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NAND

AND OR

NOR

NOT

XOR
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ÊL³2µ�½ ¶5°@² Å]º¼»F²j¾@¹q¸\½ ¶5° »r¾oµ�Å�¾qµo×t¸�Ë�´tË

ADD
A
B

Cout

Cin

Out

A B C Out Cin out

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

® ØU»VµW³<¹G¸ ÀV¶q½ ¶ ¹=¶@ºÙºÖº�Ú ³	° Ì"Á*ÀL³/¹VÀ ¹o»FÃ ¸\½_ÈPº¼»FÃ µ�À@¸ ÊL³2µ
»F° ³Çµz½ Û�ºÜ³/´jÀoµÂÝÞÐ&¶5°@² ¶ ¹N¶@ºÖº�Ú »F¾oµ ÌÙÁ*ÀL³<¹BÀ ´5»j¸Z½_µÂ» µ�À]¸
ÊL³2µ�»F° ³2µ�½ ÛY·M¸QÈ¦µÂÝÞÐ\×�¸9Ës´tË

0 0 1 1 1

0 0 1 1 0
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A
B
C
D

M
u
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Out

S0S1

S0 S1 Out

0 0 A
0 1 B
1 0 C
1 1 D
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D Q

G

D Latch

Voltage here determines
whether the bit is 0 or 1

When this is 0, we cannot
write to the latch. When it is
1, the voltage at D becomes
the new value of the bit.

If we want to update the 
value in the latch, we put
the new value in here. 

V WYX�Z�[�\2\^] _�`DZCa1XGb�c-de[ f@g�h%iCjDkml)n�Xoa Xoa [ a�p�c�_�Xq[�\#_3X�dr_+s�Xtl
u n�XG_+n _�[�Z vwdrc-x c+x y�c+drz [ y�X{l |~}�X��	�A[ � `9dm[ �:�?�

V ��Z?lHc-d&Z�[�\2\t] u `9d&� y)] �������	��g�i�� |�y�s?l�b�`DZ��Gl Z3c�c�b l�`
�3Z�` u n�` u Xtl u `�d&�1a��~`9d�l)n�Xoa _?`Ds	d�a�c��.�
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_�[�\2\<c�b ���

V � n3c }I`D\^l:[���c [.lP� drc+p�drc�a�c+Z?l�a�l1nIc }�[�\2sIc a�l�`�drc�b X�ZCa1XGb�c
l)nIc \G[.lH_-n |�X��@c9��X��5[ n�XG�Jn }�`D\^l:[��	c	��l)n3c+Z \7[?lH_+n Xoa
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©�g�h§� X�Z�p�s�l�_�[�\2\ocCb ª��
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Control
Unit

 e.g. 64 MByte
2^26 x 8 =

536,870,912bits

Address Data Control

Processor

Reset

Bus

Memory
Execution

Unit

Register File 
(including PC)

Sound Card

Framebuffer

Hard Disk

Super I/O

Mouse Keyboard Serial
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Data in D Q

clock

NN

N-bit Broadside Register
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Data in

Write Address

N

A

Dual Read-Ported Register File

Data out a

Read Address a

N

A

Data out b

Read Address b

N

A

Data in Data out

Read AddressWrite Address

N N

AA

M x N Register File

clock

clock

V WAX2Y,Z7[=[]\ ^_Z�`ba c d egf�h�i�Xja4f�ekiml=f�lnZ oqp+rtsvubwxpFozyB{|p�l
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Address Data

output enable

write enable

/oe

/wr

A N

chip select/cs

MxN RAM
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D Q

G

D Q

G

D Q

G

D Q

G

D Q

G

D Q

G

D Q

G

D Q

G

A1
A0

/wr

D0 D1

/oe

D0

D1
/cs

/cs
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bit bit

word

SRAM Cell (4T+2R)
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Bit 0 Bit 1 Bit N-1

Word 0

Word 1

Bit N-2

Word 2

Sense Amplifiers & Latches
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COLUMN LATCHES

COLUMN MUX

Addr

Data
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Address Data

output enable/oe

A N

chip select/cs

MxN ROM

g hjiUk l mon�k p1q�rsi3m t7u�v l�wyx3l�z�{ |�q }�~'���
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32K ROM

R
eg

is
te

r 
Fi

le Execution
Unit

Control
Unit

Address

Data

Control

CPU

Data
Cache

Instruction
 Cache

Cache (SRAM)
Main Memory

B
us

 I
nt

er
fa

ce
 U

ni
t

64MB
DRAM

Bus
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Control Unit

IBDecode

Execution Unit

R
e
g
i
s
t
e
r
 
F
i
l
e

PC
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Execution 
Unit PC

#Ra
A

#Rb
A

Fn
K

#Rd
A

Register File
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00 01 02 03

Big Endian

04 05 06 07 08

EF BE AD DE

DE AD BE EF
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ã}á�ímòQß ú è á�Ü ú ê õ à  "!$%&) á6�©ä�á¸ïQï+ä^ß+òQß ú è á Ü ú ì

Ú 7 õ è0ÜAî �XÜ�Þmß �mñ�ø 8 9=ä � �XÜ äªá@ï ïoäåß ß ú è á Ü ú:�<;�� Ü�à=� 8
ø�ñ?>Éê×ã�á�í ß ú è á Ü ú��A@ á � æB8 9DC @ ßmá¸ï��mß?à¢ì
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S TVU WYXZXZ[�\"]^]$_�`ba c d�XZ\ e^f*ghg5ije�k�f l�m�n oZpqe^f*r�stk�f�r=f e$k�f
uwv e v x mwr v U yzU{i|e�r�p�l$e+y�m?U y6i}e~m lqm?n f x r�m�n �

S ��f$e v sjy u f � v r�y�f$e��q��fw�h�<�
� f���y�i|e�f�r�� �1�&� �*�*� �q�:�B�q�
� n n f u y v e�f�� �1�&� �*�*� �q�:� �q�$�
��� � f�g v e"y6��fw� � �+¡ ¢+£q�$¢
� f���y�i|e�f�r � U u yzr¤f�l&eq� ¥¦�&� �*�*� §¨���"©
ª « ¬ y6io�g v l{f�n f�U�eq� ®^¯� �*�*� §¨����� �°�©
� U u f$±bf u � ²Y³¦´ ¥ �*�*� µ¶����� �·��¸
Tº¹{i»m�g�pqe^f�¼ ¬ yzr¤f{l$e�� ²Y³¦´ ¥ �*�*� ½+¢+£�¾¿�ÁÀ&Âq¢��^�&¢
Ã f�n mwrÄ� � U u yzr¤f{l$eq� �1�&�{¥ �*�*� µ�½�¢"£$¾¿�OÀÂ·¢b�^�$¢�¸

S Ã m¿i|e n m u f*rÅU n v l�k¿yzU�f·i v r=f ÆÇd�WYXqÈ�]qÉ�dY[Å\ Ê
lqm�Ubl�f�U�e�r v e^f m�U ËÌr¨i|eÍË���f Î~Î~Î
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Þ î à�ï ðwé¨ì ñ�æëá æëê5â»ð ò�ð�ê�å<ó
ô õ æ·è$çZéöæëêø÷�æëábä�çYæ�äZàwù
ô ú à æZê<áZçZï ûëà*é¨â üþý?ð�æqè"ãzá�ä ÿ¿ð:ãzáqè��qù
ô � ð�ï ÿ¿ð�çZá�å � æqè»æ ß:è$éÅç�ñ&è�çZé=àâ ù
ô � á â|è�é�ç�ñ$è+ã�ð�á â

Þ �Vê�� æ+ì{â	�»ç â|è}â»ð�ï à áZçZï ûëà*éÜð�
 û¿ã è|â � ç�ÿ è^ð
ÿbé�ðwä�éöæëï ï à�é�è^ð ã áqè�à�é�ÿbé¤à&è�tòYæ·è ã�â��tò�à*é¤à �����

���



� � � ������� ���	� � ! " �$#�

% &$')( * +-,/. 0�1�+2.435+4673-098
:<;�=?>A@CBDB 8FE�G�H�,I1�JK(L3NM O4(LPQ3R,S.4T U�VW.4TXPY,Q0ZO�[ P\M]1^1_M�6D0a`

.NbN* H2M�6D0a`CcNbN.dJ]1eb�+f1g,h(L. +2.43 + ijMZ' (�1]O4M�6
J�O�+46k+9J]1lM�6D0 ;

mn; o .�,pJK(X3NMq8 :sr G�H2,�1�Jt(X3NM 0ZbNcNc2(q6u1v,S.4T cd6k+9J]1v,hJ9+2PwPyx +NPzP
,S.K1lM�6{.�+f1g,h(L.�+NPL+2PwcNO�+2HNM]1|0 +2.d3 0_xN* H�(LPI0 ;

% =?>A@CBDB 3NMZi{+2b<P}1~(L. * +2.tx (LcNM�6�+K1g,/.4T 0�xs0�1lM�* 0a`n+2.43 (L.
1eO4M M9+46�P�x B .t1_M�6{.4M]1 U�M ; T ; MeG�* +�,SPp[ ;

% o .�,pJK(X3<M HNMtJK(F* ,/.4T * (567M c�(Lc<bNPh+d6�U�Mf0Zc o & ��G �n��[ ;

% B . H�(-1eO Ja+t0�MZ0a`A67M-cd67Mf0�M�.t1 ,S. * M�* (q6�x +t0 M�,�1]O4M�6
�K���{�z����� (q6�� �{� ��� � 8�M ; T ; ��� b<H & ,/* Mq�w�

Ox351A.25E4

Ox351A.25E8

20 62 75 50

ArrayString

65 6D 69 54

Ox351A.25EC2100xxxx

20 62

75 50

69 54

65 6D21xx

00 09

�f�



� � � �4� �   ¡ ¢-¡ £¥¤C¦ ¢ � ¦�¤

§ ¨5©qª�ª¬«®�«�ª¬«�¯4°s« ©L¯<±y²R³
´ µ ¶ · ¸ ¹

º »�¼d½ º ¾ ¿ À ¼
Á Â Á Ã Ä Å Æ
´ Ç ´ È É Ê Ë
µ Ì µ Í Î ½ »
¶ Ï ¶ Ð Ñ Ò Ó
· Ô · Õ Ö × Ø
¸ Ù ¸ Ú Û Ü Ý
¹ Þ ¹ ß à á â
ã ä ã å æ ç è
é ê é ë ì í î
Ã ï ð ñ ò ó ô
È õ ö ÷ ø ù ú
Í û ü ý þ ÿ �
Ð � � � � � �
Õ � � 	 
 � �
Ú  � � � Òt×Zÿ

§ � © �N«��_«-ª�� �S¯d« °t©��N«  ©5ª�� °����4ª��9°��l«�ª! #"%$�« °K©L±&"'� ¯ �($) ª*$+� �d«�, �-�/.-�0�( ª ©21 �($3$�«s°K©L¯4�65
§ «75&.65�$98��9°s« �:$ ºvèK´]º  <; �:$ ºvèK·]¹  >= �?$ ºgèKµg¶ 5
§ @ ©21 °A�A�4ªB�9°��_«-ª*$ C ü ºvèt´eºED �4ª7« ¯9©F¯GFH8dªI�S¯(�J�/¯K. °K©F¯E�eª7©L±

°A���dªB�9°��_«�ªL$% «75&.65�1M�4ª{¯N�/¯K. O2«�±w±P #O��9°AQ�$98��9°s«7 °%�dª�ªR�S�2.N«
ª7«��T"Nª{¯-5

UGV



W X�Y Z\[^]`_ a b Y ]`_\[ ced f
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ªL±�²P¬®©W¯.³*©q´qª�µ ¶�©�·X ¯~±+«{¬®©! ´!¯ ´�¸
«�¹�¯º©L±i»5¬k«½¼ ´ ¾�¿CÀ�Á ¿�Â�ÂPÃIÁÄÀ#ÀhÅ

§ Æ`´
¬�ÇÈ´�É�·�© ¯LÇËÊ!© ¯~±�¬�²
ª�±�²P¬w©C¯.³*©�Ì{ÍP·ÎÇÏªÐÇx±�·�Ñ ¯~±+«Ò¬w© ´qPQ¬w©W¯7¯º©W¯Ó�Ô�Õ{Ö�×�Ø Á!ÃwÀqÙ Ç�¸�¯�ÇÏP© ¯~±�¬�²
ª�±�²P¬w©{Úu©�Å�ÛuÅ
ÜhÝ8Þ!Ý8ÞWßáàqâ ã!âCä å æ
çºÜ!â çáè é+æWÞ ê é+æWÞ ê ãhâCä

ë ì â�ÝÄè çáè é+æWÞîí
ï Ý ì âáðhÝ+ñhà ì â å æqç8Ühâ�ò@ó½ô õZôöæ
ç8Ühâ�òI÷cô øcô ì âLÝáèGò�ùqúLú�úPí

û ¼ ´
ÛZÇz¸Ð© âáð!Ý~ñhà ì â Ç�¯ü¯~±+«{¬®©! ´C± ´q�G¬w©C¯#¯ ý ð�þ ýLýLý�³
ÿ �G¬w©C¯#¯ Æ:´�·�²Ð© �E«½¼ ¼ ©�¸h±
ý ð ý�����ý ý ð ������� �E«½¸�¯~±�¬�²
ª�±#«{¬ ±�´
Û »�«{¬`´ ·�©q´h»
ý ð ý���� ó ù û ¸h±7©!ÛP©�¬��ÅÅÅ
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ª�±#«{¬ ±�´
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ý ð ý�� ó�ó ø û ¸h±7©!ÛP©�¬�
ý ð ý�� óCù ý ð ý�����ý ÿ PG¬w©C¯#¯_«�» Çz¸�¸
©�¬ ¸q«QP©ÅÅÅ
ý ð�þ ýLý�ý ý ð ������
 �E«½¸�¯~±�¬�²
ª�±#«{¬ ±�´
Û »�«{¬`´ ¸q«GP©
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ý ð�þ ýLý ù õ û ¸h±7©!ÛP©�¬��
ý ð�þ ýLý�	 ý ð ý�����	 ÿ PG¬w©C¯#¯_«�» Çz¸�¸
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2728

p���r sGt1yKu sGt y�u ¡@y7t ¢ £¥¤�¦�w�£�r�rl£7t�§ ¢
t�t�t1£ £�£ t £�£�£�£ £ t�t1£7t t�t1£7t £�£�£�£�£�£�£7t�t�t�t�t
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ª¬«� sGtGu s�w ¢ £�¤�¦ft ®ft1£�£�£�w ¢
t�t�t1£ £�£ £ t1£7t £ t £�£�£7t £�£�£�£ £�£�£�£�£�£�£�£�£�£ft £
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A[0:x]

D[0:7]

chip select/cs

Serial Input

Serial Output

Baud
Rate

Generator

read/writer/w

� �| �¡z¢7£�¤¦¥¨§c©�ª«¥<¬� ?�®�¤q¯6 �¯6°g¥ ±~£g1£	¡v¢?£�¤n²�³�¤b§c g¥-´ ¡vµ¶µA£�¤�·
¸ ¥�µ<¯C¤l£-¥ ¹ ¯C¤�´ ¯C¤q£ ºt¬1µ:£�¥ ¡� 4µ:£�¤� 	§c©�©�¬4»
¸ 4¯6 1¢?£�¤¼µ½¥ ¾�§7¤n§c©�©¿£�©�µ:¯ ¥h£�¤$¡À§c©Á»
¸ ¯6°4µt¾�°4µ½¥ §�g4¯C¤lÂ�¡� ?Ã µ:¯ ±DÄ�Å¶Æ�Ç�Æ�»

� ÈÉ§7¤$¡¿¯6°p¥ º	§c°7Â ¤n§�µA£-¥ ÊL£C»OÃP»�¹CËOÆ�Ì�Ì Í ¹�¹1ÎPËOÆ�Ì�Ì�Ï
� Ä\©s¯pÐ §c ?Â ¥9¡�´ ¾�©¿£ Ñ<Ñ<Ñ%§c ?Â ¢?£�¤¦¬ °g¥y£9Ò�°�©�»
� Ó §cÔ¨£ °�¾ Õ�¥y£�¤Ö¡F§c©�¾c¯C¤×µ�¥BØ ¯6  ÙDÚ�»
� Ó §�Û µt®�¤q¯6°7Ãu®�¾�°4µ Ü ¹�ÝÞ»ÀÝPßáàY¬1µ:£�¥pâ�¢	§7¤$¡À§c 1µ½¥ °�¾ µ<¯

Î�ã6ß Ê$Ò$¯C¤�´ ¯uÂ�£�´'¥äÏ�»

å9æ



ç è é�ê ë ìÖí+îïí

spindle

actuator

read-write
head

arm

rotation

platter

sector

track

cylinder

ð ñ ò�ó�ôöõFó�÷7ø ù�óvú½û ü�ýWþ:ÿ �7øu÷���úäó������	� ÿ ��ú
��õ����
ð � ü�ú���ú�� ��������� � ��������� ú¨ó�ÿ �-û � ÿ ó�÷��4ú����
ð  !�#"$�&%	ó�ú(' ) *�� +-,.'1ú���û þ0/ *1� 2 �4365
708�9;:=<=�>�

?&@



A B4C D E F;GIH J C BLK H

hsync

from CPU

RAMDAC

Dot
Clock

vsync

Blue
Green
Red

to Monitor

Graphics
Processor

Framebuffer

VRAM/ 
SDRAM/
SGRAM

PCI/
AGP

M N�O�O=PRQ>SUTWV#X�XZY O
[]\ P ^`_Ia b;cedfV#\ P4g�h�ijPRdlkmV#Q�n O
[]\ P
noTqpoTZS�V#XsrtS[Rr6V#Q$V�X�[�p]h�P u$TvdwuRhLTxSydzY b�^{_|a }~_��!k>�

M ^{_Ia �&[]X�n4O V�dtdfVUY [Lc��o�s�	�����	�I�LTqu�S�h�d�P P4X�P4\ P4Q>S6O&�

M ^{P�O
[]X�h>S�T�[]Q�O P���p����R�o���1���	�����������R�������{�1�#�4�L�$���#���
�������$�o���#�L���{�������$�o���������

M } P4�>Sy��O&�¡�$r
gLTxS b�¢�£¥¤ k��{����r
gLTxS b�^�¦-§©¨ ª�ª�ª����4�4r�gLTZS
b�^�¦-§©¨ ������k���«���r�gLTxS b�^¬¦-§_¡¨ ������k��

M a PR\ [	dzY dwP�®¯h#TvdwPR\ PRQ>S ¨ ° ± ²�± n�PR�>S��o��P���p��
���#�4�#�����#� ³ �1�´g���� Q�P�P�n4O ��ª�«��¶µ�§·�

¸ c¹h�XºXsr»O�u4d�P�PRQ ª��]¼.½ ¾LTqn�P>[ d�P�®¯hLT¿d�PÀO ����ª�a §¥Y>S�PÀO�ÁRO b([�d
����a g#TZSÂO�Á$O�k>�

Ã�Ä



Å Æ Ç{ÈÉÇ

Processor Memory

Other Devices

ADDRESS

 DATA 

CONTROL

Ê Ë�Ì1Í Î Ï�Ð]Ñ�Ñ�Ò�Ï�Ó�Ô�Ð]Õ Ð4Ö¡×�Ø#Ù�ÚÜÛ�Ý Ï>Ð]Þ Þ Ì�ÕLÔqÏ1ß�ÓUÔ�Ð¶Õ àáÔ¿â�Ò�Í1ã

✔ Ñ�Ð1à Ï>ÐLÍÓ>ä

✔ å ÒRâæÍ�ß�ÓUÔvÑ�Ò ç Òéè�Ó�Ò4Õ�Í�Ô¿ê�Ñ�Ò�ä

✘ ë ÐRÓ�Ò4Õ>Ó�Ôìß#Ñ�ê#ÐRÓ¹Ó�Ñ�Ò�í
Õ�Ò�ÏRî#ä

Ê ï!ð ë ÔqÏ1ß#Ñ�ÑZð Ï�Ð]Þ ë âñÔ�Í�Ò�Í ß&ò�ò¯â�Ò�Í�Í ÑìÔ¿Õ�ÒÀÍ&ó�ò	ß�Ó
ß ÑôÔvÕ�ÒÀÍ ß#Õ�ò
Ï>Ð]Õ�ÓyâõÐ¶Ñ�ÑìÔ¿Õ�Ò�Í öe÷ ë Ð1à¡Ò4âfçLø¯â�Ð]Ì�Õ�ò�ù�ä

Ê ú ë ÒRâfß>Ó�ÒÀÍ Ô¿Õ ß û Ù�×>ü»Û�Úfýñ×�þºÙ�ÿyÛ Þ ß#Õ�Õ�ÒRâ ó�Ò	äºø�ä
� ä Þ ß�ÍÂÓ�Ò4â©ò�Ò�Ï�Ôqò�Ò�Í|Ó�Ð Ò	äºø�ä âwÒ1ß&ò Í
Ð¶Þ Ò ò	ß>Ó
ß ä
� ä Þ ß�ÍÂÓ�Ò4â ë Ì>Ó6Í ß&ò�ò]â Ð]Õ>ÓÐ ê�Ì1Í ß�Õ�ò ß�Í�Í�Ò4â Ó6Í � â�Ò1ß�ò��
� ä ÍÀÑ�ß å Ò â�Ò&ß&ò4Í ß&ò�ò¯â!ÖeâõÐ¶Þ ê�Ì�Í ß#Õ�ò â�ÒéÓyâ;Ô�Ò å ÒÀÍ ò	ß�Ó�ß ä
� ä ÍÀÑ�ß å Ò ë Ì>ÓÂÍÉò	ß>Ó
ß Ð]Õ>Ó�Ð ê�Ì�Í1ä
� ä Þ ß�ÍÂÓ�Ò4â¡âwÒ1ß&òLÍ ò�ß�Ó
ß ÖeâõÐ]Þ ê�Ì�Í1ä

�
	



� �  � ��� ��� ��� � �

Sound
Card

Bridge

64MByte
DIMM

Processor

C
a
c
h
e
s

64MByte
DIMM

Framebuffer

B
r
i
d
g
e

SCSI
Controller

PCI Bus (33Mhz)

Memory Bus (100Mhz)Processor 
Bus

ISA Bus (8Mhz)

� ��� ��� �"!
#%$&!('*),+-�/.0' 132�#54 2�6879$3:;'<�='<�># ?A@B4C'D4FEF$G#
+
79$3:;'<�H'��>#I!<+-���J�"!K#L'<�M$34N#O$P!D4 '*QSR�QT7U�V#C� EF$&7-#
+9)XW �VY
Z 7*'K.�$P!/'V4B)[W �VY 1\'��0R-#]+^Q

� _ 2�4`# ?A@B4C'D4 �0�H' acbedAf(gAhMi*dAikj/a lm4V+-�0�H' !�132n!<o 4
$&Rn�-�p1PqVQ

rOs



t u v w x y�z v z { | } { |�~�|

Memory Address To Read

Data

CLOCK

A[0:31]

D[0:31]

/MREQ

/READ

cycle 1 cycle 2 cycle 3

� ���P���A�=� �D�"�B��� � �H�B�0� �
�J�p�B�O�"�
�%����� ���p�&��� �=�/�������H�V�
�]�A�=�/� �A�(� �K���<���D�B�
� � � �¢¡ £A�>�`� �0�A���H�V�L� �n�>�L� �0�A���H�V�L� �¤���0�V� �p����¥¦�>§J�L���

�C�
�¨�]���*¥©�/�L�ª�<�«�`���/�n�>�
�¬�n������0�D�B�
® � ¯ �<° �U�±� §m�
�²�<�0�V���U�V�C� §c�H�n° �"�*���H�V�L�B�
³ � ¯ �<° �U�±� £A�/�5� �U�V�C� ��� �e�V�´� ��µ�0�V�B¥[� �¶¡ �P�V�²�<�0�V�

· �p�S�0� �p�0� �]���<� �A�B�/�²�C�<�¸�5� �>�n�>�
�¬�n�©�¤���0�D�"�

� ¹º§8�A� · �&�(� �"�<�»§¼�/�`�����"�n�0�n�9¥T�B�p� ���(�C�<�¸� ½¿¾-ÀÂÁÄÃ>ÁÅ¾pÁÇÆOÃ>�

� �^�/�N�L�<�È���3�n�<É/Ê9�\�n�0�*�<�Ë�A�(� �B�A� �9� · � ÌeÍ(ÃFÃ
Î/Æ�½Ë�

Ï
Ï



Ð Ñ;Ò Ó Ô Õ Ö�× Ó × Ø Ñ Ù Ø Ñ�Ú�Ñ

Memory Address To Read

Data

A[0:31]

D[0:31]

/MREQ

/READ

/SYN

/ACK

Û Ü¶ÝNÞ*ß0à<áAâHãnß"ãnäBÝ åAäBÝCæDÝ á-ç>è�æ ß0ã ÝDá<ç0âHæ(é à�ê3ãnà<ëpìîí�ß(Ý`ï²æBç"é
ð ãUâmë å]Þ ñpò<óAô"õ
ñpò<ö�÷øó-ùûú©æUüøý�ü
þ ÿ���� � ä>ï`Ý ç0éAé�âHæVÝLÝ ãnß>ïLã ç0éAé�âHæVÝLÝ ê¤í�ß0æVÝ çpß�é�ú¦ç��JïLæ�â

ÝCæ
ï¨ï]ê�æ*ú©ç/ÝLÝªæ<â«ï`Ý�à/ãnß>ï
â¬ãnê�êí�ß0æDÝBü
þ � æ	�(ï>ú ÿ��
� ç/ÝLÝªæ<â«ï`Ý��	�����ïNã ÝOç%Þ æKè0æ�â¸Þ/ï]á�í�ß0ý â=æBç"é<Þ/ü
þ Ü¶ÝFÝCã^ãnß ç/Ý � æ�� ãUâ¸Þ ß"ã<ï%í&à(æDÝ ������*ú[í ï��mæ
ïLà�á0æDÝ

éUçVï´ç �¨â¬ã�� ç"éAé�â=æDÝLÝ çpß0é � ä/ï5Ý íGïFãnß/ïNã åAä(ÝBü
þ � æ�� ãUâ±Þ ï
á0æ<ß ç/ÝLÝªæ<â«ï`Ý ������� ïLã ÝOç%Þ éUçVïCç í3Ý âHæ"ç"é<Þ/ü
þ ÿ���� êPçVïLà�á0æDÝ éUçVïCçkú�ï]á�æ<ß éAæBç/Ý²ÝCæ<â¸ï5Ý ������*ü
þ � í�ß-çpêSê Þ/ú � æ�� ãeâ¸Þ éAæBç/Ý²ÝCæ<â¸ï5Ý �������*ü

Û � ãUâ=æ á<çpß0é�ÝDá<çpë"í�ß0ý í�� � ä�� ç"é*é�âHæVÝLÝ ! éUçVïCç "#"#"
$�%



&('*),+ -.-./ 0*),1

2 35476 8:97;=<�6 ;?>@< AB8DCFEG9H6 ;I8J9 KMLDN(OIP�N(QIKMRTSUO V(;W6�9W<YX�Z�[
\
8J9^]_4I9H6#E`6a6cb�d 9	E	efCg>@h ;?>@< Ai;fCFEj6 4k>�E�CmlnC�E e(;?opo?9�>^67q

2 354WEr9Uqshtq,8J97;I<.Cg>@h ; Vplub_v�w b�xy<z;{Ec; x|8}b�d ; e(;@8J<@~|<.C�6{w
Ec;?w�9H6 � ��� �^�_ABefC�v�e Cu6 � �����p�p�.���p�k� v�l�b�v�w v��Iv�lu9{67�

2 ��O�K��^L�LM�I��K:P o(8}b��?C�<p9 ; Ai;�� E�b <k9Wv�b�4popl�9 Z�[
\
8J9^]_4I9H6#E`6rx�8Jb�d <p9H�fC�vW9 8J9H6{ofb�>^6�9{67q
�kq Z�[�\ 4^6�9{6 Vk4^6�E�b d ;pw�9 ; 8:9W]_4@9H6jE �M9Uqshtq��5L�R�K���P
6cb�d 9 6Ho?9Wv(C�;plp�(;?l 4I9H6¡E#b ; <p9��?C�v^97¢�q

�Yq £¤9��?C�v^9 hpb_9H6*b�¥ E#b hp9	E Cm>Wx¦b§q
¨ q © 97;?>^ABefCgl�9 Z�[�\ v�b�>�E�Cm>p4I9{6 <pbªCg>@h b�E�eI9�8«6#E�4W¥yq
¬ q® e@9�> <p9��?C�v^9 ¯°>(;plslF� e(;W6 Cm>Wx¦bz8�d ;{E�C�b�>.�±8²;�Cu6�9H6 ;?>
RsO�KM�WL³LM�=��K|q

´ q Z�[�\ 4^6�9{6 Vk4^6�E�b 8J97;I< Cm>WxDb x|8}b�d <p9��?C�v^9kq
2  eI9�> Cg>�EG9�8³8�4po�E*b_vWv�4p8µ67�°Z�[
\ ¶��WQ@K³S(LJP E#b e(;?>@<_lu9�8��
E�eI9�> L³��P{�f· ��P 4^6	Cm>Ih 6Ho?9^v@C¸;?l�Cg>76jE�8³4Iv	E�C�b�>ª�Y9kq hYq

0x184c: add r0, r0, #8

0x1850: sub r1, r5, r6

0x1854: ldr r0, [r0]

0x1858: and r1, r1, r0

0x0020:    ...

0x0024: <do stuff>

......     ...

0x0038:    rti

¹	º



»(¼*½,¾ ¿.¿.À Á*½,Â ÃnÄ Å

Æ Ç�È�É�Ê�Ë�Ë�ÌkÍ�É Î¸ÏmÈIÊ{Ð Ñ�Ò Ó*Ô ÕUÖB×IËJÊ Í(×@ËØÉBÙ�ÚÛÉ	ÜIÊ ÝpÌ^Ð7Þ

Æ ß Ú²É�Ê�È Ù�ÈkÎáà â ÙUËÛã ÍfÏmÈ^Ð Ù�È ä�ÜfÏmÍ å ÈIÊ^ÊWæ É#Ù Ê�ÈIäWÙ_æpÊkÞ

Æ ÊkÞ çYÞ.Çéènê ë ì@ÕkíYî

IR0
IR1
IR2
IR3
IR4
IR5
IR6
IR78

2
5
9
A
 
P
I
C

Processor

Intel
Clone

 INT 

 INTA 

 D[0:7]

âkÞ ï¤Ê�ð?Ï�ä^Ê ×^Ð�Ð�Ê�ËñÉ`Ð òjóHôkÞ
ãYÞ õYÇ÷ö ×^Ð�Ð�Ê�ËñÉ`Ð ò#ø�ùkÞ
ú Þ®û Ü@Ê�È ö�õ�ü ä7×?È ÏmÈ�É�Ê�Ë�Ë³ÌpÍ�É�ýþÐjÉ�ËJÙ�Ý?ÊHÐ ò#ø�ù�ÿkÞ
Ó Þ õYÇ÷ö Ð�Ê�ÈIæ�Ð ÏmÈ�É�Ê�Ë�Ë�ÌkÍ�É ÈpÌ � Ý?Ê�Ë�Ù�È �������
	��?Þ
 Þ ö�õ�ü Ì^Ð�Ê{Ð ÈkÌ � Ý?Ê�Ë É#Ù ÏmÈIæpÊ	ì ÏmÈ�É#Ù × Éc×pÝpÎuÊ ÏmÈ

� Ê � ÙUËñà �BÜfÏ�ä�Ü Ü=Ù�Î�æ�ÐrÉ�ÜIÊ ×=ækæ_ËJÊ{Ð�Ð�ÊHÐ*Ù�Ú Ü(×pÈIæ_Î�Ê�ËµÐ
Ú¦ÙUË
Ê=×=ä�Ü ÏgÈWÉ�Ê�Ë³Ë�ÌpÍWÉ�Þ

ínÞ ö�õ�ü Ð�×�ð@ÊHÐ ËJÊWçªÏ�ÐjÉGÊ�ËéÐ ×pÈIæ��cÌ � Í^Ð¡É#Ù Ü(×pÈIæ_Î�Ê�Ë�Þ

���



� ����� ��� � � � � �! " �#�$��%&% '(� � " )

* +-,/.1032424576/.98 :<;=;?>A@CBD5/.E0GFH0�, B<0�.I.1032KJL8 M >70NFOJQPR0 SETOJQP�T
PUM<, 2V0WMW> M<,H> SE2XJY.10 6Z2V;[PR0\818];^2`_ 03_ ;a2cb dDegf4hRiZjlknm[o

* M :70�,H032XJQP pEq r stP/;?_ _ M<,H>Du _ JQ:[T/. Jv,HP�wg5H>D0
x 8];?5D2�PR0 MW>D>[2�0G818
x 8];?5D2�PR0 Jy,ZP�2V03_ 0�,/.�z >D0RP32V0�_ 03,/.{z ><; ,W;�.�TOJv,H:
x 8�Jy,7| MH>D>[2V0\818
x 8�Jy,7| Jv,HP32V0�_ 03,/.�z >D0}P�2�0�_ 0�,/.Ez ><; ,W;�.�T<Jy,H:
x .�2
MD,}8�~40�2�8�JL�R0

* :D0�.�;?,Z0 Jv,/.�0�242�5D6/. M\.E03,H> ;3~�>^M\.�M .�2
MD,}8�~40�2
* p{q r P�T�M<,D,H03w�8 _ M�b B<0 6Z2�;3F<J�>70R> B�b >D0NF<J�P}0G8
.�TH03_ 8�0�w�FH0\8U�
x 07og:Ao�M >�JL8G| P/;�,/.�2V;?w�w�0�2
x 6!MR818 >�JL8G| MW>D>[2�0G818U@�_ 03_ ;^2cb MW>D>?2V0G8�8 MD,H> 8�J��R0
x :�JYFZ0 Jv,}8�.�245HPN.�J�;?, .�; 2�0UMW> ;^2�SE2XJY.10

* r�wY8]; :70�. sl8�.�M<,H>Z��M<w�;�,H0/u 6Z2V;7:[2�M<_ _ MDBDwL0 p{q r
P/;?,R.�2�;�w�w�0�2�8Uo

�N�



� � � � � �!�

  ¡(¢?£ ¤D¥/¦�§�¨ª© £ «W¬D§ ¥D¤ ¢3®¯¢?¥D¨`£ «3°v± ¤!«H¨²¦�©U³
´7µ ¶ ¨V¢[·R§\©1©]¢^¨¹¸9°v±H·3º�¥H¬=°y±H» ¨�§R»�°L©�¦1§3¨�¼½º�§7¾¿·/¢�±/¦�¨V¢?ºA¥D±O°Y¦

«<±H¬ §�À!§R·�¥R¦�°�¢?± ¥D±<°�¦�Á\¾
ÂAµ Ã §�£ ¢^¨ªÄ ¸Å·U«W·3ÆH§G©U¾ÈÇ&É Ã ¾ÊÇ�Ë Ã Á/¾
ÌAµ Í §NÎ<°�·}§G© ¸Ï¬�°L©GÐ�©U¾Ñ»[¨
«<¤7ÆO°�·\© ·U«H¨�¬3©U¾¿§�¦�· µ Á\¾Ñ«<±Z¬
Ò µ Ó ¥}©Ô§G© ¸4©�Ä7±H·�Æ!Õ7«R©�ÄD±Z·7¾�°y±/¦�§�¨�¨4¥D¤/¦�©U¾ ÍEÃ ÉÖÁ µ

  ×-±RX¢a¨4£ «\¦�°�¢?± ¨V§3¤Z¨V§\©�§�±R¦1§R¬ °v± «Dº�º^©�¢^¨²¦�©�¢O®X¢^¨�£ «\¦9©
¸4©�°Q»[±H§}¬ Ø ¥D±}©�°Q»[±H§}¬ °v±/¦�§R»D§3¨ª©U¾?©�¦�¨X°v±H»3©U¾ÚÙ�¢a«\¦�°y±Z»
¤O¢=°v±/¦/¾¿¬a«\¦]« ©�¦�¨4¥H·N¦�¥D¨�§G©U¾Û°v±}©�¦�¨4¥H·N¦�°�¢?±}©�Á µ

  ¡�«<± ¸�ÆW¢?¤D§NI¥Dº�º�Ä!Á ¥D±Z¬D§�¨�©�¦]«<±Z¬ «Dº�ºÜ¢OÝ¦�ÆH§\©�§ «\¦Þ©]¢?£ §
ºL§GÎH§3ºß¾½àD¥/¦E»7§�¦9© ¤Z¨�§�¦�¦lÄ ·/¢?£ ¤Dº�§�À µ

á ¦�¢ à<§ «<àDº�§ ¦�¢ «W·�¦�¥!«<ºgºâÄ ã}ä�å « ·R¢?£ ¤D¥/¦�§�¨t¾C±Z§R§R¬ «<±
¢?¤<§3¨
«\¦�°y±H» ©�ÄU©�¦1§3£ µ

æ�ç


