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Administrative Stuff

* The FINAL exam is scheduled for

 Wednesday Dec 13 @ 2:15-4:15PM



Final Exam Format

 The exam will cover: Chapter 1 to Chapter 6, and
Sections 7.1-7.2, register machines, and i281 CPU

 Emphasis will be on Chapter 5, 6, and 7

 The exam will be closed book but open notes.

* You can bring up to 5 pages of handwritten or
typed notes.



Final Exam Format

* The exam will be out of 135 points
* You need 95 points to get an A on this exam

* It will be great if you can score more than 100 points.
= but you can’t roll over your extra points ®



Topics for the Final Exam

* K-maps for 2, 3, and 4 variables

* Multiplexers (circuits and function)

* Synthesis of logic functions using multiplexers
 Shannon’s Expansion Theorem

* 1’s complement and 2’s complement representation
« Addition and subtraction of binary numbers

« Circuits for adding and subtracting

 Serial adder

 Latches (circuits, behavior, timing diagrams)

* Flip-Flops (circuits, behavior, timing diagrams)

« Counters (up, down, synchronous, asynchronous)
* Registers and Register Files



Topics for the Final Exam

Synchronous Sequential Circuits

FSMs

Moore Machines

Mealy Machines

State diagrams, state tables, state-assigned tables
State minimization

Designing a counter

Arbiter Circuits

Reverse engineering a circuit

ASM Charts

Register Machines and programs for them

ALU, PC, and control for a simple processor (i281 CPU)
Assembly and machine language (i281 assembly)
Something from Star Wars



Administrative Stuff

 Final Projects
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1281 Example:
Add the numbers from 1 to 5



1281 Example:
Add the numbers from 1 to 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 s i++

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

Register allocation:
A: i

we

we

B: sum

we

C: <not used>

D: N

we

we



1281 Assembly Version

.data

N BYTE 5

i BYTE ?

sum BYTE ?

.code
LOADI , O ; sum=0
LOADI , 1 s i=1

register D=N

i<=N ?

we

B
A
LOAD D, [N]

Loop: CMP A

O

BRG End s exit if i>N
Add: ADD B, A s sum+=i
ADDI A, 1 s id+

JUMP Loop next iteration

End: STORE [sum], B

we

update the memory for sum

we

Register allocation:
A: i

e

e

B: sum

e

C: <not used>

D: N

e

e



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum
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LOADI
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e e e e e e e e

e
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i<=N ?
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i++

next iteration

write B to sum
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next iteration

write B to sum
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Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
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-~

-~

-

L~ A -
O — +» O

End

a, 1
Loop

[sum],

B

e e e e e e e e
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sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i
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next iteration
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Add the numbers from 1 to 5

// C Version ; Assembly Version

// using a for loop

.data
N
i
sum
int main()
{ .code
int N=5;
int i, sum;
sum=0; Loop:
for(i=1; i<=N; i++) {
sum+=i; Add:
}
// printf("%d\n", sum); End:

This has no analog in the C version,
which is written in a high-level language.

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

e e e e e e e e

we

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum

Load the value of N into register D.



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 5

// C Version

// using a for loop

int main()
{
int N=5;

int i, sum;

sum=0;

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

}

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

; Assembly Version

.data
N
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 5

// C Version

// using a for loop

int main()
{
int N=5;

int i, sum;

sum=0;

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

}

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

; Assembly Version

.data
N
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 5

// C Version

// using a for loop

int main()
{
int N=5;

int i, sum;

sum=0;

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

}

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

; Assembly Version

.data
N
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 5

// C Version

// using a for loop

int main()
{
int N=5;

int i, sum;

sum=0;

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

}

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

; Assembly Version

.data
N
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 5

// C Version

// using a for loop

int main()
{
int N=5;

int i, sum;

sum=0;

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

}

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

; Assembly Version

.data
N
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



1281 Example:
Add the numbers from 1 to 5

Assembly Language v.s. Machine Language



1281 Assembly Code

.data

N BYTE 5

i BYTE ?

sum BYTE ?

.code
LOADI , O ; sum=0
LOADI , 1 s i=1

register D=N

i<=N ?

we

B
A
LOAD D, [N]

Loop: CMP A

O

BRG End s exit if i>N
Add: ADD B, A s sum+=i
ADDI A, 1 s id+

JUMP Loop next iteration

End: STORE |[sum], B

we

update the memory for sum

we



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 0000

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

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

End: STORE [sum], B 1010 0100 0000 0OO1O0

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 0 0 1
LOAD D, [N] 8 Cc 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 4] F B
End: STORE |[sum], B A 4 0 2
Assembly Language Machine Language

in Binary



Mapping Assembly to Machine 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

Assembly Language

Data Memory:
05
00
00

Code Memory:
34 00
30 01
8C 00
D3 00
F2 03
44 00
50 01
EO FB
A4 02

Machine Language
in Hexadecimal



1281 Example:
Add the numbers from 1 to 5

Bit Mapping for 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



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



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



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



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



.data

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

OPCODE Mapping

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

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



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:

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



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 ...

Data Memory:
00000101
00000000
00000000

Code Memory:

0011_01_dd_00000000
0011_00_dd_o00000001
1000_11_d44_00000000
1101_00_11_dddddddd
1111_44_10_00000011
0100_01_00_dddddddd
0101_00_dd_o00000001
1110_dd_d4d4_11111011
1010_01_dd4_00000010



... 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



Loading the Program into Memory



B

100000| 00110100[ 00000000
100001| 00110000[ 00000001
100010[ 10001100[ 00000000 OpCode Control
100011 1121881; 88838822 T Decoder €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
100100
100101 [ 67656T00] 03060000 RN RN RN
100110 01010000| 00000001 00000000000 O0O0DOOOBGCOOO
100111[11100000[ 11111011
101000{ 10100100[ 00000010
Code Memory
081 109 1010 1C14
Reqisters
g cal [cs eol e Flags
13
00000000] [X | l 0000
B
C
00000000 D 1%
C6llc7 ALU O\
00000000 [N Jen &
B
1
C —
00000000] |p ~ lc”
0000100000101
0001100000000
¢ 1016 0010{00000000
0011{00000000] }=
0 0100[00000000
Je2 Je: 0101[00000000
PC ) Switches 9 1 0110/00000000
PC 0111/00000000
Update 000000
Logic 0 Data Memory

i281 CPU



Write .
Select 101 Write Enable
100000| 00110100/ 00000000
100001} 00110000/ 00000001
100010[ 10001100[ 00000000 ° OpCode Control
Input | 100011 11218813 88838822 Decoder C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
100100
100101 01000100 00000000 ERRRRRARRERERRERE
100110 01010000/ 00000001 00000000000 O0O0O0OOOO0OO
1001111'11100000[ 11111011
101000 10100100[ 00000010
Read  Code Memory Vg _
Select elect Write Enable ,
Cgl 109 1c10 Write Enable
| 1014
Registers F’O"éo Read Select ALU Select Flags
4 5 c
12 Ci3
A 100000000 A I{ 0000
B
C ALU Result IREG Writebac
B J00000000 D ¢1sMux Mux
Port1|Read Select 10
Input 061 Cy ALU Source ALU 0 18
C [00000000f [N J c1iMux L 1o
g 1/ Write Enable
D Joooo0000] D Read 17 1
Selegt
DMEM Input 0000{00000101
Mux —q 0001/00000000
® e WWrite 10010[00000000
Select] 0011[00000000] |-
PC Mux Write Enabls 0 0100[00000000
1c2 103 ——]0101{00000000
PC ) Switches o 1 MPU 1 9110[00000000
Undat PC 0111{00000000
pdate 100000
[ :
Logic 0 |—| Data Memory

i281 CPU



jo
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 1 1 l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C1o
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
e 8 \ 1018
17 s 8 8
00000000 e —— " g
1 4 low
00000000 ~ fev !
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
—x 1016 0010{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 011100000000
6 pdate
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



B

6 |100000] 00110100/ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100/ 00000000|] \ 16 . \8high | OpCode [—~— Control
16 |1o0co11[TT0T00I1[00000000(| - o ' . €11 C1z €13 €14 C1s Cig €17 C1g
1100100 11110010] 00000011
100101[ 01000100] 00000000 l l 1 l l 1 l
6 [100110( 01010000] 00000001 Data Memory: 000O0O0OO0OO0O0
100111171100000[ 11111011
101000[ 10100100]{ 00000010 00000101
Code Memory 00000000
00000000
1C14
F
1 Code Memory: OF(I)a%SO \4
d 0011 01 00 00000000
-c 0011_00_00_000000O01 . N
8 b IC15
>~ 1000_11_00_00000000 N
B 8 8
q 1101 _00_11 00000000 >
1 1111 00_10_00000011 o e
| 0100 01 00 00000000 4
- - - 4 000000000101
.8 0101_00_00_00000001 0001100000000
= - - - Cle 0010[{00000000
1110 00 00 11111011 0011[00000000
61
) | 1010_01_oo_oooooo10 | 3 oiet[00000000
0110/00000000
U PdCt . 0111[00000000
6 pdate
¢ * Logic | Data Memory

i281 CPU




B

6 |200000] 00110100 00000000
~—]100001[ 00110000[ 00000001 . 27
100010[ 10001100[ 00000000 (16 o (8high | OpCode | " Control
16 |roco11[TT0T00TI[00000000|| - e S G111 613 C1a C15 1 G17 1
~—1100100[ 11110010| 00000011
100101 01000100[ 00000000 1 1 l l 1 l
6 |100110{ 01010000{ 00000001 Data Memory: 0000O00O0O0CO
100111[711100000[ 11111011
101000[ 10100100| 00000010 00000101
Code Memory 00000000
00000000
1C14
F
1 Code Memory: OF(I)a%SO \4
H 0011_01_00_ 00000000
-c 0011_00_00_000000O01 . N
8 b IC15
>~ 1000_11_00_00000000 N
— 8 8
q 1101 _00_11 00000000 >
1 1111 00_10_00000011 o e
1 0100 01 00 00000000 4
- - = 4 0000100000101
.8 0101 00 00 0000OOOO1 0001100000000
= - - = C1g 0010[00000000
1110_00_00_11111011 0011{00000000
61
) | 1010_01_oo_oooooo10 | 3 oiet[00000000
0110/00000000
U PdCt . 0111[00000000
6 pdate
¢ * Logic | Data Memory

i281 CPU




B

6 | 100000 00110100{ 00000000
“—] 100001| 00110000{ 00000001 . 27
100010[ 10001100[ 00000000 (16 o (8high | OpCode | " Control
16 |1o0o11[TT0T00TI1I[00000000(| - e S G111 613 C1a C15 1 G17 1
~]100100[ 11110010] 00000011
100101[01000100[ 00000000 l l l l 1 l
6 11001101 01010000{ 00000001 Data Memory: 0000O0O0OO0OO
100111{11100000[ 11111011
101000{ 10100100[ 00000010 00000101
Code Memory 00000000
00000000
1C14
F
| Code Memory: OF(I)a%SO \4
. 0011 _01_00_00000000
' 0011 _00_00 00000001 . 4.6 low
8 b IC15
A 1000_11_00_00000000 1018
~ 8 8 8
4 1101_00 11 00000000 > — "7 s
{ 1111_00_10_00000011 Y e -,
1 0100 01 00 00000000
- - - 4 [R0%00000101 o
8 0101 _00_00 00000001 00%looo0o000f| W
= - - = Cig 0010100000000}
1110_00_00 11111011 0011[00000000] f=
61
fetow | 1010_01_00_o0000010 }_ N b
0110{00000000
U PdCt . 0111[00000000
6 pdate
¢ * Logic | Data Memory

i281 CPU



fo
100000{00110100| 00000000)
100001} 00110000 00000001 ) 27
100010 10001100[ 00000000 || . 16 . (8high 1 OpCode S " Control
100011 11218813 gggggggg ) : = I ; C11 €12 €13 C14 €15 C16 C17 C18
100100
10010101000100| 00000000 l l l l 1 l
100110{ 01010000/ 00000001 Data Memory: 00000000
1001111'11100000[ 11111011
101000(10100100] 00000010f 00000101
Code Memory 00000000
00000000
1C14
I\ Code Memory: Flags \4
INE 0000
- 0011_01_00_000000(%
B[{ | 0011_00_00_00000001 . 4.6 low
8 - [
~ 1000_11_00_00000000 N 1018
— 8 8 8
Cl4 | 1101_00_11_00000000 > —% s
5[ | 1111_00_10_00000011 SR T -,
i 0100_01_00_00000000 d N YTTETE:
.3 0101_00_00_00000001 2 Jooos 88888888 18
< 0010\ )
1110 00 00 11111011 cie 0011[00000000] |-
61 00000000
) N \ 1010_01_00_00000010) 8 1o o f00000000
6 | 0110{00000000
U PdCt 2 0111[00000000
0 paate 6
* Logic |< Data Memory

i281 CPU



jo
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 1 1 l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C1o
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
e 8 \ 1018
17 s 8 8
00000000 e —— " g
1 4 low
00000000 ~ fev !
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
—x 1016 0010{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 011100000000
6 pdate
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



The CPU Control Logic



B

The Control Logic

6 [100000] 00110100/ 00000000 /
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode c Control
\ \
16 |*00011]11010011]00000000 Decoder €1 €2 C3C4 C5C6C7C3CyCppCpp C12C13C1qCr5C16C17Co8
< 100100[ 11110010] 00000011
d 8 low
100101[ 01000100[ 00000000 N lllllllllll 11 1 ll 11
6 [100110] 01010000[ 00000001 QOOOOOOOOOOOOOOOOO
100111['11100000] 11111011
101000 10100100| 00000010
Code Memory
Cgl 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
< \8 O\ 1018
© 8 8 8 |5
\
00000000 . - — "
1/ 4 low
00000000 fev 1
438 4
4 000000000101 o
8 0001100000000] |
—x 1016 0010[{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 011100000000
6 pdate
¢ \ : 100000
' Logic [~o (100000 Vo Data Memory

i281 CPU



Je
Control Signal #1
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010 10001100[ 00000000 \\16 \\Shlgh OpCode — Control
l6 |t00011[11010011]00000000 Decoder Y C1)C2 €3 C4 C5 C6 C7 Cg C9 C10 C11 C12 €13 C14 €15 C16 C17 Ci8
~—100100[ 11110010 00000011
8 low
1001011 010001001 00000000 N 11‘111‘1‘11 11 1 ll 11
6 [100110] 01010000[ 00000001 0)0000000000O0O0O0OOO0OO0OO
1001111 11100000{11111011
101000 10100100{ 00000010
Code Memory
Csl 1 [Cio
11 1 1C14
Registers Flags A
A 00000000 0000
44
o | B Looo00000 Jes NSO low
a \8 O\ 1018
C 00000000 ) i 3 il
Ay .AF 8
1 4 low
D 00000000 ~ fer !
438 4
4 0000{00000101 o
8 0001100000000] |
| 1% 0010/00000000
g 0011100000000 |~
6 low S, 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC KE D Switches =—c—@=-x 1 0110{00000000
Und < 6 PC 6 0111/00000000
6 pdate 6
\ : 100000
' Logic [~o (100000 Vo Data Memory

i281 CPU



Y
Control Signal #1
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000} \ 16 o 8Jhigh | OpCode — Control
\ \
l6 [toooil 11218813 88838822 Decoder N €1 CyC3C4C5C5C7C8C9C10Cp1C12C13C14C15C16C17C13
Ay 100100
d 8 low
100101[5T000700] 00000005]| | AARRRRRRRREREERE
6 [100110] 01010000[ 00000001 ﬁ)OOOOOOOOOOOOOOOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
a \8 O\ 1018
N 8 8 8 [
\
00000000 . - — "
1/ 4 low
00000000 fer !
438 4
4 0000100000101 o
8 0001f00000000| |
= 1016 0010[00000000
3 0011{00000000] =
6 low Se—di 0 g |0100[00000000
Je2 Je: 6 Slow 0101[00000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 0111]00000000
6 pdate
¢ \ : 100000
' Logic [~o (100000 Vo Data Memory

i281 CPU



Jo
Control Signal #2
100000]| 00110100[ 00000000
100001| 00110000| 00000001 ,
100010[ 10001100] 00000000]} 16 o 8high | OpCode Control
\ \
100011 1121881; gggggggg Decoder CCa¥3C4 C5C5C7C3CyC10pCp1C12C13C14C15C16C17Co8
100100
d 8 low
100101 07600700[00660005]| | HHHHHHHHH
100110 01010000| 00000001 0000000000 O0ODOOODOOO
100111[11100000[ 11111011
101000 10100100| 00000010
Code Memory
Cgl 109 1010 1C14
Registers Flags A
A loooooooo 0000
Jd 4
N
o | B Leooooooo Jos NSO low
B \8 O\ 1018
< 8 8 8
C 100000000 S ——0 7 ¢
1/ 4 low
D |ooo000000 lc” 1
438 4
4 0000100000101 o
8 0001100000000] | Y.
o< 1016 0010[{00000000
3 0011{00000000] j=
6 low Se—di 0 g |0100[00000000
) ¢ 6 81 010100000000
PC 0 ll 1 Switches =—c—@—x = 1 0110/00000000
Und < 6 PC 6 0111{00000000
6 pdate 6
\ : 100000
' Logic [~o (100000 Vo Data Memory

i281 CPU



Je
Control Signal #2
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000} \ 16 o (8high | OpCode — Control
\ \
l6 100011 1121881; 88838822 Decoder N €1 CyC3C4C5C5C7C8C9C10Cp1C12C13C14C15C16C17C13
Ay 100100
d 8 low
100101 07600700[00660005]| | R RRRR RN R
6 [100110] 01010000[ 00000001 09pPp0O0O0OD0OD0O0O0O0OD0OD0OO0ODOO0ODO0ODCOOO
100111[11100000[ 11111011
1010001 10100100[ 00000010 /
Code Memory
Csl 1Co C10
11 1 1C14
Registers Flags A
00000000 0000
44
. 00000000 Jes ) U
B \8 O\ 1018
< 8 8 8
\ 0
00000000 . - — "
1 4 low
00000004 - lc” 1!
/ 438 4
4 0000100000101 o
8 0001100000000] | Y.
o< 1016 0010[{00000000
3 0011{00000000] j=
6 low Se—di 0 g |0100[00000000
Cy lc3 . 16 8low 0101)00000000
PC . ) Switches =—c—@—x 1 0110/00000000
Und 6 PC 0111{00000000
6 pdate
\ : 100000
' Logic [~o (100000 Vo Data Memory

i281 CPU



fo
Control Signal #18
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 C11 C12 €13 C14 C15 C16 C17(Cisg
~—100100[ 11110010 00000011
d 8 low
1001011 010001001 00000000 N 11‘111‘1‘11 11 1 ll 11
6 [100110] 01010000[ 00000001 00000000000 O0O0OOOOGOLO
1001111 11100000{11111011
101000[ 10100100/ 00000010
Code Memory
Cg]l 1Co [ Cio
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
\
\ > o 8 8 8 @
00000000 e —— ¢ g
1 4 low
00000000 ~ fer (] L
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
= lclﬁ 0010/00000000
g 0011{00000000] |~
6 low S, 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 0111{00000000
6 pdate
N : 100000
' Logic [~o (100000 Vo Data Memory

i281 CPU



Jo
Control Signal #18
6 [100000] 00110100/ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 |*00011]11010011]00000000 Decoder N €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
- 100100[ 11110010] 00000011 R low
1001011 010001001 00000000 \\ 1 l l 1 1 1 l 1 l 1 1 1 1 1 l l 1
6 [100110] 01010000[ 00000001 00000000000 O0O0OO0OOO0OO
100111['11100000] 11111011
101000 10100100| 00000010
Code Memory
C C C
811 9 1 10 1C14
Registers Flags A
00000000 . 0000
N
N
J 6 low
00000000 1015 N\
8
§ . o 8 8 s NG
00000000 e —— " g
1 4 low
00000000 ~ fev !
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
—x 1016 0010[00000000
g 0011{00000000] j=
J6 low Se—di 0 g |0100[00000000
N
c c g1 0101]00000000
ll 1 ; Switches \16r\ = 1 0110{00000000
PC . 6 PC 0111[00000000
6 Update
\ 100000
' Logic [~o (100000 Vo Data Memory

i281 CPU



B

All Control Signals

6 [100000] 00110100/ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 [to00il 11218813 88838822 Decoder N 60203 €4 C5C6 C7C3C9CppCpp C12C13C1qC15C16C17Cr8
Y 100100
d 8 low
100101 01000100[ 00000000 N l l l 1 l l l 1 l l 1 l 1 l l
6 |100110[ 01010000[ 00000001 000000000000 O0O0O0O0O0 0/
100111 11100000[ 11111011
101000 10100100( 00000010
Code Memory
sl (1)
Registers '
g cal [es Flags \\4
00000000] [ 0000
B \\4
C
. 00000000] |D @
e ) 8 IS
YN ~—" ] s 8
00000000 e
B
1 4 low
C
00000000] |p ~ @
438 4
4 0000100000101
8 0001100000000
= 0010{00000000
: N 0011{00000000
6 low Se—di 0 0100{00000000
l°3 6 8low 0101{00000000
PC . Y Switches =—c—@=-x 1 0110{00000000
Und PC 0111]00000000
6 pdate
¢ N : 100000
' Logic [~o (100000 Vo Data Memory

i281 CPU



101 Write Enable
100000| 00110100{ 00000000
100001| 00110000( 00000001
100010[ 10001100[ 00000000 ° OpCode Control
1000111 110100111 00000000 Decoder 60203 C4 C5 Cg C7 C3 Cg C1o C11 C12 C13 C14 C15 Cig C17 Ci8
100100 11110010 00000011
100101 7000100 00000030 ERRARRRRRRR RN RE
100110[ 01010000| 00000001 \000000000000000000/
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory Vi _
elect Write Enable :
Write Enable
081 109 1010 1014
Registers CPOgOIRead Select ALU Select Flags
4 5 C
12 Ci3
00000000} |2A I{ 0000
B
C ALU Result IREG Writebac
00000000 D c;sMux Mux
Port1]Read Select 10
Co| |cy ALU Source| Al U 0 18
00000000 [N J enMux —0
B Write Enable
1
C -~ C17 11
00000000 D
DMEM Input 0000{00000101
Mux 0001100000000
¢ l% 0010{00000000
.. ) 0011{00000000] =
ux _ 0100[00000000
Je Wmeﬁ?ab'e 0101[00000000
PC ) Switches . 1 0110/00000000
PC 0111/00000000
Update | 100000
Logic 0 Data Memory

i281 CPU



B

6 [100000] 00110100/ 00000000 /
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
16 |*00011]11010011]00000000 Decoder N €1 €2 C3C4 C5C6C7C3CyCppCpp C12C13C1qCr5C16C17Co8
< 100100[ 11110010] 00000011
d 8 low
100101[ 01000100[ 00000000 N lllllllllll 11 1 ll 11
6 [100110] 01010000[ 00000001 QOOOOOOOOOOOOOOOOO
100111['11100000] 11111011
101000 10100100| 00000010
Code Memory
Cgl 109 1010 1C14
Registers Flags 4
\
00000000 0000
44
. 00000000 Jes NSO low
< \8 O\ 1018
© 8 8 8
\ 0
00000000 . - — "
1/ 4 low
00000000 fev 1
438 4
4 000000000101 o
8 0001100000000] |
—x 1016 0010[{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Undat 6 PC 011100000000
6 pdate
¢ \ : 100000
' Logic [~o (100000 Vo Data Memory

i281 CPU



The OPCODEs for this CPU

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

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
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1
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1
1
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Bl
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LOADI/LOADP
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ADDI

SUB
SUBI

LOADF
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SHIFTL
SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE




~

[ = [ | mnu
o XOW MOVEELTEM D -y -
nwu TGN FLIEM WENG | [
O — J—
5 XON LOANI WINd |
Cw X0W I0sm oTe| [A| [+ - -
% ITEYNT ELTEM SOV ) gy - [ |
S5 0LOTTAS NTY | |-
a TIOFTTIS NIV IR GGG GGG —
)
RS XOW EO¥N0S 0TV | [ Y
% FTEYNT GLTIM SHALSIOE A et [ [ [ [ ] | o [
5 0ILOITAS FALT¥M SYALSIOMI SISISISIS|IRIS|R S
& TIOITIS FLTEM SYELSIOE slislivlislio]ivliolle o]l
S OLOITES TI¥Od SYALSIOTY S S S
§ TIOFTES TI¥Od SHELSIOES oS ol ko) o
<’ OLOITES 0I¥Od SHELSIOE S| RIS RIRISIS] (2] SRR
S TIOFTES 0L¥Od SYELSIDEM o] Bl is1i<] B ol is]is1io] B isl I Ealioliolio!
¢S N ELTEM WHINNOD WEDodd|r | [ | [r | [t || | [t [ [ | A ot | [ | A [ | [ [ [
S' XOW ¥EINNOD WY¥DOHd |2 |SA
f ) ﬂm«zulmaHmslz@ﬁ |
ﬁ
N — /
n [aT}
() m N
5 1B ARG M
S : SEIAEAEEE {FEAE
— QA m m =il=! M O]
- |
m mmmmmmmmmmmmwssss MBmm
_
&)
(oo = n
— 25 _.m
o 9
c o0
o Q0O
S
N C
N o O




XOW MOVEELTIM O3

TIEYNT FLIHM WING

XOW LOANI WINd

XOW I0STE OTY

TTIYNT FLTHM SOV

0LOITAS NTY

TIDITIAS OTY

XON FO¥N0S NTY

Co [C1ol{C11JC12 |C13[C14 |C15|C16[C17|C18

TTEYNE ELTEM SYELSIOII A | | ] o [
0LOITIS ELTHYM SYALSIOT SISISISIS|IRIS|R S
& TLOITIS FLTEM SYELSIOE slislivlislio]ivliolle olls
5 OIOITAS TI¥Od SYALSIOTY S |S 2|5 S
§ TIOFTES TI¥Od SHELSIOES oS ol ko) o
&' O0LOETAS 0I¥Od SYALSIOTI S IRIS| IRISISIR] (2] |SIRIKIS
S TIOETES 0L¥Od SYALSIDEM gl (R (RIRRR] [5] 19]=EE
¢S N ELTEM WHINNOD WED0Ed | | [ | [rt | [t | [ | [t [ [ | A ot | [ | A [ | [ [ [
S' XOW ¥EINNOD WY¥DOHd 2191918
o TTEUNT ELIEM WEAI[ ||
[aT]
2 N
(OROR o] ya] ﬂ_. 2y A m A&
o EEEIE (B bl Ixlalal2IBE E . |alEla], |
SEEEE a|18(8(5 AR EIEEEEE
NIIIIWMMMSSMMSSSS MAMMA




The Wiring Diagram for c.,

dOON
DLNdNI
O LNdNI
ALNdNI
JAALAdNI
HAOIN
IAvol
aav
1aav
d1$s

1908s
avo'l
JAVOT1
HHO.LS
JHHOLS
TLATHS
HLATHS

/ dIND

cll

cl2

cl3
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The Wiring Diagram for c,,

dOON
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IAvol
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The Wiring Diagram for ¢,

dOON
DLNdNI
O LNdNI
ALNdNI
JAALAdNI
HAOIN
IAvol
aav
1aav
d1$s

1908s
avo'l
JAVOT1
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1
1
1
1
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B3
B4

NOOP
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ADDI
SUB
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SHIFTL
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BRE/BRZ
BRNE /BRNZ
BRG
BRGE

LEffDI/LOADP
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Simulation of the Program Execution



Add the numbers from 1 to 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
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

a, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



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



jo
6 |100000[ 00110100{ 00000000
~—] 100001 00110000{ 00000001 . 27
100010[ 10001100] 00000000]} 16 o 8high | OpCode — Control
\ \
l6 |t00011[11010011]00000000 Decoder Y C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
< 100100 11110010[ 00000011
d 8 low
1001011 010001001 00000000 N 1 1 l 1 1 1 l 1 l 1 1 1 1 1 l l 1 1
6 [100110] 01010000[ 00000001 00000000000 O0O0DOOOBGCOOO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C1o
11 1 1C14
Registers Flags A
00000000 . 0000
N
N
. 00000000 Jes NSO low
e 8 \ 1018
17 s 8 8
00000000 e —— " g
1 4 low
00000000 ~ fev !
J8 4
A 7 | °°feccoo1aal | |,
8 0001100000000] |
—x 1016 0010{00000000
g 0011100000000/ f=
6 low Se—di 0 g |0100[00000000
1c2 103 | 16 8 low 010100000000
PC . ) Switches =—c—@=-x 1 0110{00000000
Und 6 PC 011100000000
6 pdate
\ : 100000
' Logic [~o [100000] Vo Data Memory

i281 CPU



B

LOADI B, 0
100000| 00110100{ 00000000
100001| 00110000[ 00000001
100010[ 10001100[ 00000000 OpCode Control
100011 1121881; gggggggg T Decoder €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
100100
100101 [ 67656T00] 03060000 RN RN RN
100110 01010000| 00000001 00000000000 O0O0DOOOBGCOOO
100111[11100000[ 11111011
101000 10100100( 00000010
Code Memory
081 109 1010 1C14
Reqisters
g cal [cs eol e Flags
13
00000000] [X | l 0000
B
C
00000000 D 1015
C6llc7 ALU O\
00000000 [N Jen &
B
1
C —
00000000] |p ~ lc”
0000100000101
0001100000000
¢ 1016 0010{00000000
0011{00000000] }=
0 0100[00000000
Je2 Je: 0101[00000000
PC ) Switches - 1 0110/00000000
PC 0111[/00000000
Update 100000
Logic 0 Data Memory

i281 CPU



B

LOADI B, 0 (equivalent to B=0)
100000| 00110100/ 00000000
100001| 00110000( 00000001
100010| 10001100[ 00000000 OpCode Control
100011 11010011} 00000000 T Decoder C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
100100 11110010 00000011
100101 [ GT000700] 00000000 HERARRRRRR R R RE RN
100110 01010000/ 00000001 0010000011 00O0O0OT1TO0OO0OGO
100111111100000[ 11111011
101000 10100100[ 00000010
Code Memory
081 109 1010 1C14
Registers
g cal [cs eol e Flags
13
00000000 [X | l 0000
B
C
00000000} |2 1C15
C6l1c7 ALU O\
00000000 [N Jen &
B
1
C p—
00000000] [p ~ fer
0000100000101
0001100000000
[ 1016 0010[/00000000
0011{00000000] |~
0 0100/00000000
Je2 Je: 010100000000
PC ) Switches . 1 0110{00000000
PC 0111/00000000
Update 100000
Logic 0 Data Memory

i281 CPU



B

LOADI B, 0 (equivalent to B=0)
100000/ 00110100]| 00000000
100001| 00110000 00000001
100010[ 10001100[ 00000000 OpCode Control
100011 11010011} 00000000 T Decoder C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
100100[ 11110010{ 00000011
100101 07000100] 00003000 ERERERRRRR R RN RN
100110 01010000/ 00000001 0010000011 00O0O0OT1TO0OO0OGO
1001111 11100000{11111011
101000[ 10100100/ 00000010
Code Memory
081 109 1010 1C14
Registers
g cal [cs eol e Flags
13
00000000 [X | l 0000
B
C
00000000] |2 1%
C6l1c7 ALU O\
00000000 [N Jen &
B
1
: Q i
00000000] |b ~ fer
0000{00000101
0001100000000
[ 1016 0010/00000000
0011100000000 |~
0 0100{00000000
Je2 Je: 010100000000
PC ) Switches o 1 0110/00000000
PC 0111{00000000
Update 100000
Logic 0 Data Memory

i281 CPU



B

LOADI B, (equivalent to B=0)
100000| 00110100{ 00000000
100001| 00110000( 00000001
100010[ 10001100{ 00000000 OpCode Control
100011 11010011} 00000000 Decoder C1 C2 €3 C4 C5 G C7 Cg C9 C10 €11 C12 €13 C14 €15 C16 C17 Ci8
100100 11110010 00000011
100101 7000100 00000030 EERNRRRRRRR R RERE
100110 01010000/ 00000001 0010000011 00O0O0OT1TO0OO0OGO
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
081 109 1010 1C14
Registers
g cal [cs eol e Flags
13
00000000 [X | l 0000
B
C
00000000] |D 1%
C6l Cq ALU 0\
00000000 [N Jen &
B
1
: Q ]
00000000] |p ~ fer
0000100000101
0001100000000
¢ 1016 0010{00000000
0011{00000000] =
0 0100[00000000
1c2 103 010100000000
PC ) Switches . 1 0110/00000000
PC 011100000000
Update 100000
Logic 0 Data Memory

i281 CPU






B

LOADT A, (equivalent to A=1)
100000| 00110100/ 00000000
100001| 00110000{ 00000001
100010 10001100 00000000 OpCode Control
100011) 11010011/ 00000000 Decoder €1 CpC3C4C5C5C7C8C9C10C11C12C13C14C15C16C17Cr8
100100[ 11110010[ 00000011
100101{ 01000100[ 00000000 lllllllllll ll 1 ll 11
100110[ 01010000| 00000001 0010000001 00O0O0OTO0OO0OO
100111 11100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 109 1C10 1C14
Registers
g cal [cs eol e Flags
13
00000001| | | l 0000
B
C
00000000 D 1C15
C6l Cy ALU O\
00000000 [N Jen &
B
1
: N ]
00000000] |p ~ lc”
0000100000101
0001100000000
| lclﬁ 001000000000
0011{00000000| =
0 0100[00000000
Je2 Je: 0101[00000000
PC ) Switches - 1 0110{00000000
PC 0111[/00000000
Update 100001
Logic 0 Data Memory

i281 CPU






B

LOAD D, [N] (D = contents of memory cell N)
100000]| 00110100[ 00000000
100001| 00110000( 00000001
100010[ 10001100 00000000 OpCode Control
100011 1121881; gggggggg T Decoder €1 CyC3C4C5C5C7C8C9C10Cp1C12C13C14C15C16C17C13
100100
100101[ 01000100[ 00000000 11111111111 ll 1 1‘ 11
100110 01010000| 00000001 0010000111000O0OT1O0O0°1
100111[11100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C10
11 1 1C14
Registers el les Flags
C12 Ci3
00000001 [X | l 0000
B
o/
D
00000000 {15
061107 ALU 0
00000000 [N Jen &
B
1
s N _
00000000] |p ~ lc”
0000100000101
0001100000000
¢ l% 0010[{00000000
0011{00000000] j=
0 0100[00000000
Je2 Je: 0101[00000000
PC ) Switches 9 1 0110/00000000
PC 0111/00000000
Update [100010]
Logic 0 Data Memory

i281 CPU



B

LOAD D, [N] (D = contents of memory cell N
100000| 00110100| 00000000 at address 0000)
100001| 00110000| 00000001
100010[ 10001100 00000000 . OpCode Control
100011 11218813 88838822 Decoder €1 €2 C3 €4 C5 C5 C7 Cg Cg €19 €11 C12 €13 €14 C15 C16 C17 C13
100100
100101 01000100{ 00000000 lllllllllll ll 1 1l 11
100110[ 01010000| 00000001 001000011 1T00O0O0T1TO0TQO071
100111} 11100000] 11111011
101000 10100100{ 00000010
Code Memory
081 109 1010 1C14
Registers
g cal [cs eol e Flags
13
A 100000001 A I{ 0000
B
C
B Looooo000] |2 1C15
C6llc7 ALU O\
C loooo0000] [N Jen &
B 1
: N ]
D |oooooo0oo] |b - lc”
0000100000101
0001100000000
¢ 1016 0010[00000000
0011{00000000] =
0 0100[00000000
Je2 Je: 0101[00000000
) Switches . 1 0110/00000000
PC PC 0111]00000000
Update [100010]
Logic 0 Data Memory

i281 CPU



B

LOAD D, [N]
100000| 00110100| 00000000
100001| 00110000| 00000001
100010[ 10001100 00000000 OpCode Control
100011) 11010011/ 00000000 Decoder €1 €2 C3 €4 C5 C5 C7 Cg Cg €19 €11 C12 €13 €14 C15 C16 C17 C13
100100 11110010[ 00000011
100101 5T060700] 99666000 AERRRRRRRRR R R RN
100110 01010000| 00000001 001000 11T000O01O0O0°1
1001111 11100000[ 11111011
101000 10100100{ 00000010
Code Memory
081 109 1010 1C14
Registers
g cal [cs eol e Flags
13
A looooooo1] [} 11 0000
B
C
B [00000000] |2 1C15
C6l cy ALU O\
C loooo0000] [N Jen )\
B
1
: N ]
D |ooooo101] |b ~ 1C”
0000100000101
0001100000000
[ lclﬁ 0010[00000000
0011100000000/ f=
0 0100{00000000
102 103 0101/00000000
PC ) Switches . 1 0110{00000000
PC 0111[00000000
Update | 100010
Logic 0 Data Memory

i281 CPU






B

CMP A, D
100000| 00110100/ 00000000
100001| 00110000 00000001
100010[ 10001100[ 00000000 OpCode Control
100011] 11010011| 00000000 T DeCOder C1 CrC3C4C5C5C7C3C9C1pCepC1pCi3Cy
100100[ 11110010{ 00000011
100101 01000100 00000000 ERRRRRRRRERERR RN
100110[ 01010000| 00000001 001001 00011 100O00O0
1001111 11100000{11111011
101000 10100100[ 00000010
Code Memory
081 109 1010 1C
14
Registers el les Flags
Cr2 Ci3
00000001] [ | l 0000
B
C
00000000} |2 1015
Cs 107 ALU O\
00000000 Al Jen N
B 1/
C .
00000101] |D
[
1016
0
lq 103 Switch
witches . an
PC ! PC 1
Update
: 100011
Logic 0 |—|

1017

0000100000101

0001100000000

001000000000

0011100000000

0100/00000000

0101)00000000

011000000000

0111{00000000

Data Memory

i281 CPU



B

Cig

~

CMP A, D (compare A and D by subtraction)
100000| 00110100/ 00000000
100001} 00110000/ 00000001
100010[ 10001100[ 00000000 OpCode Control
100011 11010011{ 00000000 T Decoder €1 Cy C3 C4 Cs Cg C7 Cg Co C1o €11 C1a C13 C1a Cs Cig €1
100100[ 11110010/ 00000011
100101 91000100] 00006000 ERERERRRRR RN RN RN
100110 01010000| 00000001 001001 00011 10O0O00O0
100111111100000/ 11111011
101000 10100100[ 00000010
Code Memory
081 109 1010 1C4
1
Registers
g cal [cs ol e Flags
13
00000001 [} | 1 0000
A I\
C
00000000} |2 1015
Cg 107 ALU O\
00000000 Al Jen N
B
h 1
C
00000101] |b ~
[
1016
0
e e Switch
witches . an
PC ! PC 1
Update
: 100011
Logic 0 |—|

1017

0000100000101

0001100000000

001000000000

0011100000000

0100/00000000

0101)00000000

011000000000

0111{00000000

Data Memory

i281 CPU



B

CMP A, D
100000| 00110100[ 00000000
100001| 00110000( 00000001
100010[ 10001100[ 00000000 ° OpCode Control
100011} 11010011} 00000000 Decoder €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
100100[ 11110010[ 00000011
100101 [ 51506700] 93600005 NN RR RN R RN
100110 01010000| 00000001 001001 0001 1 100O0O0
100111 11100000[ 11111011
101000{ 10100100| 00000010
Code Memory
C C
CSll 9 1 10 1C14
Registers ¢ Flags
5 o) 1013 0000
gooooll | 00000001 [~
B
C
00000000 y 1015
cof | 00000101 ALU DN Joi
00000000 } 1011 N I\ 0
B h 1
17 1
00000101 D
0000100000101
0001100000000
¢ 1016 0010{00000000
0011{00000000] }=
0 0100[00000000
Je2 Je: 0101[00000000
) Switches - 1 0110{00000000
PC PC 0111]00000000
Update [100011]
Logic 0 Data Memory

i281 CPU



B

CMP A, D
100000| 00110100[ 00000000
100001| 00110000[ 00000001
100010[ 10001100[ 00000000 ° OpCode Control
100011} 11010011} 00000000 Decoder €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
100100 11110010[ 00000011
100101 [ 67656T00] 03060000 NERERRR R RN N
100110[ 01010000| 00000001 0010011000011 T1TO0O0O0O0
100111[11100000[ 11111011
101000{ 10100100[ 00000010
Code Memory
C C
CSll 9 1 10 ) 1C14
- SUB/CMP
Registers c Flags
Y o) 1013 0000
gooooll | 00000001 [~
B
C
00000000 y 1-5 1C15
co e 00000101 ALU N e
00000000] [N Jen N ) Q)
B h 1
I ~ c -
00000101 D l 17 1
0000100000101
0001100000000
¢ 1016 0010{00000000
0011{00000000] }=
0 0100[00000000
Je2 Je: 0101[00000000
) Switches 9 1 0110/00000000
PC PC 0111{00000000
Update
|100011|
Logic 0 Data Memory

i281 CPU



B

CMP A, D
100000| 00110100/ 00000000
100001| 00110000/ 00000001
100010| 10001100 00000000 ° OpCode Control
100011) 11010011 00000000 Decoder €1 CpC3C4C5C5C7C8C9C10C11C12C13C14C15C16C17Cr8
100100[ 11110010/ 00000011
100101 91006001 66033000 NN R R RN
100110 01010000| 00000001 0010011T0000T1TT1TTOO0OO0OO
100111 11100000[ 11111011
101000{ 10100100| 00000010
Code Memory
C C
CSll 9 1 10 ) 1C14
. SUB/CMP
Registers c Flags
e 41 0121 1013 0010
A 00000001 I\ .
B set negative flag
C
00000000 y 1-5 1C15
co e 00000101 ALU 0N Jes
00000000] [N Jen N ) Q)
B 1
: N .
ooooo101] |p L~ l 17 1
0000100000101
0001100000000
¢ 1016 0010{00000000
0011{00000000| =
0 0100[00000000
Je2 Je: 0101[00000000
) Switches - 1 0110{00000000
PC PC 0111]00000000
Update
|100011|
Logic 0 Data Memory

i281 CPU



B

CMP A, D
100000| 00110100] 00000000
100001| 00110000| 00000001
100010[ 10001100[ 00000000 ° OpCode Control
100011 1']1'(1)1'381'; gggggggg Decoder €1 €2 C3 €4 C5 C5 C7 Cg Cg €19 €11 C12 €13 €14 C15 C16 C17 C13
100100
100101 7000100 00000030 AR R RERE
100110[ 01010000| 00000001 0010011000011 T1TO0O0O0O0
100111} 11100000] 11111011
101000 10100100{ 00000010
Code Memory
C C Cio
811 J 1 1C14
Redi SUB/CMP
egisters el les Flags
00000001 Q 1% 0010
A 00000001 [T .
g set negative flag
D 1-5
00000000 ) 1015
Cig
cof o] 0900012 ALU 0 11111100 1
00000000 N 1011 ° ®
g h 1
00000101] |p 1100 1C”
* 0000100000101
0001100000000
[ 0010[00000000
C . .
l 1o 0011{00000000]| = this will
0 0100[00000000]| read out
C o 0101]00000000
PC 0l l Switches - 1 0110{00000000 address
PC 0111[00000000 1100
Update | 100011
Logic 1 Data Memory

i281 CPU



B

CMP A, D
100000| 00110100{ 00000000
100001| 00110000/ 00000001
100010[ 10001100[ 00000000 ° OpCode Control
100011 iigiggi’; gggggggg Decoder €1 CpC3C4C5C5C7C8C9C10C11C12C13C14C15C16C17Cr8
100100
100101 91006001 66033000 NN R R RN
100110 01010000| 00000001 0010011T0000T1TT1TTOO0OO0OO
1001111 11100000 11111011
101000{ 10100100| 00000010
Code Memory
Cg Co Cio
11 1 1C14
Redi SUB/CMP
egisters &l Ics Flags
C‘121 Ci3
0010
00000001 A I\l
g set negative flag
D 1-5
00000000 ) 1%
C6llc7 ALU 0
00000000 [N Jen ® ®
B
C h 1 lcl
00000101 D 7
* 0000100000101
0001100000000
¢ l% 0010{00000000
001100000000
0 0100[00000000
Je2 Je: 0101[00000000
PC ) Switches - 1 0110{00000000
PC 0111[00000000
Update [100011]
Logic 0 Data Memory

i281 CPU



1c1 write disabled

- CMP A,
100000| 00110100700000000
100001| 00110000[ 00000001
100010[ 10001100| 00000000 . OpCode Control
100011) 11010011 00000000 Decoder €1 €2 C3 €4 C5 C5 C7 Cg Cg €19 €11 C12 €13 €14 C15 C16 C17 C13
100100 11110010[ 00000011
100101 61306160] 3066390 RN R RN
100110 01010000| 00000001 001001100001 T1TT1TO0O0O00O0
1001111 11100000[ 11111011
1010001 10100100[ 00000010
Code Memory
write disabled
C
Cgl IC 1 10 1C14
. SUB/CMP
Registers el les Flags
C‘121 Ci3
0010
00000001 }Lll I\l
g set negative flag
D 1-5
00000000 ) 1015
el ALU 0
00000000f [ 1011 ® T b
B . write disabled
C 1C
00000101} |bo 17
° \__/
0000100000101
0001100000000
¢ 1016 0010[{00000000
001100000000
0 0100{00000000
102 103 0101/00000000
PC ) Switches . 1 0110{00000000
PC 0111[00000000
Update | 100011
Logic 0 Data Memory

i281 CPU



B

CMP A, D
100000| 00110100[ 00000000
100001| 00110000{ 00000001
100010[ 10001100[ 00000000 ° OpCode Control
100011} 11010011) 00000000 Decoder €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
100100[ 11110010[ 00000011
100101 57000 160] 60000000 ERRRRRRRARER R R
100110[ 01010000| 00000001 0010011000011 T1TO0O0O0O0
100111 11100000( 11111011
1010001 10100100[{ 00000010
Code Memory
Cgl 1Co C1o
11 1 / 1C14
- SUB/CMP
Registers el e Flags
4 5 C
12 Ci3
00000001 A I{ 0010
g set negative flag
D
00000000 ) 1%
Cg C7 AL O\
U
00000000] [N Jen N )\
B
h 1
C
00000101] b ~ 1C”
000000000101
0001100000000
¢ 1% 0010{00000000
0011{00000000
0 0100{00000000
102 103 0101/00000000
PC ) Switches . 1 0110{00000000
PC 0111[00000000
Update | 100011
Logic 0 Data Memory

i281 CPU



B

CMP A, D
100000]| 00110100[ 00000000
100001| 00110000[ 00000001
100010[ 10001100[ 00000000 OpCode Control
100011} 11010011) 00000000 T Decoder €1 €3 €3 C4 C5 C6 C7 Cg Cg C1g C11 €12 €13 €14 €5 Ci6 C17 Cr8
100100 11110010[ 00000011
100101 [ GT006700] 50060060 RN RRRRR R
100110 01010000| 00000001 001001 00011 10O0O00O0
100111 11100000[ 11111011
1010001 10100100[ 00000010
Code Memory
081 109 1010 1C14
Registers el Jes F|ags
C‘121 Ci3 0 1 0‘
00000001 A
g The only effect
00000000 y 1015 of this operation
Cs 107 ALU O\
00000000 Al Jen N )\
B
1
: N ]
00000101 |p v J e
0000100000101
0001100000000
¢ 1% 0010[{00000000
0011{00000000] j=
0 0100[00000000
Je2 Je: 0101[00000000
PC ) Switches 9 1 0110/00000000
PC 0111/00000000
Update [100011]
Logic 0 Data Memory

i281 CPU






B

BRG End
100000| 00110100/ 00000000
100001| 00110000/ 00000001
100010| 10001100 00000000 OpCode Control
100011| 11010011] 00600000 T Decoder €1 €3 C3 €4 C5 C6 C7 Cg C9 C1g C11 C12 €13 C14 €15 C16 C17 C18
100100[ 11110010[ 00000011
100101( 910007061 00000000 NN RN R RN
100110 01010000| 00000001 001000 000 O0O0O0OO0OO0ODO
100111 11100000[ 11111011
101000{ 10100100| 00000010
Code Memory
ol Joo_ e le.
Registers
g cal [cs eol e Flags
13
1 00000001] [X | l 0010
B
C
00000000 D 1%
ol | ALU N
00000000] [N Jen N )\
B
1
: N ]
5 0000o0101] |p - lc”
0000100000101
0001100000000
¢ 1016 0010{00000000
0011{00000000| =
0 0100[00000000
1(;2 | 0101/00000000
PC ) Switches - 1 0110{00000000
Und PC 0111]00000000
pdate 100100 :
Logic 5 |_| branch not taken: Data Memory
PC=PC+1

i281 CPU



B

BRG End
100000| 00110100/ 00000000
100001| 00110000( 00000001
100010| 10001100[ 00000000 1 OpCode Control
100011| 11010011] 00600000 Decoder €1 €3 C3 €4 C5 C6 C7 Cg C9 C1g C11 C12 €13 C14 €15 C16 C17 C18
100100[ 11110010 00000011
100101 [ GT000700] 00000000 EERARRRRRR R R RE RN
100110 01010000[ 00000001 011000 00000O0O0OO0OO0O
100111111100000[ 11111011
101000 10100100( 00000010
Code Memory
Cgl 109 1C10 1C14
Registers
g cal [cs eol e Flags
13
6 00000110] [X | l 0000
B
C
00000000} |2 1%
ol | ALU N
00000000 Al Jen N )\
B
1
: Q i
5 00000101] |p ~ fer
0000100000101
0001100000000
[ 1016 0010[/00000000
0011{00000000] |~
0 0100/00000000
1(;2 103 0101/00000000
PC ) Switches . 1 0110{00000000
Und PC 0111{00000000
pdate 100100 :
Logic 0 |_| branch taken: Data Memory
PC=PC+1+0Offset

i281 CPU






B

ADD B, A (equivalent to B=B+A )
100000| 00110100/ 00000000
100001| 00110000( 00000001
100010[ 10001100[ 00000000 OpCode Control
100011) 11010011/ 00000000 T Decoder €1 CpC3C4C5C6C7C8C9C10C11C12Cr3 C15C16 C17 C18
100100[ 11110010[ 00000011
100101 9T060T00] 55600000 NN RN RN
100110[ 01010000| 00000001 001010001101 O0T1TO0O0O0O0
100111 11100000[ 11111011
101000 10100100( 00000010
Code Memory
alle o lon
Registers
g cal [cs ol e Flags
13
00000001 [X | 1 0000
B
C
00000000 D 1015
Ce 107 ALU O\
00000000 Al Jen N I\
B
1
: N ]
0000o0101] |p rd 1017
0000100000101
0001100000000
[ lclﬁ 0010{00000000
0011{00000000| =
0 0100[00000000
Je2 Je: 0101[00000000
PC ) Switches - 1 0110{00000000
PC 0111[/00000000
Update [100011]
Logic 0 Data Memory

i281 CPU



B

ADD B, A (equivalent to B=B+A )
100000| 00110100| 00000000
100001| 00110000( 00000001
100010[ 10001100[ 00000000 ° OpCode Control
100011} 11010011 00000000 Decoder €1 C2C3C4C5C6C7C3C9C10C11C12C13C14C15C16C17C8
100100 11110010[ 00000011
100101 51506130] 05000660 AERRRRRRRRRRREERE
100110[ 01010000| 00000001 001010001101 O0T1TO0O0O0O0
100111['11100000] 11111011
101000 10100100( 00000010
Code Memory
Cgl 1Co C1o
11 1 1C14
Registers e 10 (add) Flags
00000001 5 Q 1013 0000
A
5 00000000
)
D
00000000 1%
o |e 00000001 ALU 0 Jess
00000000] N Jen ® h
B I:.
¢ 1 1017
00000101 D
000000000101
0001100000000
¢ l% 0010[00000000
0011100000000/ f=
0 0100{00000000
Je2 Je: 0101[00000000
PC ) Switches . 1 0110{00000000
PC 0111[00000000
Update [100011]
Logic 0 Data Memory

i281 CPU



B

1017 1

ADD B, A (equivalent to B=B+A )
100000] 00110100/ 00000000
100001| 00110000 00000001
100010[ 10001100[ 00000000 ° OpCode Control
1000111 11010011|1 00000000 DeCOder C1 CrC3C4C5C5C7C3C9C1pCepC1pCi3Cy
100100[ 11110010{ 00000011
100101| 01000100/ 00000000 111111lllll 11 1 ll 1 1
100110[ 01010000| 00000001 001010001101 0T1O0O0O00O0
1001111 11100000{11111011
101000[ 10100100/ 00000010
Code Memory
C C C
811 9 l 10 1(:14
Registers . 10 (add) Flags
— > 0121 1013 0000
B 00000000
P
D
00000000 1%
00000000] N Jen
B
5 h 1
00000101] |D
[
1016
0
l02 103 Switch
Wwitches
PC ! 50 '8 1
Update
: 100011
Logic 0 |—|

0000100000101
0001100000000
001000000000
0011{00000000] }=
0100{00000000
0101{00000000
011000000000
0111{00000000

Data Memory

i281 CPU



B

1017 1

ADD B, A (equivalent to B=B+A )
100000| 00110100/ 00000000
100001| 00110000 00000001
100010[ 10001100[ 00000000 ° OpCode Control
1000111 11010011|1 00000000 DeCOder C1 CrC3C4C5C5C7C3C9C1pCepC1pCi3Cy
100100[ 11110010{ 00000011
100101| 01000100/ 00000000 111111lllll 11 1 ll 1 1
100110[ 01010000| 00000001 001010001101 0T1O0O0O00O0
1001111 11100000{11111011
101000[ 10100100/ 00000010
Code Memory
C C C
811 9 1 10 1C14
Registers . 10 (add) Flags
— > 0121 1013 0000
5 00000000
P
2 1015
00000000] N Jen
B
5 h 1
00000101] |D
? 1016
0
l02 103 Switch
witches . an
PC ! PC 1
Update
: 100011
Logic 0 |—|

0000100000101
0001100000000
001000000000
0011{00000000] }=
0100{00000000
0101{00000000
011000000000
0111{00000000

Data Memory

i281 CPU



B

ADD B, A (equivalent to B=B+A )
100000| 00110100[ 00000000
100001| 00110000[ 00000001
100010[ 10001100[ 00000000 ° OpCode Control
1000111 11010011/ 00000000 Decoder ¢ ¢ Cs C € Cg Co C1o C11 C1a C13 C1a C1s Cre €17 Cig
100100 11110010[ 00000011
100101{ 01000100| 00000000 l 1 1 l l 1 l 1 l l 1 1
100110 01010000| 00000001 00 10 11010 0000
100111[11100000[ 11111011
101000{ 10100100[ 00000010
Code Memory
set the flags
Cgl 1Co C10
e | (})
Registers . 10 (add) Flags
00000001 5 Q 1013 0000
A 00000000 I\
o/
D
1015
c uc7 00000001 ALU 0
00000000] N Jen ®
B
C h 1 lc
00000101 D 17
0000100000101
0001100000000
¢ 1016 0010[{00000000
001100000000
0 0100[00000000
Je2 Je: 0101[00000000
PC ) Switches 9 1 0110/00000000
PC 0111/00000000
Update [100011]
Logic 0 Data Memory

i281 CPU



For more examples
try the 1281 simulator



i281 Simulator

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

- 3 21 BHGE
100000 [ 00110000 9 Opcode Control o — — —
100001 [1000110000001000 Decoder ] €, € €3 €4 €5 € € €5 € €5C); € €13 €14 €5 €16 €7 Cpg
100010 [0011010000000000
100011 [1101001100000000 lll‘l‘lllllllllll‘ 00 0000O0O0GO0O O 0000O0OOU
100100 [1111001100001110 Ooo01o000CO0COO0OCLOOOOCT OO0
100101 [1000110000001000 ]
o e 2 § SE .

| - c Speed:50
101000 [1111001100001000 Registers c, LR 1 -
101001 [1001100100000000 Flags e
101010 [1001110100000001 A [sooooc0o} ([0 0 0] Auto Mode on Show Description
101011 [1101111000000000 Game Mode on Show Bus Width
B : Regiater View Syntax Highlighting
C
101110 [1011100100000001 ALU o 15 Start PC @ 32 4 Show Data Path
c " 0
101111 [0101010000000001 n o
4 Stop At End 4 Show Control Path

110000 [1110000011110100 C \ _ﬂ % Stop V|

110010 | 1110000011101110

110011 | 00000000 00000000D Dloooooooo=

110100 | 0000000000000000

0000 00000111
0001 00000011

110101 [0000000000000000 o010 [_oooooolo
110110 [0000000000000000 0011 | 00000001
110111 [0000000000000000 P F'S C o1oo | 00000110
111000 [0000000000000000 B o101 [_00000100
111001 [0000000000000000 o110 [ooooolol
111010 [0000000000000000 . 1% ) o111 [Loooolooo
111011 [0000000000000000 - : Switches ———p——o | 1000 [ 00000111
111100 [0000000000000000 — PC t 1001 [ oooooooo
111101 [0000000000000000 Update 1010 [ 00000000
111110 __|  Logic ¢ 1011 [oooooced]
111111 1100 [(00000000]
Instruction Memory II”LI 1101100000000

1110 [_oooooooo

1111 [ oooooooo

Data Memory

To try the simulator, go to the class web page and follow the link.



Questions?



THE END



