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Abstrac t 

I n domadn s requirin g comple x relationa l  represen -
tations ,  simpl y expressin g a  ne w proble m m a y b e 
a complex ,  error-prone ,  an d time-consumin g task . 
Thi s pape r  present s a n approac h t o proble m formu -
lation ,  terme d case-base d formulatio n ( C B F ) ,  tha t 
use s previou s case s a s a  mode l  an d a  guid e fo r  ex -
pressin g ne w cases .  B y expressin g ne w problem s 
i n term s o f  old ,  C B F ca n potentiadl y increas e th e 
spee d an d accurac y o f  proble m formulation ,  reduc e 
th e computationa l  expens e o f  retrieval ,  an d deter -
min e th e relevam t  similaritie s an d difference s be -
twee n a  ne w cas e an d an d th e mos t  simila r  ol d case s 
as a  side-effec t  o f  expressin g th e ne w case .  Thre e 
form s o f  C B F ca n b e distinguishe d b y th e exten t 
t o whic h th e retrieva l  an d adaptatio n o f  previou s 
case s ar e automate d an d th e exten t  t o whic h th e 
fact s o f  multipl e case s Cci n b e combined .  A n initia l 
implementatio n o f  on e for m o f  C B F i s  describe d 
an d it s abilit y t o us e previou s case s t o increas e th e 
efficienc y zin d accurac y o f  new-cas e formalizatio n i s 
illustrate d wit h a  comple x relationa l  case . 

The Task of Problem Formulation 

Proble m formulation ,  th e expressio n o f  a  proble m 
i n a  representatio n amenabl e t o manipulatio n b y 
a computer ,  i s  a n essentia l  ste p i n ever y for m o f 
automate d proble m solving .  I n system s tha t  us e 
featura l  representation s o f  cases ,  proble m formula ^ 
tio n i s typicall y quit e straightforward .  I n M Y C I N , 
fo r  example ,  a  ne w cas e i s describe d b y specifyin g 
value s fo r  parameter s appearin g i n subgoal s dur -
in g a  consultation .  Similarly ,  a  ne w cas e i s  repre -
sente d i n Proto s a s a  vecto r  o f  feature-valu e pairs . 
Proble m formulatio n i s  eas y i n suc h system s be -
caus e the y us e featura l  representation s tha t  hav e 
bee n engineere d t o represen t  onl y thos e aspect s o f 
case s know n a  prior i  t o b e relevan t  t o th e singl e 
specifi c  tas k fo r  whic h th e system s wer e designed . 

However ,  ther e i s a  growin g recognitio n tha t  fea -
tura l  representation s ar e inadequat e fo r  a  wid e va -
riet y o f  applications .  General-purpos e knowledg e 
base s intende d t o suppor t  a  variet y o f  differen t 
task s clearl y canno t  us e featura l  representatio n lan -
guage s capabl e o f  expressin g onl y cas e attribute s 

relevan t  t o a  singl e task .  Instead ,  suc h knowl -
edg e base s requir e relationa l  representation s tha t 
ar e capabl e o f  expressin g a  wid e variet y o f  rela -
tion s amon g domai n entitie s (Lena t  am d Feigen -
baum,  1991 ;  Porte r  e t  al. ,  1988) .  Moreover ,  fea . 
tura l  representation s 

canno t  b e use d i n area s requirin g essentiall y 
relationa l  knowledg e representations .  Thes e 
area s includ e tempora l  reasoning ,  scheduling , 
planning ,  qualitativ e reasoning ,  natura l  lan -
guag e an d spatia l  reasoning .  Problem s als o oc -
cu r  i n othe r  area s involvin g arbitraril y  comple x 
structura l  relationship s suc h a s predictio n o f 
protei n foldin g an d D N A gen e mappin g (Mug -
gleton ,  1991) . 

However ,  relationa l  representation s ar e typicall y 
m u ch mor e comple x tha n featura l  representation s 
becaus e relationa l  informatio n implici t  i n th e lat -
te r  i s  m a d e explici t  i n th e former .  Thi s complex -
it y ca n drasticall y complicat e th e proces s o f  formu -
latin g ne w cases .  Fo r  example ,  i n th e contex t  o f 
a qualitativ e simulatio n progra m suc h a s QS IM ,  a 
cas e consist s o f  a  se t  o f  qualitativ e differentia l  equa -
tion s specifyin g th e structur e o f  a  physica l  syste m 
(Kuipers ,  1989) .  Qualitativ e differentia l  equation s 
ar e represente d i n a  relationa l  languag e capabl e o f 
expressin g qualitativ e constraint s amon g domai n 
variables .  Th e pric e o f  th e expressiv e powe r  o f  thi s 
representatio n i s tha t  creatin g an d debuggin g qual -
itativ e differentia l  equation s i s a  complex ,  lengthy , 
an d error-pron e proces s (Farquha r  e t  al. ,  1990) . 

T h e practica l  consequence s o f  th e difficult y 
of  proble m formulatio n i n relationa l  representa -
tio n language s ar e illustrate d b y G R E B E,  a  le -
gal  reasonin g syste m tha t  integrate d case-base d 
wit h rule-base d reasonin g (Brantin g an d Porter , 
1991 ;  Branting ,  1991a) .  G R E B E use d a  represen -
tatio n languag e i n whic h arbitrar y causal ,  tempo -
ral ,  an d intensiona l  relation s coul d b e state d explic -
itly .  Thi s representatio n contribute d significantl y 
t o G R E B E ' S performance :  i n a  preliminar y evalu -
ation ,  G R E B E ' s analysi s o f  1 8 worker' s compensa -
tio n hypothetical s wa s foun d t o compar e wel l  wit h 
analyse s b y la w student s (Brantin g an d Porter , 
1991) .  However ,  th e expressivenes s o f  thi s represen -
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tatio n cam e a t  a  cost .  Representation s o f  GREBE' s 
tes t  case s consiste d o n averag e o f  8 9 propositions , 
each o f  whic h ha d t o b e entere d b y hand .  Enterin g 
case s o f  thi s siz e wa s a  length y process—typicall y 
severa l  order s o f  magnitud e longe r  tha n GREBE' s 
run-time—an d th e resultin g representatio n ofte n 
require d considerabl e debugging .  Moreover ,  i t  wa s 
th e experienc e o f  th e lega l  reasonin g grou p a t  th e 
Universit y  o f  Texa s tha t  differen t  knowledg e enter -
er s ofte n chos e t o represen t  identica l  fact s differ -
ently ,  creatin g th e dange r  o f  inconsisten t  analyse s 
of  equivalen t  cases .  Limitation s i n proble m for -
mulation ,  rathe r  tha n proble m solving ,  prevente d 
G R E BE fro m bein g usabl e i n an y practica l  settin g 
(Branting ,  1991a) . 

Thi s pape r  propose s a n approac h t o proble m 
formulatio n i n whic h previou s case s ar e use d a s 
a mode l  an d a  guid e fo r  expressin g ne w cases . 
The us e o f  existin g informatio n a s a  mode l  fo r  ex -
pressin g ne w informatio n make s i t  possibl e t o "us e 
what  w e kno w t o hel p u s proces s wha t  w e receive " 
(Schank ,  1982) .  I  refe r  t o thi s approac h t o proble m 
formulatio n a s case-base d formulatio n (CBF) . 

The Elements of Case-Based 

Formulatio n 

The fundamenta l  assumptio n underlyin g CB F i s 
tha t  ne w situation s ca n b e efficientl y formalize d us -
in g previou s case s a s models .  C B F exploit s th e phe -
nomenon tha t  usefu l  knowledg e seldo m consist s o f 
isolate d facts ,  bu t  instea d tend s t o consis t  o f  collec -
tion s o f  relate d facts .  A  simpl e exampl e i s a  frame . 
The object/slot/valu e triple s constitutin g a  fram e 
can b e viewe d a s a  collectio n o f  proposition s tha t 
ar e relate d becaus e the y al l  concer n th e sam e ob -
ject .  I n th e contex t  o f  CBF ,  a  cas e ca n b e an y 
fact-collection/abstract-descriptio n pair̂ .  Th e fac t 
collectio n i s referre d t o a s th e fad s o f  th e case ,  an d 
th e abstrac t  descriptio n i s referre d t o a s th e conse -
quent  o f  th e case . 

Althoug h variou s approache s t o case-base d for -
mulatio n ar e possible ,  al l  shar e th e followin g basi c 
steps : 

1.  Retrieval .  Fetc h cUi  appropriat e previou s cas e 
fro m memory .  Le t  F  b e th e fact s o f  th e previou s 
case . 

2.  Substitution .  Substitut e th e name s o f  th e enti -
tie s t o whic h th e ne w fact s appl y fo r  th e entitie s 
\nF . 

3.  Adaptation .  Ad d an y necessar y an d delet e an y 
superfluou s fact s fro m th e resultin g se t  o f  ne w 
facts . 

'Thi s us e o f  th e ter m "case "  i s somewha t  broade r 
tha n i n traditiona l  CB R usage ,  wher e th e ter m usu -
all y refer s eithe r  t o reusabl e plan s (Hammond ,  1986 ) 
or  design s (Goe l  e t  al. ,  1991 ;  Sycar a an d Navinchan -
dra ,  1991 )  o r  t o exemplar s (Porte r  e t  al. ,  1990) ,  distin -
guishe d point s i n a n instanc e space . 

4.  Matc h Refinement .  I f  addition s o r  deletion s 
maJce th e fact s o f  som e othe r  cas e mor e simila r 
t o th e ne w fact s tha n th e curren t  case ,  refin e th e 
matc h b y fetchin g th e mor e simila r  cas e an d g o 
t o ste p 2 . 

5.  Retur n th e descriptio n o f  th e ne w cas e togethe r 
wit h a  recor d o f  al l  substitutions ,  additions ,  an d 
deletions ,  sinc e thes e constitut e th e relevan t  simi -
laritie s an d difference s betwee n th e ne w fact s an d 
th e previou s case . 

Thre e differen t  form s o f  case-base d formaliza r 
tio n ca n b e distinguishe d b y th e exten t  t o whic h 
th e step s o f  retrieval ,  substitution ,  an d matc h re -
finement  ar e automate d an d th e exten t  t o whic h 
th e fact s o f  multipl e case s ca n b e combined . 

Copy and Edit 

The simples t  for m o f  case-base d formulatio n i s th e 
copy an d edi t  approac h t o knowledg e entr y use d ex -
tensivel y i n th e developmen t  o f  th e Cy c knowledg e 
base (Guh a an d Lenat ,  1990) .  I n th e cop y an d edi t 
methodology ,  a  fram e i s adde d t o a  knowledg e bas e 
by finding  a  simila r  frame ,  copyin g it ,  an d modify -
in g th e copy . 

The cop y an d edi t  methodolog y ca n spee d 
knowledg e entr y an d tend s t o enforc e representei -
tiona l  consistency .  However ,  i t  doesn' t  addres s th e 
potentiall y  difficul t  tas k o f  retrievin g th e mos t  ap -
propriat e frame ,  an d i t  require s tha t  th e correspon -
denc e betwee n entitie s i n th e ne w an d ol d frame s 
be determine d manually .  Moreover ,  i t  provide s n o 
mechanis m fo r  reus e o f  grouping s o f  relate d knowl -
edge large r  tha n individua l  frames . 

Single-Case CBF 

The shortcoming s o f  cop y an d edi t  ca n b e addresse d 
by automatin g th e retrieva l  an d substitutio n steps . 
I  wil l  refe r  t o caise-base d formulatio n i n whic h re -
trieva l  an d substitutio n ar e automate d an d i n whic h 
onl y a  singl e cas e a t  a  tim e ca n b e use d a s a  mode l 
fo r  th e ne w feict s a s single-cas e CBF .  Single-cas e 
C BF begin s whe n th e use r  assert s som e smal l  num -
ber  o f  facts .  Thes e fact s ar e use d b y th e syste m 
as a  cu e o r  memor y prob e t o retriev e th e fact s o f 
th e mos t  simila r  case .  Th e syste m determine s th e 
correspondenc e betwee n th e ne w entitie s an d th e 
entitie s i n th e cais e tha t  lead s t o th e bes t  matc h an d 
makes th e appropriat e substitutions .  I f  th e syste m 
detect s tha t  th e additio n o r  deletio n o f  fact s make s 
some othe r  cas e mor e closel y matc h th e ne w facts , 
th e mor e simila r  cas e i s automaticall y substitute d 
fo r  th e curren t  case . 

Multiple-Case CBF 

A ne w collectio n o f  fact s i s ofte n bes t  represente d 
as a  combinatio n o f  severa l  cases .  I n th e domai n 
of  law ,  fo r  example ,  a  ne w cas e ma y matc h por -
tion s o f  severa l  differen t  precedent s mor e closel y 
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tha n i t  matche s al l  th e fact s o f  an y singl e prece -
den t  (Branting ,  1991b) .  Similarly ,  design s ar e of -
te n bes t  modele d a s combination s o f  portion s o f 
multipl e previou s design s (Goe i  e t  al. ,  1991 ;  Sycar a 
an d Navinchandra ,  1991) .  Moreover ,  a  singl e fac t 
i n a  ne w cas e m a y itsel f  b e th e consequen t  o f  som e 
othe r  case .  I  refe r  t o th e extensio n o f  single-cas e 
C BF t o permi t  multipl e case s t o b e combine d a s 
multipk-cas e C B F . 

An Implementation of Single-Case 

C B F 

CBFl  i s a n initia l  implementatio n o f  single-cas e 
C BF tha t  provide s a  se t  o f  utilitie s fo r  creat -
ing ,  viewing ,  an d manipulatin g relationa l  repre -
sentations .  C B F l  ha s bee n teste d wit h a  smal l 
knowledge-bas e o f  vehicle s an d wit h G R E B E ' s 
knowledg e bas e o f  worker' s compensatio n prece -
dent s an d hypotheticjils . 

Th e algorith m o f  C B F l  i s a s follows : 

GIVEN: 

•  A  partia l  descriptio n D  consistin g o f  a  collectio n 
of  proposition s 

{Pred i  A n •••Aim )  -..{Pred n An i  ...A„k ) 

•  Optionally ,  a  goa l  {PredgC i  •Cp) . 

D O: 

1.  Retrieval .  Fetc h th e case ,  C ,  whos e facts ,  F 
= (Pred i  B n •  • •  Bim )  ...{Pred i  B n ...B.t) -
most  closel y matc h D  usin g structura l  congru -
enc e (Winston ,  1980 ;  Branting ,  1991a ;  Holyoa k 
an d Thagard ,  1989 )  a s a  similarit y metri c (Um -
itin g th e searc h t o case s whos e consequent s hav e 
th e sam e predicate ,  Predg ,  a s th e goal ,  i f  a  goa l 
has bee n specified) .  F  wil l  b e th e mode l  fo r  th e 
ne w description . 

2.  Substitution .  Le t  M b e th e structurall y mos t 
consisten t  mappin g fro m entitie s i n F  t o enti -
tie s i n D ,  tha t  is ,  th e mappin g tha t  maximize s 
th e numbe r  o f  correspondin g relations .  Le t  D  b e 
th e resul t  o f  replacin g eac h entit y Ai j  i n F  wit h 
M{A i j ) ,  creatin g a  ne w variabl e nam e i f  M i s no t 
define d fo r  Aij . 

3.  Adaptat ion .  A d d an y necessar y an d delet e an y 
superfluou s fact s fro m D . 

4.  M a t c h Ref inement .  I f  addition s o r  deletion s 
make th e fact s o f  som e othe r  cas e C  mor e simila r 
t o th e D  tha n F ,  le t  F  equa l  th e fact s o f  C  an d 
go t o ste p 2 . 

5.  Retur n D ,  alon g wit h al l  substitutions ,  additions , 
an d deletions ,  sinc e thes e constitut e th e relevan t 
similaritie s an d difference s betwee n D  an d F ,  th e 
fact s o f  th e mos t  simila r  cas e C . 

T h e behavio r  o f  C B F l  i s  illustrate d b y th e followin g 
exampl e i n whic h C B F l  wa s use d t o represen t  a 
cas e fro m G R E B E ' s domain . 

O ne o f  th e case s use d t o compar e th e per -
formanc e o f  G R E B E t o tha t  o f  la w student s i n 
G R E B E 's evaluatio n (Branting ,  1991a )  concerne d 
Stanley ,  th e hea d o f  a  surveyin g cre w a t  a  larg e 
constructio n site .  Stanle y performe d som e o f  hi s 
duties—makin g architectura l  charts—a t  hom e dur -
in g hour s h e se t  himself .  On e day ,  afte r  doin g som e 
wor k a t  home ,  Stanle y wa s injure d i n a n acciden t 
whil e drivin g t o th e constructio n site . 

T h e manually-constructe d representatio n o f 
Stanley' s cas e use d i n th e evaluatio n o f  G R E B E 
consiste d o f  5 1 tuples .  Thi s representatio n too k a 
number  o f  hour s t o construct ,  an d i t  i s  likel y tha t 
a differen t  knowledge-entere r  (o r  eve n th e sam e 
knowledg e entere r  o n a  differen t  occasion )  woul d 
hav e represente d th e cas e somewha t  differently . 
Wit h C B F l ,  however ,  entr y o f  th e cas e i s relativel y 
simpl e an d th e resultin g representatio n i s consisten t 
wit h th e convention s o f  th e case s tha t  hav e alread y 
bee n entered . 

Representin g Stanley' s cas e usin g C B F l  begin s 
wit h th e assertio n o f  th e basi c fact s tha t  Stanle y 
was employe d b y Towe r  Constructio n Compan y t o 
direc t  a  surveyin g crew : 

(employe e Stanley-employmen t 
Stanley ) 

(employe r  Stanley-employmen t 
tower-construction-company ) 

(had-dutie s Stanley-employmen t 
directing-surveying-crew ) 

C B Fl  use s a  user-specifiabl e retrieva l  techniqu e t o 
determin e th e cjise s tha t  mos t  closel y matc h thes e 
facts. ^  Th e syste m retrieve s thre e candidat e cases , 
eac h a n instanc e o f  a n employment-relate d cictivity : 
th e Vaugh n case ,  th e Brow n case ,  an d th e Proto -
typica l  Wor k Case .  Fo r  eac h o f  thes e cases ,  C B F l 
displays : 

•  Th e mappin g fro m th e entitie s i n th e cas e t o enti -
tie s i n th e ne w cas e tha t  lead s t o th e bes t  match . 

•  Th e fact s o f  th e cas e tha t  ar e unmatche d i n th e 
ne w case .  Thes e fact s constitut e defaul t  conclu -
sion s abou t  th e ne w cas e unde r  th e assumptio n 
tha t  th e cas e i s use d a s a  model . 

•  Th e proportio n o f  fact s o f  th e cas e tha t  ar e 
matche d i n th e ne w case . 

For  example ,  th e bes t  mappin g fro m th e entitie s 
i n th e Prototypica l  Wor k Cas e include s th e follow -
ing : 

typical-employe e : ^  Stanle y 
typical-employe r  = > Tower-Construction-Co . 

^Thre e technique s fo r  retrievin g case s represente d 
relationall y wer e empiricall y compare d i n (Branting , 
1991a) .  Fo r  convenience ,  th e simples t  o f  thes e al -
gorithms ,  retrieva l  b y best-firs t  incrementa l  matchin g 
(RBIM) ,  i s  use d i n thi s example .  Variou s alternativ e 
approache s t o retrieva l  o f  relationall y represente d case s 
ar e discusse d i n (Branting ,  1990) . 
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typical-work-activit y  ̂  directing-surveying-cre w 

Fourteen defaults are associated with the match 
t o th e Prototypica l  Wor k Case ,  includin g th e as -
sumption s tha t  Stanle y ha d som e wor k hour s an d 
receive d a  salary ,  tha t  Stanley' s bein g a t  th e con -
structio n sit e wa s a  prerequisit e fo r  Stanley' s direct -
in g th e surveyin g crew ,  an d tha t  Towe r  Construc -
tio n Compan y ha d som e goa l  tha t  wa s achieve d 
by Stanley' s directin g th e surveyin g crew .  Vari -
abl e name s ar e gensyme d fo r  entitie s i n th e cas e 
fo r  whic h n o correspondin g entitie s exis t  i n th e ne w 
case .  Fo r  example ,  th e defaul t  tha t  Stanley' s bein g 
at  th e constructio n sit e wa s a  prerequisit e fo r  Stan -
ley' s directin g th e surveyin g cre w i s represente d b y 
th e tuple : 

(prerequisite-for being-at-place.l635 
directing-th e surveying-crew ) 

All of the defaults of the Prototypical Work Case 
ar e tru e o f  Stanley' s case ,  wherea s eac h o f  th e othe r 
case s ha s default s tha t  ar e no t  tru e o f  Stanley' s 
case .  A s a  result ,  th e use r  select s th e Prototypica l 
Work Cas e a s th e initia l  model . 

The adaptatio n ste p consist s o f  th e use r  enter -
in g th e distinguishin g fact s o f  Stanley' s cas e tha t 
ar e no t  tru e i n th e Prototypica l  Wor k Case .  Suc h 
fact s includ e tha t  Stanle y ha d th e additiona l  dut y 
of  makin g architectura l  charts ,  tha t  h e performe d 
thi s dut y a t  home ,  tha t  h e se t  hi s ow n hour s fo r 
makin g th e charts ,  an d tha t  h e travele d fro m hom e 
t o th e constructio n site : 

(had-duties Stanley-employment 
making-architectural-charts ) 

(activity-occurring-ther e Stanley-hom e 
making-architectural-charts ) 

(prerequisite-fo r  Stanley-being-at-hom e 
making-architectural-charts ) 

(determined-b y Stanley-work-hour s 
Stanley ) 

(destinatio n traveling-to-the-construction-sit e 
construction-site ) 

(sourc e traveling-to-the-construction-sit e 
Stanley-home ) 

CBFl permits the user to specify a goal to con-
strai n th e matchin g process .  I n Stanley' s case , 
we ca n specif y th e goa l  o f  determinin g whethe r 
Stanley' s travelin g t o th e constructio n sit e i s 
an employment-relate d activit y (thi s determine s 
whethe r  Stanle y i s entitle d t o worker' s compen -
satio n fo r  hi s injuries) .  Thi s goa l  wil l  constrai n 
matche s onl y t o case s o f  employment-relate d activ -
ities .  Moreover ,  th e mapping s betwee n eac h suc h 
case an d Stanley' s cas e wil l  b e constraine d t o pai r 
th e employment-relate d activit y i n th e cas e wit h 
Stanley' s travelin g t o th e constructio n site ,  an d th e 
employmen t  relatio n i n th e cas e wit h Stanley' s em -
ployment . 

Afte r  th e use r  assert s th e additiona l  fact s an d 
th e goal ,  th e syste m perform s a  matc h refinemen t 
ste p i n whic h th e case s tha t  mos t  closel y matc h 
th e descriptio n unde r  constructio n ar e retrieved . 
The closes t  matc h i s wit h th e Meye r  case ,  whic h 
involve d a  rea l  estat e broke r  wh o wa s injure d whil e 
travelin g betwee n hi s home ,  wher e h e performe d 
par t  o f  hi s jo b duties ,  an d hi s ofRce .  Thi s matc h 
provide s a n additiona l  1 1 default s (e.g. ,  tha t  Stan -
le y wa s th e drive r  i n travelin g t o th e constructio n 
site) .  T w o o f  thes e default s ar e no t  tru e i n Stanley' s 
cas e (Meye r  ha d a n additiona l  jo b duty) .  Whe n th e 
user  delete s thes e tw o tuples ,  th e representatio n o f 
Stanley' s cas e i s complete . 

The representatio n o f  Stanley' s cas e produce d 
by CBF l  i s mor e concis e tha n th e manua l 
representation—3 2 proposition s a s oppose d t o 5 1 
propositions—becaus e fact s irrelevan t  t o th e goa l 
(i.e. ,  fact s no t  contributin g t o th e matc h wit h th e 
controllin g precedent )  wer e omitted .  O f  thes e 3 2 
propositions ,  onl y 9  tuples—28%—ha d t o b e ex -
plicitl y  asserted .  Th e othe r  tuple s wer e obtaine d a s 
default s fro m matche s wit h th e Prototypica l  Wor k 
Case an d th e Meye r  case .  CFB l  reduce s th e tim e 
require d t o represen t  Stanley' s cas e fro m hour s t o 
minute s an d insure s tha t  th e resultin g representa r 
tio n i s consisten t  wit h previou s cases .  Moreover , 
no additiona l  retrieva l  o r  matchin g i s necessar y t o 
analyz e Stanley' s case .  Thi s i s becaus e th e mos t 
relevan t  precedent ,  Meyer ,  ha s bee n foun d an d th e 
relevan t  similaritie s an d difference s betwee n Meye r 
and Stanley' s cas e determine d b y th e proces s o f  for -
mulatin g th e case . 

Integrating Problem Formulation 

w i t h P r o b l e m Solvin g 

C BF i s a n applicatio n o f  case-base d reasonin g t o 
th e tas k o f  proble m formulation .  I n domain s fo r 
whic h proble m formulatio n i s comple x enoug h t o 
imped e syste m use ,  C B F ca n b e th e firs t  par t  o f  a 
two-ste p process :  (1 )  case-base d formulatio n o f  th e 
problem ,  followe d b y (2 )  applyin g th e appropriat e 
problem-solvin g metho d t o th e proble m thu s for -
mulated . 

However ,  ther e ar e man y tasks ,  suc h a s suc h 
as precedent-base d lega l  reasonin g an d case-base d 
heuristi c classification ,  fo r  whic h proble m solvin g 
consist s a t  leas t  i n par t  o f  determinin g th e relevan t 
similaritie s an d difference s betwee n a  ne w cas e an d 
th e mos t  simila r  pas t  cases .  C B F ca n perfor m thes e 
tasks ,  i n par t  o r  entirely ,  a s a  side-effec t  o f  proble m 
formulation .  Proble m solvin g i n G R E B E,  fo r  exam -
ple ,  consist s o f  (1 )  determinin g th e mappin g fro m 
th e mos t  simila r  precedent s o f  th e concep t  a t  issu e 
t o th e fact s o f  a  ne w case ,  an d (2 )  usin g thi s infor -
matio n t o construc t  on e o r  mor e explainatio n struc -
tures .  A s discusse d i n th e previou s section ,  C B F 
perform s th e firs t  o f  thes e step s i n th e ver y proces s 
of  formulatin g th e fact s o f  a  ne w case .  Thus ,  fo r 
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task s amenabl e t o case-base d reasoning ,  C B F ca n 
integrat e proble m formulatio n wit h proble m solv -
ing . 

Thi s integratio n i s desirabl e becaus e a  rigi d 
sepzu'atio n betwee n proble m formulation ,  retrieval , 
and cas e compariso n ca n exacerbat e th e difficult y 
and computationa l  expens e o f  eac h o f  thes e steps . 
The previou s sectio n illustrate d ho w interleavin g 
cas e retrieva l  an d compariso n wit h proble m for -
mulatio n ca n improv e th e accurac y an d efficienc y 
of  th e latter .  Th e convers e relatio n hold s a s well : 
interleavin g thes e step s mjike s cas e retrieva l  an d 
compariso n mor e tractable .  Th e combinatoric s o f 
matchin g relationa l  case s make s th e computationa l 
expens e o f  finding  th e structurall y mos t  consisten t 
cas e i n memor y steepl y increas e wit h th e complex -
it y o f  th e probe^ .  B y usin g a  smal l  se t  o f  initia l  fact s 
as a  prob e an d the n incrementall y refinin g th e ini -
tia l  matc h a s fact s ar e adde d o r  deleted ,  C B F ceu i 
avoi d th e computationa l  expens e o f  usin g a  com -
plet e cas e descriptio n a s a  probe . 

Range of Applicability of CBF 

C B F a s K n o w l e d g e Acquisition . 

Proble m formulatio n i s a  for m o f  knowledg e acquisi -
tion ,  th e proces s o f  extractin g knowledg e fro m non -
compute r  source s an d encodin g tha t  knowledg e i n 
a for m tha t  i s usabl e b y a  compute r  fo r  proble m 
solving .  C B F i s no t  restricte d t o proble m formula -
tion ,  bu t  i s applicabl e t o acquisitio n o f  an y typ e o f 
knowledg e organize d aroun d collection s o f  relate d 
fact s tha t  ca n b e manipulate d a s wholes .  Viewe d 
as a  knowledge-aw:quisitio n technique ,  C B F ha s th e 
virtu e o f  bein g interactive ,  o f  automaticall y insur -
in g consistenc y wit h existin g collection s o f  relate d 
facts ,  an d o f  potentiall y  improving ,  rathe r  tha n 
degrading ,  a s th e knowledg e bas e expand s an d a 
large r  se t  o f  model s fo r  ne w case s become s avail -
able . 

Multiple-Case CBF 

Extendin g th e applicabiUt y o f  C B F t o domain s i n 
whic h problem s ar e bes t  describe d a s composition s 
of  multipl e previou s case s wil l  requir e implementin g 
multiple-cas e CBF .  T w o mechanism s ar e require d 
fo r  multiple-cas e CBF .  First ,  combinin g case s a t 
th e sam e leve l  o f  abstractio n require s th e abilit y  t o 
partitio n th e descriptio n unde r  construction ,  appl y 
single-cas e C B F t o th e partitions ,  an d combin e th e 
results .  Second ,  combinin g case s a t  differen t  level s 
of  abstractio n require s th e abilit y  t o vie w a  singl e 
fcic t  i n a  descriptio n unde r  constructio n a s th e con -
sequen t  o f  a  collectio n o f  fact s a t  a  lowe r  leve l  o f 

'While various approaches to retrieval of relationally 
represente d cjise s hav e bee n proposed ,  e.g. ,  MAC/FA C 
(Centne r  an d Forbus ,  1991) ,  ARCS (Thagar d e t  al. , 
1990) ,  an d M R S DL (Branting ,  1992) ,  n o approac h ha s 
been show n bot h t o guarante e a  hig h leve l  o f  accurac y 
and t o cos t  significantl y les s tha n exhaustiv e matching . 

abstraction .  Fo r  example ,  a  swam p boa t  coul d b e 
represente d b y usin g a  moto r  boa t  a s a  mode l  a t 
a hig h leve l  o f  abstractio n {e.g. ,  a  moto r  boa t  con -
sist s o f  a  hull ,  a  rudder ,  a n engine ,  etc. )  but ,  a t 
a lowe r  leve l  o f  ab8tr8w;tion ,  usin g a n airplan e en -
gin e a s a  mode l  o f  th e swam p boat' s engine .  Cur -
ren t  researc h i s directe d towar d developin g thes e 
tw o mechanisms . 

Limitations 

The effectivenes s o f  an y case-base d reasonin g sys -
te m depend s upo n th e existenc e o f  a  librar y o f  case s 
relevan t  t o th e tas k addresse d b y th e system .  A s 
an applicatio n o f  case-base d reasonin g t o th e tas k 
of  proble m formulation ,  C B F depend s o n th e exis -
tenc e o f  a  librar y o f  case s tha t  ca n serv e a s suitabl e 
model s fo r  th e problem s tha t  th e syste m wil l  en -
counter .  I f  ther e i s Httl e similarit y betwee n ne w 
problem s an d pas t  problems ,  C B F ca n provid e Ht -
tl e assistance . 

Althoug h CBF' s us e o f  pas t  case s ei s model s ca n 
reduc e th e dange r  o f  inconsisten t  representation s 
of  pattern s o f  cas e facts ,  th e curren t  implements ^ 
tio n o f  C B F nevertheles s presuppose s a  consisten t 
vocabular y o f  representationa l  primitives .  Fo r  ex -
ample ,  i f  th e initia l  descriptio n o f  Stanley' s Cas e 
had bee n 

(had-Jo b Stanle y Stanley-employment ) 

CBFl  woul d hav e faile d t o find  an y relevan t  pas t 
cas e becaus e had-jo b i s no t  par t  o f  th e vocabular y i n 
whic h th e pas t  case s wer e described .  CBF l  woul d 
be improve d b y som e mechanis m fo r  detectin g pos -
sibl e inconsisten t  use s o f  primitive s whil e a t  th e 
same tim e permittin g ne w primitive s t o b e adde d 
when necessary . 

A secon d limitatio n o f  CBF l  i s it s  rudimentar y 
knowledg e presentatio n (Musen ,  1988) ,  i.e. ,  th e 
conceptua l  mode l  presente d t o th e user .  CBFl' s 
knowledg e presentatio n consist s simpl y o f  th e tu -
ple s tha t  constitut e th e fact s o f  a  cas e i n GREBE' s 
representatio n idiom .  A n iconi c presentatio n o r  a 
subse t  o f  Englis h woul d greatl y improv e interactio n 
wit h CBFl . 

Conclusion 

Relationa l  knowledg e representation s ar e necessar y 
fo r  general-purpos e knowledg e base s intende d fo r 
multipl e task s an d fo r  an y o f  a  wid e variet y o f  in -
dividua l  tasks .  However ,  th e pric e o f  th e increase d 
expressivenes s o f  relationa l  representation s i s tha t 
the y mak e th e tas k o f  expressin g ne w case s corre -
spondingl y mor e complex .  I n domain s involvin g 
sufficientl y comple x cases ,  simpl y expressin g th e 
faci a o f  a  proble m i n a  relationa l  representatio n 
languag e ce m itsel f  b e a  complex ,  error-prone ,  an d 
time-consumin g task .  Thi s pape r  ha s presente d a n 
approac h t o proble m formulatio n tha t  use s previ -
ous case s a s a  mode l  an d a  guid e fo r  expressin g ne w 
cases . 
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CBF ha s a  numbe r  o f  potentia l  benefits .  A s il -
lustrate d b y th e exampl e o f  Stanley' s case ,  C B F 
can reduc e th e tim e necessar y t o pos e ne w prob -
lems becaus e modifyin g a n existin g representatio n 
i s ofte n muc h simple r  tha n creatin g a  ne w repre -
sentatio n a b iniiio .  C B F ca n reduc e th e dange r  o f 
representationa l  inconsistenc y b y reusin g conven -
tion s fo r  representin g particula r  pattern s o f  fact s 
rathe r  tha n requirin g the m t o b e recreate d i n ever y 
new case .  Moreover ,  whe n ne w case s ar e expresse d 
i n term s o f  old ,  th e relevan t  similaritie s an d differ -
ences betwee n ne w an d ol d case s ar e determine d 
a fortior i  b y th e ver y proces s o f  formulatin g eac h 
new case .  C B F ca n als o simplif y cas e retrieval .  B y 
usin g a  sm2il l  se t  o f  fact s a s a  prob e an d the n in -
crementall y refinin g th e initia l  matc h a s fact s ar e 
added o r  deleted ,  C B F ca n avoi d th e computationa l 
expens e o f  usin g a  complet e cas e descriptio n a s a 
probe . 

Finally ,  psychologica l  plausibilit y  argue s fo r 
CBF ove r  a  rigi d divisio n betwee n proble m formu -
latio n an d proble m solving .  Previou s experienc e i s 
not  merel y th e yardstic k b y whic h ne w experience s 
ar e measured ,  bu t  i s  th e ver y mediu m i n whic h the y 
ar e expressed . 
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