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Introduction: Taxonomies and Principles 

Taxonomie s pla y a n importan t  rol e i n emergin g field s o f  science ,  sinc e the y identif y significan t 

dimension s alon g whic h tli e entitie s studie d b y Llios e field s ca n differ .  Ye t  on e mus t  eventuall y mov e beyon d 

simpl e t;jxonomie s t o formulat e principle s tlia t  relat e thos e dimension s o f  variatio n t o observe d bcliavior .  fh e 

emergin g field  o f  Cognitiv e Scienc e i s concerne d wit h tli e behavio r  o f  intelligen t  entities ,  bot h h u m a n an d 

artificial .  However ,  Cognitiv e Scienc e i s notabl y lackin g i n bot h taxonomie s fo r  th e structur e o f  intelligen t 

systems ,  an d i n principle s whic h relat e suc h structure s t o intelligen t  behavior .  I n dii s  paper ,  w e describ e a n 

evolvin g taxonom y o f  cognitiv e architectures ,  an d propos e som e initia l  principle s base d o n thi s taxonomy . 

Cognitiv e Scienc e an d it s siste r  discipline .  Artificia l  Intelligence ,  hav e generall y bee n empirica l  sciences , 

i n tha t  the y hav e spen t  considerabl e tim e collectin g example s o f  intelligen t  behavior ,  tliroug h experiment s 

wit h h u m a n s an d throug h constructin g simpl e intelligen t  artifacts .  Thi s wor k ha s bee n worthwhil e an d shoul d 

continue ,  bu t  eventuall y w e mus t  begi n t o develo p theorie s o f  intelligenc e tha t  cove r  no t  onl y h u m a n 

intelligence ,  bu t  cognitiv e behavio r  i n general .  Sinc e differen t  intelligen t  entitie s m a y rel y o n differen t 

cognitiv e mechanisms ,  Ohlsso n [1 ]  ha s propose d tha t  a  genera l  tlieor y o f  intelligenc e mus t  b e concerne d wit h 

th e relatio n betwee n suc h mechanism s an d th e for m o f  intelligen t  behavio r  tha t  results . 

I n science ,  a  researche r  ofte n limit s hi s attentio n t o ensur e progress ,  an d i n tlii s  cas e w e hav e focuse d o n 

th e clas s o f  cognitiv e architecture s k n o w n a s productio n systems .  Productio n system s wer e first  propose d a s 

model s o f  th e h u m a n informatio n processin g architectur e b y Newel l  an d Simo n [2] .  Sinc e tha t  time ,  the y hav e 

bee n use d t o simulat e a  variet y o f  intelligen t  behavior ,  rangin g fro m proble m solvin g t o natura l  languag e 

understandin g t o cognitiv e development .  Productio n syste m scheme s hav e a  numbe r  o f  feature s tha t  m a k e 

the m attractiv e candidate s fo r  cognitiv e architectures ,  independen t  o f  thei r  valu e a s model s o f  h u m a n 

behavior .  Fo r  instance ,  the y see m t o b e a  viabl e compromis e betwee n th e stimulus-respons e approac h o f 

behaviorism ,  an d th e goal-drive n approac h o f  cognitiv e psychology .  I n addition ,  tli e relativ e independenc e o f 

th e condition-actio n rule s makin g u p a  productio n syste m progra m lend s itsel f  t o modelin g th e learnin g 

process ,  sinc e interactio n betwee n ne w an d ol d component s wil l  b e minimal . 

Dimensions of Production System Architectures 

Our  researc h goa l  ha s bee n t o identif y th e significan t  dimension s alon g whic h productio n syste m 

architecture s m a y vary .  Thi s ha s resulte d i n a  formalism ,  P R 1 S M 2,  whic h specifie s a  se t  o f  suc h dimensions , 

alon g wit h possibl e value s fo r  eac h o f  thes e dimensions .  Usin g thi s formalism ,  on e m a y succinctl y describ e 

architecture s tha t  hav e bee n explored  b y othe r  researchers ,  a s wel l  a s architecture s tha t  hav e neve r  befor e 

bee n examined .  Thi s allow s compariso n o f  th e difference s betwee n variou s architectures ,  an d shoul d 

facilitat e communicatio n betwee n researcher s i n th e area . 

Sinc e w e ar e concerne d wit h th e relatio n betwee n architecture s an d intelligen t  behavior ,  w e hav e 

implemente d P R I S M 2 i n suc h a  wa y tha t  on e ca n "run "  a n architectur e i n conjunctio n wit h a  particula r 

productio n syste m program .  Thus ,  P R I S M 2 ha s som e o f  th e characteristic s o f  a  programmin g language . 

Thi s researc h wa s supporte d b y Contrac t  N00014-83-K-007 4 fro m th e GfTic e o f  Nava l  Research .  We woul d lik e t o than k Davi d 
Nicholas .  Rober t  Neches ,  an d Rol f  Pfeife r  fo r  thei r  assisunc e i n th e earl y stage s o f  ou r  wor k o n PRISM2 . 
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thoug h i t  actuall y define s a n entir e c/«5 5 o f  productio n syste m languages ,  i n thi s context ,  a  give n architMiUr c 

ca n b e viewe d a s providin g "free "  contro l  stmctur e tha t  nee d no t  b e specifie d explicitl y  i n th e progra m HJielf . 

1 -e t  u s examin e th e dimension s o f  architectura l  variatio n supporte d b y tli e F R I S M 2 formalism : 

•  Th e structur e o f  memory .  P K I S M 2 provide s fo r  multipl e declarativ e an d productio n memories ,  allowin g 

"flat "  productio n syste m schemes ,  hierarchicall y organize d systems ,  o r  mor e exoti c contro l  structures . 

Moreover ,  eac h m e m o r y m a y hav e differen t  characteristics ,  l̂.g. ,  P R I S M 2 allow s arbitrar y numeri c 

attribute s (suc h a s strength ,  activation ,  an d affect )  t o b e associate d wit h eac h memory . 

•  Deca y an d forge t  ling .  Productio n syste m architecture s diffe r  i n tli e manne r  i n whic h m e m o r y element s 

decay  ove r  time ,  an d i n tli c  detail s o f  th e forgettin g process .  I n P R 1 S M 2,  element s i n a  give n m e m o r y ma y 

deca y b y a  fixed  amoun t  o n ever y cycle ,  o r  a s a  functit> n o f  th e numbe r  o f  element s enterin g memory .  Th e 

formalis m support s a  numbe r  o f  alternat e deca y an d forgettin g mctliods . 

•  Retrieva l  b y spreadin g activation .  Productio n syste m architecture s diffe r  i n th e manne r  b y whic h the y 

retriev e forgotte n element s throug h spreadin g activation .  H.g. ,  activatio n ma y deca y accordin g t o differen t 

function s a s i t  spread s throug h adjacen t  elements ,  ceilin g effect s ma y occur ,  an d tli e threshol d belo w whic h 

activatio n m a y no t  sprea d ca n differ .  P R I S M 2 support s a  variet y o f  constraint s o n spreadin g activation . 

•  Th e matc h process .  Productio n syste m architecture s diffe r  i n thei r  matchin g abilities ,  an d P R 1 S M2 support s 

a variet y o f  differen t  matchin g styles .  E.g. ,  condition s m a y matc h agains t  embedde d structures ,  find 

sequence s o f  symbols ,  an d matc h agains t  list s a s thoug h the y wer e sets .  I n addition ,  th e use r  m a y requir e 

one-to-on e mapping s betwee n condition s an d memory ,  o r  allo w many-to-on c matche s t o occur . 

•  Conflic t  resolution .  Productio n syste m architecture s diffe r  i n th e conflic t  resolutio n method s the y emplo y 

fo r  selectin g a m o n g competin g instantiation s o f  nilcs .  Thre e relevan t  dimension s o f  conflic t  resolutio n are : 

o Orderin g strategies .  T h e architectur e order s instantiation s o f  production s alon g som e dimensions ,  suc h a s 

recenc y o f  matche d elements ,  o r  specificit y o f  th e matche d rules . 

o Selectio n strategies .  T h e architectur e select s on e o r  mor e instantiation s base d o n th e resultin g ordering ; 

e.g. .  th e bes t  instantiatio n m a y b e selected ,  o r  al l  thos e abov e a  certai n threshol d m a y b e chosen . 

o Refractio n strategies .  Th e architectur e m a y remov e som e instantiation s permanently ;  e.g. ,  i t  m a y remov e 

al l  instantiation s tha t  applie d o n th e las t  cycle ,  o r  al l  instantiation s currentl y i n th e conflic t  set . 

Th e P R I S M 2 formalis m support s m a n y differen t  combination s o f  ordering ,  selection ,  an d refractio n 

strategie s fo r  implementin g alternat e conflic t  resolutio n methods . 

•  Learnin g methods .  Productio n syste m architecture s diffe r  i n th e processe s the y us e t o lear n n e w condition -

actio n rules .  C o m m on method s include : 

o Discriminatio n learning ,  i n whic h error s lea d t o mor e specifi c  rule s base d o n difference s betwee n positiv e 

instance s an d negativ e instance s o f  th e errorfu l  production . 

o Generalizatio n learning ,  i n whic h specifi c  production s wit h simila r  structure s lea d t o mor e genera l  rule s 

base d o n feature s c o m m o n t o th e origina l  rules . 

o Composition ,  i n whic h tw o o r  mor e rule s tha t  ten d t o fire  i n sequenc e ar e combine d int o a  mor e comple x 

productio n tha t  lead s t o th e sam e results . 

o Proceduralization ,  i n whic h a  specifi c  versio n o f  a  genera l  rul e i s base d o n th e curren t  instantiatio n o f  tha t 

production . 

P R 1 S M2 support s eac h o f  thes e learnin g methods ,  a s wel l  a s providin g th e abilit y  t o modif y th e detaile d 

characteristic s o f  eac h method .  ITi e learnin g metliod s m a y b e use d i n conjunctio n o r  i n isolation . 

T h e basi c organizin g principl e fo r  specifyin g P R I S M 2 architecture s i s th e architectura l  template .  Differen t 

template s ar c availabl e fo r  specifyin g th e characteristic s o f  declarativ e memories ,  productio n memories ,  an d 

actio n sid e fimctions  responsibl e fo r  addin g ne w elements ,  deca y an d forgetting ,  spreadin g activation ,  an d 

learnin g ne w rules .  Eac h templat e ha s a n associate d se t  o f  parameters ,  whos e value s determin e th e exac t 

behavio r  o f  tha t  componen t  o f  tli e system . 
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For  example ,  th e spreadin g activatio n templat e contain s tlirc e mai n parameters .  'ITi c first  o f  these , 

spread-from-clemcnt ,  contain s a  lis t  o f  step s tiikc n whe n activatio n spread s ou t  fro m a  m e m o r y element ;  ITii s 

migh t  includ e action s suc h a s dividin g th e availabl e aciivaiio n b y th e numbe r  o f  symbol s i n th e clemen t  an d 

causin g thi s activatio n t o deca y b y a  certai n amount .  Th e secon d parameter ,  sprc:;; !  through-symbol ,  specifie s 

a lis t  o f  step s take n a s activatio n spread s tliroug h a  symbo l  containe d i n a  m e m o r y clement .  ITii s  ca n includ e 

action s suc h a s dividin g u p th e activatio n b y tli e numbe r  o f  othe r  m e m o r y element s containin g thi s symbol , 

leadin g t o a  for m o f  th e fa n effect .  Finally ,  di e paramete r  sprcad-to-clcmcn t  specifie s a  lis t  o f  action s carrie d 

out  vihc n activatio n spread s t o a  ne w memor y element .  Thi s m a y includ e test s fo r  whethe r  t o continu e 

spreadin g activation ,  a s wel l  a s constraint s o n th e amoun t  retaine d b y th e element ,  leadin g t o a  ceilin g effec t 

Towards Principles of Intelligent Behavior 

The flexibility  o f  th e P R I S M 2 framewor k ha s allowe d us  t o experimen t  wit h alternat e productio n 

syste m architectures .  T o date ,  mos t  o f  ou r  experiment s hav e involve d alternat e conflic t  resolutio n scheme s 

and differen t  method s fo r  learnin g ne w productions ,  an d w e shal l  dra w ou r  example s o f  principle s fro m tlies c 

areas .  Whil e w e woul d no t  clai m tha t  th e P R I S M 2 formalis m wa s necessar y fo r  generatin g tlies c principle s -

i n fact ,  ther e wa s a  stron g analytica l  componen t  i n bot h case s — i t  ha s certainl y helpe d u s i n clarifyin g an d 

testin g ou r  ideas .  I n ou r  futur e work ,  w e hop e t o examin e th e relatio n betwee n othe r  dimension s an d 

behavior ,  an d woul d welcom e an y othe r  researc h wit h simila r  goals . 

Th e first  exampl e relate s conflic t  resolutio n strategie s t o th e notio n o f  search .  I n recen t  years ,  a  numbe r 

of  productio n syste m model s hav e bee n implemente d i n whic h di e rule s pla y th e par t  o f  operator s fo r  movin g 

throug h som e proble m spac e [3,4] .  Withi n thi s framework ,  th e conflic t  resolutio n strateg y use d b y di e syste m 

determine s th e for m o f  searc h i t  carrie s out .  Fo r  example .  Youn g [5 ]  ha s propose d di e followin g principle : 

•  Recency-basedconjiic t  resolutio n scheme s lea d t o depth-firs t  searc h behavio r  wit h automati c backtracking . 

To b e mor e specific ,  depdi-firs t  searc h behavio r  result s whe n th e architectur e prefer s instantiation s matchin g 

agains t  element s adde d t o m e m o r y mor e recently ,  an d whe n th e singl e bes t  instantiatio n i s die n selecte d fo r 

application .  Automati c backtrackin g als o results ,  provide d tha t  refractio n remove s applie d instantiation s fro m 

th e conflic t  set .  Thi s relatio n ha s bee n know n informall y amon g productio n syste m user s fo r  years ,  bu t  w e 

believ e i t  i s  importan t  t o not e it s statu s a s a  basi c principl e o f  cognitiv e architectures . 

Sinc e othe r  conflic t  resolutio n scheme s ar e possible ,  a n obviou s questio n i s whethe r  othe r  searc h 

strategie s aris e fro m alternat e architectures .  Anothe r  popula r  conflic t  resolutio n schem e allow s al l 

instantiation s t o appl y i n parallel ,  unles s die y hav e bee n applie d o n a n earlie r  cycl e [5] .  U p o n reflection ,  thi s 

strateg y lead s t o a  secon d well-know n searc h metho d -  breadth-firs t  search .  Thus ,  w e ca n formulat e a  secon d 

principl e relatin g architectur e t o behavior : 

•  Conflic t  resolutio n scheme s involvin g paralle l  firings  lea d t o breadth-fiirs t  searc h behavior . 

I n thi s case ,  n o backtrackin g i s required ,  an d refractio n i s use d onl y t o kee p instantiation s use d earlie r  fro m 

applyin g again ,  sinc e ther e ar c n o othe r  constraint s o n th e selectio n process .  Presumably ,  odie r  relation s 

betwee n conflic t  resolutio n an d searc h meUiod s exist ,  an d thes e wil l  b e discovere d a s researcher s fijrther 

explor e o f  di e spac e o f  architectures . 

Our  secon d exampl e involve s th e are a o f  learnin g mediods .  I n particular ,  w e hav e bee n concerne d wit h 

th e distinctio n betwee n discriminatio n learning ,  i n whic h on e move s fro m genera l  rule s t o mor e specifi c  ones , 

and generalizatio n learning ,  i n whic h on e move s fro m specifi c  rule s t o mor e genera l  ones .  Th e mos t  c o m m o n 

for m o f  discriminatio n involve s creatin g som e varian t  o f  a n existin g rul e containin g additiona l  conditions . 

Sinc e suc h a  learnin g syste m begin s wit h simple  rule s an d generate s mor e comple x one s onl y whe n error s o f 

commissio n occur ,  w e arriv e a t  th e principle : 

•  Give n tw o rule s o f  differen t  complexity ,  a  discrimina/ion-base d learnin g syste m wil l  maste r  th e simple r  rul e 

befor e th e mor e comple x one . 

I n contrast ,  generalizatio n involve s di e opposit e proces s o f  creatin g a  productio n wit h fewe r  condition s Uia n 

an exisun g rule .  Sinc e suc h a  learnin g syste m begin s wit h comple x rule s an d generate s simple r  one s onl y 
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when error s o f  omissio n wcur ,  w c arriv e a t  anolhc r  principle : 

•  Give n iw o rule s v f  dijferen t  complexity ,  a  generalization-base d learnin g syste m wil l  maste r  th e mor e comple x 

rul e befor e th e simple r  one . 

Thes e complementar y principle s relat e learnin g method s t o th e rat e a t  whic h rule s o f  differen t  complexit y wil l 

be mastered .  AlUioug h detail s ar e absent ,  eve n suc h globa l  statement s ca n b e ver y uscfijl .  Fo r  instance , 

empirica l  studio s o f  huma n languag e acquisitio n sugges t  tha t  mor e comple x fimctio n word s ar c mastere d late r 

tha n simple r  ones ,  suggestin g tlia t  discriminatio n learnin g i s a  mor e likel y explanatio n tha n generalizatio n [7] . 

Discussion 

I n th e precedin g pages ,  w e examine d som e principle s tha t  relat e characteristic s o f  th e architectur e -

conflic t  resolutio n method s an d learnin g mechanism s — t o aspect s o f  intelligen t  behavio r  -  searc h strategic s 

and rate s o f  mastery .  Thes e principle s ar e explanator y i n th e sens e tha t  the y accoun t  fo r  behavio r  i n term s o f 

underlyin g components ,  jus t  a s physica l  principle s accoun t  fo r  observe d phenomen a i n term s o f  inferre d 

properties .  However ,  not e tha t  on e canno t  begi n t o formulat e suc h principle s unti l  on e ha s som e idea s abou t 

th e natur e o f  tli c  component s underlyin g behavior .  Thi s i s th e reaso n w e hav e focuse d o n developin g 

PRISM2,  a  formalis m whic h allow s u s t o explor e th e spac e o f  cognitiv e architectures ,  t o represen t  th e 

difference s betwee n architecture s explicitly ,  an d t o actuall y tes t  specifi c  productio n syste m architecture s i n 

particula r  domains .  Th e dimension s o f  variatio n supporte d b y PR1SM2 provid e u s wit h a  taxonom y o f 

architectura l  types ,  whic h w e ca n the n us e i n formulatin g principle s o f  behavior . 

Admittedly ,  th e principle s w e hav e examine d ar c onl y a  beginning ,  an d w e ar e fa r  fro m a  complet e 

theor y tha t  relate s architectura l  component s t o aspect s o f  intelligence .  Ou r  principle s wer e intende d mainl y a s 

example s o f  relation s tha t  on e ca n expres s usin g th e PR1SM2 foitnalism ,  an d a s example s o f  wha t  w e believ e 

shoul d b e a  mor e commo n goa l  i n ou r  developin g field.  I n fact ,  som e reader s ma y disagre e wit h th e 

principle s themselve s [8] ,  an d w c woul d welcom e suggestion s fo r  modification s an d improvements .  However , 

we hop e t o hav e convince d th e reade r  tha t  Cognitiv e Scienc e i s read y t o begi n formulatin g suc h principles , 

and tha t  othe r  researcher s wil l  joi n u s i n identifyin g th e varietie s o f  cognitiv e architectures ,  an d i n th e mor e 

lon g rang e searc h fo r  a  genera l  theor y o f  intelligen t  behavior . 
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