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ABSTRACT-The i m p o r t a n c e  of r e d u c i n g  p r o c e s s o r -  
m e m o r y  b a n d w i d t h  is r e c o g n i z e d  in  two d i s t i n c t  s i t u a -  
t ions :  s ing le  b o a r d  c o m p u t e r  s y s t e m s  a n d  m i c r o p r o c e s -  
s o r s  of t h e  f u t u r e .  C a c h e  m e m o r y  is i n v e s t i g a t e d  as  a 
way to  r e d u c e  t h e  m e m o r y - p r o c e s s o r  t ra f f i c .  We show 
t h a t  t r a d i t i o n a l  c a c h e s  w h i c h  d e p e n d  heav i l y  on  s p a t i a l  
l o c a l i t y  ( l o o k - a h e a d )  fo r  t h e i r  p e r f o r m a n c e  a r e  i n a p -  
p r o p r i a t e  in  t h e s e  e n v i r o n m e n t s  b e c a u s e  t h e y  g e n e r a t e  
l a r g e  b u r s t s  of b u s  t ra f f i c .  A c a c h e  e x p l o i t i n g  p r i m a r i l y  
t e m p o r a l  l o c a l i t y  ( l o o k - b e h i n d )  is t h e n  p r o p o s e d  a n d  
d e m o n s t r a t e d  to  be  e f f ec t i ve  in a n  e n v i r o n m e n t  w h e r e  
p r o c e s s  s w i t c h e s  a r e  i n f r e q u e n t .  We a r g u e  t h a t  s u c h  a n  
e n v i r o n m e n t  is p o s s i b l e  if t h e  t r a f f i c  to  b a c k i n g  s t o r e  is 
s m a l l  e n o u g h  t h a t  m a n y  p r o c e s s o r s  c a n  s h a r e  a c o m m o n  
m e m o r y  a n d  if t h e  c a c h e  d a t a  c o n s i s t e n c y  p r o b l e m  is 
so lved.  We d e m o n s t r a t e  t h a t  s u c h  a c a c h e  c a n  i n d e e d  
r e d u c e  t r a f f i c  to  m e m o r y  g r e a t l y ,  a n d  i n t r o d u c e  e.r 
e l e g a n t  s o l u t i o n  to  t h e  c a c h e  c o h e r e n c y  p r o b l e m .  

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

Because there are straightforward ways to con- 
struct powerful, cost-effective systems u s i n g  random 
access memories and single-chip microprocessors, sem- 
iconductor technology has, until now, had the greatest 
impact through these components. High-performance 
processors, however, are still beyond the capability of a 
single-chip implementation and are not easily parti- 
tioned in a way which can effectively exploit the technol- 
ogy and economies of VLSI. An interesting phenomenon 
has occurred in the previous decade as a result of this 
disparity. Memory costs have dropped radically and con- 
sistently for  c o m p u t e r  s y s t e m s  of all  s izes .  While t h e  
c o m p o n e n t  c o s t  of a CPU ( s i n g l e - c h i p  i m p l e m e n t a t i o n s  
e x c l u d e d )  h a s  d e c l i n e d  s i g n i f i c a n t l y  o v e r  t h e  s a m e  
p e r i o d ,  t h e  r e d u c t i o n  h a s  b e e n  less  d r a m a t i c .  A r e s u l t  is 
t h a t  t h e  a m o u n t  of m e m o r y  t h o u g h t  to  h e  a p p r o p r i a t e  
for  a g i v e n  s p e e d  p r o c e s s o r  h a s  g r o w n  d r a m a t i c a l l y  in  
r e c e n t  y e a r s .  Today  s m a l l  m i n i c o m p u t e r s  h a v e  m e m o r y  
as  l a r g e  as  t h a t  of t h e  m o s t  e x p e n s i v e  m a c h i n e s  of a 
d e c a d e  ago. 
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The  i m p a c t  of VLSI h a s  b e e n  v e r y  d i f f e r e n t  in  
m i c r o p r o c e s s o r  a p p l i c a t i o n s .  H e r e  m e m o r y  is s t i l l  
r e g a r d e d  as a n  e x p e n s i v e  c o m p o n e n t  in  t h e  s y s t e m ,  a n d  
t h o s e  f a m i l i a r  p r i m a r i l y  w i t h  a m i n i c o m p u t e r  o r  m a i n -  
f r a m e  e n v i r o n m e n t  a r e  o f t e n  s c o r n f u l  of  t h e  t r o u b l e  to  
w h i c h  m i c r o p r o c e s s o r  u s e r s  go t o  c o n s e r v e  m e m o r y .  
The  r e a s o n ,  of c o u r s e ,  is t h a t  e v e n  t h e  s m a l l  m e m o r y  in a 
m i c r o p r o c e s s o r  is a m u c h  l a r g e r  p o r t i o n  of t h e  t o t a l  sys-  
t e m  c o s t  t h a n  t h e  m u c h  l a r g e r  m e m o r y  on  a t y p i c a l  
m a i n  f r a m e  s y s t e m .  This  r e s u l t s  f r o m  t h e  f a c t  t h a t  
m e m o r y  a n d  p r o c e s s o r s  a r e  i m p l e m e n t e d  in  t h e  s a m e  
t e c h n o l o g y .  

1.1. A S u p e r  CPU 

With t h e  a d v a n c e s  to  VLSI o c c u r r i n g  now a n d  c o n -  
t i n u i n g  o v e r  t h e  n e x t  few y e a r s ,  i t  will b e c o m e  p o s s i b l e  
to  f a b r i c a t e  c i r c u i t s  t h a t  a r e  one  to  two o r d e r s  of m a g n i -  
t u d e  m o r e  c o m p l e x  t h a n  c u r r e n t l y  a v a i l a b l e  micropro- 
c e s s o r s .  I t  will s o o n  b e  p o s s i b l e  to  f a b r i c a t e  a n  
e x t r e m e l y  h i g h - p e r f o r m a n c e  CPU on  a s ing le  ch ip ,  If t h e  
e n t i r e  ch ip  is d e v o t e d  to  t h e  CPU, howeve r ,  i t  is  n o t  a 
good  idea .  E x t r a p o l a t i n g  h i s t o r i c a l  t r e n d s  to  p r e d i c t  
future component densities, we might expect that within 
a few years we should be able to purchase a single-chip 
processor containing at least ten times as many transis- 
tors as occur in, say, the MC68000. For the empirical 
rule known as Grosch's law [Grosch53], P = k C g, where 
P is some measure of performance, C is the cost, and k 
and g are constants, Knight[Knight66] concluded that g 
is at least 2, and Solomon[Solomon66] has suggested 
that g~1.47. For the IBM System/B70 family, Siewiorek 
determined that gal.8 [Siewiorek82]. While Grosch's law 
breaks down in the comparison of processors using 
different technology or architectures, it is realistic for 
predicting improvements within a single technology. 
Siewiorek in fact suggests that it holds "by definition." 

Assuming g = 1.5 and using processor-memory 
bandwidth as our measure of performance, Grosch's law 
predicts that a processor containing i0 times as many 
transistors as a current microprocessor would require 
30 times the memory bandwidth.* The Motorola MC68000, 
running at 10 MHz, accesses data from memory at a 
maximum rate of 5 million bytes per second, using more 
than half its pins to achieve this rate. Although packag- 
ing technology is rapidly increasing the pins available to 
a chip, it is unlikely that the increase will he 30-fold (the 
68000 has 84 pins). We would suggest a factor of two is 
realistic. Although some techniques are clearly possible 
to increase the transfer rate into and out of the 68000, 
supplying such a processor with data as fast as needed is 
a severe constraint. One of the designers of the 88000, 
has stated that all modern microprocessors - the 68000 

1This is a conservative estimate, in fact, because it ignores 
predictable decreases in ~ate delays. 
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i n c l u d e d  - a r e  a l r e a d y  b u s - l i m i t e d  [ T r e d e n n i c k B 2 ] .  

1.2. On.-chip Memory  
One alternative for increased performance without 

proportionately increasing processor-memory bandwidth 
is to introduce memory on the same chip with the CPU. 
With t h e  ab i l i t y  to  f a b r i c a t e  c h i p s  c o n t a i n i n g  one  to  two 
mi l l i on  t r a n s i s t o r s ,  i t  s h o u l d  b e  p o s s i b l e  - u s i n g  on ly  a 
p o r t i o n  of t h e  ch ip  - to  b u i l d  a p r o c e s s o r  s i g n i f i c a n t l y  
m o r e  p o w e r f u l  t h a n  a n y  c u r r e n t l y  a v a i l a b l e  s i n g l e - c h i p  
CPU. While d e v o t i n g  t h e  e n t i r e  ch ip  to  t h e  CPU c o u l d  
r e s u l t  in  a s t i l l  m o r e  p o w e r f u l  p r o c e s s o r ,  i n t r o d u c i n g  
o n - c h i p  m e m o r y  of fe r s  a r e d u c t i o n  in m e m o r y  a c c e s s  
t i m e  due  to  t h e  i n h e r e n t l y  s m a l l e r  d e l a y s  as  c o m p a r e d  
to  i n t e r - c h i p  d a t a  t r a n s f e r s .  If m o s t  a c c e s s e s  w e r e  on-  
chip ,  i t  m i g h t  a c t u a l l y  p e r f o r m  as f a s t  as  t h e  m o r e  
p o w e r f u l  p r o c e s s o r .  

Idea l ly ,  t h e  c h i p  s h o u l d  c o n t a i n  as  m u c h  m e m o r y  as 
the p r o c e s s o r  " n e e d s "  for  m a i n  s t o r a g e .  C o n v e n t i o n a l  
w i s d o m  t o d a y  s a y s  t h a t  a p r o c e s s o r  of t h e  s p e e d  of 
c u r r e n t  m i c r o p r o c e s s o r s  n e e d s  a t  l e a s t  1 / ¢  m e g a b y t e s  
of m e m o r y  [LindsayB1] .  This  is c e r t a i n l y  m o r e  t h a n  is 
f e a s i b l e  on-ch ip ,  t h o u g h  a h i g h  p e r f o r m a n c e  p r o c e s s o r  
c o u l d  p r o b a b l y  u s e  s u b s t a n t i a l l y  m o r e  t h a n  t h a t .  C lea r ly  
all  t h e  p r i m a r y  m e m o r y  for  t h e  p r o c e s s o r  c a n n o t  b e  
p l a c e d  o n  t h e  s a m e  ch ip  w i th  a p o w e r f u l  CPU. What  is 
n e e d e d  is the top e l e m e n t  of a m e m o r y  h i e r a r c h y ,  

1.3. C a c h e  M e m o r y  

The u s e  of c a c h e  m e m o r y ,  h o w e v e r ,  h a s  o f t e n  a g g r a -  
v a t e d  t h e  b a n d w i d t h  p r o b l e m  r a t h e r  t h a n  r e d u c e  it.  
S m i t h  [ S m i t h B 2 ]  s ays  t h a t  o p t i m i z i n g  t h e  d e s i g n  h a s  four  
general a s p e c t s :  

(1) m a x i m i z i n g  t h e  h i t  r a t i o ,  

(2) m i n i m i z i n g  t h e  a c c e s s  t i m e  to  d a t a  in  t h e  cache,  
(3) m i n i m i z i n g  t h e  d e l a y  d u e  to  a mi s s ,  a n d  

(4) m i n i m i z i n g  t h e  o v e r h e a d s  of u p d a t i n g  m a i n  
m e m o r y ,  m a i n t a i n i n g  m u l t i c a c h e  c o n s i s t e n c y ,  e t c .  

The r e s u l t  is o f t e n  a l a r g e r  b u r s t  b a n d w i d t h  r e q u i r e m e n t  
f r o m  m a i n  s t o r a g e  to  t h e  c a c h e  t h a n  would  b e  n e c e s s a r y  
w i t h o u t  a c a c h e .  Fo r  e x a m p l e ,  t h e  c a c h e  on  t h e  IBM Sys-  
t e m / 3 7 0  m o d e l  16B, is c a p a b l e  of r e c e i v i n g  d a t a  f r o m '  
m a i n  m e m o r y  a t  a r a t e  of 100 m e g a b y t e s  p e r  s e c o n d  
[IBM76], It supplies data to the CPU at less than 1/3" 
t h a t  r a t e .  The r e a s o n  is t h a t  to  e x p l o i t  t h e  s p a t i a l  loca l -  
i ty  in  m e m o r y  r e f e r e n c e s ,  t h e  d a t a  t r a n s f e r r e d  f r o m  
b a c k i n g  s t o r e  i n t o  t h e  c a c h e  is f e t c h e d  in l a r g e  b locks ,  
r e s u l t i n g  in r e q u i r e m e n t s  of v e r y  h i g h  b a n d w i d t h  b u r s t s  
of d a t a .  We h a v e  m e a s u r e d  t h e  a v e r a g e  b a n d w i d t h  o n  a n  
IBM S y s t e m / 3 7 0  m o d e l  155, a n d  c o n c l u d e d  t h a t  t h e  f lyer-  
age  b a c k i n g - s t o r e - t o - c a c h e  t r a f f i c  is l e s s  t h a n  t h e  
c a e h e - t o - C P U  t ra f f ic .  

The d e s i g n  of c a c h e  m e m o r y  for  m i n i - c o m p u t e r s  
d e m a n d e d  g r e a t e r  c o n c e r n  for  b u s  b a n d w i d t h .  The 
d e s i g n e r s  of t h e  PDP-11 m o d e l s  80 a n d  70 c l e a r l y  r e c o g -  
n i z e d  that s m a l l  b l o c k  s izes  w e r e  n e c e s s a r y  to k e e p  m a i n  
m e m o r y  t r a f f i c  to  a m i n i m u m  [Bel l78] .  

Lower ing  t h e  b a n d w i d t h  f r o m  b a c k i n g  s t o r e  to  t h e  
cache  can b e  a c c o m p l i s h e d  in one  of two ways:  

(1) s m a l l  b l o c k s  of d a t a  a r e  b r o u g h t  f r o m  b a c k i n g  
s t o r e  to  t h e  c a c h e ,  or  

(2) long  d e l a y s  o c c u r  whi le  a b l o c k  is b e i n g  b r o u g h t  
in, i n d e p e n d e n t  of ( a n d  in a d d i t i o n  to)  t h e  ac-  
c e s s  t i m e  of t h e  b a c k i n g  s t o r e .  

While i t  is p o s s i b l e  to  b r i n g  in t h e  w o r d  r e q u e s t e d  ini-  
t i a l ly  ( r e a d  t h r o u g h ) ,  t h u s  r e d u c i n g  t h e  wa i t  on  a g iven  
r e f e r e n c e ,  t h e  low b a n d w i d t h  m e m o r y  i n t e r f a c e  will 
r e m a i n  b u s y  long a f t e r  t h e  i n i t i a l  t r a n s f e r  is c o m p l e t e d ,  
resulting in  long  d e l a y s  if a s e c o n d  b a c k i n g  s t o r a g e  

o p e r a t i o n  is r e q u i r e d .  

We t h e r e f o r e  h a v e  e x p l o r e d  t h e  e f f e c t i v e n e s s  of a 
cache w h i c h  exploits primarily or e x c l u s i v e l y  temporal 
locality, i.e., the blocks fetched from backing store are 
only the size needed by the CPU (or possibly slightly 
larger). In considering ways to evaluate this strategy, we 
i d e n t i f i e d  a c o m m e r c i a l  e n v i r o n m e n t  t h a t  c o n t a i n e d  
m a n y  of t h e  s a m e  c o n s t r a i n t s  a n d  s e e m e d  a m e n a b l e  to  
t h e  s a m e  k i n d s  of s o l u t i o n s .  This  e n v i r o n m e n t  is t h e  
m a r k e t p l a c e  of t h e  s i n g l e - b o a r d  c o m p u t e r  r u n n i n g  on  a 
s t a n d a r d  b u s  s u c h  as  Mul t ibus  ~ or  V e r s a b u s .  s We h a v e  
c h o s e n  to  s t u d y  t h i s  e n v i r o n m e n t  in a n  a t t e m p t  to  ga in  
i n s i g h t  i n to  t h e  or ig ina l ,  g e n e r a l  s c h e m e .  

2. The Single Board Computer  Application 
A s ing le  b o a r d  c o m p u t e r  t y p i c a l l y  c o n t a i n s  a 

m i c r o p r o c e s s o r  a n d  a s u b s t a n t i a l  a m o u n t  of m e m o r y ,  
t h o u g h  s m a l l  e n o u g h  t h a t  i t  m u s t  b e  u s e d  ca re fu l ly .  If 
n e e d e d ,  a c c e s s  to  a d d i t i o n a l  r a n d o m  a c c e s s  m e m o r y  is 
t h r o u g h  t h e  bus ,  w h i c h  is d e s i g n e d  for  g e n e r a l i t y  a n d  
s imp l i c i t y ,  n o t  for  h i g h  p e r f o r m a n c e .  Mul t ibus ,  in  p a r t i c -  
u l a r ,  was  d e f i n e d  in  t h e  e a r l y  70 ' s  to  offer  a n  i n e x p e n s i v e  
m e a n s  of c o m m u n i c a t i o n  a m o n g  a v a r i e t y  of s u b -  
s y s t e m s .  A l t h o u g h  o r i g i n a l l y  i n t r o d u c e d  by  I n t e l  Cor-  
p o r a t i o n ,  i t  h a s  f o u n d  wide  a c c e p t a n c e ,  h a v i n g  b e e n  p ro -  
p o s e d -  in  a s l i gh t ly  m o d i f i e d  f o r m -  as  t h e  IEEE P796  
b u s  s t a n d a r d  [/EEEB0]. C u r r e n t l y ,  s e v e r a l  h u n d r e d  v e n -  
d o r s  o f fe r  M u l t i b u s - c o m p a t i b l e  c a r d s .  

While t h e  m a r k e t  h a s  r a p i d l y  d e v e l o p e d  for  p r o d u c t s  
u s i n g  t h i s  bus ,  i t s  a p p l i c a t i o n s  a r e  l i m i t e d  b y  t h e  s e v e r e  
c o n s t r a i n t  i m p o s e d  b y  t h e  b a n d w i d t h  of Mul t ibus .  
C lea r ly  t h e  b u s  b a n d w i d t h  c o u l d  b e  i n c r e a s e d  by  i n c r e a s -  
ing t h e  n u m b e r  of p ins ,  a n d  b y  m o d i f y i n g  t h e  p r o t o c o l .  
I t s  b r o a d  p o p u l a r i t y  a n d  t h e  a v a i l a b i l i t y  of c o m p o n e n t s  
to  i m p l e m e n t  i t s  p r o t o c o l  m e a n ,  however ,  t h a t  i t  is l i ke ly  
to  su rv ive  m a n y  y e a r s  in  i t s  p r e s e n t  f o r m .  Thus  a l a r g e  
m a r k e t  e x i s t s  for  a c o m p u t e r - o n - a - c a r d  which ,  m u c h  as  
if i t  w e r e  all o n  a s ing le  ch ip .  h a s  s e v e r e  l i m i t a t i o n s  on  
i t s  c o m m u n i c a t i o n s  w i th  t h e  r e s t  of t h e  s y s t e m .  

We d e c i d e d  to  d e t e r m i n e  if a c a c h e  m e m o r y  s y s t e m  
c o u l d  b e  i m p l e m e n t e d  e f f ec t i ve ly  in  t h e  Mul t i bus  
e n v i r o n m e n t .  To t h a t  e n d  we h a v e  d e s i g n e d  a c a c h e  to  
be  u s e d  w i th  a c u r r e n t - g e n e r a t i o n  m i c r o p r o c e s s o r .  In 
a d d i t i o n ,  we h a v e  d o n e  e x t e n s i v e  s i m u l a t i o n  of c a c h e  
p e r f o r m a n c e ,  d r i v e n  b y  m e m o r y  t r a c e  d a t a .  We h a v e  
i d e n t i f i e d  a new  c o m p o n e n t  w h i c h  is p a r t i c u l a r l y  s u i t e d  
for  VLSI i m p l e m e n t a t i o n  a n d  h a v e  d e m o n s t r a t e d  i t s  
f e a s i b i l i t y  b y  d e s i g n i n g  i t  [ R a v i s h a n k a r B 3 ] .  This  c o m -  
p o n e n t ,  w h i c h  i m p l e m e n t s  t h e  t ag  m e m o r y  for  a 
d y n a m i c  RAM c a c h e  i n t e n d e d  for  a m i c r o p r o c e s s o r ,  is 
s i m i l a r  in  m a n y  r e s p e c t s  to  t h e  r e c e n t l y  a n n o u n c e d  TMS 
2150 [Tree]. 

Multibus systems have generally dealt with the prob- 
lem of limited bus bandwidth by removing most of the 
p r o c e s s o r - m e m o r y  a c c e s s e s  f r o m  t h e  bus .  E a c h  p r o c e s -  
so r  c a r d  h a s  i t s  own loca l  m e m o r y ,  w h i c h  m a y  b e  
a d d r e s s a b l e  to  o t h e r s  t h r o u g h  t h e  Mul t ibus .  While t h i s  
a p p r o a c h  h a s  m u c h  in c o m m o n  wi th  ours ,  we b e l i e v e  t h a t  
t h e  a l l o c a t i o n  of m e m o r y  - l oca l  o r  r e m o t e  - s h o u l d  b e  
h a n d l e d  b y  t h e  s y s t e m ,  f r e e i n g  t h e  p r o g r a m m e r  of t h i s  
t a sk .  In t y p i c a l  Mul t i bus  a p p l i c a t i o n s ,  c o n s i d e r a b l e  
e f fo r t  is e x p e n d e d  g u a r a n t e e i n g  t h a t  t h e  p r o g r a m  r u n -  
n ing  is p r i m a r i l y  r e s i d e n t  o n - b o a r d .  This  a p p r o a c h  is 
v i ab l e  fo r  a s t a t i c  p a r t i t i o n i n g  of t a s k s .  R e s u l t s  to  d a t e  
h a v e  b e e n  m u c h  l e s s  s a t i s f a c t o r y ,  h o w e v e r ,  for  t h e  m o r e  
g e n e r a l  s i t u a t i o n  w h e r e  a n u m b e r  of p r o c e s s o r s  a r e  
d y n a m i c a l l y  a l l o c a t e d .  ( F o r  e f f i c i ency  r e a s o n s  i t  a l so  
p r e c l u d e s  t h e  u s e  of s h a r e d  c o d e  s e g m e n t s ) .  

eMultibus is a trademark of Intel Corporation. 
SVersabus is a trademark of Motorola. 
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In  m a n y  e n v i r o n m e n t s ,  a simplp, d y n a m i c  h a r d w a r e  
a l l o c a t i o n  s c h e m e  c a n  e f f i c i en t ly  d e t e r m i n e  w h a t  
m e m o r y  l o c a t i o n s  a r e  b e i n g  a c c e s s e d  f r e q u e n t l y  a n d  
s h o u l d  t h e r e f o r e  b e  k e p t  in loca l  m e m o r y -  b e t t e r  t h a n  
t h e  p r o g r a m m e r  who  o f t e n  h a s  l i t t l e  i n s i g h t  i n t o  t h e  
d y n a m i c  c h a r a c t e r i s t i c s  of h i s  p r o g r a m .  T h e r e  a r e  
e n v i r o n m e n t s  w h e r e  t h e  p r o g r a m m e r  is i n t i m a t e l y  f a m i -  
l i a r  w i th  t h e  b e h a v i o r  of h is  p r o g r a m  a n d  c a n  g e n e r a t e  
c o d e  to  t a k e  a d v a n t a g e  of it. In t h i s  e n v i r o n m e n t  t h e  
t i m e  s p e n t  r u n n i n g  a p r o g r a m  is o f t e n  m u c h  m o r e  sub -  
s t a n t i a l  t h a n  t h e  t i m e  d e v e l o p i n g  t h e  p r o g r a m .  This  
e x p l a i n s ,  fo r  e x a m p l e ,  why  a n  inv i s ib l e  c a c h e  is n o t  
a p p r o p r i a t e  on  t h e  CRAY-1. We b e l i e v e  t h a t  f r e e i n g  t h e  
p r o g r a m m e r  f r o m  c o n c e r n  a b o u t  m e m o r y  a l l o c a t i o n  is 
e s s e n t i a l  w h e r e  p r o g r a m m e r  p r o d u c t i v i t y  is c r i t i c a l .  

B.i. A Single-Board Computer with Cache 

To evaluate our approach, we proposed a single- 
board computer containing, (possibly along with other 
things) a CPU and no local memory except a cache, with 
backing store provided through Multibus. Thus we 
picked an important problem in its own right: Can we 
build a cache that works with a Multibus system support- 
ing multiple processors? In particular, how many pro- 
cessors can we support running in parallel on Multibus? 
We believe that a system which could reasonably support 
five to 10 processors would be a significant advance. This 
can't be compared directly against current systems 
because a single processor overloads the Multibus. Thus 
local memories must be heavily exploited if performance 
is i m p o r t a n t .  

E a r l i e r  a n a l y s e s  [Kap lan73 ,  Bell74,  Rao78,  Pa te182]  
h a v e  u s e d  t h e  c a c h e  h i t  r a t i o  or  s o m e t h i n g  c lo se ly  
r e l a t e d  to  m e a s u r e  p e r f o r m a n c e .  The  i m p o r t a n t  c r i -  
t e r i o n  h e r e  is to  m a x i m i z e  u s e  of t h e  bus ,  n o t  t h e  h i t  
r a t i o ,  o r  e v e n  n e c e s s a r i l y  to  o p t i m i z e  p r o c e s s o r  p e r f o r -  
m a n c e .  We o p t i m i z e  s y s t e m  p e r f o r m a n c e  by  o p t i m i z i n g  
b u s  u t i l i z a t i on ,  a c h i e v i n g  h i g h e r  p e r f o r m a n c e  b y  m i n i m -  
iz ing i n d i v i d u a l  p r o c e s s o r s '  b u s  r e q u i r e m e n t s ,  a n d  
t h e r e b y  s u p p o r t i n g  m o r e  p r o c e s s o r s  r e a s o n a b l y  well. We 
al low i n d i v i d u a l  p r o c e s s o r s  to  s i t  id le  p e r i o d i c a l l y  r a t h e r  
t h a n  t i e  u p  t h e  b u s  f e t c h i n g  d a t a  w h i c h  t h e y  m i g h t  n o t  
use .  This  i m p l i e s  t h a t  t h e  c a c h e  s t a l e  d a t a  p r o b l e m  
m u s t  b e  so lved  e f fec t ive ly .  We p r e s e n t  a new  s o l u t i o n  in 
section 3. 

2.2. Switching Contexts 
W h e r e  b u s  b a n d w i d t h  is l i m i t e d ,  a t a s k  s w i t c h  is a 

m a j o r  d i s t u r b a n c e ,  s i n c e  t h e  c a c h e  m u s t  e f f e c t i v e l y  b e  
r e l o a d e d  a t  t h i s  t i m e .  The p r o c e s s o r  is m o m e n t a r i l y  
r e d u c e d  to  a c c e s s e s  a t  t h e  r a t e  a t  w h i c h  t h e  b u s  c a n  
s u p p l y  t h e m .  While t h i s  p r o b l e m  s e e m s  u n a v o i d a b l e ,  i t  
n e e d  n o t  b e  s e r i o u s  if t a s k  s w i t c h i n g  is m i n i m i z e d .  We 
a r e  p r o v i d i n g  a n  e n v i r o n m e n t  w h i c h  allows m a n y  p r o c e s -  
s o r s  to  w o r k  o u t  of a s ing le  m o n o l i t h i c  m e m o r y  in  p a r a l -  
lel. If m o r e  p a r a l l e l  t a s k s  a r e  r e q u i r e d ,  m o r e  p r o c e s s o r s  
c a n  be  u s e d .  We p o i n t  o u t  t h a t  t h e  c u r r e n t  Mul t i bus  
a l t e r n a t i v e  is to  m o v e  t h e  p r o g r a m  in to  l oca l  m e m o r y ,  
a n  o p e r a t i o n  w h i c h  a lso  s w a m p s  t h e  bus .  The t a s k  s w i t c h  
m e r e l y  m a k e s  t h i s  o p e r a t i o n  i m p l i c i t ,  a n d  avo ids  b r i n g -  
ing a c r o s s  t h e  b u s  d a t a  w h i c h  a r e  n e v e r  a c t u a l l y  used .  
Wr i t ing  t h e  o ld  d a t a  o u t  is a lso  n o  w o r s e  t h a n  t h e  a l t e r n a -  
t ive ,  s i n c e  we on ly  wr i t e  t h a t  w h i c h  h a s  b e e n  c h a n g e d  
a n d  w h i c h  h a s  n o t  b e e n  a l r e a d y  p u r g e d .  

T h e r e  m a y  be  c e r t a i n  c a s e s  - a n  i n t e r r u p t  h a n d l i n g  
p r o g r a m ,  for  e x a m p l e -  w h e r e  a p a r t i c u l a r  p r o g r a m  
d o e s  n o t  f lush  t h e  c a c h e ,  b u t  u s e s  on ly  a s m a l l  p o r t i o n  of 
it. P r o v i s i o n s  c o u l d  be  m a d e  to  al low s u c h  a p r o g r a m  to  
be  l o c k e d  in t h e  c a c h e .  A l t e r n a t i v e l y ,  a s e p a r a t e  c a c h e  
m i g h t  b e  p r o v i d e d  for  s u c h  a p r o g r a m  Our s t u d i e s  indi -  
c a t e  t h a t  a r e l a t i v e l y  s m a l l  c a c h e  c a n  b e  e f f e c t i v e  for  a 
s ing le  p r o g r a m ,  so i t  m a y  b e  p o s s i b l e  to  k e e p  s e p a r a t e  
c a c h e s  a r o u n d  for  i n d i v i d u a l  p r o c e s s e s  if t h e  n u m b e r  is 

smal l .  We would su&g;:,,; ~,t~mg t h i s  one  s t e p  f u r t h e r  a n d  
p r o v i d i n g  a n  a d d i t i o n a l  p r o c e s s o r  for  e a c h  c a c h e .  An 
i n t e r e s t i n g  q u e s t i o n  t h e n  a r i s e s  as to  t h e  c o s t  of d y n a m i -  
ca l l y  a s s i g n i n g  p r o c e s s e s  to  p r o c e s s o r s .  Our p r o p o s a l  
al lows t h i s  a s s i g n m e n t ,  t h o u g h  c l e a r l y  a t  s o m e  p e r f o r -  
m a n c e  p e n a l t y .  

3. Cache Coherency 
I t  is we l l -known  t h a t  m u l t i p l e  c a c h e s  p r e s e n t  s e r i o u s  

p r o b l e m s  b e c a u s e  of t h e  r e d u n d a n c y  of s t o r a g e  of a s in-  
gle log ica l  m e m o r y  l o c a t i o n  [Tang76,  C e n s i e r 7 8 ,  Rao78] .  
The m o s t  c o m m o n  m e t h o d  a m o n g  c o m m e r c i a l  p r o d u c t s  
fo r  d e a l i n g  w i th  th i s ,  t h e  s t a l e  d a t a  p r o b l e m ,  is to  c r e a t e  
a spec i a l ,  h i g h - s p e e d  b u s  o n  w h l e h  a d d r e s s e s  a r e  s e n t  
w h e n e v e r  a w r i t e  o p e r a t i o n  is p e r f o r m e d  b y  a n y  p r o c e s -  
sor .  This  s o l u t i o n  h a s  w e a k n e s s e s  [CeLisier78] w h i c h  
h a v e  g e n e r a l l y  l i m i t e d  c o m m e r c i a l  i m p l e m e n t a t i o n s  to  
two p r o c e s s o r s .  In t h e  s i n g l e - c h i p  p r o c e s s o r  o r  s ing le -  
b o a r d  c o m p u t e r  e n v i r o n m e n t s ,  i t  h a s  t h e  a d d e d  weak-  
n e s s  t h a t  i t  r e q u i r e s  a n u m b e r  of e x t r a  I / 0  p ins .  

An a l t e r n a t i v e  a p p r o a c h ,  i m p l e m e n t e d  in C , m m p  
[ H o o g e n d o o r n 7 7 ]  a n d  p r o p o s e d  b y  N o r t o n  [ N o r t o n 8 2 ] .  is 
to  r e q u i r e  t h e  o p e r a t i n g  s y s t e m  t o  r e c o g n i z e  w h e n  i n c o n -  
s i s t e n c i e s  m i g h t  o c c u r  a n d  t a k e  s t e p s  to  p r e v e n t  t h e m  
u n d e r  t h o s e  c i r c u m s t a n c e s .  This  s o l u t i o n  is u n a p p e a l i n g  
b e c a u s e  t h e  c a c h e  is n o r m a l l y  r e g a r d e d  as  a n  
a r c h i t e c t u r e - i n d e p e n d e n t  f e a t u r e ,  i nv i s ib l e  to  t h e  
so f tware .  

A t h i r d  a p p r o a c h ,  v a r i a t i o n s  of w h i c h  h a v e  b e e n  p ro -  
p o s e d  b y  C e n s i e r  a n d  F e a u t r i e r  [ C e n s i e r 7 8 ] ,  Tang  
[Tang76] ,  Widdoes  [Widdoes79] ,  a n d  Yen  a n d  Fu  [Yen82] ,  
is to  u s e  s o m e  f o r m  of t a g g e d  m a i n  m e m o r y ,  k e e p i n g  
t r a c k  of i n d i v i d u a l  b l o c k s  in t h i s  way to  p r e v e n t  i n c o n -  
s i s t e n c y .  I n d i v i d u a l  b l o c k s  a r e  t e m p o r a r i l y  d e s i g n a t e d  
as  private for  a p a r t i c u l a r  p r o c e s s o r  so t h a t  i t  m a y  
m o d i f y  i t  r e p e a t e d l y  w i t h o u t  r e f e r e n c e  to  m a i n  m e m o r y .  
The t ag  m u s t  b e  s e t  w h e n e v e r  s u c h  a c r i t i c a l  s e c t i o n  is 
e n t e r e d  a n d  r e s e t  w h e n e v e r  t h e  c r i t i c a l  s e c t i o n  is left ,  
i .e., t h e  m o d i f i e d  w o r d  is w r i t t e n  b a c k  to  m a i n  s t o r a g e .  
This  a p p r o a c h  r e q u i r e s  s u b s t a n t i a l  h a r d w a r e ,  a n d  
a p p e a r s  i n f e a s i b l e  fo r  a l a r g e  n u m b e r  of c a c h e s ,  s i n c e  a n  
o p e r a t i o n  in  a c e n t r a l  p l a c e  is r e q u i r e d  a t  t h e  e n t r y  or  
ex i t  of any  c r i t i c a l  s e c t i o n .  

Our  a p p r o a c h  h a s  m u c h  in  c o m m o n  w i t h  t h e  t h i r d  
a p p r o a c h ,  b u t  al lows t h e  c r i t i c a l  s e c t i o n  i n f o r m a t i o n  t o  
be  d i s t r i b u t e d  a m o n g  t h e  c a c h e s ,  w h e r e  i t  a l r e a d y  
r e s i d e s .  In a d d i t i o n ,  we u se  t h e  n o r m a l  r e a d  a n d  w r i t e  
o p e r a t i o n s ,  w i th  n o  t ag  b i t s  in  m a i n  m e m o r y ,  to  a c c o m -  
p l i s h  t h e  s y n c h r o n i z a t i o n .  A r e l a t e d  s c h e m e  [Arndah182]  
w h i c h  u s e s  a s p e c i a l  b u s  to  c o n v e y  t h e  n o t i c e  of e n t r y  or  
ex i t  f r o m  a c r i t i c a l  s e c t i o n ,  h a s  b e e n  i m p l e m e n t e d  in a 
c o m m e r c i a l  p r o d u c t ,  b u t  h a s  n o t  b e e n  p u b l i s h e d  to  o u r  
k n o w l e d g e .  We ca l l  o u r  s c h e m e  w r / t e - o n c e .  

3.1. Write-Through or Write-Back? 

While the choice between wriLe-through (also known 
as store-through) and write-back (also known as store- 
back or copy-back) has no bearing on the read hit ratio, 
it has a major impact on bus traffic, particularly as the 
hit ratio approaches 100%. In the limit, when the hit 
ratio is i00%. write-back results in no bus traffic at all. 
while write-through requires at least one bus cycle for 
each write operation. Norton [Norton82] concluded that 
using write-back instead of write-through for a hypothet- 
ical processor typically would reduce the bus traffic by 
more than 50% and if the processes ran to completion 
bus traffic would be decreased by a factor of 8. For typi- 
cal read-to-write and hit ratios and when task switching 
is infrequent, our simulations have given strong evidence 
that write-back generates substantially less bus traffic 
than write-through. 
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But  w r i t e - b a c k  has  m o r e  s e v e r e  c o h e r e n c y  p r o b -  
l e m s  t h a n  w r i t e - t h r o u g h ,  s i n c e  e v e n  m a i n  m e m o r y  d o e s  
n o t  a lways c o n t a i n  t h e  c u r r e n t  v e r s i o n  of a p a r t i c u l a r  
m e m o r y  loca t ion .  

3.2 .  A New Write Strategy: Write-Once 

We propose a new write strategy which solves the 
stale data problem and produces minimal bus traffic. 
The r e p l a c e m e n t  t e c h n i q u e  r e q u i r e s  t h e  following s t r u c -  
t u re .  A s s o c i a t e d  wi th  e a c h  b lock  in t h e  c a c h e  a r e  two 
b i t s  def in ing one  of four  s t a t e s  fo r  t h e  a s s o c i a t e d  da ta :  

Inval id There  is no  d a t a  in t h e  block.  

V a i n  There  is d a t a  in t h e  b l o c k  which  h a s  b e e n  r e a d  
f r o m  b a c k i n g  s t o r e  a n d  has  n o t  b e e n  modi f ied .  

R e s e r v e d T h e  d a t a  in t h e  b l o c k  has  b e e n  local ly  m o d i f i e d  
e x a c t l y  o n c e  s ince  i t  was  b r o u g h t  i n to  t h e  
c a c h e  a n d  t h e  c h a n g e  h a s  b e e n  t r a n s m i t t e d  to  
b a c k i n g  s t o r e .  

D / t ry  The d a t a  in  t h e  b l o c k  has  b e e n  local ly  m o d i f i e d  
m o r e  t h a n  o n c e  s ince  i t  was b r o u g h t  in to  t h e  
c a c h e  a n d  t h e  l a t e s t  c h a n g e  h a s  n o t  b e e n  
t r a n s m i t t e d  to  b a c k i n g  s t o r e .  

Wr i t e -once  r e q u i r e s  r a p i d  a c c e s s  t o  t h e  a d d r e s s  t a g s  
a n d  s t a t e  b i t  p a i r s  c o n c u r r e n t l y  wi th  a c c e s s e s  to  t h e  
a d d r e s s  t a g s  b y  t h e  CPU. This c a n  m o s t  eas i ly  be  
a c h i e v e d  by c r e a t i n g  two ( iden t i ca l )  cop i e s  of t h e  t ag  
m e m o r y .  C e n s i e r  [Cens ie r78]  c l a ims  t h a t  d u p l i c a t i o n  is 
" the  u sua l  way  out"  for r e so lv ing  co l l i s ions  b e t w e e n  
c a c h e  inva l ida t ion  r e q u e s t s  and  n o r m a l  c a c h e  r e f e r -  
e n c e s .  This is no t  a l a rge  cos t ,  s ince  a s ingle  ch ip  d e s i g n  
of th i s  p a r t  of t h e  c a c h e  - us ing p r e s e n t  t e c h n o l o g y  - is 
qu i t e  feas ib le .  F u r t h e r ,  we have  d i s c o v e r e d  a way to  
r e d u c e  s u b s t a n t i a l l y  t h e  n u m b e r  of t a g s  r e q u i r e d .  In 
add i t ion ,  t h e  s a m e  ch ip  t y p e  cou ld  be  u s e d  for b o t h  
i n s t a n c e s .  This is a n a t u r a l  way to  p a r t i t i o n  t h e  c a c h e  in 
VLSI b e c a u s e  it r e s u l t s  in a m a x i m a l  log ic - to -p in  ra t io .  
We have  d e s i g n e d  a n d  s u b m i t t e d  for  f a b r i c a t i o n  s u c h  a 
chip [Ravisha_nkar83]. 

The two cop i e s  a lways c o n t a i n  e x a c t l y  t h e  s a m e  
a d d r e s s  da ta ,  b e c a u s e  t h e y  a re  always w r i t t e n  s imul -  
t a n e o u s l y .  While one  un i t  is u s e d  in t h e  c o n v e n t i o n a l  way 
to  s u p p o r t  a c c e s s e s  by  t h e  CPU, a s e c o n d  m o n i t o r s  all 
a c c e s s e s  to  m e m o r y  via t h e  Mult ibus.  Fo r  e a c h  s u c h  
o p e r a t i o n ,  i t  c h e c k s  for  t h e  a d d r e s s  in t h e  loca l  c a c h e .  If 
a m a t c h  is f o u n d  on a wr i t e  o p e r a t i o n ,  i t  no t [ t i es  t h e  
c a c h e  c o n t r o l l e r ,  and  t h e  a p p r o p r i a t e  b l o c k  in t h e  c a c h e  
is m a r k e d  invalid. If a m a t c h  is f o u n d  on a r e a d  o p e r a -  
t ion,  n o t h i n g  is done  u n l e s s  t h e  b lock  has  b e e n  modi f i ed ,  
i.e., i ts  s t a t e  is reserved  or dirty. If i t  is j u s t  reserved,  
t he  s t a t e  is c h a n g e d  to  valid. If it  is d i r ty ,  t h e  loca l  sys-  
t e m s  inh ib i t s  t h e  b a c k i n g  s t o r e  f r o m  s u p p l y i n g  t h e  da ta .  
It t h e n  supp l i e s  t h e  d a t a  i tself .  4 On t h e  s a m e  bus  a c c e s s  
or i m m e d i a t e l y  following it, t h e  d a t a  m u s t  be w r i t t e n  to  
back ing  s t o r e .  In add i t ion ,  for  e i t h e r  r e s e r v e d  or d i r t y  
da ta ,  t h e  s t a t e  is c h a n g e d  to valid. 

This s c h e m e  a c h i e v e s  c o h e r e n c y  in t h e  following 
way. Ini t ia l ly  w r i t e - t h r o u g h  is e m p l o y e d .  However ,  an  
add i t i ona l  goal  is a c h i e v e d  u p o n  wri t ing .  All o t h e r  c a c h e s  
a r e  p u r g e d  of t he  b l o c k  b e i n g  w r i t t e n ,  so  t h e  c a c h e  wr i t -  
ing t h r o u g h  t h e  bus  now is g u a r a n t e e d  t h e  only c o p y  
e x c e p t  for  b a c k i n g  s t o r e .  It is so i d e n t i f i e d  by  b e i n g  
m a r k e d  r e s e r v e d .  If i t  is p u r g e d  at  th i s  po in t ,  no wr i t e  is 
n e c e s s a r y  to  b a c k i n g  s t o r e ,  so th is  is e s s e n t i a l l y  wr i t e -  
t h r o u g h .  ]f a n o t h e r  wr i t e  o c c u r s ,  t h e  b l o c k  is m a r k e d  
dirty. Now w r i t e - b a c k  is e m p l o y e d  and,  on pu rg ing ,  t h e  
d a t a  m u s t  be  r e w r i t t e n  to  b a c k i n g  s to re .  

4There is a mechanism in Multibus which allows this capability. 
Unfortunately, it is rarely used, not well-defined, and requires that ]ocal 
caches respond very rapidly. Versabus has a much cleaner mechanism 
by which this end can be accomplished. 

W r i t e - o n c e  h a s  t h e  d e s i r a b l e  f e a t u r e  t h a t  u n i t s  
a c c e s s i n g  b a c k i n g  s t o r e  n e e d  n o t  have  a c a c h e ,  a n d  n e e d  
n o t  know w h e t h e r  o t h e r s  do  or  not .  A c a c h e  is r e s p o n s i -  
ble  fo r  m a i n t a i n i n g  c o n s i s t e n c y  e x a c t l y  fo r  t h o s e  c a s e s  
w h e r e  i t  m i g h t  c r e a t e  a v io la t ion ,  i .e. ,  w h e n e v e r  it w r i t e s  
to  a loca t ion .  Thus  it is p o s s i b l e  to  mix  in an  a r b i t r a r y  
way s y s t e m s  w h i c h  e m p l o y  a c a c h e  a n d  t h o s e  wh ich  do 
not ;  t h e  l a t t e r  would  p r o b a b l y  be  I / 0  dev ices .  Cons ide r -  
able  c a r e  m u s t  be  e x e r c i s e d ,  however ,  w h e n  a wr i t e  
o p e r a t i o n  over  t h e  bus  mod i f i e s  less  t h a n  an  e n t i r e  
b lock.  

4. S i m u l a t i o n  
We d e s i g n e d  a c a c h e  m e m o r y  s y s t e m  to  w o r k  on  

Mult ibus.  To v a l i d a t e  ou r  d e s i g n  b e f o r e  bu i ld ing  i t  we did 
e x t e n s i v e  s i m u l a t i o n  us ing  m e m o r y  t r a c e  da ta .  To d a t e  
we have  p e r f o r m e d  e x t e n s i v e  s i m u l a t i o n s  fo r  six t r a c e s ,  

all r u n n i n g  u n d e r  UNIX: ~ 

EDC The UNIX e d i t o r  ed  r u n n i n g  a s c r ip t .  

ROFFAS The old UNIX t e x t  p r o c e s s o r  p r o g r a m  roff .  

TRACE The p r o g r a m ,  w r i t t e n  in a s s e m b l y  
l anguage ,  w h i c h  g e n e r a t e d  t h e  above  
t r a c e s  for  t h e  PDP-11. 

NROFF The p r o g r a m  ~tro~F i n t e r p r e t i n g  t h e  
B e r k e l e y  m a c r o  p a c k a g e  -me.  

CACHE The t r a c e - d r i v e n  c a c h e  s i m u l a t o r  p r o -  
g r a m .  

COMPACT A p r o g r a m  us ing  an on- l ine  a l g o r i t h m  
which  c o m p r e s s e s  files us ing  an  a d a p t i v e  
H u f fman  code .  

The f i r s t  t h r e e  t r a c e s  a r e  for  a PDP-11, while t h e  l a t t e r  
t h r e e  a r e  for  a VAX. While t h e  PDP-11 does  n o t  r u n  on 
Mult ibus,  i ts  i n s t r u c t i o n  s e t  is s i m i l a r  t o  m a n y  m i c r o p r o -  
c e s s o r s  w h i c h  do, a n d  t h e  p r o g r a m s  u s e d  for  t r a c i n g  
w e r e  of t h e  k ind  we env is ion  for  s u c h  a s y s t e m .  The 
PDP-11 is s i m i l a r  in m a n y  ways to  t h e  MC58000, and  has  
in c o m m o n  wi th  t h e  8086 a l i m i t e d  a d d r e s s i n g  capab i l i ty .  

While t h e  VAX also does  n o t  r u n  on Mult ibus,  it  is an  
e x a m p l e  of a m o d e r n  i n s t r u c t i o n  s e t  and ,  t h e r e f o r e  is a 
r e a s o n a b l e  e x a m p l e  of t h e  k ind  of p r o c e s s o r  l ikely  to  
a p p e a r  in a s i n g l e - c h i p  CPU in t h e  fu tu re .  It a lso h a s  a 
l a r g e r  a d d r e s s  s p a c e  which,  as  shown  in s e c t i o n  4.3, is 
s ign i f ican t .  We a re  a c t u a l l y  us ing  v i r t u a l  a d d r e s s e s ,  b u t  
all of t h e  p r o g r a m s  we r a n  a re  s m a l l  e n o u g h  to  fit i n to  
m a i n  m e m o r y .  S ince  we a re  t r a c i n g  only  a s ingle  p ro-  
ce s s ,  we c o n c l u d e  t h a t  t h e r e  is no  s ign i f i can t  d i f f e r e n c e  
b e t w e e n  v i r tua l  a n d  r e a l  a d d r e s s e s .  

In a d d i t i o n  to  c a c h e  p a r a m e t e r s ,  m i s s  r a t i o s  v a r y  
g r e a t l y  d e p e n d i n g  on t h e  p r o g r a m  r u n n i n g .  Fo r  t h e  e a c h  
of t he  above  t r a c e s ,  a wide a n d  u n p r e d i c t a b l e  v a r i a t i o n  
o c c u r r e d  as we v a r i e d  a s ingle  p a r a m e t e r .  Thus p l o t t i n g  
p a r a m e t e r s  for  t h e  ind iv idua l  t r a c e s  was o f t e n  n o t  
e n l i g h t e n i n g .  Averag ing  over  t h e  t h r e e  t r a c e s  in e a c h  
c a t e g o r y  gave m u c h  m o r e  r e v e a l i n g  r e s u l t s ,  p rov id ing  
d a t a  t h a t  s u g g e s t e d  a c o n t i n u o u s  f u n c t i o n  for  m a n y  of 
t h e  v a r i a b l e s  s t u d i e d .  Thus all ou r  r e s u l t s  a r e  a c t u a l l y  
t h e  a v e r a g e  of t h r e e  p r o g r a m s ,  e a c h  r u n n i n g  a lone.  

4.1. Effect of Write Strategy" on Bus Trallie 

Aitheugh write-through normally generates less bus 
t ra f f ic  t h a n  w r i t e - b a c k ,  t h e  l a t t e r  c a n  be  w o r s e  if t h e  h i t  
r a t i o  is low a n d  t h e  b l o c k  size is la rge .  U n d e r  wr i t e -  
back, when a dirty block is purged, the entire block 
m u s t  be  w r i t t e n  out .  With w r i t e - t h r o u g h ,  only  t h a t  po r -  
t ion  w h i c h  was m o d i f i e d  m u s t  be w r i t t e n .  We f o u n d  t h a t  
w r i t e - b a c k  is dec i s ive ly  s u p e r i o r  to  w r i t e - t h r o u g h  e x c e p t  
(1) w h e n  c a c h e  b l o c k s  a r e  v e r y  la rge ,  o r  (2) w h e n  t h e  
c a c h e  s ize  is v e r y  small .  

SUNIX and NROFF are trademarks of Bell Laboratories. 
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W r i t e - o n c e  r e s u l t s  in  b u s  t r a f f i c  r o u g h l y  e q u a l  to  t h e  
b e t t e r  of t h e  two. We h a v e  f o u n d  c a c h e  p a r a m e t e r s  fo r  
w h i c h  i t  a c t u a l l y  p e r f o r m s  b e t t e r  on  t h e  a v e r a g e  t h a n  
e i t h e r  w r i t e - t h r o u g h  o r  w r i t e - b a c k  for  a n u m b e r  of p ro -  
g r a m s .  This  was  a s u r p r i s i n g  r e s u l t ,  s i n c e  w r i t e - o n c e  was 
d e v e l o p e d  to  a s s u r e  c o h e r e n c y ,  n o t  to  m i n i m i z e  b u s  
t ra f f ic .  The  r e p l a c e m e n t  s c h e m e  o u t p e r f o r m s  b o t h  
w r i t e - t h r o u g h  a n d  w r i t e - b a c k  w h e n e v e r  t h e  t o t a l  n u m b e r  
of s e t s  is a b o u t  16. F o r  e x a m p l e ,  for  a 4-way s e t  a s s o c i a -  
t ive ,  2 0 4 8 - b y t e  c a c h e  wi th  a b l o c k  s ize  of 32 b y t e s ,  t h e  
a v e r a g e  b u s  t r a f f i c  for  t h r e e  PDP-11 p r o g r a m s  for  w h i c h  
we h a v e  t r a c e s  was  30 .768Z for  w r i t e - t h r o u g h ,  17.55Z for  
w r i t e - b a c k ,  a n d  17.387o for  w r i t e - o n c e ,  

4.2 .  Cold S t a r t  vs .  Warm S t a r t  

An i m p o r t a n t  c o n s i d e r a t i o n  in  d e t e r m i n i n g  c a c h e  
hit  r a t i o  a n d  b u s  t r a f f i c  is t h e  co ld  s t a r t  p e r i o d  k n o w n  as 
t h e  l i f e t ime  f u n c t i o n  [ E a s t o n 7 8 ] ,  d u r i n g  w h i c h  t i m e  
m a n y  m i s s e s  o c c u r  b e c a u s e  t h e  c a c h e  is e m p t y .  This  is 
d e f i n e d  as  t h e  p e r i o d  u n t i l  a s  m a n y  c a c h e  m i s s e s  h a v e  
o c c u r r e d  as  t h e  t o t a l  n u m b e r  of b l o c k s  in t h e  c a c h e .  
This  i n i t i a l  b u r s t  of m i s s e s  is a m o r t i z e d  o v e r  all  a c c e s s e s ,  
so t h e  l o n g e r  t h e  t r a c e  a n a l y z e d ,  t h e  l ower  t h e  m i s s  r a t i o  
o b t a i n e d .  In a d d i t i o n  to  t h e  i n i t i a t i o n  of a p r o g r a m  a n d  
o c c a s i o n a l  s w i t c h e s  of e n v i r o n m e n t s ,  a co ld  s t a r t  g e n -  
e r a l l y  o c c u r s  w h e n e v e r  t h e r e  is a t a s k  swi tch .  Thus  a n  
i m p o r t a n t  a s s u m p t i o n  in  t r a d i t i o n a l  c a c h e  e v a l u a t i o n  is 
t h e  f r e q u e n c y  of t a s k  swi t ch ing .  We h a v e  a r g u e d  t h a t  
t a s k  s w i t c h i n g  m u s t  b e  v e r y  i n f r e q u e n t  in  o u r  s y s t e m .  
Thus  we c a n  m o r e  n e a r l y  a p p r o a c h  in  p r a c t i c e  t h e  w a r m  
s t a r t  hi t  r a t i o s ,  a n d  t h u s  i t  is a p p r o p r i a t e  t o  u se  v e r y  
long  t r a c e s  of a s ing le  p r o g r a m ,  a n d  a s s u m e  a w a r m  
s t a r t .  We d id  t h a t  in i t ia l ly ,  u s i n g  t h e  ful l  l e n g t h  of t h e  
PDP-11 t r a c e s  a v a i l a b l e  to  us  (1 ,256 ,570  m e m o r y  
a c c e s s e s ) .  We n o t e d ,  howeve r ,  t h a t  for  e v e n  m u c h  
s h o r t e r  t r a c e s  t h a n  we w e r e  r u n n i n g ,  t h e r e  was  l i t t l e  
d i f f e r e n c e  b e t w e e n  w a r m  s t a r t  a n d  co ld  s t a r t  s t a t i s t i c s .  
S i n c e  co ld  s t a r t  s t a t i s t i c s  a r e  e a s i e r  to  g e n e r a t e ,  we n o r -  
m a l l y  u s e d  t h e m .  U n l e s s  s t a t e d  o t h e r w i s e ,  o u r  r e s u l t s  
a r e  f r o m  co ld  s t a r t ,  b u t  a t  l e a s t  10 t i m e s  t h e  l i f e t i m e  
f u n c t i o n  in t o t a l  l e n g t h .  

4.3 .  Cache S i z e  

In  g e n e r a l ,  we w e r e  s u r p r i s e d  a t  t h e  e f f e c t i v e n e s s  of 
a s m a l l  c a c h e .  F o r  t h e  PDP-11 t r a c e s  w i th  a c a c h e  of 2K 
b y t e s  or  l a r g e r ,  we d i s c o v e r e d  t h a t  e s s e n t i a l l y  n o  m i s s e s  
o c c u r r e d  a f t e r  t h e  co ld  s t a r t  p e r i o d .  T h e s e  a r e  n o t  
t r i v i a l  p r o g r a m s ,  b u t  w e r e  r u n  on  a m a c h i n e  w h i c h  h a s  
on ly  64K b y t e s  for  b o t h  i n s t r u c t i o n s  a n d  d a t a .  The p r o -  
g r a m s  a r e  v e r y  f r u g a l  in  t h e i r  u s e  of m e m o r y ,  a n d  t h e  
e n t i r e  w o r k i n g  s e t  a p p a r e n t l y  c a n  fit  in  t h e  c a c h e .  

The  VAX t r a c e s  do  n o t  e x h i b i t  t h e  s a m e  l o c a l i t y  
o b s e r v e d  w i t h  t h e  PDP-11,  a n d  a 64K-by te  c a c h e  was  n o t  
l a r g e  e n o u g h  to  c o n t a i n  t h e  e n t i r e  w o r k i n g  s e t  of t h e  
p r o g r a m .  This  m a y  b e  a r e s u l t  of t h e  l a r g e r  a d d r e s s  
s p a c e  ava i l ab le ,  t h e  m o r e  c o m p l e x  i n s t r u c t i o n  se t ,  o r  
m o r e  c o m p l e x  p r o g r a m s .  In all  c a s e s  t h e  p r o g r a m s  w e r e  
s p r e a d  o u t  o v e r  a m u c h  l a r g e r  m e m o r y  s p a c e  t h a n  for  
t h e  PDP-11 t r a c e s .  F o r  t h i s  c o m p a r i s o n  we u s e d  a s m a l l  
b l o c k  s ize  of 4 b y t e s .  This  m a y  h a v e  h a d  a g r e a t e r  
i m p a c t  on  t h e  VAX t h a n  on  PDP-11 t r a c e s .  

We f o u n d  t h a t  r e d u c i n g  t h e  s ize  of t h e  c a c h e  (be low 
4K b y t e s  for  t h e  PDP-11)  i n c r e a s e d  t h e  m i s s  r a t i o  a n d  
t h e  b u s  t r a f f i c  - in  g e n e r a l  t h e  two c o r r e l a t e  well  w i th  
r e s p e c t  to  t h i s  p a r a m e t e r .  Fig. 1 shows  t h e  a v e r a g e  m i s s  
r a t i o  a n d  b u s  t r a f f i c  as  a f u n c t i o n  of t o t a l  c a c h e  s ize  for  
t h e  PDP-11 t r a c e s .  Fo r  t h i s  a n d  all  r e s u l t s  g iven,  t h e  
m i s s  r a t i o  i n c l u d e s  w r i t e s .  The  b u s  t r a f f i c  is g iven  as  a 
p e r c e n t  of t h e  n u m b e r  of a c c e s s e s  t h a t  wou ld  b e  
r e q u i r e d  if no  c a c h e  w e r e  p r e s e n t .  Fig. 2 shows  t h e  s a m e  
d a t a  for  t h e  VAX t r a c e s .  

4.4 .  HIock S i z e  

Our cache design incorporates extremely small 
b locks ,  d e p e n d i n g  h e a v i l y  o n  t e m p o r a l  loca l i ty .  E a s t o n  
a n d  F a g i n  [ E a s t o n 7 8 ]  c l a i m  t h a t  p a g e  s ize  a n d  m i s s  
r a t i o s  a r e  i n d e p e n d e n t  for  w a r m  s t a r t ,  b u t  h i g h l y  d e p e n -  
d e n t  for  c o l d  s t a r t .  If t r u e ,  t h i s  c a n  b e  e x p l a i n e d  by  t h e  
o b s e r v a t i o n  t h a t  h i t s  in  t h e  c a c h e  on  co ld  s t a r t  d e p e n d  
heav i l y  on  s p a t i a l  loca l i ty ,  whi le  t e m p o r a l  l oca l i t y  p r o -  
v ides  m a n y  h i t s  w h e n  i t  is w a r m .  S p a t i a l  l oca l i ty ,  how- 
ever ,  is  s t r o n g l y  c o r r e l a t e d  to  b l o c k  s ize.  b e i n g  d i r e c t l y  
p r o p o r t i o n a l  in  t h e  e x t r e m e  c a s e  of s t r i c t l y  s e q u e n t i a l  
m e m o r y  a c c e s s e s .  Our  s i m u l a t i o n s  p a r t i a l l y  c o n f i r m  
E a s t o n ' s  o b s e r v a t i o n .  In p a r t i c u l a r ,  we f o u n d  t h a t ,  as  
b l o c k  s ize  is i n c r e a s e d ,  m i s s  r a t i o s  g e n e r a l l y  d e c l i n e  u p  
to  a p o i n t ,  t h e n  i n c r e a s e  for  e i t h e r  w a r m  or  co ld  s t a r t s .  
However ,  fo r  s m a l l  b l o c k  s izes ,  t h e  w a r m  s t a r t  m i s s  r a t i o  
is m a r g i n a l l y  l ower  t h a n  fo r  t h e  c o l d  s t a r t  c a s e ,  whi le  for  
l a r g e  b l o c k  s izes ,  t h e  two n u m b e r s  a r e  n e a r l y  i d e n t i c a l .  
See  figs. 3-7. This is e n c o u r a g i n g  s i n c e  we h a v e  a r g u e d  
fo r  r e s t r i c t e d  t a s k  s w i t c h e s :  o u r  e n v i r o n m e n t  is m o r e  
t h a t  of a w a r m  s t a r t  t h a n  is t h e  t r a d i t i o n a l  e n v i r o n m e n t .  
In m a n y  s i m u l a t i o n s  we w e r e  a b l e  to  g e t  v e r y  h i g h  h i t  
r a t i o s  o n c e  t h e  co ld  s t a r t  p e r i o d  e n d e d .  For  s m a l l  
b l o c k s  t r a n s f e r r e d ,  howeve r ,  t h i s  p e r i o d  ( t h e  l i f e t i m e  
f u n c t i o n )  is l onge r .  Our  s i m u l a t i o n s  show v e r y  c l e a r l y  
t h a t  r e d u c i n g  t h e  b l o c k  s ize  down to  a s ing le  t r a n s f e r  
a c r o s s  t h e  b u s  d r a m a t i c a l l y  d e c r e a s e s  t h e  h i t  r a t i o ,  p a r -  
t i c u l a r l y  fo r  c o l d  s t a r t s ,  b u t  a l so  d e c r e a s e s  b u s  t r a f f i c  
s ign i f i can t ly .  In g e n e r a l ,  we o b s e r v e d  t h a t  i n c r e a s i n g  t h e  
t r a n s f e r  b l o c k  s ize  f r o m  o n e  b u s  c y c l e  to  two t y p i c a l l y  
d e c r e a s e s  t h e  m i s s  r a t i o  b y  30 to  50~,  whi le  i n c r e a s i n g  
t h e  b u s  t r a f f i c  b y  10 t o  20~.  This r e l a t i o n  h o l d s  for  t h e  
f i r s t  two d o u b l i n g s .  T h e s e  r e s u l t s ,  e.g.,  fig. 3, a r e  r e l a -  
t i ve ly  m o r e  p e s s i m i s t i c  fo r  s m a l l  b l o c k  s i zes  t h a n  t h o s e  
r e p o r t e d  b y  S t r e c k e r  in  [Bel l78] .  

We h a v e  m a d e  t h e  a s s u m p t i o n  t h a t  a c c e s s  t i m e  is 
r e l a t e d  l i n e a r l y  to  b l o c k  size.  In m a n y  c a s e s  t h i s  is n o t  
t r u e .  It  is e s s e n t i a l l y  t r u e  fo r  t h e  Mul t ibus ,  s i n c e  on ly  
two b y t e s  c a n  b e  f e t c h e d  a t  a t i m e ,  a n d  a r b i t r a t i o n  is 
o v e r l a p p e d  w i t h  b u s  o p e r a t i o n s .  For  a s i n g l e - c h i p  i m p l e -  
m e n t a t i o n ,  i t  wou ld  a l m o s t  c e r t a i n l y  b e  w o r t h w h i l e  to  
p r o v i d e  t h e  c a p a b i l i t y  for  e f f i c i e n t  m u l t i p l e  t r a n s f e r s  
o v e r  a s e t  of w i r e s  i n to  t h e  p r o c e s s o r .  This  h a s  n o t  b e e n  
i n c o r p o r a t e d  in  o u r  ana ly s i s ,  b u t  will u n d o u b t e d l y  sug-  
g e s t  a s o m e w h a t  l a r g e r  t r a n s f e r  b l o c k  size.  

4 .4 .1 .  L o w e r i n g  t h e  O v e r h e a d  of ~ [na l l  B l o c k s  

S m a l l  b l o c k s  a r e  c o s t l y  in  t h a t  t h e y  g r e a t l y  i n c r e a s e  
t h e  o v e r h e a d  of t h e  c a c h e :  a n  a d d r e s s  t a g  a n d  t h e  two 
s t a t e  b i t s  a r e  n o r m a l l y  s t o r e d  in t h e  c a c h e  fo r  e a c h  
b l o c k  t r a n s f e r r e d .  We r e d u c e d  t h i s  o v e r h e a d  by  s p l i t t i n g  
t h e  n o t i o n  of b l o c k  i n t o  two p a r t s :  

(1) The  t r a n s f e r  block is t h e  a m o u n t  of d a t a  t r a n s f e r r e d  
f r o m  b a c k i n g  s t o r e  i n t o  t h e  c a c h e  on  a r e a d  mi s s .  

(2) The  address block is t h e  q u a n t u m  of s t o r a g e  for. 
w h i c h  a t ag  is m a i n t a i n e d  in t h e  c a c h e .  I t  is  a lways  
a p o w e r  of two l a r g e r  t h a n  a t r a n s f e r  b lock .  An 
e f f ec t i ve  c a c h e  c a n  b e  i m p l e m e n t e d  b y  k e e p i n g  t h e  
t r a n s f e r  b l o c k  s m a l l  b u t  m a k i n g  t h e  a d d r e s s  b l o c k  
l a r g e r .  

F o r  m o s t  c o m m e r c i a l  p r o d u c t s  c o n t a i n i n g  a c a c h e ,  
t h e  a d d r e s s  b l o c k  s ize  is t h e  s a m e  as t h e  t r a n s f e r  b l o c k  
size,  t h o u g h  we k n o w  of one  e x a m p l e  [IBM74] w h e r e  t h e  
a d d r e s s  b l o c k  c o n t a i n e d  two t r a n s f e r  b locks .  The IBM 
S y s t e m / 3 6 0  Model  85 [ L i p t a y 6 8 ]  in  f a c t  is a s p e c i a l  c a s e  
of th i s ,  v/z.., a d i r e c t - m a p p e d  c a c h e ,  w h e r e  t h e  Model  85 
" s e c t o r , "  c o n s i s t i n g  of 1K b y t e s ,  c o r r e s p o n d s  to  o u r  
a d d r e s s  b lock .  E a c h  s e c t o r  c o n t a i n s  16 t r a n s f e r  b l o c k s ,  
w h i c h  w e r e  c a l l e d  s i m p l y  " b l o c k s . "  

4 .4 .2 .  The  Ef fec t  of Large A ddr e s s  B l o c k s  

The u s e  of a d d r e s s  b l o c k s  l a r g e r  t h a n  t r a n s f e r  
b l o c k s  m e a n s  t h a t  on ly  d a t a  f r o m  one  a d d r e s s  b l o c k  in  
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b a c k i n g  s t o r e  c a n  o c c u p y  any  of t h e  t l o c k s  m a k i n g  up 
an  a d d r e s s  b l o c k  in  t h e  c a c h e .  The re  a r e  c a s e s  w h e r e  
t h e  a p p r o p r i a t e  t r a n s f e r  b l o c k  is e m p t y ,  b u t  o t h e r  
t r a n s f e r  b locks  in t h e  s a m e  a d d r e s s  b l o c k  m u s t  b e  
p u r g e d  so t h a t  t h e  new a d d r e s s  b l o c k  can  be  a l l o c a t e d .  
We e x a m i n e d  th i s  for  v a r i o u s  s izes  of a d d r e s s  b lock s  a n d  
f o u n d  t h a t  t h e  m i s s  r a t i o  i n c r e a s e d  v e r y  slowly up to  a 
po in t .  For  t h e  s i t u a t i o n  shown  in  fig. 7, t h e  m i s s  r a t i o  
h a d  only  r i s e n  by  a b o u t  30% w h e n  t h e  a d d r e s s  b lock  con-  
t a i n e d  64 b y t e s  for  t h e  PDP-11 t r a c e s .  Tha t  p o i n t  was  
r e a c h e d  for  t h e  VAX t r a c e s  w h e n  it c o n t a i n e d  32 -by te  
a d d r e s s  b locks .  

We p r e d i c t e d  t h a t  t h e  b u s  t ra f f ic  would  c o r r e l a t e  
well wi th  m i s s  r a t i o  wi th  r e s p e c t  to  t h i s  p a r a m e t e r .  To 
ou r  s u r p r i s e ,  t h e  bus  t ra f f i c  a c tua l l y  declined ini t ia l ly  as 
we i n c r e a s e d  t h e  a d d r e s s  b l o c k  s ize .  The d e c l i n e  was 
small ,  b u t  c o n s i s t e n t  for  t h e  PDP-11 t r a c e  t a p e s ,  e v e n t u -  
ally c l imb ing  over  t he  b a s e  l ine w h e n  t h e  a d d r e s s  b l o c k  
was  16 or  32 t r a n s f e r  b locks .  The p h e n o m e n o n  was 
sma l l e r ,  b u t  d i s c e r n i b l e  for  t h e  VAX t r a c e s  as  well, 
t h o u g h  in all c a s e s  t h e  bus  t ra f f i c  s t a r t e d  i n c r e a s i n g  
soone r .  This s i t u a t i o n  is shown  in fig. 8. 

We ini t ia l ly  s u s p e c t e d  t h a t  our  s i m u l a t i o n  m i g h t  be  
faul ty .  That  was no t  t h e  case ,  and  e v e n t u a l l y  we w e r e  
ab le  to  exp la in  i t  a n d  ver i fy  it. The w r i t e - o n c e  a l g o r i t h m  
r e q u i r e s  a bus  o p e r a t i o n  w h e n e v e r  a b lock  is  m o d i f i e d  
ini t ia l ly  ( s e t  to  reserved . )  However ,  r e s e r v a t i o n s  cou ld  be  
m a d e  on the  bas i s  of e i t h e r  t r a n s f e r  b locks  or  a d d r e s s  
b locks .  We h a d  p u t  t h e  cho i ce  in to  t he  s imu la to r ,  b u t  
h a d  n o t  e x p e r i m e n t e d  wi th  it, r e s e r v i n g  at  t h e  a d d r e s s  
b lock  level.  This in f ac t  r e d u c e s  t h e  n u m b e r  of b u s  
wr i t e s  n e c e s s a r y  for r e s e r v a t i o n  b e c a u s e  of s p a t i a l  local -  
i ty  of wr i tes :  an  a d d r e s s  b lock  a l r e a d y  f e s e r v e d  n e e d  
only  be  m a r k e d  dir ty  w h e n  a n y  t r a n s f e r  b lock  wi th in  it is 
modi f i ed .  This would  s e e m  to i n c r e a s e  g r e a t l y  t h e  t ra f f i c  
w h e n e v e r  t h e  b l o c k  is p u r g e d  f r o m  t h e  c a c h e ,  b u t  in f a c t  
t h e  e f f ec t  is small :  only t h o s e  t r a n s f e r  b locks  wh ich  have  
ac tua l ly  b e e n  m o d i f i e d  n e e d  be w r i t t e n  back .  

We d e m o n s t r a t e d  t h a t  th i s  was i n d e e d  r e s p o n s i b l e  
for  t h e  b e h a v i o r  n o t e d  by  c h a n g i n g  t h e  r e s e r v a t i o n s  to  
t h e  t r a n s f e r  b l o c k  level.  The s i m u l a t i o n  r e s u l t s  t h e n  
e x h i b i t e d  t h e  or ig ina l ly  p r e d i c t e d  behav io r ,  c o r r e l a t i n g  
c lo se ly  wi th  t he  m i s s  ra t io .  

We c o n c l u d e  t h a t  m i n i m u m  bus  t ra f f i c  is g e n e r a t e d  
wi th  m i n i m u m  t r a n s f e r  b lock  s izes .  The m i s s  r a t i o  m a y  
be  s u b s t a n t i a l l y  i m p r o v e d  by  us ing  s l igh t ly  l a r g e r  
t r a n s f e r  b locks ,  in wh ich  c a s e  bus  t ra f f ic  does  n o t  
i n c r e a s e  g rea t ly .  Using l a r g e r  a d d r e s s  b l o c k s  r e d u c e s  
t h e  c o s t  of t h e  tag  m e m o r y  c o n s i d e r a b l y .  It in i t ia l ly  has  
only  a m i n o r  e f f ec t  on m i s s  r a t io ,  w h i c h  is m o r e  t h a n  
of f se t  by  t h e  sav ings  in w r i t e s  due  to  t h e  m o r e  e f f i c i en t  
r e s e r v a t i o n  of m o d i f i e d  b l o c k s  

4.5. Other Design Aspects  Studied 

4.5.1. Write Allocation 
Write a l loca t ion ,  also known  as f e t c h  on ~ m t e ,  

m e a n s  t h a t  a b lock  is a l l o c a t e d  in t h e  c a c h e  on a wr i t e  
m i s s  as  well as on a r e a d  mis s .  While i t  s e e m s  n a t u r a l  for  
w r i t e - b a c k ,  it  t yp i ca l l y  is n o t  u s e d  wi th  w r i t e - t h r o u g h .  It 
is e s s e n t i a l  for  w r i t e - o n c e  to  a s s u r e  c o h e r e n c y .  Our 
e a r l y  s i m u l a t i o n s  showed  t h a t  i t  was h ighly  d e s i r a b l e  for  
w r i t e - b a c k  a n d  w r i t e - o n c e ,  a n d  s u p e r i o r  even  for  wr i t e -  
t h r o u g h  wi th  sma l l  b locks .  This was t r u e  us ing  b o t h  t h e  
m e a s u r e s  of m i s s  r a t i o  a n d  b u s  t ra f f ic .  In all r e s u l t s  
p r e s e n t e d ,  wr i t e  a l l oca t i on  was e m p l o y e d .  

4.5.~. AssociaUvity  
We r a n  a n u m b e r  of s i m u l a t i o n s  va ry ing  t h e  a s s o c i a -  

t iv i ty  all t h e  way f r o m  d i r e c t  m a p p e d  to  fully a s soc i a t i ve .  
While t h i s  is c l e a r l y  an  i m p o r t a n t  p a r a m e t e r ,  we have  lit- 
t le  new to  r e p o r t ,  i.e., fully a s s o c i a t i v e  c a c h e  is t h e  b e s t ,  

b u t  2-way s e t  a s s o c i a t i v e  is n o t  m u c h  worse ,  a n d  4-way 
s e t  a s s o c i a t i v e  is s o m e w h e r e  in  b e t w e e n .  (But  see 
[Smi th83] ) .  We h a d  h o p e d  to  find t h a t  a h igh  d e g r e e  of 
a s s o e i a t i v i t y  would  i m p r o v e  p e r f o r m a n c e ,  b e c a u s e  s u c h  
an  o r g a n i z a t i o n  is m u c h  m o r e  f ea s i b l e  in t h e  VLSI 
domain ,  b u t  r e s u l t s  w e r e  nega t i ve .  Fo r  r e s u l t s  r e p o r t e d  
h e r e  we have  a s s u m e d  a 4-way, s e t  a s s o c i a t i v e  c a c h e .  

4.5.3. R e p l a c e m e n t  Algorithm 
R e p l a c e m e n t  s t r a t e g y  has  b e e n  t h e  s u b j e c t  of 

a n o t h e r  s t u d y  us ing  t h e  s a m e  s i m u l a t o r  a n d  t r a c e s  
[Smi th83] .  In o r d e r  to  l imi t  i t s  s ign i f i cance ,  w h i c h  s e e m s  
to  be  o r t h o g o n a l  to  t h e  i s s u e s  r a i s e d  h e r e ,  we h a v e  
a s s u m e d  t r u e  LRU r e p l a c e m e n t  a m o n g  t h e  e l e m e n t s  of 
e a c h  s e t  in  all c a s e s .  

4.5.4.  Bus Width 
The w i d t h  of t h e  d a t a  p a t h s  b e t w e e n  un i t s  is an  

i m p o r t a n t  p a r a m e t e r  in  t h a t  i t  is c l o s e l y  r e l a t e d  to  
b a n d w i d t h .  We have  the  c a p a b i l i t y  to  s p e c i f y  t h e  bus  
w id th  b o t h  f r o m  b a c k i n g  s t o r e  to  c a c h e  a n d  f r o m  c a c h e  
to  CPU. For  t h e  p u r p o s e s  of th is  s tudy ,  we have  a s s u m e d  
in all c a s e s  t h a t  t h e  VAX m e m o r y  s u p p l i e s  4 b y t e s  to  t h e  
c a c h e  in  one  bus  cyc le ,  while t h e  PDP-11 m e m o r y  sup-  
p l i e s  2 b y t e s .  An 8 -b y t e  t r a n s f e r  t h e r e f o r e  is c o u n t e d  as  
two c y c l e s  fo r  t h e  VAX a n d  4 for  t h e  PDP-11. 

We a s s u m e d  t h a t  t h e  c a c h e  s u p p l i e d  one  w o r d - -  16 
b i t s  fo r  t h e  PDP-11 and  32 b i t s  for  t h e  VAX - to  t h e  CPU 
on e a c h  r e q u e s t .  However ,  t h e  i n t e l l i g e n c e  of t h e  p ro -  
c e s s o r  d e t e r m i n e s  how o f t e n  t h e  s a m e  w o r d  m u s t  be  
f e t c h e d .  The t r a c e  t a p e s  c o n t a i n  all m e m o r y  r e f e r e n c e s .  
We f i l t e r e d  t h e s e  wi th  t h e  a s s u m p t i o n  t h a t  on i n s t r u c t i o n  
f e t c h e s  t h e  s a m e  w o r d  would  n o t  be  f e t c h e d  w i thou t  an  
i n t e r v e n i n g  i n s t r u c t i o n  f e t ch .  No f i l te r ing  was d o n e  on 
data f e t c h e s ,  

5. S u m m a r y  

Our s i m u l a t i o n s  i n d i c a t e  t h a t  a s ingle  b o a r d  c o m -  
p u t e r  wi th  a 4K-byte  c a c h e  c a n  p e r f o r m  r e a s o n a b l y  well  
wi th  l e ss  t h a n  10% of t h e  a c c e s s e s  r e q u i r e d  to  i t s  pr i -  
m a r y  m e m o r y  w i t h o u t  a c a c h e .  The PDP-11 t r a c e s  sug-  
g e s t  a n u m b e r  as  low as  3%. While t h e  VAX n u m b e r s  a r e  
h ighe r ,  a d d i t i o n a l  d e c l i n e s  will be  e x p e r i e n c e d  b y  
i n c r e a s i n g  t h e  s ize of t he  c a c h e  b e y o n d  4K b y t e s .  

An i m p o r t a n t  r e s u l t  is t h e  u se  of t h e  w r i t e - o n c e  
a l g o r i t h m  to  g u a r a n t e e  c o n s i s t e n t  d a t a  a m o n g  m u l t i p l e  
p r o c e s s o r s .  We have  shown  t h a t  t h i s  a l g o r i t h m  c a n  be  
i m p l e m e n t e d  in a way t h a t  d e g r a d e s  p e r f o r m a n c e  only  
t r iv ia l ly  ( ignor ing  a c t u a l  col l i s ions ,  w h i c h  a re  r a r e ) ,  a n d  
p e r f o r m s  b e t t e r  t h a n  e i t h e r  p u r e  w r i t e - b a c k  or  wr i t e -  
t h r o u g h  in m a n y  i n s t a n c e s .  

The use  of sma l l  t r a n s f e r  b l o c k  s i zes  c a n  be  c o u p l e d  
wi th  l a r g e  a d d r e s s  b locks  to  bu i ld  an i n e x p e n s i v e  c a c h e  
wh ich  p e r f o r m s  e f fec t ive ly  in t h e  a b s e n c e  of f r e q u e n t  
p r o c e s s  sw i t ches .  The low bus  u t i l i za t ion  a n d  t h e  solu-  
t ion  to  t h e  s t a l e  d a t a  p r o b l e m  m a k e  poss ib l e  an  env i ron -  
m e n t  for  which  th i s  c o n d i t i o n  is m e t .  Even t h o u g h  t h e  
m i s s  r a t i o  i n c r e a s e s ,  bus  t ra f f i c  ini t ia l ly  d e c l i n e s  as  t h e  
a d d r e s s  b l o c k  is e n l a r g e d ,  ho ld ing  t h e  t r a n s f e r  b l o c k  
c o n s t a n t .  T h e r e f o r e  l a r g e r  a d d r e s s  b l o c k s  shou ld  be  
u s e d  for r e s e r v i n g  m e m o r y  for  m o d i f i c a t i o n  e v e n  if sma l l  
b locks  a re  u s e d  for  t r a n s f e r  of da t a .  

The a p p r o a c h  a d v o c a t e d  h e r e  is a p p r o p r i a t e  only  for  
a s y s t e m  c o n t a i n i n g  a s ingle  logica l  m e m o r y .  This is 
. s ign i f icant  b e c a u s e  i t  d e p e n d s  on t h e  s e r i a l i z a t i o n  of 
m e m o r y  a c c e s s e s  to  a s s u r e  c o n s i s t e n c y .  It has  app l i ca -  
t i ons  b e y o n d  t h o s e  s t u d i e d  h e r e ,  however .  Fo r  e x a m p l e ,  
t he  a c c e s s  p a t h  to  m e m o r y  cou ld  be  via a r ing  n e t w o r k ,  
or  any  o t h e r  t e c h n i q u e  in w h i c h  e v e r y  r e q u e s t  p a s s e s  
e v e r y  p r o c e s s o r .  This e x t e n s i o n  s e e m s  p a r t i c u l a r l y  
a p p l i c a b l e  a t  t h e  for  m a i n t a i n i n g  c o n s i s t e n c y  for  a file 
s y s t e m  or  a c o m m o n  v i r tua l  m e m o r y  be ing  s u p p l i e d  to  
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mult iple  processors  through a common bus such as Eth- 
ernet .  

Clearly there  are many  env i ronmen t s  for which this 
model  is i n a p p r o p r i a t e -  response  to individual tasks 
may  be unpredic table ,  for example. However, we believe 
tha t  such a configurat ion has many  potent ia l  applica- 
t ions and can he exploited economical ly  if the appropri-  
ate VLSI componen ts  are designed. We have invest igated 
the design of such componen ts  and believe tha t  they are 
both feasible and well-suited for VLSI [Ravishankar83]. 

Our analysis  indica tes  tha t  the cache approach is 
reasonable  for a sys tem where bandwidth between the 
CPU and most  of its m e m o r y  is severely limited. We have 
demons t r a t ed  through s imulat ion of real  p rograms  tha t  
a cache m e m o r y  can be used to significantly reduce  the 
amoun t  of communica t i on  a processor  requires.  White 
we were i n t e r e s t ed  in this for a single-chip microcom- 
pu te r  of the future,  we have also demons t r a t ed  tha t  such 
an approach is feasible for one or more  cu r ren t ly  popu- 
lar commerc ia l  marke ts .  
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