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A b s t r a c t 

We give methods of mechanically convert ing 
programs that are easy to understand i n to more 
e f f i c i e n t ones, convert ing recurs ion equations using 
high l e v e l operations i n t o lower l eve l f lowchart 
programs. 

The main transformations involved are ( i ) 
recurs ion removal ( i i ) e l im ina t ing common sub­
expressions and combining loops ( i i i ) rep lac ing pro-
cedure ca l l s by t h e i r bodies ( i v ) in t roducing 
assignments which overwr i te l i s t c e l l s no longer in 
use {compi le-t ime garbage c o l l e c t i o n ) . 

t In t roduc t ion 

This paper ia an in t roduc t ion to an automatic 
program improving system that we have implemented 
and are developing f u r t h e r . 

A programmer is able to present h i s algor i thms 
to the system in a c lear and abstract language. The 
system converts them to e f f i c i e n t but probably not 
transparent vers ions. 

For example, here are two versions of one 
program which reverses l i s t s . 

One is c lear and abs t rac t , the other more 
tortuous but e f f i c i e n t . Siven the f i r s t as a 
d e f i n i t i o n , a competent programmer should be able to 
produce the second. Our system can do t h i s f o r him. 

The system is b u i l t around the concept of 
abstract programming, and we hope to encourage a user 
to formulate h i s algori thms in abstract terms 
appropriate to hia problem domain and leave to the 
system the task of implementing them e f f i c i e n t l y . 

Our work was p a r t l y insp i red by Minsky's homily 
on form versus content in computer science in which 
he recommended programming as a good app l i ca t ion area 
f o r A r t i f i c i a l I n te l l i gence work. I t was also 
inf lueneed by D i j k s t r a ^ ideas on st ructured pro­
gramming, d i f f e r i n g in that we s t a r t from a func t iona l 
L ISP- l ike language. 

Our i nves t i ga t i on took as i t s s t a r t i n g point a 
c o l l e c t i o n of prooedures w r i t t e n by Ambler and 
Bu rs ta l l which aimed to provide transparent, but 
qu i te e f f i c i e n t operations on f i n i t e se ts . We used 
t h i s example to study the transformations which are 
needed to implement a c o l l e c t i o n of high leve l pro­
cedures as e f f i c i e n t code. To enable one to wr i te 
programs about f i n i t e sets some operations on se ts , 
f o r example, UNION, INTERSECTION, StBTBACT.NULLSET, 
NILSET, CONSSET, CHOOSE and MINUS are def ined. These 

* The operations we use are based on the POP-2 
language, B u r s t a l l , C o l l i n s and Popplestone . The main 
features to note are that hd is the LISP c a r , t1 the . 
LISP cdr and concat j o ins two l i s t s (the LISP append;. 

b a s i c s e t o p e r a t i o n s must be implemented as s t r u c t u r e d 
d e f i n i t i o n s i n terms o f t he a r r a y o r l i s t p r i m i t i v e s 
a v a i l a b l e i n t h e programming l anguage . The u s e r o f 
t h e s e t system can d e f i n e and r u n new f u n c t i o n s , such 
as powerse t , u s i n g these o p e r a t i o n s . However, when 
h e l ooks a t h i s d e f i n i t i o n . h e n o t i c e s t h a t h e c o u l d 
have p roduced a much more e f f i c i e n t program by w r i t i n g 
a s p e c i a l p rocedure f o r powerset d i r e c t l y i n te rms o f 
t he a r r a y o r l i s t p r i m i t i v e s . Th is i s what o u r s y s ­
tem a t t e m p t s to do . A w e l l w r i t t e n program in a 
L I S P - l i k e language expresses i t s s t r u c t u r e a s a h i e r ­
a r c h y o f f u n c t i o n s . Our system e l i m i n a t e s h i g h e r 
l e v e l f u n c t i o n c a l l s t o g a i n e f f i c i e n c y , f l a t t e n i n g 
t h i s h i e r a r c h y . Four d i s t i n c t improvement p rocesses 
seemed to be i n d i c a t e d . 

1 . R e c u r s i o n r e m o v a l , 
2 . E l i m i n a t i n g redundant c o m p u t a t i o n , b y merg ing 

common subexp ress ions and comb in ing l o o p s . 
3 . R e p l a c i n g p rocedu re c a l l s b y t h e i r b o d i e s . 
4 . Causing the program t o reuse da ta c e l l s wh ich 

a re n o l o n g e r needed, i n o r d e r t o reduce 
s t o r a g e a l l o c a t i o n and garbage c o l l e c t i o n a t 
r u n t i m e . 

We have dev i sed a l g o r i t h m s to p e r f o r m these p r o ­
cesses on programs and implemented these a l g o r i t h m s as 
POP-2 programs ( s e c t i o n 7 g i v e s an example o f t h e i r 
u s e ) . These a l g o r i t h m s a r e a p p l i c a b l e t o a v a r i e t y 
o f domains and r e q u i r e o n l y a c o l l e c t i o n o f r u l e s 
s p e c i f y i n g p o t e n t i a l l y u s e f u l equ i va l ences f o r a 
p a r t i c u l a r domain. We have t r i e d ou r programs on ou r 
o r i g i n a l example (programs about f i n i t e s e t s ) , and we 
can rep roduce a u t o m a t i c a l l y a l o t o f the t r i o k s i n c o r -
p o r a t e d i n t he o r i g i n a l h a n d w r i t t e n programs f o r t he 
s e t s domain . 

The o v e r a l l system u s i n g processes 1 to 4 t a k e s 
as i n p u t programs in a n o n - i m p e r a t i v e language o f 
r e c u r s i v e d e f i n i t i o n s and c o n v e r t s them, v i a i n t e r ­
med ia te s t a g e s , i n t o a n i m p e r a t i v e language . T h i s 
i m p e r a t i v e language uses w h i l e s ta tements as w e l l a s 
r e c u r s i v e d e f i n i t i o n s and p e r m i t s ass ignment t o com­
ponen ts o f d a t a s t r u c t u r e s . 

I n o rde r t o produce e f f i c i e n t programs the system 
must use p r o p e r t i e s such as a s s o c i a t i v i t y o r commutat-
i v i t y f o r t he o p e r a t i o n s t o b e p e r f o r m e d . 

The p r i n c i p l e t e c h n i q u e s used a r e ( i ) m a t c h i n g , 
i n v o l v i n g f u n c t i o n a l a b s t r a c t i o n t o d e t e c t the fo rm o f 
a r e c u r s i v e d e f i n i t i o n , ( i i ) ma t ch ing t o d e t e c t common 
subexp ress ions and compound o p e r a t i o n s i n v o l v i n g t he 
occu r rence o f s e v e r a l f u n c t i o n a l symbols , u s i n g 
a l g e b r a i c e q u i v a l e n c e s , ( i i i ) symbo l i c r u n n i n g t o 
e x t r a c t meanings f r o m programs and check t h a t a 
t e n t a t i v e l y c o n s t r u c t e d sequence o f i n s t r u c t i o n s p r o ­
duces the r e q u i r e d r e s u l t . No e l a b o r a t e theorem 
p r o v i n g t e c h n i q u e s a r e used , and t h e programs r u n 
q u i t e f a a t , even though we have n o t x r k e d to code them 
e f f i c i e n t l y . 

2.. R e c u r s i o n Removal 

I n t h i s s t age t h e system a t t e m p t s t o o o n v e r t t h e 
s e t o f r e c u r s i o n e q u a t i o n s t o a s i n g l e i t e r a t i v e p r o ­
gram i n t he same o p e r a t i o n s . Du r i ng t h i s p rocess 
p a r t i c u l a r a t t e n t i o n i s p a i d t o the semant i cs o f t he 
o p e r a t i o n s m a k i n g u p t h e r e c u r s i o n e q u a t i o n s . T h i s 
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process is general ly app l icab le ; the only input 
required is the set of recurs ion equations and a tab le 
of ru les g iv ing algebraic laws f o r the operations used. 

There has been considerable t heo re t i ca l i nves t ­
i g a t i o n i n to how to t rans la te recursive achemas i n t o 
equivalent i t e r a t i v e achemas e .g . Strong , Garland and 
Luckham , although as f a r as we know only the BBN LISP 
compiler makes use of any of these ideas, and t h i s 
only f o r simple recursions* These studies apply to 
t rans la t ions of a schema which preserves i t s e f fec t 
f o r a l l i n te rp re ta t i ons o f the p r i m i t i v e s . Our p ro ­
gram uses t rans la t ions which preserve the e f f ec t of a 
schema only f o r a c lass of i n t e rp re ta t i ons in which 
the p r i m i t i v e s obey a given set of a lgebraic laws; we 
fo l low Cooper who gave examples of such t r ans la t i ons . 
We are only in te res ted in t rans la t ions which w i l l 
improve e f f i c i e n c y . The resu l t s f o r t rans la t i ons of 
schemas to maintain equivalence under a l l i n t e r ­
pre ta t ions seem to be too weak f o r p rac t i ca l purposes. 

The t rans la t ions tha t we achieve are of two types 

( i ) where the computation sequence of the 
r esu l t i ng i t e r a t i v e program is a rearrangement of the 
computation sequence of the recurs ive program but con­
ta ins the same number of steps. In these cases we 
save time and storage overheads associated w i t h the 
stack ing mechanisms ( o f . f a c t o r i a l f unc t i on below) 

C i i ) where the t ree grown by the recursive c a l l s 
contains redundancies because the same values are c a l ­
culated at separate nodes. Our system may produce an 
i t e r a t i v e program whose computation sequence is shorte* 
as we l l as having fewer overheads ( c f . the Fibonacci 
func t ion below). 

Our system f o r recurs ion removal consists of four 
p a r t s : 

( i ) A set of t r a n s l a t i o n ru les . Each ru le has 
(a) a recurs ive schema over c e r t a i n p r i m i t i v e s (b) an 
i t e r a t i v e schema over these p r im i t i ves and (c) a set 
of equations over the p r i m i t i v e s {and poss ib ly some 
ext ra r e s t r i c t i o n s ) which, i f s a t i s f i e d , ensure that 
the i t e r a t i v e schema produces the same resu l t as the 
recursive one. 

( i i ) A matching a lgor i thm. This determines 
whether a set of equations is an instance of the 
recurs ive schema in one of the ru les , and if so f i nds 
the s u b s t i t u t i o n , 

( i i i ) A simple equal i ty-based theorem prover. 
This seeks to prove that a subst i tu t ion is l e g i t i m a t e , 
i . e . tha t the equations associated w i t h the ru le are 
s a t i s f i e d . 

( i v ) A cont ro l program. This f i r s t p a r t i t i o n s 
the input equations i n to the smallest d i s j o i n t subsets 
such that i f the equation fo r f involves a c a l l of g 
and v ice versa then they are in the same subset. 
Then, f o r each subset separate ly, i t t r i e s to f i n d a 
t r a n s l a t i o n ru le which appl ies to that subset, using 
the matohing a lgor i thm and the theorem prover, and 
e f fec ts the t r a n s l a t i o n t o i t e r a t i v e form i f i t f i nds 
one. 

The matching a lgor i thm is a second order one, in 
that i t f inds a s u b s t i t u t i o n which takes p r i m i t i v e 
constants to expressions and also p r i m i t i v e funct ions 
to funct ions gr lambda expressions. I t is described 
in Dar l ington . I t was coded f o r l u c i d i t y , not speed. 
Consider f o r example t h i s t r a n s l a t i o n ru le 

Recursion schema 

f ( x ) = / a -> b 
1 no_t a -> h ( d , f ( e ) ) 
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e l im ina t ing redundant computation w i t h code i n t r o ­
duct ion (Stages 2 and 3 ) , and dest ruc t ive l i s t p ro-
ceasing (Stage 4 ) . 

The system can be appl ied to a new domain of 
diacourse j us t by g i v i n g i t new ru les and d e f i n i t i o n s . 
The table of recursive schemas and i t e r a t i v e equiv­
a lents and the table of i t e r a t i v e compounds are 
independent of domain; they may of course be extended 
To apply the system to the f i n i t e sets domain, so that 
i t t rans la tes recurs ion equations in basic set oper-
at ions (conseet, choose, nu l lge t e t c . ) to dest ruct ive 
l i s t processing programs or to b i t s t r i n g processing 
programs, we have provided the f o l l ow ing . 

( i ) Equations about the basic set operat ions, 
conmutat iv i ty e tc . (used in Stages 1 and 2) 

( i i ) Procedure bodies to implement the basic set 
operations by l i s t operations (used in Stage ?) 

( i i * ) a s ( i i ) f o r b i t s t r ings instead o f l i s t s . 

For the f i n i t e set app l i ca t ion the system has a 
fetf ex t ra t r i c k s b u i l t i n t o it as program. We would 
l i k e to express these by ru les or tab les . 

The idea of symbolic execution of par ts of a 
program has proved f r u i t f u l and we would l i k e to 
explore f u r t h e r app l ica t ions f o r i t . I t has a l so 
been used at Edinburgh by Bu rs ta l l and Topor and 
Boyer and Moore . Our expression opt imis ing 
techniques seem to go beyond those used in current 14 
compilers (see f o r example Sheridan , Roh1 and L in ; 
Hopgood , page 74 gives fu r the r re ferences) . 
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