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Abstrac t 

Recen t  artificia l  intelligenc e model s o f 
analogica l  reasonin g ar e base d o n mappin g som e 
underlyin g causa l  networ k o f  relation s betwee n 
analogou s situations .  However ,  causa l  relation s 
relevan t  fo r  th e purpos e o f  on e analog y ma y b e 
irrelevan t  fo r  another .  W e describ e her e a 
techniqu e whic h use s a n explici t  representatio n 
of  th e purpos e o f  th e analog y t o automaticall y 
creat e th e relevan t  causa l  network .  W e 
illustrat e th e techniqu e wit h tw o cas e studie s i n 
whic h concept s o f  everyda y artifact s ar e learne d 
by analogy* . 

/A/ny two things which arc from one point of tncw 
simila r  ma y b e dissimila r  fro m anothe r  poin t  o f  view . 

•K .  Popper ,  Th e Logi c o f  Scientifi c  Discover y 

] Introduction 

A recent development in artincial intelligence (Al) 
researc h o n analogica l  reasonin g ha s bee n t o recogniz t 
iha l  analog y involve s mappin g som e underlyin g causa f 
networ k o f  relation s betwee n analogou s situation s 

'2 ,  3 .  5 ,  26, .  Often ,  however ,  ther e ar e numerou s 
causa l  network s describin g th e situations .  Whic h ar e 
th e relevan t  one s t o m a p whe n performin g a  particula r 
analogy ? Causa l  relation s relevan t  fo r  th e purpos e o f 
on e analog y ma y b e irrelevan t  fo r  another .  A  mor e 
robus t  mode l  o f  analogica l  reasonin g canno t  alway s 
reaso n fro m predefme d causa l  networks ,  bu t  need s th e 
abilit y t o automaticall y generat e th e appropriat e 
networ k base d o n th e purp>os e o f  th e analog y bein g 
performed -

This paper describes a new technique. 
Purpose-[hrecle d Analogy ,  whic h i s  designe d t o addres s 
th e abov e limitatio n usin g a  specialize d notio n o f 
'purpose '  t o automaticall y generat e th e relevan t  causa l 
network .  I n particular ,  w e ar e developin g a  syste m t o 
lear n concept s o f  everyda y artifact s b y reasonin g 
analogicall y fro m a  know n exampl e o f  a n artifac t  t o a n 
unknow n example .  Th e specialize d notio n o f  'purpose ' 
i s  th e purpos e fo r  whic h thes e artifact s wil l  b e used . 

*Th u re««»rc b U  fupportc ^  b y GT E Labor*lori«« .  uodc r  CoDtrac t  No . 
GTES40917. 

Artifact s ca n b e viewe d a. "  object s designe d t o enabl e 
peopl e t o perfor m certai n action s (chair s t o si t  on ,  pen s 
t o writ e with ,  an d s o on) .  I f  th e goa l  o f  a n agen t  i s 
t o perfor m a n action ,  ofte n th e agen t  ma y nee d t o 
recogniz e a n artifac t  whic h wil l  enabl e hi m t o perfor m 
tha t  actio n (o r  a  pla n o f  action s leadin g t o th e goal) . 
One wa y t o recogniz e suc h a n artifac t  i s  b y reasonin g 
analogicall y fro m a  know n exampl e o f  th e artifac t  t o a n 
unknow n example .  Th e centra l  ide a i s that : 

Two examples will be considered analogous if 
the y shar e a  networ k o f  relation s whic h 
demonstrate s ho w bot h ca n b e use d fo r  th e 
same purpose . 

Thus, performing an analogy can be viewed as a 
subproces s o f  a  mor e globa l  proble m solvin g proces s (a s 
i n [11]) :  t o enabl e a n agen t  t o procee d wit h a n actio n 
he desire s t o perfor m b y bein g abl e t o recogniz e object s 
tha t  facilitat e tha t  action . 

For example, suppose an agent is thirsty, and would 
lik e t o drin k ho t  liquids .  Assum e tha t  a s a  result ,  th e 
agen t  want s t o lear n th e concep t  H O T - C U P :  object s 
whose purpos e i s t o enabl e th e drinkin g o f  ho t  liquids . 
O ne wa y t o lear n th e concep t  i s  t o b e abl e t o 
determin e i f  a  ne w exampl e ( a styrofoa m cup ,  say )  i s 
analogou s t o a  known ,  prototypica l  exampl e ( a cerami c 
m u g)  i n way s relevan t  fo r  th e purpos e o f  a  H O T - C U P . 
I f  a  cu p wer e neede d fo r  a  differen t  purpos e (ornamenta l 
or  religious ,  say) ,  a  differen t  networ k o f  relation s woul d 
be relevant . 

Section II presents a unifying framework for concept 
learnin g b y analog y i n orde r  t o compar e existin g model s 
and poin t  t o a  ke y limitation .  Sectio n II I  describe s th e 
Purpose-Directe d Analog y technique .  Sectio n I V 
illustrate s th e techniqu e wit h tw o cas e studies .  On e 
cas e stud y involve s learnin g th e concep t  o f  a  cu p fo r 
th e purpos e o f  drinkin g ho t  liquids .  Th e secon d cas e 
stud y involve s learnin g th e concep t  o f  a  vehicl e i n th e 
contex t  o f  identifyin g vehicle s violatin g th e lega l  statut e 
" A vehicl e i s  prohibite d i n a  publi c park" .  W e 
conclud e i n sectio n V  wit h a  discussio n o f  limitation s o f 
th e technioue ,  futur e work ,  an d a  summary . 

I I  Relate d Researc h a n d a  Limitatio n 

A. Discussion 

A c o m m o n vie w i s  tha t  analog y i s  powerfu l  becaus e 
i t  allow s u s t o lear n abou t  a n unfamilia r  situatio n b y 
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mappin g ove r  m a n )  aspect s o f  a  familia r  situatio n wit h 
A dramati c saving s i n reasoning .  T o highligh t  th e 
directionalit y i n th e mapping ,  th e familia r  situatio n i s 
ofte n referre d t o a s th e bas e situatio n fro m whic h 
aspect s ar e mappe d ove r  t o th e unfamiliar ,  o r  targe t 
lituation ,  |5| .  Thu s i n th e analog y 'Scienc e i s lik e a 
jigsa w puizle' ,  th e les s well-understoo d proces s o f 
scientifi c  discover y i s likene d t o th e workin g ou t  o f  a 
jigsa w puzile- a mor e familia r  activity .  A s a  result , 
many o f  th e propertie s o f  scientiH c inquir y ar e 
highlighted ,  withou t  needin g separat e explanation . 

We present in this section a simple, four-stage 
unifyin g framewor k tha t  describe s existin g A l  model s o f 
concep t  learnin g b y analogy .  (I n fact ,  thi s framewor k 
encompasse s othe r  form s o f  analogica l  re2isonin g suc h a s 
problem-solvin g b y analog y an d metapho r  comprehensio n 

|8]. )  W e the n discus s thre e suc h model s 
|5 ,  2 ,  26 ]  fro m thi s c o m m o n perspective .  W e examin e 

th e limitatio n whic h w e addres s i n thi s paper :  th e 
inabilit y  o f  thes e model s t o automaticall y generat e a 
causa l  networ k relevan t  fo r  th e purpos e o f  a  particula r 
analogy . 
B. Concept Learning by Analogy: Unifying 

F r a m e w o r k 

The problem of concept learning by analogy, and the 
four-stag e unifyin g framewor k fo r  solvin g it ,  i s  state d i n 
Figur e M-1 . 

We illustrate each stage by the analogy 'The 
hydroge n ato m i s lik e ou r  sola r  system "  fro m |5| .  Th e 
framewor k w e presen t  i s slightl y mor e genera l  tha n th e 
model s i t  describes :  mos t  o f  thes e model s simplif y th e 
reasonin g b y supplyin g th e bas e exampl e instea d o f 
retrievin g it .  I n thi s analogy ,  th e potentiall y  analogou s 
bas e concep t  'sola r  system' ,  i s  provide d a s input ,  rathe r 
tha n retrieved . 

First, independent relations and causal networks of 
relation s describin g th e bas e concep t  ar e derived .  B y a 
causa l  networ k o f  relations ,  w e mea n a  se t  o f  relation s 
relate d b y an y highe r  orde r  relation s suc h a s 'physical -
cause(ri,rj)' ,  'logically-implies(ri,rj)' ,  'enables(ri,rj) '  an d 
so on .  (Thi s i s a  broade r  sens e o f  'causal '  tha n i s 
sometime s use d |S|. )  Independen t  relation s ar e thos e 
not  belongin g t o a  causa l  network .  Th e causa l  networ k 
of  relation s i n thi s exampl e describe s tha t  'th e su n 
attractin g th e planet s rai<«e « th e planet s t o orbi t  th e 
sun' .  Next ,  th e causa l  networ k i s mappe d fro m th e 
bas e concep t  ove r  t o th e target ,  t o explai n wh y th e 
electron s orbi t  th e nucleu s o f  th e atom .  Finally ,  th e 
correctnes s o f  th e mappin g i s justified :  tha t  i n fac t  'th e 
nucleu s attractin g th e electron s cause s th e electron s t o 
revolv e aroun d th e nucleus. ' 

The unifying framework does not perform any 
concep t  learning ,  i n th e sens e tha t  i t  doe s no t  modif y 
th e th e system' s representatio n o f  th e targe t  concep t  i n 
any way .  I n orde r  t o mode l  concep t  learnin g followin g 
th e analogica l  reasoning ,  thi s framewor k i s use d i n 
conjunctio n wit h (possibly )  thre e subsequen t  stages . 
First ,  th e concep t  ma y b e learne d b y simpl y retainin g 
th e causa l  structur e whic h wa s mappe d t o th e targe t 
concept .  Fo r  instance ,  mor e i s learne d abou t  th e ato m 

Figur e II-1 :  Unifyin g F r a m e w o r k fo r 
Concep t  Learnin g b y A n a l o g y 

Given: 

• a new, target concept, (e.g. the atom) 

Find: 

• a familiar, base concept, (e.g. the solar 
system ) 

• causal networks of relations of the base 
concept ,  an d 

• causal networks of relations of the target 
concep t  derive d fro m th e bas e concep t 

Process : 

R E T R I E VE 

base :  sola r  syste m target :  ato m 

D E R I V E 

massiv e ho t  yello w 

R 
attract s orbit s 

caus e ; 

J U S T I F Y 

I 

nucleus ) 

attracts orbits 

caus e 

electro n 

MAP 

by retainin g th e causa l  structur e describin g wh y th e 
electron s orbi t  th e nucleus .  I n addition ,  concep t 
learnin g migh t  involv e formin g a  generalizatio n o f  th e 
targe t  an d base ,  a s i n |26{ .  A  generalize d concep t  o f 
'attractiv e force '  ma y b e learne d a s a  resul t  o f  th e 
abov e analogy .  Furthermore ,  learnin g coul d involv e 
debuggin g o r  refinin g a  'faulty '  causa l  structur e o r 
generalization ,  b y repeate d analogica l  reasonin g wit h th e 
same,  o r  different ,  bas e concept s |2 ,  28| .  Fo r  example , 
th e descriptio n o f  th e atom' s phxsica l  mechanism s m a y 
onl y b e partiall y  correct ,  an d ma y b e revise d b y 
analog y t o othe r  concepts . 

Given the above framework, we can now discuss 
thre e recen t  model s o f  concep t  learnin g b y analog y 

|5 ,  2 ,  26| .  (Se e |6 ,  8 ]  fo r  survey s o f  othe r  wor k o n 
analogy. ) 

C. Gentner's Domain-Independence Relevance 
Criterio n 

The central idea in Gentner's structure-mapping 
theor y |5 j  i s  tha t  a  syntacti c (domain-independent ) 
principl e ca n b e use d t o selec t  th e relevan t  aspect s o f 
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situation s fo r  an y analogy .  Thi s «y5(ema(iri( y prineip U 
state s that ,  i n general ,  causa l  network s o f  relation s ar e 
relevan t  t o th e analog y betwee n situations ,  whil e 
independen t  relation s ar e not .  Th e justincatio n i s tha t 
analog y i s define d a s a  reasonin g proces s whic h map s 
ove r  a  "...syste m o f  connecte d knowledge ,  no t  a  mer e 
assortmen t  o f  independen t  facts *  |S ,  p.l62| .  Thus ,  a s 
we sa w eaVlier ,  i n th e analog y *Th e hydroge n ato m i s 
lik e ou r  sola r  system '  mor e i s understoo d abou t  th e 
a to m b y mappin g ove r  causa l  relations .  Specifically ,  th e 
causa l  networ k describin g w h y th e planet s orbi t  th e su n 
i s mappe d t o explai n wh y th e electron s orbi t  th e 
nucleu s o f  th e atom .  Not e tha t  th e analog y i s no t 
intende d t o teac h u s tha t  th e nucleu s o f  th e ato m i s 
'yellow ,  ho t  o r  massive '  lik e th e sun .  Thes e 
independen t  relations ,  no t  involve d i n th e causa l 
network ,  ar e considere d irrelevan t  t o th e analogy . 

Centner's model assumes that the re/evan( causal 
networ k i s given .  Fo r  a  differen t  purpose ,  a  differen t 
causa l  networ k ma y b e relevant .  Consider ,  fo r  example , 
a differen t  analog y wit h th e sun :  th e metapho r  "Julie t 
i s  th e sun" ,  fro m Shakespere' s R o m e o an d Julie t  (als o 
discusse d i n |S]) .  W e kno w th e contex t  i n whic h thi s 
metapho r  i s conveyed :  tha t  Julie t  is _ a  w o m a n an d 
R o m eo love s her .  Th e purpos e o f  thi s metapho r  i s t o 
analogicall y conve y positiv e qualitie s abou t  Juliet ,  no t  t o 
conve y anythin g abou t  phytiea l  mechanisms ^  Thu s th e 
causa l  networ k abou t  th e su n whic h wa s supplie d fo r 
th e previou s analog y i s n o longe r  relevant . 

D. Burstein'g Automatic Indexing Into the 
Relevan t  NetworJ t 

Burslein' s mode l  |2 J als o relie s o n th e domain -
independen t  criterio n state d above .  However ,  hi s mode l 
i s a  ste p close r  t o automaticall y selectin g th e relevan t 
causa l  networ k amon g man y candidat e networks :  i t  i s 
provide d wit h a  relatio n use d t o inde x int o th e relevan t 
causa l  network .  On e specifi c  analog y h e use s t o 
illustrat e hi s wor k is ;  " A variabl e i s lik e a  box ,  i n tha t 
number s ca n b e insid e variable s i n som e way s simila r  t o 
th e wa y object s ca n b e insid e boxes" .  (2| .  Th e actio n 
by whic h 'variable '  i s  analogou s t o 'box '  i s  explicitl y 
supplied :  the y ar e analogou s b y th e fac t  tha i  thing s 
ca n b e 'pu t  inside '  them .  Thi s eliminate s considerin g 
m a ny irrelevan t  action s involvin g boxe s (suc h a s 
stackin g boxes ,  playin g wit h boxes ,  etc.) .  Give n th e 
'put-inside '  action ,  th e syste m i s abl e t o automaticall y 
retriev e th e relevan t  goal/pla n structur e relate d t o it : 
th e 'store '  pla n i s retrieved ,  whic h describe s relate d 
action s suc h a s puttin g thing s i n boxes ,  takin g thing s 
out  o f  boxes ,  etc .  (Action s ca n b e though t  o f  a s 
relations ,  an d th e pla n structur e whic h connect s action s 
i n a  highe r  orde r  'enable '  relatio n ca n b e viewe d a s th e 
causa l  networ k o f  relations. )  Thi s goal/pla n structur e i s 
the n mappe d t o 'variable' ,  t o lear n abou t  storin g thing s 
i n variables ,  takin g thing s ou t  o f  variables ,  an d s o on , 
by analog y t o boxes . 

If the relevant action were not supplied, however, 
m a ny action s an d goal/pla n structure s associate d wit h 
'box '  coul d b e considere d whe n tryin g t o understan d th e 
analogy .  Conside r  a  studen t  tryin g t o understan d thi s 
analogy .  H e wil l  immediatel y eliminat e man y o f  thes e a s 
bein g irrelevant .  H e i s no t  likel y t o infe r  tha t  variable s 

ca n b e 'stacked '  lik e boxes ,  o r  tha t  variable s ca n b e 
'playe d with '  lik e boxes .  W h y i s that ? A  studen t 
learnin g abou t  variable s know s th e purpos e o f  th e 
analogy :  t o lear n a  c o m m a n d i n a  compute r  language , 
an d c o m m a n d s i n a  compute r  languag e enabl e th e 
compute r  t o manipulat e number s an d symbols .  Give n 
severa l  goal/pla n structures ,  th e studen t  migh t  dismis s 
'play '  o r  'stack '  a s irrelevan t  fo r  th e purpos e o f  th e 
analogy .  'Pu t  inside '  migh t  finall y b e focuse d o n a s th e 
relevan t  action ,  an d 'store '  a s th e relate d goal/pla n 
structure .  S o althoug h Burstein' s mode l  i s provide d 
wit h a n actio n 'put-inside '  whic h ca n b e use d t o 
automaticall y inde x int o th e relevan t  goal/pla n structur e 
'store' ,  i t  i s  supplie d wit h exactl y th e relevan t  action , 
an d canno t  reaso n fro m th e purpos e o f  th e analog y t o 
selec t  tha t  actio n automatically . 

£. Winston's Learning from Precedents and 
Exercise s 

The main scenario for learning and reasoning in 
Winston' s wor k o n analog y i s on e o f  guide d learnin g 
(e.g .  |26l) .  Here ,  a  teache r  supplie s th e syste m wit h a 
precedent .  Fo r  instance ,  th e syste m i s provide d wit h 
par t  o f  th e Macbet h plot ,  describin g Macbeth' s 
relationshi p t o Lad y Macbeth ,  an d wha t  cause s hi m t o 
aspir e t o becom e king .  Th e syste m i s als o give n a n 
exercis e whic h describe s personalitie s an d relationship s 
a m o ng som e people .  Th e tas k i s t o sho w tha t  i n th e 
exercis e 'th e nobl e m a y wan t  t o b e king, '  b y analog y t o 
th e precedent .  Thi s i s accomplishe d b y mappin g a 
portio n o f  th e causa l  networ k share d b y th e preceden t 
an d th e exercise .  I f  i n th e preceden t  thes e relation s ar e 
causall y connecte d t o th e relatio n 'Macbet h m a y wan t 
t o b e king' ,  the n i t  ca n b e (plausibly )  conclude d tha t  i n 
th e exercis e 'th r  nobl e ma y wan t  t o bi -  king' . 

Although Winston admits that ''...the way things are 
matche d depend s o n purpos e a s wel l  a s o n experience " 

|25 ,  p.6 |  currentl y jus t  th e appropriat e causa l  structur e 
neede d t o mak e th e analog y wa s supplied .  If ,  however , 
an analog y betwee n th e Macbet h stor y an d th e exercis e 
wer e performe d no t  fo r  th e purpos e o f  understandin g 
Macbet h ' $ motives ,  bu t  rathe r  t o t o understan d Lad y 
Macbeth' s motives ,  say ,  differen t  causa l  relation s woul d 
be considere d important . 

i n Purpose-Directe d A n a l o g y 

A .  Discussio n 

We have argued above that Centner's systematicity 
principle ,  Burstein' s indexin g int o th e relevan t  causa l 
network ,  an d Winston' s analogie s betwee n precedent s 
an d exercise s ar e al l  limite d i n thei r  abilit y  t o 
automaticall y generat e th e networ k relevan t  fo r  th e 
purpos e o f  a  particula r  analogy ,  sinc e explici t  knowledg e 
of  purpos e i s no t  supplie d a s a n inpu t  i n thes e models . 

Purpose-Directed Analogy attempts to overcome this 
limitatio n b y makin g a  specialize d notio n o f  'purpose ' 
an explici t  inpu t  t o th e analogy .  I t  use s thi s 'purpose ' 
t o automaticall y generat e th e relevan t  causa l  networ k 
fo r  learnin g concept s b y analogy .  I n thi s sectio n w e 
presen t  th e statemen t  o f  th e genera l  problem ,  an d th e 
techniqu e introduce d t o solv e it .  Sectio n I V illustrate s 
th e techniqu e b y solvin g thi s proble m i n tw o cas e 
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studie s o f  learnin g concept s o f  everyda y artifacts .  W e 
ar e illustralin g a n initia l  desig n an d partia l 
implementation ,  no t  a  full y  implemente d system .  W e 
hav e recentl y begu n a n implementatio n o f  a  prototyp e 
syste m i n P R O L O G,  a  logi c programmin g languag e |l2j . 
( A P R O L OG progra m consist s o f  a  se t  o f  hor n clauses , 
a subclas s o f  logica l  implications .  Th e computatio n i s 
base d o n resolutio n theorem-proving. ) 
B.  Statemen t  o f  th e Genera ]  P r o b l e m 

We first introduce some terminology. A concept is a 
set  o f  elements .  Th e goa l  concep t  i s th e concep t 
currentl y bein g learne d b y analogy .  A  concep t 
definitio n provide s a  specificatio n o f  logicall y necessar y 
and sufficien t  condition s fo r  bein g a n elemen t  o f  th e set , 
whil e a  sufficien t  concep t  definitio n provide s sufficien t 
condition s only .  A n exampl e o f  a  concep t  i s define d a s 
an elemen t  o f  th e set .  Th e domai n theor y consist s o f 
defaul t  IF -THE N rule s (axioms )  an d actio n operator s 
whic h represen t  wha t  i s typicall y tru e i n a  rea l  worl d 
domain .  A n explanatio n o f  ho w a n exampl e i s a 
member  o f  a -  concep t  i s a  proo f  tha t  th e exampl e i s a n 
elemen t  o f  th e set .  Th e explanatio n ca n b e viewe d a s a 
causa l  networ k o f  relations ,  consistin g o f  domain-theor y 
rule s whic h lin k prop>ertie s o f  examples ,  actions ,  an d 
goal s wit h th e relatio n 'enables(ri,rj) '  an d 'logically -
implies(ri,rj)) .  A n explanatio n relevan t  fo r  a  particula r 
purpos e ca n b e viewe d a s a  causa l  networ k o f  relation s 
al l  o f  whos e relation s ar e related ,  eithe r  directl y o r  b y 
transitivity, ,  t o relation s representin g th e purpose . 

Figur e III-l :  Purpose-Directe d A n a l o g y 

Given: 

. goal concept (e.g. HOT-CUP) 

• purpose of goal concept (e.g. enable an agent 
t o drin k ho t  liquids ) 

• domain theory (e.g. axioms such as 'Vx has-
part(x,handle )  = > graspable(x)' ) 

• a new, target example (e.g. styrofoam-cupl) 

Find: 

• a familiar, base example (e.g. ceramic-mugl), 

• an explanation of how the base example is a 
member  o f  th e goa l  concep t  (e.g .  ho w 
ceramic-mug l  i s a  H O T - C U P ) ,  an d 

• an explanation of the target example is a 
member  o f  th e goa l  concep t  derive d fro m th e 
explanatio n o f  th e bas e exampl e (e.g .  ho w 
styrofoam-cup l  i s  a  H O T - C U P ) 

Process : 

R E T R I E VE 

Concept -  learnin g b y analog y a s considere d her e 
differ s slightl y fro m tha t  studie d b y Centner ,  Burstein , 
or  Winston .  Th e analog y i s no t  mad e betwee n bas e 
and targe t  concept* ,  bu t  rathe r  betwee n bas e an d targe t 
example s o f  th e concept . 

The problem, and the four-stage technique for solving 
it ,  i s  state d i n figure  III-l . 

The system first retrieves a known, base example of 
th e goa l  concept .  Th e syste m the n explain s t o itsel f 
ho w thi s exampl e satisfie s th e purpos e o f  th e concep t 
usin g th e domai n theory .  ( W e mak e th e simplifyin g 
assumptio n tha t  ther e i s a  singl e purpose ,  whic h i s 
given. )  Mor e precisely ,  usin g A I  plannin g terminology , 
i f  th e purpos e o f  a n artifac t  i s  t o enabl e a n agen t  t o 
perfor m a  goa l  action ,  the n th e artifac t  wil l  satisf y th e 
purpos e i f  it s  structura l  feature s enabl e a  pla n o f  action s 
leadin g t o th e goal .  I t  wil l  enabl e a  pla n o f  action s i f 
i t  satisfie s thos e precondition s o f  th e action s i n whic h i t 
i s  involved .  S o fo r  example ,  a  cerami c m u g wil l  enabl e 
an agen t  tO '  drin k ho t  liquid s i f  i t  enable s thos e 
precondition s e f  action s i n a  pla n leadin g t o D R I N K i n 
whic h i t  i s  involved :  tha t  is ,  i f  i t  enable s th e agen t  t o 
P U T I N th e ho t  liquid s (i.e .  pour) ,  K E E P th e ho t  liqui d 
i n th e cu p fo r  som e interva l  o f  time ,  G R A S P th e cu p 
wit h th e ho t  liquid s i n orde r  t o P I C K U P ,  an d finally  i f 
i t  enable s th e agen t  t o D R I N K th e ho t  liquids .  Th e 
prototypica l  cerami c m u g clearl y satisfie s thes e 
precondition s wit h it s ope n concavity ,  it s  non-ptorous , 
insulatin g material ,  it s  fiat  bottom ,  handle ,  an d ligh t 
weight . 
The styrofoam cup will be considered analogous to 

bjise :  cerami c m u g target :  styrofoa m cu p 

E X P L A I N J U S T I F Y 

^  I 
enabl e D R I N K ho t  liquid s enabl e D R I N K ho t  liquid s 

f \  / ^ 
graspable ,  liftable.. .  graspable ,  liftable.. . 

/A  \  f^  \ 
ceramic ,  handle ,  stable.. .  styrof6am,conical,staDle.. . 

MAP 

the ceramic mug if it too can be used for the stated 
purpose .  T o sho w that ,  th e syste m map s th e 
explanatio n derive d fo r  th e cerami c m u g ,  an d attempt s 
t o justif y tha t  i t  i s  satisfie d b y thi s example .  Th e 
styrofoa m cu p satisfie s th e explanation ,  althoug h wit h 
slightl y differen t  structura l  characteristics .  I t  differ s 
structurall y i n tha t  th e styrofoam ,  no t  cerami c material , 
provide s insulation ;  an d th e conica l  shape ,  rathe r  tha n 
th e handle ,  make s i t  graspable . 
C. Relationship to Explanation-Based 

Generalisatio n 

The research described here adapts recent techniques 
fo r  performin g goal-directe d an d explanation-base d 
generalizatio n |4 ,  11 ,  14 ,  17 ,  18 ,  19 ,  27) .  On e ke y 
featur e o f  thes e technique s i s tha t  th e relevan t  aspect s 
of  a  singl e exampl e ca n b e extracte d b y generatin g a n 
explanatio n o f  ho w th e exampl e satisfie s a  particula r 
goal ,  o r  purpose . 
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Purpose : 

Plan : 
PUTI N 

Figur e IV-1 :  Explai n H o w th e Cerami c M u g i s a  H O T - C U P 

Enable INGEST hot-liquid 

Preconditions : 
can(contai n 
(contents) ) 

t 

KEEP 

can{kce p 
(hot-liquid,int) ) 

Structura l  Features : 
open-concavit y non-porou s 

^  insulates-hea t 
stabl e 

Attributes : 
has-parl(open-cylinder )  malerial(ceramic ) 

G R A SP 

can(be-grasped-b y 
(agent,hot-liquid) ) 

4^ 

insulates-hea t 
grasping-are a 

materia l  (ceramic ) 

P I C K UP 
A 

INGEST 
A 

can(be-picl<edup-b y can(be-ingested-b y 
(agent,hol-liquid) )  (agent,hot-liquid) ) 

light-weigh t 
stabl e 

open-concavit y 

has-par t  (flat-bottom )  has-par t  (handle ) 
weight( 6 ounces )  has-part(open-cylinder ) 
has-part(nat-bottom ) 

I n adaptin g thes e technique s t o analogy ,  th e 
distinctio n betwee n analog y an d generalizatio n ha s 
somewhat  blurred .  Whil e i n analog y th e explanatio n i s 
mapped fro m a  know n exampl e an d modiHe d t o fit  th e 
new example ;  i n generalization ,  th e explanatio n i s 
generate d ane w fo r  eac h example .  I s  ther e a n 
advantag e t o modifyin g explanation s rathe r  tha n 
generatin g the m eac h time ? Althoug h i t  seem s plausibl e 
tha t  modifyin g explanation s i s  computationall y mor e 
efficient ,  w e d o no t  ye t  hav e experimenta l  dat a t o 
suppor t  this .  On e ca n argue ,  however ,  tha t  observin g 
multipl e example s an d modifyin g th e explanatio n slightl y 
eac h tim e provide s a  principle d wa y o f  learnin g 
alternat e way s o f  satisfyin g a  particula r  goa l  o r  purpos e 
(se e als o {]3|) .  Curren t  generalizatio n technique s whic h 
analyz e a  tingl e exampl e d o no t  hav e thi s capability . 

The work described here is most closely related to 
Winston' s  |27] ,  wher e th e relevan t  ttruclura l  feature s o f 
an exampl e o f  a n artifac t  ar e extracte d b y explainin g 
ho w th e exampl e satisfie s som e pre-defme d functiona l 
features .  W e exten d thi s wor k b y providin g th e abilit y 
t o automaticall y deriv e relevan t  structura l  an d functiona l 
feature s fro m a n explicitl y  give n purpose . 

I V Cas e Studie s 

A.  Discussio n 

I n thi s sectio n w e illustrat e th e techniqu e b y tw o 
cas e studies .  Ou r  cas e studie s illustrat e th e proble m o f 
refinin g concept s o f  artifacts ,  b y analogy ,  base d o n th e 
specialize d purpos e fo r  whic h thes e artifact s ar e t o b e 

used .  Ofte n whe n learnin g a  concept ,  som e notio n o f 
th e concep t  i s  alread y known ,  an d th e tas k i s t o modif y 
i t  slightl y a s i t  i s  use d i n a  differen t  context .  T o 
simplif y ou r  techniqu e conceptually ,  w e assum e tha t  th e 
known purpos e o f  th e artifact ,  constraine d b y th e 
specialize d purpos e fo r  whic h i t  i s  intended ,  i s  th e 
'purpose '  inpu t  t o th e system .  Fo r  example ,  i f  th e 
syste m i s t o lear n th e concep t  o f  'vehicle '  i n th e contex t 
of  prohibitin g vehicle s fro m bein g drive n i n th e park ,  w e 
assume tha t  i n th e know n purpos e o f  vehicle s (t o enabl e 
transportation) ,  constraine d b y th e contex t  (interferin g 
wit h par k use )  i s  th < 'purpose '  inpu t  t o th e system :  i.e . 
vehicle s tha t  "enabl e transportatio n bu t  interfer e wit h 
par k use' . 
B. Case Study 1: A Cup for Drinking Hot 

Liquid s 

In the case study described below, a system for 
performin g Purpose-Directe d Analog y take s a s inpu t  th e 
goal  concep t  (HOT-CUP) ,  it s  purpos e (t o enabl e a n 
agen t  t o drin k ho t  liquids) ,  a  targe t  exampl e ( a 
styrofoa m cup) ,  an d domai n theor y (typica l  action s a n 
agen t  ca n perform ,  a  structura l  an d functiona l  mode l  o f 
th e artifact) .  Then ,  b y analogica l  reasonin g t o a  know n 
base exampl e o f  a  H O T - C U P ( a cerami c mug) ,  th e 
syste m determine s ho w th e targe t  exampl e (styrofoa m 
cup )  i s a  member  o f  th e concep t  (HOT-CUP) ,  derive d 
fro m th e explanatio n o f  ho w th e bas e exampl e i s a 
member  o f  th e concept . 

We now detail each step of the technique. 
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1.  R E T R I E V E ste p 

Givfn the goal concept, this step rUrirves a 
prototypica l  baa e exampi r  o f  th e goa l  concept . 
Specifically ,  a  prototypica l  exampl e o f  a  H O T - C U P { « 
cerami c mug )  i s retrieved .  T o simplif y th e problem ,  w e 
assume tha t  a  prototypica l  exampl e i s known ,  an d 
store d i n suc h a  wa y tha t  i t  ca n b e easil y retrieve d (a s 
an instanc e o f  th e genera l  concep t  i n a n instance/cla M 
hierarchy) . 

2. EXPLAIN step 

The next step uses the domain theory to explain 
ho w th e bas e exampl e (cerami c m u g satisHe s th e 
purpos e (t o enabl e a n agen t  t o drin k ho t  liquids )  (se e 
figure  IV-1) .  Thi s i s th e cru x o f  Purpose-Directe d 
Analogy :  i n thi s ste p th e relevan t  explanatio n i s 
automaticall y derived ,  give n explici t  purpos e fo r  whic h 
th e artifac t  i s  used . 

The explanation step consist of two parts: first, 
deriv e a  genera l  ezp/anotio n o f  ho w a n exampl e ca n 
satisf y th e purpos e o f  th e goa l  concept ;  second , 
rteogrtiz e tha t  feature s o f  th e exampl e i n fac t  satisf y th e 
explanation . 

Derive a General Ebcplanation: First, given the 
purpos e o f  th e goa l  concep t  an d domai n theory ,  a 
genera l  explanatio n o f  ho w a n exampl e satisfie s th e 
purpos e o f  th e goa l  concep t  i s derived .  Th e purpos e o f 
H O T - C UP ca n b e state d i n a  PROLOG-l ik e 
representatio n a s follows : 

purpose(object, 
enable-action(object,Ingest(agent ,  hot-liquid ,  object)) ) 

« hot-cup(object ) 

In words: if something is a HOT-CUP, its purpose is to 
enabl e a n agen t  t o 'ingest '  ho t  liquids .  I f  th e purpos e 
of  a  H O T - C U P i s t o enabl e ingestin g ho t  liquids ,  the n 
an exampl e o f  b  HOT-Cl ' P wil l  satisf > th e purpos e i f  i t 
enable s a  pla n o f  actio n leadin g t o th e goal .  A  planne r 
(a s i n 112] )  generate s a  prototypica l  pla n (o r  'script' ) 
whic h lead s t o th e goa l  actio n 'ingest' :  Th e pla n is : 

Putin(agent, liquid, object) 

Keep(agent, liquid, object, time-interval) 

Crasp(agent, object, liquid) 

Pickup(agent, object, liquid) 

Ingest(agent, liquid, object) 

Each action has a list of preconditions which must be 
tru e i n orde r  t o enabl e th e action .  Th e objec t 
precondition !  ar e thos e precondition s whic h mus t  b e tru e 
of  th e objec t  i n orde r  t o enabl e th e action .  Fo r  a n 
artifac t  t o enabl e th e pla n o f  actions ,  i t  i s  expecte d t o 
satisf y th e objec t  precondition s o f  eac h o f  th e action s i n 
th e plan .  Th e objec t  precondition s are : 

object preconditions for 'Putin': 
can (  conlain(object ,  contents) ) 

objec t  precondition s fo r  'Keep' : 
can (  keep(objecl ,  hot-liquid ,  lime-interval) ) 

object preconditions for 'Grasp': 
can (  be-grasped-by(object ,  agent ,  hot-liquid) ) 

object preconditions for 'Pickup': 
can (  be-pickedup-by(object ,  agent ,  hot-liquid) ) 

object preconditions for 'Ingest': 
can (  be-ingeated-with(object ,  agent ,  hot-liquid) ) 

In general, the preconditions are collected together 
by a  metho d suc h a s goa l  regressio n (22 ]  whic h collect s 
onl y thos e precondition s no t  directl y enable d b y previou s 
actions ,  an d keep s trac k o f  othe r  constraint s amon g th e 
preconditions . 

The output of this first part is a general explanation 
of  th e precondition s whic h a n exampl e i t  expecte d t o 
Mtisf y i n orde r  t o fulfil l  th e purpos e o f  a  H O T - C U P . 

Recognise Example as Satisfying tbc 
Explanat ion :  Give n th e genera l  explanation ,  th e bas e 
example ,  an d domai n theory ,  thi s ste p verifie s that ,  i n 
fact ,  th e bas e exampl e (a -  cerami c m u g )  satisfie s th e 
explanatio n fo r  membershi p i n H O T - C U P (closel y 
relate d t o pla n recognitio n |23j. )  A n artifac t  ca n satisf y 
thes e preconditions ,  o r  functiona l  requirement* ,  b y 
certai n structura l  characteristics .  Thes e ca n b e satisfied , 
i n turn ,  b y particula r  attribute s o f  th e artifact . 

The example is represented as a frame, with 
attribute s represente d b y slot s an d values .  A  fram e i n a 
PROLOG-l ik e repriseniatio n i s a  lis < o f  binar y 
predicate s |12| .  Th e fram e describin g ceramic-mug l  is : 

manufacturer(ceramic-mugl, abc-co)) 
serial-number(ceramic-mugl ,  72118) ) 
color(ceramic-mugl ,  blue ) 
material(ceramic-mugl ,  ceramic ) 
weight(ceramic-mugl ,  6-ounces ) 
has-part(ceramic-mugl ,  flat-bottom) 
has-part(ceramic-mugl ,  open-cylinder ) 
has-part(ceramic-mugl ,  handle ) 

The domain theory contains 'default' rules, 
representin g typica l  structura l  an d functiona l 
characteristic s o f  a n artifact .  A n enabl e ttruttur e rul e 
expresse s ho w a  genera l  structura l  attribut e ca n 
typicall y b e satisfie d b y a  particula r  attribut e o f  a n 
object .  Fo r  instance : 

SLruclure(object, open-concavity) « 
has-part(object,open-cylinder ) 

The enable function rule expresses how a functional 
requiremen t  ca n typicall y b e satisfie d b y a  structura l 
attribute .  Fo r  example : 

enable-function(object, 
c&n(  contain(object ,  contents) )  « 
structure(object ,  open-concavity ) 
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Recognitio n proceed s a s a  searc h fo r  rule s t o 
generat e a  proo f  tha i  attribute s o f  th e cerami c m u g 
satisf y th e functiona l  requirements .  Th e resultin g 
explanatio n i s a s follows :  (se e Figur e lV- 1 fo r  a n 
illustration) :  Sinc e th e shap e o f  th e m u g i s a n ope n 
cylinder ,  i t  ha s a n ope n concavit y whic h allow s ho t 
liquid s t o b e P U T I N i t  (i.e .  poure d in) .  Th e cerami c 
materia l  o f  th e m u g provide s a  non-porou s materia l 
whic h als o insulate s th e heat ,  an d th e fla t  shap e o f  it s 
botto m make s i t  stable—al l  whic h enabl e th e cu p t o 
K E EP th e ho t  liqui d fo r  som e interval .  It s  handl e an d 
insulatin g materia l  make s i t  GRASPable .  It s weigh t  ( 6 
oz. )  make s i t  light-weight ,  an d that ,  alon g wit h it s 
stability ,  enabl e a n agen t  t o P IC K i t  U P .  Finally , 
enablin g al l  th e previou s actions ,  alon g wit h havin g a n 
ope n concavity ,  allow s th e agen t  t o perfor m hi s goa l 
actio n o f  INGESTin g th e ho t  liquid s fro m th e cerami c 
mug. 

The output of this step, then, is an explanation of 
ho w th e bas e exampl e (th e cerami c m u g )  satisfie s th e 
purpos e o f  H O T - C U P 

3. MAP Step 

Thi s ste p copie s th e explanatio n o f  th e bas e exampl e 
ove r  t o th e targe t  exampl e (th e styrofoa m cup) . 

4. JUSTIFY Step 

This step takes as input the explanation mapped 
over ,  th e targe t  example ,  an d domai n theory ,  an d 
attempt s t o justif y tha t  th e explanatio n i s satisfie d b y 
th e targe t  example .  I f  i t  canno t  justif y i t  usin g th e 
explanatio n a s it s stands ,  i t  modifie s th e explanatio n t o 
sho w tha t  th e targe t  exampl e i s a  member  o f  th e goa l 
concep t  i n a  slightl y differen t  way . 

First, it attempts to show how the attributes of the 
styrofoa m cu p satisf y th e structura l  an d functiona l 
requirement s o f  somethin g tha t  i s a  H O T - C U P i n th e 
same wa y a s th e cerami c mug .  I f  i t  fail s  t o d o that ,  i t 
attempt s t o modif y a  portio n o f  th e explanatio n t o 
sho w tha t  th e functiona l  requirement s ar e satisfie d b y 
alternativ e structura l  features .  I f  i t  i s  unabl e t o d o 
that ,  i t  attempt s t o sho w tha t  alternativ e action s satisf y 
th e agent' s goa l  action .  I f  tha t  i s  unsuccessful ,  th e 
justificatio n ste p fails .  Thi s processin g i s simila r  i n 
spiri t  t o derivationa l  analog y |3j ,  an d partia l  provisiona l 
plannin g |24| . 

In this example, the styrofoam cup satisfies most of 
th e structura l  an d functiona l  requirement s i n th e sam e 
way a s th e cerami c mug .  I t  differ s structurall y onl y i n 
tha t  i t  i s  th e styrofoa m material ,  no t  ceramic ,  whic h 
insulate s th e heat ;  an d i t  i s  th e conica l  shape ,  rathe r 
tha n a  handle ,  whic h make s i t  graspable .  Sinc e th e 
styrofoa m cu p als o fit s  thes e relevan t  functiona l 
requirement s an d therefor e th e purpose ,  eve n i f  wit h 
differen t  structura l  characteristics ,  i t  i s  considere d 
analogou s t o th e cerami c mug ,  an d ma y als o b e 
classifie d a s a  H O T - C U P . 

The result of this step is a (possibly modified) 
explanatio n o f  ho w th e styrofoa m cu p satisfie s th e 
purpose s o f  a  H O T - C U P . 

5.  Learnin g 

Given the two explanations as input, learning is 
achieve d firs t  b y retainin g th e tw o explanation s derive d 
by th e system .  Thi s provide s th e syste m wit h th e 
abilit y  t o classif y th e targe t  exampl e a s a  member  o f 
th e concept .  Next ,  th e syste m proceed s t o for m a 
generaliiatio n base d o n th e explanation s generate d fo r 
tw o examples .  Give n thes e tw o explanations ,  th e 
syste m ca n summariz e th e c o m m o n structura l 
characteristic s (an d whe n findin g non e i n common-th e 
functiona l  ones )  t o for m a  sufficien t  definitio n o f  th e 
goal  concept .  Thu s th e outpu t  o f  thi s ste p i s a 
sufficien t  definitio n o f  a  H O T - C U P :  a n objec t  whic h ca n 
hav e a n ope n concavity ,  ca n b e mad e o f  nonp>orous , 
insulatin g material ,  ca n b e stable ,  lightweight ,  an d ca n 
be graspable .  Thi s sufficien t  definitio n ca n b e use d 
fro m no w o n t o recogniz e example s o f  a  H O T - C U P 
mor e easily ,  sinc e i t  i s  describe d i n mor e optrationa l 
term s |20j ,  i.e .  i n term s o f  structural ,  observabl e 
characteristic s (se e sectio n V. A fo r  furthe r  discussio n o f 
'operationality') . 

C. Case Study 2: Vehicle in Park 

We are also applying Purpose-Directed Analogy to a 
mor e comple x cas e study ,  tha t  o f  formin g lega l  concept s 
by lega l  reasonin g fro m precedent s (initiate d withi n th e 
T A X M AN I I  projec t  |16 ,  21)) .  (Fo r  othe r  researc h o n 
AI  an d lega l  reasonin g se e |9]) .  Give n th e lega l  statut e 
' A vehicl e i s prohibite d i n a  publi c park "  |7| ,  th e tas k 
i s t o lear n th e concep t  D I S T U R B I N G - V E H I C L E ,  a n 
objec t  whic h enable s drivin g bu t  interfere s wit h par k 
use .  W e d o no t  presen t  a  detaile d solutio n here . 
Rather ,  w e sketc h i t  briefly . 

A case is brought before the court for violating the 
statut e ' A vehicl e i s prohibite d i n a  publi c park' .  I t  i s 
th e cas e o f  T o m m y ,  a n 18-yea r  old ,  wh o wa s foun d 
speedin g throug h th e par k o n a  bicycl e b y a  policeman . 
Th e syste m performin g Purpose-Directe d Analog y ca n b e 
viewe d a s modellin g th e tas k o f  th e prosecutin g lawyer . 
Th e lawye r  wil l  argu e tha t  ridin g a  bicycl e i n th e par k 
i s analogou s t o a  cas e wher e a  passenge r  ca r  wa s drive n 
int o th e park ,  a  clea r  exampl e o f  a  vehicl e prohibite d i n 
th e park .  (Thi s styl e o f  argumentatio n fro m precedent s 
i s a  commo n for m o f  lega l  argumentation. )  Th e 
argumen t  involve s presentin g th e relevan t  fact s tha t 
justif y wh y fo r  thi s law ,  th e bicycl e cas e i s analogou s t o 
th e cas e involvin g a  passenge r  car .  Knowledg e o f  th e 
purpos e o f  th e vehicle s tha t  th e la w intend s t o prohibi t 
( D I S T U R B I N G - V E H I C L E S ,  object s whic h enabl e drivin g 
but  interfer e wit h par k use )  i s use d t o deriv e th e 
relevan t  explanatio n use d i n thi s analogy .  Th e proble m 
of  learnin g th e lega l  concep t  D I S T U R B I N G - V E H I C L E 
by argumentatio n fro m precedents ,  guide d b y knowledg e 
of  legislativ e intent ,  mor e specificall y th e purpos e o f 
D I S T U R B I N G - V E H I C L E ,  i s thu s a n instanc e o f  th e 
genera l  proble m o f  learnin g concept s b y Purpose -
Directe d Analogy . 

First, the system re(rietie« the clear precedent case 
(involvin g a  passenge r  car) .  W e assum e tha t  clea r 
preceden t  case s ar e known ,  an d ca n easil y b e retrieved . 
Next ,  th e syste m explain s wh y th e preceden t  cas e ha s 
violate d thi s law ,  an d thu s involve s a  D I S T U R B I N G -
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V E H I C L E.  Th e st»tuie' s inien t  i s l o prohibi t  drivin g 
ihos r  vehicle s whic h woul d inlerfer e wit h people' s us e o f 
th e park ,  suc h a s enjoyin g th e seren e setting ,  an d th e 
natura l  habita t  provide d b y th e park .  Drivin g a 
passenge r  ca r  clearl y interfere s wit h thes e aspect s o f  th e 
park :  i t  make s noise ,  an d thu s disturb s th e seren e 
setting .  I t  pollute s th e air ,  an d ma y trampl e th e law n 
and eve n kmal l  animals ,  an d thu s destroy s th e natura l 
habitat .  Next ,  th e syste m map s thi s explanatio n l o 
argu e (juslifj )  tha t  th e cas e involvin g a  bicycl e i s a 
D I S T U R B I N G - V E H I C L E i n th e sam e relevan t  respects . 
Becaus e th e bicycl e trample d th e lawn ,  flowers ,  an d 
spe d b y par k users ,  i t  similarl y interfere d wit h th e 
seren e settin g an d th e natura l  habita t  o f  th e park ,  an d 
i s therefor e analogou s l o th e cas e o f  a  passenge r  ca r  i n 
th e aspect s relevan t  fo r  thes e purposes ,  an d ma y als o b e 
classifie d a s a  D I S T U R B I N G - V E H I C L E .  Finally ,  th e 

syste m generalize s l o a  sufHcien l  dermitio n o f 
D I S T U R B I N G - V E H I C L E ,  base d o n th e explanations ,  s o 
tha t  futur e case s ca n b e identifie d mor e easil y a s havin g 
violate d th e lega l  siatule . 
V CoDcluaion 

A .  Limitation s a n d Fu tu r e Researc h 

We plan to complete the implementation of the 
syste m i n th e nea r  future .  I n addition ,  w e expec t  t o 
experimen t  wit h th e syste m usin g cas e studie s o f 
increasin g complexity.  W e als o pla n t o tes t  th e syste m 
on cas e studie s fo r  learnin g concept s wit h alternativ e 
purposes .  Further ,  severa l  majo r  theoretica l  issue s stil l 
need t o b e addresse d befor e w e hav e a  robus t  Purpose -
Directe d Analog y technique . 

Generalizing the technique to other domains: We 
provide d a n initia l  desig n o f  a  techniqu e t o lear n 
concept s o f  everyda y artifacts .  Ca n thi s techniqu e b e 
generalize d t o othe r  domain s suc h a s thos e studie d b y 
Centner ,  Burstein ,  an d Winston ? W e us e a  ver y 
specifi c  notio n o f  purpose ,  th e purpos e fo r  whic h a n 
artifac t  i s  intende d t o b e used .  'Purpose '  i n analog y 
ca n expres s man y differen t  intentions .  I t  ca n refe r  t o 
th e purpos e o f  th e agen t  formin g th e analogy ,  th e 
purpos e o f  th e agen t  understandin g th e analogy ,  th e 
purpos e o f  th e analog y proces s itself ,  th e purpos e o f  th e 
agen t  usin g th e concep t  learne d a s a  resul t  o f  th e 
analogy ,  an d s o on .  O n e importan t  ope n proble m t o b e 
solve d befor e th e techniqu e ca n b e generalize d i s t o 
represen t  classe s o f  purposes ,  an d thei r  relationshi p t o 
one another . 

Deriving the Goal Concept: Currently, the system is 
give n a  singl e concep t  t o learn ,  an d a  singl e purpose . 
Vet  i n mos t  real-worl d form s o f  learning ,  ther e ar e 
many concept s t o learn .  I n addition ,  ther e ar e many , 
sometime s cooflicting ,  purpose s fo r  learning .  Ca n a 
syste m arriv e a t  th e desire d concept(s )  t o learn ,  an d 
infe r  th e purpose(s )  automaticall y fro m context ? I n hi s 
researc h o n contextua l  learning ,  Kelle r  ha s demonstrate d 
a scenari o fo r  thi s i n th e contex t  o f  heuristi c searc h 

jllj .  .\ n importan t  issu e fo r  futur e researc h i s t o 
examin e th e proble m o f  formulatin g concept s an d 
purpose s i n thes e domains . 

Adequac y o f  Th e Doma i n Theory :  Th e explanation s 
derive d b y Purpose-Directe d Analog y ar e onl y a s 
adequat e a s th e underlyin g domai n theor y used .  I n th e 
cas e studie s presente d here ,  th e syste m ha d al l  th e 
correc t  domai n theor y rule s neede d t o deriv e th e 
explanations .  Ye t  theorie s o f  th e domain s o f 
commonsens e artifact s an d la w ar e bot h inexac t  an d 
information-incomplete .  I n fact ,  th e representatio n o f 
most  real-worl d domain s wil l  alway s b e lacking . 
Learnin g i n thes e domain s wil l  hav e l o accoun t  fo r  a 
weak underlyin g theor y (se e |I5 ,  16 |  fo r  on e approach) . 

The domain theory is inexact in that the axioms 
represen t  wha t  i s oiil > approxiiiialel )  true .  Fo r 
example ,  a  rul e suc h a s 'lias(vehicle,Molor )  » 
pollutes(vchicle,Air) '  i s  no t  infallible :  wha t  i f  th e moto r 
i s dead ? On e issu e l o dea l  wit h i s ho w t o lear n 
concept s whe n exception s t o thes e rule s aris e (se e als o 

|l]) .  Bot h analyti c an d empirica l  technique s tha t  dea l 
wit h exception s wil l  nee d t o b e develope d (  |28 j  i s  on e 
suc h analyti c  technique) .  I n addition ,  th e theor y i n 
thes e domain s i s information-incomplet e i n tha t  w e 
canno t  hop e t o represen t  al l  th e neede d informatio n 
abou t  thes e domains .  Fo r  example ,  ou r  representatio n 
migh t  b e missin g th e rul e 'has-parl(x ,  handle )  = > 
graspable(x) '  neede d l o generat e th e explanatio n o f  ho w 
somethin g i s a  cup .  Thu s th e issu e o f  whe n t o 
approximat e whe n generatin g a n explanatio n wil l  com e 
int o play .  I n th e lon g term ,  technique s wil l  nee d l o b e 
develope d l o lear n thes e axiom s fro m empirica l 
techniques ,  o r  fro m reasonin g fro m firs t  principles . 

0;)erafiona/t<y of Definitions: Intuitively, we want 
our  concep t  definition s t o enabl e agent s t o easil y 
recogniz e member s o f  th e concepts .  W h e n i s a  concep t 
definitio n 'operational '  i n thes e domains ? W h e n i s i t 
'non-operational '  (20) ? Currentl y w e assum e tha t 
structura l  definition s allo w a  h u m a n agen t  t o easil y 
classif y example s a s bein g member s o f  a  concep t  (henc e 
ar e operational) ,  whil e functiona l  an d purposiv e 
definition s d o no t  (an d henc e ar e non-operational) .  Th e 
notio n o f  concep t  operalionalizatio n ha s bee n 
investigate d i n |10| .  Kelle r  advocate s definin g 
operationalil y  i n term s o f  th e intende d us e o f  th e 
concept .  Th e intende d us e i n th e cas e studie s examine d 
her e seem s l o b e on e o f  classification .  A n interestin g 
ope n issu e t o explor e i s whethe r  knowledg e o f  th e typ e 
of  domai n (artifacts ,  say )  an d th e intende d us e o f  a 
concep t  (classification ,  say )  ca n b e use d t o automaticall y 
defin e operationa l  an d non-operationa l  language s fo r 
definin g concept s i n a  give n domain . 
B. Summary 
To summarize, we have outlined a framework of 
existin g model s o f  analogica l  reasoning ,  withi n whic h w e 
discusse d thre e existin g model s o f  concep t  learnin g b y 
analogy .  W e argue d tha t  a  ke y limitatio n i s tha t  thes e 
model s canno t  automaticall y generat e th e causa l  networ k 
of  relation s relevan t  fo r  th e purpos e o f  a  particula r 
analogy .  W e the n introduce d a n initia l  desig n fo r 
Purpose-Directe d Analog y i n concep t  learning ,  whic h 
addresse s thi s limitatio n b y usin g a  specialize d notio n o f 
purpos e t o automaticall y deriv e th e relevan t  explanatio n 
(causa l  network) .  Thi s specialize d purpos e i s th e 
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purpos e fo r  whic h a n arlifar l  i s  inlriide d l u b e used . 
Give n explici t  knowledR e o f  th e purpos e o f  th e artifact , 
tw o example s ar e considere d analogou s b y th e syste m i f 
the y shar e a n explanatio n whic h prove s tha i  bot h ca n 
be use d fo r  th e sam e purpose .  W e illustrate d th e 
techniqu e wit h tw o cas e studie s o f  learnin g concept s o f 
everyda y artifacts . 

Building a machine that learns by analogy and 
reason s i n comnionM-nst -  domain s i s siil l  boNon d ou r 
abilities ,  ye i  w r  ar e slowl y progressin g towar d tha i  goal . 
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