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A b s ~ t  

Basic  p r i n c i p l e s  a n d  d e s i g n  t r a d e o f f s  for  c o n t r o l  ol 
p i p e l i n e d  p r o c e s s o r s  a r e  f i r s t  d i s cus sed .  We c o n c e n t r a t e  
on  r e g i s t e r - r e g i s t e r  a r c h i t e c t u r e s  l ike  t h e  GRAY-1 w h e r e  
p ipe l ine  c o n t r o l  logic  is loca l i zed  to one  or  two p ipe l ine  
s t a g e s  a n d  is r e f e r r e d  to  as  " i n s t r u c t i o n  i s sue  logic". 
Des ign  t r adeo f f s  a r e  e x p l o r e d  b y  giving de s i gns  for  a 
v a r i e t y  of i n s t r u c t i o n  i s sue  m e t h o d s  t h a t  r e p r e s e n t  a 
r a n g e  of c o m p l e x i t y  a n d  s o p h i s t i c a t i o n .  These  v a r y  f r o m  
t h e  o r ig ina l  CRAY-1 i s sue  logic to  a v e r s i o n  of T o m a s u l o ' s  
a l g o r i t h m ,  f i r s t  u s e d  in t h e  IBM 3 6 0 / 9 1  f loat ing p o i n t  
un i t .  Also s t u d i e d  a r e  T h o r n t o n ' s  " s c o r e b o a r d "  algo- 
r i t h m  u s e d  on  t h e  CDC 8600 a n d  a n  a l g o r i t h m  we h a v e  
devised .  To p rov i de  a s t a n d a r d  for  c o m p a r i s o n ,  all t h e  
i s sue  m e t h o d s  a r e  u s e d  to  i m p l e m e n t  t h e  GRAY-1 s c a l a r  
a r c h i t e c t u r e .  Then,  u s ing  a s i m u l a t i o n  m o d e l  a n d  t h e  
Lawrence  L i v e r m o r e  Loops c o m p i l e d  wi th  t h e  GRAY FOR- 
TRAN compi l e r ,  p e r f o r m a n c e  r e s u l t s  for  t h e  va r ious  i s sue  
m e t h o d s  a r e  g iven  a n d  d i s cus sed .  

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

Al though  m o d e r n  s u p e r e o m p u t e r s  a r e  c lose ly  asso-  
c i a t e d  wi th  h i g h  s p e e d  v e c t o r  o p e r a t i o n ,  i t  is widely 
r e c o g n i z e d  t h a t  s c a l a r  o p e r a t i o n  is a t  l e a s t  of equa l  
i m p o r t a n c e ,  a n d  p ipe l in ing  [KOGGS1] is t h e  p r e d o m i n a n t  
t e c h n i q u e  for  ach iev ing  h i g h  s c a l a r  p e r f o r m a n c e .  In a 
p i p e l i n e d  c o m p u t e r ,  i n s t r u c t i o n  p r o c e s s i n g  is b r o k e n  
in to  s e g m e n t s  a n d  p r o c e s s i n g  p r o c e e d s  in a n  a s s e m b l y  
l ine f a sh ion  w i th  t h e  e x e c u t i o n  of s e v e r a l  i n s t r u c t i o n s  
b e i n g  ove r l apped .  B e c a u s e  of d a t a  a n d  c o n t r o l  d e p e n d e n -  
c ies  in  a s c a l a r  i n s t r u c t i o n  s t r e a m ,  i n t e r l o c k  logic is 
p l a c e d  b e t w e e n  c r i t i c a l  p ipe l ine  s e g m e n t s  to  c o n t r o l  
i n s t r u c t i o n  flow t h r o u g h  t h e  pipe.  In a n  r e g i s t e r - r e g i s t e r  
a r c h i t e c t u r e  l ike  t h e  CDC 6600 [THOR70], t h e  CDC 7000 
[BONS69], a n d  t h e  GRAY-1 [GRAY77, CRAY79,RUSST8], 
m o s t  of t h e  i n t e r l o c k  logic is loca l ized  to  one  s e g m e n t  
e a r l y  in  t h e  p ipe l i ne  a n d  is r e f e r r e d  to  as " i n s t r u c t i o n  
i s sue"  logic.  

It  is t h e  p u r p o s e  of t h i s  p a p e r  to  h i g h l i g h t  some  of 
t h e  t r a d e o f f s  t h a t  a f fec t  p ipe l ine  con t ro l ,  wi th  p a r t i c u l a r  
e m p h a s i s  o n  i n s t r u c t i o n  i s sue  logic. The p r i m a r y  veh ic le  
for  th i s  d i s c u s s i o n  is a s i m u l a t i o n  s t u d y  of d i f f e ren t  
i n s t r u c t i o n  i s sue  m e t h o d s  wi th  va ry ing  d e g r e e s  of com-  
plexi ty .  These  r a n g e  f r o m  t h e  s imple  a n d  s t r a i g h t f o r -  
w a r d  as  in  t h e  GRAY-1 to t h e  c o m p l e x  a n d  s o p h i s t i c a t e d  
as  in  t h e  CDC 6600 a n d  t h e  IBM 3 6 0 / 9 1  f loat ing p o i n t  un i t  
[TOMA67]. E a c h  is u s e d  to  i m p l e m e n t  t h e  GRAY-1 s c a l a r  
a r c h i t e c t u r e ,  a n d  e a c h  i m p l e m e n t a t i o n  is s i m u l a t e d  
us ing  t he  14 Lawrence  IAvermore  Loops [MCMA72] as 
c o m p i l e d  b y  t h e  Gray  R e s e a r c h  FORTRAN c o m p i l e r  ( c g r ) .  

1.1. T r a d e o ~  
We b e g i n  wi th  a d i s c u s s i o n  of d e s i g n  t r a d e o f f s  t h a t  

c e n t e r s  on  four  p r i n c i p l e  i s sues :  

(1) c l o c k  pe r iod ,  

(2) i n s t r u c t i o n  schedu l ing ,  

(3) i s sue  logic comp lex i t y ,  a n d  

(4) h a r d w a r e  cost ,  debugg ing ,  a n d  m a i n t e n a n c e .  

E a c h  of t h e s e  i s sues  will b e  d i s c u s s e d  in t u rn .  

C lock  Pe r iod .  In a p i p e l t n e d  c o m p u t e r ,  t h e r e  a re  a 
n u m b e r  of s e g m e n t s  c o n t a i n i n g  c o m b i n a t i o n a l  logic wi th  
l a t c h e s  s e p a r a t i n g  s u c c e s s i v e  s e g m e n t s .  All t h e  l a t c h e s  
a re  s y n c h r o n i z e d  by  t h e  s a m e  clock,  a n d  t h e  p ipe l ine  is 
c a p a b l e  of i n i t i a t i ng  a new i n s t r u c t i o n  e v e r y  c lock  
per iod .  Hence ,  u n d e r  idea l  cond i t ions ,  i.e. no  d e p e n d e n -  
c ies  or  r e s o u r c e  conf l ic ts ,  p ipe l ine  p e r f o r m a n c e  is 
d i r e c t l y  r e l a t e d  to t h e  p e r i o d  of t he  c lock  u s e d  to  syn-  
c h r o n i z e  t h e  pipe.  Even  wi th  d a t a  d e p e n d e n c i e s  a n d  
r e s o u r c e  conf l ic ts ,  t h e r e  is a h igh  correlat ion b e t w e e n  
p e r f o r m a n c e  a n d  c l o c k  per iod .  

His tor ica l ly ,  p i p e l i n e d  s u p e r c o m p u t e r s  have  h a d  
s h o r t e r  c lock  p e r i o d s  t h a n  o t h e r  c o m p u t e r s .  This is in 
p a r t  due  to  t h e  use  of t h e  f a s t e s t  ava i l ab le  logic t e c h n o -  
logies, b u t  i t  is a lso due  to de s igns  t h a t  m i n i m i z e  logic 
levels  b e t w e e n  s u c c e s s i v e  l a t c h e s .  

S e h e d n l i n g  of  I n s t r u c t i o n s .  P e r f o r m a n c e  of a p ipe-  
l ined  p r o c e s s o r  d e p e n d s  g r e a t l y  on  t h e  o r d e r  of t h e  
i n s t r u c t i o n s  in  t h e  ins t ruc t ion  s t r e a m .  If c o n s e c u t i v e  
i n s t r u c t i o n s  have  d a t a  and c o n t r o l  d e p e n d e n c i e s  a n d  
c o n t e n d  for  r e s o u r c e s ,  t h e n  "ho les"  in  t h e  p i p e l i n e  will 
deve lop  a n d  p e r f o r m a n c e  will suffer .  To i m p r o v e  p e r f o r -  
m a n c e ,  i t  is o f t e n  poss ib le  to a r r a n g e  t h e  code ,  or  
s c h e d u l e  it, so t h a t  d e p e n d e n c i e s  a n d  r e s o u r c e  conf l ic t s  
a r e  m i n i m i z e d .  R e g i s t e r s  c a n  also b e  a l l o c a t e d  so t h a t  
r e g i s t e r  conf l ic t s  a r e  r e d u c e d  ( r e g i s t e r  conf l i c t s  c a u s e d  
b y  d a t a  d e p e n d e n c i e s  c a n  n o t  b e  e l i m i n a t e d  in  t h i s  way, 
however ) .  B e c a u s e  of t h e i r  c lose  r e l a t i o n s h i p ,  in  t h e  
r e m a i n d e r  of t h e  p a p e r  we will g r o u p  code  s c h e d u l i n g  
a n d  r e g i s t e r  a l l o c a t i o n  t o g e t h e r  a n d  r e f e r  to  t h e m  col- 
l ec t ive ly  as  "code  s chedu l ing" .  

T h e r e  a re  two d i f f e r en t  ways t h a t  code  s c h e d u l i n g  
c a n  b e  done .  Fi rs t ,  i t  c a n  b e  done  a t  c o m p i l e  t i m e  b y  t h e  
sof tware .  We r e f e r  to  th i s  as  " s t a t i c "  s c h e d u l i n g  b e c a u s e  
i t  does  no t  c h a n g e  as  t h e  p r o g r a m  runs .  Second ,  i t  c a n  
be  done  by  t h e  h a r d w a r e  a t  r u n  t ime .  We r e f e r  to  t h i s  as 
" d y n a m i c "  schedu l ing .  These  two m e t h o d s  a r e  n o t  m u t u -  
ally exclusive.  

Most c o m p i l e r s  for  p i p e l i n e d  p r o c e s s o r s  do  some  
f o r m  of s t a t i c  s c h e d u l i n g  to  avoid d e p e n d e n c i e s .  This 
a d d s  a new d i m e n s i o n  to t h e  o p t i m i z a t i o n  p r o b l e m s  
f a c e d  by  a compi le r ,  a n d  o c c a s i o n a l l y  a p r o g r a m m e r  will 
h a n d  code  i n n e r  loops  in a s s e m b l y  l a n g u a g e  to a r r i v e  a t  
a b e t t e r  s c h e d u l e  t h a n  a c o m p i l e r  c a n  provide .  
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Issue Logic Complexity.  By us ing  c o m p l e x  i s sue  
logic, d y n a m i c  s c h e d u l i n g  of i n s t r u c t i o n s  c a n  b e  
ach ieved .  This allows i n s t r u c t i o n s  to  b e g i n  e x e c u t i o n  
"ou t -o f -o rde r "  wi th  r e s p e c t  to  t h e  c o m p i l e d  code  
s e q u e n c e .  This ha s  two a d v a n t a g e s .  F i rs t ,  i t  r e l i eves  
s o m e  t h e  b u r d e n  o n  t h e  c o m p i l e r  to  g e n e r a t e  a good 
schedu le .  Tha t  is, p e r f o r m a n c e  is n o t  as  d e p e n d e n t  o n  
t h e  qua l i ty  of t he  c o m p i l e d  code.  Second ,  d y n a m i c  
s c h e d u l i n g  a t  i ssue  t i m e  c a n  t a k e  a d v a n t a g e  of d e p e n -  
d e n c y  i n f o r m a t i o n  t h a t  is no t  ava i lab le  to  t h e  c o m p i l e r  
w h e n  i t  does  s t a t i c  schedu l ing .  Complex  i s sue  logic does  
r e q u i r e  l o n g e r  c o n t r o l  p a t h s ,  however ,  wh ich  c a n  l ead  to 
a l onge r  c lock  per iod .  

H a r d w a r e  Cost,  Debugg ing ,  and Maintenance.  Com- 
p lex  i s sue  m e t h o d s  l ead  to a d d i t i o n a l  h a r d w a r e  cost .  
More logic is n e e d e d ,  a n d  d e s i g n  t i m e  is i n c r e a s e d .  Com- 
p lex  c o n t r o l  logic is a lso m o r e  e x p e n s i v e  to d e b u g  a n d  
m a i n t a i n .  These  p r o b l e m s  are  a g g r a v a t e d  b y  i s sue  
m e t h o d s  t h a t  d y n a m i c a l l y  s c h e d u l e  code  b e c a u s e  it  m a y  
be  diff icult  to r e p r o d u c e  e x a c t  i s sue  s e q u e n c e s .  

1.2. H i s t o r i c a l  P e r s p e e U ~ e  

I t  is i n t e r e s t i n g  to rev iew t he  way t h e  above  
t r adeo f f s  have  b e e n  d e a l t  wi th  h i s to r ica l ly .  In t he  l a t e  
1950's  a n d  e a r l y  1960 's  t h e r e  was r a p i d  m o v e m e n t  
t o w a r d  i n c r e a s i n g l y  c o m p l e x  i s sue  m e t h o d s .  I m p o r t a n t  
m i l e s t o n e s  were  a c h i e v e d  by  STRETCH [BUCH62] in 1961 
a n d  t h e  CDC 6600 in 1964. P r o b a b l y  t he  m o s t  sophis t i -  
c a t e d  i s sue  logic u s e d  to  d a t e  is in t h e  IBM 3 6 0 / 9 1  
[ANDE67], s h i p p e d  in 1967. Af te r  th i s  f i r s t  r u s h  t o w a r d  
m o r e  a n d  m o r e  c o m p l e x  m e t h o d s ,  t h e r e  was a r e t r e a t  
t o w a r d  s i m p l e r  i n s t r u c t i o n  i s sue  m e t h o d s  t h a t  a r e  sti l l  in  
use  today .  At CDC, t h e  7600 was d e s i g n e d  to i s sue  
i n s t r u c t i o n s  in  s t r i c t  p r o g r a m  s e q u e n c e  wi th  no  d y n a m i c  
schedu l ing .  The c lock  per iod ,  however ,  was v e r y  fast ,  
even  by  t o d a y ' s  s t a n d a r d s .  The m o r e  r e c e n t  CRAY-1 a n d  
CRAY-XMP [CRAYS2] differ  v e r y  l i t t l e  f r o m  t h e  CDC7600 in 
t h e  way t h e y  h a n d l e  s c a l a r  i n s t r u c t i o n s .  The CDC 
CYBER205 [CDCS1] s c a l a r  u n i t  is a lso v e r y  s imi lar .  At 
IBM, a n d  l a t e r  a t  A m d a h l  Corp., p i p e l i n e d  i m p l e m e n t a -  
t ions  of t h e  3 6 0 / 3 7 0  a r c h i t e c t u r e  following t h e  3 6 0 / 9 1  
have  i s s u e d  i n s t r u c t i o n s  s t r i c t l y  in o rde r .  

As for  t h e  fu tu re ,  b o t h  t he  d e b u g / m a i n t e n a n c e  
p r o b l e m  a n d  t he  h a r d w a r e  cos t  p r o b l e m  m a y  b e  
s ign i f i can t ly  a l l ev i a t ed  b y  us ing  VLSI w h e r e  logic is m u c h  
less  expens ive  a n d  w h e r e  r e p l a c e a b l e  p a r t s  a r e  s u c h  t h a t  
f au l t  i so l a t ion  does  no t  n e e d  to be  as  p r e c i s e  as  wi th  SSI. 
In addi t ion ,  t h e r e  is a t r e n d  toward  moving  sof tware  
p r o b l e m s  in to  h a r d w a r e ,  a n d  code  s c h e d u l i n g  s e e m s  to  
be  a c a n d i d a t e .  Consequen t ly ,  t r adeof f s  a re  sh i f t ing  a n d  
i n s t r u c t i o n  i s sue  logic t h a t  d y n a m i c a l l y  s c h e d u l e s  code  
d e s e r v e s  r e n e w e d  s tudy.  

1.3. P a p e r  Overview 

The t r adeo f f s  j u s t  d i s c u s s e d  l e ad  to  a s p e c t r u m  of 
i n s t r u c t i o n  i s sue  a lgo r i t hms .  T h r o u g h  s i m u l a t i o n  we c a n  
look a t  t h e  p e r f o r m a n c e  ga ins  t h a t  a r e  m a d e  poss ib le  by  
d y n a m i c  code  schedu l ing .  O t h e r  i s sues  l ike c lock  p e r i o d  
a n d  h a r d w a r e  cos t  a n d  m a i n t e n a n c e  a r e  m o r e  diff icul t  
a n d  r e q u i r e  d e t a i l e d  des ign  a n d  c o n s t r u c t i o n  to m a k e  
q u a n t i t a t i v e  a s s e s s m e n t s .  In th i s  p a p e r ,  we do d i scuss  
t h e  c o n t r o l  f u n c t i o n s  t h a t  n e e d  to  be  i m p l e m e n t e d  to 
f ac i l i t a t e  qua l i t a t ive  j u d g e m e n t s .  Sec t i on  2 e x a m i n e s  
one  e n d p o i n t  of t he  s p e c t r u m :  t h e  CRAY-1. The CRAY-1 
u s e s  s i m p l e  i ssue  logic wi th  a f a s t  c lock  a n d  s t a t i c  code  
s c h e d u l i n g  only. Sec t i on  3 e x a m i n e s  t h e  o t h e r  e n d p o i n t  
of t h e  s p e c t r u m :  Tomasu lo ' s  a lgo r i thm.  Tomasu lo ' s  algo- 
r i t h m  is c a p a b l e  of c o n s i d e r a b l e  d y n a m i c  code  schedu l -  
ing via  a c o m p l e x  i s sue  m e c h a n i s m .  Sec t i ons  4 and  5 
t h e n  d i scuss  two i n t e r m e d i a t e  po in ts .  The f i r s t  is a var i -  
a t i o n  of T h o r n t o n ' s  " s c o r e b o a r d "  a l g o r i t h m  u s e d  in the  
CDC 6600. T h o r n t o n ' s  a l g o r i t h m  is also u s e d  to  imple -  
m e n t  t h e  CRAY-1 s c a l a r  a r c h i t e c t u r e .  The s e c o n d  is an  

a l g o r i t h m  we have  dev i sed  to allow d y n a m i c  s c h e d u l i n g  
while doing away wi th  s o m e  of t he  a s soc i a t i ve  c o m p a r e s  
r e q u i r e d  b y  t h e  o t h e r  m e t h o d s  t h a t  p e r f o r m  d y n a m i c  
schedu l ing .  E a c h  of t h e  four  CRAY-1 i m p l e m e n t a t i o n s  is 
s i m u l a t e d  over  t h e  s a m e  s e t  of b e n c h m a r k s  to  allow p e r -  
f o r m a n c e  c o m p a r i s o n s .  S e c t i o n  6 c o n t a i n s  a f u r t h e r  dis- 
cu s s ion  on  t h e  r e l a t i o n s h i p  b e t w e e n  so f tware  a n d  
h a r d w a r e  code  s c h e d u l i n g  in p i p e l i n e d  p r o c e s s o r s ,  a n d  
Sec t i on  7 c o n t a i n s  conc lus ions .  

2. The CRAY-1 Architecture and Instruct ion Issue Algo- 
r i thm 

2.1. Overview of the  CRAY-1 
The CRAY-I a r c h i t e c t u r e  a n d  o r g a n i z a t i o n  a r e  u s e d  

t h r o u g h o u t  th i s  p a p e r  as  a ba s i s  for  c o m p a r i s o n .  The 
CRAY-1 s c a l a r  a r c h i t e c t u r e  is shown in  F igure  1. I t  con-  
s i s t s  of two se t s  of r e g i s t e r s  a n d  f u n c t i o n a l  u n i t s  for  (1) 
a d d r e s s  p r o c e s s i n g  a n d  (2) s c a l a r  p roces s ing .  The 
a d d r e s s  r e g i s t e r s  a re  p a r t i t i o n e d  i n t o  two levels:  e i g h t  A 
r e g i s t e r s  a n d  s ix ty  four  B r e g i s t e r s .  The i n t e g e r  a d d  a n d  
mu l t i p ly  f u n c t i o n a l  u n i t s  a r e  d e d i c a t e d  to  a d d r e s s  pro-  
cess ing .  Similar ly ,  t h e  s c a l a r  r e g i s t e r s  a r e  p a r t i t i o n e d  
in to  two levels:  e i g h t  S r e g i s t e r s  a n d  s ix ty  four  T reg i s -  
t e r s .  The B a n d  T r e g i s t e r  files m a y  be  u s e d  as a 
p r o g r a m m e r - m a n i p u l a t e d  d a t a  c a c h e ,  a l t h o u g h  t h i s  
f e a t u r e  is l a rge ly  u n u s e d  b y  t h e  CFT compi l e r .  F o u r  
f u n c t i o n a l  un i t s  a re  u s e d  exc lus ive ly  for  s c a l a r  p r o c e s s -  
ing. In addi t ion ,  t h r e e  f loat ing p o i n t  f u n c t i o n a l  un i t s  a re  
s h a r e d  wi th  t he  v e c t o r  p r o c e s s i n g  s e c t i o n  ( v e c t o r  reg i s -  
t e r s  a r e  no t  shown in Fig. 1). 
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Figure  1 - The CRAY-1 S c a l a r  A r c h i t e c t u r e  

The i n s t r u c t i o n  s e t  is d e s i g n e d  for  e f f ic ien t  p ipe l ine  
p roce s s ing .  Being a r e g i s t e r - r e g i s t e r  a r c h i t e c t u r e ,  only  
load  a n d  s t o r e  i n s t r u c t i o n s  c a n  a c c e s s  m e m o r y .  The r e s t  
of i n s t r u c t i o n s  u se  o p e r a n d s  f r o m  r e g i s t e r s .  I n s t r u c t i o n s  
for  t he  B a n d  T r e g i s t e r s  a r e  r e s t r i c t e d  to  m e m o r y  
a c c e s s  a n d  cop ies  to  a n d  f r o m  r e g i s t e r  files A a n d  S, 
r e spec t ive ly .  

The i n f o r m a t i o n  flow is f r o m  m e m o r y  to  r e g i s t e r s  A 
(S), or  to  t h e  i n t e r m e d i a t e  r e g i s t e r s  B (T). F r o m  file A (S) 
d a t a  is s e n d  to  t h e  f u n c t i o n a l  un i t s ,  f r o m  which  i t  
r e t u r n s  to  file A (S). Then  d a t a  c a n  b e  f u r t h e r  p r o c e s s e d  
by  f u n c t i o n a l  uni t s ,  s t o r e d  in to  m e m o r y  or  s a v e d  in  file B 
(T). Block t r a n s f e r s  of o p e r a n d s  b e t w e e n  m e m o r y  a n d  
r e g i s t e r s  B a n d  T a r e  a lso  avai lable ,  t h u s  r e d u c i n g  t h e  
n u m b e r  of m e m o r y  a c c e s s  i n s t r u c t i o n s .  
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2.2. CRAY-1 Issue Logic 

I n s t r u c t i o n s  a re  f e t c h e d  f r o m  i n s t r u c t i o n  buffers  at  
t he  r a t e  of one p a r c e l  (16 bi ts)  p e r  c lock per iod .  
Individual i n s t r u c t i o n s  a re  e i t h e r  one  or two p a r ce l s  
long. After  a c lock pe r iod  is s p e n t  for  i n s t r u c t i o n  decod-  
ing, t he  i ssue  logic c h e c k s  in te r locks .  If t h e r e  is any 
conflict ,  i ssue  is b locked  unt i l  t h e  confl ic t  cond i t ion  goes  
away. 

For  sca la r  i n s t ruc t i ons ,  t he  following a re  t he  pri-  
m a r y  i n t e r l o c k  c h e c k s  m a d e  a t  the  t i m e  of i n s t r u c t i o n  
issue: 

(1) r eg i s t e r s ;  b o t h  the  s o u r c e  and  d e s t i n a t i o n  r e g i s t e r s  
m u s t  no t  be  r e se rved ;  

(2) r e s u l t  bus;  t he  A and  S r e g i s t e r  files have one bus  
e a c h  over  which  d a t a  can  be  wr i t t en  in to  t h e  files. 
Based  on t h e  c o m p l e t i o n  t i m e  of t he  p a r t i c u l a r  
i n s t ruc t ion ,  a c h e c k  is m a d e  to  d e t e r m i n e  if t h e  bus  
will be  available at  t he  c lock  p e r i o d  w h e n  the  
i n s t r u c t i o n  c o m p l e t e s .  

(3) func t iona l  unit; due to  v e c t o r  i n s t ruc t ions ,  a func-  
t ional  un i t  m a y  be  b u s y  when  a sca la r  i n s t r u c t i o n  
wishes  to  use  it. S ince  we are  cons ide r ing  sca l a r  
p e r f o r m a n c e  only, th is  type  of conf l ic t  will no t  
occur .  The m e m o r y  s y s t e m  can  also be viewed as a 
func t iona l  unit;  i t  can  occas iona l ly  b e c o m e  busy  due  
to  a m e m o r y  b a n k  conflict ,  b u t  for  s ca l a r  code  th is  
is a ve ry  i n f r e q u e n t  o c c u r r e n c e  and  does  no t  a f fec t  
p e r f o r m a n c e  in any a p p r e c i a b l e  way. 

If all i ts i n t e r locks  pass ,  an i n s t r u c t i o n  i s sues  and  
c a u s e s  t he  following to t a k e  place .  

(1) The d e s t i n a t i o n  r e g i s t e r  is r e se rved ;  th is  r e s e r v a t i o n  
is r e m o v e d  only when  the  i n s t r u c t i o n  c o m p l e t e s .  

(2) The r e su l t  bus  is r e s e r v e d  fo r  t he  c lock  p e r i o d  w h e n  
t h e  i n s t r u c t i o n  c o m p l e t e s .  

Memory  a c c e s s e s  have  one f u r t h e r  i n t e r i ock  to  be  
checked :  m e m o r y  b a n k  busy.  This m u s t  be d e l a y e d  unt i l  
t h e  indexing r e g i s t e r  is r e a d  and  the  ef fec t ive  a d d r e s s  is 
c o m p u t e d .  Hence,  t h e  b a n k  b u s y  c h e c k  is p e r f o r m e d  two 
c lock  pe r i ods  a f t e r  a load or  s t o r e  i n s t r u c t i o n  issues .  If 
t h e  b a n k  h a p p e n s  to  be  busy,  t he  m e m o r y  " func t iona l  
uni t"  is bus ied ,  a n d  no f u r t h e r  loads  or s t o r e s  can  be  
i ssued.  Because  all loads and  s t o r e s  a re  two p a r c e l s  
long, t h e y  can  i ssue  a t  a m a x i m u m  r a t e  of one  eve ry  two 
c lock per iods .  This m e a n s  t h a t  a b a n k  b u s y  b lockage  
c a t c h e s  a s u b s e q u e n t  load or s t o r e  be fo re  it is i s sued .  
After  a load i n s t r u c t i o n  p a s s e s  t he  bank  busy  check ,  it  
p l aces  its r e s e r v a t i o n  for  t he  a p p r o p r i a t e  r e su l t  bus. A 
load can  only confl ic t  for  t he  bus  with a p rev ious ly  i s sued  
r e c i p r o c a l  a p p r o x i m a t i o n  ins t ruc t ion ,  so t he  addi t iona l  
in te r lock ing  done  a t  t h a t  po in t  is minimal .  

2.3. CRAY-1 P e r f o r m a n c e  

In th is  p a p e r  p e r f o r m a n c e  is m e a s u r e d  by s imula t -  
ing the  f i rs t  14 Lawrence  L ivermore  Loops. These a re  
e x c e r p t s  f r o m  large  FORTRAN p r o g r a m s  t h a t  have b e e n  
j u d g e d  to  p rov ide  a good m e a s u r e  of l a rge  sca le  com-  
p u t e r  p e r f o r m a n c e .  The loops were  compi l ed  using t h e  
CFT compi le r ,  and  i n s t r u c t i o n  t r a c e  t a p e s  were  gen-  
e r a t ed .  These were  t h e n  s i m u l a t e d  wi th  a p e r f o r m a n c e  
s i m u l a t o r  w r i t t e n  in C, runn ing  on a VAXll /780 .  With 
b a n k  bus i e s  and  i n s t r u c t i o n  buffer  m i s s e s  mode l ed ,  t he  
s i m u l a t o r  a g r e e s  exac t l y  wi th  ac tua l  CRAY-1 t imings ,  
e x c e p t  when  t h e r e  is a d i f fe rence  in the  way a loop fits 
in to  t he  i n s t r u c t i o n  buffers .  This p a r t i c u l a r  d i f f e r ence  is 
a f unc t i on  of w h e r e  t h e  l oade r  chooses  to p l ace  a pro-  
g r a m  in m e m o r y ,  and  for  p r a c t i c a l  use  has  to  be v iewed 
as a n o n d e t e r m i n i s m .  

S ince  we a re  i n t e r e s t e d  in s ca l a r  p e r f o r m a n c e ,  t h e  
CFT c o m p i l e r  was r u n  with t he  "vec to r i ze r "  t u r n e d  off so 
t h a t  no v e c t o r  i n s t r u c t i o n s  were  p r o d u c e d .  When t h e  
v e c t o r i z e r  is on, half  of t h e  14 loops con ta in  a s u b s t a n t i a l  

Loop # i n s t r u c t i o n s  # c lock  
e x e c u t e d  cyc les  

1 7217 18046 
2 8448 18918 
3 14015 88039 
4 9783 22198 
5 8347 31707 
6 9350 23045 
7 4573 10381 
8 4031 7841 
9 4918 10146 

10 4412 10230 
ii 12002 30011 
12 11999 29999 
13 8846 18858 
14 9915 22391 

Table 1 -- CRAY-1 Execu t ion  t i m e s  for t he  14 Lawrence  
L ive rmore  Loops - 1 p a r c e l  i n s t r u c t i o n s  a r e  i s s u e d  in 

1 cycle ,  2 p a r c e l  i n s t r u c t i o n s  in 2 cycles .  

a m o u n t  of v e c t o r  code,  and  half  r e m a i n  sca lar .  

Fo r  t he  s imu la t i ons  r e p o r t e d  he re ,  we have m a d e  
the  following s impl i f ica t ions:  

(1) There  are  no m e m o r y  b a n k  confl icts .  

(2) All loops fit in t he  i n s t r u c t i o n  buffers .  

One r e a s o n  for  th is  s impl i f ica t ion was to  s impl i fy  t h e  
s i m u l a t o r  des ign  for  the  a l t e rna t ive  CRAY-1 i ssue  
m e t h o d s  to be  g iven la ter ;  as m e n t i o n e d  ea r l i e r  our  ori- 
ginal  CRAY-1 s i m u l a t o r  is capab le  of mode l ing  b a n k  
conf l ic ts  a n d  i n s t r u c t i o n  buffers .  Also, this  allows us to 
c o n c e n t r a t e  on t h e  p e r f o r m a n c e  d i f f e r ences  c a u s e d  by  
i ssue  logic and  to  f i l ter  the  "noise" i n t r o d u c e d  by o t h e r  
f a c t o r s  (e.g. i n s t r u c t i o n  buffer  c ross ings ) .  Tabte 1 ~ilows 
the  sca la r  p e r f o r m a n c e  of t h e  CRAY-1 for t h e  f i rs t  14 
Lawrence  L ive rmore  Loops. 

3. T o m a s u l o ' s  A l g o r i t h m  

The CRAY-1 f o r c e s  i n s t r u c t i o n s  t o  i s sue  s t r i c t ly  in 
p r o g r a m  o rde r .  If an i n s t r u c t i o n  is b l o c k e d  f r o m  issuing 
due  to  a conflict ,  all i n s t r u c t i o n s  following it in t he  
i n s t r u c t i o n  s t r e a m  a re  also b locked ,  even  if t h e y  have no 
confl icts .  In c o n t r a s t ,  t h e  s c h e m e  in th is  s e c t i o n  allows 
i n s t r u c t i o n s  to beg in  e x e c u t i o n  out  of p r o g r a m  orde r .  It 
is a va r i a t ion  of t he  i n s t r u c t i o n  i ssue  a l g o r i t h m  f i rs t  
p r e s e n t e d  in [TOMA67]. Al though the  or iginal  a lgo r i t hm 
was dev ised  for  t he  f loat ing po in t  uni t  of t h e  IBM 360/91,  
we show how it can  be  a d a p t e d  and  e x t e n d e d  to  con t ro l  
t he  en t i r e  p ipe l ine  s t r u c t u r e  of a CRAY-1 i m p l e m e n t a -  
tion. 

Figure  2 i l l u s t r a t e s  t h e  e s s e n t i a l  e l e m e n t s  of a tag-  
b a s e d  m e c h a n i s m  for i s sue  of i n s t r u c t i o n s  ou t -of -order .  
Fig. 3 i l l u s t r a t e s  t he  full CRAY-1 i m p l e m e n t a t i o n .  

Each  r e g i s t e r  in t he  A and  S r e g i s t e r  files is aug- 
m e n t e d  by  a ready bit  (R) a n d  a fag field. Assoc i a t ed  with 
e a c h  func t iona l  uni t  is a smal l  n u m b e r  of rese~rvat/on 
stations. E a c h  r e s e r v a t i o n  s t a t i o n  c a n  s t o r e  a pa i r  of 
ope rands ;  e a c h  o p e r a n d  has  i ts  own tag  field and  r e a d y  
bit. A r e s e r v a t i o n  s t a t i on  also holds  a destination tag 
(DTG). When an i n s t r u c t i o n  is i ssued,  a new tag  is s t o r e d  
in to  DTG (see  Fig. 2). 

New d e s t i n a t i o n  t ags  a re  a s s i g n e d  f r o m  a " tag  pool" 
t h a t  c o n s i s t s  of s o m e  finite s e t  of tags .  These  a r e  associ-  
a t e d  with an  i n s t r u c t i o n  f r o m  t h e  t ime  t h e  i n s t r u c t i o n  is 
i s sued  to  a r e s e r v a t i o n  s t a t i o n  unt i l  t h e  t i m e  it p r o d u c e s  
a r e s u l t  and  c o m p l e t e s .  The tag  is r e t u r n e d  to  the  pool  
when  an i n s t r u c t i o n  f inishes .  In t h e  or iginal  Tomasulo ' s  
a lgor i thm,  t he  tags  were  in 1-to-1 c o r r e s p o n d e n c e  with 
t h e  r e s e r v a t i o n  s ta t ions .  This p a r t i c u l a r  way of ass igning 
t ags  is not  essen t ia l ,  however .  Any m e t h o d  will work  as 
long as tags  a r e  a s s i g n ed  and  r e l e a s e d  to  t he  pool  as 
d e s c r i b e d  above. 
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Figure 2 -- Tag b a s e d  m e c h a n i s m  to i s sue  out -of -order .  

We t r e a t  the  r e g i s t e r  files B and  T as a unit ,  With one 
busy  bit  p e r  file, s ince  it is n o t  p r a c t i c a l  to ass ign  tags  to 
so m a n y  r eg i s t e r s .  When one of t h e s e  r e g i s t e r s  awaits an  
operand ,  t h e  whole file is s e t  to  busy.  

To fac i l i t a te  t r a n s f e r  of o p e r a n d s  b e t w e e n  the  reg is -  
t e r  files, spec ia l  copy  uni ts  (AS, SA, AB, and  ST) a re  
i n t roduoed .  These a re  t r e a t e d  as func t iona l  uni ts ,  with 
r e s e r v a t i o n  s t a t i ons  and  e x e c u t i o n  t ime  of one  c lock  
cycle.  These  r e s e r v a t i o n  s t a t i ons  (and  s o m e  o the r s ,  e.g. 
r e c i p r o c a l  app rox ima t ion )  have only  one operand .  

The m e m o r y  uni t  ap~)ears to  t he  i ssue  logic as  a 
( s o m e w h a t  m o r e  complex )  func t iona l  unit .  I n s t e a d  of 
one s e t  of r e s e r v a t i o n  s ta t ions ,  the  m e m o r y  uni t  has  
t h ree :  Load r e s e r v a t i o n  s ta t ions ,  Sto~'e r e s e r v a t i o n  s ta -  
t ions,  and  a Co,%fleet ~hze~e. When a new m e m o r y  
i n s t r u c t i o n  I i is issued,  i ts  effect ive a d d r e s s  (if available)  
is c h e c k e d  aga ins t  a d d r e s s e s  in t he  Load and  S to re  
r e s e r v a t i o n  s ta t ions .  If t h e r e  is a confl ic t  wi th  i n s t r u c t i o n  
]I, ]i is i s sued  and  queued  in the  Conflict Queue. When l] is 
even tua l ly  p r o c e s s e d  and t h e  confl ict  d i s a p p e a r s ,  Ii is 
t r a n s f e r r e d  f r o m  the  Conflict Queue to a Load or  S to re  
r e s e r v a t i o n  s ta t ion.  If I i uses  an  index  r e g i s t e r  t h a t  is 
no t  r eady ,  t he  effect ive a d d r e s s  is unknown and  t h e r e  is 
no way to  c h e c k  for  confl icts .  In th i s  case ,  li is s t o r e d  in 
t he  Conflict Queue, where  it waits  for  its index  r e g i s t e r  to 
b e c o m e  ready .  

Therefore ,  i n s t r u c t i o n s  f r o m  the  Load and  S to re  
un i t s  c a n  be p r o c e s s e d  asynchronous ly ,  s ince  t h e y  n e v e r  
conflict with each other (no two instructions in these 
units have the same effective address). On the other 
hand, instructions from the Conflict Queue are processed 
in the order of arrival. This guarantees that two instruc- 
tions with the same effective address are processed in 
the right order. The above mechanism takes care of any 
read after write, write after read or write after write 
hazards. The Conflict queue is the only unit in the sys- 
tem in which instructions are strictly processed in the 
order of their arrival. This is a simpler mechanism that 
the one employed by the IBM 360/91 Storage System 
[BOLA67]. The latter has a similar queue for resolving 
memory conflicts, but instructions stored in this queue 
can be processed out of order; only two or more requests 
for a particular address are kept in sequence. 

The tag mechanism described above allows decoded 
instructions to issue to functional units with little regard 
for dependencies. There are three conditions that must 
be checked before an instruction can be sent to a func- 
tional unit, however. 

(I) The requested functional unit must have an avail- 
able reservation station 

(2) There must be an available tag from the tag pool. ]n 
Tomasulo's implementation, conditions I and 2 ace 
equivalent. 

(8) A source register being used by the instruction 
must not be loaded with a lust-completed result 
during the same clock period as the instruction 
issues to a reservation station. This hazard 
condition is often neglected when discussing 
Tomasulo's algorithm. If it is not handled properly, 
the source register contents and the instruction 
that uses the source register will both be 
transferred during the same clock period. Because 
the instruction is not in the reservation station at 
the time of the register transfer, the register's con- 
tents will not be correctly sent to the reservation 
station. When this hazard condition is detected, 
instruction issue is held for one clock period. 

]n our simulations, each functional unit had 8 reser- 
vation stations. The reason we had a relatively large 
number of reservation stations was to monitor their 
usage; in fact most of them were not required. Few func- 
tional units need more than one or two reservation sta- 
tions. Those that need more, usually because they wait 
for instructions with long latency, such as load or float- 
ing point multiply and add, would do very well with 4 
reservation stations. Although in our scheme reservation 
stations are statically allocated to each functional unit, 
it is possible to reduce their number and optimize their 
usage by clustering them in a common pool and then 
allocating as needed. 

When an instruction is issued, the following actions 
take place. 

(I) The instruction's source register(s) contents are 
copied into the requested functional unit's reserva- 
tion station. 

(2) The instruction's source register(s) ready bits are 
copied into the reservation station. 

(3) The instruction's source register(s) tag fields are 
copied into the reservation station. 

(4) A tag allocated from the tag pool is placed in the 
result register's tag field (if there is a result), the 
register's ready bit is cleared, and the tag is written 
into the DTG field of the reservation station. 
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Figure 3 -- A modified CRAY-I scalar 
architecture to issue instructions out-of-order. 
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Thus, if a sou rce  r e g i s t e r ' s  r e a d y  bi t  is set ,  t he  r e s e rv a -  
t ion s t a t ion  will ho ld  a valid operand .  Otherwise,  it  will 
hold  a tag t h a t  ident i f ies  t he  e x p e c t e d  operand .  

In o r d e r  for an  i n s t r u c t i o n  waiting in a r e s e r v a t i o n  
s t a t i on  to beg in  execu t ion ,  the  following m u s t  be 
sat isf ied.  

(1) All its o p e r a n d s  m u s t  be ready .  

(2) It m u s t  gain a c c e s s  to  t he  r e q u i r e d  func t iona l  unit; 
th is  m a y  involve c o n t e n t i o n  with o t h e r  r e s e r v a t i o n  
s t a t ions  be longing  to the  s a m e  func t iona l  uni t  t h a t  
also have all o p e r a n d s  ready .  

(3) It m u s t  gain  a c c e s s  tic t h e  r e su l t  bus  for the  c lock 
pe r iod  when  its r e su l t  will be  ready;  again, th is  m a y  
involve c o n t e n t i o n  wi th  o t h e r  i n s t r u c t i o n s  issuing to 
t h e  s a m e  or any o t h e r  func t iona l  uni t  t h a t  will 
c o m p l e t e  at  t h e  s a m e  t ime.  

When an  i n s t r u c t i o n  beg ins  execut ion ,  it does  t he  follow- 
ing. 

(1) 
(2) 

It r e l e a s e s  i ts  r e s e r v a t i o n  s ta t ion .  

It r e s e r v e s  t he  r e s u l t  bus  for  t h e  c lock p e r i o d  when  
it will c o m p l e t e .  Reserving the  bus  in advance  
avoids  t he  i m p l e m e n t a t i o n  p r o b l e m s  of s topp ing  the  
p ipe l ine  if t he  bus  is busy.  An a l t e rna t ive  is to 
r e q u e s t  t he  bus  a s h o r t  t ime  be fo r e  t h e  end  of exe-  
cu t ion  and  to p rov ide  buffer ing at  t he  o u t p u t  of t he  
func t iona l  uni t  [TOMA67]. 

(3) It cop ies  i ts  d e s t i n a t i o n  tag in to  t he  func t iona l  uni t  
c o n t r o l  p ipe l ine  b e c a u s e  t h e  d e s t i n a t i o n  tag  m u s t  
be  a t t a c h e d  to  t he  r e s u l t  when  the  i n s t r u c t i o n  com-  
p l e t e s .  

When an  e i t h e r  a load or  func t iona l  uni t  i n s t r u c t i o n  
c o m p l e t e s ,  i ts  r e s u l t  and  c o r r e s p o n d i n g  d e s t i n a t i o n  tag  
a p p e a r  on the  r e s u l t  bus.  (In a p r a c t i c a l  i m p l e m e n t a -  
tion, t h e  tag  will p r o b a b l y  p r e c e d e  t h e  d a t a  by  one c lock  
per iod . )  The d a t a  is s t o r e d  in all t h e  r e s e r v a t i o n  s t a t i ons  
and  r e g i s t e r s  t h a t  have  the  r e a d y  bi t  c l ea r  and  a tag  t h a t  
m a t c h e s  t he  tag  of t he  resu l t .  Then t h e  r e a d y  bi t  is s e t  
to s ignal  a valid ope rand .  

Because  i n s t r u c t i o n  i ssue  t a k e s  p lace  in two p h a s e s  
( the  f i rs t  m o v e s  an i n s t r u c t i o n  to  a r e s e r v a t i o n  s t a t i o n  
and  the  s e c o n d  m o v e s  it on to t h e  func t iona l  un i t  for 
execu t ion )  we a s s u m e  t h a t  e a c h  p h a s e  t a k e s  a full c lock  
per iod.  In the  CRAY-1 t h e r e  is only a one  c lock  pe r iod  
de lay  in moving an i n s t r u c t i o n  to  a func t iona l  unit .  We 
r ecogn ize  the  one c lock  pe r i od  d i f f e rence  in our  s imula-  
t ion model ,  so t h a t  the  m i n i m u m  t i m e  for an i n s t r u c t i o n  
to c o m p l e t e  is one c lock  p e r i o d  g r e a t e r  t h a n  in t he  
CRAY-1. This t a k e s  in to  a c c o u n t  s o m e  of t h e  los t  t i m e  

# c lock cyc les  # c lock  cyc l e s  
Loop on CRAY-1 for Tomasu lo ' s  s p e e d u p  

a l g o r i t h m  
1 18046 10838 1.67 
2 16918 14102 1.34 
3 38039 30017 1.27 
4 22198 16534 1.34 
5 21707 16925 1.26 
6 23045 15042 1.53 
7 10361 6513 1.59 
8 7841 6780 1.16 
9 10146 8238 1.23 

I0 10230 7421 1.38 
11 30011 20006 1.50 
12 29999 20000 1.50 
13 18858 12314 1.53 
14 22391 12780 1.75 

to ta l  281790 197510 1.43 

Table 2 -- P e r f o r m a n c e  with Tomasulo ' s  Algori thm; 
One P a r c e l  I s sued  p e r  Clock Pe r iod  

due to t he  m o r e  c o m p l e x  co n t ro l  dec i s ions  t h a t  a re  
requ i red .  The p r i m a r y  f ac t o r  t h a t  m a y  lead  to l onge r  
con t ro l  pa ths  is the  c o n t e n t i o n  t h a t  t a k e s  p lace  a m o n g  
the  r e s e r v a t i o n  s t a t i ons  for  func t iona l  un i t s  and  b u s s e s  
when  m o r e  t h a n  one  a re  s imu l t aneous ly  r e a d y  to in i t i a te  
an ins t ruc t ion .  

When b r a n c h e s  a re  t aken ,  issue is h e l d  for a t  l e a s t  5 
c lock  cycles .  S ince  b r a n c h e s  t e s t  t he  c o n t e n t s  of reg i s -  
t e r  A0 for  t he  cond i t ion  spec i f ied  in t h e  b r a n c h  i n s t r u c -  
tion, A0 should  no t  be busy  in t he  p rev ious  2 cyc les .  
These a s s u m p t i o n s  a re  in a c c o r d  with t he  CRAY-1 imple-  
m e n t a t i o n  and  the  a s s u m p t i o n s  m a d e  to  p r o d u c e  Table 
1. 

3.1. Performance  Res u l t s  

Table 2 shows t h e  r e s u l t s  of s imula t ing  the  CRAY-1 
i m p l e m e n t e d  wi th  Tomasulo ' s  a lgor i thm.  The t o t a l  
s p e e d u p  ach ieved  was 1.43. We r e c o g n i z e  t h a t  t h e s e  a re  
in a sense ,  " t h e o r e t i c a l  m a x i m u m  s p e e d u p s " ;  any  
l eng then ing  of t he  c lock  p e r i o d  due  to  l o n ge r  c o n t r o l  
p a t h s  will d imin i sh  th is  s p eed u p .  

# c lock cyc les  # c lock cyc les  
Loop 1 p a r c e l / c p  l i n s t r / c p  s p e e d u p  

1 18046 17244 1.05 
2 18918 17717 1.07 
3 38039 37037 1.03 
4 22198 21163 1.05 
5 21707 20709 1.05 
6 23045 22045 1.05 
7 10361 10241 1.01 
8 7841 6874 1.14 
9 10146 9744 1.04 

i0  10230 9430 1.08 
ii 30011 28013 1.07 
12 29999 28001 1.07 
13 18858 17957 1.05 
14 22391 22087 1.01 

to ta l  261790 268262 1.05 

Table 3 -- Compar i son  of t h e  14 Lawrence  L ive rmore  
Loops on CRAY-I: one i n s t r u c t i o n  p e r  c lock  p e r i o d  

vs one p a r c e l  p e r  c lock  per iod .  

We noticed while doing the simulations that limiting 
instruction fetches to the maximum rate of one parcel 
per clock period appeared to be restricting perfor- 
mance. Hence ,  we modi f i ed  t h e  i m p l e m e n t a t i o n  so t h a t  
a full i n s t r u c t i o n  could  be  f e t c h e d  a n d  i s sued  to  a r e s e r -  
va t ion  s t a t i o n  e a c h  c lock  per iod .  This would be  s l ight ly 
m o r e  expens ive  to  i m p l e m e n t ,  b u t  for  Tomasu lo ' s  algo- 
r i t h m  it gives a s igni f icant  p e r f o r m a n c e  i m p r o v e m e n t  
over  one  p a r c e l  p e r  c lock  per iod .  

To k e e p  c o m p a r i s o n s  fair, we wen t  b a c k  and  
modi f i ed  the  or ig inal  CRAY-1 s imu la t ion  m o d e l  so t h a t  it, 
too, could  i ssue  i n s t r u c t i o n s  at  t h e  h i g h e r  r a te .  Table 3 
gives t h e  r e s u l t s  of t h e s e  s imula t ions ,  a n d  c o m p a r e s  
t h e m  with t he  one p a r c e l  p e r  c lock  p e r i o d  r e s u l t s  given 
ear l ier .  Here ,  the  p e r f o r m a n c e  i m p r o v e m e n t  is small .  
This is an  i n t e r e s t i n g  r e s u l t  in i tself,  and  shows the  wis- 
d o m  of opt ing for  s i m p l e r  i n s t r u c t i o n  f e t c h  logic in the  
original  CRAY-1. 

Becau s e  the  h ighe r  i n s t r u c t i o n  f e t c h  r a t e  does  
a p p e a r  to al leviate  a b o t t l e n e c k  t h a t  r e d u c e s  t he  
e f f ic iency  of Tomasu lo ' s  a lgor i thm,  we i n c o r p o r a t e d  it 
in to  t he  m o d e l  for  t he  s t u d i e s  to  follow, and  use  t h e  
CRAY-1 r e s u l t s  of Table 3 (1 i n s t r u c t i o n  p e r  c lock per iod)  
as a bas i s  for  f u r t h e r  c o m p a r i s o n s .  
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Table  4 shows s i m u l a t i o n  r e s u l t s  for  T o m a s u l o ' s  
a l g o r i t h m  wi th  one  i n s t r u c t i o n  i s s u e d  p e r  c lock  per iod .  
The s p e e d u p  a c h i e v e d  is in  t h e  r a n g e  1.23 - 2.02 ( to t a l  
1.58). In t h r e e  ou t  of t h e  four  loops  whose  s p e e d u p  was 

# c lock  cyc les  # c lock  cyc les  
Loop on  CRAY-1 for  T o m a s u l o ' s  s p e e d u p  

a l g o r i t h m  
1 17244 8832 1.95 
2 17717 11062 1.60 
3 37037 28012 1.32 
4 21163 15418 1.37 
5 20709 16898 1.23 
6 22045 12956 1.70 
7 10241 5069 2.02 
6 6874 5195 1.32 
9 9744 8332 1.54 

10 9430 5318 1.77 
ii 28013 17871 1.57 
12 28001 16001 1.75 
13 17957 9364 1.92 
14 22087 11713 1.69 

Lotal 268262 170041 1.58 

Table 4 -- P e r f o r m a n c e  of T o m a s u l o ' s  AlgoriLhm; 
One I n s t r u c t i o n  I s s u e d  p e r  Clock P e r i o d  

less  t h a n  1.5 (i.e. loops 3, 4 a n d  8) i s sue  was h a l t e d  due  
to  a b u s y  T file. With a n  a r c h i t e c t u r e  t h a t  d o e s n ' t  have  
t h e  l a rge  n u m b e r  of r e g i s t e r s  t h e  CRAY-1 has ,  i t  would b e  
poss ib le  to  u se  t a g s  for  all t h e  r e g i s t e r s ,  t h u s  i n c r e a s i n g  
t h e  s p e e d u p  of t h e  above  loops. 

3.2. ~ m p l e  

F igure  4 shows a t i m i n g  d i a g r a m  of T o m a s u t o ' s  algo- 
r i t h m  c o m p a r e d  wi th  t h a t  of CRAY-1, b o t h  e x e c u t i n g  loop 
12. On t he  lef t  a p p e a r  t h e  i n s t r u c t i o n s  as  g e n e r a t e d  by  
t h e  CFT c o m p i l e r  . The t i m i n g  for  two c o n s e c u t i v e  loop 
i t e r a t i o n s  a r e  shown n e x t  to  e a c h  o t h e r .  E a c h  "l-I" 
r e p r e s e n t s  one  c lock  per iod .  F r o m  t h e  s t a n d p o i n t  of 
i s sue  logic, w h e n  s t o r e  i n s t r u c t i o n s  a r e  i n i t i a t e d  t h e y  So 
to  m e m o r y  a n d  a re  no  l o n g e r  c o n s i d e r e d .  The re fo re ,  
s t o r e s  a r e  shown to  e x e c u t e  only  for  t h e  c lock  p e r i o d  
t h e y  a r e  in i t i a t ed .  Solid l ines  i n d i c a t e  t h a t  t h e  r e s p e c -  
t ive  i n s t r u c t i o n  is in  execu t ion .  For  T o m a s u l o ' s  algo- 
r i t h m ,  a d o t t e d  l ine shows t h a t  a n  i n s t r u c t i o n  h a s  b e e n  
i s s u e d  to  a r e s e r v a t i o n  s t a t ion ,  a n d  is wai t ing for  
operand (s ) .  

With the  o r i g i n a l  CRAY-1 issue a l g o r i t h m ,  a l l  i n s t r uc -  
t ions  i n  a loop  m u s t  b e g i n  e x e c u t i o n  and  a loop-  
t e r m i n a t i n g  c o n d i t i o n a l  b r a n c h  i n s t r u c t i o n  m u s t  com-  
p l e t e  b e f o r e  t h e  n e x t  loop i t e r a t i o n  c a n  begin .  With 
T o m a s u l o ' s  a l g o r i t h m ,  loop i t e r a t i o n s  c a n  b e  " te le -  
scoped" ;  a s e c o n d  loop i t e r a t i o n  c a n  b e g i n  a f t e r  all  
i n s t r u c t i o n s  h a v e  b e e n  s e n t  to  r e s e r v a t i o n  s t a t i o n s  a n d  
t h e  c o n d i t i o n a l  b r a n c h  is c o m p l e t e d .  The i n s t r u c t i o n s  
be long ing  to  t h e  f i r s t  loop i t e r a t i o n  do n o t  n e c e s s a r i l y  
n e e d  to  b e g i n  execu t ion .  One could  a lso  view th i s  as 
d y n a m i c  r e s c h e d u l i n g  of t h e  b r a n c h  i n s t r u c t i o n .  Obvi- 
ously, t h e  b r a n c h  i n s t r u c t i o n  is one  i n s t r u c t i o n  t h a t  c a n  
no t  b e  m o v e d  e a r l i e r  in  t h e  loop as would have  to  be  t h e  
ca se  wi th  s t a t i c  r e s c h e d u l i n g .  The s ign i f i can t  s p e e d u p  of 
Tomasu lo ' s  a l g o r i t h m  for  th i s  loop (1.75, see  Table  4) is 
due  m a i n l y  to  t he  over l ap  of t h e  loading of r e g i s t e r s  $6 
a n d  S1 wi th  t h e  f loa t ing  p o i n t  d i f f e r ence  (-F) which  u se s  
$6 a n d  S1 as  o p e r a n d s .  A l though  -F c a n n o t  b e  e x e c u t e d  
un t i l  t h e  o p e r a n d s  r e t u r n  f r o m  m e m o r y ,  i t  c a n  b e  i s s u e d  
to  a r e s e r v a t i o n  s ta t ion ;  t h i s  allows following i n s t r u c t i o n s  
to  p r o c e e d .  On t h e  o t h e r  h a n d ,  t h e  CRAY-1 e x e c u t e s  t h e  
load of S1 a n d  t h e  f loa t ing  po in t  d i f f e r ence  s t r i c t l y  in  
o rde r .  

1: $5 <"-TOO .COPY TOO TO SS 
A1 <-5.5 ,COPY 55 TO A1 
$6 <-oII1,A1 .LOAD 56 (ADDRESS INDEXED BY A1) 
S l< -o f f2 .A1  .LOAD S1 (ADORESS INDEXED BY A1) 
S4<- S6 -F  S1 .FLOATING DIFFERENCE OF $6 AND S1 TO S4 
$3 <-S5 + S7 .INTEGER SUM OF S5 AND S7 TO $3 
A2 <-  B02 .COPY B02 TO A2 
A0 ~ &?. + I .INTECER SUM OF A2 AND 1 TO A0 

O3, AI<..-S4 ,STORE S4 (ADORESS IN[Tc.XED BY A1) 
TOO ~-  $3 .COPY $3 TO TOO 
[]02 ~ AO .COPY AO TO B02 
JAM I .BRANCH TO LOOP ENTRY 

(a)  LLL 12 in CRAY A s s e m b l y  Language ;  
a r rows  i n s e r t e d  for  r e adab i l i t y .  

1; 55 4-  TO0 H H 
AS ~-S,5 H H 
s6  ~ o f f l , A ~  : ', : : ', : ', ', ', ', I ', ', ', ', ', ', ', ', I ', I : : 
S l < -  of f2 ,A1 ', : ', : ', ; ', : ', 11 I 
$4~- 56 -F  Sl  : : : : ' , : :  
S3-,-S5 + S7 I I I I  
A2 <-- B02 H 
A0<--A2 + 1 

Q3. AI<'-  $4 H 
T00 <-  53 H 
I]02 <-  AO H 
J*M I : : : ', ', ', 

(h) The CRAY-1 

I ;  $5 'q'- TO0 H H 
AI ,~,- S,5 I - H  I . H  
S6 <-  off 1,A1 I : ' , : : ~ : : : ' , 1 1 1  I : : : ~ : : : ~ : : : :  
Sl  4--- oII2,A1 I ' : : : : : : : ; l l l l  I ' : : : : : : : : : : : :  
54<- $6 -F  Sl  H . I . H , H - H . I . i - :  : : : :  : :  

I . I . I . I . I , I . I . H . H . :  : : : : : : 
S3.P-S5 + S7 I . H - H  t . H - H  
~.  ~-B02 H H 
AO,~-.~ + 1 I . t - H  I -H - I  

03, A1<-$4 I ' t ' I - H - H - t . I . H . I . t . H  I . H . H . H . I - t . I . H - I ' H  
100 ~'- S3 I ' H  I - H  
B02 ~ AO I . H  I - H  

(c) T o m a s u l o ' s  a l g o r i t h m  

F igure  4 -- Ttmir~_ D iag rams  for  Lawrence  L i v e r m o r e  Loop 12. 

One c a n  s ee  f r o m  t h e  t i m i n g  d i a g r a m s  t h a t  wi th  
T o m a s u l o ' s  a l g o r i t h m  only  2 r e s e r v a t i o n  s t a t i o n s  a re  
u s e d  for m o r e  t h a n  1 c lock  per iod .  The s t o r e  i n s t r u c t i o n  
n e e d s  a r e s e r v a t i o n  s t a t i o n  t h a t  is r e l e a s e d  a s h o r t  
p e r i o d  of t i m e  b e f o r e  t h e  n e x t  s t o r e  is i s sued .  A n o t h e r  
r e s e r v a t i o n  s t a t i o n  is u s e d  ex t ens ive ly  b y  t he  f loat ing 
p o i n t  d i f f e r ence  i n s t r u c t i o n .  

4. T h o r u t o n ' s  A l g o r i t h m  

T o m a s u l o ' s  a l g o r i t h m  leads  to  c o m p l e x  i s sue  logic 
a n d  m a y  b e  qu i te  e x p e n s i v e  to  i m p l e m e n t .  There fo re ,  in  
t h i s  s e c t i o n  a n d  in t h e  n e x t  sec t ion ,  we c o n s i d e r  ways to 
r e d u c e  t h e  cost .  One m a j o r  cos t  is t h e  a s soc i a t i ve  
h a r d w a r e  n e e d e d  to  m a t c h  tags .  When an  o p e r a n d  a n d  
i ts  a t t a c h e d  t ag  a p p e a r  on  a bus,  r e g i s t e r  files A and  S 
a n d  all t h e  r e s e r v a t i o n  s t a t i o n s  have  to  be  s e a r c h e d  
s imu l t aneous ly .  The o p e r a n d  is s t o r e d  in any  r e g i s t e r  or 
r e s e r v a t i o n  s t a t i o n  wi th  a m a t c h i n g  tag.  

In th i s  sec t ion ,  we i m p l e m e n t  t h e  CRAY-1 s c a l a r  
a r c h i t e c t u r e  wi th  a n  i s sue  m e t h o d  t h a t  is a de r iva t i ve  of 
T h o r n t o n ' s  " s c o r e b o a r d "  a l g o r i t h m  u s e d  in t h e  CDC6600. 
Here ,  c o n t r o l  is m o r e  d i s t r i b u t e d  ( t h e r e  is no  g lobal  
s c o r e b o a r d ) ,  a n d  r e s e r v a t i o n  s t a t i o n s  h a v e  b e e n  a d d e d  
to  f u n c t i o n a l  un i t s .  The p r i m a r y  d i f f e r e n c e  b e t w e e n  
T h o r n t o n ' s  a l g o r i t h m  a n d  T o m a s u l o ' s  is t h a t  i n s t r u c t i o n  
i s sue  is h a l t e d  w h e n  t h e  d e s t i n a t i o n  of an  i n s t r u c t i o n  is a 
r e g i s t e r  t h a t  is busy .  This s impli f ies  t h e  i s sue  logic 
h a r d w a r e  in t h e  following ways. 

(1) The a s soc i a t i ve  c o m p a r e  wi th  t h e  r e g i s t e r  file t ags  is 
e l i m i n a t e d .  

(2) Tag a l l oca t ion  a n d  de -a l l oca t i on  h a r d w a r e  is e l im- 
i n a t e d  b e c a u s e  t h e  r e s u l t  r e g i s t e r  d e s i g n a t o r  a c t s  
as  t h e  tag .  
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Figure  5 -- T h o r n t o n ' s  i ssue  logic. 

F igure  5 i l l u s t r a t e s  t he  a lgor i thm.  Most r e s e r v a t i o n  
s t a t i ons  hold  two o p e r a n d s  ( a l though  s o m e  n e e d  only 
one, d e p e n d i n g  on the  func t iona l  unit} and  t h e  a d d r e s s  of 
t he  d e s t i n a t i o n  r e g i s t e r  (DR). A t t a c h e d  to e a c h  o p e r a n d  
is t h e  sou rce  r e g i s t e r  d e s i g n a t o r  (SR) and  a r e a d y  flag 
(R). Also, a t t a c h e d  to  e a c h  r e g i s t e r  in t h e  r e g i s t e r  file is 
a r e a d y  bi t  (R). (These a re  t h e  s a m e  as t h e  r e s e r v e d  bi ts  
u s e d  in t h e  original  CRAY-1 cont ro l . )  

The following o p e r a t i o n s  a re  p e r f o r m e d  when  an  
i n s t r u c t i o n  is i ssued:  

(1) A r e s e r v a t i o n  s t a t i on  of t h e  r e q u e s t e d  func t iona l  
unit ,  if available,  is r e s e r v e d .  Otherwise,  i ssue  is 
b locked .  

(2) If a sou rce  r e g i s t e r  is r eady ,  it  is cop ied  in to  t he  
r e s e r v a t i o n  s t a t i o n  and  the  r e a d y  bi t  is se t .  Other-  
wise, the  r e a d y  bit  is c l e a r e d  a n d  the  s o u rce  
r e g i s t e r ' s  d e s i g n a t o r  is s t o r e d  in to  t he  SR field. 

The cond i t i ons  for  moving an  i n s t r u c t i o n  f r o m  a 
r e s e r v a t i o n  s t a t i o n  to  beg in  e x e c u t i o n  a re  t he  s a m e  as 
given for  Tomasu lo ' s  a lgo r i t hm in t h e  p rev ious  sec t ion .  
When a func t iona l  uni t  is f in i shed  .with an i n s t r u c t i o n  the  
r e su l t  r e g i s t e r  d e s i g n a t o r  is m a t c h e d  aga in s t  all the  SR 
fields in t h e  r e s e r v a t i o n  s ta t ions ,  a n d  the  r e su l t  is writ-  
t e n  in to  t he  r e s e r v a t i o n  s t a t ions  where  t h e r e  is a m a t c h .  
The c o r r e s p o n d i n g  o p e r a n d  r e a d y  b i t s  a re  t h e n  se t .  The 
r e su l t  is also s t o r e d  in to  the  d e s t i n a t i o n  r eg i s t e r ,  and  it 
is se t  ready.  

Al though the  above is de r ived  f r o m  T h o r n t o n ' s  origi- 
nal  a lgor i thm,  t h e r e  are  s o m e  d i f fe rences .  The func-  
t ional  un i t s  of t h e  CDC 6600 do no t  have r e s e r v a t i o n  s ta-  
t ions  (one could say  t h a t  t h e y  have r e s e r v a t i o n  s t a t ions  
of d e p t h  1 t h a t  a re  no t  able to  hold  ope rands ,  only con- 
t ro l  in fo rmat ion) .  This i m p o s e s  some  addi t iona l  r e s t r i c -  
t ions.  An i n s t r u c t i o n  to  be e x e c u t e d  on a p a r t i c u l a r  
func t iona l  uni t  can  be i s sued  even  if i ts  sou rce  r e g i s t e r s  
are  no t  r eady ,  bu t  a s e c o n d  i n s t r u c t i o n  r equ i r ing  the  
s a m e  func t iona l  uni t  will b lock i ssue  unti l  t he  f i rs t  one is 
done.  On t h e  o t h e r  hand ,  wi th  r e s e r v a t i o n  s ta t ions ,  
seve ra l  i n s t r u c t i o n s  can  walt for  o p e r a n d s  a t  t he  inpu t  of 
t h e  func t iona l  unit .  For  example ,  

S1 <- $ 2 " F S 3  
$4 <- $ 5 " F S 8  

with t he  CDC 8800 s c o r e b o a r d  the  s e c o n d  i n s t r u c t i o n  will 
block,  while with the  a l g o r i t h m  h e r e  it will be  issued.  

A n o t h e r  r e s t r i c t i o n  of t he  s c o r e b o a r d  is t h e  follow- 
ing. In th is  example ,  

S1 <- $ 2 " F S 3  
$2 <- $4 + 1 

we a s s u m e  t h a t  $2 and  $4 a re  ready ,  while $3 is no t  (e.g. 
i t  awaits  an o p e r a n d  f r o m  m e m o r y ) .  The s e c o n d  i n s t ruc -  
t ion will be  c o m p l e t e d  be fo re  t h e  f i rs t  one, b u t  on the  
CDC 6600 the  r e s u l t  c a n n o t  be s t o r e d  in to  $2 s ince  i t  
s e rves  as a s o u rce  r e g i s t e r  for t he  f i rs t  i n s t ruc t i on .  
Therefore ,  t he  add  func t iona l  uni t  will r e m a i n  busy  unt i l  
t he  f i rs t  i n s t r u c t i o n  c o m p l e t e s  as well. On the  o t h e r  
hand,  with t he  a lgo r i t hm we have  given, $2 h a s  b e e n  
co p i ed  in to  t he  floating po in t  mul t ip ly  r e s e r v a t i o n  s ta -  
t ion  when  t h e  f irs t  i n s t r u c t i o n  was i ssued,  and  t h e r e f o r e  
t he  s e c o n d  i n s t r u c t i o n  can  c o m p l e t e  b e fo r e  t he  f i r s t  one.  

4 .1 .  P e r f o r m a n c e  R e s u l t s  

We original ly  p l a n n e d  to  s imu la t e  t he  s c o r e b o a r d  as 
d e s i g n e d  by Thornton ,  bu t  d e c i d e d  t h a t  it would l ead  to  a 
m o r e  i n t e r e s t i n g  c o m p a r i s o n  if mul t ip le  r e s e r v a t i o n  

# c lock  cycles  # c lock  cyc les  
Loop on CRAY-1 for T h o r n t o n ' s  s p e e d u p  

a l g o r i t h m  
1 17244 12434 1.39 
2 17717 13500 1.31 
3 37037 28020 1.32 
4 21163 19578 L06 
5 20709 17030 1.22 
6 22045 18370 1.20 
7 10241 8671 1.16 
8 6874 6381 1.08 
9 9744 8634 1.13 
i0 9430 7820 1.21 
ii 28013 iBO01 1.56 
12 26001 16003 1.75 
13 17957 14870 1.21 
14 22087 20273 1.09 

t o t a l  268262 209585 1.28 

Table 5 -- P e r f o r m a n c e  of Tho rn ton ' s  Algori thm; 
One I n s t r u c t i o n  I s sued  p e r  Clock P e r i o d  

s t a t i ons  were  allowed. The r e s u l t s  of t he  s imula t ion  a re  
shown in Table 5. The to ta l  s p e e d u p  is 1.28. We d i scuss  
ways th is  c a n  be  i m p r o v e d  by  s t a t i c  code  schedu l ing  in  
Sec t ion  6. 

5.  A n  I s s u e  M e t h o d  U s i n g  a D i r e c t  Tag S e a r c h  

In th is  s e c t i o n  we p r o p o s e  an  a l t e rna t i ve  i ssue  algo- 
r i t h m  t h a t  is r e l a t e d  to  Tomasu lo ' s  a lgor i thm,  b u t  which 
e l im ina t e s  t he  n e e d  for a s soc ia t ive  tag  c o m p a r i s o n  
h a r d w a r e  in t he  r e s e r v a t i o n  s ta t ions .  This a l g o r i t h m  
i n s t e a d  uses  a d i r e c t  tag s e a r c h  (DTS), and  will be  
r e f e r r e d  to  as  t he  "DTS" a lgor i thm.  The DTS a lgo r i t hm 
i m p o s e s  t h e  r e s t r i c t i o n  t h a t  a p a r t i c u l a r  tag  c a n  be  
s t o r e d  only in one  r e s e r v a t i o n  s ta t ion .  This is easi ly  
i m p l e m e n t e d  by  a s soc i a t i ng  wi th  e a c h  tag  in t he  tag  pool  
a u s e d  bit.  Whenever  a r e g i s t e r  t h a t  is no t  r e a d y  is 
a c c e s s e d  for t he  f i r s t  t ime,  i ts  tag  is cop ied  to t he  
r e s p e c t i v e  r e s e r v a t i o n  s t a t i o n  and  t h e  u s e d  bi t  is set .  A 
s e c o n d  a t t e m p t  to  use  t he  s a m e  tag  will b lock  issue.  

STATION 

Figure  6 -- Tag S e a r c h  Table for  t he  DTS Algori thm. 
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The DTS a l g o r i t h m  allows i m p l e m e n t a t i o n  of t h e  tag  
s e a r c h  m e c h a n i s m  b y  a t a b l e  i n d e x e d  b y  t ags  (Fig. 6), 
r a t h e r  t h a n  a s soc i a t i ve  h a r d w a r e .  For  e a c h  t ag  t h e r e  is 
o n e  e n t r y  in  t h e  t a b l e  t h a t  s t o r e s  t he  a d d r e s s  of a r e s e r -  
v a t i o n  s ta t ion .  The t a b l e  is s m a l l  s ince  t h e r e  a r e  few 
t ags  (we u s e d  5 b i t s  for  e a c h  tag;  t h e r e  a r e  32 tags) .  

5.1 .  P e r f o r m a n c e  Results 

A comparison of the results for the DTS algorithm 
with  T o m a s u l o ' s  a l g o r i t h m  r evea l s  t h a t  for  9 ou t  of t he  14 
loops t h e  DTS a l g o r i t h m  a c h i e v e s  s p e e d u p  s imi la r  to  
T o m a s u l o ' s  a l g o r i t h m .  This shows t h a t  t he  r e s t r i c t i o n  
i m p o s e d  by  t h e  DTS a l g o r i t h m ,  n a m e l y  t h a t  a tag  can  b e  
in no  m o r e  t h a n  one  r e s e r v a t i o n  s t a t i o n  a t  a g iven  t ime ,  
h a s  only  a l i m i t e d  e f f ec t  on  p e r f o r m a n c e .  The r e a s o n  is 
t h a t  t h e  following p a t t e r n  is qu i te  c o m m o n :  

S1 <- offl,A1 
S2 <- off2,A1 
S3 <- S I * F S 2  
$5 <- $ 3 + F S 4  

That  is, two r e g i s t e r s  a r e  l o a d e d  a n d  a r e  s e n t  to  a func-  
t i ona l  u n i t  whose  r e s u l t  is i n p u t  to  a n o t h e r  f u n c t i o n a l  
uni t ,  a n d  so on. The DTS a l g o r i t h m  is able  to  p r o c e s s  
s u c h  code  a t  full speed .  

On t he  o t h e r  h a n d ,  if a r e g i s t e r  is u s e d  as  an  i n p u t  
to  a f u n c t i o n a l  u n i t  a n d  at  t h e  s a m e  t i m e  h a s  to  be  
s t o r e d  ( in  t h e  m e m o r y ,  or  t e m p o r a r i l y  in t he  T or  B file), 
t h e n  t he  r e g i s t e r ,  a n d  i ts  tag, have  to be  u s e d  twice, so 
t h e  DTS a l g o r i t h m  b l o c k s  issue.  S u c h  c a s e s  a c c o u n t  for 
t h e  lower  s p e e d u p  of 5 ou t  of 14 loops. 

# c lock  cyc les  # c lock  cyc les  
Loop on  CRAY-1 for  t h e  DTS s p e e d u p  

a l g o r i t h m  
1 17244 8832 1.95 
2 17717 11083 1.80 
3 37037 28020 1.32 
4 21163 20534 1.03 
5 20709 17690 1.17 
8 22045 17027 1.29 
7 10241 5069 2.02 
8 6874 5361 1.28 
9 9744 6732 1.45 

I0  9430 8518 1.11 
I I  28013 17871 1.57 
12 28001 16001 1.75 
13 17957 14356 1.25 
14 22087 17421 1.27 

t o t  al 268262 194515 I. 38 

Table  6 -- P e r f o r m a n c e  of DTS Issue  Logic. 

6. F a r t h e r  C o m m e n t s  o n  C o d e  Scheduling 
For  all t h e  var ious  i s sue  logic s imu la t i ons ,  we u s e d  

as i n p u t  t h e  o b j e c t  code  g e n e r a t e d  by  t h e  CRAY-1 o p t i m -  
iz i r~  FORTRAN compi le r ,  w i t h o u t  a n y  c h a n g e s .  T h e r e -  
fore,  t he  level  of code  o p t i m i z a t i o n  a n d  s c h e d u l i n g  is 
r e a l i s t i c  for  t h e  CRAY-1. T o m a s u l o ' s  a l g o r i t h m  is l ess  
sens i t ive  to  t h e  o r d e r  of t h e  i n s t r u c t i o n s ,  s i nce  i t  does  a 
g r e a t  dea l  of d y n a m i c  schedu l ing .  It  is a lso  c a p a b l e  of 
d y n a m i c  r e g i s t e r  r e - a l l o c a t i o n  so i t  is no t  as s u s c e p t i b l e  
to  t h e  c o m p i l e r ' s  r e g i s t e r  a l loca t ion  m e t h o d .  On t h e  
o t h e r  hand ,  s t a t i c  s c h e d u l i n g  a n d  r e g i s t e r  a l l o c a t i o n  h a s  
a s ign i f i can t  i m p a c t  on  t h e  p e r f o r m a n c e  of t h e  DTS i s sue  
logic a n d  T h o r n t o n ' s  a lgo r i thm.  S ince  we h a v e  n o t  r e o r -  
gan i zed  t h e  code  for  t h e  l a t t e r  two s c h e m e s ,  m a n y  
d e p e n d e n c i e s  a n d  r e s o u r c e  conf l ic ts  t h a t  a p p e a r  in  t h e  
c o m p i l e d  code  c o n t r i b u t e  to  lower  p e r f o r m a n c e  as  c o m -  
p a r e  d wi th  Tomasulo '  s a l g o r i t h m .  

F igure  7 i l l u s t r a t e s  a n  example ,  e x t r a c t e d  f r o m  
Lawrence  L ive rmore  Loop 4. The i n s t r u c t i o n  "T02 <- 
$5" saves  r e g i s t e r  $5 for  use  d u r i n g  t h e  n e x t  p a s s  
t h r o u g h  t h e  loop. For  t he  DTS i ssue  logic, t h i s  i n s t r u c t i o n  
ha s  to  be  b locked ,  s ince  i t  a t t e m p t s  to  use  r e g i s t e r  $5 as  
a s o u r c e  for  t he  s e c o n d  t i m e  ( r e g i s t e r  $5 is no t  r e a d y  
and  was u s e d  for  t he  f i r s t  t i m e  by  t he  p r e v i o u s  i n s t r u c -  
t ion).  However,  n e i t h e r  $5 n o r  T02 a r e  u s e d  b e f o r e  t h e  
b r a n c h  i n s t r u c t i o n ,  so th i s  i n t e r l o c k  cou ld  be  p o s t p o n e d  
by  moving  i n s t r u c t i o n  "T02 <- $5" down, j u s t  b e f o r e  t he  

do 175 1=7,107,50 
l w = l  
do 4 ]=30,870,5  
x(I-1) = x(1-1) - x(lw)*yO) 

4 l w =  l w +  1 
x(l-l) = y(5)*x(l-l) 

175 continue 

(a) F o r t r a n  code  for  Lawrence  L i v e r m o r e  Loop 4 
( b a n d e d  l i n e a r  equa t ions ) .  

L 0 0 P 4 : $ 6  <- TOO 
S1 <- T01 
A3 <- S1 
A2 <- $6 
$3 <- off2,A3 ; x(lw) 
$5  <- off3,A2 ;y ( j )  
$4  <- $ 5 " R S 3  
$3 <- TO2 
$5 <- $ 3 - F S 4  
$4 <- S I + $ 2  
At  <- B02 
$3 <- $6 + $7 

off4,A7 <- $5 ; x(l-1) 
T02 <- $5 
TOI <- $4  

A0 <- A1 + 1 
TOO <- $3 
B02 <- AO 
JAM LOOP4 

(b)  Compi l ed  o b j e c t  code  ( t he  i n n e r  loop) 
e x t r a c t e d  f r o m  L~wrence  L i v e r m o r e  Loop 4. 

F igu re  7 -- E x a m p l e  of i n t e r l o c k  for  t he  
DTS Issue  Logic. 

b r a n c h .  The 4 c lock  cyc les  t h u s  saved,  m u l t i p l i e d  by  t h e  
n u m b e r  of i t e r a t i o n s  t h r o u g h  t h e  loop, r e s u l t  in  a 4% pe r -  
f o r m a n e e  i m p r o v e m e n t .  

F igure  8 shows a n o t h e r  example ,  e x t r a c t e d  f r o m  
loop 1. R e g i s t e r s  $2, $6, $1, $3 a n d  $4  a re  d e s i g n a t e d  as 
d e s t i n a t i o n  r e g i s t e r s  for  t h e  f i r s t  t i m e  in t he  u p p e r  hal f  
of t h e  loop, a n d  t h e n  for  t he  s e c o n d  t ime ,  a l m o s t  in  t he  
s a m e  o rde r ,  in  t he  lower  ha l f  of t h e  loop. The s e c o n d  
usage  of $2 ($2  <- $4  *R $6) as a d e s t i n a t i o n  r e g i s t e r  
c a u s e s  a n  i m m e d i a t e  b l o c k a g e  for  T h o r n t o n ' s  a lgo r i t hm,  
s ince  $2 is sti l l  b u s y  f r o m  t h e  p r e v i o u s  load  i n s t r u c t i o n  
( $ 2 ' < -  offl,A1). Any i n d e p e n d e n t  i n s t r u c t i o n  i n s e r t e d  
j u s t  b e f o r e  i n s t r u c t i o n  "$2  <- $4 *R $6" will e x e c u t e  for  
f ree .  T h e r e  a r e  3 s u c h  i n s t r u c t i o n s  b e f o r e  t h e  b r a n c h :  

A2 <- B02 
A0 < - A 2  + 1 

B02 <- A0 

This s imp le  r e s e h e d u l i n g  gives a p e r f o r m a n c e  i m p r o v e -  
m e n t  of 10.7g. 
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q =  0.0 
do l k =  1,400 
x(k) = q + y(k)*(r*z(k+10) + t'z(k+ll)) 

(a) F o r t r a n  code  for  Lawrence  L i v e r m o r e  Loop 1 
( h y d r o  e x c e r p t ) .  

L 0 0 P I :  $5 <-TOO 
A1 <- $5 
$2  <- o f f l ,Al  
$6 <- ofl2,Al 
S1 <- TO2 
$3 <- S1 *RS2  
S4 <- TO1 
$2 <- S 4 * R  $6 
$6 <- off3,A1 
S1 <- $2+FS3 
$4  <- S 6 * R S I  
$3 <- $5 + $7 
A2 <- BO2 
A0 <- A2 + 1 

off4,Al <- $4 
TOO <- $3  
B02 <- A0 
JAM LOOP 1 

(b) A s s e m b l y  code  e x t r a c t e d  f r o m  
L a w r e n c e  L i v e r m o r e  Loop 1. 

; z(k+10) 
; z(k+ 1 I) 

Figure  8 -- E x a m p l e  of i n t e r l o c k  for  T h o r n t o n ' s  Algor i thm.  

S ince  t h e r e  is a l a rge  gap  b e t w e e n  T o m a s u l o ' s  a n d  
T h o r n t o n ' s  a l g o r i t h m s  for  loop 1 (1.95 vs  1.39), we t r i e d  to  
see  if t h i s  gap  cou ld  b e  c l o s e d  b y  r e a l l o c a t i n g  r e g i s t e r s  for  
T h o r n t o n ' s  a l g o r i t h m .  The following code  does  t h e  p r o c e s s -  
ing of loop 1, e x c e p t  for  i n d e x  a n d  a d d r e s s  ca l cu la t ions :  

S1 <- off l ,Al  
$2  <- off2.Al 
$4  <- S1 *F $3  
$6 <- $2 *F $5 
$7 <- $4  +F $6 
$8 <- olT3,AI 
$9 <- $7 *F $8 

off4,Al <- $9 

Since registers are not re-used during the same pass 
through the loop, Thornton's algorithm would run as fast 
as Tomasulo's. But we need 9 scalar registers, more than 
available on the CRAY-I. The high speedup achieved by 
Tomasulo's algorithm demonstrates the importance of its 
ability to reallocate registers dynamically. 

7. ~]mmRr~ and Conclusions 

We have discussed design tradeoffs for control of pipe- 
lined processors. Performance of a pipelined processor 
depends greatly on its clock period and the order in which 
instructions are executed. SLrnple control schemes allow a 
short clock period and place the burden of code schedul- 
ing on the compiler. Complex control schemes generally 
require a longer clock period, but are less susceptible to 
the order of the instructions generated by the compiler. 
The l a t t e r  a r e  a lso  ab le  to  t a k e  a d v a n t a g e  of i n f o r m a t i o n  
on ly  ava i lab le  a t  r u n  t i m e  a n d  " d y n a m i c a l l y "  r e s e h e d u l e  
t h e  i n s t r u c t i o n s .  Addi t iona l  f a c t o r s  to  b e  c o n s i d e r e d  a r e  
h a r d w a r e  cost ,  d e b u g g i n g  a n d  m a i n t e n a n c e .  

We have  p r e s e n t e d  a q u a n t i t a t i v e  m e a s u r e  of t h e  
s p e e d u p  a c h i e v a b l e  by  s o p h i s t i c a t e d  i s sue  logic s c h e m e s .  
The CRAY-1 s c a l a r  a r c h i t e c t u r e  is u s e d  as  a ba s i s  for  c o m -  
pa r i son .  S i m u l a t i o n  r e s u l t s  of t h e  14 Lawrence  L i v e r m o r e  
Loops e x e c u t e d  on  4 d i f f e r en t  i s sue  logic m e c h a n i s m s  show 
t h e  p e r f o r m a n c e  ga in  a c h i e v a b l e  by  va r ious  d e g r e e s  of 

i s sue  logic complex i ty .  T o m a s u l o ' s  a l g o r i t h m  gives  a total 
s p e e d u p  of 1.58. The d i r e c t  t ag  s e a r c h  (DTS) a l g o r i t h m ,  
i n t r o d u c e d  in th i s  p a p e r ,  allows d y n a m i c  s c h e d u l i n g  while 
e l i m i n a t i n g  t h e  n e e d  for  a s soc i a t i ve  tag  c o m p a r i s o n  
h a r d w a r e .  The DTS i s sue  logic a c h i e v e s  a t o t a l  s p e e d u p  of 
1.38, a n d  t h u s  r e t a i n s  m u c h  of t h e  p e r f o r m a n c e  ga in  of 
T o m a s u l o ' s  a l g o r i t h m .  A d e r i v a t i v e  of T h o r n t o n ' s  a l g o r i t h m  
gives a t o t a l  ga in  of 1.28. 

In ou r  mode l ,  t h e  l a rge  i n t e r m e d i a t e  r e g i s t e r  files of 
t h e  CRAY-1 (B a n d  T) a re  t r e a t e d  as  a uni t ,  s ince  i t  is n o t  
p r a c t i c a l  to  a s s ign  t ags  to  so m a n y  r e g i s t e r s .  With 
T o m a s u i o ' s  a lgo r i t hm,  th i s  was t h e  c a u s e  of a r e l a t i ve ly  low 
p e r f o r m a n c e  i m p r o v e m e n t  for  t h r e e  loops. With a n  a r c h i -  
t e c t u r e  t h a t  does  no t  have  t h e  l a rge  n u m b e r  of r e g i s t e r s  
t h e  CRAY-1 has ,  i t  would b e  poss ib l e  to  u se  t a g s  for  all t h e  
r e g i s t e r s ,  t h u s  i n c r e a s i n g  t h e  s p e e d u p  of t h e  above  loops.  

Finally,  we have  d i s c u s s e d  t h e  i m p a c t  of c o d e  s chedu l -  
i r~  on t h e  s i m u l a t i o n  r e su l t s .  T o m a s u l o ' s  a l g o r i t h m  is l ess  
s ens i t i ve  to  t h e  o r d e r  of t h e  i n s t r u c t i o n s ,  s i nce  i t  does  a 
g r e a t  dea l  of d y n a m i c  s c h e d u l i n g  a n d  r e g i s t e r  r e -  
a l loca t ion .  On t h e  o t h e r  hand ,  s t a t i c  s c h e d u l i n g  h a s  a 
s ign i f i can t  i m p a c t  on  t h e  p e r f o r m a n c e  of t h e  DTS a n d  
T h o r n t o n ' s  a l g o r i t h m s .  We gave  spec i f ic  e x a m p l e s  how t h e  
p e r f o r m a n c e  of t h e  l a t t e r  two a l g o r i t h m s  c a n  b e  i m p r o v e d  
even  b y  s imp le  code  schedu l ing .  
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