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C o m b i n i n g Rule s a n d Case s 

t o L e a r n Cas e Adaptat io n 

David B. Leake 
Computer  Scienc e Departmen t 

Indian a Universit y 
Bloomington ,  I N 4740 5 

l e a k e Q c s . I n d i a n a . e d u 

Abstrac t 

Computer models of case-based reasoning (CBR) generally 
guid e cas e adaptatio n usin g a  fixe d se t  o f  adaptatio n rules .  A 
difficul t  practica l  proble m i s ho w t o identif y  th e knowledg e re -
quire d t o guid e adaptatio n fo r  particula r  tasks .  Likewise ,  a n 
open issu e fo r  C B R a s a  cognitiv e mode l  i s ho w cas e adapta -
tio n knowledg e i s learned .  W e describ e a  ne w approac h t o ac -
quirin g cas e adaptatio n knowledge .  I n thi s approach ,  adapta -
tio n problem s ar e initiall y  solve d b y reasonin g fro m scratch , 
usin g abstrac t  rule s abou t  structura l  transformation s an d gen -
era l  memor y searc h heuristics .  Trace s o f  th e processin g use d 
fo r  successfti l  rule-base d adaptatio n ar e store d a s case s t o en -
abl e futur e adaptatio n t o b e don e b y case-base d reasoning . 
W h en simila r  adaptatio n problem s ar e encountere d i n th e fu -
ture ,  thes e adaptatio n case s provid e task -  an d domain-specifi c 
guidanc e fo r  th e cas e adaptatio n process .  W e presen t  th e tenet s 
of  th e approac h concernin g th e relationshi p betwee n memor y 
searc h an d cas e adaptation ,  th e memor y searc h process ,  an d 
th e storag e an d reus e o f  case s representin g adaptatio n episodes . 
Thes e point s ar e discusse d i n th e contex t  o f  ongoin g researc h 
on DIAL ,  a  compute r  mode l  tha t  learn s cas e adaptatio n knowl -
edge fo r  case-base d disaste r  respons e planning . 

Introduction 

Th e fundamenta l  principl e o f  case-base d reasonin g ( C B R ) 
fo r  problem-solvin g i s tha t  n e w problem s ar e addresse d b y 
retrievin g store d record s o f  prio r  problem-solvin g episode s 
an d adaptin g thei r  solution s t o fi t  n e w situations .  I n mos t 
case-base d reasonin g systems ,  th e cas e adaptatio n proces s i s 
guide d b y fixe d cas e adaptatio n rules .  Practica l  experienc e de -
velopin g C B R system s ha s show n tha t  i t  i s  difficul t  t o estab -
lis h appropriat e cas e adaptatio n rule s (e.g. ,  Allemang ,  1993 ; 
Leake ,  1994) .  I n definin g adaptatio n rules ,  a  ke y proble m i s 
th e classi c operationality/generalit y tradeof f  tha t  wa s first  ob -
serve d i n researc h o n explanation-base d learnin g (e.g. ,  Segre , 
1987) :  Specifi c  rule s ar e eas y t o appl y an d ar e reliable ,  bu t 
onl y appl y t o a  narro w rang e o f  adaptatio n problems ;  abstrac t 
rule s spa n a  broa d rang e o f  potentia l  adaptation s bu t  ar e of -
te n har d an d expensiv e t o appl y becaus e the y d o no t  provid e 
task -  an d domain-specifi c  guidance .  I n thos e C B R system s 
tha t  d o perfor m cas e adaptation ,  specifi c  rule s ar e ofte n used , 
requirin g tha t  th e develope r  perfor m difficul t  analysi s o f  th e 
tas k an d domai n t o determin e whic h rule s wil l  b e needed .  I n 
practice ,  th e problem s o f  definin g adaptatio n rule s ar e s o acut e 
tha t  m a n y C B R application s simpl y omi t  cas e adaptatio n (e.g. , 
Barletta ,  1994) . 

Thi s pape r  present s a  n e w metho d b y whic h a  case-base d 
reasonin g syste m ca n lear n adaptatio n knowledg e fro m ex -

perience .  Th e metho d model s a  progressio n fro m cas e adap -
tatio n usin g genera l  adaptatio n rule s t o cas e adaptatio n b y a 
case-base d reasonin g proces s tha t  reflect s bot h (1 )  th e spe -
cifi c  adaptatio n problem s th e reasone r  ha s encountere d an d 
(2 )  th e reasoner' s idiosyncrati c m e m o r y organizatio n an d do -
mai n knowledge .  Th e approac h i s motivate d bot h b y prag -
mati c consideration s an d cognitiv e modelin g concerns .  Th e 
pragmati c benefit s o f  learnin g fro m experienc e t o refin e cas e 
adaptatio n knowledg e ar e simplifie d knowledg e acquisition , 
improve d efficienc y o f  adaptation ,  an d improve d qualit y o f 
th e result s o f  adaptation .  Th e benefit s fro m a  cognitiv e mod -
elin g perspectiv e ar e i n providin g a n accoun t  o f  h o w huma n 
abilitie s fo r  adaptin g case s migh t  develo p an d improve . 

I n ou r  approach ,  tw o type s o f  genera l  rule s ar e provide d 
as th e initia l  basi s fo r  cas e adaptation :  rule s describin g struc -
tura l  transformation s (i.e. ,  characterizin g way s t o transfor m 
cas e structure ,  suc h a s addin g o r  substitutin g particula r  com -
ponent s o f  a  case) ,  an d rule s abou t  h o w t o searc h m e m o r y fo r 
th e informatio n neede d t o appl y a  transformatio n (e.g. ,  tha t 
ca n b e use d t o provid e genera l  guidanc e abou t  h o w t o searc h 
fo r  appropriat e item s t o substitut e afte r  a  substitutio n transfor -
matio n ha s bee n selected) .  A s adaptatio n problem s ar e solve d 
successfull y usin g thes e rules ,  tw o type s o f  case s ar e store d 
t o enabl e futur e case-base d reasonin g abou t  th e adaptatio n 
proces s itself .  M e m o r y searc h case s encapsulat e informatio n 
abou t  th e step s i n th e m e m o r y searc h process .  Adaptatio n 
case s encapsulat e informatio n abou t  th e adaptatio n proble m 
as a  whol e an d h o w i t  wa s solved ,  includin g bot h th e transfor -
matio n use d an d th e m e m o r y searc h proces s followed .  Stor -
age an d reus e o f  thes e tw o type s o f  case s facilitate s futur e cas e 
adaptatio n i n tw o ways .  First ,  w h e n a  n e w adaptatio n proble m 
i s simila r  t o a  previousl y solve d problem ,  th e previou s adap -
tatio n cas e i s retrieve d an d use d t o sugges t  a  transformatio n 
and m e m o r y searc h pla n tha t  wer e effectiv e i n th e past .  Sec -
ond ,  eve n w h e n a  n e w adaptatio n proble m i s differen t  fro m 
previously-solve d problems ,  prio r  m e m o r y searc h case s ca n 
hel p t o guid e th e m e m o r y searc h neede d fo r  th e n e w prob -
lem .  Thi s approac h t o cas e adaptatio n model s h o w case-base d 
reasonin g system s ca n m a k e th e transitio n fro m adaptatio n b y 
genera l  rule s (whic h m a y b e unreliabl e an d har d t o apply )  t o 
adaptatio n tha t  reflect s specifi c  lesson s acquire d wit h adap -
tatio n experience .  Experienc e als o facilitate s th e solutio n o f 
nove l  adaptatio n problems ,  becaus e th e rule-base d adaptatio n 
proces s ca n appl y prio r  m e m o r y searc h case s w h e n solvin g 
n e w adaptatio n problems . 

We begi n wit h a  brie f  discussio n o f  th e evidenc e fo r  de -
velopmenta l  change s i n h u m a n cas e adaptatio n abilit y  an d a n 
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outlin e o f  th e backgroun d fo r  ou r  approach .  W e the n identif y 
and discus s ke y issue s i n th e contex t  o f  a n implementatio n o f 
thi s approac h t o lear n t o improv e cas e adaptatio n durin g case -
base d reasonin g fo r  disaste r  respons e planning . 

Perspective 

Human development of case adaptation: Multiple psy-
chologica l  studie s hav e show n evidenc e fo r  huma n case-base d 
reasonin g bot h i n th e earl y phase s o f  learnin g a  domai n an d af -
te r  achievin g expertis e (se e Kolodne r  (1993 )  fo r  a n overvie w 
of  thes e results) .  However ,  th e developmen t  proces s fo r 
knowledg e use d t o guid e th e applicatio n o f  prio r  case s ha s re -
ceive d les s study .  Centne r  (1988 )  ha s show n tha t  a s childre n 
develop ,  a  shif t  occur s i n h o w the y adap t  storie s t o fit  ne w 
characters .  I n Centner' s experiments ,  childre n first  acte d ou t 
stories ,  usin g toy s t o pla y th e role s o f  th e characters ,  an d the n 
wer e aske d t o ac t  ou t  th e sam e storie s bu t  usin g differen t  toy s 
representin g ne w characters .  Althoug h bot h olde r  childre n (8 -
10 year s old )  an d younge r  childre n (5- 7 year s old )  wer e in -
fluenced  b y th e transparenc y o f  th e objec t  mapping s betwee n 
toy s whe n the y choos e whic h character s t o substitut e int o par -
ticula r  role s o f  th e stories ,  consideration s o f  structura l  feature s 
helpe d th e olde r  childre n t o mak e bette r  substitutions .  Ou r  re -
searc h model s ho w criteri a fo r  decidin g whic h adaptation s t o 
favo r  ma y b e learne d fro m experience . 

Compute r  model s o f  adaptatio n learning :  S o m e G B R 
system s hav e capabilitie s fo r  learnin g special-purpos e cas e 
adaptatio n rules .  Fo r  example ,  C H E F (Hammond ,  1989) , 
a case-base d planner ,  augment s a  stati c librar y o f  domain -
independen t  pla n repai r  strategie s b y learnin g ingredien t  crit -
ic s fo r  suggestin g adaptation s appropriat e t o particula r  ingre -
dients .  Th e resultin g learnin g i s useful ,  bu t  i n a  limite d con -
text .  Anothe r  approac h i s t o rel y o n a n externa l  sourc e t o pro -
vid e a  librar y o f  adaptatio n case s t o b e reuse d (Berger ,  1995 ; 
Sycara ,  1988) .  Thi s approac h i s als o useful ,  bu t  doe s no t  ad -
dres s ho w t o generat e th e case s used .  Ou r  ai m i s a  genera l 
model  o f  h o w a n adaptatio n syste m ca n acquir e adaptatio n 
case s fo r  reus e a s i t  solve s nove l  adaptatio n problems . 

Combining Rules and Cases to Learn 

A d a p t a t i o n 

Our approach begins with adaptation based on general rules. 
As nove l  adaptatio n problem s ar e solved ,  th e adaptatio n 
componen t  store s informatio n abou t  successfu l  adaptatio n 
episode s i n a  librar y o f  specifi c  adaptatio n case s fo r  futur e 
use. '  Unlik e abstrac t  adaptatio n rules ,  adaptatio n case s en -
capsulat e th e system' s experienc e o n specifi c  adaptatio n an d 
memory searc h problem s an d reflec t  th e system' s specifi c 
task ,  domain ,  an d memor y organization .  W h e n n o relevan t 
case s ar e available ,  rule-base d adaptatio n i s used .  Thu s ou r 
metho d model s ho w a  reasone r  ca n shif t  betwee n rule-base d 
and case-base d cas e adaptatio n a s appropriat e t o respon d t o 
familia r  o r  nove l  adaptatio n problems . 

'Usefu l  informatio n coul d als o b e obtaine d b y failure-drive n 
learnin g fro m faile d adaptatio n attempts .  Tha t  proces s i s a  futur e re -
searc h direction . 

T h e c o m p u t e r  m o d e l 

A projec t  t o investigat e thi s adaptatio n learnin g metho d i s 
n o w bein g conducte d a t  Indian a Universit y wit h Andre w Kin -
le y an d Davi d Wilson .  W e ar e investigatin g th e proces s i n 
th e contex t  o f  adaptatio n o f  respons e plan s fo r  natura l  an d 
man-made disasters .  H u m a n disaste r  manager s ar e traine d 
by studyin g casebook s o f  disaster s an d responses ,  an d i t  ha s 
been observe d tha t  the y frequently  repor t  tha t  thei r  n e w solu -
tion s ar e base d o n respons e plan s fo r  simila r  previou s episode s 
(e.g. ,  Rosentha l  e t  al. ,  1989) . 

Our  compute r  model ,  D I A L (fo r  Disaste r  respons e wit h 
Introspectiv e Adaptatio n Learning) ,  start s wit h a  librar y o f 
disaste r  respons e cases .  A s i t  generate s disaste r  respons e 
plans ,  i t  learn s bot h ne w case s an d strategie s fo r  adaptin g it s 
case s t o fit  ne w situations . 

Th e entir e D I A L syste m include s a  schema-base d stor y un -
derstande r  tha t  processe s input s i n a  conceptua l  representa -
tion ,  a  respons e pla n retriever/instantiator ,  a  simpl e evalua -
to r  fo r  candidat e respons e plans ,  an d a n adaptatio n compo -
nent  t o adap t  retrieve d plan s whe n problem s ar e found .  Al l 
component s excep t  fo r  th e adaptatio n componen t  ar e base d i n 
a straightforwar d wa y o n previou s system s (e.g. ,  th e under -
stande r  i s base d o n previou s understandin g system s suc h a s 
S A M (Cullingford ,  1978) ,  an d th e case-base d planne r  i s base d 
on previou s case-base d planner s suc h a s C H E F ( H a m m o n d , 
1989)) .  Consequently ,  furthe r  discussio n wil l  focu s onl y o n 
th e cas e adaptatio n process . 

DIAL'S adaptation process 

dial' s  adaptatio n componen t  receive s a s inpu t  a n instanti -
ate d disaste r  respons e pla n an d a  descriptio n o f  a  proble m i n 
tha t  pla n t o repai r  b y cas e adaptation .  It s processin g combine s 
reasonin g fro m scratc h wit h case-base d reasoning ,  i n th e fol -
lowin g sequenc e o f  processin g steps : 

1.  Case-base d adaptation :  D I A L attempt s t o retriev e case s 
representin g adaptation s tha t  hav e applie d t o simila r  adap -
tatio n problem s i n th e past .  I f  i t  i s  successful ,  th e adapta -
tio n cas e i s re-applied .  Otherwise ,  rule-base d adaptatio n i s 
initiated . 

2.  Rule-base d adaptation :  Base d o n th e proble m type ,  th e 
syste m select s a  transformatio n (e.g. ,  substitution) ,  an d 
generate s a  knowledg e goa l  (Ram ,  1987 )  fo r  th e informa -
tio n neede d fo r  th e transformation .  Introspectiv e plannin g 
(Hunter ,  1990 )  i s don e t o searc h fo r  th e neede d information . 
Searc h terminate s whe n th e informatio n i s foun d o r  whe n 
a pre-se t  limi t  o n th e allowe d numbe r  o f  pla n step s i s ex -
ceeded . 

3.  Evaluation :  Th e adaptatio n i s evaluate d b y a  huma n use r 
w ho input s t o th e syste m whethe r  th e adaptatio n i s accept -
able .  I f  not ,  othe r  adaptation s ar e tried .  I f  n o plan s succee d 
wit h a  give n resourc e limit ,  rule-base d adaptatio n i s con -
tinue d wit h a n increase d limit .  (Thi s give s preferenc e t o 
shorte r  memor y searc h plans. ) 

4.  Storage :  W h e n th e result s o f  adaptatio n ar e successful ,  th e 
resultin g respons e plan ,  th e adaptatio n case ,  an d th e m e m-
or y searc h pla n ar e store d t o b e availabl e fo r  futur e use . 

Th e followin g section s describ e th e rule-base d adaptatio n an d 
case-base d adaptatio n processes .  Thi s i s followe d b y a  de -
scriptio n o f  processin g fo r  a n implemente d progra m example . 
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R u l e - b a s e d a d a p t a t i o n 

I n orde r  t o reaso n abou t  adaptatio n problems ,  a  unifor m 
framewor k i s neede d fo r  characterizin g cas e adaptation . 
DIAL' S rule-base d cas e adaptatio n proces s i s base d o n a  char -
acterizatio n o f  th e cas e adaptatio n proces s a s involvin g tw o 
parts :  structura l  transformation s an d memor y searc h t o find 
th e informatio n neede d t o appl y th e transformations .  I n 
accordanc e wit h thi s view ,  cas e adaptatio n knowledg e ca n 
be treate d a s havin g tw o parts ,  abstrac t  transformation s an d 
m e m o ry searc h strategies .  Thi s characterizatio n o f  adaptatio n 
knowledg e follow s th e principl e o f  th e adaptatio n strategie s 
develope d b y Kas s (1994) .  Th e ai m o f  adaptatio n strategie s 
i s t o achiev e bot h operationalit y an d generalit y b y extendin g 
traditiona l  adaptatio n rule s t o contai n domain-independen t 
strategie s fo r  searchin g memor y t o find  th e domain-specifi c 
informatio n require d b y particula r  adaptatio n problems . 

Kass' s adaptatio n strategie s wer e static ;  the y wer e hand -
code d rathe r  tha n learned .  However ,  hi s basi c framewor k sug -
gest s a  vie w o f  h o w t o lear n adaptatio n knowledge .  I n thi s 
view ,  learnin g specific s abou t  cas e adaptatio n knowledg e ca n 
be see n a s learnin g th e m e m o r y searc h informatio n neede d t o 
operationaliz e genera l  structura l  transformation s (additions , 
deletions ,  an d substitutions) .  Viewin g adaptatio n learnin g i n 
thi s wa y provide s a  broadly-applicabl e framewor k fo r  char -
acterizin g cas e adaptations :  i t  i s  wel l  know n tha t  a  smal l  se t 
of  transformation s i s sufficien t  t o characteriz e a  wid e rang e o f 
adaptation s (Carbonell ,  1983 ;  Kolodner ,  1993) .  Th e result -
in g learnin g ca n hav e a  significan t  effec t  o n adaptatio n perfor -
mance,  becaus e i n general ,  a  larg e amoun t  o f  domain-specifi c 
reasonin g m a y b e require d t o find  th e informatio n t o appl y 
thos e transformations .  Th e followin g section s discus s h o w 
DIAL' S rule-base d adaptatio n proces s finds  th e informatio n 
neede d t o appl y genera l  transformation s whe n solvin g nove l 
adaptatio n problems .  Thi s proces s involve s selectin g a  trans -
formatio n t o apply ,  generatin g knowledg e goal s fo r  th e infor -
matio n neede d t o appl y th e transformation ,  an d usin g a  plan -
nin g proces s t o guid e searc h throug h m e m o r y fo r  th e neede d 
information . 

Selectin g transformation s an d generatin g relate d knowl -
edg e goals :  W h e n D I A L use s rule-base d adaptatio n t o pro -
ces s a  nove l  adaptatio n problem ,  i t  first  select s a  transforma -
tio n t o apply .  I t  the n perform s m e m o r y searc h fo r  th e informa -
tio n neede d t o appl y th e transformation .  Th e curren t  imple -
mentatio n use s a  ver y simpl e schem e fo r  selectin g transforma -
tions :  candidat e transformation s fo r  repairin g particula r  type s 
of  adaptatio n problem s ar e indexe d directl y unde r  element s 
i n th e vocabular y tha t  th e syste m use s fo r  describin g type s o f 
adaptatio n problems .  Give n a  proble m descriptio n a s input , 
DIAL' S rule-base d adaptatio n proces s retrieve s th e transfor -
mation s associate d wit h th e proble m descriptio n an d attempt s 
t o appl y them .  W h e n reasonin g fro m scratch ,  D I A L ha s n o 
guidanc e abou t  whic h t o favor ;  th e transformation s associate d 
wit h th e proble m categor y ar e applie d i n a n arbitrar y orde r  un -
ti l  a  successfu l  adaptatio n i s found .  However ,  whe n a n en -
tir e successfu l  adaptatio n cas e i s stored ,  th e combinatio n o f  a 
particula r  transformatio n an d particula r  m e m o r y searc h strat -
egy tha t  wer e previousl y successfu l  wil l  b e retrieve d an d re -
applied .  Consequently ,  th e learnin g proces s involve s learnin g 
abou t  combination s o f  transformation s an d m e m o r y searc h 

strategie s tha t  ar e applicabl e t o particula r  type s o f  problems . 

Th e followin g exampl e illustrate s thi s proces s o f  transfor -
matio n selection .  Conside r  a  case-base d disaste r  planne r  tha t 
attempt s t o re-appl y a  respons e pla n fo r  a  chemica l  spill ,  bu t 
finds  tha t  on e par t  o f  th e retrieve d pla n i s inapplicable :  th e re -
trieve d pla n use d cit y buse s t o evacuat e victims ,  bu t  th e cit y 
face d b y th e curren t  spil l  ha s n o bu s system .  Th e proble m o f 
an unavailabl e filler  suggest s usin g a  substitutio n transforma -
tio n t o replac e bu s transportatio n b y a  differen t  alternative . 

Once a  transformatio n ha s bee n selected ,  m e m o r y searc h i s 
needed—i n th e transportatio n example ,  i t  i s necessar y t o find 
a for m o f  transportatio n t o substitute .  Thi s i s addresse d b y first 
representin g th e neede d informatio n a s a  knowledg e goal ,  an d 
the n reasonin g introspectivel y abou t  possibl e plan s fo r  search -
in g m e m o r y t o find  th e neede d information . 

Representing knowledge goals: Knowledge goals have 
previousl y bee n investigate d largel y i n contex t  o f  opportunis -
ticall y recognizin g neede d informatio n a s i t  become s avail -
able .  Representation s o f  knowledg e goal s develope d fo r  thi s 
tas k describ e th e desire d informatio n i n a  singl e concep t  spec -
ificatio n (Ram ,  1987)— a patter n t o b e matche d agains t  ne w 
information ,  an d a  descriptio n o f  h o w th e informatio n wil l  b e 
used .  Tha t  typ e o f  descriptio n i s sufficien t  fo r  it s  intende d 
purpos e o f  representin g question s t o b e compare d t o ne w in -
put  information .  However ,  wor k o n D I A L suggest s tha t  whe n 
knowledg e goal s ar e use d t o guid e activ e m e m o r y search ,  de -
scription s o f  knowledg e goal s mus t  includ e tw o additiona l 
facet s a s well . 

Th e first  o f  thes e i s wha t  w e cal l  a  comparativ e specifica -
tion .  Th e comparativ e specificatio n describe s h o w t o choos e 
betwee n multipl e item s i n m e m o r y tha t  matc h th e concep t 
specification .  Th e comparativ e specificatio n i s neede d be -
cause ,  i n a  rich  memory ,  a  numbe r  o f  candidat e item s m a y sat -
isf y th e requirement s fo r  retrieval .  Fo r  example ,  i n searchin g 
fo r  a  substitut e metho d o f  transportatio n fo r  a n evacuation ,  a 
comparativ e specificatio n migh t  provid e th e additiona l  infor -
matio n tha t  th e metho d foun d shoul d b e th e on e yieldin g th e 
highes t  evacuatio n rate . 

Th e secon d typ e o f  additiona l  informatio n neede d i n knowl -
edg e goal s fo r  activ e m e m o r y searc h i s wha t  w e cal l  searc h 
prioritizatio n information .  Rathe r  tha n onl y representin g th e 
searc h targe t  a s a  complet e patter n t o match ,  DIAL' S knowl -
edg e goal s includ e a  componen t  representin g informatio n 
abou t  wher e i t  i s  believe d tha t  relevan t  informatio n coul d b e 
found ,  i.e. ,  abou t  h o w t o see k th e information .  Ther e ar e gen -
erall y man y way s o f  searchin g fo r  a  singl e concept ,  involvin g 
focusin g o n differen t  part s o f  th e concep t  a t  differen t  point s i n 
th e search .  A s a  simpl e example ,  suppos e tha t  th e searc h goa l 
i s  t o find  th e unio n ttiat  someon e (sa y John )  belong s to .  O n e 
strateg y i s t o searc h fo r  union s i n memory ,  an d then ,  fo r  eac h 
union ,  t o retriev e informatio n abou t  it s member s t o se e i f  Joh n 
belong s t o it .  A  bette r  strateg y migh t  b e t o searc h fo r  infor -
matio n abou t  John' s job ,  an d the n t o searc h fo r  likel y union s 
give n hi s employment .  Par t  o f  DIAL' s m e m o r y searc h plan -
nin g involve s determinin g h o w t o brea k u p a  concep t  spec -
ificatio n int o a  sequenc e o f  specifi c  concept s t o examin e i n 
memory.  Successfu l  store d m e m o r y searc h case s reflec t  in -
formatio n abou t  whic h way s o f  prioritizin g goal s hav e prove n 
effective .  Finally ,  informatio n i s neede d abou t  th e leve l  o f 
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resource s t o commi t  t o th e memor y searc h process .  Thu s 
DIAL' S knowledg e goal s includ e a  concep t  specification ,  a 
comparativ e specification ,  searc h prioritizatio n information , 
informatio n abou t  th e amoun t  o f  effor t  allowe d i n th e search , 
and h o w t o us e th e informatio n tha t  i s found . 

Th e plannin g process :  DIAL' S memor y searc h proces s i s 
modele d o n th e quer y reformulatio n proces s first  use d i n 
C Y R US (Kolodner ,  1984) .  I t  differ s fro m C Y R U S,  how -
ever ,  i n applyin g th e proces s withi n th e framewor k o i  knowl -
edg e plannin g (Hunter ,  1990) .  I n thi s knowledg e plannin g 
framework ,  simila r  t o th e introspectiv e reasonin g an d learnin g 
framewor k propose d b y Kenned y (1995) ,  a  planne r  reason s 
introspectivel y abou t  explicitl y  represente d knowledg e goal s 
and h o w t o satisf y the m usin g interna l  "mental "  operators . 
For  example ,  tw o operator s tha t  ca n b e use d t o guid e m e m-
or y searc h ar e "T o find a  caus e fo r  a n actor' s state ,  searc h fo r 
an actio n performe d b y th e acto r  tha t  coul d caus e tha t  state" ; 
'T o find  action s performe d b y a n actor ,  chec k th e actor' s ha -
bitua l  actions. "  Suc h rule s ar e simila r  i n flavor  t o th e type s o f 
rule s investigate d i n researc h o n quer y transformatio n fo r  in -
formatio n retrieval ,  an d ou r  ai m o f  learnin g t o refin e memor y 
searc h share s th e goa l  o f  recen t  wor k i n informatio n retrieva l 
tha t  studie s ho w t o lear n whic h retrieva l  strategie s ar e mos t 
usefu l  (e.g. ,  Baudin ,  Pell ,  &  Kedar ,  1994) . 

DIAL' S adaptatio n componen t  i s provide d wit h a  se t  o f 
genera l  memor y searc h heuristic s an d basi c loca l  knowledg e 
abou t  it s memor y organizatio n (e.g. ,  a s informatio n o n h o w 
t o retriev e abstractions ,  o n th e relationship s betwee n schema s 
and thei r  subparts ,  etc.) .  W e not e tha t  som e o f  thes e rule s 
ar e relativel y unguide d "wea k methods "  o f  memor y searc h 
(e.g. ,  ascendin g an d descendin g abstractio n hierarchie s t o find 
relate d nodes) ,  whos e result s ar e the n filtered  b y constraint s 
fro m th e knowledg e goal s bein g satisfied .  However ,  a s i s de -
scribe d i n th e followin g sectio n o f  case-base d adaptation ,  th e 
ai m i s t o generat e muc h mor e effectiv e knowledge :  success -
fu l  result s  o f  thi s relativel y unguide d proces s for m th e basi s o f 
specifi c  adaptatio n case s tha t  ar e store d t o provid e mor e pre -
cis e guidanc e i n simila r  futur e situations . 

I n orde r  t o b e abl e t o reaso n abou t  memor y search ,  a  syste m 
must  b e abl e t o reaso n abou t  th e meaning s o f  it s  o w n memor y 
links .  Rathe r  tha n simpl y bein g names ,  DIAL' S memor y link s 
ar e structure s associate d wit h informatio n abou t  th e relation -
ship s tha t  hol d betwee n th e linke d objects ,  makin g i t  possi -
bl e t o reaso n abou t  th e meaning s o f  th e link s i n term s o f  thos e 
relationships .  Thi s allow s th e syste m t o decid e whic h link s 
t o follo w t o satisf y knowledg e goal s tha t  wer e no t  anticipate d 
when a  memor y wa s originall y organized . 

The plannin g proces s use d b y D I A L i s inspire d b y Firby' s 
(1989 )  R A P S mode l  o f  reactiv e planning .  Th e choic e o f  a 
reactiv e mode l  t o guid e memor y searc h ma y see m surpris -
ing ;  reactiv e plannin g model s ar e ofte n advocate d a s a  wa y 
t o pla n i n dynami c an d imperfectly-understoo d worlds ,  whil e 
th e "mental "  worl d i s modele d a s entirel y unde r  th e reasoner' s 
contro l  an d availabl e fo r  examination .  However ,  a  centra l  dif -
ficulty  wit h guidin g th e memor y searc h proces s i s tha t  th e gen -
era l  rule s use d t o sugges t  memor y searc h path s ar e no t  guar -
antee d t o b e correc t  i n an y particula r  instances ,  an d i n a  ric h 
memory,  th e cost s o f  exhaustiv e examinatio n o f  th e informa -
tio n ar e prohibitive .  Consequently ,  ther e ar e stron g reason s 

fo r  usin g a  plannin g mode l  tha t  defer s commitmen t  t o partic -
ula r  detail s o f  a  pla n an d tha t  i s robus t  whe n problem s arise . 

learning by storing adaptation cases 

W hy us e C B R fo r  adaptatio n learning ? 

Once a  nove l  adaptatio n proble m ha s bee n solve d success -
fully ,  th e questio n arise s o f  wha t  shoul d b e learne d fro m 
th e result s o f  problem-solving .  Ou r  first  effor t  a t  modelin g 
th e adaptatio n learnin g a s operationalizin g abstrac t  transfor -
mation s wa s th e progra m A L (Adaptatio n Learner )  (Leake , 
1994a) .  AL' s proces s fo r  performin g adaptation s fro m scratc h 
was simila r  t o th e proces s describe d above .  Afte r  A L forme d 
an appropriat e memor y searc h plan ,  i t  performe d explanation -
base d generalizatio n ( E B G )  (e.g. ,  Mitchel l  e t  al. ,  1986 )  t o 
for m a  ne w genera l  m e m o r y searc h rul e fo r  futur e use . 

O ne o f  th e lesson s learne d fro m A L wa s tha t  E B G i s i n fac t 
inappropriat e fo r  learnin g th e m e m o r y searc h task .  E B G de -
pend s o n a  correc t  domai n theory—t o appl y E B G t o th e m e m-
or y searc h task ,  i t  require s a  domai n theor y accountin g fo r 
eac h piec e o f  informatio n i n m e m o r y an d h o w eac h piec e o f 
informatio n i s organized .  Unfortunately ,  th e m e m o r y searc h 
proble m i s precisel y th e proble m o f  h o w t o searc h m e m o r y ef -
fectivel y withou t  suc h a  theory .  M e m o r y searc h mus t  appl y 
heuristic s t o find  neede d informatio n i n a n idiosyncrati c m e m-
or y whos e content s an d organizatio n m a y no t  b e characterize d 
precisely .  Consequently ,  chain s o f  m e m o r y searc h rule s tha t 
wor k i n on e instanc e m a y no t  appl y t o othe r  problem s tha t  ap -
pear  t o b e withi n th e scop e o f  thos e rules .  Becaus e case-base d 
reasonin g abou t  adaptatio n retain s th e specific s o f  particula r 
problems ,  i t  enable s th e lesson s fro m m e m o r y searc h durin g 
prio r  adaptatio n episode s t o b e reuse d mor e effectively . 

Representing case adaptation episodes 

Afte r  completin g rule-base d cas e adaptation ,  D I A L store s tw o 
type s o f  informatio n abou t  th e adaptatio n episode ,  i n tw o 
type s o f  cases .  Adaptatio n case s encapsulat e a n entir e adap -
tatio n episode :  th e respons e pla n tha t  wa s retrieved ,  th e prob -
le m tha t  require d adaptation ,  an d th e entir e m e m o r y searc h 
pla n use d t o retriev e th e neede d information .  Thes e case s sug -
ges t  effectiv e combination s o f  transformation s an d m e m o r y 
searc h strategie s fo r  particula r  adaptatio n problems .  Th e sec -
on d clas s o f  cases ,  memor y searc h cases ,  store s informatio n 
abou t  th e memor y searc h proces s alone .  Thes e case s for m 
buildin g block s fo r  mor e effectiv e m e m o r y searc h whe n nove l 
adaptatio n problem s ar e bein g solved .  A n ope n questio n con -
cern s th e tradeoff s i n makin g sub-part s o f  th e m e m o r y searc h 
case s accessibl e a s separat e cases ,  alon g th e line s o f  Red -
mond' s (1992 )  snippets . 

Re-applying stored adaptation knowledge 

Th e flexibility  o f  C B R system s t o addres s ne w problem s 
comes fro m thei r  abilit y  t o adap t  prio r  case s t o appl y t o 
ne w situations .  However ,  a  conflictin g concer n i s th e po -
tentia l  cos t  o f  adaptin g th e curren t  cas e compare d t o retriev -
in g an d applyin g a  differen t  case ,  o r  simpl y generatin g a 
ne w solutio n fro m scratch .  D I A L control s thi s cos t  i n tw o 
ways .  First ,  th e amoun t  o f  m e m o r y searc h effor t  allowe d 
when adaptin g adaptatio n case s i s limite d (thi s limi t  i s  im -
plemente d a s a  limi t  o n th e numbe r  o f  searc h rule s applied) . 
Second ,  th e adaptatio n tha t  i s don e fo r  th e m e m o r y searc h 
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case s themselve s i s ver y limited .  DIAL' S adaptatio n o f  m e m-
or y searc h case s i s restricte d t o operation s suc h a s extractin g 
a sub-pla n tha t  addresse s onl y th e knowledg e goa l  o f  inter -
est  fro m a  m e m o r y searc h pla n tha t  addresse d mor e knowl -
edg e goals ,  addin g filtering  step s t o chec k th e result s o f  plan s 
tha t  addres s th e desire d knowledg e goal s bu t  omi t  neede d con -
straints ,  an d addin g loca l  searc h fo r  othe r  nearb y memor y 
node s whe n th e resul t  o f  m e m o r y searc h fail s t o satisf y som e 
of  th e neede d constraints .  A n importan t  questio n t o addres s 
i s h o w additiona l  searc h knowledg e affect s overal l  processin g 
cost(Minton ,  1988) . 

An extended program example 

In the current implementation, DIAL'S initial case library con-
tain s tw o disaste r  respons e plans :  a  respons e pla n fo r  a n ai r 
qualit y disaste r  an d a  respons e pla n fo r  a n industria l  chemi -
cal  spill .  Startin g fro m thi s cas e library ,  th e syste m ha s bee n 
teste d o n fou r  storie s exercisin g differen t  part s o f  it s adapta -
tio n mechanisms .  T o illustrat e it s processing ,  w e conside r  on e 
of  thes e i n mor e detail .  Th e storie s an d episode s ar e base d 
on cas e studie s fro m INvironment ,  a  newslette r  fo r  indoo r  ai r 
qualit y consultants . 

Th e exampl e w e conside r  involve s th e followin g story :  A t 
Beave r  M e a d o w Elementar y Schoo l  i n Concord ,  N e w H a m p -
shire ,  student s hav e bee n complainin g o f  symptom s lik e un -
usua l  fatigue ,  ey e irritation ,  respirator y problems ,  an d al -
lergi c reaction s fro m bein g insid e th e building .  DIAL' S un -
derstande r  identifie s th e situatio n a s involvin g a n ai r  qualit y 
problem ,  a  typ e o f  disaster ,  an d it s retrieve r  attempt s t o re -
triev e an d appl y a  respons e pla n fo r  a  simila r  disaster .  Th e 
respons e pla n i t  retrieve s a s mos t  simila r  addresse s th e fol -
lowin g episode :  A  &  D  Manufacturin g i n Bangor ,  Maine , 
ha s recentl y com e unde r  pressur e fro m worker s an d union -
representative s t o correc t  perceive d environmenta l  problem s 
i n th e building .  Worker s hav e bee n affecte d b y sever e respi -
rator y problems ,  headaches ,  fatigue ,  an d dizziness . 

M a ny o f  th e step s i n th e retrieve d respons e pla n fo r  th e 
A &  D  factor y disaster—investigatin g th e exten t  o f  th e risk , 
movin g th e victim s t o a  ne w location ,  etc.—appl y t o th e 
schoo l  proble m a s well .  However ,  i n th e factor y response , 
on e o f  th e step s i s t o notif y th e employees '  union .  Sim -
pl e instantiatio n suggest s notifyin g th e unio n o f  th e ne w 
victims—th e schoolchildren—a s well .  Th e evaluato r  detect s 
tha t  schoolchildre n d o no t  hav e unions ,  an d initiate s cas e 
adaptatio n t o repai r  th e problem .  (Th e proble m i s detecte d b y 
a pattern-base d anomal y detectio n proces s tha t  compare s ne w 
role-filler s i n th e respons e pla n t o standar d expectations .  Thi s 
evaluatio n an d proble m characterizatio n proces s i s simila r  t o 
tha t  describe d i n Leake ,  1992) . 

DIAL' S adaptatio n componen t  receive s tw o input s describ -
in g thi s situation :  th e respons e pla n fo r  th e A  &  D  Manufac -
turin g problem ,  instantiate d t o appl y t o th e ne w situation ,  an d 
a descriptio n o f  th e proble m fo r  adaptatio n t o repair :  tha t  th e 
ste p notifyin g th e students '  unio n i s no t  reasonable ,  becaus e 
student s d o no t  belon g t o unions . 

Becaus e D I A L start s wit h n o adaptatio n cases ,  adaptatio n 
of  th e respons e pla n mus t  b e don e startin g fro m scratch ,  us -
in g th e rule-base d process .  Th e first  ste p necessar y i s t o se -
lec t  a  transformatio n t o apply .  Th e proble m o f  schoolchil -
dre n bein g inappropriat e member s o f  a  unio n i s a n instanc e o f 

th e proble m categor y "role/fille r  mismatch. "  (Fo r  a  descrip -
tio n o f  possibl e proble m types ,  se e Leake ,  1992. )  Th e tw o 
transformation s associate d wit h "role/fille r  mismatch "  ar e t o 
eithe r  substitut e a  ne w filler  (e.g. ,  conside r  notifyin g th e unio n 
of  som e othe r  group) ,  o r  t o substitut e a  differen t  concep t  i n 
whic h th e childre n pla y a  rol e wit h relevan t  similaritie s (e.g. , 
notifyin g anothe r  grou p relevan t  t o th e children) .  M a n y adap -
tation s base d o n thes e tw o transformation s ar e possible ,  bu t  a 
c o m m on suggestio n fro m reader s o f  th e stor y i s tha t  a  reason -
abl e substitutio n i s t o notif y th e children' s parents .  Th e poin t 
of  DIAL' S adaptatio n proces s i s bot h t o generat e thi s answe r 
(a s on e o f  man y candidates )  an d t o lear n fro m it s succes s tha t 
thi s  i s a  reasonabl e adaptatio n t o appl y t o simila r  futur e prob -
lems . 

Substitutin g a  ne w rol e correspond s t o a  knowledg e goa l 
t o answe r  th e questio n "wh o shoul d b e notifie d instead? "  T o 
specif y th e knowledg e goal ,  D I A L first  determine s th e con -
straint s o n reasonabl e substitutions .  T o find  th e constraints ,  i t 
must  hypothesiz e th e factor s tha t  wer e importan t  i n th e rela -
tionshi p betwee n worker s an d thei r  unio n i n th e A  &  D  man -
ufacturin g problem . 

D I A L infer s constraint s t o conside r  b y formulatin g dif -
feren t  possibl e "views "  (Wilensky ,  1986 )  o f  th e relationshi p 
betwee n th e unio n an d th e worker s i n th e origina l  episode . 
Eac h o f  thes e view s suggest s aspect s o f  unio n membershi p 
tha t  migh t  hav e bee n relevan t  an d consequentl y ar e poten -
tia l  candidate s fo r  aspect s t o preserv e whe n makin g th e sub -
stitution .  O n e candidat e relationshi p involve s representation : 
bein g represente d b y th e union .  Thi s suggest s generatin g 
th e knowledg e goa l  o f  finding  representative s o f  th e children . 
M e m o ry searc h fo r  representative s o f  childre n locate s "par -
ents "  a s a  possibility .  Thi s i s no t  th e onl y candidate—othe r 
group s suc h a s "studen t  government "  ar e als o considered ,  bu t 
ar e rejecte d i n th e evaluatio n phase .  I n th e future ,  th e result -
in g successfu l  adaptatio n (replacin g th e unio n b y parents )  wil l 
be retrieve d an d reapplied . 

The effect s o f  learnin g an d th e abilit y  t o reus e adaptatio n 
case s ar e demonstrate d b y DIAL' s processin g o f  th e followin g 
stories .  One ,  involvin g a  chemica l  spil l  a t  a  school ,  prompt s 
retrieva l  o f  th e store d cas e fro m a  prio r  chemica l  spil l  stor y 
and it s respons e plan .  However ,  th e previou s pla n canno t  b e 
applie d i n it s entiret y becaus e i t  (lik e th e A  &  D  plan )  involve s 
notifyin g th e students '  union .  However ,  th e store d adapta -
tio n cas e fro m th e Beave r  M e a d o w schoo l  exampl e ca n b e re -
applie d i n a  straightforwar d way .  Thi s exampl e illustrate s th e 
benefit s o f  learnin g no t  onl y domai n case s (here ,  disaste r  re -
spons e cases )  bu t  als o adaptatio n cases :  Learnin g adaptatio n 
case s increase s th e effectivenes s o f  applyin g existin g case s t o 
ne w problems . 

Anothe r  implemente d exampl e show s h o w D I A L ca n reus e 
a store d adaptatio n cas e i n a  mor e flexible  way .  I n tha t  exam -
ple ,  th e stor y bein g processe d involve s a n ai r  qualit y proble m 
on a  militar y base .  Th e mos t  simila r  prio r  cas e i s th e A  &  D 
ai r  qualit y disaster .  However ,  whe n D I A L attempt s t o appl y 
th e respons e pla n from  tha t  case ,  ther e i s a  proble m simila r 
t o th e proble m tha t  aros e whe n generatin g th e respons e pla n 
fo r  th e Beave r  M e a d o w schoo l  disaster :  soldier s d o no t  hav e 
unions .  I n thi s situation ,  th e learne d adaptatio n cas e (substi -
tutin g parent s fo r  unions )  doe s no t  appl y directly .  Neverthe -
less ,  th e proble m i s similar ,  an d D I A L use s th e prio r  cas e a s 
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a startin g poin t  fo r  futur e reasoning ,  reusin g th e initia l  par t  o f 
it s  searc h chain .  Becaus e representatio n wa s relevan t  i n deter -
minin g w h o m t o substitut e i n th e adaptatio n fo r  th e students , 
th e previou s cas e suggest s searchin g fo r  representative s i n th e 
curren t  situation .  D I A L searche s it s memor y fo r  representa -
tive s o f  soldier s an d finds  "commandin g officers "  a s a  possibl e 
grou p t o notify .  Thi s demonstrate s th e abilit y  t o perfor m som e 
adaptatio n o f  adaptatio n cases .  Mor e stud y i s neede d t o iden -
tif y appropriat e adaptatio n strategie s an d thei r  utilit y  i n term s 
of  bot h th e cos t  o f  adaptatio n an d th e qualit y  o f  th e result s pro -
duced . 

Conclusions 

Providin g appropriat e cas e adaptatio n knowledg e i s a  difficul t 
proble m i n developin g case-base d reasonin g systems .  Ou r  re -
searc h addresse s tha t  proble m wit h a  metho d fo r  learnin g spe -
cifi c  adaptatio n knowledge .  D I A L build s a  librar y o f  adapta -
tio n case s fro m specifi c  episode s o f  applyin g genera l  adapta -
tio n rules .  Th e adaptatio n case s provid e mor e effectiv e guid -
anc e t o adaptatio n b y allowin g reus e o f  successfu l  adaptatio n 
strategie s fo r  th e system' s particula r  domain ,  task ,  an d m e m-
or y organization . 

Our  curren t  researc h present s a  ne w answe r  t o th e ques -
tio n o f  ho w specifi c  cas e adaptatio n knowledg e i s acquired . 
I t  ha s develope d method s fo r  generatin g knowledg e goal s fo r 
cas e adaptation ,  a  representatio n fo r  th e neede d knowledg e 
goals ,  an d answer s t o question s abou t  th e natur e o f  adaptatio n 
knowledg e an d ho w i t  ma y b e re-applied .  Th e nex t  phase s o f 
th e researc h includ e extendin g an d testin g th e mode l  o n addi -
tiona l  examples ,  investigatin g th e rol e o f  failure-drive n learn -
ing ,  an d evaluatin g th e effect s o f  cas e learnin g o n th e qualit y 
and efficienc y o f  th e cas e adaptatio n process ,  especiall y a s th e 
number  o f  adaptatio n an d memor y searc h case s grows . 
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