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A B S T R A CT 

Withi n A I  an d th e cognitivel y relate d disciphnes ,  ther e exis t  a  multipHcit y o f  use s o f  'belief .  O n ih c 
fac e o f  it ,  thes e differin g use s reflec t  differin g view s abou t  th e natur e o f  a n objectiv e phenomeno n calle d 
'belief .  I n thi s pape r  I  distinguis h si x distinc t  way s i n whic h 'belie f  i s use d i n AI .  I  shal l  argu e tha t  no t 
al l  thes e use s reflec t  a  differenc e o f  opinio n abou t  a n objectiv e featur e o f  reality .  Raiher ,  i n som e cases , 
th e differin g use s reflec t  differin g concern s wit h specia l  A I  applications .  I n othe r  cases ,  however ,  genuin e 
difference s exis t  abou t  th e natur e o f  wha t  w e pre-theoreticall y cal l  belief .  T o a n extent ,  th e multiplicit y o f 
opinion s about ,  an d use s o f  'belief ,  echoe s th e discrepan t  motivation s o f  A I  researchers .  Th e relevanc e o f 
thi s discussio n fo r  cognitiv e scienc e arise s fro m th e fac t  tha t  (a )  man y regar d theoretica l  researc h withi n 
AI  a s a  branc h o f  cognitiv e science ,  an d (b )  eve n i f  theoretica l  A I  i s no t  cognitiv e science ,  u-end s withi n 
AI  influenc e theorie s develope d withi n cognitiv e science .  I t  shoul d b e beneficial ,  therefore ,  t o unrave l  th e 
distinc t  use s an d motivation s surroundin g 'belief ,  i n orde r  t o discove r  whic h usage s merel y rcflcc l 
differin g pragmati c concerns ,  an d whic h usage s genuinel y reflec t  divergen t  view s abou t  reality . 

INTRODUCTION 

Within AI and the cognitively related disciplines, there exist a multiplicity of uses of 'belief. On the face 
of  it ,  thes e differin g use s reflec t  differin g view s abou t  th e natur e o f  a n objectiv e p h e n o m e n o n calle d 
'belief .  I n thi s pape r  I  distinguis h si x distinc t  way s i n whic h 'belie f  i s  use d i n AI .  I  shal l  argu e tha t  no t 
al l  thes e use s reflec t  a  differenc e o f  opinio n abou t  a n objectiv e featur e o f  reality .  Rather ,  i n s o m e cases , 
th e differin g use s reflec t  differin g concern s wit h specia l  A I  applications .  I n othe r  cases ,  however , 
genuin e difference s exis t  abou t  th e natur e o f  wha t  w e pre-theoreticall y cal l  belief .  T o a n extent ,  th e 
multiplicit y o f  opinion s about ,  an d use s o f  'belief ,  echoe s th e discrepan t  motivation s o f  A I  researchers , 
some o f  w h o m se e themselve s a s simultaneousl y engage d i n bot h A I  an d cognitiv e science ,  whil e other s 
m a ke n o claim s fo r  th e generalit y o r  cognitiv e validit y o f  thei r  results . 

The relevance of our discussion to cognitive science is twofold. First, some of the theories (and senses) 
of  belie f  describe d her e ar e hel d b y researcher s w h o woul d identif y themselve s as  cognitiv e scicniisi s 
(whethe r  o r  no t  the y wor k i n AI) .  I t  shoul d b e o f  us e t o thes e peopl e t o distinguis h a m o n g severa l 
(thoug h no t  necessaril y  all )  o f  th e curren t  alternativ e view s o f  belief .  Secondly ,  researc h i n A I  sometime s 
influence s th e developmen t  o f  theorie s b y cognitiv e scientist s w h o d o no t  regar d A I  a s cognitiv e science . 
I f  A I  contain s conflictin g theorie s o f  belief ,  an d i f  (a s i s ofte n th e case )  th e motivatio n fo r  thes e theorie s i s 
a mixtur e o f  scientifi c an d pragmati c concerns ,  i t  woul d b e wel l  fo r  u s t o b e awar e o f  whic h theorie s ar e 
intende d primaril y as  cognitiv e theories ,  an d whic h ar e intende d primaril y a s specia l  purpos e tools . 
Unfortunately ,  researcher s i n A I  ar e frequentl y unclea r  abou t  th e degre e t o whic h the y inten d a  particula r 
theor y o r  formalis m t o b e take n a s a  cognitiv e model .  Thi s i s especiall y apparen t  i n th e domai n o f 
"belie f  (cf .  Hadley ,  1988) .  I t  i s  no t  unusua l  t o find  discussion s o f  belie f  i n A I  whic h rejec t  othe r 
treatment s o f  'belie f  fo r  thei r  counter-intuitiv e feature s (e.g. ,  logica l  omniscience )  (cf .  Levesquc ,  1984 ; 
Fagi n an d Ha lpem ,  1985) .  However ,  w h e n th e counter-intuitiv e feature s o f  one' s o w n theor y ar c brough t 
t o light ,  th e defens e i s ofte n m a d e tha t  pragmati c value ,  rathe r  tha n cognitiv e validity ,  i s  th e issue .  I n 
what  follows ,  I  shal l  tr y t o unrave l  s o m e o f  th e underiyin g motivation s fo r  th e varyin g approache s t o 
belie f  i n AI ,  an d t o distinguis h thei r  pragmati c valu e fro m thei r  cognitiv e validity . 

1. THE SYNTACTIC THEORY 

According to the 'syntactic' view of belief, beliefs are syntactic objects (sentences) which are explicitly 
store d i n a  specia l  regio n o f  a n agent' s m e m o r y ,  ofte n calle d a  knowledg e o r  belie f  base .  Onl y thos e 
sentence s whic h ar e explicitl y  store d ar e believed .  Thus ,  fro m th e mer e fac t  tha t  a n agen t  believe s 'Mar y 
has a  brother' ,  i t  woul d no t  follo w tha t  th e agen t  believe s 'Mar y ha s a  mal e sibling' .  I n general ,  th e 
syntacti c approac h assume s tha t  n o tw o distinc t  sentence s expres s precisel y th e sam e belief . 
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N o w,  o n th e fac e o f  it ,  ther e i s a  circularit y lurl<in g i n th e abov e denniiion ,  becaus e a n appea l  i s  mad e l o 

th e notio n o f  a  'belie f  base .  On e wonder s whethe r  th e notio n o f  a  belie f  (o r  knowledge )  bas e ca n b e 
elucidate d withou t  invokin g th e ver y concep t  w e ar e tryin g l o analyse .  Upo n reflection ,  however ,  th e 
circularit y ma y b e illusory .  Fo r  on e migh t  attemp t  t o distinguis h a  belie f  bas e fro m othe r  region s o f  a n 
agent' s memor y b y notin g tha t  sentence s whic h ar e store d i n a  b e lie f  bas e ar c take n b y th e agen t  a s 
ground s fo r  action .  Tha t  is ,  whe n a  sentenc e i s store d i n a n agent' s belie f  base ,  th e agen t  i s  (usually ) 
willin g t o ac t  a s thoug h th e sentenc e i s true .  I f  th e sentenc e i s to o abstrac t  t o ac t  upo n directly ,  the n ih c 
agen t  i s  a t  leas t  willin g t o us e th e sentenc e a s a  premis e i n derivation s whic h lea d t o actio n (unles s th e 
agen t  desire s t o concea l  his/he r  beliefs) . 

If we accept the above suggestion -- that a sentence is in an agent's belief base if and only if the agent is 
wiUin g (i n th e absenc e o f  concealmen t  motives )  t o us e th e sentenc e a s a  premis e whe n formulatin g it s 
plan s fo r  actio n -  the n w e shoul d accep t  a  preconditio n o f  thi s suggestion ,  namely ,  tha t  th e agen t  i s  abl e 

t o assig n som e semanti c interpretatio n t o th e sentence .  Fo r  a n agen t  coul d no t  ac t  upo n th e trut h o f  th e 
sentenc e unles s he/sh e kne w ho w t o dra w experientiall y  meaningfu l  consequence s fro m th e assumptio n o f 
th e sentence' s truth ,  an d thi s seem s t o presuppos e a t  leas t  som e abilit y  t o interpre t  th e term s occurrin g i n 
tha t  sentence . 

Now, most AI treatments of belief do not confront the question whether the agent can interpret or 
"understand "  (i n an y full-fledge d sense )  th e sentence s i t  "believes" .  N o doub t  thi s i s  due ,  a t  leas t  i n part , 
t o th e fac t  tha t  builder s o f  A I  system s expec t  thos e system s t o b e use d an d interprete d b y humans .  Tha t 
is ,  human s provid e th e semantic s fo r  th e system .  However ,  sinc e w e ar c her e concerne d wit h cogniiio n 
generally ,  w e canno t  resort  t o a n analysi s o f  belie f  whic h i s parasiti c  upo n huma n cogniiion .  Havin g sai d 
that ,  I  mus t  no w sideste p th e thorn y questio n o f  ho w a  syste m assign s a  semanti c inierprciaiio n t o 
sentence s i t  believes .  Th e issu e receive s som e furthe r  attentio n i n ou r  discussio n o f  intensions ,  bu t  fo r  ih c 

most  part ,  w e mus t  b e conten t  merel y t o acknowledg e th e existenc e o f  th e problem. '  I n th e remainde r  o l 
our  discussion ,  w e shal l  assum e tha t  agent s hav e th e abilit y  t o semanticall y interpre t  sentence s i n thei r 
belie f  bases . 

Apart from the difficulties just described, the "syntactic approach" has come under attack for a different, 
thoug h related,  reason .  Man y conten d tha t  th e syntacti c approac h i s hopelessl y fine-grained,  sinc e i t  doe s 
not  allo w tha t  an y tw o syntacticall y distinc t  sentence s ar e necessaril y  interchangeabl e i n belie f  contexts . 
That  is ,  th e syntacti c approac h concede s tha t  mutua l  interchangeabilit y  (o r  substilutivity )  fail s  eve n i n 
ease s wher e w e woul d intuitivel y judg e thos e sentence s t o expres s th e .sam e "though t  conienLs" , 
proposition ,  o r  information .  N o w ,  man y wh o rejec t  th e syntacti c vie w woul d argu e tha t  on e coul d no t 
believ e tha t  Mar y ha s a  brothe r  withou t  believin g tha t  Mar y ha s a  mal e sibling .  Thi s i s no t  t o sa y tha t 
whoeve r  believe s 'Mar y ha s a  brother '  coul d describ e thei r  belie f  usin g expression s lik e mal e sibling" , 
but  rathe r  tha t  th e sam e belie f  ca n b e expresse d i n word s whic h ma y o r  ma y no t  b e know n t o a n agen t 
who ha s th e belief . 

Among those who reject the purely syntactic approach to belief there is disagreement about just how 

fine-grained  th e criteri a fo r  'sam e belie f  shoul d be .  Fo r  example ,  som e woul d insis t  that'/ ? o r  q '  an d ' q 
orp '  ar e interchangeabl e i n belie f  contexts ,  whil e other s woul d hesitat e t o sa y tha t  belie f  i s  close d unde r 
any logica l  transformation ,  howeve r  simple .  Nevertheless ,  ther e ar e man y wh o believ e tha t  belie f  i s  no t 
primaril y a  relatio n betwee n a  sentenc e an d a n agent ,  bu t  betwee n a n abstractio n an d th e agent .  Th e 
same abstractio n i s expressibl e b y mean s o f  distinc t  sentences .  I n th e followin g sectio n w e pursu e thi s 
vie w o f  belief . 

In defense of the syntactic view of belief, it should be noted that not all its advocates intend the view to be 
take n a s a  seriou s analysi s o f  ou r  ordinar y concep t  o f  belief .  Withi n AI ,  a t  least ,  th e syntacti c approac h i s 
sometime s adopte d a s a n expedien t  whic h permit s th e constructio n o f  plannin g system s (cf .  Haas ,  1985 , 
1986) .  A  robo t  w h o know s ho w t o interpre t  an d appl y sentence s t o th e worl d ma y deriv e usefu l  plan s 
base d upo n sentence s explicitl y  writte n i n it s  belie f  base .  Th e fac t  tha t  th e conten t  o f  thes e plan s migh t  b e 
represente d differentl y b y othe r  agent s doe s no t  preven t  th e robo t  fro m usin g th e plan s i t  formulates . 

'See ,  howeve r  (Hadlcy ,  1989) ,  an d Searle' s wel l  know n (1980 )  paper ,  whic h addresse s thes e issue s i n detail . 
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However ,  th e robo t  wil l  b e limite d i n it s abilit y  t o communicat e i f  i t  canno t  conceiv e tha t  anothe r  agen t 
coul d represen t  thos e sam e plan s usin g diflcren t  words . 

2. THE INTENSIONAL THEORY 

As we have noted, a major drawback of the syntactic theory, when viewed as a serious theory of belief, is 
tha t  i t  fail s  t o accoun t  fo r  th e fac t  tha t  som e distinc t  sentence s see m t o expres s th e sam e though t  o r  belief . 
The notio n o f  "though t  contents "  i s on e whic h ha s trouble d philosopher s fo r  centuries .  Beginnin g wit h 
Frege ,  however ,  substantia l  progres s ha s bee n mad e i n th e elucidatio n o f  thi s concept .  Nowadays , 
though t  content s ar e commorU y identifie d wit h intensions ,  propositions ,  an d 'informatio n expresse d b y a 
sentence' .  I  shal l  no t  attemp t  t o unrave l  th e distinction s amon g thes e notion s i n th e spac e availabl e here . 
Rather ,  I  attemp t  t o sa y wha t  the y hav e i n common .  Thi s commonality ,  an d it s relationshi p t o belief ,  i s 
what  I  a m (somewha t  loosely )  callin g th e intensiona l  theory . 

Most modem philosophers who have proposed theories of intensions, or propositions regard these as 
abstrac t  object s whic h (roughly )  constitut e th e meaning s o f  sentences .  Thos e wh o adop t  Frege' s basi c 
approac h toward s thes e object s (e.g. ,  Montague ,  1970 ;  Lewis ,  1976 )  tak e intension s (propositions )  t o b e 
function s whic h ma p sentence s ont o th e possibl e world s i n whic h thos e sentence s ar e true .  Barwis e an d 
Perr y (1983) ,  however ,  tak e proposition s t o b e abstrac t  situatio n type s whos e structur e i s largel y reflecte d 
i n th e syntacti c structur e o f  sentence s whic h expres s thos e propositions .  Bot h th e Fregian-base d an d th e 
situation-base d vie w o f  proposition s tak e proposition s t o aris e a s a  resul t  o f  compositiona l  semantics . 
The composite ,  structure d objec t  expresse d b y a  sentenc e arise s (o r  i s a t  \c2iS i  picke d out )  b y a 
compositiona l  processe s involvin g sense s o r  set s attache d t o th e elementar y term s occurrin g i n th e 
sentence .  Thi s composite ,  structure d objec t  (or ,  i n th e Barwise-Pcrr y theory ,  a  particular ,  situate d 
instanc e o f  thi s object )  i s th e appropriat e objec t  o f  belief .  I t  i s possibl e t o represen t  thi s structure d objec t 
by mean s o f  a  canonica l  representation ,  an d suc h representation s ar e ofte n calle d th e logica l  for m o f  a 
sentence .  Wha t  i s especiall y relevan t  t o ou r  presen t  concern s i s tha t  al l  th e propositiona l  theorie s w e hav e 
been considerin g associat e sentence s wit h suc h canonica l  logica l  forms ,  an d al l  thes e theorie s recogniz e 
th e existenc e o i  many-to-on e mapping s betwee n symbolicall y distinc t  sentence s an d a  give n logica l  form . 
Moreover ,  al l  thes e theorie s admi t  th e possibility ,  i n principle ,  o f  "compilatio n procedures "  b y whic h a 
give n sentenc e ma y b e compile d int o it s logica l  form .  I t  i s thu s possible ,  i n principle ,  t o ascertai n 
whethe r  tw o differen t  sentence s expres s th e sam e belie f  b y compilin g th e sentence s int o thei r  logica l 
forms .  I t  i s commonl y recognize d bot h b y th e neo-Fregia n an d b y th e situationist s tha t  suc h compilatio n 
processe s mus t  b e sensitiv e t o th e contex t  i n whic h sentence s ar e used . 

Now, although the preceding discussion glosses over distinctions between the different theories which I 
hav e broadl y depicte d a s "intensional" ,  i t  ha s hopefull y emerge d tha t  thes e distinc t  theorie s shar e a 
common motivatio n an d sensitivit y t o th e structur e o f  a  belief .  Th e multiplicit y o f  suc h theorie s partiall y 
reflccl s th e difficult y o f  analysin g th e notio n o f  'though t  contents' .  However ,  th e abundanc e o f 
intensiona l  theorie s als o arise s i n consequenc e o f  th e fac t  tha t  (fo r  th e mos t  part )  proponent s o f  thes e 
theorie s ar e attemptin g t o describ e th e tru e natur e o f  belief .  Tha t  is ,  the y ar e aimin g a t  a  cognitivel y 
accurat e mode l  rathe r  tha n a  specia l  purpos e construct .  Withi n AI ,  th e intensiona l  stanc e toward s belie f 
has bee n adopte d primaril y b y thos e concerne d wit h cognitiv e fidelity  an d natura l  languag e (cf .  Wilk s & 
Ballim ,  1987 ;  Hadley ,  1988) . 

An obstacle to the selection of a single 'correct' theory seems to be that there is no general consenses 
about  th e dat a t o b e explained .  Fo r  example ,  Moor e (1942 )  denie s tha t  th e analysi s o f  a  concep t  i s usuall y 
substitutabl e fo r  a n atomi c ter m expressin g tha t  concep t  i n a  belie f  context .  Thus ,  i f  w e allo w tha t  'mal e 
sibling '  i s a n analysi s o f  'brother' ,  Moor e woul d den y tha t  whoeve r  believe s tha t  Mar y ha s a  brothe r  als o 
believe s tha t  Mar y ha s a  mal e sibling .  O n th e othe r  hand ,  Moor e coul d allo w tha t  'Tadpole s swim '  an d 
'Polliwog s swim' ,  expres s th e sam e belief ,  becaus e 'tadpole '  an d 'polliwog '  ar e no t  onl y synonymous , 
but  ar e equall y explicit . 

Another {prima facie) difficulty for the 'intensional' approach arises from the fact that hc\Msometimes 
seems t o b e sensiUv e no t  onl y t o th e structur e o f  a  sentence ,  bu t  t o th e idenUt y o f  prope r  name s occurrin g 
i n th e sentence .  Fo r  example ,  som e woul d argu e tha t  (a )  'Mar k Twai n wrot e Huckleberr y Finn '  an d (b ) 
'Sa m Clemen s wrot e Huckleberr y Finn '  conve y precisel y th e sam e propositio n (o r  informaUon) ,  becaus e 
th e prope r  name s 'Mar k Twain '  an d 'Sa m Clemens '  denot e th e sam e individual ,  an d s o hav e th e sam e 
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meanin g (sinc e ihc y ar e name s an d no t  descriptions) .  However ,  i t  seem s entirel y possibl e tha t  a  chil d 

(say ,  Becky )  wh o kne w onl y a  littl e abou t  Mar k Twai n coul d believ e (a )  withou t  believin g (b) .  Th e 
syntacti c theory ,  considere d earlier ,  a t  leas t  ha s th e meri t  tha t  i t  coul d assig n a  differin g belie f  statu s t o 
thes e tw o sentences . 

In defease of the intcnsional approach, the reply could be made that the sentences in question have both a 
purel y referentia l  {d e re )  reading ,  an d a n opaqu e (d e dicto )  reading .  Althoug h 'Mar k Twain '  an d 'Sa m 

Clemens '  bot h denot e th e sam e object ,  on e coul d hav e differen t  concept s o r  vivi d impression s associate d 
wit h thes e names .  Thus ,  whe n Beck y say s 'Mar k Twai n wrot e H .  F  '  sh e i s normall y conceivin g o f  Mar k 
Twai n i n a  certai n wa y (e.g. ,  a s a  famou s America n author) ,  an d thi s mod e o f  conceptio n enter s int o th e 
conten t  o f  he r  proposition .  Fo r  Becky ,  (a )  an d (b )  d o no t  conve y th e sam e information ,  an d thi s i s a s i t 
shoul d be .  A  contex t  sensitive ,  compositiona l  semantic s woul d no t  assig n bot h sentence s th e sam e 
interpretation .  T o b e sure ,  whe n 'Mar k Twain '  an d 'Sa m Clemens '  ar c bot h bein g use d i n a  purel y 
referentia l  mode ,  (a )  an d (b )  ca n expres s th e sam e proposition .  I n tha t  case ,  however ,  w c hav e n o rca.so n 
t o suppos e tha t  Beck y doe s no t  believ e bot h (a )  an d (b) .  Th e fac t  tha t  Beck y woul d no t  assen t  t o (b )  i s 
irrelevan t  whe n (b )  i s bein g use d i n a  d e r e sense . 

3. BELIEFS AS INFORMATION 

In the previous section the term 'information' was used somewhat narrowly. This restricted use has been 
fostere d b y Barwis e an d Perr y (1983) ,  wh o us e 'information '  t o denot e wha t  migh t  als o b e describe d a s a 
structure d stat e o f  affairs .  O n thei r  view ,  th e structur e o f  a  stal e o f  affair s approximatel y mirror s th e 
synta x o f  a  sentenc e whic h describe s tha t  stat e o f  affairs .  (Thus ,  informatio n fo r  Barwis e an d Perr y 
roughl y correspond s l o fact s fo r  Wittgenstein ,  1921) .  However ,  'information '  ha s othe r  use s (cf .  Drctskc , 
1981 ;  Shanno n &  Weaver ,  1949) ,  an d compute r  scientist s ar e ofte n concerne d wit h th e 'information ' 
explicitl y  o r  implicitl y  presen t  i n a  database .  Fo r  man y applications ,  on e i s no t  especiall y concerne d 
abou t  th e particula r  logica l  structur e o f  databas e information .  Rather ,  th e concer n i s wit h th e 'pictur e o f 
th e world '  tha t  th e informatio n creates .  Tha t  is ,  i f  on e wer e t o accep t  th e informatio n i n th e databas e a s 
accurate ,  on e woul d expec t  th e wori d t o b e a  certai n way ,  independentl y o f  th e particula r  synta x use d t o 
describ e tha t  world .  O n thi s us e o f  'information' ,  on e wh o know s tha t  if P the n Q ,  ha s th e sam e 
informatio n a s on e wh o know s tha t  i f  no t  Q  the n no t  P . 

Now, within AI, the practice has arisen of referring to declarative assertions in a database as 'beliefs' of 
th e system .  Give n thi s casua l  us e o f  'belief ,  an d give n a  concer n fo r  informatio n i n a  broa d sense ,  i t  i s 

not  surprisin g tha t  w e fm d A I  researcher s wh o regar d belief s a s equivalenc e classe s o f  logicall y 
equivalen t  sentences .  W e ma y formaliz e thi s us e o f  'belie f  a s follows : 

Agent X believes S if and only if S is explicitly present in X's belief base, or S is logically equivalent to a 

sentenc e whic h i s explicitl y  present . 

Concerns for efficiency have lead some researchers to restrict the equivalence relation to "equivalent in a 
computationall y tractabl e logic "  (e.g. ,  Lcvcsque ,  1984 ;  Lakemeyer ,  1987) .  However ,  suc h computationa l 
concern s ar c extraneou s t o th e primar y motivatio n w c ar e no w considering .  I f  tw o agent s hav e identica l 
informatio n encode d i n syntacticall y differen t  forms ,  tha t  informatio n wil l  b e identica l  whethe r  o r  no t  th e 
equivalenc e ca n b e prove d b y a  tractabl e algorithm .  I f  w e hav e chose n t o identif y th e belief s o f  a  syste m 
wit h informatio n i n tha t  system ,  the n w e shoul d regar d tractabilit y  a s extraneou s t o belie f  a s well . 

Now, although the sense of 'belief formulated above is motivated by the specialized concerns of AI 
researchers ,  i t  doc s accor d wit h som e o f  ou r  ordinar y use s o f  'belief .  Fo r  example ,  i f  w e hav e recentl y 
informe d a  frien d tha t  X  an d Y  ar e bot h true ,  an d w e se e tha t  a  sentenc e Z  i s a n absolutel y trivia l 
consequenc e o f  X  an d Y ,  the n w e ma y reasonabl y conjectur e tha t  ou r  frien d wil l  soo n believ e tha t  Z .  I n 
case s suc h a s these ,  w c ar e no t  usuall y concerne d wit h th e particula r  synta x o f  th e belie f  tha t  Z ,  bu t  wit h 
th e informatio n tha t  ou r  frien d acquires .  O n othe r  occasion s however ,  a  muc h finer-grained  sens e o f 
belie f  seem s t o b e a t  work .  Thus ,  virtuall y an y logi c instructo r  wil l  attes t  tha t  a  studen t  ma y believ e tha t  p 
V q  an d ye t  no t  believ e tha t  -> (  - ,  p  a  - ,  q ) . 

4. THE LOGISTIC APPROACH TO BELIEF 
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Sinc e ih c appearanc e o f  Levesquc' s " A Logi c o f  Implici l  an d Explici t  Belie f  (1984) ,  th e prevailin g 
approac h withi n A I  toward s epistemi c state s ha s bee n t o mode l  belie f  b y mean s o f  epistemi c logics . 
Epislemi c logic s adop t  th e moda l  formalis m develope d b y philosophica l  logician s wh o wer e dealin g 
primaril y wit h th e concept s o f  possibilit y  an d necessity .  However ,  the y ar e als o strongl y influence d b y 
Hintikka' s (1962 )  applicatio n o f  moda l  logic s t o belief .  Du e t o th e influenc e o f  Lcvcsque' s (1984 ) 
results ,  togethe r  wit h hi s late r  argument s (1986) ,  man y hav e bee n persuade d no t  onl y tha t  belie f  shoul d b e 
modelle d vi a logic ,  bu t  vi a tractabl e logics .  I n par t  thi s emphasi s o n tractabilit y  reflect s a  stron g concer n 
fo r  th e developmen t  o f  practica l  A I  system s whic h ca n delive r  result s i n feasibl e tim e (cf .  Levesque , 
1984 ;  Lakemcyer ,  1987) .  Bu t  concern s abou t  tractabilit y  als o aris e fo r  thos e wh o see k model s o f 
cognitio n whic h ar e a t  leas t  equa l  i n powe r  t o th e cognitiv e abilitie s o f  humans . 

We may summarize the stance towards belief currently adopted by many (though not all) AI researchers 
as follows : 

Agent X believes sentence S if and only if S is explicitly present in X's belief base, orS is derivable, by 

means o f  a  tractabl e epistemi c logic ,  fro m a  se t  o f  epistemi c formula e correspondin g t o a  subse t  o f  X' s 

explici t  belie f  base . 

Now certain difficulties with the above emerge as soon as the thesis is explicitly stated. For example, the 
epistemi c logic s cite d abov e d o no t  addres s th e fac t  tha t  agent s acquir e belief s ove r  a  perio d o f  time .  No r 
do the y addres s th e fac t  tha t  a n agen t  may ,  o n occasion ,  validl y deriv e a  conclusio n fro m prio r  beliefs ,  bu t 
abando n tha t  conclusio n becaus e i t  conflict s wit h anothe r  o f  th e agent' s beliefs .  T o b e sure ,  i f  th e agen t  i s 
rational ,  th e conclusio n wil l  b e abandone d onl y i f  th e agen t  als o discard s a t  leas t  on e premis e o f  th e 
retracte d conclusion .  Nevertheless ,  agent s ofte n hav e inconsisten t  beliefs ,  an d d o no t  automaticall y 
"commi t  to "  th e conclusion s the y derive . 

Now, the Levesque camp may object that there are many AI applications in which agents have only 
consisten t  beliefs ,  an d neve r  rejec t  thei r  ow n conclusions .  But ,  thi s objectio n carrie s littl e weight .  For , 
apar t  fro m th e fac t  tha t  th e objectio n implicitl y  concede s tha t  th e "logisti c approach "  canno t  provid e a 
genera l  accoun t  o f  belief ,  th e objectio n doe s no t  begi n t o addres s th e tempora l  problem .  Tha t  is ,  curren t 
epistemi c logic s fai l  t o distinguis h betwee n wha t  a n agen t  no w believes ,  an d wha t  th e agen t  coul d 
justifiabl y com e t o believe .  Indeed ,  i t  appear s tha t  i f  th e analysi s o f  belie f  cite d abov e i s t o hav e an y 
plausibility ,  i t  mus t  b e construe d no t  a s a n analysi s o f  belief ,  bu t  a s a n analysi s o f  wha t  a n agen t  coul d 
come t o believ e b y tractabl e means .  Thi s i s brough t  hom e b y th e fac t  tha t  al l  epistemi c logic s s o fa r 
mentione d requir e agent s t o hav e a n infinit e se t  o f  (informationall y non-equivalent )  beliefs .  Fo r  example , 
th e logic s o f  Levesqu e (1984 )  an d Lakemeye r  (1987 )  requir e tha t  an y agen t  wh o believes/ ? als o believe s 
p V  -,( q A  r) ,  an d a n infinit y o f  othe r  disjunctions .  However ,  i t  seem s implausibl e tha t  a n agen t  wit h 
finite  resource s coul d a t  onc e believ e a n infinit y o f  non-equivalen t  propositions . 

We are lead, therefore, to suppose that the motivation underiying the logistic approach is to provide logics 
whic h ca n characteriz e wha t  a n agen t  coul d justifiabl y com e t o believ e b y tractabl e means .  However ,  th e 
issu e i s complicate d b y th e fac t  tha t  th e logician s cite d abov e ar e greatl y concerne d t o avoi d a  counter -
intuitiv e a.spec t  o f  Hintikka' s epistemi c logics ,  namely ,  logica l  omniscience .  Logica l  omniscienc e i s th e 
thesi s tha t  a n agen t  believe s al l  th e logica l  consequence s o f  th e agent' s explicitl y  represente d beliefs . 
Such a  thesi s i s cleart y fals e fo r  finite  agents ,  give n ou r  usua l  concep t  o f  belief .  But ,  i f  w e ar e liberalizin g 
our  interpretatio n o f  'belief ,  an d allowin g tha t  agent s believ e thing s whic h the y ar e merel y (logically ) 
entitle d t o believe ,  the n i t  i s n o longe r  clea r  tha t  logica l  omniscienc e i s a n unacceptabl e doctrine .  Th e fac t 
tha t  man y epistemi c logician s i n A I  find  thi s doctrin e unacceptabl e i s puzzling ,  becaus e thei r  ow n logic s 
demand a  libera l  interpretatio n o f  'belief .  Th e situatio n i s furthe r  complicate d b y th e fac t  tha t  creator s o f 
thes e logic s ofte n stres s th e 'intuifiv e aspects '  o f  thei r  logics . 

Now, it may be that the deep reason why logical omniscience is rejected by many within AI, is not that 
th e doctrin e i s counter-intuitive ,  bu t  tha t  i t  involve s intractability .  Bu t  i f  tractabilit y  i s deeme d essential , 
the n i t  ough t  t o b e show n tha t  unde r  n o circumstance s ma y a n agen t  arriv e a t  ne w belief s vi a intractabl e 
reasoning ,  an d n o belief s shoul d b e state d i n a n intractabl e logic .  However ,  i t  i s fa r  fro m clea r  tha t  pure/> » 
artificia l  agent s ca n alway s meet s thei r  need s usin g onl y tractabl e logics .  Fo r  example ,  researcher s i n 
automate d planning ,  automate d programming ,  an d qualitativ e physic s hav e no t  show n thes e domain s t o 
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be susceptibl e t o tractabl e methods .  Indeed ,  th e consensu s seem s t o be ,  tha t  //"forma l  logi c i s i n fac t  a n 
appropriat e too l  fo r  thes e domains ,  the n somethin g a t  leas t  a s rich  a s first-order  logi c wit h function s wil l 
be required .  A n d ,  i f  forma l  logi c i s no t  a n appropriat e too l  fo r  thes e domains ,  i t  i s  a-fortior i  possibl e fo r 

agent s t o arriv e a t  n e w belief s (i n thes e domains )  withou t  recours e t o tractabl e logics .  Moreover ,  i t  i s 
k n o w n tha t  proof s involvin g th e principl e o f  mathematica l  induction  canno t  eve n b e formalize d i n a 
languag e a s rich  a s first-order  logic .  Ar c w e t o sa y tha t  thos e w h o discove r  theorem s vi a mathematica l 
inductio n ar e no t  acquirin g beliefs ,  simpl y becaus e thei r  reasonin g processe s canno t  b e simulate d b y th e 
applicatio n o f  tractabl e logics ? Difficultie s suc h a s thes e coul d b e dismisse d b y thos e concerne d merel y 
wit h restricte d application s o f  A I ,  bu t  a s w e hav e noted ,  th e motivation s o f  thos e advocatin g tractabl e 
logic s i n A I  ar e ofte n no t  clear . 

5. BELIEFS AS 'WHAT ONE COULD RAPIDLY DISCOVER' 

There is a use of 'belief, in ordinary parlance, according to which one believes not only those things 
whic h on e remember s a s true ,  bu t  thos e thing s on e coul d quickl y discover .  Fo r  example ,  i f  w e as k a 
frien d whethe r  sh e believe s tha t  s o m e carpenter s ar c poets ,  sh e m a y paus e a  second ,  an d the n repl y 'Yes' . 
I n al l  likelihood ,  ou r  frien d ha s neve r  considere d th e question ,  bu t  becaus e sh e ca n discove r  (o r  infer )  th e 
trut h o f  a  propositio n s o quickly ,  i t  seem s no t  unnatura l  t o sa y tha t  sh e believe s th e proposition .  Note , 
however ,  tha t  i f  a  considerabl e spa n o f  tim e i s require d fo r  th e inference ,  the n w e ar e reluctan t  t o describ e 
th e propositio n a s somethin g ou r  frien d believe d a t  th e tim e th e questio n wa s posed .  I n certai n A I 
applications ,  however ,  i t  m a y b e reasonabl e t o b e flexibl e abou t  th e spa n o f  tim e involved .  Fo r  i n a  give n 
application ,  w e m a y no t  b e a s m u c h concerne d wit h preservin g th e nicetie s o f  ordinar y usag e a s w e ar e 
wit h finding a  convenien t  labe l  fo r  th e thing s a n artificia l  agen t  coul d discove r  i n a  give n tim e 
T.  Consideration s suc h a s thes e m a y hav e lea d Fagi n an d H a l p e m (1985 )  t o adop t  a  liberalizatio n o f  th e 

syntacti c approach '  describe d i n sectio n one. ^ 

In Fagin's and Halpcm's system (hereafter, the F & H approach), an agent is said to believe not only 
formula e explicitl y  presen t  i n th e agent' s belie f  base ,  bu t  an y formul a whic h th e agen t  i s bot h 'awar e o f , 
an d whic h i s derivabl e fro m th e belie f  bas e (b y m e a n s o f  a  specifie d logic) .  F  &  H  allo w 'awar e o f  t o b e 
interprete d i n a  n u m b e r  o f  ways ,  dependin g upo n th e application .  O n e interpretatio n the y suggest , 
however ,  i s  tha t  a n agen t  i s awar e o f  an y formul a whic h th e agen t  coul d deriv e i n tim e T .  Usin g thi s 
extende d notio n o f  awareness ,  i n combinatio n wit h F  &  H' s genera l  approach ,  w e ar e lea d t o th e 
followin g characterizatio n o f  belief : 

Agent X believes S if and only if S is in X's belief base, or X could prove S, using the belief base and a 

logi c L ,  withi n tim e T . 

The above formulation permits us the option, in particular applications, of requiring L to be a tractable 
logic .  However ,  w e woul d remai n mor e faithfu l  t o th e motivatio n whic h underiie s thi s extende d us e o f 
'believes '  i f  w e d o no t  plac e a-prior i  restriction s upo n th e logi c whic h th e agen t  uses .  For ,  th e relevant 

question  i s whethe r  th e agen t  ca n indee d discove r  th e trut h o f  S  i n tim e T.- ^  Moreover ,  w e shoul d not e tha t 
th e abov e formulation  stray s a  fai r  distanc e fro m c o m m o n usage ,  no t  onl y becaus e i t  permit s th e interva l 
T t o b e arbitraril y  large ,  bu t  becaus e i t  count s a s a  belie f  an y sentenc e whic h a n agen t  coul d deriv e i n tim e 
T (eve n thoug h th e agen t  m a y i n fac t  neve r  discove r  S  because ,  fo r  example ,  th e agen t  i s pursuin g othe r 
line s o f  thought) . 

Now, it would be natural to assume that F & H's extended usage of 'belief is intended merely as a 
technica l  convenience ,  an d no t  a s a n analysi s o f  'rea l  belief .  However ,  ther e ar e passage s i n thei r  (1985 ) 
pape r  whic h sugges t  tha t  the y m a y b e aimin g a t  a  tru e analysi s o f  belief .  Fo r  example ,  the y provid e 
'ordinar y language '  example s t o suppor t  thei r  contentio n tha t  awarenes s i s a  necessar y componen t  o f 

^I  a m indebte d l o Bil l  Dcmopolou s fo r  pointin g thi s out . 

'Concerning what an agent could derive in lime T (where T is less than 10 seconds, say), it should be noted that there now 
exis t  surprisingl y efficient ,  tableau-base d theorem-pr o ver s fo r  first-orde r  logic ,  whic h ca n prov e man y difficul t  theorem s i n shor t 
orde r  (cf .  Oppache r  &  Suen ,  1987) . 
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belief .  The y the n procee d t o us e 'awareness '  i n a  numbe r  o f  sense s whic h woul d b e considere d unusual , 
at  least .  ( I  hav e argue d thi s i n detai l  i n Hadley ,  1988) .  Moreover ,  the y criticiz e Levesqu e (1984 )  fo r 
counter-intuitiv e aspect s o f  hi s logi c o f  belief ,  althoug h the y d o no t  mak e clea r  whic h aspect s o f  thei r 
theor y the y tak e t o b e intuitivel y appealin g an d whic h ar e intende d merel y a s technica l  tools . 

6. BELIEF AS DEGREES OF CONFIDENCE 

We now consider a usage of 'belief which is radically different in kind from the foregoing, and which 
coul d b e viewe d a s a  qualificatio n upo n eac h o f  th e previou s usages .  I  refe r  t o Cheeseman' s (1988 ) 
analysi s o f  belie f  a s a  subjective ,  probabilit y  estimat e o f  a  proposition' s truth .  I n part ,  Cheescma n i s 
concerne d t o defen d th e us e o f  probabilit y  a s a n A I  too l  fo r  reasonin g wit h uncertainties .  However ,  h e 
als o suggest s tha t  w e focu s upo n degree s o f  belie f  Talhe r  tha n upo n a n absolut e bclicf/non-bclie f 
distinction .  N o w ,  ther e ma y b e considerabl e meri t  i n concentratin g upo n probabilit y  estimate s whe n 
reasonin g wit h uncertainties ,  bu t  tha t  i s  no t  ou r  presen t  concern . 

However, it does seem true that we sometimes have degrees of belief. But, below a certain (difficult to 
identify )  threshhol d o f  confidence ,  i t  seem s od d t o describ e ou r  probabilit y  estimate s a s beliefs .  Fo r 
example ,  i t  seem s strang e t o spea k o f  believin g a  propositio n whic h w e regar d a s onl y 1 5 % likely .  T o b e 
sure ,  i t  make s sens e t o sa y tha t  w e believ e tha t  P  i s 1 5 % likely ,  bu t  her e 'belie f  applie s t o ' P i s  1 5 % 
likely' ,  an d no t  t o P  itsel f  Analogously ,  ever y assertio n o f  th e for m ' P i s x % likely '  ma y itsel f  becom e a 
candidat e fo r  belie f  I f  w e adop t  Cheeseman' s analysi s o f  belie f  the n w c mus t  assig n a  probabilit y 
estimat e t o ' P i s 1 5 % likely '  befor e w e ca n believ e thi s assertion .  An d i f  w e d o assig n a  probabilit y  t o 
thi s latte r  assertion ,  w e ca n rais e a  simila r  questio n abou t  whethe r  thi s las t  probabilit y  estimat e i s 
believed .  Qearly ,  i f  w e ar e t o avoi d a n infinit e regress ,  w e mus t  eventuall y sto p assignin g probabilitie s t o 
our  judgements ,  an d simpl y accep t  (o r  believe )  th e judgemen t  made . 

This is not to deny that we often work with probability judgements, or even to deny that we sometimes 
for m meta-probabilit y  judgements .  Rather ,  th e poin t  i s  tha t  w e mus t  a t  som e point ,  an d b y som e 
mechanism ,  simpl y assig n an d recor d a  probability .  I t  doc s no t  matte r  ho w thi s recordin g i s 
implemented ,  w e ma y stil l  (fro m a  logica l  standpoint )  regar d th e recor d a s a n entr y mad e i n ih c agent' s 
belie f  base ,  whic h ha s th e for m ' P i s x % likely' .  Onc e thi s i s recognized ,  w e se c tha t  th e suggestio n tha t 
we wor k wit h probabilitie s doe s no t  eliminat e th e nee d fo r  decision s abou t  whethe r  t o accep t  an y o f  th e 
foregoin g analyse s o f  belie f  For ,  w e ma y stil l  rais e question s whethe r  a n agen t  believe s onl y thos e 
sentence s i n it s  belie f  base ,  o r  mus t  als o believ e equivalen t  sentence s (o r  othe r  entaile d consequences) . 
Thus ,  i t  seem s plausibl e tha t  a  probabilisti c  approac h t o reasonin g coul d b e combine d wit h eac h o f  th e 
foregoin g use s o f  belie f 

CONCLUSION 

We have reviewed a number of distinct views and uses of belief There are important interrelationships 
among certai n o f  thes e views .  Fo r  example ,  wit h th e possibl e exceptio n o f  th e probabilisti c vie w o f 
belie f  th e syntacti c approac h occur s a s a n ingredient ,  i n eac h o f  th e othe r  approaches .  Moreover ,  th e 
'equivalen t  information' ,  'epistemi c logic' ,  an d 'wha t  coul d soo n b e discovered '  approache s al l  involv e 
th e us e o f  forma l  logic .  Eac h o f  thes e approache s arise s fro m a  differen t  motivation ,  an d give s rise  t o a 
distinc t  us e o f  'belief .  I t  i s  no t  clea r  t o wha t  exten t  eac h o f  thes e approache s i s commonl y take n (b y A l 
researchers )  t o b e a  tru e theor y o f  belie f  bu t  the y ma y b e see n a s compatibl e whe n take n merel y a s 
artifice s fo r  specia l  A I  applications .  Th e 'intensional '  approach ,  b y contrast ,  seem s t o aris e fro m a 
genuin e concer n t o formulat e a  correc t  theor y o f  belie f  It s origin s li e i n philosophy ,  rathe r  tha n AI ,  bu t  i t 
has foun d favo r  wit h som e A I  researchers .  Th e probabilisti c  approac h i s distinctl y a  minorit y vie w withi n 
AI ,  but ,  a s w e hav e argued ,  i t  i s  possibl e t o reinterpre t  thi s approac h i n suc h a  wa y tha t  i t  ca n b e applie d 
t o eac h o f  th e foregoin g approaches .  Fo r  example ,  on e migh t  hol d tha t  proposition s ar c th e appropriat e 
objec t  o f  belie f  whil e insistin g tha t  i n certai n context s i t  i s  pragmaticall y usefu l  t o believ e proposition s o f 
th e for m ' P i s 7 4 % likely' . 

In passing, it should be emphasized that the foregoing is not intended as an exhaustive list of views and 
uses o f  'belie f  i n AI .  Rather ,  m y purpos e ha s bee n t o displa y a t  leas t  a  rang e o f  possibl e approache s t o 
belie f  an d t o sho w tha t  suc h approache s nee d no t  b e incompatible .  Whethe r  the y ar c i n fac t  incompatibl e 
depend s upo n thei r  intende d purpose . 
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