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CONNECTIONISTIC LEARNIN G I N REAL TIME :  SUTTON-BARTO ADAPTIV E 
ELEMENT AN D CLASSICA L CONDITIONIN G O F TH E NICTITATIN G MEMBRANE 
RESPONSE 

J.W. MOORE, J.E. DESMOND. N.E. BERTHIER, D.E.J. BLAZIS, 
R.S .  SUTTON,  AN D A.Q .  BARTO 

Departments o-f Psycholoqy and Computer and Information Science, 
Universit y o f  Massachusetts-AmheriB t 

Sutton and Barto's model o-f connectioni«tic learning by 
a neuron-lik e adaptiv e elemen t  predict s man y aspect s o f 
classica l  conditioning ,  includin g acquisition ,  extinction , 
interstimulu s interva l  effect s i n trac e conditioning , 
overshadowing ,  Kami n blocking ,  an d conditione d inhibitio n 
(Bart o i (  Sutton ,  1932 ? Sutto n 8< Barto ,  1981) .  Th e equation s 
governin g th e learnin g process ,  i.e. ,  th e moment  t o moment 
change s i n th e "synapti c weights "  associate d wit h CSs ,  depen d 
on tw o memor y processes .  Th e firs t  i s  a  loca l  decayin g trac e 
representin g th e after-effec t  o f  inpu t  t o th e elemen t  fro m a 
CS.  Th e secon d i s th e trac e o r  memor y o f  th e element' s outpu t 
durin g th e precedin g computationa l  epoch .  Th e element' s outpu t 
or  respons e i s simpl y th e weighte d su m o f  it s inputs ,  an d th e 
equatio n fo r  modifyin g weight s i s basicall y equivalen t  t o th e 
Rescorla-Waqne r  mode l  o f  associativ e learning .  Th e outpu t 
trac e i s interprete d a s th e element' s predictio n o f  it s 
behavio r  durin g th e curren t  computationa l  epoch . 

Thi s repor t  outline s a n extensio n o f  th e Sutton-Bart o 
model  t o th e classicall y conditione d nictitatin g membran e (NM ) 
respons e o f  th e rabbit ,  a  widel y adopte d "mode l  system "  fo r 
theoretica l  an d neurobiologica l  studie s o f  learnin g an d memory . 
The rabbi t  N M an d relate d ey e blin k respons e offe r  a n extensiv e 
experimenta l  literatur e fo r  assessin g th e performanc e o f  th e 
model  (Gormezano ,  Kehoe ,  S< Marshall ,  1983) .  Ou r  approac h migh t 
be applie d t o othe r  instance s o f  classica l  conditioning ,  bu t 
th e mathematica l  details ,  suc h a s constraint s o n functions , 
constants ,  an d parameters ,  woul d n o doub t  var y fro m on e cas e t o 
th e next . 

Our  studie s o f  th e propertie s o f  th e Sutton-Bart o mode l 
ar e concerne d wit h th e developmen t  o f  variant s o f  th e basi c 
model  capabl e o f  generatin g th e for m o r  topograph y o f 
conditione d response s (CRs )  a s the y unfol d i n rea l  tim e withi n 
trials .  Generatin g C R topograph y necessitate s th e impositio n 
of  constraint s o n th e variable s o f  th e model .  Give n 
constraint s tha t  mode l  C R topograph y fo r  comparativel y simpl e 
protocols ,  suc h a s acquisitio n wit h a  singl e C S i n a  forwar d 
dela y paradigm ,  th e questio n become s whethe r  th e sam e 
constraint s hol d fo r  mor e comple x protocols ,  suc h a s seria l 
compound s conditionin g an d conditione d inhibition ,  i n whic h tw o 
CSs Ar e involved .  I n short ,  ho w vali d ac q th e model' s 
prediction s ove r  a  rang e o f  trainin g paradigms ? 

To appreciat e wh y effort s t o mode l  C R topograph y ar e 
interestin g fro m th e perspectiv e o f  A I  an d neuroscience , 
conside r  th e followin g rationale :  On e begin s wit h th e 
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hypothesi s tha t  a  sinql e adaptiv s olament ,  whic h i s basicall y a 
linea r  devic e wit h multipl e inpu t  line s an d a  singl e grade d 
output ,  i s  capabl e o- f  modelin g al l  o- f  th e characteristic s o- f 
th e syste m unde r  consideration ,  i n thi s cas e th e N M CR.  Th e 
neMt  ste p i s t o selec t  speci-fi c  mathematica l  expression s 
relatin g variable s an d parameter s o f  th e mode l  t o eac h othe r 
and t o time .  Thi s ste p ha s man y earmark s o- f  curv e -fittin g bu t 
wit h th e importan t  di-fferenc e tha t  selecte d function s mus t 
adher e t o th e broade r  constraint s o f  th e model .  Th e thir d ste p 
i s t o determin e th e exten t  t o whic h th e detaile d mode l  ca n 
describ e th e expermenta l  literatur e surroundin g th e syste m 
unde r  scrutin y an d mak e nove l  predictions .  Failure s o f  th e 
model  guid e subsequen t  theoretica l  development .  I n th e domai n 
of  connectionisti c learnin g o f  interes t  t o th e authors ,  thes e 
theoretica l  development s woul d entai l  network s o f  adaptiv e 
elements .  We believ e th e problem s associate d wit h th e 
developmen t  o f  a  comprehensiv e theoretica l  renderin g o f  th e N M 
CR ma y poin t  th e wa y towar d a  bette r  understandin g o f  ho w 
connectionisti c learnin g migh t  b e linke d t o problem s o f 
adaptiv e sensory-moto r  contro l  encountere d b y livin g organism s 
and intelligen t  machines . 

Spac e limitation s preclud e a  descriptio n o f  th e 
mathematica l  detail s o f  th e Sutton-Bart o mode l  tha t  produce d 
th e simulation s presente d i n thi s paper .  Th e constraint s 
impose d o n th e mode l  wer e designe d t o reflec t  th e activit y o f 
singl e neuron s o f  th e brai n ste m wit h firin g pattern s relate d 
t o th e N M C R i n a  forwar d dela y conditionin g paradig m an d wit h 
an interstimulu s interva l  o f  35 0 mse c betwee n th e onse t  o f  th e 
CS an d th e onse t  o f  th e DCS.  Th e followin g ar e som e o f  th e 
consideration s tha t  shape d th e contraint s impose d o n th e 
Sutton-Bart o model : 

^1 .  C R relate d neuron s i n thi s paradig m rarel y hav e 
baselin e firin g rate s lowe r  tha n lO-Hz .  Thei r  maximu m firin g 
rat e rarel y exceed s 13(a-Hz . 

2.  Followin g th e onse t  o f  a  CS ,  spike s Ar e recruite d 
at  a  slo w rate .  Abou t  15 0 mse c afte r  C S onset ,  spik e 
recruitmen t  increase s sharpl y an d continue s t o increas e i n a 
negativel y accelerate d fashio n throughou t  th e remainde r  o f  th e 
interstimulu s interval . 

3.  Onse t  o f  th e UCS result s i n a  rapi d recruitmen t  o f 
spike s t o a  rat e nea r  th e maximu m o f  130-Hz .  Thi s hig h firin g 
rat e persist s unti l  UC S offset ,  afte r  whic h firin g initiate d b y 
th e UCS decline s geometricall y towar d baseline .  Th e 
contributio n o f  th e UCS t o th e neuron' s firin g diminishe s wit h 
CR acquisitio n becaus e th e conditionin g proces s anticipate s th e 
UCS an d therefor e produce s firin g rate s nea r  th e maximum .  Fo r 
thi s reason ,  post-UC S firin g tend s t o declin e wit h learning ,  a n 
observatio n tha t  migh t  b e relate d t o "conditione d diminutio n o f 
th e UCR" . 

4.  Othe r  constraint s concerne d th e change s i n th e 
topograph y o f  th e N M C R ove r  th e cours e o f  acquisitio n an d 
extinctio n trials :  <a )  C R latenc y decrease s progressivel y 
durin g acquisitio n an d increase s durin g extinction .  (b )  C R 
amplitud e increase s progressivel y durin g acquisitio n an d 
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decrease s durin g SKtinction .  Ncverthelems ,  pea k C R amplitud e 
tend s t o coincid e wit h th e onse t  0 + th e UCS. 

5.  Th e fina l  constrain t  concern s th e effec t  o f 
interstimulu s interva l  o n th e efficac y o f  conditioning .  Th e 
model  Ma s require d t o yiel d progressivel y poore r  conditionin g 
unde r  a  dela y conditionin g paradig m wit h interstimulu s 
interval s greate r  tha n th e recognise d optima l  interva l  fo r  th e 
preparatio n o f  250-35 0 msec .  Th e unconstraine d Sutton-Bart o 
model  yield s a n appropriat e interstimulu s interva l  functio n fo r 
trac e conditionin g bu t  no t  fo r  dela y conditioning . 

Modification s o f  th e Sutton-Bart o mode l  tha t  satisf y 
th e abov e constraint s wer e arrive d a t  largel y b y tria l  an d 
error .  Th e full y implemente d mode l  successfull y describe d C R 
topograph y an d it s change s wit h training .  I t  als o lend s itsel f 
t o simulatio n o f  firin g pattern s o f  singl e neuron s wit h 
activit y relate d t o th e CR. 

Figur e l A show s simulate d N M CR/UCRs (vertica l  axis )  a s 
a functio n o f  acquisitio n trial s (obliqu e ax is) .  Notic e tha t 
th e latenc y o f  th e C R decrease s ove r  training .  Pea k C R 
amplitud e increase s ove r  tr ials ,  ye t  remain s jus t  befor e th e 
UCR.  Thi s proces s i s reverse d durin g simulate d extinctio n 
trial s (Fig .  IB ) . 

Figur e 2  summarize s a  simulatio n o f  conditione d 
inhibitio n training .  CS l  i s reinforce d wit h th e UCS,  an d a 
compoun d consistin g o f  CS l  an d CS 2 i s no t  reinforced .  Th e tw o 
tria l  types ,  designate d CS + an d CS- ,  respectively ,  wer e 
alternate d i n simulate d training .  Figur e 2 A show s simulate d C R 
topographie s fo r  th e tw o tria l  type s a t  th e en d o f  training . 
Figur e 2 B show s change s o f  "synapti c weights "  ove r  th e cours e 
of  training .  Notic e tha t  th e weigh t  fo r  CS 2 become s 
increasingl y negativ e i n value .  Figure s 2 C an d 2 D sho w 
simulate d cumulativ e peristimulus-tim e histogram s o f  neurona l 
firin g fo r  th e tw o tria l  types . 

Simulatio n experiment s als o indicat e tha t  thi s varian t 
of  th e Sutton-Bart o mode l  doe s a  credibl e jo b o f  simulatin g 
serial-compoun d conditioning ,  Kami n blockin g an d overshadowing , 
and higher-orde r  conditioning .  I n addition ,  simulation s hav e 
reveale d a  variet y o f  subtl e an d largel y unteste d effect s o n 
conditione d respondin g associate d wit h th e within-tria l  timin g 
of  onset s an d offset s o f  CS s i n seria l  compoun d paradigms . 

Whethe r  th e Sutton-Bart o mode l  ca n b e constraine d t o 
model  othe r  varietie s o f  behaviora l  conditionin g wit h th e sam e 
succes s tha t  i t  ha s i n th e cas e o f  th e N M C R remain s a n ope n 
question .  Als o unresolve d i s whethe r  th e structur e o f  th e 
model ,  an d th e particula r  constraint s impose d fo r  th e N M CR, 
trul y hav e implication s fo r  understandin g physiologica l 
meachanism s o f  learnin g an d memory .  We believ e thi s t o b e a 
distinc t  possibility . 
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