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Abstrac t 

A reasone r  ma y fai l  a t  a  cognitiv e task ,  no t  becaus e i t  doe s no t 
hav e appropriat e knowledg e wit h whic h t o reason ,  bu t  instea d 
becaus e i t  doe s no t  hav e th e prope r  inde x o r  cu e wit h whic h t o 
retriev e suc h knowledg e fro m memory .  Th e reasone r  know s 
thi s memor y item ;  i t  simpl y canno t  remembe r  th e item .  Thi s 
paper  argue s tha t  forgettin g provide s a n opportunit y fo r  learn -
in g throug h memor y reorganization .  A  reasone r  tha t  take s ful l 
advantag e o f  suc h opportunities ,  however ,  mus t  b e abl e t o rea -
son abou t  it s ow n memor y system .  T o d o so ,  i t  mus t  posses s a 
languag e fo r  declarativel y representin g it s reasonin g failure s 
and mus t  reflectivel y inspec t  suc h representation s i f  i t  i s t o 
full y explai n th e reaso n fo r  it s failure .  Onc e suc h a n erro r  i s 
understoo d a s a  memor y failure ,  th e proble m o f  forgettin g i s t o 
re-adjus t  th e indexe s s o tha t  th e knowledg e i s  properl y 
retrieve d i n similar ,  futur e situations . 

Introduction 

The phrase "machines that forget" appears to be a contradic-

tio n i n terms .  Compute r  m e m o r y i s ofte n viewe d a s a  virtu -

all y error-fre e med iu m i n whic h retrieva l  o f  dat a i s 
performe d b y simpl e fetc h operations .  A s compute r  m e m o-

rie s grow ,  however ,  brute-forc e searc h fo r  th e addres s t o per -

for m th e fetc h become s increasingl y intractable .  M e m o r y 
indexin g i s adde d i n orde r  t o m a k e m e m o r y retrieva l  mor e 
efficient .  A  memory-indexin g mechanis m i s a  trade-of f 
betwee n tim e t o searc h an d accurac y o f  retrieval ;  thoug h 

efficienc y i s gained ,  poo r  indexin g scheme s risk  no t  finding 

th e prope r  information .  Tha t  is ,  give n som e query ,  a  com -
pute r  m a y no t  find  a n ite m a t  al l  — fro m th e user' s poin t  o f 
view ,  i t  ca n "forget. "  Cognitiv e scienc e researc h provide s 

insight s int o thi s proble m tha t  tak e i t  beyon d a  mer e com -

pute r  scienc e technicality .  I  wil l  argu e tha t  developmen t  o f 

improve d compute r  memorie s fo r  intelligen t  system s doe s 
not  necessaril y  entai l  a  m e m o r y tha t  neve r  forgets ;  rather ,  a 
usefu l  memor y i s on e tha t  i s integrate d wit h a  syste m tha t 

transform s forgettin g int o a n opportunit y t o learn . 

Th e indexin g proble m (Domeshek ,  1992 ;  Kolodner ,  1984 , 
1993 ;  Owens ,  1993 ;  Schank ,  1982 ;  Schan k &  Osgood ,  1990 ) 

i s tha t  o f  choosin g cues ,  o r  feature s i n a n input ,  t o b e use d a s 

indexe s fo r  retrievin g fro m memor y th e knowledg e struc -
ture s necessar y t o proces s a n input .  Th e convers e problem , 

then ,  i s th e proble m o f  forgettin g (Co x &  R a m ,  1992) .  I f  th e 
cue s ar e no t  chose n wit h car e durin g retrieva l  time ,  o r  i f  th e 
indexe s ar e no t  chose n wel l  durin g encoding ,  th e reasone r 

may no t  recal l  a  m e m o r y structur e whe n i t  i s  needed .  Thus , 
reasonin g failure s ca n occu r  becaus e o f  fault y m e m o r y orga -

nization ,  a s wel l  a s becaus e o f  fault y reasonin g component s 

or  fault y knowledge ;  forgettin g i s no t  simpl y a  proble m o f 

"deleted "  m e m o r y items .  Th e solutio n t o th e proble m o f  for -

gettin g i s t o provid e a  syste m wit h a n abilit y t o recogniz e 

when it s m e m o r y fail s an d th e abilit y  t o associat e thes e fail -

ure s with  abstrac t  representation s o f  th e problem .  I t  ca n the n 

reaso n abou t  th e representation s an d associat e the m wit h 

specifi c  learnin g goals .  Performanc e system s tha t  d o no t 

depen d o n brute-forc e searc h method s fo r  informatio n need s 

must  therefor e b e integrate d wit h learnin g system s tha t  ar e 

sensitiv e t o m e m o r y reorganizatio n a s wel l  a s t o knowledg e 

refinement . 

Sectio n 2  describe s th e theor y an d methodolog y tha t 

enable s a  syste m t o reaso n abou t  it s o w n memory .  Sectio n 3 

illustrate s a  solutio n t o th e proble m o f  forgettin g wit h a n 

exampl e from  a n implementatio n calle d M e t a - A Q U A an d 

show s h o w i t  affect s learning .  Sectio n 4  compare s an d con -

trast s bot h computationa l  an d psychologica l  perspective s o n 

th e phenomeno n o f  forgetting .  Sectio n 5  close s th e pape r 
with  a  brie f  discussion . 

Introspective Multistrategy Learning 

This paper illustrates how forgetting effects learning in a 
multistrateg y learnin g syste m calle d M e t a - A Q U A ( R a m & 

Cox ,  1994) .  Th e syste m learn s b y choosin g a  learnin g strat -

egy o n th e basi s o f  introspectiv e explanation s o f  it s o w n per -
formanc e failures .  Th e performanc e tas k fo r  M e t a - A Q U A i s 
stor y understanding .  Tha t  is ,  give n a  strea m o f  concept s a s 

th e representatio n fo r  a  stor y sequence ,  th e tas k i s t o creat e a 

causall y connecte d conceptua l  interpretatio n o f  th e story .  I f 
th e syste m fail s a t  th e task ,  it s  subsequen t  learnin g task s ar e 

(1 )  blam e assignmen t  — analyz e th e caus e o f  it s  misunder -

standing ,  (2 )  decid e wha t  t o lear n — for m a  se t  o f  explici t 

learnin g goal s t o chang e it s knowledg e s o tha t  suc h a  misun -
derstandin g i s no t  repeate d o n simila r  stories ,  an d the n (3 ) 

strateg y selectio n — choos e o r  construc t  som e learnin g 

metho d b y whic h i t  achieve s thes e goals .  Th e solutio n t o 
thes e learnin g problem s i s t o maintai n a  declarativ e trac e o f 

reasonin g tha t  lead s t o o r  support s a  particula r  choic e o f 

goal s o r  plans ,  t o retriev e pas t  case s o f  meta-reasonin g tha t 
ca n explai n th e reasonin g failure ,  an d the n t o directl y inspec t 

and manipulat e suc h explanations .  Th e system' s analysi s o f 
it s failur e i s  the n use d a s a  basi s fo r  generatin g specifi c 

learnin g goal s an d subsequentl y plannin g t o achiev e suc h 
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goal s b y choosin g a  prope r  learnin g strategy . 

A n extensio n o f  explanatio n patter n (XP )  theor y (Ram , 

1991 ,  1993 ;  Schank .  1986 )  help s th e syste m t o reaso n abou t 

thes e type s o f  failures .  A  meta-explanatio n patter n (Meta -

X P)  i s a n explanatio n o f  h o w an d wh y a n ordinar y explana -

tio n fail s  i n a  reasonin g syste m (Ra m &  Cox ,  1994) .  T w o 

classe s o f  Meta-XP s exis t  t o facilitat e a  system' s abilit y  t o 

reaso n abou t  itsel f  an d t o assis t  i n selectin g a  learnin g algo -

rith m o r  strategy .  A  Trac e Meta-X P ( T M X P )  explain s h o w a 

syste m generate s a n explanatio n abou t  th e worl d o r  itself , 

and a n Introspectiv e Meta-X P ( I M X P )  explain s w h y th e rea -

sonin g capture d i n a  T M X P goe s awry .  A  T M X P record s th e 

structur e o f  reasonin g task s an d th e reason s fo r  decision s 

take n durin g processin g i n a  serie s o f  decide-comput e nodes . 

A n I M X P i s a  genera l  causa l  structur e compose d o f  primi -

tive ,  networ k structure s tha t  represen t  variou s failur e types . 

I M X P s ar e retrieve d an d applie d t o instance s o f  reasonin g 

capture d i n T M X P s ,  an d assis t  i n formin g th e learnin g goal s 

of  th e system s afte r  failur e occurs .  Th e algorith m tha t  use s 

suc h knowledg e structure s i s outline d i n figure  1 . 

0. Perform and Record Reasoning In TMXP 

1.  Failur e Detectio n o n Reasonin g Trac e 

2.  I f  Failur e T h e n 

Lear n fro m Mistake : 

•  2a .  B l a m e Assignmen t 
Comput e inde x a s characterizatio n o f  failur e 
Retriev e Introspectiv e Meta-X P 
Appl y IMX P t o trac e o f  reasonin g i n T M X P 
If  X P applicatio n i s successfu l  the n 

Chec k X P antecedent s 
If  on e o r  mor e node s no t  believe d the n 

Introspectiv e questionin g 
G O TO ste p 0 

Els e G O T O ste p 0 
•  2  b .  Creat e Learnin g Goal s 

Comput e tentativ e goa l  prioritie s 
•  2  c .  Cfioos e Learnin g Algorithm(s ) 

Expan d subgoal s 
Buil d learnin g pla n 
Comput e dat a dependencie s 
Orde r  plan s 

•  2 d .  Appl y Learnin g Algorithm(s ) 

3.  Evaluat e Learnin g (no t  implemented ) 

Figur e 1 :  Introspectiv e Learnin g Algorith m 

Once a system has identified the causes of a given reason-

in g failur e (ste p 2 a o f  figur e 1) ,  i t  mus t  decid e wha t  i t  need s 

t o learn .  T o represen t  thes e desire s explicitly ,  i t  post s a  serie s 

of  learnin g goal s that ,  i f  achieved ,  wil l  reduc e th e likelihoo d 

of  repeatin g th e failur e (ste p 2b) .  S o m e learnin g goal s see k 

t o add ,  delete ,  generaliz e o r  specializ e som e concep t  o r  pro -

cedure ,  o r  t o reconcil e o r  differentiat e tw o concept s (Co x & 

R a m,  1994) .  Other s dea l  wit h th e ontolog y o f  th e knowl -

edge ,  tha t  is ,  wit h th e kind s o f  categorie s tha t  constitut e par -

ticula r  concepts . 

Give n a  learnin g goal ,  then ,  a  syste m mus t  als o decid e 

whic h learnin g strateg y i s mos t  appropriat e fo r  achievin g it . 

M e t a - A Q U A treat s th e learnin g tas k lik e a  traditiona l  plan -

nin g problem ,  creatin g a  learnin g pla n tha t  i s compose d o f  a 

serie s o f  execution s o f  learnin g algorithm s tha t  wil l  achiev e 

it s learnin g goal s (ste p 2c) .  However ,  unlik e learnin g algo -

rithm s execute d b y single-strateg y systems ,  th e learne r  mus t 

dynamicall y conside r  possibl e interaction s tha t  ma y occu r 

betwee n th e learnin g strategie s (Co x &  R a m ,  1994) .  A  non -

linea r  planne r  i s thu s use d t o resolv e learning-strateg y 

dependencie s an d learning-goa l  interactions . 

I n thi s paper ,  w e presen t  extension s t o M e t a - A Q U A tha t 

allo w i t  t o reaso n abou t  memor y failures .  W h e n reasonin g 

abou t  a  failur e suc h a s forgetting ,  th e syste m mus t  first  hav e 

a representatio n fo r  th e processe s tha t  precede d th e failure . 

Havin g suc h a  representatio n help s th e syste m reaso n abou t 

itself ,  jus t  a s havin g declarativ e structure s abou t  event s i n 

th e worl d assist s proble m solver s i n reasonin g abou t  thei r 

environment .  A s wil l  b e see n i n th e followin g example , 

usin g thes e knowledg e structure s allow s M e t a - A Q U A t o 

pos e question s abou t  it s o w n self-understanding . 

Forgetting an Old Explanation 

This section demonstrates how Meta-AQUA handles a fail-

ur e i n whic h i t  canno t  generat e a n explanatio n fo r  a n anom -

aly .  Th e explanatio n i s i n it s memory ,  bu t  th e syste m doe s 

not  hav e th e prope r  inde x wit h whic h t o retriev e it ;  i n effect , 

i t  forget s th e explanation .  Give n a  bia s fo r  failure ,  thi s exam -

pl e demonstrate s tha t  forgettin g represent s a n opportunit y t o 

learn . 

Conside r  a  stor y i n whic h a  polic e do g bark s a t  luggag e i n 

an airport .  Thi s even t  i s anomalou s i f  th e syste m believe s 

tha t  dog s bar k onl y a t  animat e objects .  M e t a - A Q U A eventu -

all y learn s tha t  dog s ca n bar k a t  an y physica l  object ,  includ -

in g inanimat e ones ,  an d i t  learn s a  ne w explanafion :  dog s 
bar k whe n detectin g contraband . 

Afte r  processin g thi s story ,  Meta-AQUA' s memor y con -

tain s knowledg e representin g tw o explanation s fo r  wh y dog s 

bark :  a n explanatio n fo r  dog s tha t  bar k becaus e the y ar e 

threatene d (indexe d b y dog-barks-at-animate-object )  a s wel l 
as a n explanatio n fo r  dog s tha t  bar k becaus e the y detec t  con -

traban d (indexe d b y dog-barks-at-container) . 

M e t a - A Q U A i s the n give n th e followin g ne w story . 

S1: The police officer and his dog enter a suspect's house. 
S2:  Th e do g bark s a t  a  pil e o f  dirt y clothes . 
S3:  Th e polic e office r  look s unde r  th e clothes . 
S4:  H e confiscate s a  larg e ba g o f  marijuana . 
S5:  Th e do g i s praise d fo r  barkin g a t  th e occludin g object . 

The sentence. Si, causes no unusual processing because 

M e t a - A Q U A finds  i t  mundane .  Bu t  S 2 i s interestin g becaus e 

th e syste m ha s recentl y change d it s concep t  o f  d o g - b a r k . 

Th e syste m therefor e pose s a  questio n askin g wh y th e do g 

barked .  Unfortunately ,  becaus e th e do g i s barkin g a t  neithe r 

an animat e objec t  no r  a  container ,  n o X P i s retrieve d wit h 
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Figur e 2 :  Forgotte n Detectio n Explanatio n 

whic h t o generat e a n answer .  T h e question-answerin g pro -
ces s i s subsequentl y suspende d becaus e o f  th e impasse ,  an d 

th e questio n i s indexe d i n m e m o r y i n th e h o p e tha t  th e stor y 

wil l  provid e furthe r  information . 

Next ,  sentenc e S 3 cause s th e syste m t o postulat e a  possi -
bl e causa l  lin k betwee n S 2 an d S 3 simpl y becaus e o f  th e 

tempora l  relation ;  however ,  n o evidenc e directl y support s 

thi s hypothesis .  S 4 the n remind s th e syste m o f  a  cas e i n 

whic h contraban d w a s confiscated .  T h e syste m thu s infer s 

tha t  th e suspec t  w a s probabl y arrested .  Finally ,  S 5 cause s a 
remindin g o f  th e earlie r  questio n abou t  th e d o g barkin g a t 

th e pil e o f  laundry .  T h e reasonin g tha t  w a s associate d wit h 
thi s previou s questio n i s the n resumed .  T h e syste m als o 

infer s a  possibl e causa l  relatio n f ro m S 5 .  A l thoug h th e sen -

tenc e doe s no t  explicitl y  asser t  it ,  M e t a - A Q U A conclude s 
tha t  th e dog' s detectio n o f  th e marijuan a cause d i t  t o bar k i n 
th e first  place .  Thi s conclusio n answer s th e origina l  query . 

Reviewin g th e reasonin g trac e tha t  precede d th e conclu -
sion ,  M e t a - A Q U A characterize s itsel f  a s "baffled "  (impass e 
durin g m e m o r y retrieval) .  T h e syste m retrieve s a n I M X P 

base d o n thi s characterization ,  wh ic h help s i t  explai n it s o w n 
reasonin g failure. '  T h e structur e i s unifie d wit h th e represen -

tatio n o f  th e origina l  reasonin g (store d i n a  T M X P )  wh ic h 

produce s th e instantiatio n partiall y  s h o w n i n Figur e 2 ? T h e 
knowledg e structur e s h o w s tha t  m e m o r y retrieva l  produce d 

n o explanatio n i n respons e t o th e system' s question .  Instead , 

a late r  inpu t  cause d th e syste m t o infe r  a n answer . 

T h e I M X P suggest s tha t  a  knowledge-expansio n goa l  b e 

s p a w n e d t o generaliz e th e inferre d explanation .  Thi s sugges -
tio n c o m e s f ro m a  potentia l  learning-goa l  slo t  o f  th e I M X P 

(se e Figur e 3) .  Condition s attache d t o th e knowledge-expan -

sio n goa l  allo w i t  t o b e poste d i f  th e n o d e A  w a s eithe r 
acquire d f ro m th e stor y o r  inferred ,  bu t  no t  i f  i t  w a s retrieve d 

f ro m m e m o r y .  A  knowledge-organizatio n goa l  i s  als o 

s p a w n e d i n orde r  t o inde x th e generalize d explanatio n i n 

m e m o r y .  Thes e goal s ca n b e achieve d b y performin g expla -
nation-base d generalizatio n ( E B G )  o n th e n e w explanatio n 

(nod e A )  an d the n indexin g th e explanatio n b y th e contex t  i n 
wh ic h th e syste m encountere d th e explanation . 

T h e syste m canno t  determin e a  prior i  whethe r  a n abstrac t 
X P (nod e M )  actuall y exist s i n m e m o r y bu t  coul d no t  b e 

recalle d (thus ,  th e failur e caus e i s a  missin g association ,  I) , 

or  whethe r  th e syste m lack s th e k n o w l e d g e t o produc e th e 
explanatio n (thus ,  th e caus e i s tha t  th e situatio n i s novel ,  i.e. , 

M i s missing) .  T h e syste m thu s pose s a  questio n abou t  it s 
o w n I M X P (c.f. ,  O e h l m a n n ,  E d w a r d s &  Sleeman ,  1994) , 
"Doe s M exis t  i n m e m o r y ? "  I f  M i s missing ,  I  i s  als o miss -

ing ;  thus ,  th e righ t  questio n t o as k i s whethe r  M exists ,  no t  I . 
Not e tha t  i t  canno t  b e th e cas e tha t  I  i s  erroneous .  I f  i t  wer e 

true ,  the n s o m e explanatio n wou l d hav e bee n retrieved , 

althoug h i t  m a y hav e bee n inappropriate . 
T h e answe r  i s obtaine d b y performin g E B G an d the n 

watchin g fo r  a  simila r  explanatio n i n m e m o r y w h e n i t  store s 

1.  Th e retrieve d I M X P i s calle d I M X P - B A F F L E D - A N D -
R E S O L V ED an d represent s a n instanc e o f  no t  rememberin g a n 
explanation ,  ye t  late r  derivin g one .  A n edite d fram e definitio n i s 
shown i n Fig .  3 .  Equa l  sign s represen t  fram e variabl e bindings . 

2.  Attribute s an d relation s ar e represente d explicitl y  i n thi s figure .  Fo r 
example ,  th e A C T OR attribut e o f  a n even t  X  wit h valu e Y  i s equivalen t 
t o th e relatio n ACTOR havin g domai n X  an d co-domai n Y .  I n addi -
tion ,  reference s t o TRUT H attribute s equa l  t o ou t  refe r  t o th e domai n 
bein g ou t  o f  th e curren t  se t  o f  beliefs .  Th e subscrip t  F K refer s t o i t  bein g 
out  wit h respec t  t o th e foregroun d knowledg e (a s oppose d t o th e back -
groun d knowledg e o r  BK) .  Number s o n th e causa l  (double )  link s specif y 
orderings . 
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th e n e w explanatio n vi a th e indexin g algorithm .  T h e syste m 

ca n detec t  th e presenc e o f  simila r  m e m o r i e s b y maintainin g a 

lis t  o f  pointer s t o m e m o r y item s fo r  eac h conceptua l  type .  A t 

(detine-framelMXP-BAFFLED-AND-RESOLVE D 
(is a (composite-introspective-meta-xp) )  ..IMX P Clas s 
(failure-cuub e (novel-situaUon. O missing-assoc.O) )  ; ;  Whic h on e w e J o no t  kno w 
(q (relatio n ; ;  Bafflin g questio n 

(explanauon s (=a))) ) 
(a (x p ; ;  Actua l  explanatio n 

(explain s =q)) ) 
(e (x p ;' ,  Missin g expectatio n 

(explain s =q)) ) 
(i  (inde x (domai n =q )  (co-domai n =m)) )  . ;  Inde x use d t o retriev e E 
( m (xp) )  ; ;  Forgotte n xp . 
(tiuth-valu e (trut h (domai n =e )  ;' .  £  no t  i n se t  o f  belief s wr t  F K 

(co-domai n out-fk.O)) ) 
(equal s (equal-relatio n (domai n =a )  ; ,  Actua l  shoul d hav e bee n 

(co-domai n =e)) )  ; ;  equa l  t o wha t  wa s expecte d 
(r f  (retrieval-failur e (initiates -  =tnith-value )  ; .  Th e memor y failur e 

(expected-outcom e =e )  ; ;  explaine d b y th e IMX P 
(actual-outcom e =a)) ) 

(new-mpu t  (entity) )  ; ;  Stor y inpu t 
(later-proces s (process) )  ; ;  Inferenc e i n thi s cas e 
(r e (trace-meta-x p ; ;  Reasonin g chai n 

(identiticatio n =q-id ) 
(generatio n =hypo-gen ) 
(link 3 =linlc2 ) 
(link 4 (menially-result s (trut h out-fk.O)))) ) 

(q-i d (d-c-nod e '. ;  Questio n identificatio n 
(strategy-choic e questioning.O ) 
(strategy-executio n pose-question.O ) 
(side-€ffec t  (consideration s =co n (prime-stat e =k-goal)) ) 
flink4=Unkl))) 

(k-goa l  (knowledge-acquisition-goa )  ; ;  Knowledg e goa l  t o answe r 
(goal-objec t  ; ;  th e questio n 

(generat e (co-domai n =q)))) ) 
(hypo-ge n (d-c-nod e ; ;  Hypothesi s generatio n 

(strategy-decisio n =h-decision ) 
(main-resul t  (outcom e = o (member s (=link4))) ) 
(link 4 (mentally-result s (co-domai n =o ) 

(trut h out-fk.O)))) ) 
(h-decisio n (decision-proces s ; ;  X P retrieva l  i n thi s cas e 

(basis-of-decision=h-decision-basis)) ) 
(h-decision-basi s 

(basi s (knowledg e ; ;  Existenc e o f  I  i s  th e basi s 
(collectio n ; :  t o us e case-base d explanatio n 

(member s ((knowledge-stat e 
(co-domai n =i ) 
(believed-ite m =i))))))) ) 

(link s (=Unk l  =link 2 =Unk 3 =link 4 =link 5 =link6)); ;  Link s ar e i n tempora l  orde r 
(link l  (mentally-result s (domai n pose-quesbon.O ) 

(co-domai n (outcom e (member s (=q))))) ) 
(Iink 2 (roentally-enable s (domai n =con ) 

(co-domai n =hypo-gen)) ) 
(link 3 (mentally-result s (domai n =rc )  ; ;  an d al l  correspon d t o th e 

(co-domai n =e)) )  ; ;  numbere d link s i n Fig .  2 
0ink 4 (mentally-initiate s (domai n =tiuth-value ) 

(co-domai n =rf)) ) 
(link s (menially-enable s (domai n =new-input ) 

(co-domai n =later-process)) ) 
(link 6 (mentally-result s (domai n =later-proce5s ) 

(co-domai n =a)) ) 
(explain s =rf )  ; ;  What  th e IMX P explains . 
(pre-xp-node s (= a = e =rf) )  ; ;  X P consequents . 
(internal-node s (= q =hypo-ge n =later-proce5 s =i) )  ; ;  Neithe r  sin k no r  sourc e node s 
(xp-as.serted-node s (=q-i d = m =new-input) )  ; ;  X P antecedents . 
(potential-fault s (= a =i) )  ; ;  Node s fo r  blame-assignmen t 
(potential-leaming-goal s ; ;  Correspondin g learnin g goal s 

((knowledge-expansion-goa l 
(goal-objec t  =a )  ; ;  Expan d th e ne w explanatio n 
(subgoal s =krg ) (priorit y (integer-valu e =pr) ) (backpt r  (plan) ) (condition s ((inferrcd. O acquired.O)) ) (knowledge-reorganization-goa l  =kr g (goal-objec t  =i )  ; ;  Reorganiz e memor y t o hol d i t (priorit y (integer-valu e (less-lha n =pr))))))))) ) Figure 3: IMXP Frame Definition 

storag e time ,  M e t a - A Q U A traverse s th e list ,  checkin g eac h 

t o se e i f  i t  ca n unif y th e n e w m e m o r y wit h an y o f  th e olde r 

ones.- '  M e t a - A Q U A thu s finds  th e explanatio n produce d b y 

th e previou s stor y a t  storag e time . 

M e r g i n g th e t w o explanation s produce s a  bette r  explana -

tion :  D o g s m a y bar k a t  object s tha t  hid e contraband ,  no t  jus t 

at  container s tha t  hol d contraband .  T h e algorith m tha t 

indexe s th e generalizatio n searche s fo r  th e c o m m o n ancesto r 

o f  th e objec t  slot s o f  bot h explanations ;  tha t  is ,  object s tha t 

contai n othe r  object s an d object s tha t  cove r  othe r  objects . 

Thi s c o m m o n ancesto r  i s th e typ e h i d i n g - p l a c e .  Thus , 

so tha t  thes e type s o f  explanation s wil l  no t  b e forgotte n 

again ,  th e syste m indexe s th e explanatio n b y "dog s tha t  bar k 

at  potentia l  hidin g places "  an d place s a  pointe r  t o th e merge d 

explanatio n o n th e m e m o r y lis t  fo r  th e symbo l  c a u s a l -

r e l a t i o n . 

As a  resul t  o f  it s  learning ,  M e t a - A Q U A no t  onl y detect s 

no anomalie s i n th e followin g story ,  bu t  predict s th e correc t 

explanation . 

S1: A person is outside a house. 
S2:  Th e policema n approache s th e suspect . 
S3:  Hi s do g follows . 
S4:  Th e policema n see s tha t  th e perso n i s nea r  a  compos t  pile . 
S5:  Th e do g bark s a t  th e compos t  pile . 
S6;  Th e authoritie s arres t  th e suspec t  fo r  dru g possession . 
S7:  Th e do g barke d becaus e h e detecte d drugs . 

Computational and Psychological Explanations 

o f  Fo rge t t i n g 

Early psychological theories of forgetting were based on the 

notio n o f  th e deca y o f  a  m e m o r y trac e (e.g. ,  Ebbinghaus , 

1885/1964) .  M a n y computationa l  system s tha t  mode l  for -

gettin g us e a  simpl e notio n o f  deca y o r  m e m o r y amortizatio n 

t o grossl y simulat e th e phenomenon .  Neural-ne t  model s o f 

memory implemen t  forgettin g b y decreasin g th e weight s o n 

th e connection s betwee n node s i n th e syste m (fo r  example , 

see Scaletta r  &  Zee ,  1988 ,  fo r  a n explici t  discussio n o f  for -

3.  Thi s mechanis m simulate s a  memor y suc h a s tha t  o f  D M A P 
(Martin ,  1990) ,  whereb y memor y item s ma p t o area s tha t  con -
tai n simila r  memories .  Althoug h Meta-AQUA' s mechanis m i s 
onl y a  crud e approximatio n t o suc h architectures ,  th e emphasi s 
of  Meta-X P theor y i s o n th e reasonin g abou t  memor y (o r  othe r 
reasonin g processes) ,  rathe r  tha n o n a  representatio n o f  th e 
memory architectur e pe r  se .  A  mor e realisti c mechanis m woul d 
be fo r  Meta-AQU A t o us e th e generalize d X P a s a  prob e t o 
memory t o se e i f  i t  i s no w reminde d o f  th e ol d XP .  Th e curren t 
metho d suffer s fro m th e fac t  tha t  i t  alway s finds  th e ol d X P a t  a n 
unacceptabl e searc h cost . 

4.  Th e mos t  notabl e contemporar y decay-theor y o f  forgettin g i s 
Wickelgren' s (1974 )  single-trac e fragilit y  theor y o f  memory . 
The theor y ha s bee n influential ,  no t  onl y i n th e psychologica l 
community ,  bu t  also ,  fo r  example ,  ha s bee n a n inspiratio n fo r  th e 
forgettin g mechanis m i n th e use r  mode l  o f  E U R O H E LP 
(Winkels ,  1990) ,  a n intelligen t  hel p system . 
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gettin g i n neura l  nets) .  However ,  forgettin g itsel f  i s  no t  a 

process ;  rather ,  i t  i s a  by-produc t  o f  computation .  Th e deca y 

theor y o f  forgettin g i s descriptiv e rathe r  tha n explanatory . 

Jenkin s an d Dallenbac h (1924 )  introduce d th e concep t  o f 

interference .  Becaus e learne d informatio n conflict s wit h 

simila r  memories ,  retrieva l  o f  thes e simila r  memorie s i s 

interfere d with .  Forgettin g i s viewe d a s a  competitio n 

betwee n simila r  memorie s tryin g t o associat e wit h th e cur -

ren t  cu e context^ .  Th e genera l  searc h o f  associativ e memor y 

( S A M)  theor y (Mensin k &  Raaijmakers ,  1988 )  represent s a 

curren t  psychologica l  mode l  o f  forgettin g an d interference . 

Forgettin g i s represente d a s a  lowe r  probabilit y  o f  retrievin g 

an ite m a t  tim e t+ i  tha n a t  tim e t .  Th e S A M mode l  assume s 

tha t  th e strengt h o f  a  contex t  cu e durin g th e retrieva l  o f  a 

particula r  m e m o r y ite m i s determine d b y th e overla p 

betwee n th e context s a t  storag e an d retrieva l  times .  T w o fac -

tor s explai n forgettin g i n S A M .  First ,  th e cue s use d a t  tim e t 

may b e mor e strongl y associate d wit h th e m e m o r y ite m tha n 

thos e use d a t  t+i .  Second ,  th e strengt h an d numbe r  o f  com -

petin g item s associate d wit h th e cue s m a y b e greate r  a t  t+ i 

tha n a t  t .  Althoug h probabilit y  model s cove r  th e data ,  the y 

do no t  explai n th e phenomen a well ;  rather ,  lik e th e notio n o f 
decay ,  the y describ e th e phenomena .  Moreover ,  th e rol e o f 

knowledg e i n memor y retrieva l  i s absen t  i n suc h models . 

Usin g a  knowledge-intensiv e approach ,  C Y R U S (Kolod -
ner ,  1984 )  model s a  dynami c m e m o r y (Schank ,  1982 )  con -

tainin g experience s from  pas t  U S Secretar y o f  Stat e Cyru s 

Vance .  It s memor y contain s knowledg e o f  meeting s concern -
in g bot h th e S A U r  Accord s an d Egypt-Israel i  peac e talks . 

But  a s C Y R U S experience s mor e meeting s betwee n Egyp -
tia n an d Israel i  diplomats ,  th e feature s tha t  appl y t o th e 
S A Ur  talk s ar e remove d fro m th e norm s o f  th e concep t 

d i p l o m a t i c - m e e t i n g s .  Th e S A U T detail s ar e stil l  i n 
memory an d retrievabl e i f  provide d SALT-specifi c  cues ; 

however ,  th e informatio n concernin g th e C a m p Davi d 

Accord s c o m e t o dominat e th e restructure d concept .  S o 
when C Y R U S i s questione d abou t  genera l  diplomati c meet -

ings ,  i t  forget s abou t  S A L T becaus e o f  interferenc e fro m th e 

C a mp Davi d details .  Bu t  C Y R U S doe s no t  lear n from  it s 
memory failures ,  no r  doe s i t  hav e a  representatio n o f  forget -
tin g fro m whic h i t  ca n reason .  A s show n b y th e exampl e i n 
th e previou s section ,  M e t a - A Q U A learn s t o adjus t  it s m e m-

5.  A  symboli c (a s oppose d t o sub-symbolic )  memor y syste m tha t 
uses deca y i s A C T *  (Anderson ,  1983) .  Althoug h A C T *  use s a 
deca y mechanism ,  Anderso n ha s show n tha t  A C T *  cover s muc h 
of  th e interferenc e dat a i n th e literature .  Se e th e nex t  paragrap h 
fo r  th e interferenc e explanatio n o f  forgetting . 

6.  Althoug h Lev y (1988 )  contend s tha t  neura l  net s mode l  forgettin g 
as interference ,  i t  i s  unclea r  fro m hi s discussio n ho w the y imple -
ment  this .  Neura l  net s us e deca y explanation s a s wel l  a s deca y 
implementations .  However ,  Frenc h (1994 )  discusse s a  mor e ana -
lyti c evaluatio n o f  catastrophi c interferenc e phenomen a i n neu -
ra l  nets ,  whereb y th e additio n o f  ne w memorie s i n a  ne t  cause s 
th e syste m t o completel y forge t  associatio n o f  olde r  simila r 
memories . 

or y indexe s i n respons e t o forgetting . 

Rathe r  tha n characterizin g forgettin g a s t o whethe r  i t 

result s fro m interferenc e o r  decay ,  a  mor e usefu l  strateg y i s 

t o analyz e th e possibl e type s o f  forgetting .  C o x an d R a m 

(1992 )  argu e tha t  th e forgettin g result s fro m failur e a t  vari -

ous node s i n th e structura l  representatio n o f  forgettin g (a s i n 

Figur e 1) .  A s shown ,  th e index ,  I ,  coul d b e missin g o r  th e 

item ,  M ,  i n m e m o r y coul d b e missing .  Alternatively ,  th e sys -

te m m a y neve r  hav e generate d th e question ,  Q ,  i n th e first 

place .  W h e n confronte d wit h late r  information ,  a  syste m 

migh t  realiz e i n hindsigh t  tha t  i t  shoul d hav e aske d a  ques -

tion ;  therefore ,  M e t a - A Q U A ca n b e surprised .  Finally ,  a n 

opportunisti c reasone r  migh t  for m a  goal ,  but ,  becaus e i t 

canno t  achiev e tha t  goal ,  m a y suspen d th e processing .  Late r 

i t  migh t  forge t  t o resum e th e goal .  Fo r  example ,  i f  a  planne r 

form s th e goa l  t o fill  it s ca r  wit h ga s befor e leavin g fo r  vaca -

tion ,  th e planne r  suspend s th e goa l  unti l  arrivin g a t  th e ga s 

station .  I f  th e planne r  als o ha s a  goa l  t o purchas e supplies , 

the n whil e a t  th e ga s statio n i t  m a y bu y th e supplie s bu t  for -

get  t o fill  u p th e tan k o f  th e car .  I t  i s  reminde d o f  th e forgot -

te n goa l  whe n i t  run s ou t  o f  ga s whil e drivin g t o it s 

destination. ^  Th e failur e occurre d becaus e i t  di d no t  inde x 

th e suspende d goa l  wit h th e feature s tha t  woul d matc h con -
text s i n whic h i t  woul d b e appropriat e t o achiev e th e goal. ^ 

At  thi s level ,  reasonin g abou t  forgettin g appear s useful ,  bot h 

fo r  theorist s an d th e reasone r  itself . 

Conclusion 

Although not a formal memory model, the treatment of for-

gettin g i n thi s pape r  ha s show n tha t  forgettin g ca n b e turne d 
int o a n opportunit y t o learn .  Th e lesson s fro m th e psycholog -

ica l  literatur e sugges t  tha t  t o reaso n abou t  forgettin g i t  i s 

importan t  t o conside r  th e condition s upo n whic h memorie s 

ar e retrieve d (i.e. ,  th e relationshi p betwee n th e indexe s use d 
t o stor e a  m e m o r y an d th e cue s availabl e a t  retrieva l  time) , 

rathe r  tha n abou t  decay . 
Moreover ,  forgettin g m a y b e usefu l  i n additiona l  ways , 

instea d o f  bein g treate d a s a  simpl e failure .  Markovitc h an d 

Scot t  (1988 )  demonstrat e tha t  forgettin g (a s rando m dele -
tion s o f  m e m o r y items )  m a y b e usefu l  i n speedin g u p perfor -
mance system s tha t  us e brute-forc e searc h techniques . 

Tambe,  Newell ,  &  Rosenbloo m (1988 )  sho w h o w system s 
ca n decid e whethe r  o r  no t  t o stor e a n ite m base d o n th e 

expecte d utilit y  o f  th e concept .  Thus ,  a n ite m i n m e m o r y 
m ay b e missin g becaus e i t  wa s neve r  stored ,  o r  becaus e i t 
was store d an d late r  deleted .  However ,  a  performanc e trade -

of f  exist s betwee n leavin g a n ite m i n m e m o r y i n th e hop e 
tha t  i t  m a y b e usefu l  late r  an d removin g i t  t o reduc e storag e 

spac e an d speedu p searching ,  wit h th e additiona l  cos t  o f 

7.  Suspende d question s (knowledg e goals )  ma y als o fai l  t o b e 
retrieve d (e.g. ,  forgettin g t o as k a  questio n a t  th e en d o f  a  lec -
ture) .  Suc h a  scenari o i s simila r  t o forgettin g t o ge t  gas . 

8.  Anothe r  explanatio n i s tha t  th e reasone r  migh t  no t  hav e attende d 
t o th e prope r  stimul i  whe n a t  th e store . 
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computin g som e criteri a suc h a s expecte d utility . 

One o f  th e problem s wit h thi s paper' s treatmen t  o f  forget -

tin g i s tha t  i t  concentrate s o n th e encodin g (storage )  sid e o f 

forgetting .  Yet ,  Mensin k an d Raaijmaker s (1988 )  asser t  tha t 

contemporar y memor y theorie s hol d tha t  forgettin g i s a 

retrieva l  effect ,  rathe r  tha n a n encodin g effect .  Deliberat e 

elaboratio n an d focu s o f  attentio n durin g learnin g d o contro l 

th e storag e context ,  an d therefor e affec t  encoding ,  s o th e 

storag e issue s ar e nonetheles s importan t  i n an y theory .  Mor e 

must  b e addresse d i n ou r  theory ,  however ,  fo r  effect s o f  cu e 

availabilit y  an d selectio n durin g retrieval . 

The solutio n t o th e proble m o f  forgettin g i s t o provid e sys -

tem s wit h th e capabilit y  t o notic e whe n a  reasonin g failur e i s 

due t o thei r  memorie s alon g wit h th e abilit y  t o associat e 

thes e failure s wit h abstrac t  pattern s tha t  represen t  th e prob -

lem .  System s ca n the n reaso n abou t  th e representation s an d 

associat e the m wit h specifi c  learnin g goals .  W h e n encoun -

terin g memorie s wit h poo r  indexing ,  system s shoul d reorga -

niz e th e memor y b y learnin g bette r  indexes ;  i n respons e t o 

surprises ,  system s nee d t o lear n whe n t o as k th e righ t  ques -

tions ;  an d whe n system s forge t  t o remembe r  thei r  previou s 

goals ,  the y shoul d lear n t o associat e th e goal s wit h th e righ t 

circumstance s o r  lear n t o pa y attentio n t o th e righ t  cue s i n 

thei r  environment .  Lik e th e strande d vacatione r  wh o forgo t 

t o fill  u p wit h ga s an d i n respons e develop s a  habi t  o f  check -

in g th e ga s gaug e befor e goin g o n lon g trips ,  w e wan t  com -

puter s t o develo p th e right  habit s i n thei r  ow n domains . 
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