
A clausa l  f o r m o f  logi c o f  belie f 

~~ A logic programming model 

Y. J. Jiang 

Computer Science Department, 
Universit y o f  Essex , 

Wivenho e Park , 

Colchester ,  C0 4 3S Q 

Abstrac t 

In this paper, we present a clausal logic of 

belie f  whic h formalize s belief s i n a n extende d 

clausa l  jor m o f  logic .  Ou r  aim s ar e t o solv e th e 

representationei l  proble m o f  quantifie d belief s 

£in d t o allo w a n efficien t  resolution-lik e proo f 

procedur e wit h controlle d grzmularit y t o b e de -

veloped .  A  levelle d intensiona l  schem e tha t  en -

able s th e clausalizatio n o f  belie f  i s  proposed . 

An inferentia l  powe r  bounde d resolutio n rul e 

of  belief s fo r  th e formalis m i s introduced .  Th e 

forma l  semantic s o f  th e formalis m i s defined . 

A genera l  circumscriptiv e non-monotoni c rea -

sonin g syste m fo r  belie f  revisio n i s described . 

Finally ,  a  schem e fo r  handlin g th e consistenc y 

of  belief s unde r  Tarski' s  trut h definitio n theo -

re m i s developed . 

Keywords :  logi c programming ,  computa -

tiona l  model s o f  belief ,  intension ,  imputation , 

non-monotoni c reasonin g an d semanti c para -

doxes . 

1 Introductio n 

There are currently three approaches to for-

malizatio n o f  beliefs .  I n th e semanti c appro2u: h 

(eg .  [Moor e 85] ,  [Halpem&Mose s 85]) ,  belief s 

sse characterize d b y accessibilit y  relation s be -

twee n possibl e worlds .  I n th e partitio n ap -

proac h (eg .  [Kobs a 85]) ,  belief s ar e identi -

fie d wit h th e presenc e o f  representatio n struc -

ture s i n specifi c  neste d belie f  space s reserve d 

fo r  th e respectiv e agent .  I n th e syntacti c ap -

proac h (eg .  [Konolig e 85]) ,  belie f  o f  a n agen t 

i s  equate d wit h derivabilit y  o f  a  firs t  orde r  the -

or y o f  th e agent .  Despit e th e fundamenta l  dif -

ference s o f  th e thre e approaches ,  on e commo n 

characteristi c i s  tha t  the y al l  assum e th e us e o f 

arbitrar y form s o f  logi c i n thei r  representatio n 

of  beliefs . 

Althoug h th e for m o f  representatio n ca n 

pla y a  par t  i n th e meanin g o f  a  sentenc e fro m a 

stric t  cognitiv e sens e (fo r  example ,  represent -

in g th e belie f  'ther e doe s no t  exis t  a  perso n 

who doe s no t  lik e Mary '  a s 'Everybod y like s 

Mary '  coul d b e misleadin g becaus e a n agen t 

of  th e belie f  ma y no t  kno w tha t  thes e tw o sen -

tence s ar e equivalent) ,  howeve r  severa l  prob -

lem s ca n aris e fro m th e us e o f  ewbitrar y form s 

of  logic .  On e proble m i s th e difficult y o f  de -

velopin g a n efficien t  proo f  procedur e fo r  rea -

sonin g abou t  beliefs .  Th e solutio n i s usuall y 

base d o n a  natura l  deductio n approac h whic h 

does no t  see m t o hav e muc h succes s i n A I  ap -

plications . 

Anothe r  proble m i s th e difficult y o f  for -
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malizin g th e intensionalit y o f  arbitrar y quan -
tifications .  (I n fact ,  man y schemes ,  i n par -
ticula r  th e semjinti c one s suc h a s [Levelsqu e 
84]  an d [HjJpem&Mose s 85 ]  ar e ceirefu l  t o 
avoi d thi s proble m b y stickin g wit h propo -
sitiona l  beliefs. )  Fo r  example ,  i t  i s  eas y t o 
see Konolige' s [85 ]  semantic s o f  th e statemen t 
BEL{Jim,3xUnicorn[x) )  as :  3xUnicorn{x )  i s 
i n th e belie f  spac e o f  Jim ;  howeve r  i t  i s  difficul t 
t o se e ho w th e semantic s o f  th e quantifying -
i n belie f  3xBEL{Jim,Unicorn{x) )  ca n b e for -
malize d i n a  simllzu -  wa y becaus e th e quantifi -
catio n i s outsid e th e scop e o f  B E L predicate . 
Konolige' s solutio n i s t o trea t  th e secon d sen -
tenc e i n a  simila r  wa y a s 3xP{x )  wher e P  i s an y 
ordinar y predicate .  Howeve r  thi s seem s t o ob -
scur e th e semantic s o f  th e B E L predicate .  Fo r 
exzmiple ,  give n th e foUowin g universall y  qnal -
ifie d belie f 

>fxBEL{Jim,Unicorn{x) -* L%kes{Jim,x)). 
and th e followin g quantifying-i n belief , 

'3xBEL{Jim,Unicorn{x)) ,  followin g Konolige' s 
semantics ,  i t  i s  difficul t  t o se e ho w w e ca n de -
rive : 

3xBEL{Jim ,  Likes{Jim ,  x) ) 

whic h w e shoul d do .  Th e proble m o f 

intensions d quantificatio n get s mor e seriou s 

when w e tr y t o represen t  neste d beliefs ,  eg . 

BEL{Jim,3xBEL{Tom,Unicorn{x) )  i n whic h 

Ji m believe s tha t  ther e i s a  particula r  individ -

ual  i n Tom' s min d w h o m T o m believe s t o b e a 

unicor n althoug h Ji m ha s n o ide a himsel f  wh o 

thi s individua l  coul d be . 

A thir d proble m i s th e granularit y o f  implie d 

belief s o f  a n agen t  a s discusse d i n [Levelsqu e 

84] .  I n th e possibl e worl d approach ,  belief s 

of  a n agen t  ar e represente d b y a  se t  o f  possi -

bl e world s tha t  ar e compatibl e wit h wha t  th e 

agen t  believes .  A  recurin g problen i  i n thi s ap -

proac h i s logica l  ominiseienee ,  ie .  th e se t  o f 

belief s i s close d unde r  logica l  implication .  Thi s 

mezms tha t  anyon e wh o ca n b e persuade d o f 

th e trut h o f  Peano' s postulate s know s every -

thin g abou t  numbe r  theor y tha t  anyon e els e 

knows .  I n addition ,  ever y vali d sentenc e mus t 

be believe d b y ever y agen t  an d contradictor y 

belief s o f  a n agen t  impl y tha t  th e agen t  be -

lieve s anything .  Th e possibl e worl d approac h 

i s thu s to o coarse-graine d i n th e sens e tha t  i t 

canno t  distinguis h sam e logica l  set s o f  beliefs . 

The syntacti c an d partitio n approache s o n th e 

othe r  han d ar e too-fin e graine d i n th e sens e 

tha t  i t  distinguishe s to o muc h o n sam e logi -

cal  set s o f  beliefs .  Fo r  example ,  i n thes e ap -

proaches ,  a n agen t  ma y believ e A  an d B  bu t 

not  A  K  B .  T o avoi d thes e spuriou s syntac -

ti c distinctions ,  th e obviou s axiom s mus t  b e 

presen t  whic h coul d complicat e th e proo f  the -

or y o f  belief . 

Thus w e propos e a n alternativ e approac h 

whic h formalize s belief s i n a  quantifier-fre e 

canonica l  for m o f  logic .  A s aj-gue d i n [Moor e 

& Hendri x  79] ,  belief s shoul d b e represente d 

i n a n interna l  languag e fro m a  computationa l 

perspectiv e rathe r  tha n a n extema d languag e 

of  though t  edthoug h differen t  externa l  lan -

guage s o f  th e scim e conten t  ma y no t  hav e th e 

same meaning .  Her e w e furthe r  argu e tha t  be -

lief s shoul d b e represente d i n a  camonica l  for m 

of  ds v intema J languag e fro m a  logi c •program-

min g perspectiv e althoug h differen t  form s o f 

th e languag e o f  th e sam e conten t  ma y no t  hav e 

th e szim e meaning .  W e hav e chose n a n ex -

tende d clausa l  for m o f  logi c a s suc h a  canon -

icj J for m fo r  thre e reasons .  Th e firs t  i s  tha t 

a clausa l  for m o f  logi c i s queintifier-free .  Thi s 

woul d simplif y th e tas k o f  formalizin g th e se -

mantic s o f  quantifie d beliefs .  Th e secon d i s 

tha t  clausa l  form s o f  logi c for m th e basi c foun -

datio n o f  curren t  logi c programmin g system s 

and Japanes e Fift h Generatio n Compute r  Ker -

nel  Languages([Kowalsk i  83]) .  I n othe r  words , 

ther e ar e well-develope d an d efficien t  proo f 

procedure s fo r  clausa l  form s o f  logic .  Th e 

thir d reaso n i s tha t  i t  seem s easie r  t o contro l 

th e granularit y o f  implie d belief s i n a  clausa l 

for m o f  logic .  Howeve r  i t  shoul d b e understoo d 

tha t  clausa l  form s o f  logi c ar e h y n o mean s th e 

onl y form s use d i n logi c programming .  I n fact , 
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th e concep t  o f  logi c prograininin g ca n b e ap -

plie d t o an y form s o f  logic .  T h e reaso n w e cal l 

our  approac h a  "logi c programmin g model" , 

i s  simpl y becaus e th e curren t  mos t  promisin g 

logi c programmin g approac h i s t o operat e o n 

a clausa l  for m o f  logic . 

I t  i s  wort h notin g tha t  a  recen t  attemp t  hei s 

bee n m a d e b y [Cerr o 86 ]  t o allo w moda l  rea -

sonin g i n Prolo g [Clocksin&Mellis h 81] .  How -

eve r  n o concer n i s  give n t o th e proble m o f 

formulatin g clausa l  form s o f  logi c o f  abitrsu' -

il y  qu2uitiiie d beliefs .  I n p2irticul2a' ,  th e prob -

le m o f  intensionalit y o f  term s i s no t  addressed . 

I n addition ,  th e semantic s o f  th e schem e i s 

base d o n th e possibl e worl d approach ,  henc e 

als o suffer s th e greinularit y proble m o f  possibl e 

worl d approach .  However ,  Cerro' s approac h 

doe s hav e m a n y practica l  applications ,  espe -

ciall y thos e involvin g knowledg e bas e system s 

fo r  whic h th e granularit y proble m o f  moda l  ap -

proac h i s les s serious . 

Th e pape r  i s  organize d el s follows .  Sectio n 

2 introduce s th e basi c preliminaries .  Sectio n 3 

describe s th e proble m an d solutio n o f  clausal -

izin g beliefs .  Sectio n 4  discusse s th e inferenc e 

mechanis m an d th e forma l  semantic s o f  th e 

propose d formalism .  Sectio n 5  present s a n ex -

plici t  circumscriptiv e non-monotoni c reason -

in g schem e fo r  handlin g belie f  revision .  Sec -

tio n 6  propose s a  schem e t o allo w a  modifie d 

Tarski' s  trut h definitio n theore m t o b e consis -

ten t  wit h ou r  formalism . 

2 Clausa l  f o r m o f  Logic , 

Skolemizat io n a n d R e s o -

lutio n 

Every standau'd first order formula can be 

transforme d int o a  prenex-norma l  for m whic h 

i s logicall y equivedent .  A  Prenex-norma l  for m 

ca n b e writte n a s Q M ,  wher e Q  consist s o f 

al l  th e quantifier s i n th e formul a ( 3 an d V) , 

whil e M i s a  quzmtifier-fre e well-forme d for -

mul a (wff)* . 

By introducin g Skole m functions ,  on e ca n 

eliminat e existentia l  quantifiers ,  an d henc e th e 

universa l  quantifier s sinc e the y ar e the n im -

plied ,  i.e .  indicate d b y leavin g variable s free . 

Skolemizatio n i s  achieve d b y replacin g eac h 

of  th e existentiall y  quantifie d vziriable s b y a 

skole m functio n f  whos e zirgument s ar e al l  o f 

thos e universaU y quantifie d variable s tha t  pre -

ced e th e existentia l  vciriable .  Fo r  examiple ,  th e 

formul a >fx3yLikes{x ,  y )  ca n b e skolemize d int o 

Likea{x ,  f{x) )  wher e f  i s a  skole m function .  I f 

ther e i s n o universa l  quantifie r  precedin g a n 

existentia l  quantifier ,  a  skole m functio n wit h 

no argument s calle d a  skole m constan t  wil l  b e 

produced . 

Ever y prenex-norma l  formul a ca n b e trans -

forme d int o a  quantifier-fre e clausa l  for m o f 

logi c whic h i s logicall y equivalent .  T o d o this , 

a prenex-norme d formul a mus t  b e skolemize d 

i f  i t  contain s an y existentizi l  quantifiers .  A 

clauss d for m o f  logi c cju i  b e on e o f  th e followin g 

tw o equivalen t  forms : 

• Implication form 

Pi  A . A P n — Q ,  V . . .VQ „ 

• Disjunctive form 

-iP ,  V .  .V - .P „VQ ,  V . V Q ™ 

where P, jind Qj are (positive) literals. When 

m = l ,  th e claus e i s  calle d a  Hor n clause .  W e 

wil l  mi x th e us e o f  thes e tw o form s throughou t 

thi s paper . 

Th e resolutio n principl e [Robinso n 65 ]  i s  a 

rul e o f  inferenc e tha t  ca n b e applie d t o clause d 

form s o f  logic .  T h e principl e caLO .  b e define d a s 

follows . 

Given two clauses. 

Si  V  p i  V  S i 

•  Thi s sectio n i s m&inl y extracte d fro m [Chan g i c Le e 
73J. 
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Si  V  -.p 2 V  5 « 

wher e S  denote s disjunctiv e litera l 

set  an d pla=p2 a (ie .  p i  an d p 2 

ar e unifiaH e wher e "a "  i s a  substitu -

tio n calle d th e Mos t  Genera l  Unifie r 

(MGU)) , 

we ca n deduc e th e followin g resol -
vent , 

Si,3,i,i a 

Resolutio n i s th e onl y rul e o f  inferenc e tha t 

i s necessar y i n orde r  t o fin d proof s t o al l 

theorems .  Althoug h resolutio n i s  complet e 

[Robinso n 65] ,  unlimite d application s o f  res -

olutio n ma y caus e man y irreleveui t  an d redun -

dant  clause s t o b e generated .  Thu s man y re -

stricte d form s o f  resolution s hav e bee n devel -

oped .  On e suc h a n exampl e i s th e linea r  res -

olutio n strateg y i n whic h on e o f  th e tw o re -

solve d clause s i s  alway s th e mos t  recen t  re -

solvent .  A  mor e restricte d linea r  resolutio n 

strateg y calle d linea r  inpu t  resolutiono n Horn -

clause s i n whic h lineau *  resolutio n i s begu n wit h 

th e inpu t  goa l  i s  use d i n Prolog . 

i s a  unicor n bu t  h e believe s a  unicor n exists . 

Thi s mean s tha t  w e canno t  hav e a  prenex -

norma l  form ,  henc e a  clauszi l  for m o f  logi c t o 

represen t  quzintifie d beliefs . 

To solv e thi s problem ,  w e propos e a  levelle d 

intensiona l  schem e tha t  allow s a n extende d 

clausalizatio n t o b e achieved .  I n thi s scheme , 

eac h logica l  ter m i s associate d wit h a  numbe r 

denotin g th e leve l  (o r  dept h o r  nestness )  o f 

intensiona l  scop e i t  i s  mean t  t o b e i n (th e de -

faul t  leve l  i s  0) .  Thi s i s represente d b y usin g 

a built-i n predicat e structur e calle d L E V E L 

so tha t  LEVEL{x,i )  denote s a  i  levelle d in -

tensiona l  ter m x .  Fo r  chu-it y reason ,  w e writ e 

LEVEL{x,i )  i n a  subscrip t  notation :  x̂ .  T o 

unif y tw o terms ,  w e additionall y requir e th e 

level s o f  th e tw o term s t o b e uniiiable . 

Becaus e quantifie d term s o f  differen t  inten -
siona l  scope s ar e distinguished/levelled ,  th e 
intensiona l  schem e allow s quantifier s t o b e 
moved outsid e th e scop e o f  B E L predicate s s o 
as t o produc e prenex-norma l  form s whic h ca n 
the n b e skolemize d (i f  ther e i s an y existentia l 
quantifier )  int o clauses .  Fo r  example ,  th e for -
mul a 

3 Clausalizin g Belief s 

Standatrd first order logic is concerned with 
extensiona l  object s o r  thing s tha t  exist .  How -
ever  i n a  belie f  logic ,  namely ,  a  logi c supple -
mente d wit h a  B E L (o r  B )  predicate ,  w e ar e 
additionall y concerne d wit h intensiona l  ob -
ject s o r  concept s whic h ma y no t  hav e exten -
sion s (eg .  unicorns) .  Thu s unlik e predicate s o f 
standar d first  orde r  logic ,  a  B  predicat e intro -
duce s intensiona l  scope s tha t  quantifier s can -
not  b e move d outside .  Thi s ca n b e illustrate d 
by th e followin g tw o sentences : 

1.  3xB{Simon,Unicorn{x) } 

2.  B{Simon,3xUnicorn{x)) . 

I n th e firs t  sentence ,  ther e i s a  particula r 

individua l  i n Simon' s min d who m Simo n be -

lieve s t o b e a  unicorn ;  whil e i n th e secon d sen -

tence ,  Simo n doe s no t  kno w whic h individua l 

>/xB{Simon3yB{John,likes{x ,  y)) ) 

after introducing levels of intension can be 
transforme d int o th e followin g prenex-norma l 
for m 

Vxo3yi B(Simon,B{John,Like3(xo,yi))) 

which  can then be skolemized into the follow-
in g claus e 

B(Simon,B(John,Likes(xo, f{xo)i))) 

where f is a skolem function. 

We elaborat e mor e o n th e levelle d in -

tensiona l  schem e wit h th e representatio n o f 

th e fou r  intensiona l  interpretatio n o f  th e 

statemen t  'Ji m believe s ever y unicor n like s 

something '  (omittin g th e logica l  for m befor e 

clausalization) : 
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1.  'Ther e i s a  particula r  thin g Ji m believe s 
ever y nnlco m likes ' 

B{Jim,Unicorn{xi) —• £'tike5(ri ,clo)) 

2. 'Jim believes every unicorn likes a partic-
ula r  typ e o f  thing ' 

B{Jim, Unicorn{xi) —» Likea(xi,c2i)) 

3. 'Jim believes every unicorn likes some-
thin g o f  hi s ow n type ' 

B(Jim,Unicorn(xi)  ->• Likes{xi, f{x\)i)) 

4. 'Jim believes every unicorn likes his own 
particula r  thin g ' 

B(Jim,Unicorn{xi) -* Likes{x\,g{xi)o)) 

where cl, c2 are skolem constants and f, g are 

skole m functions . 

We adop t  th e followin g notation s i n ou r  for -

malism : 

• A built-predicate is denoted by an upper-

cas e string ,  eg .  BEL/B . 

• A non-skolem term is denoted by a lower-

cas e strin g precede d wit h a  upper-czis e let -

ter . 

• A skolem constant is denoted by a low-

cas e strin g precede d wit h a  lette r  o f  th e 

set  {a,b,c,d,e} . 

• A skolem function is denoted by a lower-

cas e strin g precede d wit h a  lette r  o f  th e 

set  {f,g,h} . 

• A variable is denoted by :- lower-cjtse 

strin g precede d wit h a  lette r  o f  th e se t 

{x,y,z} -

To demonstrat e th e expressivenes s o f  ou r 

formalism ,  w e describ e it s representation s o f 

some mor e examples . 
The followin g sentenc e attribute d t o Russe l 

i s  discusse d b y McCarth y [79] :  " I  though t  tha t 

you r  yach t  wa s longe r  tha n i t  is. "  I t  ca n b e 
expresse d i n th e clauss d approac h a s (omittin g 

tens e an d pronouns) : 

Ien(Yt,clo) . 
B(/,Ien(y<,c2,)) . 

fi(7,c2,  >clo) . 

wher e c l  an d c 2 ar e skole m constzints .  Her e B 

i s bette r  understoo d a s Believe d rathe r  tha n 

Belitvt . 

Fro m th e example ,  i t  ca m b e see n tha t 

conjunctiv e belief s si t  modelle d a s separat e 

clause s i n ou r  formalism ,  eg .  th e formul a 

B{I ,  i 4 A  B )  i s represente d a s tw o clause s 

B{I ,  A )  an d 5(7 ,  B ) .  Suc h modellin g help s 

t o remov e th e spuriou s syntacti c distinctio n 

proble m tha t  ofte n persis t  i n th e syntati c for -

malizatio n o f  beliefs . 
To expres s "You r  yach t  i s  longe r  tha n Pete r 

think s i t  is" ,  w e hav e th e followin g formuleie : 
Len{Yt,cU) . 
B{Peter,Len{Yt,c2i)) . 

cl o >  c2| . 

wher e c l  aui d c 2 au- e al l  skole m constants . 
Quin e [56 ]  discusse s a n exampl e i n whic h 

Ralp h see s a  perso n skulkin g abou t  zm d con -
clude s tha t  h e i s a  spy ,  Jin d als o see s hi m o n 
th e beach ,  bu t  doesn' t  recogniz e hi m a s th e 
same person .  Th e fact s ca n b e expresse d i n 
our  formalis m as : 

See{Ralph,Sk{bi)) . 
B(Ralph ,  Spy{b,)) . 
See{Ralph ,  onbeach{ci) . 
B{Ralph,Spy{ci)) . 

b =  c . 

wher e b  an d c  ai e skole m constants . 
Not e tha t  a  non-skole m constan t  ca n als o 

hav e a  leve l  o f  intensio n othe r  tha n zero .  Thi s 
can b e illustrate d b y th e followin g tw o sen -
tences : 

1.  B{Simon,Love3{Marso,Venuso) ) 

2.  B(Simon,Loves{Marsi,Venu»i)) . 

I n th e firs t  sentence ,  Mar s an d Venu s ar e ex -

tensiona l  object s o f  th e rea l  world ;  whil e the y 

ar e intensiona l  concept s o f  Simo n whic h ma y 

not  hav e extension s i n th e secon d sentence . 
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To se e ho w neste d belief s ca n b e modeUe d 
wit h level s o f  intension ,  w e illustrat e wit h th e 
followin g example : 

1.  3xB(Simon,B(John,Unicorn{x)) ) 

2.  B{Simon,3xB{John ,  Unicorn{x)) ) 

3.  B{Simon,B{John,3xUnicorn{x))) . 

The intensione d difference s o f  thes e sen -

tence s ca n b e explaine d a s follows .  I n th e firs t 

sentence ,  Simo n ha s a  particula r  individua l  i n 

hi s min d who m h e think s Joh n believe s t o b e 

a imicom .  I n th e secon d sentence ,  Simo n be -

lieve s ther e i s a  particuleu *  individua l  i n John' s 

min d (thoug h Simo n ma y no t  kno w whic h on e 

i t  is )  w h o m h e think s Joh n believe s t o b e a 

unicorn .  I n th e thir d sentence ,  Simo n believe s 

tha t  Joh n believe s tha t  ther e exist s a  unicor n 

thoug h Simo n ha s n o ide a himsel f  o r  n o ide a 

abou t  John' s ide a abou t  wh o th e unicor n is . 
Thes e sentence s ca n b e represente d i n ou r 

formalis m a s follows : 

1.  B{Simon,B{John ,  Unicorn{cli>)) ) 

2.  B{Simon,B{John,Unicorn{c2i)) ) 

3.  B(Simon,B{John,Unicorn{c3j)) ) 

wher e cl ,  c 2 an d c 3 ar e al l  skole m constants . 

We hav e s o fai r  onl y show n tha t  belief s ca n 
be represente d i n a n extende d clausa l  for m o f 
logic .  Ou r  formzdis m als o allow s belief s t o b e 
neste d withi n clauses .  Thi s ca n b e illustrate d 
wit h th e followin g exzunple :  "Ever y Perso n 
(P )  believe s tha t  ever y E T (E )  believe s tha t 
Unicorn s (U )  exist" .  On e intensionji l  represen -
tatio n o f  th e statemen t  i n a n zu-bitrar y for m o f 
logi c coul d be : 

>/x{P{x) - B(xyyiE(y) - B(y,3zU(z))))) 

This can be represented in our formalism as: 

allow s theoreticall y a n infinit e leve l  o f  inten -

sio n dependin g o n th e nestnes s o f  beliefs .  Thu s 

instea d o f  usin g term s lik e "de-dicto "  an d 'de -

re "  t o describ e intension s an d extensions ,  w e 

tal k abou t  level s o f  intensio n i n ou r  formalism . 

I n addition ,  McCarth y use s differen t  notation s 

t o expres s intension s an d extension s o f  sam e 

concept s whic h coul d complicat e th e firs t  or -

der  deductiv e cedculus ,  w e us e sam e notation s 

fo r  the m whose  intension s ar e distinguishe d b y 

th e level s o f  intensiona l  scop e the y ar e in . 

Bamden [1986 ]  ha s criticize d th e existin g 

model s o f  belief s includin g th e moda l  approac h 

(eg .  [Helpem&Mose s 8 5 ]) ,  th e quotatio n 

scheme (eg .  [Peril s  85] )  an d th e concep t  for -

matio n schem e (eg .  [Crear y 79]) ,  fo r  introduc -

in g unwarrante d inference s whic h h e cal l  th e 

imputatio n problem .  I n thes e models ,  th e be -

lie f  o f  Ji m "Su e i s smart "  woul d b e represente d 

i n th e sam e wa y a s th e neste d belie f  o f  To m 

"Ji m believe s tha t  Su e i s smart" .  The y in -

troduc e th e unwarrante d inferenc e (o r  "opsw; -

it y violation" )  i n tha t  Jim' s menta l  stat e o f 

smartnes s o f  Su e i s th e sam e a s Tom' s o r  a s 

anyon e else's .  Undesirabl e imputation s o f  a 

simila r  sor t  aris e i n th e belie f  model s describe d 

i n Barwise&Perr y [83] ,  i f  the y ar e extende d i n 

th e natura l  wa y t o dea l  wit h neste d beliefs . 

The extensio n cause s imputations ,  t o ordinar y 

agents ,  o f  belief s abou t  thei r  models '  "situa -

tio n types' . 
Bamden the n propose d a n alternativ e 

scheme base d o n Creary' s concep t  formatio n 
scheme [Crezw y 79] .  I n Bamden' s scheme ,  th e 
menta l  stat e o f  eac h agen t  i s  explicitl y  denote d 
as a  concep t  formation .  Fo r  example ,  on e in -
tensiona l  interpretatio n o f  th e neste d belie f  o f 
T o m "Ji m believe s tha t  Su e i s smart "  i n Bam -
den' s schem e is : 

P{xo )  - *  B{x,,E{yi )  -  B{yi,U{f{xo,yih))) .  B(rom,$Tom(B($T.mJ.m,$Tom$/.™(5(Stie)))) ) 

where $agent denotes the mental state of the 

agent .  Althoug h Bamden' s schem e ma y b e 

theoreticedl y sound ,  i t  doe s no t  see m t o b e 

computationall y viable . 

Fro m th e abov e examples ,  i t  ca n b e see n 

tha t  unlik e McCarth y [79 ]  whic h appear s t o 

hav e onl y tw o level s o f  intension ,  ou r  approac h 
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I t  i s  fel t  tha t  th e caas e o f  imputatio n o f  ex -
istin g model s o f  belie f  lie s o n thei r  beisi s o f 
onl y tw o level s o f  intension .  Thu s i n con -
tras t  wit h Bamden' s scheme ,  th e intensiona l 
scheme i n ou r  formalis m ca n distinguis h th e 
menta l  state s o f  neste d agent s implicitl y  b y 
thei r  intensionzdl y levelle d terms ,  eg. : 

B{Tom, B{Jimi, S(5ue2)j)) 

This approach is more viable computation-

all y tha n Bzirden' s explici t  schem e sinc e in -

tensiona l  structure s ca n b e regarde d a s func -

tiona l  structure s -  a  simila r  analog y t o a  Pro -

lo g structur e [Clocksi n &  Mellis h 81] . 

I t  shoul d b e note d tha t  ou r  intensiona l 

scheme an d clausalizatio n mechanis m ca n b e 

generalize d t o intensione J predicate s othe r 

tha n B E L suc h a s W A N T S,  SEEKS,  A W A RE 

etc .  Thi s ca n b e illustrate d b y th e followin g 

exampl e discusse d i n [Hobb s eta l  77] :  "Every -

one seek s a  frog" .  W e ca n hav e th e follow -

in g fou r  interpretation s o f  th e statemen t  rep -

resente d i n ou r  clausa l  form s a s show n below . 

• "There is a pzirticular frog everyone 
seeks " 

Person{x) —• SEEKS(x,do). 

• "Everyone seeks a particuleo- type of frog" 

Peraon{x) — SEEKS{x,c2i). 

• "Everyone seeks his own particular frog" 

Person(x) - SEEKS{x,f{x)o). 

• "Everyone seeks his own particular type 
of  frog" 

Person{x) - SEEKS{x,g{x)i). 

where cl, c2 are skolem constants and f,g are 

skole m functions . 

4 Inferenc e a n d S e m a n t i c s 

In this section, we discuss the inference mech-

anism ,  semantics ,  soundness ,  completeness , 

consistenc y an d recursivenes s o f  ou r  formal -

ism . 

4. 1 Inferenc e 

In the previous section, we have described the 

syntacti c logica l  for m o f  ou r  formalizatio n o f 

beliefs ,  nzanely ,  a n extende d clausa l  for m o f 

logi c supplemente d wit h a  B E L / B predicate . 

However  i t  i s  pointles s t o tal k abou t  belief s 

outsid e th e contex t  o f  a  worl d i n whic h th e 

belief s ma y b e tru e o r  false .  Thi s mezin s tha t 

we nee d rule s o f  inferenc e t o reaso n abou t  be -

lief s o f  a n agen t  t o obtai n hi s implie d beliefs . 

The onl y inferenc e rul e i n ou r  approac h 

i s a  linea r  resolution-lik e principl e (suc h a s 

Linea r  Inpu t  Resolutio n o r  ,  S L resolutio n 

[Hayes&Kowalsk i  79] )  fo r  al l  agent s o f  beliefs . 

Exactl y wha t  thi s principl e is ,  i s  no t  th e con -

cer n o f  thi s paper . 

To distinguis h th e differen t  reasonin g capa -

bilit y  o f  differen t  agent s o f  beliefs ,  w e zissig n a n 

Inferentia l  Powe r  (IP )  t o eac h agent .  W e coul d 

hav e designe d a  mor e cleve r  an d complicate d 

measuremen t  (suc h a s deduction ,  learnin g an d 

memory abilitie s o f  a n agen t  plu s resource -

boun d factors )  a s th e inferentia l  powe r  o f  aj \ 

agent ,  fo r  simplicit y sm d illustratio n reeiso n 

however ,  w e hav e chose n th e max imu m infer -

entia l  dept h o f  resolution s allowe d t o a n agen t 

as th e inferentici l  powe r  o f  th e agent .  S o give n 

IP(Simon,3) ,  Simo n ca n onl y invok e a t  most , 

a dept h o f  thre e resolutio n inference s I n a  de -

ductiv e process .  B y inferentia l  dept h o f  resolu -

tion ,  i t  mean s th e dept h o f  a  AND/OR-searc h 

tre e o f  a  linea r  resolutio n proof . 

For  example ,  give n th e followin g belief s o f 
Simon an d ID(Simon,3) , 

P ^ Q 
Q*- R 
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we C2i n infe r  tha t  Simo n ab o believe s S ,  Q ,  R 

but  no t  P . 

To answe r  a  quer y abou t  a n agent' s be -

lief ,  w e negat e th e belie f  an d prov e refuta -

tionaU y tha t  th e negate d belie f  i s  inconsisten t 

wit h th e belie f  spac e o f  th e agent .  Fo r  ex -

ample ,  t o prov e BEL{Simon,p) ,  i s  t o sho w 

BEL{Simon,-tP )  t o b e inconsisten t  wit h Si -

mon' s beliefs .  Thi s mean s tha t  i n additio n t o 

th e norma l  resolutio n rule ,  w e nee d t o defin e 

th e followin g resolutio n rul e regardin g beliefs . 

Given 

Si  V  B{agent ,  5 j  V  P  V  5j )  V  S i 

Ss V  B{agent ,  St" ^  ->Q V St )  V  S t 

wher e P a -  Q a (wher e a  i s th e M G U 

betwee n th e tw o literals )  jin d S  de -

note s disjunctiv e litera l  set . 

we c£i n obtso n th e followin g resolven t 

(withi n th e inferentiz d powe r  o f  th e 

agent) , 

(S,. 5 V  B(agent ,  Sj,»,j,t )  V  Si,t)a . 

Our inference mechanism can be compared 

and contreiste d wit h Konolige' s approac h [85 ] 

whic h use s multipl e rule s o f  inferenc e fo r  aihi -

trar y form s o f  a  first  orde r  logi c supplemente d 

wit h a  B  predicate .  I n hi s approach ,  th e in -

ferentia l  powe r  o f  eac h agen t  i s  determine d b y 

th e se t  o f  rule s o f  inferenc e (o r  sequents )  h e 

has .  A s au-gue d i n th e introduction ,  multipl e 

rule s o f  inferenc e fo r  arbitrar y form s o f  logi c 

may no t  b e supporte d efficiently . 

I n addition ,  unlik e th e too-coarse-graine d 

possible-worl d approach ,  ou r  formedis m repre -

sent s belief s a s syntacti c clausa l  structure s t o 

be mzinipulate d an d th e consequentia l  closur e 

of  ei n agent' s belief s i s controlle d b y hi s in -

ferentiai l  power .  Howeve r  unlik e othe r  systac -

ti c scheme s (eg .  [Konolig e 85] )  whic h suffer s 

th e proble m o f  too-fin e granularity ,  w e us e a 

canonica l  clausa l  for m whic h help a t o remov e 

many spuriou s syntiu:ti c  distinctions .  I n thi s 

sense ,  ou r  formalis m ca n b e see n a s a  balanc e 

betwee n th e fine-graine d syntacti c approac h 

and th e coarse-graine d semanti c approach . 

Finally ,  i t  ma y b e note d tha t  ou r  inferenc e 

mechanis m doe s no t  hav e an y axioms .  How -

ever  certai n axiom s ma y b e useful .  T w o suc h 

ones ar e th e positiv e introspectio n B{a,p )  - > 

B(a,B{a,p) )  an d th e negativ e introspectio n 

-iB(a,p )  - *  B{a,-iB{a,p)) .  Belie f  introspectio n 

[Konolig e 85a ]  i s usefu l  becaus e i t  allow s a n 

agent  t o reflec t  upo n th e working s o f  hi s ow n 

cognitiv e function .  Thi s ca n b e don e i n ou r 

formalis m b y issuin g recursiv e querie s t o th e 

inferenc e syste m wit h perhap s reduce d infer -

entia l  powe r  fo r  eac h agent .  Howeve r  thi s dis -

cussio n i s outsid e th e scop e o f  thi s paper . 

4.2 Semantics 

The basic syntax of our belief logic is a first 

orde r  clausa l  for m o f  logi c supplemente d wit h 

a B E L / B predicat e whic h ca n tak e a  claus e 

Ji s argumen t  i n th e for m o f  B{agent ,  clause ) 

wher e claus e ca n b e a  variabl e o r  a  claus e in -

stance .  I n additio n t o th e norma l  semantic s 

of  a  standar d firs t  orde r  clause d for m o f  logi c 

whic h w e wil l  no t  describe ,  th e B  predicat e 

present s a n additiona l  semantic s whic h allow s 

B{agent ,  clause )  t o b e logicall y implie d b y a  se t 

of  clause s believe d b y th e agent .  I t  i s  thi s typ e 

of  semantic s w e wil l  describ e i n thi s paper . 

Becaus e ou r  intensione d mechanis m hav e re -

place d al l  th e qusuitifier s b y intensionall y lev -

elle d variable s an d skole m functions ,  th e se -

mantic s o f  ou r  formzdis m ca n uniforml y b e de -

fine d a s follows : 

B(agent, clause) is true iff the clause 

i s a  member  o f  th e belie f  spac e o f  th e 

agent . 

A clause c is a member of the belief space of 

an agen t  a  if f  i t  i s  a  IP-controlle d consequenc e 
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of  th e member s o f  th e belie f  spac e o f  a .  Thi s 

effectivel y determine s th e soondnes s an d com -

pletenes s result s o f  th e formedis m whic h ca n 

be state d a s foUows . 

Th e soundnes s resul t  o f  th e foimalis m is : 

if a clause c follows from the IP-

controUe d inferenc e o f  a n agen t  a, 

the n B{a,c )  i s true . 

The completeness result of the formalism is: 

if B(a, c) is true, then the clause c fol-

low s fro m th e IP-controlle d inferenc e 

of  th e agen t  a . 

Because the belief space of an agent is 

consequentially-close d unde r  th e inferentia l 

power  o f  th e agent ,  th e consistenc y o f  a  be -

lie f  spac e nee d t o b e define d differentl y fro m 

tha t  o f  a  standar d firs t  orde r  logic .  I n particu -

lar ,  w e ca n hav e contradictor y belief s withou t 

causin g a n agen t  t o believ e anythin g (a s i s th e 

cas e i n th e possibl e worl d approach) .  I n ou r 

formalism ,  a  belie f  spac e o f  a n agen t  (close d 

lude r  th e inferentia l  powe r  o f  th e agent )  i s 

consisten t  if f  i t  doe s no t  contai n tw o literal s 

pi  an d -ip 2 suc h tha t  p i  an d p 2 ar e unifiable . 

Thi s mean s tha t  a n inconsisten t  se t  o f  clause s 

i n a  standar d firs t  orde r  logic ,  ca n b e consis -

ten t  i n a  belie f  spjic e o f  a n agen t  provide d th e 

agent' s inferentia l  powe r  wil l  no t  allo w contra -

diction s t o b e deduced .  Fo r  example ,  a  perso n 

m ay believ e th e followin g statement s "Ever y 

Professso r  ha s a  P h D " ,  "Ever y M D doe s no t 

hav e a  P h D "  an d "Joh n i s a  Professo r  an d 

has a  M D "  withou t  realizin g tha t  the y ar e in -

consisten t  becaus e h e ha s a  limite d inferentia l 

power  o r  h e m a y hav e chose n relevan t  theorie s 

fo r  th e statement s i n suc h a  wa y tha t  h e wil l 

not  establis h inconsisten t  beliefs .  Th e latte r 

wil l  b e discusse d i n th e nex t  section . 

Al l  th e abov e result s ca n b e similarl y ap -

plie d t o recursive/neste d beliefe .  T o d o this , 

eac h belie f  spac e o f  a n agen t  i s  organize d hier -

archicall y wit h eac h sub-spsur e o f  a  spac e de -

notin g th e nex t  leve l  o f  agent s i n a  neste d be -

lief .  Thu s B(ol ,  B{a2 ,  c) )  i s  tru e if f  c  i s a  m e m-

ber  o f  th e belie f  spac e a 2 whic h i s a  sub-spjtc e 

of  al .  Howeve r  th e inferentia l  powe r  o f  al l  th e 

sub-agent s i n a  neste d belie f  i s  determine d b y 

th e outmos t  agent .  A  mor e detaile d descrip -

tio n o f  neste d belief s ca n b e foun d i n [Jian g 

86] . 

I t  m a y b e note d tha t  th e beisi c semantic s 

of  ou r  formalis m i s simila r  t o th e semantic s 

of  Konolige' s (85 )  deductiv e mode l  o f  belie f 

excep t  tha t  w e us e a  canonica l  clausa l  for m 

of  logi c an d a  singl e rul e o f  inferenc e a s th e 

computationa l  structure s o f  a n agent .  F ro m 

a logi c programmin g perspective ,  ou r  formzd -

is m m a y b e treate d a s a  more-viabl e compu -

tationa l  mode l  o f  belie f  th2i n Konolige's . 

5 Circumscriptive Non-

monotonic Reasoning 

Unlike a piece of knowledge, a belief may not 

be tru e i n th e rea l  world .  Thi s mean s tha t 

wit h ne w belief s i n hand ,  a n agen t  ca n retrac t 

hi s ol d beliefs .  Thi s for m o f  reasonin g i s some -

time s calle d belie f  revision .  O n e possibl e ap -

proac h o f  revisin g belief s i s t o buil d inferenc e 

path s o f  belief s s o tha t  a  retracte d belie f  ca n b e 

trace d bac k from  suc h inferenc e paths .  It s pur -

pos e i s t o detec t  contradictions ,  identif y thei r 

cause s an d tr y t o resolv e th e contradiction s 

by revisin g beliefs .  T w o example s o f  thi s ap -

proac h ar e London' s dependenc y network s [78 ] 

an d Doyle' s trut h mainteneuic e syste m [79] . 

Anothe r  possibl e approac h o f  revisin g belief s 

i s th e explici t  non-monotoni c reasoning .  It s 

purpos e i s no t  t o detec t  th e caus e o f  incon -

sistenc y bu t  t o ensur e tha t  th e belie f  syste m 

i s alway s consistent .  I n thi s approach ,  non -

monotoni c belief s ar e explicitl y  represente d a s 

non-monotoni c rule s an d ca n onl y b e derive d 

i f  the y ar e consisten t  withi n a  certai n belie f 

space .  Althoug h i t  i s  fel t  tha t  inferenc e path s 
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i n linea r  resolutio n system s o n clausa l  form s 

of  logi c ar e easie r  t o fin d tha n arbitrar y form s 

of  logic ,  i n thi s pape r  however ,  w e ar e onl y 

concerne d wit h th e problem s addresse d i n th e 

latte r  approach . 

Ther e ar e currentl y tw o importan t  type s o f 

non-monotoni c reasoning .  On e i s McCarthy' s 

circumscriptio n rul e [80] .  Anothe r  i s Reiter' s 

defaul t  rul e [Reite r  80]^ .  Bot h ca n b e specifie d 

i n th e followin g meta-axiom : 

X A C(y) ^ y 

where C(y) is true if ->y csmnot be proved. 

The differenc e betwee n thes e tw o ap -

proache s lie s i n th e Jtfe a o f  consistenc y check -

ing .  I n McCarthy' s approach ,  i t  i s  th e whol e 

belie f  spac e includin g al l  th e non-monotoni c 

rules ;  whil e i t  i s  onl y th e are a o f  th e belie f 

spac e tha t  exclude s defaul t  rule s i n Reiter' s 

approach . 

The proble m wit h McCeirthy' s approac h i s 

tha t  i t  i s  to o fine-grained  i n th e sens e tha t  i t 

tend s t o fai l  t o conclud e anything .  Thi s ca n 

be see n fro m th e followin g tw o defaul t  beliefs : 

1. if X is a professor and there is no proof 
tha t  X  i s a  M r  the n w e ma y infe r  tha t  x  i s 
a D r  (Ph.D) : 

Dt{t ) Prefix ) 

C(-Mr(x) ) 

2.  i f  X  ha s a  M D eoi d ther e i s n o proo f  tha t 
x i s a  D r  the n w e ma y infe r  x  i s a  Mr : 

Mr(x ) MD(x ) 

C{-.Dr{x) ) 

I n addition ,  w e assum e th e belie f  tha t  n o 
one ca n bot h b e a  D r  an d a  Mr : 

3. <- Dr{x) A Mr(r). 

'Moor e [85a ]  may argu e tha t  thi s i s bes t  calle d aut c 
epistemi c reasoning . 

I f  w e assum e tha t  Joh n ha s M D ,  an d i s a 

professor ,  the n i n provin g Dr{John) ,  w e nee d 

t o prov e C{->Mr{John) )  o r  Mr{John )  whic h 

land s u s i n th e provin g o f  C{-'Dr{John)) ,  o r 

Dr(John) ;  henc e bac k t o th e origina l  goal ,  ie . 

looping . 

Reiter' s approac h o n th e othe r  han d i s to o 

coarse-graine d i n th e sens e tha t  i t  tend s t o 

conclud e everything .  Fo r  instance ,  thoug h i t 

does no t  loo p fo r  th e abov e example ,  Reiter' s 

approac h woul d giv e u s bot h DT{John )  an d 

Mr{John) ,  ie .  a  contradictio n (t o belie f  (3)) . 

To solv e thes e problems ,  w e propos e a  neu -

tra l  approac h (bsise d o n [Bowen&Kowalsk i 

82] )  tha t  cover s a  rang e o r  varin g granularitie s 

of  non-monotoni c reasonin g systems .  Instea d 

of  bein g restricte d i n on e singl e predefine d the -

ory/are a o f  belie f  space ,  a m agen t  ca n perfor m 

consistenc y checkin g withi n a n explicitl y  de -

fine d theory .  Thi s mean s tha t  i n ou r  formal -

ism ,  a  belie f  spac e ca n b e divide d int o variou s 

overlappin g areas/theories .  Allowin g variou s 

explici t  specificatio n o f  theorie s i s cognitivel y 

feasibl e becaus e a n agen t  ma y onl y us e a  sub -

set  o f  hi s belief s whic h h e think s i s relevan t  t o 

achiev e a  certai n proces s o f  reasonin g (eg .  t o 

establis h th e proo f  tha t  Joh n i s guilty )  an d us e 

anothe r  subse t  o f  hi s belief s (mayb e overlap -

pin g wit h th e forme r  set )  t o achiev e anothe r 

proces s o f  reeisoning .  Thi s relevanc e o f  belief s 

t o a n agen t  i s sometime s csdle d circumscrip -

tiv e relevanc e [Konolig e 85] .  Fo r  thi s reason , 

we cal l  ou r  belie f  revisio n approac h circum -

scriptiv e non-monotoni c reasoning . 

To defin e th e explici t  theor y o f  a  clause ,  w e 
furthe r  exten d th e synta x o f  ou r  basi c logi c 
of  belie f  b y allowin g eac h claus e t o hav e a 
distinguishin g labe l  o r  number .  Th e ide a o f 
attachin g a  distinguishin g numbe r  t o a  wf f 
was initiate d b y Gode l  [Enderto n 72] ,  thu s 
b o m th e nsun e o f  godelizatio n o f  a  wfT .  Gode l 
showed tha t  th e godelization s o f  wfT s ar e rep -
resentable .  Thi s mean s tha t  w e ca n us e a  num -
ber  t o denot e a  wfF .  I n othe r  words ,  b y makin g 
assertion s o n godelization s o f  wfTs ,  w e cao i  in -
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directl y expres s assertion s abou t  othe r  asser -
tions .  Thu s base d o n th e ide a o f  godelization , 
we ca n expres s th e explici t  theor y o f  a  claus e 
by qualifyin g th e godelizatio n o f  th e claus e 
wit h th e theory .  Fo r  example ,  i f  th e claus e 
c i s i n th e theor y tl ,  w e ca n represen t  thi s as : 

THEORY{i^c,tl) 

where #c is the godelization of clause c. 

However  xinlik e [Bowen&Kowalsk i  82] ,  thes e 

theorie s ai e organize d i n hierarchicz J struc -

ture s i n ou r  formalis m s o tha t  a  claus e a t  a 

higher-leve l  theor y ca n b e inherite d b y a  lower -

leve l  theor y unles s i t  i s  fals e there .  Makin g th e 

theorie s explici t  ha s th e advantag e tha t  subtl e 

difference s i n meaning s ca n b e expresse d b y 

appropriat e orgeuiizatio n o f  theories . 
Thus t o solv e th e abov e loopin g an d contrei -

dictio n problems ,  w e ca n represen t  th e theor y 
hierarchie s i n suc h a  wa y tha t  T 2 i s on e leve l 
belo w T l  an d T 2 ha s belie f  # 2 bu t  T l  doe s 
not .  Thi s effectivel y assign s a  highe r  priorit y 
t o belie f  # 1 ove r  #2 .  Thi s ca n b e show n i n 
our  formalis m a s follows : 

#1 :  Dr(x )  ̂  Prof{x )  A  C(-.Mr(r),ri) -
#2 :  Mr(x )  ̂  MD{x )  A  C(-.Dr(a;) ,  r2) . 

SUB -  THEORY{T2,Tl) . 
T H E O RY {#2,T2) . 
-̂ THEORY{ifi2,Tl) . 
^  Dr{x )  A  Mr(r ) 

Finally, it should be noted that our explicit 

contro l  ove r  th e aa-e a o f  belie f  speic e fo r  han -

dlin g belie f  revisio n ca n b e generalize d t o ordi -

nar y proof e i n th e spiri t  o f  relevanc e logic s (An -

derson&Belna p 75] .  I n thi s case ,  ever y proo f 

must  b e associate d wit h a n ewe a o f  a  belie f 

space .  T o achiev e this ,  w e introduc e anothe r 

meta-predicat e P R O VE s o tha t  P R O V E { p ,  t ) 

stand s fo r  " p ca n b e prove d i n th e theor y 

t" .  Relevanc e proof s ar e usefu l  i n knowledg e 

representation .  Fo r  example ,  i t  distinguishe s 

Guilty{x )  fro m PROVE{GuiHy{x) ,  t )  a s w e 

shoul d d o becaus e w e ma y believ e a  perso n t o 

be guilty ,  bu t  w e ma y no t  thin k w e ca n prov e 

i t  give n th e evidence s w e thin k ar e relevan t  t o 

th e case . 

6 The consistency of self-

referential paradoxes 

Another expressive feature of our formalism 
i s  it s  abilit y  I n representin g self-referentia l  be -
liefs ,  eg .  "Joh n believe s tha t  hi s belie f  i s  fadse " 
and mutual-referentia l  beliefs ,  eg .  "Simo n be -
lieve s tha t  Tom' s belie f  i s  tru e an d T o m be -
lieve s tha t  Simon' s belie f  i s  false" .  Fo r  exam -
ple ,  th e abov e exampl e o f  mutua l  belie f  ca n 
be represente d i n ou r  godelize d clausa l  for m 
of  belie f  logi c a s follows : 

B(S»mon,# 2 :  TRUE{#Z) ) 
B{Tom,  # 3 :  ->TRUE{#2) ) 
As argue d before ,  i t  i s  pointles s t o ted k 

abou t  people' s belief s outsid e th e contex t  o f  a 
worl d i n whic h th e belief s ma y b e tru e o r  false . 
However  thi s coul d introduc e inconsistencie s 
t o belie f  spaces .  Thi s i s show n b y Tarsk i  [36 ]  i n 
hi s N o Trut h Definitio n Theorem ,  whic h state s 
tha t 

TRUE{#a )  ̂  a 

i s inconsistent .  Thi s ca n b e see n fro m th e ex -
ampl e i f  w e Eissum e Simon' s belie f  t o b e tru e 
and Simon' s inferentia l  powe r  i s capabl e o f 
makin g th e followin g inferences : 

TRUE{#2) — TRUE{TRUE{ifi3)) 

— TRUE{#3 ) 

— TRUE(-̂ TRUE(if:2) ) 

— -,TRUE{#2 ) 

ie. a pau'adox inconsistency has arisen. 

Tarksi' s  solutio n i s attzKrhin g numerica l  sub -

script s o r  level s t o 'true' .  I n Tewksi' s  approach , 

a trut h truc m i s restricte d t o appl y t o sen -

tence s containin g n o predicat e true ,̂ n >  m . 

Thi s requiremen t  effectivel y block s th e deriva -

tio n o f  contradiction .  Howeve r  Tarski' s  ap -

proac h suffer s th e problem s o f  inefficienc y du e 

t o differen t  operation s a t  differen t  level s [War -

re n 81] ,  an d limite d expressivenes s i n repre -
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sentin g belief s (Peril s  85 ]  suc h a s " I  hav e a  fals e 

belief" . 

Kripke' s solutio n [75 ]  thu s introduce s trut h 

gaps t o accoun t  fo r  paradoxes .  Howeve r  th e 

solutio n incur s th e invalidit y o f  th e excluded -

middl e principle ,  ie .  (p'̂ -'p) .  Thi s coul d mak e 

th e desig n o f  a n efficien t  provin g syste m diffi -

cult .  Thu s w e tak e a n zJtemativ e approac h i n 

th e spiri t  o f  Peril s  [85] . 
I n ou r  approach ,  th e Tarski' s  Trut h Defini -

tio n Theore m i s modifie d s o tha t  th e axio m 

TKUE{p) « p 

(called  the positive axiom) holds for all posi-
tiv e p  bu t  ma y no t  b e tru e fo r  negativ e p .  Fo r 
th e negativ e p ,  w e adop t  Gilmore' s reductio n 
rul e [74 ]  i n ou r  approac h i n suc h a  wa y tha t 
th e axio m 

TliUE{->TRUE{p)) -» TRUEi^p) 

(called the negative reduction axiom) holds 
fo r  al l  p .  T o allo w furthe r  reductions ,  w e in -
troduc e anothe r  axio m (calle d th e restricte d 
negativ e axiom) : 

TRUEi^p) — ->TRUE{p) 

which holds if the dereference of p involves 

no T R U E predicate .  B y dereferenc e o f  p ,  w e 

mean tha t  i f  p  i s a  label ,  the n th e dereferenc e 

of  p  i s th e wf F name d b y p ;  otherwise ,  th e deref -

erenc e o f  p  i s p  itself .  Th e restricte d negativ e 

axio m allow s u s t o deduc e ->TIUJE{EQ{1,2) ) 

fro m TRUE{->EQ{1,2) )  becaus e th e derefer -

enc e o f  EQ(1,2 )  contain s n o T R U E predicate ; 

whil e fro m TRUE(§3 )  i n th e abov e example , 

we canno t  deduc e -<TRUE{#2 )  becaus e th e 

dereferenc e o f  #3 ,  ie .  ->TRUE{#2) ,  contain s 

a T R U E predicate .  Not e tha t  fo r  th e abov e 

axiom s t o wor k correctly ,  w e nee d t o repre -

sent  a  claus e i n th e disjunctiv e clause d for m 

mentione d i n Sectio n 2 . 
Usin g th e restricte d negativ e axiom ,  w e ca n 

preserv e th e excluded-middl e principl e 

TRUE(p) V ->TRUE{p) 

but  no t 

TRUE{p)  V  TRUE{->p) . 

I n othe r  words ,  w e canno t  hav e bot h 

T R U E { p )  an d -^TRUE(p )  i n a  consisten t  be -

lie f  space ,  bu t  w e ca n hav e bot h TRUE{->p ) 

and T R U E { p )  i n a  consisten t  belie f  space . 

The fac t  tha t  T R U E ( p )  A  T R U E { ^ p )  holds , 

help s t o revea l  a  parado x withou t  lettin g thi s 

creat e a n inconsistenc y t o ou r  formalism .  Th e 

pric e i s simpl y tha t  w e stic k literall y  wit h wha t 

th e statement s express ,  an d thi s inconvenienc e 

wil l  b e a s rar e a s ax e thes e sentence s i n typ -

ics l  discours e situations .  A  consistenc y proo f 

of  th e modifie d trut h definitio n theore m ca n 

be foun d i n [Jian g 86] . 

To se e ho w w e hav e solve d th e parado x In -

consistency ,  w e us e th e earlie r  exampl e a s a n 

illustration . 
Suppos e w e assum e tha t  Simo n i s right ,  the n 

we hav e th e followin g Inferenc e chain , 

TRUE{#2)  -  TRUE{TRUE{m) ) 

-  TRUE{if:Z ) 

- ^  TRUE{-^TRUE{it2) ) 

— TRUE{->î 2 ) 

which is consistent. 
Suppos e w e assum e tha t  T o m i s right ,  the n 

we hav e th e followin g inferenc e chain , 

Ti«/£?(#3 )  -  TRUE{~>TRUE{42) ) 

- *  Titt/E(-.#2 ) 

— TRUE{-^TRUE{#3) ) 

^  TRUE(^i^3 ) 

which is still consistent. 

In both cases, paradoxes are revealed and at 

th e sam e tim e consistencie s ar e preserved . 

7 Conclusions 

In this paper, we have presented a scheme 
fro m a  logi c programmin g perspectiv e whic h 
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fonnzdize s belief s i n a n extende d clausa l  for m 

of  logic .  W e hav e show n tha t  ou r  formalis m 

i s free-fro m th e quantificatio n proble m tha t 

ofte n persist s i n existin g formzilisms .  I n par -

ticular ,  w e hav e indicate d tha t  ou r  formalis m 

allow s a n efficien t  resolution-lik e proo f  proce -

dur e t o b e developed .  A  levelle d intensiona l 

scheme whic h enable s th e clausalizatio n o f  be -

lief s ha s bee n proposed .  I t  ha s bee n argue d 

tha t  th e intensiona l  schem e i s free from  th e im -

putatio n problem .  A n inferentia l  powe r  boun d 

resolutio n rul e o f  belie f  ha s bee n introduced . 

A genera l  circumscriptiv e non-monotoni c rea -

sonin g syste m fo r  handlin g belie f  revisio n ha s 

bee n described .  Th e concep t  o f  godelizatio n 

whic h increase s th e expressivenes s o f  ou r  for -

malis m ha s bee n introduced .  I n psu-ticular , 

a modifie d Tarski' s  Trut h Theore m ha s bee n 

shown t o b e consisten t  wit h ou r  formalism . 

Ther e ar e issue s suc h a s c o m m o n belief s an d 

implie d belie f  o f  a  grou p o f  agent s whic h hav e 

not  bee d discusse d i n thi s pape r  du e t o th e 

spac e limit .  I n addition ,  w e hav e neithe r  ad -

dresse d belie f  introspectio n no r  implici t  belie f 

revision .  Thes e problem s wil l  b e sbjecte d t o 

furthe r  research . 

As regard s t o implementatio n o f  ou r  formal -

ism ,  i t  i s  fel t  tha t  i t  ca n b e don e quit e easil y i n 

Prolog .  I n particular ,  a m intensionjilly-levelle d 

ter m C2Ui  b e represente d a s a  stmctor e o f  th e 

for m (term,level) ;  an d a  godelize d claus e cs r 

be represente d a s a  structur e o f  th e for m (la -

beljClause) .  Howeve r  thi s discussio n i s outsid e 

th e scop e o f  thi s paper . 

A c k n o w l e d g e m e n t s 

This work is supported by the Alvey Direc-

torat e an d I C L unde r  gran t  GR/D /45468 -

I K B S 129 .  I t  i s  par t  o f  a  collaborativ e projec t 

betwee n IC L an d th e Univ .  o f  Esse x an d 

Manchester .  I t  i s  a  pleasur e t o acknowledg e 

th e m a n y discussion s I  hav e ha d wit h m y col -

legue s i n Essex ,  Mancheste r  an d othe r  insti -

tutes .  I n particular ,  I  lik e t o than k Pete r 

Aczel ,  Ala n Rector ,  Davi d Warre n (Manch -

ester) ,  Simo n Lavington ,  R a y m o n d Turner , 

S a m Stee l  (Essex) ,  Joh n B a m d e n (Indiana ) 

an d Richar d Fros t  (Glassgow )  fo r  thei r  helpfu l 

discussions . 

Reference s 

A. Anderson & N. Belnap (1975) Entailment.The 
logi c o f  relevanc e an d necessity .  Vol. 1 Princeto n 
Univ .  Press . 

J.  Bamde n (1986 )  Interpretin g prepositiona l  atti -
tud e reports :  toward s greate r  freedo m an d contro l 
Proc .  7t h Europea n Conf .  o n AI ,  July ,  1986 . 

J.  Barwis e &  J .  Perr y (1983 )  "Situation s an d at -
titudes" .  M I T Press . 

K.  A .  Bowe n an d R .  A .  Kowalsk i  (1982 )  Amalga -
matin g languag e an d meta-languag e i n logi c pro -
gramming. .  I n Logi c Programming ,  ed .  Clar k an d 
Tarnlund ,  page s 153-172 ,  Academi c Press ,  1982 . 

L.F .  Cerr o (1986 )  M O L O G:  A  syste m tha y extend s 
Prolo g wit h moda l  logic .  Ne w Gen .  Computin g 4 
pp.35-50 . 

C.L .  Chan g &  R.C.T .  Le e (1973 )  Symboli c logi c 
and mechanica l  theore m proving .  Academi c Press . 

W.F.  Clocksi n an d C. S Mellis h (1981 )  Program -
min g i n Prolog .  Springe r  Verlag . 

L.G .  Crear y (1979 )  Prepositiona l  attitude : 
Fregea n representatio n an d simulativ e reasoning . 
Proc .  o f  6t h IJCAI .  Tokyo ,  Japan ,  August . 

J.  Doyl e (1979 )  A  trut h maintenanc e system. ,  AI . 
Vol .  12 ,  No.3 ,  pp.231-272 . 

H.  Enderto n (1972 )  A  mathematica l  introductio n 
t o logic .  Academi c Press .  1972 . 

P.  Gilmor e (1974 )  Th e consistenc y o f  partia l  se t 
theor y withou t  extensionality .  ed .  T .  Jech ,  Ax -
iomati c se t  theory ,  Amer .  Math .  Soc .  Providenc e 
RI  1974 , 

J.  Hintikk a (1962 )  Knowledg e an d belief .  Ithaca , 
New York ,  Cornel l  Univ .  Press . 

313 



Y.J .  Halpern ,  Y .  Mose s (1985 )  A  guid e t o th e 
modal  logie i  o f  knowledg e an d belief :  preliminarj / 
dnft .  IJCA I  85 ,  Vol. 1 

P.J .  Haye s &  R .  Kowalsk i  (1969 )  Semanti c tree i 
i n automati c theore m proving .  Machin e Intel .  4 , 

Edinburg h Univ .  Press ,  pp.87-101 . 

J.R .  Hobb s &  S.J .  Rosenschei n (1977 )  Makin g 
computationa l  sens e o f  Montague' s intensiona l 
logic .  A I  9  pp.287-307 . 

Y.J .  Jian g (1986 )  A  formalis m fo r  representin g 
qualifie d knowledg e an d it s implementatio n fo r 
larg e knowledg e base s Ph. D thesis ,  C o m p .  Sci . 
Dept. ,  Univ .  o f  Manchester ,  1986 . 

A.  Kobs a (1985 )  Usin g situation s an d Russellia n 
attitude s fo r  representin g belief s an d wants .  IJCA I 
85,  Vol.1 . 

K.  Konolig e (1985 )  Belie f  an d incompleteness ,  i n 
Forma l  theorie s o f  th e commonsens e world ,  Ed . 
J R .  Hobbes ,  R.C.Moore .  Able x Pub .  Corp . 
1985 .  pp.359-403 . 

K.  Konolig e (1985a )  A  computationa l  theor y o f  be -
lie f  introspection .  IJCA I  8 5 Vol .  1 . 

R.  Kowalski  (1983 )  Logi c Programming. .  IFI P 83 , 
pp.133-14 5 

S Kripk e (1975 )  Outlin e o f  a  theor y o f  truth .  J . 
Philosoph y 72 ,  pp.690-716 . 

H.J .  Levelsqu e (1984 )  A  logi c o f  implici t  an d ex -
plici t  belief .  Proc .  Nationa l  Conf .  o n Artificia l 
Intelligence ,  pp.198-202 . 

H.J .  Levelsqu e (1984a )  Th e logi c o f  incomplet e 
knowledg e bases .  O n Conceptua l  Modelling , 
eds M Brodie ,  J  Mylopouos& J Schmidt ,  Springer -
Verlag ,  1984 ,  pp.165-187 . 

P.  Londo n (1978 )  Dependenc y network s a s rep -
resentatio n fo r  modellin g genera l  proble m solver . 

Ph.D .  Dissertation ,  Tech .  Report ,  Dept .  o f 
C o m p.  Science ,  Univ .  o f  Maryland ,  1978 . 

J.  McCarth y (1979 )  Firs t  orde r  theorie s o f  indi -

vidua l  concept s an d propositions .  Machin e Intel . 
9,  Eds ,  J.Hayes ,  D.Michie ,  L .  Mikulich ,  Elli s  Hor -
wood. 

J.McCarth y (1980 )  Circumscription- A for m o f 
non-monotoni c reasoning .  A I  13 ,  pp.27-40 ,  1980 . 

R.C .  Moor e &  G .  Hendri x (1979 )  Computationa l 
model s o f  belie f  an d th e semantic s o f  belie f  sen -
tences .  SR I  Technica l  Not e 187 ,  Menl o Par k C A . 

R.  C .  Moor e (1985 )  A  forma l  theor y o f  knowledg e 

and action ,  i n Forma l  theorie s o f  th e common -
sens e world ,  Ed .  J.R .  Hobbes ,  R.C.Moore .  Able x 
Pub.  Corp .  1984 . 

R.C .  Moor e (1985a )  Semanti c consideration s o n 
non-monotoni e logic .  AI .  Vol .  25 ,  pp.75-94 . 

D.  Peril s  (1985 )  Language s wit h self-referenc e I : 
foundations. .  Artificia l  Intel .  25 ,  pp.301-322 , 
1985 . 

W . V.  Quin e (1956 )  Quantifier s an d proposiiiona l 
attitudes. .  Journa l  o f  Phil .  53 . 

R.Reite r  (1980 )  A  logi c fo r  defaul t  reasonin g A I 
13,  pp.81-132,1980 . 

J.A .  Robinso n (1965 )  A  machin e oriente d logi c 
base d o n th e resolutio n principle ,  i n J A C M ,  Vo l 
12,  pp.23-41 . 

A.  Tarsk i  (1952 )  Th e semanti c conceptio n o f  truth . 
Semantics  an d Philosophy .  (L .  Linsk y ed )  Univ . 
of  Illinois . 

D.H.  Warre n (1981 )  Highe r  orde r  extension s t o 
Prolog -  ar e the y needed? ,  i n Machin e Intel .  10 , 
Elli s  Horwood . 

314 


	cogsci_1987_301-314



