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Adapted from Prof. D. Patterson’s c l ass notes
C opy ri g h t 1 9 9 8 ,  2 0 0 0  U C B

Memory-1 Computer Architecture
CTKing/TTHwang

Outline
� Memory hierarchy
� T he b as ics  of  caches
� Meas u rin g  an d  imp rov in g  cache p erf orman ce
� V irt u al  memory
� A  common  f ramew ork  f or memory hierarchy
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DRAM
Y e a r S i z e C y c l e  T i m e
1 9 8 0 6 4  K b 2 5 0  n s
1 9 8 3 2 5 6  K b 2 2 0  n s
1 9 8 6 1  Mb 1 9 0  n s
1 9 8 9 4  Mb 1 6 5  n s
1 9 9 2 1 6  Mb 1 4 5  n s
1 9 9 5 6 4  Mb 1 2 0  n s

1000:1! 2:1!

T ec h no lo g y  T r end s
C ap acit y S p eed  ( l at en cy)

L og ic: 4 x   in   1. 5  years 4 x   in  3  years
D R A M: 4 x   in   3  years 2 x   in  10  years
D is k : 4 x   in   3  years 2 x   in  10  years
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Proc
60%/yr.
(2X/1.5 yr)

DRAM
9%/yr.
(2X/10 yrs)1
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performance gap:
(grows 50% / year)
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Moore’s Law

P r o c es s o r  M em o r y  L a tenc y  G a p
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Control

Datapath

Memory

Processor

M
em

ory

Memory
Memory

M
em

ory

Fastest S l o w est
S m al l est B i g g est
H i g h est L o w est

S p eed :
S i z e:
C o st:

S o lutio n:  M em o r y  H ier a r c h y
� A n  I l l u s ion  of  a l arg e,  f as t ,  cheap  memory
� F a c t :  L a r g e  m e m o r i e s  s l o w ,  f a s t  m e m o r i e s  s m a l l
� H o w  t o  a c h i e v e :  h i e r a r c h y ,  p a r a l l e l i s m

� A n  ex p an d ed  v iew  of  memory s ys t em:
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Lower Level
M em oryU p p er Level

M em ory
T o P roc es s or

F rom  P roc es s or
B loc k  X

B loc k  Y

M em o r y  H ier a r c h y :  P r inc ip le
� A t  an y g iv en  t ime,  d at a is  cop ied  b et w een  on l y t w o 

ad j acen t  l ev el s :
� U p p e r  l e v e l :  t h e  o n e  c l o s e r  t o  t h e  p r o c e s s o r

� S mal l er,  faster,  u ses more ex pensi v e tec h nol og y
� L o w e r  l e v e l :  t h e  o n e  a w a y  f r o m  t h e  p r o c e s s o r

� B i g g er,  sl ow er,  u ses l ess ex pensi v e tec h nol og y
� Block: b as ic u n it  of  in f ormat ion  t ran s f er
� Mi n i m u m  u n i t  o f  i n f o r m a t i o n  t h a t  c a n  e i t h e r  b e  p r e s e n t  

o r  n o t  p r e s e n t  i n  a  l e v e l  o f  t h e  h i e r a r c h y
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� P r i n ci p le  of  L oca li t y :
� P r o g r a m  a c c e s s  a  r e l a t i v e l y  s m a l l  p o r t i o n  o f  t h e  
a d d r e s s  s p a c e  a t  a n y  i n s t a n t  o f  t i m e
� 9 0 / 1 0  r u l e :  1 0 %  o f  c o d e  e x e c u t e d  9 0 %  o f  t i m e

� T w o t yp es  of  l ocal it y:
� T e m p o r a l  l o c a l i t y :  i f  a n  i t e m  i s  r e f e r e n c e d ,  i t  w i l l  t e n d  t o  
b e  r e f e r e n c e d  a g a i n  s o o n
� S p a t i a l  l o c a l i t y :  i f  a n  i t e m  i s  r e f e r e n c e d ,  i t e m s  w h o s e  
a d d r e s s e s  a r e  c l o s e  b y  t e n d  t o  b e  r e f e r e n c e d  s o o n

Probability
of reference

address space0 2n - 1

W h y  H ier a r c h y  W o r k s ?
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Control

Datapath

Secondary
Storage
(Disk)

Processor

R
egisters

Second
Level
Cache

(SRAM)

Main
Memory
(DRAM)

O
n-C

hip
C

ache

1‘s 10,000,000‘s  
(10’s ms)

Speed (ns): 10‘s 100‘s

100‘s G’sSize (bytes): K’s M’s

Tertiary
Storage
(Disk)

10,000,000,000‘s  
(10’s sec)

T’s

H o w  D o es  I t W o r k ?
� T emporal  l oc al i ty : k eep most rec entl y  ac c essed data i tems 

c l oser to th e proc essor
� S pati al  l oc al i ty : mov e b l oc k s c onsi sts of

c onti g u ou s w ords to th e u pper l ev el s 



CPU Registers
100s Bytes
<10s ns
Cache
K Bytes
10-100 ns
$.01-.001/bit
Main Memory
M Bytes
100ns-1us
$.01-.001
Disk
G Bytes
ms
10-3 - 10-4 cents

Capacity
Access Time
Cost

Tape
infinite
sec-min
10-6

Registers

Cache

Memory

Disk

Tape

Instr. Operands

Blocks

Pages

Files

Staging
Transfer Unit

prog./compiler
1-8 bytes

cache controller
8-128 bytes

OS
512-4K bytes

user/operator
Mbytes

Upper Level

Lower Level

faster

Larger

L ev els  o f  M em o r y  H ier a r c h y
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H o w  I s  th e H ier a r c h y  M a na g ed ?
� R eg is t ers  < ->  Memory
� b y  c o m p i l e r  ( p r o g r a m m e r ? )

� cache < ->  memory
� b y  t h e  h a r d w a r e

� memory < ->  d is k s
� b y  t h e  h a r d w a r e  a n d  o p e r a t i n g  s y s t e m  ( v i r t u a l  

m e m o r y )
� b y  t h e  p r o g r a m m e r  ( f i l e s )
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M em o r y  H ier a r c h y  T ec h no lo g y
� R an d om acces s :
� Ac c e s s  t i m e  s a m e  f o r  a l l  l o c a t i o n s
� DRAM:  Dynamic Random Access Memory

� H i g h  densi ty ,  l ow  pow er,  c h eap,  sl ow
� Dy nami c : need to b e refresh ed reg u l arl y
� Addresses i n 2  h al v es ( memory  as a 2 D matri x ) :

� RAS/CAS  (Row/Column Access Strobe)
� U se for mai n memory

� S RAM:  S t at ic Random Access Memory
� L ow  densi ty ,  h i g h  pow er,  ex pensi v e,  fast
� S tati c : c ontent w i l l  l ast  ( forev er u nti l  l ose pow er)
� Address not di v i ded
� U se for c ac h es

Memory-11 Computer Architecture
CTKing/TTHwang

C o m p a r is o ns  o f  V a r io us  T ec h no lo g ies

Memory
technology

$ per GB
in 2004

SRAM $4000 – $10,000

DRAM

Magnetic 
disk

$0.05 – $2

Typical access
time

0.5 – 5 ns

50 – 70 ns

5,000,000 –
20,000,000 ns

$100 – $200
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M em o r y  H ier a r c h y  T ec h no lo g y
� P erf orman ce of  main  memory: 
� L a t e n c y :  r e l a t e d  d i r e c t l y  t o  C ach e Miss P enal t y

� Ac c ess T i me: ti me b etw een req u est and w ord arri v es
� C y c l e T i me: ti me b etw een req u ests

� B a n d w i d t h :  L a r g e  B l o c k  Mi s s  P e n a l t y  ( i n t e r l e a v e d  
m e m o r y ,  L 2 )

� Non -s o-ran d om acces s  t echn ol og y:
� Ac c e s s  t i m e  v a r i e s  f r o m  l o c a t i o n  t o  l o c a t i o n  a n d  f r o m  

t i m e  t o  t i m e ,  e .g .,  d i s k ,  C DRO M
� S eq u en t ial  acces s  t echn ol og y: acces s  t ime l in ear in  

l ocat ion  ( e. g . ,  t ap e)
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Lower Level
MemoryUpper Level

Memory
To Processor

From Processor
Block X

Block Y

M em o r y  H ier a r c h y :  T er m ino lo g y
� H it : d at a ap p ears  in  u p p er l ev el  ( B l ock  X ) 
� H i t  r a t e :  f r a c t i o n  o f  m e m o r y  a c c e s s  f o u n d  i n  t h e  u p p e r  l e v e l
� H i t  t i m e :  t i m e  t o  a c c e s s  t h e  u p p e r  l e v e l

� R AM  ac c ess ti me +  T i me to determi ne h i t/ mi ss
� Mis s : d at a n eed s  t o b e ret riev ed  f rom a b l ock  in  t he l ow er l ev el  ( B l ock  Y )
� Mi s s  Ra t e =  1  - ( H i t  Ra t e )
� Mi s s  P e n a l t y :  t i m e  t o  r e p l a c e  a  b l o c k  i n  t h e  u p p e r  l e v e l   +  t i m e  t o  d e l i v e r  t h e  b l o c k  t o  t h e  p r o c e s s o r  ( l a t e n c y  +  t r a n s m i t  t i m e )

� H it  T ime < <  Mis s  P en al t y

Memory-14 Computer Architecture
CTKing/TTHwang

4  Q ues tio ns  f o r  H ier a r c h y  D es ig n
Q 1: W here can  a b l ock  b e p l aced  in  t he u p p er l ev el ?

= >  b lock p la ce m e n t
Q 2 : H ow  is  a b l ock  f ou n d  if  it  is  in  t he u p p er l ev el ?

= >  b lock i d e n t i f i ca t i on
Q 3 : W hich b l ock  s hou l d  b e rep l aced  on  a mis s ?

= >  b lock r e p la ce m e n t
Q 4 : W hat  hap p en s  on  a w rit e?

= >  w r i t e  s t r a t e g y
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Proc essor

M em
$

M emory

referenc e stream 
<op, addr> ,  <op, addr> , <op, addr> , <op, addr> ,  . . .
op: i -fetc h ,  read,  w ri te

Optimize the memory system organization
to minimize the av erage memory ac c ess time
f or typic al  w ork l oad s

W ork l oad or
B enc h mark
prog rams

M em o r y  S y s tem  D es ig n
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S um m a r y  o f  M em o r y  H ier a r c h y
� T w o d if f eren t  t yp es  of  l ocal it y:
� T e m p o r a l  L o c a l i t y  ( L o c a l i t y  i n  T i m e )
� S p a t i a l  L o c a l i t y  ( L o c a l i t y  i n  S p a c e )

� U s in g  t he p rin cip l e of  l ocal it y:
� P r e s e n t  t h e  u s e r  w i t h  a s  m u c h  m e m o r y  a s  i s  a v a i l a b l e  

i n  t h e  c h e a p e s t  t e c h n o l o g y .
� P r o v i d e  a c c e s s  a t  t h e  s p e e d  o f f e r e d  b y  t h e  f a s t e s t  

t e c h n o l o g y .
� D R A M is  s l ow  b u t  cheap  an d  d en s e:
� G o o d  f o r  p r e s e n t i n g  u s e r s  w i t h  a  B I G  m e m o r y  s y s t e m

� S R A M is  f as t  b u t  ex p en s iv e,  n ot  v ery d en s e:
� G o o d  c h o i c e  f o r  p r o v i d i n g  u s e r s  F AS T  a c c e s s e s
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Outline
� Memory hierarchy
� T he b as ics  of  caches
� Meas u rin g  an d  imp rov in g  cache p erf orman ce
� V irt u al  memory
� A  common  f ramew ork  f or memory hierarchy
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B a s ic s  o f  C a c h e
� O u r f irs t  ex amp l e: d i r e ct -m a p p e d  ca ch e
� B l ock  P l acemen t  :
� F o r  e a c h  i t e m  o f  d a t a  a t  t h e  l o w e r  l e v e l ,  t h e r e  i s  e x a c t l y  o n e  l o c a t i o n  i n  c a c h e  w h e r e  i t  m i g h t  b e
� Ad d r e s s  m a p p i n g :  m o d u l o  n u m b e r  o f  b l o c k s

� B l ock  id en t if icat ion  :
� H o w  t o  k n o w  i f  a n  i t e m  i s  i n  c a c h e ?  
� I f  i t  i s ,  h o w  d o  w e  f i n d  i t ?

T a g  a n d  v a l i d  b i t

M e m o r y
0 0 0 0 1 0 0 1 0 1 0 1 0 0 1 0 1 1 0 1 1 0 0 0 1 1 0 1 0 1 1 1 0 0 1 1 1 1 0 1

00
0

00
1

01
0

01
1

10
0

10
1

11
0

11
1
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� 10 K  w ord s ,
1-w ord  b l ock :
� C a c h e  i n d e x :

l o w e r  1 0  b i t s
� C a c h e  t a g :

u p p e r  2 0  b i t s
� V a l i d  b i t  ( W h e n  

s t a r t  u p ,  v a l i d  i s  
0 )

F ig .  7 . 7

A c c es s ing  a  C a c h e
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H its  a nd  M is s es
� R ead  hit s : t his  is  w hat  w e w an t !
� R ead  mis s es
� B l o c k  r e p l a c e m e n t  ?
� S t a l l  C P U ,  f r e e z e  r e g i s t e r  c o n t e n t s ,  f e t c h  b l o c k  f r o m  

m e m o r y ,  d e l i v e r  t o  c a c h e ,  r e s t a r t
� W rit e hit s : k eep  cache/ memory con s is t en t ?
� W r i t e -t h r o u g h :  w r i t e  t o  c a c h e  a n d  m e m o r y  a t  s a m e  

t i m e  = >  b u t  m e m o r y  i s  v e r y  s l o w !
� W r i t e -b a c k :  w r i t e  t o  c a c h e  o n l y  ( w r i t e  t o  m e m o r y  w h e n  

t h a t  b l o c k  i s  b e i n g  r e p l a c e d )
� N eed a d irty b it for eac h  b l oc k

� DE C S t a t i o n 3 1 0 0  u s e s  w r i t e -t h r o u g h ,  b u t  n o  n e e d  t o  
c o n s i d e r  h i t  o r  m i s s  o n  a  w r i t e  ( o n e  b l o c k  h a s  o n e  w o r d )
� i ndex  th e c ac h e u si ng  b i ts 1 5 -2  of th e address
� w ri te b i ts 3 1 -1 6  i nto tag ,  w ri te data,  set v al i d
� w ri te data i nto mai n memory
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H its  a nd  M is s es
� W rit e mis s es :
� W r i t e -a l l o c a t e d :  r e a d  b l o c k  i n t o  c a c h e ,  w r i t e  t h e  w o r d

� l ow  mi ss rate,  c ompl ex  c ontrol ,  matc h  w i th  w ri te-b ac k
� W r i t e -n o n -a l l o c a t e :  w r i t e  d i r e c t l y  i n t o  m e m o r y

� h i g h  mi ss rate,  easy  c ontrol ,  matc h  w i th  w ri te-th rou g h
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In t r in s it y
F a s tM A T
H  
 

In s t r u c t io n  
m is s  r a te  

D a ta  
m is s  
r a te  

E ffe c t iv e  
c o m b in e d  
m is s  r a te  

 0 .4 %  11 .4 %  3 .2 %  

    
 

 

M is s  R a te
� Mis s  rat e of  I n s t rin s it y F as t MA T H f or S P E C 2 0 0 0  

B en chmark :

F ig .  7 . 10
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� U s e a w r i t e  b u f f e r ( W B ):
� P r o c e s s o r :  w r i t e s  d a t a  i n t o  c a c h e  a n d  W B
� Me m o r y  c o n t r o l l e r :  w r i t e  W B  d a t a  t o  m e m o r y

� W rit e b u f f er is  j u s t  a F I F O :
� T y p i c a l  n u m b e r  o f  e n t r i e s :  4

� Memory s ys t em d es ig n er’s  n ig ht mare:
� S t o r e  f r e q u e n c y  >   1  /  DRAM w r i t e  c y c l e
� W r i t e  b u f f e r  s a t u r a t i o n  = >  C P U  s t a l l e d

Proc essor C ac h e

W ri te B u ffer

DR AM

A v o id  W a iting  f o r  M em o r yin W r ite T h r o ug h
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Address (showing b it positions)

16 12 Byte 
offset

V Tag Data

Hit Data

16 32

4K  
entries

16 bits 128 bits

Mux

32 32 32

2

32

Block offsetIndex

Tag

31      16 15           4 3 2 1 0

E x p lo iting  S p a tia l L o c a lity  ( I )
� I n creas e b l ock  s iz e f or s p at ial  l ocal it y

T ot al  n o.  of
t ag s  an d
v al id  b it s
red u ced

F ig .  7 . 9
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E x p lo iting  S p a tia l L o c a lity  ( I I )
� I n creas e b l ock  s iz e f or s p at ial  l ocal it y

� R ead  mis s  : b rin g  b ack  t he w hol e b l ock
� W rit e: check  t ag  an d  w rit e at  s ame t ime ( W R -

al l ocat e)
if  t ag  mat ch: O K ;  if  n ot ,  read  b l ock  an d  w rit e ag ain  
( more t han  on e w ord  in  a b l ock ) 

� I n creas e b l ock  s iz e t en d s  t o d ecreas e mis s  rat e

B lo c k  S iz e o n P er f o r m a nc e

F ig .  7 . 8
Memory-27 Computer Architecture

CTKing/TTHwang

Miss
Penalty

Block Size

Miss
Rate Exploits Spatial Locality

Fewer blocks: 
compromises
temporal locality

Ave. Access
Time

Increased Miss Penalty
& Miss Rate

Block Size Block Size

B lo c k  S iz e T r a d eo f f
� L arg er b l ock  s iz e t ak e ad v an t ag e of  s p at ial  l ocal it y 

an d  imp rov e mis s  rat io,  B U T :
� L a r g e r  b l o c k  s i z e  m e a n s  l a r g e r  m i s s  p e n a l t y :

� T ak es l ong er ti me to fi l l  u p th e b l oc k
� I f  b l o c k  s i z e  t o o  b i g ,  m i s s  r a t e  g o e s  u p

� T oo few  b l oc k s i n c ac h e = >  h i g h  c ompeti ti on
� A v erag e acces s  t ime:

=  h i t  t i m e  x  ( 1  - m i s s  r a t e ) + m i s s  p e n a l t y  x  m i s s  r a t e
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CPU

Cache

Bus

Memory

a. One-word -wide 
 memory organization  
 

CPU

Bus

b. Wide memory organization

Memory

Multiplexor

Cache

CPU

Cache

Bus

Memory 
bank 1

Memory 
bank 2

M emory 
bank 3

Memory  
bank 0

c. Interleaved memory organization

M em o r y  D es ig n to  S up p o r t C a c h e
� H ow  t o in creas e memory b an d w id t h t o red u ce mis s  

p en al t y?

F ig .  7 . 11
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D1 available
Start access for D1

Start access for D2

Cycle time
Access time

Access
Bank 0 again

Access
Bank 0,1,2, 3

I nter lea v ing  f o r  B a nd w id th
� A cces s  p at t ern  w it hou t  in t erl eav in g :

� A cces s  p at t ern  w it h in t erl eav in g

Transfer time

Data ready
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M is s  P ena lty  f o r  D if f er ent M em o r y  Or g a niz a tio ns
A s s u me
� 1 memory b u s  cl ock  t o s en d  t he ad d res s
� 15  memory b u s  cl ock s  f or each D R A M acces s  in it iat ed
� 1 memory b u s  cl ock  t o s en d  a w ord  of  d at a
� A  cache b l ock  =   4   w ord s
� T hree memory org an iz at ion s  :

� A  on e-w ord -w id e b an k of  D R A MsMis s  p en al t y =  1 +  4  x  15  +  4  x  1 =  6 5
� A  t w o-w ord -w id e b an k of  D R A MsMis s  p en al t y =  1 +  2  x  15  +  2  x  1 =  3 3
� A  f ou r-b an k ,  on e-w ord -w id e b an k of  D R A MsMis s  p en al t y =  1 +  1 x  15  +  4  x  1 =  2 0
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C a c h e P er f o r m a nc e
� S imp l if ied  mod el : ( in s t ru ct ion  mis s es )

C P U  t ime =  ( C P U  ex ecu t ion  cycl es  +  
memory s t al l  cycl es ) x  cycl e t ime

Memory s t al l  cycl es  =  in s t ru ct ion  cou n t  x  
mis s  rat io x  mis s  p en al t y

� I mp act  on  p erf orman ce: ( d at a mis s es )
� S u p p o s e  C P U  e x e c u t e s  a t  c l o c k  r a t e  =  2 0 0 MH z ,  

C P I = 1 .1 ,  5 0 %  a r i t h / l o g i c ,  3 0 %  l d / s t ,  2 0 %  c o n t r o l
� 1 0 %  m e m o r y  o p . g e t  5 0 -c y c l e  m i s s  p e n a l t y
� C P I  =  i d e a l  C P I  +  a v e r a g e  s t a l l s  p e r  i n s t r u c t i o n

=  1 .1 + ( 0 .3 0  m o p s / i n s  x  0 .1 0  m i s s / m o p  x  5 0  c y c l e / m i s s )  
=  1 .1  c y c l e  +   1 .5  c y c l e  =  2 . 6  
� 5 8  %  o f  t h e  t i m e  C P U  s t a l l e d  w a i t i n g  f o r  m e m o r y !
� 1 %  i n s t . m i s s  r a t e  a d d s  e x t r a  0 .5  c y c l e s  t o  C P I !
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I m p r o v ing  C a c h e P er f o r m a nc e
� D ecreas in g  t he mis s  rat io
� R ed u ce t he t ime t o hit  in  t he cache
� D ecreas in g  t he mis s  p en al t y

Memory-33 Computer Architecture
CTKing/TTHwang

:

Cache Data
Byte 0

0431

:

Cache Tag (27 bits long)

Valid Bit

:

Byte 1Byte 31 :

Byte 32Byte 33Byte 63 :

Cache Tag

Byte Select
Ex: 0x01

X

X
X

X

X

R ed uc e M is s  R a tio  w ith  A s s o c ia tiv ity
� A  f u l l y as s ociat iv e cache:
� C o m p a r e  c a c h e  t a g s  o f  a l l  c a c h e  e n t r i e s  i n  p a r a l l e l
� E x .:  B l o c k  S i z e  =  8  w o r d s ,  N  2 7 -b i t  c o m p a r a t o r s
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Cache Data
Cache Block 0

Cache TagValid

:: :

Cache Data
Cache Block 0

Cache Tag Valid

: ::

Cache Index

MUX 01Sel1 Sel0

Cache Block

Compare
Addr Tag

Compare

OR

Hit

S et-A s s o c ia tiv e C a c h e
� N-w ay: N en t ries  f or each cache in d ex
� N  d i r e c t  m a p p e d  c a c h e s  o p e r a t e s  i n  p a r a l l e l

� E x amp l e: t w o-w ay s et  as s ociat iv e cache
� C a c h e  I n d e x  s e l e c t s  a  s e t  f r o m  t h e  c a c h e
� T h e  t w o  t a g s  i n  t h e  s e t  a r e  c o m p a r e d  i n  p a r a l l e l
� Da t a  i s  s e l e c t e d  b a s e d  o n  t h e  t a g  r e s u l t
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T ag D ata T ag D a ta Tag D a ta T a g D a ta T a g D a ta Ta g D a ta Ta g D ata T ag D ata

E ig h t-w a y  se t a sso c iat iv e  (fu lly  a ss oc iative )

T ag D ata Tag D a ta T a g D a ta Ta g D a ta

F ou r-w ay  s e t as soc ia tiv e

S e t

0

1

T ag D ata

(d irec t m a pp ed )

B lock

0

7

1

2

3

4

5

6

T a g D a ta

T w o- w a y se t a ss o cia tiv e

S e t

0

1

2

3

Ta g D a ta

A n  8 -b l ock  cache

P o s s ib le A s s o c ia tiv ity S tr uc tur es

F ig .  7 . 14
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� P l acemen t  of  a b l ock  w hos e ad d res s  is  12 :

1 
2

Tag

Data

Block # 0 1 2 3 4 5 6 7

Search

1 
2

Tag

Data

Set # 0 1 2 3

Search

1 
2

Tag

Data

Search

B lo c k  P la c em ent

F ig .  7 . 13
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D a ta  P la c em ent P o lic y
� D irect  map p ed  cache:
� E a c h  m e m o r y  b l o c k  m a p p e d  t o  o n e  l o c a t i o n
� N o  n e e d  t o  m a k e  a n y  d e c i s i o n
� C u r r e n t  i t e m  r e p l a c e s  p r e v i o u s  o n e  i n  l o c a t i o n

� N-w ay s et  as s ociat iv e cache:
� E a c h  m e m o r y  b l o c k  h a s  c h o i c e  o f  N   l o c a t i o n s

� F u l l y as s ociat iv e cache:
� E a c h  m e m o r y  b l o c k  c a n  b e  p l a c e d  i n  AN Y  c a c h e  l o c a t i o n

� Mis s es  in  N-w ay s et -as s ociat iv e or f u l l y as s ociat iv e cache:
� B r i n g  i n  n e w  b l o c k  f r o m  m e m o r y
� T h r o w  o u t  a  b l o c k  t o  m a k e  r o o m  f o r  n e w  b l o c k
� N e e d  t o  d e c i d e  o n  w h i c h  b l o c k  t o  t h r o w  o u t
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C a c h e B lo c k  R ep la c em ent
� E as y f or d irect  map p ed
� S et  as s ociat iv e or f u l l y as s ociat iv e:
� Ra n d o m
� L RU  ( L e a s t  Re c e n t l y  U s e d ) :

� H ardw are k eeps trac k  of th e ac c ess h i story  and repl ac e 
th e b l oc k  th at h as not b een u sed for th e l ong est ti me

� An  e x a m p l e  o f  a  p s e u d o  L RU :
� u se a poi nter poi nti ng  at eac h  b l oc k  i n tu rn
� w h enev er an ac c ess to th e b l oc k  th e poi nter i s poi nti ng  
at,  mov e th e poi nter to th e nex t b l oc k

� w h en need to repl ac e,  repl ac e th e b l oc k  c u rrentl y  
poi nted at
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C o m p a r ing  th e S tr uc tur es
� N-w ay s et -as s ociat iv e cache
� N  c o m p a r a t o r s  v s . 1
� E x t r a  MU X  d e l a y  f o r  t h e  d a t a
� Da t a  c o m e s  AF T E R H i t / Mi s s  d e c i s i o n  a n d  s e t  s e l e c t i o n

� D irect  map p ed  cache
� C a c h e  b l o c k  i s  a v a i l a b l e  B E F O RE  H i t / Mi s s :
� P o s s i b l e  t o  a s s u m e  a  h i t  a n d  c o n t i n u e ,  r e c o v e r  l a t e r  i f  

m i s s
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A d d r e s s

2 2 8

V T a gI n d e x
0
1
2

2 5 3
2 5 4
2 5 5

D a ta V T a g D a ta V T a g D a t a V T a g D a t a

3 22 2

4 - to - 1  m u l t ip le x o r

H i t D a t a

123891 01 11 23 03 1 0

A  4 -W a y  S et-A s s o c ia tiv e C a c h e

� I n creas in g  as s ociat iv it y s hrin k s  in d ex ,  ex p an d s  t ag F ig .  7 . 17
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0 %

3 %

6 %

9 %

1 2%

1 5%

E ig h t-w ayF ou r-w a yT w o -w ayO n e -w a y

1  K B  

2  K B  

4  K B  

8  K B

M
is

s 
ra

te

A s so c ia t iv ity 1 6  K B  

3 2  K B  

6 4  K B  

1 28  K B
Asso. 2-way                   4-way              8-way
Size LRU Rdm LRU Rdm LRU Rdm
16 KB 5.2% 5.7% 4.7% 5.3% 4.4% 5.0%
64 KB 1.9% 2.0% 1.5% 1.7% 1.4% 1.5%
256 KB 1.15% 1.17% 1.13% 1.13% 1.12% 1.12%

C a c h e P er f o r m a nc e
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R ed uc e M is s  P ena ltyw ith  M ultilev el C a c h es
� A d d  a s econ d  l ev el  cache:
� O f t e n  p r i m a r y  c a c h e  i s  o n  s a m e  c h i p  a s  C P U
� L 1  f o c u s e s  o n  m i n i m i z i n g  h i t  t i m e  t o  r e d u c e  e f f e c t i v e  

C P U  c y c l e  = >  f a s t e r ,  h i g h e r  m i s s  r a t e
� L 2  f o c u s e s  o n  m i s s  r a t e  t o  r e d u c e  m i s s  p e n a l t y

= >  m i s s  p e n a l t y  g o e s  d o w n  i f  d a t a  i s  i n  L 2  c a c h e
� Av e r a g e  a c c e s s  t i m e

=  L 1  h i t  t i m e  +  L 1  m i s s  r a t e  × L 1  m i s s  p e n a l t y
� L 1  m i s s  p e n a l t y

=  L 2  h i t  t i m e  +  L 2  m i s s  r a t e  × L 2  m i s s  p e n a l t y
� E x amp l e:
� C P I  o f  1 .0  o n  a  5 0 0 Mh z  m a c h i n e  w i t h  a  5 %  m i s s  r a t e ,  

2 0 0 n s  DRAM a c c e s s
� Ad d i n g  a  L 2  c a c h e  w i t h  2 0 n s  a c c e s s  t i m e  d e c r e a s e s  

o v e r a l l  m i s s  r a t e  t o  2 % ,  w h a t  m i s s  p e n a l t y  r e d u c e d ?
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S o ur c es  o f  C a c h e M is s es
� C omp u l s ory ( col d  s t art ,  p roces s  mig rat ion ):
� F i r s t  a c c e s s  t o  a  b l o c k ,  n o t  m u c h  w e  c a n  d o
� N o t e :  I f  y o u  a r e  g o i n g  t o  r u n  b i l l i o n s  o f  i n s t r u c t i o n ,  

c o m p u l s o r y  m i s s e s  a r e  i n s i g n i f i c a n t
� C on f l ict ( col l is ion ):
� > 1  m e m o r y  b l o c k s  m a p p e d  t o  s a m e  l o c a t i o n
� S o l u t i o n  1 :  i n c r e a s e  c a c h e  s i z e
� S o l u t i o n  2 :  i n c r e a s e  a s s o c i a t i v i t y

� C ap acit y:
� C a c h e  c a n n o t  c o n t a i n  a l l  b l o c k s  b y  p r o g r a m
� S o l u t i o n :  i n c r e a s e  c a c h e  s i z e

� I n v al id at ion :
� B l o c k  i n v a l i d a t e d  b y  o t h e r  p r o c e s s  ( e .g .,  I / O )  t h a t  

u p d a t e s  t h e  m e m o r y  
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Associativity

Cache Size

Block Size

Bad

Good

Less More

Factor A Factor B

C a c h e D es ig n S p a c e
� S ev eral  in t eract in g  d imen s ion s
� c a c h e  s i z e
� b l o c k  s i z e
� a s s o c i a t i v i t y
� r e p l a c e m e n t  p o l i c y
� w r i t e -t h r o u g h  v s w r i t e -b a c k
� w r i t e  a l l o c a t i o n

� T he op t imal  choice is  a comp romis e
� d e p e n d s  o n  a c c e s s  c h a r a c t e r i s t i c s

� w ork l oad
� u se ( I -c ac h e,  D-c ac h e,  T L B )

� d e p e n d s  o n  t e c h n o l o g y  /  c o s t
� S imp l icit y of t en  w in s

Memory-45 Computer Architecture
CTKing/TTHwang

C a c h e S um m a r y
� P rin cip l e of  L ocal it y:
� P r o g r a m  l i k e l y  t o  a c c e s s  a  r e l a t i v e l y  s m a l l  p o r t i o n  o f  

a d d r e s s  s p a c e  a t  a n y  i n s t a n t  o f  t i m e
� T emporal  l oc al i ty : l oc al i ty  i n ti me
� S pati al  l oc al i ty : l oc al i ty  i n spac e

� T hree maj or cat eg ories  of  cache mis s es :
� C o m p u l s o r y :  e .g .,  c o l d  s t a r t  m i s s e s .
� C o n f l i c t :  i n c r e a s e  c a c h e  s i z e  o r  a s s o c i a t i v i t y
� C a p a c i t y :  i n c r e a s e  c a c h e  s i z e

� C ache d es ig n  s p ace
� t o t a l  s i z e ,  b l o c k  s i z e ,  a s s o c i a t i v i t y
� r e p l a c e m e n t  p o l i c y
� w r i t e -h i t  p o l i c y  ( w r i t e -t h r o u g h ,  w r i t e -b a c k )
� w r i t e -m i s s  p o l i c y
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Outline
� Memory hierarchy
� T he b as ics  of  caches
� Meas u rin g  an d  imp rov in g  cache p erf orman ce
� V irt u al  memory
� A  common  f ramew ork  f or memory hierarchy
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V ir tua l M em o r y
� P rov id e il l u s ion  of  a l arg e s in g l e-l ev el  s t ore
� E v e r y  p r o g r a m  h a s  i t s  o w n  a d d r e s s  s p a c e ,  s t a r t i n g  a t  

a d d r e s s  0 ,  o n l y  a c c e s s i b l e  t o  i t s e l f
� y et,  any  c an ru n any w h ere i n ph y si c al  memory
� ex ec u ted i n a name spac e ( v i rtu al  address spac e)  
di fferent from memory  spac e ( ph y si c al  address spac e)

� v i rtu al  memory  i mpl ements th e transl ati on from v i rtu al  
spac e to ph y si c al  spac e 

� E v e r y  p r o g r a m  h a s  l o t s  o f  m e m o r y  ( >  p h y s i c a l  m e m o r y )
� Man y p rog rams  ru n  at  on ce w it h p rot ect ion  an d  

s harin g
� O S  ru n s  al l  t he t ime an d  al l ocat es  p hys ical  res ou rces
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� V iew  main  memory as  a cache f or d is k

Disk addresses

A ddress translation

V ir tua l M em o r y

F ig .  7 . 19
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W h y  V ir tua l M em o r y ?
� E f f icien t  an d  s af e s harin g  of  main  memory amon g  

mu l t ip l e p rog rams
� Ma p  m u l t i p l e  v i r t u a l  a d d r e s s e s  t o  s a m e  p h y s i c a l  a d d r .

� R emov e p rog .  b u rd en  of  a s mal l  p hys ical  memory
� G en eral it y: ru n  p rog rams  l arg er t han  s iz e of  p hys ical  

memory
� P rot ect ion : reg ion s  of  ad d res s  s p ace can  b e read -

on l y,  ex cl u s iv e,  . . .
� F l ex ib il it y: p ort ion s  of  a p rog ram can  b e p l aced  

an yw here,  w it hou t  rel ocat ion
� S t orag e ef f icien cy: ret ain  on l y mos t  imp ort an t  

p ort ion s  of  p rog ram in  memory
� C on cu rren t  p rog rammin g  an d  I / O : ex ecu t e ot her 

p roces s es  w hil e l oad in g / d u mp in g  p ag e

Memory-50 Computer Architecture
CTKing/TTHwang

B a s ic  I s s ues  in V ir tua l M em o r y
� S iz e of  d at a b l ock s t hat  are t ran s f erred  f rom d is k  t o 

main  memory
� W hen  memory is  f u l l ,  t hen  s ome reg ion  of  memory 

mu s t  b e rel eas ed  t o mak e room f or t he n ew  b l ock  = >  
rep l acemen t  p ol icy

� W hich reg ion  of  memory t o hol d  n ew  b l ock
= >  p l acemen t  p ol icy

� W hen  t o f et ch mis s in g  it ems  f rom d is k ?
� F e t c h  o n l y  o n  a  f a u l t   = >   d e m a n d  l o a d  p o l i c y

pages

register cache memory disk

frame
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P a g ing
� V irt u al  an d  p hys ical  ad d res s  s p ace 

p art it ion ed  in t o b l ock s  of  eq u al  s iz e
� K ey op erat ion : ad d res s  map p in g

MAP:  V → M  ∪ {∅ }   ad d r e s s  m ap p i n g  f u n c t i o n
MAP( a)   =   a'   i f  d at a at  v i r t u al  ad d r e s s  a i s  p r e s e n t  i n

p h y s i c al  ad d r e s s  a' an d   a' i n  M
=   ∅ i f  d at a at  v i r t u al  ad d r e s s  a i s  n o t  p r e s e n t  i n  M

page framespages

Processor

Name Space V

Addr Trans
Mechanism

fault
handler

Main
Memory

Secondary
Memory

a

a
a'

∅

missing item fault

physical address OS does this transfer



Memory-52 Computer Architecture
CTKing/TTHwang

K ey  D ec is io ns  in P a g ing
� H u g e mis s  p en al t y: a p ag e f au l t  may t ak e mil l ion s  of  

cycl es  t o p roces s
� P a g e s  s h o u l d  b e  f a i r l y  l a r g e  ( e .g .,  4 K B )  t o  a m o r t i z e  t h e  

h i g h  a c c e s s  t i m e
� Re d u c i n g  p a g e  f a u l t s  i s  i m p o r t a n t

� L R U  repl ac ement i s w orth  th e pri c e
� fu l l y  assoc i ati v e pl ac ement
= >  u se pag e tab l e ( i n memory )  to l oc ate pag es

� C a n  h a n d l e  t h e  f a u l t s  i n  s o f t w a r e  i n s t e a d  o f  h a r d w a r e ,  
b e c a u s e  h a n d l i n g  t i m e  i s  s m a l l  c o m p a r e d  t o  d i s k  
a c c e s s
� th e softw are c an b e v ery  smart or c ompl ex
� th e fau l ti ng  proc ess c an b e c ontex t-sw i tc h ed

� U s i n g  w r i t e -t h r o u g h  i s  t o o  e x p e n s i v e ,  s o  w e  u s e  w r i t e  
b a c k  < =  w r i t e  p o l i c y
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C h o o s ing  th e P a g e S iz e
� Min imiz e w as t ed  s t orag e:
� s m a l l  p a g e  m i n i m i z e s  i n t e r n a l  f r a g m e n t a t i o n
� s m a l l  p a g e  i n c r e a s e  s i z e  o f  p a g e  t a b l e

� Min imiz e t ran s f er t ime:
� l a r g e  p a g e s  ( m u l t i p l e  d i s k  s e c t o r s )  a m o r t i z e  a c c e s s  

c o s t
� s o m e t i m e s  t r a n s f e r  u n n e c e s s a r y  i n f o
� s o m e t i m e s  p r e f e t c h u s e f u l  d a t a
� s o m e t i m e s  d i s c a r d s  u s e l e s s  d a t a  e a r l y

� A  t ren d  t ow ard  l arg er p ag es  b ecau s e
� b i g  c h e a p  RAM
� i n c r e a s i n g  m e m o r y / d i s k  p e r f o r m a n c e  g a p
� l a r g e r  a d d r e s s  s p a c e s
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P a g e  o f f s e tV i r t u a l  p a g e  n u m b e r

V i r t u a l  a d d r e s s

P a g e  o f f s e tP h y s i c a l p a g e  n u m b e r

P h y s ic a l  a d d r e s s

P h y s i c a l p a g e  n u m b e rV a li d

I f  0  t h e n  p a g e  is  n o t  
p r e s e n t  in  m e m o r y

P a g e  ta b le  r e g i s te r

P a g e  ta b l e

2 0 1 2

1 8

3 1   3 0   2 9   2 8   2 7   1 5   1 4   1 3   1 2   1 1   1 0   9   8  3   2   1   0

2 9   2 8   2 7 1 5   1 4   1 3   1 2   1 1   1 0   9   8  3   2   1   0

all addresses 
generated by 
the program 
are virtual 
addresses

table located in 
physical memory

P a g e T a b les

F ig .  7 . 2 1

H ow  man y 
memory 

ref eren ces  f or 
each ad d res s  
t ran s l at ion ?
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P a g e F a ult:  W h a t H a p p ens  W h en Y o u M is s ?
� P ag e f au l t  mean s  t hat  p ag e is  n ot  res id en t  in  memory
� H ard w are mu s t  d et ect  s it u at ion  ( w hy?  how ? ),  b u t  it  

can n ot  remed y t he s it u at ion
� T heref ore,  hard w are mu s t  t rap  t o t he op erat in g  

s ys t em s o t hat  it  can  remed y t he s it u at ion
� P i c k  a  p a g e  t o  d i s c a r d  ( m a y  w r i t e  i t  t o  d i s k )
� L o a d  t h e  p a g e  i n  f r o m  d i s k
� U p d a t e  t h e  p a g e  t a b l e
� Re s u m e  t o  p r o g r a m  s o  H W  w i l l  r e t r y  a n d  s u c c e e d !

What can HW do to help the OS?
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H a nd ling  P a g e F a ults
� O S  mu s t  k n ow  w here t o f in d  t he p ag e
� C r e a t e  s p a c e  o n  d i s k  f o r  a l l  p a g e s  o f  p r o c e s s
� U s e  a  d a t a  s t r u c t u r e  t o  r e c o r d  w h e r e  e a c h  v a l i d  p a g e  

i s  o n  d i s k  ( m a y  b e  p a r t  o f  p a g e  t a b l e )
� U s e  a n o t h e r  d a t a  s t r u c t u r e  t o  t r a c k  w h i c h  p r o c e s s  a n d  

v i r t u a l  a d d r e s s e s  u s e  e a c h  p h y s i c a l  p a g e
= >  f o r  r e p l a c e m e n t  p u r p o s e

How  to deter m i ne w hi ch f r am e to r eplace?
= >  L R U  poli cy
How  to k eep tr ack  of  L R U ?
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H a nd ling  P a g e F a ults
P h ys ic a l m em o ry

D is k  s to ra ge

V a lid

1
1
1
1
0
1
1
0
1
1
0
1

P ag e  tab le
nu m b er

P h y s ica l p a ge  o r 
d is k ad d re s s

F ig .  7 . 2 2
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P a g e R ep la c em ent:  1 -b it L R U
� Assoc i ated w i th  eac h  pag e i s a referen c e fl ag:

ref fl ag  =  1   i f pag e h as b een referenc ed i n rec ent past
=  0   oth erw i se

� I f repl ac ement i s nec essary ,  c h oose any  pag e frame su c h  th at 
i ts referenc e b i t i s 0 .  T h i s i s a pag e th at h as not b een referenc ed 
i n th e rec ent past

1 0
1 0
0
0

page table entry

page
table
entry

last replaced pointer (lrp)

If replacement is to take place,
advance lrp to next entry (mod
table size) until one with a 0 bit
is found;  this is the target for
replacement;  As a side effect,
all examined PTE's have their
reference bits set to zero.

1 0

Or search for a page that is both 
not recently referenced AND not dirty

useddirty

Architecture part: support dirty and used bits in the page table (how?)
=> may need to update PTE on any instruction fetch, load, store

page fault handler:
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I m p a c t o f  P a g ing  ( I )
� P ag e t ab l e occu p ies  s t orag e

3 2 -b it  V A ,  4 K B  p ag e,  4 b yt es / en t ry
= >  2 20 P T E ,  4 MB  t ab l e

� P os s ib l e s ol u t ion s :
� U s e  b o u n d s  r e g i s t e r  t o  l i m i t  t a b l e  s i z e ;  a d d  m o r e  i f  

e x c e e d
� L e t  p a g e s  t o  g r o w  i n  b o t h  d i r e c t i o n s

= >  2  t a b l e s ,  2  l i m i t  r e g i s t e r s ,  o n e  f o r  h a s h ,  o n e  f o r  s t a c k
� U s e  h a s h i n g  = >  p a g e  t a b l e  s a m e  s i z e  a s  p h y s i c a l  

p a g e s
� Mu l t i p l e  l e v e l s  o f  p a g e  t a b l e s
� P a g e d  p a g e  t a b l e  ( p a g e  t a b l e  r e s i d e s  i n  v i r t u a l  s p a c e )
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� I B M A S 4 0 0  imp l emen t s  6 4 -b it  ad d res s es
� 4 8  b i t s  t r a n s l a t e d
� s t a r t  o f  o b j e c t  c o n t a i n s  a  1 2 -b i t  t a g

= >  T L B s o r  v i r t u a l l y  a d d r e s s e d  c a c h e s  a r e  c r i t i c a l

V.Page    P. Frame
hashVirtual

Page

=

H a s h ing :  I nv er ted  P a g e T a b les
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T w o -lev el P a g e T a b les
3 2 -b it  ad d res s :
P1 index P2 index page offset

4 bytes

4 bytes

4KB
10 10 12 1K

PTEs

� 2  G B  v irt u al  
ad d res s  s p ace
� 4  MB  of  P T E 2
� p ag ed ,  hol es
� 4  K B  of  P T E 1

What about a 48-6 4  b i t  a d d r e s s  s p a c e ?
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� Each memory operation (instruction fetch, load, 
store)  req uires a pag e-tab le access!
� Basically double number of memory operations

� I nternal frag mentation:  minimum a pag e
� P ag e fault may occur in the middle of an instruction 

and O S  must b e inv ok ed to serv e it

Impact of Paging (II)
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M ak ing A d d r e s s  T r ans l ation Pr actical
� I n V M , memory acts lik e a cache for disk
� P ag e table maps v irtual pag e numbers to ph ysical 

frames
� U se a pag e table cach e for recent translation

= >  T r a n s l a t i o n  L o o k a s i d e B u f f e r ( T L B)

CPU
TLB

Lookup Cache Main
Memory

VA PA miss

hit

data

Trans-
lation

hit

miss

20 tt1/2 t

Translation
with a TLB
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V a lid

1
1
1
1
0
1
1
0
1
1
0
1

P a g e  ta b le

P h y s ica l p a g e  
a d d re s sV a l id

T L B

1
1
1
1
0
1

T a g
V ir tu a l p a g e  

n u m b e r

P h y s ica l p a g e  
o r d is k  a d d r e s s

P h y s ic a l m e m o ry

D is k  s to ra g e

T r ans l ation L ook as id e B u ffe r

F ig .  7 . 2 3
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T r ans l ation L ook as id e B u ffe r
� T ypical R I S C  processors hav e memory management 

u ni t (M M U )  w hich includes T L B  and does pag e tab le 
look up
� T L B can be org aniz ed as fully associativ e,  set 

associativ e,  or direct mapped
� T L Bs are small,  typically <  1 2 8  - 2 5 6  entries

� Fully associative on high-end  m achines,  sm all n-w ay set 
associative on m id -r ange m achines

� T L B  hit on w rite:
� T og g le dirty bit ( w rite back  to pag e table on 

replacement)
� T L B  miss:
� I f pag e fault also = >  O S  ex ception
� I f only T L B miss = >  load P T E  into T L B ( S W  or H W ? )
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T L B  of M IPS  R 2 0 0 0
� 4K B  pag es, 3 2 -b it V A

= >  v irtual pag e numb er:  2 0  b its
� T L B  org aniz ation:
� 6 4  entries,  fully assoc. ,  serv e address and data
� 6 4 -bit/ entry ( 2 0 -bit tag ,  2 0 -bit ph ysical pag e number,  

v alid,  dirty)
� O n T L B  miss:
� H ardw are sav es pag e number to a special reg ister and 

g enerates an ex ception
� T L B miss routine finds P T E ,  uses a special set of system 

instructions to load ph ysical addr into T L B
� W rite req uests must check  a w rite access b it in T L B  to 

see if it has permit to w rite
= >  if not, an ex ception occurs
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Inst Fetch Dcd/ Reg ALU  /  E.A Memory Write Reg
TLB I-Cache          RF        Operation                              WB

E.A.    TLB D-Cache

ASID V. Page Number Offset
12206

0x x  U s e r  s e g m e n t  ( c a c h i n g  b a s e d  o n  P T / T L B  e n t r y )
1 00 K e r n e l  p h y s i c a l  s p a c e ,  c a c h e d
1 01  K e r n e l  p h y s i c a l  s p a c e ,  u n c a c h e d
1 1 x  K e r n e l  v i r t u a l  s p a c e

A l l o w s  c o n t e x t  s w i t c h i n g  a m o n g
6 4  u s e r  p r o c e s s e s  w i t h o u t  T L B  f l u s h

T L B  in Pipe l ine
� M I P S  R 3 0 0 0  P ipeline:

� T L B :  6 4  entr y,  on-chip ,   f ully associative,  sof tw ar e T L B  f ault 
hand ler

� V ir tual ad d r ess sp ace:
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Inte gr ating T L B  and  C ach e

Valid Tag Data

Page offset

Page offset

Virtual page number

Physical page num berValid

1220

20

16 14

Cache index

32

Cache

DataCache hit

2

Byte  
offset

Dirty Tag

TLB hit

Physical page number

Physica l address tag

TLB

 

 

Physical address

31 30 29  15  14 13 12 11 10 9 8  3 2 1 0 
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Yes

Deliver data 
to the CPU

Write?

Try to read data 
from cache

Write data into cache, 
update the tag, and put 

the data and the address 
into the write buffer

Cache hit?Cache miss stall

TLB hit?

TLB access

Virtual address

TLB miss 
exception

No

YesNo

YesNo

Write access 
bit on?

 

YesNo

Write protection 
exception

Physical  address
A reference may miss 
in all 3 components: 
TLB, VM, cache

Pr oce s s ing in T L B + C ach e

F ig .  7 . 2 5
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Pos s ib l e  C omb inations  of E v e nts
Cache TLB Virtual

Memory
Possible? Conditions?

Miss Hit Hit Yes; but page table never checked if
TLB hits

Hit Miss Hit TLB miss, but entry found in page
table; after retry, data in cache

Miss Miss Hit TLB miss, but entry found in page
table; after retry, data miss in cache

Miss Miss Miss TLB miss and is followed by a page
fault; after retry, data miss in cache

Miss Hit Miss No; not in TLB if page not in memory

Hit Hit Miss No; not in TLB if page not in memory

Hit Miss Miss No; not in cache if page not in
memory
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Trans-
lation Cache Main

Memory

VA PA miss

hit
data

CPU

data

Trans-
lation

Cache

Main
Memory

VA

hit

PA
CPU

V ir tu al  A d d r e s s  and  C ach e
� T L B  access is serial w ith cache access
� C ach e is ph ysically index ed and tag g ed

� A lternativ e:  v i rtu al l y ad d res s ed  c ac h e
� C ach e is v irtually index ed and v irtually tag g ed
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V ir tu al l y  A d d r e s s e d  C ach e
� R eq uire address translation only on miss!
� P rob lem:
� S y n o n y m / a l i a s  p r o b l e m :   tw o different v irtual addresses 

map to same ph ysical address
� T w o d if f er ent cache entr ies hold ing d ata f or  the sam e 
p hysical ad d r ess!

� F or update:  must update all cach e entries w ith  same 
ph ysical address or memory becomes inconsistent
� D etermining  th is req uires sig nificant h ardw are,  

essentially an associativ e look up on th e ph ysical 
address tag s to see if you h av e multiple h its;
� O r softw are enforced alias boundary:  same least-

sig nificant bits of V A  & P A  >  cach e siz e
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TLB Cache

10 2
00

4 bytes

index 1 K

page # displace
20 12

associative
lookup32

PA Hit/
Miss PA Data Hit/

Miss

=
I F cache hit A N D  ( cache tag =  P A )  then d eliver  d ata to C P U
E L S E  I F [ cache m iss O R  ( cache tag =  P A ) ]  and  T L B  hit T H E N

access m em or y w ith the P A  f r om  the T L B
E L S E  d o stand ar d  V A  tr anslation

A n A l te r nativ e :  O v e r l appe d  T L B  and  C ach e  A cce s s
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11 2
00

virt page # disp
20 12

cache 
index This bit is changed by VA 

translation, but is needed for 
cache lookup
Solutions:

go to 8K byte page sizes;
go to 2 way set associative cache
SW guarantee VA[13]=PA[13]

1K

4 4
10

2-way set
associative
cache

Pr ob l e m w ith  O v e r l appe d  A cce s s
� A ddress b its to index  into cache must not chang e as 

a result of V A  translation
� L imits to small cach es,  larg e pag e siz es,  or h ig h  n-w ay 

set associativ ity if w ant a larg e cach e
� E x . :  cach e is 8 K  bytes instead of 4 K :

Memory-75 Computer Architecture
CTKing/TTHwang

Pr ote ction w ith  V ir tu al  M e mor y
� P rotection w ith V M :
� M ust protect data of a process from being  read or 

w ritten by anoth er process
� S upports for protection:
� P ut pag e tables in th e addressing  space of O S

= >  user process cannot modify its ow n P T  and can only 
use th e storag e g iv en by O S
� H ardw are supports:  ( 2  modes:  k ernel,  user)

� P or tion of  C P U  state can b e r ead  b ut not w r itten b y a user  
p r ocess,  e. g. ,  m od e b it,  P T  p ointer
� These can be changed in kernel with special instr.

� C P U  to go f r om  user  to k er nel:  system  calls
Fr om  k er nel to user :  r etur n f r om  ex cep tion ( R FE )

� S haring :  P 2  ask s O S  to cr eate a P T E  f or  a vir tual p age in P 1 ’s 
sp ace,  p ointing to p age to b e shar ed
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A  C ommon F r ame w or k  for  M e mor y  H ie r ar ch ie s
� P olicies and features that determine how  hierarchy 

functions are similar q ualitativ ely
� F our q uestions for memory hierarchy:
� W h ere can a block  be placed in upper lev el?

� B lock  p lacem ent:  one p lace ( d ir ect m ap p ed ) ,  a f ew  
p laces ( set associative) ,  or  any p lace ( f ully associative)

� H ow  is a block  found if it is in th e upper lev el?
� B lock  id entif ication:  ind ex ing,  lim ited  sear ch,  f ull sear ch,  
look up  tab le

� W h ich  block  sh ould be replaced on a miss?
� B lock  r ep lacem ent:  L R U ,  r and om

� W h at h appens on a w rite?
� W r ite str ategy:  w r ite thr ough or  w r ite b ack
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Characteristic Intel Pentium Pro PowerPC 604
Virtual address 32 bits 52 bits
Physical address 32 bits 32 bits
Page size 4 KB, 4 MB 4 KB, selectable, and 256 MB
TLB organization A TLB for instructions and a TLB for data A TLB for instructions and a TLB for data

Both four-way set associative Both two-way set associative
Pseudo-LRU replacement LRU replacement
Instruction TLB: 32 entries Instruction TLB: 128 entries
Data TLB: 64 entries Data TLB: 128 entries
TLB misses handled in hardware TLB misses handled in hardware

Characteristic Intel Pentium Pro PowerPC 604
Cache organization Split instruction and data caches Split intruction and data caches
Cache size 8 KB each for instructions/data 16 KB each for instructions/data
Cache associativity Four-way set associative Four-way set associative
Replacement Approximated LRU replacement LRU replacement
Block size 32 bytes 32 bytes
Write policy Write-back Write-back or write-through

M od e r n S y s te ms
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C h al l e nge  in M e mor y  H ie r ar ch y
� Ev ery chang e that potentially improv es miss rate can 

neg ativ ely affect ov erall performance
D esign change E f f ects on m iss r ate P ossib le ef f ects
siz e ↑ cap acity m iss ↓ access tim e ↑
associativity ↑ conf lict m iss ↓ access tim e ↑
b lock  siz e ↑ sp atial locality ↑ m iss p enalty ↑

� T rends:
� S ynch ronous S R A M s ( prov ide a burst of data)
� R edesig n D R A M  ch ips to prov ide h ig h er bandw idth  or 

processing  
� R estructure code to increase locality
� U se prefetch ing ( mak e cach e v isible to I S A )
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S u mmar y
� C aches, T L B s, V irtual M emory all understood b y 

ex amining  how  they deal w ith four q uestions:
1 )  W h ere can block  be placed?
2 )  H ow  is block  found?
3 )  W h at block  is replaced on miss?
4 )  H ow  are w rites h andled?

� P ag e tab les map v irtual address to physical address
� T L B s are important for fast translation
� T L B  misses are sig nificant in processor performance
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S u mmar y  (cont. )
� V irtual memory w as controv ersial:  

C an S W  automatically manag e 6 4K B  across many 
prog rams?
� 1 0 0 0 X  D R A M  g row th  remov ed th e controv ersy

� T oday V M  allow s many processes to share sing le 
memory w ithout hav ing  to sw ap all processes to disk ;  
V M  protection is more important than memory 
hierarchy

� T oday C P U  time is a function of (ops, cache misses)  
v s.  j ust f(ops) :
W hat does this mean to compilers, data structures, 
alg orithms?


