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Abstrac t 

Creative conceptual change involves (a) the construction 
of  ne w concept s an d o f  coheren t  belie f  systems ,  o r  theo -
ries ,  relatin g thes e concepts ,  an d (b )  th e modificatio n an d 
extrapolatio n o f  existin g concept s an d theorie s i n nove l 
situations .  I  discus s thes e an d othe r  type s o f  conceptua l 
change ,  an d presen t  computationa l  model s o f  construc -
tiv e an d extrapolativ e processe s i n creativ e conceptua l 
change .  Th e model s hav e bee n implemente d a s compute r 
program s i n tw o ver y differen t  tas k domains ,  autonomou s 
roboti c navigatio n an d fictional  stor y understanding . 

Introduction 

M u ch researc h i n conceptua l  chang e ha s focusse d o n develop -
menta l  conceptua l  chang e i n children ,  an d scientifi c  conceptua l 
chang e i n exper t  adults .  Kei l  (1989) ,  fo r  example ,  i s  concerne d 
wit h th e natur e o f  children' s concepts ,  thei r  difference s fro m 
concept s tha t  adult s have ,  an d h o w children' s concept s chang e 
throug h cognitiv e development .  Suc h conceptua l  chang e i s 
qualitative ;  no t  onl y d o childre n lear n ne w concepts ,  th e na-
tur e o f  th e concept s themselve s change s throug h development . 
The stud y o f  scientifi c  conceptua l  chang e i s concerne d wit h 
h o w ne w conceptua l  structure s c o m e t o replac e existin g con -
ceptua l  structure s throug h scientifi c  revolution s (Kuhn ,  1962 ) 
or  throug h longer-ter m enterpris e (Gruber ,  1989) .  Nersessia n 
(1991 )  argue s tha t  "th e problem-solvin g strategie s scientist s 
hav e invente d an d th e representationa l  practice s the y hav e de -
velope d ove r  th e cours e o f  th e histor y o f  scienc e ar e ver y so -
phisticate d an d refine d outgrowth s o f  ordinar y reasonin g an d 
representationa l  processes. " 

The conceptua l  chang e tha t  I  a m concerne d wit h her e i s 
th e everyda y kind .  I t  involve s everyda y reasonin g b y reason -
in g systems ,  huma n o r  machine ,  i n situation s tha t  allo w (o r 
require )  creativit y an d learning .  Conceptua l  chang e require s 
tw o kind s o f  creativ e processes :  th e constructio n o f  ne w con -
cept s fro m inpu t  information ,  an d th e extrapolatio n o f  existin g 
concept s i n nove l  an d unfamilia r  situations .  Th e first  kin d o f 
proces s involve s reformulatin g low-leve l  information ,  suc h a s 
sensorimoto r  data ,  int o higher-leve l  abstractions .  Fo r  example , 
a reasone r  i n a  strang e environmen t  ma y improv e it s abilit y 
t o ac t  i n tha t  environmen t  b y learnin g abou t  th e effect s o f  it s 
action s i n tha t  environmen t  (fo r  example ,  learnin g t o contro l  a 
car  o n th e highway) .  Th e action s themselve s m a y b e ne w an d 
unfamiliar ;  a  reasone r  m a y nee d t o lear n abou t  it s o w n action s 
and th e interaction s o f  thes e action s wit h th e environmen t  (fo r 
example ,  learnin g t o driv e a  ca r  i n th e first  place) .  Th e reasone r 
may als o nee d t o lear n abou t  th e structur e o f  th e environmen t 
itsel f  (fo r  example ,  learnin g th e layou t  o f  th e road s i n a  city) . 

Al l  o f  thes e scenario s requir e creativ e conceptua l  chang e o f  a 
particula r  kind :  th e constructio n o f  conceptua l  representation s 
t o represen t  causa l  an d predictiv e relationship s betwee n sen -
sor y inputs ,  moto r  actions ,  an d th e environment .  I  wil l  cal l  thi s 
constructiv e conceptua l  chang e sinc e i t  involve s th e construc -
tio n o f  ne w concept s fro m sensorimoto r  experience .  Althoug h 
thi s proces s i s no t  usuall y though t  o f  a s "creative, "  I  wil l  argu e 
tha t  th e proces s i s i n fac t  s o becaus e i t  result s  i n representation s 
tha t  ar e novel ,  useful ,  an d qualitativel y differen t  fro m thos e 
tha t  th e reasone r  initiall y  start s ou t  with . 

Anothe r  kin d o f  proces s involve d i n creativ e conceptua l 
chang e i s tha t  commonl y associate d wit h fictional  an d imagi -
nativ e scenarios .  Readin g a  scienc e fiction  story ,  fo r  example , 
require s a  temporar y suspensio n o f  disbelie f  an d th e extensio n 
or  adaptatio n o f  existin g concept s t o creat e a  conceptua l  mode l 
of  th e describe d situatio n (whic h m a y b e ver y differen t  fro m 
th e reasoner' s real-worl d experience) .  I  wil l  cal l  thi s extrap -
olativ e conceptua l  chang e sinc e i t  involve s extrapolatio n fro m 
existin g concept s t o creat e n e w ones .  I n additio n t o guidin g th e 
reasone r  i n th e curren t  situation ,  th e n e w concept s (o r  system s 
of  concepts )  m a y b e usefu l  i n othe r  context s a s well .  A s I  wil l 
argue ,  th e mechanism s an d knowledg e involve d i n suc h rea -
sonin g ar e no t  uniqu e t o understandin g fiction;  the y ar e reall y 
no differen t  fro m th e mechanism s an d knowledg e involve d i n 
reasonin g i n nonfictiona l  o r  real-wori d situations .  Althoug h 
model s o f  creativit y an d conceptua l  chang e hav e traditionall y 
bee n develope d separatel y from  model s from  everyda y reason -
ing ,  th e constructiv e an d extrapolativ e processe s discusse d her e 
ar e no t  viewe d a s bein g extraordinar y o r  special ;  they ,  an d th e 
creativ e conceptua l  chang e tha t  the y resul t  in ,  ar e a n integra l 
par t  o f  everyda y reasoning . 

Bot h constructiv e an d extrapolativ e conceptua l  chang e hav e 
much i n c o m m o n wit h eac h other ,  a s wel l  a s wit h develop -
menta l  an d scientifi c  conceptua l  change .  Kei l  (1989 )  argue s 
tha t  systemati c belie f  systems ,  o r  "theories, "  ar e importan t  i n 
developmenta l  conceptua l  change ,  an d tha t  causa l  relation s ar e 
essentia l  an d mor e usefu l  i n suc h theorie s tha n othe r  sort s o f 
relation s (se e als o Neisser ,  1987) .  Causa l  belie f  system s ar e 
critica l  i n extrapolativ e conceptua l  chang e a s wel l  sinc e the y 
guid e an d consu-ai n th e creativ e adaptation s performe d b y th e 
reasoner .  Kei l  view s concept s a s partia l  theorie s i n tha t  the y 
embody explanation s o r  menta l  model s o f  th e relation s be -
twee n thei r  constituents ,  o f  thei r  origins ,  an d o f  thei r  relation s 
t o othe r  cluster s o f  feature s (se e als o Johnson-Laird ,  1983 ;  Mur -
ph y &  Medin ,  1985) .  Similarly ,  th e representation s constructe d 
throug h extrapolativ e an d constructiv e conceptua l  chang e als o 
embody suc h explanation s (albei t  no t  alway s "correct "  ones) . 
Analog y an d menta l  modellin g pla y a  crucia l  rol e i n theorie s 
of  scientifi c  conceptua l  chang e (e.g. ,  Nersessian ,  1991) ,  an d i n 
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extrapolaliv e conceptua l  chang e a s well .  Al l  thes e type s o f  con -
ceptua l  chang e rel y bot h o n inductiv e an d analytica l  reasonin g 
processes ,  thoug h sometime s t o differen t  extents .  TVpically , 
analytica l  processe s ar e use d whe n appropriat e theorie s ar e 
availabl e t o suppor t  analysi s (suc h a s i n experts) ,  an d induc -
tiv e processe s ar e use d whe n suc h theorie s ar e no t  availabl e 
(suc h a s i n novices) .  I n additio n t o th e creatio n o f  individua l 
concept s an d thei r  gradua l  evolutio n throug h experience ,  con -
ceptua l  chang e m a y als o involv e th e reorganizatio n o f  a n entir e 
syste m o f  concepts . 

The decompositio n o f  th e processe s o f  conceptua l  chang e 
int o constructiv e an d extrapolativ e i s a  functiona l  one .  Rathe r 
tha n discus s conceptua l  chang e i n childre n an d adults ,  i n layper -
son s an d scientists ,  o r  i n physic s an d mathematics ,  1  wil l  focu s 
o n th e \indei\yingfunction s o f  conceptua l  chang e (th e construc -
tio n an d evolutio n o f  concepts) ,  o n th e mechanism s tha t  achiev e 
thes e functions ,  an d o n th e knowledg e tha t  thes e mechanism s 
rel y on .  Suc h a  decompositio n i s methodologicall y usefu l  be -
caus e i t  allow s u s t o stud y th e type s o f  knowledg e an d processe s 
tha t  underli e concq)tua l  chang e an d thei r  commonalitie s acros s 
differen t  performanc e tasks ,  domains ,  an d level s o f  expertis e 
of  th e reasoners .  I n thi s paper ,  1  wil l  discus s computationa l 
model s o f  constructiv e an d extrapolativ e conceptua l  change , 
focussin g i n particula r  o n tw o compute r  program s tha t  instanti -
at e th e model s i n tw o ver y differen t  "everyday "  tas k domains . 
Th e compute r  program s ai d i n th e developmen t  an d evalua -
tio n o f  th e models ,  an d provid e a n experimenta l  framewor k fo r 
furthe r  exploratio n o f  theoretica l  ideas .  I  wil l  conclud e wit h 
a discussio n o f  a  framewor k fo r  th e integratio n o f  thes e (an d 
other )  method s o f  conceptua l  chang e int o a  singl e "multistrat -
egy "  system . 

Case studies in creative conceptual change 

Th e compute r  program s presente d her e serv e a s cas e studie s o f 
constructiv e an d extrapolativ e processe s i n conceptua l  change . 
Th e first  program ,  calle d SIN S (Self-Improvin g Navigatio n 
System )  i s a n autonomou s roboti c navigatio n syste m tha t  learn s 
t o navigat e i n a n obstacle-ridde n wori d (Ra m &  Santamaria , 
1993) .  Autonomou s roboti c navigatio n i s th e tas k o f  find-
in g a  pat h alon g whic h a  robo t  ca n physicall y m o v e throug h 
a give n environmen t  an d the n executin g th e action s t o carr y 
out  th e movemen t  i n a  rea l  o r  simulate d world .  TTi e abilit y  t o 
adap t  t o change s i n th e environment ,  an d t o lear n fro m expe -
riences,  i s crucia l  t o adequat e performanc e an d survivabilit y 
i n th e rea l  world .  SEN S use s fas t  roboti c contro l  augmente d 
wit h multipl e learnin g method s tha t  allow  th e syste m t o adap t 
t o nove l  environment s an d t o lear n fro m it s experiences .  Th e 
e we o f  th e syste m i s a  constructiv e conceptua l  chang e mecha -
nis m tha t  autonomousl y an d progressivel y construct s represen -
tationa l  structure s tha t  enc£q)sulat e th e system' s experiences . 
Thes e structure s compris e a  higher-leve l  representatio n o f  th e 
system' s perceptua l  an d sensorimoto r  interaction s wit h it s en -
vironment ,  an d ar e use d t o ai d th e navigatio n tas k i n tw o ways : 
the y allo w th e syste m t o dynamicall y selec t  th e appropriat e 
roboti c contro l  behavior s i n differen t  situations ,  an d the y als o 
allo w th e syste m t o a d ^ t  selecte d behavior s t o th e immediat e 
demands o f  th e environment . 

Th e secon d cas e stud y i s base d o n a  compute r  progra m 
calle d I S A A C (Integrate d Stor y Analysi s A n d Comprehen -
sion) ,  whic h i s a  natura l  languag e understandin g syste m tha t 
read s shor t  storie s fro m th e scienc e fiction  genr e (Moorma n & 
R a m,  1993) .  Suc h storie s requir e creativ e understanding ,  i n 

whic h th e reade r  mus t  lear n enoug h abou t  a n alie n worl d i n a 
shor t  tex t  i n orde r  t o accep t  i t  a s th e backgroun d fo r  th e story , 
and simultaneousl y mus t  understan d th e stor y itself .  I S A A C 
implement s a  proces s o f  extrapolativ e conceptua l  chang e whic h 
i s base d o n th e creativ e extrapolation ,  modification ,  o r  exten -
sio n o f  existin g concept s an d theorie s t o inven t  ne w ones .  Th e 
extrapolatio n i s consu-aine d b y th e conten t  o f  th e story ,  b y th e 
system' s existin g concept s an d theories ,  an d b y th e require -
ment s o f  th e readin g an d understandin g task . 

As th e cas e studie s wil l  reveal ,  ther e i s muc h i n c o m m o n be -
twee n thes e tw o system s despit e thei r  superficia l  differences . 
Bot h system s us e multipl e type s o f  knowledge ,  an d multipl e 
type s o f  reasonin g processes .  Bot h rel y o n multipl e source s o f 
constraint s o n thes e processes ,  includin g theories ,  knowledg e 
and knowledg e organization ,  an d actua l  experience .  Creativ e 
conceptua l  chang e i n bot h system s i s aproces s o f  gradua l  evolu -
tio n o f  concept s t o creat e bette r  appro x i  mation s o f  th e observe d 
world .  Bot h system s lear n autonomousl y throug h experience . 
The ne w concept s contribut e significantl y  t o th e systems '  abili -
tie s t o carr y ou t  thei r  respectiv e tasks ,  an d ma y b e ver y differen t 
fro m thos e tha t  th e system s initiall y  starte d ou t  with . 

Th e difference s betwee n th e system s ar e als o o f  interest . 
SIN S relie s directl y o n it s experience s i n th e rea l  worid ,  wherea s 
ISAAC' S rea l  worl d i s tha t  o f  natura l  languag e text s whic h vi -
cariousl y describ e fictional  worl d experience s o f  fictional  char -
acters .  I S A A C integrate s it s processe s usin g explici t  arbitratio n 
and control ;  thus ,  conceptua l  chang e i n I S A A C i s guide d b y th e 
particula r  need s an d goal s o f  th e program .  SINS ,  i n contrast , 
learn s "automatically "  throug h it s tas k performance ,  an d thu s 
i s bette r  characterize d a s havin g a n implici t  orientatio n o r  goa l 
t o lear n (Barsalou ,  discusse d i n Leak e &  R a m ,  1993) . 

Th e tw o system s ar e discusse d i n mor e detai l  below . 

Constructive conceptual change 

M a ny machin e learnin g an d conceptua l  chang e system s hav e 
U^ditionall y bee n use d i n proble m domain s tha t  ca n b e ad -
equatel y describe d usin g discrete ,  symboli c representations . 
However ,  a n importan t  typ e o f  conceptua l  chang e i s tha t  whic h 
occur s i n continuou s proble m domains .  I n orde r  t o actuall y  p ^ -
for m a  tas k i n th e rea l  world ,  fo r  example ,  a n agen t  (huma n o r 
robot )  mus t  b e abl e t o accep t  perceptua l  o r  sensor y input s fro m 
th e environment ,  selec t  a n appropriat e actio n base d o n it s  goals , 
th e input ,  an d th e tas k a t  hand ,  an d the n carr y ou t  tha t  actio n 
throug h appropriat e moto r  contro l  command s t o it s effectors . 
Perceptio n an d actio n ar e inherentl y continuou s i n thre e ways : 
the y requir e representation s o f  continuou s information ,  the y 
requir e continuou s performanc e (fo r  example ,  drivin g a  car) , 
and the y requir e continuou s adaptatio n an d learning . 

For  example ,  conside r  th e proble m o f  spatia l  representatio n 
and exploratio n i n a  real-worl d environment .  A n agen t  learn -
in g abou t  it s physica l  environmen t  throug h exploratio n migh t 
buil d a  cognitiv e m a p representin g topologica l  an d metrica l 
informatio n abou t  th e spac e aroun d it .  Severa l  studie s hav e 
suggeste d tha t  cognitiv e map s ar e organize d int o layer s (e.g. . 
Lynch ,  1960 ;  Piage t  &  Inhelder ,  1967 ;  Siege l  &  White .  1975) . 
The cognitiv e m a p contain s informatio n abou t  space ,  locations , 
connectivity ,  an d distance ,  learne d graduall y throug h interac -
tio n wit h an d exploratio n o f  th e environment .  Thes e studie s 
hav e motivate d computationa l  model s o f  robo t  map-learnin g 
as well .  Fo r  example ,  Kuipcr s &  Byu n (1991 )  describ e a  sim -
ulate d robot ,  N X ,  tha t  learn s a  hierarch y o f  type s o f  spatia l 
knowledg e organize d int o sensorimotor ,  control ,  procedural . 
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topological ,  an d metrica l  knowledge .  A t  th e lowes t  level ,  th e 
robothas  acces s t o ra w sensor y dat a fro m th e environment .  Th e 
robot' s representatio n o f  th e spac e surroundin g i t  undergoe s a 
serie s o f  conceptua l  change s a s sensorimoto r  dat a (whic h i s 
continuou s an d numerical )  i s reformulate d an d abstracte d int o 
successivel y higher-leve l  description s (whic h ar c discret e an d 
symbolic) .  Thi s  i s a n exampl e o f  wha t  1  a m callin g constructiv e 
conceptua l  chang e i n thi s paper . 

Th e SIN S syste m discusse d her e als o learn s fro m continuou s 
sensorimoto r  information ,  bu t  addresse s a  somewha t  differen t 
proble m i n constructiv e conceptua l  change :  tha t  o f  learnin g 
th e appropriat e concept s fo r  dynami c an d adaptiv e contro l  o f 
action .  I n additio n t o learnin g abou t  th e environmen t  aroun d 
it ,  a n agen t  mus t  als o lear n abou t  th e interaction s o f  it s be -
havior s wit h th e environment .  I t  mus t  lear n wha t  effect s it s 
action s hav e an d whe n differen t  action s ar e appropriate .  Thi s 
proble m i s differen t  fro m th e map-learnin g proble m becaus e 
i t  involve s constructin g representations ,  no t  jus t  o f  th e envi -
ronment ,  bu t  o f  th e agent' s interaction s wit h th e environment . 
Often ,  actio n an d learnin g ar e incrementa l  o f  necessit y becaus e 
th e agent' s knowledg e i s limite d an d becaus e th e environmen t 
i s unpredictable ;  th e agen t  ca n a t  bes t  execut e th e mos t  promis -
in g short-ter m action s availabl e t o i t  an d the n re-evaluat e it s 
progress .  A n agen t  navigatin g i n a n unfamilia r  environment , 
fo r  example ,  m a y no t  k n o w w h ^ e obstacle s li e unti l  i t  actu -
all y encounter s them .  A s th e problem s encountere d becom e 
mor e varie d an d difficult ,  i t  become s necessar y t o us e avail -
abl e knowledg e i n a n incrementa l  manne r  t o act ,  an d t o rel y 
on continuou s feedbac k fro m th e environmen t  t o adap t  action s 
and lear n fro m experiences .  Th e proble m solvin g an d learnin g 
proces s mus t  operat e continuously ;  ther e i s n o tim e t o "sto p 
and think, "  no r  a  logica l  poin t  i n th e proces s a t  whic h t o d o 
so.  Throug h thi s on-goin g process ,  th e agen t  mus t  construc t 
higher-leve l  conceptua l  representation s tha t  constitut e it s "un -
derstanding "  o f  th e worl d an d o f  it s interaction s wit h th e world . 

SIN S addresse s thi s proble m b y constructin g conceptua l 
structure s tha t  encapsulat e continuou s sensorimoto r  experi -
ence .  Thes e structure s ar e modifie d continuousl y eve n a s the y 
ar e use d t o guid e action .  Throug h experience ,  thes e struc -
ture s evolv e int o stabl e perception-actio n model s an d resul t  i n 
improve d performanc e o n a  wid e rang e o f  inpu t  environments . 

Technical details: The SINS system 

Autonomou s roboti c navigatio n i s define d a s th e tas k o f  finding 
a pat h alon g whic h a  robo t  ca n m o v e safel y fro m a  sourc e poin t 
t o a  destinatio n poin t  i n a  obstacle-ridde n terrai n (pat h planning ) 
and executin g th e action s t o carr y ou t  th e movemen t  i n a  rea l 
or  simulate d worl d (pla n execution) .  Severa l  method s hav e 
bee n propose d fo r  thi s task ,  rangin g fro m high-leve l  plannin g 
method s t o reactiv e methods . 

High-leve l  plannin g method s us e extensiv e worl d knowl -
edg e an d inference s abou t  th e environmen t  the y interac t  wit h 
(e.g. ,  Fikes ,  Har t  &  Nilsson ,  1972 ;  Sacerdoti ,  1975) .  Knowl -
edg e abou t  availabl e action s an d thei r  consequence s i s use d t o 
formulat e a  detaile d pla n befor e th e action s ar e actuall y  exe -
cute d i n th e world .  Thes e method s ca n successfull y perfor m 
th e path-findin g require d b y th e navigatio n task ,  bu t  onl y  i f  a n 
accurat e an d complet e representatio n o f  th e world ,  an d o f  avail -
abl e action s an d thei r  effects ,  i s availabl e t o th e agent .  Situate d 
or  reactiv e contro l  method s hav e bee n propose d a s a n alterna -
tiv e t o high-leve l  plannin g method s (e.g. ,  Arkin ,  1989 ;  Brooks , 
1986 ;  Kaelbling ,  1986 ;  Payton ,  1986) .  I n thes e methods ,  n o 
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plannin g i s performed ;  instead ,  a  simpl e sensor y representatio n 
o f  th e environmen t  i s use d t o selec t  th e nex t  actio n tha t  shoul d 
b e performed .  Action s ar e represente d a s simpl e behaviors , 
whic h ca n b e selecte d an d execute d rapidly ,  ofte n i n real-time . 
Thes e method s ca n cop e wit h u n k n o w n an d d y n a m i c environ -
menta l  configurations ,  bu t  onl y thos e tha t  li e withi n th e scop e 
o f  predetermine d behaviors . 

I n a  comple x an d dynami c environment ,  a n agen t  need s t o 
develo p a  combinatio n o f  th e abov e abilities :  a  fas t  an d ac -
curat e perceptio n process ,  th e abilit y t o reliabl y m a p sensor y 
input s t o higher-leve l  representation s o f  th e world ,  th e abilit y 
t o reliabl y predic t  th e effect s o f  it s actions ,  an d th e abilit y t o 
respon d immediatel y t o unexpecte d situations .  Furthermore , 
t o ensur e adequat e performanc e an d survivabilit y i n th e rea l 
world ,  th e agent' s abilit y  t o perfor m thes e function s mus t  adap t 
t o change s i n th e environmen t  an d improv e throug h experi -
ence .  I n th e S I N S system ,  w e hav e focusse d o n th e prob le m 
of  constructin g representation s o f  th e agent' s interaction s wit h 
it s environment .  Thes e representation s mode l  th e environmen t 
an d th e effect s o f  th e agent' s action s i n tha t  environment ,  an d 
provid e a  basi s fo r  selectin g appropriat e action s i n a  possibl y 
unfamilia r  environment . 

S I N S use s schema-base d reactiv e contro l  fo r  fas t  perfor -
m a n ce (Arkin ,  1989) ,  augmente d wit h multistrateg y learnin g 
method s tha t  allo w th e syste m t o adap t  t o nove l  environ -
ment s an d t o lear n fro m it s  experience s (se e figure  1) .  T h e 
syste m autonomousl y an d progressivel y construct s representa -
tiona l  suiicture s tha t  encapsulat e it s  experience s int o "cases " 
tha t  ar e the n use d t o ai d th e navigatio n tas k i n t w o w a y s :  the y 
allo w th e syste m t o dynamicall y selec t  th e appropriat e roboti c 
contro l  behavior s i n differen t  situations ,  an d Uie y als o allo w th e 
syste m t o adap t  selecte d behavior s t o th e immediat e d e m a n d s 
o f  th e environmen t  (se e figure  2 ) . 

T h e system' s case s ar e automaticall y constructe d usin g a 
hybri d case-base d an d reinforcemen t  learnin g m e t h o d withou t 
extensiv e high-leve l  reasoning .  T h e learnin g an d navigatio n 
module s functio n i n a n integrate d manner .  T h e learnin g m o d -
ul e i s alway s tryin g t o find  a  bette r  m o d e l  o f  th e interactio n o f 
th e syste m wit h it s environmen t  s o tha t  i t  ca n tun e th e navi -
gatio n m o d u l e t o perfor m it s functio n better .  T h e navigatio n 
m o d u l e provide s feedbac k t o th e learnin g c o m p o n e n t  s o i t  ca n 
buil d a  bette r  mode l  o f  thi s interaction .  T h e behavio r  o f  th e 
syste m i s th e resul t  o f  a n equilibriu m poin t  establishe d b y th e 
learnin g modu le ,  wh ic h i s  tryin g t o refin e th e m o d e l ,  an d th e 
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F igu r e 2 :  Typica l  navigationa l  behavior s o f  th e a u t o n o m o u s 
roboti c sys tem .  T h e figure  o n th e lef t  s h o w s th e n o n - i e a m i n g 
s y s t e m w i t h h ig h obstacl e avo idanc e a n d l o w goa l  attraction . 
O n th e right ,  th e learnin g sys te m ha s lowere d obstacl e avoid -
a n c e a n d increase d goa l  attraction ,  a l lowin g i t  t o " squeeze " 
th roug h th e obstacle s a n d the n tak e a  relativel y direc t  pat h t o 
th e goal . 

environment ,  whic h i s comple x an d dynami c i n nature .  Thi s 
equilibriu m m a y shif t  an d nee d t o b e re-establishe d i f  th e en -
vironmen t  change s drastically ;  however ,  th e mode l  i s generi c 
enoug h a t  an y poin t  t o b e abl e t o dea l  wit h a  ver y wid e rang e 
of  environments . 

Th e learnin g method s ar e base d o n a  combinatio n o f  idea s 
fro m case-base d reasonin g an d learning ,  whic h deal s wit h th e 
issu e o f  usin g pas t  experience s t o dea l  wit h an d lear n fro m 
nove l  situation s (e.g. ,  H a m m o n d,  1989) ,  an d fro m reinforce -
ment  learning ,  whic h deal s wit h th e issu e o f  updatin g th e con -
ten t  o f  system' s knowledg e base d o n feedbac k fro m th e envi -
ronmen t  (e.g. ,  Sutton ,  1992) .  Eac h cas e i n S IN S represent s a n 
observe d regularit y betwee n a  particula r  environmenta l  con -
figuration  an d th e effect s o f  differen t  actions ,  an d prescribe s 
th e value s o f  th e contro l  parameter s tha t  ar e mos t  appropri -
at e (a s fa r  a s th e syste m ca n determin e base d o n it s previou s 
experience )  fo r  tha t  environment . 

Th e learnin g modul e perform s th e followin g task s i n a  cycli c 
manner :  (1 )  perceiv e an d represen t  th e curren t  environment ; 
(2 )  retriev e a  cas e whic h represent s a n environmen t  mos t  sim -
ila r  t o th e curren t  environment ;  (3 )  adap t  th e moto r  contro l 
parameter s i n us e b y th e navigatio n modul e base d o n th e rec -
ommendation s o f  th e case ;  an d (4 )  lear n n e w association s 
and/o r  adap t  existin g association s represente d i n th e cas e t o re -
flec t  an y n e w informatio n gaine d throug h th e us e o f  th e cas e i n 
th e n e w situatio n t o enhanc e th e reliabilit y  o f  thei r  predictions . 

Sinc e learnin g i s no t  supervise d b y a n outsid e expert ,  on e 
of  th e issue s t o b e addresse d i s h o w th e syste m ca n determin e 
whethe r  th e curren t  experienc e shoul d b e use d t o modif y an d 
improv e a n existin g case ,  o r  whethe r  a  ne w cas e shoul d b e 
created .  I n S INS ,  thi s i s don e throug h a n inductiv e procedur e 
tha t  use s informatio n abou t  prio r  application s o f  th e case .  W h e n 
a cas e i s retrieve d an d applie d t o th e curren t  situation. a "relativ e 
similarit y measure "  i s use d t o quantif y h o w simila r  th e curren t 
environmen t  configuratio n i s t o th e environmen t  configuratio n 
encode d b y th e case ,  relativ e t o h o w simila r  th e environmen t 
has bee n i n previou s utilization s o f  th e case .  Intuitively ,  i f  a  cas e 
matche s th e ciuren t  situatio n bette r  tha n previou s situation s i t 
was use d in ,  i t  i s  likel y tha t  th e situatio n involve s th e ver y 

regularitie s tha t  th e cas e i s beginnin g t o capture ;  thus ,  i t  i s 
worthwhil e modifyin g th e cas e i n th e directio n o f  th e curren t 
situation .  Alternatively ,  i f  th e matc h i s no t  quit e a s good ,  th e 
cas e shoul d no t  b e modifie d becaus e tha t  wil l  tak e i t  awa y fro m 
th e regularit y i t  ha s bee n convergin g towards .  Finally ,  i f  th e 
curren t  situatio n i s a  ver y ba d fit  t o th e case ,  i t  make s mor e 
sens e t o creat e a  n e w cas e t o represen t  wha t  i s probabl y a  ne w 
clas s o f  situations . 

A cas e i n S IN S represent s a  se t  o f  association s betwee n sen -
sor y input s an d contro l  parameters .  Sensor y input s provid e 
informatio n abou t  th e configuratio n o f  th e environment ,  an d 
contro l  parameter s specif y h o w t o adap t  th e moto r  output s o f 
th e navigatio n modul e i n th e environment s t o whic h th e cas e i s 
applicable .  Eac h typ e o f  informatio n i s represente d a s a  vecto r 
of  analo g values .  Eac h analo g valu e correspond s t o a  quan -
titativ e variabl e ( a sensor y inpu t  o r  a  contro l  parameter )  a t  a 
specifi c  time ,  an d a  vecto r  o f  suc h value s represent s th e tren d 
or  recen t  histor y o f  th e correspondin g variable .  Thi s represen -
tatio n ha s thre e essentia l  properties .  First ,  th e representatio n 
i s capabl e o f  capturin g a  wid e rang e o f  possibl e association s 
betwee n o f  sensor y input s an d schem a parameters .  Second ,  i t 
permit s continuou s progressiv e refinemen t  o f  th e associations . 
Finally ,  th e representatio n capture s trend s o r  pattern s o f  inpu t 
and outpu t  value s ove r  time .  Thi s allow s th e syste m t o detec t 
pattern s ove r  large r  tim e window s rathe r  tha n havin g t o mak e 
a decisio n base d onl y o n instantaneou s value s o f  perceptua l 
inputs . 

Set s o f  sensor y input s an d contro l  parameter s ar e associate d 
by groupin g thei r  vector s togethe r  int o a  singl e case .  Thi s 
groupin g induce s (albei t  implicitly )  a  se t  o f  concept s tha t  ca n 
be use d t o describ e a  contro l  strateg y o r  a n environmenta l  reg -
ularity .  Fo r  example ,  i f  S I N S i s gettin g deepe r  int o a  crowde d 
area ,  th e value s o f  th e sensor y input s responsibl e fo r  objec t 
detectio n wil l  increas e o v w time .  A  usefu l  strateg y i n suc h 
a situatio n migh t  b e t o bac k ou t  an d g o aroun d th e obstacles . 
However ,  suc h a  strateg y canno t  b e expresse d i n purel y percep -
tua l  terms ;  i t  require s th e concept s o f  crowdedness ,  retreat ,  an d 
so on ,  whic h ar e qualitativel y differen t  fro m th e sensorimoto r 
informatio n tha t  i s initiall y  availabl e t o th e system . 

Sinc e learnin g an d adaptatio n ar e base d o n a  relativ e simi -
larit y measure ,  th e overal l  effec t  o f  thi s proces s i s t o caus e th e 
case s t o converg e o n stabl e association s betwee n environmen t 
configuration s an d contro l  parameters .  Stabl e association s rep -
resen t  regularitie s i n th e worl d tha t  hav e bee n identifie d b y 
th e syste m throug h it s experience ,  an d provid e th e predictiv e 
power  necessar y t o navigat e i n futur e situations .  Th e assump -
tio n behin d thi s metho d i s tha t  th e interactio n betwee n th e 
syste m an d th e environmen t  ca n b e characterize d b y a  finite  se t 
of  causa l  pattern s o r  association s betwee n th e sensor y input s 
and th e action s performe d b y th e system .  Th e metho d allow s 
th e syste m t o lear n thes e causa l  pattern s an d t o us e the m t o 
modif y  it s action s b y updatin g it s moto r  contro l  parameter s a s 
appropriate . 

O ne disadvantag e o f  th e analo g representation s i s tha t  the y 
ar e no t  eas y t o interpret ,  makin g i t  difficul t  fo r  a  huma n ob -
serve r  t o characteriz e th e regularitie s an d concept s tha t  SIN S 
actuall y learn s i n a  give n environment .  T o evaluat e th e method , 
we hav e develope d a  three-dimensiona l  interactiv e visualiza -
tio n o f  a  robo t  navigatin g throug h a  simulate d obstacle-ridde n 
worid ,  an d use d i t  t o tes t  th e S IN S syste m throug h extensiv e 
empirica l  simulation s o n a  wid e variet y o f  environment s us -
in g severa l  differen t  performanc e metrics .  Th e syste m i s ver y 
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robus t  an d ca n perfor m successfull y i n (an d lear n from )  nove l 
environment s withou t  an y use r  interventio n o r  supervisor y in -

put ,  ye t  i t  compare s favorabl y wit h traditiona l  reactiv e method s 
i n term s o f  spee d an d performanc e (Ra m &  Santamaria ,  1993) . 
Furthermore ,  th e syste m designer s d o no t  nee d t o forese e an d 
represen t  al l  th e possibilitie s tha t  migh t  occu r  sinc e th e syste m 
develop s it s o w n "understanding "  o f  th e worl d an d u s actions . 

SIN S carrie s ou t  a  constructiv e conceptua l  chang e proces s i n 
whic h ne w conceptua l  representation s o f  regularitie s i n system -
environmen t  sensorimoto r  interaction s ar e create d throug h ex -
perience .  Th e proces s result s i n a  qualitativ e shif t  i n th e sys -
tem' s interna l  "theory "  o f  perceptio n an d action ,  an d result s i n 
ne w concept s tha t  ar e creativ e b y virtu e o f  bein g bot h origi -
nal  an d usefu l  (KoesUer ,  1964 ;  Turner ,  1991) .  A s on e migh t 
expect ,  th e creatio n o f  ne w concept s i n SIN S (an d i n othe r 
system s suc h a s N X )  i s a n incrementa l  proces s an d involves , 
i n additio n t o th e abstractio n o f  low-leve l  input s int o higher -
leve l  representations ,  th e modificatio n o f  suc h representation s 
i n respons e t o futur e experiences .  I n thi s sense ,  constructiv e 
conceptua l  chang e involve s som e degre e o f  extrapolatio n a s 
well .  However ,  sinc e thi s extrapolatio n doe s no t  requir e th e 
kind s o f  creativ e leap s a s thos e neede d i n th e I S A A C system , 
th e latte r  provide s a  bette r  cas e stud y o f  extrapolativ e concep -
tua l  chang e an d i s discusse d next . 

Extrapolative conceptual change 

I n developin g th e SIN S system ,  w e wer e intereste d i n th e prob -
le m o f  constructin g conceptua l  representation s fro m contin -
uou s sensorimoto r  experience .  Anothe r  typ e o f  conceptua l 
change ,  however ,  i s  tha t  whic h occur s whe n conceptua l  rep -
resentation s ar e use d t o understan d a  ne w an d unfamilia r  do -
main .  Th e mor e differen t  th e domain ,  th e mor e radica l  th e 
change .  I n th e I S A A C system ,  w e ar e focussin g o n th e con -
structio n o f  ne w concept s (an d associate d theories )  throug h 
creativ e theory-guide d transfe r  o f  existin g concept s t o a  ne w 
domain .  Thi s proces s i s largel y analytica l  an d involve s analog -
ica l  an d metaphorica l  reasoning .  Ther e ar e tw o centra l  issue s 
here :  wha t  ar e th e processe s b y whic h existin g theorie s ar e 
extrapolated ,  an d wha t  i s th e natur e o f  th e constraint s o n thes e 
processes ? 

I S A A C explore s thes e idea s i n th e domai n o f  readin g shor t 
storie s fro m th e scienc e fiction  literature .  Conside r  th e follow -
in g shor t  story .  M e n Ar e Differen t  b y Ala n Bloc h (1963) . 

I'm an archaeologist, and Men are my business. Just 
th e same ,  I  wonde r  i f  we'l l  eve r  find  ou t  abou t  M e n —I 
mean reall y find  ou t  wha t  mad e M a n differen t  fro m u s 
Robots—b y diggin g aroun d o n th e dea d planets .  Yo u see , 
I  live d wit h a  M a n once ,  an d I  kno w i t  isn' t  a s simpl e a s 
the y tol d u s bac k i n school . 

We hav e a  fe w records ,  o f  course ,  an d Robot s lik e 
me ar e filling  i n som e o f  th e gaps ,  bu t  I  thin k n o w tha t 
we aren' t  reall y gettin g anywhere .  W e know ,  o r  a t  leas t 
th e historian s sa y w e know ,  tha t  M e n cam e fro m a  plane t 
calle d Earth .  W e know ,  too ,  tha t  the y rod e ou t  bravel y 
fro m sta r  t o star ;  an d whereve r  the y stopped ,  the y lef t 
colonies—Men ,  Robots ,  an d sometime s both—agains t 
thei r  return .  Bu t  the y neve r  cam e back . 

Thos e wer e th e shinin g day s o f  th e wortd .  Bu t  ar e 
we s o ol d now ? M e n ha d a  brigh t  flame—the  ol d wor d 
i s "divine, "  I  think—tha t  flung  the m fa r  acros s th e nigh t 
skies ,  an d w e hav e los t  th e strand s o f  th e we b the y wove . 

Our  scientist s tel l  u s tha t  M e n wer e ver y m u c h lik e 
us—and th e skeleto n o f  a  M a n is ,  t o b e sure ,  almos t  th e 
same a s th e skeleto n o f  a  Robot ,  excep t  tha t  it' s  m a d e 
of  som e calcium  compoun d instea d o f  titanium .  Jus t  th e 
same,  ther e ar e othe r  differences . 

I t  wa s o n m y las t  field  trip ,  t o on e o f  th e inne r  planets , 
tha t  1  me t  th e M a n .  H e mus t  hav e bee n th e las t  M a n i n thi s 
system ,  an d he' d forgotte n h o w t o talk—he' d bee n alon e 
so long .  1  planne d t o brin g hi m bac k wit h m e .  Somethin g 
happene d t o him ,  though . 

O ne day ,  fo r  n o reaso n a t  all ,  h e complaine d o f  th e heat . 
I  checke d hi s temperatur e an d decide d tha t  hi s thermosta t 
circuit s wer e shot .  I  ha d a  ki t  o f  field  spare s wit h m e ,  an d 
he wa s obviousl y ou t  o f  order ,  s o I  wen t  t o work .  I  pushe d 
th e needl e int o hi s nec k t o operat e th e cut-of f  switch ,  an d 
he stoppe d moving ,  jus t  lik e a  Robot .  Bu t  whe n I  opene d 
hi m u p h e wasn' t  th e sam e inside .  A n d whe n I  pu t  hi m 
bac k togethe r  I  couldn' t  ge t  hi m runnin g again .  The n h e 
sor t  o f  weathere d a w a y — a n d b y th e tim e I  wa s read y t o 
come home ,  abou t  a  yea r  later ,  ther e wa s nothin g lef t  o f 
hi m bu t  bones .  Yes ,  M e n ar e indee d different . 

In order to understand this story, the reader must infer that the 
narrato r  i s  a  robot ,  tha t  robot s ar e th e dominan t  lifefor m i n th e 
future ,  tha t  human s hav e practicall y die d out ,  tha t  robot s ar e 
capabl e o f  makin g logica l  error s suc h a s th e one s tha t  th e narra -
to r  made ,  an d s o on .  Th e reade r  mus t  construc t  a n appropriat e 
model  o f  thi s world ,  an d interpre t  th e stor y wit h respec t  t o thi s 
model  eve n a s th e mode l  evolves .  Th e reade r  mus t  als o b e 
willin g t o suspen d disbelie f  t o understan d concept s whic h d o 
not  fit  int o a  standar d worl d view . 

I n I S A A C ,  ne w theorie s (an d associate d concepts )  ar e con -
suucte d throug h extrapolatio n an d modificatio n o f  existin g the -
orie s an d concepts .  Th e extrapolatio n i s constraine d b y th e ac -
tua l  conten t  o f  th e story ,  b y th e system' s existin g theorie s an d 
concepts ,  an d b y th e cognitiv e constraint s o n th e readin g an d 
understandin g mechanism s tha t  ar e responsibl e fo r  processin g 
th e story .  N o reader ,  machin e o r  human ,  coul d hav e th e time , 
memory,  an d othe r  resource s t o rea d ever y singl e wor d i n a 
stor y in-dept h an d t o conside r  al l  th e ramification s o f  eac h 
word .  Th e reader' s environmen t  (th e story) ,  knowledg e (ex -
istin g concepts) ,  goal s an d task s (e.g. .  R a m &  Hunter ,  1992) , 
and cognitiv e resource s availabl e t o th e processin g machiner y 
(e.g. .  Jus t  &  Carpenter ,  1992 )  interac t  t o constrai n th e possibl e 
extrapolatio n t o a  mor e manageabl e level . 

The stor y understandin g processe s i n I S A A C ar e no t  uniqu e 
t o scienc e fiction  stories ,  o f  course .  Understandin g an y fictional 
stor y require s simila r  kind s o f  processing .  Th e sam e i s tru e o f 
nonfictiona l  storie s a s wel l  a s unfamilia r  real-worl d scenar -
ios ,  althoug h th e type s an d degre e o f  conceptua l  modification s 
require d ma y b e different . 

Technical details: The ISAAC system 

The I S A A C syste m consist s o f  si x "supertasks, "  eac h o f  whic h 
i s mad e u p o f  severa l  subtask s tha t  interac t  wit h eac h other . 
The task s ar e base d o n researc h i n psycholinguistic s (e.g. ,  Hol -
brook ,  Eisel t  &  Mahesh ,  1992 ;  va n Dij k &  Kintsch ,  1983) , 
readin g comprehensio n (e.g. .  Blac k &  Seifert ,  1981 ;  Graesser , 
Golding ,  &  Long ,  1991) ,  stor y understandin g (e.g. ,  B imbaum , 
1986 ;  R a m ,  1991 ;  Rumelhart ,  1977) ,  episodi c memor y (e.g. , 
Kolodner ,  1984 ;  Schank ,  1982) ,  analog y (e.g. ,  Falkenhainer , 
1987 ;  Centner ,  1989) ,  creaUvit y (e.g. ,  Gruber ,  1989 ;  Schan k 
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& Leake ,  1990) ,  an d mciacogniiio n (e.g. ,  Gavele k &  Raphael , 
1985 ;  Schneider ,  1985 ;  Weinert ,  1987 ;  Wellman ,  1985) .  Th e 
superiask s an d ihei r  function s ar e summarize d below . 

Languag e understandin g i s responsibl e fo r  low-leve l  icx l 
understanding ,  includin g lexica l  retrieval ,  syntacti c parsing , 
pronou n reference ,  punctuatio n analysis ,  an d tens e analysis . 

Stor y structur e understandin g focusse s o n detail s o f  th e 
tex t  whic h relat e t o stor y structure ,  mcludin g characte r  iden -
tificatio n (protagonist ,  antagonist) ,  settin g identificatio n (time , 
location) ,  plo t  description ,  an d genr e identification . 

Episodi c understandin g carrie s ou t  th e even t  representatio n 
(agent ,  action ,  state ,  object ,  location) ,  agen t  modellin g (agents ' 
goals ,  knowledge ,  an d beliefs) ,  an d actio n modellin g task s tha t 
ar e centra l  t o understandin g fictional,  narrativ e o r  real-worl d 
episodes . 

Explanatio n an d reasonin g i s responsibl e fo r  high-leve l 
reasonin g an d learnin g tasks ,  includin g thos e supportin g spe -
cifi c  languag e understandin g task s suc h a s unknow n wor d defi -
nition ,  an d genera l  task s suc h a s belie f  management ,  inference , 
creativ e analogy ,  interes t  management ,  an d learning . 

M e m o ry m a n a g e m e n t  carrie s ou t  memor y storag e an d re -
trieval ,  includin g spontaneou s remindin g an d cas e construction . 

Metacontro l  i s  responsibl e fo r  integratio n o f  th e othe r  su -
pertasks ,  an d fo r  focu s o f  attention ,  tim e management ,  an d 
suspensio n o f  disbelief .  Sinc e i t  i s unreasonabl e t o assum e tha t 
th e syste m woul d hav e complet e metacognitiv e acces s t o al l 
it s  interna l  processe s (Nisbet t  &  Wilson ,  1977) ,  metacontro l 
an d metareasonin g operat e o n supertask s an d d o no t  acces s th e 
individua l  task s directly .  Th e supertask s i n tur n contro l  th e 
individua l  task s tha t  the y ar e responsibl e for . 

We chos e scienc e fiction  storie s a s th e domai n fo r  I S A A C 
becaus e i t  i s a  particularl y goo d on e t o stud y wha t  on e migh t 
cal l  "creativ e understanding. "  Peopl e ca n comprehen d storie s 
whic h hav e n o basi s i n fact ,  an d whic h m a y requir e inventio n 
of  concept s an d theorie s whic h ar e radicall y differen t  fro m 
thos e i n th e rea l  world .  Th e proces s o f  understandin g th e 
un-understandabl e involve s th e extrapolativ e typ e o f  creativ e 
conceptua l  change .  A  centra l  requiremen t  i s th e willingnes s o f 
th e reade r  t o susp)en d hi s o r  he r  disbelie f  o f  th e materia l  bein g 
presente d o r  th e assumption s bein g mad e abou t  th e fictional 
worl d (Corrigan ,  1979) .  Conside r  th e ambiguou s titl e o f  a 
Larr y Nive n (1973 )  story .  Fligh t  o f  th e Horse .  Thi s phras e 
coul d refe r  t o a  fleeing  horse ,  a  hors e o n a n airplan e flight,  o r  t o 
a flying  horse .  I f  a  stor y understandin g syste m relie d o n a  belie f 
i n th e validit y o f  worl d knowledge ,  i t  woul d disambiguat e th e 
phras e t o eliminat e th e latte r  meanin g sinc e i t  "knows "  horse s 
canno t  fly.  Thi s m a y b e incorrec t  i f  th e stor y wa s abou t  a 
flying  hors e (o r  a  pegasus) ,  whic h i s perfectl y reasonabl e i n a 
scienc e fiction  o r  mythologica l  story .  A s  I  argue d earlier ,  thes e 
consideration s ar e no t  uniqu e t o scienc e fiction  stories ;  eve n 
factua l  storie s (suc h a s newspape r  stories )  i n domain s tha t  ar e 
not  completel y understoo d m a y requir e th e syste m t o conside r 
th e possibilit y  tha t  it s  curren t  understandin g o f  th e domai n i s 
incomplet e o r  incorrec t  (e.g. .  R a m ,  1993) . 

To understan d concept s whic h d o no t  fit  int o a  standar d worl d 
view ,  th e syste m attempt s t o modif y existin g concept s (Schank , 
1986) .  Thi s usuall y involve s extendin g o r  adaptin g no t  jus t 
a singl e concept ,  bu t  system s o f  concepts—tha t  is ,  theories . 
Thi s modificatio n ca n occu r  i n severa l  ways .  Definitiona l  con -
straint s m a y b e relaxe d t o produc e concept s wit h alternativ e 
constraints .  Fo r  example ,  relaxin g th e definitiona l  constrain t 
tha t  a  horse' s primar y m o d e o f  locomotio n i s it s leg s ma y resul t 
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Figur e 3 :  Knowledg e representatio n grid . 

i n a  "horse "  wit h w i n g s — a pegasus .  Anothe r  optio n i s t o ad d 
ne w constraint s o r  feature s t o existin g concepts ,  o r  t o combin e 
tw o concept s together .  Suitcases ,  fo r  example ,  d o no t  nor -
mall y hav e a  m o d e o f  locomotion ;  addin g on e m a y resul t  i n a n 
independentl y mobil e suitcase ,  muc h lik e th e on e depicte d i n 
Terr y Pratchett' s  (1983 )  story .  Th e Colou r  o f  Magic .  Creativ -
it y m a y als o resul t  fro m relaxe d constraint s o n memor y searc h 
processes ,  suc h a s i n th e "imaginativ e m e m o r y "  o f  Turner' s 
(1991 )  M I N S T R E L system . 

A proble m wit h suc h concep t  manipulatio n i s tha t  i t  i s dif -
ficult  t o specif y principle d constraint s o n thi s process .  Coul d 
a toaste r  b e a  goo d m o d e o f  hors e locomotion ? U p t o a  cer -
tai n limit ,  constrain t  manipulatio n wil l  resul t  i n concept s whic h 
coul d b e calle d creative ,  afte r  whic h th e resultin g concept s ma y 
be to o bizarr e t o b e useful .  However ,  utilit y  an d interestingnes s 
ar e no t  inheren t  i n particula r  concepts ,  bu t  ca n onl y b e evalu -
ate d wit h respec t  t o th e reasoner' s knowledge ,  th e organizatio n 
of  thi s knowledge ,  th e reasoner' s goals ,  th e tas k a t  hand ,  th e 
environmen t  i n whic h th e reasone r  i s carryin g ou t  it s task s (i n 
th e cas e o f  I S A A C ,  th e story) ,  an d genera l  processin g heuristic s 
(Pinto ,  Shrage r  &  Berthenthal ,  1992 ;  R a m ,  1990) . 

I n I S A A C ,  th e knowledg e organizatio n schem e provide s a 
structur e fo r  th e conceptua l  chang e process .  ISAAC' S knowl -
edg e bas e i s organize d int o a  semanti c netwoilt ,  whic h i s in -
dexe d throug h a  multidimensiona l  gri d (se e figure  3) .  Th e 
row s o f  th e gri d represen t  "themati c roles "  fo r  adaptation ;  fo r 
concept s representin g events ,  thes e includ e action ,  agent ,  state , 
and object .  Th e column s o f  th e gri d represen t  "conceptua l  do -
mains, "  suc h a s physical ,  mental ,  social ,  emotional ,  an d tempo -
ral .  Fo r  example ,  a  transfe r  i s a  generi c action .  Differen t  type s 
of  transfer s ca n b e represente d a s physica l  (e.g. ,  th e P T R A N S 
primitiv e o f  Schank ,  1972) ,  menta l  (e.g. ,  M T R A N S ) ,  an d socia l 
(e.g. ,  A T R A N S ) .  Th e gri d als o allow s th e syste m t o represen t 
emotiona l  an d tempora l  transfer s (se e als o Domeshek ,  1992) . 

Concep t  extrapolatio n i s accomplishe d b y movin g aroun d 
th e grid ,  leadin g t o creativ e an d metaphorica l  interpretation s 
of  k n o w n concepts .  Eac h typ e o f  movemen t  incur s a  cos t  t o 
th e system ,  dependin g o n th e degre e t o whic h th e concep t  ha s 
bee n altered .  Movemen t  withi n a  singl e cel l  i s  th e easies t  typ e 
t o perform ,  movemen t  alon g a  singl e ro w o r  a  singl e colum n 
i s mor e difficult ,  an d adaptation s requirin g movemen t  acros s 
bot h row s an d column s ar e th e mos t  difficult .  Althoug h th e 
detail s o f  th e gri d ar e stil l  unde r  development ,  th e poin t  i s 
tha t  th e syste m trie s t o perfor m th e leas t  amoun t  o f  adaptatio n 
necessary ,  guide d b y th e grid ,  suc h tha t  th e resultin g concept s 
ca n explai n an d provid e a  structur e fo r  th e input . 

For  example ,  man y tempora l  metaphor s ca n b e represente d 
as analogie s betwee n th e physica l  an d tempora l  column s o f  th e 
gri d (Lakof f  &  Johnson ,  1980) .  I n a  sentenc e suc h a s 'Tim e ha s 
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passe d he r  by, "  fo r  example ,  a  tempora l  even t  i s describe d i n 
physica l  terms ,  an d a n abstrac t  objec t  (time )  i s describe d a s th e 
agen t  o f  th e physica l  action .  Similarly ,  i n th e secon d paragrap h 
of  M e n Ar e Different ,  "w e aren' t  reall y gettin g anywhere "  i s a 
metaphorica l  us e o f  knowledg e o f  physica l  action s t o describ e 
a menta l  action .  Suc h a  metapho r  require s a  large r  crcaliv c 
l e ^  tha n a n adaptatio n withi n th e physica l  colum n ̂ Uonc ,  suc h 
as i n Schank' s (1986 )  exampl e i n whic h a n analog y i s draw n 
betwee n a  jogge r  an d a  racehorse .  Continuin g wit h th e earlie r 
hors e locomotio n examples ,  a  hors e wit h wing s involve s a n 
adaptatio n i n whic h a  know n mod e o f  locomotio n (wings )  i s 
substitute d fo r  anothe r  on e (legs) ,  an d i s les s bizarr e tha n a n 
independentl y mobil e suitcas e wit h wing s i n whic h a n inani -
mat e objec t  i s viewe d a s a n animat e agen t  wit h a n invente d (bu t 
plausible )  m o d e o f  locomotio n wher e non e existe d previously . 
As before ,  however ,  utilit y  an d interestingnes s ar e no t  absolute ; 
a suitcas e wit h wing s (perhap s airplan e wing s rathe r  tha n bir d 
wings )  migh t  mak e sens e i n th e right  context . 

I n M e n Ar e Different ,  robots ,  whic h i n th e rea l  worl d ar e 
physica l  object s use d a s tool s i n manufacturing ,  ar e conceptu -
alize d a s independen t  volitiona l  agents .  Th e reade r  mus t  adop t 
thi s vie w t o buil d a n appropriat e stor y model .  Interestingly , 
th e iron y i n thi s stor y derive s fro m th e fac t  tha t  th e robo t  i n th e 
stor y perform s wha t  on e migh t  vie w a s th e revers e inference , 
conceptualizin g th e ma n a s a  physica l  objec t  t o b e repaire d i n a 
manner  tha t  on e migh t  us e t o repai r  a  physica l  roboti c device . 
I t  i s  importan t  t o not e tha t  th e invente d concept s ar e "real " 
withi n th e contex t  o f  th e story ,  i n contras t  t o th e "brigh t  flame 
of  M e n "  whic h i s metaphorica l  eve n withi n th e fictional  worid . 
Similarly ,  a  sentenc e suc h a s "Winte r  i s rapidl y approaching " 
use s a  spatia l  metapho r  t o describ e a  tempora l  event ,  wherea s 
tim e trave l  ma y i n fac t  b e a  "real "  concep t  i n a  story .  Un -
derstandin g thi s concep t  involve s adaptin g knowledg e abou t 
actions ,  states ,  an d causalit y fro m th e physica l  colum n o f  th e 
gri d t o th e temporal .  Suc h adaptatio n i s th e hear t  o f  th e ex -
U-apolativ e conceptua l  chang e process .  Onc e th e ne w concept s 
and theorie s ar e built ,  the y ca n b e use d t o understan d th e stor y 
withi n th e framewor k o f  thes e concepts ;  i n turn ,  thi s ma y resul t 
i n furthe r  modificatio n o f  th e concepts . 

I n additio n t o aidin g i n th e stor y comprehensio n process ,  th e 
ne w concept s an d theorie s ca n als o provid e a  basi s fo r  futur e 
proble m solvin g i n th e rea l  worl d (e.g. ,  Koestler ,  1964) .  Fo r  ex -
ample ,  readin g abou t  a  fictitious  devic e ma y promp t  th e reade r 
t o develo p a  simila r  devic e i n th e rea l  world ,  o r  ma y hel p th e 
reade r  understan d a  simila r  devic e whe n i t  i s actuall y encoun -
tere d a t  som e late r  point .  Motorola' s M ic roTA C hand-hel d 
persona l  cellula r  phone ,  fo r  instance ,  ha s a  stron g resemblanc e 
t o th e hand-hel d persona l  communicator s use d i n th e Sta r  Tre k 
televisio n series .  Goodman ,  Waterma n &  Alterman' s (1991 ) 
SPATR syste m use s a  simila r  case-base d reasonin g proces s t o 
understan d nove l  device s (suc h a s a n Airphone )  an d natura l 
languag e instruction s fo r  usin g thes e device s base d o n hier -
archica l  spatia l  model s o f  know n device s (suc h a s a n A T M ) . 
Readin g abou t  a  creativ e proble m solvin g episod e m a y als o 
allo w th e reade r  t o repla y th e observe d solutio n proces s o n a 
real-worl d proble m i n a  manne r  simila r  t o Carbonell' s  (1986 ) 
derivationa l  analogy . 

Storie s tha t  ar e no t  creativ e ca n als o b e understoo d an d use d 
i n suc h ways ,  o f  course .  Th e mechanism s o f  conceptua l  chang e 
discusse d her e ar e a n integra l  par t  o f  ordinar y reasoning .  Cre -
ativ e understandin g i n I S A A C i s no t  implemente d throug h a 
separat e "creativity "  process ,  bu t  rathe r  throug h norma l  pro -

cesse s o f  reasonin g an d learnin g (Gruber ,  1989) .  Similarly , 
conceptua l  chang e i n SIN S als o occur s throug h th e norma l 
processe s o f  perceptio n an d contro l  o f  action .  Everyda y rea -
sonin g i s robust ,  adaptive ,  an d creative ;  n o specia l  proces s nee d 
be postulate d t o mode l  o r  explai n thes e capabilities . 

Discussion 

On th e surface ,  th e model s o f  constructiv e an d extrapolativ e 
conceptua l  chang e presente d abov e appea r  ver y different .  Th e 
SIN S mode l  i s inherentl y experientia l  an d ca n b e characterize d 
as constructiv e inductio n o f  representation s fro m sensorimoto r 
input ,  wherea s th e I S A A C mode l  i s base d o n vicariou s expe -
rience  an d ca n b e characterize d a s theory-guide d transfe r  o f 
concept s t o a  ne w domain .  Th e forme r  i s mostl y inductive , 
wherea s th e latte r  i s  mostl y analytical .  I n I S A A C ,  multipl e 
processe s ar e integrate d throug h (som e degre e o O explici t  ar -
bitratio n an d control ;  i n SINS ,  th e processe s ar e automati c an d 
th e integrativ e contro l  mechanism s ar e implicit . 

I t  i s a n ope n questio n h o w thes e model s whic h are ,  i n som e 
sense ,  a t  opposit e end s o f  th e spectru m o f  creativ e conceptua l 
chang e migh t  b e unifie d int o a  singl e framework.  Quine(1977 ) 
suggest s tha t  earl y concept s m a y b e mor e perceptual ,  bein g de -
fined  inductivel y usin g a n "innat e similarit y notio n o r  spacin g 
of  qualities, "  an d late r  concept s m a y becom e mor e "scientif -
icall y sophisticated, "  conceptual ,  an d theory-embedde d (se e 
als o Keil ,  1989) .  Quin e wa s intereste d i n th e issu e o f  develop -
ment  o f  natura l  kinds ,  bu t  perhap s a  simila r  ide a coul d b e use d 
t o integrat e perceptua l  an d conceptua l  chang e i n a n "adult " 
reasonin g system . 

To facilitat e integration ,  i t  i s usefu l  t o loo k a t  conrmionalitie s 
betwee n th e models .  Althoug h th e S IN S mode l  i s close r  t o ac -
tua l  perceptua l  feature s i n rea l  wori d an d th e I S A A C mode l  i s 
close r  t o theorie s an d menta l  models ,  bot h ar e base d i n rea l  ex -
perienc e (whethe r  persona l  o r  vicarious) ,  an d ar e constraine d 
by th e interactio n betwee n th e syste m an d th e environment . 
Bot h ar e creativ e processes ,  an d resul t  no t  jus t  i n learnin g 
but  i n conceptua l  chang e a s well .  I n SINS ,  ra w sensorimoto r 
informatio n i s encapsulate d int o predictiv e perception-actio n 
models ,  an d i n I S A A C ,  existin g theorie s ar e modifie d t o pro -
vid e a  belie f  structur e fo r  ne w an d unfamilia r  concepts .  Bot h 
requir e inductiv e an d analytica l  processe s (althoug h t o differ -
ent  degrees) ,  an d bot h combin e multipl e method s o f  learning , 
concep t  formation ,  an d conceptua l  change .  Bot h ar e base d o n 
multipl e type s o f  knowledge .  I n both ,  existin g knowledg e pro -
vide s consu-aint s o n reasonin g an d learnin g processes .  Bot h 
type s o f  creativ e conceptua l  chang e mode l  a  gradua l  evolutio n 
of  concept s t o bette r  approximat e th e observe d worl d an d i n 
both ,  evolvin g concept s ar e use d i n th e performanc e tas k eve n 
as the y ar e modified .  Thes e point s als o highligh t  man y o f  sim -
ilaritie s betwee n th e model s o f  constructiv e an d extrapolativ e 
conceptua l  chang e presente d her e an d othe r  model s o f  concep -
tua l  change ,  includin g model s o f  developmenta l  an d scientifi c 
conceptua l  change . 

O ne framewor k fo r  integratio n o f  thes e (an d other )  meth -
ods o f  conceptua l  chang e i s throug h a  multistrateg y learnin g 
model ,  i n whic h variou s learnin g method s ar e combine d int o 
a unifie d framework .  Recen t  attentio n t o suc h model s i s  evi -
den t  i n machin e learnin g (e.g. ,  Carbonell ,  Knobloc k &  Minion , 
1991 ;  Michalsk i  &  Tecuci ,  1993 )  an d cognitiv e psycholog y 
(e.g. ,  Anderson ,  1983 ;  Wisniewsk i  &  Medin ,  1991) .  Multi -
strateg y approache s provid e th e flexibility  an d powe r  require d 
i n practical ,  real-worl d domains . 
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Ther e ar e severa l  method s o f  integratin g multipl e learnin g 
algorithm s int o a  singl e syste m (se e Michalsk i  &  Tfecuci ,  1993) . 
One suc h framewor k i s tha t  use d i n th e Meta-AQ U A  an d Meta -
T S system s (Ra m &  Cox ,  1993 ;  Ram ,  Co x &  Narayanan ,  1992) . 
I n thi s model ,  th e reasonin g syste m activel y select s an d com -
bine s learnin g method s base d o n a n analysi s o f  it s  learnin g goal s 
whic h ar e represente d explicitl y  i n th e system .  Som e learnin g 
goal s ma y b e low-leve l  an d alway s active ,  suc h a s i n SIN S an d 
N X.  Thes e system s ca n b e describe d a s performin g "goa l  rele -
vant "  learning ,  i n tha t  learnin g i s relevan t  t o th e overal l  goal s o f 
th e syste m (Thagard )  bu t  th e syste m onl y ha s a n implici t  goa l 
t o lear n (Barsalou ,  bot h discusse d i n Leak e &  Ram ,  1993) . 
Othe r  learnin g goal s ma y b e selecte d base d o n a  higher-leve l 
analysi s o f  utilit y  o f  knowledg e an d relevanc e t o th e system' s 
tasks ,  suc h a s i n ISAAC ,  Meta-AQUA ,  IV Y (Hunter ,  1990) , 
and P A G O DA (desJardins ,  1992) .  Thes e system s ar e bette r  de -
scribe d a s "goa l  directed "  sinc e goal s ar e explicitl y  represente d 
and use d t o driv e th e selectio n an d executio n o f  reasonin g an d 
learnin g strategie s (Leak e &  Ram ,  1993 ;  R a m &  Cox ,  1993 ; 
R am &  Hunter ,  1992) . 

Although I do not want to suggest that humans have perfect 
or  consciou s metacognitiv c knowledg e of ,  an d contro l  over , 
thei r  learnin g processes ,  suc h a  mode l  coul d b e use d t o tak e a n 
intentiona l  stanc e (Dennett ,  1987 )  toward s a  computationa l  the -
or y o f  multistrateg y reasoning ,  bot h a s a  descriptio n o f  huma n 
reasonin g processe s an d a s a  basi s fo r  th e desig n o f  creativ e A I 
systems .  Meta-TS ,  fo r  example ,  implement s a  computationa l 
model  o f  huma n operator s learnin g t o troubleshoo t  physica l 
device s (Narayana n &  Ram ,  1992) .  Th e mode l  i s base d o n 
observation s o f  huma n troubleshootin g operator s an d protoco l 
analysi s o f  th e dat a gathere d i n th e les t  are a o f  a n operationa l 
electronic s assembl y manufacturin g plant .  I n Meta-TS ,  mul -
tipl e learnin g method s fo r  knowledg e compilatio n (Anderson , 
1989) ,  interactiv e transfe r  o f  expertis e (Davis ,  1979) ,  postpone -
ment  (Ram ,  1991,1993) ,  an d forgettin g ar e integrate d throug h 
metacognitiv e analysis .  Experimenta l  result s i n metacogni -
tio n als o sugges t  tha t  suc h analysi s ca n facilitat e reasonin g an d 
learnin g (e.g. ,  Alexander ,  1992 ;  Carr ,  1992 ;  Schneider ,  1985 ; 
Weinert ,  1987) .  A n ope n issu e i n th e desig n o f  suc h model s 
i s th e integratio n o f  "automatic "  learnin g strategies ,  suc h a s 
thos e use d i n SINS ,  tha t  ar e goal-relevan t  rathe r  tha n explicitl y 
goal-directed . 

In conclusion, creative conceptual change is an everyday 
jjroces s involvin g multipl e integrate d mechanism s tha t  ar e con -
straine d b y existin g knowledg e an d b y th e tas k a t  hand .  Thi s 
proces s i s situate d in ,  an d therefor e als o constraine d by ,  th e rea l 
world ,  an d result s i n original ,  usefu l  an d qualitativel y differen t 
representation s o f  system s o f  beliefs .  Th e proces s involve s th e 
on-goin g constructio n an d extrapolatio n o f  concept s an d theo -
rie s i n th e contex t  of ,  i n servic e of ,  an d i n respons e t o a  real -
worl d performanc e task .  Th e constructiv e an d extrapolativ e 
processe s ar e modelle d computationall y throug h specificatio n 
of  function s (tasks) ,  mechanism s an d knowledge ;  thes e mod -
el s ar e the n instantiate d a s compute r  program s an d evaluate d 
empirically .  I n thi s paper ,  I  hav e use d roboti c navigatio n i n 
dynami c environment s an d comprehensio n o f  actua l  scienc e 
fiction  shor t  storie s a s th e tas k domain s i n whic h t o presen t  tw o 
cas e studie s o f  creativ e conceptua l  change .  Thes e cas e studie s 
highligh t  th e issue s involve d i n conceptua l  change ,  provid e a 
basi s fo r  th e developmen t  an d evaluatio n o f  model s tha t  addres s 
thes e issues ,  an d rais e severa l  ne w issue s fo r  futur e research . 

A c k n o w l e d g e m e n t s 

Juan Carlos Saniamaria and Kenneth Moorman contributed to 
th e researc h an d progra m implementation s describe d here .  I 
woul d als o lik e t o than k Mik e Co x an d Eri c Domeshe k fo r  thei r 
comment s o n a n earlie r  draf t  o f  thi s paper . 
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