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S e a r c h i n A n a l o g i c a l  R e a s o n i n g 

Joseph P. Vybihal 
Schoo l  o f  Compute r  Scienc e 

McGli l  Universit y 

and 

Thomas R. Shultz 
Departmen t  o f  Psycholog y 

McGII I  Universit y 

ABSTRACT 

Analogical reasoning is the process of finding and adapting old solutions to solve new problems. 
Unlik e mos t  analog y work ,  whic h ha s emphasize d mappin g th e analog y t o th e targe t  problem ,  w e 
focusse d o n searc h fo r  th e analogy .  Experiment s wit h human s doin g analogica l  reasonin g 
uncovere d a  searc h strateg y whic h w e cal l  Lambd a Search ,  becaus e o f  it s  u p an d dow n shap e 
throug h long-ter m memory .  Lambd a Searc h begin s b y generalizin g o n th e propertie s o f  th e targe t 
proble m an d the n eventuall y specializin g o n th e example s o f  som e highe r  leve l  concept .  Thes e 
idea s wer e implemente d i n a  compute r  progra m name d Lambda .  Simulation s demonstrate d tha t 
searc h lessened ,  an d i n som e case s solved ,  th e problem s o f  mappin g an d tweaking . 

ANALOGICAL REASONING 

Analogical reasoning is known to have four major steps: (1) problem representation, (2) search, 
(3 )  mappin g (wit h tweaking) ,  an d (4 )  procedura l  adaptatio n (als o wit h tweaking )  (Holland , 
Holyoak ,  Nisbett ,  &  Thagard ,  1986 ;  Novick ,  1988) . 

Problem representation is a critical part of analogical reasoning. Novick (1989) observed that 
novice s an d expert s interpre t  problem s differentl y dependin g o n ho w wel l  the y understan d th e 
proble m domain .  Experts '  greate r  abilit y  t o interpre t  problem s an d conver t  the m int o a  mor e usefu l 
for m increase s proble m solvin g effectiveness .  Analog y program s wit h th e capacit y  t o creat e an d 
modif y thei r  ow n proble m representation s ar e rar e (bu t  se e Hammond,  1988) . 

Search is presumably required to find the most useful analogies to the target problem. Little 
progres s ha s bee n mad e o n searc h fo r  analogie s i n system s wit h realisti c size d lon g ter m 
memories .  A  possibl y promisin g approac h i s th e connectionis t  analog y retrieva l  progra m o f 
Thagar d an d Holyoa k (1988) .  I n contrast ,  w e attemp t  a  symboli c leve l  approac h t o analog y searc h 
compatibl e wit h ̂ e symboli c leve l  treatment s o f  othe r  aspect s o f  analogica l  reasoning . 

A series of psychological experiments by Centner and her colleagues (Skorstad, Falkenhainer, & 
Centner ,  1987 )  hav e demonstrate d tha t  peopl e typicall y us e surface ,  rathe r  tha t  deep ,  informatio n 
t o find  analogies ,  thu s ensurin g tha t  th e analogie s the y fin d ar e no t  terribl y useful .  I n contrast . 
Parie s an d Reise r  (1988 )  hav e presente d evidenc e tha t  peopl e i n a  proble m solvin g contex t  ignor e 
surfac e informatio n an d instea d fin d an d us e dee p analogie s throug h goa l  information .  Thi s 
suggest s tha t  Centner' s subject s di d no t  fin d dee p analogie s becaus e he r  experiment s wer e no t 
conducte d i n a  proble m solvin g context .  Ou r  wor k attempt s t o integrat e bot h surfac e informatio n 
and goa l  informatio n int o a  single ,  seamles s algorithm ,  an d thu s unif y th e approache s o f  Centne r 
and Reiser . 

Mapping is the process that selects and copies important analogical information from the source to 
th e target .  Mappin g establishe s correspondence s betwee n piece s o f  knowledg e tha t  contai n som e 
similarity .  Centne r  (1986 )  ha s claime d tha t  onl y structura l  criteri a gover n analogica l  mapping :  one -
to-on e mapping s an d mapping s amon g connecte d system s o f  predicat e relations .  He r  Structur e 
Mappin g Engin e (SME )  algorith m use s a  bottom-u p approac h wit h predicat e calculu s t o creat e 
analogie s (Skorsta d e t  al. ,  1987) . 
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Tweaking is the modification of elements of information that have been mapped if they cause 
inconsistenc y i n th e analogy .  Ther e ar e thre e aspect s o f  tweaking :  (1 )  avoidin g item s tha t  d o no t 
need t o b e tweaked ,  (2 )  identifyin g th e portion s o f  item s tha t  nee d t o b e tweaked ,  an d (3 )  actuall y 
tweaking .  A n interestin g findin g o f  ou r  researc h i s tha t  competen t  analog y searc h ca n routinel y 
handl e th e firs t  tw o aspect s o f  tweaking ,  an d sometime s ca n eve n accomplis h th e thir d aspect . 

Procedural adaptation uses the computed analogy to solve the target problem. Any inconsistencies 
discovere d durin g us e mus t  b e tweake d again ,  an d i n thi s manne r  th e las t  draf t  o f  th e analog y i s 
created . 

PSYCHOLOGICAL EXPERIMENTS 

We conducted a number of experiments to determine the search process used by humans doing 
analogica l  reasonin g (Vybihal ,  1989) .  Al l  o f  thes e experiment s ha d th e purpos e o f  inspirin g ou r 
programmin g rathe r  the n providin g a  rigorous  psychologica l  demonstration .  T w o o f  thes e 
experiment s ar e describe d here :  on e o n goal-les s searc h an d anothe r  o n goal-drive n search . 

Goal-less Analogical Search 

Goal-less analogy tasks ask the subject to produce an analogy to something in the absence of any 
othe r  proble m solvin g goal .  Thi s i s basicall y th e techniqu e use d i n Centner' s psychologica l 
experiment s (Skorstade t  al. ,  1987) . 

Method 

Three university students were asked to give an analogy for two cars crashing together and to think 
alou d whil e doin g so .  W e dre w graph s fro m th e tape d protocol s b y drawin g a  nod e fo r  eac h 
concep t  mentione d an d drawin g a  directe d ar c fro m tha t  concep t  t o an y othe r  concep t  tha t  directl y 
descende d fro m i t  i n th e protocol .  Fo r  example ,  i f  th e protoco l  read :  "I f  x  the n y" ,  a  nod e wa s 
draw n fo r  x ,  anothe r  nod e fo r  y ,  an d a  directe d ar c fro m x  t o y .  The n th e directe d arc s wer e 
arrange d s o tha t  thos e referrin g t o a  generalization ,  abstraction ,  o r  categorizatio n pointe d upward , 
wherea s arc s referrin g t o events ,  instances ,  o r  specialization s pointe d downward .  Thes e ar e no t 
diagram s o f  th e structur e o f  memory ,  bu t  rathe r  o f  th e searc h proces s a s reporte d b y th e subjects . 

Result s 

Examination of these graphs indicated that people can perform goal-less analogies and that they do 
so usin g a  characteristi c searc h pattern .  On e subject' s protoco l  i s  presente d a s a  representativ e 
example :  " m m .. .  m m .. .  sounds ,  impact ,  peopl e insid e injured ,  tw o movin g object s crashin g 
togethe r  .. .  tw o snooke r  ball s .. .  no ,  n o .. .  tw o potatoe s smashin g togethe r  .. .  becaus e crushing. " 

This subject listed the problem's properties and then tried to match those attributes with some other 
even t  i n memory .  Thi s i s a  tw o wa y hierarchica l  searc h tha t  generalize d ove r  propertie s an d the n 
used thos e propertie s t o specializ e ont o a  solution .  Th e othe r  tw o subject s di d thi s a s well .  Unlik e 
th e othe r  subjects ,  thi s subjec t  propose d a  solutio n t o th e problem ,  an d the n rejecte d i t  fo r  a  bette r 
solution .  Th e interestin g resul t  i s  tha t  th e bette r  solutio n ha d a n extr a propert y tha t  matche d t o i t  a s 
compare d t o th e propertie s tha t  matche d i n th e firs t  solution .  Thi s suggest s tha t  solution s ar e 
evaluate d o n th e basi s o f  th e numbe r  o f  propertie s tha t  match ,  wit h a  bette r  solutio n possessin g 
more matches . 

Goal-drive n Analogica l  Searc h 

Goal-driven analogy tasks ask the subject to solve a problem that may be analogous to other, 
alread y solve d problems .  Thi s i s essentiall y  wha t  Farie s an d Reise r  (1988 )  hav e don e i n thei r 
analog y experiments . 

Metho d 
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Three university computer science students were each given 10 problems to solve in elementary 
Lis p programming .  The n the y wer e give n a  ne w Lis p proble m an d aske d t o solv e i t  give n wha t 
the y ha d learne d fro m th e previou s 1 0 problems .  Th e ne w proble m wa s superficiall y  simila r  t o 1  o f 
th e 1 0 previou s problems ,  an d simila r  i n goa l  t o 1  o r  2  o f  th e othe r  1 0 previou s problems .  Whil e 
th e subject s wer e solvin g th e problems ,  the y wer e aske d t o thin k aloud .  Eac h subjec t  wa s als o 
aske d t o giv e a  labe l  o r  a  titl e fo r  eac h problem .  Eac h proble m wa s couche d i n a  brie f  stor y wit h a 
distinc t  huma n interes t  context ;  thi s wa s t o provid e plent y o f  surfac e information . 

The 10 initial problems were: (a) accounting firm - goal: display first item in a list, (b) family 
historia n goal :  retur n ascendin g an d descendin g versio n o f  a  list ,  (c )  politica l  campaig n -  goal : 
retur n a  lis t  wit h th e las t  elemen t  move d t o th e fron t  o f  th e list ,  (d )  theologia n -  goal :  inser t  a n ite m 
int o th e secon d positio n o f  a  list ,  (e )  autho r  -  goal :  tes t  i f  a  lis t  i s  a  palindrome ,  (f )  libraria n -  goal : 
tes t  i f  a n ite m i s i n a  list ,  i f  no t  ad d i t  t o th e list ,  (g )  physicis t  -  goal :  coun t  th e element s i n a  hst ,  (h ) 
A ID S -  goal :  tes t  i f  a  lis t  i s  empty ;  (i )  mat h professo r  -  goal :  prin t  ou t  th e Fibonacc i  numbe r 
sequenc e give n a n inpu t  number ,  an d (j )  psychoti c publishe r  -  goal :  remov e th e las t  elemen t  fro m a 
list . 

The target problem: "An AIDS researcher detects HIV using a machine that monitors cell tissue 
ever y one-hundredt h o f  a  second .  Eac h tim e th e machin e detect s a n HI V viru s i t  increment s a 
counte r  o f  al l  HIV' s i t  ha s see n unti l  i t  ha s counte d t o 100 ;  the n i t  conclude s tha t  th e patien t  ha s 
AIDS .  Writ e a  LIS P functio n tha t  increment s a  counte r  ever y tim e i t  detect s a n elemen t  i n a  lis t  (th e 
elemen t  i s a n H  fo r  HI V detected )  unti l  10 0 wher e i t  cease s t o increment .  Th e functio n i s passe d a 
lis t  lik e ( H H  H  H )  fo r  al l  HIV s detected. " 

Result s 

The protocols were diagrammed as in the previous experiment. The labels, solution, and protocol 
fro m on e representativ e subjec t  ar e presente d here .  Th e labels ,  i n a n orde r  correspondin g t o tha t 
use d above ,  ar e car ,  up&down ,  rotate_right ,  insecond ,  palindrome ,  set_add ,  cardinality , 
is_empty ,  fibonacci,  shif t  right. 

Solution: (defun hasaids (1) (cond ((>= countatoms (1) 100) t)(t 0)) 

Verbal Protocol: "Same as AIDS research (problem)... rings (a) bell on (the) is-empty (problem -
th e A ID S problem )  I  think ,  yes ,  sam e typ e o f  proble m .. .  no !  .. .  count s numbe r  instea d o f  sayin g 
foun d on e .. .  o k .. .  (ne w proble m count s to )  10 0 an d the n detect s .. .  u m .. .  loo k fo r  somethin g i n 
a lis t  an d kee p coun t  o f  the m t o 100 ,  the n yo u sto p .. .  o k .. .  (tha t  means )  ge t  cardinalit y o f  list .  I f 
ove r  10 0 the n .. .  i f  yo u wan t  t o us e othe r  function s . .  us e cardinalit y an d simpl e tes t  wit h respec t 
t o threshol d o f  10 0 .. .  s o that' s (the )  countatom s (problem).. .  cal l  i t  has_aid s .. .  us e th e con d 
functio n an d retur n tru e o r  fals e .. .  refe r  t o Fibonacc i  fo r  structur e o f  C O N D . " 

This subject noticed that the problem was similar to problem (h) (the other AIDS problem) but 
faile d t o continu e thi s lin e o f  searc h becaus e th e ne w problem' s goa l  wa s no t  simila r  t o th e goa l  i n 
th e othe r  A ID S problem .  The n th e subjec t  define d th e ne w problem' s goa l  a s usin g cardinality , 
whic h reminde d hi m o f  th e physicis t  proble m (g )  an d a  conditiona l  tes t  that ,  i n turn ,  reminde d hi m 
of  th e Fibonacc i  proble m (i) .  Usin g thes e tw o piece s o f  information ,  h e create d hi s solution . 

This subject solved the target problem using only goal information. Surface information was never 
eve n mentione d excep t  a t  th e beginnin g wher e th e matc h faile d becaus e th e analogou s goa l  wa s no t 
simila r  t o th e targe t  goal .  Goa l  informatio n completel y out-weighe d surfac e information .  Th e sam e 
patter n existe d fo r  th e othe r  tw o subjects . 

Tweaking was observed in this protocol when the Fibonacci problem was used to complete this 
versio n o f  Coun t  Atoms .  Th e subjec t  observe d a  differenc e betwee n th e targe t  AID S proble m an d 
th e analogou s physicis t  problem .  Upo n finding  th e Fibonacc i  proble m tha t  reduce d thi s difference , 
th e subjec t  extracte d onl y th e critica l  par t  o f  th e Lis p cod e neede d t o complet e th e Coun t  Atom s 
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solution. Finally, even that part of the solution needed to be tweaked slightly. Although it is not 

possibl e t o ascertai n fro m a  verba l  protoco l  alon e whethe r  o r  no t  tweakin g involve d search ,  i t  i s 

tru e tha t  th e progra m describe d belo w accomplishe s thes e firs t  tw o tweak s (changin g th e physicis t 

analog y b y findin g th e Fibonacc i  problem ,  an d extractin g th e critica l  par t  o f  th e Fibonacc i  problem ) 

by searc h alone ,  th e las t  twea k requirin g som e stil l  unspecifie d process . 

In all of our experiments, we have 15/15 subjects who demonstrated at least part of this up and 

down searc h patter n throug h L T M .  I n som e cases ,  th e generalizatio n par t  o f  th e searc h m a y b e 

omitted ,  du e t o a  direc t  matc h betwee n th e targe t  an d th e analogy .  Becaus e o f  it s  characteristi c u p 

and d o w n shape ,  w e cal l  thi s patter n L a m b d a Search . 

THE LAMBDA PROGRAM 

The Lambda program was designed to implement the main ideas discovered in the preceding 

psychologica l  experiments .  Th e progra m take s a s inpu t  a  L T M databas e o f  concept s an d a  singl e 

W M proble m concept .  I t  the n trie s t o solv e th e proble m usin g th e L a m b d a Searc h process .  L a m b d a 

Searc h firs t  trie s a  direc t  solution ,  whic h i s the n specialize d i f  i t  i s  no t  exact .  I f  a  direc t  solutio n 

fails ,  a  generalizatio n searc h occur s unti l  a  sufficientl y goo d matc h i s found .  Thi s matc h i s the n 

specialize d t o improv e th e fi t  o f  th e solution .  W h e n a  solutio n i s foun d o r  to o m a n y trie s hav e 

occurred ,  th e progra m terminate s an d display s bot h th e solutio n t o th e proble m (i f  any )  an d 

statistic s concernin g th e variou s memor y accesse s made .  Generalizatio n searc h move s upwar d i n 

th e L T M hierarch y b y usin g th e propertie s slot s o f  concepts ,  wherea s specializatio n searc h move s 

downward s throug h thi s hierarch y b y employin g th e example s slot s o f  concepts . 

Memory Structur e 

In our program, the structures of LTM and WM are centered on the idea of a Concept. The 

Concep t  i s a  dat a structur e base d o n frames .  I t  support s othe r  familia r  A I  structure s suc h a s script s 

and productio n rule s i n a  unifor m way . 

Concep t 

An importan t  par t  o f  th e meanin g o f  a  concep t  i s it s  relatio n t o othe r  concept s i n m e m o r y (Lindsa y 

& Norman ,  1977) .  Concept s i n th e L a m b d a progra m contai n th e fou r  feature s o f  name ,  class , 

properties ,  an d examples .  Eac h valu e containe d withi n a  featur e i s calle d a n element .  Eac h elemen t 

i s no t  onl y a  descriptiv e valu e bu t  als o th e nam e o f  anothe r  Concept ,  givin g a  recursiv e qualit y t o a 

set  o f  Concepts . 

With Concepts, one can represent events and ideas and access and interrelate other events and 

ideas .  Eac h ide a ca n b e accesse d instantl y give n it s name .  Indexin g an d knowledg e ar e unite d sinc e 

th e knowledg e containe d withi n a  Concep t  ca n als o b e use d a s a  ke y t o anothe r  Concept . 

Informatio n ca n b e adde d o r  modifie d withi n a  give n Concep t  structur e b y simpl y addin g o r 

deletin g th e properties ,  examples ,  class ,  o r  nam e elements .  Concept s ca n b e use d t o for m 

hierarchie s o f  interrelate d knowledg e containin g generi c definition s (a n entir e Concept )  an d 

particula r  instance s o f  generi c definition s (indexe d b y th e generi c Concept' s example s elements) . 

I n thi s manner ,  m e m o r y ca n b e organize d i n a  genera l  t o specifi c  hierarchy . 

Concept structures inherently create three types of hierarchies accessed through class, properties, 

and examples .  Thes e hierarchica l  path s hav e a  restrictio n tha t  the y mus t  no t  produc e circuit s an d 

th e propertie s path s d o no t  includ e example s path s an d vis a versa .  Th e clas s hierarch y produce s a 

pat h o f  ancestor s fro m th e curren t  Concep t  t o som e mor e genera l  Concep t  fro m whic h informatio n 

ca n b e inherited .  Th e propertie s an d example s hierarchie s produc e path s t o othe r  relate d Concept s 

tha t  hel p describ e th e curren t  Concept ,  whic h therefor e allow s informatio n containe d i n thos e 

Concept s t o b e inherite d fo r  expansio n o f  th e curren t  Concept' s description . 

The Concept data structure is implemented using frames with a unique frame name and three slots 

fo r  class ,  properties ,  an d examples .  Al l  value s an d facet s ar e represente d wit h predicat e calculu s 
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statements. A facet together with all its values, and any single value can be inserted or deleted from 
a Concept ,  thu s givin g Concept s a  dynami c quality .  An y numbe r  o f  facet s ca n exist .  Th e propertie s 
lis t  i s a  mor e genera l  descriptio n (categor y information )  o f  th e Concep t  whil e th e example s lis t  i s  a 
more specifi c  descriptio n (specifi c  instances ,  event s an d actions )  o f  th e Concept . 

Concept Name = Tart(English) 
Clas s =  pi e 
pr  =  composed_of(crust(soft),apples) ,  characteristics(small,baked) . 
ex =  example(tart(Joseph's),tart(mother's)) . 

end Concept . 

In  this example pr is the properties slot. Composed-of is a facet and crust(soft) and apples are two 
value s o f  composed-of .  Th e comma specifie s tha t  characteristic s i s anothe r  face t  wit h tw o values . 
Ex i s th e example s slo t  an d i t  contain s on e facet :  example . 

Within this formalism, a script (Schank, 1982) is a specialization of the Concept data structure. 
The scrip t  i s represente d b y a  Concep t  name ,  bu t  prefixe d b y th e ke y wor d script .  Th e Concep t 
clas s an d propert y lis t  ar e use d normally ,  bu t  th e example s lis t  i s  different ,  i n tha t  a n 
event_sequenc e face t  mus t  b e include d withi n th e slo t  alon g wit h an y othe r  informatio n store d 
there .  Th e orde r  o f  th e element s withi n th e eventsequenc e face t  indicate s th e orde r  o f  thei r 
execution .  Eac h elemen t  i n th e eventsequenc e face t  i s  a  lin e o f  cod e tha t  wil l  ge t  execute d i n 
sequenc e unles s a  branchin g statemen t  i s encountere d tha t  direct s contro l  elsewhere .  Th e element s 
ar e predicat e clause s wher e th e predicat e i s th e nam e o f  a  procedur e an d th e clause' s variable s ar e 
th e procedure' s parameters .  Script s hav e a n importan t  us e i n th e Lambd a program .  Fo r  example . 
Lambda Searc h i s implemente d usin g a  script . 

The power of the Concept data structure lies in four areas. It can add and delete values and facets 
whic h mak e th e dat a structur e dynamic .  I t  use s predicat e calculu s t o enabl e a  complet e an d 
expressiv e languag e t o represen t  knowledge .  I t  possesse s a  built-i n tripl e hierarchica l  memor y 
structur e tha t  facilitate s knowledg e associatio n an d search .  Lastly ,  th e Concep t  structur e ca n 
represen t  knowledg e i n chunk s tha t  ar e relate d t o othe r  chunks . 

Working Memory 

Working memory (WM) in Lambda has two parts: (1) an area that accepts new Concepts from the 
externa l  worl d tha t  ar e eventuall y store d i n L T M ,  an d (2 )  a n are a tha t  accesse s knowledg e fro m 
L T M.  W M i s viewe d a s a  lis t  o f  pointer s wit h a n activatio n valu e (Anderson ,  1983) .  A s lon g a s th e 
activatio n valu e i s greate r  tha n zero ,  th e pointe r  hold s ont o th e newl y accepte d Concep t  o r  th e L T M 
Concep t  bein g pointe d to .  W M ca n b e infinit e i n lengt h excep t  tha t  i t  ha s a  larg e overhea d rehearsa l 
facto r  (Lindsa y &  Norman ,  1977) .  Decayin g activatio n value s conserv e computationa l  resource s 
by limitin g th e siz e o f  W M. 

Working memory (WM) has two control processes. One process is called Maintenance Rehearsal 
(Lindsa y &  Norman ,  1977 ;  Anderson ,  1983) .  It s functio n i s t o maintai n th e activatio n o f  Concept s 
and t o degenerat e th e activatio n o f  Concept s containe d withi n W M accordin g t o a  se t  o f  rule s liste d 
below .  Th e othe r  proces s i s calle d Elaborativ e Rehearsa l  (Lindsa y &  Norman ,  1977 ;  Reiser , 
1986) ;  it s purpos e i s learning .  Learnin g i s th e storin g o f  ne w informatio n containe d withi n W M 
int o L T M .  Learnin g i s performe d b y chunking ,  whic h insert s on e Concept' s nam e int o th e 
propertie s o r  example s lis t  o f  anothe r  Concept . 

The following rules, similar to those used by Anderson (1983), govern Maintenance Rehearsal: 

1. Activation of memory: A Concept is activated by attaching a pointer to it from WM. The 
Concep t  i s  give n a  max imu m activatio n valu e o f  1.0 . 

2. Maintenance of activation: A Concept is maintained as active in WM according to the 
followin g formula : 
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N(t) = 1.0, if Concept accessed in WM, or N(t) = N(M) - K, if Concept is not accessed 

Where: 

N(t) is a given Concept in WM at time t 

t is the latency since the Concept was last accessed within WM 

K = 0.2(-t/10) is a rapid decay function 

0 >= N(t) <= 1 

N(t) =1.0 for maximum amount of activation 

N(t) = 0.0 Concept is deactivated 

3. Spread of activation: The Concepts are processed according to their activation order (N(t)) or 
by th e executio n o f  a n activate d script . 

4. Conflict resolution: If more than one Concept has the same activation value, then the 
Concep t  close r  t o th e hea d o f  th e lis t  i s  execute d first. 

Long-term Memory 

LTM is a storage area in which any Concept contained there can be instantly accessed given the 
Concept' s name .  L T M i s implemente d wit h a  two-thre e tre e (Aho ,  Hopcroft ,  &  Ullman ,  1983 ) 
havin g Concep t  name s a s indices .  L T M Concept s ca n als o b e accesse d b y obtainin g a n elemen t 
withi n a  Concept' s slo t  an d usin g i t  a s a  searc h index .  L T M i s monotoni c an d therefor e Concept s 
onc e store d ther e canno t  b e deleted .  Modification s o r  deletion s t o a  Concept' s propertie s o r 
example s Us t  elemen t  ar e permitted ,  bu t  th e deletio n o f  a n entir e Concep t  i s  no t  permitted .  I f  a n 
entir e Concep t  i s  t o b e changed ,  a  ne w Concep t  shoul d b e installed .  Th e ol d Concep t  i s  the n 
labele d a s modified .  Thi s leave s trac e informatio n i n L T M concernin g change s i n state .  Thi s i s 
simila r  t o human s rememberin g a n erroneou s ide a the y use d t o hold . 

Searc h 

Lambda Search is a three stage cyclic search of memory structures. Each Concept currently being 
processe d i s a  potentia l  structur e tha t  ma y b e use d i n th e creatio n o f  a  resultan t  analog y i n W M.  A s 
each Concep t  i s  bein g processed ,  evaluation s ar e mad e a s l o ho w appropriat e i t  i s  t o th e currentl y 
developin g analog y an d whethe r  i t  shoul d b e include d i n ih e analogy . 

The matching criteria in Lambda Search are obtained from the input problem. The input problem's 
propertie s ar e scanne d fo r  a  goal .  I f  a  goa l  i s  found ,  i t  i s  use d a s th e matchin g criterion .  I f  n o goa l 
i s  found ,  the n th e entir e lis t  o f  propertie s (i.e. ,  surfac e information )  i s use d a s matchin g criteria . 

Lambda Search follows three steps: 

1. Direct Solution. Upon statement of the problem, a direct solution is attempted. If a direct 
solutio n i s foun d b y a  matc h usin g al l  th e parameter s i n th e matchin g criteria ,  thi s i s calle d a n 
exac t  matc h an d th e searc h terminates .  I f  a  direc t  solutio n i s foun d wher e onl y a  majorit y o f 
it s  parameter s matc h wit h th e give n analog y problem ,  thi s i s calle d a n inexac t  match .  I f  a 
direct ,  bu t  inexac t  solutio n i s obtained ,  the n a  specializatio n searc h i s performe d i n a n 
attemp t  t o complet e th e partia l  solutio n (ste p 3) .  U p t o th e poin t  o f  thi s specializatio n search , 
direc t  solution s ar e base d o n memor y retrieva l  rathe r  tha n o n analogy . 

2. Generalization Search. If there is a failure in finding an exact or inexact solution in step 1, 
the n ther e i s generalizatio n o n th e proble m acros s th e propertie s o f  concepts .  Previou s faile d 
attempt s ar e use d a s guide s i n th e generalization .  Thi s generalizatio n o f  th e proble m 
continue s unti l  a n exac t  o r  inexac t  matc h i s foun d wit h th e give n matchin g criteria . 
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3. Specialization Search. Upon reaching a satisfactory level of generalization, where an exact 
or  inexac t  matc h ha s bee n found ,  a  solutio n i s develope d b y specializin g (travelin g acros s 
th e example s slo t  o f  concepts )  t o fin d th e bes t  fittin g solution .  Thi s specializatio n searc h 
build s o n th e possibl e inexac t  solutio n o f  stag e tw o an d attempt s t o obtai n th e greates t 
proportio n o f  matche s wit h th e matchin g criteria' s parameters . 

These three search steps are cyclic, in that, if the process fails at some point or when extra 
informatio n i s needed ,  th e progra m redoe s th e step s a t  a  ne w startin g point .  Th e ne w startin g poin t 
i s selecte d b y a  reconstructio n o f  th e goa l  involve d i n th e problem . 

PROGRAM PERFORMANCE 

The program has been tested on 15 problems with a LTM that averaged 20 potential source analogs 
fro m a  wid e variet y o f  domains .  Th e progra m produce d bot h goal-les s an d goal-drive n analogie s 
simila r  t o thos e o f  ou r  huma n subjects .  I n searche s fo r  analogies ,  i t  use d goal s whe n availabl e an d 
resorte d t o surfac e informatio n whe n i t  ha d to .  Followin g i s a n exampl e o f  inpu t  an d outpu t  fo r  a 
versio n o f  th e classi c radiatio n proble m (Hollan d e t  al. ,  1986) .  Th e targe t  proble m o f  destroyin g a 
tumo r  wit h a  ra y powerfu l  enoug h t o destro y intervenin g tissu e ma y b e solve d b y finding  th e 
analog y o f  dividin g a n arm y int o smal l  group s s o a s t o avoi d overloadin g fragil e bridges . 

Frame Name: problem. Frame Class: problem(input) 
Propertie s List : 

goal[destroy,tumor ] 
large(ray ) 
danger (  tissue ) 
many(guns ) 

Example s List : 
« E M P T Y» 

Returned Solution: 

Frame Name: *ANALOGY, Frame Class: solution 
Propertie s List : 

goal[destroy,tumor ]  /  goal[destroy,castle ] 
large(ray )  /  large(army ) 
danger(tissue )  /  danger(bridges ) 
many(guns )  /  many(bridges ) 

Example s List : 
solution[divide(army),use(army),direction(multiple) ] 

In goal-directed search such as this, surface information is unimportant, but the goal is important. 
Therefore ,  thi s solutio n wa s chose n onl y becaus e o f  it s  goal .  Th e solutio n facet ,  i n th e example s 
list ,  wa s copie d fro m th e analog y a s a  solution .  Thi s solutio n need s t o b e tweake d i f  i t  i s  t o b e use d 
as a  solutio n fo r  th e tumo r  targe t  problem .  Th e tweaking ,  no t  ye t  implemented ,  woul d substitut e 
army fo r  ra y i n th e solutio n face t  o f  th e example s list . 

Lambda Search predicts that analogies will be found having no properties in common but the goal. 
I n othe r  words ,  a n analog y t o a  proble m ma y b e selecte d onl y b y a  goa l  match ,  wit h non e o f  th e 
othe r  predicate s i n th e propertie s lis t  matching .  Th e radiatio n proble m doe s no t  demonstrat e this , 
but  othe r  tes t  run s o n analogie s fro m th e researc h literatur e did . 

We also asked human subjects to evaluate the analogies generated by the program for similarity to 
human-generate d solutions .  Result s indicate d tha t  mor e similarit y wa s perceive d whe n th e progra m 
operate d unde r  goal-directe d searc h tha n unde r  goal-les s search .  Subject s als o rate d goal-directe d 
solution s a s bein g mor e effectiv e tha n goal-les s solutions .  Th e progra m als o generate d bette r 
analogie s whe n consisten t  goa l  informatio n wa s provided ,  thu s simulatin g Novick' s (1988 )  dat a 
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on expert-novice differences. It was assumed that experts would know more about the goals in a 
domai n an d woul d b e les s influence d b y surfac e informatio n tha n woul d novices . 

CONCLUSIONS 

Lambda search, working on the Concept data structure, simulated human analogical reasoning not 
onl y i n solution s obtaine d bu t  als o i n method .  Th e progra m accomplishe d bot h goal-drive n an d 
goal-les s tasks ,  thu s unifyin g th e approache s o f  Centne r  an d Reise r  i n a  natura l  an d seamles s way . 
The Concep t  dat a structur e prove d t o b e versatil e an d eas y t o us e fo r  representin g man y problem s 
and fo r  storin g hierarchie s o f  knowledg e relations . 
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