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Abstrac t 

Thi s pape r  focuse s o n th e representatio n o f  procedure s 
i n a  case-base d reasoner .  I t  propose s a  ne w method ,  th e 
muUicase ,  wher e severa l  exsimple s ar e merge d withou t 
generalizatio n int o a  singl e structure .  Th e first  par t  o f 
th e pape r  describe s multicase s a s the y ar e bein g imple -
mente d withi n th e F L O A B N projec t  (Alterman ,  Zito -
Wolf ,  an d Carpente r  1991 )  an d discusse s som e proper -
tie s o f  multicases ,  includin g simpHcit y o f  use ,  eas e o f 
transfe r  betwee n episodes ,  an d bette r  managemen t  o f 
case detail .  Th e secon d par t  present s a  quantitativ e 
analysi s o f  storage ,  indexin g an d decisio n cost s base d 
on a  decision-tre e mode l  o f  procedures .  Thi s mode l 
shows tha t  multicase s hav e significantl y reduce d storag e 
and decisio n cost s compare d t o tw o othe r  representatio n 
schemes . 

Introduction 

A currentl y popula r  reasonin g paradig m fo r  A I  sys -
tems i s case-base d reasonin g (CBR :  Risslan d an d Ashle y 
1986;  Stanfil l  an d Walt z 1986 ;  Alterma n 1988 ,  Kolodne r 
1983) .  C B R propose s t o de-emphasiz e reasonin g fro m 
genera l  principle s i n favo r  o f  a  mor e memory-intensiv e 
approach .  Th e representatio n o f  larg e number s o f  case s 
i s crucia l  t o practica l  application s o f  CBR.  However , 
t o dat e cas e representatio n alternative s hav e no t  bee n 
explore d i n a  systemati c way . 

Thi s pape r  examine s representation s fo r  procedure s 
i n a  case-base d reasoner .  Tw o basi c organization s hav e 
been proposed :  individua l  case s an d microcases .  Indi -
vidua l  case s (e.g. ,  Kolodne r  1983 ;  Lebowit z 1983 ;  Ham-
mond 1990 ;  McCartne y 1990 )  equat e th e uni t  o f  knowl -
edge presentation ,  th e example ,  wit h th e uni t  o f  retrieva l 
fro m memory ,  th e case .  Unde r  thi s method ,  cas e re -
trieva l  return s a  singl e complet e exampl e episod e fo r  th e 
targe t  task .  Microcase s (e.g. ,  Stanfil l  an d Walt z 1986 ; 
Langle y an d Alle n 1990 ;  Goodma n 1991 )  conver t  eac h 
exampl e int o multipl e cases ,  on e fo r  e2w; h ste p o f  th e 
episode .  Procedur e retrieva l  occur s incrementally ,  on e 
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retrieva l  pe r  procedur e step .  Hybrid s o f  thes e method s 
have als o bee n propose d (e.g. ,  Redmon d 1990 ;  Robinso n 
and Kolodne r  1991) . 

Althoug h man y representation s hav e bee n proposed , 
no seriou s analysi s o f  thes e alternative s ha s bee n at -
tempted .  Intuitively ,  individua l  case s suffe r  fro m re -
dundanc y an d fragmentatio n o f  knowledge ,  whil e mi -
crocase s suffe r  fro m increase d retrieva l  effor t  du e t o th e 
expande d numbe r  o f  cases . 

Thi s pape r  advocate s a  ne w representationa l  method , 
th e tnulticase ,  i n whic h relate d example s ar e merge d 
int o a  singl e structure .  Thi s pape r  wil l  tak e a  first  ste p 
towar d quantifyin g th e consequence s o f  differen t  cas e 
representatio n an d indexin g methods .  Multicas e orga -
nizatio n reduce s bot h storag e an d retrieva l  costs ,  facil -
itate s trauisfer ,  an d help s manag e th e accumulatio n o f 
cas e detail . 

The Multicase 

A multicas e representatio n fo r  a  procedur e i s simila r  t o 
a decisio n tree ,  i n tha t  i t  describe s sequence s o f  action s 
and decision s tha t  achiev e a  give n result .  A  multicas e 
fo r  makin g photocopie s i s show n i n Figur e 1 .  W e defin e 
a decisio n poin t  (DP )  a s an y poin t  i n a  pla n requirin g 
selectio n amon g alternatives :  choice s o f  action ,  expectai -
tion s abou t  events ,  o r  determinatio n o f  value s fo r  ste p 
parameters .  Eac h decisio n poin t  contain s th e knowl -
edge relevan t  t o makin g a  singl e decision ,  represente d 
i n term s o f  cases .  Fo r  example ,  th e branc h t o th e ge t 
cop y car d ste p (marke d A  i n th e figure)  woul d b e asso -
ciate d wit h exampl e episode s i n whic h tha t  actio n wa s 
appropriate .  T o mak e a  decisio n a t  a  DP ,  th e feature s 
of  th e curren t  situatio n ar e matche d agains t  th e case s 
store d wit h eac h alternative .  (Fo r  simplicity ,  th e case s 
associate d wit h e8u; h D P ar e no t  shown. ) 

Contras t  thi s t o th e individual-CEis e representation , 
wher e eac h (distinct )  photocopyin g episod e woul d b e 
store d i n memor y a s a  separat e case .  T o represen t  al l 
th e possibilitie s capture d i n Figur e 1 ,  on e woul d hav e 
t o stor e a  cas e fo r  ever y possibl e pat h throug h th e mul -
ticase ,  o r  a t  leas t  a  hig h proportio n o f  the m (e.g. ,  Mc -
Cartne y 1990 ;  c.f .  Hammond 1990) .  Fo r  individua l 
cases ,  procedur e executio n basicall y consist s o f  a  singl e 
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Figur e 1 :  A  Multicas e fo r  Photocopyin g 

up-fron t  decisio n a m o n g alternativ e case s (Figur e 2a) . 

O ne popula r  varian t  o f  th e individual-cas e metho d 
include s system s suc h a s C Y R U S (Kolodne r  1983 )  an d 
IP P (Lebowit z 1983 )  i n whic h case s ar e organize d vi a 
hierarchie s o f  generalization s ( M O P S ,  Schan k 1982 )  a s 
show n i n Figur e 3 .  A  majo r  disadvantag e o f  thi s 
metho d i s tha t  i t  entail s redundan t  inde x hierarchie s 
havin g larg e storag e requirement s (whic h w e wil l  quan -
tif y  later) .  Multicase s reduc e th e nee d fo r  generalizatio n 
hierarchie s b y condiUonalizin g part s o f  th e procedur e -
e.g. ,  it s  step s an d ste p parameters .  A  multicas e cor -
respond s t o a  generalize d procedure ,  bu t  i t  i s  no t  a 
generalizatio n i n th e usua l  sense ,  a s al \  o f  th e detail s 
of  it s  constituen t  example s ar e retained .  Whil e pro -
cedure s containin g branche s ar e no t  ne w (e.g. ,  Turne r 
1989 ,  Robinso n an d Kolodne r  1991 )  th e substitutio n o f 
conditionalizatio n fo r  generalizatio n i s novel . 

T h e microcas e approac h break s u p th e exampl e mul -
ticas e int o m a n y subcases ,  on e (a t  least )  fo r  eac h step . 
T h e subcase s wil l  contai n sufficien t  informatio n t o iden -
tif y whe n eac h ste p shoul d b e executed ,  s o tha t  th e 
structur e o f  th e photocopyin g procedur e i s encode d im -
plicitl y  i n th e applicabilit y  condition s fo r  th e steps .  Us -
in g microcases ,  procedur e executio n i s a  sequenc e o f  de -
cisions ,  wher e eac h decisio n mus t  decid e a m o n g al l  th e 
know n step s (Figur e 2b) . 
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Figure 2: Procedure Representations 

A Mul t icas e I m p l e m e n t a t i o n 

F L O A BN (Alterma n Zito-Wolf ,  an d Carpente r  1991 ) 
i s a  projec t  explorin g th e acquisitio n o f  plan s fo r  us -
in g everyda y mechanica l  an d electroni c devices ,  suc h a s 
photocopier s an d telephones .  F L O A B N acquire s an d 
revise s plan s vi a adaptatio n an d throug h th e interpre -
tatio n o f  instruction s an d message s rea d o r  receive d 
durin g interactio n wit h a  simulate d environment .  Th e 
cor e o f  F L O A B N i s a n adaptiv e planne r  S C A V E N G ER 
(Zito-Wol f  an d Alterma n 1991 )  whic h use s a  multicas e 
pla n representation .  Th e multicas e provide s SCAV-
E N G ER wit h backgroun d knowledg e fo r  operationaliz -
in g instruction s o r  message s receive d durin g execution . 

The multicas e i s well-suite d t o thi s typ e o f  applica -
tion .  I t  i s  simpl e t o execut e a s i t  i s  i n a  directl y proce -
dura l  form .  Incorporatin g knowledg e fro m ne w episode s 
i s simplifie d becaus e th e multicas e i s store d i n a  com -
patibl e (i.e. ,  episode-like )  form .  N e w episode s ar e first 
assimilate d t o a n appropriat e multicais e throug h adapta -
tio n (Alterma n 1988) ,  afte r  whic h th e multicas e i s elab -
orate d b y addin g DP' s t o accoun t  fo r  an y element s o r 
decision s o f  th e episod e no t  alread y presen t  i n th e mul -
ticase .  A n interestin g featur e o f  thi s domai n i s tha t  ove r 
tim e th e multicas e become s customize d t o th e agent' s 
norma l  situation s o f  action .  Fo r  photocopying ,  th e pla n 
becomes habituate d t o th e photocopier s th e agen t  nor -
mall y uses . 

T h e algorith m S C A V E N G ER use s t o ac t  an d t o lear n 

p ]  g 3 s  s 

Figur e 3 :  Individua l  Case s Plu s M O Ps 
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Given :  a  multic2ise-bas e :in d a  goa l 
1.  Selec t  a  multicas e appropriat e t o th e goa l 
2.  Execut e th e nex t  ste p specifie d b y multicaa e 

a.  i f  n o step s remai n t o execute ,  the n return(«urces8 ) 
b.  i f  type(curren t  step(8))=:EVEN T th« n wiu t  fo r  on e o f  th e event s t o occu r 

i f  excessiv e tim e passe s (base d o n previou s experienc e a t  thi s  step) ,  adap t  o r  return(even t  failure ) 
c eU e i  i f  multipl e ste p alternative s cxn t 

the n selec t  on e wrhos e contex t  brs t  matche s th e curren t  situatio n 
i i  Chec k precondition s (i f  missin g the n adapt ,  subgoal ,  o r  fail ) 
iii .  Execut e ste p 
i v Chec k post-condition s (eithe r  adapt ,  subgoal ,  o r  fail ) 

3 Chec k fo r  unexpecte d events ;  i f  foun d the n 
a.  i f  adaptatio n limi t  exceede d the n return(fail :  situatio n to o unfamiliar ) 
b.  i f  even t  i s  receip t  o f  instruction s relevan t  t o curren t  pla n 

the n interpre t  instruction s (Alterma n e t  al .  1991 ) 
4.  Wheneve r  addin g a  ste p o r  alternativ e t o th e plan ; 

a.  Ad d decisio n poin t 
b.  Fin d a  wa y t o discriminat e fro m othe r  alternative s a t  tha t  poin t 
c Cal l  thi s th e relevan t  contex t 

Figur e 4 :  P s e u d o - C o d e fo r  Multicase-Base d Activit y wi t h Learnin g 

usin g a  multicas e i s  s u m m a r i z e d i n Figur e 4 .  T h e sys -
t e m begin s wit h a  skeleto n procedur e suc h a s a n agen t 
migh t  acquir e b y havin g th e tas k explaine d t o i t  o r  see -
in g i t  performed .  T h e boxe d step s i n Figur e 1  indicat e 
thi s initia l  copyin g procedure .  E a c h additiona l  detai l 
arise s f ro m s o m e specifi c  experience .  S o m e experience s 
ad d n e w path s (e.g .  runnin g ou t  o f  paper ) ,  s o m e a d d de -
tai l  t o existin g path s (e.g .  observin g lightin g an d m o v e -
ment  a s copie s ar e m a d e ) ,  a n d s o m e mod i f y existin g 
step s o r  decisio n criteri a (e.g. ,  learnin g w h e r e t o loo k 
fo r  a  powe r  switch) .  M o s t  path s throug h th e multicas e 
reflec t  contribution s f ro m severa l  experiences . 

Case Representation Comparisons 

Storag e Requirement s Whil e memor y i s becomin g 
increasingl y plentiful ,  i t  remain s a  finite  resource .  Indi -
vidua l  case s hav e significan t  redundancy ,  a s m a n y step s 
wil l  recu r  acros s cases .  Worse ,  a s th e case-bas e fills  u p 
wit h varian t  episodes ,  retrieva l  become s mor e expen -
sive .  Ou r  analysi s wil l  sho w tha t  multicase s hav e th e 
leas t  storag e requirement s o f  th e method s discussed . 

Retrieval Cost The primary execution-time cost in 
case-bas e reasonin g i s i n finding  an d processin g th e rele -
van t  examples .  Retrieva l  cos t  i s  influence d b y th e num -
ber  o f  case s searche d an d th e complexit y o f  matchin g 
the m t o th e curren t  situation . 

Multicases ,  an d t o a  lesse r  degre e microcases ,  reduc e 
th e cos t  o f  eac h retrieva l  thoug h partitionin g o f  th e pro -
cedur e an d th e case-base ,  a s wil l  b e show n later .  I n 
addition ,  th e cos t  i s distribute d throughou t  procedur e 
executio n rathe r  tha n incurre d prio r  t o execution . 

Thes e problem s ca n no t  b e solve d simpl y thoug h in -
dexing ,  fo r  tw o reasons .  Indexin g m a y no t  alway s b e 
practiced ,  du e to ,  fo r  example ,  th e typ e o f  dat a involved . 
Second ,  ou r  analysi s point s ou t  tha t  indexe s involv e 
cost s o f  thei r  own ,  cin d tha t  no t  al l  indexe s ar e create d 
equal .  Indexe s requir e spac e o n th e sam e orde r  a s th e 
case-base ;  henc e individua l  case s hav e th e larges t  inde x 
requirements .  Moreover ,  scheme s involvin g redundan t 

inde x hierarchie s (e.g. ,  M O P s )  hav e indexe s muc h large r 
tha n th e cas e bas e itself . 

Level of Detail How much detail should be stored 
when a  cas e i s acquire d i s a  perennia l  C B R dilemma .  I t 
i s desirabl e t o mak e cas e m e m o r y a s detaile d a s possible , 
sinc e th e syste m canno t  kno w i n advanc e whic h feature s 
wil l  prov e importan t  an d whic h not .  O n th e othe r  hand , 
irrelevan t  detail s complicat e matching ,  proliferat e cases , 
an d increas e retrieva l  cost ,  s o tha t  on e desire s t o stor e 
onl y "relevant "  details . 

Multicase s permi t  a  differen t  approac h t o th e man -
agement  o f  detail ,  b y allowin g i t  t o b e acquire d incre -
mentall y throug h th e overla y o f  ol d episode s wit h newe r 
ones .  T h e learne r  ca n postpon e th e detai l  decision : 
sinc e a  multicas e i s  alway s growing ,  ther e i s n o rus h 
t o recal l  an y on e cas e i n complet e detail . 

Transfer When an exact match to a given situation is 
not  available ,  relevan t  case s (i.e. ,  partia l  matches )  ca n 
usuall y stil l  b e found .  Knowledg e i s i n eff"ec t  distribute d 
ove r  th e relevan t  cases ,  an d th e reasone r  need s t o b e abl e 
t o selec t  an d transfe r  th e relevan t  item s o f  knowledg e 
t o th e ne w situation . 

Multicas e method s fcicilitat e transfe r  betwee n 
episode s becaus e a  pat h throug h th e multicas e m a y b e 
forme d b y pla n modification s contribute d b y severa l  dif -
feren t  experiences .  Fo r  th e photocopie r  multicase ,  on e 
episod e migh t  ad d th e step s fo r  usin g th e O N switch , 
anothe r  thos e t o fill  th e pape r  tra y whe n i t  run s out , 
an d a  thir d th e step s neede d fo r  doin g reductions .  Sinc e 
th e relevan t  informatio n fo r  performin g a  tas k i s store d 
together ,  th e nee d fo r  patchin g togethe r  tha t  informa -
tio n a t  executio n tim e i s largel y avoided .  Contras t  thi s 
t o individua l  cases ,  wher e transfe r  o f  knowledg e acros s 
case s require s additiona l  mechanism s suc h a s abstrac -
tio n o f  specifi c  modification s int o repai r  schem a (e.g. , 
H a m m o nd 1990) . 

Microcase s facilitat e transfe r  also ,  b y allowin g an y 
know n ste p t o b e execute d a t  an y poin t  i n a  procedure . 
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Whil e thi s ma y b e a n advantag e i n domain s tha t  ar e 
describe d b y a  fe w underlyin g rules ,  suc h a s a  Tower-of -
Hanoi  typ e problem ,  i t  ha s th e disadvantag e (a t  leas t  i n 
domain s lik e commonsens e procedures )  tha t  eac h ste p 
selectio n mus t  differentiat e betwee n ever y know n ste p 
rathe r  tha n th e smalle r  se t  o f  step s know n t o b e relevan t 
i n som e pas t  example . 

Anothe r  measur e fo r  transfe r  i s th e eas e o f  acces s t o 
th e underlyin g procedure .  A  multicas e i s simpl e t o ac -
cess a s i t  i s  a  singl e unit .  I n th e othe r  representations , 
procedure s ar e represente d i n a  distribute d form ,  an d 
must  b e reconstructe d durin g execution . 

Analysis of Storage and Decision Cost 

Thi s par t  o f  th e pape r  present s a  mor e forma l  compar -
iso n o f  th e multiceise ,  individua l  case s an d microcase s 
focusin g o n storag e an d decisio n cost .  Th e approac h 
i s t o first  formall y defin e a  mode l  o f  a  procedur e an d 
the n sho w ho w i t  woul d b e encode d int o case s usin g 
each representatio n method .  T w o assumption s o f  thi s 
model  ar e tha t  eac h retrieva l  return s exactl y on e case , 
and tha t  irrelevan t  feature s ar e alread y "factore d out" . 

Procedure Model 

Let  th e procedur e t o b e acquire d b e a  complet e binar y 
decisio n tre e T  o f  unifor m dept h n .  Eac h nod e i  G  T 
contain s a  ste p (o r  chun k o f  steps )  t o b e performe d plu s 
a decisio n selectin g th e nex t  nod e t o b e executed .  T 
contain s \T \  =  2 "  -  1  step s an d 2"" '  -  1  decision s (thos e 
i n th e leave s ar e ignored) .  Eac h procedur e executio n 
episod e wil l  consis t  o f  n  step s an d decision s alon g som e 
pat h i n T  fro m roo t  t o leaf . 

Let  th e inpu t  t o th e decisio n a t  a  nod e i  b e th e se t 
of  binar y feature s F, .  The n F  =  U,,̂ .  F ,  i s  th e se t  o f 
al l  feature s reference d b y th e procedure .  W e assum e 
ther e exist s som e uppe r  boun d /  =  maXig r  |F, |  o n th e 
number  o f  feature s teste d b y an y specifi c  decision ,  an d 
tha t  /  i s  smal l  compare d t o |F| .  W e hav e n -  1  <  |F |  < 
(2"~ ^  — 1) /  sinc e ther e mus t  b e a t  leas t  n — 1  feature s fo r 
al l  th e path s i n T  t o b e distinguishable ,  whil e th e uppe r 
boun d applie s i n th e cas e tha t  al l  th e F ,  ar e disjoint .  A 
reasonabl e estimat e fo r  |F |  shoul d b e proportiona l  t o 
/ ,  jui d shoul d allo w fo r  eac h featur e t o b e reference d i n 
some significan t  percentag e o f  path s throug h th e tree . 
We therefor e estimat e |F |  a s ( n — 1)/ ,  whic h model s fo r 
exampl e a  procedur e containin g n  — 1  distinc t  decision s 
i n a  fixed  order . 

Representation of Procedures 

Case-base d reasonin g fo r  procedur e executio n i s th e 
example-base d selectio n o f  a  sequenc e o f  step s t o achiev e 
a give n goal .  Eac h occasio n fo r  selectio n i s a  proble m Pi , 
th e proces s o f  searchin g throug h th e case-bas e t o solv e 
a proble m i s a  retrieval ,  an d an d th e numbe r  o f  step s 
retrieve d pe r  proble m i s th e proble m siz e Sp .  Th e solu -
tio n t o eac h proble m wil l  b e encode d i n memor y a s som e 
set  o f  case s Cp .  Th e cas e i s th e uni t  o f  memor y storag e 
and retrieval .  Eac h cas e pair s a  proble m solutio n wit h 

a conjunctio n o f  feature s fo r  whic h i t  applies .  Sinc e i t 
has bee n stipulate d tha t  a  give n decisio n reference s a t 
most  /  features ,  a t  mos t  2 ? case s wil l  b e require d t o 
represen t  a  decision ,  on e fo r  eac h possibl e conjunctio n 
of  th e feature s an d thei r  negations . 

We wil l  first  conside r  a  linea r  searc h mode l  o f  cas e 
retrieval' ,  i n whic h th e retrieva l  effor t  pe r  proble m E p 
i s proportiona l  t o th e numbe r  o f  featur e test s made . 
Ep i s th e produc t  o f  th e numbe r  o f  case s t o b e searche d 
throug h an d th e numbe r  o f  feature s t o b e teste d pe r 
case .  (W e assum e fo r  simplicit y tha t  th e case s ca n b e 
used a s retrieved ,  meanin g tha t  w e d o no t  attemp t  t o 
accoun t  fo r  adaptatio n costs. )  Lettin g |P |  b e th e num -
ber  o f  problem s pe r  episode ,  th e tota l  retrieva l  effor t  pe r 
episod e E  =  Ep\P\ . 

The inpu t  parameter s o f  th e mode l  ar e th e dept h n 
of  th e procedur e tre e T ,  th e maximu m numbe r  o f  fea -
ture s /  reference d b y a  decision ,  an d th e tota l  numbe r 
of  feature s \F \  reference d b y th e procedure .  |P |  an d S p 
wil l  var y wit h th e specifi c  representation .  Th e output s 
of  th e mode l  ar e estimate s fo r  \C\ ,  E p an d E . 

Individual cases store each episode of (i.e., path 
through )  T  a s a  case ,  s o S p =  n ,  th e numbe r  o f  step s 
i n a n episode .  Sinc e th e entir e mappin g fro m situatio n 
feature s t o ste p sequenc e i s performe d i n on e retrieval , 
|P |  =  1 ,  wit h 2"" '  potentia l  outcomes .  Th e numbe r  o f 
case s ca n b e estimate d fro m th e tota l  numbe r  o f  feature s 
referenced ,  yieldin g \C \  =  2̂ ''-̂ ^̂ . 

Microcases represent a procedure as a set of indepen-
dent  decisions ,  makin g procedur e executio n a  serie s o f 
cas e retrievals ,  on e pe r  step .  T o encod e T  a s microcase s 
we mak e eac h selectio n o f  a  ste p a  separat e problem . 
Then S p =  I ,  an d \Cp \  =  2 ^  case s pe r  problem .  Ther e 
ar e \P \  =  n  problem s pe r  episode ,  bu t  2 "  -  1  problem s 
t o b e encode d t o represen t  th e entir e procedure ,  giv -
in g \C \  =  2-'(2 "  -  1) .  Retrieva l  effor t  pe r  proble m i s 
Ep =  {\F \  +  n)2"+^ .  Not e tha t  n  additiona l  feature s 
ar e adde d t o distinguis h th e 2"" '  potentia l  "curren t  po -
sitions "  withi n th e represente d procedure . 

Multicases allow us to represent a procedure as a se-
quenc e o f  contex t  relativ e decisions .  Th e retrieva l  effor t 
i s  divide d u p accordin g t o separat e decisions ,  an d th e 
branchin g structur e o f  th e pla n i s expresse d explicitl y 
as par t  o f  th e multicas e rathe r  tha n implicitl y  a s extr a 
feature s reference d b y th e cases .  W e hav e S p =  1 ,  |P |  = 
n — 1  problem s pe r  episode ,  \Cp \  =  2 ^  wit h 2"" '  -  1 
problem s overall ,  fo r  a  tota P o f  \C \  =  [2 ^  -\ -  1)(2 "  -  1) . 

Becaus e w e focu s o n onl y on e decisio n a t  a  time ,  th e 
number  o f  case s tha t  mus t  b e searche d throug h an d fea -
ture s needin g t o b e consulte d a t  an y give n decisio n poin t 
ar e greatl y reduced .  Fo r  th e multicase ,  onl y /  feature s 
need b e consulte d pe r  decision ,  an d onl y 2 ^  case s nee d 

' a mode l  fo r  indexe d retrieva l  wil l  introduce d shortly . 
Ŝinc e w e ar e countin g cas e nodes ,  th e leave s o f  th e tre e 

add anothe r  2"~ *  steps . 
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Ite m 
Tota l  case s \C \ 
CB size ^ 
Effort/proble m E p (unindexe d j' ' 
Effort/proble m E p (indexed ) 
Effort/episod e E  (indexed ) 
Inde x siz e 
Effort/proble m E p (|C |  fixed) 

1 Individua l  case s 
formul a 

2" 
n2^ ' 
F-l " 
F 
F 

t P +  I 
log 2 |C | 

example ' 
2r) G 

TiMO 
ao-lr t 

K 
« 

512 

1 Microcase s 
formul a 

(H2 -  +  ' ) 
0(2"+/ ) 

0(F2"+^ ) 
0( n +  / ) 

0{u ^  +  F ) 
0(2"+^+' ) 

log2|C | 

ex 
124 
124 

1612 
7 

35 
256 

1 Mullicase s | 
formul a 

0(2"+/ - l ) 
0(2"+/ - i ) 

J  2 ' 
J 
F 

0(2 "  +  -' ) 
max(log 2 \C \  -  n j ) 

ex 
75 
75 
8 
2 
8 

128 

Notes :  1  Exampl e figures  ar e fo r  a  complet e binar y tre e wit h n  =  5 ,  /  =  2 ,  F  =  ( n -  1) /  =  8 
2 Tota l  Ceise-beis e siz e i s produc t  o f  tota l  decision s an d case/decisio n 
3 Effort/proble m i s produc t  o f  features/proble m an d numbe r  o f  case s pe r  proble m C p 

Table 1: Storage and Retrieval Cost Summary 

be examined ;  th e res t  o f  th e case s ar e onl y relevan t  t o 
othe r  decisions .  T h u s E p =  f  - 2 ^ . 

Indexing 

Becaus e case-retrieva l  vi a linea r  se^c h involve s effor t 
exponentia l  i n case-bas e size ,  mos t  C B R system s us e 
some for m o f  indexin g fo r  faste r  retrieval .  A n inde x ca n 
be treate d a s a  boolea n discriminatio n networ k whic h 
test s jus t  enoug h feature s t o discriminat e al l  th e cases . 
Assumin g tha t  th e networ k i s balanced ,  th e decisio n 
cos t  i s  proportiona l  t o th e dept h o f  th e index ,  whic h 
i s th e lo g bas e 2  o f  th e numbe r  o f  case s enterin g int o 
a give n decision :  0 { n f )  fo r  individua l  cases ,  0 ( n +  f ) 
fo r  microcases ,  an d 0( / )  fo r  multicases .  Thi s simpl e 
inde x mode l  provide s a  lowe r  boun d o n acces s costs ; 
mor e comple x retrieva l  processe s -  e.g. ,  inexac t  match -
ing ,  choosin g amon g multipl e retrieve d cases ,  o r  feature s 
tha t  interac t  i n othe r  tha n boolea n combination s -  wil l 
hav e large r  decisio n costs . 

Th e abov e mode l  o f  indexin g applie s t o a n optima l 
index ,  tha t  is ,  on e whic h i s (a )  balanced ,  an d (b )  pro -
vide s a  singl e pat h t o eac h case .  I f  th e first  assumptio n 
i s violated ,  th e averag e acces s cos t  wil l  b e increased . 
I n th e secon d case ,  storag e cos t  wil l  b e significantl y in -
creased .  Fo r  example ,  a  full y  redundan t  generalizatio n 
hierarch y (suc h a s propose d b y MOPs-base d systems ) 
involve s F !  >  ( F / Z ) ^  nodes'* ,  a  quantit y whic h i s muc h 
large r  tha n 2 ^  fo r  an y practica l  valu e o f  F . 

Ther e ar e a  numbe r  o f  reeison s wh y optima l  indexin g 
of  th e case s ma y no t  b e practica l  i n al l  situations :  be -
caus e th e feature s t o b e indexe d mus t  b e identifiabl e i n 
advanc e fo r  th e inde x t o b e constructed ;  becaus e th e fea -

'I t  i s  importan t  t o not e tha t  "indexing "  i s use d i n th e 
C BR literatur e i n a t  leas t  thre e distinc t  senses :  a s a  per -
formanc e method ,  t o accelerat e acces s t o a  desire d cas e o r 
cases ;  a s a n organizin g method ,  fo r  groupin g case s observe d 
t o hav e simila r  features ,  typicall y i n th e servic e o f  makin g 
generalization s (e.g. ,  C Y R US an d IPP) ;  an d a s a  knowledge -
encodin g method ,  fo r  definin g set s o f  case s wit h relate d con -
tent .  W e mode l  th e first,  w e d o no t  mode l  th e second ,  an d 
we assum e th e thir d ca n b e encode d a s additiona l  features . 

*Bot h IP P an d C Y R US provid e mechanism s fo r  trim -
min g awa y useles s generalizations ,  bu t  d o no t  evaluat e thei r 
effectiveness . 

tur e value s mus t  b e enumerabl e (fo r  example ,  feature s 
containin g variables ,  feature s derive d throug h calcula -
tions ,  an d continuou s feature s wil l  i n genera l  no t  mee t 
thi s requirement) ;  an d becaus e efficien t  indexe s requir e 
significan t  effor t  t o updat e a s ne w episode s ar e acquired . 
T o th e exten t  tha t  indexin g fall s short ,  som e degre e o f 
actua l  searc h throug h case s i s required ,  an d th e num -
ber s fo r  unindexe d decisio n cos t  apply . 

I t  migh t  b e argue d tha t  th e abov e formula s overesti -
mat e inde x cost s sinc e n o C B R syste m wil l  eve r  hav e 
availabl e t o i t  mor e than ,  say ,  2^ ^  cases ,  s o tha t  i n 
practic e inde x siz e i s bounded .  Le t  u s explor e thi s 
assumption .  First ,  th e relativ e cost s o f  th e index -
in g scheme s ar e unaffected .  Second ,  fo r  a  give n \C\ , 
individual-cas e an d microcase s wil l  hav e decisio n effor t 
E p =  logjICI ,  whil e multicase s wil l  hav e o n th e av -
erag e E p =  log2(|C|/2" )  =  log 2 \C \  — n ,  a  significan t 
improvement .  Third ,  ou r  origina l  estimate s fo r  \C \  ca n 
no w b e use d t o estimat e th e coverag e provide d pe r  ad -
ditiona l  example .  T h e large r  th e spac e o f  possibl e cases , 
th e harde r  i t  i s t o acquir e a  representativ e sampl e o f  th e 
entir e procedur e T .  Viewe d thi s way ,  multicjise s yiel d 
th e mos t  "knowledge "  pe r  example . 

Results 

Th e result s o f  thi s analysi s ar e summarize d i n Tabl e 1 . 
Th e formula s derive d her e ar e fo r  a  complet e case-bas e 
resultin g afte r  al l  o f  th e possibl e situatio n configuration s 
and henc e procedur e sequence s hav e bee n observed .  Al -
thoug h i n genera l  one' s case-bas e i s neve r  complete ,  pre -
sumabl y i t  mus t  contai n a  significan t  percentag e o f  th e 
relevan t  case s i n orde r  t o perfor m adequately ,  s o tha t 
th e formula s give n ar e expecte d t o b e o f  th e correc t  or -
der  o f  magnitude .  T h e tabl e include s illustrativ e value s 
fo r  a  complet e decisio n tre e wit h n  =  5 ,  /  =  2 . 

Case-Base Storage. The three alternatives use dif-
feren t  amount s o f  case-bas e storage .  A  multicas e repre -
sentatio n require s th e leas t  case s -  0(2""*'-̂ ~^ )  -  o f  th e 
thre e methods ;  microcase s requir e 2  time s a s much ,  an d 
individua l  case s requir e abou t  2"- ^  time s a s much . 

Effort. Two alternatives were evaluated. If complete 
indexin g i s no t  possible ,  multicase s offe r  muc h bette r 
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per-proble m eui d per-episod e retrieva l  cos t  tha n micro -
case s o r  individua l  case s (0(2-' )  vs .  0(2'*''"' )  an d 
0(2'*^ )  respectively) .  I f  complet e indexin g i s  possi -
ble ,  multicase s an d individua l  case s hav e th e s a m e per -
episod e retrieva l  cos t  o f  ( n -  1 ) / ,  bu t  th e multicas e re -
duce s per-sie p retrieva l  cos t  b y a  facto r  o f  0 { n ) .  Mi -
crocase s ar e th e mos t  costl y alternative ,  wit h 0 { n - H / ) 
retrieva l  cos t  pe r  proble m an d 0 { n ^ )  pe r  episode .  Thi s 
i s a  significam t  differenc e w h e n executin g a  procedur e 
unde r  tempora l  constraints ,  wher e i t  i s  desirabl e t o min -
imiz e computatio n pe r  ste p a s wel l  a s overall .  I f  al l  th e 
decisio n effor t  i s  l umpe d int o on e larg e computation ,  i t 
m ay b e c o m e a n executio n bottleneck . 

Index Size. Multicases require less index space than 
th e othe r  tw o methods ,  thoug h th e differenc e betwee n 
multicase s an d microcase s i s no t  large .  A  m o r e signifi -
can t  advantag e i s that ,  i f  /  i s  smal l  compare d t o n  (e.g , 
/  <  4 )  multicase s m a y permi t  on e t o avoi d indexin g en -
tirely ,  savin g no t  onl y spac e bu t  th e effor t  t o construc t 
an d updat e them . 

Concluding Remarks 

A fe w point s deserv e drawin g out .  Representationa l 
choice s i n C B R system s d o hav e a  significan t  effec t  o n 
performanc e an d resourc e requirement s a s case-base s in -
creas e i n size .  T h e multicas e embodie s tw o ke y ideas : 
exploitin g th e underlyin g structur e o f  th e proble m do -
ma i n t o partitio n cas e retrieva l  int o a  n u m b e r  o f  smaller , 
cheape r  retrievals ,  an d keepin g th e representatio n a s 
"concrete "  (episode-like )  a s possibl e (cf .  McCar tne y 
1990) . 

O ur  forma l  result s depen d o n ou r  assumptio n tha t 
f  < i  F  -  fo r  procedures ,  tha t  (a )  mos t  choice s de -
pen d o n onl y a  fe w o f  th e availabl e features ,  an d (b ) 
most  step s ar e onl y relevan t  a t  certsu n point s i n a  pro -
cess .  Give n these ,  partitionin g i s ver y effective .  No t  al l 
procedure s hav e thi s property ;  fo r  example ,  th e Tower -
of-Hano i  proble m ca n b e describe d usin g jus t  on e rul e 
whic h i s applie d a t  ever y step .  Issue s fo r  futur e wor k 
includ e th e impac t  o f  representatio n o n th e proces s o f 
cas e acquisition ,  an d th e complexit y an d consequence s 
of  approximat e matchin g durin g cas e retrieval . 

T h e thre e C B R method s describe d her e ca n b e or -
dere d b y increasin g constrain t  o n th e sequencin g o f 
steps .  A t  on e extreme ,  microcase s allo w an y ste p t o 
b e chose n a t  an y time ;  a t  th e othe r  extreme ,  individ -
ual  case s fi x entir e ste p sequences .  Microcase s occup y 
a n intermediat e position .  T h o u g h w e hav e focuse d o n 
procedur e representation ,  thi s distinctio n m a y b e use -
fu l  i n othe r  areas .  Conside r  a  case-base d desig n syste m 
i n th e doma i n o f  electroni c amplifiers .  T h e individual -
cas e approac h woul d correspon d t o a  librar y o f  off-the -
shel f  designs .  Microcase s woul d correspon d t o genera l 
desig n rule s fo r  buildin g amplifier s ou t  o f  smalle r  func -
tiona l  units .  Multicase s woul d correspon d t o a  Hbrar y 
of  design s plu s knowledg e o f  h o w t o adap t  t h e m t o sui t 
variou s requirements .  I n a  sense ,  eac h multicas e woul d 

represen t  th e "procedure "  fo r  customizin g a  particula r 
design . 

I n s u m m a r y ,  thi s pape r  make s severa l  contribution s 
t o th e analysi s an d evaluatio n o f  case-base d reasoners . 
I t  define s a n abstrac t  mode l  o f  C B R t o whic h a  variet y 
of  architecture s ca n b e fi t  an d compared ,  an d define s 
fou r  criteri a o n whic h t o evaluat e suc h system s -  case -
bas e size ,  indexe d an d unindexe d retrieva l  effort ,  an d 
inde x size .  I t  provide s on e o f  th e firs t  detaile d complex -
it y analyse s o f  cas e representatio n an d organization ,  an d 
use s i t  t o contras t  severa l  scheme s appealin g i n th e Ht -
erature . 
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