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Lecture 1 - Introduction

Bit about C-language Assembly Advantages
· C-structural programming language

· Debugging

· files end in . C
· Performance Tuning

· main function is required · Reverse Engineering
·Must be compiled before they run

· lower level language ,
communicates

Slides 8-10
with assembly and machine code .

· C program, compiler translates to assembly code,

which processor understands as machine code.

· C has effecient compiler
, preferred choice for

system level programming
&

Interesting Notes

· computers can only store numbers in a limited discrete format

·Common problems with integer overflow and float precision

computer arithmetic :

1) Finiteness - Numbers stored using fixed bits

2) Discretess - Operations are restricted to ranges

Memory Matters :

· Memory is not infinite or uniform

1) Cache and RAM - Data is easier for fast access

2) Memory Bugs-Accessing invalid memory
, causes crashes

· (and C ++ does not provide memory protection.

· Memory access Pattern significantly affect performance

Holistic Interview :

HighLevel programming -> Assembly -> Machine Code -> Execution

Memory Access :

· Hierarchical Structure (Cache, RAM)
· speed effeciency



Lecture 2 - Introduction to C Slide 7

Refresher : Life Cycle of a C program

1) write source code in C file

2) Compiling : Translates source code to machine readable instructions

3) Linking : Combine your code with libraries to executable file

4) Execution : Run program as binary on operating system

FromSource to Binary Code

Compilation Phase :

P C A L

M
- - -

#Includes directives converts into
converts combines object files

macros and comments
Assembly Code Assembly

into anto machine executable

code file

Brain Bridge

&
Inside

-
Things

Visible

Read

For Hello : Command (shell captures input
,

writes to Imemory
, triggers program execution

For Hello : Binary (DMA-Direct Memory Access loads

command Binary file into memory for execution)



Course Focus

· Hardware Management : Os prevents misuse , simplify app dev
,manageconcreis

C Refresher

· Strongly Typed Language ,
has strict data type rules

· Basic Data Types:ar
,

int
,

float , double
,

short
, long

Big 4

· strings are arrays of char

· Type casting : int height = 2 ;

float theight = (float) height

Structs :

· A compound datatype for grouping related variables

Access elements using dot operator

EX

Pointers
· variable storing the memory adress of another variable

· Dereference a pointer using *:
*

Ptr = 10 ; assigns 10 to X

· Be carefull, for memory leak

Arrays
· contains multiple elements of same type
· size is specified at decleration
· square brackets for indexing Operators

All derived from C : +, -

,
1
,

*, ++,
-

,

<
, 7

,
11

,
and symbol

- Make sure to cast correctly
with these



Precedence and Associativity

precedence: Determines order of evaluation (Bedmas)

Associativity : Determines order when precedence is equal

Flow Control
-Flow Statements : if

, iflelse , while
,

do
,

for
,
switch/case

- C Does not have boolean types
,

instead O means false
, else true

- Equality is ==

Functions
- use functional decomposition int square (inti) E
- take arguments/return values return i * i ;

- variable declared inside functions 3

have local scope.

Program File Structure

· C-Code files

header files ( . h) - has functions
, prototypes, macros

-use # include
, so files can see each other

-C has a large number of built in library Files ( .
h Files

and compiled code



Lecture 3-Bits and Bytes

Hardware Organization Recap
· Memory is organized hiearchically (registers

, Cache, RAM)
· Instructions and data are fetched from memory to be executed

Bits
· A bit is the smallest unit of data in a computer (represents 0

. 1)
. Bits are building blocks for encoding data (numbers

,
characters

, instructions)
· Bits are easy to implement useing distable elements (0 = low Voltage,

1 = high Voltage)
· Bits enable universal representation for

everything

EX Bits and Binary
2 Bits can represent a combinations

· A bit is one binary digit (o or 1)
00

,
01

,
10 , 11

· Binary can encode numbers:

Text : Each letter A or B is turned into Each bit is a place (23) + (2) + 20

a Series of Bits
in binary system 4 + b + 1 = 5

"A" in Binary : 01000000

Memory
· Memory is structured by Adresses and corresponding data

· Adress : unique location

· Data : Stored information (binary

Data Reperentation and Interpretation

· Binary data represents different types of information based on context.

(could be Numerical
, Alphabetical

, other

Ex
Binary could mean:

010 -> 2

->
Co

. 2
4

Binary and Friends
· Radix (Base) - The base determines the number of unique digits to use.

Binary (base 2) -> 0,1

Decimal (base 10) -> 0
,

1
,

2
, 3. H ,

5
,

6
,

7
, 8

,
9

Hexadecimal (base 16) + 0-9
, A-F



Binary and Friends - Representation

· Each position in a number corresponds to a power of the base

value = do x60 + d
,

xd' + dexb

where di is the digit and 6 is the base.

Conversion of Bases

Ex
Convert loolo oll to decimal (Binary to decimal) Note : I nex digit = 4 bits

(x24 + (x2 + 1x2 + 1x23 + xx2 + (x2

= 603

Ex
convert 30 to Binary (integer to Binary

4
50 ->

2
5

+2 + 2

32 + 16 + 2

=I /0010 in Binary
E

Hexadecimal to decimal

25 B -> decimal

2x16
2

+ 5x16 + 11x160 = 603

E
Binary Fraction to decimal

10 . 0101

(x2 + 0x28 + oxz + (1 + =4) + (0x23) + ((xiY)
= 2. 312S

[ Hexadecimal to BinaryConversion

2F-> Binary

2 in nex = 001 3 IF= 0010II

Fin nex = 111

El convert Binary to Hexadecimal

11 0 11/0 I

HUD Hex = D



Bytes
· A byte is 8 bits

Represents values from :

Binary : 00000000 to IIIIIIII

Decimal : 0 to 25

Hexadecimal : oo to FF

Hexadecimal Representation in C :

· OxFAID37B represents the nex value

· Each digit corresponds to 4 dinary bits

F = III)
,

A = 1010

Byte-Oriented Memory organization
· Each memory has an adress and content

· Pointers : Store memory adresses and have

a specific type associated with them.

Machine Words

· Word Size is the nominal size of an integer-valued data

(determines the size of virtual memory adress space .)

(Typical Values : 32-6iz/64 bit)

EX
· 32 bit system can adress 2 bytes = 4 GB

· 64 bit system supports 26"= 18 exabytes

Data Representation

Note: Even if a variable is undefined

itdakes up the same amount of space

in memory



Strings in C

· Strings are arrays of characters

· Each character is encoded in ASCII (7-bit Standard

· Strings are null terminated

Word Oriented MemoryOrganizations
· A word is a fixed Size unit of data used by a computer (4 bytes on 32 bit)
· Memory is structured in bytes

,
but CPU reas and processes data in words .

· Each byte memory has unique adress

Byte Ordering
· Big Endian : Stores most significant bute (MSB) at smallest adress.

· Little Endian : Stores least Significant byte (LSB) at the smallest adress

Representing Integers
· Integers can be stored in binary

, hexadecimal or decimal

Little Endian : 6D3B00 00 For systems

Big Endian : 00 00 3B6D 3
· Dissasembly is translating machine code into human

readable assembly code.

** A value OXIZAB in little endian

raw memory layout : AB 1200 00

This means least signifigant byte AB comes first



How Memory layout is displayed Representing Pointers
· A pointer stores the memory adress

of a variable

· Different compilers assign diff

locations to objects.

·Representing Strings
· String are array of characters

, represented by 1 byte (4 bits)(ASCII encoding
· Byte ordering doesn't affect strings

Little Endian and Big-Endian Store Numbers

· When a number is stored in memory
, its binary representation

is broken in to bytes (8 bit groups)

* Decimal : 15213- > Binary : 0011 1011 Old 1101

Break into bytes:

First byte : 01101101 -> nex : 6 D Steps in Endian Conversion

: 0011 1011 - nex : 3D
1) Convert to binary

00000000 - 00

00000000 - > 00 2) Break into bytes

Big endian : 00 ou 3B 6D 3) rearrange bytes depending

Little endian : 6D 3B 00 00
on Big Little Endian

storage : 0x16ee631

OX 16ced31d

memories in adress



Lecture 4 - Integers

Quick Recap Xp-points to memory location
*P-points to actual value-Variable like int X

, long y are stored in memory
with specific adresses

Pointers (int *
Xp , long * yp) Stores adress of variaties .

-Ifa starts at an adress 0x100
, next int would stored

next 4 bytes at OX104.

Logical operators

· AND (e) : True if both inputs are 1 (0 and 1 = 0)
· OR (1) : True if at least one input is 1.

· NOT (v) : Inverts the bit 0 to become 1.

· XOR(1) : True if inputs are different

· Note : (1)Means True
,

(0) Means False

· can be represented using switches

Bit Level Operations in C

· c supports bitwise operations to integral datatypes (long
,

int
,

short
,

char)
·

operations are applied bit by bit.

Ex
1)NOX41 : Inverts each bit 0 l 0000 -> 101111110

2)0x69 and Ox3

Logical vs . Bitwise Operations
· Logical operators (10

,
11

, !)
· Treat O as False

,
nonzero as true.

· return o or 1

· Bitwise Operators (2,
1

,

~

, v)
·Operate on the binary level



Unsigned Integers/Encoding Integers
· unsigned integers only represent non-negative numbers
· stored as binary
·Signed integers use sign bit to rep positive/negative

0 : Positive

1 : Negative 3 Two's complement
unsigned : 132U(X)= xi . zi

B2T(x) = - Xm - 1
. 2+ + xi . 2:

· Xi : The bit at position i
· w : Total num of bits

· key idea is representing neg valuesby flipping bits adding
· Different data types have varying ranges , depending on signed/unsigned

Binary Number Property Modular Arithmetic
· Binary Follows base 2 positional system

· Numbers wrap around after
· unsigned : 0 to 2-1
· Signed : -zW-1 to zW- 1

reaching max value (2)

when I have · unsigned Arithmetic
Twos complement

-
neg to pos · operates within 0 to 2 -

· How negative numbers are stored : · Adding/subtracting beyond this

· Flip all bits range, wraps around
· Add I to result

* 3 : 0000010 Signed Arithmetic (Two's complement)
- S : /11/1010 Flip · operates within-cr+

to 2+ -

Add 1 : 11/1101 Add

E
Positive : Gol11011 Ooo - 13213

Negative : 11000100 10010010- -15213

Note : Larger word Sizes allow for

larger ranges

More dits means more range



ShiftingOperations
Left Shift (x << y)
·Moves bits of X to the left byy positions
· Fills right side bits with o

· multiplies the number by 29 (if no overflow
*

Binary : 0010(2)

Shift 2 Left -> 1000 18)

Right Shift (xy) :

· more bits of X to right bya positions

· Logical Shift :

- Fills left bits with 0 1010(2) -> 0010

· Aritmetic Shift :

- Fills left bits with Sign bit 111022- 1111

special case : When the amount K >w /where w is word size

behaviour is undefined in C but usually wraps around K mod W.

Hertshifts RightShift
· moves all bits in binary · moves bits to right by

to left by 3 position n positions

· Fills right with O'S
· Logical fills leftmost bits

with O's

0x(3 -> 1100 0011 -> 00011000 -> OX18 "Arithmetic fills With MSB
For X < 23



Lecture 5-Integer Arithmetic B2U(X) - Unsigned
B2T(x) - Signed

Recap-Numeric Datatypes MSB - MostSignificant fits
· Signed Integers : represent positive/negative values

E*
int (4 bytes) ,

Short (2 bytes)

· unsigned Integers : represent positive values
,
and

** unsigned int(4 bytes)

· Real Numbers :

EX
Floating-point values like float (4 bytes) and double (8 bytes)

ExampleI-
· 8 bit binary : 11111010

· unsigned : B2U = 2 50

· signed : BIT = - 6

Conversion andCasting
·Key Ideas : Bit patterns are the same for both

Signed and unsigned numbers
,

but interpretation varies
.

Mapping Between Signed/unsigned
1

. ) Signed to Unsigned (T2U)
· retain bit pattern , interpret as unsigned

2
.) unsigned toSigned (U2T)
· retain bit pattern , interpret as signed



MappingSigned/unsigned
If you had 4 bits

,
instead of 8,

unsigned values
,

would go up to 15 , (111)
signed values

,
would go from -8 to 7.

**
To find range, use 1111 = -8 (twos compliment ( Neg range : 1000 to 1111 (-8 to -1)

OI11 = 7 (positive Pos range : 0000 to 0111 (0 to 7)

· A large unsigned number maps to a negative
Signed number

Note : largest negative weight in

Signed , becomes largestPositive weight in

unsigned .

Signed vs. Unsigned in C

·Constants by default are signed integers

unless specified with U at end

· Lasting is explicit
, manually done to convert

between signed/unsigned
int tx = (int)ux ; cast Unsigned -> Signed

unsigned uy = (unsigned ty ; last signed -> unsigned

Sign Extension
· extending a smaller integer to a larger type, while preserving its value

· Rule : For signed integers (pos or neg) :

① Extend the MSB to fill extra bits

EX positive number extension :

short value : 15213 -> 00111011 Ollo10/

int value : Extended => 00000000000000 voll1011 /10110/

same applies to negative value



Truncation

· Reducing a larger integer to a smaller

type by dropping the leading bits

· Behaviour is equivalent to taking mod zk of number for unsigned

Summary Expanding/Truncating
· Expanding :

· unsinged : Fills With zeroes

· signed : Extends with the Sign bit

· Truncating :

· unsigned : Drops leading bits
,
mod

· Signed : Similiar to unsigned but reinterprets

Note : If truncation removes bits critical to determining the

value, there will be data loss .

Unsigned Addition
· operates in modular arithmetic :

· Sum is calculated as Xty mod 2
,

where wis bit with
· Tire Sum : Calculated as Xty with wh bits.
·Modular Sum : keeps only the lower white

,
discarding carry bit

Examplea = 11/1
, y = 000l

True Sum : 10000

Modular Sum : 0000 (16 mod24) ?

· wrap around behaviour; if x + y z z
,

sum wraps around X +y-2"
True Sum ; values exceed zW

,
but aren't stored fully

Modular Sum; Ranges from O to 2-1

Overflow when Eve som exceedsw bit range



Two's Coplement Addition
· signed additition works the same as unsigned

at the bit level

· operands are w-bits
· TrueSum is w + / bits

· result is truncated to bits by discard carry

Overflow in Two's complement Addition

· overflow happens when the true sum exceeds the

Signed range (-2" to2 - 1)

· Positive Overflow : X +ys 2"-1
,

wraps around to negative
· Negative overflow : < + y <- Cht

,
wraps to positive

· - x = vX + 1

-
Flip all bits addin

Multiplication Basics
· multiplying two w-bit numbers can produce

a result that requires up to zw bits

· unsigned Multiplication :

o = x - y(z- 1) = 2 - z+
+

· Two's Complement Multiplication :

2 . y ranges from -(p2w-2) to (2 - 1)

Unsigned Multiplication in C

· True product is calculated as :

X . y mod

· The high order bits are discarded.

Signed Multiplication in C

· discards high-order bits but treat numbers as twos complement
· Lower bits are the same for signed and unsigned multiplication at bit level .



Power of 2 Multiplications

· Multiplication by power of I can be done

using left shifts : x . 2 = * < K

E*
x3 = x . 8

(x((b) - (x((3) = X . 24

- shifting is faster than multiplication

Towerof 2 Division
· Division by powers of 2 is performed

Using logical right Shifts ; < = 2
*
= x77K

EX x = 15213

x((1 = 7606

x7 4 = 930



Types of over Flow

· Positive overflow
,

if X >0, 470 and result Xty is negative.

**
x = 01100

y = 00100

x + y = 10000

= - 16

· Negative Overflow
,

happens when two negative numbers are added
,

result becomes

smaller than - 2-1

x = 10100
, y = 1000

( - 1) ( - 1)

- 12 + - 15 = -27

Binary : 100010 -> 0010)
, negative overflow.



Lecture 6/7 Floating Points
·

Floating point numbers represented in the form :

V = ( - 1) xMxzE
· S : Sign bit (0 = Pos

,
1 = neg

·

M : Mantissa (frac part 1
.
0-2

.
0 usually

· Exponents

Normalized Numbers

· E = exp-biased (the exponent is not all 0 or 1's)
· 1 . Frac



Quiz I Study guide

HighLevel programming -> Assembly -> Machine Code -> Execution

Pointers
· variable storing the memory adress of another variable

· Dereference a pointer using *:
*

Ptr = 10 ; assigns 10 to X

· Be carefull, for memory leak

· * P = 20 ; Assignes value to memory location

C Refresh
· Strongly Typed Language ,

has strict data type rules

· Basic Data Types:ar
,

int
,

float , double
,

short
, long

Big 4

· strings are arrays of char

· Type casting : int height = 2 ;

float theight = (float) height

Bits
· A bit is the smallest unit of data in a computer (represents 0

. 1)
. Bits are building blocks for encoding data (numbers

,
characters

, instructions)
· Bits are easy to implement useing distable elements (0 = low Voltage,

1 = high Voltage)
· Bits enable universal representation for

everything

Bits and Binary

· A bit is one binary digit (o or 1)
· Binary can encode numbers:

Each bit is a place (23) + (2) + 20
in binary system 4 + b + 1 = 5

Binary and Friends
· Radix (Base) - The base determines the number of unique digits to use.

Binary (base 2) -> 0,1

Decimal (base 10) -> 0
,

1
,

2
, 3. H ,

5
,

6
,

7
, 8

,
9

Hexadecimal (base 16) + 0-9
, A-F

A = 10
,

B = 11
...

F=G
Always needs to be 16 bits/2betes



Bytes
Short-32 bits

· A byte is 8 bits
long- 69 bits

Represents values from :

Binary : 00000000 to IIIIIIII

Decimal : 0 to 25

Hexadecimal : oo to FF

Hexadecimal Representation in C :

· OxFAID37B represents the nex value

· Each digit corresponds to 4 dinary bits

F = III)
,

A = 1010

Strings in C

· Strings are arrays of characters

· Each character is encoded in ASCII (7-bit Standard

· Strings are null terminated

Byte Ordering
· Big Endian : Stores most significant bute (MSB) at smallest adress.

· Little Endian : Stores least Significant byte (LSB) at the smallest adress

· Indianess : determines how multibyte data is stored in memory

Little Endian and Big-Indian Store Numbers

· When a number is stored in memory
, its binary representat

is broken in to bytes (8 bit groups)

* Decimal : 15213- > Binary : 0011 1011 Old 1101

Break into bytes:

First byte : 01101101 -> nex : 6 D Steps in Endian Conv

: 0011 1011 - nex : 3D
1) Convert to binary

00000000 - 00

00000000 - > 00 2) Break into bytes

Big endian : 00 ou 3B 6D 3) rearrange bytes dependig

Little endian : 6D 3B 0 00
on Big/Little Endian



Bitwise operators,

· AND (e) : True if both inputs are 1 (0 and 1 = 0)
· OR (1) : True if at least one input is 1.

· NOT (v) : Inverts the bit 0 to become 1.

· XOR(1) : True if inputs are different

· Note : (1)Means True
,

(0) Means False

· can be represented using switches

Bit Level Operations in C

· c supports bitwise operations to integral datatypes (long
,

int
,

short
,

char)
·

operations are applied bit by bit.

E*
1) ~OX11 : Inverts each bit 0100000 -> 1011/III

2)0x69 and Ox3

Logical Operations
· Logical operators (10

,
11

, !) -> Use double signs
· Treat O as False

,
nonzero as true.

· return o or 1

· uses ! instead of ~

Unsigned Integers/Encoding Integers
· unsigned integers only represent non-negative numbers
· stored as binary
·Signed integers use sign bit to rep positive/negative

0 : Positive

1 : Negative
Two's complement

unsigned : 132U(X)= xi . zi
B2T(x) = - Xm - 1

. 2+ + xi . 2:
· Xi : The bit at position i
· w : Total num of bits

· key idea is representing neg valuesby flipping bits adding



Binary Number Property Modular Arithmetic
· Binary Follows base 2 positional system

· unsigned : 0 to 2-1
· Numbers wrap around after

· Signed : -zW-1 to zW- 1 reaching max value (2)
when I have

Twos complement
-

neg to pos
· unsigned Arithmetic
· operates within 0 to 2 -

· How negative numbers are stored :

· Flip all bits
· Adding/subtracting beyond this

· Add I to result range, wraps around

* 3 : 0000010

- S : /11/1010 Flip Signed Arithmetic (Two's complement)
Add 1 : 11/1101 Add

· operates within-cr+
to 2+ -

E
Positive : Gol11011 Ooo - 13213

Negative : 11000100 10010010- -15213

Note: Larger word Sizes allow for

larger ranges

More dits means more range



Unit 2



Lecture 9 - Machine Fundamentals

Importance of Machine Code

1) Optimize efficiency ,
understanding how compilers generate Code

2) Analyze run time behaviour
,

see low level execution

3) Improve security, identify vulnerabilities

C
,

Assembly ,
Machine Code High Level C -> Assembly -> Machine

code

starts with high level C-code

· Then compiler translates(to assembly language,

Chuman readable version of machine code)

· Machine Code (Binary) -> Assembly is converted into

Binary machine code executed by CPU.

· Architecture - known as ISA
,

defines parts of processor

needed to write assembly/machine Code

· Micro-architecture - Physical implementation of ISA

Basic CPU Components
· PC (Program Counter) - holds address of next instruction to be executed

, automatically increments

· Registers - Small Fast storage locations
,

used to hold temporary data
. (many diff types)

· Condition Codes (Flags) - Special registers
,

store info on recent arithmetic) logic

Objectfile

Compilation Process
· To convert

. C file to an executable

1)Compilation : Translates C into assembly using GCC

2) Assembly : converts to machine Code

3) Linking : Combines object code with libraries to make executable program



Compiling to Assembly
·

assembly is annotated by passing parameters
, functions

· details Size and data type
,

specifies size in memory

Assembly Operations
· Data transfer : moving data between memory/registers
· Arithmetic Functions : Perform Calculations using data/memory
·Control Transfer : managing flow of execution with in code (branches/conditionist

· Assembler : Translates assembly instructions into binary object code
↑

· Linker : Finalizes creation of an executable

Assembler
· Translates s into . 0

, which is binary
representation of assembly code.

· Includes binary encoding

· Linking , process of creating executable

Assembler/Machine Code Role
· Assembler Role : Translates assembly code into binary Object code

,
this machine code

is what the computer's <pr executes.

·

Machine code: Holds the binary data that instructs the CPU on what to do

thingly optimized for architecture it's meant to irn on

Machine Instruction Ex
-

* dest = t ; stores value +
, designated by dest

Mover % rax
, (yrbx)

Highlightes Storing value from one register ( % rax) into memory
location pointed by"16X.

0x40039e ; 488903

· object code -> disassembled back into assembly code



Registers
, Operands and move

· white side shows full 64 bit Size

%rax is the accumulator register

· Gray part : Shows register 32-bit
,

16-bit,

8 bit.

· Backwards compatability
,

each 32-bit

register

Moving Data

· move : instruction used to more data from one place to another

· could more registers , constants or memory locations

Operand Types
· Immediate : Direct numerical values prefixed with a $ . Constants like

0x400

· Register : Using registers like %rax or % 13 to store/retrieve values

·Memory : Refers to data in memory specified by register.

· Source/Destination .
Source is where it comes from

, Destination is where the

data is moved to

Operand combinations
· Immediate -> register

,
same as assigning constant value to variable t .

· Register -> Register
,

copying one variable to another

· Memory -> memory
,

similiar to dereferencing pointer in C

· Register -> Register ,
Similiar assigning value to a dereferenced pointer in C

Note : Memory -> Memory transfer is not possible
,

first more data from memory to register.

then register to another memory.



Memory Addressing modes

· Normal Addressing
,

register is used to hold the adress
,

of the data in memory. (Notdatar)
· In C

, its dereferencing a pointer to access value it Points to

· Displacement
,

involves register
,

constant
·

Where register contains base memory adress and

constant is an offset added to that adress.

· In C
, its like accessing array element

,
base-start

,
displacement-index

Understanding SwapCC

· RegistersContain addresses
,

which point to a value in memory

·% rax
, ( % rsi)

· Swap() uses registers to temporarily hold values in memory

X ↑ adresses given by %rdi andUsi

takes points to memory
value adress of this and

at this Puts value there

regist er



Lecture 10-Machine Fundamentals

- adresses should always be 64 bits

rax is for returning values

-General Format : DCR6 ,
Ri

, S)

D-displacement,
constant value added to adress

Ro-Base register
,

holds the base memory adress

Ri-Index Register, used to calculate offset from base

S-scale,
multiplier used with Ri

Adress computations

Arithmetic and Logic Operations

·lead SVc
, DSt ; Calculates an adress using given addressing mode

, stores it without

accessing memory
· usefull for complex adresses,

lead / % rdi% Usi
,2) , % rax -> adress = Val in roi + 2

*

val in rsi

· shift operations
,

multiplies register values by

Multiples of two·

· imula-multiplies two integer values

· sala-shift left
, multiplies a value of

I raised to power of shift am t.

Register Usage
· Ardi

, % usi
,

"rox used for function arguments

Note : Compiler transform's statements/expressions
: rax , % rox , %rex used for storing intermediate

results

Compiler uses many instruction combinations.



Lecture 11 - Machines Control

Condition Codes
· condition codes are special single bit flags

,
that

Store the result of arithmetic operations. TheseCodes control

conditional flow
,

like jumps and stuff.

Condition Code Registers

CF (Carry Flag) - Set if there is carry from mst .
used for arithmetic

IF (zero Flag) - Set if result is 0
,

Used for equality Comparisons (X = = 9)

SF (Sign Flag) - Set it result is negative,
used when signed arithmetic

Of (overflow Flag) - Set if two's compliment arithmetic
, signed arithmetic overflow detection

Note : Condition codes are automatically updated after an operation like add a or suba

Explicitly setting condition codes

· cmpa-compares two values by seeing if (a-6) = 0 Capa Yrsi
,

Jordi Cidi-usi)

· testa-Computes bitwise AND (A & B) testa ray %rax

Reading Condition Codes

1) Setting single byte in register

2) Conditional branching (ix instructions)

3) conditional moves (set X instructions)

SetX Instructions
· set X instructions store condition results into a register
· only affects lowest byte of a register

#
Impo Yrsi

,
irdi

Serg % al

movz61 % al
, % eax

if xiy
thenial = 1

,
else =o



Conditional Branches (5x instructions)

· conditional jumps that execute based on condition codes

EX
-

cmparsi ,rdi # compare X
, y

jg greater # jump if X >Y

· JLE joMPS if Xc =Y

Loops
· Loops in Assembly language Control repeated execution of code

using conditional branches (jx instructions

1) Do while Loop

· do while loop executes at least once before checking condition

-
Loop -> copy x to rox

, t = x & 1

j
·Key point : always rung atleast once before

if (x) go to loop.

2) While Loops

· while loops check the condition before running the Loop

· uses jump to middle translation j .

)

3) For Loops
· when you know the amt of times

, you want to loop.

For (initialize ,
test

,
Update



Switch Statements
· Multiple Case Labels -> diff case

,
same

· allow branching execution based on a variable's value
execution

· Fall through behaviour -> next case

· In assembly they are implemented using jump table
· Missing cases ->> unreachable ?

· large Switch statements use a jump table

Approach

1) looks up jump table using X as index

2) jumps directly to case block

3) Executes code for that case

- use jmp * to execute switch case

-

Jump table stores addresses of case labels

↳ · Base adress

· Direct imp adress

· Indirect imp *

-

Case 1 : W = Y * 2 -cases can have identical behaviour
, sharing

·:

mova Yrsi
,

% rax # Y
assembly code

imula rox, % rax #Y * 2

- Each case corresponds to a
.

Lx

ref



Lecture 12 Machine procedures

Mechanisms in procedures
·Passing control-moving from procedure to procedure

· passing data-arguments/return values

· memory management-allocate/deallocate memory during execution

· Machine instruction

implementation-
only uses necessary mechanisms from"86-64

Stack Structure
· stack grows towards lower memory addresses
· RSP register points to top of stack /lowest numerical address

·When data is pushed onto stack
,

usp is decremented to -> Pusha Sic

make room for data at top of stack.

· When data is popped it reads data where rsp points to
-> POPQ Dest

then rsp is incremented

C-Code

· multistore function computesPassing Control multiplication of X/y using mult 2

C-level cod
then stores results in dest Pointer

Assembly code:

Push/POP commands save and restore ex value

Calla 400350 <multi Calls mult 2 function

places return adress than jumps

· callo decreases stack pointer to make space

· caller-prepares function call by pushing to

stack

· callee - executes Stack correctly to ensure

return adress is preserved

1) argumentsSet up in registers
Procedure Data Flow

2) mult is called with I registers
· Registers have first 6 args passed returns in rax

· return values stored in Trax
3) moves result from rax to memory located by

·Stack used for beyond first 6 originalpointer



Stack Discipline
· manage data for limitid time

· Each procedure makes new stack frame

to allow space for its arguments, local variables , pointers

Call Chain Examples

· y00L) -> who() -> amI((

· important for recursive functions

-StackFramesa
Frames :

· return information, return address

· local storage
, procedures using local vars are stored here

· Temporary space, used for temp calculations

· Allocation : When a procedure is called new stack frame is made

includes space for all of the above (push byCall

· Deallocation : Stack frame is removed

· Note : In nested procedure calls
,

a new stack frame
is created for each function. Trsp and % rop gets repointed.

· When procedures return
,

the stack is deallocated

· ret uses return function jump back to caller

Typical x86-64 Stack Frame
&

· currentStack Frame : Contains local variable, parameters for function

· Caller Stack Frame :Consists of return adress and arguments for the function



Register Saving Conventions
·Caller is the function making the call

,
Callee is one being called

· registers can be for temp storage

·Caller saved registers - caller expects may be modified by
the called and saves them if needed before call

· callee saved registers - Callee is responsible for saving/restoring

% USP is special as it points to

top ofStack.

callerSaved (volatile
Callers responsibilityI to save

non votulile

I must be saved

restored

Illustration of Recursion * Results return in %ray

· return (x & 1) + PCount-r(X > 1)

adds the 1S6 of X to result of a reursive

recursive call witha shifted right by 1.

· recursion unwinds
,

modifies gray for return vals

· functions cleans up stack , returns total count of 1 bits

Summary
· Each call has private storage on Stack

including saved register/local variables

· Register Saving conventions
, crucial to ensure no

Overwriting.

· call and return disciplice ,
LIFO

,
if PCalls &

then or must complete and return before P

· Mutual recursion .



Lecture 13-Machine Arrays

One-Dimensional Arrays
· sequence of elements of same type , stored in contigously memory

· 1-D array TA/k]
·

Consists of of a series of data type T
, length L

· Memory allocation would be L * Size of (1) bytes.

#

Char String(12] - 12 bytes

int val[5] - Spans 20 bytes

double a [3] - uses 24 bytes

· Indentifier of an array could be used as pointer

to first element of array. Base adress : A[o]

· type def int zip-dig(s] - defines new type

reps array of s ints

*
· Zip-dig CMU = El

, S
,

3
,

1
, 23 initializes array of type

3

"Zip-dig".

2
· Register % rdi contains starting·

address of array
a Register %rsi contains array index

·
Array loops have incremental each

element
.

Uses imps to add towars

and compares each iteration.

Multi-Dimensional Array
· Declaration : TA[R](c] :

· R Rows
,

C columns

· Type T elements require K bytes

· Array Size : R * C * K bytes

all elements in row
,

stored contigously



Accessing Elements
· To access rows A[i] · For uxn matrixes

, can handle
·Starting address A + i * (c # 1) easier element access

,
dynamic resizing

Based on row index and size of each now

· Address Calculation : A + (i * C + j) * K for
· Fixed 16 by 16 matrix

[i][j] a[i][j] has memory address

A + i * (C *) + j*k
, where c =16

, k= 4

Multi-Level Arrays
·Pointers that point to other arrays
· dynamic/complexds

int * univ (Count] = Smit,
(mu

,
Uc6 3 :

-each element in univ points to another arrag

· Memory Access : involves many dereferencing steps

1) access pointer from base array

2) use pointer to access actual integer



Quiz 2 Prep

· Callee saved registers : "UbX, % Hop ,
" riz

,
his (must save/restore if modified

· caller saved registers : "rax ,
Yrex

,
frox

, (caller assumes will be altered by called

· stack grows from higher memory addresses to lower

· addar - increases stack pointer
,

but moves it up, shrinking overall stack

· suba- decreases stack pointer
,

moves to lower adress
, means stack expansion

· lead is used to compute memory addresses

Q2 Stuff

called saved : rox
, rop,

UR
, His

key adressing modes
caller saved : rax

, rex
,

rox
①value -> value

% register -> value& reg

(/register) -> value & memory adress -> value

4)/ rax) -> adds4 to value in rax
, then use memory adress to find result

(base, % index
, scale) -> base + index * Scale gives address then find value

displacement ("base,
"index, scale) -> address is base + indexscale + displacement

,
use adress to get value

1) 2) addar crox
,

6( % rax
, yusi)

mover 1 ( % rex ,roX
, 8),ed :

- adds oxol to ->

move = more 8 bytes from memory to register 6( % rax
,

Yrsi)

1 (1rcX , % UdX
, 8) = 6(ox 110

, 0x0A)
=Trex + 1 + (yrdx * 8) = 6 + 0x110 + 0x0A

=OXFF + 1 + (0x0) + 8) = 0x120 -> addx

= OXFF + 1 + 0x08 Dest : OX120
,

0x220A + Oxol = OXIZOB

= ox108 -> 0x7011
,

Jest -> irdi

3) Suba-16(rax)
,

%rex 4) lead 0x30(Xrax, %rox
,

8), Usi 5) anda BoxOF
,

(yrax)
dest : " rex

0x110 + 0x0) #8 dest : ox 110
=% rax-16 0x30(0x 118) perform Bitwise AND
= ox110 - 16 dest = rsi

, ox30 + 0x 118

= 0x 100
-> OX0055 OX0144 and OXOOF = 0x0004

= 0x148
ir2X- 0x0053 memory at oxllo is ox on

O XFF-oxOOSS = oXAA



Q2 Practise If operation is in form of :

move > register
,

memory adress Dest = memory
· if register is being modified update register value

address

·
if memory is being modified

, update memory location
add memory ,

"register Dest = Register

move-> Loads from memory -> register or a DOXOF
,

Yrax-Bitwise or with

rax

add a -> adds to memory or register ora $0XOF , (Trax) - Bitwise or with

306 o -> Subtracts from memory or register value in
memora

lead -> compute adress

anda -> Bitwise AND

1) Mova Yrdi
,

1 ( % CX
,

% 00x, 8)

1( % rCx
,

% rdx
, 8) value moved rdi = oxos

= 1 + (0xFF + 0x08)
= 0x108

Dest : 0x108
,

value : 0xo8

3) ora $0XOF , ox 10 (crax)

op ox10 + ox110
4) lead ox30( % vex

,
yrox

, 8), Usi

0000 000 0 000 0 11 ll = 0x120 dest : Yrsi

0010 0010 0000 10100 x 220A value : 0x50 + OXFF + OXol * 8

0010 00100000 111
: 0 x 157

value = OX 22 OF
Computes memory address

Dest : o x 120 -add
2) adda 6(yrax, rsi)

,
%usi

Dest : Yrsi value

value : 6 ( % rax
,

Yrsi)
Memory Address Value

Register
a

0x200 0x0030 0x200

= 6 + 0x110 + 0x02
0x204 0x0040 I

% VbX 0 *S

x18 + add irsivee 1) adda /rox
, 4( % rax)

↳ 0x0oAB + 0 x 02 Dest is a memory address

subtract = 6XOOAD
content is going to berox + 4) % rax)

-~
3) Subayrox

,

- 16 ( % rax) Value = 4 + 0x200 Dest : oxS

dest : - 16 ( % rax) = 0x 204 + %6x

G0x0040 + 0x3-
- 16 + 0x110

= 0x0045

= 0x100 contains Oxoss

OXoosS-Oxo = 0x0054

Dest : 0x100

value : 0x0034



Q2-practise
1) move I( % re

, yrox , 8)
,

irdi

Memory Address content Register
content

Dest : %udi

0 X 100 0 x0030 % raX 0x100
value : OxFF + (exol * 8) + 1

0x104 0x0040 % roX 0x3
: (0x 108 (

0x108 0x0050 I % rcX 0x4 = 0x701/

o x10C 0x0060
% roX GX)

2) adda rox
,

6) % rax
, irsi)

Dest : 0x120 o x110 + oxOA + 6

1) adda % rox
, ( % rax) 3) Subarox

,
8( % rax)

= ox/20

Dest : 0x100 ~ Dest : Oxlos Value : oxol + 0x220A

value : oxsto Val : OX/
= 0x220B

= 0x0033 4) move %ray
,

( % rax)
3) Suba-16( % rax)

,
% rax

2) Move %rCX
, 4 (rax) Dest = 0 X 110

Dest : 0x104 value = oXFF
Dest : YrCX

value : ox110 - Ox10

value : OX4 3) addo $0x03,
( % rax) = 0x100

= 0x00SS
7) lea 12( % rex

,
% rdx

, 4) ,
%ro : value :0xo3 + 0 x110

= OXFF - oXOOSS

12 + OXFF + OXOY
= OX 113

= OXAA
Dest : o x110= C + OXF + 0x04

4) lead 0x30( % rax, rox
,

8)
,

Yusi
= OX IF

Dest: di

6) Suba irsi
,

- 8( % rax) Dest : Yusi

value : o XIF
Dest : 0x108 - 8 - Ox110

value :0x30 + 0x10 + 0x8

= 0x108 = 0x148
8) anda $0xFo, ( % rax) value : 0x701

- oXOA

Dest : Ox 110 3) subar ox10) % rax)
,

Yrsi 7) move 4(Yrax
,

%rex
, 4)

,
% reX

Perform and with
Dest : Yrsi dest : YUCX

value : 0x10 -
110

= Ox110 + 0x04 + 4

& I'll 0000
= OX100

= oX118
= oXoo5S

10001 000 0 = 0x00AB
6) adda (irsi)

,
% rax

00001 0000
="rax

0x02 + 6 X110
value : 0 X 10

= oX 112

o
men matrix : 1280 dytes Elements in Matrices

Sala$6
,

% rdi
,

Shift left rdi (i) by 6 bits Char ACMT (1] - 1 bute

Short ACMJ(N] - 2 byte
↳ % rdi = i x 20

= [x 64

↳ Each row takes up 64 bytes
int ACM](N] - 4 bytes

↳ Each now takes 64 butes
,

each element
double A [M] [N] - 8 bytes

has 4 bytes, = 16 is eachrow long ACMICN] - 8 bytes
has 16 elements

. # Of Cols is 16

molldi
,

yrsi , 4)
,

% eax
,

loading 4 byte (1 = long) element into yeax

2560 bytes
A + (xidi) + (y rsi + 4)

A + 64i + 4 . j #x +di = [xz
= 32i

yeax = A + 64i + 4j + B + 32i + 85

= A + q((6i + j) = B + 8(4i + j)
confirms each row has 16 cols Move B(Yidi , irsi

,
8)

,
% rax

-
> # of bete? per elem

vow size280 = # of rows # of rows
=memory a elem size

N =

Ziemsize

= 20 = = 10
rows = 80

2013 = 4

elem = g



-21280
bytes

num of=memorytalmemoryaelem
rows size

salar $6,rdi # Troi = Shift 26. = 64 : % rdi = i x 2
= 32i

elem size = 4

yeax = A + 32i + 4j
movg A (Yroi, yisi

,
8)

,

yeax #yeax = A + 64i + 85
= A + 4(8i + j)

ret = A + 8(8i + j)

# = 20

longs

are
8

butes:- 20

# of 20ls = g

# of

# of Sizem = 8

Q7 - Interpreting C vs Assembly

C code

long loop-1(long X
, long y)

E

long z = 1 #z is default set to z = 1

While (x <Y) & # condition

2 = 2
* (X + y) # 2 is calculated

, using x and y
,

assigned new val

X = X + 1 # X is incremented

3 2 = 1 x 4

2 = 4, X = 2

return 2 :

3 2 =YS
For X = 1

, y = 3 z = 20 * (6)
z = 120

Note: I does not change
and only is returned once

Assembly code

Loop-1 : # Function name

movi $1
,

% eax rax = z = 1
# moves 1 to yeax register

which holds 2 intially
jmp

.

L2 jump to check condition
#Checks condition

,
due to

while loop behaviour

< L3 :
starting point for loop

lead(Xrdi , <Usi) ,

% 5dX N*x = 2 +y # remember lead just computes
- address

imula %rox
,

%rax rax = z * (X +y) # refresher on imula multiplies signed
numbers #rax = rax #roX

adda $1, rdi rdi = X + 1
# increment X

12 :

Impa Usi
,

% rdi Compare x and y (X-y) # compares values in registers
rsi and rdi and sees if

jle
. 13

X - y = = 0

Loop when X=Y # if X-y10
, jump to 13

,
Je

ret returns function means jump
if less than or

equal to



Q5 - More advanced Translation
AssemblyCode (x in % rdi

,
y inrsi

,

2 in irox)

a Code branchi

long branch (long X
,

long y, long 2)E lead (/rdi ,
<rsi)

,
%rax longual = rax = x + y ~

adda % rox
,

crax longual =. rax = X + y +z ~

long Val = X + y + 2
Impa BS

,

% rdi
If X 15 then jump to 12 or XL5

~
it) X (5 (

* jge
.

L2 3 continue

if) Y < Z S ~

val = X * y ;
cmpa yrox

, yrsi If Y22
,

then jump to 23 or y < Z

else * 592
· L3 3 continue

val = Y * Z ; mova % rd ;
/

% raX rax = X

Selseif(x710 (
imula % usi

,
% rax

rax I X * Y

ret
Val = ** Z

return val ; · L3 :

3 movg

irsi, Ya
longval-y

imvla longual = longual # Z

ret

Impa $8 , rd :

·
L2 :

ige . 12 means If X(8

continue impor $10 , %roi3
If X 110

,
jump to 24 X 710

, continue

order matters in your operand ile .
14

Morg

imvlais Trax else : longua

longual = longual #Z

I · Y



(a in %rdi
,

6 in Yrsi
, C in %rox)

% rax = a + b ~

~
= rax = yrax + C

3
If a < 10

,
the continue

,
else jump to 22

3 If 6 < C
, then continue

,
else jump

to - 13

% rax = a
rax = yrax * b V

return

~
% rax = 6 ~

% rax =Y rax * (

return

x10
?

If a > 13
,

continue
,

else jump to 14

~
% rax = a

#
% rax = %rax * C

return

~
a + b + C

~
ac10

6 C ~

axy-

b +-
as 13
a *C



(X in irdi
, y in rsi)

% eax = 1

Jump to 22 (loop condition)

% rox = X + Y ~

% rax = yrax(X+y) -

~
X = X + 1

compare X and y

loop when XIY

return

2
, 4

I z = 1
,

(x[y)
2 = 1 * (6)

2x(x+ y)
z = 6

X = X+
X = 3

z = 6 x (7)
z = 42

X = 4

z = 42 * (8)

2= 336



Q3/04 Loops

c code Assembly code
(x in xidi

,
y in irsi)

longPogogda
yeax = 1

compare X < Y

loop when X7Y
,

LI

Z = z(x+ y) InsideCop
· 13 : xrdx = X + y

3 crax = = ray * (x + y)
X = x + 1E-return z Condition : x1Y

3
· 12 :

go back up to . 13

ret This is return code or the Stop

condition for the for loop.

C Code Assembly code

long 100p3(long x
, long y)3 Yeax = 1

long z =1
· L3 :

do E % rox = x + Y
z = z

*
(x+ y) rax = 2 *(x+y)

X = X + 1
X = X + 1

3 While (x1y 1 ; compare X and y

return 2 ; Jump to . 23

3 if
X1Y



1) Dest:rdi ~ Add/subtract operations

value : 1 + OXFF + OXOl * 8

: 0x108 -> OXTO11 ~ case I : dest is register Case 2 : Dest is memory

value is addedsubtracted
↓

2) Val : OxOl X to registers content,
Find memory ,

read

stored back
old value

,
addsubtract

Dest : 6 + Ox110 + OXOA content to it and store
-> value FF - 5S = AA

= 0x120 don't add back result

content to adress
I

Cox 120 = 0x220A
addsub value

, register3) Subar-16( % rax)
,

yax Then add
-

Dest : %rCX ~ -XOI Lo
This+- that

that get
Val : -16 + 0x110 ox220B

= 0x100 - OXFF

-
= oXOlx oxooss, FF- SS

= AA

4) leno 0x30(Yrax,
<rox

, 8)
,

usi

Dest : Yrsi ~

val

:
+

Ox0O
"

V-3)
and a $0XOF

,
(Trax)

0x0144

0008 0000 116

0001 0100
0 100

00000000 000

= Oxon -> 0x004 ↓
Ok

Dest : ox110-

-
1) dest :

2) Dest : "rsi 4) Dest : Yusi

Vali ox5o + OXFF + 0x08
val : 0xos val : 6 + Ox100x02

= ox157 ~
&

= ox118
1 + 0xFF + (oxo) +8)
= Ox108

= oxzoll
= OXOOAB

+ 5) Desti Ux0144 + Oxo OX120 -> 0x220A

= OXOOAD
= 0x)54X

Dest : 0x108

Val : o Xog

3) Dest : - 16 + 0x110Dest : = Vali
0000 0008 0000

IIII

= oxooSS 001000100000 1010

OxooSS- OXO

= 0x0034 ~ 001000100000 1

= 0x220F



Unit 3



Lecture IS-Machine Structure

Structure
· a struct in C is a block of memory that contains multiple fields

· Fields are ordered as declared

· compiler determines Size and positions of fields

Memory Alignment
· Aligned memory speeds up access and avoids CPU ineffeciencies

E structs
Char C ; I byte-compiler adds padding to satisfy alignment

inti (2] ; 8 bytes

double v;
8 bytes

3 * P ;

· For primitive datatype requiring K bytes
the adress must be multiple of K (2

, 4
, 8)

Arrays of structures
· When creating an array of structures

,
each structure must be properly aligned

· Each Structure in the array is 98 bytes as compiler adds padding
·Compiler calculates offsets based on alignment

,
alignment affects memory layout

· save space by reordering struct initializers

Unions
· union allows different variables to share same memory (but only one field at a time)

Byte Ordering
- Big Endian (MSB First) 12345678 (sparc)
- Little Endian (LSB First) 78363412

· modern CPU's use little-endian

Floating Point Operations
· FloatingPoint Registers : XMMO to XMMIS (can Store 4 single-pression/2 sp floats)
- FP memory referencing,

arguments passed in regular registers

· FP values passed in XMM registers



Lecture 16 - Digital logic : logic gates

General Intro
· computers are built on multiple abstraction layers

· Highest level (software side)

· Lowest level (hardware side

· Each layer depends on one below it.

· ISA (Instruction Set Archeticture
↓

The set of instructions a CPU understands

· Micro Archetecure -> design of actual CPU that

executes those instructions

· Hardware/software must evolve together
· Digital logic gates dictate limits of hardware design.
~ as transistors shrink

,
we hit physical limits.

· Logic gates (And ,
or , Not) are foundation of binary computation

· CPU's built using millions logic gates are complex Circuits

· effeciency of gates directly impact processor speed and power consumption

Digital Logic Circuits (DLC)

· DLC are built using transistors in chips

· Transistors act as a simple switch that create logic gates (And
,

or
, not

· Boolean expression describe Circuits function

·ComplexCircuits are built usingnetworks of simple logic gates
· all digital devices are built using billions of transistors to form logic gates

Primitive logicFunctions
· logic gates take binary inputs (O or 1) and produce binary output

· gates are represented Using symbols

Truth tables - > all possible input/output combos

boolean expressions -> math version of Logic

1- and

V - or

7 - negation (not)



NAND and NOR Gates

· NAND-Not and
, negates output of A and B

· NOR-Not or
negates output of A or B

· Drawn with Small Circle (inverters at output

· Note : Every other gate can be made using just NANDS

Multiple Input Gates

· Some gates take more than 2 inputs : (a,
6

,
c)

· Nor3 gate outputs 1
, When a

,
b, is 0

.

· more inputs -> more control over logic operations

Bit Adder
· bit adder is a digital circuit used to add binary numbers

a = First bit

· Full adder take 3 inputs
,

two outputs
↓ = second bit

c = carry in (Previous Carry
· Si = a , 06 , 04

31 = Sum bit

-( + 1
= (a , 16 , )v(b, 1x)v(a, 1a) 4H = carry out bit

· if both bits and carry are 1
, results in carry out 1.



Lecture K - Combinational Circuits

Combinational Circuits Overview
·Combinat circuits are IC

,
where output determind by Current input values

· functional specification : describes relationship between inputs and outputs (using boolean expression
· timing specification : defines delays between input changes and outpot updates
· no memory/prev state

· can use diff combinations to get same result

· Single/line means number indicates a bus

Rules of Combinational Circuit Composition
· Circuit is combinational if :

1) Each circuit is itself combinational

2) Each mode in circuit is either input or connected to only one output

3) No Feedback loops

Note: Loops Create Sequential circuits,

which need memory elements,

which is securential logic

How to build combinational circuit

1) create truth table

2) Boolean expressions based on T
.

T

3) Build circuit using logic gates to implement boolean functions

SOP Form

· way to express Goolean functions using Anded
minters that or OR-ed together

· With terms with output as Y = 1 as minterms

EX
Midterms : where y = 1 are

minterm

EX un

M - A 'B
Y = AB + AB

/ : . Y = A'B + AB+ AB

- A B

Means A = 1
,

B = 1
,

or A =o
, B = AB Y = E(mi, m2

, my)



From Logic to Circuits
· any sop equation can be drawn as a circuit

- Steps :

1) Draw input variables

2) Add Not gates for complemented variables

3) And gates For min terms

4) 00 gaze
to combine all minterns.

· Note : Not always easiest Circuit

Boolean Algebra Axioms De Morgan Theorem

· Axioms define how binary variables behave · Helps convert between and and or

operations using inverters (not gates

1 . ) NAND -> OR With inversion

A .B = A + B

↓ Allows us to simplify logical expressions

2
. ) NOR-
>And With inversion

a

-

Simplifying Boolean Expressions
·

goal is to reduce number of terms and logic gates
·Sop expression is minimized

,
with fewest terms

· require fewer logic gates

EX:BC + ABC + ABC + ABC

= BC + ABC + ABC

= Bc() + AB()

= B C + AB



Karnaugh Maps
· Visual for boolean expression

,
best up to a variables

· arranges minterm in grid
· Default Setup :

-comma
1) Find minterms

, put them on grid
2) group adjacentIstogether (grOUp size

,
1
, 2

,4)
(bigger group minimize more terms)

3) Each group is a product term

Don't Care Conditions
·Some inputs do not affect the output
· marked as X

· simplifies logic ,
reduces number of logic gates

· Priority circuit is a combinational circuit
,

determines which input

has highest priority

· only highest priority active input determines output

Multiplexors Introduction
· A multiplexor is a combinational Circuit that selects one of multiple

input signals and forwards it to output
· Uses a select Signal (S) to decide which input to pass

- effeciently control data routing
2 Data inputs Do

, DI Note : Not gate

I select line S
to inverts

output Y

y = Do5 + DiS



4 : 1 Multiplexor *

· 4 data inputs

· 2 select lines (S , So)
· I output (4)

Y = Do 5
,

50 + D
.
5

,
So + 12Si5o + DzS, So

Decoder
· A decoder has N inputs and 2 outputs

· it activates only one output based on binary input

-used in address decoding in memory

-instruction decoding in CPU's

· decoder generates minterms

Enabled Decoder
· Enable (E) input controls decoder activation

· When E = 1
, decoder works normally

· When E = O
,

all outputs are 0.

Timing
· Circuits don't change instantly ,

output has delay for input Change
· measure timing at so % transition point

· Rising edge (Low -> High transition)

· Falling edge (High -> Low transition)

· Propagation delay (Tod) = Maximum time an output takes to stabalize
· Contamination delay (Tedl = Minimum time before any output starts to change
- to calculate Tod and Tod of gates looking into internals

- Delays are caused by charging/discharging capacitance
,

different rise/falling delays
- Critical path :

-theLongest (slowest) Path is the critical path

The Critical path delay determines how fast circuit operates

- shortes path :

-related to contamination delay
,

how fast any change in input start affecting outputs

- Glitches :

- Signal takes multiple paths to output
, temporary incorrect outputs

- to solve glitches
, adding delay buffers or rearranging logic gates

-Faster processors minimize critical path delays



Lecture 18 - Digital Logic ALL

Building Combinational Circuits

· CC produce outputs only based on current inputs

Process :

1) Truth table

2) Boolean Expression

3) Logic Circuit

4) K-map simplify

5) gate optimizationE best timing (fewer gates doesn't directly mean fastest due to prop delays

ALU(Arithmetic Logic Unit)
· type of combinational Circuit that performs arithmetic (add/subtract

,
and

,
or

· Heart of CPU

Full Adder us I bit Adder
· I bit adder computes sum and carry out

· Full adder
,

addsTwo inputs A and B
, carry in

, generates Som and carry out.

· Circuit diagrams use xor gates for Sum.

Carry Propogate Adder
· used for multi bit numbers

· carry out of one stage propogates to next bit

· rippler carry adder (Simpler but Slow
·

carry - lookahead adder (faster) -> pre computes bits (Generates Gi = AiBi
, Pi = Ai + Bi (passes)

· prefix adder (optimized

Comparator
- determines whether two binary numbers are equal or which is larger

- Equality : A = = B

- Magnitude : A B

Shifter
· shifter moves bits left/right

1) Logical Shift :

Fills shifted positions with zeroes

2) Arithmetic Shift : PreservesSign bit (MSB)
3) Rota for



· Decoder - Circuit changes Code to a set of signals

· multiplexor - several inputs to share one device

Multiplier
· multiplication is done using repeated addition and shift operations

Reading ALL
- inputs A

,
B

- operation Selected Using control Signal F2.
- inverter suggests subtraction

Random Notes

· Latch : LevelSensitive (output changes when CIK is at 1)
· Flip-Flops : Edge Triggered (output only changes on a rising eage of <17)



M

Lecture 19-Sequential Logic
· Output depends on both current inputs and past inputs
· uses some kind of memory ,

sequence of inputs -> sequence of outputs

Synchronous data processing
· CLC operations are a synchronous

· Synchronize data transfer / processing by timed registers
-> ensures stabilized input to CLC

· clock period should be greater than th CCC : - ensure valid outpres

Tc > Tpd

period = Tc = Frequency

-updates only on the

clock edge

Bi-Stable Devices

· dirstable device has two stable States
,

switches between them

· remains in one state until external force/energy applied to change it

Cross Coupled Inverter Pair
· CCIP is an electrical circuit exhibits di-stability . (Part of memory circuits)
-Two outputs & and or coutput of

one is input to other

SR Latch
· An SR(Set-Reset) Latch is distable circuit used to store single bit.

· Two inputs S(set)
,

R(Reset)
.

Controls & and

Built using Cross coupled NOR gates

: Avoid State is (S = 1
,

R = 1) Causes Or
,

E to beO



D-Latch
· I latch is modified SR Latch that eliminates invalid States

· Takes in Data (0/1) inpot and Ok input
,

controls when value stored

· latch is level sensitive, Changes stat when signal is High

Level Trigger us Edge Trigger

· level triggered : Enable is High
,

latch continously updates

· Edge triggered : latch only changes
,

when clock signal transitions

- positive edge : 0-1

- Negative edge 1- 0

D Flip-flop

· stores single bit of information

· has data and elk input

· Unlike -latch
, 1) Flip flop updates

, only on rising edge of clock

· D flip flop-edge triggered
,

sl-18

· commonly used in state machines

Register

· Collection of N Flip-flops (share Common (IK)

· Registers Store Multi-bit data update simultaneously

· key components of Sequential circuits

Counter

· Binary counter is Sequential Circuit for counting

· LIK input, reset input , a bit output

Shift Register
· stores multiple bits and shifts through data

· on rising edge , new bit shifts in all prev bits more forward



Practise 
Problems 



Please Contact me for more info


