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_memcpy(dst, src, len)
Copy a block of memory from one location to another.

Intel 8086
Example

;
;
;
; Entry stack parameters

£ [BP+6] = len, Number of bytes to copy

2 [BP+4] = src, Address of source data block
2 [BP+2] = dst, Address of target data block
;

;

;

Return registers
AX = Zero

0000:1000 org 1000h ; Start at 0000:1000h
0000:1000 _memcpy proc

0000:1000 55 push bp ; Set up the call frame
0000:1001 89 E5 mov bp,sp

0000:1003 06 push es ; Save ES

0000:1004 8B 4E 06 mov cx, [bpt6] ; Set CX = len
0000:1007 E3 11 jcxz done ; If len=0, return
0000:1009 8B 76 04 mov si, [bpt+4] ; Set SI = src
0000:100C 8B 7E 02 mov di, [bp+2] ; Set DI = dst
0000:100F 1E push ds ; Set ES = DS
0000:1010 07 pop es

0000:1011 8A 04 loop mov al,[si] ; Load AL from [src]
0000:1013 88 05 mov [di],al ; Store AL to [dst]
0000:1015 46 inc si ; Increment src
0000:1016 47 inc di ; Increment dst
0000:1017 49 dec cx ; Decrement len
0000:1018 75 F7 jnz loop ; Repeat the loop
0000:101A 07 done pPop es ; Restore ES
0000:101B 5D pop bp ; Restore previous call frame
0000:101C 29 CO sub ax,ax ; Set AX = 0
0000:101E C3 ret ; Return

0000:101F end proc

[http://en.wikipedia.org/wiki/Intel_8086]
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; _memcpy(dst, src, len)
Ir]teel ES()EB(S ; Copy a block of memory from one location to another.

’
Example ; Entry stack parameters

£ [BP+6] = len, Number of bytes to copy

£ [BP+4] = src, Address of source data block

£ [BP+2] = dst, Address of target data block

’

; Return registers Comments

2 AX = Zero
0000:1000 org 1000h ; Start at 0000:1000h
0000:1000 _memcpy proc
0000:1000 55 push bp ; Set up the call frame
0000:1001 89 E5 mov bp,sp
0000:1003 06 push es ; Save ES
0000:1004 8B 4E 06 mov cx, [bpt6] ; Set CX = len
0000:1007 E3 11 jcxz done ; If len=0, return
0000:1009 8B 76 04 mov si, [bpt+4] ; Set SI = src
0000:100C 8B 7E 02 mov di, [bp+2] ; Set DI = dst
0000:100F 1E push ds ; Set ES = DS
0000:1010 07 pop es
0000:1011 8A 04 loop mov al,[si] ; Load AL from [src]
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0000:101A 07 done pPop es ; Restore ES
0000:101B 5D pop bp ; Restore previous call frame
0000:101C 29 CO sub ax,ax ; Set AX = 0
0000:101E C3 ret ; Return
0000:101F end proc

[hitpo/enwikipedia.dre/wiki/Intel_8086]
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100000 00110100| 00000000
100001| 00110000] 00000001
100010{ 10001100[ 00000000 OpCode Control
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100110 01010000] 00000001 00000000000 0O0O0OO0OOO0OO0OO
100111[11100000( 11111011
101000[10100100]/ 00000010
Code Memory
Cg Co C10
He | Jei
Registers ca] les . Flags
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B
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1281 Simulator

Current Instruction: LOADI A, O i281 CPU Running: BubbleSort

100000 [0011 Opcode Control — ‘
000110000001000 | Decoder —
100001 [1000110000001000 c €3 €4 €5 C5 €7 Cy €9 C)gCyy €y €13 €4 €5 €16 €17 Cp NN (| |

EERRRRERRRRRRRE! 20 00000000 co000o000

100011 [1101001100000000
10000001 000O0CT1O0O0OCO0

100100 [1111001100001110

O p—
o

100101 [1000110000001000
100110 [0110110000000000 ¢ l l% lc“' ()
— 100111 [1101011100000000 "
Registers 1c14 Speed:50
101000 [1111001100001000 | |es
101001 [1001100100000000 A Flags .
101010 [TooiiioL [ } N 2000 Auto Mode on Show Description
101011 | 11011110 r c Game Mode on Show Bus Width
101100 [11110011 1 o
¢ . " ) o
101101 [1011110100000000 Y _/ 15 Register View ¥ syntax Highlighting
<
101110 [1011100100000001 el 1e . 0 ' Start PC @ 32 % Show Data Path
101111 [0101010000000001 6 7 " ’ 2
v At En 4 Show Control Path
110000 [1110000011110100 C[ooooo00 __Q \ ﬂ E2Stop At End E4Show Control Pat
110001 [0101000000000001 | |s
110010 [1110000011101110 ©
110011 [0000000000000000 D [Geeeossc} °/ o000 [Too000111
110100 [0000000000000000 o001 [ooocoo1l
110101 [0000000000000000 o010 [L0o000010
110110 [0000000000000000 o011 [Toooooo01
110111 [0000000000000000 ® C o100 [ ooo0oo110
111000 [0000000000000000 ) o101 [ ooooo100
111001 [0000000000000000 o110 [To0oo0101
111010 [0000000000000000 e 1c o111 [ooooro00
111011 [0000000000000000 - : Swi 1 1000 [[00000111
111100 [0000000000000000 — PC : 1001 [oooooooo
111101 [0000000000000000 Update 1010 [_00000000
111110 [0000000000000000 _ Logic 7 1011 [Cooooo000
111111 [0000000000000000 1100 [[00000000
. 1101 [[00000000
Instruction Memory m[ﬂ 1110 [osos0000
1111 [Co0o00000
Data Memory

To try the simulator, go to the class web page and follow the link.
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1281 Example:
Add the numbers from 1to 5

C Language v.s. Assembly Language



C Version

// C Version
//
// Add the numbers from 1 to 5 using a for loop.

int main()

{
int N=5;

int i, sum;
sum=0;
for(i=1; i<=N; i++)

sum+=i;

// printf("%d\n", sum);



1281 Assembly Version

.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code

LOADI B, O ; sum=0

LOADI A, 1 ; i=1

LOAD D, [N] ; register_D=N
Loop: CMP A, D ; i<=N ?

BRG End ; exit if i>N
Add: ADD B, A ; sum+=i

ADDI A, 1 ; A4+

JUMP Loop ; next iteration
End: STORE |[sum], B ; update the memory for sum

Register allocation:

~e

A: i

~e

B: sum

~e

C: <not used>

~e

D: N

~e



1281 Assembly Version

.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code

LOADI B, O ; sum=0

LOADI A, 1 s i=1

LOAD D, [N] ; register D=N
Loop: CMP A, D ; i<=N ?

BRG End ; exit if i>N
Add: ADD B, A ; sum+=i

ADDI A, 1 s Q4+

JUMP Loop ; next iteration
End: STORE [sum], B ; update the memory for sum

Register allocation:

e

A: i

e

B: sum

e

C: <not used>

e

D: N

e



Add the numbers from1to 5

// C Version

// using a for loop

int main()

{
int N=5;

int i, sum;
sum=0;

for(i=1; i<=N; i++) {

sum+=i;

// printf("%d\n", sum);

; Assembly Version

.data
N BYTE
i BYTE
sum BYTE
.code
LOADI
LOADI
LOAD
Loop: CMP
BRG
Add: ADD
ADDI
JUMP
End: STORE

w U

)

Loop

[sum],

B

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=i

i++

next iteration

write B to sum
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Add the numbers from1to 5

// C Version

// using a for loop

int main()

{

int N=5;

int i, sum;

sum=0;
for(i=1; i<=N; i++) {

sum+=i;

// printf("%d\n", sum);

This has no analog in the C version,

which is written in a high-level language.

; Assembly Version

.data

N BYTE 5

i BYTE ?

sum BYTE ?

.code
LOADI B, O
LOADI A, 1
LOAD D, [N]

Loop: CMP A, D
BRG End

Add: ADD B, A
ADDI a, 1
JUMP Loop

End: STORE [sum], B

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=i

i++

next iteration

write B to sum

Load the value of N into register D.
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1281 Example:
Add the numbers from 1to 5

Assembly Language v.s. Machine Language



1281 Assembly Code

.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code
LOADI B, O ; sum=0
LOADI A, 1 s i=1
LOAD D, [N] ; register D=N
Loop: CMP A, D ; i<=N ?
BRG End ; exit if i>N
Add: ADD B, A ; sum+=i
ADDI A, 1 s Q4+
JUMP Loop ; next iteration

End: STORE [sum], B update the memory for sum

~e



1281 Assembly Code

.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code
LOADI B, O
LOADI A, 1
LOAD D, [N]
Loop: CMP A, D
BRG End
Add: ADD B, A

ADDI a, 1
JUMP Loop
End: STORE [sum], B



Mapping Assembly to Machine Code

.data Data Memory:

N BYTE 5 00000101

i BYTE ? 00000000

sum BYTE ? 00000000

.code Code Memory:
LOADI B, O 0011010000000000
LOADI A, 1 0011000000000001
LOAD D, [N] 1000110000000000

Loop: CMP A, D 1101001100000000
BRG End 1111001000000011

Add: ADD B, A 0100010000000000
ADDI A, 1 0101000000000001
JUMP Loop 1110000011111011

End: STORE [sum], B 1010010000000010

Assembly Language Machine Language



Mapping Assembly to Machine Code

.data Data Memory:

N BYTE 5 0000 0101

i BYTE ? 0000 0000

sum BYTE ? 0000 0000

.code Code Memory:
LOADI B, O 0011 0100 0000 0000
LOADI A, 1 0011 0000 0000 0001
LOAD D, [N] 1000 1100 0000 0OOO

Loop: CMP A, D 1101 0011 0000 0OOO
BRG End 1111 0010 0000 0011

Add: ADD B, A 0100 0100 0000 0O0OO
ADDI A, 1 0101 0000 0000 0001
JUMP Loop 1110 0000 1111 1011

End: STORE [sum], B 1010 0100 0000 0OO10

Assembly Language Machine Language

in Binary



Mapping Assembly to Machine Code

-data Data Memory:
N BYTE 5 0 5
i BYTE ? 0 0
sum BYTE ? 0 0
-.code Code Memory:
LOADI B, O 3 4 0 0
LOADI A, 1 3 0 0 1
LOAD D, [N] 8 C (0} 0
Loop: CMP A, D D 3 0 0
BRG End F 2 (0} 3
Add: ADD B, A 4 4 0 0
ADDI A, 1 5 0 0 1
JUMP Loop E 0 F B
End: STORE [sum], B A 4 0 2
Assembly Language Machine Language

in Binary



Mapping Assembly to Machine Code

-data Data Memory:
N BYTE 5 05
i BYTE ? 00
sum BYTE ? 00
-code Code Memory:
LOADI B, O 34 00
LOADI A, 1 30 01
LOAD D, [N] 8c 00
Loop: CMP A, D D3 00
BRG End F2 03
Add: ADD B, A 44 00
ADDI A, 1 50 01
JUMP Loop EO FB
End: STORE [sum], B A4 02
Assembly Language Machine Language

in Hexadecimal



1281 Example:
Add the numbers from 1to 5

Preview of OPCODEs



Mapping Assembly to Machine Code

.data Data Memory:

N BYTE 5 00000101

i BYTE ? 00000000

sum BYTE ? 00000000

.code Code Memory:
LOADI B, O 0011010000000000
LOADI A, 1 0011000000000001
LOAD D, [N] 1000110000000000

Loop: CMP A, D 1101001100000000
BRG End 1111001000000011

Add: ADD B, A 0100010000000000
ADDI A, 1 0101000000000001
JUMP Loop 1110000011111011

End: STORE [sum], B 1010010000000010

Assembly Language Machine Language



Mapping Assembly to Machine Code

.data Data Memory:

N BYTE 5 00000101

i BYTE ? 00000000

sum BYTE ? 00000000

.code Code Memory:
LOADI B, O 00110100_00000000
LOADI A, 1 00110000_00000001
LOAD D, [N] 10001100_00000000

Loop: CMP A, D 11010011_00000000
BRG End 11110010_00000011

Add: ADD B, A 01000100_00000000
ADDI A, 1 01010000_00000001
JUMP Loop 11100000_11111011

End: STORE [sum], B 10100100_00000010

Assembly Language Machine Language



Mapping Assembly to Machine Code

.data Data Memory:

N BYTE 5 00000101

i BYTE ? 00000000

sum BYTE ? 00000000

.code Code Memory:
LOADI B, O 0011 _01_00_00000000
LOADI A, 1 0011_00_00_00000001
LOAD D, [N] 1000_11_00_00000000

Loop: CMP A, D 1101_00_11_00000000
BRG End 1111_00_10_00000011

Add: ADD B, A 0100_01_00_00000000
ADDI A, 1 0101_00_00_00000001
JUMP Loop 1110_00_00_11111011

End: STORE [sum], B 1010_01_00_00000010

Assembly Language Machine Language
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Mapping Assembly to Machine Code

.data Data Memory:

N BYTE 5 00000101

i BYTE ? 00000000
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.code Code Memory:
LOADI B, O 0011 _01_00_00000000
LOADI A, 1 0011_00_00_00000001
LOAD D, [N] 1000_11_00_00000000

Loop: CMP A, D 1101_00_11_00000000
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.data

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

OPCODE Mapping

-~

-~

Loop

[sum],

B

Data Memory:
00000101
00000000
00000000

Code Memory:

0011_01_00_00000000
0011_00_00_00000001
1000_11_00_00000000
1101_00_11_00000000
1111_00_10_00000011
0100_01_00_00000000
0101_00_00_00000001
1110_00_00_11111011
1010_01_00_00000010



.data

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

OPCODE Mapping

)

)

Loop
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Data Memory:
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Register Parameter Mapping

.data Data Memory:

N BYTE 5 00000101

i BYTE ? 00000000

sum BYTE ? 00000000

.code Code Memory:
LOADI B, O 0011_01_00_00000000
LOADI A, 1 0011_00_00_00000001
LOAD D, [N] 1000_11_00_00000000

Loop: CMP A, D 1101_00_11_00000000
BRG End 1111_00_10_00000011

Add: ADD B, A 0100_01_00_00000000
ADDI A, 1 0101_00_00_00000001
JUMP Loop 1110_00_00_11111011

End: STORE [sum], B 1010_01_00_00000010



Register Parameter Mapping

.data Data Memory:
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sum BYTE ? 00000000

.code Code Memory:
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Second Register Parameter Mapping

.data Data Memory:

N BYTE 5 00000101

i BYTE ? 00000000

sum BYTE ? 00000000

.code Code Memory:
LOADI B, O 0011_01_00_00000000
LOADI A, 1 0011_00_00_00000001
LOAD D, [N] 1000_11_00_00000000

Loop: CMP A, D 1101_00_11_00000000
BRG End 1111_00_10_00000011

Add: ADD B, A 0100_01_00_00000000
ADDI A, 1 0101_00_00_00000001
JUMP Loop 1110_00_00_11111011

End: STORE [sum], B 1010_01_00_00000010



Second Register Parameter Mapping

.data Data Memory:

N BYTE 5 00000101

i BYTE ? 00000000

sum BYTE ? 00000000

.code Code Memory:
LOADI B, O 0011_01_00_00000000
LOADI A, 1 0011_00_00_00000001
LOAD D, [N] 1000_11_00_00000000

Loop: CMP A, D 1101_00_11_00000000
BRG End 1111_00_10_00000011

Add: ADD B, A 0100_01_00_00000000
ADDI A, 1 0101_00_00_00000001
JUMP Loop 1110_00_00_11111011

End: STORE [sum], B 1010_01_00_00000010



Value / Address / Offset Mapping

.data Data Memory:

N BYTE 5 00000101

i BYTE ? 00000000

sum BYTE ? 00000000

.code Code Memory:
LOADI B, O 0011_01_00_00000000
LOADI A, 1 0011_00_00_00000001
LOAD D, [N] 1000_11_00_00000000

Loop: CMP A, D 1101_00_11_00000000
BRG End 1111_00_10_00000011

Add: ADD B, A 0100_01_00_00000000
ADDI A, 1 0101_00_00_00000001
JUMP Loop 1110_00_00_11111011

End: STORE [sum], B 1010_01_00_00000010



Value / Address / Offset Mapping

.data Data Memory:

N BYTE 5 00000101

i BYTE ? 00000000

sum BYTE ? 00000000

.code Code Memory:
LOADI B, O 0011_01_00_00000000
LOADI A, 1 0011_00_00_00000001
LOAD D, [N] 1000_11_00_00000000

Loop: CMP A, D 1101_00_11_00000000
BRG End 1111_00_10_00000011

Add: ADD B, A 0100_01_00_00000000
ADDI A, 1 0101_00_00_00000001
JUMP Loop 1110_00_00_11111011

End: STORE [sum], B 1010_01_00_00000010



.data

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

“Don’t care” bits ...

-~

-~

D, [N]

End
B, A
A, 1
Loop

[sum],

B

Data Memory:
00000101
00000000
00000000

Code Memory:

0011_01_dd_00000000
0011_00_dd_00000001
1000_11_dd_00000000
1101_00_11_dddddddd
1111 _dd_10_00000011
0100_01_00_dddddddd
0101_00_dd_00000001
1110_dd_dd_11111011
1010_01_dd_o00000010



... are mapped to 0 by the Assembler

.data Data Memory:

N BYTE 5 00000101

i BYTE ? 00000000

sum BYTE ? 00000000

.code Code Memory:
LOADI B, O 0011_01_00_00000000
LOADI A, 1 0011_00_00_00000001
LOAD D, [N] 1000_11_00_00000000

Loop: CMP A, D 1101_00_11_00000000
BRG End 1111_00_10_00000011

Add: ADD B, A 0100_01_00_00000000
ADDI A, 1 0101_00_00_00000001
JUMP Loop 1110_00_00_11111011

End: STORE [sum], B 1010_01_00_00000010



Mapping Assembly to Machine Code

.data Data Memory:

N BYTE 5 00000101

i BYTE ? 00000000

sum BYTE ? 00000000

.code Code Memory:
LOADI B, O 0011_01_00_00000000
LOADI A, 1 0011_00_00_00000001
LOAD D, [N] 1000_11_00_00000000

Loop: CMP A, D 1101_00_11_00000000
BRG End 1111_00_10_00000011

Add: ADD B, A 0100_01_00_00000000
ADDI A, 1 0101_00_00_00000001
JUMP Loop 1110_00_00_11111011

End: STORE [sum], B 1010_01_00_00000010
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0100_01_00_00000000
0101_00_00_00000001
1110_00_00_11111011
1010_01_00_00000O01O0

C11€C12€C13C

Ci15Ci6 C17 C18

9
—~

2N

O<_E

T

lm4
Flags 4
) oo| N
6 low
C15
1m8
8 K 8
< 8
4 low
1m7
000100000101
4 8

C16

00%100000000
0010800000000
0011100000000
0100100000000
0101)00000000
0110/00000000
0111]00000000

Data Memory

i281 CPU



B

6 100000

100001
100010
100011

100100
100101
6 100110

100111
101000

00110100

00000000

00110000

00000001

10001100

00000000 ] |16

11010011

8 high

OpCode ==

Control

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

\10100100

00000010

r~

Code Memory

Ppc RS
Update 6
Logic <

Data Memory:
00000101
00000000
00000000

Code Memory:
0011_01_00_00000068\
0011_00_00_00000001
1000_11_00_00000000
1101_00_11_o00000000
1111_00_10_00000011
0100_01_00_00000000
0101_00_00_00000001
1110_00_00_11111011

\i010_01_00_000000¥8/

C11€C12€C13C

Ci15Ci6 C17 C18

9
—~

2N

O<_E

T

lm4

Flags

0 00O

;

4 low

1m7

6 low

C16

0000100000101

0001100000000

0010400000000

0011100000000

0100100000000

0101J00000000

0110/00000000

0111]00000000

Data Memory

1m8

i281 CPU



B

6 |100000 00110100| 00000000

100001 00110000 00000001 ) 27
100010 10001100] 00000000} 16 o (8high | OpCode : Control
\ \
16 |re00r] 11010011] 00000000 Decoder C1 €2 C3 Ca Cs C €7 Cs Co C1o C1 C12 C13 C14 Cis Clg C17 Cig
100100[ 11110010| 00000011
Blow ! RERN Pl
1001011 01000100/ 00000000 1 1 l 1 1 1 l 1 1 l 1
6 |100110[ 01010000 00000001 00000000000O0O0ODO0ODOOOO
100111[11100000] 11111011
101000 10100100] 00000010
Code Memory
C C C
o Jeo o Jen
Registers el 1 Flags A
\
A 00000000 \ALH [000 o
B 4
5 61
D ow
. B 00000000 1c15
- cis
C6l C 8 l
C [o0000000] N 8 3 8 .
B
p 4 low -
D [oo000000] |p
8
o | °°°° 20000101
g 0001[00000000] | 43
¢ 1016 0010[00000000
g 0011[00000000
6 low 0 ¢ |°roo[00000000
C2 c3 16 8 low e 0101]00000000
PC 6 11 1 Switches 1 0110{00000000
X 6 PC 6 0111/00000000
6 Update 6
100000
[ :
Logic 0 [£00009] 16 Data Memory

i281 CPU



The Assembly Language Instructions



The 1281 Assembly Instructions

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI
LOADP
ADD
ADDI
SUB
SUBI
LOAD
LOADF
STORE
STOREF
SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE

NO OPeration

INPUT into Code memory

INPUT into Code memory with oFfset

INPUT into Data memory

INPUT into Data memory with oFfset

MOVE the contents of one register into another
LOAD Immediate value

LOAD Pointer address

ADD two registers

ADD an Immediate value to a register

SUBtract two registers

SUBtract an Immediate value from a register
LOAD from a data memory address into a register
LOAD with an oFfset specified by another register
STORE a register into a data memory address
STORE with an oFfset specified by another register
SHIFT Left all bits in a register

SHIFT Right all bits in a register

CoMPare the values in two registers

JUMP unconditionally to a specified address
BRanch if Equal

BRanch if Zero

BRanch if Not Equal

BRanch if Not Zero

BRanch if Greater

BRanch if Greater than or Equal



The 1281 Assembly Instructions

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI
LOADP
ADD
ADDI
SUB
SUBI
LOAD
LOADF
STORE
STOREF
SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE

NO OPeration

INPUT into Code memory

INPUT into Code memory with oFfset

INPUT into Data memory

INPUT into Data memory with oFfset

MOVE the contents of one register into another
LOAD Immediate value

LOAD Pointer address

ADD two registers

ADD an Immediate value to a register

SUBtract two registers

SUBtract an Immediate value from a register
LOAD from a data memory address into a register
LOAD with an oFfset specified by another register
STORE a register into a data memory address
STORE with an oFfset specified by another register
SHIFT Left all bits in a register

SHIFT Right all bits in a register

CoMPare the values in two registers

JUMP unconditionally to a specified address
BRanch if Equal

BRanch if Zero

BRanch if Not Equal

BRanch if Not Zero

BRanch if Greater

BRanch if Greater than or Equal



The OPCODEs



There are only 26 OPCODEs

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI
LOADP

ADD
ADDI
SUB
SUBT
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE



There are only 26 OPCODEs

NOOP ADD SHIFTL
INPUTC ADDI SHIFTR
INPUTCF SUB CMP
INPUTD SUBT JUMP
INPUTDF LOAD BRE
MOVE LOADF BRZ
LOADI STORE BRNE
LOADP STOREF BRNZ
BRG
BRGE

All of these are available in the assembly language for this processor.
However, three pairs are aliased at the machine language level.



25
There are only 26 OPCODEs

NOOP ADD SHIFTL
INPUTC ADDI SHIFTR
INPUTCF SUB CMP
INPUTD SUBI JUMP
INPUTDF LOAD BRE
MOVE LOADF BRZ
LOADT) thesetwo STORE BRNE
are aliased STOREF BRN7Z
BRG
BRGE

They have a different meaning in the assembly language, but the
assembler maps them to the same machine language OPCODE.



25
There are only 26_. OPCODEs

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI/LOADP

ADD
ADDI
SUB
SUBT
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE



24
There are only 26_. OPCODEs

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI/LOADP

ADD
ADDI
SUB
SUBT
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE

these two
are aliased
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There are only 26_. OPCODEs

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI/LOADP

ADD
ADDI
SUB
SUBT
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP
JUMP

BRG
BRGE

these two
are aliased

these two
are aliased



There are only 23 OPCODEs

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI/LOADP

ADD
ADDI
SUB
SUBT
LOAD
LOADF
STORE
STOREF

SHIFTL
SHIFTR
CMP

JUMP
BRE/BRZ
BRNE /BRNZ
BRG

BRGE



The OPCODEs

( Mapped to Machine Language )



NOOP

INPUTC

INPUTCF

INPUTD

INPUTDF

MOVE

LOADI/LOADP

The OPCODEs




ADD

ADDI

SUB

SUBT

LOAD

LOADF

STORE

STOREF

The OPCODEs




SHIFTL

SHIFTR

CMP

JUMP

BRE/BRZ

BRNE/BRNZ

BRG

BRGE

The OPCODEs




The 1281 Assembly Instructions

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI
LOADP
ADD
ADDI
SUB
SUBI
LOAD
LOADF
STORE
STOREF
SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE

NO OPeration

INPUT into Code memory

INPUT into Code memory with oFfset

INPUT into Data memory

INPUT into Data memory with oFfset

MOVE the contents of one register into another
LOAD Immediate value

LOAD Pointer address

ADD two registers

ADD an Immediate value to a register

SUBtract two registers

SUBtract an Immediate value from a register
LOAD from a data memory address into a register
LOAD with an oFfset specified by another register
STORE a register into a data memory address
STORE with an oFfset specified by another register
SHIFT Left all bits in a register

SHIFT Right all bits in a register

CoMPare the values in two registers

JUMP unconditionally to a specified address
BRanch if Equal

BRanch if Zero

BRanch if Not Equal

BRanch if Not Zero

BRanch if Greater

BRanch if Greater than or Equal



B

Don’t do anything for one clock cycle:

6 100000
100001
100010
100011

16

100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

NOOP

10001100

00000000

8 high

11010011

00000000

11110010

00000011

OpCode
Decoder

NO OPeration
Control

4

¢]
o

C4 C5C6 C7C8CoCioCr1 C12C13C1

¥
w

o~

Ci5C1

9

6 C1

—~

le

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

O = O
O = O
O

T

HEEEREEE

cg] Jeo 1010

Registers

1014

cal le Flags A
A loooooooo] [ [000 o
B 4
C
B [00000000 y 1c15 6 low
\8 8 C18
ol 8 8 8
C |o0000000 A S .
2 4 low
D [oooo0000] |p 10”
8
", | °°°°[eoo00101
g 0001[00000000] | 43
¢ lclé 0010[00000000
X 0011[00000000
6 low 0 ¢ |°roo[00000000
C2 c3 16 ]1 e 0101]00000000
oo 6 11 | Switches — 0110[00000000
\ 6 PC 6 0111[00000000
Update 6 [100000]
Logic 0 16 Data Memory

i281 CPU






B

Read from the value provided by the used on the external switches

¢ |100000[ 00110100 00000000 and store that value in code memory.
100001| 00110000] 00000001
100010[ 10001100[ 00000000||\ I INPUTC INPUT into Code memory

16 |tcoort| 11010011] 00000000 INPUTCF INPUT into Code memory with oFfset
100100[ 11110010]/ 00000011 o
100101[01000100| 00000000 R IR IR IR AR 2 2 2 A N R A B AR
100114 01010000 0000000000000OOO0OO0OO
1001111"TTT00000
101000 10100100

Code Memory

1014

Flags 4

Cs \
C12 Cc13 Y
00000090 | 1 0000
\8 I\ 4
6 low
. B loooooo00 1015
\
Co 8
C loooo0000 8 \\8 8
4 low
D looo000000 1017
8
j 0000[90000101
8 0001[00000000] | 48
¢ 1016 0010[00000000
g 0011[00000000
6 low 0 g 010000000000
102 103 M 0101[00000000
PC 6 1 Switches 1 0110/00000000
\ 6 PC 6 0111[00000000
6 Update 6 [L00000]
Logic 0 16 Data Memory

i281 CPU

1018




B

Read from the value provided

16

100000
100001
100010
100011
100100
100101

00110100

00000000

00110000

00000001

10001100

00000000

|\ INPUTD

11010011

00000000

INPUTDF

11110010

00000011

O 1w

01000100

00000000

10011

01010000

00000001

100111
101000

11100000

ITII1II01I1

10100100

00000010

Code Memory

and store that value in data

INPUT into Data
INPUT into Data

BARA
00000

by the used on the external switches

memory.

memory

memory with oFfset

BARA
00000

BARERARA
00000000

cg] Jeo 1010

Registers

A 100000000

(e]
\Uow>é£
o)
W

1014

Flags 4

|O 00 OI

4
B 100000000 1cw 6 low
8
C6l c 8 1018
8 8 8
C:ﬂﬂﬂﬂﬁﬂ A N g
2 4 low
D looo000000 D 1017
8 4
) 000090000101
8 0001[00000000] | 43
¢ lcm 001000000000
g | oap{[00000000
6 low 0 . 010000000000
102 103 16 M 0101[00000000
PC 6 1 Switches 1 0110/00000000
Undat \ 6 PC 6 0111[00000000
6 pdate 6 [L00000]
1 Logic 0 16 Data Memory

i281 CPU



B

Instructions that change the value of the Program Counter based on
the contents of the Flags register that were set during the most

6 |100000[00110100] 00000000 . . . . . .. .
100001/ 001100001 00000001 recent prev%ous ar+thmet1c.1nsFructlon. If the condition 1is met
100010 10001100[ 00000000 Agthe offset in the instruction is added to the Program counter.

16 |10001111010011|00000000
100100[ 11110010[ 00000011 BRE BRanch if Equal
100101[01000100] 000§0000 ) g
100110 01010000 000(‘001 BRZ BRanch if Zero
100111711100000{ 11118p11 BRNE BRanch if Not Equal
101000[10100100| 00000410 .
\ BRNZ BRanch if Not Zero
Code Memory BRG BRanch if Greater
BRGE BRanch if Greater than or Equal
vy y Lcu
Registers ( '
g cal [cs Flags 4
qﬂ ci3 0 0 g0
40000000 L w
6 low
8
N 1018
8 8
N 8
4 low
1m7
000090000101
g 0001[00000000] | 48
¢ 0010[00000000
001100000000
6 low 010000000000
| 0101]00000000
PC Switches 0110/00000000
Und 011100000000
6 pdate 100000
Logic 0 [£00009] ‘J 16 Data Memory

i281 CPU




1m Instruction that changes the value of the Program Counter by

¢ |100000[ 00110100 00000000 addlng.a.number stored as part of the J.nstructl(.)n. This 1is
100001] 00110000] 00000001 unconditional, does not depend on the Flags register.
100010 10001100/ 00000000 Av]
100011 11010011/ 00000000 44 if]

16 100100 TITT00 1515000001 JUMP JUMP unconditionally to a specified address

100101[91000100] 00000000 . ARRARRREE R R EE RN

6 |100110[ 01010000 00000001 0000000000000OOO0OO0OO
100111(11100000{ 11111011
101000[10100100{ 0000§010

A

Code Memory

cg] Jeo 1010 1014

Registers Flags 4
\
o 00 o]
4
6 low
8 1C15
\ 8 1018
8 .8 8
A 8
4 low
1017
8
0000[90000101
4 8

0001100000000

1016 0010{00000000

\ g 0011{00000000
6 low 0 g 0100[00000000
\

010100000000

/ 02 \
C3 A}
C 6 11 ! Switches == | 0110/00000000
UF; . ¢ | WPC NG 0111[00000000
6 pdate 6 100000
Logic 10 [£00009] 16 Data Memory
&

i281 CPU







B

Arithmetic operations with two registers

ADD two registers
ADD an Immediate value to a register
SUBtract two registers
SUBtract an Immediate value from a register
CoMPare the values in two registers

6 |100000 00110100 00000000
100001] 00110000[ 00000001 ADD
100010| 10001100{ 00000000 Av] ADDI
16 |10001111010011|00000000 SUB
100100[ 11110010] 00000011
100101[01000100| 00000000 SUBI
6 |1001101 01010000{ 00000001 CMP
100111[11100000] 11111011
101000[10100100] 00000010
Code Memory

cg] Jeo 1010

Cl4
Registers ca] les N Flags K
C12 C13
p\ 00000000 ] A 1 l |0 00 0|
B 8 I\ 4
b \ 61
B loooo00000] [P ow
\8 lClg
ol | ALU ) 5
k} 00000000 ] N 1Cu N .
B
¢ 8 1m7
D loooo0000] |b
- 0000[00000101
8 0001[00000000] | 48
4 0010[00000000
0011[00000000
6 low 0100[00000000
C2 c3 16 ]1 010100000000
C 6 11 1 Switches il 0110[00000000
P \ 6 PC 6 0111[00000000
Updgte 6 [100000]
Logic 0 16 Data Memory

i281 CPU



B

Arithmetic operations with only one register

6 100000
100001
100010
100011

16

100100
100101
6 100110
100111
101000

00110100

00000000

00110000

00000001

SHIFTL

10001100

00000000

|\ SHIFTR

11010011

00000000

11110010

00000011

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

SHIFT Left all bits in a register
SHIFT Right all bits in a register

I uuuuul I

Y ] €1C2C3C4C5C6C7C8C9ClpCliCl2Cl3Cl4Cl5Cl6C17CI8 |

RN RN NN

00000000000O0O0O0OOOO0OO0OO

cg] Jeo 1010

Cl4
Registers ca] Ics N Flags 4
C12 Cc13 <
[A 00000000 ] \ALH I{ 0000
8 4
B
C AY
B [00000000 Ja,J 6 low
\8 lClg
< ALU
C [o0000000 j 1Cn \f 8 .
B
C 8 c17
D [ooooo0o0o00] |b
AN J 0000[00000101
g 0001[00000000] | 43
¢ 0010[00000000
0011[00000000
6 low 0100{00000000
C2 c3 16 ]1 0101]00000000
oo 6 11 ! Switches il 0110[00000000
< 6 PC 6 0111[/00000000
Update 6 [100000]
Logic 0 16 Data Memory

i281 CPU






I Read from the data memory into a register

6 |100000 00110100/ 00000000
100001] 00110000]/ 00000001 LOAD LOAD from a data memory address into a register

100010 10001100/ 00000000 Avl LOADF LOAD with an oFfset specified by another register
16 |100011]11010011)00000000 | b | Y ] €1C2C3C4C5C6C7C8C9ClpCliCl2Cl3Cl4Cl5Cl6C17CI8 |

100100[ 11110010] 00000011 3 low 1 l 1 11 1 1 l 1 l l 1 1 l 1 l 1 l

1001011 01000100 00000000
6 [100110]1 01010000|{ 00000001 00000000000000000°0

100111[11100000| 11111011
101000[10100100[ 00000010
Code Memory
081 109 1010
Registers
9 C4] |cs \4
\
A 00000000 A
B
< 61
q B 100000000 D ow
\ ) S 1018
C [o0000000] N 3 8 .
B
C
D [oooo0000] |p 1017
000000000101
g 0001[00000000] | 43
¢ 001000000000
00™|0000000(
6 low 010000000000
102 103 16 . 0101[00000000
PC 6 1 Switches 1 0110/00000000
\ 6 PC 6 0111/00000000
6 Update 6
100000
@ .
Logic 0 [£00009] 16 Data Memory

i281 CPU



1m Write from a register to an address in data memory:

6 |100000 00110100/ 00000000
100001] 00110000]/ 00000001 STORE STORE a register into a data memory address

100010 10001100/ 00000000 ;vl STOREF STORE with an oFfset specified by another register
16 |*cco11]11010011) 00000000 | Ittt Y ] C1C2C3C4C5C6C7C8CoCloC11C12C13Cl4 C15Ci6C17Ci8 ]

100100[ 11110010] 00000011 3 low 1 l 1 11 1 1 l 1 l l 1 1 l 1 l 1 l

1001011 01000100/ 00000000
6 |100110[ 01010000 00000001 00000000000 0O0O0OO0OOO0OO0OO
1001111 11100000/11111011

1010001 10100100 00000010

Code Memory

cg] Jeo 1010 1014

Registers
A |ooo000000
. B [00000000) 6 low
\ 1018
C |o0000000 8 g
D [o0000000 1017
00000101
g 00000000] | 48
¢ 00000000
00000000
6 low 0 g 00000000
c2 & 6 8l A 010100000000
bC 6 11 | Switches — 0110[00000000
Und Y 6 PC 6 011100000000
6 pdate 6 100000
Logic 0 [£00009] 16 Data Memory

i281 CPU






B

Load a constant (immediate value) into a register

6 100000
100001
100010
100011

16

100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

LOADI

10001100

00000000

8 high

11010011

00000000

\

11110010

00000011

8 low

01000100

01010000

00040000
00004001

11100000

10100100

11111R11
000000%0

Code Memory

OpCode
Decoder

LOAD Immediate wvalue
Control

4

¢]
o

C4 C5C6 C7C8CoCioCr1 C12C13C1

¥
w
o~

C15 C1

9

6 C1

—~

le

O = O
O = O
O

T

HEEEREEE

cg] Jeo 1010

1014

AY
A [odooooo] X [0 00 q]
B 4
C
. B (looo00000l y fes 6 low
\
C6l c 8 1018
C [00000000]) TN 8 \\8 8 .
2 4 low
D [oooo0000] |p 1017
8
4 0000{p0000101
8 0001[00000000] | 48
¢ 1016 0010[00000000
g 0011{00000000
6 low 0 g 0100[00000000
C2 c3 16 ]1 \\ 010100000000
PC 6 11 1 Switches — 1 0110/00000000
A 6 PC 6 0111]00000000
Updgte 6 |1ooooo|
Logic 0 16 Data Memory

i281 CPU



B

Copy one register into another register

6 100000
100001
100010
16 100011

100100
100101
6 100110
100111
101000

00110100

00000000

00110000

00000001

MOVE

10001100

00000000

16 _ 8 high

MOVE the contents of one register into another

OpCode

11010011

00000000

\

11110010

00000011

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

4

C

o

C4C5C6C

C

Control

C9 C10 C11 C12 C13 C14

C15 Ci16 C17 C18

O = O
O = O
O

m

§

T

oo

cg] Jeo 1010

1014

Registers el 1 Flags 4
\
A ‘ALH o 00 o]
B 4
Ei’J 6 low
8 1015
- col le 8 1018
l 8 .8 8
A \ 8
2 4 low
S 1017
8
0000[00000101
3 4 1 0001[00000000] | 48
¢ 1016 0010{00000000
g 001100000000
6 low h ¢ |oroe[o0000000
C2 c e 010100000000
oo 6 11 o Switches == ) 0110[00000000
N 6 PC 0111{00000000
Update 6 [100000]
Logic 0 16 Data Memory

i281 CPU



The OPCODEs

( With More Details)



NOOP

Full name:
NO OPeration

Description:

Do nothing for one clock cycle, i.e., idle.

Assembly Example:
NOOP

Instruction Layout:

0j0ojojojdjd|d|d|d|d|ld|d|d




ADD

Full name:
ADD two registers

Description:

Add the values stored in two registers. The result of the
addition is stored in the first register.

The flags are updated.

Assembly Example:
ADD A, C

Instruction Layout:

oj1/]0/0;]0j0(1{0|d|d|d|d|d|d|d|d




Register
ADD 0o [0 A
0 |1|B
Full name: 1 1olc
ADD two registers 1 |11]|D

Description:

Add the values stored in two registers. The result of the
addition is stored in the first register.

The flags are updated.

Assembly Example:
ADD A, C

Instruction Layout:

oj1/]0/0;]0j0(1{0|d|d|d|d|d|d|d|d




Register
ADD 0o [0 A
0 |1|B
Full name: 1 1ole
ADD two registers 1 |11]|D

Description:

Add the values stored in two registers. The result of the
addition is stored in the first register.

The flags are updated.

Assembly Example:
ADD A, C

Instruction Layout:

oj1/]0/0;]0j0(1{0|d|d|d|d|d|d|d|d




MOVE

Full name:
MOVE
Description:

Move (i.e., copy) the contents of the second register into
the first register, overwriting the first register.

This is implemented as A=B+0. Thus, the mandatory zeros
in the last 8 bits, which must go through the ALU.

The flags are not updated.

Assembly Example:
MOVE A, B

Instruction Layout:

o,0,1/,0,0/0|O0O(1]|0|O0O|O0O|O|O0O|O|O0|O




SUB

Full name:

SUBtract two registers

Description:

Subtract the values stored in two registers. This is done
by subtracting the second register from the first
register. The result of the subtraction is stored in the
first register. The flags are updated.

Assembly Example:
SUB B, C

Instruction Layout:

0j1/j]1/0;(0(1(1/0|d|d|d|d|d|d|d|d




CMP

Full name:

CoMPare the values stored in two registers

Description:

Compare two registers by subtracting the second
register from the first register. The result of the
subtraction is not stored. Only the flags are updated.

Assembly Example:
CMP D, C

Instruction Layout:

1|/]1/0j1|1|1|1|]0|d|d|d|d|d|d|d|d




Full name:

CoMPare the values stored in two registers

Description:

Compare two registers by subtracting the second
register from the first register. The result of the
subtraction is not stored. Only the flags are updated.

Assembly Example:
CMP D, C

Instruction Layout:

CMP

Register

- = O O

_ 0O = O

(o B @ T v v

1|1

0

1




Full name:
CoMPare the values stored in two registers

Description:

Compare two registers by subtracting the second
register from the first register. The result of the
subtraction is not stored. Only the flags are updated.

Assembly Example:
CMP D, C

Instruction Layout:

CMP

Register

- = O O

_ O = O

O O w

1

1

0

1




SHIFTL

Full name:
SHIFT Left

Description:

Shift left all bits in a register. The bit that is shifted out
is stored in the carry flag. The LSB is set 0.

Update the flags based on the final value.

Assembly Example:
SHIFTL B

Instruction Layout:

1|/]1/0|0|0|1|d|O0O|d|d|d|d|d|d|d|d




SHIFTR

Full name:
SHIFT Right

Description:

Shift right all bits in a register. The bit that is shifted out
is stored in the carry flag. The MSB is set 0.

Update the flags based on the final value.

Assembly Example:
SHIFTR C

Instruction Layout:

1|/]1/0|0|1|0|d|1|d|d|d|d|d|d|d|d




JUMP

Full name:
JUMP
Description:

Unconditional jump to the specified address, which is

given as a label for some row of the assembly program,
but converted to a PC offset in the machine code.

Assembly Example:
JUMP End

Instruction Layout:

1,110/ d|d|{d|d|P|C|O|F|F|S|E|T




BRE

Full name:
BRanch if Equal

Description:

Conditional jump to the specified address, which is

given as a label for some row of the assembly program,
but converted to a PC offset in the machine code.

Assembly Example:
BRE Start

Instruction Layout:

1,111/ d|(d|jojO0O|P|C|O|F|F|S|E|T




BRZ

Full name:
BRanch if Zero (identical to BRE)

Description:

Conditional jump to the specified address, which is

given as a label for some row of the assembly program,
but converted to a PC offset in the machine code.

Assembly Example:
BRZ Start

Instruction Layout:

1,111/ d|(d|jojO0O|P|C|O|F|F|S|E|T




BRNE

Full name:
BRanch if Not Equal

Description:

Conditional jump to the specified address, which is

given as a label for some row of the assembly program,
but converted to a PC offset in the machine code.

Assembly Example:
BRNE Loop

Instruction Layout:

1,111 /d|(d|jo0|1|P| C|O|F|F|S|E|T




BRNZ

Full name:
BRanch if Not Zero (identical to BRNE)

Description:

Conditional jump to the specified address, which is

given as a label for some row of the assembly program,
but converted to a PC offset in the machine code.

Assembly Example:
BRNZ Loop

Instruction Layout:

1,111 /d|(d|jo0|1|P| C|O|F|F|S|E|T




BRG

Full name:
BRanch if Greater

Description:

Conditional jump to the specified address, which is

given as a label for some row of the assembly program,
but converted to a PC offset in the machine code.

Assembly Example:
BRG InnerLoop

Instruction Layout:

1,111 /d|(d|j1|0|P|C|O|F|F|S|E|T




BRGE

Full name:
BRanch if Greater

Description:

Conditional jump to the specified address, which is

given as a label for some row of the assembly program,
but converted to a PC offset in the machine code.

Assembly Example:
BRGE OuterLoop

Instruction Layout:

1/,1/1/1|(d|d|1|1|,P|C|O|F|F|S|E|T







ADDI

Full name:
ADD an Immediate value to a register

Description:

Add the immediate value, which is stored in the last 8 bits
of the instruction in the code memory, to the register.

The result of the addition is stored in the same register.
The flags are updated.

Assembly Example:
ADDI A, 3

Instruction Layout:

oj1/0;j1,0/0(d{djO0o|jO|O0O|O0O|O0O]|O0O]|1]|1




SUBI

Full name:
SUBtract an Immediate value from a register

Description:

Subtract the immediate value, which is stored in the last 8
bits of the instruction in the code memory, from the register.

The result of the subtraction is stored in the same register.
The flags are updated.

Assembly Example:
SUBI C, 5

Instruction Layout:

oj1/1;1;1,0(d{djojojo0|jo0o|j0j1|0]1




LOADI

Full name:
LOAD an Immediate value into a register

Description:

Load the immediate value, which is stored in the last 8 bits
of the instruction in the code memory, into the register.

The old value of the register is overwritten.

Assembly Example:
LOADI B, 6

Instruction Layout:

ojoj1;,1;,0(1(d{djojojo0ojojoj1|1]o







LOADP

Full name:
LOAD a Pointer address into a register

Description:
Load the address of a data memory location into a register.
The address is specified by the label for that memory cell,
surrounded by curly brackets. The compiler computes the
address and stores it in the last 8 bits of the instruction.

Assembly Example:
.data
M BYTE 3
N BYTE 5

.code
LOADP A, {M}

Instruction Layout:

ojoj1;,1,0/0(d{d|jojojo0|jo0o|jo0jo0ojo0]oO




LOADP

Full name:
LOAD a Pointer address into a register

Description:
Load the address of a data memory location into a register.
The address is specified by the label for that memory cell,
surrounded by curly brackets. The compiler computes the
address and stores it in the last 8 bits of the instruction.

Assembly Example:
.data
M BYTE 3
N BYTE 5

.code
LOADP A, {M+1}

Instruction Layout:

ojoj1/1;,0/0(d{d|jo0ojO0O|O0O|O0O|O0O]|O0O]|O0]|1







LOAD

Full name:
LOAD the value from a data memory address into a register

Description:
Load the contents of a data memory cell into a register. The
address is specified by the label for that memory location,
surrounded by square brackets. The compiler computes the
address and stores it in the last 8 bits of the instruction.

Assembly Example:

.data
N BYTE 3
array BYTE 4,7, 1
.code

LOAD C, [array]

Instruction Layout:

1/0/0|0|1|0|d|d|O|O0O|O0O|O0O|O0O]|O0O|O0]|1




LOAD

Full name:
LOAD the value from a data memory address into a register

Description:
Load the contents of a data memory cell into a register. The
address is specified by the label for that memory location,
surrounded by square brackets. The compiler computes the
address and stores it in the last 8 bits of the instruction.

Assembly Example:

.data
N BYTE 3
array BYTE 4,7, 1
.code

LOAD C, [array+2]

Instruction Layout:

1/]0/0|0|1|0|d|d|O|O0O|O0O|O0O|O0O]|O0O |1 1







Full name: LOADF

LOAD but with an oFfset specified by another register

Description:

Load the contents of a data memory cell into a register. The address
of the cell is specified by a label plus an offset value stored in a
register, surrounded by square brackets. The compiler computes the
address of the label and stores it in the last 8 bits of the instruction.
The offset is added at runtime to compute the effective address from
which the value is loaded.

Assembly Example:
.data
N BYTE 3
array BYTE 4,7, 1
.code
LOADI B, 1
LOADF C, [array + B]

Instruction Layout:
i|o|o0f1|/1|0|0|l1|0|O|O|O|O|O|O]|1




Full name: LOADF

LOAD but with an oFfset specified by another register

Description:

Load the contents of a data memory cell into a register. The address
of the cell is specified by a label plus an offset value stored in a
register, surrounded by square brackets. The compiler computes the
address of the label and stores it in the last 8 bits of the instruction.
The offset is added at runtime to compute the effective address from
which the value is loaded.

Assembly Example:
.data
N BYTE 3
array BYTE 4,7, 1
.code
LOADI B, 1
LOADF C, [array + B + 1]

Instruction Layout:
i/{o0/o0f1|/1|0|0O|l1|0|O|O|O|O|O|1]0O







STORE
Full name:

STORE a register value into a data memory location

Description:

Store the value of a register into a data memory cell. The address is
specified by the label for that memory location, surrounded by
square brackets. The compiler computes the address and stores it in
the last 8 bits of the instruction.

Assembly Example:
.data
N BYTE 3
array BYTE 4,7, 1
.code
LOADI D, 5
STORE [array], D

Instruction Layout:

1/1]0/1|]0|1|1|d|d|O0O|O0O|O0O|O0O|O0O]|O0O|O0 |1




STORE
Full name:

STORE a register value into a data memory location

Description:

Store the value of a register into a data memory cell. The address is
specified by the label for that memory location, surrounded by
square brackets. The compiler computes the address and stores it in
the last 8 bits of the instruction.

Assembly Example:
.data
N BYTE 3
array BYTE 4,7, 1
.code
LOADI D, 5
STORE [array+2], D

Instruction Layout:

1/10/1|]0|1|1|d|d|O0O|O0O|O0O|O0O|O0O]|O0O |11







STOREF
Full name:

STORE but with an oFfset specified by another register

Description:

Store the value of a register into a data memory cell. The address of
the cell is specified by a label plus an offset value stored in a
register, surrounded by square brackets. The compiler computes the
address of the label and stores it in the last 8 bits of the instruction.
The offset is added at runtime to compute the effective address at
which the value is stored.

Assembly Example:
.data
array BYTE 4,7,8
.code
LOADI B, 1
LOADI D, 6
STOREF [array + B], D

Instruction Layout:

1,0/12(12,1/1/0|1|0j0|]O0O|O0O|O0O|O|O0]O




STOREF
Full name:

STORE but with an oFfset specified by another register

Description:

Store the value of a register into a data memory cell. The address of
the cell is specified by a label plus an offset value stored in a
register, surrounded by square brackets. The compiler computes the
address of the label and stores it in the last 8 bits of the instruction.
The offset is added at runtime to compute the effective address at
which the value is stored.

Assembly Example:
.data
array BYTE 4,7,8
.code
LOADI B, 1
LOADI D, 6
STOREF [array + B +1],D

Instruction Layout:

1,0/1/j1/1|]1(0|10/0|0|0|O0O|O]|O0]|1
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INPUTC
Full name:

INPUT into Code memory

Description:

Read a 16-bit value (from switches SW15-SW0) and store it in the

code memory at the given address. The address is specified by the
label for that memory location, surrounded by square brackets. The
compiler computes the address and stores it in the last 8 bits of the

instruction.

Assembly Example:

.data
zero BYTE ?

.code
INPUTC [zero]

Instruction Layout:

o,ojoj1{d{d|jojojojojo0|jo0o|jo0ojojojo




INPUTC
Full name:

INPUT into Code memory

Description:

Read a 16-bit value (from switches SW15-SW0) and store it in the

code memory at the given address. The address is specified by the
label for that memory location, surrounded by square brackets. The
compiler computes the address and stores it in the last 8 bits of the

instruction.

Assembly Example:

.data
zero BYTE ?

.code
INPUTC [zero+32]

Instruction Layout:

o,ojoj1{d{djojojo0ojo0oj1|j0|j0j0|j0]|O







INPUTCF
Full name:

INPUT into Code memory with oFfset

Description:

Read a 16-bit value (from switches SW15-SW0) and store it in the
code memory at the given address. The address is specified by a
label plus an offset value stored in a register, surrounded by square
brackets. The compiler computes the address of the label and stores
it in the last 8 bits of the instruction. The offset is added at runtime
to compute the effective address at which the value is stored.

Assembly Example:
.data

zero BYTE ?
.code

LOADI D, 5

INPUTCF [zero + D]

Instruction Layout:

o,ojoj1{d{dfofj1,0(0|0|0|O0OjO]|O0O]|O




INPUTCF
Full name:

INPUT into Code memory with oFfset

Description:

Read a 16-bit value (from switches SW15-SW0) and store it in the
code memory at the given address. The address is specified by a
label plus an offset value stored in a register, surrounded by square
brackets. The compiler computes the address of the label and stores
it in the last 8 bits of the instruction. The offset is added at runtime
to compute the effective address at which the value is stored.

Assembly Example:
.data
zero BYTE ?
.code
LOADI D, 5
INPUTCF [zero + D + 32]

Instruction Layout:

o,o0joj1{d{dfofj1/0(0|1|j0|0j0O0|O0]O







INPUTD
Full name:

INPUT into Data memory

Description:

Read an 8-bit value (from switches SW7-SW0) and store it in the data
memory at the given address. The address is specified by the label
for that memory location, surrounded by square brackets. The
compiler computes the address and stores it in the last 8 bits of the
instruction.

Assembly Example:
.data

M BYTE 1

N BYTE ?
.code

INPUTD [N]

Instruction Layout:

o,ojoj1{d{df1/0/0(O0O|0|O0O|O0O|O0O]|O0]|1




INPUTD
Full name:

INPUT into Data memory

Description:

Read an 8-bit value (from switches SW7-SW0) and store it in the data
memory at the given address. The address is specified by the label
for that memory location, surrounded by square brackets. The
compiler computes the address and stores it in the last 8 bits of the
instruction.

Assembly Example:
.data

M BYTE 1

X BYTE ?,2,?
.code

INPUTD [X+2]

Instruction Layout:

o,ojoj1{d{df1/0/0(O0|0|jO0O|O0O]|O0O]|1]|1







Full name: INPUTDF

INPUT into Data memory with oFfset

Description:
Read an 8-bit value (from switches SW7-SW0) and store it in the data
memory at the given address. The address is specified by the label
for that memory location plus an offset value stored in a register,
surrounded by square brackets. The compiler computes the address
of the label and stores it in the last 8 bits of the instruction. The
offset is added at runtime to compute the effective address at which
the value from the switches is stored.
Assembly Example:
.data
M BYTE 1
X BYTE ?,2,2,?
.code
LOADI B, 2

INPUTDF [X + B]
Instruction Layout:

o,oj0f1,0|1|1(1{0|0|0|0O|0|O0O|0|1




Full name: INPUTDF

INPUT into Data memory with oFfset

Description:
Read an 8-bit value (from switches SW7-SW0) and store it in the data
memory at the given address. The address is specified by the label
for that memory location plus an offset value stored in a register,
surrounded by square brackets. The compiler computes the address
of the label and stores it in the last 8 bits of the instruction. The
offset is added at runtime to compute the effective address at which
the value from the switches is stored.
Assembly Example:
.data
M BYTE 1
X BYTE ?,2,2,?
.code
LOADI B, 2

INPUTDF [X + B + 1]

Instruction Layout:

o,o/04f1,0(1j1(10{0|0|0j0|O0O|1]|O0




How many unique
assembly instructions are there?

(examples for some of the instructions)



There is only one NOOP instruction

NOOP



There is only one NOOP instruction

NOOP

0/]0|d|{d|{d|d|d|d|ld|d|d|d|d|d

\ )
Y

Because these 12 bits are don’t cares, however,
there are 212= 4096 possible ways to map the
assembly instruction NOOP to machine language.

The hardware ignores the don'’t care bits.
So, any one of these 4096 mappings leads to
a valid machine language command.

The compiler, however, maps all d bits to zero.
Thus, mapping NOOP to 16 zeros.



There are 4096 ways to map the assembly
NOOP instruction to machine language




The compiler from assembly to machine
language uses only this one by default

[0000000000000000]




There are 16 possible ADD instructions

ADD A A

ADD A,B

ADD A, C

ADD A,D

ADD B, A

ADD B, B

ADD B, C

ADD B, D

ADD C,A

ADD C,B

ADD C,C

ADD C,D

ADD D, A

ADD D, B

ADD D,C

ADD D, D



There are 16 possible ADD instructions

ADD A A o(1|0|0|0|0|0|0O|d|d|d|d|d|d|d]|d
ADD A, B o|1/0/0|0|0|0|1|d|d|d|d|d|d]|d|d
ADD A, C ol1|{o|lo|o|lo0o|1(0|d|d|d|d|d|d|d]|d
ADD A, D oj/1/0|/0|0|0|1|1|d|d|d|d|d|d]|d|d
ADD B, A o/1|0|{0|0|1|l0|l0|d|d|d|d|d|d|d]|d
ADD B, B o|1/0/0|0|1|0|1|d|d|d|d|d|d]|d]|d
ADD B, C o/1/0|/0|0|1|1]0|d|d|d|d|d|d]|d|d
ADD B, D oj1|{0|0oj0o|1|1|1|d|d|d|ld|d|d|d]|d




There are 16 possible ADD instructions

ADD C, A o/j1|0|0|1|0|l0|0|d|d|d|d|d|d|d]|d
ADD C,B o|1/0|/0|1|0|0|1|d|d|d|d|d|d]|d]|d
ADD C,C oj1|{o|lo|1|0|1|0|d|d|d|d|d|d|d|d
ADD C,D o/|1/0|/0|1|0|1|1|d|d|d|d|d|d]|d|d
ADD D, A of1/0/0|1]1]|]0|0|d|d|d|d|d|d|d|d
ADD D, B o|/1/0|l0|1|1|0|1|d|d|d|d|d|d]|d]|d
ADD D, C o/l1|/0|o0o|1|1|1|l0|d|d|d|d|d|d|d]|d
ADD D, D o|l1|{0|0o|1|1|1|1|d|d|d|ld|d|d|d]|d




The last 8 bits could be set to anything

ADD C,D

0j0oj1/0(1 |1 d

d

\

)

Because these 8 bits are don'’t cares, however,
there are 28 = 256 possible ways to map the
assembly instruction ADD C,D to machine language.

The hardware ignores the don'’t care bits.
So any one of these 256 mappings leads to

a valid machine language command.

The compiler, however, maps all d bits to zero.



There are 16 possible SUB instructions

SUB A A

SUB A, B

SUB A, C

SUB A,D

SUB B, A

SUB B, B

SUB B, C

SUB B,D

SUB C,A

SUB C,B

SUB C,C

SUB C,D

SUB D, A

SUB D,B

SUB D, C

SUB D,D



There are 16 possible SUB instructions

SUB A A oj1|1/0|0|0|0(0O|d|d|d|d|d|d|d|d
SUB A, B o|1/1/0|0|0|0|1|d|d|d|d|d|d]|d]|d
SUB A, C ol1|1]|0|0|0|1]|0|d|d|d|d|d|d|d|d
SUB A, D o|j|1]1/0|0|0|1|1|d|d|d|d|d|d]|d]|d
SUB B, A o|1/1/0|0|1|0|0|d|d|d|d|d|d]|d|d
SUB B, B o|1]1/0|0|1|0|1|d|d|d|d|d|d]|d]|d
SUB B, C o|1/1/0|0|1|1]0|d|d|d|d|d|d]|d|d
SUB B,D o|1(1/0]|0|1|1|1|d|d|d|d|d|d|d|d




There are 16 possible SUB instructions

SUB C,A oj1|1/0|1|l0|0|0|d|d|d|d|d|d|d|d
SUB C,B o|{1l1]0|1|0]|0|1|d|d|d|d|d|d|d]|d
SUB C,C ol1|1]|0|1|0|1]|0|d|d|d|d|d|d|d|d
SUB C,D o|1]1|/0|1|0|1|1|d|d|d|d|d|d]|d]|d
SUB D, A o|1|1|/0|1|1|0|0|d|d|d|d|d|d]|d|d
SUB D,B o|j|1]1|/0|1|1|0|1|d|d|d|d|d|d]|d]|d
SUB D, C o|1]1|/0|1|1|1]0|d|d|d|d|d|d]|d]|d
SUB D,D oj/1|1/0|1|1|1|1|d|d|d|d|d|d|d|d




There are 4 possible SHIFTL instructions

SHIFTL A
SHIFTL B
SHIFTL C

SHIFTL D



There are 4 possible SHIFTL instructions

SHIFTL A 1/1|/0|0|0|0|d|o|d|d|d|d|d|d|d|d
SHIFTL B 1/1|/0|0|0|1|d|o|d|d|d|d|d|d|d|d
SHIFTL C 1/1|/0|0|1|0|d|o|d|d|d|d|d|d|d|d

SHIFTL D 1|1]1/0|0|1|1|d|0|d|d|d|d|d|d|d|d




There are 4 possible SHIFTL instructions

SHIFTL B 1/1{]0{0|0|1|d|O0O|d|d|d|d|d|d|d|d
o Y ,

Because these 9 bits are don'’t cares, however,
there are 2° = 512 possible ways to map the
assembly instruction SHIFTL B to machine language.

The hardware ignores the don'’t care bits.
So, any one of these 512 mappings leads to
a valid machine language command.

The compiler, however, maps all d bits to zero.



There are 4 possible SHIFTR instructions

SHIFTR A
SHIFTR B
SHIFTR C

SHIFTR D



There are 4 possible SHIFTR instructions

SHIFTR A 1|/11/0|0|0|0|d|1|d|d|d|d|d|d|d|d
SHIFTR B 1/11/0|0|0|1|d|1|d|d|d|d|d|d|d|d
SHIFTR C 1/]1/0|0|1|0|d|1|d|d|d|d|d|d|d]|d

SHIFTR D 1/1/]0{0|1|1|d|1|d|d|d|d|d|d|d|d




There are many possible JUMP instructions
(at the assembly language level)

JUMP Start
JUMP InnerLoop
JUMP OuterLoop

JUMP End

The second word must be an unique label. The number of possible commands
depends on the maximum length of the label supported by the compiler.



There are many possible JUMP instructions

JUMP Label 1/,1/{1/,0/d|d|d|d|P|C|O|F|F|S|E|T




There are many possible JUMP instructions

JUMP Label 1/,1/{1/,0/d|d|d|d|P|C|O|F|F|S|E|T

Y

These 8 bits specify an offset for the program counter (PC).
The offset is encoded in 2’s complement representation
and can be either positive or negative.



There are many possible JUMP instructions

JUMP Label i1/1/,1,0|d|d|d|d|d|d|O|F|F|S|E|T

\ )
Y

Because the code memory of the i281 CPU has space for only
64 instructions, however, the hardware uses only the last 6 bits.
That is, it uses 6-bit adders to compute addresses.

Therefore, the possible range of offset values ranges from -32 to +31.
However, due to an implicit +1 offset implemented by the hardware
in the PC update logic, the actual effective range is -31 to +32.

The compiler emits 6-bit numbers that are then sign extended to 8-bit.



B

6 100000
100001
100010
100011

16

100100
100101
6 100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 g8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

8 low )

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

27

¢]
o

4 C

5 Co C

C

C9 C10 C1

Control

Ci2Ci13 C1

¥
w
o~

C15 Ci16 C17 C18

9
—~

s )

O = O
O

m

§

T

oo

cg] Jeo 1010

1014

Registers el 1 Flags 4
A 00000000 \ALH |0 00 0|
B 4
C
6 low
D
) B |oo000000 ) 1%
> C6l c 8 1018
C [o0000000] N 8 \\8 8 .
2 4 low
D looo000000 D 1017
8
4 0000{p0000101
8 0001[00000000] | 48
¢ 1016 0010[00000000
g 0011[00000000
6 low ) 0 ¢ |oroe[o0000000
C2 c3 16 ]1 \\ 010100000000
e o0 6 11 1 Switches —, 0110[00000000
Y 6 PC 011100000000
Upda}te 6 |1ooooo|
Logic 0 16 Data Memory

i281 CPU



Clock

I

6 100000
100001
100010
16 100011

1100100

100101

6 100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

_

Code Memory

The implicit +1 comes from here.
More about this later.

6 Clock

V
6-bit adder

Co

C2 l C3
PC

100000 N

i281 CPU



Possible Offsets with +1 Correction

0 11111111
1 00000000
2 00000001
3 00000010
4 00000011
5 00000100
6 00000101
7 00000110
8 00000111
9 00001000
10 | 00001001
11 | 00001010
12 | 00001011
13 | 00001100
14 | 00001101
15 | 00001110
16 | 00001111
17 | 00010000
18 | 00010001
19 | 00010010
20 | 00010011
21 | 00010100
22 | 00010101
23 | 00010110
24 | 00010111
25 | 00011000
26 | 00011001
27 | 00011010
28 | 00011011
29 | 00011100
30 | 00011101
31 | 00011110
32 | 00011111

-1 11111110
-2 11111101
-3 11111100
-4 11111011
-5 11111010
-6 11111001
-7 11111000
-8 11110111
-9 11110110
-10 11110101
-11 11110100
-12 11110011
-13 11110010
-14 11110001
-15 11110000
-16 11101111
-17 11101110
-18 11101101
-19 11101100
-20 11101011
-21 11101010
-22 11101001
-23 11101000
-24 11100111
-25 11100110
-26 11100101
-27 11100100
-28 11100011
-29 11100010
-30 11100001
-31 11100000
-32 N/A

i281 CPU



The 1281 Assembly Instructions

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI
LOADP
ADD
ADDI
SUB
SUBI
LOAD
LOADF
STORE
STOREF
SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE

NO OPeration

INPUT into Code memory

INPUT into Code memory with oFfset

INPUT into Data memory

INPUT into Data memory with oFfset

MOVE the contents of one register into another
LOAD Immediate value

LOAD Pointer address

ADD two registers

ADD an Immediate value to a register

SUBtract two registers

SUBtract an Immediate value from a register
LOAD from a data memory address into a register
LOAD with an oFfset specified by another register
STORE a register into a data memory address
STORE with an oFfset specified by another register
SHIFT Left all bits in a register

SHIFT Right all bits in a register

CoMPare the values in two registers

JUMP unconditionally to a specified address
BRanch if Equal

BRanch if Zero

BRanch if Not Equal

BRanch if Not Zero

BRanch if Greater

BRanch if Greater than or Equal



Quick Review:
Decoders



1-to-2 decoder
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1-to-2 decoder
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En

vy oy

H']

2-to-4 decoder

[ Figure 4.14c¢ from the textbook ]



2-to-4 decoder
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4-t0-16 decoder built using a decoder tree

"o "o ol Yo

"1 M o N

35) .Y2

En 32 A

"o 3 .Y4

" Nr——— )/5

W 35) o ~y6

2 " N En Bf—— )y
w3 1 YlA

3%)

En En 3 wo 0 s

" N .Y9

1 BT

En 2l -yll

"o Y2

Mmoo s

R Y

En 32 -yIS

[ Figure 4.16 from the textbook ]



4-t0-16 decoder
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4-t0-16 decoder

Yo
N
2
3 b—
Yo —

Y5 b—

The outputs are
Yo — one-hot encoded
Y1 b— when En=1

B —
Yo —
—] W J10 —
I —_
Y12 b—
Y3
I el
s

I9pPOJ3P 9-01-




OPCODE Decoding Circuit



B

The OpCode Decoder

100000

100001
100010

16 100011

100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

27

10001100

00000000

8 high | OpCode

11010011

00000000

11110010

00000011

~—__ 1~

|| Decoder
8 low

01000100

00000000

01010000

00000001

11100000

11111011

¢]
o

C4C5C6C7C

C9 C10 C1

Control

Ci2Ci13 C1

¥
w
S

Ci5C1

9

6C17C18

—~

O = O
O = O
O

T

HEEEREEE

10100100

00000010

Code Memory

cg] Jeo 1010

Registers

1014

cal le Flags A
\
A loooooooo] [ , [000 o
B
C
B [00000000 y 1% 6 low
3 8 C18
e 8 8 8
C |o0000000 A S .
2 4 low
D [oooo0000] |p 1017
8
" | °°°°[o0000101
g 0001[00000000] | 43
¢ lclé 0010[00000000
o 0011[00000000
6 low 0 g 0100{00000000
C2 c3 16 ]1 e 0101]00000000
oo 6 11 | Switches — 0110[00000000
< 6 PC 6 0111[/00000000
Update 6 [100000]
Logic 0 16 Data Memory

i281 CPU



Yo F— NOOP
1 — En
N En % yy |— INPUTC
o
Y2 |— MOVE L Y1 |— INPUTCF
Y3 |— LOADI/LOADP w & P2 INPUTD
Y4 — ADD Wo %_J% —— INPUTDF
T J5 —AaDDI -
o
— Jo6 }— SUB
o - | SHIFTL
o V7 |— sUBI =2 = ?) S
Y1 |— SHIFTR
8 J8 b—r1oap N S
o o
e Yo LOADF §
w3 Y10 f— STORE — " &
-
w,  ° ! [— STOREF
W J12 En % y, |—BRE/BRZ
@)
. 13— cmp 1L Y1 |— BRNE/BRNZ
0
14— Jump ’ w, & )2 —BRG
X5 8 y
—w, &7 BRGE
a3

Cisa | Ci3 | Ci2 [ Ci1 [ Cio| Co | Ca | C7 | Cs | C5s | C4 | C3 | C2 | Cy Co

—< ®  ADDR/VAL/OFFSET
<2 Ry
¢ 2 RX




Cia

Co

Cs

Cs

Cs

Cs

C4

Cs

C2

Cs

Co




NN
NN
B 4-t0-16 decoder

§
|

Co

Cs

C2

Cs

C4

Cs

Cs

Cs

Cs

Co

Cio

Cu

Ci2

Ci3

Cia

Cis




Co

Cs

C:

Cs

C4

Cs

Cs

Cs

| |
SN
to-16 d

Cs

Co

Cio

SIS € 9

4-to-16 decoder
3 8y g
| R

always enabled

Cu

Ci2

Ci3

Cia

Cis




Co

Cs

C2

Cs

C4

Cs

Cs

Cs

SR
4-t0-16

|
N
d

2 2IENRe))

Sy

ecoder

Cs

Co

Cio

1 — En

Cu

Ci2

Ci3

Cia

Cis




SN
N
B 4-t0-16 decoder

1 — En

Co

Cs

C2

Cs

C4

Cs

Cs

Cs

Cs

Co

Cio

Cu

Ci2

Ci3

Cua

Cis




En

I9POIIP 9-01-

Y0
N
2
3
Y4
Y5

Yo
7
b
Yo
Y10
Y
N2
3
Y14
X5

— NOOP

—— INPUT??

—— MOVE

—— LOADI/LOADP
— ADD

—— ADDI

—— SUB

—— SUBI

—— LOAD

LOADF

—— STORE
—— STOREF
—— SHIFT?
—— CMP
— JUMP

—— BR??

Cua

Co

Cs C; Cs Cs Cy Cs C: Cq

Co




1 — En Yo 7 TOOK This represents
N 4 OPCODESs
Y2 b— MOVE
Y3 |— LOADI/LOADP
Y4 — ADD
T Y5 |—apbpI
i Y6 }— SUB
(@)
e Y7 }— SUBI
é 78 b— roap
S W LOADF
2 Y10 — STORE
w,  ° ! [— STOREF
W Y12 — SHIFT?
Y13 — cMP
"o yul gump
Jisp BR??
Cis | Cia | Ci3 | C12 | C11 | C1o | Co Cs C; Ce Cs Cs Cs C. Cq Co




En

I9POIIP 9-01-

Y0
N
2
3
Ya
Y5

Yo
7
b
Yo
Y10
Y
N2
3
Y14
X5

— NOOP

—— MOVE
—— LOADI/LOADP
— ADD
—— ADDI
—— SUB
—— SUBI
—— LOAD
LOADF
—— STORE
—— STOREF
—— SHIFT?
—— CMP

— JUMP
—— BR??

I9POIJP $-01-7

S s

5

—— INPUTC
—— INPUTCF

INPUTD
— INPUTDF

Cua

Co

Cs

Cs

Cs

Cs

C4

Cs

C2

Cs

Co




En

I9POIIP 9-01-

Y0
N
2
3
Ya
Y5

Yo
7
b
Yo
Y10
Y
N2
3
Y14
X5

— NOOP

—— MOVE

—— LOADI/LOADP
— ADD

—— ADDI

—— SUB

—— SUBI

—— LOAD

LOADF

—— STORE
—— STOREF
—— SHIFT?
—— CMP
— JUMP
—— BR??

I9POIJP $-01-7

S s

5

—— INPUTC
—— INPUTCF

INPUTD
—— INPUTDF

Cua

Co

CB C7 Cs Cs C4

Cs

C2

Cs

Co




S s

5

—— INPUTC
—— INPUTCF

INPUTD
—— INPUTDF

—— NOOP
1 — &, Jo
N En f
o)
Y2 |— MOVE IS
Y3 |— LOADI/LOADP W&
Y4 |— ADD W, &
(@)
T Y5 |—apbpI -
o)
~ Yo — SUB
a
e Y7 }— SUBI
é ¥ |—roaD
e W LOADF
2 Y10 — STORE
Y11 — STOREF
w2 STO This represents
w Y12 2 OPCODEs
! Y3 — cMP
"o Y4l — gump
Yis|— BRr??
Cis | Cia | C13 | Ci2 | C11 | Cio | Co Cs C; Cs Cs Cs Cs C; (o Co




En

I9POIIP 9-01-

Y0
N
2
3
Y4
Y5

Yo
7
b
Yo
Y10
Y
N2
3
Y14
X5

— NOOP

—— MOVE

— ADD
—— ADDI
—— SUB
—— SUBI
—— LOAD
LOADF

—— STORE
—— STOREF

—— LOADI/LOADP

—— CMP
— JUMP
—— BR??

En % yy |— INPUTC
o
L 1 |— INPUTCF
W, § Y INPUTD
w, & J3 |— INPUTDF
@
En T y, b— SHIFTL
]
D, Y1 |— SHIFTR
o
(€]
(@]
W o
0
g

Cua

Co

Cs C; Cs Cs

C4

Cs

C2

Cs

Co




En

I9POIIP 9-01-

Y0
N
2
3
Y4
Y5

Yo
7
b
Yo
Y10
Y
N2
3
Y14
X5

— NOOP

—— MOVE

—— LOADI/LOADP
— ADD

—— ADDI

—— SUB

—— SUBI
—— LOAD
LOADF

—— STORE
—— STOREF

—— CMP
— JUMP

This represents
@ 4 OPCODEs

En % yy |— INPUTC
o
L 1 |— INPUTCF
W, § Y2 INPUTD
w, & 73 |— INPUTDF
@
En T y, b— SHIFTL
o
D, Y1 |— SHIFTR
[oN
(@)
(@]
W, &
0
Q

Cia

Co

CB C7 Cs C5 C4

Cs

C2

Cs

Co




En

I9POIIP 9-01-

Y0
N
2
3
Ya
Y5

Yo
7
b
Yo
Y10
Y
N2
3
Y14
X5

— NOOP

En % yy |— INPUTC
___ MOVE 7 1 b InpuTCE
— LOADI/LOADP w & P2 INPUTD
—— ADD Wo % Y3 |— INPUTDF
—— ADDI _
____ SUB
| sUBI En g Yo b— SHIFTL
 10aD ;)_ Y1 |— SHIFTR
LOADF §
—— STORE —1 " g
—— STOREF
En % )y, —BRE/BRZ
— CMP ? 71 |— BRNE/BRNZ
— JUMP * w, & 72 [—BRG
o—| w, (% Y3 BRGE
S

Cua

Co

Cs C; Cs Cs

C4

Cs

C2

Cs

Co




Y0
N
2
3
Ya
Y5

Yo
7
b
Yo
w; 10
Y
N2
3
o Y14
X5

I9POIIP 9-01-

— NOOP

En % yy |— INPUTC
___ MOVE 7 1 b InpuTCE
— LOADI/LOADP w & P2 INPUTD
—— ADD Wo (% Y3 |— INPUTDF
—— ADDI _
____ SUB
| sUBI En g Yo b— SHIFTL
 10aD ;)_ Y1 |— SHIFTR
LOADF §
—— STORE —1 " g
—— STOREF
En % )y, —BRE/BRZ
— CMP ? 71 |— BRNE/BRNZ
— JUMP * w, & 72 [—BRG
o—| w, (% Y3 BRGE
S

Cs C; Cs Cs

C4

Cs

C2

Cs

Co

These 6 bits represent the OPCODEs



Qo
N
2
3
Ya
Y5

Yo
7
b
Yo
Wy 10
Y
N2
N3
o N4
X5

I9POIIP 9-01-

— NOOP

—— MOVE

— ADD
—— ADDI
—— SUB
—— SUBI
—— LOAD
LOADF

—— STORE
—— STOREF

—— LOADI/LOADP

—— CMP
— JUMP

En % yy |— INPUTC
o
L 1 |— INPUTCF
W, § 2 INPUTD
w, & J3 |— INPUTDF
@
En T ¥ |— SHIFTL
o
D, Y1 |— SHIFTR
[N
(¢}
(@]
i_ S
WO %
=
En % )y, —BRE/BRZ
@)
L 71 —BRNE/BRNZ
¢ w & 72 —BRG
| w, % Y3 BRGE
=

Cs C; Cs Cs

Cs

Cs

C:

Cs

Co

These 6 bits represent the OPCODEs



N En % yy |— INPUTC
¥ |— MOVE 1 Y1 |— INPUTCF
Y3 |— LOADI/LOADP w & P2 INPUTD
Y4 b— ADD Wo (% Y3 }— INPUTDF
T J5 —AaDDI -
@]
é\ Yo }— SUB
[E—
o V7 |— sUBI En o §0 — SHIFTL
* Y1 — SHIFTR
8 Js b—rLoaD B S
& &
2 N LOADF 8
w3 Y10 f— STORE " &
w,  ° ! [— STOREF
W J12 En % y, |—BRE/BRZ
. 13— cmp ? 71 |— BRNE/BRNZ
0
f“—JUMP ¢ w, & Y2 |—BRG
5 +—Iw & BRGE
-
Cis | Cis | Ci3 | Ci2 | C11 | Cio | Co Cs Cs Cs Cs Ca Cs C. C1 Co
\ J
H 8
' ‘ ADDR/VAL/OFFSET

7



Jo |— NOOP
1 — En
N En % yy |— INPUTC
o
Y2 |— MOVE L Y1 |— INPUTCF
Y3 |— LOADI/LOADP w & P2 INPUTD
Y4 b— ADD Wo (% Y3 |— INPUTDF
T J5 —AaDDI -
o
—~ J6 |— SUB
2 = | SHIFTL
o V7 |— sUBI En = §0 S
* V1 |— SHIFTR
8 )3 — LoaD N S
& &
2 ) LOADF 8
w3 Y10 f— STORE " &
w,  ° ! [— STOREF
W J12 En % y, |—BRE/BRZ
@)
. 13— cmp 1L Y1 |— BRNE/BRNZ
¢ Jup—Jump s 1w, & » |—BRG
Y15 8 ¥
—|w, &3 BRGE
Q
Cis | Cia | Ci3 | Ci2 | C11 | Cio | Co Cs Cs Ce Cs | Ca | C | C2 Ci Co
\ J \ v J
' 2 _ ADDR/VAL/OFFSET
2

Z.

7

RX



Jo |— NOOP
1 — En
N En % yy |— INPUTC
o
Y2 |— MOVE L Y1 |— INPUTCF
Y3 |— LOADI/LOADP w & P2 INPUTD
Y4 — ADD Wo (% Y3 |— INPUTDF
T J5 —AaDDI -
o
—~ J6 |— SUB
g Y7 |— suBI En o o [ SHIFTL
" Y1 |— SHIFTR
8 J8 — LOAD N S
& &
2 ) LOADF 8
Ws Y10 — STORE —{| " &
-
w,  ° ! [— STOREF
W J12 En % y, |—BRE/BRZ
@)
. 13— cmp 1L Y1 |— BRNE/BRNZ
¢ Jup—Jump s 1w, & » |—BRG
Y15 8
—m & )3 BRGE
These 2 bits -
are shared
Cis | Cia | Ci3 | Ci2 | C11 | C1o [{ Co CD Cs Ce Cs | Ca | C | C2 Ci Co
\ J — [\ Y I
' 2 _ ADDR/VAL/OFFSET
2

Z.

7

RX



Jo |— NOOP
1 — En
N En % yy |— INPUTC
o
Y2 |— MOVE L Y1 |— INPUTCF
Y3 |— LOADI/LOADP w & P2 INPUTD
Y4 — ADD w, & 73 |— INPUTDF
[¢]
T J5 —AaDDI -
o
~ Jo — SUB
> — | SHIFTL
o V7 |— sUBI En = ﬁ) S
* V1 — SHIFTR
8 Y3 b—r1oAD b S
& &
2 W LOADF 8
w3 Y10 f— STORE " =
=
w,  ° ! [— STOREF
W J12 En % y, |—BRE/BRZ
@)
. 13— cmp 1L Y1 |— BRNE/BRNZ
¢ Jup—Jump s 1w, & » |—BRG
N5 8 y
—{w &3 BRGE
Sometimes =
they encode
the register RY
Ci2 | C11 | Cio [{ Co CD Cy Cs Cs C4 Cs C. C1 Co
\ J\ \'/ J\ )

— g

l 2 _ ADDR/VAL/OFFSET
<2 Ry
¢ 2 RX




En

I9POIIP 9-01-

Yo F— NOOP
N En % yy |— INPUTC
¥ |— MOVE 1 Y1 |— INPUTCF
Y3 |— LOADI/LOADP w & P2 INPUTD
Y4 — ADD Wo (% Y3 |— INPUTDF
Y5 |— ADDI _
J6 |— SUB
Y1 f— suBI En & Yo f— SHIFTL
ve | Loap EJ_ Y1 |— SHIFTR
Yo LOADF §
Y10 }— STORE —1" &
Y11 L — STOREF -
Y12 En % y, |—BRE/BRZ
T3 L —cup ? 71 |— BRNE/BRNZ
14— JumP ¢ w, & Y2 |—BRG
= J R S ¥ BRGE
0 @
<
|
Cy Cs Cy Cs Cs Cy Cs C, Cq Co
) 4 A ) 4 /
' ADDR/VAL/OFFSET
£ RY
2

RX



Yo F— NOOP
1 — En
N En % yy |— INPUTC
o
Y2 |— MOVE L Y1 |— INPUTCF
Y3 |— LOADI/LOADP w & P2 INPUTD
Y4 — ADD Wo %_J% —— INPUTDF
T J5 —AaDDI -
o
— Jo6 }— SUB
o - | SHIFTL
o V7 |— sUBI =2 = ?) S
Y1 |— SHIFTR
8 J8 b—r1oap N S
o o
e Yo LOADF §
w3 Y10 f— STORE — " &
-
w,  ° ! [— STOREF
W J12 En % y, |—BRE/BRZ
@)
. 13— cmp 1L Y1 |— BRNE/BRNZ
0
14— Jump ’ w, & )2 —BRG
X5 8 y
—w, &7 BRGE
a3

Cisa | Ci3 | Ci2 [ Ci1 [ Cio| Co | Ca | C7 | Cs | C5s | C4 | C3 | C2 | Cy Co

—< ®  ADDR/VAL/OFFSET
<2 Ry
¢ 2 RX




The OPCODE decoder outputs
are one-hot encoded



1 — &, Yo —i-NOOP 0
N En % yp |— INPUTC
» | MOvE ? 7 X 1npuTcE
»; - roap1/LoaDP w & »2 L% INpUTD
Ya 1 0 ApD Wo g )3 lINPUTDF
+ ¥ |2 appr1 .
z”\ % | sUB En = 0 SHIFTL
F s "% 3 [0 srem
é Y8 |— LOAD >
% ¥ |2 10aDF S
2 Y102 STORE *—1 "o %
wy, U |9 STOREF
W, ;’i 8 En g Yo %BRE/BRZ
W TCMP LN TBRNE/BRNZ
—— JUMP ¢ w, & Y2 F—BRG
N5 0 o—1 %‘ BZ! LBRGE
<
OO0 0|2]|2]|? L 20?21?22 12(?2]?2]|7?

NOOP



INPUTC

1 — &, Yo %NOOP )
N En % yp |— INPUTC
» | MOvE ? 7 X 1npuTcE
»; - roap1/LoaDP w & »2 L% INpUTD
Ya 1 0 ApD Wo g )3 lINPUTDF
+ 5 - appr >
3 0
5 TSUB En — 5 L SHIFTL
Al e ’ 5 ﬁ) 1 0 SHIFTR
§ s |0 1.0AD >
g 3 |9 roapr S
2 Y102 STORE *—1 "o %
wy, U |9 STOREF
W, ;’i 8 En g Yo %BRE/BRZ
Wy TCMP L 71 |—BRNE/BRNZ
4 — JUMP ¢ w & 7 F-BRG
M5 L0 bg ¥ O
$—w, & 7 |—BRGE
3
OO0 12|20 (l) 20?21?22 12(?2]?2]|7?



INPUTCF

1 — &, Yo %NOOP 0
N En % yp |— INPUTC
» | MOvE ? 7 |- 1npuTcE
»; - roap1/LoaDP w & »2 L% INpUTD
Ya 1 0 ApD Wo g )3 lINPUTDF
+ 5 - appr >
3 0
5 TSUB En — 5 L SHIFTL
Al e ’ 5 ﬁ) 1 0 SHIFTR
§ s |0 1.0AD >
g 3 |9 roapr S
2 Y102 STORE *—1 "o %
wy, U |9 STOREF
W, ;’i 8 En g Yo %BRE/BRZ
Wy TCMP L 71 |—BRNE/BRNZ
4 — JUMP ¢ w & 7 F-BRG
M5 L0 bg ¥ O
$—w, & 7 |—BRGE
3
OO0 12|20 !I. 20?21?22 12(?2]?2]|7?



INPUTD

1 — &, Yo %NOOP 0
N En % yp |— INPUTC
» | MOvE ? 7 X 1npuTcE
»; - roap1/LoaDP w & »2 L INpUTD
Ya 1 0 ApD Wo g )3 lINPUTDF
+ 5 - appr >
3 0
5 TSUB En — 5 L SHIFTL
Al e ’ 5 ﬁ) 1 0 SHIFTR
§ s |0 1.0AD >
g 3 |9 roapr S
2 Y102 STORE *—1 "o %
wy, U |9 STOREF
W, ;’i 8 En g Yo %BRE/BRZ
Wy TCMP L 71 |—BRNE/BRNZ
4 — JUMP ¢ w & 7 F-BRG
M5 L0 bg ¥ O
$—w, & 7 |—BRGE
3
oo 1?2?21 (l) 20?21?22 12(?2]?2]|7?



INPUTDF

1 — &, Yo %NOOP 0
N En % yp |— INPUTC
» | MOvE ? 7 X 1npuTcE
»; - roap1/LoaDP w & »2 L9 INpUTD
Ya 1 0 ApD Wo g )3 iINPUTDF
+ 5 - appr >
3 0
5 TSUB En — 5 L SHIFTL
Al e ’ 5 ﬁ) 1 0 SHIFTR
§ s |0 1.0AD >
g 3 |9 roapr S
2 Y102 STORE *—1 "o %
wy, U |9 STOREF
W, ;’i 8 En g Yo %BRE/BRZ
Wy TCMP L 71 |—BRNE/BRNZ
4 — JUMP ¢ w & 7 F-BRG
M5 L0 bg ¥ O
$—w, & 7 |—BRGE
3
oo 1?2?21 !I. 20?21?22 12(?2]?2]|7?



1 — &, Yo —%-NOOP 0
N En % yp |— INPUTC
¥ |- MOVE ? 7 X 1npuTcE
»; - roap1/LoaDP w & »2 L% INpUTD
Ya 1 0 ApD Wo g )3 lINPUTDF
+ ¥ |2 appr1 .
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wy, U |9 STOREF
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é Vs LLOAD z}ﬁ SHIFTR
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wy, U |9 STOREF
0
W, Y12 ) En % y |~ BRE/BRZ
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? 0
— Jo }— SUB 0
(@) - L
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é v L9 Loap z 1 = sHIFTR
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w; Y10 L sTORE 1" &
wy, U |9 STOREF
0
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. 3 TCMP 2 7 L BRNE/BRNZ
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Yo F— NOOP
1 — En
N En % yy |— INPUTC
o
Y2 |— MOVE L Y1 |— INPUTCF
Y3 |— LOADI/LOADP w & P2 INPUTD
Y4 — ADD Wo %_J% —— INPUTDF
T J5 —AaDDI -
o
— Jo6 }— SUB
o - | SHIFTL
o V7 |— sUBI =2 = ?) S
Y1 |— SHIFTR
8 J8 b—r1oap N S
o. o
e Yo LOADF §
w3 Y10 f— STORE — " &
-
w,  ° ! [— STOREF
W J12 En % y, |—BRE/BRZ
@)
. /13— cmp 1L Y1 |— BRNE/BRNZ
0
14— Jump ’ w, & )2 —BRG
X5 8 y
—w, &7 BRGE
a3

T4 | I13 | I12 | I11 | Ti0 | Io Ig Iy Ie Is I, I3 I> I Io

—< ®  ADDR/VAL/OFFSET
<2 Ry
¢ 2 RX




Jo |— NOOP
1 — En
N En % yy |— INPUTC
o
Y2 |— MOVE L Y1 |— INPUTCF
Y3 |— LOADI/LOADP w & P2 INPUTD
Y4 b— ADD w, & 73 |— INPUTDF
¢}
T J5 —AaDDI -
o
—~ J6 |— SUB
(@) —- I
o V7 |— sUBI En = §0 SHIFTL
1 1 I
S Js b—1LoaD N SHIFTR
& &
2 ) LOADF 8
w3 Y10 f— STORE " &
w,  ° ! [— STOREF
W J12 En % y, |—BRE/BRZ
@)
. /13— cmp 1L Y1 |— BRNE/BRNZ
0
14— Jump ’ w, & )2 —BRG
Y15 8 2
—w & BRGE
a3
| The second instruction byte
is NOT routed through
Iis | Ina | In3 | Ta2 | T11 | I10 | Io Is( I7 Ie Is I, I3 I I Io the OPCODE decoder.
J\ )TV )
\
—< ADDR/VAL/OFFSET
- RY

RX




1 — Jo |— NOOP
N En % yy |— INPUTC
¥ |— MOVE 1 Y1 |— INPUTCF
Y3 |— LOADI/LOADP w & 72 INPUTD
Y4 |— ADD Wo % Y3 |— INPUTDF
g Y5 |— ADDI .
I En T __ SHIFTL
Al 5 ﬁ) — SHIFTR
é Y8 |— LOAD iy
e X LOADF g
w3 Y10 f— STORE " &
w,  ° ! [— STOREF
W i i En ; Yo —BRE/BRZ
— CMP L Y1 |— BRNE/BRNZ
" f“—JUMP $+—w, & % [—BRG
5 s—lw &7 BRGE
g
|
Tia | I13 | T12 | T11 | I10 Ig Isg
\ Y J\ J
A RY




B

6 100000
100001
100010
100011

16

100100
100101
6 100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _  8high

OpCode

11010011

00000000

Decoder

11110010

00000011

27

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

¢]
o

4 C

5 Co C

C

C9 C10 C1

Control

Ci2Ci13 C1

¥
w
o~

C15 Ci16 C17 C18

9
—~

O = O

O = O
O

ik

§

FEARY

oo

cg] Jeo 1010

Registers

1014

cal le Flags A
AY
A loooooooo] [ , [000 o
B
C
6 low
. B [o0000000 y 1015
> Cél C 8 lclg
C [o0000000] N 8 3 8 .
2 4 low
D [oooo0000] |p 1017
8
" | °°°°[o0000101
g 0001[00000000] | 48
¢ 1016 0010[00000000
o 0011[00000000
6 low 0 ¢ |oroe[o0000000
C2 c3 16 ]1 e 0101]00000000
oo 6 11 ! Switches —, 0110[00000000
Y 6 PC 011100000000
Update 6 [100000]
Logic 0 16 Data Memory

i281 CPU



Iis

I14

I3

I:2

I

Jo |— NOOP
En
N En % yy |— INPUTC
o
Y2 |— MOVE L Y1 |— INPUTCF
Y3 |— LOADI/LOADP w & 72 INPUTD
Y4 — ADD w, & 73 |— INPUTDF
¢}
T J5 —AaDDI -
o
—~ J6 |— SUB
o — | SHIFTL
o V7 |— sUBI Ln = §0 S
S ¥ l—rwoap & 1 [ SHIFTR
o o
e Yo LOADF §
w3 Y10 f— STORE W &
-
w,  ° ! [— STOREF
W J12 En % y, |—BRE/BRZ
@)
. 13— cmp L Y1 |— BRNE/BRNZ
¢ Jup—Jump w, & Y2 [—BRG
Y15 8 .
wy & 73 BRGE
a3
I These 4 bits
| pass through,
Ino| Io | Is but don’t go
T > through the
H decoder tree.
— RY
RX




1 — Jo |— NOOP
N En % yy |— INPUTC
¥ |— MOVE 1 Y1 |— INPUTCF
Y3 |— LOADI/LOADP w & 72 INPUTD
Y4 |— ADD Wo % Y3 |— INPUTDF
g Y5 |— ADDI .
I En T __ SHIFTL
Al 5 ﬁ) — SHIFTR
é Y8 |— LOAD iy
e X LOADF g
w3 Y10 f— STORE " &
w,  ° ! [— STOREF
W i i En ; Yo —BRE/BRZ
— CMP L Y1 |— BRNE/BRNZ
" f“—JUMP $+—w, & % [—BRG
5 s—lw &7 BRGE
g
|
Tia | I13 | T12 | T11 | I10 Ig Isg
\ Y J\ J
A RY




En

I9POIIP 9-01-

Iis

I14

I3

I:2

I

Ii0

Jo |— NOOP
N En % yy |— INPUTC
¥ |— MOVE 1 Y1 |— INPUTCF
Y3 |— LOADI/LOADP w & »2 INPUTD
Y4 b—ADD Wo % Y3 |— INPUTDF
Y5 — ADDI -
Y6 }— SUB
Y7 |— suBI En g Yo [—— SHIFTL
v — 102D ;)_ Y1 b— SHIFTR
Yo LOADF §
Y10 — STORE W &
Y1l L — STOREF -
J12 En % y, |—BRE/BRZ
13— cmp ? 71 |— BRNE/BRNZ
14— Jump w, & )2 —BRG
15 - BRGE

’ g

|
Io Is
| Yo
v1 These are their

names used in the
X0 hardware design.
X1



Iis

I14

I3

I:2

I

Ii0

Iy

Ig




Jo |— NOOP

1 L I e
o Y2 — INPUTCF
8 V3 |— 1nPUTD
8 V4 — INPUTDF
m J5 }— MOVE
& )¢ b— LOADI/LOADP
é Y7 — aADD
% J3 }— ADDI
"7 % |—suB
We Y10 }— SUBI
w, °''|-—LOAD

Y12 }— LOADF

Wy Y13 STORE

w; Y141 — STOREF
Ji5}— SHIFTL
Y16 }— SHIFTR

w1 N7 — cMP

W Y18 — JUMP
Y19 — BRE/BRZ
)20 |— BRNE/BRNZ

Y21 — BRG
Iia | I13 | I12 | Tu1 | Ta0 | Io | Is )22 — BRGE
Y3 b— X1
Yl X0
Y55 b vl

Y26 —YO




Iis

I14

I3

I:2

I

Ii0

Iy

Ig

En

19p099p_HAODdO

% — NooP \
Y1 — INPUTC
Y2 |— INPUTCF
Y3 b— INPUTD
Y4 — INPUTDF
Y5 }— MOVE
Y6 }— LOADI/LOADP
Y7 }— ADD
Y8 |— ADDI
Yo | suB 23 one-hot
encoded
Y10 |— SUBI outputs
Y11 — LoaDp
Y12 }— LOADF
Y131 STORE
Y14l — STOREF
Y15 }— SHIFTL
Y16 — SHIFTR
Y17 — cMP
Y18 b— JUMP
Y19 — BRE/BRZ
20 |— BRNE/BRNZ
)21 — BRG
\@— BRGE /
Y3 b— X1
Y4l X0
Y5l v1
Y26 — YO




Jo — NOOP
1 —
En L npuTc
o V2 |— INPUTCF
8 V3 |— 1nPUTD
© y4; — INPUTDF
)
tm J5 }— MOVE
& Jo |— LOADI/LOADP
é Y7 — ADD
€ J8 — ADDI
"7 | suB
We Y10 }— SUBTI
w, °''|-—LOAD
Y12 }— LOADF
W4 Y13 STORE
w; Y14 |— STOREF
Ji5}— SHIFTL
Wh
Y16 }— SHIFTR
w1 17 — cMP
W Y18 |— JUMP
Y19 — BRE/BRZ
Y20 — BRNE/BRNZ
21— BRG
Ii5 | Tna | T13 | Ta2 [ IT11 | T1o | Io | Is V22— BRGE
I3 b— X1
Y24 — X0 These 4 are NOT
J25 —— yv1 one-hot encoded
Y26 —YO




B

+
6 |100000 00110100/ 00000000 23 4
100001 00110000 00000001 ) 27
100010 10001100] 00000000} 16 o (8high | OpCode < Control
\ \
16 |re00r] 11010011] 00000000 Decoder C1 €2 C3 Ca Cs C €7 Cs Co C1o C1 C12 C13 C14 Cis Clg C17 Cig
100100 11110010[ 00000011
Blow ! RERN Pl
1001011 01000100/ 00000000 1 1 l 1 1 1 l 1 1 l 1
6 |100110[ 01010000 00000001 00000000000 0O0O0OO0OOO0OO0OO
100111711100000[ 11111011
101000[170100100[ 00000010
Code Memory
C C C
o Jeo o Jen
Registers el 1 Flags A
\
A 00000000 \ALH [000 o
B 4
5 61
D ow
q B |ooo00000 1c15
- cis
C6l C 8 l
C [o0000000] N 8 3 8 .
B
p 4 low -
D Joooooooo] |p
8
o | 2000 fo0000101
g 0001[00000000] | 43
[ 1016 0010[00000000
g 0011[00000000
6 low 0 ¢ |°roo[00000000
C2 c3 16 8 low e 0101]00000000
PC 6 11 1 Switches 1 0110{00000000
X 6 PC 6 0111/00000000
6 Update 6
100000
[ :
Logic 0 [L00000] 16 Data Memory
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The Control Table



XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

0LOITES OTY

TIOTTIES NTY

XOA F0¥N0S NTY

TIGYNE TLTEM SHELSIOTI

1
1
1
1
1
1
1
1

1
1

OLOTTES HLT¥M SHELSIOTM

TIOTTES FILT¥M SHALSIOEM

X1 | X0
X1 | X0

X1 | X0

X1 [ X0

X1 | X0

X1 | X0

X1 | X0

X1 | X0

0LOITES TI¥Od SHELSIOEI

TLOETHES TI¥Od SYELSIOTY

X1 [ X0

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

X1 | X0

X1 | X0
Y1l | YO

X1|X0| Yl | Y0 | X1 ]| X0

X1 | X0

X1 | X0|Y1|Y0| X1]| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0
X1 | X0

X1|X0| Y1l | YO

TTEYNT FLTIM YEINNOD WY¥H0Nd

1

1
1

1
1
1
1

1

1
1
1
1

XOW YIINNOD WYID0dd

Bl

B2

B3

B4

TTEYNT FELIEM WINI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP
ADD

ADDI

SUB
SUBI

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE




XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

0LOITES OTY

TIOTTIES NTY

XOA F0¥N0S NTY

TIGYNE TLTEM SHELSIOTI

1
1
1
1
1

1
1

1

1
1

OLOTTES HLT¥M SHELSIOTM

TIOTTES FILT¥M SHALSIOEM

X1 | X0
X1 | X0

X1 | X0

X1 [ X0
X1 | X0

X1 | X0

X1 | X0
X1 | X0

0LOITES TI¥Od SHELSIOEI

TLOETHES TI¥Od SYELSIOTY

X1 [ X0

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

X1 | X0

X1 | X0
Y1l | YO

X1|X0| Yl | Y0 | X1 ]| X0

X1 | X0

X1 | X0|Y1|Y0| X1]| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0
X1 | X0

X1|X0| Y1l | YO

TTEYNT FLTIM YEINNOD WY¥H0Nd

1

1
1

1
1
1

1
1

1

1
1
1
1

XOW YIINNOD WYID0dd

Bl

B2

B3

B4

TTEYNT FELIEM WINI

{|Noop

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP
ADD

ADDI

SUB

UBI
LOAD

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

\|BRGE

23 one-hot
encoded

OPCODEs




~

XOW MOVEHL melwm&

TTIGYNT FLTEM WENA

XON LOANT WENd

XOW INSTE ATV

TIGYNE FLTIM SOVIA

0LOETES AOTY|

TIOTTIES NTY

XOA FO¥N0S ATV

TIGYNE ZLTEM SHELSIOTI

1
1
1
1
1
1
1
1

1
1

0LOITIS HFLITUM SHALSIOEI

TIOTTES FILT¥M SHALSIOEM

X1 | X0
X1 | X0

X1 | X0

X1 [ X0

X1 | X0
X1 | X0

X1 | X0
X1 | X0

0LOITES TI¥Od SHELSIOET

TLOETHES TI¥Od SYELSIOTY

X1 [ X0

0LOITES 0L¥0d SHELSIOET

TLOETHES 0I¥0d SYELSIDTY

X1 | X0

X1 | X0

Y1l | YO

X1 |X0|Y1l]|Y0| X1]| X0

X1 | X0

X1 | X0|Y1|Y0| X1| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0

X1 | X0

X1 |X0|[Y1l]| YO

TTEYNT FLTIM YEINNOD WY¥H0Nd

Ll

1

1
1

1
1
1

1
1

1

1
1
1
1

XOW YIINNOD WYID0dd

Bl

B2

B3

B4

/ @Hmcz"mlm_H_Hmslzaﬁ

s

{|Noop

INPUTC
INPUTCF
INPUTD
INPUTDF

MOVE

LOADI/LOADP
ADD

ADDI

SUB

UBI
LOAD

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

\|BRGE

18 control lines

23 one-hot
encoded

OPCODEs




XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

0LOITES OTY

TIOTTIES NTY

XOA F0¥N0S NTY

TIGYNE TLTEM SHELSIOTI

OLOTTES HLT¥M SHELSIOTM

TIOTTES FILT¥M SHALSIOEM

0LOITES TI¥Od SHELSIOEI

TIOITES TI¥0d SHELSIOEI

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

TTEYNT FLTIM YEINNOD WY¥H0Nd

XOW YIINNOD WYID0dd

TTEYNT FELIEM WINI

Co

C1

C2

Cs

Cs

Cs

1
1
1
1
1
1
1
1
1
1
Ce

Cy

X1 | X0

X1|X0| Yl | Y0 | X1 ]| X0

X1 | X0

X1 | X0
X1 | X0

X1 | X0
X1 | X0
X1 | X0
X1 | X0
X1 | X0
Cs

Co

X1 [ X0
Y1l | YO | X1 | X0

X1 | X0

X1 | X0
C1o

X1 | X0|Y1|Y0| X1]| X0

X1 | X0
X1|X0| Y1l | YO

x1 | xo]
X1 | X0
Y1l | YO
Y1l | YO
Cu

X,

1
1
1
1
1
1
1
1
1
1
1
1

Ci2

Bl
B2
B3
B4
Cis

Cis

Cis

LOADI/LOADP

ADD
BRNE /BRNZ

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
ADDI
SUB
SUBI
LOADF
STORE
STOREF
SHIFTL
SHIFTR
BRE/BRZ
BRG
BRGE

Taken from
these bits of the
instruction



XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

0LOITES OTY

TIOTTIES NTY

XOA F0¥N0S NTY

1

TIGYNE TLTEM SHELSIOTI

1
1
1
1
1
1
1

1
1

OLOTTES HLT¥M SHELSIOTM

TIOTTES FILT¥M SHALSIOEM

x1 | xof 1
X1 | X0

X1 | X0

X1 [ X0

X1 | X0

X1 | X0

X1 | X0

X1 | X0

0LOITES TI¥Od SHELSIOEI

TIOITES TI¥0d SHELSIOEI

X1 [ X0

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

X1 | X0

X1 | X0
Y1l | YO

X1|X0| Yl | Y0 | X1 ]| X0

X1 | X0

X1 | X0|Y1|Y0| X1]| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0
X1 | X0

X1|X0| Y1l | YO

TTEYNT FLTIM YEINNOD WY¥H0Nd

1

1
1

1
1
1
1

1

1
1
1
1

XOW YIINNOD WYID0dd

Bl

B2

B3

B4

TTEYNT FELIEM WINI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP
ADD

ADDI

SUB
SUBI

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE

Co

C1

C2

Cs

Cs

Cs

Ce

Cy

Cs

Co

C1o

C11

X

Ci2

Cis

Cis

Cis

Taken from
these bits of the

instruction



XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

0LOITES OTY

TIOTTIES NTY

XOA F0¥N0S NTY

TIGYNE TLTEM SHELSIOTI

1
1
1
1
1
1
1
1

1
1

OLOTTES HLT¥M SHELSIOTM

TIOTTES FILT¥M SHALSIOEM

X1 | X0
X1 | X0

X1 | X0

X1 [ X0

X1 | X0

X1 | X0

X1 | X0

X1 | X0

0LOITES TI¥Od SHELSIOEI

TLOETHES TI¥Od SYELSIOTY

X1 [ X0

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

X1 | X0

X1 | X0

vl | Yo

X1|X0| Yl | Y0 | X1 ]| X0

X1 | X0

X1 | X0|Y1|Y0| X1]| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0
X1 | X0

X1|X0| Y1l | YO

TTEYNT FLTIM YEINNOD WY¥H0Nd

1

1
1

1
1
1
1

1

1
1
1
1

XOW YIINNOD WYID0dd

Bl

B2

B3

B4

TTEYNT FELIEM WINI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP
ADD

ADDI

SUB
SUBI

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE

Co

C1

C2

Cs

Cs

Cs

Ce

Cy

Cs

Yo

Co

Y,

C1o

C11

Ci2

Cis

Cis

Cis

Taken from
these bits of the

instruction



XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

0LOITES OTY

TIOTTIES NTY

XOA F0¥N0S NTY

TIGYNE TLTEM SHELSIOTI

1
1
1
1
1
1
1
1

1
1

OLOTTES HLT¥M SHELSIOTM

TIOTTES FILT¥M SHALSIOEM

X1 | X0
X1 | X0

X1 | X0

X1 [ X0

X1 | X0

X1 | X0

X1 | X0

X1 | X0

0LOITES TI¥Od SHELSIOEI

TLOETHES TI¥Od SYELSIOTY

X1 [ X0

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

X1 | X0

X1 | X0
Y1l | YO

X1 |XO||Yl|YOf] X1 | X0

X1 | X0

X1 | X0|Y1|Y0| X1]| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0
X1 | X0

X1|X0| Y1l | YO

TTEYNT FLTIM YEINNOD WY¥H0Nd

1

1
1

1
1
1
1

1

1
1
1
1

XOW YIINNOD WYID0dd

Bl

B2

B3

B4

TTEYNT FELIEM WINI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP
ADD

ADDI

SUB
SUBI

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE

Co

C1

C2

Cs

Cs

Cs

Ce

Cy

Cs

Yo

Co

Y,

C1o

C11

Ci2

Cis

Cis

Cis

Taken from
these bits of the

instruction



XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

0LOITES OTY

TIOTTIES NTY

XOA F0¥N0S NTY

TIGYNE TLTEM SHELSIOTI

1
1
1
1
1
1
1
1

1
1

OLOTTES HLT¥M SHELSIOTM

TIOTTES FILT¥M SHALSIOEM

X1 | X0
X1 | X0

X1 | X0

X1 [ X0

X1 | X0

X1 | X0

X1 | X0

X1 | X0

0LOITES TI¥Od SHELSIOEI

TLOETHES TI¥Od SYELSIOTY

X1 [ X0

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

X1 | X0

X1 | X0
Y1l | YO

X1|X0| Yl | Y0 | X1 ]| X0

X1 | X0

X1 | X0|Y1|Y0| X1]| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0
X1 | X0

X1|X0| Y1l | YO

TTEYNT FLTIM YEINNOD WY¥H0Nd

1

1
1

1
1
1
1

1

1
1
1
1

XOW YIINNOD WYID0dd

Bl

B2

B3

B4

TTEYNT FELIEM WINI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP
ADD

ADDI

SUB
SUBI

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE




XOW MOVEELTIM OFd

TTIGYNT FLTEM WENA

XON LOANT WINd

XOW INSTd ATV

TIGYNE FLTIM SOVIA

0LOITES OTY

TIOTTIES NTY

XOA F0¥N0S NTY

TIGYNE TLTEM SHELSIOTI

1
1
1
1
1
1
1
1

1
1

OLOTTES HLT¥M SHELSIOTM

TIOTTES FILT¥M SHALSIOEM

X1 | X0
X1 | X0

X1 | X0

X1 [ X0

X1 | X0

X1 | X0

X1 | X0
X1 | X0

0LOITES TI¥Od SHELSIOEI

TLOETHES TI¥Od SYELSIOTY

X1 [ X0

0LOITES 0L¥0d SHELSIOEI

TLOETHES 0I¥0d SYELSIOTY

X1 | X0

X1 | X0
Y1l | YO

X1|X0| Yl | Y0 | X1 ]| X0

X1 | X0

X1 | X0|Y1|Y0| X1]| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0
X1 | X0

X1|X0| Y1l | YO

TTEYNT FLTIM YEINNOD WY¥H0Nd

1

1
1

1
1
1
1

1

1
1
1
1

XOW YIINNOD WYID0dd

Bl

B2

B3

B4

TTEYNT FELIEM WINI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP
ADD

ADDI

SUB
SUBI

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE

(ZF)

ZF

Bl=

Zero Flag

B2= ~ZF

computed using

Negative Flag (NF)
Overflow Flag (OF)

B3= AND (~ZF, XNOR(NF, OF))

B4= XNOR (NF, OF)

the flags register



Sample Assembly Programs
for the i281 CPU



The OPCODEs

( Mapped to Machine Language )



NOOP

INPUTC

INPUTCF

INPUTD

INPUTDF

MOVE

LOADI/LOADP

The OPCODEs




ADD

ADDI

SUB

SUBT

LOAD

LOADF

STORE

STOREF

The OPCODEs




SHIFTL

SHIFTR

CMP

JUMP

BRE/BRZ

BRNE/BRNZ

BRG

BRGE

The OPCODEs




Do Loop



C Version

// Add the numbers from 1 to 5 using a do loop.

int N=5;

int main()

{

int i, sum;

i=0;

sum=0;

do
{

i++;
sum+=i;

}while( 1 < N );



Assembly Version

; Add the numbers from 1 to 5 using a do loop.

.data
N BYTE 5
sum BYTE ?
.code
LOADI A, O ; i=0
LOADI B, O ; sum=0
LOAD D, [N] ; register D = N
Do: ADDI A, 1 s it
ADD B, A ; sum+=i
CMP D, A ; N> 1 ? (register ordering is swapped)
BRG Do ; if true, jump to Do
End: STORE [sum], B ; store sum to memory

Register allocation:

e

A: i (the variable i is optimized to register A)

e

sum

e

e

B
C: <not used>
D

N

e



Machine Code Version

Data Memory:
00000101
00000000

Code Memory:

0011000000000000
0011010000000000
1000110000000000
0101000000000001
0100010000000000
1101110000000000
1111001011111100
1010010000000001



Assembly v.s.

.data

sum

.code

Do:

End:

BYTE
BYTE

LOADI
LOADI
LOAD
ADDI
ADD
CMP
BRG
STORE

Machine Code

Data Memory:
00000101
00000000

Code Memory:

0011000000000000
0011010000000000
1000110000000000
0101000000000001
0100010000000000
1101110000000000
1111001011111100
1010010000000001



Assembly v.s.

.data

sum

.code

Do:

End:

BYTE
BYTE

LOADI
LOADI
LOAD
ADDI
ADD
CMP
BRG
STORE

Machine Code

Data Memory:
00000101
00000000

Code Memory:

00110000_00000000
00110100_00000000
10001100_00000000
01010000_00000001
01000100_00000000
11011100_00000000
11110010_11111100
10100100_00000001



Assembly v.s.

.data

sum

.code

Do:

End:

BYTE
BYTE

LOADI
LOADI
LOAD
ADDI
ADD
CMP
BRG
STORE

Machine Code

Data Memory:
00000101
00000000

Code Memory:

0011_00_00_00000000
0011 _01_00_00000000
1000_11_00_00000000
0101_00_00_00000001
0100_01_00_00000000
1101_11_00_00000000
1111 _00_10_11111100
1010_01_00_00000001



Assembly

.data

sum

.code

Do:

End:

BYTE
BYTE

LOADI
LOADI
LOAD
ADDI
ADD
CMP
BRG
STORE

D, [N]

V.S.

Machine Code

Data Memory:
00000101
00000000

Code Memory:

0011_00_00_00000000
0011 _01_00_00000000
1000_11_00_00000000
0101_00_00_00000001
0100_01_00_00000000
1101_11_00_00000000
1111 _00_10_11111100
1010_01_00_00000001



Assembly v.s.

.data

sum

.code

Do:

End:

BYTE
BYTE

LOADI
LOADI
LOAD
ADDI
ADD
CMP
BRG
STORE

Machine Code

Data Memory:
00000101
00000000

Code Memory:

0011_00_00_00000000
0011 _01_00_00000000
1000_11_00_00000000
0101_00_00_00000001
0100_01_00_00000000
1101_11_00_00000000
1111 _00_10_11111100
1010_01_00_00000001



Assembly v.s.

.data

sum

.code

Do:

End:

BYTE
BYTE

LOADI
LOADI
LOAD
ADDI
ADD
CMP
BRG
STORE

Machine Code

Data Memory:
00000101
00000000

Code Memory:

0011_00_00_00000000
0011_01_00_00000000
1000_11_00_00000000
0101_00_00_00000001
0100_01_00_00000000
1101_11_00_00000000
1111_00_10_11111100
1010_01_00_00000001



Assembly v.s.

.data

sum

.code

Do:

End:

BYTE
BYTE

LOADI
LOADI
LOAD
ADDI
ADD
CMP
BRG
STORE

Machine Code

Data Memory:
00000101
00000000

Code Memory:

0011_00_00_00000000
0011_01_00_00000000
1000_11_00_00000000
0101_00_00_00000001
0100_01_00_00000000
1101_11_00_00000000
1111_00_10_11111100
1010_01_00_00000001



Assembly v.s.

.data

sum

.code

Do:

End:

BYTE
BYTE

LOADI
LOADI
LOAD
ADDI
ADD
CMP
BRG
STORE

Machine Code

Data Memory:
00000101
00000000

Code Memory:

0011_00_00_00000000
0011_01_00_00000000
1000_11_00_00000000
0101_00_00_00000001
0100_01_00_00000000
1101_11_00_00000000
1111_00_10_11111100
1010_01_00_00000001



Assembly v.s.

.data

sum

.code

Do:

End:

BYTE
BYTE

LOADI
LOADI
LOAD
ADDI
ADD
CMP
BRG
STORE

Machine Code

Data Memory:
00000101
00000000

Code Memory:

0011_00_00_0000000OO
0011_01_00_00000000
1000_11_00_00000000
0101_00_00_00000001
0100_01_00_00000000
1101_11_00_00000000
1111_00_10_11111100
1010_01_00_00000001



Assembly v.s.

.data

sum

.code

Do:

End:

BYTE
BYTE

LOADI
LOADI
LOAD
ADDI
ADD
CMP
BRG
STORE

Machine Code

Data Memory:
00000101
00000000

Code Memory:

0011_00_dd_00000000
0011_01_dd_00000000
1000_11_dd_00000000
0101_00_dd_00000001
0100_01_00_dddddddd
1101_11_00_dddddddd
1111 _dd_10_11111100
1010_01_dd_o00000001



Assembly v.s.

.data

sum

.code

Do:

End:

BYTE
BYTE

LOADI
LOADI
LOAD
ADDI
ADD
CMP
BRG
STORE

Machine Code

Data Memory:
00000101
00000000

Code Memory:

0011_00_00_0000000OO
0011_01_00_00000000
1000_11_00_00000000
0101_00_00_00000001
0100_01_00_00000000
1101_11_00_00000000
1111_00_10_11111100
1010_01_00_00000001



Bubble Sort



C Version

int array[] = {7, 3, 2, 1, 6, 4, 5, 8};
int last = 7; // last valid index in the array
int temp;

int i, j;
int main()

for (i = 0; i < last; i++)
for (j = 0; j < last-i; j++)
if (array[j] > array[j+1]){
temp = array[j];
array[j] = array[j+1];
array[j+1] = temp;

//for(i = 0; i < N; i++){
// printf("%d, ", array[i]);
//}



C Version

int array[] = {7, 3, 2, 1, 6, 4, 5, 8};
int last = 7; // last valid index in the array
int temp;

int i, j;
int main()

for (i = 0; i < last; i++)
for (j = 0; j < last-i; j++)
if (array[j] > array[j+1]){
temp = array[j];
array[j] = array[j+1];
array[j+1] = temp;

//for(i = 0; i < N; i++){
// printf("%d, ", array[i]);
//}



Assembly Version

.data
array BYTE 7, 3, 2, 1, 6, 4, 5, 8
last BYTE 7
temp BYTE ?
.code
LOADI A, O ; 1= 0;
Outer: LOAD D, [last] ; Load last into D
LOADI B, O ;7 J = 0;
CMP A, D ; 1 < last
BRGE End ; If i >= last break out of the outer loop
Inner: LOAD D, [last] ; Re-Load last into D (this register is shared)
SUB D, A ; D=D-A (i.e., D = last - i)
CMP B, D ; J <last - i
BRGE Iinc ; If j >= last-i branch to Iinc
If: LOADF C, [array+B] ; C = array[j]
LOADF D, [array+B+1] ; D = array[j+1] (compiler adds 1 to addr. of array)
CMP D, C ; if array[j+1l] < array[j] (switched direction)

BRGE Jinc
Swap: STOREF [array+B], D
STOREF [array+B+1], C

Jinc: ADDI B, 1 ; j++
JUMP Inner
Iinc: ADDI A, 1 5 i++

JUMP Outer

End: NOOP Do nothing

~e

Register allocation:
A: i

B: j

C: array[j]

D: last, array[j+1]

Ne Ne Ne Ne we

Notes: i and j are optimized away. They exist only in registers, not in the main memory.

~e



Assembly Version

.data
array BYTE 7, 3, 2, 1, 6, 4, 5, 8
last BYTE 7
temp BYTE ?
.code
LOADI A, O ; 1= 0;
Outer: LOAD D, [last] ; Load last into D
LOADI B, O ;7 J = 0;
CMP A, D ; 1 < last
BRGE End ; If i >= last break out of the outer loop
Inner: LOAD D, [last] ; Re-Load last into D (this register is shared)
SUB D, A ; D=D-A (i.e., D = last - i)
CMP B, D ;7 J < last - i
BRGE Iinc ; If j >= last-i branch to Iinc
If: LOADF C, [array+B] ; C = array[j]
LOADF D, [array+B+1] ; D = array[j+1] (compiler adds 1 to addr. of array)
CMP D, C ; if array[j+1] < array[j] (switched direction)
BRGE Jinc
Swap: STOREF [array+B], D
STOREF [array+B+1], C
Jinc: ADDI B, 1 7 Jj++
JUMP Inner
Iinc: ADDI A, 1 ; i++

JUMP Outer

End: NOOP Do nothing

~e

Register allocation:
A: i

B: j

C: array[j]

D: last, array[j+1]

Ne No Ne Ne we

Notes: i and j are optimized away. They exist only in registers, not in the main memory.

~e






.data
array
last
temp

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

BYTE 7,
BYTE 7
BYTE ?

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SuUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

Machine Code Version

3, 2,1, 6, 4, 5, 8

B, D
Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer



.data
array
last
temp

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

BYTE 7,
BYTE 7
BYTE ?

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SuUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

Machine Code Version

3, 2,1, 6, 4, 5, 8

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Data Memory:
00000111
00000011
00000010
00000001
00000110
00000100
00000101
00001000
00000111
00000000



.data
array
last
temp

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

BYTE 7,
BYTE 7
BYTE ?

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SuUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

Machine Code Version

3, 2,1, 6, 4, 5, 8
A, O
D, [last]
B, O
A, D
End
D, [last]
D, A
B, D
Iinc
C, [array+B]

D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Data Memory:

00000111
00000011
00000010
00000001
00000110
00000100
00000101
00001000
00000111
00000000

//array[O0]
//array[1]
//array[2]
//array[3]
//array[4]
//array[5]
//array[6]
//array[7]
//last

//temp



.data
array
last
temp

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

BYTE 7,
BYTE 7
BYTE ?

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SuUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

Machine Code Version

3, 2,1, 6, 4, 5, 8

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Address
0000
0001
0010
0011
0100
0101
0110
0111
1000
1001

Data Memory:

00000111
00000011
00000010
00000001
00000110
00000100
00000101
00001000
00000111
00000000

//array[0]
//array[1]
//array[2]
//array[3]
//array[4]
//array[5]
//array[6]
//array[7]
//last

//temp



.data
array
last
temp

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

BYTE 7,
BYTE 7
BYTE ?

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SuUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

Machine Code Version

3, 2,1, 6, 4, 5, 8

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Address
0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

Data Memory:

00000111
00000011
00000010
00000001
00000110
00000100
00000101
00001000
00000111
00000000
00000000
00000000
00000000
00000000
00000000
00000000

//array[0]
//array[1]
//array[2]
//array[3]
//array[4]
//array[5]
//array[6]
//array[7]
//last

//temp



.data
array
last
temp

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

BYTE 7,
BYTE 7
BYTE ?

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SuUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

Machine Code Version

3, 2,1, 6, 4, 5, 8

B, D
Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer



.data
array
last
temp

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

BYTE 7,
BYTE 7
BYTE ?

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SuUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

Machine Code Version

3, 2,1, 6, 4, 5, 8

B, D
Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Code Memory:
0011000000000000
1000110000001000
0011010000000000
1101001100000000
1111001100001110
1000110000001000
0110110000000000
1101011100000000
1111001100001000
1001100100000000
1001110100000001
1101111000000000
1111001100000010
1011110100000000
1011100100000001
0101010000000001
1110000011110100
0101000000000001
1110000011101110
0000000000000000



.data
array
last
temp

.code

Outer

Inner

If:

Swap:

Jinc:

Iinc:

End:

BYTE 7,
BYTE 7
BYTE ?

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SuUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

Machine Code Version

3, 2,1, 6, 4, 5, 8

B, D
Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Address
100000
100001
100010
100011
100100
100101
100110
100111
101000
101001
101010
101011
101100
101101
101110
101111
110000
110001
110010
110011

Code Memory:
0011000000000000
1000110000001000
0011010000000000
1101001100000000
1111001100001110
1000110000001000
0110110000000000
1101011100000000
1111001100001000
1001100100000000
1001110100000001
1101111000000000
1111001100000010
1011110100000000
1011100100000001
0101010000000001
1110000011110100
0101000000000001
1110000011101110
0000000000000000



.data
array
last
temp

.code

Outer

Inner

If:

Swap:

Jinc:

Iinc:

End:

BYTE 7,
BYTE 7
BYTE ?

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SuUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

Machine Code Version

3, 2,1, 6, 4, 5, 8

B, D
Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Address
100000
100001
100010
100011
100100
100101
100110
100111
101000
101001
101010
101011
101100
101101
101110
101111
110000
110001
110010
110011
110100
111110
111111

Code Memory:
0011000000000000
1000110000001000
0011010000000000
1101001100000000
1111001100001110
1000110000001000
0110110000000000
1101011100000000
1111001100001000
1001100100000000
1001110100000001
1101111000000000
1111001100000010
1011110100000000
1011100100000001
0101010000000001
1110000011110100
0101000000000001
1110000011101110
0000000000000000
0000000000000000

0000000000000000
0000000000000000






Assembly

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SuUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

V.S.

D, [last]

D, A

B, D

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Machine Code

Code Memory:

0011000000000000
1000110000001000
0011010000000000
1101001100000000
1111001100001110
1000110000001000
0110110000000000
1101011100000000
1111001100001000
1001100100000000
1001110100000001
1101111000000000
1111001100000010
1011110100000000
1011100100000001
0101010000000001
1110000011110100
0101000000000001
1110000011101110
0000000000000000



Assembly

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SuUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

V.S.

D, [last]

D, A

B, D

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Machine Code

Code Memory:

00110000_00000000
10001100_00001000
00110100_00000000
11010011_00000000
11110011_00001110
10001100_00001000
01101100_00000000
11010111_00000000
11110011_00001000
10011001_00000000
10011101_00000001
11011110_00000000
11110011_00000010
10111101_00000000
10111001_00000001
01010100_00000001
11100000_11110100
01010000_00000001
11100000_11101110
00000000_00000000



Assembly

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SuUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

V.S.

D, [last]

D, A

B, D

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Machine Code

Code Memory:

0011_00_00_00000000
1000_11_00_00001000
0011_01_00_00000000
1101_00_11_00000000
1111_00_11_00001110
1000_11_00_00001000
0110_11_00_00000000
1101_01_11_00000000
1111_00_11_00001000
1001_10_01_00000000
1001_11_01_00000001
1101_11_10_00000000
1111_00_11_00000010
1011_11_01_00000000
1011_10_01_00000001
0101_01_00_00000001
1110_00_00_11110100
0101_00_00_00000001
1110_00_00_11101110
0000_00_00_00000000



Assembly

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

V.S.

D, [last]

D, A

B, D

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Machine Code

Code Memory:

0011_00_00_00000000
1000_11_00_00001000
0011_01_00_00000000
1101_00_11_00000000
1111_00_11_00001110
1000_11_00_00001000
0110_11_00_00000000
1101_01_11_00000000
1111_00_11_00001000
1001_10_01_00000000
1001_11_01_00000001
1101_11_10_00000000
1111_00_11_00000010
1011_11_01_00000000
1011_10_01_00000001
0101_01_00_00000001
1110_00_00_11110100
0101_00_00_00000001
1110_00_00_11101110
0000_00_00_00000000



Assembly

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

V.S.

D, [last]

D, A

B, D

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Machine Code

Code Memory:

0011_00_00_00000000
1000_11_00_00001000
0011_01_00_00000000
1101_00_11_00000000
1111_00_11_00001110
1000_11_00_00001000
0110_11_00_00000000
1101_01_11_00000000
1111_00_11_00001000
1001_10_01_00000000
1001_11_01_00000001
1101_11_10_00000000
1111_00_11_00000010
1011_11_01_00000000
1011_10_01_00000001
0101_01_00_00000001
1110_00_00_11110100
0101_00_00_00000001
1110_00_00_11101110
0000_00_00_00000000



Assembly

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

V.S.

D, [last]

D, A

B, D

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Machine Code

Code Memory:

0011_00_00_00000000
1000_11_00_00001000
0011_01_00_00000000
1101_00_11_00000000
1111_00_11_00001110
1000_11_00_00001000
0110_11_00_00000000
1101_01_11_00000000
1111_00_11_00001000
1001_10_01_00000000
1001_11_01_00000001
1101_11_10_00000000
1111_00_11_00000010
1011_11_01_00000000
1011_10_01_00000001
0101_01_00_00000001
1110_00_00_11110100
0101_00_00_00000001
1110_00_00_11101110
0000_00_00_00000000



Assembly

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

V.S.

D, [last]

D, A

B, D

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Machine Code

Code Memory:

0011_00_00_00000000
1000_11_00_00001000
0011_01_00_00000000
1101_00_11_00000000
1111_00_11_00001110
1000_11_00_00001000
0110_11_00_00000000
1101_01_11_00000000
1111_00_11_00001000
1001_10_01_00000000
1001_11_01_00000001
1101_11_10_00000000
1111_00_11_00000010
1011_11_01_00000000
1011_10_01_00000001
0101_01_00_00000001
1110_00_00_11110100
0101_00_00_00000001
1110_00_00_11101110
0000_00_00_00000000



Assembly

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

V.S.

D, [last]

D, A

B, D

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Machine Code

Code Memory:

0011_00_00_00000000
1000_11_00_00001000
0011_01_00_00000000
1101_00_11_00000000
1111_00_11_00001110
1000_11_00_00001000
0110_11_00_00000000
1101_01_11_00000000
1111_00_11_00001000
1001_10_01_00000000
1001_11_01_00000001
1101_11_10_00000000
1111_00_11_00000010
1011_11_01_00000000
1011_10_01_00000001
0101_01_00_00000001
1110_00_00_11110100
0101_00_00_00000001
1110_00_00_11101110
0000_00_00_00000000



Assembly

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

V.S.

D, [last]

D, A

B, D

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Machine Code

Code Memory:

0011_00_00_00000000
1000_11_00_00001000
0011_01_00_00000000
1101_00_11_00000000
1111_00_11_00001110
1000_11_00_00001000
0110_11_00_00000000
1101_01_11_00000000
1111_00_11_00001000
1001_10_01_00000000
1001_11_01_00000001
1101_11_10_00000000
1111_00_11_00000010
1011_11_01_00000000
1011_10_01_00000001
0101_01_00_00000001
1110_00_00_11110100
0101_00_00_00000001
1110_00_00_11101110
0000_00_00_00000000



Assembly

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

V.S.

D, [last]

D, A

B, D

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Machine Code

Code Memory:

0011_00_00_00000000
1000_11_00_00001000
0011_01_00_00000000
1101_00_11_00000000
1111_00_11_00001110
1000_11_00_00001000
0110_11_00_00000000
1101_01_11_00000000
1111_00_11_00001000
1001_10_01_00000000
1001_11_01_00000001
1101_11_10_00000000
1111_00_11_00000010
1011_11_01_00000000
1011_10_01_00000001
0101_01_00_00000001
1110_00_00_11110100
0101_00_00_00000001
1110_00_00_11101110
0000_00_00_00000000



Assembly

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

V.S.

D, [last]

D, A

B, D

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Machine Code

Code Memory:

0011_00_00_0000000OO
1000_11_00_00001000
0011_01_00_00000000
1101_00_11_00000000
1111_00_11_00001110
1000_11_00_00001000
0110_11_00_00000000
1101_01_11_00000000
1111_00_11_00001000
1001_10_01_00000000
1001_11_01_00000001
1101_11_10_00000000
1111_00_11_00000010
1011_11_01_00000000
1011_10_01_00000001
0101_01_00_00000001
1110_00_00_11110100
0101_00_00_00000001
1110_00_00_11101110
0000_00_00_00000000



Assembly

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

V.S.

D, [last]

D, A

B, D

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Machine Code

Code Memory:

0011_00_dd_o00000000
1000_11_dd4_00001000
0011_01_dd_00000000
1101_00_11_dddddddd
1111_d4d_11_00001110
1000_11_dd4_00001000
0110_11_00_dddddddd
1101_01_11_dddddddd
1111_4d_11_00001000
1001_10_01_00000000
1001_11_01_00000001
1101_11_10_dddddddd
1111_d4d_11_00000010
1011_11_01_00000000
1011_10_01_00000001
0101_01_dd_00000001
1110_dd_dd_11110100
0101_00_dd_00000001
1110_dd_dd_11101110
0000_dd_dd_dddddddd



Assembly

.code

Outer:

Inner:

If:

Swap:

Jinc:

Iinc:

End:

LOADI
LOAD
LOADI
CMP
BRGE
LOAD
SUB
CMP
BRGE
LOADF
LOADF
CMP
BRGE
STOREF
STOREF
ADDI
JUMP
ADDI
JUMP
NOOP

V.S.

D, [last]

D, A

B, D

Iinc

C, [array+B]
D, [array+B+1]
D, C

Jinc
[array+B], D
[array+B+1], C
B, 1

Inner

A, 1

Outer

Machine Code

Code Memory:

0011_00_00_0000000OO
1000_11_00_00001000
0011_01_00_00000000
1101_00_11_00000000
1111_00_11_00001110
1000_11_00_00001000
0110_11_00_00000000
1101_01_11_00000000
1111_00_11_00001000
1001_10_01_00000000
1001_11_01_00000001
1101_11_10_00000000
1111_00_11_00000010
1011_11_01_00000000
1011_10_01_00000001
0101_01_00_00000001
1110_00_00_11110100
0101_00_00_00000001
1110_00_00_11101110
0000_00_00_00000000



Questions?



THE END



