P N
WetLcome 16 Come 3! ﬂaTl

.
. Course Mechanics
NO EXIT © Andy Singer a. What do | have to do to get an
‘A" in this course?
WOODEN 7 o & b. Where are the course materials

TABLE | |
206-8 [\§ §

Po¢5+ed online, because 'm pretty

Sc;//‘;:/:?:EI:BLY » 2 sure that | am ﬂol’lﬂa 6\86P
D :’ 3 < "y
ki thrrough a lot of these lectures.

2. Course Objecﬁvec;

a. How do computers work?
b. Show me the lainary?

c. Some ac;semlaly requirecl.

3. Course Chanﬂecs
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WhHos

Leonard McMillan (sN 310)
office Hours: W 2-4pm

L ectures:

Vikram PT.
OfFice Hours: TBD

TA:
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—~—
WHATS 11

COMPUTER ORGANIZATION

AND DESIGN RISC-v eDmion
_ THE HAROWARE SOFTWARE INTERFACE |

Books: None Kequir'ed,
5uPP|emen+a| Texts

- Wil he Follow any

ot these books?
- DelliniJre\y hot

David Patterson

- Are the Problem set N Andrew Waterman

ahnswers in the book? =

- Perhap-; Rl s c_v
- Why do | need them then?

- In case you find your'self— lost, heed additional examples,
or heed a door'chroP

08/1/2.02.2 Comp 3l - Fall 2022 3



=
COVRSE MECHANICS HITI

S
C’rradir\@:
Best 5 ofF & problem sets 30%
2 in-class exams 4-0%
Final exam 307

You wil have at least two weeks to complete each Prolo\em set.
Problem sets wil be online. Late Pr'oblem sets will hot be accep-fed but
the lowest Prolalem—c;e’r score wil be droPPed.

[ will a++emp+ to make Lecture Notes, Problem Sets, and other course
materials available on the web before class on the day +hey are given

08/1/202-2 ComP 3l - Fall 2022



COVRSE WEBSITE

Logged in as: mcmillan Log out

Jm,) ‘JJ < f Computer Orgenization

. J-J“‘)f’)’)

Home Research Courses Publications Setup

Announcements

« August 16, 2022: The first class meeting (summer is over).

Course Description

Comp 311, Computer Organization, explores the topic of how computers work, in terms of both software and hardware. It covers a
wide range of topics including what a bit is, and why bits are the atoms in the universe of computation. We also discuss how
information is represented and processed in hardware, and arrive to the conclusion that, to a computer, everything is data, including
the instructions that underly software.

Comp 311 also covers the wide range of languages, and layers of translation, used for computation-- spanning from machine
language to assembly language to high-level compiled and interpreted languages. We will also touch on the conventions that will
enable us to constuct large programs, modular software systems, and even programs that manage the loading, execution, and
creation of other programs.

We will then delve deeper into computer hardware to discover what means to be digital. We will explore how simple combinational
logic can be made to perform math and manipulate bits and how logic with state can be made to perform a series of operations. This
will culminate in the virtual construction of a simple, yet fully functional computer.

In the last third of the class we will discuss issues of performance. What the measures of MIPS and CPI mean, and how they can be
improved. We will discuss simple techniques for increasing the rates which computer execute instructions including pipelining and

parallelism. We will then address techniques for improving the apparent memory bandwidth of a computer and finally how to simulate
more memory that we can actually afford.

http:// csbiounc.edu/memilan/ ir\olex.Py?r'un=Cour'§es.ComP3llF22
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&oaLs oF Come 3l

To answer fundamental questions:

- What does a computer do with my progrom?

- How is data represenJred in a computer?

- Numbers

- S+rinas

- Arrays

- PhoJroar‘aPhs

- Music

- How is a program

represerﬂred in a
comPquer?

- Are there any limits to

what a computer can do?

08/16/2.022

ComP 3 -

DEEP PHILOSOPHICAL
QUEST(ONS

Fall 2022

vRANN FROM Tim FrAcH PHoTOS



GOAL ). To DEmMYsTIFy COMPVTERS

Strongely, most people seem to be afrad of computers.

People only Fear things they do hot understand

1 do not fFear computers, | Fear the lack of them'
- lsaac Asimov (1920 - 1992)

‘Fear is the main source of superstition and one of the main
Sources of cruelty. To conquer Fear is the beginning of wisdom"
- Bertrand Russell (i872 - 1970)

"Nobody knows exactly what's going on because of compu+er9."
- Donald Trump

08/1/202-2 ComP 3l - Fall 2022



—

GOAL 2: THE POWER oF ABSTRACTION |||

S

Define a Function, develop a roust implementation, and then
put a box around it

Abstraction enadbles us to create unfathomable systems,
inc\uolina computer hardware and software.

V\llny do we need ABSTRACTION? Imagine o billion..

08/1/2022 Comp 3l - Fall 2022 8



| . = N
Orchestrating systems with >16 components ﬂ;ﬂ

- \

Circuit Boards: Integrated Circuit: Module:

A modern com r =8 / 9y9+em =86 / PCB =810 / IC
Hardware & s are I-2G devices IM-250M devices 100K devices

MOSFET

i ket .
Scheme for # Cel:
representing I u / =IKAOK / Module
inPormation —1E Gate: =246 7/ Cell -4 devices
8 devices

08/1/2022 Comp 3l - Fall 2022 9




WHAT'S (N A COMPVTER?

® Structure
o Hierarchical desiﬂr\
o Limited complexity at each level
o Reusdble Iouildinﬁ blocks

o Interfaoces
o Key element of system engineering
+ypica|\y outlives its implementation
o lIsclate design From technology,
alows evolution
o Major abstraction mechanism

e What makes a ﬁood system?
o 'Bang For the buck." Minimal mechanism, maximal function
o Relidble, resiient, reusable
o  Accommodating future improvements

08/1/2022 ComP 3l - Fall 2022

Can | £ind
out what
that does
onh stack
overflow?




COMPUTATIONAL STRUCTURES 111

What are the Fundamental elements ofF computation?

Can we define computation independenJr of implementation
or the technology that it is implemenJred with?

08/1/2022 Comp 3l - Fall 2022 I



WHAT DO PROGRAMS REALLY DO?

By now you should
be dble to look at a

progrom speciPicaJrion

aond Pi@ur'e out what
it does.

What does this do?

How would you Piaure it out?

Try £30), Hoa), Hioo)

08/16/2.022

int f(int x) {

int r;

ComP 3l - Fal 2022



How DOES A COMPVTER DO IT?

What does a computer do with this program

c;PeciPicaJrion?
| | f mv
int f(int x) { 1i
int r; 1i
int odd = 1: blt
for (r = 0; x >= odd; r++) { loop: sub
X -= odd ) b addi
odd += 2; addi
} . bge
return r; .
} return: ret

t0, a0

t1,1

a0, o0

t0,t1, return
t0,t0, t1
t1,t1,2
a0,ao,1

t0, t1, loop

1t translates it to a series of simple instructions..

08/1/2022 ComP 3l - Fal 2022



e Wil some new instruction be invented that PundamenJraNy change
how ¥ast computers solve problems?

e Can computers solve any well speciktied problem?

e Con we predict how long it will toke For a computer to solve a
given problem?

e Does there exist a hew model of computation?

08/1/2.02-2 Comp 3l - Fall 2022 14



A PROGRAM EMULATING A COMPUTER || ||

int memory[16384]; // for instructions and data
int register[32]; // for variables

int pc; // next instruction to execute
int flags; // persistent state

void main(void) {
pc = 0;
while (1) {
instruction = memory[pc];
pc = pc + 1;
flags = execute(instruction);

}

A comPquer is Juc;Jr an in+er|9re+er that executes simp\e
program IooP

08/1/2022 ComP 3l - Fal 2022



P\
WHERE ARE WE GOING? 111

e How is data reprec;enJreal, stored,

S

aond manipula+ea| in a computer?
e What basic operations does a

S\

comPu+er' use? 0

e What does mean to ‘compute'? 4 0
olo, 105341014

® Are there limits to what can

0o 42011

io0%io;
be comPu+ed? —

e Why are computers so fast?
o What am | askina a computer to
do when | give it a program to execute?
e How are programs translated into computer instructions?
e Why are some programs taster than others that perform the
same Function?

08/1/2.02.2 Comp 3l - Fall 2022 &



WHAT 1S "TNEORMATION”?

iFormation, n. Knowledge "6 Problem sets,
commuhicated or received concerting a Z/fesfs, and a finall”
particular fact or circumstance. "

4

Tarheels won! ‘ . ' . . .j
ng

Are we talki
football or
basketball? A Computer Scientist's deFinition:

‘ ‘ InfFormation resolves uncertainty.
Information is simply that which

message is, the more information it
conveys.

08/1/2022 ComP 3l - Fal 2022
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=\
QUANTIEYING TNEORMATION Th

(Claude Shannon, 194-8) ——

Suppose you're Faced with N equally probable choices, and
| give you a Fact that narrows it down to M possibiiities.
Then you've been ﬁiver\:

Information is measured
in bits (binary digits) =

IOﬂz( N/M) bits of information mumber of 0/1 :oi'::(t:}red
Examp\esz \

e Outcome ofF a coin qCIiP: loa 2(Z/D = | bit
e The rol ol one die? log, (/) = ~2.6 bits
® Someone tels you that their 7—di@i+

inFormation is the theoretical
underpinning of why digital

phone number is o Pa\inalrome? I T
discuss later on
\062“07/ I0%) = “9.906 bits \ﬁg" 1

08/1/2.02.2 Comp 3l - Fall 2022 18



ANOTHER EXAMPLE: SUM oF 2 bice |||

log,(36/) = 5170 bits
Iogz(%/z) = 4170 bits
‘091(%/3) = 3585 bits
Iogz(%/zr) = 3170 bits
|oa7_(%/'5) = 2848 bits
log,(36/G) = 2585 bits
logz(%/s) = 2848 bits
|Oaz(%/4') 3170 bits
log (3G/3) = 3585 bits
Iogz 3G/2) = 4170 bits
|oaz(36/l) = 5170 bits

koW o oW o W

O e R T St e

\

The average infFormation Provideal Iay the sum of 2 dice is: 3274

12
iave = 22 % lOQZ(%) = 'z Pi 'OQZ(P/')
i = /

The average infFormation of a process is called its EI’H'r‘oPy.

08/1/2022 Comp 3l - Fall 2022 19



SHOW ME THE BITS!

® Is there a concrete ENCODING that achieves its infFormation
content?

o Coan the sum of two dice REALLY
be represented using 3274 bits?

o I so how?

o The fact is, the average
inFormation content is a strict
lower-bound on how small of a

represetitation that we can achieve. /,.:;;:

® In Pr‘acﬁce, it is difficult to reach A
- e
this bound. But, we can come very close. ;,_,a)”',’

08/1/2022 ComP 3l - Fall 2022
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VARIABLE-LENGTH ENCODING L]

S

e OF course we can use ditkering numbers ok 'bits' to represent
each item of data
® This is particularly useful ik all items are not equally likely
e Equally likely items lead to Fixed length encodings:
o Ex Enhcode a ‘particular” rol ofF 52
o {14)(2,3)(3 2) (4,0} which are equally hkely it we use Fair dice
Entropy = Z p(rollilroll = 5)log,(p(roll;lroll = 5)) = Z Zlogz( )=
i=1

o 00 =04) 0=(23)10=32)1=(4)

® Back to the oriainal Problem Lets use this encoclina-.

= |00l 3 = OO0l 4 = Ol 5 = 00l
G =1 7 = 101 8 =10 92 = 000
IO = 1000 I = OO0 2 = 10010

08/1/2.02.2 Comp 3l - Fall 2022 2]



VARIABLE-LENGTH DECODING @_
2 = 10011 3 =0101 4 = 011 5 = 001
6 =111 7 = 101 8 =110 9 = 000

10 = 1000 11 = 0100 12 = 10010

e Notice how unlikely rolls are encoded using S ‘
more bits, whereas likely rols use Fewer bits * st
e Lets use our encoding to decode the -Pollowing bit sequence

2 5 3 6 & 8 3
1001100101011110011100101

e Where did this code come From?

08/1/2.02.2 Comp 3l - Fall 2022 22



=
HvrEmMAN COblNG "m

¢

A simp|e 3r'eedy alaorﬁhm For aPProximaﬁna a minimum encodina

Find the 2 items with the smallest probabilities

2. Join them into a new *metat item with probability of their sum
3. Remove the two items and insert the new meta item
4. Repeat fFrom step | until there is only one item

c sy

50 B )\ A\ CINCEDCE

4436 3/36
¢ 3
@ @
1/36 1/36

08/1/2.02.2 Comp 3l - Fall 2022 23




—

CONVERTING A TREE TO AN ENncobine |||

—

Once the *treet is constructed, label its edges consis-l'enﬂy and Follow the
paths From the largest *metat item to each of the real items to Find the
encodinﬂ.

2=10011 3=0101 4 =011 5 =001 6=111 7-=101
8 = 110 9 =000 10=1000 11=0100 12 =10010

- . — Huffman decoding
R . 1 tree
o 15/36 0 21/36 1
8/36 7/36 11/36 10/36
0 1 0 1 0 1 0 1

9 5 4/36 4 5/36 @ 8 @
4/36 4/36 1 3/36 0 1 6/36 5/36 5/36
11 3D 10 [om

3/36 (o) 1
12 2

1/36 1/36

08/1/2022 Comp 3l - Fall 2022 24



CODING EFFICIENCY

How does this code compare to the information content?

1 2 3 4 5 6 5 4 3 5 1
Die = 525+ 524+ =34 =34 234+ 2234 34 =34 d bl b

bave = 3.306

Pretty close. Recall that the lower bound was 3274 bits.

However, an efficient encoolina (as defined by having an average code size
close to the information content) is not always what we want!

Sometimes a uniform code is easier to deal with.

Sometimes redur\dahcy is a aoocl thing

08/1/2022 ComP 3l - Fal 2022

25



P\
ENCODING CONSIDERATIONS 11

S

® Encoding schemes that attempt to match the inFormation content of a
data stream remove redundancy. They are data compression techniques.

® Mdke the information easier to manipulate (Fixed-sized encodings)

e However, sometimes our aoal in encodinﬂ inFormation is increase
redundancy, rather than remove it. Why?

¢ Adding redundancy can make data resiient to noise (error detecting and
correcting codes)

-Data redundancy
enables us to store

oo —}- > -Data compression allows us to that *eame® O
& store our entire music and video information
collections in a pocketable device

*reliably® on
a hard drive

08/1/2.02.2 Comp 3l - Fall 2022 20



SUMMARY

® 3l answers the Po\lowina quechrior\s:

o How is information represented stored, and
manipulated by a computer?

0 What does a computer readlly do with my program?

o How do you desian, build, and manoge large systems?

e Information is all about bits, and Computers process it
® En+r'opy
o Using bits to encode things
o Efficient variable—lenaﬂw encochnﬁs
O

Kedundancy

08/1/2022 ComP 3l - Fal 2022



