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Indirec t  Analogica l  M a p p i n g 

Joh n E .  H u m m el  an d Keit h J .  Holyoa k 
Departmen t  o f  Psycholog y 

Universit y o f  California ,  Lo s Angeles ,  C A 90024-156 3 

A b s t r a c t ^ 

An Indirect Analogical Mapping Model (IMM) is 
propose d an d preliminar y test s ar e described .  Mos t 
extan t  model s o f  analogica l  mappin g enumerat e explici t 
unit s t o represen t  al l  possibl e correspondence s betwee n 
element s i n th e sourc e an d targe t  analogs .  I M M i s 
designe d t o confor m t o mor e reasonabl e assumption s 
abou t  th e representatio n o f  proposition s i n huma n 
memory.  I t  compute s analogica l  mapping s indirectl y - -
as a  for m o f  guide d retrieva l  - -  an d withou t  th e us e o f 
explici t  mappin g units .  IMM' s behavio r  i s show n t o 
meet  eac h o f  Holyoa k an d Thagard' s (1989 ) 
computationa l  constraint s o n analogica l  mapping .  Fo r 
thei r  constrain t  o f  pragmati c centrality ,  I M M yield s 
mor e intuitiv e mapping s tha n doe s Holyoa k an d 
Thagard' s model . 

I n t r o d u c t i o n 

The central function of analogical thinking is 
t o ai d i n creatin g coherent ,  structure d representation s o f 
importan t  nove l  situations .  B y findin g a  mappin g - -
tha t  is ,  a  se t  o f  correspondence s - -  betwee n a  know n 
situatio n (th e sourc e analog )  an d a  nove l  on e (th e targe t 
analog) ,  th e structur e o f  th e sourc e ca n b e use d a s a  kin d 
of  blueprin t  fo r  buildin g a  representatio n o f  th e target . 
Whil e analog y involve s a  numbe r  o f  componen t 
processes ,  th e mappin g proces s i s pivota l  becaus e th e 
correspondence s i t  establishe s constrai n th e inference s 
tha t  ca n b e generate d abou t  th e target . 

Thi s pape r  present s ou r  preliminar y 
investigation s int o a n Indirec t  Analogica l  Mappin g 
Model  ( I M M ) .  Th e primar y goa l  o f  thi s effor t  i s t o 
develo p a n algorith m fo r  analogica l  mappin g consisten t 
wit h reasonabl e assumption s abou t  th e representatio n o f 
propositiona l  informatio n i n huma n memory .  Extan t 
model s o f  analogica l  mappin g typicall y posi t  explici t 
processin g unit s fo r  al l  possibl e correspondence s 
betwee n th e element s o f  th e sourc e an d targe t  analog s 
(e.g. ,  Falkenhainer ,  Forbu s &  Centner ,  1989 ;  Holyoa k 

^Thi s researc h wa s supporte d b y Contrac t  M D A 903 -
89-K-017 9 fro m th e A r m y Researc h Institute ,  an d b y 
N SF Gran t  DIR-902425 1 t o th e U C L A Cognitiv e 
Scienc e Researc h Program . 

& Thagard ,  1989) .  Ther e ar e a  numbe r  o f  seriou s 
problem s associate d wit h suc h enumeratio n o f  mappin g 
unit s (Hofstadte r  &  Mitchell ,  i n press) .  Althoug h i t 
ca n b e argue d tha t  mappin g unit s ar e a  notationa l 
convenienc e rathe r  tha n a  litera l  clai m abou t  th e natur e 
of  menta l  representations ,  i t  i s  unclea r  h o w th e critica l 
processe s posite d b y suc h model s (e.g. ,  paralle l 
constrain t  satisfaction )  woul d operat e unde r  mor e natura l 
representationa l  assumptions .  A  relate d difficult y wit h 
explici t  mappin g unit s i s tha t  the y exis t  strictl y fo r  th e 
purpos e o f  analogica l  mappin g an d hav e n o obviou s 
usefulnes s fo r  othe r  cognitiv e processes .  Th e primar y 
goal  o f  I M M i s t o simulat e analogica l  mappin g withi n 
an architectur e mor e consisten t  wit h realisti c 
assumption s abou t  th e representatio n o f  proposition s i n 
memory. 

Theoretica l  Motivatio n 

Representation of Propositions. The central 
proble m i n representin g proposition s involve s encodin g 
thei r  interna l  structure .  Representin g a  propositio n 
entail s creatin g a  se t  o f  binding s betwee n th e argument s 
of  th e propositio n an d th e cas e role s the y fill .  Fo r 
example ,  t o distinguis h th e representatio n o f  (chas e 
Arnol d Bill )  fro m (chas e Bil l  Arnold) ,  Arnol d mus t  b e 
boun d t o th e agen t  rol e o f  "chase "  i n th e firs t 
propositio n an d t o th e patien t  rol e i n th e second .  A 
basi c tene t  o f  ou r  approac h i s tha t  activ e representatio n 
of  propositiona l  informatio n (i.e. ,  i n workin g memory ) 
and it s long-ter m storag e requir e differen t  solution s t o 
thi s bindin g problem . 

Let  u s first  conside r  th e proble m o f  cas e role -
argumen t  bindin g i n a n activ e representation .  I t  i s 
possibl e t o imagin e a  representatio n fo r  proposition s i n 
whic h dedicate d unit s (o r  pattern s o f  activation ) 
represen t  eac h role-argumen t  binding .  Fo r  example , 
unit s coul d b e create d d e nov o eac h tim e a  propositio n 
enter s workin g m e m o r y ,  o r  -  a s propose d b y 
Smolensk y (1990 )  - -  binding s coul d b e represente d b y 
explicitl y  calculatin g a  tenso r  produc t  o f  th e activatio n 
vector s representin g th e individua l  cas e role s an d 
argument s (Halford ,  Wilson ,  G u o ,  Gayler ,  Wile s & 
Stewart ,  i n press) .  I n bot h thes e cases ,  th e binding s ar e 
stati c becaus e the y ar e represente d b y unit s dedicate d t o 
specifi c  conjunction s o f  elements . 

Thi s approac h t o th e representatio n o f  attribut e 
conjunction s suffer s numerou s limitation s (cf .  H u m m el 

516 



& Biederman .  1992) .  Th e mos t  seriou s i s  tha t  b y 
codin g conjunction s o f  cas e role s an d arguments ,  stati c 
bindin g unit s canno t  represen t  th e individua l  cas e role s 
(predicates )  an d argument s (objects) ;  hence ,  th e natura l 
similarit y structur e o f  th e predicate s an d object s i s lost . 
For  example ,  i f  separat e stati c unit s represent  (a )  Arnol d 
as th e agen t  o f  chasing ,  (b )  Arnol d a s th e patien t  o f 
chasing ,  (c )  Bil l  a s th e agent ,  an d (d )  Bil l  a s th e patient , 
the n th e propositio n (chas e Arnol d Bill) ,  represented  b y 
unit s a  an d c ,  woul d b e n o mor e simila r  t o (chas e Bil l 
Arnold) ,  represented  b y b  an d d ,  tha n i t  i s  t o (say s M y -
docto r  Caffeine-makes-me-nervous) .  A n d althoug h thi s 
exampl e assume d a  localis t  representation ,  th e 
underlyin g proble m canno t  b e solve d simpl y b y 
postulatin g a  mor e distribute d representation .  I n 
Smolensky' s (1987 )  tenso r  produc t  representation . 
whic h use s distribute d representations ,  th e 
representatio n o f  a  give n objec t  boun d t o on e cas e rol e 
wil l  no t  necessaril y  overla p a t  al l  wit h th e 
representation  o f  th e identica l  objec t  boun d t o a  differen t 
cas e role . 

An alternativ e t o stati c bindin g i s  dynami c 
binding ,  i n whic h unit s representin g cas e role s ar e 
temporaril y  boun d t o unit s representin g th e argument s 
of  thos e roles .  Followin g Shastr i  an d Ajjanagadd e 
(1990 )  an d others ,  I M M represent s dynami c cas e role -
argumen t  binding s a s synchronize d firin g o f  unit s 
representin g th e boun d elements .  Fo r  example ,  (chas e 
Arnol d Bill )  i s  represente d b y unit s fo r  th e agen t  rol e o f 
"chase "  firin g i n synchron y wit h unit s fo r  Arnold ,  whil e 
unit s fo r  th e patien t  rol e o f  "chase "  fire  i n synchron y 
wit h unit s fo r  Bill .  Naturally ,  th e agent/Arnol d se t 
must  fire  ou t  o f  synchron y wit h th e patient/Bil l  set . 

Dynami c bindin g permit s a  smal l  se t  o f  unit s 
t o b e reuse d i n a n unlimite d numbe r  o f  specifi c 
bindings .  Th e capacit y t o reus e unit s allow s th e 
representation  o f  cas e role s an d object s t o b e completel y 
independen t  o f  on e another .  Th e theoretica l  an d 
practica l  advantage s o f  thi s independenc e ar e vast ,  bu t 
th e mos t  importan t  i s tha t  i t  preserve s similarit y acros s 
differen t  bindings .  Fo r  example ,  al l  proposition s i n 
whic h Bil l  serve s a s a n argumen t  wil l  b e simila r  b y 
virtu e o f  thei r  sharin g th e unit s tha t  represen t  Bill ; 
likewise ,  al l  proposition s involvin g th e predicat e 
"chase "  wil l  emplo y th e sam e "chase "  units .  A s such , 
th e independenc e afforde d b y dynami c bindin g permit s 
essentiall y  complet e isomorphis m betwee n th e meanin g 
of  a  propositio n an d it s  representation :  th e 
representatio n o f  tw o proposition s wil l  overla p exactl y 
t o th e exten t  tha t  thei r  meaning s overlap .  S o m e 
practica l  advantage s o f  thi s isomorphis m wil l  becom e 
clea r  whe n IMM' s operatio n i s described . 

Althoug h dynami c bindin g afford s critica l 
benefit s i n th e activ e representatio n o f  propositions ,  i t 
i s  o f  cours e completel y impractica l  a s a  solutio n t o th e 
storag e o f  role-argumen t  binding s i n long-ter m 
memory.  I n long-ter m memory ,  binding s mus t  b e 
represente d i n a  stati c for m (e.g. ,  a s "synaptic " 

strengths )  tha t  ca n remai n dorman t  unti l  th e propositio n 
i s reactivated .  Importantly ,  th e long-ter m representatio n 
must  b e capabl e o f  reinstatin g th e origina l  dynami c 
binding s o f  argument s t o cas e role s w h e n i t  i s 

reactivated^.  T o thi s end ,  I M M encode s proposition s 
int o it s long-ter m m e m o r y a s connection s fro m unit s 
representin g object s an d predicate s t o semanticall y 
empt y unit s calle d sub-propositio n (SP )  units .  A 
propositio n i s  retrieve d fro m long-ter m m e m o r y b y 
activatin g th e S P unit s tha t  encod e it .  W h e n a n S P 
uni t  fires,  i t  activate s an d synchronize s th e objec t  an d 
predicat e unit s t o whic h i t  i s  connected .  Separat e SP s 
withi n a  propositio n remai n ou t  o f  synchron y 
(desynchronized )  wit h on e another .  Together ,  a 
proposition' s SP s reconstruc t  th e synchronize d firing  o f 
p-edicat e an d objec t  unit s tha t  represent s th e structure d 
semanti c conten t  o f  th e proposition . 

Computational Constraints on Mapping. The 
computationa l  theor y underlyin g I M M a s a  mode l  o f 
analogica l  mappin g i s  borrowe d fro m Holyoa k an d 
Thagard' s (1989 )  Analogica l  Constrain t  Mappin g 
Engin e ( A C M E ) .  A C M E posit s thre e broa d classe s o f 
constraint s o n natura l  correspondence s betwee n th e 
element s o f  analogs .  (1 )  Th e structura l  constrain t  o f 
isomorphis m ha s tw o components :  (a )  structura l 
consistenc y implie s tha t  i f  a  particula r  sourc e an d targe t 
elemen t  correspon d i n on e context ,  the y shoul d d o s o i n 
al l  others ;  (b )  one-to-on e mappin g implie s tha t  eac h 
elemen t  shoul d hav e a  uniqu e corresponden t  i n th e othe r 
analog .  (2 )  Semanti c similarit y implie s tha t  element s 
wit h som e prio r  semanti c similarit y (e.g. ,  b y virtu e o f 
join t  membershi p i n a  taxonomi c category )  shoul d ten d 
t o m a p t o eac h other .  (3 )  Pragmati c centralit y implie s 
tha t  a  mappin g shoul d giv e preferenc e t o element s tha t 
ar e deeme d especiall y importan t  t o goa l  attainment ,  an d 
shoul d maintai n correspondence s tha t  ca n b e presume d 
on th e basi s o f  prio r  knowledge . 

Th e Indirec t  Mappin g Mode l 

ACME implements the mapping constraints 
directly ,  vi a paralle l  constrain t  satisfactio n o n explici t 
mappin g unit s o f  th e typ e describe d previously .  Ou r 
goal  i s  t o achiev e analogica l  mappin g accordin g t o thes e 
constraints ,  bu t  t o d o s o indirectl y — i.e. ,  withou t 
directl y implementin g th e constraint s a s connection s 
among mappin g units .  Rather ,  I M M treat s analogica l 
mappin g a s a  for m o f  guide d retrieval :  proposition s i n a 
sourc e analo g driv e th e activatio n o f  proposition s i n a 
targe t  analog .  Thi s proces s i s  mediate d b y a  se t  o f 
predicat e unit s tha t  ar e share d b y th e proposition s i n 

^Thi s i s tru e b y definition ;  an y long-ter m representatio n 
tha t  coul d no t  reproduc e th e activ e representatio n o f  a 
bindin g woul d no t  encod e tha t  bindin g i n an y 
meaningfu l  way . 
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bot h analogs .  W h e n a  propositio n i n th e sourc e 
b e c o m e s active ,  it s SP s creat e a  synchronize d patter n o f 
firin g acros s th e predicat e units .  Thi s patter n the n 
activate s th e proposition(s )  i n th e targe t  analo g t o 
whic h i t  mos t  closel y matches .  T h e resultin g matc h 
(i.e. .  mapp ing )  i s  the n learne d b y updatin g modifiabl e 
connection s betwee n unit s acros s th e analogs .  T h e 
asymptoti c strength s o f  thes e connection s ar e interprete d 
as th e model' s fffefeire d mappings . 

T h e implementat io n describe d her e w a s 
designe d t o tes t  I M M ' s basi c capacit y fo r  thi s typ e o f 
m a p p i n g .  T o uncon foun d th e propertie s o f  th e 
architectur e fro m th e propertie s o f  an y specifi c  unit s o f 
whic h i t  migh t  b e composed ,  w e hav e m a d e a  n u m b e r 
of  stron g simplifyin g assumption s tha t  idealiz e I M M ' s 
operation .  Thes e assumption s wil l  b e relaxe d i n futur e 
implementations . 

Arch i tec tu r e 

Figure 1 illustrates IMM's basic architecture 
usin g th e followin g analogs : 

(chas e Arnol d Bill ) 
(chas e Bil l  Charles ) 

Targe t 
(ea t  fo x goose ) 
(ea t  goos e c o m ) 

I M M i s c o m p o s e d o f  thre e type s o f  units :  predicat e 
units ,  objec t  units ,  an d sub-propositio n (SP )  units . 
Predicat e unit s represen t  th e semanti c conten t  o f 
predicate s i n a  distribute d fashion .  Fo r  example ,  th e 
predicat e "chase "  i s  represente d b y on e patter n o f 
activit y ove r  thes e units ,  an d th e predicat e "pursue " 
wou l d b e represente d b y a  differen t  bu t  overlappin g 
pattern .  (Thes e pattern s ar e no t  detaile d i n th e figure.) 
Similarly ,  object s suc h a s Arnol d an d Bil l  shar e s o m e 
predicate s (e.g. ,  bot h ar e h u m a n an d male )  an d diffe r  o n 
others .  T h e similarit y betwee n t w o object s o r  tw o 
predicate s i s  define d b y thei r  degre e o f  overla p o n th e 
predicat e units .  T h e precis e conten t  o f  thes e 
representation s i s  les s importan t  fo r  ou r  curren t 
purpose s tha n th e architectur e i n whic h the y reside . 

Proposition s ar e encode d int o I M M ' s long-ter m 
m e m o ry b y symmetrical ,  excitator y connection s fro m 
predicat e an d objec t  unit s t o S P units .  Eac h S P 
permanentl y encode s a  bindin g o f  on e objec t  t o s o m e 
n u m b er  o f  single-plac e predicate s an d t o on e rol e o f  on e 
multi-plac e predicate .  Fo r  example ,  (chas e Arnol d Bill ) 
i s  represente d b y t w o sub-propositions .  T h e firs t 
encode s Arnol d a s th e agen t  o f  chasing ,  an d i s denote d 
chase(Amol d _ ) .  C h a s e ( A m o l d _ )  ha s excitator y link s 
t o (a )  th e objec t  uni t  fo r  Arnold ,  (b )  eac h single-plac e 
predicat e uni t  tha t  describe s Arnol d (e.g. ,  person ,  male , 
etc.) ,  an d (c )  th e unit s fo r  agen t  rol e o f  th e two-plac e 
predicat e "chase" .  T h e secon d S P ,  c h a s e L Bill) ,  ha s 
excitator y link s t o Bill ,  Bill' s  single-plac e predicates , 
an d th e patien t  rol e o f  "chase" .  Predicat e unit s d o no t 

directl y communicate ;  thei r  onl y connection s ar e t o S P 
units .  Predicat e an d objec t  unit s ar e temporall y yoke d 
t o S P unit s "  i.e. ,  the y fir e onl y w h e n the y receiv e 
excitator y input s fro m SPs .  Therefore ,  w h e n a n S P 
fires,  al l  predicat e an d objec t  unit s t o whic h i t  i s 
connecte d als o fire . 

Sourc e (chaK C Arnol d Bill )  (chas e Bil l  Charles ) 
1 r r 

(dn«AmJ (ctiiK _ BlD )  (du K Bi D J  (ctu«̂ Ch ) 

J^ ^ 

Q Predicat e 

• Object 

(ej l  fo x J  (C M _gooit. )  (cj *  goo« ;  J  («* _ com ) 
I  I  I  I 

T a r g e t  (ea t  fo x goose )  (ea t  goos e c o m ) 
Figur e 1 .  I M M representatio n fo r  th e exampl e 
above .  No t  shown :  Modifiabl e connections ; 
connection s betwee n SP s withi n a n analog ;  ful l 
SP-predicat e connectivity . 

Because predicate and object units are yoked to 
SPs,  i t  i s  critica l  tha t  separat e SP s fir e ou t  o f 
synchron y with  on e another .  I f  chase(Arnol d _ )  an d 
chase( _ Bill )  fired  i n synchrony ,  al l  thei r  predicate s an d 
object s woul d als o fir e i n synchrony ,  an d i t  woul d b e 
impossibl e t o tel l  w h o wa s chasin g w h o m .  Therefore , 
SPs i n th e sam e propositio n ar e assume d t o shar e link s 
tha t  desynchroniz e thei r  outputs .  I n th e curren t 
implementation ,  al l  SP s withi n a n analo g ar e forcibl y 
desynchronize d (i.e. ,  the y ar e force d t o fir e on e a t  a 
time) . 

Modifiabl e connection s (o f  initia l  strengt h 
zero )  exis t  betwee n S P unit s acros s analog s an d betwee n 
objec t  unit s acros s analogs ;  thei r  functio n i s describe d 
below . 

T h e I M M Algorith m 

The state of the network is updated in discrete 
cycles .  T h e followin g sequenc e o f  operation s i s 
performe d o n eac h cycle : 

I) One SP in the source analog fires; its output is 
set  t o I. O an d propagate d t o th e predicates ,  objects , 
and targe t  SP s t o whic h i t  i s connected . 
2)  Th e SP s i n th e targe t  updat e thei r  activation s 
(Ai )  base d o n thei r  excitator y input s (£/ )  an d thei r 

latera l  inhibitor y input s fro m on e another .  Latera l 
inhibitio n i s implemente d b y th e equation : 

Ai  =Ei3lZjEj K 

3 )  T h e objec t  unit s i n th e targe t  updat e thei r 
activation s base d o n thei r  excitator y input s fro m 
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th e targe t  S P s an d thei r  latera l  inhibitor y input s 
f ro m o n e another .  Latera l  inhibitio n i s 
implemente d b y th e abov e equation . 
4 )  T h e SP s i n th e targe t  recalculat e thei r  activation s 
base d o n thei r  excitator y input s fro m th e predicates . 
sourc e SPs ,  an d targe t  objects ,  an d thei r  latera l 
inhibitor y input s fro m on e another . 
5)  SP s i n th e targe t  updat e thei r  connection s t o SP s 
i n th e source ,  an d object s i n th e targe t  updat e thei r 
connection s t o object s i n th e sourc e b y th e Hebbia n 
rul e 

AWij=AiAj , 
wher e W j j  i s  th e connectio n weigh t  fro m sourc e 

elemen t  j  t o targe t  elemen t  i .  Reflectin g th e one -
to-on e mappin g constraint ,  connection s t o a  targe t 
uni t  (bot h S P an d object )  an d fro m a  sourc e uni t  ar e 
constraine d t o ad d t o 1.0 .  Thi s constrain t  i s 
enforce d b y normalizin g th e modifiabl e connection s 
at  th e en d o f  eac h cycl e b y th e ratio : 

Wi j  =  Wij/{Wi j  - H I k ^ k j  +  ^ iWi l ) , /  =  k ,  I  = j . 
Thi s normalizatio n reset s eac h connectio n accordin g 
t o it s weigh t  an d th e weight s o f  al l  othe r 
connection s t o th e sam e targe t  S P an d fro m th e 
same sourc e SP . 

S i m u l a t i o n s 

Six tests of IMM are reported here, five based 
on smal l  example s designe d t o tes t  specifi c  capacitie s o f 
th e model ,  an d on e base d o n a  large r  example .  Al l  test s 
wer e ru n te n times .  Th e modifiabl e (SP-to-S P an d 
object-to-object )  connectio n weight s wer e initialize d t o 
zer o a t  th e beginnin g o f  eac h run .  Eac h ru n consiste d o f 
20 iteration s throug h th e sourc e analog ,  an d eac h 
iteratio n consiste d o f  on e cycl e (a s describe d above )  fo r 
eac h S P i n th e sourc e analog .  Th e firing  orde r  o f  th e 
SPs wa s randomize d a t  th e beginnin g o f  eac h iteration . 
Mappin g result s ar e reporte d belo w i n term s o f  th e 
mean modifiabl e connectio n weight s (object-to-objec t 
and,  i n on e case ,  SP-to-SP )  develope d acros s analog s 
ove r  th e te n runs . 

Test  1  wa s base d o n th e analog s depicte d i n 
Figure s 1  an d 2 .  I n thi s example ,  th e predicate s an d 
object s ar e assume d t o hav e n o semanti c overla p acros s 
th e analogs ,  s o th e mappin g mus t  b e solve d purel y o n 
th e basi s o f  structura l  isomorphism .  Th e mos t  natura l 
solutio n map s Bil l  t o goos e becaus e the y shar e th e 
structura l  propert y o f  appearin g i n bot h th e secon d plac e 
of  th e first  propositio n an d th e firs t  plac e o f  th e second . 
Becaus e o f  th e one-to-on e mapp in g constraint ,  Arnol d 
shoul d the n m a p t o fox ,  an d Charle s t o c o m . 

A detaile d illustratio n o f  I M M ' s operatio n o n 
th e first  cycl e o f  thi s tes t  i s  give n i n Figur e 2 .  (1 )  T h e 
SP chase(Amol d J  fires  an d send s activatio n t o th e 
objec t  uni t  fo r  Arnol d an d th e predicat e P I  (shade d cell s 
i n Figur e 2) .  P I  i s a  structura l  predicat e indicatin g tha t 
it s  argumen t  (Arnold )  appear s i n th e first  plac e o f  s o m e 

multi-plac e predicate ,  i.e. ,  tha t  it s  argumen t  i s th e 
subjec t  o f  s o m e proposition .  (2 )  T h e targe t  S P s eat(fo x 
J an d eat(goos e J  eac h receiv e a n excitator y inpu t  o f 
1. 0 fro m PI .  Sinc e thi s i s  th e first  cycl e throug h th e 
source ,  al l  SP-to-S P connection s an d object-to-objec t 
connection s ar e zero .  Afte r  latera l  inhibition ,  bot h 
targe t  SPs '  activation s ar e 0.5 .  (3 )  T h e targe t  object s 
fo x an d goos e eac h receiv e input s o f  0. 5 fro m thei r 
respectiv e S P s ,  an d afte r  latera l  inhibition ,  thei r 
activation s ar e 0.5 .  (4 )  T h e targe t  S P s recalculat e thei r 
activations ,  agai n settlin g o n 0. 5 each .  (5 )  SP-to-S P 
an d object-to-objec t  connection s ar e updated .  T h e 
weight s fro m chase(Amol d _ )  t o bot h eat(fo x _ )  an d 
eat(goos e _ )  b e c o m e 0.5 ,  an d th e weight s fro m Arnol d 
t o bot h fo x an d goos e b e c o m e 0.5 . 

Sourc e dtuKAni J (duK .  BiD )  (duKSil J (ctuie_C)i ) 

Key 

m Firin g 

F\a  Activated 

[  I Inactive 

Targe t  (eiifc.« J icMjoae )  (eagoote j  (cjl_can ) 

Figur e 2 .  Illustratio n o f  th e sequenc e o f  event s i n 
on e cycl e wit h th e exampl e above . 

On the second, third and fourth cycles, these 
step s ar e repeate d fo r  chase( _ Bill) ,  chase(Bil l  _ )  an d 
chase( _ Charles) ,  respectively .  T h e secon d an d thir d 
cycle s ar e th e mos t  critica l  fo r  findin g th e mapp in g 
fro m Bil l  t o goose .  O n th e second .  Bil l  update s it s 
connection s bot h t o goos e an d corn ;  o n th e third ,  i t 
update s i t  connection s t o goos e an d fox .  O v e r  repeate d 
iterations .  Bil l  update s it s connection s t o goos e twic e a s 
ofte n a s i t  doe s t o fo x o r  c o m ,  an d - -  du e t o th e 
normalizatio n o f  connectio n weight s -  th e Bill-goos e 
connectio n eventuall y overpower s al l  othe r  connection s 
involvin g eithe r  Bil l  o r  goose .  Thi s reductio n o f  othe r 
connection s involvin g goos e allow s Arnol d an d Charle s 
t o m a p les s strongl y t o goose ,  an d m o r e strongl y t o fo x 
an d c o m ,  respectively .  I M M successfull y m a p p e d thes e 
analog s o n th e basi s o f  thei r  structur e alone .  O v e r  1 0 
runs ,  th e m e a n object-to-objec t  connectio n weight s 
(afte r  2 0 iteration s pe r  run )  were :  Arnol d - > fo x =  0.99 ; 
Bil l  - > goos e =  0.98 ;  Charle s - > c o m =  0.99 .  Al l 
othe r  object-to-objec t  connection s wer e zero . 

O ur  secon d exampl e test s I M M ' s sensitivit y t o 
th e structur e o f  informatio n withi n propositions .  I t  i s 
base d o n th e analogs : 

SQUrgg Target 
(bit e do g m a n )  (pe t  bo y cat ) 

(sit-o n ca t  boy) . 

The predicates bite, pet, and sit-on are assumed to have 
n o semanti c overlap .  T h e object s do g an d ca t  shar e th e 
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single-plac e predicat e uni t  fo r  "animal" ,  an d th e object s 
bo y an d m a n shar e th e predicat e "human" .  Bot h targe t 
proposition s shar e fou r  predicat e unit s wit h th e sourc e 
propositio n (pi ,  p2 ,  animal ,  an d human) .  However , 
(bit e do g man )  shoul d m a p t o (sit-o n ca t  boy )  because , 
i n eac h case ,  a n anima l  appear s i n th e agen t  role ,  an d a 
human i n th e patien t  role .  I n (pe t  bo y cat) ,  th e huma n 
and anima l  ar e boun d t o opposit e roles .  Thus ,  thi s 
exampl e constitute s a  tes t  o f  semanti c similarit y i n 
whic h successfu l  mappin g depend s o n sensitivit y t o 
structure .  R u n wit h thi s example .  I M M 
unambiguousl y mappe d ma n t o bo y an d do g t o cat :  do g 
" > ca t  =  0.99 ;  m a n - > bo y =  0.99 ;  al l  othe r  object-to -
objec t  connection s wer e zero .  A s indicate d b y th e th e 
SP-to-S P connections ,  I M M als o correctl y mappe d (bit e 
do g man )  t o (sit-o n ca t  boy) ,  an d correctl y mappe d 
correspondin g role s withi n thos e propositions : 

sit-on(ca t  ) 
sit-on (  boy ) 

biteCdo g ) 
0.6 6 
0.0 0 
0.0 4 
0.2 7 

bite (  man ) 
0.0 0 
0.6 6 
0.2 7 
0.0 4 

pet(boy_ ) 
pet( _ cat ) 

Holyoa k an d Thagard' s (1989 )  A C M E mode l 
encounter s difficult y wit h th e constrain t  o f  pragmati c 
centrality .  I t  doe s no t  respon d appropriatel y t o sourc e 
element s tha t  ar e marke d a s "important "  (Spellma n & 
Holyoak .  i n preparation ;  H u m m e l ,  B u m s &  Holyoak , 
i n press) .  Therefore ,  I M M s treatmen t  o f  importan t 
element s i s a  particularl y critica l  test .  Test s 3  -  5 
examin e th e effec t  o f  objec t  importanc e o n mapping . 
Importanc e i s implemente d i n I M M b y allowin g SP s 
containin g importan t  object s t o fir e mor e ofte n tha n 
SPs containin g object s no t  give n extr a importance . 
Thi s conventio n i s base d o n th e assumption s tha t  (1 ) 
firing  rat e reflect s th e activatio n o f  a  unit ,  an d (2 )  mor e 
importan t  element s ar e mor e activ e tha n element s no t 
give n specia l  importance .  I n thes e simulations , 
importan t  SP s wer e allowe d t o fir e twic e (rathe r  tha n 
onl y once )  o n eac h iteratio n throug h th e sourc e analog . 

Tests 3-5 were based on the following 
analogs : 

SouKg Target 
(chas e coyot e roadrunner )  (chas e pi g rabbit ) 
(ea t  Popey e spinach )  (ea t  rabbi t  carrot) . 

On every test with this example, IMM correctly mapped 
coyot e exclusivel y t o pi g (connectio n weigh t  0.99 )  an d 
spinac h exclusivel y t o carro t  (connectio n weigh t  0.99) . 
The interestin g questio n concern s th e degre e t o whic h 
Popey e vs .  roadrunne r  wil l  m a p t o rabbi t  base d o n 
whic h (Popey e o r  roadrunner )  i s  deeme d "important" . 
Wit h neithe r  give n importanc e (Tes t  3) ,  I M M mappe d 
bot h equall y t o th e rabbi t  (connectio n weight s wer e 
0.49) ,  reflectin g th e ambiguit y o f  th e mapping .  Wit h 

specia l  importanc e give n t o roadrunne r  (Tes t  4) .  I M M 
mapped roadrunne r  t o rabbi t  mor e strongl y tha n Popey e 
t o rabbi t  (0.6 5 vs .  0.34) .  Similarly ,  wit h specia l 
importanc e give n t o Popey e (Tes t  5) .  i t  mappe d Popey e 
t o rabbi t  mor e strongl y tha n i t  di d roadrunne r  (0.6 6 vs . 
0.33) .  Thus ,  I M M wa s abl e t o adjudicat e betwee n 
ambiguou s mapping s o n th e basi s o f  th e relativ e 
importanc e o f  a n element .  I n contrast .  A C M E jM-oduce s 
les s clea r  mapping s fo r  thes e simpl e example s 
(Hummel  et .  al. ,  i n press) . 

H o w doe s I M M diffe r  fro m A C M E s o tha t  th e 
forme r  succeed s o n thes e simpl e test s o f  pragmati c 
centrality ? I n A C M E ,  th e succes s o f  a  particula r 
mappin g depend s upo n th e activit y o f  th e correspondin g 
mappin g uni t  relativ e t o it s competitors .  A n elemen t 
(objec t  o r  predicate )  i s marke d a s importan t  b y 
increasin g th e activitie s o f  al l  unit s representin g 
mapping s involvin g it .  Th e increase d activit y 
associate d wit h a n importan t  element' s mappin g unit s 
has th e effec t  o f  increasin g th e tendenc y fo r  thos e 
mapping s t o dominat e othe r  mappings .  A s such ,  th e 
importan t  elemen t  tend s t o m a p mor e t o everything , 
rathe r  tha n selectivel y mappin g mor e t o thos e othe r 
element s wit h whic h i t  alread y matche s well . 

By contrast ,  conside r  h o w a n elemen t  i n th e 
sourc e analo g (SE )  establishe s a  mappin g wit h a  targe t 
elemen t  (TE )  i n I M M .  Eac h tim e a n S E fires ,  it s 
tendenc y t o m a p t o a  specifi c  T E i s a  functio n o f  (1 ) 
ho w closel y th e patter n o f  whic h th e S E i s a  par t 
matche s th e pattern(s )  o f  whic h th e T E i s a  par t  (a s 
determine d b y th e numbe r  o f  predicat e unit s the y share ) 
and (2 )  ho w ofte n an d ho w strongl y th e S E ha s mappe d 
t o tha t  T E i n th e pas t  (a s capture d i n th e modifiabl e 
object-to-objec t  an d SP-to-S P connections) .  Lik e 
A C M E.  I M M implement s increase d importanc e a s 
increase d activity .  I n I M M .  increase d activit y result s i n 
an increase d firing  rate .  Bu t  not e tha t  a n SE' s tendenc y 
t o m a p t o an y give n T E ,  a s define d b y (1) ,  ha s nothin g 
t o d o wit h h o w ofte n eithe r  uni t  fires:  rathe r  i t  i s 
strictl y a  functio n o f  ho w wel l  the y matc h whe n the y d o 
fire.  Therefore ,  increasin g a n SE' s firin g rat e simpl y 
increase s th e numbe r  o f  opportunitie s tha t  th e S E ha s t o 
m ap t o thos e TE s fo r  whic h i t  alread y ha s a  preference . 
Each tim e a n S E map s t o a  T E ,  the y strengthe n th e 
connectio n betwee n the m a t  th e expens e o f  thei r  othe r 
connections .  Thus ,  a  greate r  firin g rat e (i.e. ,  mor e 
importance )  mean s mor e opportunitie s fo r  a n S E t o 
monopoliz e it s preferre d TE' s connections . 

The first  five  example s wer e designe d t o tes t 
specifi c  capacitie s o f  th e I M M architecture ,  an d wer e 
deliberatel y kep t  small .  Th e sixt h tes t  wa s designe d t o 
revea l  IMM' s capacit y t o dea l  wit h large r  analogies . 
Test  6  i s base d o n th e "radiatio n t o lightbulb "  proble m 
fro m Holyoa k an d Thagar d (1989 ,  Tabl e 3) .  Spac e 
limitation s prohibi t  ful l  elaboratio n o f  th e analogy ,  bu t 
i t  ca n b e summarize d a s follows :  Th e sourc e analo g 
state s tha t  ther e i s a  lightbul b wit h a  broke n filamen t 
tha t  ca n b e fuse d bac k togethe r  b y a  lase r  beam .  Th e 
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lase r  ca n generat e eithe r  stron g o r  wea k beams .  Th e 
stron g bea m woul d brea k th e glas s bul b surroundin g th e 
filament ,  bu t  a  singl e wea k bea m i s to o wea k b y itsel f 
t o fus e th e filament .  Th e goa l  i s t o fus e th e filanicn i 
withou t  breakin g th e glas s bulb .  Th e targe t  analo g 
state s tha t  ther e i s a  tumo r  surrounde d b y health y tissue , 
and ther e i s a  radiatio n machin e tha t  ca n destro y th e 
tumor .  Th e radiatio n machin e ca n generat e eithe r  stron g 
or  wea k rays .  A  stron g ra y woul d damag e th e health y 
tissu e surroundin g th e tumor ,  bu t  th e wea k ra y i s to o 
weak t o destro y th e tumo r  b y itself .  Th e goa l  i s  t o 
destro y th e tumo r  withou t  damagin g th e health y tissue . 
The intuitivel y correc t  mappin g betwee n thes e analog s 
generate s th e followin g objec t  coirespondences :  lase r  -- > 
radiatio n machine ;  stron g lase r  bea m -- > stron g rays ; 
weak lase r  bea m -- > wea k rays ;  tumo r  - > filament ; 
glas s bul b - > health y tissue .  I M M discovere d al l  th e 
correc t  mapping s (mea n modifiabl e connectio n strength s 
correspondin g t o correc t  mapping s wer e al l  greate r  tha n 
0.97 )  an d di d no t  discove r  an y incorrec t  mapping s 
(mean modifiabl e connectio n strength s correspondin g t o 
incorrec t  mapping s wer e al l  zero) . 

Discussion 

The initial simulations reported here, although 
ru n wit h a  highl y idealize d versio n o f  I M M ,  hav e 
yielde d encouragin g results .  I M M clearl y demonstrate s 
sensitivit y t o al l  th e mappin g constraint s postulate d b y 
A C M E:  isomorphism ,  semanti c similarity ,  an d 
pragmati c centrality .  I t  als o scale d wel l  t o th e large r 
analog y o n whic h i t  wa s tested .  Importantly ,  thi s 
behavio r  emerge s fro m a n architectur e exploitin g 
deliberatel y genera l  principle s fo r  th e representatio n o f 
prepositiona l  information . 

One strengt h o f  th e I M M representatio n tha t 
we hav e no t  ye t  discusse d i s it s  capacit y t o scal e wit h 
large r  knowledg e bases .  Eac h propositio n i s encode d b y 
a smal l  numbe r  o f  S P unit s (typicall y thre e o r  fewer , 
dependin g o n th e numbe r  o f  argumen t  place s i n th e 
proposition) .  Therefore ,  th e numbe r  o f  S P unit s 
require d t o represen t  a n analog y grow s linearl y wit h th e 
siz e o f  th e analogs ,  an d th e numbe r  o f  modifiabl e 
connection s betwee n SP s acros s analog s grow s linearl y 
wit h th e produc t  o f  th e numbe r  o f  proposition s i n th e 
sourc e an d target . 

The modifiabl e weight s o n object-objec t  an d 
SP-S P connection s allo w a  relativel y stabl e 
representatio n o f  th e mappin g betwee n sourc e an d targe t 
element s t o emerge .  Thes e modifiabl e connection s ar e 
analogy-specific ,  makin g i t  possibl e fo r  th e syste m t o 
lear n contextuall y constraine d correspondence s betwee n 
analog s withou t  necessaril y  alterin g th e structur e o f 
semanti c memory .  Fo r  example ,  th e fac t  tha t  a  tumo r 
maps t o a  filamen t  i n th e contex t  o f  th e 
radiation/lightbul b analog y nee d no t  impl y tha t  thes e 
tw o concept s shoul d no w b e closel y relate d i n semanti c 
memory.  A t  th e sam e time ,  th e asymptoti c weight s o n 

th e modifiabl e connection s m a y provid e input s t o post -
mappin g mechanism s tha t  suppor t  th e generatio n o f 
analogica l  inference s abou t  th e target ,  a s wel l  a s 
inductio n o f  relationa l  generalization s base d o n th e 
mappin g betwee n th e sourc e an d targe t  analogs . 

I t  remain s t o b e see n h o w I M M wil l  perfor m 
wit h mor e realisti c processin g assumptions .  Th e 
curren t  implementatio n work s largel y becaus e th e 
sequenc e o f  event s i s globall y an d tightl y controlled .  I f 
I M M prove s highl y sensitiv e t o imperfection s i n th e 
timin g o f  events ,  i t  coul d b e difficul t  t o mak e i t  wor k 
wit h locally-controlle d mechanism s fo r  dynami c bindin g 
(i.e. ,  fo r  maintainin g synchrony) .  Nonetheless ,  th e 
indirec t  approac h t o analogica l  mappin g seem s 
sufficientl y promisin g a s t o meri t  furthe r  exploration . 
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