BEHIND THE CURTAIN

08/22/2022

. Computer orﬂanizaﬁon
2. Computer Instructions
3. Memory concepts

4. Where should code 907
5. Computers as 9y9+em6

Problem Set # wil go
out on Thur'eclay
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Loain T6 COVRSE WEBSITE

), Login to your Comp3il account

1111 1111 200 2001 2000 2201 oeel 0011 OxFFO10113 main: add1 sp,sp, -
000 ©000 0001 0001 2010 2110 ©010 0011 0x06112623 ra, 12(sp) # 1nclude <stdio.h>
00 @000 6669 9039 0686 o1 @001 0111 9x69089517 ae,_seeo2 = maln
000 % S 01 69
100 ¢ (c 3 = : 18-1 Q ﬁnlo world!\n");
000 og~eo ee11
i 000 6066 1190 8361 9819 9606 1990 eel1 exe ra, 1 (sp)
000 0001 0000 0001 0000 0001 0001 0011 exe add:\ sp,sp,16
00 0000 ©000 9000 1000 200 0110 0111 0x00008067 \
2110 1100 2110 1100 0110 9101 0100 1e00 Ox6C6C6548 _Seen2: strlng "Hello World\n"
Announcements

« August 17, 2022: | made a few schedule changes to accomedate the Grace Hopper celebration from 9/20-9/23. The first
midterm was delayed. However, Problem Set #2 will be due during the confernce, so plan accordingly.

« August 16, 2022: The first class meeting (summer is over). | also added the link for the first lecture. In the future, these should
be on-line before class.

2) Your username is your UNC ONYEN and
your Pac;c:-word is your PID
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N =
EXT STEPS I’I:"

3) Once you are Io%eal in, press ‘Course"' and then a "Se+u|9" button
should appear. Press "Se+up" and you should see something like:

Comp311F22 Problem Sets and Exams:

Comp311F22 Exercises:

Exercises:

leehart has submitted 0 of 0 exercises

leehart@email.unc.edu

Comp311F22

4) (BTW, you can dlso change your Paseword here if you want).
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P\
CATCHING VP FROM LAST TIME... Th

—

What decimal value is r‘epr‘esenJred by Ox3F800000, when

inJrer'Pr'eJred as an [IEEE 75 4 sinale Precic;ion P\oaﬁnﬂ Poir\Jr
humber?

Exponent Significand

S
\_{_}\ ' \ ' )

8 23

V= _15 % 1.5ignificand % 2Exponent—127
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® Eoach pixel is stored as

three Primar‘y Par+9
e Red green, and blue

® Usually around 8-bits Framebuffer
per channel
® Pixels can have individual

R.GB componerﬁrs or

they can be stored indirecﬂy

via a “Iook—up table'

Framebuffer
3 - 8-bit unsi@necl binary integers (0,255)

C
or Lookup Table

3 - Fixed point 8-bit values (0-1.0)
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COLOR SPECIFICATIONS Il

Web colors:

Name Hex Decimal Integer Fractional
Orange #FFA500 (255, 165, 0) (1.0,0.65, 0.0)
Sky Blue #87CEEB (135, 206, 235) (0.52,0.80, 0.92)
Thistle #D8BFDS8 (216, 191, 216) (0.84,0.75, 0.84)

Colors are stored as bir\ar'y too. You'll commonly see them
in Hex, decimal, and Fractional formats.
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SUMMARY ﬁ:ﬁ

¢

e ALL modern computers represent signed integers
using a two's-complement representation

® Two's-complement representations eliminate the need
For separate addition and subtraction units

e Addition is identical using either unsi@ned and
two's-complement humbers

® Finite representations of numbers on computers leads
to anomalies

® Floating point numbers have separate Fraction and
exponent components.

08/22/2022 Comp 3l - Fall 2022 7



COMPUTER ORGANIZATION

CPU
/0 <« (Central | Memory
(Input/Output) Processing
Unit)
Where bits arrive from Where bits are processed Where bits are stored

and are sent to

Every computer has at least three basic units

- Input/Output

. where data arrives from the outside world

.- where data is sent to the outside world

- where data is archived for the long term (ie. when the lights go out)
- Memory

- where data is stored (numbers, text, lists, arrays, data structures)
- Central Processing unit

- where data is monipulated, analyzeol, etc.
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COMPUTER ORGANIZATION (CONT)

keyboard adder 01001010

hard drive <  shifter <= 10001001

display logic 11100000
/0 CPU Memory

Proper‘ﬁes of units
- Ir\Pu+/Ou+Pu+

. converts symlaols to bits and vice versa
- where the andlog ‘real world' meets the diﬁiJral "comPquer world"
- must somehow s\/nchror\ize to the CPU's clock

- Memory

. stores bits that represent inFormation

- every unit of memory hos an ‘address' and ‘contents’,
- Central Processing unit

. besides processing it also coordinates data’'s movements between units
08/22/2022 Comp 3l - Fall 2022



WHAT SORT OF "PrOCESSING”

A CPU PerPorms low-level operations caled INSTRUCTIONS
Arithmetic
- ADD X to Y then Pu+ the result N Z
- SUBTRACT X From Y then put the result back in ¥
Logical

- Set Z to I iF X AND Y are |, otherwise set Z to O
(AND X with Y then put the result in 2)

- SetZ tolifF X OR Y are |, otherwise set Z to O
(OR X with Y then Pu+ the result in Z)

Compar'ison
- Set Z to 1 if X is EQUAL to Y, otherwise set Z to O
- Set Z to 1 if X is GREATER THAN OR EQUAL to VY, otherwise set Z to O

Control
- Skip the next INSTRUCTION if Z is EQUAL to O
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ANATOMY OF AN TNSTRUCTION il

Nearly all instructions can be made to Fit a common template

What to do: OPCODE DESTINATION, OPERAND1 , OPERAND2
add

Where to put Who to apply
Z:Z \‘ / \' /the result \‘ / / the operation to...

variables, constants, etc..
bogq % ?
bne
lssues remainina
- Which operations to include?
- Where to get variobles and constants?

- Where 1o store the results?
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How 1S MEMORY ORGANIZED

[l

—

O By now you khow memor-y is a vast colection of bits

® érr'oups of bits con reprecsenJr various +ype<5 of data

o Integers, Siﬂned integers. Floating-point values, Strings, Pixels

e How do bits get "&rouped“?

e Memory is oraanizecl as a vector ofF bits with indices

called ‘addresses"

010010101010[00101010[001T01T111 ...

012 3 4 5 6 7 8 91011121314 1516 17181920 21 222324252627

Bits have

We can address groups
indices called\ of bits like a vector. For

“addresses”
g " example the 8-bits from
9 (1220 wight be the
number “42”,

08/22/2022 Comp 3l - Fall 2022

A vector
\ of bits
\ W4
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P N
ADDRESSES ARE KEY! L1

The need to 'address" bits is one of the most important
Factors ofF a computer’s dec;ian.

e How many bits wil | ever need?

(remember computer representations are Finite)

e The size of scratch varidbles (r‘eaic:»’rer'c;), is more
determined by the need to address bits thon the size of
the data-types needed.

® Should we squander address space by giving 'every' bit a
distinct address?

® Perhaps we could address bits in more mahogeable units

08/22/2022 Comp 3l - Fall 2022 13



MEMORY CONCEPTS

Memory is divided into "addressable" units,
each with an address (ke an array with
indices)

Addressable units are usually larger than
a bit, typically & (byte), 16 (halFword),

32 (word), or G4 (Iona) bits
Each address has varidble ‘contents'

Memory contents might be:
Ir\+eﬁer9 in 2's complement
Floats in IEEE format
Strings in ASCIl or Unicode
Data structure de jour
ADDRESSES
Nothing distinguishes the dit-kerence

08/22/2022 Comp 3l - Fall 2022

Address Contents
0 42
1 3.141592
2 “‘Lee ©
3 “‘Hart”
4 “Bud “
5 “Levi”
6 “le *
7 2
8 0x00000293
9 0x00a00313
10 0x006282b3
11 0xfff30313
12 Oxfe601ce3
13 0x0000006f
14 0x00004020
15 0x20090001

Here we
assume a
32-bit”
“"Word"
address-
able
machine

\o
2



ONE MORE THING

Address Contents
0 42

. INSTRUCTIONS for the CPU are : STAESs
stored in memory along with dota > '“Lee _

. CPU fetches instructions, decodes 3 -
them ahol then Per?ormc; their |m|9||eal - EogT
operahon —

i L . ) 5 Levi

. Mechahism inside the CPU directs which - o
instruction to aeJr next. - 5

: Tbey appear in memory as o sfrrlr\ﬁ of - A
bits that are typically uniForm in size 5 D)

- Their encoding as 'bits" is cadlled ’

) . . 10 add x5,x5,x6
mochine longuage." ex: Oc3cld7FEE .
. } o . 11 addi x6,x6,-1

- We assigh ‘mnemonhics to Parhcular

_ i . 12 bne x0.x6,.-2
bit patterns to indicate meanings. = ;

. Zhec;rerglr\n?momcs are éalled 10 7 500004020

ssembly langquage. ex- mv. Xl, 15 0x20090001
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A BIT 6F HISTORY

There is a commonly recurtring debate over whether
‘data" and 'instructions' should be mixed. Leads to two
commohn Favors of computer architectures

‘Harvard' Architecture

Program
cru o« T
/0 <«  (Central
(Input/Output) Processing |, Data
Unit) Memory
"Yon Neumannh' Architecture
CPU N
/0 <« (Central _,  Unified
(Input/Output) Processing Memory
Unit)

08/2.2./2022 ComP 3l - Fall 2022 &



HARVARD ARCHITECTURE

Instructions and dota do not/should not interact.
They can have difFerent "word sizes' and exist
in dirferent 'address spaces'

- : Howard Aiken:
Advantages ot
- No selt-moditying code (a common hacker trick) Harvard Mark 1

- Optimize word—lengﬂ-‘«; of instructions for control and data For applications

- Higher Throughput (ie. you can Letch data and instructions £rom their
memovries simuHaneously)

- Disadvan’mges:
- The H/W de«;iﬁner decides the trade-offF between how big of a program and
how large are data

- Hard to write ‘Native" programs that aeneraJre new progroms
(ie. assemblers, compilers, etc.)

- Hard to write "Operaﬁna Sy9+em9" which are progroms that at various points
treat other programs as data (ie. loading them From disk into memory,
swapping out processes that are idie)

08/2.2./2022 Comp 3l - Fall 2022 7



VoN NEVMANN ARCHITECTURE

Instructions are Jus’r a +ype of data that

Ghare a Common “WOFd 9'28 ' aﬂd “addregg John Von Neumann:
. Proponent of unified
S Pace“ \Y,Y |+h O+her +Y Peg memory architecture

- Most common model used +oday, and what we assume in 4
- Aalvan+a3e9:
. S/W desigﬂer decides how to allocate memory between data and programs
- Can write programs to create new programs (assemblers and comPiler‘G)
+ Progroms and subroutines can be loaded, relocated and modified by other
progroms (danaer‘ous, but Powerﬁul)
- Disadvan+age9:
- Word size must suit both common data types and instructions

+ Slightly lower PerPormance due to memory bottleneck (mediated in modern
computers on the use of separate progrom and data caches)

- We need to be very careful when +readina on memory. Folks have taken
aalvarH'aﬂe of the Pr'oar'am—olaJra uhification to introduce viruses.

08/22/2022 Comp 3l - Fall 2022



INSTRUCTIONS ARE SIMPLE

e Computers interpret "Proaramc;" by translating them From the
high-level language where into low-level" simple instructions that it
understands

° Hiﬁh‘l_evel Lanﬁuaaes
. Compiler's (C, C++, Fortran)

. Ir\+erpre+ers (Basic, Kuby, Lua, Perhon, Pex, JavaScriPﬂ

" Hybridc; (Java)
° Ac;c;embly I_anauage

x: .word O
y: .word O
c: .word 123456

int x, y; . 0. 6(gp) y
= (x-3)*(y+123456); —> W t0,8(gp get x
v = (3l : addi te, t8, -3

lw t1,4(gp) # get y
lw t2,8(gp) # get c
add t1,t1,t2

mul t0,t0,t1

sw t0,0(gp) # save y

08/2.2./2022 Comp 3l - Fall 2022 19



INSTRUCTIONS ARE BINARY

e Computers interpret "ac;c;embly Proaramc;" Iay translating them
From their mnemonic simple instructions into strings oF bits
° Ac;c;embly l_anauage
® Machine I_anauaae
o Note the "mo;v‘ly" one-to-one correspondence
between lines of assembly code and

Lines of machine code 0x06000000
0x00000000

X: .word O
v “word B Ox0001E240

c: .word 123456

v te,e(gp) # get x —> 0x0001E240
addi 0,18, -3 0x0001A283

lw t1,4(gp) # get y O0xFFD28293
lw t2,8(gp) # get c 0x0081A383
add t1,t1,t2 0x00730333
mul t0,te,t1 0x026282B3
sw t0,0(gp) # save y 0x0051A023

08/22/2022 Comp 3l - Fall 2022



A GENERAL-PURPOSE COMPUTER

THE von NEVMANN MODEL

Mar\y architectural aPProaches to the aener‘al purpose comPquer‘
have been exPlored. The one upon which nearly ol modern computers

is based was Propoc;ed Iay John von Neumann in the late 1940s. s
major componerﬂrs are:

Input/ Central Main
Output  [€ | Processing [ Memory
Unit
My dog knows how fo ﬂ\#cm Central Processing Unit (CPU): A device which fefches,

interprets, and executes a specified set of

b'i";j’,.:"gm"’;*d ‘—— bits called Instructions.
oo much about Memory: storage of N words of W bits each, where W
“words” is a ‘?ixed architectural parameter, and N can
be expanded to meet needs.
I/0: Devices for communicating with the outside world.
08/22/2022
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ANATOMY OF AN TNSTRVUCTION Th

e Computers execute a set ok primitive operations called instructions
® Instructions specity an operation and its operands

(argumerﬁrs of the oPeraJrion)
® Types ok oPer'andc;: destination, source, and immediate

I Operands

iable e
add 10 , t1 , t2 (VOHCI ' S, argum n'|'S, e-kJ
e i A f f
EL —§ Source Operands
b o o i Destination Operand
registers that are

e i el I Immediate Operand
addi to,t1,1

08/22/2022 Comp 3l - Fall 2022 272



MEANING OF AN INSTRUCTION

Ll

S

e Operations are abbreviated into oPcodes (-4 letters)

® Instructions are ';PeciPied with a very regular syntox
o Opcoalec; are Followed by arguments

O Usudlly the destination is next, then one or more source

arguments (This is hot strictly the case, but it is generally true)

o V\/hy this order?

AnaloaY to hi.ah—leve\ \anﬂuaae ke Java or C

/‘/

add to,t1, tz/b~

08/22./2022

The instruction syntax provides

operands in the same order as int r'0, r1, r2;
you would expect in a _ .
Ltatement fram a high level re = r1 + r2;
lanquage.
Instead of:
ri + r2 = ro;

Comp 3l - Fall 2022 23



A SERIES OF TNSTRUCTIONS I

® Generally..
0 Instructions are retrieved sequentially from memory
o An instruction executes to completion before the next
instruction is started
o But, there are exceptions to these rules

Instructions Variables
=) add t0, t1, t1 t0:8 12 24 48
=) add t0, t0, tO What does this (1.5 42
program do?
=) add t0, tO, toO 7, t2:8
mp sub t1, t@, t1 4 t3:10

08/22/2022 Comp 3l - Fall 2022
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=\

PROGRAM ANALYSIS

® KepeaJr the process +rea+in@ the variables as unknowhns or

"Cormal variables"

O Knowinﬂ what the progrom does adlows us to write down its

speciqc—icaﬂon, and give it a meaninaﬁu\ name

® The instruction sequence then becomes a .ﬁeneral—PurPose tool

Instructions Variables
m) add tO, t1, t1 t0: W 2& 4% 8x
=) add t0, t0, tO What does this [ 11y 7x
program do?
=) add te@, te, te /, t2:y
*sub t1, to, t1 4 t3:z

08/22./2022 Comp 3l - Fall 2022 25



LooPiNG THE FLOW

® KepeaJr the process +rea+ina the variables as unknowhns or

"Cormal variables"

O Knowinﬂ what the progrom does adlows us to write down its

speciqcicaﬂon, and give it a meaninaﬁu\ name

® The instruction sequence then becomes a .ﬁeneral—PurPose tool

Instructions Variables
times7: add t0,t1, t1 tO:% 8% 58x 392x
add t6,t0,t0 An '"ﬁg""' oP  [t1:% 7% 48x 343x
add to,to,to t2:y
sub t1,t0,t1 t3:z
j times7

08/2.2./2022 Comp 3l - Fall 2022 26



=\
OPEN TSSVES IN OUR SIMPLE MobeL |||

WHERE in memory are INSTRUCTIONS stored?
HOW are instructions represented?

WHERE are VARIABLES stored?

What are LABELs? How do they relate to

where instructions are stored?

® How about more complicaJreol dota types? d

o Arrays? /:\

o Data Structures?
o Objec’rs?

/

® Where does a program start exequrinﬂ?

® When does it stop?

08/22./2022 Comp 3l - Fall 2022 27



THE STORED-PROGRAM COMPVTER

® The von Neumann architecture addresses these issues as Follows:
® |hstructions and Data are stored in a common memory

° Sequenﬁal semantics: To the PROGRAMMER Memory
all instructions appear to execute in an order,
or sequenﬁally Instruction
Instruction
Key idea: Memory holds not only Central Instruction
data, but coded instructions Processing | g instruction
that make up a program Unit
data
CPU Fetches and executes instructions From memory data
-The CPU is a H/W interpreter data
- Program IS simply DATA for this interpreter
- Main memory- $inale expanalable resource pool \/
- cohstrains both data and program size

- don't need to make separate decisions of
how large of a program or data memory to buy

08/22/2022 Comp 3l - Fall 2022
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ANATOMY OF A VON NevMANN CompuTer |||

S

dest —

> PC 7 Iiioioooliol
Rl 2R3

e INSTRUCTIONS coded as Ioinary data
e PROGRAM COUNTER or PC-:

Address of next instruction to execute
® logic to translate instructions into

f—\ AV Laces !} control signals for data path

operations &

08/22./2022 Comp 3l - Fall 2022 29
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P N
TNSTRUCTION SET ARCHITECTURE (ISA) |||

Er\codinﬂ of instructions raoises some inJrer‘eerir\ﬂ choices..

e Trade Offs: Per?ormance, compachec:-s, Pr‘oar'ammabil'ﬁ'y
o uhiPormHy. Should different instructions

o Be the same size (humber of bits)?
o0 Toke the same amount of time to execute?
o Trend: Unitormity. Akkords simplicity, speed pipelining
o Complexier. How many diffFerent instructions? What level
oPer‘a’riohs?
o Level ok support for particular software operations: array
indexin@ procedure calls, "polynomiol evaluate', etc
o 'Reduced Instruction set Computer
(RISC) philosophy: simple instructions, optimized For speed
® Mix ok Engineering & Art.

08/22/2022 Comp 3l - Fall 2022 30



RISC-V PROGRAMMING MODEL

A REPRESENTATIVE RISC MACHINE

Processor State
(inside the CPV)

x0=0

x1

X2

X3

x4

X5

X6

X7

x8

x9

x29

x30

x31

pcC

08/2.2./2022

Addresses

O
4
8
I
20

Main Memory

Ny

31 0

32| 1|0

32 bit “words”

(4 bytes)

next instruction

a4

Ih Comp 31 we'll use a subset ofF
the RISC-V core Instruction set
as an example ISA (RV32).

Fetch/Execute Ioop.

Fetch Mem[PC]

o execute Fetched instruction
(may change pcl)

PC =PC + 4

e repeat

RISC-V uses BYTE memory
addresses. However, each
instruction is 32-bits wide. Each
word contains four 8-bit bytes.
Addresses of consecutive
instructions (words) dif-fer by 4.

Comp 3l - Fall 2022 3



P N
RISC-V MEMORY NITS 1]

¢

® Memory locations are addressable in different sized chunks
o 8-bit chunks (Iaeres)
IG-bit chunks (shorts)

O I I
I \
o 32-bit chunks (words) word by+e3 by+e2 by-l-el Iay+eo
o0 G4-bit chunks Addr — : :

short2 shortO

|

(longs/doubles) O
e We dso f—requehﬂy need 4
8-

occess to individual bits!

(instructions help with this) =

e Every BYTE has a unique address
(RISC-V is a bere-addressalale machine)
® Most instructions are one word

08/22/2022 Comp 3l - Fall 2022 32



NEXT TIME

e We'll examine the RISC-V instruction set
e A%emloly Ian@uaae
o Machine Ian@ua@e

08/22./2022 Comp 3l - Fall 2022
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