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M A G I :  Analogy-base d Encodin g Usin g Regularit y an d S y m m e t r y 

Ronal d W .  Ferguso n 
Qualitativ e Reasonin g Grou p 

Institut e fo r  th e Learnin g Science s 
Northwester n Universit y 
Evanston .  Illinoi s 6020 2 

f e r g u s o n @ i l s . n w u . e d u 

Abstrac t 

Analog y ha s alway s bee n considere d a  mechanis m fo r 
interrelatin g distinc t  part s o f  th e world ,  bu t  i t  i s perhap s jus t 
as importan t  t o conside r  ho w analog y migh t  b e use d t o brea k 
th e worl d int o comprehensibl e parts .  Th e M A GI  î ogra m 
uses th e Structure-Mappin g Engin e (SME )  t o flexibly  an d 
reliably  matc h a  descriptio n agains t  itself .  Th e resultin g 
mappin g pull s ou t  th e tw o maximall y consisten t  part s o f  th e 
give n description .  M A GI  the n divide s ou t  th e part s o f  th e 
mappin g an d categorize s th e mappin g a s symmetrica l  o r 
regular .  Thes e part s ma y the n b e use d a s th e basi s fo r  ne w 
comparisons .  W e theoriz e tha t  M A GI  model s ho w peopl e 
use symmetr y an d regularity  t o facilitat e th e encodin g task . 
We demonstrat e thi s wit h thre e set s o f  examples .  First ,  w e 
sho w ho w M A GI  ca n augmen t  traditiona l  axi s detectio n an d 
referenc e fram e adjustmen t  i n geometri c figures.  Next ,  w e 
demonstrat e ho w M A GI  detect s visua l  an d functiona l 
symmetr y i n logi c circuits ,  wher e symmetr y o f  for m aid s 
encodin g synunetr y o f  hmction .  Finally ,  t o emphasiz e tha t 
regularit y an d symmetr y detectio n i s no t  simpl y visual ,  w e 
sho w ho w M A GI  model s som e aspect s o f  expectatio n 
generatio n i n stor y imderstanding .  I n general ,  M A GI  show s 
symmetr y an d regularity  t o b e no t  onl y pretty ,  bu t  als o 
cognitivel y valuable . 

singl e descriptio n instea d o f  betwee n separat e bas e an d 

targe t  descriptions .  Th e secon d i s illustrate d b y Figur e 1 . 

Regularit y an d symmetr y ar e no t  strictl y perceptual ,  bu t 

may b e foun d i n an y tas k involvin g th e encodin g o f 

relationa l  knowledg e structures .  Fo r  example ,  regularit y 

and symmetr y ma y b e foun d imperfec t  figures  (a) ,  i n 

diagram s (b) ,  o r  i n stor y narrative s (c) .  T o suppor t  thes e 
tw o claims ,  w e hav e constructe d M A G I ,  a  syste m tha t  use s 
S ME t o detec t  regularit y an d symmetry ,  an d ca n handl e al l 
thes e cases . 

p d « 

> ~Q 

A.  Goble t  figur e B.  S R Latc h Diagra m 

Introduction :  W h y regularit y a n d s y m m e t r y 
aren' t  (just )  prett y 

Regularit y an d symmetr y ar e phenomen a strangel y divide d 
betwee n disciplines .  Researcher s i n compute r  visio n 
(Witki n &  Tcnenbaum ,  1983 )  an d perceptua l  psycholog y 
(Palmer ,  1985 ;  Rock ,  1983 )  hav e lon g recognize d 
regularit y an d especiall y symmetr y a s important ,  bu t  hav e 
understoo d i t  strictl y a s a  perceptua l  effect .  Althoug h 
researcher s i n analog y migh t  easil y agre e tha t  symmetr y 
and regularit y mus t  involv e som e for m o f  self-similarity , 
thi s communit y ha s produce d littl e wor k i n th e area , 
perhap s du e t o a n emphasi s o n proble m solvin g an d 
learning ,  rathe r  tha n encoding . 

Thi s pape r  i s a n attemp t  t o bridg e thi s ga p b y recastin g 
symmetr y an d regularit y a s analogica l  processe s tha t 
operat e o n structure d bu t  undivide d representation s i n th e 

world .  Ther e ar e tw o centra l  theoretica l  claim s i n th e 

M A GI  model .  Th e first  i s  tha t  regularit y an d symmetr y ar e 
lik e analogy-the y wor k b y mappin g a  maxima l  c o m m o n 

set  o f  structurall y interconnecte d relations ,  bu t  withi n a 

MOTIVE <^onvE~; j 
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C H A ST 
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C.  Representatio n o f  Th e Gif t  o f  th e Mag i 

bv O .  Henr v rsimollfie d examole ^ 

Figur e 1 :  Thre e type s o f  symmetr y handle d b y M A GI 
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Self-similarit y M a p p i n g Stag e 
M ap a  descriptio n t o itsel f  usin g th e I -SM E algorith m (Forbus ,  Ferguso n &  Centner ,  t o appear )  base d o n th e litera l 

similarit y algorith m i n S M E (Falkenhainer ,  Forbus .  &  Centner ,  1989) .  I n additio n t o th e constraint s provide d b y I-SME , 
bloc k matche s betwee n a n entit y o r  expressio n an d itself ,  bu t  allo w suc h a n ite m t o matc h t o itsel f  whe n i t  i s  aligne d a s 
th e argumen t  o f  tw o non-identica l  expressions . 
M a p p i n g Analysi s Stag e 

Creat e mirrore d mappin g pairs .  Fo r  eac h mappin g M j ,  creat e a  pai r  o f  mirrore d mappings .  A  mirrore d mappin g pai r 
(Mj,Nj )  i s a  pai r  o f  mapping s suc h tha t  eac h mappin g kerne l  (submapping )  i n M j  betwee n tw o expression s ha s a  twi n 
mappin g kerne l  i n N j  tha t  m a p s thos e expression s i n th e opposit e direction .  I n man y case s fo r  regula r  mappings ,  S M E 
wil l  produc e th e mirrore d mapping s a s tw o separate ,  equally-score d mapping s (se e text) .  Otherwise ,  M ,  mus t  b e spli t  t o 
produc e th e mirrore d mappin g pair . 

T o spli t  a  singl e mapping .  Divid e mappin g int o pair s o f  mirrore d mappin g kernels ,  startin g wit h th e larges t  kernel . 
W h en kernel s overla p wit h previousl y paire d kernels ,  alig n th e left-righ t  pairin g suc h tha t  th e lef t  sid e o f  th e ne w pai r  ha s 
m a x i m u m overla p o f  matc h hypothese s wit h lef t  side s o f  thos e alread y paired . 

Fin d symmetr y se t  withi n mirrore d mappin g pairs .  Fo r  eac h mirrore d mappin g pai r  ( M ^ N j ) ,  us e M j .  Collec t  symmetr y 
cor e SR j  b y collectin g al l  kernel s i n M j  tha t  contai n a t  leas t  on e pai r  o f  symmetricall y relate d entities .  Th e symmetr y se t 
Sj  i s  the n deflne d recursivel y a s al l  roo t  mapping s i n M j  tha t  ar e eithe r  i n SR j  o r  overla p Sj . 

Figur e 2 :  S u m m a r y o f  M A C I  Algorith m 

The MAGI system and Algorithm 

How does MACI work? MACI uses the Structure Mapping 
Engin e (SME )  t o matc h a  structure d descriptio n t o itself , 
takin g th e descriptio n a s bot h th e bas e an d target .  M A CI 
the n use s th e resultin g mappin g t o find  tw o maximall y 
simila r  subarea s o f  th e origina l  description ,  an d classifie s 
th e mappin g a s symmetrica l  o r  regular . 

Figur e 1(c )  i s  illustrativ e o f  th e process .  Thi s figure 
show s th e result s o f  a  M A C I  ru n o n a  simplifie d exampl e 
representatio n o f  it s namesake ,  O .  Henry' s shor t  stor y "Th e 
Cif i  o f  th e Magi. "  (1992 )  I n thi s portio n o f  th e story ,  a 
husban d sell s hi s watc h t o bu y a n expensiv e c o m b fo r  hi s 
wife' s hair ,  whil e th e wif e sell s he r  hai r  t o purchas e a  chai n 
fo r  he r  husband' s watch .  Thi s singl e highly-interconnecte d 
plotline ,  w h e n presente d t o M A C I ,  produce s a  mappin g 
tha t  divide s th e stor y int o tw o symmetrica l  subplots ,  on e 
concernin g th e husband' s action s an d th e othe r  th e wife's . 
M A CI  the n interpret s th e mappin g a s symmetrical ,  rathe r 
tha n regular ,  b y finding  a  cor e o f  symmetrica l  matche s 
betwee n th e tw o M O T I V E expressions ,  whic h ar e 
augmente d b y regula r  matche s betwee n th e H E L D - B Y an d 
E X P E N S I VE expressions. ' 

Thi s sectio n explain s th e algorith m M A C I  uses , 
beginnin g wit h th e n e w versio n o f  th e Structur e Mappin g 
Engin e ( S M E )  a t  th e cor e o f  M A C I ,  the n movin g t o th e 

'  A  not e o n th e distinctio n betwee n regularity  an d symmetry . 
Regularit y i n description s come s from  th e self-similarit y o f  on e 
par t  t o anothe r  part .  Symmetr y i s a  subtyp e o f  regularity  tha t 
maps on e par t  t o anothe r  part ,  bu t  als o contain s a  "core "  o f 
relation s tha t  ma p som e entitie s symmetrically ,  i.e .  whe n A  i s 
mapped t o B ,  B  i s als o mappe d t o A .  "Bo b like s ic e crea m an d 
Susan lik e cake "  i s regular .  "Bo b know s Susa n an d Susa n know s 
Bob"  i s symmetric .  Likewise ,  whe n th e cor e symmetr y i s linke d 
t o othe r  regula r  expressions ,  th e resul t  i s a  symmetri c a s a  whole . 
"Bo b know s Susa n like s cake ,  an d Susa n know s Bo b like s ic e 
cream "  is ,  a s a  whole ,  symmetric ,  eve n thoug h th e mappin g 
betwee n cak e an d ic e crea m i s regular . 

extension s M A C I  make s t o S M E ,  an d finally  endin g wit h 
th e routine s M A C I  use s t o analyz e th e mappin g an d 
classif y th e mappin g a s eithe r  regula r  o r  symmeuic .  Figur e 
2 contain s a  summary . 

The Self-Similarity Mapping 

The first stage of MACI simple uses I-SME (Forbus, 
Ferguso n &  Centner ,  t o appear )  t o creat e a  mappin g 

betwee n a  descriptio n an d itself ,  usin g th e litera l  similarit y 

rule s describe d i n (Falkenhainer ,  Forbu s &  Centner ,  1989 ) 

whic h ar e modifie d t o discourag e matche s betwee n a n ite m 

an d itself .  Thi s i s becaus e th e litera l  similarit y algorithm , 

i f  lef t  unmodified ,  woul d produc e a  verbati m mapping ,  wit h 
ever y descriptio n ite m (i.e .  ever y expressio n an d entity ) 

mapped t o itself .  T o avoi d thi s rathe r  uninformativ e result , 

I -SM E coul d simpl y bloc k al l  self-matches ,  bu t  thi s als o ha s 

unfortunat e consequences ,  sinc e self-matche s ar e 
sometime s needed .  Fo r  example ,  suppos e tha t  I  wante d t o 

find  regularit y i n a  stor y tha t  bega n wit h Bo b missin g hi s 

trai n an d walkin g t o th e Ar t  Institut e i n Chicago ,  an d 

Susa n missin g a  movi e an d als o visitin g th e Institute .  Th e 

intuitiv e regularit y i n th e stor y map s Bo b t o Susan ,  an d 

thei r  mutua l  misfortune s t o eac h other ,  bu t  als o map s th e * " 
In.tuul e t o iuel f  THe n.tur. !  intopreutio n o f  th e regularit y j p (h e StOr y 

woul d b e misse d i f  w e blocke d al l  self-matches .  Becaus e o f 

case s lik e this ,  M A C I  take s a  flexible  approac h b y allowin g 
self-matche s onl y whe n th e self-matc h occur s du e t o th e 

alignmen t  o f  tw o non-identica l  expressions .  S o (t o retur n 

t o ou r  story )  give n th e expression s ( T R A N S B o b Institute ) 

an d ( T R A N S Susa n Institute) ,  B o b coul d no t  b e self -

mapped,  no r  coul d Susan ,  bu t  Institut e coul d becaus e th e 

tw o non-identica l  T R A N S expression s alig n i t  a s th e 

secon d argument. ^  M A C I ' s matchin g rule s ar e a 

^Commutativ e expressions ,  suc h a s ( E Q U A L - L E N G T H line l 
Iine2) ,  o r  ( M A R R I E D Ji m Delia) ,  ar e a  specia l  case .  Suc h a n 
expressio n ca n b e matche d t o itself ,  bu t  onl y i f  th e argument s ar e 
reversed . 
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compatibl e extensio n o f  I-SME' s rules ,  a s the y d o no t 

modif y I-SME' s mappin g o f  separat e bas e an d targe t 

descriptions . 

symmetric kernel 

° ^  <ow: > / 

regula r  kernel s 

\ 

\ 

( m L D ^ B ^ ^ | y ^  < ^ P H « I ^ 

buibind/wif e wttch/lui i  wile/husfaui d comb/chii n wttch/lai r  comh/chu n comh/dui n 

Figure 3 Mapping kernels from Figure 1(c). 

The Mapping Analysis Stage 

After the mappings are created, they must be analyzed. 
Thi s involve s severa l  steps .  First ,  eac h mappin g mus t  b e 
spli t  int o a  pai r  int o "mirrored "  mappings^ .  Th e mapping s 
produce d b y th e self-similarit y stag e ar e "mirrored "  wit h 
one hal f  fro m th e bas e t o th e target ,  an d anothe r  fro m th e 
targe t  t o th e base .  Fo r  example ,  fo r  th e Mag i  story ,  ( S E L L 
wif e hair )  i s  mappe d t o ( S E L L husban d watch) ,  bu t 
(SEL L husban d watch )  i s  als o mappe d t o ( S E L L wif e 
hair) .  Pairin g the m remove s thi s redundancy . 

Afte r  a  mappin g i s paire d int o tw o mirrore d mappings , 
th e propertie s o f  eithe r  o f  th e mirrore d mapping s 
determine s th e typ e o f  tha t  mapping .  Symmetri c mapping s 
wil l  contai n a t  leas t  on e kerne l  tha t  wil l  symmetricall y 
matc h a t  leas t  on e pai r  o f  entities .  Thi s se t  o f  kernel s i s 
calle d th e symmetr y cor e o f  th e mapping .  Al l  kernel s tha t 
ar e no t  par t  o f  th e symmetr y cor e ar e considere d regular . 
The symmetr y cor e propagate s symmetr y t o al l  kernel s tha t 
overla p it .  Thus ,  th e symmetr y se t  o f  th e mappin g consist s 
of  al l  kernel s tha t  ar e eithe r  i n th e symmetr y core ,  o r 
overla p a  kerne l  withi n th e symmetr y set .  I f  al l  th e kernel s 
of  th e mappin g ar e i n th e symmetr y set ,  th e mappin g itsel f 
i s  symmetrical .  I f  som e kernel s ar e i n th e symmetr y set , 
but  no t  all ,  th e mappin g i s partiall y  symmetrical .  Finally , 
i f  ther e ar e n o kernel s i n th e symmetr y core ,  an d thu s non e 
i n th e symmetr y set ,  th e mappin g i s regular . 

Returnin g t o ou r  initia l  exampl e fro m O .  Henry ,  Figur e 3 
shows th e kernel s fro m on e hal f  o f  th e first  mirrore d 
mappin g pair .  Figur e 3(a )  i s th e symmetr y core ,  sinc e i t 
maps wif e t o husban d an d husban d t o wife .  Th e othe r 
tw o kernel s ar e regular ,  bu t  ar e include d i n th e final 

Actually ,  i t  i s  no t  alway s necessar y t o spli t  a  mappin g t o ge t 
th e tw o minx)re d mappings .  Whe n a  figure  i s regular ,  rathe r  tha n 
symmetric ,  a  resultin g mappin g ma y b e inconsisten t  wit h it s 
mirror ,  an d thu s wil l  tha t  mappin g an d it s mirro r  emerg e from 
th e self-similarit y mappin g stag e a s separat e mapping s wit h 
identica l  scores .  M A GI  check s fo r  thi s conditio n befor e executin g 
th e algorith m outline d above . 

symmetr y se t  becaus e the y shar e entit y mapping s wit h th e 
core .  Becaus e al l  kernel s i n thi s mappin g ar e include d i n 
th e symmetr y set ,  thi s mappin g i s symmetric . 

Example s usin g M A GI 

In this section we will describe three classes of examples 
wher e M A GI  doe s regularit y an d symmetr y detection . 
Thes e thre e case s spa n th e rang e fro m purel y perceptua l  t o 
purel y conceptua l  representations .  Th e first  exampl e show s 
ho w M A GI  ca n detec t  axe s o f  symmetr y i n simpl e 
geometri c figures,  an d ho w thes e axe s ar e helpfu l  i n 
buildin g representations .  Th e secon d example ,  wher e 
M A GI  i s  use d t o construc t  representation s o f  logi c 
diagrams ,  take s th e result s o f  th e perceptua l  example s t o 
sho w ho w symmetr y i s  usefu l  i n rea l  worl d tasks .  Mor e 
specifically ,  i t  show s tha t  symmetr y o f  for m m a y facilitat e 
encodin g o f  symmetrica l  functio n i n logi c circui t  diagrams . 
Finally ,  afte r  doin g perceptua l  an d perceptual/conceptua l 
examples ,  w e briefl y demonstrat e M A G I  i n a  conceptua l 
domai n b y showin g h o w M A GI  m a y mode l  th e detectio n o f 
regularit y an d symmetr y i n th e narrativ e structur e o f  fables . 

Using MAGI >vith GeoRep to model spatial 
reasoning . 

Before beginning the examples, we should briefly note 
ho w th e geometri c representation s ar e created .  Th e 
describe d spatia l  representation s wer e create d usin g a 
syste m calle d GeoRep .  GeoRe p i s a  diagra m 
representatio n too l  ki t  currentl y i n developmen t  tha t  take s 
FI G diagra m file s (fro m th e publi c domai n drawin g 
progra m Xfig ,  b y Bria n V .  Smith )  an d turn s the m int o 
predicat e calculu s representation s use d b y a  logic-base d 
trut h maintenanc e syste m ( L T M S )  an d it s associate d rul e 
engin e (Forbu s an d deKleer ,  1993) .  Th e L T M S the n ca n 
infe r  furthe r  representation s tha t  ca n b e fe d int o M A G I . 
The mapping s create d b y M A G I  ma y als o b e fe d i n tur n 
int o th e L T M S fo r  furthe r  inferencing . 

GeoRep begin s wit h a  diagra m consistin g o f  group s o f 
lines ,  circles ,  an d arcs .  I t  construct s a  representatio n base d 
on th e type s o f  connection s tha t  m a y occu r  amon g 
geometri c element s (comers ,  mid-connections ,  an d 
intersection s o f  lines ,  an d connections ,  tangents ,  an d 
abutment s fo r  line s an d shapes )  an d o n interva l 
relationship s (a s i n Allen ,  1983 )  betwee n proximat e 
paralle l  line s an d othe r  proximat e object s withi n a 
referenc e frame .  I t  als o ha s a  rudimentar y representatio n o f 
polyline s base d o n a n analog y t o member s o f  a  set .  GeoRe p 
ca n als o ru n domain-specifi c  rule s tha t  us e th e visua l 
representatio n t o buil d a  representatio n base d o n wha t  th e 
diagra m itsel f  represents .  Figur e 4  show s th e visua l  an d a 
functiona l  representation s generate d fo r  a  singl e N A N D 
gate . 
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Perceptua l  KepresenUtion : 

(CORNER <L1><12>) 
(CORNER <L2 > <U> ) 
(VERTICA L <L2 > <REF-FRAME:1> ) 
(Mn>CONNECT <1>4 > <L2> ) 
(MID-CONNECT <L5 > <L2> ) 
(ABUTS <CIRCLE.1 > <ARC:1> ) 
(HOREWNTAL <L1 > <REF-FRAME:1> ) 
(RADIATE S <L2 > <CIRCLE:1> ) 
+ 2 0 othe r  expression s 

'unctiona l  Reprcsenution : 

(REPRESENTS (ELEMENTS (POLYLINE:l><ARC:l> <CIRCLE:1>) 
(NAND-GATE NANDGATE-1 <L2 > <CIRCLE:l>) ) 

(REPRESENTS <14 > (INPU T NAND-IN- 2 NANDGATE-1) ) 
nUa>RRSENTS <L6 > ̂ OUTTUT NAND-OUT. 4 NANDGATE-1» 

Figur e 4  S a m p l e representatio n fo r  N A N D gat e figur e 

Finally, GeoRep has an axis-detection mechanism that 
use s th e self-similarit y mapp in g produce d b y th e M A G I . 
T h e mechan is m i s simila r  t o th e standar d H o u g h transfor m 
use d i n compute r  visio n (Dud a an d Hart ,  1983) ,  bu t  fo r 
pair s o f  line s rathe r  tha n fo r  singl e lines .  Eac h m a p p e d 
pai r  o f  line s vole s fo r  a  particula r  pai r  o f  axe s an d fram e o f 
reference .  W h e n th e vot e i s  tallied ,  th e winnin g referenc e 
fram e i s adopted ,  alon g wit h an y compatibl e axi s wit h a 
vot e greate r  tha n hal f  tha t  o f  th e winnin g fram e o f 
reference . 

Example Set 1: Geometric Figures 

Geometric figures are 
traditionall y use d t o illustrat e 
aspect s o f  symmetr y an d 
regularity ,  bu t  the .  geometri c 
example s give n her e 
demonstrat e h o w M A G I  i s 
differen t  fro m traditiona l 
approaches .  Symmetr y i n 
compute r  visio n ha s 
conventionall y mean t  th e 
detectio n o f  a n axi s usin g a 
transfor m actin g o n point s i n 
th e boundar y o f  a  figur e (e.g. , 
B lum ,  1973 ;  Brady ,  1984) . 
Neithe r  o f  thes e method s 
handl e figure s tha t  contai n 
symmetr y withi n thei r 
boundarie s (suc h a s i n Figure s 

1(a )  an d 1(b)) .  Eac h o f  th e followin g figure s (Figure s 5-7 ) 
wer e represente d usin g GeoRe p an d the n processe d b y 
M A G I.  Eac h se t  o f  figure s show s a  differen t  aspec t  o f  ho w 
thinkin g o f  regularit y a s analogica l  mappin g lend s i t  a 
power  no t  traditionall y associate d wit h regularit y o r 
symmetry . 

Th e sketch y goble t  draw n i n Figur e 5  indicate s th e mos t 
obviou s advantag e o f  usin g propositiona l  representations -
symmetr y nee d no t  b e exact .  Th e relationa l  sUTiclur e i s 
important ,  an d contain s th e sam e flexibilit y  a s norma l  S M E 
matches .  Secondly ,  becaus e S M E produce s multipl e 
mappings ,  M A G I  ca n produc e multipl e interpretations ,  a s 
Figur e 6  illustrates .  I n mappin g th e to p figur e (A) ,  i t  i s 

Figur e 5 :  Symmetr y 
nee d no t  b e exac t 

possibl e t o se e th e square s a s regula r  o r  symmetrica l  (eithe r 
the y ar e tw o square s i n a  ro w o r  a s tw o square s facin g eac h 
other) .  M A G I  produce s bot h interpretations ,  bu t  favor s th e 
regula r  interpretation .  I n th e botto m figur e (B) ,  th e facin g 
trapezoid s ar e interprete d a s symmetrical ,  wit h n o regula r 
interpretation . 

A.  Tw o Squares . 
Producei three mappings. Highest acoring mapping ii regular 

(abcd->1234) ,  an d return s gravitationa l  referenc e fram e (n o 
axU) .  Nex t  highes t  scor e (4.34 )  i s symmetri c (abcd->3214 )  an d 
produce s a  symmetr y axi s betwee n line s c  an d 1 .  A  thir d sig -
nificantl y lowe r  mappin g (3.95 )  map s Tigur e ove r  itself ,  rotate d 
by 18 0 degree s (wit h som e errors) . 

•"̂ -̂ ^ d . 

b 

.  • •  •  • 

c 1 

4 . . ^ 

2^" ^ 
I .  Facin g trapezoids . 
The most significant mapping (score=1.59) is symmetrical, and 

produce s a n axi s betwee n line s c  an d 1 .  Tw o marginall y significan t 
rotationa l  mapping s ar e produced . 

Figur e 6 :  M A G I  ca n produc e bot h regula r  an d 
symmetri c interpretations ,  sometime s fo r  th e ver y sam e 
description s 

perpendicular ? 

radial ? 

Figur e 7 :  Candidat e inference s fro m M A G I  mapping s 

Finally, mappings produced by SME not only list 
correspondence s bu t  £ds o generat e candidat e inference s 
w h en th e mapp in g intersect s bas e structur e (Falkenhainer , 
Forbu s &  Gentner ,  1989) .  T h e s a m e effec t  occur s i n 
regula r  o r  symmetri c mapping s i n M A G I .  Figur e 7 
contain s a  tria d o f  thre e circle s wit h attache d polylines . 
Objec t  A  contain s a  polylin e wit h a  perpendicula r  comer , 
an d tha t  lin e i s  radiall y connecte d t o th e circle .  W h e n 
give n thi s figure ,  M A G I  produce s tw o mappings-on e fro m 
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A t o B ,  an d anothe r  fro m A  t o C-wil h bot h mapping s 

' ^ E ? 

C L K-

I > ^ 

+- C S -

R-. ^ r > ^ > 
~Q 

A.  Symmetrica l  Clocke d S R Flip-flo p 

A - - . . i 

c u 
E > 

V; 

_ > 

- Q 

B.  Non-svmmetrica l  Clocke d S R Flip-flo p 

Figur e 8 :  Symmetrica l  an d non-symmetrica l  flip-flop 
diagram s 

aligning the comers, polylines and circles in the obvious 
way.  I n th e mappin g betwee n figures  A  an d B .  becaus e th e 
comer s match ,  M A GI  produce s a  candidat e inferenc e tha t 
B' s come r  i s als o perpendicular .  I n th e secon d mappin g 
betwee n A  an d C ,  fo r  simila r  reasons ,  th e radia l  connectio n 
of  A  i s  expecte d a t  C  a s well .  A  geometri c reasonin g 
syste m coul d us e thes e candidat e inference s t o guid e 
furthe r  exploratio n o f  th e figure  b y attemptin g t o confir m 
th e candidat e inferences .  I f  th e inferenc e tur n ou t  t o b e 
mie ,  th e inference s hav e cu t  dow n o n th e searc h space ;  i f 
the y ar e no t  true ,  the y m a y becom e alignabl e difference s 
(Markma n an d Centner ,  1993 )  tha t  ar e salient . 

Even a t  th e geometri c level ,  then ,  understandin g 
symmetr y an d regularit y i n term s o f  analogica l  mappin g 
offer s a  wealt h o f  ne w possibilitie s tha t  ar e simpl y no t 
addresse d b y conventiona l  form s o f  symmetr y detection . 

Example Set 2: Flip-flop diagrams: Symmetrical 
for m suggest s symmetrica l  functio n 

Geometric figures are helpful for demonstrating the 
variou s capabilitie s o f  M A G I ,  bu t  sa y littl e abou t  it s 
cognitiv e usefulness ,  o r  abou t  encodin g large r  mor e 
comple x figures.  T o understan d encodin g i n a  mor e 
realisti c domain ,  w e hav e turne d t o logi c circuits .  W e ar e 
currentl y usin g diagram s o f  variou s latche s an d flip-flops 
(Figur e 8) .  Fli p flops  an d latche s ar e amon g th e first 
sequentia l  logi c device s taugh t  t o electrica l  engineerin g an d 
compute r  scienc e students ,  an d th e functionin g o f  thes e 

device s i s symmetrica l  (th e tw o input/outpu t  pair s ca n b e 
switche d withou t  changin g th e functionin g o f  th e device) . 
Diagram s fo r  flip-flops  an d latche s ten d t o b e symmetrica l 
i n form .  I t  seem s intuitiv e tha t  th e s y m m e u y o f  for m shoul d 
simplif y th e recognitio n o f  th e symmetr y o f  function . 

We teste d thi s hypothesi s o n thre e differen t  flip-flop 
circuits-a n S R latch ,  a  clocke d S R flip-flop,  an d a  J K flip-
flop.  Fo r  eac h circuit ,  tw o functionall y equivalen t  diagram s 
wer e give n t o GeoRe p (show n i n Figur e 8) ,  wher e on e wa s 
symmetrica l  an d th e othe r  asymmetrical .  Th e symmetrica l 
diagra m wa s take n fro m a  standar d digita l  desig n textboo k 
(Johnso n &  Karim ,  1987) ,  an d wa s the n modifie d t o 
produc e th e asymmetrica l  version .  GeoRe p wa s the n give n 
tw o set s o f  mles~th e perceptua l  representatio n rule s 
describe d above ,  an d a  se t  o f  functio n recognitio n rule s 
specifi c  t o logi c diagram s (e.g .  describin g th e N A N D gate , 
th e devic e input s an d outputs ,  an d th e feedbac k paths) . 
Link s betwee n for m an d functio n wer e mad e explici t  b y 
expression s o f  th e for m ( R E P R E S E N TS X  Y) ,  wher e X 
was som e geometri c objec t  i n th e diagra m an d Y  wa s th e 
logica l  pat h o r  connectio n represente d (se e Figur e 4) . 

MAGI was then run twice on each figure. First, MAGI 
ra n o n th e perceptua l  representatio n only .  Then ,  afte r  th e 
functiona l  rule s wer e run ,  th e ne w functiona l  informatio n 
was adde d t o th e description ,  an d M A GI  incrementall y 
extende d th e mappin g usin g I-SME .  I n eac h case ,  th e 
resul t  wa s th e sam e a s i n Figur e 8 .  Th e initia l  ru n o n th e 
perceptua l  representatio n produce d a  clea r  symmetr y 
mappin g o n th e symmetrica l  diagram ,  whil e th e 
asymmetrica l  diagra m woul d manag e onl y a  partia l 
symmetry .  Usuall y th e N A N D gate s themselve s an d th e 
devic e input s an d output s woul d m a p correctly ,  bu t  th e 
othe r  polyline s woul d m a p i n errati c way s (se e Figur e 8  fo r 
th e mappings) .  The n th e functiona l  representatio n wa s 
added ,  an d th e mappin g incrementall y extended .  Fo r  th e 
symmetrica l  diagram ,  th e symmetr y o f  functio n i n th e flip-
flop  cleanl y integrate s int o th e symmetr y o f  for m fo r  th e 
symmetrica l  diagram .  I n th e nonsymmetrica l  diagram ,  th e 
functiona l  representatio n coul d b e added ,  bu t  th e link s 
betwee n for m an d functio n wer e no t  consisten t  wit h th e 
initia l  perceptua l  mapping ,  an d wer e thu s lost .  Also ,  th e 
mappin g fo r  th e functio n i s  clearl y lea d astray ,  mappin g 
logica l  path s i n th e figure  tha t  hav e nothin g t o d o wit h eac h 
othe r  (se e dashe d line s i n Figur e 8(B)) .  I f  th e 
nonsymmetrica l  representatio n wa s remappe d fro m 
scratch ,  however ,  wit h bot h th e functiona l  an d perceptua l 
part s o f  th e description ,  th e functiona l  relationship s woul d 
carr y mor e weight ,  an d th e prope r  functiona l  mappin g 
produced . 

Example Set 3: Using regularity and symmetry in 
understandin g socia l  narrative s 

Symmetry makes revenge sweeter, and returned favors 
mor e satisfying .  Reciprocit y o f  thi s typ e play s a  ke y rol e i n 
many socia l  situations ,  an d thu s ar e centra l  t o 
understandin g storie s abou t  socia l  situation s (Lehnert , 
1981) .  T o tes t  whethe r  th e perceptio n o f  regularit y an d 
symmetr y se t  u p expectation s i n th e reader ,  w e gav e 
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subject s set s o f  shor t  fables .  Hal f  th e fable s wer e 
symmetrical ;  th e other s wer e non-symmetrica l  variant s 
wit h th e sam e endin g an d characters .  Th e questio n o f 
interes t  i s  whethe r  subject s wil l  generat e inference s base d 
on th e symmetri c structur e o f  th e stories .  Fo r  eac h fable , 
th e subject s wer e aske d t o choos e on e inferenc e fro m a  lis t 
of  four .  On e o f  thes e wa s designe d t o b e th e symmetri c 
inference ;  th e other s wer e designe d t o b e plausibl e 
inferences .  Th e result s fo r  2 4 subject s showe d sensitivit y t o 
symmetri c structure :  subject s choos e th e symmetri c 
inferenc e 6 0 percen t  o f  th e lim e fo r  th e symmetri c stories , 
but  onl y 3 8 percen t  o f  th e tim e fo r  non-symmetri c stories . 
We ar e currenU y workin g o n replicatin g thes e effect s wit h 
MAGI. 

Problems with the MAGI model, and areas to 
explor e 

Currently, there are several limitations to the MAGI model. 
I t  doe s no t  handl e regularit y o r  symmetr y tha t  i s no t  binar y 
i n som e sense .  Fo r  example ,  i t  coul d no t  handl e a  diagra m 
of  a  bric k wall ,  no r  separat e ou t  th e plo t  lin e o f  'Th e Thre e 
Littl e Pigs. '  Also ,  ther e i s a  distinc t  tendenc y fo r  M A GI  t o 
produc e rotationa l  mapping s o n visua l  figures  (a s noted ,  fo r 
example ,  i n Figur e 6) .  Suc h rotationa l  mapping s ar e 
technicall y correc t  an d somewha t  novel ,  bu t  peopl e see m t o 
generat e the m muc h les s tha n M A GI  does ,  whic h make s 
the m suspect . 

Conclusion 

Any cognitive model of symmetry and regularity must meet 
thre e criteria .  First ,  i t  mus t  sho w wh y regularit y an d 
symmetr y ar e useful .  Second ,  i t  shoul d sho w a  clea r 
distinctio n betwee n regularit y an d symmetry ,  sinc e thi s 
distinctio n i s clea r  t o people ,  an d thu s mus t  explai n th e rol e 
of  a n axi s i n symmetrica l  representations .  Finally ,  ther e 
shoul d b e a n accoun t  o f  ho w asymmetr y i s handled ,  an d 
why i t  i s  sometime s star k an d othe r  time s les s noticeable . 
We believ e tha t  th e M A GI  mode l  satisfie s thes e criteria . 

The maturit y o f  th e curren t  model s o f  analogica l 
mappin g provid e th e mean s fo r  a  congruen t  mode l  o f 
analogica l  encodin g usin g symmetr y an d regularity . 
Symmetr y an d regularit y shoul d b e understood ,  no t  a s 
perceptual ,  bu t  a s analogica l  processe s o f  encodin g tha t 
ofte n operat e o n perceptua l  representations .  MAGI' s 
succes s i n a  variet y o f  domain s provide s clea r  evidenc e fo r 
th e strengt h o f  thi s view .  Symmetr y an d regularity ,  fro m a 
cognitiv e perspective ,  ar e no t  gems ,  bu t  pick-axes .  Thoug h 
the y ar e aestheticall y pleasing ,  underneat h th e prett y cover s 
ar e incredibl y usefu l  tool s tha t  hel p u s pul l  apar t  an d 
understan d th e world . 
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