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A b s t r a c t 

We present a theory of classical conditioning based on a parallel, rule-based performance system 

integrate d wit h mechanism s fo r  inductiv e learning .  Inferentia l  heuristic s ar e use d t o ad d ne w rule s 

t o th e syste m i n respons e t o th e relationshi p betwee n th e system' s prediction s an d environmenta l 

input .  A  majo r  heuristi c i s base d o n "unusualness" :  nove l  cue s ar e favore d a s candidate s t o 

predic t  important ,  unexpecte d events .  Rule s hav e strengt h value s tha t  ar e revise d o n th e basi s 

of  feedback .  Th e performanc e syste m allow s rule s t o operat e i n parallel ,  competin g t o contro l 

behavio r  an d t o obtai n rewar d fo r  successfu l  predictio n o f  importan t  events .  Set s o f  rule s ca n 

for m defaul t  hierarchies ,  i n whic h exceptio n rule s "censor "  usefu l  bu t  imperfec t  defaul t  rules , 

protectin g the m fro m los s o f  strength .  Th e theory ,  implemente d a s a  compute r  simulation , 

account s fo r  a  variet y o f  phenomen a (e.g. ,  rapi d learnin g i n certai n inhibitio n paradigms ,  an d 

failur e t o extinguis h non-reinforce d inhibitor y cues )  tha t  previou s associationis t  account s hav e 

not  deal t  wit h successfully . 

In t roduc t io n 

Intelligence manifests itself in the adaptation of goal-directed systems to complex and poten-

tiall y  dangerou s environments .  Th e kind s o f  learnin g tha t  underli e suc h adaptatio n fal l  unde r 

th e rubri c o f  induction ,  broadl y define d a s thos e inferentia l  processe s tha t  expan d knowledg e i n 

th e fac e o f  uncertaint y (Holland ,  Holyoak ,  Nisbett ,  i i  Thagard ,  1986) .  Hollan d e t  a L presente d 

a framewor k fo r  inductio n tha t  encompasse s phenomen a rangin g fro m anima l  learnin g t o huma n 

categorization ,  analogica l  reasoning ,  an d scientifi c  discovery .  I n th e presen t  pape r  w e presen t 

a theory ,  derive d fro m th e genera l  Hollan d e t  a L framework ,  tha t  applie s t o som e o f  th e sim -

ples t  form s o f  inductiv e learning :  thos e observe d i n studie s o f  classica l  conditionin g i n animals . 

The theor y i s implemente d i n a  compute r  simulatio n tha t  create s an d revise s rule-base d defaul t 

hierarchies .  W e wil l  first  describ e som e limitation s o f  previou s conditionin g models . 

CER Paradigm and Earlier Models 

I n a  typica l  conditionin g experiment ,  a  ra t  i s first  traine d t o pres s a  leve r  t o ge t  food .  Afte r 

many session s o f  pressin g th e leve r  fo r  food ,  a  distinctiv e ton e (th e conditione d stimulus ,  o r  CS ) 

i s presente d fo r  severa l  seconds .  Jus t  a s th e ton e goe s off ,  a  shoc k (th e unconditione d stimulu s 

or  US ,  als o terme d th e "reinforcer" )  i s  delivere d t o th e rat' s  feet .  A s thi s sequenc e o f  event s 

i s repeated ,  th e ra t  soo n begin s t o sho w sign s o f  fea r  whe n th e ton e i s heard .  Whil e th e ton e 

i s on ,  th e anima l  suppresse s it s routin e leve r  pressin g an d eating ,  an d display s a  collectio n o f 

behaviors ,  suc h a s crouching ,  tha t  constitut e a  conditione d emotiona l  respons e (CER) .  Th e ton e 

no w signal s shoc k an d th e ra t  exhibit s fea r  i n respons e t o it . 
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Earl y theorie s o f  conditionin g generall y assume d tha t  tempora l  contiguit y  o f  th e C S an d th e 

US wa s necessar y an d sufficien t  t o establis h a  conditione d respons e (CR) .  I n fact ,  however ,  a n 

even t  ma y b e paire d wit h anothe r  even t  an d stil l  no t  resul t  i n conditioning ,  a s m th e "blocking " 

phenomeno n observe d b y Kami n (1968 )  (fo r  recen t  reviews ,  se e Mackintosh ,  1983 ;  Rescorl a & 

Holland ,  1982) .  Furthe r  difficultie s fo r  conditionin g theorie s base d simpl y o n associatio n aris e 

i n studie s o f  conditione d inhibition .  Kami n (1968 )  traine d rat s t o associat e nois e wit h shock . 

He the n paire d th e nois e wit h light .  Thi s compoun d wa s presente d fo r  severa l  trials ,  bu t  wa s 

neve r  paire d wit h shock .  TYaditiona l  associationis t  assumption s woul d predic t  tha t  th e ligh t 

woul d tak e o n th e acquire d fea r  conditione d t o th e noise .  I n fact ,  however ,  th e effec t  o f  th e 

ligh t  wa s t o inhibi t  fear ,  whic h i t  di d fro m th e ver y firs t  trial .  Th e phenomen a associate d wit h 

conditione d inhibitio n indicat e tha t  whethe r  conditionin g i s excitator y o r  inhibitor y depend s o n 

th e informatio n tha t  th e cu e provide s abou t  occurrenc e o f  th e US ,  an d canno t  b e predicte d b y 

simpl e tempora l  contiguity . 

Rescorl a an d Wagne r  (1972 )  propose d a n associationisti c mode l  o f  conditioning ,  i n whic h 

th e strengt h Vc s o f  a n associatio n i s revise d i n accor d wit h a  linea r  model , 

ti 

^ V c s =  a c s i > ^ u s - ^ V j )  (1 ) 

i= i 

where acs is a constant that determines how fast conditioning can occur for a given CS, Xus 

denote s th e asymptoti c limi t  o f  conditionin g tha t  ca n b e supporte d b y th e US ,  an d EV }  represent s 

th e su m o f  th e curren t  strength s o f  association s t o th e U S fro m th e stimul i  presen t  (th e particula r 

CS plu s al l  othe r  concurren t  cues) . 

Equatio n 1  i s essentiall y  equivalen t  t o th e Widrow-Hof f  rul e familia r  i n adaptive-system s 

theory ,  an d i s a  generalizatio n o f  th e perceptro n convergenc e rul e (se e Sutto n k  Barto ,  1981) .  Th e 

Rescorla-Wagne r  mode l  i s thu s closel y relate d t o a  majo r  clas s o f  strength-revisio n procedure s 

used t o mode l  associativ e learnin g withi n adaptiv e network s o f  th e sor t  currentl y bein g explore d 

by connectionis t  theorist s (Rumelhart ,  Hinton ,  &  Williams ,  1986) .  Withi n th e connectionis t 

framework ,  al l  learnin g i s viewe d a s th e produc t  o f  incrementa l  change s i n connectio n strength s 

wit h experience . 

Problems with the Rescorla-Wagner Model 
Despit e notabl e empirica l  successes ,  th e Rescorla-Wagne r  mode l  doe s no t  accoun t  wel l  fo r 

a wid e variet y o f  othe r  phenomena ,  som e o f  whic h antedat e thei r  treatmen t  an d som e o f  whic h 

ar e mor e recent .  Thes e inadequ£u:ie s hav e spurre d developmen t  o f  numerou s othe r  model s tha t 

provid e refinement s an d alternative s (Mackintosh ,  1975 ;  Pearc e k  Hall ,  1980 ;  Wagner ,  1978 , 

1981) .  Al l  o f  th e model s subsequen t  t o tha t  o f  Rescorl a an d Wagne r  (1972 )  adop t  variation s o f 

th e standar d associationis t  framewor k i n whic h conditionin g i s treate d solel y i n term s o f  strengt h 

revbion .  I n ou r  view ,  non e solve s al l  o f  th e empirica l  difficultie s tha t  bese t  th e Rescorla-Wagne r 

theor y whil e preservin g it s successes .  Her e w e describ e som e o f  thes e dilTiculties . 

Learne d irrelevance .  A  majo r  proble m fo r  th e Rescorla-Wagne r  formulatio n i s tha t  i t 

does no t  accoun t  fo r  change s i n th e processin g o f  CS s wit h experience .  Equatio n 1  predict s tha t  a 

stimulu s tha t  i s uncorrelate d wit h a  reinforce r  wil l  begi n an d en d wit h zer o associativ e strength . 

No distinctio n i s draw n betwee n stimul i  tha t  th e anima l  ha s encountere d befor e an d thos e tha t  i t 

has not .  Bu t  i n fac t  conditionin g i s severel y retarde d i f  th e to-be-conditione d stimulu s ha s bee n 

presente d previousl y (Bake r  k .  Mackintosh ,  1977) . 

Rapi d learnin g effects .  Non e o f  th e associationis t  model s provide s a  satisfactor y accoun t 

of  extremel y rapi d learnin g effect s tha t  ar e sometime s observe d i n conditionin g studies .  Kami n 
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(1968 )  an d Rescorl a (1972 )  hav e bot h show n tha t  conditionin g ca n tak e plac e afte r  on e trial ,  o r 

indeed ,  eve n durin g a n initia l  trial .  Fo r  example ,  rat s i n th e Kami n stud y showe d les s fea r  o n th e 

ver y firs t  tria l  o n whic h th e excitator y stimulu s wa s precede d b y th e inhibitor y stimulus ,  despit e 

th e fac t  tha t  th e anima l  ha d n o wa y o f  knowin g whethe r  thi s lessene d fearfulnes s wa s justified . 

Such one-tria l  an d no-tria l  effect s loo k muc h mor e lik e inference s tha n lik e product s o f  traditiona l 

trial-and-erro r  learning . 

Of  course ,  learnin g i s ofte n muc h les s rapid ,  an d associationis t  model s al l  includ e fre e pa -

rameter s tha t  gover n rat e o f  learning .  Th e problem ,  however ,  i s  tha t  th e model s provid e n o 

principle d specificatio n o f  whe n t o expec t  rapi d one-tria l  learnin g an d whe n t o expec t  slo w learn -

in g requirin g score s o r  eve n hundred s o f  trials .  Th e rapi d acquisitio n o f  conditione d inhibitio n 

i s particularl y problemati c fo r  al l  connectionis t  model s o f  learning ,  becaus e i t  involve s th e rapi d 

alteratio n o f  a  well-learne d respons e (fea r  elicite d b y th e excitator y CS) ,  whic h ha s bee n gradu -

all y strengthene d b y reinforcemen t  ove r  man y trials .  There  ha s bee n n o demonstratio n tha t  an y 

connectionis t  model ,  usin g a  consisten t  se t  o f  parameter s fo r  strengt h revision ,  ca n simultane -

ousl y accoun t  fo r  th e slo w acquisitio n o f  a  stron g respons e wit h reinforcement ,  it s typica l  patter n 

of  slo w extinctio n wit h nonreinforcement ,  an d it s inunediat e displacemen t  b y a n incompatibl e 

respons e unde r  certai n specifiabl e conditions . 

Conditione d inhibition .  Th e Rescorla-Wagne r  mode l  ca m accoun t  fo r  th e basi c phe -

nomenon o f  conditione d inhibition ,  a s establishe d i n a n A-I- ,  AX -  paradig m (tha t  is ,  stimulu s A 

i s alway s followe d b y th e US ,  wherea s th e compoun d stimulu s A X neve r  is) .  Th e mode l  assume s 

tha t  strengt h value s ca n b e negativ e a s wel l  a s positive .  Cu e A  wil l  reac h a n asymptoti c strengt h 

equa l  t o Xus ^  wherea s X  wil l  reac h a n asymptot e equa l  t o —Xusi  thu s th e ne t  strengt h o f  th e 

A X compoun d wil l  b e 0 . 

However ,  thi s accoun t  incorrectl y predict s tha t  inhibitor y conditionin g effects ,  onc e estab -

lished ,  shoul d b e extinguishabl e b y presentin g th e inhibitor y C S alone ,  i n th e absenc e o f  eithe r 

th e U S o r  o f  excitator y CSs .  A s Zimmer-Har t  an d Rescorl a (1974 )  pu t  it ,  ''Assumin g tha t  nonre -

inforcemen t  support s a  zer o asymptot e .. .  a  simpl e nonreinforcemen t  o f  a  previousl y establishe d 

inhibito r  shoul d produc e a  change .  I f  V x i s negative ,  the n th e quantit y ( O — V x )  i s positiv e an d 

consequentl y V x shoul d b e incremente d towar d zer o whe n i t  i s  sepau'atel y nonreinforced .  Tha t 

is ,  th e theor y predict s tha t  repeate d nonreinforce d presentatio n o f  a n inhibito r  shoul d attenu -

at e tha t  inhibition "  (pp .  837-838) .  On e migh t  expect ,  however ,  tha t  whe n a  cu e predict s th e 

nonoccurrenc e o f  a  US ,  the n repeate d presentation s o f  th e cu e i n th e absenc e o f  th e U S wil l 

provid e additiona l  confirmation s o f  th e expectatio n o f  nonoccurrence ,  an d henc e woul d enhanc e 

it s inhibitor y properties .  I n fac t  (whe n ceilin g effect s o n inhibitio n wer e controlled) ,  thi s i s th e 

resul t  obtaine d b y Zimmer-Har t  an d Rescorl a (1974) . 

A d a p t a t i o n W i t h i n a  R u l e - B a s e d Defau l t  H i e r a r c h y 

I n vie w o f  th e abov e an d othe r  limitation s o f  associationis t  model s o f  conditioning ,  i t  seem s 

worthwhil e t o investigat e a n alternativ e approach .  Th e theor y o f  conditionin g w e wil l  presen t 

i s derive d fro m th e framewor k fo r  inductio n propose d b y Hollan d e i  al .  (1986) .  W e wil l  firs t 

sketc h th e genera l  framework ,  an d the n outlin e th e specifi c  theor y o f  conditionin g an d describ e 

it s embodimen t  i n a  compute r  simulation . 

Rule-Based Mental Models 

Hollan d e t  a l  propose d tha t  representation s o f  th e environmen t  tak e th e for m o f  set s o f 

rules ,  wit h associate d strengt h values ,  tha t  compris e menta l  models .  A  menta l  mode l  i s a n 
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interna l  representatio n tha t  encode s th e worl d int o categories ,  an d use s thes e categorie s t o defin e 

an interna l  transitio n functio n tha t  mimic s th e stat e change s tha t  unfol d i n th e world .  I n th e 

relativel y simpl e worl d o f  a  rat' s  conditionin g chamber ,  fo r  example ,  th e anima l  ma y lear n tha t  a n 

occurrenc e o f  a n instanc e o f  th e categor y "lou d tone "  signal s a  transitio n t o th e environmenta l 

stat e "painfu l  shock" .  Th e rat' s knowledg e abou t  th e relationshi p betwee n tone s an d shock s 

migh t  b e informall y represente d b y a  rul e suc h as ,  "I f  a  ton e sound s i n th e chamber ,  the n a 

shoc k wil l  occur ,  s o sto p othe r  activitie s an d crouch. "  Rule s a t  differen t  level s o f  generalit y for m 

defaul t  hierarchies ,  a s i n situation s tha t  giv e ris e t o conditione d inhibition .  Fo r  example ,  i f  tone s 

ar e typicall y followe d b y shock ,  unles s paire d wit h a  light ,  th e rul e "I f  tone ,  the n expec t  shock " 

can serv e a s a  usefu l  bu t  fallibl e default ,  t o b e overridde n b y th e exceptio n rul e "I f  ligh t  an d 

tone ,  the n d o no t  expec t  shock "  whe n bot h rule s ar e matched . 

The Hollan d e i  at .  (1986 )  framewor k provide s a  numbe r  o f  specifi c  principle s tha t  ca n b e 

applie d t o anima l  conditioning : 

(1 )  Th e probabilit y  tha t  a  se t  o f  rule s wil l  contro l  behavio r  increase s monotonicall y wit h 

th e strength s o f  th e rule s i n th e se t  relativ e t o th e strength s o f  competin g rule s tha t  ar e matched . 

The functio n relatin g strengt h an d respons e probabilit y  mus t  b e probabilisti c  i n orde r  t o allo w 

opportunitie s fo r  weake r  rule s t o b e tested ,  an d t o gai n strengt h i f  the y prov e mor e usefu l  tha n 

thei r  competitors . 

(2 )  Rule s for m defaul t  hierarchie s i n whic h usefu l  bu t  imperfec t  defaul t  rule s ar e "pro -

tected "  fro m strengt h reductio n b y mor e specifi c  exceptio n rule s tha t  ca n overrid e th e default s 

i n peo-ticula r  circumstances . 

(3 )  Onl y rule s tha t  succee d i n controllin g response s ar e subjec t  t o strengt h revision .  I n 

term s o f  a n economi c analogy ,  rule s tha t  contro l  behavio r  "pay "  fo r  th e privileg e b y a  reductio n 

i n thei r  strength ,  an d mus t  "earn "  a t  leas t  a s muc h rewar d i n th e for m o f  a  subsequen t  strengt h 

increas e i n orde r  t o mak e th e transactio n worthwhile .  Rule s tha t  d o no t  gai n contro l  ove r 

response s produc e n o consequence s fo r  th e system ,  an d therefor e neithe r  gM n no r  los e strength . 

(4 )  Whe n multipl e rule s operat e a s a  se t  t o contro l  behavior ,  the y divid e an y attendan t 

reward .  Thi s competitio n fo r  rewar d implie s tha t  rule s accru e greate r  rewar d whe n the y uniquel y 

make a  correc t  predictio n tha n whe n othe r  rule s mak e th e sam e predictio n (cf .  Kelley's ,  1973 ,  • 

"discountin g principle") .  Rewar d competitio n provide s a n inductiv e pressur e tha t  tend s t o favo r 

genera l  rule s ove r  redundan t  rule s tha t  ar e mor e specific ,  an d tha t  impair s learnin g o f  ne w rule s 

tha t  serv e th e sam e functio n a s existin g stron g rules . 

(5 )  Ne w rule s ar e generate d i n respons e t o particula r  state s o f  th e syste m tha t  sugges t  a  ne w 

rul e migh t  b e useful .  I n th e curren t  implementatio n o f  ou r  conditionin g theory ,  thre e triggerin g 

situation s ar e identified :  (a )  th e occurrenc e o f  a n unexpecte d an d importan t  event ;  (b )  th e failur e 

of  a  predictio n base d o n a  rul e tha t  ha d previousl y bee n highl y successful ;  an d (c )  th e occurrenc e 
of  a n unusua l  featur e i n tempora l  contiguit y wit h a  know n predicto r  o f  a n importan t  event . 

(6 )  Inferentif J heuristic s favo r  certai n feature s ove r  other s a s buildin g block s fo r  ne w rules . 

I n particular ,  unusua l  feature s o f  th e environmen t  ar e favore d a s candidate s t o buil d th e condi -

tion s o f  ne w rules . 

A Rule>Based Theory of Conditioning 

We hav e constructe d a  simulatio n mode l  o f  conditionin g base d o n th e abov e principles . 

Figur e 1  depict s th e basi c component s o f  th e processin g system .  I n genera l  terms ,  th e syste m 

matche s th e condition s o f  rule s agains t  a  "message "  representin g th e curren t  stat e o f  th e envi -

ronment  (simulatin g perceptua l  input) ,  an d use s th e matche d rule s t o selec t  a n effecto r  actio n 

and t o generat e a  messag e describin g th e predicte d nex t  stat e o f  th e environment .  Th e predicte d 

message i s compare d t o tha t  observe d o n th e nex t  tim e step ,  an d th e resul t  govern s th e rewar d 
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give n t o rule s tha t  generate d th e prediction ,  storag e o f  unusua l  event s i n a  short-ter m buffer , 

and triggerin g o f  th e generatio n o f  ne w rules . 

Know ledg e representation .  A s Figur e 1  indicates ,  th e mode l  include s fou r  type s o f 

information ,  whic h fo r  simplicit y w e wil l  describ e i n term s o f  fou r  memor y stores .  Thre e o f  thes e 

stor e informatio n o f  a  declarativ e nature :  a  long-ter m stor e o f  al l  th e cue s tha t  hav e appeare d 

i n th e environment ,  tagge d wit h a  measur e o f  degre e o f  familiarity ;  a  short-ter m stor e fo r  recen t 

unusua l  events ;  an d currentl y activ e messages .  Th e fourt h stor e contain s th e rule s i n th e system . 

Each o f  thes e store s i s dynamicall y update d a s th e mode l  operate s i n a  simulate d environment . 

I n th e simulation ,  rule s ar e represente d i n "classifier "  notatio n (Holland ,  1986) .  Fo r  pur -

pose s o f  exposition ,  w e wil l  us e a  mor e mnemoni c notation .  Thu s th e rule ,  "I f  ton e occurs ,  the n 

expec t  shoc k an d crouch, "  wil l  b e represente d sunpl y a s T= > S .  W e wil l  us e th e classifie r  symbo l 

" # "  t o represen t  a  maximall y genera l  condition .  Thu s th e rule ,  "I f  i n th e conditionin g chamber , 

expec t  shoc k an d crouch, "  wil l  b e represente d a s #  = ^  S .  A  rul e wit h th e conditio n " # "  wil l  b e 

matche d o n ever y processin g cycle . 

The thre e declarativ e store s ar e eac h extremel y simple .  A t  an y time ,  th e messag e buffe r 

contain s thre e activ e messages :  on e describin g th e curren t  environment ,  on e describin g th e envi -

ronmen t  o f  th e precedin g cycle ,  an d one ,  create d o n th e precedin g cycle ,  tha t  predict s th e curren t 

environment . 

The short-ter m even t  buffe r  hold s recen t  "unusual "  event s tha t  occu r  b  th e environment . 

I n th e simulation ,  a n unusua l  even t  i s define d a s a n observe d messag e tha t  include s th e onse t  o f 

an "unfamiliar "  feature ,  wher e familiarit y  o f  a  featur e i s a  functio n o f  it s  numbe r  o f  occurrences . 

Thi s familiarit y coun t  fo r  eac h featur e i s maintaine d i n th e long-ter m featur e store .  Whe n a n 

unusua l  even t  occurs ,  th e messag e representin g it ,  wit h th e unfamilia r  feature s tagged ,  i s place d 

i n th e short-ter m even t  stor e an d hel d fo r  a  fe w cycles ,  durin g whic h perio d i t  ma y b e use d b y 

th e rule-generatio n heuristic s describe d belo w t o for m condition s o f  ne w rules . 

Performanc e system .  Eac h cycl e o f  th e processin g syste m begin s whe n a  messag e de -

scribin g th e curren t  stat e o f  th e environmen t  i s received .  Th e featur e portio n i s compare d wit h 

th e correspondin g portio n o f  th e predictio n messag e poste d o n th e previou s cycle .  Th e resul t 

determine s ho w muc h reward ,  R  (i f  any) ,  i s  give n t o th e rule s tha t  acte d o n th e previou s cycle . 

Specifically ,  rewar d i s give n i n thre e circumstances :  (a )  i f  shoc k wa s predicte d an d occurre d ( a 

larg e positiv e reward) ;  i f  absenc e o f  shoc k wa s predicte d an d shoc k di d no t  occu r  ( a lesse r  positiv e 

reward) ;  an d (c )  i f  absenc e o f  shoc k wa s predicte d bu t  shoc k occurre d ( a negativ e reward ,  i.e. ,  a 

punishment) .  Otherwis e th e rewar d i s zero .  Th e reward ,  i f  any ,  i s adde d t o th e strengt h value s 

of  th e relevan t  rules .  Th e compariso n i s als o use d t o trigge r  th e generatio n o f  ne w rule s (se e 

below) . 

The messag e representin g th e curren t  environmen t  i s compare d t o th e messag e representin g 

th e previou s environmenta l  stat e t o determin e whethe r  a n unusua l  even t  ha s occurred .  I f  a 

feature-onse t  occurs ,  a  chec k o f  th e long-ter m featur e lis t  i s mad e t o determin e i f  th e featur e i s 

unfamiUar ,  i n whic h cas e th e curren t  even t  i s define d a s unusua l  an d entere d i n th e short-ter m 

even t  store . 

Rul e matchin g an d respons e selection .  Condition s o f  al l  rule s ar e the n matche d 

agains t  th e messag e describin g th e curren t  environment .  Eac h matche d rul e post s a  bid ,  whic h 

i s a  proportio n o f  it s  strength .  Tha t  is ,  th e bi d b  mad e b y Rul e i  wil l  b e 

bi  =  k*Si ,  (2 ) 

636 



wher e k  i s a  const&n t  betwee n 0  an d 1 .  Rule s tha t  mak e th e sam e predictio n su m thei r  bid s an d 

act  togethe r  a s a  set . 

The rule s tha t  wil l  gover n th e system' s respons e ar e the n selecte d i n accor d wit h Principle s 1 

and 2  above .  Principl e 1 ,  th e assumptio n o f  a  probabilisti c  relationshi p betwee n relativ e strength s 

of  competin g rule s an d respons e selection ,  i s  realize d b y applyin g a  simpl e versio n o f  th e Luc e 

(1963 )  choic e mode l  t o th e strength s o f  matche d rules .  Principl e 2 ,  th e assumptio n tha t  defaul t 

rule s ar e protecte d b y exceptio n rules ,  i s  realize d b y allowin g exceptio n rule s t o "censor "  thei r 

correspondin g defaul t  rule s (cf .  Winston ,  1986) .  Whe n exceptio n rule s censo r  a  default ,  th e 

exceptio n rule s substitut e fo r  th e defaul t  o n tha t  cycle .  Th e rule s tha t  ar e selecte d t o determin e 

th e system' s respons e o n a  cycl e wil l  b e terme d th e winnin g set ,  W .  Th e actio n calle d fo r  b y th e 

winnin g se t  i s performed ,  creatin g a  ne w predicte d message ,  an d th e indicate d effecto r  actio n i s 

taken .  Th e nex t  cycl e the n begins . 

Strengt h revision .  Strengt h revisio n take s plac e i n tw o steps .  I n accor d wit h Principl e 

3 above ,  onl y th e rule s i n W hav e thei r  strength s changed .  Th e rule s i n W effectivel y compet e 

fo r  reward ,  a s calle d fo r  b y Principl e 4 ,  i n accor d wit h th e followin g scheme .  First ,  whe n th e 

winnin g se t  i s selected ,  eac h rul e i n th e se t  ha s it s strengt h reduce d b y a n equa l  portio n o f  th e 

summed bi d mad e b y th e rule s i n W ,  53"_ i  bj ,  wher e n  i s th e numbe r  o f  rule s i n W .  Second , 

when th e rewar d R  i s assigne d t o th e winnin g se t  o n th e subsequen t  cycle ,  a n equa l  portio n o f  R 

(i.e. ,  R/n )  i s  adde d t o th e strengt h o f  eac h rul e i n W .  Th e ne t  chang e i n th e strengt h o f  Rul e t , 

then ,  i s 
n 

As ,  =  i R - ^ b j  )/ n fo r  x  c  W,  0  otherwise .  (3 ) 

i= i 

Rul e generation .  Th e progra m contain s thre e inferentia l  heuristic s fo r  generatin g ne w 

rules ,  triggere d b y particula r  state s o f  th e syste m a s specifie d b y Principl e 5 .  Al l  thre e heuristic s 

ar e specifi c  instantiation s o f  th e unusualnes s heuristi c (Principl e 6) . 

(1 )  Covariatio n Detection .  I f  a  shoc k occur s unexpectedly ,  an d i s precede d b y o r  concurren t 

wit h a n unusua l  even t  store d i n th e short-ter m buffer ,  the n a  ne w rul e wil l  b e constructed .  Th e 

new rul e wil l  includ e th e unfamilia r  featur e o f  th e unusua l  even t  i n it s condition ,  an d wil l  hav e 

an actio n specifyin g expectatio n o f  a  shoc k an d crouching .  Fo r  example ,  i f  a n unfamilia r  ton e 

begin s prio r  t o a n unexpecte d shock ,  th e rul e T  ^  S  wil l  b e generated .  I f  n o unusua l  even t 

i s stored ,  an d n o othe r  heuristi c  applies ,  the n wit h som e probabilit y  les s tha n 1  a  genera l  rul e 

i s constructe d wit h a  maximall y genera l  conditio n an d th e sam e actio n a s above .  Thu s i f  a n 

unexpecte d shoc k occurs ,  an d n o unusua l  even t  i s stored ,  th e rul e #  ^  S  ma y b e generated . 

(2 )  Exceptio n Formation .  I f  a  stron g rul e make s a n erroneou s predictio n abou t  th e presenc e 

or  absenc e o f  a  shock ,  an d a n unusua l  even t  occurre d prio r  t o o r  concurren t  wit h th e prio r  cycl e 

(whe n th e faile d rul e wa s matched) ,  the n exceptio n rule s ar e forme d b y (a )  addin g th e unusua l 

featur e t o th e conditio n o f  th e faile d rule ,  an d substitutin g th e appropriat e action ,  an d (b )  usin g 

th e unusua l  feature s alon e t o for m th e condition .  Th e faile d rul e i s preserve d a s a  default , 

tagge d wit h th e newl y create d exceptio n rules .  Fo r  example ,  suppos e a  ton e occur s paire d wit h 

an unfamilia r  light ,  an d th e stron g rul e T  = > S  i s a  member  o f  th e winnin g se t  an d create s 

an expectatio n o f  shock ,  whic h fail s t o occur .  Th e rule s L  +  T  = > S  an d L  = > 5  wil l  the n 

be generated .  Th e forme r  exceptio n rul e correspond s t o th e hypothesi s tha t  th e unusua l  cu e 

(L )  signal s nonoccurenc e o f  shoc k onl y i n th e presenc e o f  th e know n predicto r  (T) ;  th e latte r 

exceptio n rul e capture s th e mor e genera l  possibilit y  tha t  th e unusua l  cu e migh t  signa l  absenc e 

of  shoc k regardles s o f  whethe r  th e know n predicto r  occurs . 

(3 )  Chaining .  I f  a n unusua l  even t  i s store d i n th e buffer ,  an d a  stron g rul e i s include d i n 

th e curren t  winnin g set ,  the n a  ne w rul e ma y b e forme d tha t  use s th e unfamilia r  feature s o f  th e 
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unusua l  even t  i n th e condition ,  an d whic h ha s th e sam e actio n a s th e paren t  rule .  Th e initia l 

strengt h i s se t  t o a  proportio n o f  th e strengt h o f  th e stron g rul e fro m whic h th e ne w rul e wa s 

constructed .  Chainin g tacitl y  seek s earlie r  predictor s o f  th e US ;  henc e th e strengt h o f  th e ne w 

rul e i s se t  highe r  i f  th e onse t  o f  th e unusua l  even t  precede d th e ol d C S (tha t  is ,  precede d th e cycl e 

on whic h th e paren t  rul e wa s matched )  tha n i f  i t  wa s concurren t  wit h it .  A s a n example ,  suppos e 

a ton e occur s concurrentl y wit h a n unfamilia r  light ,  an d th e stron g rul e T  = > S  i s a  member  o f 

th e winnin g set .  The n th e rul e L  ̂  S  ma y b e generate d (a t  th e lesse r  initia l  strengt h value) . 

The thre e heuristic s serv e relate d bu t  distinc t  functions .  Covariatio n Detectio n provide s 

initia l  rule s t o explai n unexpecte d occurrences ,  wherea s Exceptio n Formatio n an d Chainin g buil d 

on existin g partia l  knowledge .  Exceptio n Formatio n create s exceptio n rule s tha t  ma y censo r  (an d 

henc e protec t  from  furthe r  strengt h reduction )  stron g defaul t  rule s tha t  er r  unde r  identifiabl e 

circumstances .  Exceptio n Formatio n i s thu s a  reactio n t o a n erroneou s prediction .  I n contrast , 

Chainin g represent s a n opportunisti c attemp t  t o identif y a n earlie r  predicto r  o f  a  U S tha t  i s 

alread y predicte d b y a  CS . 

Simulations of Conditioned Inhibition 

We hav e simulate d severa l  variation s o f  th e C E R paradigm ,  includin g blockin g (Kamin , 

1968 )  an d th e effect s o f  statistica l  predictabilit y  o n learnin g (Rescorla ,  1972) .  Th e unusualnes s 

heuristi c provide s a n explanatio n o f  th e fac t  tha t  unfamilia r  cue s ar e m2odmaIl y conditionable . 

Her e w e wil l  presen t  simulation s o f  tw o studie s o f  conditione d inhibitio n describe d earlier ,  whic h 

pos e difficultie s fo r  th e Rescorla-Wagne r  model . 

Rapi d learnin g efTects .  A n experimen t  b y Kami n (1968 )  provide s a  dramati c demonstra -

tio n o f  rapi d inhibitor y conditioning .  Kami n traine d rat s fo r  1 6 trial s t o associat e whit e nois e 

wit h shock .  H e the n create d tw o differen t  groups .  Grou p L N receive d eigh t  trial s o f  a  compound , 

simultaneou s light-plus-nois e stimulu s tha t  wa s neve r  reinforce d b y shock ,  followe d b y fou r  trial s 

of  th e origina l  nois e stimulu s whic h wa s agai n nonreinforced .  Grou p N  simpl y receive d 1 2 stan -

dar d extinctio n trials ,  durin g whic h th e nois e wa s presente d bu t  neve r  wit h shock .  Al l  animal s 

receive d fou r  trial s pe r  day . 

Let  u s analyz e th e prediction s ou r  mode l  make s fo r  thi s study ,  base d o n rul e generatio n 

and subsequen t  competition .  Grou p N  i s o f  cours e expecte d t o sho w jus t  th e customw y gradua l 

extinctio n a s th e rul e N  ^  S  die s a  slo w deat h du e t o nonreinforcement .  Th e situatio n i s muc h 

more comple x fo r  Grou p LN .  Give n tha t  a  tria l  i n Kamin' s experimen t  spanne d a  fairl y  lon g 

interva l  (severa l  minutes) ,  thi s tim e perio d woul d correspon d t o severa l  cycle s o f  matchin g an d 

firin g rules .  Sinc e n o shoc k wa s presente d o n th e firs t  tria l  i n whic h th e ligh t  occurre d alon g 

wit h th e tone ,  th e stron g rul e N  ^  S  woul d repeatedl y fail .  Give n th e availabilit y  o f  a n unusua l 

event—th e occurrenc e o f  th e light—heuristic s fo r  rul e generatio n wil l  b e triggered .  I n particular , 

Exceptio n Formatio n shoul d o n th e initia l  extinctio n tria l  generat e ne w exceptio n rules ,  L  - h N 

=> S  an d L  ^  5 .  Bot h ne w rule s wil l  hav e a n immediat e inhibitor y influence . 

W h en th e ligh t  i s  first  paire d wit h th e excitator y noise ,  Chainin g ma y creat e th e excitator y 

rul e L  ^  S ,  whic h wil l  compet e wit h th e othe r  ne w rules .  However ,  becaus e th e ne w cu e doe s 

not  occu r  prio r  t o th e origina l  CS ,  th e initia l  strengt h o f  th e rul e generate d b y Chainin g wil l  b e 

low .  Consequently ,  th e influenc e o f  th e ne w inhibitor y rule s wil l  outweig h th e influenc e o f  th e 

excitator y ones ,  s o tha t  Grou p L N migh t  b e expecte d t o sho w som e inhibitio n o f  suppressio n 

eve n o n th e ver y firs t  trial .  Furthermore ,  th e ne w inhibitor y rule s wil l  o f  cours e b e confirmed , 

and s o th e anima l  shoul d sho w rapi d developmen t  o f  inhibitio n ove r  triads—muc h faste r  tha n 

Grou p N ,  whic h ha s n o cu e t o sugges t  tha t  th e initia l  learnin g situatio n ha s no w changed . 

W h at  shoul d happe n when ,  afte r  th e first  eigh t  trials ,  th e nois e alon e i s presented ? Fo r 

Grou p N ,  nothin g interesting .  Thi s i s merel y a  continuatio n o f  th e slo w competitio n betwee n 
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th e rul e N  ^  S  an d it s origina l  competito r  #  = > Press .  Fo r  Grou p LN ,  however ,  w e expec t  a 

reversio n t o substantia l  suppressio n effects ,  becaus e fo r  rat s i n thi s conditio n th e rul e N  ^  S  wil l 

hav e bee n protecte d t o som e exten t  du e t o th e censorin g effec t  o f  th e successfu l  exceptio n rules . 

Figur e 2  present s th e th e simulatio n results ,  whic h captur e th e majo r  qualitativ e aspect s 

of  Kamin' s findings .  Th e dat a ar e presente d a s supprtssio n ratios—th e rati o o f  bar-pressin g 

rat e durin g C S presentation s t o th e rat e durin g th e C S plu s durin g it s absence .  A  rati o o f  . 5 

indicate s n o excitator y conditionin g t o th e CS ,  an d a  rati o o f  0  indicate s maxima l  conditioning . 

The result s fo r  Grou p N ,  presente d wit h th e nois e alone ,  ma y b e see n a t  th e botto m o f  Figur e 

2.  Thes e animal s showe d th e customar y slo w extinctio n process .  Th e result s fo r  grou p L N 

ar e utterl y different .  Th e ver y first  tria l  show s a  substantiall y  reduce d suppressio n effect .  Th e 

nex t  trial ,  th e first  tha t  confirm s th e ne w inhibitor y rules ,  show s a  furthe r  reduce d suppressio n 

effect .  B y th e fourt h experienc e o f  th e nonreinforce d compound ,  th e suppressio n rati o ha s becom e 

asymptotic . 

Then ,  fou r  trial s afte r  that ,  th e singl e stimulu s N  i s introduced .  Fo r  Grou p N ,  thi s b  b y 

no w simpl y th e standar d occurrence ,  bu t  fo r  Grou p L N i t  i s  a n even t  no t  encountere d sinc e th e 

origina l  conditionin g trials ,  durin g whic h N  alon e wa s alway s accompanie d b y shock .  Becaus e 

th e rul e N  =* •  S  ha s bee n partiall y  protecte d fro m strengt h reductio n b y th e exceptio n rul e L  + 

N = » 5 ,  Grou p L N rat s sho w considerabl e suppressio n o n th e ver y first  presentatio n o f  N  alone . 

Increase d inhibitio n du e t o a n "extinction^ *  procedure .  W e earlie r  discusse d a  phe -

nomenon tha t  i s  especiall y problemati c fo r  th e Rescorla-Wagne r  formulation— f̂ailur e t o demon -

strat e extinctio n o f  th e inhibitor y powe r  o f  a n inhibitor y cu e tha t  i s presente d i n th e absenc e o f 

eithe r  th e excitator y cu e o r  reinforcemen t  (Zimmer-Har t  &  Rescorla ,  1974) .  I n on e experimen t 

al l  rat s wer e first  give n trainin g i n ba r  pressin g t o obtai n food ,  followe d b y a n initia l  sessio n i n 

whic h a  30-secon d ton e wa s presente d fou r  times ,  endin g eac h tim e wit h a  shock .  Thi s woul d 

establis h th e rul e T  = » S . 

The animal s the n wer e divide d int o tw o groups ,  whic h receive d differen t  procedure s fo r 

inhibitor y conditioning .  Fo r  bot h groups ,  eac h subsequen t  sessio n involve d fou r  presentation s o f 

th e ton e paire d wit h shock ,  intermixe d wit h fou r  presentation s o f  th e ton e i n combination^wit h 

a flashing  ligh t  withou t  shock .  Thes e event s woul d generat e th e inhibitor y rule s L  +  T  ^  S  an d 

L ̂  5  b y Exceptio n Formation ,  establishin g th e ligh t  a s a n inhibitor y cue . 

Grou p 1  receive d n o othe r  presentation s o f  CSs .  However ,  Grou p 2  als o receive d fou r 

intermixe d presentation s o f  th e ligh t  alon e withou t  shock .  Fro m th e perspectiv e o f  th e Rescorla -

Wagner  theory ,  thes e wer e "extinction "  trial s tha t  shoul d hav e diminishe d th e inhibitor y powe r  o f 

th e light ,  thu s slowin g dow n th e acquisitio n o f  inhibitio n t o th e Ught-ton e compoun d fo r  Grou p 

2 relativ e t o Grou p 1 .  I n contrast ,  fro m th e poin t  o f  vie w o f  ou r  theor y thes e ar e additiona l 

occasion s fo r  strengthenin g o f  th e L  =* •  5  rule .  Sinc e thi s rul e contribute s a n inhibitor y influenc e 

when th e light-ton e compoun d i s presented ,  it s strengthenin g whe n th e ligh t  i s  presente d alon e 

shoul d actuall y accelerat e earl y acquisitio n o f  inhibitio n t o th e compound .  However ,  th e "light " 

rul e wil l  shar e rewar d wit h th e othe r  "ligh t  plu s tone "  exceptio n rul e whe n th e compoun d i s 

presented .  Greate r  strengt h o f  th e forme r  rul e wil l  eventuall y lea d t o diminishe d strengt h o f  th e 

latter .  Accordingly ,  ou r  mode l  predict s tha t  Grou p 2  wil l  sho w les s suppressio n tha n Grou p 1 

t o th e compoun d earl y i n acquisition ,  bu t  tha t  th e tw o group s wil l  sho w comparabl e suppressio n 

late r  i n training . 
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Figur e 3  present s th e dat a fro m ou r  simulatio n o f  thi s experiment .  Thes e dat a wer e ob -

taine d o n tes t  triad s involvin g thre e reinforce d presentation s o f  th e ton e an d tw o nonreinforce d 

presentation s o f  th e light-ton e compound .  Suppressio n t o th e ton e presente d alon e wa s asymp -

toti c fo r  bot h group s ove r  th e entir e tes t  period .  Th e simulatio n mode l  correctl y indicate s tha t 

animal s i n Grou p 2 ,  whic h experience d separat e presentation s o f  th e inhibitor y ligh t  C S withou t 

reinforcement ,  shoul d exhibi t  increase d inhibitio n t o th e light-ton e compoun d durin g earl y trials . 

C o n c l u s i o n s a n d F u t u r e Di rect ion s 

We are optimistic that the present theory can provide insights into forms of learning more complex 

tha n classica l  conditioning .  Th e mode l  ca n b e extende d t o th e acquisitio n o f  rul e sequence s b y 

addin g th e "bucke t  brigade "  algorith m fo r  back-chainin g strengt h t o earl y rule s i n a  sequenc e 

tha t  eventuall y achieve d a  goa l  (Holland ,  1986) .  W e als o hop e tha t  th e theor y wil l  a t  som e leve l 

prov e relevan t  t o understandin g higher-leve l  huma n cognition .  Som e recen t  wor k ha s begu n t o 

appl y theoretica l  model s derive d fro m studie s o f  anima l  learnin g t o huma n categorizatio n an d 

decisio n making .  Gluc k an d Bowe r  (1986 )  foun d evidenc e tha t  peopl e weigh t  cue s t o categor y 

membershi p i n term s o f  thei r  relativ e predictiv e power :  th e degre e t o whic h a  cu e i s use d t o predic t 

categor y membershi p i s decrease d b y th e presenc e o f  othe r  mor e vali d cues .  Thi s phenomeno n 

can b e accounte d fo r  b y model s suc h a s tha t  o f  Rescorl a an d Wagne r  (1972 )  an d ou r  ow n i n 

whic h redundan t  cue s compet e t o acquir e strength .  Interestingly ,  a s Gluc k an d Bowe r  poin t 

out ,  mos t  curren t  theorie s o f  huma n categorizatio n d o no t  displa y thi s property .  Give n tha t  th e 

presen t  mode l  exhibit s bot h competitiv e learnin g an d th e capacit y t o represen t  nonindependen t 

cue s (a n importan t  aspec t  o f  huma n categorization) ,  i t  ma y prov e applicabl e t o th e analysi s o f 

performanc e i n categorizatio n tasks . 

Our  genera ]  ai m ha s bee n t o develo p a  mode l  tha t  integrate s mechanism s o f  hypothesi s 

formatio n an d strengt h revisio n withi n a  comprehensiv e performanc e system .  Theorie s tha t 

invok e th e notio n o f  hypothesi s generatio n ofte n hav e bee n undul y restrictive ,  i n ou r  view ,  i n 

assumin g tha t  hypothese s ar e entertaine d an d teste d serially ,  an d ultimatel y rejecte d i f  an y 

exception s ar e found .  B y representin g hypothese s a s rule s tha t  ca n operat e i n parallel ,  tak e 

on continuou s strengt h values ,  interac t  a s default s an d exceptions ,  an d activel y compet e t o 

contro l  behavio r  an d t o gai n rewar d fo r  predictiv e successes ,  a  grea t  dea l  o f  theoretica l  powe r  i s 

gained .  Th e presen t  theor y make s extensiv e us e o f  mechanism s fo r  strengt h revision ;  however ,  th e 

introductio n o f  heuristic s fo r  rul e generatio n i s crucia l  i n allowin g u s t o accoun t  fo r  phenomena , 

suc h a s rapi d acquisitio n o f  exceptio n rules ,  tha t  purel y associationis t  mechanism s hav e no t  deal t 

wit h successfully .  W e suspec t  tha t  th e explanator y powe r  o f  learnin g model s base d entirel y o n 

strengt h revisio n wil l  prov e t o hav e limits ,  an d tha t  thos e limit s wil l  b e foun d t o li e shor t  o f  a 

ful l  accoun t  o f  classica l  conditionin g i n rats ,  fa r  les s o f  hum£i n cognition .  A  majo r  limitatio n o f 

curren t  connectionis t  model s o f  learnin g i s tha t  th e propose d algorithm s fo r  adjustin g connectio n 

weight s becom e computationall y intractabl e whe n th e numbe r  o f  interconnecte d unit s grow s 

large .  Heuristic s tha t  propos e plausibl e candidat e rule s ca n functio n t o drasticall y reduc e th e 

effectiv e siz e o f  th e searc h spac e i n whic h strength-revisio n procedure s operate . 
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Figur e 2 .  Simulatio n o f  experimen t  b y Kaml n (1968) ,  showin g predicte d extinctio n o f 
•uppreelon ,  b y trial ,  followin g 1 6 eesslon e o f  conditionin g t o nois e (N) .  Th e group s wer e 
extinguishe d eithe r  t o nois e alon e o r  t o a  llght-plus-nols e (LN )  compound .  Th e arro w I n th e 
absciss a Indicate s poin t  a t  whic h grou p extinguishe d t o compoun d wa s switche d t o nois e alone . 

. 5 0 ^ 

.4 0 

« .3 0 

a 
a 

c 
o 

.2 0 

.1 0 

G r o u p 2 

G r o u p 1 

--r.-- ^ 

6 1 4 

Days of Pavlovion conditioning 

2 2 

Flsur e 3 .  Simulatio n o f  experimen t  b y Zimer-Har t  an d Rescorl a (1974) ,  depictin g mea n 
suppreslo n ratio s durin g tone-alon e (T )  an d light-ton e (LT )  trial s i n singl e tes t  session s 
followin g variou s amount s o f  training .  Bot h group s receive d T* ,  LT -  j>resentations ;  Crou p 2 

.^lao ^  receive d Intermixe d L -  presentations . 
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