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A b s t r a c t R e p r e s e n t a t i o n 

The prob lem of r e c o n s t r u c t i n g a p rocedure 
f rom t r a c e s o f i t s behav io r i s c o n s i d e r e d . A 
r e p r e s e n t a t i o n f o r p r o c e d u r e s , i n c l u d i n g back­
t r a c k i n g p r o c e d u r e s , i s d e s c r i b e d and a d e f i n i t i o n 
o f a t r a c e o r p r o t o c o l i s p r e s e n t e d . A l g o r i t h m s 
f o r t h e c o n s t r u c t i o n o f a p rocedure f rom a s e t o f 
t r a c e s and f o r i t s c o r r e c t i o n u s i n g a d d i t i o n a l 
t r a c e s a re d e s c r i b e d . 

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

I f one i s i n t e r e s t e d i n d e v e l o p i n g systems 
whose c a p a b i l i t i e s i n c r e a s e , then i t i s c l e a r t h a t 
one must be concerned about the mechanics of how 
such a system m igh t a c q u i r e p r o c e d u r e s . Th i s 
k i n d of problem is examined in Sussman's HACKER 

[ 5 ] , a program whose c a p a b i l i t i e s i nc rease as i t 
so l ves problems and a c q u i r e s p rocedu res . HACKER 
makes use of problem s p e c i f i c i n f o r m a t i o n and 
g e n e r a l p r o c e d u r a l i n f o r m a t i o n to w r i t e a program 
and debug i t . 

Once a s o l u t i o n to a prob lem is f o u n d , one 
would expec t a prob lem s o l v e r to g e n e r a l i z e the 
s o l u t i o n i n o r d e r t o use the knowledge ga ined i n 
s o l v i n g t h a t p a r t i c u l a r problem t o so l ve o t h e r s . 
The g e n e r a l i z a t i o n c o u l d i n v o l v e d o m a i n - s p e c i f i c 
knowledge, l i k e r e p l a c i n g one t ype o f o b j e c t by a 
more g e n e r a l type of o b j e c t . On the o t h e r hand, 
i f one v iews a s o l u t i o n (a sequence of s teps) as a 
t r a c e f rom some unknown procedure on some i n p u t , 
then the g e n e r a l i z a t i o n m igh t i n v o l v e the i n t r o ­
d u c t i o n o f v a r i a b l e s and the f o r m a t i o n o f l o o p s . 

H e w i t t [ 4 l d i scusses the f o r m a t i o n o f p r o ­
cedures f rom p r o t o c o l s - i n s t r u c t i o n t r a c e s . He 
i s concerned w i t h c r e a t i n g v a r i a b l e s and g e n e r a l ­
i z i n g p r o t o c o l s t o r e c u r s i v e p r o c e d u r e s . Biermann 
[2D d i scusses the s y n t h e s i s of a T u r i n g Machine 
f rom t r a c e s o f i t s b e h a v i o r . He i l l u s t r a t e s how 
t h i s t echn ique can be used to form l o o p s . 

We b u i l d upon and ex tend the ideas of these 
a u t h o r s . We i n t r o d u c e a r e p r e s e n t a t i o n f o r 
p rocedures and an e x e c u t i o n r u l e . Based upon 
t h i s r e p r e s e n t a t i o n and the r u l e , we d e s c r i b e the 
c l a s s o f p r o t o c o l s we s h a l l c o n s i d e r . F o l l o w i n g 
B iermann 's ideas we d e s c r i b e an a l g o r i t h m f o r con ­
s t r u c t i n g a p rocedure f rom a se t o f p r o t o c o l s . 
The c o n s t r u c t i o n i n v o l v e s the f o r m a t i o n o f l o o p s , 
rep lacement of c o n s t a n t s by parameters and the 
r e s o l u t i o n o f v a r i a b l e renamings . 

We c o n t i n u e by d e s c r i b i n g techn iques f o r 
debugging a p r e v i o u s l y c o n s t r u c t e d p rocedure by 
us i ng new p r o t o c o l s . The debugging process uses 
the c o n s t r u c t e d p rocedure and the new p r o t o c o l s ; 
i t does no t r e q u i r e the r e t e n t i o n o f the p r e v i o u s 
t r a c e s . The debugging process cannot a lways be 
guaran teed to c o r r e c t a c o n s t r u c t e d p rocedu re , 
however, f o r many p r o c e d u r e s , i t works ve ry w e l l . 

We s h a l l r e s t r i c t our d i s c u s s i o n o f p rocedures 
t o f u n c t i o n p r o c e d u r e s , t h a t i s , p rocedures w h i c h , 
i f executed s u c e s s f u l l y , r e t u r n a s i n g l e v a l u e . 
The techn iques we s h a l l d e s c r i b e are n o t r e s t r i c t e d 
t o t h i s p a r t i c u l a r form o f p r o c e d u r e s , b u t t h i s 
r e s t r i c t i o n w i l l s i m p l i f y many o f our d e s c r i p t i o n s . 
(A more comple te t r e a t m e n t can be found in t i l . ) 

We s h a l l a l s o be concerned w i t h b a c k t r a c k i n g , 
p r i m a r i l y because o f i t s i m p o r t a n c e , i n some f o r m , 
i n r e c e n t work o n problem s o l v i n g [ 4 , 5 , 6 3 . I f t h e 
s o l u t i o n s we are t r y i n g t o g e n e r a l i z e i n v o l v e back ­
t r a c k i n g , then our model o f p rocedures must have 
t h i s form o f c o n t r o l a s w e l l . Thus, i n a d d i t i o n 
t o normal s e q u e n t i a l c o n t r o l , our r e p r e s e n t a t i o n 
f o r p rocedures w i l l i n v o l v e b a c k t r a c k c o n t r o l . 

Our r e p r e s e n t a t i o n w i l l i n v o l v e t h r e e " k i n d s " 
o f i n s t r u c t i o n s - ass ignment s t a t e m e n t s , t e s t s and 
r e t u r n s t a t e m e n t s . Assignment s ta tements have 
t h e form where x is a v a r i a b l e and t is a 
c o n s t a n t , a v a r i a b l e or a f u n c t i o n i n v o c a t i o n . A 
f u n c t i o n i n v o c a t i o n i s , where f i s a 
f u n c t i o n of n arguments and each a is a c o n s t a n t 
o r v a r i a b l e . A f u n c t i o n r e t u r n s . s i n g l e v a l u e i f 
executed s u c c e s s f u l l y . Because o f the p o s s i b i l i t y 
o f b a c k t r a c k i n g , i f a f u n c t i o n i s n o t executed 
s u c c e s s f u l l y , b u t does h a l t , then we say t h a t i t 
f a i l s . 

Tes ts a re i n s t r u c t i o n s o f the form p ( t , . . , t ) , 
where p is a p r e d i c a t e (a f u n c t i o n r e t u r n i n g True 
or Fa lse ) and each t i is a c o n s t a n t , a v a r i a b l e or 
a f u n c t i o n i n v o c a t i o n . L i k e f u n c t i o n s , t e s t s may 
f a i l a s w e l l . 

The rema in ing k i n d o f i n s t r u c t i o n i s R e t u r n ( a ) , 
where a is a c o n s t a n t , a v a r i a b l e . True or F a l s e . 
The e x e c u t i o n of t h i s i n s t r u c t i o n means a success ­
f u l e x e c u t i o n o f t he p rocedure and the r e t u r n o f 
t he v a l u e o f a . 

Our bas i c s t r u c t u r e w i l l b e a f i n i t e , r o o t e d , 
l a b e l l e d d i r e c t e d g r a p h . Each node i s l a b e l l e d 
by an i n s t r u c t i o n and the successors of each node 
a re o r d e r e d . A l i s t o f d i s t i n c t v a r i a b l e s f rom 
i n s t r u c t i o n s l a b e l l i n g t h e nodes i s d e s i g n a t e d a s 
the l i s t o f pa rame te r s . The d i r e c t e d graph and 
t h i s l i s t form a p r o c e d u r e . 

The e x e c u t i o n of a p rocedure beg ins when t h e 
parameters a re g i v e n v a l u e s ( t h a t i s , bound ) . 
The i n s t r u c t i o n l a b e l l i n g the r o o t node i s e v a l ­
ua ted f i r s t . The e x e c u t i o n proceeds dep th f i r s t 
u n t i l r each ing a n ass ignment o r t e s t wh ich f a i l s 
when e v a l u a t e d o r u n t i l r e a c h i n g a t e s t wh ich 
e v a l u a t e s to F a l s e . The e x e c u t i o n then resumes 
a t the l a s t s u c c e s s f u l l y node w i t h a n u n t r i e d 
successor . The v a l u e o f a l l v a r i a b l e s a re r e ­
s t o r e d t o t h e v a l u e t hey had a f t e r t h e e x e c u t i o n 
o f t h i s node. I f a l l t he successors o f t h e r o o t 
node are t r i e d u n s u c c e s s f u l l y , then the p rocedu re 
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f a i l s . 

L e t u s i l l u s t r a t e t h i s r u l e o n a s imp le p r o ­
c e d u r e . F i g u r e 1 r e p r e s e n t s a f u n c t i o n PAIRS 
(L,X) o f two arguments ( t he r o o t i s u n d e r l i n e d ; 
successors a re o r d e r e d l e f t t o r i g h t ) . The f i r s t 
argument , L , i s a l i s t , p o s s i b l y empty, c o n t a i n i n g 
n u l l l i s t s o r p a i r s o f a toms. The second argument, 
X, is an a tom. PAIRS searches L l o o k i n g f o r t h e 
f i r s t p a i r whose second e lement has t h e same v a l u e 
as X or whose second e lement is a ' ? ' . PAIRS 
then r e t u r n s t h e f i r s t e l emen t . I f L i s N i l o r 
i f PAIRS f a i l s t o f i n d a p a i r , i t r e t u r n s N i l . 

Now c o n s i d e r PAIRS ( [ [A ' ? ' ] ] , ' ? ' ) . The r o o t 
i s l a b e l l e d b y Y<-Nil ; i t s e v a l u a t i o n makes Y N i l . 
The f i r s t successo r , N U L L ( L ) , i s e v a l u a t e d - r e t u r n ­
i n g F a l s e . The e x e c u t i o n then resumes a t t h e 
nex t successor of Y<-Ni l , namely Z<-TL(L) . The 
e v a l u a t i o n o f t h i s i n s t r u c t i o n makes Z N i l . I t s 
o n l y successor , L«-HD(L), is eva lua ted making L 
[ A ' ? ' ] . I t s f i r s t successo r , NULL(L) , e v a l u a t e s 
to F a l s e ; the second successor ass igns A to Y. 
The nex t two i n s t r u c t i o n s a s s i g n '? ' to L. The 
f i r s t successor of L<-HD(L), namely L = X, e v a l u a t e s 
to T r u e . The Re tu rn (Y) i s e v a l u a t e d , r e t u r n i n g 
A and s i g n i f y i n g the end of the e x e c u t i o n of PAIRS. 

T h i s b a c k t r a c k i n g r u l e i s n a i v e , bu t i t does 
p r o v i d e a b e g i n n i n g f o r s t u d y i n g t r a c e s f rom p r o ­
cedures i n v o l v i n g more complex b a c k t r a c k i n g c o n t r o l 
s t r u c t u r e s . 

Our nex t t ask i s t h e d e s c r i p t i o n o f a p r o t o c o l 
L e t P(x , . . . , x ) be a p rocedure in our r e p r e s e n t ­
a t i o n and l e t a 1 , . . . , a b e t h e i n p u t w e w ish t o 
use to i l l u s t r a t e how P wo rks . Imagine t h a t we 
have ' 'unwound" the d i r e c t e d g raph of P to fo rm an 
i n f i n i t e t r e e (o r f i n i t e i f P has n o l o o p s ) . 
Using our e x e c u t i o n r u l e , i f we e v a l u a t e P ( a 1 . . . , a ) 
and i t h a l t s ( e i t h e r r e t u r n s a v a l u e o r f a i l s ) , 
t hen the nodes o f the i n f i n i t e t r e e e v a l u a t e d 
d u r i n g the e x e c u t i o n form a f i n i t e s u b t r e e . Re­
p l a c e each node o f t h i s f i n i t e sub t ree b y i t s l a b e l 
( i n s t r u c t i o n ) - t h i s i s our t r a c e . We s h a l l c a l l 
t h i s t r a c e a pu re t r a c e . 

I n our d e s c r i p t i o n o f PAIRS, the pure t r a c e 
produced by PAIRS ( t [ A , ? , ] ) , ' ? ' ) would be t h a t 
i n F i g u r e 2 . 

U n f o r t u n a t e l y , t r a c e s a re seldom p u r e . Most 
t r a c e s a re v a r i a t i o n s o f pure t r a c e s - f o r example , 
u s i n g c o n s t a n t s i n t h e t r a c e i n s t e a d o f v a r i a b l e s . 
We s h a l l o n l y c o n s i d e r two v a r i a t i o n s o f pure 
t r a c e s . The f i r s t i n v o l v e s r e p l a c i n g a parameter 
t h a t occu rs i n the t r a c e b y the i n p u t c o n s t a n t 
t h a t was bound to i t . T h i s can be done i n two 
ways. F i r s t , i f x is a parameter and c was t h e 
c o n s t a n t bound to i t , we may add the node x<-c as 
the new r o o t node of the t r a c e . (One can t h i n k 
o f t h i s as our s y n t a c t i c v e r s i o n o f " L e t ' s say x 
i s c " , p r e f a c i n g a v e r b a l d e s c r i p t i o n o f some 
o p e r a t i o n s on x . ) A l t e r n a t i v e l y , we may r e p l a c e 
any occu r rence of x by c a l o n g any number of 
branches f rom the r o o t node. I n t h i s case how­
e v e r , rep lacement i s p e r m i t t e d i n those i n s t r u c t ­
i o n s a long a branch o c c u r r i n g b e f o r e a node of t h e 
form x < - . . . occurs ( w i t h rep lacements o f x o c c u r ­
r i n g o n the r i g h t hand s i d e p e r m i t t e d ) . 

Our second a l t e r a t i o n i n v o l v e s renaming v a r i ­
a b l e s . We may r e p l a c e any v a r i a b l e by ano the r as 
l o n g as we r e p l a c e a l l occur rences o f a v a r i a b l e 
by a new one and never i n t r o d u c e a v a r i a b l e wh ich 
a l r e a d y appears i n the t r a c e . 

L e t us t r a n s f o r m our p r o t o c o l o f PAIRS 
( [ [ A ' ? ' ] ] , ' ? • ) u s i n g these r u l e s . L e t u s f i r s t 
i n s e r t c o n s t a n t s . Replace L by [ [ A ' ? '31 and X 
by ' ? ' . Then l e t us rename v a r i a b l e s as f o l l o w s : 
Y becomes V, W becomes Z and L becomes M. The 
r e s u l t i n g t r a c e i s ( i g n o r e numbers f o r the 
moment) : 

We f e e l t h a t these v a r i a t i o n s o f pure t r a c e s 
p e r m i t us to t a l k about a c l a s s o f t r a c e s wh ich 
c o n t a i n i m p o r t a n t c h a r a c t e r i s t i c s which we m igh t 
expec t o f t r a c e s gene ra ted by a prob lem s o l v e r o r 
p resen ted by a person - use of c o n s t a n t s and use 
o f v a r i a b l e s . 
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In t h e n e x t s e c t i o n we s h a l l be concerned 
w i t h t h e c o n s t r u c t i o n and c o r r e c t i o n o f p rocedures 
f rom pu re t r a c e s and t r a n s f o r m a t i o n s o f pure 
t r a c e s ( h e n c e f o r t h we s h a l l r e f e r t o b o t h pure 
t r a c e s and t r a n s f o r m a t i o n s o f pure t r a c e s as j u s t 
' t r a c e s ' o r p r o t o c o l s ) . 

C o n s t r u c t i o n 

Our f i r s t task concerns the c o n s t r u c t i o n o f 
a p rocedure f rom a g i v e n se t of p r o t o c o l s . Sup­
pose t h a t i n a d d i t i o n to the t r a c e o f F i g u r e 3 we 
a l s o have the t r a c e o f F i g u r e 4 . Take these two 
as our se t o f g i v e n t r a c e s . 

Assume t h a t we have no idea what p rocedure 
t h e t r a c e s came f r o m , j u s t t h a t t hey come f rom t h e 
same procedure and the t r a n s f o r m a t i o n s d e s c r i b e d 
e a r l i e r may or may n o t have been used . We s h a l l 
i l l u s t r a t e the work ings o f t he a l g o r i t h m o n these 
examples and then b r i e f l y summarize the major s teps 

L e t u s c a l l a s e t o f s i m i l a r nodes i d e n t i f i ­
a b l e i f the s e t s o f a l l f i r s t , second, , 
successors f rom the nodes i n the s e t a re s i m i l a r . 
For example, { 1 , 12} i s i d e n t i f i a b l e because the 
s e t o f f i r s t successo rs , { 2 , 1 3 ) , and t h e s e t o f 
second successors ( 3 , 1 4 ) , a re b o t h s i m i l a r s e t s . 
The s e t { 8 , 15) i s no t i d e n t i f i a b l e s i n c e t h e se t 
o f f i r s t successo rs , { 9 , 1 6 ) , i s n o t s i m i l a r . 

W i t h these n o t i o n s p r e s e n t e d , we can now 
d e s c r i b e how the c o n s t r u c t i o n a l g o r i t h m would 
g e n e r a l i z e these p r o t o c o l s . 

F i r s t l y , we know t h a t nodes of the fo rm Var.-> 
Cons t , m igh t have been added (us ing the f i r s t 
t r a n s f o r m a t i o n ) . We a l s o know t h a t nodes c o n ­
t a i n i n g f u n c t i o n i n v o c a t i o n s o r t e s t s o r nodes 
which have m u l t i p l e successors cou ld n o t have been 
added. Using these r u l e s we proceed a long the 
p a t h f rom the r o o t node u n t i l we reach a node we 
a r e sure has not been added. In our examples , 
these a re nodes 1 and 12 . 

Working backwards f rom these nodes, we can see 
i f c o r r e s p o n d i n g nodes i n b o t h t r a c e s a re s i m i l a r . 
When we reach the r o o t nodes or f i n d n o n - s i m i l a r 
c o r r e s p o n d i n g nodes we s t o p . We conc lude t h a t 
nodes accepted d u r i n g t h i s p rocess must have been 
added - node 11 in our example. We d e l e t e these 
added nodes and s h a l l use them to h e l p d e t e r m i n e 
pa rame te rs . We s h a l l c a l l t h i s p rocess R e d u c t i o n . 

We then beg in to match the se t of p r o t o c o l s 
w i t h one a n o t h e r . The nodes match i f t hey a re 
s i m i l a r . The match ing p rocess proceeds f rom the 
r o o t nodes, a long c o r r e s p o n d i n g pa ths (two pa ths 
f rom two nodes ' co r respond ' i f they beg in w i t h the 
i successor of each node, say n1 and n , and one 
of n1 , n2 has no successor or the pa ths f rom n1 

and n2 c o r r e s p o n d ) . Match ing p r o v i d e s a 
means o f g roup ing nodes l i k e l y to be i d e n t i f i a b l e 
and f i n d i n g s u b s t i t u t i o n s . 

The match ing in our example proceeds as 
f o l l o w s : nodes 1 and 12 ma tch , i n d i c a t i n g t h a t v 
and Y are p robab l y the same v a r i a b l e . Ma tch ing 2 
and 13 t e l l s us t h a t L has been r e p l a c e d by 
[ [ A ' ? ' ] ] . Matching 3 and 14 we see t h a t Z and W 
a r e the same v a r i a b l e and t h a t L has been r e p l a c e d 
b y [ [ A ' ? ] l ) a g a i n . T h i s l a s t f a c t agrees w i t h 
the p r e v i o u s i n f o r m a t i o n . I f i n s t e a d o f [ t A ' ? ' ] ) 
we had found [ [B ' ? ' ] ] , then L would have had to 
be r e p l a c e d by two c o n s t a n t s . S ince t h i s even t 
would be beyond e x p l a n a t i o n in terms o f our t r a n s ­
f o r m a t i o n s (and, i n f a c t , i n d i c a t e an e r r o r ) we 
would t e r m i n a t e the a t t e m p t to c o n s t r u c t a p r o c e d ­
u re . 

Match ing 4 and 15 r e v e a l s t h a t L has been 
r e p l a c e d by [ l A ' ? ' ) } and t h a t L must r e p r e s e n t 
the same v a r i a b l e as M - an apparent, c o n t r a d i c t i o n . 
T h i s i s no t r e a l l y a p rob lem s i nce v a r i a b l e s can 
be r e p l a c e d by c o n s t a n t s and renamed as w e l l ( t h a t 
i s , i n v o l v e d i n bo th t r a n s f o r m a t i o n s ) . As l ong as 
we do n o t f i n d L r e p l a c e d by two d i f f e r e n t c o n s t a n t s 
o r v a r i a b l e s in the same t r a c e , we a re s a t i s f i e d . 

The r e s u l t s o f t h e ma tch ing p rocess a re t h e 
f o l l o w i n g p a i r s o f nodes: ( 1 , 1 2 ) , ( 2 , 1 3 ) , ( 3 , 1 4 ) , 
( 4 , 1 5 ) , ( 5 , 1 6 ) , ( 6 , 1 7 ) , ( 7 , 1 8 ) , ( 8 , 1 9 ) , ( 9 , 2 0 ) . 
The f o l l o w i n g ' e q u i v a l e n c e s ' a re d i s c o v e r e d as 
w e l l : V and Y, [[A ' ? ' ] 3 , M and L and W and Z. 
Assuming t h a t we use the v a r i a b l e s in F i g u r e 4 as 
a b a s i s , these equ i va lences suggest t h a t the f o l ­
l ow ing s u b s t i t u t i o n s have o c c u r r e d . V f o r Y , 
[[A ' ? ' ] ] and M f o r L and W f o r 2 . 

The n e x t s t e p i s t o fo rm s e t s o f i d e n t i f i a b l e 
nodes and t r y to c o l l a p s e the two t r a c e s t o g e t h e r 
and form loops in t h e p r o c e s s . But wh ich s e t s do 
we choose? Since we a re i n t e r e s t e d in c o n s t r u c t ­
i n g a g e n e r a l p r o c e d u r e , we choose se ts of i d e n t ­
i f i a b l e nodes which r e s u l t i n the f ewes t number o f 
s e t s c o n t a i n i n g a l l t h e nodes. However, we a l s o 
make sure t h a t nodes p a i r e d d u r i n g the match ing 
p rocess remain t o g e t h e r . 
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The a c t u a l p rocedure used to f i n d such a s e t 
i s s i m i l a r t o the r e f i n e m e n t p rocedure used t o 
m in im i ze t h e s t a t e s i n f i n i t e s t a t e machines t 3 ) . 

Now u s i n g the nodes o m i t t e d d u r i n g the r e ­
d u c t i o n and the s u b s t i t u t i o n s d i s c o v e r e d , i t i s 
easy to deduce t h a t L was a pa ramete r . S ince 
' ? ' o c c u r r e d i n t h e parameter l i s t , we c r e a t e a 
new v a r i a b l e , say X, and r e p l a c e occur rences of 
' ? ' by X . The r e s u l t i n g p rocedure appears i n 
F i g u r e 5. 

M o d i f i c a t i o n 

The procedure c o n s t r u c t e d is n o t the one we 
i n t e n d e d . Of c o u r s e , in the way we a re b u i l d i n g 
p r o c e d u r e s , one c o u l d not expec t a c o r r e c t p r o ­
cedure to be c o n s t r u c t e d f rom these two l i m i t e d 
p r o t o c o l s . 

Our t a s k , now, i s t o c o r r e c t t h i s p r o c e d u r e , 
i f p o s s i b l e , g i v e n new p r o t o c o l s . I n t h i s case , 
such a c o r r e c t i o n is p o s s i b l e . Le t F i g u r e 6 be 
the new p r o t o c o l . 

We would l i k e to proceed as we d i d in t h e 
c o n s t r u c t i o n p rocess - f i r s t r educ ing the p r o t o c o l 
and then m a t c h i n g . A g a i n , we do t h i s by i m a g i n ­
i n g t h a t we have unwound our d i ag raph and have 
rep resen ted i t by an i n f i n i t e t r e e . We then b e ­
g i n as we d i d in c o n s t r u c t i o n , by reduc ing the 
p r o t o c o l s ( t r e a t i n g our i n f i n i t e t r e e a s a p r o t ­
o c o l ) . We conc lude t h a t the s t a r t nodes a re 1 
and b; the node a has been added. 

We then match our o l d procedure w i t h our new 
p r o t o c o l . We f i n d t h a t 1 and b, 2 and c, 4 and 
d, 5 and e, 2 and f a l l match , b u t t h a t 3 and g do 
n o t ! Th i s i n d i c a t e s t h a t something i s wrong . 

Consider the consequences o f i d e n t i f y i n g two 
nodes to form a l oop - we c r e a t e a node wh ich has 
more than two predecessors or a r o o t node w i t h one 
or more p redecesso rs . We c a l l such nodes 
c r i t i c a l nodes. They w i l l fo rm the b a s i s o f our 
c o r r e c t i o n p r o c e s s . The c r i t i c a l nodes i n F i g u r e 
5 a r e : 1 - Y<-Ni l , 2 - NULL(L) , 3 - RETURN (Y) , 
9 - L = X. 

Now, c o n t i n u i n g a t the p o i n t o f our match 
where we found t h a t 3 and g do no t match , we p r o ­
ceed back a long t h e matched p a t h . We proceed u n t i l 
we reach a c r i t i c a l node; in t h i s case , node 2 . 
I f we reach the s t a r t node w i t h o u t e n c o u n t e r i n g a 
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5. Given a chosen c l a s s o f i d e n t i f i a b l e s e t s , 
f i n d the s u b s t i t u t i o n s f o r t h e c l a s s which make 
the i n s t r u c t i o n s i n each s e t i d e n t i c a l . I f any 
o f the s u b s t i t u t i o n s produced c o n t r a d i c t those 
found i n m a t c h i n g , p a r t i t i o n the c l a s s b y g r o u p i n g 
nodes to a v o i d the c o n t r a d i c t o r y s u b s t i t u t i o n s and 
c o n t i n u e w i t h s tep 4 . (see example i n the n e x t 
s e c t i o n . ) 

6 . Replace c o n s t a n t s i n each parameter l i s t by 
the v a r i a b l e s r e p l a c i n g them i n the s u b s t i t u t i o n s . 
Replace the c o n s t a n t s r ema in i ng i n the l i s t s b y 
new v a r i a b l e s . The v a r i a b l e s in t h e same p o s i t ­
i o n o f t he argument l i s t s o f t he p r o t o c o l s must b e 
the same. Th i s becomes the parameter l i s t o f the 
p r o c e d u r e . F i n a l l y , r e p l a c e c o n s t a n t s i n the 
c o n s t r u c t e d p rocedure b y v a r i a b l e s i n the paramet ­
e r l i s t wh ich r e p l a c e d these c o n s t a n t s . 



c r i t i c a l node, then w e f a i l . 

We t e r m i n a t e our s u c c e s s f u l matches at t h e 
predecessor o f t he c r i t i c a l node and i t s c o r r e s ­
pond ing node in the t r a c e . We no te wh ich node 
in the t r a c e and wh ich node o f t h e p rocedure c a n ­
n o t be p a i r e d . In our example, these a re nodes 
2 and f . 

Pseudo - t races 

I f we had k e p t the p r e v i o u s t r a c e s , then we 
c o u l d j u s t use the c o n s t r u c t i o n procedure w i t h the 
new p r o t o c o l and t h e p r e v i o u s ones . I n p r a c t i c e 
w e would n o t want t o r e t a i n a l l p r o t o c o l s , s o t h i s 
approach i s n o t p o s s i b l e . However, we s t i l l have 
most o f t he i n f o r m a t i o n a v a i l a b l e - i n t h e c o n ­
s t r u c t e d p r o c e d u r e . A l l we need to do i s e x t r a c t 
i t i n some form t o use w i t h the c o n s t r u c t i o n p r o ­
cess . T h i s i s t h e purpose o f the p s e u d o - t r a c e s . 

A pseudo - t race is a t r e e b e g i n n i n g at a 
c r i t i c a l node o r the s t a r t node and c o n t a i n s a l l 
t he pa ths f rom t h a t node to a node which e i t h e r 
has no successors or is a c r i t i c a l node. (Th is 
n o t i o n i s somewhat s i m p l i f i e d , b u t f o r our d i s ­
cuss i on and example i t i s adequate . A more com­
p l e t e d i s c u s s i o n can be found in [1 ] . ) F i g u r e 7 
c o n t a i n s t h e pseudo - t r aces o f our p r o c e d u r e . 
A g a i n , we number the nodes f o r d i s c u s s i o n purposes 

T h i s i m p l i e s t h a t we have made an e r r o r in 
r e p l a c i n g a c o n s t a n t by a v a r i a b l e (wh i ch , of 
c o u r s e , we d i d ) . We know t h a t X is a parameter 
i n our c o n s t r u c t e d p r o c e d u r e , s o t h i s a n a l y s i s i s 
r e a s o n a b l e . We no te t h a t B is a l s o a pa rame te r , 
and so ' ? ' must be a c o n s t a n t . As a r e s u l t , node 
10 becomes L= ' ? '. 

We r e f i n e t h i s s e t i n t o two o t h e r s , ( 9 , 1 5 , p ) 
and ( 1 0 , q } , r e p l a c e i t by these two and add t h i s 
new c l a s s t o our s e t o f i d e n t i f i a b l e s e t s , d e l e t ­
i n g the o l d s e t ( t h i s i s a n example o f " f i n d i n g 
t h e s u b s t i t u t i o n s " i n s t e p 5 o f the c o n s t r u c t i o n 
a l g o r i t h m as w e l l ) . O f c o u r s e , t h i s new s e t o f 
s e t s w i l l e v e n t u a l l y b e chosen (s ince a l l o t h e r 
s e t s must a l s o r e f i n e { 9 , 1 0 , 1 5 , p , q } i n a l i k e 
manner ) . 

T h i s p rocess o f " f i x i n g " parameters b y c o n ­
s t a n t s i s a l s o i n c o r p o r a t e d i n t o the ma tch ing 
p rocess o f t he c o r r e c t i o n p r o c e d u r e . I n t h a t 
case , once the c o n s t a n t has been r e p l a c e d , ma tch ing 
c o n t i n u e s as u s u a l . 

Summary of C o r r e c t i o n 

We b r i e f l y summarize the bas i c s teps in t h e 
c o r r e c t i o n p r o c e s s . F u r t h e r d e t a i l s and e x p l i c i t 
d e s c r i p t i o n s can be found in [1 ] . 

1 . Imag in ing the p rocedure a s a n i n f i n i t e t r e e , 
reduce the p rocedure and the new p r o t o c o l s . 

2 . Match the p rocedure and the p r o t o c o l s . Du r ­
i n g the match ing check v a r i a b l e s i n t h e parameter 
l i s t o f the p r o c e d u r e , see ing i f they a g r e e , when 
they o c c u r , i n usage w i t h the c o n s t a n t s i n the 
same p o s i t i o n o f t he argument l i s t o f each p r o t ­
o c o l . I f a d i sagreement o c c u r s , t hen r e p l a c e 
t h a t v a r i a b l e i n the i n s t r u c t i o n b y the c o n s t a n t 
i n the same p o s i t i o n o f t he p r o t o c o l where t h e 
d isagreement was d i s c o v e r e d . A lso r e p l a c e t h e 
v a r i a b l e by the same c o n s t a n t in any s u b s t i t u t i o n s 
f o rmed . 

I f we match w i t h o u t f i n d i n g any c o n t r a d i c t i o n s 
and each node o f each p r o t o c o l i s p a i r e d w i t h a 
node in the p r o c e d u r e , t hen h a l t - ou r t r a c e s agree 
w i t h our p r o c e d u r e . I f we f i n d no c o n t r a d i c t i o n s , 
b u t some of the nodes of t h e t r a c e s have n o t been 
p a i r e d , then c o n t i n u e a t s t e p 4 . O t h e r w i s e , we 
f i n d a c o n t r a d i c t i o n , so we c o n t i n u e a t s t e p 3 . 
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3 . Us ing t h e c r i t i c a l nodes and c r i t i c a l p r e ­
d e c e s s o r s , back up t h e matched t r e e u n t i l we are 
sure our match i s s u c c e s s f u l . Record the s e t o f 
nodes we are sure match and the s u b s t i t u t i o n s t h e y 
i m p l y . 

4 . Form the p s e u d o - t r a c e s o f our p r o c e d u r e . 

5 . C a r r y o u t s teps 3 t h rough 6 o f the c o n s t r u c t ­
i o n p r o c e d u r e , t a k i n g ca re t o c o r r e c t any p a r a ­
mete rs i f necessa ry . 

C o n c l u s i o n 

The p r o t o c o l a b s t r a c t i o n and c o r r e c t i o n 
p rocess d e s c r i b e d are domain i ndependen t . The 
form o f the p r o t o c o l s has been r a t h e r r i g i d . 
These c h a r a c t e r i s t i c s o f t h e p r o t o c o l s a re t h e 
r e s u l t s of the t r a n s f o r m a t i o n s we cons ide red -
the f i r s t b e i n g a r e s u l t o f c o n s i d e r i n g o n l y 
s y n t a c t i c o r s t r u c t u r a l t r a n s f o r m a t i o n s and t h e 
second r e s u l t i n g f rom t h e s i m p l i c i t y o f the t r a n s ­
f o r m a t i o n s . 

The t r a n s f o r m a t i o n s may n o t seem a ' p a r t ' of 
t he p r o t o c o l a b s t r a c t i o n prob lem and may seem an 
a d d i t i o n a l b u r d e n . However, we f e e l t h a t t hey 
h e l p t o d e f i n e the p r o b l e m , t h a t i s , t hey h e l p 
s p e c i f y what we mean by a p r o t o c o l or t r a c e and 
t e l l us what we mean by ' a b s t r a c t i o n ' - i n v e r s i o n 
o f t he t r a n s f o r m a t i o n s . 

T h i s approach can be extended to o t h e r s y n ­
t a c t i c t r a n s f o r m a t i o n s (see [ 1 ] ) and we f e e l t h a t 
i t can b e used t o i n c l u d e semant ic t r a n s f o r m a t i o n s 
a s w e l l - f o r example, o m i t t i n g " o b v i o u s " s teps i n 
a c e r t a i n domain. These p e r m i t more v a r i e t y 
among p r o t o c o l s and a l l o w a l a r g e r c l a s s o f p r o t ­
o c o l s . O f c o u r s e , the c o n s t r u c t i o n and c o r r e c t ­
i o n processes must become more complex and use 
more i n f o r m a t i o n about the domain - f o r example, 
use hypotheses about ' l i k e l y ' s teps i n t h e p a r ­
t i c u l a r domain. P r o t o c o l s i n program s y n t h e s i s , 
aay f rom a d i a l o g u e w i t h a p e r s o n , may be d i f f e r ­
e n t f rom those u s i n g t r a c e s formed f rom s o l u t i o n s 
by a prob lem s o l v e r . These d i f f e r e n c e s may sug ­
g e s t d i f f e r e n t t r a n s f o r m a t i o n s and t h e r e f o r e d i f ­
f e r e n t a b s t r a c t i o n p r o c e s s e s . Some o f t hese 
p rob lems , as w e l l as work on seek ing a d d i t i o n a l 
t r a n s f o r m a t i o n s y i e l d i n g b roader c l a s s e s o f p r o t ­
o c o l s and f i n d i n g more g e n e r a l c o n s t r u c t i o n and 
c o r r e c t i o n a l g o r i t h m s , a re c u r r e n t l y under i n v e s t ­
i g a t i o n . 
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