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Abstract 

We describe elements of a cognitive theory of analogical reasoning. The theory was developed using protocol 

dat a an d ha s bee n implemente d a s a  compute r  model .  I n orde r  t o constrai n th e theory ,  i t  ha s bee n develope d 

withi n a  problem-sovin g context ,  reflectin g th e purpos e o f  analogica l  reasoning .  Thi s ha s allowe d u s t o develop : 

A purpose-constraine d mappin g proces s whic h make s learnin g an d debuggin g mor e tractable ;  A n evaluatio n 

proces s tha t  activel y searche s fo r  bugs ;  An d a  debuggin g proces s tha t  maintain s functiona l  aspect s o f  bas e 

models ,  whil e addin g target-appropriat e causa l  explanations .  Th e active ,  knowledge-base d element s o f  ou r 
theor y ar e characteristi c o f  mechanism s neede d t o mode l  comple x problem-solving . 

1.  Introduction :  Motivatio n an d Goal s 
The researc h describe d her e i s par t  o f  a n attemp t  t o develo p a  cognitiv e theor y o f  analogica l  reasoning .  Becaus e 
th e purpos e o f  analogica l  reasonin g i s t o lear n an d solv e problems ,  w e hav e develope d ou r  theor y withi n a 
problem-solvin g context .  Thi s approac h provide s powerfu l  insight s int o th e phenomeno n an d constraint s o n th e 

theory . 

Recent  researc h suggest s a  clas s o f  theorie s whic h rest s o n th e processe s o f  retrieval ,  mapping ,  evaluation ,  de -

buggin g an d generahzatio n (Carbonell ,  i98 3 &  1986 ;  Falkenhainer ,  Forbu s &  Centner ,  1986 ;  Holyok e L  Thagar d 
1985 k  i n press ;  Burstei n k .  Adelso n 1987 ;  Kolodner ,  1985 ;  Kedar-Cabelli ,  1984) .  Ou r  wor k extend s existin g 
cognitiv e theorie s o f  analogica l  reasonin g b y specifyin g th e processe s o f  mapping ,  evaluatio n an d debuggin g a s 
active ;  constraine d b y th e problem-solvin g context ;  an d dependen t  o n knowledg e abou t  function ,  structur e an d 
mechanis m 2 .  I n ou r  theory ,  th e mappin g proces s ca n b e focusse d s o tha t  partia l  domai n models ,  sufficien t  fo r  th e 

immediat e problem-solvin g purpose ,  ca n b e mapped .  Thi s incrementa l  learnin g strateg y render s bot h m a p p m g 
and debuggin g mor e tractabl e (Adelso n k  Burstein ,  1987) .  A  detaile d descriptio n o f  ou r  theor y o f  m a p p m g ca n 
be foun d i n Adelso n (1989) ,  her e w e focu s o n evaluatio n an d debugging : 

1. Active Evaluation: An intelligent problem-solver needs to be able to identify the bugs inherent in an 

analogicall y acquire d domai n model .  Ou r  syste m searche s fo r  bug s i n newl y mappe d domai n model s I t 
does s o b y comparin g th e natur e o f  th e action s an d object s i n th e newl y mappe d mode l  t o th e natur e o f 

th e action s an d object s appropriat e i n th e domai n bein g mappe d into .  Thi s allow s th e syste m t o identif y 
th e aspect s o f  th e mode l  tha t  ar e inappropriat e an d therefor e unlikel y t o hol d i n th e domai n bein g mappe d 

into .  Ou r  syste m als o ha s knowledg e abou t  th e wa y i n whic h analogica l  correspondence s ar e mean t  t o b e 

understoo d acros s domains .  Thes e aspect s o f  ou r  syste m reflec t  powerfu l  element s o f  huma n reasonmg . 

2. Active Debugging: Once the buggy portion of a model has been identified it must be replaced by a 

representatio n tha t  i s accurat e i n th e ne w domain .  Ou r  syste m construct s an d run s simulation s i n bot h 

sourc e an d targe t  domain s i n orde r  t o identif y mechanism s wit h analogou s functtonality .  Thi s allow s th e 

syste m t o correc t  mappe d models ,  maintainin g th e functionaUt y provide d b y th e analogica l  exampl e whil e 
buildin g a  representatio n o f  a  mechanis m appropriat e t o th e targe t  domain .  Her e to o ou r  system' s behavio r 

characterize s th e constraine d wa y i n whic h analogica l  example s ar e understoo d an d used . 

2. Protocol Data Illustrating the Issues 
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^Th e spiri t  o f  Carbonell' s  (1986 )  wor k o n deriveitionti l  analogy ;  Holyok e &  Thagjird' s (i n press )  wor k o n multipl e constrain t 
satisfaction ;  Kedar-Cabelli' s  (1984 )  wor k o n purpose-guide d reasoning ,  Burstein' s (1983 )  wor k o n causa l  reasonin g an d Falkenhajnrr , 
Forbu s &  Centner' s (1986 )  wor k o n structur e mappin g i s consonan t  wit h ou r  vie w o f  analogicft l  reatsonin g a s a n active ,  knowledfs r 
intensiv e process . 



I n developin g ou r  theor y w e hav e repeatedl y draw n o n th e protoco l  dat a describe d below .  Thes e dat a yiel d 

insight s int o processe s tha t  nee d t o b e describe d i n implementin g a  cognitiv e problem-solver . 

The Protocol : 

I n collectin g ou r  dat a w e video-tape d a  tuto r  teachin g a  studen t  abou t  stacks .  Th e tutor' s goa l  wa s t o hav e 

th e studen t  b e abl e t o writ e Pasca l  procedure s fo r  pushin g an d poppin g item s o n t o an d of f  o f  stacks .  A t  th e 

beginnin g o f  th e protoco l  sessio n th e studen t  ha d jus t  complete d a n introductor y programmin g cours e i n whic h 

he ha d learne d abou t  som e basi c programmin g construct s an d abou t  elementar y dat a structure s suc h a s array s 

and simpl e linke d lists .  (H e ha d no t  learne d abou t  usin g a  linke d lis t  a s a  stack. )  Th e tuto r  ha d th e intentio n 

of  buildin g upo n th e student' s existin g knowledg e o f  Pasca l  throug h th e us e o f  analogy . 

The relevan t  event s o f  th e protoco l  ca n b e summarize d a s follows : 

Learnin g abou t  th e behavio r  o f  a  stack : 

The tuto r  tol d th e studen t  tha t  stack s ar e s o name d becaus e thei r  behavio r  i s analogou s t o th e behavio r  o f 

th e devic e tha t  hold s plate s i n a  cafeteria .  Th e studen t  the n proceede d t o thin k o f  way s i n whic h h e migh t 

hav e previousl y encountere d th e us e o f  stack s i n programming ;  h e suggeste d tha t  stack s migh t  b e usefu l  i n 

implementin g subroutin e calls .  H e the n state d that ,  i n general ,  whe n a  tas k ha d a n unme t  preconditio n i t  woul d 

be usefu l  t o dela y executio n o f  th e tais k b y pushin g i t  ont o a  stack . 

Learnin g abou t  th e mechanis m underlyin g th e behavior : 

The tuto r  tol d th e studen t  tha t  th e mechanis m o f  th e compute r  scienc e stac k i s i n som e sens e analogou s t o th e 

mechanis m o f  th e cafeteri a stack .  I n orde r  t o achiev e 'Ijw t  i n first  out '  (LIFO )  behavio r  item s ar e pushe d an d 

poppe d a t  th e to p o f  th e cafeteri a stack .  Th e studen t  dre w a  diagra m o f  a  cafeteri a stac k an d note d tha t  pus h 
cause s th e stack' s sprin g t o compres s an d po p cause s i t  t o expand . 

Implementin g pus h an d po p i n th e targe t  domain : 

The studen t  the n wrot e th e cod e fo r  pus k an d pop .  Afte r  writin g push ,  however ,  th e studen t  aske d i f  th e capacit y 

limitatio n whic h result s whe n th e sprin g i s full y  compresse d i s relevan t  i n th e ne w domain .  Th e tuto r  tol d th e 

studen t  tha t  th e physica l  element s o f  th e analog y (springs ,  movemen t  o f  plates ,  etc. )  d o no t  apply .  Th e studen t 

the n aske d i f  th e concep t  o f  capacit y limitatio n applie s eve n i f  th e sprin g doesn't .  Th e tuto r  responde d tha t 

althoug h capacit y limitatio n i s a n importan t  concept ,  th e studen t  shoul d disregar d i t  fo r  now . 

3. Issues for Specifying a Theory of Analogical Problem-Solving 

As diagrammed in Figure 1, the class of model to which our system belongs, contains a mapper, an evaluation 

and debuggin g mechanism ,  an d a  problem-solvin g component .  Th e mappe r  take s a s inpu t  a  bas e domai n mode l 

and a  lis t  o f  th e correspondence s betwee n element s i n th e bas e mode l  an d alread y know n targe t  element s Th e 

mapper  produce s tentativ e targe t  domai n model s whic h ar e the n debugge d an d evaluated .  Th e debugge d model s 

ar e the n use d t o i n problem-solving .  Additonally ,  i n ou r  system ,  th e outpu t  o f  th e debugge r  ca n b e use d t o guid e 

subsequen t  mappings . 

probl«m-«ol*« r (cod.f j 

Figur e 1 :  C o m p o n e n t s o f  th e Analogica l  Reasone r 

3.1. Purpose-Constrained Mapping 

P u r p o s e provide s a n essentia l  constrain t  i n problem-solving ,  bu t  curren t  implementat ion s o f  cognitiv e theorie s 

d o no t  m a k e sufficien t  us e o f  thi s constraint^ .  T h e a r g u m e n t  fo r  w h y purpos e i s  necessar y i n constrainin g 

^Thagar d an d Holyok e (i n press) ,  jm d Kedar-Cabelli ,  (1986 )  als o stres s th e theoretica l  importanc e o f  purpoee . 
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human problem-solvin g run s a s follows .  Understandin g a  comple x domai n require s understandin g a  numbe r  o f 

distinc t  aspect s o f  th e domai n an d th e relationship s amon g thos e aspect s (Burstein ,  1986 ;  Collin s &Gentner , 

1983 ;  Adelson ,  1984) .  Give n th e constraint s o f  th e cognitiv e system ,  i t  i s no t  possibl e t o lear n al l  o f  thes e variou s 

aspect s a t  on e time .  Rather ,  t o mak e learnin g o f  a  comple x domai n mor e tractable ,  student s an d instructor s 

typicall y focu s o n individual ,  purpose-relate d aspect s o f  th e domai n and ,  on e a t  a  time ,  m a p partia l  model s 

fro m mor e familia r  analo g domain s (Burstei n &  Adelson ,  198 7 I c i n press)^ .  I n ou r  computationa l  description , 
th e learnin g proces s start s wit h thi s selectio n an d mappin g o f  purpose-constraine d aspect s o f  th e targe t  domain . 

Our  mappin g mechanis m focuse s o n partia l  model s o f  th e bas e domai n whos e typ e reflect s th e proble m solver' s 

purpose ,  an d map s thes e model s separately ,  typ e b y type ,  ove r  t o th e targe t  domain* . 

DASEi  BEHAVIORAL T A R G E T:  B E H A V I O R AL 

leads-t o 
push(plate,stack ) 

on(  new-plate,la«t-pu>hed-plate ) 
ads-t o 

on-stacl( (  new-plate ) 

ads-t o 
mcrea»e(full (  stack) ) 

on(  new-node,taat-pushed-node ) 
eads-t o 

nead)-t o 
push(node,stack )  /  ,  on-8tack(new-node ) 

ad)-t o 
ncrea8e (  fu l  l (  stack) ) 

DASE:  CAUSAL TARGET:  CAUSAL 

push(plate,stack ) 

on(  new-top-plate,old-top-plate ) 
•entail s 

entails 
on-8tack (  new-top-plate ) 

push (  node,8tack ) 

on(new-top-node,old-top-node ) 
"entail s 

entails 
on(  new-top-node,stack ) 

increase(height (  plate-set) )  increaBe(number(plate»-on-stack) ) 

imfl ies^ ^  ^-^^imp/te j 

increase(height(  node-set)) lncrease(number(node*-on-stack)) 

increa»e(compres8ion (  spring) )  increase(compr«»sion (  spring) ) 

Figure 2: Behavioral and Causal Models (top and bottom) in the Base and Target Domains (left and right) 

The following illustrates a mapping produced by our system: 
I n thi s e x a m p l e ou r  overal l  goa l  i s t o hav e th e sys te m m o d e l  th e problem-solvin g i n ou r  protocol .  T h a t  is ,  w e 
w a nt  th e sys te m t o lear n abou t  c o m p u t e r  scienc e stack s an d stac k operation s b y analog y t o cafeteri a stcick s an d 

t o produc e th e cod e fo r  th e operation s pus h an d pop .  T o accompl is h this ,  th e sys te m begin s b y followin g th e 

tutor' s suggestio n t o focu s initiall y o n th e behaviora l  m o d e l  fo r  push^ .  I t  select s tha t  m o d e l  f r o m a  bas e d o m a i n 
containin g behaviora l  a n d causa l  mode l s o f  bot h pus h an d pop .  T h e selecte d m o d e l  i s  the n m a p p e d int o th e 
targe t  doma in .  T h e behaviora l  a n d causa l  mode l s fo r  pus h i n th e bas e d o m a i n ca n b e see n i n th e lef t  hal f  o f 
Figur e 2  (to p a n d b o t t o m respectively) . 

I n th e uppe r  righ t  o f  th e figure  w e se e th e behaviora l  m o d e l  o f  th e targe t  d o m a i n p roduce d b y ou r  m a p p i n g 
mechan ism .  W h a t  i s  importan t  t o not e here ^  i s  tha t  th e natur e o f  th e m o d e l s allow s t h e m t o b e use d i n th e 
problem-solvin g tha t  i s th e system' s ultimat e goal .  T h a t  is ,  th e m o d e l s i n th e figure  describ e th e chain s o f  event s 

*Ou r  protoco l  dat a illustrate s thi s process .  Th e studen t  acquire d a  sophisticate d understandin g o f  th e behavio r  o f  a  stjkc k befor e 
learnin g abou t  th e mechanis m supportin g th e behavior . 

*Se e Burstei n &  Adelso n (i n press )  fo r  a n eiiplanatio n o f  th e differenc e betwee n model s o f  veiryin g types . 
'Th e tuto r  als o supplie s a  lis t  o f  bas e an d targe t  domai n correspondence s statin g fo r  example ,  tha t  pus h i n th e bas e correspond s 

t o pus h i n th e targe t  an d plate s correspon d t o nodes . 
^Spac e limitation s forc e u s t o omi t  severa l  point s abou t  th e models .  Th e assertion s i n th e mode l  ct m b e formalize d t o allow , 

fo r  example ,  th e deductio n tha t  th e pushe d nod e become s th e ne w to p node .  Additionally ,  th e predicate s d o hav e a n underlyin g 
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tha t  occu r  whe n domai n operation s ar e performe d (Schan k k  Riesbeck ,  1981 ;  Schan k k  Abelson ,  1977) .  A s a 

result ,  the y ca n b e ru n o n th e system' s atmulatto n machin e (Adelson ,  1989 ;  Forbus ,  1985 ;  d e Klee r  « k Brown , 

1985) .  Thi s allow s the m no t  onl y t o b e examine d b y a  debugge r  (Section s 3.2. 1 an d 3.2.2 )  bu t  als o t o b e use d 

t o generat e Pasca l  cod e afte r  debugging . 

T h e followin g sectio n describe s ho w ou r  syste m debug s th e newl y mappe d mode l  o f  pus h s o tha t  problem-solvin g 

ca n b e carrie d ou t  successfully . 

3.2. Debugging a Newly Mapped Model 

3.2. 1 Activel y Seekin g ou t  Bug s 

I n ou r  theory ,  debuggin g i s characterize d b y a n activ e searc h fo r  bugs .  Th e bas e domai n mode l  i s known ,  b y 

definition ,  t o provid e a n imperfec t  mode l  o f  th e targe t  domain .  Th e bas e mode l  m a y contai n inappropriat e 

element s tha t  requir e deletio n o r  transformation ;  o r  i t  m a y requir e additiona l  knowledg e specifi c  t o th e targe t 
domain . 

O ur  curren t  exampl e illustrate s th e cas e i n whic h a  newl y mappe d mode l  contain s a  concep t  tha t  i s  inappropriat e 

i n th e targe t  domain .  Lookin g a t  th e behaviora l  mode l  i n th e targe t  domai n (Figur e 2 ,  uppe r  right )  w e se e tha t  i t 

pushin g a  nod e ont o a  stac k whic h i s implemente d a s a  lis t  o f  nodes ,  lead s t o th e stac k bein g mor e full .  However , 

th e syste m contain s prio r  knowledg e abou t  th e targe t  domai n whic h aissert s tha t  list s o f  node s ar e use d whe n a 
dat a structur e withou t  a  pre-specifie d capacit y limitatio n i s desired® .  Sinc e linke d list s hav e n o specifie d capacit y 
limitatio n ther e i s a n inconsistenc y betwee n th e newl y mappe d mode l  an d prio r  knowledg e o f  th e targe t  d o m a m. 

T h e syste m mus t  hav e th e abilit y  t o notic e an d resolv e thi s inconsistency . 

Identifyin g an d Fixin g Bug s i n a  Runnabl e Model : 

Her e w e describ e h o w th e system' s evaluatio n an d debuggin g mechanis m resolve s th e 'fullness '  bu g i n th e cours e 

of  evaluatin g th e behaviora l  mode l  o f  push .  Th e system' s evaluato r  traverse s a  newl y mappe d mode l  i n a n 
attemp t  t o determin e whethe r  eac h elemen t  i t  encounter s i s appropriat e i n ligh t  o f  th e domai n th e mode l  ha s 

bee n mappe d into .  I n orde r  t o allo w th e evaluato r  t o carr y ou t  th e evaluatio n th e syste m ha s bee n give n severa l 

kind s o f  knowledge : 

Kl. Any element that occurs in a model has a definition, a template consisting of a set of features (Burstein, 

1983 ;  Waltz ,  1982 ;  Winston ,  197 7 k  1982) .  Element s i n th e mode l  ar e eithe r  object s (e.g .  stack )  o r 
predicate s whic h describ e attribute s of ,  o r  action s o n th e objec t  (e.g .  fullnes s o r  pus h respectively) .  Fo r 

objects ,  on e featur e i n th e templat e specifie s th e clas s i t  belong s to .  Fo r  predicate s th e clas s o f  bot h th e 

predicat e an d it s argument s ar e listed .  Fo r  example ,  th e predicat e ful l  i s  define d a s a  measuremen t  o f  th e 

capacit y o f  som e argumen t  whic h mus t  b e a  limited-capacit y container . 

K2. The system knows not only which objects and predicates are appropriate to each domain, but also which 

classe s o f  object s an d predicates .  Fo r  example ,  th e syste m know s tha t  intege r  variable s i n particular ,  an d 
dat a structure s i n general ,  ar e appropriat e i n th e compute r  domain . 

K3. The system has general knowledge about how analogical correspondences are meant to be taken For 

example ,  th e syste m contain s knowledg e tha t  physica l  contiguit y i n th e bcis e ca n b e appropriatel y though t 

of  a s correspondin g t o virtua l  contiguit y i n th e target . 

The system uses the knowledge described above in applying rules which allow it to evaluate each element in the 
newl y mappe d model .  Th e rule s are : 

Rl Infer that an element currently in the target domain is appropriate in the new model. 

R2. If the element is not currently in the target domain but it is of a class currently in the target domam. infer 

tha t  a  modifie d versio n o f  th e elemen t  i s appropriat e i n th e ne w mode l  an d us e existin g domai n informatio n 

semantics .  Fo r  example ,  th e valu e o f  ful l  result s fro m dividin g th e curren t  numbe r  o f  plate s b y th e maximu m numbe r  o f  plates . 
Alon g thes e lines ,  th e model s i n th e figure  hav e sub8t̂ n̂tîUl y les s detai l  tha n th e actua l  model s use d b y th e system . 

*Fo r  thi s exampl e w e hav e supplie d th e syste m wit h th e sam e knowledg e o f  th e targe t  domai n tha t  ou r  novic e programme r  had . 
We hav e give n i t  model s fo r  performin g typica l  operation s o n variables ,  array s an d linke d lists .  I t  als o ha s worl d knowledg e abou t 
boxe s an d containers . 

12 



abou t  th e clas s t o modif y th e element* . 

R3. If the element belongs to a class that has a corresponding class in the target (point K3), infer that a 

modifie d versio n o f  th e elemen t  belong s an d us e existin g domai n informatio n abou t  th e corespondin g clas s 

t o modif y th e model . 

R4. A predicate can only be applied to an argument of an appropriate type. That is fullness cannot be 

predicate d o f  a  containe r  withou t  capacit y Umitation s (poin t  K l ) . 

We see each of the above rules (and the knowledge they embody) being applied as we follow the evaiuatcr traicing 

throug h th e mode l  fo r  push .  Startin g a t  th e roo t  o f  th e tree ,  th e evaluato r  encounter s th e elemen t  push .  Becaus e 

th e tuto r  ha d specifie d tha t  pus h i n th e bas e corresponde d t o a n asserted ,  bu t  a s ye t  undefined ,  versio n o f  pus h 
i n th e targe t  th e syste m infer s tha t  pus h i s appropriat e t o th e mode l  an d turn s t o th e predicate s tha t  follo w fro m 

it . 

Th e templat e fo r  th e predicat e o n state s tha t  i t  i s  a  "physica l  contiguit y relation "  T h e syste m know s tha t 

physica l  contiguit y i n th e bas e correspond s t o virtua l  contiguit y i n th e targe t  (Rul e R3) .  I t  therefor e make s thi s 

chang e t o th e predicate' s templat e an d the n infer s tha t  th e predicat e holds .  Thi s i s a n exampl e o f  th e system' s 

abilit y  t o interpre t  analogica l  correspondence s i n a n appropriate ,  non-litera l  manner . 

Th e evaluato r  come s t o th e nex t  predicat e tha t  pus h lead s to .  Althoug h on-stac k doe s no t  ye t  exis t  i n th e target , 

it s  definitio n state s tha t  i t  i s  a  "membershi p relation" .  Th e syste m finds  tha t  othe r  predicate s i n th e targe t  ar e 
membershi p relation s (e.g .  tn-set )  an d therefor e hypothesize s tha t  th e predicat e hold s (Rul e R2) . 

Th e evaluato r  turn s t o th e predicat e full ,  i t  finds  tha t  ful l  i s  potentiall y  appropriat e i n tha t  i t  alread y exist s i n 
th e targe t  a s knowledg e tha t  array s ca n b e ful l  (Rul e R l ) .  However ,  th e evaluato r  finds  tha t  fullnes s ca n onl y b e 

predicate d o f  container s havin g capacit y limitation s (Rul e R4) .  I t  know s tha t  th e stac k i s bein g implemente d a s a 

lis t  o f  node s an d tha t  list s d o no t  hav e capacit y hmitations .  Th e syste m suggest s tha t  th e concep t  fullnes s shoul d 
be remove d fro m th e model .  I t  the n remove s fullness .  A t  thi s point ,  i f  th e syste m i s tol d tha t  th e proble m aros e 
becaus e n o capacit y limite d container s wer e bein g use d i n thi s exampl e i t  wil l  als o remov e al l  othe r  predicate s 

whose definition s involv e capacit y limitations . 

But  mor e mileag e ca n b e gotte n ou t  o f  thi s evaluation .  Th e syste m ha s jus t  mappe d an d debugge d th e behaviora l 
model .  I t  ca n n o w t o g o bac k an d m a p th e causa l  mode l  usin g informatio n gaine d i n debuggin g th e behaviora l 
one .  W h e n thi s mappin g begin s th e syste m wil l  tak e not e o f  an y element s tha t  hav e bee n delete d fro m th e 

behaviora l  mode l  (i n thi s example ,  full) ;  piece s o f  th e causa l  mode l  tha t  onl y suppor t  a n elemen t  alread y delete d 
fro m th e behaviora l  wil l  no t  b e mapped .  A s a  resul t  o f  ou r  strateg y o f  incrementall y mappin g partia l  model s 
and usin g earlie r  mapping s t o guid e subsequen t  ones ,  th e debuggin g o f  potentiall y  comple x causa l  model s ca n 

be mad e considerabl y simpler . 

3.2. 2 Transformin g a  M a p p e d Model :  Reetsonin g Abou t  Simulation s 
I n th e exampl e jus t  describe d w e considere d th e cas e wher e a n elemen t  need s t o b e deleted .  Ou r  syste m 
als o handle s th e cas e i n whic h a  mode l  need s t o b e correcte d b y bein g transforme d throug h finding  additiona l 

correspondence s betwee n element s o f  th e bas e an d targe t  domains . 

Th e cas e i n whic h a  mode l  need s thi s typ e o f  transformatio n i s illustrate d b y th e exampl e i n whic h th e goa l 

i s  t o implemen t  a  stac k usin g a n arra y rathe r  tha n a  linke d list .  T h e representatio n o f  th e bas e domai n i s th e 

same ai s i t  wa s fo r  ou r  earlie r  example .  Prio r  knowledg e o f  th e targe t  domai n stil l  consist s o f  informatio n abou t 

variable s an d array s bu t  no t  abou t  linke d lists .  Th e syste m agai n ha s runnabl e model s fo r  typica l  operation s 

suc h a s initializatio n an d search . 

The behaviora l  mode l  o f  pus h i s agai n mappe d int o th e targe t  domain .  Thi s tim e n o change s ar e m a d e i n th< » 

behaviora l  model ;  th e fullnes s o f  th e stac k i s foun d t o b e consisten t  wit h th e system' s knowledg e o f  th e capant y 

limitatio n o f  a n array .  Afte r  mappin g th e behaviora l  model ,  th e syste m map s th e causa l  mode l  o f  th e stac k int o 

th e targe t  domai n an d the n begin s t o evaluat e an d debu g it .  Durin g thi s proces s th e syste m question s th e tuto r 

on th e appropriatenes s o f  th e sprin g i n th e causa l  mode l  (se e Figur e 2 ,  botto m right) .  T h e tuto r  tell s  th e syste m 
tha t  th e domain-appropriate/«nc<Jona /  analo g o f  th e sprin g need s t o b e found .  I n finding  th e functiona l  analo g 

'Spac e constraint s prisclud e a  descriptio n o f  som e o f  th e method s tha t  hav e bee n develope d t o modif y 'eilmos t  right '  element s 
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of  th e sprin g th e syste m wil l  dra w o n severa l  type s o f  relationa l  knowledg e whic h compris e th e system' s causa l 

ontology^° : 

RKl. The system contains functional to structural mappings; knowledge relating state changes and the mecha-

nism s causin g the m (Adelson ,  1984 ;  d e Klee r  i c Brown ,  1985 ;  Forbus ,  1985 ;  Kuipers ,  1985) .  Fo r  example , 

i t  know s tha t  'change s i n fullnes s ar e supporte d b y change s i n th e mechanis m comprise d o f  th e spring ,  th e 

set  o f  plates ,  etc*̂ * . 

RK2. The system has knowledge relating actions and the state changes they produce. It knows, therefore that 

'pushin g lead s t o change s i n fullness ' 

RK3. The system also has knowledge relating actions and the mechanisms involved. It knows that 'pushing 

involve s a  chang e i n th e spring ' 

In order to find the piece of target domain mechanism with the same function as the spring, the system will find 
what  sor t  o f  stat e chang e i n th e bas e i s associate d wit h a  particula r  chang e i n th e spring .  I t  wil l  the n tur n t o 

th e targe t  loo k a t  th e paralle l  stat e chang e an d determin e wha t  piec e o f  mechanis m i s effecte d i n th e wa y tha t 

th e sprin g was .  T o d o thi s th e syste m first  need s t o focu s o n th e bas e an d find  wha t  stat e change s th e sprin g 

i s involve d in .  I t  examine s it s knowledg e o f  functiona l  t o structura l  mapping s (RKl )  an d finds  tha t  th e sprin g 

i s involve d i n change s i n fullness .  N o w ,  i n orde r  t o find  ou t  th e natur e o f  th e relationshi p betwee n change s i n 
fullnes s an d change s i n th e spring ,  th e syste m look s fo r  a  simulatio n i n whic h bot h fullnes s (RK2 )  an d th e sprin g 

(RK3 )  wil l  change .  I t  finds  tha t  simulatin g pus h wil l  produc e th e neede d information .  Th e simulatio n i s run , 

providin g th e syste m wit h value s fo r  th e fullnes s o f  th e stac k an d th e compression  o f  th e sprin g befor e an d afte r 

th e simulatio n i s run .  Th e syste m the n compare s th e directio n o f  chang e i n bot h fullnes s an d sprin g compressio n 
an d finds  tha t  ther e i s a  positiv e relationshi p betwee n th e tw o ̂̂ . 

Th e syste m n o w need s t o find  wha t  piec e o f  mechanis m i n th e targe t  domai n change s fo r  th e sam e reaso n an d 

i n th e sam e wa y a s th e sprin g (i.e .  increase s wit h fullness) .  Th e syste m begin s b y lookin g fo r  a n operatio n i n 

whic h fullnes s increases .  I t  wil l  the n ru n thi s operatio n an d loo k fo r  piece s o f  mechanis m tha t  registe r  increzise s 

i n fullness . 

Targe t  domai n knowledg e abou t  th e relatio n betwee n action s an d stat e change s (RK2 )  assert s tha t  initializin g 

an arra y cause s fullnes s t o increase ;  th e syste m simulate s th e proces s an d finds  tha t  i n th e target ,  i t  i s  th e array -

inde x tha t  increase s wit h fullness .  A s a  resul t  o f  thi s process ,  i n whic h correspondin g simulation s ar e sought ,  ru n 
and evaluate d fo r  th e purpos e o f  finding  functionall y analogou s mechanism s th e syste m correctl y hypothesize s 

tha t  th e arra y inde x i s th e analo g o f  th e spring^ ^ 

Spac e limitation s preven t  furthe r  descriptio n o f  ou r  system ,  bu t  th e debuggin g proces s doe s no t  en d her e N o w 

tha t  th e model s mappe d fro m th e bas e domai n hav e ha d change s mad e t o them ,  the y mus t  b e checke d t o se e 

tha t  the y ar e stil l  sufficient .  Thi s i s don e throug h a  serie s o f  simulation s designe d t o tes t  tha t  th e model s stil l 

exhibi t  aspect s o f  L I F O behavio r  tha t  th e syste m know s ar e important .  Fo r  example ,  pushin g an d the n poppin g 

a se t  o f  element s mus t  resul t  i n reversin g thei r  ordering .  Additionally ,  th e syste m mus t  eventuall y produc e bot h 

bo x an d arro w an d pasca l  version s o f  pus h an d po p (Adelso n e t  al ,  1988) . 

4.  S u m m a r y &  Conclusion s 

we hav e presente d a  discussio n o f  thre e o f  ou r  system' s mechanisms :  on e fo r  mapping ,  on e fo r  evaluatin g mappe d 

m o d eb an d on e fo r  debuggin g inconsistencies .  W e hav e implemente d a  purpose-constraine d mappe r  tha t  refleci s 

th e wa y student s limi t  thei r  focu s o f  attention .  Th e strateg y result s i n incrementa l  learnin g whic h make s bot h 

mappin g an d debuggin g mor e tractable .  W e hav e als o implemente d a n evaluatio n mechanis m tha t  identifie s 

inconsistencie s a s element s o f  newl y mappe d model s ar e checke d t o se e i f  the y ar e th e sor t  o f  element s tha t  ar e 

know n t o exis t  i n th e targe t  domain .  I n doin g s o th e evaluatio n mechanis m use s knowledg e abou t  th e natur e 

'̂'Thes e relation *  ar e learne d i n tha t  th e syste m notice s an d store s thes e type s o f  relation s wheneve r  i t  acquire s a  ne w model . 
''Th e system' s knowledg e doe s no t  contai n an y explici t  statemen t  concernin g Ito w change s i n fullnes s ar e relate d t o change *  m 

th e spring .  Thi s i s wha t  need s t o b e determined . 
'̂ Currentl y th e syste m ca n recogniz e positiv e an d negativ e correlations ,  a s wel l  bl s th e lac k o f  relationshi p betwee n tw o stal e 

veiriables .  I t  i s possibl e t o expan d thi s par t  o f  th e syste m t o includ e th e recognitio n o f  mor e complex ,  bu t  regula r  relationship* . 
'•'Whe n mor e tha n on e piec e o f  mechanis m i s found ,  th e syste m ha s th e abilit y  t o us e functiona l  informatio n decid e o n th e bette r 

analog . 
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of  th e bas e a n d targe t  d o m a i n s a n d the y w a y i n wh ic h relation s appl y acros s ana logou s d o m a i n s .  Finally ,  w e 

hav e presente d a  debugg in g m e c h a n i s m tha t  maintain s functiona l  aspect s o f  bas e m o d e l s whil e add in g target -

appropriat e causa l  explanations .  T h e deve lopmen t  o f  th e m e c h a n i s m s ha s bee n possibl e becaus e w e hav e wo rke d 

withi n a  problem-solvin g context ,  reflectin g th e purpos e o f  analogica l  reasoning . 
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