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①��%(*�� : ����	�
�� -.0������

AND !" ← !" &%['(]
ADD !" ← !" +% '( , , ← "-./(12)
LDA !" ← %['(]
STA %['(] ← !"
BUN 4" ← '(
BSA % '( ← 4",4" ← '( + 1

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

�� 1#$&������

CLA !" ← 8
CLE , ← 8
CMA !" ← !"
CME , ← ,
CIR !" 1<: 8 ← !" 1>: 1 , !" 1> ← ,, , ← !"(8)
CIL !" 1>: 1 ← !" 1<: 8 , !" 8 ← ,, , ← !"(1>)
INC !" ← !" + 1
SPA 56 !" 1> = 8 9:,; 4" ← 4" + 1
SNA 56 !" 1> = 1 9:,; 4" ← 4" + 1
SZA 56 !" = 8 9:,; 4" ← 4" + 1
SZE 56 , = 8 9:,; 4" ← 4" + 1
HLT :!?9

�� �������

INP !" @: 8 ← 5;4A, 6B5 ← 8
OUT CD9A ← !" @: 8 , 6BC ← 8
SKI 56 6B5 = 1 9:,; 4" ← 4" + 1
SKO 56 6BC = 1 9:,; 4" ← 4" + 1
ION 5,; ← 1
IOF 5,; ← 8
IMK 5%EF ← !"(1: 8) AC

PC
��
)"4'+2!/,

-.0

)4&

-.0

ALU

��

E
INPR OUTR
FGI FGO

IEN
IMSK

�����
 :	
�������
��1#$&3-.
0��	�

����	� :	1#$&3
-.0��)4&��3�
��� 	�
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①�� !#�� : ��
	��
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
SW����
	 :	%,�)&
'(*�������
	

HW��"�-$�� :	��
����������



INPR OUTR

;H9
��

;H9
��

1<E8
��

AR

PC

DR

AC

@AC

�

%
=

8

IR
I

ALU
E

FGO
R IEN IMSK
FGI

SC
 ����� :	
• 	���623D0��(/).+��*E
7890#� :	AR,	DR,	IR�

• ;H9"$�!
� :	�%=8&ALU/AC��
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②	���623D�� : ���� ��

AC

PC

	�
;5H:>F4B?

@AC

;H9
@AC

ALUE

INPR OUTR
FGI FGO

IEN
IMSK

	�

������ :		�'����
(/E789G@AC,-
�



��"��#� :	
• <2FN7�� :	T(7:0)
• ��� :	I,	D(7:0),	OP2(11:0)
• 
(/�� :	R 6

②��"926K%$ : ��"��#�

INPR OUTR

@O<
��

@O<
��

1BL;
��

AR

PC

DR

AC

GHJ

�

)
C

;

IR
I

ALU
E

FGO
R IEN IMSK
FGI

SC

3x8@8O= T(7:0)SC(2:0)
3D?A
53N< I

3x8@8O= D(7:0)IR(15:0)
�
L:;<

�EI7
L:;<

IR(14:12)

IR(15)

IR(11:0) OP2(11:0)
R
(/��

L:;<

	�
&�
�'

��"��*�.��
• ���,��*� :	��+1BL;HOB à	�EMO.��
• ��"!��+�E4?>926K-�0à	�EMO.��
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②���";8:H%# : ��	�& 

I<=>'*$)��

K���L :KI<=>'*�L

�(5;8:H

! " #(%) : '! ← %
! " #()) : * '! ← +,,+, ← %

! " #(.) :	 +, ← +, + ), 012 ← %,
! ← %, 3, ← %
��D9@?;8:H

! " #(%) : ① '! ← +,
! " #()) : ② 0! ← * '! ,+, ← +, + )
! " #(.) :	 ③ 0 ← 0!()4), '! ← 0!()): %)

�(5��

02#! = 012 " 0*37 % " 890 + 0*37 ) " 89:
02#! " #(%) " #()) " #(.) : ! ← )

INPR OUTR

AJ>
��

AJ>
��

7BI=
��

AR

PC

DR

AC

EFG

�

+
C

=

IR
I

ALU
E

FGO
R IEN IMSK
FGI

SC

①

③

②

���";8:H2I<=>'*$):	
• #��2��!302��1�4
6à���2�";8:H�

• #����& 
%#-�./�,
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②
��������� : 
�����
����	�
�������

! = #(%) ' ( ' ) *
CLA ! ' +,- .. : /0 ← 2
CLE ! ' +,- .2 :	 3 ← 2
CMA ! ' +,- 4 :	 /0 ← /0
CME ! ' +,- 5 :	 3 ← 3
CIR ! ' +,- % :	 /0 .6: 2 ← /0 .8: . ,

/0 .8 ← 3, 3 ← /0(2)
CIL ! ' +,- : :	 /0 .8: . ← /0 .6: 2 ,

/0 2 ← 3, 3 ← /0(.8)
INC ! ' +,- 8 :	 /0 ← /0 + .
SPA ! ' +,- 6 :	 (< /0 .8 = 2 )=3>

,0 ← ,0 + .
SNA ! ' +,- * :	 (< /0 .8 = . )=3>

,0 ← ,0 + .
SZA ! ' +,- - :	 (< /0 = 2 )=3>

,0 ← ,0 + .
SZE ! ' +,- . :	 (< 3 = 2 )=3>

,0 ← ,0 + .
HLT ! ' +,- 2 :	 =/?)

����	�
���

#(%) ' ) * :	 @0 ← 2

���
�������

A = #(%) ' ( ' ) *
INP A ' +,- .. : /0 %: 2 ← (>,B, <C( ← 2
OUT A ' +,- .2 :	 +D)B ← /0 %: 2 , <C+ ← 2

SKI A ' +,- 4 :	
(< <C( = . )=3>
,0 ← ,0 + .

SKO A ' +,- 5 :	
(< <C+ = . )=3>
,0 ← ,0 + .

ION A ' +,- % :	 (3> ← .
IOF A ' +,- : :	 (3> ← 2
IMK A ' +,- 8 :	 (E@F ← /0(.: 2)
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②��������� : �����
�
����	��������

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

AND
!(0) % ' 1 : !+ ← -[*+]
!(0) % ' 2 : *3 ← *3 & !+, 63 ← 0

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

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

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

BSA
!(2) % ' 1 : - *+ ← ?3,*+ ← *+ + 7
!(2) % ' 2 : ?3 ← *+, 63 ← 0

ISZ
!(=) % ' 1 : !+ ← -[*+]
!(=) % ' 2 : !+ ← !++ 7
!(=) % ' = : -[*+] ← !+ ,	&@ !+ = 0 'B9C ?3 ← ?3 + 7, 63 ← 0
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�����!� :	
���4/1D�

D(7)	=	1
T F

⑤�⑦:	@AC��
���

④ !" ← $[!"]④���

���

④E567
��
���

T FI	=	1 T FI	=	1


�=0:94/1D : 
① !" ← '(
② )" ← $ !" ,'( ← '( + ,
③ ) ← )" ,- , !" ← )"(,,: 0)

"�
.<E6

#@AC��
� 4 cycles

STA,	BUN 5 cycles

AND,	ADD,	LDA,	BSA 6 cycles

ISZ 7 cycles

>F2B?���" =	��
��$��
���4/1D�

I

3x8
;3G8 D(7:0)

IR(14:12)

IR(15)

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


�=B2
E567

• 
���4/1D �&���*����-�',
• 
���4/1D ���)+,��	�-��(�%,
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��vxzb@�$,
n q�{�� :	Mq�{��à���p�����

• Rh-:i�1Yh[eb-+A���brku

• ��bM-:
�=K
f�H��ag\^q�{��c��Yh

à q�{P�EQa�UV���q�}k�Ojv�~���p���p�

n �<(J=		�<rko�%Nrko��*
• �<rko�%à 1��b�<rko�%a��
• rko��*à7�Z�Fb)�B2G�a��

à ���<	�i�1Yh|�{lmjj�nyow�a��

n q�}k�I5�' :		
• q�}k�bP :Qà�<��8%Oq�{��

• =K`-:i#]��vxz3bq�}k�I5TLXS

n ��vxz?>bLXW :	 ���vxzb��THS24�
• >6-sty���b�"d_O��vxzbP;X!XQT@�XaVS

• ��vxzb�W`�.T>6-sty�?>��a/�Yh

C9D&4	:	
P16�0
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ARG>N��

1#IQ@NK

ARG>N

��+S=CRHO

ARG>N9�&8&�
• ��81#IQ@NJR@(+9��
• ��8��CDE9��

• ��CDE*)S��à Back-endUATF!�V:�$��4�&
• 
��:�%B>?P�;21�,8ATF!�:6<9.&8�

Front-End�$7Optimizer
�$;��CDE9��583
U��"	$V

Front-End	(��'�)

C/C++ Fortran Javaobj-C

Optimizer	UATF�-�V

Back-End	UATF!�V

x86 MIPS ARM

�/(+UIRV

�/(+UIRV

�
�
"
	
$

0LMO
� ��

4 cycles

STA,	
BUN

5 cycles

AND,	
ADD,	
LDA,	
BSA

6 cycles

ISZ 7 cycles
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SW;`?J@HW �4�9

;SZA`CX^

TM[=>;

OS/KP<EMY<P

\DEG

��

UVZ

B
^
Q
<
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�
�
�
"

�%��a��
��(
NIL]`@b

P
E
�
"

��FIL 1
3

3

3

3 4

3

2

2

3

4

5
SW
Arch

HW
Arch

①��FIL �

②B^Q<Y �

③OS_KP<EMY<P �
④ TM[=>; �

⑤;SZA`CX^ �

• OS_KP<EMY<P :	�%�*'��!/ �,98*(�%
;F^RZ�!*��a	#5O^MY7IO��4�%21b

• TM[=>;aY<RYZb4�% :	SW'$�4.63;F^RZ�
!:&��3��-8+0*)8
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HWGkKWLUb1/B�E

G^eMkPci

_ZfIJG

OS/X\HRZdH\

gQRT

�%


`ae

N
i
]
H
d

�
�
�
4

:,'l���,'<
[VYhkLm

\
R
�
4

	�SVY ①	�SVY1/1

②	��)OHLf1/

③�(3"�41/

3

3

3

3

④��3"�41/

4

3

2

2

3

4

5
SW
Arch

HW
Arch

• 	��)OHLf1/ :	/%���2&�<	��) �+!<	
���2&�<A@/%�B���(F��>D;-A1/�#

• �(3"�41/ :	gQRT�(j%*3"�%�($F�9A�4
���?�!l�4.�j3"8�m

• ��3"�41/ :		��)gQRT5706=C��3"F��



AND7/-	
MUX��
ALU613
/:,/��

INPR OUTR

2@0
��

2@0
��

+4</
��

AR

PC

DR

AC

89;

�
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/

IR
I

ALU
E

FGO
R IEN IMSK
FGI

SC
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③��������

clkld

d D Q q1
0

=@4���%
<./0

clkld

d
D Q q0

1

0
1

HA

cin

cout

inc clr

=@4?-;+?,>-;8>3
���%<./0

!(#)
%(#) SU
M &'((#))(#)*(#)

+(#)
*(#)
+(#)PG )(#)

D, #
&-(#)
A_CIR(#)
A_INP(#)

-.(#)

&'((#)

OP_ADD

OP_LDA

OP_CMA

OP_CIR

OP_CIL

OP_INP

OP_AND/&

-0(#)

7

A_CIR(#)
A_CIL(#)
A_INP(#)

&-(#)
D,(#)

S(0) S(1)

1
0

1
0 1

0B

C
D

1(01)

2(10)
3(11)

A0(00)

MUX-Tree	5/��

A
S(0)
B
S(1)
C
S(2)
D
S(3)

AND7/-	5/��

�������	
ALU613/:,/��

• ������ :	<./0��)��
������*����&
�

• �$'����� :	����?��
!��&"'���*#(
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④��%��'$"
HIJ�)6�� :

!"#$%_'(' = * + , - +
/ 0 + /(2) + , 4 + /(5) + , 5

�)6
>;=K

* + ,(-) : ' 6* ← 89

STA /(0) + , 4 : ' 6* ← 69

BSA /(2) + , 4 : ' 6* ← 89

ISZ /(5) + , 5 : '[6*] ← /*

HIJ��F@(+ :
<=>_'(' = * + , - + / ? + @ + , 0
+ / A + / - + /(B) + /(5) + , 4
�
G<CB * + , - : @* ← ' 6*

,�
:EL@ /(?) + @ + , 0 : 6* ← '[6*]

AND /(A) + , 4 : /* ← '[6*]

ADD /(-) + , 4 : /* ← '[6*]

LDA /(B) + , 4 : /* ← '[6*]

ISZ /(5) + , 4 : /* ← '[6*]

PC;M=JHMD�� :	
89_@D9 = * + , B + * + , - + / 5 + , 5 + /* = A
+" + (E8B 4 + 69 -2 + E8B 0 + 69 -2 + E8B B
+ 69 = A + E8B - + () + F + E8B G + HI@ + E8B J + HIE
�)6 * + ,(B) :	 89 ← 89 + -
�
G<CB * + ,(-) : 89 ← 89 + -

ISZ /(5) + , 5 : @H /* = A ,K(D 89 ← 89 + -
SPA " + E8B 4 :	 @H 69 -2 = A ,K(D 89 ← 89 + -
SNA " + E8B 0 :	 @H 69 -2 = - ,K(D 89 ← 89 + -
SZA " + E8B B :	 @H 69 = A ,K(D 89 ← 89 + -
SZE " + E8B - :	 @H ( = A ,K(D 89 ← 89 + -
SKI F + E8B G :	 @H HI@ = - ,K(D 89 ← 89 + -
SKO F + E8B J :	 @H HIE = - ,K(D 89 ← 89 + -

�	�L?@A#*/7.���&	�N�)
6.��(+.� �O9��1.��!��5%
��413��%�-�9��28

���0L?@A(+�NIF(cond)	THEN��O5
��.L?@A(+���4cond5%��9
8



INPR OUTR
FGO

R IEN IMSK
��(����

FGI
���� ����

AC
:>24/��;746

17

���=013?�����

OUTR :	��=013A8846B
FGO	:	��9<.=013A1846B
• FGO	=	0	:	������(busy)
• FGO	=	1	:	������(ready)

�� 	�

INP !" #: % ← '()*, ,-' ← %
OUT ./0* ← !" #: % , ,-. ← %
SKI ', ,-' = 2 034( )" ← )" + 2
SKO ', ,-. = 2 034( )" ← )" + 2
ION '4( ← 2
IOF '4( ← %
IMK '678 ← !"(2: %)

����6	:	
P3
�

INPR :	��=013A8846B
FGI	:	��9<.=013A1846B
• FGI	=	0	:	��5@3%"��
• FGI	=	1	:	��5@3�+��

������!*
FGO/FGI-
$') &��#,!C



INPR OUTR
FGO

R IEN IMSK
��%�
��

FGI
���� ����

AC
48-/*��52/1
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IN_DATA :	��09.�	:83/1;
IN_VLD :	������	:13/1;
• IN_VLD$����#���	
• �� :	IN_VLD	=	1#��$1*()6#%
à IN_DATA"�!09.����&�� '��

IN_DATA
IN_VLD OUT_ACK

OUT_ACK :	�������	:13/1;
• OUT_ACK$����#���	
• �� :	OUT_ACK	=	1#��$1*()6#%
à OUTR�����"���&�� '��

INP !" #: % ← '()*, ,-' ← %
'(_/01 : '()* ← '(_1!2!, ,-' ← 3

OUT 452* ← !" #: % , ,-4 ← %
452_!"6 : ,-4 ← 3
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���$�����

������

!"_$%& : !"'( ← !"_&*+*, -.! ← /
01+_*23 : -.0 ← /

������#

( 4 +(6) :	 !8" ← 9, ( ← 9

�����

!"+( = !8" 4 !;<3 9 4 -.! + !;<3 / 4 -.0
!"+( 4 +(9) 4 +(/) 4 +(6) : ( ← /

���
�����#

> = &(?) 4 ! 4 + @
INP > 4 0'6 // : -.! ← 9
OUT > 4 0'6 /9 :	 -.0 ← 9
ION > 4 0'6 ? :	 !8" ← /
IOF > 4 0'6 A :	 !8" ← 9

1" !$�������:
• ����%one-hot�	�	& :	CTL(1:0)

CTL(1:0) q(1)

01 0
10 1
00 q

CTL 9
CTL /

B
B(/)

D Q
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���	�����

!"_$%& : !"'( ← !"_&*+*, -.! ← /
01+_*23 : -.0 ← /

( 4 +(6) :	 !8" ← 9, ( ← 9

!"+( = !8" 4 !;<3 9 4 -.! + !;<3 / 4 -.0
!"+( 4 +(9) 4 +(/) 4 +(6) : ( ← /

> = &(?) 4 ! 4 + @
INP > 4 0'6 // : -.! ← 9
OUT > 4 0'6 /9 :	 -.0 ← 9
ION > 4 0'6 ? :	 !8" ← /
IOF > 4 0'6 A :	 !8" ← 9

(_2+%(9) = ( 4 +(6)
(_2+%(/) = !"+( 4 +(9) 4 +(/) 4 +(6)
!8"_2+%(9) = ( 4 + 6 + > 4 0'6 A
!8"_2+%(/) = > 4 0'6 ?
-.!_2+%(9) = > 4 0'6 //
-.!_2+%(/) = !"_$%&
-.0_2+%(9) = > 4 0'6 /9
-.0_2+%(/) = 01+_*23

CTL(1:0) q(1)

01 0
10 1
00 q

CTL 9
CTL /

B
B(/)

D Q



HLT�+�! :	� ��8<1>235 S	/$

• S+��� :	1 A� ��B
• HLT��� :	

• 50:@1���(SC)+	� :	S	=	0+�*SC	ß 0
().-%*��

21

#����+���(� ��	�

#����+���ARST	=	1+�B:
• PC��� :	��+9?1<;� ��,0x10
• '+����&�")>235:	R,IEN,FGI,FGO,SC

>235 ���

PC 0x010
R 0
IEN 0
FGI 0
FGO 1
SC 0
S 1

HLT ! " #$% & :	 ' ← &

=467��

)'* :	 $+ ← &,&-&, ) ← &, /01 ← &,
23/ ← &, 23# ← -, '+ ← &, ' ← -

HALT��
A#������B

' :	 '+ ← &



!"# :	 $% ← '(')', ! ← ', +,- ← ', ./+ ← ', ./0 ← ), "% ← ', " ← )

22

�������
����	��

���� �
�

PC 0x010
R 0
IEN 0
FGI 0
FGO 1
SC 0
S 1

HLT 1 2 0$3 ' :	 " ← '

!_%#5(') = ! 2 #(3) + !"#
!_%#5()) = +-#! 2 #(') 2 #()) 2 #(3)
+,-_%#5(') = ! 2 # 3 + : 2 0$3 ; + !"#
+,-_%#5()) = : 2 0$3 <
./+_%#5(') = : 2 0$3 )) + !"#
./+_%#5()) = +-_=5>
./0_%#5(') = : 2 0$3 )'
./0_%#5()) = 0?#_@%A + !"#
"_%#5(') = 1 2 0$3 '
"_%#5()) = !"#

à����

à����
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�����#���"����	�

!"_"$% = % ' ( ) + + , ' ( - + + - + + . ' ( .
+ + / + + 0 + +()) + +(3) ' ( 3 + + 4 ' ( 4
+%!( + !

�� �� ��


�$
'%&0

% ' (()) :	 !" ← /

AND +(/) ' ( 3 : !" ← /
ADD +(0) ' ( 3 : !" ← /
LDA +()) ' ( 3 : !" ← /
STA +(-) ' ( . : !" ← /
BUN +(.) ' ( . : !" ← /
BSA +(3) ' ( 3 : !" ← /
ISZ +(4) ' ( 4 : !" ← /
!-./
���

+(,) ' ( - :	 !" ← /

/)*+ %!( : !" ← /
HLT�� ! :	 !" ← /

PC
1� ,(2BD(11:0)

1

0

0x010

RST

PC_LD
PC_CLR
PC_INC

%!( :	 6" ← /7/0/, % ← /, 9:; ← /, <=9 ← /, <=> ← 0, !" ← /, ! ← 0
����7	:	
P21�
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90)nxmab__xckdirY&>�


�hjlY&>�yP11z:	fxm��Fpuesq�5%AFfvo`
s@-�$�F/YDV&>W
�hjl^:9Q]
à�3.XC�XBPIF�,CPUY
�hjlY�
ZC�X?I

�<:9Y&>� :		�Y)1^�*Q]�<' Z7#�PFS
Y�L\G&>HW�<' ^��Q]
à�<8(w;+=�X�MN�EQ]


��5g`dt:9Y&>�:	
�hjl2�Z�KRXFpues
q�5%A^&�W][JW&>W
��5g`dt^:9Q]
à CPU!6ZFOY
��5g`dt:9"4^��X-�PUMT
� :	o`ps`v�
��5��
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�����!� :	
���4/1D�

D(7)	=	1
T F

⑤�⑦:	@AC��
���

④ !" ← $[!"]④���

���

④E567
��
���

T FI	=	1 T FI	=	1


�=0:94/1D : 
① !" ← '(
② )" ← $ !" ,'( ← '( + ,
③ ) ← )" ,- , !" ← )"(,,: 0)

"�
.<E6

#@AC��
� 4 cycles

STA,	BUN 5 cycles

AND,	ADD,	LDA,	BSA 6 cycles

ISZ 7 cycles

>F2B?���" =	��
��$��
���4/1D�

I

3x8
;3G8 D(7:0)

IR(14:12)

IR(15)

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


�=B2
E567

• 
���4/1D �&���*����-�',
• 
���4/1D ���)+,��	�-��(�%,
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����;68M-F6HK6O��
��G7BA;68M*����;
68M3F6HK6O�&1

��=CQ< : 
����P��

5EN==CQ< :
!" ← $%,$% ← $% + (
RAR,	PC����S

G7BA=CQ< :
)" ← * !"
RIR,	DR����S
RIJL58>=��S

5EN=
=CQ<

G7BA
=CQ<

��
=CQ<

��A
��B ��A
��C ��B ��A
��D ��C ��B
��E ��D ��C

3=CQ<R��5EN=P��G7B
AP����S3�,��

�N<=?PIJL��/.!�(
%=CQ<)�"

����-�2

�
��

�
�

AR

PC

IJL

IR
DR

AC
ALU

P0
P1

P2

K

��D:QE-�� :	��GK9N<=
? (I)	3
0�$!) = )"((-)*&1
à IR,��3�$�4'�-;68M
)����#��,+1
à IJL	���.3;68M,��

I

3x8
D:Q@ D(7:0)

IR(14:12)

IR(15)

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



AR

PC

EFH

IR
DR

AC
ALU

P0
P1

P2

K
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!EFH��
�-B5DG5K��

! :<7?D
CG9J;<=

4AJ<<@M; C6?><@M; ��<@M;

[A] "# ← %&,%& ← %& + )
[B] "# ← %&,%& ← %& + ) [A] *# ← + "#
[C] "# ← %&,%& ← %& + ) [B] *# ← + "# [A]!<7?D
�
[D] "# ← %&,%& ← %& + ) [C] *# ← + "# [B]<7?D
�

[D] *# ← + "# [C] <7?D
�
[D] !<7?D
�

<7?DCG9J;<= K	,/
0�
�-����3�'
1%+*<7?D
�3��

!EFH��
�.
3:58I��)$"
3<@M;3	�,
��&(1%+*

���� .1:5
8I,��&21

K��
K��

J;<=����
4AJ<
<@M
;

C6?>
<@M;

��
<@M;

"# ← %&,%& ← %& + ) ①
*# ← + "# �
� ②

���L�� �#
� �
� ③

!EFH��
��� : 
*, ! -./0! ← 1�<7?D����O
/23/
��� N!<7?D��O

*, 4567&89: -./0 %& ← %& + )

! ← 4567&89:<7?D
� :
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/03�����,�.2�6��
5$%'���� �+5%

%*7$
- )(
%*7$

	�
%*7$

!" ← $%,$% ← $% + ( ①
)" ← * !" ��� ②
!" ← )" ((: , , $% ← !" ③ ��� ����

!" ← * !" 8I=1��9 ④ ④
��	�#�"48⑤�⑦9

��	�#�"4 �+5% - )( 	�

AND, ADD,	
LDA

-" ← * !" ��� ⑤
!% ← ./(!%,-") ���� ��� ⑥

STA * !" ← !% ��� ⑤
BUN $% ← !" ⑤

BSA
* !" ← $%, !" ← !" + ( ⑤ ⑤
$% ← !" ⑥

ISZ
-" ← * !" ⑤
-" ← -"+ ( ⑥
* !" ← -",2 ← (-" = ,) ��� ⑦ ⑦

/03���� :	
/03�"&%�

�����
- )(���

�������
��- )(��
�!16&4��

����

AR

PC

/03

IR
DR

AC
ALU

P0
P1

P2

K
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=>A	��%:-<@-D��

,9C338E2 ;.7638E2 ��38E2

[A] !" ← $%,$% ← $% + (
[B] !" ← $%,$% ← $% + ( [A] )" ← * !"
[A] !" ← )" ((: , , $% ← !" [B]F���G [A] (. / = ,)
[A] !" ← * !" [A]F���G
[B] !" ← $%,$% ← $% + ( [A] ." ← * !" [A]F���G
[C] !" ← $%,$% ← $% + ( [B] )" ← * !" [A] !% ← 23(!%,.")

) = )"((4),	6$7(((: ,) = )"(((: ,)
. /: , = .8%9×;()" (<: (7 )

��38E2"=>A	������)!��(. / = ,) :
• ���%,9C338E2 :	!" ← )" ((: , , $% ← !"F�1-0B
%��,9C338E2%$% ← $% + (+/?D4B (!'G

• ���%;.7638E2 :	���FIR��+�*#�G

AND,	ADD,	LDA�%�� :	;.7638E2" ." ← * !" +��
 (���$���%,9C338E2���
�

��%,9C338E2���
�$#(��&�=>A	��
%:-<@-D��:5ED$�� (

AR

PC

=>A

IR
DR

AC
ALU

P0
P1

P2

K
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124	���.#03#7��.)87
AND, ADD,	LDA

"-6( /$+* ��

①
��� ②
③ ��� ����

④ ④
��� ⑤
���� ��� ⑥

STA
"-6( /$+* ��

①
��� ②
③ ��� ����

④ ④
��� ⑤

ISZ
"-6( /$+* ��

①
��� ②
③ ��� ����

④ ④
⑤
⑥

��� ⑦ ⑦

BUN
"-6( /$+* ��

①
��� ②
③ ��� ����

④ ④
⑤

���

BSA
"-6( /$+* ��

①
��� ②
③ ��� ����

④ ④
⑤ ⑤
⑥

���

�
�
�
�
�
�

�
�
�
�
�
�

BUN,	BSA	:	����&#
%59!" ← $%:�� ��
��"-6((,8'���
����

����124	��� :
��������!���
��"-6((,8'��
�
���!



(VWY	���" : 
!" # $%&'# ← )�HDLS��#'_
&*+&��" ^(HDLS��_

# ← ,-./0123HDLS�� :
31

��"P@SX@\����

AR

PC

VWY

IR
DR

AC
ALU

P0
P1

P2

K ZGHJ$%�� ?OZH RBLK "

$) ) 4 53 : 67 ← 80,80 ← 80 + ;,8) ← ),8; ← ) ①
$; ) 4 53 :  !7 ← < 67 ,8= ← ) ��� ②
$= ) 4 >(@) : (VWY	���" �*�� ��� ③

P@SX@\��8�*5��/
 à0038)0=:37+J
@U\F���^CA\J_,>T]H412����>�-<

• 8), 8;, 8= :	3QLNCA\J^HM]G�6����_
• +"HM]G,7VWY	�����:388) = 8; = 8= = )
• VWY	������)8), 8;, 8=8!�@\EYV\N
• 8), 8;, 8=7YILN�� :	��.;��91E[LE&�3��

! = !7(;C),	E8= ;;: ) = !7 ;;: )
> @: ) = >&0G×I(!7 ;J: ;= )
53 = $=()) 4 # 4 >(@) ^VWY	�����_

$) @: ) = >&0G×I 8)(=: ))
$; @: ) = >&0G×I 8;(=: ))
$= @: ) = >&0G×I 8=(=: ))

# :HDLS
RXFZGHJ
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)*,	���&�(+�.�

AR

PC

)*,

IR
DR

AC
ALU

P0
P1

P2

K

-� !���� �%- '�#" ��

!" " # $% : &' ← )*,)* ← )* + -,)" ← ",)- ← " ①
!- " # $% : .' ← / &' ,)0 ← " ��� ②

!" " # $% : &' ← .' --: " , )* ← &'0)"++, )-++1 ③ ��� ��
��

!" - # . : &' ← / &' ④ ④

!" - # (3 " + 3 - + 3 0 + 3(4)) :  )" ← " ���
�%-  $/���

�� -� !���� �%- '�#" ��

AND,
ADD,	
LDA

!- 0 # (3 " + 3 - + 3 0 ) : 3' ← / &' ��� ⑤

!0 4 # (3 " + 3 - + 3 0 ) : &* ← 67(&*,3') ���� ��� ⑥

STA !- 0 # 3(4) : / &' ← &* ��� ⑤

BUN !" 0 # 3(8) : )* ← &', )" ← " ⑤

BSA
!" 0 # 3(9) : / &' ← )*, &' ← &' + - ⑤ ⑤

!" 4 # 3(9) : )* ← &', )" ← " ⑥

ISZ
!- 0 # 3(:) : 3' ← / &' ⑤

!- 4 # 3(:) : 3' ← 3'+ -, )" ← " ⑥

!- 8 # 3(:) : / &' ← 3',; ← (3' = ") ��� ⑦ ⑦

)*,	���
��� : 
 
$/�����
�.!����
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346	���0'25'9��

AND, ADD,	LDA

!" !# !$ %&
" "
" " "
" " " #
# # # "
" $ $ "
" " ' "

" " "

AND, ADD,	LDA
&/7* 1(-, ��

①
��� ②
③ ��� ����

④ ④
��� ⑤
���� ��� ⑥

���� ���

�
�
�
�
�
�

%& = )$(") , - , .(/)
:346	�����;

!", !#, !$
'9)639.
����

)" " , %& : !" ← ",!# ← "
)# " , %& :  !$ ← "

)" # , (. " + . # + . $ + .(')) :  !" ← "

)# " , %& :  34 ← 5 64
:%& = #"
#���;

!", !#, !$"6+-.�� :	�� %��$1)8-)��!��
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����E@DV9N@PT@X��

��GKZF : 
����Y��

?LWGGKZF :
!" ← $%,$% ← $% + (
[AR,	PC����\

OAJIGKZF :
)" ← * !"
[IR,	DR����\
[QRU?DHG��\

AR

PC

QRU

IR
DR

AC
ALU

P0
P1

P2

K

$��������

)QRU���� 4 cycles

STA,	BUN 5 cycles

AND,	ADD,	LDA,	BSA 6 cycles

ISZ 7 cycles

N@PT@X�������

)QRU���� 1 cycles

AND,	ADD,	LDA,	STA 4 cycles

BUN 5 cycles

BSA,	ISZ 6 cycles

GCJP/=2�� 1 cycles

• )QRU������&' :	1E@DV
• QRU���� :	AND,	ADD,	LDA,	STA,	

ISZ��:*���6BZMZTJP0
4��5.<2;*��&'-��

�
9	�CPU:)8�(7N@PT@X���%>
�3à!�:+ ��?ZCKDIS,#�5�"1<
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B7.&9*87C-1=QMR

Vkq[w^ou

lfrXYV

OS/diW`fpWi

s_`b

).�

mnq

\
u
j
W
p

	
�
�
:

�=40x��
40@
hcetwZy

i
`
�
:

��ace

SW
Arch

HW
Arch

9*87 :	$AN�:#�(G
��JT�FS�:6%v9*
;�OEDL!<N�:#�U
��JT

��ace :	7.&P�"��
U�1IK /Hx��P?y
• SW	:	�3�2��x�3iWgqy
U�1

• HW	:	9*�:87PB�$C

���3]WZr87 :	7.&
P�"�2U'�JT>5N8
7�,à CPU+�P�5=�
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T?5/D1A?U*+BQ����

2)9(�O� 9:00	– 10:30 �E8� :	S224�
�2)2(�O� :	M�$-�

• E8F'�|�z�~wr�#Jf��

BQ6��31N�31��310�E8���_
�311��315�E8��b^W_d�(m{o�u�
• ��vyzRmv�����q���q
• ���9snp�R�tuxIL@K
• ?5/C7.!R�
.!R�Jf	1
• �tux�HR}u�HR5:D105�H
• ~n��n�����

;G :	,E8`"]\��vyzc���8�����cC
7k=Xi�<dVhe[lS>4Zi\gb�<a �d
�_�P&b%2YjeZS


