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Summary 

PLANNER is a language f o r p r o v i n g theorems 
and m a n i p u l a t i n g models in a r o b o t . The 
language i s b u i l t ou t o f a number o f p rob lem 
s o l v i n g p r i m i t i v e s t o g e t h e r w i t h a h i e r a r c h i c a l 
c o n t r o l s t r u c t u r e . S ta tements can b e a s s e r t e d 
and perhaps l a t e r w i t h d r a w n a s t h e s t a t e o f t he 
w o r l d changes. C o n c l u s i o n s can be drawn f r om 
t h e s e v a r i o u s changes i n s t a t e . Goals can be 
e s t a b l i s h e d and d i s m i s s e d when t h e y a r e 
s a t i s f i e d . The d e d u c t i v e system o f PLANNER is 
s u b o r d i n a t e t o t h e h i e r a r c h i c a l c o n t r o l 
s t r u c t u r e i n o r d e r t o make the language 
e f f i c i e n t . The use o f a g e n e r a l purpose m a t c h i n g 
language makes t h e d e d u c t i v e system more p o w e r f u l . 

P r e f a c e 

PLANNER is a language f o r p r o v i n g theorems 
and m a n i p u l a t i n g models i n a r o b o t . A l t h o u g h 
we say t h a t PLANNER is a programming l anguage , 
we do n o t mean to i m p l y t h a t i t i s a p u r e l y 
p r o c e d u r a l language l i k e t h e lambda c a l c u l u s i n 
pu re L I S P . PLANNER i s d i f f e r e n t f rom pure LISP 
i n t h a t f u n c t i o n c a l l s can b e made i n d i r e c t l y 
t h r o u g h recommendat ions s p e c i f y i n g t h e fo rm o f 
t h e d a t a o n wh i ch t h e f u n c t i o n i s supposed t o 
w o r k . I n such a c a l l t h e a c t u a l name o f t h e 
c a l l e d f u n c t i o n i s u s u a l l y unknown. Many o f 
t h e p r i m i t i v e s i n PLANNER a r e concerned w i t h 
m a n i p u l a t i n g a d a t a base . The language w i l l 
b e e x p l a i n e d b y g i v i n g a n o v e r - s i m p l i f i e d p i c 
t u r e and t h e n a t t e m p t i n g t o c o r r e c t any 
m i s a p p r e h e n s i o n s t h a t t h e r e a d e r m i g h t have 
g a t h e r e d f rom t h e rough o u t l i n e . The b a s i c 
i d e a beh ind t h e language i s a d u a l i t y t h a t we 
f i n d between c e r t a i n i m p e r a t i v e and d e c l a r a t i v e 
s e n t e n c e s . For example c o n s i d e r t h e s t a temen t 
( i m p l i e s a b ) . A s i t s tands t h e s ta temen t i s 
a p e r f e c t l y good d e c l a r a t i v e s t a t e m e n t . I t 
a l s o has c e r t a i n i m p e r a t i v e uses f o r PLANNER. 
For example i t says t h a t we shou ld se t up a 
p r o c e d u r e w h i c h w i l l n o t e whe ther a i s ever 
a s s e r t e d and i f so to c o n s i d e r whether b shou ld 
t h e n b e a s s e r t e d . F u r t h e r m o r e i t says t h a t 
we s h o u l d se t up a p rocedu re t h a t w i l l wa tch 
t o see i f i t ever i s ou r g o a l t o t r y t o deduce 
b and i f so whe the r i t i s w i s e to make a subgoa l 
to deduce a . S i m i l a r o b s e r v a t i o n s can be made 
abou t t h e c o n t r a p o s i t i v e o f t h e s ta temen t 
( i m p l i e s a b ) . S ta temen ts w i t h u n i v e r s a l 
q u a n t i f i e r s , c o n j u n c t i o n s , d i s j u n c t i o n s , e t c . 
a l s o have b o t h d e c l a r a t i v e and i m p e r a t i v e uses . 
O f cou rse i f what we have d e s c r i b e d t h u s f a r 
were a l l t h e r e was t o t h e l a n g u a g e , t h e n t h e r e 
wou ld be no p o i n t . From t h e above o b s e r v a t i o n s , 
we have c o n s t r u c t e d a language t h a t p e r m i t s 
b o t h t h e i m p e r a t i v e and d e c l a r a t i v e a s p e c t s o f 
s t a t e m e n t s t o b e e a s i l y m a n i p u l a t e d . 
PLANNER uses a p a t t e r n d i r e c t e d i n f o r m a t i o n 
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r e t r i e v a l system t h a t i s more p o w e r f u l t h a n a 
r e t r i e v a l system based d i r e c t l y o n a s s o c i a t i o n 
l i s t s . The language p e r m i t s us to se t up 
p rocedures w h i c h w i l l make a s s e r t i o n s and 
a u t o m a t i c a l l y draw c o n c l u s i o n s f rom o t h e r 
a s s e r t i o n s . Procedures can make recommendat ions 
as t o w h i c h theorems shou ld be used i n t r y i n g 
to draw c o n c l u s i o n s f rom an a s s e r t i o n , and 
t h e y can recommend t h e o r d e r i n w h i c h t h e 
theorems shou ld be a p p l i e d . Goals can be 
c r e a t e d and a u t o m a t i c a l l y d i s m i s s e d when t h e y 
a re s a t i s f i e d . O b j e c t s can be found f r om 
schemat ic o r p a r t i a l d e s c r i p t i o n s . P r o p e r l y 
f o r m u l a t e d d e s c r i p t i o n s have t h e i r own 
i m p e r a t i v e uses f o r t h e l anguage . P r o v i s i o n 
i s made f o r t h e f a c t t h a t s t a t emen ts t h a t were 
once t r u e in a model may no l onge r be t r u e at 
some l a t e r t ime and t h a t consequences must be 
drawn f rom t h e f a c t t h a t t h e s t a t e o f t h e model 
has changed. A s s e r t i o n s and goa l s c r e a t e d 
w i t h i n a p rocedure can be d y n a m i c a l l y p r o t e c t e d 
a g a i n s t i n t e r f e r e n c e f rom o t h e r p r o c e d u r e s . 
Procedures w r i t t e n i n t h e language a r e e x t e n d a b l e 
in t h a t t hey can make use of new knowledge 
whether i t b e p r i m a r i l y d e c l a r a t i v e o r i m p e r a t i v e 
i n n a t u r e . The l o g i c a l d e d u c t i v e system used 
by PLANNER is s u b o r d i n a t e to t he h i e r a r c h i c a l 
c o n t r o l s t r u c t u r e o f t h e language . PLANNER has 
a s o p h i s t i c a t e d d e d u c t i v e system in o r d e r t o 
g i v e us g r e a t e r power over t h e d i r e c t i o n o f 
t h e c o m p u t a t i o n . I n s e v e r a l r e s p e c t s t h e 
d e d u c t i v e system i s more p o w e r f u l t h a n t h e 
q u a n t i f i c a t i o n a l c a l c u l u s o f o r d e r omega. Our 
c r i t e r i a f o r a n i d e a l d e d u c t i v e system c o n t r a s t 
w i t h t hose t h a t a r e used t o j u s t i f y r e s o l u t i o n 
based sys tems. Hav ing o n l y a s i n g l e r u l e o f 
i n f e r e n c e , r e s o l u t i o n p r o v i d e s a v e r y 
p a r s i m o n i o u s l o g i c a l sys tem. Workers who b u i l d 
r e s o l u t i o n systems hope t h a t t h e i r systems can 
be made e f f i c i e n t t h r o u g h a c u t e m a t h e m a t i c a l 
a n a l y s i s o f the s i m p l e s t r u c t u r e o f t h e i r 
d e d u c t i v e sys tem. We have t r i e d to d e s i g n a 
s o p h i s t i c a t e d d e d u c t i v e system t o g e t h e r w i t h 
a n e l a b o r a t e c o n t r o l s t r u c t u r e s o t h a t l e n g t h y 
compu ta t i ons can be c a r r i e d ou t w i t h o u t b l o w i n g 
up . O f course t h e c o n t r o l s t r u c t u r e can s t i l l 
be used when we l i m i t o u r s e l v e s to u s i n g r e s o 
l u t i o n a s t h e s o l e r u l e o f i n f e r e n c e . I n d e e d , 
R . B u r s t a l l has suggested t h a t we m igh t t r y to 
implement some o f t h e w e l l known r e s o l u t i o n 
s t r a t e g i e s i n PLANNER. Because o f i t s ext reme 
h i e r a r c h i c a l c o n t r o l and i t s a b i l i t y t o make use 
o f new i m p e r a t i v e as w e l l as d e c l a r a t i v e 
knowledge , i t i s f e a s i b l e t o c a r r y ou t v e r y l o n g 
c h a i n s o f i n f e r e n c e i n PLANNER. 



MATCHLESS 

MATCHLESS is a p a t t e r n d i r e c t e d programming 
language t h a t i s used i n t h e i m p l e m e n t a t i o n o f 
PLANNER. MATCHLESS i s used b o t h i n t h e i n t e r n a l 
w o r k i n g s o f PLANNER and as a t o o l in t h e 
d e d u c t i v e system i t s e l f . The most i m p o r t a n t 
f u n c t i o n i n MATCHLESS i s a s s i g n ? w h i c h matches 
i t s f i r s t argument w h i c h i s t r e a t e d a s a p a t t e r n 
t o i t s second a rgumen t . The r e a s o n why t h e 
ass ignment f u n c t i o n i n MATCHLESS i s c a l l e d 
a s s i g n ? w i l l b e e x p l a i n e d l a t e r when w e d i s c u s s 
f u n c t i o n s t h a t have v a l u e s . The p r e f i x 
o p e r a t o r $ _ i n d i c a t e s t h a t t h e v a r i a b l e w h i c h 
f o l l o w s i t i s t o b e a s s i g n e d a v a l u e . The 
v a r i o u s t y p e s f o r v a r i a b l e s and t h e i r a b b r e 
v i a t i o n s a r e ; p t r f o r p o i n t e r , atom f o r a t om, 
seg f o r segment , f i x f o r f i x e d p o i n t number, 
f l o a t f o r f l o a t i n g p o i n t number, and expr f o r 
s - e x p r e s s i o n . A segment v a r i a b l e i s a l w a y s 
a s s i g n e d t h e s m a l l e s t p o s s i b l e l e f t m o s t s e g 
ment . Below we g i v e some examples o f t h e 
v a l u e s o f p a t t e r n v a r i a b l e s a f t e r ass ignment 
s t a t e m e n t s have been e x e c u t e d . We use t h e 
c h a r a c t e r - t o d e l i m i t segments . The c h a r a c t e r s 
{ and } a r e used t o d e l i m i t f u n c t i o n c a l l s . 

{ p r o g ( ( a p t r ) ( h atom) ( c s e g ) ) 
{ a s s i g n ? ($_a k $_h $_c) ( ( 1 ) k b 1 a ) } } 
a g e t s t h e v a l u e (1 ) 
h g e t s t h e v a l u e b 
c g e t s t h e v a l u e - 1 a -

{ p r o g ( ( c seg) ( h atom) ( a p t r ) ) 
{ a s s i g n ? ($_c $_h k $_a) ( a l b k q ) ) ) 
c g e t s t h e v a l u e - a 1 -
h g e t s t h e v a l u e b 
a g e t s t h e v a l u e q 

{ p r o g ( ( f i r s t p t r ) ( m i d d l e seg) ( l a s t p t r ) ) 
{ a s s i g n ? ( $ _ f i r s t $ _ m i d d l e $ _ l a s t ) (1,2,3,4)}} 
f i r s t g e t s t h e v a l u e 1 
m i d d l e g e t s t h e v a l u e - 2 3 -
l a s t g e t s t h e v a l u e 4 

{ p r o g ( ( a p t r ) ( b p t r ) ) 
{ a s s i g n ? ($_^$_b) (d ) } } f a i l s because t h e r e 

i s o n l y one e lement i n ( d ) . 

{ p r o g ( ( a a t o m ) ) 
{ a s s i g n ? $_a ( 1 2 ) } } f a i l s because ( 1 2 ) 

i s n o t a n a tom. 

A n e x p r e s s i o n t h a t c o n s i s t s o f t h e p r e f i x 
o p e r a t o r $ $ f o l l o w e d b y a v a r i a b l e w i l l o n l y 
match a n o b j e c t e q u a l t o t h e v a l u e o f t h e 
v a r i a b l e . 

{ p r o g ( ( a s e g ) ) 
{ a s s i g n ? ($_a$$a) (1 ,2 ,3 ,1 ,2 ,3 ) } } 
a g e t s t h e v a l u e - 1 2 3 -

{ p r o g ( ( a seg) ( b s e g ) ) 
[ a s s i g n ? ($_a x $$a $ - b ) ( a b x d x a b x d q ) } } 
a g e t s t h e v a l u e -a b x d-
b g e t s t h e v a l u e - q -

A n e x p r e s s i o n t h a t c o n s i s t s o f t h e p r e f i x 
o p e r a t o r $ ? f o l l o w e d b y a v a r i a b l e w i l l match 
t h e v a l u e o f t h e v a r i a b l e i f i t has one , o t h e r 
w i s e t h e v a r i a b l e i s a s s i g n e d a v a l u e . We s h a l l 
use t h e pseudo atom NOVALUE to i n d i c a t e t h a t a 
v a r i a b l e does n o t have a v a l u e . 

{ p r o g ( ( a p t r ) ) 
{ a s s i g n ? $?a 3 } ] 
a g e t s t h e v a l u e 3 

{ p r o g ( ( ( a 5 ) p t r ) ) 
{ a s s i g n ? $?a 4 ) ) 
a i s i n i t i a l i z e d t o 5 on e n t r a n c e t o t h e 

p r o g . C o n s e q u e n t l y t h e ass ignmen t s t a t e m e n t 
f a i l s . 

{ p r o g ( ( a s e g ) ) 
{ a s s i g n ? ($_a,$?a) ( 1 2 3 2 1 ) } ) f a i l s 

because once a is a s s i g n e d a v a l u e , a can o n l y 
match a segment t h a t i s e q u a l t o t h e v a l u e o f 
a . I f a p a t t e r n i n a n ass ignment s t a temen t 
cannot match t h e v a l u e o f t h e second argument 
o f t h e ass ignmen t s t a t e m e n t t h e n t h e ass ignmen t 
s t a temen t r e t u r n s t h e v a l u e ( ) , o t h e r w i s e t h e 
v a l u e t . 

Examples o f p a t t e r n f u n c t i o n s a r e d i s j f o r 
d i s j u n c t i o n , neg f o r n e g a t i o n , c o n j f o r 
c o n j u n c t i o n , and s t a r f o r K l e e n e s t a r i n 
g e n e r a l r e g u l a r e x p r e s s i o n s . We use t h e 
c h a r a c t e r s < and > to d e l i m i t p a t t e r n 
e x p r e s s i o n s t h a t a r e t o b e i n t e r p r e t e d a s 
segments . 

[ p r o g ( ( a p t r ( b p t r ) ( c p t r ) ) 
{ a s s i g n ? ( a < c o n j $_a$ b>$_c) ( a ^ > J ) } } 
a g e t s t h e v a l u e -1 z -
b g e t s t h e v a l u e - 1 2 -
c g e t s t h e v a l u e - 3 -

{ p r o g ( ( x seg) ( c s e g ) ) 
{ a s s i g n ? ( $ _ x < d i s j ( 3 ) ( 2 ) > $ _ c ) ( a , 1 , 2 , 3 , } } 
x g e t s t h e v a l u e - a 1 -
c g e t s t h e v a l u e - 3 -

{ p r o g ( ( x p t r ) ) 
{ a s s i g n ? ( < s t a r a> $_x) (a a a a ) } ] 
x g e t s t h e v a l u e a 

P a t t e r n f u n c t i o n s d o n o t p roduce v a l u e s . I t 
does n o t make any sense to e v a l u a t e 
{ a s s i g n ? < d i s j ( 3 ) (2 ) > ( 2 ) } s i n c e a segment 
l i k e < d s j ( 3 ) ( 2 ) > i s never a l l o w e d t o s t a n d 
a l o n e . The re i s a l i b r a r y o f p a t t e r n f u n c t i o n s 
a l r e a d y d e f i n e d i n t h e l a n g u a g e . For example 
" i s q u o t e . Thus { " s s a ] w i l l o n l y match $$a . 
a p a l i n d r o m e i s d e f i n e d t o b e a l i s t t h a t r eads 
t h e same backwards and f o r w a r d s . Thus 
(a (b ) (b ) a ) , ( ) , and ( ( a b) (a b ) ) a r e 
p a l i n d r o m e s . More f o r m a l l y in MATCHLESS, a 
p a l i n d r o m e can be d e f i n e d as a p a t t e r n f u n c t i o n 
o f no a r g u m e n t s : 
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(def palindrome 
(kappa ( ( ) ) 

{ d i s j 
0 
{block ( (x p t r ) ) ($_x<palindrome>$$x)}])) 

The form kappa is l i k e the lambda of LISP except 
tha t i t is used in pa t te rn func t ions . The above 
d e f i n i t i o n reads "a palindrome is a l i s t such 
tha t i t is ( ) or i t is a l i s t which begins and 
ends w i t h x w i t h a palindrome in between." The 
pa t t e rn func t i on block causes the va r iab le x 
to rebound to the pseudo-atom NOVALUE every 
time that palindrome is c a l l e d . The func t ion 
reverse is def ined to be such that {assign? 
{reverse $$x} $$y} is t rue only i f the value of 
x is the reverse of the value of y. The 
d e f i n i t i o n o f reverse i s 

(def reverse 
(kappa ( ( ( x p t r ) ) ) 

(fatomicJ$$x) 
(UJ 
{block ( ( f i r s t - o f - x p t r ) ( r e s t - o f - x seg)) 

{assign? ( $ _ f i r s t - o f - x $ res t -o f - x )$$x } 
( r e v e r s e ( $ $ r e s t - o f - x ) > $ $ f i r s t - o f - x ) ] ) } ) ) 

The above d e f i n i t i o n says that an expression y is 
the reverse of x if whenever y is an atom then it 
is equal to x, otherwise l e t f i r s t - o f - x by the 
f i r s t member of x and r e s t - o f - x be the rest of 
x and the pa t te rn (<reverse ($$res t -o f -x ) > 
$ $ f i r s t - o f - x ) must match y. Essen t ia l l y a l l the 
ideas for the pa t te rn funct ions come from Post 
product ions, general regular expressions, 
CONVERT, and LISP. 

PLANNER 

Now that we have described MATCHLESS, we are 
in a p o s i t i o n to begin a de ta i led desc r ip t i on of 
PLANNER. Consider a statement that w i l l match 
the pa t te rn ( impl ies $ a $_b). The statement has 
several imperat ive uses. 
x l : If we can deduce $$a, then we can deduce $$b. 

In PLANNER the statement xl would be expressed as 
(antecedent(O) $$a {assert $$b}) which means 
that $$a Is declared to be the antecedent of a 
theorem such that if $$a is ever asserted in such 
a way as to a l low the theorem to become ac t iva ted 
then $$b w i l l be asserted. 
x2 : If we want to deduce $$b, then es tab l i sh 

a subgoal to f i r s t deduce $$a. 
In PLANNER the statement x2 would be expressed as 
(consequent ( ( ) ) $$b { thprog () (goal $$a} 
{assert -consequent}} ) which means that $$b is 
declared to be the consequent of a theorem such 
that if the subgoal $$a can be establ ished using 
any theorem then the consequent $$b w i l l be 
asser ted. We obta in two more PLANNER statements 
analogous to the above by consider ing the 
con t rapos i t i ve of ( impl ies $$a $$b) which is 
( imp l ies (not $$b) (not $$a)) . 

The fo l l ow ing three forms are the ones 
which are present ly defined in the language fo r 
s a t i s f y i n g requests made in the body of 
procedures: 

(consequent $_declarat ion $_consequent 
$_expression) declares that $$consequent is 
the consequent of the theorem. The theorem can 
be used to t r y to es tab l i sh goals that match the 
pat te rn $$consequent. Whether or not the 
theorem w i l l ac tua l l y succeed In es tab l i sh ing 
the goal depends on $$expression. However, no 
theorem can be ac t iva ted fo r a goal which is 
already cu r ren t l y ac t iva ted for that goa l . The 
only way that a theorem that begins w i t h the 
atom consequent can be ca l led is by the func t ion 
goa l . 

(antecedent $_declarat ion $ antecedent 
$_expression) declares that $$antecedent is the 
antecedent of the theorem. The theorem can be 
used to t r y to deduce consequences from the fac t 
that a statement that matches $$antecedent has 
been asserted. The only way that a theorem 
that begins w i th the atom antecedent can be 
ca l led is by the funct ions assert and conclude-
f rom. 

(erasing $_declarat ion $_statement $_expres-
sion) can be used to t r y to deduce consequences 
from the fact that a statement that matches 
$$statement has been erased. The only way that 
a theorem that begins w i th the atom erasing can 
be ca l led is by the func t ion erase. 

Some of the funct ions in PLANNER are l i s t e d 
below together w i th b r i e f explanations of t h e i r 
f unc t i on . Examples of t h e i r use w i l l be given 
immediately a f t e r the d e f i n i t i o n of the p r i m i t 
ives below. The p r i m i t i v e s probably cannot be 
understood wi thout t r y i n g to understand the 
examples since the language is h igh ly recurs ive . 
In general PLANNER w i l l t r y to remember every
th ing that I t is doing on a l l l eve ls unless there 
is some reason to forget some part of t h i s 
i n fo rmat ion . In the Implementation of the 
language specia l measures must be taken to 
ensure that va r iab les receive t h e i r cor rect 
b ind ings . The most e f f i c i e n t way to implement 
the language is to put po in ters on the stack 
back to the place where the cor rect bindings are . 
Value c e l l s do not provide an e f f i c i e n t means 
of Implementing the language. The defau l t 
response of the language when a simple f a i l u r e 
occurs is to back t rack to the l as t decis ion 
that i t made and t r y to f i x i t up. 

{ { " thva l }$_express ion $_bindlngs $state} 
w i l l evaluate the value of $$expression w i th 
bindings which are the v a l u j of $$bindings and 
l o c a l s ta te which Is the va'ue of $$state. At 
any given time PLANNER expressions are being 
evaluated in a l o c a l s t a t e . This l oca l s tate 
determines what changes have been made to the 
data base i . e . , what erasures and assert ions 
have been made. 
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{ { " s t a t e } } re turns as i t s value the current 
l o c a l s t a t e . 

{ { " update} $_state} w i l l update the data 
base according to the s ta te which is the value 
of $$s ta te . 

{ { " asser t } $_statement {recommendation}) 

where 

(def recommendation (kappa ( ( ) ) 
( d i s j 

0 
? 
(or <star {recommendation}>) 
(and <star {recommendation}>) 
(subset <star{recommendation}>) 
(sequence <star (recommendation}>)})) 

If the statement $$statement has already been 
asserted then the f unc t i on assert acts as the 
n u l l i n s t r u c t i o n . Otherwise, the f unc t i on 
assert causes the statement $$statement to be 
asserted w i t h a recommendation as to how to t r y 
to draw some conclusions from the fac t that 
$$statement has been asser ted . The () recom
mendation means tha t we should take no a c t i o n . 
The recommendation ? excludes no theorem from 
cons idera t ion in t r y i n g to deduce consequences 
from the value of $$statement. The d i s j u n c t i o n 
of a l i s t of recommendations requi res tha t each 
recommendation be t r i e d in t u rn u n t i l one works. 
The con junc t ion of a l i s t of recommendations 
requ i res that they a l l work in the order in which 
they appear in the con juc t i on . In a sequence of 
recommendations, PLANNER w i l l t r y each recom
mendation in t u rn regardless of whether any 
given one succeeds or no t . The subset of a l i s t 
o f recommendations t r y s a l l the s u b l i s t s o f the 
l i s t i n a l l poss ib le o rders . I f the recom
mendation of an asser t ion statement f a i l s or 
i f a lower l e v e l f a i l u r e backs up to the asser
t i o n then the asser t ion that $$statement holds 
i s withdrawn. 

{ { " conclude-from} $_statement 
{recommendation}) w i l l cause PLANNER to t r y to 
draw conclusions from the statement $$statement 
using the recommendation. 

{ { " assert-consequent} {recommendation}) 
causes the consequent in which the func t i on 
assert-consequent appears to be asser ted. The 
func t i on should be used only in theorems tha t 
begin w i t h the atom consequent. A f t e r the 
f unc t i on assert-consequent has been evaluated, 
execut ion w i l l cease in the theorem in which the 
f unc t i on appears. 

{ { " permanent-assert} $_statement 
{recommendation}) i s l i k e the f unc t i on assert 
except tha t $$statement continues to hold even 
i f a f a i l u r e backs up to the c a l l to permanent-
asse r t . 

{ { " temporary-assert} $_statement 
{recommendation}) is l i k e assert except that 
$$statement w i l l be withdrawn i f every th ing 
works ou t . In other words, $$statement is a 
temporary r e s u l t that w i l l go away a f t e r we 
solve our cur rent problem. 

{ { " erase} $_statement {recommendation} ) 
I f there is a statment tha t matches $$statement, 
then i t is erased and then the recommendation is 
fo l l owed . Otherwise, the func t i on erase gen
erates a simple f a i l u r e . I f a simple f a i l u r e 
backs up to the func t i on erase, then the s t a t e 
ment tha t was o r i g i n a l l y erased is restored 
and the whole process repeats w i t h another 
statement that has been proved. The func t i on 
erase is a p a r t i a l l e f t inverse of the f unc t i on 
asser t . 

{ { " proved?} $_statement} t es t s to see i f a 
statement tha t matches $$statement has already 
been asser ted. I f there is such a statement, 
then the va r iab les in the pa t te rn $$statement 
are bound to the appropr ia te va lues. I f there 
Is no such statement, then a simple f a i l u r e is 
generated. If a simple f a i l u r e backs up to the 
func t ion proved?, then the var iab les that were 
bound to the elements of the statement tha t was 
found f i r s t are unbound and the whole process 
repeats w i th another statement that has been 
proved. PLANNER is designed so that the time it 
takes to determine whether a statement tha t 
matches $$statement is in the data base or not is 
e s s e n t i a l l y independent of the number of i r r e l 
evant statements that have already been asser ted. 
When an s-expression is asserted PLANNER rememb
ers the p o s i t i o n of every atom that occurs in 
the s-express ion. Two expressions are s i m i l a r 
on r e t r i e v a l only to the extent tha t they have 
the same atoms in the same p o s i t i o n . If 
MATCHLESS had an e f f i c i e n t p a r a l l e l processing 
c a p a b i l i t y then the r e t r i e v a l could be even 
fas te r since we would do the look-ups on atoms 
by p o s i t i o n in p a r a l l e l . 

{ { " proven}$__pattern} w i l l r e tu rn as value 
a l i s t whose f i r s t element is the number of 
remaining elements in the l i s t and such that the 
remaining elements of the l i s t are statements 
tha t have been asserted and match the pa t te rn 
$$pat tern . 

{ { " for -proved} $_declarat ion $__pattern 
$__body) where body is of type seg w i l l attempt 
to excecute $$body once f o r every proved s t a t e 
ment tha t matches the pa t te rn $pa t te rn . 

{ { " proveable} $_pattern { g o a l -
recommendation}} w i l l r e tu rn as i t s value a l i s t 
whose f i r s t element is the number of remaining 
elements in the l i s t and such tha t the remaining 
elements of the l i s t are the proveable statements 
that match the pa t te rn $$pattern and can be 
proved using the recommendation. Note tha t i f 
there are an i n f i n i t e number of proveable s t a t e 
ments tha t match the pa t te rn $$pattern then the 
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f unc t i on proveable w i l l not converge. 

{ { " goal} $_statement (goal-recommendation}} 
where 

(def goal-recommendation (kappa ( ( ) ) 
{b lock ( ( theoreml is t seg)) 

( d i s j 
( f i r s t $_theoremlist) 
(only $_ theoreml is t ) } } ) ) 

A goal-recommendation of ( f i r s t $_theoremlist) 
means that the theorems on $$theoremlist are the 
f i r s t to be used to t r y to achieve the goal which 
is the value of $$statement. On the other hand 
a goal recommendation of (only $_theoremlist) 
means that the theorems on $$theoremlist in the 
order given are the only ones to be used to t r y 
to achieve the goa l . The f i r s t th ing that the 
func t i on goal does is to evaluate {proved? 
$$statement}. If the evaluat ion produces a 
f a i l u r e then the goal recommendation is fol lowed 
to t r y to f i n d a theorem that can es tab l i sh 
$$statement. 

{ { " goals} $_pattern} returns as i t s value 
a l i s t of the cu r ren t l y ac t i ve goals. 

{ { " g e n f a i l } ) causes a simple f a i l u r e to be 
reported above. 

{ { " g e n f a i l } $_message) causes a f a i l u r e 
to be reported above w i th the message the value 
of $$message. 

{ { " f a i l ? } $__expr $_fa i lc lauses} where 
f a i l c l auses is of type seg evaluates $$expr. 
If the eva luat ion does not produce a f a i l u r e , 
then the value of $$expr is the value of the 
func t i on f a i l ? . I f the message of the f a i l u r e 
matches the f i r s t element of a clause then the 
res t of the elements of the clause are evaluated. 
Otherwise, the f a i l u r e continues to propagate 
upward. 

{ { " f a i l t o } $_tag} causes f a i l u r e to the 
tag $$tag which must prev ious ly have been passed 
over. 

{ { M b l k f a i l } } causes the current block to 
f a i l . 

{ { " t h f a i l } } causes the current theorem to 
f a i l . 

{ { " end}} causes the current theorem to 
cease execut ion. 

{ { " goal-end}} causes execution to cease 
on the current theorem and the current goal to be 
dismissed wi thout being asserted. 

{ { " f i n a l i z e - f r o m } $_tag} causes a l l act ions 
that have been taken since the l as t time that the 
tag $$tag was passed over to be f i n a l i z e d . 
F i n a l i ze statements are mainly used to save 
storage. The next statement to be executed is 

the one immediately a f t e r the c a l l to f i n a l i z e -
from. 

{ { " t h f i n a l i z e } } causes a l l ac t ions that 
have been taken in the current theorem to be 
f i n a l i z e d . 

{ { " b l k f i n a l i z e } } causes a l l ac t ions that 
have been taken in the current b lock to be 
f i n a l i z e d . 

{ { " de f th } $_theorem-name $__theorem} 
def ines $$theorem-name to be the name of the 
theorem $$theorem. 

{ { " thcond} $__clauselist } where c l a u s e l i s t 
i f of type seg is l i k e the LISP func t ion cond 
except that i t t r ea ts a simple f a i l u r e in the 
f i r s t element of a clause l i k e a ( ) . 

{ { " thprog} $_va r i ab le l i s t $__progbody} 
where progbody is of type seg is l i k e the LISP 
funct ion prog except that i t can handle the 
mechanism of f a i l u r e . 

{ { " thand} $__conjuncts} where conjucts is 
of type seg is l i k e the LISP func t ion and. 

{ { " thor } $_dis juncts} where d is junc ts is 
of type seg is l i k e the LISP func t ion o r . 

{ { " th rp laca} $_a $_b} is l i k e the LISP 
func t ion rp laca except tha t the o ld value of 
$$a is remembered so that it can be restored 
In case of f a i l u r e . 

Suppose that we know that (subset a b ) , 
(subset a d ) , (subset b c ) , and ( f o r - a l l (x y z) 
( impl ies (and (subset x y) (subset y z) ) (subset 
x z ) ) ) are t r u e . How can we get PLANNER to 
prove that (subset a c) holds? We would give 
the system the fo l l ow ing theorems. 

(subset a b) 
(subset a d) 
(subset b c) 
(def th backward 
(consequent ( ( ( x p t r ) (z p t r ) ) ) 
(subset $?x $?z) 
{ thprog ( (y p t r ) ) 

{goal (subset $?x $?y) ( f i r s t backward)} 
{goal (subset $$y $?z) (only backward)} 
{aaser t -consequent} } ) ) 

Now we ask PLANNER to evaluate {goal (subset a c)} 
then i t looks fo r a theorem that i t can ac t i va te 
to work on the goa l . It f i nds backward and binds 
x to a and z to c. Then it makes (subset a $?y) 
a subgoal w i th the recommendation that backward 
should be used f i r s t to t r y to achieve the sub-
goa l . The system not ices that y might be d, so 
it binds y to d. Next (subset d c) is made a 
subgoal w i t h the recommendation that only back
ward be used to t r y to achieve i t . Thus back
ward is ca l l ed r e c u r s i v e l y , x is bound to d, and 
z is bound to c. The subgoal (subset d $?y) Is 
establ ished causing backward to again be ca l led 
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r e c u r s i v e l y w i t h x bound to d and z determined 
to be the same as what the o ld value of y ever 
turns out to be. But now the system f i nds tha t 
i t is in t roub le because the new subgoal 
(subset d $?y) is the same as a subgoal on 
which i t i s already work ing. So i t decides 
tha t i t was a mistake to t r y to prove (subset 
d c) in the f i r s t p lace. Thus y is bound to 
b instead of d. Now the system sets up the 
subgoal (subset b c) which is estab l ished 
immediately. We use the above example only 
to show how the ru les of the language work 
in a t r i v i a l case. I f we were ser ious ly 
in te res ted in prov ing theorems in PLANNER 
about the l a t t i c e of se ts , then we would 
construct a f i n i t e l a t t i c e as a model and 
use i t to guide us in f i n d i n g the proof . 

Suppose we give PLANNER the f o l l o w i n g 
theorems in a d d i t i o n to backward: 
(subset d b) 
(subset a b) 
(de f th forward 
(antecedent 

( ( ( y P t r ) ( z p t r ) ) ) 
subset $_y $_z) 
thprog ( ( x p t r ) ) 

{goal (subset $?x $$y)} 
{asser t (subset $$x $$z) (or forward ? ) } ) ) ) 

Now if PLANNER is asked to evaluate {assert 
(subset b e ) ? } , i t w i l l look around fo r a 
theorem which w i l l enable i t to deduce conse
quences of (subset b c ) . The system w i l l b ind 
y to b and z to c in forward, and then generate 
the subgoal (subset $?x b ) . The subgoal (subset 
a b ) is eas i l y es tab l i shed . Thus we assert 
(subset a c) as a fac t and are unable to deduce 
any consequences from (subset a c ) . 

Theorems in PLANNER can be proved in much 
the same way used fo r o rd inary theorems. 
For example suppose tha t we has the f o l l o w i n g 
two theorems: 
(de f th th4 (consequent 

( ( ( a p t r ) ( c p t r ) ) ) 
subset $?a $?c) 
thprog () 

{ thprog ( ( ( x { a r b i t r a r y } ) p t r ) ) 
{hypo the t i ca l (element $$x $?a) 

(element $$x $?c) } } 
{assert-consequent ? } } ) ) 

On entrance to the inner thprog the v a r i a b l e x 
w i l l be bound to a f r e s h l y created symbol. The 
func t i on hypo the t i ca l w i l l v e r i f y tha t (element 
$$x $?c) can be proved from (element $$x $?a). 
The above theorem is the cons t ruc t i ve analogue 
o f ( f o r - a l l (a c ) ( imp l ies ( f o r - a l l (x) ( imp l ies 
(element x a) (element x c ) ) ) (subset a c ) ) ) . 
(de f th th3 (consequent ( ( ( x p t r ) (s p t r ) ) ) 

element $?x $?s) 
thprog ( ( r p t r ) ) 

fgoa l (element $?x $ ? r j } 
{goal (subset $?r $?s)J 
{assert-consequent ? } } ) ) 

The above theorem is the cons t ruc t i ve analogue 
fo r ( f o r - a l l ( x s ) { imp l i es ( t he re -ex i s t ( r ) 
(and (element x r) (subset r s ) ) ) (element x s ) ) ) . 
From the above two theorems we can now prove the 

f o l l ow ing theorem: 
(consequent ( ( ( a p t r ) (c p t r ) ) ) 

subset $?a $?c) 
thprog ( (b p t r ) ) 

goal (subset $?a $?b)) 
goal (subset $$b $?c)J 

{assert-consequent ?} } ) 
The above theorem is the cons t ruc t i ve analogue 
f o r ( f o r - a l l (a b c) ( imp l ies (and (subset a b) 
(subset b e ) ) (subset a c ) ) . One way in which 
the theorem can be establ ished is by showing 
tha t the eva luat ion of the f o l l ow ing expression 
w i l l not r e s u l t i n a f a i l u r e : 
{ thprog 

( ( ( a { a r b i t r a r y } ) p t r ) 
( (b { a r b i t r a r y ] ) p t r ) 
( ( c { a r b i t r a r y } ) p t r ) 

assert (subset $$a $$b)} 
assert (subset $$b $$c)} 

{goal (subset $$a $$c)}J 
The above example shows how it is sometimes 
convenient fo r PLANNER to regard the statement 
of a theorem simply as an abbrev ia t ion fo r the 
proof of the theorem. We would l i k e to be able 
to prove PLANNER theorems w i t h loops in them. 
In order to do t h i s i t is necessary to know 
the i n ten t i ons of the i n t e r n a l s t ruc tu re of the 
theorem. 
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Conclusion Acknowledgements 

The most na tu ra l way to do a proof by 
c o n t r a d i c t i o n . Another type of problem that 
PLANNER w i l l not solve very n a t u r a l l y is to 
nonconst ruc t ive ly show that there is some 
ob ject x such that (p x) is t r u e . We sha l l 
c a l l the l o g i s t i c system based purely on the 
p r i m i t i v e s of PLANNER "robot l o g i c " . Robot 
l og i c is a k ind of hybr id between the c l a s s i c a l 
l og ics such as the q u a n t i f i c a t i o n a l calculus 
and i n t u i t i o n i s m , and the recurs ive funct ions 
as represented by the lambda calculus and Post 
product ions. The semantical d e f i n i t i o n of 
t r u t h in robot log ic complicated by the 
existence of the p r i m i t i v e erase. There are 
i n t e r e s t i n g p a r a l l e l s between theorem proving 
and a lgebra ic manipulat ion. The two f i e l d s 
face s im i la r problems on the issues of 
s i m p l i f i c a t i o n , equivalence of expressions, 
in termediate expression bulge, and man-machine 
i n t e r a c t i o n . In any p a r t i c u l a r case, the 
theorems need not a l low PLANNER to lapse in to 
i t s de fau l t cond i t ions . I t w i l l sometimes 
happen tha t the h e u r i s t i c s for a problem are 
very good and that the proof proceeds smoothly 
u n t i l almost the very end. At the point the 
program gets stuck and lapses in to de fau l t 
cond i t ions to t r y to push through the proof. 
On the other hand the program might grope for a 
wh i le t r y i n g to get s tar ted and then la tch 
onto a theorem that knows how to po l i sh o f f the 
problem in a lengthy but foo lproof computation. 
PLANNER is designed for use where one has great 
number of i n t e r r e l a t e d procedures (theorems) 
tha t might be of use in so lv ing some problem 
along w i t h a general plan for the so lu t ion of 
the problem. The language helps to select 
procedures to r e f i n e the plan and to sequence 
through these procedures in a f l e x i b l e way in 
case everyth ing doesn f t go exact ly according to 
p lan . The fac t that PLANNER is phrased in the 
form of a language forces us to th ink more 
sys temat ica l l y about the p r im i t i ves needed for 
problem so lv ing . We do not be l ieve tha t 
computers w i l l be able to prove deep mathe
mat ica l theorems wi thout the use of a 
h i e r a r c h i c a l con t ro l s t ruc tu re . Nor do we 
be l ieve tha t computers can solve d i f f i c u l t 
problems where t h e i r domain dependent knowledge 
i s l im i t ed t o f i n i t e - s t a t e d i f fe rence tables 
of connections between goals and methods. 

The preceeding is a report on some of the 
work that I have done as a graduate student 
at Project MAC. Reproduction in f u l l or in 
part is permit ted fo r any purpose of the 
United States government. We would l i k e to 
thank the var ious system "hackers" tha t have 
made t h i s work poss ib le : D. East lake, R. 
Greenblat t , J. Holloway, T. Kn igh t , G. M i t c h e l l , 
S. Nelson, and J. White. We had several 
usefu l discussions w i t h H. V. Mcintosh and A. 
Guzman on the subject of pa t te rn matching. 
S. Papert and T. Winograd made suggestions fo r 
improving the presentat ion of the mate r ia l in 
t h i s paper. 
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