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Abst rac t 

The goal of the research reported in this paper is to uncover 
th e cognitiv e processe s involve d i n designin g comple x 
experiment s i n contemporar y biology .  Model s o f 
scientifi c  reasonin g ofte n assum e tha t  th e experimenta l 
desig n proces s i s  primaril y theoreticall y constrained . 
However ,  designin g a n experimen t  i s  a  ver y comple x 
proces s i n whic h man y step s an d decision s mus t  b e mad e 
eve n whe n th e theor y i s  full y  specified .  W e uncove r  a 
number  o f  crucia l  cognitiv e step s i n experimenta l  desig n 
by analyzin g th e desig n o f  a n experimen t  a t  a  meetin g o f 
an immunolog y laboratory .  Base d o n ou r  analysis ,  w e 
argu e tha t  experimenta l  desig n involve s th e followin g 
processes :  unpackin g an d specifyin g slot s i n possibl e 
experimenta l  designs ,  locall y evaluatin g specifi c 
component s o f  propose d designs ,  an d coordinatin g an d 
globall y evaluatin g possibl e experimenta l  designs .  Fou r 
set s o f  criteri a guid e loca l  an d globa l  evaluation :  ensurin g a 
robus t  interna l  structur e t o th e experiment ,  optimizin g th e 
likelihoo d experiment s wil l  work ,  performin g 
costs/benefit s analyse s o n possibl e desig n components , 
and ensurin g acceptanc e o f  result s b y th e scientifi c 
community .  CXi r  analyse s demonstrat e tha t  experimenta l 
desig n i s constraine d b y man y non-theoretica l  factors .  I n 
particular ,  th e constan t  threa t  o f  erro r  i n experimenta l 
result s lie s behin d man y o f  th e strategie s scientist s use . 

Introduction 

Th e specificatio n o f  th e cognitiv e processe s underlyin g 
scientifi c  thinkin g ha s bee n a  centra l  concer n o f  cognitiv e 
theorie s (e.g. ,  Dunbar ,  1995 ,  1996 ;  Klah r  &  Dunbar ,  1988 ; 
Langley ,  S imon ,  Bradshaw ,  &  Zytkow ,  1987 ;  Nersessian , 
1992 ;  Thagard ,  1992) .  Th e mai n focu s o f  researc h o n 
scientifi c  thinkin g ha s bee n o n inductiv e reasonin g an d 
hypothesi s formation ;  ther e ar e n o w m a n y model s o f  th e 
cognitiv e processe s involve d i n relatin g theor y t o data . 
However ,  fe w model s addres s anothe r  importan t  aspec t  o f 
scientifi c  work ,  th e experimenta l  desig n process .  Mos t 
cognitiv e researc h tha t  ha s addresse d experimenta l  desig n ha s 
focuse d o n th e relationshi p betwee n theor y an d experimen t 
(e.g. ,  Klah r  &  Dunbar ,  1988 ;  K layma n &  Ha ,  1987 ; 
Kulkam i  &  S imon ,  1988) .  However ,  ther e i s a  ric h se t  o f 
reasonin g processe s tha t  real-worl d scientist s us e t o desig n 
experiment s tha t  refer s onl y tangentiall y t o theory .  Thes e 

cognitiv e processe s "internal "  t o experimenta l  desig n 
exemplif y th e ric h heuristic s tha t  reasoner s construc t  ami d 
th e constraint s o f  complex ,  real-worl d environments .  Th e 
goa l  o f  thi s researc h i s t o presen t  a  mode l  o f  th e heuristic s 
use d fo r  designin g experiment s i n real-worl d science . 

Followin g th e researc h strateg y develope d b y Dunba r 
(Dunbar ,  1995 ,  1996) ,  w e wil l  investigat e th e wa y tha t 
scientist s desig n experiment s b y usin g dat a tha t  w e hav e 
recentl y collecte d fro m a n immunolog y laborator y a t  a  majo r 
Canadia n university .  W e hav e foun d tha t  on e plac e tha t 
scientist s desig n an d modif y experiment s on-lin e i s a t  th e 
weekl y laborator y meetin g (Dunbar ,  1996) .  Thus ,  th e dat a 
tha t  w e wil l  discus s i n thi s pape r  consist s o f  audi o 
recording s o f  a  laborator y meeting .  Th e advantag e o f  usin g 
laborator y meeting s a s ou r  sourc e o f  dat a i s tha t  w e obtai n 
spontaneou s statement s abou t  th e desig n o f  experiment s b y 
real-worl d scientist s i n a  natura l  way ,  rathe r  tha n usin g 
verba l  protocols ,  o r  a  microworld ,  t o investigat e th e 
experimenta l  desig n process . 

Method 

Thi s stud y i s par t  o f  a n ongoin g researc h projec t  initiate d b y 
Dunbar  tha t  ha s investigate d variou s aspect s o f  reasonin g 
and proble m solvin g usin g dat a fro m real-worl d scienc e 
laboratorie s (e.g. .  Bake r  &  Dunbar ,  i n preparation ;  Dunbar , 
1995 ,  1996 ;  Dunba r  &  Baker ,  1994 ;  Dunbar ,  Patel ,  Baker , 
& D a m a ,  1995) .  Th e dat a fo r  thi s stud y wa s draw n fro m a 
laborator y meetin g o f  a n immunolog y laborator y (excerpt s 
fro m th e meetin g ar e show n i n Tabl e 1) .  Whil e th e 
laborator y wa s guarantee d confidentiality ,  w e wer e give n 
broa d acces s t o meetings ,  papers ,  gran t  proposals ,  an d othe r 
laborator y records .  A t  meeting s o f  thi s laboratory ,  graduat e 
student s an d othe r  laborator y member s tak e turn s presentin g 
recen t  experimenta l  result s an d discussin g wha t  experiment s 
the y pla n t o d o next .  Laborator y member s w h o wer e presen t 
at  th e meetin g w e analyze d includ e th e principa l  investigato r 
(PI) ,  a  postdoctora l  fello w (Victoria') ,  thre e graduat e 
student s (includin g Elle n an d Monica) ,  on e undergraduat e 
honor s student ,  an d tw o technicians .  Th e entir e meetin g wa s 
tap e recorded  an d transcribed ,  an d the n a  segmen t  o f  thi s 

'Al l  name s an d som e identifyin g feature s o f  th e experiment s 
hav e bee n changed . 
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Ellen :  [I ]  A n d u h I  als o pla n t o d o i n sit u wit h th e X  probes ,  [2 ]  an d u h wit h eac h on e I  wil l  tr y a  differen t  modificatio n t o 
th e initia l  protocol s s  u h [3 ]  thos e modification s woul d b e aime d a t  increasin g th e accessibilit y  o f  th e u h probe s t o th e 
targe t  an d reducin g th e background .  [4 ]  S o tha t  th e overal l  ai m woul d b e t o increas e th e signa l  ove r  u h th e nois e ratio .  [5 ] 
O K,  s o exampl e o f  th e modic a u h modificatio n tha t  I  wil l  d o i s lik e t o us e fres h froze n tissue s instea d o f  u h perfuse d 
tissue s .  .  . 

PI :  [6 ]  Ar e yo u goin g t o b e abl e t o d o al l  thi s i n th e nex t  tw o weeks ? 
Ellen :  [7 ]  Wel l  I  wil l  tr y fres h froze n tissues ,  that' s fo r  sure .  [8 ]  Perfuse d tissues ,  yes .  [9 ]  U m mayb e I  don' t  k n o w i f  i f  I  wil l 

lik e t o trea t  wit h u h chloroform .  [10 ]  Bu t  R N A a s e I  woul d lik e t o d o tha t  a s well .  [11 ]  Becaus e i n on e experimen t  i n on e i n 
sit u w e ca n combin e al l  thes e thing s together . 

PI :  [12 ]  Al l  thi s i s goin g int o on e experiment ? 
Ellen :  [13 ]  Yes . 
PI :  [14 ]  What' s th e tissue ? 
Ellen :  [15 ]  U m hamste r  live r  an d splee n .  .  . 
PI :  [16 ]  There' s a  positiv e contro l  i n thi s experiment ? 
Ellen :  [17 ]  Positiv e contro l  woul d b e T R X cell s bu t  tha t  [18 ]  I  wil l  I  woul d mainl y concentrat e o n tissue s firs t 
PI :  [19 ]  I  thin k a t  th e ver y ver y leas t  an d we'r e reall y I' m talkin g abou t  th e botto m befor e w e star t  discussin g th e experimen t 

properly ,  [20 ]  ther e ough t  t o b e T R X induce d versu s uninduced .  [21 ]  Whic h yo u kno w alread y give s yo u a  signa l  versu s n o 
signal .  [22 ]  I  thin k that' s go t  t o b e ther e m in imu m [23 ]  an d the n w e ca n interpre t  fro m ther e .  .  . 

[othe r  aspect s o f  experiment s ar e discussed ] 
PI :  [24 ]  And,amongs t  al l  th e treatment s tha t  yo u describ e . .  .  whic h on e correspond s t o th e industr y standard ,  [25 ]  an d h o w 

ofte n hav e yo u trie d tha t  one ? 
Ellen :  [26 ]  Uh ,  I  wil l  I  wil l  tr y i t  fo r  th e first  tim e th e th e fresh  froze n tissue s [27 ]  ar e wha t  the y used . 
PI :  [28 ]  S o that' s th e industr y standard ? [29 ]  I  mea n th e th e likelies t  wa y t o mak e i n sit u hybridizatio n wor k o n tissues ? 
Ellen :  [30 ]  N o ther e ar e ther e ar e peopl e usin g perfuse d tissue s a s well .  [31 ]  I  thin k published .  [32 ]  Fres h frozen  tissue s it' s 

harde r  t o ge t  [33 ]  especiall y whe n it' s  spleen .  [34 ]  I  thin k u h thi s treatmen t  an d [35 ]  an d the n i f  w e don' t  fi x  befor e i t  it' s 
ver y har d t o t o get . 

PI :  [36 ]  H o w m a n y peopl e ar e publishin g tha t  the y ca n ge t  R P A F signa l  o n fixe d tissue ? I s i t  i s  i t  mor e dia n on e lab ? 
Ellen :  [37 ]  Yes ,  yes ,  ye s .  .  . 
PI :  [38 ]  I  wonde r  whethe r  yo u shouldn't ,  whethe r  yo u nee d to ,  inves t  a  hug e amoun t  o f  effor t  o n fresh frozen  tissu e tha t  [39 ] 

no w tha t  peopl e ca n tel l  m e thi s u h wha t  the y thin k .  .  . 
Ellen :  [40 ]  I  hav e th e tissues . 
PI :  [41 ]  Yo u hav e th e tissues ? [42 ]  The n mos t  o f  th e effor t  i s  alread y take n car e of ? .  .  .  O K . .  . 
Monica :  [43 ]  Bu t  i f  yo u wer e t o ge t  th e sam e result s fro m fixed  an d fro m fresh  froze n [44 ]  probabl y yo u woul d choos e t o us e 

fixed  i n th e futur e becaus e fixed  i s easie r  fo r  yo u t o wor k with . 
Ellen :  [45 ]  O K .  .  . 
PI :  [46 ]  Th e impressio n I  ge t  i s  tha t  fixed  tissu e [47 ]  I  mea n I  hav e m y o w n favorite s i n th e busines s O K ? [48 ]  A n d it' s 

partl y bia s [49 ]  an d it' s  partly ,  I  se e thei r  paper s around .  [50 ]  Bu t  on e o f  m y favorite s i s th e Y  la b .  .  .  [51 ]  ITie y wor k o n 
fixed  tissu e [52 ]  an d they'r e doin g a  lo t  o f  stuf f  tha t  interest s u s [53 ]  an d w e woul d like ,  i n fact ,  t o b e wher e the y are .  [54 ] 
So I  hav e thi s persona l  bia s tha t  i f  the y ca n d o i t  w e ca n d o it ,  [55 ]  an d i t  look s lik e easie r  wor k tha n usin g fresh  tissue . 
[56 ]  S o wha t  I' m tryin g t o d o i s t o reduce  th e amoun t  o f  wor k yo u hav e t o d o t o ge t  a  result ,  [57 ]  an d what' s frustratin g 
m e,  o f  course ,  a s i t  alway s doe s i n i n sit u [58 ]  i s  th e lengt h o f  tim e befor e w e kno w h o w it' s  gone .  [59 ]  A n y experimen t 
most  experiment s en d u p gettin g don e a  fe w time s befor e yo u ge t  a  goo d result ,  an d man y ther e m a n y m a n y failure s alon g 
th e wa y .  . .  [60 ]  Bu t  I  gues s wha t  you'r e tellin g m e i s tha t  you'r e goin g t o d o experiment s blindl y fo r  a  whil e unti l  yo u 
star t  reelin g i n th e data . 

Monica :  [61 ]  Eve n fro m molecula r  biolog y thoug h yo u hav e t o .  . .  tes t  a  coupl e o f  differen t  way s [62 ]  an d the n a s soo n a s 
yo u hi t  o n th e on e tha t  work s O K the n yo u kno w g o tha t  way .  [63 ]  A n d tha t  that' s wha t  i t  sound s lik e Ellen' s tryin g t o d o 
.  .  .  [64 ]  Unfortunatel y i t  take s five  week s t o ge t  th e answe r  [65 ]  bu t  sh e say s tha t  she' s gonn a d o a  numbe r  o f  differen t 
test s i n th e i n th e sam e experimen t  [66 ]  an d the n a t  th e en d o f  tha t  five  week s 

PI :  [67 ]  Withi n th e sam e experimen t  I  hadn' t  pic k u p o n that' s wher e I  starte d askin g 1 1 wa s afrai d tha t  w e wer e talkin g abou t 
te n differen t  experiments . 

Ellen :  [68 ]  I t  woul d i t  woul d b e i n int o tw o experiment s .  .  . 
Monica :  [69 ]  Al l  right.  Bu t  yo u coul d d o on e on e wee k an d on e th e next.. .  A n d s o i t  woul d b e withi n si x week s yo u woul d 

yo u woul d go ,  [70 ]  O h th e fixed  way...works . 
PI :  [71 ]  S o th e compariso n i s goin g t o be...fres h tissu e versu s 
Ellen :  [72 ]  Fixe d .  .  .  Yes . 

Tabl e 1 :  Meetin g excerpt s referrin g t o possibl e us e o f  fresh  frozen  tissue . 
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meetin g wa s selecte d fo r  analysi s becaus e i t  involve d a n 
extende d discussio n o f  possibl e experimenta l  designs . 
Protoco l  analysi s technique s wer e use d t o analyz e comment s 
relate d t o th e desig n o f  futur e experiments .  Thes e comment s 
wer e analyze d t o determin e th e genera l  structur e o f  th e 
experimenta l  desig n proces s an d th e particula r  issue s 
researcher s too k int o accoun t  i n designin g expenments . 

Analyses 

Summary of the Meeting 

I n th e meetin g segmen t  analyzed ,  a  graduat e student ,  Ellen , 
and othe r  laborator y member s discusse d severa l  possibl e 
modification s Elle n migh t  mak e t o a  particula r  experimenta l 
approach .  W e hav e analyze d th e entir e segment ;  however ,  fo r 
explanator y clarity ,  her e an d i n Tabl e 1  w e wil l  presen t  al l 
reference s t o a  particula r  problem ,  th e issu e o f  wha t  typ e o f 
tissu e preparatio n metho d Elle n wil l  use . 

Ellen' s goa l  a t  thi s poin t  i n he r  researc h i s t o ge t  a n 
experimenta l  techniqu e calle d i n sit u hybridizatio n t o work . 
I n sit u hybridizatio n involve s placin g a  "probe "  (i n thi s 
case ,  a  D N A prob e fo r  th e enzym e R P A F )  o n a  tissu e 
sampl e an d observin g wher e o n th e tissu e th e prob e adheres . 
Elle n hypothesize s tha t  R P A F i s involve d i n a  particula r 
disease .  I f  specifi c  adherenc e o f  th e prob e i s achieved ,  Elle n 
wil l  b e abl e t o se e which ,  i f  any ,  cell s i n th e tissu e ar e 
bindin g t o R P A F .  U p t o th e tim e o f  thi s meeting ,  Elle n ha s 
faile d t o ge t  th e i n sit u hybridizatio n techniqu e t o work . 

Wit h respec t  t o th e particula r  issu e addresse d i n thes e 
meetin g excerpts ,  Elle n i s considerin g tw o possibl e tissu e 
preparatio n methods .  Th e first,  whic h sh e ha s use d i n th e 
past ,  involve s "fixing "  th e anima l  tissu e chemicall y s o tha t 
experiment s ca n b e don e o n it .  Th e alternat e metho d tha t 
Elle n i s considerin g i s t o freez e th e tissue . 

At  th e beginnin g o f  th e meetin g segmen t  analyze d (item s 
[1-5 ]  i n Tabl e 1 ;  al l  subsequen t  brackete d numeral s wil l  refe r 
t o item s i n Tabl e 1) ,  Elle n i s discussin g experimenta l 
manipulation s sh e m a y d o t o tr y t o ge t  i n sit u hybridizatio n 
t o work .  I n particular ,  sh e say s [5 ]  sh e m a y tr y usin g "fres h 
frozen"  tissu e i n he r  nex t  experiment s instea d o f  th e fixed , 
perfuse d tissu e sh e ha s use d i n th e past . 

Afte r  Elle n describe s he r  possibl e experiments ,  th e P I  ask s 
[6 ]  whic h o f  th e experimenta l  manipulation s sh e intend s t o 
do immediately ,  an d Elle n respond s [7 ]  tha t  (amon g othe r 
thing s [8-10] )  sh e wil l  definitel y d o th e fresh frozen  tissu e 
manipulation .  Th e P I  nex t  ask s Elle n [14 ,  16 ]  t o specif y 
othe r  component s o f  he r  propose d experiment ,  includin g 
what  "positiv e control "  sh e wil l  use .  I n usin g th e ter m 
"positiv e control, "  th e P I  appear s t o sugges t  tha t  Elle n 
shoul d includ e a s a  contro l  a  typ e o f  cel l  t o whic h sh e 
know s bindin g shoul d occur ,  s o tha t  sh e wil l  b e abl e t o tel l 
whethe r  th e i n sit u procedur e i s workin g properly .  Usin g 
onl y th e experimenta l  cells ,  i f  ther e i s n o bindin g Elle n wil l 
not  b e abl e t o tel l  whethe r  he r  hypothesi s i s wron g o r 
whethe r  th e techniqu e i s no t  working .  A t  thi s poin t  Elle n 
say s tha t  sh e plan s [17-18 ]  t o tr y onl y th e tissu e 
manipulatio n wit h he r  experimenta l  cell s an d no t  t o us e 
contro l  cells .  However ,  th e P I  argue s [19-23 ]  tha t  sh e shoul d 
us e contro l  cell s i n th e experiment . 

Late r  i n th e meeting ,  afte r  othe r  aspect s o f  Ellen' s 
experiment s hav e bee n discussed ,  th e P I  trie s t o evaluat e 
[24 ]  th e experimen t  a s a  whol e wit h respec t  t o curren t 
standard s o f  scientifi c  practice .  Elle n claim s [27 ]  tha t  fresh 
frozen  tissu e preparatio n i s th e standar d o f  th e field ,  bu t 
unde r  questionin g fro m th e P I  [28 ,  36 ]  sh e the n admit s [30 -
31 ,  37 ]  tha t  som e laboratorie s als o us e fixed  tissue .  Sh e 
say s [32-35 ]  tha t  th e fresh frozen  metho d i s mor e difficul t 
tha n th e fixed  tissu e method .  Monic a the n argue s [43-44 ] 
tha t  Elle n shoul d favo r  th e fixed  metho d becaus e i t  i s  easier . 
The P I  als o argue s [46-56 ]  tha t  Elle n shoul d no t  tr y t o us e 
fresh  frozen  tissue ,  sinc e i t  i s  bot h harde r  t o wor k wit h tha n 
fixed  tissu e an d no t  clearl y th e standar d o f  th e laboratorie s 
doin g thi s kin d o f  work . 

Th e ensuin g discussio n [57-70 ]  i s par t  o f  a n effor t  t o 
coordinat e al l  th e experiment s Elle n want s t o do .  Becaus e i n 
sit u hybridizatio n require s a  wai t  o f  si x week s t o obtai n 
results ,  sh e plan s t o d o multipl e experiment s soo n withou t 
waitin g t o find  ou t  th e result s o f  eac h one .  Becaus e o f  thes e 
tim e frame  issues ,  Elle n wil l  g o ahea d [71-72 ]  wit h th e fres h 
frozen  manipulatio n despit e laborator y members ' 
reservation s abou t  th e fres h frozen  preparatio n method . 

Analysis of the Experimental Design Process 

Th e previou s sectio n outline d th e proces s scientist s wen t 
throug h i n on e portio n o f  thi s meetin g t o develo p a  piec e o f 
an experimenta l  design .  Beginnin g wit h a n experimenta l 
approac h tha t  wa s no t  workin g (i n sit u hybridization) ,  Elle n 
and othe r  laborator y member s examine d an d evaluate d 
variou s alteration s i n method s an d material s tha t  sh e coul d 
implemen t  i n orde r  t o ge t  th e i n sit u techniqu e t o work .  Th e 
excerpt s analyze d i n th e las t  sectio n focuse d o n on e onl y 
particula r  issue :  whethe r  Elle n shoul d us e fresh frozen  rathe r 
tha n fixed  perfuse d tissue .  However ,  a  mor e complet e 
analysi s o f  th e entir e meetin g segmen t  indicate d tha t 
processe s presen t  i n thi s segmen t  occurre d throughou t  th e 
meeting .  I n thi s section ,  w e analyz e th e genera l 
experimenta l  desig n proces s use d i n thi s laboratory .  Thi s 
proces s i s depicte d i n Figur e 1 .  Figur e 1  doe s no t  specif y a 
tempora l  orde r  o f  events ;  rather ,  i t  portray s a n overal l 
structur e tha t  control s th e experimenta l  desig n process . 
Often ,  event s move d temporall y fro m lef t  t o right  t o botto m 
i n Figur e 1 ,  bu t  element s from  th e thre e differen t  section s 
wer e intermixe d throughou t  thi s meetin g segment . 

At  th e tim e thi s meetin g occurred ,  Elle n ha d alread y 
chose n t o th e us e th e i n sit u hybridizatio n experimenta l 
approac h o r  paradigm .  Experimenta l  paradigm s ar e rarel y 
constructe d from  scratch ;  rather ,  the y m a y b e retrieve d from 
experiment s previousl y don e b y th e particula r  scientist ,  i n 
th e sam e laboratory ,  o r  i n othe r  laboratorie s (c f  Dunbar , 
1996) .  Th e choic e o f  a  particula r  experimenta l  paradig m 
constitute s th e creatio n o f  a  frame  wit h particula r  slot s 
correspondin g t o feature s i n th e experimenta l  desig n (c f 
Friedlan d &  Iwasaki ,  1985 ;  Schun n &  Klahr ,  1995) . 

Unpack/specify slots in experimental design. The 
first  par t  o f  th e experimenta l  desig n proces s exhibite d b y th e 
scientist s wa s "unpacking "  th e desig n an d specifyin g 
componen t  element s o f  th e experiment .  Tha t  is ,  a t  th e 
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design ,  e.g. : 

Techniqu e 
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Coordination ,  globa l  evaluatio n 

Relativ e 
merit s 

Coheren t 
overal l 
structur e 

Timefram e 
issue s 

Figur e 1 ;  Diagra m o f  genera l  experimenta l  desig n process . 

beginning of the meeting Ellen had specified that she would 
continu e t o us e th e i n sit u hybridizatio n techniqu e an d tha t 
she woul d attemp t  th e fres h froze n metho d o f  tissu e 
preparation .  However ,  ther e wer e stil l  man y element s o f  th e 
experimenta l  desig n tha t  ha d no t  bee n specified ,  an d th e P I 
and othe r  laborator y member s prompte d Elle n t o specif y 
thes e [14 ,  16] .  Th e scientist s ar e abl e t o unpac k th e 
experimenta l  desig n i n thi s wa y becaus e the y kno w th e 
"slots "  i n th e experimenta l  desig n tha t  nee d t o b e fille d fo r 
any give n experimenta l  approach . 

Local evaluation of design elements. Subsequent 
to ,  o r  simultaneou s with ,  th e unpackin g an d specificatio n 
process ,  th e scientist s ofte n evaluate d specifi c  element s o f 
th e propose d design .  Thi s typ e o f  evaluation ,  whic h wa s 
constraine d t o onl y on e o r  a  fe w element s o f  th e propose d 
design ,  ma y b e though t  o f  a s "loca l  evaluation. "  Evaluatio n 
i s guide d b y a t  leas t  fou r  set s o f  criteria .  First ,  th e scientist s 
attemp t  t o desig n experiment s tha t  wil l  b e "interpretable; " 
tha t  is ,  tha t  hav e a  robus t  interna l  structure .  Thi s i s  ofte n 
achieve d throug h th e us e o f  contro l  condition s (e.g. ,  [16-23] ) 
tha t  enabl e th e scientis t  t o interpre t  th e meanin g o f  result s 
on non-control ,  o r  experimental ,  conditions .  Second ,  th e 
scientist s tr y t o optimiz e th e chance s tha t  th e experimen t 
wil l  "work; "  tha t  is ,  tha t  result s wil l  no t  b e throw n of f  b y 
experimenta l  error .  I n thi s meetin g th e scientist s trie d t o 
make sur e th e experimen t  woul d wor k b y evaluatin g Ellen' s 
leve l  o f  expertis e wit h th e fres h froze n tissu e preparatio n 
metho d [25 ]  an d usin g method s tha t  ha d a  prove n trac k 
recor d (i.e. ,  ha d bee n use d successfull y i n othe r  laboratorie s 
[24 ,  28 ,  36 ,  46-54]) .  Third ,  th e scientist s performe d wha t 
migh t  b e considere d a  costs/benefit s analysis .  Fo r  instance , 
the y considere d ho w eas y o r  difficul t  differen t  method s woul d 
be t o implemen t  [32-35 ,  40-44 ,  55-56] .  Fourt h an d finally , 
th e scientist s trie d t o desig n experiment s whos e result s 
woul d b e accepte d a s vali d b y th e large r  scientifi c 

community .  Fo r  instance ,  elsewher e i n thi s meetin g th e P I 
urge d Elle n t o includ e a  particula r  prob e becaus e i t  wa s "a n 
industr y standar d o f  somethin g tha t  yo u ough t  t o fin d .  .  . 
everybod y agree s i t  ough t  t o b e there. " 

Coordination and global evaluation. The final step 
i n th e experimenta l  desig n proces s i s  coordinatio n o f 
differen t  possibl e experiment s an d a  globa l  evaluatio n o f 
ho w differen t  approache s fi t  togethe r  an d whic h experiment s 
shoul d b e don e i n wha t  orde r  (e.g. ,  [57-70]) .  Globa l 
evaluation s ar e stil l  guide d b y th e sam e criteri a describe d i n 
th e las t  paragraph ,  bu t  the y ar e use d t o judg e th e merit s o f 
differen t  desig n element s an d approache s relativ e t o eac h 
other . 

Discussion 

The finding s reporte d i n th e previou s sectio n indicat e tha t 
scientist s hav e well-develope d strategie s fo r  designin g an d 
choosin g amon g possibl e experiments .  Th e analysi s o f  thes e 
strategie s suggest s interestin g theoretica l  interpretations , 
some o f  whic h ar e explore d i n thi s section . 

Experimental Design: Beyond the Hypothesis 

As w e argue d i n th e introduction ,  experimenta l  desig n ha s 
most  ofte n bee n portraye d i n th e cognitiv e literatur e a s a 
proces s o f  instantiatin g variable s o f  a  hypothesi s i n th e 
feature s o f  a n experiment .  W e d o no t  den y tha t  th e scientists ' 
curren t  hypothese s constrai n th e typ e o f  experiment s the y 
choose .  However ,  w e argu e tha t  hypothese s d o no t 
completel y constrai n th e desig n o f  experiments .  Tha t  is , 
ther e ar e man y possibl e experiment s tha t  coul d b e use d t o 
tes t  an y give n hypothesis .  Eve n afte r  th e hypothesi s i s 
determined ,  th e scientis t  stil l  ha s t o choos e amon g 
experimenta l  techniques ,  protoco l  steps ,  contro l  conditions , 
and man y othe r  element s befor e th e experimenta l  desig n i s 
complete . 

I n th e exampl e analyze d fo r  thi s cas e study ,  Elle n ha d 
forme d he r  hypothesi s man y month s befor e th e meeting ,  an d 
yet  sh e wa s continuin g t o struggl e wit h th e experimenta l 
componen t  o f  he r  work .  Ellen' s hypothesis ,  i n fact ,  i s  onl y 
obliquel y referred  t o i n th e entir e tex t  o f  thi s meeting .  L n 
part ,  thi s ma y b e becaus e sh e ha s alread y chose n th e 
experimenta l  paradig m sh e wil l  us e {i n sit u hybridization) ; 
choic e o f  experimenta l  paradig m i s perhap s mor e likel y t o 
involv e reference  t o theor y tha n late r  step s i n th e desig n 
proces s (c f  Friedlan d &  Iwasaki ,  1985) . 

Instea d o f  translatin g hypothesi s t o experiment ,  th e 
laborator y member s focu s o n solvin g a  technica l  proble m 
(gettin g a  ne w techniqu e t o work )  an d ho w t o desig n 
experiment s usin g thi s techniqu e tha t  wil l  giv e interpretabl e 
results .  Th e fou r  set s o f  criteri a tha t  guid e evaluatio n hav e 
littl e t o d o wit h th e constraint s impose d b y th e scientist' s 
hypothesis .  Tha t  is ,  a  goo d experimen t  wil l  no t  onl y tes t 
th e scientist' s  theory ,  bu t  wil l  als o b e robus t  i n interna l 
structur e (i.e .  th e result s ar e expecte d t o b e interpretable) , 
wil l  involv e methodologie s a t  whic h ar e likel y t o work ,  wil l 
be optima l  fro m a  costs/benefit s standpoint ,  an d wil l 
produc e result s tha t  wil l  b e accepte d b y th e large r  scientifi c 
community .  I t  i s  particularl y interestin g t o not e tha t  ther e 
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ar e comple x reasonin g processe s involve d i n experimenta l 
desig n eve n afte r  th e proces s o f  translatin g fro m theor y t o 
experimen t  ha s bee n completed .  Experimenta l  desig n ha s it s 
o wn "internal "  heuristic s an d reasonin g processe s separat e 
fro m th e tas k o f  relatin g hypothesi s t o experiment . 

Ther e i s a  limite d amoun t  o f  earlie r  researc h tha t 
considere d element s o f  th e desig n proces s independen t  o f 
theory-experimen t  coordination .  Ou r  result s correspon d t o 
thi s earlie r  wor k i n s o m e ways .  Th e interpretabilit y  criteri a 
highlighte d i n ou r  analysi s correspon d t o th e notio n o f 
"observability "  o f  experiment s develope d i n Klahr ,  Dunbar , 
and Fa y (1990) .  I n bot h cases ,  th e scientist s an d subject s 
trie d t o desig n experiment s whos e result s coul d b e 
interprete d unambiguously .  Th e genera l  structur e o f  ou r 
model  o f  experimenta l  design ,  i n whic h slot s i n a  frame  ar e 
unpacke d an d specified ,  i s  simila r  to.Friedlan d an d Iwasaki' s 
(1985 )  mode l  o f  experimenta l  desig n a s refinemen t  o f 
skeleta l  plans .  Therefore ,  ou r  wor k i s consisten t  wit h earlie r 
researc h tha t  investigate d aspect s o f  experimenta l  desig n 
othe r  tha n theory-to-experimen t  translation .  Thi s researc h 
m ay b e see n a s th e beginnin g o f  a  bod y o f  wor k tha t  goe s 
beyon d th e hypothesi s an d investigate s th e comple x 
processe s "internal "  t o th e experimenta l  desig n task . 

Effect of Potential Error on Experimental Design 

I n mos t  cognitiv e model s o f  science ,  includin g psycholog y 
laborator y experiments ,  artificia l  intelligenc e models ,  an d 
normativ e philosophica l  models ,  th e subject/scientis t  run s 
on e experimen t  (wit h on e experimenta l  conditio n an d n o 
contro l  conditions )  an d obtain s on e outcome ,  whic h i s 
presume d t o b e correct .  I n othe r  words ,  experimentatio n i n 
most  cognitiv e model s appear s unproblemati c compare d t o 
th e elaborat e processe s w e hav e uncovere d i n real-world 
science ,  wher e scientist s struggl e t o choos e betwee n 
alternat e method s an d material s an d desig n multi-conditio n 
experiment s wit h numerou s controls .  Th e questio n w e 
addres s i n thi s sectio n is :  W h y i s th e real-worl d proces s s o 
m u ch mor e comple x tha n tha t  depicte d i n earlie r  cognitiv e 
models ? 

We argu e tha t  th e issu e o f  "potentia l  error "  i s  wha t 
underlie s m a n y o f  th e criteri a real-worl d scientist s tak e int o 
accoun t  w h e n designin g experiments .  I t  i s  a  commonplac e 
a m o ng practicin g biologist s tha t  a t  leas t  a s m a n y 
experiment s "don' t  work "  a s "d o work "  (c f  [59]) .  Technique s 
tha t  appea r  straightforwar d i n th e biolog y textboo k o r  th e 
equipmen t  manua l  ar e i n practic e difficul t  t o implement . 
A m o ng othe r  potentia l  problems ,  material s m a y b e 
contaminated ,  cell s m a y di e i f  no t  maintaine d i n precis e 
growin g conditions ,  reagent s m a y fai l  t o adher e t o o r  interac t 
wit h othe r  materials ,  and/o r  equipmen t  m a y no t  b e calibrate d 
properl y o r  m a y malfunction .  Scientist s i n th e laboratorie s 
studie d ofte n spen t  week s o r  month s attemptin g t o "ge t  a 
syste m working, "  an d eve n the n degradatio n o f  material s o r 
problem s implementin g protocol s coul d caus e som e 
experiment s no t  t o work . 

T h e issu e o f  erro r  i n experimenta l  result s ha s bee n 
addresse d befor e i n th e psychologica l  literamr e (e.g .  Gorman , 
1986) .  However ,  potentia l  erro r  ha s generall y bee n treate d a s 
a probabilisti c  issu e i n th e psycholog y laboratory ;  tha t  is , 
o n an y give n experimen t  ther e i s som e percentag e chanc e 

tha t  th e resul t  wil l  b e reporte d incorrectly ,  an d subject s ar e 
expecte d t o tak e thi s possibilit y  o f  erro r  int o accoun t  whe n 
evaluatin g experimenta l  results .  I n th e real-worl d biolog y 
laboratory ,  erro r  i s no t  treate d a s a  probabilisti c  construct . 
W h en experiment s "don' t  work, "  th e biologist s rarel y 
conside r  i t  a  chanc e occurrence .  Rather ,  the y believ e th e 
failur e ca n b e causall y attribute d t o somethin g tha t  wen t 
wron g durin g th e runnin g o f  th e experiment .  B y usin g th e 
appropriat e experimenta l  controls ,  th e scientist s hop e t o tel l 
whethe r  th e experimen t  faile d an d als o wha t  wen t  wron g t o 
caus e i t  t o fail .  Hence ,  thi s nee d t o contro l  fo r  possibl e erro r 
drive s th e strategie s involve d i n designin g experiment s wit h 
robus t  interna l  structure .  Th e secon d se t  o f  criteria ,  directe d 
towar d gettin g th e experimen t  t o "work, "  explicitl y  addres s 
thi s issu e o f  possibl e error .  I n addition ,  i t  m a y b e thi s 
possibilit y  o f  erro r  tha t  i s  behin d th e developmen t  o f 
scientifi c  communit y standard s fo r  wha t  i s accepte d a s a 
vali d experimenta l  finding :  b y settin g standards ,  th e 
communit y ensure s tha t  scientist s ca n evaluat e th e 
possibilit y  o f  erro r  i n othe r  laboratories '  reporte d results . 
Thu s th e possibilit y  o f  erro r  factor s int o th e fourt h se t  o f 
criteri a a s well . 

I n short ,  wha t  wa s unproblemati c i n mos t  cognitiv e 
models—trustin g th e result s o f  experiments—become s 
highl y problemati c i n th e real-worl d scienc e laboratory .  Th e 
criteri a scientist s tak e int o accoun t  whe n designin g an d 
evaluatin g potentia l  experimenta l  design s ca n b e see n a s a 
well-develope d se t  o f  heuristic s tha t  hav e arise n t o dea l  wit h 
th e constraint s o f  thi s tas k environment ,  i n particula r  th e 
potentia l  fo r  erro r  i n experimenta l  results . 

Toward a General Model of Experimental Design 

Researcher s buildin g model s o f  h u m a n proble m solvin g 
hav e lon g recognize d tha t  th e tas k environmen t  severel y 
constrain s th e type s o f  strategie s tha t  th e problem-solve r 
wil l  emplo y (e.g. ,  Newel l  &  Simon ,  1972) .  Experimenta l 
desig n i s n o exception :  Designin g a n experimen t  i n a 
scienc e laborator y i s a  comple x proble m wit h multipl e 
constraints .  T h e experimenta l  desig n proces s depicte d i n 
Figur e 1  i s i n fac t  a  collectio n o f  strategie s use d b y 
scientist s i n on e laborator y t o solv e a  portio n o f  th e 
experimenta l  desig n problem .  T o th e exten t  tha t  thes e 
strategie s hav e bee n develope d b y scientist s i n respons e t o a 
tas k environment ,  i t  i s  probabl e tha t  simila r  strategie s wil l 
be manifeste d i n laboratorie s confronte d wit h simila r  tas k 
environments .  I n othe r  words ,  th e proces s depicte d i n Figur e 
1 wil l  likel y lea d towar d a  genera l  mode l  o f  th e experimenta l 
desig n proces s throughou t  scienc e i f  laboratorie s i n othe r 
scienc e discipline s fac e simila r  constraint s t o thos e face d i n 
thi s immunolog y laboratory . 

We argu e tha t  th e tas k environmen t  fo r  experimenta l 
desig n i n mos t  scienc e domain s i s mor e simila r  tha n 
differen t  from  disciplin e t o disciplin e an d fro m laborator y t o 
laboratory .  Fo r  example ,  th e particula r  slot s scientist s mus t 
fil l  i n t o complet e a n experimenta l  desig n wil l  var y 
dramaticall y fro m disciplin e t o discipline ,  bu t  th e strateg y o f 
"unpacking "  th e desig n s o a s t o m a k e particula r  component s 
of  i t  availabl e fo r  analysi s i s likel y t o b e use d i n scienc e 
laboratorie s o f  m a n y disciplines ,  becaus e th e structur e o f 
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experiment s i n m o d e m scientifi c  discipline s i s  almos t 
alway s ver y complex . 

Similariy ,  th e criteri a use d t o locall y evaluat e element s o f 
an experimenta l  desig n ar e a  respons e t o th e genera l  natur e 
of  20th-centui y scientifi c  practice ,  an d no t  a d ho c heuristic s 
usefu l  onl y i n a  particula r  laboratory .  Th e standard s o f 
experimenta l  scienc e a s i t  currentl y exist s require  tha t 
scientist s ensur e a  robus t  interna l  structur e t o thei r 
experiments .  Likewise ,  th e extensiv e socia l  structur e o f 
scienc e toda y require s tha t  scientist s kee p i n min d th e likel y 
communit y respons e t o thei r  reporte d results .  Particula r 
issue s withi n thes e categorie s ma y var y i n differen t  scientifi c 
domains ,  bu t  practitioner s i n al l  m o d e m scienc e laboratorie s 
must  tak e int o accoun t  thes e genera l  criteria .  Similarly , 
cuttin g edg e scienc e i n al l  discipline s require s th e us e o f 
new,  imperfec t  techniques ;  indeed ,  i t  i s  th e us e o f  thes e 
technique s tha t  ofte n define s "cuttin g edge "  science .  Thu s 
costs/benefit s decision s an d concem s abou t  individua l 
expertis e ar e alway s present ,  and ,  mor e generally ,  whe n eac h 
experimen t  represent s a  larg e commitmen t  o f  time ,  effort , 
and money ,  ther e i s a  nee d t o prioritiz e an d coordinat e 
differen t  experiments .  Fo r  thes e reasons ,  i t  i s  no t  unlikel y 
tha t  th e basi c feature s o f  th e mode l  presente d i n Figur e 1 
woul d b e presen t  i n an y genera l  mode l  o f  real-world 
experimenta l  design . 

Acknowledgements 

Thi s researc h wa s supporte d b y a  McGil l  Majo r  Graduat e 
Fellowshi p t o th e first  author .  TTi e secon d autho r  wa s funde d 
by gran t  numbe r  OGP003735 6 fro m N S E R C an d grant s 
fro m F C A R an d S S H R C. 

Klahr ,  D. ,  &  Dunbar ,  K .  (1988) .  Dua l  spac e searc h durin g 
scientifi c  reasoning .  Cognitiv e Science ,  12 ,  1-48 . 

Klahr ,  D. ,  Dunbar ,  K. ,  &  Fay ,  A .  L .  (1990) .  Designin g 
goo d experiment s t o tes t  ba d hypotheses .  I n J .  Shrage r  & 
P.  Langle y (Eds.) ,  Computationa l  model s o f  scientifi c 
discover y an d theor y formation .  Sa n Mateo ,  C A :  Morga n 
Kaufmann . 

Klayman ,  J. ,  &  Ha ,  Y .  (1987) .  Confirmarion , 
disconfinnation ,  an d informatio n i n hypothesi s testing . 
Psychologica l  Review ,  94 ,  211-228 . 

Kulkami ,  D. ,  &  Simon ,  H .  A .  (1988) .  Th e processe s o f 
scientifi c  discovery :  Th e strateg y o f  experimentation . 
Cognitiv e Science ,  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 processes .  Cambridge ,  M A : 
M I T Press . 

Nersessian ,  N .  (1992) .  H o 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 . 
Gier e (Ed.) ,  Minnesot a studie s i n th e philosoph y o f 
science .  Vol .  XV :  Cognitiv e model s o f  science . 
Minneapolis :  Universit y o f  Minnesot a Press . 

Newell ,  A. ,  &  Simon ,  H .  A .  (1972) .  H u m a n Proble m 
Solving .  Englewoo d Cliffs ,  NJ :  Prentice-Hall ,  Inc . 

Schunn ,  C .  D. ,  &  Klahr ,  D .  (1995) .  A  4-spac e mode l  o f 
scientifi c  discovery .  I n Proceeding s o f  th e 17t h Annua l 
Conferenc e o f  th e Cognitiv e Scienc e Society .  Hillsdale , 
NJ:  Erlbaum . 

Thagard ,  P .  (1992) .  Conceptua l  Revolutions .  Cambridge , 
M A:  M I T Press . 

R e f e r e n c e s 

Baker ,  L .  M .  &  Dunbar ,  K .  (i n preparation) .  H o w scientist s 
deal  wit h unexpecte d findings:  A  discover y heuristic . 

Dunbar ,  K .  (1995) .  H o w scientist s reall y reason :  Scientifi c 
reasonin g i n real-worl d laboratories .  I n R .  J .  Stember g & 
J.  Davidso n (Eds.) ,  Mechanism s o f  insight .  Cambridge , 
M A:  M I T Press . 

Dunbar ,  K .  (1996) .  H o w scientist s think :  Onlin e creativit y 
and conceptua l  chang e i n science .  I n T .  B .  Ward ,  S .  M . 
Smith ,  &  J .  Vai d (Eds.) ,  Conceptua l  structure s an d 
processes :  Emergence ,  discovery ,  an d change . 
Washington ,  D C :  America n Psychologica l  Associatio n 
Press . 

Dunbar ,  K. ,  &  Baker ,  L .  (1994) .  Goals,  analogy ,  an d th e 
socia l  constraint s o f  scientifi c  discovery .  Behaviora l  ai d 
Brai n Sciences ,  17 .  538-39 . 

Dunbar ,  K. ,  Patel ,  V. ,  Baker ,  L. ,  &  Dama ,  M .  (1995 , 
November) .  Grou p reasonin g strategie s i n knowledge-ric h 
domains .  36t h Annua l  Meetin g o f  th e Psychonomi c 
Society ,  Lo s Angeles . 

Friedland ,  P .  E. ,  &  Iwasaki ,  Y .  (1985) .  Th e concep t  an d 
implementatio n o f  skeleta l  plans .  Journa l  o f  Automate d 
Reasoning ,  1 ,  161-208 . 

Gorman,  M .  E .  (1986) .  H o w th e possibilit y  o f  erro r  affect s 
falsificatio n o n a  tas k tha t  model s scientifi c  proble m 
solving .  Britis h Journa l  o f  Psychology ,  77 ,  85-96 . 

159 


	cogsci_1996_154-159

