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A REAL-TIM E ATTENTIONAL-ASSOCIATIV B NETWORK 

FOR CLASSICA L CONDITIONIN G O F TH E RABBIT' S NMR 

Nestor A. Schmajuk 

Cente r  fo r  Adaptiv e System s 

Departmen t  o f  Mathematic s 

Bosto n Universit y 

an d 

Joh n W.  Moor e 

Departmen t  o f  Psycholog y 

Universit y o f  Massachusett s 

INTRODUCTION 

Schmaju k an d Moor e (1986 )  describe d tw o real-tim e 

attentiona l  model s o f  classica l  conditioning .  I n thei r 

presen t  form ,  bot h model s ar e capabl e o f  real-tim e 

descript ion s o f  man y classica l  condit ionin g paradigms . 

However ,  th e model s d o no t  encompas s higher-orde r 

condit ionin g paradigm s o r  sensor y preconditioning .  The y als o 

lac k performanc e rule s tha t  permi t  realisti c description s o f 

condit ione d respondin g i n rea l  t ime .  Thes e consideration s 

prompte d th e developmen t  o f  a  ne w clas s o f  model s tha t 

incorporat e higher-orde r  condit ioning ,  sensor y 

precondit ioning ,  an d performanc e rules . 

Becaus e o f  th e larg e amoun t  o f  dat a o n classica l 

condit ionin g o f  th e rabbit' s  nictitatin g membran e (NM) ,  thi s 

preparatio n i s particularl y attractiv e fo r  a  forma l 

treatment .  Therefore ,  th e presen t  pape r  contrast s 

experimenta l  result s regardin g classica l  conditionin g usin g 

th e N M preparation ,  wit h compute r  simulations . 
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SCHMAJUK AN D MOORE 

SECOND-OBDER ATTKNTIONAL-ASSOCIATIV E HETHOSKS 

Thi s sectio n describe s a  clas s o f  attentlonal -

associativ e networ k tha t  ca n b e applie d t o CS-C S a s wel l  a s 

CS-US paradigms . 

Conside r  th e cas e o f  on e CS ,  CSi  ,  tha t  predict s even t  k . 
« 

Net  associativ e value ,  Vi^ ,  represent s th e first-orde r 
predictio n o f  even t  k  b y CSi  .  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 V i  ̂  an d indirectl y b y predictin g 

CSr ,  b y V i  f .  I n tur n CSr  predict s k  b y Vt^ .  Th e secon d 

orde r  predictio n o f  k  b y CSi ,  i s  expresse d a s th e produc t 

Vi f  Vrk . 

Bi> t  ,  th e f irst -  an d second-orde r  predictio n o f  even t  k 

by CSi  ,  i s 

Bill = ( Vi»c + 2t Wit Vir Vrk) Ti . [ 1 ] 

Vi>« is the net associative value of CSi with event k. The 

su m ove r  th e inde x r  involve s al l  CS s wit h inde x r  /  k .  Vi r 

i s  th e ne t  associativ e valu e o f  CSi  wit h al l  CS s wit h inde x 

r  ^  k .  Vi f  i s  th e ne t  associativ e valu e o f  al l  C S wit h even t 

k.  x i  i s  th e trac e o f  CSi  Th e mathematica l  expressio n fo r 

Ti  i s  give n below .  Coefficien t  wi '  serve s t o adjus t  th e 

relativ e weight s o f  f irst -  an d second -  orde r  prediction s i n 

paradigm s suc h a s conditione d inhibition .  I n orde r  t o avoi d 

redundan t  CSi-U S an d CSi-CSi -  U S associations ,  wi r  = 0 whe n i 

= r ,  an d wi '  >  0  whe n i  ^  r .  B ^  ,  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 

B»t = 2i Bi»t . [ 2 ] 
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As described below, variable B"* participates in the 

computat io n o f  Vi» « ,  I n addit ion ,  throug h adequat e 

performanc e rules ,  B^ s determine s th e topograph y o f  th e N M 

response . 

THE M-S-S NETWORK 

Thi s sectio n describe s a n attentional-associativ e 

networ k tha t  incorporate s variabl e B>« .  Ne t  associativ e 

values ,  Vii« ,  ar e compute d wit h th e rule s propose d b y Moor e 

an d Stickne y (1980 .  1982 ,  1985 ;  se e als o Schmaju k an d Moore , 

1986) . 

Change s i n associativ e values . 

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 ,  V i  • *  ,  increase s b y 

A Vi 1^ = 9 ai Ti ( 1 - Vi »c ), [ 3 ] 

and the antiassociative value, Ni»« , decreases by 

A Ni»i = 8'ai Ti ( 0 - Nik ), [3'] 

When event k does not occur, Vi^ decreases by 

AVik = 9' ai Ti ( 0 - Vi»c ) Bk, [ 4 ] 

and Ni ^ increases by 

A Ni »t = 9' ai Ti ( 1 - Ni »c ) B»c, [ 4' ] 

where ai is OS's associability, 9 ( 0 < 9 ^ 1 ) is the rate of 

chang e i n Vii i  ,  9 '  (  0  <  9 '  <  9  )  i s  th e rat e o f  chang e i n 

Ni  * « ,  T i  i s  th e trac e o f  CSi  ,  an d Bl « i s define d b y Equatio n 
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2. 

The ne t  associativ e valu e o f  CSi  an d even t  k  i s 

Vik = Vi»c - Nik. [ 5 ] 

Changes in associability 

The associabilit y  o f  CSi  ,  a i  ,  ma y increase ,  decrease , 

or  remai n unchange d dependin g o n th e associativ e valu e o f  CSi 

wit h even t  k  an d th e associativ e valu e o f  anothe r  CS ,  CS j  , 

wit h th e sam e even t  k . 

When CSi  ,  CS j  ,  an d even t  k  ar e presente d together ,  an d 

provide d tha t  V i  >t  >  Vj» t 

A ai»' = c ( 1 - ai ) ( Vik - Vjk ), [ 6 ] 

where VjH is the second highest net associative value with 

respec t  t o even t  k  o f  al l  th e CS s presen t  wit h th e CSi  , 

includin g th e context . 

When Vi» t  s  Vj k 

Aaik = c ( 0 - ai ) ( Vjk - Vik ), [ 7 ] 

where Vj'' is the highest net associative value with respect 

t o k  o f  al l  th e CS s presen t  wit h th e CSi  Paramete r  c  i n 

Equation s 6  an d 7  i s a  constan t  se t  0  <  c  <  1 . 

When al l  th e component s o f  Aaii c relate d t o a  give n CSi 

or  th e U S hav e bee n computed ,  the y ar e combine d i n th e 

expressio n 

Acti = Sk *k aik / 2h «h . [ 8 ] 

The sum over the index k in the numerator involves all the 
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event s presen t  wit h th e CS i  .  Th e su m ove r  th e inde x h  i n th e 

denominato r  involve s al l  th e event s th e subjec t  ha s 

encountere d i n previou s experience s i n th e sam e context ,  eve n 

thoug h the y ma y no t  b e presen t  a t  th e tim e A  a i  i s  computed . 

The weightin g factors ,  S k ,  ar e selecte d suc h tha t  $U 8 >  $c s > 

Sx ,  becaus e th e U S i s presume d t o b e biologicall y mor e 

signif ican t  tha n th e CS s an d th e contex t  (X ) . 

MM RESPONSE CONDITIONING 

Durin g acquisit io n o f  th e N M conditione d respons e (CR) , 

percentag e o f  CR s generate d i n eac h sessio n increases ,  C R 

latenc y decreases ,  an d C R amplitud e increases .  (se e 

Gormezano ,  Kehoe ,  &  Marshal l ,  1983 ) 

Th e trac e hypothesi s 

Condit ionin g i s typicall y mor e efficaciou s whe n th e C S 

precede s th e U S tha n whe n th e tw o ar e presente d together . 

Hul l  (1943 )  propose d tha t  stimul i  giv e ris e t o trace s i n th e 

centra l  nervou s syste m tha t  someho w imping e simultaneousl y o n 

crit ica l  loc i  o f  learning ,  despit e th e non-simultaneou s 

arrangemen t  a s observe d i n th e periphery . 

I t  i s  assvune d tha t  a  CSi  generate s a  trace ,  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 duration ,  an d the n 

graduall y decay s bac k t o zero . 

Formally ,  trac e t  i s  define d fo r  t  < = 20 0 mse c b y 

x(t) = CSmai ( 1 - e -( iti t ) ), [ 9 ] 

where CSmaz 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  conditionin g i s 20 0 msec . 

x( t )  remain s equa l  t o CSmaz a s lon g a s th e C S doe s no t 
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decay. If the CS = 0 and t > 200 msec, x (t) decays by 

T(t) = CSma. ( exp -( »ti t ) ), [ 10 ] 

If CSi is not present 200 msec after its onset, the trace 

decay s t o zer o b y Equatio n 10 . 

Performanc e Rule s 

Performanc e rule s wer e selecte d t o relat e variabl e B^ S 

t o th e topograph y o f  N M responses . 

Tim e o f  C R onse t  i s th e earlies t  tim e t  suc h tha t 

2tf=ti 2j BjU8(t') >= LI , C 11 ] 

where ti denotes the time step at which CSi onset occurs. 

The su m ove r  th e inde x j  involve s BjU 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 

tim e step s fo r  whic h x j  >  0  ,  startin g a t  th e tim e ste p whe n 

th e amplitud e o f  th e N M respons e a s define d b y Equatio n 1 1 

equal s zero .  L I  i s  a  threshol d greate r  tha n zero .  Equatio n 

11 implie s tha t  a s Bju s increase s ove r  tr ials ,  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 

amplitud e o f  th e N M response ,  NMR( t ) ,  i s  change d b y 

ANMR (t) = k2 ( BUS(t) - NMR(t)), [ 12 ] 

where k2 is a constant ( 0 < k2 < 1). 

Durin g th e U S period ,  whil e Bus(t)< A " S ( t ) ,  i s  give n b y 

Equatio n 12 .  However ,  whe n BUS(t )  >X"S( t ) ,  NMR (t )  increase s 

by 

ANMR (t) = k2 (Aus(t) - NMR(t)), [ 13 ] 
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When BUS(t )  an d X " S ( t )  equa l  zero ,  NMR(t )  decay s t o 

basel in e b y 

A NMR (t) = - k2 NMR(t). [ 14 ] 

COMPDTKR SIMULATIONS 

I n th e simulat ions ,  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 

tr ia 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 . 

Parcuneter s value s fo r  variat ion s o f  associativ e value s 

wer e :  8  =  0.1 ,  an d 9 '  =  0.001 .  Fo r  antiassociativ e valu e 

were :  9  =  0.00 5 an d 9' = 0.1 ,  wit h exceptio n o f  th e inhibitor y 

condit ionin g case s fo r  whic h 9  =  0.05 .  Fo r  variation s i n 

associabi l i t y  :  *u s =  1 ,  $ a =  0.16 ,  * B =  0.16 ,  * x =  0.01 ,  an d c 

0.6 .  Initia l  value s o f  V s an d N s wer e zer o fo r  al l  i's . 

Initia l  value s o f  associabil it y  wer e alway s selecte d a x =  0. 1 

cuti d a h =  a B = 0 . 5 .  Fo r  computation s o f  B i  ̂ ^  :  w i  * « = 0 . 4 whe n i 

^  r ;  an d wi> t  =  0  whe n i  =  r .  Fo r  computation s o f  th e N M C R : 

L I  =  2 .  Fo r  computatio n o f  th e trace :  k l  =  0. 1 ,  an d fo r  th e 

NM respons e topograph y :  k 2 =  0.5 . 

Simulation results. 

Acquisit ioQ .  Figur e 1  show s simulation s o f  a  dela y 

condit ionin g paradigm .  A s C R acquisit io n proceeds ,  C R onse t 

latenc y decreases ,  an d C R amplitud e increases .  Maxima l 

respons e amplitud e (C R peak )  i s locate d a t  th e tim e o f  th e U S 

occurrence .  Contex t  associabil it y  decrease s an d C S 

associabil i t y  increase s ove r  tr ials .  Simulatio n result s 

agre e wit h dat a o n dela y condit ionin g (se e Gormezano ,  e t  a l . , 
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RESPONSES 

208 

n 

m n 

1 8 ^ w i c 

J — A —L 

^ 

,«LfHII: l 

miilL S 

Figur e 1 .  Dela y conditioning .  A  :  CS(A) .  X  :  Context . 

Lef t  Panels :  N M respons e topograph y i n 1 0 reinforce d tr ials . 

Upper-Righ t  Panels :  Ne t  associativ e value s (VT )  a t  th e en d 

of  eac h trial ,  a s a  functio n o f  tr ials .  Lower-Righ t  Pcmels : 

Associabilit y  (ALPHA )  a t  35 0 msec ,  a s a  functio n o f  tr ials . 
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HISPONSES 

B -

( A + B ) " a 
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F i g u r e 2 .  C o n d i t i o n e d I nh ib i t i on .  A  :  C S ( A ) .  B  :  C S ( B ) . 

X :  C o n t e x t .  Le f t  P a n e l s :  N M r e s p o n s e t o p o g r a p h y i n A + , 

( A + B ) - ,  A - ,  an d B - t r i a l s ,  a f t e r  1 0 a l t e r n a t e d A + an d ( A + B ) -

t r i a l s .  U p p e r - R i g h t  P a n e l s :  Ne t  a s s o c i a t i v e v a l u e s (VT )  a t 

t h e en d o f  e a c h t r i a l ,  a s a  f u n c t i o n o f  t r i a l s .  Lower -R igh t 

P a n e l s :  A s s o c i a b i l i t y  (ALPHA )  a t  35 0 m s e c ,  a s a  f u n c t i o n o f 

t r i a l s . 
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1983 ) 

Conditione d Inhibition .  Figur e 2  show s simulation s o f  a 

conditione d inhibitio n paradigm .  Durin g conditione d 

inhibitio n tw o type s o f  trial s wer e alternated :  reinforce d 

trial s consiste d o f  a  singl e reinforce d C S (A) ,  an d 

nonreinforce d trial s consiste d o f  a  compoun d C S ( A an d B ) . 

Stimulu s B  wa s th e conditione d inhibitor .  Afte r  1 0 simulate d 

tr ials ,  th e C R elicite d b y A  an d B  togethe r  wa s smalle r  tha n 

tha t  elicite d whe n A  wa s presente d alon e becaus e B  ha s 

acquire d inhibitor y associativ e value .  Associabil it ie s o f 

bot h CS s increase d an d contex t  associabilit y  decrease d ove r 

trials .  Simulatio n result s agre e wit h dat a o n conditione d 

inhibitio n reporte d b y Marchant ,  Miss ,  an d Moor e (1972) . 

Blocking .  Figur e 3  show s simulation s o f  a  blockin g 

paradigm .  Experimental s receive d 5  trial s wit h on e C S 

(blocker )  paire d wit h th e U S followe d b y 5  trial s wit h th e 

Seune C S an d a  secon d (blocke d CS )  paire d wit h th e US . 

Control s receive d 5  two-C S trial s i n whic h bot h CS s wer e 

presente d togethe r  an d paire d wit h th e US .  Control s wer e 

subjec t  t o mutua l  overshadowin g betwee n th e tw o componen t 

CSs.  Th e networ k showe d simulate d blockin g becaus e C R fo r 

th e designate d blocke d C S wa s smalle r  tha n C R fo r  th e blocke r 

CS,  bot h afte r  5  trainin g trials .  Th e result s agre e wit h 

blockin g dat a i n th e rabbi t  N M respons e preparatio n a s 

reporte d b y Marchan t  an d Moor e (1973) . 

Sensor y preconditioning .  Figur e 4  show s simulation s o f  a 

sensor y preconditionin g paradigm .  I n th e firs t  phase ,  5 

nonreinforce d trial s wit h a  compoun d CS( A an d B ) .  Durin g th e 

secon d phase ,  on e o f  th e nonreinforce d CS s (A )  wa s reinforce d 

fo r  5  trials .  A  tes t  tria l  assesse d th e C R t o CS(B )  neve r 

paire d wit h th e US .  Simulation s showe d tha t  contex t 

associabilit y  decrease s durin g preconditioning .  I n th e 
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nii: i 

m m c 

,4LFHA: 1 

TRIALS 

F i g u r e 3 .  B l o c k i n g .  A  :  C S ( A ) .  B  :  C S ( B ) .  X  :  C o n t e x t . 

L e f t  P a n e l s :  N M r e s p o n s e t o p o g r a p h y i n A -  an d B -  t es t  t r i a l s , 

a f t e r  5  C S ( A )  r e i n f o r c e d t r i a l s an d 5  C S ( A )  an d C S ( B ) 

r e i n f o r c e d t r i a l s .  U p p e r - R i g h t  P a n e l s :  N e t  a s s o c i a t i v e 

v a l u e s (VT )  a t  t h e e n d o f  e a c h t r i a l ,  a s a  f u n c t i o n o f 

t r i a l s .  L o w e r - R i g h t  P a n e l s :  A s s o c i a b i l i t y  (ALPHA )  a t  35 0 

m s e c ,  a s a  f u n c t i o n o f  t r i a l s . 
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nii: i 

X " B 
I  I  I I  I '  I  I  I I I  i l 

^LPHA: 1 

^ H S I C 
H I  I  I  I 

T M AU 

F igu r e 4 .  Senso r y p recond i t i on ing .  A  :  C S ( A ) .  B  :  C S ( B ) . 

X :  Con tex t .  Le f t  P a n e l s :  N M respons e t opog raph y i n A + an d 

B - t r i a l s ,  a f t e r  5  C S ( A )  an d C S ( B )  non re in fo r ce d t r i a l s an d 5 

CS(A )  re in fo rce d t r i a l s .  Uppe r -R igh t  P a n e l s :  Ne t  a s s o c i a t i v e 

va lue s (VT )  a t  t h e en d o f  e a c h t r i a l ,  a s a  f unc t i o n o f 

t r i a l s .  Lower -R igh t  P a n e l s :  A s s o c i a b i l i t y  (ALPHA )  a t  35 0 

m s e c ,  a s a  f unc t i o n o f  t r i a l s . 
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nonreinforce d tes t  tr ia l  CS(B )  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 associativ e value .  CS(B )  generate d a  CR. 

Simulat io n result s ar e i n agreemen t  wi t h dat a reporte d 

by Por t  an d Patterso n (1984) . 

DISCUSSION 

The presen t  pape r  il lustrate s ho w th e M-S- S network ,  a 

second-orde r  attentional-associativ e architecture ,  describe s 

severa l  classica l  condit ionin g paradigm s i n real-t ime .  Th e 

networ k incorporate s performanc e rule s tha t  conver t  ne t 

associativ e value s int o strengt h an d timin g o f  th e rabbit' s 

NM response . 
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