
#include<stdio.h>
#include<stdlib.h>
int main(){
printf("Learning is fun with Arif\n");
exit(0);

}

global main
SECTION .data   

msg: db "Learning is fun with Arif", 0Ah, 0h
len_msg: equ $ - msg

SECTION .text   
main:      

mov rax,1      
mov rdi,1       
mov rsi,msg
mov rdx,len_msg
syscall
mov rax,60      
mov rdi,0      
syscall

0:  b8 01 00 00 00       
5:  bf 01 00 00 00       
a:  48 be 00 00 00 00 00 
11: 00 00 00   
14: ba 1b 00 00 00       
19: 0f 05 
1b: b8 3c 00 00 00       
20: bf 00 00 00 00 
25: 0f 05

Instructor: Muhammad Arif Butt, Ph.D.

Slides of first half of the course are adapted from:
https://www.nand2tetris.org
Download s/w tools required for first half of the course from the following link:
https://drive.google.com/file/d/0B9c0BdDJz6XpZUh3X2dPR1o0MUE/view
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Solution: multiplex, using an instruction register

program

Memory

data

ALU

instruction	
register

data	
address

fetch /
execute
bit

mux

instruction

instruction	
address

Memory	
address	

input	

control	bus

address	bus

Memory	
output

address	bus (data	flows	not	shown,	to	minimize	clutter)

load	
on	
fetch

instruction

data
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Interactive simulation (using Xor as an example)

Simulation process:
• Load the HDL file into the hardware simulator
• Enter values (0’s and 1’s) into the chip’s input pins (e.g.  a and b)
• Evaluate the chip’s logic
• Inspect the resulting values of:

q Output pins (e.g.  out) 
q Internal pins (e.g.  nota, notb, aAndNotb, notaAndb)

a

Not

Not

And

And

Or

b

out
nota

notb aAndNotb

notaAndb

Xor.hdl
CHIP Xor {

IN a, b;
OUT out;

PARTS:
Not (in=a, out=nota);
Not (in=b, out=notb);
And (a=a, b=notb, out=aAndNotb);
And (a=nota, b=b, out=notaAndb);
Or (a=aAndNotb, b=notaAndb, out=out);

}

CHIP Xor {
IN a, b;
OUT out;
PARTS:
Not(in=a, out=nota);
Not(in=b, out=notb);
And(a=nota, b=b, out=w1);
And(a=a, b=notb, out=w2);
Or(a=w1, b=w2, out=out);

}

@R1
D=M
@temp
M=D

0000000000000001

1111110000010000

0000000000010000

1110001100001000

Lecture # 13-14
Design of ALU

Digital Logic Design

https://www.nand2tetris.org/
https://drive.google.com/file/d/0B9c0BdDJz6XpZUh3X2dPR1o0MUE/view


• Class Quiz
• Components of a Computer System
• Design of ALU
• The Hack ALU
• The Hack ALU Operations
• Design of Hack ALU
• HDL of Hack ALU
• Verifying the ALU chip on H/W Simulator
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Today’s Agenda

Instructor: Muhammad Arif Butt, Ph.D.



3Instructor: Muhammad Arif Butt, Ph.D.

CHIP BitLU {  

IN a, b, sel;  

OUT out;

PARTS:

And(a=a, b=b, out=andOut);  

Or(a=a, b=b, out=orOut);

Mux (a=andOut, b=orOut, sel=sel, out=out);

}

0 0 0 0
0 1 0 0
1 0 0 0
1 1 0 1
0 0 1 0
0 1 1 1
1 0 1 1
1 1 1 1

When sel==1  
Operation = OR

BitLU.hdl

When sel==0
Operation = AND

Arithmetic Logic Unit

a b sel out
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Single Bit Logic Unit Demo

Instructor: Muhammad Arif Butt, Ph.D.

Demo
Hardware Simulator

Interactive Testing
08/BitLU.hdl



5Instructor: Muhammad Arif Butt, Ph.D.

CHIP BitALU {   
IN a, b, cin, sel[2];  
OUT out, cout;
PARTS:
//write your code here

}

BitALU.hdl

Class Quiz: 1-Bit ALU

Figure C.5.6 shows a 1-bit ALU derived by combining the adder with the earlier 
components. Sometimes designers also want the ALU to perform a few more sim-
ple operations, such as generating 0. The easiest way to add an operation is to 
expand the multiplexor controlled by the Operation line and, for this example, to 
connect 0 directly to the new input of that expanded multiplexor.

 C.5 Constructing a Basic Arithmetic Logic Unit  C-29

a

b

CarryIn

CarryOut

Operation

1

0

21

Result

FIGURE C.5.6 A 1-bit ALU that performs AND, OR, and addition (see Figure C.5.5).

A 32-Bit ALU
Now that we have completed the 1-bit ALU, the full 32-bit ALU is created by con-
necting adjacent “black boxes.” Using xi to mean the ith bit of x, Fig ure C.5.7 shows 
a 32-bit ALU. Just as a single stone can cause ripples to radiate to the shores of a 
quiet lake, a single carry out of the least signifi cant bit (Result0) can ripple all the 
way through the adder, causing a carry out of the most signifi cant bit (Result31). 
Hence, the adder created by directly linking the carries of 1-bit adders is called a 
ripple carry adder. We’ll see a faster way to connect the 1-bit adders starting on 
page C-38.

Subtraction is the same as adding the negative version of an operand, and this 
is how adders perform subtraction. Recall that the shortcut for negating a two’s 
complement number is to invert each bit (sometimes called the one’s complement) 
and then add 1. To invert each bit, we simply add a 2:1 multiplexor that chooses 
between b and  

__
 b , as Figure C.5.8 shows.

Suppose we connect 32 of these 1-bit ALUs, as we did in Figure C.5.7. The added 
multiplexor gives the option of b or its inverted value, depending on Bin vert, but 

AppendixC-9780123747501.indd   29AppendixC-9780123747501.indd   29 26/07/11   6:28 PM26/07/11   6:28 PM

out

cout

cin
sel



6

Single Bit ALU Demo

Instructor: Muhammad Arif Butt, Ph.D.

Demo
Hardware Simulator

Interactive Testing
08/BitALU.hdl
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The Computer System

Instructor: Muhammad Arif Butt, Ph.D.

ALU

Computer System

memory

Memory CPU

CU

outputintput

Registers
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Design of 
Arithmetic Logic Unit

Instructor: Muhammad Arif Butt, Ph.D.
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The Arithmetic Logical Unit

Instructor: Muhammad Arif Butt, Ph.D.
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The Arithmetic Logical Unit 

ALU
f (input1,	input2)

input1

input2

f

f : one out of a family of 
pre-defined arithmetic 
and logical functions 

The ALU computes a 
function on the two inputs, 
and outputs the result

q Arithmetic functions: integer addition, multiplication, division, ...
q logical functions: And, Or, Xor, …

Which functions should the ALU perform?
A hardware / software tradeoff. 
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The Hack ALU

Instructor: Muhammad Arif Butt, Ph.D.

out
0
1
-1
x
y

! x
! y
-x
-y
x+1
y+1
x-1
y-1
x+y
x-y
y-x
x&y
x |y
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The Hack ALU operation
pre-setting
the	x input

pre-setting
the	y input

selecting	between	
computing	+ or	&

post-setting	
the	output

Resulting
ALU	output

zx nx zy ny f no out

 if zx
then
x=0

 if nx
 then
x=!x

 if zy
then
y=0

 if ny
 then
y=!y

 if f
 then out=x+y
else out=x&y 

if no
then
out=!out out(x,y)=

zx no

zr

nx zy ny f

ALU

ng

16 bits

16 bits

x

y 16 bits
out



11

The Hack ALU (cont…)

Instructor: Muhammad Arif Butt, Ph.D.
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The Hack ALU operation
pre-setting
the	x input

pre-setting
the	y input

selecting	between	
computing	+ or	&

post-setting	
the	output

Resulting
ALU	output

zx nx zy ny f no out

 if zx
then
x=0

 if nx
 then
x=!x

 if zy
then
y=0

 if ny
 then
y=!y

 if f
 then out=x+y
else out=x&y 

if no
then
out=!out out(x,y)=

zx no

zr

nx zy ny f

ALU

ng

16 bits

16 bits

x

y 16 bits
out

zx nx zy ny f no out
1 0 1 0 1 0 0
1 1 1 1 1 1 1
1 1 1 0 1 0 -1
0 0 1 1 0 0 x
1 1 0 0 0 0 y
0 0 1 1 0 1 ! x
1 1 0 0 0 1 ! y
0 0 1 1 1 1 - x
1 1 0 0 1 1 - y
0 1 1 1 1 1 x+1
1 1 0 1 1 1 y+1
0 0 1 1 1 0 x-1
1 1 0 0 1 0 y-1
0 0 0 0 1 0 x+y
0 1 0 0 1 1 x-y
0 0 0 1 1 1 y-x
0 0 0 0 0 0 x&y
0 1 0 1 0 1 x | y
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The Hack ALU operation
pre-setting
the	x input

pre-setting
the	y input

selecting	between	
computing	+ or	&

post-setting	
the	output

Resulting
ALU	output

zx nx zy ny f no out

 if zx
then
x=0

 if nx
 then
x=!x

 if zy
then
y=0

 if ny
 then
y=!y

 if f
 then out=x+y
else out=x&y 

if no
then
out=!out out(x,y)=

zx no

zr

nx zy ny f

ALU

ng

16 bits

16 bits

x

y 16 bits
out
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The Hack ALU Operation

Instructor: Muhammad Arif Butt, Ph.D.

Pre-setting  the x input Pre-setting  the y input Selecting op
+ or &

Post-setting
o/p

ALU
output

zx nx zy ny f no out

i f zx
then

x=0

i f nx
then

x=!x

i f zy
then

y=0

i f ny
then

y=!y

i f f
then

out=x+y
else

out=x&y

i f  no  
then

out=!out

out(x,y)
= out

out = f(control bits, x, y)
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The Hack ALU Operation

Instructor: Muhammad Arif Butt, Ph.D.

pre-setting  
the x input

pre-setting  
the y input

selecting between  
computing + or &

post-setting  
the output

Resulting  
ALU output

zx nx zy ny f no out
i f zx  
then  
x=0

i f nx  
then  
x=!x

i f zy  
then  
y=0

i f ny  
then  
y=!y

i f f
then out=x+y  
else out=x&y

i f  no  
then  
out=!out out (x ,y )=

1 0 1 0 1 0 0
1 1 1 1 1 1 1
1 1 1 0 1 0 -1
0 0 1 1 0 0 x
1 1 0 0 0 0 y
0 0 1 1 0 1 ! x
1 1 0 0 0 1 ! y
0 0 1 1 1 1 -x
1 1 0 0 1 1 -y
0 1 1 1 1 1 x+1
1 1 0 1 1 1 y+1
0 0 1 1 1 0 x-1
1 1 0 0 1 0 y-1
0 0 0 0 1 0 x+y
0 1 0 0 1 1 x-y
0 0 0 1 1 1 y-x
0 0 0 0 0 0 x&y
0 1 0 1 0 1 x |y
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How the ALU Perform

!x

Instructor: Muhammad Arif Butt, Ph.D.
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pre-setting  
the x input

pre-setting  
the y input

selecting between  
computing + or &

post-setting  
the output

Resulting  
ALU output

zx nx zy ny f no out
i f zx  
then  
x=0

i f nx  
then  
x=!x

i f zy  
then  
y=0

i f ny  
then  
y=!y

i f f
then out=x+y  
else out=x&y

i f  no  
then  
out=!out out (x ,y )=

1 0 1 0 1 0 0
1 1 1 1 1 1 1
1 1 1 0 1 0 -1
0 0 1 1 0 0 x
1 1 0 0 0 0 y
0 0 1 1 0 1 ! x
1 1 0 0 0 1 ! y
0 0 1 1 1 1 -x
1 1 0 0 1 1 -y
0 1 1 1 1 1 x+1
1 1 0 1 1 1 y+1
0 0 1 1 1 0 x-1
1 1 0 0 1 0 y-1
0 0 0 0 1 0 x+y
0 1 0 0 1 1 x-y
0 0 0 1 1 1 y-x
0 0 0 0 0 0 x&y
0 1 0 1 0 1 x |y

Example: compute !x

x:      1 1 0 0
y:      1 0 1 1
Following Pre Setting
x:       1 1 0 0
y:       1 1 1 1
Computation and post setting
x&y:      1 1 0 0
!(x&y):   0 0 1 1  

The Hack ALU Operation: (!x)
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How the ALU Perform

y - x

Instructor: Muhammad Arif Butt, Ph.D.
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pre-setting  
the x input

pre-setting  
the y input

selecting between  
computing + or &

post-setting  
the output

Resulting  
ALU output

zx nx zy ny f no out
i f zx  
then  
x=0

i f nx  
then  
x=!x

i f zy  
then  
y=0

i f ny  
then  
y=!y

i f f
then out=x+y  
else out=x&y

i f  no  
then  
out=!out out (x ,y )=

1 0 1 0 1 0 0
1 1 1 1 1 1 1
1 1 1 0 1 0 -1
0 0 1 1 0 0 x
1 1 0 0 0 0 y
0 0 1 1 0 1 ! x
1 1 0 0 0 1 ! y
0 0 1 1 1 1 -x
1 1 0 0 1 1 -y
0 1 1 1 1 1 x+1
1 1 0 1 1 1 y+1
0 0 1 1 1 0 x-1
1 1 0 0 1 0 y-1
0 0 0 0 1 0 x+y
0 1 0 0 1 1 x-y
0 0 0 1 1 1 y-x
0 0 0 0 0 0 x&y
0 1 0 1 0 1 x |y

Example: compute y-x

x: 0 0 1 0 (2)
y: 0 1 1 1 (7)

Following pre-setting:

x: 0 0 1 0
y: 1 0 0 0

Computation and post-setting:

(x+y:       1 0 1 0
!(x+y):      0 1 0 1  (5)

The Hack ALU Operation: (y-x)
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How the ALU Perform

x - y

Instructor: Muhammad Arif Butt, Ph.D.
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pre-setting  
the x input

pre-setting  
the y input

selecting between  
computing + or &

post-setting  
the output

Resulting  
ALU output

zx nx zy ny f no out
i f zx  
then  
x=0

i f nx  
then  
x=!x

i f zy  
then  
y=0

i f ny  
then  
y=!y

i f f
then out=x+y  
else out=x&y

i f  no  
then  
out=!out out (x ,y )=

1 0 1 0 1 0 0
1 1 1 1 1 1 1
1 1 1 0 1 0 -1
0 0 1 1 0 0 x
1 1 0 0 0 0 y
0 0 1 1 0 1 ! x
1 1 0 0 0 1 ! y
0 0 1 1 1 1 -x
1 1 0 0 1 1 -y
0 1 1 1 1 1 x+1
1 1 0 1 1 1 y+1
0 0 1 1 1 0 x-1
1 1 0 0 1 0 y-1
0 0 0 0 1 0 x+y
0 1 0 0 1 1 x-y
0 0 0 1 1 1 y-x
0 0 0 0 0 0 x&y
0 1 0 1 0 1 x |y

Example: compute x-y

x: 0 1 0 1 (5)
y: 0 0 1 1 (3)

Following pre-setting:

x: 1 0 1 0
y: 0 0 1 1

Computation and post-setting:

(x+y):   1 1 0 1
!(x+y):   0 0 1 0  (2)

The Hack ALU Operation: (x-y)
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The Hack ALU Output Control Bits 

Instructor: Muhammad Arif Butt, Ph.D.
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The Hack ALU output control bits
zx no

zr

nx zy ny f

ALU

ng

16 bits

16 bits

x

y 16 bits
out

if (out == 0) then zr = 1, else zr = 0

if (out < 0)  then ng = 1, else ng = 0

These two control bits will come into play when we build the 
complete computer’s architecture.

• These two control bits will come into play when we build the  complete 
computer’s architecture

i f (out == 0)then
zr =  1

else 
zr = 0

i f (out < 0)then
ng =  1

else 
ng = 0
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Perspective

Instructor: Muhammad Arif Butt, Ph.D.

The Hack ALU is:
• Simple
• Elegant
• To implement this ALU, you only need to 

know how to:
• Set a 16-bit value to 0000000000000000
• Set a 16-bit value to 1111111111111111
• Negate a 16-bit value (bit-wise)
• Compute plus or And on two 16-bit values  
That’s it!

“Simplicity is the ultimate sophistication.”
― Leonardo da Vinci
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Writing HDL for Hack ALU - I

Instructor: Muhammad Arif Butt, Ph.D.

/**The ALU computes one of the following 18 functions:

* x+y, x-y, y-x, 0, 1, -1, x, y, -x, -y, !x, !y,

* x+1, y+1, x-1, y-1, x&y, x|y on two 16-bit inputs,

* according to 6 input bits denoted zx,nx,zy,ny,f,no;

* In addition, the ALU computes two 1-bit outputs:

* if ALU output == 0, zr is set to 1; otherwise zr is set to 0;

* if ALU output<0, ng is set to 1; otherwise ng is set to 0;

*/

ALU.hdl
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Writing HDL for Hack ALU - II

Instructor: Muhammad Arif Butt, Ph.D.

// Implementation: 

// if (zx == 1) set x = 0 // zero the x input

// if (nx == 1) set x = !x // negate the x input

// if (zy == 1) set y = 0 // zero the y input 

// if (ny == 1) set y = !y // negate the y input

// if (f == 1) set out = x + y //2's complement addition

// if (f == 0) set out = x & y // bitwise and

// if (no == 1) set out = !out // negate the out output

// if (out == 0) set zr = 1     // set zr output bit to 1

// if (out < 0) set ng = 1      // set ng output bit to 1

ALU.hdl
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Writing HDL for Hack ALU - III

Instructor: Muhammad Arif Butt, Ph.D.

CHIP ALU {
IN  x[16], y[16], zx, nx, zy, ny, f, no; 
OUT  out[16], zr, ng; 
PARTS:

//if (zx == 1) set x = 0
Mux16(a=x, b=false, sel=zx, out=x1);

//if (zy == 1) set y = 0
Mux16(a=y, b=false, sel=zy, out=y1);

//if (nx == 1) set x = !x
Not16(in=x1, out=notx1);
Mux16(a=x1, b=notx1, sel=nx, out=x2);

//if (ny == 1) set y = !y
Not16(in=y1, out=noty1);
Mux16(a=y1, b=noty1, sel=ny, out=y2);

// if (f == 1) set out = x + y else set out = x & y
Add16(a=x2, b=y2, out=x2Plusy2);
And16(a=x2, b=y2, out=x2Andy2);
Mux16(a=x2Andy2, b=x2Plusy2, sel=f, out=xFuncy);
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Writing HDL for Hack ALU - IV

Instructor: Muhammad Arif Butt, Ph.D.

// if (no == 1) set out = !out
Not16(in=xFuncy, out=notxFuncy);
Mux16(a=xFuncy, b=notxFuncy, sel=no, out=output);

// if (out < 0) set ng = 1     
And16(a=output, b=true, out[15]=ng);

// if (out == 0) set zr = 1 
And16(a=true, b=output, out[0..7]=outlast8);
And16(a=true, b=output, out[8..15]=outfirst8);
Or8Way(in=outlast8, out=Or8Wayoutlast8);
Or8Way(in=outfirst8, out=Or8Wayoutfirst8);
Or(a=Or8Wayoutlast8, b=Or8Wayoutfirst8, out=outputIsNotZero);
Not(in=outputIsNotZero, out=zr);

// out == output
And16(a=true, b=output, out=out); // out = output

}
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ALU  Demo

Instructor: Muhammad Arif Butt, Ph.D.

Demo
Hardware Simulator

Interactive Testing
09/ALU.hdl
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The Hack ALU In Action: Compute y-x

Instructor: Muhammad Arif Butt, Ph.D.
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The Hack ALU in action: compute y-x

Load
tools/builtInChips/ALU.hdl

2. Evaluate
the chip logic

3. Inspect the
ALU outputs

1. Set the ALU’s inputs and control 
bits to some test values
(000111 codes “output y-x”)

The built-in ALU 
implementation has some 

GUI side-effects

Built-in ALU 
implementation
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The Hack ALU In Action: Compute x and y

Instructor: Muhammad Arif Butt, Ph.D.
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The Hack ALU in action: compute x & y

Set the ALU’s inputs and control bits 
to some test values

(000000 codes “compute x&y”)

Inspect the
ALU outputs

Set to binary 
I/O format
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Things To Do

Instructor: Muhammad Arif Butt, Ph.D.

Coming to office hours does NOT mean you are academically week!

• Do lot of practice of different ALU operations
using paper and pencil

• Carry out verification of your paper working and
ensure that the ALU chip that we have designed
today is working correctly. Use the built-in ALU
chip as well as download the HDL of ALU chip
from the course bitbucket repository:

https://github.com/arifpucit/COAL_VLecs

• Whenever there is a confusion, please refer to HDL survival guide
available on

http://www.arifbutt.me

https://github.com/arifpucit/COAL_VLecs
https://bitbucket.org/arifpucit/coal-repo/

