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« Office Hours: TBD

* Location: Barnard 259

Lab 0 posted—> Due Sunday January 29t
o | am still waiting to hear back on M1/M2 Apple chip issues
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Computer Systems Review

To understand the technical aspects of
security, we must have a good
understanding of how computers work

If one is to understand the great mystery,
one must study all its aspects.




What Is a computer?
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What is a computer?

A magical box that does stuff
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What Is a computer?

A semi-magical box that dees-stuff executes instructions

MONTANA

STATE UNIVERSITY



What is so magical about a computer?

We use computers every day for many different things




What is so magical about a computer?

Big Idea

Computers only understand instructions in the form of Os and 1s (binary)

01010111 01100101 01101100 01100011 01101111
x 01101101 01100101 00100000 01110100 01101111
00100000 01000011 01010011 01000011 01001001

00100000 00110100 00110111 00110110
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How does this happen?

From a high level, we will
divide a computer system
2277727 Into two parts
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How does this happen?

From a high level, we will
divide a computer system
2277727 Into two parts

|. Hardware

Hardware
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How does this happen?

Software

Hardware

From a high level, we will
divide a computer system
Into two parts

.  Hardware
I. Software

/
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How does this happen?

From a high level, we will
divide a computer system

Software Into two parts
.  Hardware
Hardware I. Software

Symbiotic relationship
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|. Hardware

The physical parts of a computer

l  26BPC2S30USE  Swissbit®

ME2! 8
B
0489 Made in Germany mem
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|. Hardware




|. Hardware

Brain with no short-term memory

Scratch Pad
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|. Hardware

Brain with no short-term memory

Executes instructions

Scratch Pad
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|. Hardware

Brain with no short-term memory

How does it “execute” instructions?

It is sent instructions from another part of the computer

Executes instructions
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|. Hardware

Brain with no short-term memory

How does it “execute” instructions?

It is sent instructions from another part of the computer

Executes instructions
01001100000000110100011100001010
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|. Hardware

Brain with no short-term memory

How does it “execute” instructions?

It is sent instructions from another part of the computer

Executes instructions

BOBONNNN 1 01000080001 10000000000 — Bl All s 20

00 A1 18 20
QE00T0H 0008
000 OO
OB @ pmu g amme (o mm. HeXpexadesma) IS @ COMMON
0011 3 IOl B  representation for binary
OI00 4 o0
010} -+ 5 H-HHOHHD
Qoo re Ok
o 7 W e

MONTANA

STATE UNIVERSITY




|. Hardware

Brain with no short-term memory

How does it “execute” instructions?

It is sent instructions from another part of the computer

Executes instructions

00000000101000010001100000100000
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|. Hardware

Brain with no short-term memory

How does it “execute” instructions?

It is sent instructions from another part of the computer

Executes instructions

80088800101000010001100000100000

Opcode
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Common MIPS instructions
Notes: ap, funct, rd, rs, i, imm, address, shamt refer to fields in the instruction format
PC is assumed to point to the mﬂim, Mem is the byte addressed main memaory

Iﬁilﬁrirghﬂi F:::nr?:at / +:-;:|ufr:]ﬂ|jI r'rcl\ Meaning Comments
add $rd, $rs, $t | R \o132 | $rd = grs + $nt Add contents of two registers
sub $ral $rs St R 0/34 $rd = grs - gt Subtract contents of two registers
addi $, srs. imm |1 8 St = Srs + imm Add signed constant
addu s, #rs. 3t |R 0/33 $rd = S5 + $rt Unsigned, no overflow
subu §rd. Frs, gt |R 0/35 $rd = grs - §rt Unsigned, no overflow
addiu $rt, $rs, imm |1 9 Frt = grs + fmm Unsigned, no overflow
mfcl &, Srd R 16 $rt = grd rd = coprocessor register (e.g. epc, cause, status)
mult $rs, s R 0/24 Hi, Lo = $rs * $rt 64 bit signed product in Hi and Lo
multu $rs, St R 0/25 Hi, Lo = $rs * $rt &4 bit unsigned product in Hi and Lo
div $rs, £t R 0/26 Lo = $rs /7 it Hi = $rsmod st
divu $rs, $rt R 0/27 Lo = $rs/ $rt, Hi = grs mod $rf (unsigned)
mfhi s R 0/16 srd =Hi Get value of Hi
mflo $rd R 0/18 $rd = Lo Get value of Lo
and §rd, grs, it (R 0/36 $rd = $rs & st Logical AND
or $rd, $rs, 1t R 0/37 $rd = $rs [ St Logical OR
andi $r7, $rs, imm |1 12 St = $rs & imm Logical AND, unsigned constant
ori $rt. $rs, imm 1 13 $rt = 8rs [ imm Logical OR, unsigned constant
sll $rd, grs, shamt |R 0/0 $rd = 8rs << shamt Shift left logical (shift in zeros)
srl $rd, $rs, shamt (R 0/2 $rd = $rs >> shamt Shift right logical (shift in zeros)




| —

Common MIPS instructions
Notes: ap, funct, rd, rs, i, imm, address, shamt refer to fields in the instruction format
PC is assumed to point to the mﬂim, Mem is the byte addressed main memaory

nevacion | Fommal| openct | Meaning Comments
add srd s st R [\/32 | $rd = $rs + gt Add contents of two registers
sub $rd, $rs, st || R 0/34 $rd = $rs - $rt Subtract contents of two registers
addi $. $rs, 4 I 8 St = Srs + imm Add signed constant

\E MIPS Instruction formats

Format Bits 31-26 Bits 25-21 Bits 20-16 Bits 15-11 Bits 10-6 Bits 5-0
R op rs rt rd shamt funct
I op rs rt imm

J op address
ULELE LA S ™ L T - g LW o= iy - prL JU’" LAL LIS e LI I T S L
div $rs, $rf R 0/26 Lo = $rs /7 8, Hi = $smod st
divu $rs, gt R 027 Lo = grs /7 #rf, Hi = $rs mod $rf (unsigned)
mfhi $o R 0/16 $rd = Hi Get value of Hi
mflo $rd R 0/18 $rd = Lo Get value of Lo
and $rd, $rs, St R 0/36 $rd = prs & St Logical AND
or $rd, $rs, St R 0/37 $rd = grs | gt Logical OR
andi $t, srs, imm |1 12 $rt = $rs & imm Logical AND, unsigned constant
ori $rt. $rs, imm 1 13 $rt = 8rs [ imm Logical OR, unsigned constant
sl $rd, $rs, shamt |R 0/0 $rd = $rs << shamt Shift left logical (shift in zeros)
srl 8rd, $rs, shamt |R 0/2 $rd = $rs >> shamt Shift right logical (shift in zeros)




|. Hardware

Brain with no short-term memory

How does it “execute” instructions?

It is sent instructions from another part of the computer

Executes instructions

80088800101000010001100000100000

Opcode

Must decipher
what instruction
~ to execute
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|. Hardware

Brain with no short-term memory

How does it “execute” instructions?

It is sent instructions from another part of the computer

Executes instructions

80888800101000010001100000100000

Opcode

Must decipher
what instruction
~ to execute
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|. Hardware

Brain with no short-term memory

How does it “execute” instructions?

It is sent instructions from another part of the computer

Executes instructions

80088800101000010001100000100000

Opcode $rt

Must decipher
~what instruction
- to execute
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|. Hardware

Brain with no short-term memory

How does it “execute” instructions?

It is sent instructions from another part of the computer

80088800101000010001100000100000

Opcode $rt $rd

Executes instructions

Must decipher
what instruction
~ to execute
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|. Hardware

Brain with no short-term memory

How does it “execute” instructions?

It is sent instructions from another part of the computer

000000001010000100011 100000

Must decipher Opcode $rt $rd
what instruction

to execute

Executes instructions
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|. Hardware

Brain with no short-term memory

How does it “execute” instructions?

It is sent instructions from another part of the computer

000000001010000100011 100000

Must Qeciphe_r Opcode $rt $rd funct
what instruction

to execute

Executes instructions
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|. Hardware

Brain with no short-term memory

Executes instructions

Must decipher
what instruction
to execute

How does it “execute” instructions?

It is sent instructions from another part of the computer

000000001010000100011 100000

Opcode $rt $rd funct

Damn...| kinda don’t care
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|. Hardware

Brain with no short-term memory

00001 How does it “execute” instructions?

00011

00101 [tis sentinstructions from another part of the computer

000000001010000100011 100000

Executes instructions

_ 11111
Must decipher Opcode $rt $rd funct
~ what instruction
~ to execute \ Y J

$ denotes that it is a register

MONTANA
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|. Harg

o [ EAX AX AH AL
Brain with ne
[£3]
g EBX BX BH BL uctions?
g
Y’
Y ECX CX CH CL
2 <
=4 EDX DX DH DL t of the computer
T:E
L
& ESI 100000
\ EDI
funct

ESP
(stack pointer)

EBP
(base pointer)

32 bits




|. Hardware

Brain with no short-term memory

100000

Must decipher
~ what instruction
~ to execute

funct
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|. Hardware

Brain with no short-term memory

Executes instructions

100000

Must decipher
what instruction
- to execute

funct

The CPU can
add, subtract,
logic, move stuff
around
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|. Hardware

Brain with no short-term memory

Executes instructions

100000

Must decipher
what instruction
- to execute

funct

The CPU can
add, subtract,
logic, move stuff
around
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|. Hardware

CPU uses

Electricity™

’\\‘. ‘%

Brain with no short-term memory

Executes instructions

Must decipher
what instruction
-~ to execute

The CPU can
add, subtract,
logic, move stuff
around

36



|. Hardware

Brain with no short-term memory : CPU uses

Electricity™

To decipher and execute instructions

Must decipher
~ what instruction
~ to execute

The CPU can
add, subtract,
logic, move stuff
around
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. Har

Brain with
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|. Hardware

Brain with no short-term memory

CPU uses

Executes instructions

- Must decipher
what instruction
~ to execute

The CPU can
add, subtract,
logic, move stuff
around

Electriciiy™

To decipher and execute instructions

Everything Is just electricity
on or electricity off

MONTANA
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|. Hardware

Brain with no short-term memory

32 bit vs 64 bit?

Executes instructions

Must decipher
what instruction
- to execute

The CPU can
add, subtract,
logic, move stuff
around
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|. Hardware

Brain with no short-term memory

32 bit vs 64 bit?

Parameter 32-bit processors 64-bit processors
Addressable 64-bit processors have 16 exabytes
. . It has 4 GB addressable space
Executes Instructions space addressable space
Applicati 32-bit applicati d ill
ppiication 64-bit applications and programs won’t work ST At S g
support work
I It 32 and the 64-bit
MUSt deCIpher OS support Need a 32-bit operating system. can r‘unon andhe !
. . operating system.
what instruction
Support for Not an ideal option for stress testing and multi- Works best for performing multi-
to execute multi-tasking tasking. tasking and stress testing.

64-bit OS demands 64-bit CPU, and 64-

0Sand CPU 32-bit operating systems and applications require . L . .
The CPU Can requirement 39-bit CPUS I(:)le‘)chpllcatlons require 64-bit OS and
add 1 Su btra‘Ct’ Windows XP Professional, Windows
Iog | C , m Ove Stuﬂ: :\):::;le Support Windows 7, 8 Vista, XP, and, Linux. Vista, Windows 7, Windows 8,Windows
10, Linux, and Mac OS X.
around
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|. Hardware

Brain with no short-term memory

Executes instructions

Must decipher
what instruction
~ to execute

The CPU can
add, subtract,
logic, move stuff
around

Scratch Pad
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|. Hardware

Scratch Pad

Instructions are stored
here and prepared for the

CPU
I

Instructionl
Instruction2
Instruction3

Instruction4
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|. Hardware

Scratch Pad

When computer programs are executed, their
instructions will eventually get stored in memory

Instructions are stored
here and prepared for the
CPU
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|. Hardware

Scratch Pad

When computer programs are executed, their
instructions will eventually get stored in memory

Instructions are stored
here and prepared for the Permanently?!?!
CPU
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|. Hardware

Scratch Pad

When computer programs are executed, their
instructions will eventually get stored in memory

Instructions are stored Main memory is volatile
here and prepared for the
CPU

Temporary storage

MONTANA
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|. Hardware
The Memory Hierarchy

Scratch Pad

1 cycle
Registers On CPU

Primary
Storage ~
g / Sde \ 10 cycles
_ Faster Access N
Instructions are stored Main Memory 100 cycles

here and prepared for the

CPU Higher Capacity ~1 M cycles
Flash Disk
~10 M cycles
Traditional Disk
Temporary storage
l / Remote Secondary Storage (e.g., Internet) \

The Memory Hierarchy

MONTANA

STATE UNIVERSITY




|. Hardware
The Memory Hierarchy

Scratch Pad

1 cycle
Registers On CPU

Primary
Storage ~
g / Sde \ 10 cycles
_ Faster Access N
Instructions are stored Main Memory 100 cycles

here and prepared for the

CPU Higher Capacity ~1 M cycles
Flash Disk
~10 M cycles
Traditional Disk
Temporary storage
l / Remote Secondary Storage (e.g., Internet) \

The Memory Hierarchy

MONTANA
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|. Hardware

The Memory Hierarchy

My CPU when the L1 cache —
misses

1 cycle
Registers On CPU

H Cache \~10 C\/Cles
/ Main Memory \"‘100 cycles
~1 M cycles
Flash Disk
~10 M cycles
Traditional Disk

Remote Secondary Storage (e.g., Internet) \
The Memory Hierarchy

This little maneuver is gonna cost us 3 nanoseconds

50



|. Hardware

Scratch Pad

The Memory Hierarchy

Martin Williams v B
@Martin1Williams

This brings back memories

Original (Englisch) libersetzen

1 cycle
. Registers On CPU
Primary
Storage ~
g / Cache \ 10 cycles
RAM i
Main Memory 100 cycles
~1 M cycles
Flash Disk
~10 M cycles

Traditional Disk

Remote Secondary Storage (e.g., Internet)

The Memory Hierarchy

4:21 nachm. - 15 Feb. 18
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|. Hardware
The Memory Hierarchy

Scratch Pad — _ —

1 cycle
Registers

mox g8 Primary
Storage ~
g / Sde \ 10 cycles
| /A RAM i
Instructions are stored Main Memory 100 cycles

here and prepared for the

On CPU

~1 M cycles

CPU
Flash Disk
~10 M cycles
Traditional Disk
Tempor:
/ Remote Secondary Storage (e.g., Internet) \

The Memory Hierarchy

MONTANA
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|. Hardware

Scratch Pad

Instructions are stored
here and prepared for the
CPU

Temporary storage

Faster Access

Higher Capacity

The Memory Hierarchy

Primary
Storage

1 cycle
Registers On CPU

/ Cache \"'10 cycles
RAM i
Main Memory 100 cycles

~1 M cycles

Flash Disk

~10 M cycles
Traditional Disk

“The cloud”
Remote Secondary Storage (e.g., Internet)

The Memory Hierarchy

MONTANA
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|. Hardware
The Memory Hierarchy

Scratch Pad

1 cycle
, Registers On CPU
Primary
Storage ~
g / Sde \ 10 cycles
_ Faster Access RAM N

Instructions are stored Main Memory 100 cycles
here and prepared for the
CPU Higher Capacity ~1 M cycles

Flash Disk

~10 M cycles
Traditional Disk

Temporary storage
“The cloud”
l Remote Secondary Storage (e.g., Internet)

The Memory Hierarchy
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|. Hardware

Why not use
memory/registers 7716 /}/]emory Hierarchy

for everything??
Scratch Pad

1 cycle
_ Registers On CPU
Primary
Storage ~
g / Cache \ 10 cycles
_ Faster Access RAM N
Instructions are stored Main Memory 100 cycles
here and prepared for the
CPU Higher Capacity ~1 M cycles
Flash Disk
~10 M cycles
Traditional Disk
Temporary storage
“The cloud”
RAM \ l Remote Secondary Storage (e.g., Internet)
Main Memory ; The Memory Hierarchy
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|. Hardware

Brain with no short-term memory

Executes instructions

Must decipher
what instruction
~ to execute

The CPU can
add, subtract,
logic, move stuff
around

Scratch Pad

Instructions are stored
here and prepared for the
CPU

Temporary storage

RAM 5
Main Memory

MONTANA
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|. Hardware

Brain with no short-term memory

Executes instructions

Must decipher
what instruction
~ to execute

1. Fetch next instruction

The CPU can
add, subtract,
logic, move stuff
around

Scratch Pad

Instructions are stored
here and prepared for the
CPU

Temporary storage

RAM 5
Main Memory

MONTANA
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|. Hardware

Brain with no short-term memory

Executes instructions

Must decipher
what instruction
~ to execute

The CPU can
add, subtract,
logic, move stuff
around

1. Fetch next instruction
2. Decode Instruction

Scratch Pad

Instructions are stored
here and prepared for the
CPU

Temporary storage

RAM 5
Main Memory

MONTANA
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|. Hardware

Brain with no short-term memory

Executes instructions

Must decipher
what instruction
to execute

The CPU can
add, subtract,
logic, move stuff
around

1. Fetch next instruction
2. Decode Instruction
3. Execute Instruction

Scratch Pad

Instructions are stored
here and prepared for the
CPU

Temporary storage

RAM 5
Main Memory

MONTANA
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|. Hardware

Brain with no short-term memory

Executes instructions

Must decipher
what instruction
to execute

The CPU can
add, subtract,
logic, move stuff
around

A

Fetch next instruction
Decode Instruction
Execute Instruction
Store result*

Scratch Pad

Instructions are stored
here and prepared for the
CPU

Temporary storage

RAM 5
Main Memory

MONTANA
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|. Hardware

Central
Processing

Unit

61



|. Hardware

Central
Processing

Unit

This process happens really fast
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|. Hardware

Central
Processing

Unit

This process happens really fast

... like really fast
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|. Hardware

Central
Processing

Unit

This process happens really fast

... like really fast

Computers can execute one or more
Instructions per clock cycle*
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|. Hardware

Central
Processing

Unit

This process happens really fast

... like really fast

Computers can execute one or more
Instructions per clock cycle*

4GHz CPU speed = 4,000,000,000 clock cycles per second

65



|. Hardware

' This process happens really fast
Central ; " y

Processing
Unit

... like really fast

Computers can execute one or more
Instructions per clock cycle*




|. Hardware

Cenfral
Processing
Unit

This process happens really fast

... like really fast

Computers can execute one or more
Instructions per clock cycle*

Multi-core systems are even faster 67



|. Hardware

Central Processing Unit V/On Neu man n
Control Unit AT@h ijt'j@@t'ju r@

Output
Device

Input
Device

Arithmetic/Logic Unit

Memory Unit




|. Hardware

Brain with no short-term memory

Executes instructions

Must decipher
what instruction
to execute

The CPU can
add, subtract,
logic, move stuff
around

MONTANA
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|. Hardware

Brain with no short-term memory SO T

Executes instructions

Must decipher
what instruction
to execute

The CPU can
add, subtract,
logic, move stuff
around

People have been able to create CPU
components and fully functional, multi-core
computers in games such as Minecraft
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|. Hardware
Computer Built Using Swarms Of Soldier Crabs

Computer scientists at Kobe University in Japan have built a computer that draws inspiration from the swarming behavior of soldier crabs. The computer is

based on theories from the early 1980s that studies how it could be possible to build a computer out of billiard balls. Proposed by Edward Fredkin and
Tommaso Toffoli, the mechanical [...]
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|. Hardware

Computer Built Using Swarms Of Soldier Crabs

Computer scientists at Kobe University in Japan have built a computer that draws inspiration from the swarming behavior of soldier crabs. The computer is
based on theories from the early 1980s that studies how it could be possible to build a computer out of billiard balls. Proposed by Edward Fredkin and
Tommaso Toffoli, the mechanical [...]

&

Robust Soldier Crab Ball Gate

Yukio-Pegio Guniji

Yuta Nishiyama

Department of Earth and Planetary Sciences
Kobe University

Kobe 657-8501, Japan

Andrew Adamatzky
Unconventional Computing Centre
University of the West of England
Bristol, United Kingdom

This is very real

Soldier crabs Mictyris guinotae exhibit pronounced swarming behavior.
Swarms of the crabs are tolerant of perturbations. In computer models
and laboratory experiments we demonstrate that swarms of soldier

X
KX
ANVA

crabs can implement logical gates when placed in a geometrically con
strained environment.

| 1. Introduction

All natural processes can be interpreted in terms of computations. To
implement a logical gate in a chemical, physical, or biological spa-
tially extended medium, Boolean variables must be assigned to distur-
bances, defects, or localizations traveling in the medium. These travel-
ing marterns collide and the antcame of their callisions are converred

x

https://wpmedia.wolfram.com/uploads/sites/13/2018/02/20-2-2.pdf

2
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|. Hardware

Computer Built Using Swarms Of Soldier Crabs

Computer scientists at Kobe University in Japan have built a computer that draws inspiration from the swarming behavior of soldier crabs. The computer is
based on theories from the early 1980s that studies how it could be possible to build a computer out of billiard balls. Proposed by Edward Fredkin and
Tommaso Toffoli, the mechanical [...]

N1/

L O

NS

ElEE

B BII7| e

HMML HeAaLll A el l=2 ;:‘_; S e i Lm0
s

(In theory) If you wanted to play
Doom (1993) using a CPU made
from soldier crabs, you would need
22 million crabs

x Yy

(source: twitter) 73



How does this happen?

From a high level, we will
divide a computer system
Software Into two parts

. Hardware
Hardware I. Software

e
LA
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RSIT

STATE UNIVERSITY



. Software

A sequence of instructions, or program,
that tells the computer how to work
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1. Software

A sequence of instructions, or program,
that tells the computer how to work

Humans write code in binary -

01110011 00111011 01101111 01110101 01101100 01101110 01100111 01101001
01100001 00111011 01110011 01100111 01101110 00111011 01110011 01101011
01100100 01110110 01101110 01100001 00111011 01100100 01100111 01110100
00111011 01001111 01001100 01001011 01010011 01000100 01000110 00111011
01001100 01010011 01000100 01001000 01000111 01000100 01001100 00111011
01000110 01010011 01001011 01000111 01100110 01100100 01101000 01100100
01100110 01110011 01101000 01110011 01100110 01110111 01100101 01110111
01100101 01110010 01110111 01100101 01110010 01100110 01110110 01100111
01110011 01100100 01100010 01100100 01100110 01101000 01100010 01100100
01100110 01100100 01110011 01100100 01100110 01110011 01100100 01100110
01110011 01100100 01100110 01110011 01100100 01101000 01100100 01100110
01101000 01110011 01100100 01100110 01110011 01100100 01100110 01110011
01100100 01100110 01101000 01110100 01110010 01100100 01100110 01101000
01100100 01100110 01100111 01101000 01100110 01100111 01100111 01110100
01110010 01111001 01101000 01110100 01110010 01101000 01110010 01110011
01100110 01101000 01100111 01100110 01101000 01110011 01110010 01110100
01101000 01110100 01110010 01101000 01110011 01110100 01110010 01100100
01100110 01101000 01100100 01100110 01101000 01100100 01100110 01101000
01100100 01100110 01101000 01100101 01110111 01100110 01110011 01100100
01100110 01110010 01100101 01110111 01110100 01100111 01100101 01100111
01100100 01100110 01110011 01100111 01110011 01100110 0110010001110011
00111011 01101111 01110101 01101100 01101110 01100111 01101001 01100001
00111011 01110011 01100111 0110111000111011 01110011 01101011 01100100
01110110 01101110 01100001 00111011 01100100 01100111 01110100 00111011
01001111 01001100 01001011 01010011 01000100 01000110 00111011 01001100
01010011 01000100 01001000 01000111 01000100 01001100 00111011 01000110
01010011 01001011 01000111 01100110 01100100 01101000 01100100 01100110
01110011 01101000 01110011 0110011001110111 01100101 01110111 01100101
01110010 01110111 01100101 01110010 01100110 01110110 01100111 01110011
01100100 01100010 01100100 01100110 01101000 01100010 01100100 01100110
01100100 01110011 01100100 01100110 01110011 01100100 01100110 01110011
01100100 01100110 01110011 01100100 01101000 01100100 01100110 01101000
01110011 01100100 01100110 01110011 01100100 01100110 01110011 01100100
01100110 01101000 01110100 01110010 01100100 01100110 01101000 01100100
01100110 01100111 01101000 01100110 01100111 01100111 01110100 01110010

01111001 01101000 01110100 01110010 01101000 01110010 01110011 01100110
01101000 01100111 01100110 01101000 01110011 01110010 0111010001101000
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1. Software

A sequence of instructions, or program,
that tells the computer how to work

Humans write code in binary -

NO

01110011 00111011 01101111 01110101 01101100 01101110 01100111 01101001
01100001 00111011 01110011 01100111 01101110 00111011 01110011 01101011
01100100 01110110 01101110 01100001 00111011 01100100 01100111 01110100
00111011 01001111 01001100 01001011 01010011 01000100 01000110 00111011
01001100 01010011 01000100 01001000 01000111 01000100 01001100 00111011
01000110 01010011 01001011 01000111 01100110 01100100 01101000 01100100
01100110 01110011 01101000 01110011 01100110 01110111 01100101 01110111
01100101 01110010 01110111 01100101 01110010 01100110 01110110 01100111
01110011 01100100 01100010 01100100 01100110 01101000 01100010 01100100
01100110 01100100 01110011 01100100 01100110 01110011 01100100 01100110
01110011 01100100 01100110 01110011 01100100 01101000 01100100 01100110
01101000 01110011 01100100 01100110 01110011 01100100 01100110 01110011
01100100 01100110 01101000 01110100 01110010 01100100 01100110 01101000
01100100 01100110 01100111 01101000 01100110 01100111 01100111 01110100
01110010 01111001 01101000 01110100 01110010 01101000 01110010 01110011
01100110 01101000 01100111 01100110 01101000 01110011 01110010 01110100
01101000 01110100 01110010 01101000 01110011 01110100 01110010 01100100
01100110 01101000 01100100 01100110 01101000 01100100 01100110 01101000
01100100 01100110 01101000 01100101 01110111 01100110 01110011 01100100
01100110 01110010 01100101 01110111 01110100 01100111 01100101 01100111
01100100 01100110 01110011 01100111 01110011 01100110 0110010001110011
00111011 01101111 01110101 01101100 01101110 01100111 01101001 01100001
00111011 01110011 01100111 0110111000111011 01110011 01101011 01100100
01110110 01101110 01100001 00111011 01100100 01100111 01110100 00111011
01001111 01001100 01001011 01010011 01000100 01000110 00111011 01001100
01010011 01000100 01001000 01000111 01000100 01001100 00111011 01000110
01010011 01001011 01000111 01100110 01100100 01101000 01100100 01100110
01110011 01101000 01110011 0110011001110111 01100101 01110111 01100101
01110010 01110111 01100101 01110010 01100110 01110110 01100111 01110011
01100100 01100010 01100100 01100110 01101000 01100010 01100100 01100110
01100100 01110011 01100100 01100110 01110011 01100100 01100110 01110011
01100100 01100110 01110011 01100100 01101000 01100100 01100110 01101000
01110011 01100100 01100110 01110011 01100100 01100110 01110011 01100100
01100110 01101000 01110100 01110010 01100100 01100110 01101000 01100100
01100110 01100111 01101000 01100110 01100111 01100111 01110100 01110010

01111001 01101000 01110100 01110010 01101000 01110010 01110011 01100110
01101000 01100111 01100110 01101000 01110011 01110010 0111010001101000
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1. Software

We write programs in a readable,
higher-level language

#include <stdio.h>
POWERED BY

© Perl

int main() {
printf("Hello WOrld! \n"});

int x = 0;
int y = 3;
intz=x+y;

printf("%sd %d %d \n",x,y,zZ);
return 0;

Ok
__init__ (self,name, age

.name = name
.age = age

eat(self):

print( .name.title() +
print( + str(
drink(self):

print( } )

my_sister = Person(

my_sister.eat()
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1. Software

We need a way to convert source code to binary

#include <stdio.h>
(OF
int main() {
printf("Hello WOrld! \n"); __init_ (self,name, age):

.name = name

.age = age

int x = 0;

inty = 3; eat(self):
print( .name.title() +

int z=x+yY; print( + str( .age) +
drink(self):

printf("sd Sd  %d \n",x,y,z); print ("o

return 0;

my_sister = Person("H

my_sister.eat()




We need a way to convert source code to binary

. Software

#include <stdio.h>

int main() {
printf("Hello WOrld! \n");

int x = 0;
inty = 3;
int z=x+y;

printf("sd %d %d \n",x,y,z);
return 0;

MONTANA
STATE UNIVERSITY



We need a way to convert source code to binary

. Software

#include <stdio.h>

int main() {

printf("Hello WOrld! \n"); Preprocessor
g g

int z=x+y;

printf("sd %d %d \n",x,y,z);
return 0;

«  Removal of comments
] «  Expand Macros

MONTANA
STATE UNIVERSITY



We need a way to convert source code to binary

. Software

I0090990990090090 <main>:

0: f3 of le fa endbr64
: : 4: 55 push  %rbp
#include <stdio.h> 5 48 89 e5 mov %rsp,%rbp
_ i 8: 48 83 ec 10 sub $0x10,%rsp
int main() I . c: 48 8d 3d 00 00 00 00 lea 0x0(%rip) ,%rdi # 13 <main+0x13>
rintf("Hello WOrld! \n"); P | 13: e8 00 00 00 00 callqg 18 <main+0x18>
P reprocessor Compiler 16, C7 451400000000 movl soud. oxc(rbp)
1f: c7 45 f8 03 00 00 00 movl  $0x3,-0x8(%rbp)
. 26: 8b 55 f4 mov -0xc(%rbp) ,%sedx
int x = 0; 29: 8b 45 f8 mov -0x8(%rbp) , seax
int y = 3; > > 2c: 01 do add %edx , %eax
2e: 89 45 fc mov %eax, -0x4(%rbp)
. _ . 31: 8b 4d fc mov -0x4(%rbp) ,%ecx
int z =x+y; 34: 8b 55 f8 mov  -0x8(%rbp),%edx
37: 8b 45 f4 mov -0xc(%rbp) ,%eax
printf("sd %d %d \n",x,y,z); 3a: 89 c6 mov %eax,%esi
return 0: R I f 3c: 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 43 <main+0x43>
’ . 43: b8 00 60 00 00 mov $0x0, seax
emova 0 Comments 48: e8 00 00 00 00 callqg 4d <main+0x4d>
i} . Expand Macros 4d: b8 00 0 80 00 me
53: c3 - retq

« Converted to assembly code
+ .sfile

MONTANA
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. Software

#include <stdio.h>

int main() {
printf("Hello WOrld! \n");

int x = 0;

Preprocessor

int y 3;

int z=x+y;

printf("sd %d %d \n",x,y,z);
return 0;

>

Removal of comments
Expand Macros

We need a way to convert source code to binary

Compiler

IOOGO@OOOSOO@O@QO <main>:
0: f3 @0

f le fa endbr64
4: 55 push  %rbp
5 48 89 e5 mov %rsp,%rbp
8: 48 83 ec 10 sub $0x10,%rsp
ci 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 13 <main+0x13>
13: e8 00 00 00 00 callg 18 <main+0x18>
18: c7 45 f4 00 00 00 00 movl $0x0, -0xc(%rbp)
b5 c7 45 f8 03 00 00 00 movl  $0x3,-0x8(%rbp)
26: 8b 55 f4 mov -0xc(%rbp) , %edx /4
29: 8b 45 f8 mov -0x8(%rbp) ,%eax SS
| 2 o140 add  %edx,%eax e/")
2e: 89 45 fc mov  %eax, -Ox4(%rbp) b/
31: 8b 4d fc mov  -Ox4(%rbp),%ecx e/‘
34: 8b 55 f8 mov -0x8(%rbp) ,%edx
37: 8b 45 f4 mov -0xc(%rbp) ,%eax
3a: 89 c6 mov %eax,%esi
3c: 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 43 <main+0x43>
43: b8 00 60 00 00 mov $0x0, seax
48: e8 00 00 00 00 callqg 4d <main+0x4d>
4d: b8 00 00 00 00 mov $0x0, %seax
52: c9 leaveq
53: c3 - retq

« Converted to assembly code
« .sfile

W oo s W N

e e e
O E W N O

00000000 00000100 0000000000000000

01011110 00001100 11000010 0000000000000010

11101111 00010110 0000000000000101

11101111 10011110 0000000000001011

11111000 10101101 11011111 0000000000010010

01100010 11011111 0000000000010101

11101111 00000010 11111011 0000000000010111

11110100 10101101 11011111 0000000000011110

00000011 10100010 11011111 0000000000100001

11101111 00000010 11111011 0000000000100100
01111110 11110100 10101101

11111000 10101110 11000101 0000000000101011

00000110 10100010 11111011 0000000000110001

11101111 00000010 11111011 0000000000110100

01010000 11010100 0000000000111011

00000100 0000000000111101

MONTANA
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We need a way to convert source code to binary

. Software

IOOGO@OOOGOOBO&OO <main>:
0: f3 @0

f le fa endbr64
: : 4 55 push  %rbp
f#include <stdio.h> 5: 48 89 e5 mov  %rsp,%rbp
_ i 8 48 83 ec 10 sub $0x10,%rsp
int main() I . ci 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 13 <main+0x13>
rintf("Hello WOrld! \n"); P < m | 13: e8 00 00 00 00 callqg 18 <main+0x18>
P reprocessor O I er 18: c7 45 f4 00 00 00 00 movl $0x0, -0xc (%rbp)
b5 c7 45 f8 03 00 00 00 movl  $0x3,-0x8(%rbp)
) 26: 8b 55 f4 mov -0xc(%rbp) ,%edx A
int x = 0; 29:  8b 45 f8 mov  -Ox8(%rbp),%eax SS
int y = 3; > > 2c: 01 do add %edx , seax em
2e: 89 45 fc mov %eax, -0x4(%rbp) /
. _ . 31: 8b 4d fc mov  -Ox4(%rbp),%ecx e/‘
intz=x+y; 34: 8b 55 8 mov  -0x8(%rbp),%edx
37: 8b 45 f4 mov -0xc(%rbp) ,%eax
printf("sd %d %d \n",x,y,z); 3a: 89 c6 mov %eax,%esi
return 0: F2 | f 3c: 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 43 <main+0x43>
’ ° 43: b8 00 060 00 00 mov $0x0, %seax
emova 0 Comments 48: e8 00 00 00 00 callqg 4d <main+0x4d>
- ° Expand Macros ;g :g 00 00 00 00 T::veq $0x0, %seax
53: c3 - retq

« Converted to assembly code

« .sfile

1 00000000 00000100 0000000000000000
2101011110 00001100 11000010 0000000000000010
3 11101111 00010110 0000000000000101
4 11101111 10011110 0000000000001011
- . 5111111000 10101101 11011111 0000000000010010
We still need to resolve function calls Linker 6 01100010 11011111 0000000000010101
. . 4 7111101111 00000010 11111011 0000000000010111
8 (11110100 10101101 11011111 0000000000011110
I.e. prlntf, Sleep, Sqrt, etc 9 (00000011 10100010 11011111 0000000000100001
10 ( 11101111 00000010 11111011 0000000000100100

11 ({ 01111110 11110100 10101101
12 ( 11111000 10101110 11000101 0000000000101011
13 ( 00000110 10100010 11111011 0000000000110001
14 ( 11101111 00000010 11111011 0000000000110100
15 01010000 11010100 0000000000111011
16 00000100 0000000000111101
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We need a way to convert source code to binary

. Software

IOOBO@OOOGOOBOOBO <main>:

f le fa endbr64
: : 4 55 push  %rbp
#include <stdio.h= 53 48 89 e5 mov %rsp,%rbp
_ i 8 48 83 ec 10 sub $0x10,%rsp
int main() I . ci 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 13 <main+0x13>
rintf("Hello WOrld! \n"); P | 13: e8 00 00 00 00 callqg 18 <main+0x18>
P reprocessor Compiler 16, C7 451400000000 movl soud. oxc(rbp)
b5 c7 45 f8 03 00 00 00 movl  $0x3,-0x8(%rbp)
) 26: 8b 55 f4 mov -0xc(%rbp) ,%edx 4
int x = 0; 29:  8b 45 f8 mov  -Ox8(%rbp),%eax SS
int y = 3; > > 2c: 01 do add %edx , seax em
2e: 89 45 fc mov %eax, -0x4(%rbp) /
. _ . 31: 8b 4d fc mov  -Ox4(%rbp),%ecx e/‘
intz=x+y; 34: 8b 55 f8 mov  -0x8(%rbp) ,%edx
37: 8b 45 f4 mov -0xc(%rbp) ,%eax
printf("sd %d %d \n",x,y,z); 3a: 89 c6 mov %eax,%esi
return 0: R | f 3c: 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 43 <main+0x43>
’ ° 43: b8 00 060 00 00 mov $0x0, seax
emova 0 Comments 48: e8 00 00 00 00 callqg 4d <main+0x4d>
- ° Expand Macros ;g :g 00 00 00 00 T::veq $0x0, %seax
53: c3 - retq

« Converted to assembly code
Two methods: e s file

1 00000000 00000100 0000000000000000
Libra ry 1 Strin h 2| 01011110 00001100 11000010 0000000000000010
g}. 3 11101111 00010110 0000000000000101
4 11101111 10011110 0000000000001011
Program A 5| 11111000 10101101 11011111 0000000000010010
. ) Llnker 6 01100010 11011111 0000000000010101
Libra ry 2 Stdlo h 7| 11101111 00000010 11111011 0000000000010111
. < 8| 11110100 10101101 11011111 0000000000011110
9 | 00000011 10100010 11011111 0000000000100001
10 | 11101111 00000010 11111011 0000000000100100
11| 01111110 11110100 10101101
12 | 11111000 10101110 11000101 0000000000101011
13 | 00000110 10100010 11111011 0000000000110001
14 | 11101111 00000010 11111011 0000000000110100
15 01010000 11010100 0000000000111011
16 00000100 0000000000111101
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We need a way to convert source code to binary

. Software

0000000000000000 <main>:
0:

of le fa endbr64
: : 4; 55 push  %rbp
#include <stdio.h= 53 48 89 e5 mov %rsp,%rbp
_ i 8: 48 83 ec 10 sub $0x10,%rsp
int main() I . ci 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 13 <main+0x13>
rintf("Hello WOrld! \n"); P | 13: e8 00 00 00 00 callqg 18 <main+0x18>
P reprocessor Compiler 16, C7 451400000000 movl soud. oxc(rbp)
b5 c7 45 f8 03 00 00 00 movl  $0x3,-0x8(%rbp)
) 26: 8b 55 f4 mov -0xc(%rbp) , %sedx /q
int x = 0; 29:  8b 45 f8 mov  -Ox8(%rbp),%eax SS'
int y = 3; > > 2c: 01 do add %edx , seax em
2e: 89 45 fc mov %seax, -0x4(%rbp) /
. _ . 31: 8b 4d fc mov  -Ox4(%rbp),%ecx e/‘
intz=x+y; 34: 8b 55 f8 mov  -0x8(%rbp) ,%edx
37: 8b 45 f4 mov -0xc(%rbp) ,%eax
printf("sd %d %d \n",x,y,z); 3a: 89 c6 mov %eax,%esi
return 0: R | f 3c: 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 43 <main+0x43>
’ ° 43: b8 00 060 00 00 mov $0x0, seax
emova 0 Comments 48: e8 00 00 00 00 callqg 4d <main+0x4d>
- ° Expand Macros ;g :g 00 00 00 00 r{l::veq $0x0, %seax
53: c3 - retq

« Converted to assembly code

« .sfile

1 00000000 00000100 0000000000000000
2| 01011110 00001100 11000010 0000000000000010
3 11101111 00010110 0000000000000101
4 11101111 10011110 0000000000001011
) ) ] . 5| 11111000 10101101 11011111 0000000000010010
Sta’“c L|nk|ng_ requwed Code Program A Llnker 6 01100010 11011111 0000000000010101
< 7| 11101111 00000010 11111011 0000000000010111
; ; | 11110100 10101101 11011111 0000000000011110
and da-ta C0p|ed INnto exeCUtabIe 9| 00000011 10100010 11011111 0000000000100001
. . 10 | 11101111 00000010 11111011 0000000000100100

at Complle time 11| 01111110 11110100 10101101
Librar 1 12 | 11111000 10101110 11000101 0000000000101011
Yy 13 | 00000110 10100010 11111011 0000000000110001
14 | 11101111 00000010 11111011 0000000000110100
. 15 01010000 11010100 0000000000111011
|_|bra ry 2 16 00000100 0000000000111101
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We need a way to convert source code to binary

. Software

IOOBO@OOOGOOBOOBO <main>:

f le fa endbr64
: : 4 55 push  %rbp
#include <stdio.h= 53 48 89 e5 mov %rsp,%rbp
_ i 8 48 83 ec 10 sub $0x10,%rsp
int main() I . ci 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 13 <main+0x13>
rintf("Hello WOrld! \n"); P | 13: e8 00 00 00 00 callqg 18 <main+0x18>
P reprocessor Compiler 16, C7 451400000000 movl soud. oxc(rbp)
b5 c7 45 f8 03 00 00 00 movl  $0x3,-0x8(%rbp)
) 26: 8b 55 f4 mov -0xc(%rbp) ,%edx 4
int x = 0; 29:  8b 45 f8 mov  -Ox8(%rbp),%eax SS
int y = 3; > > 2c: 01 do add %edx , seax em
2e: 89 45 fc mov %eax, -0x4(%rbp) /
. _ . 31: 8b 4d fc mov  -Ox4(%rbp),%ecx e/‘
intz=x+y; 34: 8b 55 f8 mov  -0x8(%rbp) ,%edx
37: 8b 45 f4 mov -0xc(%rbp) ,%eax
printf("sd %d %d \n",x,y,z); 3a: 89 c6 mov %eax,%esi
return 0: R | f 3c: 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 43 <main+0x43>
’ ° 43: b8 00 060 00 00 mov $0x0, seax
emova 0 Comments 48: e8 00 00 00 00 callqg 4d <main+0x4d>
- ° Expand Macros ;g :g 00 00 00 00 T::veq $0x0, %seax
53: c3 - retq

« Converted to assembly code
Two methods: e s file

1 00000000 00000100 0000000000000000
Libra ry 1 Strin h 2| 01011110 00001100 11000010 0000000000000010
g}. 3 11101111 00010110 0000000000000101
4 11101111 10011110 0000000000001011
Program A 5| 11111000 10101101 11011111 0000000000010010
. ) Llnker 6 01100010 11011111 0000000000010101
Libra ry 2 Stdlo h 7| 11101111 00000010 11111011 0000000000010111
. < 8| 11110100 10101101 11011111 0000000000011110
9 | 00000011 10100010 11011111 0000000000100001
10 | 11101111 00000010 11111011 0000000000100100
11| 01111110 11110100 10101101
12 | 11111000 10101110 11000101 0000000000101011
13 | 00000110 10100010 11111011 0000000000110001
14 | 11101111 00000010 11111011 0000000000110100
15 01010000 11010100 0000000000111011
16 00000100 0000000000111101
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We need a way to convert source code to binary

. Software

0000000000000000 <main>:
0:

of le fa endbr64
: : 4; 55 push  %rbp
#include <stdio.h= 53 48 89 e5 mov %rsp,%rbp
_ i 8: 48 83 ec 10 sub $0x10,%rsp
int main() I . ci 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 13 <main+0x13>
rintf("Hello WOrld! \n"); P | 13: e8 00 00 00 00 callqg 18 <main+0x18>
P reprocessor Compiler 16, C7 451400000000 movl soud. oxc(rbp)
b5 c7 45 f8 03 00 00 00 movl  $0x3,-0x8(%rbp)
) 26: 8b 55 f4 mov -0xc(%rbp) , %sedx /q
int x = 0; 29:  8b 45 f8 mov  -Ox8(%rbp),%eax Ss
int y = 3; > > 2c: 01 do add %edx , seax em
2e: 89 45 fc mov %seax, -0x4(%rbp) /
. _ . 31: 8b 4d fc mov  -Ox4(%rbp),%ecx e/‘
intz=x+y; 34: 8b 55 f8 mov  -0x8(%rbp) ,%edx
37: 8b 45 f4 mov -0xc(%rbp) ,%eax
printf("sd %d %d \n",x,y,z); 3a: 89 c6 mov %seax,%esi
return 0: R | f 3¢i 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 43 <main+0x43>
’ ° 43: b8 00 060 00 00 mov $0x0, seax
emova 0 Comments 48: e8 00 00 00 00 callqg 4d <main+0x4d>
- ° Expand Macros ;g :g 00 00 00 00 r{l:;veq $0x0, %seax
53: c3 - retq

« Converted to assembly code
Two methods: e s file

1 00000000 00000100 0000000000000000
S'[I’Ing h Libr‘a r‘y 1 2| 01011110 00001100 11000010 0000000000000010
. \ 3 11101111 00010110 0000000000000101
\ 4 11101111 10011110 0000000000001011
5 (11111000 10101101 11011111 0000000000010010
\ Llnker 6 01100010 11011111 0000000000010101
7 (11101111 00000010 11111011 0000000000010111
Program A << 8| 11110100 10101101 11011111 0000000000011110
9| 00000011 10100010 11011111 0000000000100001
~ 10 | 11101111 00000010 11111011 0000000000100100
~ 11| 01111110 11110100 10101101
. . - 12 | 11111000 10101110 11000101 0000000000101011
Stleh L|bra ry 2 13 | 00000110 10100010 11111011 0000000000110001
14 | 11101111 00000010 11111011 0000000000110100
15 01010000 11010100 0000000000111011
16 00000100 0000000000111101

.exe

Dynamic Linking - required code and data is linked to executable at runtime
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We need a way to convert source code to binary

. Software

0000000000000000 <main>:

f le fa endbr64
: : 4 55 push  %rbp
#include <stdio.h= 53 48 89 e5 mov %rsp,%rbp
_ i 8 48 83 ec 10 sub $0x10,%rsp
int main() I . ci 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 13 <main+0x13>
rintf("Hello WOrld! \n"); P | 13: e8 00 00 00 00 callqg 18 <main+0x18>
P reprocessor Compiler 16, C7 451400000000 movl soud. oxc(rbp)
b5 c7 45 f8 03 00 00 00 movl  $0x3,-0x8(%rbp)
) 26: 8b 55 f4 mov -0xc(%rbp) , %sedx /4
int x = 0; 29:  8b 45 f8 mov  -Ox8(%rbp),%eax Ss
int y = 3; > > 2c: 01 do add %edx , seax em
2e: 89 45 fc mov %eax, -0x4 (%rbp) /
. _ . 31: 8b 4d fc mov  -Ox4(%rbp),%ecx e/‘
int z=x+y; 34: 8b 55 f8 mov -0x8(%rbp) ,%edx
37: 8b 45 f4 mov -0xc(%rbp) ,%eax
printf("sd %d %d \n",x,y,z); 3a: 89 c6 mov %eax,%esi
return 0: R | f 3c: 48 8d 3d 00 00 00 00 lea 0x0(%rip),%rdi # 43 <main+0x43>
’ ° 43: b8 00 060 00 00 mov $0x0, seax
emova 0 Comments 48: e8 00 00 00 00 callqg 4d <main+0x4d>
- ° Expand Macros ;g :g 00 00 00 00 r{l::veq $0x0, %seax
53: c3 - retq

« Converted to assembly code

« .sfile

1 00000000 00000100 0000000000000000
2| 01011110 00001100 11000010 0000000000000010
3 11101111 00010110 0000000000000101
Program A 4 11101111 10011110 0000000000001011
5| 11111000 10101101 11011111 0000000000010010
TO be COﬂtInued — Llnker 6 01100010 11011111 0000000000010101
7| 11101111 00000010 11111011 0000000000010111
<< 8| 11110100 10101101 11011111 0000000000011110
9 | 00000011 10100010 11011111 0000000000100001
10 | 11101111 00000010 11111011 0000000000100100

l.-k) ]_ 11 | 01111110 11110100 10101101
| rEilﬂ\/ 12 | 11111000 10101110 11000101 0000000000101011
13 | 00000110 10100010 11111011 0000000000110001
. 14 | 11101111 00000010 11111011 0000000000110100
|_|bra ry 2 15 01010000 11010100 0000000000111011
16 00000100 0000000000111101
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How does this happen?

From a high level, we will
divide a computer system
Software Into two parts

. Hardware
Hardware I. Software
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How does this happen?

From a high level, we will
divide a computer system
Software Into two parts

. Hardware
Hardware I. Software
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How does this happen?

From a high level, we will
Software divide a computer system
Into two parts

Operating System

. Hardware
Hardware I. Software

Ill. Operating System
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Typical Layers of a Computer

The operating system is a vital component of a computer

Hardware
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Typical Layers of a Computer

The operating system is a vital component of a computer

What do we trust?

What do we not trust?

Hardware
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Typical Layers of a Computer

The operating system is a vital component of a computer

Not privileged

Privileged
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Hardware
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Meme credit: Carson Gross
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