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Administrative Stuff

* The FINAL exam is scheduled for

« Wednesday Dec 18 @ 2:15-4:15 PM



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
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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:

~e

A: i

~e

B: sum

~e

C: <not used>

~e

D: N

~e
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Add the numbers from 1 to 5

// C Version ; Assembly Version

// using a for loop

.data
N BYTE 5
i BYTE ?
sum BYTE ?
int main()
{ .code
int N=5; LOADI B, O ; sum=0
int i, sum; LOADI A, 1 ; i=1
LOAD D, [N] ; register_ D=N
sum=0; Loop: CMP A, D ; i<=N ?
for(i=1; i<=N; i++) { BRG End ; exit if i>N
sum+=i; Add: ADD B, A ; sum+=i
} ADDI A, 1 s i+
JUMP Loop ; next iteration
// printf("%d\n", sum); End: STORE [sum], B ; 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 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

~e ~e ~e ~e ~e ~e ~e

~e

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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// C Version

// using a for loop

int main()
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for(i=1; i<=N; i++) {
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// printf("%d\n", sum);

; Assembly Version

.data
N
i

sum

.code
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Add:
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LOADI
LOADI
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CMP
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ADD
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JUMP
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)

)
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B

~e ~e ~e ~e ~e ~e ~e

~e
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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);

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

; Assembly Version

.data

N BYTE 5

i BYTE ?
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.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

~e ~e ~e ~e ~e ~e ~e

~e

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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sum+=i;

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

; 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

~e ~e ~e ~e ~e ~e ~e ~e

~e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=i

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 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



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 00O0O

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 O0O1lO0

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 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

D, [N]

End
B, A
A, 1
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

D, [N]

End
B, A
A, 1
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



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_o00OO0OO0OOOO01
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_o00O0OO0OO0OO0O01
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_o0o0000001
1000_11_dd_00000000
1101_00_11_dddddddd
1111 _dd_10_00000011
0100_01_00_dddddddd
0101_00_dd_o0o0000001
1110_dd_dd_11111011
1010_01_dd_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_o00OO0OO0OOOO01
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_o00O0OO0OO0OO0O01
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_o00OO0OO0OOOO01
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_o00O0OO0OO0OO0O01
JUMP Loop 1110_00_00_11111011

End: STORE [sum], B 1010_01_00_00000010



Loading the Program into Memory



I

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o

(=}

!
o
[N

o0 w»>

1011

ALU

lc14

Flags

|0 00 0|

PC
Update
Logic

&
(e}
—_
W

1018

PC

Switches

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

0111]00000000

Data Memory

i281 CPU



Write .
Select 1c1 Write Enable
100000 00110100{ 00000000
100001] 00110000/ 00000001
100010[ 10001100/ 00000000 OpCode Control
Input J1o0011 iigiggié gggggggg Decoder C1C2C3C4C5C6C C9 C10 C11 C12 €13 C14 C15 C16 C17 C18
100100
10010107050 1501 50005000 RN RN R
100110 01010000| 00000001 000000 00000O0OO0OO0O0OO
100111[11100000[ 11111011
101000[10100100] 00000010
Read  Code Memory .
Select elect Write Enable Write Enabl
cxl lcq lcm r elcr:f e
Registers ~Far0fRead Select ALU Select Flags
5
C12 Ci13
A 100000000 A I{ 0000
B
c ALU Result REG Writebac]
B Joo000000 D csMux Mux
. Port1]Read Select ALU'S lclg
Input 6| lc7 ource] ALU
C [o0000000 Al J crux o—]0
g Write Enable
D loooooooo] |b Read 10” 1
t
DMEM Input 0000190000101
Mux —1 0001100000000
[ 1016 Write 10010[00000000
Select] 0011[00000000
PC Mux , 0 0100[{00000000
|2 Wr'te"%g‘ab'e 0101[00000000
PC 1 Switches 1 Input 011000000000
Undat PC 0111]00000000
paate [100000]
Logic 0 Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

Control

¢ |100000] 00110100[ 00000000
100001| 00110000{ 00000001 . 27
100010| 10001100] 00000000]} 16 o 8high | OpCode < ,

16 |rocor:[TT010011[ 00000000|[ - S .

~——]100100[ 11110010] 00000011
100101[01000100[ 00000000
100110/ 01010000[ 00000001 Data Memory:
100111{11100000{ 11111011
101000[710100100[ 00000010 00000101

Code Momory 00000000
/ 00000000
A
Code Memory:
i
A 0011 _01_00_ 00000000
B[d ©0011_00_00_00000001
8
a 1000_11 00_00000000
ClY 1101 _00_11_ 00000000
p[d 1111_00_10_00000011
0100_01_00_ 00000000
L 0101_00_00_00000001
1110_00_00_11111011
61
o 1010_01_00_00000010
Pc |
.6 Update 6
" Logic <

o

C11 C12

w
(e

1

T

1017

6 low

C1s5
8
4 low
4
4
Cl6
N .
J <

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

0111]00000000

Data Memory

i281 CPU

lClS




I

Control

6 |100000]00110100| 00000000
100001] 00110000/ 00000001 ] 27
100010[ 10001200] 00000000|| (16 o 8high | OpCode | y
16 |rocor:[TT010011] 00000000|[ - S .
S—1100100[ 11110010] 00000011
100101[01000100[ 00000000
100110{ 01010000/ 00000001 Data Memory:
100111[11100000[ 11111011
101000[10100100] 00000010 00000101
Code Memory 00000000
/ 00000000
A
Code Memory:
i
A 0011 _01_00_ 00000000
B[d ©0011_00_00_00000001
8
a 1000_11 00_00000000
ClY 1101 _00_11_ 00000000
o[ 1111_.00_10_00000011
0100_01_00_00000000
JiK 0101_00_00_00000001
1110_00_00_11111011
61
o 1010_01_00_00000010
PC \
.6 Update
" Logic [*

Ci1C12C

13C

C

Ci6 C

ot

o =z

(= = [

16
!
0

(=T IS
= B

1017

6 low

C1s5
8
4 low
4
4
Cl6
N .
J <

0000100000101
0001100000000
0010J00000000
0011100000000
0100/00000000
0101)00000000
011000000000
011100000000

Data Memory

i281 CPU

lClS




B

OpCode

Control

6 |1oo000 00110100/ 00000000
~e—1100001] 00110000[ 00000001 .
100010| 10001100[ 00000000(} (16 o (8high
16 |ro0o11[TT010011] 00000000 ° -
- 100100[ 11110010] 00000011
100101[ 01000100] 00000000
100110[ 01010000[ 00000001
100111[11100000[ 11111011
101000[ 10100100 00000010 00000101
00000000
Code Memory
/ 00000000
F
A ld
B 1¢
8
\
Cla
D 1¢
8
| g
6 low
N
PC A
6 Update
' \\ p . \
Logic

Data 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

Code Memory:

C11C12€C13C

Ci5C16 C

ot

(=l IS

O

16
!
0

O i
od—;

lcm
Flags 4
0 0 0 o| A
6 low
C15
lC18
8 8 8
N 8
4 low
1017
900100000101
4 8

0081100000000
0010400000000
0011100000000
0100/00000000
0101)00000000
0110/00000000
011100000000

Data Memory

i281 CPU



B
100000§00110100| 00000000
100001} 00110000| 00000001 ] 27
100010f 10001100] 00000000ff | 16 8 high | OpCode ~— Control
100011 ﬂolggié 88388820 B > C11 C12 €13 Cla €15 Cl6 €17 Cis
100100 11 1
100101{'01000100[ 00000000 1 l 1 l 1 l 1 1
100110f 01010000] 00000001 Data Memory: 00000O0OO0CDO0
100111011100000] 11111011
101000L10100100| 00000010 00000101
Code Memory 00000000
00000000
lc14
Flags 4
Code Memory: -
; 000 o|
A 0011_01_00_00000003
B[{ | 0011_00_00_00000001 s 6 low
8
a 1000_11_00_00000000 1C18
8 8 8
ClY{ | 1101_00_11_ 00000000 2 8
5[ | 1111_00_10_00000011 Hlow Jer
0100_01 00_00000000 4 0000
- - - j 0ooootoipf |
8 0101_00_00_00000001 000100000000
= Cl6 0010400000000
1110 00 00 11111011 0011{00000000
6 low - \I ¢ |°00[00000000
KlOlO_Ol_OO_OOOOOOly N 010100000000
KH) J 0110[00000000
U F;Ct N 0111]00000000
6 pdate 6
N Logic [< Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



The CPU Control Logic



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

OpCode
Decoder

27

The Control Logic

cxl 109 lcw

Registers 4
A loooooooo
. B |oooo0000
\
C looooo000 8 s
D 00000000 1017
0000100000101
8 0001100000000
¢ 0010{00000000
0011{00000000
6 low 0100[00000000
C2 c3 31 010100000000
PC 11 ‘ Switches 16 il 1 0110/00000000
6 PC 0111[00000000
Update | [100000]
Logic 0 16 Data Memory

i281 CPU



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

Control Signal #1

C1)C2C3C4C5C6 C

Control

C8 C9 C10 C11 C12 C13 C14

)

RN

0)000

LT

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

1017

6 low

PC
Update
Logic

Switches

16

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



[

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 8fhigh

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

OpCode
Decoder

27

Control Signal #1

Ci1C2C3C4C

§

Code Memory

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

6 low

PC
Update
Logic

Switches

16

1017

0000100000101

00000000
00000000
00000000
00000000
00000000

0001
0010
0011
0100
0101

00000000
00000000

0110
0111

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

11010011

00000000

11110010

00000011

OpCode
Decoder

27

Control Signal #2

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

3 €4 C5 C6 C7C8 Co Cip C11 C12 C13 C1

Control

'S

C1

%)

C16 C1

C18

<

HHHHH

000000000

bobndot

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

1017

6 low

PC
Update
Logic

Switches

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

OpCode
Decoder

27

Control Signal #2

cxl lcq lcm

Registers

A 00000000
B [Emsmaod
C [00000000
D [00000004

1017

6 low

PC
Update
Logic

Switches

16

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

OpCode
Decoder

27

Control Signal #18

Control

C9 C10 C11 C12 €13 C14 C15 C16 C17(C18

o o

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

6 low

PC
Update
Logic

1017

Switches

0000
0001
0010
0011
0100
0101
0110
0111

00000101

00000000

00000000

00000000

00000000

00000000

00000000

00000000

Data Memory

i281 CPU



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100) 00000000

00110000) 00000001

10001100| 00000000

16 _ 8 high

11010011]00000000

11110010/ 00000011

01000100) 00000000

01010000| 00000001

11100000/11111011

10100100 00000010

6 Update

Code Memory

8 low

OpCode
Decoder

27

Control Signal #18

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRREREER
000000000000O0O0OO0OO0DO

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

6 low

PC

Logic

Switches

C18

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

011100000000

Data Memory

i281 CPU



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

. 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

All Control Signals

Control
6 €2 €3 C4 C5 C6 C7 C8 Co C1p C11 C12 €13 C14 C15 C16 C17 C18
NERRRRRRR AR R R
\000000O0O0O000O0O0O0O0O0O0O0/

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

o
OO0 W Q/J\i:iw:»
(@]
~]

6 low

u

Logic

PC

pdate

100000

Switches

16

0000
0001
0010
0011
0100
0101
0110
0111

00000101

00000000

00000000

00000000

00000000

00000000

00000000

00000000

Data Memory

i281 CPU



1c1 Write Enable

100000{ 00110100] 00000000
100001] 00110000/ 00000001
100010[ 10001100/ 00000000 OpCode Control
100011 11010011) 00000000 Decoder /C1 €2 C3 €4 C5 C6 €7 Cg Co 1o C1t C12 C13 C14 C15 Cig C17 Cig
100100[ 11110010 00000011
100101 (515507001 30500000 RN R
100110[ 01010000] 00000001 \000000000000000000/
100111 11100000/ 11111011
101000[10100100] 00000010
Code Memory .
elect  Write Enable Write Enable
cxl lcq lcm lcm
Registers  Fart0[Read Select ALU Select Flags
5
C12 Ci13
A loooooooo A I{ 0000
B
c ALU Result REG Writebac]
B Joo000000 D lclsMux Mux
Port1]Read Select lclg
Cél c7 ALU Source ALU
C [00000000] [N J crux 1o
g Write Enable
D [ooo0o0000] |b 10” 1
DMEM Input 0000190000101
Mux 000100000000
¢ 1016 0010[00000000
0011{00000000
PC Mux , 0 0100[{00000000
|2 Wr'te‘E;‘ab'e 0101[00000000
PC 1 Switches 1 0110/00000000
PC 011100000000
Update [100000]
Logic 0 Data Memory

i281 CPU



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

OpCode
Decoder

27

cxl 109 lcw

Registers 4
A loooooooo
. B |oooo0000
\
C looooo000 8 s
D 00000000 1017
0000100000101
8 0001100000000
¢ 0010{00000000
0011{00000000
6 low 0100[00000000
C2 c3 31 010100000000
PC 11 ‘ Switches 16 il 1 0110/00000000
6 PC 0111[00000000
Update | [100000]
Logic 0 16 Data Memory

i281 CPU



The OPCODEs for this CPU

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



XOW MOVHALTIM 9Fd

TTGYNT FLIEM WINA

XOW LOANT WENd

XOW INSTE 0TV

FIGYNT FLTIM SOV

0LOTTES NTY

TLOITES NTY

XON F0¥N0S NTY

TTGYNT FLTEM SHILSIOTT

1
1
1
1
1
1
1
1

1
1

OLOTTHES ALTEM SYHALSIOTH

TIOTTES FLTEM SYILSIOTA

X1 | X0
X1 | X0

X1 | X0

X1 | X0
X1 | X0
X1 | X0

X1 | X0
X1 | X0

OLOITES TI¥NOd SYALSIDTM

TIOFTES TINOd SHIALSIOTM

X1 | X0

OLOITES 0L¥Od S¥IALSIDTM

TLOETAS 0I¥Od SHELSIOET

X1 | X0

X1 | X0
Y1l | YO

X1 |[X0|Y1l|YO0|[|X1]| X0

X1 | X0

X1 |X0|Y1l| YO0 | X1]| X0

X1 | X0

Y1l | YO

Y1l | YO | X1 | X0

X1 | X0
X1 | X0

X1 | X0 | Y1l | YO

TTEYNT FLTEM YEINNOD WY¥DONd

1

1
1

1
1
1
1

1

1
1
1
1

XOW ¥IINNOD WYED0dd

Bl

B2

B3

B4

TTGYNT FLIEM WHNI

NOOP

INPUTC
INPUTCF
INPUTD
INPUTDF

LOADI/LOADP
ADD

ADDI

SUB
SUBI

LOADF
STORE

STOREF
SHIFTL

SHIFTR

BRE/BRZ

BRNE /BRNZ

BRG

BRGE
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The Wiring Diagram for c,,

dOON
OLNdNI
ADLNdNI
ALNdNI
JALNdNI
HAOWN
1Iavo’l
aav
1aav
ans

1ans
avol
JdAaVvOo1T
HYOLS
JHYOLS
TLATIHS
HLAIHS

/ dIND

cll

cl3
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The Wiring Diagram for c,,
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The Wiring Diagram for c,;
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Cg and Cg depend

on the instruction and

the register that it uses.
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Simulation of the Program Execution



Add the numbers from 1 to 5

// C Version ; Assembly Version

// using a for loop

.data
N BYTE 5
i BYTE ?
sum BYTE ?
int main()
{ .code
int N=5; LOADI B, O ; sum=0
int i, sum; LOADI A, 1 ; i=1
LOAD D, [N] ; register_ D=N
sum=0; Loop: CMP A, D ; i<=N ?
for(i=1; i<=N; i++) { BRG End ; exit if i>N
sum+=i; Add: ADD B, A ; sum+=i
} ADDI A, 1 s i+
JUMP Loop ; next iteration
// printf("%d\n", sum); End: STORE [sum], B ; 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_o00OO0OO0OOOO01
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_o00O0OO0OO0OO0O01
JUMP Loop 1110_00_00_11111011

End: STORE [sum], B 1010_01_00_00000010



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100| 00000000

00110000) 00000001

10001100| 00000000

LOADI B,

0

OpCode

11010011]00000000

11110010/ 00000011

01000100) 00000000

01010000| 00000001

11100000/11111011

10100100 00000010

Code Memory

Decoder

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
e

\U o w >

O

N

f—
(e}
~

o0 w»>

1011

ALU

lc14

Flags

|0000|

o
(e}
—
W

1018

PC
Update

Logic

PC

Switches

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

011100000000

Data Memory

i281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100| 00000000

00110000) 00000001

10001100| 00000000

LOADI B,

0

OpCode

11010011]00000000

11110010/ 00000011

01000100) 00000000

01010000| 00000001

11100000/11111011

10100100 00000010

Code Memory

Decoder

(equivalent to B=0)

cxl 109 1c10

Registers

A 100000000
B Joo000000

C4] |cs

N
e

\U o w >

lc14

Flags

|0000|

LU
O
—_
»

1018

< ALU
c 4 for
B
o [ i
¢
102 103 .
PC 1 5C Switches
Update 100000
Logic 0

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

011100000000

Data Memory

i281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

LOADI B,

00110100

00000000

00110000

00000001

10001100

00000000

OpCode

11010011

00000000

Decoder

11110010

00000011

(equivalent to B=0)

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

cs] Jeo 1010

Registers

A 100000000

C. C5

N
e

\U o w >

B Jo0000000

06107
o o
B
p eemowond] 5

o
Q

ALU

PC
Update
Logic

R

Jo
! PC

Switches

1017

0000
0001
0010
0011
0100
0101
0110
0111

00000101

00000000

00000000

00000000

00000000

00000000

00000000

00000000

Data Memory

i281 CPU



I

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

LOADI B,

OpCode
Decoder

(equivalent to B=0)

csl 109 1c10

Registers

A 00000000
5 [soommmnd

5

(¢
A
Q

1018

< ALU
c 4 for
B h
o [ i
¢
102 103 -
PC 1 5C Switches
Update 100000
Logic 0

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

011100000000

Data Memory

i281 CPU






I

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

LOADI A,

OpCode
Decoder

(equivalent to A=1)

csl 109 1c10

Registers

A
B 00000000

5

[e)
\cow>é:4>
(e}

1018

< ALU
c 4 for
B h
o [ i
¢
102 103 _
PC 1 5C Switches
Update 100001
Logic 0

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

0111]00000000

Data Memory

i281 CPU






B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100) 00000000

00110000) 00000001

10001100( 00000000

LOAD D,

[N]

OpCode

11010011]00000000

11110010/ 00000011

01000100) 00000000

01010000| 00000001

11100000/11111011

10100100 00000010

Code Memory

Decoder

(D =

contents of memory cell N)

cxl 109 1c10

Registers

A 00000001
B Joo000000

1018

c Cil c7 fen ALU
o [ [; S
@
102 103 Switch
witches
Ude(;te 1 @
Logic 0

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

011100000000

Data Memory

i281 CPU



I

LOAD D, [N] (D = contents of memory cell N
100000| 00110100/ 00000000 at address 0000)
100001] 00110000/ 00000001
100010/ 10001100] 00000000 OpCode Control
100011[11010011| 00000000 Decoder ¢ Gy C3Ca © 9 C10 C11 €12 C13 Cl4 €15 C16 C17 C18
100100[ 11110010/ 00000011
10010107050 1501 50005000 RN R
100110 01010000| 00000001 001000 117T000O0T1°O00O0°1
100111 11100000/ 11111011
101000 10100100/ 00000010
Code Memory
cxl 109 1c10 lc“‘
Registers Flags
Cs

A 00000001
B Joo000000

\U O wx

1018

c [roeaon 011 ¢7 Jeu ALU
o [ [; N
[
P R
witches
Ude(;te 1 @
Logic 0

1017

0000
0001
0010
0011
0100
0101
0110
0111

00000101

00000000

00000000

00000000

00000000

00000000

00000000

00000000

Data Memory

i281 CPU



I

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

LOAD D,

OpCode
Decoder

[N]

csl 109 1c10

Registers

A 00000001
B Joo000000

\U O wx

1018

c 011 c7 Jeu ALU
o ] [; N
[
1” e Swich
witches
Ude(;te 1 @
Logic 0

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

0111]00000000

Data Memory

i281 CPU






I

CMP A, D
100000 00110100{ 00000000
100001 00110000 00000001
100010[ 10001100] 00000000 OpCode
100011[ 11010011| 00000000 Decoder C1 € C3C4C5C6 C
100100[11110010| 00000011 1 1 1 l 1 1
100101[ 01000100] 00000000
100110[ 01010000[ 00000001 001001
100111 11100000/ 11111011
101000[10100100] 00000010
Code Memory
Cgl lc<; lcm
Registers &
lC5 c121 c13
A 00000001 A I\
B
C
B |oo000000 D
c6| |c7 ALU
C 00000000 Al 1011
B
: N
D |oo000101 D
¢
102 103 Switeh
witches
PC 1 PC
Update
. |100011|
Logic 0

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

0111/00000000

Data Memory

i281 CPU



B

(compare A and D by subtraction)

CMP A, D
100000 00110100{ 00000000
100001] 00110000/ 00000001
100010[ 10001100] 00000000 OpCode
100011[ 11010011| 00000000 Decoder C1 € C3C4C5C6 C
100100[11110010| 00000011 1 1 1 l 1 1
100101[ 01000100] 00000000
100110[ 01010000[ 00000001 001001
100111 11100000/ 11111011
101000[10100100] 00000010
Code Memory
Cgl lc<; lcm
Registers &
lC5 c121 c13
A 100000001 A I\
B
C
B |oo000000 D
c6| |c7 ALU
C 00000000 Al 1011
B
: N
D [o0000101] |1
¢
102 103 Switeh
witches
PC 1 PC
Update
. |100011|
Logic 0

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

011100000000

Data Memory

i281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100) 00000000

00110000) 00000001

10001100| 00000000

CMP A, D

OpCode

11010011 00000000

11110010/ 00000011

01000100) 00000000

01010000| 00000001

11100000/11111011

10100100 00000010

Code Memory

Decoder

cxl lcq lcm

Registers

1017

Cs ciz| |ci3
A |o0000001] h 00000001 I{
C
B [mose] |3/
00000101
Co| |c7
¢ [romoonod] for A
B
D [co000t01] |5
[
§ o Swich
F)(; 1 F)(: WIIlChesS
Update
L%gic 0 [100011]

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

011100000000

Data Memory

i281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100) 00000000

00110000) 00000001

10001100| 00000000

CMP A, D

OpCode

11010011 00000000

11110010/ 00000011

01000100) 00000000

01010000| 00000001

11100000/11111011

10100100 00000010

Code Memory

Decoder

cxl lcq lcm

1017

Registers SUB/CMP
N e U
A 00000001 [~
C
B [ooooong] [/
00000101
K ALU
¢ [roonoon] Y for
B
p [seorer] 5
@
102 103 .
PC 1 5C Switches
Update 100011
Logic 0 |—|

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

011100000000

Data Memory

i281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100) 00000000

00110000) 00000001

10001100| 00000000

CMP A, D

OpCode

11010011 00000000

11110010/ 00000011

01000100) 00000000

01010000| 00000001

11100000/11111011

10100100 00000010

Code Memory

Decoder

cxl lcq lcm

1014

Flags

|0 01 OI

set negative flag

1015

1017

Registers SUB/CMP
N e U
A 00000001 [~
C
B [ooooong] [/
00000101
K ALU
¢ [roonoon] Y for
B
p [seorer] 5
[ _
102 103 .
PC 1 5C Switches
Update 100011
Logic 0 |—|

0000100000101
0001

0010[00000000
0011
0 0100[00000000
0101
011000000000
0111

00000000

00000000

00000000

00000000

Data Memory

i281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

CMP A, D

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

cs] Jeo lcw

1014

Registers SUB/CMP Flags
5 C12 C13
00000001 1 1 0010
A \ALH 00000001 [~ Lo o)
g set negative flag
B o/ Jox
sl [c;] 00000101 ALU 0
11111100
c ; fen . IS
B
1
C
D D 1100  }ov
* 0000190000101
000100000000
1016 0010{00000000
0011{00000000
0 0100{00000000
102 103 0101[00000000
PC 0 Switches 1 0110[00000000
Updat PC 0111{00000000
pdate 100011
Logic 1 |—| Data Memory

this will

read out

address
1100

i281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

CMP A, D

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

cxl lcq lcm

Registers

A 100000001

SUB/CMP

\U O wp

1014

Flags

L

|0 01 OI

set negative flag

1015

0

1017

B
c Cil c7 fen ALU
o [t | N
[ _
1” I Switeh
witches
Ude(;te 1 @
Logic 0

0000
0001
0010
0011
0100
0101
0110
0111

00000101

00000000

00000000

00000000

00000000

00000000

00000000

00000000

Data Memory

1018

i281 CPU



1(:1 write disabled

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100700000000

00110000

00000001

10001100

00000000

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

Control
C1 C2C3C4C5C6C C9 C10 C11 C12 €13 C14 C15 C16 C17 C18
RN
001001 0001110000

write disabled

Registers

A 00000001

Cgl lc \le

Cs

SUB/CMP

\U O wp

L

1014

Flags

|0 01 OI

set negative flag

1015

0

:
c Cil 7 1011 ALU
D E h
[
e | S
witches
Ude(;te 1 @
Logic 0

1018

® 0
write disabled

\_/
0000{9(3000101
0001100000000
0010100000000
0011100000000
0100/00000000
010100000000

0110/00000000
0111]00000000

Data Memory

i281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100) 00000000

00110000) 00000001

10001100| 00000000

CMP A, D

OpCode

11010011 00000000

11110010/ 00000011

01000100) 00000000

01010000| 00000001

11100000/11111011

10100100 00000010

Code Memory

Decoder

cxl lcq lcm

Registers

A 100000001

SUB/CMP

\U O wp

L

1014

Flags

|0 01 OI

set negative flag

1015

1017

B
c Cil c7 fen ALU
o [t | N
[ _
1” I Switeh
witches
Ude(;te 1 @
Logic 0

0000
0001
0010
0011
0 0100
0101
0110
0111

00000101

00000000

00000000

00000000

00000000

00000000

00000000

00000000

Data Memory

i281 CPU



I

1014

Flags

CMP A, D
100000 00110100{ 00000000
100001 00110000 00000001
100010[ 10001100] 00000000 OpCode
100011[ 11010011| 00000000 Decoder C1 € C3C4C5C6 C
100100[11110010| 00000011 1 1 1 l 1 1
100101[ 01000100] 00000000
100110[ 01010000[ 00000001 001001
100111 11100000/ 11111011
101000[10100100] 00000010
Code Memory
Cgl lc<; lcm
Registers &
lC5 c121 c13
A 00000001 A I\
B
C
B |oo000000 D
c6| |c7 ALU
C 00000000 Al 1011
B
: N
D |oo000101 D
¢
102 103 Switeh
witches
PC 1 PC
Update
. |100011|
Logic 0

|0 0_(120'

The only effect
of this operation

&
(e}
—_
W

\_/7

1016

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

0111/00000000

Data Memory

i281 CPU






I

BRG End
100000{ 00110100] 00000000
100001] 00110000/ 00000001
100010[ 10001100] 00000000 OpCode
100011[11010011]| 00000000 Decoder C1C2C3€4C5C C
100100[ 11110010] 00000011 1 1 1 l 1 1
100101[01000100]/ 00000000
100110[ 01010000[ 00000001 001000
100111[11100000[ 11111011
101000 10100100] 00000010
Code Memory
cxl lcq lcm
Registers &
lC5 c1zl c13
1 A loooooooz A
B
C
B |oooo0000 D
co| Icr ALU
C 00000000 Al 1011
B
c .
5 D |ooooo0101 D
¢
© = Switch
witches
PC 1 PC
Update
Log [100100] branch not taken:
ogic 0 PC=PC+1

1017

0000
0001
0010
0011
0100
0101
0110
0111

00000101

00000000

00000000

00000000

00000000

00000000

00000000

00000000

Data Memory

i281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

BRG End

OpCode
Decoder

cxl lcq lclo

Registers

A |ooo00110
B |oooo0000

\Unw;»

A4 ALU
c 4 for
B h
5 |o e |
0
N e Swich
PC 1 5C witches
Update
L%gic 0 [100100] branch taken:
PC=PC+1+Offset

1017

0000
0001
0010
0011
0100
0101
0110

00000101

00000000

00000000

00000000

00000000

00000000

00000000

011100000000

Data Memory

i281 CPU






I

(equivalent to B=B+A )

ADD B, A
100000 00110100{ 00000000
100001 00110000 00000001
100010[ 10001100] 00000000 OpCode
100011[ 11010011 00000000 Decoder C1 €2 C3 C4 €5 Cg €
100100[11110010| 00000011 1 1 1 l 1 1
100101 01000100 00000000
100110[ 01010000[ 00000001 001010
100111 11100000/ 11111011
101000[10100100] 00000010
Code Memory
Cgl 109 1c10
Registers &
lC5 c121 c13
A |00000001 A
B
C
B |oo000000 D
co| Icr ALU
C 00000000 Al 1011
B
: N
D |oo000101 D
¢
102 103 Switeh
witches
PC 1 PC
Update
. |100011|
Logic 0

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

0111/00000000

Data Memory

i281 CPU



I

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100) 00000000

00110000) 00000001

10001100| 00000000

ADD B, A

OpCode

11010011]00000000

11110010/ 00000011

01000100| 00000000

01010000| 00000001

11100000/11111011

10100100 00000010

Code Memory

Decoder

(equivalent to B=B+A )

cxl 109 1c10

Registers

10 (add)

cs ci2| e
A [ooooooor 1
[eooo0oa] A 00000000 I\l
C
e
00000001
¢} |e7 ALU
¢ [rommonnd] fen
B
p [rzomoed] |5
[
e l Suicn
witches
e | . e
paate 100011
Logic 0 |—|

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

0111]00000000

Data Memory

i281 CPU



I

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100) 00000000

00110000) 00000001

10001100| 00000000

ADD B, A

OpCode

11010011]00000000

11110010/ 00000011

01000100| 00000000

01010000| 00000001

11100000/11111011

10100100 00000010

Code Memory

Decoder

(equivalent to B=B+A )

cxl 109 1c10

Registers

10 (add)

cs ci2| e
A [ooooooor 1
[eooo0oa] A 00000000 I\l
C
e
00000001
¢} |e7 ALU
¢ [rommonnd] fen
B
p [rzomoed] |5
[
e l Suicn
witches
e | . e
paate 100011
Logic 0 |—|

1017

Jois
lﬁ

0000
0001
0010
0011
0100
0101
0110
0111

00000101

00000000

00000000

00000000

00000000

00000000

00000000

00000000

Data Memory

i281 CPU



I

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100) 00000000

00110000) 00000001

10001100| 00000000

ADD B, A

OpCode

11010011]00000000

11110010/ 00000011

01000100| 00000000

01010000| 00000001

11100000/11111011

10100100 00000010

Code Memory

Decoder

(equivalent to B=B+A )

cxl 109 1c10

Registers

10 (add)

cs ci2| e
A [oooooos] PR 0000000 I{
C
s[] [
00000001
Col |c
¢ oo [ oo MY
B
p o] |;
[
e | S
F)(: 1 F)(: witches
Update 100011
Logic 0 |—|

1017

Jois
lﬁ

0000
0001
0010
0011
0100
0101
0110
0111

00000101

00000000

00000000

00000000

00000000

00000000

00000000

00000000

Data Memory

i281 CPU



I

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

ADD B, A

(equivalent to B=B+A )

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

081 109 1c10

Registers

set the flags

10 (add)

Flags

|0 00 0|

Cs ci2| |cis
A [oooooos] PR 0000000 I{
s |
00000001
S N AL
B
S rrmm |
@
102 103 .
PC 1 5C Switches
UL%dg?:;e - [1oo011]

Jois
lﬁ

1Cn 1

0000100000101

00000000
00000000
00000000
00000000
00000000
00000000
00000000

0001
0010
0011
0100
0101

0110
0111

Data Memory

i281 CPU



For more examples
try the 1281 simulator



i281 Simulator

Current Instruction: LOADI A, O i281 CPU Running: BubbleSort
[—— - p— P———
- 3 2 BHEE
100000 [0011 | Opcode Control - b— - b
100001 | 1000110000001000 Decoder [ | €1 €2 €1 €4 C5 €6 5 €y Cg €1gCy) €y €13 €1y €45 €1 €7 Cp |
100010 [0011010000000000
100011 [1101001100000000 lllllllllllll‘llll 00 00000000 ©00O0O0O0OGOO
100100 [1111001100001110 0010000001 0000T100°0
100101 [1000110000001000 ]
100110 [0110110000000000 ¢ 1 lc" lc“‘ o
—] 100111 [1101011100000000
- c Speed:50
101000 [1111001100001000 Registers co | Jes 1 4
101001 [1001100100000000 Flags -
101010 [100111010000000% ] A[coo00000 N m Auto Mode on Show Description
101011 | 1101111000000000 c Game Mode on Show Bus Width
101100 [1111001100000010 b
[1111001100000010 | cis : ; v T
101101 [1011110100000000 ] B[G0000000 . Register View [ Syntax Highlighting
101110 [1011100100000001 R . ¢ 1 Start PC @ 32 [ Show Data Path
7 . 0
101111 [0101010000000001 “
Stop At End % Show Control Path
110000 [1110000011110100 C [cecooooo d
110001 [0101000000000001 A 1
17
110010 [1110000011101110 c
110011 [0000000000000000 DI33353500 o oooo [(00000111
110100 [0000000000000000 o001 [oooooo1y
110101 [0000000000000000 o010 [Tooooooro
110110 [0000000000000000 0011 [oooooooy
110111 [0000000000000000 yS Cie o100 [ooooo1io
111000 [0000000000000000 > o101 [ooooo100
111001 [0000000000000000 o110 [ooooo101
111010 [0000000000000000 . 1 0111 [00001000
111011 [0000000000000000 : : 1 1000 [L00000111
111100 [0000000000000000 — PC : 1001 [00000000
111101 [0000000000000000 Update 1010 [C00000000
111110 [0000000000000000 | Logic 7 1011 [Co0oo0000
111111 [0000000000000000 1100 [00000000
. 1101 [00000000
Instruction Memory IZ] : 2
1110 [[00000000
1111 [o0000000
Data Memory

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



Questions?



THE END



