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INTRODUCTION 
Researc h o n computationa l  reasonin g suggest s tha t  effectivel y organize d knowledge ,  no t  search ,  i s th e 

key t o exper t  performance .  Paradoxicall y mos t  wor k i n th e machin e learnin g literatur e assume s tha t  learning , 
a for m o f  computationa l  reasoning ,  occur s i n a  knowledg e vacuum .  Concept s ar e acquire d throug h searc h i n 
a spac e o f  candidat e conceptualization s constraine d b y a n implici t  focu s provide d throug h representationa l 
"bias. "  Fo r  example ,  i n earl y wor k o n learnin g concept s fro m examples ,  a  computationa l  learne r  migh t  hav e 
been implicitl y  constraine d b y havin g a  restricte d concep t  descriptio n languag e fo r  assimilatin g carefull y 
chose n examples .  Thu s learnin g wa s fundamentall y disconnecte d fro m backgroun d knowledge .  Whil e 
earl y effort s a t  computationa l  learnin g provid e a n illuminatin g startin g point ,  ou r  wor k i s motivate d b y a 
recognitio n o f  th e importanc e o f  multipl e source s o f  backgroun d knowledg e whic h h u m a n learner s routinel y 
brin g t o nove l  situations .  I n thi s paper ,  w e describ e a  computationa l  mode l  o f  learnin g proble m solvin g 
skill s  whic h proceed s b y tentativel y connectin g ne w situation s wit h existin g knowledg e throug h a  proces s o f 
analogica l  reasoning .  Thi s mode l  i s i n earl y stage s o f  implementation . 

LEARNING PROBLEM SOLVING 
Th e natur e o f  proble m solvin g expertis e ha s als o intereste d psychologica l  researchers .  B y carefull y 

contrastin g th e behavio r  o f  novic e an d exper t  proble m solvers ,  psychologica l  researc h reveal s tha t  competen t 
proble m solver s construc t  a  for m o f  intermediat e semanti c representatio n whil e understandin g a  proble m tex t 
but  befor e attemptin g t o generat e quantitativ e solution s (Chi ,  Feltovic h an d Glaser ,  1981 ;  Larkin ,  1983) . 
Thi s intermediat e representatio n appear s t o consis t  o f  abstrac t  conceptua l  entitie s (e.g. ,  forc e o r  m o m e n t u m 
i n physics )  whic h ar e relate d t o strategi c method s throug h proble m schemat a reflectin g proble m categorie s 
(e.g. ,  conservatio n o f  m o m e n t u m ) . 

As a goal for a computational model of cicquiring problem solving skills, expertise in problem solving 
ca n b e viewe d a s th e possessio n o f  a n abstrac t  conceptua l  vocabular y tailore d t o th e particula r  proble m 
solvin g domai n an d a n assortmen t  o f  p rob le m schemat a reflectin g proble m categories .  Thes e schemat a 
provid e a  mechanis m fo r  retrievin g appropriat e proble m solvin g strategie s whe n a  proble m fro m a  particula r 
categor y i s encountered .  Retrieva l  i s  base d o n conceptua l  cue s whic h mus t  b e inferre d fro m th e proble m 
statement .  Acquisitio n o f  proble m solvin g expertis e i n som e domai n the n amount s t o learnin g thes e proble m 
schemat a an d th e conceptua l  vocabular y ou t  o f  whic h the y ar e constructed . 

Solving algebra story problems 
Th e proble m domai n chose n fo r  thi s wor k i s  tha t  o f  learnin g t o solv e "story "  problem s typica l  o f 

algebr a instructio n a t  th e elementar y an d hig h schoo l  level .  Fo r  example ,  conside r  th e followin g "triangle " 
problem : 

Jerry walks 1 block east along a vacant lot and then 2 blocks north to a friend's house. Phil starts at 
th e sam e poin t  an d walk s diagonall y throug h th e vacan t  lo t  comin g ou t  a t  th e sam e poin t  a s Jerry .  I f 
Jerr y walke d 21 7 fee t  eas t  an d 40 0 fee t  north ,  ho w fa r  di d Phi l  walk ? 

This is called a "triangle" problem since its solution rests on relating the problem to some basic facts about 
triangles .  Maye r  (1981) ,  analyzin g a  larg e sampl e o f  problem s appearin g i n secondar y schoo l  texts ,  present s 
a clusterin g o f  proble m type s consistin g o f  approximatel y 5 0 distinc t  proble m template s organize d a s a 
simpl e classificatio n hierarchy .  Level s i n th e hierarch y correspon d roughl y t o familie s o f  algebrai c equation s 
underlyin g set s o f  problem s an d th e "stor y lines "  o n whic h problem s ar e based .  Fo r  example ,  i n th e "amount -
per-tim e rate "  family ,  a  variet y o f  stor y template s ar e eviden t  includin g motion ,  curren t  an d wor k problems . 
Althoug h th e inten t  o f  Mayer' s stud y i s t o documen t  classificatio n schemat a whic h student s reliabl y us e t o 
interpre t  an d the n solv e algebr a stor y problems ,  identificatio n Jin d descriptio n o f  thes e proble m schemat a 
provid e a  rar e opportunit y fo r  choosin g a  domai n i n whic h ther e exist s a  substajitia l  bod y o f  descriptiv e an d 
experimenta l  literatur e base d o n h u m a n performanc e (e.g. ,  Hinsley ,  Haye s an d Simon ,  1977 ;  Mayer ,  Larki n 
and Kadane ,  1984 ;  Kintsc h an d Greeno ,  1985) . 

Thi s wor k wa s supporte d b y a  gif t  fro m th e Hughe s A I  Researc h Laboratory ,  a  divisio n o f  Hughe s Aircraft . 
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Multipl e k n o w l e d g e source s 
We wil l  assum e tha t  th e stor y proble m i s presente d t o th e learnin g syste m a s a  relativel y flat  se t 

of  proposition s withou t  a n explici t  representatio n o f  inter-connectin g structura l  relations .  Fo r  th e triangl e 
stor y mentione d abov e thi s representatio n migh t  be : 

event(el ,  walking )  agent(el ,  Jerry )  distanc e (el ,  1  block ) 
directio n (el ,  east )  trajector y (el ,  alon g lot ) 

event(e2 ,  walking )  agent(e2 ,  Jerry )  distajice{e2 ,  2  blocks ) 
directionfe2 ,  north )  destination(e2 ,  friena's ) 

event(e3 ,  walking )  agent(e3 ,  Phil )  source(e3 ,  ?x ) 
trajectory(eS ,  throug h lot )  destination(e3 ,  friend's ) 

distance(el ,  21 7 feet )  distance(e2 ,  40 0 feet ) 

wit h th e goci l  o f  finding  distance(e3,Answer) .  Thi s representatio n i s relativel y complet e wit h respec t  t o th e 
literci l  proble m statement ,  include s informatio n whic h i s extraneou s t o th e desire d solutio n (e.g. ,  tha t  Jerr y 
wcilk s thre e blocks) ,  bu t  als o exclude s informatio n whic h mus t  b e inferre d i f  a  solutio n wil l  b e foun d (e.g. , 
tha t  a  righ t  triangl e ha s bee n described) .  Representation s o f  simila r  problem s describe d i n th e psychologica l 
literatur e (e.g. ,  Mayer ,  1981 )  includ e inference s fro m th e dat a an d abstraction s o f  importan t  detail s withou t 
explicitl y  describin g h o w suc h processe s tak e place . 

I n additio n t o choosin g a  representatio n fo r  proble m statement s a t  th e poin t  o f  input ,  w e mus t  als o 
describ e th e type s o f  knowledg e whic h wil l  constitut e th e "multipl e knowledg e sources "  essentia l  fo r  proble m 
understandin g an d solution .  Fortunately ,  th e tas k domai n o f  solvin g algebr a stor y problem s provide s a 
finite  bu t  sizabl e collectio n o f  requisit e source s o f  knowledge .  O n th e basi s o f  a n informa l  conten t  analysi s 
of  problem s occurrin g frequentl y i n Mayer' s (1981 )  classificatio n taxonomy ,  w e wil l  assum e tha t  a  novic e 
proble m solve r  mus t  hav e knowledg e o f  th e object s whic h routinel y appea r  i n proble m statements ,  knowledg e 
of  a  factua l  variet y regardin g thes e objects ,  an d limite d inferentia l  abilitie s regardin g spac e an d time .  Thes e 
knowledg e source s ar e assume d t o b e relativel y stabl e durin g th e cours e o f  learnin g t o solv e algebr a stor y 
problems . 

T wo source s o f  knowledg e remain ,  an d provid e th e basi s fo r  wha t  i s t o b e learned .  First ,  th e syste m 
i s t o acquir e a  practica l  conceptua l  vocabular y fo r  primitiv e event s whic h ar e centra l  i n stor y proble m 
texts .  Example s ar e simpl e motio n o r  wor k events ,  whic h w e trea t  a s frame-lik e structure s tha t  serv e t o 
organiz e object s describe d above .  Second ,  th e syste m i s t o acquir e a  variet y o f  solutio n method s organize d 
as p r o b l e m solvin g schemata .  A  schem a consist s o f  a  cu e expresse d i n term s o f  th e entitie s an d relation s 
of  th e proble m descriptio n an d a  se t  o f  quantitativ e o r  qualitativ e constraints .  Th e cu e serve s t o facilitat e 
recognitio n o f  situation s i n whic h th e constraint s ar e applicable .  Fo r  example ,  matchin g a  schem a cu e wit h 
a proble m descriptio n i n whic h tw o simpl e motio n event s occu r  i n a n opposit e directio n migh t  invok e a 
decompositio n o f  th e proble m int o additiv e components .  Even t  frame s an d proble m schemat a correspon d t o 
th e component s o f  proble m solvin g expertis e describe d i n th e introductio n o f  thi s paper . 

A PROBLEM SOLVING ARCHITECTURE 
O ur  mode l  o f  solvin g algebr a stor y problem s depend s upo n th e cooperatio n o f  multipl e knowledg e 

source s operatin g i n a n asynchronou s fashio n throug h a  globall y accessibl e proble m description .  A s show n 
above ,  th e initia l  proble m descriptio n i s a  jumble d se t  o f  proposition s wit h relativel y littl e structure .  Fro m 
an abstrac t  perspective ,  proble m solvin g proceed s b y usin g existin g knowledg e source s t o manipulat e thi s 
proble m descriptio n unti l  sufficien t  quantitativ e constraint s ar e availabl e t o allo w calculatio n o f  a  solution .  A 
solutio n pat h i n thi s spac e o f  manipulate d proble m description s consist s o f  increasingl y coheren t  description s 
of  th e curren t  proble m generate d b y th e action s o f  applicabl e knowledg e sources . 

Althoug h th e proble m solve r  m a y utiliz e a  larg e numbe r  o f  knowledg e sources ,  w e ca n divid e thes e 
variou s knowledg e source s int o fou r  functiona l  types .  Whil e i n th e previou s sectio n w e describe d backgroun d 
knowledg e source s primaril y i n term s o f  thei r  conten t  (e.g. ,  methods ,  event s o r  time) ,  w e no w describ e 
knowledg e source s i n term s o f  thei r  rol e i n proble m solving .  Thes e include :  augmen te rs ,  organizers , 
asserters ,  an d decomposers .  Augmenter s ad d proposition s t o th e proble m descriptio n b y applyin g 
backgroun d knowledge .  I n th e exampl e proble m presente d earlier ,  informatio n abou t  triangle s woul d b e 
adde d b y augmentation .  Organizer s ad d structur e t o th e proble m descriptio n b y groupin g disconnecte d 
proposition s int o fram e structures .  I n th e example ,  Jerr y an d Phi l  walkin g fro m sourc e an d destinatio n point s 
signa l  tha t  simpl e motion-event s hav e occurred .  Expectation s encode d i n th e fram e structur e fo r  motion -
event s serv e t o organiz e th e proble m description .  Asserter s contribut e quantitativ e constrain t  relation s tha t 
involv e a  singl e organizin g frame .  Fo r  example ,  th e equatio n d  =  r  *  t  woul d b e asserte d give n th e cuein g 
attribute s o f  a  motion-event ,  know n rat e an d time ,  an d unknow n distance .  Decomposer s transfor m a  proble m 
int o quantitativel y relate d subproblems ,  yieldin g a  constrain t  equatio n involvin g mor e tha n on e organizin g 
frame .  Fo r  example ,  i n a  motio n proble m involvin g severa l  drivin g events ,  th e proble m migh t  b e decompose d 
int o th e s u m o f  componen t  distances . 

Th e proble m solve r  schedule s activitie s o f  th e variou s knowledg e source s b y a  competitiv e proces s 
whic h attempt s t o expen d th e leas t  effor t  whil e stil l  progressin g toward s a  goa l  state .  Augmentatio n an d 
organizatio n ar e leas t  costly ,  bu t  d o no t  generat e an y equations ,  an d therefor e m a y no t  necessaril y  lea d 
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close r  t o a  proble m solution .  Instcci d thei r  contribution s mus t  b e focuse d toward s enablin g an d confirmin g 
othe r  knowledg e sources .  Assertio n an d decomposition ,  althoug h mor e complex ,  ar e th e onl y operation s 
tha t  generat e equations .  The y mus t  b e applie d t o achiev e th e goal .  Sinc e enablin g condition s fo r  an y o f  th e 
fou r  type s o f  knowledg e source s m a y b e onl y partiall y  matche d b y a  curren t  proble m description ,  w e mus t 
ofte n trea t  a  knowledg e sourc e proposin g a  modificatio n t o th e proble m descriptio n a s a  hypothesi s whic h i s 
subjec t  t o confirmation .  Thi s i s precisel y th e rol e o f  analogica l  reasonin g i n thi s mode l  o f  proble m solving . 

Analogical Transformations in Problem Solving 
I n thi s section ,  w e describ e ho w recognition ,  elaboratio n an d confirmatio n o f  analogie s serv e t o connec t 

a proble m descriptio n wit h applicabl e proble m schemata .  Th e centra l  goa l  o f  analogica l  reasonin g i s t o alte r 
th e representatio n o f  th e curren t  proble m s o tha t  i t  i s  partiall y  equivalen t  t o a  previousl y experience d proble m 
fo r  whic h a  solutio n metho d (eithe r  equation s o r  a  suitabl e decomposition )  i s known . 

Analogica l  reasoning ,  then ,  i s a  proces s o f  viewin g a n unsolve d proble m a s i f  i t  wer e a  proble m fo r 
whic h a  solutio n strateg y i s alread y known .  "Viewin g as "  i n thi s contex t  involve s extendin g informatio n fro m 
th e solve d proble m int o th e descriptio n o f  th e ne w problem ,  subjec t  t o som e for m o f  critica l  evaluatio n withi n 
th e confine s o f  th e ne w problem .  Give n th e importanc e o f  matchin g a  developin g proble m descriptio n wit h 
know n proble m solvin g methods ,  analogica l  reasonin g represent s a  poin t  midwa y i n a  continuu m betwee n 
litera l  similarit y an d nonsensica l  (o r  anomalous )  comparison .  Unde r  thi s assumption ,  reasonin g an d learnin g 
processe s undertake n whil e viewin g on e proble m a s i f  i t  wer e anothe r  mor e familia r  proble m ar e comparabl e 
i n kin d t o processe s undertake n whe n a  ne w proble m i s recognize d a s a n instanc e o f  a  know n proble m class . 

Recognition of opportunities for transformation 
Recognitio n o f  a  potentia l  analog y withi n ou r  proces s mode l  amount s t o tentativ e acceptanc e o f  a 

proble m schem a o n th e basi s o f  a  partia l  matc h betwee n th e curren t  proble m descriptio n an d a  proble m cu e 
withi n th e schema .  I n isolatio n fro m othe r  processes ,  i t  i s  eas y t o imagin e som e for m o f  searc h amon g existin g 
proble m schemat a t o find a  subse t  o f  schemat a whic h bea r  a  promisin g resemblanc e t o th e targe t  problem . 
The computationa l  literatur e o n analogica l  reasonin g i s spars e wit h respec t  t o proposal s fo r  constrainin g 
suc h a  search .  Mos t  promisin g i s th e notio n o f  indexin g potentia l  analog s o n th e basi s o f  abstrac t  relationa l 
informatio n (e.g. .  Carbonell ,  198 1 an d Kolodner ,  1983 ,  1984 )  s o tha t  recognitio n an d retrieva l  wil l  b e base d 
on highe r  leve l  (an d presumabl y mor e predictive )  aspect s o f  similarity .  I n th e domai n o f  algebr a stor y 
problems ,  a  highe r  leve l  (o r  "systematic, "  accordin g t o Gentner ,  198 2 correspondenc e migh t  b e exemplifie d 
by a  matc h betwee n a  simpl e motio n an d a  simpl e wor k proble m whic h involve s som e sor t  o f  even t  (e.g. , 
a motio n o r  wor k event) ,  a  rat e an d a  singl e unknown .  Suc h highe r  leve l  descriptiv e aspect s migh t  b e 
distinguishe d fro m surroundin g informatio n (e.g. ,  th e nam e o f  a n agen t  o r  destination )  a  prior i  throug h 
supportin g domai n knowledg e o r  b y virtu e o f  participatin g i n th e metho d associate d wit h a  proble m cu e i n 
a relate d proble m schema .  Recognizin g a n applicabl e proble m schem a i s a  centra l  activit y i n ou r  mode l  o f 
proble m solving ,  a n activit y t o whic h processe s o f  augmentatio n an d organizatio n ar e explicitl y  directed . 
Elaboration and evaluation of prospective analogs 

We hypothesiz e tha t  recognitio n o f  analogie s i s identica l  t o recognitio n o f  directl y applicabl e proble m 
schemat a excep t  wit h regar d t o th e effor t  expende d i n confirmin g th e matc h betwee n proble m descriptions . 
Confirmatio n i s attaine d b y incrementall y elaboratin g th e correspondenc e betwee n aspect s o f  a  potentiall y 
applicabl e knowledg e sourc e an d th e curren t  proble m description .  A s aspect s o f  th e sourc e descriptio n (e.g. , 
organizin g structura l  information )  ar e extende d t o th e proble m descriptio n throug h elaboration ,  th e validit y 
of  thes e extension s mus t  b e evaluate d bot h i n term s o f  th e specifi c  natur e o f  th e curren t  proble m an d i n 
term s o f  inferentia l  capabilitie s ove r  object s an d relation s i n th e domai n o f  algebr a stor y problems .  I n th e 
same sens e tha t  augmentatio n an d organizatio n processe s wer e describe d a s bringin g supportin g knowledg e 
source s t o bea r  i n understandin g a  ne w problem ,  s o to o ca n thes e processe s serv e i n confirmin g tentativ e 
informatio n extende d fro m sourc e t o targe t  proble m descriptions . 

For  example ,  whe n confirmin g a n analog y betwee n a  "wor k together "  proble m (tw o agent s wor k o n a 
singl e jo b together )  an d a n "opposit e direction "  motio n proble m (agent s trave l  i n opposit e direction s fro m 
th e sam e sourc e point) ,  knowledg e o f  equa l  duratio n withi n th e motio n proble m migh t  b e extende d t o th e 
wor k proble m b y virtu e o f  bein g integrall y involve d i n th e solutio n strateg y o f  decomposition .  Th e tentativel y 
hel d assertio n o f  equa l  duratio n i n th e wor k proble m (extende d fro m th e motio n problem )  mus t  b e confirme d 
on th e basi s o f  knowledg e whic h ca n b e generate d wit h augmentatio n processe s (i.e. ,  tha t  tim e interval s m a y 
be additive) .  Simila r  sort s o f  confirmatio n coul d b e achieve d wit h organizin g processes . 

LEARNING MECHANISMS 
The goal s o f  learning ,  a s describe d earlier ,  ar e th e acquisitio n o f  proble m schemat a an d th e specialize d 

conceptua l  vocabular y o f  whic h the y ar e constructed .  Broadl y speaking ,  th e learner' s conceptua l  vocabular y 
(i.e. ,  frame-lik e description s o f  events )  graduall y change s a s th e resul t  o f  proble m solvin g experienc e an d 
instruction .  Direc t  instructio n wil l  b e involve d i n th e extensio n o r  correctio n o f  othe r  knowledg e sources , 
whil e learnin g whe n t o appl y backgroun d knowledg e (i.e. ,  acquisitio n o f  proble m schemata )  i s th e learner' s 
responsibility .  Henc e ou r  computationa l  mode l  o f  learnin g t o solv e algebr a stor y problem s involve s a  variet y 
of  form s o f  learnin g includin g learnin g b y bein g told ,  learnin g b y takin g advic e an d learnin g fro m examples . 
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The learnin g mechanism s w e propos e satisf y a  numbe r  o f  constraints .  First ,  they ,  ar e al l  incremental . 
Thus ,  proble m solvin g expertis e i s acquire d graduall y throug h activ e experienc e wit h a  successio n o f  problem s 
and instructio n presente d b y th e teacher .  Second ,  learnin g i s toleran t  o f  errors :  correctnes s o f  acquire d 
concept s o r  schemat a i s relativ e t o proble m solvin g experienc e rathe r  tha n bein g define d i n absolute . 
Concept s constantl y chang e an d evolv e accordin g t o thei r  proble m solvin g utility .  Third ,  newl y acquire d 
knowledg e i s connecte d t o ol d knowledg e b y th e recognition ,  elaboratio n an d confirmatio n o f  analogies .  Thu s 
learnin g doe s no t  occu r  i n isolatio n fro m existin g knowledg e o f  th e tas k domain . 

We no w briefl y conside r  som e example s o f  learnin g processes ,  eac h exampl e base d o n simpl e problem s 
draw n fro m Mayer' s (1981 )  taxonomy .  Thes e example s demonstrat e diiec t  interactio n o f  instruction ,  infer -
ence s base d o n backgroun d knowledge ,  an d proble m solvin g experience .  Th e first  exampl e show s ho w th e 
learne r  refine s initiall y  naiv e concept s s o tha t  the y ar e mor e appropriat e fo r  proble m solving .  Th e secon d 
exampl e show s ho w analog y ca n driv e th e transformatio n o f  previousl y learne d concept s an d schemat a int o 
new proble m solvin g knowledge . 

Learning through instruction and experience 
Befor e beginning ,  w e nee d t o describ e th e existin g knowledg e stat e o f  th e learner .  Suppos e tha t  th e 

learne r  ha s n o proble m schemat a an d ha s a  naiv e concep t  o f  a  motion-even t  give n b y th e followin g frame : 

Motion-event :  agent : 
vehicle : 
to : 
from : 

Assume th e syste m i s presente d wit h th e followin g problem : 

Exampl e 1 :  Bil l  Les s drov e fro m Bosto n t o Cleveland ,  a  distanc e o f  62 4 miles ,  i n th e tim e o f  1 2 hours . 
What  wa s hi s drivin g speed ? 

Withou t  explici t  knowledg e o f  proble m type s an d solution s strategie s (i.e. ,  proble m schemata) ,  th e learne r  i s 
unabl e t o solv e an y problems .  Henc e w e allo w a  teache r  t o directl y instruc t  th e learne r  t o us e th e equatio n 
distanc e =  rat e *  time .  Assumin g th e learne r  ca n correctl y solv e thi s problem ,  a  numbe r  o f  modification s 
ar e possibl e fo r  existin g knowledg e sources .  First ,  th e naiv e concep t  o f  a  motion-even t  change s t o includ e 
additiona l  slot s fo r  distance ,  tim e an d rate ,  sinc e thes e wer e use d i n th e proble m solution .  I n addition , 
distance ,  rat e an d tim e slot s ar e distinguishe d a s havin g playe d a n essentia l  rol e i n th e solutio n process . 
Othe r  slot s (e.g. ,  agent )  ar e note d a s potentiall y  inappropriat e sinc e the y di d no t  pla y a  rol e i n th e solution . 
Thus th e salienc e o f  slot s i n a n even t  fram e wit h respec t  t o achievin g proble m solution s i s recorded .  Second , 
th e learne r  form s a  proble m schem a whic h associate s wit h th e cue ,  motion-even t  an d goa l  t o 'fin d rate' ,  th e 
metho d o f  usin g th e equatio n distanc e =  rat e *  time . 

Afte r  thi s episod e involvin g direc t  instructio n an d proble m solvin g experience ,  th e learner' s concep t 
of  a  motion-even t  woul d include : 

Motion-event :  agent :  {n/a \  distance :  (essential ) 
vehicle :  (n/a )  rate :  (essential ) 
to :  (n/a )  time :  (essential ) 
from :  (n/a ) 

Not e tha t  th e learne r  ha s marke d th e t o an d fro m slot s a s bein g no t  applicabl e (n/a )  eve n thoug h thes e 
may prov e importan t  durin g late r  proble m solving .  I n fact ,  eve n i f  th e learne r  delete d thes e slot s fro m th e 
representatio n o f  a  motio n even t  altogether ,  recover y woul d b e possibl e b y addin g th e slot s agai n o n th e 
basi s o f  additiona l  experience . 

Assumin g furthe r  proble m solvin g experienc e wit h simpl e motio n problems ,  th e system' s motion-even t 
concep t  migh t  evolv e t o loo k lik e th e followin g wher e al l  slot s ar e implicitl y  marke d "essential" : 

Motion-event :  distance :  start-position : 
rate :  end-position : 
duration :  start-time : 
direction :  end-time : 

The proces s o f  addin g o r  reinforcin g slot s tha t  ar e use d an d demotin g slot s tha t  ar e no t  use d allow s th e 
learne r  t o progres s withou t  a n absolut e notio n o f  concep t  correctness .  Concept s ar e modifie d i n a  fashio n 
whic h reflect s thei r  utility .  Rathe r  tha n mer e occurrence ,  inclusio n an d surviva l  o f  component s o f  a  concep t 
(i.e. ,  slots )  depend s o n thei r  participatio n i n th e proble m solvin g process . 

Learning while reasoning analogically 
We no w conside r  a  secon d exampl e whic h demonstrate s underlyin g processe s o f  analogica l  reasonin g a s 

a guid e t o learning .  Assum e fo r  thi s exampl e tha t  th e learne r  i s capabl e o f  solvin g simpl e distance-rate-tim e 
problem s an d i s presente d wit h th e followin g problem : 

Exampl e 2 :  A  fisherman  ca n catc h a  Rs h ever y 2 0 minutes .  I f  h e spend s a n 8-hou r  da y fishing,  ho w 
many fish  wil l  h e brin g home ? 

We wil l  als o assum e tha t  th e learne r  possesse s a  naiv e notio n o f  a  work-even t  represente d as : 
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Work-event :  agent :  pay : 
job :  i n s t m m e n t : 

Th e learne r  ca n recogniz e tha t  thi s proble m involve s a  wor k event ,  bu t  ha s n o proble m schemat a 
suggestin g solutio n method s fo r  thi s typ e o f  problem .  I n fact ,  i t  i s  no t  eve n possibl e t o integrat e al l  aspect s 
of  th e proble m descriptio n (e.g. ,  th e rat e a t  whic h fish  ar e caught )  withi n th e wor k even t  frame .  However , 
sinc e w e ar e assumin g tha t  th e learne r  ha s a  relativel y well-develope d schem a fo r  simpl e distance-rate -
tim e problems ,  i t  i s  possibl e t o construc t  a n analog y betwee n thi s schema' s cu e an d th e curren t  proble m 
description .  Specifically ,  recognitio n migh t  occu r  o n th e basi s o f  a  partia l  matc h i n whic h rates ,  duration s an d 
unknown s ar e place d i n correspondence .  Elaboratin g thi s analogy ,  wor k duratio n an d rat e coul d b e associate d 
wit h th e naiv e wor k even t  frame ,  an d a  tentativ e correspondenc e betwee n distanc e an d wor k outpu t  coul d b e 
formed .  Thus ,  b y viewin g th e simpl e wor k proble m a s i f  i t  wer e a n instanc e o f  th e relativel y well-know n clas s 
of  distance-rate-tim e problems ,  th e learne r  coul d attemp t  t o solv e th e equatio n outpu t  =  rat e *  t ime . 
Sinc e thi s strateg y yield s a  correc t  answe r  t o th e curren t  problem ,  a  ne w proble m schem a ca n b e forme d 
whic h associate s unknown(work )  an d work-even t  wit h th e successfu l  equation . 

Not e tha t  i n thi s secon d example ,  th e learne r  recognize s a n analog y betwee n proble m type s o n th e 
basi s o f  a  relativel y remot e partia l  matchin g betwee n a  schem a cu e an d th e curren t  proble m description . 
Althoug h th e initia l  kerne l  o f  correspondenc e i s tentative ,  furthe r  elaboratio n serve s t o reorganiz e th e proble m 
descriptio n an d a  successfu l  solutio n attemp t  confirm s th e initiall y  tentativ e analogy .  A s a  result ,  bot h 
th e learner' s conceptua l  vocabular y an d repertoir e o f  proble m schemat a ar e enlarged .  I n thi s example , 
however ,  recognitio n o f  th e analog y betwee n simpl e motio n an d wor k problem s depend s o n a  rathe r  libera l 
allowanc e fo r  entertainin g partia l  matches .  I f  th e learne r  wer e allowe d t o attemp t  al l  suc h possibl e analogies , 
exhaustiv e searc h o f  wea k partia l  matche s ove r  existin g proble m schemat a cue s coul d prov e unreasonable . 
Thes e problem s awai t  furthe r  study . 

CONCLUSION 
The precedin g section s illustrat e ho w a  conceptua l  vocabular y an d proble m schemat a ca n b e learne d 

throug h a  combinatio n o f  instruction ,  analogica l  reasonin g betwee n simila r  proble m types ,  an d proble m 
solvin g experience .  Acquisitio n o f  proble m solvin g skill s  i s  incremental ,  pragmatic ,  an d strongl y connecte d 
t o existin g knowledg e sources .  Proble m solvin g i s modele d a s a  proces s o f  proble m understanding .  Throug h 
inference s supplie d b y processe s o f  augmentation ,  organization ,  assertio n an d decomposition ,  proble m de -
scription s becom e increasingl y coheren t  an d constrained .  Analogica l  reasonin g allow s tentativ e applicatio n 
of  know n solutio n methods ,  subjec t  t o verificatio n b y surroundin g knowledg e sources . 
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