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Toward s A  C o m p u t e r  M o d e l  o f  M e m o r y Searc h Strateg y Learnin g 

Davi d B .  Leak e 
Compute r  Scienc e Departmen t 

Indian a Universit y 
Bloomington ,  Indian a 4740 5 
l e a k e @ c s . I n d i a n a . e d u 

Abstrac t 

Much recent research on modeling memory processes has fo-
cuse d o n identifyin g usefu l  indice s an d retrieva l  strategie s t o 
suppor t  particula r  memor y tasks .  Anothe r  importan t  questio n 
concernin g memor y processes ,  however ,  i s ho w retrieva l  cri -
teri a ar e learned .  Thi s pape r  examine s th e issue s involve d i n 
modelin g th e learnin g o f  memor y searc h strategies .  I t  discusse s 
th e genera l  requirement s fo r  appropriat e strateg y learnin g an d 
present s a  mode l  o f  memor y searc h strateg y learnin g applie d 
t o th e proble m o f  retrievin g relevan t  informatio n fo r  adaptin g 
case s i n case-base d reasoning .  I t  discusse s a n implementatio n 
of  tha t  model ,  and ,  base d o n th e lesson s learne d fro m tha t  im -
plementation ,  point s toward s issue s an d direction s i n refinin g 
th e model . 

I n t r o d u c t i o n 

Much recent AI research on memory focuses on analyzing the 
indice s tha t  ar e relevan t  t o particula r  classe s o f  retrieva l  prob -
lem s (e.g. ,  (Domeshek ,  1992 ;  Leake ,  1992 ;  O w e n s ,  1991)) . 
The proble m o f  h o w m e m o r y searc h strategie s ca n b e learne d 
and refine d ha s receive d les s attention. '  Understandin g th e 
proces s o f  learnin g m e m o r y searc h strategie s i s  importan t 
bot h fo r  practica l  reasons ,  t o develo p A I  system s tha t  ca n 
refin e memor y searc h criteri a a s needed ,  an d t o exten d cog -
nitiv e model s o f  m e m o r y processes .  Fo r  example ,  dat a o n 
childrens '  m e m o r y strategie s sho w a  progressio n fro m inef -
fectiv e t o effectiv e m e m o r y strategie s durin g earl y develop -
ment  (Wellman ,  1988) . 

Thi s pape r  examine s th e issue s involve d i n modelin g th e 
learnin g o f  m e m o r y searc h strategies .  I t  focuse s o n th e m e m-
or y tas k o f  retrievin g th e informatio n tha t  case-base d reason -
in g system s nee d i n orde r  t o adap t  prio r  case s t o fit  ne w situ -
ations .  Th e pape r  describe s a  broadly-applicabl e framewor k 
tha t  treat s m e m o r y searc h a s a  planfu l  proces s an d learn s th e 
searc h plan s resultin g fro m informatio n searc h fo r  particula r 
adaptatio n problems .  I t  discusse s th e genera l  requirement s 
fo r  appropriat e strateg y learnin g withi n tha t  framework ,  an d 
present s th e lesson s learne d fro m ongoin g researc h i n apply -
in g th e mode l  t o m e m o r y searc h learnin g fo r  adaptin g case s 
i n case-base d explanatio n (Leake ,  1993) .  Base d o n thos e 
lessons ,  i t  identifie s direction s fo r  extending ,  refining ,  an d 
validatin g th e performanc e o f  th e model . 

'Bu t  se e Fo x &  Leake ,  1994 ;  Oehlmann ,  Edwards ,  &  Sleeman , 
1994;  Redmond ,  1992 ;  an d Sycar a &  Navinchandra ,  1989 ,  fo r  exam -
ple s o f  recen t  researc h addressin g issue s o f  inde x learning ,  refinemen t 
and re-indexing . 

M e m o r y S e a r c h fo r  C a s e A d a p t a t i o n 

Case-based reasoning (CBR) systems solve problems by re-
trievin g simila r  store d case s an d adaptin g thei r  solution s t o 
fit  th e ne w situations .  Th e C B R mode l  o f  reasonin g firom 
experienc e ha s bee n successfull y applie d t o man y task s (se e 
(Kolodner ,  1993 )  fo r  a  survey) ,  an d initia l  studie s ar e encour -
agin g fo r  it s validit y a s a  cognitiv e mode l  (e.g. ,  (Lancaste r  & 
Kolodner ,  1988 ;  Ross ,  1989 ;  Rea d &Cesa ,  1991)) . 

A fundamenta l  questio n i n C B R i s ho w t o guid e th e adapta -
tio n proces s tha t  revise s a  retrieve d cas e t o fit  a  n e w situation . 
We vie w cas e adaptatio n knowledg e a s havin g tw o c o m p o -
nents .  Th e first  i s  knowledg e o f  abstrac t  transformations , 
suc h a s th e transformatio n substitut e component .  T h e secon d 
i s m e m o r y searc h informatio n o n h o w t o find  th e informatio n 
neede d t o appl y th e abstrac t  transformations—fo r  example , 
i n th e cas e o f  th e transformatio n substitut e component ,  infor -
matio n o n h o w t o determin e whic h feature s ar e relevan t  t o 
searchin g fo r  a n appropriat e substitutio n an d h o w t o conduc t 
th e search .  Previou s researc h ha s show n tha t  becaus e o f  th e 
generalit y o f  abstrac t  transformations ,  a  wid e rang e o f  adap -
tatio n problem s ca n b e solve d usin g a  smal l  se t  o f  abstrac t 
transformation s (e.g. ,  (Carbonell ,  1983)) .  However ,  a  diffi -
cul t  proble m i s h o w t o determin e th e feature s tha t  ar e relevan t 
i n finding  th e informatio n neede d t o appl y th e abstrac t  rule s t o 
specifi c  problems .  Fo r  example ,  th e rul e substitut e componen t 
give s n o guidanc e abou t  wha t  t o substitute . 

A n exampl e o f  h u m a n learnin g o f  relevanc e criteri a fo r 
cas e adaptatio n i s  presente d i n (Gentner ,  1988) .  Centner' s 
experiment s gav e childre n th e tas k o f  adaptin g previously -
encountere d storie s t o fit  ne w characters .  I n th e experiments , 
childre n first  acte d ou t  stories ,  usin g toy s t o pla y th e role s 
of  th e characters .  The y wer e the n aske d t o ac t  ou t  th e sam e 
storie s usin g differen t  toy s representin g n e w characters .  Al -
thoug h bot h olde r  childre n (8-1 0 year s old )  an d younge r  chil -
dre n (5- 7 year s old )  wer e influence d b y th e transparenc y o f 
th e objec t  mapping s betwee n th e correspondin g character s i n 
th e ol d an d ne w stories ,  consideration s o f  systematicity— a 
higher-leve l  feature—aide d th e olde r  childre n i n makin g th e 
correc t  mapping s betwee n character s a s the y adapte d th e ol d 
storie s t o th e ne w characters .  T h e proces s w e ar e investigatin g 
i s (1 )  h o w ne w criteri a fo r  determinin g relevan t  feature s fo r 
finding  adaptatio n informatio n ca n b e acquire d durin g m e m-
or y retrieval ,  an d (2 )  h o w thos e criteri a ca n guid e th e m e m o r y 
searc h proces s fo r  th e neede d information . 
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M e m o r y s e a r c h a s a  p lanfu l  p roces s 

Our  approac h build s o n th e mode l  o f  m e m o r y traversa l  an d in -
dex elaboratio n i n C Y R U S (Kolodner ,  1984) ,  an d especiall y 
on prio r  proposal s fo r  introspectiv e failure-drive n learnin g 
t o repai r  m e m o r y organizatio n problem s (Birnbaum ,  Collins , 
Brand ,  Freed ,  Krulwich ,  &  Pryor .  1991 ;  R a m &  Cox ,  1994) . 
However ,  thi s mode l  differ s i n treatin g m e m o r y searc h a s a 
knowledg e plannin g proces s (Hunter ,  1990) .  I n th e knowl -
edg e plannin g framework ,  informatio n searc h i s conducte d 
by a  plannin g proces s base d o n explici t  reasonin g abou t  need s 
fo r  informatio n an d h o w t o satisf y them .  I n tha t  process ,  a 
reasone r  formulate s explici t  knowledg e goal s (Leak e &  R a m , 
1993 ;  R a m ,  1987 )  tha t  ar e pursue d b y explici t  reasonin g abou t 
th e goal s i t  need s t o achiev e an d th e availabl e method s fo r 
achievin g thos e goals .  T o allo w flexible  m e m o r y search ,  w e 
ar e modelin g tha t  proces s withi n a  simila r  framewor k (Leake , 
1993) . 

Our  mode l  generate s explici t  goal s t o acquir e neede d in -
formation ,  base d o n th e abstrac t  adaptatio n rul e i t  i s  tryin g 
t o appl y an d o n constraint s arisin g fro m th e case-base d rea -
soner' s tas k an d th e specifi c  cas e t o whic h th e rul e wil l  b e 
applied .  Th e goa l  reflect s a  determinatio n o f  type s o f  feature s 
tha t  ar e relevan t  fo r  th e adaptatio n problem .  Base d o n th e 
goal s tha t  ar e generated ,  th e mode l  reason s introspectivel y 
abou t  it s m e m o r y organizatio n an d use s a  plannin g proces s 
t o generat e a  pla n fo r  h o w t o searc h m e m o r y fo r  th e neede d 
information .  Thi s pla n reflect s a  relevanc e judgement ,  th e 
judgemen t  o f  whic h feature s o f  th e adaptatio n proble m ar e 
relevan t  t o retrievin g th e neede d information .  Onc e a  suc -
cessfu l  m e m o r y searc h pla n ha s bee n generated ,  th e searc h 
informatio n i s store d a s a  ne w cas e i n m e m o r y fo r  futur e us e 
guidin g searc h i n simila r  adaptatio n problems .  Thu s i t  take s 
a case-base d approac h t o guidin g th e m e m o r y searc h proces s 
fo r  case-adaptation . 

Generating knowledge goals for adaptation 

Guidin g th e m e m o r y searc h proces s depend s o n first  describ -
in g th e goa l  o f  tha t  search .  Th e mode l  assume s tha t  inpu t  t o 
th e adaptatio n componen t  wil l  b e expresse d i n a  fixed,  struc -
ture d vocabular y describin g th e problem s tha t  necessitat e cas e 
adaptation .  Fo r  th e curren t  task ,  adaptatio n o f  implausibl e ex -
planations ,  th e vocabular y use d categorize s problem s suc h a s 
non-normativ e rol e fillers  i n a  schem a (e.g. ,  i n th e exampl e 
we wil l  conside r  later ,  th e hypothesi s tha t  a  hors e i s  jogging) , 
orderin g problem s (e.g. ,  tha t  a  hypothesize d caus e happene d 
befor e th e even t  i t  ostensibl y caused) ,  o r  th e speedu p o r  dela y 
i n a n expecte d sequenc e o f  events .  Fo r  a  fulle r  descriptio n 
of  failur e categorization s fo r  explanations ,  se e (Leake ,  1991 , 
1992) . 

Base d o n th e proble m description ,  th e adaptatio n compo -
nen t  mus t  selec t  a  repai r  strateg y t o repai r  th e problem .  Th e 
choic e o f  th e repai r  strateg y fo r  a n explanatio n depend s no t 
onl y o n th e particula r  problem—e.g. ,  th e implausibl e even t — 
but  als o th e rol e i t  play s i n th e explanatio n a s a  whole ,  a s 
evidenc e fo r  othe r  beliefs .  Likewise ,  th e intende d us e o f  th e 
explanatio n ca n plac e additiona l  constraint s o n th e adaptation . 
Consequently ,  th e generatio n o f  a  knowledg e goa l  fo r  adapt -
in g a n implausibl e belie f  depend s o n thre e things :  th e reaso n 
th e belie f  i s  implausible ,  th e repai r  strateg y t o b e applied ,  an d 
th e contex t  i n whic h i t  i s  applied .  Eac h o f  thes e propertie s 

ca n constrai n th e retrieva l  o f  store d prio r  adaptatio n case s i f 
the y ar e available . 

I f  n o store d adaptatio n case s ar e retrieved ,  a  ne w memor y 
searc h pla n mus t  b e generated ,  i.e. ,  a n abstrac t  transformatio n 
must  b e selecte d an d neede d informatio n fo r  tha t  transfor -
matio n mus t  b e found .  Wha t  informatio n wil l  b e neede d 
depend s o n th e combinatio n o f  th e transformatio n strateg y 
and constraint s arisin g fro m relationship s betwee n th e trans -
forme d cas e an d th e object s use d i n th e transformation .  Fo r 
example ,  i f  th e proble m t o b e repaire d i s tha t  a n explanatio n 
involve s implausibl e evidence ,  multipl e transformation s ar e 
possible ,  suc h a s addin g additiona l  suppor t  fo r  th e implausi -
bl e evidence ,  substitutin g mor e plausibl e evidence ,  o r  simpl y 
deletin g th e support .  I f  th e chose n transformatio n i s  t o replac e 
th e implausibl e evidence  wit h othe r  evidence ,  bein g abl e t o 
appl y tha t  transformatio n wil l  depen d o n finding a  substitu -
tio n tha t  bot h avoid s th e curren t  problem—i.e. ,  tha t  i s  itsel f 
plausible—an d tha t  i s evidenc e fo r  th e sam e conclusion . 

Koto n (1988 )  ha s identifie d genera l  criteri a fo r  decidin g 
whic h abstrac t  transformation s t o appl y t o flawed  explana -
tions ,  an d thos e criteri a for m a  startin g poin t  fo r  selectio n o f 
abstrac t  transformations .  However ,  i n genera l  i t  i s  difficul t 
t o anticipat e whic h type s o f  transformation s wil l  appl y i n a 
give n case ,  an d man y conflictin g factor s m a y ente r  int o th e 
decisio n (se e (Kolodner ,  1993 )  fo r  a n extensiv e discussio n 
of  adaptatio n issues) .  Th e difficult y o f  balancin g conflictin g 
factor s provide s a  stron g functiona l  motivatio n fo r  develop -
in g a  mode l  i n whic h experienc e ca n hel p t o balanc e thos e 
conflictin g factor s t o guid e cas e adaptation . 

Introspective reasoning for memory search 

Once knowledg e goal s hav e bee n generated ,  introspectiv e rea -
sonin g mus t  b e use d t o generat e a  pla n fo r  finding  tha t  knowl -
edg e i n memory .  Tha t  reasonin g require s self-knowledg e 
of  th e reasoner' s memor y organization .  I n orde r  t o per -
for m knowledg e planning ,  initia l  syste m knowledg e mus t  in -
clud e informatio n abou t  th e relationship s betwee n concept s 
i n m e m o r y — n o t  jus t  th e name d links ,  a s i n mos t  memor y 
systems ,  bu t  th e meaning s o f  thos e links .  Th e tas k o f  pro -
vidin g th e syste m wit h sufficien t  informatio n i s facilitate d b y 
th e fac t  tha t  onl y loca l  relationship s betwee n concept s nee d 
t o b e specified ;  mor e distan t  relationship s ca n b e derive d o n 
demand usin g th e knowledg e plannin g process .  I n addition . 
becaus e thi s informatio n i s task-independent ,  onc e i t  i s estab -
lishe d i t  ca n b e applie d i n multipl e context s an d fo r  multipl e 
tasks . 

Th e knowledg e o f  th e meaning s o f  link s ca n b e augmente d 
wit h domai n knowledge ,  a s wel l  a s th e knowledg e o f  rele -
vanc e buil t  throug h exjjerienc e wit h adaptatio n problems ,  i n 
orde r  t o determin e th e searc h strategie s t o appl y t o identif y 
particula r  type s o f  information .  I t  shoul d b e noted ,  however . 
tha t  althoug h tha t  domai n knowledg e i s useful ,  i t  i s no t  essen -
tial .  I n th e absenc e o f  domai n knowledge ,  th e initia l  searc h 
fo r  informatio n become s a n unguide d loca l  searc h proces s o f 
th e sor t  alread y commonl y use d t o suppor t  cas e adaptatio n 
(Kolodner .  1993 .  pp .  407-410) .  bu t  th e proces s ca n stil l  lear n 
t o improv e it s searc h proces s b y favorin g searc h plan s tha t 
wer e successfu l  i n simila r  prio r  situations . 

Treatin g th e m e m o r y searc h proces s thi s wa y increase s 
flexibility  i n selection ,  applicatio n an d refinemen t  o f  m e m-
or y searc h strategies .  Fo r  example ,  component s o f  effectiv e 
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strategie s ca n b e combine d a s needed ,  makin g i t  possibl e t o 
buil d comple x memor y searc h strategie s give n onl y loca l  in -
formatio n abou t  memor y organization .  I n addition ,  becaus e 
standar d pla n learnin g method s ca n b e applie d t o th e nu*ni -
or y searc h plan s tha t  ar e generated ,  retrieva l  strategic s ca n b e 
refine d wit h experience . 

Credit assignment and adaptation cost issues 

Two credi t  assignmen t  problem s aris e fro m thi s model .  Th e 
first  i s  th e proble m o f  knowin g whether ,  i f  n o previou s adapta -
tio n strategie s ar e sufficien t  t o adapt  a  prio r  case ,  th e proble m 
shoul d b e addresse d b y attemptin g t o find a  ne w an d close r 
cas e (e.g. ,  b y queryin g a  huma n user) ,  o r  instea d b y learnin g 
ne w adaptatio n procedures .  Ou r  wor k ha s no t  attempte d t o 
addres s thi s question :  Th e mode l  simpl y attempt s t o generat e 
an adaptatio n strateg y fo r  eac h cas e fo r  whic h n o store d strat -
egy exist s o r  fo r  whic h strategie s tha t  ar e indexe d a s relevan t 
fai l  t o apply . 

The secon d credi t  assignmen t  proble m concern s m e m o r y 
searc h failures .  W h e n memor y searc h fails ,  ther e i s n o wa y 
(shor t  o f  exhaustiv e search ,  whic h th e mode l  doe s no t  use ) 
t o determin e whethe r  th e searc h pla n itsel f  wa s flawe d o r  th e 
neede d informatio n wa s simpl y missin g fro m memory .  A  limi t 
on th e amoun t  o f  searc h effor t  (measure d i n m e m o r y link s 
followed )  provide s a  criterio n fo r  whe n a  particula r  searc h 
pla n shoul d b e terminated ,  an d ca n als o provid e a  cut-of f  poin t 
fo r  th e se t  o f  searc h plan s t o b e attempte d t o find  a  give n piec e 
of  information .  Reachin g tha t  limi t  i s  no t  i n itsel f  enoug h 
t o determin e whethe r  th e wron g searc h strateg y wa s chosen , 
but  i f  on e memor y searc h pla n fail s an d a  late r  pla n succeed s 
i n finding  th e neede d information ,  th e failur e o f  previously -
attempte d searc h plan s ca n b e ascribe d t o inapplicabilit y  o f 
th e searc h plan s tha t  wer e trie d initially .  I n tha t  case ,  i f  th e 
searc h pla n wa s retrieve d fro m memor y i t  ca n b e re-indexe d 
t o avoi d bein g retrieve d fo r  simila r  knowledg e goal s i n th e 
future . 

Not e tha t  eve n i f  n o searc h pla n succeed s i n finding  th e 
neede d informatio n withi n th e searc h limit ,  whe n solvin g a 
futur e adaptatio n proble m i t  m a y b e possibl e t o find  tha t  infor -
matio n usin g ne w memor y searc h plan s tha t  wer e discovere d 
and store d i n th e interim . 

The Computer Model 

The theor y i s bein g teste d i n th e compute r  syste m A L (Adap -
tatio n Learner) .  Tha t  syste m applie s th e plannin g frame -
wor k describe d i n th e previou s section s t o th e tas k o f  learnin g 
th e searc h strategie s han d code d a s par t  o f  th e adaptatio n 
strategie s (Kass ,  1990 )  i n th e case-base d explanatio n system s 
S W A LE (Schank ,  Riesbeck ,  &  Kass ,  1994 )  an d A B E (Kass , 
1990) .  T o provid e contex t  an d illustrat e th e rol e o f  adaptatio n 
strategie s i n thos e systems ,  w e sketc h S W A L E ' s processin g 
of  it s  namesak e example ,  th e stor y o f  th e racehors e Swaie. ^ 

Swal e wa s a  3-year-ol d supersta r  racehors e w h o die d un -
expectedl y a t  th e pea k o f  hi s career .  W h e n S W A L E detect s 
th e anomal y o f  Swale' s death ,  on e o f  th e explanator y case s 
S W A LE retrieve s i s th e episod e o f  th e deat h o f  th e runne r  Ji m 
Fixx ,  who ,  lik e Swale ,  die d whe n i n pea k physica l  condition . 

Th e retrieve d explanatio n fo r  Fixx' s deat h i s tha t  Fix x wa s 
doin g recreationa l  jogging ,  leadin g t o a  hig h exertio n leve l 
tha t  overtaxe d a  hidde n hear t  defect ,  leadin g t o a  fata l  hear t 
attack .  Tha t  explanatio n doe s no t  appl y directl y t o Swale : 
Swal e wa s no t  a  recreationa l  jogger . 

I n a  syste m usin g abstrac t  adaptatio n rules ,  th e adaptatio n 
rul e t o appl y woul d b e substitut e evidence ,  whic h ca n b e use d 
i n an y domai n bu t  give s n o guidanc e a s t o h o w t o find  th e 
evidenc e t o substitute .  I n a  syste m usin g ver y specifi c  rule s 
tailore d t o th e domai n o f  horse-racing ,  a n applicabl e rul e fo r 
finding  th e evidenc e migh t  b e whe n a  racehorse' s exertio n 
must  b e substantiated ,  hors e racin g i s a  likel y caus e o f  th e 
exertion—d i  rul e tha t  i s eas y t o appl y bu t  tha t  ha s n o appli -
cabilit y  t o othe r  type s o f  action s an d actors .  Instea d o f  ei -
the r  rule ,  S W A L E an d A B E us e a n adaptatio n strateg y calle d 
Replace-action :  Us e agen t  them e links ,  whic h suggest s try -
in g t o find  substitut e action s b y examinin g action s habituall y 
associate d wit h th e actor .  Thi s searc h strateg y i s implemente d 
as a  procedur e tha t  retrieve s th e filler  o f  th e role-them e rol e 
i n th e schem a describin g th e actor. ^  O n e o f  th e rol e theme s 
store d i n th e system' s m e m o r y i s tha t  racehorse s ru n i n races . 
Consequently ,  whe n th e strateg y i s applied ,  i t  finds  runnin g i n 
race s a s a  candidat e fo r  th e substitution.' *  Replacin g joggin g 
wit h hors e racin g a s th e caus e o f  exertio n tha t  overtaxe d a 
hear t  defec t  lead s t o a  plausibl e explanatio n fo r  w h y Swal e 
die d despit e appearin g t o b e i n outstandin g physica l  condition . 

The learning process 

Th e metho d fo r  adaptatio n strateg y learnin g start s wit h a  smal l 
librar y o f  abstrac t  adaptatio n rule s givin g generalize d cover -
age o f  possibl e adaptations ,  an d operationalize s the m b y com -
binin g the m wit h m e m o r y searc h plan s an d storin g the m fo r 
futur e use .  Th e basi c proces s o f  generatin g a  ne w adaptatio n 
strateg y involve s fou r  steps : 

1.  Inpu t  a  cas e an d a  descriptio n o f  a  proble m t o b e solve d b y 
adaptation . 

2.  Attemp t  t o retriev e relevan t  existin g adaptatio n strategies . 
I f  success ,  d o n e — n o ne w strateg y i s needed .  I f  failure , 
retriev e abstrac t  adaptatio n rule . 

3.  Us e a n introspectiv e knowledg e plannin g proces s t o gen -
erat e m e m o r y searc h plan s t o operationaliz e th e abstrac t 
rule . 

4.  Generaliz e an d packag e th e searc h pla n wit h th e rul e a s a 
ne w adaptatio n strategy . 

Thi s proces s i s summarize d i n figure  1 . 

A program example 

A L i s implemente d a s a  ne w componen t  o f  th e progra m mi -
c r o S W A L E (Schan k e t  al. ,  1994) ,  a  distillatio n o f  th e S W A L E 
system .  Th e followin g sectio n illustrate s th e algorith m wit h 
a sketc h o f  h o w i t  applie s t o th e proble m o f  adaptin g th e Ji m 

^A mor e detaile d discussio n o f  thi s exampl e i s containe d i n 
(Schan k e t  a!. ,  1994) ,  whic h addresse s additiona l  issue s o f  cas e 
retrieva l  an d evaluatio n tha t  ar e irrelevan t  t o th e curren t  discussion . 

^Rol e theme s (Schan k &  Abelson ,  1977 )  represen t  stereotype d 
knowledg e abou t  th e plan s an d goal s associate d wit h actor s i n certai n 
societa l  roles ,  suc h a s th e knowledg e tha t  a  racehors e run s i n race s 
or  tha t  a  policema n perform s action s suc h a s directin g traffi c  an d 
investigatin g crimes . 

*I t  als o finds  th e irrelevan t  them e actio n o f  eatin g oats ,  whic h 
lead s t o th e explanatio n tha t  Swale' s deat h wa s cause d b y th e exertio n 
of  eatin g oats .  Tha t  explanatio n i s rejecte d a s implausible . 
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\ 
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adaptatio n 
case s 

Librar y o f 
memory searc h 
rule s an d case s 

Librar y o f 
transformation s 

Figur e 1 :  T h e adaptatio n strateg y learnin g process . 

Fix x explanatio n t o Swale .  I n th e process ,  th e syste m learn s 
an adaptatio n strateg y correspondin g t o Replac e action :  Us e 
agent-them e links ,  startin g wit h onl y abstrac t  adaptatio n rule s 
an d knowledg e o f  th e system' s m e m o r y organization . 

I n attemptin g t o appl y th e Ji m Fix x explanatio n t o Swale' s 
death ,  micro S W A L E detect s a  proble m an d provide s th e adap -
tatio n componen t  wit h a  descriptio n o f  th e problem :  Swal e 
i s a  non-normative-role-fille r  fo r  th e rol e o f  acto r  i n th e pro -
gram' s schem a fo r  jogging .  I t  attempt s t o retriev e existin g 
adaptatio n strategie s indexe d a s relevan t  t o th e proble m de -
scription .  T h e adaptatio n syste m start s onl y wit h abstrac t 
adaptatio n rule s withou t  m e m o r y searc h information .  I n th e 
curren t  implementation ,  adaptatio n rule s ar e store d a s i n a  hi -
erarch y o f  M O P s (Schank ,  1982 )  containin g (a )  a  descriptio n 
of  th e classe s o f  problem s tha t  the y addres s an d (b )  procedure s 
tha t  tak e a  proble m characterizatio n an d explanatio n a s input , 
generat e knowledg e goa l  description s base d o n thos e inputs , 
an d cal l  a  m e m o r y searc h modu l e wit h th e knowledg e goa l  t o 
attemp t  t o retriev e o r  generat e a n appropriat e m e m o r y searc h 
pla n t o find  th e neede d informatio n fo r  th e transformatio n t o 
b e applied . 

For  th e exampl e o f  Swale' s jogging ,  possibl e candidat e ab -
strac t  adaptation s t o repai r  th e proble m includ e a d d support , 
t o ad d additiona l  support s fo r  th e hypothesize d even t  o f  th e 
racehors e jogging ,  remov e evidence ,  t o simpl y delet e th e of -
fendin g belief ,  an d substitut e evidence ,  t o find  a  replacemen t 
suppor t  fo r  th e ac t  o f  jogging .  Fo r  thi s example ,  a d d suppor t 
doe s no t  a p p l y — n o support s exis t  fo r  a  racehors e j o g g i n g — 
an d remov e evidenc e immediatel y result s i n a n explanatio n 
wit h insufficien t  support .  Thi s leave s substitut e evidenc e a s 
th e onl y remainin g candidate .  T h e rol e o f  joggin g i n th e expla -
natio n impose s a n additiona l  constraint :  Tha t  th e substitute d 
componen t  mus t  suppor t  th e hypothesize d exertion . 

T h e syste m generate s a  knowledg e goa l  t o find  evidenc e t o 
replac e "Swal e jogging, "  th e proble m i n th e Fix x explanation , 
an d suppor t  Swale' s exertion .  Afte r  generatin g tha t  goal , 
i t  attempt s t o generat e a  m e m o r y searc h pla n fo r  satisfyin g 
it .  T h e followin g outpu t  show s highlight s fro m thi s process . 

(Mino r  editin g ha s bee n don e fo r  readability. ) 

Generatin g knowledg e goa l  t o guid e 
searc h fo r  substitut e evidence : 
"Fin d substitut e suppor t  fo r 
M-EXERT-EVENT-FOR-M-SWALE-22". 

Generatin g searc h plan s fo r  satisfyin g 
"Fin d substitut e suppor t  fo r 
M-EXERT-EVENT-FOR-M-SWALE-22". 

The knowledg e goa l  i s passe d t o th e memor y searc h plan -
ner ,  whic h generate s a  chai n o f  step s fo r  finding  th e neede d 
information .  Th e curren t  proces s i s hierarchical :  Th e pla n 
i s  first  characterize d i n term s o f  abstrac t  operator s whic h 
ar e specifie d unti l  th e pla n i s describe d i n term s o f  directly -
executabl e steps .  I t  generate s a  plan ,  applie s i t  successfully , 
and package s i t  a s a  ne w memor y searc h rule : 

Packagin g searc h pla n 
NEW-M-MEMORY-SEARCH-RULE-27: 

"To find a cause for an actor's state, 
searc h fo r  a n actio n performe d 
by th e acto r  tha t  coul d caus e tha t 
state " 

"To find actions performed by an actor, 
chec k th e actor's  them e actions " 

"To find themes of an actor, retrieve 
th e valu e o f  th e 'theme '  slo t  fo r  th e 
MOP fo r  tha t  actor " 

"To find the value of a slot of a MOP, 
appl y th e functio n 'get-slot-value ' 
t o th e MOP an d slo t  name " 

That  plan ,  combine d wit h th e abstrac t  rul e substitut e ev -
idence ,  provide s a  resul t  equivalen t  t o SWALE' s adaptatio n 
strateg y Replace-action :  Us e agen t  them e links .  Thu s th e 
result s o f  th e proces s ar e bot h a  solutio n t o a  particula r  adap -
tatio n proble m an d a  n e w adaptatio n strateg y tha t  ca n b e ap -
plie d t o a  wid e rang e o f  futur e situations .  T h e adaptatio n 
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strateg y i s store d i n memory ,  indexe d b y microSWALE' s ini -
tia l  descriptio n o f  th e adaptatio n proble m fo r  whic h i t  wa s 
generated . 

Lessons Learned 

Although the described system is in preliminary form, it has 
brough t  t o ligh t  som e notabl e points .  Th e first  concern s th e 
type s o f  learnin g mechanism s tha t  appl y t o th e task .  Th e sys -
te m wa s initiall y  envisione d a s performin g explanation-base d 
generalizatio n (EBG )  (Mitchell ,  Keller ,  &  Kedar-Cabelli , 
1986 )  o n th e searc h plan s tha t  i t  generated .  Tha t  approac h 
seemed reasonabl e becaus e th e mode l  ca n b e viewe d a s oper -
ationalizin g a  se t  o f  abstrac t  transformatio n rule s wit h searc h 
procedures ,  an d E B G i s a  standar d operationalizatio n metho d 
(Keller ,  1988) .  However ,  E B G i s no t  appropriat e t o th e mem-
or y searc h tas k becaus e a  deductiv e explanatio n o f  wh y a 
memory searc h pla n succeed s woul d b e require d t o guid e 
generalization .  Th e memor y searc h proces s reason s usin g 
heuristics ;  whethe r  the y succee d i n a  give n instanc e depend s 
not  onl y o n th e rule s themselve s bu t  o n th e idiosyncrati c con -
tent s o f  memory .  Thu s unlik e th e explanation-base d gen -
eralizatio n process ,  th e learnin g proble m fo r  memor y searc h 
strategie s involve s specifyin g unreliabl e genera l  rules ,  i n ligh t 
of  experience ,  t o lear n specifi c  informatio n tha t  i s mor e reli -
able . 

Thi s concer n suggest s applyin g case-base d reasonin g t o 
th e memor y searc h tas k itself :  Case-base d reasonin g i s a 
metho d fo r  learnin g i n imperfectly-understoo d domains .  Con -
sequently ,  developin g a  case-base d mode l  o f  th e learnin g pro -
cess ,  t o automaticall y buil d u p a  librar y o f  usefu l  strategie s 
fro m specifi c  experience s applyin g memor y searc h heuristics , 
i s a n importan t  curren t  directio n o f  thi s research .  Lik e th e 
wor k o n derivationa l  analog y describe d i n (Velos o &  Car -
bonell ,  1993) ,  th e proces s wil l  stor e an d re-pla y successfu l 
memory searc h plans .  Becaus e strategie s wil l  b e applie d t o 
simila r  futur e situations ,  th e case-base d memor y searc h ap -
proac h ca n buil d u p knowledg e reflectin g th e idiosyncrati c 
content s o f  a  particula r  memory . 

A relate d issu e i s ho w t o organiz e memor y searc h plan s i n 
memory.  I n th e initia l  syste m design ,  memor y searc h infor -
matio n wa s packe d wit h th e transformation s i t  operationalize d 
t o for m adaptatio n strategie s alon g th e line s o f  thos e devel -
oped i n (Kass ,  1990) .  I t  ha s becom e clea r  tha t  full y  exploitin g 
prio r  learnin g depend s o n bein g abl e t o appl y memor y searc h 
knowledg e i n ne w contexts ,  necessitatin g storin g an d index -
in g memor y searc h plan s independentl y fro m th e adaptation s 
fo r  whic h the y ar e used ,  eve n thoug h th e combination s ar e 
usefu l  fo r  memor y searc h problem s simila r  t o previou s tasks . 
Flexibl e applicatio n o f  memor y searc h plan s i n nove l  situa -
tion s require s developin g a  genera l  vocabular y t o characteriz e 
th e informatio n neede d fo r  differen t  type s o f  cas e adapta -
tio n problems ,  i n orde r  t o us e tha t  characterizatio n t o selec t 
memory searc h plan s indexe d b y th e informatio n tha t  the y 
provide .  Additiona l  question s raise d b y th e curren t  mode l 
and bein g investigate d includ e th e leve l  a t  whic h t o represen t 
th e informatio n i n memor y searc h rule s initiall y  provide d t o 
th e system ,  an d ho w t o detect ,  lear n from ,  an d recove r  fro m 
particula r  classe s o f  memor y searc h failures . 

T h e utilit y  o f  adaptatio n learnin g 

The previous issues concern simply building a model of case 
adaptatio n learning ,  bu t  anothe r  importan t  concer n i s th e ef -
fectivenes s o f  suc h a  model .  I n principl e a n enormou s numbe r 
of  alternativ e memor y searche s coul d b e trie d fo r  a  particula r 
cas e adaptation ,  makin g th e proces s potentiall y  ver y costly , 
but  th e limi t  o n adaptatio n effor t  impose s som e contro l  o n th e 
cos t  o f  adaptatio n search .  Nevertheless ,  th e mode l  ma y stil l 
requir e considerabl e effor t  t o lear n ne w adaptatio n strategies , 
and eve n afte r  the y hav e bee n learned ,  i t  i s  no t  guarantee d tha t 
the y wil l  improv e overal l  performance ,  becaus e o f  th e utilit y 
problem :  I t  ha s bee n show n tha t  th e learnin g o f  contro l  knowl -
edge ma y actuall y degrad e th e performanc e o f  th e syste m us -
in g tha t  knowledg e (Minton ,  1990) ,  du e t o increase d overhea d 
cost s overwhelmin g th e saving s fro m individua l  rules .  Th e 
intentio n o f  thi s mode l  i s t o addres s tha t  proble m b y index -
in g learne d memor y searc h case s fo r  efficien t  access ,  bu t  th e 
effectivenes s o f  tha t  approac h mus t  b e validated . 

Anothe r  aspec t  o f  th e utilit y  o f  adaptatio n learning ,  how -
ever ,  i s th e qualit y  o f  th e resul t  o f  adaptation .  I n man y o f  th e 
domain s use d b y case-base d reasoning ,  syste m knowledg e i s 
incomplete ,  maJcin g adaptatio n rule s unreliable .  Applyin g 
simila r  adaptation s t o simila r  problem s ma y hel p t o improv e 
th e qualit y o f  th e solution s generate d b y th e adaptatio n sys -
tem,  jus t  a s case-base d rectsonin g ca n improv e th e qualit y 
of  solution s i n imperfectly-understoo d domain s (Kolodner , 
1993) .  A n analysi s o f  th e effectivenes s o f  thi s mode l  mus t 
als o examin e it s effec t  o n th e qualit y  o f  adaptations . 

Conclusions 

This paper proposes treating memory search as a planful pro-
ces s guide d b y explici t  reasonin g abou t  need s fo r  informatio n 
and th e organizatio n o f  memory .  Th e memor y searc h plan s 
resultin g fro m tha t  proces s ar e the n learne d fo r  futur e use . 
Curren t  result s sugges t  usin g case-base d reasonin g a s th e ba -
si c fo r  thi s memor y searc h process ,  an d poin t  t o ke y issue s t o 
be addresse d i n futur e researc h o n treatin g memor y searc h a s 
a planfu l  process . 

Althoug h ou r  memor y searc h framewor k ha s bee n illus -
trate d i n th e contex t  o f  cas e adaptatio n fo r  case-base d expla -
natio n construction ,  it s  approac h t o planfu l  memor y searc h ha s 
wide r  applicability .  Fo r  example ,  abstrac t  adaptatio n rule s o f 
th e typ e tha t  thi s framewor k require s a s a  startin g poin t  als o 
appl y t o othe r  task s suc h a s cas e adaptatio n fo r  case-base d 
planning .  Muc h mor e generally ,  th e planfu l  memor y searc h 
proces s ha s wid e applicabilit y  t o memor y searc h problem s 
outsid e o f  th e contex t  o f  cas e adaptation .  Th e developmen t  o f 
an introspectiv e mode l  o f  planfu l  memor y searc h i s importan t 
fo r  enablin g memor y system s t o refin e thei r  performanc e b y 
generating ,  re-usin g an d refinin g memor y searc h strategie s i n 
respons e t o thei r  needs .  I t  i s  als o a  first  ste p toward s a  cogni -
tiv e mode l  o f  th e developmenta l  proces s fo r  relevanc e criteri a 
and memor y searc h strategies . 
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