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1&E"!

n,$��� : SZVMNL(SW)BXfWMNL(HW)
• SW : ��RUV9��/9LRd[a+/
• HW : ^_a9bPQT9�$�9YQ
à,$�K��?I@FESW/HW��)%E *

n,$�0 .,��
• :0 	2 0; : 0 ��90 �6�9��7#(>
HE0 ���9�����à�=HJ@0 8�G
��7#8�>H0 	2K.,?I��K'�

• �1& : SW/HW��e��>H9�)C0 8�G��
7#8�K��?I��K'�

àbPQT35-4D
A<@0 	2.,��E *
àXfWMNL-4+/E'� : bPQT35K(�?I\c
O`]dO+/
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* 5�6

n%���)
• %��SW/HW��2AS?#�4���+

n SW��
• ��>@B2��(27>QFMGP:LHQ:

n HW��
• ���!��2O<=?,/&.2���2�-��

• �+'% : O<=?2E=2�")���
nDSC897&.$(
• )��+&.2)�;HJOS;KQ

• I<JSN20��2�	2)����

• �
3�+R1��+2���+&.2����+'%
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U`ZJKGGmMXNVe

n��TWZ : U`ZJKG>]m[JKGA��
• *!�A���F�$9<�#7n��oA1


• SW : ��TWZB�'	&��n�'^I\hoF�$
• HW : ��TWZB,��.+*A4��5

n RSXdU`ZJKG : 
• *!��'F(� : LbjmXHlORSXd3Ql_Ig3
c[iJKG3Y^IS[gI^

n GahPmRflU`ZJKG : 
•  /�@��9<����akOgd

à0CE<��TWZF"
;D8>=)2?�&F�
�:DU`ZJKG���F�-$=%6D
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HUG7866U:D;BN

n LMP :�(�&#
• 6GQ?VM bitsW-EUAVN bitsWà (2M x N) bits�+
• ��3LMP �26;@?à Random Access Memory

n Q>?A : ��(�&#
• �!"���-JR<OK97SA : IPCJIRCJ1��

n�!�*: ����5�$.4)��*
• !%�!V���!W-)��!-=IF�!

n
��*: LMPTQ>?AT�!�*3
�
• JR<OK�	2�/0'!���5,�
�.4
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2���
�
• 	����� (unsigned)

• 	����� (signed	:	2���)

– ������ (most	significant	
bit:	MSB)		:	“sign” bit

sign	=	1	:	���
sign	=	0	:	����

2 unsigned signed
0000 0 0
0001 1 1
0010 2 2
0011 3 3
0100 4 4
0101 5 5
0110 6 6
0111 7 7
1000 8 -8
1001 9 -7
1010 10 -6
1011 11 -5
1100 12 -4
1101 13 -3
1110 14 -2
1111 15 -1

bit) :(2 th1
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2������
(Computer Arithmetic)

• 2����� 10�����������
• 2����	 0�1������
����
à 2���� ��������
�

(computer	arithmetic)
7  00111

+ 5  00101
12  01100

7  00111
- 5  00101
2  00010

01100
x 01101
01100

00000
01100

01100
00000
010011100

12
x 13
36

12
156

22
5  114

10
14
10
4

00010110
101  01110010

101
01000
101
0111
101
100
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2�	��

• ����� (
������� ��
������� �):
– 1��	(“one-count”)�2�	��

– “out-count”������ :	�������������� 

0
00111

+ 00101
10
0

1
00111

+ 00101
10 
00

1  
00111

+ 00101
11  
100

1  
00111

+ 00101
01   
1100

0  
00111

+ 00101
00
01100

one-count

carry-bit

result

00111 + 00101 = 01100
7   +   5   =  12

sum-bit
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�����	� (Full Adder)
• 3��������1����
	�����

x y z   c s

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

3-bit input one-count (2-bit output)

c = x�y + y�z + z�x
s = x Å y Å z

= (~x ~y z) + (~x y ~z)
+ (x ~y ~z) + (x y z)

x
y
z

c
s

0
00111

+ 00101
10
0

1
00111

+ 00101
10 
00

1  
00111

+ 00101
11  
100

1  
00111

+ 00101
01   
1100

0  
00111

+ 00101
00
01100

one-count

carry-bit

resultsum-bit



11

N�����
• N����� : N�	1�����������


0
00111

+ 00101
10
0

1
00111

+ 00101
10 
00

1  
00111

+ 00101
11  
100

1  
00111

+ 00101
01   
1100

0  
00111

+ 00101
00
01100

one-count

carry-bit

resultsum-bit

x0 y0

z0c0

s0

0

x1 y1

z1c1

s1

x2 y2

z2c2

s2

x3 y3

z3c3

s3

x4 y4

z4c4

s4

0 0 1 1 1
0 0 1 0 1

0 1 1 0 0

0 1110

x y z   c s

0 0 0   0 0
0 0 1   0 1
0 1 0   0 1
0 1 1   1 0
1 0 0   0 1
1 0 1   1 0
1 1 0   1 0
1 1 1   1 1
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2����

• Z	=	X	– Y	à����
���

– Y������������� �� (Y	à Y�)
• Y	+	Y	� =	2N – 1	

– Y	=	Y	’+	1	– 2N
– Z	=	X	+	Y	’+	1	– 2N

1
00111

+ 11010
10
0

1
00111

+ 11010
11 
10

1  
00111

+ 11010
10  
010

1  
00111

+ 11010
10   
0010

1  
00111

+ 11010
10
00010
result

00111 - 00101 = 00010
7   - 5   =   2

00111
- 00101

�����

������	�

– 2N	���N���

��	����

Ex: 00101 + 11010 = 11111
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2���	

1
00101

+ 11000
10
0

1
00101

+ 11000
01 
10

0  
00101

+ 11000
01  
110

0  
00101

+ 11000
01   
1110

0  
00101

+ 11000
00
11110
result

00101 - 00111 = 11110
5   - 7   =  -2

00101
- 00111

�����

��������

• �	
�������2�������
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�%�2	:�.;16RMPV>B_U_IME
[D`S[aJ=aANBLZ, M.Morris Mano , 1999]

• XY] : =Q^H(12 bits))OaJ(16 bits) à 4096 words
• =A[W^aJ (AC) : OaJ����
• U_C\W@?`J (PC) : �!
�4���
• 
�ODaK : 
���4��

– OaJ&')��

– U_C\W��

• ALUb�"$����c
– ����b+47c
– $���b&47c
– FTP��b<<, >>c

• ��^GHJ (E)
– ����.)FTP*6<

AC

PC

�
ODaK

ALU


�

OaJ
XY]

U_C\W
XY]

E

�%�2	:�.;#��25
�81(9<0��/,2-3+
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>C2A?D2��(
��

n���>C2A@ : 
• ���#��%$+2�9F
7'*+����

n -5D=B��>C2A@ : 
• 814:��(����à
�����&��

n �>C2A?D2�� : 
• ��6<:/0-���

GC/C++, Java, Fortran�H

à���%)!-5D=B>C
2A@E���>C2A@,	"

 �>C2A@

3D;.A

���E-5D=B
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�� ��.8%40� (1)

n #(9-5�� : [���]  [4/6�]
• LDA = 8:,��� ADD = ����� STA = '+#��
• 4/6� (A, B, C) : 125�	;#,7'�� ������<

n 7&')����
• HW����;7&')�125<!�!*:)�����"
�
• AC;#$307:)<
• M[A]=A�	!125*:)

LDA			A :	!" ← $[!]
ADD		B :	!" ← !" +$[(]
STA			C :	$["] ← !"

*:)
125

A
B
C

AC

ALU
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5!Y`N]ZaN(+?
KQaX^(+B/9

n5!Y`N]ZaN(+
• 	�QSUA3��à��CPU/	�QSU>�.��#
• *-B�,�AFH6FH&2@��; "A%�><I
• �@TbR�BY`N]ZaN��;�G>E�:I

n KQaX^(+
• )��WbVLMK;��'0=I��+?��
• 7Y`N]ZaN��8C6_OPR?[\^�
BD
• �$><I���4E1GJI

c	=	a	+	b;
LDA			A :	!" ← $[!]
ADD		B :	!" ← !" +$[(]
STA			C :	$["] ← !"
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��bcer#!8r^bqjn58V>4
�

n kp`mlVC2M�MD : �(=�
• A-kp`mlHSVZFT#!8kp`
mlUaqi_mH��N\VG]+\L
RQBZ[�&)Tasf]�JLRH� 
\

n ��bce : SWRHWV�%
• SW : �3�0��t�3h_gnu
• HW : 9(<76C�"D

n ��bce];%RMPHW76�$V
/�H�:.V�IT*)

àOVPXUB��bce1�W	,TY
V]
[�K\

n ��bceW@�U��H?E
• _qdox86��bce : 1978��'�

A-kp`ml

aqi_m

#!8r^bqjn
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Intel �����������	
� ��  "�� ������
 ��!���


1978 8086 16-bits � 10MHz 29,000
1982 80286 16-bits � 25MHz 134,000
1985 80386 32-bits � 40MHz 275,000
1989 80486 32-bits � 150MHz 1.2M
1993 Pentium 32-bits � 233MHz 3.1M � 4.5M
1995 Pentium-Pro 32-bits � 200MHz 5.5M
1997 Pentium II 32-bits � 450MHz 7.5M
1999 Pentium III 32-bits 0.4G � 1.4GHz 9.5M � 21M
2000 Pentium 4 32/64-bits 1.3G � 3.8GHz 42M � 184M
2003 Pentium M 32-bits 0.9G � 2.6GHz 140M
2006 Core 2 64-bits 1.0G � 3.3GHz 169M � 411M
2008 Core i7 64-bits � 3.2GHz 731M

M : 106

G : 109

����
��
�
10���
��
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�#�!x86��������
1) 	�

1) ��#� �

1) "�������

C7 45 44 08 00 00 00

�����
�

C7 “MOV” ��

45 “modR/M” byte

44 8-bit ��"�
������

08 00 00 00 32-bit 
��

decoding sequence

mov dword ptr [rbp+44h],8

M32[rbp+44h] ß 00000008h
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	�&)"('*	��������+

LDA			B :	!" ← $[&]
CMA :	!" ← !" *!" !%#$��+
INC :	!" ← !" + )
ADD		A :	!" ← !" +$[!]
STA			C :	$["] ← !"

1
00111

+ 11010
00010

00111 - 00101 = 00010
7   - 5   =   2

00111
- 00101

%#$��

���
�!����������������!
��� ����!������� 
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16)$'-��6+6 $��� $'
[�7*29!�9�%�#1, M.Morris Mano, 1999]

• ���,37( : ����
8����5��!�
/04
– /04 : �(5�(12 bits)�&9!(16 bits)
– ��2.59! (AC)
– +6�3.��7! (PC)
– ��5��! (E)

• ����:
– /04�
��

• �	�(5�
• �	�(5�

– 5��!�
��

AC

PC
��
&�9"

ALU

��

&9!
/04

+6�3.
/04

E

ADD		A :	!" ← !" +% ! ��	�(5�:

ADD		B		I :	!" ← !" +%[%[']]��	�(5�:
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RSW
���
[EZNU[H@[CKDIT, M.Morris Mano!, 1999]

�� XFGH%(#& $�

AND adi !" ← !"&%['(] AC6RSWBPVZM9AND��

ADD adi !" ← !" +% '( ,
, ← "-./(12)

AC6RSWBPVZM9��
\��/"-./(12)?,8�]

LDA adi !" ← %['(] AC8RSWBPVZM?Y[M

STA adi %['(] ← !" AC?RSW8GL@

BUN adi 4" ← '( ���8ad8��

BSA adi % '( ← 4", 4" ← '( + 1 ��@MXG?RSW8GL@\')]
1+ad+18��

ISZ adi % '( ← % '( + 1 ,
56 % '( + 1 = 8 9:,;
4" ← 4" + 1

RSWBPVZM?AZDWRZL1+3
9 �.07<;���?GCJO

adi : ���5��0>=@MXG
ad : RSWBPVZM9@MXG
��@MXG : ad = adi
*�@MXG : ad = M[adi]

EZQ5	�<>4#&:,�
�-8�"0>=62=
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/ !"����
[�0(-1"�1�%�#,, M.Morris Mano�, 1999]

�� / !"���� �	

CLA !" ← $ AC��.�

CLE % ← $ E��.�

CMA !" ← !" AC�'$&��

CME % ← &% E�'$&��

CIR !" '(: $ ← !" '*: ' , !" '* ← %, % ← !"($) AC�E�����)&

CIL !" '*: ' ← !" '(: $ , !" $ ← %, % ← !"('*) AC�E�����)&

INC !" ← !" + ' AC��0�.+0&

SPA /0 !" '* = $ 23%4 5" ← 5" + ' AC >= 0���
��
!�$*

SNA /0 !" '* = ' 23%4 5" ← 5" + '
SZA /0 !" = $ 23%4 5" ← 5" + '
SZE /0 % = $ 23%4 5" ← 5" + '
HLT HALT ���


