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Year 1999 2002 2005 2008 2011 2014 
Feature size (nm) 180 130 100 70 50 35 
Logic trans/cm2 6.2M 18M 39M 84M 180M 390M 
Cost/trans (mc) 1.735 .580 .255 .110 .049 .022 
#pads/chip 1867 2553 3492 4776 6532 8935 
Clock (MHz) 1250 2100 3500 6000 10000 16900 
Chip size (mm2) 340 430 520 620 750 900 
Wiring levels 6-7 7 7-8 8-9 9 10 
Power supply (V) 1.8 1.5 1.2 0.9 0.6 0.5 
High-perf pow (W) 90 130 160 170 175 183 
Battery pow (W) 1.4 2 2.4 2.8 3.2 3.7 
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05 LOOP LDR R1, R0, #3
06 ADD R1, R1, #5
07 STR R1, R0, #30
08 ADD R0, R0, #1
09 ADD R3, R0, R2
0A BRn LOOP
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for (i=0; i<N; i++) { 

for (j=0; j<N; j++) { 

y[i] = y[i] + a[i][j] * x[j]

}

}
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Set associative (2-way) :
Ensemble : 0  (12 mod 4)
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for (i=0; i<N; i++) { 

for (j=0; j<2; j++) { 

x[j] = y[j]

}

}

@x = 0110010001001000

@y = 0000100000010000

4 � � �  �� � �  �� 	 � � 5 	 
 � � �   

6 � � 
  � � " ! & '

i=0, j=0i=0, j=1

4 	 
 7 � � � ��  �� � � � 



� � � ��

+
+

* " * *

*

" * *

" ! & ' ( ) * +

"
!

"
!

" ! & ' ( ) * +

� 	 �� � 
 � 	 � 	� ��

� � � � � � � 	�

�� �� 	� � 	 � � � 	



� � � ��

" ! & ' ( ) * +

"
!

"
!

" ! & ' ( ) * +

� � 	 � � 	

� � � ��� ��� � � � 
 � 
 � � � 	� � 	

 	 � 	 �� � 	� � 
 � � � �



� � � ��
4 � ���	� � � �� 2 � 	

! � ���� �

� 
� �

4 � ���	� � �5

� 
� �

2

� 
� � C � � 
 � 
 � ��

4 � ���	� � �5

2

��� � �

� 
 � �

!

� 
� � � � � �

B � � �

! � ���� � ! � ���� �



� � � ��

� � � � � � 	� �� 	 � 	 � 
 � � 	 	 � � 
 � � �� ��� 	�
�

� �� � � 	� � 	 ! � � �� � � � � 	� � � � � � 	� � 
 � � � 	 � 
 � � 	 	 � � 
 � � � 	

�

� �� � �� � � 	 ! � � � �� ��� 	� �� � � � � 	 � � � � 	� ! � ! � 
 � � � 
 � � �� ��� 	�
�

� �  
 � � 
 � 	�

�

� 	� � � ! � 	� � 	� �� � ���! � 	� 	 � � � � � ��� 	  � ! � � � �
�

�

�� �� � � � � � 	� ��! � 	 � �� � ���! � 	�
�



�� � ��

8 � � �  �- � � 9

0 � � � � � �  � � 
 � �  �� � � � 

0
��

��
�
�

�
�


�
��

��
��

	
��


	 � � 
 	 



	



	
�
� 8 � � �  �: � � 	 � � �

8 � � �  �� � � 	 � � � 

8 � � �  �: � � 	 � � �

. 	 �8 � � �  �� � � 	 � � � 

� 
� � 	 � � � � � � � 	 	 �

�� � � � � � � 	� � 	 ! � �

�� � � � � � 	 � 	 � � � �� 	 � � 	

	� � ! � � �� � � � 	� � 	 ! � �
�



� � � ��

�� 
 � � �	 � �

����������	�

�����	�

���
��
�

	������



���������
������������ ××××����

����

�� ��
�� ��
�� ��

�� �� ××××××××++++××××====

����������	�

�����
��
�

	��	�

�


���������
������������ ××××����

����

�� ��
�� ��
�� ��

�� �� ××××++++××××====

� �� . �� �� ���	 �	� � 	� �� � � � �� �� �� ���� �

 !  � 	6 	 3 �� � 2 �	! ���� # 	 ���� � 	� ���

����������	��
��
�

	������


���

��
�

�����

���������

�����

××××����
����

�� ��
�� ��
�� ��

�� �� ××××++++××××××××====

�	�

�����	�

�����������	�� ××××++++====
(((( ))))
(((( ))))������

��
���
���
�

�	�

�����	�

����������

�	�

�����	�

����������

××××++++
++++××××++++====

��

� �� �� E



� � � ��

(((( ))))
(((( ))))������

��
���
���
�

�	�

�����	�

����������

�	�

�����	�

����������

××××++++
++++××××++++====

��



� � � ��



� 	 � ��

� � � 	 �� � 	�

�

� � � � � �� � � 
 ! � � 	 � ��� � � � � �
�

� �
�

�� �� � 
 ! � � 	 � ��� � � � � � � 	� �

�
�

� � �

�
� � � � ! � � � � �� � 
 ! � � 	 � �� � � �
�

� � �

� �� �� 
 � 
 �� � � �

�
� � � � 
 � 
 � � �
�

�

� 	 �� � �� 
 � � �� � � � � ��� 
 � � � � �� �� � 	� � � 	 �
�

�


 � � ! � � �� � 
 � 
 � ! � � 	 � 
 � � 	 ! � � � � � � � � 
 � �  ! � � 	 ! � � � � � � 	

� 	� � ! � 	 �
�

� � � ��� �� � � �  � � �
�

� � �  � � �
�

�� � � 	 � � �  �
�

� � �
�

� � �  � � �
�

� � � � 	 � � � �
�

� 	

� � � ���� � � �� � �  � � �
�

� � �  � � �
�

� � � � 	 � � �  �
�

� � �
�

� � �  � � � � �
�

� � � � 	 � � �

�
�

� �

� � ��7 � � � �� �� "

� � ��

8 ��. ��
� � �� �� "

! � ���� �

% � � � �� �� "

� � ��

! � ���� �



� � � ��

9 
 ����� � ����	 �� 	�� ���� �� 	
�� �� �



� � � ��

� �  � �� �	� �	�� � , 	 : � �� ��� ;

� �  � �� �	� � 	
 � �� � ��� 	 : � �� ��� ;

� �  � �� �	� �	���
 � 	 : � ��/ � 	� � 	�� �� �

 � 2 ������ 	� �	 � � ��	 : ��� �� � ������ <



� � � ��

� � ! � � 	� � 	� � 
 � 
 � � � 	 � ! � 
 � � 	
�

� � ! � � 	� � 	� � 
 � 
 � � � 	 � 	� ���� � �
�

� � ! � � 	� � 	� �� 
� � � � � 
 � �  � � �
�

� � 	

�

� � 	� � 
 � � 	� �� 	 ! � ��� � � � � � � 
 � � ��
�

� � 	� � 
 � � 	�

�

� � 	 � � �� � 
 � � 	 � 	� � � 
 � �� � 	 �  � � � �� ! � � �� � � 	 � � � � � � 	� �
�

� � 	� � � � � � ��� 
 ���� � � � � 
 � � �� � � 
 � �� �
�

� �



� � � ��

� ��
 � � � �� # 	��� � ��

� � 
 � ���# 	��� � ��

� ��. � ���	�� 	����� . �� ����	��� � ��

8 �	+ / ��	� 	� 	� �� �� ����



� � � ��

�
�

�
��
�
	�
�
	�
�
�
,
	
:�
�
�
�
�
�



� � � ��

� � � � ��� �� 
 ��� ! � ���� � � 
 � � 	 	 �� ��� � � 	 � 
 � � � 
 � � � � � � 
 � � 
 � 	 � � � ! � � � � �� ! � � � � �

� �� � 	� ��� � 
 ��� �

� � ! � � 	� � 
 � �� � � ! � 	 �� � � 	 �� 
 � � � 	� �
�

� � � � � � � 	 � � � � � � � ! � ! � 	 � 
 � � � 	 � 	 � 
 � � 	 � � � � � 	� 
 ! � � 	 � � 
 ���� � � 	�

�

Miss
Penalty

Miss
Rate Exploits Spatial Locality

Fewer blocks: 
compromises
temporal locality

Average
Access

Time

Increased Miss Penalty
& Miss Rate

� � �  � 	 � � � � � � � � 
 C �

� � 
� � 
 C � � ��

�

� 
 � � � �� � � �

� 
 � � � � � � � � � � � 
 � � � �� �

0

1

2

3

4

5

6

7

8

8K32B 8K64B 16K32B 16K64B

M
is

s 
p

er
 In

st
ru

ct
io

n
 (%

)
Conflict
Capacity
Compulsory

�
�

�
��
�
	�
�
	�
�
�
,
	
:�
�
�
�
�
�



� � � ��

� �  
 � � 
 � 	� �

�

� � � ! � � �� � � 	�

�

Address

22 8

V TagIndex

0
1
2

253
254
255

Data V Tag Data V Tag Data V Tag Data

3222

4-to-1 multiplexor

Hit Data

123891011123031 0

� � �� 
  
 � � 
 � 	� �

�

� ! � � 	� � 
 � �� � � ! � 	 �� �

�� 
 � � �� �

�

� �� 	� � � � 	 � � ! � � 	 � 
 � �� � 	 � �

�� � �� 
 � 
 �� � � � � ! � 	� �� 
 � � ���

�

� � � � � ! � �� � � 	� ���� � � � � 	� �

� 
� � 
 � 	 �� � ! �� � 
 �
�

0

1

2

3

4

5

6

7

8

9

8K1W 8K4W 16K1W 16K4W

M
is

s 
p

er
 In

st
ru

ct
io

n
 (%

)

Conflict
Capacity
Compulsory

�
�

�
��
�
	�
�
	�
�
�
,
	
:�
�
�
�
�
�

0%

3%

6%

9%

12%

15%

Eight-wayFour-wayTwo-wayOne-way

1 KB�

2 KB�

4 KB�

8 KB

M
is

s 
ra

te

Associativity 16 KB�

32 KB�

64 KB�

128 KB



� � � ��

; � � � � � �� � � � 

4 � < �

� � � �  � � �

= � � � ��= � � � ��

� 
 ������	 � �

8 � � �  �

> � 7 7  �

6 	 �  � �6  �  � �?  � 	 � 3

: � �

= � � �

@ A

@ A

� � � � ! � � �� � � 	�

�

� � � � ! � �� ! � � ! � � 	� � 	� � 	 � � 
 � �

� 	 � �� � � 	� � 	� � � � � � 	�

� � � � � 	� � ! � 
 � � 	�
�

� ��� ! � � � � � � � � �� �

� � � � ��� � � 
 � � � 
 � �

� � � � � � � � � 	 � � � � 
 � � 	� �! � � ��


� � � � � 
 � �  	 �
�

� � � � � �� 	 � ! � 
 � � 	 � � � �� � � �� �

�
�

�
��
�
	�
�
	�
�
�
,
	
:�
�
�
�
�
�



� � � ��
�� � ��� � �

�� �� �� ��

�	 
� �

4 � <

� �� ��

� ��� � ��� ��

� � �� � � � � ��

� 
 	 	 � ��

!!

&&
'

� �
� �

 �! � � � " � " 
 � ��

�	 # � � �� � �

� � � � ! � � �� � � 	�

�

� � � � �� 	 �� �� � 	� � � � � � � 
 � � 	� � ! �

� 
 � � 	 	 � � 	 �� � �� 
 � � �� � ! �

� 
 � � 	

�

� � � � 
� �� �� � 	� � ! � � � 
 � � �� � �
�

� � � � � � ��� � � $ ! �  ��

� �� � � 	 � 	� � � �� � 	 � � � � � � � �� � � � ! �

� �� � � 	� $ ! 	 � � 	 � 
 � � � 	 � ! � 
 � � 	 	� �


 � � � � � 	 	� � � 	 � � 	�
�

� 
 � � � ��� � � 
 � � � 	 � � �� � � � � � � � � 
 � � 	�
�

�
�

�
��
�
	�
�
	�
�
�
,
	
:�
�
�
�
�
�



� 	 � ��

�
�

�
��
�
	�
�
	�
�
�
,
	
:�
�
�
�
�
�



� � � ��

…
Add R1, R2, R3
Or R3, R2, R4
Load R1, @A
Load R2, @B

� � 


� 
 � � 	
� �

� 
 � � 	
� �

� � �� ��� 	

�� � � � �� 
 � 	

�
�
� �� � � � �

�
�

� � �� � � � �

� �
�

� � � �� � � � �

�� � �� � � � 
 � 
 � �

� 
 � �

B �� � � � � C D C � 
  �

� � �� � � � �	 � 


� �� � � ��
�

� �

� 
 � � � � � � � � � � 
E E 
 � �

� 
 � �

�
�

�
��
�
	�
�
	�
�
�
,
	
:�
�
�
�
�
�



� � � ��

4 � � �

4 � ��

4 � �� �

�
�

�
��
�
	�
�
	�
�
�
,
	
:�
�
�
�
�
�



�� � ��

� � �� �	��� �� � ������

� �� � � � �$� � � � � �

� � � 
� � � �
� � � �	 � 


7 �� �� � �����	� � �. ���� 	� � . . ��

� �� � � � � �$� � � � � �

��� �
�

� �

�
�

�
��
�
	�
�
	�
�
�
,
	
:�
�
�
�
�
�



� � � ��

�
�

�
��
�
	�
�
	�
�
�
,
	
:�
�
�
�
�
�



� � � ��

� �

� � � � � � �  � � � � � 	 � C � � � � � � �

� D � � � 	 � C � � � � � � B �

� � � � � �

� � � B �

� �

� �� �E

� �� � �E

� D � � � 	 � C � � �

� � � � B �

� � � � � B� � � � � � B� � � � � � B�

� �
� �� �E

� � � � � B�

� � � 
' � � � 
E � �� �� � 
E � � � � � � 
E E 
 � � �

 � � � � 
 � � � �� � � � � 
��

� �� �E

� � 


� 
 � � 	
� �

� 
 � � 	
� �

� � �� ��� 	

�� � � � �� 
 � 	

�
�
� �� � � � �

�
�

� � �� � � � �

� �
�

� � � �� � � � �

� � � � �

� � �

� �� �E

�
�

�
��
�
	�
�
	�
�
�
,
	
:�
�
�
�
�
�



�� � ��

� �� � � �� � � �� � � �� � � �� � �

	 
 � �  � 	 
 � �  � 	 
 � �  � 	 
 � �  � 	 
 � �  �

� � � � � � � � � � � � � �   � � � �

�   � � � � � � � � � 
 � �  �

� � � � � � �   � � � � 	 
 � �  � 	 
 � 
 �� � � � � �
� � � �

 � ! � � � " # � � � � �  � # 
 � � " � � � �$ � � %  � � &

�
�

�
��
�
	�
�
	�
�
�
,
	
:�
�
�
�
�
�



99� � �

 � $ � � � � 
 " 
 $ � � 
 � ! $ = 	 � � � � " � 
 	 � � 
 � !

N � M � � � 
 � . � � � - " � ! � � � � 	 � � 	 � � � 	 
 � ) $ � � � 
 � 	 � � � � � � " � � � � 	 	 � � � $ �
� � � � $ �

, 6 � - � � � � � " � ! � � � � � � � 	 � � � I � % & A

, # � � " � � � � 
 � ! � � � � � � � � 	 � $ � % & A

, T � $ 
 � ! � � � � � � � � 	 � $ � % & A

, A

, A

, # � ) � � � � - � " � ! � % � � � � - � � � � 	 � $ � � V � & A
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6 � - � � � � � " � ! � � � � � � � 	 � � � I

� ^ �  3�� � . � + � � � � 	 � � � I � $ ) � � � ! � 
 � 	 $ ^ �

int val[SIZE];
int key[SIZE];

� ^ �  
�/�	. � � � � � � 	 � � � � � � � $ � � � � � � � � $ � ^ �

struct merge {
int val;
int key;

};
struct merge merged_array[SIZE];

, 6 ) � � � � 
 � ! � � $ � � � ! � 	 
 � $ � ! � � � ( � 	 ] � S � ; � U � � � � - " � ! � � � 
 � ! � � � � 	 � �
	 � � � 	 
 � ) $ � � � 
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# � � " � � � � 
 � ! � � � � � � � � 	 � $

, * � � ! - � � � 	  � � � � � � � $ � � � � � 	 � $ � � � 
 ! �  � � � ) � � � � � I � � � ! ! ) � $ � � ! $ 	  � � � � �
� � ! $ 	 � � � � 	 � 	 	 � $ $ � ! � $ � � � S ) � $ � ! � " ) " � 
 � � � � �

� ^ �  3�� � ^ �
for (k = 0; k < 100; k = k+1)

for (j = 0; j < 100; j = j+1)
for (i = 0; i < 5000; i = i+1)

x[i][j] = 2 * x[i][j];

� ^ �  
�/�	̂ �
for (k = 0; k < 100; k = k+1)

for (i = 0; i < 5000; i = i+1)
for (j = 0; j < 100; j = j+1)

x[i][j] = 2 * x[i][j];

, � � � 2 $ $ ) � � � ! � 
 � 	 ( � � $ � $ � � � � 2 $ � ( � � � � � $ � � � � � 4 4 � U � � � - " � ! � � � 
 � ! � � � � 	 � �
	 � � � 	 
 � ) $ � � � 
 � 	 � �
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T � $ 
 � ! � � � � � � � � 	 � $

, * � " � 
 ! � � � � � $ � � � � � 	 � $ � 
 ! � ) � � ! � � ! � � $ % � ( � � � " ? " � � � " � � � � � � � �
� � $ � ( � � 
 � � 	 � $ � 
 � � ! � 
 � � � $ & � � �

� ^ �  3�� � ^ �
for (i = 0; i < N; i = i+1)

for (j = 0; j < N; j = j+1)
a[i][j] = 1/b[i][j] * c[i][j];

for (i = 0; i < N; i = i+1)
for (j = 0; j < N; j = j+1)

d[i][j] = a[i][j] + c[i][j];

� ^ �  
�/�	 ^ �
for (i = 0; i < N; i = i+1)

for (j = 0; j < N; j = j+1)
{ a[i][j] = 1/b[i][j] * c[i][j];

d[i][j] = a[i][j] + c[i][j];}

, # � � � ! � 
 � 	 	 � " � ! � A � + � " 
 $ $ � $ � � � � � � � 2 $ = ( � � $ � $ � � � " 
 $ $ � � � � �
� � � 2 $ U � � � - " � ! � � � 
 � ! � � � � 	 � � 	 � � � 	 
 � ) � � " � � � � 	 	 � � �
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� � 	 � 
 � 	 
 � � � 
 � ! � � � � " � � � 
 � � $
� ^ � * � 	 � � 	 � � � * � @ � * � 1 � � ^ J � ^ �

for i = 1 to n

for j = 1 to n

for k = 1 to n

C(i,j) = C(i,j) + A(i,k) * B(k,j)

6 ) � � 
 	 
 $ � � 
 � !
$ � � 


, � 
 	 � � � � � � � � ! � � � � � � � $ � � � ! � � ! 
 � J � � ! � 
 2 � � " � ! � A � 
 	 ; � � � � � � � ! � " 
 $ $ �
= � � � � � � � � � 2 $ � � �

, � 
 	 � � � � � � � � ! � � � � � � � $ � � � ! � � ! 
 � � ! � 	 
 - ! � � � � � � � ! � 
 2 � � " � ! � A � 
 	 ; �
� � � � � � ! � " 
 $ $ � = � � � � � � 	 
 - ! � � � �

6 ) � � 
 	 
 $ � � 
 � ! �
$ � � � M

= + *
C(i,j) C(i,j) A(i,:)

B(:,j)
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J 	 � � S 
 ! -

, � � � � � � � � 	 � � - � � ! � 	 � � 
 � ) � = � 	 � � � 
 ) � � � � � 
 � � " ) " � 
 � � �

, * � 	 � � 	 � � � � � � � � 	 � � $ � . � ! � � � ! $ 
 � 2 � � � � � � � 	 � $ � " � � � 
 � � $ � � A � J � � � � * � $ � ! � � � $ �
" � � � 
 � � $ � � � I � � � � � " � � $ ) � $ � � � � $ � � $ D � 	 � � $ � � I � � � � P � � � @ � ! � � � � �

= + *
C(i,j) C(i,j) A(i,k)

B(k,j)

for i = 1 to N
for j = 1 to N

for k = 1 to N
{read block A(i,k) into fast memory}
{read block B(k,j) into fast memory}
C(i,j) = C(i,j) + A(i,k) * B(k,j) 

{do a matrix multiply on blocks}
{write block C(i,j) back to slow memory}
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� � 	 � 
 � 	 
 � � � 
 � ! � " � � � 
 � � $ � � 	 � � � ) � $

= + *C(1,1) C(1,1)
A(1,1) B(1,1)

= + *C(1,1) C(1,1)
A(1,2) B(2,1)

= + *C(1,1) C(1,1)
A(1,3) B(3,1)

= + *C(1,2) C(1,2)

A(1,1)
B(1,2)
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Performance Improvement           

1 1.5 2 2.5 3

compress

cholesky
(nasa7)

spice

mxm (nasa7)

btrix (nasa7)

tomcatv

gmty (nasa7)

vpenta (nasa7)

merged
arrays

loop
interchange

loop fusion blocking
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 ! -

, � ( 
 � � � 	 � $ � �

, 0 � 
 	 	 � � � � � � � � � @ � � � 8 + � � � � � � $ A � � � 
 	 	 � � � $ � � ) � 	 $ @ � � � � � � � � $ A � � � 
 	 	 � � � � 	 � � �
@ � � + � � � � � � $ �

-= 	 3�� � = -
integer CS = 1024 

real A(CS), B(CS)

for i = 1,CS  do

A(i) = A(i) + β ∗ B(i)

-= 	 
�/�	= -
integer CS = 1024 

real A(CS), pad(4), B(CS)

for i = 1,CS  do

A(i) = A(i) + β ∗ B(i)
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# � ) � � � � - � " � ! � 	 � - 
 � 
 � 	

, � � $ � M � � I � � g 
 ! $ � � � � � 
 � ! $ � � � " � � � � � ! � � � � $ � 
 ! $ � � � � � 
 � ! $ � $ � ) � 
 � 	 � $ � � � � " � � � � ! � �
� � � 	 � ! � � � � 	 � � � � ) � � � � - � " � ! � � � � ! $ � � � � � 
 � ! $ � - ) ! ) � ) � $ � � � � � 	 � � � � " � 
 	 � � � � � � = �
	 � � $ � 
 � � � � g � ! � 	 ; $ � � � � � � ) � � ! � � ! � � $ � � � � � � � � 	 � � �

-=  3�� �	= -

for i = 1,n do

A(i) = A(i) + β ∗ B(i)

-=  
�/�= -

Prefetch A(1), B(1), and β
for i = 1,n do

A(i) = A(i) + β ∗ B(i)

Prefetch A(i+k), B(i+k)
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_ � � 	 � � � $ � � � � � ! 
 � � � $ � � � � � � � ) � � 
 � � �
	 � � � ) ! � 	 
 � ) � �  ) � � � � $

, ' ! � $ � � � ! � � ! 
 ( � � � � � � � � � � �

, 6 � � ) " � � � � - � � � ) � � � � � � � " � � � � � " � ! � ) � ! � � � � " 
 � � � � �

, � � �

, � � $ � � � � � � $ � ! � ! D � 	 � � � � ! � $

, � � � ) 	 ) � � � 	 � � � � � ! $ 	 � � 
 � ! � �  � � � � $ $ � $ A

, `



: : � � �

* � � � � � � � � $ � � � ! � � ! 
 ( � � �
, * � � � � $ � � � � � 	 � 
 � � $ � / � ) ! � 	 
 � ) � �  ) � � � � $ � @ � � 4 �

� ; � 	 � $ �

, � � � � � 	 	 � " � ! � A � � ) ! � 	 
 � ) � �  ) � � � � $ � @ � � 4 4 �
� ; � 	 � $ �

, * � " " � ! � � " � $ � � � � � 	 � � 	 � � � ! � � � " ) " � 
 � � � G �
� M � � � � � � � ! � � " ) " � 
 � � � � � � � � � � ! � � � � 	 � � � � � � � � � � �
	 � � " ) " � 
 � � �

, � � � � ! � � ! 
 ( � � � � � � � � � � � � � � 	 � $ � - � � ! � � D
" � 
 	 	 � � � � � � � I � � � � $ � � � 2 $ � � 0 � " � $ � � � � $ � � � 2 $ �
> > � � ) ! � 	 
 � ) � �  ) � � � � �

� � � 0 � @ � O 
 � � 0 
 " � � � 1 � � 
 $ $ � 6 � � � � � × � 
 $ $ �
# � ! � 	 � ; � �

� 
 $ $ � # � ! � 	 � ; � � @ � O 
 � � 0 
 " � � + 1 � � 
 $ $ � 6 � � � � + ×
� 
 $ $ � # � ! � 	 � ; � +

� � � 0 � @ � O 
 � � 0 
 " � � � 1 � � 
 $ $ � 6 � � � � � × % O 
 � �
0 
 " � � + 1 � � 
 $ $ � 6 � � � � + × � 
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 ! � 	 � $ 
 � ! � ! � � � 	 � $ � ! 
 ( � � � I � � � � � � � � � .
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 	 	 � � �

� � � � � � � + �

/ T � � � � � � 	 � $ � 
 ! ( � 	 
 � � � 
 � ! $ � % � � ! $ 	 � � � � � � � � � � � $ 
 
 ! ( � 	 
 � � � 
 � ! $ �

� + & � � �

�
�

�
��
�
	�
�
	

�
�
�
��
��
	
:�
�
�
�
�
�



: 7 � � �

O 
 ) � � � � � 
 � � " ) " � 
 � � � � ; � 
 � � � � � ( � � �

 ! � � � � � � �

main
memory

I/O
bridge

bus interfaceL2 cache

ALU

register file

CPU chip

cache bus system bus memory bus

L1 
cache

�
�

�
��
�
	�
�
	

�
�
�
��
��
	
:�
�
�
�
�
�



: � � � �

6 � � ) " � � � � - � � � ) � � � � � � � " � � �
� � " � ! � ) � ! � � � � " 
 � � � � �
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 � � � � � - ) � � � � � �
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, * � � � � � ! � ! � � 	 � � � � ! � % ! � ! D � 	 � � S 
 ! - � � � � � � � � � 	 � � S � � D � � � � � � � � � � & �
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 � � � � D R �
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 � ! � � � � 	 g � $ � � � � �
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 � ! � �  � � � � $ $ � $

, * � B � � � � $ � � � � 2 $ � " ) " � 
 � � $ �
� � � � � 	 � � � � � � � � � 
 � ! �
�  � � � � $ $ � $ � � # ) ! � 	 
 � ) �
�  � � � 2 $ � = � 	 � � � � � 	 � � � � $ �
� � - � $ �

Table des pages Mémoire physique
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� A 4 4 4 A 4 4 4 � < �
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�  ) � � � � $

: 4 < � : 4 �
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 	 	 � � �
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, # � � � � ) ( 
 � � � � 	 � $ � � � � 2 $ �
" ) " � 
 � � $ � � � � � � 	 � �
� � � � � � � 
 � ! � �  � � � � $ $ � $ �
% 
 � � � � � � � ) 	 ) � � � � 	 � �
� � � � � � � 
 � ! � �  � � � � $ $ � $ & A �
� ! � � � 
 	 
 $ � � � ! � � � � � � �
$ � ) � 
 � 
 � � � � � � � � � 	 � $ �
� � $ � � 
 � � � � � $ � � � � � � - � � . �

% � � " � � ! � � � �
� � � � � � � 
 � ! � ! � 
 � 
 � ) � & �

, � � � 0 � J � � � ! � 
 � ! � 	 � $ �
� � � 	 � � � $ � � � � � � � 
 � ! $
� � � � � - � $ � � ) � � " " � ! �
� � � ) � ) � $ �
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 � ! � �  � � � � $ $ � $

, 0 � J � . � $ 
 " 
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 � � = � ! � � � � � � �

 ! $ � � � � � 
 � ! $ � % $ � � 	 � " � ! � � ! � 	 � � � � � � & � . �
	 � � � � - � � � ! � 
 � ! � � ! � ! � " ) � � � � � � � - � �
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 � � � � 	 	 � A � 	 � � � � � � 
 � � � ! ! ) � � � ! � 
 � ! �
� ! � ! � " ) � � � � � � � - � � � � ; $ 
 � � � �
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_ � � 	 � � � $ � � � � � ! 
 � � � $ � � � � � � � ) � � 
 � � �
	 � � � � " � $ � �  � � � 2 $

, 0 � " � $ � �  � � � 2 $ .
/ 0 � " � $ � �  � � � 2 $ = � ! � ! 
 ( � � � � � � � � � � � � � � ! ! ) A
/ 0 � " � $ � � � � � � � ) � � � " 
 ! � � $ 
 �  � $ � � ! � $ � � � 2 $ � � � ! � ) � � � � �
/ 0 � 
 	 	 � � � 
 � � 	 
 ! � � / � ) 	 � 
 � � ) � � ! � � ! � � $ �

/  
 � � � � � " � ! � � 	 
 ) � = � 	 � � � � ) � � � ! � � A
/ � � - " � ! � � � � ( � � � 	 � � � � 
 	 	 � � � � � � � � � � A
/ � � - " � ! � � � � ( � � � 	  � $ $ � � 
 � � 
 ( 
 � ) �

, * � � � � $ � � � � 
 � $ � � � � $ 
 " � 	 � $ A

, A

, 0 � � ! $ 	 � � 
 � ! � �  � � � � $ $ � $ A

, `
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� � � � � ���
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�����<

, � M � � � �  � ! � � � � � � � � � � � " � � � � ! �
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 K � 8 8 4 L . � � X
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 � 
 � � � $ �  � � � 2 $ � � � � � � � �
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� ; � 	 � � +

� ; � 	 � � �
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� � � �� �

# 9� � ! � � 	 � /
� ! � � ) � 	 
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  � P � � 	 � $ 
 � � � $ � � ! � � ) � $ �
� � ! $ � � � � � � � � ( � � � " ? " � �
� � � � $ $ � � � � ; $ 
 � � � �
# � � - � �

0 � 
 	 	 � � 	 
 " 
 � ) � � � � � �

 ! � � I � � � � ) - � 	 � " � ! � �
� � � � 	 2 " � � � � �
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� � - " � ! � � � � 	 � � � ) � 
 � � �  
 ! $ � � � � � 
 � ! $ �
� � � � - ) � $

, ' ! 
 � ) � � � � � � � - � " � ! � � � 
 � � $ $ � � � � � ! � � ) � 
 � $ � � � 
 $ � ! � � � � � � � � # � .

/ # � ) � 
 � � 
 � ! � � � � � � ! � � � " � ! � � �

/ # � ) � � � � - � " � ! � �  
 ! $ � � � � � 
 � ! $ .
, * � � � - � " � ! � � � � � 	 � $ � �  � � 
 ! $ � � � � � 
 � ! � = 	 � � � � 
 $ / � � " � 
 ! )

= 	 � � � � ) � 
 � � 
 � ! � � � � � � ! � � � " � ! � � � � � � � � ) � � � � - � � � � $ �

 ! $ � � � � � 
 � ! $ � � � 
 	 � $ � �

/ * � � � - � " � ! � � � � � 	 � $ 
 � � � $ 
 ! $ � � � � � 
 � ! $ � % � � � � � � " � 	 � 
 D � � � � $ & � .
, � � 	 � 
 D � � � � $ A �
,
, * � � � � � " � 	 � 
 � 	 � A
, J � ! � $ �

/ ' ! � � � � " � 
 ! � 
 $ � ! � . � � � � � � � � � � � � �
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 D � � � � $

, � � 	 � 
 D � � � � $ . � + � � � � � $ � % � � - � 1 �
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/ � � - " � ! � � � 
 � ! �

 " � � � � � ! � � � � � � 	 � � � � 
 	 	 � �
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* � � � � � " � 	 � 
 D � � � � $

, * � � � � � " � 	 � 
 � 	 � � % + � 	 � � � � � � � �
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 � � � $ � � ! � $ � .
/ * � ! � 	 
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0 � � � � � � � � � �
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 ! $ � � � � � 
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