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ABSTRACT

Th e EM Gl ob a  l Op t imi z e r  i s p a r  t o f  t h e  Ams t e r d am Com -

p i  l e r  Ki t  , a t oo  l  k  i t f o r  ma k  i  ng r e t a r g e t a b l  e c omp i l e r s  .

I t  op t  imi z e s  t h e  i n t  e rme d  i a t e  c od  e c omm on t o a l l  c omp i  l e r  s

o f  t h e  t oo  l  k  i t ( EM) ,  s o i t c a n  b e u s  e d f o r  a l l  p r og r  amm i ng

l a ngu  a  g  e s a nd  a l l  p r o c e  s s o  r s s uppo r t e d by t h e  k i t  .

Th e op  t imi z e r  i s b a s e d on we l  l - und  e r s  t ood  c on  c e p  t s

l i k e  c on  t r o  l flow a n a  l y s  i  s a nd d a t a  flow a n a  l y s  i  s . I t p e r  -

f o rms t h e  f o l  l owi  ng op t  imi z a t  i on  s : I n l  i n e Sub s t i t u t  i on ,

S t  r e ng t h  Re du c  t i on ,  Commo n Su b exp r  e s s i on  E l imi n a t  i on  ,

S t  a c k  Po l  l u t  i on ,  Cr o s s  J ump i ng ,  Br a n c h  Op t  imi z a t  i on  , Co py

P r  op a g a t  i on  , Co n s t a n  t P r  op a g a t  i on  , De a d Cod e E l  imi n a t  i on

a nd Reg  i s t e r  Al l o c  a t i on  .

Th i s r e po r  t d e  s  c r i b e  s t h e d e s  i gn  o f t h e  op t  imi z e r  a nd

s eve  r  a l o f i t s  imp l eme n  t a t  i on  i s s u e  s .
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1. Introduction

Th e EM Gl ob a  l Op t imi z e r  i s p a r  t o f  a s o  f twa r e  t oo  l  k  i t f o r  ma k  i  ng

p r odu  c t i on  -  qu a l  i  t y r e t a r g e t a b l  e c omp i l e r s  . Th i s t oo  l  k  i t ,  c a l  l e d t h e

Am s t e r d am Comp i  l e r  Ki t  [ Ta n e 81 a  , Ta n e 83b  ] r un s  und  e r t h e  Un i x* op e  r  a t -

i ng s y s  t em .

Th e ma i n d e s  i gn  ph i l o s ophy o f t h e  t oo  l  k  i t i s t o u s e  a l a ngu  a  g  e - a nd

ma c h i n e -  i nd  e  p  e  nd  e  n t i n t  e rme d  i a t e  c od  e , c a l  l e d EM. [ Ta n e 83 a  ] Th e b a  s i c

c omp i l a t  i on  p r o c e  s s c a n  b e s p  l i t  up i n t o  two p a r  t s .  A l a ngu  a  g  e - s p e  -

c i fic  f r on t  e nd  t r a n s  l a t e s t h e  s ou  r c e  p r og r  am i n t o  EM. A ma c h i n e -  s p e  -

c i fic  b a c k e nd  t r a n s  f o rms EM t o a s s emb l y  c od  e o f  t h e  t a r g e  t ma c h i n e .

Th e g l ob a  l op  t imi z e r  i s a n op t  i on a  l ph  a s e  o f t h e c omp i  l a t  i on  p r o -

c e  s s ,  a nd  c a n  b e u s  e d t o ob t  a  i n ma c h i n e c od  e o f  a h i gh e  r qu  a l i t y .  Th e

op  t imi z e r  t r a n s  f o rms EM- c od  e t o  b e t  t e r EM- c od  e , s o i t c ome s  b e twe e n

t h e f r on t  e nd  a nd  t h e  b a c k  e nd .  I t c a n  b e u s  e d wi t h a ny c omb i n a t  i on

o f  l a ngu  a  g  e s a nd  ma c h i n e s  , a s  f a r  a s t h ey a r e  s uppo r t e d by t h e  c om-

p i  l e r  k i t  .

Th i s r e po r  t d e  s  c r i b e  s t h e d e s  i gn  o f t h e  g l ob a  l op  t imi z e r  a nd  s ev  -

e r a  l o f  i t s  imp l eme n  t a t  i on  i s s u e  s . Me a  s u r  eme n t s  c a n  b e f ound i n .

[Ba l 86  a ]

Th i s wo r k  wa s  s uppo r t e d by t h e  S t i c h  t i ng Te c hn i s c h e  We t e n s  c h a pp e n  ( STW)

und e r g r a n t  VWI 00 . 0001 .

*Un i x i s  a Tr  a d ema r k o f Be l  l La bo r  a t o r i e s



- 3 -

2. Overview of the global optimizer

2.1. The ACK compilation process

Th e EM Gl ob a  l Op t imi z e r  i s on e  o f t h r  e e op t  imi z e r  s t h a t  a r e  p a r  t

o f  t h e  Ams t e r d am Comp i  l e r  Ki t  (AC K) .  Th e  ph a  s  e  s o f  ACK a r e  :

1 .  A F r  on t  End  t r a n s  l a t e s a s ou  r c e  p r og r  am t o EM

2 .  Th e  Pe e pho l e Op t  imi z e r  [ a ]  r e a d  s EM c od  e a nd p r odu  c e s  ’ b e t  t e r ’  EM

c od e  . I t  p e r  f o rms a numb e r o f op t  imi z a t  i on  s (mo s  t l y  p e e pho l e

op  t imi z a t  i on  s ) s u c h  a s c on  s t a n t  f o l d i ng ,  s t r e ng t h  r e du c  t i on a nd

un r e a c h a b  l e c od  e e l  imi n a t  i on  .

3 .  Th e  Gl ob a  l Op t imi z e r  f u r  t h e  r imp r ove  s t h e EM c od e .

4 .  Th e  Cod e Ge n e r a  t o r  t r a n s  f o rms EM t o a s s emb l y  c od  e o f  t h e  t a r g e  t

c omp u t e r .

5 .  Th e  Ta r g e  t Op t imi z e r  imp r ove  s t h e a s s emb l y  c od  e .

6 .  An As s emb l  e r / Lo a d e r g e n e  r  a t e s a n exe  c u t  a b l  e fi l  e .

Fo r a mo r  e ex  t e n  s i ve ove  r v i  ew o f t h e  ACK c omp i  l a t  i on  p r o c e  s s ,  we r e f e r

t o  . [ Ta n e 81 a  , Ta n e 83b  ]

Th e i npu  t o f  t h e  Gl ob a  l Op t imi z e r  ma y  c on s  i  s  t o f  fi l e s a nd

l i b r  a  r i e s .  Eve  r y fi l e  o r modu l e i n t h e  l i b r a r y mu s  t c on t  a  i n EM c od  e i n

Comp a c t  As s emb l y  La ngu a  g  e f o rma t . [ Ta n e 83 a  , s e c t  i on  11 . 2 ] Th e  ou t pu t

c on s  i  s  t  s o f  on e  s u c h  EM fi l e  . Th e i npu  t fi l  e s a nd  l i b r a r  i e s  t og  e t h e r

n e  e d no  t c on s  t i t u t  e a n  e n t i r e  p r og r  am, a l t hough a s mu c h  o f t h e  p r og r  am

a s  po s  s i b l  e s hou  l  d b e  s upp  l i e d .  Th e  mo r  e i n f o rma t i on a bou t t h e p r o -

g r  am t h e  op t  imi z e r  g e t  s , t h e  b e t t e r  i t s  ou t pu t  c od  e wi  l  l b e  .

Th e Gl  ob a  l Op t imi z e r  i s l a ngu  a  g  e - a nd  ma c h i n e -  i nd  e  p  e  nd  e  n t ,  i . e .  i t

c a n b e u s e d f o r  a l l  l a ngu  a  g  e s a nd  ma c h i n e s  s uppo r t e d by ACK . Ye t , i t

pu  t s s ome un avo i  d a b  l e r e s  t r i c t  i on  s on  t h e  EM c od e p r odu  c e d  by t h e

F r  on t  End  ( s e e b e l ow ) . I t mu s  t h ave  s ome knowl  e dg  e o f  t h e  t a r g e  t

ma c h i n e .  Th i  s knowl  e dg  e i s  exp  r e s  s e d i n a ma c h i n e d e s c  r i p t  i on t a b  l e

wh i c h  i s p a s  s e d a s a r gume n  t t o  t h e op t  imi z e r  . Th i s t a b  l e do e  s no  t

c on t  a  i n ve  r y d e t a i  l e d i n f o rma t i on a bou t t h e t a r g e  t ( s u c h  a s i t s

i n s t  r u c  t i on s e t  a nd  a dd  r e s  s i ng mod e s )  .

2.2. The EM code

Th e d efin i t i on  o f EM, t h e  i n t  e rme d  i a t e  c od  e o f  a l l  ACK c omp i  l e r  s ,

i s  g i ve n  i n a  s e p a  r  a t e  do c ume n t .  [ Ta n e 83 a  ] We wi l l  on l y  d i s c u s  s s ome

f e a t u r  e s o f  EM t h a  t a r e  mo s  t r e  l  eva  n t t o t h e  Gl ob a  l Op t imi z e r  .

EM i s t h e  a s s emb l y  c od  e o f  a v i  r  t u a l stack machine . Al l  op e  r  a t i on  s

a r e  p e r  f o rme d on  t h e  t op  o f t h e  s t a c k  . Fo r ex  amp l e ,  t h e  s t a t eme n t "A

: =  B + 3 " ma y  b e exp r  e s s e d i n EM a s :

LOL - 4 - - pu s h  l o c  a l va r  i a b  l e B

LOC 3  - - pu s h  c on  s t a n t  3

AD I 2 - - a dd  two 2 - by t  e i t em s on  t op  o f

- -  t h e  s t a c k  a nd pu s h  t h e  r e s u l  t

STL - 2 - - pop  A

So EM i s e s s e n  t i a l  l y a postfix c od e  .

EM h a s  a r i c h  i n s  t r u c t  i on  s e t  , c on t  a  i n i ng s ev  e r a  l a r  i t hme t i c  a nd

l og i  c a l  op e  r  a t o r s  . I t  a l s o c on  t a i n s  s p e c  i  a  l - c a s e  i n s  t r u c t  i on  s ( s u c h

a s  INC r eme n  t ) .
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EM h a s global ( external ) va r  i a b  l e s  , a c c e  s s i b l  e by  a l l  p r o c e du  r e s  a nd

local va  r i a b l  e s ,  a c c e  s s i b l  e by  a f ew ( n e  s t e d )  p r o c e du  r e s  . Th e l o c a  l

va  r i a b l  e s o f a  l ex  i c a  l l y  e n c  l o s  i ng  p r o c e du  r e ma y  b e a c c e  s s e d v i a  a static

link . EM h a s  i n s  t r u c t  i on  s t o  f o l  l ow t h e  s t a t  i c c h a  i n .  Th e  r  e a r e  EM

i n s t  r u c  t i on t o a l l ow a p r o c e du  r e t o a c c e  s s i t s  l o c  a l va r  i a b  l e s

d i  r e c  t l y  ( s u c h  a s LOL a nd  STL a bove  ) . Lo c  a l va r  i a b  l e s  a r e  r e f e r e n c  e d

v i  a a n  o f f s e  t i n  t h e s t a c k  f r ame o f t h e  p r o c e du  r e ,  r a t h e  r t h a n  by

t h e i  r n ame s ( e  . g .  - 2 a nd  - 4 a bove  ) . Th e  EM c od e do  e s no t  c on  t a i n t h e

( s ou  r c e  l a ngu  a  g  e ) t yp  e o f  t h e  va r  i a b  l e s  .

Al  l s t  r u c  t u r  e d s t a t eme n t s  i n t h e  s ou  r c e  p r og r  am a r e  exp  r e s  s e d i n

l ow l ev  e l j ump i n s  t r u c t  i on  s . Be s  i d e  s c ond  i t i on  a l a nd  un c ond i t i on  a l

b r  a n c h  i n s  t r u c t  i on  s , t h e  r  e a r e  two c a s e  i n s  t r u c t  i on  s (CSA a nd  CSB ) , t o

a l  l ow e f fic i e n t  t r a n s  l a t  i on  o f c a s e  s t a t eme n t s  .

2.3. Requirements on the EM input

As t h e  op t  imi z e r  s hou  l  d b e  u s e  f u l f o r  a l l  l a ngu  a  g  e s ,  i t c l e a r  l y

s hou  l  d no  t pu  t s eve  r  e r e s t  r  i c t  i on  s on  t h e  EM c od e o f  t h e  i npu  t . Th e  r  e

i s  , howe ve r  , on  e immo va b  l e r e qu i  r eme n  t : i t mu s  t b e  po s  s i b l  e t o  d e t e r -

mi n e t h e flow of control o f  t h e  i npu  t p r og r  am. As v i r t u a  l l y  a l l  g l ob a  l

op  t imi z a t  i on  s a r e  b a s e d on c on t r o  l flow i n f o rma t i on ,  t h e  op t  imi z e r

wo u l d  b e t o t  a  l l y  pow e r l e s  s wi  t hou  t i t  . Fo r t h i  s r e a s on  we r e s  t r i c t

t h e u s a g e  o f t h e  c a s e  j ump i n s  t r u c t  i on  s (CSA / CS B) o f EM. Su c h  a n

i n s t  r u c  t i on i s a lwa y  s c a  l l e d wi t h t h e  a dd r  e s s o f a c a  s  e d e  s  c r i p t o r on

t op t h e  t h e  s t a c k  . [ Ta n e 83 a  s e c  t i on 7 . 4 ] Th i  s d e  s  c r i p t o r c on  t a i n s  t h e

l a b e  l s o f a l l  po s  s i b l  e d e  s t i n a  t i on s  o f t h e  j ump .  We d ema nd t h a  t a l  l

c a  s  e d e  s  c r i p t o r s  a r e  a l l o c  a t e d i n a g l ob a  l d a  t  a f r a gme n t o f t yp  e ROM,

i . e .  t h e  c a s e  d e s c  r i p t o r s  ma y  no t  b e mod i f y a b  l e .  Fu r  t h e  rmo r e ,  a ny

c a  s  e i n s t  r u c  t i on s hou  l  d b e  imme d  i a t e l y p r e c e d e d  by a LAE ( Lo a d Ad d r e s s

Ex t e r n a  l ) i n s  t r u c t  i on  , t h a t  l o a d  s t h e a dd  r e s  s o f  t h e  d e s c  r i p t o r ,  s o

t h e d e s c  r i p t o r c a n  b e un  i  qu e l y i d e n  t i fie d  .

Th e op  t imi z e r  wi l l  wo r k  imp r op e  r l y  i f t h e  u s e  r d e  c  e i ve s  t h e  c on -

t r o l  flow . We wi l l  g i ve two me t hod  s t o  do t h i  s .

I n  "C" t h e  no t o r i ou  s l i b r  a  r y r ou t  i n e s  " s e  t jmp "  a nd  " l ong  jmp "

[Ke r n79  a ] ma y  b e u s  e d t o j ump ou t  o f a p r o c e du  r e ,  bu t  c a n  a l s o b e u s e d

f o r  a numb e r o f o t h e r  s t u f f y pu r po s  e  s , f o r  ex amp l e ,  t o c r e a t e  a n ex t  r a

e n  t r y  po i n t  i n a l oop  .

wh i l e  ( c ond  i t i on  ) {

. . . .

s e  t jmp ( bu f  ) ;

. . .

}

. . .

l ong  jmp ( bu f  ) ;

Th e i nvo c a t  i on  t o l ong  jmp a c t u a  l l y  i s a  j ump t o t h e  p l a c e  o f t h e  l a s  t

c a  l l t o s e t  jmp wi t h t h e  s ame a r gume n  t ( bu f  ) . As t h e  c a l  l s t o s e t  jmp

a nd l ong  jmp a r e  i nd  i s t  i ngu  i s h a b  l e f r om no rma l p r o c e du  r e c a l  l s ,  t h e

op  t imi z e r  wi l l  no t  s e e  t h e  d a ng e  r . No n e e d t o s a y  t h a  t s eve  r  a l l oop

op t imi z a t  i on  s wi  l  l b e h ave  un exp  e c t e d l y  wh e n  p r e s e n t  e d wi t h s u c h  p a t ho -

l og i  c a l  i npu  t .

An o t h e r  wa y  t o d e c e  i ve  t h e  flow o f c on  t r o  l i s  by u s i ng  ex c  e p t i on

h a nd l  i ng r ou  t i n e s  . Ad a * h a  s c l e a r  l y r e c ogn  i z e d t h e  d a ng e  r s o f
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ex  c e p  t i on h a nd l  i ng ,  bu t  o t h e r  l a ngu  a  g  e s ( s u c h  a s PL /  I ) h av  e no  t .

[ I c hb79 a ]

Th e op  t imi z e r  wi l l  b e mo r  e e f  f e c t  i ve  i f t h e  EM i npu t c on t  a  i n s s ome

ex  t r a  i n f o rma t i on a bou t t h e s ou  r c e  p r og r  am. Es p e c  i  a  l l y  t h e register mes-

sage i s  ve r y imp o r t a n  t . Th e  s  e me s s a g e  s i nd i  c a t e  wh i  c h l o c  a l va r  i a b  l e s

ma y n eve  r b e  a c c e  s s e d i nd  i r e c t  l y .  Mo s  t op  t imi z a t  i on  s b e n efi t  s i gn i fi -

c a n t  l y by  t h i  s i n f o rma t i on .

Th e I n  l i n e Sub s t i t u t  i on t e c hn  i  qu e n e e d s  t o know how ma ny by t  e s o f

f o rma l p a  r  ame t e r s  eve  r y p r o c e du  r e a c c e  s s e s  . On l y c a  l l s  t o p r o c e du  r e s

f o r  wh i  c h t h e  EM c od e c on t  a  i n s t h i  s i n f o rma t i on wi l l  b e s ub  s t i t u t  e d i n

l i n e  .

2.4. Structure of the optimizer

Th e Gl  ob a  l Op t imi z e r  i s o r g a n  i z e d a s a numb e r o f phases , e a c h on e

p e  r f o rmi ng s ome t a s k .  Th e  ma i n s t r u c  t u r  e i s  a s f o l  l ows :

IC t h e  I n t  e rme d  i a t e  Cod e c on s  t r u c t  i on  ph a s e  t r a n s  f o rms EM i n t o  t h e

i n t  e rme d  i a t e  c od  e ( i c )  o f t h e  op t  imi z e r

CF t h e  Con t r o  l F l  ow ph a  s  e ex  t e nd s  t h e  i c wi t h c on  t r o  l flow i n f o rma -

t i on  a nd  i n t  e r p r o c e du  r a l  i n f o rma t i on

OP Ts z e r o o r mo r  e op  t imi z a t  i on  ph a s e s  , e a c h on e  p e r f o rmi ng on e  o r mo r  e

r e  l  a  t  e d op t  imi z a t  i on  s

CA t h e  Comp a  c t As s emb l y  ph a  s  e g e n e  r  a t e s Comp a  c t As s emb l y  La ngu a  g  e EM

c od e  ou t  o f i c .

An imp o r t a n  t i s s u e i n t h e  d e s i gn  o f a g l ob a  l op  t imi z e r  i s t h e

i n t  e r a c t  i on  b e twe e n op t  imi z a t  i on  t e c hn  i  qu e s  . I t  i s o f t e n  a dva  n t a g e ou s

t o  c omb i n e s ev  e r a  l t e c hn i qu e  s i n  on e  a l go r  i t hm t h a  t t a k e  s i n t o  a c c oun t

a l  l i n t  e r a c t  i on  s b e  twe e n t h em. I d e  a l l y ,  on e  s i ng l  e a l go  r i t hm s hou  l  d

b e  d eve  l op  e  d t h a t  do e  s a l  l op  t imi z a t  i on  s s imu l t a n e ou s  l y a nd  d e a  l s wi t h

a l  l po  s s i b l  e i n t  e r a c t  i on  s . I n p r a c t  i c e ,  s u c h  a n  a l go r  i t hm i s s t i l l

f a  r ou  t o f  r e a c h .  I n s  t e a d s ome r a t h e  r a d  ho c  ( a l b e  i t imp o r t a n  t ) c om -

b i n a t  i on  s a r e  c ho  s e n  , s u c h  a s Commo n Su b exp r  e s s i on  E l imi n a t  i on  a nd

Re g i s t e r  Al l o c  a t i on  . [ P r  a b80  a , Se t h70  a ]

I n  t h e  Em Gl ob a  l Op t imi z e r  t h e  r  e i s  on e  s e p a  r  a t e  a l go  r i t hm f o r

ev  e r y  t e c hn  i  qu e .  No t  e t h a t  t h i  s do  e s no t  me a n t h a  t a l  l t e c hn i qu e  s a r e

i nd e p e nd e n  t o f  e a c h o t h e r  .

I n  p r i n c i p l  e , t h e  op t  imi z a t  i on  ph a s e s  c a n  b e r un i n a ny o r d e r  ; a

ph  a s e  ma y  eve  n b e  r un  mo r  e t h a n  on c  e . How eve  r , t h e  f o l  l owi  ng r u l  e s

s hou  l  d b e  ob ey e d  :

- t h e  L i ve Va r  i a b  l e a n a  l y s  i  s ph  a s e  ( LV ) mu s t b e r un  p r i o r  t o Reg  i s t e r

Al  l o c  a t i on  (RA ) , a s RA u s e s  i n f o rma t i on ou t pu t  t e d  by LV.

- RA s hou l  d b e  t h e  l a s  t ph  a s e  ; t h i  s i s  a c on s  e qu  e  n  c e o f t h e  wa y  t h e

i n t  e r f a c e  b e twe e n RA a nd t h e  Cod e Ge n e r a  t o r  i s d efin e d  .

Th e o r d e r  i ng  o f t h e  ph a  s  e  s h a  s s i gn  i fic  a n t  imp a c t  on t h e  qu a  l i t y o f t h e

p r odu  c e d  c od e  . I n  [ Le ve 79 a  ] two k i nd s  o f ph a  s  e o r d e r  i ng  p r ob l  ems a r e

d i  s  t i ngu  i s h e d  . I f  two t e c hn  i  qu e s  A a nd B bo t  h t a k e  awa y oppo r t un i  t  i e s

o f  e a c h o t h e r  , t h e r e  i s a " n eg  a t i ve  " o r d e r  i ng  p r ob l  em. I f ,  on t h e

o t h e r  h a nd ,  bo t h  A a nd B  i n t  r odu  c e n ew op t  imi z a t  i on  oppo r t un  i t i e s  f o r

e a c h o t h e r  , t h e p r ob l  em i s c a l  l e d " po  s i t i ve  " . I n t h e  Gl ob a  l Op t imi z e r

* Ad a  i s a  r eg  i s t e r e d t r a d ema r k o f t h e  U . S .  Gov e r nme n t (Ad a J o  i  n  t P r  og r  am

Of fic e  ) .
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t h e f o l  l owi  ng i n t  e r a c t  i on  s mu s t b e t a k e n  i n t o  a c c oun t :

- I n l  i n e Sub s t i t u t  i on ( I L )  ma y  c r e a t e  n ew oppo r t un i  t  i e s  f o r mo s t

o t h e r  t e c hn  i  qu e s  , s o  i t s hou  l  d b e  r un  a s e a r  l y a s po s  s i b l  e

- Us e  Defin i  t  i on a n a  l y s  i  s (UD) ma y  i n t  r odu  c e oppo r t un i  t  i e s  f o r LV .

- S t r e ng t h  Re du c  t i on ma y  c r e a t e  oppo  r t un i  t  i e s  f o r UD

Th e op  t imi z e r  h a s  a d e  f a u  l t ph a  s  e o r d e r  i ng  , wh i c h  c a n  b e c h a ng e d  by

t h e u s e  r .

2.5. Structure of this document

Th e r ema i n i ng c h a p  t e r  s o f  t h i  s do  c  ume n t e a c h d e s c  r i b e on e  ph a  s  e o f

t h e op t  imi z e r  . Fo r ev  e r y  ph a  s  e , we d e s c  r i b e i t s  t a s k ,  i t s  d e s  i gn  , i t s

imp l  eme n t a t  i on  , a nd i t s  s ou  r c e  fi l e s .  Th e  l a t  t e r two s e c  t i on s  a r e

i n t  e nd  e  d t o  a i d  t h e ma i n t  e n a n c  e o f  t h e  op t  imi z e r  a nd  c a n  b e s k  i  pp e d  by

t h e i n i  t  i a l  r e a d e  r .
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p i  l e r  t e c hn  i  qu e s  , a s  d e s c  r i b e d  i n .  [ Le ve 80 a  , Le ve 79 a  , Wu l f 80 a  ]

Se  ve r a  l Ph . D .  t h e  s  e  s a r e  d e d  i c a  t  e d t o op t  imi z a t  i on  . Da v i d s on
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g r  ams c a n  b e ob  t a i n e d  a t l i t t l e c o s  t by  op t imi z i ng  on l y  a sma l  l p a  r t

o f  a p r og r  am. Pho  t  opou  l  o s [ Ph o t 81 a  ] d i  s c u  s s e s  t h e  i d e  a o f  g e n e  r  a t i ng

i n t  e r p r  e t e d i n t  e rme d  i a t e  c od  e a s  we l  l a s  a s s emb l y c od e  , t o  ob t  a  i n p r o -

g r  ams t h a  t a r e  bo t h  sma l l a nd  f a s  t . Sh a  f f e r  [ Sh a f 78 a  ] d e  s  c r i b e  s t h e

t h e o  r  y o f  a u t oma t i c  s ub  r  ou t i n e  g e n e r a  t i on .  Lev  e r e  t t [ Le ve 81 a  ] d e  a l s

wi  t h r eg  i s t e r  a l l o c  a t i on  i n t h e  PQC C c omp i l e r s  .
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3. The Intermediate Code and the IC phase

I n  t h i  s c h a p  t e r  t h e  i n t  e rme d  i a t e  c od  e o f  t h e  EM g l ob a  l op  t imi z e r

wi  l  l b e  d efin e d . Th e  ’ I n  t e rme d i a t e  Cod e c on s  t r u c t  i on  ’ ph  a s e  ( IC) ,

wh i c h  bu i  l d s t h e  i n i  t  i a l  i n t  e rme d  i a t e  c od  e f r om EM Comp a  c t As s emb l y

La ngu  a  g  e , wi l l  b e d e s c  r i b e d  .

3.1. Introduction

Th e EM g l ob a  l op  t imi z e r  i s a mu l t i  p a s  s p r og r  am, h e n c  e t h e r e  i s a

n e  e d f o r  a n i n t  e rme d  i a t e  c od  e . Us u a l  l y ,  p r og r  ams i n t h e  Ams t e r d am

Comp i l e r Ki t  u s e  t h e  Comp a  c t As s emb l y  La ngu a  g  e f o rma t [ Ta n e 83 a  , s e c -

t i on  11 . 2 ] f o r  t h i  s pu  r  po s e  . Al  t hough t h i  s c od e  h a s s ome c onve  n i e n t

f e a t u r  e s , s u c h  a s b e i ng  c omp a  c t ,  i t i s qu i  t e un s u  i t a b l  e i n  ou r  c a s e  ,

b e  c  a u s e  o f a numb e  r o f  r e a  s on  s . At fi r s  t , t h e  c od e  l a c k s  g l ob a  l i n f o r  -

ma t i on a bou t wh o l e  p r o c e du  r e s  o r wh o l e  b a s  i c b l o c k  s . Se c ond , i t  u s e s

i d e n  t i fie r  s ( ’ n ame s ’ )  t o b i nd d efin i ng a nd  a pp  l i e d o c c u r  r e n c  e s o f p r o c e  -

du  r e s  , d a  t  a l a b e  l s a nd  i n s  t r u c t  i on  l a b e  l s .  Al t hough t h i  s i s  u s u a l  i n

h i gh l ev  e l p r og r  amm i ng  l a ngu  a  g  e s ,  i t i s awk wa r d i n a n i n t  e rme d  i a t e

c od e  t h a  t mu s t b e r e a d ma ny t ime s  . Ea c h p a s  s o f  t h e  op t  imi z e r  wou l  d

h ave  t o i n c o  r  po r  a t e  a n i d e n  t i fie r  l ook  -  up me c h a n  i sm t o a s s o c  i  a  t  e a

d efin i ng o c c u r  r e n c  e wi  t h e a c h a pp  l i e d o c c u r  r e n c  e o f  a n i d e n  t i fie r  .

F i  n a l  l y ,  EM p r og r  ams a r e  u s e d t o d e c  l  a r e  b l o c k  s o f  by t  e s ,  r a t h e  r t h a n

va  r i a b l  e s .  A ’ ho l  6 ’ i n s  t r u c t  i on  ma y  b e u s  e d t o d e c  l  a r e  t h r  e e 2 - by t  e

va  r i a b l  e s .  C l e a r  l y ,  t h e  op t  imi z e r  wa n  t s t o d e a  l wi  t h va r  i a b  l e s  , a nd

no t wi  t h r ow s o f  by t  e s .

To ove  r  c ome t h e  s  e p r ob l  ems , we h av  e d eve  l op  e  d a n ew i n t  e rme d  i a t e

c od e  . Th i s c od  e do  e s no t  me r e  l y c on  s i s t  o f t h e  EM i n s  t r u c t  i on  s , bu t

a l  s o c on  t a i n s  g l ob a  l i n f o rma t i on i n t h e  f o rm o f t a b  l e s  a nd  g r a ph  s .

Be f o r  e d e  s  c r i b i ng t h e  i n t  e rme d  i a t e  c od  e we wi l l  fi r s  t l e a p  a s i d e  t o

ou  t l i n e  t h e  p r ob l  ems on e  g e n e r a  l l y  e n c oun t e r  s wh e n t r y i ng t o s t o r e

c omp l ex  d a t a  s t r u c  t u r  e s s u c h  a s g r a ph  s ou  t s i d e  t h e  p r og r  am, i . e .  i n a

fi l  e . We t r u s t  t h i  s wi  l  l e nh a n c  e t h e c omp r  e h e n  s i b i  l  i  t y o f  t h e  i n t  e rme -

d i  a  t  e c od e  d efin i t i on  a nd  t h e  d e s i gn  a nd  imp l eme n  t a t  i on  o f t h e  IC

ph a s e  .

3.2. Representation of complex data structures in a sequential file

Mo s t p r og r  amme r  s a r e  qu i  t e u s e d t o d e a  l wi  t h c omp l  ex d a t a  s t r u c  -

t u r e s ,  s u c h  a s a r r a y  s , g r a ph  s a nd t r e e s  . Th e r e  a r e s ome p a r  t i c u l  a r

p r ob l  ems t h a  t o c  c u r wh e n  s t o r i ng  s u c h  a  d a t a  s t r u c  t u r  e i n  a s e qu  e  n t i a l

fi l  e . We c a l  l d a  t  a t h a t  i s k e p  t i n  ma i n memo r y  i n t  e r n a l , a s oppo s e d  t o

ex  t e r n a  l d a  t  a t h a t  i s k e p  t i n  a fi l  e ou  t s i d e  t h e  p r og r  am.

We a s s ume a  s imp l  e d a  t  a s t  r u c  t u r  e o f  a s c a l a r t yp  e ( i n t  eg e  r , flo a  t i ng

po  i  n  t numb e r )  h a s  s ome known ex t  e r n a l  r e p  r e s e n t  a  t i on .  An a r r a y h av i ng

e l eme n t s  o f a s c a l a r t yp  e c a n b e r e p  r e s e n t  e d ex t  e r n a l  l y e a s  i l y , by

s u c c e  s s i ve  l y r e p  r e s e n t  i ng i t s  e l eme n t s  . Th e ex  t e r n a  l r e p r  e s e n t  a  t i on

ma y b e  p r e c e d e d  by a numb e  r , g i v  i  ng t h e  l e ng t h  o f t h e  a r r a y  . Now, c on  -

s i d e  r a l i n e a  r , s i ng l y  l i nk e  d l i s t  , t h e e l eme n t s  o f wh i  c h l ook  l i k e :

r e c o  r  d

d a  t  a  : s c a l a r _  t  yp e  ;

n ex t  : po  i  n  t e r _ t yp e  ;

e nd ;

I t  i s s i gn i fic  a n t  t o no  t e t h a  t t h e " n ex t  " fie  l d s  o f t h e  e l eme n t s  on l y
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h ave  a me a n i ng wi t h i n  ma i n memo r y . Th e  fie l d c on  t a i n s  t h e  a dd r  e s s o f

s ome l o c  a t i on  i n ma i n memo r y . I f a  l i s t  e l eme n t i s wr i  t  t e n  t o a fi l  e

i n  s ome p r og r  am, a nd  r e a d by a no t  h e r  p r og r  am, t h e  e l eme n t wi l l  b e

a l  l o c  a t e d a t a d i  f f e r e n t  a dd  r e s  s i n  ma i n memo r y . He n c  e t h i  s a dd r  e s s

va  l u e  i s c omp l  e  t  e  l y u s  e l e s s  ou t  s  i d e t h e  p r og r  am.

On e ma y r e p r  e s e n t  t h e l i s t  by i gno  r i ng t h e  s  e " n ex  t " fie l d s  a nd  s t o r i ng

t h e d a t a  i t ems i n t h e  o r d e r  t h ey a r e  l i nk e  d . Th e  " n ex t  " fie  l d s  a r e

r e p r  e s e n t  e d implicitly . Wh e n  t h e  fi l e  i s r e a d a g a  i n ,  t h e  s ame l i s t  c a n  b e

r e c on s  t r u c t e d .  I n o r d e r  t o know wh e  r  e t h e ex t  e r n a l  r e p  r e s e n t  a  t i on o f

t h e l i s t  e nd  s , i t ma y  b e u s  e f u  l t o  pu t  t h e l e ng t h  o f t h e  l i s t  i n f r on t

o f  i t .

No t e t h a  t a r  r a y s  a nd  l i n e a  r l i s t s  h av  e t h e s ame ex t  e r n a l  r e p  r e s e n t  a -

t i on  .

A doub l  y l i nk  e d ,  l i n e a  r l i s t  , wi  t h e l eme n t s  o f t h e  t yp  e :

r e c o  r  d

d a  t  a  : s c a l a r _  t  yp e  ;

n ex t  ,

p r  ev i ou s  : po  i  n  t e r _ t yp e  ;

e nd

c a n b e r e p  r e s e n t  e d i n p r e c i  s e l y t h e  s ame wa y  . Bo t h t h e " n ex t  " a nd t h e

" p  r ev  i  ou s  " fie  l d s  a r e  r e p r  e s e n t  e d imp l i c i  t  l y .

Ne x t ,  c on  s i d e r  a b i n a r y t r e e ,  t h e  nod  e s o f wh i  c h h av  e t yp e  :

r e c o  r  d

d a  t  a  : s c a l a r _  t  yp e  ;

l e f t  ,

r i gh  t : po i n t  e r _  t  yp e  ;

e nd

Su c h a t r e e c a n  b e r e p r  e s e n t  e d s e qu e n  t i a l  l y ,  by s t o r i ng  i t s  nod  e s i n

s ome fixe  d o r d e r  , e . g .  p r efix o r d e r  . A s p e  c i a l  nu l  l d a  t  a i t em ma y  b e

u s  e d t o d e no t  e a mi s s i ng  l e f  t o r  r i gh t  s on  . Fo r ex  amp l e ,  l e t  t h e

s c a l a r t yp  e b e  i n t  eg e  r , a nd  l e t  t h e  nu l  l i t em b e 0 . Th e n  t h e  t r e e o f

fig . 3 . 1 ( a )  c a n  b e r e p r  e s e n t  e d a s i n fig .  3 . 1 ( b )  .

4

/ \

9 12

/ \  / \

12  3 4 6

/ \  \  /

8 1 5 1

F i  g . 3 . 1 ( a )  A b i n a r y t r e e

4 9 12 0 0 3 8 0 0 1 0 0 12 4 0 5 0 0 6 1 0 0 0

F i  g . 3 . 1 ( b )  I t s  s e qu e n  t i a l  r e p  r e s e n t  a  t i on

We a r e  s t i l l  a b l  e t o  r e p  r e s e n t  t h e po i n t  e r fie l d s  ( " l e f  t " a nd  " r i gh  t " )

imp l  i c i  t  l y .
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F i  n a l  l y ,  c on  s i d e r  a g e n e  r  a l g r a ph , wh e  r  e e a c h nod e h a  s a " d a  t  a "

fie  l d a nd  po i n t  e r fie l d s  , wi  t h no r e s  t r i c t  i on  on wh e r e  t h ey ma y  po i n t

t o  . Now we ’  r e a t  t h e  e nd o f ou r  t a l e  . Th e r e  i s no wa y  t o r e p  r e s e n t

t h e po i n t  e r s  imp l i c i  t  l y ,  l i k e we d i d  wi t h l i s t s  a nd  t r e e s  . I n  o r d e r

t o  r e p  r e s e n t  t h em exp  l i c i  t  l y ,  we u s e  t h e  f o l  l owi  ng s c h eme . Ev e r y  nod  e

g e  t s a n ex t  r a fie l d ,  c on  t a i n i ng s ome un i qu e  numb e  r t h a t  i d e n  t i fie s  t h e

nod  e . We c a l  l t h i  s numb e r i t s  i d . A po i n t  e r i s r e p  r e s e n t  e d ex t  e r n a l  l y

a s  t h e  i d o f t h e  nod  e i t  po i n t  s t o  . Wh e n r e a d  i  ng t h e  fi l e  we u s e  a t a -

b l  e t h a t  ma p  s a n  i d t o t h e  a dd r  e s s o f i t s  nod  e . I n g e n e  r  a l t h i  s t a b l  e

wi  l  l no  t b e  c omp l e t e l y fi l l e d  i n un t  i  l we h av  e r e a d  t h e  e n t i r e  ex t  e r n a l

r e p r  e s e n t  a  t i on o f t h e  g r a ph  a nd  a l l o c  a t e d i n t  e r n a l  memo r y  l o c  a t i on  s

f o r  eve  r y nod  e . He n c  e we c a nno t r e c on s  t r u c t  t h e  g r a ph  i n on e  s c a n .

Th a t i s ,  t h e  r  e ma y b e  s ome po i n t  e r s  f r om nod e A t o B , wh e  r  e B i s

p l  a c e d a f t e r  A i n  t h e s e qu e n  t i a l  fi l e  t h a n  A . Wh e n  we r e a d t h e  nod  e o f

A we c a nno t ma p t h e i d o f B  t o t h e  a dd r  e s s o f nod  e B ,  a s we h av  e no  t

y e  t a l  l o c  a t e d nod e B .  We c a n  ove  r  c ome t h i  s p r ob l  em i f t h e  s i z e o f

ev  e r y  nod  e i s  known i n a dv  a n c  e . I n t h i  s c a  s  e we c a n  a l l o c  a t e  memo r y

f o r  a nod  e on  fi r s  t r e f e r e n c  e . E l s e ,  t h e  ma pp i ng f r om i d t o po i n t  e r

c a nno  t b e  don  e wh i l e  r e a d i ng nod e s .  Th e  ma pp i ng c a n  b e don e e i  t h e  r i n

a n  ex t  r a s c a n o r a t eve  r y r e f e r e n c  e t o  t h e nod  e .

3.3. Definition of the intermediate code

Th e i n t  e rme d  i a t e  c od  e o f  t h e  op t  imi z e r  c on  s i s t s  o f s ev  e r a  l c omp o -

n e n  t s :

- t h e  ob j  e c t  t a b l  e

- t h e  p r o c e du  r e t a b  l e

- t h e  em c od e

- t h e  c on t  r o l  flow g r a ph  s

- t h e  l oop  t a b  l e

Th e s e  c ompon e  n t s  a r e  d e s c  r i b e d  i n t h e  n ex t  s e c  t i on s  . Th e s yn t  a c -

t i c s t r u c  t u r  e o f  eve  r y c ompon e  n t i s d e s c  r i b e d  by a  s e t  o f c on  t ex  t f r e e

s yn t  a x r u l  e s ,  wi t h t h e  f o l  l owi  ng c onve  n t i on  s :

x a non - t e rm i n a  l s ymb o l

A a t e rm i n a  l s ymb o l ( i n  c a p  i t a l  s )

x :  a b c ; a g r  amma r  r u l  e

a | b a o r  b

( a ) + 1 o r  mo r  e o c  c u r r e n c  e s o f a

{ a }  0 o r  mo r  e o c  c u r r e n c  e s o f a

3.3.1. The object table

EM p r og r  ams d e c  l  a r e  b l o c k  s o f  by t  e s r a t h e  r t h a n  ( g l ob a  l ) va r  i  -

a b  l e s  . A t yp  i c a  l p r og r  am ma y  d e c l a r e  ’HO L 7780 ’ t o  a l l o c  a t e  s p a  c  e f o r

8 I /O bu f  f e r  s , 2 l a r g e a r r a y  s a nd 10 s c a  l  a r va r  i a b  l e s  . Th e op  t imi z e r

wa n t s  t o d e a  l wi  t h ob j  e c t  s l i k e  va r  i a b  l e s  , bu f f e r  s a nd a r r a y  s a nd c e r  -

t a i n l y  no t  wi t h hug  e numb e r s  o f by t  e s .  Th e  r  e  f o r  e t h e i n t  e rme d  i a t e

c od e  c on t  a  i n s i n f o rma t i on a bou t wh i c h  g l ob a  l ob  j e c  t s a r e  u s e d .  Th i  s

i n f o rma t i on c a n  b e ob  t a i n e d  f r om a n EM p r og r  am by j u s  t l ook  i  ng a t  t h e

op  e r a nd  s o f  i n s  t r u c t  i on  s u c h  a s LOE , LAE ,  LDE , STE ,  SDE , INE ,  DEE a nd

ZRE .
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Th e ob  j e c  t t a b l  e c on s  i  s  t  s o f  a l i s t  o f d a t a b l o c k e n  t r i e s  . Ea c h

s u c h  e n t r y r e p  r e s e n t  s a d e c  l  a r a  t i on l i k e HOL , BS S , CON o r ROM . Th e r e

a r e  five  k i nd s  o f d a t a b l o c k  e n t r i e s  . Th e fi f  t h k i nd ,  UNKNOWN , d e no t  e s a

d e  c l a r a  t i on i n a  s e p a  r  a t e l y c omp i  l e d  fi l e  t h a  t i s  no t  ma d e  ava  i l a b l  e t o

t h e op t  imi z e r  . Ea c h d a t a b l o c k  e n t r y c on  t a i n s  t h e  t yp  e o f  t h e  b l o c k  ,

i t s s i z e ,  a nd  a  d e s c  r i p t  i on o f t h e  ob j  e c t  s t h a t  b e l ong  t o i t .  I f i t

i s  a r om, i t a l s o c on  t a i n s  a l i s t  o f va l u e  s g i ve  n a s  a r gume n  t s t o t h e

r om i n s  t r u c t  i on  , p r ov i d e d  t h a  t t h i  s l i s t  c on  t a i n s  on l y  i n t eg  e r num -

b e  r s .  An ob j  e c t  h a s  a n o f f s e  t (w i t h i n  i t s  d a t a b l o c k  ) a nd a  s i z e .  Th e

s i z e  n e e d no t  a lwa y  s b e  d e t e rm i n a b  l e .  Bo t h  d a t a b l o c k  a nd ob j  e c t  c on  -

t a i n a un i qu e  i d e n  t i f y i ng numb e  r ( s e e  p r ev i ou s  s e c  t i on f o r  t h e  i r u s e  ) .

s yn t  a x

ob  j e c  t _ t  a b l  e  :

{d  a t a b l o c k} ;

d a  t  a b l o c k  :

D_ ID - - un i qu e  i d e n  t i f y i ng numb e  r

PSEUDO - - on e  o f ROM , CON,  BSS , HO L , UNKNOWN

S I ZE - - # by  t e s  d e c  l  a r e d

FLAG S

{va l u e  } - -  c on  t e n  t s o f r om

{ob j  e c t } ;  - - ob j  e c t  s o f  t h e  d a t a b l o c k

ob j e c  t :

O_ ID - - un i qu e  i d e n  t i f y i ng numb e  r

OF F SET - - o f f s e  t wi  t h i n  t h e d a t a b l o c k

S I ZE ; - -  s i z e o f t h e  ob j  e c t  i n by t  e s

va  l u e  :

a r gume n t ;

A d a t a  b l o c k  h a s on l y  on e  fla g  : " ex t  e r n a l  " , i nd  i c a  t i ng wh e  t h e  r t h e d a t a

l a b e  l i s  ex t  e r n a l  l y v i s i b l  e . Th e  s yn  t a x  f o r  " a r gume n t "  wi l l  b e g i ve n

l a t e r on ( s e e em_ t ex  t ) .

3.3.2. The procedure table

Th e p r o c e du  r e t a b  l e c on  t a i n s  g l ob a  l i n f o rma t i on a bou t a l  l p r o c e  -

du  r e s  t h a  t a r e  ma d e  ava  i l a b l  e t o  t h e op t  imi z e r  a nd  t h a  t a r e  n e e d e d  by

t h e EM p r og r  am. ( L i  b r a r y un i  t s ma y  no t  b e n e e d e d  , s e e s e c  t i on 3 . 5 ) .

Th e t a b l  e h a  s on  e e n  t r y  f o r ev  e r y  p r o c e du  r e .
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s yn t  a x

p r o c e du  r e _  t a b  l e :

{p  r  o c e du  r e }

p r o c e du  r e :

P_ ID - - un i qu e  i d e n  t i f y i ng numb e  r

#LAB ELS - - numb e  r o f  i n s  t r u c t  i on  l a b e  l s

#LOCA LS - - numb e  r o f  by t  e s f o r  l o c  a l s

#FORMA LS - - numb e  r o f  by t  e s f o r  f o rma l s

FLAG S - -  fla g  b i t s

c a  l l i ng  - - p r o c e du  r e s  c a l  l e d by t h i  s on  e

c h a ng e  - - i n f o  a bou  t g l ob a  l va  r i a b l  e s c h a ng e d

u s  e ; - - i n f o  a bou  t g l ob a  l va  r i a b l  e s u s e d

c a  l l i ng  :

{P_ ID} ; - -  p r o c e du  r e s  c a l  l e d

c h a ng e  :

ex  t - -  ex t  e r n a l  va r  i a b  l e s  c h a ng e d

FLAG S ;

u s  e :

FLAG S ;

ex  t :

{O_ ID} ; - -  a s e  t o f  ob j  e c t  s

Th e numb e r o f by t  e s o f f o rma l p a  r  ame t e r s  a c c e  s s e d by a p r o c e du  r e

i s  d e t e rm i n e d  by t h e  f r on t  e nd  s a nd p a s  s e d v i a  a me s s a g e  ( p a  r  ame t e r

me s s a g e  ) t o  t h e op t  imi z e r  . I f  t h e  f r on t  e nd  i s no t  a b l  e t o  d e t e rm i n e

t h i  s numb e r ( e . g .  t h e  p a r ame t e r ma y  b e a n  a r r a y  o f dyn  ami c s i z e  o r t h e

p r o c e du  r e ma y  h ave  a va  r i a b l  e numb e r o f a r gume n  t s )  t h e  a t t r i bu t e c on  -

t a i n s  t h e  va l u e  ’UNKNOWN_S I ZE ’ .

A p r o c e du  r e h a s  t h e  f o l  l owi  ng fla g  s :

- ex t  e r n a l  : t r u e  i f t h e  p r o c .  i s ex t  e r n a l  l y v i s i b l  e

- body s e e n :  t r u e i f i t s  c od  e i s  ava  i l a b l  e a s  EM t ex  t

- c a l unknown : t r u e  i f i t c a l  l s a p r o c e du  r e t h a  t h a  s i t s body  s e e n fla g

no t s e  t

- e nv i r on :  t r u e i f i t u s e s  o r c h a ng e  s a ( non  -  g l ob a  l ) va r  i a b  l e i n a

l ex i  c a l  l y e n c  l o s  i ng  p r o c e du  r e

- l p i  : t r u e  i f i s u s e d a s op e  r  a nd o f a n l p i  i n s t  r u c  t i on ,  s o i t ma y

b e  c a l  l e d i nd  i r e c t

Th e c h a ng e  a nd u s e  a t t r i bu t e s  bo t h  h av  e on  e fla  g : " i nd i  r e c  t " ,  i nd  i c a  t -

i ng wh e  t h e  r t h e p r o c e du  r e do e  s a ’ u s  e i nd i  r e c  t ’ o r a ’ s t o r  e i nd i  r e c  t ’

( i nd  i r e c t  me a n s  t h r ough a  po i n t  e r )  .

3.3.3. The EM text

Th e EM t ex  t c on t  a  i n s t h e  EM i n s  t r u c t  i on  s . Eve  r y EM i n s  t r u c t  i on

h a  s a n  op e  r  a t i on  c od  e ( op c od e  ) a nd 0 o r 1 op  e r a nd  s . EM p s e udo

i n s t  r u c  t i on s  c a n  h ave  mo r  e t h a n  1  op e  r  a nd .  Th e  op c od e  i s j u s  t a sma l l

( 8  b i t ) i n t  eg e  r .

Th e r e  a r e s eve  r  a l k i nd s  o f op e  r  a nd s  , wh i c h  we wi l l  r e f e r  t o a s t yp  e s .

Ma ny EM i n s  t r u c t  i on  s c a n h av  e mo r e t h a n  on e  t yp  e o f  op e  r  a nd .  Th e

t yp e  s a nd t h e  i r e n c od i ng s  i n Comp a  c t As s emb l y  La ngu a  g  e a r e  d i s c u  s s e d

ex  t e n  s i ve l y i n .  [ Ta n e 83 a  , s e c t  i on  11 . 2 ] Of s p e  c i a l  i n t  e r e s t  i s t h e wa y

nume r i c  va l u e  s a r e  r e p r  e s e n t  e d .  Of p r ime imp o r t a n c  e i s  t h e  ma c h i n e
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i nd e p e nd e n cy o f t h e  r e p  r e s e n t  a  t i on .  Ul t ima t e l y ,  on e  c ou l d  s t o r e  eve  r y

i n t  eg e  r j u s t  a s a s t r i ng  o f t h e  c h a r a c t e r s  ’ 0 ’  t o ’ 9 ’  . As do i ng

a r  i t hme t i c  on s t r i ng  s i s  awk wa r d ,  Comp a  c t As s emb l y  La ngu a  g  e a l  l ow s

s eve  r  a l a l t e r n a  t i ve s  . Th e ma i n i d e  a i s  t o l ook  a t t h e  va l u e  o f t h e

i n t  eg e  r . I n t  eg e  r s t h a  t fi t  i n 16 ,  32 o r 64 b i t s a r e  r e p r  e s e n t  e d a s a

r ow o f r e s p .  2 ,  4 a nd 8 by t  e s ,  p r e c e d e d  by a n i nd  i c a  t i on o f how ma ny

by t e s  a r e  u s e d .  Long e r i n t  eg e  r s a r e  r e p r  e s e n t  e d a s s t r i ng  s ; t h i  s i s

on  l  y a l  l ow e d wi t h i n  p s e udo  i n s  t r u c t  i on  s , how eve  r . Th i  s c on c  e p t wo r k s

ve  r y we l  l f o r  t a r g e  t ma c h i n e s  wi t h r e a  s on  a  b l e  wo r d  s i z e s  . At  p r e s e n t  ,

mo s t ACK s o f  twa r e c a nno t b e  u s e d f o r  wo r d  s i z e s  h i gh e  r t h a n  32 b i t s ,

a l  t hough t h e  h a nd l  e s f o r  u s i ng  l a r g e  r wo r d s i z e  s a r e  p r e s e n t  i n t h e

d e  s i gn o f t h e  EM c od e . I n t h e  i n t  e rme d  i a t e  c od  e we e s s e n  t i a l  l y u s e

t h e s ame i d e  a s .  We a l l ow t h r  e e r e p  r e s e n t  a  t i on s  o f i n t  eg e  r s .

- i n t  eg e  r s t h a  t fi t  i n a  s ho  r t a r e  r e p r  e s e n t  e d a s a s ho  r t

- i n t  eg e  r s t h a  t fi t  i n a  l ong  bu t  no t  i n a s ho  r t a r e  r e p r  e s e n t  e d a s

l ong  s

- a l l  r ema i n i ng i n t  eg e  r s a r e  r e p r  e s e n t  e d a s s t r i ng  s ( on l y  a l l ow e d i n

p s  e udo  s ) .

Th e t e rms s ho  r t a nd  l ong  a r e  d efin e d  i n [R i  t c 78 a  , s e c t  i on  4 ] a nd  d e p e nd

on l  y on  t h e  s ou  r c e  ma c h i n e ( i . e .  t h e  ma c h i n e on wh i  c h ACK r un  s ) ,  no t

on  t h e  t a r g e  t ma c h i n e s  . Fo r h i  s  t o r i c a  l r e a s on  s a l ong  wi l l  o f t e n  b e

c a  l l e d a n o f f s e  t .

Op e r a nd  s c a n a l s o b e i n s  t r u c t  i on  l a b e  l s ,  ob j  e c t  s o r  p r o c e du  r e s  .

I n s t  r u c  t i on l a b e  l s a r e  d e no t  e d by a  l a b e  l i d e n  t i fie r  , wh i c h  c a n  b e d i  s -

t i ngu  i s h e d  f r om a  no rma l i d e n  t i fie r  .

Th e op  e r a nd  o f a p s  e udo  i n s  t r u c t  i on  c a n  b e a l i s t  o f a r gume n  t s . Ar gu -

me n t s  c a n  h ave  t h e  s ame t yp  e a s  op e  r  a nd s  , ex  c e p  t f o r  t h e  t yp  e s ho r  t ,

wh i c h  i s no t  u s e d f o r  a r gume n  t s .  Fu r  t h e  rmo r e ,  a n a r gume n  t c a n b e a

s t  r  i ng  o r a s t  r  i ng  r e p  r e s e n t  a  t i on o f a s i gn  e  d i n t  eg e  r , un s  i gn  e  d i n t  e -

g e  r o r  flo a  t i ng po i n t  numb e  r . I f t h e  numb e  r o f  a r gume n  t s i s no t  f u l  l y

d e  t  e rm i n e d  by t h e  p s e udo  i n s  t r u c t  i on  ( e . g .  a ROM p s e udo c a n  h ave  a ny

numb e r o f a r gume n  t s )  , t h e n  t h e  l i s t  i s t e rm i n a  t  e d by  a s p e c  i  a  l a r gu  -

me n t o f t yp  e CEND .
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s yn t  a x

em_ t  ex t  :

{ l  i n e  } ;

l i n e  :

INSTR - - op c od e

OP TYP E - -  op e  r  a nd t yp  e

op  e r a nd  ;

op  e r a nd  :

emp t y  | - -  OPTYP E = NO

SHORT |  - - OPTYP E = SHO RT

OF F SET | - -  OPTYP E = OFFSET

LAB_ ID |  - - OPTYP E = INS TRLAB

O_ ID |  - - OPTYP E = OBJ ECT

P_ ID |  - - OPTYP E = PRO CEDUR E

{ a  r gume n t }  ; - -  OPTYP E = L I ST

a r gume n t :

ARG TYP E

a r g ;

a r g :

emp t y  | - -  ARG TYP E = CEND

OF F SET |

LAB_ ID |

O_ ID |

P_ ID |

s t  r  i ng  | - -  ARG TYP E = STR ING

c on s  t ; - - ARG TYP E = ICON,  UCON o r FCON

s t  r  i ng  :

LENG TH - - numb e  r o f  c h a  r  a c t e r s

{CHA R ACT ER} ;

c on s  t :

S I ZE - - numb e  r o f  by t  e s

s t  r  i ng  ; - -  s t r i ng  r e p  r e s e n t  a  t i on o f ( un  ) s i gn  e  d

- -  o r flo a  t i ng po i n t  c on  s t a n t

3.3.4. The control flow graphs

Ea c h p r o c e du  r e c a n  b e d i v i d e d  i n t o  a  numb e  r o f  b a s  i c b l o c k  s . A

b a  s i c  b l o c k  i s a p i  e c e  o f c od  e wi  t h no j ump s  i n ,  ex c  e p t a t t h e  b eg i n -

n i ng ,  a nd  no j ump s ou  t , ex c  e p t a t t h e  e nd .

Ev e r y  b a s  i c b l o c k  h a s a s e t  o f s u c  c  e s s o r  s , wh i c h  a r e  b a s  i c b l o c k  s

t h a t  c a n  f o l  l ow i t imme d  i a t e l y i n t h e  dyn  ami c exe  c u t  i on s e qu e n c  e . Th e

p r  e d e  c  e s s o r  s a r e  t h e  b a s i c b l o c k  s o f  wh i  c h t h i  s on  e i s  a  s u c  c  e s s o r  .

Th e s u c c e  s s o  r a nd p r e d e  c  e s s o r  a t t r i bu t e s  o f a l  l b a  s i c  b l o c k  s o f  a s i n -

g l  e p r o c e du  r e a r e  s a i d t o f o rm t h e  c on t  r o l flow g r  a ph o f  t h a  t p r o c e  -

du  r e .

An o t h e r  imp o r t a n  t a t  t r i bu t e i s t h e  imme d  i a t e domi n a t o r  . A b a s  i c

b l o c k  B domi n a t e s a b l o c k  C i f  eve  r y p a t h i n t h e  g r a ph  f r om t h e  p r o c e  -

du  r e e n t  r y b l o c k  t o C go e s t h r ough B . Th e  imme d  i a t e  dom i n a  t o r  o f C i s

t h e c l o s e s  t domi n a t o r  o f C on a ny p a t h f r om t h e  e n t r y b l o c k  . (No t  e

t h a t  t h e  dom i n a  t o r  r e l a t  i on  i s t r a n s  i t i ve  , s o  t h e  imme d  i a t e  dom i n a  t o r

i s  we l  l d efin e d . )

A b a s  i c b l o c k  a l s o h a s  a n a t t r i bu t e c on  t a i n i ng t h e  i d e n  t i fie r  s o f

ev  e r y  l oop t h a t  t h e  b l o c k  b e l ong  s t o  ( s e e n ex  t s e c t  i on  f o r  l oop  s ) .
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s yn t  a x

c on t  r o l _flow_ g r a ph  :

{b  a s i c _b l o c k} ;

b a  s i c _b  l  o c k  :

B_ ID - - un i qu e  i d e n  t i f y i ng numb e  r

# INS TR - - numb e  r o f  EM i n s  t r u c t  i on  s

s u c c

p r  e d

i dom - - imme d  i a t e  dom i n a  t o r

l oop  s - -  s e t  o f l oop  s

FLAG S ; - - fla g  b i t s

s u c c  :

{B_ ID} ;

p r  e d :

{B_ ID} ;

i dom :

B_ ID ;

l oop  s :

{LP_ ID} ;

Th e fla  g b i  t s c a n  h ave  t h e  va l u e  s ’ fi rm’ a nd  ’ s t  r ong  ’ , wh i  c h a r e

exp l  a  i n e d  b e l ow.

3.3.5. The loop tables

Ev e r y  p r o c e du  r e h a s  a n a s s o c  i  a  t  e d l oop t a b l  e c on t  a  i n i ng i n f o rma -

t i on  a bou  t a l  l t h e l oop  s i n  t h e p r o c e du  r e .  Loop s c a n b e d e t e c t e d by a

c l o s  e i n s p e c  t i on o f t h e  c on t  r o l  flow g r a ph  . Th e ma i n i d e  a i s  t o l ook

f o r  two b a s  i c b l o c k  s , B a nd C , f o r  wh i  c h t h e  f o l  l owi  ng ho l d s :

- B i s  a  s u c  c  e s s o r  o f C

- B i s  a domi n a t o r  o f C

B i s c a l  l e d t h e  l oop  e n t  r y a nd C  i s c a l  l e d t h e  l oop  e nd  . I n  t  u  i t i ve  l y ,

C c on t a i n s  a j ump b a c kw a r d s t o t h e  b eg i nn i ng o f t h e  l oop  (B)  .

A l oop  L1 i s s a i d t o b e n e s  t e d wi  t h i n  l oop  L2 i f a l l  b a s  i c b l o c k  s

o f  L1 a r e  a l s o p a r  t o f  L2 .  I t i s imp o r t a n  t t o  no t  e t h a t  l oop  s c ou l d

o r  i g i n a l  l y b e wr i  t  t e n  a s a we l l s t r u c  t u r  e d f o r  - o r wh i l e  l oop  o r a s a

me s s y  go t o  l oop  . He n c e l oop  s ma y p a  r t l y ove  r l a p wi t hou  t on  e b e  i ng

n e  s t e d i n s  i d e  t h e  o t h e r  . Th e n e  s t i ng l eve  l o f  a l oop  i s t h e  numb e  r o f

l oop  s i n  wh i  c h i t i s n e s  t e d  ( s o  i t i s 0  f o r  a n ou t  e rmo s  t l oop  ) . Th e

d e  t  a  i l s  o f l oop  d e t e c t  i on  wi l l  b e d i s c u  s s e d l a t e r .

I t  i s o f t e n  d e s i  r a b  l e t o know wh e  t h e  r a b a s  i c b l o c k  g e t s  exe  c u t  e d

du  r i ng eve  r y i t e r a  t i on o f a  l oop  . Th i s l e a d s  t o t h e  f o l  l owi  ng d efin i  -

t i on  s :

- A b a  s i c  b l o c k  B o f  a l oop  L i s  s a i d t o b e a firm b l o c k  o f L  i f B  i s

exe  c u t  e d on a l l  s u c  c  e s s  i ve  i t e r a  t i on s  o f L , wi t h t h e  on l y  po s  s i b l  e

ex  c e p  t i on o f t h e  l a s  t i t e r a  t i on .

- A b a  s i c  b l o c k  B o f  a l oop  L i s  s a i d t o b e a strong b l o c k  o f L  i f B

i s  exe  c u t  e d on a l l  s u c  c  e s s  i ve  i t e r a  t i on s  o f L .

No t e t h a  t a s t r ong  b l o c k  i s a l s o a fi rm b l o c k  . I f  a b l o c k  i s p a r  t o f  a

c ond  i t i on  a l s t a t eme n t ,  i t i s n e i  t h e  r s t  r ong  no r fi rm , a s  i t ma y  b e

s k  i  pp e d  du r  i ng  s ome i t e r a  t i on s  ( s e e F i g  . 3 . 2 ) .
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l oop

i f  c ond1 t h e n

. . .  - - t h i  s c od e  wi l l  no t

- -  r e s u l  t i n  a fi rm o r s t r ong  b l o c k

e nd i f ;

. . .  - - s t r ong  ( a lwa y s exe  c u t  e d )

ex  i t wh e n  c ond2 ;

. . .  - - fi rm ( no  t exe  c u t  e d on l a s  t i t e r a  t i on )  .

e nd l oop  ;

F i  g . 3 . 2  Ex amp l e o f fi rm a nd  s t r ong  b l o c k

s yn t  a x

l oop  t a b  l e :

{ l oop  } ;

l oop  :

LP _ ID - - un i qu e  i d e n  t i f y i ng numb e  r

LEVE L - -  l oop  n e s  t i ng l ev  e l

e n  t r y  - - l oop  e n t  r y b l o c k

e nd ;

e n  t r y  :

B_ ID ;

e nd :

B_ ID ;

3.4. External representation of the intermediate code

Th e s yn t  a x o f t h e  i n t  e rme d  i a t e  c od  e wa s g i ve  n i n  t h e p r ev i ou s  s e c  -

t i on  . I n  t h i  s s e c t  i on  we wi l l  ma k e s ome r ema r k s  a bou  t t h e r e p  r e s e n t  a -

t i on  o f t h e  c od e  i n s e qu e n  t i a l  fi l e s .

We u s e  s e qu  e  n t i a l  fi l e s i n o r d e r  t o avo i  d t h e bookk e e p  i  ng o f c omp l  ex

fi l  e i nd i  c e s  . As a c on s  e qu  e  n  c e o f t h i  s d e  c i s i on  we c a n  ’ t s t o r e  a l l

c omp o n e n  t s o f t h e  i n t  e rme d  i a t e  c od  e i n  on e  fi l e  . I f  a ph  a s e  wi s h e  s t o

c h a ng e  s ome a t t r i bu t e o f a p r o c e du  r e ,  o r wa n  t s t o a dd  o r d e l e t e  e n t  i r e

p r o c e du  r e s  ( i n l  i n e s ub  s t i t u t  i on ma y  do t h e  l a t  t e r )  , t h e p r o c e du  r e t a -

b l  e wi  l  l on  l  y b e  f u l  l y upd  a t e d a f t e r  t h e  e n t i r e  EM t ex  t h a  s b e  e n

s c a nn e d  . Ye t , t h e  n ex t  ph a  s  e undoub t e d  l  y wa n t s  t o r e a d t h e  p r o c e du  r e

t a b l  e b e  f o r  e i t  s t a r t s wo r k  i  ng on t h e  EM t ex  t . He n c  e t h e r e  i s a n

o r d e r  i ng  p r ob l  em, wh i  c h c a n  b e s o  l  ve d  e a s  i l y  by pu t  t  i ng t h e  p r o c e du  r e

t a b l  e i n  a s e p a  r  a t e  fi l e  . S imi l a r  l y ,  t h e  d a t a  b l o c k  t a b  l e i s k e p  t i n  a

fi l  e o f  i t s  own .

Th e c on t  r o l  flow g r a ph  s (CFG s ) c ou  l  d b e  mi xe d  wi t h t h e  EM t ex  t .

Ra t h e  r , we h av  e c ho s  e n t o pu t  t h em i n a  s e p a  r  a t e  fi l e  t oo  . Th e c on t  r o l

flow g r a ph  fi l e  s hou  l  d b e  r eg  a r d e d  a s a fi l  e t h a t  imp o s e s  s ome s t r u c  t u r  e

on  t h e  EM- t ex  t fi l  e , j u s  t a s  a n ove  r h e  a d s h e e  t c on t  a  i n i ng a p i c t u r  e o f

a F l ow Ch a  r t ma y  b e pu  t on  a n ove  r h e  a d s h e e  t c on t  a  i n i ng s t a t eme n t s  .

Th e l oop  t a b  l e s  a r e  a l s o pu t  i n t h e CFG fi l e  . A l oop  imp o s e s  a n ex t  r a

s t  r u c  t u r  e on  t h e  CFG s a nd h e n c  e on  t h e  EM t ex  t . So t h e  r  e a r e  f ou  r

fi l  e s :

- t h e  EM- t ex  t fi l  e

- t h e  p r o c e du  r e t a b  l e fi l e
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- t h e  ob j  e c t  t a b l  e fi l  e

- t h e  CFG a nd  l oop  t a b  l e s  fi l e

Ev e r y  t a b  l e i s p r e c e d e d  by i t s  l e ng t h  , i n  o r d e r  t o t e l  l wh e r e  i t e nd  s .

Th e CFG fi l e  a l s o  c on  t a i n s  t h e  numb e  r o f  i n s  t r u c t  i on  s o f  eve  r y b a s  i c

b l o c k  , i nd i  c a t  i ng  wh i  c h p a r  t o f  t h e  EM t ex  t b e  l ong  s t o  t h a t  b l o c k  .

s yn t  a x

i n t  e rme d  i a t e _ c od e  :

ob  j e c  t _ t  a b l  e _fi l e

p r o c t a b l  e _fi l e

em_ t  ex t _fi l  e

c f g_fi l  e ;

ob  j e c  t _ t  a b l  e _fi l e :

LENG TH - - numb e  r o f  ob j  e c t  s

ob  j e c  t _ t  a b l  e ;

p r o c t a b l  e _fi l e :

LENG TH - - numb e  r o f  p r o c e du  r e s

p r o c e du  r e _  t a b  l e ;

em_ t  ex t _fi l  e  :

em_ t  ex t  ;

c f g_fi l  e  :

{p  e r _p r o c }  ; - -  on e  f o r  eve  r y p r o c e du  r e

p e  r _p  r  o c :

BL ENG TH - - numb e  r o f  b a s  i c b l o c k  s

LLENG TH - - numb e  r o f  l oop  s

c on t  r o l _flow_ g r a ph

l oop  t a b  l e ;

3.5. The Intermediate Code construction phase

Th e fi r  s t ph a  s  e o f  t h e  g l ob a  l op  t imi z e r  , c a  l l e d IC , c on s  t r u c t  s a

ma j o r  p a r  t o f  t h e  i n t  e rme d  i a t e  c od  e . To b e s p e  c i fic ,  i t p r odu  c e s  :

- t h e  EM t ex  t

- t h e  ob j  e c t  t a b l  e

- p a r  t o f  t h e  p r o c e du  r e t a b  l e

Th e c a  l l i ng  , c h a ng e  a nd u s e  a t t r i bu t e s  o f a p r o c e du  r e a nd  a l l  i t s fla g  s

ex  c e p  t t h e ex t  e r n a l  a nd  body s e e n  fla g  s a r e  c ompu t e d  by t h e  n ex t  ph a  s  e

(Con t r o  l F l  ow ph a  s  e ) .

As exp  l a i n e d  b e f o r  e , t h e  i n t  e rme d  i a t e  c od  e do  e s no t  c on  t a i n a ny

n ame s o f  va r  i a b  l e s  o r p r o c e du  r e s  . Th e no  rma l i d e n  t i fie r  s a r e  r e p l  a c e d

by i d e n  t i f y i ng numb e  r s .  Ye t  , t h e ou t pu t  o f t h e  g l ob a  l op  t imi z e r  mu s  t

c on t  a  i n no  rma l i d e n  t i fie r  s , a s t h i  s ou  t  pu  t i s  i n Comp a  c t As s emb l y  La n  -

gu  a  g  e f o rma t . We c e r  t a i n l y  wa n  t a l  l ex  t e r n a  l l y  v i s i b l  e n ame s t o  b e

t h e s ame i n t h e  i npu  t a s  i n t h e  ou t pu t  , b e  c  a u s e  t h e  op t  imi z e d  EM mod -

u l  e ma y b e  a l i b r  a  r y un  i t ,  u s e d by o t h e r  modu l e s  . IC  dump s  t h e  n ame s

o f  a l l  p r o c e du  r e s  a nd  d a t a  l a b e  l s on two fi l e s :

- t h e  p r o c e du  r e dump fi l e  , c on t  a  i n i ng t up  l e s  ( P_ ID ,  p r o c e du  r e n ame )

- t h e  d a t a  dump fi l e  , c on t  a  i n i ng t up  l e s  (D_ ID ,  d a t a  l a b e  l n ame )

Th e n ame s o f  i n s  t r u c t  i on  l a b e  l s a r e  no t  dump e d  , a s  t h ey a r e  no t  v i s i  -

b l  e ou  t s i d e  t h e  p r o c e du  r e i n wh i  c h t h ey a r e  d efin e d  .
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Th e i npu  t t o  IC c on s i s t s  o f on e  o r mo r  e fi l  e s .  Ea c h fi l e  i s e i t h e  r

a n  EM modu l e i n Comp a  c t As s emb l y  La ngu a  g  e f o rma t , o r a Un i x a r c h i ve

fi l  e ( l  i b r  a  r y ) c on t  a  i n i ng s u c h  modu l e s  . IC  on l y  ex t  r a c  t s t ho  s e modu l e s

f r om a l i b r  a  r y t h a t  a r e  n e e d e d  s ome how , j u s t  a s a  l i nk e  r do  e s .  I t i s

a dv i  s a b  l e t o p r e s e n t  a s mu c h  c od e  o f t h e  EM p r og r  am a s po s  s i b l  e t o  t h e

op  t imi z e r  , a l  t hough i t i s no t  r e qu i  r e d  t o p r e s e n t  t h e who l e p r og r  am.

I f  a p r o c e du  r e i s c a l  l e d s omewh e  r  e i n  t h e EM t ex  t , bu t  i t s  body  ( t ex t  )

i s  no t  i n c l ud  e  d i n  t h e i npu  t , i t s  body  s e e n fla g  i n t h e  p r o c e du  r e t a b  l e

wi  l  l s t  i  l  l b e  o f f  . Wh e n eve  r s u c h  a  p r o c e du  r e i s c a l  l e d ,  we a s s ume t h e

wo r s t  c a s e  f o r  eve  r y t h i ng ;  i t wi l l  c h a ng e  a nd u s e  a l l  va r  i a b  l e s  i t h a s

a c c e  s s t o ,  i t wi l l  c a l  l ev  e r y  p r o c e du  r e e t c  .

S imi l a r  l y ,  i f a d a  t  a l a b e  l i s  u s e d bu t  no t  d efin e d  , t h e PSEUDO

a t  t r i bu t e i n i t s  d a t a  b l o c k  wi l l  b e s e t  t o UNKNOWN .

3.5.1. Implementation

Pa r t o f t h e  c od e  f o r  t h e  EM Pe e pho l e Op t  imi z e r  [ b ]  h a s  b e e n u s e d

f o r  IC .  Es p e c  i  a  l l y  t h e r ou  t i n e s  t h a  t r e a d  a nd un r  ave  l Comp a c t  As s em -

b l y  La ngu a  g  e a nd t h e  i d e n  t i fie r  l ookup me c h a n  i sm h av  e b e  e n u s  e d .  New

c od e  wa s  a dd  e  d t o  r e c ogn  i z e  ob j  e c t  s , bu i  l d t h e ob j  e c t  a nd  p r o c e du  r e

t a b l  e s a nd  t o ou t pu t  t h e i n t  e rme d  i a t e  c od  e .

IC u s e s  s i ng l y  l i nk e  d l i n e  a r l i s t s  f o r  bo t h  t h e p r o c e du  r e a nd

ob j e c  t t a b l  e . He n c  e t h e r e  a r e no  l imi t s on t h e  s i z e o f s u c h  a t a b l  e

( ex c  e p t f o r  t h e  t r i v i  a  l f a c t  t h a  t i t  mu s  t fi t  i n ma i n memo r y )  . Bo t h

t a b l  e s a r e  ou t pu t  t e d  a f t e r  a l l  EM c od e h a  s b e  e n p r o c e  s s e d .  IC r e a d s

t h e EM t ex  t o f  on e  e n t i r e  p r o c e du  r e a t a t ime ,  p r o c e  s s e s  i t a nd

a pp e nd s  t h e  mod i fie  d c od e  t o t h e  EM t ex  t fi l  e . EM c od e i s  r e p  r e s e n t  e d

i n t  e r n a l  l y a s a doub l  y l i nk  e d l i n e a  r l i s t  o f EM i n s  t r u c t  i on  s .

Ob j e c  t s a r e  r e c ogn  i z e d by l ook  i  ng a t  t h e  op e  r  a nd s  o f i n s  t r u c t  i on  s

t h a t  r e f e r e n c  e g l ob a  l d a  t  a . I f we c ome a c r o s  s t h e i n s  t r u c t  i on  s :

LDE X+6 - - Lo a d  Doub l e Ex t  e r n a l

LAE X+2 0 - -  Lo a d  Add r e s  s Ex t e r n a  l

we c on  c l ud e  t h a  t t h e d a t a  b l o c k  p r e c e d e d  by t h e  d a t a  l a b e  l X c on t a i n s

a n  ob j  e c t  a t o f  f s e  t 6 o f s i z e twi  c e t h e  wo r d  s i z e ,  a nd  a n ob j  e c t  a t

o f  f s e  t 20  o f unknown s i z e .

A d a t a  b l o c k  e n t r y o f t h e  ob j  e c t  t a b l  e i s  a l l o c  a t e d a t t h e  fi r s  t r e f e r  -

e n c  e t o  a  d a t a  l a b e  l . I f t h i  s r e f e r e n c  e i s  a d efin i ng o c c u r  r e n c  e o r  a

INA p s e udo i n s  t r u c t  i on  , t h e l a b e  l i s  no t  ex t  e r n a l  l y v i s i b l  e [ Ta n e 83 a  ,

s e c t  i on  11 . 1 . 4 . 3 ] I n t h i  s c a  s  e , t h e  ex t  e r n a l  fla g  o f t h e  d a t a  b l o c k  i s

t u r n e d  o f f  . I f  t h e  fi r s  t r e f e r e n c  e i s  a n a pp  l i e d o c c u r  r e n c  e o r  a EXA

p s  e udo  i n s  t r u c t  i on  , t h e fla g  i s s e t  . We r e c o r d  t h i  s i n f o rma t i on ,

b e  c  a u s e  t h e  op t  imi z e r  ma y  c h a ng e  t h e  o r d e r  o f d efin i ng a nd  a pp  l i e d

o c  c u r r e n c  e s .  Th e  INA a nd  EXA p s e udo s a r e  r emo ve d  f r om t h e  EM t ex  t .

Th ey ma y  b e r eg e n e  r  a t e d by t h e  l a s  t ph  a s e  o f t h e op t  imi z e r  .

S imi l a r  r u l  e s ho l d  f o r  t h e  p r o c e du  r e t a b  l e a nd  t h e  INP a nd  EXP p s e u -

do  s .
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3.5.2. Source files of IC

Th e s ou r  c e fi l e s o f IC c on s i s t  o f t h e  fi l e s i c . c ,  i c . h a nd  s ev  e r a  l

p a  c k a g e s .  i c . h c on t  a  i n s t yp  e d efin i t i on  s , ma c  r o s  a nd  va r  i a b  l e d e c  l  a r a -

t i on  s t h a t  ma y  b e u s  e d by i c . c  a nd  by ev  e r y  p a c k a g e  . i c  .  c c on t  a  i n s

t h e d efin i  t  i on s  o f t h e  s  e va  r i a b l  e s ,  t h e  p r o c e du  r e ma i n a nd s ome h i gh

l eve  l I /O r ou  t i n e s  u s e d by ma i n .

Ev e r y  p a c k a g e  xxx  c on  s i s t s  o f two fi l e s .  i c _xxx .  h c on t  a  i n s t yp  e d efin i -

t i on  s , ma c  r o s  , va  r i a b l  e d e  c l a r a  t i on s  a nd  p r o c e du  r e d e c  l  a r a  t i on s  t h a  t

ma y b e  u s e d by eve  r y . c fi l e  t h a  t i n c l ud  e s t h i  s . h  fi l e  . Th e fi l  e

i c _xxx . c p r ov i d e s  t h e  d efin i t i on  s o f  t h e  s  e va  r i a b l  e s a nd  t h e  imp l eme n  -

t a t  i on  o f t h e  d e c l a r e d p r o c e du  r e s  . IC  u s e s  t h e  f o l  l owi  ng p a c k a g e  s :

l ookup : p r o c e du  r e s  t h a  t l oop  up  p r o c e du  r e ,  d a t a  l a b e  l a nd

i n s t  r u c  t i on l a b e  l n ame s ; p r o c e du  r e s  t o dump t h e  p r o c e  -

du  r e a nd  d a t a  l a b e  l n ame s .

l i b :  on e  p r o c e du  r e t h a  t g e  t s t h e  n ex t  u s e  f u l i npu  t mo d u l e ;

wh i l e  s c a nn  i  ng a r c h i ve  s , i t s k i p s unn  e c e  s s a  r y mo d u l e s .

a ux :  s ev  e r a  l a ux i  l  i a r y r ou  t i n e s  .

i o :  l ow- l ev  e l I /O r ou  t i n e s  t h a  t un  r av  e l t h e  Comp a  c t As s emb l y

La ngu  a  g  e .

pu  t : r ou  t i n e s  t h a  t ou  t  pu  t t h e i n t  e rme d  i a t e  c od  e
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4. The Control Flow Phase

I n  t h e  p r ev i ou s  c h a p  t e r  we d e s c  r i b e d  t h e  i n t  e rme d  i a t e  c od  e o f  t h e

g l ob a  l op  t imi z e r  . We a l s o s p e  c i fie d  wh i  c h p a r  t o f  t h i  s c od e  wa s  c on  -

s t  r u c  t  e d by  t h e  IC ph a  s  e o f  t h e  op t  imi z e r  . Th e Co n t r o l  F l ow Ph a  s  e

( CF ) do e  s t h e r ema i nd  e r o f t h e  j ob  , i . e .  i t d e t e rm i n e  s :

- t h e  c on t  r o l  flow g r a ph  s

- t h e  l oop  t a b  l e s

- t h e  c a l  l  i ng  , c h a ng e  a nd u s e  a t t r i bu t e s  o f t h e p r o c e du  r e t a b  l e

e n  t r i e s

CF op e  r  a t e s on on e  p r o c e du  r e a t a t ime .  Fo r  eve  r y p r o c e du  r e i t fi r s  t

r e a d  s t h e EM i n s  t r u c t  i on  s f r om t h e  EM- t ex  t fi l  e a nd g r oup  s t h em i n t o

b a  s i c  b l o c k  s . Fo r  eve  r y b a s  i c b l o c k  , i t s s u c  c  e s s o r  s a nd p r e d e  c  e s s o r  s

a r e  d e t e rm i n e d  , r e s u  l t i ng  i n t h e  c on t  r o l  flow g r a ph  . Ne x t ,  t h e  imme d  i -

a t e  dom i n a  t o r  o f ev  e r y  b a s  i c b l o c k  i s c ompu t e d  . Us i ng  t h e  s  e domi n a -

t o r s  , a ny l oop  i n t h e  p r o c e du  r e i s d e t e c t e d .  F i n a l  l y ,  i n t  e r p r o c e du  r a l

a n a  l y s  i  s i s  don  e , a f t e r  wh i  c h we wi l l  know t h e  g l ob a  l e f  f e c t  s o f  eve  r y

p r o c e du  r e c a l  l on  i t s  e nv i r onme n  t .

CF u s e s  t h e  s ame i n t  e r n a l  d a t a  s t r u c  t u r  e s f o r  t h e  p r o c e du  r e t a b  l e a nd

ob j e c  t t a b l  e a s  IC .

4.1. Partitioning into basic blocks

Wi t h r eg  a r d  t o flow o f c on  t r o  l , we d i s t  i ngu  i s h  t h r  e e k i nd s  o f EM

i n s t  r u c  t i on s  : j ump i n s  t r u c t  i on  s , i n s  t r u c t  i on  l a b e  l d efin i t i on  s a nd no r  -

ma l i n s t  r u c  t i on s  . J ump i n s  t r u c t  i on  s a r e  a l l  c ond  i t i on  a l o r un c ond i -

t i on  a l b r a n c h  i n s  t r u c t  i on  s , t h e  c a s e  i n s  t r u c t  i on  s (CSA / CS B) a nd  t h e

RE T ( r e t u r n )  i n s  t r u c t  i on  . A p r o c e du  r e c a l  l (CAL ) i s  no t  c on  s i d e r e d t o

b e  a j ump . A d efin i ng o c c u r  r e n c  e o f  a n i n s  t r u c t  i on  l a b e  l i s  r eg  a r d e d

a s  a n EM i n s  t r u c t  i on  .

An i n s  t r u c t  i on  s t a r t s a n ew b a s  i c b l o c k  , i n  a ny o f t h e  f o l  l owi  ng

c a  s  e  s :

1 .  I t i s t h e  fi r s  t i n s t  r u c  t i on o f a p r o c e du  r e

2 .  I t i s t h e  fi r s  t o f  a l i s t  o f i n s  t r u c t  i on  l a b e  l d efin i ng o c c u r  r e n c  e s

3 .  I t f o l  l ows a j ump

I f  t h e  r  e a r e  s ev  e r a  l c on s  e c u  t i ve i n s  t r u c t  i on  l a b e  l s (wh i c h  i s h i gh l y

unu s  u a l  ) , a l l  o f t h em a r e  pu t  i n t h e s ame b a s  i c b l o c k  . No t e t h a  t s ev -

e r a  l c a  s  e  s ma y ov e r l a p  , e . g .  a l a b e  l d efin i t i on  a t t h e  b eg i nn i ng o f a

p r o c e du  r e o r a  l a b e  l f o  l l owi  ng a  j ump .

A s imp l  e F i  n  i t e  S t a t e  Ma c h i n e i s u s e d t o mod e l t h e  a bov e r u  l e s  .

I t  a l s o r e c ogn i z e  s t h e e nd  o f a p r o c e du  r e ,  ma r k e  d by  a n END p s e udo .

Th e b a  s i c  b l o c k  s a r e  s t o r e d i n t  e r n a l  l y a s a doub l  y l i nk  e d l i n e a  r l i s t  .

Th e b l o c k  s a r e  l i nk e  d i n  t ex  t  u a l  o r d e r  . Ev e r y  nod  e o f  t h i  s l i s t  h a s

t h e a t t r i bu t e s  d e s c  r i b e d  i n t h e  p r ev i ou s  c h a p  t e r  ( s e e s yn  t a x  r u l  e f o r

b a  s i c _b  l  o c k  ) . Fu r  t h e  rmo r e ,  eve  r y nod  e c on t  a  i n s a po  i  n  t e r  t o i t s  EM

i n s t  r u c  t i on s  , wh i c h  a r e  r e p r  e s e n t  e d i n t  e r n a l  l y a s a  l i n e a  r , doub  l  y

l i nk  e d l i s t  , j u s t  a s i n t h e  IC ph a  s  e . How eve  r , i n s  t e a d o f on e  l i s t

p e  r p r o c e du  r e ( a s  i n IC)  t h e  r  e i s  now on e  l i s t  p e r  b a s  i c b l o c k  .

On t h e  fly ,  a t a b l  e i s  bu i  l d t h a t  ma p  s ev  e r y  l a b e  l i d e n  t i fie r  t o t h e

l a b e  l d efin i t i on  i n s  t r u c t  i on  . Th i s t a b  l e i s u s e d f o r  c ompu t i ng t h e

c on t  r o l  flow . Th e t a b l  e i s  s t o r  e d a s a dyn ami c a l  l y a l l o c  a t e d a r r a y  .

Th e l e ng  t  h o f  t h e  a r r a y  i s t h e  numb e  r o f  l a b e  l s o f t h e  c u r r e n  t
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p r o c e du  r e ;  t h i  s va  l u e  c a n  b e f ound i n t h e  p r o c e du  r e t a b  l e ,  wh e  r  e i t

wa s s t o r  e d by IC .

4.2. Control Flow

A successor o f  a b a  s i c  b l o c k  B i s  a b l o c k  C t h a t  c a n  b e exe  c u t  e d

imme d i a t e l y a f t e r  B . C i s  s a i d t o b e a predecessor o f  B . A b l o c k  e nd i ng

wi  t h a RE T i n s t  r u c  t i on h a s  no s u c  c  e s s o r  s . Su c h  a  b l o c k  i s c a l  l e d a

return block . Any b l o c k  t h a  t h a  s no  p r e d e  c  e s s o r  s c a nno  t b e  exe  c u t  e d a t

a l  l ( i  . e .  i t i s un r  e a c h a b  l e )  , un  l e s  s i t  i s t h e  fi r s  t b l o c k  o f a p r o c e  -

du  r e ,  c a l  l e d t h e procedure entry block .

I n  t e r n a  l l y , t h e  s u c  c  e s s o r  a nd  p r e d e  c  e s s o r  a t t r i bu t e s  o f a b a s  i c

b l o c k  a r e  s t o r e d a s sets . Al t e r n a  t i ve l y ,  on e  ma y  r eg  a r d  a l l  t h e  s  e s e  t s

o f  a l l  b a s  i c b l o c k  s a s  a c on c  e p t u a l graph , i n wh i  c h t h e  r  e i s  a n e dg  e

f r om B t o  C i f  C i s  i n t h e  s u c  c  e s s o r  s e t o f B . We c a l  l t h i  s c on c  e p -

t u a l  g r a ph  t h e Control Flow Graph .

Th e on  l  y s u c c e  s s o  r o f  a b a  s i c  b l o c k  e nd i ng on a n un c ond i t i on  a l

b r  a n c h  i n s  t r u c t  i on  i s t h e  b l o c k  t h a  t c on t  a  i n s t h e  l a b e  l d efin i t i on  o f

t h e t a r g e  t o f  t h e  j ump .  Th e  t a r g e  t i n s t  r u c  t i on c a n  b e f ound v i a  t h e

LAB_ ID t h a  t i s  t h e  op e  r  a nd o f t h e  j ump i n s  t r u c t  i on  , by  u s i ng  t h e

l a b e  l -ma p  t a b  l e me n  t i on e d  a bov e . I f t h e  l a s  t i n s t  r u c  t i on o f a b l o c k

i s  a c ond  i t i on  a l j ump ,  t h e  s u c  c  e s s o r  s a r e  t h e  t a r g e  t b l o c k  a nd t h e

t ex t u a l  l y n ex  t b l o c k  . Th e l a s t  i n s  t r u c t  i on  c a n  a l s o b e a c a s e  j ump

i n s t  r u c  t i on (CSA o r CSB ) . We t h e n  a n a l y z e  t h e  c a s e  d e s c  r i p t o r ,  t o find

a l  l po  s s i b l  e t a r g e t  i n s  t r u c t  i on  s a nd t h e  i r a s s o c  i  a  t  e d b l o c k  s . We

r e qu  i r e  t h e  c a s e  d e s c  r i p t o r t o b e a l l o c  a t e d i n a ROM, s o i t c a nno  t b e

c h a ng e d  dyn  ami c a l  l y .  A c a  s  e j ump v i a  a n a l t e r a b l  e d e  s  c r i p t o r c ou  l  d i n

p r  i n c  i p l  e go  t o a ny l a b e  l i n  t h e p r og r  am. I n t h e  p r e s e n c  e o f  s u c h  a n

un  c  on t r o l  l e d  j ump ,  h a r d l y  a ny op t  imi z a t  i on  c a n  b e don e . We do no t

exp e  c t a ny f r on t  e nd  t o g e n e  r  a t e  s u c h  a  d e s c  r i p t o r ,  how eve  r , b e c a u s  e

o f  t h e  c on t  r o l  l e d  n a t u r e  o f c a s e  s t a t eme n t s  i n h i gh l ev  e l l a ngu  a  g  e s .

I f  t h e  b a s i c b l o c k  do e  s no  t e nd i n a  j ump i n s  t r u c t  i on  , i t s on l y  s u c  -

c e  s s o  r i s  t h e  t ex  t  u a l  l y n ex  t b l o c k  .

4.3. Immediate dominators

A b a s  i c b l o c k  B domi n a t e s a b l o c k  C i f  eve  r y p a t h i n t h e  c on t  r o l

flow g r a ph  f r om t h e  p r o c e du  r e e n t  r y b l o c k  t o C go e s t h r ough B . Th e

imme d i a t e  dom i n a  t o r  o f C i s t h e  c l o s e s  t domi n a t o r  o f C on a ny p a t h

f r om t h e  e n t r y b l o c k  . Se  e a l  s o [Ah o 7 8 a ,  s e c  t i on 13 . 1 .  ]

Th e r e  a r e  a numb e r o f a l go r  i t hms t o c ompu t e t h e  imme d  i a t e  dom i n a  -

t o r r e l a t  i on  .

1 .  Pu r dom a nd  Moo r e g i ve a n a l go r  i t hm t h a  t i s  e a s y t o p r og r  am a nd

e a  s y t o d e s c  r i b e ( a l  t hough t h e  d e s c  r i p t  i on t h ey g i ve i s un r  e a d  -

a b  l e ;  i t i s g i ve n  i n a ve r y me s  s y Al go l 60 p r og r  am f u l  l o f  go t o s )  .

[ Pu r d72  a ]

2 .  Aho a nd  Ul lma n p r  e s e n t  a b i  t ve c  t o r  a l go r  i t hm, wh i  c h i s a l s o e a s y

t o  p r og r  am a nd t o und  e r s  t a nd  . ( Se e  [Ah o 7 8 a ,  s e c  t i on 13 . 1 .  ] ) .

3 Le ng a  u  e r a nd  Ta r  j a n  i n t  r odu  c e a  f a s  t a l go  r i t hm t h a  t i s  h a r d t o

und e r s  t a nd  , y e  t r ema r k a b  l  y e a  s y t o imp l eme n  t . [ Le ng79 a ]

Th e Pu r dom -Mo o r e  a l go r  i t hm i s ve r y s l ow i f t h e  numb e  r o f  b a s  i c b l o c k  s

i n  t h e flow g r a ph  i s l a r g e  . Th e Ah o -U l lma n  a l go r  i t hm i n f a c  t c omp u t e s

t h e dom i n a  t o r  r e l a t  i on  , f r om wh i  c h t h e  imme d  i a t e  dom i n a  t o r  r e l a t  i on

c a n b e c ompu t e d  i n t ime qu a d  r a t  i c t o  t h e numb e  r o f  b a s  i c b l o c k  s , wo r  s t
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c a  s  e . Th e  s t o r a g e  r e qu i  r eme n  t i s  a l s o qu a d  r a t  i c t o  t h e numb e  r o f

b l o c k  s . Th e  r unn  i  ng t ime o f t h e  t h i  r d a l go r  i t hm i s p r opo  r t i on  a l t o :

( numb e  r o f  e dg  e s i n t h e  g r a ph  ) * l og  (  numb e r o f b l o c k  s ) .

We h av  e c ho s  e n t h i  s a l go  r i t hm b e c a u s  e i t  i s f a s  t ( a s s hown by exp  e r i -

me n t s  don  e by  Le ng a  u  e r a nd  Ta r  j a n  ) , i t i s e a s y t o p r og r  am a nd r e qu i  r e s

l i t t l e d a t a  s p a  c  e .

4.4. Loop detection

Lo o p s a r e  d e t e c t e d by u s i ng  t h e  l oop  c on  s t r u c  t i on a l go r  i t hm

o f  . [Aho78 a , s e c  t i on 13 . 1 .  ] Th i s a l go r  i t hm u s e s back edges . A b a  c k e dg e

i s  a n e dg  e f r om B t o  C i n  t h e CFG , wh o s e  h e a d (C)  dom i n a  t  e s i t s  t a i  l

(B) .  Th e  l oop  a s s o c  i  a  t  e d wi  t h t h i  s b a  c k e dg e  c on s  i  s  t  s o f  C p l u s a l l

nod  e s i n t h e  CFG t h a  t c a n r e a c h B wi  t hou  t go  i  ng t h r ough C .

As a n ex amp l e o f how t h e  a l go r  i t hm wo r k s ,  c on  s i d e r  t h e  p i e c e  o f

p r og r  am o f F i g  . 4 . 1 .  F i r s t  j u s  t l ook  a t t h e  p r og r  am a nd t r y  t o s e e

wh a t p a r  t o f  t h e  c od e  c on s  t i t u t  e s t h e  l oop  .

l oop

i f  c ond  t h e n  1

- -  l o t  s o f  s imp l  e

- -  a s s  i gnme n  t

- -  s t a t eme n t s  2 3

ex  i t ;  - - ex i  t l oop

e l  s e

S ;  - - on e  s t a t eme n t

e nd i f ;

e nd l oop  ;

F i  g . 4 . 1  A mi s l e a d i ng l oop

Al  t hough a  huma n b e  i ng  ma y  b e e a  s i l y d e c e  i ve  d by  t h e  b r a c k e t  s " l oop  "

a nd " e nd l oop  " , t h e  l oop  d e t e c t  i on  a l go r  i t hm wi l l  c o r  r e c  t l y  r e p  l  y t h a t

on  l  y t h e t e s  t f o r  " c ond  " a nd t h e  s i ng l  e s t a t eme n t i n t h e  f a l  s e - p a  r t o f

t h e i f s t a t eme n t a r e  p a r  t o f  t h e  l oop  ! Th e s t a t eme n t s  i n t h e  t r u e -

p a  r t on l y  g e t  exe  c u t  e d on c  e , s o t h e  r  e r e a l  l y i s no r e a  s on  a t a l l  t o

s a y t h ey ’  r e p a r  t o f  t h e  l oop  t oo  . Th e CFG c on t a i n s  on e  b a c k  e dg e  ,

" 3  - >1 " . As nod e 3 c a nno t b e  r e a c h e d  f r om nod e 2 ,  t h e  l a t  t e r nod  e i s

no  t p a  r t o f t h e  l oop  .

A s ou  r c e  o f p r ob l  ems wi t h t h e  a l go r  i t hm i s t h e  f a c  t t h a t  d i f f e r e n t

b a  c k e dg e  s ma y r e s u  l t i n t h e  s ame l oop  . Su c h a n  i l l - s  t r u c t u r  e d l oop

i s  c a l  l e d a messy l oop  . Af t e r  a l oop  h a s  b e e n c on  s t r u c  t  e d , i t i s

c h e  c k e d  i f i t i s r e a  l l y  a  n ew l oop  .

Lo o p s c a n  p a r t  l y ove  r l a p ,  wi t hou  t on  e b e  i ng  n e s  t e d  i n s  i d e  t h e

o t h e r  . Th i s i s t h e  c a s e  i n t h e  p r og r  am o f F i g  . 4 . 2 .
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1 :  1

S1 ;

2 :

S2 ; 2

i f  c ond  t h e n

go t  o 4 ;

S3 ; 3 4

go  t  o 1 ;

4 :

S4 ;

go  t  o 1 ;

F i  g . 4 . 2  Pa r  t l y  ove  r l a pp  i  ng l oop  s

Th e r e  a r e two b a c k e dg  e s " 3 - >1 " a nd " 4 - >1 " , r e s u l  t  i ng i n t h e  l oop  s

{1  ,  2  ,  3} a nd {1 , 2 , 4} .  Wi t h eve  r y b a s  i c b l o c k  we a s s o c  i  a  t  e a s e t  o f a l l

l oop  s i t  i s p a r  t o f  . I t  i s no t  s u f fic  i  e n t  j u s t  t o r e c o r d  i t s  mo s  t

e n c  l o s  i ng  l oop  .

Af t e r  a l l  l oop  s o f  a p r o c e du  r e a r e  d e t e c t e d ,  we d e t e rm i n e  t h e

n e  s t i ng  l ev  e l o f eve  r y l oop  . F i  n a l  l y ,  we find a l l  s t r ong  a nd  fi rm

b l o c k  s o f  t h e  l oop  . I f  t h e  l oop  h a s  on l y  on e  b a c k  e dg e  ( i . e .  i t i s

no  t me s s y  ) , t h e  s e t  o f fi rm b l o c k  s c on s  i  s  t  s o f  t h e  h e a d  o f t h i  s b a  c k

e dg e  a nd i t s  dom i n a  t o r  s i n  t h e l oop  ( i n c l ud  i  ng t h e l oop  e n t  r y b l o c k  ) .

A fi rm b l o c k  i s a l s o s t r ong  i f i t i s no t  a s u c c e  s s o  r o f  a b l o c k  t h a  t

ma y ex  i t t h e  l oop  ; a b l o c k  ma y  ex i  t a l oop  i f i t h a s  a n ( imme d i a t e )

s u c c e  s s o  r t h a t  i s no t  p a r  t o f  t h e  l oop  . Fo r me s s y  l oop  s we do no t

d e  t  e rm i n e  t h e  s t r ong  a nd  fi rm b l o c k  s . Th e  s  e l oop  s a r e  exp  e c t e d t o o c c u r

ve  r y r a r e  l y .

4.5. Interprocedural analysis

I t  i s o f t e n  d e s i  r a b  l e t o know t h e  e f f e c  t s a p r o c e du  r e c a l  l ma y

h ave  . Th e op  t imi z a t  i on  b e l ow i s on l y  po s  s i b l  e i f  we know f o r  s u r  e

t h a t  t h e  c a l  l t o  P c a nno t c h a ng e  A .

A : = 10 ;  A: =  10 ;

P ;  - - p r o c e du  r e c a l  l - - > P ;

B : = A + 2 ; B : =  12 ;

Al  t hough i t i s no t  po s  s i b l  e t o  p r e d i  c  t ex  a c t  l y a l l  t h e  e f f e c  t s a p r o -

c e du  r e c a l  l h a  s , we ma y  d e t e rm i n e  a k i nd o f upp  e r bound f o r  i t .  So we

c omp u t e  a l l va r  i a b  l e s  t h a  t ma y b e  c h a ng e d  by P, a l t hough t h ey n e e d no t

b e  c h a ng e d  a t eve  r y i nv o c a  t i on o f P. We c a n  g e t ho l d  o f t h i  s s e  t by

j u s t  l ook  i  ng a t  a l l a s s  i gnme n  t ( s  t o r  e  ) i n s t  r u c  t i on s  i n t h e  body  o f P.

EM a l s o h a s  a  s e t o f indirect a s  s i gnme n  t i n s t  r u c  t i on s  , i . e .  a s s  i gnme n  t

t h r ough a  po i n t  e r va r  i a b  l e .  I n g e n e  r  a l ,  i t i s no t  po s  s i b l  e t o  d e t e r -

mi n e wh i  c h va r  i a b  l e i s a f f e c  t  e d by s u c h  a n  a s s  i gnme n  t . I n t h e  s  e

c a  s  e  s , we j u s  t r e c o  r  d t h e f a c  t t h a t  P do  e s a n i nd  i r e c t  a s s  i gnme n  t .

No t e t h a  t t h i  s do  e s no t  me a n t h a  t a l  l va  r i a b l  e s a r e  po t  e n t  i a l  l y

a f  f e c t e d ,  a s t h e  f r on t  e nd  s ma y g e n e  r  a t e  me s  s a g e  s t e l  l  i ng  t h a  t c e  r t a i n

va  r i a b l  e s c a n  n eve  r b e  a c c e  s s e d i nd  i r e c t  l y .  We a l s o s e t  a fla  g i f  P

do  e s a u s  e ( l o a d  ) i nd i  r e c  t . No t  e t h a t  we on l y  h av  e t o  l ook  a t global

va  r i a b l  e s .  I f P c h a ng e  s o r  u s e s  a ny o f i t s  l o c  a l s  , t h i  s h a  s no  e f f e c  t

on  i t s  e nv i r onme n  t . Lo c  a l va r  i a b  l e s  o f a l ex  i c a  l l y  e n c  l o s  i ng  p r o c e  -

du  r e c a n  on l y  b e a c c e  s s e d i nd  i r e c t  l y .
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A p r o c e du  r e P ma y o f  c ou  r s e  c a l  l a no t h e r  p r o c e du  r e .  To d e t e rm i n e

t h e e f f e c  t s o f a c a  l l t o P, we a l s o mu s  t know t h e  e f f e c  t s o f a c a  l l t o

t h e s e c ond p r o c e du  r e .  Th i  s s e c ond on e ma y  c a l  l a t h i  r d on e  , a nd s o

on . E f  f e c  t i ve l y ,  we n e e d t o c ompu t e t h e transitive closure o f  t h e  e f f e c  t s .

To do t h i  s , we d e t e rm i n e  f o r  eve  r y p r o c e du  r e wh i  c h o t h e r  p r o c e du  r e s  i t

c a  l l s  . Th i s s e t  i s t h e  " c a  l l i ng  " a t  t r i bu t e o f a p r o c e du  r e .  On e  ma y

r eg a  r d a l l  t h e  s  e s e  t s a s a c on c  e p t u a l  g r a ph  , i n  wh i  c h t h e  r  e i s  a n e dg  e

f r om P t o  Q i f  Q i s  i n t h e  c a l  l  i ng  s e t  o f P. Th i  s g r  a ph  wi l l  b e

r e f e r  r e d t o a s t h e call graph . (No t e t h e  r e s emb l a n c  e wi  t h t h e  c on t  r o l

flow g r a ph  ) .

We c a n  d e t e c t  wh i  c h p r o c e du  r e s  a r e  c a l  l e d by P by l ook  i  ng a t  a l l

CA L i n s t  r u c  t i on s  i n i t s  body  . Un f o r t un a  t  e  l y ,  a p r o c e du  r e ma y  a l s o b e

c a  l l e d i nd  i r e c t  l y ,  v i a  a CA I i n s t  r u c  t i on .  Ye t  , on  l  y p r o c e du  r e s  t h a  t

a r e  u s e d a s op e  r  a nd o f a n LP I  i n s  t r u c t  i on  c a n  b e c a  l l e d i nd  i r e c t  ,

b e  c  a u s e  t h i  s i s  t h e  on l y  wa y  t o t a k e t h e  a dd r  e s s o f a p r o c e du  r e .  We

d e  t  e rm i n e  f o r  eve  r y p r o c e du  r e wh e  t h e  r i t  do e  s a CAI i n s  t r u c t  i on  . We

a l  s o bu i  l d a s e t  o f a l l  p r o c e du  r e s  u s e d a s op e  r  a nd o f a n LP I  .

Af t e r  a l l  p r o c e du  r e s  h av  e b e  e n p r o c e  s s e d ( i . e .  a l l  CFG s a r e  c on  -

s t  r u c  t  e d , a l l  l oop  s a r e  d e t e c t e d ,  a l l  p r o c e du  r e s  a r e  a n a  l y z  e d t o  s e e

wh i c h  va r  i a b  l e s  t h ey ma y  c h a ng e  , wh i c h  p r o c e du  r e s  t h ey c a l  l , wh e  t h e  r

t h ey  do a CA I o r  a r e  u s e d i n a n LP I  ) t h e t r a n s  i t i ve  c l o s u  r e o f a l l

i n t  e r p r o c e du  r a l  i n f o rma t i on i s c ompu t e d  . Du r i ng t h e  s ame p r o c e  s s ,  t h e

c a  l l i ng  s e t  o f eve  r y p r o c e du  r e t h a  t u s  e  s a CAI i s ex t  e nd  e  d wi  t h t h e

a bov e me n t i on  e  d s e  t o f  a l l  p r o c e du  r e s  t h a  t c a n b e c a l  l e d i nd  i r e c t  .

4.6. Source files

Th e s ou r  c e s  o f CF a r e  i n t h e  f o l  l owi  ng fi l e s a nd  p a c k a g e  s :

c f  . h :  d e c  l  a r a  t i on s  o f g l ob a  l va  r i a b l  e s a nd  d a t a  s t r u c  t u r  e s

c f  . c :  t h e  r ou  t i n e ma i n ;  i n t e r p r o c e du  r a l  a n a  l y s  i  s  ; t r a n  s i t i ve  c l o -

s u  r e

s u c c  : c on t  r o l  flow ( s u c c e  s s o  r a nd p r e d e  c  e s s o r  )

i dom : imme d i a t e  dom i n a  t o r  s

l oop  : l oop  d e t e c t  i on

g e  t : r e a d ob j  e c t  a nd  p r o c e du  r e t a b  l e ;  r e a d EM t ex  t a nd p a r  t i t i on

i t  i n t o  b a s  i c b l o c k  s

pu  t : wr i  t e t a b  l e s  , CFGs a nd  EM t ex  t
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5. Inline substitution

5.1. Introduction

Th e I n  l i n e Sub s t i t u t  i on t e c hn  i  qu e ( I L )  t r i e s  t o d e c  r  e a s e  t h e  ove  r -

h e  a d a s  s o c  i  a  t  e d wi  t h p r o c e du  r e c a l  l s ( i nvo c a t  i on  s ) .  Du r  i ng  a  p r o c e  -

du  r e c a l  l , s ev  e r a  l a c  t i on s  mu s  t b e  und  e r t a k e n  t o s e t  up t h e  r i gh t

e nv i  r onme n t f o r  t h e  c a l  l e d p r o c e du  r e .  [ J ohn81 a ] On r e t u r n  f r om t h e

p r o c e du  r e ,  mo s  t o f  t h e  s  e e f  f e c t  s mu s t b e undon e . Th i  s e n  t i r e p r o c e  s s

i n t  r odu  c e s  s i gn i fic  a n t  c o s  t  s i n  exe  c u t  i on t ime a s we l  l a s  i n ob j  e c t

c od e  s i z e .

Th e i n l  i n e s ub  s t i t u t  i on t e c hn  i  qu e r e p  l a c e  s s ome o f t h e  c a l  l s by

t h e mod i fie  d body o f t h e  c a l  l e d p r o c e du  r e ,  h e n c  e e l  imi n a t  i ng  t h e  ove  r -

h e  a d . Fu r  t h e  rmo r e ,  a s t h e  c a l  l  i ng  a nd  c a l  l e d p r o c e du  r e a r e  now i n t  e -

g r  a t e d ,  t h ey c a n  b e op  t imi z e d  t og  e t h e r  , u s  i ng  o t h e r  t e c hn  i  qu e s  o f t h e

op  t imi z e r  . Th i s o f t e n  l e a d s  t o ex t  r a oppo r t un i  t  i e s  f o r op  t imi z a t  i on

[Ba l  l 79  a , Ca r  t 77  a , Sc h e 77 a  ]

An i n l  i n e s ub  s t i t u t  i on o f a c a  l l t o a p r o c e du  r e P  i n c  r  e a s e s  t h e

s i z e  o f t h e  p r og r  am, un l  e s s  P i s  ve r y sma l l o r P  i s c a l  l e d on l y  on c  e .

I n  t h e  l a t  t e r c a s e  , P c a n  b e e l  imi n a t e d .  I n p r a c t  i c e ,  p r o c e du  r e s  t h a  t

a r e  c a l  l e d on l y  on c  e o c  c u r qu i  t e f r e qu  e  n t l y ,  du e  t o t h e  i n t  r odu  c t i on

o f  s t r u c  t u r  e d p r og r  amm i ng  . (Ca r  t e r  [Ca r t 82 a  ] s t a t e s t h a  t a lmo s t 50%

o f  t h e  Pa s c a l  p r o c e du  r e s  h e a n a  l y z  e d we r e c a  l l e d j u s  t on  c e )  .

Sc  h  e i fle r  [ Sc  h  e  77  a ] h a s  a mo r e g e n e  r  a l v i ew o f i n l  i n e s ub  s t i t u t  i on .

I n  h i s  mod e l ,  t h e  p r og r  am und e r c on  s i d e r a  t i on i s a l l ow e d t o g r ow by a

c e  r t a i n amo u n t ,  i . e .  c od  e s i z e  i s s a c  r i fic e d t o s p e  e d up  t h e  p r og r  am.

Th e a bov e two c a s e s  a r e  j u s  t s p e c  i  a  l c a  s  e  s o f  h i s  mod e l ,  ob t  a  i n e d  by

s e  t t i ng  t h e  s i z e - c h a ng e  t o ( a pp r ox ima t e l y )  z e r o .  He f o rmu l a t e s t h e

s ub s  t i t u t  i on p r ob l  em a s f o l  l ows :

"G i ve  n a p r og r  am, a s ub s  e t o f a l l  i nv o c a  t i on s  , a ma x  imu m p r og r  am

s i z e  , a nd a ma x imum p r o c e du  r e s i z e ,  find  a s e qu  e  n  c e o f s ub  s t i t u -

t i on  s t h a t  mi n imi z e s  t h e  exp  e c t e d exe  c u t  i on t ime .  "

Sc  h  e i fle r  s hows t h a  t t h i  s p r ob l  em i s NP -  c omp l  e  t  e [Aho74 a , c h a p  t e r  10 ]

by  r e du c  t i on t o t h e  Kn a p  s a c k P r ob l  em. He u  r i s t  i c s  wi l l  h av  e t o  b e u s e d

t o  find  a  n e a  r - op t  ima l s o  l  u  t i on .

I n  t h e  f o l  l owi  ng c h a p  t e r  s we wi l l  ex t  e nd  Sc h e  i fle  r ’ s  v i ew a nd a d a p  t

i t  t o t h e  EM Gl ob a  l Op t imi z e r  . We wi l l  fi r s  t d e  s  c r i b e  t h e  t r a n s  f o rma -

t i on  s t h a t  h av  e t o  b e a pp  l i e d t o t h e  EM t ex  t wh e n a c a l  l i s  s ub  s t i -

t u t  e d i n l i n e .  Nex  t we wi l l  ex ami n e i n wh i  c h c a s e s  i n l  i n e s ub  s t i t u -

t i on  i s no t  po s  s i b l  e o r  d e s  i r a b l  e . He u  r i s t  i c s  wi l l  b e d ev  e l op e d  f o r

c ho s  i ng  a  good s e qu  e  n  c e o f s ub  s t i t u t  i on s  . Th e s e  h e u  r i s t  i c s  ma k e no

d ema nd on t h e  u s e  r ( s u c h  a s ma k  i  ng p r ofi l  e s [ Sc  h  e  77  a ] o r g i v  i  ng p r a g -

ma t s [ I c hb83 a , s e c  t i on 6 . 3 . 2 ] )  , a l  t hough t h e  mod e l c ou  l  d e a  s i l y b e

ex  t e nd e d  t o u s e  s u c h  i n f o rma t i on .  F i n a l  l y ,  we wi l l  d i s c u  s s t h e  imp l e -

me n t a t  i on  o f t h e  I L ph a s e  o f t h e op t  imi z e r  .

We wi l l  o f t e n  u s e  t h e  t e rm i n l  i n e exp  a  n s i on  a s a s ynonym o f i n l  i n e

s ub s  t i t u t  i on .

Th e i nve  r s e  t e c hn  i  qu e o f p r o c e du  r e a b s  t r a c t  i on  ( a u  t  oma t i c  s ub  r  ou t i n e

g e n e  r  a t i on  ) [ Sh a  f 78  a ] wi l l  no t  b e d i s c u  s s e d i n t h i  s r e po  r t .

5.2. Parameters and local variables.

I n  t h e  EM c a l  l  i ng  s e qu e n c  e , t h e  c a l  l  i ng  p r o c e du  r e pu s h e s  i t s

p a  r  ame t e r s  on t h e  s t a c k  b e f o r  e do  i  ng t h e CAL . Th e c a  l l e d r ou  t i n e fi r s  t
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s ave  s s ome s t a t u s  i n f o rma t i on on t h e  s t a c k  a nd t h e n  a l l o c  a t e s s p a  c  e

f o r  i t s  own l o c  a l s  ( a l  s o on t h e  s t a c k  ) . Us u a l  l y ,  on e  s p e  c i a l  pu r po s  e

r eg i  s  t e r  , t h e Lo c  a l Ba s e  ( LB ) r eg i  s  t e r  , i s  u s e d t o a c c e  s s bo t h  t h e

l o c a  l s a nd  t h e  p a r ame t e r s  . I f  memo r y  i s h i gh l y  s egme n t e d ,  t h e  s t a c k

f r ame s  o f t h e c a l  l e r a nd  t h e  c a l  l e e ma y  b e a l  l o c  a t e d i n d i f f e r e n t

f r a gme n t s ;  a n ex t  r a Ar gume n  t Ba s e (AB)  r eg  i s t e r  i s u s e d i n t h i  s c a  s  e

t o  a c c e  s s t h e  a c t u a  l p a  r  ame t e r s  . Se  e 4 . 2  o f [ Ta n e 83 a  ] f o r  f u r t h e r

d e  t  a  i l s  .

I f  a p r o c e du  r e c a l  l i s  exp  a  nd  e  d i n  l i n e ,  t h e  r  e a r e  two p r ob l  ems :

1 .

No s t a c k  f r ame wi l l  b e a l l o c  a t e d f o r  t h e  c a l  l e d p r o c e du  r e ;  we mu s  t

fin d a no t h e r  p l a c e  t o pu t  i t s  l o c  a l s  .

2 .

Th e LB r eg  i s t e r  c a nno  t b e  u s e d t o a c c e  s s t h e  a c t u a  l p a  r  ame t e r s  ; a s

t h e CAL i n s  t r u c t  i on  i s d e l e t e d ,  t h e  LB wi l l  s t i l l  po i n t  t o t h e l o c  a l

b a  s  e o f  t h e calling p r o c e du  r e .

Th e l o c a  l va  r i a b l  e s o f t h e  c a l  l e d p r o c e du  r e wi l l  b e pu t  i n t h e s t a c k

f r ame o f t h e  c a l  l  i ng  p r o c e du  r e ,  j u s  t a f  t e r  i t s  own l o c  a l s  . Th e s i z e

o f  t h e  s t a c k  f r ame o f t h e  c a l  l  i ng  p r o c e du  r e wi l l  b e i n c  r  e a s e d du r  i ng

i t s e n t  i r e  l i f e t  ime . Th e r e f o r  e ou  r mo d e l  wi l l  a l l ow a l imi t t o  b e s e t

on  t h e  numb e  r o f  by t  e s f o r  l o c  a l s  t h a  t t h e c a l  l e d p r o c e du  r e ma y  h ave

( s e e  n ex  t s e c t  i on  ) .

Th e r e  a r e s eve  r  a l a l t e r n a  t i ve s  t o a c c e  s s t h e  p a r ame t e r s  . An

a c  t u a  l p a  r  ame t e r ma y  b e a ny a ux i l i a r y exp  r e s  s i on ,  wh i  c h we wi l l  r e f e r

t o  a s t h e actual parameter expression . Th e  va l u e  o f t h i  s exp r  e s s i on  i s s t o r e d

i n  a l o c a  t i on on t h e  s t a c k  ( s e e a bove  ) , t h e parameter location .

Th e a l  t e r n a t  i ve  s f o r  a c c e  s s i ng  p a r ame t e r s  a r e  :

- s av  e t h e va l u e  o f t h e  s t a c kpo  i  n  t e r  a t t h e  po i n t  o f t h e  CAL i n a

t emp o r a r y va r  i a b  l e X; t h i  s va  r i a b l  e c a n b e u s e d t o s imu l  a  t  e t h e AB

r eg i  s  t e r  , i . e .  p a r ame t e r l o c  a t i on  s a r e  a c c e  s s e d v i a  a n o f f s e  t t o

t h e va l u e  o f X .

- c r e a t e  a n ew t empo r a r y l o c  a l va r  i a b  l e T  f o r  t h e  p a r ame t e r ( i n  t h e

s t a c k f r ame o f t h e  c a l  l e r )  ; ev  e r y  a c c e  s s t o t h e  p a r ame t e r l o c  a t i on

mu s t b e c h a ng e d  i n t o  a n a c c e  s s t o T.

- do no t  eva  l u a  t  e t h e a c t u a  l p a  r  ame t e r exp  r e s  s i on b e f o r  e t h e c a l  l  ;

i n s t e a d ,  s ub  s t i t u t  e t h i  s exp r  e s s i on  f o r  eve  r y u s e  o f t h e p a r ame t e r

l o c a  t i on .

Th e fi r  s t me t hod  ma y  b e exp e n  s i ve i f X  i s no t  pu t  i n a r eg  i s t e r  . We

wi  l  l no  t u s  e t h i  s me t hod  . Th e t ime r e qu i  r e d  t o eva  l u a  t  e a nd a c c e  s s

t h e p a r ame t e r s  wh e n  t h e  s e c ond  me t hod  i s u s e d wi l l  no t  d i f f e r  mu c h

f r om t h e  no rma l c a  l l i ng  s e qu e n c  e ( i  . e .  no t  i n l i n e  c a l  l ) .  I t i s no t

exp e n  s i ve ,  bu t  t h e r e  a r e no  ex t  r a s av  i  ng s  e i t h e  r . Th e  t h i  r d me t hod  i s

e s  s e n t  i a l  l y t h e  ’ by  n ame ’  p a r ame t e r me c h a n  i sm o f Al go l 60 .  I f t h e

a c  t u a  l p a  r  ame t e r i s j u s  t a nume r  i c c on  s t a n t  , i t  i s a dv  a n t  a g e ou s  t o u s e

i t  . Ye t , t h e  r  e a r e  s ev  e r a  l c i  r c ums t a n c  e s und  e r wh i  c h i t c a nno  t o r

s hou  l  d no  t b e  u s e d .  We wi l l  d e a  l wi  t h t h i  s i n  t h e n ex  t s e c t  i on  .

I n  g e n e  r  a l we wi l l  u s e  t h e  t h i  r d me t hod  , i f  i t i s po s  s i b l  e a nd d e s  i r -

a b  l e .  Su c h  p a r ame t e r s  wi l l  b e c a l  l e d in line parameters . I n a l l  o t h e r

c a  s  e  s we wi l l  u s e  t h e  s e c ond  me t hod  .
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5.3. Feasibility and desirability analysis

Fe a s i b i  l  i  t y a nd d e s  i r a b i  l  i  t y a n a  l y s  i  s o f  i n l i n e s ub  s t i t u t  i on d i f -

f e r  s omewh a  t f r om mo s  t o t h e r  t e c hn  i  qu e s  . Us u a l  l y ,  mu c h  e f f o r  t i s

n e  e d e d t o  find  a f e a s  i b l  e oppo r t un i  t y f o r  op t  imi z a t  i on  ( e . g .  a r e dun  -

d a n  t s ub exp  r e s  s i on )  . De s i r a b  i l i t y a n a  l y s  i  s t h e n  c h e c k  s i f  i t i s

r e a l  l y a dv  a n t  a g e ou s  t o do t h e  op t  imi z a t  i on  . Fo r I L  , oppo  r t un i  t  i e s  a r e

e a  s y t o find . To s e e  i f a n i n l i n e exp  a  n s i on  i s d e s  i r a b l  e wi  l  l no  t b e

h a  r d e i t h e  r . Ye t  , t h e ma i n p r ob l  em i s t o find t h e  mo s  t d e  s i r a b  l e on e  s .

We wi l l  d e a  l wi  t h t h i  s p r ob l  em l a t e r a nd  we wi l l  fi r s  t a t  t e nd  f e a  s i b i  l -

i t y a nd  d e s  i r a b i  l  i  t y a n a  l y s  i  s .

Th e r e  a r e s eve  r  a l r e a  s on  s wh y a p r o c e du  r e i nv o c a  t i on c a nno t o r

s hou  l  d no  t b e  exp  a  nd  e  d i n  l i n e .

A c a l  l t o  a  p r o c e du  r e P c a nno t b e  exp  a  nd  e  d i n  l i n e i n a ny o f t h e  f o l  -

l owi  ng c a s e s  :

1 .

Th e body o f P  i s no t  ava  i l a b l  e a s  EM t ex  t . C l e a r  l y ,  t h e  r  e i s  no wa y

t o  do t h e  s ub  s t i t u t  i on .

2 .

P,  o r a ny p r o c e du  r e c a l  l e d by P  ( t r a n  s i t i ve  l y )  , f o  l l ows t h e  c h a i n  o f

s t a t  i c a l  l y e n c  l o s  i ng  p r o c e du  r e s  ( v i a  a LXL o r LXA i n s  t r u c t  i on  ) o r

f o  l l ows t h e  c h a i n  o f dyn  ami c a l  l y e n c  l o s  i ng  p r o c e du  r e s  ( v i a  a DCH ) .

I f  t h e  c a l  l we r e exp a nd e d  i n l i n e ,  on e  l ev  e l wou l  d b e  r emov e d f r om

t h e c h a  i n s  , l e a d  i  ng t o t o t  a  l c h a o  s . Th i  s c h a o  s c ou l d  b e s o l ve d  by

p a  t  c h i ng up eve  r y LXL , LXA o r DCH i n a l l  p r o c e du  r e s  t h a  t c ou l d  b e

p a  r t o f t h e  c h a i n s ,  bu t  t h i s i s h a r d t o imp l eme n  t .

3 .

P,  o r a ny p r o c e du  r e c a l  l e d by P  ( t r a n  s i t i ve  l y )  , c a  l l s  a p r o c e du  r e

wh o s e  body  i s no t  ava  i l a b l  e a s  EM t ex  t . Th e  unknown p r o c e du  r e ma y

u s  e a n  LXL , LXA o r DCH . Howe ve r  , i n  s ev  e r a  l l a ngu  a  g  e s a s e p a  r  a t e l y

c omp i l e d p r o c e du  r e h a s  no a c c e  s s t o t h e  s t a t  i c o r  dyn  ami c c h a  i n .  I n

t h i  s c a  s  e t h i  s po  i  n  t do  e s no t  a pp  l  y .

4 .

P,  o r a ny p r o c e du  r e c a l  l e d by P  ( t r a n  s i t i ve  l y )  , u s  e  s t h e LPB

i n s t  r u c  t i on ,  wh i  c h c onve  r t s  a l o c a  l b a  s  e t o  a n a r gume n  t b a  s  e ; a s t h e

l o c a  l s a nd  p a r ame t e r s  a r e  s t o r e d i n a non - s t a nd a  r d wa y  ( d i  f f e r  i ng

f r om t h e  no rma l EM c a l  l  i ng  s e qu e n c  e ) t h i  s i n s t  r u c  t i on wou l  d y i  e  l d

i n c o  r r e c t  r e s u l  t s .

5 .

Th e t o t  a  l numb e r o f by t  e s o f t h e  p a r ame t e r s  o f P  i s no t  known . P

ma y b e  a p r o c e du  r e wi t h a va r  i a b  l e numb e  r o f  p a r ame t e r s  o r ma y  h ave

a n  a r r a y  o f dyn  ami c s i z e  a s va l u e  p a r ame t e r .

I t  i s und  e s i  r a b  l e t o exp  a  nd a c a l  l t o  a  p r o c e du  r e P  i n l i n e i n a ny o f

t h e f o l  l owi  ng c a s e s  :

1 .

P i s l a r g e  , i . e .  t h e  numb e  r o f  EM i n s  t r u c t  i on  s o f  P ex  c e e d s  s ome

t h r e s ho l d  . Th e exp a nd e d  c od e  wou l  d b e  l a r g e  t oo  . Fu r t h e rmo r e ,  s ev  -

e r a  l p r og r  ams i n ACK , i n c l ud  i  ng t h e g l ob a  l op  t imi z e r  i t s e l  f , ma y  r un

ou t o f  memo r y  i f t h ey t h ey h av  e t o  r un  i n a  sma l l a dd  r e s  s s p a c e  a nd

a r e  p r ov i d e d  ve r y l a r g e  p r o c e du  r e s  . Th e t h r e s ho l d  ma y  b e s e  t t o

i nfin i t e  , i n  wh i  c h c a s e  t h i  s po  i  n  t do  e s no t  a pp  l  y .
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2 .

P h a s  ma ny l o c  a l va r  i a b  l e s  . Al  l t h e s e  va r  i a b  l e s  wou l  d h ave  t o b e

a l  l o c  a t e d i n t h e  s t a c k  f r ame o f t h e  c a l  l  i ng  p r o c e du  r e .

I f  a c a  l l ma y  b e exp a nd e d  i n l i n e ,  we h av  e t o  d e c  i d e  how t o a c c e  s s

i t s p a r ame t e r s  . I n  t h e  p r ev i ou s  s e c  t i on we s t a t e d t h a  t we wou l  d u s  e

i n  l i n e p a r ame t e r s  wh e n eve  r po  s s i b l  e a nd d e s  i r a b l  e . Th e  r  e a r e  s ev  e r a  l

r e a s on  s wh y a p a r ame t e r c a nno  t o r  s hou  l  d no  t b e  exp  a  nd  e  d i n  l i n e .

No p a r ame t e r o f a p r o c e du  r e P c a n  b e exp a nd e d  i n l i n e ,  i n a ny o f t h e

f o  l l owi  ng c a s e s  :

1 .

P,  o r a ny p r o c e du  r e c a l  l e d by P  ( t r a n  s i t i ve  l y )  , do  e s a s t o r e -  i nd  i -

r e c t  o r a u s  e - i nd  i r e c t  ( i . e .  t h r ough a  po i n t  e r )  . Howe ve r  , i f  t h e

f r on  t - e nd  h a s  g e n e  r  a t e d me s  s a g e  s t e l  l  i ng  t h a  t c e  r t a i n p a r ame t e r s  c a n

no  t b e  a c c e  s s e d i nd  i r e c t  l y ,  t ho  s e p a r ame t e r s  ma y  b e exp a nd e d  i n

l i n e  .

2 .

P,  o r a ny p r o c e du  r e c a l  l e d by P  ( t r a n  s i t i ve  l y )  , c a  l l s  a p r o c e du  r e

wh o s e  body  i s no t  ava  i l a b l  e a s  EM t ex  t . Th e  unknown p r o c e du  r e ma y

do a s t o r  e  - i nd i  r e c  t o r  a u s  e - i nd  i r e c t  . Howe ve r  , t h e s ame r ema r k

a bou t f r on  t - e nd  me s  s a g e  s a s  f o r 1 .  ho l d s h e r e  .

3 .

Th e a dd r  e s s o f a p a  r  ame t e r l o c  a t i on  i s t a k e n  ( v i  a a LAL ) . I n t h e

no  rma l c a  l l i ng  s e qu e n c  e , a l l  p a r ame t e r s  a r e  s t o r e d s e qu e n  t i a l  l y .  I f

t h e a dd  r e s  s o f  on e  p a r ame t e r l o c  a t i on  i s t a k e n  , t h e a dd  r e s  s o f  a ny

o t h e r  p a r ame t e r l o c  a t i on  c a n  b e c omp u t e d f r om i t .  He n c  e we mu s  t pu  t

ev  e r y  p a r ame t e r i n a  t empo r a r y l o c  a t i on  ; f u r  t h e  rmo r e ,  a l l  t h e  s  e

l o c a  t i on s  mu s  t b e  i n t h e  s ame o r d e r  a s f o r  t h e  no rma l c a  l l i ng

s e qu  e  n  c e .

4 .

P h a s  ove  r l a pp  i  ng p a  r  ame t e r s  ; f o r  ex amp l e ,  i t u s e s  t h e  p a r ame t e r a t

o f  f s e  t 10  bo t h  a s a 2 by t  e a nd a s a 4 by t  e p a  r  ame t e r .  Su c h  c od e  ma y

b e  p r odu  c e d  by t h e  f r on t  e nd  s i f  t h e  f o rma l p a  r  ame t e r i s o f s ome

r e c o  r  d t yp e  wi t h va r  i a n  t s .

Some t ime s  a  s p e  c i fic p a r ame t e r mu s  t no  t b e  exp  a  nd  e  d i n  l i n e .

An a c t u a  l p a  r  ame t e r exp  r e s  s i on c a nno t b e  exp  a  nd  e  d i n  l i n e i n a ny o f

t h e f o l  l owi  ng c a s e s  :

1 .

P s t o r e s i n t o  t h e p a r ame t e r l o c  a t i on  . Ev e n i f t h e  a c t u a  l p a  r  ame t e r

exp r  e s s i on  i s a  s imp l  e va  r i a b l  e , i t i s i n c o  r r e c t  t o c h a ng e  t h e

’ s  t o r  e i n t o  f o rma l ’ i n t o  a ’ s  t o r  e i n t o  a c t u a  l ’ ,  b e c a u s  e o f  t h e

p a  r  ame t e r me c h a n  i sm u s e d .  I n Pa s c a l  , t h e f o l  l owi  ng exp  a  n s i on  i s

i n c o  r r e c t  :

p r o c e du  r e p  ( x :  i n t eg  e r )  ;

b eg i n

x : = 20 ;

e nd ;

. . .

a : = 10 ;  a : =  10 ;

p (  a  ) ; - - - > a : =  20 ;

wr i t e ( a )  ; wr i t e ( a )  ;
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2 .

P c h a ng e  s a ny o f t h e  op e  r  a nd s  o f t h e  a c t u a  l p a  r  ame t e r exp  r e s  s i on .

I f  t h e  exp  r e s  s i on i s exp  a  nd  e  d a nd eva  l u a  t  e d a f  t e r  t h e  op e  r  a nd h a s

b e  e n c h a ng e d  , t h e wr ong va l u e  wi l l  b e u s e d .

3 .

Th e a c  t u a  l p a  r  ame t e r exp  r e s  s i on h a s  s i d e e f f e c  t s .  I t mu s  t b e  eva  l u -

a t e d on l y  on c  e , a t t h e  p l a c e  o f t h e  c a l  l .

I t  i s und  e s i  r a b  l e t o exp  a  nd a n  a c t u a  l p a  r  ame t e r i n l i n e i n t h e  f o l  l ow-

i ng c a s e  :

1 .

Th e p a  r  ame t e r i s u s e d mo r  e t h a n  on c  e ( dyn  ami c a l  l y )  a nd  t h e  a c t u a  l

p a  r  ame t e r exp  r e s  s i on i s no t  j u s t  a s imp l e va r  i a b  l e o r c on  s t a n t  .

5.4. Heuristic rules

Us i ng  t h e  i n f o rma t i on d e s c  r i b e d  i n t h e  p r ev i ou s  s e c  t i on ,  we c a n

fin d a l  l c a  l l s  t h a  t c a n b e exp  a  nd  e  d i n  l i n e ,  a nd  f o r  wh i  c h t h i  s exp a n  -

s i on  i s d e s  i r a b l  e . I n g e n e  r  a l ,  we c a nno t exp a nd a l l  t h e  s  e c a  l l s  , s o

we h av  e t o  c hoo  s e t h e  ’ b e  s t ’  on e  s . Wi t h eve  r y CAL i n s  t r u c t  i on  t h a  t

ma y b e  exp  a  nd  e  d , we a s s o c  i  a  t  e a pay off , wh i  c h exp  r e s  s e s how d e s  i r a b l  e i t

i s  t o exp  a  nd t h i  s s p e c  i fic  CAL .

Le t Tc d e no t  e t h e po r  t i on o f EM t ex  t i nvo l  ve d  i n a  s p e  c i fic c a l  l , i . e .

t h e pu s h  i  ng o f t h e  a c t u a  l p a  r  ame t e r exp  r e s  s i on s  , t h e CAL i t s e l  f , t h e

popp i  ng o f  t h e  p a r ame t e r s  a nd  t h e  pu s h  i  ng o f t h e  r e s u l  t ( i f  a ny , v i  a

a n  LFR ) . Le t  Te d e no t  e t h e EM t ex  t t h a t  wou l  d b e  ob t  a  i n e d  by exp  a  nd -

i ng t h e  c a l  l i n  l i n e .  Le t  Pc b e t h e  o r i g i n a l  p r og r  am a nd Pe t h e p r o -

g r  am wi t h Te s ub  s t i t u t  e d f o r  Tc .  Th e  p a y o f  f o f  t h e  CAL d e p e nd s  on

two f a c  t o r  s :

- T = exe  c u t  i on_  t ime ( Pe  ) - exe  c u t  i on_  t ime ( Pc  )

- S = c od e  _ s i z e  ( Pe  ) - c od  e  _ s i z e  ( Pc  )

Th e c h a ng e  i n exe  c u t  i on t ime ( T )  d e p e nd s  on :

- T1 =  exe  c u t  i on_  t ime ( Te ) - exe  c u t  i on_  t ime ( Tc )

- N = numb e  r o f  t ime s  Te o r Tc g e t  exe  c u t  e d .

We a s s ume t h a  t T1 wi l l  b e t h e  s ame eve  r y t ime t h e  c od e  g e t s  exe  c u t  e d .

Th i s i s a  r e a  s on  a  b l e  a s s ump t  i on .  (No t e t h a  t we a r e  t a l k i ng a bou t on  e

CA L , no t  a bou  t d i  f f e r e n t  c a l  l s t o t h e  s ame p r o c e du  r e )  . He n c e

T = N *  T1

T1 c a n  b e e s  t ima t e d by a  c a r e f u l  a n a  l y s  i  s o f  t h e  t r a n s  f o rma t i on s  t h a  t

a r e  p e r  f o rme d . Be l ow , we l i s t  eve  r y t h i ng t h a  t wi  l  l b e  d i f f e r e n t  wh e n

a c a l  l i s  exp  a  nd  e  d i n  l i n e :

- Th e  CAL i n s  t r u c t  i on  i s no t  exe  c u t  e d .  Th i  s s ave  s a s ub  r  ou t i n e

j ump .

- Th e  i n s  t r u c t  i on  s i n  t h e p r o c e du  r e p r o  l  og a r e  no t  exe  c u t  e d .  Th e  s  e

i n s t  r u c  t i on s  , g e n e  r  a t e d f r om t h e  PRO p s e udo , s ave  s ome ma c h i n e

r eg i  s  t e r  s ( i n c  l ud  i  ng t h e o l d  LB)  , s e  t t h e n ew LB a nd a l l o c  a t e

s p a c e  f o r  t h e  l o c  a l s  o f t h e  c a l  l e d r ou  t i n e .  Th e  s av  i  ng s  ma y  b e

l e s s  i f t h e  r  e a r e  no l o c  a l s  t o a l l o c  a t e  .

- I n l i n e p a r ame t e r s  a r e  no t  eva  l u a  t  e d b e  f o r  e t h e c a l  l a nd a r e  no t

pu  s  h e d  on t h e  s t a c k  .
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- Al l  r ema i n i ng p a r ame t e r s  a r e  s t o r e d i n l o c  a l va r  i a b  l e s  , i n s t e a d o f

b e  i ng  pu s h e d  on t h e  s t a c k  .

- I f t h e  numb e  r o f  p a r ame t e r s  i s non  z e r o ,  t h e  ASP i n s  t r u c t  i on  a f t e r

t h e CAL i s no t  exe  c u t  e d .

- Eve  r y r e f e r e n c  e t o  a n i n l i n e p a r ame t e r i s s ub  s t i t u t  e d by t h e

p a  r  ame t e r exp  r e s  s i on .

- RET ( r e  t u r n )  i n s  t r u c t  i on  s a r e  r e p l  a c e d by BRA ( b r  a n c h  ) i n s t  r u c  -

t i on  s . I f t h e  c a l  l e d p r o c e du  r e ’ f a  l l s  t h r ough ’ ( i  . e .  i t h a s  on l y

on  e RE T, a t t h e  e nd o f i t s  c od  e ) ,  eve  n t h e BRA i s no t  n e e d e d  .

- Th e  LFR ( f e  t  c h f un  c t i on  r e s u l  t ) i s no t  exe  c u t  e d

Be s i d e s  t h e  s  e c h a ng e  s , wh i  c h a r e  c a u  s e d  d i r e c  t l y  by I L ,  o t h e r

c h a ng e  s ma y o c  c u r a s I L i nflu e n c e s  o t h e r  op t  imi z a t  i on  t e c hn  i  qu e s  , s u c h

a s  Reg  i s t e r  Al l o c  a t i on  a nd  Con s t a n t  P r op a g a t  i on  . Ou r h e u  r i s t  i c r u l  e s

do  no t t a k e i n t o  a c c oun t t h e qu i  t e i np  r e d  i c t a b l  e e f  f e c t  s on  Reg  i s t e r

Al  l o c  a t i on  . I t  do e  s , how eve  r , f avou  r c a  l l s  t h a  t h ave  nume r  i c constants

a s  p a r ame t e r ;  e s p e c  i  a  l l y  t h e c on  s t a n t  " 0 "  a s a n i n l  i n e p a r ame t e r g e t  s

h i gh s c o  r e s  , a s  f u r t h e r  op t  imi z a t  i on  s ma y o f  t e n  b e po  s s i b l  e .

I t  c a nno  t b e  d e t e rm i n e d  s t a t  i c a l  l y how o f t e n  a CA L i n s t  r u c  t i on

g e  t s exe  c u t  e d .  We wi l l  u s e loop nesting i n f o rma t i on h e r e  . Th e n e  s t i ng

l eve  l o f  t h e  l oop  i n wh i  c h t h e  CAL a pp  e a r  s ( i f  a ny ) wi  l  l b e  u s e d a s a n

i nd i  c a t  i on  f o r  t h e  numb e  r o f  t ime s  i t g e t  s exe  c u t  e d .

Ba s e d on a l l  t h e  s  e f a c t  s , t h e  p a y o f  f o f  a c a  l l wi l l  b e c ompu t e d  .

Th e f o  l l owi  ng mod e l wa s  d ev  e l op e d  emp i r i c a  l l y . As s ume p r o c e du  r e P

c a  l l s  p r o c e du  r e Q . Th e  c a l  l t a k e  s p l  a c e  i n b a s  i c b l o c k  B .

ZP = # z e r o p a r ame t e r s

CP = # c on s t a n t  p a r ame t e r s  - ZP

LN = Lo o p Ne s t i ng  l ev  e l ( 0 i f ou t  s  i d e a ny l oop  )

F = if # f o rma l p a  r  ame t e r s  o f Q > 0 then 1 else 0

FT = if Q f a l  l s t h r ough then 1 else 0

S = s i z e  (Q) - 1 - #  i n l  i n e _p a  r  ame t e r s  - F

L = if # l o c  a l va r  i a b  l e s  o f  P > 0 then 0 else - 1

A = CP + 2 * ZP

N = if LN =0 a nd P i s  n ev  e r c a l  l e d f r om a  l oop then 0 else ( LN+ 1 ) **2

FM = if B i s a fi rm b l o c k then 2 else 1

p a y_o f f = ( 100  / S + FT +  F  + L + A) * N *  FM

S s t a nd  s f o r  t h e  s i z e i n c  r  e a s e  o f t h e p r og r  am, wh i  c h i s s l i gh  t l y  l e s  s

t h a n  t h e  s i z e o f Q . Th e  s i z e o f a p r o c e du  r e i s t a k e n  t o b e i t s  numb e  r

o f  ( non  -  p s e udo  ) EM i n s  t r u c t  i on  s . Th e  t e rms " l oop  n e s  t i ng l ev  e l "  a nd

" fi  rm" we r e  d efin e d  i n t h e  c h a p t e r on t h e  I n t  e rme d  i a t e  Cod e ( s e c  t i on

" l oop  t a b  l e s  " ) .  I f a c a  l l i s no t  i n s i d e  a l oop  a nd  t h e  c a l  l  i ng  p r o c e  -

du  r e i s i t s e l  f n eve  r c a  l l e d f r om a  l oop  ( t r a n  s i t i ve  l y )  , t h e n  t h e  c a l  l

wi  l  l p r ob a b  l  y b e  exe  c u t  e d a t mo s  t on  c e .  Su c h  a c a  l l i s n ev  e r exp  a  nd  e  d

i n  l i n e ( i t s p a y  o f f  i s z e r o )  . I f  t h e  c a l  l  i ng  p r o c e du  r e do e  s n ’  t h ave

l o c a  l va  r i a b l  e s ,  a p e n a  l t y  ( L )  i s i n t  r odu  c e d  , a s  i t wi l l  mo s  t l i k e  l y

g e  t l o c a  l va  r i a b l  e s i f t h e  c a l  l g e  t s exp  a  nd  e  d .

5.5. Implementation

A ma j o r  f a c  t o r  i n t h e  imp l eme n  t a t  i on  o f I n l  i n e Sub s t i t u t  i on i s t h e

r e qu  i r eme n t no t  t o u s  e a n  ex c  e s s  i ve  amo u n t o f memo r y . I L e s s e n  t i a l  l y
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a n a  l y z  e s t h e  e n t i r e  p r og r  am; i t ma k e s  d e c  i s i on  s b a  s  e d on  wh i  c h p r o c e  -

du  r e c a l  l s a pp  e a r  i n t h e  who l e p r og r  am. Ye t  , b e  c  a u s e  o f t h e memo r y

r e s t  r  i c t  i on  , i t  i s no t  f e a  s i b l  e t o  r e a d t h e  e n t i r e  p r og r  am i n ma i n

me mo r y . To s o l ve t h i  s p r ob l  em, t h e  I L ph a s e  h a s  b e e n s p l  i  t up  i n t o

t h r e e s ubph a s e s  t h a  t a r e  exe  c u t  e d s e qu e n  t i a l  l y :

1 .  a n a  l y z  e ev  e r y  p r o c e du  r e ;  s e e  how i t a c c e  s s e s  i t s  p a r ame t e r s  ;

s imu l t a n e ou s  l y c o l  l e c  t a l  l c a  l l s  a pp  e a r  i ng  i n t h e  who l e p r og r  am a n

pu t t h em i n a call-list .

2 .  u s e  t h e  c a l  l - l  i s t  a nd  d e c  i d e  wh i  c h c a l  l s wi l l  b e s ub  s t i t u t  e d i n

l i n e  .

3 .  t a k e t h e  d e c i  s  i on  s o f  s ubph a s e  2  a nd  mod i f y  t h e  p r og r  am a c c o r d -

i ng l y .

Su b p h a s e s  1 a nd 3  s c a n t h e  i npu  t p r og r  am; on l y  s ubph a s e  3 mo d i fie s  i t .

I t  i s e s s e n  t i a l  t h a  t t h e d e c  i s i on  s c a n b e ma d e  i n s ubph a s e  2 wi  t hou  t

u s  i ng  t h e  i npu  t p r og r  am, p r ov i d e d  t h a  t s ubph  a s e  1 pu  t s e nough i n f o rma -

t i on  i n t h e  c a l  l - l  i s t  . Su b p h a s e  2 k e  e p s  t h e  e n t i r e  c a l  l - l  i s t  i n ma i n

me mo r y  a nd  r e p e  a t e d l y  s c a n s  i t ,  t o find t h e  n ex t  b e s  t c a nd  i  d a t e  f o r

exp a n  s i on .

We wi l l  s p e  c i f y t h e  d a t a  s t r u c  t u r  e s u s  e d by I L b e f o r  e d e  s  c r i b i ng

t h e s ubph a s e s  .

5.5.1. Data structures

5.5.1.1. The procedure table

I n  s ubph a s e  1 i n f o rma t i on i s g a t h e  r  e d a bou t ev  e r y  p r o c e du  r e a nd

a dd e d  t o t h e  p r o c e du  r e t a b  l e .  Th i  s i n f o rma t i on i s u s e d by t h e  h e u r i s -

t i c r u l  e s .  A p r o c t a b l  e e n  t r y  f o r  p r o c e du  r e p h a  s t h e f o l  l owi  ng ex t  r a

i n f o rma t i on :

- i s i t a l l ow e d t o s ub  s t i t u t  e a n  i nv o c a  t i on o f p  i n l i n e ?

- i s i t a l l ow e d t o pu t  a ny p a r ame t e r o f s u c h  a c a  l l i n l i n e ?

- t h e  s i z e o f p ( numb e r o f EM i n s  t r u c t  i on  s )

- do e  s p ’ f a  l l t h r ough ’ ?

- a d e  s  c r i p t  i on o f t h e  f o rma l p a  r  ame t e r s  t h a  t p a c c e  s s e s  ; t h i  s

i n f o rma t i on i s ob t  a  i n e d  by l ook  i  ng a t  t h e  c od e  o f p . Fo r  eve  r y

p a  r  ame t e r f , we r e c o r d  :

- t h e  o f f s e  t o f  f

- t h e  t yp  e o f  f  (wo r d , doub  l e wo r d  , po  i  n  t e r  )

- ma y  t h e  c o r r e s pond i  ng a c  t u a  l p a  r  ame t e r b e pu t  i n l i n e  ?

- i s f ev  e r a c c e  s s e d i nd  i r e c t  l y ?

- i f f u s  e d :  n ev  e r ,  on c  e o r  mo r  e t h a n  on c  e  ?

- t h e  numb e  r o f  t ime s  p i s  c a l  l e d ( s e e b e l ow )

- t h e  fi l e  a dd  r e s  s o f  i t s  c a l  l - c oun  t i n f o rma t i on ( s e e b e l ow ) .

5.5.1.2. Call-count information

As a r e s u  l t o f I n l  i n e Sub s t i t u t  i on ,  s ome p r o c e du  r e s  ma y  b e c ome

u s  e l e s s  , b e  c  a u s e  a l l  t h e  i r i nv o c a  t i on s  h av  e b e  e n s ub s  t i t u t  e d i n l i n e .

On e o f  t h e  t a s k s  o f I L i s t o k e e p t r a c k  wh i  c h p r o c e du  r e s  a r e  no l ong  e r

c a  l l e d .  No t  e t h a t  I L i s e s p e c  i  a  l l y  k e e n on p r o c e du  r e s  t h a  t a r e  c a l  l e d
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on  l  y on  c e ( po  s s i b l y  a s a  r e s u l  t o f  exp  a  nd i ng a l l  o t h e r  c a l  l s t o i t )  .

So we wa n  t t o  know how ma ny t ime s  a p r o c e du  r e i s c a l  l e d during I n  l i n e

Su b s t  i  t u t  i on .  I t i s no t  good  e nough t o c ompu t e t h i  s i n f o rma t i on

a f  t e rwa r d s  . Th e t a s k  i s r a t h e  r c omp l ex  , b e  c  a u s e  t h e  numb e  r o f  t ime s  a

p r o c e du  r e i s c a l  l e d va r  i e s  du r  i ng  t h e  e n t i r e  p r o c e  s s :

1 .  I f a c a  l l t o p  i s s ub  s t i t u t  e d i n l i n e ,  t h e  numb e  r o f  c a l  l s t o p

g e  t s d e c  r  eme n t e d by 1 .

2 .  I f a c a  l l t o p  i s s ub  s t i t u t  e d i n l i n e ,  a nd  p c on t  a  i n s n c a  l l s  t o

q ,  t h e n  t h e  numb e  r o f  c a l  l s t o q g e t  s i n c r eme n t e d by n .

3 .  I f a p r o c e du  r e p  i s r emov e d ( b e  c  a u s e  i t i s no l ong  e r c a l  l e d )  a nd  p

c on t  a  i n s n c a  l l s  t o q , t h e n  t h e  numb e  r o f  c a l  l s t o q g e t  s d e  c r e -

me n t e d by n .

(No t  e t h a t  p ma y b e  t h e  s ame a s q , i f p  i s r e c u r  s i ve )  .

So we a c t u a  l l y  wa n  t t o  h av  e t h e f o l  l owi  ng i n f o rma t i on :

NR CALL ( p , q ) = numb e r o f c a l  l t o  q a pp e  a r i ng  i n p ,

f o r  a l l  p r o c e du  r e s  p a nd q  t h a  t ma y b e  pu t  i n l i n e  .

Th i s i n f o rma t i on ,  c a l  l e d call-count information i s  c ompu t e d  by t h e  fi r s  t s ub -

ph  a s e  . I t  i s s t o r e d i n a fi l  e . I t i s r e p  r e s e n t  e d a s a numb e r o f

l i s t s  , r a  t h e  r t h a n  a s a  ( ve  r y s p a  r s e  ) ma t r i x .  Eve  r y p r o c e du  r e h a s  a

l i s t  o f ( p r o c , c oun  t ) p a i  r s , t e l  l  i ng  wh i  c h p r o c e du  r e s  i t c a l  l s ,  a nd  how

ma ny t ime s  . Th e fi l  e a dd r  e s s o f i t s  c a l  l - c oun  t l i s t  i s s t o r  e d i n i t s

p r o c t a b l  e e n  t r y . Wh e n eve  r t h i  s i n f o rma t i on i s n e e d e d  , i t  i s f e t c h e d

f r om t h e  fi l e  , u s  i ng  d i r e c  t a c c e  s s .  Th e  p r o c t a b l  e e n  t r y  a l s o c on  t a i n s

t h e numb e  r o f  t ime s  a p r o c e du  r e i s c a l  l e d ,  a t a ny mome n  t .

5.5.1.3. The call-list

Th e c a  l l - l  i s t  i s t h e ma j o r  d a t a  s t r u c  t u r  e u s  e by  I L .  Eve  r y i t em

o f  t h e  l i s t  d e s c  r i b e s  on e  p r o c e du  r e c a l  l . I t c on  t a i n s  t h e  f o l  l owi  ng

a t  t r i bu t e s  :

- t h e  c a l  l  i ng  p r o c e du  r e ( c a  l l e r )

- t h e  c a l  l e d p r o c e du  r e ( c a  l l e e )

- i d e n  t i fic a  t i on o f t h e  CAL i n s  t r u c t  i on  ( s e qu  e  n  c e numb e  r )

- t h e  l oop  n e s  t i ng l ev  e l ;  ou r  h e u  r i s t  i c r u l  e s a pp  r e c  i  a  t  e c a  l l s

i n s i d e  a l oop  ( o r  eve  n i n s i d e  a l oop  n e s  t e d  i n s  i d e  a no t h e r  l oop  ,

e t c  . ) mo r  e t h a n  o t h e r  c a l  l s

- t h e  a c t u a  l p a  r  ame t e r exp  r e s  s i on s  i nv o l ve d  i n t h e  c a l  l  ; f o r  eve  r y

a c  t u a  l , we r e c o r d  :

- t h e  EM c od e o f  t h e  exp  r e s  s i on

- t h e  numb e  r o f  by t  e s o f i t s  r e s u l  t ( s  i z e )

- a n i nd  i c a  t i on i f t h e  a c t u a  l ma y b e  pu t  i n l i n e

Th e s t  r u c  t u r  e o f  t h e  c a l  l - l  i s t  i s r a  t h e  r c omp l ex  . Wh e n eve  r a c a l  l i s

exp a nd e d  i n l i n e ,  n ew c a l  l s wi l l  s udd  e  n l y  a pp  e a r  i n t h e  p r og r  am, t h a  t

we r e no  t c on t  a  i n e d  i n t h e  o r i g i n a l  body  o f t h e  c a l  l  i ng  s ub  r  ou t i n e  .

Th e s e  c a l  l s a r e  i nh  e r i  t e d  f r om t h e  c a l  l e d p r o c e du  r e .  We wi l l  r e f e r  t o

t h e s e  i nv o c a  t i on s  a s nested calls ( s e e  F i g  . 5 . 1 ) .



- 32 -

p r o c e du  r e p  i s

b eg i n  .

a (  ) ; .

b (  ) ; .

e nd ;

p r o c e du  r e r  i s p r o c e du  r e r  i s

b eg i n  b eg  i  n

x (  ) ; x ( )  ;

p (  ) ; - - i n l i n e a ( )  ; - -  n e s  t e d  c a l  l

y (  ) ; b ( )  ; - -  n e s  t e d  c a l  l

e nd ;  y ( )  ;

e nd ;

F i  g . 5 . 1  Ex amp l e o f n e s  t e d  p r o c e du  r e c a l  l s

Ne s t e d c a l  l s ma y  s ub  s e qu e n  t l y  b e pu t  i n l i n e  t oo  ( p r ob a b  l  y r e s u  l t i ng

i n  a  y e t  d e e p e  r n e  s t i ng  l ev  e l ,  e t c  . ) .  So t h e  c a l  l - l  i s t  do e  s no  t

a lwa y s r efle  c t t h e  s ou  r c e  p r og r  am, bu t  c h a ng e  s dyn  ami c a l  l y ,  a s d e c  i -

s i on  s a r e  ma d e  . I f  a c a  l l t o p  i s exp  a  nd  e  d , a l l  c a l  l s a pp  e a r  i ng  i n p

wi  l  l b e  a dd e d  t o t h e  c a l  l - l  i s t  .

A c onve  n i e n t  a nd  e l eg a  n t wa y  t o r e p  r e s e n t  t h e c a l  l - l  i s t  i s t o  u s e  a

L I  SP -  l i k e l i s t  . [ Po e  l 72  a ] Ca l  l s t h a  t a pp e  a r a t t h e  s ame l ev  e l a r e

l i nk  e d i n t h e  CDR d i r e c  t i on .  I f a c a  l l C t o  a  p r o c e du  r e p  i s exp  a  nd  e  d ,

a l  l c a  l l s  a pp  e a r  i ng  i n p  a r e  pu t  i n a s ub  - l i s t  o f C , i . e .  i n i t s  CAR .

I n  t h e  ex amp l e a bove  , b e  f o r  e t h e d e c  i s i on  t o exp  a  nd t h e c a l  l t o  p i s

ma d e , t h e  c a l  l - l  i s t  o f p r o c e du  r e r  l ook  s l i k e  :

( c a l  l - t o - x  , c a  l l - t o - p  , c a  l l - t o - y )

Af t e r  t h e  d e c i  s  i on  , i t  l ook  s l i k e  :

( c a l  l - t o - x  , ( c a l  l - t o - p* ,  c a l  l - t o -  a , c a l  l - t o - b )  , c a  l l - t o - y )

Th e c a  l l t o p  i s ma r k e  d , b e c a u s  e i t  h a s  b e e n s ub  s t i t u t  e d .  Wh e n eve  r I L

wa n t s  t o t r ave  r s e  t h e  c a l  l - l  i s t  o f s ome p r o c e du  r e ,  i t u s e s  t h e  we l  l -

known L I SP t e c hn  i  qu e o f r e c u r  s i on i n t h e  CAR d i r e c  t i on a nd  i t e r a  t i on

i n  t h e CDR d i r e c  t i on ( s e e p a g e  1 . 19 - 2  o f [ Po e  l 72  a ] ) . Al l  l i s t

t r av  e r s a l  s l ook  l i k e :

t r av  e r s e (  l i s t  )

{

f o r  ( c = fi r  s t ( l  i s t  )  ; c ! = 0 ; c = CDR ( c )  ) {

i f  ( c i s ma r k e  d ) {

t r av  e r s e (CAR ( c )  ) ;

} e l s e {

do  s ome t h i ng wi t h c

}

}

}

Th e e n  t i r e c a l  l - l  i s t  c on  s i s t s  o f a numb e r o f L I SP -  l i k e l i s t s  , on  e f o r

ev  e r y  p r o c e du  r e .  Th e  p r o c t a b l  e e n  t r y  o f a p r o c e du  r e c on  t a i n s  a

po  i  n  t e r  t o t h e  b eg i nn i ng o f t h e  l i s t  .
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5.5.2. The first subphase: procedure analysis

Th e t a s k s  o f t h e  fi r s  t s ubph  a s e  a r e  t o d e t e rm i n e  s ev  e r a  l a t  t r i bu t e s

o f  eve  r y p r o c e du  r e a nd  t o c on  s t r u c  t t h e b a s  i c c a l  l - l  i s t  , i . e .  wi t hou  t

n e  s t e d c a l  l s .  Th e  s i z e o f a p r o c e du  r e i s d e t e rm i n e d  by s imp l y  c oun  t -

i ng i t s  EM i n s  t r u c t  i on  s . P s e udo i n s  t r u c t  i on  s a r e  s k i pp e d  . A p r o c e  -

du  r e do e  s no  t ’ f a l  l t h r ough ’ i f  i t s  CFG c on  t a i n s  a b a  s i c  b l o c k  t h a  t i s

no  t t h e l a s  t b l o c k  o f t h e  CFG a nd  t h a  t e nd s  on a RE T i n s t  r u c  t i on .  Th e

f o rma l p a  r  ame t e r s  o f a p r o c e du  r e a r e  d e t e rm i n e d  by i n s p e c  t i on o f i t s

c od e  .

Th e c a  l l - l  i s t  i n c on  s t r u c  t  e d by  l ook  i  ng a t  a l l CAL i n s  t r u c t  i on  s

a pp e  a r i ng  i n t h e  p r og r  am. Th e  c a l  l - l  i s t  s hou  l  d on  l  y c on t  a  i n c a  l l s  t o

p r o c e du  r e s  t h a  t ma y b e  pu t  i n l i n e  . Th i s f a c  t i s  on l y  known i f t h e

p r o c e du  r e wa s  a n a  l y z  e d e a  r l i e r  . I f  a c a  l l t o a p r o c e du  r e p a pp  e a r  s i n

t h e p r og r  am b e f o r  e t h e body o f p , t h e  c a l  l wi  l  l a lwa y s b e pu t  i n t h e

c a  l l - l  i s t  . I f  p i s  l a t e r f ound  t o b e un s u  i t a b l  e , t h e  c a l  l wi  l  l b e

r emo ve d  f r om t h e  l i s t  by t h e  s e c ond  s ubph a s e  .

An imp o r t a n  t i s s u e i s t h e  r e c ogn  i t i on  o f t h e  a c t u a  l p a  r  ame t e r

exp r  e s s i on  s o f  t h e  c a l  l . Th e  f r on t  e nd  s p r odu  c e s  me s  s a g e  s t e l  l  i ng  how

ma ny by t  e s o f f o rma l p a  r  ame t e r s  eve  r y p r o c e du  r e a c c e  s s e s  . ( I f  t h e  r  e

i s  no s u c h  me s  s a g e  f o r  a p r o c e du  r e ,  i t c a nno  t b e  pu t  i n l i n e  ) . Th e

a c  t u a  l p a  r  ame t e r s  t og  e t h e r  mu s  t a c c oun t f o r  t h e  s ame numb e  r o f  by t  e s . A

r e c u  r s i ve  d e s c e n  t p a  r s e  r i s  u s e d t o p a r  s e s i d e - e f  f e c t  f r e e EM exp r e s  -

s i on  s . I t u s e s  a t a b l  e a nd s ome a ux i l i a r y r ou  t i n e s  t o d e t e rm i n e  how

ma ny by t  e s eve  r y EM i n s  t r u c t  i on  pop s f r om t h e  s t a c k  a nd how ma ny by t  e s

i t  pu s h e s  on t o  t h e s t a c k  . Th e s e  numb e  r s d e p e nd on t h e  EM i n s  t r u c t  i on  ,

i t s a r gume n  t , a nd  t h e  wo r d s i z e  a nd  po i n t  e r s  i z e o f t h e  t a r g e  t ma c h i n e .

I n  i t i a l  l y ,  t h e  p a r s e r  h a s  t o r e c ogn  i z e  t h e  numb e  r o f  by t  e s s p e  c i fie d  i n

t h e f o rma l s -me s s a g e  , s a y N. As s ume t h e  fi r s  t i n s t  r u c  t i on b e f o r  e t h e

CA L pop s S by t  e s a nd  pu s h e s  R by t e s  . I f  R > N, t oo  ma ny by t  e s a r e

r e c ogn i z e d a nd  t h e  p a r s e r  f a i  l s .  E l s e ,  i t c a l  l s i t s e l  f r e c u  r s i ve  l y t o

r e c ogn i z e  t h e  S by  t e s  u s e d a s op e  r  a nd o f t h e  i n s  t r u c t  i on  . I f  i t s u c  -

c e e d s  i n do i ng s o ,  i t c on  t i nu e  s wi  t h t h e  n ex t  i n s t  r u c  t i on ,  i . e .  t h e

fi r  s t i n s  t r u c t  i on  b e f o r  e t h e c od  e r e c ogn i z e d by t h e  r e c u r  s i ve c a l  l , t o

r e c ogn  i z e  N-R mo r  e by  t e s  . Th e r e s u  l t i s a numb e r o f EM i n s  t r u c t  i on  s

t h a t  c o l  l e c  t i ve l y pu s h  N by t e s  . I f  a n i n s  t r u c t  i on  i s c ome a c r o s  s t h a t

h a  s s i d e  -  e  f f e c t  s ( e  . g .  a s t o r  e o r  a p r o c e du  r e c a l  l ) o r o f wh i  c h R  a nd

S c a nno t b e  c omp u t e d s t a t  i c a l  l y ( e . g .  a LO S ) ,  i t f a i  l s .

No t e t h a  t t h e p a r  s e r  t r ave  r s e s  t h e  c od e  b a c kwa r d s  . As EM c od e i s

e s  s e n t  i a l  l y po s  t fix c od  e , t h e  p a r s e r  wo r k s t op  down .

I f  t h e  p a r s e r  f a i  l s t o r e c ogn  i z e  t h e  p a r ame t e r s  , t h e c a l  l wi  l  l no  t

b e  s ub  s t i t u t  e d i n l i n e .  I f t h e  p a r ame t e r s  c a n  b e d e  t  e rm i n e d  , t h ey

s t  i  l  l h ave  t o ma t c h t h e  f o rma l p a  r  ame t e r s  o f t h e  c a l  l e d p r o c e du  r e .

Th i s c h e  c k i s  p e r  f o rme d by  t h e  s e c ond  s ubph a s e  ; i t  c a nno  t b e  don  e

h e  r  e , b e c a u s  e i t  i s po s  s i b l  e t h a t  t h e  c a l  l e d p r o c e du  r e h a s  no t  b e e n

a n a  l y z  e d y e  t .

Th e e n  t i r e c a l  l - l  i s t  i s wr i t t e n  t o a fi l  e , t o b e p r o c e  s s e d by t h e

s e c ond s ubph a s e  .

5.5.3. The second subphase: making decisions

Th e t a s k  o f t h e  s e c ond  s ubph a s e  i s qu i  t e e a s y t o und e r s  t a nd  . I t

r e a d  s t h e c a l  l - l  i s t  fi l e  , bu i l d s a n i n c o  r e c a l  l - l  i s t  a nd  d e l e t e s eve  r y

c a  l l t h a  t ma y no  t b e  exp  a  nd  e  d i n  l i n e ( e i  t h e  r b e  c  a u s e  t h e  c a l  l e d p r o -

c e du  r e ma y  no t  b e pu t  i n l i n e  , o r  b e c a u s  e t h e a c t u a  l p a  r  ame t e r s  o f t h e
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c a  l l do no t  ma t c h t h e  f o rma l p a  r  ame t e r s  o f t h e  c a l  l e d p r o c e du  r e )  . I t

a s  s i gn s  a pay-off t o  eve  r y c a l  l , i nd  i c a  t i ng how d e s  i r a b l  e i t  i s t o exp  a  nd

i t  .

Th e s ubph a s e  r e p e  a t e d l y  s c a n s  t h e  c a l  l - l  i s t  a nd  t a k e s  t h e  c a l  l

wi  t h t h e  h i gh e  s t r a t  i o .  Th e  c ho s  e n on e  g e t s  ma r k e  d , a nd  t h e  c a l  l - l  i s t

i s  ex t  e nd  e  d wi  t h t h e  n e s t e d  c a l  l s ,  a s d e s c  r i b e d  a bov e . Th e  s  e n e  s t e d

c a  l l s  a r e  a l s o a s s  i gn e d  a r a  t i o  , a nd wi l l  b e c on  s i d e r e d t oo  du r i ng  t h e

n ex t  s c a n s  .

Af t e r  eve  r y d e c  i s i on  t h e  numb e  r o f  t ime s  eve  r y p r o c e du  r e i s c a l  l e d i s

upd  a t e d ,  u s i ng  t h e  c a l  l - c oun  t i n f o rma t i on .  Me a nwh i  l e ,  t h e  s ubph a s e

k e  e p s  t r a c k  o f t h e  amo u n t o f s p a  c  e l e f t  ava  i l a b l  e . I f a l l  s p a  c  e i s

u s  e d ,  o r i f t h e  r  e a r e  no mo r  e c a  l l s  l e f  t t o  b e exp  a  nd  e  d , i t ex i  t s t h i  s

l oop  . F i  n a l  l y ,  c a l  l s t o p r o c e du  r e s  t h a  t a r e  c a l  l e d on l y  on c  e a r e  a l s o

c ho s  e n .

Th e a c  t u a  l p a  r  ame t e r s  o f a c a  l l a r e  on l y  n e e d e d  by t h i  s s ubph a s e

t o  a s s  i gn a  r a t  i o t o a  c a l  l . To s av  e s ome s p a  c  e , t h e  s  e a c  t u a  l s a r e

no  t k e  p t i n ma i n memo r y . Th ey a r e  r emo ve d  a f t e r  t h e  c a l  l h a  s b e  e n

r e a d  a nd a  r a t  i o h a s  b e e n a s s  i gn e d  t o i t .  So t h i  s s ubph a s e  wo r k s wi t h

abstracts o f  c a l  l s .  Af t e r  a l l  wo r k  h a s  b e e n don e , t h e  a c t u a  l p a  r  ame t e r s

o f  t h e  c ho s  e n c a l  l s a r e  r e t r i ev  e d f r om a  fi l e  , a s  t h ey a r e  n e e d e d  by

t h e t r a n s  f o rma t i on s ubph a s e  .

5.5.4. The third subphase: doing transformations

Th e t h i  r d s ubph a s e  ma k e s  t h e  a c t u a  l mo d i fic a  t i on s  t o t h e  EM t ex  t .

I t  i s d i r e c  t  e d by t h e  d e c i  s  i on  s ma d e i n  t h e p r ev i ou s  s ubph a s e  , a s

exp r  e s s e d v i a  t h e  c a l  l - l  i s t  . Th e c a  l l - l  i s t  r e a d by t h i  s s ubph a s e  c on  -

t a i n s  on l y  c a l  l s t h a  t we r e s e  l  e c t e d f o r  exp  a  n s i on  . Th e l i s t  i s

o r d e r e d i n t h e  s ame wa y  a s t h e  EM t ex  t , i . e .  i f a c a  l l C1 a pp e a r  s

b e  f o r  e a c a l  l C2 i n t h e  c a l  l - l  i s t  , C1 a l s o a pp  e a r  s b e  f o r  e C2 i n t h e  EM

t ex t  . So t h e  EM t ex  t i s  t r ave  r s e d l i n e a  r l y , t h e  c a l  l s t h a  t h ave  t o b e

s ub s  t i t u t  e d a r e  d e t e rm i n e d  a nd t h e  mod i fic  a t i on  s a r e  ma d e  . I f  a p r o c e  -

du  r e i s c ome a c r o s  s t h a t  i s no l ong  e r n e e d e d  , i t  i s s imp l y  no t  wr i  t  t e n

t o  t h e ou t pu t  EM fi l e  . Th e s ub s  t i t u t  i on o f a c a  l l t a k e s  p l a c e  i n d i s -

t i n c  t s t e p  s :

c h a ng e  t h e  c a l  l  i ng  s e qu e n c  e

Th e a c  t u a  l p a  r  ame t e r exp  r e s  s i on s  a r e  c h a ng e d  . Pa r  ame t e r s  t h a  t

a r e  pu t  i n l i n e  a r e  r emo ve d  . Al  l r ema i n i ng on e  s mu s t s t o r e  t h e  i r

r e s u  l t i n a  t empo r a r y l o c  a l va r  i a b  l e ,  r a t h e  r t h a n  pu s h  i t on t h e

s t a c k .  Th e  CAL i n s  t r u c t  i on  a nd  a ny ASP ( t o  pop  a c t u a  l p a  r  ame -

t e r s )  o r LFR ( t o  f e t c h t h e  r e s u l  t o f  a  f un c  t i on )  a r e  d e l e t e d .

f e  t  c h t h e  t ex  t o f  t h e  c a l  l e d p r o c e du  r e

Di  r e c  t d i  s k a c c e  s s i s u s e d t o t o r e a d t h e  t ex  t o f  t h e  c a l  l e d

p r o c e du  r e .  Th e  fi l e  o f f s e  t i s  ob t  a  i n e d  f r om t h e  p r o c t a b l  e e n  t r y .

a l  l o c  a t e  by t  e s f o r  l o c  a l s  a nd  t empo r a r  i e s

Th e l o c a  l va  r i a b l  e s o f t h e  c a l  l e d p r o c e du  r e wi l l  b e pu t  i n t h e

s t a c k f r ame o f t h e  c a l  l  i ng  p r o c e du  r e .  Th e  s ame a pp l i e s t o a ny

t emp o r a r y va r  i a b  l e s  t h a  t ho  l  d t h e r e s u l  t o f  p a r ame t e r s  t h a  t we r e

no  t pu  t i n  l i n e .  Th e  p r o c t a b l  e e n  t r y  o f t h e c a l  l e r i s upd  a t e d .

pu  t a l a b e  l a f  t e r  t h e  CAL

I f  t h e  c a l  l e d p r o c e du  r e c on  t a i n s  a RE T ( r e t u r n )  i n s  t r u c t  i on

s ome wh e r e  i n t h e  mi dd l  e o f  i t s  t ex  t ( i  . e .  i t do e  s no  t f a  l l

t h r ough ) , t h e  RET mu s  t b e  c h a ng e d  i n t o  a BRA ( b r  a n c h  ) , t o j ump
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ov e r t h e  r ema i nd  e r o f t h e  t ex  t . Th i  s l a b e  l i s  no t  n e e d e d  i f t h e

c a  l l e d p r o c e du  r e f a l  l s t h r ough .

c opy t h e  t ex  t o f  t h e  c a l  l e d p r o c e du  r e a nd  mod i f y  i t

Re f e r e n c  e s t o l o c  a l va r  i a b  l e s  o f t h e c a l  l e d r ou  t i n e a nd  t o p a r am-

e t e r s  t h a  t a r e  no t  pu t  i n l i n e  a r e  c h a ng e d  t o r e f e r  t o t h e  n ew

l o c a  l o f  t h e  c a l  l e r .  Re f e r e n c  e s t o i n l i n e p a r ame t e r s  a r e

r e p l  a c e d by t h e  a c t u a  l p a  r  ame t e r exp  r e s  s i on .  Re t u r n s (RE Ts )  a r e

e i  t h e  r d e  l  e  t  e d o r  r e p  l a c e d by a BRA.  Me s  s a g e  s c on t  a  i n i ng i n f o r  -

ma t i on a bou t l o c a  l va  r i a b l  e s o r p a r ame t e r s  a r e  c h a ng e d  . Gl  ob a  l

d a  t  a d e  c l a r a  t i on s  a nd  t h e  PRO a nd  END p s e udo s a r e  r emo ve d  .

I n s t  r u c  t i on l a b e  l s a nd  r e f e r e n c  e s t o t h em a r e  c h a ng e d  t o ma k e

s u  r e t h ey do no t  h av  e t h e s ame i d e n  t i f y i ng numb e  r a s  l a b e  l s i n

t h e c a l  l  i ng  p r o c e du  r e .

i n s e  r t t h e  mod i fie  d t ex t

Th e p s  e udo  s o f  t h e  c a l  l e d p r o c e du  r e a r e  pu t  a f t e r  t h e  p s e udo  s o f

t h e c a l  l  i ng  p r o c e du  r e .  Th e  r e a  l t ex t  o f t h e  c a l  l e e i s pu t  a t

t h e p l a c e  wh e  r  e t h e CAL wa s  .

t a k e  c a r e  o f n e s  t e d  s ub  s t i t u t  i on s

Th e exp a nd e d  p r o c e du  r e ma y  c on t  a  i n c a  l l s  t h a  t h ave  t o b e exp  a  nd  e  d

t oo ( n e  s t e d c a l  l s )  . I f  t h e  d e s c  r i p t o r o f t h i  s c a  l l c on  t a i n s

a c  t u a  l p a  r  ame t e r exp  r e s  s i on s  , t h e c od  e o f  t h e  exp  r e s  s i on s  h a s  t o

b e  c h a ng e d  t h e  s ame wa y  a s t h e  c od e  o f t h e  c a l  l e e wa s  c h a ng e d  .

Ne x t ,  t h e  e n t i r e  p r o c e  s s o f find i  ng CA Ls a nd  do i ng t h e  s ub  s t i t u -

t i on  s i s  r e p e  a t e d r e c u r  s i ve l y .

5.6. Source files of IL

Th e s ou r  c e s  o f I L  a r e  i n t h e  f o l  l owi  ng fi l e s a nd  p a c k a g e  s ( t h e  p r e -

fix e s 1_ ,  2_ a nd  3_ r e f e r  t o t h e  t h r  e e s ubph a s e s  ) :

i l  . h :  d e c  l  a r a  t i on s  o f g l ob a  l va  r i a b l  e s a nd  d a t a  s t r u c  t u r  e s

i l  . c :  t h e  r ou  t i n e ma i n ;  t h e d r i v i ng r ou  t i n e s  o f t h e t h r  e e s ub  -

ph  a s e s

1_  a  n  a l :  c on  t a i n s  a  s ub r ou t  i n e t h a  t a n a  l y z  e s a p r o c e du  r e

1_  c a l  : c on t  a  i n s a s ub  r  ou t i n e  t h a  t a n a  l y z  e s a c a  l l

1_  a  ux : imp l eme n  t s a ux  i l i a r y p r o c e du  r e s  u s e d by s ubph a s e  1

2_  a  ux : imp l eme n  t s a ux  i l i a r y p r o c e du  r e s  u s e d by s ubph a s e  2

3_  s  ub  s t :  t h e  d r i v i ng r ou  t i n e f o r  do i ng t h e  s ub  s t i t u t  i on

3_  c  h  a  ng  e : l ow e r l ev  e l r ou  t i n e s  t h a  t do  c e r  t a i n mod i fic  a t i on  s

3_  a  ux : imp l eme n  t s a ux  i l i a r y p r o c e du  r e s  u s e d by s ubph a s e  3

a ux :  imp l eme n  t s a ux  i l i a r y p r o c e du  r e s  u s e d by s ev  e r a  l s ubph  a s e s  .
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6. Strength reduction

6.1. Introduction

Th e S t  r e ng t h  Re du c  t i on op t  imi z a t  i on  t e c hn  i  qu e ( SR ) t r i e s  t o

r e p l  a c e  exp  e  n s i ve  op e  r  a t o r s  by c h e  a p e r on e  s , i n o r d e r  t o d e c  r  e a s e  t h e

exe  c u t  i on t ime o f t h e  p r og r  am. A c l a s s  i c a  l ex  amp l e i s r e p  l a c  i ng  a

’mu l  t  i p l  i c a  t i on by 2 ’ by a n a dd  i t i on  o r a s h  i f t  i n s  t r u c t  i on  . Th e s e

k i nd s  o f l o c  a l t r a n s  f o rma t i on s  a r e  a l r e a dy  don e by t h e  EM Pe e pho l e

Op t imi z e r  . S t  r e ng t h  r e du c  t i on c a n  a l s o b e a pp  l i e d mo r  e g e n e  r  a l l y t o

op  e r a  t o r  s u s  e d i n a  l oop  .

i : = 1 ; i : =  1 ;

wh i l e  i < 100 l oop  - - >  TMP : = i  * 118  ;

pu  t ( i  * 118  ) ; wh i  l e i < 100 l oop

i : = i + 1 ;  pu t  ( TM P ) ;

e nd l oop  ; i : = i + 1 ;

TM P : =  TMP + 118 ;

e nd l oop  ;

F i  g . 6 . 1  An ex amp l e o f S t r e ngh  t Re du c  t i on

I n  F i g  . 6 . 1 ,  a mu l t i p l  i c a  t i on i n s  i d e  a l oop  i s r e p  l a c e d by a n a dd i t i on

i n s i d e  t h e  l oop  a nd  a mu l t i p l  i c a  t i on ou t  s  i d e t h e  l oop  . C l  e a r  l y ,  t h i  s

i s  a g l ob a  l op  t imi z a t  i on  ; i t  c a nno  t b e  don  e by  a  p e e pho l e op t  imi z e r  .

I n  s ome c a s e s  a r e  l  a  t  e d t e c hn  i  qu e , test replacement , c a n  b e u s  e d t o

e l  imi n a t e  t h e  l oop  va r  i a b  l e i . Th i  s t e c hn i qu e  wi l l  no t  b e d i s c u  s s e d

i n  t h i s r e po r  t .

I n  t h e  ex amp l e a bove  , t h e r e s u l  t  i ng c od  e c a n b e f u r  t h e  r op  t imi z e d  by

u s  i ng  c on  s t a n t  p r op a g a t  i on  . Ob v i ou s  l y ,  t h i  s i s  no t  t h e t a s k o f t h e

S t  r e ng t h  Re du c  t i on ph a  s  e .

6.2. The model of strength reduction

I n  t h i  s s e c t  i on  we wi l l  d e s c  r i b e t h e  t r a n s  f o rma t i on s  p e r  f o rme d by

S t  r e ng t h  Re du c  t i on ( SR ) . Be f o r  e do  i  ng s o  , we wi l l  i n t  r odu  c e t h e  c e n  -

t r a l  no t  i on o f a n i ndu  c t i on  va r  i a b  l e .

6.2.1. Induction variables

SR l ook  s f o r  va r  i a b  l e s  who s e va l u e  s f o rm a n a r i  t hme t  i c p r og r  e s s i on

a t  t h e  b eg i nn i ng o f a  l oop  . Th e s e  va r  i a b  l e s  a r e  c a l  l e d i ndu  c t i on

va  r i a b l  e s .  Th e  mo s  t f r e qu e n  t l y  o c c u r  r i ng ex amp l e o f s u c h  a  va r  i a b  l e

i s  a l oop  -  va r  i a b  l e i n a h i gh - o r d e r  p r og r  amm i ng  l a ngu  a  g  e . Sev  e r a  l

qu  i t e  s oph  i s t  i c a  t  e d mod e l s  o f s t r e ng t h  r e du c  t i on c a n  b e f ound i n t h e

l i t e r a  t u r  e . [Co c k77  a , Al l e 81 a  , Lowr 69 a  , Ah o 7 8 a ]  I n t h e  s  e mo d e l  s t h e

no  t i on o f a n i ndu  c t i on  va r  i a b  l e i s f a r  mo r  e g e n e  r  a l t h a n  t h e  i n t u i  t  i ve

no  t i on o f a  l oop  -  va r  i a b  l e .  Th e  d efin i t i on  o f a n i ndu  c t i on  va r  i a b  l e we

p r  e s e n t  h e r e  i s mo r  e r e s t  r  i c t e d ,  y i e l d i ng a  s imp l  e r mod e l a nd  s imp l  e r

t r a n  s f o rma t i on s  . We t h i nk t h e  p r i n c  i p l  e s ou r  c e f o r  s t r e ng t h  r e du c  t i on

l i e s  i n exp  r e s  s i on s  u s i ng a  l oop  -  va r  i a b  l e ,  i . e .  a va  r i a b l  e t h a t  i s

i n c r eme n t e d o r d e c  r  eme n t e d by t h e  s ame amo u n t a f t e r  eve  r y l oop  i t e r a -

t i on  , a nd t h a  t c a nno  t b e  c h a ng e d  i n a ny o t h e r  wa y  .

Of c ou  r s e  , t h e EM c od e do  e s no t  c on  t a i n h i gh l ev  e l c on  s t r u c  t s s u c h

a s  f o r - s  t a t eme n t s  . We wi l l  d efin e  a n i ndu  c t i on  va r  i a b  l e i n t e rms o f

t h e I n t  e rme d  i a t e  Cod e o f  t h e  op t  imi z e r  . No t e t h a  t t h e no t  i on s  o f a
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l oop  i n t h e  EM t ex  t a nd o f a fi rm b a s  i c b l o c k  we r e  d efin e d  i n s e c  t i on

3 . 3 . 5 .

d efin i t i on

An i ndu  c t i on  va r  i a b  l e i o f  a l oop  L i s  a l o c a  l va  r i a b l  e t h a t  i s n ev  e r

a c c e  s s e d i nd  i r e c t  l y ,  who s e s i z e i s t h e  wo r d  s i z e o f t h e  t a r g e  t

ma c h i n e ,  a nd  t h a  t i s  a s s  i gn e d  ex a  c t l y on c  e wi  t h i n  L , t h e  a s s  i gnme n  t :

- b e i ng  o f t h e  f o rm i  : = i + c o r i  : = c + i ,  c i s  a c on s  t a n  t c a  l l e d

t h e step value o f  i .

- o c c u r  r i ng i n a fi rm b l o c k  o f L .

(No t  e t h a t  t h e  fi r s  t r e s t  r  i c t  i on  on t h e a s s  i gnme n  t i s  no t  d e s c  r i b e d  i n

t e rms o f t h e  I n t  e rme d  i a t e  Cod e ; we wi l l  g i ve s u c h  a  d e s c  r i p t  i on l a t e r ;

t h e c u r  r e n  t d efin i t i on  i s e a s  i e r  t o und  e r s  t a nd  howe ve r  ) .

6.2.2. Recognized expressions

SR r e c ogn i z e  s c e  r t a i n exp  r e s  s i on s  u s i ng a n i ndu  c t i on  va r  i a b  l e a nd

r e p l  a c e  s t h em by c h e  a p e r on e  s . Two k i nd s  o f exp  e  n s i ve  op e  r  a t i on  s a r e

r e c ogn i z e d :  mu l  t  i p l  i c a  t i on a nd  a r r a y  a dd r  e s s c ompu t a t  i on  s . Th e

exp r  e s s i on  s t h a t  a r e  s imp l  i fie  d mu s t u s e  a n i ndu  c t i on  va r  i a b  l e a s a n

op  e r a nd  o f a mu l t i p l  i c a  t i on o r a s i nd  ex i n a n a r r a y  exp  r e s  s i on .

Of t e n  a l i n e  a r f un  c t i on  o f a n i ndu  c t i on  va r  i a b  l e i s u s e d ,  r a t h e  r

t h a n  t h e  va r  i a b  l e i t s e l  f . I n t h e  s  e c a  s  e  s op  t imi z a t  i on  i s s t i l l  po s  s i -

b l  e . We c a l  l s u c h  exp  r e s  s i on s iv-expressions .

d efin i t i on  :

An i v -  exp  r e s  s i on o f a n i ndu  c t i on  va r  i a b  l e i o f  a l oop  L i s  a n exp  r e s  -

s i on  t h a  t :

- u s e s  on l y  t h e op e  r  a t o r s  + a nd -  ( un  a r y  a s we l l a s b i n a r y )

- u s e s  i a s  op e  r  a nd ex a  c t l y on c  e

- u s e s  ( b e s  i d e  s i )  on l y  c on  s t a n t  s o r  va r  i a b  l e s  t h a  t a r e  n ev  e r

c h a ng e d  i n L  a s op e  r  a nd s  .

Th e exp r  e s s i on  s r e c ogn  i z e d by SR a r e  o f t h e  f o l  l owi  ng f o rms :

( 1 )  i v_  exp  r e s  s i on *  c on  s t a n t

( 2 )  c on  s t a n t  *  i v_  exp  r e s  s i on

( 3 )  A[ i v -  exp  r e s  s i on ]  : = ( a s  s i gn t o a r r a y  e l eme n t )

( 4 )  A[ i v -  exp  r e s  s i on ]  ( u s e  a r r a y  e l eme n t )

( 5 )  & A[ i v -  exp  r e s  s i on ]  ( t a k e  a dd  r e s  s o f  a r r a y  e l eme n t )

(No t  e t h a t  EM h a s  d i f f e r e n t  i n s t  r u c  t i on s  t o u s e  a n a r r a y  e l eme n t ,

s t o r  e i n t o  on e  , o r  t a k e t h e  a dd r  e s s o f on e  , r e s p  . LAR ,  SAR , a nd AAR ) .

Th e s i z e  o f t h e  e l eme n t s  o f A mu s t b e known s t a t  i c a l  l y .  I n c a s e s  ( 3 )

a nd ( 4 )  t h i  s s i z e  mu s  t e qu a  l t h e wo r d  s i z e o f t h e  t a r g e  t ma c h i n e .

6.2.3. Transformations

Wi t h eve  r y r e c ogn i z e d exp  r e s  s i on we a s s o c  i  a  t  e a n ew t empo r a r y

l o c a  l va  r i a b l  e TM P, a l l o c  a t e d i n t h e  s t a c k  f r ame o f t h e  p r o c e du  r e c on  -

t a i n i ng t h e  exp  r e s  s i on .  At a ny p r og r  am po i n t  wi t h i n  t h e l oop  , TM P

wi  l  l c on t  a  i n t h e f o l  l owi  ng va l u e  :

mu l t i p l  i c a  t i on :

t h e c u r  r e n  t va  l u e  o f i v -  exp  r e s  s i on *  c on  s t a n t
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a r  r a y s  : t h e c u r  r e n  t va  l u e  o f &A[ i v -  exp  r e s  s i on ]  .

I n  t h e  s e c ond  c a s e  , TM P e s  s e n t  i a l  l y i s a po  i  n  t e r  va r  i a b  l e ,  po i n t  i ng t o

t h e e l eme n t o f A  t h a  t i s  c u r  r e n  t l y  i n u s  e .

I f  t h e  s ame exp r e s  s i on o c c u r  s s eve  r  a l t ime s  i n t h e  l oop  , t h e s ame t em -

po  r a r y l o c  a l i s u s e d e a c h t ime .

Th r e e  t r a n s  f o rma t i on s  a r e  a pp  l i e d t o t h e  EM t ex  t :

( 1 )  TMP i s i n i  t  i a l  i z e d  wi t h t h e  r i gh t  va l u e  . Th i s i n i  t  i a l  i z a t  i on

t a k e  s p l  a c e  j u s  t b e  f o r  e t h e l oop  .

( 2 )  Th e  r e c ogn  i z e d exp  r e s  s i on i s s imp l  i fie  d .

( 3 )  TMP i s i n c  r  eme n t e d ;  t h i s t a k e s  p l a c e  j u s  t a f  t e r  t h e  i ndu  c t i on

va  r i a b l  e i s  i n c  r  eme n t e d .

Fo r mu l t i p l  i c a  t i on ,  t h e  i n i  t  i a l  va l u e  o f TMP i s t h e  va l u e  o f t h e  r e c  -

ogn  i z e d exp  r e s  s i on a t t h e  p r og r  am po i n t  imme d  i a t e l y b e f o r  e t h e l oop  .

Fo r a r  r a y s  , TM P i s  i n i  t  i a l  i z e d  wi t h t h e  a dd r  e s s o f t h e  fi r s  t a r  r a y e l e -

me n t t h a  t i s  a c c e  s s e d .  So t h e  i n i  t  i a l  i z a t  i on  c od  e i s :

TM P : =  i v -  exp  r e s  s i on *  c on  s t a n t  ; o r

TM P : =  &A[ i v -  exp  r e s  s i on ]

At  t h e  po i n t  imme d  i a t e l y b e f o r  e t h e l oop  , t h e i ndu  c t i on  va r  i a b  l e wi l l

a l  r e a dy  h av  e b e  e n i n i  t  i a l  i z e d  , s o  t h e  va l u e  u s e d i n t h e  c od e  a bov e

wi  l  l b e  t h e  va l u e  i t h a s  du r  i ng  t h e  fi r s  t i t e r a  t i on .

Fo r mu l t i p l  i c a  t i on ,  t h e  r e c ogn  i z e d exp  r e s  s i on c a n  s imp l y  b e

r e p l  a c e d by TMP . Fo r a r  r a y op t  imi z a t  i on  s , t h e  r e p  l a c eme n t d e p e nd s  on

t h e f o rm:

form replacement

( 3 )  A[ i v -  exp  r ] : = *TM P : =  ( a s  s i gn i nd  i r e c t  )

( 4 )  A[ i v -  exp  r ] *TM P ( u s e  i nd  i r e c t  )

( 5 )  &A[ i v -  exp  r ] TMP

Th e ’ * ’  d e no t  e s t h e  i nd  i r e c t  op e  r  a t o r .  (No t e t h a  t EM h a s  d i f f e r e n t

i n s t  r u c  t i on s  t o do a n a s s  i gn -  i nd  i r e c t  a nd  a  u s e  - i nd i  r e c  t ) .  As t h e

s i z e  o f t h e  a r r a y  e l eme n t s  i s r e s t  r  i c t e d t o b e t h e  wo r d  s i z e i n c a s e

( 3 )  a nd  ( 4 )  , on  l  y on  e EM i n s  t r u c t  i on  n e e d s  t o b e g e n e  r  a t e d i n a l l

c a  s  e  s .

Th e amoun t by  wh i  c h TMP i s i n c  r  eme n t e d i s :

mu l t i p l  i c a  t i on :

s t e p  va l u e  *  c on s  t a n  t

a r  r a y s  : s t e p  va l u e  *  e l eme n t s i z e

No t e t h a  t t h e s t e p va l u e  ( s e e d efin i  t  i on o f i ndu  c t i on  va r  i a b  l e a bove  ) ,

t h e c on  s t a n t  , a nd t h e  e l eme n t s i z e ( s e e p r ev i ou s  s e c  t i on )  c a n  a l l  b e

d e  t  e rm i n e d  s t a t  i c a l  l y .  I f t h e  s i gn o f t h e  i ndu  c t i on  va r  i a b  l e i n t h e

i v - exp  r e s  s i on i s n eg  a t i ve  , t h e amo u n t mu s  t b e  n eg a  t  e d .

Th e t r a n  s f o rma t i on s  a r e  d emon s t r a t e d by a n ex amp l e .
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i : = 100 ; i : = 100 ;

wh i l e  i > 1  l oop  TMP : = ( 6 -  i  ) * 5 ;

X : = ( 6 -  i  ) * 5 + 2 ; wh i  l e i > 1  l oop

Y : = ( 6 -  i  ) * 5  -  8 ; - - >  X : =  TMP + 2 ;

i : = i  - 3 ;  Y : =  TMP - 8 ;

e nd l oop  ; i : = i  - 3 ;

TM P : =  TMP + 15 ;

e nd l oop  ;

F i  g . 6 . 2  Ex amp l e o f c omp l  ex S t r e ng t h  Re du c  t i on t r a n s  f o rma t i on s

Th e exp r  e s s i on  ’ ( 6 -  i  ) *5 ’  i s r e c ogn  i z e d twi  c e .  Th e  c on s  t a n  t i s  5 . Th e

s t e p  va l u e  i s - 3 .  Th e  s i gn o f i  i n t h e  r e c ogn  i z e d exp  r e s  s i on i s ’ - ’  .

So t h e  i n c  r  eme n t va l u e  o f TMP i s - ( - 3*5  ) = +15 .

6.3. Implementation

L i  k e mo s  t ph  a s e s  , SR d e a  l s wi t h on e  p r o c e du  r e a t a t ime .  Wi t h i n  a

p r o c e du  r e ,  SR wo r k s on on e  l oop  a t a t ime .  Loop s a r e  p r o c e  s s e d i n

t ex t u a l  o r d e r  . I f  l oop  s a r e  n e s  t e d  i n s  i d e  e a c h o t h e r  , SR s t a r t s wi t h

t h e ou t  e rmo s  t l oop  a nd  p r o c e e d s  i n t h e  i nw a r d s d i r e c  t i on .  Th i  s o r d e r

i s  c ho  s e n  , b e  c  a u s e  i t e n a b  l e s  t h e  op t  imi z a t  i on  o f mu l  t  i - d  ime n s i on  a l

a r  r a y a dd  r e s  s c omp u t a t  i on  s , i f t h e  e l eme n t s  a r e  a c c e  s s e d i n t h e  u s u a l

wa y ( i  . e .  r ow a f t e r  r ow , r a  t h e  r t h a n  c o l umn a f t e r  c o l umn ) . Fo r  eve  r y

l oop  , SR fi r s  t d e  t  e c t  s a l  l i ndu  c t i on  va r  i a b  l e s  a nd  t h e n  t r i e s  t o r e c og  -

n i  z e exp  r e s  s i on s  t h a  t c a n b e op t  imi z e d  .

6.3.1. Finding induction variables

Th e p r o c e  s s o f find i  ng i ndu  c t i on  va r  i a b  l e s  c a n  c onv e n i  e n t  l y b e

s p  l i t  up i n t o  two p a r  t s .  F i r s t  , t h e EM t ex  t o f  t h e  l oop  i s s c a nn  e  d t o

fin d a l  l candidate i ndu  c t i on  va r  i a b  l e s  , wh i c h  a r e  wo r d -  s i z e d  l o c  a l va r  i  -

a b  l e s  t h a  t a r e  a s s  i gn e d  p r e c i  s e l y on c  e i n  t h e l oop  , wi  t h i n  a fi rm

b l o c k  . Se  c ond  , f o r  eve  r y c a nd i d a t e  , t h e s i ng l  e a s  s i gnme n  t i s

i n s p e c  t  e d ,  t o s e e  i f i t h a s  t h e  f o rm r e qu i  r e d  by t h e  d efin i t i on  o f a n

i ndu  c t i on  va r  i a b  l e .

Ca nd i d a t e s a r e  f ound  by s c a nn i ng t h e  EM c od e o f  t h e  l oop  . Du r i ng

t h i  s s c a n  , two s e t  s a r e  ma i n t  a  i n e d  . Th e s e  t " c a nd "  c on  t a i n s  a l l  va r  i  -

a b  l e s  t h a  t we r e a s  s i gn e d  ex a  c t l y on c  e s o  f a r  , wi  t h i n  a fi rm b l o c k  . Th e

s e  t " d  i sm i s s " c on  t a i n s  a l l  va r  i a b  l e s  t h a  t s hou  l  d no  t b e  ma d e  a  c a nd i  -

d a  t  e . I n i  t  i a l  l y ,  bo t h  s e t  s a r e  emp t y . I f a va  r i a b l  e i s  a s s  i gn e d  t o ,

i t  i s pu t  i n t h e c a nd s e t  , i f  t h r  e e c ond i t i on  s a r e  me t  :

1 .  t h e  va r  i a b  l e wa s  no t  i n c a nd  o r d i smi s s a l r e a dy

2 .  t h e  a s s  i gnme n  t t a k e  s p l  a c e  i n a fi rm b l o c k

3 .  t h e  a s s  i gnme n  t i s  no t  a ZRL i n s  t r u c t  i on  ( a s  s i gnme n  t by  z e r o )  o r a

SDL i n s  t r u c t  i on  ( s t o r  e doub l e l o c  a l )  .

I f  a ny c ond  i t i on  f a i  l s ,  t h e  va r  i a b  l e i s d i smi s s e d f r om c a nd ( i f  i t wa s

t h e r e  a l r e a dy  ) a nd pu t  i n d i  smi s s ( i f  i t wa s  no t  t h e r e  a l r e a dy  ) .

Al  l va  r i a b l  e s f o r  wh i  c h no r eg  i s t e r  me s  s a g e  wa s  g e n e  r  a t e d ( i . e .  t ho  s e

va  r i a b l  e s t h a  t ma y b e  a c c e  s s e d i nd  i r e c t  l y )  a r e  a s s ume d  t o b e c h a ng e d

i n  t h e l oop  .

Al  l va  r i a b l  e s t h a  t r ema i n i n c a nd a r e  c a nd i d a t e  i ndu  c t i on  va r  i a b  l e s  .

F r  om t h e  s e t  o f c a nd i d a t e s ,  t h e  i ndu  c t i on  va r  i a b  l e s  c a n  b e d e  t  e r -

mi n e d  , by  i n s p e c  t i ng t h e  s i ng l  e a s  s i gnme n  t . Th e  a s s  i gnme n  t mu s t ma t c h



- 40 -

on  e o f  t h e  EM p a t  t e r n s b e l ow . ( ’ x ’  i s t h e  c a nd i d a t e  . ’ws ’  i s t h e  wo r d

s i z e  o f t h e  t a r g e  t ma c h i n e .

pattern step size

INL x  | +1

DE L x |  - 1

LOL x  ; ( INC | DE C) ; STL x  | +1 | - 1

LOL x  ; LOC n  ; (ADI ws | SB I ws ) ; STL x | +n |  - n

LOC n  ; LOL x  ; AD I ws ; STL x  +n

F r  om t h e  p a t t e r n s  t h e  s t e p s i z e o f t h e  i ndu  c t i on  va r  i a b  l e c a n  a l s o b e

d e  t  e rm i n e d  . Th e s e  s t e p s i z e s  a r e  d i s p l  a y e d  on t h e  r i gh t  h a nd s i d e .

Fo r ev  e r y  i ndu  c t i on  va r  i a b  l e we ma i n t  a  i n t h e f o l  l owi  ng i n f o rma t i on :

- t h e  o f f s e  t o f  t h e  va r  i a b  l e i n t h e  s t a c k  f r ame o f i t s  p r o c e du  r e

- a po  i  n  t e r  t o t h e  EM t ex  t o f  t h e  a s s  i gnme n  t s t a t eme n t

- t h e  s t e p va l u e

6.3.2. Optimizing expressions

I f  a ny i ndu  c t i on  va r  i a b  l e s  o f t h e l oop  we r e  f ound  , t h e EM t ex  t o f

t h e l oop  i s s c a nn  e  d a g a i n ,  t o d e t e c t  exp  r e s  s i on s  t h a  t c a n b e op t  i -

mi z e d  . SR s c a n s  f o r  mu l  t  i p l  i c a  t i on a nd  a r r a y  i n s  t r u c t  i on  s . Wh e n eve  r

i t  find  s s u c h  a n i n s t  r u c  t i on ,  i t a n a  l y s  e  s t h e c od  e i n  f r on t  o f i t .  I f

a n  exp  r e s  s i on i s t o b e op t  imi z e d  , i t  mu s  t b e  g e n e r a  t  e d by t h e  f o l  l ow-

i ng s yn  t a x  r u l  e s .

op  t imi z a b  l e _ exp  r :

i v_ exp  r c on s  t mu l t |

c on s  t i v_ exp  r mu l t |

a dd r  e s s i v_  exp  r a dd r  e s s a r r a y_ i n s t  r  ;

mu l t :

ML I ws |

ML U ws ;

a r  r a y_  i  n s t  r  :

LAR ws |

SAR ws |

AA R ws ;

c on s  t :

LOC n  ;

An ’ a dd r  e s s ’  i s a n EM i n s  t r u c t  i on  t h a  t l o a d  s a n  a dd r  e s s on t h e  s t a c k  .

An i n s  t r u c t  i on  l i k e LOL ma y  b e a n  ’ a dd r  e s s ’  , i f  t h e  s i z e o f a n a dd  r e s  s

( po i n t  e r s i z e ,  =p s  ) i s  t h e  s ame a s t h e  wo r d  s i z e .  I f t h e  po i n t  e r s i z e

i s  twi  c e t h e  wo r d  s i z e ,  i n s  t r u c t  i on  s l i k e  LDL a r e  a n ’ a dd r  e s s ’  . ( Th e

a dd r  e s s e s  i n t h e  t h i  r d g r amma r  r u l  e d e no t  e r e s p  . t h e a r r a y  a dd r  e s s a nd

t h e a r r a y  d e s c  r i p t o r a dd  r e s  s ) .
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a dd r  e s s :

LAE |

LAL |

LOL i f p s =ws |

LOE , , |

L I L  , , |

LDL i f p s =2*ws |

LDE , , ;

Th e no  t i on o f a n i v -  exp  r e s  s i on wa s  i n t  r odu  c e d  e a r  l i e r .

i v_ exp  r :

i v_ exp  r un  a i r _op  |

i v_ exp  r i v_ exp  r b i n a r y_op |

l oop  c  on s t  |

i v  ;

un  a i r _op  :

NG I ws |

INC |

DE C ;

b i n a r y_op :

AD I ws |

ADU ws |

SB I ws |

SBU ws ;

l oop  c  on s t  :

c on s  t |

LOL x  i f x  i s no t  c h a ng e d  i n l oop  ;

i v  :

LOL x  i f x  i s a n i ndu  c t i on  va r  i a b  l e ;

An i v_  exp  r e s  s i on mu s  t s a  t i s f y  on e  a dd i  t  i on a  l c on s  t r a  i n t  : i t  mu s  t u s  e

ex  a c t  l y on e  op e  r  a nd t h a  t i s  a n i ndu  c t i on  va r  i a b  l e .  A s imp l e ,  h a nd

wr i t t e n  , t op - down p a r  s e r  i s u s e d t o r e c ogn i z e  a n i v -  exp  r e s  s i on .  I t

s c a n  s t h e EM c od e f r om r i gh t  t o l e f t  ( r e c a  l l t h a  t EM i s e s s e n  t i a l  l y

po  s t fix )  . I t  u s e s  s ema n t i c a t t r i bu t e s  ( i nh e  r i t e d  a s we l  l a s  d e r  i ve  d )

t o  c h e  c k t h e a dd  i t i on  a l c on  s t r a i n t  .

Al  l i n f o rma t i on a s s emb l  e d du r  i ng  t h e  r e c ogn  i t i on  p r o c e  s s i s pu t  i n

a ’ c od e _  i  n f o ’  s t r u c  t u r  e . Th i  s s t  r u c  t u r  e c on t  a  i n s t h e  f o l  l owi  ng i n f o r  -

ma t i on :

- t h e  op t  imi z a b  l e c od  e i t s e  l f

- t h e  l oop  a nd  b a s  i c b l o c k  t h e  c od e  i s p a r  t o f

- t h e  i ndu  c t i on  va r  i a b  l e

- t h e  i v -  exp  r e s  s i on

- t h e  s i gn o f t h e  i ndu  c t i on  va r  i a b  l e i n t h e  i v -  exp  r e s  s i on

- t h e  o f f s e  t a nd s i z e o f t h e  t empo r a r y l o c  a l va r  i a b  l e

-

t h e exp  e  n s i ve  op e  r  a t o r (ML I , LAR e t c  . )

- t h e  i n s  t r u c t  i on  t h a  t l o a d  s t h e c on  s t a n t  ( f o r  mu l  t  i p l  i c a  t i on )  o r

t h e a r r a y  d e s c  r i p t o r ( f o r  a r r a y  s ) .
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Th e e n  t i r e t r a n s  f o rma t i on p r o c e  s s i s d r i ve  n by  t h i  s i n f o rma t i on .  As

t h e EM t ex  t i s  r e p  r e s e n t  e d i n t  e r n a l  l y a s a  l i s t  , t h i  s p r o c e  s s c on  s i s t s

ma i n l y  o f s t r a i gh  t f o rwa r d l i s t  ma n  i  pu l  a  t i on s  .

Th e i n i  t  i a l  i z a t  i on  c od  e mu s t b e pu t  imme d  i a t e l y b e f o r  e t h e l oop  e n t  r y .

Fo r t h i  s pu  r  po s e  a header block i s  c r e a t e d t h a  t h a  s t h e l oop  e n t  r y b l o c k

a s  i t s  on l y  s u c  c  e s s o r  a nd  t h a  t domi n a t e s t h e  e n t r y b l o c k  . Th e CFG a nd

a l  l r e  l  a  t i on s  ( SUC C , PRED,  IDOM, LOO PS e t c  . ) a r e  upd  a t e d .

An EM i n s  t r u c t  i on  t h a  t wi  l  l r e p l  a c e  t h e  op t  imi z a b  l e c od  e i s  c r e a t e d

a nd pu t  a t t h e  p l a c e  o f t h e  o l d  c od  e . Th e  l i s t  r e p  r e s e n t  i ng t h e  o l d

op  t imi z a b  l e c od  e i s  u s e d t o c r e a t e  a l i s t  f o r  t h e  i n i  t  i a l  i z i ng  c od  e ,

a s  t h ey a r e  s imi l a r  . On l y two mod i fic  a t i on  s a r e  r e qu  i r e d :

- i f t h e  exp  e  n s i ve  op e  r  a t o r i s a LAR o r SAR , i t  mu s  t b e  r e p  l a c e d by

a n  AAR , a s  t h e  i n i  t  i a l  va l u e  o f TMP i s t h e address o f  t h e  fi r s  t a r  r a y

e l eme n t t h a  t i s  a c c e  s s e d .

- c od  e mu s t b e a pp  e  nd  e  d t o  s t o r e  t h e  r e s u l  t o f  t h e  exp  r e s  s i on i n

TM P.

F i  n a l  l y ,  c od  e t o  i n c r eme n t TMP i s c r e a t e d a nd  pu t a f t e r  t h e  c od e  o f

t h e s i ng l  e a s  s i gnme n  t t o  t h e i ndu  c t i on  va r  i a b  l e .  Th e  g e n e r a  t  e d c od  e

u s  e  s e i  t h e  r a n  i n t  eg e  r a dd i  t  i on (AD I ) o r a n i n t  eg e  r - t o - po i n t  e r a dd  i -

t i on  (AD S ) t o do t h e  i n c  r  eme n t .

SR ma i n t  a  i n s a s e t  o f a l l  exp  r e s  s i on s  t h a  t h ave  a l r e a dy  b e e n r e c  -

ogn  i z e d i n t h e  p r e s e n t  l oop  . Su c h exp r  e s s i on  s a r e  s a i d t o b e available .

I f  a n exp  r e s  s i on i s r e c ogn  i z e d t h a  t i s  a l r e a dy  ava  i l a b l  e , no n ew t em -

po  r a r y l o c  a l va r  i a b  l e i s a l l o c  a t e d f o r  i t ,  a nd  t h e  c od e  t o i n i  t  i a l  i z e

a nd i n c  r  eme n t t h e  l o c  a l i s no t  g e n e  r  a t e d .

6.4. Source files of SR

Th e s ou r  c e s  o f  SR a r e  i n t h e  f o l  l owi  ng fi l e s a nd  p a c k a g e  s :

s r  . h :  d e c  l  a r a  t i on s  o f g l ob a  l va  r i a b l  e s a nd  d a t a  s t r u c  t u r  e s

s r  . c :  t h e  r ou  t i n e ma i n ;  a d r  i v i ng r ou  t i n e t o p r o c e  s s ( po  s s i b l y

n e  s t e d )  l oop  s i n  t h e r i gh t  o r d e r

i v  imp l eme n  t s a p r o c e du  r e t h a  t fin d s t h e  i ndu  c t i on  va r  i a b  l e s  o f

a l oop

r e du  c e imp l eme n  t s a p r o c e du  r e t h a  t fin d s op t  imi z a b  l e exp  r e s  s i on s

a nd t h a  t do  e s t h e  t r a n s  f o rma t i on s

c a nd  imp l eme n  t s a p r o c e du  r e t h a  t fin d s t h e  c a nd i d a t e  i ndu  c t i on

va  r i a b l  e s ;  u s e d t o imp l eme n  t i v

x f o rm imp l eme n  t s s ev  e r a  l u s  e f u  l r ou t  i n e s  t h a  t t r a n  s f o rm l i s t s  o f

EM t ex  t o r  a CFG;  u s e d t o imp l eme n  t r e du  c e

exp r  imp l eme n  t s a p r o c e du  r e t h a  t p a  r s e s  i v -  exp  r e s  s i on s

a ux imp l eme n  t s s ev  e r a  l a ux i  l  i a r y p r o c e du  r e s  .
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7. Common subexpression elimination

7.1. Introduction

Th e Comm on Sub exp  r e s  s i on E l imi n a t  i on  op t imi z a t  i on  t e c hn  i  qu e (CS )

t r i e s  t o e l imi n a t e  mu l  t  i p l e c ompu t a t  i on  s o f  EM exp r e s  s i on s  t h a  t y i  e  l d

t h e s ame r e s u l  t . I t p l a c e  s t h e r e s u l  t o f  on e  s u c h  c omp u t a t  i on  i n a

t emp o r a r y va r  i a b  l e ,  a nd  r e p  l a c e  s t h e o t h e r  c ompu t a t  i on  s by  a r e f e r e n c  e

t o  t h i s t empo r a r y va r  i a b  l e .  Th e  p r ima r y go a  l o f  t h i  s t e c hn i qu e  i s t o

d e  c r e a s e  t h e  exe  c u t  i on t ime o f t h e  p r og r  am, bu t  i n g e n e  r  a l i t wi l l

s ave  s p a  c  e t oo .

As a n ex amp l e o f t h e  a pp l  i c a  t i on o f Commo n Su b exp r  e s s i on  E l imi n a -

t i on  , c on s  i d e  r t h e p i e c e  o f p r og r  am i n F i g  . 7 . 1 ( a )  .

x : = a  * b ;  TMP : = a  * b ;  x : =  a * b ;

CODE ; x : = TMP ; CODE

y : = c + a  * b ;  COD E y : = x ;

y : = c + TM P ;

( a )  ( b )  ( c )

F i  g . 7 . 1  Ex amp l e s  o f Comm on Sub exp  r e s  s i on E l imi n a t  i on

I f  n e i  t h e  r a no r  b i s  c h a ng e d  i n COD E , t h e  i n s  t r u c t  i on  s c a n b e

r e p l  a c e d by t ho  s e o f F i g  . 7 . 1 ( b )  , wh i c h  s av  e s on e  mu l  t  i p l  i c a  t i on ,  bu t

c o  s t s  a n ex t  r a s t o r e  i n s  t r u c t  i on  . I f  t h e  va l u e  o f x  i s no t  c h a ng e d  i n

CODE e i t h e  r , t h e  i n s  t r u c t  i on  s c a n b e r e p  l a c e d by t ho  s e o f F i g  . 7 . 1 ( c )  .

I n  t h i  s c a  s  e t h e ex t  r a s t o r e  i s no t  n e e d e d  .

I n  t h e  f o l  l owi  ng s e c  t i on s  we wi l l  d e s c  r i b e wh i  c h t r a n s  f o rma t i on s

a r e  don  e by  CS a nd how t h i  s ph  a s e  wa s  imp l eme n  t e d  .

7.2. Specification of the Common Subexpression Elimination phase

I n  t h i  s s e c t  i on  we wi l l  d e s c  r i b e t h e  wi ndow t h r ough wh i  c h CS ex am-

i n e s  t h e  c od e  , t h e exp  r e s  s i on s  r e c ogn  i z e d by CS ,  a nd  fin a  l l y  t h e

c h a ng e  s ma d e t o  t h e c od  e .

7.2.1. The working window

Th e CS a l go r  i t hm i s a pp  l i e d t o t h e  l a r g e  s t s e qu e n c  e o f  t ex  t  u a l  l y

a d  j a c e n t  b a s  i c b l o c k  s B1 , . . , Bn , f o r  wh i  c h

PRED (B j  ) = {B j  - 1}  , j = 2 ,  .  .  , n .

I n  t  u  i t i ve  l y ,  t h i  s wi  ndow c on s i s t s  o f s t r a i gh  t l i n e  c od e  , wi  t h on l y  on e

e n  t r y  po i n t  ( a t  t h e  b eg i nn i ng )  ; i t  ma y  c on t  a  i n j ump s , wh i  c h s hou  l  d a l  l

h ave  t h e  i r t a r g e  t s ou t  s  i d e t h e  wi ndow. Th i  s i s  i l l u s  t r a  t  e d i n F i g  .

7 . 2 .

x : = a  * b ;  ( 1 )

i f  x < 10 t h e n  ( 2 )

y : = a  * b ;  ( 3 )

F i  g . 7 . 2  Th e  wo r k  i  ng wi ndow o f CS

L i  n e ( 2 )  c a n  on l y  b e exe  c u t  e d a f t e r  l i n e ( 1 )  . L i  k ew i s e  , l i n e  ( 3 )  c a n

on  l  y b e  exe  c u t  e d a f t e r  l i n e ( 2 )  . Bo t h a a nd  b  h av  e t h e s ame va l u e  s a t

l i n e  ( 1 )  a nd  a t l i n e ( 3 )  .
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La r g e  r wi  ndows we r e  avo i  d e d  . I n  F i g  . 7 . 3 ,  t h e  va l u e  o f a a t  l i n e

( 4 )  ma y  h ave  b e e n ob t  a  i n e d  a t mo r  e t h a n  on e  po i n t  .

x : = a  * b ;  ( 1 )

i f  x < 10 t h e n  ( 2 )

a : = 100 ; ( 3 )

y : = a  * b ;  ( 4 )

F i  g . 7 . 3  Sev  e r a  l wo r k i ng wi ndows

7.2.2. Recognized expressions.

Th e c omp u t a t  i on  s e l  imi n a t e d by CS n e e d no t  b e no rma l exp r  e s s i on  s

( l  i k e  " a * b "  ) , bu t  c a n  eve  n c on s  i  s  t o f  a s i ng  l e op e  r  a nd t h a  t i s

exp e n  s i ve t o a c c e  s s ,  s u c h  a s a n a r r a y  e l eme n t o r a r e c o r d  fie l d .  I f a n

a r  r a y e l eme n t i s u s e d ,  i t s  a dd  r e s  s i s  c ompu t e d  imp l i c i  t  l y .  CS i s a b l  e

t o  e l imi n a t e  e i t h e r  t h e  e l eme n t i t s e l  f o r  i t s  a dd  r e s  s , wh i  c h eve  r on  e

i s  mo s  t p r ofi t  a b l  e . A va  r i a b l  e o f  a t ex t u a l  l y e n c  l o s  i ng  p r o c e du  r e ma y

a l  s o b e exp  e  n s i ve  t o a c c e  s s ,  d e p e nd i ng on t h e  l ex  i c a  l l eve  l d i  f f e r  -

e n c  e .

7.2.3. Transformations

CS c r e a t e s a n ew t empo r a r y l o c  a l va r  i a b  l e ( TM P ) f o r  eve  r y e l imi -

n a  t  e d exp r  e s s i on  , un  l e s  s i t  i s a b l  e t o  u s e  a n ex i  s  t i ng l o c  a l va r  i a b  l e .

I t  emi t s c od  e t o  i n i t i a l  i z e t h i  s va  r i a b l  e wi  t h t h e  r e s u l  t o f  t h e

exp r  e s s i on  . Mo s t r e c u r  r e n c  e s o f t h e  exp  r e s  s i on c a n  s imp l y  b e r e p  l a c e d

by a r e f e r e n c  e t o  TMP . I f  t h e  a dd r  e s s o f a n a r r a y  e l eme n t i s r e c og  -

n i  z e d  a s a c omm on s ub  exp  r e s  s i on ,  r e f e r e n c  e s t o t h e  e l eme n t i t s e l  f a r e

r e p l  a c e d by i nd  i r e c t  r e f e r e n c  e s t h r ough TMP ( s e e F i g  . 7 . 4 ) .

x : = A[ i ] ;  TMP : = &A[ i ] ;

. . .  - - >  x : =  *TM P ;

A[ i ] : =  y ; . . .

F i  g . 7 . 4  E l imi n a t  i on  o f a n a r r a y  a dd r  e s s c ompu t a t  i on

He r e , ’&’ i s t h e  ’ a dd r  e s s o f ’  op e  r  a t o r ,  a nd  un a r y ’ * ’  i s t h e  i nd  i r e c -

t i on  op e r a  t o r  . (No t  e t h a t  EM a c t u a  l l y  h a s  d i f f e r e n t  i n s t  r u c  t i on s  t o

do  a  u s e  - i nd i  r e c  t o r  a n a s s  i gn -  i nd  i r e c t  . )

7.3. Implementation

7.3.1. The value number method

To d e t e rm i n e  wh e  t h e  r two exp r e s  s i on s  h av  e t h e s ame r e s u l  t , t h e  r  e

mu s t b e s ome wa y  t o d e t e rm i n e  wh e  t h e  r t h e i  r op  e r a nd  s h ave  t h e  s ame

va  l u e  s . We u s e  a s y s  t em o f value numbers [Ke nn81 a ] i n wh i  c h e a c h d i s t  i n c  t

va  l u e  o f wh a  t  eve  r t yp e  , c r e a t e d o r u s e d wi t h i n  t h e wo r k  i  ng wi ndow,

r e c e  i ve  s a un i qu e  i d e n  t i f y i ng numb e  r , i t s  va l u e  numb e  r . Two i t ems h av  e

t h e s ame va l u e  numb e  r i f  a nd  on l y  i f ,  b a s e d on l y  upon  i n f o rma t i on f r om

t h e i n s  t r u c t  i on  s i n  t h e wi ndow, t h e  i r va l u e  s a r e  p r ova  b l y  i d e n  t i c a l  .

Fo r ex  amp l e ,  a f t e r  p r o c e  s s i ng  t h e  s t a t eme n t

a : = 4 ;
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t h e va r  i a b  l e a a nd  t h e  c on s  t a n  t 4 h av  e t h e s ame va l u e  numb e  r .

Th e va  l u e  numb e  r o f  t h e  r e s u l  t o f  a n exp  r e s  s i on d e p e nd s  on l y  on

t h e k i nd o f op e  r  a t o r a nd  t h e  va l u e  numb e  r ( s )  o f t h e  op e  r  a nd (  s  ) . Th e

exp r  e s s i on  s n e  e d no  t b e  t ex  t  u a l  l y e qu  a l ,  a s s hown i n F i g  . 7 . 5 .

a : = c ; ( 1 )

u s  e ( a  * b )  ; ( 2 )

d : = b ; ( 3 )

u s  e ( c  * d )  ; ( 4 )

F i  g . 7 . 5  Di f f e r e n t  exp  r e s  s i on s  wi t h t h e  s ame va l u e  numb e  r

At  l i n e ( 1 )  a  r e c e  i ve  s t h e s ame va l u e  numb e  r a s  c . At l i n e ( 2 )  d

r e c e  i ve  s t h e s ame va l u e  numb e  r a s  b . At l i n e ( 4 )  t h e  exp  r e s  s i on " c *

d "  r e c e  i ve  s t h e s ame va l u e  numb e  r a s  t h e  exp  r e s  s i on " a * b "  a t l i n e

( 2 )  , b e  c  a u s e  t h e  va l u e  numb e  r s o f t h e  i r l e f  t a nd r i gh t  op e  r  a nd s  a r e

t h e s ame ,  a nd  t h e  op e  r  a t o r ( * )  i s t h e  s ame .

As a no  t  h e r  ex amp l e o f t h e  va l u e  numb e  r me t hod  , c on s  i d e  r F i  g . 7 . 6 .

u s  e ( a  * b )  ; ( 1 )

a : = 123 ; ( 2 )

u s  e ( a  * b )  ; ( 3 )

F i  g . 7 . 6  I d e n  t i c a l  exp  r e s  s i on s  wi t h t h e  d i f f e r e n t  va l u e  numb e  r s

Al  t hough t ex  t  u a l  l y t h e  exp  r e s  s i on s  " a * b "  i n l i n e 1 a nd l i n e 3 a r e

e qu a  l , a wi  l  l h ave  d i f f e r e n t  va l u e  numb e  r s a t l i n e 3 a nd  l i n e 1 . Th e

two exp r e s  s i on s  wi l l  no t  mi s t a k e n  l  y b e  r e c ogn  i z e d a s e qu  i va  l  e n t  .

7.3.2. Entities

Th e Va l u e  Numb e  r Me t hod  d i s t  i ngu  i s h e s  b e twe e n op e  r  a t o r s  a nd

op e r a nd  s . Th e  va l u e  numb e  r s o f op e  r  a nd s  a r e  s t o r e d i n a  t a b  l e ,  c a l  l e d

t h e symbol table . Th e  va l u e  numb e  r o f  a s ub exp  r e s  s i on d e p e nd s  on t h e

( r oo  t ) op e  r  a t o r o f t h e  exp  r e s  s i on a nd  on t h e va l u e  numb e  r s o f i t s

op  e r a nd  s . A t a b l  e o f  " ava i  l a b l  e exp r  e s s i on  s " i s u s e d t o do t h i  s ma p -

p i ng .

CS r e c ogn  i z e  s t h e f o l  l owi  ng k i nd s  o f EM op e  r  a nd s  , c a  l l e d entities :
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- c on  s t a n t

- l o c  a l va r  i a b  l e

- ex t  e r n a l  va r  i a b  l e

- i nd  i r e c t  l y a c c e  s s e d e n t  i  t y

- o f f s e  t t e d e n t  i  t y

- a dd  r e s  s o f  l o c  a l va r  i a b  l e

- a dd  r e s  s o f  ex t  e r n a l  va r  i a b  l e

- a dd  r e s  s o f  o f f s e t  t e d e n t  i  t y

- a dd  r e s  s o f  l o c  a l b a s e

- a dd  r e s  s o f  a r gume n  t b a  s  e

- a r r a y  e l eme n t

- p r o c e du  r e i d e n  t i fie r

- flo a  t i ng z e r o

- l o c  a l b a s e

- h e a p po i n t  e r

- i gno  r e ma s k

Wh e n eve  r a n ew e n t  i  t y i s  e n c oun t e r e d i n t h e  wo r k  i  ng wi ndow, i t i s

e n  t e r e d i n t h e  s ymbo l t a b l  e a nd g i ve n  a  b r a nd  n ew va l u e  numb e  r . Mo s  t

e n  t i t i e s  h av  e a t  t r i bu t e s  ( e . g .  t h e  o f f s e  t i n  t h e c u r  r e n  t s t a c k f  r ame

f o r  l o c  a l va r  i a b  l e s  ) , wh i  c h a r e  a l s o s t o r e d i n t h e  s ymbo l t a b l  e .

An e n t  i  t y i s  c a l  l e d s t a t  i c i f  i t s  va l u e  c a nno  t b e  c h a ng e d  ( e . g .  a

c on s  t a n  t o r  a n a dd  r e s  s ) .

7.3.3. Parsing expressions

Comm on s ub  exp  r e s  s i on s  a r e  r e c ogn  i z e d by s imu l  a  t i ng t h e  b e h av i ou r

o f  t h e  EM ma c h i n e .  Th e  EM c od e i s  p a r  s e d  f r om l e f  t t o  r i gh t  ; a s  EM i s

po  s t fix c od  e , t h i  s i s  a bo  t t om up p a r  s e .  At a ny po i n t  t h e c u r  r e n  t

s t a t e  o f t h e  EM r un t ime s t a c k  i s r efle  c t e d by a  s imu l  a  t  e d " f a k e  s t a c k  " ,

c on t  a  i n i ng d e s c  r i p t  i on s  o f t h e  p a r s e d  op e  r  a nd s  a nd  exp  r e s  s i on s  . A

d e  s  c r i p t o r c on  s i s t s  o f :

( 1 )  t h e  va l u e  numb e  r o f  t h e  op e  r  a nd o r exp  r e s  s i on

( 2 )  t h e  s i z e o f t h e  op e  r  a nd o r exp  r e s  s i on

( 3 )  a po  i  n  t e r  t o t h e  fi r s  t l i n e  o f EM- c od  e

t h a t  c on  s t i t u t  e s t h e  op e  r  a nd o r exp  r e s  s i on

No t e t h a  t op  e r a nd  s ma y c on s  i  s  t o f  s eve  r  a l EM i n s  t r u c t  i on  s . Wh e n eve  r

a n  op e  r  a t o r i s e n c oun t e r e d ,  t h e  d e s c  r i p t o r s  o f i t s  op e  r  a nd s  a r e  on t op

o f  t h e  f a k e s t a c k  . Th e op  e r a  t o r  a nd  t h e  va l u e  numb e  r s o f t h e  op e  r  a nd s

a r e  u s e d a s i nd  i c e  s i n  t h e t a b  l e o f ava  i l a b l  e exp r  e s s i on  s , t o d e t e r -

mi n e t h e  va l u e  numb e  r o f  t h e  exp  r e s  s i on .

Du r i ng t h e  p a r s  i ng  p r o c e  s s ,  we k e e p t r a c k  o f t h e  fi r s  t l i n e  o f e a c h

exp r  e s s i on  ; we n e e d t h i  s i n f o rma t i on wh e n  we d e c  i d e  t o e l imi n a t e  t h e

exp r  e s s i on  .

7.3.4. Updating entities

An e n t  i  t y i s  a s s  i gn e d  a  va l u e  numb e  r wh e n i t  i s u s e d f o r  t h e  fi r s  t

t ime i n t h e  wo r k  i  ng wi ndow. I f t h e  e n t i t y i s u s e d a s l e f  t h a nd s i d e

o f  a n a s s  i gnme n  t , i t g e t  s t h e va l u e  numb e  r o f  t h e  r i gh t  h a nd s i d e .

Some t ime s  t h e  e f f e c  t s o f a n i n s  t r u c t  i on  on a n  e n t i t y c a nno t b e  d e t e r -

mi n e d  ex a  c t l y ;  t h e c u r  r e n  t va  l u e  a nd va l u e  numb e  r o f  t h e  e n t i t y ma y

b e  c ome i n c on s  i  s  t e n  t . He n c  e t h e c u r  r e n  t va  l u e  numb e  r mu s t b e f o r go  t -

t e n .  Th i  s i s  a c h  i ev  e d by g i v  i  ng t h e  e n t i t y a n ew va l u e  numb e  r t h a t
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wa s no  t u s  e d b e f o r  e . Th e  e n t i t y i s s a i d t o b e killed .

As i n f o rma t i on i s l o s  t wh e n a n  e n t i t y i s k i l l e d  , CS t r i e s  t o s av  e

a s  ma ny e n t  i  t  i e s  a s po  s s i b l  e . I n c a s e  o f a n  i nd  i r e c t  a s s  i gnme n  t

t h r ough a  po i n t  e r ,  s ome a n a  l y s  i  s i s  don  e t o  s e e  wh i  c h va r  i a b  l e s  c a nno  t

b e  a l t e r e d .  Fo r  a p r o c e du  r e c a l  l , t h e  i n t  e r p r o c e du  r a l  i n f o rma t i on

c on t  a  i n e d  i n t h e  p r o c e du  r e t a b  l e i s u s e d t o r e s  t r i c t  t h e  s e t  o f e n t  i -

t i e s  t h a  t ma y b e  c h a ng e d  by t h e  c a l  l . Lo c  a l va r  i a b  l e s  f o r wh i c h  t h e

f r on  t e nd g e n e  r  a t e d a  r eg  i s t e r  me s  s a g e  c a n  n eve  r b e  c h a ng e d  by a n

i nd i  r e c  t a s  s i gnme n  t o r  a p r o c e du  r e c a l  l .

7.3.5. Changing the EM text

Wh e n a n ew exp  r e s  s i on c ome s  ava  i l a b l  e , i t i s c h e  c k e d  wh e  t h e  r i t s

r e s u  l t i s s av  e d i n a  l o c  a l t h a  t ma y go  i n a  r eg  i s t e r  . Th e l a s t  l i n e

o f  t h e  exp  r e s  s i on mu s  t b e  f o l  l owe d by  a STL o r SDL i n s  t r u c t  i on

( d e p e nd i ng on t h e  s i z e o f t h e  r e s u l  t ) a nd  a r eg i  s  t e r  me s  s a g e  mu s  t b e

p r  e s e n t  f o r  t h i  s l o c a  l . I f t h e  r  e i s  s u c h  a l o c a  l , i t i s r e c o r d e d  i n

t h e ava  i l a b l  e exp r  e s s i on  s t a b l  e . Ea c h t ime a n ew o c c u r  r e n c  e o f  t h i  s

exp r  e s s i on  i s f ound  , t h e va l u e  numb e  r o f  t h e  l o c  a l i s c omp a  r  e d a g a i n s  t

t h e va l u e  numb e  r o f  t h e  r e s u l  t . I f t h ey a r e  d i f f e r e n t  t h e l o c  a l c a n  -

no  t b e  u s e d a nd  i s f o r go  t t e n .

Th e ava i  l a b l  e exp r  e s s i on  s a r e  l i nk e  d i n  a l i s t  . New exp r e s  s i on s

a r e  l i nk e  d a t  t h e  h e a d  o f t h e  l i s t  . I n  t h i  s wa y exp r  e s s i on  s t h a t  a r e

c on t  a  i n e d  wi t h i n  o t h e r  exp  r e s  s i on s  a pp  e a r  l a t e r i n t h e  l i s t  , b e  c  a u s e

EM- exp r e s  s i on s  a r e  po s  t fix . Th e e l  imi n a t  i on  p r o c e  s s wa l k s  t h r ough t h e

l i s t  , s t a r  t i ng a t t h e  h e a d  , t o  find  t h e  l a r g e  s t exp  r e s  s i on s  fi r s t  . I f

a n  exp  r e s  s i on i s e l imi n a t e d ,  a ny exp  r e s  s i on l a t e r on i n t h e  l i s t  , c on -

t a i n e d  i n t h e  f o rme r exp r  e s s i on  , i s  r emov e d f r om t h e  l i s t  , a s  exp  r e s  -

s i on  s c a n on l y  b e e l imi n a t e d on c  e .

A STL o r SDL i s emi t t e d  a f t e r  t h e  fi r s  t o c  c u r r e n c  e o f  t h e  exp  r e s  -

s i on  , un  l e s  s t h e r e  wa s  a n ex i  s  t i ng l o c  a l va r  i a b  l e t h a  t c ou l d  ho l d  t h e

r e s u  l t .

7.3.6. Desirability analysis

Al t hough t h e  g l ob a  l op  t imi z e r  wo r k s on EM c od e , t h e  go a  l i s  t o

imp r ove  t h e  qu a  l i t y o f t h e  ob j  e c t  c od  e . Th e  r  e  f o r  e s ome ma c h  i  n e - d e p e n  -

d e n  t i n f o rma t i on i s n e e d e d  t o d e c  i d e  wh e  t h e  r i t  i s d e s  i r a b l  e t o  e l imi -

n a  t  e a g i ve n  exp  r e s  s i on .  Be c a u s  e i t  i s imp o s s  i b l e f o r  t h e  CS ph a  s  e t o

know ex a  c t l y wh a  t c od e  wi l l  b e g e n e  r  a t e d ,  s ome h e u  r i s t  i c s  a r e  u s e d .

CS e s s e n  t i a l  l y l ook  s f o r  s ome s p e  c i a l  c a s e s  t h a  t s hou  l  d no  t b e  e l imi -

n a  t  e d . Th e  s  e s p e c  i  a  l c a  s  e  s c a n b e t u r n e d  on o r o f f  f o r  a g i ve  n

ma c h i n e ,  a s i nd  i c a  t  e d i n a ma c h i n e d e s c  r i p t o r fi l e  .

Some op e  r  a t o r s  c a n  s ome t  ime s b e  t r a n s  l a t e d i n t o  a n a dd  r e s  s i ng mod e

f o r  t h e  ma c h i n e a t h a nd .  Su c h  a n op  e r a  t o r  i s on l y  e l imi n a t e d i f i t s

op  e r a nd  i s i t s e l  f exp e n  s i ve ,  i . e .  i t i s no t  j u s t  a s imp l e l o a d  . Th e

ma c h i n e d e s c  r i p t o r fi l e  c on  t a i n s  a  s e t  o f s u c h  op e  r  a t o r s  .

E l  imi n a t  i ng  t h e  l o a d  i  ng o f t h e  Lo c  a l Ba s e  o r t h e Ar gume n  t Ba s e by

t h e LXL r e s p .  LXA i n s  t r u c t  i on  i s on l y  b e n efic  i  a  l i f  t h e  d i f f e r e n c  e i n

l ex i  c a l  l eve  l s ex c  e  e d s a c e  r t a i n t h r  e s ho  l  d . Th e  ma c h i n e d e s c  r i p t o r

fi l  e c on t  a  i n s t h i  s t h r e s ho l d  .

Re p l a c i ng  a SAR o r a LAR by a n AAR f o l  l owe d by  a LO I ma y po  s s i b l y

i n c r e a s e  t h e  s i z e o f t h e  ob j  e c t  c od  e . We a s s ume t h a  t t h i  s i s  on l y

po  s s i b l  e wh e n t h e s i z e o f t h e  a r r a y  e l eme n t i s g r e a t e r t h a n  s ome
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l imi t .

Th e r e  a r e b a  c k e nd s  t h a  t c a n ve r y e f fic i e n t  l y t r a n  s l a t e  t h e  i nd  ex

c omp u t i ng  i n s  t r u c t  i on  s e qu e n c  e LOC SL I  ADS . I f  t h i  s i s  t h e  c a s e  , t h e

SL I i n s t  r u c  t i on b e twe e n a LOC a nd a n ADS i s no t  e l imi n a t e d .

To h a nd l  e un  f  o  r s e e n  c a s e s  , t h e d e s c  r i p t o r fi l e  ma y  a l s o c on  t a i n a

s e  t o f  op e  r  a t o r s  t h a  t s hou  l  d n eve  r b e  e l imi n a t e d .

7.3.7. The algorithm

Af t e r  t h e  s  e p r  e p a  r  a t o r y  exp  l a n a  t i on s  , t h e a l go r  i t hm i t s e l  f i s  e a s y

t o  und  e r s  t a nd  . Fo r e a c h i n s  t r u c t  i on  wi t h i n  t h e c u r  r e n  t wi  ndow, t h e

f o  l l owi  ng s t e p s  a r e  p e r  f o rme d i n  t h e g i ve n  o r d e r  :

1 .  Ch e  c k i f  t h i  s i n s t  r u c  t i on d efin e  s a n  e n t i t y .  I f s o ,  t h e  s e t  o f

e n  t i t i e s  i s upd  a t e d a c c o r d  i  ng l y .

2 .  Ki l l  a l l  e n t  i  t  i e s  t h a  t mi gh t  b e a f f e c  t  e d by t h i  s i n s t  r u c  t i on .

3 .  S imu l  a  t  e t h e i n s  t r u c t  i on  on t h e f a k e -  s t a c k  . I f  t h i  s i n s t  r u c  t i on

i s  a n op e  r  a t o r ,  upd  a t e  t h e  l i s t  o f ava  i l a b l  e exp r  e s s i on  s a c c o r d -

i ng l y .

Th e r e s u  l t o f t h i  s p r o c e  s s i s a  l i s t  o f ava  i l a b l  e exp r  e s s i on  s p l u s

t h e i n f o rma t i on n e e d e d  t o e l imi n a t e  t h em. Exp r e s  s i on s  t h a  t a r e  d e s  i r -

a b  l e t o e l imi n a t e  a r e  e l imi n a t e d .  Nex  t , t h e  wi ndow i s s h i  f  t e d  a nd t h e

p r o c e  s s i s r e p e  a t e d .

7.4. Implementation.

I n  t h i  s s e c t  i on  we wi l l  d i s c u  s s t h e  imp l eme n  t a t  i on  o f t h e  CS

ph a s e  . We wi l l  fi r s  t d e  s  c r i b e  t h e  b a s i c a c t  i on  s t h a t  a r e  und  e r t a k e n  by

t h e a l go r  i t hm, t h a n  t h e  a l go r  i t hm i t s e l  f .

7.4.1. Partioning the EM instructions

Th e r e  a r e ov e r 100  EM i n s  t r u c t  i on  s . Fo r  ou r  pu r po s  e we p a r  t i t i on

t h i  s hug  e s e  t i n t o  g r oup  s o f  i n s  t r u c t  i on  s wh i c h  c a n  b e mo r e o r l e s  s

c onv e n i  e n t  l y h a nd l  e d t og  e t h e r  .

Th e r e  a r e g r oup  s f o r  a l l  s o r  t s o f l o a d  i n s  t r u c t  i on  s : s imp l  e l o a d  s ,

exp e n  s i ve l o a d  s , l o a d  s o f  a n a r r a y  e l eme n t .  A l o a d  i s c on  s i d e r e d expen-

sive wh e n mo r e t h a n  on e  EM i n s  t r u c t  i on  s a r e  i nv o l ve d  i n l o a d  i  ng i t .  Th e

l o a d  o f a  l ex  i c a  l e n  t i t y i s a l s o c on  s i d e r e d exp  e  n s i ve  . Fo r i n s t a n c  e :

LO F i s  exp  e  n s i ve  , LAL i s no t  . LAR f o rms a g r oup  on i t s own , b e  c  a u s e

i t  i s no t  on l y  a n exp  e  n s i ve  l o a d  , bu t a l  s o imp l i c i  t  l y i n c  l ud  e s t h e

t e r n a r y op e  r  a t o r AAR , wh i c h  c omp u t e s t h e  a dd r  e s s o f t h e  a r r a y  e l eme n t .

Th e r e  a r e g r oup  s f o r  a l l  s o r  t s o f op e  r  a t o r s  : un  a r y , b i n a r y ,  a nd

t e r n a r y .  Th e  g r oup  s o f  op e  r  a t o r s  a r e  f u r  t h e  r p a  r t i t i on  e  d a c c o r d  i  ng t o

t h e s i z e o f t h e  i r op e  r  a nd (  s  ) a nd r e s u l  t .

Th e r e  a r e g r oup  s f o r  a l l  s o r  t s o f s t o r e s :  d i r e c  t , i nd  i r e c t  , a r  r a y

e l eme n t .  Th e  SAR f o rms a g r oup  on i t s own f o r  t h e  s ame r e a  s on  a s

a pp e  a r e d wi t h LAR .

Th e e f  f e c t  o f t h e  r ema i n i ng i n s  t r u c t  i on  s i s  l e s  s c l e a r  . Th ey do

no t h e  l p ve r y mu c h  i n p a r  s i ng exp  r e s  s i on s  o r i n c on  s t r u c  t i ng ou r

p s  e udo  s ymbo l t a b l  e . Th ey a r e  p a r  t i t i on  e  d a c c o r d  i  ng t o t h e  f o l  l owi  ng

c r  i t e r i a :

- Th ey c h a ng e  t h e  va l u e  o f a n e n t  i  t y wi  t hou  t u s  i ng  t h e  s t a c k

( e  . g .  ZRL , DE E ) .
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- Th ey a r e  s ub  r  ou t i n e  c a l  l s (CA I , CAL ) .

- Th ey c h a ng e  t h e  s t a c k  i n s ome i r r e p  r  odu  c e a b l  e wa y ( e  . g .  ASP ,

LFR ,  DUP ) .

- Th ey h av  e no  e f f e c  t wh a t eve  r on  t h e  s t a c k  o r on t h e  e n t i t i e s  .

Th i s do e  s no  t me a n t h ey c a n  b e d e  l  e  t  e d , bu t  t h ey  c a n  b e

i gno  r e d  f o r  t h e  mome n  t ( e  . g .  MES , L IN ,  NOP ) .

- Th e  i r e f f e c  t i s  t oo  c omp l  i c a  t  e t oo c ompu t e ,  s o we j u s  t a s  s ume

wo r s t  c a s e  b e h av i ou r  . Ho p e f u l  l y , t h ey do no t  o c c u r  ve r y

o f  t e n  . ( e  . g .  MON , STR ,  BLM) .

- Th ey s i gn a  l t h e e nd  o f t h e  b a s i c b l o c k  ( e . g .  BLT , RE T, TRP ) .

7.4.2. Parsing expressions

To r e c ogn  i z e  exp  r e s  s i on s  , we s imu l  a  t  e t h e b e h av i ou r  o f t h e EM

ma c h i n e ,  by me a n s  o f a f a k e -  s t a c k  . Wh e n we s c a n t h e  i n s  t r u c t  i on  s i n

s e qu  e  n t i a l  o r d e r  , we fi r s  t e n c oun t e r  t h e  i n s  t r u c t  i on  s t h a t  l o a d  t h e

op  e r a nd  s on  t h e  s t a c k  , a nd t h e n  t h e  i n s  t r u c t  i on  t h a  t i nd i  c a t e s t h e

op  e r a  t o r  , b e  c  a u s e  EM exp r e s  s i on s  a r e  po s  t fix . Wh e n we find a n i n s  t r u c -

t i on  t o l o a d  a n op  e r a nd  , we l o a d  on t h e  f a k e -  s t a c k  a s t  r u c  t wi  t h t h e

f o  l l owi  ng i n f o rma t i on :

( 1 )  t h e  va l u e  numb e  r o f  t h e  op e  r  a nd

( 2 )  t h e  s i z e o f t h e  op e  r  a nd

( 3 )  a po  i  n  t e r  t o t h e  fi r s  t l i n e  o f EM- c od  e

t h a t  c on  s t i t u t  e s t h e  op e  r  a nd

I n  mo s  t c a  s  e  s , ( 3 )  wi l l  po i n t  t o t h e l i n e t h a  t l o a d e d  t h e  op e  r  a nd

( e  . g .  LOL , LOC)  , i . e .  t h e  r  e i s  on l y  on e  l i n e t h a  t r e f e r  s t o  t h i s

op  e r a nd  , bu t s ome t ime s  s ome i n f o rma t i on mu s  t b e  popp  e  d t o  l o a d  t h e

op  e r a nd  ( e . g .  LOI , LAR)  . Th i s i n f o rma t i on mu s  t h ave  b e e n pu s h e d

b e  f o r  e , s o we a l s o pop a  po i n t  e r t o t h e  fi r s  t l i n e  t h a  t pu  s  h e d  t h e

i n f o rma t i on .  Th i  s l i n e  i s now t h e  fi r s  t l i n e  t h a  t d efin e s t h e  op e  r  a nd .

Wh e n we find t h e  op e  r  a t o r i n s  t r u c t  i on  , we pop  i t s  op e  r  a nd (  s  ) f r om

t h e f a k e -  s t a c k  . Th e fi r  s t l i n e t h a  t d efin e s t h e  fi r s  t op  e r a nd  i s now t h e

fi r  s t l i n e o f t h e  exp  r e s  s i on .  We now h av  e a l  l i n f o rma t i on t o d e t e rm i n e

wh e t h e r  t h e  j u s  t p a  r s e d exp  r e s  s i on h a s  o c c u r  r e d  b e f o r  e . We a l s o know

t h e fi r s  t a nd l a s  t l i n e  o f t h e  exp  r e s  s i on ;  we n e e d t h i  s wh e n we d e c  i d e

t o  e l imi n a t e  i t .  As s o c  i  a  t  e d wi  t h e a c h ava  i l a b l  e exp r  e s s i on  i s a s e t

o f  wh i  c h t h e  e l eme n t s  c on  t a i n s  t h e  fi r s  t a nd l a s  t l i n e  o f a r e c u r  r e n c  e

o f  t h i  s exp r  e s s i on  .

No t on  l  y wi  l  l t h e op e  r  a nd (  s  ) b e  popp  e  d f r om t h e  f a k e -  s t a c k  , bu t

t h e f o l  l owi  ng wi l l  b e pu s h e d  :

( 1 )  t h e  va l u e  numb e  r o f  t h e  r e s u l  t

( 2 )  t h e  s i z e o f t h e  r e s u l  t

( 3 )  a po  i  n  t e r  t o t h e  fi r s  t l i n e  o f t h e  exp  r e s  s i on

I n  t h i  s wa y a n  i t em on t h e  f a k e -  s t a c k  a lwa y  s c on t  a  i n s t h e  n e c e  s s a  r y

i n f o rma t i on .  EM exp r e s  s i on s  a r e  p a r  s e d  bo t  t um up .

7.4.3. Updating entities

As s a i d b e f o r  e , we bu i  l d ou  r p r  i va  t  e " s ymbo l t a b l  e " ,  wh i  l e s c a nn  i  ng

t h e EM- i n s  t r u c t  i on  s . Th e  b e h av i ou r  o f t h e EM- ma c h  i  n e i s  no t  on l y
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r efle  c t e d i n t h e  f a k e -  s t a c k  , bu t a l  s o i n t h e  e n t i t i e s  . Wh e n a n  e n t i t y

i s  c r e a t e d ,  we do no t  y e t  know i t s  va l u e  , s o  we a s s  i gn a b r a nd  n ew

va  l u e  numb e  r t o  i t .  Ea c h t ime a  s t o r e -  i n s  t r u c t  i on  i s e n c oun t e r e d ,  we

c h a ng e  t h e  va l u e  numb e  r o f  t h e  t a r g e  t e n  t i t y o f t h i  s s t o r  e t o  t h e

va  l u e  numb e  r o f  t h e  t ok  e n t h a  t wa s popp e  d f r om t h e  f a k e -  s t a c k  .

Be c a u s  e e n  t i t i e s  ma y  ove  r l a p ,  we mu s  t a l  s o " f o r g e  t " t h e  va l u e  numb e  r s

o f  e n t  i  t  i e s  t h a  t mi gh t  b e a f f e c  t  e d by t h i  s s t o r  e . Ea c h s u c h  e n t i t y

wi  l  l b e killed , i . e .  a s s  i gn e d  a  b r a nd  n ew va l u e numb e  r .

Be c a u s  e we l o s  e i n f o rma t i on wh e n  we f o r g e  t t h e va l u e  numb e  r o f  a n

e n  t i t y ,  we t r y  t o s av  e a s  mu c h  e n t i t i e s  a s po  s s i b l  e . Wh e n  we s t o r e

i n t o  a n ex t  e r n a l  , we don  ’ t h av  e t o  k i l l  l o c  a l s  a nd  v i c e ve r  s a .  Fu r  -

t h e rmo r e ,  we c a n  s e e  wh e  t h e  r two l o c  a l s  o r two ex t  e r n a l  s ov e r l a p  ,

b e  c  a u s e  we know t h e  o f f s e  t f r om t h e  l o c  a l b a s e  , r e s p  . t h e o f f s e  t

wi  t h i n  t h e d a t a  b l o c k  , a nd t h e  s i z e .  Th e  s i t u a  t i on b e c ome s  mo r  e c om-

p l  i c a  t  e d wh e n  we h av  e t o  c on  s i d e r  i nd  i r e c t  i on  . Th e wo r s t  c a s e  i s t h a  t

we s t o r e  t h r ough a n unknown po i n t  e r .  I n t h a  t c a  s  e we k i l l  a l l  e n t  i -

t i e s  ex c  e p t t ho  s e l o c  a l s  f o r  wh i  c h a  s o -  c a l  l e d register message h a  s b e  e n

g e n e  r  a t e d ;  t h i s r eg  i s t e r  me s  s a g e  i nd  i c a  t  e s t h a  t t h i  s l o c a  l c a n n ev  e r

b e  a c c e  s s e d i nd  i r e c t  l y .  I f we know t h i  s po  i  n  t e r  we c a n  b e mo r e c a r e -

f u  l . I f i t po i n t  s t o  a l o c a  l t h e n  t h e  e n t i t y t h a  t i s  a c c e  s s e d t h r ough

t h i  s po  i  n  t e r  c a n  n eve  r ov e r l a p  wi t h a n ex t  e r n a l  . I f  i t po i n t  s t o  a n

ex  t e r n a  l t h i  s e n  t i t y c a n  n eve  r ov e r l a p  wi t h a  l o c  a l .  Fu r  t h e  rmo r e ,  i n

t h e l a t  t e r c a s e  , we c a n  find  t h e  d a t a  b l o c k  t h i  s e n  t i t y b e l ong  s t o  .

S i  n c e  po i n t  e r a r i  t hme t  i c i s  on l y  d efin e d  wi t h i n  a  d a t a  b l o c k  , t h i  s

e n  t i t y c a n  n eve  r ov e r l a p  wi t h e n t  i  t  i e s  t h a  t a r e  known t o b e l ong  t o

a no t h e r  d a t a  b l o c k  .

No t on  l  y a f  t e r  a s t o r  e  - i n s t  r u c  t i on bu t  a l s o a f t e r  a s ub r ou t  i n e -

c a  l l i t ma y  b e n e  c  e s s a r y t o k i l l  e n t  i  t  i e s  ; t h e s ub  r  ou t i n e  ma y  a f f e c  t

g l ob a  l va  r i a b l  e s o r s t o r e  t h r ough a  po i n t  e r .  I f a s ub r ou t  i n e i s

c a  l l e d t h a  t i s  no t  ava  i l a b l  e a s  EM- t ex  t , we a s s ume wo r  s t c a s e

b e h av i ou r  , i . e .  we k i l l  a l l  e n t  i  t  i e s  wi t hou  t r eg i  s  t e r  me s  s a g e  .

7.4.4. Additions and replacements.

Wh e n a n ew exp  r e s  s i on c ome s  ava  i l a b l  e , we c h e  c k wh e t h e r  t h e  r e s u l  t

i s  s av  e d i n a  l o c  a l t h a  t ma y go  i n a  r eg  i s t e r  . Th e l a s t  l i n e o f t h e

exp r  e s s i on  mu s  t b e  f o l  l owe d by  a STL o r SDL i n s  t r u c t  i on  , d e p e nd i ng on

t h e s i z e o f t h e  r e s u l  t ( r e s p .  WS a nd 2*WS ) , a nd  a r eg i  s  t e r  me s  s a g e

mu s t b e p r e s e n t  f o r  t h i  s l o c a  l . I f we h av  e f ound s u c h  a l o c a  l , we

s t o r  e a po i n t  e r t o i t wi t h t h e  ava  i l a b l  e exp r  e s s i on  . Ea c h t ime a n ew

o c  c u r r e n c  e o f  t h i  s exp r  e s s i on  i s f ound  , we c omp a  r  e t h e va l u e  numb e  r o f

t h e l o c  a l a g a  i n s  t t h e va l u e  numb e  r o f  t h e  r e s u l  t . Wh e n  t h ey a r e  d i f -

f e r e n t  we r emov e t h e po i n t  e r t o i t ,  b e c a u s  e we c a nno t u s  e i t  .

Th e ava i  l a b l  e exp r  e s s i on  s a r e  s i ng l y  l i nk e  d i n  a l i s t  . Wh e n a n ew

exp r  e s s i on  c ome s  ava  i l a b l  e , we l i nk i t a t t h e  h e a d  o f t h e  l i s t  . I n

t h i  s wa y exp r  e s s i on  s t h a t  a r e  c on  t a i n e d  wi t h i n  o t h e r  exp  r e s  s i on s

a pp e  a r l a t e r i n t h e  l i s t  , b e  c  a u s e  EM- exp  r e s  s i on s  a r e  po s  t fix . Wh e n we

a r e  go i ng t o e l imi n a t e  exp  r e s  s i on s  , we wa l k t h r ough t h e  l i s t  , s t a r  t i ng

a t  t h e  h e a d  , t o  find  t h e  l a r g e  s t exp  r e s  s i on s  fi r s t  . Wh e n we d e c  i d e  t o

e l  imi n a t e  a n exp  r e s  s i on ,  we l ook  a t t h e  exp  r e s  s i on s  i n t h e  t a i  l o f  t h e

l i s t  , s t a r  t i ng f r om wh e  r  e we a r e  now , t o  d e l e t e  exp  r e s  s i on s  t h a  t a r e

c on t  a  i n e d  wi t h i n  t h e c ho  s e n  on e  b e c a u s  e we c a nno t e l  imi n a t e  a n exp  r e s  -

s i on  mo r  e t h a n  on c  e .
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Wh e n we a r e  go i ng t o e l imi n a t e  exp  r e s  s i on s  , a nd we do no t  h av  e a

l o c a  l t h a t  ho l d s t h e  r e s u l  t , we emi t a STL o r SDL a f t e r  t h e  l i n e wh e  r  e

t h e exp  r e s  s i on wa s  fi r s  t f ound  . Th e o t h e r  o c c u r  r e n c  e s a r e  s imp l y

r emo ve d  , un  l e s  s t h ey  c on  t a i n i n s  t r u c t  i on  s t h a t  no t  on l y  h av  e e f  f e c t  on

t h e s t a c k  ; e . g .  me s  s a g e  s , s t o r e s ,  c a l  l s .  Be f o r  e e a c h i n s  t r u c t  i on  t h a  t

n e  e d s t h e  r e s u l  t on  t h e  s t a c k  , we emi t a LOL o r LDL . Wh e n t h e exp  r e s  -

s i on  wa s  a n AAR , bu t t h e i n s  t r u c t  i on  wa s  a LAR o r a SAR ,  we a pp e  nd a

LO I r e s p  . a ST I  o f t h e  numb e  r o f  by t  e s i n a n a r r a y  - e l eme n t a f t e r  e a c h

LOL / LDL .

7.4.5. Desirability analysis

Al t hough t h e  g l ob a  l op  t imi z e r  wo r k s on EM c od e , t h e  go a  l i s  t o

imp r ove  t h e  qu a  l i t y o f t h e  ob j  e c t  c od  e . Th e  r  e  f o r  e we n e e d s ome

ma c h i n e d e p e nd e n  t i n f o rma t i on t o d e c  i d e  wh e  t h e  r i t  i s d e s  i r a b l  e t o

e l  imi n a t e  a g i ve  n exp r  e s s i on  . Be c a u s  e i t  i s imp o s s  i b l e f o r  t h e  CS

ph a s e  t o know ex a  c t l y wh a  t c od e  wi l l  b e g e n e  r  a t e d ,  we u s e  s ome h e u  r i s -

t i c s  . I n  mo s  t c a  s  e  s i t  wi l l  s av  e t ime wh e n  we e l imi n a t e  a n op e  r  a t o r ,

s o  we j u s  t do  i t .  We on l y  l ook  f o r  s ome s p e  c i a l  c a s e s  .

Some op e  r  a t o r s  c a n  i n s ome c a s e s  b e t r a n s  l a t e d i n t o  a n a dd  r e s  s i ng

mo d e f o r  t h e  ma c h i n e a t h a nd .  We on l y  e l imi n a t e  s u c h  a n op  e r a  t o r  ,

wh e n i t s op e  r  a nd i s i t s e l  f " exp  e  n s i ve  " , i . e .  no t  j u s t  a s imp l e l o a d  .

Th e u s  e r o f t h e  CS ph a  s  e h a  s t o  s upp  l  y a s e t  o f s u c h  op e  r  a t o r s  .

E l  imi n a t  i ng  t h e  l o a d  i  ng o f t h e  Lo c  a l Ba s e  o r t h e Ar gume n  t Ba s e by

t h e LXL r e s p .  LXA i n s  t r u c t  i on  i s on l y  b e n efic  i  a  l wh e n t h e numb e  r o f

l ex i  c a l  l eve  l s we h av  e t o  go b a c k ex c  e  e d s a c e  r t a i n t h r  e s ho  l  d . Th i  s

t h r e s ho l d  wi l l  b e d i f f e r e n t  wh e n  r eg  i s t e r  s a r e  s av  e d by t h e  b a c k  e nd .

Th e u s  e r mu s  t s upp  l  y t h i  s t h r e s ho l d  .

Re p l a c i ng  a SAR o r a LAR by a n AAR f o l  l owe d by  a LO I ma y po  s s i b l y

i n c r e a s e  t h e  s i z e o f t h e  ob j  e c t  c od  e . We a s s ume t h a  t t h i  s i s  on l y

po  s s i b l  e wh e n t h e s i z e o f t h e  a r r a y  e l eme n t i s g r e a t e r t h a n  s ome

( u s e  r - s upp  l i e d )  l imi t  .

Th e r e  a r e b a  c k e nd s  t h a  t c a n ve r y e f fic i e n t  l y t r a n  s l a t e  t h e  i nd  ex

c omp u t i ng  i n s  t r u c t  i on  s e qu e n c  e LOC SL I  ADS . I f  t h i  s i s  t h e  c a s e  , we

do no t e l imi n a t e  t h e  SL I  i n s  t r u c t  i on  b e twe e n a LOC a nd a n ADS .

To h a nd l  e un  f  o  r e s e e n  c a s e s  , t h e u s e  r ma y a l  s o s upp  l  y a s e t  o f

op  e r a  t o r  s t h a t  s hou  l  d n eve  r b e  e l imi n a t e d .

7.4.6. The algorithm

Af t e r  t h e  s  e p r  e p a  r  a t o r y  exp  l a n a  t i on s  , we c a n  b e s ho r  t a bou  t t h e

a l go  r i t hm i t s e l  f . Fo r  e a c h i n s  t r u c t  i on  wi t h i n  ou r  wi ndow, t h e  f o l  l ow-

i ng s t e p s  a r e  p e r  f o rme d i n  t h e o r d e r  g i ve n  :

1 .  We c h e  c k i f  t h i  s i n s t  r u c  t i n  d efin e  s a n  e n t i t y .  I f t h i  s i s  t h e  c a s e

t h e s e t  o f e n t  i  t  i e s  i s upd  a t e d a c c o r d  i  ng l y .

2 .  We k i l l  a l l  e n t  i  t  i e s  t h a  t mi gh t  b e a f f e c  t  e d by t h i  s i n s t  r u c  t i on .

3 .  Th e  i n s  t r u c t  i on  i s s imu l  a  t  e d on t h e  f a k e -  s t a c k  . Co py p r op a g a t  i on

i s  don  e . I f t h i  s i n s t  r u c  t i on i s a n op e  r  a t o r ,  we upd a t e  t h e  l i s t

o f  ava  i l a b l  e exp r  e s s i on  s a c c o r d  i  ng l y .

Wh e n we h av  e p r o c e  s s e d a l l  i n s  t r u c t  i on  s t h i  s wa y , we h av  e bu i l t  a

l i s t  o f ava  i l a b l  e exp r  e s s i on  s p l u s t h e  i n f o rma t i on we n e e d t o e l imi -

n a  t  e t h em . Th o s e  exp  r e s  s i on s  o f wh i  c h d e s  i r a b i  l  i  t y a n a  l y s  i  s t e l  l s u s

s o  , we e l imi n a t e  . Th e we s h i  f  t ou  r wi  ndow a nd c on  t i nu e  .
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7.5. Source files of CS

Th e s ou r  c e s  o f CS a r e  i n t h e  f o l  l owi  ng fi l e s a nd  p a c k a g e  s :

c s  . h d e c  l  a r a  t i on s  o f g l ob a  l va  r i a b l  e s a nd  d a t a  s t r u c  t u r  e s

c s  . c t h e  r ou  t i n e ma i n ;  a d r  i v i ng r ou  t i n e t o p r o c e  s s t h e  b a s i c

b l o c k  s i n  t h e r i gh t  o r d e r

vnm imp l eme n  t s a p r o c e du  r e t h a  t p e  r f o rms t h e  va l u e  numb e  r i ng on

on e b a  s i c  b l o c k

e l  imi n a t e  imp l eme n  t s a p r o c e du  r e t h a  t do  e s t h e  t r a n s  f o rma t i on s  , i f

d e  s i r a b  l e

ava i  l imp l  eme n t s  a p r o c e du  r e t h a  t ma n i pu l  a  t  e s t h e  l i s t  o f ava  i l -

a b  l e exp  r e s  s i on s

e n  t i t y imp l eme n  t s a p r o c e du  r e t h a  t ma n i pu l  a  t  e s t h e  s e t  o f e n t  i  t  i e s

g e  t  e n t i t y imp l eme n  t s a p r o c e du  r e t h a  t ex  t r a c t  s t h e p s e udo s ymbo l t a b l  e

i n f o rma t i on f r om EM- i n s  t r u c t  i on  s ; u s e s  a  sma l l t a b  l e

k i  l  l imp l  eme n t s  s ev  e r a  l r ou t  i n e s  t h a  t fin d t h e e n t  i  t  i e s  t h a  t

mi gh t  b e c h a ng e d  by EM- i n s  t r u c t  i on  s a nd k i l l  t h em

p a  r t i t i on  imp l eme n  t s s ev  e r a  l r ou t  i n e s  t h a  t p a  r t i t i on  t h e  hug  e s e  t o f

EM- i n s  t r u c t  i on  s i n t o  mo r  e o r  l e s  s ma n a g e a b  l e ,  mo r  e o r  l e s  s

l og i  c a l  c hunk s

p r ofi t  imp l eme n  t s a p r o c e du  r e t h a  t d e  c i d e s  wh e  t h e  r i t  i s a dv  a n t  a -

g e ou s  t o e l imi n a t e  a n exp  r e s  s i on ;  a l s o r emov e s exp  r e s  s i on s

wi  t h s i d e - e f  f e c t  s

s t a c k imp l eme n  t s t h e  f a k e -  s t a c k  a nd op e  r  a t i on  s on  i t

a l  l o c  imp l eme n  t s s ev  e r a  l a l  l o c  a t i on  r ou  t i n e s

a ux imp l eme n  t s s ev  e r a  l a ux i  l  i a r y r ou  t i n e s

d e bug imp l eme n  t s s ev  e r a  l r ou t  i n e s  t o p r ov i d e d e bugg i  ng a nd ve r  -

bo  s e ou t pu t
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8. Stack pollution

8.1. Introduction

Th e " S  t a c k Po l  l u t  i on "  op t  imi z a t  i on  t e c hn  i  qu e ( SP ) d e  c r e a s e s  t h e

c o  s t s  ( t ime a s we l  l a s  s p a  c  e ) o f p r o c e du  r e c a l  l s .  I n t h e  EM c a l  l  i ng

s e qu  e  n  c e ,  t h e  a c t u a  l p a  r  ame t e r s  a r e  popp  e  d f r om t h e  s t a c k  by t h e calling

p r o c e du  r e .  Th e  ASP (Ad j u s t  S t a c k  Po i n t  e r )  i n s  t r u c t  i on  i s u s e d f o r

t h i  s pu  r  po s e  . A c a l  l i n  EM i s s hown i n F i g  . 8 . 1

Pa s  c a l  : EM :

f ( a , 2 )  LOC 2

LOE A

CA L F

AS P 4 - - pop  4  by t e s

F i  g . 8 . 1  An ex amp l e p r o c e du  r e c a l  l i n  Pa s c a l  a nd  EM

As p r o c e du  r e c a l  l s o c c u r  o f t e n i n mo s  t p r og r  ams , t h e ASP i s on e  o f t h e

mo s t f r e qu  e  n t l y u s e d EM i n s  t r u c t  i on  s .

Th e ma i n i n t  e n t  i on o f r emov i  ng t h e  a c t u a  l p a  r  ame t e r s  a f t e r  a p r o -

c e du  r e c a l  l i s  t o avo i  d t h e s t a c k  s i z e t o i n c  r  e a s e  r a p  i  d  l  y . Ye t  , i n

s ome c a s e s  , i t  i s po s  s i b l  e t o delay o r  eve  n avoid t h e r emov a l o f t h e

p a  r  ame t e r s  wi t hou  t l e t  t  i ng  t h e  s t a c k  g r ow s i gn i fic  a n t  l y . I n t h i  s wa y ,

c on s  i d e  r  a b l e  s av  i  ng s  i n c od  e s i z e  a nd  exe  c u t  i on t ime ma y  b e a c h i  eve  d ,

a t  t h e  c o s t  o f a s l  i gh  t l y  i n c r e a s e d s t a c k  s i z e .

A s t a c k  a d j u s tme n t ma y  b e d e  l  a y e d i f  t h e  r  e i s  s ome o t h e r  s t a c k

a d  j  u s tme n t l a t e r on i n t h e  s ame b a s  i c b l o c k  . Th e two ASP s c a n b e c om -

b i n e d  i n t o  on e  .

Pa s  c a l  : EM : op  t imi z e d  EM:

f ( a , 2 )  LOC 2 LOC 2

g ( 3  ,  b  , c )  LOE A LOE A

CA L F CAL F

AS P 4 LOE C

LOE C  LOE B

LOE B  LOC 3

LOC 3  CAL G

CA L G ASP 10

AS P 6

F i  g . 8 . 2  An ex amp l e o f l o c  a l S t a c k  Po l  l u t  i on

Th e s t a c k s  i z e  wi l l  b e i n c  r  e a s e d on l y  t empo r a r  i l y . I f t h e  b a s i c b l o c k

c on t  a  i n s a no  t  h e r  ASP , t h e ASP 10 ma y  s ub  s e qu e n  t l y  b e c omb i n e d  wi t h

t h a t  n ex  t AS P, a nd  s o on .

Fo r s ome b a c k e nd  s , a s t a c k a d j u s tme n t a l s o t a k e s  p l a c e  a t t h e

po  i  n  t o f  a p r o c e du  r e r e t u r n  . Th e r e  i s no n e e d t o s p e  c i f y t h e  numb e  r

o f  by t  e s t o b e popp e  d a t  a r e  t u r n  . Th i s p r ov i d e s  a n oppo r t un i  t y t o

r emo ve ASP s mo r e g l ob a  l l y . I f a l l  ASP s ou  t s i d e  a ny l oop  a r e  r emo ve d  ,

t h e i n c  r  e a s e  o f t h e s t a c k  s i z e wi l l  s t i l l  on l y  b e sma l l ,  a s no s u c h

AS P i s  exe  c u t  e d mo r  e t h a n  on c  e wi  t hou  t a n  i n t  e r ve n  i  ng r e t u r n  f r om t h e
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p r o c e du  r e i t i s p a r  t o f  .

Th i s s e c ond a pp  r  o a c h i s no t  g e n e  r  a l l y a pp  l i c a b  l e t o a l l  t a r g e  t

ma c h i n e s  , a s  s ome b a c k e nd  s r e qu  i r e  t h e  s t a c k  t o b e c l e a n e d  up a t t h e

po  i  n  t o f  a p r o c e du  r e r e t u r n  .

8.2. Implementation

Th e r e  i s on e  ma i n p r ob l  em t h e  imp l eme n  t a t  i on  h a s  t o s o l ve .  I n EM,

t h e s t a c k  i s no t  on l y  u s e d f o r  p a s  s i ng p a r ame t e r s  , bu t a l  s o f o r  eva  l u -

a t  i ng  exp  r e s  s i on s  . He n c e ,  ASP i n s  t r u c t  i on  s c a n on l y  b e c omb i n e d  o r

r emo ve d  i f c e r  t a i n c ond i t i on  s a r e  s a t  i s fie d  .

Tw o c on s  e c u  t i ve ASP s o f  on e  b a s i c b l o c k  c a n  on l y  b e c omb i n e d  ( a s

d e  s  c r i b e d  a bov e ) i f :

1 .  On no po i n t  o f t ex  t i n  b e twe e n t h e  two ASP s , a ny i t em i s popp e  d

f r om t h e  s t a c k  t h a  t wa s pu  s  h e d  on t o  i t b e f o r  e t h e fi r s  t AS P.

2 .  Th e  numb e  r o f  by t  e s popp e  d f r om t h e  s t a c k  by t h e  s e c ond  ASP mu s  t

e qu a  l t h e numb e  r o f  by t  e s pu s h e d  s i n c e  t h e  fi r s  t AS P.

Co n d i t i on  1 . i s no t  s a t  i s fie d  i n F i g  . 8 . 3 .

Pa s  c a l  : EM :

5 +  f ( 10 )  + g ( 30 )  LOC 5

LOC 10

CA L F

AS P 2 - - c a nno t b e  r emov e d

LFR 2  - - pu s h  f un  c t i on  r e s u l  t

AD I 2

LOC 30

CA L G

AS P 2

LFR 2

AD I 2

F i  g . 8 . 3  An i l l eg  a l t r a n s  f o rma t i on

I f  t h e  fi r s  t AS P we r e r emo ve d  ( d e  l  a y e d ) ,  t h e  fi r s  t AD I wo u l d  a dd  10 a nd

f ( 10  ) , i n s  t e a d o f 5 a nd f ( 10 )  .

Co n d i t i on  2 . i s no t  s a t  i s fie d  i n F i g  . 8 . 4 .



- 55 -

Pa s  c a l  : EM :

f ( 10  ) + 5  *  g ( 30 )  LOC 10

CA L F

AS P 2

LFR 2

LOC 5

LOC 30

CA L G

AS P 2

LFR 2

ML I 2 - - 5 * g ( 30 )

AD I 2

F i  g . 8 . 4  A s e c ond i l l eg  a l t r a n s  f o rma t i on

I f  t h e  two ASP s we r e c omb i n e d  i n t o  on e  ’AS P 4 ’  , t h e c on  s t a n t  5 wo u l d

h ave  b e e n popp e  d , r a t h e  r t h a n  t h e  p a r ame t e r 10 ( s o  ’ 10  + f ( 10  )  *g  (  30  ) ’

wo u l d  h av  e b e  e n c omp u t e d )  .

Th e s e c ond a pp  r  o a c h t o d e l e t  i ng  ASP s ( i  . e .  l e t  t h e  p r o c e du  r e

r e  t u r n  do t h e  s t a c k  c l e a n  -  up )  i s on l y  a pp  l i e d t o t h e  l a s  t AS P o f  eve  r y

b a  s i c  b l o c k  . An y p r  e c e d i ng ASP s a r e  d e a  l t wi t h by t h e  fi r s  t a pp r o a c h .

Th e l a s t  ASP o f a b a  s i c  b l o c k  B wi  l  l on  l  y b e  r emov e d i f :

- on no p a t h i n t h e  c on t  r o l  flow g r a ph  f r om B  t o a ny b l o c k  c on t  a  i n i ng

a RET ( r e  t u r n )  t h e  r  e i s  a b a  s i c  b l o c k  t h a  t , a t s ome po i n t  o f i t s

t ex t  , pop  s i t em s f r om t h e  s t a c k  t h a  t i t  h a s  no t  i t s e l  f pu  s  h e d  e a r  -

l i e r  .

C l  e a r  l y ,  i f t h i  s c ond  i t i on  i s s a t  i s fie d  , no  h a rm c a n  b e don e ; no o t h e r

b a  s i c  b l o c k  wi l l  eve  r a c c e  s s i t ems t h a  t we r e pu  s  h e d  on t h e  s t a c k

b e  f o r  e t h e ASP .

Th e numb e r o f by t  e s pu s h e d  on t o  o r popp e  d f r om t h e  s t a c k  c a n  b e

e a  s i l y e n c od e d  i n a  s o c a l  l e d " pop  -  pu s h  t a b  l e "  . Th e numb e r s  i n g e n  -

e r a  l d e p e nd on t h e  t a r g e  t ma c h i n e wo r d -  a nd  po i n t  e r s i z e a nd  on t h e

a r gume n t g i ve n  t o t h e  i n s  t r u c t  i on  . Fo r ex  amp l e ,  a n ADS i n s  t r u c t  i on  i s

d e  s  c r i b e d  by :

- a - p+p

wh i c h  me a n s  : a n  ’AD S n ’  fi r s  t pop  s a n  n - by t  e va  l u e  ( n b e i ng  t h e  a r gu -

me n t )  , n ex t  pop  s a po i n t  e r - s i z e  va l u e  a nd fin a  l l y  pu s h e s  a po  i  n  t e r  - s i z e

va  l u e  . Fo r s ome i n f  r e qu e n  t l y  u s e d EM i n s  t r u c t  i on  s t h e pop -  pu s h  num -

b e  r s c a nno  t b e  c omp u t e d s t a t  i c a l  l y .

Th e s t a c k po l  l u t  i on a l go r  i t hm fi r s  t p e  r f o rms a d e p  t  h fi r  s t s e a  r  c h

ov e r t h e  c on t  r o l  flow g r a ph  a nd  ma r k s  a l l  b l o c k  s t h a t  do no t  s a t  i s f y

t h e g l ob a  l c ond  i t i on  . Ne x t i t v i s i  t s a l  l b a  s i c  b l o c k  s i n  t u r n  . Fo r

ev  e r y  p a i  r o f  a d j  a c e n t  ASP s , i t c h e  c k s c ond i t i on  s 1 .  a nd  2 . a nd  c om -

b i n e s  t h e  ASP s i f  t h ey a r e  s a t  i s fie d  . Th e n ew ASP ma y  b e u s  e d a s fi r s  t

AS P i n  t h e n ex  t p a  i r .  I f a c ond  i t i on  f a i  l s ,  i t s imp l y  c on  t i nu e  s wi  t h

t h e n ex  t AS P. F i n a l  l y ,  t h e  l a s  t AS P i s  r emov e d i f :

- no t h i ng h a s  b e e n popp e  d f r om t h e  s t a c k  a f t e r  t h e  l a s  t AS P t h a t  wa s

pu  s  h e d  b e f o r  e i t

- t h e  b l o c k  wa s  no t  ma r k e  d by  t h e  d e p t h  fi r s  t s e a r c h
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- t h e  b l o c k  i s no t  i n a l oop
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9. Cross jumping

9.1. Introduction

Th e "C r o s  s J ump i ng "  op t  imi z a t  i on  t e c hn  i  qu e (CJ ) [Wu l  f 75  a ] i s b a s  i -

c a  l l y  a s p a c e  op t  imi z a t  i on  t e c hn  i  qu e .  I t l ook  s f o r  p a i  r s o f  b a s  i c

b l o c k  s (B1 , B2 ) , f o r  wh i  c h :

SUCC (B1 ) = SUC C(B2 )  = {S}

( So B1 a nd B2 bo t h  h av  e on  e a nd t h e  s ame s u c  c  e s s o r  ) . I f t h e  l a s  t f ew

non -  b  r a n c h  i n s  t r u c t  i on  s a r e  t h e  s ame f o r  B1 a nd B2 ,  on e  s u c h  s e qu e n c  e

c a n b e e l imi n a t e d .

Pa s  c a l  :

i f  c ond  t h e n

S1

S3

e l  s e

S2

S3

( p s e udo ) EM :

TE S T COND TEST COND

BN E *1 BNE *1

S1 S1

S3 - - - > BRA *2

BRA *2 1 :

1 :  S2

S2 2 :

S3 S3

2 :

F i  g . 9 . 1  An ex amp l e o f Cr o s s  J ump i ng

As t h e  b a s i c b l o c k  s h ave  t h e  s ame s u c  c  e s s o r  , a t  l e a s  t on  e o f  t h em e nd s

i n  a n un c ond i t i on  a l b r a n c h  i n s  t r u c t  i on  (BRA) . He n c e no ex t  r a b r a n c h

i n s t  r u c  t i on i s eve  r n e  e d e d , j u s  t t h e t a r g e  t o f  a n ex i  s  t i ng b r a n c h

n e  e d s t o b e c h a ng e d  ; n e  i t h e r  t h e  p r og r  am s i z e no r  t h e  exe  c u t  i on t ime

wi  l  l ev  e r i n c  r  e a s e  . I n  g e n e  r  a l ,  t h e  exe  c u t  i on t ime wi l l  r ema i n t h e

s ame , un  l e s  s f u r  t h e  r op  t imi z a t  i on  s c a n b e a pp  l i e d b e c a u s  e o f  t h i  s

op  t imi z a t  i on  .

Th i s op t  imi z a t  i on  i s p a r  t i c u l  a r l y e f f e c  t i ve ,  b e c a u s  e i t  c a nno  t

a lwa y s b e don e by  t h e  p r og r  amme r  a t t h e  s ou  r c e  l ev  e l ,  a s d emon s t r a t e d

by  t h e  F i g  . 8 . 2 .
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Pa s  c a l  :

i f  c ond  t h e n

x : = f ( 4 )

e l  s e

x : = g ( 5 )

EM :

LOC 4  LOC 5

CA L F CAL G

AS P 2 ASP 2

LFR 2  LFR 2

STL X  STL X

F i  g . 9 . 2  E f f e c  t i ve n e  s s o f Cr o s s  J ump i ng

At  t h e  s ou  r c e  l ev  e l t h e  r  e i s  no c ommo n t a i  l , bu t  a t t h e  EM l ev  e l t h e  r  e

i s  a c omm on t a i  l .

9.2. Implementation

Th e imp l  eme n t a t  i on  o f c r o s s  j ump i ng i s r a t h e  r s t  r a i gh  t f o rwa r d .

Th e t e c hn i qu e  i s a pp  l i e d t o on e  p r o c e du  r e a t a t ime .  Th e  c on t  r o l  flow

g r  a ph  o f t h e  p r o c e du  r e i s s c a nn  e  d f o r  p a i  r s o f  b a s  i c b l o c k  s wi  t h t h e

s ame ( s i ng  l e )  s u c  c  e s s o r  a nd  wi t h c ommo n t a i  l s .  No t  e t h a t  t h e  r  e ma y b e

mo r e t h a n  two s u c h  b l o c k  s ( e  . g .  a s t h e  r e s u l  t o f  a c a  s  e s t a t eme n t )  .

Th i s i s d e a  l t wi t h by r e p e  a t i ng  t h e  e n t i r e  p r o c e  s s un t  i  l no  f u r  t h e  r

op  t imi z a t  i on  s c a n d e don e f o r  t h e  c u r r e n  t p r o c e du  r e .

I f  a s u  i t a b l  e p a  i r o f b a s  i c b l o c k  s h a  s b e  e n f ound , t h e c on  t r o  l flow

g r  a ph  mu s  t b e  a l t e r e d .  On e  o f t h e  b a s i c b l o c k  s mu s t b e s p l  i  t i n t o  two .

Th e c on t  r o l  flow g r a ph  s b e  f o r  e a nd a f t e r  t h e  op t  imi z a t  i on  a r e  s hown i n

F i  g . 9 . 3  a nd  F i g  . 9 . 4 .

- - - - - - - -  - - - - - - - -

| |  | |

| S1 |  | S2 |

| S3 |  | S3 |

| |  | |

- - - - - - - -  - - - - - - - -

| |

| - - - - - - - - - - - - - - - - - -  |  - - - - - - - - - - - - - - - - - - - -  |

|

v

F i  g . 9 . 3  CFG b e f o r  e op  t imi z a t  i on
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- - - - - - - -  - - - - - - - -

| |  | |

| S1 |  | S2 |

| |  | |

- - - - - - - -  - - - - - - - -

| |

| - - - - - - - - - - - - - - - - - - - - < -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - |

v

- - - - - - - -

| |

| S3 |

| |

- - - - - - - -

|

v

F i  g . 9 . 4  CFG a f t e r  op t  imi z a t  i on

Some a t t r i bu t e s  o f t h e t h r  e e r e s u l  t  i ng b l o c k  s ( s u c h  a s imme d  i a t e  dom i -

n a  t o r  ) a r e  upd  a t e d .

I n  s ome c a s e s  , c r o s  s j ump i ng mi gh t  s p l  i  t t h e c ompu t a t  i on  o f a n

exp r  e s s i on  i n t o  two , by  i n s  e r t  i ng  a  b r a n c h  s omewh e  r  e i n  t h e mi dd l  e .

Mo s t c od  e g e n e  r  a t o r s  wi l l  g e n e  r  a t e  ve r y poo r a s  s emb l y c od e  wh e n  p r e -

s e n t  e d wi t h s u c h  EM c od e . Th e  r  e  f o r  , c r o s  s j ump i ng i s no t  p e r  f o rme d i n

t h e s e  c a s e s  .
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10. Branch Optimization

10.1. Introduction

Th e Br  a n c h  Op t  imi z a t  i on  ph a s e  (BO ) p e  r f o rms two r e l a t e d ( b r  a n c h  )

op  t imi z a t  i on  s .

10.1.1. Fusion of basic blocks

I f  two b a s  i c b l o c k  s B1 a nd  B2 h av  e t h e f o l  l owi  ng p r op e  r t i e s  :

SUCC (B1 ) = {B2 }

PRED (B2 ) = {B1 }

t h e n  B1 a nd B2 c a n  b e c omb i n e d  i n t o  on e  b a s i c b l o c k  . I f  B1 e nd s i n  a n

un  c  ond i t i on  a l j ump t o t h e  b eg i nn i ng o f B2 ,  t h i  s j ump c a n  b e e l  imi -

n a  t  e d , h e n c  e s av i ng a  l i t t l e exe  c u t  i on t ime a nd ob j e c t  c od  e s i z e  .

Th i s t e c hn  i  qu e c a n  b e u s  e d t o e l imi n a t e  s ome d efic  i  e n c  i  e s i n t  r odu  c e d  by

t h e f r on t  e nd  s ( f o r  ex amp l e ,  t h e  "C" f r on t  e nd  t r a n s  l a t e s swi  t c h

s t a t eme n t s  i n e  f fic  i  e n t  l y du  e t o  i t s  on e  p a s s  n a t u r  e  ) .

10.1.2. While-loop optimization

Th e s t  r a i gh  t f o rwa r d wa y  t o t r a n s  l a t e  a wh i l e  l oop  i s t o pu t  t h e

t e s t  f o r  l oop  t e rmi n a t  i on  a t t h e  b eg i nn i ng o f t h e  l oop  .

wh i l e  c ond  l oop  LAB 1 : Te s  t c ond

body o f t h e  l oop  - - - > Br a n c h  On Fa l  s e To LAB 2

e nd l oop  c od  e f o r  body  o f l oop

Br  a n c h  To LAB 1

LAB2 :

F i  g . 10 . 1  Ex amp l e o f Br a n c h  Op t  imi z a t  i on

I f  t h e  c ond  i t i on  f a i  l s a t t h e  Nt h  i t e r a  t i on ,  t h e  f o l  l owi  ng c od  e g e  t s

exe  c u t  e d ( dyn  ami c a l  l y )  :

N * c ond i t i on  a l b r a n c h  (wh i c h  f a i  l s N- 1  t ime s  )

N- 1 * un c ond i t i on  a l b r a n c h

N- 1 * body o f t h e  l oop

An a l t e r n a  t i ve t r a n s  l a t  i on  i s :

Br  a n c h  To LAB 2

LAB1 :

c od e  f o r  body  o f l oop

LAB2 :

Te s t c ond

Br  a n c h  On Tr u e To LAB 1

Th i s t r a n s  l a t  i on  r e s u l  t s i n t h e  f o l  l owi  ng p r ofi l  e  :

N * c ond i t i on  a l b r a n c h  (wh i c h  s u c  c  e  e d s N- 1  t ime s  )

1 * un  c  ond i t i on  a l b r a n c h

N- 1 * body o f t h e  l oop

So t h e  s e c ond  t r a n s  l a t  i on  wi l l  b e s i gn i fic  a n t  l y f a s t e r  i f N >> 2 . I f

N= 2 , exe  c u t  i on t ime wi l l  b e s l i gh  t l y  i n c r e a s e d .  On t h e  ave  r  a g e  , t h e

p r og r  am wi l l  b e s p e  e d e d up . No t e t h a  t t h e c od  e s i z e  s o f  t h e  two

t r a n  s l a t  i on  s wi  l  l b e  t h e  s ame .
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10.2. Implementation

Th e b a  s i c  b l o c k  f u s  i on  t e c hn  i  qu e i s imp l eme n  t e d  by t r ave  r s i ng  t h e

c on t  r o l  flow g r a ph  o f a p r o c e du  r e ,  l ook  i  ng f o r  b a s  i c b l o c k  s B wi t h on l y

on  e s u c c e  s s o  r ( S )  . I f  on e  i s f ound  , i t  i s c h e  c k e d  i f S h a  s on  l  y on  e

p r  e d e  c  e s s o r  (wh i c h  h a s t o b e B) .  I f s o ,  t h e  two b a s  i c b l o c k  s c a n i n

p r  i n c  i p l  e b e  c omb i n e d  . Howe ve r  , a s  on e  b a s i c b l o c k  wi l l  h av  e t o  b e

mo ve d  , t h e t ex  t  u a l  o r d e r  o f t h e  b a s i c b l o c k  s wi  l  l b e  a l t e r e d .  Th i  s

r e o r d e r  i ng  c a u  s e s  s eve  r  e p r ob l  ems i n t h e  p r e s e n c  e o f  c ond  i t i on  a l

j ump s . Fo r  ex amp l e ,  i f S e nd s  i n a  c ond  i t i on  a l b r a n c h  , t h e b a s  i c

b l o c k  t h a  t c ome s t ex t u a l  l y n ex  t t o  S mu s t s t a y i n t h a  t po  s i t i on  . So

t h e t r a n s  f o rma t i on i n F i g  . 10  .  2 i s  i l l eg  a l .

LAB1 : S1 LAB 1 : S1

BRA LAB 2 S2

. . .  - - >  BEQ LAB3

LAB2 : S2 . . .

BEQ LAB 3 S3

S3

F i  g . 10 . 2  An i l l eg  a l t r a n s  f o rma t i on o f Br a n c h  Op t  imi z a t  i on

I f  B i s  mov e d t ow a r d s S  t h e  s ame p r ob l  em o c c u r  s i f  t h e  b l o c k  b e f o r  e B

e nd s  i n a  c ond  i t i on  a l j ump .  Th e  p r ob l  em c ou l  d b e  s o l ve d  by a dd  i  ng on  e

ex  t r a  b r a n c h  , bu t t h i  s wo u l d  r e du c  e t h e g a i n s  o f t h e  op t  imi z a t  i on  t o

z e  r o .  He n c  e t h e op t  imi z a t  i on  wi l l  on l y  b e don e i f  t h e  b l o c k  t h a  t f o  l -

l ows S ( i n t h e  t ex  t  u a l  o r d e r  ) i s  no t  a s u c c e  s s o  r o f  S . Th i  s c ond  i t i on

a s  s u r  e s t h a t  S do  e s no t  e nd  i n a  c ond  i t i on  a l b r a n c h  . Th e c ond  i t i on

a lwa y s ho l d s f o r  t h e  c od e  g e n e r a  t  e d by t h e  "C" f r on t  e nd  f o r  a sw i t c h

s t a t eme n t .

Af t e r  t h e  t r a n s  f o rma t i on h a s  b e e n p e r  f o rme d , s ome a t t r i bu t e s  o f

t h e b a s  i c b l o c k  s i nvo l  ve d  ( s u c h  a s s u c  c  e s s o r  a nd  p r e d e  c  e s s o r  s e t s  a nd

imme d i a t e  dom i n a  t o r  ) mu s t b e r e c ompu t e d  .

Th e wh i l e - l oop  t e c hn  i  qu e i s a pp  l i e d t o on e  l oop  a t a t ime .  Th e

l i s t  o f b a s  i c b l o c k  s o f  t h e  l oop  i s t r ave  r s e d t o find a  b l o c k  B t h a t

s a  t i s fie  s t h e f o l  l owi  ng c ond i t i on  s :

1 .  t h e  t ex  t  u a l  l y n ex  t b l o c k  t o B  i s no t  p a r  t o f  t h e  l oop

2 .  t h e  l a s  t i n s t  r u c  t i on o f B  i s a n un c ond i t i on  a l b r a n c h  ; h e n c  e B h a s

on  l  y on  e s u c c e  s s o  r , s a y  S

3 .  t h e  t ex  t  u a l  l y n ex  t b l o c k  o f B  i s a s u c  c  e s s o r  o f S

4 .  t h e  l a s  t i n s t  r u c  t i on o f S  i s a c ond  i t i on  a l b r a n c h

I f  s u c h  a  b l o c k  B i s  f ound  , t h e c on  t r o  l flow g r a ph  i s c h a ng e d  a s

d e p  i c t e d i n F i g  . 10  .  3  .
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| |

| v

v |

| - - - - - < -  -  -  -  -  - | - - - - - > -  -  -  -  - |

____  |  ____ | |

| |  | | - - - - - - -  | |

| S1 |  | | v  |

| Bc c  | | | . . . .  |

| - - |  | | |  |

| - - - - - - - - -  | | - - - -  |  - - - - |

| | | |  | |

| . . . .  ˆ | | S2 | |

| | | |  | |

| - - - - - - - - -  | | |  | |

v |  |  | ˆ - - - - - - - - -  |

| | S2 | | | | |

| | BRA |  | | | - - - - - < -  -  -  -  -

| |  |  | | v

| - - - - - - - - -  | | ____  |  ____

| |  | | |  |

| - - - - - - > -  -  -  -  -  - | | S1 |

| | | Bnn  |

| - - - - - - -  | | |  |

| | - - - -  |  - - - -

v | |

| - - - - < -  - |

|

v

F i  g . 10 . 3  Tr a n s  f o rma t i on o f t h e  CFG by Br a n c h  Op t  imi z a t  i on
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11. Use-Definition analysis

11.1. Introduction

Th e "U s e -De fin i  t  i on a n a  l y s  i  s " ph a  s  e (UD) c on  s i s t s  o f two r e l a t e d

op  t imi z a t  i on  t e c hn  i  qu e s  t h a  t bo  t  h d e p e nd on "Us e -Defin i  t  i on "  i n f o rma -

t i on  . Th e t e c hn i qu e  s a r e  Copy P r op a g a t  i on  a nd  Con s t a n t  P r op a g a t  i on  .

Th ey a r e  b e s  t exp l  a  i n e d  v i a  a n ex amp l e ( s e e F i g s .  11 . 1  a nd  11 . 2 ) .

( 1 )  A : =  B A : = B

. . .  - - >  . . .

( 2 )  u s e  (A) u s e  (B)

F i  g . 11 . 1  An ex amp l e o f Copy P r op a g a t  i on

( 1 )  A : =  12 A : =  12

. . .  - - >  . . .

( 2 )  u s e  (A) u s e  ( 12 )

F i  g . 11 . 2  An ex amp l e o f Con s t a n t  P r op a g a t  i on

Bo t h op  t imi z a t  i on  s h ave  t o c h e  c k t h a t  t h e  va l u e  o f A a t  l i n e ( 2 )  c a n

on  l  y b e  ob t  a  i n e d  a t l i n e ( 1 )  . Co py P r op a g a t  i on  a l s o h a s  t o a s s u r  e

t h a t  t h e  va l u e  o f B  i s t h e  s ame a t l i n e ( 1 )  a s a t  l i n e ( 2 )  .

On e pu  r  po s e  o f bo  t  h t r a n  s f o rma t i on s  i s t o i n t  r odu  c e oppo r t un i  t  i e s

f o r  t h e  De a d Cod e E l  imi n a t  i on  op t imi z a t  i on  . I f  t h e  va r  i a b  l e A  i s u s e d

nowh e r e  e l s e ,  t h e  a s s  i gnme n  t A : = B  b e c ome s  u s e  l  e s s a nd  c a n  b e e l  imi -

n a  t  e d .

I f  B i s  l e s  s exp e n  s i ve t o a c c e  s s t h a n  A ( e  . g .  t h i  s i s  s ome t  ime s t h e

c a  s  e i f  A i s  a l o c a  l va  r i a b l  e a nd B  i s a g l ob a  l va  r i a b l  e ) ,  Copy P r op a  -

g a  t i on d i r e c  t l y  imp r ove  s t h e c od  e i t s e  l f .  I f A  i s c h e  a p e r t o a c c e  s s

t h e t r a n s  f o rma t i on wi l l  no t  b e p e r  f o rme d . L i k ew i s e  , a c on  s t a n t  a s

op  e r a nd  ma y  b e c h e  e p e r t h a n  a  va r  i a b  l e .  Hav  i  ng a  c on  s t a n t  a s op e  r  a nd

ma y a l  s o f a c  i l i t a t e  o t h e r  op t  imi z a t  i on  s .

Th e d e  s i gn o f UD i s b a s e d on t h e  t h e o  r  y d e  s  c r i b e d  i n s e c  t i on 14 . 1

a nd 14 . 3  o f .  [Ah o 7 8 a ]  As a ma i n d e p a  r t u r e  f r om t h a  t t h e o  r  y , we do no t

d ema nd t h e  s t a t eme n t A : =  B t o  b e c ome r e dund a  n t a f t e r  Copy P r op a g a -

t i on  . I f  B i s  c h e  a p e r t o a c c e  s s t h a n  A , t h e  op t  imi z a t  i on  i s a lwa y  s

p e  r f o rme d ; i f B  i s mo r  e exp e n  s i ve t h a n  A , we n ev  e r do t h e  t r a n s  f o rma -

t i on  . I f  A a nd B  a r e  e qu  a l l y exp  e  n s i ve  UD u s e s  t h e  h e u r i s t  i c r u l  e t o

r e p l  a c e  i n f  r e qu e n  t l y  u s e d va r  i a b  l e s  by f r e qu  e  n t l y u s e d on e  s . Th i  s

r u  l e i n c  r  e a s e s  t h e  c h a n c e s  o f t h e a s s  i gnme n  t t o  b e c ome u s e  l  e s s .

I n  t h e  n ex t  s e c  t i on we wi l l  g i ve a b r  i e f  ou t  l  i n e o f t h e  d a t a  flow

t h e o  r  y u s  e d f o r  t h e  imp l eme n  t a t  i on  o f UD.

11.2. Data flow information

11.2.1. Use-Definition information

A definition o f  a va  r i a b l  e A i s a n a s s  i gnme n  t t o  A . A d efin i t i on  i s

s a  i d t o reach a po i n t  p  i f t h e  r  e i s  a p a  t h i n t h e  c on t  r o l  flow g r a ph  f r om

t h e d efin i  t  i on t o p , s u c h  t h a  t A i s no t  r e d efin e d on  t h a  t p a  t h .

Fo r ev  e r y  b a s  i c b l o c k  B , we d efin e  t h e  f o l  l owi  ng s e t  s  :

GE N[ b ]  t h e  s e t  o f d efin i  t  i on s  i n b  t h a  t r e a c h t h e  e nd o f b .
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KI LL [  b  ]

t h e s e t  o f d efin i  t  i on s  ou t  s  i d e b  t h a  t d efin e a va r  i a b  l e t h a  t i s

c h a ng e d  i n b .

IN[ b ]  t h e  s e t  o f a l l  d efin i  t  i on s  r e a c h i ng t h e  b eg i nn i ng o f b .

OU T [ b ]  t h e  s e t  o f a l l  d efin i  t  i on s  r e a c h i ng t h e  e nd o f b .

GE N a nd KI LL c a n  b e d e  t  e rm i n e d  by i n s p e c  t i ng t h e  c od e  o f t h e  p r o c e  -

du  r e .  IN a nd OUT a r e  c ompu t e d  by s o l v i ng t h e  f o l  l owi  ng d a t a  flow e qu  a -

t i on  s :

( 1 )  OUT [ b ]  =  IN[ b ] - KI LL [  b  ] + GEN [ b ]

( 2 )  IN[ b ] = OUT [ p1  ] + . . .  + OU T [ pn ]  ,

wh e r e  PRED( b ) = {p1 , . . .  , pn  }

11.2.2. Copy information

A copy i s  a d efin i t i on  o f t h e  f o rm "A : = B" .  A c opy i s s a i d t o b e

generated i n  a  b a s  i c b l o c k  n i f  i t o c c u r  s i n  n a nd t h e  r  e i s  no s ub  s e qu e n  t

a s  s i gnme n  t t o  B i n  n . A c opy i s s a i d t o b e killed i n  n i f :

( i )  i t o c c u r  s i n  n a nd t h e  r  e i s  a  s ub  s e qu e n  t a s  s i gnme n  t t o  B wi  t h i n  n ,

o r

( i  i )

i t  o c c u r  s ou  t s i d e  n , t h e  d efin i t i on  A : =  B r e a c h e  s t h e b eg  i  nn i ng o f

n a nd  B i s  c h a ng e d  i n n  ( no  t e t h a  t a c opy a l s o i s a d efin i t i on  ) .

A c opy reaches a po i n t  p , i f t h e  r  e a r e  no a s s  i gnme n  t s t o B on a ny p a t h

i n  t h e c on  t r o  l flow g r a ph  f r om t h e  c opy t o p .

We d efin e  t h e  f o l  l owi  ng s e t  s  :

C_GE N[ b ]  t h e  s e t  o f a l l  c op  i e s  i n b g e n e  r  a t e d i n b .

C_KI LL [  b  ]

t h e s e t  o f a l l  c op  i e s  k i l l e d  i n b .

C_ IN[ b ] t h e s e t  o f a l l  c op  i e s  r e a c h i ng t h e  b eg i nn i ng o f b .

C_OU T [ b ]  t h e  s e t  o f a l l  c op  i e s  r e a c h i ng t h e  e nd o f b .

C_ IN a nd C_OUT a r e  c ompu t e d  by s o l v i ng t h e  f o l  l owi  ng e qu  a t i on  s : ( r oo t

i s  t h e  e n t r y nod  e o f  t h e  c u r r e n  t p r o c e du  r e ;  ’ * ’  d e no t  e s s e t  i n t  e r s e c  -

t i on  )

( 1 )  C_OUT [ b ]  = C_ IN[ b ] - C_K I LL [ b ]  + C_GE N[ b ]

( 2 )  C_ IN[ b ] = C_OUT [ p1  ] * . . .  * C_OU T [ pn ]  ,

wh e r e  PRED( b ) = {p1 , . . .  , pn  } a nd b  / = r oo  t

C_ IN[ r oo  t ] = { a  l l c op  i e s }

11.3. Pointers and subroutine calls

Th e t h e o  r  y ou  t l i n e d  a bov e a s  s ume s  t h a  t va  r i a b l  e s c a n  on l y  b e

c h a ng e d  by a d i r e c  t a s  s i gnme n  t . Th i  s c ond  i t i on  do e s  no t  ho l d  f o r  EM.

I n  c a s e  o f a n  a s s  i gnme n  t t h r ough a  po i n t  e r va r  i a b  l e ,  i t i s i n g e n e  r  a l

impo s s i b l  e t o  s e e  wh i  c h va r  i a b  l e i s a f f e c  t  e d by t h e  a s s  i gnme n  t . S imi -

l a r p r ob l  ems o c c u r  i n t h e  p r e s e n c  e o f  p r o c e du  r e c a l  l s .  Th e  r  e  f o r  e we

d i  s  t i ngu  i s h  two k i nd s  o f d efin i  t  i on s  :

- a n explicit d efin i t i on  i s a d i  r e c  t a s  s i gnme n  t t o  on e  s p e  c i fic va r  i a b  l e

- a n implicit d efin i t i on  i s t h e  po t  e n t  i a l  a l t e r a  t i on o f a va  r i a b l  e a s  a

r e s u  l t o f a p r o c e du  r e c a l  l o r  a n i nd  i r e c t  a s s  i gnme n  t .
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An i nd  i r e c t  a s s  i gnme n  t c a u s  e  s imp l  i c i  t d efin i t i on  s t o  a l l  va r  i a b  l e s

t h a t  ma y  b e a c c e  s s e d i nd  i r e c t  l y ,  i . e .  a l l  l o c  a l va r  i a b  l e s  f o r wh i c h

no  r eg  i s t e r  me s  s a g e  wa s  g e n e  r  a t e d a nd  a l l  g l ob a  l va  r i a b l  e s .  I f a p r o -

c e du  r e c on  t a i n s  a n i nd  i r e c t  a s s  i gnme n  t i t  ma y  c h a ng e  t h e  s ame s e t  o f

va  r i a b l  e s ,  e l s e i t ma y  c h a ng e  s ome g l ob a  l va  r i a b l  e s d i r e c  t l y . Th e

KI LL ,  GEN , IN a nd  OUT s e t  s c on t  a  i n exp l  i c i  t a s  we l  l a s  imp l i c i  t d efin i -

t i on  s .

11.4. Implementation

UD fi r s  t bu i l d s a numb e r o f t a b  l e s  :

l o c a  l s :

c on t  a  i n s i n f o rma t i on a bou t t h e l o c  a l va r  i a b  l e s  o f t h e c u r  r e n  t

p r o c e du  r e ( o f  f s e  t , s i z e , wh e t h e r  a  r eg i  s  t e r  me s  s a g e  wa s  f ound  f o r

i t  a nd  , i f  s o ,  t h e  s c o  r e fie l d o f t h a  t me s s a g e  )

d e  f s :  a t a b l  e o f  a l l  exp  l i c i  t d efin i t i on  s a pp e  a r i ng  i n t h e  c u r r e n  t

p r o c e du  r e .

c op i  e s :

a t a b  l e o f a l l  c op  i e s  a pp  e a r  i ng  i n t h e  c u r r e n  t p r o c e du  r e .

Ev e r y  va r  i a b  l e ( l o c a  l a s  we l  l a s  g l ob a  l ) ,  d efin i  t  i on a nd  c opy i s i d e n  -

t i fie  d by  a  un i qu e  numb e  r , wh i  c h i s t h e  i nd  ex i n t h e  t a b  l e .  Al l  t a b  l e s

a r e  c on  s t r u c  t  e d by  t r ave  r s i ng  t h e  EM c od e . A f ou r  t h t a b  l e ,  " va  r d e  f s "

i s  u s e d ,  i nd  exe  d by  a ’ va r  i a b  l e numb e  r ’ ,  wh i  c h c on  t a i n s  f o r  eve  r y

va  r i a b l  e t h e s e t  o f exp  l i c i  t d efin i t i on  s o f  i t .  Al s o ,  f o r  e a c h b a s  i c

b l o c k  b , t h e  s e t  CHGVAR S c on t  a  i n i ng a l l  va r  i a b  l e s  c h a ng e d  by i t i s

c omp u t e d .

Th e GE N s e  t s a r e  ob t  a  i n e d  i n on e  s c a n ove  r t h e EM t ex  t , by a n a  l y z  -

i ng eve  r y EM i n s  t r u c t  i on  . Th e KI LL s e t  o f a b a  s i c  b l o c k  b i s  c ompu t e d

by  l ook  i  ng a t  t h e  s e t  o f va r  i a b  l e s  c h a ng e d  by b  ( i . e .  CHGVAR S [ b ]  ) .

Fo r ev  e r y  s u c h  va r  i a b  l e v , a l l  exp  l i c i  t d efin i t i on  s t o  v ( i  . e .

va  r d e  f s [ v ]  ) t h a t  a r e  no t  i n GE N[ b ]  a r e  a dd  e  d t o  KI LL [  b  ] . Al s o ,  t h e

imp l  i c i  t d efin i n i t i on  o f v  i s a dd  e  d t o  KI LL [  b  ] . Nex  t , t h e  d a t a  flow

e qu a  t i on s  f o r  u s e  - d efin i  t  i on i n f o rma t i on a r e  s o l ve d  , u s  i ng  a s t  r a i gh  t

f o rwa r d ,  i t e r a  t i ve a l go r  i t hm. Al l  s e t  s a r e  r e p r  e s e n t  e d a s b i t ve  c t o r s  ,

s o  t h e  op e  r  a t i on  s on  s e t  s ( un i on ,  d i f f e r e n c  e ) c a n  b e imp l  eme n t e d e f fi  -

c i e n t  l y .

Th e C_GE N a nd C_K I LL s e t  s a r e  c ompu t e d  s imu l  t a n e ou s  l y i n on e  s c a n

ov e r t h e  EM t ex  t . Fo r  eve  r y c opy A  : = B  a pp  e a r  i ng  i n b a s  i c b l o c k  b we

do t h e  f o l  l owi  ng :

1 .  f o r  eve  r y b a s  i c b l o c k  n / =  b t h a t  c h a ng e  s B ,  s e e  i f t h e  d efin i t i on

A : = B  r e a c h e  s t h e b eg  i  nn i ng o f n ( i . e .  c h e  c k i f  t h e  i nd  ex numb e  r

o f  A : =  B i n  t h e " d e  f s "  t a b  l e i s a n e l eme n t o f IN[ n ] ) ;  i f s o  , a dd

t h e c opy t o C_K I LL [ n ]

2 .  i f B  i s r e d efin e d l a t e r on i n b , a dd  t h e  c opy t o C_K I LL [ b ]  , e l  s e

a dd i t t o C_GEN [ b ]

C_ IN a nd C_OUT a r e  c ompu t e d  f r om C_GEN a nd  C_K I LL v i a  t h e  s e c ond  s e t

o f  d a t a  flow e qu  a t i on  s .

F i  n a l  l y ,  i n on e  l a s  t s c a n  a l l  oppo  r t un i  t  i e s  f o r op  t imi z a t  i on  a r e

d e  t  e c t e d .  Fo r  eve  r y u s e  u o f  a va  r i a b l  e A ,  we c h e  c k i f  t h e  r  e i s  a

un  i  qu e exp  l i c i  t d efin i t i on  d r e a c h i ng u .

I f  t h e  d efin i t i on  i s a c opy A : =  B a nd B h a  s t h e s ame va l u e  a t d a s  a t
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u ,  t h e n  t h e  u s e  o f A a t u ma y b e  c h a ng e d  i n t o  B . Th e  l a t  t e r c ond  i t i on

c a n b e ve r  i fie  d a s  f o l l ow s :

- i f u a nd d  a r e  i n t h e  s ame b a s  i c b l o c k  , s e e i f t h e  r  e i s  a ny

a s  s i gnme n  t t o  B i n  b e twe e n d  a nd  u

- i f u a nd d  a r e  i n d i f f e r e n t  b a s  i c b l o c k  s , t h e  c ond  i t i on  i s s a t  i s -

fie  d i f  t h e  r  e i s  no a s s  i gnme n  t t o  B i n  t h e b l o c k  o f u p r  i o r  t o u

a nd d  i s i n C_ IN[ b ] .

Be f o r  e t h e t r a n s  f o rma t i on i s a c t u a  l l y  don  e , UD fi r s  t ma k e s  s u r  e t h e

a l  t e r a  t i on i s r e a  l l y  d e s  i r a b l  e , a s d e s c  r i b e d  b e f o r  e . Th e  i n f o rma t i on

n e  e d e d f o r  t h i  s pu  r  po s e  ( a c c e  s s c o s  t  s o f  l o c  a l a nd  g l ob a  l va  r i a b l  e s )

i s  r e a d f r om a  ma c h i n e d e s c  r i p t o r fi l e  .

I f  t h e  on l y  d efin i  t  i on r e a c h i ng u h a  s t h e f o rm "A : = c on s t a n t  " , t h e  u s e

o f  A a t  u  i s r e p  l a c e d by t h e  c on s  t a n  t .

11.5. Source files of UD

Th e s ou r  c e s  o f UD a r e  i n t h e  f o l  l owi  ng fi l e s a nd  p a c k a g e  s :

ud  .  h : d e c  l  a r a  t i on s  o f g l ob a  l va  r i a b l  e s a nd  d a t a  s t r u c  t u r  e s

ud  . c :  t h e  r ou  t i n e ma i n ;  i n i t i a l  i z a t  i on  o f t a r g e  t ma c h i n e d e p e n  -

d e n  t t a b l  e s

d e  f s :  r ou  t i n e s  t o c ompu t e t h e  GEN a nd  KI LL s e t  s a nd r ou  t i n e s  t o

a n a  l y s  e EM i n s  t r u c t  i on  s

c on s  t : r ou  t i n e s  i nv o l ve d  i n c on  s t a n t  p r op a g a t  i on

c opy : r ou t  i n e s  i nv o l ve d  i n c opy p r op a g a t  i on

a ux :  c on  t a i n s  a ux  i l i a r y r ou  t i n e s
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12. Live-Variable analysis

12.1. Introduction

Th e "L i ve  -Va r i a b l  e a n a  l y s  i  s " op t  imi z a t  i on  t e c hn  i  qu e ( LV ) p e  r f o rms

s ome c od  e imp r oveme n t s  a nd  c ompu t e s  i n f o rma t i on t h a  t ma y b e  u s e d by

s ub s  e qu  e  n t op t  imi z a t  i on  s . Th e  ma i n t a s k o f t h i  s ph  a s e  i s t h e  c omp u t a -

t i on  o f live-variable information . [Ah o 7 8 a s e c  t i on 14 . 4 ] A va  r i a b l  e A i s s a i d

t o  b e dead a t  s ome po i n t  p o f  t h e  p r og r  am t ex  t , i f on no p a t h i n t h e

c on t  r o l  flow g r a ph  f r om p  t o a RE T ( r e t u r n )  , A c a n  b e u s  e d b e f o r  e b e  i ng

c h a ng e d  ; e l  s e A  i s s a i d t o b e live .

A s t a t eme n t o f t h e  f o rm

VA RIABL E : =  EXP RESS ION

i s  s a i d t o b e d e a d i f t h e  l e f  t h a nd s i d e va r  i a b  l e i s d e a d j u s  t a f  t e r

t h e s t a t eme n t a nd  t h e  r i gh t  h a nd s i d e exp  r e s  s i on h a s  no s i d e e f f e c  t s

( i  . e .  i t do e  s n ’  t c h a ng e  a ny va r  i a b  l e )  . Su c h a s t a t eme n t c a n  b e e l  imi -

n a  t  e d e n  t i r e l y .  De a d c od  e wi  l  l s e  l dom b e p r e s e n t  i n t h e o r i g i n a l  p r o -

g r  am, bu t  i t ma y  b e t h e r e s u l  t o f  e a r  l i e r op t  imi z a t  i on  s , s u c h  a s c opy

p r op a g a t  i on  .

L i  ve - va  r i a b l  e i n f o rma t i on i s p a s  s e d t o o t h e r  ph a  s  e  s v i  a me s s a g e  s

i n  t h e EM c od e . L i ve / d e  a d me s s a g e  s a r e  g e n e  r  a t e d a t po i n t  s i n  t h e EM

t ex t  wh e  r  e va  r i a b l  e s b e c ome d e a d o r l i ve .  Th i  s i n f o rma t i on i s e s p e -

c i a l  l y u s e  f u l f o r  t h e  Reg  i s t e r  Al l o c  a t i on  ph a s e  .

12.2. Implementation

Th e imp l  eme n t a t  i on  u s e s  a l go r  i t hm 14 . 6  o f .  [Ah o 7 8 a ]  F i r s t  two s e t  s

DE F a nd USE a r e  c ompu t e d  f o r  eve  r y b a s  i c b l o c k  b :

DE F ( b )  t h e  s e t  o f a l l  va r  i a b  l e s  t h a  t a r e  a s s  i gn e d  a  va l u e  i n b b e f o r  e

b e  i ng  u s e d

US E ( b )  t h e  s e t  o f a l l  va r  i a b  l e s  t h a  t ma y b e  u s e d i n b b e f o r  e b e  i ng

c h a ng e d  .

( So va r  i a b  l e s  t h a  t ma y , bu t  n e e d no t  , b e  u s e d r e s p .  c h a ng e d  v i a  a p r o -

c e du  r e c a l  l o r  t h r ough a  po i n t  e r a r e  i n c  l ud  e  d i n  USE bu t  no t  i n DE F ) .

Th e n ex t  s t e p i s t o c ompu t e t h e  s e t  s IN a nd  OUT :

IN[ b ]  t h e  s e t  o f a l l  va r  i a b  l e s  t h a  t a r e  l i ve a t t h e  b eg i nn i ng o f b

OU T [ b ]  t h e  s e t  o f a l l  va r  i a b  l e s  t h a  t a r e  l i ve a t t h e  e nd o f b

IN a nd  OUT c a n  b e c omp u t e d f o r  a l l  b l o c k  s s imu l t a n e ou s  l y by s o l v i ng

t h e d a t a  flow e qu  a t i on  s :

( 1 )  IN[ b ] = OUT [ b ]  - DE F [ b ]  + US E [ b ]

[ 2 ]  OUT [ b ]  =  IN[ s 1 ]  + . . .  + IN[ s n ]  ;

wh e r e  SUC C[ b ]  = { s 1 ,  . . .  , s n}

Th e e qu a  t i on s  a r e  s o l ve d  by a  s imi l a r  a l go r  i t hm a s f o r  t h e  Us e  Defin i  -

t i on  e qu  a t i on  s ( s e e  p r ev i ou s  c h a p  t e r  ) .

F i  n a l  l y ,  e a c h b a s  i c b l o c k  i s v i s i  t e d  i n t u r n  t o r emov e i t s d e a d

c od e  a nd t o emi t t h e l i ve / d e  a d me s s a g e  s . Eve  r y b a s  i c b l o c k  b i s  t r a -

ve  r s e d f r om i t s  l a s  t i n s t  r u c  t i on b a c kw a r d s t o t h e  b eg i nn i ng o f b .

I n  i t i a l  l y ,  a l l  va r  i a b  l e s  t h a  t a r e  d e a d a t t h e  e nd o f b a r e  ma r k e  d

d e  a d . Al l  o t h e r  s a r e  ma r k e  d l i ve  . I f  we c ome a c r o s  s a n  a s s  i gnme n  t t o

a va r  i a b  l e X  t h a  t wa s ma r k e  d l i ve  , a l i ve -me s s a g e  i s pu t  a f t e r  t h e

a s  s i gnme n  t a nd X  i s ma r k e  d d e  a d ; i f X wa s ma r k e  d d e  a d , t h e  a s s  i gnme n  t
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ma y b e  r emov e d ,  p r ov i d e d  t h a  t t h e r i gh t  h a nd s i d e exp  r e s  s i on c on  t a i n s

no  s i d e e f f e c  t s .  I f we c ome a c r o s  s a u s e  o f a va r  i a b  l e X  t h a  t wa s

ma r k e  d d e  a d , a d e  a d -me s  s a g e  i s pu t  a f t e r  t h e  u s e  a nd  X i s  ma r k e  d l i ve  .

So a t a ny po i n t  , t h e ma r k o f X  t e l  l s wh e  t h e  r X i s l i ve o r d e a d imme d  i -

a t e l y b e f o r  e t h a t  po i n t  . A me s  s a g e  i s a l s o g e n e  r  a t e d a t t h e  s t a r t  o f

a b a s  i c b l o c k  f o r  eve  r y va r  i a b  l e t h a  t wa s l i ve  a t t h e  e nd o f t h e  ( t ex -

t u a l  l y )  p r ev  i  ou s  b l o c k  , bu t d e  a d a t  t h e  e n t r y o f t h i  s b l o c k  , o r  v . v .

On l y l o c a  l va  r i a b l  e s a r e  c on  s i d e r e d .  Th i  s s i gn  i fic  a n t  l y r e du  c e s

t h e memo r y  n e e d e d  by t h i  s ph  a s e  , e a  s  e  s t h e imp l eme n  t a t  i on  a nd  i s

h a  r d l y  l e s  s e f fic  i  e n t  t h a n  c on s  i d e  r i ng a l l  va r  i a b  l e s  . (No t  e t h a t  i t i s

ve  r y h a r d t o p r ove  t h a  t a n  a s s  i gnme n  t t o  a  g l ob a  l va  r i a b l  e i s  d e a d )  .
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13. Register Allocation

13.1. Introduction

Th e e f fic  i  e n t  u s a g e  o f t h e  g e n e r a  l pu  r  po s e  r eg  i s t e r  s o f  t h e  t a r g e  t

ma c h i n e p l a y s  a k ey r o l  e i n  a ny op t  imi z i ng  c omp i  l e r  . Th i s s ub  j e c  t ,

o f  t e n  r e f e r  r e d t o a s Register Allocation , h a s  g r e a  t imp a  c t on bo t h  t h e c od  e

g e n e  r  a t o r a nd  t h e  op t  imi z i ng  p a r  t o f  s u c h  a c omp i l e r .  Th e  c od e  g e n e r -

a t o r  n e e d s  r eg  i s t e r  s f o r  a t l e a  s t t h e  eva  l u a  t i on o f a r i  t hme t  i c exp r  e s -

s i on  s ; t h e  op t  imi z e r  u s e s  t h e  r eg  i s t e r  s t o  d e c  r  e a s e  t h e  a c c e  s s c o s  t  s

o f  f r e qu  e  n t l y u s e d e n t  i  t  i e s  ( s u c h  a s va r  i a b  l e s  ) . Th e  d e s i gn  o f a n

op  t imi z i ng  c omp i  l e r  mu s  t p a y  g r e a t  a t t e n t  i on t o t h e  c oop  e r a  t i on o f

op  t imi z a t  i on  , r eg i  s  t e r  a l l o c  a t i on  a nd  c od  e g e n e  r  a t i on  .

Re g i s t e r  a l l o c  a t i on  h a s  r e c e  i ve  d mu c h a t  t e n t  i on i n l i t e r a  t u r  e ( s e e

[ Lev  e 81  a , Ch a  i 81  a , F r e  i 74  a ] a nd  [ S i  t e 79 a  ] ) .

13.2. Usage of registers in ACK compilers

We wi l l  fi r s  t d e  s  c r i b e  t h e  ma j o r  d e s  i gn  d e c  i s i on  s o f  t h e  Ams t e r d am

Comp i l e r Ki t  , a s  f a r  a s t h ey c on  c e r n r eg  i s t e r  a l l o c  a t i on  . Su b s e  -

qu  e  n t l y we wi l l  ou t  l  i n e t h e  r o l  e o f  t h e  Gl ob a  l Op t imi z e r  i n t h e  r eg  i s -

t e r a l l o c  a t i on  p r o c e  s s a nd  t h e  i n t  e r f a c e  b e twe e n t h e  c od e  g e n e r a  t o r

a nd t h e  op t  imi z e r  .

13.2.1. Usage of registers without the intervention of the Global Optimizer

Re g i s t e r  s a r e  u s e d f o r  two pu r po s  e  s :

1 .  f o r  t h e  eva  l u a  t i on o f a r i  t hme t  i c exp r  e s s i on  s

2 .  t o ho l d  l o c a  l va  r i a b l  e s ,  f o r  t h e  du r  a t i on  o f t h e  p r o c e du  r e t h ey

a r e  l o c  a l t o .

I t  i s e s s e n  t i a l  t o no t  e t h a t  no t r a n s  l a t  i on  p a r  t o f  t h e  c omp i l e r s  ,

ex  c e p  t f o r  t h e  c od e  g e n e r a  t o r  , knows a ny t  h i  ng a t a l l  a bou  t t h e r eg  i s -

t e r s e t  o f t h e  t a r g e  t c omp u t e r .  He n c  e a l  l d e  c i s i on  s a bou  t r eg i  s  t e r  s

a r e  u l t ima t e l y ma d e  by t h e  c od e  g e n e r a  t o r  . Ea r l i e r  ph a  s  e  s o f  a c om-

p i  l e r  c a n  on l y advise t h e c od  e g e n e  r  a t o r .

Th e c od e  g e n e r a  t o r  s p l  i  t s t h e  r eg  i s t e r  s e t  i n t o  two : a fixe  d p a  r t

f o r  t h e  eva  l u a  t i on o f exp  r e s  s i on s  ( c a  l l e d scratch r eg i  s  t e r  s  ) a nd a fix e d

p a  r t t o s t o r e  l o c  a l va r  i a b  l e s  . Th i s p a r  t i t i on  i  ng , wh i  c h d e p e nd s  on l y

on  t h e  t a r g e  t c omp u t e r ,  s i gn i fic  a n t  l y r e du  c e s  t h e  c omp l ex  i t y  o f r eg  i s -

t e r a l l o c  a t i on  , a t  t h e  p e n a l t y o f s ome l o s  s o f  c od  e qu  a l i t y .

Th e c od e  g e n e r a  t o r  h a s  s ome (ma c h i n e - d e p e nd e n  t ) knowl  e dg  e o f  t h e

a c c e  s s c o s  t  s o f  memo r y  l o c  a t i on  s a nd r eg  i s t e r  s a nd o f t h e  c o s t s  o f

s av i ng a nd  r e s  t o r  i ng  r eg  i s t e r  s . (Re g i s t e r  s a r e  a lwa y  s s ave  d by  t h e

called p r o c e du  r e )  . Th i s knowl  e dg  e i s  exp  r e s  s e d i n a  s e t  o f p r o c e du  r e s

f o r  e a c h t a r g e  t ma c h i n e .  Th e  c od e  g e n e r a  t o r  a l s o knows how ma ny r eg  -

i s t e r  s t h e r e  a r e  a nd  o f wh i  c h t yp  e t h ey  a r e  . A r eg  i s t e r  c a n  b e o f

t yp e pointer , floating point o r general .

Th e f r on  t e nd s  o f t h e  c omp i l e r s  d e t e rm i n e  wh i  c h l o c  a l va r  i a b  l e s

ma y b e  pu t  i n a r eg  i s t e r  ; s u c h  a  va r  i a b  l e ma y  n eve  r b e  a c c e  s s e d i nd  i -

r e c t  l y ( i . e .  t h r ough a  po i n t  e r )  . Th e f r on  t e nd a l s o d e t e rm i n e  s t h e

t yp e  s a nd s i z e s  o f t h e s e  va r  i a b  l e s  . Th e t yp e  c a n  b e a ny o f t h e  r eg  i s -

t e r t yp  e s o r t h e  t yp  e loop variable , wh i  c h d e no t  e s a g e n e  r  a l - t yp  e  d va  r i -

a b  l e t h a  t i s  u s e d a s l oop  va r  i a b  l e i n a  f o r  - s t a t eme n t .  Al l  t h i  s

i n f o rma t i on i s c o l  l e c  t  e d i n a register message i n  t h e EM c od e . Su c h  a
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me s s a g e  i s a p s  e udo  EM i n s  t r u c t  i on  . Th i s me s  s a g e  a l s o c on  t a i n s  a score

fie l d ,  i nd  i c a  t i ng how d e s  i r a b l  e i t  i s t o pu t  t h i s va r  i a b  l e i n a  r eg  i s -

t e r .  A f r on  t e nd ma y  a s s  i gn a h i gh s c o  r e t o a va r  i a b  l e i f i t wa s

d e  c l a r e d a s a  r eg  i s t e r  va r  i a b  l e (wh i c h  i s on l y  po s  s i b l  e i n  s ome l a n  -

gu  a  g  e s ,  s u c h  a s "C" ) . Any c omp i  l e r  ph a  s  e b e  f o r  e t h e c od  e g e n e  r  a t o r

ma y c h a ng e  t h i  s s c o r  e fie  l d ,  i f i t h a s  r e a  s on  t o do s o .  Th e  c od e  g e n -

e r a  t o r  b a s e s  i t s  d e c  i s i on  s on  t h e  i n f o rma t i on c on  t a i n e d  i n t h e  r eg  i s -

t e r me s  s a g e  , mo s t no t  a b l y  on t h e  s c o  r e .

I f  t h e  g l ob a  l op  t imi z e r  i s no t  u s e d ,  t h e  s c o  r e fie l d s  a r e  s e t  by

t h e Pe e pho l e Op t  imi z e r  . Th i s op t  imi z e r  s imp l y  c oun  t s t h e  numb e  r o f

o c  c u r r e n c  e s o f eve  r y l o c  a l ( r eg i  s  t e r  ) va  r i a b l  e a nd a dd  s t h i  s c oun  t t o

t h e s c o  r e p r ov i d e d  by t h e  f r on t  e nd  . I n  t h i  s wa y a s imp l  e , y e t  qu i  t e

e f  f e c t  i ve  r eg  i s t e r  a l l o c  a t i on  s c h eme i s a c h  i ev  e d .

13.2.2. The role of the Global Optimizer

Th e Gl  ob a  l Op t imi z e r  e s s e n  t i a l  l y t r i e s  t o imp r ove  t h e  s c h eme ou t  -

l i n e d  a bov e . I t u s e s  t h e  f o l  l owi  ng p r i n c  i p l  e s f o r  t h i  s pu  r  po s e  :

- En t  i  t  i e s  a r e  no t  a lwa y  s a s  s i gn e d  a r eg i  s  t e r  f o r  t h e  du r  a t i on  o f a n

e n  t i r e p r o c e du  r e ;  sma l l e r r eg  i  on s  o f t h e  p r og r  am t ex  t ma y b e  c on -

s i d e  r  e d t oo .

- s ev  e r a  l va  r i a b l  e s ma y  b e pu  t i n  t h e s ame r eg  i s t e r  s imu l  t a n e ou s  l y ,

p r ov i d e d  a t mo s  t on  e o f  t h em i s l i ve a t a ny po i n t  .

- b e s  i d e  s l o c a  l va  r i a b l  e s ,  o t h e r  e n t  i  t  i e s  ( s u c h  a s c on  s t a n t  s a nd

a dd r  e s s e s  o f va  r i a b l  e s a nd  p r o c e du  r e s  ) ma y b e  pu t  i n a r eg  i s t e r  .

- mo r  e a c c u r  a t e  c o s  t e s  t ima t e s a r e  u s e d .

To p e r  f o rm i t s  t a s k ,  t h e  op t  imi z e r  mu s  t h ave  s ome knowl  e dg  e o f  t h e

t a r g e t  ma c h i n e .

13.2.3. The interface between the register allocator and the code generator

Th e RA ph a  s  e o f  t h e  op t  imi z e r  mu s  t s ome how b e a b l  e t o  exp  r e s  s i t s

d e  c i s i on  s . Su c h  d e c i  s  i on  s ma y l ook  l i k e :  ’ pu  t c on s  t a n  t 1283  i n a  r eg  -

i s t e r  f r om l i n e 12 t o l i n e 40 ’  . To b e p r e c i  s e ,  RA mu s  t b e  a b l e  t o

t e l  l t h e c od  e g e n e  r  a t o r t o :

- i n i  t  i a l  i z e a  r eg  i s t e r  wi t h s ome va l u e

- upd  a t e  a n e n t  i  t y f r om a r eg i  s  t e r

- r e p  l a c e  a l l  o c c u r  r e n c  e s o f a n e n t  i  t y i n  a c e  r t a i n r eg  i  on o f t ex  t

by  a r e f e r e n c  e t o  t h e r eg  i s t e r  .

At  l e a  s t t h r  e e p r ob l  ems o c c u r  h e r e  : t h e c od  e g e n e  r  a t o r i s on l y  u s e d t o

pu  t l o c a  l va  r i a b l  e s i n r eg  i s t e r  s , i t on l y  a s s  i gn s  a r eg i  s  t e r  t o a

va  r i a b l  e f o r  t h e  du r  a t i on  o f a n e n t  i r e  p r o c e du  r e a nd  i t i s no t  u s e d t o

h ave  s ome e a r  l i e r c omp i  l e r  ph a  s  e ma k e a l l  t h e  d e c i  s  i on  s .

Al  l p r ob l  ems a r e  s o l ve d  by on e  me c h a n  i sm , t h a t  i nv o l ve s  no c h a ng e  s

t o  t h e c od  e g e n e  r  a t o r .  Wi t h eve  r y ( non  - s c  r  a t c h )  r eg  i s t e r  R t h a t  wi l l

b e  u s e d i n a p r o c e du  r e P, we a s s o c  i  a  t  e a n ew va r  i a b  l e T, l o c  a l t o P.

Th e s i z e  o f T  i s t h e  s ame a s t h e  s i z e o f R . A r eg i  s  t e r  me s  s a g e  i s

g e n e  r  a t e d f o r  T wi  t h a n ex c  e p t i on  a l l y h i gh s c o  r e .  Th e  s c o  r e s  o f a l  l

o r  i g i n a l  r eg  i s t e r  me s  s a g e  s a r e  s e t  t o z e r o .  Con s e qu e n  t l y , t h e  c od e

g e n e  r  a t o r wi l l  a lwa y  s a s  s i gn p r e c i  s e l y t ho  s e n ew va r  i a b  l e s  t o a  r eg  i s -

t e r .  I f t h e  op t  imi z e r  wa n  t s t o pu t  s ome e n t  i  t y , s a y  t h e  c on s  t a n  t

1283  , i n  a r eg i  s  t e r  , i t  emi t s t h e  c od e  "T : = 1283 " a nd r e p  l a c e  s a l  l

o c  c u r r e n c  e s o f ’ 1283 ’ by  T. S imi l a r  l y ,  i t c a n  pu t  t h e a dd  r e s  s o f  a
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p r o c e du  r e i n T  a nd  r e p  l a c e  a l l  c a l  l s t o t h a  t p r o c e du  r e by i nd  i r e c t

c a  l l s  . Fu r t h e rmo r e ,  i t c a n  pu t  s ev  e r a  l d i  f f e r e n t  e n t  i  t  i e s  i n T  ( a nd

t hu s  i n R) du r  i ng  t h e  l i f e t  ime o f P.

I n  p r i n c i p l  e , t h e  c od e  g e n e r a  t  e d by t h e  op t  imi z e r  i n t h i  s wa y

wo u l d  a lwa y  s b e  va l  i d EM c od e , eve  n i f  t h e  op t  imi z e r  wou l  d b e  p r e -

s e n t  e d a  t o t  a  l l y  wr ong d e s c  r i p t  i on o f t h e  t a r g e  t c omp u t e r r eg  i s t e r

s e  t . I n p r a c t  i c e ,  i t wou l  d b e  a wa s t e  o f d a t a  a s we l  l a s  t ex  t s p a c e

t o  a l l o c  a t e  memo r y  f o r t h e s e  n ew va r  i a b  l e s  , a s  t h ey wi l l  a lwa y  s b e

a s  s i gn e d  a r eg i  s  t e r  ( i n  t h e c o r  r e c  t o r d e r  o f eve  n t s ) .  He n c  e , no mem -

o r y  l o c  a t i on  s a r e  a l l o c  a t e d f o r  t h em. Fo r  t h i  s r e a s on  t h ey a r e  c a l  l e d

p s  e udo  l o c  a l va r  i a b  l e s  .

13.3. The register allocation phase

13.3.1. Overview

Th e RA ph a  s  e d e  a l s  wi t h on e  p r o c e du  r e a t a t ime .  Fo r  eve  r y p r o c e  -

du  r e ,  i t fi r s  t d e  t  e rm i n e  s wh i c h  e n t i t i e s  ma y  b e pu  t i n  a r eg i  s  t e r  . Su c h

a n  e n t i t y i s c a l  l e d a n item . Fo r  eve  r y i t em i t d e c  i d e  s du  r i ng wh i  c h

p a  r t s  o f t h e  p r o c e du  r e i t mi gh t  b e a s s  i gn e d  a r eg i  s  t e r  . Su c h a r eg  i  on

i s  c a l  l e d a timespan . Fo r  a ny i t em, s ev  e r a  l ( po s  s i b l y  ove  r l a pp  i  ng )

t ime s p a n  s ma y b e  c on s  i d e  r  e d . A p a  i r ( i t em , t ime s p a n  ) i s  c a l  l e d a n alloca-

tion . I f t h e  i t ems o f two a l l o c  a t i on  s a r e  bo t h  l i ve a t s ome po i n t  o f

t ime i n t h e  i n t  e r s e c  t i on s  o f t h e  i r t ime s p a n  s , t h e  s  e a l  l o c  a t i on  s a r e

s a  i d t o b e rivals o f  e a c h o t h e r  , a s  t h ey c a nno t b e  a s s  i gn e d  t h e  s ame r eg  -

i s t e r  . Th e r i va  l s - s e t  o f eve  r y a l l o c  a t i on  i s c ompu t e d  . Ne x t ,  t h e

g a  i n s  o f a s s  i gn i ng a  r eg  i s t e r  t o a n a l l o c  a t i on  a r e  e s t  ima t e d ,  f o r

ev  e r y  a l l o c  a t i on  . Wi t h a l l  t h i  s i n f o rma t i on ,  d e c  i s i on  s a r e  ma d e  wh i  c h

a l  l o c  a t i on  s t o  s t o r e  i n wh i  c h r eg  i s t e r  s ( packing ) .  F i n a l  l y ,  t h e  EM t ex  t

i s  t r a n s  f o rme d t o  r efle  c t t h e  s  e d e  c i s i on  s .

13.3.2. The item recognition subphase

RA t r i e s  t o pu t  t h e f o l  l owi  ng e n t  i  t  i e s  i n a  r eg  i s t e r  :

- a l o c a  l va  r i a b l  e f o r  wh i  c h a  r eg  i s t e r  me s  s a g e  wa s  f ound

- t h e  a dd r  e s s o f a  l o c  a l va r  i a b  l e f o r  wh i  c h no r eg  i s t e r  me s  s a g e  wa s

f ound

- t h e  a dd r  e s s o f a g l ob a  l va  r i a b l  e

- t h e  a dd r  e s s o f a p r o c e du  r e

- a nume r i c  c on  s t a n t  .

On l y t h e address o f  a g l ob a  l va  r i a b l  e ma y b e  pu t  i n a r eg  i s t e r  , no  t t h e

va  r i a b l  e i t s e  l f .  Th i  s a pp r o a c h avo i  d s t h e  ve r y c omp l  ex p r ob l  ems t h a  t

wo u l d  b e c a u  s e d  by p r o c e du  r e c a l  l s a nd  i nd  i r e c t  po i n t  e r r e f e r e n c  e s

( s e e  [Ah o 7 8 a s e c  t i on s  14 . 7  a nd  14 . 8 ] a nd  [ Sp i l 71 a  ] ) .  S t i l l  , on  mo s  t

ma c h i n e s  a c c e  s s i ng  a  g l ob a  l va  r i a b l  e u s  i ng  i nd  i r e c t  a dd  r e s  s i ng t h r ough

a r eg  i s t e r  i s mu c h  c h e a p e  r t h a n  a c c e  s s i ng  i t v i a  i t s  a dd  r e s  s . S imi -

l a r l y ,  i f t h e  a dd r  e s s o f a p r o c e du  r e i s pu t  i n a r eg  i s t e r  , t h e p r o c e  -

du  r e c a n  b e c a  l l e d v i a  a n i nd  i r e c t  c a l  l .

Wi t h eve  r y i t em we a s s o c  i  a  t  e a r eg  i s t e r  t yp  e . Th i  s t yp e  i s

f o r  l o c  a l va r  i a b  l e s  : t h e t yp  e c on t  a  i n e d  i n t h e  r eg  i s t e r  me s  s a g e

f o r  a dd  r e s  s e s o f  va r  i a b  l e s  a nd  p r o c e du  r e s  : t h e po i n t  e r t yp  e

f o r  c on  s t a n t  s  : t h e g e n e  r  a l t yp  e
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An e n t  i  t y o t h e r  t h a n  a l o c a  l va  r i a b l  e i s  no t  t a k e n  t o b e a n i t em i f i t

i s  u s e d on l y  on c  e wi  t h i n  t h e c u r  r e n  t p r o c e du  r e .

An i t em i s s a i d t o b e live a t  s ome po i n t  o f t h e  p r og r  am t ex  t i f  i t s

va  l u e  ma y  b e u s  e d b e f o r  e i t  i s c h a ng e d  . As a dd  r e s  s e s a nd c on  s t a n t  s

a r e  n ev  e r c h a ng e d  , a l  l i t em s bu t l o c a  l va  r i a b l  e s a r e  a lwa y  s l i ve  . Th e

r eg i on o f t ex  t du  r i ng wh i  c h a  l o c  a l va r  i a b  l e i s l i ve i s d e t e rm i n e d  v i a

t h e l i ve / d e  a d me s s a g e  s g e n e  r  a t e d by t h e  L i ve Va r  i a b  l e a n a  l y s  i  s ph  a s e  o f

t h e Gl ob a  l Op t imi z e r  .

13.3.3. The allocation determination subphase

I f  a p r o c e du  r e h a s  mo r  e i t em s t h a n  r eg  i s t e r  s , i t ma y  b e a dva  n t a -

g e ou s  t o pu t  a n i t em i n a  r eg  i s t e r  on l y  du r  i ng  t ho  s e p a r  t s o f t h e  p r o -

c e du  r e wh e  r  e i t  i s mo s  t h e  av i  l y u s  e d .  Su c h  a  p a r t  wi l l  b e c a l  l e d a

t ime s p a n  . Wi t h eve  r y i t em we ma y  a s s o c  i  a  t  e a s e t  o f t ime s p a n  s . I f

two t ime s p a n  s o f  a n i t em ove  r l a p ,  a t mo s  t on  e o f  t h em ma y  b e g r  a n t  e d a

r eg i  s  t e r  , a s  t h e  r  e i s  no u s e  i n pu t  t  i ng t h e  s ame i t em i n two r eg  i s t e r  s

s imu l t a n e ou s  l y .  I f two t ime s p a n  s o f  a n i t em a r e  d i s t  i n c  t , bo t h  ma y  b e

c ho s  e n ;  t h e i t em wi l l  po s  s i b l y  b e pu t  i n two d i f f e r e n t  r eg  i s t e r  s du  r -

i ng d i f f e r e n t  p a r  t s o f t h e  p r o c e du  r e .  Th e  t ime s p a n  ma y  a l s o c on  s i s t

o f  t h e  who l e p r o c e du  r e .

A l i s t  o f ( i t em , t ime s p a n  ) p a  i r s  ( a l  l o c  a t i on  s ) i s bu i  l d , wh i  c h wi l l

b e  t h e  i npu  t t o  t h e d e c  i s i on  ma k  i  ng s ubph a s e  o f RA ( p a  c k i ng s ubph a s e  ) .

Th i s a l l o c  a t i on  l i s t  i s t h e ma i n d a t a  s t r u c  t u r  e o f  RA.  Th e  d e s c  r i p -

t i on  o f t h e  r ema i nd  e r o f RA wi l l  b e i n t e rms o f a l l o c  a t i on  s r a  t h e  r

t h a n  i t ems . Th e ph  r a s e  " t o  a s s  i gn a  r eg  i s t e r  t o a n a l l o c  a t i on  " me a n s

" t o a s s  i gn a  r eg  i s t e r  t o t h e  i t em o f t h e  a l l o c  a t i on  f o r  t h e  du r  a t i on

o f  t h e  t ime s p a n  o f t h e  a l l o c  a t i on  " . Sub  s e qu e n  t s ubph a s e s  wi l l  a dd

mo r e i n f o rma t i on t o t h i  s l i s t  .

Se  ve r a  l f a c t o r  s mu s t b e t a k e n  i n t o  a c c oun t wh e n a t ime s p a n  f o r  a n

i t em i s c on  s t r u c  t  e d :

1 .  At a ny entry point o f  t h e  t ime s p a n  wh e  r  e t h e i t em i s l i ve ,  t h e  r eg  i s -

t e r mu s  t b e  i n i  t  i a l  i z e d  wi t h t h e  i t em

2 .  At a ny ex i  t po  i  n  t o f  t h e  t ime s p a n  wh e  r  e t h e i t em i s l i ve ,  t h e  i t em

mu s t b e upd a t e d .

I n  o r d e r  t o d e c  r  e a s e  t h e  s  e c o  s t s  , we wi l l  on l y  c on  s i d e r  t ime s p a n  s wi  t h

on  e e n  t r y  po i n t  a nd  no l i ve  ex i t  po i n t  s .

13.3.4. The rivals computation subphase

As s t a t e d b e f o r  e , s ev  e r a  l d i  f f e r e n t  i t ems ma y  b e pu  t i n  t h e s ame

r eg i  s  t e r  , p r ov i d e d  t h ey a r e  no t  l i ve s imu l  t a n e ou s  l y .  Fo r  eve  r y a l l o c  a -

t i on  we d e t e rm i n e  t h e  i n t  e r s e c  t i on o f i t s  t ime s p a n  a nd t h e  l i f e t  ime o f

i t s i t em ( i . e .  t h e  p a r t  o f t h e  p r o c e du  r e du r  i ng  wh i  c h t h e  i t em i s

l i ve  ) . Th e  a l l o c  a t i on  i s s a i d t o b e bu s y  du r  i ng  t h i  s i n t  e r s e c  t i on .

I f  two a l l o c  a t i on  s a r e  eve  r bu s y s imu l t a n e ou s  l y t h ey a r e  s a i d t o b e

r i va  l s o f e a c h o t h e r  . Th e r i va  l s i n f o rma t i on i s a dd  e  d t o  t h e a l l o c  a -

t i on  l i s t  .

13.3.5. The profits computation subphase

To ma k e good d e c  i s i on  s , t h e  p a c k  i  ng s ubph a s e  n e e d s  t o know wh i  c h

a l  l o c  a t i on  s c a n b e a s s  i gn e d  t h e  s ame r eg  i s t e r  ( r i va  l s i n f o rma t i on )  a nd

how mu c h  i s g a i n e d  by g r a n t  i ng a n a l l o c  a t i on  a r eg i  s  t e r  .
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Be s i d e s  t h e  g a i n s  o f u s i ng  a r eg i  s  t e r  i n s  t e a d o f a n i t em, two

k i nd s  o f ove  r h e  a d c o  s t s  mu s  t b e  t a k e n  i n t o  a c c oun t :

- t h e  r eg  i s t e r  mu s  t b e  i n i  t  i a l  i z e d  wi t h t h e  i t em

- t h e  r eg  i s t e r  mu s  t b e  s av  e d a t p r o c e du  r e e n t  r y a nd  r e s  t o r  e d a t p r o -

c e du  r e ex i  t .

Th e l a t  t e r c o s  t  s s hou  l  d no  t b e  du e  t o a  s i ng l  e a l  l o c  a t i on  , a s  s eve  r  a l

a l  l o c  a t i on  s c a n b e a s s  i gn e d  t h e  s ame r eg  i s t e r  . Th e s e  c o s  t  s a r e  d e a  l t

wi  t h a f t e r  p a c k i ng h a s  b e e n don e . Th ey do no t  i nflu e n c e t h e  d e c i  s  i on  s

o f  t h e  p a c k  i  ng a l go r  i t hm, t h ey ma y  on l y  undo  t h em.

Th e a c  t u a  l p r ofi t  s c on s  i  s  t o f  imp r oveme n t s  o f exe  c u t  i on t ime a nd

c od e  s i z e .  As t h e  f o rme r i s  f a r  mo r  e d i  f fic  u l t  t o e s t  ima t e , we wi l l

d i  s c u  s s c od  e s i z e  imp r oveme n t s  fi r s  t .

Th e g a  i n s  o f pu t  t  i ng a  c e r  t a i n i t em i n a  r eg  i s t e r  d e p e nd s  on how

t h e i t em i s u s e d .  Suppo s e t h e  i t em i s a po  i  n  t e r  va r  i a b  l e .  On

ma c h i n e s  t h a  t do  no t h av  e a doub l e -  i nd  i r e c t  a dd  r e s  s i ng mod e , two

i n s t  r u c  t i on s  a r e  n e e d e d  t o d e r e f e r e n c  e t h e va r  i a b  l e i f i t i s no t  i n a

r eg i  s  t e r  , bu t on  l  y on  e i f  i t i s pu t  i n a r eg  i s t e r  . I f  t h e  va r  i a b  l e i s

no  t d e  r  e  f  e  r  e n c e d  , bu t s imp l y c op i  e d ,  on e  i n s  t r u c t  i on  ma y  b e s u  f fic  i  e n t

i n  bo t h  c a s e s  . So t h e  g a i n s  o f pu t  t  i ng a po i n t  e r va r  i a b  l e i n a  r eg  -

i s t e r  a r e h i gh e  r i f  t h e  va r  i a b  l e i s d e r e f e r e n c  e d o f  t e n  .

To ma k e a c c u r  a t e  e s t  ima t e s ,  d e t a i  l e d knowl  e dg  e o f  t h e  t a r g e  t

ma c h i n e a nd  o f t h e  c od e  g e n e r a  t o r  wou l  d b e  n e e d e d  . Th e r e f o r  e , a s im-

p l  i fic  a t i on  h a s  b e e n ma d e  t h a  t s ub s  t a n  t i a l  l y l imi t s t h e  amo u n t o f t a r  -

g e  t ma c h i n e i n f o rma t i on t h a  t i s  n e e d e d  . Th e e s  t ima t  i on  o f t h e  numb e  r

o f  by t  e s s av  e d do e  s no  t t a k e  i n t o  a c c oun t how a n i t em i s u s e d .

Ra t h e  r , a n ave  r  a g e  numb e  r i s  u s e d .  So t h e  s  e g a  i n s  a r e  c ompu t e d  a s

f o  l l ows :

#by  t e s _ s  ave  d = #o c  c u r r e n c  e s * g a  i n s _p e  r _o  c c u  r r e n c  e

Th e numb e r o f o c c u r  r e n c  e s i s d e r  i ve  d f r om t h e  EM c od e . No t  e t h a t  t h i  s

i s  no t  ex a  c t e i t h e  r , a s t h e  r  e i s  no on e  - t o - on e  c o r r e s pond e  n  c e b e twe e n

o c  c u r r e n c  e s i n t h e  EM c od e a nd i n t h e  a s s emb l  e r c od  e .

Th e g a  i n s  o f on e  o c c u  r r e n c  e d e p e nd on :

1 .  t h e  t yp  e o f  t h e  i t em

2 .  t h e  s i z e o f t h e  i t em

3 .  t h e  t yp  e o f  t h e  r eg  i s t e r

a nd f o r  l o c  a l va r  i a b  l e s  a nd  a dd  r e s  s e s o f  l o c  a l va r  i a b  l e s  :

4 .  t h e  t yp  e o f  t h e  l o c  a l va r  i a b  l e

5 .  t h e  o f f s e  t o f  t h e  va r  i a b  l e i n t h e  s t a c k  f r ame

Fo r ev  e r y  a l l o c  a t i on  we t r y  two t yp  e s o f r eg  i s t e r  s : t h e  r eg  i s t e r  t yp  e

o f  t h e  i t em a nd t h e  g e n e r a  l r eg i  s  t e r  t yp  e . On l y  t h e t yp  e wi  t h t h e

h i gh e  s t p r ofi t  s wi  l  l s ub s  e qu  e  n t l y b e u s e d .  Th i  s t yp e  i s a dd  e  d t o  t h e

a l  l o c  a t i on  i n f o rma t i on .

To c ompu t e t h e  g a i n s  , RA u s e s  a ma c h i n e - d e p e nd e n  t t a b l  e t h a t  i s

r e a d  f r om a  ma c h i n e d e s c  r i p t o r fi l e  . By me a n s  o f t h i  s t a b l  e t h e numb e  r

o f  by t  e s s av  e d c a n  b e c omp u t e d a s a  f un  c t i on  o f t h e  five  p r op e  r t i e s  .

Th e c o  s t s  o f i n i  t  i a l  i z i ng  a r eg i  s  t e r  wi t h a n i t em i s d e t e rm i n e d  i n

a s imi l a r  wa y  . Th e c o  s t o f on e  i n i  t  i a l  i z a t  i on  i s a l s o ob t  a  i n e d  f r om

t h e d e s c  r i p t o r fi l e  . No t e t h a  t t h e r e  c a n  b e a t  mo s  t on  e i n i  t  i a l  i z a t  i on

f o r  a ny a l l o c  a t i on  .
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To s umma r i z e ,  t h e  numb e  r o f  by t  e s a c e  r t a i n a l l o c  a t i on  wou l  d s ave

i s  c ompu t e d  a s f o l  l ows :

n e  t _by  t e s _ s  ave  d = by t  e s _ s  ave  d - i n i  t _ c o  s t

by  t e s _ s  ave  d = #o c  c u r r e n c  e s * g a  i n s _p e  r _o  c c

i n i  t _ c o  s t =  # i n i  t  i a l  i z a t  i on  s * c o s  t  s _p e  r _ i n i  t

I t  i s i nh  e r e n t  l y mo r e d i f fic  u l t  t o e s t  ima t e t h e exe  c u t  i on t ime

s ave  d by  pu t t i ng  a n i t em i n a  r eg  i s t e r  , b e  c  a u s e  i t i s imp o s s  i b l e t o

p r  e d i  c  t how ma ny t ime s  a n i t em wi l l  b e u s e d dyn ami c a l  l y .  I f a n o c c u r  -

r e n c  e i s  p a r  t o f  a l oop  , i t  ma y  b e exe  c u t  e d ma ny t ime s  . I f  i t i s p a r  t

o f  a c ond  i t i on  a l s t a t eme n t ,  i t ma y  n eve  r b e  exe  c u t  e d a t a l l  . I n  t h e

l a t  t e r c a s e  , t h e s p e  e d o f  t h e  p r og r  am ma y  eve  n g e  t wo r s e  i f a n i n i  -

t i a l  i z a t  i on  i s n e e d e d  . As a c l e a r  ex amp l e ,  c on  s i d e r  t h e  p i e c e  o f "C"

c od e  i n F i g  . 13  .  1  .

sw i t c h (  exp  r ) {

c a  s  e 1 :  p ( )  ; b r  e a k  ;

c a  s  e 2 :  p ( )  ; p (  ) ; b r e a k  ;

c a  s  e 3 :  p ( )  ; b r  e a k  ;

d e  f a u  l t :  b r e a k  ;

}

F i  g . 13 . 1  A "C" swi  t c h  s t a t eme n t

Lo t s o f by t  e s ma y  b e s ave  d by  pu t t i ng  t h e  a dd r  e s s o f p r o c e du  r e p  i n a

r eg i  s  t e r  , a s  p i s  c a l  l e d f ou  r t ime s ( s  t a t i c a l  l y )  . Dy n am i c a  l l y , p wi  l  l

b e  c a l  l e d z e r o ,  on e  o r two t ime s  , d e p e nd i ng on t h e  va l u e  o f t h e

exp r  e s s i on  .

Th e op  t imi z e r  u s e s  t h e  f o l  l owi  ng s t r a t egy  f o r  op t  imi z i ng  exe  c u t  i on

t ime :

1 .  t r y  t o pu t  i t ems i n r eg  i s t e r  s du  r i ng loops fi r  s t

2 .  a lwa y  s k e  e p t h e  i n i  t  i a l  i z i ng  c od  e ou  t s i d e  t h e  l oop

3 .  i f a n i t em i s no t  u s e d i n a  l oop  , do  no t pu t  i t i n a  r eg  i s t e r  i f

t h e i n i  t  i a l  i z a t  i on  c o s  t  s ma y b e  h i gh e  r t h a n  t h e  g a i n s

Th e l a t  t e r c ond  i t i on  c a n  b e c h e  c k e d  by d e t e rm i n i ng t h e  mi n ima l numb e r

o f  u s a g e  s ( dyn  ami c a l  l y )  o f t h e i t em du r  i ng  t h e  p r o c e du  r e ,  v i a  a s ho r  t  -

e s  t p a  t h a l go r  i t hm. I n t h e  ex amp l e a bove  , t h i  s mi n ima l numb e r i s

z e  r o ,  s o t h e  a dd r  e s s o f p  i s no t  pu t  i n a r eg  i s t e r  .

Th e c o  s t s  o f on e  o c c u  r r e n c  e i s  e s t  ima t e d a s d e s c  r i b e d  a bov e f o r

t h e c od  e s i z e  . Th e numb e r o f dyn  ami c o c  c u r r e n c  e s i s gu e  s s e d by l ook  -

i ng a t t h e  l oop  n e s  t i ng l ev  e l o f eve  r y o c c u r  r e n c  e . I f t h e  i t em i s

n eve  r u s  e d i n a  l oop  , t h e mi n ima l numb e r o f o c c u r  r e n c  e s i s u s e d .  F r om

t h e s e  f a c  t s ,  t h e  exe  c u t  i on t ime imp r oveme n t i s a s s e s  s e d f o r  eve  r y

a l  l o c  a t i on  .

13.3.6. The packing subphase

Th e p a  c k i ng s ubph a s e  t a k e s  a s i npu  t t h e a l l o c  a t i on  l i s t  a nd  ou t -

pu  t s a d e  s  c r i p t  i on o f wh i  c h a l l o c  a t i on  s s hou  l  d b e  pu t  i n wh i c h  r eg  i s -

t e r s  . So i t i s e s s e n  t i a l  l y t h e  d e c i  s  i on  ma k  i  ng p a r  t o f  RA.

Th e p a  c k i ng s y s  t em t r i e s  t o a s s  i gn a  r eg  i s t e r  t o a l l o c  a t i on  s on  e

a t  a  t ime ,  i n s ome y e t  t o b e d efin e d  o r d e r  . Fo r ev  e r y  a l l o c  a t i on  A , i t

fi r  s t c h e  c k s i f t h e  r  e i s  a r eg i  s  t e r  ( o f  t h e  r i gh t  t yp e  ) t h a t  i s a l r e a dy
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a s  s i gn e d  t o on e  o r mo r  e a l  l o c  a t i on  s , non  e o f  wh i  c h a r e  r i va l  s o f  A .

I n  t h i  s c a  s  e A i s a s s  i gn e d  t h e  s ame r eg  i s t e r  . E l  s e ,  A i s  a s s  i gn e d  a

n ew r eg  i s t e r  , i f  on e  ex i  s  t  s . A t a b l  e c on t  a  i n i ng t h e  numb e  r o f  f r e e

r eg i  s  t e r  s f o r  eve  r y t yp  e i s  ma i n t  a  i n e d  . I t  i s i n i  t  i a l  i z e d  wi t h t h e

numb e r o f non  - s c  r  a t c h r eg  i s t e r  s o f  t h e  t a r g e  t c omp u t e r a nd  upd a t e d

wh e n eve  r a n ew r eg  i s t e r  i s h a nd e d  ou t  . Th e p a  c k i ng a l go r  i t hm s t op s

wh e n no  mo r  e a l  l o c  a t i on  s c a n o r n e e d b e a s s  i gn e d  a r eg i  s  t e r  .

Af t e r  a n a l l o c  a t i on  A h a  s b e  e n p a  c k e d  , a l  l a l  l o c  a t i on  s wi  t h non  -

d i  s  j un c  t t ime s p a n  s ( i n c  l ud  i  ng A i t s e l  f ) a r e  r emo ve d  f r om t h e  a l l o c  a -

t i on  l i s t  .

I n  c a s e  t h e  numb e  r o f  i t ems ex c  e  e d s t h e  numb e  r o f  r eg  i s t e r  s , i t i s

impo r t a n t  t o c hoo  s e t h e  mo s  t p r ofi t  a b l  e a l  l o c  a t i on  s . Du e  t o t h e  po s  s i -

b i  l  i  t y o f  h av  i  ng s ev  e r a  l a l  l o c  a t i on  s o c  c upy i  ng t h e  s ame r eg  i s t e r  , t h i  s

p r ob l  em i s qu i  t e c omp l  ex .  Ou r  p a c k i ng a l go r  i t hm u s e s  s imp l  e h e u  r i s t  i c

r u  l e s  a nd  avo i  d s a ny c omb i n a t o r  i a l  s e a  r  c h .  I t h a s  d i s t  i n c  t r u  l e s  f o r

d i  f f e r e n t  c o s  t  s me a s u  r e s  .

I f  ob j  e c t  c od  e s i z e  i s t h e  mo s  t impo r t a n t  f a c  t o r  , t h e a l go r  i t hm i s

g r  e e dy a nd  c hoo  s e s  a l l o c  a t i on  s i n  d e c  r  e a s i ng  o r d e r  o f t h e  i r p r ofi t  s

a t  t r i bu t e .  I t do e  s no  t t a k e  i n t o  a c c oun t t h e f a c  t t h a t  o t h e r  a l l o c  a -

t i on  s ma y b e  p a s s e d  ove  r b e  c  a u s e  o f t h i  s d e  c i s i on  .

I f  exe  c u t  i on t ime i s a t p r ime s t a k e  , t h e a l go r  i t hm fi r s  t c on s  i d e  r s

a l  l o c  a t i on  s wh o s e  t ime s p a n  s c on s  i  s  t o f  l oop  s . Af t e r  a l l  t h e  s  e h ave

b e  e n p a  c k e d  , i t  c on  s i d e r  s t h e r ema i n i ng a l l o c  a t i on  s . Wi t h i n  t h e two

s ub c  l  a s s e s  , i t  c on  s i d e r  s a l  l o c  a t i on  s wi  t h t h e  h i gh e  s t p r ofi t  s fi r  s t .

Wh e n a s  s i gn i ng a  r eg  i s t e r  t o a n a l l o c  a t i on  wi t h a  l oop  a s t ime s p a n  ,

t h e a l go r  i t hm c h e  c k s i f t h e  i t em h a s  a l r e a dy  b e e n pu t  i n a r eg  i s t e r

du  r i ng a no  t  h e r  l oop  . I f  s o ,  i t t r i e s  t o u s e  t h e  s ame r eg  i s t e r  f o r  t h e

n ew a l l o c  a t i on  . Af t e r  a l l  p a c k i ng h a s  b e e n don e , i t c h e  c k s i f t h e

i t em h a s  a lwa y  s b e  e n a s  s i gn e d  t h e  s ame r eg  i s t e r  ( a l t hough no t n e c e  s -

s a  r i l y du r  i ng  a l l  l oop  s ) .  I f s o ,  i t t r i e s  t o pu t  t h e i t em i n t h a  t

r eg i  s  t e r  du r  i ng  t h e  e n t i r e  p r o c e du  r e .  Th i  s i s  po s  s i b l  e i f  t h e  a l l o c  a -

t i on  ( i t em , wh o l e _p  r  o c e du  r e )  i s no t  a r i va  l o f  a ny a l l o c  a t i on  wi t h a

d i  f f e r e n t  i t em t h a  t h a  s b e  e n a s  s i gn e d  t o t h e  s ame r eg  i s t e r  . No t e t h a  t

t h i  s a pp r o a c h i s e s s e n  t i a l  l y ’ bo  t t om up ’  , a s  r eg  i s t e r  s a r e  fi r s  t

a s  s i gn e d  ove  r sma l  l r eg i on s  o f t ex  t wh i c h  a r e  l a t e r c o l  l a p  s e d  i n t o

l a r g e r  r eg i on s  . Th e a dva  n t a g e  o f t h i  s a pp r o a c h i s t h e  f a c  t t h a t  t h e

d e  c i s i on  s f o r  on e  l oop  c a n  b e ma d e i nd e p e nd e n  t l y  o f a l l  o t h e r  l oop  s .

Af t e r  t h e  e n t i r e  p a c k i ng p r o c e  s s h a s  b e e n c omp l  e  t  e d ,  we c ompu t e

f o r  e a c h r eg  i s t e r  how mu c h  i s g a i n e d  i n u s i ng  t h i  s r eg i  s  t e r  , by  s imp l y

a dd i ng t h e  n e t p r ofi t  s o f  a l l  a l l o c  a t i on  s a s  s i gn e d  t o i t .  Th i  s t o t  a  l

y i  e  l d s hou  l  d ou  twe i gh  t h e  c o s t s  o f s av  i  ng /  r e s  t o r  i ng  t h e  r eg  i s t e r  a t

p r o c e du  r e e n t  r y /  ex i  t . As mo s  t mo d e r n p r o c e  s s o  r s ( e . g .  68000 , Va x )

h ave  s p e  c i a l  i n s  t r u c t  i on  s t o  s av  e / r e s  t o r  e s eve  r  a l r eg  i s t e r  s , t h e  d i f -

f e r e n t  i a l  c o s  t  s o f  s av i ng on e  ex t  r a r eg  i s t e r  a r e by  no me a n s  c on  s t a n t  .

Th e c o  s t s  a r e  r e a d  f r om t h e  ma c h i n e d e s c  r i p t o r fi l e  a nd  c omp a  r  e d t o  t h e

t o t  a  l y i  e  l d s o f t h e  r eg  i s t e r  s . As a c on s  e qu  e  n  c e o f t h i  s a n a  l y s  i  s ,

s ome a l l o c  a t i on  s ma y h ave  t h e  i r r eg  i s t e r  s t a k e  n aw a y .

13.3.7. The transformation subphase

Th e fin a l s ubph a s e  o f RA t r a n s  f o rms t h e  EM t ex  t a c c o r d  i  ng t o t h e

d e  c i s i on  s ma d e by  t h e  p a c k  i  ng s y s  t em . I t  t r av  e r s e s  t h e  t ex  t o f  t h e

c u  r r e n t  l y op  t imi z e d  p r o c e du  r e a nd  c h a ng e  s a l  l o c  c u r r e n c  e s o f i t ems a t

po  i  n  t s wh e  r  e t h ey  a r e  a s s  i gn e d  a r eg i  s  t e r  . I t  a l s o c l e a r  s t h e s c o  r e
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fie  l d o f t h e  r eg  i s t e r  me s  s a g e  s f o r  no rma l l o c a  l va  r i a b l  e s a nd  emi t s

r eg i  s  t e r  me s  s a g e  s wi  t h a ve r y h i gh s c o  r e f o r  t h e  p s e udo  l o c  a l s  . At

po  i  n  t s wh e  r  e r eg i  s  t e r  s h ave  t o b e i n i  t  i a l  i z e d  wi t h i t ems , i t  g e n e  r  a t e s

EM c od  e t o  do s o .  F i n a l  l y i t t r i e s  t o d e c  r  e a s e  t h e  s i z e o f t h e  s t a c k  -

f r ame o f t h e  p r o c e du  r e by l ook  i  ng a t  wh i  c h l o c  a l va r  i a b  l e s  n e e d no t  b e

g i ve  n me mo r y  l o c  a t i on  s .

13.4. Source files of RA

Th e s ou r  c e s  o f RA a r e  i n t h e  f o l  l owi  ng fi l e s a nd  p a c k a g e  s :

r a  . h :  d e c  l  a r a  t i on s  o f g l ob a  l va  r i a b l  e s a nd  d a t a  s t r u c  t u r  e s

r a  .  c : t h e  r ou  t i n e ma i n ;  i n i t i a l  i z a t  i on  o f t a r g e  t ma c h i n e - d e p e n  -

d e n  t t a b l  e s

i t em s : a r ou t  i n e t o bu i  l d t h e l i s t  o f i t ems o f on e  p r o c e du  r e ;  r ou  -

t i n e  s t o  ma n  i  pu l  a  t  e i t em s

l i f e  t ime :  c on  t a i n s  a  s ub r ou t  i n e t h a  t d e  t  e rm i n e  s wh e n i t em s a r e

l i ve  / d e  a d

a l  l o c  l i s t  : c on t  a  i n s s ub  r  ou t i n e  s t h a t  bu i  l d t h e i n i  t  i a l  a l l o c a  t i on s

l i s t  a nd  t h a  t c omp u t e  t h e  r i va l  s s e  t s .

p r ofi t  s  : c on t  a  i n s a s ub  r  ou t i n e  t h a  t c omp u t e s t h e  p r ofi t  s o f  t h e  a l l o -

c a  t i on s  a nd  a r ou t  i n e t h a  t d e  t  e rm i n e  s t h e c o s  t  s o f  s av -

i ng /  r e s  t o r  i ng  r eg  i s t e r  s

p a  c k : c on  t a i n s  t h e  p a c k  i  ng s ubph a s e

x f o rm: c on  t a i n s  t h e  t r a n s  f o rma t i on s ubph a s e

i n t  e r va l  : c on t  a  i n s r ou  t i n e s  t o ma n  i  pu l  a  t  e i n t  e r va l  s o f  t ime

a ux :  c on  t a i n s  a ux  i l i a r y r ou  t i n e s



- 77 -

14. Compact assembly generation

14.1. Introduction

Th e "Comp a  c t As s emb l y  g e n e  r  a t i on  ph a s e " (CA ) t r a n  s f o rms t h e  i n t  e r -

me d i a t e  c od  e o f  t h e  op t  imi z e r  i n t o  EM c od e i n  Comp a  c t As s emb l y  La n  -

gu  a  g  e (CAL ) f o rma t . I n t h e  i n t  e rme d  i a t e  c od  e , a l l  p r og r  am e n t  i  t  i e s

( s u c h  a s p r o c e du  r e s  , l a b e  l s ,  g l ob a  l va  r i a b l  e s )  a r e  d e no t  e d by a un i qu e

i d e n  t i f y i ng numb e  r ( s e e  3 . 5 ) .  I n t h e  CAL ou t pu t  o f t h e  op t  imi z e r

t h e s e  numb e  r s h av  e t o  b e r e p  l a c e d by no rma l i d e n  t i fie r  s ( s  t r i ng  s ) .  Th e

o r  i g i n a l  i d e n  t i fie r  s o f  t h e  i npu  t p r og r  am a r e  u s e d wh e n eve  r po  s s i b l  e .

Re c a l l  t h a  t t h e IC ph a  s  e g e n e  r  a t e s two fi l e s t h a  t c a n b e u s e d t o ma p

un i  qu e i d e n  t i f y i ng numb e  r s t o p r o c e du  r e n ame s  a nd  g l ob a  l va  r i a b l  e

n ame s . Fo r  i n s  t r u c t  i on  l a b e  l s CA a lwa y  s g e n e  r  a t e s n ew n ame s  . Th e

r e a s on  s f o r  do i ng s o a r e  :

- i n s  t r u c t  i on  l a b e  l s a r e  on l y  v i s i b l  e i n s i d e  on e  p r o c e du  r e ,  s o t h ey

c a n no t  b e r e f e r e n c  e d i n  o t h e r  modu l e s

- t h e  n ame s a r e  no t  ve r y s ugg  e s t  i ve  a nywa y , a s t h ey mu s  t b e  i n t  eg e  r

numb e r s

- t h e  op t  imi z e r  c on  s i d e r a b l y  c h a ng e  s t h e c on  t r o  l s t  r u c  t u r  e o f  t h e

p r og r  am, s o t h e  r  e i s  r e a  l l y  no on e  t o on e  ma pp i ng o f i n s  t r u c t  i on

l a b e  l s i n t h e  i npu  t a nd t h e  ou t pu t  p r og r  am.

As t h e  op t  imi z e r  c omb i n e s  a l l  i npu  t mo d u l e s i n t o  on e  modu l e ,  v i s i b i  l -

i t y p r ob l  ems ma y  o c c u  r . Two modu l e s  M1 a nd M2 c a n  bo t h  d efin e  a n i d e n  -

t i fie  r X ( p r ov i d e d  t h a  t X i s no t  ex t  e r n a l  l y v i s i b l  e i n  a ny o f t h e  s  e

mo d u l e s )  . I f  M1 a nd M2 a r e  c omb i n e d  i n t o  on e  modu l e M, two d i s t  i n c  t

e n  t i t i e s  wi t h t h e  s ame n ame wou l  d ex  i s t  i n M, wh i  c h i s no t

a l  l ow e d .  [ Ta n e 83 a  , s e c t  i on  11 . 1 . 4 . 3 ] I n t h e  s  e c a  s  e  s , CA i nv e n t  s a n ew

un i  qu e n ame f o r  on e  o f t h e  e n t i t i e s  .

14.2. Implementation

CA fi r s  t r e a d  s t h e fi l e s c on  t a i n i ng t h e  p r o c e du  r e a nd  g l ob a  l va  r i -

a b  l e n ame s  a nd  s t o r e s t h e  n ame s i n  two t a b  l e s  . I t  s c a n s  t h e  s  e t a b l  e s

t o  ma k e s u r  e t h a t  a l l n ame s  a r e  d i f f e r e n t  . Su b s e qu  e  n t l y i t r e a d s  t h e

EM t ex  t , on e  p r o c e du  r e a t a t ime ,  a nd  ou t pu t  s i t  i n CAL f o rma t . Th e

ma j o r  p a r  t o f  t h e  c od e  t h a  t do  e s t h e  l a t  t e r t r a n s  f o rma t i on i s a d a p  t e d

f r om t h e  EM Pe e pho l e Op t  imi z e r  .

Th e ma i n p r ob l  em o f t h e  imp l eme n  t a t  i on  o f CA i s t o a s s u r  e t h a t  t h e

v i  s  i b i l i t y r u l  e s a r e  ob ey e d  . I f  a n i d e n  t i fie r  mu s  t b e  ex t  e r n a l  l y v i s i  -

b l  e ( i  . e .  i t wa s  ex t  e r n a l  l y v i s i b l  e i n  t h e i npu  t p r og r  am) a nd  t h e

i d e n  t i fie r  i s d efin e d  ( i n  t h e ou t pu t  p r og r  am) b e f o r  e b e  i ng  r e f e r e n c  e d ,

a n  EXA o r EXP p s e udo mu s  t b e  g e n e r a  t  e d f o r  i t .  (No t e t h a  t t h e op t  i -

mi z e r  ma y  c h a ng e  t h e  o r d e r  o f d efin i  t  i on s  a nd  r e f e r e n c  e s ,  s o s ome p s e u -

do  s ma y b e  n e e d e d  t h a  t we r e no  t p r  e s e n t  i n t h e i npu  t p r og r  am) . On t h e

o t h e r  h a nd ,  a n i d e n  t i fie r  ma y  b e on  l  y i n t  e r n a l  l y v i s i b l  e . I f s u c h  a n

i d e n  t i fie r  i s r e f e r e n c  e d b e  f o r  e b e  i ng  d efin e d  , a n  INA o r INP p s e udo mu s  t

b e  emi t t e d  p r i o r  t o i t s  fi r s  t r e f e r e n c  e .
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