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M a p p i n g Hierarchica l  Structure s wit h S y n c h r o n y fo r  B ind ing : 

Prel iminar y Investigation s 
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Departmen t  o f  Psycholog y 

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

jhuininel@psych.ucla.edu ,  melz@isi.edu ,  thoinpson9psych.ucla.edu ,  holyoak@psych.ucla.ed u 

Abstrac t 

Synchrony of firing has recently become a popular 
techniqu e fo r  dynami c bindin g i n neura l  networks ,  an d ha s 
been applie d t o numerou s proble m domains .  However , 
hierarchica l  structure s ar e difficul t  t o represen t  usin g 
synchron y fo r  binding .  Thi s pape r  present s ou r  progres s 
towar d a  framewor k fo r  representin g hierarchie s i n a  neura l 
networ k usin g synchron y fo r  dynami c binding .  W e 
illustrat e th e approac h wit h a  mode l  o f  analogica l 
mapping .  Th e mode l  ( IMM2 )  use s synchron y t o bin d cas e 
role s t o object s withi n propositions .  Hierarchie s ar e 
establishe d b y allowin g unit s representin g proposition s t o 
pla y a  dua l  role ,  actin g bot h a s th e argumen t  o f  on e 
propositio n an d a s a  pointe r  t o another . 

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

Synchrony of firing has attracted attention as a useful way 
t o creat e dynami c binding s i n artificia l  neura l  networics .  Th e 
ide a i s tha t  a  bindin g o f  tw o o r  mor e primitive s ca n b e 
represente d b y allowin g separat e units ,  eac h representin g on e 
primitive ,  t o fir e i n synchrony .  Fo r  example ,  t o represen t 
th e propositio n own(Jane t  Book) ,  unit s representin g own -
agen t  woul d fire  i n synchron y wit h unit s fo r  Jane t  whil e 
unit s fo r  own-objec t  fir e i n synchron y wit h unit s fo r  boo k 
(Hummel  &  Holyoak ,  1992 ;  Shastr i  &  Ajjanagadde ,  1990) . 
Dynami c bindn g i s attractiv e becaus e i t  ca n b e create d an d 
destroye d o n th e fly ,  allowin g a  networ k t o reus e th e sam e 
unit s i n multipl e bindings .  Thi s capacit y ha s m a n y 
importan t  implications ,  th e mos t  basi c o f  whic h i s tha t  i t 
makes compositionalit y possibl e i n a  neura l  networ k 
representation . 

Despit e th e usefulnes s o f  synchron y fo r  simpl e dynami c 
binding ,  i t  i s  no t  straightforwar d t o exten d i t  t o represen t 
hierarchica l  structures .  Give n th e ubiquit y o f  hierarchie s i n 
human cognition ,  th e proble m o f  h o w the y m a y b e 
represente d i n a  genera l  wa y i s a n extremel y importan t  one . 
Thi s pape r  focuse s o n th e us e o f  synchron y t o represen t  an d 
proces s hierarchica l  structures . 

The tas k domai n withi n whic h thi s issu e wil l  b e addresse d 
i s analogica l  mapping ,  th e proble m o f  findin g a  se t  o f 
correspondence s betwee n th e element s o f  tw o analogou s 
situation s o r  structure s ( a sourc e analo g an d a  target) .  Fo r 
example ,  give n th e sourc e know(Clar k Janet) ,  an d th e targe t 
know(Pau l  Elaine) ,  a  natura l  mappin g place s Clar k int o 
correspondenc e wit h Pau l  an d Jane t  int o correspondenc e wit h 
Elaine .  Analogica l  mappin g provide s a n idea l  proble m 
domai n fo r  assessin g representation s o f  structur e becaus e 

structura l  constraints ,  base d i n par t  o n hierarchica l  relations , 
pla y a  centra l  rol e i n establishin g analogica l  mapping s 
(Centner ,  1983 ;  Holyoa k &  Thagard .  1989) .  I n addition . 
mappin g i s a  challengin g specia l  cas e o f  th e basi c cognitiv e 
proces s o f  comparin g structure d representations .  Comparin g 
representations  (e.g. ,  matchin g case s t o schemas ,  o r  memor y 
element s t o antecedent s o f  rules )  i s fundamenta l  t o reasonin g 
and comprehension .  Analogica l  mappin g i s  particularl y 
demandin g becaus e i t  require s findin g nove l  constant-to -
constan t  correspondences ,  whic h canno t  b e pre-wire d i n an y 
simpl e fashion .  I n general ,  compariso n o f  structure d 
representation s ha s prove n difficul t  t o accomplis h i n neura l 
network s (Bamden ,  1994) . 

H u m m el  an d Holyoa k (1992 ;  H u m m e l ,  Burn s & 
Holyoak ,  1994 )  hav e propose d a  mode l  o f  analogica l 
mappin g tha t  use s synchron y t o dynamicall y bin d cas e role s 
t o object s i n propositiona l  statement s an d t o establis h 
correspondence s betwee n th e element s o f  tw o analogs .  Thi s 
model ,  calle d th e Indirec t  Mappin g Mode l  ( I M M ) ,  i s th e 
poin t  o f  departur e fo r  th e curren t  effort .  I M M ca n solv e 
simpl e analogie s o f  th e typ e illustrate d above ,  a s wel l  a s 
considerabl y large r  analogies .  However ,  lik e othe r  model s 
usin g synchron y fo r  binding ,  i t  canno t  represen t  o r  compar e 
hierarchica l  structures ,  suc h a s proposition s tha t  tak e othe r 
proposition s a s arguments . 

Hierarchies and Synchrony 

Hierarchies are difficult to represent using synchrony 
becaus e synchron y provide s onl y on e degre e o f  freedo m (df ) 
fo r  binding :  a t  an y give n instant ,  tw o unit s ar e eithe r 
synchronize d o r  the y ar e no t  (bu t  se e McClurki n et .  al. , 
1988) .  W h e n unit s ar e synchronized ,  th e entitie s the y 
represent  ar e interprete d a s boun d (member s o f  a  singl e 
group) ;  conversely ,  i f  tw o entitie s ar e unboun d (member s o f 
differen t  groups) ,  the n thei r  respectiv e unit s mus t  remai n 
desynchronized .  Accordingly ,  simpl e synchron y relations 
canno t  represen t  tha t  tw o unit s ar e member s o f  th e sam e 
grou p a t  on e leve l  o f  a  hierarch y an d member s o f  separat e 
group s a t  som e lowe r  leve l  o f  th e hierarchy .  Fo r  example , 
i n th e propositio n know(Clar k own(Jane t  book)) ,  Jane t  an d 
boo k ar e member s o f  th e sam e grou p wit h respec t  t o th e 
patien t  rol e o f  th e predicat e know ,  s o wit h respec t  t o th e 
top-leve l  propositio n the y shoul d b e synchronized .  Bu t  i n 
th e lower-leve l  proposition ,  Jane t  an d boo k ar e boun d t o 
differen t  cas e role s an d shoul d therefor e remai n ou t  o f 
synchrony . 

I n principle ,  thi s d i lemm a coul d b e resolve d b y an y 
number  o f  scheme s fo r  squeezin g extr a d f  ou t  o f  th e 
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tempora l  characteristic s o f  a  unit' s  firing .  Fo r  example , 
unit s migh t  fir e i n synchron y onc e i f  the y ar e boun d a t  th e 
firs t  leve l  o f  a  hierarchy ,  twic e i f  the y ar e boun d a t  bot h th e 
first  an d second ,  etc .  However ,  suc h scheme s ar e likel y t o 
be cumbersom e an d erro r  pron e (e.g. ,  wha t  tempora l 
resolutio n woul d b e require d t o exploi t  suc h a  code?) . 
Moreover ,  becaus e the y rel y o n comple x codes ,  suc h 
scheme s ar e pron e t o har d an d arbitrar y limit s o n embeddin g 
(determine d b y th e numbe r  o f  code s i n th e scheme) . 

We propos e a n approac h t o representin g hierarchie s tha t 
operate s withi n synchrony' s singl e df ,  b y allowin g onl y on e 
leve l  o f  a  hierarch y t o b e activ e a t  a  time .  Hierarchica l 
embeddin g i s accomplishe d b y mean s o f  unit s tha t  represen t 
complet e proposition s (propositio n units) .  A  propositio n 
uni t  ca n serv e bot h a s th e argumen t  o f  on e propositio n an d 
as a  pointe r  t o anothe r  (i n general ,  suc h unit s coul d poin t  t o 
an y comple x structure ,  bu t  th e curren t  discussio n i s 
restricte d t o th e representatio n o f  propositions) .  Becaus e a 
singl e uni t  canno t  itsel f  "contain "  al l  th e semanti c conten t 
of  a  proposition ,  i t  mus t  instea d b e abl e t o stan d fo r  tha t 
conten t  i n som e othe r  meaningfu l  way .  Th e manne r  i n 
whic h propositio n unit s perfor m thi s functio n become s th e 
centra l  issu e i n thi s approach .  I n genera l  terms ,  pointin g i s 
accomplishe d b y havin g a  propositio n uni t  lear n connection s 
tha t  allo w i t  t o mimi c th e causa l  propertie s o f  th e 
prepositiona l  structur e t o whic h i t  point s (a s elaborate d 
shortly) . 

The Indirect Mapping Model, II (IMM2) 

Architecture 

IMM2 encodes propositions as arrangements of five 
classe s o f  units .  Unit s ar e couple d b y on e o r  bot h o f  tw o 
type s o f  links :  connections ,  whic h propagat e excitatio n an d 
inhibition ,  an d Fas t  Enablin g Link s {FELs ;  H u m m el  & 
Biederman ,  1992) ,  whic h allo w unit s t o synchroniz e an d 
desynchroniz e oscillation s i n thei r  outputs .  Th e encodin g o f 
own(Jane t  book )  i s illustrate d i n Figur e 1 .  Eac h 
proposition ,  ; ,  i s  encode d locall y b y on e propositio n unit . 
Pi .  P i  share s recriproca l  excitator y connection s wit h on e t o 

thre e sub-propositio n units ,  S P i j .  S P i j  encode s th e 

binding s definin g th e jt h cas e rol e o f  th e H h proposition . 
For  example ,  i f  P i  i s  own(Jane t  book) ,  the n SPi.i  encode s 

th e bindin g o f  Jane t  t o th e agen t  rol e o f  o w n ,  an d SP1. 2 

encode s th e bindin g o f  boo k t o th e objec t  rol e o f  own .  SP s 
unde r  th e sam e propositio n shar e positiv e connection s an d 
negativ e FEL s (th e latte r  kee p th e SP s ou t  o f  synchron y 
wit h on e another) .  SP i j  encode s it s cas e role-argumen t 

binding s b y mean s o f  reciproca l  excitator y connection s an d 
positiv e FEL s wit h on e predicat e uni t  an d on e objec t  unit . 
I n th e curren t  example ,  SPi. i  i s  linke d t o th e predicat e uni t 

fo r  own-agen t  (denote d 0 1 )  an d th e objec t  uni t  fo r  Jane t 
(denote d J) .  Predicat e an d objec t  unit s ar e functionall y 
equivalent ,  an d ar e distinguishe d onl y f w clarity . 

SP1. 2 SPI. I 

Proposition : 
own(Jane t  book ) 

Sub-proposition : 
Janet=Own-agen t 

Predicate: OwnAgent 

Object: Janet 

Semantic: Female 

Figur e 1 .  Basi c architectur e o f  I M M 2 . 

SP2. 2 SP2. 1 

SPI. I 

Figur e 2 .  Encodin g o f  th e hierarchica l  propositio n 
know(Clar k PI) ,  wher e P I  =  own(Jane t  book) . 

Proposition, sub-proposition, predicate, and object units 
serv e th e purel y sUiictura l  functio n o f  encodin g th e bindin g 
relation s a m o n g th e component s o f  a  proposition .  Thi s 
functio n i s enhance d b y thei r  strictl y localis t  implmentatio n 
(se e H u m m el  &  Holyoak ,  1992) .  However ,  encodin g 
semantic s i s bette r  serve d b y a  distribute d representatio n ove r 
unit s representin g attributes .  Eac h objec t  an d predicat e uni t 
i s  connecte d t o a  se t  o f  semanti c unit s tha t  cod e th e 
attribute s o f  th e correspondin g objec t  o r  predicate .  Fo r 
example ,  Jane t  migh t  b e connecte d t o semanti c unit s fo r 
human,  adult ,  an d female ,  whil e boo k migh t  b e connecte d t o 
artifact ,  paper ,  an d small .  Similarly ,  predicates ,  suc h a s 
own-agen t  an d own-objec t  ar e connecte d t o semanti c unit s 
fo r  thei r  attributes .  Semanti c unit s fo r  predicate s ar e 
distinguishe d accordin g t o place ,  s o tha t  unit s encodin g th e 
agen t  rol e d o no t  overia p wit h thos e fo r  th e patien t  role . 
Otherwise ,  al l  predicat e an d objec t  representation s ar e 
allowe d t o overla p o n th e semanti c units . 

Extendin g thi s architectur e t o encod e hierarchica l 
proposition s i s straightforward .  Le t  P 2 b e know(Clar k 

own(Jane t  book)) .  P 2 i s encode d a s show n i n Figur e 2 , 

wher e P i  simpl y take s th e plac e o f  a n objec t  uni t  unde r 

SP2. 2 (whic h encode s th e bindin g P i  t o know-object) . 
Otherwise ,  th e genera l  structur e encodin g P 2 i s exactl y th e 
same a s tha t  encodin g Pi . 

For  th e purpose s o f  analogica l  mapping ,  proposition s ar e 

encode d i n tw o mutuall y exclusiv e sets ,  proposition s P ^  i n 

th e sourc e analog ,  an d P ^  i n th e target .  Sourc e an d targe t 
proposition s shar e semanti c unit s (se e Figur e 3) ,  an d i t  i s 
primaril y throug h th e semanti c unit s tha t  proposition s i n 
th e sourc e activat e proposition s i n th e target .  I n additio n t o 

434 



th e connection s describe d above ,  ther e ar e modifiabl e 
connection s betwee n unit s o f  th e sam e typ e acros s th e 
analog s (henceforth ,  H e b b connections ,  fo r  thei r  Hebbia n 
learnin g rule) .  I n th e initia l  stat e o f  th e network ,  th e 
weight s o f  al l  Heb b connection s ar e zero .  A s th e networ k 
runs ,  thes e connection s updat e thei r  weight s t o (a )  kee p a 
recor d o f  th e mapping s th e networ k ha s established ,  an d (b ) 
allo w pas t  mapping s t o constrai n futur e mappings . 

Operation 

In general, IMM2 performs analogical mapping in the 
same wa y a s th e origina l  I M M .  O n e a t  a  time ,  proposition s 
i n th e sourc e becom e activ e an d creat e pattern s o f  activit y o n 
th e semanti c units .  Th e semanti c unit s excit e an d 
synchroniz e unit s i n th e targe t  analog .  Latera l  inhibitio n 
betwee n unit s o f  th e sam e clas s (i.e. ,  predicate ,  object ,  SP , 
and proposition )  an d recurren t  excitatio n betwee n consisten t 
unit s (e.g. ,  SP s wit h thei r  object s an d predicates )  result s i n 
th e best-fittin g targe t  proposition' s growin g activ e a t  th e 
expens e o f  poorly-fittin g propositions .  Onc e th e patter n o f 
activatio n i n th e targe t  settles ,  activ e unit s strengthe n thei r 
Hebb connection s fro m th e activ e unit s (o f  th e sam e class ) 
i n th e source .  Th e patter n o f  Heb b connection s tha t  evolve s 
ove r  severa l  suc h cycle s i s th e model' s representatio n o f  th e 
best  source-targe t  mapping . 

Activ e propositions .  Activ e proposition s ar e represente d 
as synchronize d pattern s o f  activit y ove r  th e network' s units . 
Propositio n i  i s  recalle d fro m long-ter m m e m o r y b y 
activatin g uni t  /*/ .  P i  excite s al l  S P unit s unde r  it .  Th e 
SPs establis h th e patter n o f  synchronize d firin g tha t 
represent s th e activ e proposition .  B y virtu e o f  th e negativ e 
FELs betwee n them ,  SP s unde r  a  give n P j  rapidl y establis h 

a patter n o f  mutuall y desynchronize d firing.  Eac h S P 
excite s an d synchronize s th e predicat e an d objec t  (o r 
proposition )  unde r  it .  Therefore ,  predicate s an d object s 
belongin g t o th e sam e cas e rol e fir e i n synchron y wit h on e 
anothe r  an d ou t  o f  synchron y wit h thos e belongin g t o othe r 
cas e roles .  Th e predicate s an d object s likewis e synchroniz e 
th e semanti c unit s t o whic h the y ar e connected .  Conside r  a n 
example .  Sa y P j  i n Figur e 2 ,  own(Jane t  book) ,  become s 

active .  I t  wil l  activat e SPi. i  an d SP1.2 .  whic h wil l  begi n 
t o fir e ou t  o f  synchron y wit h on e another .  SPi. i  wil l 
activat e an d synchroniz e th e predicat e own-agen t  an d th e 
objec t  Janet ,  an d thes e wil l  activat e an d synchroniz e thei r 
respectiv e semanti c units .  SP1. 2 wil l  similarl y activat e 
own-objec t  an d book ,  whic h wil l  activat e thei r  respectiv e 
semanti c units .  Th e resul t  i s  tha t  th e semanti c unit s fo r 
Jane t  an d own-agen t  wil l  fire  i n synchron y wit h on e anothe r 
and ou t  o f  synchron y wit h thos e fo r  boo k an d own-object . 

The abov e describe s th e activatio n o f  simple ,  non -
hierarchica l  propositions .  M o r e challengin g i s th e 
representatio n o f  activ e hierarchica l  propositions .  D u e t o 
th e on e d f  limitatio n o n synchrony ,  i t  i s  critica l  tha t 
semanti c unit s representin g a  lowe r  propositio n (suc h a s P i 

i n Figur e 2 )  no t  becom e activ e whe n th e highe r  leve l 
propositio n (P2 )  i s active .  However ,  i t  i s  necessar y t o 

activat e som e representatio n o f  th e lowe r  proposition . 
Otherwise ,  i n th e cas e of ,  say ,  know(Clar k own(Jane t 
book)) ,  ther e woul d b e n o explici t  representatio n o f  wha t  i t 

i s  tha t  Clar k knows .  I M M 2 solve s thi s proble m b y 
allowin g th e lowe r  leve l  propositio n uni t  (Pi )  t o becom e 

activ e bu t  no t  t o propagat e it s activatio n t o th e SP s belo w 
itsel f  (SPi. i  an d SPi.2) .  Thi s gatin g i s accomplishe d b y 

means o f  a  "mode" ^  withi n whic h eac h /* /  operates .  If/* / 

receive s mor e excitator y inpu t  fi-om  SP s abov e itsel f  (i.e. , 
SPs wit h respec t  t o whic h i t  serve s a s a n objec t  fillin g a 
role )  tha n fro m SP s belo w itself ,  the n i t  enter s "child " 
mode.  I f  i t  receive s mor e excitatio n fro m SP s belo w tha n 
above ,  the n i t  enter s "parent "  mode .  I n paren t  mode ,  a  P i 

propagate s activatio n onl y t o SP s belo w itself ;  i n chil d 
mode,  i t  propagate s activatio n onl y t o SP s abov e itself . 

Conside r  wha t  happen s w h e n P2,know(Clar k P j ) , 

becomes active .  I t  wil l  activat e SP2. 1 an d SP2.2 .  whic h 
wil l  fir e ou t  o f  synchron y wit h on e another .  SP2. 1 wil l 

activat e an d synchroniz e know-agen t  an d Clark ,  whic h wil l 
activat e an d synchroniz e thei r  respectiv e semanti c units . 
Similarly ,  SP2. 2 wil l  activat e know-object ,  whic h wil l 

activat e it s semanti c units .  Bu t  whe n SP2. 2 activate s P i , 

Pi  wil l  ente r  chil d mode ,  firin g i n synchron y wit h SP2. 2 

(and ,  therefore ,  wit h know-object) ,  bu t  no t  propagatin g an y 
activit y t o SPi. i  o r  SP1.2 .  Th e resultin g patter n thu s 
nominall y represent s th e embeddin g o f  on e propositio n 
withi n another .  Fo r  thi s nomina l  representatio n t o b e a 
functiona l  one .  P i  mus t  functio n i n lie u o f  th e entir e 
propositio n t o whic h i t  points .  P i  learn s t o perfor m thi s 
functio n durin g th e analogica l  mappin g process . 

Analogica l  mapping .  Lik e th e origina l  I M M ,  I M M 2 
perform s analogica l  mappin g a s a  for m o f  guide d patter n 
matching .  O n e a t  a  time ,  /» /  i n th e sourc e ar e selecte d (a t 

random )  t o becom e active .  A s eac h i s activated ,  i t  create s a 
synchronize d patter n o f  activatio n o n th e semanti c unit s a s 
describe d above .  I n turn ,  thes e pattern s activat e an d 
synchroniz e predicate ,  object ,  SP ,  an d propositio n unit s i n 
th e targe t  analog .  I n th e target ,  unit s o f  th e sam e typ e 
compet e vi a latera l  inhibition ,  an d thos e tha t  remai n activ e 
updat e thei r  Heb b connection s t o th e activ e unit s i n th e 
source .  Afte r  severa l  iterations ,  th e Heb b connection s gro w 
towar d asymptoti c values .  Fo r  example ,  ru n o n th e analog y 

i n Figur e 3 ,  th e connectio n fro m P^ i  i n th e sourc e 

(hencefort h SI )  t o P^ i  i n th e targe t  (Tl )  grow s towar d 1.0 , 
and thos e fro m S 1 t o T 2 an d fro m S 2 t o T l  gro w towar d -1 . 

Hebb connection s allo w earlie r  mapping s t o constrai n 
late r  mappings .  Fo r  example ,  i f  S I  i s  coactiv e wit h T l , 
the n th e connectio n betwee n the m wil l  becom e positive . 
Therefore ,  wheneve r  S I  become s active ,  i t  wil l  pas s 
activatio n directl y t o T l ,  favorin g i t  i n it s competitio n wit h 
th e othe r  targe t  propositions .  Simila r  biasin g result s fro m 
th e Heb b connection s tha t  develo p betwee n predicate ,  objec t 
and S P units .  I n ever y case ,  th e biasin g serve s t o constrai n 
th e late r  mapping s o n th e basi s o f  earlie r  mappings .  Bu t  i n 
th e cas e o f  th e propositio n units ,  th e biasin g serve s th e 
additiona l  functio n o f  allowin g embedde d proposition s t o 
behav e a s hierarchica l  structures . 

'Althoug h the y migh t  appea r  "non-neural, "  suc h mode s ar e 
straightforwar d t o implemen t  wit h tw o auxiliar y unit s an d 
multiplicativ e synapses . 
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Conside r  th e followin g simpl e analog y {Exampl e 1) : 

SouTCg lacgg l 
Sl :F(ab )  Tl:F(fg ) 
S2 :G(cS l )  T 2 : G ( h T l ) 
T3 :  F( i  j ) 

Th e representatio n o f  Exampl e 1  i s illustrate d i n Figur e 3 . 
Upper  cas e letter s ar e predicat e unit s (distinguishe d accordin g 
t o place )  an d lowe r  cas e ar e objects .  Th e desire d solutio n 
maps S I  t o T l ,  S 2 t o T 2 ,  an d nothin g t o T3 ,  alon g wit h 
th e correspondin g predicat e an d objec t  mappings .  Thi s 
exampl e i s semanticall y impoverishe d (excep t  tha t  identica l 
letter s represen t  identica l  predicates) ,  an d therefor e i s 
solvabl e onl y o n th e basi s o f  it s  structure .  I f  th e 
hierarchica l  structur e o f  th e analog s i s ignored ,  the n ther e i s 
no basi s fo r  determinin g whethe r  S I  shoul d m a p t o T l  o r 
T3 .  However ,  i f  hierarchia l  structur e i s considered ,  the n S 1 
maps t o T l  becaus e the y ar e embedde d withi n S 2 an d T 2 , 
respectively . 

H o w doe s I M M 2 solv e thi s mapping ? Suppos e S 2 i s th e 
firs t  propositio n t o becom e active .  I t  wil l  switc h int o 
paren t  m o d e an d activat e it s SPs .  The y wil l  desynchroniz e 
and activat e G l  (th e agen t  rol e o f  th e predicat e G )  an d c 
(synchronized )  an d G 2 an d S I  (synchronized) .  S I  wil l  ente r 
chil d m o d e becaus e i t  i s  receivin g excitatio n fro m th e S P 
abov e itself .  G l  an d G 2 i n th e sourc e wil l  activat e G l  an d 
G2 i n th e targe t  (vi a thei r  share d semanti c units) ,  an d G l  an d 
G2 i n th e targe t  wil l  excit e T2 .  T 2 wil l  (a )  ente r  paren t 
mode,  becaus e i t  i s  receivin g excitatio n fro m belo w itself , 
and (b )  activat e T l ,  whic h wil l  ente r  chil d mode .  Al l  Heb b 
connection s initiall y  hav e strength s o f  zero .  Activ e unit s 
updat e thei r  Heb b connections .  Propositio n unit s strengthe n 
thei r  Heb b connection s onl y wit h othe r  propositio n unit s i n 
th e sam e mode .  Thus ,  th e connectio n fro m S I  t o T l  wil l 
gro w stronger ,  th e connectio n fro m S 2 t o T 2 wil l  gro w 
stronger ,  an d al l  th e othe r  Heb b connection s involvin g thos e 
unit s wil l  gro w proportionatel y weake r  (th e learnin g rul e i s 
competitive) . 

(S) ^  Sourc e _ ^ 

© Targe t 
® 

Figur e 3 .  Th e I M M 2 representatio n o f  Exampl e 1 . 

Next suppose that S1 becomes active. It will activate the 
predicate s F l  an d F2 ,  whic h (vi a th e semanti c unit s an d th e 
target' s predicat e units )  wil l  excit e bot h T l  an d T3 ,  causin g 
the m t o ente r  paren t  mode .  O n th e basi s o f  thei r  input s 
fro m th e semanti c units ,  T l  an d T 3 ar e equall y goo d 
matche s t o SI .  Bu t  b y virtu e o f  th e Heb b connectio n fro m 
SI  t o T l  (establishe d las t  iteration) ,  T l  wil l  hav e a n 
advantag e ove r  T 3 i n th e inhibitor y competition .  I t  wil l 

0;  = 

therefor e achiev e a  highe r  leve l  o f  activatio n an d furthe r 
strengthe n it s  Heb b connectio n fro m SI .  Afte r  severa l 
iterations ,  th e Heb b connectio n fro m S I  t o T l  wil l  approac h 
1. 0 an d th e othe r  Heb b connection s involvin g thos e unit s 
wil l  gro w negative .  Th e mode l  wil l  hav e successfull y 
mapped th e tw o analogs . 

Thi s illustratio n necessaril y  glosse d ove r  man y detail s o f 
th e model' s operation .  I n particular ,  i t  doe s no t  mak e th e 
role  o f  synchron y obvious .  Synchron y represent s cas e role -
objec t  bindings ,  s o i t  become s particularl y importan t  whe n a 
mappin g depend s upo n thes e bindings .  Th e origina l  I M M 
demonstrate s h o w synchron y ca n b e use d t o m a p suc h 
analogies ,  s o w e shal l  no t  illustrat e tha t  aspec t  o f  I M M 2 
here . 

Details of Operation 

Establishing Synchrony: Every unit in IMM2 is 
describe d b y thre e primar y stat e variables :  Activatio n (a/) , 

phas e (0,) ,  an d outpu t  (o/) .  Eac h unit' s  phas e varie s 

cyclicall y betwee n 0  an d 2n .  Together ,  a  unit' s  phas e an d 
activatio n determin e whe n i t  wil l  fir e (se t  o i  t o 1) : 

^1 ,  i f O < 0 , .  <fl,;r/ 2 

0, otherwise. ,^. 

The greate r  a/ ,  th e longe r  th e interva l  0...a/7c/2 ,  an d s o th e 

greate r  th e numbe r  o f  time s /  wil l  fir e durin g th e cycle ; 
I M M2 code s activatio n a s firin g frequency. 

Unit s synchroniz e thei r  output s b y lockin g thei r  phases , 
and desynchroniz e thei r  output s b y keepin g thei r  phase s a s 
fa r  apar t  a s possibl e (th e m a x i m u m differenc e betwee n 

phase s i s  180°) : 

A^. > =  Kei j  f  (0. ,  <f)j ,  FELij) ,  (2 ) 

wher e A0/ y i s th e chang e i n 0 ,  du e t o 0y ,  FEL i j  i s th e 

weigh t  o n th e F E L fro m uni t  j  t o uni t  i ,  r  i s a  scalin g 
constan t  (0<ic<0.5) ,  ei j  i s a  rando m binar y variabl e (p(ej y 

=1 )  =  aj\FELij\) ,  an d f  i s a  functio n tha t  return s th e angula r 

distance ,  a/y ,  betwee n <t> i  an d ̂ y .  Fo r  F E L i j  >  0 ' 
{(<t>i,<t>j\FELij )  =  -aij ,  an d an d fo r  FELi j  <  0 '  K(t>i,<l>j',FELij ) 

= -ai j  +  n .  Thus ,  positiv e FEL s encourag e unit s t o hav e 

simila r  phase s (an d therefor e t o fire  i n synchrony) ,  whil e 

negativ e FEL s encourag e unit s t o hav e phase s 180 °  apar t 
(an d therefor e t o fir e ou t  o f  synchrony) .  Uni t  /  compute s th e 
tota l  chang e i n it s phase ,  A0/ ,  a s th e mea n ove r  j  o f  al l 

A<l>i j  (plu s a  constan t  phas e increment ,  whic h cause s th e 

units '  phase s t o chang e cyclicall y ove r  time) .  Th e FEL -
base d updatin g o f  phas e occur s o n a  faste r  tim e scal e tha n 
th e cyclica l  incrementing . 

Flo w o f  Activation :  Propositions ,  SPs ,  predicate s an d 
object s comput e thei r  ne t  inputs ,  n/ ,  by : 

ni=I .OjW-jm. j , 

'  (3 ) 
wher e o j  i s  th e outpu t  o f  uni t  j ,  an d wi j  i s  th e connectio n 

weigh t  (Heb b o r  fixed)  fro m ;  t o / .  m, y i s 0  fo r  propositio n 

unit s i n differen t  modes ,  an d 1  fo r  al l  othe r  units .  Al l  latera l 
inhibitor y weight s ar e se t  t o -0.98 .  Unit s updat e thei r 
activation s by : 
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M = 
\ y h , { \ - a , ) - S a . , n . > 0 

\n,a.,n.<0. 
(4 ) 

krher e yan d 5ar e growt h an d deca y parameters ,  respectively . 
'arge t  unit s updat e thei r  Heb b connection s fro m sourc e 
mil s by : 

i is a learning rate. Learning is competitive: each time wij 

s updated ,  th e quantit y Awj j  I n i s subtracte d fro m th e n 

ithe r  connection s fro m sourc e uni t  /  an d th e n  othe r 
;onnection s t o targe t  unity .  A s a  result ,  S/W/ y an d I/w^ y ar e 

Jway s 0 . 

Simulations 

As a first test, we ran IMM2 on Example 1 (Figure 3) for 
wo complet e cycles .  Eac h sourc e propositio n wa s chose n 
o b e activ e onc e durin g eac h cycl e an d wa s allowe d t o 
emai n activ e fo r  60 0 tim e slices ,  durin g whic h th e mode l 
•an a s describe d above .  Th e mapping s i t  establishe d (i n 
erms o f  th e final  value s o f  th e Heb b weights )  conforme d 
jxactl y t o th e desire d mappings .  I M M 2 mappe d S I  t o T l 
;th e desire d mapping )  wit h strengt h 1.0 0 (th e m a x i m u m 
/alu e o f  Heb b weight) ,  bot h S I  an d S 2 t o T 3 wit h strengt h 
•0.5 ,  an d S I  t o T 2 an d S 2 t o T l  wit h strengt h -1.00 . 
Likewise ,  al l  correspondin g sub-proposition ,  predicat e an d 
objec t  unit s mappe d wit h weight s greate r  tha n 0.95 ,  an d al l 
(ion-correspondin g predicate s an d object s mappe d wit h 
weight s les s tha n zero .  Althoug h thi s analog y i s extremel y 
simple ,  i t  demonstrate s tha t  I M M 2 ca n m a p proposition s 
base d o n thei r  hierarchica l  structur e alone . 

To tes t  IMM2' s abilit y  t o cop e wit h mor e deepl y neste d 
hierarchies ,  w e nex t  teste d i t  wit h a  varian t  o f  Exampl e 1 
wit h on e additiona l  leve l  o f  embedding .  Thi s analog y 
(Exampl e 2 )  is : 

SotfTC g Targe t 

Sl:F(ab )  Tl:F(fg ) 
S2:G(cSl )  T2 :G(hT l ) 
S3:  H ( w S2 )  T3 :  H( v T2 ) 

T4:F(de ) 
T5 :G(kT4 ) 

Here ,  th e correc t  mappin g map s S I  t o T l ,  S 2 t o T2 ,  an d S 3 
t o T3 ,  bu t  thi s time ,  th e mode l  mus t  respec t  tw o level s o f 
hierarchica l  structur e t o ge t  th e correc t  mappings :  O n th e 
basi s o f  predicate s alone ,  S 1 i s a s goo d a  matc h t o T 4 a s t o 
Tl ;  an d o n th e basi s o f  predicate s an d on e leve l  o f 
hierarchica l  embedding ,  S 3 i s a s goo d a  matc h t o T 5 a s i t  i s 
t o T3 .  Successfull y mappin g S 3 t o T 3 (rathe r  tha n t o T5 ) 
thu s require s th e mode l  t o hono r  hierarchica l  embeddin g a t 
tw o levels .  Th e mode l  successfull y mappe d thes e analogs : 
Afte r  thre e cycles ,  al l  Heb b connection s correspondin g t o 
correc t  mapping s ha d value s greate r  tha n 0.75 ,  an d al l  thos e 
correspondin g t o incorrec t  mapping s ha d value s les s tha n 
zero . 

I M M2 als o successfull y mappe d al l  th e non-hierarchica l 
analogie s wit h whic h w e teste d th e origina l  I M M (se e 
Hummel  &  Holyoak ,  1992 ;  H u m m el  et .  al. ,  1994) . 

The mos t  substantia l  tes t  o f  I M M 2 t o dat e i s base d o n a 
derivativ e o f  Centne r  an d Toupin' s (1986 )  "Jealou s Animal " 

story .  Th e basi c for m o f  thi s stor y state s tha t  a  ca t  wa s 
friends  wit h a  walrus ,  whic h playe d wit h a  seagull ,  an d mad e 
th e ca t  jealous ,  causin g th e ca t  t o becom e angry .  It s ange r 
cause d th e ca t  t o becom e reckless ,  whic h cause d th e ca t  t o b e 
i n danger .  Th e seagul l  save d th e cat ,  whic h cause d th e ca t  t o 
befrien d th e seagull .  Centne r  an d Toupi n teste d children' s 
comprehensio n o f  storie s lik e thi s b y havin g the m ac t  the m 
out  wit h differen t  characters .  Th e finding  o f  primar y interes t 
her e i s tha t  comprehensio n wa s bette r  fo r  systemati c stories , 
whic h include d higher-leve l  statement s abou t  th e causa l 
relationship s betwee n events ,  tha n fo r  unsystemati c stories , 
whic h di d no t  includ e suc h statement s (th e magnitud e o f  thi s 
effec t  varie d a s a  functio n o f  a  numbe r  o f  othe r  variables) . 

Followin g Holyoa k an d Thagar d (1989) ,  w e adapte d th e 
jealou s anima l  stor y fo r  I M M 2 b y generatin g sourc e an d 
targe t  analog s fro m it ,  an d testin g th e model' s abilit y  t o m ^ 
the m ont o on e anothe r  a s a  functio n o f  whethe r  th e analog s 
wer e systemati c o r  unsystemati c (i.e. ,  whethe r  the y 
containe d th e higher-leve l  propositions) .  I f  I M M 2 ca n us e 
hierarchica l  statement s (e.g. ,  cause( A B) )  t o constrai n 
analogica l  m o p i n g ,  the n mappin g shoul d b e faste r  and/o r 
mor e accurat e wit h systemati c tha n wit h unsystemati c 
analogies .  Th e sourc e an d targe t  analog s fo r  th e systemati c 
versio n o f  thi s analog y eac h contai n 1 3 propositions ,  an d ar e 
to o larg e t o displa y here .  Th e targe t  stor y wa s th e sam e a s 
th e sourc e excep t  tha t  th e cat ,  walru s an d seagul l  wer e 
replace d wit h a  dog ,  walrus ,  an d penguin ,  respectively .  Eac h 
objec t  wa s represente d b y si x semanti c units ,  o f  whic h 
simila r  object s i n th e sourc e an d targe t  share d five.  Th e 
model  wa s allowe d t o ru n unti l  th e Heb b weight s stabilized . 

IMM2' s performanc e o n thes e simulation s wa s mixed . 
Althoug h i t  succeede d i n findin g intuitivel y correc t 
mapping s i n th e structure d case ,  i t  als o succeede d i n doin g 
so i n th e unstructure d case .  I n on e representativ e 
unstructure d run ,  i t  foun d al l  th e correc t  objec t  an d 
propositio n mapping s (an d n o incorrec t  mappings )  withi n 
si x cycle s throug h th e sourc e (Heb b weight s correspondin g 
t o correc t  mapping s wer e greate r  tha n 0.9 ,  an d thos e 
correspondin g t o incorrec t  mapping s wer e les s tha n zero) . 
On a n otherwis e equivalen t  ru n wit h th e structure d versio n 
of  th e analogy ,  th e mode l  settle d o n th e correc t  mapping s 
(wit h n o incorrec t  mappings )  afte r  a  singl e cycl e throug h th e 
source .  Thus ,  I M M 2 i s faste r  t o settl e o n th e correc t 
mapping s i n th e structure d tha n th e unstructure d cases ,  bu t  i t 
eventuall y succeed s i n bot h cases .  Althoug h thes e result s 
sho w tha t  I M M 2 i s capabl e o f  finding  th e correc t  mapping s 
i n a  comple x analogy ,  the y onl y sho w a  modes t  advantag e 
fo r  structure d ove r  unstructure d version s o f  th e analogy . 

Discussion 

We have yet to fully explore IMM2's properties, but 
preliminar y result s sugges t  tha t  i t  ca n represen t  an d compar e 
simpl e hierarchies .  Centra l  t o thi s capacit y i s th e 
propositio n unit' s  abilit y  t o ac t  bot h a s a n objec t  fillin g a 
rol e i n on e propositio n an d a s a  pointe r  t o another .  Wit h 
thi s extension ,  th e on e d f  synchron y provide s fo r  bindin g 
suffice s t o captur e structura l  relation s withi n multi-leve l 
propositions .  I M M 2 exploit s bot h loca l  an d distribute d 
representation s an d bot h seria l  an d paralle l  processing .  Th e 
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unit s tha t  encod e structura l  relation s ar e strictl y  localist ,  bu t 
th e meaning s o f  individua l  concept s ar e distribute d ove r 
multipl e semanti c units .  Durin g mapping ,  sourc e 
proposition s ar e activate d serially ,  an d a t  a  fine r  tim e scal e 
th e firin g o f  element s associate d wit h distinc t  role s ar e 
desynchronized ,  henc e serial .  Thi s seria l  processin g i s 
crucia l  i n representin g th e binding s o f  object s t o roles .  A t 
th e sam e time ,  targe t  proposition s respon d i n paralle l  t o th e 
activatio n triggere d b y th e firin g o f  a  sourc e proposition . 
The integrate d syste m provide s distribute d representation s o f 
meanin g an d decision-makin g b y paralle l  constrain t 
satisfactio n whil e maintainin g systematicit y o f  knowledg e 
(Fodo r  &  Pylyshyn ,  1988) . 
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