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Abstract 
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1 Introduction: The Message 

T h e subject of th is paper is PQCC. T h e message of t he paper , however , is s o m e t h i n g e lse. Lest it 

b e lost in the deta i ls of t he sub jec t , the message has t w o par ts : 

• a no t ion of " m a c h i n e - r e l a t i v e - n e s s " is b e c o m i n g an e f fec t ive too l fo r r e d u c i n g t h e cos t 
and imp rov ing t he qua l i ty of non- t r iv ia l so f twa re sys tems , a n d 

• severa l i nnova t ions ar is ing in c o n n e c t i o n w i th resea rch in "a r t i f i c ia l i n t e l l i g e n c e " , A l , a n d 
largely i gno red by sys tems a n d app l i ca t i ons p r o g r a m m e r s unt i l recent ly , wi l l have a ma jo r 
impac t on these lat ter a reas . 

On Machine-relative software: T h e t e rm s imp ly m e a n s so f twa re tha t is pa ramete r i zed by t h e 

cha rac te r i s t i ces of a c o m p u t e r sys tem. Th is de f in i t i on is admi t ted ly c ryp t i c , so a few e x a m p l e s may 

he lp to m o r e usefu l ly cha rac te r i ze w h a t I m e a n . 

In t he s imp les t case , a p r o g r a m m igh t use cond i t i ona l c o m p i l a t i o n fac i l i t ies to i nc l ude or e x c l u d e 

c o n f i g u r a t i o n d e p e n d e n t modu les . Mos t m o d e r n ope ra t i ng sys tems, for e x a m p l e , have s o m e f o rm of 

S Y S G E N phase . The p u r p o s e of S Y S G E N is to i nc l ude on ly tha t c o d e needed for the m e m o r y a n d 

d e v i c e c o n f i g u r a t i o n of a pa r t i cu la r sys tem. T h u s s u c h an ope ra t i ng sys tem is mach ine - re la t i ve in a 

fa i r ly tr iv ial sense . A s l ight ly m o r e in te res t ing e x a m p l e ar ises w h e n the behav io r of t he sys tem 

c h a n g e s in an essent ia l way b e c a u s e of t he pa rame te r i za t i on . S o m e ope ra t i ng sys tems, for e x a m p l e , 

use rad ica l ly d i f fe ren t a l go r i t hms w h e n the i r S Y S G E N pa rame te rs spec i f y ce r ta in c o n f i g u r a t i o n s s u c h 

as the p resence or a b s e n c e of m e m o r y m a n a g e m e n t , s w a p p i n g dev ices , e tc . 

A l t h o u g h pa ramete r i za t i on a la S Y S G E N is impor tan t , it is no t as in te res t ing as a pa ramete r i za t i on 

tha t spans comp le te l y d i f fe rent c o m p u t i n g sys tems. Subs tan t ia l s u c c e s s has been o b t a i n e d , fo r 

examp le , in pa ramete r i z i ng ma thema t i ca l so f twa re to t he vagar ies of t he f loa t ing po in t h a r d w a r e , a n d 

so f twa re c o n v e r s i o n rou t i nes , of d i f fe ren t c o m p u t i n g sys tems. T h e pa rame te rs to t hese rou t i nes 

se lec t t he a lgo r i t hms as wel l as t he c o n s t a n t s to ach ieve bo th a c c u r a c y a n d p e r f o r m a n c e on a g i ven 

sys tem. 

In s o m e cases the pa ramete r i za t i on needed to m a k e a sys tem mach ine - re la t i ve may no t b e 

c o n c e p t u a l l y d e e p (a l t hough it may st i l l be d i f f i cu l t in p rac t i ce ) ; th is is essent ia l ly t he case for 

mach ine - re la t i ve ma thema t i ca l so f twa re . In o ther cases the pa ramete r i za t i on is subs tant ia l l y m o r e 

d i f f icu l t . Cons ide r , for examp le , a the no t i on of a " m a c h i n e i n d e p e n d e n t " d i agnos t i c p r o g r a m - a 

p r o g r a m to d e t e r m i n e w h e t h e r t he CPU of its host c o m p u t e r sys tem is f u n c t i o n i n g cor rec t l y , a n d , if 

not , to de te rm ine the l ikely c a u s e of t he fa i lu re . D iagnos t i cs e m b o d y de ta i l ed k n o w l e d g e of bo th t h e 

p rocesso r ' s i ns t ruc t ion set a n d its i m p l e m e n t a t i o n ; i ndeed , t he re d o e s n ' t s e e m to be m u c h to o n e 

except th is k n o w l e d g e . T h u s to c o n s t r u c t a mach ine - re la t i ve d iagnos t i c w o u l d imply f i nd ing a way to 

e n c o d e this cons ide rab le , and very de ta i l ed , body of i n fo rma t ion in a usefu l way . 
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T h e ra t iona le for c o n s i d e r i n g t he no t ion of mach ine - re la t i ve so f tware is based on the s a m e 

a r g u m e n t s as t h o s e for por tab i l i ty , s tanda rd i za t i on of va r ious k inds , m e t h o d o l o g y , and so on -

namely , improving quality and reducing cost. 

By wr i t i ng a sys tem o n c e and hos t ing it on many m a c h i n e s o n e c a n amor t i ze its cos t over a m u c h 

larger n u m b e r of un i ts . Th is a l l ows for a greater in i t ia l i nves tment for, say, va l i da t ion , wh i l e sti l l 

r educ ing per -un i t cos t . Moreover , al l m a i n t e n a n c e is s imi lar ly app l i cab le to the w h o l e fami ly of ta rget 

sys tems. As e r ro rs are repa i red and imp rovemen ts are made , all c u s t o m e r s benef i t . F inal ly, w h e n 

new m a c h i n e s b e c o m e ava i lab le , so f twa re for t hem c a n be m a d e a lmos t immed ia te l y ava i lab le . 

Obv ious ly , t he no t ion of mach ine - re la t i ve so f twa re is c lose ly re la ted to tha t of por tab i l i ty . They are 

no t t h e same , however , a n d ne i ther s u b s u m e s the o ther . A comp i l e r tha t p r o d u c e s c o d e for a n u m b e r 

of d i f fe ren t ta rge t m a c h i n e s is mach ine- re la t i ve even if it i tself on ly runs on o n e c o m p u t e r a n d h e n c e 

is no t por tab le . Converse ly , many por tab le sys tems have no need to be pa ramete r i zed by the 

c o m p u t e r on w h i c h they are r unn ing -- in fac t , mak ing t h e m mach ine - re la t i ve m igh t b e 

c o u n t e r p r o d u c t i v e . T h u s , t h o u g h s imi lar , por tab i l i ty and mach ine- re la t i ve -ness are c o m p l e m e n t a r y 

t echn iques . 

On using Al techniques: As an ou ts ider , I f i nd many fasc ina t ing aspec ts of research on ar t i f ic ia l 

in te l l i gence ; t h ree are re levant to the p resen t d i scuss ion . First , s o m e of t h e p r o g r a m m i n g t e c h n i q u e s 

d e v e l o p e d a long the pa th to o ther research goa ls have o f ten been as in te res t ing as the research itself. 

S e c o n d , these t e c h n i q u e s have b e c o m e w o v e n into the f iber of c o m p u t e r s c i e n c e , and are o f ten no t 

even pe rce ived as hav ing o r ig ina ted in A l . Th i r d , in many cases the t rans fe r of these ideas to the rest 

of c o m p u t e r s c i e n c e - and even m o r e so to app l i ca t i on areas -- has been surp r i s ing ly s low. 

Increas ing ly , however , t he " sys tems p r o g r a m m i n g " a n d " a p p l i c a t i o n s " a reas a re tack l ing p rob lems 

w h o s e comp lex i t y p rec ludes d i rec t a lgo r i t hm ic so lu t i on . Bo th p r o g r a m o rgan i za t i ons and heur is t i cs 

tha t c a n c o p e w i th th is comp lex i t y are n e e d e d . Mach ine - re la t i ve so f tware , and PQCC in par t icu lar , is 

one e x a m p l e whe re these t e c h n i q u e s are v i ta l . Al sys tems are typ ica l ly c o n c e r n e d wi th c o m p l e x , i l l -

s t r uc tu red p rob lems ; thus , the t e c h n i q u e s deve loped in c o n n e c t i o n w i th these sys tems are prec ise ly 

ones for c o p i n g wi th the k inds of p rob lems that , I be l ieve, sys tems and app l i ca t i ons p r o g r a m m e r s wi l l 

i nc reas ing ly face . 

2 Introduction: The Subject 

T h e goa l of t he P r o d u c t i o n Qual i ty Comp i l e r -Comp i l e r p ro jec t is to c o n s t r u c t a t ru ly au toma t i c 

comp i l e r -w r i t i ng sys tem. Input to PQCC cons is t s of (a) a desc r i p t i on of t he s o u r c e l anguage to be 

c o m p i l e d , and (b) a desc r i p t i on of t he ta rget c o m p u t e r for w h i c h c o d e is to be g e n e r a t e d . The 
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comp i l e r s , t he PQC& so c o n s t r u c t e d wi l l be compe t i t i ve in every respec t w i th the very Ijjest h a n d -

g e n e r a t e d c o m p i l e r s of today . A u t o m a t i c gene ra t i on of parsers has been t ho rough l y r esea rched ; 

the re fo re , of par t i cu la r no te is the fac t tha t t he qual i ty of t he ob jec t c o d e p r o d u c e d by these comp i l e r s 

wi l l meet or e x c e e d tha t of the i r cu r ren t , h a n d - g e n e r a t e d coun te rpa r t s . Th is is t he aspec t of PQCC 

tha t I wi l l f o c u s on in th is paper . 

Comp i l e r s are relat ively c o m p l e x sys tems. Comp i l e r s that p r o d u c e real ly g o o d c o d e are 

subs tan t ia l l y mo re c o m p l e x than the i r less amb i t i ous cous ins . Moreover , they need par t i cu la r ly 

de ta i led i n fo rma t ion abou t t he m a c h i n e for w h i c h they are to gene ra te c o d e . Thus , each PQC 

p r o d u c e d by PQCC is an examp le of mach ine - re la t i ve so f tware . In fact , t he PQCs are rather amb i t i ous 

examp les ; t he pa ramete r i za t i on i nc l udes the k n o w l e d g e needed by an op t im iz ing comp i l e r abou t its 

ta rge t c o m p u t e r . 

O n e c o u l d hand -gene ra te the pa ramete rs to a PQC; th is m igh t , in fac t , be a qu i te cos t -e f fec t i ve 

m e t h o d of c o n s t r u c t i n g comp i l e r s . However , t he PQCC pro jec t takes o n e fu r the r s tep and is 

gene ra t i ng t he pa ramete rs au tomat i ca l l y f rom a desc r i p t i on of the ta rge t c o m p u t e r 1 . 

It is d i f f i cu l t to d e s c r i b e all of t he P Q C C t e c h n o l o g y in a s ing le paper ; I shal l not even try. Rather , I 

sha l l d e s c r i b e s o m e t h i n g of t he overa l l s t r uc tu re of a PQC and ske tch s o m e of the key a lgo r i t hms and 

h o w they are pa ramete r i zed to m a k e t h e m mach ine- re la t i ve . Th is in tu rn wi l l a l low us to ske t ch the 

p rocess by w h i c h pa ramete r der i va t ion is a u t o m a t e d . 

Be fo re p r o c e e d i n g w i th t h e meat of t he paper , I s h o u l d no te that a mo re c o m p l e t e overv iew of 

PQCC may be f o u n d in [ Iev80] . A lso , PQCC is no t t he on ly cu r ren t resea rch ef for t w i th the goa l of 

c o n s t r u c t i n g mach ine - re la t i ve comp i l e r s . T h e papers [ aho80 , j o h n s o n 8 0 , g r a h a m 8 0 , Iev80] in t he 

A u g u s t 80 issue of the IEEE C o m p u t e r magaz ine survey m u c h of the cu r ren t s ta te of t he f ie ld a n d 

p rov ide re fe rences to o the r c o n t e m p o r a r y wo rk . 

3 The PQC: A Knowledge-Based Structure 

To the user, a comp i l e r is usual ly a s ing le " b l a c k b o x " . As in F igure 1a, inpu t cons is ts of s o u r c e tex t 

and ou tpu t is ( re locatab le) ob jec t c o d e . Typ ica l tex ts on c o m p i l i n g , e.g. , [ahou l !77 ] , reveal a m o r e 

de ta i led v iew; as s h o w n in F igure 1b, a s tuden t is to ld tha t a comp i l e r is c o m p o s e d of 3 phases tha t 

success ive ly t r ans fo rm the s o u r c e tex t t h r o u g h var ious in te rmed ia te f o r m s into the f inal ob jec t 

p r o g r a m . (Of ten an op t iona l f ou r th , " o p t i m i z i n g " phase is a lso d e s c r i b e d . Th is is s h o w n as a do t t ed 

This s ta tement is a bit mis lead ing . A n u m b e r of ( p a r a m e t e r i z e d ) dec is ions must be m a d e by a h u m a n b e c a u s e they are in 
fact forced by ex terna l factors . Examples of such dec is ions inc lude sys tem-wide convent ions on the use of specif ic registers, 
l ibrary and opera t ing system catl ing convent ions , and so o n . 
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box in the f igure.) T h e s t ruc tu re of a PQC cons i s t s of a m u c h larger n u m b e r of phases - a r o u n d 50 , in 

fac t . 

-e C O M P I L E R 

s o u r c e ob jec t 

F igure 1(a): User 's V iew of a Comp i l e r 

LEX c S Y N LEX S Y N 

I i 

s o u r c e I L n 
ob jec t 

F igu re 1(b): T e x t b o o k V iew of a Comp i l e r 

An obv ious ques t i on is " w h y d o e s the PQC have so many p h a s e s " , a n d , poss ib ly , " i sn ' t tha t ter r ib ly 

i ne f f i c i en t " . These q u e s t i o n s g o r ight to t h e hear t of severa l impor tan t issues in t h e PQCC t e c h n o l o g y . 

T o answe r t h e m , it is eas iest to g o b a c k a n d ask t he s a m e ques t i ons a b o u t t he typ ica l t e x t b o o k v iew of 

a comp i l e r . 

In p r inc ip le , it is poss ib le to use a s ing le , very g e n e r a l , very p o w e r f u l t e c h n i q u e to e f fec t t he 

t rans la t ion p e r f o r m e d by any comp i l e r - i nc l ud ing all t h e t r ans fo rma t i ons d o n e by t he fanc ies t 

op t im iz ing ones . Any of t h e " p r o d u c t i o n s y s t e m s " equ iva len t t o genera l r ecu rs ion is, fo r e x a m p l e , a 

concep tua l l y p laus ib le m e t h o d . If s u c h a fo rma l i sm w e r e used d i rec t l y , t h e r e w o u l d be no reason to 

d e c o m p o s e the mode l of a comp i le r in to c o m p o n e n t s . T h e r e a re at least t w o reasons , however , w h y 

th is isn ' t d o n e : (a) h u m a n unders tandab i l i t y , a n d (b) e f f i c iency , or, to use a m o r e a c c u r a t e t e r m , cos t -

e f fec t iveness. M u c h has been wr i t t en in the p r o g r a m m i n g - m e t h o d o l o g y l i te ra ture on the f i rst of t hese , 

so I wi l l avo id these a r g u m e n t s a n d c o n c e n t r a t e on t he s e c o n d po in t . 

All comp i le r wr i te rs are fami l ia r w i th the fac t tha t t he re is no real necess i ty for sepa ra t i ng lex ica l a n d 

syn tac t i c ana lys is - a n d , in fac t , t he d iv is ion be tween t h e m in a par t i cu la r comp i l e r is c h o s e n 

s o m e w h a t arb i t rar i ly . The mo re genera l m e t h o d s used for con tex t - f r ee syn tac t i c ana lys is c o u l d b e 

used to d o all t he w o r k of the lex ica l phase . B e c a u s e these m e t h o d s are s lower than the f in i te-s ta te 

m e t h o d s tha t c a n be used for lex ica l analys is , however , t he speed of t he to ta l sys tem is imp roved by 

the i r sepa ra t i on . 

Th is is a s imp le examp le of a m o r e genera l p h e n o m e n o n , and one that has been espec ia l l y 

no t i ceab le in A l research . M u c h of t h e ear ly resea rch in Al f ocused on gene ra l , " p o w e r f u l " m e t h o d s 
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of p r o b l e m so lv ing . In real is t ic , comp lex task d o m a i n s , however , these m e t h o d s are vast ly too s low to 

be p rac t i ca l . A c o m m o n charac te r i s t i c of these task d o m a i n s is that they requ i re bo th many k inds of 

k n o w l e d g e , a n d deep k n o w l e d g e of the d o m a i n to be app l ied . Genera l m e t h o d s d o not con ta in th is 

k n o w l e d g e in any d i rec t sense . Loosely , gene ra l m e t h o d s a lways wo rk f r om " f i rs t p r i n c i p l e s " ; they 

k n o w " n o t h i n g in par t i cu la r a n d every th ing in g e n e r a l " . Thus , w h e n faced w i th a spec i f ic task, genera l 

me th o ds must " r e d i s c o v e r " th ings tha t w o u l d be obv ious to a h u m a n exper t . In these comp lex tasks it 

has been f o u n d that a co l l ec t i on of c o m p l e m e n t a r y m e t h o d s , or " e x p e r t s " , is m u c h bet ter t han mo re 

genera l , power fu l me thods . Sys tems o rgan ized a r o u n d this s c h e m e are usual ly re fer red to as " e x p e r t 

s y s t e m s " or " k n o w l e d g e - b a s e d sys tems" . 

A n " e x p e r t " , is s imp ly an a lgo r i t hm or a heur is t ic w i th a n a r r o w d o m a i n of app l i ca t i on -- b u t w h i c h 

e m b o d i e s a g rea t dea l of spec i f i c k n o w l e d g e in that d o m a i n , and h e n c e is very e f fec t ive on p r o b l e m s 

w i th in it. In c o n t r a s t w i th a " g e n e r a l " , or " p o w e r f u l " me thod , an exper t s imply c a n n o t so lve mos t 

p rob lems . On the o ther hand , those tha t it c a n so lve , it so lves wel l and cheap ly . Lex ica l ana lys is based 

on f in i te-s tate mach ines is an exper t m e t h o d ; t he re a re a la rge n u m b e r of pars ing p rob lems it c a n n o t 

so lve . O n the o ther h a n d , it so lves a subc lass of the p r o b l e m s of interest m o r e cos t -e f fec t ive ly than a 

m o r e genera l m e t h o d c o u l d . 

It is un l ike ly that the typ ica l comp i l e r wr i te r o r t ex tbook a u t h o r th inks of the 3 (or 4) phases of the 

c a n o n i c a l comp i le r d i a g r a m as a co l l ec t i on of exper t me thods . W h e n wr i t i ng a comp i l e r fo r a spec i f i c 

s o u r c e l a n g u a g e and ta rge t m a c h i n e such a concep tua l i za t i on is unnecessa ry . Nonethe less , even in 

that s imp le case , t h e phases a re in fact p rec ise ly s u c h a co l l e c t i on . In t h e case of PQCC, however , 

the k n o w l e d g e - b a s e d , " e x p e r t " , concep tua l i za t i on w a s essent ia l . On ly by care fu l l y ana lyz ing ex is t ing 

comp i l e r s and expl ic i t ly d e c o m p o s i n g t hem into thei r cons t i t uen t c o m p o n e n t m e t h o d s w a s it poss ib le 

to f ind e f f i c ien t and parameter i zab le p ieces that c o u l d be m a d e mach ine - re la t i ve . 

S o m u c h fo r " w h y " the d e c o m p o s i t i o n into phases. T h e issue of e f f i c iency for the 3 phase 

comp i l e r s is a lso c lear - they are m o r e e f f i c ien t precisely because the d e c o m p o s i t i o n a l lows mo re 

cos t -e f fec t ive a lgo r i t hms to b e used. The answe r for t h e PQC s t ruc tu re should be the same; it should 

be more ef f ic ient t han t h e 3-phase s t ruc tu re . Un fo r tuna te l y , the da ta is no t yet ava i lab le to s u p p o r t 

that c la im . Indeed , the p resen t research vers ion of the PQCs makes a separa te t raversa l of the 

p r o g r a m representa t ion for e a c h phase; a l t h o u g h its speed is qu i te respec tab le , it is not necessary to 

make these sepa ra te t raversa ls and s o it is hard to p red ic t f ina l p e r f o r m a n c e . 

4 Some "Experts" in the PQC 

In this sec t i on I sha l l c o n s i d e r s o m e s imp le examp les of c o d e gene ra t i on and use them to i l lus t rate, 

if no t mot iva te , the d e c o m p o s i t i o n of the PQCs and s o m e of t he exper t m e t h o d s they use. These in 
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tu rn w i l l a l low us in subsequen t s e c t i o n s to look in m o r e deta i l at s o m e of these me thods angl h o w they 

are m a d e mach ine- re la t i ve . 

Let us cons ide r one of t he s imples t , yet in te res t ing s ta temen ts tha t can appear in a s o u r c e p r o g r a m . 

A lmos t all l anguages have an ass ignmen t s ta tement a n d in teger var iab les ; s o , s u p p o s e /, j a n d k are 

in teger var iab les a n d c o n s i d e r t h e s ta temen t 

<var>; = /-/; 

w h e r e <var> is o n e of /, j or k. T h e " b e s t " , i ndeed any c o r r e c t c o d e to p r o d u c e fo r th is s ta temen t is 

obv ious ly a f unc t i on of t he ta rge t c o m p u t e r . But, in add i t i on , it also d e p e n d s u p o n : 

• w h e t h e r t h e express ion " / - / " is a c o m m o n s u b e x p r e s s i o n , a n d , if s o , w h e t h e r it is a 
c rea t i on or use o f tha t s u b e x p r e s s i o n , and 

• t h e var iab le appea r i ng on t he le f t -hand s ide of t h e ass ignment , and 

• t he a l l oca t i on of s to rage for va r iab les , a n d , in par t icu lar , w h e t h e r any of t h e var iab les 
invo lved has been a l l oca ted to espec ia l ly " i n t e r e s t i n g " locat ions (e.g. , reg is ters , a sho r t 
d i sp l acemen t f r o m the s tack - f rame po in te r , e tc . ) . 

Le t ' s i l lustrate t h e d e p e n d e n c i e s by c o n s i d e r i n g a f ew examp les of c o d e gene ra t i on fo r s o m e real 

c o m p u t e r s -- the PDP-11 a n d t h e P D P - 1 0 2 . S ince t h e impac t of c o m m o n - s u b e x p r e s s i o n s is o f ten 

d i s cussed , let 's leave t hem out fo r n o w . T h e ef fect of the le f t -hand s ide of the ass i gnmen t c a n be 

c lear l y seen in t h e c o d e to b e gene ra ted for a P D P - 1 1 : 

s o u r c e ob jec t 

k: = i-j; M O V i,k 

S U B j . k 

/ : = /-/; S U B j . i 

/ ; = /-/; S U B i j 
N E G j 

No t i ce that in t he th i rd case the r i gh t -hand s ide is b e i n g t rea ted as t h e exp ress ion "-<y- /V 3 ; I sha l l 

re tu rn to th is po in t later. Because t h e o p e r a n d s of PDP-11 i ns t ruc t ions can be in e i ther m e m o r y or 

reg is te rs , t h e examp les above d o no t i l lus t ra te the ef fect this a l loca t ion dec i s ion has on c o d e 

gene ra t i on . Suppose , the re fo re , tha t w e w e r e c o m p i l i n g for t h e PDP-10 a n d tha t all var iab les had b e e n 

b o u n d to pr imary memory . W e w o u l d ge t : 

2 I apo log ize to those readers that are not famii iar with the P D P - 1 1 and P D P - 1 0 . K n o w l e d g e of these m a c h i n e s is not really 
necessary . T h e most important thing to not ice about the e x a m p l e s is simply that they are different f rom o n e another . 

3 F o r the esoter ical ly m inded , I apprec ia te that there is a p r o b l e m with this t ransformat ion arising in c o n n e c t i o n with the 
"most negat ive n u m b e r " on two's c o m p l e m e n t m a c h i n e s . I c h o s e to ignore the prob lem to simplify the d iscuss ion . 
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s o u r c e ob jec t 

k:= i-j; M O V E r . i 
S U B r j 
M O V E M r,k 

/; = i-j; M O V N r,j 
A D D M r,i 

/ ; = /-/; M O V E r j 

S U B M r,j 

if, on the o ther h a n d , all th ree var iab les w e r e a l loca ted to PDP-10 reg is ters , bet ter c o d e w o u l d be : 

s o u r c e ob jec t 

k ; = i-j; M O V E k,i 

S U B k,j 

/: = i-j; S U B i,j 

j: = i-j; S U B M i,j 

A n d , of c o u r s e , o n e c a n get all so r ts of c o m b i n a t i o n s and var ia t ions on these w h e n only s o m e of t h e 

var iab les have been a l loca ted to reg is ters ; I w o n ' t t ry to r e p r o d u c e t h e m all here . It shou ld be no ted , 

however , tha t they are not all s imp le var ia t ions on the examp les above . If, for examp le , k has been 

a l l oca ted to m e m o r y bu t the o ther two are in reg is ters , t hen w e w o u l d l ike to p r o d u c e : 

s o u r c e ob jec t 

k : = i-j; M O V E M j ,k 
S U B M i,k 

Each of t he cases above w o u l d be " o b v i o u s " to a k n o w l e d g e a b l e PDP-11 or PDP-10 assembly 

l anguage p r o g r a m m e r . S imp le comp i l e r s , and even many op t im iz ing ones , do no t app ly th is 

" o b v i o u s " k n o w l e d g e , however . Why?. 

To answer th is ques t i on , it is ins t ruc t i ve to cons ide r t he k inds of k n o w l e d g e that that p r o g r a m m e r 

uses in mak ing these se lec t ions . They i nc lude , at least, 

»language serhantics: a l t hough these examp les are t r iv ia l , o n e mus t at least be su re tha t 
th'fc var iab les are not aliases for one ano the r o the rw ise the des t ruc t i on of k in the cases 
for "k = i-j" m igh t a lso des t roy e i ther of the o ther two var iab les and inva l idate the c o d e 
s e q u e n c e s s h o w n above , 

^ algebra: aga in , these examp les are t r iv ia l , bu t they d o use the ident i ty 

i-j = -(j-i), 

• global resource allocation: a c o m p u t e r ' s regis ters are a l imi ted resou rce ; usual ly not all of 
t he p r o g r a m m e r ' s var iab les can be a l loca ted to them s imu l taneous ly , for examp le . 
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• global resource allocation: a c o m p u t e r ' s reg is te rs are a l imi ted resou rce ; usual ly no t al l of 
the p r o g r a m m e r ' s var iab les c a n b e a l loca ted to t h e m s imu l taneous ly , fo r examp le . 
Dec id ing w h i c h var iab les are t o be a l loca ted to t he register invo lves s o m e c o m p l e x , 
g loba l t radeof fs , 

• target computer instruction set: k n o w l e d g e of t h e ins t ruc t ion set is obv ious l y needed , of 
cou rse , bu t no t i ce tha t it is m u c h deepe r than mere ly k n o w i n g some way to imp lemen t 
each l anguage cons t ruc t . In pa r t i cu la r t he re is a k n o w l e d g e of t he bes t c h o i c e s unde r 
var ious a l loca t ions , a n d " b e s t " imp l ies s o m e k n o w l e d g e of re lat ive cos ts . 

T h e r e are in fact qu i te a few other k inds of k n o w l e d g e tha t an assembly l a n g u a g e p r o g r a m m e r wi l l 

b r i ng t o bear - bu t they are no t revea led by these tr iv ial examp les . D iscuss ing too many at th i s po in t is 

l ikely to be c o n f u s i n g in any case , so I shal l omi t t h e m . 

Now, let 's re turn to the ques t ion of w h y mos t c o m p i l e r s d o n ' t g e n e r a t e t h e " o b v i o u s " c o d e 

s e q u e n c e s i l lust rated above . If one s tar ts w i th t h e t e x t b o o k v iew that " c o d e g e n e r a t i o n " is a s ing le 

c o m p o n e n t , any a t tempt to i n c o r p o r a t e all these d iverse s o u r c e s of k n o w l e d g e is b o u n d to lead to 

e i ther an inef f ic ient , " g e n e r a l " m e t h o d , or t o an u n m a n a g e a b l y c o m p l e x co l l ec t i on of spec ia l cases . 

S i nce genera l m e t h o d s are t oo s low, ( too) many op t im i z i ng c o m p i l e r s t e n d t o w a r d the s e c o n d 

a l ternat ive. Faced w i th the ex is t ing ev idence , r esea rche rs have s h r u n k away f r o m t h e no t ion of a 

c o m p i l e r t ha t is bo th op t im iz ing and mach ine- re la t i ve . S tar t ing w i th a d i f fe rent p remise , howeve r , 

name ly that each k n o w l e d g e sou rce is a d is t inc t exper t , l eads rather d i rec t l y to a c lean and ef f ic ient 

s t r u c t u r e -- and, f r om our pe rspec t i ve m o r e impor tan t l y , o n e tha t is m o r e easi ly made m a c h i n e -

re la t ive . 

T h e bulk of t he rema inde r of th is pape r is devo ted t o d e s c r i b i n g a n u m b e r of t h e exper t m e t h o d s 

used in the PQCs a n d how , g iven th is i n f o rma t i on , we c a n make t h e m mach ine- re la t i ve . Be fo re 

s ta r t i ng , however , I need to make o n e m o r e po in t tha t w o u l d have been d i f f i cu l t t o mot i va te ear l ier . 

No t i ce that the app l i ca t i on of t h e va r ious k inds of k n o w l e d g e interact w i th each other . T o t ake a 

s imp le examp le - the best c h o i c e of c o d e d e p e n d s u p o n t h e a l loca t ion of var iab les t o m e m o r y a n d 

reg is ters . A t the same t ime, however , the bes t a l l oca t i on of memory wi l l d e p e n d on t h e c o d e to be 

gene ra ted ~ in gene ra l , for examp le , o n e w o u l d l ike the mos t f requent ly accessed var iab les t o also be 

t h e c h e a p e s t to access . To k n o w the ac tua l n u m b e r of re fe rences , however , I need to k n o w w h a t c o d e 

wi l l b e gene ra ted . 

The potent ia l f o r in te rac t ion a m o n g the va r ious exper t m e t h o d s used in a sys tem requ i res ca re fu l 

cons i de ra t i on for how they a re to be o rgan i zed -- that is, the overa l l con t ro l a n d d a t a s t ruc tu res t o be 

used . The s imp les t s u c h o rgan iza t ion is a l inear s e q u e n c e of " p h a s e s " as is used in the c a n o n i c a l 3-

phase compi le r , and th is is a lso, in fac t , t h e o rgan iza t ion of the PQCs b u t t he reader s h o u l d be 

a w a r e that o ther poss ib i l i t ies exist and may be app rop r i a te f o r o ther k inds of exper t s y s t e m s 4 . 

4 T h e interested reader might , for e x a m p l e , e x a m i n e [e rman] 
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T h e nex t severa l r u c t i o n s d i s c u s s th ree of the phases in a PQC: C O D E , T N B I N D , anal UCOMP. 

A l t h o u g h it may be u n u s u a l , w e shal l d i scuss t h e m in the t h e reverse of t he o rde r in w h i c h tttfey appear 

in t h e c o m p i l e r s . 

5 CODE: The Code-generation Expert 

C O D E is o n e of t h e last phases of a PQC. In con t ras t w i th t he c o m p l e x i t y tha t may seem necessary 

on the bas is of the ear l ie r examp les , it is also a concep tua l l y tr iv ial phase . In t h e fo l l ow ing I wi l l only 

t ry to p rov ide t h e g is t of t h e s c h e m e u s e d ; de ta i ls may be f o u n d in [ca t te I I78] . 

Al l of t he cr i t i ca l op t im iza t i on dec i s ions in a PQC are m a d e b e f o r e c o d e is g e n e r a t e d . Even t he key 

aspec ts of t he relat ively low level dec i s i ons i l lust rated in t h e p rev ious sec t ion have b e e n made : 

reg is ters have been a l l oca ted , t he d e c i s i o n to use a user -var iab le fo r the eva lua t ion of an exp ress ion , 

t he a lgebra ic t r ans fo rma t i ons such as (i-j) - > -(j-i), and s o on have all b e e n made . These dec is ions 

are all rep resen ted in t he in te rmed ia te rep resen ta t ion of t h e p r o g r a m by e i ther exp l ic i t 

t r ans fo rma t i ons (such as the a lgebra ic ident i ty) or by d e c o r a t i n g t h e t ree w i th re levant i n fo rma t i on . 

T h e c o d e gene ra to r has only to ma tch th is i n fo rmat ion aga ins t a " c a n n e d " co l l ec t i on of ins t ruc t ion 

s e q u e n c e s . T h u s , t he major p rob lem in t h e fo rmu la t i on of the c o d e gene ra to r w a s to f ind a t echn ique 

tha t was both c o m p r e h e n s i v e and e f f i c ien t w i th respec t to the e n o r m o u s case ana lys is invo lved in the 

m a t c h i n g p rocess . 

T h e bas ic s t ra tegy used in t h e PQC c o d e gene ra to r is based on a da tabase cons is t i ng of pattern-

action pa i rs . T h e pa t te rns , l ike the in te rmed ia te represen ta t ion of t he p rog ram, are t rees; t h e leaves of 

t hese pat tern t rees spec i fy p roper t i es of t he p r o g r a m t ree that they m a t c h . T h e ac t ions a r e (usual ly) 

s imp ly c o d e t o be em i t t ed . Wr i t i ng t he pa t te rn t rees in a LISP- l ike pref ix f o rm , typ ica l pa t te rn -ac t ion 

pa i rs for the PDP-10 m igh t be: 

pattern: ( := $1 :memory $2: reg is ter ) 
action: M O V E M $ 2 , $1 

pattern: (: = $1 r e g i s t e r $2 :memory ) 
action: M O V E $ 1 , $2 

pattern: (- $1 r e g i s t e r $2: reg is ter ) 
action: S U B $ 1 , $ 2 

pattern: (: = $1 r e g i s t e r (- $1 : reg is ter $2 :memory) ) 
action: S U B $ 1 , $ 2 

pattern: (: = $1 :memory (- $1 :memory $2:regis ter) ) 
action: S U B M $2 , $1 
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T h e pat te rns above may requ i re a b i t of exp lana t i on . Each pa t te rn desc r ibes a t ree . T h e f i rst i tem is 

an ope ra to r at the roo t n o d e of t h e t ree . T h e rema in ing i tems desc r i be t h e d e s c e n d a n t s of t ha t roo t ; 

the do l la r s igns fo l l owed by a d ig i t are mere ly names fo r the d e s c e n d a n t s a n d t h e w o r d s l ike 

" r eg i s te r " d e s c r i b e p roper t i es of t h e m . In t h e last two examp les , t he s e c o n d d e s c e n d a n t of each is 

pa ran thes i zed ; th is i nd ica tes a su t ree of the same fo rm as d e s c r i b e d above . T h u s , for examp le , t he 

f ou r th pa t te rn desc r i bes t h e t ree 

w h e r e the va lue rep resen ted by t h e n o d e ca l led $1 mus t b e in a reg is ter and that rep resen ted by $2 

mus t b e in memory . No t i ce , too , tha t t h e repeated use of $1 impl ies that these mus t ac tua l ly n a m e the 

s a m e loca t i on . 

C O D E t raverses t he p r o g r a m t ree. At e a c h n o d e it f i nds all pa t te rn t rees f r om the da tabase tha t 

" m a t c h " ; it t hen se lec ts t h e lowest cos t , max ima l l y bene f i c ia l c o d e s e q u e n c e . In gene ra l , of c o u r s e , 

the pa t te rn t rees wi l l c o n t a i n mo re t h a n o n e node ; th is has two imp l i ca t i ons fo r C O D E . First, it mus t 

" m a r k " all nodes m a t c h e d by t h e se lec ted pat te rn a n d m u s t n o t subsequen t l y gene ra te c o d e for 

n o d e s so ma rked . S e c o n d , and very impor tan t l y , C O D E genera tes c o d e " b a c k w a r d s " . 

Th i s s e c o n d s ta temen t may be a bi t su rp r i s i ng , however , t h e PQC c o d e gene ra to r s ac tua l l y 

gene ra te t he last i ns t ruc t ion of t he p r o g r a m first. T o see w h y this is so, le t ' s f i rst no te tha t p r o c e e d i n g 

" f o r w a r d " t h r o u g h the p r o g r a m rep resen ta t i on is equ iva len t t o a b o t t o m - u p , le f t - to- r ight t ree t raversa l ; 

p roceed ing " b a c k w a r d s " is equ iva len t to a t o p - d o w n , r ight - to- le f t t raversa l . Now, c o n s i d e r t he t ree for 

s o m e t h i n g l ike o n e of ou r e x a m p l e ass ignmen ts , 

If w e were to use t h e " f o r w a r d " , b o t t o m - u p t raversa l , t h e f i rst in terest ing n o d e tha t w e w o u l d 

e n c o u n t e r w o u l d be t h e sub t rac t i on , a n d w e w o u l d g e n e r a t e c o d e for t ha t node f rom a pat tern l ike 

t h o s e g iven above . W e w o u l d not see t h e larger con tex t , in w h i c h / appea rs as t h e le f t -hand s ide of the 

ass ignment , unt i l too late. Ins tead of gene ra t i ng c o d e to c o m p u t e the resul t d i rec t l y in the var iab le , 

s o m e sort of t empora ry w o u l d b e needed a n d an add i t i ona l ins t ruc t ion w o u l d be gene ra ted to s to re 

t he t e m p o r a r y in to /. 

On the o ther h a n d , by t ravers ing t h e t ree " b a c k w a r d s " , that is, t o p - d o w n , w e see these larger 

c o n t e x t s f i rst and can a lways app ly t he max ima l p a t t e r n 5 . 

5 C a t t e l l , [cattel !78] , n a m e d this st rategy, the " m a x i m a l m u n c h " method of code g e n e r a t i o n . 
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A l t h o u g h t h e prev ious exp lana t i on has been brief, hopefu l l y it c o n v e y s t he gist of h o w the c o d e 

g e n e r a t o r wo rks . The re are, of c o u r s e , myr iad t e c h n i c a l deta i ls . Rather than de lve in to these, 

however , let 's re f lect on wha t has ac tua l l y been d o n e . I set out to bu i ld an exper t c o d e genera to r , but 

tha t is no t qu i te how it t u rned out. Ins tead , all t he exper t i se abou t t he ta rge t c o m p u t e r w o u n d u p in 

t h e da tabase of pa t te rn -ac t ion pai rs . The ac tua l a lgo r i t hm of t he " c o d e g e n e r a t o r " is an exper t at 

s o m e t h i n g e lse ent i re ly - namely pa t te rn ma tch ing . Because of p rev ious work , cf. [ fo rgy79 ] , and 

b e c a u s e the par t i cu la r k ind of pat terns is wel l spec i f i ed , very e f f ic ient a lgo r i t hms exist - and , the 

resul t is a c o d e genera to r tha t is mach ine- re la t i ve , more c o m p r e h e n s i v e a n d , hopefu l ly , faster than 

typ ica l hand - fab r i ca ted ones tha t do c o m p a r a b l e analysis. 

6 TNBIND: The Allocation Expert 

In th is sec t i on I sha l l d e s c r i b e a s imp l i f i ed vers ion of the phases that imp lemen t reg is ter a l loca t ion 

w i th in a PQC. For h is to r ica l reasons this set of phases is ca l led TNBIND, a c o n t r a c t i o n of T e m p o r a r y 

Name B i n d i n g . As w i th t h e p rev ious sec t ion on CODE, t he ob jec t i ve he re is to supp ly on l y e n o u g h 

deta i l t o c o n v e y the gist of the s c h e m e ; to that e n d , I wi l l cons i de r on ly t he a l loca t ion of user -dec la red 

var iab les and neg lec t comp i l e r -gene ra ted tempora r i es . Detai ls a re ava i lab le in [ Iev80thes is ] . 

As no ted ear l ier , g o o d a l loca t ion of reg is te rs and memory d e p e n d s in par t on the c o d e t o be 

g e n e r a t e d . It s h o u l d be c lear , fo r examp le , that t h e f r e q u e n c y w i th w h i c h a var iab le is used a f fec ts the 

des i rab i l i t y of a l loca t ing a register f o r it; usually, t h o u g h no t a lways, i t 's a g o o d idea to keep the most 

f r equen t l y accessed var iab les in easi ly access ib l e l oca t i ons l ike reg is ters . In add i t i on , however , the 

way in which a variable is used is an impor tan t fac to r in de te rm in ing t he bes t a l l oca t i on for it. 

The d i s t i nc t i on b e t w e e n " r e g i s t e r s " a n d " m e m o r y " is vast ly t oo c r u d e t o be of m u c h use for 

a l l oca t i on of resources on most real c o m p u t e r s . Even t he " n i c e s t " c o m m o n mach ines have 

res t r i c t ions s u c h as: 

• on l y cer ta in reg is ters c a n be used fo r i ndex ing , mu l t i p l i ca t ion , d i v i s ion , e tc . 

• ce r ta in l oca t ions a re da ta - t ype sensi t ive - as, fo r examp le , t he " f l oa t i ng p o i n t " regis ters 
on many c o m m o n mach ines , 

• s o m e m e m o r y loca t ions can be add ressed mo re cheap ly , as for examp le , wi th shor t 
d i s p l a c e m e n t s in t he i ns t ruc t i on w o r d , 

• s o m e m e m o r y loca t ions can b e accessed only by i ndex ing , by load ing a base register , or 
s o m e o ther a w k w a r d means. 

B e c a u s e of t h e res t r i c t ions s u c h as t hose above , we c lear ly need to k n o w h o w var iab les w i l l be used 

in o rder to make g o o d a l loca t ions . F loa t ing po in t var iab les , for examp le , s h o u l d p robab ly b e a l located 

to f loa t ing po in t reg is ters if poss ib le . Not al l a l l oca t ions are this s imp le , of cou rse . An in teger var iable, 
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fo r examp le , may b e E v o l v e d in bo th a r i thmet ic a n d i n d e x i n g ; on a n a rch i t ec tu re w h e r e thase invo lve 

d is jo in t registers a t radeof f must b e made . M a k i n g this t radeof f in te l l igent ly requ i re } ! k n o w i n g 

s o m e t h i n g abou t t h e c o d e tha t wi l l be gene ra ted t he n u m b e r of accesses to the var iab le in e a c h of 

t h e con tex t s and t h e cos t of mov ing t h e var iab le b e t w e e n t h e m . 

B o t h e r s o m e as they may be, the sor ts of assymmet ry p resen t in t he list above genera l l y re f lect 

d i f f i cu l t t echno log i ca l t radeof fs in m a c h i n e des ign . It is the comp i l e r -w r i t e r ' s job to make t he bes t 

poss ib le use of t h e g iven a r c h i t e c t u r e 6 . So , w i t h t h a t a t t i tude, a n d w i t h t h e k n o w l e d g e tha t c o d e 

gene ra t i on wi l l fo l low a l loca t ion - even t h o u g h a l loca t ion d e p e n d s u p o n it — need a f o rmu la t i on of 

a l l oca t ion tha t wi l l m a k e ex t remely g o o d , if no t per fec t , use of the m a c h i n e ' s r esou rces . 

The f irst s t ep in th is f o rmu la t i on is s imp ly to d iv ide t h e poss ib le l oca t ions in to a n u m b e r of storage 

classes - e a c h c lass cons i s t s of the set of loca t ions t h a t have the same p roper t ies , and m e m b e r s of 

d i f f e ren t c lasses have d i f fe rent p roper t i es . T h u s , f o r s o m e mach ines the even reg is ters a n d o d d 

reg is ters wil l be in d i f fe rent c lasses ; o n o the rs t he re m a y be a d is t inc t ion be tween in teger and f loa t ing 

reg is te rs , be tween index reg is ters and accumu la to r s , b e t w e e n s tack memory a n d o ther memeory , and 

s o o n . 

At least concep tua l l y , TNBIND uses the same da tabase and a lgo r i t hm as C O D E to gene ra te all 

possible c o d e s e q u e n c e s for t he p r o g r a m - or, mo re prec ise ly , al l c o d e s e q u e n c e s that w o u l d resul t 

f r om va r ious a l l oca t ions of var iab les to the d i f fe rent s t o r a g e c lasses (but not to spec i f i c m e m b e r s of 

t hose c lasses) . Thus , concep tua l l y , T N B I N D gene ra tes one c o d e s e q u e n c e tha t assumes all va r iab les 

have been b o u n d to some register, ano the r tha t assumes ail var iab les have been b o u n d to some 

m e m o r y loca t ion , and o n e tha t assumes e a c h of the c o m b i n a t i o n s in b e t w e e n . T h e idea is to t h e n 

p ick t h e cheapes t feasible c o d e for t h e c o m p l e t e p r o g r a m . Note that t h e c h e a p e s t c o d e s e q u e n c e 

f o u n d by TNBIND may not b e feas ib le because it requ i res m o r e e l emen ts of a s to rage c lass , e.g. t he 

reg is ters , t han are p resent in the ha rdware . 

In p rac t i ce , of c o u r s e , w e c a n n o t g e n e r a t e a l l poss ib le c o d e s e q u e n c e s fo r a p r o g r a m - bu t w e 

don ' t need t o in o rde r to ge t the s a m e net e f fect . Ins tead, w e assoc ia te a tab le of cos ts w i t h e a c h 

var iab le . These per -var iab le tab les quan t i f y t h e i nc remen ta l con t r i bu t i on t o overal l p r o g r a m s ize 

based on its a l l oca t ion ; in ef fect , they say 

... if th is var iab le is a l l oca ted to an even regis ter t h e i nc remen ta l cos t to the overa l l 
p r o g r a m wil l be C e , wh i le , if it is a l loca ted t o an o d d register t h e inc rementa l cos t w i l l be C Q | 

whi le , i f . . . . 

6 W h i c h is not to say that it isn't possible to d o a better job of instruct ion set des ign; qu i te the contrary is t rue. T h e author 
a d v o c a t e s that all computer archi tects should be required to implement t w o (2) opt imiz ing compi lers - one just as pract ice 
before they des ign a m a c h i n e , and a second o n e for t h e m a c h i n e that they des ign . 
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T o imp lemen t th is c o n c e p t u a l mode l of T N B I N D , as is t he case in al l of the PQC, w e f irst b reak the 

p rob lem into p ieces s u c h tha t we c a n dev ise a n expe r t fo r e a c h . I sha l l desc r i be th ree s u b - p h a s e s 

h e r e 7 : t e m p o r a r y name ass ignmen t (TNA) , l i fe t ime de te rm ina t i on (LIFE), a n d pack ing (PACK) . 

T h e f i rs t s u b p h a s e , TNA, a c c u m u l a t e s the per -var iab le cos t i n f o rma t i on . It uses a lmost the s a m e 

d a t a b a s e and a lgor i thm as d o e s C O D E . B e c a u s e it d o e s no t actua l ly gene ra te c o d e , however , t he re 

are two d i f fe rences in the da tabase . First, those pa t te rns tha t d i f fer on ly in the a l l oca t ion p roper t i es of 

the i r leaves a re merged . S e c o n d , t h e code -em iss ion ac t i ons are rep laced by a tab le of i nc remen ta l 

cos ts for each of the var iab les invo lved in the pa t t e rn . These tab les con ta i n o n e cos t for each of the 

a l l oca t ion poss ib i l i t ies a n d are de r i ved f r o m the (merged) c o d e s e q u e n c e s used in C O D E . T h u s , they 

accu ra te l y re f lec t t h e ac tua l n u m b e r and types of re fe rences to each var iab le . 

TNA t rave rses the p r o g r a m t ree, j us t as C O D E does , ma t ch i ng the pa t te rns in its d a t a b a s e aga ins t 

t he t ree and f i nd ing the best pa t te rn at e a c h s tep . O n c e f o u n d , the c o s t tab les assoc ia ted w i th the 

pat te rn a re a d d e d to t hose b e i n g m a i n t a i n e d w i th each of t h e var iab les in the m a t c h e d por t ion of t he 

p r o g r a m t ree. 

T h e s e c o n d s u b p h a s e de te rm ines the " l i f e t i m e " of each of t he var iab les - tha t is, the se t of po in ts 

in t h e p r o g r a m d u r i n g w h i c h t h e va lue of t h e var iab le is va l id . By no t ing w h e n a var iab le is " a l i v e " w e 

can cons t r uc t a " con f l i c t g r a p h " - a g r a p h w h o s e nodes rep resen t var iab les a n d w h o s e a rcs ind ica te 

tha t the c o n n e c t e d n o d e s mus t be a l ive s imu l taneous ly . In a l anguage in w h i c h loop con t ro l var iab les 

are impl ic i t ly d e c l a r e d , a p r o g r a m f r a g m e n t s u c h as 

v a r n,s,j: integer; 
v a r A: array(L.n) of integer; 

n : = 
S : = 0; 
f o r / ; = : 1..n d o S ; = S + A(i); 
j: = S-4; 

g ives r ise, in par t , to a con f l i c t g r a p h s u c h as 

Not ice , in par t icu lar , that j is used p r io r t o the l oop a n d set after it. T h u s , its va lue need no t be val id 

d u r i n g t h e l oop . Th is fac t is c a p t u r e d in t h e g r a p h by the a b s e n c e of a l ink b e t w e e n /, w h i c h is al ive 

on ly d u r i n g t he loop , and /. These t w o var iab les d o not con f l i c t . 

In the actual P Q C , a l locat ion is a c c o m p l i s h e d by s o m e t h i n g more like 10 subphases . 
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Al though th is g r a p h is i n comp le te because the c o m p l e t e p r o g r a m is no t g iven a b o v e , it can 

none the less b e seen tha t var iab les j and /' c a n be a l l oca ted to the s a m e loca t ion b e c a u s e the i r 

l i fe t imes do n o t over lap . Simi lar ly , it c a n be seen tha t n,s and / mus t be a l l oca ted t o d i f ferent l oca t i ons 

b e c a u s e the i r l i fet imes d o over lap . L i fe t ime analys is is a s imp le f low ana lys is p r o b l e m for w h i c h a 

great dea l of l i terature is avai lab le, t he re fo re I w o n ' t dwe l l on it here. No t i ce , however , t ha t it is a 

comp le te l y l a n g u a g e a n d m a c h i n e - i n d e p e n d e n t p r o c e s s . 

The th i rd s u b p h a s e of TNBIND that I shal l desc r ibe is PACK; its f u n c t i o n , g iven t h e cos t a n d l i fet ime 

in fo rmat ion f r o m t h e p rev ious phases , is t o f ind a g o o d , if no t op t ima l , feas ib le a l l oca t i on . It can be 

cas t as a " g r a p h c o l o r i n g " p r o b l e m . If one th inks of e a c h d is t inc t l oca t i on as a d is t inc t co lo r , t hen 

• A feasible c o l o r i n g of the g r a p h is o n e in w h i c h no t w o c o n n e c t e d nodes a re t h e s a m e 
co lor , a n d 

• A n opt imal c o l o r i n g is a feas ib le one in w h i c h t h e s u m of t h e cos ts assoc ia ted w i t h e a c h 
par t i cu la r node c o l o r i n g is m in im ized . 

A g a i n , a r ich l i terature ex is ts on g r a p h c o l o r i n g a lgo r i t hms . A l t hough genera l so lu t i ons to c o l o r i n g 

p r o b l e m s are very cost ly , t he l i tera ture p rov ides a n u m b e r of a l te rnat ive a lgo r i t hms fo r t he k i nd of 

spec ia l s i tua t ion he re - and in p rac t i ce t hey are both fast a n d ef fec t ive. No te , in par t icu lar , the on ly 

d e p e n d e n c y in these a lgo r i t hms on the ta rget c o m p u t e r is the number of " c o l o r s " ( l oca t ions of 

va r i ous k inds) ava i lab le , and the m a p p i n g f r o m co lo r s t o cos ts . 

As w i t h o u r desc r i p t i on of the c o d e genera to r , ra ther t han de lve in to t h e next level of t e c h n i c a l 

deta i l o n TNBIND, let 's re f lec t on w h a t was ac tua l l y d o n e . I se t out t o c o n s t r u c t an exper t on a l l oca t i on 

- in f ac t , an exper t on a l l oca t ing var iab les fo r a pa r t i cu la r m a c h i n e . As w i th C O D E , however , al l of t he 

exper t i se abou t t he spec i f i c m a c h i n e is e n c o d e d in t h e pat terns and cos t tab les used by TNA. T h e 

th ree a lgo r i t hms t u r n o u t to invo lve pa t te rn ma tch ing (TNA) , f low analys is (LIFE) and g r a p h co lo r i ng 

(PACK) . None of t h e m has any th ing to d o w i th a l loca t ion per se , a n d ce r ta in l y none of t h e m is 

m a c h i n e spec i f ic . F inal ly , as was also the case w i t h CODE, I have very par t i cu la r cases of m a t c h i n g , 

f low ana lys is and c o l o r i n g . Fast and e f fec t i ve a l go r i t hms ex is t for t h e m , and the re is every reason to 

e x p e c t that t hey wi l l pe r fo rm as we l l o r be t te r t h a n the ad h o c t e c h n i q u e s tha t have been used in the 

past. 

7 UCOMP: A Simple Algebraist 

In t h e last sec t i on I no ted tha t g o o d register a l l oca t i on d e p e n d s on k n o w i n g s o m e t h i n g abou t t he 

c o d e t o be gene ra ted . In th is sec t i on I w i l l desc r ibe o n e of the phases tha t p recedes TNBIND and 

p rov ides in fo rmat ion on the na tu re of t he bes t c o d e to gene ra te . T h e phase is ca l l ed UCOMP, w h i c h is 

a con t rac t i on of " u n a r y - c o m p l e m e n t o p t i m i z a t i o n " , one of t he pr imary f u n c t i o n s of the phase . 
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U C O M P ' s respons ib i l i t y is to apply var ious a lgebra ic t r ans fo rma t i ons to the p r o g r a m ; t h g ob jec t ive 

of these t rans fo rma t ions is to s impl i fy t h e c o m p u t a t i o n of a r i thmet i c a n d log ica l exp ress ions . For 

e x a m p l e , UCOMP wi l l conver t t he exp ress ion 

(-y)Xx'(a-b)) 

i n to 

(b-a)*x>y. 

O u r c o d e genera to r , and indeed any c o d e gene ra to r tha t is to be relat ively fast, is d u m b . It w o u l d 

p robab l y genera te 6 or 7 PDP-11 ins t ruc t ion for the f i rst f o rm of the exp ress ion , for examp le . But even 

t he d u m b e s t of c o d e gene ra to r s wil l gene ra te g o o d c o d e for t he t r a n s f o r m e d exp ress ion : fo r example , 

s o u r c e ob jec t 

(b-a)*x>y M O V b , r 
S U B a . r 
M U L x , r 
C M P r,y 

A lgebra ic s imp l i f i ca t i on is a theore t i ca l l y unso lvab le p r o b l e m . Even to d o a g o o d , no t per fect , j ob is 

ex t reme ly h a r d . A PQC, however , d o e s not requ i re genera l s imp l i f i ca t i on . It requ i res on ly tha t we 

s impl i fy the computation of t he exp ress ion ' s va lue - that is, r educe t h e n u m b e r of i ns t ruc t i ons needed 

to eva lua te it. As a resul t , t he comp lex i t y , s u c h as it is, a r ises f rom the need to a c c o u n t for t h e the 

vagar ies of t h e target i ns t ruc t ion set ra ther than f rom the inheren t d i f f i cu l ty of a lgebra ic s imp l i f i ca t ion . 

T h e k inds of p rope r t i es of the ins t ruc t ion set tha t a f fec t us i nc lude : 

© O p e r a n d s of ce r ta in ins t ruc t ions may be requ i red to be in spec ia l l oca t i ons . Mos t genera l -
reg is ter mach ines , for examp le , requ i re o n e o p e r a n d to b e in a register . 

• T h e ins t ruc t ion set may not be c o m p l e t e . S o m e c o m p u t e r s , for examp le , p rov ide an 
i n c o m p l e t e set of cond i t i ona l b r a n c h ins t ruc t ions . 

• Cer ta in " o b v i o u s " i ns t ruc t i ons may not be p resen t . The P D P - 1 1 , f o r examp le , d o e s not 
con ta i n an and i ns t ruc t i on ; its BIC ins t ruc t ion is actua l ly an and-not. 

• Cer ta in opera t ions , par t i cu la r ly unary ones , may be " f r e e " . Many m a c h i n e s , for examp le , 
i nc lude load-complement and load-negative ope ra t i ons . In s u c h cases , the 
c o m p l e m e n t a r y store i ns t ruc t ions may or may no t be present . 

In the r e m a i n d e r of th is sec t i on I wil l s h o w how these p roper t ies of t h e i ns t ruc t i on set af fect the k inds 

of t r ans fo rma t ions pe r f o rmed by U C O M P . In par t i cu la r , I wi l l use the c lass of unary complement and 

commutativity t r ans fo rma t ions on a lgeb ra i c exp ress ions to i l lust rate the p rocess ; these ideas ex tend 

na tura l l y to boo lean exp ress ions and to re la ted t r ans fo rma t i ons . 

Be fo re beg inn ing I need to make t w o observa t ions that a f fec t the a p p r o a c h . 

• First , t h e destroyability of the ope rands of an ope ra to r a f fect the c h o i c e of 
t r ans fo rma t i ons . User var iab les and the va lues of c o m m o n subexp ress ions , for example , 
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are usual ly no t des t royab le , wh i l e t he resul ts of o the r subexp ress i ons norma l l y are . T h e 
loca t ions in w h i c h a des t royab le resul t res ides c a n o f ten be used pro f i tab ly fo r t h e 
c o m p u t a t i o n of its pa ren t exp ress i on ; non -des t royab le loca t ions c a n n o t . 

• S e c o n d , in many cases the c o m p i l e r is f ree to c o m p u t e the nega t i ve of t he va lue of an 
exp ress ion ra ther t han its c o r r e c t va lue , in the e x a m p l e at t he b e g i n n i n g of th is s e c t i o n , 
for examp le , t he va lue (b-a) w a s c o m p u t e d ra ther t han (a-b). Do ing so a l l owed t h e 
comp i l e r to avo id c o m p u t i n g (-y), a n d to mod i fy t he re la t iona l ope ra to r ins tead . 

Now, let 's t u rn to the ques t i on of h o w U C O M P w o r k s . It cons is ts of two passes over t he p r o g r a m 

rep resen ta t ion . The f i rst of these se lec ts a l imi ted set of t r ans fo rma t i ons tha t could be app l ied at each 

node ; in fac t , it se lec ts jus t t w o poss ib i l i t ies , o n e that w o u l d c o m p u t e the exp ress ion ' s c o r r e c t va lue 

and one that w o u l d c o m p u t e t he va lue w i th an inver ted s i gn . Each of these t r ans fo rma t i ons rep resen ts 

the least expens ive way to c o m p u t e the va lue wi th t he i nd i ca ted s i gn . T h e s e c o n d pass c h o o s e s 

w h i c h t r ans fo rm to app ly , and d o e s it. 

T h e reason for t w o passes is obv ious , o n c e y o u see it. Cons ide r the e x a m p l e at t he b e g i n n i n g of t he 

sec t i on aga in . At t h e t ime tha t U C O M P ' s f i rst pass exam ines the s u b e x p r e s s i o n (a-b) it c a n eas i ly 

de tec t , in a manner to be desc r i bed be low, tha t (a-b) is t h e cheapes t f o rm that wi l l c rea te the va lue 

w i th t h e c o r r e c t s i g n ; s imi lar ly , it c a n de tec t tha t (b-a) is t h e c h e a p e s t f o r m for c o m p u t i n g the va lue 

wi th the inver ted s i gn . In al l p robab i l i t y , however , t he cos t of eva lua t ing these t w o exp ress ions wi l l b e 

t he same ; the re is no bas is fo r c h o o s i n g be tween t h e m . It is on ly in t he (much) larger con tex t of t he 

re la t iona l ope ra to r tha t i ts poss ib le to see tha t c o m p u t i n g t h e inver ted s i gns of bo th (a-b) a n d (-y) wi l l 

p r o d u c e g loba l ly bet ter c o d e . 

T h e task of t h e f irst pass c a n b e cha rac te r i zed as s imp ly assoc ia t i ng n ine p ieces of i n fo rma t ion w i th 

each n o d e of t h e p r o g r a m t ree : 

Kp t h e cos t of p r o d u c i n g t he va lue of t he exp ress ion rep resen ted by t h e n o d e w i th its 

c o r r e c t s i g n , 

Tp an e n c o d i n g of t he t r ans fo rma t i on , if any, to be app l i ed to t h e n o d e fn o rde r to 
p r o d u c e the va lue w i th its c o r r e c t s i g n , 

S ip a boo lean tha t spec i f i es w h e t h e r T p assumes the c o r r e c t or inver ted s ign of its left 
o p e r a n d (or on ly o p e r a n d in t h e case of unary opera to rs ) , 

S rp a boo lean tha t spec i f i es w h e t h e r Tp assumes the c o r r e c t or inver ted s ign of its 
r ight o p e r a n d ( i gno red if t he ope ra to r is unary ) , 

Kn , T n , S in , S m s imi lar quan t i t i es for p r o d u c i n g t h e va lue of t h e exp ress ion w i th inver ted s i g n , a n d 

D a boo lean tha t ind ica tes w h e t h e r t h e va lue rep resen ted by t h e n o d e is 

des t royab le . 
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Th is i n fo rmat ion is ga the red on a b o t t o m - u p t raversa l of the t ree w i th the a id of an aux i l ia ry tab le . 

T h e aux i l ia ry tab le con ta i ns an e n c o d i n g of the t r ans fo rma t i ons that are poss ib le , t oge the r w i th the 

i nc remen ta l cos t of app ly ing t h e m . In e f fect , these tab les are an e n c o d i n g of no rma l a lgebra ic ax ioms 

tha t have been a u g m e n t e d w i th cos t i n fo rma t ion tha t is de r i ved f r om the c o d e p r o d u c t i o n s used by 

C O D E . The e n c o d i n g is s u c h that it is d i rec t l y in the fo rm that b e c o m e s a t t ached to the nodes , and is 

g u a r a n t e e d to i nc lude at least o n e w a y to p r o d u c e bo th the co r rec t and inver ted s ign fo r each 

ope ra to r tha t c a n appea r in t he p r o g r a m t ree. 

In gene ra l , of c o u r s e , the re wil l be severa l app l i cab le t rans fo rms ; no tab ly d i f fe ren t t r ans fo rma t i ons 

wi l l m a k e d i f fe ren t assump t i ons abou t t he s ign (co r rec t or inver ted) of its o p e r a n d s and abou t the i r 

des t royab i i i t y . S i nce t h e f irst phase of U C O M P t raverses t he t ree b o t t o m - u p , these p roper t i es of t he 

o p e r a n d s of a n o d e are a l ready k n o w n w h e n the best cho ice (s ) for that n o d e must be made . Hence , 

t h e phase c o m p u t e s t he tota l cos t , that is the s u m of t h e cos ts for the o p e r a n d s and the i nc remen ta l 

cos t f r om t h e aux i l ia ry tab le , for each app l i cab le t r ans fo rma t i on and c h o o s e s the cheapes t . It t hen 

r e c o r d s these c h o i c e s in t he node and c o n t i n u e s the t raversa l . 

It is w o r t h no t ing tha t the ac tua l i n fo rma t ion r e c o r d e d is very smal l - a b o u t 18 bi ts in the cu r ren t 

imp lemen ta t i on . T h e t rans fo rma t i ons , fo r examp le , all invo lve only s imp le th ings l ike nega t ing an 

o p e r a n d , c o m m u t i n g the ope rands , and nega t ing the n o d e itself. Thus , a l t h o u g h t he t e rm 

" t r a n s f o r m a t i o n " may sugges t s o m e t h i n g comp lex , for th is " e x p e r t " it real ly c o n n o t e s s o m e t h i n g very 

s imp le . 

G iven the i n fo rma t ion ga the red by t he f i rst pass, t he s e c o n d pass is very s imp le too . It is a t o p - d o w n 

t raversa l . At ce r ta in po in ts , l ike ass ignmen ts and pa ramete r pass ing , t he seman t i cs of t he l a n g u a g e 

usua l ly f o r ce the comp i l e r to gene ra te t h e c o r r e c t s ign for t he va lue of an exp ress ion . At t hese po in ts 

t h e phase se lec ts o n e of t he a l ternat ives. Th is c h o i c e , in t u r n , fo rces the c h o i c e of s ign (co r rec t or 

inver ted) on its immed ia te d e s c e n d a n t s ( reca l l , th is is e n c o d e d in S ip , S in , e tc . ) . These fo r ced 

c h o i c e s are passed d o w n , t hus f o r c i n g s imi lar c h o i c e s on the i r d e s c e n d a n t s . The ac tua l 

t r ans fo rma t i ons a re app l ied as the phase b a c k s ou t of t h e t raversa l . 

At t h e risk of be ing s o m e w h a t repet i t ive, let 's o n c e aga in cons ide r w h a t has ac tua l ly been d o n e in 

th i s phase. I began w i th wha t appea red to be an ex t reme ly d i f f i cu l t p r o b l e m , a lgebra ic s imp l i f i ca t ion 

c o n s t r a i n e d by t he anoma l i es of ta rge t c o m p u t e r i ns t ruc t i on sets. I d id no t need to so lve the genera l 

p r o b l e m , however . Ins tead, I f o u n d a way of c rea t i ng an " e x p e r t " on a n a r r o w s u b p r o b l e m invo lv ing 

on ly commuta t i v i t y and u n a r y - c o m p l e m e n t op t im iza t ions . Th is exper t c o u l d easi ly be e n d o w e d w i th 

t h e requ is i te k n o w l e d g e of the ta rge t m a c h i n e -- in fact , all it needed was a tab le of cos ts 

c o r r e s p o n d i n g to the i nc remen ta l cos t of s o m e s imp le ins t ruc t ion s e q u e n c e s . The resul t is easy to 

c o m p r e h e n d , is mach ine- re la t i ve , is substant ia l l y b e y o n d the capab i l i t i es of most ex is t ing op t im iz ing 

comp i l e r s , a n d is fast. 
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8 GEN: The Oode Generator Generator 

In t he p rev ious sec t i ons I f o c u s e d on s o m e phases of a PQC. The message of these sec t i ons w a s 

that t he k n o w l e d g e - b a s e d , exper t sys tem mode l , an idea f r o m A l , p rov ided a f r a m e w o r k w i th in w h i c h 

t he so lu t ion to an apparen t l y very d i f f i cu l t p rob lem c o u l d be ef fect ive ly a n d ef f ic ient ly c o n s t r u c t e d . 

The c h o i c e of phases desc r i bed in t hese sec t i ons w a s not acc iden ta l ; par t ia l ly they w e r e c h o s e n 

b e c a u s e they c o u l d be exp la ined in i so la t ion , bu t they w e r e also c h o s e n as p repara t ion for t he 

p resen t s e c t i o n . They al l invo lved us ing t h e k n o w l e d g e e n c o d e d in CODE 'S pa t te rn -ac t ion pa i rs in a 

fa i r ly d i rec t way . In th is sec t ion I wi l l t u rn to a po r t i on of PQCC, ra ther t han PQC, t e c h n o l o g y a n d 

cons ide r how these pa t te rn -ac t ion pa i rs a re au tomat i ca l l y de r i ved f r om a fo rma l m a c h i n e d e s c r i p t i o n . 

Th is , in t u r n , wi l l e xpose ano the r set of ideas b o r r o w e d f rom Al r esea rch . As w i th t he p rev ious 

sec t ions , I wi l l be f o r ced to mere ly ske t ch t h e re levant ideas; de ta i ls may b e f o u n d in [ca t te l l78 ] . 

T h e p r o g r a m tha t gene ra tes CODE'S pa t te rn -ac t i on pa i rs is ca l l ed G E N . Its bas ic p rob lem is to 

conve r t a fo rma l m a c h i n e desc r i p t i on in to these pa i rs . G iven t he pa i rs , de r i v i ng the i n fo rma t ion for 

TNBIND a n d U C O M P , as wel l as s o m e o the r phases of the real PQCs, is re lat ively s imp le . 

T h e inpu t to G E N cons i s t s of t w o par ts : a m a c h i n e d e s c r i p t i o n and a set of ax ioms . T h e ax i oms used 

are pr imar i ly t h o s e of o rd inary a r i thmet i c and log ic . For examp le , they i nc l ude 

E m - E 
E + 0 SEE E 
B = -> -> B 
B1 A B2 s -i ( -i B1 V -« B2) 
-i (E1 > E2) a E1 < E2 

w h e r e t h e E's d e n o t e a r i t hmet i c exp ress ions a n d t he B's d e n o t e log ica l ones . In add i t i on , t he re may 

be ( for spec i f i c mach ines ) ax ioms that , fo r examp le , re la te log ica l and a r i thmet i c quan t i t i es ; o n a t w o ' s 

c o m p l e m e n t m a c h i n e , fo r examp le , 

-E s ( - i E) + 1 

Other ax ioms c a p t u r e essent ia l no t i ons s u c h as s e q u e n c i n g and b r a n c h i n g . 

T h e fo rmal m a c h i n e desc r i p t i on used by G E N c o n t a i n s deta i ls on the s to rage c lasses (e.g. , t he 

k inds of reg is ters a n d memory ) , e f fec t ive add ress c o m p u t a t i o n s , and so o n . Of par t i cu la r re levance to 

the p resen t d i scuss ion , however , is tha t it c o n t a i n s a de ta i l ed desc r i p t i on of t he m a c h i n e ' s i ns t ruc t i on 

set. Th is desc r i p t i on is in the f o rm of " i n p u t / o u t p u t asse r t i ons " assoc ia ted w i th each i ns t ruc t i on . 

I n p u t / o u t p u t asser t ions are an idea b o r r o w e d f r om t h e research on fo rma l seman t i c s of p r o g r a m m i n g 

l anguages , and are o f ten wr i t ten in t h e f o rm 

P I { C } P2 

w h e r e P1 and P2 are log ica l f o rmu lae , and C is s o m e s ta temen t in the p r o g r a m m i n g l anguage . S u c h a 

f o rmu la is read 



19 

If t h e s ta te of t he p r o g r a m (var iables) is s u c h tha t t he p red i ca te P1 is t rue before 
execu t i ng C, t hen the s ta te of the p r o g r a m (var iables) after e x e c u t i n g C wi l l be s u c h tha t P2 
4s a lso t rue . 

So , for examp le , t he f o r m u l a 

x = 1 { x : = x + 1 } x = 2 

asser ts t h e (obv ious) fac t t ha t if x has t h e va lue 1 b e f o r e t he ass ignmen t is e x e c u t e d , it wi l l have t h e 

va lue 2 a f te rwards . 

The ins t ruc t ions of mos t c o m p u t e r s wi l l ope ra te co r rec t l y unde r all c i r c u m s t a n c e s , so t h e 

p r e c o n d i t i o n , P 1 , is genera l l y not needed and I wi l l e l ide it in the f o l l ow ing . So , for examp le , s o m e of 

t h e i ns t ruc t i on of the PDP-11 can be cha rac te r i zed as fo l lows : 

{ C L R d s t } ds t = 0 A N = 0 A Z = 1 
{ M O V src d s t } ds t = s rc A N = (src<0) A Z = (src = 0) 
{ S U B s r c d s t } ds t = ds t ' - s rc A N = (dst<0) A Z = ( d s t = 0) 
{ B I C src d s t } ds t = (dst ' A s rc ) A Z = (dst = 0) 

w h e r e N and Z a re two of t he 11's " c o n d i t i o n c o d e " b i ts , and t he p r ime on ds t (dst*) in the de f in i t ion of 

S U B d e n o t e s the va lue of ds t be fo re the ins t ruc t ion is e x e c u t e d . 

T h e imp lemen ta t i on of G E N cons i s t s of t w o par ts . T h e f i rst , ca l l ed SELECT, p r o p o s e s an 

" i n t e r e s t i n g " set of p r o g r a m t rees for w h i c h it w o u l d b e n ice to have c o d e - g e n e r a t i o n pa t te rns . Th is 

set i nc ludes at least o n e t ree for each c o n s t r u c t in t he s o u r c e l anguage , bu t in add i t ion i nc l udes o ther 

t rees tha t may have in teres t ing imp lemen ta t i ons . S E L E C T k n o w s , fo r examp le , that l i terals, a n d 

espec ia l l y smal l l i terals l ike 0, 1, - 1 , e tc . , o f ten g ive r ise to spec ia l cases tha t can be hand led m o r e 

ef f ic ient ly . T h e s e c o n d par t , ca l led S E A R C H , f inds a l te rnat ive imp lemen ta t i ons for each of t h e t rees 

p r o p o s e d by S E L E C T and emi ts pa t te rn -ac t i on pa i rs for t he mos t e f f ic ient ones . 

S E A R C H is the mo re in te res t ing par t of G E N , so let 's look at it in mo re de ta i l . S u p p o s e that w e are 

a t t emp t i ng t o gene ra te a c o d e gene ra to r fo r t he P D P - 1 1 , and fu r ther s u p p o s e that S E L E C T has 

p r o p o s e d t he t ree 

a ; = b. 

T h e p o s t c o n d i t i o n of th is s ta temen t is s imp ly a = 5, and is t he re fo re imp l ied by the pos t cond i t i on of t he 

M O V ins t ruc t ion a b o v e 8 . Thus , MOV is a legal imp lemen ta t i on of the p r o p o s e d t ree, and in fac t in th is 

case is p robab ly the on ly s u c h . Th is is t he s imp les t k ind of s i tua t ion for S E A R C H , a n d , in e f fect , c a n 

b e d o n e by s imp le pa t te rn m a t c h i n g . In par t i cu la r , e labo ra te t h e o r e m p rov ing is not n e e d e d . 

Now let 's cons i de r a s l ight ly harder examp le . S u p p o s e w e are sti l l t ry ing to c rea te a c o d e g e n e r a t o r 

fo r t he P D P - 1 1 , a n d tha t SELECT p r o p o s e s t he t ree 

Of course , the M O V instruct ion d o e s m o r e than is n e e d e d s ince it also sets the condi t ion c o d e s -- but I will ignore that here . 

UNIVERSITY LIBRARIES 
C A R N E G I E -MELLON U N I V E R S I T Y 

P J T T S P L ! R G I ! , PENNSYLVANIA 15H-
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a: = b-c. 

B e c a u s e t he var iab les are all d i f fe rent , no pos t cond i t i on on an i ns t ruc t i on wi l l d i rec t l y imply tha t of t he 

p r o p o s e d t ree. In s u c h a case , S E A R C H , a m o n g o ther th ings , wi l l t ry a c lass ic Al t e c h n i q u e ca l led 

" m e a n s - e n d s " analys is . In e f fect , it wi l l no te tha t t he pos t cond i t i on for t h e S U B ins t ruc t ion almost 

w o r k s -- t h e on ly p r o b l e m is tha t S U B requ i res tha t t he le f t -hand s ide of t he ass ignmen t and t he left 

o p e r a n d of t h e sub t rac t b e in t he same loca t i on . The re fo re , S E A R C H sets up a " s u b g o a l " for itself, 

name ly to get t hese to be t he same. T h e subgoa l is, of c o u r s e , jus t t he p rev ious p r o g r a m t ree, 

a: = b. 

By app ly ing itself recurs ive ly to th is s u b g o a l it wi l l f ind the s e q u e n c e 

M O V b,a 
S U B c . a . 

Means -ends ana lys is supp l i es m u c h of t he " s m a r t s " n e e d e d by S E A R C H , b u t it is no t e n o u g h . 

S u p p o s e tha t S E L E C T had p roposed 

a:= bandc 

and tha t w e are sti l l t a rge t i ng fo r t h e P D P - 1 1 . In th is case , t h e c loses t m a t c h wi l l be w i th t h e BIC 

i ns t ruc t i on , b u t t he re are two p rob lems . O n e is t he s a m e as d i s c u s s e d above ; w e mus t ge t t h e left 

o p e r a n d of t he and in to the des t i na t i on l oca t i on . T h e o ther is tha t B IC c o m p l e m e n t s its s o u r c e 

o p e r a n d . Wh i l e means -ends ana lys is wi l l so lve the f irst p r o b l e m , t h e s e c o n d requ i res app ly ing t h e 

ax i oms of log ic . S E A R C H wi l l f ind tha t , if it app l ies 

B = n - iB 
to t h e r igh t a r g u m e n t , and t hen sets u p t he s u b g o a l of 

t: = notb 

it c a n p r o d u c e t he c o d e 

M O V c,t 
C M P t 
M O V b,a 
B I C t , a . 

(For t h o s e un fami la r w i th the P D P - 1 1 , th is s e q u e n c e f i rst moves c in to a tempora ry , f, and t h e n 

c o m p l e m e n t s f. It t h e n moves b in to a , and f inal ly d o e s an and -no t , BIC, f r om t in to a.) 

G E N d o e s not , of c o u r s e , s top af ter it f inds a s ing le i ns t ruc t ion s e q u e n c e for o n e of t he goa l s 

p r o p o s e d by SELECT . Ins tead, it gene ra tes all t he s e q u e n c e s tha t it c a n w i th in spec i f i ed t ime l imi ts on 

its s e a r c h . A l t hough I d id not exp l ic i t l y i nd ica te it above , t h e m a c h i n e desc r i p t i ons a lso i nc lude cos t 

i n f o rma t i on . S E A R C H uses th is to r e m e m b e r on ly t h e least cos t l y s e q u e n c e s , and these are the o n e s 

emi t ted fo r use by C O D E , TNBIND, e tc . 

F rom a st r ic t ly theore t i ca l perspec t i ve , G E N is not g u a r a n t e e d to f ind the op t ima l c o d e s e q u e n c e for 

the t rees p r o p o s e d by SELECT. Even if it were to run indef in i te ly long th is w o u l d be t rue , bu t the fac t 
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tha t a l imit is p lac&f l on its sea rch makes th is obv ious . As a comp le te l y p rac t i ca l p a t t e r , real 

i ns t ruc t i on se ts a re b o t h s imp le and qu i t e c o m p l e t e . As a resul t , in our e x p e r i e n c e , G E N Mas a lways 

f o u n d wha t I be l ieve to be op t ima l s e q u e n c e s -- typ ica l ly in less than a ten th of a s e c o n d per 

c o n s t r u c t . S i n c e only a few h u n d r e d s u c h c o n s t r u c t s are usual ly n e e d e d , t he to ta l t ime to gene ra te 

t h e d a t a b a s e for C O D E is on the o rde r of a few minu tes . 

T h e r e are t h i ngs that GEN c a n n o t d o . I a l luded to s o m e of t h e m ear l ier ; it c a n n o t , for examp le , make 

d e c i s i o n s abou t t h i ngs l ike ca l l ing c o n v e n t i o n s or reg is ter c o n v e n t i o n s that are ac tua l l y d i c ta ted by 

ex te rna l fac to rs . The cu r ren t i m p l e m e n t a t i o n , in add i t i on , c a n n o t c o p e wi th e labora te con t ro l 

c o n s t r u c t s ; it wil l not, for examp le , d i scove r the t rans fe r - vec to r imp lemen ta t i on of c a s e s ta tements . 

None the less , it d o e s d o an exce l len t j o b of t he m o r e m u n d a n e , t i r esome, and e r ro r - p rone aspec ts of 

gene ra t i ng c o d e s e q u e n c e s for t he bu lk of c o n s t r u c t s . Moreover , the na tu re of the pa t te rn -ac t i on 

pa i rs is s u c h that the o u t p u t of G E N can be a u g m e n t e d manua l l y for these few d i f f i cu l t cases . 

9 Summary 

P Q C C and t he resu l t ing PQCs are c o n c r e t e examp les of bo th t he no t ion of mach ine - re la t i ve 

s o f t w a r e and the impac t of Al t e c h n i q u e s on a p rac t i ca l app l i ca t i on area. The re is, of c o u r s e , m u c h 

m o r e t o P QCC t h a n e i ther of these ; it invo lves, for e x a m p l e , a lot of comp i l e r t e c h n o l o g y a n d so l id 

e n g i n e e r i n g . In add i t i on , as s h o u l d be ev iden t f r om the mater ia l p resen ted here , impor tan t 

c o n t r i b u t o n s have been b o r r o w e d f r o m the more theo re t i ca l s ide of c o m p u t e r s c i e n c e : fo rma l 

seman t i cs , a n d a l go r i t hm des ign ( for g r a p h c o l o r i n g and f low analys is) a re two examp les of th is . 

P Q C C is a re lat ively ma tu re resea rch pro jec t . I expec t a c o m p l e t e p ro to t ype PQCC sys tem to be 

ope ra t i ona l by ear ly 1981 and to have gene ra ted a n u m b e r of PQCs w i th it by tha t t ime. As of th is 

w r i t i ng , all of the phases have been fo rma l i zed and s o m e t h i n g l ike two - th i rds of t h e m are ope ra t i ona l . 

Pre l im inary c o m p a r i s o n s of the ope ra t i ona l phases ind i ca tes that they are s l ight ly larger and s lower 

t h a n t h e c o r r e s p o n d i n g c o m p o n e n t s of c o m p a r a b l e h a n d - g e n e r a t e d comp i l e r s . However , t he 

d i f f e rences a re smal l - and are most ly d u e to an ar t i fac t of t he resea rch s t ra tegy. " E y e b a l l " ana lys is 

s u g g e s t s tha t real p r o d u c t i o n vers ions wi l l in fact be no w o r s e than h a n d - c o n s t r u c t e d vers ions -- a n d 

wi l l usual ly b e bet ter . 

The lesson f r om all th is , I hope , is tha t so f twa re is e m e r g i n g f r om the s ta te of be ing a b lack art in to 

o n e in w h i c h it is a s o u n d eng inee r i ng d i sc ip l i ne . L ike all e n g i n e e r i n g , it is based on bo th hard headed 

cos t -bene f i t t radeof fs and sc ient i f i c p r inc ip les . Ev idence for the e m e r g i n g state of so f twa re 

t e c h n o l o g y c a n b e f o u n d in many p laces ; PQCC is just one . None the less , I h o p e it has served as an 

e x a m p l e that po in ts ou t s o m e of t he impor tan t d i rec t i ons that I be l ieve the d i sc ip l i ne wil l take. 
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