Logistics

- Discord: 95/128 students
- Go to OH and check-in with the TA. This is graded. Deadline: 1/27/25
- 29/128 students
- Pre-project: check the videos posted on Discord -> Announcements
submissions: 48/128 students
- submit at least “Task 17 to get an extension.
- Zybooks: check the instructions on the website
- If you cannot access the textbook yet, please email me
- Average Score 84%
- 119/128 students



Recap

What is a computer?
The goal of this class is to understand how the hardware works
Everything in the computer is ones and zeros (binary)

We can add two binary numbers the same way we add two decimal
numbers



L et's store a
number in

the
computer




Which numbers?

1. Write whole numbers
2. Write integer numbers
3. Write rational numbers Ve

Real Numbers \

Rational Numbers

9.454545...

37; Irrational Numbers

J1o V2
e NE

1.2434871...
Numbers

{1.23...}

You can see references in the notes \\



https://www.mometrix.com/academy/numbers-and-their-classifications/

write izava a line of code to
declaré.a variable varl which can
contain only a whole number
and assign a value to it.

Natural numbers are counting numbers starting
at 1.

Whole numbers are natural numbers together
with O.



write in Java a line of code to
declare a variable varl which can
contain only a whole number
and assign a value to it.

( mT vy 8 ’:—'3_; ) X

Natural numbers are counting numbers starting
at 1.

Whole numbers are natural numbers together
with O.




Where is this store in the computer?

e Memory PARTS OF A COMPUTER

. RAM EXPANSION CARDS MOTHERBOARD CPU COOLER CPU
e Disks n

‘ ety LA ;?12 |
e W, SEER ) O
- \ompurlen cns/
=~ Vg ™

SPEAKERS MONITOR
KEYBOARD




Where exactly?

e BITS — W 1 (&
e Number of bits is always finite




Decimal Binary

0 0
. 1 1

Binary : \ %
3 | 11

in Math: 3 [Joo

vid

infinite numbel® =
6 110
7 111
8 1000
< fjoo1




Binary System

- Base-2 uses powers of 2 for each column
101is: 5

Fours Twos Ones

L, Y :
22. 21 20

1%22 ,\,_ 0%2 ’_l__ 1% 20 5

leftmost bit rightmost bit

Most significant bit | Least significant
(MSB) g bit (LSB)

10



You need to know how to convert from
Binary to decimal and decimal to binary

- 93% of the class already know how to do

this.
- Supplementary material is provided

—




J

. bit

+ nibble

. byte

- half-word

. word

In A Computer

A binary digit (one wire)
4 bits
8 bits
*16 bits (*defined by the CPU)
*32 bits (*defined by the CPU)

—_—

e

12



— Depends on the processor.

— Intel 4004 — 4-bit words

— Intel 8008 — 8-bit words

— Intel 8086, Intel 80286 — 16-bit words

—- Intel 80386, Intel 80486 — 32-bit words

— Intel Pentium — 64-bit bus, 32-bit words —_—

— Intel Core 2 Duo, Intel Core i3/i5/i7 — 64-bit words —=

- Graphics Processors — 128-bit words
S

e Ingeneral, a larger word size is faster, but more expensive
to implement.

13



How Do We Store Numbers?

® Stored using a finite, fixed number of bits
(eg. 64-bits)

® Pad extra digits with leading Os

® A byte representing 4 = 00000100

M



A Byte

- Binary: Each column is worth a power-of-

2
128's 64's 32's 16's 8'Ss 4's 2'S 1's
27 / 26 / 2° / 24/ 2?/ 22/ 21/ 20/
1 0 1 0 1 0 1 1
0 +
128 + + o * 8 * 0 + 2 + 1

32




How many dogs do you see in this
picture?
write your answer in a byte

__4:2_ '
S 3 27 2 @
\

77 2
R 4 ¢ @
o ' &

) ©0 O




What is the largest number we can
write in a byte?

Write your answer in binary

TR



What is the largest number we can
write in a byte?

—

in decimal F b+ woi s
K LU ),

2 L L

- W7f —



ool

ok
00 2000

anwd

©
o XS
1 ©
©
e O
2
©
e 2
1©
€

_,,,,.;@@@H

— -

Reading and writing binary is
difficult for humans



Hex and Octal

- Hexadecimal (base 16) and octal (base 8)

are

Binary

- 1 octal digit =3 @
. bits @

1 hex digit = 4 bits 010
011
100

W

‘\ 101
11N

Octal

0,

» o011 B W DN -

69



Converting to/from Octal

sinarylocta] ©  Group bits into packs of 3 (starting at the right)
000 | 0] « Convert each group to octal
001 | 1
Convert to Octal:
010 | 2
011 | 3 |110111, 6 18
00 | 4 @10000000, —>2°08 (byte)
1010101011100111, (half-
101 2 word)
110 | 6|~
111 | 71—




Converting to/from
Octal

. Group bits into packs of 3 (starting at the right)
. Convert each group to octal

Convert to Octal:

110111, 67,
10000000, 200,
1010101011100111, 125347,

* Unfortunately, octal digits don't line up
with bvtes!

72



Hexadecimal

- Base 16: digits 0-9, then a-f (or A-F)

Binary

Hex

0000
0001
0010
0011
0100
0101
0110

S O &~ WO DN P O

Binary Hex |
1000 8
1001 9

010 | 2 'C
1011 b '
1100 ¢ VL
1101 d 13
1110 e . 147



1. Expand each hexadecimal digit into the
corresponding 4 binary digits:

- /1 2 3 4 A F 0 C
-\ 0001, 0010 0011 0100 1010 1111 OOOO 1100

—_—— —— =



1. Group 4 binary digits from right to left and convert
every nibble to hexadecimal /

— 0001 0010 0011 0100 1010 1111 (3)-99 1100,
- 1 2 3 4 A F 0 C

25



Why
Hexadecimal?

- Dense, easy to type &

. read - &_ﬂibkﬂ&g

2 hex digits = 1 byte

* In in many languages, hex constants start with 0x

Example (Java) :
System.out.println (String.format ("0x308X", 1))

—_—— /

74



Why
Hexadecimal?

- Dense, easy to type &
. read

2 hex digits = 1 byte
- Great constants

Oxdeadbeef

Oxbaadf00d

0x0000000fflce (MS Office)

Oxc00010ff (10S error - overheat)
face:b00c

(part of an IPv6 addr) s



Decimal to/from Octal, Hex

. Possible to go direct, but annoying
. Easier: go to binary, then to
octal/hex

Class Exercise:

Convert the following binary numbers to hex:

//ﬂ—-*)?’ 3 T

00110111
10000000, (byte)
1010101011100111, (half-

Y‘fq\
V L\ /

28



Gradescope Question 2.

Class Exercise:

Convert the following binary numbers to hex:

110111,
10000000,
1010101011100111,

29



Temperature check

How are you feeling?

A. Very confused

B. Need a lot more practice

C. Need a little more practice

D. Just have a couple of questions
E. Feeling good

30



Let's sum
two whole
numbers in

the
computer




Add these two bytes

1 0
+ 1 0

1 0
1 1
°© |

Olo »

0 1
0 0
AN

0
0
Xoo ©

On whiteboard:

« Add using binary (watch for carries)
« The answer should be 1 byte




Add these two bytes - is this the
correct answer in decimal?

1 O
@+10
O O

0 0 0 O
0 0 0 O
oD O O

OOO

0
0
O

i



Intro to the carryout bit

carryout bit 1 result 0111110 1J 010 0 0




You could build your own 4-bit adder

https://www.youtube.com/watch?v=wvJc9CZcvBc 35



https://www.youtube.com/watch?v=wvJc9CZcvBc

Circult Schematic

< 2 ®Co
il . e
= B )/[_/ eS1
i
_&% 2a
7= )Dl__' > #S2
e P |
- DT> *S3
=
e g % ] >——=S4

36




] ~

Simulation Project 1

sim1.pdf ® Q @ M g «~ O @® =& a

Page 1 of 13

using is essentially the same as the digital logic implemented in hardware.

1.1 What You’ll Be Doing \ 09) @l of

¢ You will implement a few individual/gates/as Java classes; these are very
simple, and mostly function as an introduction to how this Java simulation
] works.

e You will implement a 32-bit adder as annthe;\ Java class; it will perform
every step of the addition (column by column) using logical statements -
never addition. The purpose of this part of the projeect is twofold: one,
to give you practice expressing complex conditions as logical statements,
and two, to fully convince you that “dumb” hardware can do everything
required to perform addition.

37



Gradescope Question 3

Show how an 8-bit circuit adds the numbers 15 + 68

Fill in the blanks:

’

carryout bit
D |6—

+

RN

carry
15
683



Temperature check

How are you feeling?

A. Very confused

B. Need a lot more practice

C. Need a little more practice

D. Just have a couple of questions
E. Feeling good

39



Let's store
an INTEGER
number in

the
computer




Which numbers?

2. Write integer numbers
3. Write rational numbers Vs

Real Numbers \

Rational Numbers

9.454545...

Irrational Numbers

Integers are all whole
numbers and their
opposites (negatives), as
well as 0. N

J1o V2
e NE

1.2434871....



https://www.mometrix.com/academy/numbers-and-their-classifications/

write in Java a line of code to
declare a variable varl which
canh contain only an integer

number and assign a value to
it.

AN '\/Ok-Y/L — g/

Integers are all whole numbers and their
opposites (negatives), as well as 0.



Signed vs. Unsigned

_

* Some variables are naturally unsigned
- Memory addresses "~

- Some counters
* Some variables are naturally signed

~ Counters that can go negative
~ Physical properties

~ Differences between addresses

18



Brainstorm

If you were in charge of designing the representation of
negative numbers using only zeros and ones, what would
you do?

1/(0|[1]({0/[1]/0][0]/0]| ==

44



45



Some ways to store negative
numbers

Sign and magnitude —
Biased number
One’s complement

[ ]
[
([
e Two's complement



/Sign Bit (FAIL)

* Idea: Use the most left bit for sign (1=negative)
_ Poooo 0000 0 B

[ loboo 00b1 1
1000 0001 -1

-f—/l::J_//_/
| 00001 O

y Problemsm

- Separate hardware for signed vs. unsigned

— ]

- Separate hardware for add & subtract
- Negative zero ???? (1000 0000




1's Complement (FAIL)

- ldea: Use the top bit for sign (1=negative)

0000 0000 0
0000 0001 1
1111 1110 -1

* Problems:

- The same

ones!



2's Complement

—_—

—

Design to be a real complement system:

(x-X=0

.-._-.__'

X+(-X)=0

b N

e i

l

O

E}
O

|

(SUCCESS!)
4-bi+

1 oy

9

‘ /-/P"'"ﬁ_»

O




2's Complement advantages
- >

e Use the most left bit also can tell the sign
(1=negative)

p—

e \We do not need to build a circuit for subtraction
o X+ (-X) =X-X

-~

e Only one zero (no more negative zero)

e



When we declare and integer
variable, the computer uses two’s
complement representation



4-bit Two’s Complement

+4

Positive 0100

+5
0101




4-bit two’s compleme

Binary Number Unsigned Value Signed Value

0000

_6661A,MWMWN,MJ

0010

0

0

0010

0011

0100

lonlalw|m[Nn] =]

alalw|invin]al

6
8
9

?—l‘—l'—l
IiINI =10

53



we can write with 7 bits using 2’s
complement?

write your answer in binary first and
then in decimal

F
1

Ol
2 -\




Steps to write a positive decimal number
in 2’s complement. —\s,+

1. Convert the decimal number to binary —
2. Pad with zeros to the left
3. Did the number fit? In other words, it is a positive number? MSB =0

55



4-bit integer.

Write the binary representation of 9 in a
8-bit integer.



Steps to write a negative decimal number
in 2’s complement -

1. Convert the decimal number to binary L‘<'?

Pad with zeros to the left

Invert the bits (bitwise negation)
Add 1
Did the number fit? In other words, it is a negative number? MSB = 1

AW N

Ul

57



Example: write -3 in 4-bit 2’s complement

T e

i

|

ih
iTi

Complement: invert bits, add 1.

0011 (3) has complement: (0011) + 1
\oJ (1100 + 1
1101



4-bit integer.

Write the binary representation of -9 in a
8-bit integer.



write with 7 bits using 2’s
complement?

write your answer in binary first and
then in decimal




2's Complement

* Four magic values (no matter how many bits)

0000 _00..00 = O

1111 _11..11 = 1

0111 _11..11 = =D (maxvaue
1000 _00..00] =  (~1)+2lminvaiue)

Memorize thesel



A Note on Terminology

+ 2's Complement is both a format an a process

Write the n-bit 2's complement encoding of X”
means write X, using the 2's complement format

~ “Take the n-bit 2's complement of X" means to negate
X using 2's complement (next slide§\ binan

This distinction will probably be important on
the exam!

62



Taking the 2's Complement

How to negate a number using 2's complement?

———

1. Invert the bits (bitwise negation) ¥~
2. Add 1 -

63



Negating Integers

-n=n%*(-1)

e To negate any number (times -1)
1. flip all the bits
2. add 1

64



Let’s say the following number is an 8-
bit integer. -
Is this a positive or negative numbér?

(L0 J{1 {0 {1 )(0J[0 [0

> NS B




Take the two’s complement of this
number

[0 o)1 [o][ol[0]

Leave your answer in binary



Sigh Extension

* We often want to convert from a small format to a

larger one.
~ This is trivial for positive numbers. All of these

numbers are equal to 6,,:

8-bit. 0000 0110
16'b!t 0000 0000 0000 0110
32-bit

0000 0000 0000 0000 0000 0000 0000 0110



Sigh Extension

* Use sign extension (copy the 1)

All of these numbers are equal to -8,

8-bit 1111 1000
16-bit 1111 1111 1111 1000
32-bit

1111 1111 1111 1111 1111 1111 1111 1000

* This works because of the “subtract from -1"
trick



Sigh Extension

- Generally, to convert a signed integer to a
larger signed integer, simply copy the sign bit
(MSB) into all of the new bits

- Positive numbers get more zeros
- Negative numbers get more ones

69

* This Is called signh extension



What is the output?

int main()

{

int Xx




Why?

int main()

{

int x

Oxftfffffft



Gradescope Question 4

Write the 7-bit 2's complement encoding of the following
numbers. If the number does not fit, explain the range
that can be written with 7 bits:

0

26
-128
-15
236



Let's sum
INTEGER
numbers in

the
computer




Add these two 8-bit integers

=

o
¥ 0
.O

- /

0
1
l

O O
oo =
G O

0
" ] 0
|

O

« Add using binary (watch for carries)
« The answer should be 1 byte

1
1
—0 o
On whiteboard:
: * Represent the three numbers in
@ decimal




Add these two integers - is this
the correct answer in decimal?




Intro to the arithmetic overflow bit

rithmetic
verflow bit
—

T result 011 0J{1/(0 0; 00

carryout bit




Arithmetic Overflow

Adding two positives Adding two negatives Adding positive and negative
May overflow May overflow Cannot overflow
0010 + 0011 = 0101 (ok) 1111 + 1111 = (1)1110 (ok) 1000 + 0111 = 1111 (oK)

2 + 3 = 5O -1+ 1 = -2 8 + 7 = -1

0111 +0001 =000 (overflow) 1000 + #1111 =(1)0111 (overflow) 0010 + 1000 = 1010 (ok)
7+ 1 = -8 8 + -1 =7 2 + -8 = -6

77



Gradescope Question 5

Show how a computer adds adds the 8-bit integers 154 + 188

Fill in the blanks:

- 1 1 T T 1 71 71 ]

carryout bit

+

___overflow bit

RN

carry
154
188



Temperature check

How are you feeling?

A. Very confused

B. Need a lot more practice

C. Need a little more practice

D. Just have a couple of questions
E. Feeling good

79






Unsigned Numbers

® Some types of numbers, such as memory
addresses, will never be negative

® Some programming languages reflect this with
types such as “unsigned int”, which only hold
positive numbers.



Steps to write an Integer numper 1IN N-DIT
2’s complement

1. Does the number fit?
2. Convert the decimal number to binary
3. Pad with zeros to the left

4. If the number is negative

a. Invert the bits
b. Add 1



n-bit Two’s Complement Properties

e Two's complement is a true complement system.
X+ (-X)=0.

e There is one unique zero: a string of all zeroes.
o eg. for n=8, 00000000 is 0

e For n bits, the range is from -(2"")to 2" - 1. .
O eg, for n=8, we can represent values from -128 to +127
O 10000000 is -128, the smallest number that can be represented



n-bit Two’s Complement properties

e The most significant bit holds the sign: a 0 means
positive and a 1 means negative.

e For an n-bitinteger N, we have'-N’=>2"-N. Letn =8
o N=5=0000010T1
o 28-5=100000000 - 00000101 =11111011, which is -5



— The smallest unit of storage; has a value of O or 1.
— The logical unit of 4 bits form a nibble.
— The logical unit of 8 bits form a byte.
— Depends on the processor.
— Intel 4004 — 4-bit words
— Intel 8008 — 8-bit words
— Intel 8086, Intel 80286 — 16-bit words
— Intel 80386, Intel 80486 — 32-bit words
— Intel Pentium — 64-bit bus, 32-bit words
— Intel Core 2 Duo, Intel Core i3/i5/i7 — 64-bit words
— Graphics Processors — 128-bit words
Note: In general, a larger word size is faster, but more expensive to implement.

85



Steps to write an Integer nummper In N-DItT
2’s complement

1. Does the number fit?
2. If the number is negative, ignore the negative sign
for now. Convert the decimal number to binary

3. Pad with zeros to the left

4. If the number is negative

a. flip the bits
b. sum 1 (+1)

Real Numbers

'Rational Numbers .

34 e
2 ~ Integers .

9.454545. 7

g \
2 \/

o /” Numbers N\ 5 |

‘ {01.23..) ‘ |

Natural

. \\ ([Numbers)\ /[ / /

” Irrational

\[ o

V2

T

| Numbers

I

N 1.2434871..



https://www.mometrix.com/academy/numbers-and-their-classifications/

Steps to write a binary integer (N-DIt £'S
complement) as a decimal number

1. If the number is negative
a. flip the bits
b. add 1

2. Convert the binary number to decimal
3. If the number was negative affix the sign



Steps to write an integer number in n-bit
2’s complement

1. Does the number fit?
2. Convert the decimal number to binary
3. Pad with zeros to the left

4. If the number is negative

a. Invert the bits
b. Add 1

88



Steps to write an n-bit 2’s complement
number in decimal form

1. Is the number positive or negative?
2. Positive:
a. Convert the binary number to decimal

2. Negative:

a. Invert the bits

b. Add 1

c. Convert the binary number to decimal
d. Afix the sign

89



Subtraction

How does a computer compute9-67?

90



EXIT POLL
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