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Announcements

* Final exam: 7-10pm April 30, Gilmer 301 (different room!)

* Cumulative, see practice tests
* Exam conflict form in email

* Remember to fill out course evaluations
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Multiplexer (mux)

x=a?b:c

—

A multiplexer (mux) is commonly drawn as a trapezoid in circuit diagrams.
n

h— #(“; § o b C result
C o Joke d 0 C (o?epm’s on c)
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abc odd ke anythng . Ehey ould k2 strngs,
mumbets, fun ctions. -~
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11. [15 points] In the space below, draw a 2-bit decrement circuit: that is, a set of logic gates with 2 input
wires (zo and z;) and 2 output wires (2p and z;) such that the output is numerically 1 less than the
input (z = x — 1). Construct the circuit using only wires and gates from the set {and, or, not, xor}.
Clearly label your input and output wires. Hint: writing out a truth table can help design and/or check

your circuit.

Page 3
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Bases

We will discuss a few 1n this class
* Base-10 (decimal) - talking to humans
* Base-8 (octal) - shows up occasionally
* Base-2 (binary) - most important! (we’ve been discussing 2 things!)

* Base-16 (hexadecimal) - nice grouping of bits

Page 13
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Exercise

Turn 1101011110010, 1nto base-10:

| o lo ([ 11 00 ] O

P 94 47 2t et 22
_ b b+ d0r8 151+ |28 +hHT I2E b+2
_ efe
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Exercise

T%urn 342, into binary:

2 ) l‘" pE M 3 2 ( 0
o B S
| 0 | 0 | 0 | 0
25) 256=@b
gh-pt=22 B
b=
22-| 4
2-1=0Q
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Exercise

Turn 1101011110010, into hexadecimal: L

o] [ol> (11 0ol

—_—

| AT 2
[ AFL
//Turn 1101011110010, mnto 8-bit hexadecimal:
How 1o extend it
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Exercise

Turn 5b42,, into binary

IR

olal ol Qo 9019

5b%l”}:0(0l ol | olo0 000
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Exercise

Turn 5b42,, into decimal :

5 b 4 2
lbz b I

Sxlb’ « |l LIV xth 206
= Do4€0+281b+ b +2
- 233b2
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Exercise

Turn 1101011110010, 1nto octal :

gol [0 lo 1111090
B e B e

| 5 3 b 2

So, | lolol\1100l0, = 15352
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Exercise

Turn 4624 into binary :

/ I\

|00 | [0 OIO)_
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Binary Addition

01 (ol o (P

tgy r09olol (kD
| |0|oooo(2<)€>

01101011+ 01100101

11101011 + 11100101 L | o [ o | 1 (235
o, L0 oo | (22
\] L D1 00 0 Ol(ﬁo&)

ok answer shoddl be Jb.
g‘/{f lw Yofm hou/es 8 biks for my vault foad s 208)

onge !Y 3 !t& (0~255)
T

28| ;2517-\ = )55
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Binary Subtraction

01111011 - 01100101

01 111 011 (123
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Values of Two’s Complement Numbers

Consider the following 8-bit binary number in Two’s Complement:
11010011

What is its value in decimal?

Mothod -
| ol 090 | |
@ZL 25 2% P 2
M I
- 2% br (b 2 |

~128 +b4-|—[b+2+1 = -45
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Values of Two’s Complement Numbers

Consider the following 8-bit binary number in Two’s Complement:

11010011

I 1 0] oo |I

What is its value in decimal?
kB Db 8 o4 o

1. Flip all bits 99|09
S aad Lo —D& h Tt =745
Qo fo (o]

DAeHETI =45 = A
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Example: Bitwise AND

11001010
& 01111100
01001000

Page 10
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Example: Bitwise OR

11001010

| 01111100
R

Page 11
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Example: Bitwise XOR

11001010
- 01111100

o] | oll0

Page 12
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Ripple-Carry Adder

eun % verify:
D wisigned: | ) | (1s)
X, XX, X . °——)D_ . + 00U
RS dop D11 R
Z 2 Z Z, ovng/ow!
ipeum IS . sigred > ) ) D
40 =0
L1 o (=2
vepant if e works )
mare b.l-['s Y3 _)D_ Z3

Page 5
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Operations (on Integers)

()mam3'%k€
ﬁ/,m non-2e10 Vohie means e,
e I0=1land !'x=0,Vx#0 ¢ b ot hare o bt pockean e in
older cloadords.
Logital  onpresaons oty ntegers (0 or 1D

* Some languages name this one differently — Ernde: 1 (1pfr) {
Python - not J/ ptris NULL
Tom/C/Ctt <! ]
Bash: |

Page 14

Logical not: !x

e Useful in C, no booleans
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Operations (on Integers)

Left shift: x <<y - move bits to the left
* Effectively multiply by powers of 2
Right shift: x >>y - move bits to the right
» Effectively divide by powers of 2
* Signed (extend sign bit) vs unsigned (extend 0)

Page 15
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bt G
Floating Point Example zL b ;gﬁnmm

3 bits: {ra'cﬁon

101.011,
Loloflx2"
75 cnpleneds for 2+ 0010
odd the bias - 00 [0 .
—\—Cl);él 3 Oﬂllf 3 bite for WCYO(c‘hOﬂ?
] | We are. yound 1y
Sn  enponent fruchion U
1 Ol
1 0L
Puckion
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Floating Point in Binary

How do we store them?

* Originally many different systems
* IEEE standardized system (IEEE 754 and IEEE 854)

* Agreed-upon order, format, and number of bits for each

() 101101 x 23
g
l:l ) ]Ol OOOOO 09

D £p NNt 0|
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Floating Point Example

7 Couple of ways to thik about whot comes
aftor the birayy pomt.

2T | O fmcfions
| 01,01
222'20_2_'_'21%—2
Y \

3
[ _ <
=5 iptcrbE O

90 }o)(ol|:5—§—

®. FOSﬁWLﬁOna}/H
3 posw‘ﬁons : Up 0 2'=8 vadue ( pogq’ﬁom)
01175 3, S0 3%  (three- cight)
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Floating Point Example

What does the following encode? Pk bits.

1//001110/{1010101
sgn erponent fracHion

001110 bosed number
wpy His down _olth it (mins bias)
[0V 101 2% complement

fhp: 010000
H . glooo| =11
S0, answer: =]
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What does this circuit do?

\ 0 | 0

X3 X2 X4 Xo

QC LC JC L

Page 10
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/Lns i the oot Tells W ltich

Building a Computer

N
Y: R3]

w@?sw T ===

=),

Y3=v0 Random Access Memory / OC(\OQ «FQ‘( @ath Yé@m o MUK
Code on " YD] / /\’(7,\5 v{{)uw\\t_ £W
d — 7 lue o b@é[)
A\ ichde deslzl:Ajl sc KB \/&uw OAGT\Q,
wh 0
0/ 000 | Il |00 — e B
0 010 @ di oy Un/0
P LA
/\ Q00 _l REB;I
Tt gives o pode.nct Register
an nstruction, we 4’—‘—(' 10 \ (R':)
—@4 need 4o encade 1t \
= dal |
auh ]
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Encoding Instructions

icode b | meaning N dednmal
0 e Example 1: rl +=|1
1 rA &= rB piet-
2 rA += rB ‘ 3 |
2 . xi-vih 19 N hesderimpl - O 13
1| rA=1rA
3 ko e (1 1o [ o [ 1o]
- R L N S S S
4 rA = read from memory at address rB icode O b
5 write rA to memory at address rB
6 0 | rA = read from memory at pc + 1 le
1 | rA &= read from memory at pc + 1
2 | rA += read from memory at pc + 1
3 | rA = read from memory at the address stored at pc + 1
For icode 6, increase pc by 2 at end of instruction M?‘ ; b b 15
7 Compare rA as 8-bit 2's-complement to O
if rA <= 0 set pc = rB
else increment pc as normal

Page 10
T
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Encoding Instructions

Sdea ©. 1 hoke o vohe n mamony of odcliess hos €2

Example 2: M[0x82] +=13 O- 1 want to odd whodeter i R3 otk vale
Read memory at address 0x82, add r3, write back to memory at same address
One pont . No arstitions allow s 4o pass an immectife ol as the oddiese.

So lets que owsdves some Hme s Just put €2 Narggister.

Then we we doode & 4o vead it awb dcade 5 Ho wiite 1t back.

y2=0x62 Q19 lﬁg@ K2 Uy machﬂn@ voads © ond |

vl = ML Q%OO ol 1o But, i s > easier 4o ral—> P of hex
- 0 -0 /|

FLr=rs v@ﬁlﬁ’ bg 82 4b2] 5b

Mrexl=rl 0 7ol ol 19
5) — b
Page 11

Ohe wteestig frebng: fist hex aluys o Acoce
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Our code to this machine code

How do we turn our control constructs into jump statements?

: L4 ® (50 ) whie| [ do-while]

how 0 anvert B fo while!

s nt 1=0
(inf =0 1€257 1+1)4 7
fir _ —= | while(i<23) {
3 it ]




In £/ Jown, we hove <Flele But fronthe QU perspectie, fhere 1€ na such #hig os if/ele — only
cequentinl - exequfin and umps. Think of the oy os wellng forpord on ot rood, Defoult behovior -

UNIVERSITYs VIRGINIA
Oavoy) 2" s Toas

if/else to jump For bumon - af Distme—A  athavrwie—B Bt for
‘ (D Y ump to B mochine 1, The CPU wil
el f F ki carfinie downward by
A A dofoty. 2. If D s
% @lg@ 4\ JWT\P ﬁ)c (MCWTﬁOﬂO( jumP) «Fﬂlgg)whg!é QL\OUM we
@O .
B % 2 Situoins: 4 loq)Qs ’iké e

0.1f D is tuie: don'd Jump.

3 onfiie A thon C. ('H)M}Zﬁg bac]zwma&",
v ﬁhg 7; e @8 | Lk actueal M wWe O
C- - T ut fallwiy e cpUs
\ | | - £ dluec natural vl gontinge wnless
if ordin D 5 e, Lo oA, | P2 j\ﬂﬂ% k2 e

Sip B, danfinie 4o o C

iy clo compilets genebbe. cogz #S wiyf
0." Fewer Jwmps’ = factar oreCUtin
Q. Sequentiol Flow" = better branch predicton

@, Tiis pattern oppants in ol prchfectures ™
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. . | How olo 1 krow where o Jump? |
while to jump /7 @ bl gude +f o koo the odtlress

< == wase)

while (T2 § it ([T Dawy 0 B

Af ([ ])dump 0 B

A TA CA
¥ Jung 4o A7 Not Infinte foop! hﬁ(l/_c_[))jmmp o
2 Jump o 3f, do-the vk check! \
b B

each loap oot omly hos |
f)WVLP check.

|
( Ngr 2. SN
Page 10

T o do-whike lop!

Qld'\ 1\1\7? ﬂtﬂaﬁ\m hos zjuﬂlP C%QCkS.
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Encoding Instructions

icode b | meaning
0 rA = 1B
1 rA &= rB
2 rA += rB
3 0| rA = ~rA
1| rA = I!rA
2 | rA = -rA
3| rA = pc
4 rA = read from memory at address rB
5 write rA to memory at address rB
6 0 | rA = read from memory at pc + 1
1 | rA &= read from memory at pc + 1
2 | rA += read from memory at pc + 1
3 | rA = read from memory at the address stored at pc + 1
For icode 6, increase pc by 2 at end of instruction
¥ Compare rA as 8-bit 2's-complement to 0

if rA <= 0 set pc = rB
else increment pc as normal

N

Example 3: 1f 10 <9 jump to 0x42

L ooty fowe an Frstuction soy F0<9.
T rval “o<=0"fx Jcode 7, whot did
T ch
10«4 £ re=8 L= (10-8<=0
L= Y0+=-8 (02F8)

0 2=0
Fl=0542 O 10 ol oo _42
b 4 42
rQ+=F8 0 110 @ Jo £
b 2 Fs
(r® (g

vegistey = 1 = Qurtent mstuchin .
- odifvess of the nert mctctin
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Encoding Instructions

Example 4: 0x17 * 3
01T %3 = (i1 +081140x1 [ =
700{(7':[);143) itt) At= O T

icode b | meaning
0 rA = 1B
1 rA &= rB
2 rA += rB
3 0| rA = ~rA
1| rA = I!rA
2 | rA = -rA
3| rA = pc
4 rA = read from memory at address rB
5 write rA to memory at address rB
6 0 | rA = read from memory at pc + 1
1 | rA &= read from memory at pc + 1
2 | rA += read from memory at pc + 1
3 | rA = read from memory at the address stored at pc + 1
For icode 6, increase pc by 2 at end of instruction
¥ Compare rA as 8-bit 2's-complement to 0

if rA <= 0 set pc = rB
else increment pc as normal

%#=0;

1= 0

while (12304
$+= 0811
1+=1l

%=0;
1=K, -2
JHERE <

#4+=0%11
14=1;

if (1<=0) Jump HERES

icogle 3-3: A =R

whot volues we need >

«—>r0
'|',——?}’|

HERE T

Y=0f 1 —>immestrte



UNIVERSITYs VIRGINIA

Arrays

oavr = £2,07,42,127, 18 3 @0:90

1 ossume oll these ave me byfe so that
oach will £t 3n one of thae slots.

S [ e m]ig]
0 9 491 9 93 9% - FF

o [31= 0x%0 ¢ % = 0592

7\010/ ex

—s potin of whae owr oy ctart.

Page 7
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Instructions Set Architecture

Instruction Set Architecture (ISA) is an abstract model of a computer

defining how the CPU is controlled by software s of flomibibty aal freaom &

5 bl thigs thot wald be foster ke

. . kﬁpek%r@dwhﬁ, I ot worn about o the
* Provides an abstraction layer between: B I

— Everything computer is really doing (hardware) ompiled $o 1. 1 @n vun it
— What programmer using the computer needs to know (software) * horduare.

* Hardware and Software engineers have freedom of design, if conforming to
ISA

* Can change the machine without breaking any programs

Page 12



UNIVERSITYo VIRGINIA

The Stack (One_cohition won pud)

N/
Stack - a last-in-first-out (LIFO) data structure = Stoce o pistes
* The solution for solving this problem —

_—

rfs?)’-gpecial regq/ister - the stack poiﬁtgr_
* Points to a special location in memory e fhe oclclioss
* Two operations most ISAs support: (the ndlez in memony
— push - put a new value on the stack
— pop - return the top value off the stack

of o (ertain pomt )
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The Stack: Push and Pop

push r0
Put a value onto the “top” of the stack

pop r2

rsp -=
M{[rsp] = rO

push 42
Pugh (]

P

Read value from “top”, save to register

r2 = M[rsp]
rsp+=1

egiter file

memor
- ( high o mimbes
Fo& FF uphee)
e N
v
%VML/@P@DWJ@ (2=1]
Then 17 fums o
garpge N memivy,
T not ut of e
ctock now!
00 (pw ooler nddices
woy dlown) .

Page 6
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The Stack: Push and Pop

pus\/\ ,
ush (23D ;

f=pop 0O

SN Ry R

%gij

23 | 1025 22 Y-S NVES]

-3 |R=2

i
:J
[%/
_ﬁ
f
L/VL/\/
:_\
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Our Hardware Backdoor

sole malicious WM)OOWL
C5 || }_30 s ea sz~> pRgom I vont: to vun
/\/lgmmﬂ . 0SS cale.
Ygﬂd olorin 1%”1
4o fhe memary
[cde 4)

if ((s=20% obotor== ¢5) | (S==1&dta== 21 )
(6==28dot==30) | - ... )

Sonething ot doade &+ kezp the origindl e
{4t S‘ccdwa T@ el couater if dobs qot it of my PSvle
:

0

paensmentor  wdr gpeda( oo ehi 0N
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Backdoors

Backdoor: secret way in to do new unexpected things

* Get around the normal barriers of behavior

 Ex:away in to allow me to take complete control of your computer
Exploit - a way to use a vulnerability or backdoor that has been created
* Our exploit today: a malicious payload

— A passcode and program

— If it ever gets in memory, run my program regardless of what you want to do
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It’s all bytes

Memory, Code, Data... It’s all bytes!
 Enumerate - pick the meaning for each possible byte
* Adjacency - store bigger values together (sequentially)

* Pointers - a value treated as address of thing we are interested in

Ve 5on oll 2 of these olvaody,

Page 10
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Rules

OK‘OOJA B)CD/BF (4 byfes).

Rules to break “big values” into bytes (memory) | | |
1.

2.
3.
4. Order the bytes

) —
Break it into bytes Ocboo Osbol Okt Ursted
Store them adjacently Ctor firg fram on

Address of the overall value = smallest address of its bytes, /. and gorg W

If parts are ordered (i.e., array), first goes in smallest address
Else, hardware implementation gets to pick (!!)

— Little-endian

— Big-endian

Page 35
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Ordering Values Oxloolp BepleE
Little-endian EF oD
LItUe-chdlall > | - A8 , 00 |

* Store the low order part/byte first

* Most hardware today is little-endian

Bigeendian —— T
00, (A8, CD,

* Store the high order part/byte first

 EF
Osboo  Onol  Unba  Unbod
Why we want 4o {ale obout 2 wavs?

Boanice peaple decded o dlo obffaent ¥mgs

We wyvite 00A BCDB‘/, bt we @laulate fom F O,
Mag]@ Hus He. vagson ﬁy Procecsors to e =0 st
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Example

aroy of 2 numbers, eah number sl e 2 bytes
Store [0x1234, 0x5678] at address 0xF0O0

owlelress little  enolion Dig_ervhon
Omz%{ )5 E0uU 3% |2
)z FO| [ 2 24
Okob1&] O« Fod 7€ b
| OnFa3 b [§

|
Page 37
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Assembly

Features of assembly

Automatic addresses - use labels to keep track of addresses

— Assembler will reme I and use where appropriate

B . o . s govg ™ Yepoue W‘W% ,
L(a?g%s WO(%\n(% ILS%ust in machln:ﬁcoi& > th acfupl oldreses phen 1t byl
Metadata - data about data(ertm 1M e brvowy Hot were oY 4l

— Data that helps turn assembly into code the machine can use
As complicated as machine instructions

— There are a lot of instructions, and it is one-to-one!

Page 41
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AT&T x86-84 Assembly

instruction source, destination

- Instruction followed by 0 or more operands (arguments)

ly we will not S¢e
(typicolly o 2>

- 4 types of operands:

- Number (immediate value)/$0x123
- Register:@rax
— Address of memory; (%rax) or 24 or labelname

ﬁ%@yalue at an address in memory: (%rax) or 24 or labelname

Ll Tnmost of the qes, we are dorg sumethim weirg
the \ohue. Ercept fr
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AT&T x86-84 Assembly

mylabelname:) ol yyith o colon
- Label - remember the address of next thing to use later

(ysomething something syt Jith o dot
+ Metadirective - extra information that is not code
- How the code works with other things (i.e,, talk to OS)
- EX: .globl main

@we can have comments!
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Addressing Memory
O}@QCﬁ C ot
2130(%rax, %rsp, 8) m
- Address can have up to 4 parts: 2 numbers, 2 registers iﬁﬂ_@

- Combines as:|[2130 + Y%rax + (%rsp * 8)

- Common usage from this example:
- rax - address of an object in memo

- 2130 - offset of an array into the object
~ rsp - index into the array.
- 8 - size of the values in the array (] fo Cajcukrfg Wg@k@%?

- Don't nee rts: (%rax) or 4(%rax) If 1 dovt hove, all the

- This is all one operand (one memory address) piees , 1 will - colaulate
whet 1T @,

Page 10
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Registers

rax is a 64-bit register[wpogw{ t o bk il @m,paﬁbf@ With #8b (32-bit) , |bbit,

=
ah o (Ebits v awh)

1 ook b 32-bit vercion, ik il Jusk 2o out e fp 32 bifs.

o'l e this with all o regicfers, n shightty ditiarnt .

Cthecle the Teoe9)

Page 12
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Instructions ( chot acronymns fir what e wont o do Kb mov.add and or, xor, neg )

Instructions have different versions depending on number of bits
to use

* movq - 64-bit move [ ssmilor for M(ﬁ{@ Subg, /

cazquadword i Stction Rllowed by P urde
* movl - 32-bit move of the HY W WAt 0 cho.
-1 =long

- There are encodings for shorter things, but we will mostly see
32- and 64-bit

Page 13
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More powerful than our ISA

Instructions can move/operate between memory and register
* movq %rax, %krcx - register to register

- Remember our icode 0

-movq (%rax), %rcx - memory to register
- Remember our icode 3

- movq %rax, (%rcx) - registerto memory
- Remember our icode 4

-movqg $21, %rax - Immediate to register

- Remember our icode 6 (b=0) We amot do memary o
Note: at most one memory address per instruction memory calculatoms

Page 14
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Instructions | iyt acronyms iy what we yant to do ke mov gdd, and, or xor, gy )

Instructions have different versions depending on number of bits
to use

* movq - 64-bit move [ csmilow fov W@ Subg, 7

cazquadword i tiction Pllowed by how wicle
* movl - 32-bit move of the thing we WAt 0 cho.
-1 =long

- There are encodings for shorter things, but we will mostly see
32- and 64-bit
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Jumps

jmp foo
- Unconditional jump to foo

00)l memo
* Need jmpx to use register value (4o & e n o vegister )
Conditional jumps w%\m ﬁH there’s o overflow

*jl, jle, je, jme, jg  jge, Jja, jb, js, Jjo
L L= -—= = V 7= abon @/QW L L[ f’hé f@)’)@d bﬁ

Unlike our Toy ISA, these do not compare given register to 0 & st
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Jumps Wb qup edon He veculd of ome cpayl rogiderc vl _cndifin ol

Condition codes - 4 1-bit registers set by every math operation,

cmp, and test
- Result for the operation compared to 0 (if no overflow)

- Example: TW Jort¥ howe +o be back B bace..

addq $-5,] G mOVe
Mﬁt doesn't set condition codes... Y(M can [7/0 _(thé%m }1)@

wnp Will b baceld on the mast recont tat, \
I8 o0 JSe’c the  condttton Goole. ’ Hmﬂ HW\Y}S am’md'
- Sets condition codes from doing math (subtract 5 from rax)

- Tells whether result was positive, negative, 0, if there was

overflow, ...
- Then jump if the result of operation should have been =0




UNIVERSITYs VIRGINIA

Jumps: compare...

cmpq Arax, Ardx
- Compare checks result of -= and sets condition codes
- How rdx - rax compares with 0O
- Be aware of ordering!

- If rax IS bigger, sets < flag
- If rdx IS bigger, sets > flag

Page 10
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Jumps: ... and test

testq %rax, J%rdx
- Sets the condition codes based on rdx & rax
- Less common

Neither save their result, just set condition codes!
tost cold be wed & ded i a vegister has 0 nit.

1@54:@ 9%, 2 A

j@ Zer_ (Ase //7]( oK ==Q

dne nomzen_ase if yan 120

Page 11
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Example: Loops

monn: b——?’ﬂb’é

while (1 < 10) mo/g $0, Yo ) we set as=0 fir mt =0
i+=1 - | -
v anp o, dmps  Jyos-lo =7 (‘F Yﬁx<lo,\;"§?@;ﬂdgegﬁ‘/e,

;K\OH@ j@g alqu 'ﬁc wx >=lo, we got pusitive o 0,
)] check  Loondion , Jump ot sldq 41,70 Hon sump otk 42 5P
7‘(({740) goto ond jMP INP

=17
/) quep back 4 cancht o offer el retun witho g beaise wete oy with o b
o JWF ; bt Hmn@ (pp o &-byte oddres ond Jump e to aller)

o - < loble

Page 12
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Function Calls: Calling Conventions

callg myfun
- Push return address, then jump to myfun
- Convention: Store arguments in registers and stack before call

— First 6 arguments (in order): rdi, rsi, rdx, rcx, r8, r9
- If more arguments, pushed onto stack (last to first)

retq

- Pop return address from stack and jump back

- Convention: store return value in rax before calling retq
This is similar to our Toy ISA’s function calls in homeworR 4

Moe convenfions, check V@M’Ws,
Page 13
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e funchm Im runmng  aurontly and e
Calling Conventions: Registers £, q #ht 7ol are bth dwig the sorte regstors

why 2 Galler and @l swe the same vegister.
Calling conventions - recommendations for making function calls

- Where to put arguments/parameters for the function call?

- Where to put W in rax)before calling@

- What happens to values in the registers?

the_dd yplues I o Hewgis efive returmng |
- Callee-save—/%%gﬁbu nectlor\ﬁag%o%% en u?e%e values in

these registers are unchanged when the function returns
* rbx, rsp, rbp, r12, r13, r14, r15

— Caller-save - Before making a function call, save the value,
since the function may change it

Page 14
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Example: Functions

nt flnt % Mty { «QH’O‘I f
f(x,y): — . g
: ouhg rbp fcoe dol bose ponter
o rp, 2y Jerte o nw stack fir
it o C)4 m {/ pnt vetum volue 4 4 Yo

o Ertp  y/pp o bow panfer (fime)

e /] fetum.
@}OBM‘ Mmenn

return 4

mamﬂm% Zer
mov% ! Y$p) % yb)z

2= (2.5)

/ e_i PM A AmeTer N Lol
motl 6,% e |l pub & B0 Fest

moy | $2,7

wlly  F y
molv Z@M,«M%rbp) /e Yg%%“fﬁ@’



0 .globl main
main:

pushag _%rbp // Al e m-tlgr'
movq $0, %rbp > Use %Vb? 1(;( 1 (an nowrodl, b VAI’WD

condition: 5=0
cmpq $12, %rbp co N .
o after} omgare 1 it D,I if Tufwy\jwﬁlwf e
movq %rbp, %rsi , @se, ol the wmile .
leaq fmtstring(, %rdi Oﬁ? 0o N?
callg printf Wh’l,é’['lA?D)

addq $1, %rbp—o7=14|;
jmp condition
after:

xorl %eax, %eax SP[jQﬁQ(ZO
Bopg  embp v vetun

| oput it the rapster 2t

én_tstrin;ftq vohue wtich 5 uiad v the soond
( .asciz WWYIFW Of‘ PY]WL"F

out fintstng(Zrip) to the
Py ol e ygg,gw% oy which 5 used

o By the firsh prarreter of
Pn‘f\hc,
2 thoys fo know:
0. Yrp hs the oddesc of
L ﬁ{/jlé oot Printing et Instruction,

0, finshiny (%) il
plodte the addless of

fintsting kel sy
offel .
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Most Common Instructions

A=

- lea - load effective address

» call - push PC and jump to address
* add - +=

- cmp - set flags as if performing subtract
* jmp - unconditional jump

- test - set flags as if performing &

- je - jJump Iff flags indicate ==

- pop - pop value from stack

- push - push value onto stack

- ret - pop PC from the stack
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Patents and Copyright

Page 8
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Compilation Pipeline \|/o wort to bidie e g hetwien the osenbh ond £

Turning our code into something that runs

* Pipeline - a sequence of steps in which each builds off the last

The whole stes fom asiombly t0 esecutolla, is fully rerersoble.
This might not be perfect, +he [abels oy ot be quite whot we vt

C)W\\ﬂ] / gcc d oang
- oect T, rettoble  [ToTor]
C — (}Umpile\r —>A5§@mb)j — Asgemblgk —> fTUlffS — [mk@_ﬁp@mﬁ’\ > /OO( Ft— run
- (Néj . TQ\QS \,/ 0 ﬁ‘lps \[ by o et L Ave we omnected in
‘f\ ’R\QS (lﬂ\l\g -C }\é”@g h bﬂhg O'HW’ P@P,e’s 000{8, o Tormingl Y Do we
\_,_”Y-"——‘/ (Wn\Pﬁe OﬂM| don't hn ) B " hove wivolows 7 Run
[hQ/] ore PMH'OF the Pﬂ(kag Our pugiom DA
The protess from € 4o assembly s ossy. dang -02 hellos e with o compHer /05, O e b
The kader is actually very

Difficulb fa 9o bode 1o C. [ComTjIQ the wiile {JNM dOWﬂ), (Prmjr Y con 7))

complicated and it's whot’
6 l

4 p GOp(e on memwﬂ

Now it drecst et to angthing

lo Juer/lib : lots of compiled thgs reacly Go be veal.
ls [ysr/ lobt [we -L = chow how manyf files
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Compiling C to Assembly

Multiple stages to compile C to assembly
- Preprocess - produces C y/> has o ot of thigs fke hashtags

- Cis actually implemented as 2 languages:
C preprocessor language, C language

- Removes comments, handles preprocessor directives (#)
— #include, #define, #if, #else, ...

- Lex - breaks input into individual tokens

- Parse - assembles tokens into intended meaning (parse tree)
- Type check - ensures types match, adds casting as needed

- Code generation - creates assembly from parse tree
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Compiling C to Assembly

ant O T
nt #=3;
1/ gomments
retun X¥2X;
E

Preprocessor
_—

¢ file

wse the vules o bresk it .
(veqular expressin).
A\

nt
fw
5
xt oo { {,‘{
3
nt %=3; leter 3 fuser,
Yé'ﬁ,{Vn X*2; g
) re/hm\
X
! ¢
@ process hashtag nchide, 1
dlefine., 1\C/else $
6). delete comments use wiles
0. if it hae any e Hot brede . T
we e tat we've cnnected {kens
with other thgs., it will g eomple: "
= |
ol 4hegs Sgether i; —53 Fokens
& — | tkon

+H — [ -boken

AST (Pbstmct S\anzx Tree)

fuachmDec] fo: mt 0
|

ormenA stmt
VAN
Decl ctmt RekyrnStmt
| l
Vﬂla’cl £t B-}na@Om-lﬂr’*‘
| /
Trhgerlitenl 3 Tnglcitlasebrpr
£ \nhigTaRVmhue>
nt

l
fed RefErpr 73t

N
Integerlitem| 2

|
J
chece - wohd C syntor

roddh the e we want”
(funcion Signocture).

fupe Ch‘-’&%’ X cale gepeottin » U’j
y
Did vou retutra
the qurect tipe?

ENWYIPIQ :
work.
tye onvartn fom

0t = clouble .
Cwiden anversion )

—
~ st o dlmbe.
J N ot cast)
A +ant
dode / N
Y 5

ety wark.




0 .

Da)mpile OGM,(\O hnkz.

clang -OQ0 -c hello.c -Wno-implicit-function-declaration -o hello.o
No opfimizerfion T clorh wot the oy (for eranple, I coll o faction

livm-objdump -d hello.o but 't olechre i)

L dhsossemble.

hello.o: file format elf6u-x86-64

Disassembly of section .text:
: . This 35 the dhsassernble c0d2 for man.

0000000000000000 <main>:

S e St ‘ﬁ'\?ff\ OWUWSS 0.

: EZ ug fER2e oo eaieo ot Thi¢ 35 an WeceSSary local voroble wHiakiotn

. (a oo stove) , artifidaly hodhiced b ampiler

1. why yorl - deax, heax 7 wnder 00 for Qmplia\MaMolebaﬂqabth,

O Cn we vwse mod 80, Jewx 2 Yes, but 7or s dorlzr cad oster.

©. why not 7org, %rox. %0

The compller s chaosing o use this 8 R exy oy — o chart Mﬁu;n - o
2or ot the return register. Tts o two lytes o cleor that egster 2010,
Perforing 0 32- btk xar o0 eok octomadically clears the vipper 32 b o 2er0.

7. Tor diffeent vetwmn fypes:
Regard less of whether the retun Ty is int, shot, g, g

llng oonventiof. refurm vahis are pased via Hhe wx 1egister
ve xmm 0. ( Campletely

lorg accordng o

He xgb-b4 o
For Flonting - part fpes auch ac “Float” anol olwble”.
Aifterant harduare),



0000000000000000 <main>:
: 855
: 48 89 e5
: c7 45 fc 00 00 00 00

main() {
puts("It's Friday!");
9 .

hello.o: file format elf64-x86-64 .
It alls somethng it
Disassembly of section .text:
0000000000000000 <main>: do@ﬁﬂ,t mow ab@)\t
0: 55 pushq %rbp
1: 48 89 e5 movq l: %rbp Bgmlm I MV@I\'t
83 ec 10 subq , %rsp II {Kii {
45 fc 00 00 00 00 movl i %rbp) 1,1 1t .
8d 3d 00 00 00 00 leaq ¥rip), %rdi ) a.C‘h/(a

<main+0x16>
00 movb

 %al i fuall
00 00 00 00 PSAPIN Ox1d <main+x1d> The Iinker will even v
co xorl %eax,

83 c4 10 addq : WQYWY]TQ al\o( +6” Tt
i where to actually @l

retq

mrq9gz@portal®3:~/examplesl$ clang hello.c -o hello ' pbtfsq
hello.c:2:5: call to undeclared function 'puts'; ISO C99 an
d later do not support implicit function declarations [-Wimplicit-

function-declaration]
21| puts("It's Friday!");
| ;

1 error generated.




puts( * string); 7ma!11/(0L”M declare PW,LS_
main() { Declatation — let compiler Brow

puts("It's Friday!");

0: A the signoture of the function.

#include <stdio.h> Alko \A/OY’}ZS, anc bether .

main() {

puts("It's Friday!");
0 .

T con see ol Hings ctdio.h 7

1 we " epp hello.c | lecs
octinly oopied o 4he helloc fle.

Cpp: € prepressu



UNIVERSITYs VIRGINIA

Data Types in C

Integer data types

Data type | Size (bits) o Chytes),

char g l

short I 2

Int 3) [ S—

long b [ —

long long ok I —

Each has 2 versions: sighed an"g unsigned
by oefoult, chort 0t fag . rg Toy ore: Sgnet.
dar s 7mpleme/n+o\ﬁon—o{eﬁmeol. ? char — derends o compiler /plat-form

agned. char
unsigned char

Example of preafng o vpvialle: unsgned log g x=5-
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Data Types in C (hock Randwgs — C Referare” for expment bits ond fochion bite)

Floating point
* float
* double

Page 5
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Data Types in C

Pointers - how C uses addresses!
* Hold the address of a position in memory
* Need to know the kind of information stored at that location

The <e of o puinter 2 How mony hyfes 7 — bk bifs  (Registere ove b bits because
B 2%) o hagl h-brt meman

sudolesces )

If L jont 4 hawe o printer 2 a0 ME: Mt %Y
L\i the stor yefetenes the fxt Hert i

% it an nieger, s o pﬁm‘er,

ik r=b, CTTIS] G e Y=9x: Tt uoks!
wt g T T TG wim)  xy-25, wil dunge 7« %25
V=1, —> olesnt work
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it ¥%2 =847 Z s a pnfer t0 o porter fo oa it

Data Types in C 2 hos the addess of 3.
loer, if L sy “%2", that means Y.
Pointers - how C uses addresses! ‘xx2": the uabue of 7.

* Hold the address of a position in memory

* Need to know the kind of information stored at that location
WMO@ ouldrese 0% 1200 (We m|wa\vjs re{er@/l[e Dmeths

/ 0s the lawest addres that s St
Q9 /N (o do| _4qa .qoz v 20 1200 |02 Dn‘:) Fﬁ
T e o[ wln o] |mlesbiln]
g 2284
Lg\j/ e churk f ﬂ s bwLQ chuak TQY A %njc% %*D/Mfizelf\jié 2
(lﬁt{e epdton) w¥2: olereforane 2
_l}\‘t K = O?Q (234'5 [77 g lk?;zf[;%?ﬁ:g;?;oo@
W\JE %1\{1 ‘ ¥ 2 =15; (\Abvmwgzyou’rehw\gh

ssign an Wizger toa prnt?r)

Y =3%, (L want y pt w7, whh mass stoe he adstiess of 7 n Yy, (%Jm;%% ﬁlg.as

Page 8

9= UsABDEFO|; (Lin d\a@m he Pﬁﬂ+€k>—? L oy ol wourt 0 dlo #his. Smetimes s2q foulb 2

¥Y =25, (When I wse an asterisk., it wil S0y 1s folbw he m’lfér n y, folow the odliess to the
doue an memoyy thab Y ks o and  denge fhot volie)



UNIVERSITYs VIRGINIA

Example

0000000000000000 <main>: (oompiler Frous e

int main() { 0: 55 push  %rbp o vty on o
19k x = 3 1: 48 89 e5 mov hrsp,hkrbp be-bit mac f.L/l

. 4= 31 cl xor %eax, %heax prbably try Yo e
long y = 4; 6: c7 45 fc 00 00 00 00  movl _ $0x0,-0x4(Y%rbp) teytng to & bs

int *a = &x: d: c7 45 £8 03 00 00 00  movl _$0x3,-0x8(%rbp) if Lwn. o mlke
long *b = &:;,' 14: 48 c7 45 £0 04 00 00  movq  $0x4,-0x10(%rbp) thg fiser Srued
= ; 1b: 00

long z = *a; ic: 48 8d 4d £8 lea  -0x8(Y%rbp) , %rcx—s lwdig the adkr

. = ) 20: 48 89 44 e8 mov hrcx .= (%xbp) of 1 Mo rex.

int w = *Db; 24: 48 8d 4d £0  cyud el lea  —0x10(%Tbp) ,%rCX) . i Harkd s
return O; 28: 48 89 4d e0 | 40, mov %rcx,-0x20 (%rbp) ‘o e we).

} 2c: 48 8b 4d e8 lwﬂ@qwi\m v -0x18(%rbp) ,"/.,rcx\
i 30: 48 63 09 @ (%rex) , hrex &
[ 0=&ny | 33: 48 89 44 d8 mov %hrex,—0x28 (%rbp)
' S 48 8b 4d e0 mov -0x20 (%xbp) ,%rcx

&) 3b: 48 8b 09 mov  (%rcx) b gwg fom (rg bo t.

3e: 89 44 d4 mov  (hecx;-0x2c (%rbp) mve e vatie o

vhp =¥ Leoytes 41: 5d pop »rbp o 0 ves, bt T

| 42: c3 retq st ranl o o

: __1lop Yolte of ecf.
Page 10
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Example
Swap Example ﬂlm on tger
void swap(int *a, int *b) {
int tmp = *a; b[jfjf—___ﬂﬁ—’gzg%] an wﬁ@@a

*xa *b;
*b = tmp;

o [ x|

Page 11
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Arrays

(We Pﬂ< o Swt an emany| , uel f1e newt o many Swts are aur ooy )
Array: 0 or more values of same type stored contiguously in memory

Declare as you would yse: int myarr[100]; (1o mtegers M 7 ariy)

ow D19 s mg ono 1Y\
-sie/oﬁ_yijv1 400 — 100 4-byte integers

- myarr treated as pointer to first element When L ceafe an ouf@w‘f

- Can declare array literals: achully crente me@ to the
int y[5] = {1, 1, 2, 3, 5} fst fhing n that sk

T
opﬁona%

Page 13
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Pointers and Arrays I ﬁ¢
@gw{ér@ﬂ(e x will ke the fist dlement of o ) g \ |‘ L | l\ ||

*Xx and x[ 0] are equivalent

- Pointer to single value and pointer to first value in array

- Treat array as pointer to the first value (lowest address)
- Indexing into array: x[n] and *(x+n) _ pointer arithmetic

- If x isan 1nt *, then x+1 points to next int in memory

- Adding 1 to pointer adds sizeof () the type we're pointing to
Not skip 5 byfes n memovy

1 lenow fhis powter s o pinter b0 an -infeger, o L phs 5 x sizeof (int )

Page 14
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Arrays

(We PTdZ o Spt an memoy), andd e nest o many Guits are aur otray )
Array: 0 or more values of same type stored contiguously in memory

- Decﬁ\orﬁbas\you would use; int myarr[100]; ([ teqars Y arving)

. 19 15 ml,] O\Wﬂ m }91\/]‘[’(75 '
y Sl_zegigmm = 400 — 100 4-byte Integers

. myarr treated as pointer to first element When L ceate an avie . 1t

- Can declare array literals: actuly crente a pm(virér ty the
int y[?] = {1, 1, 2, 3, 5} fst g n that fise.

opﬁom\
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Pointers and Arrays K —
Y
@grgf@r%(e x will ke the fist elemont of oAy ) g | |‘ L l\ |

*x and x[ 0] are equivalent

- Pointer to single value and pointer to first value in array

- Treat array as pointer to the first value (lowest address)

- Indexing into array: x[n] and *(x+n) _ poiter arithmetic
- If x isan 1nt *, then x+1 points to next int in memory

- Adding 1 to pointer adds sizeof () the type we're pointing to
Not skip 5 byfes n mgmovy

T lenow 4 powter s ocpinier b0 an -nfeger, o L phs & x sizeof (int )
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. - How oo T know?
Pointers and Arrays > Ofe puwier or 4N oy o ponter? %mec :
| +F”>—’70ﬂé ntager ov oN gy o Teger . )
der: i ntar o an er
Consider: int **a(n meTWr t & e an, Jareger T Joubl be on - O{ onfers
I_ gupme ‘ a" PU]Y\'[; ‘bo thg ‘HYS‘E 'Hmﬁ qﬁ on DLWO% . ( 15 OLWOM Y]_Pe o
Al 1 Swppose the ponters i this paier oroy pant to an Ay of egers .
lj]—*—> PR
%60 > 1 o .
ofal[o] =1 —| &L | 5 |}
(%(2 % E]] i; gawﬂmgj weird here. In Tne Just foub. ht P‘w LT [0 \ W13
o1 >k Banc Lonnae LR T Ty e - i o o B
A ; ye will now . w bi
ALl B> | g%ﬁ iﬁeﬁﬂb;f ffem:e? j T«g\g) zh;n fl;!/e tx:;fguiﬁ T4 ologsib modter W o
== S Y. 1 m wh )
ok J%@Ed) —>A[— Lowy over Wit dh 1 oovb know,
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Pointers

saf (dor %) == sizeof (log olmble *)
- All pointers are the same size: address size in underlying ISA
- Two special int types (defined using typedef)
-+ size_t - integer the size of a pointer (unsigned) cizeof O refums wnliie
- ssize_ t - integer the size of a pointer (signed) of type sizet
éWith our compiler and ISA, these are both variants of long

Th@SE YQPY@ SQ/]_[; 7Yh°ég€r£ Wﬂ% H\Q Some Sne aS o pgﬂq-{’g}r,
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Pointers

Consider the following code:

int x = 10; We swpse = hves o oddes 900

int *y = &x; y pntt % 0 J==000 |
' - o - \ wts 1o an toger, 0 YL maans o fonwarl 2 it
int xz =y + 2; poter arifinefic, 77 ‘ M memor. ydach s & byt

long w = ((long)z) - ((long)y); Gt of uas oo 0 2 il ke
. ost the address o 100, So we tradt them |00+8 =[908
Why ISw = 87 lilee P]m‘n nfegers. [©0&-[000= &
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Other Types and Values ./ 1 vite nunbers, they are inpheitly cost £0 wnfegers, which i< 32 bite
If It to wrife Soma’rmg b’ger, 1 el foodd e cuffizes.
- Literal values - integer literals are implicitly cast
- unsigned long very big = 9223372036854775808ulL .
- u for unsigned, L for long , L. fi bng lang (apitelizotion chesny natter, bk yo'l usioly e’ Iwerace

- enum - named integer constants (in ascending order) o "H ”PP@@6~>
cenum { 9, b, ¢, d=100, & }; Cwhen L delrg with choies the wer fos 4o noke. the @siest uny

¥ o Bt foo = e; I awdoye where 0 oo 45 wsinyg infegers, for eosier readmg L ghe thm somz romes)
- void - a byte with no r%%cgn‘ﬁ% or "nothing” =1 g do ajwls or ony aperodins on Tt
. Pointers: void =p (L dot aue whots there) float b=13k,
. Return values: void myfunction(); (L dort aare whet 1S register ron) . wd = ab;
- Casting - changing type, converting flaak ¢ = % (Fatx)p;
- Integer: zero- or sign-extend or truncate to space CﬁSJﬂY@ Pm\mLéVS does some. Weird thge

- Int to float: convert to nearby representable value W'l tolk abut fhat bifer
- Float to int: truncate remainder (no rounding)
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Structures

struct - Structures in C

- Act like Java classes, but no methods
and all public fields

struct foo {

long @& the order of s hst
- Stores fields adjacently in memory 1:“ b5 & g sportart. T4 felk
(but may have padding) W yn creste o stuutin £ 209 €% tio uaplr s b

har d;
: , the campiler oecios whoeto € P s thing.
- Compiler determines padding, use phe e fedds  ht24127

o5 10 0l be ave byte of podding !
1 i n memond, I Fries $o align eadh, My , .
sizeof() to get size F\'Zb{ ma‘;@m% ot o mitrstruct foo x; L dart ow

: : : : > declare & varipde %
- Name of the resulting type mcludesgﬁeﬁﬂxgi:g 123\ o e stnict oo

N
word struct thy (P OLCSS N I an st diredly e
faster. Fields.

A stuct n o stuct )

\os Just cet a duct as o fied of
anvther strAct .
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Structure Literals Wo oy e shuct [onls Just libe e caw with the array iorls.

struct a {
int b;
double c;
09SO pav{ QFH\Z type, not o0t OIFH‘Q rome.

5
/ * Bot@/;f the following initialize b to 0 and c to 1.0 %/

struct a x = { 0, 1.0 }; — mutst ove WL/WS o ﬁ-‘fl@k n oker.

structay ={ .b=0, .c =1.0 };—5ym on ue @NalndmﬁM”ﬁﬂgWQ{ﬁ%h

Joles an othar Ovrs.

shud o 2, => If 1 onb gove any vohies, ust ollocate the memny and ulodaer i an
mewgf%aMMﬂQQqu%mlﬁ=%£m,l;dm%lmmummﬁ“%@zW@

b
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typedef

typeddef vnsigred 1o e t;
typedef unsig ned fong ~ addvess £
- Fairly common to see several names for same data type to convey
Intent
- Ex: unsigned long may be size_t when used in sizes
- Examples:
typedef int Integer;:uﬁ@gy bocomes anitter rome 7@7{ i
Integer x = 4,
typedef double ** dpp; dPP pir; (Using typecdef can make comp\e/( pon e
- Used with anonymous structs: types ok g—;}np‘gr)
typedef struct { int x; double y; } foo;

_ . struct { ... } defines an anonymous struct (no struct name given).
foo z = { 42 ! 17.4 } ? The typedef immediately gives it the alias foo.
You can now create variables like foo z; instead of writing struct something z;.

typedef - give new names to any type!
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Struct Example

A&SMmﬂg 1 have o Podctng beauise ol of these are b bits

typedef struct { 0 v b e

long x; " Y f apmy ) |oagth
long vy,
long *array;

long length;
g g %ﬁ 0

} fz;}

vartemoer we need his ot He end !

%amﬂ ﬁQQHBQh@%ﬂ%%mHQQMM'
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Struct Example (> 0ets o ponfer At st doreferarce to 0 s Bolds

Org>% s Same ac (xorg). B
long sum2(foo *arg) {
long ans = arg—->x;

for(long i = 0; i < arg->length; i += 1)

sum?2:
movq
movq

test
ans += arg->y * arg->arrayl[i]; jiz 1
return ans; movq
-} movq
Xorl
.LBB1 2:
z it Smul
long y; 5 addq
long *array; (sgre ) inc
lo length; .
il o @ng ng ncrement c.:mpq
g jne
.LBB1 3:
retq

fhe fast pmme’rér(mg? is ms;@p( in gistor Adi

(%rdi), %rax S=ar)-—>7%
24 (%rdi), %x8 V@:n%@—%/
%r8, %r8 perfirms Litwie AND.
.LBB1_3 if nggative, jump ta 1882
8(%rdi), %rdx rds=0g>Y

16 (%rdi), %rsi fsi= ag=onty
hedi, %edi =0

(hrsi,%rdi,8), %rcx tea=anm]
%rdx, %rcx rox=Yxanmayi]
%rcex, hrax anst= .-

%rdi Tt
Lrda, TS compare < legth
.LBB1 2
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Struct Example sunl gots g ooy of the whilo skt (G arg) it acesce Beldds diectly on
the Stack,
suml:
movq 8(%rsp), hrax ans=al.K

movq 32(%rsp), %r8 v8=ay.length
testq Jr8; 7x8

long suml(foo arg) {
long ans = arg.x;
for(long i = 0; i < arg.length; i += 1)

ans += arg.y * arg.arrayl[i]; jle IBBO 3
Rl movq 16 (%rsp), Y%rdx rds=argy
¥ movq 24 (Jrsp) , %rsirsr:agiéwmj
Why clies 4he ampiler acess the stuct flelds using 8 ey Yedi, %edii-0 |
(hep) +offiet, nstecel of Somethng. ke (R Smathvg) .LBBO_2: ool 4 [ 1 &)
Modem compilers offen anit 1 {p e o register infeger movq (hrsi,srdi,8), hrex rex=onmmyl]
Mwuﬂkdm+sm,%ﬁzHuaMWMWWfWQZ@*#ﬁﬁWﬁWA mlbphf imulg  %rdx, Arex yasyramoylil
g@MA) addq hrex, hrax ons+z .-
inc %rdi o
avg.ly@H\é~3lCZ?’7 increment cmpq Yrdi, %r8 Campe 14’@/@&\
org oty <—{1r) jne LBBO_2
Oy b (rep) J . ¥
QY@.ﬁ é\_e(zYsl?) : LBBO_3 K
veturn olde |« 0(%15p) retq
[E——— .
long x;
long y;

long *array;
long length;

} fooC)
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Switch

void describe(int age) {
switch (age) {

case 1:
puts("You're one.");
break;

case 2:
puts("You're two.");
break;

case 4:
puts("You're four.");

case b:
puts("You're four or five.");
break;

default:
puts("You're not 1, 2, 4 or 5!");




It Ioks (e o bunchof Iokels. fnd 5 gorgy to work. ennctly hbe wee goen lobek.

Where 1 Jumped to o loel and then I stat ereautry code.
Not Fleo o funchn» 1 go there, vun thngs then refun.
Nof hoe +f ctatemant: I do o bwnch of pondtimal s

One 1% ‘o nofe we M[/é 1 &WTW\ o on Wﬁ’éﬂé’f ‘ T}Wg W’gggy s g ) be Ho wdles
info an array of lokels ond pi(bhg wlidh ne. we want o

Mo our ooy of labds. (Tnclerg
gump o).

, fist pammeter (gge).
The ndlex of on aray claits from 0, 50 we want to Map I~5 4o 0~4
Jif avolex > &, then ump bo label 5

HE plepanry) the argument fr  lofer call e pufs (Text 0)
Landl the oddecs of the ump foble nte Ficx
> Loads a 32-bit offset from the jump table entry indexed by %rax and sign-extends it to 64 bits.

Each entry is 4 bytes long (hence the *4).
Adds the tace addyess of the Jump teble thot offeet

andhiect Junp o the addiece in 0.
loal Text | puol. sup o Jobel b,

>fam>{ Toxth W jump o Lﬁbefb

empty out aox ol outpufs.

o 30 Dseembly 0. borgy Fype s 3> bifes

5 QM{Y\? tolde WM Jcﬁg\v] chwse Hhis order )
T oloth lnow bt it doent motter.

read oy gecton
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Calling Functions

The C code

long a = £(23, "yes", 34uL);-EMQ~ﬁW,CMWg oonverions it I olont now

compiles to paftng el abodd, Aurton 1
movl $23, %edi o .

leaq label of yes_string, %rsipmf%hladdw% of yps o s
movq $34, Yrdx

callq £

# Jrax is "long a" here

without respect to how £ was defined. It is the calling convention,
not the type declaration of £, that controls this.
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Calling Functions

But, if the C code has access to the type declaration of £, then it
might perform some implicit casting first; for example, If we

declared

long f(double a, const char *b, double c);
_ | | e need w moke cwe ot we hoe the lecovotion
long a = £(23, "yes", 34ul); of the finchon befove we all it S he fype checker

then the call would be interpreted by C as having implicit casts in it:)
enows haw the ¢

function Suppode

long a = f((double)23, "yes", (double)34ul); 1 4o lok



When T call & functin with floafing ponter mumbers, theiek o whole set o

Calling Functions wisfors ot Just yield Loobing pont_numbers.

and the arguments would be passed In ﬂoatmg pgmt reglsters like
onorok —pul pose inreger, mit an otgument.

SO:
1 $23, %eax , Not &t angome: e @Wﬂ% foatig pint mmber vegster. (filw te
mov s heaX i Cﬂ”]\(g Cm\/g/\w]g

cvtsi2sd %eax, C%;:::) # first floating-point argumen
omvert  cignad Mﬁeger Sgned chouble fr floorfing annt
leaq label of yes_string, %rdi # first integer/pointer argument punbers)

movl $34, Yeax

cvtsi2sd %eax, Y%xmml # second floating-point argument
callq f For ohfferat Hypes of the paometfers, use ditferart
# %rax is "long a" here bmkc$ wgﬁﬁﬂS’m ovder
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Macros

#define NAME something else

- Object-like macro > T olaes ths ot the foxt lowel

- Replaces NAME in source with something else
— whataler i affer the omma ynti the seomdl parentheses s the

#define NAME(a,b) something b and a Soomel. .
T yihutever is the fist g afterthe gpamg paientheses
- Function-like macro until the cammna.
— Text level

- Replaces NAME(X,Y) with something Y and X

o - -

Lexical replacement, not semantic
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Interesting Example

#define TIMES2(x) x * 2 /* bad practice x/
#define TIMES2b(x) ((x) * 2) /* good practice x*/
int x = ! TIMES2(2 + 3);
7=1263121= 7700 = x=}

—J —

0 b
int y = ! TIMES2b(2 + 3); feveny explicit when youre Uy the

1 (BrR)i macr dlefine. Wrap tham in Patentheses and

anfirce an owder of operations.
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o chunk af memovy
— Tés gong to have dhifferent: proparties based on whot  szgqment.
Veer of mamoy Im 0.
Smce
I yure
it nthe
bemel Yo
pre n
4
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ypriades
oilnde *

milfivle
funckar®

Stack

@ oes olownip

stad. frame .
" Aytie 1 @l o funchin, there. are
C o ongle o thgs Hat get put onthe

stock: @) porometere

shared riakes

®, yeturn odolrese .

I

© lowl wriables.
When L retum, RSP moves ouwcn, Memdn

oloes not get emsed.

heap

/l\

| One g misong s ponters, woiiobls it de

Want b0 lecwe when owr funchims retir,
(pass to Onther finchn 2)

oobal voiables .

In L. T con defne voviadee ontside of functions

For loal ypriables 3 finctons : put volues in stack.
Butfor globol upicbles, we put them here. (The sire
of the vorables ae set ot compile tie, and the

che caat be. conged)

Esample - QPYM Ktorals

feacl- only memony Things are nat oode, but: #hot were . myf codle. that

are. yeally  helpfi ﬁrrlﬂ_]?ﬁ@f@ e

Code

Wy ovle is gong o be
Sfudz in memon sumawhere
nar the butbom.
We puffhz ode near the ottom, but ot o

///////////l/’—i%he bottom. ( Erpbanatin a2xt pge).
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malloc man page

mon malloc
calloc and realloc

Page 9
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An Interesting Stack Example

int *makeArray () {
—iﬂﬂt—f—answei—[-é—]/; k¥ ansyrer = mabloe (5 Sizeof (nt) ) ;

return answer;

} Ak 3 onower= (nt ) madlac (5% Sixeof () ;
L, Betler: ot if you o' hawe it 3t fine.
void setTo(int *array, int length, int value) {

for (int i=0; i<length; i+=1) becouse, madloc returng

array[i] = value; o e 4t will

fomotialy cost 1o
int main(int argc, const char *argv[]) { 4 Y
int *al = makeArray(); e % |

setTo(a1L_§L_:gl;/A<:'ﬁw(ﬂﬁ%
return O;

} .

}
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7. [6 points] True/False questions. For each of the statements below, fill in the T circle completely if you
think the statement is True. If you think it’s False, fill in the F circle completely.

@ @ An error will occur in the type-checking stage of compilation when compiling our code
if we call the function csoprintf () which does not exist. }ﬂf\lﬁh\ﬁj +\ne

@ @ If we accidentally wrote Java instead of C when initializing an array, an error would
occur in the parsing stage of compilation: int [100] arr = new arr[100];

M| gammon relcted thgs — pasing

Page 14
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For the next two questions, consider the following C code snippet.

1 woid addressfun() { o \‘ N ¥
2 int a[10];

3 int *»p = a + 4;

4 = 42;

5 size_t asize = sizeof(a); P

6 return;

7}

8. [6 points] Which of the expressions below could be used in the blank on line 4 to set the 5th element
in a (i.e., a[4]) to 42? Fill in the circle completely for all that apply.

® @ + 4)
® vio

® p

O *(a + 16)
O =xa + 16

O pI3]

9. [4 points] What value is stored in asize on line 5?

Answer

Y Jxfo

Page 15
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11. [18 points] Write a C function named missingNumber that takes two parameters (in order): an array
of integers named nums given as a pointer, and an integer n; it should return an integer.
nums points to a valid array of length n, which contains n distinct integers selected from the range
0 through n, inclusive, in random order. Exactly one integer in that range is missing. Your function
should find and return the missing integer. If n =

0, return —-1.

Do not allocate another array or modify the contents of nums.

For example: given nums = {3,0,1}andn = 3,return 2; given nums = {1,4,3,2} and

n = 4,return 0; given nums =
methal |-
nt mTSSW)anbér(qu%mmg, e
far (int % =0 =N 3R+

it Rued =9
Fov Gt =0, A< TFE |
+F C s G =7

found =1

{}andn = 0, return -1.

Methal -
int miSSWYHN\imb@V (re semums, e M3

At mj)pcm(: nse (N+1) /2

wt ocfual =0;

for i 4205 i< w47
pucfual += nums il 7

methal 3-
nt miSSmNumb@r(qu ¥ ming, WEn |
nt £=N,
Ry (nt 120510 7 140
KA= 75

£ = s [l

R
return A:

why a'o=0
a"0=1
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strcat example
#include <string.h> ];Sjl4€g;

DA oAl O May  Sgmentortin foult 5L sl or ¢ are IM\O}.

int main() {
char buffer[100];

const char *s1 = "This is a test";

const char *s2 = " of string.h"; (W{{éy OVQH/V\[OW>

buffer[0] = '\@';

strcat(buffer, si); ! { C% | kz
strcat(buffer, s2); @. L’F L ‘RT\OIJ{; \0 / Wm{j Oé‘gn_b um :
puts(buffer);

return 0;

” c’a/@ pmblmc /Psm%pw*@cw "

ol show " chack smow%??g] detocted” CTE gves mive ey Snfimorting
qme systans do his oy oefoult)

IIHH!EI!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII



#

i

include <stdio.h>

nt main() {

printf("235346247547650¢—%8");
printf("x x \n\t");

printf("\n-———— \n");

int x = -2130;
printf("A number:
printf("A number:
printf("A number:
printf("A number:
printf("A number:
printf("%d + %d =
return 9;

%d
%0
%u
%X
%X
%d

Nk &I

<
(

like that\n", x);
like that\n", x);
like that\n", x);
like that\n", x);
like that\n", x);
%s)\n", 2, 3, 2+3, "yay", 34);

printf prints exactly the bytes you give it
It does not automatically add a newline (unlike puts)

N We poed R odd \n' £ Pt (new e .

Conersin st‘{\‘@rs: A perertioge Syn, Lollowed by whot

{MP@ o{\ the H’W\ﬁ X,



berng| s allowed ta coll Hhese specrol a&gemlo)j sstructins Hat oo Higs hke write o the hard
e wiite 4o e feminal, open /chse the flles. ¢t prd of g

UNIVERSITYs VIRGINIA
Haw olo 1 get the berne| 4o oo %Mgs )
Syscalls how do we, as uSer programs, get the kernel to do things for us?
T
et %@Vﬁ(@ diiver
wiie o vur hard dive or

space | oSumte.

Wiife 0 Jour sereen....

White -
(oole Mrgwmmt C}lecby\ﬂ
stack | \ £ ol call o specific @@dl}? o specol function call.
usel . fanction n pemel ace. etum yoe dﬂ@cbw\@
qpoce | ! (TEI| se whot i€ n rfi) i
cofe o W o is here, > It a/w&gp 2l e ety came
R...V dose . 4x 2010 . ﬁ/\cﬁor\

Bm we are nit ollowed 4o raad itz n the beme] que.
Gecnll s allowed Lo oo fhic When I ruen £hs anctrtcton, it
becomes the operation Yctem.



File: sftp://alambil/home/jh2jf/Doc...01/in-class/day39/canned-pig.c Page 1 of 1

#include <string.h>
#include <stdio.h>
#include <ctype.h>
#include <unistd.h>

const char *findVowel(const char *word) {
const char *ans = strpbrk(word, "aeiouAEIOU");
if (ans != NULL) return ans;
return word;

void showPig(const char *word) {
const char *vowel = findVowel (word);

printf("%s", vowel); // ig
fwrite(word, sizeof(char), vowel - word, stdout);// p
printf("%s", "ay"); // ay

int main(int argc, const char *argv[]) {
char buffer[1500]; // watch buffer overflow attack!'
int index = ©;
while (read(?, buffer+index, 1) == 1) {
if(isalpha(buffer[index])) {
index += 1;
} else {
char keepme = buffer[index];
if (index > 0) {
buffer[index] = ;
showPig(buffer);

}
fwrite(&keepme, sizeof(char), 1, stdout);

»

index = 0;
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Function Pointers

void apply(double (*f) (double), double *1, unsigned n) {
for(int 1=0; i<n: di+=1)

1[0i] = £(1[1i]);

}
double (*f) (double) means:
*f - f IS a pointer
(double) — with a single double argument
- double - that returns a double
G ) - to make it parse as *f instead of double *






