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Ala n Newberge r  (newbergr@princeton.edu ) 
Princeto n University ,  Departmen t  o f  Philosoph y 

Princeton ,  N J 0854 4 U S A 

Jack J. Gelfand (jjg@princeton.edu) 
Princeto n University ,  Departmen t  o f  Psycholog y 

Princeton ,  N J 0854 4 U S A 

Abstrac t 

We have simulated the brain mechanisms involved in 
semanti c processin g task s suc h a s th e differentiatio n o f 
tw o sequentia l  stimul i  base d upo n recalle d semanti c 
features .  I n thi s pape r  w e examin e th e relationshi p 
betwee n perceptua l  inputs ,  workin g memor y an d semanti c 
memory i n thes e tasks .  W e propos e tha t  phas e 
synchronou s firing  bind s feature s i n semanti c memor y 
wit h concept s i n workin g memory ,  an d tha t  a  phas e 
compariso n mechanis m subserve s th e proces s o f  respons e 
selection .  Th e mode l  i s consisten t  wit h th e anatom y an d 
physiolog y o f  th e componen t  brai n circuit s wher e known . 
Thi s researc h i s  importan t  becaus e th e relationshi p 
betwee n workin g memor y an d long-ter m memor y i s a 
centra l  componen t  o f  man y theorie s o f  cognition . 

Semantic Memory and Working Memory in 
Cognitiv e Task s 

A lin k fro m long-ter m memor y t o workin g memor y i s 
require d fo r  thos e cognitiv e processe s tha t  requir e 
informatio n i n additio n t o tha t  provide d b y th e perceive d 

input .  Thi s i s  a  fundamenta l  organizationa l  principl e o f 
many cognitiv e model s suc h a s A C T an d S O A R (Anderson , 
1993 ;  Newell ,  1990) .  I n thi s pape r  w e conside r  a  simpl e 
tas k o f  thi s typ e an d attemp t  t o mode l  th e brai n circuit s 
involved .  Th e tas k i s on e i n whic h a  questio n i s  pose d 
abou t  th e semanti c feature s o f  tw o sequentiall y  presente d 
stimul i  wit h a  shor t  interva l  i n between .  Thi s tas k migh t 
consis t  o f  a  1  secon d presentatio n o f  a  pictur e o f  a n bear ,  a 
10 secon d blan k scree n an d a  1  secon d presentatio n pictur e o f 
an deer .  Th e questio n pose d i n advanc e i s whic h o f  thes e 
tw o animal s hibernates .  Wha t  w e lear n fro m modelin g thi s 
simpl e proces s ca n b e extende d t o task s concernin g mor e 
comple x comparison s an d relation s betwee n th e tw o inpu t 
stimuli . 

The purpos e o f  thi s projec t  i s t o understan d th e overal l 
operatio n o f  th e brai n a t  th e system s leve l  fo r  highe r 
cognitiv e functions .  Wher e possible ,  w e hav e trie d t o 
faithfull y follo w wha t  i s  know n abou t  th e anatom y an d 
physiolog y o f  th e brai n region s involved .  I n othe r  case s 
abstracte d functiona l  model s wer e used . 
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Figur e 1 :  A  schemati c representatio n o f  th e brai n system s simulate d i n th e mode l 
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M o d e l  A r c h i t e c t u r e 

A schemati c diagra m o f  th e overal l  syste m i s show n i n 
Figur e 1 .  I n th e typ e o f  tas k simulate d here ,  th e stimulu s i s 
presente d i n pictur e form .  Thi s require s tha t  th e visua l 
syste m identif y th e stimulu s usin g th e dorsa l  visua l  strea m 
endin g i n th e inferotempora l  corte x (IT )  (Ungerleide r  & 
Mishkin ,  1982) .  Ther e i s a  stron g projectio n i n monkey s 
from  I T t o prefronta l  corte x throug h th e uncinat e fascicl e an d 
we assum e tha t  a  simila r  projectio n exist s i n thi s mode l 
(Ungerleider ,  Gaffa n &  Pelak ,  1989 ) 

The principa l  featur e o f  th e syste m i s tha t  th e perceive d 
stimulu s inpu t  i s projecte d t o workin g memor y an d the n a 
projectio n fro m workin g m e m o r y t o semanti c memor y 
excite s thos e semanti c feature s tha t  ar e associate d wit h th e 
inpu t  stimuli .  W e utiliz e synchronou s firin g o f  neuron s t o 
bin d thes e representation s i n th e tw o memor y system s an d a 
phas e compariso n mechanis m t o selec t  th e appropriat e 
output .  Ther e i s considerabl e evidenc e tha t  th e workin g 
memory are a associate d wit h semanti c function s i s i n lef t 
inferio r  prefronta l  corte x an d tha t  i t  i s  closel y linke d t o 
semanti c memor y area s i n lef t  tempora l  associatio n corte x 
(Buckner ,  1996 ;  Jennings ,  Mcintosh ,  Kapur ,  Zipursk y & 
Houle ,  1998 ;  Nyberg ,  Cabez a &  Tulving ,  1996 ;  Thompson -
Schill ,  D'Esposito ,  Aguirr e &  Farah ,  1997) . 

I n thi s mode l  a  mechanis m fo r  persisten t  excitatio n i n 
workin g memor y excite s representation s o f  semanti c feature s 
associate d wit h th e inpu t  stimul i  fo r  th e duratio n o f  th e task . 
An attentiona l  circui t  focuse s attentio n o n th e semanti c 
featur e o r  feature s appropriat e t o th e task .  Excitatio n o f  thes e 
feature s plu s th e representation s o f  th e inpu t  stimul i  i n 
workin g memor y ar e the n transferre d t o a  selectio n circui t  i n 
PFC whos e outpu t  goe s t o premoto r  cortex .  Significan t 
projection s exis t  fro m prefronta l  corte x t o premoto r  corte x 
t o subserv e th e outpu t  connectio n (Lu ,  Presto n &  Strick , 
1994) . 

Prefronta l  W o r k i n g M e m o r y Circuit s 

Shor t  ter m persisten t  respons e o f  prefronta l  corte x neuron s 
has bee n postulate d a s a  mechanis m fo r  short-ter m m e m o r y 
( S T M ) .  Th e prefronta l  corte x ha s specifi c  reciproca l 
projection s wit h th e thalamus ,  resultin g i n loca l  cortico -
thalami c loops .  W h e n activated ,  thes e loop s ca n sustai n 
activit y i n fronta l  corte x neuron s (Alexander ,  Crutche r  & 
DeLong ,  1990 ;  Groenewege n &  Berendse ,  1994 ;  Houk , 
1995 ;  Selemo n &  Goldman-Rakic ,  1985) .  Th e detail s o f 
thes e circuit s an d thei r  functionalit y ha s bee n describe d b y 
Gelfan d e t  al .  (Gelfand ,  Gullapalli ,  Raye ,  Johnso n & 
Henderson ,  1997 ) 

The overal l  architectur e fo r  th e postulate d prefronta l 
workin g memor y circuit s an d thei r  relatio n t o perceptua l  an d 
semanti c memor y area s i s show n i n Fig .  2 .  Thi s figur e 
expand s th e portio n o f  Fig .  1  from  th e highes t  visua l  are a 
throug h workin g memor y t o semanti c memory .  I t  show s th e 
relevan t  anatomica l  detail s mentione d i n th e discussio n 
below .  W e assum e tha t  P F C ,  I T an d semanti c m e m o r y i n 
tempora l  associatio n corte x ar e organize d a s multipl e group s 
of  mutuall y inhibitor y neuron s whic h correspon d t o cortica l 
column s (Goldman-Rakic ,  1995 ;  Mountcastle ,  1978) . 
Thes e column s ar e indicate d b y grouping s o f  neuron s i n th e 
figure .  Th e column s ar e no t  necessaril y  adjacen t  t o eac h 
othe r  i n eac h cortica l  are a bu t  m a y b e anatomicall y 
distributed . 

We use d a  distribute d representatio n ove r  th e inpu t  cortica l 
column s wit h cortico-cortica l  interconnection s betwee n 
column s forme d throug h Hebbia n learnin g t o encod e th e 
stimulu s i n visua l  cortex .  I n thi s representation ,  eac h 
colum n represent s a  clas s o f  features .  Withi n eac h column , 
neuron s o r  group s o f  neuron s encod e a  particula r  featur e i n 
th e clas s whos e excitatio n i s associate d wit h tha t  stimulus . 
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CORTEX 

TS AN D CATEGORIES 

PERCERtUAL/EATURE 

m M 

Reciproca l 
Monosynapti c 
Connection s 

INFERIOR TEMPORAL VISUA L CORTEX 

THALAMUS 

Figur e 2 :  Schemati c diagra m o f  th e projection s betwee n I T cortex ,  workin g memor y an d semanti c memory . 
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We assum e tha t  thes e column s hav e group s o f  neuron s 
representin g concept s an d tha t  th e columna r  region s ar e 

organize d a s group s o f  concept s i n categories .  Thi s 
organizatio n i s consisten t  wit h proactiv e inhibitio n an d th e 
releas e fro m proactiv e inhibitio n phenomen a i n short-ter m 
memory (Gelfan d e t  al. ,  1997) . 

Binding of Semantic and Working Memory 

I n thi s simulation ,  th e semanti c representatio n o f  a  concep t 
i s encode d a s a  constellatio n o f  feature s ove r  cortica l 

columns .  Fo r  cognitiv e task s tha t  requir e th e mediatio n o f 
workin g memory ,  th e individua l  feature s i n semanti c 
memory ar e activate d b y projection s fro m neuron s i n 
workin g memor y representin g th e concept s bein g processed . 
Thes e projection s ar e show n i n Figur e 2 .  Becaus e 
oscillation s i n thalamocortica l  loop s produc e persisten t 
concept-base d storag e i n prefronta l  cortex ,  thes e projection s 
wil l  produc e persisten t  excitatio n o f  th e semanti c feature s 
associate d wit h a  particula r  concept .  Thi s referentia l  proces s 
i s no t  unlik e pointer s i n symboli c system s an d resemble s 
th e relationshi p betwee n workin g memor y an d declarativ e 
memory i n th e ACT- R cognitiv e mode l  (Anderson ,  1993) . 

The representationa l  capacit y  o f  neuron s probabl y doe s no t 
permi t  the m t o hol d informatio n comple x enoug h t o b e 
construe d a s a  pointer .  S o informatio n i n tw o separat e 
cortica l  area s requir e som e mean s o f  integration .  Thi s i s a 
typ e o f  bindin g problem .  On e clas s o f  propose d solution s 
t o th e bindin g proble m make s us e o f  th e burstin g natur e o f 
neurona l  activity .  Neuron s whic h fire  i n synchrony ,  an d i n 
phase ,  ar e t o b e regarde d a s referrin g t o th e sam e 
representationa l  entit y (Singer ,  1993) .  W e hav e chose n t o 
use phas e informatio n t o bin d togethe r  concept s i n workin g 
memory wit h componen t  feature s i n semanti c memory . 

I n ou r  mode l  neuron s representin g differen t  concept s i n 
workin g memor y eac h oscillat e a t  a  differen t  phase .  Thi s i s 
base d upo n Lisma n an d Idiart' s  proposa l  tha t  node s 
representin g individua l  item s i n prefronta l  corte x oscillat e i n 
distinc t  phas e fro m on e anothe r  (Lisma n &  Idiart ,  1995) . 
Concept s i n workin g memor y ar e boun d t o thei r  semanti c 
component s b y oscillatin g i n th e sam e phase .  Throug h 
excitator y projections ,  a  constellatio n o f  neuron s i n 
semanti c memor y representin g th e componen t  semanti c 
feature s o f  a  concep t  ar e drive n t o fire  synchronousl y wit h 
th e neuron s i n workin g memor y tha t  excit e them .  Thi s 
assumptio n i s justifie d experimentall y b y th e dat a o f 
Samthei n e t  al .  wh o hav e show n tha t  ther e i s synchronou s 
activit y betwee n prefronta l  an d posterio r  associatio n corte x 
durin g cognitiv e task s (Samthein ,  Rappelsberger ,  Sha w & 
von Stein .  1998) . 

Response Selection 

Our  tas k involve s th e differentiatio n o f  tw o stimul i  base d o n 
a store d semanti c feature .  Th e appropriat e featur e i n 
semanti c memor y mus t  b e retrieve d an d compare d wit h th e 
activate d concept s i n PFC .  Becaus e thi s relationshi p i s 
base d upo n synchronou s firing,  w e mus t  us e a  phas e 
compariso n t o execut e thi s manipulation .  W e propos e tha t 
a separat e are a o f  prefronta l  cortex ,  distinc t  fro m workin g 

memory,  i s responsibl e fo r  thi s process .  Thi s i s base d upo n 
th e dat a o f  D'Esposit o e t  al .  wh o hav e foun d distinc t  area s o f 
prefronta l  corte x ar e responsibl e fo r  short-ter m memor y an d 

fo r  othe r  cognitiv e processin g (D'Esposit o e t  al. ,  1997) . 
An attentiona l  circui t  i s responsibl e fo r  passin g th e phas e 

of  th e appropriat e featur e t o th e respons e selectio n circuit . 
The respons e selectio n circui t  perform s a  compariso n o f  th e 
phas e o f  th e selecte d featur e wit h th e phase s o f  th e concept s 

tha t  ar e activate d i n workin g memory .  I t  select s a s it s 
outpu t  tha t  concep t  whic h i s i n phas e wit h th e tas k 
appropriat e feature .  Thi s outpu t  feed s int o th e premoto r 
corte x t o initiat e th e subject' s actua l  response .  Fo r  eac h 
outpu t  fro m workin g memor y ther e i s a  cell ,  o r  comple x o f 
cells ,  whic h perform s thi s phas e comparison .  Phas e 
comparato r  circuit s o f  thi s kin d hav e bee n foun d i n th e 
auditor y syste m o f  th e ba m ow l  (Spenc e &  Pearson ,  1995) . 

Model Simulation 

Our  simulatio n i s base d i n par t  o n th e previou s wor k o f 
Gullapall i  an d Gelfand ,  an d use s th e sam e networ k 
simulatio n system ,  writte n i n C+ + (Gelfan d e t  al. ,  1997 ; 
Gullapall i  &  Gelfand ,  1995) .  W e chos e t o mode l  th e 
followin g specifi c  task ,  diagramme d i n Figur e 3 .  A  subjec t 
i s first  instructe d t o verball y respon d a s t o whic h o f  2  visua l 
stimul i  i s  m o r e dangerous .  Then ,  i n succession ,  th e subjec t 
i s  presente d wit h a  pictur e o f  a n apple ,  an d a  pictur e o f  a n 
alligato r  fo r  1  secon d eac h wit h a  5  secon d dela y i n between . 

TASK 

Which is 
dangerous ? 

STIMULUS # 1 

9 

STIMULUS # 2 R E S P O N SE 

Alligato r 

15 20 35 

Figur e 3 :  A  schemati c tim e lin e fo r  th e tas k simulatio n 

We trained the visual system network to recognize 12 
differen t  objects ,  includin g appl e an d alligator ,  base d upo n 
visua l  features .  Visua l  corte x i n th e m o d e l  project s t o 
work in g m e m o r y wh ic h becaus e o f  th e feedbac k loop s 
betwee n thalamu s an d P F C cause s a  persisten t  excitatio n 
afte r  th e stimulu s i s  removed .  T h e persisten t  excitatio n i n 
th e neuron s encodin g th e first  stimulu s last s fo r  a  perio d o f 
tim e wh i c h overlap s wit h th e secon d stimulu s befor e 
decaying .  T h e are a o f  associatio n corte x attribute d t o 
semanti c m e m o r y ha d 3 3 feature s represente d includin g th e 
targe t  feature ,  dangerous .  W e han d code d weight s fo r  th e 
strength s o f  projection s t o semanti c m e m o r y i n a  fashio n 
tha t  w a s consisten t  wit h th e semanti c definitio n o f  th e 
stimuli . 
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R e s u l t s 

The stimul i  appl e an d alligato r  wer e presente d t o th e 
simulatio n i n sequence .  Figur e 4  plot s th e activit y o f  th e 
prefronta l  corte x module s durin g th e simulation .  Bot h appl e 
and alligato r  activat e durin g stimulu s presentation ,  an d 
persis t  wit h slo w deca y du e t o feedbac k loops .  Th e 
oscillation s o f  th e concep t  node s ar e no t  i n phas e wit h eac h 
other .  Th e activit y o f  th e othe r  node s i s presen t  i n Figur e 4 
but  negligible .  Figur e 5  illustrate s th e outpu t  o f  th e 
respons e selectio n module .  W h e n appl e i s activated ,  i t  doe s 
not  excit e th e featur e representatio n o f  dangerous ,  an d s o 
dangerou s doe s no t  oscillat e i n phas e wit h apple .  Th e 

centra l  executiv e modul e whos e attentiona l  circui t  i s  focuse d 

on th e semanti c feature ,  dangerous ,  ha s n o outpu t  fo r  th e 
firs t  hal f  o f  stimulu s presentation .  I n thi s case ,  n o respons e 
selectio n node s displa y excitatio n durin g th e first  stimulus . 

W h en alligato r  i s  present ,  th e semanti c feature ,  dangerous . 
i s excite d causin g th e excitatio n passe d throug h th e centra l 
executiv e t o serv e a s a  referenc e i n th e phas e comparato r 
circuit .  Becaus e thi s oscillatio n i s i n phas e wit h alligator . 
th e alligato r  outpu t  i s excited .  Figur e 5  illustrate s this . 
Th e respons e selectio n outpu t  nod e whos e inpu t  representin g 
alligato r  begin s t o oscillat e whe n th e alligato r  stimulu s i s 

introduced . 

Alligato r  aciivsiio n Appl e aciivaiior , 

w mm 

i i 

T i m e (araitrar /  unils ) 

Figur e 4 :  Excitatio n o f  th e neurona l  assemblie s representin g A P P L E an d A L L I G A T O R i n th e P F C 

Time (sees.) 

1-1 
1:: : 

m 
i:i::; . 

Alligato r  activalio n 

Hi!!!i!, „ 
;::::'.;::::;; ;  :] •  :::t::;j:;Jii. . 

;3:;;̂ ::;5i55n»jr;??; r 

ilililP'' ' 
'i i  0 ' ' 

Time (arbilrar y units ) 

Figure 5: Output of response selection circuit to premotor cortex for the response, ALLIGATOR 
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Discuss io n 

The routin g o f  signal s i n th e simulatio n i n thi s pape r  i s tas k 
dependent .  Fo r  exampl e i n thi s simulatio n th e initia l 
statemen t  o f  th e tas k require s th e circui t  t o pa y attentio n t o a 
particula r  semanti c feature ,  i n thi s cas e dangerousness ,  an d 
transfe r  it s phas e t o th e phas e comparato r  i n th e respons e 
selectio n circuit .  Anothe r  tas k suc h a s a  ran k orderin g o f 
stimul i  woul d requir e differen t  semanti c knowledg e an d 
differen t  manipulations .  W e presum e tha t  ther e mus t  b e a 
circui t  tha t  provide s thi s functio n o f  proble m specifi c 
routin g an d processing .  Thi s modul e woul d implemen t  th e 
centra l  executiv e functio n postulate d b y Baddele y (Baddeley , 
1986) . 

The primar y observabl e propert y i n huma n subject s tha t 
has som e bearin g o n th e correctnes s o f  ou r  mode l  i s  th e tim e 
cours e o f  activatio n i n th e brai n durin g tas k execution .  Th e 
simulatio n predict s tha t  ther e wil l  b e excitatio n i n visua l 
corte x immediatel y followin g th e stimul i  an d a  subsequen t 
transfe r  o f  excitatio n t o PF C fo r  th e workin g memor y 
function .  Thi s excitatio n wil l  the n b e transferre d bac k t o 
posterio r  region s associate d wit h semanti c memory .  Finall y 
excitatio n wil l  the n agai n g o t o PF C fo r  th e respons e 
selectio n circuit .  Thi s proces s ha s actuall y bee n observe d b y 
Dal e fo r  simila r  cognitiv e task s usin g even t  relate d potentia l 
measurement s (Dale ,  1997) . 

We woul d als o predic t  tha t  synchron y o f  oscillation s wil l 
be observe d betwee n posterio r  associatio n corte x an d PF C 
durin g semanti c tasks .  Synchron y ha s bee n reporte d fo r 
relate d tasks .  Samthei n ha s foun d synchronou s oscillation s 
fo r  PF C an d posterio r  associatio n area s fo r  delaye d respons e 
task s a s mentione d earlie r  (Samthein ,  1998) .  Desmed t  an d 
Tomber g repor t  synchronou s oscillatio n betwee n PF C an d 
parieta l  corte x durin g a  finge r  shoc k perceptio n tas k 
(Desmed t  &  Tomberg ,  1994) .  W e woul d expec t  tha t 
synchron y woul d als o b e foun d fo r  semanti c task s o f  th e 
typ e modele d here . 

Our  approac h i s simila r  t o th e wor k o f  Shastr i  i n tha t  w e 
bot h postulat e neura l  mechanism s whic h perfor m operation s 
base d o n phas e information .  Shastr i  ha s propose d a 
functiona l  similarit y t o circuit s i n hippocampu s whic h ca n 
subserv e rapi d memor y formatio n (Shastri ,  1997) .  Th e 
purpos e o f  ou r  researc h i s t o examin e mechanism s tha t 
subserv e reasonin g processe s whic h becom e possibl e wit h 
th e additio n o f  workin g memor y capability .  Thi s allow s u s 
t o examin e cognitiv e processe s involvin g th e manipulatio n 
of  multipl e stimuli i  presente d sequentially .  Also ,  th e 
introductio n o f  a n orderin g mechanis m i n th e workin g 
memory circui t  woul d allo w fo r  a n accoun t  o f  languag e 
processin g whic h i s mor e genera l  (Chomsky ,  1957) . 
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