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Abstrac t 

The problem of multiple instantiation is the ability to 
handl e differen t  instance s o f  a  uniqu e objec t  a t  th e sam e 
time .  Fo r  connectionis t  model s tha t  d o no t  us e a  workin g 
are a containin g copie s o f  item s fro m a  long-ter m 
knowledg e base ,  th e proble m o f  multipl e instantiatio n i s a 
particularl y difficul t  one .  Whil e peopl e ar e abl e t o dea l 
wit h multipl e instances ,  thei r  performanc e whe n doin g s o 
i s nonetheles s poorer ,  whic h i s no t  th e cas e fo r  symboli c 
models .  A  cognitiv e mode l  shoul d reflec t  competence ,  a s 
wel l  a s it s limits .  Som e connectionis t  solution s t o th e 
proble m o f  multipl e instantiatio n ar e mentione d i n thi s 
paper .  A n ne w solutio n whic h make s us e o f 
semi-distribute d representation s i s presented .  Thi s mode l 
does no t  separat e th e lon g ter m knowledg e bas e fro m a 
workin g are a an d ha s n o recours e t o copies .  Thi s solutio n 
limit s th e proces s o f  multipl e instantiatio n i n a  wa y tha t 
shoul d bette r  reflec t  huma n data . 

Introduction 

Multipl e instantiatio n involve s th e simultaneou s us e o f  th e 
same part s o f  th e knowledg e bas e i n differen t  ways .  I f  yo u 
hear  tha t  "Joh n i s i n lov e wit h Louise "  an d tha t  "Louis e i s 
i n lov e wit h John" ,  yo u ca n easil y infe r  tha t  the y shoul d b e 
happy .  T o d o thi s inference ,  yo u mus t  instantiat e th e 
predicat e "i s i n lov e with "  an d th e object s "John "  an d 
"Louise "  twice .  Precisel y h o w thi s i s don e i s th e proble m 
of  multipl e instantiatio n o r  "th e type-toke n problem " 
(Norman ,  1986 ;  Dyer ,  1991) . 

Symboli c model s tha t  loa d copie s o f  piece s o f  knowledg e 
int o a  workin g are a befor e transformin g the m d o no t  hav e 
any proble m wit h multipl e instantiation .  The y simpl y 
plac e severa l  copie s o f  th e sam e conten t  from  th e long-ter m 
knowledg e bas e ( L T K B )  int o th e workin g area .  However , 
fo r  connectionis t  models ,  whic h d o no t  us e thi s copyin g 
process ,  multipl e instantiatio n pose s a  seriou s problem . 
H ow ca n th e sam e par t  o f  th e knowledg e bas e b e relate d t o 
differen t  role s a t  th e sam e tim e withou t  makin g severa l 
copie s o f  th e knowledg e i n question ? Multipl e instantiatio n 
i s eve n a  greate r  proble m fo r  distribute d representations . 
Two closel y relate d concept s will ,  i n principle ,  shar e nodes . 
I f  bot h concept s ar e neede d simultaneously ,  thei r  share d 
node s mus t  b e instantiate d twice . 

An abilit y t o handl e multipl y instantiate d concept s 
assigne d t o differen t  role s a t  th e sam e tim e i s require d fo r 
many cognitiv e tasks .  S o m e example s include : 

•  Transitiv e inferences :  Know in g tha t  Mar y i s  olde r  tha n 
Franci s an d tha t  Franci s i s  olde r  tha n Jack ,  a  cognitiv e 
syste m shoul d b e abl e t o infe r  tha t  M a r y i s  olde r  tha n 
Jack .  Thi s tas k require s tw o instantiation s o f  th e sam e 
predicat e an d tw o instantiation s o f  Francis ,  eac h assigne d 
t o tw o differen t  roles ,  "olde r  object "  an d "younge r  object" . 

•  Symmetri c an d non-symmetri c inferences :  F ro m "Joh n 
love s Louise "  an d "Louis e love s Gray" ,  th e syste m shoul d 
infe r  tha t  "Joh n i s jealou s o f  Gray. "  Her e again ,  th e tas k 
involve s tw o instantiation s o f  th e predicat e an d tw o 
instantiation s o f  "Louise" ,  onc e i n th e rol e o f  "lovee "  an d 
onc e i n th e rol e o f  "lover" . 

•  Recursion :  Understandin g thi s sentence :  "Th e bo y w h o hi t 
th e gir l  w h o hi t  th e ca t  wa s m y friend "  require s tw o 
instance s o f  th e predicat e "hit "  an d th e concep t  "girl" . 

Connectionism and Multiple Instantiation 

Classically ,  i n a  connectionis t  networ k ther e i s n o 
separatio n betwee n L T K B an d a  temporar y stor e (o r  a 
workin g area) ,  i n whic h copie s o f  piece s o f  L T K B ar e loade d 
befor e transformation .  I n thes e models ,  activatio n o f  th e 
L T K B create s a  Shor t  Te r m M e m o r y ( S T M ) .  Fo r  system s 
tha t  d o separat e L T K B an d S T M (mos t  traditiona l  A I 
models) ,  multipl e instantiatio n i s no t  a  proble m sinc e th e 
syste m ca n mak e a s man y copie s o f  L T K B informatio n a s 
neede d i n S T M .  Withou t  thi s copyin g process ,  neura l  net s 
suffe r  fro m "crosstalk. "  (Feldman ,  1982) .  Addin g "Joh n 
love s Mary "  t o "Gar y love s Rita "  ca n lea d t o pseudo -
memorie s (Dyer ,  1991 )  lik e "Joh n love s Rita" .  Eve n i f  w e 
assume tha t  Joh n an d Gar y ar e correctl y boun d t o th e rol e o f 
lover ,  an d Mar y an d Rit a t o th e rol e o f  lovee ,  bot h m e n an d 
bot h w o m e n remai n boun d t o th e sam e respectiv e roles . 
Th e syste m need s t o distinguis h th e tw o fact s b y separatin g 
th e tw o identica l  predicate s an d thei r  respectiv e role s 
bindings . 

Th e proble m o f  multipl e instantiatio n arise s i n localis t 
network s i f  tw o instantiation s diffe r  b y mor e tha n on e 
argument s value .  Fo r  example ,  "Jac k eat s egg s an d Jac k 
eat s fish "  doe s no t  requir e separat e instance s o f  th e predicat e 
"eats "  sinc e thi s statemen t  ca n b e reduce d t o "Jac k eat s egg s 
and fish" .  However ,  whe n tw o set s o f  tw o item s mus t  b e 
boun d t o identica l  pair s o f  roles ,  th e syste m mus t  b e abl e t o 
handl e tw o copie s o f  th e predicat e an d argumen t  slots .  Fo r 
example ,  "Jac k eat s egg s an d Mar y eat s fish "  canno t  b e 
reduce d t o "Jac k an d Mar y ea t  egg s an d fish, "  otherwis e on e 
canno t  distinguis h w h o eat s what . 
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The proble m fo r  distribute d representation s i s eve n mor e 

difficult .  Multipl e instantiatio n problem s appea r  a s soo n a s 
on e nod e mus t  b e share d b y entitie s tha t  hav e t o b e 

differentiated .  I f  a n n-ar y predicat e mus t  b e represente d 
wher e eithe r  predicat e role s o r  thei r  filler s nee d t o shar e a 
c o m m on node ,  thi s nod e wil l  hav e t o b e linke d t o differen t 
entities .  I n system s wit h distribute d representations ,  th e 

los s o f  a  singl e nod e i s o f  mino r  importanc e and , 
consequently ,  th e proble m wil l  b e a  functio n o f  th e 

proportio n o f  share d nodes . 

Relevance for Cognitive Science 

Norman (1986 )  wondere d i f  i t  wa s reall y necessar y t o solv e 
th e proble m o f  multipl e instantiation .  Th e connectionis t 
limitation s involvin g multipl e instantiatio n coul d b e 
considere d a  virtu e sinc e human s hav e difficultie s wit h task s 

involvin g multipl e instantiation .  Empirica l  evidenc e ca n b e 
foun d i n psychologica l  studie s o f  reasonin g (Sougn ^  & 
French ,  1997 ;  Carreira s &  Santamaria ,  1997) ,  o f  similarit y 
and workin g memor y (Baddeley ,  1966) ,  an d o f  repetitio n 
blindnes s (Kanwisher ,  1987 ;  Morri s &  Harris ,  1997) .  Thes e 
studie s sho w tha t  multipl e instantiatio n ca n indee d caus e 
problem s fo r  humans .  Bu t  the y als o sho w tha t  th e 

cognitiv e apparatu s possesse s th e mean s t o dea l  wit h it . 
Confronte d wit h multipl e instantiatio n peopl e ten d t o b e 

slowe r  o r  t o m a k e mor e mistakes .  A  cognitiv e mode l 
shoul d no t  onl y b e abl e t o dea l  wit h multipl y instantiate d 
concepts ,  bu t  shoul d als o reflec t  h u m a n performanc e 
includin g difficultie s (se e Sougne ,  1998) . 

Connectionist Solutions 

Tlier e ar e thre e mai n type s o f  connectionis t  solutions .  Th e 
firs t  use s tw o systems ,  on e fo r  th e L T K B an d anothe r  a s 
workin g are a wher e element s o f  L T K B ar e loaded .  Th e 
secon d make s severa l  copie s o f  th e sam e element s i n L T K B . 
The thir d i s th e presen t  attemp t  t o solv e th e proble m wit h 
differen t  frequencie s o f  oscillation . 

Multiple Copies Loaded in a Working Area 

B o o k m an an d Alterma n (1991 )  combin e a  localis t 
semanti c networ k tha t  store s dependencie s betwee n concept s 
wit h a  distribute d networ k o f  semanti c feature s tha t 
determine s whic h schem a slot s wil l  ge t  filled .  Eac h 
combinatio n o f  a  concep t  instanc e an d it s associate d rol e 
wil l  lea d t o a  ne w schema .  Anothe r  model ,  ABR-Composi t 
of  B a m d e n (1994 )  use s tw o systems ,  a  Lon g ter m memor y 
( L T M )  an d a  Workin g memor y ( W M ) ,  bot h system s bein g 
connectionis t  networks .  I n thi s model ,  W M i s compose d o f 
severa l  register s whic h ar e fille d wit h activatio n pattern s 
fro m L T M . 

Model s tha t  separat e " L T M store "  an d " W M store " 
inadequatel y reflec t  difficultie s peopl e hav e whe n the y 
perfor m multipl e instantiation .  Fo r  thes e models ,  eve n i f 
W M stor e ha s a  limite d capacity ,  i t  i s  a s eas y t o loa d on e 
cop y a s t o fil l  W M wit h copie s o f  th e sam e conten t  fro m 
L T M unles s thi s i s prevente d i n a n "a d hoc "  manner .  Othe r 
solution s hav e bee n developed ,  however ,  i n whic h W M 
stor e i s th e activate d par t  o f  L T M .  Thes e model s ar e muc h 

bette r  a t  reflectin g no t  onl y th e ability ,  bu t  als o th e 
difficulty ,  tha t  human s hav e i n doin g multipl e instantiation . 

Multiple Copies of Concepts inside the LTKB 

R O B I N (Lang e &  Dyer ,  1989 )  separate s role s fro m 
concepts ,  eac h concep t  ha s a n associate d nod e tha t  output s a 
particula r  constan t  valu e (calle d it s signature) .  W h e n a  rol e 

nod e ha s th e sam e activatio n a s tha t  o f  a  concep t  signature , 
thi s concep t  i s boun d t o th e role .  Multipl e instantiatio n i s 

performe d b y addin g activation s an d signature s (se e Lange , 

1992) . 
S H R U TI  (Man i  &  Shastri ,  1993 )  use s synchron y o f 

node-firin g t o bin d object s t o thei r  roles .  Multipl e 
instantiatio n i s achieve d b y th e us e o f  a  bounde d (usuall y 3 ) 
set  o f  copie s o r  bank s o f  predicate s an d thei r  argumen t  slot s 
and activatio n i s directe d t o a n uninstantiate d cop y b y mean s 
of  a  switch .  Thi s mode l  make s psychologica l  prediction s 
abou t  bot h W M spa n an d multipl e instantiatio n abilities . 
S H R U TI  predict s tha t  th e numbe r  o f  instantiation s i s 
limite d an d tha t  th e tim e require d fo r  doin g multipl e 
instantiatio n i s proportiona l  t o th e numbe r  o f  predicat e 
banks . 

Period Doubling 

I N F E R N E T ( S o u g n e ,  1996 ;  Sougn e &  French ,  1997 ) 
achieve s variabl e bindin g throug h tempora l  synchron y o f 
nod e firing .  I n short ,  whe n on e nod e fire s i n synchron y wit h 
another ,  the y ar e temporaril y  boun d together .  I t  ha s a  limite d 
W M spa n an d th e conten t  o f  W M i s maintaine d b y 
oscillations .  Onc e a  nod e i s activated ,  i t  tend s t o fir e 
rhythmicall y a t  a  particula r  frequency .  I t  achieve s multipl e 
instantiatio n b y mean s o f  perio d doubling .  Node s pertainin g 
t o a  doubl y instantiate d concep t  wil l  sustai n tw o 
oscillations .  Thi s mean s tha t  thes e node s wil l  b e abl e t o 
synchroniz e wit h tw o differen t  set s o f  nodes .  Th e followin g 
sectio n describe s th e propose d solutio n i n mor e detail . 

INFERNET 

I N F E R N ET i s a  connectionis t  mode l  usin g integrate-and-fir e 
nodes .  Eac h concep t  i s represente d b y a  cluste r  o f  node s 
firin g i n synchrony .  Concept s ar e boun d t o thei r  role s b y 
synchronou s firing .  Simila r  us e o f  synchron y ca n b e foun d 
i n Shastr i  &  Ajjanagadd e (1993) ;  H u m m el  &  Holyoak , 
(1997) ;  Henderson ,  (1996) .  Fo r  example ,  t o represen t  th e 
fac t  "Joh n love s Louise" ,  node s belongin g t o "John "  mus t 
fire  synchronousl y wit h node s belongin g t o "Lover "  (Figur e 

1) . 
Ther e i s considerabl e neurobiologica l  evidenc e fo r 

considerin g synchron y a s a  possibl e bindin g mechanis m i n 
th e brai n (se e Roelfsema ,  Engel ,  Konig ,  &  Singer ,  1996 ; 
Singer ,  1993) . 

Sinc e concept s ar e represente d b y a  se t  o f  nodes , 
I N F E R N ET focuse s o n th e distributio n o f  node-firin g times . 
I f  th e firin g distributio n i s tightl y concentrate d aroun d th e 
mean,  th e concep t  i s considere d t o b e activated . 

Ther e i s neurobiologica l  evidenc e (se e Engel ,  Kreiter , 
Konig ,  &  Singer ,  1991 )  tha t  i f  severa l  object s ar e presen t  i n 
a scene ,  severa l  group s o f  cell s fir e i n distinc t  window s o f 
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synchrony .  I n I N F E R N E T ,  discriminatio n i s  achieve d b y 

successiv e w i n d o w s o f  synchrony .  Predicate s an d role s ar e 
linke d b y a  specifi c  tempora l  order .  T h e activatio n o f  a 
predicat e i s  a lway s fol lowe d b y th e successiv e activatio n o f 
it s differen t  roles ,  eac h o f  w h i c h i s  assigne d t o a  particula r 
w i n d o w o f  synchrony . 

Il l  2n d M 
Window WWidow Wtndc w 

Lov e 

Love r 

Loveei l 

Johi 

Louis< 

•ynehfon i  lynohton J 

- H i  II I  I  I I  I 
0 5  1 0 1 5 2 0 2 5 3 0 3 5 4 0 

Tim e (ms ) 

Figure 1: Synchronization as a binding mechanism. 
Understandin g "Joh n love s Louise "  require s groupin g 

"Lover-John "  an d "Lovee-Louise "  an d discriminatin g them . 

A number of neurobiological parameters are involved in a 
representatio n tha t  relie s o n cluster s o f  node s firin g 
simultaneously .  Th e firs t  i s th e frequenc y o f  oscillation . 
Some specifi c  oscillator y activitie s see m t o facilitat e 
synchronizatio n (Roelfsem a e t  al. ,  1996 ;  Singer ,  1993) .  I n 
I N F E R N ET onc e a  nod e i s  activated ,  i t  tend s (bu t  no t 
necessarily )  t o begi n oscillatin g a t  a  y  frequenc y range , 
whose lowe r  limi t  i s 3 0 H z an d uppe r  limi t  varie s accordin g 
t o variou s author s fro m 7 0 H z (Abeles ,  Prut ,  Bergman , 
Vaadia ,  &  Aertsen ,  1993 )  t o 10 0 H z (Wilso n &  Shepherd , 
1995) .  Th e tempora l  ga p betwee n 2  spike s o f  a  nod e i s 
therefor e fro m 10-1 4 t o 3 3 m s .  Thes e y  wave s hav e bee n 
observe d t o b e associate d wit h attentio n (Wan g &  Rinzel , 
1995 )  an d wit h associativ e memor y (Wilso n &  Shepherd , 
1995 )  an d see m t o b e th e bes t  candidat e fo r  enablin g 
synchronizatio n an d bindin g (Singer ,  1993) .  Th e secon d 
key paramete r  i s  th e precisio n o f  th e synchron y a t  thi s 
frequenc y range .  Accordin g t o Abele s an d al .  (1993) ,  thi s 
precisio n i s abou t  5  ms ,  sometime s less ,  an d depend s o n th e 
frequency  o f  oscillation .  Thi s allow s u s t o approximat e th e 
number  o f  window s o f  synchron y tha t  ca n b e differentiated , 
i.e. ,  25/ 5 =  5 ,  base d o n a  typica l  frequenc y o f  40Hz .  I f  w e 
assume tha t  a  windo w o f  synchron y correspond s t o a n item , 
a word ,  a n idea ,  a n objec t  i n a  scene ,  o r  a  chun k i n workin g 
memory ( W M ) ,  thi s put s W M spa n a t  approximately  5 , 
wit h a  smal l  amoun t  o f  varianc e sinc e precisio n i s 
proportiona l  t o oscillatio n frequency .  Thi s correspond s t o 
estimate s o f  huma n W M spa n (Cowan ,  1998) .  Th e mor e 
th e syste m need s t o discriminat e object s i n W M,  th e mor e 
precis e th e synchron y shoul d be .  Sinc e thi s paramete r  i s 
bounded ,  i t  ca n lea d t o W M overloa d i n whic h window s o f 
synchron y ar e n o longe r  distinguishable .  Therefore ,  th e 
number  o f  distinc t  item s an d th e numbe r  o f  predicat e 
argument s i n W M i s limite d (Sougne ,  1996) .  Finally ,  th e 
representatio n i s maintaine d i n W M b y burst s o f  y  waves . 
Simila r  explanation s fo r  th e brain' s abilit y t o stor e short -

ter m memor y item s ca n b e foun d i n th e literatur e (Shastr i  & 

Ajjanagadde ,  1993 ;  Lisma n an d Idiar t  1995) . 

Inference with Multiple Instantiation 

I N F E R N ET use s a  two-ste p proces s fo r  drawin g inferences . 
The firs t  i s  t o encod e premise s b y temporaril y  "learning " 
th e bindin g o f  object s t o thei r  respectiv e roles .  Fo r 
example ,  Figur e 2  show s th e activit y o f  th e premise s "Joh n 
love s Louise "  an d "Louis e love s John. "  Th e secon d ste p i s 
th e network' s respons e t o a  query .  Fo r  example .  Figur e 3 

show s th e activit y o f  th e concept s comprisin g th e query , 
"Whos e lov e i s reciprocated? " 

Love 

Lover 

Lovee 

Man 

Woman 

X 

Y 

John 

Louise 

A i j i t  A  J L J L - ^ 

JULy iLi^JJ L 

Ai  i ^  J U 

30 6 0 90 12 0 
Time (ms ) 

150 180 

Figur e 2 :  Concept s firin g followin g th e presentatio n o f 
premises :  "Joh n love s Louise "  an d "Louis e love s John "  afte r 
a certai n amoun t  o f  learning .  Verticall y aligne d histogram s 

(denotin g binding )  hav e i n th e sam e color . 
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Figur e 3 :  Concept s firin g followin g th e query :  " W h o love s 
eac h other? "  onc e premise s i n B  hav e bee n encoded . 

During the encoding phase, the system is sensitive to 
synchronou s firin g o f  nodes .  W h e n tw o node s fir e i n 
synchrony ,  i f  ther e i s a  connectio n betwee n them ,  th e 
strengt h o f  thi s connectio n wil l  b e positivel y increase d an d 
th e dela y associate d wil l  b e adjusted .  Afte r  learning ,  th e 
firin g o f  on e o f  thes e tw o node s wil l  activel y participat e t o 
th e synchronou s firin g o f  th e other .  I n short ,  thi s "learnin g 
phase' '  independentl y reproduce s th e synchronou s firin g o f 
node s detecte d fro m th e input .  Th e modification s o f 
connectio n parameter s deca y ove r  tim e t o ensur e tha t  th e 
syste m wil l  b e read y t o ne w information . 

I N F E R N ET ha s a  Lon g Ter m Knowledg e Bas e tha t  i s 
use d fo r  encodin g premise s an d answerin g queries .  Figur e 4 
shows th e knowledg e necessar y t o mak e inference s abou t 
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lov e an d jealousy .  Arrow s represen t  connections ;  the y ar e 

tagge d wit h number s tha t  indicat e th e tim e require d t o 
propagat e activation .  Specifically ,  i n thi s example ,  a  dela y 

of  30m s correspond s t o th e la g betwee n tw o spike s o f  a 

nod e oscillatin g a t  33Hz .  Thi s dela y ensure s tha t  thes e 
concept-nod e spike s wil l  synchroniz e afte r  30ms . 

I N F E R N ET als o implement s AND-gates ,  whic h requir e al l 
input s t o reac h th e targe t  a t  th e sam e time .  Thi s i s achieve d 
by a  se t  o f  excitator y an d inhibitor y link s combine d wit h 
presynapti c inhibitio n an d facilitatio n (se e Hawkins ,  Kandel , 
and Siegelbaum ,  199 3 fo r  neurobiologica l  counterpart) . 
Unlik e mos t  links ,  thes e latte r  link s ac t  o n connection s 
rathe r  tha n node s (French ,  1995 ;  Shastr i  &  Ajjanagadde , 
1993) .  Similarly ,  XOR-gate s ar e onl y o n whe n on e o f  th e 
input s i s activ e an d NOR-gate s ar e onl y activ e whe n al l 
input s ar e silent .  Thes e gate s ar e relate d t o th e 
neurobiologica l  phenomeno n o f  coincidenc e detectio n (se e 
Konnerth ,  Tsien ,  Mikoshiba ,  &  Altman ,  1996) . 
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Figur e 4 :  Connections ,  delay s an d gate s require d fo r 
reasonin g abou t  lov e an d jealous y 

The knowledge encoded, as shown in Figure 4, can 
correctl y answe r  th e quer y " W h o love s eac h other? "  an d 
" W ho i s jealou s o f  w h o m ? "  fo r  al l  possibl e combinatio n o f 
tw o premises .  I n short ,  th e connection s o f  Figur e 4 
represen t  th e followin g facts :  People' s lov e i s reciprocate d i f 
one individua l  i s  a  w o m a n ,  w h o i s bot h love e an d lover ,  an d 
th e othe r  i s a  m a n w h o i s als o bot h love e an d lover ;  a 
"jealouser "  i s  a  love r  whos e lov e i s no t  reciprocate d an d th e 
perso n w h o m she/h e loves ,  love s someon e else ;  a 

"jealousee "  i s th e perso n w h o i s th e love e o f  someon e wh o 

i s love d b y someon e else . 
Durin g th e premise-encodin g phase ,  connectio n weight s 

and delay s wil l  b e modifie d b y a  Hebbia n learnin g rul e t o 

reproduc e synchronies .  I n Figur e 2 ,  "John "  i s synchronize d 
wit h bot h "Lovee "  an d "Lover" .  Th e connectio n strength s 

betwee n "John "  an d thes e tw o role s wil l  b e increased .  A t  a 
particula r  moment  (95m s i n Figur e 2) ,  th e connection s fro m 
"John "  wil l  b e sufficien t  fo r  th e rol e o f  "Lovee "  t o b e 
activate d wheneve r  "John "  i s activated .  Thereafter ,  th e 
expecte d activatio n o f  "Lovee "  a t  100m s wil l  b e prevente d 
due t o th e refractor y perio d o f  th e "Lovee "  nodes . 

W h en th e quer y come s (Figur e 3) ,  "Love-each-Other? " 

wil l  b e followe d b y th e firin g o f  " X "  the n "Y. "  Sinc e th e 
strengt h o f  th e connection s betwee n "John "  an d "X" ,  an d 
betwee n "Louise "  an d " Y "  ha s increased ,  "John "  an d 
"Louise "  wil l  als o fire . 

W h en doubl y instantiated ,  node s sustai n tw o separat e 
oscillatio n frequencie s an d thi s ma y sometime s lea d t o 
uneve n lag s betwee n successiv e spikes :  (compar e th e doubl e 
instantiatio n o f  " M a n "  wit h tha t  o f  "Lover "  i n Figure s 2) . 
Thi s phenomeno n i s simila r  t o bifurcatio n b y perio d 
doublin g (Canavier ,  Clark ,  &  Byrne ,  1990) .  A  stabl e 
oscillator y stat e ca n los e it s stability ,  givin g ris e t o a  ne w 
stabl e stat e wit h double d period .  Thi s phenomenon ,  whe n 
repeated ,  ofte n lead s t o chaos . 

The solutio n i n th e abov e exampl e i s restricte d t o doubl e 
instantiatio n becaus e multipl e instantiatio n put s extr a 
constraint s o n workin g memory .  Th e abov e exampl e 
require s 6  window s o f  synchrony ,  whic h fil l  workin g 

m e m o r y .  W h e n multipl e instantiatio n i s neede d 
I N F E R N ET mus t  spli t  rol e node s int o differen t  phases . 
H o w t o tak e greate r  numbe r  o f  instantiation s int o account , 
i s  currentl y bein g studied . 

Performance of INFERNET 

Figur e 5  show s th e performanc e o f  th e computationa l 
implementatio n o f  I N F E R N E T .  Th e tas k wa s t o fin d 
"Whos e lov e i s reciprocated? "  an d " W h o i s jealou s o f 
w h o m ?"  whe n give n "Joh n love s Louis e an d Louis e love s 
John "  an d "Joh n love s Louis e an d Louis e love s Gray. "  Th e 
performanc e o f  th e syste m i s measure d b y th e percentag e o f 
correc t  response s an d b y th e tim e take n b y th e syste m t o se t 
th e correc t  bindings . 

T wo variable s wer e manipulated :  th e amoun t  o f 
distributio n (Overlappin g vs .  N o n overlappin g distributions ) 
and th e presenc e o r  absenc e o f  nois e i n th e system .  I n thi s 
experiment ,  eac h concep t  i s compose d o f  1 6 nodes .  I n th e 
Non-overlappin g condition ,  n o concep t  share s node s wit h 
othe r  concepts ,  wherea s i n th e overlappin g condition ,  eac h 
concep t  share s 4  node s wit h tw o othe r  concept s whic h wil l 
neve r  b e boun d t o th e sam e role .  Nois e i s adde d a t  eac h 
tim e step .  Experiment s consiste d o f  2 0 trial s fo r  eac h o f  th e 
fou r  conditions .  Figur e 5  show s that ,  i n general , 
overlappin g distribution s reduc e th e percentag e o f  correc t 
answers ,  an d whe n th e respons e i s correct ,  respons e tim e 
decrease s (i f  ther e i s n o noise) .  I n th e tas k tested ,  mos t 
concept s ar e doubl y instantiate d an d th e representationa l 
overla p mean s tha t  mor e instantiation s wil l  occur . 
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Consequently ,  certai n node s mus t  b e assigne d t o mor e tha n 
tw o w indo w o f  synchrony .  Fo r  example ,  "Louise "  node s 
must  b e synchronize d wit h "Lover "  an d "Lovee "  nodes ,  bu t 
i f  "Louise "  share s node s wit h "Love" ,  thes e share d node s 
must  fire  i n additiona l  w indow s o f  synchrony .  Sinc e ihes e 
node s canno t  oscillat e faste r  tha n lOOHz ,  s o m e o f  th e 
require d spike s canno t  occu r  an d th e proportio n o f  correc t 
answer s thu s decreases . 

% 
100 

Nois e fre e 

Non overlappin g Overlappin g 

2000 -

1500 -

1000 - Nois e fre e 

Non overlappin g Overlappin g 

Figur e 5 :  I N F E R N E T result s fo r  a  tas k requirin g multipl e 
instantiation .  (A )  show s th e percentag e o f  correc t  responses , 
(B )  display s th e tim e take n b y th e syste m t o lear n th e correc t 

bindings . 

Why does binding fixation convergence time decrease in 
th e noise-fre e overlappin g condition ? Postsynapti c node s 
requir e th e conjunctio n o f  activatio n a t  a  precis e tim e t o fire . 
I f  th e conjunctio n involve s inpu t  fro m differen t  concept s an d 
i f  thes e concept s shar e node s i n c o m m o n ,  th e increas e i n 
firin g rat e increase s th e chanc e o f  havin g a  conjunctio n o f 
activatio n tha t  cause s th e firin g o f  th e postsynapti c node . 
On th e othe r  hand ,  thi s wil l  als o increas e th e numbe r  o f 
inappropriat e firing s o f  thes e postsynapti c nodes .  Thi s 
increase s respons e error s an d th e syste m rapidl y reache s a 
loca l  m in imum .  W h e n nois e i s added ,  i t  provide s a  mean s 
of  escapin g fro m thes e loca l  minima ,  thu s improvin g th e 
frequenc y o f  correc t  responses ,  bu t  als o increasin g respons e 
times .  Nois e make s th e syste m mor e errati c befor e reachin g 
a stabl e point .  I t  allow s exploratio n o f  a  large r  par t  o f  th e 
space ,  whic h take s time ,  bu t  als o improve s th e chanc e o f 
finding  th e bes t  answer .  T h e genera l  effec t  o f  nois e i s 
simila r  t o th e p h e n o m e n o n o f  stochasti c resonanc e (se e 
Levi n &  Mille r  1996) . 

Conclusions 

Multipl e instantiatio n pose s problem s no t  onl y fo r 
connectionism ,  bu t  fo r  human s a s well .  However ,  wit h 
adequat e time ,  human s ca n represen t  dat a tha t  involv e 
multipl e instantiation .  I n thi s paper ,  variou s solution s t o 
th e proble m o f  multipl e instantiatio n ar e discussed . 

The firs t  use s separat e L T M an d S T M stores .  Eve n i f 
S T M ha s a  limite d capacity ,  on e ca n fil l  i t  wit h instance s o f 
th e sam e concept .  Thi s solutio n doe s no t  predic t  peopl e 
difficultie s wit h multipl e instantiation . 

The secon d solutio n make s multipl e copie s o f  th e sam e 
conten t  i n L T M .  I t  increase s th e storag e capacit y 
requiremen t  o f  L T M .  I t  predict s a n increas e i n reactio n tim e 
proportiona l  t o th e numbe r  o f  concep t  instances ,  an d a n 
abrup t  disruptio n o f  respons e qualit y i f  th e numbe r  o f 

instantiatio n require d b y th e tas k i s superio r  t o th e numbe r 
of  availabl e copies . 

The thir d solutio n use s multipl e oscillatio n frequencie s 
whic h increase s th e loa d o f  S T M .  Th e numbe r  o f 
instantiation s i s limite d b y S T M capacit y an d b y th e rang e 
of  possibl e oscillatio n frequencies .  Thi s solutio n predict s a 
decreas e i n respons e qualit y proportiona l  t o th e numbe r  o f 
instance s required .  Thi s decreas e i s associate d wit h increase d 
S T M load . 

The las t  solutio n bette r  reflect s people' s difficultie s wit h 
multipl e instantiation ,  althoug h additiona l  psychologica l 
studie s ar e stil l  needed . 
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