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Abst rac t 

Much of the research on scientific reasoning has investi-
gate d th e us e o f  explicit ,  hypothesis-testin g strategies . 
However ,  ther e i s evidenc e tha t  scientifi c  reasonin g prob -
lem s ca n b e solve d b y exploratio n o f  th e experimen t  space . 
Thi s stud y investigate s th e strategie s b y whic h peopl e ex -
plor e th e experimen t  space .  W e examin e th e relationshi p 
betwee n th e systematicit y o f  thi s searc h an d successfu l  per -
formanc e an d find  tha t  improve d problem-solvin g ma y b e a 
functio n o f  systemati c dat a collectio n strategies . 

I n t r o d u c t i o n 

The processe s underlyin g successfu l  performanc e o n scien -
tifi c  reasonin g task s represen t  a n importan t  skill ,  o r  se t  o f 
skills ,  tha t  ar e crucia l  fo r  student s o f  scienc e a t  al l  level s i n 
al l  discipline s t o acquire .  However ,  th e precis e natur e o f 
thes e skills ,  a s wel l  a s th e exten t  t o whic h the y migh t  trans -
fe r  acros s scientifi c  domains ,  i s  stil l  a n ope n question . 

One o f  th e primar y theoretica l  framework s i n whic h scien -
tifi c  reasonin g ha s bee n studie d i s Klah r  an d Dunbar' s (1988 ) 
characterizatio n o f  scientifi c  reasonin g a s a  searc h i n tw o 
proble m spaces ,  a  hypothesi s spac e an d a n experimen t  space . 
Althoug h recentl y th e exac t  numbe r  an d natur e o f  th e searc h 
space s ha s becom e a  matte r  fo r  debat e (Bake r  &  Dunbar , 
1996 ;  Schun n &  Klahr ,  1995) ,  th e distinctio n betwee n hy -
pothesis-formatio n an d experimentatio n ha s remained . 

Klah r  an d Dunba r  (1988 )  analyze d participants '  perform -
anc e i n figuring  ou t  h o w th e repea t  ke y worke d o n a  pro -
grammabl e robo t  (BigTrak) .  The y identifie d tw o type s o f 
participants ,  characterize d b y difference s i n th e wa y the y 
searche d th e differen t  spaces .  Participant s workin g i n th e 
hypothesi s spac e (calle d theorists )  wer e abl e t o for m ne w 
hypothese s b y searchin g memory .  The y state d an d teste d 
hypothese s mor e frequentl y tha n participant s w h o worke d i n 
th e experimen t  space .  O n th e othe r  hand ,  participant s work -
in g i n th e experimen t  spac e (calle d experimenters )  state d 
fewe r  explici t  hypotheses ,  conducte d mor e experiments ,  an d 
too k longe r  t o find  th e solution .  Furthermore ,  the y forme d 
th e correc t  hypothesi s onl y a s a  resul t  o f  runnin g experi -
ments .  Interestingly ,  however ,  th e experimenter s wer e ulti -
matel y a s successfu l  i n solvin g th e proble m a s th e theorists . 

Most  researc h o n scientifi c  reasonin g ha s focuse d o n ex -
plici t  hypothesis-testin g strategie s an d ca n thu s b e associate d 

wit h performanc e i n th e hypothesi s space .  I n orde r  t o under -
stan d wha t  differentiate s successfu l  fro m unsuccessfu l  per -
formance ,  m a n y researcher s hav e examine d th e explici t  hy -
pothesis-testin g strategie s b y whic h peopl e attemp t  t o solv e 
scientifi c  reasonin g tasks .  Severa l  suc h strategie s hav e bee n 
identified ,  includin g th e varying-one-thing-at- a tim e strategy , 
or  V O T A T (Tschirgi ,  1980) ,  whic h involve s holdin g al l 
variable s constan t  excep t  one . 

Of  al l  explici t  hypothesis-testin g strategies ,  V O T A T i s 
th e onl y consistentl y effectiv e strategy .  I t  ha s bee n closel y 
associate d wit h successfu l  performanc e (VoUmeye r  e t  al . 
1996 ;  Shut e &  Glaser ,  1990) .  Fo r  example ,  Shut e an d 
Glase r  foun d tha t  i n usin g a n economic s microworl d t o 
"discover "  th e law s o f  suppl y an d demand ,  mor e successfu l 
participant s typicall y change d onl y on e variabl e a t  a  time . 
Vollmeye r  e t  al .  ha d participant s discove r  th e relationship s 
among variable s i n a  biolog y task .  A s participant s shifte d t o 
th e V O T A T strategy ,  th e numbe r  o f  correc t  answer s in -
creased . 

Th e hypothesis-testin g strateg y peopl e us e t o solv e thi s 
typ e o f  tas k i s thu s a n importan t  par t  o f  successfu l  perform -
ance .  A s Vollmeye r  e t  al .  (1996 )  explain ,  V O T A T i s a n 
effectiv e strategy ,  becaus e i t  "allow s th e logica l  disconfirma -
tio n o f  alternativ e hypotheses. "  However ,  m a n y o f  th e ex -
periment s conducte d b y th e experimenter s i n Klah r  an d Dun -
bar' s (1988 )  BigTra k stud y wer e no t  designe d t o tes t  a n ex -
plici t  hypothesis ,  an d ye t  thes e participant s wer e stil l  abl e t o 
solv e th e proble m correctly .  Thi s suggest s ther e m a y b e a 
distinctio n betwee n thei r  dat a collectio n an d thei r  interpretiv e 
strategies .  Tschirg i  (1980 )  als o suggest s tha t  adults ,  a s wel l 
as children ,  manifes t  thi s sam e separation .  Sh e propose s tha t 
peopl e d o no t  necessaril y  analyz e th e logica l  underpinning s 
of  thei r  experimentation . 

S o me researc h ha s explore d th e characteristic s o f  perform -
anc e i n th e experimen t  spac e (e.g .  Klahr ,  Dunbar ,  &  Fay , 
1990) ,  ye t  a  numbe r  o f  question s arise .  W h e n peopl e explor e 
th e experimen t  spac e withou t  explicitl y  usin g a  hypothesis -
testin g strategy ,  h o w ar e the y abl e t o solv e scientifi c  reason -
in g problem s successfully ? Ar e ther e pattern s o f  behavio r  i n 
gatherin g dat a tha t  ar e associate d wit h bein g abl e t o interpre t 
and explai n thos e dat a appropriately ? Ther e i s s o m e evidenc e 
tha t  thi s migh t  b e th e case ;  fo r  example ,  Shute ,  Glaser ,  an d 
Raghava n (1989 )  analyze d performanc e o f  tw o successfu l  an d 
tw o unsuccessfu l  participant s i n Smithtown ,  a n economic s 

106 7 

mailto:stricket@osfl.gmu.edu
mailto:trafton@itd.nrl.navy.mil
mailto:raymond@xp.psych.nyu.edu


You hav e take n a  summe r  jo b a t  a n amusemen t  parte ,  wortcin g o n th e rollercoaste r  ride .  Th e 
roilercoaste r  i s operate d b y thre e switches ,  whic h mus t  ai l  b e se t  fo r  th e rid e t o operate .  Th e 
rollercoaste r  wil l  giv e th e part e visitor s differen t  rides ,  dependin g o n ho w thes e switche s ar e 
set .  O n e o f  th e switches ,  however ,  serve s a  difTeren t  function ,  an d ha s n o efTec t  o n th e kin d o f 
ride .  Befor e yo u ar e allowe d t o begi n operatin g th e rollercoaster ,  yo u mus t  figur e ou t  whic h o f 
th e switche s doe s no t  alTec t  th e ride .  Se t  eac h o f  th e switches ,  the n clic k Ru n Rollercoaste r  t o 
se e ho w th e rollercoaste r  goes .  W h e n yo u ar e read y t o ente r  you r  answer ,  clic k SOLVE. 

1st  Switc h 2n d Switc h 3r d Switc h 

RIGHT 

LEFT LEF T LEF T loopin g upside-dow n rid e 
LEFT LEF T RIGH T loopin g very-fas t  rid e 

n 

•Ri e 3r d switc h i s upside-dow n o r  very-fas t 

Run Rollercoaste r  S O L V E 

Figur e 1 :  Screensho t  o f  interfac e 

microworld ,  an d foun d tha i  i n additio n t o effectiv e thinkin g 
an d planning ,  efficienc y i n dat a managemen t  wa s associate d 
wit h mor e successfu l  performance .  Thei r  result s sugges t  tha t 
th e metho d b y whic h peopl e collec t  dat a i s indee d important . 

Th e presen t  stud y explore s th e relationshi p betwee n explo -
ratio n i n th e experimen t  spac e an d performance .  Specifically , 
we wante d t o determin e whethe r  dat a collectio n skill s ar e 
separat e fro m explici t  hypothesis-testin g strategie s suc h a s 
V O T AT an d t o determin e whethe r  systemati c dat a collectio n 
i s relate d t o successfu l  performance . 

We chos e a  tas k fo r  whic h th e experimen t  spac e wa s con -
straine d an d quit e small ,  s o tha t  participant s woul d no t  fin d 
th e tas k to o comple x t o solve .  Pilo t  test s indicate d tha t  al -
thoug h th e tas k involve d onl y thre e variables ,  solvin g i t  wa s 
not  trivia l  fo r  ou r  participants .  Th e smal l  experimen t  spac e 
has th e furthe r  advantag e o f  makin g i t  easie r  t o determin e th e 
systematicit y wit h whic h participant s collec t  thei r  data . 

We als o wante d t o explor e h o w thes e dat a collectio n 
strategie s ar e use d whe n participant s solv e th e sam e tas k 
mor e tha n on e tim e an d whethe r  the y transfe r  fro m on e tas k 
t o another .  Consequently ,  ther e wer e tw o condition s i n th e 
study ,  a n identica l  tas k conditio n an d a n isomorphi c tas k 
condition ,  t o stud y strateg y transfer . 

Metho d 

Participant s 

Participant s wer e 3 0 Georg e M a s o n Universit y undergradu -
ate s (1 6 male s an d 1 4 females) ,  w h o receive d cours e credi t 
fo r  thei r  participation .  Participant s wer e randoml y assigne d 
t o on e o f  tw o conditions .  Protoco l  dat a fro m five  partici -
pant s wa s los t  becaus e o f  equipmen t  failures ;  dat a fro m thes e 
participant s wa s no t  include d i n th e analysis . 

Materials 

Fiv e isomorphi c task s wer e developed ,  base d o n a n adajto -
tio n o f  a  tas k fro m Siegle r  an d Atla s (1976) .  A s a n example , 
i n on e tas k participant s wer e aske d t o solv e a  proble m abou t 
a rollercoaster .  Th e rollercoaste r  wa s operate d b y thre e 
switche s an d gav e a  differen t  ride ,  dependin g o n h o w th e 
switche s wer e set .  Althoug h al l  thre e switche s ha d t o b e se t 
fo r  th e rollercoaste r  t o work ,  on e o f  th e switche s di d no t 
affec t  th e kin d o f  ride .  Th e tas k wa s t o identif y whic h switc h 
di d no t  affec t  th e rollercoaste r  ride .  Eac h switc h ha d tw o pos -
sibl e setting s (lef t  o r  right) ;  participant s ha d t o selec t  a  set -
tin g fo r  eac h o f  th e thre e switches ,  the n ru n th e rollercoaster . 
Th e resultin g rid e wa s represente d o n th e compute r  screen . 
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We refe r  t o eac h episod e i n whic h participant s se t  th e vari -
able s an d observe d th e resul t  a s a n experimen t 

Participant s coul d ru n a s man y experiment s a s the y 
wished ,  an d th e interfac e include d a  "notepad "  o n whic h the y 
coul d typ e comment s i f  the y chose .  Figur e 1  show s a  sca-c n 
snapsho t  o f  th e rollercoaste r  task .  Th e interfac e wa s th e 
same fo r  eac h task ;  onl y th e instructions ,  variables ,  an d an -
swer  wer e differen t  acros s tasks .  W e use d th e sam e interfac e 
t o avoi d an y interactio n betwee n performanc e an d interface . 

A differen t  cove r  stor y wa s develope d fo r  fou r  additiona l 
task s i n differen t  domains .  Th e task s wer e isomorphi c i n 
tha t  the y share d th e sam e dee p structur e an d coul d b e solve d 
by applyin g identica l  procedure s (Simo n &  Hayes ,  1976) . 
For  eac h task ,  ther e wer e thre e possibl e causa l  variables , 
eac h wit h tw o settings .  O n e variabl e ha d n o effect ,  an d th e 
tas k wa s t o identif y tha t  variable .  Th e optima l  solutio n 
strateg y i n eac h tas k wa s t o tes t  eac h variabl e b y changin g 
it s setting ,  whil e holdin g th e othe r  variable s constant .  I f  th e 
resul t  wa s th e sam e i n bot h experiments ,  on e coul d deduc e 
tha t  th e variabl e ha d n o effect .  I f  th e resul t  wa s different ,  on e 
coul d infe r  tha t  tha t  variabl e di d hav e a n effec t  an d tes t  an -
othe r  variabl e i n th e sam e way .  Thus ,  fo r  eac h task ,  ther e 
was a  hypothesi s spac e consistin g o f  thre e variable s an d a n 
experimen t  spac e consistin g o f  eigh t  cell s representin g eigh t 
differen t  combination s a m o n g thos e variables . 

Design 

Ther e wer e tw o condition s i n thi s study :  a  "sam e task "  con -
dition ,  (hereafte r  referre d t o a s th e identica l  condition) ,  an d a n 
"isomorph "  condition .  Ther e wer e five  differen t  tasks .  I n th e 
identica l  condition ,  participant s wer e aske d t o solv e th e sam e 
tas k five  times .  Eac h cove r  stor y wa s give n t o thre e partici -
pant s i n thi s condition .  I n th e isomorp h condition ,  partici -
pant s wer e aske d t o solv e a  serie s o f  five  isomorphi c tasks , 
one eac h o f  th e five  task s use d i n th e identica l  condition . 
The task s wer e partiall y  counterbalanced ,  s o tha t  eac h tas k 
appeare d thre e time s i n th e las t  positio n o f  th e sequence .  Th e 
correc t  solutio n fo r  eac h tas k wa s randoml y generate d i n 
bot h conditions . 

Measures 

Keystrok e dat a wa s collecte d an d time-stampe d a s partici -
pant s solve d th e tasks .  I n addition ,  verba l  protocol s o f  th e 
entir e tas k sequenc e wer e collecte d (Ericsso n &  Simon , 
1984) .  Verba l  protocol s wer e code d a s describe d below . 

T wo measure s o f  solutio n correctnes s wer e used .  Th e first 
was generate d fro m th e keystrok e dat a an d measure d onl y 
whethe r  th e solutio n entere d wa s correc t  (righ t  answer) .  Be -
caus e o f  th e hig h probabilit y  (.33 )  tha t  a  correc t  answe r 
coul d b e chose n b y chance ,  a  secon d measur e (righ t  an -
swer/righ t  reasoning )  wa s develope d usin g th e verba l  proto -
cols .  Thi s measur e identifie d correc t  solution s fo r  whic h 
ther e wa s evidenc e o f  explicitl y  verbalize d correc t  reasoning . 

I n orde r  t o investigat e th e participants '  us e o f  th e hy -
pothesi s space ,  verba l  protocol s wer e als o code d fo r  explici t 
hypothesis-testin g strategie s used ,  specificall y whethe r  th e 
V O T AT strateg y wa s adopted .  A  participan t  wa s code d a s 
usin g th e V O T A T strateg y onl y i f  h e o r  sh e explicitl y  ver -
balize d thi s strategy .  I n addition ,  a s a  measur e o f  activit y i n 

th e hypothesi s space ,  protocol s wer e code d fo r  identificatio n 
of  a n a  prior i  plan . 

An importan t  componen t  o f  th e tas k wa s recognizin g tha t 
th e result s o f  tw o differen t  experiment s wer e th e same .  W e 
use d th e verba l  protocol s t o cod e whethe r  participant s no -
tice d this ,  an d i f  so ,  o n wha t  experiment .  Tabl e 1  show s th e 
codin g schem e used ,  wit h example s fro m th e protocols . 

Table 1: Coding scheme 

I D 
205 

107 

203 
204 

Code 

right  answer / 
right  reaso n 
(a t  solution ) 

VOTAT 

pla n 

notice-2-sam e 

Utteranc e 

Thir d switch ,  becaus e th e first 2 
ar e th e same ,  th e thir d i s differ -
ent ,  an d i t  doesn' t  chang e 

I  jus t  hav e t o kee p 2  th e sam e 
and chang e on e an d se e i f  it' s 
differen t 

So I  nee d t o tes t  th e switche s 

It' s  th e sam e ride 

I n orde r  t o investigat e th e strategie s b y whic h participant s 
explore d th e experimen t  space ,  protocol s wer e code d fo r  sys -
tematicit y o f  dat a collection .  Recal l  tha t  th e experimen t 
spac e consiste d o f  eigh t  possibl e combination s o f  variable s 
tha t  participant s coul d selec t  an d test .  The y coul d ru n a s fe w 
or  a s man y experiment s a s the y chose ,  an d experiment s 
coul d b e repeate d o r  duplicated .  Fo r  dat a collectio n t o b e 
code d a s systematic ,  7 5 % o r  mor e o f  th e experiment s chose n 
had t o confor m t o a  discernibl e pattern . 

Switc h 1 
Lef t 
Lef t 
Lef t 
Lef t 
Righ t 
Righ t 
Righ t 
Righ t 

$witQ h 2 
Lef t 
Lef t 
Righ t 
Righ t 
Lef t 
Lef t 
Righ t 
Righ t 

Switc h 3 
Lef t 
Righ t 
Lef t 
Righ t 
Lef t 
Righ t 
Lef t 
Righ t 

Figur e 2 :  Systemati c strategie s 

Several different patterns of data collection emerged. Fig-
ur e 2  show s a n exampl e o f  a  systemati c dat a collectio n strat -
egy .  S o m e participant s recognize d tha t  ther e wer e eigh t  pos -
sibl e combination s an d organize d thei r  dat a b y conductin g al l 
fou r  experiment s wit h on e variabl e a t  on e settin g befor e 
conductin g a  secon d bloc k o f  fou r  experiment s wit h tha t 
variabl e a t  it s  secon d setting .  Often ,  th e secon d bloc k o f 
experiment s wa s ordere d i n exactl y th e sam e w a y a s th e first. 
Thi s strategy ,  an d variant s o f  it ,  wer e code d a s systematic . 

Thi s typ e o f  systemati c strateg y m a y see m lik e th e 
V O T AT strategy ,  i n tha t  onl y on e variabl e i s change d a t  a 
time .  However ,  i t  differ s fro m th e V O T A T strateg y i n tw o 
importan t  ways .  First ,  participant s di d no t  explicitl y  stat e 
tha t  the y wer e usin g V O T A T .  Second ,  participant s contin -
ued t o ru n mor e experiment s afte r  changin g eac h o f  th e vari -
ables .  I f  the y ha d bee n usin g V O T A T ,  a n explici t  hypothe -
sis-testin g strategy ,  the y woul d no t  presumabl y hav e con -
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tinue d wit h thes e extraneou s experiments . 
S o me participant s simpl y trie d variou s combination s 

withou t  clos e attentio n t o prio r  experiments .  Suc h a  strateg y 
was characterize d b y duplication s o f  experiment s whic h fine-
quentl y wen t  unnoticed .  Other s attempte d t o find  ne w com -
bination s an d avoi d duplication s o n a n a d ho c basi s (i.e. , 
experimen t  b y experiment) .  Other s realize d ther e wer e eigh t 
combination s an d trie d t o find  al l  o f  them ,  again ,  o n a n a d 

ho c basis .  Thes e tw o las t  approache s wer e characterize d b y 
participant s searchin g th e record s o f  prio r  experiment s t o se e 
i f  the y ha d alread y trie d a  give n combination .  I n th e las t 
approach ,  participant s searche d th e dat a t o se e i f  the y ha d 
teste d al l  th e combinations .  Th e strategie s describe d abov e 
wer e code d a s unsystematic . 

T o date ,  onl y on e code r  ha s code d th e protocols ;  conse -
quently ,  n o inter-rate r  reliabilit y  score s wil l  b e reported . 

Procedure 

Participant s wer e traine d o n th e talk-alou d proces s an d o n th e 
feature s o f  th e interfac e use d fo r  th e experimenta l  tas k (i.e. , 
h o w t o se t  variables ,  ru n experiments ,  read  th e results ,  an d 
us e th e notepad) .  W h e n participant s understoo d th e interface , 
the y bega n th e experimenta l  task .  The y proceede d throug h 
th e serie s o f  five  task s withou t  receivin g feedbac k a s t o 
whethe r  thei r  solution s wer e correct . 

Results and Discussion 

We first  analyze d th e tim e i t  too k participant s i n eac h condi -
tio n t o complet e th e serie s o f  five  tasks .  Th e mea n comple -
tio n tim e fo r  th e identica l  conditio n wa s 2 3 minute s 4 4 sec -
onds ,  an d fo r  th e isomorp h conditio n i t  wa s 3 0 minute s 2 0 
seconds .  I t  i s  mos t  likel y tha t  participant s i n th e identica l 
conditio n too k les s tim e t o solv e th e tas k becaus e the y di d 
not  nee d t o re-read  th e tas k instruction s ever y time .  H o w -
ever ,  i n genera l  thes e time s ar e no t  ver y informative ,  be -
caus e w e wer e collectin g verba l  protocols . 

Correct Solution 

We analyze d performance ,  measure d b y th e numbe r  o f  correc t 
solution s accordin g t o th e keystrok e data .  Th e identica l  con -
ditio n showe d littl e i f  an y improvement ;  mean s fo r  task s 1 
throug h 5  were ,  respectively ,  .72 ,  .45 ,  .45 ,  .63 ,  .6 3 ( N = 
11) .  I n th e isomorp h condition ,  performanc e improved , 
show n b y a n increas e i n th e m e a n correct .  Respectiv e mean s 
fo r  task s 1  throug h 5  i n th e isomorp h conditio n wer e .64 , 
.78 ,  .71 ,  .92 ,  an d .9 2 ( N =  14) . 

Becaus e o f  th e hig h probabilit y  o f  a  correc t  answer' s bein g 
chose n b y chance ,  w e analyze d performanc e usin g th e righ t 
answer/righ t  reaso n measur e describe d above .  Not e tha t  al l 
furthe r  analyse s o f  correctnes s us e thi s measure . 

Again ,  i n th e identica l  condition ,  performanc e di d no t  im -
prove ;  mean s fo r  task s 1  throug h 5  wer e .45 ,  .36 ,  .27 ,  .36 , 
and .45 ,  respectivel y ( N =  11) .  I n th e isomorp h conditio n 
performanc e improve d a s participant s progresse d throug h th e 
tasks ;  mean s correc t  wer e .29 ,  .50 ,  .42 ,  .79 ,  an d .71 ,  respec-
tivel y ( N =  14) .  A  tes t  fo r  increasin g linearit y showe d tha t 
fo r  participant s i n th e isomorp h condition ,  performanc e im -
prove d i n a  linea r  fashio n a s the y progresse d throug h th e 
serie s o f  five  tasks ,  F ( l ,  13 )  =  13.42 ,  M S e = .16,/ ? <  .05 . 

W hy didn' t  performanc e i n th e identica l  conditio n im -
prove ? Th e protocol s sugges t  tw o possibl e reasons .  First , 

becaus e ther e wa s n o feedback ,  som e participant s though t 
tha t  whe n th e sam e tas k appeare d i t  mean t  the y ha d go t  th e 
answe r  wrong .  S o m e participant s di d no t  recogniz e tha t  th e 
task s wer e independen t  o f  on e anothe r  an d consequentl y une d 

t o carr y informatio n fro m on e tas k ove r  int o another .  Fo r 
example ,  i f  the y chos e th e first  variabl e o n th e first  task , 
the y though t  tha t  th e first  variabl e wa s no t  th e correc t  solu -

tio n fo r  th e nex t  task ,  regardles s o f  wha t  th e dat a indicated . 
Second ,  th e verba l  protocol s sugges t  tha t  som e partici -

pant s i n thi s conditio n bega n wit h a  poo r  representatio n o f 
th e task .  The y neve r  revise d thi s representation ,  s o the y kep t 
gettin g th e answe r  wrong .  O n th e othe r  hand ,  i f  a  participan t 
bega n wit h a n appropriat e representatio n o f  th e task ,  h e o r 

she coul d begi n b y solvin g th e tas k correctl y an d woul d the n 
continu e wit h correc t  performance .  I n eithe r  case ,  ther e 
woul d no t  b e a n increas e i n th e numbe r  o f  correc t  solutions . 

I f  thi s wer e th e case ,  w e woul d expec t  th e majorit y o f  par -
ticipant s i n th e identica l  conditio n t o hav e go t  almos t  al l  th e 
task s eithe r  incorrec t  o r  correct .  I n fact ,  th e participant s wh o 
eithe r  go t  fou r  o r  five  o f  th e task s wron g o r  go t  al l  five  o f 
th e task s righ t  accoun t  fo r  ove r  8 0 % o f  th e participant s i n 
th e identica l  condition .  I t  woul d appea r  the n tha t  eithe r  thes e 
participant s starte d ou t  wel l  an d continue d wel l  o r  the y 
starte d badly ,  go t  stuc k i n a  rut ,  an d perseverate d o n thei r 
strateg y becaus e th e tas k di d no t  change .  Participant s i n th e 
isomorp h conditio n di d no t  hav e thes e problems .  Th e lac k o f 
feedbac k di d no t  affec t  the m i n th e sam e wa y becaus e afte r 
the y ha d entere d thei r  answer ,  the y go t  a  differen t  tas k an d 
di d no t  associat e th e n e w tas k wit h thei r  performance  o n th e 
previou s one .  Furthermore ,  wit h eac h ne w task ,  the y ha d t o 
construc t  a  ne w representation .  I f  the y di d construc t  a  poo r 
representation ,  i t  affecte d performanc e o n tha t  tas k only . 

Systematicity 

Performanc e i n th e isomorp h conditio n improve d a s partici -
pant s progresse d throug h th e sequenc e o f  tasks .  Wha t  cause d 
thi s improvement ? Possibly ,  participant s recognize d th e 
isomorphis m betwee n task s an d use d tha t  informatio n t o 
solv e th e problem s mor e accurately .  I n fact ,  onl y thre e par -
ticipant s mad e referenc e t o similaritie s t o previou s tasks . 
Perhap s the y cam e t o a  bette r  understandin g o f  th e tas k an d 
develope d a  bette r  strateg y t o solv e th e problems .  T o explor e 
th e rol e o f  plannin g an d strateg y us e i n performanc e o n thes e 
tasks ,  w e examine d whethe r  participant s state d a n a  prior i 
pla n an d whethe r  the y use d th e V O T A T strategy .  W e als o 
examine d th e systematicit y wit h whic h the y collecte d dat a i n 
thes e tasks . 

Explicit Hypothesis-Testing Strategy Use and 
Plannin g Recal l  tha t  explici t  strategie s an d plan s wer e 
code d onl y i f  participant s verbalize d thei r  use .  Onl y thre e 
participant s state d a n a  prior i  plan .  Overal l  us e o f  th e 
V O T AT strateg y wa s als o ver y small ;  onl y thre e partici -
pant s explicitl y  use d thi s strategy .  I n th e identica l  condition , 
onl y on e participan t  use d thi s strategy ,  an d thi s us e wa s o n 
th e las t  tas k i n th e series .  I n th e isomorphi c conditio n tw o 
participant s use d th e V O T A T strategy ,  on e o n th e fourt h 
tas k an d bot h o n th e las t  task . 

107 0 



Thus ,  althoug h i t  appear s tha t  ther e wa s a  ver y smal l  in -
creas e i n explici t  us e o f  th e V O T A T strategy ,  thi s shif t  i s 
not  sufficien t  t o accoun t  fo r  th e improvemen t  i n perform -
anc e i n th e isomorp h condition .  Apparently ,  ver y fe w o f  th e 
participant s wer e searchin g th e hypothesi s spac e i n orde r  t o 
solv e thes e problems .  I f  participant s wer e no t  usin g a n ex -
plici t  hypothesis-testin g strategy ,  h o w di d the y se t  about 
solvin g th e tasks ? T o answe r  thi s question ,  w e investigate d 
th e strategie s b y whic h the y explore d th e experimen t  space . 

Data Collection Systematicity Recall that 75% of 
th e experiment s o n a  tas k ha d t o b e systemati c fo r  perform -
anc e o n tha t  tas k t o b e code d a s systematic .  I n th e identica l 
condition ,  ther e wa s littl e i f  an y differenc e acros s task s o n 
thi s measure .  M e a n s fo r  task s 1  throug h 5  wer e .27 ,  .56 , 
.38 ,  .40 ,  an d .40 ,  respectively .  I n th e isomorp h condition , 
however ,  participant s becam e mor e systematic .  Mean s fo r 
thi s grou p fo r  task s 1  throug h 5  wer e .29 ,  .50 ,  .33 ,  .86 ,  an d 
.92 ,  respectively .  Nex t  w e explore d th e relationshi p betwee n 
systematicit y an d performanc e i n bot h conditions . 

Systematicity and Correctness 

Figur e 3  illustrate s th e trend s fo r  bot h correctnes s an d sys -
tematicit y fo r  eac h condition .  I t  show s tha t  a s participant s i n 
th e isomorp h conditio n becam e mor e systemati c thei r  per -
formanc e becam e mor e correct .  I t  als o show s tha t  partici -
pant s i n th e identica l  conditio n di d no t  becom e mor e sys -
temati c an d thei r  performanc e di d no t  improve .  Overall ,  sys -
tematicit y wa s strongl y correlate d wit h correc t  solution ,  r  = 
.51,/7<.01 . 
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Figur e 4 :  Systematicit y an d correctnes s 

How did participants in the isomorph condition progress 
fro m bein g unsystemati c an d wron g i n tas k 1  (mea n correc t 
was .29 ,  mea n systematicit y wa s .29 )  t o bein g systemati c 
and righ t  i n tas k 5  (mea n correc t  wa s .71 ,  mea n sys -
tematicit y wa s .91) ? W h y di d participant s i n th e identica l 
conditio n no t  sho w thi s progression ? 

I t  appear s tha t  participant s i n th e isomorp h conditio n 
graduall y refine d thei r  systematicit y an d als o becam e mor e 
correct .  Figur e 4  illustrate s thi s progressio n (th e number s 

refe r  t o th e percentag e o f  participants) .  O n eac h task ,  eac h 
participant' s performanc e wa s code d a s non-systemati c an d 
not  right ,  non-systemati c an d right ,  systemati c an d not -
right ,  o r  systemati c an d right .  Thre e participant s i n eac h 
conditio n wer e systemati c an d righ t  o n tas k 1  an d continue d 
thi s performanc e o n al l  five  tasks .  I n bot h conditions ,  th e 
majorit y o f  participant s bega n b y bein g non-systemati c an d 
not-right .  I n th e identica l  condition ,  performanc e remained 
relativel y stable .  I n th e isomorp h condition ,  however ,  a  clea r 
shif t  occurre d awa y fro m non-systematic ,  not-righ t  perform -
anc e t o systemati c an d right .  I n task s 4  an d 5 ,  n o partici -
pant s i n th e isomorp h conditio n wer e non-systemati c an d 
not-right ,  an d th e majorit y wer e bot h systemati c an d right. 
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Figur e 3 :  Relatio n betwee n systematicit y an d correctnes s 
(number s show n ar e percentag e o f  participants ) 

What could account for the very different pattern in the 
identica l  condition ? Ove r  5 0 % o f  th e participant s i n bot h 
condition s bega n b y bein g non-systemati c an d no t  right . 
Figur e 3  show s a n initia l  increas e i n th e identica l  conditio n 
i n mea n systematicit y (fro m .2 7 i n tas k I  t o .5 6 i n tas k 2) ; 
however ,  thi s increas e represent s a  shif t  t o a  systemati c 
strateg y b y onl y tw o participants .  O f  thes e two ,  on e solve d 
th e proble m correctly ,  an d the n becam e unsystemati c an d 
wron g fo r  th e remainin g thre e tasks .  Th e protoco l  reveal s 
tha t  afte r  th e secon d task ,  thi s participan t  reverte d t o he r 
initia l  poo r  representatio n o f  th e task .  Th e othe r  participan t 
shifte d t o a  systemati c dat a collectio n strateg y i n tas k 2  bu t 
di d no t  solv e th e tas k correctly .  Th e protoco l  show s tha t  thi s 
participant' s answer s wer e significantl y influence d b y hi s 
belie f  tha t  hi s prio r  solution s mus t  hav e bee n wrong . 

What  advantag e di d bein g systemati c i n explorin g th e ex -
perimen t  spac e gai n fo r  participant s i n th e isomorp h condi -
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tion ? O n e o f  th e key s t o solvin g th e task s wa s noticin g tha t 
th e resuh s o f  tw o experiment s wer e th e same ,  eve n thoug h 
th e settin g o f  on e variabl e wa s differen t  i n thes e tw o ex -
periments .  Som e participant s notice d thi s immediately , 
some notice d i t  onl y afte r  conductin g mor e experiments ,  an d 
some participant s apparentl y di d no t  notic e i t  a t  all . 

Were participant s mor e likel y t o notic e thi s importan t 
piec e o f  informatio n i f  thei r  dat a wer e organize d i n a  system -
ati c way ? W e analyze d th e correlatio n betwee n systematicit y 

and participants '  noticin g immediatel y tha t  th e result s o f 
tw o experiment s wer e th e same .  Thi s correlatio n wa s sig -
nificant ,  r = .36 ,  p  <  .01 .  Thi s correlatio n suggest s tha t  a s 
participant s wer e mor e systematic ,  the y wer e mor e likel y t o 
detec t  importan t  an d relevan t  pattern s i n th e data ,  allowin g 
the m t o successfull y solv e th e problems . 

I t  appear s the n tha t  ther e wa s a  stron g relationshi p be -
twee n bein g systemati c i n collectin g dat a an d successfu l 
performanc e i n th e isomorp h condition .  A s participant s be -
came mor e systematic ,  thei r  performanc e becam e mor e cor -
rect .  Participant s i n th e isomorp h conditio n bega n th e serie s 
of  task s withou t  a  systemati c dat a collectio n strateg y an d th e 
majorit y dk l  no t  solv e th e tas k correctl y a t  first .  However , 
by th e las t  task ,  th e majorit y o f  thes e participant s wer e us -
in g a  systemati c strateg y an d wer e gettin g th e answe r  right . 
Finally ,  th e overal l  correlatio n betwee n systematicit y an d 
correc t  performanc e wa s positiv e an d significant . 

General Discussion 

The performanc e o f  participant s i n th e isomorp h conditio n 
improve d a s the y progresse d throug h th e serie s o f  fiv e tasks . 
Yet  th e vas t  majorit y o f  thes e participant s wer e no t  usin g 
explici t  hypothesis-testin g strategie s suc h a s V O T A T tha t 
hav e bee n associate d wit h successfu l  performance .  Further -
more ,  hardl y an y o f  thes e participant s state d a  pla n fo r  solv -
in g th e task .  The y appea r  t o hav e bee n operatin g almos t 
exclusivel y i n th e experimen t  space . 

What  ca n accoun t  fo r  th e improvemen t  i n performance ? I t 
occurre d primaril y i n conjunctio n wit h participant s becom -
in g mor e systematic .  I t  appear s the n tha t  searchin g th e ex -
perimen t  spac e ca n lea d t o th e correc t  solution ,  an d tha t  wha t 
differentiate s successfu l  fro m unsuccessfu l  performanc e i n 
thi s spac e i s th e systematicit y wit h whic h th e searc h i s con -
ducted .  Searc h i n th e hypothesi s spac e i s mor e efficien t  tha n 
searc h i n th e experimen t  space ;  however ,  i t  woul d als o ap -
pear  t o b e les s c o m m o n an d perhap s mor e difficult .  Th e re -
sult s o f  thi s stud y sugges t  tha t  b y conductin g a  searc h i n th e 
experimen t  spac e i n a  systemati c manner ,  eve n i n th e ab -
senc e o f  plannin g o r  o f  a n explici t  hypothesis-testin g strat -
egy ,  peopl e ar e mor e likel y t o reac h th e correc t  conclusion . 

The relationshi p betwee n systemati c exploratio n o f  th e 
experimen t  spac e an d successfu l  performanc e ha s severa l 
implications .  First ,  prio r  researc h ha s identifie d a  connectio n 
betwee n systemati c explici t  hypothesis-testin g strategie s 
suc h a s V O T A T an d successfu l  performanc e (e.g .  Voilmeye r 
et  al. ,  1996) .  However ,  i t  i s  no t  clea r  tha t  participant s i n 
thes e studie s wer e explicitl y  formin g an d testin g hypothese s 
when the y conducte d experiments .  Possibly ,  thei r  improve d 
performanc e wa s relate d t o a n increasingl y systemati c searc h 
of  th e experimen t  space ,  rathe r  tha n t o a  shif t  t o a n optima l 
explici t  hypothesis-testin g strategy .  Clearly ,  suc h system -

ati c searc h o f  th e experimen t  spac e i s als o associate d wit h 
peopl e finding  th e correc t  solution . 

Second ,  ther e ar e implication s fo r  instructio n i n scientifi c 
reasoning .  I t  seem s likel y tha t  mor e peopl e ar e 
"experimenters "  tha n "theorists "  an d therefor e mor e likel y t o 
searc h th e experimen t  spac e tha n th e hypothesi s spac e whe n 
presente d wit h a  scientifi c  reasonin g task .  However ,  teachin g 
explici t  hypothesis-testin g strategie s pe r  s e ma y no t  lea d t o 

improve d performanc e (e.g .  Tweney ,  e t  al. ,  1980) .  h  i s  pos -
sibl e tha t  teachin g strategie s t o conduc t  a  systemati c searc h 
of  th e experimen t  space ,  b y usin g a  systemati c dat a collec -
tio n method ,  migh t  b e a n effectiv e mean s o f  helpin g stu -
dent s improv e performanc e o n scientifi c  reasonin g tasks . 
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