  o f  th e case s i s 10 . 

Category-based analogy In this class of analogy, a 
sourc e analogu e i s retrieve d b y usin g a  categor y o f  nat -
ura l  kind s (Glucksber g b .  Keysar ,  1990) .  I t  i s  becaus e 
th e informatio n availabl e befor e th e analog y i s no t  suf -
ficient:  eithe r  th e goa l  o f  a  targe t  o r  th e causalit y o f  a 
sourc e i s no t  s o clea r  a s i n th e goal-directe d analogy .  O f 
th e seve n case s observed ,  fou r  wer e reporte d b y th e tw o 
researcher s w h o wer e compelle d t o m a k e abductio n b y 
usin g fragmentar y data ,  whic h seem s du e t o th e char -
acteristic s o f  thei r  researc h fields:  th e fields  o f  on e re -
searche r  ar e paleontolog y an d ecology ,  an d tha t  o f  th e 
othe r  i s geology .  A  typica l  exampl e i s show n i n Figur e 
2,  whic h exampl e illustrate s th e followin g characteristic s 
of  th e clcis s o f  analogy . 

^Fo r  example ,  i n th e cas e wher e a  metho d fo r  changin g 
th e scatterin g frequenc y o f  a n electro n wa s transferre d t o a 
targe t  whos e final  goa l  i s  t o develo p a  ne w typ e o f  transistor , 
th e goa l  o f  "changin g th e scatterin g frequency "  wa s alread y 
identifie d b y backwar d reasonin g an d meta-reasonin g prio r 
t o th e analogy . 

*I n thi s case ,  th e two-stag e similarit y matc h i s no t  neces -
saril y  needed :  onl y a  goal-directe d similarit y i s required . 
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T h e m e:  T o develo p a  ne w typ e o f  detergen t  whic h ca n remov e stain s fro m cotto n fabric . 
P rob lem :  Th e researche r  assume d sebu m t o h e th e potentia l  caus e o f  stain s o n cotto n fabric :  h e focuse d o n th e sebum .  H e 

regarde d i t  a s a  primar y proble m t o locat e sebu m i n a  cotto n fabric ,  becaus e tha t  ha d no t  bee n don e a t  tha t  time . 
Situatio n befor e analogy :  Almos t  al l  researcher s believe d tha t  sebu m wa s o n th e surfac e o f  a  singl e fiber .  Th e researche r 

himself ,  therefore ,  trie d wit h a  scannin g electro n microscop e t o find  molecule s o f  sebu m o n th e surfac e o f  a  singl e fiber, 
but  i n Vciin .  The n h e an d hi s colleague s doubte d th e ide a tha t  sebu m wa s o n th e surfac e o f  a  singl e fiber  an d assume d 
tha t  sebu m penetrate d th e interio r  o f  a  singl e fiber:  h e forme d th e assumptio n heuristicall y b y shiftin g hi s attentio n t o th e 
microscopi c structur e o f  th e interio r  o f  a  singl e fiber. 

Analogica l  reasoning :  H e trie d t o evaluat e th e assumptio n base d o n analogy :  h e looke d u p a  pape r  sayin g tha t  a  certai n 
molecul e ca n penetrat e a  singl e fiber.  A s a  result ,  h e coul d find a  pape r  sayin g tha t  a  singl e fiber  consist s o f  crysta l  an d 
iimorphou s domain s an d tha t  a  molecul e o f  insecticid e ca n penetrat e th e amorphou s domain .  I t  als o say s tha t  thi s result s 
fro m th e fac t  tha t  a  molecul e o f  insecticid e i s solubl e and ,  therefore ,  gelable .  The n h e analogicall y decide d tha t  a  molecul e 
of  sebu m coul d als o penetrat e th e interio r  o f  a  singl e fiber  becaus e i t  i s  als o soluble :  th e object s o f  concer n o f  th e tw o 
analogica l  domain s shar e th e propert y o f  solubtlity .  I n addition ,  th e pape r  say s tha t  a  molecul e o f  insecticid e ma y b e firmly 
trappe d insid e a  fiber  becaus e i t  i s  gelable .  I t  was ,  therefore ,  predicte d tha t  a  molecul e o f  sebu m migh t  b e trappe d firmly. 

Figur e 1 :  A  cas e o f  goal-directe d analogy . 

T h e m e:  T o locat e th e spawnin g groun d o f  th e nautilus . 
Situatio n befor e analogy :  Onl y a  fe w thing s wer e know n abou t  th e nautilus :  (1 )  severa l  infan t  individual s wer e observe d 

onl y aroun d cora l  reef s whil e som e dyin g individual s wer e foun d i n wide r  areas ,  (2 )  th e nautilu s prefer s Crustace a a s a  food , 
and (3 )  i t  i s  probabl e fro m th e resul t  o f  a n isotopi c experimen t  tha t  th e nautilu s inhabit s relativel y dee p ocean . 

Analogica l  reasoning :  Th e researche r  recalle d Broadclu b cuttlefis h a s a n analogu e o f  th e nautilus ,  becaus e bot h specie s 
belon g t o th e sam e categor y o f  cephalopod .  A t  th e moment ,  h e analogicall y suppose d tha t  th e spawnin g groun d o f  th e 
nautilu s i s a  coia l  reef ,  th e sam e a s tha t  o f  Broadclu b cuttlefish .  The n h e considere d th e plausibilit y  o f  th e assumptio n 
by constructin g a  structur e o f  explanatio n o n Broadclu b cuttlefis h an d transferrin g i t  t o th e domai n o f  th e nautilus .  Th e 
followin g tw o fact s wer e know n abou t  Broadclu b cuttlefish :  on e i s tha t  Broadclu b cuttlefis h inhabit s th e ope n se a an d th e 
othe r  i s tha t  i t  spawn s i n cor2 d reefs .  H e buil t  a n explanatio n a s follows .  Th e abov e tw o fact s impl y tha t  th e habita t  an d th e 
spawnin g groun d ar e different .  This ,  i n turn ,  support s th e followin g meta-constraint ,  becaus e a  cora l  ree f  is ,  i n general ,  lik e 
a labyrinth :  i f  th e numbe r  o f  spawn s i s small ,  th e spawnin g groun d itsel f  shoul d wor k a s a  shelte r  fo r  th e spawns .  Becaus e 
th e habita t  o f  th e nautilu s wa s als o assume d t o b e th e ope n sea ,  h e wa s convince d tha t  i t  spawne d i n cora l  reef s a s well , 
whic h support s bot h o f  th e abov e meta-constrain t  an d th e fact s abou t  th e nautilu s know n i n thos e days . 

Figur e 2 :  A  cas e o f  category-base d analogy . 

1.  A  kin d o f  categor y (hierarchica l  classificatio n o f  chemi -
cal  substance s an d species )  wa s use d a s a  retrieva l  cue . 

2.  T w o way s o f  searchin g fo r  o r  evaluatin g potentiall y 
transferabl e knowledg e wer e observed :  on e i s base d o n 
causality ,  th e sam e a s i n goal-directe d analogy ,  an d th e 
othe r  i s base d o n constructin g a  plausibl e structura l 
explanatio n consisten t  wit h som e meta-constraints , 
whic h i s show n i n Figur e 2 . 

T h e abov e ar e considere d t o deriv e fro m th e fact s tha t 
(1 )  th e goa l  o f  a  targe t  i s unavailabl e a s a  retrieva l  cu e 
an d (2 )  onl y th e weake r  constraint s o n analogy ,  no t  th e 
stron g causalit y o f  a  source ,  ar e available ^  s o tha t  a n 
analogis t  i s  compelle d t o patchwor k som e fragmentar y 
dat a o r  k n o w n fact s m t o a  structura l  explanation .  Thi s 
i s considere d t o b e attribute d t o th e characteristic s o f 
researc h fields  lik e ecolog y an d geology ,  i n whic h onl y a 
littl e informatio n an d weake r  constraint s ar e available , 
rathe r  tha n t o a n individual' s tendenc y i n reasoning . 
But  thi s i s stil l  a n ope n problem .  T h e proces s o f  search -
in g knowledg e b y usin g meta-constraint s ha s bee n ob -
serve d onl y i n thi s clas s o f  analogy . 

Not e tha t  a  categor y use d i s implicitl y  relevan t  t o th e 
goa l  o f  th e analog y becaus e a n exper t  know s tha t  suc h 

Of  course ,  th e wea k causalit y o f  a  sourc e i s als o used . 

a categor y i s availabl e i n th e ligh t  o f  th e goa l  an d o f 
his/he r  experience s i n usin g th e category  a s a  similarity . 
T h e categor y use d is ,  therefore ,  no t  a  surfac e similarit y 
(Holyoa k &  K o h ,  1987 )  bu t  a  kin d o f  goal-derive d cat -
egor y (Glucksber g e t  al. ,  1990 )  o r  themati c abstraction . 
Interestingly ,  a  category  wa s regarde d a s a  structura l  dis -
similarit y (Holyoa k e l  al. ,  1987 )  i n som e situation s whil e 
i t  wa s use d a s a  similarit y i n simila r  situations ,  depend -
in g o n th e goa l  o f  th e analogy .  Fo r  example ,  a  metho d 
of  assignin g a n u n k n o w n substanc e t o a  know n molecul e 
i n a  single-crysta l  stat e coul d no t  b e analogicall y derive d 
fro m th e method s o f  assignin g th e substanc e t o th e sam e 
molecul e i n othe r  states ,  suc h a s poly-crysta l  an d dis -
solve d states .  T h e interviewe e kne w a s a n exper t  tha t 
th e differenc e i n stat e wa s sometime s fata l  t o analogica l 
transfe r  o f  suc h a n assignin g method ,  althoug h i t  cause d 
no proble m fo r  som e othe r  purposes .  Th e discriminatio n 
of  surface/structura l  similarit y  is ,  therefore ,  considere d 
t o depen d o n th e goa l  o f  analogy :  th e distanc e betwee n 
domains ,  whic h i s discusse d i n (Dunbar ,  1995) ,  i s  diffi -
cul t  t o defin e generall y withou t  considerin g th e goa l  o f 
th e analogy . 

Category-formational Analogy This class of anal-
ogy ha s no t  full y  bee n investigate d i n previou s studie s 
mainl y base d o n psychologica l  experiments .  I n thi s anal -
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Theme:  T o construc t  a  theor y whic h explain s th e uniqu e behavio r  o f  sta r  clusters . 
Situatio n befor e analogy :  Ther e wa s a  theor y whic h aime d t o explai n th e uniqu e behavio r  o f  cluster s b y regardin g a  cluste r 

as a n isotherma l  ga s spher e lik e a  fixed  sta r  (tha i  is ,  th e sourc e analogu e wa s a  mode l  o f  th e interna l  constitutio n o f  stars) . 
Most  researcher s i n thos e days ,  however ,  recognize d thi s analog y a s a  fallacy ,  becaus e a  cluste r  remarkabl y differ s fro m a 
sta r  i n tha t  th e forme r  i s a  discret e syste m wherea s th e latte r  i s  a  continuou s one .  Th e concep t  o f  self-gravitatio n wa s use d 
mainl y i n th e theor y o f  th e interna l  constitutio n o f  stars . 

Analogica l  reasoning :  Th e researche r  assume d tha t  th e uniqu e behavio r  o f  cluster s wa s cause d b y th e fac t  tha t  cluster s 
ar e self-gravitationa l  systems .  H e considere d tha t  i f  th e assumptio n wa s right ,  self-gravitatio n (i.e. ,  th e similarity )  woul d 
influenc e th e uniqu e behavio r  o f  cluster s fa r  mor e drasticall y tha n th e differenc e betwee n discretenes s an d continuit y (i.e. ,  th e 
dissimilarity) .  S o h e considere d tha t  th e theor y o f  th e interna l  constitutio n o f  star s woul d b e available .  T o tak e th e effect s o f 
self-gravitatio n int o account ,  however ,  th e linea r  theor y (o n a n isothermc d gji s sphere )  hau l  t o b e replace d b y anothe r  theor y 
(o n a  heterotherma l  ga s sphere) .  The n h e introduce d bot h Prigogine' s theor y o n non-equilibriu m thermodynamic s an d th e 
linearize d stabilit y  theory ,  an d succeede d i n creatin g th e ne w concep t  o f  selfgravo-thermodynamics .  H e foun d tha t  cluster s 
and star s ar e quit e simila r  fro m thi s viewpoint :  h e modifie d th e theor y o f  th e interna l  constitutio n o f  fixe d star s fro m th e 
viewpoint .  I n th e anaJogicc d transfer ,  however ,  th e modifie d theor y ha d t o b e stil l  mor e modified ,  althoug h partially :  fo r 
example ,  th e scatterin g o f  photons ,  whic h i s th e mai n energ y transfe r  mechanis m withi n a  star ,  i s  replace d b y th e collision s 
of  particle s withi n a  cluster ,  bot h o f  whic h ar e equivalen t  fro m th e viewpoin t  o f  interna l  energ y transfe r  mechanism .  Thes e 
difference s brough t  som e critica l  dissimilaritie s i n th e end :  th e mos t  significan t  on e i s tha t  onl y th e cor e o f  a  cluste r  suffer s 
fro m gravitationa l  collaps e whil e th e whol e o f  a  sta r  doe s s o an d finally  grow s int o a  blac k hole . 

Figur e 3 :  A  cas e o f  category-formationa l  analogy . 

ogy ,  a  sourc e analogu e i s connecte d wit h an d mappe d 
t o a  targe t  b y usin g a  categor y lik e i n th e category -
base d analogy .  Thi s analogy ,  however ,  differ s fro m th e 
category-base d analog y i n tha t  a  ne w categor y i s bein g 
create d i n th e proces s o f  analog y i n th e forme r  whil e th e 
categor y use d i s stati c o r  fixed  i n th e latter .  Tha t  i s 
becaus e a  targe t  ha s a  weake r  connectio n wit h a  sourc e 
analogu e i n th e forme r  analog y tha n i n th e latte r  one . 
The numbe r  o f  case s i s onl y 2 ,  bot h o f  whic h wer e re -
porte d b y th e researcher s i n theoretica l  astrophysics .  A 
typica l  exampl e i s show n i n Figur e 3 ,  whic h suggest s th e 
followin g importan t  points . 

1.  Ther e ha d existe d a  simila r  bu t  fallaciou s analog y be -
for e thi s analogy .  T h e sourc e wei s retrieve d b y us -
in g th e pre-existin g categor y o f  self-gravitation ,  bu t 
it s  relevanc y coul d no t  b e zissure d b y th e category ,  be -
caus e th e connectio n betwee n th e tw o domain s wa s 
not  salient . 

2.  A  categor y o f  selfgravo-thermodynamics ,  whic h wa s 
use d a s a  cu e fo r  th e mappin g rathe r  tha n th e re -
trieval' "  wa s forme d i n th e proces s o f  analog y b y 
newl y introducin g othe r  theorie s an d b y extendin g th e 
pre-existin g categor y whic h ha d bee n specifi c  t o th e 
source .  A s a  result ,  th e connectio n betwee n th e tar -
get  an d th e sourc e wa s established .  T h e newl y forme d 
categor y i s considere d a  kin d o f  themati c abstractio n 
becaus e th e pre-existin g categor y wa s thematicall y re -
organize d int o th e categor y i n ligh t  o f  th e goa l  o f  th e 
analogy . 

3.  Th e transfe r  o f  knowledg e wa s almos t  a n embeddin g 
base d o n causality ,  bu t  th e proces s o f  modifyin g th e 
transferre d knowledg e wa s quit e complicated .  The -
mati c abstractio n i s considere d t o hav e als o bee n use d 
her e becaus e th e categor y o f  interna l  energ y transfe r 
mechanis m i s no t  s o muc h a  c o m m o n categor y a s a n 
ad ho c on e tailore d fo r  thi s modification . 

4.  T h e researche r  testifie d tha t  th e dissimilarit y betwee n 
cluster s an d star s ha d bee n m a d e m u c h o f  afte r  th e 
analogica l  transfe r  whil e th e similarit y ha d bee n im -
portan t  a t  th e beginning . 

The most important in this case is that the whole anal-
ogy i s drive n b y themati c abstraction .  T h e abstractio n 
enable s th e reformatio n o f  knowledg e accordin g t o th e 
goal  o f  analogy ,  whic h provide s th e similarit y betwee n 
th e domains .  Thi s dynami c proces s o f  analog y i n actua l 
scientifi c  abductio n ha s no t  full y  bee n clarifie d i n S M E , 
A C ME (Holyoa k k  Thagar d 1989 )  o r  A R C S . 

T h e autho r  believe s tha t  th e fourt h poin t  ca n b e at -
tribute d t o th e characteristic s o f  th e researc h field  o f 
theoretica l  astrophysics ,  becaus e thi s phenomeno n wa s 
mor e o r  les s observe d i n bot h ceises ,  althoug h thi s i s stil l 
an ope n question . 

Effect s o f  analog ie s 

Table 1: The classification of the observed cases 
figure  denote s th e numbe r  o f  th e cases) . 

'eac h 

goal-directe d 
category-base d 

category-formationa l 

transfe r  base d 
on causalit y 

transfe r  base d o n 
met a constrain t 

3 
2 

'"Thi s i s becaus e th e sourc e ha s alread y bee n retrieve d b y 
usin g th e pre-existin g category . 

Bot h th e classificatio n o f  th e observe d case s an d th e com -
pariso n betwee n th e classe s o f  analog y ar e summarize d 
i n Tabl e 1  an d Tabl e 2 .  O f  th e thre e classe s base d o n th e 
similarit y criterion ,  th e goal-directe d analog y i s clos e t o 
deductio n becaus e bot h th e retrieva l  o f  a  potentia l  sourc e 
and th e searc h fo r  potentiall y  transferabl e knowledg e ar e 
carrie d ou t  b y usin g bot h th e goa l  o f  a  targe t  an d th e 
causalit y o f  a  source .  Thi s clas s o f  analogy ,  therefore ,  re -
quire s tha t  it s goa l  b e clea r  an d specific .  I f  th e goa l  an d 
th e causalit y use d ar e no t  problem-specific ,  thi s analog y 
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Tabl e 2 :  Th e compariso n o f  th e thre e classe s o f  analogy . 
classe s o f 
analog y 

goal-directe d 

category-base d 

category-formationa l 

availabilit y 
of  a  goa l 

hig h 

I 

lo w 

retrieva l  cu e 

goal 

common-categor y 

newl y forme d 
categor y 

type s o f  transferre d 
knowledg e 

metho d o r  simpl e 
phenomeno n 

metho d o r  structura l 
explanatio n 

theor y 

relate d for m 
of  reasonin g 

deductio n 

constructio n o f 
a belie f  networ k 

theor y 
applicatio n 

m ay b e th e wha t  i s calle d deduction.^ ^  Thi s analog y 
is ,  therefore ,  considere d t o hav e th e leas t  possibilit y  o f 
leadin g t o menta l  leaps .  Th e category-base d analog y 
i s considere d t o realiz e th e constructio n o f  a  belie f  net -
wor k (Peeirl ,  1988 )  base d o n knowledg e transfer :  som e 
fragment s o f  knowledg e an d thei r  link s ar e newl y intro -
duce d t o a  targe t  an d som e uncertai n belief s concernin g 
th e targe t  ar e mad e mor e certai n b y th e analogy .  Th e 
category-formationa l  analog y i s clos e t o theor y applica -
tion :  a  theor y ca n b e transferre d an d applie d t o a  targe t 
by newl y introducin g a n abstrac t  viewpoin t  whic h ca n 
pla y th e rol e o f  a  bridg e spannin g tw o domains ,  an d b y 
extendin g th e origina l  theory .  I n th e las t  tw o classe s 
of  cinalogies ,  th e goal s ar e les s clea r  an d specifi c  tha n 
i n th e goal-directe d analogy .  Thes e analogie s are ,  there -
fore ,  considere d t o hav e mor e potentia l  o f  causin g menta l 
leap s tha n th e goal-directe d one .  Th e difference s amon g 
th e thre e analogie s m a y depen d o n th e differenc e i n th e 
degre e o f  clarificatio n o f  a  goa l  an d i n th e availabilit y  o f 
th e goa l  a s a  retrieva l  cue . 

General discussions 

Thi s stud y applie s a n intervie w metho d t o investigat e 
ho w scientist s us e analogies ,  no t  i n artificia l  setting s suc h 
as psychologica l  experiments ,  bu t  i n actua l  scientifi c  con -
texts .  Thi s pape r  firs t  provide s som e remarkabl e case s 
of  analogie s use d i n real-worl d laboratorie s an d reveal s 
tha t  eac h o f  th e cases ,  especiall y tha t  o f  th e category -
formationa l  analogy ,  show s a  mor e dynami c an d com -
plicate d proces s a s a  whol e tha n tha t  observe d i n cog -
nitiv e experiments .  Th e autho r  the n classifie d al l  th e 
case s collecte d accordin g t o th e tw o criteria :  th e type s 
of  similarit y an d th e type s o f  transfer .  A s a  result ,  i t  wa s 
reveale d tha t  fou r  classe s o f  analogy ,  on e o f  whic h ha s 
not  full y  bee n investigated ,  wer e use d i n actua l  scientifi c 
abduction ,  whic h diffe r  i n th e eff"ect s o n abduction .  Al l 
thes e wer e no t  full y  clarifie d i n (Dunbar ,  1995 ;  Holyoa k 
k Thagard ,  1995) . 

Th e result s o f  analysi s revea l  tha t  al l  th e case s o f  anal -
ogy i n actua l  scientifi c  abductio n ar e mor e o r  les s goal -
directe d o r  goal-derived .  A s a  result ,  thi s stud y doe s no t 
postulat e th e initia l  proces s o f  formin g man y unneces -
sar y mappings ,  whic h coul d no t  b e actuall y observed ,  a s 
postulate d i n S M E ,  A C M E an d A R C S .  I n tw o classe s o f 
analogy ,  themati c abstractio n turn s ou t  t o b e muc h used : 
i t  enable s th e reformatio n o f  knowledg e (includin g th e 

'^Man y case s i n whic h problem s wer e solve d b y usin g gen -
era l  causalit y  were ,  i n fact ,  classifie d int o deductiv e proble m 
solvin g i n th e an<ilysis . 

similarit y  itself) .  Thi s stud y i s considere d t o diffe r  fro m 
most  previou s studie s i n thi s respec t  becaus e the y coul d 
not  full y  clarif y th e dynami c an d complicate d proces s 
of  analog y wit h respec t  t o th e reformatio n o f  knowledg e 
base d o n themati c abstraction . 

Of  cours e thi s stud y ha s som e problems .  I n particular , 
th e intervie w metho d suffer s fro m relativel y lo w reliabil -
ity .  Som e effort s wer e therefor e mad e t o compensat e fo r 
thi s weakness .  Ther e is ,  however ,  somewha t  o f  a  ga p be -
twee n wha t  peopl e actuall y thin k an d wha t  peopl e ar e 
consciou s o f  whil e the y ar e thinking .  Hence ,  i t  i s  on e o f 
th e futur e work s t o collec t  dat a b y participan t  observa -
tio n an d t o compar e the m wit h th e dat a o f  th e presen t 
study . 
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