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16NJLQ@BXPXGJD��GJL��
[CYOUZH?ZAKBIT, M.Morris Mano!, 1999]

n RSV���� :
• ���612NJL?MWF�>�:
• ?MWFSZM :	��?MWF)'�?MWFà 1NJL4"�
• ���	 :	�<3NJL(16	– 12	– 1	=	3)4"�
• RSV����[7�\:	AND,	ADD,	LDA,	STA,	BUN,	BSA,	ISZ

n(RSV����: 
• ���6?MWF�>�91)�7����;�-

• ���	 :	16NJL4"� à23/)*(RSV���
�+4,=.5>"�0=�#,<

• WEFH����[12�\:	CLA,	CLE,	CMA,	CME,	CIR,	CIL,	
INC,	SPA,	SNA,	SZE,	HLT

• ��
��[7�à$�8�7&�4%�\ :	INP,	OUT,	
SKI,	SKO,	ION,	IOF,	IMK
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	1��������

OP2������2�
1 023457 689101112131415

11 1I

I OP1 ADI�������
1 023457 689101112131415

�������
(OP1	≠ 111)

�������
(OP1	= 111)

OP1(2:0) �� ����
���

000 AND !"#$ = !&'()) + !&'(') + !&'(,)
001 ADD !"$$ = !&'()) + !&'(') + !&'(,)
010 LDA !-$" = !&'()) + !&'(') + !&'(,)
011 STA !./" = !&'()) + !&'(') + !&'(,)
100 BUN !01# = !&'()) + !&'(') + !&'(,)
101 BSA !0." = !&'()) + !&'(') + !&'(,)
110 ISZ !2.3 = !&'()) + !&'(') + !&'(,)
111 ������� !#4 = !&'()) + !&'(') + !&'(,)
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�2�������


OP2�����2�
1 023457 689101112131415

11 1I
��������
(OP1	= 111)

OP2 �� ����	���
1000	0000	0000 CLA !"#$ = !&' ( ) ( !*+(--)
0100	0000	0000 CLE !"#/ = !&' ( ) ( !*+(-0)
0010	0000	0000 CMA !"'$ = !&' ( ) ( !*+(1)
0001 0000	0000 CME !"'/ = !&' ( ) ( !*+(2)
0000	1000 0000 CIR !")3 = !&' ( ) ( !*+(4)
0000	0100	0000 CIL !")# = !&' ( ) ( !*+(5)
0000	0010	0000 INC !)&" = !&' ( ) ( !*+(6)
0000	0001 0000 SPA !7*$ = !&' ( ) ( !*+(8)
0000	0000	1000 SNA !7&$ = !&' ( ) ( !*+(9)
0000	0000	0100 SZA !7:$ = !&' ( ) ( !*+(+)
0000	0000	0010 SZE !7:/ = !&' ( ) ( !*+(-)
0000	0000	0001 HLT !;#< = !&' ( ) ( !*+(0)

��������(I	=	0)
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�2�������

OP2������2�
1 023457 689101112131415

11 1I
�����	��
(OP1	= 111)

OP2 �� �����
��
1000	0000	0000 INP !"#$ = !#& ' " ' !$((**)
0100	0000	0000 OUT !,-. = !#& ' " ' !$((*/)
0010	0000	0000 SKI !,&0 = !#& ' " ' !$((1)
0001 0000	0000 SKO !,&. = !#& ' " ' !$((2)
0000	1000 0000 ION !,"3 = !#& ' " ' !$((4)
0000	0100	0000 IOF !,"- = !#& ' " ' !$((5)
0000	0010	0000 IMK !"#, = !#& ' " ' !$((6)

�����(I	=	1)
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�����	�
1 0101112131415 .	.	.	.

OP211 1I
1 0101112131415 .	.	.	.

I OP1 ADI��	
��

IOP1

000	:	O_AND
001	:	O_ADD
010	:	O_LDA
011	:	O_STA
100	:	O_BUN
101	:	O_BSA
110	:	O_ISZ
111	:	O_NM

OP2

OP2

1000	0000	0000	:	O_CLA
0100	0000	0000	:	O_CLE
0010	0000	0000	:	O_CMA
0001 0000	0000	:	O_CME
0000	1000	0000	:	O_CIR
0000	0100	0000	:	O_CIL
0000	0010	0000	:	O_INC
0000	0001 0000	:	O_SPA
0000	0000	1000	:	O_SNA
0000	0000	0100	:	O_SZA
0000	0000	0010	:	O_SZE
0000	0000	0001 :	O_HLT

1000	0000	0000	:	O_INP
0100	0000	0000	:	O_OUT
0010	0000	0000	:	O_SKI
0001 0000	0000	:	O_SKO
0000	1000	0000	:	O_ION
0000	0100	0000	:	O_IOF
0000	0010	0000	:	O_IMK

0

1
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��@CE��1(*5"����


• ��9INRF : ��)��S��,5P>?A4KLO
– KLO : 7FP?(12 bits)'DTA(16 bits)
– 7;MJPTA (AC: 16 bits)
– HQ<NJ:8RA (PC : 12 bits)
– ��P>?A (E)

• ���: 16GCE��
– KLO����

• ��7FP?

• &�7FP?

– P>?A���� AC

PC
��
D=TB

ALU

��

DTA
KLO

HQ<NJ

KLO

E

����!��� 0�� �
à$�	%/+.����6��,5-3
12�1#�0"����
)� 
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�����! "!��������
@���1?0$%##?'.(-8A

• 67;
– #0<+ :	12	bits
– /?, :	16	bits

• #0<+<*+, (AR	:	12	bits)
• 4=):5&$>, (PC	:	12	bits)
• /?,<*+, (DR	:	16	bits)
• #'95<?, (AC	:	16	bits)
• ������	 (ALU	:	���

�)

• ��<*+, (IR	:	16	bits)
• ��<*+, (E	:	1	bit)
• ��3:)<*+, (I	:	1	bit)
• ��2+ (���
�)

AR

PC

DR

AC

IR

ALU
E

67;

/?,
��

/?,
��

#0<+
��

�
�
2

+

I
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���*QMO_

n ,&���+(b\]^6`RSU6ALU6
�1ZSc4FXaU/0K5��.B

�>6��F��K�#

• ��[NWV :	��-	>
• ��XPaY :	,&�F"�2%F �
• ���* : \]^LOTS6!&6`RSU��
• PC�� :	���FLY`S,&
n XaU/0F
'

• \]^LY`S :	AR	�8$��)
• �1ZS	� :	�1ZSE	�?I\]^

bXaU	�c,	AR,	PC,	DR,	AC,	IR7H�A3
�>6@F��KZSE/0?I

• �1ZS�� :	�1ZS7H��?I\]^
bXaU��c,	AR,	PC,	DR,	IRGZS��K�
E�;I<C8B9I

• AC�� : ACG�1ZS7HF$�F��G
D:6ALUF	���8��E�)=JI

AR

PC

DR

AC

IR

ALU
E

\]^

XaU
��

XaU
	�

LY`S
��

�
1
Z

S

I



1 0101112131415 .	.	.	.

I OP1 ADIB*7?1�C

10

��:,43/+->B①�③/+->C

n ��:,43/+-> :	
����
&��&����

① !" ← $%
• ���*7?1�)PC!'AR%��
② &" ← ' !" ,$% ← $% + *
• ���);<=!'��" IRB��?01

2C%��

• PC)+@-=;@6
③ & ← &" *+ , !" ← &"(**: .)
• ��?012!'�#(946) I	$AR

%��B��*7?1;<=	���&�
�C

n �1��5.A7
• OP1	=	111	:	�;<=	���/+->

• OP1	≠ 111	: ;<=	���/+->

AR

PC

DR

AC

IR

ALU
E

;<=

5A2
��

5A2
��

*7?1
��

�
�
8

1

I

①

③

②

②
(PC++)

③

OP1	=	IR(14:12)
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�����	���
����④����

n �����	���� :	(OP1	=	111)	&	(I	=	0)

1 0101112131415 .	.	.	.

OP211 1II	=	IR(15),	OP1	=	IR(14:12),	OP2	=	IR(11:0)

OP2 �� ���④����
1000	0000	0000 CLA !" ← $
0100	0000	0000 CLE % ← $
0010	0000	0000 CMA !" ← !"
0001 0000	0000 CME % ← %
0000	1000 0000 CIR !" &': $ ← !" &): & , !" &) ← %,% ← !"($)
0000	0100	0000 CIL !" &): & ← !" &': $ , !" $ ← %,% ← !"(&))
0000	0010	0000 INC !" ← !" + &
0000	0001 0000 SPA ./ !" &) = $ 12%3 4" ← 4" + &
0000	0000	1000 SNA ./ !" &) = & 12%3 4" ← 4" + &
0000	0000	0100 SZA ./ !" = $ 12%3 4" ← 4" + &
0000	0000	0010 SZE ./ % = $ 12%3 4" ← 4" + &
0000	0000	0001 HLT 2!51
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456������+(*7;④+(*7<

n ��3)/.$��+(*7
③ ! ← !# $% , '# ← !#($$: *)

n ��'18,�9��+(*7
④ ���'18, :	! = $< '# ← -['#]

���'18, :	! = *< ���
à  $��"��'18,#��'18

,$����	!&%

⑤�⑦ :	
456������+(*7

AR

PC

DR

AC

IR

ALU
E

456

0:-
��

0:-
��

'18,
��

�
�
2

,

I

③

④

③
ADD		A :	'0 ← '0 +- ' ���'18,�

ADD		B		I :	'0 ← '0 +-[-[2]]���'18,�

I	=	IR(15),	OP1	=	IR(14:12)
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��������
�����⑤�⑦�����

I	=	IR(15),	OP1	=	IR(14:12)

��
���������	�

�������

AND !" ← !" &%['(]

ADD !" ← !" +% '( ,
, ← "-./(12)

LDA !" ← %['(]
STA %['(] ← !"
BUN 4" ← '(
BSA % '( ← 4", 4" ← '( + 1

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

OP1 �� ���⑤�⑦�����

000 AND ⑤<= ← %[!=]
⑥ !" ← !" & <=

001 ADD ⑤<= ← %[!=]
⑥ !" ← !" + <=, , ← "-./(12)

010 LDA ⑤<= ← %[!=]
⑥ !" ← <=

011 STA ⑤%[!=] ← !"
100 BUN ⑤ 4" ← !=
101 BSA ⑤% != ← 4", != ← != + 1

⑥ 4" ← !=

110 ISZ
⑤<= ← %[!=]
⑥<= ← <=+ 1
⑦%[!=] ← <= ,	
56 <= = 8 9:,; 4" ← 4" + 1
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�����	�
������⑤�⑦�����

AR

PC

DR

AC

IR

ALU
E

���

���
��

���
��

����
��

�

�

�

I

⑤

I	=	IR(15),	OP1	=	IR(14:12)

OP1 	� ���⑤�⑦�����

000 AND ⑤!" ← $[&"]
⑥ &( ← &( & !"

001 ADD ⑤!" ← $[&"]
⑥ &( ← &( + !", , ← (-./(12)

010 LDA ⑤!" ← $[&"]
⑥ &( ← !"

011 STA ⑤$[&"] ← &(
100 BUN ⑤ 4( ← &"
101 BSA ⑤$ &" ← 4(, &" ← &" + 1

⑥ 4( ← &"

110 ISZ
⑤!" ← $[&"]
⑥!" ← !"+ 1
⑦$[&"] ← !" ,	
56 !" = 8 9:,; 4( ← 4( + 1

⑥

⑥



OP1 	� ���⑤�⑦�����

000 AND ⑤!" ← $[&"]
⑥ &( ← &( & !"

001 ADD ⑤!" ← $[&"]
⑥ &( ← &( + !", , ← (-./(12)

010 LDA ⑤!" ← $[&"]
⑥ &( ← !"

011 STA ⑤$[&"] ← &(
100 BUN ⑤ 4( ← &"
101 BSA ⑤$ &" ← 4(, &" ← &" + 1

⑥ 4( ← &"

110 ISZ
⑤!" ← $[&"]
⑥!" ← !"+ 1
⑦$[&"] ← !" ,	
56 !" = 8 9:,; 4( ← 4( + 1

15

AR

PC

DR

AC

IR

ALU
E

���

���
��

���
��

����
��

�

�

�

I

⑤
LDA

⑥LDA

⑤STA

⑤STA

⑤LDA

I	=	IR(15),	OP1	=	IR(14:12)

�����	�
������⑤�⑦�����



OP1 	� ���⑤�⑦�����

000 AND ⑤!" ← $[&"]
⑥ &( ← &( & !"

001 ADD ⑤!" ← $[&"]
⑥ &( ← &( + !", , ← (-./(12)

010 LDA ⑤!" ← $[&"]
⑥ &( ← !"

011 STA ⑤$[&"] ← &(
100 BUN ⑤ 4( ← &"
101 BSA ⑤$ &" ← 4(, &" ← &" + 1

⑥ 4( ← &"

110 ISZ
⑤!" ← $[&"]
⑥!" ← !"+ 1
⑦$[&"] ← !" ,	
56 !" = 8 9:,; 4( ← 4( + 1

16

AR

PC

DR

AC

IR

ALU
E

���

���
��

���
��

����
��

�

�

�

I

⑤
BUN

⑤BSA

⑤BSA

⑥
BSA

⑤BSA
(AR++)

I	=	IR(15),	OP1	=	IR(14:12)

�����	�
������⑤�⑦�����



OP1 	� ���⑤�⑦�����

000 AND ⑤!" ← $[&"]
⑥ &( ← &( & !"

001 ADD ⑤!" ← $[&"]
⑥ &( ← &( + !", , ← (-./(12)

010 LDA ⑤!" ← $[&"]
⑥ &( ← !"

011 STA ⑤$[&"] ← &(
100 BUN ⑤ 4( ← &"
101 BSA ⑤$ &" ← 4(, &" ← &" + 1

⑥ 4( ← &"

110 ISZ
⑤!" ← $[&"]
⑥!" ← !"+ 1
⑦$[&"] ← !" ,	
56 !" = 8 9:,; 4( ← 4( + 1

17

AR

PC

DR

AC

IR

ALU
E

���

���
��

���
��

����
��

�

�

�

I

⑤⑦

⑦⑤ ⑥(DR++)

⑦ IF(DR	=	0)	(PC++)

I	=	IR(15),	OP1	=	IR(14:12)

�����	�
������⑤�⑦�����
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�������

I	=	IR(15),	OP1	=	IR(14:12),	OP2	=	IR(11:0)

OP1	=	111
T F

⑤�⑦:	234
����

④ !" ← $[!"]④��	
���

④6+,-

����

T FI	=	1 T FI	=	1

��1(/.*')5 : 
① !" ← '(
② )" ← $ !" ,'( ← '( + ,
③ ) ← )" ,- , !" ← )"(,,: 0)

�������$��
• ���"���� :	���!&0
6,380�à��178$��

• ������!��1(/.*
')5#�%à��178$��

 �
&06,



�6-PA��<R)�>.VXU1�P>.%=RLTBA��<
N�6Q�[ZYC)��"DNSPHBCh^pwc��DOC����D
\8K;+�"RC4DOJM���7)�\8*JB;+�<:9\�
2�KYIO\5EY

19

���7)�8*

���7)�>.R(�
• $��G)�>. :	��/B]mugrym0à��ovyR	�
• ���73��B��o`jie^btQ!Yà��ovyR�&

n h^pwc�� :	��o`jie^bt?�#FWRbvjb"
• ��o`jie^bt :	①�③e^bt
• ���7e^bt :	④�⑦e^bt

n ���� :	��ufghR�njl
• I	ß IR(15)	:	]mugrymzqrs�'{Bufgh�'x����
�
• OP1	=	IR(14:12)	:	qrs�'��x@qrs�'��
�
• OP2	=	IR(11:0)	:	@qrs�'��/
�

h^pwc, �<
z3njla_wh{

kdym
�<



&6*426/8+19�� :		��� (Half-Adder)
• �� :	ai8.7,��9,	ci8)347��9
• �� :	si8.7,��9,	ci+18)347��9
• ����� :	ai +	ci =	2	* ci+1 + si
8+,	*	:	���������à��#�1 #��$2��"�!9

20

,&16+���� :	30-/('6,

• �� :	clk8*5-*9,	clr8*4%9
• �� :	q	830-/('6,�9

clr q(1) (q#��)
1 0
0 q	+	1

�� ��

ai ci ci+1 si
0 0 0 0
0 1 0 1
1 0 0 1
1 1 1 0

����1	:	P10	
(Full-Adder)
�

• c0 =	1
• si =	ai⨁ ci
• ci+1 =	ai " ci

01110 (carry)
00111 (7)

+ 00001 (1)
01000 (8)

01111 (1+carry)
+ 00111 (7)

01000 (8)
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N	$"#���à�(!'%(#(+1)���
N$"#��� :	N��1$"#���*Full-Adder+�
	��

a0 b0

c0c’0

s0

0

a1 b1

c1c’1

s1

a2 b2

c2c’2

s2

a3 b3

c3c’3

s3

a4 b4

c4c’4

s4

0 0 1 1 10 0 0 0 1

0 1 0 0 0

0 1110

����1	:
P11	�

0
00111

+ 00001
10
0

1
00111

+ 00001
10 
00

1  
00111

+ 00001
10  
000

1  
00111

+ 00001
01   
1000

0  
00111

+ 00001
00
01000

carry-bit

resultsum-bit

01110 (carry)
00111 (7)

+ 00001 (1)
01000 (8)

01111 (1+carry)
+ 00111 (7)

01000 (8)

ai ci ci+1 si
0 0 0 0
0 1 0 1
1 0 0 1
1 1 1 0

a b c 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

+1���0$"#�� &')��������
b�����0��� Full-Adder Half-Adder
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�����
�� :	3�������

• �� :	clk����� ,	clr���� 
• �� :	q	�3�������� 

clr q(1) (q���	)
1 0
0 q	+	1

• c0 =	1
• si =	ai⨁ ci
• ci+1 =	ai " ci

����
�Half-Adder 

c1

D Q q0

HA

#$
(&)s0

D Q q1

HA

#&
(&)s1

D Q q2

HA

#(
(&)s2

clr clk
1

c2

c3

cici+1

ai

si

HA
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3,9;0�
 :	3857.-;3à 3x861<
4

X(2:0) Y(7:0)

3x861<4

SC(2:0) T(7:0)q(2:0)

3857
.-;3

clrSC_CLR

4 0 1 2 3 4 5 0 1 23SC

clk

SC_CLR

T(0)

T(1)

T(2)

T(3)

T(4)

T(5)

��
X(2:0)

��
Y(7:0) ����

000 00000001 ! " = $(&) ( $()) ( $(")
001 00000010 ! ) = $(&) ( $()) ( $(")
010 00000100 ! & = $(&) ( $()) ( $(")
011 00001000 ! * = $(&) ( $()) ( $(")
100 00010000 ! + = $(&) ( $()) ( $(")
101 00100000 ! , = $(&) ( $()) ( $(")
110 01000000 ! - = $(&) ( $()) ( $(")
111 10000000 ! . = $(&) ( $()) ( $(")

.-;3� SC(2:0)	+
���"8$'��

�� T(7:0)&��

����4	:	P5	��

SC_CLR	:	��

'��2,/:%
�1 &��#)

⑤④③②① ⑥

!*(%'2,/:��
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	�������
n 6,?G1�� :		�>.983,0D���$)(0F90�

• 	�>.983,0D :	①�③3,0D
• 	���3,0D :	④�⑦3,0D

n 	��� :		�E456(�=9;
• I	ß IR(15)	:	+<E5AI<J@AC��K!E456��H���	���
• OP1	=	IR(14:12)	:	@AC��	�H @AC��	���
• OP2	=	IR(11:0)	:	 @AC��	����

6,?G1��
�
J3=9;/-G6K

:2I<

�

X(2:0) Y(7:0)

3x8:2I7

SC(2:0) T(7:0)q(2:0)

3=9;
/-G6

clrSC_CLR

X(2:0) Y(7:0)

3x8:2I7

IR(15:0)

	�
E456

IR(14:12) D(7:0)

	�>B1
E456

IIR(15)

IR(11:0)
OP2(11:0)

6,?G1��

	���

SC_CLR	:	�
��(��
3,0D&
"1#'�%
*
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�����	�

X(2:0) Y(7:0)

3x8��"�

D(7:0)IR(14:12)

���� !�����
���
�D(7:0)���

OP1(2:0) �� ��"����


000 AND ! " = $%&! = $'((*) , $'((() , $'((")
001 ADD ! ( = $%!! = $'((*) , $'((() , $'((")
010 LDA ! * = $-!% = $'((*) , $'((() , $'((")
011 STA ! . = $/0% = $'((*) , $'((() , $'((")
100 BUN ! 1 = $23& = $'((*) , $'((() , $'((")
101 BSA ! 4 = $2/% = $'((*) , $'((() , $'((")
110 ISZ ! 5 = $6/7 = $'((*) , $'((() , $'((")
111 �� !���� ! 8 = $&9 = $'((*) , $'((() , $'((")
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G9:<����(./��	�����

G9:<�����


L��
M :LG9:<��
M
n ��
 :	LG9:<��
M1	�"/#-)��1�!#��

n G9:<��
 :	G9:<ICDE+)��
J7HB� ,	�%��)
1��K

��A4>=826F : ①�③
!(#) :		%& ← ()
!(*) :		+& ← , %& ,() ← () + *
!(/) :		+ ← +& *0 , %& ← +&(**: #)

G9:<����	�826F : ④
2 = 4(5) 6 + 6 ! 7 &"/
2 : 8) ← # (3@>?53H<)E;>?)
2 6 :(/ ** :		%) ← # (CLA)
2 6 :(/ *# :		; ← # (CLE)
2 6 :(/ < :					%) ← %) (CMA)
2 6 :(/ = :					; ← ; (CME)
. . . . . .

• 3@>?53H<(SC)+)G9:<�
�
*�E;>?��),1�

• � 0$�'��)��*
SC	ß SC	+	1
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�����
�������	��
�

��������	���� : ④�⑦
!(#) % & % ' ( : *+ ← -[*+] �④:	���������� 

!(0) % ' 1 :	!+ ← -[*+] �⑤:	AND 
!(0) % ' 2 :	*3 ← *3 & !+, 63 ← 0 �⑥:	AND 
!(7) % ' 1 :	!+ ← -[*+] �⑤:	ADD 
!(7) % ' 2 :	*3 ← *3 + !+, 9 ← 3:;< 7= , 63 ← 0 �⑥:	ADD 

!(>) % ' 1 :	!+ ← -[*+] �⑤:	LDA 
!(>) % ' 2 :	*3 ← !+, 63 ← 0 �⑥:	LDA 

!(() % ' 1 :	- *+ ← *3, 63 ← 0 �⑤:	STA 
!(1) % ' 1 :	?3 ← *+, 63 ← 0 �⑤:	BUN 
. . . . . . . 


