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ABSTRACT 

We introduce a dual memory architecture that, by way of 
computin g condit ioned-condit ione d stimulu s (CS-CS ) 
associat ion s an d condit ioned-uncondit ione d stimulu s (CS-US ) 
associat ions ,  i s  capabl e o f  computat iona l  cognit iv e mapping . 

The networ k i s abl e t o describ e comple x classica l 
condi t ionin g paradigm s i n whic h cognit iv e mappin g i s 
presumabl y involve d suc h a s blocking ,  overshadowing ,  sensor y 
precondit ioning ,  second-orde r  condit ioning ,  compoun d 
condit ioning ,  seria l  compoun d condit ioning ,  an d sensor y 
precondit ioning .  B y assumin g tha t  l imbic-cortica l  region s o f 
th e bra i n ar e involve d i n CS-C S associat ions ,  th e networ k i s 
abl e t o describ e severa l  cognitiv e impairment s tha t  hav e bee n 
reporte d afte r  l imbic-cortica l  lesions . 

INTRODUCTION 

Two major approaches characterize the study of the 
neurobiologica l  basi s o f  memory .  On e approac h consider s tha t 
memory i s a  unitar y proces s tha t  involve s th e whol e brain . 
Anothe r  approac h regard s memor y a s a  mult ipl e proces s tha t 
involve s dif feren t  area s o f  th e brain ,  eac h are a bein g 
involve d i n a  dif feren t  typ e o f  memor y (Kesner ,  1984) .  Fo r 
example ,  Squir e (1982 )  suggeste d tha t  hippocampa l  an d 
cimygdala r  region s o f  th e brai n ar e part icipate d i n th e 
acquisi t io n o f  ne w informatio n abou t  th e worl d (declarativ e 
memory)  bu t  no t  i n th e acquisit io n o f  ne w perceptual-moto r 
skil l s  (procedura l  memory ) .  I n th e sam e vein ,  othe r  author s 
propose d tha t  th e limbic-cortica l  region s o f  th e brai n woul d 
b e involve d i n processe s suc h a s off- l in e association s 
(Hirsh ,  1974 ) ,  stimulu s configuratio n (Mishki n an d Petri , 
1 9 8 4 ) ,  vert ica l  associativ e memor y (Wickelgren ,  1979) ,  o r 
representat iona l  memor y (Thoma s an d Spafford ,  1984) . 
Str iata l  an d cerebella r  region s o f  th e brai n woul d b e 
involve d i n processe s suc h a s on-l in e association s (Hirsh , 
1 9 7 4 ) ,  habi t  formatio n (Mishki n an d Petr i ,  1984 ) ,  horizonta l 
associat iv e memor y (Wickelgren ,  1979) ,  o r  disposit iona l 
memory (Thoma s an d Spafford ,  1984) . 

I n lin e wi t h th e approac h tha t  regard s memor y a s a 
mul t ip l e process ,  w e hav e introduce d a  dua l  memor y 
architectxir e that ,  b y wa y o f  computin g condit ioned -
condit ione d stimulu s (CS-CS )  association s an d conditioned -
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unconditione d stimulu s (CS-US )  associations ,  al low s t o bui l d 
computationa l  cognit iv e map s (Schmajuk ,  1986a ;  Schmajuk , 
1986b ;  Schmaju k an d Moore ,  1986) .  I n th e contex t  o f  th e 
multipl e memor y proces s approach ,  CS-C S association s migh t  b e 
regarde d a s component s o f  off-l in e associations ,  declarat iv e 
memory,  stimulu s configuration ,  vert ica l  associativ e memory , 
or  representationa l  memory .  CS-U S association s migh t  b e 
regarde d a s component s o f  on-lin e associations ,  procedura l 
memory,  habi t  formation ,  horizonta l  associativ e memory ,  o r 
dispositiona l  memory .  Limbic-cortica l  area s woul d b e 
involve d i n CS-C S associat ions ,  wherea s striata l  an d 
cerebella r  region s woul d b e involve d i n CS-U S associat ions . 

The presen t  pape r  present s a  second-orde r  associativ e 
network ,  designate d th e SEA S networ k (a s a  mnemoni c fo r 
SEcond-orde r  Associat ive) ,  an d il lustrate s it s behavio r  i n 
comple x classica l  condit ionin g paradigms .  Th e SEA S networ k 
i s abl e t o describ e condit ionin g paradigm s suc h a s 
conditione d inhibit ion,blocking ,  overshadowing ,  sensor y 
preconditioning ,  second-orde r  conditioning ,  compoun d 
conditioning ,  seria l  compoun d conditioning ,  an d sensor y 
preconditioning .  Th e networ k i s als o abl e t o describ e som e 
ver y wel l  know n effect s o f  l imbic-cortica l  an d str iatal -
cerebella r  lesions . 

THE SEAS NETWORK 

First-order associations. Consider the case of one CS, 
CSi  ,  tha t  predict s even t  k .  Ne t  associativ e value ,  V i ^ , 
represent s th e first-orde r  predictio n o f  even t  k  b y CSi  . 
When th e CSi  i s accompanie d o r  followe d b y even t  k ,  th e 
associativ e valu e betwee n CSi  an d even t  k ,  Vi k ,  increase s b y 

A Vi Vc = Si |3i r Ti ( r k - Bk ), [ 1 ] 

where Si is the salience of CSi, pi r is (3i r = Si r (0 <9i r < 1) 
when r  k  >  Bk ,  an d pi r  =  Qi ^  '  ( 0 <  Gif '  <  Sir )  whe n T  k  <  B k ,  x i 
i s  th e trac e o f  CSi  ,  T  k  -th e intensit y o f  even t  k ,  an d B k th e 
aggregat e predictio n o f  even t  k . 

Second-order associations and cognitive mapping. 
Conside r  no w th e cas e o f  tw o CSs ,  CSi  an d CSr  ,  tha t  predic t 
even t  k .  I t  i s  assume d tha t  CSi  predict s k  directl y b y Vi k 
and indirectl y b y predictin g CSr ,  b y V i  r  .  I n tur n CSr 
predict s k  b y Vrk .  Th e second-orde r  ne t  predictio n o f  even t 
k b y CSi  ,  i s  expresse d a s th e produc t  Vi r  Vr k .  Th e produc t 
Vi  r  Vr k ca n expres s -  quantitativel y -fou r  logica l 
inferences .  Fo r  example ,  i f  CSi  predict s th e absenc e o f  CSr 
(negativ e V i r ) ,  an d CSr  predict s th e presenc e o f  even t  k 
(positiv e V r k ) ,  CSi  wil l  predic t  th e absenc e o f  even t  k 
(negativ e V i  r  V r  k  ) 

Bi k ,  th e f irst -  an d second-orde r  predictio n o f  even t  k 
by CSi  ,  i s 

Bi k = ( Vi k + 2r Wi r Vi r Vr k ) Xi . [ 2 ] 
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Vi k i s th e ne t  associat iv e valu e o f  CSi  wi t h even t  k .  Th e 
su m ove r  th e inde x r  involve s al l  CS s wit h inde x r  =  k .  V i  r 
i s  th e ne t  associat iv e valu e o f  CS i  wi t h al l  CS s wit h inde x 
r  =  k .  Vi r  i s  th e ne t  associat iv e valu e o f  al l  C S wit h even t 
k .  x i  i s  th e trac e o f  CS i  .  Th e mathematica l  expressio n fo r 
Ti  i s  give n below .  Coeff icien t  wi r  serve s t o adjus t  th e 
relat iv e weight s o f  f i rs t -  an d second -  orde r  prediction s i n 
paradigm s suc h a s condit ione d inhibit ion .  I n orde r  t o avoi d 
redundan t  CSi-U S an d CSi-CSi -  U S associat ions ,  wi r  = 0 whe n i 
= r ,  an d wi r  >  0  whe n i  /  r.  © « ,  th e aggregat e predictio n 
of  even t  k  mad e upo n al l  CS s (includin g th e context )  wit h x  > 
0 a t  a  give n moment ,  i s 

Bit = Si Bik . [ 3 ] 

Variable B^^ participates in the rules governing the 
computat io n o f  V i  >« .  I n addit ion .  Bu s determine s th e 
topograph y o f  th e N M response ,  a s describe d below . 

The integratio n o f  differen t  predict ions ,  V i  r  V r  ̂ ^  ,  int o 
a large r  an d ne w predict ion .  H i^ ,  i s  simila r  t o th e proces s 
Tolma n (1932 )  calle d inference .  Fo r  Tolman ,  expectancie s ca n 
b e combine d i n orde r  t o for m ne w expectancie s an d organize d 
i n a  "cognitiv e map" .  U p t o th e present ,  model s fo r 
classica l  condit ionin g di d no t  hav e an y mechanis m t o accoun t 
fo r  " inference "  processes .  Th e introductio n o f  second-orde r 
associat ion s al low s t o buil d "computationa l  cognitiv e maps " 
i n whic h CS-C S predict ion s ca n b e combine d amon g them ,  an d 
wi t h CS-U S associat ions .  B y th e introductio n o f  second-orde r 
associat ion s th e SEA S mode l  i s capabl e o f  describin g sensor y 
precondit ionin g an d secondar y reinforcement . 

Figur e 1  show s ho w SEA S explain s sensor y 
precondit ioning .  Sensor y precondit ionin g i s predicte d b y 
al lowin g CS b t o b e associate d t o CS a i n a  firs t  phase , 
denote d b y th e soli d circl e Vb* ,  an d CS a t o b e associate d t o 
th e U S i n a  secon d phase ,  denote d b y th e soli d circl e VaUS . 
When CS b i s presente d alon e i n a  tes t  t r ia l ,  i t  activate s th e 
A representat io n throug h nod e VfiA ,  an d thi s A  representatio n 
activate s th e nod e Va^S ,  generatin g a  conditione d respons e 
(CR) . 

Trace function. It is assumed that a CSi generates a 
t race ,  x i  ,  tha t  increase s ove r  t im e t o a  maximum ,  stay s a t 
thi s leve l  fo r  a  perio d o f  t im e independen t  o f  th e C S 
durat ion ,  an d the n graduall y decay s bac k t o zero .  Formally , 
t rac e x  i s define d fo r  t  < = 20 0 mse c b y 

X(t) = CSmaK ( 1 - e -( ki t ) ), [ 4 ] 

where CSmax is the maximum intensity of the CS and kl is a 
constant ,  0  <  k l  <  1 .  Paramete r  k l  i s  selecte d s o tha t  th e 
IS I  fo r  optima l  condit ionin g i s 20 0 msec . 

x ( t )  remain s equa l  t o CSmax a s lon g a s th e C S doe s 
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Figur e 1 .  SEA S neura l  network .  CS a an d CS b :  conditione d 
stimul i  .  CX :  Context .  US :  unconditione d stimulus .  CR : 
condione d response .  VaB :  CSa-CS b associativ e value .  Va^s ; 
CSa-US associativ e value .  Fo r  explanatio n se e text . 

no t  decay .  I f  th e C S =  0  an d t  >  20 0 msec ,  x  (t )  decay s b y 

T(t )  =  CSmax (  e  - (  k i  t  )  ) , [  5  ] 

I f  CSi  i s no t  presen t  20 0 mse c afte r  it s onset ,  th e trac e 
decay s t o zero . 

Performanc e Rules .  Th e SEA S networ k incorporate s 
performanc e rule s tha t  permi t  realisti c description s o f 
rabbit' s  classicall y conditione d nictitatin g membran e (NM ) 
response s i n rea l  t im e (Gormezano ,  Kehoe ,  an d Marshal l , 
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1 9 8 3 ) .  Performanc e rule s relat e var iabl e BU S t o th e 
topograph y o f  N M responses . 

Tim e o f  C R onse t  i s th e earl ies t  t im e t  suc h tha t 

Stf =ti 2j BjUS(t') >= LI , [ 6 ] 

where ti denotes the time step at which CSi onset occurs. 
The su m ove r  th e inde x j  involve s Bj" S o f  al l  CS s wit h x j  > 
0 ,  excludin g th e context .  Su m ove r  inde x t  involve s al l 
t im e step s fo r  whic h x j  >  0  ,  start in g a t  th e t im e ste p whe n 
th e ampl i tud e o f  th e N M respons e a s define d b y Equatio n 7 
equal s zero .  L I  i s  a  threshol d greate r  tha n zero .  Equatio n 
6 implie s tha t  a s BjU S increase s ove r  t r ia ls ,  C R onse t  move s 
progressivel y t o a n asymptot e determine d b y Li . 

Durin g th e C S period ,  fo r  t im e step s t  >  t i  ,  th e 
cunplitud e o f  th e N M response ,  N M R ( t ) ,  i s  change d b y 

ANMR (t) = k2 ( BUS(t) - NMR(t)), [ 7 ] 

where k2 is a constant ( 0 < k2 < 1). 
Durin g th e U S period ,  whi l e BUS(t )  >  r u s ( t ) ,  i s  give n b y 

Equat io n 7 .  However ,  whe n Bus(t )  <  r u s ( t ) ,  NMR (t )  increase s 
by 

ANMR (t) = k2 ( rus(t) - NMR(t)), [ 8 ] 

When BUS(t) and fus(t) equal zero, NMR(t) decays to 
basel in e b y 

Z^ NMR (t) = - k2 NMR(t). [ 9 ] 

Effects of cerebellar lesions. A description of the 
effec t  o f  cerebella r  lesion s (CL )  i n agreemen t  wit h Lincoln , 
McCormick ,  an d Thompson' s (1982 )  resul ts ,  i s  obtaine d b y 
assumin g tha t  lesion s o f  thi s limbi c structur e impai r  CS-U S 
associat ion s bu t  no t  th e computatio n o f  CS-C S associations . 
Mathematical ly ,  afte r  C L i t  i s  ViU S =  Q . 

Effects of hippocampal lesions. A description of the 
effec t  o f  hippocampa l  lesion s (HL )  i n agreemen t  wit h 
experimenta l  dat a (se e Schmajuk ,  1984 ,  fo r  a  review )  i s 
obtaine d b y assumin g tha t  lesion s o f  thi s limbi c structur e 
impai r  CS-C S association s bu t  no t  th e computatio n o f  CS-U S 
associat ions .  Mathematical ly ,  afte r  H L i t  i s  Vi r  = 0 . 

Impairment s i n CS-C S associat ion s impl y impairmen t  i n 
cognit iv e mapping .  Sinc e Vi '  = 0 ,  B i  i « i s give n b y 

Bik = Vik xi . [ 10 ] 

Because Bi ^ for HL animals computed with Equation 10 is 
large r  tha n Bi k fo r  norma l  animal s give n b y Equatio n 2 ,  us e 
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Figur e 2 .  Sensor y preconditioning .  [1 ]  • -  CS(1 ) .  [2 ]  : 
CS(2) .  [X ]  :  Context .  Lef t  Panels :  N M respons e topograph y 
i n 1 -  an d 2 -  tr ials ,  afte r  1 0 CS(1)-CS(2 )  nonreinforce d 
trial s an d 1 0 CS(1)reinforce d tr ials .  Upper-Righ t  Panels : 
CS-US associativ e values ,  V(CS,US) ,  a t  th e en d o f  eac h tr ia l , 
as a  functio n o f  tr ials .  Lower-Righ t  Panels :  CSl-C S 
associativ e values ,  V(CS1,CS) ,  a t  th e en d o f  eac h tr ia l ,  a s a 
functio n o f  trials . 

of  Equatio n 1 0 implie s impairment s i n severa l  classica l 
conditionin g paradigms ,  includin g blockin g an d sensor y 
preconditioning . 

COMPDTER SIMDLATION S 
I n th e simulations ,  continuou s tim e wa s converte d t o 

discret e tim e step s o r  bin s o f  1 0 mse c i n duration .  Eac h 
tria l  consiste d o f  6 0 bins .  Otherwis e specified ,  th e 
simulation s assume d 20 0 mse c CSs ,  th e las t  5 0 mse c o f  whic h 
overlap s th e US . 

Initia l  value s o f  V s wer e zer o fo r  al l  i's .  Parameter s 
value s fo r  variation s o f  associativ e value s wer e :  S i  = 1 ,  S 2 
= 1 ,  S x =  . 1 .  ei r  =  0. 3 an d eir '  =  0.0 3 fo r  r  =  U S .  Si r  = 
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0.01 5 an d 8i r  '  =  0.001 5 fo r  r  =  U S .  Fo r  computat ion s o f  Bi ^ 
:  \fi ^  - 2 whe n i  /  r ;  an d wii « =  0  whe n i  =  r.  Fo r 
computat ion s o f  th e N M C R :  L I  =  2 .  Fo r  computatio n o f  th e 
t race :  k l  =  0. 1 ,  an d fo r  th e N M respons e topograph y :  k 2 = 
0.5 . 

Simulation results. 
Sensor y precondit ioning .  Figur e 2  show s simulation s o f 

a sensor y precondit ionin g paradigm .  I n th e firs t  phase ,  1 0 
nonreinforce d tr ial s wi t h a  compoun d CS( 1 an d 2 ) .  Durin g th e 
secon d phase ,  on e o f  th e nonreinforce d CS s (1 )  wa s reinforce d 
fo r  1 0 t r ia ls .  A  tes t  tr ia l  assesse d th e C R t o CS(2 )  neve r 
paire d wi t h th e US .  Simulat ion s showe d tha t  contex t 
associabi l i t y  decrease s durin g precondit ioning .  I n th e 
nonreinforce d tes t  tr ia l  CS(2 )  acquire d inhibitor y 
associat iv e valu e becaus e i t  wa s presente d i n a  contex t  wit h 
excitator y associat iv e value .  CS(2 )  generate d a  CR. 
Simulat io n result s ar e i n agreemen t  wi t h dat a reporte d b y 
Por t  an d Patterso n (1984 )  fo r  norma l  animals .  Afte r  HL ,  CS -
CS associat ion s ar e absen t  an d therefor e sensor y 
precondit ionin g i s als o absent ,  a  resul t  i n agreemen t  wit h 
Por t  an d Patterso n (1984) ,  wh o foun d tha t  fibria l 
(hippocampa l  output )  lesion s i n rabbit s impaire s sensor y 
precondit ioning . 

Seria l  Compoun d Condit ioning .  Figur e 3  show s 
simulat ion s o f  a  seria l  compoun d condit ionin g paradigm ,  i n 
whic h tw o condit ione d stimul i  (CS l  an d CS2 )  ar e followe d b y 
th e US .  Th e tempora l  primac y o f  CS l  ove r  CS 2 determine s CS l 
t o becom e mor e strongl y associate d wi t h th e U S tha n CS2 ,  i n 
spit e o f  th e contiguit y o f  CS 2 an d th e US .  A s show n i n 
Figur e 3 ,  CS l  generate s a  C R large r  tha n tha t  generate d b y 
CS2. 

Our  result s ar e i n agreemen t  wi t h Wickens ,  e t  a l 
(1973) ,  wh o foun d that ,  afte r  a  CS1-CS 2 seria l  compoun d ha d 
bee n paire d wi t h a  US ,  association s acquire d b y CS l  an d CS 2 
wer e funct ion s o f  th e CS1-CS 2 interval .  Wit h a  lon g CS1-CS 2 
interval ,  eac h CS-U S associatio n wa s inversel y proportiona l 
th e respectiv e CS-U S interval ,  an d therefore ,  th e C R 
generate d b y CS 2 wa s large r  tha n th e C R elicite d b y CSl . 
Wit h a n intermediat e CS1-CS 2 interval ,  a s i n th e cas e o f  ou r 
simulat ion ,  th e C R elicite d b y CS l  wa s large r  tha n tha t 
el icite d b y CS2 .  Final ly ,  wit h a  shor t  CS1-CS 2 interval ,  th e 
CR generate d b y CS 2 wa s large r  tha n tha t  produce d b y CSl . 
Accordin g t o th e SEA S model ,  association s acquire d b y CS l  an d 
CS2 ar e function s o f  th e CS1-CS 2 interval ,  becaus e th e CSl -
CS2 interva l  establ ishe s th e degre e o f  associatio n betwee n 
CSl  an d CS 2 (Vi 2 b y Equat io n 1 ) ,  an d thi s degre e o f 
associat io n betwee n CS l  an d CS 2 control s th e associativ e 
valu e o f  CS l  an d CS 2 wi t h th e U S (Bu s b y Equatio n 2 ) . 
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Figur e 3 .  Seria l  compovm d conditioning .  [1 ]  :  CS(1 ) .  [2 ]  : 
CS(2) .  [X ]  :  Context .  Lef t  Panels :  N M respons e topograph y 
i n 1 -  an d 2 -  tr ials ,  afte r  1 0 CS(1)-CS(2 )  nonreinforce d 
trial s an d 1 0 CS(1)reinforce d tr ials .  Upper-Righ t  Panels : 
CS-US associativ e values ,  V(CS,US) ,  a t  th e en d o f  eac h tr ia l , 
as a  functio n o f  tr ials .  Lower-Righ t  Panels :  CSl-C S 
associativ e values ,  V(CS1,CS) ,  a t  th e en d o f  eac h t r ia l ,  a s a 
functio n o f  trials . 

The SEA S networ k predict s tha t  seria l  compoun d 
conditionin g i s impaire d afte r  HL ,  eac h C S bein g abl e t o 
acquir e association s inversel y proportiona l  t o thei r 
contiguit y wit h th e US .  Thi s prediction s await s experimenta l 
testing . 
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Blocking .  Figur e 4  show s simulat ion s o f  a  blockin g paradigm . 
Exper imental s receive d 1 0 tr ial s wi t h C S (1 )  (blocker )  paire d 
w i t h th e U S fol lowe d b y 1 0 tr ial s wi t h C S (1 )  an d CS(2 ) 
(blocke d CS )  paire d wit h th e US .  Th e networ k showe d 
simulate d blockin g i n th e norma l  cas e (N )  becaus e th e 
designate d blocke d CS(2 )  doe s no t  generat e a  CR.  Afte r  H L 
th e networ k predict s tha t  th e blocke d C S (2 )  wil l  sho w a 
large r  C R tha n i t  doe s i n th e norma l  case .  Th e result s agre e 
w i t h blockin g dat a i n th e norma l  rabbi t  N M respons e 
preparat io n a s reporte d b y Marchan t  an d Moor e (1973) ,  an d i n 
th e H L rabbi t  a s reporte d b y Solomo n (1977) . 

DISCUSSION 

The present paper introduce SEAS, a dual memory 
architectur e tha t  i s capabl e o f  generatin g computationa l 
cognit iv e maps .  Whe n applie d t o classica l  conditioning ,  th e 
networ k describe s severa l  comple x classica l  conditionin g 
paradigm s i n rea l  t ime . 

The SEA S networ k i s abl e t o describ e paradigms ,  suc h a s 
seria l  compoun d condit ioning ,  tha t  ha d bee n succesfull y 
explaine d b y attentiona l  theorie s o f  condit ionin g (se e Kehoe , 
1983 ) .  Thi s fac t  point s ou t  t o a  degre e o f  equivalenc e 
betwee n attentiona l  approache s an d higher-orde r  associativ e 
approache s suc h a s tha t  presente d here .  Thi s equivalenc e 
betwee n attentiona l  an d higher-orde r  associativ e approache s 
migh t  b e base d o n th e fac t  tha t  bot h ar e dua l  memor y system s 
tha t  rel y o n th e existenc e o f  a  secon d memor y fo r  storin g 
informatio n no t  inmediatel y connecte d t o 
ope n responses ,  suc h a s CS-U S associat ions . 

I n addit io n t o th e descript io n o f  norma l  behavior ,  th e 
SEAS networ k ca n describ e som e o f  th e effect s o f  cerebella r 
an d hippocampa l  lesion s o n th e classicall y conditione d N M 
respons e i n th e rabbit . 

Thi s stud y wa s supporte d i n par t  b y NS F Gran t  IST8417756 . 
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