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Abstrac t 

Previou s researc h o n scientifi c  reasonin g ha s show n tha t  i t 
involve s a  divers e se t  o f  skills .  Yet ,  littl e i s know n abou t 
generalit y o f  thos e skills ,  a n importan t  issu e t o theorie s o f 
expertis e an d t o attempt s t o automat e scientifi c  reasonin g 
skills .  W e presen t  a  stud y examinin g wha t  kind s o f  skill s 
psychologist s actuall y us e i n designin g an d interpretin g 
experiments .  Th e result s suggest :  1 )  tha t  psychologist s us e 
many domain-genera l  skill s  i n thei r  experimentation ;  2 )  tha t 
brigh t  an d motivate d undergraduate s ar e missin g man y o f 
thes e skills ;  3 )  som e domain-genera l  skill s  ar e no t  specifi c  t o 
onl y scientists ;  an d 4 )  som e domain-specifi c  skill s  ca n b e 
acquire d wit h minimal  domain-experience . 

Introduction 

What are the reasoning skills required for making scientific 
discoveries ? Previou s psychologica l  researc h o n scientifi c 
reasonin g ha s produce d a  ric h an d varie d se t  o f  finding s 
regardin g th e natur e o f  scientifi c  reasonin g skill s  (e.g. , 
Dunbar ,  1994 ;  Klah r  &  Dunbar ,  1988 ;  Kulkam i  &  Simon , 
1988) .  Whil e suc h researc h ha s indicate d m a n y dimension s 
t o scientifi c  expertise ,  i t  i s  ofte n difficul t  t o determin e 
whethe r  th e feature s tha t  defin e scientifi c  expertis e ar e du e 
t o difference s i n genera l  ability ,  familiarit y wit h th e researc h 
question ,  o r  familiarit y wit h th e researc h methods .  O n e 
approac h tha t  offer s som e progres s o n thes e issue s use s a 
quasi-experimenta l  desig n whic h involve s a  c o m m o n , 
representativ e scientifi c  reasonin g tas k an d the n 
systematicall y manipulate s variou s form s o f  expertise .  Thi s 
approac h ha s tw o clea r  exemplars :  Voss ,  Tyle r  &  Yengo' s 
(1983 )  stud y o f  scientifi c  reasonin g i n politica l  science ,  an d 
Shraagen' s (1993 )  stud y o f  stud y o f  scientifi c  reasonin g i n 
experimenta l  psychology .  I n bot h o f  thes e studies ,  a t  leas t 
tw o kind s o f  expert s wer e used—scientist s workin g withi n 
th e domai n o f  th e researc h questio n give n t o them ,  an d 
scientist s fro m th e sam e disciplin e (e.g. ,  politica l  scientist s 
or  experimenta l  psychologists )  bu t  wit h a  differen t  domai n 
of  expertis e an d therefor e unfamilia r  wit h th e researc h 
question .  A  thir d grou p o f  participant s include d 
undergraduat e novice s familia r  neithe r  wit h th e scientifi c 
metho d no r  th e particula r  domai n o f  th e researc h question . 
Thus ,  thes e studie s contraste d domai n expertis e wit h tas k 
expertise .  Bot h studie s foun d that ,  whil e ther e wer e effect s 
of  domai n expertise ,  ther e wer e als o effect s o f  tas k expertise , 
indicatin g tha t  ther e ar e domain-genera l  component s t o 
scientifi c  reasoning . 

Whi l e th e Vos s e t  al .  an d th e Shraage n studie s hav e 
provide d som e answer s abou t  th e natur e an d generalit y o f 
scientifi c  reasonin g skills ,  m a n y question s remain .  First , 

thos e tw o studie s identifie d onl y a  fe w o f  th e skill s  require d 
fo r  scientifi c  reasoning ,  al l  withi n th e desig n process . 
Presumabl y a  comple x tas k suc h a s makin g scientifi c 
discoverie s require s m a n y mor e skill s  withi n th e desig n 
proces s an d withi n othe r  aspects .  Fo r  example ,  ther e ar e als o 
th e processe s o f  decidin g h o w t o measur e an d plo t  th e 
outcome s o f  experiments ,  interpretin g th e experimenta l 
outcomes ,  an d generatin g o r  comparin g result s t o hypothese s 
(c f  Schun n &  Klahr ,  1995) .  Second ,  th e Vos s e t  al .  an d 
Shraage n studie s di d no t  provid e an y opportunitie s fo r  th e 
participant s t o m a k e us e o f  feedback .  Scientist s i n th e rea l 
worl d rel y o n th e abilit y  t o tes t  thei r  idea s empirically ,  an d 
iterativel y attac k a  proble m (Tweney ,  1990)—scientifi c 
question s ar e rarel y answere d i n on e experimen t  (an d 
especiall y no t  i n th e first  one) . 

The curren t  stud y wa s designe d t o addres s thes e issues .  A s 
wit h th e Vos s e t  al .  an d Shraage n studies ,  ou r  stud y contrast s 
domain-expert s wit h task-expert s an d tas k novices . 
However ,  i n contras t  t o th e tw o previou s studies ,  th e curren t 
stud y ha d tw o ne w features .  First ,  i t  make s us e o f  a  ne w 
compute r  interfac e tha t  simulate s th e outcome s o f 
experiments ,  whic h i n turn ,  allow s th e participant s t o se e th e 
result s o f  thei r  experiment s an d desig n multipl e experiment s 
base d o n th e feedbac k the y receive .  Second ,  thi s stud y 
examine s th e processe s b y whic h th e participant s examine d 
th e experimenta l  outcome s an d measure s wha t  the y 
conclude d fro m th e outcomes . 

Thre e genera l  question s wer e o f  focu s i n ou r  study .  First , 
i s  ther e a  genera l  se t  o f  skill s  tha t  scientist s us e i n designin g 
an d interpretin g experiments ? I t  m a y b e tha t  ther e ar e 
relativel y fe w genera l  skill s  tha t  hol d tru e acros s domains ,  o r 
eve n acros s scientists .  Second ,  o f  th e domain-genera l  skill s 
tha t  d o exist ,  ar e thes e genera l  skill s  uniqu e t o scientists ,  o r 
woul d an y intelligent ,  motivate d individua l  posses s them ? 
Th e empirica l  generalit y o f  thes e reasonin g skill s  shoul d 
provid e importan t  informatio n abou t  th e natur e an d origin s 
of  thes e skills .  Third ,  assumin g ther e ar e bot h domain -
genera l  skill s  an d domain-specifi c  skills ,  wil l  thes e skill s 
transfe r  t o th e curren t  task ? Recen t  theorie s o f  learnin g an d 
transfe r  hav e suggeste d tha t  transfe r  i s non-trivia l  matte r 
(e.g. ,  Clancey ,  1993 ;  Greeno ,  1988 ;  Lave ,  1988 ;  Suchman , 
1987) .  Fo r  example ,  th e Task-Expert s m a y no t  b e abl e t o 
appl y thei r  domain-genera l  skill s  becaus e th e curren t  tas k i s 
not  situate d i n thei r  familia r  domains . 

Th e proble m give n t o th e participant s wa s t o find  th e 
caus e o f  th e spacin g effect ,  a  proble m fro m withi n cognitiv e 
psychology ,  specificall y memory .  Thi s proble m me t  thre e 
importan t  constraints :  1 )  th e solutio n mus t  b e unknow n t o 
th e domain-experts ,  a s scienc e involve s th e discover y o f 
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previously-unknow n solutions ;  2 )  th e proble m mus t  b e fre e 
of  domain-specifi c  jargo n an d easil y understandabl e t o eve n 
task-novices ;  an d 3 )  despit e bein g eas y t o understan d an d 
not  ye t  solved ,  th e solutio n mus t  b e obtainabl e throug h 
experimentation . 

Methods 

Participant s 

There were three sources of participants: Cognitive 
psycholog y facult y studyin g m e m o r y (Domain-Experts ; 
N=4) ,  Socia l  an d Developmenta l  psycholog y facult y no t 
studyin g memor y (Task-Experts ;  N = 6 ) ,  an d Carnegi e 
Mello n undergraduate s (N=30 )  fro m a  variet y o f 
backgrounds .  Th e Domain-Expert s an d Task-Expert s wer e a 
mi x o f  senio r  an d junio r  facult y a t  stron g researc h 
universities . 

Materials & Procedure 

At  the beginning of the experiment, all the participants were 
give n a  step-by-ste p introductio n int o th e mai n tas k o n th e 
computer .  Th e instruction s describe d th e spacin g effect — 
tha t  space d practic e produce s bette r  memor y performanc e 
tha n masse d practice—an d tw o theorie s whic h hav e bee n 
propose d t o explai n th e spacin g effect .  Th e first  theor y wa s 
th e shiftin g contex t  theory ,  whic h state d tha t  memorie s wer e 
associate d wit h th e contex t  unde r  stud y an d tha t  contex t 
graduall y shifte d wit h time .  Thus ,  th e spacin g effec t  occur s 
becaus e space d practice d produce s association s t o mor e 
divergen t  context s whic h i n tur n ar e mor e likel y t o overla p 
wit h th e tes t  context .  Th e secon d theor y wa s th e frequenc y 
regularit y theory ,  whic h state d tha t  th e min d trie s t o estimat e 
ho w lon g memorie s wil l  b e neede d base d o n regularitie s i n 
th e environmen t  and ,  i n particular ,  adjust s forgettin g rate s 
accordin g t o th e spacin g betwee n items .  Th e participants ' 
primar y tas k wa s t o determin e whic h theor y provide d a 
bette r  accoun t  o f  th e spacin g effect—thi s goa l  wa s presente d 
t o the m a t  th e beginning ,  i n th e middle ,  an d a t  th e en d o f  th e 
instructions . 

Sinc e w e wer e intereste d i n th e proces s b y whic h peopl e 
plotte d an d interprete d dat a i n additio n t o ho w the y designe d 

experiments ,  w e designe d a  compute r  interface ,  calle d th e 
Simulate d Psycholog y Lab ,  tha t  produce d experimenta l 
outcome s an d allowe d participant s t o iterat e throug h th e 
proces s o f  design ,  plo t  an d interpret .  Th e interfac e wa s 
designe d t o suppor t  factoria l  experimenta l  design s becaus e 
tha t  wa s th e mos t  c o m m o n desig n generate d b y Domain -
Expert s an d graduate s student s i n pilo t  experiments .  Withi n 
th e interface ,  participant s designe d experiment s b y selectin g 
value s o n si x  dimensions ,  an y o f  whic h coul d b e 
manipulated ,  an d u p t o fou r  factor s coul d b e simultaneousl y 
manipulate d i n an y on e experiment .  Th e participant s wer e 
tol d tha t  th e compute r  ha d bee n give n th e result s o f  man y 
actua l  experiments ,  an d tha t  i t  woul d sho w the m th e result s 
of  whateve r  experimen t  the y generated . 

The sourc e tas k factor s tha t  th e participant s coul d 
experimen t  wit h include d 1 )  repetitions—th e numbe r  o f 
time s tha t  th e lis t  o f  word s wa s studied ;  2 )  spacing—th e 
amount  o f  tim e spen t  betwee n repetitions ;  an d 3 )  sourc e 
context—whethe r  th e participant s wer e i n th e sam e contex t 
fo r  eac h repetitio n o r  whethe r  the y change d context s o n eac h 
repetition .  Th e tes t  factor s include d 1 )  th e tes t  task—fre e 
recall ,  recognition ,  o r  ste m completion ;  2 )  delay—th e 
amount  o f  tim e fro m th e las t  stud y repetitio n unti l  th e tes t 
was given ;  an d 3 )  tes t  context—whethe r  th e participant s 
wer e i n th e sam e contex t  o r  a  differen t  contex t  a t  tes t  relativ e 
t o study .  Fo r  eac h variable ,  th e participant s coul d eithe r  hol d 
th e variabl e constan t  o r  var y it .  Value s ha d t o b e selecte d o n 
al l  dimensions ,  includin g th e dimension s tha t  wer e hel d 
constan t  i n th e give n experiments ;  n o defaul t  value s wer e 
used .  Ther e wa s n o restrictio n o n th e orde r  o f  valu e 
selection ,  an d participant s coul d g o bac k t o chang e thei r 
selection s fo r  an y o f  th e variable s a t  an y poin t  i n tim e u p 
unti l  the y selecte d t o ru n th e experiment . 

Th e participant s m a d e prediction s an d wer e give n 
outcome s i n a  tabl e forma t  wit h al l  cell s bein g show n a t 
once .  A  tabl e forma t  wa s use d rathe r  tha n a  graphica l  forma t 
becaus e i t  wa s though t  tha t  th e tabl e forma t  wa s les s difficul t 
t o understan d an d manipulat e fo r  th e undergraduat e 
participants .  Befor e bein g give n th e table ,  participant s ha d t o 
decid e o n whic h dimensio n eac h manipulate d facto r  woul d 
be plotted .  Afte r  decidin g o n th e tabl e structure ,  participant s 

Tes t  Delay s 

Sourc e 5  Minute s 2 0 Minute s 2  Hour s 

Spacing s 

5 Minutes 

r = 0 . 9 1 

20 Minute s 

40 
90 

58 
95 

23 
70 

38 
80 

9 
30 

25 
70 

24 
NeKt  EKper imen t 

SourceRepetitions= 3 

SourceContexts=Sam e 

40 TestTask=FreeRecal l 

TestContexts=Sam e 

40 39 17 32.2 

Figur e 1 :  Th e interfac e fo r  displayin g th e experimen t  outcomes .  Mai n entr y i s th e actua l  outcome ,  prediction s ar e i n italics . 

675 



made numerica l  prediction s fo r  thei r  tasks .  Th e numbe r  t o b e 
predicte d fo r  eac h cel l  i n thei r  desig n wa s th e mea n percen t 
correc t  fo r  tha t  cell .  Althoug h thi s predictio n tas k i s mor e 
stringen t  tha n th e predictio n tas k psychologist s typicall y 
giv e themselve s (i.e. ,  directiona l  prediction s a t  best ,  an d 
rarel y fo r  al l  dimension s an d interactions) ,  thi s particula r 
for m o f  a  predictio n tas k wa s use d because :  I )  assessin g 
directiona l  prediction s prove d a  difficul t  tas k t o automate ;  2 ) 
numerica l  prediction s coul d b e mad e withou t  explici t 
though t  abou t  th e influenc e o f  eac h variabl e an d possibl e 
interaction s an d thu s wa s les s intrusive ;  3 )  i t  provide d 
furthe r  dat a abou t  th e participants '  theorie s an d belief s abou t 
eac h o f  th e variables ;  an d 4 )  i t  provide d som e cos t  t o larg e 
experimenta l  design s t o simulat e th e increasin g real-worl d 
cos t  o f  large r  experimenta l  designs . 

Afte r  completin g thei r  predictions ,  th e participant s wer e 
shown th e result s o f  thei r  experiment .  Th e sam e tabl e forma t 
was used ,  includin g th e displa y o f  th e variable s hel d constan t 
and thei r  value s (se e Figur e 1) .  I n addition ,  th e outcom e 
table s als o displaye d th e participant' s prediction s fo r  eac h 
cel l  i n italics .  T o facilitat e compariso n acros s rows ,  columns , 
and tables ,  th e row ,  column ,  an d tabl e marginal s wer e als o 
provided .  T o provid e a  roug h evaluatio n o f  th e qualit y o f  th e 
predictions ,  th e participant s wer e als o show n th e Pearso n 
correlatio n betwee n th e prediction s an d outcomes .  Th e 
actua l  result s displaye d wer e generate d b y a  mathematica l 
model  tha t  i s  roughl y consisten t  wit h result s fro m researc h 
on memor> '  an d th e spacin g effect . 

Participant s worke d a t  th e tas k unti l  the y fel t  tha t  the y ha d 
foun d ou t  wha t  th e caus e o f  th e spacin g effec t  wa s o r  4 0 
minute s ha d elapsed—thi s time-limi t  wa s selecte d becaus e 
most  participant s wer e abl e t o complet e th e tas k i n thi s 
amount  o f  time ,  an d becaus e w e wer e mor e intereste d i n 
discover y processe s tha n i n final  products . 

The primar y dat a gathere d i n thi s experimen t  wa s 
keystrok e dat a a s th e participant s generated ,  plotted ,  an d 

interprete d experiments .  However ,  th e participant s wer e als c 
aske d t o giv e a  think-alou d verba l  protoco l  throughou t  th ( 
task .  Moreover ,  a t  th e en d o f  th e task ,  participant s wer e 
aske d t o verball y repor t  thei r  conclusion s abou t  th e spacin g 
effect—i.e. ,  whethe r  eithe r  o f  th e tw o theorie s give n t o the m 
at  th e beginnin g o f  th e tas k explaine d th e spacin g effect .  Th e 
participant s wer e als o aske d t o giv e conclusion s abou t  th e 
effect s o f  eac h o f  th e variables . 

Results 

The goal of this paper is to examine the presence and 
absenc e o f  differen t  kind s o f  domain-specifi c  an d domain -
genera l  experimentatio n skill s  i n psychology ,  specificall y i n 
th e domai n o f  cognitiv e processe s i n memory .  Rathe r  tha n 
bia s th e result s i n favo r  o f  on e outcom e o r  another ,  w e 
includ e al l  th e skill s  tha t  w e examined .  Th e skill s  ar e divide d 
int o fou r  genera l  classe s o f  skills :  designin g a n experiment , 
displayin g data ,  makin g predictions ,  an d interpretin g 
outcomes .  Withi n eac h class ,  skill s  ar e divide d int o domain -
genera l  (skill s  expecte d t o b e usefu l  i n a t  leas t  psycholog y 
generally )  an d domain-specifi c  (skill s  expecte d t o usefu l 
onl y i n memor y experiments) .  Th e lef t  hal f  o f  Tabl e 1 
present s a  complet e lis t  o f  th e skill s  examined . 

The experimen t  desig n skill s  wer e evaluate d usin g th e 
experiment s generate d b y th e participant s (a s reflecte d i n th e 
keystrok e protocol) ,  and ,  i n th e cas e o f  th e first  desig n skill , 
what  th e participant s sai d whil e the y designin g th e 
experiments .  Th e displa y an d predictio n skill s  wer e 
evaluate d usin g th e participant s displa y an d predictio n 
choice s (a s reflecte d i n th e keystrok e protocol) .  Th e outcom e 
interpretatio n skill s  wer e evaluate d usin g th e participant s 
final  conclusions '  abou t  th e si x factor s an d th e tw o theorie s 
fo r  th e caus e o f  th e spacin g effect .  Th e interpre t  skill s  wer e 
evaluate d conditiona l  o n opportunitie s t o lear n (e.g. ,  correc t 
conclusion s regardin g a  mai n effec t  o r  interactio n wer e onl y 
evaluate d conditiona l  o n havin g conducte d th e relevan t 

Tabl e 1 :  Complet e lis t  o f  skill s  examine d b y skil l  typ e an d skil l  level ,  a s wel l  a s th e directio n an d statistica l  significanc e (.2 , 
.05 ,  an d .01 )  o f  th e pairwis e comparison s betwee n Domai n Expert s an d Tas k Experts ,  Al l  Expert s an d High-Abilit y 
undergraduates ,  an d Hig h an d Mid-Abilit y  undergraduates . 

Typ e Leve l SkUl DE v  T E E  V  H A H A v  M A 
Desig n Genera l  Desig n experiment s t o tes t  th e give n theorie s 
Desig n Genera l  Kee p experiment s simpl e 
Desig n Genera l  Us e sensibl e facto r  valu e 
Desig n Genera l  Manipulat e factor s relevan t  t o th e theorie s unde r  tes t 
Desig n Genera l  Kee p genera l  setting s constan t  acros s experiment s 
Desig n Genera l  Avoidin g floor  an d ceilin g effect s 
Desig n Specifi c  Knowledg e o f  variable s likel y t o interac t 
Desig n Specifi c  Choos e facto r  value s usefu l  i n th e give n domain . 

0 

0 
0 
0 

-I-
0 

-l-H -
-n -

-l-l-l -
0 
0 
0 
0 

++ 

+++ 
0 
0 
•n-
++ 
0 
0 
0 

Displa y Genera l  Displa y continuou s factor s withi n rathe r  tha n acros s table s h-  0  0 
Displa y Genera l  Displa y factor s consistentl y acros s table s 0  0  0 
Displa y Specifi c  Displa y th e tru e spacin g effec t  withi n a  tabl e 0  0  -(--t -
Predic t  Genera l  Correctl y predic t  th e directio n o f  know n effect s 
Predic t  Genera l  Mak e caricatur e prediction s o f  interaction s 
Predic t  Specifi c  Makin g ball-par k estimate s o f  effect s 

0 
0 
+ 

-I -
-l-l-H -

0 
Interpre t  Genera l  Mak e conclusion s i n ligh t  o f  theorie s unde r  tes t 
Interpre t  Genera l  Us e evidenc e i n suppor t  o f  conclusion s abou t  theorie s 
Interpre t  Genera l  Encod e mai n effect s 
Interpre t  Genera l  Encod e interactio n outcome s 

-l-l- H 
++ 
0 

-l-l-t -
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Tabl e 2 :  Th e mea n numbe r  o f  experiment s an d mea n tim e o n 
tas k i n minute s (wit h standar d errors) . 

Tabl e 3 :  Proportio n o f  participan t  mentionin g eithe r  o f  th e 
theorie s durin g experimen t  desig n (firs t  experimen t  o r  ever) . 

Grou p 

Domain-Expert s 
Task-Expert s 
High-Abilit y 
Mid-Abilit y 

# Experiment s 

2. 8 (0.8 ) 
4. 8 (0.7 ) 
5.6(1.0 ) 
5.7(0.7 ) 

T im e o n tas k 

36.0(5.7 ) 
38.0(3.2 ) 
36.3(1.6 ) 
34.0(1.8 ) 

Grou p 

Domain-Expert s 
Task-Expert s 
High-Abilit y 
Mid-Abilit y 

1st  Exp . 

1.0 0 
1.0 0 

.4 3 

.0 6 

Ever 

1.0 0 
1.0 0 

.6 4 

.0 6 

experiments) . 
To examin e th e empirica l  generalit y o f  th e skills ,  w e 

structur e eac h o f  th e analyse s b y contrastin g performanc e fo r 
eac h o f  th e participan t  groups .  W e predicte d tha t  th e 
Domain-Expert s alon e woul d displa y th e domain-specifi c 
skills ,  an d tha t  bot h th e Domain-Expert s an d Task-Expert s 
woul d displa y th e domain-genera l  skills .  However ,  i t  i s 
possibl e tha t  som e o f  th e skill s  m a y b e s o genera l  tha t  al l 
group s woul d displa y th e domain-genera l  skills . 

The comparison s betwee n th e Task-Expert s an d 
undergraduate s i s likel y t o confoun d tw o factors :  tas k 
expertis e an d genera l  reasonin g ability .  T o examin e th e 
influenc e o f  reasonin g abilit y  skill s  th e undergraduate s wer e 
divide d int o tw o group s usin g a  median-spli t  o n Mat h S A T , 
a facto r  foun d t o b e predictiv e o f  performanc e i n thi s domai n 
and othe r  scientifi c  reasonin g task s (e.g. ,  Schun n &  Klahr , 
1993) .  I f  th e difference s betwee n th e undergraduate s an d th e 
Task-Expert s wer e du e onl y t o tas k expertise ,  the n ther e 
shoul d b e n o difference s betwee n th e tw o group s o f 
undergraduates .  Thos e undergraduate s abov e th e media n 
(660 )  wer e calle d High-Abilit y  undergraduate s (mean=728 , 
N=14 ) ,  an d thos e belo w wer e calle d Mid-Abilit y 
undergraduate s ( m e a n = 5 8 6 ,  N = 1 6 ) .  Sinc e ou r 
undergraduate s al l  ha d Mat h S A T s abov e th e U S nationa l 
median ,  w e use d th e labe l  M i d rathe r  tha n Low . 

Befor e examinin g th e result s fro m th e skill-specifi c 
analyses ,  w e begi n wit h tw o genera l  result s regardin g 
number  o f  experiment s generate d an d tim e o n tas k fo r  eac h 
of  th e groups .  Th e thre e group s spen t  approximatel y a n 
equal  amoun t  o f  tim e o n th e tas k (se e Tabl e 2) .  However , 
Domain-Expert s conducte d fewe r  experiment s tha n di d th e 
Task-Expert s an d undergraduates .  Thi s occurre d becaus e th e 
Domain-Expert s conducte d a  smal l  numbe r  o f  comple x 
experiments ,  wherea s th e othe r  group s conducte d a  large r 
number  o f  simpl e experiments . 

The statistica l  analyse s focu s o n thre e pairwis e 
comparisons :  Domain-Expert s versu s Task-Experts ,  Domai n 
and Task-Expert s versu s High-Abilit y  undergraduates ,  an d 
High-Abilit y  versu s Mid-Abilit y  undergraduates .  Becaus e 
ther e ar e s o man y skill s  bein g examined ,  w e canno t  describ e 
th e detaile d result s fo r  eac h o f  th e skills .  Instead ,  her e w e 
wil l  presen t  tw o characteristi c  results ,  an d the n focu s o n th e 
pattern s acros s th e skills . 

The primar y goa l  o f  th e tas k wa s t o tes t  th e tw o give n 
theorie s fo r  th e caus e o f  th e spacin g effec t  (th e Shiftin g 
Contex t  theor y an d th e Frequenc y Regularit y  theory) .  Yet , 
many o f  th e undergraduate s di d no t  see m t o understan d h o w 
thi s goa l  migh t  b e achieved .  Tabl e 3  present s th e proportio n 
of  participant s mentionin g eithe r  theorie s whil e the y wer e 
designin g experiments .  Bot h Doma i n an d Tas k expert s 
mentione d th e theorie s fro m th e ver y beginnin g o f  th e task , 

wherea s a  larg e proportio n o f  th e undergraduate s di d no t 
mentio n th e theorie s durin g th e desig n o f  an y o f  thei r 
experiments .  A  simila r  patter n hel d fo r  ou tcom e 
interpretation :  al l  Expert s relate d th e result s bac k t o th e tw o 
theorie s unde r  test ,  wherea s th e majorit y o f  th e 
undergraduate s di d not .  Thi s lac k o f  focu s o n th e theorie s 
under  tes t  wa s als o reflecte d i n th e kind s o f  variable s tha t  th e 
undergraduate s include d i n thei r  experiments—the y wer e 
mor e likel y t o include d irtelevan t  factor s suc h a s repetition . 

An importan t  genera l  outcome-interpretatio n skil l  i s  th e 
abilit y  t o encod e interactions .  I n thi s task ,  ther e wer e tw o 
two-wa y interactions .  First ,  ther e wa s a  quantitativ e Spacin g 
X Dela y interaction ,  suc h tha t  th e spacin g effec t  wa s large r  a t 
longe r  delays .  Second ,  ther e wa s a n effect/no-effec t  Spacin g 
X Tes t  Tas k interaction ,  suc h tha t  ther e wa s n o spacin g effec t 
wit h ste m completion .  Th e participants '  fina l  hypothese s 
wer e code d fo r  correctnes s o n thes e tw o interactions ,  an d 
onl y thos e participant s w h o ha d conducte d th e relevan t 
experiment s wer e include d i n thi s analysis .  Overall ,  th e 
Domain-Expert s an d Task-Expert s wer e equall y abl e t o 
correctl y encod e thes e interaction s (se e Tabl e 4) .  B y 
contrast ,  th e High-Abilit y  undergraduate s wer e les s abl e t o 
encod e th e interactions ,  an d th e Mid-Abilit y  undergraduate s 
rarel y encode d th e interactions .  I n additio n t o bein g abl e t o 
encod e interaction s whe n the y exist ,  ther e i s als o th e skil l  o f 
notin g non-interaction s (i.e. ,  no t  bein g deceive d b y smal l 
level s o f  noise) .  T o se e whethe r  th e group s differe d i n thei r 
abilit y  t o not e non-interactions ,  th e participant' s fina l 
conclusion s wer e code d fo r  description s o f  non-existen t 
interactions .  Th e Domain-Expert s an d Task-Expert s almos t 
neve r  mad e suc h errors ,  wherea s th e undergraduate s mad e a 
significan t  numbe r  o f  suc h error s (se e Tabl e 4) .  I n fact ,  th e 
undergraduate s wer e overal l  jus t  a s likel y t o repor t  non -
existen t  interaction s tha n t o repor t  existin g interactions . 

Thes e tw o set s o f  result s illustrat e a  genera l  pattern : 
Domai n an d Task-Expert s wer e nea r  ceilin g o n domain -
genera l  skills ,  an d undergraduate s ofte n di d no t  posses s 
thes e skills .  Acros s al l  th e skills ,  th e followin g patter n 
emerged :  Domain-Expert s differe d fro m Task-Expert s 

Table 4: Proportion of participants (and Ns) making correct 
conclusion s abou t  eac h interactio n give n opportunit y t o 
observ e th e interactio n an d proportio n o f  participant s makin g 
extraneou s interactio n conclusions . 

Grou p Spacin g x 
Dela y 

Spacin g x 
Tes t  Tas k 

Fals e 
Alarm s 

Domain-Expert s 
Task-Expert s 
High-Abilit y 
Mid-Abilit y 

1.00(2 ) 
.7 5 (4 ) 
.4 4 (9 ) 
•  11(9 ) 

.5 0 (2 ) 
1.00(1 ) 

.5 0 (4 ) 

.3 3 (6 ) 

.00(4 ) 

.1 7 (6 ) 

.4 3 (14 ) 

.31(16 ) 
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Tabl e 5 :  Effec t  direction s b y skil l  level . 

Pan-
Domain-Expert s 
vs .  Task-Expert s 

Expert s vs . 
Higli-Abilit; y 

Hish-Abilit y  vs . 
Mid -  Abilit y 

Leve l 

Genera l 
Specifi c 
Genera l 
Specifi c 
Genera l 
Specifi c 

+++ 

5 

1 

-n-

2 
1 
2 
1 

-1-
1 
2 
1 

1 

0 
11 
2 
6 
3 
10 
3 

2 

primaril y i n term s o f  domain-specifi c  skills ;  Expert s differe d 
fro m High-Abilit y  undergraduate s primaril y i n term s o f 
domain-genera l  skills ;  an d High-Abilit y  undergraduate s 
differen t  fro m Mid-Abilit y  undergraduate s i n term s o f 
domain-genera l  skills . 

T o examin e thes e pattern s quantitatively ,  w e classifie d 
thos e pairwis e comparison s fo r  eac h skil l  accordin g t o it s 
directio n (expecte d directio n vs .  unexpecte d direction )  an d 
statistica l  significanc e (p<.01 ,  p<.05 ,  p<.2 ,  an d n o effect) , 
usin g Fishe r  Exac t  test s fo r  discret e variable s an d t-test s fo r 
continuou s variables .  Th e expecte d direction s fo r  th e thre e 
pairwis e compar ison s o f  interes t  were :  D o m a i n -
Experts>Task-Experts ,  Experts>High-Abilit y  undergrad -
uates ,  an d High-Abilit y  undergraduates>Mid-abilit y  under -
graduates .  Combinin g directio n an d statistica l  significanc e 
produce d seve n categorie s o f  possibl e effects :  expecte d ver y 
stron g (-I-H-) ,  expecte d stron g {++) ,  expecte d wea k {+) ,  n o 
effec t  (0) ,  unexpecte d wea k (-) ,  unexpecte d stron g ( -  - ) ,  an d 
unexpecte d ver y stron g (  ) .  Tabl e 1  present s th e result s o f 
thes e statistica l  test s fo r  eac h skill . 

Th e result s o f  thi s aggregatio n analysi s ar e presente d i n 
Tabl e 5 .  Th e shade d area s ar e th e region s predicte d b y a n 
Expertise-typ e b y Skill-typ e interaction .  A s ca n b e see n b y 
comparin g th e densit y o f  effect s i n th e shade d versu s 
unshade d areas ,  whil e ther e ar e som e exceptions ,  th e overal l 
effect s o f  skil l  generalit y b y grou p comparison s ar e as 
expected .  I n th e comparison s betwee n th e tw o exper t  groups , 
m o r e o f  th e domain-specifi c  skill s  showe d positiv e 
difference s (50% )  tha n di d th e domain-genera l  skill s  ( 7 % ) , 

X^(l)=4. 1 p<.05 .  I n th e comparison s betwee n th e Expert s 
an d th e High-Abilit y  undergraduates ,  mor e o f  th e domain -
genera l  skill s  showe d positiv e difference s (57% )  tha n di d th e 
domain-specifi c  skill s  ( 2 5 % ) ,  althoug h becaus e o f  th e smal l 
number  o f  domain-specifi c  skills ,  thi s tren d wa s no t 

statisticall y significant ,  x^(l)=l- 3 p<.25 .  Finally ,  i n th e 
compar ison s betwee n th e H ig h an d Mid-Abilit y 
undergraduates ,  fe w o f  skill s  o f  eithe r  typ e showe d positiv e 
difference s ( 2 9 % an d 2 5 % fo r  domain-genera l  an d domain -

specifi c  skil l  respectively ,  x^(l)<l) -
I n sum ,  th e tw o Exper t  group s diffe r  primaril y o n domain -

specifi c  skills ,  th e Task-Expert s diffe r  fro m th e High-Abilit y 
undergraduate s primaril y o n domain-genera l  skills ,  an d th e 
tw o group s o f  undergraduate s diffe r  rarely ,  an d equall y ofte n 
o n domain-genera l  an d domain-specifi c  skills .  Thus , 
contrar y t o a  genera l  reasoning-abilit y  mode l  o r  a  situate d 
actio n model ,  i t  appear s tha t  expertis e i n scientifi c  reasonin g 
consist s o f  domain-specifi c  an d domain-genera l  skill s  fo r 
design ,  display ,  prediction ,  an d interpretatio n skills . 

D iscuss io n 

The demonstrations of empirical generality of scientific 
reasonin g skill s  i n thi s pape r  depen d o n severa l  assumptions . 
Th e firs t  assumptio n i s tha t  th e lac k o f  difference s betwee n 
th e exper t  group s wer e no t  du e t o lo w N  problems .  I n 
suppor t  o f  thi s assumption ,  th e Task-Experts '  performanc e 
was nea r  ceilin g o n th e measure s o f  domain-genera l  skill s 
(e.g. ,  se e Tabl e 3 )  suggestin g tha t  the y di d indee d posses s 
thes e skills .  Moreover ,  w e als o use d a  fairl y  libera l  criteri a i n 
assessin g statistica l  trends ,  an d foun d a  wea k tren d o n onl y 
one o f  th e 1 4 domain-genera l  skills .  Th e secon d assumptio n 
i s tha t  th e tas k tha t  w e use d wa s representativ e o f  a  rea l 
scientifi c  task .  I n suppor t  o f  thi s assumption ,  scientist s wer e 
show n t o hav e skill s  usefu l  i n ou r  task ,  an d thes e skill s  wer e 
typicall y no t  presen t  i n bright ,  motivate d undergraduates . 

The result s o f  thi s stud y containe d strikin g similaritie s an d 
difference s t o th e findings  o f  th e Vos s e t  al .  (1983 )  an d 
Shraage n (1993 )  studies .  Simila r  t o bot h o f  thos e previou s 
studies ,  ou r  stud y foun d tha t  ther e wer e man y skill s  tha t 
exper t  scientist s shar e acros s domains—ou r  stud y catalogue d 
additiona l  domain-genera l  experimen t  desig n skill s  an d als o 
adde d prediction ,  plotting ,  an d outcom e interpretatio n skills . 

Th e genera l  patter n o f  result s acros s th e skill s  presen t  a 
pictur e o f  expertis e tha t  contrast s th e curren t  vie w o f 
domain-expertise—tha t  domain-expertis e consist s primaril y 
of  a  larg e quantit y o f  domain-specifi c  fact s an d skill s 
acquire d onl y throug h thousand s o f  hour s o f  practic e (e.g. , 
Ericsson ,  Krampe ,  &  Tesch-Romer ,  1993 ;  Gobe t  &  Simon , 
1996) .  Instead ,  ou r  findings  sugges t  tha t  expertis e i n som e 
domain s m a y als o consis t  o f  man y domain-genera l  skills , 
and tha t  domain-specifi c  skill s  ca n occasionall y b e readil y 
acquire d b y brigh t  individual s withou t  numerou s hour s o f 
experience . 

H o w migh t  ou r  result s b e reconcile d wit h existin g model s 
of  expertise ? A  potentiall y  importan t  facto r  determinin g 
whic h kind s o f  experience s an d abilitie s underli e expertis e i n 
a give n domai n m a y b e th e relativ e familiarit y o f  typica l 
problem s see n i n th e domain .  M a n y o f  th e previou s studie s 
of  expertis e involve d well-define d proble m task s lik e ches s 
(e.g. .  Chas e &  Simon ,  1973 ;  Gobe t  &  Simon ,  1996 )  i n 
whic h ther e wa s littl e rol e fo r  goo d searc h heuristic s an d a 
relativel y larg e rol e fo r  recognizin g goo d proble m state s 
(base d o n previou s experienc e wit h thos e states) .  Othe r 
studie s involve d givin g expert s ver y simpl e problem s tha t 
wer e highl y familia r  t o the m (e.g. ,  Ch i  &  Koeske ,  1983 ; 
Larkin ,  1980) ,  i n whic h th e problem s coul d als o b e solve d 
usin g recognitio n processes .  B y contrast ,  scientifi c 
discovery ,  b y definition ,  involve s task s whic h ar e quit e 
nove l  t o th e experts ,  an d thu s expertis e i n suc h a  domai n 
canno t  rel y heavil y o n recognidona l  processes . 

Thi s kin d o f  mode l  o f  expertis e fo r  scientifi c  reasonin g 
has severa l  importan t  consequence s fo r  artificia l  intelligenc e 
and attempt s t o automat e scientifi c  discoverie s (cf .  Valdes -
Perez ,  1995) .  Th e larg e presenc e o f  domain-genera l  skill s  i n 
our  result s suggest s tha t  man y aspect s o f  scientifi c  reasonin g 
coul d b e automate d usin g computationa l  program s tha t  ar e 
fairl y  domain-general ,  an d henc e mor e widel y applicable . 
Toward s thi s goal ,  w e hav e identifie d severa l  genera l 
heuristic s tha t  scientist s use . 
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The result s o f  thi s stud y als o hav e educationa l 
implications—i t  appeare d tha t  ther e wer e severa l  desig n an d 
predictio n skill s  tha t  fe w o f  eve n th e High-Abilit y 
undergraduate s ha d mastered .  A t  th e leve l  o f  design ,  th e 
undergraduate s mad e poo r  value s selection s fo r  variou s 
factor s (e.g. ,  selectin g a  poo r  rang e o f  values) .  Give n thei r 
problem s i n selectin g experimen t  features ,  i t  wa s particularl y 
problemati c tha t  th e undergraduate s als o violate d th e desig n 
heuristi c o f  keepin g experiment s simple .  I t  i s  possibl e tha t 
th e undergraduate s underestimate d th e difficult y o f  th e task , 
sinc e Schun n (1995 )  foun d tha t  undergraduate s d o regulat e 
th e complexit y o f  thei r  experiment s accordin g t o thei r 
expectation s an d experience s wit h tas k difficulty .  A t  th e 
leve l  i n interpretatio n skills ,  undergraduate s wer e onl y 
marginall y les s abl e t o encod e mai n effects ,  bu t  muc h les s 
abl e t o encod e interaction s an d ignor e nois e levels . 

The mos t  strikin g o f  th e undergraduat e difference s wa s th e 
fundamenta l  lac k o f  appreciatio n o f  th e purpos e thi s 
scientifi c  task :  t o obtai n empirica l  evidenc e whic h coul d 
distinguis h betwee n tw o theoretica l  account s o f  a n empirica l 
phenomenon .  Counte r  t o th e purpos e o f  th e task ,  th e 
majorit y o f  th e undergraduate s di d no t  us e th e theorie s i n 
designin g th e experiment s no r  di d the y relat e th e result s o f 
th e experiment s t o th e theories .  Whil e i t  ma y b e tha t  som e o f 
thes e undergraduate s though t  o f  th e theorie s bu t  merel y di d 
not  repor t  the m i n th e verba l  protocols ,  th e lac k o f  mentio n 
of  th e theorie s i n th e verba l  protocol s wa s correlate d wit h 
othe r  difference s i n th e kind s o f  experiment s the y designed . 
Moreover ,  i t  seem s unlikel y tha t  performanc e difference s 
coul d b e attribute d t o motivatio n difference s a s th e 
undergraduate s no t  mentionin g th e theorie s worke d a t  th e 
tas k fo r  jus t  a s lon g a s th e expert s an d th e othe r 
undergraduates . 

I n sum ,  thi s stud y hav e provide d ne w informatio n 
regardin g th e natur e o f  expertis e i n science :  1 )  ther e ar e 
skill s  tha t  ar e c o m m o n acros s domain s an d d o transfer , 
contrar y t o th e prediction s o f  theorie s o f  situate d learnin g 
and action ;  2 )  man y o f  thes e domain-genera l  reasonin g skill s 
ar e a  functio n o f  tas k expertis e an d ar e no t  a  simpl e functio n 
of  genera l  reasonin g ability ,  contrar y t o a  simpl e general -
reasonin g abilit y  mode l  o f  expertise ;  3 )  som e o f  thes e skill s 
hav e alread y bee n acquire d b y brigh t  undergraduates , 
contrar y t o a n intensiv e domain-specifi c  practic e mode l  o f 
expertise ;  an d ye t  4 )  man y undergraduate s stil l  lac k 
fundamenta l  aspect s regardin g th e functio n o f  scientifi c 
experimentation . 
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