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Review: Networking Summary

• Protocols allow hetereogeneous networking

• Protocols allow operation in the presense of failures

• Routing issues: store and forward vs. cut through, 
congestion, ...

• Standardization key for LAN, WAN

• Internetworking protocols used as LAN protocols => 
large overhead for LAN

• Integrated circuit revolutionizing networks as well as 
processors

• Switch is a specialized computer

• High bandwidth networks with high overheads 
violate of Amdahl’s Law
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Review: Parallel Processing 
Intro

• Long term goal of the field: scale number 
processors to size of budget, desired performance

• Successes today: 
– dense matrix scientific computing (Petrolium, 

Automotive, Aeronautics, Pharmaceuticals)

– file server, databases, web search engines

– entertainment/graphics

• Machines today: DELL WORKSTATION 400
– 333 MHz Intel Pentium® II (in Minitower)

– 128 MB ECC memory, 4GB disk, 12X CD, 19” monitor,
Appian Jeronimo Graphics card, 1yr service

– $3,947; for 2 processor, add $749
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Parallel Architecture

• Parallel Architecture extends traditional 
computer architecture with a communication 
architecture

– abstractions (HW/SW interface)

– organizational structure to realize abstraction 
efficiently
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Parallel Framework for 
Communication

• Layers:
– (see Chapter 1, Figure 1-14, page 37 of [CSG96])

– Programming Model:

» Multiprogramming : lots of jobs, no communication

» Shared address space: communicate via memory

» Message passing: send and recieve messages

» Data Parallel: several processors operate on several data 
sets simultaneously and then exchange information globally 
and simultaneously
(shared or message passing)

– Communication Abstraction:

» Shared address space: e.g., load, store, atomic swap

» Message passing: e.g., send, recieve library calls

» Debate over this topic (ease of programming, large scaling) 
=> many hardware designs 1:1 programming model
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Shared Address/Memory 
Multiprocessor Model

• Communicate via Load and Store
– Oldest and most popular model

• Based on timesharing: processes on multiple 
processors vs. sharing single processor

• process: a virtual address space 
and � 1 thread of control

– Multiple processes can overlap (share), but ALL 
threads share a process address space

• Writes to shared address space by one thread 
are visible to reads of other threads

– Usual model: share code, private stack, some 
shared heap, some private heap
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Example: Small-Scale MP Designs
• Memory: centralized with uniform access time 

(“uma”) and bus interconnect, I/O

Processor

One or 

more levels 
of cache 

ProcessorProcessor Processor

Main memory I/O system

One or 

more levels 
of cache 

One or 

more levels 
of cache 

One or 

more levels 
of cache 

FIGURE 8.1   Bas ic  s t ructure  of  a  centra l ized  shared-memory  mul t iprocessor . 
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SMP Interconnect

• Processors to Memory AND to I /O

• Bus based:  a l l  memory locat ions equal  

access t ime so SMP =  “Symmetr ic  MP”

– S h a r i n g  l i m i t e d  B W  a s  a d d  p r o c e s s o r s ,  I / O

– ( s e e  C h a p t e r  1 ,  F i g s  1 - 1 8 / 1 9 ,  p a g e  4 2 -4 3  o f  [ C S G 9 6 ] )

• Crossbar:  expensive to  expand

• Mult istage network ( less expensive to expand 

than crossbar with more BW)

• “ Dance Hall” designs: Al l  processors on the 

left ,  al l  memories on the right
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Large-Scale MP Designs
• M e m o r y :  d i s t r i b u t e d  w i t h n o n u n i f o r m a c c e s s  t i m e  ( “ n u m a ” )  a n d  

s c a l a b l e  i n t e r c o n n e c t  ( d i s t r i b u t e d  m e m o r y )

Memory I/O

Interconnection network

Memory I/O Memory I/O

Processor 
+ cache

Processor 
+ cache

Processor 
+ cache

Processor 
+ cache

Memory I/O

Memory I/O Memory I/O Memory I/O Memory I/O

Processor 
+ cache

Processor 
+ cache

Processor 
+ cache

Processor 
+ cache

FIGURE 8.2  The basic architecture of a distributed-memory machine consists of 

individual nodes containing a processor, some memory, typically some I/O, and an 

interface to an interconnection network that connects all the nodes.
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Shared Address Model 

Summary
• Each processor can name every  physical

locat ion in the machine

• Each process can name all  data it  shares with 

other  processes

• Data transfer  via load and store

• Data size:  byte,  word,  . . .  or  cache blocks

• Uses virtual  memory to map virtual  to local  or 

remote physical

• Memory hierarchy model  appl ies:  now 

communicat ion moves data to local  proc.  cache 

(as load moves data from memory to cache)

– L a t e n c y ,  B W  ( c a c h e  b l o c k ? ) ,  

s c a l a b i l i t y  w h e n  c o m m u n i c a t e ?
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Message Passing Model

• Whole computers  (CPU,  memory,  I /O devices)  

communicate as expl ici t  I /O operat ions

– E s s e n t i a l l y  N U M A  b u t  i n t e g r a t e d  a t  I / O  d e v i c e s  v s .  

m e m o r y  s y s t e m

• Send specif ies local  buffer + receiving 

process on remote computer

• Rece ive speci f ies sending process on remote 

computer + local  buffer to place data

– U s u a l l y  s e n d  i n c l u d e s  p r o c e s s  t a g  

a n d  r e c e i v e  h a s  r u l e  o n  t a g :  m a t c h  1 ,  m a t c h  a n y

– S y n c h:  w h e n  s e n d  c o m p l e t e s ,  w h e n  b u f f e r  f r e e ,  

w h e n  r e q u e s t  a c c e p t e d ,  r e c e i v e  w a i t  f o r  s e n d

• Send+rece ive  =>  memory-memory copy,  

where each each suppl ies local  address,  

AND does pairwise sychronizat ion!
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Message Passing Model
• S e n d + r e c e i v e  = >  m e m o r y- m e m o r y  c o p y , s y c h r o n i z a t i o n on  

O S  e v e n  o n  1  p r o c e s s o r

• H i s t o r y  o f  m e s s a g e  p a s s i n g :

– Network topology important because could only send to 
immediate neighbour

– Typically synchronous, blocking send & receive

– Later DMA with non-blocking sends, DMA for receive into 
buffer until  processor does receive, and then data is 
transferred to local memory

– Later SW libraries to allow arbitrary communication

• E x a m p l e :  I B M  S P- 2 ,  R S 6 0 0 0  w o r k s t a t i o n s  i n  r a c k s

– Network Interface Card has Intel  960

– 8X8 Crossbar switch as communication building block

– 40 MByte /sec per link
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Communicat ion Models
• Shared  Memory

– P r o c e s s o r s  c o m m u n i c a t e  w i t h  s h a r e d  a d d r e s s  s p a c e

– E a s y  o n  s m a l l - s c a l e  m a c h i n e s

– A d v a n t a g e s :

» Model of choice for uniprocessors, small -scale MPs

» Ease of programming

» Lower latency

» Easier to use hardware controlled caching

• Message  pass ing

– P r o c e s s o r s  h a v e  p r i v a t e  m e m o r i e s ,  

c o m m u n i c a t e  v i a  m e s s a g e s

– A d v a n t a g e s :

» Less hardware, easier to design

» Focuses attention on costly non-local operations

• Can support  e i ther  SW model  on ei ther  HW base
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Popular Flynn Categories 

(e.g., RAID level for MPPs)
• SISD (Single Instruction Single Data)

– U n i p r o c e s s o r s

• MISD (Mult iple Instruction Single Data)

– ? ? ?

• SIMD (Single Instruction Mult iple Data)

– E x a m p l e s : I l l iac-I V ,  C M - 2

» Simple programming model

» Low overhead

» Flexibility

» All custom integrated circuits

• MIMD (Mult iple Instruction Mult iple Data)

– E x a m p l e s :  S u n  E n t e r p r i s e  5 0 0 0 ,  C r a y  T 3 D ,   S G I  O r i g i n

» Flexible

» Use off-the -shelf micros
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Data Parallel Model
• O p e r a t i o n s  c a n  b e  p e r f o r m e d  i n  p a r a l l e l  o n  e a c h  

e l e m e n t  o f  a  l a r g e  r e g u l a r  d a t a  s t r u c t u r e ,  s u c h  a s  a n  

a r r a y

• 1  C o n t r o l  P r o c e s s o r  b r o a d c a s t  t o  m a n y P E s ( s e e  C h .  1 ,  
F ig .  1 - 2 6 ,  p a g e  5 1  o f  [ C S G 9 6 ] )

– When computers were large, could amortize the control 
portion of many replicated PEs

• C o n d i t i o n  f l a g  p e r  P E  s o  t h a t  c a n  s k i p

• D a t a  d i s t r i b u t e d  i n  e a c h  m e m o r y

• E a r l y  1 9 8 0 s  V L S I  = >  S I M D  r e b i r t h :  

3 2  1 - b i t P E s +  m e m o r y  o n  a  c h i p  w a s  t h e  P E

• D a t a  p a r a l l e l  p r o g r a m m i n g  l a n g u a g e s  l a y  o u t  d a t a  t o  

p r o c e s s o r
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Data Parallel Model

• Vector  processors have s imi lar ISAs,  

but no data placement restr ict ion

• SIMD led to Data Paral le l  Programming 

languages

• Advancing VLSI  led to single chip FPUs and 

whole fast  µProcs (SIMD less attract ive)

• SIMD programming model  led to  

Single Program Mult iple Data (SPMD) model

– A l l  p r o c e s s o r s  e x e c u t e  i d e n t i c a l  p r o g r a m

• Data paral le l  programming languages st i l l  

useful ,  do communicat ion al l  at  once:

“ Bulk  Synchronous” phases in which al l  

communicate after a global barrier
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Convergence in Parallel  Architecture
• Complete  computers connected to  scalable  

network via  communicat ion assist  

– ( see  Ch .  1 ,  F ig .  1 - 2 9 ,  p a g e  5 7  o f  [ C S G 9 6 ] )

• Different  programming models place di f ferent  

requirements on communicat ion assist  

– S h a r e d  a d d r e s s  s p a c e:  t i g h t  i n t e g r a t i o n  w i t h  

m e m o r y  t o  c a p t u r e  m e m o r y  e v e n t s  t h a t  i n t e r a c t  

w i t h  o t h e r s  +  t o  a c c e p t  r e q u e s t s  f r o m  o t h e r  n o d e s

– M e s s a g e  p a s s i n g :  s e n d  m e s s a g e s  q u i c k l y  a n d  

r e s p o n d  t o  i n c o m i n g  m e s s a g e s :  t a g  m a t c h ,  a l l o c a t e  

b u f f e r ,  t r a n s f e r  d a t a ,  w a i t  f o r  r e c e i v e  p o s t i n g

– D a t a  P a r a l l e l :  f a s t  g l o b a l  s y n c h r o n i z a t i o n

• Hi Per f Fortran shared-memory,  data paral lel ;  

Msg.  Passing Inter . message passing l ibrary;  

both work on many machines,  di f ferent  

implementat ions
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Fundamental  Issues

• 3 Issues to characterize paral lel  machines

1) Naming

2) Synchronizat ion

3) Latency and Bandwidth
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Fundamental  Issue #1: Naming

• N a m i n g: how to solve large problem fast

– w h a t  d a t a  i s  s h a r e d

– h o w  i t  i s  a d d r e s s e d

– w h a t  o p e r a t i o n s  c a n  a c c e s s  d a t a

– h o w  p r o c e s s e s  r e f e r  t o  e a c h  o t h e r

• Choice of  naming affects code produced by a 
compi ler;  v ia  load where just  remember 
address or  keep track of  processor number 
and local  vir tual  address for  msg.  passing

• Choice of  naming affects replication of data; 
v ia  load in cache memory hierarchy or  v ia  SW 
repl icat ion and consistency
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Fundamental  Issue #1: Naming

• Global  physical address space: 

any processor can generate,  address and 

access i t  in a single operation

– m e m o r y  c a n  b e  a n y w h e r e :  

v i r tua l a d d r.  t r a n s l a t i o n  h a n d l e s  i t

• Global  virtual address space: i f  the address 

space of  each process can  be configured to 

contain al l  shared data of  the paral lel  program

• Segmented shared address space: 

locat ions are named 

<process number ,  address> 

uniformly for al l  processes of the parallel  

program
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Fundamental Issue #2: 

Synchronization
• To cooperate ,  processes must  coordinate

• Message passing is impl ici t  coordinat ion with 

transmission or arr ival  of  data

• Shared address 

=> addit ional operations to explicit ly coordinate: 

e.g.,  write a f lag, awaken a thread, interrupt a 

processor
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Fundamental Issue #3: 

Latency and Bandwidth
• Bandwid th

– N e e d  h i g h  b a n d w i d t h  i n  c o m m u n i c a t i o n

– C a n n o t  s c a l e ,  b u t  s t a y  c l o s e

– M a t c h  l i m i t s  i n  n e t w o r k ,  m e m o r y ,  a n d  p r o c e s s o r

– O v e r h e a d  t o  c o m m u n i c a t e  i s  a  p r o b l e m  i n  m a n y  m a c h i n e s

• Latency

– A f f e c t s  p e r f o r m a n c e ,  s i n c e  p r o c e s s o r  m a y  h a v e  t o  w a i t

– A f f e c t s  e a s e  o f  p r o g r a m m i n g ,  s i n c e  r e q u i r e s  m o r e  t h o u g h t  

t o  o v e r l a p  c o m m u n i c a t i o n  a n d  c o m p u t a t i o n

• Latency Hiding

– H o w  c a n  a  m e c h a n i s m  h e l p  h i d e  l a t e n c y ?

– E x a m p l e s :  o v e r l a p  m e s s a g e  s e n d  w i t h  c o m p u t a t i o n ,

p r e f e t c h d a t a ,  s w i t c h  t o  o t h e r  t a s k s



Page 12

DAP Spr.‘98 ©UCB 23

Small-Scale— Shared Memory

• Caches serve to:

– I n c r e a s e  

b a n d w i d t h  v e r s u s  

b u s / m e m o r y

– R e d u c e  l a t e n c y  o f  

a c c e s s

– V a l u a b l e  f o r  b o t h  

p r i v a t e  d a t a  a n d  

s h a r e d  d a t a

• What  about  cache 

consistency?

Processor

One or 
more levels 
of cache 

ProcessorProcessor Processor

Main memory I/O system

One or 
more levels 
of cache 

One or 
more levels 

of cache 

One or 
more levels 

of cache 

FIGURE 8.1  Basic structure of a centralized shared-memory multiprocessor.  
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The Problem of Cache Coherency
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What Does Coherency Mean?

• Informally:

– “ A n y  r e a d  m u s t  r e t u r n  t h e  m o s t  r e c e n t  w r i t e ”

– T o o  s t r i c t  a n d  t o o  d i f f i c u l t  t o  i m p l e m e n t

• Better:

– “ A n y  w r i t e  m u s t  e v e n t u a l l y  b e  s e e n  b y  a  r e a d ”

– A l l  w r i t e s  a r e  s e e n  i n  p r o p e r  o r d e r  ( “s e r i a l i z a t i o n” )

• Two rules to ensure this:

– “ I f  P  w r i t e s  x  a n d  P 1  r e a d s  i t ,  P ’ s  w r i t e  w i l l  b e  s e e n  b y  

P 1  i f  t h e  r e a d  a n d  w r i t e  a r e  s u f f i c i e n t l y  f a r  a p a r t ”

– W r i t e s  t o  a  s i n g l e  l o c a t i o n  a r e  s e r i a l i z e d :  

s e e n  i n  o n e  o r d e r

» Latest write will be seen

» Otherewise could see writes in illogical order

(could see older value after a newer value)
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Potential  HW Coherency Solutions

• Snooping Solut ion (Snoopy Bus):

– S e n d  a l l  r e q u e s t s  f o r  d a t a  t o  a l l  p r o c e s s o r s

– P r o c e s s o r s  s n o o p  t o  s e e  i f  t h e y  h a v e  a  c o p y  a n d  r e s p o n d  

a c c o r d i n g l y  

– R e q u i r e s  b r o a d c a s t ,  s i n c e  c a c h i n g  i n f o r m a t i o n  i s  a t  p r o c e s s o r s

– W o r k s  w e l l  w i t h  b u s  ( n a t u r a l  b r o a d c a s t  m e d i u m )

– D o m i n a t e s  f o r  s m a l l  s c a l e  m a c h i n e s  ( m o s t  o f  t h e  m a r k e t )

• Directory-Based  Schemes

– K e e p  t r a c k  o f  w h a t  i s  b e i n g  s h a r e d  i n  o n e  c e n t r a l i z e d  p l a c e

– D i s t r i b u t e d  m e m o r y  = >  d i s t r i b u t e d  d i r e c t o r y  f o r  s c a l a b i l i t y

( a v o i d s  b o t t l e n e c k s )

– S e n d  p o i n t- t o- p o i n t  r e q u e s t s  t o  p r o c e s s o r s  v i a  n e t w o r k

– S c a l e s  b e t t e r  t h a n  S n o o p i n g

– A c t u a l l y  e x i s t e d  B E F O R E  S n o o p i n g- b a s e d  s c h e m e s
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Basic Snoopy Protocols

• Write Inval idate Protocol :

– M u l t i p l e  r e a d e r s ,  s i n g l e  w r i t e r

– W r i t e  t o  s h a r e d  d a t a :   a n  i n v a l i d a t e  i s  s e n t  t o  a l l  c a c h e s  

w h i c h  s n o o p  a n d  invalidate a n y  c o p i e s

– R e a d  M i s s :  

» Write -through: memory is always up-to-date

» Write -back: snoop in caches to find most recent copy

• Write Broadcast Protocol (typically write through):

– W r i t e  t o  s h a r e d  d a t a :  b r o a d c a s t  o n  b u s ,  p r o c e s s o r s  s n o o p ,  

a n d  update a n y  c o p i e s

– R e a d  m i s s :  m e m o r y  i s  a l w a y s  u p- t o- d a t e

• Write serial izat ion: b u s serial izes requests!

– B u s  i s  s i n g l e  p o i n t  o f  a r b i t r a t i o n
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Basic Snoopy Protocols

• Write Inval idate versus Broadcast:

– I n v a l i d a t e  r e q u i r e s  o n e  t r a n s a c t i o n  p e r  w r i t e -r u n

– I n v a l i d a t e  u s e s  s p a t i a l  l o c a l i t y :  o n e  t r a n s a c t i o n  p e r  b l o c k

– B r o a d c a s t  h a s  l o w e r  l a t e n c y  b e t w e e n  w r i t e  a n d  r e a d
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Snooping Cache Variations

Berkeley 

Protocol
Owned Exclusive

Owned Shared

Shared

Invalid

Basic 

Protocol

Exclusive

Shared

Invalid

I l l inois 

Protocol
Private Dirty

Private Clean

Shared

Invalid

O w n e r  c a n  u p d a t e  v i a  b u s  i n v a l i d a t e  o p e r a t i o n

O w n e r  m u s t  w r i t e  b a c k  w h e n  r e p l a c e d  i n  c a c h e

I f  r e a d  s o u r c e d  f r o m  m e m o r y ,  t h e n  P r i v a t e  C l e a n

i f  r e a d  s o u r c e d  f r o m  o t h e r  c a c h e ,  t h e n  S h a r e d

Can  wr i te  i n  cache  i f  he ld  p r i va te  c lean  o r  d i r t y

MESI  

Protocol
Modf ied (private,°Memory)

e Xclusive (private,=Memory)

Shared (shared,=Memory)

Invalid
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An Example Snoopy Protocol

• Invalidation protocol,  write -back  cache

• Each block of  memory is in one state:

– C l e a n  i n  a l l  c a c h e s  a n d  u p -t o - d a t e  i n  m e m o r y  (S h a r e d)

– O R  D i r t y  i n  e x a c t l y  o n e  c a c h e  ( E x c l u s i v e)

– O R  N o t  i n  a n y  c a c h e s

• Each cache block is in one state (track these):

– S h a r e d :  b l o c k  c a n  b e  r e a d

– O R  E x c l u s i v e :  c a c h e  h a s  o n l y  c o p y ,  i t s w r i t e a b l e,  and  

d i r ty

– O R  I n v a l i d :  b lock  con ta ins  no  da ta

• Read misses:  cause al l  caches to snoop bus

• Writes to clean l ine are treated as misses
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Snoopy-Cache State Machine-I 

• State  machine

for C P U requests

for each 

cache block
I nva l id

S h a r e d

( r e a d / o n l y )

E x c l u s i v e

( r e a d / w r i t e

)

CPU Read

CPU Write

CPU Read hi t

P lace  read  m iss

on bus

Place Write 

Miss on bus

CPU read miss

W r i t e  b a c k  b l o c k

CPU Write

Place Write Miss on Bus

CPU Read miss

P lace  read  m iss  

on  bus

CPU Write Miss

W r i t e  b a c k  c a c h e  b l o c k

Place write miss on bus

CPU read hit

CPU write hit

Cache Block

State
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Snoopy-Cache State Machine-II

• State  machine

for bus requests

for each 

cache block

• Appendix  E 

gives detai ls of 

bus requests

I nva l id
S h a r e d

( r e a d / o n l y )

E x c l u s i v e

( r e a d / w r i t e

)

W r i t e  B a c k

B lock ;  ( abo r t

m e m o r y  a c c e s s )

Write miss 

fo r  th is  b lock

Read miss 

fo r  th is  b lock

Write miss 

fo r  th is  b lock

W r i t e  B a c k

B lock ;  ( abo r t

m e m o r y  a c c e s s )
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Snoop Cache: State Machine

Extensions:  

– F o u r t h  S t a t e :  

O w n e r s h i p

– C l e a n- >  d i r ty ,  

n e e d  i n v a l i d a t e  o n l y  

( u p g r a d e  r e q u e s t ) ,  

d o n ’ t  r e a d  m e m o r y

B e r k e l e y  P r o t o c o l

– C l e a n  e x c l u s i v e  s t a t e  

( n o  m i s s  f o r  p r i v a t e  

d a t a  o n  w r i t e )

M E S I  P r o t o c o l

– C a c h e  s u p p l i e s  d a t a  

w h e n  s h a r e d  s t a t e  

( n o  m e m o r y  a c c e s s )

I l l i no is  Pro toco l
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Example

P1 P2 Bus Memory

step State Addr Value State Addr Value Action Proc. Addr Value Addr Value
P1: Write 10 to A1

P1: Read A1

P2: Read A1

P2: Write 20 to A1

P2: Write 40 to A2

A s s u m e s  A 1  a n d  A 2  m a p  t o  s a m e  c a c h e  b l o c k ,

in i t ia l  cache s ta te  i s  inva l id
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Example

P1 P2 Bus Memory
step State Addr Value State Addr Value Action Proc. Addr Value Addr Value

P1: Write 10 to A1 Excl. A1 10 WrMs P1 A1

P1: Read A1

P2: Read A1

P2: Write 20 to A1

P2: Write 40 to A2

A s s u m e s  A 1  a n d  A 2  m a p  t o  s a m e  c a c h e  b l o c k
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Example

P1 P2 Bus Memory
step State Addr Value State Addr Value Action Proc. Addr Value Addr Value

P1: Write 10 to A1 Excl. A1 10 WrMs P1 A1

P1: Read A1 Excl. A1 10

P2: Read A1

P2: Write 20 to A1

P2: Write 40 to A2

A s s u m e s  A 1  a n d  A 2  m a p  t o  s a m e  c a c h e  b l o c k
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Example

P1 P2 Bus Memory
step State Addr Value State Addr Value Action Proc. Addr Value Addr Value

P1: Write 10 to A1 Excl. A1 10 WrMs P1 A1

P1: Read A1 Excl. A1 10

P2: Read A1 Shar. A1 RdMs P2 A1

Shar. A1 10 WrBk P1 A1 10 10
Shar. A1 10 RdDa P2 A1 10 10

P2: Write 20 to A1 10

P2: Write 40 to A2 10

10

A s s u m e s  A 1  a n d  A 2  m a p  t o  s a m e  c a c h e  b l o c k
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Example

P1 P2 Bus Memory
step State Addr Value State Addr Value Action Proc. Addr Value Addr Value

P1: Write 10 to A1 Excl. A1 10 WrMs P1 A1

P1: Read A1 Excl. A1 10

P2: Read A1 Shar. A1 RdMs P2 A1

Shar. A1 10 WrBk P1 A1 10 10
Shar. A1 10 RdDa P2 A1 10 10

P2: Write 20 to A1 Inv. Excl. A1 20 WrMs P2 A1 10

P2: Write 40 to A2 10

10

A s s u m e s  A 1  a n d  A 2  m a p  t o  s a m e  c a c h e  b l o c k
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Example

P1 P2 Bus Memory
step State Addr Value State Addr Value Action Proc. Addr Value Addr Value

P1: Write 10 to A1 Excl. A1 10 WrMs P1 A1

P1: Read A1 Excl. A1 10

P2: Read A1 Shar. A1 RdMs P2 A1

Shar. A1 10 WrBk P1 A1 10 10
Shar. A1 10 RdDa P2 A1 10 10

P2: Write 20 to A1 Inv. Excl. A1 20 WrMs P2 A1 10

P2: Write 40 to A2 WrMs P2 A2 10

Excl. A2 40 WrBk P2 A1 20 20

A s s u m e s  A 1  a n d  A 2  m a p  t o  s a m e  c a c h e  b l o c k ,

bu t  A1  °   A2

A 1

A 1
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Implementation Complications

• Write Races:

– C a n n o t  u p d a t e  c a c h e  u n t i l  b u s  i s  o b t a i n e d

» Otherwise, another processor may get bus first,  

and then write the same cache block!

– T w o  s t e p  p r o c e s s :

» Arbitrate for bus 

» Place miss on bus and complete operation

– I f  m i s s  o c c u r s  t o  b l o c k  w h i l e  w a i t i n g  f o r  b u s ,  

h a n d l e  m i s s  ( i n v a l i d a t e  m a y  b e  n e e d e d )  a n d  t h e n  r e s t a r t .

– S p l i t  t r a n s a c t i o n  b u s :

» Bus transaction is not atomic: 

can have multiple outstanding transactions for a block

» Multiple misses can interleave, 

allowing two caches to grab block in the Exclusive state

» Must track and prevent multiple misses for one block

• Must support  intervent ions and inval idat ions
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Implementing Snooping Caches

• Mult iple processors must be on bus,  access to both 

addresses and data

• Add a  few new commands to  perform coherency,  

in addition to read and write

• Processors cont inuously snoop on address bus

– I f  a d d r e s s  m a t c h e s  t a g ,  e i t h e r  i n v a l i d a t e  o r  u p d a t e

• Since every bus transact ion checks cache tags,  

could interfere with CPU just to check: 

– s o l u t i o n  1 :  d u p l i c a t e  s e t  o f  t a g s  f o r  L 1  c a c h e s  j u s t  t o  a l l o w  

c h e c k s  i n  p a r a l l e l  w i t h  C P U

– s o l u t i o n  2 : L 2  c a c h e  a l r e a d y  d u p l i c a t e ,  

p r o v i d e d  L 2  o b e y s  i n c l u s i o n  w i t h  L 1  c a c h e

» block size, associativity of L2 affects L1
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Implementing Snooping Caches

• Bus serial izes writes,  gett ing bus ensures no one else 

can per form memory operat ion

• On a miss in a wri te back cache,  may have the desired 

copy and its dirty,  so must reply

• Add extra state bit  to cache to determine shared or not

• Add 4th state  (MESI)
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Summary: Paral lel  Framework

• Layers:

– P r o g r a m m i n g  M o d e l :

» Multiprogramming :  lots of jobs, no communication

» Shared address space :  communicate via memory

» Message passing: send and recieve messages

» Data Parallel : several agents operate on several data 

sets simultaneously and then exchange information 

globally and simultaneously (shared or message 

passing)

– C o m m u n i c a t i o n  A b s t r a c t i o n :

» Shared address space : e.g.,  load, store, atomic swap

» Message passing: e.g., send, recieve library calls

» Debate over this topic (ease of programming, scaling) 

=> many hardware designs 1:1 programming model

P r o g r a m m i n g  M o d e l

C o m m u n i c a t i o n  A b s t r a c t i o n

I n t e r c o n n e c t i o n  S W / O S  

I n t e r c o n n e c t i o n  H W
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Summary :  Small -Scale MP 

Designs
• Memory:  central ized with uniform access t ime 

(“u m a”)  and bus interconnect

• Examples:  Sun Enterpr ise 5000 ,  SGI  Chal lenge,  

Intel SystemPro   
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Summary

• Caches contain al l  information on state of  

cached memory b locks 

• Snooping and Directory Protocols similar;  

bus makes snooping easier  because of  

broadcast  (snooping => uni form memory 

access)

• Directory has extra data structure to keep 

track of state of al l  cache blocks

• Distr ibuting directory => scalable shared 

address mult iprocessor 

=> Cache coherent ,  Non uniform memory 

access
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Larger MPs
• S e p a r a t e  M e m o r y  p e r  P r o c e s s o r

• L o c a l  o r  R e m o t e  a c c e s s  v i a  m e m o r y  c o n t r o l l e r

• 1  C a c h e  C o h e r e n c y  s o l u t i o n :  n o n- c a c h e d  p a g e s  

• A l t e r n a t i v e :  d i r e c t o r y p e r  c a c h e  t h a t  t r a c k s  s t a t e  o f  e v e r y  b l o c k  i n  

e v e r y  c a c h e

– Which caches have a copies of block, dirty vs. clean, .. .

• I n f o  p e r  m e m o r y  b l o c k  v s .  p e r  c a c h e  b l o c k ?

– PLUS: In memory => simpler protocol (centralized/one location)

– MINUS: In memory => directory is ƒ(memory size) vs. ƒ(cache size)

• P r e v e n t  d i r e c t o r y  a s  b o t t l e n e c k ?  

d i s t r i b u t e  d i r e c t o r y  e n t r i e s  w i t h  m e m o r y ,  e a c h  k e e p i n g  t r a c k  o f  w h i c h  

P r o c s h a v e  c o p i e s  o f  t h e i r  b l o c k s
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Distributed Directory MPs

Interconnection network

Processor 
+ cache

Memory I/O

Directory

Processor 
+ cache

Memory I/O

Directory

Processor 
+ cache

Memory I/O

Directory

Processor 
+ cache

Memory I/O

Memory

Directory

Processor 
+ cache

Processor 
+ cache

Processor 
+ cache

Processor 
+ cache

Memory I/O Memory MemoryI/O I/O Memory I/O

Directory Directory Directory Directory

FIGURE 8.22  A directory is added to each node to implement cache coherence in a 

distributed-memory machine.
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Directory Protocol

• S i m i l a r  t o  S n o o p y  P r o t o c o l :  T h r e e  s t a t e s

– Shared: � 1 processors have data, memory up-to-date

– Uncached (no processor hasi t; not valid in any cache)

– Exclusive : 1 processor (owner) has data; 
memory out-of-date

• I n  a d d i t i o n  t o  c a c h e  s t a t e ,  m u s t  t r a c k  w h i c h  p r o c e s s o r s  

h a v e  d a t a  w h e n  i n  t h e  s h a r e d  s t a t e  ( u s u a l l y  b i t  v e c t o r ,  1  i f  

p r o c e s s o r  h a s  c o p y )

• K e e p  i t  s i m p l e ( r ) :

– Writes to non-exclusive data 
=> write miss

– Processor blocks unti l  access completes

– Assume messages received 
and acted upon in order sent
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Directory Protocol

• No bus and don’t  want to broadcast:

– i n t e r c o n n e c t  n o  l o n g e r  s i n g l e  a r b i t r a t i o n  p o i n t

– a l l  m e s s a g e s  h a v e  e x p l i c i t  r e s p o n s e s

• Terms: typical ly  3  processors involved

– L o c a l  n o d e w h e r e  a  r e q u e s t  o r i g i n a t e s

– H o m e  n o d e w h e r e  t h e  m e m o r y  l o c a t i o n  

o f  a n  a d d r e s s  r e s i d e s

– R e m o t e  n o d e h a s  a  c o p y  o f  a  c a c h e  

b l o c k ,  w h e t h e r  e x c l u s i v e  o r  s h a r e d

• Example messages on next  s l ide:  

P =  processor  number,  A =  address
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Directory Protocol Messages
Message type Source Destination Msg Content

Read miss Local  cache Home directory P, A

– Processor P reads data at  address A; 
make P a read sharer and arrange to send data back 

Write miss Local cache Home directory P, A

– Processor P writes data at address A; 
make P the exclusive owner and arrange to send data back 

Invalidate Home directory Remote caches A

– Invalidate a shared copy at address A.

Fetch Home directory Remote cache A

– Fetch the block at address A and send it  to i ts home directory
Fetch/Invalidate Home directory Remote cache A

– Fetch the block at address A and send it  to i ts home directory; 
invalidate the block in the cache

Data value reply Home directory Local cache Data

– Return a data value from the home memory (read miss response)

Data write -back Remote cache Home directory A, Data

– Write-back a data value for address A ( invalidate response)
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State Transition Diagram for an 

Individual Cache Block in a 

Directory Based System

• S t a t e s  i d e n t i c a l  t o  s n o o p y  c a s e ;  t r a n s a c t i o n s  

ve ry  s im i la r .

• T r a n s i t i o n s  c a u s e d  b y  r e a d  m i s s e s ,  w r i t e  m i s s e s ,  

i n v a l i d a t e s ,  d a t a  f e t c h  r e q u e s t s

• G e n e r a t e s  r e a d  m i s s  &  w r i t e  m i s s  m s g t o  h o m e  

d i r e c t o r y .

• W r i t e  m i s s e s  t h a t  w e r e  b r o a d c a s t  o n  t h e  b u s  f o r  

s n o o p i n g  = >  e x p l i c i t  i n v a l i d a t e  &  d a t a  f e t c h  

r e q u e s t s .

• N o t e :  o n  a  w r i t e ,  a  c a c h e  b l o c k  i s  b i g g e r ,  s o  n e e d  

t o  r e a d  t h e  f u l l  c a c h e  b l o c k
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CPU - Cache State Machine

• S t a t e  m a c h i n e

for  C P U   r e q u e s t s

f o r  e a c h  

m e m o r y  b l o c k

• Inva l id  s ta te

i f  in  

m e m o r y

Fetch/Invalidate

or Miss due to

address conflict:

send Data Write Back message 

to home directory

Invalidate

or Miss due to

address conflict:

I nva l id
S h a r e d

( r e a d / o n l y )

E x c l u s i v e

( r e a d / w r i t e

)

CPU Read

CPU Read hi t

Send Read Miss

message

CPU Write:

Send Write Miss 

m s g to h.d.

CPU Write:

Send 

Write Miss message

to home directory

CPU read hit

CPU write hit

Fetch: send 

Data Write Back message 

to home directory
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State Transition Diagram for the 

Directory 

• Same states & structure as the transit ion 

diagram for  an individual  cache

• 2 actions: update of directory state & 

send m s g s to stat isfy requests 

• Tracks al l  copies of  memory block.  

• Also indicates an action that updates the 

sharing set,  Sharers,  as well  as sending 

a message.
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Directory State Machine

• S t a t e  m a c h i n e

for  Directory r e q u e s t s  f o r  

e a c h  

m e m o r y  b l o c k

• U n c a c h e d s t a t e

i f  i n  m e m o r y

Data Write Back:

Sharers = {}

(Wr i t e  back  b l ock )

U n c a c h e d
S h a r e d

( read  on l y )

E x c l u s i v e

( r e a d / w r i t e

)

Read miss:

Sharers = {P}

send Data Value 

Reply

Write Miss: 

send Invalidate 

to Sharers;

then Sharers = {P};

send Data Value 

Reply m s g

Write Miss:

Sharers = {P}; 

send Data 

Value Reply

m s g

Read miss:

Sharers += {P}; 

send Fetch;

send Data Value Reply

m s g to remote cache

(Wr i t e  back  b l ock )

Read miss: 

Sharers += {P};

send Data Value Reply

Write Miss:

Sharers = {P}; 

send Fetch/Invalidate;

send Data Value Reply

m s g to remote cache
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Example Directory Protocol
• M e s s a g e  s e n t  t o  d i r e c t o r y  c a u s e s  t w o  a c t i o n s :

– Update the directory

– More messages to satisfy request

• B l o c k  i s  i n  U n c a c h e d s t a t e :  t h e  c o p y  i n  m e m o r y  i s  t h e  c u r r e n t  v a l u e ;  

o n l y  p o s s i b l e  r e q u e s t s  f o r  t h a t  b l o c k  a r e :

– Read miss: requesting processor sent data from memory &requestor made 

only sharing node; state of block made Shared.

– Write miss: requesting processor is sent the value & becomes the Sharing 

node. The block is made Exclusive to indicate that the only vali d copy is 

cached. Sharers indicates the identity of the owner. 

• B l o c k  i s  S h a r e d = >  t h e  m e m o r y  v a l u e  i s  u p- t o- d a t e :

– Read miss: requesting processor is sent back the data from memory & 

requesting processor is added to the sharing set.

– Write miss: requesting processor is sent the value. All processors in the 

set Sharers are sent invalidate messages, & Sharers is set to identity of 

requesting processor. The state of the block is made Exclusive.
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Example Directory Protocol
• B l o c k  i s  E x c l u s i v e :  c u r r e n t  v a l u e  o f  t h e  b l o c k  i s  h e l d  i n  t h e  c a c h e  o f  

t h e  p r o c e s s o r  i d e n t i f i e d  b y  t h e  s e t  S h a r e r s  ( t h e  o w n e r )  = >  t h r e e

p o s s i b l e  d i r e c t o r y  r e q u e s t s :

– Read miss: owner processor sent data fetch message, causing state of 
block in owner’s cache to transition to Shared and causes owner to send 
data to directory, where it is written to memory & sent back to 
requesting processor. 
Identity of requesting processor is added to set Sharers, which still 
contains the identity of the processor that was the owner (since it still 
has a readable copy).  State is shared.

– Data write -back: owner processor is replacing the block and hence must 
write it  back, making memory copy up-to-date 
(the home directory essentially becomes the owner),  the block is now 
Uncached, and the Sharer set is empty. 

– Write miss: block has a new owner. A message is sent to old owner 
causing the cache to send the value of the block to the directory from 
which it  is sent to the requesting processor, which becomes the new 
owner. Sharers is set to identity of new owner, and state of block is 
made Exclusive.
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Example

P1 P2 Bus Directory Memory

step State Addr Value State Addr Value Action Proc. Addr Value Addr State {Procs} Value

P1: Write 10 to A1

P1: Read A1

P2: Read A1

P2: Write 40 to A2

P 2 :  W r i t e  2 0  t o  A 1

A 1  a n d  A 2  m a p  t o  t h e  s a m e  c a c h e  b l o c k

Processor 1 Processor 2 Interconnect MemoryDirectory
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Example

P1 P2 Bus Directory Memory

step State Addr Value State Addr Value Action Proc. Addr Value Addr State {Procs} Value

P1: Write 10 to A1 WrMs P1 A1 A1 Ex {P1}

Excl. A1 10 DaRp P1 A1 0

P1: Read A1
P2: Read A1

P2: Write 40 to A2

P 2 :  W r i t e  2 0  t o  A 1

A 1  a n d  A 2  m a p  t o  t h e  s a m e  c a c h e  b l o c k

Processor 1 Processor 2 Interconnect MemoryDirectory
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Example

P1 P2 Bus Directory Memory

step State Addr Value State Addr Value Action Proc. Addr Value Addr State {Procs} Value

P1: Write 10 to A1 WrMs P1 A1 A1 Ex {P1}

Excl. A1 10 DaRp P1 A1 0
P1: Read A1 Excl. A1 10

P2: Read A1

P2: Write 40 to A2

P 2 :  W r i t e  2 0  t o  A 1

A 1  a n d  A 2  m a p  t o  t h e  s a m e  c a c h e  b l o c k

Processor 1 Processor 2 Interconnect MemoryDirectory
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Example

P 2 :  W r i t e  2 0  t o  A 1

A 1  a n d  A 2  m a p  t o  t h e  s a m e  c a c h e  b l o c k

P1 P2 Bus Directory Memory

step State Addr Value State Addr Value Action Proc. Addr Value Addr State {Procs} Value

P1: Write 10 to A1 WrMs P1 A1 A1 Ex {P1}

Excl. A1 10 DaRp P1 A1 0

P1: Read A1 Excl. A1 10
P2: Read A1 Shar. A1 RdMs P2 A1

Shar. A1 10 Ftch P1 A1 10 10

Shar. A1 10 DaRp P2 A1 10 A1 Shar. {P1,P2} 10

10
10

P2: Write 40 to A2 10

Processor 1 Processor 2 Interconnect MemoryDirectory

A 1

W r i t e  B a c k
W r i t e  B a c k
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Example

P 2 :  W r i t e  2 0  t o  A 1

A 1  a n d  A 2  m a p  t o  t h e  s a m e  c a c h e  b l o c k

P1 P2 Bus Directory Memory

step State Addr Value State Addr Value Action Proc. Addr Value Addr State {Procs} Value

P1: Write 10 to A1 WrMs P1 A1 A1 Ex {P1}

Excl. A1 10 DaRp P1 A1 0

P1: Read A1 Excl. A1 10
P2: Read A1 Shar. A1 RdMs P2 A1

Shar. A1 10 Ftch P1 A1 10 10

Shar. A1 10 DaRp P2 A1 10 A1 Shar. {P1,P2} 10

Excl. A1 20 WrMs P2 A1 10
Inv. Inval. P1 A1 A1 Excl. {P2} 10

P2: Write 40 to A2 10

Processor 1 Processor 2 Interconnect MemoryDirectory

A 1
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Example

P 2 :  W r i t e  2 0  t o  A 1

A 1  a n d  A 2  m a p  t o  t h e  s a m e  c a c h e  b l o c k

P1 P2 Bus Directory Memory

step State Addr Value State Addr Value Action Proc. Addr Value Addr State {Procs} Value

P1: Write 10 to A1 WrMs P1 A1 A1 Ex {P1}

Excl. A1 10 DaRp P1 A1 0

P1: Read A1 Excl. A1 10
P2: Read A1 Shar. A1 RdMs P2 A1

Shar. A1 10 Ftch P1 A1 10 10

Shar. A1 10 DaRp P2 A1 10 A1 Shar. {P1,P2} 10

Excl. A1 20 WrMs P2 A1 10
Inv. Inval. P1 A1 A1 Excl. {P2} 10

P2: Write 40 to A2 WrMs P2 A2 A2 Excl. {P2} 0

WrBk P2 A1 20 A1 Unca. {} 20

Excl. A2 40 DaRp P2 A2 0 A2 Excl. {P2} 0

Processor 1 Processor 2 Interconnect MemoryDirectory

A 1
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Implementing a Directory

• We assume operat ions atomic,  but  they are 

not;  real i ty is much harder;  must avoid 

deadlock when run out  of  buff fers in network 

(see Appendix  E)

• Optimizat ions:

– r e a d  m i s s  o r  w r i t e  m i s s  i n  E x c l u s i v e :  s e n d  d a t a  

d i r e c t l y  t o  r e q u e s t o r  f r o m  o w n e r  v s .  1 s t  t o  m e m o r y  

a n d  t h e n  f r o m  m e m o r y  t o  r e q u e s t o r
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Synchronization

• Why Synchronize? Need to know when i t  is  safe for  

dif ferent processes to use shared data

• Issues for  Synchronizat ion:

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

( a t o m i c  o p e r a t i o n ) ;

– U s e r  l e v e l  s y n c h r o n i z a t i o n  o p e r a t i o n  u s i n g  t h i s  p r i m i t i v e ;

– F o r  l a r g e  s c a l e  M P s ,  s y n c h r o n i z a t i o n  c a n  b e  a  b o t t l e n e c k ;  

t e c h n i q u e s  t o  r e d u c e  c o n t e n t i o n  a n d  l a t e n c y  o f  

s y n c h r o n i z a t i o n
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Uninterruptable Instruction to 

Fetch and Update Memory
• A t o m i c  e x c h a n g e :  i n t e r c h a n g e  a  v a l u e  i n  a  r e g i s t e r  f o r  a  v a l u e  i n  

m e m o r y

0 => synchronization variable is free 

1 => synchronization variable is locked and unavailable

– Set register to 1 & swap

– New value in register determines success in getting lock
0 if  you succeeded in setting the lock (you were first)

1 if  other processor had already claimed access

– Key is that exchange operation is indivisible

• T e s t -a n d -s e t :  t e s t s  a  v a l u e  a n d  s e t s  i t  i f  t h e  v a l u e  p a s s e s  t h e  t e s t

• F e t c h-a n d -i n c r e m e n t:  i t  r e t u r n s  t h e  v a l u e  o f  a  m e m o r y  l o c a t i o n  
a n d  a t o m i c a l l y  i n c r e m e n t s  i t

– 0 => synchronization variable is free 
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Uninterruptable Instruction to 

Fetch and Update Memory

• H a r d  t o  h a v e  r e a d  &  w r i t e  i n  1  i n s t r u c t i o n :  u s e  2  i n s t e a d

• L o a d  l i n k e d ( o r  l o a d  l o c k e d )  +  s t o r e  c o n d i t i o n a l

– Load linked returns the initial value

– Store conditional returns 1 if it succeeds (no other store to sa me 
memory location since preceeding load) and 0 otherwise

• E x a m p l e  d o i n g  a t o m i c  s w a p  w i t h  L L  &  S C :

try: mov R3,R4 ; mov exchange value
ll R2,0(R1) ; load linked
sc R3,0(R1) ; store conditional
beqz R3,try  ; branch store fails (R3 = 0)
mov R4,R2  ; put load value in R4

• E x a m p l e  d o i n g  f e t c h  &  i n c r e m e n t  w i t h  L L  &  S C :

try: ll R2,0(R1) ; load linked
addi R2,R2,#1 ; increment (OK if reg–reg)
sc R2,0(R1) ; store conditional 
beqz R2,try  ; branch store fails (R2 = 0)
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User Level Synchronization —
Operation Using this Primitive

• S p i n  l o c k s:  p r o c e s s o r  c o n t i n u o u s l y  t r i e s  t o  a c q u i r e ,  s p i n n i n g  

a r o u n d  a  l o o p  t r y i n g  t o  g e t  t h e  l o c k
li R 2 , # 1

lock i t :exch R 2 , 0 ( R 1 )  ; a t o m i c  e x c h a n g e
bnez R 2 , l o ck i t  ; a l r e a d y  l o c k e d ?

• W h a t  a b o u t  M P  w i t h  c a c h e  c o h e r e n c y ?

– Want to spin on cache copy to avoid ful l  memory latency

– Likely to get cache hits for such variables

• P r o b l e m :  e x c h a n g e  i n c l u d e s  a  w r i t e ,  w h i c h  i n v a l i d a t e s  a l l  o t h e r  

c o p i e s ;  t h i s  g e n e r a t e s  c o n s i d e r a b l e  b u s  t r a f f i c

• S o l u t i o n :  s t a r t  b y  s i m p l y  r e p e a t e d l y  r e a d i n g  t h e  v a r i a b l e ;  w h e n  it  

c h a n g e s ,  t h e n  t r y  e x c h a n g e  ( “ t e s t  a n d  t e s t & s e t ” ) :

try: li R 2 , # 1
lock i t : lw R 3 , 0 ( R 1 )  ; l o a d  v a r

bnez R 3 , l o ck i t  ; n o t  f r e e = > s p i n
exch R 2 , 0 ( R 1 )  ; a t o m i c  e x c h a n g e
bnez R2 , t r y  ; a l r e a d y  l o c k e d ?
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Another MP Issue: 

Memory Consistency Models
• What is  consistency? When must a processor see the 

new value? e.g. ,  seems that

P 1 : A = 0; P 2 : B = 0;

..... .....

A = 1; B = 1;

L1: if (B == 0) ... L2 : if (A == 0) ...

• Impossible for  both i f  statements L1 & L2 to be true?

– W h a t  i f  w r i t e  i n v a l i d a t e  i s  d e l a y e d  &  p r o c e s s o r  c o n t i n u e s ?

• Memory consistency models:  
what are the rules for such cases?

• Sequent ia l  consistency: result  of  any execution is the 
same as i f  the accesses of  each processor were kept  in 
order  and the accesses among di f ferent  processors 
were inter leaved => assignments before i fs  above

– S C :  d e l a y  a l l  m e m o r y  a c c e s s e s  u n t i l  a l l  i n v a l i d a t e s  d o n e
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Memory Consistency Model
• Schemes faster  execut ion to sequent ia l  consistency

• Not real ly an issue for most programs; 
they are synchronized

– A  p r o g r a m  i s  s y n c h r o n i z e d  i f  a l l  a c c e s s  t o  s h a r e d  d a t a  a r e  

o r d e r e d  b y  s y n c h r o n i z a t i o n  o p e r a t i o n s

w r i t e  ( x )

.. .

r e l e a s e  ( s )  {unlock}
. . .

a c q u i r e  ( s ) {lock}
. . .

r e a d ( x )

• Only those programs wil l ing to be nondeterminist ic are 
not  synchronized:  “data race”:  outcome f (proc.  speed)

• Several  Relaxed Models for  Memory Consistency since 
most  programs are synchronized;  character ized by their  
at t i tude towards:  RAR,  WAR, RAW, WAW 
to di f ferent  addresses
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Review

• Caches contain al l  information on state of  
cached memory b locks 

• Snooping and Directory Protocols similar;  
bus makes snooping easier  because of  
broadcast  (snooping => uni form memory 
access)

• Directory has extra data structure to keep 
track of state of al l  cache blocks

• Distr ibuting directory => scalable shared 
address mult iprocessor 
=> Cache coherent ,  Non uniform memory 
access


