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R e c e n t  W o r k i n C o m p u t a t i o n a l  Scientifi c  D i s c o v e r y 

Lindley Darden (dArdeneumiacs.umd.edu) 
Committe e o n th e Histor y an d Philosoph y o f  Science ,  Departmen t  o f  Philosoph y 

UnivCTsit y o f  Maryland ,  Colleg e Park ,  M D 2074 2 U S A 

Abstrac t 

This paper reviews woA in computational scientific 
discovery .  Afte r  a  brie f  discussio n o f  it s history ,  th e focu s wil l 
be o n wor k sinc e 1990 .  Th e secon d hal f  o f  th e pape r  discusse s 
th e author' s us e o f  thre e method s fo r  studyin g reasonin g 
strategie s i n scientifi c  change :  historical-philosophica l  vs . 
live-in-the-la b vs .  computational ,  pointin g ou t  advantage s an d 
disadvantage s o f  th e computationa l  method . 

Introduction 

Tho B ar e a  numbC T o f  apjxoache s t o th e stud y o f  reasonin g 
i n scientifi c  discovery .  I n additio n t o computationa l 
approaches ,  wor k continue s i n cognitiv e scienc e (e.g. , 
Schun n &  Dunbar ,  1996) ,  i n laborator y studie s (e.g. ,  Daide n 
& Cook ,  1994 ;  Dunbar ,  1995 )  an d i n philosoph y o f  scienc e 
(e.g. ,  Bechte l  &  Richardson ,  1993 ;  Darden ,  1991 ;  Kleiner . 
1993 ;  Nersessian ,  1992 ;  Nickles ,  1994 ;  Schaffner ,  1993 ; 
Spines ,  Glymou r  &  Scheines ,  1993) .  Unfortunately ,  o f  th e 
ove r  20 0 paper s an d abstract s submitte d fo r  th e Philosoph y 
of  Scienc e Associatio n meetin g i n 1996 ,  non e wer e o n th e 
topi c o f  reasonin g i n scientifi c  discover y (Darden ,  Ed. ,  1 9 % ; 
1997) .  Mos t  philosopher s o f  scienc e d o no t  vie w discover y 
as a  centra l  topi c i n th e field,  de^it e continuin g wor k b y 
thos e o f  u s calle d "friend s o f  discovery "  (Nickles ,  E d 1980) . 
I t  i s  encouragin g tha t  th e Cognitiv e Scienc e Societ y i s 
sponsorin g thi s Symposiu m o n Scientifi c  Discovery . 

Thi s pape r  wil l  briefl y revie w th e histor y o f 
computationa l  scientifi c  d i scov ^  tha t  use s method s from 
artificia l  intelligence .  (Non-cognitive ,  non-A I  computationa l 
wor k i s outsid e th e scop e o f  thi s paper. )  Th e firs t  par t  o f  th e 
p^)e r  wil l  concentrat e o n th e w w k sinc e 199 0 (Shrage r  & 
Langley ,  Eds.) .  Th e extensiv e refwence  lis t  provide s a  guid e 
fo r  furthe r  reading .  Th e secon d hal f  o f  th e pape r  wil l 
compar e thre e method s use d i n m y o w n wor k o n reasonin g 
strategie s i n scientifi c  change .  Finally ,  I  wil l  poin t  ou t 
advantage s an d disadvantage s o f  th e computationa l  apisoac h 
from  m y perspectiv e a s a  philosophe r  o f  science . 

Pioneering Work 

The stud y o f  computationa l  scientifi c  discover y emerge d 
fro m th e vie w tha t  scienc e i s a  proble m solvin g activity , 
tha t  heuristic s fo r  proble m solvin g ca n b e ĵplie d t o th e 
stud y o f  scientifi c  discover y i n eithe r  historica l  o r 
contempn^r y cases ,  an d tha t  method s i n artificia l 
intelligenc e provid e technique s fo r  buildin g computationa l 
systems .  Pioneer s i n thi s wor k ar e Bruc e Buchana n (e.g. , 
1982 )  an d Herber t  Simo n (e.g. ,  1977) .  Buchana n wa s traine d 
as a  philosophe r  o f  scienc e a t  a  tim e whe n th e professio n 
was dominate d b y Popper's  ( 1 % 5 )  vie w tha t  ther e i s n o 
logi c o f  discov^ .  Buchana n state d th e ne w researc h 

program :  "Th e traditiona l  proble m o f  fmdin g a n rffective 
metho d fo r  formulatin g tru e hypothese s tha t  bes t  explai n 
phenomen a ha s bee n transforme d int o finding  heiuisti c 
method s tha t  generat e plausibl e explanations .  Th e proble m 
of  givin g rule s fo r  [H-oducin g tru e scientifi c  statement s ha s 
been rq)lace d b y th e proble m o f  finding  efficien t  heuristi c 
rule s fn -  cullin g th e reasonabl e candidate s fo r  a n explanatio n 
from  a n qjpropriat e se t  o f  possibl e candidates "  [an d fmdin g 
method s fo r  constructin g th e candidates ]  (Buchana n 198S , 
110-111) .  DiscovCT y a s heuristi c searc h i n a  searc h spac e 
enable d A I  method s t o b e applie d t o d i s c o v ^  tasks . 

Th e first  exper t  system ,  D E N D R A L,  wa s a  scientifi c 
discover y system .  I t  fcffme d hypothese s abou t  chemica l 
compounds ,  give n mass-spectrographi c dat a (Lindsay . 
Buchanan .  Feigenbaum ,  &  Ledeiberg .  1980;1993) .  Thi s wa s 
followe d b y M e t a - D E N D R A L .  whic h discovere d ne w rule s 
i n mas s q)ectrogr^hi c analysis ,  s o a s t o by-pas s th e 
proble m o f  gettin g rule s from  expert s (Buchana n & 
Feigenbaum ,  1978) .  Althoug h it s origina l  algorith m wa s a 
computationa l  reaUzatio n o f  Lederberg' s systemati c sca n 
strateg y (Ledeiberg ,  1965) ,  D E N D R AL wa s buil t  t o can y 
out  a  contempcH-ary ,  difficul t  scientifi c  tas k rathe r  tha n a s a 
model  o f  huma n cognition . 

A mor e historical-cognitiv e approac h wa s th e ai m o f  th e 
v/ot k o n B A C O N,  whic h rediscovere d variou s scientifi c  law s 
by fmdin g pattan s i n numerica l  dat a (Langley .  S imon . 
Bradsha w &  Zytkow ,  1987) .  Simon' s earl y wor k o n findin g 
pattern s i n sequence s (Simo n &  Kotovsky ,  1963 )  wa s 
extende d i n B A C O N t o heuristi c searc h fo r  pattern s i n 
numerica l  data .  Th e mos t  creativ e o f  B A C O N ' s abilitie s wa s 
th e decompositicM )  o f  relational  dat a t o conjectur e intrinsi c 
propertie s i n on e o r  mor e o f  th e object s engagin g i n th e 
relations.  Thi s ste p wen t  beyon d curve-fittin g an d wa s base d 
on th e met£4>hysica l  assumptio n tha t  a n entity' s relational 
prq)ertie s ar e cause d b y it s intrinsi c properties .  I n additkx i 
t o th e data-drive n task s modele d i n B A C O N,  th e grou p als o 
investigate d thcOTy-drive n discover y i n S T A H L .  O n e 
wonder s t o wha t  exten t  thes e program s mode l  actua l 
cognitiv e processe s o f  historica l  scientists ,  a s o i ^se d t o 
finding  strategie s whic h ar e sufficien t  t o iqxoduc e th e 
historica l  results.  A s wit h mos t  simulations ,  the y piovid e 
"ho w possibly "  accounts .  Usin g studie s o f  noteboo k 
evidence ,  th e K E K A D A syste m (Kulkar i  &  Simon .  1988 ) 
modele d reasonin g pattau s i n som e discovaie s o f  th e 
biochemis t  Han s Kreb s an d focuse d o n response s t o 
surprisin g experimenta l  results ,  helpin g t o dispe l  th e 
myster y o f  SCTendipit y i n discovery . 

A seminal  conf^enc e o n computationa l  method s fo r 
scientifi c  d iscov^ .  whos e proceeding s wer e publishe d i n 
199 0 (Shrage r  &  Langley ,  Eds. )  i s  a  usefu l  sourc e fo r  th e 
stat e t o th e field  a t  tha t  time . 
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Recent  Wor k 

Some of the pioneers in scientific discovery, e.g., Buchanan, 
Simon ,  an d Zytkow ,  pus h ahea d wit h thei r  research 
programs .  Other s w h o contribute d t o th e 199 0 volum e ar e 
stil l  workin g o n discoveiy .  Th e America n Associatio n fo r 
Artificia l  Intelligenc e sponsore d a  Sprin g Symposiu m o n 
Systemati c Method s o f  Scientifi c  Discover y i n March , 
1995 .  A  specia l  issu e o f  Artificia l  Intelligenc e o n 
computationa l  discover y i s abou t  t o ̂ pear ,  althoug h fewe r 
paper s wer e receive d tha n th e editor s wishe d (Simon .  Vakles -
Peie z &  Sleeman ,  forthcoming) .  Data-minin g i n scientifl c 
database s i s a n activ e are a o f  research ,  a s ar e othe r 
computationa l  ap[HX)ache s applie d t o individua l  sciences , 
e.g. ,  intelligen t  system s i n molecula r  biology .  I t  i s 
becomin g m a e difficul t  t o locat e computationa l  discover y 
wor k becaus e m u c h o f  i t  i s publishe d i n scientifi c  joumals -
a goo d sig n tha t  th e method s o f  producin g result s o f  interes t 
t o practicin g scientists . 

Buchana n (e.g. ,  Le e e t  al. ,  1996 )  continue s woi k o n rul e 
inductio n applie d t o variou s scientifi c  databases .  S imo n i s 
studyin g th e difficul t  problem s o f  constructin g diagrammati c 
rqjresentation s (Larid n &  Simon ,  1987 ;  Qi n &  Simon , 
1995 )  an d o f  modelin g relation s betwee n diagrammati c an d 
verba l  reasonin g (Tabachneck-Schijf ,  Leonardo ,  &  Simon , 
1996) .  Zytko w continue s t o wor k o n variou s aspect s o f 
discovCTy ,  includin g analyzin g th e component s neede d fo r  a n 
autonomou s discov« y agen t  (e.g. .  Zytkow ,  1995/96 )  an d 
knowledg e discover y i n database s (e.g. .  Zytko w & 
Zembowicz ,  1996) . 

M u ch o f  th e curren t  wor k i n computationa l  discover y i s 
occurrin g withi n application s t o particula r  sciences . 
Accordin g t o PetC T Karp .  th e whol e fiel d o f  bioinfcHinatic s i s 
doin g computationa l  scientifi c  discovo y bu t  ther e i s  a 
gradien t  firom  computationa l  discovme s tha t  ar e no t  base d 
on A I  methods ,  t o computationa l  discoverie s tha t  ar e base d 
on A I  methods ,  t o method s wit h a  "cognitiv e flavw. "  No t 
m u ch o f  th e bioinformatic s wor k fall s  int o th e las t  categoy . 
HowevCT.  Kar p (e t  al. ,  1996 )  ̂ plie d reasonin g b y analog y 
t o predic t  metaboli c pathway s i n th e bacterium .  H . 
ir^uenzae ,  base d o n th e extensiv e knowledg e bas e tha t  h e 
and Monic a Riley ,  a  bacteria l  geneticist ,  hav e devekqie d io c 
E.  coli . 

Larr y Hunter ,  a  frequoi t  edito r  o f  publication s i n A I  an d 
molecula r  biolog y (e.g. .  Hunte r  1993) ,  recentl y informe d m e 
tha t  ther e i s  a  clea r  succes s i s th e applicatio n o f  A I 
technolog y t o molecula r  biology :  hidde n Marko v model s 
( H M M s)  fo r  molecula r  sequenc e analysis .  The y ar e bein g 
applie d t o automaticall y buil d model s o f  familie s o f 
nucleotid e an d amin o aci d sequences .  Thes e model s ar e 
usefu l  a s extremel y sensitiv e classifio ^  o f  nove l  sequences , 
and als o generat e multipl e sequenc e alignment s o f  larg e 
number s o f  sequence s i n a  computationall y efficien t  way . 
Tool s base d o n thi s approac h ar e n o w i n wid e us e i n th e 
biologica l  community .  A  review  articl e i s  Edd y (1996) . 
Also ,  Al-base d qualitativ e reasonin g technologie s hav e 
produce d sevoa l  goo d 2q}plication s i n reasonin g abou t 
metabolism .  Perhap s somewha t  surprisin g i s tha t  th e wor k 
i n intelligen t  system s i n molecula r  biology ,  fo r  th e mos t 
part ,  doe s no t  emplo y discovw y method s discusse d a t  th e 
ShragC T an d Langle y (Eds .  1990 )  confCTence . 

The extensiv e protei n sequenc e databas e ha s provide d a 
challeng e fo r  thos e seekin g t o fin d computationa l  medxxl s 
t o predic t  h o w th e linea r  amin o acid s wil l  fol d int o th e 
secondar y an d tertiar y structure s i n proteins .  Th e H u m a n 
G e n o me Project ,  whic h i s  nqiidl y producin g million s o f 
base s o f  sequenc e informatio n abou t  bot h huma n an d mode l 
CH-ganis m genomes ,  present s a  challeng e fo r  computationa l 
appoaches .  Goo d jHogram s ar e neede d fo r  discoverin g genes , 
bot h codin g region s an d regulator y regions ,  i n thes e linea r 
sequences .  Curren t  program s ar e no t  goo d a t  fmdin g introns , 
intervenin g sequence s betwee n th e codin g region s o f  genes . 
Sinc e th e geneti c syste m ha s som e mean s o f  detectin g 
introns ,  on e ca n expec t  computationa l  system s t o b e abl e t o 
discove r  th e signal(s) .  Knowledg e discover y i n scientifi c 
database s (e.g. ,  Fayyad ,  Haussle r  &  Sloloiz ,  1996 )  promise s 
t o b e a n importan t  are a i n comin g years . 

Raul  VaWes-Percz' s (1994 )  wor k i n chemistr y show s th e 
power  o f  computationa l  system s i n doin g a  systemati c 
searc h o f  a  hypothesi s space ,  give n certai n constraints . 
M E C H EM i s abl e t o find  reactio n pathway s tha t  chemist s 
hav e missed . 

Buchanan' s wor k o n rul e discover y i n scientifi c  database s 
and Valdes-Perez' s wor k o n systematicall y conjecturin g 
chemica l  reactio n pathway s illustrat e th e powe r  o f  desig n A I 
system s tha t  aim ,  no t  a t  realisticall y modelin g huma n 
cognitiv e capacities ,  bu t  usin g computationa l  method s t o 
circumven t  huma n limitations .  H u m a n s ar e no t  goo d a t 
searchin g massiv e database s an d manipulatin g set s o f  rule s 
wit h man y feature s t o mak e predictions .  Cognitiv e scienc e 
researc h ha s show n tiiat  human s hav e a  tendenc y t o focu s 
to o rapidl y o n on e hypothesi s befor e doin g a  systemati c 
searc h o f  a  hypothesi s space .  Discovo y program s Uia t  ar e 
m oK systemati c an d mor e thoroug h tiian  human s ar e a n ai d 
t o scientists . 

Computational Discovery: Pros and Cons 

My o w n w w k o n reasonin g i n scientifi c  chang e focuse s 
on a n cycli c process :  discovery ,  assessment ,  revision .  Give n 
a goo d revision  procedure ,  one' s discover y method s ca n b e 
weaker .  Strategie s fo r  thes e processe s include :  strategie s f a 
producin g ne w ideas ,  e.g. .  analogies ,  abstractio n 
instantiation ,  interfiel d relations;  strategie s fo r  theor y 
assessment ,  e.g. ,  p-ediction-testing ,  relations  l o theorie s i n 
o th ^  fields;  an d strategie s fo r  anomal y resolutio n (Daide n 
1991 ,  Ch .  15) .  AftC T extensiv e historica l  stud y (r f  th e 
developmen t  o f  Mendelia n genetics ,  I  p n ^ s e d hypothetica l 
strategie s o f  th e thre e types .  Th e historica l  evidenc e wa s 
inadequat e t o sho w tha t  Uie y ar e descriptiv e cognitiv e 
strategie s actuall y use d b y geneticists .  Instead ,  the y ar e 
hypothetica l  strategie s tha t  coul d hav e bee n use d i n th e 
historica l  developmen t  o f  th e theor y o f  th e gen e t o produc e 
th e change s tha t  < M occu r  (Darden .  1991) .  O n e need s t o 
sho w tha t  thes e strategie s ar e effectiv e problem-strfvin g 
strategies ,  instance s o f  usefu l  "compile d hindsight "  (EJarden , 
1987) ,  aî licabl e t o additiona l  cases ,  worth y o f  bein g use d 
by contemporar y scientist s o t  t o buil d A I  discover y systems . 

I  visite d i n Joshu a Lederfoerg' s Laboratcx y fo r  Molecula r 
Genetic s an d Informatic s an d participate d i n episode s o f 
anomal y resolution  tha t  exemplifie d som e o f  tiie revision 
strategie s I  ha d propose d (Dade n &  Coo k 1994) .  On e 
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difficult y wit h th e live-in-th e la b approac h i s tha t  littl e ma y 
happe n whil e yo u ar e there ;  fortunately ,  I  wa s abl e t o 
observ e som e anomal y resolutio n strategie s i n use . 
Althoug h I  hav e attempte d t o implemen t  som e o f  th e 
strategie s i n A I  program s i n orde r  t o demonstrat e ihci r 
efficac y (e.g. .  Darde n &  Rada ,  1988 ;  Kettle r  &  Dardc n 1993 ; 
Darden ,  1997) ,  I  hav e returne d t o historical-philosophica l 
work ,  testin g whethe r  strategie s fro m th e Mendelia n cas e 
appl y t o molecula r  biolog y QDarden ,  1995) . 

Computationa l  discover y wor k ha s advantage s an d 
disadvantages .  Findin g a n adequat e knowledg e representatio n 
fo r  a  scientifi c  cas e i s difficul t  Earl y wo- k attempte d t o 
represen t  th e relation s betwee n gene s an d chromosome s i n 
part-whol e hiaarchie s an d t o implemen t  reasonin g vi a 
inhoitanc e an d tpwai d propagatio n o f  propertie s (Darde n & 
Rada,  1988) .  A  muc h mor e fruitfu l  metho d fo r  knowledg e 
re{xesentado n i n genetic s wa s th e functiona l  reinesentatio n 
(Josq)hsons ,  Eds. ,  1994 )  fo r  geneti c processe s (Datde n 
1997) .  Furthermore ,  whe n on e i s designin g a  computationa l 
syste m t o rediscove r  a  historica l  hypothesis ,  on e mus t 
navigat e betwee n designin g a  syste m tha t  triviall y 
rqroduce s exactl y wha t  on e i s sedcin g versu s designin g a 
syste m tha t  i s unabl e t o accomplis h th e tas k a t  all .  Analog y 
system s ofte n suffo '  thes e problems :  eithe r  th e analo g i s 
represente d i n suc h a  wa y tha t  th e syste m easil y finds  i t  a 
ther e ar e s o man y analog s tha t  th e tas k become s impossibl e 
(f w attempt s t o navigat e betwee n thes e problems ,  se e 
KetUe r  &  Darden ,  1993 ;  Holyoa k &  Thagard ,  1995) . 

An advantag e o f  computationa l  method s i s th e precisio n 
and completenes s tha t  i s  require d t o buil d a  workin g system . 
The philosopher-historia n ma y neglec t  aspect s tha t  th e 
programme r  mus t  specif y  i n detai l  i f  th e syste m i s t o run .  A 
computationa l  iq)proac h force s on e t o reexamin e aspect s tha t 
may b e oth^wis e neglected .  Howevo- ,  thi s advantag e i s 
purchase d a t  th e pric e o f  muc h tim e an d effor t  t o implemen t 
even smal l  part s o f  a  historica l  case .  Variou s aspect s o f 
human discovery ,  suc h a s th e us e o f  pictoria l  model s (e.g. , 
th e bead s o n a  strin g mode l  fo r  gene s o n chromosomes) , 
provid e substantia l  difficultie s whe n designin g a n 
implementation .  O n th e plu s side ,  onc e on e ha s investe d th e 
effor t  i n buildin g a  runnin g system ,  the n ther e i s th e fu n o f 
runnin g exp^ments ,  doin g "what-i T analyses ,  testin g 
altOTiativ e strategies . 

The ĵproac h i n ou r  T R A N S G E NE syste m (Darden , 
Moberg ,  Thadan i  &  Josephson ,  1992 ;  Darden ,  1997 )  wa s 
als o use d b y Kai p (1990 )  i n hi s G E N S I M an d H Y P G EN 
system s an d point s t o a  fruitfu l  wa y t o desig n a 
computationa l  discover y system .  A  qualitativ e simulato r  o f 
biologica l  (o r  other )  processe s i s buil t  an d use d t o mak e 
predictions .  Dat a i s siq)plie d t o tes t  th e prediction s an d 
anothe r  componen t  o f  th e syste m compare s th e predictio n 
wit h data ,  detect s anomalies ,  an d use s diagnosiŝ edesig n 
strategie s t o localiz e th e faul t  i n th e simulato r  an d redesig n a 
modul e t o remove  th e anomaly .  Perhap s thi s architectur e 
may b e o f  us e i n buildin g futur e A I  system s o r  perii ^ 
more traditiona l  simulatio n model s migh t  b e couple d wit h a 
revision  syste m t o d o diagnosis/redesig n fo r  anomal y 
resolutio n an d mode l  improvemen t 

I t  wil l  b e excitin g t o se e wha t  computationa l  scientifi c 
discover y produce s i n th e comin g years . 
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www.cs.cmu.edu/~sci-dis c 

References 

Alberdi ,  E .  &  Sleeman ,  D .  (1997 ,  forthcoming) .  "ReTAX : 
A Ste p i n Th e Automatio n o f  Taxonomi c Revision, " 
Art̂ icia l  Intelligenc e 91(2) . 

Baker ,  L .  M .  &  Dunbar ,  K .  (1996) .  "Constraint s o n th e 
Experimenta l  Desig n Proces s i n Real-Worl d Science, "  i n 
G.W.  Cottrel l  (Ed.) ,  Proceeding s o f  th e Eighteent h Annua l 
Conferenc e o f  th e Cognitiv e Scienc e Society ,  pp .  154 -
159.  Mahwah ,  NJ :  Lawrenc e Erlbau m Associates . 

Bechtel ,  W .  &  Richardson ,  R.C .  (1993) .  Discoverin g 
Complexity :  Decompositio n an d Localizatio n a s Strategie s 
i n Scientifi c  Research .  Princeton ,  N .  J. :  Princeto n 
University . 

Buchanan ,  B.G .  (1982) .  "Mechanizin g th e Searc h fo r 
Explanator y Hypotheses, "  i n P .  Asquit h &  T .  Nickle s 
(Eds.) ,  PS A 198 2 V .  2 ,  pp .  129-146 .  PhUosoph y o f 
Scienc e Association ,  Eas t  Lansing ,  Michigan . 

Buchanan ,  B.G .  (1985) .  "Step s Towar d Mechanizin g 
Discovery, "  i n K .  Schaffiie r  (Ed.) ,  Logi c o f  Discover y en d 
Diagnosi s i n Medicine .  Berkeley :  Universit y o f  Californi a 
Press . 

Buchanan ,  B.G .  (1994) .  "Th e Rol e o f  Expaimentatio n i n 
Artificia l  Intelligence, "  Phil .  Trans .  R .  Soc .  Land .  A 
349:153-166 . 

Buchanan ,  B.G .  &  Feigenbaum ,  E .  A .  (1978) .  " D E N D R AL 
and Meta-DENDRAL :  Thei r  Application s Dimension, " 
Artificia l  Intelligenc e 11:5-24 . 

Cohen,  D ,  M. .  Kulikowski ,  C ,  &  Berman ,  H .  (1995) . 
"DEXTER:  A  Syste m tha t  Experiment s wit h Choice s o f 
Trainin g Dat a Usin g Exper t  Knowledg e i n th e Domai n o f 
D NA Hydration, "  Machin e Learnin g 21:81-101 . 

Corruble ,  V .  & .  Ganascia ,  J.- G (1997 .  fwthcoming) . 
"Inductio n an d Th e Discover y o f  th e Cause s o f  Scurvy :  A 
Computationa l  Reconstruction, "  Artificia l  Intelligenc e 
91(2) . 

Dama,  M .  &  Dunbar ,  K .  (1996) .  "Distribute d Reasoning : 
An Analysi s o f  Wher e Socia l  an d Cognitiv e World s Fuse, " 

163 

http://www.cs.cmu.edu/~sci-disc


i n G .  W .  Cottrel l  (Ed) ,  Proceeding s o f  th e Eighteent h 
Annua l  Conferenc e o f  th e Cognitiv e Scienc e Society ,  pp . 
166-170 .  Mahwah ,  NJ :  Lawrenc e Erlbau m Associates . 

Darden ,  L .  (1976) .  "Reasonin g i n Scientifi c  Change : 
Charle s Darwin ,  Hug o d e Vries ,  an d th e Discover y o f 
Segregation, "  Studie s i n Histor y an d Philosoph y o f 
Scienc e 7:127-169 . 

Darden ,  L .  (1980) .  "Theor y Constructio n i n Genetics, "  i n T . 
Nickle s (Ed) ,  Seleniti c  Discovery :  Cas e Studies . 
Dofdrech t  Reidel . 

Darden ,  L .  (1982) .  "Artificia l  Intelligenc e an d Philosoph y o f 
Science :  Reasonin g b y Analog y i n Theor y Construction, " 
i n T .  Nickle s &  P .  Asquit h (Eds.) .  PS A 1982 .  V .  2 .  pp . 
147-165 .  Eas t  Lansing ,  Michigan :  Philosoph y o f  Scienc e 
Association . 

Darden ,  L .  (1985) .  "Hug o d e Vries' s Lectur e Plate s an d th e 
Discover y o f  Segregation, "  Annal s o f  Scienc e 42:233-242 . 

Darden ,  L .  (1987) .  "Viewin g th e Histor y o f  Scienc e a s 
Compile d Hindsight, "  A I  Magazin e 8(2):3341 . 

Darden ,  L .  (1990) .  "Diagnosin g an d Fixin g Fault s i n 
Theories, "  i n J .  Shrage r  &  P .  Langle y (Eds.) , 
Computationa l  Model s ofScienttfi c  Discover y an d Theor y 
Formation .  Sa n Mateo ,  California :  Morga n Kaufmann . 

Darden ,  L .  (1991) .  Theor y Chang e i n Science :  Strategie s 
fro m Mendelia n Genetics .  N e w Yoik :  Oxfw d Universit y 
Press . 

Darden ,  L .  (1992) .  "Strategie s fo r  Anomal y Resolution, "  i n 
R.  Gier e (Ed.) ,  Cognitiv e Model s o f  Science . 
Minneapolis :  Universit y o f  Minnesot a Press . 

Darden ,  L .  (1995) .  "Exemplars ,  Abstractions ,  an d 
Anomalies :  Representation s an d Theor y Chang e i n 
Mendelia n an d Molecula r  Genetics, "  i n J ,  G .  Lenno x &  G . 
Wolter s (Eds.) ,  Concepts .  Theories ,  an d Rationalit y i n th e 
Biologica l  Sciences .  Pittsburgh ,  PA :  Universit y o f 
Pittsburg h Press . 

Darden ,  L .  (1997) .  "Anomaly-Ehive n Theor y Redesign : 
Computationa l  Philosoph y o f  Scienc e Experiments, "  i n T . 
W.  Bynu m &  J .  Moo r  (Eds.) ,  Digita l  Phoenix :  H o w 
Computer s ar e Changin g Philosophy .  Oxfor d Blackwell . 

Darden ,  L .  (Ed )  (1996) .  PS A 1996 ,  Proceeding s o f  th e 1 9 % 
Biennia l  Meetin g o f  th e Philosoph y o f  Scienc e 
Association ,  Par t  I :  Contribute d Papers ,  Philosoph y o f 
Science ,  Supplemen t  t o Volum e 63 ,  Septembo '  1996 . 

Darden ,  L .  (Ed. )  (1997) .  PS A 1996 ,  Proceeding s o f  th e 199 6 
Biennia l  Meetin g o f  th e Philosoph y o f  Scienc e 
Association ,  Par t  H :  Symposiu m Papas ,  Philosoph y o f 
Science ,  Supplemen t  t o Volum e 64 ,  forthcomin g 
Septembe r  1997 . 

Darden ,  L .  &  Rada ,  R .  (1988) .  "Hypothesi s Formatio n 
Usin g Part-Whol e Interrelations, "  i n Davi d Helma n (Ed) , 
Analogica l  Reasoning .  Dordrecht :  Reidel . 

Darden ,  L .  &  Rada ,  R .  (1988) .  "Hypothesi s Formatio n Vi a 
Interrelations, "  i n Annan d Priediti s  (Ed) ,  Analogica .  Lo s 
Altos ,  California :  Morga n Kaufmann . 

Darden ,  L. ,  Moberg ,  D. ,  Nagarajan ,  S .  &  Josephson ,  J . 
(1991) .  Anomal y Drive n Redesig n o f  a  Scientifi c  Theory : 
The T R A N S G E N E .2 Experiment s (Tech .  Rep .  91-LD -
T R A N S G E N E ).  Columbus ,  O H :  Laborator y fo r  Artificia l 
Intelligenc e Research ,  Ohi o Stat e University . 

Darden .  L. ,  Moberg ,  D. ,  Thadani ,  S .  &  Josephson ,  J . 
(1992) .  A  Computationa l  Approac h t o Sclentfi c  Theor y 
Revision :  Th e T R A N S G E NE Experiment s (Tech .  Rep . 
92-LD-TRANSGENE).  Columbus ,  O H :  Laborator y fo r 
Artificia l  Intelligenc e Research .  Ohi o Stat e Univasity . 

Darden ,  L .  &  Cook ,  M .  (1994) .  "Reasonin g Strategie s i n 
Molecula r  Biology :  Abstractions ,  Scan s an d Anomalies, " 
i n D .  Hull ,  M .  Forbes ,  &  R .  M .  Buria n (Eds.) ,  P S A 
1994 ,  V ,  2 ,  pp .  179-191 .  Eas t  Lansing ,  Michigan : 
Philosoph y o f  Scienc e Association . 

Dunbar ,  K .  (1993) .  "Concep t  Discover y i n a  Scientifi c 
Domain, "  Cognitiv e Scienc e 17:397-434 . 

Dunbar ,  K .  (1995) .  "Ho w Scientist s Reall y Reason : 
Scientifi c  Reasonin g i n Real-Worl d Laboratories, "  i n R .  J . 
Sternber g &  J .  E .  Davidso n (Eds.) ,  Th e Natur e o f  Insight . 
Cambridge ,  M A :  M F T Press . 

Dunbar ,  K .  (1996) .  "Beyon d th e Myt h o f  Th e Lon e 
Scientist :  Distribute d Reasonin g i n Scienc e an d Scientifi c 
Discovery, "  Cognitiv e Studies :  Bulleti n o f  th e Japanes e 
Cognitiv e Scienc e Societ y 3:24-26 . 

Dunbar ,  K .  (fwthcoming) ,  "Ho w Scientist s Think :  On-lin e 
Creativit y an d Concq)tua l  Chang e i n Science, "  i n T .  B . 
Ward S .  M .  Smit h &  J .  Vai d (Eds.) ,  Conceptua l 
Structure s an d Processes :  Emergence .  Discover y en d 
Change .  Washington ,  D .  C :  America n Psychologica l 
Associatio n Press . 

Eddy ,  S .  R .  (1996) .  "Hidde n Marko v Models, "  fro m 
f̂ ://genome.wustl.edu/pub/eddy/hmm-review.ps. Z 

Fayyad ,  U. ,  Djorgovski ,  S .  G. ,  &  Weir ,  N .  (1996) .  'Tro m 
Digitize d Image s t o Onlin e Catalogs, "  A I  Magazin e 1 7 
(2) :  51-66 . 

Fayyad ,  U. ,  Haussler ,  D .  &  Stolorz ,  Z .  (1996) .  " K D D fo r 
Scienc e Dat a Analysis :  Issue s an d Examples, "  I n 
Proceeding s o f  th e Secon d Internationa l  Cortferenc e o n 
Knowledg e Discover y an d D(U a Minin g (KDD-96) ,  pp .  50 -
56.  Menl o Park ,  C A :  A A A I  Press . 

Fayyad ,  U. ,  Piatetsky-Shapiro ,  G. ,  Smyth ,  P .  (1996) . 
'Tro m Dat a Minin g t o Knowledg e Discover y i n 
Databases,"/!/Ma^azi/i € 1 7 (3) :  37-54 . 

Griffith ,  T .  W. ,  Nersessian ,  N .  &  Goel ,  A .  (1996) .  Th e 
Rol e o f  Generi c Model s i n Conceptua l  Chang e (Tech . 
Rep.  CrT-GOGSCI-%/02) .  Adanta ,  G A :  CoUeg e o f 
Computing ,  Georgi a Institut e o f  Technology . 

Holyoak ,  K .  J .  an d Thagar d P .  (1995) .  Menta l  Leaps : 
Analog y i n Creativ e Thought .  Cambridge ,  Mass. :  M I T 
Press . 

HuntCT,  L .  (Ed. )  (1993) .  Artificia l  Intelligenc e an d Molecula r 
Biology .  Cambridge ,  M A :  M I T Press . 

de Jong ,  H .  &  Rip ,  A .  (1997 ,  forthcoming) .  "Th e Compute r 
Revolutio n i n Science :  Step s toward s th e Realizatio n <r f 
COmputo'-Supporte d Discover y Environments, "  Artificia l 
Intelligenc e 9l{2) . 

Josephson ,  J.R .  &  Josephson ,  S.G .  (Eds. )  (1994) . 
Abducdv e Ir̂ erence :  Computation ,  Philosophy , 
Technology .  N e w York :  Cambridg e Universit y Press . 

Karp ,  P .  (1989) .  Hypothesi s Formatio n an d Qualitativ e 
Reasonin g i n Molecula r  Biology .  Ph.D .  Dissertation , 
Stanfor d University ,  Stanfwd .  California . 

Karp ,  P .  (1990) .  "Hypothesi s Formatio n a s Design, "  i n J . 
Shrage r  an d P .  Langle y (Eds.) ,  Computationa l  Model s o f 

164 



Scient^ c Discover y an d Theor y Formation .  Sa n Mateo , 
CalifcHnia :  Mraga n Kaufinann . 

Kaip ,  P .  (1993) .  " A Qualitativ e Biochemistr y an d it s 
Applicatio n t o th e Regulatio n o f  th e Tryptopha n Opcron, " 
i n L .  Hunte r  (Ed.) .  Art^cia l  Intelligenc e an d Molecula r 
Biology .  Cambridge .  M A :  A A A I  Pres s an d M I T Press . 

Karp ,  P. .  Ouzouni ,  C .  &  Paley ,  S .  M .  (1996) .  "HinCyc :  A 
Knowledg e Bas e o f  th e Complet e Genom e an d Metaboli c 
Pathway s of// ,  influenzae "  i n D.J .  States .  P .  Agarwal .  T . 
GaastCTland ,  L .  Hunte r  &  R .  Smit h (Eds.) ,  ISMB-96 : 
Proceeding s o f  th e Fourt h Internationa l  Cortferenc e o n 
Intelligen t  System s fo r  Molecula r  Biology ,  pp .  116-124 . 
Menl o Park ,  C A :  A A A I  Press . 

Kettler ,  B .  &  Daden .  L .  (1993) .  "Protei n Sequencin g 
Experimen t  Plannin g Usin g Analogy, "  i n L .  Hunter .  D . 
Searls .  &  J .  Shavli k  (Eds.) ,  ISMB-93 ,  Proceeding s o f  th e 
Firs t  Internationa l  Cortferenc e o n Intelligen t  System s fo r 
Molecula r  Biology ,  pp .  216-224 .  Menl o Park ,  C A :  A A A I 
Press . 

Kleiner .  S .  A .  (1993) .  Th e Logi c o f  Discovery :  A  Theor y o f 
th e Rationalit y o f  Scientifi c  Research .  Dordrecht :  Kluwer . 

Kulkami ,  D .  an d Simon ,  H.A .  (1988) .  "Th e Processe s o f 
Scientifi c  Discovery :  Th e Strateg y o f  Experimentation, " 
Cognitiv e Scienc e 12:139-175 . 

Langley .  P. .  Simon .  H.A. .  Bradshaw ,  G.L .  &  Zytkow , 
J.M .  (1987) .  Scientifi c  Discovery :  Computationa l 
Exploration s o f  th e Creativ e Process .  Cambridge , 
Massachusetts :  M I T Press . 

Larkin ,  J .  H .  &  Simon ,  H .  A .  (1987) .  "Wh y a  Diagra m i s 
(Sometimes )  Wort h Te n Thousan d Words, "  Cognitiv e 
Scienc e \\:65-99 . 

Ledeiberg ,  J .  (1%5) .  "Sign s o f  Life :  Criterion-Syste m o f 
Exobiology, "  Natur e 207:9-13 . 

Lee ,  Y. ,  Buchanan ,  B .  G. ,  Klopman ,  G. ,  Dimayuga ,  M .  & 
Rosenkranz .  H .  S .  (1996) .  "Th e Potentia l  o f  Oiga n 
Specifi c  Toxicit y fo r  Predictin g Roden t  Carcinogenicity. " 
Mutatio n Researc h 358:37-62 . 

Lindsay .  R .  K. ,  Buchanan ,  B .  G. .  Feigenbaum .  E .  A .  & 
Lederberg ,  J .  (1980) .  Application s o f  Artificia l  Intelligenc e 
fo r  Organi c Chemistry :  Th e D E N D R AL Project .  N e w 
York :  McGra w Hill . 

Lindsay ,  R .  K. ,  Buchanan ,  B .  G. ,  Feigenbaum ,  E .  A .  & 
Lederberg .  J .  (1993) .  " D E N D R A L :  A  Cas e Stud y o f  th e 
Firs t  Exper t  Syste m fo r  Scientifi c  Hypothesi s Formation, " 
Artificia l  Intelligenc e 61:209-261 . 

Nersessian ,  N .  J .  (1992) .  "Ho w D o Scientist s Think ? 
Capturin g th e Dynamic s o f  Conceptua l  Chang e i n 
Science, "  i n R .  N .  Gia e (Ed.) ,  Cognitiv e Model s o f 
Science .  Minneapolis :  Universit y o f  Minnesot a Press . 

Nersessian .  N .  J .  (1995) .  "Canin g th e Blac k Box : 
Cognitiv e Scienc e an d Histor y o f  Science. "  OSIRI S 
10:194-211 . 

Nickles ,  T .  (Ed )  (1980) .  Scientifi c  Discovery .  Logi c ar d 
Rationality .  Dwdrecht :  Reidel . 

Nickles ,  T .  (1994) .  "Enlightenmen t  Versu s Romanti c 
Model s o f  Creativit y i n Science-an d Beyond, "  Creativit y 
Researc h Journa l  7:277-314 . 

Popper ,  Kar l  (1%5) .  Th e Logi c o f  Scientifi c  Discovery . 
N ew York :  Harpe r  TwchbocAs . 

Provost ,  F .  J .  &  Buchanan .  B .  G .  (1995) .  "Inductiv e Policy : 
The Pragmatic s o f  Bia s Selection, "  Machin e Learnin g 
20:35-61 . 

Qin ,  Y .  &  Simon .  H.A .  (1995) .  "Imager y an d Menia l 
Models, "  i n J .  Glasgow ,  H .  H .  Narayanan ,  &  B . 
Chandrasekara n (Eds.) ,  Diagrammati c Reasoning : 
Computationa l  an d Cognitiv e Perspectives .  Menl o Park , 
C A : A A A I / M I T Press . 

Richman .  H .  B. ,  Staszewski ,  J .  J .  &  Simon ,  H .  A .  (1995) . 
"Simulatio n o f  Exper t  Memor y usin g E P A M IV, "  Th e 
Psychologica l  Revie w 102:305-330 . 

Schaffher ,  K .  {1993) .  Discover y an d Explanatio n i n Biolog y 
and Medicine .  Chicago :  Universit y o f  Chicag o Press . 

Schunn ,  C .  D .  &  Dunbar ,  K .  (1996) .  "Priming ,  Analogy , 
and Awarenes s i n Comple x Reasoning, "  Memor y & 
Cognitio n 24:271-284 . 

Shrager ,  J .  &  Langley ,  P .  (Eds. )  (1990) .  Computationa l 
Model s o f  Scientifi c  Discover y an d Theor y Formation . 
San Mateo ,  California :  Morga n Kaufmann . 

Simon ,  H.A .  (1977) .  Model s o f  Discovery .  Dordrecht : 
Reidel . 

Simon ,  H.A .  an d Kotovsky ,  K .  (1963) .  "Huma n 
Acquisitio n o f  Concept s \o c Sequentia l  PattMUS, " 
Psychologica l  Revie w 70:534-546 . 

Simon .  H.A. .  VaWes-PWez .  R.E .  &  Sleeman ,  D.H .  (1997 . 
ffflthcoming) .  Editorial :  "Scientifi c  Discover y an d 
Simplicit y o f  Method. "  Artificia l  Intelligenc e 91(2) . 

Spirtes ,  P. ,  Glymour ,  C .  &  Scheines ,  R .  (1993) . 
Causation .  Prediction ,  an d Search .  N e w York :  Spring w 
Verlag . 

Swanson,  D.R .  &  Smalheiser ,  D.H .  (1997 .  forthcoming) . 
"A n Interactiv e Syste m fo r  Findin g Complementar y 
Literatures :  A  Stimulu s t o Scientifi c  Discovery, "  Arttficia l 
Intelligenc e 9\{2) . 

Tabachneck-Schijf .  H .  J .  M. ,  Leonardo .  A .  M. ,  Simon , 
H.A .  (1996) .  CaMeRa:  A  Computationa l  Mode l  o f 
Multipl e Presentation s (Tech .  Rep .  CI P 530) .  Pittsburgh , 
PA:  Carnegi e Mello n University . 

Valdes-Perez ,  R.E .  (1992) .  "Algorith m t o Generat e Reactio n 
Pathway s fo r  Computer-Assiste d Elucidation, "  Journa l  o f 
Computationa l  Chemistr y 13:1079-1088 . 

VaWes-Pwez,  R.E .  (1992) .  " A Necessar y Conditio n fa -
Catalysi s i n Reactio n Pathways, "  Journa l  o f  Physica l 
Chemistr y 96:2394-2396 . 

Valdes-PKez ,  R.E .  (1993) .  "Algorith m t o Tes t  th e 
Structura l  Plausibilit y  o f  a  Prqxwe d Elementar y 
Reaction,"/our/ia /  o f  Computationa l  Chemistr y 14:1454 -
1459 . 

Vakles-Perez ,  R.E .  (1994) .  "Algorith m t o Infe r  th e 
Structure s o f  Molecula r  Formula s withi n a  Reactio n 
Pathway, "  Journa l  o f  Computationa l  Chemistr y 15:1266 -
1277 . 

VaMes-Pferez ,  R.E .  (1994) .  "Human/compute r  Intnactiv e 
Elucidatio n o f  Reactio n Mechanisms :  Applicatio n t o 
Catalyze d Hydrogenolysi s o f  Ethane. "  Catalysi s Letter s 
28:79-87 . 

Valdes-Perez ,  R.E .  (1994) .  "Heuristic s fo r  Systemati c 
Elucidatio n o f  Reactio n Pathways, "  Journa l  o f  Chemica l 
Irtformatio n an d Compute r  Science s 34:976-983 . 

165 



Valdes-Percz ,  R.E .  (1994) .  "Conjecturin g Hidde n Entitie s 
vi a Simplicit y an d Conservatio n Laws :  Machin e 
Discover y i n Chemistry, "  Artificia l  Intelligenc e 65:247 -
280 . 

Valdes-Percz ,  R.E .  (1995) .  "Generi c Task s o f  Scientifi c 
Discovery. "  i n R .  Valdes-Perc z (Ed. )  Workin g Notes : 
A A AI  Sprin g Symposiu m Series :  Symposium : 
Systemati c Method s ofScient î c  Discovery . 
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