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ABSTRACT 

M u ch o f  expertis e i n problem-solvin g situation s involve s rajiidl y choosinj ? a  tightly-constraine d schem a 
tha t  i s appropriat e t o th e curren t  problem .  Th e paradig m o f  explanation-base d learning ,  i s  bein g applie d t o 
investigat e hou -  a n intelligen t  syste m ca n acquir e thes e "appropriatel y general "  schemata .  Whi l e th e 
motivation s fo r  producin g thes e specialize d schemat a ar e computational ,  result s reporte d i n th e psychologica l 
literatur e ar e corroborate d b y a  fully-implemente d comjjute r  model .  .Acquirin g thes e specia l  cas e schemat a 
involve s combinin g schemat a fro m t w o differen t  classes .  O n e clas s contain s domain-independen t  problem -
solvin g schemata ,  whil e th e othe r  clas s consist s o f  domain-specifi c  knowledge .  B y analyzin g solution s t o 
sampl e problems ,  ne w doma i n knowledg e i s produce d tha t  ofte n i s no t  easil y usabl e b y th e problem-solvin g 
schemata .  .Specia l  cas e schemat a resul t  f ro m constrainin g thes e genera l  schemat a s o tha t  a  k n o w n problem -
solvin g techniqu e i s guarantee d t o work .  Thi s significantl y reduce s th e amoun t  o f  ])lannin g tha t  th e proble m 
solve r  woul d other>*is e nee d t o perlor m elaboratin g th e genera l  schem a i n a  n e w problem-solvin g situation . 
The mode l  an d a n applicatio n o f  i t  i n th e domai n o f  classica l  physic s ar e presented . 

INTRODUCTION 

We ar e invesligalin g Ih e rol e o f  specialize d knowledg e i n schema-base d proble m solvers .  Thi s 

researc h illustrate s th e importanc e o f  special-purpos e knowledg e an d demonstrate s h o w th e 

knowledg e ca n b e acquired .  Furthermore ,  thi s specialize d leve l  o f  knowledg e i s computationall y 

motivate d an d corroborate s a  numbe r  o f  findings  i n th e psychologica l  literature . 

I n a  schema-base d approac h t o proble m solving ,  a  fe w genera l  schemat a ar e brough t  t o bea r  o n 

a problem .  Ver y littl e searchin g i s performed ,  therefor e th e syste m ca n onl y solv e thos e ne w 

problem s tha t  ca n easil y b e mad e t o fit  int o a n existin g genera l  schema .  W e ar e examinin g h o w a 

compute r  syste m ca n lear n ne w problem-solvin g schemat a fo r  itself .  Th e paradig m w e adop t  i s 

explanation-base d learnin g [DeJong81 .  DeJong86 ,  Mitchell86] .  fo r  whic h ther e i s alread y som e 

psychologica l  evidenc e [Ahn87] .  I n thi s typ e o f  learning ,  a  specifi c  proble m solutio n i s generalize d 

int o a  for m tha t  ca n b e late r  use d t o solv e conceptuall y simila r  problems .  Th e generalizatio n 

proces s i s drive n b y th e explanatio n o f  w h y th e exampl e .solutio n worked ,  hxtensiv e knowledg e 

abou t  th e domai n a t  han d allow s th e explanatio n t o b e develope d an d the n extended .  Th e resultin g 

.schem a i s quit e general .  It s generalit y i s limite d i n par t  b y characteristic s o f  th e observe d example , 

but  primaril y b y th e system' s domai n model . 

One woul d expec t  tha t  suc h problem-solvin g schemat a shoul d b e a s genera l  a s possibl e s o tha i 

the y migh t  eac h cove r  th e broades t  clas s o f  problems .  Indeed ,  ou r  previou s researc h ha s bee n 

primaril y aime d a t  th e acquisitio n o f  suc h maximall y genera l  schemata .  Recently ,  fo r 

computationa l  reasons ,  w e hav e adopte d a n intermediat e leve l  o f  generalizatio n fo r  variou s 

schemata .  Th e clas s o f  intermediat e generalit y schemat a improve s th e performanc e o f  th e proble m 

solve r  b y supplyin g "appropriatel y general "  schemat a instea d o f  forcin g th e syste m t o rel y o n it s 

maximall y genera l  schemata .  Thi s result s i n muc h improve d efficienc y a t  a  relativel y mino r  cos t  i n 

'  Thi s researc h wa s partiall y  supporte d b y th e Nationa l  Scienc e Foundatio n unde r  gran t  N S F 1S T 85-11542 . 

^  Universit y o f  Illinoi s Cognitiv e Science/Artificia l  Intelligenc e Fellow . 
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generality. 

Aulomalicall y acquirin g schemat a o f  th e intermediat e leve l  o f  generalit y require s tha t  th e 

system s schemat a b e organize d int o tw o classes :  a )  schemat a tha t  represen t  knowledg e o f  th e 

domai n o f  applicatio n an d b )  schemat a tha i  represen t  genera l  problem-solvin g knowledge ,  whic h 

appl y acros s m a n y applicatio n domains .  N e w schemat a ar e learne d b y ou r  implemente d syste m a s 

describe d i n [Shavlik87a] .  A s wel l  a s storin g th e ne w schem a i n it s genera l  form ,  th e syste m als o 

store s specia l  cases .  Thes e specia l  case s ar e th e resul t  o f  composin g th e new .  genera l  schem a wit h a 

smal l  numbe r  o f  problem-solvin g schemata .  A  successfu l  compositio n result s i n a  specializatio n 

whic h i s guarantee d t o wor k usin g th e compose d problem-solvin g technique .  Thi s free s th e 

proble m solve r  fro m performin g th e plannin g tha t  woul d otherwis e b e require d t o elaborat e th e 

genera l  schem a t o fi t  th e curren t  problem-solvin g episode .  Th e sy.ste m can .  o f  course ,  alway s resor t 

t o it s collectio n o f  maximall y genera l  schema . 

An exampl e (discusse d furthe r  i n a  late r  .section )  tha t  illustrate s thi s ide a involve s 

m o m e n t u m conservation ,  a  fundamenta l  concep t  i n physics .  Th e explanation-base d generalizatio n 

of  a  .sampl e collisio n proble m lead s t o a  physic s formul a tha t  describe s h o w externa l  force s chang e 

a system' s m o m e n t u m .  Thi s genera l  schem a i s broadly-applicable ,  bu t  ascertainin g tha t  i t  wil l  lea d 

t o th e solutio n o f  a  give n proble m require s a  goo d dea l  o f  work .  Th e constructe d specia l  cas e state s 

tha t  whe n ther e ar e n o externa l  forces ,  m o m e n t u m i s conserved . 

Althoug h th e motivatio n fo r  thi s intermediat e leve l  o f  generalizatio n wa s computational ,  th e 

us e o f  thi s leve l  help s t o reconcil e ou r  approac h wit h a  variet y o f  psychologica l  evidenc e showin g 

tha t  proble m solver s us e highl y specifi c  schemat a [Chase73 .  Ilinsley77 .  Schoenfeld82 ,  SwellerSS] . 

M u ch o f  experti.s e consist s o f  raidl y choosin g a  lightly-constraine d schem a appropriat e t o th e 

curren t  problem .  However ,  th e differenc e betwee n th e knowledg e o f  a n exper t  an d a  novic e canno t 

be explaine d o n th e basi s o f  numbe r  o f  schemat a alone .  Th e scop e an d organizatio n o f  thes e 

schemat a hav e bee n show n i n psychologica l  experiment s t o b e qualitativel y differen t  [ChiSl . 

Larkin80 .  Schoenfeld82] .  I n representin g a  problem ,  novice s mak e grea t  us e o f  th e specifi c  object s 

mentione d i n th e proble m statement ,  whil e expert s first  categoriz e accordin g t o th e technique s 

appropriat e fo r  .solvin g th e problem . 

We hav e foun d tha t  th e intermediate-leve l  .schemat a generate d b y ou r  syste m ar e simila r  i n 

scop e o f  applicabilit y  t o thos e tha t  h u m a n expert s appea r  t o possess .  Fo r  example ,  th e conservatio n 

of  m o m e n t u m proble m result s i n a  specia l  cas e schem a characterize d b y th e absenc e o f  externa l 

force s an d th e specificatio n o f  a  befor e an d afte r  situation .  The.s e feature s ar e thos e cite d b y expert s 

as th e relevan t  cue s fo r  th e principl e o f  conservatio n o f  m o m e n t u m (se e tabl e 1 2 o f  [ChiSl]) .  I t 

shoul d b e note d tha t  i t  wa s no t  ou r  explici t  inten t  t o mode l  thi s p.sychologica l  data .  Rather . 

computationa l  efficienc y consideration s le d t o a  syste m tha t  produce d result s matchin g thi s 

empirica l  data . 

OVERVIEW OF THE MODEL 

Our  mode l  involve s combinin g tw o type s o f  schemata :  domain-independen t  problem-solvin g 

schemat a (e.g. .  a  schem a fo r  utilizin g a  con.serve d quantit y t o .solv e a  problem )  an d schemat a tha t 

repre.sen t  domain-specifi c  knowledg e (e.g. .  Newton' s laws) .  Peopl e wit h matur e problem-solvin g 

background s posses s th e fir.st  typ e o f  .schem a an d ar e tol d .schemat a o f  th e secon d typ e whe n 

introduce d t o a  ne w domain .  Throug h stud y the y acquir e a  larg e collectio n o f  schemat a tha t 

combin e aspect s o f  bot h types ,  thereb y increasin g thei r  performanc e i n th e domain .  Combinin g 

genera l  problem-.solvin g technique s wit h domai n specifi c  knowledg e produce s schemat a that ,  whe n 

applied ,  lea d t o th e rapi d solutio n o f  ne w problems . 

Figur e 1  contain s a n overvie w o f  ou r  model .  W e a.ssum e a  k n o w n problem-solvin g schem a i s 

use d t o understan d a  solutio n t o a  specifi c  problem .  Th e explanation-base d analysi s o f  th e .solutio n 

m ay lea d t o th e con.structio n o f  a  ne w broadly-applicabl e .schema .  Th e generalizatio n proces s ofte n 

produce s a  ne w schem a that ,  i n it s fulles t  form ,  i s no t  usabl e b y th e originall y applie d problem -

.solvin g schema .  Constrainin g th e genera l  resul t  s o tha t  thi s problem-solvin g schem a doe s appl y 

produce s a  specia l  case .  I n th e specia l  cas e schema ,  th e constraine d schema ,  it s constraints ,  an d th e 
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Sampl e 

Piobli m 

Specifi r  Proble m Solutio n 

y"' ^  Genera l 

[  Problem-Solvin g 

\ ^  Knowledg e 
Genera l  Schem a 

Domain-Si>eciD c 

Knowledg e 

Specia l  Cas e Schem a 

Figur e 1 .  Overvie w o f  th e Mode l 

original problem-solving schema are packaged together to produce a specialized problem-solving 

strategy . 

I'igur e 2  show s th e relatio n w e propos e betwee n a  genera l  schem a an d it s specia l  cases . 

Althoug h no t  show n i n th e figure ,  ther e ca n b e specia l  case s o f  th e specia l  cases .  Retrieva l  cue s 

directl y inde x th e specia l  cases. '  I f  th e indexe d specia l  cas e i s no t  applicable ,  th e genera l  concep t  i s 

the n accessed .  Beside s bein g constructe d whe n th e genera l  cas e i s acquired ,  a  ne w specia l  cas e m a y 

be create d wheneve r  th e genera l  cas e i s use d t o solv e a  late r  problem . 

The nex t  sectio n present s example s o f  th e constructio n o f  genera l  an d specifi c  cas e schemat a i n 

th e domai n o f  classica l  physics . 

Genera l  Concep t 

Specia l 
Case 2 

Specia l 
Casef , 

/ I \  / l \ /  \ 

cue s 1  cue s 2  c u e s \ 

Figure 2. Inter-Srhema Organization 

'  Th e metho d o f  usin g thes e specia l  cas e cue s t o selec t  th e appropriat e schem a i s no t  addresse d i n thi s paper .  Possibl e 
indexin g technique s includ e approache s base d o n discriminatio n net s iFeigenbaumO.^ .  KolodnerK'l ,  SchankX2 l  an d approache s 
base d o n spreadin g activatio n |  AndersonSi ,  Ou'llian*)"! -

853 



Arquirin c Specia l  Cas r  Srhcmat a i n EB L 

AN APPLICATION OF THE MODEL IN CLASSICAL PHYSICS 

We hav e implemente d a  psychologically-plausibl e mode l  o f  th e proces s b y whic h a 
malhemalically-sophislicaie d studen t  become s a  bette r  proble m solve r  i n a  ne w domain .  I n 
particular ,  w e hav e bee n investigatin g th e transitio n fro m novic e t o exper t  proble m solve r  i n th e 
field  o f  classica l  physics .  Ou r  model ,  implemente d i n a  compute r  syste m name d Physic s 101 . 
assumes th e studen t  ha s a n understandin g o f  mathematic s throug h introductor y calculus . 

Ther e ar e thre e mai n component s o f  ou r  model .  Th e first  i s  a  mode l  o f  ho w operator s ar e 
chose n durin g proble m solvin g [Shavlik86b] .  Th e .secon d explore s th e processe s b y whic h on e ca n 
understan d an d generaliz e solution s t o nove l  problem s [Shavlik85] .  Th e third ,  th e topi c o f  thi s 
paper ,  addre.sse s th e proces s o f  storin g learne d result s s o tha t  the y ca n b e use d t o improv e 
subsequen t  proble m solving . 

The nex t  section s discus s tw o .sampl e problem s analyze d b y Physic s 101 .  On e involve s 
momentum con.servalion .  an d th e other ,  energ y conservation .  Th e genera l  schem a produce d i n 
thes e tw o cases ,  th e resultin g specia l  ca.ses ,  an d thei r  selectio n cue s ar e presented . 

The schem a tha t  make s us e o f  conserve d quantitie s durin g proble m solvin g i s containe d i n 
tabl e 1 .  (Term s beginnin g wit h a  questio n mar k ar e universall y instantiate d variables. )  T o appl y 
thi s schema ,  a  formul a tha t  i s  constan t  wit h respec t  t o som e variabl e i s needed .  Thi s formul a i s 
instantiate d a t  tw o differen t  points .  I f  th e value s o f  al l  bu t  on e variabl e a t  thes e tw o point s ar e 
known ,  simpl e algebr a ca n b e use d t o easil y find  th e unknown . 

Example 1 - Momentum Conservation 

One o f  th e problem s presente d t o Physic s 10 1 involve s a  collisio n amon g thre e balls .  I n thi s 
one-dimensiona l  proble m (show n i n figure  3) ,  ther e ar e thre e ball s movin g i n fre e space ,  withou t 
th e influenc e o f  an y externa l  forces .  Nothin g i s specifie d abou t  th e force s betwee n th e balls . 
Beside s thei r  mutua l  gravitationa l  attraction ,  ther e could ,  fo r  example ,  b e a  long-rang e electrica l 
interactio n an d a  ver y complicate d interactio n durin g th e collision .  I n th e initia l  stal e (stat e A )  th e 
first  bal l  i s  movin g towar d th e tw o stationar y ones .  Some tim e late r  (stat e B )  th e secon d an d thir d 
ball s ar e recoilin g fro m th e resultin g collision .  Th e tas k i n thi s proble m i s t o determin e th e 
velocit y o f  th e first  bal l  afte r  th e collision . 

Tabl e 1 .  Conserve d Quantit y Schem a 

Precondition s 

(AN D (IsaFormul a ?formul a ) 
(ConstantWithRespectT o ?formul a ?x ) 
(SpecificPointO f  ? x ,  ? x ) 
(SpecificPointO f  ?X2?x ) 
( ^  ?X i  ?X2 ) 
i = ?lef t  Han d Sid e (Instantiate d A t  ?/ormw/ a ?x,) ) 
( = ?rightIIandSid e (InstantiatedA t  ?formul a Pxj) ) 
( = ?equalio n (CreateEqit̂ tio n ?leftHandSid e ?righlJ{andSid e ) ) 

(AllButOneValueKnow n ?equatio n )  ) 

Schema Body 

(SolveForSingleUnknow n ?equatlo n ) 
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Stat e A 

velocit y "  5  m/s i vflocii y  -  0  m/ i 

Stat e B 

veliicii y -  ?  m/ n velocit y -  1  m/ s 

Figur e 3 .  A  Three-Bod y Collisio n Prob le m 

A teacher' s solutio n t o figure  3' s  p rob le m i s analyze d b y P h y s i c s 101 .  T h e teacher' s solutio n 

use s th e concep t  o f  m o m e n t u m {mas s x  velocit y )  conservatio n t o solv e th e problem .  Sinc e thi s i s a 

conservatio n l aw ,  th e t im e be twee n th e t w o state s nee d no t  b e k n o w n . '  (Anothe r  importan t 

attribut e o f  m o m e n t u m conservatio n i s  tha t  th e propertie s o f  th e inter-objec t  force s nee d no t  b e 

provided. )  I n verifyin g th e provide d solution ,  th e sys te m applie s a  problem-solvin g s c h e m a i n 

wh ic h a  constan t  functio n i s  equate d a t  t w o differen t  point s (tabl e 1) .  I n accordanc e w i t h th e 

explanation-base d learnin g approach ,  th e system' s justificatio n o f  th e provide d solutio n i s 

generalize d a s fa r  a s possibl e wh i l e maintainin g th e veracit y o f  th e solutio n technique .  Thi s result s 

i n th e genera l  s c h e m a presente d i n tabl e 2 .  (Se e [Shavlik86a ]  o r  [Shavlik87a ]  fo r  m o r e detail s o n 

th e con.structio n o f  thi s schema. ) 

T h e explanation-base d approac h result s i n a  fo rmu l a tha t  applie s t o situation s significantl y 

differen t  f r o m th e s a m p l e p rob lem .  I n additio n t o no t  bein g restricte d t o p rob lem s containin g 

exactl y thre e objects ,  th e newly-acqui re d fo rmu l a i s no t  restricte d t o situation s w h e r e th e externa l 

force s ar e al l  zero .  Instead ,  a n understandin g o f  h o w th e externa l  force s effec t  m o m e n t u m i s 

obtained .  Thi s proce.s s als o determine s tha t  ther e i s n o constrain t  tha t  restrict s thi s fo rmu l a t o th e 

x-direction .  I t  applie s equall y wel l  t o th e y -  an d 2 -componen t s o f  velocity .  Hence ,  th e acquire d 

formul a i s a  vecto r  l aw .  T h e mathemat ica l  operation s use d i n th e specifi c  solutio n require ,  fo r  th e 

solutio n strateg y t o b e valid ,  tha t  al l  object s hav e non-zer o m a s s an d tha t  thes e masse s ar e constan t 

ove r  time ,  f-inally ,  th e generalizatio n algorith m determine s tha t  th e inter-objec t  force s nee d no t  b e 

k n o w n ,  sinc e the y ar e algebraicall y cancelle d durin g th e derivatio n o f  th e m o m e n t u m law . 

Notic e tha t  th e resul t  i n tabl e 2  i s no t  a  conservatio n law .  I t  describe s h o w th e m o m e n t u m o f 

a sys te m evolve s ove r  time .  A l t houg h thi s n e w fo rmu l a applie s t o a  larg e clas s o f  prob lems . 

recognizin g it s applicabilit y i s  no t  easy .  T h e externa l  force s o n th e sys te m m u s t  b e s u m m e d an d a 

possibl y complicate d differentia l  equatio n need s t o b e solved .  App l y i n g thi s l a w require s m o r e 

tha n countin g th e n u m b e r  o f  u n k n o w n s i n th e equation ,  determinin g ther e i s  onl y one ,  an d the n 

usin g simpl e algebr a t o find  it s value . 

I n orde r  fo r  th e originall y use d problem-solvin g s c h e m a (tabl e 1 )  t o b e applicabl e t o thi s n e w 

formula ,  i t  mu.s t  b e th e cas e tha t  m o m e n t u m b e constan t  w i t h respec t  t o l im e an d easil y calculabl e 

at  t w o differen t  times .  Thi s m e a n s tha t  th e derivativ e o f  m o m e n t u m b e zero ,  w h i c h lead s t o th e 

•*  Whe n th e inter-stat e lim e i s unknown ,  simpl y solvin g th e equation s o f  motio n resultin g fro m Newton' s law s i s no t 
possible . 
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Tabl e 2 .  Th e Genera l  M o m e n t u m L a w 

Formul a 

d "  ^ ' 
— 2 2 "lo*̂ .  vehKity ,  ,,(t )  =  £  forc e ,„„„„ i  j  ,̂ U ) 

Precondition s 

( A N D (IsaComponen l  ?c ) 

V i  e l  n  (NO T (ZeroValue d mass ,  ) 
V i  €  1 ,  .  . .  ,  n  (IndependenlO f  mass ^  t  )  ) 

Eliminated Terms 

Vi y j^i force i J ,,U) 

requiremen t  tha t  th e externa l  force s su m l o zero .  Whe n thi s occurs ,  th e momentu m o f  a  syste m 
can b e equate d a t  an y tw o dislinc l  stales .  Th e specia l  cas e schem a fo r  momentu m conservatio n i s 
containe d i n tabl e 2sc .  Sinc e thi s i s a  conservatio n schema ,  th e tim e a t  whic h eac h slat e occur s nee d 
not  b e provide d i n a  proble m fo r  thi s schem a l o apply . 

Tabl e 2sc .  Th e Special-Cas e Momentu m L a w 

Formula 

ri  n 
22 rnass i  velocUy ,  , ^  i? t  x )  =  J ^  f̂ asS j  velocity ^  •>f.{? t  2 ) 

I  = \  /= 1 

Preconditions 

(AND (IsaComponenl ?c ) (Time ?t,) (Time ?l 2) (^ ?t, ?t 2) 

V i  €  1  n  (NO T (ZeroValue d masSj  ) ) 

V i  e  1 ,  .  , n (IndependenlO f  masSj  t  )  ) 

Eliminated Terms 

yiVj^i force, j.,U), ?l i. ?t 2 

Special Case Conditions 

V i  €  1  n  forc e ,„„„„ ,  ,7 ^  = 0 
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Slat e A 

bric k 

i 

I g 
1 

Stal e B 

g 'bric k 1 

Figur e 4 .  A  Fallin g Bric k 

Example 2 - Energy Conservation 

A secon d proble m (figur e 4 )  presente d t o Physic s 10 1 involve s a  bric k fallin g unde r  th e 

influenc e o f  gravity .  Again ,  informatio n a t  tw o differen t  state s i s presented .  Th e mas s o f  th e 

brick ,  it s  initia l  velocity ,  an d it s heigh l  i n th e tw o slate s ar e provided .  Th e goa l  i s  t o find  it s 

velocit y i n th e secon d state .  Th e teacher' s solutio n t o thi s proble m use s energ y conservation .  Th e 

kineti c energ y ( 1 mas s x  velocity'̂ )  plu s th e potentia l  energ y (mas s x  g  x  heigh t  )  i n th e tw o state s 

i s equated .  Th e genera l  la w Physic s lOl' s produce s b y analyzin g th e sampl e solutio n i s presente d 

i n tabl e 3 . 

The genera l  energ y conservatio n la w applie s wheneve r  th e tota l  forc e o n a n objec t  i s  known . 

Notice ,  though ,  tha t  a  rathe r  complicate d vecto r  integra l  involvin g th e scala r  (dot )  produc t  o f  tw o 

vector s need s t o b e compute d i f  thi s genera l  la w i s t o b e used .  T o us e thi s formula ,  i t  i s  no t 

sufficien t  t o posses s knowledg e o f  th e value s o f  variable s a t  tw o differen t  times .  A  proble m solve r 

must  als o kno w ho w th e ne t  forc e depend s o n positio n fo r  a  continuu m o f  limes .  I n th e specifi c 

proble m ther e i s a  constan t  ne t  forc e (gravity) .  W h e n th e forc e i s constan t  th e proble m i s greatl y 

simplified .  Integratin g a  constan t  forc e lead s t o a  potentia l  energ y determine d b y tha t  constan t 

forc e multiplie d b y th e object' s position .  Th e positio n onl y need s t o b e know n a t  th e tw o distinc t 

limes ,  an d no t  fo r  al l  intervenin g times .  Th e specia l  cas e schem a fo r  energ y conservatio n i s 

containe d i n tabl e 3sc .  Again ,  sinc e thi s i s a  conservatio n schema ,  th e tim e a t  whic h eac h stat e 

occur s nee d no t  b e known . 

SIMILARITY-BASED APPROACHES TO LEARNING SPECIAL CASES 

A c o m m o n inductio n schem e i s t o posi t  tha t  learner s compar e particula r  instance s o f  a  concep t 

(.suc h a s specifi c  problem s o f  a  proble m type )  an d abstrac t  ou t  thos e aspect s tha t  ar e c o m m o n t o 

bot h problem s [Anderson83 ,  Michalski83 ,  MitchellTS ,  Posner68] .  Th e fac t  tha t  proble m solver s 

Tabl e 3 .  T h e Genera l  Energ y L a w 

Formul a 

d r  1 - -  [  '  mass, ,  velocitŷ , ,  i t  )  -  [forc e „ „  .ji t  ) •  dpositio n ; ,  )  =  0  t ± I ^ 
at  ^  * *  '  * ' 

Precondition s 

( A N D (Objec t  ? i  )  (IndependentO f  mass, ,  t  )  ( N O T (ZeroValue d mxiss, ,  ) )  ) 
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Tabl e 3sc .  Th e Special-Cas e Energ y L a w 

Formu l a 

^ niais>j velocity^^j(?t j) + mass,, g position •>,_,^ {?i,) 

= ' masS', veUKity^0j(.?t2) + mass,, g position ^i ^c^^h) 

Preconditions 

(AND (Object ?i ) (Component ?c ) (Time ?(,) (Time ?t 2) (?* ?i 1 ^^2) 

(IndependenlO f  mass, ,  t  )  (NO T (ZeroValue d mass^ ,  ) )  ) 

Eliminated Terms 

Special Case Conditions 

forc e „̂ ,  . ,  { t  )  =  mass7 ,  g  ? c 

use highl y specifi c  schemat a support s suc h a  view ,  sinc e thes e schemat a woul d aris e wheneve r  tw o 

problem s fro m a n intermediat e leve l  proble m typ e ar e compared .  Althoug h w e believ e tha t 

similarity-base d generalizatio n i s a n importan t  mean s o f  learning ,  especiall y fo r  novice s 

[OentnerS? ,  Ross84 .  Ross87] ,  th e researc h describe d i n thi s pape r  show s tha t  m a n y o f  thes e highl y 

specifi c  schemat a ca n aris e fro m a n explanation-base d approach .  Fve n som e stron g proponent s o f 

exampl e compariso n learnin g hav e begu n t o incorporat e som e explanation-base d idea s i n orde r  t o 

accoun t  fo r  h o w muc h i s learne d fro m on e exampl e [Anderson87] . 

Becaus e explanation-base d learnin g require s extensiv e domai n knowledge ,  i t  clearl y i s no t 

appropriat e fo r  al l  learnin g i n a  ne w domain .  However ,  i t  m a y b e usefu l  eve n i n earl y learnin g i f 

th e n e w domai n relie s heavil y upo n a  domai n fo r  whic h th e novic e doe s hav e substantia l 

knowledge .  Becaus e mathematic s underlie s man y othe r  domains ,  a  novic e wit h som e mathematica l 

sophisticatio n m a y b e abl e t o mak e us e o f  explanation-base d technique s withou t  extensiv e 

knowledg e o f  th e ne w domain . 

CONCLUSION 

M u ch o f  expertis e i n problem-.solvin g situation s involve s rapidl y choosin g a  tightly -

constraine d schem a tha t  i s appropriat e t o th e curren t  problem .  W e ar e applyin g th e paradig m o f 

explanation-base d learnin g t o investigat e ho w a n intelligen t  syste m ca n acquir e thes e 

"appropriatel y general "  .schemata .  Whil e ou r  motivation s fo r  producin g thes e specialize d schemat a 

ar e computational ,  result s reporte d i n th e psychologica l  literatur e ar e corroborate d b y ou r  fully -

implemente d compute r  model . 

A majo r  issu e i n explanation-ba.se d learnin g concern s th e operationality/generalit y trade-of f 

[DeJong86 .  Mitchell86 ,  Segre87] .  A  schem a whos e relevanc e i s eas y t o determin e m a y onl y b e 

usefu l  i n a n overly-narro w rang e o f  problems .  Conversely ,  a  broadly-applicabl e schem a m a y 

requir e extensiv e wor k befor e a  proble m solve r  ca n recogniz e it s appropriateness .  Othe r  approache s 

t o selectin g th e prope r  leve l  o f  generalit y involv e prunin g easily-reconstruclabl e portion s o f  th e 

explanatio n structure .  Ou r  approac h t o thi s proble m i s t o produc e a s genera l  a  schem a a s possibl e 
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from the analysis of a specific solution, and then construct a special case of this general schema. In 

constructin g th e genera l  .schema ,  th e origina l  explanatio n structur e i s ofte n substantiall y  altere d 

durin g generalizatio n [Shavlik87a .  ShavlikN7b] .  Augmentatio n o f  th e explanatio n i s neede d i n 

orde r  t o generaliz e suc h thing s a s th e numbe r  o f  entitie s i n a  concep t  o r  th e numbe r  o f  time s som e 

actio n i s perlormed .  A  specia l  ca.s e i s produce d b y constrainin g a  genera l  schem a i n suc h a  wa y tha t 

it s relevanc e i s easil y checked .  Thi s result s i n additiona l  feature s tha t  a  situatio n mus t  posses s i f 

th e .specia l  cas e i s t o apply . 

Acquirin g thes e specia l  ca.s e schemat a involve s cornbinin g schemat a fro m tw o differen t  clas.ses . 

One clas s contain s domain-independen t  problem-solvin g schemata ,  whil e th e othe r  clas s consist s o f 

domain-specifi c  knowledge ,  i n ou r  model ,  learnin g b y analyzin g sampl e proble m solution s 

produce s broadly-applicabl e schemat a that ,  often ,  ar e no t  usabl e b y th e originall y applie d 

problem-solvin g schemata .  Specia l  cas e schemat a resul t  fro m constrainin g the.s e genera l  schemat a 

so tha t  th e originall y use d problem-solvin g technique s ar e guarantee d t o work .  Thi s significantl y 

reduce s th e amoun t  o f  plannin g tha t  th e proble m solve r  woul d otherwis e nee d t o j)erfor m 

elaboratin g th e genera l  schem a t o matc h a  ne w problem-solvin g episode . 

Beside s improvin g a  proble m solver' s efficiency ,  specia l  ca.se s als o indicat e goo d assumption s t o 

make.  l"o r  instance ,  i f  yo u d o no t  kno w wha t  th e externa l  force s are ,  assum e the y ar e zero .  Physic s 

problem s ofte n requir e on e t o assum e thing s lik e "ther e i s n o friction" ,  "th e strin g i s massless" , 

"th e gravit y o f  th e moo n ca n b e ignored" ,  etc .  Proble m description s give n t o student s contai n cue s 

suc h a s these ,  an d student s mus t  lear n h o w t o tak e advantag e o f  them .  Fact s i n th e initia l  proble m 

statemen t  sugges t  possibl e problem-solvin g strategies ,  whil e an y additiona l  requirement s o f  th e 

specia l  cas e situation s indicat e goo d assumption s t o mak e (provide d the y d o no t  contradic t 

anythin g els e tha t  i s  known) . 

Thi s pape r  demonstrate s tha t  thes e highly-specifi c  schemat a ca n aris e i n a n explanation-base d 

fashion .  Hxplanalion-base d learnin g require s extensiv e knowledge ,  an d seem s particularl y suite d 

fo r  modellin g learnin g b y experts .  Althoug h al l  learnin g canno t  b e o f  thi s type ,  explanation-base d 

learnin g ca n prov e usefu l  eve n i n earl y learnin g i n a  ne w domain .  Thi s ca n occu r  i f  th e ne w 

domai n relie s heavil y upo n anothe r  domai n i n whic h th e novic e learne r  ha s substantia l  abilities . 

R E F E R E N C ES 

[Ahn87] W. .Ahn, R. J. Mooncy, W. F. Brewer and G. F. Dejong, "Schema Acquisition from One 
Example :  Psychologica l  F \  idenc c fo r  Fx|>lanation-Base d Learning, "  Technica l  Report ,  A l 
Researc h Group ,  Coordinate d Scienc e Laboratorv ,  Uni\ersit y o f  Illinois ,  Urbana ,  IL ,  Februar y 
1987 . 

[Anderson83 ]  J .  R .  Anderson ,  Th e Architectur e o f  Cognition ,  Harvar d Universit y Press ,  Cambridge ,  M A , 
1983 . 

(.Andcrson87 ]  J .  R .  .Anderso n an d R.  Thompson ,  "Us e o f  .Analog y i n a  Productio n .Syste m .Architecture, "  i n 
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