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i s then p o s s i b l e 
i n o r d e r t o s o l v e 
s t u d y i n g n a t u r a l 

1 . I n t r o d u c t i o n 

The work d e s c r i b e d in t h i s paper addresses 
the q u e s t i o n o f how i t i s p o s s i b l e t o ge t a 
f o r m a l r e p r e s e n t a t i o n of a problem f rom an 
E n g l i s h s t a t e m e n t , and how i t 
t o use t h i s r e p r e s e n t a t i o n 
the p r o b l e m . Our purpose in 
language u n d e r s t a n d i n g i n c o n j u n c t i o n w i t h 
p rob lem s o l v i n g i s t o b r i n g t o g e t h e r the 
c o n s t r a i n t s o f what f o r m a l r e p r e s e n t a t i o n can 
a c t u a l l y be o b t a i n e d w i t h the q u e s t i o n o f what 
knowledge i s r e q u i r e d i n o r d e r t o s o l v e a wide 
range o f prob lems i n a s e m a n t i c a l l y r i c h 
doma in . We b e l i e v e t h a t these i s sues cannot 
s e n s i b l y b e t a c k l e d i n i s o l a t i o n . I n p r a c t i c a l 
te rms we have had the b e n e f i t s of an i n c r e a s e d 
awareness of common problems in b o t h areas and 
a r e a l i s a t i o n t h a t some of our t echn iques a re 
a p p l i c a b l e t o b o t h the c o n t r o l o f i n f e r e n c e and 
the c o n t r o l o f p a r s i n g . 

E a r l y work on s o l v i n g ma thema t i ca l prob lems 
s t a t e d in n a t u r a l language was done by Bobrow 
(STUDENT - ( i ] ) and C h a m i a k (CARPS - [ 5 ] ) . 
However the r u d i m e n t a r y p a r s i n g and s imp le 
semant ic s t r u c t u r e s used by Bobrow and Charn iak 
a re i nadequa te f o r any b u t the e a s i e s t 
p r o b l e m s . Our i n t e n t i o n has been to b u i l d on 

advances i n n a t u r a l language p r o c e s s i n g (eg 
[ 1 8 ] ) i n o r d e r t o s t udy p a r s i n g and problem 
s o l v i n g in a domain wh ich r e q u i r e s 
s o p h i s t i c a t e d knowledge about the w o r l d . The 
domain we have been wo rk i ng in is t h a t o f 
mechanics p r o b l e m s , wh ich d e a l w i t h i d e a l i s e d 
o b j e c t s such a s smooth p l a n e s , l i g h t 
i n e x t e n s i b l e s t r i n g s , f r i c t i o n l e s s p u l l e y s e t c . 
The i d e a l i s e d n a t u r e o f t h i s domain made i t 
f e a s i b l e t o c o n s i d e r b u i l d i n g a n e x p e r t 
i n f e r e n t i a l system which would be a b l e to cope 
w i t h a wide range of p r o b l e m s . To d a t e , our 
program has t a c k l e d problems i n the a reas o f : 
p u l l e y p r o b l e m s , s t a t i c s p r o b l e m s , m o t i o n o n 
smooth complex pa ths and m o t i o n under c o n s t a n t 
a c c e l e r a t i o n . Our i n t e n t i o n i s t o c o n t i n u e 
expand ing t h i s i n o r d e r t o f o r c e g e n e r a l i t y 
i n t o our s o l u t i o n s . I n r e c e n t yea rs a l o t o f 
s i m i l a r work has been i n p rog ress on 

such as o u r s . (eg [ 1 3 ] , 
We have been concerned to 

adopt methods deve loped by these worke rs i n t o 
Mecho, and to s o l v e mechanics prob lems t a c k l e d 
by them. 

P h y s i c s - t y p e domains 
[ 7 ] , [ 1 5 ] , [11 ] ) . 

T h i s work was suppor ted by SRC g r a n t number 
B/RG 94493 and an SRC r e s e a r c h s t u d e n t s h i p f o r 
C h r i s M e l l i s h . 

2 . D e s c r i p t i o n o f t he Program 

The b l o c k d iag ram ( f i g 1 ) g i v e s a v e r y 
g e n e r a l o v e r v i e w o f t he s t r u c t u r e o f the MECHO 
p rog ram. Each b l o c k r e p r e s e n t s a c l o s e l y 
r e l a t e d c o l l e c t i o n o f P r o l o g c l a u s e s 
( p r o c e d u r e s ) , t he ar rows between b l o c k s 
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i n d i c a t e i n v o c a t i o n / c o m m u n i c a t i o n l i n k s . (For 
p r a c t i c a l reasons MECHO i s s p l i t i n t o t h r e e 
s e p a r a t e modu les , bu t t h i s i s i r r e l e v a n t t o the 
o v e r a l l s t r u c t u r e ) . The accompanying d iagram 
( f i g 2 ) t r i e s t o c a p t u r e the changes i n 
r e p r e s e n t a t i o n and the v a r i o u s types o f 
knowledge r e q u i r e d d u r i n g the e x e c u t i o n o f the 
p r o g r a m . The f o l l o w i n g d i s c u s s i o n w i l l 
e l a b o r a t e on t h e s e . 

I n p u t t o the program i s i n 
E n g l i s h t e x t . An example taken 
o f p u l l e y prob lems would b e : 

the form of 
f rom the area 

"Two p a r t i c l e s of mass b and c a re 
connected by a l i g h t s t r i n g pass ing 
over a smooth p u l l e y . F ind the 
a c c e l e r a t i o n o f the p a r t i c l e o f 
mass b . " 

(Taken f rom [ 1 0 ] ) 
(1 ) 

The purpose o f the n a t u r a l language module i s 
to produce a se t o f p r e d i c a t e c a l c u l u s 
a s s e r t i o n s wh ich w i l l enab le t he problem s o l v e r 
t o s o l v e the p r o b l e m . Th i s o b j e c t i v e o f 
p r o d u c i n g a symbo l i c r e p r e s e n t a t i o n o f the 
' m e a n i n g ' o f the problem s ta tement has been 
used by us as a v e h i c l e f o r e x p l o r i n g 
s y n t a x - s e m a n t i c s i n t e r a c t i o n . The s y n t a c t i c 
p a r s e r c a l l s semant ic r o u t i n e s as soon as 
p o s s i b l e i n o r d e r t o i n t e r p r e t f ragments o f 
t e x t and q u i c k l y r e j e c t i n a p p r o p r i a t e s y n t a c t i c 
c h o i c e s . The work o f t he syn tax r o u t i n e s 
d i v i d e s i n t o c l ause syn tax and phrase s y n t a x . 

The purpose o f s y n t a c t i c a n a l y s i s a t the 
c l a u s e l e v e l i s t o e s t a b l i s h c l ause bounda r i es 
a n d , w i t h i n each c l a u s e , t o p repare the ground 
f o r t he semant ic a n a l y s i s o f the main v e r b . 
Clause a n a l y s i s thus i n v o l v e s i d e n t i f y i n g the 
s t a r t o f new p h r a s e s , a s s i g n i n g s y n t a c t i c r o l e s 
to the phrases and p e r f o r m i n g phrase a n a l y s i s 
t o i n t e r p r e t the i n t e r n a l s t r u c t u r e o f the 
p h r a s e s . The i n t e r n a l phrase a n a l y s i s 
t y p i c a l l y r e t u r n s s i m p l y a r e f e r e n t (and some 
t y p i n g i n f o r m a t i o n ) t o the h i g h e r l e v e l s . Th i s 
means t h a t p r e l i m i n a r y r e f e r e n c e e v a l u a t i o n i s 
c a r r i e d ou t l o c a l l y , w i t h the i n f o r m a t i o n 
conveyed by a phrase b e i n g cap tu red in 
a s s e r t i o n s produced a s ' s i d e e f f e c t s ' b y 
semant ic r o u t i n e s c a l l e d d u r i n g t he a n a l y s i s . 
These semant ic r o u t i n e s a re r e s p o n s i b l e f o r 
i n t e r p r e t i n g what i t means f o r a g i v e n o b j e c t 
to have a c e r t a i n p r o p e r t y , and indeed f o r 
c h e c k i n g whether o r no t i t can have the 
p r o p e r t y . Domain s p e c i f i c i n f o r m a t i o n 
c o n c e r n i n g t y p i n g , i d e a l i s a t i o n and 
o b j e c t - p r o p e r t y p o s s i b i l i t i e s i s used t o answer 
these q u e s t i o n s . F a i l u r e o f t he semant i cs 

i n d i c a t e s t h a t the parse i s i n v a l i d . The 
f o l l o w i n g ( s i m p l e ) example shows the k i n d o f 

m e t a - l e v e l s t r u c t u r e s used i n t h i s p r o c e s s . 

m e a n i n g ( l i g h t , O b j e c t , m a s s ( O b j e c t , z e r o ) ) . 

t y p e _ c o n s t r a i n t ( l i g h t , p h y s o b j ) . 

The meaning p r e d i c a t e s t a t e s t h a t the meaning 
o f a p p l y i n g the p r o p e r t y l i g h t t o a n o b j e c t , i s 
t h a t t he o b j e c t has a mass of z e r o . 
t ype__cons t ra in t a s s e r t s t h a t b e i n g a p h y s i c a l 
o b j e c t i s a necessary c o n d i t i o n t o hav i ng the 
p r o p e r t y l i g h t . 

I t i s i n t e r e s t i n g t o no te t h a t the 
d e c l a r a t i v e a s s e r t i o n s wh ich g i v e the meaning 
of a phrase can be s p e c i f i e d i n d e p e n d e n t l y of 
how t h e y w i l l b e used . M e t a - l e v e l i n f o r m a t i o n 
c o n c e r n i n g the s t a t e o f t he a n a l y s i s i s used t o 
de te rm ine whether they a r e used to add new 
i n f o r m a t i o n o r t o t e s t neccessary c o n s t r a i n t s 
o n p r e v i o u s i n f o r m a t i o n . ( T h i s i s b a s i c a l l y 
the ' g i v e n ' / ' n e w ' d i s t i n c t i o n d i scussed i n 
[ 8 ] ) . 

One o f the aspec ts o f n a t u r a l language 
u n d e r s t a n d i n g t h a t has i n t e r e s t e d us e s p e c i a l l y 
i s the way i n wh ich c r i t e r i a o f semant ic 
w e l l - f o r m e d n e s s can be used to r e s o l v e cases o f 
a m b i g u i t y i n r e f e r e n c e e v a l u a t i o n . Our program 
i n c o r p o r a t e s a f u l l d e d u c t i v e mechanism, as 
opposed to semant ic m a r k e r s , to c a p t u r e the 
g l o b a l semant ic c o n s t r a i n t s t h a t a r i s e d u r i n g 
the i n t e r p r e t a t i o n . Reference e v a l u a t i o n 
proceeds c o n t i n u o u s l y d u r i n g the combined 
s y n t a c t i c and semant ic a n a l y s i s w i t h semant ic 
i n f o r m a t i o n b e i n g used t o f i l t e r s e t s o f 
p o s s i b l e c a n d i d a t e s f o r r e f e r e n t s . The method 
used to a c h i e v e t h i s i n a g e n e r a l way i s 
b a s i c a l l y t h a t o f Wal tz f i l t e r i n g [ 1 6 ] . A s can 
be seen , t he r e f e r e n t r e t u r n e d by the phrase 
syn tax i s l i k e l y t o b e i n c o m p l e t e l y s p e c i f i e d 
and f o r t h i s reason a l l i n t e r a c t i o n between the 
semant i cs and the d a t a - b a s e is handled by an 
i n t e r m e d i a t e d a t a - b a s e h a n d l e r wh ich implements 

The n o t a t i o n used h e r e , and in f o l l o w i n g 
examples , f o l l o w s the P r o l o g c o n v e n t i o n t h a t 
names s t a r t i n g w i t h an upper case l e t t e r a re 
l o g i c a l v a r i a b l e s wh ich a re p u r e l y l o c a l t o the 
s t r u c t u r e ( P r o l o g c l a u s e ) . Atoms, wh ich a re i n 
lower c a s e , and compound terms a l l s tand f o r 
t h e m s e l v e s . Rules a re o f t he form 
'P <— Q & R' meaning ' i f Q and R then P ' . 
Most examples have undergone s l i g h t cosme t i c 
a l t e r a t i o n . 
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t he i n f e r e n c e system and r e f e r e n c e f i l t e r i n g 
system over these r e f e r e n t s . 

The s y n t a c t i c s t r u c t u r e b u i l t by the c lause 
syntax s p e c i f i e s a main v e r b , and p o s i t i o n s 
such as ' l o g i c a l s u b j e c t ' and " l o g i c a l o b j e c t ' 
are f i l l e d by r e f e r e n t s . (We do not c o n s t r u c t 
a complete parse t r e e as s u c h ) . From t h i s 
s t r u c t u r e a se t o f a s s e r t i o n s i s generated by 
i n v o k i n g semantic r o u t i n e s . The semantic 
a n a l y s i s of the ve rb maps the main v e r b onto a 
base verb and e s t a b l i s h e s a mapping between the 
s y n t a c t i c r o l e s o f the c lause and the deep 
r o l e s assoc ia ted w i t h the base v e r b . As a 
r e s u l t the r e f e r e n t s are f i t t e d i n t o concep tua l 
s l o t s in a way s i m i l a r to c o n v e n t i o n a l 
' case f rame ' a n a l y s i s . The base ve rb then 
s p e c i f i e s the a s s e r t i o n s ( i n terms o f the 
r e f e r e n t s ) which f o l l o w f rom t h i s mapping. 
Base ve rbs d i f f e r from case frames In t h a t 
w h i l e they a t tempt t o g e n e r a l i s e c o l l e c t i o n s o f 
r e l a t e d v e r b s , they a re no t d e f i n e d i n terms o f 
u n i v e r s a l p r i m i t i v e r o l e s o r s l o t s . 

Given a s a t i s f a c t o r y parse of a sen tence , 
which produces a se t o f c o n s i s t e n t a s s e r t i o n s 
and d isambiguates the r e f e r e n t s , we are then 
ab le produce a se t of a s s e r t i o n s (by 
i n s t a n t i a t i n g out the r e f e r e n t s ) about the 
o b j e c t s in the p rob lem. These a re supp l i ed to 
the problem s o l v i n g module. As an example, the 
a s s e r t i o n s produced f o r the above problem 
s ta tement (1 ) would be : 

cue p u l l s y s _ s t a n ( s y s l , p u l l , s l , p l , p 2 , p e r i o d 1 ) 

The cueing of schemata is necessary to p r o v i d e 
e x t r a i n f o r m a t i o n , d e f a u l t s e t c . which are not 
g i ven e x p l i c i t l y bu t are 'house r u l e s ' i n t h i s 
domain. (Eg That the p u l l e y in a p u l l e y system 
has n e g l i g a b l e w e i g h t ) . We cue schemata, 
f a i r l y s i m p l i s t i c a l l y , b y r e c o g n i s i n g key words 
and c e r t a i n o b j e c t c o n f i g u r a t i o n s . For example 
the f o l l o w i n g s t r u c t u r e a s s e r t s t h a t a 
p u l l e y - s y s t e m schema can be cued i f o b j e c t s can 
be found which s a t i s f y the i d e a l - t y p e 
c o n t r a i n t s and have c e r t a i n r e l a t i o n s h i p s 
between each o t h e r . 

Th is schema a s s e r t s t h a t in a s tandard p u l l e y 
problem the o b j e c t s undergo cons tan t 
a c c e l e r a t i o n , the t e n s i o n i n bo th p a r t s o f the 
s t r i n g are equal i f t he re i s n o f r i c t i o n ( o n l y 
one r u l e shown), and t h a t the f r i c t i o n and mass 
o f the p u l l e y d e f a u l t t o zero i f not o t h e r w i s e 
g i v e n . ( T h i s example has been somewhat 
s i m p l i f i e d ) . 

The p r e d i c a t e c a l c u l u s n o t a t i o n can be used 
t o i n p u t problems d i r e c t l y t o the problem 
s o l v e r - and in f a c t resea rch on the problem 
s o l v e r has r e s u l t e d i n i t be ing ab le t o t a c k l e 
a w ider range of problems than the n a t u r a l 
language module can c u r r e n t l y h a n d l e . The 
r e p r e s e n t a t i o n a l p r i n c i p l e s behind these 
a s s e r t i o n s v iew the o b j e c t s o f Newtonian 
Mechanics in terms of s imp le zero and one 
d imens iona l o b j e c t s ( p o i n t s and l i n e s ) which 
a re typed and have p r o p e r t i e s and r e l a t i o n s 
d e f i n e d over them. For example p a r t i c l e s , 



p u l l e y s , spa t i a l po in ts , moments of time are 
a l l types of POINT whi le rods, s t r i n g s , paths 
( t r a j e c t o r i e s ) , and periods of time are types 
of LINE. Physical q u a n t i t i e s , such as leng th , 
v e l o c i t y , force e t c . , form the other main 
branch of our type h ierarchy, (see [ A ] ) . 

The work of the Problem Solver d iv ides in to 
two types of task. There is the ove ra l l 
s t ra teg i c task of deciding what to do, how to 
solve the problem by producing equations which 
solve fo r unknown quant i t ies ( inc lud ing 
intermediate unknowns introduced during the 
s o l u t i o n ) . On the other hand there is the 
t a c t i c a l task of combining the input assert ions 
wi th general fac ts and inference ru les in order 
to prove required goals . We sha l l discuss each 
of these in t u r n . 

Our o v e r a l l s t rategy is a general goal 
d i rec ted a lgor i thm for equation ex t rac t i on 
developed from a study by David Marples of 
student engineers (12) . For instance, suppose 
a l , the acce lera t ion o f p a r t i c l e p l , i s the 
(only) sought unknown. (Here we continue the 
example s tar ted above (1) (2) ). Resolution of 
forces about pl w i l l be chosen to solve fo r al 
and t h i s produces the equat ion: 

(3) 

A l l possib le force cont r ibu t ions on pl are 
examined and since pl is attached to the end of 
the s t r i n g t h i s r esu l t s in the s t r i n g being 
considered. tens ion l was formerly unknown but 
the func t ion proper t ies of the predicate 
' t e n s i o n ' enable i t to be created (see l a t e r ) 
to a l low the equation to be formed. We have to 
introduce tens ion l as an unknown because it is 
not possible to solve fo r al without doing so. 
The next step is to solve for tens ion l which is 
a force and involves the s t r i n g sl. Again 
reso lu t i on of forces is selected - pl , p u l l , p2 
being objects on the s t r i n g which are possible 
candidates fo r reso lv ing about. pl has been 
prev ious ly used and only p2 can be used without 
in t roduc ing unknowns. The resu l t is the 
equat ion: 

(A) 

These two equations can be solved to produce a 
so lu t i on for a l . 

The input assert ions provide meta- level 
in format ion about whether ce r ta in quan t i t i es 
are sought or g iven . The Marples Algori thm 
works by t ravers ing the l i s t of sought unknowns 
in a f i xed order : the (quant i ty ) type of each 
unknown being used to provide a s h o r t l i s t of 

formulae that could solve fo r i t , and the 
d e f i n i t i o n of the quant i ty ( i e the asser t ion 
which introduced i t ) being used to f ind the 
physical ob jec ts , times and angles invo lved. 
Notice that there is a d i s t i n c t i o n made between 
' f o r m u l a e ' , which are composed of var iab les 
over quan t i t i es (eg 'F - M * A ' ) , and 
'equat ions ' which are i ns tan t i a t i ons of 
formulae (eg (3) and (4) above). In the 
Marples a lgor i thm we are reasoning about the 
proper t ies of formulae in order to successfu l ly 
produce appropr iate equat ions. 

Before the app l i ca t i on of a formula to 
produce an equat ion, there is a stage of 
q u a l i t a t i v e analys is where general fac ts about 
the problem are used to decide a p p l i c a b i l i t y . 
Our i n te res t here is in explor ing the se lec t i ve 
use of meta- leve l reasoning to guide the 
equation ex t rac t i on process. As wel l as 
deciding a p p l i c a b i l i t y we have to prepare a 
s i t u a t i o n w i t h i n which to apply a formula. 
This may i nvo l ve , f o r example, c o l l e c t i n g 
together a l l the objects connected to a 
p a r t i c l e i f we wish to resolve forces about i t . 
General independence c r i t e r i a (eg 'You can ' t 
resolve forces about the same object in 
l i n e a r l y dependent d i r e c t i o n s ' ) are also used 
to e l iminate redundant equat ions. 

The kind predicate asserts that al is a 
quant i ty of type accel defined in the given 
re lacce l asse r t i on . re la tes states that a l l 
the formulae whose names are given in the l i s t , 
contain var iab les of type accel and therefore 
can be used to solve fo r acce le ra t i on , prepare 
gives the c r i t e r i a fo r const ruct ing the 
s i t u a t i o n w i t h i n which to resolve fo rces , and 
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the i s f o r m p r e d i c a t e d e f i n e s the equa t i on by 
d e f i n i n g the meaning o f i t s component 
v a r i a b l e s . 

The equa t i on e x t r a c t i o n a l g o r i t h m is two pass 
i n t h a t i t f i r s t t r i e s t o produce a s o l u t i o n 
which does no t i n t r o d u c e new unknowns b e f o r e 
a l l o w i n g the i n t r o d u c t i o n o f e x t r a 
( i n t e r m e d i a t e ) unknowns which are added to the 
unknowns l i s t and have to be e v e n t u a l l y so lved 
f o r . No t i ce t h a t the q u a n t i t i e s man ipu la ted 
are p u r e l y symbo l i c ; they can be i n t r oduced by 
the c r e a t i o n mechanism (see l a t e r ) w i t h o u t 
t h e i r va l ues be ing known a t t h i s s t a g e . 
E .g . When the f i r s t equa t i on (3 ) was formed in 
the above example, the q u a n t i t y t e n s i o n l was 
i n t roduced w i t h o u t the program knowing, or 
t r y i n g to f i n d , i t s a c t u a l v a l u e . As can be 
seen, i t i s the Marples a l g o r i t h m which w i l l 
e v e n t u a l l y produce an e q u a t i o n which so lves f o r 
t e n s i o n l . 

The da ta -base s t o r e s a l l the f a c t s supp l i ed 
by the E n g l i s h s t a t emen t , bu t to b r i d g e the gap 
between the e x p l i c i t i n f o r m a t i o n d e r i v e d from 
the problem sta tement and t h a t needed to so l ve 
the problem the program r e q u i r e s a genera l 
knowledge of mechanics which is f o r m a l i s e d in a 
set of i n f e r e n c e r u l e s . An example of such 
( o b j e c t - l e v e l ) i n f e r e n c e r u l e s would be : 

The f i r s t r u l e says t h a t the r e l a t i v e 
a c c e l e r a t i o n between two p o i n t s o f r e f e rence i s 
zero i f t h e r e i s a cons tan t r e l a t i v e v e l o c i t y 
between them (over a c e r t a i n p e r i o d ) , and the 
second r u l e says t h a t two p o i n t s o f r e f e r e n c e 
have a cons tan t r e l a t i v e v e l o c i t y i f they a re 
in c o n t a c t ( a g a i n , over a c e r t a i n p e r i o d ) . The 
i n f e r e n c e r u l e s are a se t o f horn c lauses which 
have been hand ordered and c o n t a i n c e r t a i n 
t y p i n g i n f o r m a t i o n to gu ide s e l e c t i o n . The 
search s t r a t e g y i s depth f i r s t , w i t h p run ing o f 
s e m a n t i c a l l y meaning less g o a l s , and w h i l e t h i s 
cou ld be improved upon, c u r r e n t performance has' 
not ye t n e c e s s i t a t e d such a s t e p . 

An i m p o r t a n t p a r t of our work has been the 
i n v e s t i g a t i o n o f search c o n t r o l mechanisms 
which w i l l enable e f f e c t i v e use o f t h i s wea l th 
o f i m p l i c i t knowledge. A l l reques ts t o 
r e t r i e v e a s s e r t i o n s from the d a t a - b a s e , e i t h e r 
d i r e c t l y o r v i a i n f e r e n c e , a re handled by the 
I n fe rence c o n t r o l module . Th is module uses 

i n f o r m a t i o n from the request a long w i t h 
m e t a - i n f o r m a t i o n and i n f e r e n c e r u l e s in an 
a t tempt t o s a t i s f y the g o a l . The f i r s t s tep 
i n v o l v e s n o r m a l i s a t i o n o f the goa l to remove 
s y n t a c t i c sugar o r to express i t i n terms o f a 
sma l l e r set o f u n d e r l y i n g p r e d i c a t e s . Th is i s 
performed w i t h a one pass r e w r i t e r u l e s e t . 
The r e s u l t i n g goa l i s then c l a s s i f i e d acco rd ing 
t o the i n s t a n t i a t i o n s t a t e o f i t s component 
arguments and the p o s s i b i l i t y o f us ing f u n c t i o n 
p r o p e r t i e s and c e r t a i n o the r mathemat ica l 
p r o p e r t i e s o f the p r e d i c a t e (such as 
r e f l e x i v i t y , symmetry and t r a n s i t i v i t y ) . Th is 
i n f o r m a t i o n i s used to s e l e c t a p p r o p r i a t e 
p rov i ng s t r a t e g i e s . ( A bas ic s t r a t e g y o f ' u n i t 
p r e f e r e n c e ' w i l l always f i r s t check the 
data-base d i r e c t l y ) . 

Our two most impor tan t s t r a t e g i e s are the use 
of f u n c t i o n p r o p e r t i e s to prune search and the 
use of equ iva lence c l a s s type mechanisms to 
d i r e c t i t . The r e p r e s e n t a t i o n t r e a t s what 
would no rma l l y be cons idered f u n c t i o n s as 
p r e d i c a t e s w i t h e x t r a c o n t r o l I n f o r m a t i o n . 
Being a f u n c t i o n means t h a t c e r t a i n arguments 
are u n i q u e l y determined by c e r t a i n o the r 
arguments. For example, in the p r e d i c a t e 

t e n s i o n ( S t r i n g , T , T i m e ) ' The a c t u a l t e n s i o n T 
is determined once the S t r i n g and the Time have 
been g i v e n . 

These f u n c t i o n p r o p e r t i e s can be used to 
prevent use less i n f e r e n c e i f another 
( d i f f e r e n t ) va lue o f a f u n c t i o n argument i s 
a l r e a d y known (un iqueness p r o p e r t y ) ; to c rea te 
new e n t i t i e s t o s a t i s f y a goa l i f a l l a t t emp ts 
a t i n f e r e n c e have f a i l e d ( e x i s t e n c e p r o p e r t y ) ; 
and to a u t o m a t i c a l l y e l i m i n a t e b a c k t r a c k i n g by 
d i s r e g a r d i n g cho ices made d u r i n g i n f e r e n c e 
(uniqueness a g a i n ) . Examples o f the m e t a - l e v e l 
s t r u c t u r e s used by the program in pe r fo rm ing 
the above a r e : 

The r e w r i t e r u l e t e l l s us t h a t any a c c e l 
p r e d i c a t e can be r e w r i t t e n to a r e l a c c e l 
p r e d i c a t e w i t h the e a r t h as the o the r p o i n t o f 
r e f e r e n c e , and t h a t the s tandard i n f e r e n c e 
s t r a t e g y i s then a p p l i c a b l e . The meta 
p r e d i c a t e s p e c i f i e s the argument types and the 
f u n c t i o n p r o p e r t i e s o f the p r e d i c a t e r e l a c c e l . 
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The second major s t r a t e g y , which p rov ides an 
a l t e r n a t i v e to us ing the i n fe rence r u l e s , i s a 
genera l s i m i l a r i t y c l a s s mechanism based on 
equ iva lence c l ass i deas . P red ica tes which are 
(pseudo-) equ iva lence r e l a t i o n s and would 
n o r m a l l y produce s e l f - r e s o l v i n g i n fe rence r u l e s 
are de f i ned in terms of t h i s mechanism. A t r e e 
i s used t o represent s i m i l a r i t y c l a s s 
membership and the goa l (such as ' b e i n g in the 
same p l a c e ' ) is proved by e s t a b l i s h i n g 
equ iva lence of r o o t s . Th is can be seen as an 
a l t e r n a t i v e (and less exp los i ve ) a x i o m a t i s a t i o n 
of these p r e d i c a t e s . Our ex tens ion over 
t r a d i t i o n a l uses of t h i s method has been to 
a l l o w l a b e l l e d arcs and c a l c u l a t i o n d u r i n g the 
t r e e t r a v e r s a l . Thus p r e d i c a t e s l i k e ' v e c t o r 
s e p a r a t i o n ' and ' r e l a t i v e v e l o c i t y ' which have 
pseudo-equiva lence p r o p e r t i e s can a lso use t h i s 
s t r a t e g y . Here is an example of a s t r u c t u r e 
used in these cases: 

r e w r i t e ( samep lace (P ,Q ,T ime) , 
[ s a m e c l a s s ( P , Q , t o u c h ( T i m e ) ) , 

me rge (P ,Q , t ouch (T ime ) ) ] , 
s t r a t e g y ( s i m c l a s s ) ) . 

T h i s s t a t e s t h a t the p r e d i c a t e sameplace shou ld 
use t h e g e n e r a l sameclass mechanism on the 
p a r t i c u l a r t r e e t o u c h ( T i m e ) . A lso s p e c i f i e d i s 
an u p d a t i n g mechanism f o r add ing new sameplace 
a s s e r t i o n s ; I n t h i s case i t would i n v o l v e 
merg ing two s e p a r a t e t r e e s . 

These g e n e r a l s t r a t e g i e s can be a p p l i e d to a 
wide range o f p r e d i c a t e s and o f t e n c a p t u r e 
i m p o r t a n t f a c t s about the domain (eg the f a c t 
t h a t an o b j e c t cannot be in two p laces a t once 
i s a f a c t about the f u n c t i o n p r o p e r t i e s o f 
' a t ( O b j e c t , P l a c e , T i m e ) ' ) . The e x p l i c i t c o n t r o l 
o f new o b j e c t c r e a t i o n coup led w i t h the g o a l 
d i r e c t e d backward reason ing method o f the 
Marp les a l g o r i t h m r e s u l t s i n a 
c r e a t e / c o n s i d e r - b y - n e e d type o f b e h a v i o u r . 
R e s t r i c t i o n s , such a s ' d o n ' t c r e a t e ' o r ' d o n ' t 
i n f e r ' , can be added to the reques t f o r a goa l 
to be proved and t h i s enab les the Marp les 
a l g o r i t h m to be s e l e c t i v e over i t s use o f the 
I n f e r e n c e C o n t r o l i n accordance w i t h i t s needs 
a t the t i m e . 

For some mechanics problems a process of 
p r e d i c t i o n i s r e q u i r e d t o answer q u e s t i o n s l i k e 
" W i l l the p a r t i c l e reach the top o f the s lope 
i f i t s t a r t s w i t h v e l o c i t y V ? " . Each q u e s t i o n 
about the m o t i o n of a p a r t i c l e on a complex 
s l ope unpacks i n t o a s e r i e s o f q u e s t i o n s about 
the behav iou r on s imp le p a r t s o f the s l o p e . 
Some of these can be answered i m m e d i a t e l y on 
the b a s i s o f the q u a l i t a t i v e shape o f the 

s l o p e , b u t o t h e r s i n v o l v e the s o l u t i o n o f 
i n e q u a l i t i e s c o n t a i n i n g unknown q u a n t i t i e s . 
These unknowns a re d e c l a r e d as sought and the 
e q u a t i o n e x t r a c t i o n a l g o r i t h m i s c a l l e d t o 
s o l v e f o r them. The i n e q u a l i t i e s can then be 
so l ved to answer the q u e s t i o n . Our p resen t 
p r e d i c t i o n system i s s p e c i a l purpose and b u i l t 
around prob lems s i m i l a r t o those i n t a c k l e d b y 
De K l e e r , ie m o t i o n p rob lems . 

S ince the e q u a t i o n s produced by the e q u a t i o n 
e x t r a c t i o n a l g o r i t h m are i n terms o f symbo l i c 
q u a n t i t i e s , t h e r e i s a s tage o f U n i t Convers ion 
where the a c t u a l v a l u e s a re s u b s t i t u t e d and a 
f i n a l u n i t system i s s e l e c t e d - c o n v e r s i o n 
f a c t o r s b e i n g added where a p p r o p r i a t e . (Some 
prob lems i n v o l v e a c o m b i n a t i o n o f a l l s o r t s o f 
d i f f e r e n t u n i t s - f e e t , y a r d s , m i l e s ) . 
The two e q u a t i o n s produced above ( ( 3 ) & ( 4 ) ) 
a re v e r y s i m p l e i n t h a t n o p a r t i c u l a r u n i t s a re 
i n v o l v e d . The o n l y s t e p w i l l be the 
s u b s t i t u t i o n of b and c f o r massl and mass2 
r e s p e c t i v e l y g i v i n g : 

- b . g + t e n s i o n l * b . a l 

e g - t e n s i o n l ■ c . a l 

(5) 

(6) 

The set of s imul taneous equat ions and/or 
i n e q u a l i t i e s produced by the problem s o l v i n g 
module is passed to the a lgebra module (PRESS) 
which w i l l so lve them to produce a f i n a l answer 
to the prob lem. Let us look at how PRESS 
produces a s o l u t i o n f o r a l g iven (5) and ( 6 ) . 
The two equa t ions are so lved by i s o l a t i n g 
t e n s i o n l in the second equat ion (which was 
in tended to so lve f o r t e n s i o n l ) , and then us ing 
the r e s u l t as a s u b s t i t u t i o n i n t o the f i r s t 
e q u a t i o n . Th is f i n a l r e s u l t can then be 
s i m p l i f i e d w i t h a l be ing i s o l a t e d o n the l e f t 
hand s ide to g i v e the f i n a l answer: 

al » g . ( c - b ) / (c+b) (7) 

The ex tens ion of equa t i on s o l v i n g techn iques 
t o i n e q u a l i t i e s ( t h e r e are i n t e r e s t i n g 
connect ions) has enabled us to so lve the 
i n e q u a l i t i e s produced by the p r e d i c t i o n 
prob lems, bu t in a d d i t i o n we have found t h a t 
the i n f o r m a t i o n requ i r ed to j u s t i f y the use o f 
c e r t a i n r e w r i t e r u l e s i s o f t e n o f the form 
' o n l y i f X > 0 ' e t c . So lv ing and p rov i ng 
i n e q u a l i t i e s i s t h e r e f o r e o f d i r e c t use w i t h i n 
the system. 

However, PRESS was not developed p u r e l y as a 
s e r v i c e program f o r MECHO. It was in tended as 
a v e h i c l e to exp lo re ideas about c o n t r o l l i n g 
search in mathemat ica l reasoning us ing 
m e t a - l e v e l d e s c r i p t i o n s and s t r a t e g i e s [ 3 ] . 
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Rather than us ing exhaus t i ve a p p l i c a t i o n over a 
l a r g e set o f r e w r i t e r u l e s , i t uses the 
m e t a - l e v e l s t a t e g i e s o f i s o l a t i o n , c o l l e c t i o n 
and a t t r a c t i o n t o c a r e f u l l y c o n t r o l a p p l i c a t i o n 
o f seve ra l d i f f e r e n t se ts o f r e w r i t e r u l e s . 
Th is s e l e c t i v i t y has many advantages: 
p r i n c i p l e d methods f o r g u i d i n g search cut down 
use less work, i d e n t i c a l r u l e s may be used in 
d i f f e r e n t ways (eg l e f t t o r i g h t o r r i g h t t o 
l e f t ) i n d i f f e r e n t c i r cumstances w i t hou t 
caus ing prob lems, and t h e o r e t i c a l requ i rements 
such as p roo f o f t e r m i n a t i o n o f the r e w r i t e 
r u l e s are made much e a s i e r . 

When PRESS is used as an equa t i on and 
i n e q u a l i t y s o l v e r ( i e as a module o f MECHO), i t 
c l a s s i f i e s the equa t ions ( i n e q u a l i t i e s ) t o be 
solved so as to genera te guidance i n f o r m a t i o n . 
An e x c i t i n g area of research t h a t we would l i k e 
to expand on is t h a t o f d e s i g n i n g i n c l u s i o n and 
o r d e r i n g c r i t e r i a t o c l a s s i f y a l g e b r a i c 
i d e n t i t i e s which are produced by a theorem 
p r o v e r . Th is would enable the system to 
a u t o m a t i c a l l y l e a r n new r u l e s . The use of 
m e t a - l e v e l reason ing to p lace new r u l e s i n t o a 
framework where they w i l l be s e l e c t i v e l y and 
c o r r e c t l y a p p l i e d overcomes many of the obv ious 
' e x p l o s i o n ' and ' l o o p i n g ' problems t h a t would 
occur w i t h haphazard a d d i t i o n s to a l a r g e 
s i n g l e r e w r i t e r u l e s e t . 

3 . D i scuss ion 

Throughout the above d e s c r i p t i o n of the Mecho 
program we have c o n s t a n t l y emphasised the 
impor tance o f ' m e t a - i n f o r m a t i o n ' i n c o n t r o l l i n g 
s e a r c h . Th is has been a p p l i e d in the r e j e c t i o n 
o f s e m a n t l c a l l y meaning less pa r ses , the c o n t r o l 
o f i n f e r e n c e , the e x t r a c t i o n o f equa t i ons and 
the g u i d i n g o f a l g e b r a i c m a n i p u l a t i o n . 

The theme t h a t has emerged from our work is 
the b e n e f i t to be gained from a x i o m a t i s i n g the 
m e t a - l e v e l o f the domain under i n v e s t i g a t i o n 
and pe r fo rm ing i n f e r e n c e a t t h i s l e v e l , 
p roduc ing o b j e c t l e v e l p roo f s as a s i d e e f f e c t . 
Th is is the methodology i n v e s t i g a t e d by Pat 
Hayes in the GOLUX p r o j e c t [ 9 ] , except t h a t we 
have developed our m e t a - l e v e l r e p r e s e n t a t i o n 
f o r a p a r t i c u l a r domain r a t h e r than adop t i ng 
genera l purpose r e p r e s e n t a t i o n s based on 
r e s o l u t i o n theorem p rov ing systems. 

In [2 ] we showed how GPS cou ld be viewed in 
t h i s way. At the o b j e c t - l e v e l the search space 
can be viewed as an o p e r a t o r / s t a t e OR t r e e in 
which the s t a t e s are nodes and the o p e r a t o r s 
are a rcs between them. At the m e t a - l e v e l the 

search space can viewed as a method/goa l AND/OR 
t r e e In which the goa l s are nodes and the 
methods are a rcs between them. A s imp le depth 
f i r s t search a t the m e t a - l e v e l then induces a 
h i g h l y complex, m i d d l e - o u t search a t the 
o b j e c t - l e v e l . 

In o rder to make c l e a r the d i s t i n c t i o n we are 
drawing between m e t a - l e v e l and o b j e c t - l e v e l 
r e p r e s e n t a t i o n s in Mecho, we s h a l l l i s t below 
examples of the d e s c r i p t i o n s used at each 
l e v e l . When d e f i n i n g a n o t a t i o n i t i s usua l t o 
d e f i n e the c o n s t a n t s , v a r i a b l e s , f u n c t i o n 
symbols and p r e d i c a t e symbols of the language; 
and then to show how terms and formulae can be 
formed by composing them toge the r w i t h the 
l o g i c a l c o n n e c t i v e s . We s h a l l f o l l o w t h i s type 
o f o u t l i n e in an i n f o r m a l f a s h i o n . (To avo id 
con fus i on w i t h e a r l i e r t e r m i n o l o g y we s h a l l use 
the words ' a s s e r t i o n ' and ' r u l e ' t o rep lace 
' f o r m u l a ' ) . 

At the o b j e c t - l e v e l we have the f o l l o w i n g 
k inds o f p r i m i t i v e : 

cons tan t s p l , e n d l , mass2, a l , r i g h t , 90, 
270, l b s , f e e t e t c . 

v a r i a b l e s P I , S t r , P e r i o d , A c c e l , F , M, 

e t c . 

f u n c t i o n symbols + , * , cos e t c . 

p r e d i c a t e symbols a c c e l , r e l a c c e l , mass, 
f i x e d _ c o n t a c t e t c . 

These are formed i n t o terms such as 'M * A' and 
a s s e r t i o n s such as 'F - M * A ' , ' a c c e l ( p l , a l , 
2 7 0 , p e r i o d l ) ' e t c . F i n a l l y , l o g i c a l 
connec t i ves are used to form these a s s e r t i o n s 
i n t o i n f e r e n c e r u l e s l i k e : 

r e l a c c e l ( P 1 , P 2 , z e r o , D i r , P e r i o d ) 
<— c o n s t r e l v e K P l , P 2 , P e r i o d ) . 

The o n l y f u n c t i o n symbols a t the o b j e c t - l e v e l 
are f o r s t r a i g h t fo rward a r i t h m e t i c and 
t r i g o n o m e t r i c f u n c t i o n s . Th is is because we 
have recorded f u n c t i o n p r o p e r t i e s by making 
m e t a - l e v e l a s s e r t i o n s about o b j e c t - l e v e l 
p r e d i c a t e s . 

A t the m e t a - l e v e l a l l these o b j e c t - l e v e l 
d e s c r i p t i o n s are me ta -cons tan ts a long w i t h 
a d d i t i o n a l me ta -cons tan t s f o r schema names, 
fo rmu la names, o b j e c t t y p e s , s t r a t e g y t ypes 
e t c . As examples of m e t a - l e v e l p r i m i t i v e s we 
have: 
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constants (Any object l eve l d e s c r i p t i o n ) . 
physobj, p u l l s y s , reso lve , 
p a r t i c l e , l i n e , leng th , dbinf 
e t c . 

var iab les Type, Eqn, Goal, Strategy, 
Exprl e t c . (see l a t e r ) 

func t ion symbols Constructors fo r l i s t s , se ts , 
bags e t c . 

predicate symbols meaning, sys ln fo , schema, 
k i nd , r e l a t e s , i s fo rm, r e w r i t e , 
meta e tc . 

Again these can be formed in to meta-terms and 
meta-assert ions and we gave several examples 
dur ing the program desc r i p t i on . What we sha l l 
now examine are the meta-rules which are formed 
from these asser t ions . (These use the same 
l o g i c a l connectives as the ob jec t - l eve l r u l e s ) . 
We sha l l take s imp l i f i ed examples from each of 
the four main areas of our work. 

The f i r s t example is a ru le used by the 
Natural Language module, which spec i f ies the 
condi t ions fo r a property to be co r rec t l y 
appl ied to a p a r t i c u l a r e n t i t y . 

a t t r i b u t e ( P r o p e r t y , E n t i t y , S t a t e ) 
<— type constra int (Property,Type) & 

isa(Type,Ent i ty ) & 
meaning(Property,Ent i ty ,Assert ion) & 
cons is ten t (Asser t ion ,S ta te ) . 

This ru le states that a p a r t i c u l a r Property can 
be a t t r i b u t e d to an En t i t y in a given State (of 
the parse) , i f the En t i t y s a t i s f i e s the 
type_constra in t of of the Property, and if the 
meaning of the a t t r i b u t i o n is consistent w i th 
a l l the other assert ions in the current State. 
( I f , fo r example, the Assert ion was 'mass(s i , 
ze ro ) ' then t h i s would involve checking that no 
other mass was known for sl. It is here that 
we see one of the key connections wi th our work 
on Problem Solv ing, since t h i s is prec ise ly a 
matter o f ' f u n c t i o n p r o p e r t i e s ' ! ) . 

The fo l low ing is an example taken from the 
Marples A lgor i thm, and it def ines the 
requirements fo r an equation to solve fo r a 
p a r t i c u l a r quan t i t y . 

solves_for(Q,Eqn) 
<-- kind(Q,Type,Defn) & 

r e l a t e s ( T y p e , F l i s t ) & 
se lec t (Formula ,F_ l is t ) & 
prepare(Formula,Defn,Situat ion) & 
isform( Formula,Situation,Eqn) . 

This ru le states that Eqn solves fo r Q if Q has 
type Type and Formula is a formula that re la tes 
Type quan t i t i es to other q u a n t i t i e s , and if 
S i tua t ion is the s i t u a t i o n w i t h i n which to 
apply the Formula given the Defn of Q, and if 
Eqn is the i n s t a n t i a t i o n of the formula in the 
given S i t u a t i o n . It can be seen that t h i s ru le 
is a d i r e c t ax iomat isat ion of our e a r l i e r 
descr ip t ion of how the Marples a lgor i thm 
ext rac ts equat ions. (The select goal would 
speci fy the q u a l i t a t i v e guidance and apply the 
independence c r i t e r i a (given extra arguments)). 

In a s im i l a r way we give the fo l lowing 
example of ru les which describe how the 
Inference Control uses func t ion p roper t ies . 

i s_sa t i s f led(Goa l ) 
<— rewri te(Goal,Newgoal,Strategy) & 

decompose(Newgoal,Pred,Args) & 
meta(Pred,N,Args,Types,Func_info) & 
method(Strategy,Func_info,Newgoal). 

method( s t r a t e g y ( d b i n f ) , 
funct ion(Fargs ■> Va l s ) , Newgoal) 

<— al Inbound(Fargs) & 
use_funct ion_propert ies(Newgoal). 

The f i r s t ru le s tates that Goal is s a t i s f i e d i f 
it rewr i tes to Newgoal whose predicate symbol 
has c e r t a i n Func_info, and if a method is used 
based on the Strategy and t h i s Func_info. 
(Certa in arguments to meta have been ignored) . 
The second ru le states that the normal 
inference method w i l l prove Newgoal given i t s 
func t ion proper t ies i f a l l the funct ion 
arguments, Fargs, are bound, and if 
o b j e c t - l e v e l in ferenc ing is performed using 
func t ion property pruning. 

As a f i n a l example we take a ru le concerned 
wi th algebraic equation so l v i ng . This ru le is 
i n t e res t i ng in that whi le PRESS does not 
cu r ren t l y use i t , i t could be derived from 
ru les PRESS does have. Automating t h i s 
procedure would be an i n te res t i ng area fo r 
study. 

solve(U,Exprl ,Ans) 
<— occ(U,Expr l ,2) & 

co l lec t (U,Expr l ,Expr2) & 
iso la te(U,Expr2,Ans) . 

This ru le states that Ans is an equation which 
solves for U given Exprl if Exprl contains two 
occurances of U, if Expr2 is an equation 
derived from Exprl in which these two 
occurances have been co l lec ted together , and if 
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Ans is an equa t i on d e r i v e d from Expr2 in which 
U has been i s o l a t e d on the l e f t hand s i d e . 

A l l the above r u l e s can be seen as 
c l a s s i f y i n g o b j e c t - l e v e l d e s c r i p t i o n s and us ing 
t h i s i n f o r m a t i o n i n d e c i d i n g what t o do . 
However the e f f e c t s are v e r y d i f f e r e n t i n the 
d i f f e r e n t a r e a s . I n the n a t u r a l language 
p rocess ing m e t a - l e v e l r u l e s mon i t o r 
o b j e c t - l e v e l a s s e r t i o n s , r e j e c t i n g s e m a n t i c a l l y 
unacceptab le consequences of a p a r s e . In 
equa t i on e x t r a c t i o n the e f f e c t i s t o s e l e c t 
equa t ions us ing a means/ends a n a l y s i s 
t e c h n i q u e . I n I n f e r e n c e C o n t r o l the r e s u l t i s 
use o f the most e f f e c t i v e a x i o m a t i s a t i o n f o r 
the goa l i n hand, and in A l g e b r a i c m a n i p u l a t i o n 
m u l t i p l e r e w r i t e r u l e s are s e l e c t i v e l y b rought 
to bear on e x p r e s s i o n s . Thus r e l a t i v e l y s imp le 
m e t a - l e v e l search s t r a t e g i e s can induce a wide 
v a r i e t y o f complex o b j e c t - l e v e l b e h a v i o u r s . 

These m e t a - i n f e r e n c e techn iques were s t r o n g l y 
suggested by our use of the programming 
language P r o l o g . The f a c t t h a t Pro log 
procedures are a l s o p r e d i c a t e c a l c u l u s c lauses 
and the f a c t t h a t p r e d i c a t e c a l c u l u s has a 
c l e a r seman t i cs , encourages the user to a t t a c h 
meanings to h i s procedures and these meanings 
are u s u a l l y m e t a - t h e o r e t i c . However, P ro log as 
a programming language o n l y o f f e r s a s i n g l e 
l e v e l o f ' s y n t a c t i c ' s t r u c t u r e s (a toms, 
compound terms e t c . ) , and a l a c k of ca re can 
lead to a b l u r r i n g o f t h e o r e t i c a l d i s t i n c t i o n s . 
Dur ing the development of Mecho, a l a c k of 
emphasis ( r e a l i s a t i o n ? ) o f these d i s t i n c t i o n s 
r e s u l t e d in a m i x i n g o f o b j e c t and meta l e v e l s , 
( f o r example the use of Pro log v a r i a b l e s to 
rep resen t v a r i a b l e s a t bo th l e v e l s , the m i x i n g 
o f o b j e c t and meta l e v e l a s s e r t i o n s i n r u l e s 
such as i 8 f o r m ) . We p lan to remove these 
a b e r r a t i o n s . 

Weyrauch's work on the FOL system (See [ 1 7 ] ) , 
i s o f impor tance i n r e l a t i o n t o t h i s need f o r 
an adaquate t h e o r e t i c a l f o r m a l i s m . The 
d i s t i n c t i o n between the o b j e c t - l e v e l and the 
m e t a - l e v e l i s fundamental w i t h i n h i s sys tem, 
and h i s use o f ' r e f l e c t i o n p r i n c i p l e s ' i s 
designed to cap tu re the r e l a t i o n between these 
l e v e l s . We f e e l t h a t h i s work i s o f d i r e c t 
va lue t o workers i n the f i e l d o f e x p e r t 
sys tems, such as o u r s e l v e s . 

The p r i n c i p l e o f u t i l i s i n g 'knowledge about 
knowledge' i s becoming i n c r e a s i n g l y i m p o r t a n t 
in p r a c t i c a l AI programs. Davis and Buchanan 
[6 ] c l a s s i f i e d four d i f f e r e n t k i nds o f 
m e t a - l e v e l knowledge used by t h e i r TEIRESIAS 
sys tem. They rep resen t knowledge about o b j e c t s 
and the d a t a - s t r u c t u r e s used to d e s c r i b e them 

in schemata and d e s c r i b e the argument type 
c h a r a c t e r i s t i c s o f t h e i r f u n c t i o n s i n 
t e m p l a t e s . The i r program can c l a s s i f y and 
b u i l d models o f the i n f e r e n c e r u l e s i t uses and 
m e t a - r u l e s are used to gu ide the cho ice of 
i n f e r e n c e r u l e s to be used and the o rder of 
us ing them. In MECHO, the Na tu ra l Language and 
I n fe rence C o n t r o l modules bo th use i n f o r m a t i o n 
l i k e t h a t s to red in TEIRESIAS t e m p l a t e s . MECHO 
m e t a - l e v e l i n f e r e n c e r u l e s are s i m i l a r i n 
s p i r i t t o TEIRESIAS m e t a - r u l e s except t h a t the 
MECHO r u l e s are more genera l purpose and they 
genera te a v a r i e t y o f d i f f e r e n t search 
s t r a t e g i e s i n d i f f e r e n t c o n t e x t s . 

4 . Conc lus ion 

In t h i s paper we have d iscussed Mecho, a 
program f o r s o l v i n g mechanics prob lems. We 
have shown how the techn ique of us ing and 
c o n t r o l l i n g knowledge about the domain by 
i n f e r e n c e a t the m e t a - l e v e l , can be a p p l i e d to 
a range of d i f f e r e n t a r e a s . Many workers in 
the f i e l d (eq [ 9 ] , [ 6 ] , [ 1 7 ] ) , have argued t h a t 
c o n t r o l l i n g search by us ing m e t a - l e v e l 
i n f e r e n c e i s s u p e r i o r t o b u i l t - i n , smart search 
s t r a t e g i e s because the search i n f o r m a t i o n i s 
more modular and t r a n s p a r a n t . The argument is 
f o r systems to make e x p l i c i t the f u l l knowledge 
i n v o l v e d i n t h e i r b e h a v i o u r , which i n t u r n a i d s 
the m o d i f i c a t i o n o f t h e i r da ta and s t r a t e g i e s , 
thus improv ing t h e i r robustness and g e n e r a l i t y . 
Th is leads the way to systems which cou ld 
a u t o m a t i c a l l y mod i fy t h e i r s t r a t e g i e s and 
e x p l a i n t h e i r c o n t r o l d e c i s i o n s . 

We conc lude t h a t m e t a - l e v e l i n f e r e n c e can be 
used to b u i l d s o p h i s t i c a t e d and f l e x i b l e 
s t r a t e g i e s , which p r o v i d e power fu l techn iques 
f o r c o n t r o l l i n g the use o f knowledge, w h i l e 
r e t a i n i n g the c l a r i t y and m o d u l a r i t y o f a 
d e c l a r a t i v e knowledge r e p r e s e n t a t i o n . 
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What is an Image? 
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Image-making, and more pa r t i cu la r l y art-making, are considered as rule-based a c t i v i t i e s in which 
cer ta in fundamental ru le-sets are bound to low-level cognit ive processes. AARON, a computer-
program, models some aspects of image-making behavior through the act ion of these ru les, and 
generates, in consequence, an extremely large set of highly evocative "freehand" drawings. The 
program is described, and examples of i t s output given. The theoret ical basis for the formula­
t ion of the program is discussed in terms of cu l tu ra l considerations, pa r t i cu la r l y wi th respect 
to our re lat ionship to the images of remote cul tures. An art-museum environment implementation 
involving a special-purpose drawing device is discussed. Some speculation is offered concerning 
the function of randomising in creat ive behavior, and an account given of the use of randomness 
in the program. The conclusions offered bear upon the nature of meaning as a function of an 
image-mediated transaction rather than as a function of i n ten t i ona l i t y . They propose also that 
the structure of a l l drawn images, derives from the nature of visual cogni t ion. 

1. INTRODUCTION 

AARON is a computer program designed to model 
some aspects of hunan art-making behavior, and 
to produce as a resul t "freehand" drawings of a 
highly evocative kind ( f igs 1,2). This paper 
describes the program, and offers in i t s 
conclusions a number of propositions concerning 
the nature of evocation and the nature of the 
transaction — the making and reading of images 
— in which evocation occurs. Perhaps 
unexpectedly — for the program has no access 
to visual data — some of these conclusions 
bear upon the nature of visual representation. 
This may suggest a view of image-making as a 
broadly referent ia l ac t i v i t y in which various 
d i f f e r e n t i a t e modes, including what we ca l l 
visual representation (note 1 ) , share a 
s igni f icant body of cannon character ist ics. 

In some respects the methodology used in th is 
work relates to the modelling of "expert 
systems" (note 2 ) , and it does in fact re ly 
heavily upon my own "expert" knowledge of 
image-making. But in i t s motivations it comes 
closer to research in the computer simulation 
of cognit ion. This is one area, I believe, in 
which the investigator has no choice but to 
model the human prototype. Art is valuable to 
human beings by v i r tue of being made by other 
human beings, and the question of f inding more 
e f f i c i en t modes than those which characterise 

hunan performance simply does not ar ise. 

My expertise in the area of ijnage-making rests 
upon many years of professional ac t i v i t y as an 
a r t i s t — a painter, to be precise (note 3) — 
and it w i l l be clear that my ac t i v i t i es as an 
a r t i s t have continued through my last ten years 
of work in computer-modelling. The motivation 
for th is work has been the desire to understand 
more about the nature of art-making processes 
than the making of ar t i t s e l f allows, for under 
normal circumstances the a r t i s t provides a 
near-perfect example of an obviously-present, 
but v i r t ua l l y inaccessible body of knowledge. 
The work has been informal, and C|ua psychology 
lacks methodological r igor . It is to be hoped, 
however, that the body of highly specialised 
knowledge brought to bear on an elusive problem 
w i l l be some compensation. 

AARON is a knowledge-based program, in which 
knowledge of image-making is represented in 
rule form. As I have indicated I have been my 
own source of specialised knowledge, and I have 
served also as my own knowledge-engineer. 
Before embarking on a detailed account of the 
program's workings, I w i l l describe in general 
terms what sort of program it i s , and what it 
purports to do. 

F i r s t , what i t is not. I t is not an " a r t i s t s ' 
t o o l " . I mean that it is not interact ive, it is 
not designed to implement key decisions made by 
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f igure 1. 

f igure 2. 
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the user, and it does not do transformations 
upon input data. In short , i t is not an 
instrument, in the sense that most computer 
appl icat ions in the a r t s , and in music 
pa r t i cu la r l y , have ident i f ied the machine in 
essent ia l ly instrument- l ike terms, 

AARON is not a transformation device. There is 
no input, no data, upon which transformations 
could be done: in fact it has no data at a l l 
which it does not generate for i t s e l f in making 
i t s drawings. There is no lexicon of shapes, or 
parts of shapes, to be put together, assembly 
l i ne fashion, in to a complete drawing. 

It is a complete and funct ional ly independent 
e n t i t y , capable of generating autonomously an 
endless succession of d i f f e ren t drawings (note 
4 ) . The program s tar ts each drawing with a 
clean sheet of paper — no data — and 
generates everything it needs as it goes along, 
bui ld ing up as it proceeds an internal 
representation of what i t is doing, which is 
then used in determining subsequent 
developments. I t is event dr iven, but in the 
special sense that the program i t s e l f generates 
the events which dr ive i t . 

It is not a learning program, has no archival 
memory, is qui te simple and not pa r t i cu la r l y 
c lever. It is able to knock o f f a pre t ty good 
drawing — thousands, in fact — but has no 
c r i t i c a l judgement that would enable i t to 
declare that one of i t s drawings was "bet ter" 
than another. That has never been part of the 
aim. Whether or not it might be possible to 
demonstrate that the a r t i s t moves towards 
higher goals, and however he might do so 
through his work, art-making in general lacks 
clear internal goal-seeking structures. There 
is no ra t ional way of determining whether a 
"move" is good or bad the way one might judge a 
move in a game of chess, and thus no 
immediately apparent way to exercise c r i t i c a l 
judgement in a simulat ion. 

This lack of internal goal-or ientat ion carr ies 
wi th it a number of d i f f i c u l t i e s for anyone 
attempting to model art-making processes: for 
one th ing , evaluation of the model must 
necessarily be informal. In the case of AARON, 
however, there has been extensive tes t ing . 
Before describing the test ing procedure i t w i l l 
be necessary to say with more care 
dist inguishing here between the program's goals 
and my own — what AARON is supposed to do. 

Task De f i n i t i on . 

It is not the intent of the AARON model to turn 
out drawings which are, in some i l l - de f i ned and 

loosely-understood sense, aesthet ica l ly 
pleasing, though i t does in pract ise turn out 
pleasing drawings. I t is to permit the 
examination of a par t icu lar property of 
freehand drawing which I w i l l c a l l , in a 
del iberate ly general fashion, standing-for-
ness. 

The Photographic "Norm" 

One of the aims of th i s paper is to give 
clearer d e f i n i t i o n to what may seem i n t u i t i v e l y 
obvious about standing-for-ness, but even at 
the outset the " i n t u i t i v e l y obvious" w i l l need 
to be treated with some caut ion. In 
par t i cu la r , we should recognise that unguarded 
assumptions about the nature of "v isua l " 
imagery are almost cer ta in to be colored by the 
XX th century's deep preoccupation with 
photography as the "normal" image-making mode. 
The view that a drawn image is e i ther : 

1. representational ( concerned wi th the 
appearance of th ings) , or 

2. an abstraction ( i . e . fundamentally 
appearance-oriented, but transformed in the 
in terest of other aims) o r , 

3. abstract ( i . e . i t doesn't stand for 
anything a t a l l ) , 

betrays jus t t h i s pro-photographic f i l t e r i n g , 
and is a long way from the h is to r i ca l t r u t h . 
There is a great wealth of imagistic material 
which f i t s none of these paradigms, and it is 
by no means clear even that a photograph 
carr ies i t s load of standing-for-ness by v i r tue 
of recording the varying l i g h t in tens i t ies of a 
par t icu lar view at a par t icu lar moment in t ime. 

It is for th is reason that image-making w i l l be 
discussed here as the set of modes which 
contains visual representation as one of i t s 
members. It is also why I used the word 
"evocative" in the f i r s t paragraph rather than 
"meaningful". My domain of enquiry here is not 
the way in which par t icu lar meanings are 
transmitted through images and how they are 
changed in the process, but more generally the 
nature of image-mediated transactions. What 
would be the minimum condit ion under which a 
set of" marks may function "as an image? This 
question characterises economically the scope 
of the enquiry, and it also says a good deal 
about how the word "image" is to be used in 
t h i s paper, though a more complete d e f i n i t i o n 
must wait un t i l the end. 
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Art-making and Image-making. 

The reader may detect some reluctance to say 
f i rm ly that th is research deals with art-making 
rather than with image-making, or vice-versa. 
The two are presented as continuous. Art-making 
is almost always a highly sophisticated 
a c t i v i t y involving the inter locking of complex 
patterns of be l ie f and experience, while in the 
most general sense of the term image-making 
appears to be as "natura l" as ta lk ing . All the 
same, art-making is a case of image-making, and 
part of what AARON suggests is that art-making 
rests upon cognit ive processes which are 
absolutely normal and perfect ly common. 

functions which normally require an a r t i s t to 
perform them, and thus it requires the whole 
art-making process to be carried forward as a 
test ing context. The program's output has to be 
acceptable to a sophisticated audience on the 
same terms as any other a r t , implying thereby 
that it must be seen as or ig ina l and of high 
qua l i t y , not merely as a pastiche of exist ing 
work. 

A va l id test ing procedure must therefore 
contain a sophisticated art-viewing audience, 
and the informal in s i tu evaluation of the 
simulation has been carried out in museum 
environments: the DOCUMENTA 6 international 

f igure 3. 

Evaluation. 

A simulation program models only a small piece 
of the ac t ion , and it requires a context in 
which to determine whether it functions as one 
expects that piece to funct ion. AAPON is not an 
a r t i s t . It simply takes over some of the 

exhib i t ion in Kassel, Germany, and the 
prestigeous Stedel i jk Museum in Amsterdam, the 
two exhib i ts together running for almost f i ve 
months and with a to ta l audience of almost hal f 
a m i l l i on museum-goers. In both of these shows 
drawings were produced continuously on a 
Tektronix 4014 display terminal and also wi th 
an unconventional hard-copy device ( to be 
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described l a t e r ) . A POP 11/34 ran the program 
in f u l l view of the gal lery v i s i t o rs ( f i g 3) . 

In addit ion and at other times the program's 
output has been exhibited in a more orthodox 
mode in museums and gal ler ies in the US and in 
Europe. 

These exhibits were not set up as sc ien t i f i c 
experiments. Nor could they have been without 
d is tor t ing the expectations of the audience, 
and thus the significance of any resul ts . No 
formal records were kept of the hundreds of 
conversations which took place between the 
a r t i s t and members of the audience. This report 
is therefore essential ly narrat ive, but offered 
with some confidence. 

Audience Response. 

A v i r t u a l l y universal f i r s t assumption of the 
audiences was that the drawings they were 
watching being made by the machine had actual ly 
been made in advance by the " rea l " a r t i s t , and 
someow "fed" to the machine. After it had been 
explained that th is was not the case viewers 
would talk about the machine as if it were a 
human a r t i s t . There appeared to be a general 
consensus that the machine exhibited a good-
natured and even w i t t y a r t i s t i c personality, 
and that i t s drawings were quite d r o l l ( f i g 4 ) . 
Sane of the viewers, who knew my work from ray 
pre-computing, European, days claimed that they 
could "recognise my hand'' in the new drawings. 
This las t is par t icu lar ly in terest ing, since, 
while I cer ta in ly made use of my own body of 
knowledge concerning image-making in wr i t ing 
the program, the appearance of my own work 
never consciously served as a model for what 
the program was supposed to do. 

More to the point , while a very small number of 
people insisted that the drawings were nothing 
but a bunch of random squiggles, the majority 
c lear ly saw them in referent ia l terms. Many 
would stand for long periods watching, and 
describing to each other what was being drawn: 
always in terms of objects in the real world. 
The drawings seem to be viewed mostly as 
landscapes inhabited by "creatures", which 
would be "recognised" as animals, f i s h , birds 
and bugs. Occasionally a viewer would 
"recognise" a landscape, and once the machine's 
home was ident i f ied as San Francisco, since it 
had jus t drawn Twin Peaks. 

It might be correct ly anticipated that on those 
other occasions when drawings have simply been 
framed and exhibited without any reference to 
their o r ig ins , the question of their or ig ins 
has never ar isen, and they have met with a 

typical 
responses 

cross-section of museum-goers 

Even without formal evaluation, it might 
reasonably be claimed that the program provides 
a convincing simulation of human performance. 

The next part of th is paper is divided into 
f ive sections. In the f i r s t , a general 
description of the production system as a whole 
is given. The following three sections deal 
with part icular parts of the production system: 
the MOVEMENT CONTROL par t , the PLANNING par t , 
and the part which handles the internal 
representation of the drawings as they proceed. 
The second of these, on PLANNING, also gives an 
account of the theoretical basis for the 
program. The f i f t h section has something to say 
about the function of randomness in the 
program, and also discusses to what extent it 
might be thought to paral le l the use of 
randomness in human art-making behavior. The 
th i rd and f ina l part draws conclusions. 
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2. TOE PROGRAM ''AARON" 

24 THE PRODUCTION SYSTEM. 

The main program (note 5) has about three 
hundred productions. Many of these are to be 
regarded as micro-productions in the sense that 
each of them handles only a small part — an 
-action-atom- — of a larger conceptual un i t of 
act ion. For example, the drawing of a single 
l i n e , conceptually a single act , actual ly 
involves twenty or t h i r t y productions on at 
least three levels of the system. This f i ne -
grain control over the drawing process 
subscribes both to i t s general i ty — most of 
these action-atoms are invoked by many 
d i f f e ren t s i tuat ions — and to i t s f l e x i b i l i t y , 
since it allows a process to be interrupted at 
any point for further consideration by higher-
level processes. 

Levels of Organisation. 

The organisation of the system is he i rarch ica l , 
in the sense that the higher levels are 
responsible for decisions which constrain the 
domain of action for the lower levels ( f i g 5 ) . 
Each level of the system is responsible only 
for i t s own domain of decison-making, and there 
is no conceptual homunculus s i t t i n g on the top 
holding a bluepr int and di rect ing the whole 
operat ion. No single part knows what the 
drawing should turn out to be l i k e . There is 
some pract ica l advantage to th is level-wise 
s p l i t t i n g up of the system, but the program was 
designed th is way pr imar i ly for reasons of 
conceptual c l a r i t y , and from a desire to have 
the program structure i t s e l f — as well as the 
material contained wi th in it — re f lec t my 
understanding of what the human image-making 
process might be l i k e . I believe that the 
constant sh i f t i ng of at tent ion to d i f fe ren t 
levels of de ta i l and conceptualisation provides 
th i s human process with some of i t s important 
character is t ics . Thus the l e f t part of each 
production searches for combinations of up to 
f i ve or six condit ions, and each r igh t part may 
perform an arb i t ra ry number of actions or 
action-atoms, one of which may involve a jump 
to another level of the system. 

''ARTWORK'' 

The topmost level of the system, the ARTWORK 
l e v e l , is responsible for decisions re lat ing to 
the organisation of the drawing as a whole. It 
decides how to s t a r t , makes some preliminary 
decisions which may la ter determine when and 
how it is to f i n i s h , and eventually makes that 
determination. The program current ly has no 

archival memory, and begins each drawing as if 
it has never done one before. (One can easi ly 
imagine the addit ion of a higher level designed 
to model the changes which the human a r t i s t 
del iberately makes in his work from one piece 
to the next: th i s level would presumably be 
cal led EXHIBITION.) 

ARTWORK also handles some of the more important 
aspects of spat ia l d i s t r i bu t i on . It is my 
be l ie f that the power of an image to convince 
us that it is a representation of some feature 
of the visual world rests in large part upon 
the image's f ine-grain structure: the degree to 
which it seems to re f lec t patterns in the 
changes of information density across the f i e l d 
of v is ion which the cognit ive processes 
themselves impose upon visual experience. 

Put crudely, th is means, for example, that a 
decision on the part of the reader of an image 
that one set of marks is a de ta i l of another 
set of marks rather than standing autonomously, 
is largely a function of such issues as 
re la t ive scale and proximity. This function is 
qui te apart from the more obviously af fect ive 
issue of shape ( and hence "semantic") 
re lat ionship. I t is the overal l control of the 
varying density of information in the drawing, 
rather than the control of i n te r - f i gu ra l 
re lat ionships, which is handled by ARTWORK. 

''MAPPING" and "PLANNING-

A l l problems involving the f inding and 
al locat ion of space for the making of 
individual elements in the drawing is handled 
by MAPPING, though i t s functions are not always 
heirarchical ly higher than those of PLANNING, 
which is responsible for the development of 
these individual f igures. Sometimes PLANNING 
may decide on a f igure and ask MAPPING to 
provide space, while at other times MAPPING may 
announce the existence of a space and then 
PLANNING w i l l decide what to do on the basis of 
i t s a v a i l a b i l i t y . Sometimes, indeed, MAPPING 
may override a PLANNING decision by announcing 
that an appropriate space is not avai lable. A 
good example of th is occurs when PLANNING 
decides to do something inside an exist ing 
closed f igure and MAPPING rules that there 
i s n ' t enough room, or that what there is is the 
wrong shape. 

MAPPING w i l l be referred to again in re la t ion 
to the data-structures which const i tute the 
program's internal representation of what i t is 
doing, and PLANNING also as one of the 
cent ra l ly important parts of the program. 
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LINES AND SECTORS 

Below t h i s level the heirarchical structure of 
the system is f a i r l y s t ra ight forward. Each 
f igure is the resu l t of (potent ia l ly ) several 
developments, each provided by a return of 
cont ro l to PLANNING. Each of these 
developments may consist of several l i nes , and 
for each of the successive l ines of each 
development of any f igure LINES must generate a 
s ta r t i ng point and an ending po in t , each having 
a d i r e c t i o n associated wi th i t ( f i g 6 ) . I t also 
generates a number of parameters on the basis 
nf specifications drawn Up in PLANNING which 

determine how the l i n e is to be drawn: whether 
reasonably s t ra i gh t , wiggly, or strongly 
curved, and, if various overlapping modes are 
ca l led for ( f i g 7 ) , how they are to be handled. 

As I have ind icated, l i nes are not drawn as the 
resu l t of a s ingle production. When LINES 
passes control to SECTORS the program does not 
know exactly where the l i ne w i l l go, since the 
constra int that it must s t a r t and end facing 
speci f ied d i rec t ions does not specify a path: 
there are an indeterminate number of paths 
which would sa t i s f y the const ra in t . The program 
does not choose one, it generates one. SECTORS 
produces a series of "imagined" p a r t i a l 
dest inat ions — signposts, as it were ( f i g 8) 
— each designed to br ing the l i ne closer to 
i t s f i na l end-state. On set t ing up each of 
these signposts it passes control to CURVES, 
whose funct ion is to generate a series of 
movements of the pen which w i l l make it veer 
towards, rather than actua l ly to reach, the 
current signpost. Control is passed back to 
SECTORS when the pen has gone far enough 
towards the current signpost that i t is time to 
look fur ther ahead, and it is passed back to 
LINES when the current l i n e has been completed 
and a new one is demanded by the development 
s t i l l i n progress. 

2.2 MOVEMENT CONTROL 

We are now down to the lowest level of the 
program, and to the way in which the curves 
which make up the drawing are ac tua l ly 
generated. This par t is not discontinuous from 
the res t , of course. The f l e x i b i l i t y of the 
program rests in large par t upon the fac t that 
the heirarchy of control extends downwards to 
the f inest-grained decisions: no par t of the 
contro l s t ructure is considered to be so 
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automatic that i t should f a l l below the 
interface l i n e . Thus, the story of how the pen 
gets moved around follows on from the 
descr ipt ion of how the intermediate signposts 
are set up. 

Abstract Displays and Real Devices 

In the ear l ie r versions of the program a l l the 
development work was done exclusively on a 
graphic d isp lay, and the "pen" was handled as 
an abstract , dimensionless en t i t y without 
real-world constraints upon i t s movements. 
Conceptually, however, I always thought of the 
problem of moving the pen from point A facing 
d i rec t ion alpha, to point B facing d i rec t i on 
beta, as being rather l i k e the task of d r iv ing 
a car o f f a main road in to a narrow driveway 

set at some known arb i t ra ry angle to i t . This 
is c lear ly not a dead-reckoning task for the 
human d r i ve r , but one which involves continuous 
feedback and a successive-approximation 
strategy. 

It seemed qui te reasonable, therefore, to be 
faced at some point wi th the problem of 
constructing an actual vehicle which would 
carry a real pen and make real drawings on real 
sheets of paper. That s i tua t ion arose in the 
Fal l of '76 when I was preparing to do the 
museum exhibi t ions which I mentioned e a r l i e r , 
and decided that if I wanted to make the 
drawing process v i s i b l e to a large number of 
people simultaneously, I would need to use 
something a good deal bigger than the usual 
graphic display wi th i t s 20-inch screen. 



The Tur t le , 

The answer turned out to be a small two-wheeled 
t u r t l e ( f ig 9 ) , each of i t s wheels 
independently driven by a stepping motor, so 
that the tu r t l e could be steered by stepping 
the two motors at appropriate rates, it is thus 
capable of drawing arcs of c i rc les whose radius 
depends upon the rat io of the two stepping 
rates. 

Since the two wheels can be driven at the same 
speed in opposite direct ions, the tu r t le can be 
spun around on the spot and headed off in a 
straight l i ne , so that th is kind of device is 
capable of simulating a conventional x-y 
p lo t te r . But it seemed ent i re ly unreasonable to 
have b u i l t a device which could be driven l i ke 
a car and then use it to simulate a p lo t ter . 
In consequence the pen-driving procedures 
already in the program were re-written to 
generate the stepping rates for the motors 
d i rec t l y — to stay as close as possible to the 
human model's performance — rather rather than 
calculating these rates as a function of 
decisions already made. 

The advantage here was a conceptual one, with 
some practical bonus in the fact that the 
t u r t l e does not spend a large part of i t s time 
spinning instead of drawing. It also turned out 
unexpectedly that the generating algorithm 
simpl i f ied enormously, and the quali ty of the 
freehand simulation improved noticeably. 

Feedback. 

The program does not now seek to any place — 
in cartesian terms — but concerns i t se l f 
exclusively with steering: thus the tu r t l e ' s 
cartesian posit ion at the end of executing a 
single command is not known in advance. Nor is 
th is calculat ion necessary when the tu r t le is 
operating in the real world. It was not 
designed as a precision drawing device, and 
since it cannot perform by dead-reckoning for 
long without accumulating errors, the principle 
of feedback operation was extended down into 
th is real-world part of the program. The device 
makes use of a sonar navigation system ( f ig 10) 
by means of which the program keeps track of 
where i t actually i s . Instead of te l l ing i t to 
"go to x,y" as one would t e l l a conventional 
p lo t te r , the program te l l s it ' 'do the following 
and then say where you are''. 

A more detailed account of the tu r t le system, 
and i t ' s ef fect upon the simulation of freehand 
drawing dynamics, is given in Appendix 1. 

f igure 10. 

2.3 "PLANNING" 

No single level of the program can be described 
adequately without reference to the other 
levels with which it interacts: i t has already 
been mentioned, for example, that MAPPING may 
either precede PLANNING in determining what is 
to be done next, or it may serve PLANNING by 
finding a space specified there. Addit ionally, 
any development determined in PLANNING may be 
modified subsequently either as a result of an 
imminent co l l i s ion with another figure or 
because provision exists in the program for 
"stacking" the current development in order to 
do something not or ig ina l ly envisaged ( f i g 
11a,b). A l l the same, the drawing is conceived 
predominantly as an agglomeration of f igures, 
and to that extent PLANNING, which is 
responsible for the development of individual 
f igures, is of central importance. 

Behavioral Protocols in Image-Making. 

Of the ent ire program, it is also the part 
least obviously related to the effects which it 
accomplishes. While the formal results of i t s 
actions are clear enough — an action cal l ing 
for the closure of a shape w i l l cause it to 
close, for example — it is not at a l l clear 
why those actions result in the speci f ical ly 
evocative qual i ty which the viewer experiences. 

1037 



A rule-by ru le account of t h i s e f fec t is not 
appropriate, because the indiv idual rules do no 
more than implement conceptual e n t i t i e s — 
which I w i l l c a l l behavioral protocols 

— which are the fundamental uni ts from which 
the program is b u i l t . These protocols are 
never e x p l i c i t l y stated in the program, but 
the i r existence is what authorises the ru les . 
Thus, before describing in de ta i l what is in 
PLANNING I should give an account of the 
thinking which preceeded the wr i t ing of the 
program, and t r y to make clear what I mean by a 
protocol . 

Background. 

It is a matter of fac t that by far the greatest 
part of a l l the imagery to which we attach the 
name of "a r t " comes to us from cultures more or 
less remote from our own. It is also a matter 
of fac t that w i th in our own cu l tu re , and in 
re la t ion to i t s recent past, our understanding 
of imagery rest to a great extent upon pr ior 
common understandings, pr io r cu l tura l 
agreements, as to what is to stand for what — 
p r i o r , that is to say, to the viewing of any 
par t icu lar image. I t is un l ike ly that a 
Renaissance depict ion of the Cruc i f ix ion ("of 
Chr ist" being understood here by means of jus t 
such an agreement!) would carry any great 

weight of meaning if we were not already 
fami l iar both wi th the story of Chr ist and wi th 
the established conventions for dealing wi th 
the various parts of the story. Indeed, we 
might be qui te confused to f ind a depict ion of 
a beardless, curly-headed youth on the cross 
unless we happened to possess the now-abstruse 
knowledge that Chr ist was depicted that way — 
attaching a new set of meanings to the o ld 
convention for the representation of Dionysus 
— un t i l well into the 7th century. In general, 
we are no longer party to the agreements which 
make th i s form acceptable and understandable. 
We must evidently d is t inguish between what is 
understandable without abstruse knowledge — we 
can, indeed, recognise the f igure on the cross 
as a f igure — and what is understandable only 
by v i r tue of such knowledge. 

In the most general sense, a l l cu l tu ra l 
condit ions are remote from us, and d i f f e r only 
in the degree of the i r remoteness. We cannot 
rea l l y comprehend why the Egyptians made 
sphinxes, what Michelangelo thought the ancient 
world had in common with Chr i s t i an i t y , or how 
the internal combustion engine was viewed by 
the I t a l i a n Futur ists seventy years ago who 
wanted to tear down the museums in i t s honor. 
What abstruse knowledge we can gain by reading 
Michelangelo's wr i t i ngs , or the Futur is t 
Manifesto, does not place us in to the cu l tu ra l 

f igure 11a,b. 



environment in which the work is embedded. A 
cul ture is a contiuium, not a s ta t i c event: i t s 
understandings and meanings s h i f t constantly, 
and the i r survival may appear without close 
scrut iny to be largely a rb i t ra ry . In the 
extreme case, we f ind ourselves surrounded by 
the work of ear l ie r peoples so u t te r l y remote 
from us that we cannot pretend to know anything 
about the people themselves, much less about 
the meanings and purposes of their surviving 
images. 

The Paradox of Ins is tent Meaning fulness. 

There is an imp l i c i t paradox in the fact that 
we pers is t in regarding as meaningful — not on 
the basis of careful and scholarly detective 
work, but on a more d i r ec t l y confrontational 
basis — images whose or ig ina l meanings we 
cannot possibly know, including many that bear 
no e x p l i c i t l y visual resemblance to the things 
in the world. Presumably th i s state of a f f a i r s 
arises in part from a fundamental cu l tu ra l 
egocentrism — what, we ask, would we have 
intended by th i s image and the act of making 
i t ? — which is fundamentally d i s t o r t i v e . 
There has also been a par t icu lar confusion in 
t h i s century through the widespread acceptance 
of what we might ca l l the telecommunications 
model of our transactions through imagery, 
pa r t i cu la r l y since in applying that model no 
d i f f e ren t i a t i on has been observed between the 
cul ture we l i v e in and the cultures of the 
remote past. In the view of th i s model, 
o r ig ina l meanings have been encoded in the 
image, and the appearance of the image in the 
world ef fects the transmission of the meanings. 
Allowing for noise in the system — the 
i n e v i t a b i l i t y of which gives r ise to the 
not ion, in a r t theory, of " in terpre ta t ion" — 
the reception and decoding of the image makes 
the o r ig ina l meanings avai lable. 

However useful the model is as a basis for 
examining real telecommunication-like 
s i tua t ions , in which the intended meanings and 
the i r transformations can be known and tracked, 
it provides a general account of our 
transactions through images which is quite 
inadequate. The encoding and decoding of 
messages requires access to the same code-book 
by both the image-maker and the image-reader, 
and that code-book is precisely what is not 
carr ied across from one culture to another. 

I think it is clear also that the paradox of 
ins is ten t meaning fulness, as we might ca l l i t , 
const i tutes the normal condition of image-

mediated transactions, not an abnormal 
condit ion. It evidently extends below the level 
at which we can recognise the f igure , but not 
what the f igure stands fo r , since so much of 
the available imagery is not in any very 
obvious sense "representational" at a l l . The 
paradox is enacted every time we look at a few 
marks on a scrap of paper and proclaim them to 
be a face, when we know perfect ly well that 
they are nothing of the sor t . 

Cognitive Bases for Image Structure. 

In short, my tentat ive hypothesis in s tar t ing 
work on AARON was that a l l image-making and a l l 
image-reading is mediated by cognit ive 
processes of a rather low-level k ind, 
presumably processes by means of which we are 
able to cope also with the real world. In the 
absence of common cul tura l agreements these 
cognit ive processes would s t i l l unite image-
maker and image-viewer in a single transaction. 
On th is level — but not on the more complex 
culture-bound level of specif ic iconological 
in ten t iona l i t y — the viewer's egocentr ic i ty 
might be j u s t i f i e d , since he could correct ly 
ident i fy cognit ive processes of a famil iar kind 
in the making of the image. But l e t me de ta i l 
th is posi t ion with some care. I am not 
proposing that these processes make it possible 
for us to understand the intended meanings of 
some remotely-generated image: I am proposing 
that the intended meanings of the maker play 
only a re la t i ve ly small part in the sense of 
meaningfulness. That sense of meaningfulness is 
generated for us by the structure of the image 
rather than by i t s content. 

I hope I may be excused for dealing in so 
abbreviated a fashion with issues which are a 
good deal less than sel f -ev ident . The notion of 
non-enculturated behavior — and that notion 
lurks behind the last few paragraphs, obviously 
— is a suspect one, since a l l human behavior 
is enculturated to some degree: but my purpose 
was not to say what part of human behavior is 
dependent upon enculturating processes and what 
is not. It was simply to ident i fy some of the 
determinants to a general image-structure which 
could be seen to be common to a wide range of 
enculturating patterns. The implication seemed 
strong — and s t i l l does — that the minimum 
condit ion for generating a sense of 
meaningfulness did not need to include the 
assumption of an intent to communicate: that 
the exercise of an appropriate set of these 
cognit ive processes would i t s e l f be su f f i c ien t 
to generate a sense of meaningfulness. 



Cognitive S k i l l s , 

The task then was to define a sui table set. I 
have no doubt that the options are wide, and 
that my own choices are not exclusive. I chose 
at the outset to include: 

1. the a b i l i t y to d i f f e ren t i a te between 
f igure and ground, 

2. the a b i l i t y to d i f f e ren t i a te between 
open and closed forms, and 

3. the a b i l i t y to d i f f e ren t i a te between 
insideness and outsideness (note 6 ) . 

AARON has developed a good deal from that 
s ta r t ing po in t , and some of i t s current 
a b i l i t i e s c lear l y r e f l e c t highly enculturated 
patterns of behavior. For example, the program 
is now able to shade f igures in a mode 
d i s t i n c t l y l inked to Renaissance and post-
Renaissance representational modes: other 
cul tures have not concerned themselves wi th the 
f a l l of l i g h t on the surfaces of objects in the 
same way. Nevertheless, a large part of the 
program is involved s t i l l in demonstrating i t s 
awareness of the more p r im i t i ve 
d i f f e ren t i a t i ons . 

Protocols and Rules. 

Against th i s background, I use the term 
protocol to mean the procedural ins tan t ia t ion 
of a formal awareness. This is c lear ly a 
defination which rests upon cogni t ive, rather 
than perceptual, modes, since it involves the 
awareness of re la t iona l structures. Thus, for 
example, the program's a b i l i t y to d i f f e ren t i a te 
between form and ground makes possible an 
awareness of the spat ia l relat ionships between 
forms, and generates f i n a l l y a set of avoidance 
protocols, the funct ion of which is to proh ib i t 
the program from ignoring the existence of one 
f igure in drawing another one. The protocols 
themselves are not e x p l i c i t l y present in the 
program, and are manifested only through the i r 
enactment by the rules which describe what to 
do in par t icu lar circimstances where the 
overlapping of f igures is threatened. 

Figure Development 

In keeping wi th the heirarchical st ructur ing 
which informs the program as a whole, PLANNING 
considers a f igure to be the resu l t of a number 
of developments, each determined in part by 
what has gone before. The program enacts a 
number of repe t i t i on protocols, and a single 
development in the making of a f igure can of ten 
involve the repe t i t i on of a single act ion ( f i g 

12), rather than the agglomeration of d i f f e ren t 
act ions. The f i r s t productions to deal wi th 
the f i r s t development of any f igure decide, on 
the basis of frequency considerations, that 
t h i s f igure w i l l be closed, that i t w i l l be 
open, or that it w i l l be, for the moment, 
''unconmitted" — that i s , a l i ne or a complex 
of l ines w i l l be drawn, but only at a la ter 
stage w i l l it be decided whether or not to 
close. I f the primary decision is for c losure, 

then PLACING w i l l decide between a number of 
opt ions, mostly having to do wi th size and 
shape — MAPPING permitt ing — and wi th 
conf igurat ion. In some cases it w i l l not 
actual ly draw the boundary of a closed form at 
a l l , and w i l l leave the d e f i n i t i o n of the 
occupied space to await subsequent space­
f i l l i n g moves. 

If the decision is for a non-closed form, then 
again a number of options are open. In both 
cases the avai lable options are stated largely 
in terms of repe t i t ion protocols, the enactment 
of which determines the formal character is t ics 
of the resul t ing conf igurat ion. These 
character is t ics are not uniquely de f in ing , 
however, and a number of d i f f e ren t formal sub­
groups may resul t from a single repe t i t i on 
protocol and i t s ru les . For example, one such 
protoco l , involving a single l i ne in t h i s case, 
requires the l i ne to move a given distance 
(more-or-less) and then change d i r e c t i o n , 
continuing t h i s cycle a given number of times. 
A l l the f igures marked in ( f i g 13) resu l t from 
t h i s : the de ta i l s of implementation in the 
indiv idual cases are responsive to thei r unique 
environmental condi t ions, and in any case may 
be changed at any point by the overr iding 
avoidance pro toco l , which guarantees the 
t e r r i t o r i a l i n teg r i t y o f ex is t ing f igures. 
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Thus the program w i l l know at the beginning of 
each development what the current intent ion i s , 
but w i l l not know what shape w i l l resu l t . A 
closed form generated by a "go, turn, repeat" 
cycle may in fact turn out to be extremely long 
and narrow ( f i g 14), and a number of second 
developments associated with a closed-form 
f i r s t development w i l l then be unavailable: 
there w i l l be a l i m i t , for example, upon what 
can be drawn inside i t , though it may develop 
in other ways, as th i s one does. 

P ro l i f e ra t i on . 

Even with constraints of th is sort there is a 
s ign i f i can t p ro l i f e ra t ion in the number of 
productions associated with the second 
development of any f igure . A typical f i r s t 
development might be i n i t i a ted by: 

It ( th is is a f i r s t development 
and the las t f igure was open 
and at least n f igures have been done 
and at least q of them were open 
and at least t uni ts of space are now 
available) 

Then 
This f igure w i l l be closed 

specif icat ions for repet i t ion 
specif icat ions for configuration 
to move on from th i s point : 
If ( th is is a second development 

and the f i r s t was closed 
and i t s properties were 

a. (size) 
b. (proportions) 
c. (complexity) 

f igure 14. 

i 

f igure 13. 

d. (proximity to . . . ) 

Then either 
1 . div ide i t 
. . . specif icat ions . . . 
or 
2. shade i t 
. . . spec i f i ca t ions . . . 
or 
3. add a closed form to it 
. . . spec i f i ca t ions . . . 
4. do a closed form inside 
. . . spec i f i ca t ions . . . 
or 
5. do an open form inside 
. . . spec i f i ca t ions . . . 



This is a prototype for an expanding class of 
productions, each responding to a d i f fe rent 
combination of properties in the f i r s t 
development. Simi lar ly , continuation w i l l 
requ i re . . . 

If ( th is is a th i rd development 
and the f i r s t was a closed form 
. . . propert ies. . . 
and the second was a closed form 
. . . proper t ies. . . ) 

Then 
shade the ent i re f igure: 

specif icat ion 1: 
a boulder with a hole in it 

or 
specif icat ion 2: 

a f l a t shape with a hole 
or 
specif icat ion 3: 

a penumbra. 

If ( th is is a th i rd development 
and the f i r s t was closed 
and the second was a series of 
paral le l l ines inside i t . . . 
and the remaining inside space is at 
least s . . . ) 

Then 
do another series of l ines: 

specif icat ion 1: 
perpendicular to f i r s t 

or 
specif icat ion 2: 

alongside the f i r s t . . . 

• • 

f igure 15. 

or 
specif icat ion 3: 

do a closed form in available 
space... 

(note 7 ) . 

The Relationship of Closed Forms and Open 
Forms. 

The same pro l i fe ra t ion of options occurs for 
open-lined structures also, but not to the same 
degree. One of the interesting things to come 
out of th is program is the fact that open-line 
structures appear to function quite d i f fe ren t l y 
when they are alone in an image than when they 
appear in the presence of closed forms. There 
seems to be no doubt that closed forms exert a 
special authority in an image — perhaps 
because they appear to refer to objects — and 
in their presence open-lined structures which 
in other circumstances might exert similar 
pressure on the viewer are relegated to a sort 
of spatial connective-tissue funct ion. A 
similar context-dependancy is manifested when 
material is presented inside a closed form ( f i g 
15): it is "adopted", and becomes either a 
de ta i l of the form, or markings upon i t . This 
seems to depend upon part icular configurational 
issues, and especially the scale relat ionship 
between the "parent" form and the newly 
introduced mater ial . This manifestation is 
important, I believe, in understanding why we 
are able to recognise as "faces" so wide a 
range of closed forms with an equally wide 
range of internal markings following only a 
very loose d is t r ibu t ion speci f icat ion. 
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