
GARI : A PROBLEM SOLVER THAT PLANS HOW TO MACHINE MECHANICAL PARTS 

Yann ick DESCOTTE and Jean-Claude LATOMBE 

I .M .A .G . 
B.P. 53X - 38041 - GRENOBLE Cedex - FRANCE 

ABSTRACT 

In t h i s pape r , we d e s c r i b e a p l a n g e n e r a t o r f o r 
p l a n n i n g the sequence o f mach in ing c u t s o f mechani-
c a l p a r t s . Th i s sys tem, named GARI, makes use of 
we igh ted p i eces o f adv ice r e p r e s e n t i n g the e x p e r t i s e 
o f human s p e c i a l i s t s . The c o m p l e x i t y o f the a p p l i c a ­
t i o n domain gu ided us toward the i m p l e m e n t a t i o n of a 
r a t h e r s o p h i s t i c a t e d c o n t r o l s t r u c t u r e i n c l u d i n g 
h y p o t h e s i s g e n e r a t i o n , f a c t d e d u c t i o n , and c o n f l i c t 
r e s o l u t i o n . Exper iments w i t h GARI suggest t h a t more 
resea rch e f f o r t shou ld b e devoted t o a b s t r a c t r e p r e ­
s e n t a t i o n o f c o n t r o l as opposed to the e x h a u s t i v e 
r e p r e s e n t a t i o n s defended by s e v e r a l a u t h o r s d u r i n g 
the l a s t few y e a r s . 
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I INTRODUCTION 

In t h i s pape r , we d e s c r i b e a p l a n g e n e r a t o r named 
GARI. Th i s system makes use of an e x p e r t knowledge 
base f o r au toma t i ng the p l a n n i n g o f the mach in i ng 
sequence o f mechan ica l p a r t s . 

P l a n n i n g the mach in ing process i s regarded i n the 
c o n t e x t o f CAD/CAM as an i m p o r t a n t , bu t d i f f i c u l t 
p rob lem. The main o b s t a c l e comes f rom the f a c t t h a t 
p r o d u c i n g a mach in ing p l a n r e q u i r e s the a p p l i c a t i o n 
o f a l a r g e amount o f r a t h e r s u b j e c t i v e and s p e c i a l i ­
zed knowledge. T h i s knowledge is b e t t e r d e s c r i b e d as 
many d i f f e r e n t l y we igh ted p i eces of adv ice than as a 
sma l l se t o f c o n s t r a i n t s to be s a t i s f i e d . Compromises 
are o f t e n n e c e s s a r y . 

GARI makes use of such p i eces of adv i ce to gene­
r a t e p l ans f o r mach in ing p a r t s . The c o m p l e x i t y o f 
the a p p l i c a t i o n domain gu ided us toward the i m p l e ­
m e n t a t i o n o f a r a t h e r s o p h i s t i c a t e d c o n t r o l s t r u c t u r e 
i n c l u d i n g h y p o t h e s i s g e n e r a t i o n , f a c t d e d u c t i o n , and 
c o n f l i c t r e s o l u t i o n . 

Du r i ng the l a s t few y e a r s , s e v e r a l a u t h o r s have 
advocated e x p l i c i t r e p r e s e n t a t i o n o f c o n t r o l f o r i m ­
p r o v i n g the b e h a v i o r o f p r o b l e m - s o l v e r s ( e . g . : / I / , 
/ 2 / , / 3 / , / A / , / 5 / ) . We f i r s t implemented and experimen­
ted w i t h such a r e p r e s e n t a t i o n drawn f rom the one 
used i n TROPIC / A / . However, i t q u i c k l y t u r n e d ou t 
to be inadequate : an i n t r a c t a b l e q u a n t i t y o f i n f e ­
rences and f ac t s had to be remembered. Then, we moved 

toward an a b s t r a c t , b u t e a s i e r t o h a n d l e , r e p r e s e n ­
t a t i o n o f c o n t r o l , wh ich exper imen ts have proved t o 
be more a p p r o p r i a t e to the p rob lem at hand . 

We b e l i e v e t h a t r esea rch on the a b s t r a c t r e p r e ­
s e n t a t i o n o f c o n t r o l w i l l b e a n i m p o r t a n t t o p i c i n 
A I d u r i n g the nex t few y e a r s , i n o r d e r t o so lve 
r e a l l y complex problems r e q u i r i n g a l a r g e number o f 
i n f e r e n c e s . 

GARI is w r i t t e n in the MACLISP language and ope­
r a t e s on the HB-68 computer . We have run it on i n d u s ­
t r i a l mechan ica l p a r t s o f c o n s i d e r a b l e c o m p l e x i t y . 

II PROCESS PLANNING 

The purpose of process p l a n n i n g is to produce a 
p l a n f o r mach in ing a p a r t , g i v e n i t s d r a w i n g . The 
p l a n shou ld s p e c i f y the mach in ing cu t s to be execu ­
t e d , t h e i r o r d e r , the machine t o o l s t o be used , the 
su r f aces by wh ich to body is clamped and l o c a t e d 
d u r i n g each c u t , e t c . 

Such p l a n n i n g i n v o l v e s t a k i n g i n t o account bo th 
t e c h n o l o g i c a l r u l e s and economic c o n s i d e r a t i o n s , f o r 
example : 

- I f a ho le H2 opens i n t o an o t h e r ho le H I , then 
one is recommended to machine HI b e f o r e H2 in o rde r 
t o a v o i d r i s k s o f damaging the d r i l l , 

- I t i s advantageous to execute s e v e r a l cu t s on 
the same machine w i t h the same f i x i n g f o r r e d u c i n g 
the t ime spent in s e t t i n g up the work on the machine 
(we then say t h a t these cu t s are grouped i n t o the 
same " p h a s e " ) . 

There i s a g r e a t v a r i e t y o f such t e c h n o l o g i c a l 
r u l e s and economic c o n s i d e r a t i o n s . F u r t h e r m o r e , they 
are n o t a b s o l u t e . They are more p r e f e r e n c e s , between 
wh ich compromises may be necessa ry . In a d d i t i o n , t h e y 
may d i f f e r somewhat f rom one company to a n o t h e r . In 
f a c t , they r e p r e s e n t the expe r ience and the know-how 
o f e n g i n e e r s . 

An immediate consequence is t h a t the p l a n n i n g o f 
mach in ing sequences d e f i n i t e l y does no t have a u n i ­
que s o l u t i o n . 

I l l OVERVIEW OF GARI 

GARI i s s t r u c t u r e d l i k e a n e x p e r t system / 6 / . I t 
c o n s i s t s of a s p e c i a l i z e d knowledge base and a more 
g e n e r a l purpose p r o b l e m - s o l v e r . 
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Knowledge is rep resen ted by p r o d u c t i o n r u l e s . The 
l e f t - h a n d s i d e o f a r u l e i s a set ( c o n j u n c t i o n and / 
o r d i s j u n c t i o n ) o f c o n d i t i o n s about the mechanica l 
p a r t , the a v a i l a b l e mach ines, and /o r the mach in ing 
p l a n . I tems i n the r i g h t - h a n d s ide are c a l l e d p ieces 
o f a d v i c e . They are se ts o f f a c t s r e p r e s e n t i n g t e c h ­
n o l o g i c a l o r economic p r e f e r e n c e s . Each p iece o f 
adv i ce i s we igh ted a c c o r d i n g to the impor tance o f 
i t s s a t i s f a c t i o n . 

GARI genera tes a mach in ing p l an f rom a model of 
the p a r t . T h i s model desc r i bes the p a r t i n terms o f 
e n t i t i e s , such as h o l e s , g rooves , notches and faces, 
and i t i n c l u d e s bo th geome t r i ca l and t e c h n o l o g i c a l 
d a t a . I t a p r i o r i de te rmines the se t o f p o t e n t i a l 
c u t s . I ndeed , each e n t i t y may r e q u i r e a maximum of 
two cu t s : a rough ing cu t and a f i n i s h i n g c u t . 

P lan g e n e r a t i o n proceeds th rough success ive r e f i ­
nements. Each i t e r a t i o n produces new a s s e r t i o n s t h a t 
app ly to the se t o f p o t e n t i a l c u t s , f o r example : 
cu t A is executed b e f o r e cu t B, cu t s C and D are 
grouped in the same phase, cu t E is per formed on a 
g r i n d i n g o r a m i l l i n g machine. These a s s e r t i o n s , 
each o f wh ich c o n s t r a i n t s the s o l u t i o n a l i t t l e more, 
are s e l e c t e d a c c o r d i n g to the p ieces o f adv ice t h a t 
are p r o v i d e d b y a c t i v e i ns tances o f r u l e s ( i . e . 
r u l e s the l e f t - h a n d s ides o f which are c u r r e n t l y 
t r u e ) . At any moment, the a s s e r t i o n s t h a t have been 
produced so f a r d e f i n e a f i n i t e se t o f p l ans . Indeed, 
they imp l y a p a r t i a l o rde r on the se t o f p o t e n t i a l 
c u t s and they s p e c i f y i n c o m p l e t e l y the c h a r a c t e r i s ­
t i c s o f each c u t . However i t may happen t h a t some 
a s s e r t i o n s a re c o n t r a d i c t o r y and so de te rmine an 
empty se t o f p l a n s . 

A c o n t r a d i c t i o n i m p l i e s t h a t some p ieces of a d ­
v i c e are c o n f l i c t i n g . To so lve i t , GARI s e l e c t s and 
r e j e c t s a p i ece o f a d v i c e . Fac ts i n f e r r e d f rom i t 
a re no l onge r assumed. Then, the i t e r a t i v e p l a n n i n g 
process i s resumed. I f i t l a t e r becomes u s e f u l , GARI 
can r e c o n s i d e r the s o l u t i o n t o a c o n f l i c t , i n o rde r 
to r e a p p l y a p iece of adv i ce t h a t has been p r e v i o u s ­
l y d i s c a r d e d . 

When the process of success ive r e f i n e m e n t s is 
comp le te , the system has reached a s t a t e where each 
o f the p i eces o f adv ice p rov i ded by a l l the a c t i v e 
r u l e s i s e i t h e r s a t i s f i e d , o r c o n t r a d i c t e d (due t o 
c o n f l i c t s ) by the c u r r e n t set o f a s s e r t i o n s . Then, 
t h e r e may e x i s t r u l e s the l e f t - h a n d s i de c o n d i t i o n s 
o f wh ich a re n e i t h e r s a t i s f i e d nor c o n t r a d i c t e d . For 
each p a r t i c u l a r p l a n P de termined by the c u r r e n t 
a s s e r t i o n s , one or s e v e r a l of these r u l e s may become 
a c t i v e and may p r o v i d e p ieces o f adv ice t h a t c o n t r a ­
d i c t s P . T h e r e f o r e , GARI genera tes h y p o t h e t i c a l 
a s s e r t i o n s i n o r d e r t o make these r u l e s d e f i n i t e l y 
i n a p p l i c a b l e . Of c o u r s e , these new a s s e r t i o n s may 
i n t u r n produce new c o n f l i c t s . 

A s s e r t i o n s are s e l e c t e d and c o n f l i c t s are so l ved 
so as to m in im ize the maximum we igh t of those pieces 
o f adv i ce wh ich are f i n a l l y c o n t r a d i c t e d . 

The f i n a l set of a s s e r t i o n s produced by GARI does 
no t u s u a l l y de te rmine a unique p l a n . Remaining c h o i ­
ces can o f t e n be so lved in a b e t t e r way at execu t i on 
t ime when the machine u t i l i z a t i o n s are known. 

IV RELATIONS TO OTHER WORKS 

Other programs e x i s t i n the f i e l d o f p rocess 
p l a n n i n g f o r mechan ica l p a r t s / 7 / . Most o f them a t ­
tempt to automate " l ow l e v e l " tasks such as p r o v i ­
d i n g a d e t a i l e d a n a l y s i s o f a p a r t i c u l a r o p e r a t i o n 
( f o r example : mach in ing a h o l e ) , comput ing m a c h i ­
n i n g t i m e s , e t c . These programs make no use of AI 
methods and may be regarded as complementary to GARI. 
Other programs ope ra te o n l y on p a r t s b e l o n g i n g to a 
g i v e n t e c h n o l o g i c a l f a m i l y ( t y p i c a l l y t u r n e d p a r t s ) . 
At a more fundamenta l l e v e l , t h e r e e x i s t s an a t t emp t 
t o app ly e lements o f f uzzy se t t heo ry / 8 / . However, 
we do no t b e l i e v e t h a t a ma themat i ca l f o r m u l a t i o n 
o f the process p l a n n i n g p rob lem is a p p r o p r i a t e . On 
the o t h e r hand, we found no s u b s t a n t i a l AI work on 
t h i s p rob lem. 

GARI has some e v i d e n t a n a l o g i e s w i t h p l a n genera­
t o r s such as STRIPS / 9 / . However, b o t h the p rob lem 
to be so l ved and the methods used to so l ve i t are 
d i f f e r e n t w i t h some regards : 

(1) GARI knows be forehand the se t o f p o t e n t i a l 
a c t i o n s ( c u t s ) to be executed : the p rob lem is 
m a i n l y to o r d e r them and to s p e c i f y how they 
shou ld be e x e c u t e d . 

(2) P r o p e r l y s p e a k i n g , GARI does no t have an e x p l i ­
c i t model o f these a c t i o n s , w i t h p r e c o n d i t i o n s , 
d e l e t e and add l i s t s , l i k e most o f the p l a n 
g e n e r a t o r s . I n f a c t , some o f these model e l e ­
ments e x i s t i m p l i c i t l y . 

(3) Most o f the e x i s t i n g p l a n g e n e r a t o r s are genera l 
purpose p r o b l e m - s o l v e r s . GARI i s s p e c i a l i z e d i n 
the f i e l d o f p rocess p l a n n i n g and makes use o f 
an e x p e r t knowledge base . 

There e x i s t s a r a t h e r s t r o n g r e l a t i o n ( a t l e a s t 
a t the concep tua l l e v e l ) between the p i eces o f a d ­
v i c e a p p l i e d by GARI and the c r i t i c s a p p l i e d by 
NOAH / 1 0 / . A l t h o u g h NOAH c r i t i c s are gene ra l purpose 
ones , the use of domain s p e c i f i c ones was suggested 
by S a c e r d o t i . On ano the r hand , GARI does no t c u r r e n ­
t l y p e r f o r m h i e r a r c h i c a l p l a n n i n g l i k e NOAH, bu t we 
have t h i s type o f p l a n n i n g i n m i n d . 

There a l s o e x i s t a n a l o g i e s between GARI and t r a ­
d i t i o n a l r u l e - b a s e d e x p e r t systems / 6 / . The main 
d i f f e r e n c e concerns c o n t r o l s t r u c t u r e , wh ich i s 
s u b s t a n t i a l l y more complex i n GARI than i t i s i n 
t y p i c a l d i a g n o s i s e x p e r t systems l i k e MYCIN / l l / . 

The c o n f l i c t r e s o l u t i o n procedure d e r i v e d i n i ­
t i a l l y f r om the f a i l u r e p r o c e s s i n g p rocedure i m p l e ­
mented i n TROPIC / A / . I t i s now v e r y d i f f e r e n t , 
p a r t l y due t o reasons p resen ted i n the i n t r o d u c t i o n 
o f t h i s pape r . Another ma jo r reason i s t h a t TROPIC, 
l i k e the TMS o f Doyle / 3 / , faced o n l y f a i l u r e s p r o ­
duced by the c o n t r a d i c t i o n o f c o n s t r a i n t s , the 
s a t i s f a c t i o n o f wh ich was i m p e r a t i v e . I n c o n t r a s t , 
GARI faces c o n f l i c t s between p ieces o f a d v i c e , 
wh ich may be regarded as weak c o n s t r a i n t s , so t h a t 
i t i s v a l i d t o make compromises between them. 

V PART DESCRIPTION 

The shape of a p a r t is d e s c r i b e d to GARI as a 
bas i c volume ( e . g . : a p a r a l l e l e p i p e d , a c y l i n d e r ) 
t o g e t h e r w i t h a s p e c i f i c a t i o n o f i n s t a n c e s o f 
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" e n t i t i e s " o f the type used by eng inee rs in shape 
d e s c r i p t i o n : h o l e s , g rooves , n o t c h e s , b o r e s , f a c e s , 
e t c . Dimensions and t o l e r a n c e s are i n p u t as they 
appear on the d r a w i n g , and thus r e q u i r e no computa­
t i o n i n a b s o l u t e c o o r d i n a t e s . T e c h n o l o g i c a l i n f o r ­
ma t i on e x i s t i n g o n the d raw ing ( e . g . s u r f a c e qua l i t y ) 
i s a l s o g i v e n t o GARI. 

Example : 

The coun te rsunk ho le H of f i g u r e 1 is d e s c r i b e d 
to GARI as f o l l o w s : 
(H ( t y p e c o u n t e r s u n k - h o l e ) 

( s t a r t i n g - f r o m F l ) 
( open ing -on F3) 
( d i ame te r 6) 
(countersink-diameter 12) 
(sur face-qua l i ty 7)) 

(distance H F2 19) 
(countersink-depth H Fl 3 +-80) 
(perpendicu lar i ty H F3 +-50) 

Figure 1 

The n o t i o n o f e n t i t y i s i m p o r t a n t because i t 
r e f l e c t s a b a s i c concept f r e q u e n t l y used by p rocess 
p l a n n i n g s p e c i a l i s t s . Not o n l y does i t make p a r t 
d e s c r i p t i o n e a s i e r b u t , i n a d d i t i o n , the s ta tement 
o f r u l e s i s s i m p l i f i e d b y the semant ic v a l u e t h a t 
i s i m p l i c i t l y a t t a c h e d t o each type o f e n t i t y . 

In i t s c u r r e n t i m p l e m e n t a t i o n , GARI can make use 
o f about twenty d i f f e r e n t types o f e n t i t i e s . 

VI MACHINE DESCRIPTION 

Each a v a i l a b l e machine is d e s c r i b e d to GARI by a 
name and by p r o p e r t i e s , wh ich are regarded as i m ­
p o r t a n t by the u s e r s . For i n s t a n c e , some p r o p e r t i e s 
may be the type of the machine ( m i l l i n g mach ine , 
d r i l l i n g mach ine , e t c . ) , i t s p r e c i s i o n , d imens ion 
a t t r i b u t e s such as the d i s t a n c e between a x e s , e t c . 

Example : 

(CL1 ( t y p e c h u c k - l a t h e ) ( c h u c k - d i a m e t e r 2 . 0 ) ) . 

V I I RULES 

The fo rm of each r u l e used by GARI is the p r o ­
d u c t i o n : 

c o n d i t i o n s ■■> p i eces o f adv i ce 

Each p i e c e o f a d v i c e i s we igh ted by an i n t e g e r 
between 1 and 10 t h a t r e p r e s e n t s the impor tance 

a t t a c h e d t o i t s s a t i s f a c t i o n (10 - most i m p o r t a n t ) . 
I t c o n s i s t s o f a l i s t o f a s s e r t i o n s to be added to 
the c u r r e n t s o l u t i o n when i t i s a p p l i e d . 

D e s c r i b i n g a l l the p r i m i t i v e s t h a t are u s e f u l f o r 
w r i t i n g r u l e s would be f a s t i d i o u s h e r e . We b e l i e v e 
i t i s more a p p r o p r i a t e to i l l u s t r a t e them on some 
sample r u l e s . 

Atoms p r e f i x e d by &, &&, $, $$ , and : : : : a re v a r i a b l e s 
r e p r e s e n t i n g e n t i t i e s , se t s o f e n t i t i e s , mach in ing 
c u t s , se t s o f mach in i ng cu t s and se t s o f machines 
r e s p e c t i v e l y . 

- (>= (sur face-qua l i ty Ax) 6.3) 
==> 
(9 ("roughing-cut Ax)) 

I f the s u r f a c e q u a l i t y o f an e n t i t y Ax i s 
h i g h e r ( p o o r e r ) than 6 . 3 , then one i s adv ised 
( w i t h a we igh t equal to 9) to avo id a r o u g h i n g 
c u t f o r Ax. 
/Note : GARI i n t e r p r e t s such a p i ece of adv i ce 
by g r o u p i n g the r o u g h i n g c u t and the f i n i s h i n g 
cu t o f Ax in the same " o p e r a t i o n " ( s e t o f c u t s 
t o be r e a l i z e d s i m u l t a n e o u s l y ) . T h i s s imp le 
t r i c k p e r m i t s the system to work on a c o n s t a n t 
se t o f c u t s . / 

- ( g e o m e t r i c a l - e o n s t r a i n t - b e t w e e n Ax Ay) 
( = 1 ( f i n i s h i n g - c u t Ax) ( f i n i s h i n g - c u t Ay)) 
==> 
(A ( r o u g h i n g - c u t Ax) ( r o u g h i n g - c u t Ay)) 

I f Ax and Ay are e n t i t i e s l i n k e d by an i n p u t 
g e o m e t r i c a l c o n s t r a i n t and i f t h e i r f i n i s h i n g 
c u t s are no t executed in the same o p e r a t i o n 
( i . e . s i m u l t a n e o u s l y ) , then one i s adv ised (4) 
t o execute rough ing c u t s f o r bo th e n t i t i e s . 
/Note : the l e f t - h a n d s i d e o f t h i s r u l e depends 
on the p l a n to be g e n e r a t e d . / 

- (<= ( s u r f a c e - q u a l i t y Ax) 3 .2) 
( > - ( e x t r a - t h i c k n e s s Ay) 3 .0) 
( s u p p o r t e d - b y ( r o u g h i n g - c u t Ay) Ax) 

(8 (> ( f i n i s h i n g - c u t Ax) ( r o u g h i n g - c u t A y ) ) ) 
I f the s u r f a c e q u a l i t y o f an e n t i t y Ax i s lower 
( b e t t e r ) than 3 . 2 , and i f the e x t r a - t h i c k n e s s 
o f an e n t i t y &y i s g r e a t e r than 3 . 0 , and i f the 
p a r t i s suppor ted by &x d u r i n g the rough ing 
cu t o f &y, then one is adv i sed (8) to p e r f o r m 
the f i n i s h i n g cu t o f Ax a f t e r the r o u g h i n g 
cu t o f &y. 

- ( i s - a $x f i n i s h i n g - c u t ) 
(machine $x g r i nd i ng - raach ine ) 
("machine $y g r i n d i n g - m a c h i n e ) 
==> 
(10 (> $x $y ) ) 

I f f i n i s h i n g cu t $x i s executed on a g r i n d i n g 
mach ine , and i f cu t $y is executed on ano ther 
k i n d o f machine t o o l , then one i s adv ised (10) 
to p e r f o r m $x a f t e r $y . 

- ( i s - a Ax bore ) 
( i s - a Ay bore) 
( c o a x i a l &x &y) 
==> 
(6 (=2 ( f i n i s h i n g - c u t Ax) ( f i n i s h i n g - c u t Ay) ) 

(machine ( f i n i s h i n g - c u t Ax) l a t h e ) ) 
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If &x and &y are two bores l inked by a coaxi -
a l i t y cons t ra in t , then one is advised (6) to 
execute the i r f i n i sh ing cuts in the same phase 
( i . e . w i th the same f i x i n g on the same machine) 
on a la the. 

- ( i s -a &x hole) 
( i s -a &y hole) 
(open-into &x &y) 
("open-into &y &x) 
==> 
(9 (> (roughing-cut &x) (roughing-cut &y))) 

If &x is a hole that opens in to a hole &y, and 
if &y does not open into &x, then one is adv i ­
sed (9) to execute the roughing cut of &x 
a f te r the roughing cut of &y. 

- ( i s -a &x bore) 
(< (sur face-qual i ty &x) 6.0) 
("empty ( : : : :y cyl inder-grinding-machine 

(<= (sur face-qual i ty ::-:y) (surface-qua 1 i ty &x)))) 
==> 
(10 (machine ( f i n i sh ing -cu t &x) : : : :y)) 

If the surface qua l i t y of a bore &x is lower 
(bet ter ) than 6.0, and if a cyl inder gr inding 
machine able to provide th is qua l i t y is ava i ­
l ab le , then one is advised (10) to execute the 
f i n i s h i n g cut of &x on such a machine. 

A rule instance ( that is a rule in which cons­
tants have been subst i tuted for variables) is said 
to be "ac t i ve " when the conditions in i t s lef t -hand 
side are sa t i s f i ed by the part model, the machine 
descr ip t ion and the current set of assertions gene­
rated by GARI. It is said to be " inappl icab le" when 
one of these condit ions is contradicted. In a l l 
other cases, it is said to be "pending". 

Present ly, GARI runs wi th a knowledge base con­
ta in ing more than f i f t y ru les , most of them p r o v i ­
ding several pieces of advice. For a part of mode­
rate complexity, it is often the case that more than 
ten instances of the same rule become ac t ive . 

In the fo l l ow ing , the word " r u l e " w i l l also apply 
to a rule instance. 

V I I I GENERATING ASSERTIONS 

GARI i t e r a t i v e l y generates assertions by applying 
pieces of advice of decreasing weight. More preci-
se ly , it proceeds according to the two fo l lowing 
steps : 

(1) While act ive rules provide pieces of advice, 
which were not discarded when solving previous 
c o n f l i c t s , GARI applies one of these pieces of 
advice drawn from those wi th the highest weight. 

(2) While pending rules provide pieces of advice 
that are not sa t i s f i ed by the current so lu t i on , 
the system generates hypotheses wi th the goal of 
making these rules inappl icable. These hypothe­
ses are regarded as imp l i c i t pieces of advice 
of weight 0. If one of them act ivates a rule 
prov id ing a piece of advice that is not curren­
t l y s a t i s f i e d , then step ( I ) is executed again. 

Each time an e x p l i c i t or i m p l i c i t piece of adv i ­
ce is appl ied, GARI checks that a l l assertions pro-
duced so far are consistent. If a contradic t ion is 

detected, the procedure for solv ing i t is immedia­
te ly executed. 

Detecting inconsistencies may require complex 
deductions that should not be repeated. Therefore, 
a f te r applying each piece of advice, GARI performs 
a l l new deductions it can and records the concluded 
facts in the assert ion data base. 

Suppose for instance that the fo l lowing four as­
sert ions have been generated : 

- (-2 ( f i n i sh ing -cu t F2) ( f i n i sh ing -cu t FA)) 
/The f i n i sh ing cuts of F2 and FA are grouped 
in to the same phase./ 

- (-2 ( f i n i sh ing -cu t Fl) ( f i n i sh ing -cu t F5)) 
- (> ( f i n i sh ing -cu t F2) ( f i n i sh ing -cu t F l ) ) 

/The f i n i sh ing cut of F2 is executed a f te r the 
f i n i sh ing cut o f F l . / 

- (=2 ( f i n i sh ing -cu t F2) ( f i n i sh ing -cu t F l ) ) 
/The f i n i sh i ng cuts of F2 and Fl are not grou­
ped in to the same phase./ 

GARI can deduce the fo l lowing fact (among other 
conclusions) : 

- (> ( f i n i sh ing -cu t FA) ( f i n i sh ing -cu t F5)) 
This deduction is based on the meaning attached 
to the not ion of phase (set of cuts to be 
executed wi th the same f i x i n g on the same 
machine). 

Then, i f the assert ion 
- (> ( f i n i sh ing -cu t F5) ( f i n i sh ing -cu t F4)) 

is generated, a cont rad ic t ion can immediately be 
detected. 

Many deductions performed by GARI are based on 
more complex reasoning than the above one. Indeed, 
there may ex is t d is junct ive assertions such as : 

- (machine ( f i n i sh ing -cu t Bl) lathe bor ing-
machine) 
/The machine used to perform the f i n i sh i ng cut 
of Bl is e i ther a la the , or a boring-machine./ 

Thus, recording conclusions resu l ts in substant ia l 
time saving. Of course, it requires more memory 
space, but we have implemented a representat ion 
imbedding assertions in to a network s t ruc tu re . This 
representation sub tan t ia l l y reduces the necessary 
space. 

/Note ; The meaning attached to such notions as 
operat ion, phase, machine, roughing cu t , etc. , which 
is necessary for performing deductions, is procedu-
ra ly imbedded in to the programs of GARI. It could 
also have been represented by the means of i n fe ren­
ce ru les . Although the so lut ion we choose is less 
general, it makes the system more e f f i c i e n t . The 
complexity of the deductions to be made is of ten 
such that we bel ieve that a general purpose solution 
would have been u n r e a l i s t i c . / 

I f , a f te r applying a piece of advice, no contra­
d ic t ion is detected, a program for ac t i va t ing rules 
is ca l l ed . This program determines a l l new act ive 
rules given the assertions that were j us t generated. 
I t records i t s work in to ac t i va t ion trees / 1 2 / , that 
make updating easier when a c o n f l i c t is processed. 
The ac t i va t ion program makes use of the recorded 
deductions. 
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IX CONFLICT RESOLUTION 

When a cont rad ic t ion among assert ions is detec­
ted , i t is immediately processed. Bas ica l l y , the 
system discards a previously appl ied piece of advice 
and updates the current so lu t ion accordingly. 

The implemented procedure is based on a few sim­
ple concepts, which subsequent experiments proved 
to be rather e f f i c i e n t w i th respect to the problem 
at hand : 

a) GAR I always re jec ts the piece of advice the 
most recent ly appl ied among those which have the 
minimum weight. 

For example, if the fo l lowing pieces of advice 
Al A2 A3 AA A5 A6 

w i th the fo l low ing weights 
10 7 9 7 10 9 

were applied successively when a cont rad ic t ion is 
detected, GARI discards AA. 

I f i t i s the f i r s t con t rad ic t i on , th is piece o f ad­
vice is necessari ly responsable of the contradict ioa 
Indeed, assert ions are generated according to pieces 
of advice of decreasing weight. Thus, assert ions 
produced by the app l ica t ion of AA are necessary to 
the ac t i va t i on of those rules which provided A5 and 
A6. If t h i s was not the case, those ru les would have 
become act ive before the app l i ca t ion of AA. So, A5 
and A6 would have been used before AA. 

b) Reject ing a piece of advice must be accompa­
nied by updating the current so lu t i on . Thus, asser­
t ions generated when th i s piece of advice was ap­
p l i ed must be removed. This usual ly leads to disac-
t i va te some ru les . If these rules provide pieces of 
advice that were previously app l ied , the correspon­
ding assert ions must be removed in t u rn . And so on . . 

According to the reasoning of a ) , GARI is led to 
remove a l l assert ions produced a f t e r the appl icat ion 
of the piece of advice which is discarded. In the 
previous example, th is is equivalent to remove the 
assert ions produced by the app l ica t ion of AA, A5 
and A6 ( inc lud ing the deduced f a c t s ) . 

c) A cont rad ic t ion is always due to a con f l i c t i ng 
combination of pieces of advice. Thus, if a new 
cont rad ic t ion occurs l a t e r , it may become useful 
to reintroduce a previously re jected piece of adv i ­
ce. However, GARI must also solve the f i r s t cont ra­
d i c t i o n in a d i f f e r e n t manner in order to avoid an 
i n f i n i t e loop of successive f a i l u r e s . 

For th is purpose, the system proceeds as fo l lows : 
Each time it discards a piece of advice X, it gene­
rates assert ions corresponding to the app l ica t ion of 
the i m p l i c i t piece of advice ~X (not X) . ~X is then 
regarded as a rea l piece of advice. GARI gives it a 
weight w equal to the minimum weight of those pieces 
of advice which were applied a f te r X. This weight is 
j u s t i f i e d as fol lows : if we decided to maintain X 
in the same condit ions than it was appl ied ( that is 
without modifying the pieces of advice appl ied 
before X) , then we would meet again a cont rad ic t ion 
the so lu t ion of which would "cos t " at least the 
discard of a piece of advice having weight w. In the 

example of a ) , t h i s corresponds to replace AA by 
"A4 w i th weight 9. 

If the re jected piece of advice X is the most r e ­
cent ly appl ied one, then "X is introduced w i th 
weight 11. Indeed, applying X without modifying 
previously applied pieces of advice would lead to a 
d e f i n i t i v e con t rad ic t i on . 

If no new cont rad ic t ion is detected immediately 
a f te r having introduced ~X, the program for ac t i va ­
t i ng rules is executed. Then, the normal process of 
generating assertions is resumed. 

The actual procedure implemented in GARI is 
somewhat more complex than it is shown above. 
However, the extra-complexity cur rent ly is based 
more on i n t r i c a t e t r i c k s , which are evolv ing quickly, 
than on clear p r i nc i p l es . 

X A SIMPLE EXAMPLE 

The fo l lowing example i l l u s t r a t e s the inputs and 
outputs of GARI. The part to machine is defined by 
the drawing of f igure 2. It is i n i t i a l l y given as a 
rough cast ing and only those surfaces represented 
by th ick l ines must be machined. 

This part was input as a rectangular pa ra l l e l ep i ­
ped w i th holes and notches. We also described to 
GARI a c lass ica l set of machines made of a p a r a l l e l 
l a the , a m i l l i n g machine, a d r i l l i n g machine, a 
bor ing machine, a surface planing machine, a sur fa ­
ce gr ind ing machine and a cy l inder gr inding machine. 

The so lu t ion produced by GARI consisted of a set 
of machining plans characterized by the fo l lowing 
propert ies : 

- The f i r s t phase of each plan consists of executing 
the f i n i s h i n g cut of FZM on the m i l l i n g machine, 
the part being supported by face FZP. 

- Then, the part being supported by FZM, the f o l l o ­
wing three operations should be executed in 
sequence : 

- f i n i s h i n g cut of FZP on the m i l l i n g machine, 
" roughing cuts of notches N21 and N22 on the 

m i l l i n g machine, 

:: f i n i s h i n g cuts of N2) and N22 on the surface 
planing machine or on the m i l l i n g machine. 

No information was provided on how to group these 
operations in to one or several phases. 

- The l as t phase of each plan is executed on the 
d r i l l i n g machine, the part being supported by face 
FZM. It consists of two operat ions, which can be 
executed in any order : 

:: f i n i s h i n g cuts of holes H l l , H12, and H2, 
; : f i n i s h i n g cuts of a l l other holes. 

This example is very simple and only f i ve pieces 
of advice were to be discarded. One recommended a 
roughing cut of face FZM, because it is the f i r s t 
e n t i t y to be machined. However, it contradicted a 
more important piece of advice re la ted to the poor 
surface q u a l i t y required for FZM. Other discarded 
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p ieces o f adv i ce recommended the e x e c u t i o n o f the 
r o u g h i n g and f i n i s h i n g cu t s of the notches N21 and 
N22 w i t h the p a r t b e i n g suppor ted by face FZP ( i n 
o rde r to ge t a b e t t e r p r e c i s i o n ) . But t h i s was no t 
c o m p a t i b l e w i t h the a v a i l a b l e t o o l o r i e n t a t i o n s o f 
the m i l l i n g and s u r f a c e p l a n i n g machines. 

XI DISCUSSION AND PERSPECTIVES 

An imp lemen ta t i on of GARI w r i t t e n in the MACLISP 
language ope ra tes on a HB-68 computer under the 
MULT1CS sys tem. We have run it on i n d u s t r i a l mecha­
n i c a l p a r t s o f c o n s i d e r a b l e c o m p l e x i t y . The d e s c r i p ­
t i o n of some of them i n c l u d e d more than 100 e n t i t i e s 
( c f . S e c t i o n V . ) . Almost a l l generated mach in ing 
p l a n s were a c c e p t a b l e . The system is now be ing used 
e x p e r i m e n t a l l y by mach in ing p l a n n i n g e n g i n e e r s . 

A l t h o u g h i t may not c l e a r l y appear i n th is pape r , 
l a r g e e f f o r t s were expended f o r r e p r e s e n t i n g m a c h i ­
n i n g e x p e r t knowledge. I t r e q u i r e d a d e t a i l e d ana ­
l y s i s o f the mach in ing p l a n n i n g p rob lem, acqu i r ed 
b y w o r k i n g w i t h e n g i n e e r s . S i g n i f i c a n t e f f o r t s were 
a l s o devoted to f a c t d e d u c t i o n and to g e o m e t r i c a l 
m o d e l i n g . 

Our own e x p e r i m e n t a t i o n proved the g loba l adequacy 
o f the methods desc r i bed h e r e . However, c u r r e n t 
e x p e r i m e n t a t i o n b y e x p e r t s i s r e s u l t i n g i n the r u l e 
da ta base b e i n g augmented. A rough e v a l u a t i o n showed 
t h a t the number o f r u l e s shou ld grow f rom the c u r ­
r e n t 50 to about 100 r u l e s . Th is growth a l r e a d y 
p o i n t e d ou t new problems 

A l a r g e r number o f r u l e s u s u a l l y r e s u l t s in more 
c o n f l i c t s among p ieces o f a d v i c e . Cur ren t c o n f l i c t 
r e s o l u t i o n is based on s imple concepts wh ich are 
l i k e l y to become i n s u f f i c i e n t soon. In f a c t , as we 
a l r e a d y s a i d , we f i r s t implemented a s t r o n g l y 
dependency -d i r ec ted b a c k t r a c k i n g method, which 
proved to be inadequate because of the l a rge amount 
of dependencies to be r e c o r d e d . Th is is due to the 
f a c t t h a t many a s s e r t i o n s may be d e r i v e d by d i f f e ­
r e n t i n f e r e n c e s . 

we tu rned to an a b s t r a c t r e p r e s e n t a t i o n of c o n ­
t r o l where each c o n f l i c t i s remembered by a p p l y i n g 
"X (no t the p i ece o f adv ice t h a t i s d i s c a r d e d ) , to 
wh ich an a p p r o p r i a t e we igh t i s a s s o c i a t e d . C l e a r l y , 
t h i s i s too n a i v e . There shou ld e x i s t a b e t t e r com­
promise between t h i s r e p r e s e n t a t i o n and the exhaus­
t i v e r e c o r d i n g of dependenc ies . We b e l i e v e t h a t t h i s 
p rob lem is r e p r e s e n t a t i v e o f many complex a p p l i c a ­
t i o n s , so t h a t i t i s l i k e l y t o become an impo r t an t 
t o p i c i n A l d u r i n g the nex t few y e a r s . 

Augment ing the r u l e da ta base a l s o showed t h a t 
many r u l e s have e x c e p t i o n s . At the present t i m e , 
each e x c e p t i o n is r ep resen ted as ano ther r u l e . For 
i n s t a n c e , 

C I , C2, . . . . Cn, Cn+1 ==> PA' 
may r e p r e s e n t an e x c e p t i o n to r u l e 

C I , C2, . . . . Cn —> PA. 
T h i s r e p r e s e n t a t i o n leads t o u n i n t e r e s t i n g c o n f l i c t s 
t h a t may cause a s i g n i f i c a n t waste o f t i m e . I t a l so 
makes d i f f i c u l t f o r the user to get a g l o b a l v iew 
of the r u l e s . We have in mind new methods e n a b l i n g 
the system to work d i r e c t l y on r u l e s of the form : 

C I , C2, . . . , Cn —> PA 
Excep t i on : Cn+1 ==> PA1 . 

Another i n t e r e s t i n g p e r s p e c t i v e concerns h i e r a r ­
c h i c a l p l a n n i n g / 1 0 / . To d a t e , GARI has no g l o b a l 
v iew o f the p lans i t g e n e r a t e s . I n c o n t r a s t , when 
human eng ineers are c o n f r o n t e d to a p a r t above a 
c e r t a i n l e v e l o f c o m p l e x i t y , they o f t e n a t temp t t o 
work f i r s t on a s i m p l i f i e d r e p r e s e n t a t i o n o f the 
p a r t , b y e l i m i n a t i n g " u n i m p o r t a n t " e n t i t i e s . T h e r e ­
f o r e , we t h i n k about i n t r o d u c i n g new r u l e s d e s c r i ­
b i n g how to s i m p l i f y complex p a r t s , so t h a t the 
system can p e r f o r m reason ing a t v a r i o u s l e v e l s o f 
a b s t r a c t i o n . 
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