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A M o d e l  o f  Rapi d M e m o r y Formatio n i n th e Hippocampa l  Syste m 

LokendraShastr i  (shastri@ics i  .berkeley.edu ) 
Internationa l  Compute r  Scienc e Institut e 

194 7 Cente r  Street ,  Suit e 60 0 
Berkeley ,  C A 9470 4 U S A 

Abstrac t 

Our ability to remember events and situations in our daily 
lif e demonstrate s ou r  abilit y  t o rapidl y acquir e ne w memories . 
Ther e i s a  broa d consensu s tha t  th e hippocampa l  syste m (HS ) 
play s a  critica l  rol e i n th e formatio n an d retrieva l  o f  suc h mem-
ories .  A  computationa l  mode l  i s describe d tha t  demonstrate s 
ho w th e H S ma y rapidl y transfor m a  transien t  patter n o f  activit y 
representin g a n even t  o r  a  situatio n int o a  persisten t  sU ĉUira l 
encodin g vi a long-ter m potentiatio n an d long-ter m depression . 

Introduction 

Our  abilit y  t o remembe r  event s an d situation s i n ou r  dail y lif e 
and acquir e fact s afte r  readin g a  newspape r  demonstrate s ou r 
abilit y  t o rapidl y acquir e ne w memories .  Thi s for m o f  memor y 
has bee n th e focu s o f  considerabl e researc h i n psycholog y an d 
cognitiv e neuroscienc e an d ha s bee n characterize d variabl y a s 
declarative ,  locale ,  an d explicit .  Ther e i s a  broa d consensu s 
tha t  thi s for m o f  m e m o r y i s distinct ,  bot h i n it s functiona l 
propertie s an d it s neura l  basis ,  fro m othe r  form s o f  memorie s 
suc h a s memorie s o f  perceptual-moto r  skills ,  priming ,  an d 
classica l  conditionin g (fo r  a  revie w se e Cohe n &  Eichenbaum , 
1993 ;  Squire ,  1992) . 

Memorie s o f  event s an d situation s ar e acquire d rapidly .  I t 
i s reasonabl e t o assum e tha t  th e construa l  o f  a n experienc e 
i n term s o f  a n even t  o r  a  situatio n i s initiall y  expresse d a s 
a patter n o f  activit y ove r  neura l  structures .  Thi s expression , 
however ,  i s  pe r  forc e transient ,  an d hence ,  th e neura l  encodin g 
of  a  memorabl e even t  o r  situatio n mus t  b e transforme d rapidl y 
firom  a  transien t  patter n o f  activit y int o a  persisten t  structura l 
encoding ,  o r  els e i t  woul d b e lost . 

A batter y o f  neuropsychological ,  neuroanatomical ,  neuro -
physiological ,  an d imagin g dat a suggest s tha t  th e hippocampa l 
syste m (se e below )  play s a  critica l  rol e i n th e encodin g an d re -
cal l  o f  event s an d situations .  Severa l  studie s hav e show n tha t 
h u m an patient s wit h bilatera l  damag e t o th e H S suffe r  fro m 
sever e amnesi a an d ar e unabl e t o remembe r  event s tha t  oc -
curre d jus t  a  fe w minute s ag o (e.g. ,  Scovill e &  Milner ,  1957) . 
Suc h patients ,  however ,  ca n stil l  acquir e procedura l  skill s  an d 
demonstrat e primin g effects .  Studie s o f  anima l  model s (e.g. , 
O'Keef e &  Nadel ,  1978 ;  Squir e &  Zola-Morgan ,  1991 )  als o 
provid e suppor t  fo r  th e putativ e rol e o f  th e H S . 

A numbe r  o f  researcher s hav e propose d model s t o explai n 
and understan d th e functionalit y o f  th e H S base d memor y 
system .  Thes e includ e system-leve l  model s tha t  attemp t  t o 
describ e th e functiona l  rol e o f  th e H S (e.g. ,  Cohe n &  Eichen -
baum,  1993 ;  Squir e &  Zola-Morgan ,  1991 )  a s wel l  a s com -
putationa l  model s tha t  attemp t  t o explicat e h o w th e H S migh t 

realiz e it s putativ e functio n (e.g. ,  Marr ,  1971 ;  Treve s &  Rolls , 
1994 ;  Lync h &  Granger ,  1992 ;  Gluc k &  Myers ,  1993 ;  Has -
selmo ,  1997;Schmajuk&DiCarlo ,  1992 ;  0'Riley & McClel -
land ,  1994) .  Thi s wor k ha s greatl y enhance d ou r  understand -
in g o f  th e H S an d it s rol e i n memor y formatio n an d retrieval , 
but  i t  ha s no t  deal t  wit h som e critica l  representationa l  prob -
lem s associate d wit h th e encodin g an d retrieva l  o f  specifi c 
event s an d situations .  W e discus s som e o f  thes e problem s 
below . 

Representational Requirements of Encoding Events 
a n d Situation s 

Typically ,  memorie s o f  event s an d situation s recor d wh o di d 
what  t o w h o m wher e an d when .  Alternately ,  the y ma y de -
scrib e a  stat e o f  affair s wherei n multipl e entitie s occu r  i n a 
particula r  configuratio n o r  relationship ,  o r  recor d th e stat e o f 
an entity .  I n eac h o f  thes e case s a n even t  o r  a  situatio n ma y 
be viewe d a s a  relationa l  instanc e consistin g o f  a  collectio n 
of  binding s betwee n th e role s o f  a  generi c relatio n an d th e 
entitie s Ihaifil l  thes e role s i n th e give n even t  o r  situation .  Fo r 
example ,  th e even t  "Joh n gav e Mar y a  boo k o n Tuesday "  ma y 
be viewe d a s a n instanc e o f  th e generi c relatio n GIV E wit h th e 
role-entit y bindings : 

(GIVE :  (g/ven=John) , 
{recipient=Mary) , 
{give-object=a-Book) , 
{temporal -  location=Tu e s  day) ) 

Ther e exist s a  vas t  bod y o f  wor k i n traditiona l  a s wel l  a s 
cognitiv e linguistic s tha t  demonstrate s h o w variou s aspect s 
of  conceptua l  knowledg e ca n b e expresse d usin g appropriat e 
relationa l  structure s compose d o f  role-entit y bindings .  Suc h 
structure s hav e bee n variabl y referre d t o a s frames ,  schemas , 
scripts ,  an d predicates . 

Th e fac t  tha t  a n even t  o r  a  situatio n i s essentiall y  a  collectio n 
of  role-entit y binding s give s rise  t o a  numbe r  o f  representa -
tiona l  requirements . 

First ,  i t  entail s tha t  a  memor y o f  event s an d situation s mus t 
be capabl e o f  encodin g an d subsequentl y detectin g role-entit y 
bindings .  A  memor y tha t  onl y bind s togethe r  th e entitie s tha t 
occu r  i n a n event ,  bu t  doe s no t  encod e whic h entit y fill s  whic h 
role ,  canno t  functio n properl y sinc e i t  canno t  distinguis h be -
twee n event s suc h a s "Joh n gav e Mar y a  book "  an d "Mar y 
gav e Joh n a  book" .  Observ e tha t  thes e tw o event s ar e distinc t 
eve n thoug h the y involv e th e sam e role s an d entitie s becaus e 
some o f  th e entitie s fil l  differen t  role s i n th e tw o events . 

Second ,  th e encodin g o f  a n even t  o r  a  situatio n shoul d 
respon d positivel y t o partia l  cues ,  bu t  a t  th e sam e time ,  i t 
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must  respon d negativel y t o a  cu e tha t  specifie s incompatibl e 
binding s — eve n i f  th e cu e i s otherwis e highl y simila r  t o 
th e memorize d event .  Fo r  example ,  whil e th e encodin g o l 
th e even t  "Joh n gav e Mar y a  boo k i n fron t  o f  th e librar y o n 
Tuesday "  mus t  respon d positivel y t o th e partia l  cu e "Di d Joh n 
giv e Mar y a  book?" ,  i t  mus t  respon d negativel y t o th e highl y 
simila r  bu t  erroneou s cu e "Di d Susa n giv e Mar y a  boo k i n 
fron t  o f  th e librar y o n TUesday? "  Thes e tw o requirement s 
— th e recognitio n o f  partia l  cue s an d th e rejectio n o f  simila r 
but  erroneou s cue s — togethe r  entai l  tha t  th e encodin g o f  a n 
even t  o r  a  situatio n shoul d b e capabl e o f  activel y detectin g 
error s (mismatches )  betwee n th e binding s specifie d i n a  cu e 
and thos e specifie d i n th e memorize d even t  o r  situation .  A n 
encodin g o f  th e even t  "Joh n gav e Mar y a  boo k o n Tuesday " 
tha t  onl y detect s bindin g matche s an d canno t  detec t  bindin g 
error s wil l  b e unabl e t o distinguis h betwee n th e erroneou s cu e 
"Di d Joh n giv e Mar y a  boo k o n Friday? "  an d th e partia l  bu t 
matchin g cu e "Di d Joh n giv e Mar y a  book? "  T o thi s encoding , 
th e partia l  an d th e erroneou s cue s woul d appea r  simila r  sinc e 
bot h contai n thre e matchin g bindings .  Henc e th e encodin g 
of  a n even t  o r  a  situatio n mus t  als o incorporat e bindin g erro r 
detectors . 

Third ,  th e encodin g o f  an  even t  o r  a  situatio n shoul d sup -
por t  recal l  an d respon d t o wh-querie s b y selectivel y retrievin g 
entitie s tha t  fill  a  specifie d rol e i n th e memorize d even t  o r 
situation .  Fo r  example ,  th e encodin g o f  th e even t  "Joh n gav e 
Mary a  boo k o n Tuesday "  mus t  selectivel y activat e "Mary "  i n 
respons e t o th e wh-quer y "T o w h o m di d Joh n giv e a  boo k o n 
Tuesday? "  Henc e th e encodin g mus t  als o includ e bindin g ex -
tracto r  c\xc\x\\. s tha t  ca n activat e entitie s tha t  fill  specifi c  role s 
withi n th e memorize d even t  o r  situation . 

To summarize ,  th e memorizatio n o f  a n even t  o r  a  situatio n 
require s th e rapi d formatio n of :  bindin g detectors ,  bindin g 
erro r  detectors ,  circuit s fo r  integratin g th e response s o f  thes e 
detectors ,  an d circuit s fo r  extractin g role-filler s fro m bindings . 
Existin g H S base d memor y model s a s wel l  a s purel y compu -
tationa l  model s o f  rapi d memorizatio n propose d b y Feldma n 
(1982 )  an d Valian t  (1994 )  d o no t  satisf y thes e representationa l 
requirements . 

A Model of Memory Formation in the HS 

The propose d mode l  smriti '  (Shastri ,  1997 )  addresse s th e 
representationa l  requirement s discusse d abov e an d demon -
strate s ho w a  syste m lik e th e H S migh t  rapidl y transfor m a 
transien t  patter n o f  activit y representin g a n even t  o r  a  situatio n 
int o a  persisten t  encodin g capabl e o f  supportin g recognitio n 
and recall .  Thi s transformatio n lead s t o th e rapi d formatio n 
of  distribute d structure s fo r  detectin g binding s an d bindin g 
errors ,  integratin g th e output s o f  thes e detectors ,  an d perform -
in g bindin g extraction .  Th e resultin g encodin g ca n recogniz e 
highl y partia l  patterns ,  exhibi t  a  high-degre e o f  patter n sepa -
ration ,  an d respon d t o wh-queries . 

Whil e i t  i s  relativel y straightforwar d t o imagin e ho w th e H S 
migh t  lear n isolate d bindin g detector s an d bindin g extractor s 
usin g associativ e learning ,  th e concurren t  learnin g o f  suc h 
detector s fo r  al l  o f  th e role-entit y binding s pertainin g t o a n 
even t  i s  problemati c sinc e cross-tal k amon g activ e role s an d 

'Th e nam e i s derive d fro m th e Sanskri t  wor d fo r  "memory" .  I t  i s 
als o a n acrony m fo r  a  "Syste m fo r  th e Memorizatio n o f  Relationa l 
Instance s fro m Transien t  Impulses" . 

entitie s ca n lea d toth e formatio n o f  spuriou s bindingdetector s 
and extractors . 

The formatio n o f  bindin g erro r  detector s i s eve n mor e prob -
lemati c give n thei r  paradoxica l  behavior .  Th e cru x o f  th e 
proble m i s this :  Th e formatio n o f  a  bindin g erro r  detecto r  fo r 
th e bindin g o f  a  rol e r  an d a n entit y /  mus t  occu r  i n respons e 
t o th e coinciden t  activit y o f  r  an d / .  Bu t  subsequen t  t o it s 
formation ,  th e bindin g erro r  detecto r  mus t  no t  fire  anymor e 
i n respons e t o th e coinciden t  activit y o f  r  an d /  — th e ver y 
activit y tha t  le d t o it s  formation .  Instead ,  i t  mus t  fire  i n re -
spons e t o th e firing  o f  r  i n th e absenc e o f  th e coinciden t  firing 
of  / .  I t  i s  no t  obviou s ho w suc h a  detecto r  migh t  b e learne d 
rapidl y withi n a  neura l  circuit .  On e o f  th e contribution s o f  th e 
presen t  wor k i s tha t  i t  demonstrate s ho w circuit s tha t  behav e 
lik e bindin g erro r  detector s ca n b e learne d rapidl y withi n th e 
HS vi a long-ter m potentiatio n (LTP )  an d long-ter m depressio n 
(LTD) . 

The model' s architectur e parallel s th e circuitr y o f  th e H S 
and provide s a  rational e fo r  variou s component s o f  th e H S an d 
thei r  idiosyncrati c interactions .  I t  als o predict s th e memor y 
deficit s tha t  woul d resul t  fro m selectiv e damag e t o compo -
nent s o f  th e HS . 

The encodin g i s sparse ,  bu t  a t  th e sam e time ,  i t  i s  physi -
call y distribute d an d redundant .  Whil e th e sparsenes s o f  th e 
encodin g enable s th e mode l  t o memoriz e a  larg e numbe r  o f 
events ,  th e physicall y distribute d an d redundan t  natur e o f  th e 
encodin g make s th e mode l  robus t  agains t  significan t  amount s 
of  cel l  loss . 

Afte r  a  brie f  revie w o f  th e H S architectur e an d th e LT P 
and L T D phenomena ,  th e pape r  describe s th e propose d mode l 
emphasizin g it s functiona l  architectur e an d th e mappin g be -
twee n it s component s an d thos e o f  th e HS .  Finally ,  th e pape r 
list s som e behaviora l  deficit s predicte d b y th e model .  Limite d 
spac e preclude s a  circui t  leve l  descriptio n o f  th e model ;  suc h 
a descriptio n ma y b e foun d i n Shastr i  (1997) . 

The Hippocampal System 

The hippocampa l  syste m (HS )  refer s t o a  collectio n o f  media l 
tempora l  lob e structure s consistin g o f  th e entorhina l  corte x 
(EC )  an d th e hippocampa l  formatio n (HF) .  Th e H F i n tur n 
consist s o f  th e Ammon ' s horn ,  th e dentat e gyru s (DG )  an d th e 
subicula r  comple x (SC) .  Ammon ' s hor n an d D G togethe r  for m 
a distinctiv e sea-hors e shape d structur e tha t  arche s aroun d 
th e mesencephalo n an d i s referre d t o a s th e hippocampus . 
Ammon 's hor n i n tur n consist s o f  distinc t  region s labele d 
C A l , C A 2 , a n d C A 3 . 

Figur e 1  depict s a  schemati c o f  th e majo r  pathway s inter -
connectin g th e component s o f  th e HS .  Th e E C act s a s th e 
principa l  gatewa y betwee n th e H S an d othe r  cortica l  areas ; 
i t  funnel s cortica l  output s int o th e H F an d i n turn ,  relay s th e 
outpu t  o f  th e H F bac k t o cortica l  areas .  E C receive s direc t 
and massiv e projection s fro m higher-orde r  polymoda l  asso -
ciationa l  area s (e.g. .  Va n Hoesen ,  1982 )  a s wel l  a s majo r 
projection s fro m th e perirhina l  an d parahippocampa l  cortices . 
The latte r  i n tur n receiv e input s fro m higher-orde r  visua l  area s 
and severa l  polymoda l  associationa l  areas .  Thu s E C appear s 
t o b e th e locu s o f  convergin g polymoda l  an d high-leve l  ac -
tivit y an d i t  i s  plausibl e tha t  thi s activit y correspond s t o a 
transien t  high-leve l  representatio n o f  a n agent' s construa l  o f 
it s  experienc e i n term s o f  event s an d situations . 
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Figur e 1 :  Architectur e o f  th e hippocampa l  formatio n (afte r 
Amaral ,  1993) .  Se e tex t  fo r  abbreviations . 

Th e majo r  pathway s connectin g th e component s o f  th e H S 
for m a n idiosyncrati c network .  Thes e connection s giv e ris e t o 
a larg e numbe r  o f  distinc t  pathway s tha t  star t  an d terminat e i n 
E C.  Thu s th e majo r  pathway s o f  th e H S for m a  comple x loo p 
aroun d th e H S .  ̂  

The H S als o interact s wit h severa l  othe r  brai n regions .  Fo r 
example ,  th e H S receive s afferent s fro m th e amygdal a whic h 
i s implicate d i n th e autonomi c an d emotiv e aspect s o f  behav -
io r  an d cognitio n an d th e septa l  nucle i  whic h i n tur n receiv e 
input s fro m th e reticula r  formation ,  a  brain-ste m networ k me -
diatin g arousal .  Thes e input s ar e believe d t o pla y a n importan t 
regulator y rol e an d m a y provid e a  globa l  contro l  signa l  tha t 
enable s o r  disable s learnin g (Hasselmo ,  1997) . 

L T P a n d th e E m e r g e n c e o f  C o m m i t t e d Cell s 

Long-ter m potentiatio n (LTP )  involve s long-ter m increas e i n 
synapti c strengt h resultin g fro m th e pairin g o f  presynapti c 
activit y wit h postsynapti c depolarization ,  an d ha s emerge d a s 
th e mos t  promisin g cellula r  mechanis m underlyin g activit y 
dependen t  memor y formatio n (Lync h &  Granger ,  1992) . 

L T P involve s th e unusua l  recepto r  N f M D A whic h i s acti -
vate d b y th e neurotransmitte r  glutamate ,  bu t  onl y  i f  th e post -
synapti c membran e i s alread y depolarized .  Onc e th e N M D A 
recepto r  i s activated ,  calciu m ion s flood  int o th e postsynapti c 
cel l  an d lea d t o a  comple x serie s o f  biochemica l  change s tha t 
resul t  i n th e inductio n o f  LTP .  Th e tw o condition s require d 
fo r  th e activatio n o f  th e N M D A recepto r  ca n b e brough t  abou t 
by convergin g input s arrivin g a t  a  cel l  i n clos e tempora l  prox -
imity ;  on e inpu t  ca n lea d t o postsynapti c depolarizatio n an d 
th e othe r  ca n caus e th e releas e o f  glutamate .  Consequently , 
N M DA mediate d L T P ca n for m th e basi s o f  associativ e learn -
in g i n neura l  circuits .  L T P possesse s severa l  propertie s tha t 
make i t  suitabl e fo r  rapi d memor y formation .  I t  i s  induce d 
ver y rapidl y — withi n a  fe w seconds ,  i t  i s  synaps e specific , 
and onc e stable ,  i t  ca n persis t  fo r  a  lon g time . 

I n additio n t o potentiation ,  synapse s ca n als o underg o ac -
tivit y dependen t  long-ter m depressio n (LTD) .  Th e followin g 
describe s h o w differen t  form s o f  L T P an d L T D hav e bee n 
modele d i n SMRIT I  usin g fou r  parameters ,  namely .  A w ,  w ,  k , 
and isp . 

^CA2 i s ofte n merge d wit h C A 3 whe n describin g th e ra t  hip -
pocampal  circuitry .  I n human s an d othe r  primates ,  however ,  C A 2 
form s a  distinc t  region . 

Associativ e L T P Coinciden t  pre-synapti c activit y a t  a  pai r 
of  synapse s x  an d y  tha t  shar e th e sam e post-synapti c cel l  ca n 
lea d t o thei r  LTP .  Synapti c efficac y i s modele d a s a  weigh t 
and Awit p specifie s th e increas e i n weigh t  upo n potentiation . 
The paramete r  w  specifie s th e m a x i m u m duratio n b y whic h 
impulse s arrivin g a t  x  an d y  ca n lead/la g on e anothe r  an d stil l 
be considere d synchronous .  Repeate d synchronou s activit y 
at  X  an d y  i s require d fo r  th e inductio n o f  LTP .  Th e param -
ete r  k  specifie s th e numbe r  o f  time s x  an d y  mus t  receiv e 
synchronou s impulse s fo r  th e inductio n o f  LTP .  Finally ,  is p 
specifie s th e m a x i m u m permissibl e ga p betwee n th e arriva l  o f 
successiv e impulse s a t  x  (o r  y )  i n th e abov e repetition . 

Homosynapti c L T P Repeate d activatio n arrivin g a t  a 
synaps e ca n als o caus e it s weigh t  t o increas e b y Awup .  Thi s 
i s referre d t o a s homosynapti c LTP .  A s before ,  k  specifie s 
th e numbe r  o f  impulse s x  mus t  receiv e befor e homosynapti c 
LT P i s induced ,  an d is p specifie s th e max imu m permissibl e 
gap betwee n successiv e impulse s arrivin g a t  x  i n th e abov e 
repetition . 

Heterosynapti c L T D W h e n a  synaps e undergoe s LTP , 
neighborin g synapse s o n th e sam e post-synapti c cel l  ma y un -
derg o heterosynapti c L T D i f  the y d o no t  receiv e sufficien t 
pre-synapti c activity .  Upo n undergoin g LTD ,  th e weigh t  o f  a 
synapse  decrease s b y Awnd -

Homosynapti c L T D A  synaps e receivin g low-leve l  pre -
synapti c activit y ma y underg o homosynapti c L T D i f  th e lo w 
leve l  o f  presynapti c activit y  i s accompanie d b y post-synapti c 
hyperpolarization .  Upo n undergoin g LTD ,  th e weigh t  o f  a 
synaps e decrease s b y Awud -

Emergence of Committed Cells and Circuits 

LT P an d L T D ca n lea d t o a n activit y dependen t  transforma -
tio n o f  a  quasi-rando m networ k int o a  structur e consistin g o f 
cell s an d circuit s tha t  ar e committe d t o specifi c  functionali -
ties .  Typically ,  a  cel l  receive s a  larg e numbe r  o f  afferent s an d 
hence ,  ca n participat e i n a  potentiall y  larg e numbe r  o f  func -
tiona l  circuits .  I f  however ,  th e weight s o f  selecte d synapse s 
impingin g o n th e cel l  increas e (say ,  vi a LTP )  an d optionally , 
th e weight s o f  othe r  synapse s decreas e (say ,  vi a LTD) ,  the n 
th e cel l  become s highl y selectiv e an d participate s i n onl y a 
smal l  numbe r  o f  functiona l  circuits .  W h e n thi s happens ,  w e 
say tha t  th e cel l  ha s becom e committed .  Th e proces s o f  com -
mitmen t  ca n als o b e viewe d a s a  neurall y plausibl e realizatio n 
of  th e notio n o f  long-ter m recruitmen t  (Feldman ,  1982) . 

Figur e 2  describe s ho w th e cel l  C  ma y becom e committe d 
t o th e functiona l  circui t  A & B \ .  W e assum e tha t  initiall y 
C i s uncommitte d an d it s synapse s hav e lo w efficacy .  Th e 
coinciden t  activit y o f  A  an d S i  result s  i n th e associativ e LT P 
of  synapse s forme d b y th e afferent s fro m A  an d B \  an d th e 
heterosynapti c L T D o f  synapse s forme d b y aflferent s fro m 
othe r  5iS .  I f  w e assum e tha t  th e firin g o f  C  require s input s 
at  tw o o r  mor e potentiate d synapses ,  the n C  fires  i f  an d onl y 
i f  bot h A  an d B \  fire  concurrently .  I n othe r  words ,  C  no w 
behave s a s th e circui t  A & B \ .  Observ e tha t  i f  A  correspond s 
t o a  rol e an d Bi S correspon d t o som e entitie s the n C  ca n b e 
viewe d a s a  bindin g detecto r  fo r  th e bindin g ( A =  Bi) . 

The encodin g o f  relationa l  instance s involve s th e commit -
ment  o f  mor e comple x circuit s fo r  detectin g an d integratin g 
bindin g errors .  Shastr i  (1997 )  describe s ho w loca l  feedbac k 
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Figur e 2 :  Cel l  C  become s committe d t o th e circui t  A8 lB \  .  A 
'* '  indicate s tha t  th e sourc e i s firing. 

and feedforwar d circuit s o f  th e sor t  know n t o exis t  i n th e H S 
can ge t  committe d t o for m suc h functiona l  units . 

An Overview of SMRTTI 

At  a  macroscopi c level ,  th e overal l  functionin g o f  SMRIT I  m a y 
be describe d a s follows .  I t  i s  assume d tha t  ou r  cognitiv e 
apparatu s construe s ou r  experience s i n term s o f  event s an d 
situation s a s a  resul t  o f  comple x interaction s betwee n sensory , 
perceptual ,  categorical ,  linguistic ,  an d inferentia l  processes . 
Thes e construal s ar e expresse d a s transien t  an d distribute d 
pattern s o f  activit y ove r  high-leve l  cortica l  circuit s  ( H L C C ) . 
The H L C C s i n tur n projec t  t o E C an d giv e rise  t o transien t 
pattern s o f  activit y i n E C .  Th e resultin g activit y i n E C ca n b e 
viewe d a s th e presentatio n o f  a n even t  o r  a  situatio n t o th e H S 
by a  H L C C fo r  possibl e memorization .  Alternately ,  a  H L C C 
may presen t  a n even t  o r  a  situatio n t o th e H S a s a  "query "  an d 
expec t  a  certai n typ e o f  respons e i f  th e quer y matche s on e o f 
th e item s previousl y memorize d b y th e H S ,  an d a  qualitativel y 
differen t  typ e o f  respons e i f  i t  i s novel . 

The activit y injecte d int o E C b y a  H L C C propagate s aroun d 
th e comple x loo p consistin g o f  E C ,  D G ,  C A 3 ,  C A 2 ,  C A l ,  S C , 
and EC ,  an d trigger s a  sequenc e o f  synapti c change s involvin g 
LTP an d LTD .  A s a  resul t  o f  thes e changes ,  th e even t  o r 
situatio n presente d t o th e H S i s transforme d fro m a  transien t 
patter n o f  activit y int o a  persisten t  structura l  encoding .  Th e 
structure s conmiitte d durin g thi s transformatio n behav e a s 
distribute d circuit s fo r  detectin g an d integratin g binding s an d 
bindin g errors ,  an d extractin g role-filler s fro m bindings . 

The patter n o f  activatio n i n E C resultin g fro m th e activit y 
arrivin g fro m C A l  an d S C constitute s th e respons e o f  th e 
HS.  Th e reentran t  activit y i n E C i n tur n propagate s bac k t o 
th e H L C C s .  Not e tha t  th e ful l  blow n neura l  expression s o f 
roles ,  entities ,  an d generi c relation s involve d i n a n even t  o r  a 
situatio n li e outsid e th e H S . 

Functional Architecture of SMRin 

Figur e 3  show s th e functiona l  architectur e o f  S M R m an d iden -
tifie s ho w it s component s migh t  m a p ont o th e H S .  Th e m e m-
orizatio n o f  a n even t  o r  situatio n involve s th e rapi d formatio n 
of : 
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Figur e 3 :  Th e functiona l  architectur e o f  SMRITI . 

• linking cells in EC that connect entities, roles, and generic 
relation s i n H L C C s t o th e H S , 

•  bindin g detecto r  cell s i n D G , 
•  bindin g erro r  detecto r  circuit s i n C A 3 , 

•  bindin g erro r  integrato r  cell s i n C A 2 , 

•  relationa l  instanc e matc h circuit s i n C A l ,  an d 
•  bindin g extracto r  cell s i n S C . 

As describe d i n Shastr i  (1997 )  th e abov e cell s an d circuit s 
emerg e fro m loosel y organize d quasi-rando m networ k struc -
ture s a s a  resul t  o f  L T P an d L T D . 

The Transient Encoding of an Event or a Situation 

The mode l  posit s tha t  th e dynami c (active )  representatio n o f 
an even t  o r  a  situatio n i s a  transien t  patter n o f  rhythmi c activit y 
wherei n a  role-entit y bindin g i s expresse d b y th e synchronou s 
firing  o f  cell s associate d wit h th e boun d rol e an d entit y a s 
describe d i n Shastr i  &  Ajjanagadd e (1993) .  I t  i s assume d tha t 
eac h generi c relatio n i s encode d a s a  foca l  cluste r  i n som e 
H L C C.  Th e cluste r  fo r  a n n-plac e generi c relatio n P  contain s 
n rol e nodes ,  a n enable r  nod e {?P) ,  an d tw o collecto r  node s 
( + P an d - P ) .  Th e significanc e o f  th e ?P ,  + P an d - P node s i s 
as follows :  Assum e tha t  th e role s o f  P  ar e dynamicall y boun d 
t o som e fillers.  Th e activatio n o f  ? P mean s tha t  th e H L C C i s 
queryin g whethe r  o r  no t  th e currentl y activ e instanc e o f  P  i s 
alread y encode d i n th e H S .  I n contrast ,  th e H L C C activate s 
+ P t o asser t  th e currentl y activ e dynami c instanc e o f  P ,  o r 
i t  activate s - P t o asser t  th e negatio n o f  th e currentl y activ e 
instance. '  I n respons e t o a  quer y abou t  a n instanc e o f  P ,  th e 
HS activate s th e positiv e (negative )  collecto r  i f  th e encodin g 
of  th e instanc e (o r  it s negation )  exist s i n th e H S . 

Th e activit y patter n show n i n Figur e 4  depict s th e transien t 
activit y withi n a n H L C C correspondin g t o a n even t  R I  give n 
by :  {R \  :  (r i  =  / i ) ,  (r 2 =  /2) )  wher e iZ j  i s  a  generi c relation , 
r \  an d v i  ar e roles ,  an d / i  an d f j  ar e entitie s boun d t o r i  an d 
r 2 respectively .  I t  i s  assume d tha t  th e cell s associate d wit h 
r \  an d f \  fire  i n synchron y an d s o d o cell s associate d wit h 
r 2 an d fi -  Th e firing  o f  thes e tw o group s o f  cell s howeve r 
i s desynchronize d wit h referenc e t o eac h other .  Th e transien t 
representatio n o f  th e quer y {R ^  :  {r \  =  / i ) ,  (r i  — /z)) ? i s 
simila r  excep t  tha t  th e enable r  cell s  ?J?i ,  ?/i ,  an d ?/ 2 ar e 
activ e instea d o f  th e collecto r  cell s +R\ ,  -i-/i ,  an d +/2 . 

^ An example of a negation being asserted is "John did not give a 
boo k t o Mary. " 
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Figure  4; Transient encoding of the relational instance {R\ 
( n =  /.),(r 2 =  /:) ) 

Steppin g T h r o u g h th e M o d e l 

Interactions between EC and HLCC As a result of the 
activit y arrivin g i n E C fro m H L C C s ,  cell s i n certai n region s 
of  E C becom e committe d t o th e collecto r  node s o f  entitie s 
and generi c relation s i n th e H L C C s .  Similarly ,  cell s i n othe r 
region s o f  E C becom e coimnitte d t o th e enable r  node s o f 
thes e entitie s an d generi c relations .  A t  th e sam e time ,  cell s 
i n a  thir d regio n o f  E C becom e committe d t o th e rol e nodes . 
Finally ,  link s betwee n th e cell s committe d t o a  collecto r  nod e 
and cell s coimnitte d t o th e correspondin g enable r  nod e ge t 
potentiated .  Th e commitmen t  o f  cell s i n E C t o particula r 
generi c relations ,  entities ,  an d role s occur s th e ver y first  tim e 
th e generi c relation ,  entity ,  o r  rol e appear s i n a  relationa l 
instanc e presente d t o th e E C b y a  H L C C .  Subsequently ,  a 
committe d cel l  i n E C fires  wheneve r  th e H L C C nod e i t  i s 
committe d to ,  fires.  Thu s th e resultin g activit y o f  committe d 
enabler ,  collector ,  an d rol e cell s i n E C i n respons e t o activit y 
i n H L C C s i s simila r  t o tha t  show n i n Figur e 4 . 

Interaction s withi n th e H S Rol e an d ?entit y cell s projec t 
t o a  larg e numbe r  o f  cell s i n D G .  A s a  resul t  o f  th e syn -
chronou s activit y o f  thos e rol e an d ?entit y cell s i n E C tha t 
correspon d t o boun d role s an d entitie s i n R I ,  certai n uncom -
mitte d cell s i n D G receiv e convergen t  activit y fro m r \  an d 
?/ ]  cell s an d becom e committe d t o serv e a s thei r  binde r  cells . 
Similarly ,  fo r  r 2 an d fi .  W e refe r  t o suc h committe d D G cell s 
as binder{{r \  =  f\) )  an d binder{{r 2 =  /2) )  cells ,  respec -
tively .  Subsequen t  t o thei r  commitment ,  binder{{r \  =  f\) ) 
cell s wil l  fire  wheneve r  r i  an d ?/ i  i n E C fire  synchronously . 
The cel l  binder{{r 2 =  fz) )  wil l  behav e i n a n analogou s man -
ner 

Cell s i n D G projec t  t o cell s i n C A 3 whic h als o receiv e 
afferent s fro m rol e cell s i n E C .  Impulse s alon g afferent s fro m 
D G an d E C lea d t o th e commitmen t  o f  node s withi n C A 3 t o 
for m circuit s fo r  detectin g bindin g errors .  Thu s convergen t 
impulse s arrivin g fro m binder{{r \  =  f\) )  cell s i n D G an d r \ 
cell s i n E C lea d t o th e commitmen t  o f  cell s i n C A 3 t o for m 
a loca l  feedbac k circui t  fo r  detectin g a n erro r  i n th e bindin g 
( n =  / i ) .  W e refe r  t o suc h a  circui t  a s bed{{r \  — f\)) . 
Subsequen t  t o it s  commitment ,  thi s circui t  wil l  fire  wheneve r 
r \  i s  boun d t o an y entit y othe r  tha n f \  i n th e relationa l  instanc e 
currentl y activ e i n E C .  Similarly ,  convergen t  impulse s arrivin g 
fro m binder({r 2 =  /2) )  cell s i n D G an d r 2 cell s i n E C 
lea d t o th e commitmen t  o f  a  bindin g erro r  detectio n circui t 

bed({r 2 =  f2)) . 
Cell s i n C A 2 receiv e input s fro m bindin g erro r  detecto r 

circuit s i n C A 3 .  Thes e input s togethe r  wit h input s arrivin g 
fro m rol e node s i n E C lea d t o th e commitmen t  o f  loca l  cir -
cuit s withi n C A 2 tha t  integrat e bindin g erro r  signal s arrivin g 
fro m C A 3 .  Eac h committe d C A 2 circui t  integrate s bindin g 
error s pertainin g t o a  specifi c  relationa l  instanc e memorize d 
withi n th e HS .  W e refe r  t o a  bindin g erro r  integrato r  circui t 
fo r  a  relationa l  instanc e R I  a s bei{RI) .  Subsequen t  t o it s 
commitment ,  bei{RI )  wil l  fire  wheneve r  th e relationa l  in -
stanc e currentl y activ e i n E C specifie s an y role-bindin g tha t 
i s differen t  fro m tha t  specifie d i n R I . 

Cell s i n C A 2 projec t  t o cell s i n C A l  whic h als o receiv e 
input s fro m th e ?relatio n node s i n EC .  Convergen t  activit y 
alon g thes e pathway s lead s t o th e commitmen t  o f  loca l  circuit s 
withi n C A l  tha t  ac t  a s relationa l  instanc e matc h circuits .  W e 
refe r  t o suc h a  matc h circui t  fo r  a  relationa l  instanc e R I 
as r im{RI ) .  Subsequen t  t o it s commitment ,  r im{RI )  wil l 
fire  wheneve r  th e relationa l  instanc e currentl y activ e i n E C 
matche s R I . 

Cell s i n C A l  projec t  t o +relatio n cell s i n E C .  Thi s projec -
tio n allow s th e afferent s fro m r i m circuit s i n C A l  t o for m 
potentiate d link s wit h th e appropriat e ̂ -relatio n cell s i n EC . 
Thu s r im{RI )  cell s i n C A l  for m potentiate d link s wit h +R ] 
cell s i n EC .  Subsequen t  t o th e potentiatio n o f  thes e C A l  t o 
E C links ,  th e firing  o f  r im(RI )  cell s i n C A l  wil l  lea d t o th e 
firing  o f  + R ]  cell s i n EC . 

C Al  cell s projec t  t o S C whic h als o receive s direc t  projec -
tion s fro m rol e cell s i n EC .  Th e inciden t  activit y alon g thes e 
pathway s lead s t o th e commitmen t  o f  cell s i n S C tha t  ac t  a s 
bindin g extracto r  (o r  hex )  cells .  W e refe r  t o bindin g extrac -
to r  cell s fo r  th e role s r \  an d r 2 o f  R I  a s bex{{r \  —1)\RI ) 
bex{{r 2 —'!)\RI )  respectively .  Subsequen t  t o thei r  commit -
ment ,  6ex((r i  =? )  |i?7 )  cell s wil l  fir e wheneve r  rim(i?7 )  fires 
i n tempora l  proximit y o f  th e firing  o f  r i  and6ei((r 2 =1)\RI ) 
cell s wil l  fire  wheneve r  r im{RI )  fires  i n tempora l  proximit y 
of  th e firing  o f  r2 . 

Cell s i n S C projec t  bac k t o -(-entit y cell s i n EC .  Thi s 
projectio n allow s afferent s fro m be x cell s t o for m poten -
tiate d link s wit h th e appropriat e -i-entit y cell s i n EC .  Thu s 
bex{{r i  =?)\RI )  cell s an d 6ex((r 2 =?)|i?/ )  cell s i n S C 
for m potentiate d link s wit h +f i  an d +f 2 cell s i n E C re -
spectively .  Subsequen t  t o thei r  potentiation ,  th e firing  o f 
bex{{r ]  =?)|ii/ )  and6ex((r 2 =?>|/i/ )  wil l  lea d t o th e firing 
of  E C cell s +f \  an d +f 2 respectively . 

Encoding and Recognition Times 

As show n i n Shastr i  (1997) ,  th e cell s an d circuit s mentione d 
abov e star t  of f  a s indistinguishabl e cell s an d link s embedde d 
withi n loosel y organize d quasi-rando m network s bu t  emerg e 
rapidl y a s a  resul t  o f  L I P an d LTD .  SMRIT I  memorize s a 
relationa l  instanc e withi n 2 0 period s (se e Figur e 4) .  Sinc e 
synchronou s activit y encodin g dynami c binding s i s expecte d 
t o li e i n th e 7-band ,  a  plausibl e rang e o f  perio d value s i s 
2 5 — 35 msec .  Thu s SMRIT I  demonstrate s tha t  a n even t  ca n b e 
memorize d i n les s tha n a  second .  SMRIT I  take s betwee n 5  an d 
8 period s t o recogniz e an d recal l  memorize d instances . 

Capacity Considerations 

The memorizatio n o f  relationa l  instance s occur s a s a  resul t 
of  interaction s betwee n quasi-rando m network s an d depend s 
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on th e existenc e o f  targe t  cell s tha t  receiv e suitabl e afferent s 
from  othe r  committe d cells .  I n th e absenc e o f  complet e con -
nectivity ,  th e existenc e o f  appropriat e targe t  cell s require d l o 
encod e a  relationa l  mstanc e canno t  b e guaranteed .  Bu t  i f  th e 
probabilit y  tha t  appropriat e cell s wil l  b e foun d i s extrciiicl y 
high ,  i t  ma y b e assume d wit h "practica l  certainty "  tha t  i t  wil l 
be possibl e t o encod e a  give n relationa l  instance . 

Relevan t  probabilitie s hav e bee n calculate d usin g plausibl e 
regio n an d projectiv e field  sizes ,  an d b y makin g th e simplify -
in g assumptio n tha t  projectiv e fields  ar e distribute d uniforml y 
over  a  region .  Th e result s sugges t  tha t  a  capacit y o f  abou t 
50,00 0 event s containin g 200,00 0 distinc t  binding s involvin g 
200 0 role s an d 50,00 0 entitie s i s tenable ,  Eve n a t  thi s leve l  o f 
memory utilization ,  th e odd s o f  no t  finding  suitabl e cell s fo r 
commitmen t  remai n belo w 1  i n 300,000 .  Th e odd s o f  failur e 
when th e memor y i s  loade d wit h 25,00 0 event s containin g 
100,00 0 distinc t  binding s ar e les s tha n 2  i n a  billion .  Detaile d 
quantitativ e result s appea r  i n Shastr i  (1997) . 

Sinc e multipl e cell s redundantl y encod e eac h functiona l 
unit ,  an d give n tha t  thes e cell s ar e quasi-randoml y distribute d 
i n a  region ,  th e probabilit y  tha t  limite d cel l  los s wil l  destro y 
al l  th e "copies "  o f  a  functiona l  uni t  i s extremel y small .  Thu s 
th e encodin g i s  robus t  agains t  cel l  loss .  Fo r  example ,  b y 
assumin g tha t  abou t  1 0 cell s becom e committe d t o b e bindin g 
erro r  detector s fo r  eac h memorize d relationa l  instance ,  i t  ca n 
be show n tha t  th e odd s o f  mor e tha n 5  o f  thes e 1 0 cell s bein g 
los t  du e t o a  1 % los s o f  cell s ar e les s tha n I  i n a  billion . 

Some Predictions 

A fe w ke y prediction s abou t  th e effec t  o f  foca l  damag e t o com -
ponent s o f  th e H S ar e summarize d here :  Majo r  damag e t o E C 
wil l  lea d t o erroneou s "don' t  know "  responses .  Behaviorall y 
thi s amount s t o forgetting .  I n contrast ,  majo r  insul t  t o C A 3 
or  C A 2 wil l  lea d t o excessiv e fals e positiv e responses .  Majo r 
damage t o C A l ,  however ,  wil l  lea d t o a  catastrophi c memor y 
failure .  Finally ,  majo r  damag e t o S C wil l  leav e recognitio n 
memory intac t  bu t  disrup t  recal l  memory .  Majo r  cel l  los s 
i n HF ,  i n particula r  C A l ,  wil l  preven t  th e formatio n o f  ne w 
memories .  Majo r  damag e t o S C wil l  leav e th e formatio n o f 
structure s require d t o suppor t  recognitio n memor y intac t  bu t 
preven t  th e formatio n o f  structure s require d t o suppor t  recall . 

Conclusion 

The computationa l  mode l  describe d abov e demonstrate s ho w 
th e H S ma y rapidl y transfor m a  transien t  patter n o f  activit y 
representin g a n even t  o r  a  situatio n int o a  persisten t  structura l 
encoding .  I t  i s hope d tha t  detaile d experimentatio n wit h th e 
model  wil l  provid e som e usefu l  insight s int o huma n memory . 

The wor k outline d her e ha s significanc e fo r  othe r  learn -
in g task s beside s th e memorizatio n o f  event s an d situations . 
I n particular ,  bot h th e propose d circui t  fo r  detectin g bindin g 
error s an d th e manne r  i n whic h suc h circuit s ca n b e forme d 
rapidl y withi n quasi-rando m networ k structures ,  hav e broa d 
relevanc e fo r  cognitiv e neuroscience .  Fo r  example ,  thi s kin d 
of  circui t  ca n perfor m th e generi c functio n o f  coincidenc e er -
ro r  detection ;  suc h a  circui t  i s  forme d whe n tw o pattern s A 
and B  occu r  concurrently ,  an d subsequently ,  i t  fires  wheneve r 
A occur s withou t  bein g accompanie d b y B .  Moreover ,  th e 
firing  o f  thi s typ e o f  circui t  ca n signif y  a  failur e o f  expectation , 
and hence ,  suc h circuit s ca n for m th e basi s o f  a  syste m fo r 

novelt y detection . 
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