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and 

Cente r  fo r  th e Neurobiolog y o f  Learnin g an d Memor y 
Universit y o f  Californi a 
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ABSTRACT 

The CEL model of learning and memory (Components of Episodic Learning) [Granger 1982, 
198Sa,  198Sb j  provide s a  proces s mode l  o f  certai n aspect s o f  learnin g an d memor y i n anima b an d 
humans.  Th e mode l  consist s o f  a  se t  o f  asynchronou s an d semi-iodependen t  functiona l  operator s 
tha t  coiiectivel y creat e an d modif y memor y trace s a s a  resul t  o f  experience .  Th e mode l  conform s 
t o relevan t  result s i n th e learnin g literatur e o f  psycholog y an d neurobiology .  Ther e ar e tw o goal s t o 
thi s work :  on e i s t o creat e a  se t  o f  workin g learnin g system s tha t  wil l  improv e thei r  performanc e o n 
th e basi s o f  experience ,  an d th e othe r  i s t o compar e thes e systems '  performanc e wit h tha t  o f  livin g 
systems ,  a s a  ste p toward s th e eventua l  comparativ e characterizatio n o f  differen t  learnin g systems . 

Part s o f  th e mode l  hav e bee n implemente d i n th e CEL- 0 program ,  whic h operate s i n a  'Maze -
World '  simulate d maz e environment .  Th e progra m exhibit s simpl e explorator y behavio r  tha t  lead s 
t o th e acquisitio n o f  predictiv e an d discriminator y schemata .  A  numbe r  o f  interestin g theoretica l 
prediction s hav e arise n i n par t  fro m observatio n o f  th e operatio n o f  th e program ,  som e o f  whic h ar e 
currentl y bein g teste d i n neurobiologica l  experiments .  I n particular ,  som e neurobiologica l  evidenc e 
fo r  th e exbtenc e o f  multiple ,  seperabl e memor y system s i n human s an d animal s i s interprete d i n 
term s o f  th e model ,  an d som e ne w experiment s ar e suggeste d arisin g fro m th e model' s predictions . 

1.  In t roduc t io n t o t h e p r o b l e m 

1.1 Characterization of learning processes 

The amnesic patient identified by his initiab 'H.M.' is apparently incapable of learning any new 
information ;  sinc e th e operatio n tha t  remove d a  par t  o f  th e limbi c syste m o f  hi s brain ,  h e ha s bee n 
unabl e t o lear n t o recogniz e ne w peopl e o r  situations .  Fo r  instance ,  h e re-introduce s himsel f  t o hi s 
docto r  Brend a Milne r  ever y tim e sh e visit s him ,  eve n thoug h sh e ha s visite d hi m man y time s a  wee k 
fo r  man y years !  I n contrast ,  hi s pre-operatio n memorie s appea r  no t  t o b e impaired ,  no r  i s hi s abilit y 
t o carr y o n a  relativel y norma l  conversatio n o r  othe r  everyda y functions . 

However ,  H.M .  ca n acquir e certai n categorie s o f  ne w abilities .  Fo r  instance ,  h e ha s bee n teste d 
on th e 'mirror-writing '  tas k o f  writin g whil e seein g onl y a  mirro r  imag e o f  wha t  h e writes .  Ever y 
tim e th e experimente r  cam e i n th e room ,  onc e a  da y fo r  severa l  weeks ,  H.M .  ha d t o b e re-introduce d 
t o bot h th e experimente r  an d th e experiment ,  an d insiste d tha t  h e ha d o f  cours e neve r  see n eithe r 
before ,  an d tha t  h e didn' t  kno w ho w t o d o thi s (mirror-writing )  task .  Ye t  bi s performanc e o a th e 
tas k improve d steadil y ove r  th e several-wee k period ;  i a fact ,  b e leane d tb e tas k a t  abou t  tb e sam e 
rat e tba t  coatro l  subject s did .  Whe n confronte d wit h example s o f  hi s poo r  earl y trial s compare d 
wit h hi s much-improve d recen t  trials ,  h e b  unabl e t o explai n ho w th e difference s arose ,  an d doesn' t 
remember  eve r  performin g thos e experiments . 

These and other results in humans and animals have led inescapably to the hypothesis that there 
ar e multipl e memor y systems ,  i.e. ,  separabl e biologica l  system s tha t  semi-independentl y establis h 
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long-ter m memorie s fro m experience .  A s suggeste d b y H.M.' s behavior ,  thes e tw o system s hav e 
distinc t  characteristics ;  i.e. ,  eac h i s onl y capabl e o f  learnin g certai n type s o f  information . 

However, an accurate characterization of precisely which tasks are learnable by which mechar 
nis m ha s prove n elusive ;  ther e currentl y exis t  a  numbe r  o f  competin g neuropsychologica l  hypothese s 
characterisin g th e differen t  memor y system s (se e e.g. ,  /Squir e 1980 ;  Squire ,  Cohe n an d Nade l  1982 ; 
Miahki n 1982J) . 

A long-term goal of the research described here is to attempt to characterize these different 
learnin g system s i n term s o f  th e type s o f  learnin g behavio r  the y produce .  Ou r  curren t  subgoa l  i s  t o 
creat e a  syste m i n whic h th e behavio r  o f  learnin g an d memor y system s ca n b e characterized .  W e 
hop e t o b e abl e t o buil d tw o differen t  system s ou t  o f  simila r  functiona l  components ,  eac h o f  whic h 
has a  particula r  se t  o f  learnin g abilities .  W e woul d the n b e abl e t o sho w wha t  difference s i n th e 
model s gav e ris e t o th e difference s i n learnin g abilities . 

Recent research on learning and memory in AI has focused primarily on advanced human 
abilitie s (se e e.g. ,  fSchan k 198S ;  Schan k an d Burstei n 1981 ;  Lebowit z 1982 ;  Kolodne r  198S ;  Carbonel l 
1982 ;  Langte y 1981 ,  1982 ;  Mitchel l  1981/) .  W e hav e adapte d som e idea s o n M O Ps [Schan k 1983 } 
and th e indexin g o f  E>MOPs (Kolodne r  198Sa ,  198Sh J t o th e task s w e ar e modeling .  Ou r  focu s 
i s o n muc h lower-leve l  domain s o f  learnin g an d memory ,  especiall y 'subcognitive *  task s tha t  lowe r 
mammals (e.g. ,  rats )  ca n learn .  Thi s ha s enable d u s t o concentrat e ou r  model s o n th e processe s 
underlyin g learnin g an d memory ,  rathe r  tha n o n comple x memor y structures ;  ou r  approac h ha s bee n 
t o attemp t  t o identif y a  candidat e se t  o f  mechanism s sufficien t  t o allo w th e acquisition ,  storag e an d 
retrieva l  o f  simpl e episodi c information ,  an d t o compar e ou r  result s agains t  experimenta l  dat a o n 
learnin g an d memor y processe s i n animals . 

A key point here is that these 'subcognitive' learning and memory tasks, as far below 'higher' 
human abilitie s a s the y are ,  ar e nonetheles s stil l  difficul t  an d elusive ,  an d therefor e eminentl y worth y 
of  bein g th e focu s o f  a n A l  learnin g mechanism .  Thes e an d relate d task s hav e bee n extensivel y 
studie d b y cognitiv e psychologist s an d neurobiologist s i n thei r  experimenta l  approache s t o learnin g 
and memory ;  ye t  thei r  theorie s o f  huma n an d anima l  learnin g an d memor y hav e bee n insufficientl y 
precis e t o allo w fo r  th e constructio n o f  compute r  model s fo r  testin g th e theories .  Stil l  missin g 
i s a  bridg e betwee n A I  model s o f  learning ,  an d psychologica l  an d neurobiologica l  experiment s o n 
learning . 

1. 2 Introductio n t o C E L 

The CEL model of learning and memory [Granger 1982, 198Sa, 198SbJ providts a process model 
of  th e acquisitio n an d operatio n o f  certai n aspect s o f  learnin g an d memor y i n animal s an d humans . 
The mode l  conform s t o constraint s provide d b y relevan t  result s i n psychology ,  neuropsycholog y 
and neurobiology ;  a  numbe r  o f  behaviora l  dat a ar e explaine d i n term s o f  th e model ,  an d certai n 
specifi c  theoretica l  lesion s an d modulation s o f  th e mode l  predic t  behaviora l  effect s tha t  correspon d 
t o observe d behavior s i n similarl y manipulate d animals . 

Parts of the model have been implemented in a computer program called CEL>0. CEL>0 takes as 
inpu t  a  sequenc e o f  experientia l  sensor y event s code d i n term s o f  sensor y modalit y an d featur e sets . 
The progra m operate s o n th e inputs ,  buildin g a  memor y databas e o f  informatio n derive d fro m th e 
inpu t  streams .  Sampl e domain s tha t  hav e bee n worke d o n includ e a  simpl e 'feeding '  microworl d i n 
whic h th e mode l  learn s t o predic t  (vi a classica l  conditioning )  whic h event s reliabl y an d predictabl v 
lea d u p t o it s bein g fed ;  an d a  'maze '  microworl d i n whic h th e mode l  explore s an d learn s (operantly ) 
t o identif y wher e 'interesting '  an d rewardin g area s o f  th e maz e are ,  an d t o creat e a  simpl e 'cognitiv e 
map'  [Tolma n 19S2 ,  O'Keef e an d Nade l  1979 J o f  th e maz e environment .  I n th e maz e microworld , 
CEL- 0 interact s wit h MazeWorld ,  a  simulate d 'maz e environment '  program ,  tha t  receive s CEL- 0 
inpu t  moves ,  an d return s a  valu e indicatin g CEL-O' s ne w locatio n i n th e maze ;  hence ,  eac h mov e o f 
CEL- 0 cause s 'feedback '  fro m th e simulate d maze ,  whic h i n tur n trigger s CEL-O' s nex t  move . 

Some of CEL-O's unexpected behavior in the MazeWorld has triggered some new theoretical 
idea s whic h ar e presente d here .  Fo r  instance ,  w e hav e identifie d seve n differen t  categorie s o f  learning , 
i.e. ,  seve n differen t  way s tha t  ne w memor y trace s ca n b e create d i n CEL-0 ,  eac h correspondin g t o 
a differen t  'caJlin g sequence '  o f  operators ,  eac h o f  whic h i n tur n seem s t o correspon d t o a  logica l 
clas s o f  trainin g situation s tha t  migh t  aris e i n th e rea l  world .  Thes e seve n classe s o f  learnin g wil l  b e 
briefl y discusse d i n a  late r  sectio n o f  thi s paper . 

Other examples of theoretical ideas that have arisen from working with the program in the 
MazeWorl d include :  a  mechanis m fo r  activ e 'explorator y behavior '  durin g learning ,  a  mechanis m 
fo r  creatin g subgoal s fro m goal s durin g learning ,  acquisitio n o f  'landmarks '  durin g learnin g tha t  serv e 
as usefu l  inde x points ,  an d a  compariso n o f  'efficient '  learne d behavio r  vs .  'superstitious '  learne d 
behavior ;  som e o f  thes e ar e describe d i n som e detai l  i n [Grange r  an d McNull y  1984] . 
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Attempt s t o find  detaile d correspondence s betwee n th e mode l  an d experimenta l  dat a i n neuro -
biolog y hav e s o fa r  bee n fruitful .  A  numbe r  o f  specifi c  prediction s arisin g fro m wor k wit h th e mode l 
ar e i n th e disparat e area s o f  selectiv e attention ,  modulatio n o f  memory ,  an d rapi d forgettin g an d 
learnin g deficit s associate d wit h certai n limbi c lesion s ([Grange r  198Sb J present s detaile d analyse s 
of  thes e thre e substantiv e area s o f  CEL' s modelin g efforts) . 

Thb paper will present first a description of CEL-O's behavior in the MazeWorld simulation, 
and the n a  specifi c  neurobiologica l  predictio n dealin g wit h multipl e memor y systems ;  th e predictio n 
i s currentl y bein g teste d i n a  neurobiologica l  la b a t  th e Cente r  fo r  th e Neurobiolog y o f  Learnin g an d 
Memory a t  Irvine . 

2.  Introductio n t o th e m o d e l :  T h e twelv e C E L operator s a n d thei r  function s 

The CEL model proposes a characterization of the constituent functional operators that com-
pris e learnin g processes ,  i n th e hop e tha t  thes e primitiv e operator s ma y eac h hav e specifi c  instanti -
ation s tha t  ca n b e identifie d i n th e neura l  substrate .  Th e mode l  identifie s a  se t  o f  twelv e 'primitive ' 
memory operator s whic h operat e i n paralle l  t o collectivel y perfor m five  classe s o f  memor y manip -
ulation :  reception ,  recording ,  retried ,  reconstructio n an d refinement .  Th e mode l  consist s o f  th e 
operatio n o f  thes e twelv e operator s o n memor y representation s w e ter m episodi c schemata .  De -
taile d description s o f  th e function s o f  thes e operator s an d thei r  (ofte n nonintuitive )  interaction s ar e 
provide d i n /Grange r  1982 ,  198Sa ,  198SbJ , 

In brief, the twelve operators have the following functions: 

• Reception operators: 

DETECT • set of sensory input cbannels and any associated bard-wired preprocessing per-
forme d b y thos e inpu t  cbannels ,  suc b a s visua l  an d auditor y processing ; 

S E L E CT •  'tuoabie '  inpu t  Bite r  t o selectivel y atten d t o som e input s ove r  otber s o n th e basi s 
of  prio r  experience ; 

• Recording operators: 

NOTICE - matches inputs against known desirable and undesirable states; triggers COL-
L E CT whe n a  matc h occurs ; 

C O L L E CT -  package s recen t  strea m o f  input s int o a  kerne l  episodi c scbema ; 
I N D E X -  create s ne w indices ,  an d book s int o existin g indices ,  fo r  eac h ne w epbodi c 

schema; 

• Retrieval operators: 

REMIND - matches inputs against indices for existing schemas; triggers ACTIVATE when 
matc h occurs ; 

A C T I V A TE -  incorporate s REMINDe d schema s int o curren t  prediciv e schema ;  trigger s th e 
Reconstructio n operators ; 

• Reconstruction operators: 

ENACT - performs any efferent actions in current predictive schema; 'tunes* SELECT's 
Bite r  t o atten d t o predicte d afferen t  events ; 

S Y N T H E S I ZE -  matche s input s agains t  predicte d event s i n curren t  predictiv e schema ;  trigger s 
Refinemen t  operator s t o modif y scbem a i n respons e t o matche s an d mismatches ; 

• Refinement operators: 

REINFORCE- incrementally strengthens current schema(ta) according to SYNTHESIZE's 
judgmen t  o f  it s  successfu l  predictivenes s (i.e. ,  matches^ ; 

B R A N CH -  create s a  branc h i n curren t  schema(ta )  accordin g t o SYNTHESIZERS judgmen t 
of  unsuccessfu l  predictivenes s (i.e. ,  mismatches) ; 

D E T O UR -  create s a  non-pursuab/ e branc h i n curren t  scbem a accordin g t o NOTICEing s o f 
undesirabl e events ,  predicte d o r  not . 

These operators act in parallel, asynchronously and semi-independently in the CEL model, and 
comple x interaction s amon g the m a t  ru n tim e enabl e thes e relativel y straightforwar d operator s t o 
giv e rise  t o a  ric h se t  o f  learnin g an d memor y behaviors . 
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3.  A  brie f  e x a m p l e o f  t h e o p e r a t i o n o f  t h e C E L - 0 p r o g r a m 

3.1 Introduction to the CEL-0 environment 

The setting described here for CEL-O's operation is a relatively simple maze, that CEL-0 moves 
throug h b y interactin g wit h MazeWorld ,  a  simulate d 'maz e environment '  program .  MazeWorl d 
receive s CEL- 0 inpu t  moves ,  an d return s a  valu e indicatin g CEL-O' s ne w locatio n i n th e maze ; 
hence ,  eac h mov e o f  CEL- 0 cause s 'feedback '  fro m th e simulate d maz e environment ,  whic h i n tur n 
trigger s CEL-O' s nex t  move .  Followin g i s a  schemati c vie w o f  th e relativel y simpl e MazeWorl d maz e 
tha t  w e wil l  us e fo r  th e example s i n thi s section ;  'MO *  i s th e entr y poin t  int o th e maze ,  an d 'M4 ' 
contain s water ,  whic h wil l  b e use d fo r  a  'reward '  unde r  circumstance s t o b e describe d later . 

Ml •-• M2 

t 

M3 •<-»M 5 

© 

The followin g section s describ e a  connecte d se t  o f  example s o f  CEL-O' s operatio n i n th b maze . 
The descriptio n wil l  b e i n thre e phases : 

Phase 1 ('Exploration' phase): CEL-O uses 'innate' (built-in) episodic schemas to move through 
th e maze ,  establishin g episoai c trace s correspondin g t o it s  'routes '  throug h th e maze . 

Phase 2 ^'Effectiveness' phase): CEL-0 has an added desired state (satisfy-thirst) that drives 
it s behavior ;  i t  searche s fo r  an d finds  a  (no t  necessaril y  mos t  efficient )  rout e throug h th e maz e 
t o an y locatio n o f  water . 

Phase 3  ('Efficiency '  phase) :  CEL- 0 refine s it s already-effectiv e route s throug h th e maz e t o 
rewar d locations .  (Thi s 'phase '  i s actuall y goin g o n i n paralle l  wit h th e othe r  two) . 

In each phase, CEL-O's behavior can be described in terms of three lists: a sequence of CEL 
operators ,  th e correspondin g sequenc e o f  over t  move s i n th e simulate d environmen t  (i f  any) ,  an d th e 
correspondin g addition s o r  change s t o long-ter m memor y (i f  any) . 

3. 2 CEL-O' s explorator y behavio r  i n M a z e W o r l d 

For the purposes of this example, CEL-0 will start at location MO in the maze, facing towards 
M 3.  Th e interna l  representatio n i s describe d i n /Grange r  an d McNuUy 1984J ;  i t  simpl y consist s o f 
informatio n abou t  wha t  view s ar e i n fron t  of ,  t o th e righ t  of ,  behin d an d t o th e lef t  o f  th e curren t 
positio n o f  CEL- 0 i n th e maze .  Hence ,  th e startin g positio n ha s a  vie w o f  M 3 i n front ,  wall s t o th e 
righ t  an d behind ,  an d M l  t o th e left . 

(This is an admittedly huge oversimplification of a 'realistic' maze situation, but it seems justi-
fied  fo r  tw o importan t  reasons :  (1 )  selectiv e attentio n t o relevan t  feature s i s th e ke y thin g tha t  get s 
slighte d b y thi s oversimplification ,  an d w e hav e alread y don e som e analyse s o f  selectiv e attentio n i n 
comple x environment s (se e /Grange r  198SbJ) ;  an d (2 )  ther e ar e a  numbe r  o f  interestin g an d comple x 
processin g problem s tha t  aris e eve n wit h thi s simplification ,  an d thes e problem s woul d b e difficul t 
t o presen t  withou t  first  simplifyin g awa y th e selectiv e attentio n problem s fo r  pedagogica l  reasons. ) 

Because of the extremely simplified inputs for this example, DETECT and SELECT essentially 
jus t  atten d t o everythin g here ;  se e /Grange r  198Sb J an d th e selectiv e attentio n sectio n i n thi s pape r 
fo r  a n explanatio n o f  ho w thes e operator s becom e muc h mor e comple x i n th e fac e o f  mor e comple x 
inputs . 

Once SELECT has entered a representation into temporary memory, NOTICE attempts to 
matc h i t  agains t  desirabl e an d undesirabl e states ,  an d R E M I N D attempt s t o matc h i t  agains t  an y 
existin g schema s tha t  migh t  b e relevan t  t o th e situation .  Ther e ar e thre e built-i n 'explorator y 
schemas '  i n CEL-0 ,  tw o o f  whic h ge t  REMINDe d b y thi s input .  Eac h o f  th e thre e schema s (ESI , 
ES2 an d ES3 )  i s simpl y tw o event s long ,  eac h correspondin g t o th e 'impetus '  t o mov e i n a  particula r 
typ e o f  situation ,  essentiall y  correspondin g t o th e followin g sequences : 
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ESI :  se e fron t  openin g ̂  g o straigh t 

ES2:  se e obstructio n = > loo k aroun d (360** ) 

ESS:  se e sid e openin g = > tur n toward s openin g 

So at location MO, REMIND will find both ESI and ESSa, then ACTIVATE will have to choose 
at  mos t  on e o f  the m t o pursue ;  fo r  thi s exampl e le t  i t  choos e ESI .  (ACTIVAT E i n fac t  contain s 
a se t  o f  (currentl y six )  'preferenc e metrics '  tha t  i t  use s t o decid e amon g propose d (REMINDed ) 
alternativ e schema s -  [Grange r  an d McNult y 1984 }  describ e thes e i n detail) .  E N A C T an d SYN -
THESIZ E the n begi n t o reconstruc t  ESI .  E N A C T doe s s o b y performin g an y event s i n th e schema , 
and SYNTHESIZ E b y comparin g ne w input s tha t  resul t  fro m successiv e ENACTed event s agains t 
th e 'predicted '  input s i n th e schem a itself .  SYNTHESIZ E note s tha t  th e matc h betwee n th e even t 
and th e mor e generalize d representatio n i n ES I  i s onl y a  partia l  match ,  an d becaus e it' s  no t  a n 
exac t  match ,  call s B R A N CH t o creat e a  ne w branc h o f  th e schema ,  an d begin s recordin g thi s ne w 
branch . 

CEL-0 continues in this fashion, making the following moves through the maze: MO - M3 - M5 
-  M 3 -  M O -  M l  -  M 2 -  M l  -  M O -  M 3 -  M 5 -  M 3 -  M 4 -  M S -  M O -  M l  -  M 2 -  etc .  A n extensiv e 
descriptio n an d explanatio n o f  th e operato r  sequence s drivin g thes e move s ca n b e foun d i n (Grange r 
and McNuUy 1984J . 

Not e tha t  whe n M 4 i s arrive d at ,  th e fac t  tha t  ther e i s wate r  ther e wil l  caus e a  R E M I N D o f 
anothe r  innat e (built-in )  schem a tha t  essentiall y  say s whe n wate r  i s  seen ,  drin k it .  However ,  thi s 
schema ma y no t  b e reconstructivel y ENACTed unles s A C T I V A T E let s i t  b e (o r  unles s ther e ar e n o 
alternativ e schema s tha t  ge t  REMINDed) ;  on e o f  ACTIVATE' s preferenc e metric s say s no t  t o prefe r 
schemas tha t  d o no t  matc h an y currentl y desirabl e state ,  a s specifie d o n th e 'Desirabl e Stat e List ' 
(DSL) . 

3. 3 Effectiv e goa l  pursui t  i n CEL- 0 

The result of the 'exploration' phase is the creation of a number of schemas describing various 
'routes '  throug h th e maze ,  indexe d b y thei r  startin g an d endin r  position s (mor e detai l  o n I N D E X 
i s provide d i n [Grange r  198Sb J an d [Grange r  an d McNuUy 1984}) . 

In phase 2, we simply add a desired event to CEL-O's Desirable State Lbt (DSL) - this is the list 
tha t  N O T I C E matche s incomin g event s against ,  an d tha t  A C T I V A T E check s t o se e whethe r  o r  no t 
t o bothe r  t o E N A C T a  REMINDe d schema .  Hence ,  i f  w e ad d 'drin k water '  t o th e DSL ,  CEL- O wil l 
now 'ac t  thirsty' ,  i n th e followin g thre e senses :  (l )  i t  wil l  drin k wate r  i f  i t  see s an y (vi a R E M I N D , 
A C T I V A TE an d E N A C T o f  th e built-i n schem a tha t  say s whe n wate r  i s  seen ,  drin k it) ;  (2 )  i t  wil l 
ten d t o prefe r  sequence s tha t  lea d t o seein g wate r  (vi a ACTIVATE S preferenc e metri c fo r  currently -
desirabl e states) ;  an d (3 )  i t  wil l  stor e an y sequence s o f  event s tha t  lea d t o wate r  (vi a N O T I C E an d 
C O L L E C T ).  Hence ,  vi a al l  thre e o f  thes e mechanisms ,  CEL-O' s memor y wil l  no w contai n schema s 
tha t  ar e 'effective '  wit h respec t  t o th e achievemen t  o f  it s  goa l  o f  finding  an d drinkin g water . 

3.4 Active exploration by CEL-O: Sensitivity analysis 

A schema that leads to M4 at the end of the exploration phase b: MO - M3 - M5 - M3 - M4. 
Not e tha t  whil e eifective ,  thi s schem a i s no t  maximall y efficien t  -  i t  coul d simpl y g o M O -  M 3 -  M 4 . 
The fac t  tha t  i t  doesn' t  i s  simpl y a n acciden t  o f  th e exploratio n phas e (se e Sectio n 4. 2 below) .  CEL- O 
has a  proces s tha t  cause s schema s t o b e teste d fo r  thei r  sensitivit y t o change s i n th e sequence ;  th e 
proces s make s multipl e variation s o f  schema s b y deletin g variou s feature s o r  event s fro m th e even t 
sequence ,  an d the n test s th e resultin g variation s fo r  thei r  effectiveness . 

The process effectively establbhes a set of multiple internal 'hypotheses' as to which of the 
feature s o f  th e episod e ar e th e mos t  critica l  an d predictive .  Hence ,  thi s proces s amount s t o a  tes t  o f 
th e sensitivit y o f  th e ne w episod e t o change s i n thos e features .  Thi s proces s o f  testin g episode s fo r 
thei r  sensitivit y t o change s i s terme d 'sensitivit y analysis' .  Th e followin g subsection s briefl y outlin e 
th e process . 
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3.4. 1 latroductio D t o seositivit y analyai s 

When the model senses an instance of an episode, say, a pursuit-type episode such as MO - M3 
-  M 5 -  M 3 -  M 4 ,  whic h result s i n som e N O T I C E d desirabl e state ,  tha t  episod e i s COLLECTed int o 
a Ions-ter m memor y trace .  Th e I N D E X operato r  the n begin s t o choos e feature s o f  th e event s i n 
th e episod e t o us e a a indices ,  whic h wil l  b e use d a s recognitio n cue s a t  retrieva l  time ,  i.e. ,  wheneve r 
simila r  event s happe n subsequently .  Dependin g o n whic h feature s ar e chose n a s indices ,  o f  course , 
subsequen t  retrieva l  eithe r  wil l  o r  wil l  no t  tak e plac e base d o n th e presenc e o r  absenc e o f  an y 
particula r  featur e i n th e ne w inpu t  trace .  Hence ,  th e effectiv e recognitio n o f  an y ne w instanc e o f  a 
learne d episod e i s sensitiv e t o th e feature-indice s tha t  ar e create d a t  I N D E X tim e durin g recordin g 
of  th e episode . 

During the establbhment of these feature indices on a new trace, the INDEX operator performs 
a multi-ste p proces s whic h ha s th e effec t  o f  creatin g multipl e trace s o f  th e episode ,  eac h wit h a 
differen t  featur e o r  se t  o f  feature s delete d fro m th e trace .  Th e multipl e version s o f  th e episod e 
tha t  resul t  fro m thi s proces s serv e th e purpos e o f  enablin g CEL- 0 t o tes t  instance s o f  th e episod e fo r 
thei r  sensitivit y t o change s i n th e constituent s o f  th e episode :  th e long-ter m trac e undergoe s ongoin g 
modificatio n an d refinemen t  dependin g o n whic h version s o f  th e episod e tur n ou t  t o accuratel y matc h 
subsequen t  instance s o f  th e inpu t  stimuli . 

Intuitively, what is happening is that the INDEX operator is hypothesizing a series of variations 
of  th e instanc e o f  th e episode ,  implicitl y  predictin g tha t  thes e version s migh t  serv e a s usefu l  predictor s 
of  subsequen t  instance s o f  th e episode .  Thos e predictiv e hypothese s ar e teste d eac h tim e th e se t 
of  variation s o f  episode s ar e retrieve d an d reconstructivel y compare d t o a  ne w inpu t  instanc e (vi a 
E N A CT an d SYNTHESIZE) .  I n thi s way ,  th e sensitivit y analysi s proces s allow s th e mode l  t o lear n 
more tha n wa s containe d i n th e singl e instanc e o f  th e episode :  i t  learn s th e way s i n whic h tha t 
episodi c instanc e migh t  b e sensitiv e t o change s an d variations .  Furthermore ,  th e proces s ha s th e 
effec t  o f  robustl y reducin g an y dependanc e o n th e orde r  o f  presentatio n o f  events ,  makin g th e mode l 
eventuall y lear n th e sam e thing s abou t  th e maz e regardles s o f  wha t  orde r  i t  happen s t o acquir e the m 
in . 

3.4.2 The Bve steps ot seasitivity aoa/ysis 

1. When a new long-term trace is written, INDEX'S first step is to search for any existing feature 
indice s tha t  matc h an y feature s i n th e ne w trace .  I f  so ,  the n thos e indice s ar e 'attach^ '  t o th e 
trace ,  i.e. ,  eac h inde x no w point s t o th e ne w trac e i n additio n t o an y othe r  trace s i t  ma y alread y 
be pointin g to . 

2. For each sensory feature in the input, create a new index for that feature, that points to the 
epbode . 

3. For each feature-index pointing to the episode, either found by step 1 or created by step 2, 
begi n creatin g variation s o f  th e episod e b y leavin g ou t  on e o r  mor e o f  th e feature s containe d i n 
th e initia l  copy .  Eac h variatio n i s writte n int o memor y a s a  'near-miss '  cop y o f  th e episode . 

4.  Fo r  eac h o f  th e ne w episode-variations ,  searc h fo r  a n existin g inde x tha t  ha s th e ne w subset -
feature s o f  th e variation ;  i f  found ,  attac h i t  t o th e episode . 

5.  Fo r  eac h feature-se t  inde x created ,  attemp t  t o find  other s wit h subset s o f  th e sam e features .  Fo r 
each suc h inde x se t  found ,  creat e a  ne w higher-leve l  inde x (se e (Grange r  IQSSbJ) ,  correspondin g 
t o th e share d feature s tha t  point s t o eac h o f  th e member s o f  th e inde x set . 

The combined effect of these steps will be to create a growing set of indices pointing to the 
episode ,  eac h o f  whic h wil l  b e triggere d b y a  differen t  se t  o f  featur e cue s a t  retrieva l  time .  A t  th e 
same time ,  multipl e copie s o f  th e episod e itsel f  ar e bein g created ,  eac h a  sligh t  variatio n o f  th e 
others ;  i.e. ,  n o tw o ar e exactl y alike .  Th e indice s wil l  slowl y becom e a  hierarchica l  set ,  becaus e 
ste p 5  create s higher-leve l  o r  'second-order '  indices ,  eac h o f  whic h point s onl y t o othe r  indice s (se e 
[Grange r  198Sb^.  Fo r  instance ,  'templat e indices '  ar e example s o f  highe r  indexe s tha t  contai n onl y 
event-sequenc e inform^ion ,  wit h specifi c  sensor y informatio n deleted . 

4 .  S o m e insight s resultin g f r o m expe r i enc e w i t h C E L - 0 

There are a number of difficulties that have arisen during the programming of CEL-0 that 
hav e th e for m o f  interestin g theoretica l  problem s tha t  wer e no t  obviou s unti l  th e implementatio n 
difficultie s arose .  Some o f  thes e ar e discusse d here ,  wit h th e focu s o n th e emergenc e o f  seve n 
categorie s o f  learning ,  base d o n seve n differen t  'callin g sequences '  o f  C E L operator s al l  o f  whic h ar e 
capabl e o f  establishin g o r  modifyin g a  memor y trace ,  i.e. ,  learning . 



4. 1 Seve n way s t o establis h a  m e m o r y trac e i n C E L 

The twelve CEL operators do not call each other serially; hence, although COLLECT is the 
primar y wa y fo r  episodi c trace s t o b e establishe d i n permanen t  memory ,  ther e ar e fou r  distinc t  callin g 
sequence s tha t  ma y resul t  i n th e creatio n o f  a  ne w trace ,  eac h o f  whic h constitute s a  categor y o f 
learnin g i n CEL ;  i n turn ,  thes e fou r  categorie s hav e betwee n the m a  numbe r  o i  differen t  subcategories , 
fo r  a  tota l  o f  seven .  Thes e ar e liste d here ,  followe d b y a  se t  o f  brie f  description s an d example s o f 
each subcategory . 

Goal-base d establishment : 

1.  pursui t  o f  desirabl e resul t  (Pursuit-base d learning ) 

2.  avoidanc e o f  undesirabl e resul t  (Avoidance-base d learning ) 

Expectation-base d establishment : 

1.  matc h betwee n expectatio n an d environmen t  (Success-drive n learning ) 

2.  mismatc h betwee n expectatio n an d environmen t  fFai/ure-drive o learning ) 

Exploration-base d establishment : 

1.  analysi s o f  relevanc e o f  schem a feature s (Sensitivit y analysis ) 

Coincidence-base d establishment : 

1.  schem a activate d simultaneousl y wit h newly-create d schem a Appeod-drive o learning ) 

2.  tw o schema s concurrentl y activate d Splice-drive n learning ) 

4.1.1 Goal-based trace establbbment 

When the NOTICE operator finds that an incoming event matches something on either the 
Desirabl e o r  Undesirabl e stat e Ib t  {DS L o r  USL )  (se e [Grange r  198SbJ) ,  N O T I C E trigger s th e C O L -
L E CT an d I N D E X operato r  t o mak e a  recor d o f  th e sequenc e o f  event s tha t  le d u p t o th e desirabl e 
or  undesirabl e event . 

Case one: Pursuit-based learning 

I n th e desirabl e case ,  th e I N D E X operato r  simpl y indexe s th e sequenc e o f  event s b y SELECTe d 
feature s (se e [Grange r  198SbJ) . 

Case two: Avoidance-based learning 

I n th e undesirabi e case ,  I N D E X call s th e D E T O UR operato r  t o attemp t  t o creat e a  lin k pointin g 
t o potentia l  alternative s t o th e undesirabl e result ,  s o tha t  tha t  pat h won' t  b e pursue d i n th e future . 

•l.i.2£xpectation-ba5ed (race establishment 

While a schema is being reconstructively ENACTed after having been triggered (REMINDed 
and ACTIVATEd )  b y som e cue ,  th e SYNTHESIZ E operato r  i s  constantl y matchin g incomin g real -
worl d event s agains t  event s i n th e schem a (i.e. ,  i t  i s  checkin g th e schema' s implici t  expectations) . 
Bot h matche s an d mismatche s ca n caus e ne w thing s t o b e writte n int o memory . 

Case three: success-driven learning 

I f  SYNTHESIZ E finds  a  match ,  the n i t  call s R E I N F O R CE t o ad d 'strength '  t o th e link s pointin g 
t o th e successfull y predictiv e schema . 

Case four: failure-driven learning 

I f  a  mismatc h i s found ,  B R A N CH i s calle d t o creat e a  ne w lin k betwee n th e inde x an d th e 
new sequenc e o f  event s (whateve r  jus t  actuall y  happened) ,  thereb y effectivel y reducin g th e relativ e 
strengt h o f  th e lin k fro m th e inde x t o th e previously-expecte d result . 
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4.1. 3 ExploratioD-base d tr&c e estabtisbmeo t 

Apparent exploratory behavior by C£L arises from the operation of the 'sensitivity analysis' 
procedur e describe d abov e (an d describe d i n mor e dept h i n [Grange r  IQSSbj) ,  combine d wit h th e 
existenc e o f  th e se t  o f  simpl e 'explorator y schemata' .  Recal l  tha t  sensitivit y analysi s cause s a  numbe r 
of  variation s o f  eac h schem a t o b e created ,  eac h o f  whic h wil l  b e teste d an d eithe r  strengthene d o r 
weakene d accordin g t o it s succes s o r  failur e Thes e wil l  operat e o n th e schema s collecte d durin g 
CEL-O' s 'wandering '  throug h th e maze ,  t o refin e th e model' s representatio n o f  pathway s throug h 
th e maz,e ,  eliminat e som e redundancies ,  an d identif y som e 'landmarks '  tha t  mak e usefu l  indice s t o 
th e se t  o f  pathway s (se e (Grange r  an d McNuUy 19841) . 

As it collects sequences of paths through pieces of the maze, sensitivity analysis refines them 
by testin g th e relevanc e o f  thei r  consituen t  events . 

Case five: Sensitivity analysis 

For  instance ,  i f  a n initia l  rout e throug h th e maz e i s th e sequenc e M O -  M 3 -  M 5 -  M 3 •  M 4 , 
a diminutio n o f  th e rout e yield s M 3 -  M S -  M 3 -  M 4 ,  whic h wil l  wor k whe n th e startin g poin t  i s 
M 3.  Furthe r  diminutio n cuase s th e eventua l  creatio n o f  th e rout e M 3 -  M 4 ,  whic h i s actuall y a n 
improvemen t  ove r  th e origina l  i n term s o f  efficiency ,  sinc e i t  ca n ge t  t o th e presumabl y desirabl e 
stat e M 4 withou t  botherin g t o g o throug h M 5 an d doublin g bac k throug h M3 .  Not e tha t  i n ligh t  o f 
thi s ne w schema ,  th e initia l  five-step  rout e ca n b e viewe d a s 'superstitious '  behavior ;  i.e. ,  th e mode l 
i s actin g a s thoug h i t  'thinks '  tha t  jus t  becaus e i t  wen t  throug h M 5 t o ge t  t o M 4 th e first  time , 
i t  mus t  d o s o o n subsequen t  triab .  I t  i s  crucia l  t o not e tha t  efficienc y i s no t  alway s best ;  i n fact , 
mammals ca n b e traine d t o repea t  lon g sequence s o f  otherwis e 'superstitious '  behavior ,  a s lon g a s 
tha t  behavio r  i s  rewarded ,  whil e an y variation s g o unrewarde d (se e e.g. ,  /Hilgar d an d Bowe r  1970j) . 

4.1.4 Coincidence-based trace estab/isZunent 

There are two cases of 'coincidence' that can arbe in the model: either an existing schema gets 
R E M I N D ed durin g th e COLLECTio n o f  a  ne w schema ,  o r  a  schem a get s R E M I N D e d durin g th e 
ENACTin g o f  anothe r  schem a tha t  ha s bee n previousl y REMINDe d an d ACTIVATEd . 

Case six: Append-driven learning 

If the model b COLLECTing a new schema that leads to, say, an undesirable result, such as an 
unpleasan t  taste ,  tha t  N O T I C E d tast e ma y simultaneousl y caus e a  R E M I N D of ,  sa y a n innat e 'ga g 
reflex '  schem a (i.e. ,  i t  say s t o spi t  ou t  afte r  sensin g a  ba d taste) .  I n suc h a  case ,  th e I N D E X (an d 
D E T O U R)  operator s creat e inde x link s t o bot h th e sequenc e o f  event s leadin g u p t o th e ba d taste , 
so tha t  i t  migh t  b e avoide d i n th e future ,  an d t o th e sequenc e o f  event s REMINDe d b y th e event , 
so tha t  th b sequenc e migh t  b e substitute d fo r  th e undesirabl e sequenc e th e nex t  tim e i t  happens ; 
thi s b  a n instanc e o f  a n 'activ e avoidance '  situation . 

Case seven: Splice-driven learning 

If the model b currently ENACTing an active schema, e.g., running a maze toward a food 
reward ,  an d durin g thb ,  anothe r  schem a get s REMINDe d (e.g. ,  a  ligh t  flash  tha t  b  know n t o lea d 
t o som e differen t  reward) ,  the n bot h schema s ar e indexe d togethe r  b y th e sam e initiatin g feature , 
givin g tha t  featur e adde d predictiv e power . 

4.2 Note: Design decisions affecting CEL-O's performance 

It should be noted here that a number of design decbions in CEL-0 (including the specifics of 
th e A C T I V A T E preferenc e metrics ,  th e detai b o f  th e built-i n explorator y schemas ,  an d th e detad b 
of  th e function s o f  th e operators ,  notabl y SYNTHESIZE ,  R E M I N D an d ACT IVATE )  wil l  affec t  th e 
pat h i t  wil l  tak e throug h th e maze ,  an d i n man y case s wil l  affec t  whethe r  o r  no t  th e correc t  learnin g 
wil l  tak e plac e a t  all .  W e hav e bee n experimentin g wit h version s o f  CEL- 0 t o se e whic h change s caus e 
whic h behaviors ,  bu t  w e inten d t o continu e t o compar e th e resultin g behavior s agains t  th e learnin g 
literatur e whereve r  possibl e (se e es p /Rescorl a an d Wagne r  1972/) ,  an d t o sugges t  ne w experiment s 
(an d thei r  predicte d outcomes )  whe n th e literatur e doesn' t  provid e th e necessar y dat a o n som e 
specifi c  poin t  abou t  ho w a  rat ,  fo r  instance ,  shoul d ru n th e maze .  Sectio n 5  o f  th b pape r  make s 
some brie f  remark s abou t  ou r  us e o f  som e result s i n anima l  learnin g a s a  'requirement s specification ' 
fo r  CEL-O' s performance ;  [Grange r  an d McNult y 1984 J contain s mor e discussio n o f  thb . 
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5. The neurobiology of multiple memory systems 

5.1 The constellation of deficits in the amnesic syndrome 

The patient H.M., like most other amnesics, exhibits a whole constellation of related deficits. 
Th e ke y defici t  i s  th e inabilit y  t o consciousl y stor e ne w information ,  a s describe d earlie r  i n thi s 
paper .  T w o o f  th e othe r  majo r  component s o f  th e overal l  amnesi c syndrom e are : 

• Retrograde amnesia: H.M not only is incapable of consciously storing new information aiace his 
operation ;  h e ak o ha s los t  som e o f  th e memorie s tha t  happene d t o hi m immediatel y preced'iD g 
th e operation ,  u p t o abou t  tw o year s befor e th e operation ,  whil e memorie s olde r  tha n tha t 
remai n unimpaired .  Thi s strikin g finding  fSquir e 1980j' a use d a s evidenc e tha t  m e m o r y coaaol -
idatio D take s tim e (perhap s u p t o tw o years )  befor e i t  become s a  permanen t  par t  o f  memory ; 
hence ,  perhap s memorie s tha t  wer e stil l  bein g consolidate d a t  th e tim e o f  th e operatio n wer e 
disrupted ,  an d neve r  go t  firmly  establishe d a a permanen t  memories . 

• Rapid Forgetting: H.M. b able to carry on conversations, and perform other tasks of long 
duration ,  a s lon g a s th e tas k isa H iotemipted ;  whe n interrupte d fo r  mor e tha n a  fe w minutes , 
he completel y forget s wher e h e was ,  an d start s ove r  agai n 'fro m scratch' ,  e.g. ,  h e migh t  the n 
hav e th e exac t  sam e conversatio n al l  ove r  agai n withou t  realizin g he' s jus t  don e it . 

5.2 Of rats and men 

There are recently-discovered situations in which rats in a maze exhibit forms of learning previ-
ousl y onl y attribute d t o primate s an d humans .  'Learoiog-se t  learning '  refer s t o ver y rapi d (usuall y 
jus t  a  singl e trial )  learnin g o f  ne w situation s tha t  ar e simila r  t o previously-learne d ones ,  i.e. ,  th e 
anima l  seem s t o for m a  'template '  tha t  i t  ca n us e t o expidit e th e learnin g o f  subsequen t  situations . 
Th e rats '  learning-se t  learnin g (LSL )  syste m a4)parentl y u  entirel y separabl e fro m it s mor e standard , 
slowe r  'associativ e learning '  (AL )  syste m -  ther e ar e specifi c  drug s aa d lesion s tha t  hav e bee n use d 
t o entirel y eliminat e abilitie s associate d wit h th e L S L syste m withou t  affectin g th e performanc e o f 
th e A L system ,  an d vic e versa .  Thi s constitute s evidenc e tha t  rat s hav e multipl e memor y systems . 

Furthermore, recent experimentation fStaubli and Lynch 198SJ has shown that rats can be 
give n amnesi c symptom s strikingl y simila r  t o thos e i n humans ,  b y makin g correspondin g lesion s 
t o th e hippocampu s an d anothe r  limbi c structure ,  th e thalamus .  I n particular ,  rat s ar e traine d t o 
selec t  on e o f  tw o odor s fo r  a  wate r  reward .  Thi s initiall y  require s 5b-10 0 trial s befor e a  minima l 
criterio n o f  learnin g i s me t  (i.e. ,  associativ e learnin g (AL)) .  Ove r  successiv e pair s o f  odors ,  th e rats ' 
behavio r  change s suc h tha t  the y com e t o lear n th e correc t  odo r  i n subsequen t  odor-pair s i n onl y 3- 4 
trial s (learning-se t  learnin g (LSL)) .  T w o form s o f  learnin g ar e thou(^ t  t o b e Involved :  (1 )  abstrac t 
'template-driven '  (LSL-type )  informatio n abou t  th e tas k (e.g. ,  th e fac t  tha t  i t  contain s a  'correct ' 
and a n 'incorrect '  olfactor y cue) ,  an d (2 )  specifi c  memor y (AL-type )  a s t o whic h particula r  odo r 
was correc t  fo r  a  give n pair . 

O ne specifi c  typ e o f  lesio n (lesion s o f  th e connectio n betwee n th e dorsomedia l  nucleu s ( D M N ) 
of  th e thalamu s an d th e fronta l  cortica l  system )  eliminate s th e animals '  abilit y  t o g o fro m th e many -
tria l  (AL )  mod e t o th e subsequen t  rapid-learnin g (LSL )  mod e ove r  successiv e pair s o f  odors .  Thi s 
suggest s tha t  th e rat s ar e learnin g th e speciB c memorie s fo r  correc t  odors ,  bu t  ar e failin g t o lear n 
th e templat e informatio n abou t  th e existenc e o f  correc t  an d incorrec t  odor s i n eac h pair . 

Disconnection or lesions of the hippocampus, on the other hand, produces an ^parent inverse 
of  thi s result ,  wit h a  time-dependenc y a s well :  th e rat s acauir e th e rapi d learnin g m o d e (i.e. ,  the y 
appea r  t o lear n th e abstrac t  correct-incorrec t  information) ,  bu t  fo r  an y give n pai r  o f  odor s the y 
canno t  recal l  th e right  specifi c  odo r  (i.e. ,  canno t  perfor m th e task )  i f  delay s o f  mor e tha n abou t 
5 minute s ar e interpose d betwee n trial s (i.e. ,  a  defici t  simila r  t o rapi d forgetting) .  Henc e i t  seem s 
tha t  thes e rat s ar e acquirin g th e abstrac t  memory ,  bu t  ar e tailin g t o creat e a  long-ter m trac e o f  th e 
specifi c  memory . 

5.3 Interpretation of the data 

What ability, i.e., what specific knowledge or process, is available to the rat the LSL situation, 
but  no t  i n th e A L situation ,  t o enabl e template-drive n learning ? T h e proble m fo r  C E L (o r  fo r  an y 
othe r  mode l  o f  learnin g an d memory )  i n attemptin g t o provid e a  consbten t  accoun t  o f  thes e results , 
i s  tha t  apparentl y th e template s ar e learne d bu t  th e specifi c  memorie s leadin g t o thos e template s ar e 
lost .  W e d o no t  hav e a  complet e solution ,  bu t  w e hav e com e u p wit h a  se t  o f  opposin g hypotheses , 
eithe r  o f  whic h coul d potentiall y  explai n th e data .  Thes e opposin g hypothese s hav e bee n use d t o 
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desig n a n experimen t  tha t  i s  currentl y bein g ru n t o hel p furthe r  clarif y th e th e question ,  an d t o 
narro w dow n th e se t  o f  possibl e consisten t  model s o f  thes e tw o learnin g systems . 

In the language of the CEL model, there are two classes of possible explanations: (1) the 
hippocampa l  (AL )  losse s ar e du e t o a  'storage-side '  failur e t o eithe r  C O L L E CT o r  I N D E X th e 
specifi c  information ,  o r  els e (2 )  thes e losse s ar e du e t o a  'retrieval-side '  failur e t o correctl y us e th e 
specifi c  odo r  memor y t o find  th e wate r  reward ;  i.e. ,  perhap s R E M I N D finds  bot h th e templat e 
memory an d th e specific-odo r  memory ,  bu t  A C T I V A T E i s no t  correctl y usin g th e specific-odo r 
memory t o instantiat e th e templat e memor y i n orde r  t o find  th e reward . 

The articulatio n o f  thes e tw o opposin g possibilitie s ha s suggeste d a n experimen t  t o tr y t o tes t 
whethe r  th e specifi c  odo r  wa s i n fac t  presen t  i n memor y a t  all .  Th e memor y seem s no t  t o sho w 
up i n th e odor-choic e situation ,  bu t  i f  explanatio n (2 )  abov e i s correct ,  the n th e memor y ma y b e 
ther e bu t  jus t  no t  bein g use d correctl y i n tha t  situation .  I t  turn s ou t  tha t  ther e i s a  relativel y 
simpl e experimenta l  methodolog y fo r  testin g fo r  'ra w memories '  lik e this .  Detail s ar e provide d i n 
/Grange r  198Sb] ,  bu t  briefly ,  th e experimen t  allow s u s t o se e whethe r  a  ra t  ha s an y memor y o f  a 
particula r  even t  (suc h a s a  specifi c  odor )  o r  n o memor y o f  tha t  event .  Tha t  is ,  th e rat' s behavio r 
i n th e presenc e o f  som e previously-see n even t  ca n b e reliabl y distinguishe d fro m it s behavio r  i n th e 
presenc e o f  a n unrecognize d event ;  hence ,  w e shoul d b e abl e t o tel l  whethe r  o r  no t  th e specifi c  odo r 
i s i n memor y o r  not .  Thi s experiment ,  describe d i n fGrange r  IQSSbJ ,  i s currentl y bein g ru n a t  th e 
Cente r  fo r  th e Neurobiolog y o f  Learnin g an d Memor y a t  Irvine . 

I f  i t  turn s ou t  tha t  th e memor y show s u p i n th b experiment ,  the n w e ma y hypothesiz e tha t 
th e defici t  i s  o n th e retrieva l  side ,  tha t  is ,  th e memor y i s present ,  bu t  i t  canno t  b e correctl y use d 
t o perfor m th e choic e behavior .  I n C E L terms ,  i t  i s  possibl e tha t  A C T I V A T E canno t  instantiat e 
th e memor y int o th e templat e tha t  ca n us e i t  t o find  th e wate r  reward .  If ,  o n th e othe r  hand ,  th e 
rat s exhibi t  n o recognitio n o f  th e specifi c  odors ,  w e wil l  hypothesiz e tha t  th e defici t  ma y indee d b e 
a storage-sid e deficit ,  an d w e wil l  hav e t o attemp t  t o alte r  th e mode l  t o accoun t  fo r  th e los s o f  a 
spcifi c  memor y afte r  th e creatio n o f  a  templat e fro m it . 

Either way, the CEL model will have aided in suggesting a key experiment that can deicde 
th e questio n o f  whethe r  th e rapid-forgettin g phenomeno n i s a  storage-sid e o r  a  retrieval-sid e deficit . 
Thi s bring s u s a  ste p close r  t o a n understandin g o f  th e natur e o f  th e multipl e (LS L an d A L )  learnin g 
and memor y systems . 

6.  C o n c l u s i o n s :  Artificia l  a n d na tu ra l  learnin g m e c h a n i s m s 

There exist many theoretical questions in learning and memory that rely on the consistent 
interpretatio n o f  a n almos t  bewilderin g arra y o f  interrelate d experimenta l  results .  Th e field  o f 
multipl e memor y system s i s on e particularl y excitin g curren t  exampl e o f  this ;  a  battl e ove r  th e 
characteristic s o f  thes e system s i s currentl y ragin g amon g memor y researcher s i n th e neuroscience s 
[Squir e 1980 ;  Squire ,  Cohe n an d Nade l  1982 ;  Mishki n 1982 ;  Tulvin g 1984J . 

The searc h fo r  consisten t  interpretation s o f  thes e dat a ca n b e aide d b y artificia l  model s o f 
learnin g an d memory ,  and ,  reciprocally ,  th e developmen t  o f  consisten t  model s ca n b e furthere d b y 
th e experimenta l  testin g o f  th e models '  prediction s agains t  natura l  learnin g systems .  Whil e i t  a 
not  necessar y fo r  a n artificia l  learnin g syste m t o precisel y accoun t  fo r  al l  availabl e psychologica l 
dat a o n learning ,  i t  ha s happene d tim e an d agai n i n A I  tha t  sincer e attempt s t o provid e consisten t 
interpretation s o f  problemati c psychologica l  result s hav e resulte d i n bot h bette r  psychologica l  theor y 
and riche r  an d mor e productiv e compute r  systems . 

Ther e ar e certai n specifi c  processin g problem s tha t  an y learnin g system ,  natura l  o r  artificial , 
must  hav e a  wa y o f  solving .  W e ar e tryin g t o characteriz e som e o f  thos e processin g problem s i n 
specifi c  learnin g situations ,  i n hope s o f  identifyin g th e similaritie s among ,  an d difference s between , 
differen t  instance s o f  learnin g systems .  Th e C E L mode l  ha s s o fa r  bee n helpfu l  i n identifyin g an d 
clarifyin g som e o f  th e possibl e theoretica l  interpretation s o f  result s i n th e are a o f  multipl e memor y 
systems .  W e hop e tha t  b y continuin g t o iterat e th e loo p fro m theoretica l  suggestio n t o experimenta l 
resul t  an d back ,  w e ca n furthe r  refin e an d narro w dow n th e rang e o f  possibl e interpretation s o f  mul -
tipl e learnin g an d memor y systems ,  s o tha t  th e stud y o f  artificia l  an d natura l  learnin g mechanbm s 
can productivel y us e eac h others '  results . 
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