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S C I E N T I F I C R E A S O N I N G S T R A T E G I E S 

IN A SIMULATED MOLECULAR GENETICS 

ENVIRONMENT 

Kevin Dunbar, Dept of Psychology, McGill University 

ABSTRACT 
T wo studie s ar e reporte d investigatin g th e strategie s tha t  subject s us e t o 
revis e hypothese s followin g disconfirmation .  Subject s attempte d t o discove r 
ho w gene s ar e controlle d b y conductin g experiment s i n a  simulate d 
molecula r  genetic s laboratory .  I n Stud y 1 ,  subject s se t  a  goa l  o f  findin g a n 
experimenta l  result ,  whe n thi s goa l  wa s no t  achieve d the y adopte d on e o f  th e 
thre e followin g strategies .  (1 )  Distor t  th e logi c o f  evidenc e interpretatio n t o 
fi t  th e curren t  goal .  (2 )  Conduc t  a  parametri c analysi s o f  th e Experimen t 
spac e t o achiev e th e goal .  (3 )  Se t  a  ne w experimenta l  goa l  o f  tryin g t o 
discove r  th e caus e o f  unexpecte d findings .  Onl y th e thir d grou p discovere d 
ho w th e gene s ar e controlled .  I n Stud y 2 ,  th e hypothesi s tha t  th e subject' s 
experimenta l  goa l  block s consideratio n o f  alternativ e hypothese s wa s 
investigated .  W h e n subject s wer e allowe d t o reac h thei r  initia l  goal ,  the y 
the n se t  a  ne w goa l  o f  accountin g fo r  unusua l  finding s an d discovere d th e 
mechanis m o f  control .  Thes e result s sugges t  tha t  th e goa l  o f  th e subject s 
constrain s searc h o f  bot h a n Hypothesi s an d a n Experimen t  space .  Thi s 
strateg y ca n produc e distortion s i n reasonin g an d a  failur e t o generat e ne w 
hypotheses . 

One of the most interesting paradoxes in research on human reasoning is that subjects and 
scientist s alik e ten d t o see k evidenc e tha t  confirm s an d ignor e evidenc e tha t  disconfum s thei r 
hypotheses ,  ye t  bot h subject s an d scientist s discove r  concept s an d mak e scientifi c  progress . 
Whil e man y researcher s hav e argue d tha t  thes e strategie s ar e inappropriat e (e.g. ,  Popper ,  1959 ; 
Wason,  1960 ;  Mynatt ,  Doherty ,  &  Tweney ,  1977) ,  other s hav e argue d tha t  whe n th e probabilit y 
of  havin g one' s hypothesi s disconfirme d i s high ,  a  usefu l  strateg y i s t o see k confirmation .  Thi s 
latte r  vie w i s base d o n th e premis e tha t  disconfirmin g evidenc e ca n b e use d t o guid e formatio n o f 
ne w hypothese s an d generatio n o f  ne w experiment s (cf .  Dunba r  &  Klahr ,  1989 ;  Klah r  &  Dunbar , 
1988 ;  Klayma n &  Ha ,  1987) .  Whil e Klayma n an d H a hav e demonstrate d tha t  thi s strateg y i s 
statisticall y appropriat e whe n th e predominan t  experimenta l  outcom e i s disconfirmation ,  th e 
cognitiv e strategie s fo r  dealin g wit h disconfirmin g evidenc e ar e unknown .  Th e purpos e o f  th e 
tw o studie s reporte d her e i s t o investigat e hypothesi s revisio n an d subsequen t  experimentatio n 
followin g th e disconfirmatio n o f  initia l  hypotheses . 

A furthe r  goa l  o f  thi s researc h i s t o investigat e scientifi c  reasonin g strategie s i n a  tas k tha t 
more closel y resemble s rea l  scientifi c  reasoning .  A s w e hav e argue d elsewher e (Dunba r  & 
Klahr ,  1989 ;  Klah r  &  Dunbar ,  1988 )  man y o f  tfie  task s tha t  hav e bee n use d t o stud y scientifi c 
reasonin g involv e arbitrar y experiment s (e.g. ,  pic k thi s card ,  generat e a  sequenc e o f  numbers) , 
and arbitrar y hypothese s (e.g. ,  al l  card s wit h on e border ,  number s o f  increasin g magnitude) . 
Whil e thes e studie s hav e provide d man y insight s int o th e reasonin g strategie s tha t  subject s use , 
the y involv e littl e prio r  knowledg e an d th e to-be-discovere d concep t  i s  a n arbitrar y concatenatio n 
of  features . 

I n th e studie s reporte d below ,  a  differen t  approac h t o scientifi c  reasonin g i s taken :  subject s 
must  propos e hypothese s an d conduc t  experiment s i n a  rea l  scientifi c  domai n -  molecula r 
genetics .  Subject s wer e give n th e tas k o f  discoverin g th e mechanis m b y whic h gene s ar e 
controlle d b y othe r  genes .  Thi s particula r  proble m ha s bee n o f  centra l  concer n t o molecula r 
biologist s fo r  th e pas t  fort y years ,  an d provide s a n interestin g domai n withi n whic h t o investigat e 
scientifi c  reasoning .  Usin g thi s task ,  subject s wer e give n som e initia l  knowledg e abou t  th e 
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domai n an d a  numbe r  o f  experimenta l  tool s tha t  ar e simila r  t o thos e use d i n genetic s laboratories . 
Thi s tas k make s i t  possibl e t o investigat e th e cognitiv e processe s tha t  ar e involve d i n scientifi c 
reasonin g an d mor e particularl y th e natur e o f  hypothesi s revisio n an d experimentatio n followin g 
disconfirmation . 

The Molecular Genetics domain. One of the major events in science of this century has 
been th e foundin g o f  molecula r  genetics .  Th e mos t  well-know n breakthroug h i n thi s fiel d bein g 
th e discover y o f  th e structur e o f  D N A b y Watso n an d Cric k i n 1953 .  Thi s fiel d ha s ha d man y 
othe r  discoverie s tha t  ar e a t  th e cor e o f  curren t  da y theorizin g abou t  genetics .  On e suc h discover y 
was th e mechanism s b y whic h gene s ar e controlle d (Jaco b &  Monod ,  1961) .  Mono d an d Jaco b 
discovere d tha t  som e gene s contro l  th e functionin g o f  othe r  gene s an d specifie d th e mechanism s b y 
whic h thi s contro l  occurs .  Becaus e o f  th e majo r  importanc e o f  thi s finding ,  Jaco b an d Mono d 
wer e awarde d th e Nobe l  Priz e i n 1965 . 

Monod an d Jaco b demonstrate d tha t  i n th e bacteriu m ecoli ,  ther e ar e regulato r  gene s tha t 
contro l  th e activit y o f  othe r  genes .  Thi s mechanis m o f  geneti c contro l  i s  know n a s th e La c 
Operon .  Ecol i  nee d glucos e t o liv e an d on e o f  th e commo n source s o f  glucos e fo r  ecol i  i s  lactose . 
When ther e i s lactos e presen t  th e ecol i  secret e enzyme s tha t  brea k dow n th e lactos e int o glucose . 
The ecol i  ca n the n us e th e glucos e a s a n energ y source .  Th e ecol i  onl y secret e th e enzyme s tha t 
breakdow n th e lactos e whe n th e lactos e i s present .  Whe n ther e i s n o lactos e presen t  th e enzyme s 
ar e no t  secreted .  Th e questio n tha t  Mono d an d Jaco b investigate d wa s ho w th e ecol i  regulate s it s 
activit y s o tha t  i t  onl y secrete s enzyme s whe n lactos e i s present .  The y discovere d tha t  th e regulato r 
genes inhibi t  th e productio n o f  variou s enzyme s unti l  th e enzyme s ar e needed .  Th e detail s o f  th e 
mechanis m ar e give n belo w i n Figur e 1 . 

Simulating molecular genetics in the cognitive laboratory. The work of Monod and Jacob 
provide s a n interestin g proble m tha t  ca n b e transpose d t o th e psychologica l  laborator y an d 
subject s ca n b e give n th e tas k o f  discoverin g th e mechanism s o f  geneti c control .  Thu s rathe r  tha n 
inventin g a n arbitrar y tas k tha t  embodie s certai n aspect s o f  scienc e i t  i s  possibl e t o giv e subject s a 
rea l  scientifi c  proble m t o wor k with .  I n th e studie s presente d below ,  subject s wer e taugh t  abou t 
genetic s an d show n ho w t o conduc t  simulate d molecula r  genetic s experiment s o n th e computer , 
and the n wer e aske d t o discove r  ho w th e gene s wer e controlled .  Th e tas k tha t  th e subject s wer e 
presente d wit h wa s t o discove r  th e La c Operon .  Not e tha t  th e purpos e o f  thi s wor k i s no t  t o 
simulat e th e wa y i n whic h Mono d an d Jaco b discovere d th e Lac  Operon ,  bu t  t o us e a  tas k tha t 
involve s som e rea l  scientifi c  concept s an d experimentatio n t o addres s th e cognitiv e component s o f 
th e scientifi c  discover y process . 
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Standar d Experimenta l  Procedure .  Subject s wer e traine d i n som e o f  th e ver y elementar y 
concept s o f  molecula r  genetic s o n a  Macintos h I I  computer .  Th e displa y wa s highl y interactive : 
subject s conducte d experiment s b y pullin g dow n menu s an d selectin g variou s option s fro m th e 
menus.  Onc e th e experimen t  wa s designe d subject s coul d ru n th e experimen t  t o se e wha t  happens . 
The scree n displa y wa s simila r  t o tha t  displaye d i n Figure s 1  an d 2 .  However ,  unlik e figur e 1 , 
subject s coul d no t  se e an y gene s secretin g inhibitor s an d activators ,  the y ha d t o induc e thi s concep t 
fro m experimenta l  results .  Subject s learne d tha t  chromosome s consis t  o f  gene s an d tha t  th e gene s 
hav e particula r  functions .  Subject s wer e tol d tha t  certai n gene s contro l  th e activitie s o f  othe r  gene s 
by switchin g the m o n whe n ther e i s a  nutrien t  present .  Thi s i s a n exampl e o f  activatio n - -  th e 
controlle r  gen e sense s tha t  ther e i s a  nutrien t  presen t  an d the n release s substance s tha t  instruc t  othe r 
gene s t o secret e enzyme s tha t  ca n utiliz e th e nutrient . 

Subject s wer e show n ho w t o conduc t  simulate d experiment s tha t  allowe d the m t o 
determin e ho w th e controlle r  gene s switc h o n th e othe r  genes .  Thes e experiment s wer e conducte d 
usin g thre e controlle r  gene s A ,  B ,  an d C  tha t  ar e attache d t o thre e enzym e producin g gene s (se e 
Figur e 2A) .  Subject s wer e taugh t  a  numbe r  o f  standar d technique s fo r  discoverin g th e function s 
of  th e genes . 

The firs t  techniqu e wa s specifyin g th e amoun t  o f  nutrien t  give n (zero ,  100 ,  200 ,  300,40 0 
and 50 0 microgrammes) .  Th e secon d techniqu e wa s usin g variou s type s o f  geneti c mutations . 
One typ e o f  mutan t  i s  haploid .  Norma l  haploi d ecol i  hav e th e A ,  B ,  C ,  an d enzym e producin g 
gene s present .  Mutan t  haploi d ecol i  hav e eithe r  th e A ,  B ,  o r  C  gene s missing .  Onl y on e gen e ca n 
be remove d a t  a  time .  Fo r  exampl e i n Figur e 2 B th e A  gen e i s missing .  Diploi d ecol i  hav e tw o 
chromosomes .  Th e norma l  diploi d ha s th e A ,  B ,  C ,  an d enzym e producin g gene s o n on e 
chromosome ,  an d ha s a  secon d chromosom e tha t  ha s th e A ,  B ,  an d C  gene s o n it .  I n diploi d 
mutant s on e chromosom e ma y hav e a  gen e missin g (a s i n Figur e 2C) ,  o r  bot h chromosome s ma y 
hav e a  gen e missing .  A s ca n b e see n fro m figur e 2 ,  Diploi d ecol i  ca n b e use d t o discove r  th e 
mechanism s o f  control :  i f  a  gen e i s missin g fro m on e chromosom e an d i s presen t  o n th e othe r 
chromosom e th e ecol i  ma y no w wor k normally .  I n figur e 2  thi s suggest s activation .  Othe r 
experimenta l  result s migh t  sugges t  inhibition . 

The thir d componen t  o f  experimentatio n wa s monitorin g th e outpu t  o f  th e enzyme .  Afte r 
ever y experimen t  th e subject s sa w a  tabl e o f  result s showin g whethe r  th e ecol i  wa s haploi d o r 
diploid ,  wha t  mutation s wer e mad e (i.e. ,  wha t  gene s wer e missing) ,  ho w muc h nutrien t  wa s 
added ,  an d ho w muc h enzym e wa s produced .  Thi s dat a wa s displaye d i n a  tabl e tha t  appeare d 
afte r  ever y experiment .  Thi s tabl e cQs o containe d th e result s o f  al l  previou s experiments .  Afte r 
subject s ha d learne d t o us e thes e technique s the y wer e give n som e problem s tha t  demonstrate d tha t 
the y understoo d th e theoretica l  concept s an d experimenta l  technique s tha t  the y ha d learned . 
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In the second part of the study, subjects were presented with two findings about a set of 
genes an d wer e aske d t o discove r  ho w th e enzym e producin g gene s ar e controlled .  Th e gene s wa s 
ver y simila r  t o th e learnin g experienc e fo r  th e A ,  B ,  an d C  genes .  I n thi s case ,  th e gene s ar e 
labelle d I ,  O ,  an d P .  Th e I ,  O ,  an d P  controlle r  gene s wor k ver y differentl y fro m th e A ,  B ,  an d C 
genes tha t  th e subject s ha d jus t  learned .  Here ,  th e I  an d O  gene s inhibi t  th e activit y o f  th e enzym e 
producin g gene s unti l  a  nutrien t  i s  presen t  (a s i n Figur e 1) .  Not e tha t  i n th e trainin g phas e 
subject s learne d tha t  gen e regulatio n ca n occu r  b y activatio n (on e gen e switche s othe r  gene s on) , 
but  tha t  i n th e secon d par t  o f  th e stud y th e typ e o f  geneti c regulatio n t o b e discovere d i s ver y 
different ,  th e subject s mus t  discove r  inhibitio n (gene s tur n othe r  gene s off) . 

Ther e ar e 12 0 possibl e experiment s tha t  ca n b e conducted .  Differen t  type s o f  experiment s 
produc e differen t  amount s o f  enzym e give n a  certai n amoun t  o f  nutrient .  Fo r  a n experimen t  wit h 
norma l  EcoU ,  th e amoun t  o f  enzym e produce d i s hal f  whateve r  th e amoun t  o f  nutrien t  is .  Mutant s 
wit h th e I  gen e missin g (designate d I -  mutants )  produc e a n outpu t  o f  876 ,  an d O -  mutant s produc e 
an outpu t  o f  527 .  Th e I -  an d O -  mutant s produc e thi s amoun t  o f  enzym e regardles s o f  th e amoun t 
of  nutrien t  administered .  Thus ,  I -  an d O -  nutrient s wil l  produc e enzyme s eve n whe n n o nutrien t  i s 
administered .  Thi s i s a  stron g clu e fo r  inhibitio n bein g involved .  I n Stud y 1 ,  th e P  gen e play s n o 
rol e a t  all .  A  mutan t  wit h a  P  gen e missin g (P- )  wil l  produc e th e sam e amoun t  o f  nutrien t  a s th e 
norma l  ecoli .  Tha t  is ,  th e P  gen e play s n o rol e i n Stud y 1 .  I n th e rea l  ecoli ,  an d i n Stud y 2 ,  th e P 
gene doe s pla y a  role . 

The to-be-discovere d mechanis m i s ver y differen t  fro m th e mechanis m tha t  subject s learne d 
durin g training .  Th e mechanis m learne d durin g trainin g wa s activatio n ~  th e controlle r  gene s tur n 
th e enzym e producin g gene s on .  Th e to-be-discovere d mechanis m i s inhibitio n ~  th e controlle r 
genes inhibi t  th e enzym e producin g genes .  I t  wa s expecte d tha t  subject s initia l  hypothese s woul d 
be tha t  th e controlle r  gene s tur n th e enzym e producin g gene s on .  Becaus e th e gene s wor k b y 
inhibition ,  subject s initia l  hypothese s wil l  b e disconfirme d an d the y wil l  hav e t o d o a  considerabl e 
amount  o f  experimentatio n an d hypothesi s generatio n befor e the y discove r  tha t  th e mechanis m o f 
geneti c contro l  i s  inhibition . 

Research questions. The first set of questions focus on subjects use of disconfirming evidence. It 
was expecte d tha t  subject s initia l  hypothese s woul d b e tha t  eithe r  th e I ,  P ,  o r  O  gene s tur n o n th e 
enzyme producin g genes .  Thes e initia l  hypothese s woul d b e disconfirme d afte r  a  fe w 
experiments .  A  numbe r  o f  possibl e strategie s coul d b e use d a t  thi s point .  On e strateg y woul d b e t o 
ignor e th e disconfirmin g evidence .  Thi s i s a  commo n findin g whe n subject s canno t  fiiink  o f 
alternat e hypothese s (cf .  Einho m &  Hogarth ,  1987 ;  Klah r  &  Dunbar ,  1988) .  Anothe r  strateg y 
woul d b e t o us e disconfirmin g evidenc e t o modif y th e curren t  hypothesis ,  bu t  sta y withi n th e 
curren t  frame .  I n thi s experiment ,  i t  woul d entai l  switchin g fro m on e activatio n hypothesi s t o 
another .  Agai n thi s  i s a n approac h tha t  ha s bee n mentione d bu t  no t  wel l  documente d (c f  Klah r  & 
Dunbar ,  1988) .  Anothe r  strateg y woul d b e t o focu s o n th e disconfirmin g evidenc e an d attemp t  t o 
discove r  wha t  th e caus e o f  th e surprisin g finding s is .  Man y theorist s hav e argue d tha t  thi s  i s a 
usefu l  strategy ,  bu t  ther e ha s bee n littl e evidenc e fo r  th e us e o f  thi s strateg y (e.g. ,  Kulkam i  & 
Simon ,  1988 ;  Einho m &  Hogarth ,  1982) . 

A secon d se t  o f  question s ar e concerne d wit h th e processe s tha t  gover n th e generatio n o f 
hypothese s an d experiments .  Klah r  an d Dunba r  (1988 )  hav e propose d tha t  scientifi c  reasonin g 
can b e describe d a s a  searc h i n a n Hypothesi s an d a n Experimen t  space .  W e identifie d a  numbe r 
of  differen t  strategie s fo r  searchin g bot h spaces :  som e subject s mainl y searche d th e hypothesi s 
space ,  an d other s switche d t o searchin g a n experimen t  space .  I n th e genetic s domain ,  th e 
hypothese s ar e mor e complex ,  an d n o singl e resul t  provide s enoug h evidenc e t o confu m a n 
hypothesis .  Woul d th e searc h strategie s b e simila r  i n a  radicall y differen t  domain ? 

STUDY 1: DISCOVERING THE MECHANISM OF GENETIC CONTROL 
Metho d 

Subjects .  Twent y McGil l  undergraduate s wer e pai d t o participat e i n a  2  hou r  study .  Al l 
subject s ha d take n on e introductor y biolog y cours e an d non e o f  th e subject s kne w abou t  gen e 
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regulation. Their knowledge of molecular genetics consisted of knowing that DNA and RNA exist 
and havin g a  vagu e ide a o f  ho w thi s i s involve d i n gen e reproduction . 

Procedure .  Th e stud y wa s carrie d ou t  i n thre e phases .  First ,  th e subject s wer e taugh t 
some basi c fact s abou t  molecula r  biology ,  an d wer e show n ho w a  gen e coul d b e switche d o n b y 
anothe r  gene .  Second ,  th e subject s wer e instructe d o n ho w t o giv e a  verba l  protoco l  (cf .  Ericsso n 
& Simon ,  1984) .  Th e subject s wer e give n a  1 5 puzzl e an d wer e aske d t o thin k ou t  lou d whil e 
the y solve d th e puzzle .  Third ,  subject s wer e show n a  ne w se t  o f  gene s tha t  produc e a  bet a enzym e 
when ther e i s lactos e presen t  an d n o bet a enzym e whe n lactos e i s no t  present .  The y wer e tol d tha t 
th e I ,  P ,  an d O  gene s wer e potentia l  candidate s fo r  controllin g th e bet a gene s an d tha t  thei r  tas k 
was t o discove r  ho w th e bet a gene s ar e controlled .  Th e subject s wer e tol d t o stat e everythin g tha t 
the y wer e thinkin g whil e the y wer e performin g th e task .  Subject s wer e tol d tha t  the y coul d finish 
eithe r  whe n the y fel t  tha t  the y ha d discovere d ho w th e bet a gene s wer e controlled ,  o r  whe n the y 
fel t  tha t  the y coul d no t  discove r  ho w th e bet a gene s ar e controlled .  I f  th e subject s ha d no t 
discovere d ho w th e gene s ar e controlle d withi n ninet y minute s th e stud y wa s stopped . 

RESULTS 
T wo criteri a fo r  succes s wer e adopte d i n analyzin g th e result s o f  thi s study .  Th e first  criterio n wa s 
tha t  subject s wh o determine d tha t  th e I  an d O  gene s inhibi t  th e productio n o f  bet a wer e successful . 
Fiv e subject s wer e abl e t o determin e tha t  th e mechanis m o f  gen e contro l  wa s inhibition .  Th e 
secon d criterio n wa s tha t  subject s wh o discovere d tha t  th e O  gen e ha d t o b e o n th e sam e gen e a s 
th e bet a genes ,  an d postulate d a  mechanis m tha t  coul d accoun t  fo r  thes e findings.  T w o o f  th e five 
subject s reache d thi s criterion .  Subject s took ,  o n average ,  6 0 minute s t o d o th e task .  Ther e wa s 
no significan t  differenc e i n th e amoun t  o f  tim e i t  too k th e subject s wh o succeede d (criterio n 1 )  an d 
thos e wh o di d not .  Subject s conducte d a n averag e o f  1 6 experiments .  Ther e wa s n o significan t 
differenc e i n th e numbe r  o f  experiment s b y thos e wh o succeede d an d thos e wh o di d not .  O f  th e 
16 experiments ,  1 3 wer e conducte d wit h greate r  tha n zer o amount s o f  lactose ,  an d 3  wer e 
conducte d wit h zer o lactose . 

The result s o f  th e stud y wil l  b e analyze d i n term s o f  th e strategie s tha t  subject s use d afte r 
obtainin g disconfirmin g evidenc e fo r  thei r  initia l  hypothesis .  A s expected ,  al l  subject s initiall y 
propose d tha t  eithe r  th e I ,  O ,  o r  P  genes ,  o r  a  combinatio n o f  thes e gene s turn s o n th e enzym e 
producin g genes .  Eightee n o f  th e twent y subject s trie d a  P- ,  0- ,  I -  mutant s wit h th e sam e amoun t 
of  lactos e fo r  thei r  first  thre e experiments .  Subject s se t  thei r  initia l  goa l  t o find  th e activato r  gene . 
To achiev e thi s goa l  the y attempte d t o discove r  a  situatio n tha t  whe n th e gen e wa s absen t  th e ecol i 
woul d no t  produc e an y enzyme .  However ,  thi s initia l  goa l  wa s no t  fulfilled .  Subject s di d no t 
find  a  situatio n wher e ther e wa s n o outpu t  wit h a  gen e missing .  Th e subject s discovere d tha t  whe n 
th e I  o r  O  gene s wer e missin g ther e wa s a  larg e outpu t  o f  enzyme ,  an d tha t  whe n th e P  gen e wa s 
missin g th e ecol i  behave d normally . 

At  thi s point ,  subject s adopte d thre e differen t  strategie s fo r  dealin g wit h disconfirmation . 
One grou p staye d withi n thei r  Activatio n fram e an d distorte d th e logi c o f  experimentatio n t o 
maintai n thei r  hypothesis .  A  secon d grou p embarke d upo n a  searc h fo r  a  particula r  experimenta l 
resul t  tha t  woul d demonstrat e activation .  A  thir d grou p switche d thei r  goa l  fro m on e o f  findin g 
activatio n t o attemptin g t o discove r  th e caus e o f  th e unexpecte d findings .  Thes e strategie s wil l 
no w b e discusse d i n detail . 

Strateg y A :  Maintai n fram e B y changin g Logi c o f  interpretatio n (^=6) .  Onc e thes e 
subject s obtaine d evidenc e tha t  di d no t  fit  i n wit h thei r  initia l  hypothesis ,  the y maintaine d th e goa l 
of  finding  a n activato r  gene .  However ,  the y change d th e logi c o f  evidenc e interpretation .  Thei r 
origina l  goa l  wa s t o discove r  tha t  whe n a  particula r  controlle r  gen e wa s missin g n o enzym e woul d 
be produced .  Muc h t o thei r  surprise ,  the y discovere d that ,  n o matte r  wha t  gen e wa s missing ,  ther e 
was alway s a n outpu t  o f  enzyme .  The y als o discovere d tha t  som e mutant s resulte d i n les s outpu t 
tha n others .  The y the n propose d tha t  i f  th e controlle r  gen e i s absen t  the n ther e i s littl e output . 
They substitute d littl e outpu t  fo r  fo r  n o output .  The y argue d tha t  th e gen e tha t  i s  absen t  whe n th e 
leas t  outpu t  appear s i s th e controlle r  gene .  Th e P  gen e -  whic h ha s n o rol e whatsoeve r  - -  i s 
absen t  whe n th e leas t  outpu t  appear s an d thi s grou p o f  subject s argue d tha t  th e P  gen e i s th e 
controlle r  gene .  A s a  wa y o f  testin g thi s hypothesi s the y propose d tha t  i f  th e P  gen e i s presen t 

430 



D U N B AR 

there will be a large output. Using this stiategy, these subjects noticed that mutations with the P 

gen e presen t  produc e larg e amount s o f  enzym e an d conclude d tha t  th e P  gen e i s th e controlle r 

gene . 

I t  i s  importan t  t o not e tha t  th e P  gen e play s n o rol e whatsoeve r  i n controllin g th e genes . 

Th e subject s notic e tha t  whe n P  i s presen t  th e mos t  enzym e i s produced ,  an d tha t  whe n i t  i s  absen t 

th e leas t  amoun t  o f  enzym e i s produced .  The y conclud e tha t  P  activate s th e ecol i  t o produc e a 

certai n amoun t  o f  enzyme .  T o reac h thi s conclusion ,  subject s mus t  ignor e th e fac t  tha t  a  norma l 

gen e onl y produce s smal l  amount s o f  enzym e an d th e P  gen e i s present .  Also ,  ther e ar e 4  diploi d 

experiment s tha t  disprov e thi s hypothesi s an d al l  th e subject s i n thi s grou p conducte d a t  leas t  on e 

of  thes e experiments .  Subject s i n thi s grou p al l  ha d a  constraine d searc h o f  th e experimen t  space . 

The subject s di d no t  conduc t  experiment s wit h zer o amount s o f  lactose .  Thi s i s becaus e thei r  goa l 

was t o discove r  activation ,  therefor e a  zer o lactos e experimen t  wa s regarde d a s unnecessary . 

I n summary ,  th e strateg y tha t  thi s grou p use d wa s on e o f  settin g u p a  goa l  o f  discoverin g 

an activato r  gene .  Al l  subject s state d tha t  thi s wa s thei r  goal .  W h e n thi s goa l  wa s no t  fulfilled ,  th e 

subject s distorte d th e logi c o f  evidenc e interpretatio n unti l  thei r  goa l  o f  discoverin g th e activato r 

gen e wa s fulfilled .  Th e goa l  o f  findin g activatio n constraine d ever y stag e o f  th e discover y 

process . 

Strateg y B :  Searc h Experimen t  Spac e (N=l) .  A t  th e en d o f  th e firs t  phas e thes e subject s 

propose d tha t  th e mechanis m probabl y involve s som e interactio n o f  th e gene s an d the y hope d t o 

fin d a  certai n combinatio n o f  mutan t  gene s tha t  wil l  no t  produc e a n enzym e whe n ther e i s lactos e 

present .  T o achiev e th e goa l  o f  findin g thi s resul t  the y parametricall y searche d fo r  a n experimen t 

tha t  woul d produc e thi s result .  Thes e subject s conducte d mor e experiment s an d als o searche d 

differen t  region s o f  th e experimen t  space .  However ,  the y eventuall y gav e u p becaus e the y coul d 

not  fin d a n experimenta l  resul t  tha t  fill s  th e goa l  o f  discoverin g a n activato r  gene . 

Strateg y C :  Opportunisti c Subgoalin g ("N=7) .  Thi s grou p initiall y  believe d tha t  th e 

controlle r  gen e work s b y activation ,  howeve r  a s wit h th e othe r  tw o groups ,  the y discovere d tha t 

n o matte r  wha t  typ e o f  mutatio n ther e wa s alway s a n output .  However ,  instea d o f  maintainin g th e 

goal  o f  findin g a  gen e tha t  wil l  no t  produc e a n enzym e whe n ther e i s lactos e present ,  thes e subject s 

set  a  goa l  o f  discoverin g w h y suc h unexpecte d result s occurred .  The y focuse d o n w h y ther e i s a 

larg e outpu t  fo r  I  an d O  mutants ,  w h y th e outpu t  i s  instantaneou s fo r  I -  an d O -  mutants ,  an d w h y 

th e amoun t  o f  nutrien t  administere d i s irrelevant .  The y firs t  propose d tha t  th e I  an d O  gene s 

contro l  th e siz e o f  th e output .  Then ,  whe n the y realize d tha t  th e amoun t  i s irrelevant ,  the y 

conducte d experiment s wit h zer o lactose ,  an d propose d tha t  th e I  an d O  gene s wor k b y inhibition . 

Fiv e o f  th e seve n subject s i n thi s grou p discovere d inhibition .  Th e othe r  tw o subject s di d no t  ge t 

pas t  th e stag e o f  proposin g tha t  th e I  an d O  gene s gover n th e amoun t  secreted .  I n sum ,  thi s grou p 

of  subject s mad e significan t  progres s b y settin g u p n e w goal s rathe r  tha n maintainin g th e origina l 

goal . 

DISCUSSION 
The result s o f  thi s stud y sugges t  tha t  th e majo r  effec t  o f  disconfirmatio n i s t o induc e subject s t o 

propos e mino r  change s i n hypotheses .  Despit e disconfirmation ,  subject s maintai n thei r  origina l 

fram e an d continu e t o searc h fo r  a  particula r  typ e o f  experimenta l  result .  Maintainin g th e goa l  ca n 

lea d subject s t o chang e th e logi c o f  dat a interpretatio n t o fi t  i n wit h th e curren t  hypothesis .  Thus ,  i t 

appear s tha t  th e majo r  difficult y tha t  subject s hav e i s o f  changin g thei r  goa l  fro m tryin g t o generat e 

a particula r  findin g t o on e o f  tryin g t o discove r  th e caus e o f  thei r  unusua l  findings.  Th e successfu l 

subject s abandone d th e goa l  o f  discoverin g activatio n an d se t  u p a  n e w goa l  o f  tryin g t o accoun t 

fo r  th e se t  o f  finding s tha t  the y obtained .  Thu s th e goa l  o f  finding  a  particula r  mechanis m prevent s 

subject s fro m discoverin g alternativ e mechanism s o f  geneti c control . 

I f  th e goa l  o f  discoverin g activatio n prevent s subject s fro m considerin g th e natur e o f 

disconfirmin g evidence ,  an d constrain s searc h o f  bot h th e Hypothesi s an d Experimen t  spaces ,  the n 

i f  thi s goa l  i s  eliminated ,  th e subject s shoul d se t  a  n e w goa l  an d discove r  th e correc t  solution .  Th e 

secon d stud y wa s conducte d t o tes t  thi s hypothesis . 

431 



DUNBAR 

STUDY 2 :  G O A LS A N D DISCOVERY 
The result s o f  Stud y 1  sugges t  tha t  th e goa l  o f  findin g supportin g evidenc e fo r  th e curren t 
hypothesi s constrain s searc h o f  th e hypothesi s an d experimen t  spaces .  T o tes t  thi s idea ,  th e 
geneti c mechanis m wa s change d s o tha t  on e gen e work s b y activation- -  th e P  gene .  Th e I  an d th e 
O gene s stil l  wor k b y inhibition .  Th e onl y chang e fro m stud y 1  i s tha t  th e P  gen e mus t  b e presen t 
fo r  th e ecol i  t o secret e a n enzyme .  I f  th e P  gen e i s absen t  n o enzym e i s produced .  Th e subject s 
no w hav e t o discove r  tha t  th e I  an d O  gene s wor k b y inhibition ,  an d tha t  th e P  gen e work s b y 
activation .  Thus ,  th e gene s wor k i n a  mor e comple x mechanis m tha n i n Stud y 1 .  On e possibl e 
outcom e o f  thi s manipulatio n woul d b e tha t  onc e th e subject s hav e discovere d th e P  gen e work s b y 
activatio n the y wil l  sa y tha t  the y hav e discovere d th e geneti c mechanism :  The y hav e achieve d thei r 
goal  an d th e tas k i s done .  Anothe r  possibl e outcom e i s tha t  onc e th e subject s hav e discovere d 
activation ,  thi s goa l  wil l  b e poppe d an d a  ne w goa l  wil l  b e se t  o f  accountin g fo r  th e othe r  findings . 
I f  thi s occurs ,  the n man y mor e subject s shoul d discove r  tha t  th e gene s wor k b y inhibitio n tha n i n 
th e Stud y 1 .  Thi s finding  woul d sugges t  tha t  th e goal s o f  th e subjec t  constrai n th e scientifi c 
discover y process . 

Method 
Subjects ,  Twent y subject s participate d i n th e experiment .  Th e subject s wer e fro m th e sam e 
populatio n a s thos e i n Stud y 1 . 
Procedure .  Th e procedur e wa s identica l  t o tha t  use d i n Stud y 1 :  Ther e wer e thre e phases , 
training ,  givin g protocols ,  an d discoverin g th e mechanis m o f  geneti c control .  Th e onl y differenc e 
betwee n thi s an d stud y 1  wa s tha t  her e th e P  gen e wa s a n activato r  gene :  th e P  gen e mus t  b e 
presen t  fo r  a n outpu t  t o occur . 

R E S U L TS 
Subject s too k considerabl y les s tim e tha n i n Stud y 1 .  Subject s spen t  a n averag e o f  3 8 minute s o n 
th e tas k (Stud y 1 :  6 0 minutes) .  Th e mea n numbe r  o f  experiment s conducte d wa s 1 5 (Stud y 1 :  1 6 
experiments) .  Nmetee n o f  th e 2 0 subject s discovere d tha t  th e P  gen e wa s a n activato r  gene . 
Fourtee n subject s discovere d tha t  th e I  an d O  gene s wor k b y inhibitio n (Stud y 1 :  5  subjects) . 
Eleve n o f  th e 1 4 subject s discovere d activatio n befor e inhibition . 

The result s o f  thi s secon d stud y ar e consisten t  wit h th e vie w tha t  th e curren t  goa l  ha s a 
larg e effec t  o n th e hypothese s propose d an d experiment s conducted .  W h e n th e to p leve l  goa l  o f 
finding  a n activato r  gen e i s achieved ,  th e subject s se t  themselve s a  ne w goa l  o f  discoverin g th e 
caus e o f  th e othe r  surprisin g results .  Thus ,  man y mor e subject s discovere d inhibitio n i n Stud y 2 . 

GENERAL DISCUSSION 
Subject s d o mak e us e o f  disconfirmin g evidence .  The y us e disconfirmatio n t o generat e 

ne w hypothese s an d experiments .  Disconfirmin g evidenc e i s use d t o guid e searc h throug h bot h 
th e hypothesi s an d experimen t  spaces .  However ,  Studie s 1  an d 2  demonstrat e tha t  ther e ar e som e 
seriou s constraint s o n th e searc h initiate d afte r  disconfirmation .  Th e searc h i s constraine d b y th e 
curren t  goal .  Th e goa l  ca n b e t o find  evidenc e i n favo r  o f  th e curren t  hypothesis ,  o r  i t  ca n b e t o 
explai n surprisin g results .  I f  th e goa l  i s  t o find  evidenc e i n favo r  o f  th e curren t  hypothesis ,  th e 
goal  ca n hav e majo r  effect s o n th e reasonin g strategie s used :  Subject s conside r  fe w alternat e 
hypotheses ,  an d the y distor t  thei r  analyse s o f  experimenta l  results .  Thi s resul t  suggest s tha t  som e 
of  th e finding s o f  fault y use s o f  logi c (e.g. ,  Wason' s 2  4  6  task )  i s  du e t o th e goa l  tha t  th e subject s 
hav e rathe r  tha n a n inabilit y  t o reaso n i n a  normativ e manner . 

Subject s propos e a n hypothesi s an d se t  u p a n experimenta l  goal .  The y the n searc h th e 
experimen t  spac e t o achiev e th e goal .  Whe n th e goa l  i s  no t  achieve d the y continu e t o searc h th e 
Experimen t  space .  Rathe r  tha n poppin g bac k u p t o th e Hypothesi s spac e t o formulat e ne w 
hypotheses ,  subject s sta y a t  a n experimenta l  level .  Th e strateg y tha t  the y us e t o formulat e ne w 
hypothese s depend s o n settin g a  ne w experimenta l  goal :  accountin g fo r  th e unexpecte d findings. 
Thi s ne w goa l  allow s the m t o generat e evidenc e ove r  whic h ne w hypothese s ca n b e induced .  I t  i s 
onl y the n tha t  subject s po p bac k t o th e Hypothesi s spac e an d propos e radicall y ne w hypotheses . 
Thi s suggest s tha t  th e proble m fo r  subject s i s no t  tha t  the y ar e alway s lookin g fo r  evidenc e tha t 
confirm s thei r  curren t  hypothesis ,  bu t  tha t  the y ar e engage d i n Experimen t  spac e searc h tryin g t o 
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achieve a certain experimental result. Subjects either have to change their experimental goal (as in 
stud y 1) ,  o r  reac h thei r  goa l  befor e the y ca n conside r  ne w hypothese s (a s i n study2) .  Thus ,  i t  i s 
th e goa l  tha t  subject s hav e tha t  i s  th e sourc e o f  confirmatio n bias ,  rathe r  tha n th e hypothesi s pe r  se . 

Whil e th e negativ e sid e o f  goal s constrainin g searc h i s apparent ,  ther e ar e als o a  numbe r  o f 
computationa l  advantage s t o constraine d search .  I n fact ,  man y A I  program s constrai n searc h b y 
th e curren t  goa l  (e.g. .  Turner ,  1988) .  B y usin g th e curren t  goa l  t o constrai n search ,  subject s onl y 
hav e t o conside r  a  smal l  numbe r  o f  hypotheses ,  an d als o conduc t  a  smal l  numbe r  o f  experiments . 
Thus ,  th e curren t  goa l  prune s bot h th e hypothesi s an d experimen t  spaces ,  makin g th e proble m 
tractable .  Thus ,  th e strategie s discovere d her e ma y b e i n genera l  useful ,  bu t  becaus e o f  thei r 
conservativ e nature ,  mak e i t  difficul t  t o overthro w curren t  theories . 
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