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A B S T R A CT 

The Sutton-Barto (SB) model of learning is based on a neuron-like adaptive element. The 
model  ha s computationa l  feature s suitabl e fo r  describin s a  variet y o f  classica l  conditionin g phe * 

nomena,  includin g blocking ,  conditione d inhibition ,  an d higher-orde r  conditioning .  However , 

i t  presentl y doe s no t  describ e within-tria l  phenomen a relate d t o conditione d respons e (CR ) 

topography .  W e her e describ e i n detai l  a n extensio n o f  th e S B element ,  referre d t o a s th e 

Sutton-Barto-Desmon d (SBD )  model ,  whic h i s capabl e o f  simulatin g topograph y o f  th e con -

ditione d nictitatin g membran e respons e ( N M R )  o f  th e rabbit .  Th e S B D mode l  place s certai n 

constraint s o n th e S B modeP s parameter s an d make s som e additona l  assumption s abou t  th e 

for m o f  input s t o th e element .  Th e mode l  describe s (1 )  th e graduall y increasin g amplitud e o f 

th e C R withi n a  tria l  wit h th e pea k amplitud e a t  th e tempora l  locu s o f  th e US ,  (2 )  th e decreas e 

i n C R onse t  latenc y ove r  training ,  an d (3 )  appropriat e interstimulu s interva l  (ISI )  functions , 

wit h optima l  learnin g occurrin g wit h a n IS I  o f  .2 5 seconds .  I n addition ,  th e mode l  lend s it -

sel f  t o description s o f  neurona l  firing  relate d t o th e CR .  W e believ e th e S B D mode l  ma y hav e 

implication s fo r  neurobiologica l  studie s o f  learnin g an d memory . 

INTRODUCTION 

Several extensions of the original Sutton and Barto (SB) model of connectionistic learning (Sut-

to n k  Barto,1981 ;  Bart o k  Sutton ,  1982 )  hav e bee n introduce d i n recen t  years .  Thes e connectionisti c 

model s hav e prove n capabl e o f  supportin g a  wid e variet y o f  complicate d learnin g contro l  problems , 

providin g plausibl e architecture s fo r  distribute d processin g i n adaptiv e networks . 

Th e succes s o f  th e S B mode l  an d it s extension s i s apparen t  no t  onl y i n th e operatio n o f  adaptiv e 

networks ,  bu t  als o a t  th e leve l  o f  singl e elements .  Th e origina l  S B mode l  wa s describe d i n term s 

of  single-neuron-lik e adaptiv e elemen t  operatin g unde r  a  learnin g rul e similia r  t o tha t  propose d 

by Rescorl a an d Wagne r  (1972) ,  an d wa s show n t o b e capabl e o f  simulatin g man y feature s o f 

classica l  conditioning ,  particularl y o f  th e rabbi t  nictitatin g membran e respons e ( N M R ) .  A m o n g 

thes e feature s wer e th e anticipator y natur e o f  th e conditione d respons e ( C R ) ,  acqtiisitio n an d 

extinction ,  blocking,higher-orde r  conditioning ,  an d interstimulu s interva l  (ISI )  effect s upo n trac e 

conditionin g o f  th e rabbi t  N M R. 

Fig. l  illustrate s th e origina l  S B neuron-lik e adaptiv e element .  Not e tha t  th e U S i n th e origina l 

model  i s signalle d b y a  pathwa y o f  a  fixed  efficacy ,  denote d A .  Input s fo r  eac h conditione d stimulu s 

(OS)  var y i n transmissio n efficac y accordin g t o th e strengt h o f  a  learne d connectio n fo r  eac h O S ,  th e 

synapti c weigh t  Vcs -  T w o memor y processe s contribut e t o change s i n synapti c weight :  * ,  whic h 
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x i = C S i 

X2=CS2 

^ n - C S n 

Xo= U C S 

¥ U C R an d C R 

Figur *  1 :  Th e origina l  Sutto n an d Bart o neuron-lik e adaptiv e element .  Inpu t  pathwa y z, -  ha s 

traiumiMio n efficac y Vc s correspondin g t o th e associativ e strengt h o f  CS,- .  Th e U S (labele d 

UCS)  i s signalle d vi a a  pathwa y o f  fixed  efficac y A .  Elemen t  outpu t  contribute s t o th e U R 

(labele d U C R)  prio r  t o conditionin g an d t o bot h th e G R an d th e U R afte r  conditioning . 

(fro m Bart o an d Sutton ,  1982) . 

determine s th e exten t  t o whic h a  give n synaps e i s eligibl e fo r  modification ,  an d I ,  a  trac e whic h 

represent s th e memor y o f  th e element' s outpu t  i n th e precedin g timestep .  Th e singl e outpu t  o f 

th e elemen t  i s compute d a s th e weighte d su m o f  al l  inputs .  I n th e sens e tha t  th e elemen t  receive s 

severa l  inputs ,  bu t  transmit s onl y on e output ,  th e S B elemen t  ca n b e conceptualize d a s a  'classic * 

neuron . 

One o f  th e researc h objective s o f  thi s laborator y i s t o examin e th e validit y o f  sbgle-neuro n 

Bchemas o f  classica l  conditionin g o f  th e rabbi t  N M R.  T o tha t  en d w e hav e take n a  varie y o f  ap -

proaches :  electrophysiological ,  anatomica l  an d behaviora l  amon g them .  Ou r  interes t  i n th e S B 

neuron-lik e adaptiv e elemen t  i s th e generatio n an d developmen t  o f  a  varian t  whic h simulate s th e 

topograph y o f  th e N M C R a s i t  appear s i n rea l  rabbit s i n rea l  time .  Th e N M R i s th e sweepin g 

of  th e nictitatin g membran e ove r  th e surfac e o f  th e eyeball ;  i t  i s  a  protectiv e respons e tha t  i s 

a passiv e consequenc e o f  th e retractio n o f  th e eyebal l  int o th e orbi t  b y th e retracto r  bulb i  an d 

extraocula r  muscles .  Thi s respons e ha s bee n studie d within-trial s an d ove r  trial s i n bot h singl e 

and multiplexe s protocols ,  thu s offerin g a n extensiv e databas e fo r  th e assessmen t  o f  an y mode l 

(Gormeiano ,  Keho e k  Marshall ,  1983) .  Recently ,  w e demonstrate d tha t  th e algorith m subserv -

in g th e origina l  S B element ,  thoug h silen t  wit h respec t  t o th e generatio n o f  C R topographies , 

can b e extende d t o th e simulatio n o f  th e neurophysiologica l  an d behaviora l  feature s o f  th e rabbi t 

NMR,  predictin g th e ontogen y o f  th e conditione d respons e (CR )  ove r  trial s a s wel l  a s withi n trial s 

(Moore,Desmond,Berthier,Blazis,Sutto n k  Barto,1985 ;  Moore ,  Desmond ,  Berthier ,  Blazis,Sutto n k 

Barto,i n press) . 

The C R topograph y characteristic s tha t  w e sough t  t o mode l  include d (1 )  gradually-increasin g 

neurona l  firing  withi n a  tria l  wic h attainmen t  o f  pea k C R amplitud e a t  th e tempora l  locu s o f  th e 

US;  (2 )  a  decreas e i n C R onse t  latenc y ove r  training ;  an d (3 )  a n appropriat e IS I  function ,  wit h 

optima l  conditione d strengt h accruin g a t  a n IS I  o f  25 0 millisecond s (ms) .  I n orde r  t o produc e thes e 

real-tim e phenomena ,  additiona l  assiimption s an d constraint s upo n th e variable s o f  th e origina l 
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SB model became necessary. We modified the SB element to yield appropriate topography in a 

8ingle>C S forward>dela y trainin g paradig m i n real-time .  Th e questio n the n becam e whethe r  th e 

model  coul d retai n th e succes s o f  th e origina l  model' s prediction s i n th e domai n o f  multiple-C S 

conditionin g withou t  furthe r  modificatio n o f  th e parameters . 

Thi s repor t  wil l  presen t  th e equation s an d assumption s o f  th e constraine d S B element ,  referre d 

t o a s th e Sutton-Barto-Desmon d (SBD )  model .  W e wil l  sho w tha t  th e S B D elemen t  extend s th e 

SB mode l  int o rea l  tim e whil e retainin g th e prediction s o f  th e S B elemen t  i n multiple-C S domains . 

THE MODEL: ASSUMPTIONS, EQUATIONS AND CONSTRAINTS 

We begin our discussion of the SBD model by addressing the assumptions we have made about 

conditioning ,  statin g th e equation s whic h mak e u p th e model ,  an d justifyin g th e constraint s w e 

place d upo n th e rule s o f  th e origina l  S B model . 

An assumptio n fundamenta l  t o th e S B D mode l  i s  tha t  computation s affectin g synapti c weight s 

occu r  before ,  during ,  an d afte r  th e US .  Th e origina l  S B elemen t  assume d a  30 0 m s US ,  a  diiratio n 

sufficien t  t o complet e al l  computation s withi n a  tria l  befor e U S offset .  I n rabbi t  N M conditioning , 

a mor e realisti c U S duratio n i s 5 0 ms ;  unde r  th e condition s o f  th e origina l  model ,  a  5 0 m s U S 

does no t  allo w sufficien t  tim e fo r  2 ,  th e eligibilit y  trace ,  t o retur n t o zero .  Implementin g post-U S 

computation s int o th e S B mode l  require d constrainin g th e deca y o f  variou s trace s an d includin g a 

mechanis m whereb y th e effectivenes s o f  th e U S change s ove r  trials .  Thes e change s i n th e mode l 

ar e discusse d mor e full y below . 

Anothe r  assumptio n o f  th e mode l  concerne d th e for m o f  th e C S inpu t  t o th e adaptiv e element . 

Extendin g th e S B elemen t  t o mode l  C R topograph y wa s accomplishe d i n par t  b y treatin g th e C S 

input ,  designate d a s x  i n th e model ,  a s a  continuou s function .  I n th e origina l  mode l  x  wa s a  ste p 

functio n equa l  t o 1  a t  C S onse t  an d 0  a t  C S offset .  Althoug h a  ste p functio n define s th e onse t  an d 

offse t  o f  th e externa l  stimulus ,  i t  doe s no t  allo w th e S B mode l  t o predic t  rabbi t  N M R topography . 

For  th e purpose s o f  th e adaptiv e element ,  w e assume d tha t  th e fimction s describin g x  mimi c th e 

behaviora l  CR .  Thus ,  whil e th e C S i s on ,  x  i s  shape d b y a  functio n whic h begin s t o rise  graduall y 

i n a n S-shape d fashio n soo n afte r  C S onset ,  eventuall y maximizin g a t  th e tempora l  locu s o f  th e 

unconditione d stimulu s (US) .  Assumin g tha t  (i s  a  timeste p representin g 1 0 m s o f  rea l  time : 

x,(0 s [aretan{mt + b)+ 90]/(180 * h)) (1) 

for time ( s 1 to CS offset. We selected the arctangent function because it is sigmoidal in shape and 

becaus e i t  i s  a  convenien t  on e t o implemen t  i n F O R T R AN programming .  Th e x-shapin g parameter s 

m,  6 ,  an d h  ar e specifie d a s inpu t  variable s wit h curren t  defaul t  value s equa l  t o 0.35,-12. 5 an d 1.0 , 

respectively .  Simulatio n experiment s involvin g systemati c variation s o f  th e x-shapin g parameter s 

reveale d tha t  th e mode l  i s ver y sensitiv e t o thei r  values ;  th e defaul t  value s represen t  thos e whic h 

yiel d th e bes t  topograph y fo r  th e 25 0 m s CS . 

The secon d functio n mimic s th e deca y o f  th e C R i n post-U S timebins .  I t  i s  implemente d a t  C S 

offset ,  decay s geometricall y an d i s compute d b y multiplyin g successiv e value s o f  x  b y a  scalar : 

x.(« + l) = k{xi{t)) (2) 

*  =  0.85 . 
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Equations 1 and 2 specify, then, that the value of the input trace to the adaptive element begins to 

rise  7 0 m s afte r  C S onse t  a t  th e periphery. a latenc y justifie d b y report s indicatin g tha t  th e minima l 

conditionabl e IS I  fo r  rabbit s  i s 7 0 m s (Salafia ,  Lambert ,  Host ,  Chiai a k  Ramirez ,  1980) .  Th e inpu t 

trac e asymptoticall y reache s th e valu e o f  on e an d decay s t o zer o followin g C S offset . 

The outpu t  o f  th e S B D elemen t  s(f) ,  i s define d as : 

-(0 = t,nt)xi{t)+m (3) 

0.0 < »< 1.0 

wher e X'{t )  s  0  prio r  t o th e occurrenc e o f  th e US .  Durin g U S presentation ,  A'(t )  i s  calculate d a s 

follows : 
rA-Vi(t) ,  i fO<V- (0<A ; 

V ( t ) = { 0 ,  ifV;(0>A ;  (4 ) 

U ,  ifv;(0<o . 

wher e Vm»m =  th e larges t  startin g weigh t  fo r  al l  CS s presen t  o n a  give n trial ,  an d A  =  a  constan t 

tha t  reflect s U S intensity . 

Following the US, A' is decremented : 

A'(t + 1) = 0.9 • A'(t) (5) 

The computation of A'(() in equation (4) assumes that the contribution of the US to the element's 

outpu t  decrease s a s C S synapti c strengt h increases .  I n addition ,  A '  allow s th e elemen t  t o predic t 

diminutio n o f  th e U R a s conditionin g progresses ,  a  phenomeno n previousl y observe d i n rabbit s b y 

Donegan (1981) .  Equatio n (5 )  reflect s th e assumptio n tha t  th e U S inpu t  t o th e elemen t  i s no t  equa l 

t o zer o a t  U S offse t  bu t  instead ,  decay s progressively ,  thereb y influencin g post-U S decrement s i n 

V. 

I n th e presen t  implementation ,  C R topograph y i s define d b y th e slidin g arithmeti c mea n o f  th e 

value s o f  th e curren t  outpu t  s  an d tha t  o f  th e tw o precedin g timesteps .  Thi s wa s don e t o smoot h th e 

transitio n fro m C R t o UR .  W e furthe r  assum e tha t  th e outpu t  o f  th e elemen t  i s bounde d betwee n 

0. 1 an d 1.0 .  A  negativ e »  wa s deeme d inappropriat e fo r  modellin g N M R topograph y sinc e a  negativ e 

outpu t  implie s N M retractio n an d exopthalmus ,  CR-opposin g response s whic h ar e generall y no t 

observe d i n th e rabbi t  N M R.  Th e valu e o f  0. 1 reflect s a  threshol d betwee n th e S B D element' s 

outpu t  an d th e motoneuron s whic h generat e th e peripherall y observe d response .  Th e uppe r  limi t 

of  1. 0 i s derive d fro m evidenc e indicatin g a n uppe r  limi t  fo r  th e amplitud e o f  th e behaviora l  N M R. 

Boundin g »  i n thi s wa y als o facilitate s th e computation s relatm g «  t o neurona l  firing  rate s o f  1 0 t o 

100 Hert z neede d fo r  peristimulus -  tim e histogram s whic h cumulat e neurona l  firing  ove r  trial s i n 

th e simulations . 

Thus ,  equatio n (3 )  indicate s tha t  th e outpu t  o f  th e elemen t  a t  an y give n tim e t  i s equa l  t o th e 

weighte d su m o f  it s inputs .  I n a  single-C S forward-dela y paradigm ,  th e outpu t  prio r  t o th e U S i s 

identica l  i n for m t o th e input ,  x ,  an d th e magnitud e o f  th e outpu t  i s proportiona l  t o th e synapti c 

weight . 

The equatio n whic h dictate s change s i n synapti c weigh t  (associativ e strength )  i s retaine d fro m 

th e origina l  S B model .  Synapti c weight s ca n b e positive ,  negativ e o r  zero ,  whic h w e interpre t  a s 
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corresponding to excitatory, inhibitory or neutral inputs, respectively. V{((),the synaptic weight of 

th e it h conditione d stimulus ,  i s  modifie d a s follows : 

Vi{t + l) = Vi(t) + c[s(t)-i{t)]li(t) (6) 

where e is a learning rate parameter equal to 0.15, « b the element's output, and i is the element's 

predictio n o f  it s  outpu t  base d o n it s prio r  activity : 

*(« + !) = )JW0 + (l-m01 (7) 

^  =  0. 6 

Note that the values of the learning rate parameter e, and of )9 in Equation 5 exert important 

influence s upo n th e abilit y  o f  th e S B D mode l  t o accuratel y portra y rabbi t  N M conditioning .  Fo r 

example ,  e  ca n decreas e o r  haste n th e rat e o f  learnin g an d affec t  C R topography ,  althoug h asymp -

toti c synapti c weight s ar e no t  affected . 

Variabl e 2  i s a  C S duration-dependen t  stimulu s trac e whic h define s th e exten t  t o whic h a  give n 

synaps e o r  connectio n i s eligibl e fo r  modification .  I n SBD ,  unlik e SB ,  th e eligibilit y  trac e mirror s 

and lag s 3 0 m s behin d th e inpu t  trace . 

«(«+l) = :r.(«-2) (8) 

during the time that the CS is on. When the CS is off, 

«.(<-l-l) = «**.(0 (9) 

where S»e~*^^,d » CS duration in timesteps; d > 25. These computations define a period of 

eligibilit y  whic h begin s som e tim e afte r  C S onse t  an d persist s beyon d C S offset . 

The goa l  o f  simulatin g appropriat e IS !  function s wa s accomplishe d i n par t  throug h ou r  spec -

ificatio n o f  th e deca y o f  2 .  Not e tha t  6  become s large r  fo r  relativel y longe r  CSs ,  thu s slowb g 

th e deca y o f  S  an d allowin g greate r  opportunit y fo r  decrement s i n V  followin g C S offset .  Thu s 

asymptoti c synapti c weight s ar e lowe r  fo r  CS s o f  relativel y lon g duration . 

As mentione d above ,  on e goa l  i n th e developmen t  o f  th e S B D mode l  wa s t o exten d th e S B 

model  t o encompas s th e simulatio n o f  neurona l  firing.  Th e curren t  implementatio n o f  th e SB D 

model  lend s itsel f  readil y t o th e computatio n o f  neurona l  firing  o n singl e trial s an d accumulatio n 

of  spike s ove r  trial s t o for m peristimulus-tim e histogram s (PSTHs) .  Spac e limitation s preclud e 

a complet e descriptio n o f  thi s portio n o f  th e model ;  se e Moor e e t  a l  (i n press )  fo r  details .  A n 

exampl e o f  neurona l  firing  i s show n i n Fig .  2 ,  whic h show s a  P S T H o f  neurona l  firing  t o a  25 0 m s 

CS followe d immediatel y b y 3 0 m s U S afte r  5 0 trials . 

PREDICTIONS OF THE SBD MODEL 

We have examined the behavior of the model at many levels: within- trials and over trials in 

singl e an d multiple-C S conditioning .  Wha t  follow s i s a  biie f  accoun t  o f  ou r  findings,  beginnin g 

wit h topograph y fo r  single-C S conditionin g an d interstimulus -  interva l  functions ,  an d progressin g 

t o multiple-C S procedures . 
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sit l 

—I  h -
cs u s cs u s 

Figur e 2 :  Simulate d C R / U R comple x an d a  P S T H fo r  single-C S forward -  dela y trainin g 

wit h a  250-m 8 C S terminatin g simultaneousl y wit h th e onse t  o f  a  30-m 8 U S afte r  5 0 trials . 

A -  0.9 ,  e  a  0.15 . 

N MR Topograph y 

The default values for the parameters shaping the input trace x (m= 0.35, 6= -12.5 and h =1.0) 

allo w th e mode l  t o appropriatel y simulat e man y topographica l  feature s characteristi c o f  th e rabbi t 

N M R.  One ,  mentione d earlier ,  i s  a  decreas e i n th e latenc y o f  th e onse t  o f  th e C R a s conditionin g 

proceeds .  Th e amplitud e o f  th e G R increase s ove r  training ,  wit h maxima l  amplitud e occurrin g a t 

or  nea r  th e tempora l  locu s o f  th e US .  I n addition ,  th e amplitud e o f  th e U R decrease s ove r  training , 

a phenomeno n show n i n rea l  rabbit s b y Donega n (1981) .  Durin g simulate d extinctio n trials ,  th e 

model  produce s th e increas e i n th e latenc y o f  C R onse t  an d th e dimmutio n o f  th e C R amplitud e 

seen i n th e laboratory . 

Thoug h th e curren t  versio n o f  th e S B D credibl y simulate s man y aspect s o f  N M R topograph y 

at  optima l  ISIs ,  ther e ar e othe r  feature s o f  rabbi t  nicitatin g membran e conditionin g whic h th e 

model  doe s no t  portra y successfully .  Fo r  example ,  i n protocol s involvin g ver y lon g C S durations , 

rabbi t  N M CR s begi n t o rise  abou t  halfwa y throug h th e IS !  (Smith ,  1968) .  However ,  th e curren t 

specificatio n o f  th e inpu t  trac e allow s th e N M R t o begi n fa r  earlie r  tha n that .  Wha t  th e mode l 

needs ,  then ,  i s a  mechanis m specifyin g wha t  Pavlo v referre d t o a s 'inhibitio n o f  delay' . 

Preliminar y simulatio n experiment s involvin g systemati c variatio n o f  parameter s whic h shap e 

X mdicat e inhibitio n o f  dela y ca n b e buil t  int o th e mode l  b y allowin g m ,  th e paramete r  whic h 

determine s th e rise  tim e o f  z ,  t o increas e ove r  conditionin g i n a n s-shape d fimctio n whic h i s  de -

termine d partl y b y th e IS I  an d partl y b y th e numbe r  o f  trials ,  m i s allowe d t o maximiz e a t  .35 , 

th e defaul t  valu e o f  th e curren t  implementation ,  an d a  prerequisit e fo r  prope r  asymptoti c behavio r 

and topography .  Sinc e m i s recompute d a t  ever y trial ,  z  i s als o compute d a t  ever y trial .  Not e 

tha t  X  i n th e curren t  versio n o f  th e S B D mode l  i s compute d onl y once .  Th e ide a i s tha t  th e inpu t 

t o th e elemen t  i s no t  a  stati c entity ,  bu t  rathe r  on e whic h varie s i n it s efficienc y zurcordin g t o th e 

optimalit y o f  th e IS I  an d th e amoun t  o f  exposur e t o th e C S tha t  th e elemen t  ha s received . 

Changin g th e qualit y o f  th e inpu t  trac e ove r  th e cours e o f  trainin g provide s a  theoretica l  frame -

work fo r  generatin g appropriat e topograph y durin g trac e conditioning .  Lik e it s paren t  model ,  th e 
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SBD model predicts trace conditioning. The model extends SB by predicting that trace condition* 

in g yield s les s conditionin g tha n forward*dela y fo r  th e sam e ISI .  Thes e prediction s ar e born e ou t 

i n rea l  N M R conditioning .  However ,  th e CR s o f  rea l  rabbit s occu r  i n th e trac e interva l  precedin g 

th e US ,  whil e th e S B D mode l  predict s tha t  CR s occu r  durin g th e CS . 

Producin g CR s i n th e trac e interva l  rathe r  tha n durin g th e C S migh t  b e achieve d b y alterin g 

assumption s regardin g th e onse t  an d timecours e o f  x .  First ,  w e ca n assum e tha t  th e offse t  o f  x 

i s simpl y extende d beyon d th e offse t  o f  th e nomina l  CS ,  an d tha t  th e deca y rate s o f  x  an d 2  ar e 

prolonge d fo r  trac e conditioning .  However ,  simpl y extendin g x  i s insufficien t  becaus e CR s woul d 

stil l  rise  rathe r  earl y durin g th e nomina l  CS ,  an d shor t  CS s woul d probabl y no t  yiel d conditionin g 

eve n whe n th e IS I  i s optima l  b y empirica l  standsuxls .  Anothe r  approac h i s t o bas e th e computatio n 

of  X  no t  upo n th e nomina l  C S duration ,  bu t  upo n th e ISI ,  a  tacti c no t  take n i n th e presen t 

F O R T R AN implementatio n o f  th e S B D model .  Suc h a n approac h i s supporte d b y a n earl y stud y 

i n rabbi t  N M R trac e conditioning ,  wherei n a  5 0 m s C S wa s presente d a t  ISI s rangin g fro m 0  t o 4 

second s (Smith ,  1968) ;  th e presen t  versio n o f  S B D woul d no t  eve n begi n t o sho w conditionin g unti l 

th e nomina l  C S duratio n exceed s 7 0 ms . 

Testin g o f  a n experimenta l  progra m basin g th e computatio n o f  a  dynami c x  upo n th e tru e 

IS I  (C S onse t  t o U S onset )  i s  no w underway .  Preliminar y resdt s mdicat e tha t  i t  ma y indee d b e 

possibl e t o simulat e CR s whic h occu r  durin g th e trac e interval .  However ,  definin g x  base d upo n IS I 

naturall y yield s th e sam e topographie s an d asymptoti c weight s fo r  bot h forward-dela y an d trac e 

protocols ,  contrar y t o th e laborator y evidence .  Furthermore ,  thi s implementatio n doe s no t  accoim t 

fo r  evidenc e mdicatin g tha t  th e offse t  o f  th e nomina l  C S an d th e onse t  o f  th e U S se t  u p a  tempora l 

CS fo r  th e anima l  (Li u an d Moore ,  1969) .  Thi s finding  suggest s tha t  x  ough t  t o b e generate d 

durin g th e trac e interval .  Wha t  kin d o f  x  woiil d a  trac e interva l  produce ? Ca n w e assum e tha t 

th e trac e interva l  x  i s o f  a  differen t  characte r  fro m tha t  generate d b y a  "real *  CS ? Lastly ,  ho w 

and whe n durin g conditionin g woul d th e elemen t  com e t o regar d th e trac e interva l  a s th e tru e CS ? 

Futur e simulatio n experiment s wil l  addres s thes e questions . 

As th e precedin g comment s indicate ,  ther e ar e area s wher e th e abilit y  o f  th e mode l  t o provid e 

an accurat e descriptio n o f  C R topograph y i s incomplete .  However ,  w e ar e encourage d no t  onl y b y 

ho w easil y change s i n x  ca n accoun t  fo r  thes e proble m areas ,  bu t  als o b y ho w thes e change s i n x 

sugges t  t o u s wha t  th e actua l  "CS "  ca n becom e fo r  a n animal . 

Interttimulus Interval (ISI) Function* 

As we have shown, the present implementation of the SBD model can, with a few exceptions, 

generat e reasonabl e description s o f  within-tria l  events .  Give n thi s ability ,  ho w doe s th e mode l 

far e i n it s descriptio n o f  event s whic h occu r  ove r  trial s i n a  numbe r  o f  paradigms ? Th e simples t 

startin g plac e i s th e examinatio n o f  th e relativ e synapti c weight s a t  asymptot e fo r  CS s o f  a  variet y 

of  durations ,  th e IS I  function .  Th e rabbi t  N M R literatur e describe s th e IS I  functio n a s a n inverte d 

U-shape d functio n wit h pea k conditionin g occurin g t o CS s o f  25 0 m s duratio n (Gormezano ,  Keho e 

and Marshall,1983) .  A s Fig .  3  shows ,  th e defaul t  value s o f  th e S B D mode l  produc e IS I  function s 

fo r  acquisitio n o f  forward-dela y an d trac e conditionin g whic h ar e generall y consisten t  wit h th e 

literature ,  wit h th e exceptio n o f  th e predictio n o f  negativ e weight s fo r  CS s o f  10 0 m s duration . 

Extinctio n (no t  shown )  als o proceed s i n appropriat e fashion ,  wit h mor e optima l  CS s extinguishin g 

more slowly . 
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Figur e S :  Synapti c weight s afte r  5 0 trial s fo r  C S - U S interval s rangin g fro m 10 0 t o 200 0 m s 

fo r  forward-dela y conditionin g an d trace-conditionin g protocols . 

Conditioned Inhibition 

The SBD model satisfactorily simulates Pavlovian conditioned inhibition (CI), a fairly difficult 

multiple-O S discriminatio n paradigm .  A  simulatio n o f  th e C I  paradig m i s presente d i n Fig .  4 .  I n 

CI ,  tw o tria l  type s ar e presente d i n a  pseudorando m sequence :  th e first  tria l  typ e consist s o f  CS i 

presente d wit h a  US ;  an d th e secon d consist s o f  a  compoxin d o f  CSian d CS 2 presente d withou t 

th e US .  Fig .  4  show s tha t  th e synapti c weigh t  fo r  CS i  become s positive ,  whil e tha t  fo r  CS 2 

becomes negative .  Negativ e weight s ar e interprete d a s a n indicatio n o f  conditione d inhibition .  T h e 

S BD mode l  no t  onl y predict s CI ,  i t  als o generate s salien t  feature s o f  th e paradig m includin g th e 

extende d numbe r  o f  trial s require d fo r  asymptoti c performanc e an d th e initia l  slightl y excitator y 

characte r  o f  th e unreinforce d compound .  A n unusua l  an d unteste d predictio n o f  th e S B mode l  i s 

tha t  th e conditione d inhibito r  wil l  becom e excitator y i f  i t  precede s th e conditione d excito r  i n th e 

non-reinforce d compoun d presentations . 

As w e mentione d earlier ,  th e origina l  Sutton-Bart o learnin g rul e i s similia r  t o th e Rescorla -

Wagner  mode l  o f  associativ e leammg .  O n e o f  th e weaknesse s o f  bot h th e S B an d R W model s i s 

th e predictio n tha t  a  conditione d inhibito r  wil l  extingub h i f  presente d alone ,  a  predictio n tha t  ha s 

not  bee n verifie d empirically .  T h e S B D mode l  predict s tha t  a  conditione d inhibito r  presente d alon e 

wil l  retai n it s inhibitor y characte r  an d i n thi s respec t  *th e mode l  emulate s th e empirica l  evidence . 

Inhibitio n doe s no t  extinguis h i n th e S B D mode l  becaus e th e outpu t  o f  th e element ,  « ,  i s  neve r  les s 

tha n zero .  Consequently ,  th e ter m ( « -  i )  i n Equatio n 1  b  als o equa l  t o zer o an d n o change s i n V 

fo r  tha t  inhibitor y C S ca n occu r  i n th e absenc e o f  a  US . 
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Figur e 4 :  Synapti c weight s (V i  an d Vz )  fo r  CS i  an d CS j  fo r  a  simulate d conditione d inhi * 

bitio n paradig m a s a  functio n o f  trials.Se e tex t  fo r  discussion . 

Kamln Blocking 

The model successfully predicts blocking of conditioning by a fully pre-trained CS to a novel 

adde d CS .  Blockin g i s predicte d b y bot h th e R W mode l  an d th e origina l  S B model .  I n Stag e 1 

of  a  blockin g paradigm ,  CSB ,  th e C S whic h wil l  becom e th e blocker ,  i s  presente d wit h a  U S unti l 

an asymptoti c leve l  o f  respondin g i s produced .  I n Stag e 2 ,  C S B i s paire d wit h a n added ,  nove l 

CS,  denote d her e a s CSA .  Th e compoun d o f  CS s A  an d B  i s reinforced .  Th e adde d C S wil l  fai l 

t o conditio n normally ,  a  phenomeno n demonstrate d i n th e N M R preparatio n b y Marchan t  an d 

Moor e (1973) .  Th e S B D mode l  predict s tha t  maxima l  blockin g t o C S A occur s whe n C S B i s full y 

traine d an d whe n bot h CS s ar e presente d simultaneousl y i n Stag e 2 .  Simulation s o f  blockin g wit h 

incompletely-traine d blocker s o r  wit h seria l  presentation s o f  CS s A  an d B  yiel d a  variet y o f  effect s 

to o numerou s t o describ e here .  However ,  on e particularl y interestin g an d nove l  predictio n o f  bot h 

SB an d S B D i s tha t  th e blocke r  wil l  becom e inhibitor y i n Stag e 2  o f  a  blockin g paradig m i f  th e 

adde d C S precede s an d overlap s th e blockin g stimulus . 

Hlgh«r-ord«r conditioning 

The SBD model recapitulates the success of the original model in its treatment of higher-order 

conditioning .  I n Stag e 1  o f  a  higher*orde r  conditionin g task ,  CS i  i s  paire d wit h a  U S an d traine d 

t o a n asymptoti c leve l  o f  responding .  I n th e secon d stage ,  anothe r  CS ,  CS2,i s presented ,  followe d 

by th e fully-traine d CSi .  Eve n thoug h th e usua l  U S i s no t  presented ,  th e purin g o f  CS s 1  an d 

2 result s i n increase d respondin g t o CSj .  I f  refreshe r  presentation s o f  CS i+U S ar e no t  included , 

respondin g t o CS 2 an d eventuall y CS i  fall s  off . 

Othe r  midtiple-C S phenomen a whic h ar e encompasse d b y th e mode l  includ e severa l  imteste d 

prediction s regardin g within-tria l  timin g o f  seria l  compounds .  Discussio n o f  thes e topic s wil l  b e 

th e focu s o f  a  futur e report . 
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CLOSING COMMENTS 

Sutton and Buto (1981) recognized that their model places a heavy computational burden 

on a  tingl e neuron .  However ,  the y identifie d severa l  possibl e cell-physiologica l  mechanism s fo r 

component s o f  th e model ,  includin g th e eligibilit y  trac e an d th e predictio n o f  reinforcement .  Th e 

SBD mode l  place s a n additiona l  burde n o n th e neuron ,  i n particula r  th e computatio n o f  A'(t) , 

whic h reduce s th e effectivenes s o f  th e U S a s associativ e strengt h increases .  Th e justificatio n fo r 

X'{t )  aros e fro m th e assumption s tha t  computation s affectin g synapti c weigh t  occu r  no t  onl y durin g 

th e CS ,  bu t  afte r  th e U S a s well .  Withou t  th e A'(t )  rule ,  synapti c weight s afte r  extensiv e trainin g 

ar e unreasonabl y low .  Furthermore ,  th e A'(( )  rul e enhance s th e model' s performanc e regardin g IS I 

function s an d respons e topography . 

Ther e ar e feature s o f  classica l  conditionin g o f  th e rabbi t  N M R whic h th e curren t  implementatio n 

does no t  address .  Amon g thes e ar e intertria l  interva l  phenomena ,  stimulu s salienc e effects ,  an d 

attentiona l  effects .  Some o f  thes e phenomen a ca n b e easil y encompasse d withi n th e framewor k 

of  th e S B an d S B D models .  Others ,  fo r  instance ,  attentiona l  phenomena ,  coul d b e included ,  bu t 

perhap s a t  som e cos t  i n term s o f  ou r  intuition s abou t  th e shee r  numbe r  o f  computation s tha t  a 

singl e cel l  coul d perform . 

Detaile d description s o f  th e behavio r  o f  th e component s o f  th e S B D mode l  an d o f  th e model' s 

performanc e i n a  variet y o f  simulation s involvin g within-tria l  timin g o f  stimulu s event s ar e no w 

underway .  Indeed ,  th e strengt h o f  th e mode l  lie s i n it s abilit y  t o generat e prediction s regardin g 

within-tria l  event s i n rabbi t  N M R conditioning .  T o th e neurophysiologist ,  suc h prediction s provid e 

hypothese s abou t  th e timin g function s o f  th e nervou s syste m component s involve d i n N M condition -

ing .  Fo r  thos e workin g i n adaptiv e architectures ,  th e model' s successe s an d failure s i n multiple-C S 

domain s lik e compoun d conditionin g ca n sugges t  th e type s o f  computatio n a  singl e elemen t  ca n 

sustai n whe n it s input s ar e assume d t o mode l  desire d output .  Fo r  anima l  learnin g theorists ,  em -

pirica l  verificatio n o f  th e prediction s o f  th e S B D mode l  ca n exten d th e spars e literatur e pertainin g 

t o within-tria l  event s i n rabbi t  N M R conditioning .  Fo r  now ,  w e ar e encourage d b y th e preliminar y 

succes s o f  th e mode l  an d sugges t  tha t  it s  structiire s an d constraint s ma y hav e implication s fo r  th e 

understandin g o f  th e physiolog y o f  learnin g an d memory . 
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