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A d d i n g P r o b l e m S p a c e s — T h e Issue s 

The proces s o f  scienufi c discover y ha s bee n characterize d a s 
a searc h i n tw o proble m spaces :  th e spac e o f  possibl e 
experiment s an d th e spac e o f  possibl e hypothese s (Klah r  & 
Dunbar ,  1988) .  Mo r e recently ,  ther e hav e bee n severa l 
proposal s t o includ e additiona l  proble m spaces .  I n 
particular ,  w e hav e propose d th e additio n o f  a  spac e o f 
experimenta l  paradigm s an d a  spac e o f  dat a representation s 
(Schun n &  Klahr ,  1995) .  Thes e proposals  rais e meta -
iheoretica l  issues :  (a )  W h y thes e spaces ? (b )  W h y onl y thes e 
spaces ? Moreover ,  thes e issue s ar e no t  specifi c  t o model s o f 
scientifi c  discovery—the y ar e genera l  t o al l  proble m solvin g 
activities . 

I n ou r  talk ,  w e propos e a  genera l  se t  o f  logical ,  empirica l 
and implementationa l  criteri a fo r  resolvin g thes e issues .  W e 
illustrat e thi s distinctio n i n th e contex t  o f  distinguishin g 
betwee n th e dat a representatio n an d hypothesi s space s i n 
scientifi c  discovery ,  focusin g o n result s o f  psychologica l 
lab s studie s o f  discover y activities .  Befor e presentin g th e 
genera l  criteria ,  w e describ e a  simple ,  concret e exampl e 
whic h w e believ e provide s a n intuitiv e fee l  fo r  whe n distinc t 
proble m space s d o an d d o no t  occur . 

Conside r  subject s tryin g t o solv e simpl e lette r  serie s 
completio n task s (cf. ,  Simo n &  Kotovsky ,  1963) ,  suc h a s 
A B M C D M _.  Subject s wil l  initiall y  selec t  a  representatio n 
tha t  involve s relation s o n th e Englis h alphabet ,  an d the y wil l 
see k pattern s o f  sames ,  differents ,  nexts ,  doubl e nexts , 
priors ,  etc .  I n thi s case ,  th e representatio n i s s o obviousl y 
immediat e an d evoke d b y th e stimulu s tha t  i t  make s n o 
sens e t o vie w i t  a s involvin g an y search . 

N o w conside r  wha t  happen s whe n subject s ge t  a  tric k 
problem ,  suc h as :  O T T F F S S _ .  Her e too ,  the y star t  wit h th e 
obviou s representatio n i n whic h th e letter s ar e simpl y 
letters .  Bu t  lead s subject s t o formulat e increasingl y comple x 
and a d ho c explanation s fo r  th e O  a t  th e beginnin g o f  th e 
series .  Ultimately ,  subject s usin g thi s straightforwar d 
representatio n hi t  a n impasse .  The n the y star t  t o conside r 
whethe r  th e letter s stan d fo r  somethin g els e (lik e th e first 
letter s o f  th e name s o f  th e integers) . 

At  thi s point ,  w e argue ,  the y ar e searchin g a  dat a 
representatio n space .  Tha t  is ,  the y mus t  conside r  othe r  way s 
t o characteriz e th e item s o f  th e list .  I n th e presen t  instance , 
the y migh t  reaso n that ,  sinc e th e earlie r  list s ar e base d o n th e 
alphabet ,  an d th e alphabe t  i s a  (th e most )  famiUa r  ordere d 
lis t  o f  symbols ,  the n ther e migh t  b e othe r  ordere d list s tha t 
ar e relevant :  day s o f  th e week ,  name s o f  th e King s o f 
England ,  President s o f  th e U S ,  numbe r  names ,  months ,  etc . 
Perhap s th e letter s i n th e sequenc e ar e relate d t o som e 

featur e o f  thes e othe r  list s (i n thi s cas e th e firs t  lette r  o f  thei r 
EngUsh name s o f  th e integers. ) 

General Criteria 

H o w doe s on e decid e whethe r  t o ad d a  n e w proble m space ? 
Belo w w e lis t  thre e kind s o f  criteri a tha t  1 )  w e foun d ver y 
usefu l  i n makin g th e distinction ,  an d 2 )  w e believ e ca n b e 
applie d t o understan d problem-solvin g behavio r  i n an y task . 

Logical Criteria 

First ,  on e need s t o b e abl e t o defin e th e space s suc h tha t 
the y ar e unambiguousl y different .  Furthermore ,  th e 
distinctio n betwee n space s shoul d b e categorica l  rathe r  tha n 
a continuum .  Ther e ar e tw o importan t  component s t o th e 
definitio n o f  a  proble m space :  th e goal s use d fo r  searchin g 
th e space ,  an d th e entifie s tha t  ar e searched .  Distinc t 
proble m space s shoul d involv e distinc t  entitie s an d distinc t 
goals .  O f  course ,  th e proble m space s ca n b e coordinate d 
suc h tha t  informatio n fro m on e spac e i s use d t o searc h th e 
othe r  space—thi s featur e i s  ubiquitou s t o th e scientifi c 
discover y task s tha t  w e hav e considered . 

Empirical Criteria 

Second ,  ther e shoul d b e empirica l  difference s betwee n th e 
spaces .  I n particular ,  the y shoul d occu r  (a t  leas t 
occasionally )  a t  differen t  times ,  the y shoul d involv e 
differen t  searc h heuristics ,  an d ther e shoul d b e differen t 
factor s tha t  influenc e behavio r  i n eac h searc h space . 

Most  importantly ,  ther e shoul d b e activit y i n eac h searc h 
space .  I f  a  subjec t  alway s stay s i n th e sam e stat e wit h 
respec t  t o a  particula r  proble m space ,  the n tha t  searc h spac e 
i s no t  a  usefu l  too l  fo r  describin g tha t  subject' s behavior . 
Thi s migh t  occu r  i n tw o ways .  First ,  th e subjec t  coul d kno w 
so littl e abou t  a  domai n tha t  onl y on e stat e i s availabl e t o 
tha t  subject .  Second ,  subject s migh t  b e s o knowledgeabl e 
abou t  a  domai n tha t  the y ar e abl e t o pick  a  goo d stat e 
immediatel y an d nee d no t  searc h an y further .  Thus ,  th e 
existenc e o f  a  particula r  proble m spac e fo r  a  give n subjec t  i s 
determined ,  i n part ,  b y thei r  knowledge . 

Implementational Criteria 

Third ,  on e shoul d b e abl e t o represen t  th e proble m space s 
distinctl y i n a  computationa l  mode l  tha t  i s  capabl e o f 
performin g th e task .  I n othe r  words ,  on e shoul d b e abl e t o 
m ap unambiguousl y fro m observe d behavio r  t o a  stat e i n th e 
proble m space .  Furthermore ,  searc h throug h a  specifi c 
proble m spac e shoul d b e distinc t  fro m coordinatio n betwee n 
proble m spaces .  Thi s provide s a n exactin g tes t  o f  th e degre e 
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t o whic h th e theoretica l  distinction s ca n actuall y accoun t  fo r 
th e empirica l  behavio r  a t  a  precis e level . 

An Example 

Havin g describe d th e genera l  criteria ,  w e wil l  n o w describ e 
h o w w e hav e apphe d thes e criteri a i n proposin g ou r  4-spac e 
model .  However ,  i n thi s shor t  abstract ,  w e ar e onl y abl e t o 
explor e th e additio n o f  th e dat a representatio n space . 

Logical Criteria 

First ,  ther e ar e th e entitie s tha t  ar e searched .  Th e hypothesi s 
spac e involve s proposition s abou t  th e world,  potentiall y  a t 
varyin g level s o f  abstractio n an d o f  varyin g level s o f 
generality .  Fo r  example ,  on e migh t  hav e th e followin g 
hypotheses—varyin g i n scop e an d abstraction—abou t  th e 
result s o f  a n experimen t  o n readin g comprehension :  "ther e 
was n o effec t  o f  manipulatin g motivatio n i n thi s experimen t 
(o n comprehensio n o f  som e histor y text)" ,  "ther e i s 
generall y n o effec t  o f  monetar y manipulation s o f  motivatio n 
on comprehensio n o f  histor y texts" ,  o r  "ther e i s generall y n o 
effec t  o f  motivatio n o n readin g skills" . 

By contrast ,  th e dat a representatio n spac e involve s th e 
object s an d objec t  feature s o f  th e data .  Fo r  example ,  on e 
migh t  grap h differen t  th e relationshi p betwee n differen t 
variables ,  on e migh t  us e differen t  kind s o f  graphs ,  an d on e 
migh t  re-code ,  collapse ,  o r  expan d th e sam e data . 

Tli e tw o space s als o diffe r  i n term s o f  thei r  goals .  Th e 
goa l  o f  th e hypothesi s spac e i s t o produc e parsimoniou s 
explanations/description s o f  object s an d relation s i n th e 
world .  B y contrast ,  th e goa l  o f  th e dat a representatio n spac e 
i s t o fin d regularities .  A  dat a representatio n i s abandone d i f 
i t  doesn' t  lea d t o regularitie s o r  interpretabl e patterns , 
wherea s i t  i s  maintaine d whe n i t  does .  I n othe r  words ,  th e 
searc h i n th e dat a representatio n spac e seek s t o find  th e 
regularities ,  an d searc h i n th e hypothesi s spac e seek s t o 
explai n them . 

Not e tha t  ther e ar e no t  separat e searc h space s fo r 
hypothese s a t  differen t  level s o f  abstractio n becaus e 1 )  thi s 
distinctio n i s a  continuum ;  an d 2 )  th e goal s o f  th e searc h a t 
differen t  level s i s th e same .  Similarly ,  ther e ar e no t  differen t 
searc h space s fo r  table s versu s graphs ,  o r  interna l  versu s 
externa l  representations . 

Empirical Criteria 

T h e particula r  dat a tha t  lea d u s t o propos e th e dat a 
representatio n spac e c a m e fro m a  comple x discover y 
microworl d calle d MilkTruc k (Schun n &  Klahr ,  1992 , 
1995) .  Subject s i n thi s tas k wer e aske d t o discove r  th e rol e 
of  a  complex ,  myster y functio n b y conductin g experiment s 
i n th e domain .  W h a t  i s th e empirica l  evidenc e fro m thi s 
domai n fo r  th e dat a representatio n space ? 

First ,  th e majorit y o f  th e subject s radicall y altere d thei r 
representatio n o f  th e tas k ove r  th e cours e o f  discoverin g th e 
correc t  function .  Base d o n thei r  verba l  think-alou d 
description s o f  th e experiment s an d experimen t  outcomes , 
we foun d tha t  th e subject s change d bot h th e kind s o f  object s 
the y wer e examinin g (ne w object s an d n e w level s o f 
aggregatio n o f  th e sam e objects )  a s wel l  a s whic h feature s o f 
th e object s th e described .  Interestingly ,  w e foun d tha t  th e 

subject s use d multipl e representation s o f  th e sam e 
experimenta l  outcom e fo r  mos t  experiments .  Moreover ,  w e 
foun d that ,  fro m on e experimen t  t o th e next ,  subject s m a d e 
at  leas t  mino r  change s t o th e dat a representatio n ove r  9 0 % 
of  th e time .  Thi s ca n b e contraste d wit h performanc e i n 
some simple r  tasks ,  i n whic h peopl e d o no t  nee d t o searc h 
th e dat a representatio n spac e sinc e ther e i s usuall y onl y on e 
way t o represen t  th e data . 

Second ,  w e foun d tha t  searc h i n th e tw o space s di d occu r 
at  differen t  times .  Occasionally ,  subject s considere d severa l 
differen t  representation s o f  th e dat a withou t  comin g u p wit h 
a ne w hypothesis .  Similarly ,  the y occasionall y considere d 
severa l  differen t  hypothese s al l  withi n th e sam e 
representatio n o f  th e data . 

Third ,  w e foun d severa l  ne w heuristic s tha t  subject s use d 
i n producin g dat a representatio n change .  Fo r  example ,  w e 
foun d tha t  subject s use d a  Notic e Invariant s heuristi c (cf. , 
Kapla n &  Simon ,  1990 )  i n whic h the y recas t  thei r 
representatio n o f  th e dat a int o th e part s o f  th e dat a tha t 
remai n constan t  acros s experiment s an d th e part s tha t  vary . 

Implementational Criteria 

Whil e w e hav e no t  ye t  completel y implemente d a  runnin g 
model ,  i n codin g th e data ,  w e hav e develope d a  sens e o f 
h o w easy/difficul t  i t  i s  t o unambiguousl y distinguis h 
betwee n hypothesi s an d dat a representation ,  an d i t  ha s 
force d u s t o revis e som e previou s distinction s tha t  w e ha d 
initiall y  mad e onl y o n th e basi s o f  logica l  criteria . 

Furthermore ,  i n th e symboli c productio n syste m scheme s 
tha t  w e hav e constructed ,  changin g dat a representation s i s 
alway s a n importan t  issu e tha t  i s clearl y distinc t  fro m 
selectin g amon g an d constructin g nove l  hypotheses . 

Conclusions 

We hav e outline d thre e type s o f  criteri a (logical ,  empirical , 
and implementational )  tha t  w e believ e ar e importan t  i n 
determinin g th e numbe r  o f  problem s space s tha t  shoul d b e 
use d i n describin g proble m solvin g behavio r  i n a  particula r 
task .  I n thi s brie f  abstract ,  w e coul d onl y describ e th e 
applicatio n o f  thes e criteri a t o justifyin g th e additio n o f  th e 
dat a representatio n spac e i n characterizin g scientifi c 
discover y behavior .  However ,  w e hav e als o bee n abl e t o us e 
thes e criteri a t o propos e th e experimenta l  paradig m space , 
and w e believ e thes e criteri a ca n b e applie d t o resolv e thes e 
kind s o f  issue s i n an y problem-solvin g task . 
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