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T h e Rol e o f  Reflectio n i n Scientifi c  Exploratio n 

Todd W. Griffith (griffith@cc.gatech.edu) 
J.  Willia m Murdoc k {murdock@c c .gatech.edu ) 

Colleg e o f  Compulin g 
Georgi a Institut e o f  Technolog y 

801 Atlanti c Driv e 
Atlanta .  Georgi a 30332-0280 ,  US A 

Abstrac t 

In this paper we explore the idea of reflection in the context 
of  scientifi c  exploration .  H o w doe s a n agen t  reflec t  upo n it s 
behavio r  i n orde r  t o enabl e productiv e exploration ? W e outlin e 
an abstrac t  cognitiv e architectur e fo r  combinin g reflectio n an d 
exploration .  T o achiev e thi s w e presen t  a  languag e fo r  modelin g 
cognition :  th e Task-Method-Knowledg e ( T M K )  language .  W e 
furthe r  presen t  a  computationa l  mode l  base d o n thi s language , 
T 0 R Q U E2 (Griffit h etal. ,  1997 ;  Griffith ,  1997) .  T o R Q U E2 i s 
a mode l  o f  explorator y reasonin g i n th e domai n o f  scientifi c 
proble m solving .  W e clai m tha t  th e T M K languag e support s 
bot h reflectio n an d exploration ,  an d enable s the m t o benefi t 
fro m on e another . 

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

O ne outstandin g issu e i n scientifi c  discover y is :  h o w d o sci -
entist s decid e whe n t o abando n on e reasonin g strateg y t o 
pursu e another ? O r  fro m a  cognitiv e perspective :  h o w d o 
we mode l  a  proces s fo r  multi-strateg y exploration ? I n ou r 
researc h w e sho w evidenc e fro m a  computationa l  system , 
T 0 R Q U E 2,  whic h suggest s tha t  "reflection, "  a n agent' s abil -
it y  t o reaso n abou t  it s o w n reasoning ,  play s a n importan t  rol e 
i n th e selectio n o f  reasonin g method s an d i n th e abandonmen t 
of  reasonin g paths . 

For  th e pas t  2 0 year s researcher s hav e attempte d t o com -
putationall y mode l  th e processe s o f  science .  I n thi s pursui t 
the y hav e investigate d task s including :  experimenta l  dat a in -
terpretatio n (Langle y e t  a!. ,  1987;Zytkow ,  1990) ,  hypothesi s 
formatio n (Karp ,  1989) ,  an d theor y revisio n (Darden ,  1991 ; 
Rajamoney ,  1990;Falkenhainer ,  1990) .  I n orde r  t o understan d 
thes e tasks ,  researcher s hav e modele d historica l  case s o f  sci -
entifi c  reasonin g (Kulkam i  an d Simon ,  1988 ;  Darden ,  1991 ; 
Thagar d an d N o w a k ,  1990) .  O n e difficult y wit h suc h case s 
i s tha t  the y rarel y sho w path s o f  reasonin g i n whic h th e sci -
entis t  wa s unsuccessful ,  ye t  i t  i s  thes e path s whic h mak e u p 
themajorit y o f  th e cognitiv e effor t  (Nersessian ,  1993) .  Sore -
searcher s mistakenl y plac e emphasi s o n th e source s tha t  hav e 
survived .  This ,  however ,  present s a  problem .  I t  result s i n 
computationa l  model s whic h ar e cognitivel y implausibl e an d 
ar e o f  littl e us e i n th e developmen t  o f  scientifi c  agents . 

For  thi s reaso n som e woul d hav e u s thro w ou t  th e bab y 
wit h th e bat h wate r  b y givin g u p o n historica l  case s o f  sci -
entifi c  reasonin g altogether .  W e argu e tha t  thi s abandonmen t 
i s premature .  Th e troubl e i s no t  wit h th e researc h progra m 
but  wit h th e methodology .  I n orde r  t o construc t  accurat e 
computationa l  models ,  on e mus t  mode l  eac h o f  th e strate -
gie s availabl e t o th e scientis t  a s wel l  a s th e contro l  processe s 

fo r  decidin g whic h strateg y t o us e when .  I n ou r  research , 
we hav e chose n t o mode l  reasonin g foun d i n problem-solvin g 
protocol s (Clement ,  1989) ,  becaus e thes e protocol s sho w bot h 
successfu l  an d unsuccessfu l  attempt s a t  solvin g a  proble m us -

in g multipl e reasonin g strategies .  Th e computationa l  mode l 
develope d throug h th e protocol s ca n the n b e applie d t o his -
torica l  cases .  Th e ke y i s t o acquir e protocol s whic h addres s 
simila r  issue s t o thos e foun d i n th e historica l  cas e (Nerses -
sia n an d Greeno ,  1990) .  Onl y whe n w e ca n construc t  model s 
of  scientist s whic h captur e thei r  man y reasonin g strategies , 
wil l  w e b e abl e t o construc t  agent s capabl e o f  rea l  scientifi c 
activity . 

I n th e T 0 R Q U E2 syste m w e hav e modele d fou r  reason -
in g strategie s fo r  explorator y proble m solving :  model-base d 
searc h ( M B S ) ,  model-base d analog y ( M B A ) ,  structure-base d 
model  transformatio n ( S B M T ) ,  an d limiting-cas e analysi s 
( L C A ) .  Thes e strategie s ar e represente d i n th e Task-Method -
Knowledg e ( T M K )  languag e (Murdoc k an d Goel ,  1998) .  I n 
th e remainde r  o f  thi s pape r  w e describ e a  contro l  proces s 
whic h enable s th e selectio n o f  strategie s throug h reflection . 
We clai m tha t  thi s proces s i s sufficien t  fo r  modelin g explo -
ratio n i n science . 

Reflection 

A them e whic h run s throug h a  vas t  rang e o f  researc h 
paradigm s i n cognitio n i s th e ide a o f  reflection :  human s ar e 
abl e t o explicitl y  reaso n abou t  thei r  o w n cognition .  Ther e ar e 
a grea t  man y aspect s o f  cognitio n whic h see m t o b e relate d t o 
th e notio n o f  reflection .  A  fe w o f  thes e are : 

Adaptatio n Peopl e ar e abl e t o adap t  t o a n extremel y broa d 
rang e o f  nove l  situation s i n th e world .  I t  i s  clea r  tha t  the y 
ar e abl e t o modif y thei r  reasonin g abilitie s t o som e extent .  I t 
seems likel y tha t  th e abilit y  t o modif y one' s o w n reasonin g 
m ay depen d o n knowledg e abou t  tha t  reasoning . 

Explanatio n Peopl e ar e abl e t o explicitl y  stat e wha t  the y ar e 
doin g an d why .  Whil e i t  i s  clea r  tha t  thi s abilit y  i s limite d 
and i s ofte n inaccurate ,  i t  i s  certainl y present .  Th e abilit y 
t o eve n partiall y  describ e one' s o w n reasonin g seem s lik e 
conclusiv e evidenc e o f  a t  leas t  a  partia l  self-understanding . 

Multi-strateg y reasonin g Explici t  representation s o f  func -
tiona l  element s potentiall y  enable s dynamic ,  flexible  selec -
tio n o f  thes e element s withi n a  reasonin g episode . 

Predictio n Peopl e ar e abl e t o predic t  th e action s o f  othe r 
people .  I t  seem s plausibl e tha t  thi s abilit y  i s  tie d t o som e 
knowledg e o f  thei r  o w n menta l  processes . 

Erro r  Preventio n I n som e situations ,  peopl e ar e abl e t o pre -
dic t  cognitiv e error s tha t  migh t  mak e an d ac t  t o preven t 
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them .  Fo r  example ,  someon e doin g a  comple x arithmeti c 
problem ,  a s i n (Brow n an d VanLehn ,  1980) ,  migh t  recog -
niz e tha t  ther e i s a  significan t  chanc e o f  erro r  an d migh t  d o 
th e proble m twic e t o confir m tha t  th e correc t  answe r  wa s 
obtained ;  suc h reasonin g clearl y depend s o n a n understand -
in g o f  wha t  constitute s complex ,  erro r  pron e reasoning . 

Erro r  Recover y Man y researcher s i n cognitiv e scienc e hav e 
observe d tha t  explici t  representatio n o f  processe s ca n b e 
particularl y usefu l  i n recoverin g fro m mistake s afte r  the y 
occu r  (Suchman ,  1987 ;  Kirsh ,  1991) .  W h e n someon e 
reache s a  reasonin g stat e whic h i s clearl y erroneous ,  the y 
ar e motivate d t o reaso n abou t  ho w the y go t  t o tha t  state , 
eve n i f  th e proces s whic h go t  the m thei r  wa s largel y non -
reflectiv e a t  th e time . 

Much of the past work on TMK models has focused 
on th e first  thre e topic s above :  adaptatio n (Stroulia ,  1994 ; 
Strouliaan d Goel ,  1995 ;  Murdoc k an d Goel ,  1998) ,  expla -
natio n (Goe l  e t  al. ,  1996 ;  Goe l  an d Murdock ,  1997) ,  an d 
multi-strateg y reasonin g (Punc h e t  al. ,  1996) .  I n thi s pape r 
we conside r  ye t  anothe r  possibl e applicatio n o f  reflection : 
tha t  o f  explorator y reasoning .  Thi s ide a extend s th e notio n 
of  multi-strateg y reasoning ;  instea d o f  simpl y selectin g "the " 
best  metho d o r  a  satisfactor y method ,  w e migh t  explor e a 
variet y o f  possibl e method s fo r  accomplishin g a  give n task . 
Task s suc h a s scientifi c  reasoning ,  i n whic h a n agen t  clearl y 
does no t  hav e a n a  prior i  accoun t  o f  wha t  constitute s optima l 
or  eve n satisfactor y method s fo r  solvin g problem s ar e ideall y 
suite d t o thi s kin d o f  reasoning .  Explorator y reasonin g in -
volve s a  grea t  man y comple x decisions .  S o m e o f  th e kind s 
of  decision s tha t  a n explorator y reasone r  migh t  mak e include : 
what  metho d t o conside r  next ,  whe n t o attemp t  a  ne w metho d 
fo r  solvin g a  problem ,  whe n t o conced e tha t  a  proble m canno t 
be solved ,  etc .  Reflectio n provide s th e knowledg e whic h ma y 
be use d t o guid e thes e decisions . 

TMK Models 

Our  developmen t  o f  a n accoun t  o f  reflectio n originate s i n 
a lin e o f  researc h whic h examine s computationa l  represen -
tation s o f  physica l  device s (Goel ,  1989 ;  Goe l  e t  al. ,  1996 ; 
Goel  e t  al. ,  1997) .  Thi s researc h show s tha t  effectiv e adap -
tatio n o f  physica l  device s ca n b e supporte d b y model s whic h 
ar e causa l  (i.e. ,  tha t  sho w th e mechanism s b y whic h effect s 
occur) ,  compositiona l  (i.e. ,  tha t  sho w ho w th e effect s o f  ele -
ment s o f  a  devic e ar e combined) ,  an d functiona l  (i.e. ,  tha t  tak e 
an intensiona l  stanc e towar d describin g wh y element s ar e ar -
range d a s the y are) .  Th e basi c ide a behin d thes e model s i s tha t 
th e relationshi p betwee n th e physica l  constructio n o f  a  devic e 
(i.e. ,  th e structure )  an d th e intende d effec t  o f  tha t  devic e (i.e. , 
th e function )  i s  describe d b y a  flow  o f  causa l  interaction s (i.e. , 
th e behavior) . 

Ther e hav e bee n a  numbe r  o f  theorie s whic h hav e viewe d 
element s o f  cognitio n a s inherentl y device-lik e i n nature .  Th e 
theor y o f  Generi c Task s (Chandrasekaran ,  1988 )  suggest s tha t 
ther e ar e primitiv e "buildin g blocks "  o f  cognitio n suc h a s clas -
sificatio n an d recognitio n an d tha t  comple x reasonin g strate -
gie s ca n b e viewe d a s comple x device s resultin g fro m th e 
synthesi s o f  thes e components .  Thi s perspectiv e suggest s tha t 
perhap s pas t  wor k i n adaptiv e redesig n o f  physica l  device s 
may b e applicable ,  b y analogy ,  t o th e adaptatio n o f  thes e 
propose d abstrac t  cognitiv e "devices. " 

I t  i s  thi s intuitio n whic h lea d t o th e developmen t  o f  th e 
T MK language .  T M K model s hav e bee n use d fo r  bot h ex -
planatio n an d adaptatio n o f  th e capabilitie s o f  a  variet y o f  A l 
compute r  programs .  T M K model s ar e ver y muc h a n exten -

sio n o f  ou r  modelin g framewor k fo r  physica l  devices .  Th e 
divisio n o f  reasonin g int o task s (i.e. ,  functiona l  elements )  an d 
method s (i.e. ,  behaviora l  elements )  ver y muc h duplicate s th e 
functiona l  an d causa l  feature s o f  ou r  physica l  devic e models , 
and th e explici t  modelin g o f  knowledg e state s duplicate s th e 
compositiona l  aspect s o f  thes e devic e models . 

The extensiv e A l  researc h o n T M K model s ha s conclu -
sivel y show n tha t  the y d o provid e a t  leas t  som e suppor t  fo r  a 
compute r  syste m t o adap t  it s ow n capabilities .  Doe s thi s nec -
essaril y  mak e the m relevan t  t o th e stud y o f  huma n cognition? ' 
Conside r  th e spac e o f  al l  possibl e mechanism s fo r  represent -
in g self-knowledg e fo r  exploration .  I t  i s  intuitivel y obviou s 
tha t  thi s spac e i s extremel y large ;  virtuall y an y kin d o f  knowl -
edg e coul d potentiall y  b e i n memory .  I n contrast ,  conside r 
th e spac e o f  al l  sufficien t  mechanism s fo r  thi s phenomenon . 
Thi s spac e i s clearl y fa r  mor e restricted ;  th e mechanis m mus t 
be show n t o b e bot h powerfu l  enoug h t o allo w exploratio n 
t o occur ,  parsimoniou s enoug h t o for m a  credibl e theory ,  an d 
genera l  enoug h t o suppor t  a  wid e rang e o f  explorator y rea -
soning .  T o th e exten t  tha t  thes e ar e stron g restrictions ,  i t  i s 
apparen t  tha t  th e spac e o f  sufficien t  solution s i s ver y smal l 
wit h respec t  t o th e spac e o f  possibl e solutions .  Furthermore , 
as th e breadt h an d dept h o f  th e sufficienc y i s increased ,  i t  i s 
conceivabl e tha t  th e spac e o f  sufficien t  solution s become s s o 
smal l  tha t  an y sufficien t  solutio n approximate s a  necessar y 
solution .  Fro m thi s reasoning ,  w e argu e tha t  becaus e T M K 
model s hav e bee n show n t o provid e a  broa d an d powerfu l 
rang e o f  capabilities ,  the y constitut e a  plausibl e hypothesi s 
fo r  a  cognitiv e accoun t  o f  reflectiv e self-knowledge . 

Exploration 

We defin e explorator y reasonin g a s reasonin g whic h i s no t 
directe d b y som e goal .  Thi s doe s no t  mea n tha t  goal s mus t  b e 
absen t  fro m th e reasoning .  O n th e contrary ,  mos t  interestin g 
cognitiv e activitie s involv e goals .  I t  doe s mean ,  however , 
tha t  som e goal s ar e eithe r  to o abstrac t  t o direc t  th e control , 
e.g. ,  on e migh t  hav e a  goa l  t o discove r  th e cur e fo r  cancer ,  o r 
th e agen t  ma y simpl y lac k th e knowledg e t o sugges t  possibl e 
alternatives ,  e.g. ,  a  robo t  whic h doe s no t  kno w wha t  cabinet s 
ar e wander s int o a  strang e roo m ful l  o f  cabinet s wit h th e goa l 
t o find  a  hammer .  I n th e first  cas e th e goa l  doe s no t  b y itsel f 
sugges t  a  cours e o f  action .  Discoverin g a  cur e fo r  cance r  i s 
simpl y to o broa d t o sugges t  a  cours e o f  action .  I n th e secon d 
case ,  sinc e th e robo t  ha s neve r  see n a  cabine t  i t  i s unlikel y tha t 
it s  goa l  t o find a  hammer  woul d direc t  i t  t o ope n a  cabinet . 
Certainl y discoverin g th e cur e fo r  cance r  ca n b e broke n dow n 
int o man y subgoals ,  bu t  a  tremendou s amoun t  o f  knowledg e 
i s neede d t o bot h for m thes e subgoal s an d t o decid e whic h 
of  thes e subgoal s t o pursue .  Th e issu e i s no t  whethe r  o r  no t 

'Not e tha t  thi s questio n i s fundamenta l  t o th e rol e o f  A l  an d 
computationa l  modelin g i n th e stud y o f  huma n cognition .  Th e ar -
gument  presente d her e i s present ,  eithe r  implicitl y  o r  explicitly ,  i n 
an enormou s rang e o f  research ,  e.g .  (Newel l  an d Simon ,  1963 ; 
Minsky ,  1975 ;  Anderson ,  1983) .  Furthermore ,  i t  i s largel y isomor -
phi c t o traditiona l  philosophica l  view s o n th e natur e o f  al l  scientifi c 
theories ,  e.g .  (Kant ,  1781) . 
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we shoul d giv e agent s mor e knowledg e whic h i s clearl y true , 
but  rathe r  a  contro l  issue :  wha t  shoul d a n agen t  d o whe n 

appropriat e knowledg e i s no t  available ? 

M u ch o f  th e distinctio n w e ar e makin g betwee n goal -

directe d an d explorator y reasonin g ca n b e clarifie d b y re -

ferrin g t o a n A I  principl e know n a s th e principl e o f  rationalit y 
(Newell .  1981) .  Th e principl e o f  rationalit y state s tha t  a n 
intelligen t  agen t  wil l  ac t  i n a  manne r  t o achiev e it s goals .  Fo r 

thi s reaso n A I  ha s focuse d o n goal-directe d behavio r  i n whic h 
th e action s o f  th e agen t  ar e alway s directe d towar d som e goal . 
O ne proble m wit h thi s focu s i s tha t  i t  doe s no t  sa y wha t  a n 

agen t  shoul d d o whe n th e goal s ar e no t  sufficien t  t o direc t 
reasonin g a s i n th e example s above .  Newel l  ofte n referre d 
t o suc h situation s a s impasses .  Newell' s  solutio n t o th e im -
pass e proble m wa s t o se t  u p mor e goal s (ofte n thes e goal s 
wer e learnin g goals) .  I n som e situations ,  however ,  a n agen t 
may no t  kno w i n advanc e wha t  th e relevan t  sub-goal s ar e no r 
h o w t o choos e betwee n them .  Th e poin t  her e i s tha t  ratio -
nal  agent s canno t  b e purel y goal-directe d bu t  mus t  als o b e 
capabl e o f  makin g decision s whe n presente d wit h abstractl y 
specifie d goal s o r  insufficien t  knowledge .  Intelligen t  agent s 
must  hav e method s fo r  pushin g beyon d th e bound s o f  thei r 
curren t  knowledge .  I n othe r  words ,  agent s mus t  b e abl e t o 
refin e thei r  o w n stat e space .  A n earl y exampl e o f  suc h a n 
explorator y syste m i s A M (Lenat .  1978) . 

I n thi s researc h w e propos e tha t  explorator y reasonin g i s 
achieve d b y makin g structura l  transformation s t o a  mode l  an d 
the n generatin g th e behavior s whic h follo w fro m th e change s 
t o th e structure .  Th e resul t  i s  a  mode l  whic h m a y b e eithe r 
furthe r  o r  close r  t o th e goa l  tha n th e origina l  model .  Thi s 
ne w mode l  ca n the n b e transforme d i n a  simila r  manner .  A n 
agent' s abilit y  t o reflec t  o n th e resultin g knowledg e i n workin g 
m e m o ry constrain s thi s exploration .  I t  i s throug h thi s kin d o f 
exploratio n tha t  imaginativ e reasonin g occurs ,  an d w e posi t 
tha t  thi s i s on e for m o f  huma n imaginatio n whic h ha s le d t o 
discoverie s an d invention s  i n th e fac e o f  seemingl y unsolvabi e 
goals . 

A Case of Exploratory Problem Solving 

I n thi s researc h w e hav e investigate d imaginativ e reasonin g 
evidence d i n a  scientifi c  proble m solvin g protoco l  take n b y 
Joh n Clemen t  (Clement ,  1989) .  I n th e protoco l  a  subjec t 
know n a s S 2 attempt s t o solv e a  proble m abou t  springs : 

... a weight is hung from a spring. The original spring 
i s replace d wit h a  sprin g mad e o f  th e sam e kin d o f  wire ; 
wit h th e sam e numbe r  o f  coils ;  bu t  wit h coil s tha t  ar e 
twic e a s wid e i n diameter .  Wil l  th e sprin g stretc h fro m 
it s natura l  lengt h more ,  less ,  o r  th e sam e amoun t  unde r 
th e sam e weight ? (Assum e th e mas s o f  th e sprin g i s 
negligibl e compare d t o th e mas s o f  th e weight. )  W h y d o 
yo u thin k  so? "  (Figur e 1 ) 

On our interpretation, S2 began the problem-solving ses-
sio n wit h th e understandin g tha t  th e stretc h o f  a  sprin g i s du e 
t o it' s flexibility.  The n h e derive d a  ne w understandin g tha t  a 
sprin g maintain s constan t  slop e wtte n stretche d throug h bot h 
twistin g an d bending .  So ,  althoug h thi s  i s a  mor e modes t  out -
come o f  imaginativ e reasonin g tha n evidence d i n historica l 
cases ,  fo r  S 2 i t  wa s a n instanc e o f  highl y imaginativ e prob -
le m solving .  T o find a  satisfactor y explanator y mode l  fo r  th e 

I 

L 

Figur e I :  Initia l  Proble m 

proble m solution ,  S 2 ha d t o construc t  a  nove l  representatio n 
fo r  himsel f  o f  ho w a  sprin g works . 

To solv e thi s problem ,  w e clai m tha t  S 2 use d a  numbe r 
of  transformation s w e cal l  Generi c Structura l  Transforma -
tion s (GSTs )  t o construc t  a  variet y o f  model s (Griffith ,  1997 ; 
Griffit h e t  al. ,  1996) .  W e refe r  t o thes e transformation s 
as "function-follows-form "  transformation s (Griffit h e t  al. , 
1997 )  becaus e th e for m o f  th e mode l  i s transforme d first  an d 
the n th e behavio r  o f  th e mode l  i s change d i n respons e t o thi s 
change .  Th e progressio n o f  thes e transformation s i s show n 
i n Figur e 2 .  Th e figure  show s ho w eac h targe t  mode l  i s ex -
plore d an d h o w analog s ar e retrieve d an d generate d base d o n 
tha t  exploration .  I n a  late r  sectio n w e describ e ho w workin g 
memory queue s ar e employe d t o generat e thi s sequence . 
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Figur e 2 :  Progressio n o f  Targe t  an d Sourc e Analog s 

The TMK hierarchy shown in Figure 3 presents an architec-
tur e fo r  addressin g th e tas k o f  relatin g som e structura l  featur e 
of  a  physica l  syste m wit h som e behaviora l  o r  functiona l  out -
come.  I n th e S 2 cas e th e structura l  featur e i s th e diamete r 
of  th e sprin g an d th e behaviora l  featur e i s th e amoun t  th e 
sprin g wil l  stretch .  H e need s t o determin e ho w th e diamete r 
wil l  affec t  th e behavio r  o f  th e spring .  Th e hierarch y present s 
fou r  strategie s whic h S 2 appeare d t o us e t o addres s thi s task : 
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Model-Base d Search ,  Model-Base d AnaIogy,Structure-Base d 
Model  Transformation ,  an d Limiling-Cas e Analysis . 
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Figur e 3 :  T M K Hierarch y 

Instantiatio n 

The valu e o f  T M K t o a  theor y  o f  exploratio n i s twofold .  First , 
T MK provide s a n architectur e i n whic h th e explorator y pro -
cesse s o f  multipl e subject s ca n b e represented .  Second ,  T M K 
allow s fo r  flexible  experimentatio n wit h thi s representation . 
We clai m tha t  bot h o f  thes e feature s ar e importan t  fo r  model -
in g agent s capabl e o f  exploration . 

The T M K representatio n i s mor e tha n a  progra m tha t  en -
code s a  subject' s reasoning .  I t  i s  a  flexible  model ,  whic h 
capture s th e reasonin g fo r  som e se t  o f  subjects .  A  T M K 
model  show s differen t  behavior s (i.e. ,  reasonin g strategies ) 
dependin g o n th e knowledg e o f  th e individua l  subject .  I n 
experiment s wit h T o R Q U E,  w e hav e take n th e protocol s o f 
eleve n subject s (includin g S2 )  an d modele d them. ^  T o R Q U E 
shows eleve n uniqu e behavior s dependin g upo n th e knowl -
edge o f  th e subject .  Fo r  example ,  on e subject ,  S3 ,  i s con -
cerne d wit h th e materia l  propertie s o f  th e spring ,  s o h e use s 
a metho d b y whic h h e ca n explor e th e propertie s o f  th e ma -
terials .  S 3 explore s propertie s o f  th e materia l  b y considerin g 
what  woul d happe n i f  th e material s wer e ver y flexible  o r  ver y 
rigid ,  i.e. ,  h e instantiate s a  sprin g wher e th e rigidit y o f  th e 
materia l  i s  ver y smal l  an d on e wher e i t  i s  ver y large .  Thi s 
i s a n exampl e o f  limiting-cas e analysis .  Th e T M K architec -
tur e i n T o R Q U E model s thi s behavio r  throug h a  limiting-cas e 
method .  I n T o R Q U E th e limiting-cas e metho d i s dependen t 
upo n th e agent' s knowledge .  Th e T o R Q U E mode l  hypothe -
size s tha t  i f  a n agen t  i s unabl e t o retriev e analog s an d doe s 
not  hav e an y transformation s availabl e i n workin g memory , 
the n th e agen t  ma y choos e a  limitin g cas e strateg y whic h in -
volve s instantiatin g a  mode l  wit h on e o f  it s  value s take n t o 
th e limit .  Th e centra l  issu e here ,  however ,  i s  no t  th e specifi c 
behavio r  o f  limitin g case ,  bu t  th e fac t  tha t  give n a  differen t 
knowledg e conditio n th e agen t  m a y us e a  differen t  strateg y fo r 
exploration .  Thu s th e T M K architectur e i s abl e t o mode l  th e 

F̂iv e o f  thes e protocol s forme d a n initia l  se t  fo r  whic h T o R Q UE 
was built .  Th e othe r  si x wer e se t  asid e fo r  testin g an d evaluatio n 

reasonin g o f  multipl e subject s b y providin g th e syste m wit h 
differen t  knowledg e conditions .  Thi s allow s u s t o focu s o n 
th e knowledg e an d method s whic h ar e essentia l  t o exploratio n 
processes . 

The secon d reaso n tha t  T M K i s valuabl e fo r  modelin g ex -
ploratio n i s tha t  i t  provide s a  mean s fo r  conductin g experi -
ments .  T M K representation s ar e completel y declarative .  Th e 
declarativ e natur e o f  thes e representation s provide s bot h th e 
experimente r  an d th e progra m itsel f  wit h a  mean s fo r  adapt -
in g th e contro l  o f  th e process .  S o a s a n experimente r  I  a m 
abl e t o chang e th e orderin g o f  method s o r  subtask s simpl y b y 
reorganizin g a  list .  Thi s flexibility  i s  vita l  whe n attemptin g 
t o mode l  th e reasonin g o f  subjects .  I t  i s  clea r  tha t  subject s 
ar e no t  limite d t o a  singl e reasonin g strategy .  Researcher s 
i n cognitiv e scienc e hav e identifie d analog y (Centner ,  1983 ; 
Holyoa k an d Thagard ,  1989) ,  limiting-cas e analysi s (Nerses -
sian ,  1992 ;  Weld ,  1986) ,  searc h (Newel l  an d Simon ,  1963 ) 
and transformatio n (Griffith ,  1997 ;  Griffit h e t  al. ,  1997 ; 
Murth y an d Addanki ,  1987 )  a s significan t  reasonin g pro -
cesses ,  an d ther e ar e certainl y others .  I t  i s  als o th e cas e 
tha t  huma n reasoner s ar e abl e t o choos e particula r  reasonin g 
strategie s dependin g upo n wha t  knowledg e the y hav e avail -
able ,  e.g. ,  finding  one' s wa y i n a  familia r  cit y require s dif -
feren t  strategie s tha n finding  one' s wa y i n a  unfamilia r  city . 
Thus ,  i t  i s importan t  t o b e abl e t o accoun t  fo r  bot h a  subject' s 
knowledg e an d strategie s i n usin g tha t  knowledge .  Thi s i s a 
star k contras t  t o th e modelin g foun d i n th e Protoco l  Analysi s 
of  (Ericsso n an d Simon ,  1984 )  whic h impart s a  rigi d se t  o f 
productio n rule s t o th e syste m an d a  singl e reasonin g proces s 
(heuristi c search )  base d upo n thos e rules .  I n T M K bot h th e 
knowledg e an d th e method s ca n b e manipulate d base d o n ev -
idenc e fro m th e protocols .  Th e advantag e i s tha t  experiment s 
ca n uncove r  interestin g relationship s betwee n knowledg e an d 
process . 

To achiev e exploratio n i n T M K require s reflectio n ove r  a 
workin g memor y o f  targe t  model s ( W ^ T ) ,  analog s ( W ^ A ) , 
and G S T s (WTVIGST) .  A s a n agen t  addresse s it' s  tas k  i t  m a y 
come t o a  poin t  wher e i t  doe s no t  kno w ho w t o proceed .  Pas t 
reasonin g store d i n workin g memor y allow s th e agen t  t o pic k 
a G S T whic h i s relate d t o th e reasonin g a t  han d o r  t o reason -
in g whic h ha s occurre d recently .  Thi s serve s t o constrai n th e 
randomnes s o f  th e selectio n o f  a  G S T .  I n T o R Q U E workin g 
memory i s capture d i n a  queu e dat a structur e whic h ha s a 
last-in-first-ou t  (LIFO )  structure .  Figur e 4  show s tw o snap -
shot s o f  workin g memor y queues .  Th e snapsho t  labele d (A ) 
show s th e W M durin g th e first  model-base d analog y process , 
prio r  t o attemptin g an y transformations .  Snapsho t  B  show s 
what  transformation s ar e place d o n th e queu e whe n th e circu -
la r  coi l  become s th e targe t  model .  Th e transformatio n queu e 
betwee n A  an d B  contain s th e transformation s performe d be -
twee n thes e snapshots .  Al l  th e transformation s whic h ar e 
retrieve d ar e ordere d an d place d ont o thi s W M G ST queue . 
Thu s on e ca n thin k o f  thi s queu e a s usin g th e las t  transfor -
matio n whic h th e agen t  wa s thinkin g abou t  bu t  di d no t  apply . 
Not  al l  transformation s ca n b e use d o n al l  model s s o man y 
transformation s ma y b e rejecte d quickl y prio r  t o bein g ap -
plied ,  e.g. ,  a  circle-to-squar e transformatio n i s onl y possibl e 
i f  th e targe t  mode l  i s circular .  Also ,  previousl y explore d tar -
get  model s ar e remove d fro m th e queu e suc h a s whe n a  coi l 
retrieve s a  sprin g a s a n analog . 
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Th e exploratio n proces s proceed s throug h th e interactio n 
of  Model-Base d Analog y ( M B A )  an d Structure-Base d Mode l 

Transformatio n ( S B M T )  wit h th e workin g memor y queues , 
W MA an d W M G S T.  M B A retrieve s a  se t  o f  analo g model s 

t o solv e th e particula r  problem ,  on e o f  whic h i s selecte d an d 

th e res t  o f  whic h ar e place d o n th e W M A queue .  Th e an -
swer  whic h i s produce d fro m thes e analog s i s evaluate d b y 
attemptin g t o reduc e th e difference s betwee n i t  an d th e targe t 
model .  O n e metho d o f  reducin g thes e difference s i s t o appl y 
S B MT t o th e sourc e o r  targe t  analogs .  Similarl y G S T s ar e 
indexe d an d retrieve d b y thes e difference s an d on e G S T i s ap -
plie d whil e th e remainin g ar e place d ont o th e W M G ST queue . 
As reasonin g progresse s a  collectio n o f  transformation s hav e 
bee n place d int o W M.  I n thi s wa y W M i s no t  bein g use d a s a 
repositor y fo r  knowledg e whic h i s currentl y bein g addressed , 
but  a s a  repositor y fo r  knowledg e whic h ha s bee n retrieve d 
but  whic h ha s no t  bee n considered . 

Results 

Th e Clemen t  protocol s provid e som e evidenc e tha t  subject s 
nee d t o reflec t  o n thei r  reasonin g processe s i n orde r  t o carr y 
out  effectiv e exploration .  Th e difficult y wit h suc h evidenc e 
i s tha t  i t  i s  stil l  unclea r  wha t  aspect s o f  reasonin g ar e con -
sciousl y accessibl e t o th e reasoner .  Whil e i t  i s clea r  tha t  ther e 
i s som e relationshi p betwee n reflectiv e knowledg e (o f  th e sor t 
represente d b y T M K models )  an d consciousness ,  i t  i s no t  clea r 
exactl y wha t  tha t  relationshi p is ;  w e believ e tha t  thi s knowl -
edg e i s partiall y  bu t  no t  full y  consciousl y accessible .  I n th e 
S2 protoco l  ther e ar e tw o clea r  indication s o f  consciou s reflec -
tion .  Th e first  i s a  quot e i n whic h S 2 ha s becom e frustrate d 
tha t  hi s reasonin g ha s cycle d t o a  pas t  reasonin g state . 

I  fee l  a s thoug h I' m reasonin g i n circles .  A n d I  thin k 
I'l l  mak e a  deliberativ e effor t  t o brea k ou t  o f  th e cir -
cle..someho w (057) ^ 

The idea is that in order to solve the problem, S2, must de-
liberativel y (i.e. ,  consciously )  conside r  wha t  reasonin g meth -
od s ar e availabl e an d decid e upo n a  metho d tha t  doe s no t  lea d 
t o th e sam e unproductiv e answers .  I n th e T o R Q U E2 syste m 
thi s reflectio n i s realize d b y lookin g a t  th e curren t  T M K stat e 
and recognizin g tha t  thi s stat e ha s bee n visite d i n th e past . 
T 0 R Q U E2 recognize s tha t  particula r  method s hav e lea d t o th e 
same se t  o f  model s b y lookin g a t  it s workin g m e m o r y queue s 
(i.e. ,  th e K  i n T M K ) .  Becaus e i t  i s  abl e t o reflec t  o n it s o w n 
knowledg e i t  ca n choos e a  ne w reasonin g method .  Th e choic e 
of  a  ne w metho d i s a  consequenc e o f  identifyin g a  pas t  metho d 
or  se t  o f  method s a s inadequat e give n th e curren t  knowledge , 
i.e. ,  reflectin g o n th e stat e o f  it s reasoning .  Late r  i n th e S 2 
protoco l  w e se e th e sam e patter n o f  reflectiv e behavior : 

I  kee p circlin g bac k t o thes e sam e issue s withou t  get -
tin g anywher e wit h them..1- 1 reall y haven' t  ha d a  ne w 
idea..i n a  lon g timcabou t  this...Ummm... I  thin k I  nee d 
to ,  again ,  t o thin k abou t  i t  i n som e radicall y differen t 
way,  somehow...(117 ) 

We clai m tha t  th e nee d t o find  reasonin g method s whic h 
lea d t o nove l  model s i s a  crucia l  abilit y  i n explorator y rea -
soning .  I t  i s clea r  tha t  i n orde r  t o mak e progress ,  S 2 need s t o 
find  reasonin g method s whic h provid e insigh t  int o th e issue s 

wit h whic h h e i s faced .  Th e T o R Q U E2 syste m provide s a 
computationa l  accoun t  o f  suc h reflectiv e reasoning . 
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Figur e 4 :  Workin g M e m o r y Queue s 
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