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f bs1 ; rac t . An i n t e l l i g e n t agent must p lan 
f u t u r e deduc t ions and a n t i c i p a t e what 
o the r agents w i l l deduce f rom t h e i r 
b e l i e f s - Creary (1979) proposed to do 
t h i s b y s i m u l a t i o n . Of ten the a g e n t ' s 
f u t u r e b e l i e f s , o r the b e l i e f s o f o the r 
agen ts , i n v o l v e terms unknown to the agent 
at s i m u l a t i o n t i m e . Th is paper shows how 
to extend Creary 1 e techn ique to handle 
t h i s case. 

Suppose Mary knows Jane ' s phone 
number, and knows a l s o t h a t Jane ' s number 
is t he same as J o h n ' s . How does one show 
t h a t Mary can i n f e r what John ' s number i s? 
Consider another p rob lem: a robo t has a 
p iece o f paper w i t h John ' s number w r i t t e n 
on i t , and wants to know John ' s number. 
By l o o k i n g a t the paper i t can l e a r n 
w h a t ' s w r i t t e n t h e r e . How w i l l i t i n f e r 
t h a t t h i s number is John 's phone number? 
Both o f these problems i n v o l v e reason ing 
about a deduc t i on whose premisses c o n t a i n 
an unknown c o n s t a n t . In the f i r s t problem 
the unknown cons tan t is Jane ' s phone 
number. Mary knows i t , bu t the agent who 
is reason ing about Mary d o e s n ' t . Th is 
agent would know the number on l y i f he 
b e l i e v e d a sentence of the form "Mary 
knows t h a t Jane ' s number is n " , where n is 
the cons tan t t h a t Mary uses to name Jane 's 
number. In the second problem the unknown 
cons tan t i s the number w r i t t e n on the 
paper . The robo t expects to know i t a f t e r 
l o o k i n g a t the paper , bu t doesn ' t know i t 
a t p lann ing , t i m e . 

Moore (1980) has dev ised a method of 
reason ing about deduc t i on t h a t handles 
unknown c o n s t a n t s . But h i s method is too 
s t r o n g . I t a l l ows one to show t h a t an 
agent knows any sentence t h a t can be 
proved f rom h i s knowledge, no ma t te r how 
d i f f i c u l t t he p r o o f i s . Creary (1979) 
proposes a method of reason ing about 
deduc t i on t h a t avo ids t h i s p rob lem. But 
h i s method c a n ' t handle unknown c o n s t a n t s . 
Th is paper d e s c r i b e the d i f f i c u l t i e s t h a t 
a r i s e i n a p p l y i n g Moore's t heo ry t o the 
problem o f t h e robo t f i n d i n g J o h n ' s phone 
number. I t p resen ts a v e r s i o n o f Creary*s 
method. F i n a l l y i t shows how to extend 
C r e a r y ' s method to handle premisses w i t h 

unknown c o n s t a n t s . The r e s u l t is a scheme 
t h a t ach ieves the power of Moore's method 
and avo ids i t s p rob lems. 

Consider the problem o f f i n d i n g out 
what John '8 phone number i s . The robo t 
knows t h a t whatever is w r i t t e n on the 
paper is John 's number. By l o o k i n g at the 
paper i t f i n d s ou t t h a t some number n is 
w r i t t e n t h e r e . These two f a c t s imp ly t h a t 
John ' s number is n . Since the robo t 
always knows a l l l o g i c a l consequences o f 
i t s knowledge, i t knows t h a t John 's number 
is n as soon as i t l e a r n s t h a t n is 
w r i t t e n on the paper . So in Moore's 
system the r o b o t ' s p lan f o r l e a r n i n g 
John's number c o n s i s t s o f the s i n g l e s tep 
o f l o o k i n g a t the paper . 

Imagine a r e a l robot t r y i n g to 
execute t h i s p l a n . I t sends a command to 
i t s TV camera to p o i n t a t the paper . In 
the i n p u t b u f f e r appears a da ta s t r u c t u r e 
t h a t says t h a t n is w r i t t e n on the paper . 
And here the p lan s t o p s . The robo t s t i l l 
has to per fo rm a s h o r t compu ta t i on , 
i n f e r r i n g " J o h n ' s number i s n " f rom "n i s 
w r i t t e n on the paper" and "Whatever is 
w r i t t e n on the paper is John ' s number". 
But Moore's p lan omi ts t h i s s t e p , because 
the agents i n h i s t h e o r y make a l l p o s s i b l e 
i n f e r e n c e s from t h e i r knowledge 
a u t o m a t i c a l l y . I f a robo t c a n ' t do t h i s , 
i t should not use Moore's t heo ry to p lan 
i t s own i n f e r e n c e s . 

An a l t e r n a t i v e to Moore's t h e o r y of 
knowledge and b e l i e f i s the s y n t a c t i c 
t h e o r y . I t says t h a t a b e l i e f o r p iece o f 
knowledge is a sentence (Moore and 
Hend r i x , 1979)- Suppose these sentences 
are i n f i r s t - o r d e r l o g i c ( m o t i v a t i o n f o r 
t h i s appears l a t e r ) . I f a robo t p lans t o 
acqu i r e c e r t a i n b e l i e f s , i t i s t h i n k i n g 
about i t s own b e l i e f s . So the language in 
which those b e l i e f s are expressed must be 
capable o f t a l k i n g about i t s e l f . I n 
p a r t i c u l a r , i t must c o n t a i n names f o r i t s 
own e x p r e s s i o n s . 

To each cons tan t of the language 
ass ign a name, formed by appending a 
s u b s c r i p t 1 t o t h a t c o n s t a n t . Thus i f 
"John" is a cons tan t and denotes a man, 
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" J o h n 1 " is a cons tan t and denotes " J o h n " . 
Now cons ider the symbols t h a t are used to 
b u i l d new express ions - the p r e d i c a t e 
l e t t e r s , f u n c t i o n l e t t e r s , connec t i ves and 
q u a n t i f i e r s . C a l l these symbols 
c o n s t r u c t o r s . Thus the sentence " o r ( p , 
q ) " con ta ins the c o n s t r u c t o r " o r " , and i t s 
arguments are " p " and " q " . To each n-ad ic 
c o n s t r u c t o r ass ign an n-ad ic f u n c t i o n 
l e t t e r , again formed by appending a 
s u b s c r i p t 1 . Suppose " z " i s an n -ad ic 
c o n s t r u c t o r . Then the f u n c t i o n l e t t e r 
" z , " denotes a f u n c t i o n t h a t maps n 
express ions e 1 . . . e n to the express ion 
whose c o n s t r u c t o r is " z " and whose 
arguments are e 1 . . . e n . Thus i f "and" i s a 
c o n n e c t i v e , " a n d 1 " denotes a f u n c t i o n t h a t 
maps the sentences " p " and " q " to the 
sentence " a n d ( p , q ) t f . 

So the r e p r e s e n t a t i o n of "The robot 
b e l i e v e s t h a t John 's number is 444-1212" 
i s 

(1 ) b e l i e v e ( r o b o t , 
equa l 1 (phone-j (John1 ) , 

444-1212 1 ) ) 

The second argument of the f u n c t i o n l e t t e r 
" b e l i e v e " denotes the sentence 

(2) equaKphone(John) ,444-1212) 

Creary suggests e s s e n t i a l l y t h i s 
method of q u o t a t i o n . He goes on to 
suggest s i m u l a t i o n as a method of 
reason ing about d e d u c t i o n . I t works l i k e 
t h i s . Begin w i t h a set o f sentences o f 
the form 

b e l i e v e ( A , x ) 

where x is quo ted . By s t r i p p i n g o f f the 
s u b s c r i p t s you can r e c o n s t r u c t the 
sentences t h a t A b e l i e v e s . Then c o l l e c t 
these in a separa te da ta base. Try to 
prove the des i red theorem in t h i s da ta 
base. I f you succeed, i n f e r t h a t A can 
prove t h i s theorem if he wants . Use some 
measure o f the e f f o r t expended to p r e d i c t 
how l ong A w i l l take to get t h i s r e s u l t . 
Th is method of reason ing about deduc t ion 
does not a l l o w us to prove t h a t agents 
know a l l consequences o f t h e i r knowledge. 

Th is won ' t work i f A ' s b e l i e f s 
c o n t a i n cons tan ts unknown to the 
s i m u l a t o r . Wi thout knowing these 
cons tan ts the s i m u l a t o r c a n ' t b u i l d a da ta 
base c o n t a i n i n g A 's b e l i e f s . One can 
so l ve t h i s problem by t a k i n g advantage o f 
the f o l l o w i n g p r o p e r t y o f f i r s t - o r d e r 
l o g i c (proved i n (Tennant 1978) ) : 

I f any s u b s t i t u t i o n o f terms w i t h o u t 
v a r i a b l e s f o r cons tan ts i s a p p l i e d t o the 
conc lus ion and premisses of a f i r s t - o r d e r 
p r o o f , t he r e s u l t i s aga in a v a l i d 
f i r s t - o r d e r p r o o f . (There are e x c e p t i o n s , 
such a s the r u l e o f a l l i n t r o d u c t i o n i n 
n a t u r a l d e d u c t i o n . My techn ique can be 
extended to handle these cases t o o . ) 

Th is i m p l i e s t h a t one can use dummy 
cons tan ts to represent unknown terms in 
another a g e n t ' s b e l i e f s w i t h o u t d i s t u r b i n g 
the process o f s i m u l a t i o n . Whatever p roo f 
you f i n d when you s imu la te w i l l work j u s t 
as w e l l when the dummies are rep laced by 
the r e a l t e rms . 

Consider the problem o f f i n d i n g 
John's phone number. The robo t expects 
t h a t a f t e r l o o k i n g a t the paper i t w i l l 
b e l i e v e t h a t n is w r i t t e n on the paper , 
where n is the a rab i c numeral f o r John ' s 
phone number. To represen t t h i s 
e x p e c t a t i o n one must be ab le to desc r i be 
t h i s n w i t hou t knowing which numeral i t 
i s . Def ine the p r e d i c a t e " a r a b i c " so t h a t 
" a r a b i c ( x , y ) " i s t r ue i f x i s a n i n t e g e r 
and y is the a rab i c numeral f o r x . Arab ic 
numerals are cons tan ts o f the language. 
The f o l l o w i n g sentence says t h a t the robo t 
b e l i e v e s t h a t n is w r i t t e n on the paper , 
where n is the a rab i c numeral f o r John 's 
phone number: 

(3) e x i s t s ( n , 
a n d ( b e l i e v e ( r o b o t , w r i t t e n 1 ( n ) ) , 

a rab i c (phone (John ) , n ) ) ) 

The robo t b e l i e v e s t h a t whatever is 
w r i t t e n on the paper is John 's number, 
t h a t i s 
(4) b e l i e v e ( r o b o t , a l l . C v * , 

i m p l i e 8 1 ( w r i t t e ^ (v^ ) , 
e q u a l . ( p h o n e . ( J o h n - ) , v . ) ) ) 

Use the dummy constant N to rep resen t the 
unknown a rab i c numera l . Then the data 
base f o r s i m u l a t i o n con ta ins the f o l l o w i n g 
sentences: 

(5) w r i t t e n ( N ) 
(6) a l l ( v , i m p l i e 8 ( w r i t t e n ( v ) , 

equa l (phone(John) , v ) ) ) 

App ly ing the r u l e s o f a l l e l i m i n a t i o n and 
detachment g i ves 

(7) equa l (phone(John) , N) 

S u b s t i t u t e the a rab i c numeral f o r John 's 
phone number f o r the dummy cons tan t N in 
the premisses and conc lus ion o f t h i s 
p r o o f . The r e s u l t is a v a l i d p r o o f . The 
premisses of t h i s new p roo f are the 
b e l i e f s descr ibed i n (3 ) and ( 4 ) . I t s 
conc lus ion i s descr ibed by 

383 



(8) e x i s t s ( n , 
a n d (b e l i e ve ( r o b o t , 

e q u a l , ( p h o n e ^ ( J o h n ^ ) , n ) ) , 
a rab i c (phone (John ) , n ) ) ) 

Th is i s the b e l i e f the robo t wants . Th is 
argument shows t h a t the robo t can o b t a i n 
t h i s b e l i e f b y a p p l y i n g a l l e l i m i n a t i o n 
and detachment to the b e l i e f s descr ibed in 
(3 ) and ( 4 ) . When the robo t sees the 
number w r i t t e n on the paper i t w i l l use 
t h i s p r o o f t o i n f e r t h a t t h a t i s John ' s 
phone number- The example of Mary 
deducing what John 's phone number is can 
be done the same way. In t h i s case the 
i n f e r e n c e r u l e i s s u b s t i t u t i o n o f equa ls 
r a t h e r than detachment. 

I n c o n c l u s i o n , i t i s p o s s i b l e t o use 
s i m u l a t i o n f o r reason ing about a deduc t i on 
whose premisses c o n t a i n cons tan ts unknown 
to the s i m u l a t o r . Th is techn ique combines 
the advantages o f C r e a r y ' s techn ique (one 
can judge how d i f f i c u l t an i n f e r e n c e i s ) 
and of Moore's techn ique (unknown 
cons tan ts cause no problem ). A program 
can use the techn ique e i t h e r to p lan i t s 
own f u t u r e deduc t ions or to a n t i c i p a t e 
what o the r agents w i l l deduce from t h e i r 
b e l i e f s . 
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