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} fn interproduct(a: i32, b: i32, c: 132) -> 132
;xeturn a * b + b * c + c * a

{

} () fn main
s ((println! ("result: {}", interproduct(120, 100, 248

{
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What about integer overflow? In C and C++ overflow of signed integers is actually undefined,
.and might do unknown things at runtime. In Rust, it's defined
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} (fn takes_u32(x: u32
; ("{println! ("u32: {x
{

} (fn takes_i8(y: 18
;("{println! ("i8: {y

{

} ()fn main
;let x = 10
;let y = 20

; (takes_u32(x

; (takes_i8(y

; (takes_u32(y //
{
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} fn fib(n: u32) -> u32
}if n < 2
°L5|'~;) L'_'JLJ|C//

("oS siluweslso 1) osl™) 'todo

} else {
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{

} ()fn main
;let n = 20
s ((printIn!("fib({n}) = {}", fib(n

{
Jzoly 5.6.1
} fn fib(n: u32) -> u32
}if n < 2
;xeturn n
} else {
; (return fib(n - 1) + fib(n - 2
{
{

} () fn main
;let n = 20
;((printIn!("fib({n}) = {}", fib(n
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{
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An if expression should be used in the same way as the other expressions. For example,
whenitis used in a let statement, the statement must be terminated with a ; as well. Remove
.the ; before println! to see the compiler error
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} ()fn main
;let mut x = 200
} while x >= 10

X =X/ 2
{
J{x X szag") println
{
for 6.2.1
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} ()fn main
} for x in 1..5
("{println! ("x: {x
{

} [for elem in [1, 2, 3, 4, 5
;("{println!("elem: {elem

{
{
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} loop
1 += 1
("{println!("{1i
Y if i > 100
;break

{

continue ; break 6.3
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If you want to exit any kind of loop early, use break. With loop, this can take an optional
.expression that becomes the value of the 1oop expression

} ()fn main
;let mut 1 =0
} loop
1ot
yoif i
;break

=1
> 5

{
Yif 1% 2 ==10
;continue

{
;(println!("{}", 1

{
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Note that 1loop is the only looping construct which can return a non-trivial value. This is
because it's guaranteed to only return at a break statement (unlike while and for loops,
.(which can also return when the condition fails
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} ()fn main
;[[let s = [[5, 6, 71, [8, 9, 101, [21, 15, 32
;let mut elements_searched = 0
;let target_value = 10
} outer: for i in 0..=2"'
} for j in 0..=2
;elements_searched += 1
} if s[i][j] == target_value
;break 'outer

{
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{

;("{print!("elements searched: {elements_searched
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} () fn main

;let z = 13

} = let x
;let y = 10
;("{println!("y: {y
z -y

7 {

;("{println! ("x: {x
{
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;let a = 10
; ("{println! ("before: {a
}

;"let a = "hello
; ("{println!("inner scope: {a

;let a = true

; ("{println! ("shadowed in inner scope: {a

{

; ("{println!("after: {a
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Shadowing is different from mutation, because after shadowing both variables' memory
locations exist at the same time. Both are available under the same name, depending
.where you use it in the code
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“Cglga 6.5

} fn gcd(a: u32, b: u32) -> u32
}if b >0
(gcd(b, a % b
} else {
a
{
{

} () fn main
;((println!("ged: {}", gcd(143, 52
{
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} for 1 in 1..=n

; (product *= dbg! (i
{
product

{

} fn fizzbuzz(n: u32) -> u32
()!'todo
{

} () fn main

;let n = 4

; ((println!("{n}! = {}", factorial(n
{

.This slide should take about 2 minutes
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:The Collatz Sequence is defined as follows, for an arbitrary n1 greater than zero
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NI+ = NfY ol Syl wnlo zo NS e
NIH = ¥ E R+ oISl o alo syd ni 43 e

M=yl ey lo Jlos glang 0w
;TIZZY*\""'\:].OQALVJ‘C)QMJJJY °
;n3:\~/Y:O&g‘C’JQA|€9)'\~ *
A=y 0 +1=16 jwo il sydo @
NS5 =11/ Y=8 Lo s jul zoy )1 ®
NE=A[Y=4 o woul Zoy A ®
;n7=?’/\’=\’u.ugv)‘c‘)u.u|agj?’ °
9 A=) oo oul Zo3 ¥ e
Loy ol o odlogs @
BoS ooualza Iy ssn osls o g Jol M S ¢ ¢lyw Collatz o Jlops Job ey sgpucone goles S

. Determine the length of the collatz sequence beginning at 'n ///
} fn collatz_length(mut n: i32) -> u32

("oS Giluweslso b osl") todo
{

} ()fn main
("oS siluweslso 1) oil") 'todo
{
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. 'Determine the length of the collatz sequence beginning at 'n ///
} fn collatz_length(mut n: i32) -> u32

;let mut len = 1
} while n > 1
A nNn=1ifn % 2 =0 { n/ 2 }else { 3 *n+ 1
;len += 1
{
len
{
[test]#

} ()fn test_collatz_length

;(assert_eq!(collatz_length(11), 15

{

} ()fn main

s ((println!("Length: {}", collatz_length(11

40
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} () fn main
;[let mut a: [i8; 10] = [42; 10
;a[5] = 0
;("{?:println!("a: {a

{
.This slide should take about 5 minutes
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b 23 piew gzast leowiuiy o zuzwe shel suole dlelool wesgp b Sloes czasz Fi?{ wosgp Iy
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Iy o gaalef slaws gp 08 35S 6p wolotlyd Iy «lugy wlz» wayd S tai#2{ syl # (ayS 08l ol
oS 5 gl el

lo Joles 8.2

} ()fn main
;(let t: (i8, bool) = (7, true
;(println!("t.0: {}", t.0
;(println!("t.1: {}", t.1

{

.This slide should take about 5 minutes
Sowgws aoles Job ghls 3oy loJoles dosglyl seyla @
=0036p 3138 po SluS DSp oy S s s BJwEe glopl sgalgp lo ol @

t.1 .0 syl olagp gegsyl oslaus g 0bb@y 3l eslBdoul 1o Jole S dlosed o glowgp o
.J)S ‘Jé‘v) SISO

sl g w5310 5l Bp soze pag 03503010k 8 seubep 03splo UNTT type ylone o () gJlE Sl @
286 gloglauy ya void sl yup

O&I_ﬂ )')SCJ 8.3

BuS gp sole o (lo Joles o 1al) 1o bébi oy shySw 5t for wyloe

} () fn main
;[let primes = [2, 3, 5, 7, 11, 13, 17, 19
} for prime in primes
} for i in 2. .prime
;(assert_ne! (prime % i, 0

{

{
.This slide should take about 3 minutes

pelowElayg U)i 0t oo Ip Ial S gp 0al b yul IntolIterator 63369 Naedels ol

The assert_ne! macro is new here. There are also assert_eq! and assert! macros. These
are always checked, while debug-only variants like debug_assert! compile to nothing in
.release builds

loslesgl o s o logS )l 8.4

slosegwe s ly g JEls s gal@p s golo s 08 Wl Jopgp wndl gylagl w5 oalBp ssle g lo Sl I 51S Plsf)o
plzol eJEh 5esl8p 00 pedwusp susDuss Io gous Byge 0w plow g 1y wl oS Ehtoul lzp

als

} ((fn print_tuple(tuple: (i32, i32
;let left = tuple.0
;let right = tuple.l
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; ("{println! ("left: {left}, right: {right
{

glo g 53 K833 Hhde S et g 9SJl Bewbo il esldaul 3l ysuzee RUSt Jlz ol 1o
S e solRssue ol esges JeSpne
} ((fn print_tuple(tuple: (i32, i32
;let (left, right) = tuple
;("{println! ("left: {left}, right: {right
{

.This slide should take about 5 minutes

ow aylows gp sJeleplS 08 ot oyl 0w wow e “irrefutable” 1zl ys s s osl Byl glogS I
._)_)I_) 95J| og‘uﬂ? 6)'06‘0‘4 = C)unb Sp s _)l_séf: S -\')‘5 Jé&iﬁ) |C_'Ju.d6| )gb

peolamsp 93 uul 3l el ©Flbe olsdp so I oigpe oS Wil 5 3olil Syl g SIS st op ply *
penS sl yul yegwp S alle!l glyo «let» ;!

9 &2l ouseldp OISpl 8 suS e solweeune logbys 53 logSJI 5l eslboiul 31 ggougpe RuSE
300t Slgiz Io e o oSl Beabw 5SSy gl auSsp polyd plad plpe ss 1y slesgl e Gz
w8y solgE 53 wzw 2y9p

w@olbp s pudolbe slagp o s SleS golp) 53 s lep!S @lbg I sgn S paglige b 1w gloJlep @
Do osly ol agy syl

9y g 6‘°°\5'JT SRS 8.5
:Jouiylg oCJu.?JL\ jé& 6)56“ 6|° 06|)T J&QIQC) SP lo oélﬂ
;[[let array = [[1, 2, 31, [4, 5, 6], [7, &, 9

TOsz I8t er vgl 2oy

'C“.JIE b QA&)CJIP Sé °S J&Q\S o.\LéC)u_u‘ transpose tg‘CJ RN 6')9 ‘Jlg JICJP og'uﬁa? 6|°6'JT jl
GuSsp Jeswe loyawn 0w Iy lodgsy) spSep

17 4 1] 113 2 17
| transpose"||4 5 6|| "=="]|2 5 8"
19 6 31 J19 8 711

BeuS Gilgwesleu Iy golaes g 0538 ¢S https://play.rust-lang.org/ ys 1y g3 +S

AGOS B3z dub ala plusiluweslse oS solpy 1 ol :TODO //
[ (allow(unused_variables, dead_code]!#

} [fn transpose(matrix: [[i32; 3]; 31) -> [[132; 3]; 3
() 'unimplemented

{

[test]#
} ()fn test_transpose
] = let matrix
/7 ,[101, 102, 103]
,[201, 202, 203]
,[301, 302, 303]
[
; (let transposed = transpose(matrix

45
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)lassert_eq
,transposed
1
// ,[101, 201, 301]
,[102, 202, 302]
,[103, 203, 303]

7 (
{

} ()fn main
] = let matrix
0S eldlusl ssap b S Tustmt sgunse el woalsS ol --> /7, [101, 102, 103]
,[201, 202, 203]
,[301, 302, 303]

L

;(println! ("matrix: {:#7}", matrix
; (let transposed = transpose(matrix
;(transposed | "{?#:} oowl eoph lzolz") lprintln

Jzoly 8.5.1

} [fn transpose(matrix: [[i32; 3]; 3]) -> [[132; 3]; 3
;[let mut result = [[0; 3]; 3
} for 1 in 0..3
} for j in 0..3
;[result[j]1[1] = matrix[i][]

{
{
result
{
[test]#

} ()fn test_transpose
] = let matrix
// ,[101, 102, 103]
,[201, 202, 203]
,[301, 302, 303]
[
; (let transposed = transpose(matrix
)lassert_eq
,transposed
]
// ,[101, 201, 301]
,[102, 202, 302]
,[103, 203, 303]
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} ()fn main

1 = let matrix
DOS ou8lpal oz b S rustfmt sgunsp Ol woalsS vl --> /7, [101, 102, 103]

, [201, 202, 203]
,[301, 302, 303]
ol
;(println! ("matrix: {:#7?}", matrix
; (let transposed = transpose(matrix
; (transposed ,"{?#:} :cuuuloaubICHJC")!println
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A reference provides a way to access another value without taking ownership of the value,
and is also called ”borrowing”. Shared references are read-only, and the referenced data
.cannot change

} ()fn main

;'let a =

;'let b =

;let mut r: &char =
;(println!("z: {3}",
;T =
;(println!("z: {}",

"A
'B
&a
*r
&b
*r

{

25Jpe oot sp 00Elw &S Jpe 10 trop JliEe S ol Tigoy (il Teoy S oo SHouses tzor S
03 gp s 00 1y ol lsgp 930S g Taaze el b eror Se *

SuSep goope b (dangling) os s ele o gzhp Seologsl yobo wysly
} (fn x_axis(x: &i32) -> &(i32, i32

; (let point = (*x,

0

;return &point
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loawp golozlyd alSye sjcsow wySgp Dereference ;i j1Ssgr yobow sylop cEyw 3o wysly
(osoS ylzwal 1y ref_x. count_ones) ()

seunlo e als oz (T = &b)asls ol oot TJJC? ol olooo las ol g o JOlE T Jles el ys @
wolbap ++C 10 ol 35S gp oslunl 3563 3oz 00 05 Gyob 0w 3yS o Jupwp o3l H I gl 05
=03 6p st by gzop shdp tzor S ow syl oS gilz il

J2l8 olsde ol 33T sz o3 a1y 303 ¢p gl ol 0w 05 1y (ylagp st o3lz! Sy e easp Se ®
.JL;QS . ‘CUP‘ |) ’r = 7X*” .Ju.'blu )6620

S 3pt e BlS o3lagl oy loul 08 sg 4 Juoit Slogpbl lo a8 gp goleas y gzhe 0p0 JpE Job Rust o

BulaySgpye POInt ous glzyl S X_axis .syes &y oael RUS ys sy lows py olicel @lelzyl oy oS
Boutspy JelwphS sulivluw waugp 03l oLt WS spaw Bl 08 gulp) «ob B 1ol

)8 peoloF WUz e «ols (B8P Sy9p 38 IO S guy Dualy ol s oSl e 0 S 6{.\‘3&0 °

olezolezle 9.2

00 05 1y ula@p spes gp o3Izl paut sp ewEluu st J2lE gzlie vlaut ow puuzee wiluezol ezle
acplamut &T g oo logl wages yet e o ¢a glzsl o
} ()fn main
; (let mut point = (1, 2
;let x_coord = &mut point.0
;x_coord = 20*
;("{?:println! ("point: {point
{

.This slide should take about 10 minutes
IéJLgJS CJI»SQ

S el Bl slagp o guuyBes gliw Bled sp e ol ) bEb oS Byl gt bl oo sl
solpd o g wunlo soals sozs plpipe splswspy (wluezol s oaus ©IISShoal) S 6s trse zse
X_C00Td oS gylay e yinls gy yus o3 e lzyl 4lsdp 0w olowgayy ils sozs wluezo! gzop 08
3803 )65'&0 Iy point .0 lk_; J‘_;jk,ug point .0& ‘0&' 0354)

3308 SeuS wuslasle 1y «let X_coord: &mut i32» ¢ «let mut X_coord: &i32» ;oo wolde rwz
$p93 05 gl 33 oy Jupwp BJwEe 5ealEp o splow gp 05 ses gp By by Sy e eEar S ol
sl sset e JRlE obge S ow wluezal tzap S espes olusy
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ol soals oS30 og opze S 3l (VIEW) lagy sos6p o1 Spl lp i 00 (e S

} ()fn main
;[let mut a: [i32; 6] = [10, 20, 30, 40, 50, 60
;("{?:println! ("a: {a

;[let s: &[i32] = &a[2..4

y("{?:println!("s: {s

03856 U8 03Bt Boo 3l 1y Toesls lomy
S‘JC)J‘LS? 65[&0! 0F 3503 J&éé’,c" S ;\Jlt)l Jogwaeyalya [3[ JS[ Uy
.This slide should take about 10 minutes
szl (slice) uyo dowsSlyws ys olely o Sosun glogolun yayS poruse 9 @ w88 oyE lula e
PSOSsp
Po0S Bz Iy gasus potlun sesgp olzl Ip 0w wuly GuSEgus wous asun + Ll 3l s 53]
slwsSc&al..a.len) ([ s&a[0@..a.1len) ([ os sote oel o peuegons by 38 e 338 e
NN
Bowgwd sl wSc&al2. . [ s&a[2..a.1en) ([ yulwlyw sl yobeers 3oy 33l wodlub sx0p 35
.96()5 OJ‘&.éC)u.d‘ &al.. [ )‘ 0S8 C)QM Qél w&lﬂ JS S 61)9 °-’|u*’ uH9y ‘56 °
3831, °§|)T ng )Séd (&] 132[) S €9y oS J&db'g DOJB'J 0T 9 .C)QM i32 S o gzp SgS*
P 0 p‘col ‘éJOtP &'objb\:)[ lo éélodhjg 89) Iy §O|ggu|tf 30360 O|5?| I? oY Oé' RER RN
St speleb oilsgl ow Jalaz sglo @ Jlop el 33 0336 1238 3563 ssut S 3l sungpo loyiya
Bolaw gdlo (e3gazp 33) o3y ddp
o 05 Ol gl gl ol S gosun by wllz ©ze Sesplow gp al3 [oest® 9p 39 Jisw ®
sealowep Il wgos plz ol szl 3l o Jzap il 33 @ Buesb 3l 1y 318 gl sealowgpy 0B BlZ gipel Jslds
println! jlse o oslags o iy slzgl 31 Jod 41S gl sealetw opl sab 0w S 5@ g3 3o 3l 1y loeals

0350S ST BT 33 OB WlgdT gt gpy 31Bw Ll 38 e iy 88 gylp S ep HIS
Sy poleE z oo (the borrow checker) o,

loocs yuy 9.4

:?605 Sy QQA'J a1y 5[0&024) €90 99 [»3&0]906? IJ‘C

el &TU8] o o gyn UTEF-8 oy 5138 3py clows glw 3l gloSe &STT »
.<Stringis an owned buffer of UTF-8 encoded bytes, similar to Vec<T

} ()fn main
Vs = let s1: &str
; ("{println!("s1: {s1

J("alJue")1let mut s2: String = String::from
;("{println!("s2: {s2

;(s2.push_str(sl

y("{println!("s2: {s2
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;[..()let s3: &str = &s2[s2.len() - sl.len
; ("{println!("s3: {s3
{

.This slide should take about 10 minutes

23483p) glowiyiy gloasls oo st & JolBrst tzop S oS wuSer sbage by slowuny siyw S &STT
X ("Hello") Strlng 6'00010 élo J‘)CJ&J .C)u.ul 03 s 0363 ob;ﬂt Sgdg “56 3308 C)u.ul UTF-8
=u9ubsp 26T opliye ©ivsle

o0 S Nec<T< soolp cagmlew gl 3l slayes S 6oy 32 Wrapper Sge Strlng goo wysly yu ®
.1l Owned

.30569 le&‘ O 4y JI)C)&J ‘56 3l 0L iy ‘56 String: :from) ( 1_)5&_) &‘9&[ 3l &)léuug ‘\')C)'? °
b.)l;éc‘)d,ul o JQQ'QCJ\_;P k_;‘bavﬁ) 6"’ oals 08 JQS&E) J'Eél 36T 6J|t oLy sy 0SS String: ‘new) (
Bo9uh 0l ol ylew push_str) (g push) ( gloses 3l

wpyd Jop ol leoy sealdp 3l Owned o iy S ché.‘ shyw wzlyoly S format!) ( 93Sla e
el prlntln! ) ( 9)5'9 b ugw yiyedn Jold

03937 Ry BSeuS VlFEal 03937 sllFoyl o & Bk 3l Strlng 311y str& slogiya seplow gp @
03008 3hSW S op Wnze wylwe wunloy Sl ooy ylodsp 19 08 3y S VlFwyl 1y gl
SP oaly TeTI yoshls 6‘0})9 9IS Oy él)t..) u,b‘Ju I 939 gp HhSw leyoslyls 89 chars
ol
Byd S lal wgyeSo ybys C++ ys const char* glgye oo L&STT (CH+ ol ucoroployw gy *
£90 C.')u.db .JQS SP oﬂuisl bbgé‘t BRI S I §) 5\5 o O 4 gpo oS C)d.ub s 0S8 CJUM Qél pop
~oglo golz sl gp b gd oS woldw ¢4l 1) & gl C++yystd:: string RIERSR: 1] J.slgPStIing
(oS gpy 0sldes yul Small-String ¢l oy gow 31 3830 o syalo UTE-8 asajay slo
DS JI@&I &Ju8[ )bée S ieééﬁ)wp Sp036p QISM IPQ.‘?J o Wl gloscu yuy @
} ()fn main
;("println!("{:?}", b"abc
y([println!("{:?}", &[97, 98, 99
{
r"\n" == :‘\SC)‘S J'Eé[ loylyd C)"U‘S JI&G!_)LS.& o &str)l_@? Sé 3003 6p QI\S?l ‘Pu)i' o0 r’:[é &looauj‘.y_) .
locwgS Juuls oo S Sl oS Juuls Bylo g s # yolyo alag e 3l asl Bl I s glo gp layn." "\ AN
BeusS Giluslz
} () fn main

; (#"<println! (r#"<a href="1link.html">1link</a
;("<println!("<a href=\"link.html\">1link</a

O I I0 LGP 9.5

oluss [T64:3] plopg 0w s globgy 05 338 psolo slzyl ssge oum 0pu300 sl waylS golaw sz Ip
WOl gn 0sog 03 33 S et clolop! ot ws0s gp

YSOUS owwlze ol Olpowge Wlewya gaz o ) Kl Si oyl 7/
JV.sqrt’ Jop osoS eslldwgul Hiz swpwlza sheo T ()sqrtt s Sl DS ) ol 23z oo 9 1/
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} fn magnitude(...) -> f64
()'!'todo
{

ol L_)‘UOUCP (:nl(::mi) PSUPED 9 Ol o3l o;__)uulzra o b Hlyo S 7/
D2s0S Siloedlpo wbol ol o 7/

} (...)fn normalize
()!'todo
{

0SS sl ywl 9C HIS wowes sho ey main® 1 //

} ()fn main
;(([magnitude(&[0.0, 1.0, 0.0 ,"{} 5zl Hlnw Si solapl") Iprintln

;[let mut v = [1.0, 2.0, 9.0

;((vi?2}: {}", magnitude(&v} sojlopl") Iprintln

;(normalize (&mut v

s ((magnitude(&v ,"{} :&iloodlmo 3l owe {70V sojlopl") Tprintln

Jzely 9.5.1

DGOS dwuwlza b eagh el Hlyo solspl /77
} fn magnitude(vector: &[f64; 3]) -> f64
;let mut mag_squared = 0.0
} for coord in vector
;mag_squared += coord * coord
{
()mag_squared.sqrt

{

DOS HSSED Ol Woez 6SHEl VeI 3503 HssED 1.0 o b )l soslagl /77
} ([fn normalize(vector: &mut [f64; 3
; (let mag = magnitude(vector
} for item in vector
;item /= mag*
{
{

} ()fn main
;(([magnitude(&[0.0, 1.0, 0.0 ,"{} 5zl Hlnw S solapl") Iprintln

;[let mut v = [1.0, 2.0, 9.0

;((vi?2}: {}", magnitude(&v} sojlopl") Iprintln
;(normalize(&mut v

s ((magnitude(&v ,"{} :&ilondlpo 3l oo {70V olapl”) Tprintln
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BSOS ep soleeouig suild e gloslozl e STRUSE loy ++C o Cougylp

} struct Person
,hame: String
,age: u8

{

} (fn describe(person: &Person

; (person.name, person.age ,"wowl oJluw {} {}")!println

{

} () fn main

27 (") let mut peter = Person { name: String::from

; (describe(&peter

;peter.age = 28
; (describe(&peter

i ("wos!")let name = String::from

;let age = 39
;{ let avery = Person { name, age
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; (describe(&avery

;{ avery.. ,("sSz")let jackie = Person { name: String::from
; (describe(&jackie

{

.This slide should take about 10 minutes

18 edS wlsyy

BoaSer Jpg tHC 1 Cugyla Rust ys (Structs) loyless! yu o
wuesy typedef oo gilgy eop S Swee shie € Sl o ++Caolp —
ulay sezs gyl oyl e e Rust ys ++C Gl Ey0 —
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BSeuS 0y6Ed
-sp 031l glay 08 3y S solgp ¢ dye s |y (Tuple structs) Joles glosleasglyu gag o 3¢l ool —
SOO sy pop losJgd ply oS sya s
wolep ey S ilesldoul o1y slogl g sgulomgp sols wuslop gloply I selosst op Jo g 513! @
BeuS szl
393 PSS S gpesd MlwEl e 3l 1y Tes J b ySl oS sosgp 03zl I o AVETY. . SOy gue ®
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oS ol ol tuple jlosl o 3l sglow gp o e wgpol g los S o8 ply 531
; (struct Point(i32, 132

} () fn main
;(let p = Point(17, 23
;(println! (" ({}, {})", p.0, p.1
{

gubgp 0318l (sgaungp 035ply NEWtyPes ».5) single-field wrapper ¢lyo wJg! o¢l

; (struct PoundsOfForce(f64
; (struct Newtons (64

} fn compute_thruster_force() -> PoundsOfForce

("o lusly ) Subep ooz dopuboly S 5IM) 'todo
{

} (fn set_thruster_force(force: Newtons
//
{

} ()fn main
;()let force = compute_thruster_force
i (set_thruster_force(force
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Jlep plagg o il (type
ddle Jless g Newtons RN R \5)65 oilagl loszlg oy 33 3¢ ol —
2 Busy 3l 5863 pehlow S bl |y sropnlooel lsdp sy slzgl 08 gulpy slagp -
.(OddNumber (u32 ¢ (PhoneNumber (String s, S sl Iy ol oylags saldes yul ylo yo
3603 ol 36az £ oo s single field oo g uye jus I 1y Newtons ¢ g 0w T64 Hlaga ug38l o9z
_0'9\:)&05) |6 automatic unwrapping JQQ'P ‘-UL’C) RYTX) B tublg )62 6'0365 ngfs&e Rust -
zezwe slsgl ylang o leboolean i osldes yul Jless
.(generics) sy ¢3S ¢p s1E Szw sy9p pouw oy »s Operator overloading wzop —
o el @3 6‘909%’1 J)S)b‘: S S i o b gy oyl yul ,JICJP a¢l

Enums 10.3

:CJU.;J‘ CBJC)&P 0093 NRENIA 6')"‘5 2S 304 SR b élO.&L& €90 Jl@él bj‘tl enum éJéJS O?JS
[ (derive (Debug]#
} enum Direction
,Left
,Right
{

[ (derive (Debug]#

} enum PlayerMove
Pass, // Simple variant
Run(Direction), // Tuple variant
Teleport { x: u32, y: u32 }, // Struct variant

{

} () fn main
; (let m: PlayerMove = PlayerMove::Run(Direction::Left
s(m {20} tzee ogl ") println

{

.This slide should take about 5 minutes
18]S wlsy

grz tou Sg ooy SJote glogoy lo BJoga seslse il slogopze 30 sp ol Spl lps o0 TEENUM @
SeuS g9l
Direction::Left:slssgzgDirection ylagp oo el B s glooysSlutype ScDirection o
.Direction::Right 4
PlayerMove is a type with three variants. In addition to the payloads, Rust will store a
.discriminant so that it knows at runtime which variant is in a PlayerMove value
:awloEnum o loslesl o ugldp s oo olpd oldl @
sded BJuwgs eloyl o eSSl (unit struct) 36D Hoa sl yw 0F iy S g 3sylo gp 98 30 33 —
Seuhlo swuls (Variant payloads)
'?I g&&S 63';)‘” °-‘|L5“.,) bolSl.\a 6|°J'¢Jt'u‘ I 1y Enum ‘56 ;éJCJtP &lg&l Jé&'gﬁ) SP T |f>u.'a‘4 -
B9 ageloFy ENUM giye 6 56858 B ayp o sl 33 08 gg 00y olpo 3l logl wiyg e ol 5o
BoS e 0318wl (discriminant) sy, Siglaws il woysEs glyw Iuad Jlaz 31 Rust o
3uSep 0363 1y 3l 30p 03layl oISz eS I Zzue 338 S pod] Wigue 38 —
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6)|3Sjp) 6')%“ )gatplo bit 6|°9‘§J| 3l ERLERES L= Iy bit 6I°93J| 0p0 j|z9 J&EQP J&Jlée )3' -
S <0ption<&u8 . Jlep ¢y 35S gp oslde ! ("niche optimization” S¢) ey S j¢lpop
uSgp ossgiNone goy ¢lyo Iy NULL I z sz e 38 S 00 530l sl

JyeyS 1y C) discriminant lo o)1 830w gy Jlese olage 00 ey wygue 33 sealew gp lags —
BeuS
[(repr(u32]#
} enum Bar

A, /0
,B = 10000
C, // 10001

{

} ()fn main
;(println! ("A: {}", Bar::A as u32
;(println!("B: {}", Bar::B as u32
;(println!("C: {}", Bar::C as u32
{
Iz wele 2 33 10001 16y soSep JIEal sbdlz wi¢le os discriminant ¢ g, Xepr ;osw
H9uB e

JOUBe BbolS gl

loEnumbuugo 03 s J[&QM 6'02’“9 Ql)ohs él)g) Jolgg")ép oS ayls 63'0"”’()\5”"." NRLNIA él)l‘) Rust C)"‘f‘j
308 oslde yul

size_of: <T<L)( o8 ‘)C)‘SLSP SEP LY Rust ‘&‘9()' 3l ST sl :NULL )30)‘&‘ 6:)'0""0()&50%) .
.l size_of::<0ption<T<<) (lu yulyo

2By 0w il 5 Spe 008 ST Jp 08 e 0w B Uiglpy 05 sges Bl sgelotsp 331 hegopy 3
wosgpy uslpy uul Bep 33 sospP TR s]sleelS oS sgunlo swals ozen il pop ey
gl gpally 1JplS sl slelaw
;use std::mem::transmute

} macro_rules! dbg_bits
} <= (e:expr, $bit_type:ty$)
;((printIn!("- {}: {:#x}", stringify!($e), transmute::<_, $bit_type>($e
A
{

} () fn main
} unsafe
;(":iprintln! ("bool
; (dbg_bits!(false, u8
; (dbg_bits! (true, u8

; (":<println! ("Option<bool

; (dbg_bits! (None::<bool>, u8
; (dbg_bits!(Some(false), u8
; (dbg_bits!(Some(true), u8

7 ("i<<println! ("Option<Option<bool
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; (dbg_bits! (Some(Some(false)), u8

; (dbg_bits! (Some(Some(true)), u8

; (dbg_bits! (Some(None: :<bool>), u8

; (dbg_bits!(None: :<Option<bool>>, u8

;("i<println!("Option<&i32
; (dbg_bits!(None::<&i32>, usize
; (dbg_bits! (Some(&0i32), usize

const 10.4

:Constants are evaluated at compile time and their values are inlined wherever they are used

;const DIGEST_SIZE: usize = 3
; (const ZERO: Option<u8> = Some(42

} [fn compute_digest(text: &str) -> [u8; DIGEST_SIZE
;[let mut digest = [ZERO.unwrap_or(Q); DIGEST_SIZE
} ()for (idx, &b) in text.as_bytes().itex().enumerate
; (digest[idx % DIGEST_SIZE] = digest[idx % DIGEST_SIZE] .wrapping_add(b
{
digest

{

} ()fn main
;("let digest = compute_digest("Hello
;("{?:println!("digest: {digest

{

ERER RIS o.sLéCJw‘ P‘SC)O ..))‘9? C)gSI Rust RFC ulws @ub

const yeal@p setow glyw JelwplS glad s soalaw gp 3ol syt 3138 wal Jg const v oS e ulow b
Soypw Bl 3) 58S solozlyd Lzl olpd 3 glow p Iy const gulow (Jlz el I syoun golozlyd
(oole oeseor

BuSep Jpg CH+ ys constexpr s gy CONST 08 56y S oyl jal oSy o6l o @

sautgp ePledsl bzl olpd 59 oS wole slags S Sgow (S 1Sl oS By Teb wJet oSugl I
S w0 lestatic o.;l._éadd 3l g O?é' 9y J&g.ép lp‘ KIS DJIJC‘)QM const jl

static 10.5

BoouBers JEwupr vshbwluw 9 sulp sgele oalise sbizl JS spe Job s Tougl glosse op
"ol ubor RustOS 3.14 o" = static BANNER: &str
} () fn main

; ("{println! (" {BANNER
{
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As noted in the Rust RFC Book, these are not inlined upon use and have an actual associated
memory location. This is useful for unsafe and embedded code, and the variable lives through
the entirety of the program execution. When a globally-scoped value does not have a reason

.to need object identity, const is generally preferred

.This slide should take about 5 minutes

.++static is similar to mutable global variables in C ¢

&3t I glopl buow 08 s lz 5 0B Bl s gl B3y Ssp polyd |y b wigee Static e
sl 3l Iy Mutex<T< sqygla gJEls

2O sBelS glys

Because static variables are accessible from any thread, they must be Sync. Interior
.mutability is possible through a Mutex, atomic or similar

.Thread-local data can be created with the macro std: :thread_local

Lv)&‘\:) )‘&C)u.ue 6"’?'0 10.6

35S 0alBes yul po gz 0w olows ea |y Eogy 98 ol oS o Szl 386 Eoy shiw wplo Aalias o gle
} enum CarryableConcreteItem

,Left

,Right
{

;type Item = CarryableConcreteItem

:Aliases are more useful with long, complex types //
;use std::cell::RefCell

;{use std::sync::{Arc, RwLock

;<<<<type PlayerInventory = RwLock<Vec<Arc<RefCell<Item

.This slide should take about 2 minutes

Bgessp westuro typedef owsgon by gl € ulumgsseplise

sousolusl gloslsgay tygspe 10.7

23S polot szl sepmolusl LIBuS pogugue S oss slagey S ubgles b oals Hlogle S lp
3 enS Bepa BJwEs gloslsgey wEliw s 1y loayStag o glogl oS syls 6300‘4%“ lous o oyl
ook e3owwJls {71} 1o elggl sgos ailzl les 56y S saldes wl [ (dexrive (Debug]#

&3 SiE Saub bzl 1bg pesoMain o syls slgy osls gloslagl w5358 s 9 szl o bES pope ol
Sosop yisgnogs Iy losladl yu ool 3l Toosls cildl gys 0393 oyl
[ (derive (Debug]#
.An event in the elevator system that the controller must react to ///
} enum Event
TODO: add required variants //
{
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.A direction of travel ///
[ (derive (Debug]#
} enum Direction

IUp

,Down

{

.The car has arrived on the given floor ///
} fn car_arrived(floor: i32) -> Event

() 'todo
{

.The car doors have opened ///

} fn car_door_opened() -> Event
() !'todo

{

.The car doors have closed ///

} fn car_door_closed() -> Event
()!'todo

{

.A directional button was pressed in an elevator lobby on the given floor ///
} fn lobby_call_button_pressed(floor: i32, dir: Direction) -> Event

()!'todo
{

.A floor button was pressed in the elevator car ///

} fn car_floor_button_pressed(floor: i32) -> Event
()!'todo

{

} ()fn main
)!println
,"{?:} :A ground floor passenger has pressed the up button"
(lobby_call_button_pressed(@, Direction::Up
 (
;((car_arrived(0 ,"{?:} wysl odsuw) WBSpe 0dwb o Hsuble") !println
; (()car_door_opened ,"{?:} :sub jlo osublp 5o") Iprintln
)!println
{70 togel el Hlghd ) 3 egub 0plSy Hlpwe S
(car_floor_button_pressed(3
 (
;(()car_door_closed ,"{7:} :ioub owgwe Ouublp ") println
;((car_arrived(3 ,"{?:} 1wyl osun ¥ odwb o osunla™) lprintln
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Jzoly 10.7.1

[ (derive (Debug]#
.An event in the elevator system that the controller must react to ///
} enum Event

.A button was pressed ///

, (ButtonPressed(Button

.The car has arrived at the given flooxr ///
, (CarArrived(Floor

.The car's doors have opened ///
,CarDoorOpened

.The car's doors have closed ///
,CarDoorClosed

{

.A floor is represented as an integer ///
;type Floor = 132

.A direction of travel ///
[ (derive (Debug]#
} enum Direction

,Up

,Down

{

.A user-accessible button ///

[ (derive (Debug]#

} enum Button
.A button in the elevator lobby on the given floor ///
, (LobbyCall(Direction, Floor

.A floor button within the caxr ///
, (CarFloor(Floor

{

.The car has arrived on the given floor ///
} fn car_arrived(floor: i32) -> Event
(Event: :CarArrived(floor

{

.The car doors have opened ///
} fn car_door_opened() -> Event
Event: :CarDoorOpened

{

.The car doors have closed ///
} fn car_door_closed() -> Event
Event: :CarDoorClosed
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{

.A directional button was pressed in an elevator lobby on the given floor ///
} fn lobby_call_button_pressed(floor: i32, dir: Direction) -> Event
((Event: :ButtonPressed(Button: :LobbyCall(dir, floor

{

.A floor button was pressed in the elevator car ///
} fn car_floor_button_pressed(floor: i32) -> Event
((Event: :ButtonPressed(Button: :CarFloor(floor

{

} ()fn main
)!println
,"{?:} :A ground floor passenger has pressed the up button"
(lobby_call_button_pressed(@, Direction::Up
 (
;((car_arrived(0 ,"{?:} 1wysl odsuw) WBSpe 0db o Hsuble") Iprintln
; (()car_door_opened ,"{?:} :s0b oo osublp )o") Iprintln
) !println
V{70 togel el Hlghd ) 3 egub 0pSy Hlpwe S
(car_floor_button_pressed(3
 (
;(()car_door_closed ,"{?:} :oub owgu Ouuble »o") println
;((car_arrived(3 ,"{?:} 1wyl oosuuy ¥ oodwb o osunla™) lprintln
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Wplar gl waSe Job ol sgaz sgle e ol

olpy wap sl
08585 V¢ sesldp elbw
08585 ¥ loylesgl o LyFw
0868- ¥ Enums )lut|u.u LEITY
23584 ) Let yloz Jsops

0888 ¥ wlog eolehl ingopw

_)&.3‘@9 églba 12.1

10l 3l oo u gl @p 308 w@wlbp s8I spyz L S lw Iy slsgp S sos¢p 03lz! Iz s match gs g JS op S
Soutgp PIEel 3elbo edsl 9 spsuer plral vesle 0w
1CH++ o Cysswitch o oo wgunle ¢l ol w s ealda solew ¢p logS I
[rustfmt: :skip]#
} () fn main
;'let input = 'x
} match input

(oS Sw') gl => println’
C("Ahbl s wsE")tat | st | tw! | 'd! => println'
(M"olauh $39)9") println <= '9'=..'0"

, ("{key} 1SS ;9”3")!key if key.is_lowercase() => println
(388 s Se') lprintln <=

{

o wouile galz sl loaslug ayls wdolba gylagp so lo oS @ wl (Wildcard) ale o8Il S _ o3l
splpo passow sbhe ollz seot! slagt 0w @Il _ peliwlow wpes sigsee s ollpozlope 05 ogp ol
RNV RLS o.)lgég")dﬂ JJ|9‘:>

Yulo S 3l sglo match ol i 5o Af soole T@é@.& o uh 0318wyl c’)ﬂg_& S ulogt o syloesgp match
Fule o Jlesp sasialo oo als sazg 331wl S0 33 enlog Ged! wele (ogmSilo wele walo
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ol shdre
.This slide should take about 10 minutes
18 edS wlsyy
S o.)h.é(’)u,u‘ 9SJ| BN uo‘t $|0)C')5b|~5 3l 019069 é)g.b@ J&OS b)lu,‘b' S OQM ooy ®
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solg oo S plesigp 05 gz o lg 03sszp 0po st b v -
Ol ol s3gaze S 3Sylelay 1.5 —
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9 pop G0lP3 uosBEP G 0Bl oplSlaz Sy ¢ S3se S olaut 0w Bewbe ¢l guard ¢
28OS Bl 03lus glogS Ul 51y essz g o 03yl polot 05 sy e 39902
i oylos S ooy olueSs spows ewbw ot S Jls 5o ¢l oISl 1T wylog 1o logl
Sadse 1 bygn 3381 ag g 03) lsge pol olr gol 0w 3939 31 pug (F< 51 ug)) ol SIJw JE1s 5o
Sl sdue! match ayloe glo ol i sl oo 1S s alsy

Soubgp 0Bl ol 98l Benbe glo by i ows | SpS o guard s esys Bgype by s ®

loyles] g 12.2

:..5)5 g@tu éégbu |g) 0‘90 KBRS b )lC)éh_y.\ Jo tuple JOO‘P
} struct Foo

,(x: (u32, u32

, Y u32
{

[rustfmt::skip]#
} ()fn main
;{ let foo = Foo { x: (1, 2), y: 3

} match foo

,("{Foo { x: (1, b), y } => println!("x.0 = 1, b = {b}, y = {y

,("{?:Fo0 { y: 2, x: 1} => println!("y =2, x = {1i

, (Ma0a0n 0y S o3soly losdsd ssluw - {y = {y »")!Foo {y, ..} => println
{

{
.This slide should take about 4 minutes

.lbgng )§|QA lo C')ég'bﬁ §|J“~) foo BN Jb(‘)éd )6‘3‘3? )é&ic') .

Sleg asop wlysst ezl 9 FOO ous s ooz 3 gd S ayS 08l ol o
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Enums 12.3

1S Lt Bewbo 1o ylow ¢p 3eu 1y lo enum o tuple spyqls

08l sosub o3l bl Ip g 53l B 31 gl it o losgt op 13S Juoop e suolsmer veuzee looS !
POUS gosul €NUM osl g ¢ o0y So lt s gligr 3 6S oy by a9z glopl szl yu sos gp 031zl a0 gy
} enum Result

, (0k(i32
, (Err(String
{
} fn divide_in_two(n: i32) -> Result
} if n % 2 ==
(Result::0k(n / 2
} else {

(("HS psuwdD solpwp Wauwd 93 o0 ) {n}  Ylow py") 'Result: (Err(format
{
{

} ()fn main
;let n = 100
} (match divide_in_two(n
,("{half} wyel g5 0w psuw@e {Result::0k(half) => println!("{n
C({msg} togwl el Zy sulbE cobigousss ko) IResult: tExrr(msg) => println

{

RESER &)bé‘z = half ;Jg‘ ébtldﬁ BN .P§|OJ)~5 oJIQQCJQ.uI Result )bé? 08T &bg 'bot'u.‘b 3l lCOsS'
Wl o3 Joowp b sl 00 MSY pos ol 33 vl o3 Jowp 3yls 43 Ok e iz
.This slide should take about 4 minutes

Soubea 3lo ae sl match 3l esldw ul lo Tag w08 54l S¢pile enum ¢ o S if/else wylog
al8 o lolbg nclagy g 360S o8l sl enum s None ;8 ¢s s Jgd S¢S o8l ol lo sgylows ¢p ®
s sdeleplsS aldw egzy 9 wuml e dly aoaS! lags aS 0S8 1y gilo ol Sp 3 gyS W 1y S glyz!

Lo plusy by la gt o gl Sey ol

o0 gy es Jolg oSl Beoba 5l s oo enum ol Jlz 53 5gslge

JuleplS o8 cogip 0wl ol (wEulbs) szw yuz $89 ss8lign g8l Bwl oz s gos ol iy ®
wolosgs osls Jagigr Ol dlz ops 35S gp sl 08 3605 S oyl al S op polyd Rust

sl bl lu 0@z S s ly ol gy S oy result yews yslydivide_in_two gl coz ooy
shiw saubsp Byep ©Elbe 1S MSY ) sauspy JulwplS 38 gl 6pS suesye match
Sy9ue 02 MSG sg i gp u&lu )LS Qél "\SC)‘S o..sl;éc;u_u‘ &result 3l result 6'3 1) ‘JSUSJP O\SI E'k_é)
BERELR TS ol ”match ergonomics” ?'O 0L 08 63369 gl ey Byep 9 sunlo glzsl S
slz o eyS goulogw g Rust)uépéJé sloog gy 3l 3 g0l gp Ry gl os i g bye s Rust 2018
DS ol yl 981 ys Tef msg 3l msg

Let Qlé_)& JJC’JGS 124
Qég‘be 6‘)9 |°J'C)tld"’ Qé[ .C)u.ul C)gl;éﬁ)? lo&lgj )§|Qu I oS syls O'é)@ J)C)OS J[Ot‘u.u AT Rust ngj
BosUR P o.;l;éa\_y.yl 95J|

if let wylog o
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let else cjlug »
while let ejylog @

if let CJ_)';)&

$loaS yls wgolbs o3Il S 1w Hlagp S lel 0S¢l 0w 8 s soagp ol Sal layn oo 1 let wyloe
:'\505 ')Cl b \5;§J¢'th>
;use std::time: :Duration

} (fn sleep_for(secs: 32
} (if let Ok(dur) = Duration::try_from_secs_f32(secs
;(std::thread: :sleep(dur
;(println! ("slept for {:?}", dur

{

} ()fn main
; (sleep_for(-10.0
; (sleep_for(0.8

let else wjlog

adlz dzog! 33 aguS esldo wl let else ol sl oyaSilo g o3I Selo wiulbs zely ollz ¢l
(gun zlE Sadw slowyl 3l oSl 31 se¢ o - panic l g xeturn, break syylp) soun BSyzop 3¢l “else”

} <fn hex_or_die_trying(maybe_string: Option<String>) -> Result<u32, String
} if let Some(s) = maybe_string
} ()if let Some(first_byte_char) = s.chars().next
} (if let Some(digit) = first_byte_char.to_digit(16

(Ok(digit
} else {
; (("hex digit S oy")return Exrr(String: :from
{
1} else {
F((MpyS wldlsys sdlE string Si")return Exrxr(String::from
{
} else {

s (("ploSz e ) return Exx(String: :from
{
{

} ()fn main

; (((("hex_or_die_trying(Some(String: :from("foo ,"{?:} :oadgug”)!println
{
(6‘°JO9L)7" )USO) ))5‘9 )gb oY 95J| ngée Jé‘)'é? °S _Ul_) 39Z9 while let BE-T VK] 56 ‘lf let “OC)‘P
BOSSE SR
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} ()fn main
; ("% let mut name = String::from("Comprehensive Rust
} (Jwhile let Some(c) = name.pop
;("{println!("character: {c

{

(!There are more efficient ways to reverse a string) //

{

None UTJ‘ TSN Job)g‘_;?‘;q Iy (Some(c ;C)Q.ul 03 sy éJ‘t o ity oS 6&'?3 (3] String . pop ICOLS' 39
209¢ sxlop om0 lgp 3l polap yob ot oS sos g |y I Sal (sl 15 o while let jloslde Lol ep slaly
PSS

.This slide should take about 10 minutes

if-let

solPsuie 98Il Burbo oy o Spp glo wllz opo 1 let oo s match yoo e SlJEye ¢
:JL-;QS oaldes i match yoo yws 51 5600 Jbuﬁg'g Ly allz opo sgolopgp 338! apSeay

el Option lo sls al3 0 Some yeslgp o ¢ Ss 6wy Af let yow sl zelyoslbdo wl S °

BuSepy 03l yul g8 b ¢lyo =< 311 let you wsmatch you yus SlEy0 *

let-else

ol o osls ol ne 1zl 33 08 yabylpe gy swalogl oo 33 o ey e o0 syylamep 1o if-let
Sl 1y o3z 6w $oE Ly HuS e SolPEBubY 9 33 9w slosS ol oS @b il let-else jlogl e
SaaS esol s Iy ol Jesww applowo 1o s S sumsouile aligpluigls
ol 5l Ly9ue 0w et sumssulle GoE Ly
<fn hex_or_die_trying(maybe_string: Option<String>) -> Result<u32, String

} let Some(s) = maybe_string else

J ((MplbSzse" ) return Exrr(String: :from
A

} let Some(first_byte_char) = s.chars().next() else
F((MpnS wddlsyy sJlE string St )return Exrr(String::from
R

} let Some(digit) = first_byte_char.to_digit(16) else
;(("hex digit S oy")return Exrr(String: :from

o

; (return Ok(digit
{
while-let

sgnlo eoyals ook oS Jolda 56a18p 08 glpy lowhile let oy z 08 s gl o uls ozows @
o ils solgF oplsl ,(.)ujakg hdse b)h}b)
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soesauile 1T souus Selo yldlogw 08z S wsp e hwhile let coslz ssolowep lae *
S9ubep o uS i name. pop () 5l (unwrap) a8 3o glhe colsde sozs pag Wyge 33 08 35S
303.6p oeslyl 9l ol e Syntactic sugar S while let

OJlg& sl gyl SRS I 12.5

Pessss0s sluz wblog ghe goaSilo sl olehl S asslew

Jolgt )bé SIS 9P Jdo;ée ng 0 0393 bPIJI 39 L:JL)JJ' Supubgo )30)[02\] ‘56 'CO&‘ BR) Box £90
"SR °J°'\)1’f’ |0CJQ.ACJ BN) oS J9‘bf)IP° gk ”u,uSI;')” Box: :new jl o_)lgé;")u;ﬂ ‘g 30‘9069 Q)‘g& ‘56 u;Q)g
BenS OJ‘\.éC.')u.d‘ ”u_mSlg a8 j'g” LS'JH) *) deref)SJfag 3l ;o&&wak) Q)‘gt Ss 69‘63‘)' L_;bg 39

.(eval(*boxed_expr

Result<Value, sylsylas gl oy aonlanSepye b o sgaut wolen! soolsmepy whloe 31 cEye
'bt ‘56 'LS ((Ok(Value) jéfxiﬁ)ééége )l_sée ‘56 )SO'LS'PC) ‘6 oS CJU.M enum \SL; <String
ol 960'93 B oJQél BN )C)Juo;ée J9bous I_) £90 Oé' l? .CJd.ul ((EII(StIlng)

L.stlbd J9UOCP SeaS _)‘&T Iy eval &gk") 6j‘d“°d|\5&? 9 380S W e Rust Playground P9 RS Iy S
S o S eiygue o lows e (ayh38 g todo! () 31 eslcdes yul & el OSpp a8 gulo sy Tow yues s gl
IJ&JéSg XN # [ignore] loeslda ul 1oy & e S S9p 39 o 36(}‘9&‘\5? JSUTPO Sualo Jéée

[test]#
[ignore]#
{ ..} ()fn test_value

338 383308 16 3BUP I PEUSES O ITOR 05 G0N Dus S 380S Gt s S plae Hsg) 3]
$360S Weyesp PaNIc ¢lz o Result 3l sslde yul 1o 1y el selawep 00937 oy TeT e
.An operation to perform on two subexpressions ///
[ (derive (Debug]#
} enum Operation
,Add
,Sub
,Mul
,Div

{

.An expression, in tree form ///
[ (derive (Debug]#
} enum Expression
.An operation on two subexpressions ///
,{ <Op { op: Operation, left: Box<Expression>, right: Box<Expression

A literal value ///
, (Value(i64

{

} <fn eval(e: Expression) -> Result<i64, String
()'!'todo

{

[test]#

} ()fn test_value
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; ((assert_eq! (eval(Expression: :Value(19)), Ok(19
{

[test]#
} ()fn test_sum
)lassert_eq
} eval(Expression::0p
,op: Operation::Add
, ((left: Box::new(Expression::Value(10
, ((right: Box::new(Expression::Value(20
, ({
(Ok (30
7 (
{

[test]#
} ()fn test_recursion
} let terml = Expression::0p
,op: Operation::Mul
,((left: Box::new(Expression::Value(10
, ((right: Box::new(Expression::Value(9

} let term2 = Expression::0p
,op: Operation::Mul
} left: Box::new(Expression::0p
,op: Operation::Sub
,((left: Box::new(Expression::Value(3
, ((right: Box::new(Expression::Value(4
 ({
, ((right: Box::new(Expression::Value(5
7 {
) lassert_eq
} eval(Expression::0p
,op: Operation::Add
, (left: Box::new(terml
,(right: Box::new(term2
(o
(0k (85
7 (
{

[test]#
} ()fn test_error
)lassert_eq
} eval(Expression::0p
,op: Operation::Div
, ((left: Box::new(Expression::Value(99
, ((right: Box::new(Expression::Value(0
, ({
((")duo o psuwde " )Err(String: @ from
7 (
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.An operation to perform on two subexpressions ///
[ (derive (Debug]#
} enum Operation

,Add

, Sub

,Mul

,Div

{

.An expression, in tree form ///
[ (derive (Debug]#
} enum Expression
.An operation on two subexpressions ///
,{ <0p { op: Operation, left: Box<Expression>, right: Box<Expression

A literal value ///
, (Value(i64
{

} <fn eval(e: Expression) -> Result<i64, String
} match e
} <= { Expression::0p { op, left, right
} (let left = match eval(*left
,0k(v) => v
,e @ Exr(_) => retuxn e

A

} (let right = match eval(*right
,0k(v) => v
,e @ Exrr(_) => return e

i {

} Ok(match op
,Operation::Add => left + right
,Operation::Sub => left - right
,Operation::Mul => left * right
} <= Operation::Div

} if right ==
S (("sue Ho psuwde” ) return Exr(String: : from
1} else {

left / right
{

({
{

, (Expression::Value(v) => Ok(v
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[test]#
} ()fn test_value

i ((assert_eq! (eval(Expression: :Value(19)), 0Ok(19
{

[test]#
} ()fn test_sum
)lassert_eq
} eval(Expression: :0p
,op: Operation::Add
, ((left: Box::new(Expression::Value(10
, ((right: Box::new(Expression::Value(20
 ({
(0k (30
i (
{

[test]#
} ()fn test_recursion
} let terml = Expression::0p
,0p: Operation::Mul
, ((left: Box::new(Expression::Value(10
,((right: Box::new(Expression::Value(9

} let term2 = Expression::0p
,0p: Operation::Mul
} left: Box::new(Expression::Op
,op: Operation::Sub
, ((left: Box::new(Expression::Value(3
, ((right: Box::new(Expression::Value(4
, ({
,((right: Box::new(Expression::Value(5
7 {
)lassert_eq
} eval(Expression: :0p
,op: Operation::Add
, (left: Box::new(terml
,(right: Box: :new(term2
(o
(0k (85
7 (
{

[test]#
} ()fn test_error
)lassert_eq
} eval(Expression::0p
,op: Operation::Div
, ((left: Box::new(Expression::Value(99
, ((right: Box::new(Expression::Value(0

I({
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((")due o psuwde " )Exr(String: @ from
 (
{

} ()fn main

} let expr = Expression: :0p
,op: Operation::Sub
,((left: Box::new(Expression::Value(20
, ((right: Box::new(Expression::Value(10

A

;(println! ("expr: {:?}", expr

;((eval(expr ,"{?:} tozwwy")!println
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0868 10 Traits
0865 ¥ Deriving

08¢ Y- Generic ¢ olge 1y gypes

loscwss  13.1

0al Byl T 1y 518 gl a6y S bowsp g 363z Pyl T 1y ce wlow o8 sosgp 1y I Spl oyl Tan oo Rust
gesgp plzol impl S 5l
[ (derive (Debug]#
} struct Race
,hame: String
,<laps: Vec<i32
{

} impl Race
No receiver, a static method //
} fn new(name: &str) -> Self
{ ()Self { name: String::from(name), laps: Vec::new

{

Exclusive borrowed read-write access to self //
} (fn add_lap(&mut self, lap: 132

; (self.laps.push(lap
{

Shared and read-only borrowed access to self //
} (fn print_laps(&self
; (self.laps.len(), self.name ,":{} shw oo {} buys")!println
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} ()for (idx, lap) in self.laps.itexr().enumerate
;("println! ("Lap {idx}: {lap} sec
{
{

Exclusive ownership of self //
} (fn finish(self
;()let total: i32 = self.laps.iter().sum
s (self.name, total ,"{} )0 olp) JS wsuw Olsle o {} edoluwp™) println

{

} ()fn main
F(MoSlogp Sriwo ojslz")let mut race = Race::new
; (race.add_lap(70
; (race.add_lap(68
;()race.print_1laps
; (race.add_lap(71
; ()race.print_laps
; ()race.finish
; (race.add_lap(42 //
{

23965 5620T =uSep Jpt ol oy o 3P 05 st - spuSep wetute 1y TeanssS” self (loylpg Syl
ls seze swp S s zub

.J)&gép 2383888 Joldsse o Sywip gzap S il el ul 1o o.)ool_gtb;égj[ Iy s su :&self o
Dol 08l B yul oylags log s aylow gp et

238 2688 S8 8 38 0w sz op tEop Sl eal Bl 1o espyleglyd 31y e g b :&mut self
S C)‘é'%’ 0 TP oS 6()'?3 les 39l o.s[;'BCJdM oyligs 30'906?() ()l 3l Y Ul .JJ&S&P
Soubgp et SUlp swp "’CJ‘S;;_? Jowop °"OQ‘9t';)“é Mygls _5)&_.;369 o.)ft o lyegun U\_;SJ/‘P ;self
Soun JBWor zeaue sobow ol weSUls 08l 38 b solgF Biz 3838 gp Sl s 08 galS 0 2 g
Bl 26T BelRld sluge ew sISssE seboo JalS wS ]l

] 303 3668 Iy egub sglow gp sap ol o sygp ol jap imUt self o

looseyilm slzl sl Iopep wsauigp SIElse 53 Sealoul sp S o0 Jeaww el to3gsS posw
ERER R O-\S?IO new J9PE’,P sobou oS Soudep o.xl;éaugl

.This slide should take about 8 minutes

18]S wlsy

.Péa;s \5“%&? tqlgﬁ) lg |°C)T 00‘6'39 lg b lo_)C)r': oS C)u,ul JéJP .
ng )QPIJ‘%’ ERENER R L_;Q‘gtb;é (enum '\5 struct "OC)‘P) 69\5‘0 j[ I NEEN] ‘56 89 I lo_safx -
selfopory langow ooy
3p 0305368 oz 3 e s S sales yul Tosesp 31 se 368w pepuee Wil (Sap ol 8sos0g yuges —
splew peilow gp doswp 3ol yul I .50y S SpS 38 ywows gosylpil s o0 g3y S gslayoyos
P&l 08y suew Ui I8 0lSp S s 1y Giluseslge gloss
B80S wotuip Iy wuSer Jpe 39 030368 Blagg o 0S8 self s S 0p)S 3l asldes ul @
08 5608 ol sglun 9 wowl self: Self ¢lyu o wolegS 1 b ol S self oS sgon ol oy —
o0l 03l Bl 3ylows ¢p o STIUCE pley 004537
3l uld ol s IMpl Sg w08 @l Geles glyw ¢90 slew wp aly S Self oS sgos z oo —
9uk o3l SOl So o lo o sslw 03 3ulewsp o
Note how self is used like other structs and dot notation can be used to refer to —
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.ndividual fields

ljolo self g &self oo wolde guls pluny ghw soale souslop olpd @osl o Spp ol =
oo oo finish RIS 6')@' \_;bg

-0 08 sepls saz s ey Special wrapper types gloggles self & Jags dlow iz 5l yalyd —
Box<Self> syl e o 3lzp 03py6S glowele ylane

Traits 13.2

oul i lopyl sy S szl iyl lowsgles goy s trAIts 31 osldes ol 1o 08 sosgp Iy o1 Spl gl ‘Puﬁ_ o & yuly
g eo lo interface

} trait Pet
.Return a sentence from this pet ///
;fn talk(&self) -> String

.Print a string to the terminal greeting this pet ///
; (fn greet(&self
{

.This slide and its sub-slides should take about 15 minutes

soolowa les sy aalo s als Iy lo gl sglos logsgles 08 558 ep Beye e |y loswp 3l cloggpza trait. ‘56_ .
BooS iluwesl g 1y trailt il

B generic oS ?65'0“"9 6JJ‘5J?E’, ?6()'906? 0&955 oS 389 ?stbt o?l.)l B ZGenerics” B TSI LI
.JQ,TJ‘L:J JQ‘OJJS 63‘«)"’0')‘6‘3 Iy trait Sg oS 6'0‘3\5‘0 Plpa 89

Traits 83l 00l g 13.2.1

} trait Pet
;fn talk(&self) -> String

} (fn greet(&self
s (()self.talk ,"{} Sesg wauwl lswuwe o) ooz o ol") Iprintln
{
{

} struct Dog
,hame: String
,age: 18

{

} impl Pet for Dog
} fn talk(&self) -> String
(self.name ,"!wowl {} op ply format! (" Woof
{
{

} () fn main
;{ let fido = Dog { name: String::from("Fido"), age: 5
; ()fido.greet
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-¢p osldes wl impl Trait for Type { .. } Sglo il Type ¢lyo Trait gl wesl o gy *
BeaS

talk() sep Iy Cat Eo0 tum gy ¢ BIS saposndulbs glosap b gld o nls Go slobuly Bz o @
JQMQ o(‘)u‘bl.) )I)é 1mp1 Pet SQJ\) S 0506‘ )39 ‘3056&’) OJJQT)\J Iy Pet )‘5.)96 J9bous

-uie? glogilumasligr e siglyl Toswsp 31 g2 30 slyw Ui B glogsluwoslgr @l (Sap Traits
o 9 Wl o3y oyl greet wygp ol 33 ol s uolg trait gloswa calaws ows syylow p (238
QQM o sl talk

Supertraits 13.2.2

©3S o traits SGOTPY S p iluwesl g 1y (j 0S8 suloggle o8 s als o yals 3lgyy slow gp trait S
Animal s¢lo ayS gilgwosl g Iy Pet oS ce oy yo dz gl 33 3008 wiluweslews 3go 1y supertraits sl oo
=S Gilaseslew 360 1
} trait Animal

;fn leg_count(&self) -> u32
{

} trait Pet: Animal
;fn name(&self) -> String
{

; (struct Dog(String

} impl Animal for Dog
} fn leg_count(&self) -> u32
4
{
{

} impl Pet for Dog
} fn name(&self) -> String
()self.®.clone
{
{

} ()fn main

; (("let puppy = Dog(String: :from("Rex

;(O)println! ("{} has {} legs", puppy.name(), puppy.leg_count
{
ol 08 syl s als slBesyl sgloy glisal agls Ial waunep s3¢ply “trait inheritance” wlgsl colS ¢!
-oslgr o o s Blal plidl S lope (gl waalo (00) St gunsaoplone 33 &lys ooltp sl
SuSsp et b trait S glo gl e

o woly gloweles  13.2.3

BB R oeplo AL gl uesl g busss 08 sy e 5838 iz selowgle booss gloggle

[ (derive (Debug]#
; (struct Meters(i32
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[ (derive (Debug]#
; (struct MetersSquared(i32

} trait Multiply

;type Output

;fn multiply(&self, other: &Self) -> Self::Output
{

} impl Multiply for Meters
;type Output = MetersSquared
} fn multiply(&self, other: &Self) -> Self::Output
(MetersSquared(self.? * other.0
{
{

} () fn main
;(((println! ("{:?}", Meters(10).multiply(&Meters(20
{

oS Wl pl G3sdS Sy syautisp o3sply Jeo TsEE dlowule” Bl wolS bowys dloggle
LS ep SEanl ly el gl waggloFlyd oy Hluwesl g

eluez gloyowlypl o Jpz 3l wpmue bocya glog oy glils sylsglesul sylEulas glotrait 31 ¢yl g o
Iterator,

Deriving 13.3

00 usut silwesled laut sutsld e logsles glya s1SseE sebow syalowgp 03t sulogw g gloTrait
D8 THL
[ (derive(Debug, Clone, Default]#
} struct Player
,hame: String
,strength: u8
,hit_points: u8
{

} ()fn main
.let pl = Player::default(); // Default trait adds "default  constructor
.let mut p2 = pl.clone(); // Clone trait adds "clone” method
;("p2.name = String::from("dog
“{?:}" Debug trait adds support for printing with //
s(printIn!("{:?} vs. {:?}", pl, p2
{

.This slide should take about 3 minutes

&3 dp slogsSla locrate 3l gyl g 9 39t 6p il wosl g logySla 3l ealde yul I (Derivation) ol jucsl
S solesosg splowgp serde Jlee ploge 0w sposgp oyl g3y0ilS glowgJolg sS ol ol slyw
SuS fmbgé #[ (derive(Serialize] 5l b.)l;éc‘)u,ul o )'Qt'u"’ Ss ;5‘)%" Iy SISyl
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Trait Logger :,¢,»o 13.4

838 35S el yul 10g sea 1o Lpgger aley sus trait S 3l oS p ey S szlab ool SIY L0l S sl g
a6l e ylpd 33 sy S Wl gys &impl Logger s 3olowgp 35S Sl 1y a7 wldy gy wosl 1 Spp 08
S1 00w S 0w loplew weJaw o ey 33 08 oIz 33 oa 31y E W S1Y Jeld ya 1y lopl gy eyl o Sap
=outsp Jlo!

3'J C)l&tsja t‘bu.u 0 0T 9L 493 Iy 'DP'LSK;J éplea o yul 03 i 08ls g3 33 0S8 StderrLoggeI :Jlt RRAAS]
Olgisiz oo o suloplor 08 s g Iy VerbosityFilter gou oS Wil gl lp i 08 cbg .30 S gp
.J)&Sg bJéJ[Q Iy 038 de“" JC")S'JC 3l JQUl‘-r‘

-0l ¢ Iy trait alpo o -‘J&S& oo Iy trait g3l wosl g Sg o Sylesgl w Sg il sz ély co3Jl 93! ol
sl o Spp loosgos o 3l 38 s glogay o wsosgp eIl sledy gl ow spglid gl 33 8 30Ssp 831w
?JQ&'Q Jé;éfa 3IJ syl ‘56 BN)

;use std::fmt::Display

} pub trait Logger

.Log a message at the given verbosity level ///

; (fn log(&self, verbosity: u8, message: impl Display
{

;struct StderrlLogger

} impl Logger for StderrlLogger
} (fn log(&self, verbosity: u8, message: impl Display
; ("{verbosity}: {messagel}=,u b wleldbl™) leprintln
{
{

} (fn do_things(logger: &impl Logger
; ("logger.log(5, "FYI
7 ("g00l" ,logger.log(2

{

. ' TODO: Define and implement "VerbosityFilter //
} () fn main

;{ let 1 = VerbosityFilter { max_verbosity: 3, inner: StderrlLogger
; (do_things (&1

Jzoly 13.4.1

;use std::fmt::Display
} pub trait Logger

.Log a message at the given verbosity level ///

; (fn log(&self, verbosity: u8, message: impl Display
{

;struct StderrlLogger
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} impl Logger for StderrlLogger
} (fn log(&self, verbosity: u8, message: impl Display
; ("{verbosity}: {message}=, b gﬂgJLﬂ”)!eprintln
{
{

} (fn do_things(logger: &impl Logger
; ("logger.log(5, "FYI
i ("g00l" ,logger.log(2

{

.0nly log messages up to the given verbosity level ///
} struct VerbosityFilter

,max_verbosity: u8

,inner: StderrlLogger

{

} impl Logger for VerbosityFilter
} (fn log(&self, verbosity: u8, message: impl Display
} if verbosity <= self.max_verbosity
; (self.inner.log(verbosity, message

{
{
} () fn main

;{ let 1 = VerbosityFilter { max_verbosity: 3, inner: StderrlLogger
; (do_things (&1
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15 | o

Generics

elut ol asSo Jab 0368 Y0 393z selw LaFw oyl

olp wap sl
08883 0 Generic ¢ ulge
08¢y V. Generic glosgles lesgs
0888 Trait Bounds
0883 0 impl Trait
0388 0 dyn Trait
0333V Generic min iy gype

Generic ¢ ulges  15.1

“OO‘P) XK 6‘1’)'06‘0"’ ‘Ls |OPQ§J93J| 30360 Q[stl lf\)j" o oS Josée 6()‘%"6&&)2’%) generics J' Rust
S80S PGP T o3 oy cFS | g os ymosl Byl glowgle ggy 3 1y (éégagd oy le @il pmowys
."Pick “even’ or ‘odd’ depending on the value of "n ///
} fn pick<T>(n: i32, even: T, odd: T) -> T
}ifn % 2 == 0
even
} else {
odd
{
{

} ()fn main

s ((pick(97, 222, 333 ,"{?:} 15 vyl ) ¢l olags™) Iprintln

P2, "00)3") (1, "Sue") L pick(28 ,"{?:} 15S Oyl Jolo Sg") !println
{

.This slide should take about 5 minutes

'40'56? b'g&ﬁ)uﬂ ‘SCJQ.‘ZJSJI;.J )lJéP 9 I°O‘P9SJT uélu u.u|u.u| oy T u§|u Rust »
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JuleplS iz wigue o o el Bl s 1y generic ¢l Rust lal s ol C++ 4o éloggdl o 0 b oyl
apoge sl 0golbs lsogagsza o oS gelowgle alaw gho slo golo ol gebolow wuSse
Shsdp wuplon == 053108 sges 5558 a9k |y PLCK gl spS g8 pn Jlep plapg o snly
39 s b.s‘;.éc')u.u' TST P .)|.)&| o ple &ulu 63‘0“"’09?0 b@& )S[ Rl .JQLS_)g_)g Iyeven + odd
LSosgp lpgn o 1y H1S el o3l C++ Ipl .J_)&Séla 2By s yowesly | QT slozpe Rust

3939 glioyl S agl autgp Jesww NON-GENETIC 38 00 ¢oloFyd gloJzp ul el s gENeric ss
&leJOI 099 b XK 6"’)'06‘&)"’ 6&95 0SS J&QS&P C);é[é_)_) l_) 6“3600 C)IPO i@&@“ lfsu.'a‘a :Qd.l.ﬂ 005830
10335 G uEaUS GO B9 e o

Generic clougle logs  15.2

oS 0slbw ul o s s 6B gou gliwyl glyew lo generic j! sealawgp
[ (derive (Debug]#
} <struct Point<T
xo T
ye T
{

} <impl<T> Point<T
} (fn coords(&self) -> (&T, &T
(self.x, &self.y&)
{

} (fn set_x(&mut self, x: T
;self.x = x

{

} ()fn main
;{ let integer = Point { x: 5, y: 10
;{ let float = Point { x: 1.0, y: 4.0
;("{?:float} ¢ {?:println!("{integer
;(()println!("coords: {:?}", integer.coords

{

.This slide should take about 10 minutes
SOy @Sw gl 16l Seul ss it o ia slogs IMP1<T> Point<T>{} wylog yo Tz i louw ®
logyl .s el gENeric wgles ¢lyo generic ¢l wosl ey jagw S ol 08 wiwl Jeds gl 0w el —
S0 o GeNeTiC J@ew yup yobows
Bolosgn Sose o T eoy 3o @b loswp gl 08 wwlpgp el 0w gl =
BeeeonL b 1mp1 Point<u32>{ .. } oSl 3979 olSpl yel —
loswp lal 30y S dalbe yul Point<f64> ;I J§Q19a59 9 w ! generic p0 9050 Point =%
Sou 3yolgFE ey ey s Point<u32> ¢y loyw Sgfw ol 33 39z 9P

oo lyaS eilgee s { let p = Point { x: 5, y: 10.0 10 seoz sstop S 3e0S seus
03l B gl [ S 3lzp Iy spawe BJwzs glogsgle Io suolyg clsls 08 bl 1w s oS oluwsias
Vo Tagolp ogtop @yl o35l
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Generic Traits 15.3

0S8 wulay trait S cloywalyle .ulow o Wil sygls oy wyualo generic syglow e 3o Traits
SO0 ep e st Ut slowle Wt gp 03l bl

[ (derive (Debug]#

; (struct Foo(String

} impl From<u32> for Foo
} fn from(from: u32) -> Foo
(("{integer: {from ;| esu,d Jsswow") !Foo(format
{
{

} impl From<bool> for Foo
} fn from(from: bool) -> Foo
(("{bool: {from ;I exybJssow")!Foo(format
{
{

} () fn main
;(let from_int = Foo::from(123
; (let from_bool = Foo::from(true
("{?:println! ("{from_int:?}, {from_bool

sl 0l ST eilsgyes s 3 ol Beyg e lal s solgg osls (i ngws 0393 oalsl s From trait e

dzogl 58 wolsy oSpe wele sloysphle plao agnew o0 Gilsy trait glogslwosl g

soz9 FOO (lyo From<&str> il woslow ygs sy solegy Jelwpls ("Foo::from("hello

Sulag

”65936”3' g@c: bgu)‘z gélo oS 6Jlt BEPERE RIS ”5.)9)9” ngo&og B lbgv)é‘(‘) Generic élotrait °
.Juﬁlg oaui:b Ogléae 83939 6'%“6'9 &b%“ L;GQJCJtP L;Io&jiu,uo.\lég JO'QC’\SP trait S G Sy a0

auslo e als gulbo T gl yo glyo trait Sg il g3l wsosl g S ySlaz 08 syl 3l RUSt ¢ 3lg 3o @
33 lag by 3ol ey o ap” olEayl glyo glosgls zgo Rust 33 ¢ dlogloy o Bl o
089S sp @ilumeis ol ow 08 3ls 3oz wolweeuie pyl p3S 031 Bl sl suleslS b olz Jlz

Trait Bounds 15.4

Silgwosles Iy ol s gy trait Pl oS s gl oo uls gy 3 g0lgF oo TJ9??_P ‘Iogeneric o ylS 91500
BeuS solaFlyd Iy trait o gloses seyloma les gy S

:You can do this with T: Trait

} (fn duplicate<T: Clone>(a: T) -> (T, T
(()a.clone(), a.clone)

{

;struct NotClonable //

} () fn main
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;("let foo = String::from("foo
; (let pair = duplicate(foo
;("{?:println! (" {pair

{

.This slide should take about 8 minutes
o8 wlo duplicate su Iy ol g s¢il o NonClonable S sgS g8 e ®
.J&QS o.)l;éadul |0QT 9&5‘5)& LS'JH) + 3l ‘C)u.u' PJ'J 36 SGIOT oS L.;O'Pj °
Sub syl ozles OI o 38 goagleg a1 80 Q')'9PTQ3~‘Q|J e gos olung 1y where wyloe Se ®
(fn duplicate<T>(a: T) -> (T, T
where
,T: Clone
}
(()a.clone(), a.clone)

{
gole dluspl 08 s e welo where wylog 1 eslbe jul wyalo sl loywalyles shiges 31 —
Sulo yolyle o yoowye
DS e yaanpesd by ol 08 syl g3l B! glo cS36s ol —
ologds splemgp 1 @E Wps 53 wule 08 Wl gl g8l Bl 6 S3s9 wumsow sueS 53! *
Option<T> sygla sl

o ozew o JIep plang o aylsg 1y wilmodiss 3l solw s (Gage) RUSt oS sl e als ozaes
sowgaly (duplicate(a: u32.:lp 0su0369 ¢ilwosl g S oS el ol ¢ ol duplicate
.C)QAI

impl Trait 15.5

6903353'%“ JéJlép 9 f«_g‘a 6‘°C)|?95)T BN) 1mp1 Trait syntax jl QIQCJL;P Arait 6|°C“L§J9JCP lo ogluﬁe
138 oalbey yul

:Syntactic sugar for //

} fn add_42_millions<T: Into<i32>>(x: T) -> 132 /7

} fn add_42_millions(x: impl Into<i32>) -> 132
x.into() + 42_000_000

{

} fn pair_of(x: u32) -> impl std::fmt::Debug
(x + 1, x - 1)
{

} ()fn main
; (let many = add_42_millions(42_18
;("{println! (" {many
; (let many_more = add_42_millions(10_000_000
; ("{println! (" {many_more
; (let debuggable = pair_of(27
; ("{?:debuggable} :Sloss Joli") 'println
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1mp1 SULP eI P'f) J&olgﬁ)&eo oS ‘\5()‘5 )IS éélo;\g&lo I 0360 oj[@l I?db oY 1mp1 Trait
ol Ogl;ét‘)fx &S JJC)&P élot‘)é“cége X Trait
trait 053937 Sl oty nly generic sl Sg o o g impl Trait sy S glse ®
.c:u.ul
'OJILS‘»J Iy trait s C_'Ju.dl 60030.?49 ;\.JksICJ éadbgﬂg ?6'0 oS O&[atﬁ Qé' o0 ‘Lgauﬂgjlg ;ﬂ;&li’) 6')“.) °
Pulasgelsggpy oS sutlo ssdp solpd sulassp usl S plo b wulo 0S gl pesw wuSp il
oS Il gpope APT Sy |y o sp
Pule wylaySeayo 1y Impl Foo o8 ceules .ol gy o aSilo weesop s Inference
BUEEaNT ER0p 3 Teowe sob o Iy ol 08l esw S gp VIFSyl syl S gpyn 08 1y ceF e
Fulo 3o sglemep wylaySepye 1y collect<B>() -> B syylp generic ogles o8 gpoles
logl 31 eSS wlEey! ows 3ley e3uuSeuletlid woul §Sap 5 wolaySile suSep dsyslyo 1y B oS
turbofish>() 3! ssldes wl lo 1 ()1let x: Vec<_> = foo.collect syyls wynle seuls
.<_>foo.collect: :<Vec

b sl sgueaw leoseyS glzwal 1y let debuggable: () = .. 5 ¢S g8 e S sz debuggable ¢ o
e oluag by sz oz

dyn Trait 15.6

oesldo yul 31 youzee Rust ,logeneric Sk ) Seolaul gulozlyd gl losgyw 3l aslde yul yo 00l Jg
DuSep soleewung trait ol g ul 3gsb 3l o3 Bz clogglas I Sepliyels golozlsd lye ‘ooi
} struct Dog

,hame: String
,age: 18

} struct Cat
,1lives: i8

} trait Pet
;fn talk(&self) -> String
{

} impl Pet for Dog
} fn talk(&self) -> String
(self.name ,"!wowl {} op Pt)‘format!(” Woof
{
{

} impl Pet for Cat
} fn talk(&self) -> String
("!String: :from("Miau
{
{

.Uses generics and static dispatch //
} (fn generic(pet: &impl Pet
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s(Opet.talk |, "{} Soogwe S laos plduw™) Tprintln
{

.Uses type-erasure and dynamic dispatch //
} (fn dynamic(pet: &dyn Pet

s(Opet.talk |, "{} Soogwe S laoh plduw™) Tprintln
{

} ()fn main
;{ let cat = Cat { lives: 9
;{ let dog = Dog { name: String::from("Fido"), age: 5

; (generic(&cat
; (generic(&dog

; (dynamic (&cat
; (dynamic (&dog
{

.This slide should take about 5 minutes

3l gt duepy Se Slzyl ¢lye monomorphization 3l impl Trait »Jsz 3l doGeneric ¢
0S wslugp ol gl SoSep o3l Bl os i gilguopopy ol Ie 08 B JozEe wulw so clyw golo
BoS gp 03l B yul S el ul giloFlyd 31 olzas gENETIC ¢ les S ¢ ¢ygys il trait sess S cologlyd
LT Ule B ;\‘)6‘0 ] bgg)? trait 63'\)"0‘3‘6%) Jaigﬁ)éfx g alsly %«)6‘0 JPLS u‘t‘Jbl )Jé[;m)e‘\s ngS:)
oS

virtual Sg 3b 3 Seplogls solezlyd il QT slzows woungp oalBdw ul dyn Trait jl .S sulpy ®
fn dynamic jl szlg o uy S oS wiulygs glow gel oS ¢p esldes wl (method table (vtable
Sguinep 03l B yul o i gp 3yl oS Pet Ll ot oz ow yoaws 08 syls sz

oCJu_'Z)‘J )bé b&'g %‘)\5‘0 S Wby "’LS".) trait S B9 ep 0J|J¢‘JUA‘ dyn Trait 3l oS LSQ'Pj °
Box JOQ'{) SUPUL90 L;lo)SoﬂV&l ‘5'09\5‘0 b@)Sl ‘C)Qul &'C)l 56 bu,u‘g gv)élu') Oél 9P C)sSI BN .Joﬁlg
(July solgF oals ol ey posw 393 398 EouP9p O&l) o0l 031wl silow gp S

S ot autsp olslpy (fat pointer) ”slz 1 Soylal” S wyseew &dyn Pet Se.lyzl olpy 5o @
ayls °J|d2" JQS&P 63'\)‘”""&%’ I Pet oS ST ULp Qéu“’" 1] ‘DJSDJ‘UM 3l \5“56 Z_)So_)luiyl 93 5l udt
I talk RIEY 60'96')‘9 fxlgoo "30569 o‘)'dﬂ €90 O‘ 36 63'0‘"‘""'6%’ ;5‘)‘.” vtable o 6)36') 9
&Q'th‘é Iy &qu BYIERVIFEXT TS T vtable o ly talk &u!u &)JT)J&‘&VJ?]S ‘&dyn Pet 89
Fule goganls oo iley sJgleplS woagp wlo gules gl o Iy Cat 1 g DOg ows ySoylul g 35S ¢
Dby oIS el plzal she Pet oz e

BN) )Sé" 'Jé:) "’9\)1’6? oC);éJS J.BQ BN (type-erased) ”o.su.'h ;é.’)t g&‘t‘)” ng()tog dyn Trait 5& b
Py wetue Yl ol galelJbl Jelopls olp)

Generic min :;¢po 15.7
36t 1y slagp 93 31 J8laz 0S8 5y S soloz il puonsl g 1y mingeneric gl SelagiolagS yespw gl 93
Jtrait 0rd 3l sslde yul 1o 35S gp

;use std::cmp::0rdering

."TODO: implement the "min’ function used in “main //
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} ()fn main
; (assert_eq!(min(@, 10), 0
;(assert_eq! (min(500, 123), 123

;(tassert_eq!(min('a',
;(tassert_eq!(min('7',

; ("assert_eq! (min("hello", "goodbye"), "goodbye
; ("assert_eq! (min("bat", "armadillo"), "armadillo
{

.This slide and its sub-slides should take about 10 minutes

3603 oluiy oligplyagls s 1y Ordering enum g Ord trait o

Jzoly 15.7.1

;use std::cmp::0rdering

} fn min<T: Oxd>(1: T, x: T) -> T
} (match 1.cmp(&r
,0rdering::Less | Ordering::Equal => 1
,0rdering: :Greater => 1

{

} ()fn main
;(assert_eq! (min(@, 10), ©
; (assert_eq! (min(500, 123), 123

;(tassert_eq!(min('a', 'z"), 'a
;('assert_eq!(min('7", '1"), '1

; ("assert_eq! (min("hello", "goodbye"), "goodbye
;("assert_eq! (min("bat", "armadillo"), "armadillo
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08685 0 Vec
03583 0 HashMap
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S80S o0y Iy 5ozl

slagla gl oylzalos  16.1
bu.u_ga DJJZ)OJJC)QM E\Sb ‘_;‘b;v)k_;la 3l 6‘(’&99@? Jlaél °ou 08 C)u,ul J)‘Jo'auul odlég‘QS 55 é‘)'J Rust
SIS po o czlsow syalow gp oplFolnsS g3 ey gl 0w 3 S ep SpS Rust glooalyyw g looylzFulous
SauSep 0l Bl ool S String el 3l gn 5o 1ygy 3oosS
.std g core, alloc (ol sylagloul oglzolas 3ol yesuz Jalus Rust ¢ slg 4s
oz lg o bBBIZ ssyos o g pFw Jdibc ous 08 gl golows g logsgla yoywgglsaal Jpl i core o
SOy o0l Jple po g s S 3979
Vec. sgulp wels 3ley gouslygs sbBlz sages o pFe Sgow 08 Wil gelowsgles Jal g alloc -
Arc g Box
BooSep 0aldoyul alloc 3l wlggl golS o coxe jl oy gl osmo g RUSt glooalyyyos ®

olagous 16,2
Uless glagg ows .ol glosyes w8 wilseyes s ¢lyls Rust
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Joo3 Sz 0w bowyp wlgiz plpw ¢
U8 syyle slaaol glogsgle
.BinaryHeap | Option syyls sslsgles el oglzolas gloggles

DeuS suep Ly 397 38 sgilow gp 1p g 8lg 39
.Determine whether the first argument is divisible by the second argument ///
/17
.If the second argument is zero, the result is false ///
} fn is_divisible_by(lhs: u32, rhs: u32) -> bool
} if rhs == 0
;xeturn false

{
lhs % rhs == 0
{

sobou RuSt os iy esys loglzolasS glocrate alacs seyg i ep yuslsye Markdown lgg o il gowzp
SPOPE 6I°POL§T plaws oy S 35 up oo udgp SO ep rustdoc ,lyul 3l esldes yul o docs. s s IISagE
.CJL)M POUMIP C&IJ J9bous 95J| 06' 3l o.s[;éCJuM o API ;5& BN)

b.)l;éc‘)u_ul /*V ./ h_; /7] )I ‘(Jgj'fs ‘56 0999 JOQ'P) POLST 9% 5939 )l PC‘)&T ‘56 QJ)S AR 6‘)9
30695 6p T eJEls Wl s glowalS” Glow 08 560 S

.This module contains functionality relating to divisibility of integers !//
.This slide should take about 5 minutes

3603 Bluiy lsplyagls ews https://docs.rs/rand ys 1y rand crate ¢lyo os i gJow wlage up

Option 16.3

Josée 08T Iy T;\;LSI.CJ 3l 6)'35.9'? lé LZJLS'CJ 06! .Pélo_s)\s °J°|Q»'7-‘P Iy 0ptiOﬂ<T> 3l |bo;|;§¢)u.ul ST TJU@ le
BulaySepso lyOption<usize> S String: :find Jles glogg ow aoSepn oxsEd Iy ¢iez zeo I

} ()fn main
;"let name = "Lowe 8 Léopard Gepardi
;('let mut position: Option<usize> = name.find('é
S ("{?:position}swunSileo g90 OHS ") Iprintln
;(assert_eq! (position.unwrap(), 14
; ('position = name.find('Z
s ("{?:position}sounSilo o0 OHS o) Iprintln
; (assert_eq! (position.expect("Character not found"), 0

{
.This slide should take about 10 minutes

39uBepls 39378 lagloal oylFUIES ya loges o sg i gp dal B yul glosye uS yoboo Option o
el ool i €XPeCt Lag i gp PANIC &g lo g sylsySgpyn Iy Option S ys 39z ep slsgp UNWIAP *
Dgdver 1bE e gplee 1pl
'\5()“5 uﬁgeb;é ”LS“é-‘IQDC“” _)g.bog Jé&[gﬁ)&ﬁ') |?| “\6()‘5 panic None lg 003‘9? BR) '\5()'9069 -
.JéQS SURIIY None oS
éJéJQU RS ‘pl ‘C)QAI C&b CIST T8I UC'Q"‘ P‘Sﬁ)b |Eo(>o BN) unwrap/expect 3l o.slgéc)uul -
BuSEp B Oeulup glegguow Iy None [ gae
s eb8lz s Tl ool yap clojlagl o gl Option<T> oS wulyeps ol o Niche il yuoy o
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Result 16.4

€90 5& lg PL\S)O 30360 O'ui‘u') b CJ'&JPE \5& ud.msu].» Ié C)éé;égfs 'P‘ ‘CJQ,ul Optlon bg‘uﬁp Result
39Ul 8P o_)l;éc')d.n' ok )6%'09 »T Oi 3308 Result<T, E> t sl 56‘)()& 90 ol .CJg'CBCJP enum )6%'09
Soubsp solb EXT b wp s E g

;use std::fs::File

;use std::io::Read

} ()fn main
;("let file: Result<File, std::io::Error> = File::open("diary.txt
} match file
} <= (Ok(mut file
;()let mut contents = String::new
} (if let Ok(bytes) = file.read_to_string(&mut contents
; (" (contents} ({bytes} bytes} e whblz Hyowds" ) println
} else {
P ("ol b Juled Glewze Olawspn™) Tprintln
{
{
} <= (Err(err
c({err} agby Sl whblg yolss™) println

{

{
.This slide should take about 5 minutes

C'Jt‘”w" = ?jJ? Iy 034030 9 9 ayls Jbé Result 0993 3‘597063&9? )ldée ,Option "OOIP‘) .
~p 03 Fy il 3850 1bE 08 cyg e 33 S ep Boun lolbE cuyya ow gl uSer ol T
sl 03450308 ugs &gy o3l by el ol 08 S salde yul expect () lgunwrap () 3l ylow

ol wagel sgponisl ol 585 1ol wygs Job 33 oy wml ss o g e ¢log Jlbs ReSULt wisyyes wp @
eole Juloosl oo gusgspeplune 0w 08 Wil g3l S golaw g loswp 5l gslgpue Jplus wlsgoyup
SuSgp SpS soze

363 pedloF 0393 pyloz oy 38 oS Wil lolbE wgygsp il wosl g glyw sslagles yul ¢ 04 Result -

String 16.5

Tl UTEF-8 6_)]35_)5 o sty Jolg e iy S Strlng
} ()fn main
;()let mut s1 = String: :new
;("aldow")sl.push_str
;(Oprintln!("sl: len = {}, capacity = {}", sl.len(), sl.capacity

;(let mut s2 = String::with_capacity(sl.len() + 1

; (s2.push_str(&sl

;('1")s2.push

;(O)println!("s2: len = {}, capacity = {}", s2.len(), s2.capacity

;("let s3 = String::from("EJ
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;(Q)println!("s3: len = {}, number of chars = {}", s3.len(), s3.chars().count
{
plaws sgulowgp 08 wimlyga el o 08 (s ul <Deref<Target = STI sy S il mwosl g Strlng
LS80S sulelyd String $93 o Iy str glosws

.This slide should take about 5 minutes

sal bl String: with_capacity il .glsSerye ¢JIE 3¢z sy S String: :inew ¢
BoS 08l ol o iy o ‘5&5°|9tk5f’ oals 383z Jéolaéfx 0SS xﬁﬁ)‘f’j S80S
QT Job 1o @il 5Sap 08) sylsyS cpsw wele wyg eou |y String sw oy o3layl String::len e
Lopnlo waldwa yosHlsS wyg pous
s yals oz wylsySepyw e dle gloyuShls coy 3 (iteratoy) 33lySe S String: :chars e
ol B S gp 3By 33 TySIHIS” ylang oo oluugl SgeS eyl lo Wl (Sap char S oS sl
.grapheme clusters JgJs o 3 ynlos
Sunlo STXINg 1 &StT ol ynyobyp @il (1 Spa wiaSep oslunl loows 4y o pays 08 golay ®
Iy ulSal gl ot o 3l PplS S il wosl g 1y Deref<Target = T>.ugle Sgo8 sulpy
B80S suleElhd Iy T glosewa Bl ju yobows 05 sosgp
03503782 ow 3B ol 0lzr oul 33 pebeluw pelesySy oy |y Deref trait joo0 Ip —
ol Olagogen 53 @108 slag Sl
0 gy s Bl i yobou oS o i Deref<Target = str>osyySeil woslew String -
SaSep polyd Iy ST gloswp
S80S oumlBp 9 dsmconw let s3 = &*sl; glet s3 = sl.deref(); -
.let s3 = &*slg;()let 53.= sl.deref s¢yS o welde 9 3sumssne *
DS ou,u&léfs Iy Strlng Ss 6)‘530"‘“5"O6I she ;éJC)tP slooly @
03937 39 1.8 \56'@ .s3.chars().nth(i). unwrap() 5l o..s‘;éi‘)u.n‘ lo yoshls Sg oy —
039378 3l zulE g wal
'6 C‘Ju,ul lo yeuShylS 6[0)’)? 39 Sy o&l Y 6&5'& S3[0..4] 5l o.)[;éc’)u,u‘ o oL #1363 '5\5 oY —
=uloy
gl aeut Jgdews oo iy o to_string.gae Slealdw gl 1o selow gp Toosls gl 31 gyl o @
o35 g3lpmosler oS e siluweslge 1y Display oS giloggle plow glyo sISssz sebow sgyw
R9ut JeaR 00y 00 3platgp GuERe aut w3 o B Sulevise oS sz e ssbeluw Wkl

Vec 16.6

el heap-allocated g o3lsyl yoct e Jolg ydlo Vec 4l

} ()fn main
;()let mut vl = Vec: :new
; (v1.push(42
;(O)printIn!("vl: len = {}, capacity = {}", vl.len(), vl.capacity

;(let mut v2 = Vec::with_capacity(vl.len() + 1
;(()v2.extend(vl.iter

; (v2.push (9999

;(QO)println!("v2: len = {}, capacity = {}", v2.len(), v2.capacity

.Canonical macro to initialize a vector with elements //
;[let mut v3 = vec![0Q, @0, 1, 2, 3, 4

.Retain only the even elements //
;(v3.retain( x| x % 2 ==
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("{?:println! (" {v3

.Remove consecutive duplicates //
; ()v3.dedup
;("{?:println! ("{v3

{

oy S 6'0.\09 -’6()'90&9 oS sute C)él 1] ‘CJu.nl < [DeIef<TaIget = [T °-’Oo~56.3|u»“°-"6%’ Vec

BS80S solaglsd Ve Se o)
.This slide should take about 5 minutes

ol gp 036 heap o bBlz 4o OT sloosls .HashMap 9 StIing olypo o« yul 08 gpza ST O Vec
suy bzl oled ss sylawep o aslay JgleplS olpy 33 qamgls o il 1o0sls slaga 08 o p gl o
Sout Szos g

welsy T TP 088t o il gy Ial i ! generic Sele S Vec<T> oS s g mlus o yuls 0T 9
Wl os b o F e pUSh solozlyd yedsl olps s Rust. T 4s Sulo zlagagal lo oy gpo 08 j9b ylse
seelos ga93dl 3l g wwl Vec: inew () glzow ssldes yul gy aylsgleswl 93Sls Sgvec! [, ]
"’C)‘Séf LSC)‘%“&CJQ'?‘%" vector su o&ng

-sP panic C‘)&Ig S9uH E)‘t 03937 3l )5[ |f>| “\50‘56? o..sl;éc;k)u‘ [] 3l vector 6)'330""5‘306‘ \SIJ“.)
Ly sweot osstl POP gule plySears 1y Option S get sl esldeul giSelz sobow agun
SuSgp Biz

Jlagp S oS syphiw sgle loyo pligal yapls uublz Jlz 53 soautsp osls (o pogws 39y 5 lo o
3l iy s 3oy oty oa i s yup gloawss placs os Vec wglw 3l

HashMap 16.7

:HashDoS QIJPC aolyo o C)‘Bkét o J)bdk‘,\&u' hash VRN

;use std::collections: :HashMap

} ()fn main

; ()1let mut page_counts = HashMap: :new

;207 " Hsed oSl slolhzla" ) page_counts . insert
(751, "5ps S sleeuo” ) page_counts. insert

7 (303, "wuep 9 y9¢")page_counts.insert

} ("if !page_counts.contains_key("Les Misérables
) !println
"0y Les Misérables lal pisply sp oS {} oloys "
()page_counts.1len
7 (
{

}["oslze ospon 03 ovsdl ssegbzle”  "wues 9 s9¢"]1 for book in
} (match page_counts.get(book
, ("loozLo,o {Some(count) => println!("{book}: {count
(M ooel swlpunly {None => println!("{book
{

.Use the .entry() method to insert a value if nothing is found //
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}["oslze ospor 03 vssdl seaghzle” 1 wues 9 )91 for book in
; (let page_count: &mut 132 = page_counts.entry(book).or_insert(0
;page_count += 1*

{

;("{?#:println! ("{page_counts
{
.This slide should take about 5 minutes

39uh 3ylg SCOPE ous slus g os iy Bgye o prelude ys HashMap ¢

3l s9zg HashMap ys wlas S lel 08 35S 6p oy Jol sbus gy olzasl y 563 38 gloyb
HashMap o ly Qéjgélz )bée pos )bu,u ._\L')l_\)gé?)g Qéjgélz )L\ée 5& ‘CJQS‘JL)O 39Z9 J.§| 98T ‘6
S I_)ék:.J g‘aS )3[ JQS&P _))‘9
let pcl = page_counts
("9olz Souw 9yl s0")get.
; (unwrap_oxr (&336.
let pc2 = page_counts
("entry("The Hunger Games.
;(or_insert(374.

lagy 39z hashmap! sylsglesgul goySls o&[;éu,uic“e wvec! Slzyo o
oS wwl <[From<[ (K, V); NosyySeil wosl e HashMap we o ow Rust 1.56 oF w3l —
29605 °6J9‘ &o_\_)l_)é? OG‘JT Ss 3l HashMap Ss 603‘)09 30360 ojlcl ‘f) o
]1)1let page_counts = HashMap::from
,(to_string(), 336."eslz Souw o sl o)
, (The Hunger Games".to_string(), 374")
(0
BySgp sedow Iy key—value glowdz o8 Iterator 4 jl Jaigc‘)&p HaShMap ‘Q&jgéla sobous @
gl ol
Slopwzl sedS yleggow &str jl o3l b yul 3l g pgosgp Lislpy 1y HashMap<String, i32> PR
J(ﬂgﬁ)&e |‘:| ‘CJU,:.»I C)’SPP oCJ;.JJl |°°&9PCP B wl&laﬂ j[ o_\LéCJu.u‘ RN )CJO.\'L)J.\ |0J|CJP 3] 96056?
39ub yzop bOrrow checker o gl S s 0w
St s sautsp Julwp!S Jage Il ssusww 8 ss0S wlzepl 1y 1Jle Jlep sl to_string() Bz -
Tasout ozlop gl S e oF lo wusl (Spp ssuSgp 9SS
.std::collections: :hash_map: :Keys s ulp wsls”sep ol g nSilo wdle” oo ooz ol ®
-u,'}‘.yc)b ous |y g&‘;‘) &6| CJ[.\QCJUA? ENER RS BYIRES Rust C)L\L')C):),u? 6|09¢C)QAC BN) 'Jgﬁ&e IOL?«)LS'CJ C)\SI
603 Ginglan 3eo 1y KeYS s o g 13310 368p 3506 9 3603 ol oliep!

°-‘OJ'Pu—’Z’ SRS 16.8

3 ologlse el S seoleE generic Wygueod |y ealyw slguues oals sloszl w Se lags (espw Gl o3
sl 3oz plaSye g splosyn sl ynp 3631 8p 07 0S¢l wasSew ¢y std::collections: :HashMap
oS gp 0l gl wplos i yols

Iy OT sloswp g sl o yal 03y 6)‘.33.)5 u32 e3lBp sl wlidlaz w yobous Counter o]l 07 uy
Counter »s éngbg 3,603 Jé&&i‘) ‘C’)QM 6)556‘3 J‘t 3308 6)|Ju§? gv)\_;lo QMQM Bl generic Uy o0
08 63858 by ealadp wlo o sylewos
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sl 3ley 3x9p Lo glogzuz dlag e 1 360y S 03l ol €NTTY sesp 3l 360 S 68 o 3 633S placs sgy 43I
Beos yielS B ooy ot Iy count sas gl gwosl g

;use std::collections: :HashMap

.Counter counts the number of times each value of type T has been seen ///
} struct Counter

,<values: HashMap<u32, u64
{

} impl Counter
.Create a new Counter ///
} fn new() -> Self
} Counter
,()values: HashMap: :new
{

.Count an occurrence of the given value ///
} (fn count(&mut self, value: u32
} (if self.values.contains_key(&value
;self.values.get_mut(&value) .unwrap() += 1*
} else {
; (self.values.insert(value, 1
{

.Return the number of times the given value has been seen ///
} fn times_seen(&self, value: u32) -> u64
()self.values.get(&value).copied().unwrap_or_default

{

} ()fn main
;()1let mut ctr = Counter::new
;(ctr.count (13
; (ctr.count(14
;(ctr.count (16
;(ctr.count (14
; (ctr.count(14
;(ctr.count(11

} for i in 10..20
;(ctr.times_seen(i), i ,"osgnosss ) {} o hobo {} Heal@p") 'println

{

; ()let mut strctr = Counter::new

;("wowsuw")stretr. count

; ("strctr.count("orange

; ("wowsuw")stretr. count

(Moo ) stretr.times_seen |, "lowosue {}F aognls™) println
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;use std::collections: :HashMap
;use std::hash: :Hash

.Counter counts the number of times each value of type T has been seen ///
} <struct Counter<T

,<values: HashMap<T, u64
{

} <impl<T: Eq + Hash> Counter<T
.Create a new Counter ///
} fn new() -> Self
{ ()Counter { values: HashMap: :new
{

.Count an occurrence of the given value ///

} (fn count(&mut self, value: T
;self.values.entry(value).or_default() += 1*

{

.Return the number of times the given value has been seen ///
} fn times_seen(&self, value: T) -> u64
()self.values.get(&value).copied().unwrap_or_default
{
{

} ()fn main
;()1let mut ctr = Counter::new
;(ctr.count(13
; (ctr.count(14
;(ctr.count (16
;(ctr.count (14
;(ctr.count (14
;(ctr.count(11

} for i in 10..20
;(ctr.times_seen(i), i ,"osgnosss ) {} o hobo {} Heol@p") Iprintln

{

; ()let mut strctr = Counter::new

;("wwsuw")stretr. count

; ("strctr.count("orange

s ("wowsuw")stretr. count

S ((M"eoson")stretr. times_seen |, "lowosue {} aognls™) println
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BeoS traitye wlsyoup yoyp Bye 1y gulpd wslaglogal oglFolasS 43 sozop logsgles selao

Bs0S wghogel Sg ol goplep 53 .0uel goldsb LaEw oyl

ou—’-’é'éﬁ 17.1

oS gylowsles b plowgp Iy Iotrait (el gopo 308 gp solwgwuny 56318p v ousldp Sl lotrait ¢l
.JJQT (SIgVRY. Y] AJOO&S&? &3';)"”"&%’ Iy lotrait 06‘ 0S8 3y o &6‘OJJ&;§ JP'U’”

PartialEq and Eq

6‘°J‘§J?t .Juﬂlgép ne o_suisbisl_)l SWp 9 €q 6?'3J| SLp \9')"‘ oS Ou.ul ST 63)'?0 bbgb 5& PaItlalEq
DS ep soleglsd Iy leawp ol 1= g ==
} struct Key

,id: u32

,<metadata: Option<String

{
} impl PartialEq for Key
} fn eq(&self, other: &Self) -> bool
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self.id == other.id

{

selows g i gp PartialEq Jelu o (transitive g Wl B (eoleslo) @ el Jals cislpo obuily S EQ
BooS e 0alde Ll trait bound S ologe e EQ 3l wenls 3oy JplS cislpe 0w 08

PartialOrd and Oxd

6‘)“.) 63369 Q&l .c‘)uul partial_cmp SUp &l)‘J 9 JQS&P L.é&)&k") Iy ST P S PartialOxd
Soutep 03lBW yul < g =< => > é“USJPf’, il pwosl ooy
;use std::cmp::0rdering
[ (derive(Eq, PartialEq]l#
} struct Citation
,author: String
,year: u32
{
} impl PartialOrd for Citation
} <fn partial_cmp(&self, other: &Self) -> Option<Ordering
} (match self.author.partial_cmp(&other.author
, (Some(Ordering: :Equal) => self.year.partial_cmp(&other.year
,author_ord => author_ord

{
SolaySepyw 1y 0rdering slags Cmp sewp ol 43 08 @l JplS Gy S 0rd
.This slide should take about 5 minutes
1ol golaslo el walowgay EQ lal waun il pwesl g Blwgs dlowssles yew solews ¢a PartialEq
} struct Key
,id: u32
,<metadata: Option<String

{
} impl PartialEq<u32> for Key
} fn eq(&self, other: &u32) -> bool
self.id == *other
{
{

s yebous ol 08 sglen (nows ypS lal weglgp @ wsow s1Ssg¢ yobous lotrait ¢l TJ%’&P Jpg s
=090 gilgmoslew

‘o_)gab%;' 17.2

el os i il wosl g std: 10pS 4o traits Bk il 'OJSJ?& KXYl 5)'35)‘9

[ (derive(Debug, Copy, Clonel#
} struct Point

, X 132

,y: 132
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{

} impl std::ops::Add for Point
;type Output = Self

} fn add(self, other: Self) -> Self
{ Self { x: self.x + other.x, y: self.y + other.y
{
{

} () fn main
;{ let pl = Point { x: 10, y: 20
;{ let p2 = Point { x: 100, y: 200
y(printIn!("{:?} + {:?2}y = {:?2}", pl, p2, pl + p2
{

.This slide should take about 5 minutes
Wwro wlSy

?C’Ju.ul Jé;éra s 06‘ 66‘006&599 0F I3 DS 63‘&“0')'\5&." &Point L_;bg) B Add Jé&‘gt')ép ®
-sp 38l 1y x3 Jpe OT o oS T gl 38158 gp By ep 1y self 39F Add:add Fosly -
Szl 3118 gl asoeS2 3By 33 360 &T sliw 1 530t il umosl s sl wualoy COPY wgyS
S sp w838l solsthd Jzp 03 wawesst sloseS
Bosp e aap gy wulaoallo S glangoc y ol Glowga Lol §epul bowys wele S Output yz o
T3S
slogglas sl syo s Jyw oS oapoSsolezlsd bugw g ola gl gloyaplylo olweS &l —
Baouter Jaowys trait 3l wesl gu b uees (Output Jool?) bowyp
1mp1 Add<(i32, s ylogg o weyS giluweal g BJwés Gl g gy 1y Add sealowep lpyn @
BuS 08l sl Point S¢oeu Iy tuple S sylew¢p 132)> for Point

The Not trait (! operator) is notable because it does not ”boolify” like the same operator
in C-family languages; instead, for integer types it negates each bit of the number, which
.arithmetically is equivalent to subtracting it from -1: !5 == -

Fromand Into 17.3

Types implement From and Into to facilitate type conversions. Unlike as, these traits
.correspond to lossless, infallible conversions

} () fn main
;("let s = String::from("hello
; ([let addr = std::net::Ipv4Addr::from([127, 0, 0, 1
;(let one = i16::from(true
; (let bigger = i32::from(123_i16
;("{println!("{s}, {addr}, {one}, {bigger
{

unlo s g3l uesl g FTOM 08 sg i op g3l woal o gulp) 51839 sebows INtO

} ()fn main
;()let s: String = "hello".into
;()let addr: std::net::Ipv4Addr = [127, @0, @, 1].into
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;()let one: il6 = true.into

;()let bigger: i32 = 123_il6.into

; ("{println!("{s}, {addr}, {one}, {bigger
{

.This slide should take about 5 minutes

gilaeosls S1Ssst sabow lagn les 1ish woutse iluwesle FTOM lope Tdgaga Jods ospo 0w @
._)Q\Sép C)J[é_)_) 36y Iy Into

bdtlé "’_59‘_).'74 Jéaga String S oy Jolgaé? Y SIST )0” Jool? k_;&gla 83939 gélc) e‘J&| P‘Sﬁ)o °
6}‘Q"’°J'§&f‘ oS JQS&P Jggé Iy é'bgv)‘_;l(') |pu.u &gk‘) SeaS b.)luéc')uxﬂ Into jl J&lg) ‘C’)QA‘ QAS&)&)
2oleayS il wssl gt Iy INto b gd oS glosgley yonzpe o 3cls From

Casting 17.4

loJaes oyl 3iSep soulw gy as il oaldwul 1o zesue ¢lo s 31 1al ylsey implicit fts: Rust
solesgn Bog e lzal 3308 syome C dlogp o Ispea
} () fn main

;let value: i64 = 1000

;(println!("as ul6: {}", value as ulé6

;(println!("as 116: {}", value as 116

;(println!("as u8: {}", value as u8
{
el 5 Spp gl e ol lopydo Jo gplpes 33 g oa s Bgyg e RUSt yu o jugpo @S 3l oalde ul 7 gl
Iy @lsgogup = sgalo oo il ©golbp 305795 oylw oo Jesww s wplde sest o glie lags 2900 1o
03 by YOG ew Taups i 9 38uS e

"SR 9 C’)w‘ Q‘OAT UTJ' C‘Ju.u).)lo o.:[;éc;‘w‘ 0S8 C)u;.)‘ QA'QAC TC)\JQAQ 6)'3“."‘ as jl o.slgéau,ul o L.:Jkgk“) J&JH)C)
6‘0*‘6'0 )ééia Ot‘u oaoéi 6)])530 JlS o8 &O'?j UPIPT O A.Juiﬂg Q&)B ulJlSu,u‘ 3l RidSNH JQIgCJ
3B 05 3yaub 03l Bwul gulpiloges il ywows lo Jgawe g i logsle 5s 5 eal@p oppls g 0al b yul 559p
A8s U32 1o ubd S 3l yele wew 32 olFal Uue) sunlo by 9 568 H9s sl g8l glusy Taun

Layls s9ze 1l glowsgus ya oz ol 00 0z 9w (oayws

les eyl 2zl @s yo Into g From 3l ssldes yul (UGS o U32 Jcses syylp) 1o aaw glo Jgswes glyws
TryInto g TryFrom Aoz ozl o dloJgawws ¢lsw .aul bz o ¢ 8lg 339 Jgsrw 08 sy Jééiﬁ)
aég'bp oS 66|°C)T 3l agk.éap 6'°96L)3° ou 0S8 Iy &dodéago .\golgtéﬁ oS S8 I 0 oy g 93
SEUS B3 by

.This slide should take about 5 minutes

.J&OS OCUCJQM Jé'JQM Q&l 3l BT oS J&dﬁlg DC'JU,'Z'JLA ).BQ BN)

By @oas 3l eosls il (Sap 08 caylep 33 @S 3l eslden yul Lo yul C++ 43 static_cast oo oulu,up as
13 g0uplS szEpPew 0w Sl JEhT ks ssubsps e Iope s
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Read and Write 17.5

oS elioal U e ulya coy s seolewgp BufRead g Read il osles yul 1o
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;{use std::io::{BufRead, BufReader, Read, Result

} fn count_lines<R: Read>(reader: R) -> usize
; (let buf_reader = BufReader: :new(reader
()buf_reader.lines().count

{

} <()>fn main() -> Result
;"let slice: &[u8] = b"foo\nbar\nbaz\n
i ((println!("lines in slice: {}", count_lines(slice

;72(?()1et file = std::fs::File::open(std::env::current_exe
; ((println!("lines in file: {}", count_lines(file
(())0k

{

oS eyl U8 ¢ uliyp oy s 08 sosgp ol Spl Iayn o Write ool s yob 0w

;{use std::io::{Result, Write

} <()>fn log<W: Write>(writer: &mut W, msg: &str) -> Result
;2(()writer.write_all(msg.as_bytes
(()writer.write_all("\n".as_bytes

{

} <()>fn main() -> Result
;()1let mut buffer = Vec: :new
P2 (Maldos” ,log(&mut buffer
;2 ("lsys" ,log(&mut buffer
;(println!("Logged: {:?}", buffer
(())0k

The Default Trait 17.6

BSOS ep 3slew wule S glio 2B g shge S Default ¢Sigo

[ (derive (Debug, Default]#
} struct Derived

, X1 u32

,y: String

,z: Implemented
{
[ (derive (Debug]#

; (struct Implemented(String

} impl Default for Implemented
} fn default() -> Self
(()Self("John Smith".into
{
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{

} ()fn main
i ()1let default_struct = Derived: :default
;("{?#:println! ("{default_struct

= let almost_default_struct
;{ ()Derived { y: "Y is set!".into(), ..Derived: :default
;("{?#:println! ("{almost_default_struct

;let nothing: Option<Derived> = None
(QO)printIn! ("{:#?}", nothing.unwrap_or_default
{

.This slide should take about 5 minutes

#[ (derive(Default] é&)bjl JQ'QCJ&? ‘s5 39 6)";)""‘”'\5%’ POOT P Job oy Jo‘gué? 633&9 O&l °
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300 gilgweslgp lyDefault sqylow op B wza glowgles 08 @l ol STRUSE sylsyles ul o ylFuloas
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Closures 17.7

6'0&3[&0.&‘&9 IOOT ‘J‘t Q&' lg ._)JS 6)‘339[& 0‘906?C) 2SS JQ)L\ 6&5'0%«)6'0 |Jg?|J Cka'J& '6 looc)u.ug

g eo FnONce g traits Fn, FnMut 31 o549

} (fn apply_and_log(func: impl FnOnce(i32) -> i32, func_name: &str, input: 132
((func_name} ({input}): {}", func(input} dobtbgé")!println

{

} ()fn main
;let n =3
;let add_3 = |[x| x + n
; (apply_and_log(&add_3, "add_3", 10
; (apply_and_log(&add_3, "add_3", 20

;()let mut v = Vec: :new
} |let mut accumulate = |x: i32
; (v.push(x
()<v.iter().sum::<i32
o
(4 ") tespre” ,apply_and_log(&mut accumulate
(5 Y tespre” ,apply_and_log(&mut accumulate
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;()<let multiply_sum = |x| x * v.into_iter().sum::<i32
; (apply_and_log(multiply_sum, "multiply_ sum", 3
{

.This slide should take about 10 minutes

An Fn (e.g. add_3) neither consumes nor mutates captured values. It can be called needing
only a shared reference to the closure, which means the closure can be executed repeatedly
.and even concurrently

An FnMut (e.g. accumulate) might mutate captured values. The closure object is accessed
.via exclusive reference, so it can be called repeatedly but not concurrently

If you have an FnOnce (e.g. multiply_sum), you may only call it once. Doing so consumes
.the closure and any values captured by move

1)55.3 C'J)‘g)& o u&[ FnOnce g FnMut 3l g&la)éj S$ Iy Fn .C;\u.ul FnOnce ;! 9&‘0)63 S FnMut
FnOnce l¢FNMut o5 ¢¢lz 53 FN 3l g 5608 aalde yul &l 31y FNONCE 08 g6l 53 FNMUT 31 sglowsgp
DS 0alb e gl @l 3l gy

be;Q )3[ JuSC)“S o.sl;.éuu_ul FnOnce 3l Jé‘q ‘.))63\5? Iy closure “56 oS ‘\SO“SLSP ;éks)&c') 6&g‘a ?5 éaiej
238 wiyoue ol st o3 FIMUT 511 s ingp osl Bl sl Se sut @) seoSep golaghd b olsle S¢
SuSgp polsd 03p0S guleghd o by wygdwSlbe ol pesopige oIS gl Fnsl aglog

&l Fn seualas o yuls Jéﬁ)lQC’&P oS 6)63%.““9&’&()] RIS RIS PARSIR closure Sg oS 6()'?3 ‘J%"é? BN)
.FnOnce Qélod BRNC) FnMut BT ‘(“90‘.‘3 b.\l;éﬁ)u.ul LSLS'E 30 43 JQ[QC)&P DS)

The compiler also infers Copy (e.g. for add_3) and Clone (e.g. multiply_sum), depending on

what the closure captures. Function pointers (references to fn items) implement Copy and
.Fn

Thus ssopS 1o 1y soasse oopls S 3l setwp o (closures) logsgow o (2yB tee ©ysue oo
capture (Jieuu‘ 10 s wluezol ezl powue wyalys aSSpe Ry Sywip glzsl 1) SSPR G s
SaSep wlez! value w0 ou Iy capture .l 5oyl | move o3lgs g JS SauSee
} (fn make_greeter(prefix: String) -> impl Fn(&str

; (return move |name| println!("{} {}", prefix, name

{

} ()fn main
;(()let hi = make_greeter("Hi".to_string
;("hi("Greg

ROT13 SRS 17.8

bezpoulysS gl 38 seolgF il uoslges Iy ”ROT13” é)l.lgje) SeulJS PQ&)QSJ' lagi (Jless gl 5o
seolEsze Iy ASCII glod Jl Bgyz loges s gS 63l pwosliew 1y ol o dly slo g g 0358 ¢S Playground
solpe sgle sooes UTE8 logpe szgoy 1

;use std::io::Read

1} <struct RotDecoder<R: Read
,input: R
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,rot: u8

{

. Implement the "Read’ trait for "RotDecoder //

} () fn main
= let mut rot
;{ RotDecoder { input: "Gb trg gb gur bgure fvqr!".as_bytes(), rot: 13
;()let mut result = String::new
;()rot.read_to_string(&mut result).unwrap
;(println! ("{}", result

{

[(cfg(test]#
} mod test
;¥ use super

[test]#
} ()fn joke
= let mut rot
;{ RotDecoder { input: "Gb trg gb gur bgure fvqr!".as_bytes(), rot: 13
;()1let mut result = String::new
;()rot.read_to_string(&mut result).unwrap
;("lassert_eq! (&result, "To get to the other side

{

[test]#
} ()fn binary
;()let input: Vec<u8> = (0..=255u8).collect
;{ let mut rot = RotDecoder::<&[u8]> { input: input.as_ref(), rot: 13
;[let mut buf = [Qu8; 256
;(assert_eq! (rot.read(&mut buf).unwrap(), 256
} for i in 0..=255
} [if input[i] != buf[i
;(()assert! (input[i].is_ascii_alphabetic
;(()assert! (buf[i].is_ascii_alphabetic

{
{
{
{
Iy HuShIS W slbS g0 08 sgyS Juowp poos Iy RotDecoder ;! 0u9py 98 38! sl csldwl o
Booldze

Jzely 17.8.1
;use std::io::Read
1} <struct RotDecoder<R: Read

,input: R
,rot: u8
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{

} <impl<R: Read> Read for RotDecoder<R
} <fn read(&mut self, buf: &mut [u8]) -> std::io::Result<usize
;?7(let size = self.input.read(buf
} [for b in &mut buf[..size
} ()if b.is_ascii_alphabetic
;let base = if b.is_ascii_uppercase() { 'A' } else { 'a' } as u8
b = (*b - base + self.rot) % 26 + base*
{

{
(Ok(size

{

} () fn main
let mut rot
;{ RotDecoder { input: "Gb trg gb gur bgure fvqr!".as_bytes(), rot: 13
;()let mut result = String: :new
; ()rot.read_to_string(&mut result).unwrap
;(println! ("{}", result

{

[(cfg(test]#
} mod test
;¥ :use super

[test]#
} ()fn joke
= let mut rot
;{ RotDecoder { input: "Gb trg gb gur bgure fvqr!".as_bytes(), rot: 13
;()1let mut result = String::new
;()rot.read_to_string(&mut result).unwrap
;("lassert_eq! (&result, "To get to the other side
{

[test]#
} ()fn binary
;()let input: Vec<u8> = (0..=255u8).collect
;{ let mut rot = RotDecoder::<&[u8]> { input: input.as_ref(), rot: 13
;[let mut buf = [Qu8; 256
;(assert_eq! (rot.read(&mut buf).unwrap(), 256
} for i in 0..=255
} [if input[i] != buf[i
;(()assert! (input[i].is_ascii_alphabetic
;(()assert! (buf[i].is_ascii_alphabetic
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} () fn main
s (Meldue")1let s1 = String::from

{
Stack
Heap T T R T
sl

: : tommmmm- Fommmmee e +
L L : : | capacity | 5 |
| ptr e *-->[H | e [ 1 |1 |o]
D el I e : : | len | 5 |
: e - +

.This slide should take about 5 minutes

Job s wiedyb hils pebelow wautsp solwgeung VEC S b juse STIING S 08 3605 4S5
S sgby heap oy 0 b8l sszp ol el Busb il sulowsp wgdessst ™ ©iaue 33 9 Wl

31 el Bl 1o ey 0BB8lz 08 3¢oS oyl al sealawgp oS Jlogw ol oslays oligal yogls 431 e
suolower uilB e slossyes o F g os i oals Lol ol heap 9 I System Allocator
3uoud 63l wesl g Allocator APT 3l aslcdes jwl I

JOUBe BbolS gl

J&lg ‘Jlt Qé[ o '?60‘5 SUEIIY Iy DBJ'C O'PJgSE 09T (unsafe) O?”f) Rust 3! o)l;és:)u.ul lo 9§QI9069
Lol gl gepmys 00 318 (gl 08 36058 0yl al
} ()fn main
;("plduw")1let mut s1 = String::from
; (" ")sl.push
i ("lsys")sl.push_str
.DON'T DO THIS AT HOME! For educational purposes only //
String provides no guarantees about its layout, so this could lead to //
.undefined behavior //
} unsafe
; (let (capacity, ptr, len): (usize, usize, usize) = std::mem::transmute(sl
; ("{println!("capacity = {capacity}, ptr = {ptr:#x}, len = {len

obg_élt ERSRST 6“"’)‘569) 19.2

:_5()‘0_)02: PRSI o_))CJu.ug 0L i 93 Y loo'gj (S 39b s

v JIS gl C++,.C BBIE s Wy b 3l JplS JywyS e
LS slille et w |y heap obBIZ culp) Ja 08 3368 6p pérLe Uesonoplye —
I 30S e oylunl yomeas s8Iz o joge ySoyl al S lel 08 35S et 3¢l pugonopline —
0
BSaoubep PSSy gwlolow al ol wgoropliys 08 sosgp yluny wle Jlbp —
e JS 0 98 (el dolz izl olay s 0B 8lz JISseF gy b 3l JplS wopyl ®

110


https://doc.rust-lang.org/std/alloc/struct.System.html
https://doc.rust-lang.org/std/alloc/index.html

osls gyl ol ows sglawsyy 3868 08 gula) Iy b Blz 08 sulgen ologpb! hz! olel PO S —
9By Sl g
.Typically implemented with reference counting or garbage collection —
1303.6p b:_;bl 383T HeSHyu S Rust
JeleplS lpd os 0B 8lz By gp zuz e sbz!l Sk il sopyl 8 JplS JowosS
303 ¢6p ?'Ef)' TSI P C)&SJ[P ego;ée j[ o.\lgéuuﬂ |g b JLS ¢6|
.This slide should take about 10 minutes

Gulop 0uspd 9 b RUSt 1o sy glisp 3868 wloplos 3l oS wial olisplunpls oo SpS sebyyp 00 36l uml gl
KRR
&5') §|o|bt .JQS RSRAT free 9 malloc 3l OJIk_é\:)L)JJ' o RY-RgTE} sobous Iy heap O.B;'Qlt Jé[;; Ce
dereference ls ;)30)‘0_'2:] Se sy sl NN QT sulezlys free 60'9;')‘9 a8 u,'bgebgé Jalun
.Josép o)'u'b‘ Q‘ 0 08 OQAI 5[03&‘: N sl50 51 Y JSD)‘UJB‘ ‘56 QJJS
sloggpuew 3l oS syls (unique_ptr, shared_ptx) sqp nge loySosl al syola glosliol C++ e
uu,u\g)lu P'SOO obg'ﬂt NES: J‘ﬂj[ O‘Oé?b‘ 61)‘.“ (destructor) lb)Suﬁéb&g &(Jgtb;é O)IL.J)J 6()'93
olgouﬁl 0w loylyol C)é' 3l oS C)u,:.vl O|QAT JI&QAg PO 390 ‘J|t oél I "\')()569 OJIk_éc)u.L!' &g[u 3l
S Jlaél C o0 Dk..)‘ui)f) 6\5'03]9 9 038 oal;éc)u,ul
oS/dobgé'C séluelyur gho (garbage collector) thgj_ °"OO‘S§J9T&PC o0 yowgly o 98 J/glc .
G3Sosl gl yo 08 35S gp yopLLW J_P' S8l SyDee e SWa Gl GOF Gy 393 9 Wl ey s 33 38 6y
sl o (use-after-free) ¢l sl 51 g osldes ol clolb# jay0 3l 9 39a dereference sglgw ¢p
.C)u.ul )lguﬂ_) Cj Uu—”'()? eéb()o g als ‘)Cl . |f>j BN} 6'00630 GC ‘lfﬂ "5()“5\5? 6J6S9JE 5|u 6‘0000‘“
JJSJP& J_)‘_g‘z 3l &ﬂéu‘-’u BX) Ju|9u6p (Rust (ownershlp and borrowmg 6)6500)@ 9 UL.Q‘SJ‘? JJP
.J)_g' O 0 - )duo 055830 lu - J'&u 9p &louhs‘s BX) |u9u5&.9‘5 $)|QAJ|)| 9 uo&ycu élouléJet lu b C
63563 sloops3S Blsy wrgue 33 uSp polyd 1y CHr sypnge gloySeslal ow evlzp gsloslivl psozpe
s9lepz 3l sulweouie s eoJlo ot s Crates ooz g syo e puyo s 33 360 tlzl piulagr sugle
Loy 0sls Gagiow salJS ol 33 05) wial sezep bzl wlpd 93 0l

CJ&SJIP 193

S olE sstop 3l sl Bl g symme soogs ol 53 08 suwue sypls S glyls st e slosgagy plpw
:CJu_uth 56 uj‘.yloc)fxb
; (struct Point(i32, 132

} () fn main

}
;(let p = Point(3, 4
J(println!("x: {}", p.0
{
;(println!("y: {}", p.1
{

s SJlp S 18683 0z 30 33 RUSE 3 5lugp 0 .ol slaga SJlp sstop 05 pgsoSsa

1Zog! 38 3olaw g (destructor) , 3 nglygy S aoutgp 313l loosls g 3ot gp Biz s b wp wyals olgly 5o
LSS a3y golea e sgua Lzl

.This slide should take about 5 minutes
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Jouol uSep garus guneues Jolg gleobllz plao qodle dye "loones™ 5l clogopze o o]l
.CJu_u' ‘_go;.)lu;isfx °"u5‘ Rust ”oQISSQ CJéSJ‘P”

sslzovlz peolds  19.4

RoSer JEooe lastor pee b weSdle ol
} () fn main
J("lalJus")let s1: String = String::from
;let s2: String = sl
y("{println!("s2: {s2
;("{println!("sl: {s1 //

BuSer Jaoap by weSJla $2 00sST Ll eyl @
sy $3st Slp ST pog odlery 8Bl ze pensn ST @oSusl 13 3558 08 gulps
Boaubee sl e iy clossls ,p e gl S2 oSl 33 383 08 glay @

15200 Jlgoyl 3l Jed

Stack Heap
: sl
-ttt -t - -t --- -+ : . R i +
| | ptr e t-->|H | e |1 |1 |o]
R L T Ter ety PRy e : : | len | 6 |
| capacity | 6 |
Fom oo Fom oo +

152 00 oyl 3l ag o
Stack Heap

T Ty Syl : : Fomem oo - Fomm e - +
| ! | ptr 0---+---+--+--+-->| H | e |1 |1 | o]
T : | : | len | 6 |
D | capacity | 6 |
| Fommm - E T ——— +

e e e 4 oo oo ooo- |
| s2
| tomm oo R +
'o-t---t---ptr | o
| len | 6 |
| capacity | 6 |
Fommme oo R, +
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0w guhep 03ls ol el ol laSyT 0w 4luds wenSep JEwap solo Sgou by slags S oS gplSye
RoSee Jeeor b ogsdle JSur ol
} (fn say_hello(name: String
("{name} alJyo")!println
{

} () fn main
i ("owsd!")1let name = String: :from
; (say_hello(name
; (say_hello(name //

{

.This slide should take about 5 minutes

Soutigp &S lagp ol 3 08 @il CHt los oy bt BIUE s Sualy 0gey gl 05 35S oyloal @
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sst @lSwes b sosutle 35 zee Tl 0Sugl wwpel weSle Jgol ghe bad ogey ol *
spzlow soboo suloswS puuz 9 wusl Giluwopgew s stoupop Vst s soutsp ssdaw leosls
Sosuier eiluweygow (aggressively)

Gsoswe b ssgw glosgldusl) 335 Copy plewep s (zszoe shgl spulp) 0slpe ssslgp @

.(clone il oal by yul 1)) AR R Sles zuols loge S Rust ys

:say_hello Jlesp oo

name .l 3l jue sesgpr Jldagl Iy name ¢S Jls main goles say_hello ¢yleglyd oedsl o @
Y- b.\kéﬁ)u,ul main BN) JO‘QCJLS?O )3&)

Ao soleg slsl say_hello gules glowsyl ya name glyo os i osls ol oozl o alugl 0ls bl o

35S Jaoys (&name) ¢ zys S olons 0w by ol 381358 bdz Iyname oS Jls sylow gp main g ole o
Syedee sglo yaslile yleng ou Iy gzap S say_hello oS el s e g

By s oS ¢l guleog el cololyd yalyname 3l oS S splowgp MALN HS g8 0638 Hlons o ®
208 Jsoys (name. clone) () pesls

PQDJ? 3l uo_)au.ﬁéu U3940 0 38) ,9605 J‘C&‘ 6%’5 ‘gou,u oS CJu.ul C++ 3l IOOFE Rust f)l%)j BN
TP ©y9ue 00 e ail] oS Iz o Wil seuze Loy orliue 9 psiSep esldo Ll «Jlgayh
LSS slzel ly geds

2OuBe pglS glyo

OI3p C++ 4 &&'JJ 6'°°tu‘()
BoSep Iz ewaldes osgun o Iy JSuap ol psp CHF
;"std::string s1 = "Cpp
.std::string s2 = sl; // Duplicate the data in sl
Cyoue 0 g PSS o&‘ oS RERRES oc;;é)S s2 she Juo| yolyo SFS S sl leoo_sb 3l aalag! 6‘00.\].) *
' ) el JEo up
397 0BBlz cloylBlaz ciyg o 0w p18S 30 3500 ZIF Houtsbssor oSl 31521651 ¢ 8op 30 iz *
SaaSee sl
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1S olype il puayl 31 Jo g

Stack Heap
: : sl
: Fomm et e+ : : Fommm oo Fom e oo +
;| ptr 0---t-smtomtaoto>| C | p | p |
: e R : : | len | 3 |
: | capacity | 3
: R R i +

Stack Heap

: sl

: e LT : : e T +
t | optr O---#---t--t--+->[ C [ p | p|
: Fo oo+ : : | len | 3 |
: : : | capacity | 3 |
: R Fomm - - - - +
: : : s2

: B 4 : : Fomm oo - oo - +
: | ptr O---t--t---o- > C [p [p]|
: oo oot : : | len | 3]
: | capacity | 3|
: tomm - - Fom - - - +

18]S wlsy

B33S6p &S Iy loosls = 1y g3 .l osls plz gl RUSE oy o g uyy wgldass oS wlFoyl CH+ ol o
olSpl pssud TlE logl 3l oS @S ul 31 £ 80p 10 (90 sl st 93 Suaut 0alS sl sy loosls
08 7y 0Bl sazp gl malil ol il (apl sozg 0

)3' Soubgp OJ|JCJL)_uI Jé&igf ‘56 Jléaol stg oS CJu.u‘ std: :move 6')'4 C++ ngj oS oOgJ| .
S 33Slos o wdySeay wysue couiloyl oot w zeo e $2 = std:imove(sl(1p Jlep

96900l se CH olos gow RUSE oloy Bl g0 o 0838 ¢ 518 pottply swol sooe s w29
oS osldes yul ST 31 aslgs 08 il lza

oo 03l B al pyals N3yl po g 338 S ¢lyw sylaw gp C++ 55 = Rust B Iz yo o

Clone 19.5

0350 plzol 1y )18 gl Clone S5s silues sladp 3l og ey S ssolst e laun wldsl golS
} (fn say_hello(name: String
("{name} alJy»")'!println
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https://en.cppreference.com/w/cpp/utility/move

{

} ()fn main
i ("owsd!")let name = String: :from
; (()say_hello(name.clone
; (say_hello(name

{
.This slide should take about 2 minutes

Jloes o g )QO'QAT heap oblz ety sloglSe suluulyut 08 Wil oyl Clone gosgl °
BeSo Box:inew lgvec! sygyla 3868 3390 30z o - clone()

5955 &S 31 (borrow checker) 5238 03005 g o0 bowa ol JSuas Jz e 1spes *
S0t ilomeoses oS ol o sg e LI e30gl 33 Guoism 8 soubsp 03Bl

oglil S Jlop plang 2w 381 oS soge ugl oo wesgp plzal 1y shgp 3l Bspe wwS Selspep clone o
Sotp0let oS dsa ol sloelut Al S oS 1

S0 ewS 3bup dlen @il 33 30lewgp nshilow wause Bt 3lS busge clone jlwd,
=08 Lzl guisld e

lopgles yS s 19.6

PIB B Sys0e 0 RIE Eo0 30T sl o) 08 (sl Brb g woge 0w JIEwyl peeds oS iz 5s
ERER- RN
} ()fn main
;let x = 42
;let y = x
println!("x: {x}"),; // would not be accessible if not Copy
("{println!("y: {y
{

LalesyS il wesl e 1y COpy 65369 o.s[.s&igcﬂ !
unle e inls 1y e 1S pgodp so s gilmgp 08 silog oy sy olowgp oS sl

[ (derive(Copy, Clone, Debug]#
; (struct Point(i32, 132

} ()fn main
; (let pl = Point(3, 4
;let p2 = pl
("{?:println! ("pl: {pl
y("{?:println! ("p2: {p2

Bosls by 307 Jawup s gloosls P2 o Pl oo yo ol oyl 31 yugs @
peuS 03ld gl lossls Zeyue oS sy pl. clone) ( 3l peolower seozre

.This slide should take about 5 minutes
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038 Bosew gloyl opo oy 9 ls oyl al 6B Iz Fblyp 3l W 0w W dlogpS o ilayo S
"\')‘5690 _)IS lpuﬂ bu_ugu

.(C++ s constructors PSS Bl ) sosgpn Iy sl B 3bop oilzl il grs @

laddy o ISsl Clone 3359 gilpwoal ey 1o S80uTA 9 Woul yupore Wlglre Se iluspsls
.JQS&P Pbbgé Iy éu,ﬁ)‘géu.u

BS0S6po IS 3pl 0338 3l w eslg 1y Drop 8369 05 losls glagyl sy olyswS @

:‘\SO‘S O‘CC)P' Iy 38) J)'g? JJI;) JlCJP BN)

¢o0 Se STTing lyey saunepy JelwelS gysS ol ol struct Point ou String sjed S *
_ _ sy Copy

shd Pl glyo println! oy eloplS b opS!agyS biz derive wa o 311y Copy ¢Sics *
)l

B35S ep IS oS GadS ol eSS clz ow Iy Pl 331 oS scos ylyay

2O BelS glys

Juls wlelzyl Ial sye e Copy/Clone ¢S5cs slyls (shared references) Syoups wlglzyl o

68 33ls ey Rust oS wyul Jods ol 0w oyl suemey seb ol (Nutable references) jgc¢ e

Syogie tlasl Sg oS g8 08 oIz 58 gulivlyw wuule s ow suezor st e J9ld wlelzl
BoSep 280 1y RUSE 3650258 eolad sest @ J21s ezl Sl goS Seslzgl sl yoogs

Dxop 63369 19.7

oupls 3l zasE pISue 05 300 Lot utp Iy 638 suolswsp suuSepr siluweslew 1y DTOP ¢ S3gs 08 sealp
gl ')C'
} struct Droppable
,hame: &'static str
{

} impl Drop for Droppable
} (fn drop(&mut self
; (println!("Dropping {}", self.name
{
{

} () fn main

;{ "let a = Droppable { name: "a
}
;{ "let b = Droppable { name: "a
}
;{ "let c = Droppable { name: 'c
;{ "let d = Droppable { name: "d
;("println! ("Exiting block B
{
; ("println! ("Exiting block A
{
; (drop(a
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https://doc.rust-lang.org/std/ops/trait.Drop.html

; ("println! ("Exiting main
{
.This slide should take about 8 minutes

ey olgwSe std:iops: :Drop: :drop o std:imem: :drop oS s ¢ il o yals ozges
Su9uBgp B3T wosuer I oupls il oS gulp) s1SseF sob 0w seslEp ¢
‘Ju.ulu 0338 é)lu.uo_s[éu Iy std: .0ps: DIOp 6‘5)59 )IA@? ul )Sl “’90‘”6? ;QAC JIJ@P ‘56 oS 60'?) .
g Jblgt 60'93‘)“9 ul DIOp dIOp é)lupoJléu
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weSlp oS wiwl ¢ él)a ol wepolaygiwen ly galsdp 30 08 @l gJIF gule Sestd: :mem: 'd;og .
Cuslop sutay e Iy ol 68369 ol Sautep Biz dxﬂouPla olele 33 pelylyw wyeSgp o308 o Iy slsgp
BSsp Jedw wpsubse TlE supls 3l 1dspes 05 ozl 3l uisw s6ldp 6w B3z $be
“DJgéé oS .)bl Ju.ulg.) ‘)6‘9? 340360 P'CU' 6)'“5 dIOp PLSUO 808 66‘&5\)"" \_;b;,\ Ju|9u6e 06'
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WWry wlSy

S3y¢S¢py Iy Drop: :drop self Iz »
TP 0S s ep soleFlyd Sodw olgle s std:iimem: 1 drop wow yobyygl 381 ielweS Fulys =
s s¢p stack overflow) stack) ;s e slbz J/g_é! o Drop: :drop sszp coletlysd ou
BeuS pexSelz a.drop() Ity (drop(asgysS cg e ®

O..)Qj'u,d élog)éla :QéJPC‘J 19.8

693J‘” 3l 'f" .CJu_u‘ 39T &loo_)b r‘x'fsﬁ) SJIP 0S8 338 ?6°l9t &jlu,uo_s'&g Iy 03T S osls 90 ‘56 |r'> ‘J'C‘JP C)le 33
SpS golow slosldaul lo g bBeg by wyg e 0w g3z sladp S ©Else 3l ol gliw "osyil e
338 s golgF enld yul

SsoS ey gJiE sllz
[ (derive (Debug]#
} enum Language
,Rust
,Java
,Perl
{

[ (derive(Clone, Debug]#

} struct Dependency
,hame: String
,version_expression: String

{

.A representation of a software package ///
[ (derive (Debug]#
} struct Package
,hame: String
,version: String
,<authors: Vec<String
,<dependencies: Vec<Dependency
,<language: Option<Language
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{

} impl Package

Return a representation of this package as a dependency, for use in ///
.building other packages ///
} fn as_dependency(&self) -> Dependency
("todo! ("1
{

{

.A builder for a Package. Use “build() ' to create the “Package® itself ///
; (struct PackageBuilder(Package

} impl PackageBuilder

} fn new(name: impl Into<String>) -> Self
("todo! ("2
{

.Set the package version ///

} fn version(mut self, version: impl Into<String>) -> Self
;()self.0.version = version.into
self

{

.Set the package authors ///

} fn authors(mut self, authors: Vec<String>) -> Self
("todo!("3

{

.Add an additional dependency ///

} fn dependency(mut self, dependency: Dependency) -> Self
("todo! ("4

{

.Set the language. If not set, language defaults to None ///
} fn language(mut self, language: Language) -> Self

("todo! ("5

{

} fn build(self) -> Package
self.0

{

{

} ()fn main

; ()let base64 = PackageBuilder: :new("base64: {base64:?}").version("0.13").build
;("{?:println! ("baseb4: {baseb4
= let log

; ()PackageBuilder: :new("log").version("0.4").language(Language: :Rust) .build
;("{?:println! ("log: {log
("let serde = PackageBuilder: :new("serde
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([()authoxrs(vec!["djmitche".into.
(("version(String::from("4.0.
(()dependency(base64.as_dependency.
(()dependency(log.as_dependency.
; ()build.

;("{?:println! ("serde: {serde

Jzoly 19.8.1

[ (derive (Debug]#
} enum Language
,Rust
,Java
,Perl
{

[ (derive(Clone, Debug]#
} struct Dependency
,nhame: String
,version_expression: String
{

.A representation of a software package ///
[ (derive (Debug]#
} struct Package
,nhame: String
,version: String
,<authors: Vec<String
,<dependencies: Vec<Dependency
,<language: Option<Language
{

} impl Package
Return a representation of this package as a dependency, for use in ///
.building other packages ///
} fn as_dependency(&self) -> Dependency
} Dependency
, ()name: self.name.clone
, ()version_expression: self.version.clone

{

.A builder for a Package. Use “build()  to create the “Package® itself ///
; (struct PackageBuilder(Package

} impl PackageBuilder
} fn new(name: impl Into<String>) -> Self
} Self(Package
, ()name: name.into
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,()version: "0.1".into
,[1'authors: vec
,[1!dependencies: vec
,language: None
({
{

.Set the package version ///

} fn version(mut self, version: impl Into<String>) -> Self
;()self.0.version = version.into
self

{

.Set the package authors ///

} fn authors(mut self, authors: Vec<String>) -> Self
;self.0.authors = authors
self

{

.Add an additional dependency ///

} fn dependency(mut self, dependency: Dependency) -> Self
; (self.0.dependencies.push(dependency
self

{

.Set the language. If not set, language defaults to None ///
} fn language(mut self, language: Language) -> Self

; (self.0.language = Some(language

self
{

} fn build(self) -> Package
self.0
{
{

} ()fn main
;()let base64 = PackageBuilder::new("base64: {base64:?}").version("0.13").build
;("{?:println! ("base64: {baseb4
= let log
; ()PackageBuilder: :new("log").version("0.4").language(Language: :Rust) .build
; ("{?:println!("log: {log
("let serde = PackageBuilder: :new("serde
([()authors(vec!["djmitche".into.
(("version(String::from("4.0.
(()dependency(base64.as_dependency.
(()dependency(log.as_dependency.
; ()build.
;("{?:println! ("serde: {serde

120



20 | o
SUP R0 6‘0)'50)‘&2"

telon ol auaSw Job 03ds 00 3937 sl e ol

olps @ gl
0868% \ Box<T>
03885 0 Rc

0884 )+ Owned Trait Objects
28683 ¥ sougle WE pgspw

Box<T> 20.1

ol heap &9 gleasls ocs S ls )go)lu:bl S Box
} ()fn main
; (let five = Box: :new(5
;(println!("five: {}", *five

{

Stack Heap
: five
Fommm o + : Fomm e o +
O---|-=--+----- +-->| 5 |
tommm- + : +----- +

46019069 S CJL)AIC)&: ol o 0S8 ‘JC)“S&P ilmosl g 1y Deref<Target = T> 65369 Box<T>
B80S suloglyd BOXST> oy Iy T sloinay podeup

pointer ;gswinline eyg o 0w ylaw cpy Iy Sepligs glooslsyl o osls glayl g o aSilo glossls glowsgles
Sy s OT Box 3l saldes yul I Slowgp 08 3y S oy indirection
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https://doc.rust-lang.org/std/boxed/struct.Box.html
https://doc.rust-lang.org/std/ops/trait.Deref.html#more-on-deref-coercion

[ (derive (Debug]#
} <enum List<T
.A non-empty list: first element and the rest of the list ///
, (<<Element (T, Box<List<T
.An empty 1list ///
,Nil
{

} ()fn main
= <let list: List<i32
;((((List::Element(1, Box::new(List::Element(2, Box::new(List::Nil
;("{?:println! ("{1list

{

Stack Heap
: list
R et (T + R T TR + : : R Lt (IR +
| // | // | Element | 1 | O--+----4----- +--->| Element | 2 | o--+--->| Nil |
R + B + : : S P +

.This slide should take about 8 minutes

018z 0 08 Wl st Hep oW 08 Woldes ¢l lo w ! C++ 43 std: iunique_ptr s;.ls BoX o
9w solgggy (null) goes
Z'Puﬁ oS JJB‘;’J Jé;éfs \9()‘?3 Jolgaée Box e
o leo RUSE 5 JgloplS Tl wwgusy wotue JeloplS olps os ol ailsgl o8 sgils wgle S -
la ol Beds o3lagl e ugls
N edled prz oS S 3l weSalz glsw s JIgegl 1y esls goligh slaga w1 SJlp sgolotgp =
Jéwop 3Sosl al bad ey 3¢S 0633 BOX S ys heap yo 1y loosls ol ¢lz ows o i 33 looals
9t
P GoS _;bé List JC'J BN) T?ééc')uﬂ? Iy List Ss PLQ'U‘SLSP STUe 9 96“5)56?0 b.)‘géc‘)vul Box ;! )Sl °
gloslagl List 1)) spS oulze 0blz ya sl gy ool oilsyl wiuplow gy 3lsleplS
(S sp g wglog s
ST 30e0t 0 bEd g 3ls gale sSeyl gl S lo yolio dlojlsgl heh soSep Jz 1y JSump o6l Box ¢
SuSep oyl ! heap X List
recursive without” bz alews sges gl b sluleplS b 93608 Biz List SBasgw iy Box e
PEBUpIsE L9y S 3l 3sle Toosls (998 sl gl xS peeler wdlgys |y indirection
poS 031Gl 4lsp peBoep 03T sl 0w (st o Il stlzyl I BOX spyla
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oyl wuslo null/ Iz sylaweag lal wouygp sBe oo C++ 45 std:tunique_ptr sulups BOX oz,S!
S stse siluwessgs sesgp o3lzl sJgloplS ow oS suala gelowgle 31 g S BOX 05 s gp gl ¢ S36s
LSS iluweygew 1y leenum

Jelpw e NULL J1s@p 3 adeleplS 156) BOX<T> 08 syla 1y 03lagl Slpo Option<Box<T>> Jless glye
:(”éJlt _)So_ﬂdﬂ 63'0"”’()6"%)”) 3056? o.)lgéc‘)u,ul T8IP Sw 5l b.)kéﬁ')u_ul 6'@ ous lo variant S8

;use std::mem::size_of_val
; (struct Item(String

} ()fn main
;((()let just_box: Box<Item> = Box::new(Item("Just box".into
= <<let optional_box: Option<Box<Item
;(((()Some(Box: :new(Item("Optional box".into
;let none: Option<Box<Item>> = None

i ((assert_eq!(size_of_val(&just_box), size_of_val(&optional_box
i ((assert_eq! (size_of_val(&just_box), size_of_val(&none

; ((println! ("Size of just_box: {}", size_of_val(&just_box
; ((println!("Size of optional_box: {}", size_of_val(&optional_box
; ((println! ("Size of none: {}", size_of_val(&none

Rc 20.2

sloosls o 3oyls ey 08 36y aaldenyul plS o oyl 31 el elzsl Laslan 1o Sye yap 380yl al S RC
:‘\50‘5 o_)luiyl g Lp 6‘°O'“Sf’ j[ &'umsks
;use std::rc::Rc

} ()fn main
;(let a = Rc::new(10
;(let b = Rc::clone(&a

;("{println!("a: {a
; ("{println!("b: {b

"’6()‘5 olgo Mutex 9 Axc O (3 G yud (multi—threaded) 6'0002")'-‘&@ ‘bét? “56 BX) JSI .
S80S J‘aéi 66‘00)9.) les 3603 356'&0 Weak ng)‘u‘b‘ S o B SJOQ'Z)P )50)‘&‘ Ss Jéoigc‘)é[s ‘r"‘\.):‘:' °
Sub ageleF Biz wloy s 0S8
.This slide should take about 5 minutes
Jolgt IPOes Syls 3979 66‘08‘3.)' oS 6()‘?3 G3p 0 C)i 0999 )l‘\é? 0SS JoS&e OLSPL)‘OC) Rc uﬁ‘)‘?uj‘a .
9
.l C++ 43 std: :shared_ptr ool up Rust ys RC e
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https://doc.rust-lang.org/std/option/#representation
https://doc.rust-lang.org/std/rc/struct.Rc.html
https://doc.rust-lang.org/std/sync/struct.Mutex.html
https://doc.rust-lang.org/std/rc/struct.Weak.html

9 35S ¢p Szl (allocation) o e ylpo ow ySoyl ol S gule el toyal gl Re:iclone o
$JS sk 0w 9 sosgpy plzyl (deep clone) 3epe oS Jpe gl sosgp w38l elasl pislp s
.CJ;é)S b..)k_g_)‘o b Q‘ 0‘906? KYCY SR 6"’)5JPE JiSlu"’f’ \_;bg AT T P‘gﬂo

Jule “Cla)l SS9 (’clone-on-write”) Josk_;f: SES Iy S0933 )laé? 5160 U390 I3 &3‘9 y3ma ke_mut
2ylay3 ¢pyo (Mutable reference) y ¢ ¢ o

B36oS osl B yul log sl Lasla s gumysw oy RC:istrong_count 3l ¢

o 08 360y S szl syloosgs I sesgp ot o Bse o glzyl yinlayt lo e g S Rc: :downgrade «
(RefCell °')f’° = iJl?C)Cl) RN JO°|9t “éjt R{<RYEN)

Owned Trait Objects 20.3

dyn -Uu? 338 eslde gl wilglezsl 1o (trait objects) el g sl 3595 Slewep 0593z 08 PGS IO B e
I p oS oalden yul 360 BOX syyglp sopunge gloySoslal 1o ¢S5 eleunl 3l pealowp Jlz el Io &Pet
.Box<dyn Pet> :5¢,S slz gl (owned trait object) S Jls ¢S50 csu S

} struct Dog

,hame: String
,age: 18

} struct Cat
,lives: i8

} trait Pet
;fn talk(&self) -> String
{

} impl Pet for Dog
} fn talk(&self) -> String
(self.name ,"!wowl {} op ply format! (" Woof
{
{

} impl Pet for Cat
} fn talk(&self) -> String
("!String: :from("Miau
{
{

} ()fn main
]!let pets: Vec<Box<dyn Pet>> = vec
,({ Box::new(Cat { lives: 9
,({ Box::new(Dog { name: String::from("Fido"), age: 5
oL
} for pet in pets
;(Opet.talk |, "{} Soopwe S lags pldue") Tprintln
{
{

pets poepte il pug e b8z ylpssz
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Stack Heap

S E R EEE R "pets: Vec<dyn Pet>" : : "data: Cat"
| F |1 | d | o] e e + : e e +
e L | ptr | 0---+---+--. : | lives | 9 |
: A to-moo-- tooooo - + | | len | 2 |
: | A | | capacity | 2 |
s ' | | LR R +
: | "data: "Dog | |

: o e oo |--+ ------- + | | :

: | name | o, 4, 4 | +o---- +----4 | - - - - - - - - - - - -
: | oo | oo-|----- >| age | |<--+--"

: Fommm e - tomme - + Foem | -] -+

e e +
| "Dog as Pet>::talk>" |<-----
i i +

vtable
I I +
| "Cat as Pet>::talk>" |<-----------
e e e +

.This slide should take about 10 minutes

Bouilo e als 8 Jesga glooilagl @l oSar suuSep iluwosler 1y st cS3cs 08 gelowgles @
Bubla o Spaset I Jlee ss Vecdyn Pet> sqols caslop ognls 08 sounsp &glo to2op o
Pet ¢S5c0 08 lgow o3lagl T ules Sigoslaiys s eleplS ows gals gl bl glyw @l coly dyn Pet o
SoSep gilumeslew 1
POt 93 uwwe heap ys vector clossls o sgngp osls yog o Stack s pets Jles el 4 @
Lyoee (fat pointers) slz sloySeyl ul vector
Y] K- 1P )SDJIUJM gl ool 3ol ga osg 1o )Sb)‘u,’b‘ S (fat pointer) sz )Soﬂufb' -
silweslgw gy (Vtable) gilze Jouz clojiay ow ySoslal S se8ly st o sSeyl al S
.ol egun ol Pet
lives .)Jk_;gé 6')") Cat .C)u.ul age g hame L_;‘o.sJégé fo‘ufa Fido ?'O o DOg o bgg)? §|QOJ‘J -
.C‘)u.u'
oS 0wl dp 1l Jasp 3u 1y 565 clogzore ®
() <printIn!("{} {}", std::mem::size_of::<Dog>(), std::mem::size_of::<Cat
(O <println! ("{} {}", std::mem::size_of::<&Dog>(), std::mem::size_of::<&Cat
() <println!("{}", std::mem::size_of::<&dyn Pet
;(()<<printIn!("{}", std::mem::size_of::<Box<dyn Pet
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https://en.wikipedia.org/wiki/Virtual_method_table

Sagle wEs i 204

Lyl (C‘)QAU 9 &-)C) 30338 93 038 5o OT 3308 Wl g ys oals slasEl w S (binary tree) Sosle wEs S
6|°°)‘§ plpws N MRSy 038 S gl sy Sep oS 1y slager S 033 3o ol 03 08 Wil e poolor cwEys I
208330 el Ep Ghils N wiuly @8 565 slooyS plaes g 590 spple 1Sz oS Heslge hls N oz wgss 563

9 agoleE

ool Ssplesgdep oaun sl glonglpil e 5508 ilpmeslsw 1y 56) lowgle

Sy o Iy yealgp 08 560y S il wosl g Gioele? WESS 89y 3 (iterator) ;3,8 S iedl ol slowel
aylsy3,0 (in-order)

.A node in the binary tree ///
[ (derive (Debug]#
} <struct Node<T: Ord
,value: T
,<left: Subtree<T
,<right: Subtree<T
{

.A possibly-empty subtree ///
[ (derive (Debug]#
; (<<<struct Subtree<T: Ord>(Option<Box<Node<T

.A container storing a set of values, using a binary tree ///
v
.If the same value is added multiple times, it is only stored once ///
[ (derive (Debug]#
} <pub struct BinaryTree<T: Oxd
,<root: Subtree<T
{

} <impl<T: Ord> BinaryTree<T
} fn new() -> Self
{ ()Self { root: Subtree::new
{

} (fn insert(&mut self, value: T
; (self.root.insert(value

{

} fn has(&self, value: &T) -> bool
(self.root.has(value

{

} fn len(&self) -> usize
()self.root.len
{
{

. Implement ‘new’, “insert’, "len’, and "has' for "Subtree //
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[(cfg(test]#
} mod tests
;*::use super

[test]#

} ()fn len
;()let mut tree = BinaryTree: :new
;(assert_eq! (tree.len(), ©
; (tree.insert (2
;(assert_eq! (tree.len(), 1
; (tree.insert(1
; (assert_eq! (tree.len(), 2
tree.insert(2); // not a unique item
;(assert_eq! (tree.len(), 2

{
[test]#
} ()fn has
;()let mut tree = BinaryTree: :new
} ([fn check_has(tree: &BinaryTree<i32>, exp: &[bool
= <let got: Vec<bool
;()exp.len()).map(|i| tree.has(&(i as 132))).collect..0)
; (assert_eq! (&got, exp
{
;([check_has(&tree, &[false, false, false, false, false
; (tree.insert (0
; ([check_has(&tree, &[true, false, false, false, false
; (tree.insert (4
; ([check_has (&tree, &[true, false, false, false, true
; (tree.insert (4
; ([check_has(&tree, &[true, false, false, false, true
; (tree.insert (3
; ([check_has(&tree, &[true, false, false, true, true
{
[test]#

} ()fn unbalanced
;()let mut tree = BinaryTree: :new
} for i in 0..100
; (tree.insert (i

{
; (assert_eq! (tree.len(), 100
; ((assert!(tree.has(&50

Jzely 20.4.1

;use std::cmp::0rdering
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.A node in the binary tree ///
[ (derive (Debug]#
} <struct Node<T: Ord
,value: T
,<left: Subtree<T
,<right: Subtree<T
{

.A possibly-empty subtree ///
[ (derive (Debug]#
; (<<<struct Subtree<T: Ord>(Option<Box<Node<T

.A container storing a set of values, using a binary tree ///
v
.If the same value is added multiple times, it is only stored once ///
[ (derive (Debug]#
} <pub struct BinaryTree<T: Oxd
,<root: Subtree<T

{

} <impl<T: Ord> BinaryTree<T
} fn new() -> Self
{ ()Self { root: Subtree::new

{

} (fn insert(&mut self, value: T
; (self.root.insert(value

{

} fn has(&self, value: &T) -> bool
(self.root.has(value

{

} fn len(&self) -> usize
()self.root.len
{
{

} <impl<T: Ord> Subtree<T
} fn new() -> Self
(Self(None

{

} (fn insert(&mut self, value: T
} match &mut self.0

,(((None => self.® = Some(Box::new(Node: :new(value

} (Some(n) => match value.cmp(&n.value
,(Ordering::Less => n.left.insert(value
{} <= Ordering::Equal
, (Ordering: :Greater => n.right.insert(value

o
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{

} fn has(&self, value: &T) -> bool
} match &self.0

,None => false

} (Some(n) => match value.cmp(&n.value
,(Ordering::Less => n.left.has(value
,0rdering: :Equal => true
,(Ordering: :Greater => n.right.has(value

1

{

} fn len(&self) -> usize
} match &self.0
,None => 0
,()Some(n) => 1 + n.left.len() + n.right.len

{

} <impl<T: Ord> Node<T
} fn new(value: T) -> Self
{ ()Self { value, left: Subtree::new(), right: Subtree::new
{
{

} ()fn main
;()let mut tree = BinaryTree: :new
; ("tree.insert("foo
;(assert_eq! (tree.len(), 1
; ("tree.insexrt("bar
;(("assert! (tree.has(&"foo

{

[(cfg(test]#
} mod tests
;¥1iuse super

[test]#
} ()fn len
;()let mut tree = BinaryTree::new
; (assert_eq! (tree.len(), ©
; (tree.insert(2
;(assert_eq! (tree.len(), 1
; (tree.insert(1
;(assert_eq! (tree.len(), 2
tree.insert(2); // not a unique item
;(assert_eq! (tree.len(), 2
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[test]#
} ()fn has
;()let mut tree = BinaryTree: :new
} ([fn check_has(tree: &BinaryTree<i32>, exp: &[bool
= <let got: Vec<bool
;()exp.len()) .map(|i| tree.has(&(i as 132))).collect..0)
; (assert_eq! (&got, exp
{

; ([check_has(&tree, &[false, false, false, false, false
; (tree.insert (0
; ([check_has (&tree, &[true, false, false, false, false
; (tree.insert (4
; ([check_has (&tree, &[true, false, false, false, true
; (tree.insert (4
; ([check_has(&tree, &[true, false, false, false, true
; (tree.insert (3
; ([check_has (&tree, &[true, false, false, true, true
{

[test]#
} ()fn unbalanced
;()let mut tree = BinaryTree: :new
} for i in 0..100
i (tree.insert (i
{
;(assert_eq! (tree.len(), 100
;((assert! (tree.has(&50
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[ (derive (Debug]#

; (struct Point(i32, 132

} fn add(pl: &Point, p2: &Point) -> Point
(Point(pl.0 + p2.0, pl.1 + p2.1
{

} ()fn main
; (let pl = Point(3, 4
; (let p2 Point (10, 20
;(let p3 = add(&pl, &p2
;("{?:println! ("{pl:?} {p2:?} = {p3

+

BulaySgpye sgaz by Se 9’ob‘§o 93 0 3368 ¢p ¢zl @add &glc‘f .
BSaSep bz Iy logsgye weSls sayySgyloglyd o

.This slide should take about 10 minutes
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9 82l GloglaaSyl Jal s 0w iz sob 0w oS Wil Jol 39 3l wlglzsl oo bowya wllba sasp sglJus! ol
.CJL)JJ oC);éILS QB)CJUAS 6C)Qﬁgj|g _)&.\'ée

2O sBelS glyo
(1n11n1ng) SI8IU933 9 stack 6'50;«‘?"5)"9 339p 33 66“0&'“'6

B3z 1y g0 S eledpt solswep sluleplS g sl plisl @dd 51 oaSila oS el el olony gl *
$lo sl 1 s gos yes @ Iy God oS main gule ow add gylorlyd (iNlining) ¢ieyooss 1o wyS
Cbu*‘ BN) .JéOS olgO Godbolt BN 6Jgeuul [ J] I& JéOS 'JE‘ Playground BN) I_) QT FRERERY g‘@ oL iy
"RELEASE” PLS'BQQ oY J\SLSEQ 'g oS k.;JIC BL) ;JQQS )6680 Jé‘g |od.u)JT ”DEBUG” 63'0"’"&6"9
IJ&leé? oules
[ (derive (Debug]#
; (struct Point(i32, 132

} fn add(pl: &Point, p2: &Point) -> Point
;(let p = Point(pl.0 + p2.0, pl.1 + p2.1
;(println! ("&p.0: {:p}", &p.0
p

{

} ()pub fn main
;(let pl = Point(3, 4
; (let p2 = Point(10, 20
;(let p3 = add(&pl, &p2
;(println! ("&p3.0: {:p}", &p3.0
("{?:iprintln! ("{pl:?} + {p2:?} = {p3
{

gl zbu 33 splo gp 05 s alz ! (INININEG) ¢3cy0y90s s S3eF sobows syloesgp RUSE y JgloplS
Boun Jledyee #[ (inline(never] lu

s00log sest e Gilumensow zobus gplpw 33 03ys Dl dlogusl (Sorgass puS Jledsse 3l pue

0w slage W aSilo Wiz el 33 08 33 ylew ¢p Playground 1 ¢ Godbolt o 3y ol Sy 1o 15yS

IO HETY 93 I3 330360 J&Sulyw Iy ob@() 05132 93 .amd64 BN) J‘OP 0‘9()& o yla &SCJUA;.J ABI
g sgelaf eaylaySile (€dX g €ax syyls)

W28 S Sz 22.2

J‘fxt‘ Jéd‘éf’ Y] ‘"C‘CJI 6‘501'9) 89 I 6&5'006')9‘55? Rust BN) (borrow checker) &‘O' 03550S SIS
1olpd 30 3 uolE slade S i S ep
lg ooy e ils slade oo cSha gl elzyl soz 1o S ssalowep lpus
.J&uﬁ'g oCJu:BL\ )L\ée o0 &)luotol E,‘CJI ‘SLS lééé_s Jé&‘gﬁ)é? *
} ()fn main
;let mut a: 132 = 10
;let b: &i32 = &a

}
;let c: &mut i32 = &mut a
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https://play.rust-lang.org/?version=stable&mode=release&edition=2021&gist=0cb13be1c05d7e3446686ad9947c4671
https://rust.godbolt.org/

;C = 20*
{

;("{println!("a: {a
;("{println!("b: {b

{

.This slide should take about 10 minutes
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} ()fn main

;[let mut vec = vec![1, 2, 3, 4, 5
;[let elem = &vec[2

; (vec.push(6

; ("{println! ("{elem

{

DeyS oz ow (iterator) ;38w RER )gc‘)&fﬂa g P9 0wl s yod oy

} () fn main

; [let mut vec = vec![1, 2, 3, 4, 5
} for elem in &vec

; (vec.push(elem * 2
{

{

.This slide should take about 3 minutes
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Cell

Cell wraps a value and allows getting or setting the value using only a shared reference to
the Cell. However, it does not allow any references to the inner value. Since there are no
.references, borrowing rules cannot be broken

;use std::cell::Cell

} () fn main
.Note that “cell” is NOT declared as mutable //
;(let cell = Cell::new(5

;(cell.set (123
;(OprintIn!("{}", cell.get

RefCell

RefCell allows accessing and mutating a wrapped value by providing alternative types Ref
.and RefMut that emulate &T/&mut T without actually being Rust references

3979 3l e 300360 P‘CO‘ Iy dynamic 6“’\5&*"))“-" RefCell BN) OJQ)‘PUﬁ Ss 3l o.ské(‘)uul I type Oél
.JO(yS §J$S9JC )Séé Ref/RefMut J[QS BN RefMut

6th )bée 89 lb.\C)P 6&‘9&')“;0’ O"SP‘ IOLT:JLS‘CJ &é[ (RefMut 6')“.“ DerefMut 9) Deref 63'0“"‘”'6%" o
SuuSep polyd loglzyl zosz oilzl poaw Iy

;use std::cell::RefCell

} ()fn main

.Note that “cell” is NOT declared as mutable //
; (let cell = RefCell::new(5

}
;()1let mut cell_ref = cell.borrow_mut
;cell_ref = 123%
.This triggers an error at runtime //
; ()1let other = cell.boxrrow //
y(println! ("{}", *other //

{
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;("{?:println! ("{cell
{
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[ (allow(unused_variables, dead_code]!#

[(allow(dead_code] !#
} pub struct User
,hame: String
,age: u32
,height: f32
,visit_count: usize
,<(last_blood_pressure: Option<(u32, u32
{

} pub struct Measurements
,height: f32
, (blood_pressure: (u32, u32
{

} <pub struct HealthReport<'a
,patient_name: &'a str
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,visit_count: u32
,height_change: 32
,<(blood_pressure_change: Option<(i32, i32

{
} impl User
} pub fn new(name: String, age: u32, height: f32) -> Self
{ Self { name, age, height, visit_count: 0, last_blood_pressure: None
{
} pub fn visit_doctor(&mut self, measurements: Measurements) -> HealthReport
("Subie Sl sslo Hloga $)sSelol ueluwl Ko YIS S lal solowisew™) Htodo
{
{

} ()fn main

; (let bob = User::new(String::from("Bob"), 32, 155.2

; (bob.name, bob.age ,"wyol {} 0p Ouw 9 poowe {F op") lprintln
{

[test]#
} ()fn test_visit
; (let mut bob = User::new(String::from("Bob"), 32, 155.2
; (assert_eq! (bob.visit_count, 0
= let report
; ({ (bob.visit_doctor(Measurements { height: 156.1, blood_pressure: (120, 80
;("assert_eq! (report.patient_name, "Bob
;(assert_eq! (report.visit_count, 1
i (assert_eq! (report.blood_pressure_change, None
; (assert! ((report.height_change - 0.9).abs() < 0.00001

= let report
;({ (bob.visit_doctor(Measurements { height: 156.1, blood_pressure: (115, 76

;(assert_eq! (report.visit_count, 2
; (((assert_eq! (report.blood_pressure_change, Some((-5, -4
; (assert_eq! (report.height_change, 0.0

Jzoly 2251

[(allow(dead_code] !#
} pub struct User
,hame: String
,age: u32
,height: f32
,visit_count: usize
,<(last_blood_pressure: Option<(u32, u32
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} pub struct Measurements
,height: f32
, (blood_pressure: (u32, u32
{

} <pub struct HealthReport<'a
,patient_name: &'a str
,visit_count: u32
,height_change: f32
,<(blood_pressure_change: Option<(i32, i32

{
} impl User
} pub fn new(name: String, age: u32, height: f32) -> Self
{ Self { name, age, height, visit_count: 0, last_blood_pressure: None
{
} pub fn visit_doctor(&mut self, measurements: Measurements) -> HealthReport
;self.visit_count += 1
;let bp = measurements.blood_pressure
} let report = HealthReport
,patient_name: &self.name
,visit_count: self.visit_count as u32
,height_change: measurements.height - self.height
} blood_pressure_change: match self.last_blood_pressure
} <= (Some(1lbp
((Some((bp.? as 132 - 1lbp.0 as i32, bp.1 as 132 - 1lbp.1 as 132
{
,None => None
A
A
;self. height = measurements.height
; (self.last_blood_pressure = Some(bp
report
{
{

} ()fn main

; (let bob = User::new(String::from("Bob"), 32, 155.2

; (bob.name, bob.age ,"wysl {} 0p Ouw 9 poowe {F op") lprintln
{

[test]#
} ()fn test_visit
; (let mut bob = User::new(String::from("Bob"), 32, 155.2
; (assert_eq! (bob.visit_count, 0
= let report
;({ (bob.visit_doctor(Measurements { height: 156.1, blood_pressure: (120, 80
;("assert_eq! (report.patient_name, "Bob
;(assert_eq! (report.visit_count, 1
; (assert_eq! (report.blood_pressure_change, None
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; (assert! ((report.height_change - ©0.9).abs() < 0.00001

= let report
; ({ (bob.visit_doctor(Measurements { height: 156.1, blood_pressure: (115, 76

; (assert_eq! (report.visit_count, 2

; (((assert_eq! (report.blood_pressure_change, Some((-5, -4
; (assert_eq! (report.height_change, 0.0
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[ (derive (Debug]#

; (struct Point(i32, i32

} fn left_most(pl: &Point, p2: &Point) -> &Point
} if pl.0 < p2.0
pl
} else {
p2
{
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{

} ()fn main
; (let pl: Point Point (10, 10
; (let p2: Point Point (20, 20
?let p3 = left_most(&pl, &p2); // What is the lifetime of p3
;("{?:println! ("p3: {p3

{
.This slide should take about 10 minutes
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} fn left_most<'a>(pl: &'a Point, p2: &'a Point) -> &'a Point
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[ (derive (Debug]#
; (struct Point(i32, 132

} fn cab_distance(pl: &Point, p2: &Point) -> 132
()pl.0 - p2.0).abs() + (pl.1 - p2.1).abs)
{

} <fn nearest<'a>(points: &'a [Point], query: &Point) -> Option<&'a Point
;let mut nearest = None
} for p in points
} if let Some((_, nearest_dist)) = nearest
;(let dist = cab_distance(p, query
} if dist < nearest_dist
; ((nearest = Some((p, dist
{
} else {
; (((nearest = Some((p, cab_distance(p, query
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e

{
(nearest.map(|(p, _)| p
{
} ()fn main
) 'println
{7
)nearest

, [, (Point (1, @), Point(1, @), Point(-1, @), Point(®, -1]&
(Point (0, 2&

7 (
{
.This slide should take about 5 minutes
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[ (derive (Debug]#
; (struct Highlight<'doc>(&'doc str

} (fn erase(text: String
;("M{println! ("Bye {text
{

} () fn main
;(".1let text = String::from("The quick brown fox jumps over the lazy dog
;([let fox = Highlight(&text[4..19
; ([let dog = Highlight(&text[35..43
; (erase(text //
;("{?:println! ("{fox
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;("{?:println! (" {dog
{
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} message PhoneNumber
;optional string number = 1
;optional string type = 2

{

} message Person
;optional string name = 1
;optional int32 id = 2
;repeated PhoneNumber phones = 3

{

] JJ&;Q BTN R 6)‘.55.55 ‘6)‘5\5" )‘ U 656 'DJJL;LB J[ 6"’&9?5? 019\)& oY &Iugusju P‘&u 56
id JJét_Q 6|)u 2 JQQIP) JJ&;‘B oﬂpu,u JP'U"" S UQM 03 4 6)|uAle§u |)‘J3? obpo -] ? 8e” 5& 9P
SoSsp wetute wele olez i ole seste eszy oS @l Wire type s (Person algy 5

RN RY 65-‘u6'f’u VARINT plu o JLSEUP ng o 6‘)[33_55 5l o..sLéuu_ul o S DJPC 3l ‘J‘_)&l
6«5"\50'95)‘” SEUTPO 03 M oals 58 ud"" 03 sl ;Bk_;)gu 'PQ“’ 6|)u parse_ varint &ulu “’u'”tuu‘Bt
ul = ‘°§u‘9C|)‘~9 3l §|°t9?tﬁ = P‘&u Ss 083TW 9 PhoneNumber 9 Person 6'0JJ6&.9 SRSRAr 6'Ju
Jv559 dé)&u b lbéulgtﬂg

o Person ¢lyo Iy ProtoMessage ¢Sj¢s o parse_field gole oS el aaglagsle lagn ¢y
LS giluwesl g PhoneNumber

.A wire type as seen on the wire ///
} enum WireType
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.The Varint WireType indicates the value is a single VARINT ///

,Varint

The 164 WireType indicates that the value is precisely 8 bytes in ///
.little-endian order containing a 64-bit signed integer or double type ///
I64, -- not needed for this exercise//

The Len WireType indicates that the value is a length represented as a ///
.VARINT followed by exactly that number of bytes ///

,Len

The I32 WireType indicates that the value is precisely 4 bytes in //
.little-endian order containing a 32-bit signed integer or float type //
132, -- not needed for this exercise//

{

[ (derive (Debug]#
.A field's value, typed based on the wire type ///
} <enum FieldValue<'a

, (Varint (u64
I64(i64), -- not needed for this exercise//
,([Len(&'a [u8
I32(i32), -- not needed for this exercise//
{
[ (derive (Debug]#

.A field, containing the field number and its value ///
} <struct Field<'a

,field_num: u64

,<value: FieldValue<'a

{

} trait ProtoMessage<'a>: Default
; (<fn add_field(&mut self, field: Field<'a
{

} impl From<u64> for WireType
} fn from(value: u64) -> Self
} match value
,WireType::Varint <= 0

WireType::164, -- not needed for this exercise <= 1//
,WireType::Len <= 2
WireType::I132, -- not needed for this exercise <= 5//

("{value} Howealy psuw go0") panic <= _

{

} <impl<'a> FieldValue<'a
} fn as_str(&self) -> &'a str
} let FieldValue::Len(data) = self else
F(Moonleo Len sdeld S eyny oS 3gysp Hlbwpl™) panic
A
("string )gxugfkﬂ)std::str::from_utf8(data).expect
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{

} [fn as_bytes(&self) -> &'a [u8
} let FieldValue::Len(data) = self else
P (Mapunleo Tlent sJsud S oHlbugl e slewslo™) Tpanic
A
data

} fn as_u64(&self) -> ub4d
} let FieldValue::Varint(value) = self else
J(Maoblo TVarint® sJsud S UbdT gysp Hlbwgl") Tpanic
A
value*

{

.Parse a VARINT, returning the parsed value and the remaining bytes ///
} ([fn parse_varint(data: &[u8]) -> (u64, &[u8
} for 1 in 0..7
} let Some(b) = data.get(i) else
i ("wowsy varint gho Wl welo") panic

A
} if b & 0x80 == 0
This is the last byte of the VARINT, so convert it to //
.a ub4 and return it //
;let mut value = Qub4
} ()for b in data[..=1i].iterx().rev
;value = (value << 7) | (b & 0x7f) as ub4d
{

;([..return (value, &data[i + 1

{

.More than 7 bytes is invalid //
y("varint sho wolsy slewslo slygen™) panic

{

.Convert a tag into a field number and a WireType ///
} (fn unpack_tag(tag: u64) -> (u64, WireType
;let field_num = tag >> 3
; (let wire_type = WireType::from(tag & 0x7
(field_num, wire_type)

Parse a field, returning the remaining bytes ///

} ([fn parse_field(data: &[u8]) -> (Field, &[u8
;(let (tag, remainder) = parse_varint(data
; (let (field_num, wire_type) = unpack_tag(tag
} let (fieldvalue, remainder) = match wire_type
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Mg yo WByuop o BGiluwe dJsd S psur g90 wrluwl o) Ttodo <= _
i {
(" 250l S0 ) 03uby Wyuop Dl e g 3Jsd") todo
{

Parse a message in the given data, calling 'T::add_field® for each field in ///

,0x0a,
,0x16,
,0x2d,
,0x18,
,0x2d,

.the message ///
/17
.The entire input is consumed ///
} fn parse_message<'a, T: ProtoMessage<'a>>(mut data: &'a [u8]) -> T
;()1let mut result = T::default
} ()while !data.is_empty
; (let parsed = parse_field(data
; (result.add_field(parsed.®
;data = parsed.1
{

result

[ (derive(Debug, Default]#
} <struct Person<'a
,hame: &'a str
,id: u64
,<<phone: Vec<PhoneNumber<'a

{

.TODO: Implement ProtoMessage for Person and PhoneNumber //

} ()fn main
1&)1let person: Person = parse_message
0x07, Ox6d, 0x61, 0x78, Ox77, Ox65, Ox6¢C, Ox6C, 0X10, 0x2a, 0Oxla
Ox0a, 0x0e, 0x2b, 0x31, 0x32, 0x30, 0x32, 0x2d, ©0x35, 0x35, 0x35
@x31, 0x32, 0x31, ©0x32, O0x12, Ox04, 0x68, Ox6f, 0x6d, 0x65, Oxla
0x0Qa, 0x0e, Ox2b, ©0x31, Ox38, 0x30, 0x30, 0x2d, ©0x38, 0x36, 0x37
@x35, ©0x33, 0x30, 0x38, 0x12, 0x06, @Ox6d, Ox6f, 0x62, 0x69, @OX6C
,0x65
(I
;(println! ("{:#?}", person
{

.This slide and its sub-slides should take about 30 minutes
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0637 0‘\')‘?\55"." oals syl ya welo v 3l IS oS Lselsk')o Iy 132 S solorFw Ry IJCJ?
Qé‘ B 65J|QA L_;b;) |['>l ‘960‘569 RSN RESU].'t.:ﬂ o.)l;éc')w' lo 1y O&l ‘J%’&P Rust s 33 uS
Bgown Iy oalyyys pensS sy9ryw Result I oS ol glz 0w ipgous 0zlop b 059350 lo 331 espe
by poole RUSE ju 1bg &gy p 5868 cunire o0 piloz oy 38 338 pole
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Jzoly 23.4.1

.A wire type as seen on the wire ///

} enum WireType
.The Varint WireType indicates the value is a single VARINT ///
,Varint
The 164 WireType indicates that the value is precisely 8 bytes in ///
.little-endian order containing a 64-bit signed integer or double type ///
I64, -- not needed for this exercise//
The Len WireType indicates that the value is a length represented as a ///
.VARINT followed by exactly that number of bytes ///
,Len
The I32 WireType indicates that the value is precisely 4 bytes in //
.little-endian order containing a 32-bit signed integer or float type //
132, -- not needed for this exercise//

{

[ (derive(Debug]#
.A field's value, typed based on the wire type ///
} <enum FieldValue<'a

, (Varint (u64
164(i64), -- not needed for this exercise//
,([Len(&'a [u8
I32(i32), -- not needed for this exercise//
{
[ (derive(Debug]#

.A field, containing the field number and its value ///
1} <struct Field<'a

,field_num: u64

,<value: FieldValue<'a

{

} trait ProtoMessage<'a>: Default
;(<fn add_field(&mut self, field: Field<'a
{

} impl From<u64> for WireType
} fn from(value: u64d) -> Self
} match value
,WireType::Varint <= 0

WireType::164, -- not needed for this exercise <= 1//
,WireType::Len <= 2
WireType::I32, -- not needed for this exercise <= 5//

("{value} nowealy psow goo") Ipanic <= _
{

} <impl<'a> FieldValue<'a
} fn as_str(&self) -> &'a str
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} let FieldValue::Len(data) = self else
F(Maoblo Len sdsud S ey oS 3gysp Hlbwpl") Tpanic
A
("string yoowgaly")std:istr::from_utf8(data).expect

} [fn as_bytes(&self) -> &'a [u8
} let FieldValue::Len(data) = self else
P (Mapunleo Tlent sJsud S Hlbuogl e slewslo™) Tpanic
A
data

} fn as_u64(&self) -> ub4
} let FieldValue::Varint(value) = self else
J(Mounle TVarint® sJsud S TubdT sgyp Hlbuwpl") panic
7 {
value*

{

.Parse a VARINT, returning the parsed value and the remaining bytes ///
} ([fn parse_varint(data: &[u8]) -> (u64, &[u8
} for i in 0..7
} let Some(b) = data.get(i) else
("wogesy varint gho WS wslo™") 'panic

A
} if b & 0x80 == 0
This is the last byte of the VARINT, so convert it to //
.a ub4 and return it //
;let mut value = Qu6b4
} ()for b in data[..=1].itex().rev
;value = (value << 7) | (b & 0x7f) as ub4

{
;([..return (value, &data[i + 1

{

.More than 7 bytes is invalid //
J("varint sho sols slewsle slbgen™) Ipanic

{

.Convert a tag into a field number and a WireType ///
} (fn unpack_tag(tag: u64) -> (u64, WireType
;let field_num = tag >> 3
; (let wire_type = WireType::from(tag & 0x7
(field_num, wire_type)
{

Parse a field, returning the remaining bytes ///
} ([fn parse_field(data: &[u8]) -> (Field, &[u8
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;(let (tag, remainder) = parse_varint(data
;(let (field_num, wire_type) = unpack_tag(tag
} let (fieldvalue, remainder) = match wire_type
} <= WireType::Varint
; (let (value, remainder) = parse_varint(remainder
(FieldValue: :Varint(value), remainder)

} <= WireType::Len
;(let (len, remainder) = parse_varint(remainder
WSO JPga usize® s len jloeslcacswl")let len: usize = len.try_into().expect
} if remainder.len() < len
F(Mobwye g panic! ("EOF
{
; (let (value, remainder) = remainder.split_at(len
(FieldValue: :Len(value), remainder)
{
7 {
(Field { field_num, value: fieldvalue }, remainder)
{

Parse a message in the given data, calling 'T::add_field® for each field in ///
.the message ///
/17
.The entire input is consumed ///
} fn parse_message<'a, T: ProtoMessage<'a>>(mut data: &'a [u8]) -> T
;()1let mut result = T::default
} ()while !data.is_empty
; (let parsed = parse_field(data
; (result.add_field(parsed.®
;data = parsed.1

{
result
{
[ (derive(PartialEq]#

[ (derive (Debug, Default]#
} <struct PhoneNumber<'a
,number: &'a str

,type_: &'a str
{

[ (derive(PartialEq]#
[ (derive (Debug, Default]#
} <struct Person<'a
,hame: &'a str
,id: u6b4
,<<phone: Vec<PhoneNumber<'a

{

} <impl<'a> ProtoMessage<'a> for Person<'a
} (<fn add_field(&mut self, field: Field<'a
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} match field.field_num

, ()self.name field.value.as_str <= 1

, ()self.id field.value.as_u64 <= 2
, ((()self.phone.push(parse_message(field.value.as_bytes <= 3
skip everything else // {} <=

{

} <impl<'a> ProtoMessage<'a> for PhoneNumber<'a
} (<fn add_field(&mut self, field: Field<'a
} match field.field_num
,()self . number = field.value.as_str <= 1
, ()self.type_ = field.value.as_str <= 2
skip everything else // {} <= _

{

} ()fn main
1&)1let person: Person = parse_message

,0x0a, 0x07, oOx6d, Ox61, 0x78, 0x77, Ox65, Ox6C, OX6C, O0X10, OX2a, 0xla
,0x16, Ox0a, Ox0e, 0x2b, 0x31, 0x32, Ox30, 0x32, 0x2d, ©0x35, 0x35, 0x35
,0x2d, ©0x31, 0x32, Ox31, @x32, 0x12, 0x04, 0x68, Ox6f, @Ox6d, Ox65, Oxla
,0x18, 0x0a, 0x0e, Ox2b, @x31, 0x38, 0x30, 0x30, 0x2d, ©0x38, @Ox36, Ox37
,0x2d, ©Ox35, ©x33, 0x30, 0x38, 0x12, 0x06, @Ox6d, Ox6f, @Ox62, 0x69, OX6C

,0x0a,

,0x65
(I
;(println! ("{:#?}", person
{
[(cfg(test]#

} mod tests
;¥ use super

[test]#
} ()fn test_id
; ([let person_id: Person = parse_message(&[0x10, 0x2a
;({ [1'assert_eq!(person_id, Person { name: ".", id: 42, phone: vec

{

[test]#
} ()fn test_name
]&)1let person_name: Person = parse_message
0x0e, 0x62, Ox65, Ox61, Ox75, 0x74, 0x69, 0x66, 0x75, Ox6cCc, 0x20
,0x6e, 0x61, Oxobd, Ox65
(I
)lassert_eq
,person_name
{ [1!Person { name: "beautiful name", id: @, phone: vec

7 (
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{

[test]#
} ()fn test_just_person
= let person_name_id: Person
; ([parse_message(&[0x0a, 0x04, 0x45, 0x76, 0Ox61, 0x6e, 0x10, 0x16
;({ []l'assert_eq! (person_name_id, Person { name: "Evan", id: 22, phone: vec

{

[test]#
} ()fn test_phone
]&)1let phone: Person = parse_message
,0x0a, 0x00, 0x10, Ox00, Oxla, O0x1l6, 0xQa, Ox0e, Ox2b, Ox31, Ox32, 0x33
,0x34, 0x2d, @Ox37, @Ox37, 0x37, 0x2d, ©0x39, 0x30, 0x39, 0x30, 0x12, 0x04
,0x68, Ox6f, Ox6d, OX65
(L
) lassert_eq
,phone
} Person
0" Tname
,id: 0
L el :_phone: vec![PhoneNumber { number: "+1234-777-9090", type
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Welcome to Day 4
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BeoS olew safe Rust ys 1y sgz seolemcpy 08 olay s cowop sl oyz o iUnsafe Rust s ¢
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Iterators

elut ol asSo Jab 0368 Y0 393z selw LaFw oyl

olp wap gl
08689 0 Iterator
03883 0 IntolIterator
03682 0 FromlIterator

03¢ss ¥+ Iterator Chaining ugy :yegype

Iterator 25.1

next sap S ow gl B3uSer soleemung ogorzpr S 39 363lée 3l uagw slsSw ;I Tterator’ <S3¢9
63'\)“"‘”'6“{' b Iterator JJ'J&‘C)L)A‘ oOlthCJS &lgcﬂ )'l 6)'60""9 .JQS&P b:ébl b 6"'&53 6|°"C“P 9 _))IJ jlé()
e0S Giluwesler gl by ol sgalower 360 lpus 9 suoSep
} struct Fibonacci

,curr: u32

,next: u32

{

} impl Iterator for Fibonacci
,type Item = u32

} <fn next(&mut self) -> Option<Self::Item
;let new_next = self.curr + self.next
;self.curr = self.next
;self.next = new_next
(Some(self.curr

{

} ()fn main
;{ let fib = Fibonacci { curr: 0, next: 1
} (for (i, n) in fib.enumerate().take(5
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;("{println! ("fib({i}): {n

{
.This slide should take about 5 minutes

63‘&)”"“‘6%’ Iocollecti0n§93 Iy Céb 6&9]& 60‘690°P|OJ%’ C"&JP“C)" 6)'6&)-"’%" Iterator 63359 .
slyunl plaes seplomgp ol 33 08 @l ¢S5¢s ol eyt omap, Tilter, reduce s;ylp) 35S ep
Jslepr @a9302 logilumeslsw o3lsplow s sS silo golow gl RUST 53 sy S Isgo Ly logl ow bowya
BSauS 3o

b uges (collection) o¢ gpzp gl 3ouS 3IS lood )z saungp el 08 Wl ¢Si¢e IntoIterator o
ot giluwesley [T1& o <VeC<T& syyls logl o guslelzyl o <VeC<T syl ogopze slowgle
2 1 ho o sl Se sy ssolowse 08 wusl Jeds pspe 0w suSep bzl le ol jso Ranges
"U"’O _59@9( )some_vec.next C)éloo)_s |r'>| BeuS ShSae { .. } some_vec

IntoIterator 25.2

63359 BeuS iterate 0358 shSw S slz el 3l ey 00955 Y ‘3593\5P P Iterator 63369
I1S39F sob o S ep o uir |y Sop S i 03508 sSw S slzgl eszy Intolterator bouwys
RN KT o.s';éc;u_ul for béJC .bd.uga

} struct Grid
,<x_coords: Vec<u32
,<y_coords: Vec<u32

{

} impl Intolterator for Grid
; (type Item = (u32, u32
;type Intolter = GridIter
} fn into_iter(self) -> GridIter
{ GridIter { grid: self, i: @, j: ©

{

{

} struct GridIter
,grid: Grid
,1: usize
,j: usize

{

} impl Iterator for GridIter
; (type Item = (u32, u32

} <(fn next(&mut self) -> Option<(u32, u32
} ()if self.i >= self.grid.x_coords.len
;self.i =0
;self.j += 1
} ()if self.j >= self.grid.y_coords.len
;return None

{
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;(([let res = Some((self.grid.x_coords[self.i], self.grid.y_coords[self.]j
;self.i += 1
res

{

} ()fn main
;{ [let grid = Grid { x_coords: vec![3, 5, 7, 9], y_cooxds: vec![1l0, 20, 30, 40
} for (x, y) in grid
;("{println! ("point = {x}, {y
{
{

.This slide should take about 5 minutes
DoS aldelly goy ga a¢le Intolterator gil woslgy 30 06 S SeS Intolteratorals e wp coy

A8 3uulp oub slsSw sl oS ey i Item.e o
Wl o3 esylay Sy Anto_iter swp lo o8 @l wgles «Iterator» S¢:Intolter o

Item ylpo s gl (iterator) os e, SylySes taglos i link a0 o Itemg IntoIter oS s g ules o yuls oz g
SolaySepye Iy <Option<Item oS ¢uep ol 0w wunlo ses yals Iy type
Soutgp WSO Y o X vl pwts wlogSio alpw ggy Jlos

sgutla ow s oo S92 op WS b 00638 gl b asuS HLHSSMAIN y3 0S80 g9y sl 83 3605 st
SeSep ly self wesdls Intolterator: :into_iter»s

GridIter , Grid ¢l ow reference S¢oy ¢33 o Grid& ¢lyw IntoIterator clyzllo ly JS o ol
BeuS Sybyo

weSJlp some_vector 3 e sho ises 2y sylsplogel splzalas glogl o sulaage JSunp pepo

)y € j[ &' 6'@ 0 W39 b e J[JSC) )L)_);) ol 1) @J&u? JUD'C)E, 893 9 ‘UégéP )léc;tl BN) b some_vector
BeaS oal;éc)dd some_vector JUOL:)E = Ul&'CJ| 893 I shSe 6|)g some_vector&

FromlIterator 25.3

(Iterator](https://doc.rust-lang.org/std/iter/trait.Iteratorhtml] S ¢ 3l sos gp ol Spl Iy o FromIterator oy ¢3S
s¢ilee collection | g og gpzp S

} ()fn main
;[let primes = vec![2, 3, 5, 7
; ()<<_>1let prime_squares = primes.into_iter().map(|p| p * p).collect::<Vec
;("{?:println! ("prime_squares: {prime_squares

{
.This slide should take about 5 minutes

Iterator ¢l wosl ey
fn collect<B>(self) -> B

where
,<B: FromIterator<Self::Item
Self: Sized

ls seze oy ol sliw Buwss o glyw oly oo
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08 yobylpe () <turbofish”: some_iterator.collect::<COLLECTION_TYPE” SpS 1o @
el gon s03gp oI SpI RUSE o Izl 5o 0 0l Bl _ o ol JF sodo 000 o @l os i osls ol iy
BoS Zloga gl 1y ”Vec”
ogl -()inference: let prime_squares: Vec<_> = some_iterator.collect ¢gyle *
SEUS suesolle pyd gyl il esldoul o Iy Jloa
slo gyl puosl g JISUTPL yls 39T9 0362 9 Veg, HashMapébg FromIterator ool slogil ol g
Iterator<Item = Jé.);.);") Jooh& \95)J|C élo_)ls 30360 QISPI lr”di’ oY >SS _\_)l_) 39Z9 6)06douota
S0 alzgl <Result<Vec<V>, E S¢oo <<Result<V, E

Iterator Chaining g, :ycpe 25.4

360S 1o 63369 S silgwosles gy 1y Iterator y osi ogglyl glo gy 31 gFh sl P O§| 33
BeuS 0lBu el ss sz o uslzp sl Togl 31 g

OJOQS)bSCJ C)ﬂgt Ss 3l DSeaS Jggé Iylo S g 3 5uS RS https://play.rust-lang.org/)_s Iy 383 38
'36.3‘&"‘.) b 6“"&7‘33'%’ )L&ép le JéQS (collect) 6J9th3€ b PTG 9 .\5;,5 b..)lk.é(.')u.dl (iterator)

, Calculate the differences between elements of “values’ offset by “offset ///
.wrapping around from the end of “values’ to the beginning ///
vy
. [Element "n° of the result is "values[(n+offset)%len] - values[n ///
<fn offset_differences<N>(offset: usize, values: Vec<N>) -> Vec<N
where
,<N: Copy + std::ops::Sub<Output = N

}

() 'unimplemented
{
[test]#

} ()fn test_offset_one
i ([assert_eq! (offset_differences(1l, vec![1l, 3, 5, 7]1), vec![2, 2, 2, -6
i ([assert_eq! (offset_differences(1l, vec![1, 3, 5]), vec![2, 2, -4
i ([assert_eq! (offset_differences(1l, vec![1l, 3]1), vec![2, -2

{

[test]#

} ()fn test_larger_offsets
i ([assert_eq! (offset_differences(2, vec![1l, 3, 5, 71), vec![4, 4, -4, -4
i ([assert_eq! (offset_differences(3, vec![1, 3, 5, 71), vec![6, -2, -2, -2
i ([assert_eq! (offset_differences(4, vec![1, 3, 5, 7]1), vec![0, 0, O, O
i ([assert_eq! (offset_differences(5, vec![1l, 3, 5, 71), vec![2, 2, 2, -6

{

[test]#
} ()fn test_custom_type
)lassert_eq
, ([offset_differences(1l, vec![1.0, 11.0, 5.0, 0.0
[vec![10.0, -6.0, -5.0, 1.0
i (
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[test]#

} ()fn test_degenerate_cases
i ([assert_eq! (offset_differences(1l, vec![0]), vec![0
i ([assert_eq! (offset_differences(1l, vec![1]), vec![0
;[1!1let empty: Vec<i32> = vec
;([1'assert_eq! (offset_differences(1l, empty), vec

Jzoly 25.4.1

, Calculate the differences between elements of “values’ offset by “offset ///
.wrapping around from the end of “values® to the beginning ///
vy
"[Element "'n° of the result is “values[(n+offset)%len] - values[n ///
<fn offset_differences<N>(offset: usize, values: Vec<N>) -> Vec<N
where
,<N: Copy + std::ops::Sub<Output = N

}
;()let a = (&values).into_iter
;(let b = (&values).into_iter().cycle().skip(offset
()a.zip(b).map(|(a, b)| *b - *a).collect

{

[test]#

} ()fn test_offset_one
i ([assert_eq! (offset_differences(1l, vec![1, 3, 5, 71), vec![2, 2, 2, -6
i ([assert_eq! (offset_differences(l, vec![1, 3, 51), vec![2, 2, -4
i ([assert_eq! (offset_differences(1l, vec![1, 3]), vec![2, -2

{

[test]#

} ()fn test_larger_offsets
i ([assert_eq! (offset_differences(2, vec![1l, 3, 5, 71), vec![4, 4, -4, -4
i ([assert_eq! (offset_differences(3, vec![1, 3, 5, 71), vec![6, -2, -2, -2
; ([assert_eq! (offset_differences(4, vec![1, 3, 5, 7]1), vec![0, @, 0, 0
; ([assert_eq! (offset_differences(5, vec![1, 3, 5, 71), vec![2, 2, 2, -6

{

[test]#
} ()fn test_custom_type
)lassert_eq
, ([offset_differences(1, vec![1.0, 11.0, 5.0, 0.0
[vec![10.0, -6.0, -5.0, 1.0
7 (
{
[test]#
} ()fn test_degenerate_cases

i ([assert_eq! (offset_differences(1l, vec![0]), vec![0O
i ([assert_eq! (offset_differences(1l, vec![1]), vec![0
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;[1!1et empty: Vec<i32> = vec
;([1'assert_eq! (offset_differences(1l, empty), vec
{

{} ()fn main

160



26 J o
lo Jo3la

Jelun ol spaSo Job 0gsds v 2997 sl e ol

olpy wap gl
28539 ¥ lo Jo3lp
25583 0 PO ]sld Cobp o dgsdos
2558 0 3¢ welels
08833\ use, super, self
2558210 bolyoglealas gho gglodalle tugspe

&S g3 oyls

lo Jo3la  26.1

Jesww type S ow |y namespace functions les seesgp o3lz! 1p 0 IMpL cloSo o 04837 08 plosgs
PEuS

peudle o yils ciyg o gl o NAMespace type o ¢ olges Iy s03¢p oilzl |f> oo mod ‘og‘dﬁe J9b oo

} mod foo

} ()pub fn do_something
; ("foo Jejla »2") Iprintln

{
{
} mod bar
} ()pub fn do_something
P ("Glow Jejlp ") Iprintln
{
{

} ()fn main
; ()foo: :do_something
; ()bar: :do_something
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Y ARER" R Cargo.tomldélé 56 Je‘uﬂ 9 '\')C)“SLS? °i§|)' Iy 6"J‘SJ?E’, 6|oPackage lé |00C)u,ug ®
S036p Tyl |y +1 glocrate 3l glocws s w#l w097y

suSep lzl ssbz! Jeld S wsosle crate S OT 308 sy o lo Jgils 31 gy loCrate ¢dlgs ®
Bounep JulwplS oylzulas Sg s oplEwlws crate S

BooSep Seew ly aEw el 3Sype g Organization, scope gls Joils ©

P ld ool o sdoe  26.2

135S 78T 9S8 Juld 03 1y ol 05 568 sp RSt o Jojlp (lowzp iz
;mod garden

Jg"jlp ol i yob ot g i gp aélésrc/garden ISy garden Jgj'fx slowzp oS '\5956? rust ow o4l
.wule src/garden/vegetables.rs s olows¢p Iy garden: :vegetables

1y cratee yugy

(sxc/1ib.rs (for a library crate
(sxc/main.rs (for a binary crate *

S sy ep «gJF sy glowsyalS» 3l eslde gl o ylosgp Sgo Iy loJld ys oa b gy s logila

S00Sep du@usp Jollp S wrop uul 33 - wusl lopl golz oS 1y gy9p Top!

This module implements the garden, including a highly performant germination !//
.implementation !//

.Re-export types from this module //
;pub use garden::Garden
;pub use seeds::SeedPacket

.Sow the given seed packets ///
} (<pub fn sow(seeds: Vec<SeedPacket
()!todo

{

.Harvest the produce in the garden that is ready ///
} (pub fn harvest(garden: &mut Garden
()!'todo

{
.This slide should take about 5 minutes
ogl 9 3uw8yS¢a slhg module/mod. rs yjymodule. rs ¢z ow sgle o o3l Rust 2018 31 Jog o
& yul 2018 31 s o glooguy glsw JPT)‘S 5833¢lz S depe
0S8 sgw ol filename/mod.rs ¢33¢lz olepgow filename.rs cdyes oJoo! Jods ®
el glg s 16IDE js mod.rs PIC) o To Jgld 31 gnl guees P T UY

Jé[;é 5& éJuo| Jgjlf )SI R{-ld ‘JQS o_)lgéC)u,uI lofolder jl JQ‘QC)é? )C)éér&& (nesting)éOé)'SoOU b
Lagaly
/sxcC
main.rs —}
top_module.rs —}
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/top_module —L
sub_module.rs —!L

Bl yest e sleleplS sowms 1o plow ep 1y 3333 ¢a lo Joila Jloys o TUSE 08 gl Sp @
["path = "some/path.rs]#
;mod some_module

Some_module_test IS PIO o 6JL§‘“§ BN) Jgj‘e ‘56 6‘)9 Iy LS&SIOC)Q*’O -\50'9369 )3' ‘J‘CJ‘A \5')9
.Go s (convention) slaslyd o o g i (il 36 Bp 3 g0 518

sgs welols  26.3

BUOed s PIPT PEIT I S le]slla
GoSep glope b @ilus eslew @leeiz) spogse Private ()b se sob 0w Jolp gloop g3 S @
.CJQM o.)oluisfx Ju‘a o 5p0 Slbllng 9 Slbhng &Iooc)éjs °
osol jisp Jold TOOls iy opo ya sl ssol yna Jols TOO Joila 3o sy9p Sg 338! xS s wiylug ous @
.C‘)Qul
} mod outer
} ()fn private
;("println! ("outer: :private

{

} ()pub fn public
;("println! ("outer: :public

{

} mod inner
} ()fn private
; ("println! ("outer::inner::private

{

} ()pub fn public
; ("println! ("outer::inner: :public
; ()super: :private

{

} () fn main
; (Jouter: :public
{
.This slide should take about 5 minutes
BeoS 0318l lo Jo5la oysyS public ¢y pub gs S opJS 3l @
133079 GpopE 3¢ oupls (xS sgaze sy (. L) puUb edyn e lossy S et ne ol s vslle

.Rust Reference s ¢y g0 lo jusal ¢l @
el zgly soSJl S (pub(crate sow ngley J2I8 ssowrSew
RS AT NS uo't BRYSCL '56 oY J&Olgd)é? |pu.u A\:Ju,ﬂ' ng)ﬁ)e ‘)C)PS 339¢p O&I °
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https://doc.rust-lang.org/reference/visibility-and-privacy.html#pubin-path-pubcrate-pubsuper-and-pubself

ol o3l (o Glagind epo 9) s lls Josla S ow sglo s wsJols wiyaue s0 33 ¢

use, super, self 26.4

»hygelew oy sisz TJgetp Taui 308 dagazp sslgUse o o38 s Jajla 3l 1y loslayy splow cp Joila S
1ags seelor Josle so sl dle

;use std::collections: :HashSet

;use std::process: :abort

Jéuee
Bosubee Jz o8l Toub o (Paths) loyg e
feuso Path S plape o0 1

ls oyloal ¢ Jed Jaila 4o TOO o0 self: :foolgs foo gslg s @
.super: : foo refers to foo in the parent module ¢

:3Jbp path S plopg o .2

Jals oyl al e owez o gy 33 TOO o cxate: i foo o
.ayls oyl ynl bar crate ys foo sw bar: :foo s

.This slide should take about 8 minutes

Se 3 Il zb e lib.rs o glyo wousl Jopepr gywolweS youp 3o loslayy “re-export” gl ¢
sunlo ew nls @l Saps Crate

;mod storage

;pub use storage::disk::DiskStorage
;pub use storage: :network::NetworkStorage

azly seuep Sl lecrate y¢l w ¢lyo NetworkStorage ¢ DiskStorage gsls yly3 juyous 53
.blCJgS 9

Se Jlzogl 1w syeun USE ._sk_;lg sgounee ol Joils S 33 08 ganlgp bbb wylgp yomo 38
CUT 338 gyloFlyd u53369 ol oy ly g method ;o Slewe e s il ssgazp 38 slw (trait) &3369
3l ealdey yul él)g Jlass ylong ol ssgazs s Uu@ 308 e bzl ly 6S3cs ol 08 (XN Iy
use std::io::Read jlsglw wySep hzl Iy Read ¢S5¢0 08 g oy ss TEAd_to_string swp
._\5()5 o.xl;éaugl

ey woml oagn gop 4IS gl 31 .*rtuse std:io sl ple walle hls sylowsgp USE eylog
2005 38689 0lp3 Job 33 @l 5 Spp 8 sp9ub e IMPOTt slop plaS ©usey E LB

éSégébg SylS boly o&'tgk')gs sy 66‘°J9~3‘P NSRS I 26.5

S oulElesS el 38 scolaF gosylaslwe oslogs Iy SzesS GUI oyl olesS ¢ilyuosl o S ysspe ol 39
oS Soeo hmain gole S oguzpe 9 6S3s ol il siluweslse 3oz o Widget s S5es

290 90 08laPlow wges 513 29 Jalle 53 1 Seaiy bowsp elapl il slogopze Is tou o 05 Wil Jopep
Suilosoula 1y a7 Lol Joils sl wzes
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Cargo Setup

3 1y Cargo o950 S s¢le gebolow wuSer solvewung Jeld Se il by Rust playground S
PeuS Szl 9ot slze Jehd pogugue

cargo init gui-modules

cd gui-modules

cargo run

Py bl ol gloJuld o 3goS o8l ol 1y mod alslog 1o sgyS Gagbes 1y Juelz src/main.xs !
DS 08l Bl STC gyewSygls

Lo
iyl 03pl GUL oglz0lessS il S ¢zl lzo! oo

} pub trait Widget
. Natural width of “self ///
;fn width(&self) -> usize

.Draw the widget into a buffer ///
; (fn draw_into(&self, buffer: &mut dyn std::fmt::Write

.Draw the widget on standard output ///
} (fn draw(&self

; ()1let mut buffer = String: :new

; (self.draw_into(&mut buffer

; ("{println! ("{buffer

{

} pub struct Label
,label: String

{

} impl Label
} fn new(label: &str) -> Label
{ ()Label { label: label.to_owned
{
{

} pub struct Button
,label: Label

{

} impl Button
} fn new(label: &str) -> Button
{ (Button { label: Label::new(label
{
{

} pub struct Window
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,title: String
,<<widgets: Vec<Box<dyn Widget
{

} impl Window
} fn new(title: &str) -> Window
{ ()Window { title: title.to_owned(), widgets: Vec::new

{

} (<fn add_widget(&mut self, widget: Box<dyn Widget
; (self.widgets.push(widget
{

} fn inner_width(&self) -> usize
)std::cmp::max
,()self.title.chars().count
, (self.widgets.itexr() .map(|w| w.width()).max().unwrap_ox (0

{

} impl Widget for Window
} fn width(&self) -> usize
Add 4 paddings for borders //
self.inner_width() + 4

{

} (fn draw_into(&self, buffer: &mut dyn std::fmt::Write
;()let mut inner = String: :new
} for widget in &self.widgets
; (widget.draw_into(&mut inner

{
;()let inner_width = self.inner_width

TODO: Change draw_into to return Result<(), std::fmt::Error>. Then use the //
. ()operator here instead of .unwrap-? //

;(Ywriteln! (buffer, "+-{:-<inner_width$}-+", ".").unwrap
; (Ywriteln! (buffer, "| {:Ainner_width$} |", &self.title).unwrap
; (Qwriteln! (buffer, "+={:=<inner_width$}=+", ".").unwrap
} ()for line in inner.lines
; (Ywriteln! (buffer, "| {:inner_width$} |", line).unwrap
{
;(Ywriteln! (buffer, "+-{:-<inner_width$}-+", ".").unwrap

{

} impl Widget for Button
} fn width(&self) -> usize
self.label.width() + 8 // add a bit of padding

{

166



} (fn draw_into(&self, buffer: &mut dyn std::fmt::Write
; ()let width = self.width
; ()1let mut label = String::new
; (self.label.draw_into(&mut label

;(Qwriteln! (buffer, "+{:-<width$}+", ".").unwrap
} ()for line in label.lines

;(Ywriteln! (buffer, "|{:Awidth$}|", &line).unwrap
{

;(Ywriteln! (buffer, "+{:-<width$}+", ".").unwrap

{

} impl Widget for Label
} fn width(&self) -> usize
(self.label.lines().map(|line| line.chars().count()).max().unwrap_ox (0

{

} (fn draw_into(&self, buffer: &mut dyn std::fmt::Write
;(Jwriteln! (buffer, "{}", &self.label).unwrap
{
{

} ()fn main
;("let mut window = Window: :new("Rust GUI Demo 1.23
o0l SzoS sowp sho GUL subslay opowo S ol )window. add_widget (Box: :new(Label: :new
; ((("!window.add_widget(Box: :new(Button: :new("Click me
; ()window.draw

{

.This slide and its sub-slides should take about 15 minutes
sloolglow o Oyl st sob plunglio 05 3005 g lopsSew 1y 38 1w 36S Bsaune by yligplunyls
Gru sgo e diomatic geleorganization oz oSl 3y9p 33 (ol 31 pew 35oS wslgpub g mod, use

BSeaS

Jzely 26.5.1

34¢
main.rs —r
widgets —r
button.rs —}
label.rs —}
window.rs —L
widgets.rs —*

---- src/widgets.rs ---- //
;mod button
;mod label

;mod window
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} pub trait Widget
. Natural width of “self ///
;fn width(&self) -> usize

.Draw the widget into a buffer ///
; (fn draw_into(&self, buffer: &mut dyn std::fmt::Write

.Draw the widget on standard output ///
} (fn draw(&self

;()1let mut buffer = String: :new

; (self.draw_into(&mut buffer

; ("{println! ("{buffer

{

;pub use button::Button
;pub use label: :Label
;pub use window: :Window

---- src/widgets/label.rs ---- //
;use super::Widget

} pub struct Label
,label: String

{

} impl Label
} pub fn new(label: &str) -> Label
{ ()Label { label: label.to_owned
{
{

} impl Widget for Label
} fn width(&self) -> usize
ANCHOR_END: Label-width //
(self.label.lines().map(|line| line.chars().count()).max().unwrap_ox (0

{

ANCHOR: Label-draw_into //

} (fn draw_into(&self, buffer: &mut dyn std::fmt::Write
ANCHOR_END: Label-draw_into //
;(Jwriteln! (buffer, "{}", &self.label).unwrap

{

---- src/widgets/button.rs ---- //
; {use super::{Label, Widget

} pub struct Button
,label: Label

{
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} impl Button
} pub fn new(label: &str) -> Button
{ (Button { label: Label::new(label

{
{

} impl Widget for Button
} fn width(&self) -> usize
ANCHOR_END: Button-width //
self.label.width() + 8 // add a bit of padding

{

ANCHOR: Button-draw_into //
} (fn draw_into(&self, buffer: &mut dyn std::fmt::Write
ANCHOR_END: Button-draw_into //
;()1let width = self.width
;()let mut label = String::new
; (self.label.draw_into(&mut label

;(Ywriteln! (buffer, "+{:-<width$}+", ".").unwrap
} ()for line in label.lines
;OOwriteln! (buffer, "|{:Awidth$}|", &line).unwrap

{
;(Qwriteln! (buffer, "+{:-<width$}+", ".").unwrap
{
{
---- src/widgets/window.rs ---- //

;use super: :Widget

} pub struct Window

,title: String

,<<widgets: Vec<Box<dyn Widget
{

} impl Window
} pub fn new(title: &str) -> Window
{ ()Window { title: title.to_owned(), widgets: Vec::new

{

} (<pub fn add_widget(&mut self, widget: Box<dyn Widget
; (self .widgets.push(widget
{

} fn inner_width(&self) -> usize
)std::cmp: :max
,()self.title.chars().count
, (self.widgets.iter().map(|w| w.width()).max().unwrap_ox(0
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} impl Widget for Window
} fn width(&self) -> usize
ANCHOR_END: Window-width //
Add 4 paddings for borders //
self.inner_width() + 4

{

ANCHOR: Window-draw_into //
} (fn draw_into(&self, buffer: &mut dyn std::fmt::Write
ANCHOR_END: Window-draw_into //
;()let mut inner = String: :new
} for widget in &self.widgets
; (widget.draw_into(&mut inner

{
;()let inner_width = self.inner_width

TODO: after learning about error handling, you can change //
draw_into to return Result<(), std::fmt::Error>. Then use //
.()the ?-operator here instead of .unwrap //

;(Ywriteln! (buffer, "+-{:-<inner_width$}-+", ".").unwrap
; (Ywriteln! (buffer, "| {:Ainner_width$} |", &self.title).unwrap
; (Qwriteln! (buffer, "+={:=<inner_width$}=+", ".").unwrap
} ()for line in inner.lines
; (Ywriteln! (buffer, "| {:inner_width$} |", line).unwrap
{
;(Ywriteln! (buffer, "+-{:-<inner_width$}-+", ".").unwrap
{
{
---- src/main.rs ---- //

;mod widgets
;use widgets: :Widget

} ()fn main
;("let mut window = widgets::Window: :new("Rust GUI Demo 1.23
window
S sowp she GUT subslay ogowy S ol )add_widget (Box: inew(widgets: :Label: new.
; ((("'window.add_widget(Box: :new(widgets: :Button: :new("Click me
; ()window.draw
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27 J ol

OJ)SC)&C)

elon ol paSo Job 03683 10 397 sl pagw ol

olpy wap gl
08683 0 lo Yol wpues
08683 0 locs oy )554 gloy!

03¢ss ¥ Clippy o Lints 4 J¢lplS
28483 ¥ Luhn PC)&)QfJ' RS

(Unit Tests) Jtlg éloauﬂa 27.1

Boub ¢p ol eal yw szl Wi Lozslz Sl Rust and Cargo

.Unit tests are supported throughout your code ¢

Soubsp soleesig /TeSTS oSyl Bk 3l Gl ezl S slowjuw ¢
"OJ&SS&’ o3 gcysge tests Jgjh’: S uJ&' Jt‘g 6")0\)“0 --‘C)"’-\)i’ &L‘sSaeng[test] #lo ‘OCJQACJ
Jélg?hs |0CJQ,4U build MS&O BX) IDQCJ .b_g)ofﬂe Sygue 0 Iy |0QT I JQO‘SLSP o.sl;éa&ul [( Cfg (test] #)' 9
BouS
} fn first_word(text: &str) -> &str

} (' ")match text.find

, [Some(idx) => &text[..idx
,None => &text

{

[(cfg(test]#
} mod tests
;¥ :use super

[test]#

} ()fn test_empty
(", (" ")assert_eq! (first_word
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{

[test]#
} ()fn test_single_word

S(Maldoe" L (Malduw ") assert_eq! (first_woxd
{

[test]#
} ()fn test_multiple_words

S(Meldoe” L (MHsos plduw ") assert_eq! (first_word
{

.A&QS Qgélf))i Iy private helper leos 30360 O“Sf" 'f’d.‘t‘ ] Qél °
BeuS hzllycargo test oS il Jlgd cylayloges [(cfg(test]# ¢S5eo ©

.This slide should take about 5 minutes

Beosglutg Iy logl glooz gy 1o sy S Iyzl playground ys 1y lows e

|0CDQACJ)J§6$ EJQO' 27.2
Integration Tests

SlmezsleS e wuuw 31 wensS Jagleil ospeSpmsasus S olant 0w 1y 3o aulEoles seeleF g 53!
BenS sldes il (integration test)

:Jéjlu.ug /tests I8y IS, Jk_;'gé Ss

tests/my_library.rs //
;use my_library::init

[test]#
} ()fn test_init
;(()assert! (init().is_ok

{

.JO)L\ SIS s 'Pu" crate 1] bgg)e pUth API ] b@d '°u3-k5|PJ'T Oél

|0JQQA a&a

rooal lgespesep glowes dlio g JEh golwsouse shls RSt glos

.Shortens a string to the given length ///

/17

/17

;use playground::shorten_string # ///

; ("assert_eq! (shorten_string("Hello World", 5), "Hello ///

; ("assert_eq! (shorten_string("Hello World", 20), "Hello World ///

/17

} pub fn shorten_string(s: &str, length: usize) -> &str
[(()s[..std::cmp::min(length, s.len&

{
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Bosuiep 036s RUSt oS loye o 51SsgF yob os /// locomment ys 38 gloSg S @
=ouep bzl s Julopls cargo test sl g age ylogg ew S oyl

SoSer LElllelwplS 1y ol glazee lal wpS e ploge wlagmup 311y gl oS o # 35381 @
BeoS e Rust Playground s Iy [ Jlo sS @

Clippy o Lints , ¢l pls  27.3

glolint oS CLippy .35 S¢p 3o g wlyp built-in lint o ¢cozpe o wllz gl sloal e Rust 4 Jlopls
30908 JIgd 0380 30 33 30lamgp 05 sylosyn osylpilun ssl009yS 53 08 wesgp oyl Iy Gy
[(deny(clippy::cast_possible_truncation]#

} ()fn main

;let x = 3

} (while (x < 70000
(X =2

{

Goslop U6 S o Idlaasz] X' () Segul @ums woel woslop ULE S s 1lacgl println! ("'X
{

.This slide should take about 3 minutes

oo Tl wpoguo osol e J18 1zoul 33 30 ssleliNt 6008 gy by 152 plew 9 3508 bzl 1y 35 op9py
oy Playground e gl s oo lolint o (aglaey glyw .agauneps oslaglung logl S gags JelwplS 3l

Clippy .59 osls &yl gy CLIPPY glosls e 1es s ¢y S Lyz! playground gl ys 33 1y c1ippy Jolint ¢ by 51 s
o8l ol 1y (default-deny lint o Jaz 31 s oz glolint o yncpo g 3yls 397 glolint 31 closyeo uS wls ey wp

LSaS e
éé_}b 3l lé cargo fix o 0‘906? ly ... @ help o bgg)[z\ 6"’)")0‘2’0 L_; lolbé 0SS Jéuﬁ|g DC‘JQ‘B'J oZT oW
338 Bybyo a9 K3 glss

Luhn Pak;)gﬁ\jl SRS ) 27.4
Luhn f’aéJQgJ‘
20y S pgyeS Il gl seubgp 0sldoul ilowel aulS glooslp i srpsmlvwog! ghe Luhn pogs 5 Jl

wosgp plzal hoed Jzbe wiveoel wslS oslags szouslowe! o g 35S gp @Bleys 3939 lout 0w 1y
Ignore all spaces. Reject numbers with fewer than two digits

Jeoaly 191234, 3 oylpyi glyw 1360S Joa 1y pdy H6pss 30 a9 0 00 iy & uly p a3l Sz I o
peoSep Joos 1y 8 998765, 6 oyl ¢y peSep

webelow —susS gpz b pldsl wulo 931 Jaew zost @bz usl 531 wsg S 538 Jwes 3l ey @
Soutep Jgsww 1+ 4 =50008 soubgp Jesrw 14007 a0S S

BSeuS gz by a3y g8 g oagiy sl 93 pl@yl plaey @
el IPOes @Igogl oylS °Jl9u)i' JRYS] 2 DPC)'t 0 lo ¢opZP )3| °

Jééig") Y 3056? DiS'JI bélg unit test 99 °|JP° ous Iy luhn ?aé)gng 3l Slg LSJ'Q""’J‘QS%? S 03 bf_;bl sS
.C)QM 03 4 63‘0"’03'69 SRS 0 90\5)95;” BN RS .30569
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https://play.rust-lang.org/?version=stable&mode=debug&edition=2021&gist=3ce2ad13ea1302f6572cb15cd96becf0
https://doc.rust-lang.org/clippy/
https://en.wikipedia.org/wiki/Luhn_algorithm

and write additional tests to uncover bugs https://play.rust-lang.org/ Copy the code below to
.in the provided implementation, fixing any bugs you find

} pub fn luhn(cc_number: &str) -> bool
;let mut sum = 0
;let mut double = false

} ()for c in cc_number.chars().rev
} (if let Some(digit) = c.to_digit(10
} if double
;let double_digit = digit * 2
=+ sum
;{ if double_digit > 9 { double_digit - 9 } else { double_digit
} else {
;sum += digit
{
;double = !double
} else {
;continue

{

sum % 10 ==
{

[(cfg(test]#
} mod test
;*¥1:use super

[test]#

} ()fn test_valid_cc_number
;(("assert! (luhn("4263 9826 4026 9299
;(("assert!(luhn("4539 3195 0343 6467
;(("assert! (luhn("7992 7398 713

{

[test]#

} ()fn test_invalid_cc_number
;(("assert! (!1uhn("4223 9826 4026 9299
;(("assert! ('1uhn("4539 3195 0343 6476
;(("assert! (!'1uhn("8273 1232 7352 0569

Jzely 27.4.1

.This is the buggy version that appears in the problem //

[(cfg(never]#

} pub fn luhn(cc_number: &str) -> bool
;let mut sum = 0
;let mut double = false
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https://play.rust-lang.org/

} ()for c in cc_number.chars().rev
} (if let Some(digit) = c.to_digit(10
} if double
;let double_digit = digit * 2
=+ sum
;{ if double_digit > 9 { double_digit - 9 } else { double_digit
} else {
;sum += digit
{
;double = !double
} else {
;continue

{

sum % 10 ==

{

.This is the solution and passes all of the tests below //
} pub fn luhn(cc_number: &str) -> bool

;let mut sum = 0

;let mut double = false

;let mut digits = 0

} ()for ¢ in cc_number.chars().rev

} (if let Some(digit) = c.to_digit(10

;digits += 1
} if double
;let double_digit = digit * 2
=+ sum
;{ if double_digit > 9 { double_digit - 9 } else { double_digit
} else {

;sum += digit

{
;double = !double

} ()else if c.is_whitespace {
;continue

} else {
;xreturn false

{

{

digits >= 2 && sum % 10 == 0
{

} ()fn main
;"let cc_number = "1234 5678 1234 5670
) !'println
VY Sooel Howgr Glowgl W)lS glagh S {cc_number} Il
{ "oyy" } else { "oJu" } (if luhn(cc_number
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i (
{

[(cfg(test]#
} mod test
;*¥iuse super

[test]#

} ()fn test_valid_cc_number
; (("assert! (luhn("4263 9826 4026 9299
;(("assert! (luhn("4539 3195 0343 6467
;(("assert! (luhn("7992 7398 713

{

[test]#

} ()fn test_invalid_cc_number
;(("assert! (!1uhn("4223 9826 4026 9299
;(("assert! (!1uhn("4539 3195 0343 6476
;(("assert! (!1uhn("8273 1232 7352 0569

{

[test]#

} ()fn test_non_digit_cc_number
;(("assert! (!1uhn("foo
;(("assert! (!1uhn("foo 0 @

{

[test]#
)fn test_empty_cc_number
;((".")assert! (1uhn
;((" ")assert!(!1uhn
((" ")assert!(!1luhn
;" "Yassert! (!1luhn

{

[test]#

} ()fn test_single_digit_cc_number
;(("assert! (!'1uhn("0

{

[test]#
} ()fn test_two_digit_cc_number
;((" assert!(luhn(" 0 0

{
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29 o
bz wesgse

Jelus gl wuaSe Job wglye ) s9az sslo age ol

olpy wap selJus!
0358- ¥ lsPanic 339p 33
0858% 0 Result
0358 o TI‘y ‘USJPE
08582 0 olzwsl Iy (Conversions) s J s ¢l

3803
08635 0 Error Trait
0858 0 anyhow g thiserror
08583 ¥ Result o 6;)""69()).'“.) NS =]

lsPanic 339p 39 29.1

.JQS&{.\ Jyoos ”panic” o 1y SJOP élolbt Rust
YN R panic aelo Rust 305 Fo bzl olpd s )'93)9 sl S 13l
} () fn main

;[let v = vec![10, 20, 30
; ([println!("v[100]: {}", v[100

uw‘ o)ba&p)ét 9 ng)a Jul& )\52 §|o|bt 6‘)5" lsPanic 3l OJI\.éC')QAI °
s opleyg 33 Slo pgl e loS gl —
sguh panic welus sylew ¢p lofailed bounds check s ls 1zl ol glogwlys —
Assertions (such as assert!) panic on failure -
BooS 0aldeul Tpanic ¢3Sl 3l agplowep polE gloSeouy —
Bousle e @Sy gula 08¢l Joa @y ..505\5(.\ B3z 1y sl e 9 30Sep "3l Iy panic S e
BeoS el wl (Vec: tget sy ylp) panic gosw gloAPI 3l oyucy Jowd Jold golyE 531 e
.This slide should take about 3 minutes

E—'é‘g 33 )C);é)g Q‘QC)&? b unwinding 39 6p stack RERY unwind CJ&‘LA paniC ‘ub‘);éu.ﬁég J9b o
(4,5 caught I, QT Slewgp 08 Wil oyl yeboyp
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;use std::panic

} ()fn main
panic::catch_unwind
"{?:println! ("{result

F(Mooesy sdSube lzos!" | ])1et result
i (

} ||)let result = panic::catch_unwind
;("!panic!("oh no

s ({

;("{?:println! ("{result

ilpwesl g catch_unwind 1o 1y leeXCeption s ¢ Sy ¢¢ ol Jopgp st (Catching) (os,3 o
Lheos

S o sl s yuloF s Sig s VhE Wyg e 33 gz 08 sl s gds ggloygym 33 sylawgp sIS el @
Lges oplal sg

S 6po IS 3y9p el wunle sss peb e Ip 4 «Cargo. toml 43 'panic = 'abort ,3I e

Result 29.2

POz PISC)" ool tE sob o 08 (! Result O yod Rust 4s bz RSN she I sJue! ew&a‘Se
PSS osel s sylaglos gl oplzolas glogsgles sygn

;use std::fs::File

;use std::io: :Read

} ()fn main
;("let file: Result<File, std::io::Error> = File::open("diary.txt
} match file
} <= (Ok(mut file
; ()1let mut contents = String::new
} (if let Ok(bytes) = file.read_to_string(&mut contents
;("(contents} ({bytes} bytes} :jsi¢ whblz ,wes")!println
} else {
F("aole b Juld Glewze Olawspn™) Tprintln
{
{
} <= (Err(err
y({err} aghby Sl whblg yoles™) println

{

{
.This slide should take about 5 minutes

Result has two variants: Ok which contains the success value, and Exr which contains e
.an error value of some kind

gl fanlanSyo lo gole gop Signature s oy lg 35S slzgl 1bg sylowep sole S lel 0S¢l @
R R 6)‘33_)5 Result olsgp

ls ©68B0p sla8p 0w s 6plagpy Iput laslay saze 1oE o30S Shsplid chiw goly zgo Optionsyyls @
£ou p‘JS J&OS SUEIIY 3] 360‘5 bég SIS s Result BN °s5J9| ég»gdi é&gb& 093 th )'Jé?
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lal agaubep ©eagsp «ozeay» goy lw file-not-found | ¢ connection-refused sg,qlp 1zl ola) glolbz
OJQJéS u.ul‘zc‘) o0 |o|.bé OJO'JJg)g.) L;I)g ? )9o|)g| ..)Qlykg _}'_gui'.)d JQ'QC)&P QAIPC) 3033 oy Q§| éégbc')
BeulasSilo y Syoup sxlep [ seagp olSal las o oyl g i gp 03l B yul
} match some_expression

,0k(value) => value

, (Err(err) => return Err(err

{

asl e sl gy

?some_expression

peyS 0l ul 1 ous ¢ Ss gy 38 giluwosl s glyw ol 3l peslow ¢a
;use std::io: :Read

;{use std::{fs, io

} <fn read_username(path: &str) -> Result<String, io::Error
; (let username_file_result = fs::File::open(path
1 let mut username_file = match username_file_result
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,0k(file) => file
, (Err(err) => return Err(err

i

;()let mut username = String::new

} (match username_file.read_to_string(&mut username
, (Ok(_) => Ok(username
, (Err(err) => Err(err

{

} () fn main
;()fs::write("config.dat", "alice").unwrap//
; ("let username = read_username('"config.dat
;("{?:username} :lbz s rnlSaly") Iprintln

{

.This slide should take about 5 minutes
DS 0ol u ? 3lasldes ! ¢y Iy Tead_username ¢ ol
18]S wlsy
soplo (Erxr(error lg (Ok(string sylse gp Username;gtap
Juld (Jeld faaw tagyS aaldes yul B ags clogslaue ynglasl glyw Tsiiwrite ggloplyd 31 e

sylS ply o Jele oIz
oS Gluweslgplystd: iprocess: :Termination oS ¢yl leymain oS s ulo swsals ozges @

Debug gl wosler E oS @l gougn olaw el Jpg 33 aglaySyo 1y <E , ( ) >0z w0 solawgp

2Bue st Tt YetuPs dbE Ciae 5 9 suSer Pz b BIT goy szl Juld sesgpalzal 1y
SolayS ey 1y (Nonzero)

seuS olzwsl Iy (Conversions) lo J gsww ool 29.4

rogal a2 13831008 ozol 3l swesszew pS ? 308 oS
7expression
3uSep IS ool ip gl o

} match expression
,0k(value) => value
,((Err(err) => return Erxr(From::from(err

{

uSIIo goy 0w b 1bE 2oy punsS p stus Ip 05wyl sotp ol o lzpgl s From: 1 from gulozlhs
Baout 0 JouepS yuldla zhb i glolbz o lolbg 08 sg i gp wela yil peoS Jgsww gola b wgw

Jloa

;use std::error::Exrrorx

;{use std::fmt::{self, Display, Formatter
;use std::fs::File

;{use std::io::{self, Read
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[ (derive (Debug]#
} enum ReadUsernameError

, (IoErroxr(io: :Erroxr

, (EmptyUsername(String
{

{} impl Error for ReadUsernameError

} impl Display for ReadUsernameError
} fn fmt(&self, f: &mut Formatter) -> fmt::Result
} match self
,("{Self::IoError(e) => write!(f, "IO error: {e
"aoby wlbls el aly {path} il ", Self: :EmptyUsername(path) => write! (f

{

} impl From<io::Error> for ReadUsernameError
} fn from(err: io::Error) -> Self
(Self::IoError(erxr
{
{

} <fn read_username(path: &str) -> Result<String, ReadUsernameError
; (let mut username = String::with_capacity (100
;?7(File: :open(path)?.read_to_string(&mut username
} ()if username.is_empty
; (((return Err(ReadUsernameError::EmptyUsername(String: :from(path
{
(Ok (username

{

} ()fn main
;()std::fs::write("config.dat", ) .unwrap//
; ("let username = read_username('"config.dat
;("{?:username} :lbz s rlSaly") Iprintln

{

.This slide should take about 5 minutes
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Moaglowep logw ‘JQ‘J)gép)g Iy <Result<T, ErrorOuter,s sl gy )Igjlu.u gl bz elgyl
ErrorInner ¢ ErrorOuter ,31 ., osldes ol <Result<U, ErrorInner glowgles 3l gslsga ys?
B35S Gilgweslgu Iy s ErrorOuter j381 g sy slo o0 S
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«ozeoy» Result: ok oS ¢ iz y3 35S ¢p Jesww Result o Iy Option S¢Option: :ok_or . Jiz
"’C)‘Séf’ J&Jgd) Optlon oY l‘)

Dynamic ¢lolb# ¢lgyl  29.5

Iy SJage wlllpwzl slacs 08 (lasez ENUM o gy o3 glbF €90y 30 pgos 031zl s goloF gp wilEsl L;olg
solawgp oS swul #mp ObjeCt Sgulz gl Std: 1eTTOT: tEXTOY 5569 . 09un 0351385 036p St b
LS e glusl 1y sgnlo gl so oz

;use std::error: :Error

;use std::fs

;use std::io::Read

} <<fn read_count(path: &str) -> Result<i32, Box<dyn Error
;()let mut count_str = String: :new
;2(fs::File::open(path)?.read_to_string(&mut count_str
;?7()1let count: 132 = count_str.parse
(Ok (count

{

} ()fn main
;()fs::write("count.dat", "1i3").unwrap
} ("match read_count("count.dat
, ("{count} :Jb&gu”)!Ok(count) => println
,("{Err(err) => println!("Error: {err

{
.This slide should take about 5 minutes

std::num: :ParseIntExrroric(Jgls wlelpe 3) std::io: tError sylews pread_count ¢ oles
aulaySy0 1y (String: (parse i)
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ol 31851 e nightly ys no_std 1oy olz Jlz s std:iexrror: (EXror ¢S5cs o8 s il

anyhow ; thiserror 29.6

0al e yul 1bog 0w Ssgimy S ol e clyw ¢l b3y w8 yob o leanyhow crate g thiserror (¢l
Sosut s
thiserror is often used in libraries to create custom error types that implement ¢
<From<T
sowp olel Jbl agidlo Jaz 3l olaw yalbs ey gap 00 SpS lyw looplyyw buges anyhow o ¢! o
Souigp oal B wl Jp i glolbF ou
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;{use anyhow: :{bail, Context, Result
;use std: :fs

;use std::io: :Read

;use thiserror: :Error

[ (derive(Clone, Debug, Eq, Error, PartialEql#
[("a0by wals {0} o sronlSaly e )erroxr]#
; (struct EmptyUsernameError(String

} <fn read_username(path: &str) -> Result<String
; (let mut username = String::with_capacity (100
(fs::File::open(path
2(("ouby sl {with_context (|| format!("{path.
(read_to_string(&mut username.
;7 (M 00l )0 WSt ) context.
} ()if username.is_empty
;((()bail! (EmptyUsernameError(path.to_string
{
(Ok (username
{

} () fn main
;()fs::write("config.dat", "").unwrap//
} ("match read_username("config.dat
, ("{username} : 5)lSply") 0k (username) => println
,("{?:Exxr(err) => println!("Error: {err

{
.This slide should take about 5 minutes
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Result o sumsouile SRS ) 29.7

panic Io Jlz ol 1o soSep siluweslew enlog ol S g oslis slgpew 030505063z S 163 98
sguS asl bl ozl Jbool bz wsgsp 3l ol slz 0w 1o 35S usgsila by ol spSep JywusS 1y lolbg
B6oS sl wl anyhow g thiserror il wzly g lo agyS soaoae Main jl o aSila oo Iy lolb# o
shaly Tokenizer .,s s S 0D oS 6?'305 S6uS goyun parse sySJpe s lbE ey lu oSy
33 by ol 93608 soluesissew <<Iterator<Item=Result<Token, TokenizerError gl woslcw
BeoS JywyS parser

;use std::iter: :Peekable

;use std::str::Chars

.An arithmetic operator ///
[ (derive(Debug, PartialkEq, Clone, Copyl#

} enum Op
,Add
,Sub

{

.A token in the expression language ///
[ (derive(Debug, PartialkEql#
} enum Token
, (Number (String
, (Identifier(String
, (Operator(Op
{

.An expression in the expression language ///
[ (derive (Debug, PartialEq]#
} enum Expression
.A reference to a variable ///
, (Var(String
.A literal number ///
, (Number(u32
.A binary operation ///
, (<Operation(Box<Expression>, Op, Box<Expression

{

} fn tokenize(input: &str) -> Tokenizer
; (()return Tokenizer(input.chars().peekable

{

; (<<struct Tokenizer<'a>(Peekable<Chars<'a

} <impl<'a> Tokenizer<'a
} fn collect_number(&mut self, first_char: char) -> Token
; (let mut num = String::from(first_char
} ()while let Some(&c @ 'Q@'..='9') = self.0.peek
; (num.push(c
; ()self.0.next
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(Token: :Number (num

{

} fn collect_identifier(&mut self, first_char: char) -> Token
; (let mut ident = String::from(first_char

} ()while let Some(&c @ ('a'..='z' | '_" | '0@'..='9")) = self.0.peek

; (ident.push(c
; ()self.0.next

{
(Token: :Identifier(ident

{

} <impl<'a> Iterator for Tokenizer<'a
;type Item = Token

} <fn next(&mut self) -> Option<Token
;?2()1let ¢ = self.0.next

} match c
, ((Some(self.collect_number(c <= '9'=..'0Q"
,((a'..="z" => Some(self.collect_identifier(c'

, ((Some(Token: :Operator(Op::Add <= '+’

, ((Some(Token: :Operatoxr(Op::Sub <= '-
(e oboopst yoShis") Ipanic <= _

{

} fn parse(input: &str) -> Expression
; (let mut tokens = tokenize(input

} fn parse_expr<'a>(tokens: &mut Tokenizer<'a>) -> Expression
} let Some(tok) = tokens.next() else
F("GSd909 )3 obwymst olsleo™) Tpanic
A
} let expr = match tok
1 <= (Token: :Numbexr (num
F(Mowealy bit-32 zszue 2og'")let v = num.parse().expect
(Expression: :Number (v
{
,(Token: :Identifier(ident) => Expression::Var(ident
,("{?:tok} gknugek5gLy59¢fW!Token::Operator(_) => panic
A
.Look ahead to parse a binary operation if present //
} ()match tokens.next
,None => expr
)Some (Token: :Operator(op)) => Expression::Operation
, (Box: :new(expr
, 0p
, ((Box: :new(parse_expr(tokens

I (
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L ("{7:tok} obwopsE oSen™) I Some(tok) => panic

{

(parse_expr(&mut tokens

{

} ()fn main
i ("let expr = parse("10+foo+20-30
; ("{?:println! ("{expr

Jzoly 29.7.1

;use thiserror: :Error
;use std::iter: :Peekable
;use std::str::Chars

.An arithmetic operator ///
[ (derive(Debug, PartialkEq, Clone, Copyl#

} enum Op
,Add
,Sub

{

.A token in the expression language ///
[ (derive(Debug, PartialkEql#
} enum Token
, (Number (String
, (Identifier(String
, (Operator(Op
{

.An expression in the expression language ///
[ (derive(Debug, PartialEq]#
} enum Expression
.A reference to a variable ///
, (Var(String
.A literal numbexr ///
, (Number(u32
.A binary operation ///
, (<Operation(Box<Expression>, Op, Box<Expression
{

} fn tokenize(input: &str) -> Tokenizer
; (()return Tokenizer(input.chars().peekable

{

[ (derive(Debug, Error]#
} enum TokenizerError
[("6.\9)9 ) "{0}" O)buuﬁ)df_ )Qd|)|d")error]#
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, (UnexpectedCharacter(char
{

; (<<struct Tokenizer<'a>(Peekable<Chars<'a

} <impl<'a> Tokenizer<'a
} fn collect_number(&mut self, first_char: char) -> Token
; (let mut num = String::from(first_char
} ()while let Some(&c @ 'Q@'..='9') = self.0.peek
; (num.push(c
; ()self.0.next
{

(Token: :Number (num

{

} fn collect_identifier(&mut self, first_char: char) -> Token
;(let mut ident = String::from(first_char
} ()while let Some(&c @ ('a'..='z" | '_" | '0'..='9")) = self.0.peek
; (ident.push(c
;()self.0.next
{

(Token: :Identifier(ident

{

} <impl<'a> Iterator for Tokenizer<'a
;<type Item = Result<Token, TokenizerError

} <<fn next(&mut self) -> Option<Result<Token, TokenizerError

;?2()1let ¢ = self.0.next

} match c
, (((Some(Ok(self.collect_number(c <= '9'=..'0"'
,(((at..="z" | '"_" => Some(Ok(self.collect_identifier(c'
,(((Some(Ok(Token: :Operator(Op::Add <= '+'
, (((Some(Ok(Token: :Operator(Op::Sub <= '-'
,(((Some(Err(TokenizerError: :UnexpectedCharacter(c <= _

{

[ (derive(Debug, Error]#
} enum ParserError
[("{0} :&ilowoSe slbg")error]#
, (TokenizerExror(#[from] TokenizerError
[("s3919 13 obwoast olslo")error]#
,UnexpectedEOF
[("{?:0} obwypst (token) ySguw")error]#
, (UnexpectedToken(Token
[(")owegaly olaus™)error]#
, (InvalidNumber (#[from] std::num::ParseIntError
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} <fn parse(input: &str) -> Result<Expression, ParserError
; (let mut tokens = tokenize(input

)<fn parse_expr<'a
,<tokens: &mut Tokenizer<'a
} <Result<Expression, ParserError <- (
;77 (let tok = tokens.next().ok_or(ParserError::UnexpectedEOF
} let expr = match tok
1 <= (Token: :Numbexr (num
;?7()1let v = num.parse
(Expression: :Number(v
{
,(Token: :Identifier(ident) => Expression::Var(ident
,((Token: :Operator(_) => return Err(ParserError::UnexpectedToken(tok
A
.Look ahead to parse a binary operation if present //
} ()Ok(match tokens.next
,None => expr
)Some (Ok (Token: :Operator(op))) => Expression::Operation
, (Box: :new(expr
, 0p
, (?(Box: :new(parse_expr(tokens
/(
,(()Some(Exrr(e)) => return Err(e.into
, ((Some(Ok(tok)) => return Err(ParserError::UnexpectedToken(tok
({
{

(parse_expr(&mut tokens
{

} <()>fn main() -> anyhow: :Result
;?7("let expr = parse("10+foo+20-30
;("{?:println! (" {expr
(())0k
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Ol ol Soueso0s Olussst b zezue 35 sule 9 3010338 (gl by sJuleplS supyl logSiss 3l sty
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ol unsate I «alle logl ows glzyl pag lal wul oypl 380, ol slz gl

} ()fn main
J(MTonleo w@ha")let mut s = String::from

;let rl = &mut s as *mut String
;let r2 = rl as *const String

SAFETY: 11 and r2 were obtained from references and so are guaranteed to //
be non-null and properly aligned, the objects underlying the references //
from which they were obtained are live throughout the whole unsafe //
block, and they are not accessed either through the references or //
.concurrently through any other pointers //
} unsafe

;(rl* " {} rogwe yobho println!("rl

i ("g00l")rl = String::from*

s(xr2* " {} rouwe yobho println!("r2

{

.NOT SAFE. DO NOT DO THIS //
*/
;{ let r3: &String = unsafe { &*rl
; (drop(s
;(println!("xr3 is: {}", *r3
/*
{

.This slide should take about 10 minutes
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https://doc.rust-lang.org/std/ptr/index.html#safety

s6st e Jolg wole goysgws  30.3

roul hbEew sedelissst e Seolo gl st op S psyleg
;s pldue" = static HELLO_WORLD: &str

} () fn main
;("{println! ("HELLO_WORLD: {HELLO_WORLD
{

mutable gloy e wa (o iy o gapled o8 7y Wil (Sap loosls gouldy belyyn o8 celzal 3l WJlzaelle
el gl static

;static mut COUNTER: u32 = 0

} (fn add_to_counter(inc: u32
"SAFETY: There are no other threads which could be accessing "~COUNTER //
} unsafe
;COUNTER += inc
{
{

} ()fn main
; (add_to_counter (42

"SAFETY: There are no other threads which could be accessing "COUNTER //
} unsafe
; ("{println! ("COUNTER: {COUNTER
{
{

.This slide should take about 5 minutes
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oS _\_)l_) 399 6“)'9? ‘?l ‘CJu_u‘ 83 o_sél &JS )9&3 ] (mutable) )66&0 Ju‘a static ‘56 _')I ogléaunl b
s lé heap allocator ‘56 6'JC| JC)C)'? ‘JQ'Z\‘;) 6éboe no_std 066“3 Cbx)"' 6'0)5 BN C)u_ul O‘SPP
.Colai o bawyp GlbAPT 31 o0 o

05l Ssyz osls g9y 30.4

B3eoS eolesy Iy active field lasgg selo Ia o 1ol wye s lsenuUM sy la leUNioN yob oy gpo
[(repr(C]l#
} union MyUnion
,i: u8
,b: bool
{

} ()fn main
;{ let u = MyUnion { i: 42
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;({ println!("int: {}", unsafe { u.i
Iprintln!("bool: {}", unsafe { u.b }); // Undefined behavior
{

.This slide should take about 5 minutes

.4505 oal;éaw.»l enum ;! 46()'9069 idg?tp b&) STV jléo 339p W3y oY Rust s lsUnion 6J~5 39 o
oo 3ley yep CoglEolas ¢lbAPI G Jalees glyo wlggl ol S loy]

std: :mem: : transmute](https://doc.rust-11Jlaoz! oS seued gsldoa ¢ og Hlogow s law gl s golor g bsd 43I
suez souls safe wrapper S lg ( seelsgp 1y lang.org/stable/std/mem/fn.transmute.html
.(zerocopy(https://crates.io/crates/zerocopy]

C)P”C) f«_glga 30.5

oplly gleswp suloglyd
oS Ju;b'g 6&9]&' \5|bb)ufbu}‘4\5g éblé )Sl S 6)]35(.’)9'J& unsafe Ol906? Iy method lk_; function Ss
BeoS weley petutely slady 3l oeSelz gliw ssle
} "extern "C
;fn abs(input: 1i32) -> i32
{

} () fn main
P~ = let emojis

SAFETY: The indices are in the correct order, within the bounds of the //
.string slice, and lie on UTF-8 sequence boundaries //
} unsafe
;((println!("emoji: {}", emojis.get_unchecked(0..4
;((println!("emoji: {}", emojis.get_unchecked(4..7
i ((println!("emoji: {}", emojis.get_unchecked(7..11
{

; (({ (println!("char count: {}", count_chars(unsafe { emojis.get_unchecked(0..7

SAFETY: “abs’ doesn't deal with pointers and doesn't have any safety //
.requirements //
} unsafe
J(C: {37, abs(-3 Gob -¥ GJbp Hb@p") !println
{

INot upholding the UTF-8 encoding requirement breaks memory safety //
;({ (println!("emoji: {}", unsafe { emojis.get_unchecked(@..3 //
} println!("char count: {}", count_chars(unsafe //
; (({ (emojis.get_unchecked(@..3 //
{

} fn count_chars(s: &str) -> usize
()s.chars().count
{
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oplley loswa o gy

-0 J&OI9O6? ‘JO)‘J jl&o &&‘t bébuﬁa o uotu,uplu sloddy sl 63539\)& 6‘)'“.“ Iy 39T §|OJ)~5JP& )3|
BeoS oliSwal e unsafeyloye
.Swaps the values pointed to by the given pointers ///
/117
Safety # ///
11/
.The pointers must be valid and properly aligned ///
} (unsafe fn swap(a: *mut u8, b: *mut u8
;let temp =

;a = *b*

;b = temp*
{

} ()fn main
;let mut a = 42

;let mut b = 66
:SAFETY //
} unsafe
; (swap(&mut a, &mut b
{

J(println!("a = {}, b= {}", a, b

.This slide should take about 5 minutes

oelly sleswa gylozlyd

Suilo @ uyaly osgaza 33 38l gy aal gplly unchecked_ ¢ wlge yesStsey s get_unchecked ¢ ol
60‘9C‘J‘9 el (FFI) LSC)‘C &u‘u S oyl ol @yl 6)‘564 Jedsows abs DS Jltél UB S 40'9“’6?
05 speasp plzol sglesSeslual 1o 1y sglaslS golser o o5 ol SlastSuse soles Isper szile eolow
dloF s bgly i yo e il (1 Spp Ceole jo g JS sob o Il S o3y Iy Rust slsdlx Jap ol i Spp

Suilosauls g o aply sloddy

SO e0 s 93 560 3563 GleABLL.o ul ABI Jless oyl 53 "C" gmgagopline ol

C)P”C) 6'“09 OCJQ:Z:QO

o opgl sebow plamgp 1 51S gl - pepSepy osldouel sWapgwle Se glye lopointer Sl ¢ sls 5 1p
2l plz gl loreference

asl peolowee Ip uQul slzp unsafe Sy o yasw gplly gules Se s u?”o 38 08 sl e yals sz ow
9 3805 0Bl a1 Iy ol 3608 s oS Slzrrst [(deny(unsafe_op_in_unsafe_fnl# 1o 1) s
338 solgF st e RUSt o o3 yugy 3 lJ'Pu‘CI ol ol g g3l oz sy
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https://doc.rust-lang.org/reference/items/external-blocks.html

oplly (Traits) ol o gl woslews 30.6

wout ©38Salz vetutply ol Sl 1w 508 gep e s suelE byt sgle ilpweslew 53T e wlow spylp
LS eldSwal e unsafe sleggow y ¢336s S asulowgp
1wl el e o g gisz oS syl plly 653s59 S zerocopy crate (Jlwps gly

;use std::mem::size_of_val
;use std::slice

11/
Safety # ///
.The type must have a defined representation and no padding ///
} pub unsafe trait AsBytes
} [fn as_bytes(&self) -> &[u8
} unsafe
)slice: :from_raw_parts
,self as *const Self as *const u8
, (size_of_val(self

{

.SAFETY: "u32 " has a defined representation and no padding //

{} unsafe impl AsBytes for u32

.This slide should take about 5 minutes

sl pild blygn 08 sl owyals sz g (trait) e o ¢l ¢lyo Rustdoc ys Safety # jupo Seasgle
303 Z g P9 Iy trait C)é' OP&S' 6‘)&'

sl yoesgz e 9 90 solleb lowosy AsBytes o sedls sopyl it

Soe o (unsafe) ol Sync g Send g J#1s ¢lo ¢S50

]?FI'VVi?ipq)er'nggg‘3Pl 30.7

foreign ozl golo boly 3esb 3l golew golaghd o gos? slepw sologosng Rust oloj
PeuS e 0alBdw yul libc g low glyow opl gt S ol glye ol 3l s wayls (function interface (FFI

BuS gp 03lBE yul & uyed S ¢ s le el aly agle lyw C il oS
:‘)6&5 o&@be |eoo|) Olt;éuo oy ‘\50‘936? ‘f\)j‘

(opendir(3
(readdir(3
(closedir(3

ssoS sasp y std i Tl selozop wsozpe

o.\l;éﬁ)u.ul 6)'33393 t'gol
Rust ys yesa ya3lsyes UTF-8 String g str
Ceulow lu bluw)l NUL-terminated CStr and CString
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https://docs.rs/zerocopy/latest/zerocopy/trait.AsBytes.html
https://man7.org/linux/man-pages/man3/opendir.3.html
https://man7.org/linux/man-pages/man3/readdir.3.html
https://man7.org/linux/man-pages/man3/closedir.3.html
https://doc.rust-lang.or
https://doc.rust-lang.org/std/primitive.str.html
https://doc.rust-lang.org/std/string/struct.String.html
https://doc.rust-lang.org/std/ffi/struct.CStr.html
https://doc.rust-lang.org/std/ffi/struct.CString.html

ol by ol &)ngp) glog!

Jelepoossus o blowsl gl Jeleposssu osote 0sString ¢ OsStr

1338 390lez S lotype ol plaes oo o

,str to CString: you need to allocate space for a trailing \@ character& e

,Aé)l.) jluﬁi) )SDJ‘QM ‘56 oy C gglgc) k_gc)lgtbgé L_;bg :const 18%* o CStIlng °

oS L’&‘;-) Iy O\ yoslls JO‘QC)g.) oS J§)|J jléﬁ) SIST o :CStr& o const i8* 3l e

Wl «oesElyy gl glossls ¢y ¢lyw universal interface o ¢lo slice S :[u8]& s CSTI& o

ol szl glye OSSTTEXT 31 i wl 0sString couw ow ¢plS 0sStr: &0sStr& o [UB]& 5l °
B3 6uS 0318w yul

0sStr to 0sString: you need to clone the data in &0sStr to be able to return it and& -
.call readdir again

S FFL sy0p 33 368 slspue Juod S gsozpe Nomicon 39p
23S o Iy o3 3988 3l gloswps 9 g olew g 360 S ¢S hittps://play.rust-lang.org/ ys 1y 65 28

SIGOS B3z dub ala plosiluweslse oS solay 1 ol :TODO //
[ (allow(unused_imports, unused_variables, dead_code]!#

} mod ffi
;{use std::os::raw::{c_char, c_int
[(("cfg(not(target_os = "macos]#
;{use std::os::raw::{c_long, c_uchar, c_ulong, c_ushort

.Opaque type. See https://doc.rust-lang.org/nomicon/ffi.html //
[ (repr(Cl#
} pub struct DIR
, [data: [u8; 0_
,<(marker: core::marker::PhantomData<(*mut u8, core::marker::PhantomPinned_

{

Layout according to the Linux man page for readdir(3), where ino_t and //
off_t are resolved according to the definitions in //
.{usr/include/x86_64-1inux-gnu/{sys/types.h, bits/typesizes.h/ //
[(("cfg(not(target_os = "macos]#
[ (repr(Cl#
} pub struct dirent

,pub d_ino: c_ulong

,pub d_off: c_long

,pub d_reclen: c_ushort

,pub d_type: c_uchar

, [pub d_name: [c_char; 256
{

. (Layout according to the macOS man page for dir(5 //
[(("cfg(all(target_os = "macos]#
[ (repr(Cl#
} pub struct dirent
,pub d_fileno: u64
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https://doc.rust-lang.org/std/ffi/struct.OsStr.html
https://doc.rust-lang.org/std/ffi/struct.OsString.html
https://doc.rust-lang.org/std/os/unix/ffi/trait.OsStrExt.html
https://doc.rust-lang.org/nomicon/ffi.html
https://play.rust-lang.org/

,pub d_seekoff: u64

,pub d_reclen: ul6

,pub d_namlen: ulé6

,pub d_type: u8

, [pub d_name: [c_char; 1024
{

} "extern "C
;pub fn opendir(s: *const c_char) -> *mut DIR

[((("cfg(not(all(target_os = "macos", target_arch = "x86_64]#
;pub fn readdir(s: *mut DIR) -> *const dirent

See https://github.com/rust-lang/libc/issues/414 and the section on //
. (DARWIN_FEATURE_64_BIT_INODE in the macOS man page for stat(2_ //

/1

Platforms that existed before these updates were available" refers" //
.to mac0S (as opposed to i0S / wear0S / etc.) on Intel and PowexrPC //
[(("cfg(all(target_os = "macos", target_arch = "x86_64]#

["1ink_name = "readdir$INODE64]#

;pub fn readdir(s: *mut DIR) -> *const dirent

;pub fn closedir(s: *mut DIR) -> c_int

{

;{use std::ffi::{CStr, CString, OsStr, OsString
;use std::os::unix::ffi::0sStrExt

[ (derive(Debug]#

} struct Directorylterator
,path: CString
,dir: *mut ffi::DIR

{

} impl DirectoryIterator
} <fn new(path: &str) -> Result<Directorylterator, String
,Call opendir and return a Ok value if that worked //
.otherwise return Exrr with a message //
() 'unimplemented

{

} impl Iterator for Directorylterator
;type Item = OsString
} <fn next(&mut self) -> Option<0sString
.Keep calling readdir until we get a NULL pointer back //
() 'unimplemented
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} impl Drop for Directorylterator
} (fn drop(&mut self
.Call closedir as needed //
() 'unimplemented

{

} <fn main() -> Result<(), String
;?2(".")1let iter = Directorylterator: :new
()<< >println!("files: {:#?}", iter.collect::<Vec
(())0k

Jzoly 30.7.1

} mod ffi
;{use std::os::raw::{c_char, c_int
[(("cfg(not(target_os = "macos]#
;{use std::os::raw::{c_long, c_uchar, c_ulong, c_ushort

.Opaque type. See https://doc.rust-lang.org/nomicon/ffi.html //
[(repr(Cl#
} pub struct DIR
,[data: [u8; 0_
,<(markexr: core::marker::PhantomData<(*mut u8, core::marker::PhantomPinned_

{

Layout according to the Linux man page for readdir(3), where ino_t and //
off_t are resolved according to the definitions in //
.{usr/include/x86_64-1inux-gnu/{sys/types.h, bits/typesizes.h/ //
[(("cfg(not(target_os = "macos]#
[(repr(Cl#
} pub struct dirent

,pub d_ino: c_ulong

,pub d_off: c_long

,pub d_reclen: c_ushort

,pub d_type: c_uchar

, [pub d_name: [c_char; 256
{

. (Layout according to the macOS man page for dir(5 //
[(("cfg(all(target_os = "macos]#
[(repr(Cl#
} pub struct dirent
,pub d_fileno: u64
,pub d_seekoff: u64
,pub d_reclen: ul6
,pub d_namlen: ulé6
,pub d_type: u8
, [pub d_name: [c_char; 1024
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} "extexn

;pub fn opendir(s: *const c_char) -> *mut DIR

[((("cfg(not(all(target_os = "macos", target_arch = "x86_64]#
;pub fn readdir(s: *mut DIR) -> *const dirent

See https://github.com/rust-lang/libc/issues/414 and the section on //
. (DARWIN_FEATURE_64_BIT_INODE in the macOS man page for stat(2_ //

//

Platforms that existed before these updates were available" refers" //
.to mac0S (as opposed to i0S / wear0S / etc.) on Intel and PowexrPC //
[(("cfg(all(target_os = "macos", target_arch = "x86_64]#

["1link_name = "readdir$INODE64]#

;pub fn readdir(s: *mut DIR) -> *const dirent

;pub fn closedir(s: *mut DIR) -> c_int

"C

{

;{use std::ffi::{CStr, CString, OsStr, OsString
;use std::os::unix: :ffi::0sStrExt

[ (derive (Debug]#

} struct Directorylterator
,path: CString

,dir: *mut ffi::DIR

{

} impl DirectoryIterator
} <fn new(path: &str) -> Result<DirectorylIterator, String

,Call opendir and return a Ok value if that worked //
.otherwise return Exrr with a message //
= let path
;20" {err} owealy Hsowp™) 1 CString: inew(path) .map_err(|err| format
.SAFETY: path.as_ptr() cannot be NULL //
;{ (()let dir = unsafe { ffi::opendir(path.as_ptr
Y ()if dir.is_null
((path , "5 5l ) {71} olowspn™) 'EXT(format
1} else {
({ Ok(DirectoryIterator { path, dir
{

{

} impl Iterator for DirectoryIterator
;type Item = 0sString
} <fn next(&mut self) -> Option<0sString

.Keep calling readdir until we get a NULL pointer back //
.SAFETY: self.dir is never NULL //
;{ (let dirent = unsafe { ffi::readdir(self.dir
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} ()if dirent.is_null
.We have reached the end of the directory //
;xreturn None
{
SAFETY: dirent is not NULL and dirent.d_name is NUL //
.terminated //
;{ (()let d_name = unsafe { CStr::from_ptr((*dirent).d_name.as_ptr
;(()let os_str = OsStr::from_bytes(d_name.to_bytes
(()Some(os_str.to_owned

{

} impl Drop for Directorylterator
} (fn drop(&mut self
.Call closedir as needed //
} ()if !self.dir.is_null
.SAFETY: self.dir is not NULL //
} if unsafe { ffi::closedir(self.dir) } != 0
s (self.path ,"ssp00 b {70} olowspn™) 'panic

{

{

} <fn main() -> Result<(), String
;2(".")1let iter = DirectoryIlterator: :new
;(()<<>println!("files: {:#?}", iter.collect::<Vec
(())0k

{

[(cfg(test]#
} mod tests
;*¥1:use super
;use std::error::Exror

[test]#

} ()fn test_nonexisting_directory
F("reSHsly ol ewlyp 0" )1let iter = Directorylterator::new
;(()assert! (iter.is_err

{

[test]#
} <<fn test_empty_directory() -> Result<(), Box<dyn Error
;?7()let tmp = tempfile::TempDir: :new
)let iter = Directorylterator: :new
L2 (Msop 0o UTF-8 8 ouwsen ") tmp.path() . to_str().ok_or
2
;()<<_>let mut entries = iter.collect::<Vec
;()entries.sort
s rt.." " "1& ,assert_eq! (entries
(())0k
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{

[test]#
} <<fn test_nonempty_directory() -> Result<(), Box<dyn Error
;?2()1let tmp = tempfile::TempDir: :new
;2("n\ wuwl Foo whblg osl” ,("std::fs::write(tmp.path().join("foo.txt
;2("std: i fs:iwrite(tmp.path().join("bar.png"), "<PNG>\n
;?2("std::fs::write(tmp.path().join("crab.xs"), "//! Crab\n
)let iter = Directorylterator::new
2 ("sump 0o UTE-8 58 ouwsen ™) tmp.path() . to_str().ok_or
72
i ()<<_>let mut entries = iter.collect::<Vec
;()entries.sort
, "bar.png", "crab.rs", "foo.txt

(())0k

;(["assert_eq! (entries, &[".",
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Firmware: pKVM firmware ¢
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https://security.googleblog.com/2022/07/dns-over-http3-in-android.html
https://lore.kernel.org/rust-for-linux/20231101-rust-binder-v1-0-08ba9197f637@google.com/
https://security.googleblog.com/2023/10/bare-metal-rust-in-android.html

32 | ol
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369U osplop 3S podleF vsldes wl 3o 38 Luelail ¢lyw Cuttlefish Android Virtual ol Ses ws S 3l 1a
1380S Azl 363z 339p S lg 3ls umyems logl 3l g S 0w 08
source build/envsetup.sh
lunch aosp_cf_x86_64_phone-trunk_staging-userdebug
acloud create
(Android Developer Codelab](https://source.android.com/docs/setup/start] so ol gz ¢lyw b
oS ozl
18]S wlsy
SPOPE s0Sou6d ¢l WIS s ggy 30 IS lyo 08 Wl ¢z s Android device Ss Cuttlefish -
gl osgn g3gropline sso MaAcOS 3l gplogoyag .ol osgs gzl
slyw Jlosgl 3luuo ey g 33ls 8 8lg slool S s 0w g ¢l I sog s Cuttlefish system image ¢l °
.CJu_ul Rust j| OJI;éCJuJJI A)lg‘: j[ 6)'60""“.) 6')@'
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S ¢p s¢lew Rust binary s ¢ rust_t_)inary

30 835 ¢ selow Rust olzoles S rust_library
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osldes ! Julg Rust Coylzulas S rust_ffi
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SuSsp
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Rust fuzz ¢, ¢lo libfuzzer s¢ rust_fuzz
=S ep dsdow
S 930S p eJew source S rust_protobuf

S 0S8 35S 6p ssJow Rust oplzwloss
wol# protobuf s ¢l interface
.JO\S&P eob;é

56 9 305‘5? JéJgC) source “56 IUSt_bindgen
Rust ¢losyo ol Rust oylzuiles
DS ep sedew C glooylzrolas su

)8 peolef ol Sy TUST_binary o rust_binary ow splsl ys
B80S 383wl §Spe phutus 05 ©3Sss Llop
soduls ooyl 3l 1y lepackage o eozpo o sl 03 iy &iluwosgew suluisyz slorepo ¢lyo Cargo o
SOS gp
C/C++[Java sS 1w sglas eozed sutle ocs als crates in-tree s glu sggss0! (sglslS o Blobyl glyw *
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Soong has many similarities to Bazel, which is the open-source variant of Blaze (used in *

.(google3
.Fun fact: Data from Star Trek is a Soong-type Android e

Rust Binaries 33.1

oS Azl 1y 56y glo Jgl® AOSP S o gy 33 .p oS Eonun 03l w 0aleyyn Sl a0 ol
:hello_rust/Android.bp

} rust_binary
,"name: "hello_rust
,"crate_name: "hello_rust
,["srcs: ["src/main.rs

{
:hello_rust/src/main.rs
.Rust demo !//

.Prints a greeting to standard output ///
} ()fn main

; ("!Rust ;I alJue™) 'println
{

360 bzl o Push wel o 1y siosle sealowsr poosS!

m hello_rust
adb push "$ANDROID_PRODUCT_OUT/system/bin/hello_rust" /data/local/tmp
adb shell /data/local/tmp/hello_rust

IHello from Rust

Rust clooylzulos  33.2
.JéQSée o.sl;éc;u.ul Android stg 383T Rust oo‘tglus S J'Cél she IUSt_libIaIy 3l ‘f\)j‘

penSep pldel ly onlFolos gy ow cSwuoly Sela lzyel 5o

PEOS 6 Byt W 36l 93 0S8 LHeE ,libgreeting -
./libtextwrap, which is a crate already vendored in external/rust/crates ¢

:hello_rust/Android.bp

} rust_binary
,"name: "hello_rust_with_dep
,"crate_name: "hello_rust_with_dep
,["srcs: ["src/main.rs
] :rustlibs
,"libgreetings™
,"libtextwrap"
L

.prefer_rlib: txrue, // Need this to avoid dynamic link error
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https://bazel.build/
https://cs.android.com/android/platform/superproject/+/master:external/rust/crates/

} rust_library
,"name: "libgreetings
,"crate_name: "greetings
,["srcs: ["src/lib.rs

{
:hello_rust/sr¢/main.rs
.Rust demo !//

;use greetings::greeting
;use textwrap::fill

.Prints a greeting to standard output ///
} ()fn main

s ((printIn!("{}", fill(&greeting("Bob"), 24
{

:hello_rust/src/lib.rs

.Greeting library !//

. Greet “name ///
} pub fn greeting(name: &str) -> String

("tadlzobeg Dlsore laud o sulousl 51 «{name} alJuw") ! format
{
oS bzl o Push seiluw gp Jod soole b wosle

m hello_rust_with_dep
adb push "$ANDROID_PRODUCT_OUT/system/bin/hello_rust_with_dep" /data/local/tmp
adb shell /data/local/tmp/hello_rust_with_dep

Hello Bob, it is very
Inice to meet you
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AIDL

Bouber solwewyse Rust ys (Android Interface Definition Language (AIDL

NS 60'96‘)‘é Iy 39Zop AIDL &‘0)9)&4 JQ'QCA P Rust ss
BeoS slz gl Rust ys 1y AIDL s ooz gloygsm ssolowep ®

Birthday BERL IR U.IJJQPT 34.1

.9\505 SUIIY Iy Binder buly J‘Cé‘ 3390 fséolgaép |r'> Binder o Rust 3l oaléaQAI X Yal¥ QJ‘JQ'JBQ ‘_;l)g
w8 ol lo oS pemsayse Iy ©usldS 38 pe 9 poiSp Giluweslew by o3 i B eaw Loy po L
SOSgp BOTe

AIDL Interfaces 34.1.1

:‘\SC)‘SLSP PIJEJ AIDL interface “56 j[ o.sl;éod.ul Ig b Jgt BERL SR API 'Puﬂ
:birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl

/* .Birthday service interface **/
} interface IBirthdayService

/* .Generate a Happy Birthday message **/

; (String wishHappyBirthday(String name, int years
{

:birthday_service/aidl/Android.bp

} aidl_interface
,"name: "com.example.birthdayservice
,["srcs: ["com/example/birthdayservice/*.aidl
,unstable: true
} :backend
rust: { // Rust is not enabled by default
,enabled: true
A
A
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sl b yul package sl I sl 7aidl gyoemSycls s 39Syl sloglw oS s g plo o yuls oo o
com.example.birthdayservice se o Jleaylangow synlo omuls s gulbs AIDL Jld yo o5
.l aidl/com/example/IBirthdayService.aidl ys J¢led ol o 039w

Generated Service API 34.1.2
.(‘)u,u' BN SR% o RS OST e &l)g trait .JC)S&? JéJg(') interface J&)&C‘J o églb? trait S Binder
:birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl

/* .Birthday service interface **/
} interface IBirthdayService

/* .Generate a Happy Birthday message **/

; (String wishHappyBirthday(String name, int years
{

:Generated trait

} trait IBirthdayService
;<fn wishHappyBirthday(&self, name: &str, years: i32) -> binder::Result<String
{

logsgoros I oz sliw 65369 oul 3l ot ©0eldS 8 308 Gilpmeslew 1y trait ool sglo lp s sugarue
S Jolgt bJ‘LéC)u.ul
/<out/soong/.intermediates/<path to module ys ;low ¢p Iy o3 3o closyogy ®
.CJ;@‘é
lo (e 85l o olagSyl clotype o3cs 0w sy 3¢ o fUNction signature o3z 05 35058 oyl ol ®
yls w@ulbs interface & gye o
type glooe oo STTiNg ow wuwy RUSt cesgldess type ou sz op olpoSyl ¢lye String -
B9GP SD S

'au.uég_)u,u 65‘&(’)'&%’ 34.1.3

peS Giluweslge Iy AIDL (ugosus peplosp vapS!

:birthday_service/src/lib.rs
irthdayservice::aidl::com::example: :birthdayservice: :IBirthdayService: :IBirthdaySexrvice

;use com_example_birthdayservice: :binder

.The "IBirthdayService  implementation ///
;pub struct BirthdayService

{} impl binder::Interface for BirthdayService

} impl IBirthdayService for BirthdayService
} <fn wishHappyBirthday(&self, name: &str, years: i32) -> binder::Result<String
(("!'Ok(format! ("Happy Birthday {name}, congratulations with the {years} years
{
{

:birthday_service/Android.bp
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} rust_library
,"name: "libbirthdayservice
,["srcs: ["src/lib.rs
,"crate_name: "birthdayservice
] :rustlibs
,"com.example.birthdayservice-rust"
,"libbinder_xs"

I [

lo g 31 S y0 Lz 08 sgoszsu@ow o sy oyl sl IBirthdayService trait slzgl youp 0w ®

ol gye300

override clyo geloswp gl Ssosp plzyl ©olS oz binder: : Interface (35495 TODO: trait e

rthdayservice::aidl::

(()binder: :add_service(SERVICE_IDENTIFIER, birthday_service_binder.as_binder

S ulz S source Ssyls sgzo

AIDL Server 34.1.4

:30‘56? expose Iy UE89Ius 0SS ?&O‘S J|t$| RSN ?&Obc’ SP ‘06‘00 BN)
:birthday_service/src/serverrs

.Birthday service !//

;use birthdayservice::BirthdayService

com: :example: :birthdayservice: :IBirthdayService: :BnBirthdayService
;use com_example_birthdayservice: :binder

;"const SERVICE_IDENTIFIER: &str = "birthdayservice

.Entry point for birthday service ///
} () fn main
;let birthday_service = BirthdayService
)let birthday_service_binder = BnBirthdayService: :new_binder
,birthday_service
, (Ybinder: :BinderFeatures: :default

; (

;("expect("Failed to register service.
()binder: :ProcessState::join_thread_pool
{

:birthday_service/Android.bp

} rust_binary

,"name: "birthday_server

,"crate_name: "birthday_server

,["srcs: ["src/server.rs

] :rustlibs
,"com.example.birthdayservice-rust"
,"libbinder_xs"
,"libbirthdayservice"

,[

.prefer_rlib: txue, // To avoid dynamic link error
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oS BirthdayService ¢g, 90 gl 33) 3lS begw eanbeyes ooy Se bzl Ju&bd
_\_)I_) OJC-)P SUE Binder BrRLIR" ‘56 u|gu&ou u| Foub 9 (Ju‘séf’ \5)';)"“’“'6‘) b IBlIthdaySer1ce
she Binder 3l loQI )5‘ Sueyd yby e JUIOJJS u_)lt d‘ o U'J9P‘u“ub °tu| 3l I3 TS uu.u' Q‘SPP 9
ol a3l o dzae so bz 0SS s ges Z g pow ¢ ‘)9{>|UAU‘J 0 L3yayS 0al b yul 6)55.5 oleile ++C
LeuS Mzl (BlrthdaySeIV1ce) 39 oo oo il sleepy d
oyl (BnBirthdayServicewygp ol 33) 3600 518 obgwys BN* type ys Iy service object ¢l .2
o&kﬂ; UJJ‘JS bu,ugo Y JQ“SLSP °(§bl Iy Binder a&b JJSJ?& FRERRYS JéJgC) Binder bu_uga €90
3 e 3 sl peslsy inheritance lg syl Rust s ‘f’ Soubep ol ++C 5 BnBinder
osub seJow BnBinderService ys1ys9¢ BirthdayService g 5 ¢S cp COMpoSition o ¢S yes
) pso3sp 33
Sub) 3603 39E LI Sut 8 s dusloud S ol 0 9 360S suletld |y add_service .3
(Jlesp 5o «BnBirthdayService»
93¢0 ol ol Binder thread ous Iy ¢ Jgd thread I s ¢S gploglyd Iy join_thread_pool .4
3gyS lsconnection glyws ¢als (398 o0 gy

)')&UQA' 34.1.5

oS osut 9 peusS PUSh g3l pua 1y Lugosus peolowgr sousS!

m birthday_server

adb push "$ANDROID_PRODUCT_OUT/system/bin/birthday_server" /data/local/tmp
adb root

adb shell /data/local/tmp/birthday_server

tagut izl sussssun sl 08 s6S s 086 Jlogpae 5

adb shell service check birthdayservice

Service birthdayservice: found

36283 palpe Luggsw I service calllo sgylowep psozpe

adb shell service call birthdayservice 1 s16 Bob 132 24
)JResult: Parcel

'.0x00000000: 00000000 00000036 00610048 @0700070 '....6...H.a.p.p
'.0x00000010: 00200079 00690042 00740072 00640068 'y. .B.i.r.t.h.d
". .,.0x00000020: 00790061 00420020 0062006 0020002c 'a.y. .B.o.b
'.0x00000030: 006T0063 0067006e 00610072 00750074 'c.o.n.g.r.a.t.u
'. .0x00000040: 0061006Cc 00690074 006e006f 00200073 'l.a.t.i.o.n.s
' .0x00000050: 00690077 00680074 00740020 00650068 'w.i.t.h. .t.h.e
'.0x00000060: 00320020 00200034 00650079 00720061 ' .2.4. .y.e.a.r
(A | .0x00000070: 00210073 00000000 's

AIDL Client 34.1.6

pouS Szl 392 3637 s sl Rust client S pplaw op Ip wglogyss
:birthday_service/src/client.rs

irthdayservice::aidl::com::example: :birthdayservice: :IBirthdayService: :IBirthdaySexrvice
;use com_example_birthdayservice: :binder

;"const SERVICE_IDENTIFIER: &str = "birthdayservice
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.Call the birthday service ///
} <<fn main() -> Result<(), Box<dyn Error
;(("let name = std::env::args().nth(1l).unwrap_or_else(|| String::from("Bob
()let years = std::env::args
(nth(2.
(()and_then(|arg| arg.parse::<i32>().ok.
; (unwrap_ox (42.

;()binder: :ProcessState: :start_thread_pool
(let service = binder::get_interface::<dyn IBirthdayService>(SERVICE_IDENTIFIER
;?2("map_err(|_| "Failed to connect to BirthdayService.

.Call the service //
;?(let msg = service.wishHappyBirthday(&name, years
; ("{println! ("{msg

{

:birthday_service/Android.bp

} rust_binary

,"name: "birthday_client

,"crate_name: "birthday_client

,["srcs: ["src/client.rs

] :rustlibs
,"com.example.birthdayservice-rust"
,"libbinder_xrs"

L

.prefer_rlib: txue, // To avoid dynamic link error

{

Wy o wols libbirthdayservice oo client oS s g il s ynls oz g
oS Lzl g 0uyS pUSh =il 397 olsau,u.) »lhyoydlls

m birthday_client

adb push "$ANDROID_PRODUCT_OUT/system/bin/birthday_client" /data/local/tmp
adb shell /data/local/tmp/birthday_client Charlie 60

'Happy Birthday Charlie, congratulations with the 6@ years

08 &l g mgoyme 035030l 08 @l trait object S ¢ <Strong<dyn IBirthdayService e
Wl os i Jown ol oo vyl JS
0933 §'° ref J'A&c') po .C)Q,ul Binder L_gbg 6\.)1’)"90"’ 3P0 )30J|Q2‘.\| €90 S Strong -
global osrslpus po g 35S p Wy gsp trait object s oy« slyw Iy (in-process) k_;.so‘_;bgé
.JO».S&? &g)‘é.&) Iy JO)LS &[Eﬂ object o 0S5 1y 56'DJ06T)J Jl.)&c') oS Iy Binder
-sp 031wl Loy o wozge gl wugl)S oS trait object oS s ulos o uls oz g —
B~inder ‘56 6')‘.) .JQS&P 65'&“°J|u5? 393U oS “C)‘Séf o.\[;éC)u_u‘ 63359 O'Pb 3l lééé_\ ‘_\QS
ol 3l ey 20 9 aoelJS po oS & ol oy Jl@él Rust 65369 ls trait S NN interface
SaaS gp 0alde al
JTDJ&[ 39 o O\S' ..)505 o.)kéc;\_,ul RGO LY ?lgoo BERERY o.)lgéc‘)uul YRS RY °Q“|Ot)i’ OI?° 3l e
Souilo e uulg OT o s ulow gp 3o po 9 Wyl IS po oS sg il B gypw Sy s CTAtE S g yu s gl
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API QJ'J )‘.;L;ECJ 34.1.7

3l éaw&j ERA bj‘al Ol&)ﬁ)uﬁbﬁ oY ?6’)'9&&5? P oY u,u)uuug RS R JJSJ?& oy API 3603 bjlal
Bu0S Wt 3Jew IS gl |y bobE

;package com.example.birthdayservice

/* .Birthday service interface **/
} interface IBirthdayService

/* .Generate a Happy Birthday message **/

; (String wishHappyBirthday(String name, int years, in String[] text
{

Ddoubse IBirthdayService é‘)g 03 40 39y 0 53359 ;é‘_;fca ‘56 O ITUP O&l

} trait IBirthdayService
)fn wishHappyBirthday
,self&
,name: &str
,years: 132
, [text: &[String
;<binder::Result<String <- (

0pT I Rust 4s [Strlng] & Q‘go& o AIDL géé)tg") 3 [] String °O9SE 0SS J&ﬂ‘g oc)uﬁb oZ oW *
@l 5 Sap 08 cilz I s s Jow slobinding ys idiomatic Rust type 31 Jless ologgow oy gp
Ddoubse oJl;éCJdul
SUOUR P 0pTIY lsslice Y] in °6IJT 6[0 O'P9S)T -
Soouter opzyw <mut Vec<T& o inout g outgloylssdyl -
susubep 0pzae VeC<T puglySila ow g wSslo yealge -

lo wgasw 9 woeldS soluwiorew  34.1.8

BSOS 3930 38T API ;558 Sluez gy sosae 0 wuelJS oy 38
:birthday_service/src/lib.rs

} impl IBirthdayService for BirthdayService
)fn wishHappyBirthday
,self&
,hame: &str
,years: 132
, [text: &[String
} <binder::Result<String <- (
)!let mut msg = format
,"!Happy Birthday {name}, congratulations with the {years} years"

i (

} for line in text
; ("'msg.push('\n
;(msg.push_str(line

{
(Ok(msg
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{
:birthday_service/src/client.rs

)ylet msg = service.wishHappyBirthday
,Name&
,years
1&
, ("String::from("Habby birfday to yuuuuu
,("String: :from("And also: many more
o

;2

?TODO: Move code snippets into project files where they'll actually be built

AIDL ¢lg. lus 5lS 34.2

Soeuer 0T wuslup RUSE gzl bl oy o AIDL ¢loyl
Soeuiep wonlS idiomatic Rust type ov (R Primitive types lg ool glog!
BoeuBep soulw ey lostring type o Vec lsslice s, ¢la loCollection ¢lgpl o
38 J‘u.u)‘ 'OQA&Q)UA 9 leclient S8 Q‘QCJ\_;P Iy |0J6|;§ oL 3 g AIDL ObjECtS o E'CJ' *
Baouier salweyig JplS sob oo gapyow s g Jgld gloow s @

°6J9l t[go‘ 34.2.1

RN RYS C)u_'?.\lgo 1d10mat1cally Syg e O (TJ9?E’.P) Primitive type ‘6 \_;k_;bc')g‘ &'90‘

oSy Rust Type AIDL Type

bool booleanlsy ¢ Sow

owyals oz ges i8 byte
oS sl
luop! lows gl
Syles g

Sl oaldes yul o ulé char
BeuS oo Ulb
.u32 )

i32 int

i64 long

32 float

f64 double

String String

6'°6‘)i 6'°%~“6'0 3422

ow function signature ys loyl 3l saldes yul a9z 0w sy (KLLISt<T o ,[1T[], byte) oclyl glogl
Boaubep 0pTyw wuslyp Rust array type
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Rust Type Dt do

[T]1& in argument
<mut Vec<T& out/inout argument
<Vec<T Return

Ti1 oo [TIN ot dosuise solosouy ools oilsyl 1o glooghl poldlo 1o MY sgaysgl 53 ¢
Java yu . [Int[3] [4 so0lp) sounle segals s¢ o yesnz soolowep woles o3lsyl 1o gleoglyl L[N
Sogubep 03ls Jiglag array type loge oo woles oilagl Io glosglyl backend

SO9UB SR OPTIY <Vec<T oy oyl gpo parcelable slosJed 33 5oz 9p 6|oo§|ﬂ °

Sending Objects 34.2.3

ssaSly IBinder interface .lgoe 0w lg oz op AIDL ¢opy S olopgow glowea Iy AIDL objects
:..5)5 Jlu.u)l
:birthday_service/aidl/com/example/birthdayservice/IBirthdayInfoProvider.aidl

;package com.example.birthdayservice

} intexface IBirthdayInfoProvider
; ()String name
;()int years

{

:birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl

;import com.example.birthdayservice.IBirthdayInfoProvider

} interface IBirthdayService
/* .The same thing, but using a binder object **/
; (String wishWithProvider (IBirthdayInfoProvider provider

/* . The same thing, but using "IBinder **/
; (String wishWithErasedProvider(IBinder provider

{
:birthday_service/src/client.rs

.Rust struct implementing the "IBirthdayInfoProvider interface ///
} struct InfoProvider

,hame: String

,age: u8

{

{} impl binder::Interface for InfoProvider
} impl IBirthdayInfoProvider for InfoProvider
} <fn name(&self) -> binder::Result<String

(()Ok(self.name.clone
{

} <fn years(&self) -> binder::Result<i32
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(Ok(self.age as 132

{

} () fn main
;()binder: :ProcessState: :start_thread_pool
;("let service = connect().expect("Failed to connect to BirthdayService

.Create a binder object for the "IBirthdayInfoProvider  interface //
)let provider = BnBirthdayInfoProvider::new_binder

,{ InfoProvider { name: name.clone(), age: years as u8

, ()BinderFeatures: :default

i (
.Send the binder object to the service //

;?(service.wishWithProvider (&provider

"Perform the same operation but passing the provider as an "SpIBinder //
;?2(()service.wishWithErasedProvider (&provider.as_binder

BnBirthdayService s ylpo oyl 360y ozow BnBirthdayInfoProvider jloslde jul o @
e 1Jod o8 @l

lo gsgywow we  34.2.4
:Binder for Rust supports sending parcelables directly
:birthday_service/aidl/com/example/birthdayservice/BirthdayInfo.aidl
;package com.example.birthdayservice
} parcelable BirthdayInfo

;String name

;int years
{
:birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl
;import com.example.birthdaysexrvice.BirthdayInfo
} interface IBirthdayService

/* .The same thing, but with a parcelable **/

; (String wishWithInfo(in BirthdayInfo info
{

:birthday_service/src/client.rs

} () fn main
;()binder: :ProcessState: :start_thread_pool
;("let service = connect().expect("Failed to connect to BirthdayService

;?2({ service.wishWithInfo(&BirthdayInfo { name: name.clone(), years
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lo I3 syl 34.2.5

Binder gloygy w/locsyl)S e ParcelFileDescriptor ggp 3l ssldoul 1o glawea 1y lo Jgld
S Jlu,u)l
:birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl

} interface IBirthdayService
/* .The same thing, but loads info from a file **/
; (String wishFromFile(in ParcelFileDescriptor infoFile

{
:birthday_service/src/client.rs

} () fn main
;()binder: :ProcessState: :start_thread_pool
;("let service = connect().expect("Failed to connect to BirthdayService

.Open a file and put the birthday info in it //

;()let mut file = File::create("/data/local/tmp/birthday.info").unwrap
2 ("{writeln! (file, "{name

;2("{writeln! (file, "{years

.Create a "ParcelFileDescriptor from the file and send it //
;(let file = ParcelFileDescriptor: :new(file
;?(service.wishFromFile(&file

{
:birthday_service/src/lib.rs

} impl IBirthdayService for BirthdayService
)fn wishFromFile
,self&
,info_file: &ParcelFileDescriptor
} <binder::Result<String <- (

Convert the file descriptor to a 'File . "ParcelFileDescriptor  wraps //
“an ‘OwnedFd’, which can be cloned and then used to create a “File //
.object //
let mut info_file = info_file

()as_ref.

()try_clone.
(map(File: :from.
F(howealy Jelee Jyopst ) expect.

;()1let mut contents = String::new
;()info_file.read_to_string(&mut contents).unwrap

;()1let mut lines = contents.lines
;()let name = lines.next().unwrap
;()let years: 132 = lines.next().unwrap().parse().unwrap

(("!0k(format!("Happy Birthday {name}, congratulations with the {years} years
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1o) File S¢ 3l sglewep pulyelyw o 3uSep oblzl 1y OwnedFd s ParcelFileDescriptor
File 0L yud 5& J'E&‘ 6')‘.) JO|906? 9 "C)‘S _s|€$| (“C)‘Séf’ ob[t‘ b OwnedFd 5& oS &)Sé.\ £90 90
39U o.)LéC)uM )56_) ;é)b 333637

6“’ 059& .Jld‘)?ob“)&og 3yS J‘Qu_ﬂ 9 GIUL O Q|9C‘J Se Iy J&‘“é 6“’)5‘9&50"90 )Séd &‘90‘ *
.UNIX ¢ TCP. UDP
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35 | oub

Android 33 S & e

rust_test Jojlp 3l .oglayy pedlop AOSP 4o lsunit test 338 pg 007y 0 oS! TJesting yul wl yo
1360S 03lBw yul sgF azly glo wue glyo
:testing/Android.bp

} rust_library
,"name: "libleftpad
,"crate_name: leftpad
,["srcs: ["src/lib.rs

{

} rust_test
,"name: "libleftpad_test
,"crate_name: "leftpad_test
,["srcs: ["src/lib.rs
,host_supported: true
,["test_suites: ["general-tests

{
:testing/src/lib.rs
.Left-padding library !//

. Left-pad s’ to ‘width ///

} pub fn leftpad(s: &str, width: usize) -> String
("{$format! (" {s:>width

{

[(cfg(test]#
} mod tests
;*¥:use super

[test]#
} ()fn short_string

i ("assert_eq! (leftpad("foo", 5), " foo
{
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[test]#
} ()fn long_string
i ("assert_eq! (leftpad("foobar", 6), "foobar
{
{

lo by oo sgulow gp HopS!
atest --host libleftpad_test

el 6y JSun o sz asE

INFO: Elapsed time: 2.666s, Critical Path: 2.40s

.INFO: 3 processes: 2 internal, 1 linux-sandbox

INFO: Build completed successfully, 3 total actions

comprehensive-rust-android/testing:libleftpad_test_host PASSED in 2.3s//
(PASSED 1libleftpad_test.tests::long_string (0.0s
(PASSED 1libleftpad_test.tests::short_string (0.0s

Test cases: finished with 2 passing and @ failing out of 2 test cases

BN) k_;uuug_)lu Sygue o0 loagnc‘) 'Jéﬁ)‘séf’ S 1y oo‘tglas crate o iy b@d bc)gg@ 0S8 35S PT9
Boouiep Wbl g gwysg glogila

GoogleTest 35.1

plzol Iy sedpdlbe ol gunglail gloassert les sosea o3zl matchers 3l ssldes wl I GoogleTest swgz
13603

;*::use googletest::prelude

[googletest::test]#
} ()fn test_elements_are

;["let value = vec!["foo", "bar", "baz

; ((("expect_that!(value, elements_are!(eq(&"foo"), 1t(&"xyz"), starts_with("a
{

pin- 1, bz oS sl slwzl w (b sl oy Se e d‘bé‘pji o sest " Mo 1y suput O&Jti Ry
139F gp DusSub S gp Pointing
---- test_elements_are stdout ----
Value of: value
:Expected: has elements
"is equal to "foo .0
"is less than "xyz .1
"I" starts with prefix .2
,["Actual: ["foo", "bar", "baz
"1" where element #2 is "baz", which does not start with
at src/testing/googletest.rs:6:5
Exrror: See failure output above

.This slide should take about 5 minutes

local bzp S s ly Jlep el sle selyolyw wsey Rust Playground ;¢ 3o GoogleTest
osldes wl cargo add googletest jl.sgzop Cargo ojgyw ow ol £ o933l glyw aeosS bzl
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https://docs.rs/googletest/

SeaS
S e Iy syoslSye clotype g logySla 3l galsges ;* 1 iuse googletest: :prelude bz

This just scratches the surface, there are many builtin matchers. Consider going through e

the first chapter of “Advanced testing for Rust applications”, a self-guided Rust course: it

provides a guided introduction to the library, with exercises to help you get comfortable
.with googletest macros, its matchers and its overall philosophy

Oluty @al B S g wyg e 00 (b sz SloSNG yu Folbw pag 08 Wil yl ot LIE ¢ Siso S *
gyl gp 0als
[test]#
} ()fn test_multiline_string_diff
\let haiku = "Memory safety found,\n
\Rust's strong typing guides the way,\n
;".Secure code you'll write
)lassert_that
,haiku
\eq("Memory safety found,\n
\Rust's silly humor guides the way,\n
(".Secure code you'll write
i (
{
Goautspo 03lspluny lzogl 53 1o Spy) sesgp olusy by s Soy weldw
Value of: haiku
- to "Memory safety found,\nRust's silly humor guides the way,\nSecure code you'll write
"Memory safety found,\nRust's strong typing gquides the way,\nSecure code you'll write
0 "Memory safety found,\nRust's silly humor guides the way,\nSecure code you'll write
: (Difference(-actual / +expected
,Memory safety found
,Rust's strong typing gquides the way-
,Rust's silly humor gquides the way+
.Secure code you'll write
at src/testing/googletest.rs:17:5

.ol Rust ys (/GoogleTest for C++](https://google.github.io/googletest] w50 S crate ¢l °

Mocking 35.2

Jotrait 31 oal e yul glyos .yl o3y 0318l 0350 Lowzp olFwlesS S o8 Mockall 3 mocking lyo
3o MOCK 1y logyl &gy s 0w S6ulowep P 3803 H et laazp 1y g 38 sly
;use std::time: :Duration
[mockall: :automock]#
} pub trait Pet
;fn is_hungry(&self, since_last_meal: Duration) -> bool

{

[test]#
} ()fn test_robot_dog
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https://docs.rs/googletest/latest/googletest/prelude/index.html
https://rust-exercises.com/advanced-testing/
https://docs.rs/mockall/

;()1let mut mock_dog = MockPet: :new

; (mock_dog.expect_is_hungry().return_const(true

; (assert_eq! (mock_dog.is_hungry(Duration: :from_secs(10)), true
{

.This slide should take about 5 minutes

mocking cleoylzulessS .ol (Android (AOSP s os g 0 g o9 mocking ol oles Mockall e
)6‘0"" .mocking HTTP 6[0&&9)& IR IISE 035690 (3 0 gy g 33 crates.io BN) éjgéJ
ngaélud szl oS cue e ol o wyySep )IS Mockall ol yip guligy o mocking glooglzulas
Bo0Ssp olosl by polE s S3se S moOCK I

Iy olSal ol Tags o lamockK (ool 36380 Jlzoz g9z 1w mockKing oS s g ulos o als oz g
3l 8 5086300 bl ol $293 078y SsiS Iaz ol glosSwualy 31 TJAIS 1y apil oS sossp
o &u_ngu? STT 9 338 g3 IIS o o‘guu.u‘ = u'gu S Iy lamock ‘)“56‘5 Syb il ol e
SolaySyu by sgals g alzol se8ls glo gSwwuly ozl
If at all possible, it is recommended that you use the real dependencies. As an example,
many databases allow you to configure an in-memory backend. This means that you

get the correct behavior in your tests, plus they are fast and will automatically clean up
.after themselves

)563 Process S s3 yo304 S 3003.6p b)‘t' '[:Qu [ SN 6loframework 3l §)|6Q.uu ,ouluu[a sobous
mock ous Iy u&l 0 6P 9B P Ju"uﬁ localhost BN &d)luou Syo S o 0S8 s gyS &)lJulob
SenS u,ude)l 6&@'9 bét? a1y Y sS JUS&A 595 IPOJJ o lygd 3600 TOTH framework oS

local b&te Sg sy J‘CJ? Qé‘ _\Ls‘g aelyalye (e gl Rust Playground 5l ST Mockall -
sozop Cargo o3gy oo Mockall ¢ ¢y o o35S 08l 5l ¢lyo cargo add mockall jl.sgS 1yz!
..)50.5 o.)lgéc‘)uul

0 08 36S pebe Iy gulylBayl senlam ep 0ics 0w 3yl gy ew slguew 338 Jae Mockall o
sl B yul cat 3y S Jpg 05338 MOCK ¢y ol 31 1p Tzl 33 asls g3 pues o3 oglyl glo I Jaes yul
"9&)"’&5\9 buu.u)S o..)u.u XK L)E«' u‘ oY S Ls)‘u &)kSJt‘ )l BLle u&lu,u 3 °S 96056?
[test]#
} ()fn test_robot_cat
;()1let mut mock_cat = MockPet::new
mock_cat
()expect_is_hungry.
(((with(mockall::predicate::gt(Duration::from_secs(3 * 3600.
; (return_const(true.
; (mock_cat.expect_is_hungry().return_const(false
; (assert_eq! (mock_cat.is_hungry(Duration::from_secs(1l * 3600)), false
; (assert_eq! (mock_cat.is_hungry(Duration::from_secs(5 * 3600)), true

Nows sylow op mock method S¢S cle Bs slag s uySsgazps lyw (times(n. 3l sealowep @
oo 3 gyS Biz Iy ol oS gulad gy ! sluesl pag wygue 39 == 38 yS eal B yul sg gt gyloFlyd
39ub e PANIC lzs HISseE

223


https://crates.io/keywords/mock
https://crates.io/keywords/mock

36 | oub
31

BeusS OJ‘&.éC.’JQA' (host 69)) stdout '6 (O'SC)QAJ 69)) logcatog )'5.39& 3939 6')“.) log crate ;l Jélg)
:hello_rust_logs/Android.bp

} rust_binary

,"name: "hello_rust_logs

,"crate_name: "hello_rust_logs

,["srcs: ["src/main.rs

] :rustlibs
,"liblog_rust"
,"liblogger"

L

,host_supported: true

{
:hello_rust_logs/src/main.rs

.Rust logging demo !//
;{use log::{debug, error, info

.Logs a greeting ///
} ()fn main
)logger: :init
()logger: :Config: :default
("with_tag_on_device("rust.
, (with_min_level(log::Level: :Trace.
; (
P (Moployo goyun™) debug
P (Mgse uvse weg lolst) tinfo
;("lerror! ("Something went wrong

{
fosoile S s legsugle szl s push gl e

m hello_rust_logs
adb push "$ANDROID_PRODUCT_OUT/system/bin/hello_rust_logs" /data/local/tmp
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adb shell /data/local/tmp/hello_rust_logs
Boauiep byl s adb logeat ys 1o 31
adb logcat -s rust

.D rust: hello_rust_logs: Starting program ©8:38:32.454 2420 2420 08-09
.I rust: hello_rust_logs: Things are going fine ©8:38:32.454 2420 2420 08-09
IE rust: hello_rust_logs: Something went wrong ©8:38:32.454 2420 2420 08-09
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37 J o
SlSpe vl

solamsp lput 08 Wil o e plaw el uSsp solwssong 1Ses gloglos I gl Spe wigJolg 51 Rust

BSeuS suleElsd )35.) slo ol 5y Rust glow o
Rust 31 38 ¢s glo glasy oo o ooy glow guloglys o

foreign)zylz gole boly Sgil 08 pesoSep ssoSep solsthed soile ol Sgow b sewlew 8o
BeuSep 03l ul g unp sl 3¢ FFI pley 0w oS (function interface

C o &)'590 C)&ngé 37.1

SP ”%—"ui'ﬁ 39b 0w Lyl C 6()'93‘)“9 ‘56 lo é&loobject file O_s‘_s link 6')9 6J?I‘5 6&'9&&)&3‘49 Rust
BSeuS sale#lyd Cilly IOOT 9 03yS export Iy Rust g low s glow
Bos plzgl gogus 1 oIS el sgplowee Jelpo @90 9

} "extern "C
;fn abs(x: i32) -> i32
{

} ()fn main
;let x = -42
.SAFETY: “abs’ doesn't have any safety requirements //
;{ (let abs_x = unsafe { abs(x
;("{println! ("{x}, {abs_x
{

.pgsge Safe FFI Wrapper ¢y o by ol 1Jws 1
Souheps dguese production glyw g @il Gus ayde Jos 31 JplS ol ST a3 e ywp oyl

38 pgoloF s s swow glosy i S oplsl 5

Bindgen ;! oslée Wl lo 37.1.1
BoS slz el JISsgE seb o C y30 Juld Sgilly wlll pol sylow gp bindgen Slol
beoS szl C Szos oplpulos Selsaul
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https://rust-lang.github.io/rust-bindgen/introduction.html

:interoperability/bindgen/libbirthday.h

} typedef struct card
;const char* name
;int years

;card {

; (void print_card(const card* card
:interoperability/bindgen/libbirthday.c

<include <stdio.h#
"include "libbirthday.h#

} (void print_card(const card* card
y("printf (M- e e \n
; (printf("| Happy Birthday %s!\n", card->name
; (printf("| Congratulations with the %i years!\n", card->years
y("printf("t------mm oo \n

{

guS 08l ol so Android. bp JelB o Iy g4l
:interoperability/bindgen/Android.bp

} cc_library

,"name: "libbirthday
,["sxrcs: ["libbirthday.c

{
Hegmey 3l 3sop @ags 0w Jless el 33) s S slz gl sglEwlas ¢y wrapper yseo Jgld S
:interoperability/bindgen/libbirthday_wrapper.h
"include "libbirthday.h#
oS Azl s1SseF sob oy (blndlngs) alJluewl sgulow gp youS!
:interoperability/bindgen/Android.bp
} rust_bindgen
,"name: "libbirthday_bindgen
,"crate_name: "birthday_bindgen
,"wrapper_src: "libbirthday_wrapper.h
,"source_stem: "bindings
,["static_libs: ["libbirthday
{
oS 0alde ul 3o RUSt 0ply 30 o lebinding | peolowgp agloyy 3o
:interoperability/bindgen/Android.bp
} rust_binary
s ade_wls_owlz™ tname

,["srcs: ["main.zrs
,["rustlibs: ["libbirthday_bindgen

{
:interoperability/bindgen/main.rs
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.Bindgen demo !//
;{use birthday_bindgen::{card, print_card

} ()fn main

s Ounwrap. ("o )let name = std::ffi::CString: :new

;{ let card = card { name: name.as_ptr(), years: 42

SAFETY: The pointer we pass is valid because it came from a Rust //
reference, and the "name’ it contains refers to ‘name” above which also //
remains valid. “print_card’ doesn't store either pointer to use later //

.after it returns //
} unsafe
; (print_card(&card as *const card
{
{

fosutle S sey lospgle ozl o Push gl
m print_birthday_card

adb push "$ANDROID_PRODUCT_OUT/system/bin/print_birthday_card" /data/local/tmp
adb shell /data/local/tmp/print_birthday_card

Iyz! (bindings) «l |l el 535,18 31 Sloepbl glyo 1y 31SsgF es i s g Jow glow uws s glows gp Ip wglogy 53

clippy_lints:

oS
:interoperability/bindgen/Android.bp

} rust_test
,"name: "libbirthday_bindgen_test
,["srcs: [":1libbirthday_bindgen
,"crate_name: "libbirthday_bindgen_test
,["test_suites: ["general-tests
,auto_gen_config: true
"none", // Generated file, skip linting
,"lints: "none

{
atest libbirthday_bindgen_test

Rust soloFlss 37.1.2

1wl Q‘u,uT C o Rust 3! losgle g glow EXporting ls 3932

interoperability/rust/libanalyze/analyze.rs

.Rust FFI demo !//
[ (deny (improper_ctypes_definitions]!#

;use std::os::raw::c_int

.Analyze the numbers ///
[no_mangle]#

} (pub extern "C" fn analyze_numbers(x: c_int, y: c_int

}if x <y
;("Tprintln! ("x ({x}) is smallest
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} else {
J("ooel (X (X1 oS0 Ileozl (Ly ({ysbgp ") Iprintln
{
{

interoperability/rust/libanalyze/analyze.h

ifndef ANALYSE_H#
define ANALYSE_H#

} "extern "C
; (void analyze_numbers(int x, int y

{

endif#
interoperability/rust/libanalyze/Android.bp

} rust_ffi
,"name: "libanalyze_ffi
,"crate_name: "analyze_ffi
,["sxrcs: ["analyze.rs
,["."] :include_dizs

{
psosS solethd Casnsle Se il pel pealoe gp wooS!
interoperability/rust/analyze/Android.bp

"include "analyze.h#

} ()int main
; (analyze_numbers (10, 20
; (analyze_numbers (123, 123
;return 0

{
interoperability/rust/analyze/Android.bp

} cc_binary
,"name: "analyze_numbers
,["srcs: ["main.c
,["static_libs: ["libanalyze_ffi
{

rosustle Sg ey lbssosle bzl o push il

m analyze_numbers
adb push "$ANDROID_PRODUCT_OUT/system/bin/analyze_numbers" /data/local/tmp
adb shell /data/local/tmp/analyze_numbers

gl ply s oss ploe slpy sebelow woSep Jlgdist 1y Rust Jopep 1355l [no_mangle]#
03l Bl gpley 30 st ¢y ["export_name = "some_namel# il scqlow cp Hnzpe -39 sole
BenS
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++Clo 37.2

._\')569 Pob;é Iy ++C 9 Rust RS f)f" &)‘590 QISPI CXX crate Oél
gl @y syl 0w 6JS 23S ga)

#[cxx::bridge] mod
description of boundary

Macro expansion Code generation
Safe
straightforward v v Straightforward
Rust APIs — Hidden C ABI — C++ APlIs
Rust 4—»[ Rust bindings ]4— ————— >[ C++ bindings ]4—> C++
code code

)bé 383 UPIER IO )S&" O'gj = u‘u) 30 3l 68 CJUM tq‘u L;losignature 3l ks;é&uogc') o 65;")9 CXX
Io 08 ssSgp oyl RUSt Joile S 53 szmle loSadw 3l eal bl 1o 1y wlzgoaws el lags 5553 ¢p
el es gy esls 2y [CXX: tbridgel# leg,Slp attribute

[ (allow(unsafe_op_in_unsafe_fn]#
[("cxx::bridge(namespace = "org::blobstore]#
} mod ffi
.Shared structs with fields visible to both languages //
} struct BlobMetadata
,Size: usize
,<tags: Vec<String

{

.++Rust types and signatures exposed to C //
} "extern "Rust
;type MultiBuf

; [fn next_chunk(buf: &mut MultiBuf) -> &[u8
{

.C++ types and signatures exposed to Rust //

} "++unsafe extern "C
; ("include! ("include/blobstore.h

;type BlobstoreClient
;<fn new_blobstore_client() -> UniquePtr<BlobstoreClient
;fn put(self: Pin<&mut BlobstoreClient>, parts: &mut MultiBuf) -> u64

; (fn tag(self: Pin<&mut BlobstoreClient>, blobid: u64, tag: &str
;fn metadata(&self, blobid: u64) -> BlobMetadata

outsp pllel laon crate 5o FFi Jo3la Sy oIS seb o Jo o
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https://cxx.rs/

Rust s type/function o golba b gyle o CXX (o Joila 33 0s plz ol (declarations) clogl Jel 3l o
200 538 oley 93 0 UPIEp 9 Iy J_)lgr's C)T I JC)SLSP J‘Eé‘ Iy C++ 9

oC);é'k_; o¢ o Proc 9)5]9 o.m‘u_'hp L_;bg oS cargo—expand 3l 05 s J'C\S‘ Rust s8 °‘5°‘d‘?"f’ él)g °
Joila sy S glyo b cargo expand ::ffi jl looropyy 3uber gy S saldw il
.(.)_)L)O syylS Android sleoione sy oyl b@)SD 36uS oslde il ffi

BeyS ol Sy target/cxxbridge ow sss s Jow CH+ S osol yup gy

Rust Jo ;é&)fa_a 37.2.2

[cxx::bridge]#
} mod ffi
} "extern "Rust
type MyType,; // Opaque type
“fn foo(&self); // Method on "MyType
fn bar() -> Box<MyType>; // Free function

{
; (struct MyType(i32

} impl MyType
} (fn foo(&self
;(println! ("{}", self.0
{
{

} <fn bar() -> Box<MyType
((Box::new(MyType(123
{
Sanls sl sl Jeila sagazp 3o oS extern "Rust" reference sylop ys osyn al el sylep ©
-Q'Jf_l 69|C C++ ys0 Jeld Seaetow dlyw ‘Pui’ 6@)‘& "extern "Rust jl CXX s8 osySs gt
Rust ¢ oea Jeld 08 syls 1y gysmp olpo ssns g o header s Sgp ssldes wl obgusys C++ (lo
xs.h Jé'gé R 3l oaléuwl T oy L(’)in oi §|J|J J‘:f‘ 69‘C

++Generated C 37.2.3

[cxx::bridge]#
} mod ffi
.++Rust types and signatures exposed to C //
} "extern "Rust
;type MultiBuf

; [fn next_chunk(buf: &mut MultiBuf) -> &[u8

{
ICJu,ui BYSBN) C++ (69&90) YaR3=N)

} struct MultiBuf final : public ::rust::Opaque
;MultiBuf() = delete~
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https://github.com/dtolnay/cargo-expand

ust: :

:private
;friend ::rust::layout
} struct layout
;static ::std::size_t size() noexcept
;static ::std::size_t align() noexcept
A
A

Slice<::std::uint8_t const> next_chunk(::org::blobstore: :MultiBuf &buf) noexcept::

C++ Bridge Declarations 37.2.4

[cxx::bridge]#
} mod ffi
.C++ types and signatures exposed to Rust //
} "++unsafe extern "C
; ("include! ("include/blobstore.h

;type BlobstoreClient

;<fn new_blobstore_client() -> UniquePtr<BlobstoreClient

;fn put(self: Pin<&mut BlobstoreClient>, parts: &mut MultiBuf) -> u64
; (fn tag(self: Pin<&mut BlobstoreClient>, blobid: u64, tag: &str

;fn metadata(&self, blobid: u64) -> BlobMetadata

{
:C.'JQA' RSB Rust (6‘-’\5)5‘")) DT LY

[(repxr(Cl#
} pub struct BlobstoreClient
,private: ::cxx::private::0Opaque_

{

} <pub fn new_blobstore_client() -> ::cxx::UniquePtr<BlobstoreClient
} "extern "C
["1link_name = "org$blobstore$cxxbridgel$new_blobstore_client]#
;fn __new_blobstore_client() -> *mut BlobstoreClient

{
{ (()unsafe { ::cxx::UniquePtr::from_raw(__new_blobstore_client

{

} impl BlobstoreClient
} pub fn put(&self, parts: &mut MultiBuf) -> u64
} "extern "C
["1link_name = "org$blobstore$cxxbridgel$BlobstoreClient$put]#

yfn __put
,BlobstoreClient& :_
,parts: *mut ::cxx::core::ffi::c_void
;ued <- (
{
} unsafe
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(put(self, parts as *mut MultiBuf as *mut ::cxx::core::ffi::c_void__

'-’JDC) Ou.ul 0338 %’6‘0 S §6|osi~gna‘ture C)J9%) I3 3398 93 SHGPUPD O 63'6() 0‘69&1’9‘0)%) *
ailba s P‘J&' C++ 4o oz ol 10 1868 lesignature oS sos $p plzal 1y gooles wlylsbsl CXX
Sels

opl Rust 31 goleglyd clyw oS 1y CH+ g Olows seosgp ol Sal lan o unsafe extern glosSg o o
BeuS pldel y sy ywo

SJCJJBP f’_l9ﬁ)‘ 37.2.5

[cxx::bridge]#
} mod ffi
[ (derive(Clone, Debug, Hash]#
} struct PlayingCard
,suit: Suit
value: u8, // A=1, J=11, Q=12, K=13

{

} enum Suit
,Clubs
,Diamonds
,Hearts
, Spades

Soubep sulwewyag Clike (unit) enums bz o

5SJpe spsuier solwewone Sogse glagl sl ()derive]# (o logSigs 3l sgszp slsge o
Silgwosl gt gy S Zhzw gl 1 Hash ,3I Jles logs oo waus op Szl CH oS clyw joo obowsp
BuSep szl 3y vbawsp CH+ g oy clyw std: :hash

Shared Enums 37.2.6
[cxx::bridge]#

} mod ffi
} enum Suit
,Clubs
,Diamonds
,Hearts
,Spades
{
{

:Generated Rust

[ (derive(Copy, Clone, PartialEq, Eql#
[ (repr(transparent]#
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} pub struct Suit
,pub repr: u8
{

[ (allow(non_upper_case_globals]#

} impl Suit

;{ pub const Clubs: Self = Suit { repr:

;{ pub const Diamonds: Self = Suit { repr:
;{ pub const Hearts: Self Suit { repr:
;{ pub const Spades: Self = Suit { repr:

WNRFkLOS

{

:++Generated C

} enum class Suit : uint8_t

,Clubs = 0
,Diamonds = 1
,Hearts = 2
,Spades = 3

i
Iy 8¢ )l.)é‘z Sg oS C')unl 6)":)&'0"’ t@‘g BN SJC’)Qi‘:P enums 5[)9 03 4 J&Jg(‘) S Rust Sp g g
M ogldws ylsge eNUM ol 1S S gl & ym gy C++ ,0UB os Jeds uyl o S gp gsye ey
o ils goosl yup slencdy sglos I 350 3y9p RUSE 0a 00 yisglpcy g s il s guls o5 i & yuyod glgol 0po
Sl

Rust Y RSN 37.2.7

[cxx::bridge]#
} mod ffi
} "extern "Rust
;<fn fallible(depth: usize) -> Result<String
{
{

} <fn fallible(depth: usize) -> anyhow::Result<String
} if depth ==
(") Slsy @ < Gps oo return Erx(anyhow: :Error::msg("falliblel
{

(()Ok("Success!".into
SUSUB SR 0PI C++ Op 6|oexception oy JOQIJ)gée)g Iy QE ey »S Rust &g‘gt‘) .
L_;()b ng 0733 33 0S8 sgu Jolgt rust::Exror £90 3l OGP W o s £089 o0 exception C)sSl *

Leler Displayélbt gou M 1bE ale g wsongp ol iy b7 plo string bl gy
S0l plE o JolBl s sy lyd 08 3o n e wglo o gao C++ ows Rust 31 panic s jlo o

C++ bz weyesp 37.2.8

[cxx::bridge]#
} mod ffi
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} "++unsafe extern "C
;("include! ("example/include/example.h
;<fn fallible(depth: usize) -> Result<String

{

} ()fn main
} (if let Err(err) = ffi::fallible(99
;(eprintln! ("Exrror: {}", err
; (process: exit(1

33 0a i 0eu 8y 8 wyg o eXception yo Result ;sylsySyo ¢y (declared) ss i pl Jo ! CH+ g ilges o
.JOQIJJS‘S"))L’) Rust sulozlyd gl o Exrr Slssp ulege o Iy QT 9 JQ)§5§P |). C++ OIp
Tozewy” wunSilo ¢lyo CXX o buuge oS extern ”C++” function S 3l exception S 3! ®

Jale s slosddy el sy Sep solozlydly C++'std: :terminate opley ot Sz gl wwul o iy ol g !
Sounee Jlgwd noexcept C++ function S 3.yb 3l oS @l €Xception ylse

k_;;éld'o‘ 6'°%’6'0 37.2.9

C++ Type Rust Type
rust::String String
rust::Str str&
std::string CxxString
rust::Slice [T]/&mut [T]&
<rust::Box<T Box<T>
<std::unique_ptr<T <UniquePtr<T
<rust::Vec<T <Vec<T

<std::vector<T <CxxVector<T

OAI;éCJu.uI lsextern function 9 I°C)‘P9‘§)T 9 S)CJU:EP 6'°J'C—‘t'u-'-‘ LS'o"JuS“é BN Q|9CJ&P b lotype C)él b
) S
30 Seubepy wuslSy std:istring eu Iaggw s RUSt j3 STTING o5 s iles s ynls ozow @
) als 3979 o&l 6])9 JéJJ
BoSsrs solwesung Iy 3yl 3ley ol oo String o5 1y UTF-8 woles std: :string —
lpsd@uep Ly logl plowgpy uglslor 9 spnls 2BBIz 4o guglbwp logsywzsb goy 93yl =
=S J3oyp logle) yew
std: :stringrequires move constructors that don't match Rust's move semantics, —
.soastd::stringcan't be passed by value to Rust

369330 39 wEl 37.2.10
szl CXX oai o g ip Juld g 330 0 a3l C++ oulElosS w#Fl u glyw cc_library_static Ss
BenS
} cc_library_static
,"name: "libcxx_test_cpp

,["srcs: ["cxx_test.cpp
] :generated_headers
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,"cxx-bridge-header"
"libcxx_test_bridge_header"
[

,["generated_sources: ["libcxx_test_bridge_code

libcxx_test_bridge_code glibcxx_test_bridge_header oSS oyl jnl ocnSyy gl o
2 yloggl pebo sozy wapegwe CXX buge o3 s sgJoe CHt glosyon b slogSwucls
Sl pgelez plury gagw sgldus!

cxx—bridge—header ooltglg")s = Jélg) CXX C\Sl) éé)lga le&l n5l)“-" oS Jéuﬁlg DC)G’L\IJ oZ oW
BSeuila e el

the 5658 bagw sl gl 33 sealew s Iy Android js CXX 3l ssldesyul glyw JplS @lsyo yup
oljgeiuﬂdb les Jé)ll)gg S‘)C)uisl o u.nlJS I 1y 3098 C)T Aéolgtg CJQ.M 0599 .A~ndroid docs
=008 Isgw osloes 1y o Jae Jlyewus il sulowp o306l 33 0S8 sy lsw

36933l 33 Wl e 37.2.11

3o CXX goup Juled ssdow gliw 38gs o CXX ss0 s ow gliw oS¢ 1asoS szl sul3 ooy 99
Soubep osldeul cc_library_static gsgys ologg 0w logl

Generate a (C++ header containing the C++ bindings //
.to the Rust exported functions in lib.rs //
} genrule

,"name: "libcxx_test_bridge_header

,["tools: ["cxxbridge

,"(emd: "$(location cxxbridge) $(in) --header > $(out
,["srcs: ["lib.xrs

,["out: ["lib.rs.h

{

.Generate the C++ code that Rust calls into //
} genrule

,"name: "libcxx_test_bridge_code

,["tools: ["cxxbridge

,"(cmd: "$(location cxxbridge) $(in) > $(out
,["sxrcs: ["lib.rs

,["out: ["lib.rs.cc

Android ,. BuSer 3edow Iy Jo Jajla CH+ @i yu 08 @il J3wyup sl30! S cxxbridge,lyol
el Gy s 33 S00NE L0l Glang 0w g oas o3ylz S

Juld ¢ 1ib.rs . h lsu header Jgld s alo 1ib. s 15 o Rust ¢ opp Jeld 331 alaylys sob
LR RN IJEI 6)'339‘0 Slaslyd ol o§)S| o ils solgE f"f) lib.rs.cc |r'>u.?.) [T

36933l 33 Wl 37.2.12

yls gSweu lsya cc_library_static g libexX o oS s S alz ¢l TUSt_binary s

} rust_binary

,"name: "cxx_test
,["srcs: ["lib.rs
,["rustlibs: ["libcxx
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https://source.android.com/docs/setup/build/rust/building-rust-modules/android-rust-patterns#rust-cpp-interop-using-cxx
https://source.android.com/docs/setup/build/rust/building-rust-modules/android-rust-patterns#rust-cpp-interop-using-cxx

,["static_libs: ["libcxx_test_cpp

lgl& o &‘)lSeo uéJule 37.3

308 6)&S)lg (]ava Native Interface (]NI |9lc SPOY .bu,ulg] Bk illy SJC:Jdi\P L5|<>012)].6Ct -‘C)‘Sﬁ“&? '9l3
SeuS szl )‘3)‘0.44 b()‘tglas Sg 303 $P O"Sf’l lf’dj" o Jnl crate

reosSep Szl Java s export clyo Rust ¢ oles S lseol
:interoperability/java/src/lib.rs
.Rust <-> Java FFI demo !//

;{use jni::objects::{JClass, JString
;use jni::sys::jstring
;use jni::JNIEnv

.HelloWorld: :hello method implementation ///
[no_mangle]#
)pub extern "system" fn Java_HelloWorld_hello
,env: JNIEnv
,class: JClass_
,name: JString
} jstring <- (
;()let input: String = env.get_string(name).unwrap().into
; ("1 {input} eldos™) et greeting = format
;()let output = env.new_string(greeting).unwrap
()output.into_innex

{

:interoperability/java/Android.bp

} rust_ffi_shared
,"name: "libhello_jni
,"crate_name: "hello_jni
,["srcs: ["src/lib.rs
,["rustlibs: ["libjni

{

Pe0S 6p solegld blz iy ewle gl pug s

:interoperability/java/HelloWorld.java

} class HelloWorld
; (private static native String hello(String name

} static
; ("System.loadlLibrary("hello_jni

{

} (public static void main(String[] args
i ("owesd!")String output = HelloWorld.hello
; (System.out.println(output
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{
:interoperability/java/Android.bp

} java_binary
,"name: "helloworld_jni
,["HelloWorld. java"lsys alduw] :srcs
,"main_class: "HelloWorld
,["required: ["libhello_jni

{

3s0S bl 9 3608 3lueplSpe giluea 1y wrusle ssolowgp wglogy 5

m helloworld_jni
adb sync # requires adb root && adb remount
adb shell /system/bin/helloworld_jni
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S oo commit 1223636 w g 39p) syl 367 Tagu,uo lagh 38 08 gylp) Ty ywo JS yip o3
(2023 J%"Pb() o bgg)f

gn gen out/Debug

autoninja -C out/Debug chrome
out/Debug/chrome # or on Mac, out/Debug/Chromium.app/Contents/Mac0S/Chromium

ollz Sg gl Saubsp dsues sSw ylai st s gl debug build wys e s component S)
(losgal 2y gy

L;bq éjbg'}bb I)buﬂo .JéQS O&Ebfs ?6).‘&)""9 Chromium DC)QSE 0 (36 Gy °JCJP OT BR) Ju@ 3l )5‘
RSN $J|6j Ol?j build Chromium

Beuilo 0338 U ey |y Visual Studio code o8 sg SP 08PPI ST RO
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Cargo

gn 3l esldw el lo Chromium .s¢S ¢a saldesul crates.io glosylgolos o cargo ;3 iJgas s Rust ogalz
ol oa i ol e |ok§3CJu,u;'J|9 Sl slegoprzp o ninja 9
Slaganlog lags gloolzayl RUSt y3 38 (o ugy alS e
rust_static_libraryijes)seysSssldo wlbuild/rust/*.gni// clog3Jl SaSlu ninjasgnjl ¢
ssldes yol Chromium es i g sy gloCrate g toolchain jl ool (s agolor Il ol 1o Tag o 08
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360 393z Chromium os i ¢ yuyyo glocrate g toolchain oo 1y 3o lal 3¢S saldes yul cargo 3l o
[ogsonel 31 eagn sgluls slecrate] 1¢/s toolchain Sg ow weyS oslde wl cargo jl e
ey slawe! (/https://crates.io)

383950 8 1y Bust 38 ylowgp Py el 0wyl S peodlF 1S pw ninja o gn g9, lpag ot lzygl il

swgz 3 1y ol sl I o @l RUSE pes g yua ST 31 gpop (g Cargo iz o 33 .95S slz ¢l Chromium
Besls 08y 397 slyul

U8IPE 0T
19 03B AN B 5@95 5‘009)5 oY

ol sloSuugs oglpy 9 ses oyl Iy gogip il §Spp CATGO Gl 33 05 (3 SSB pldgb dlogslyme
. =uS g2lgil y logeslgus

66'009)3 9 |oca|tg|05 ‘lo_)l_}gl 339p 99 o)éi 9 Oéld“é' cargo 9ninja s gn 3l o.ﬂ;éoun[ ‘:>|30c BRI
SeuS Wz alydl gl

lo w3008 @alssaf ohatus glow alsslg ow 338 ol Sy 3l g placl 31 Jod 0S8 seolorws ligalagls 3l
SzoS lo0gyS yssoloFw looijl Ao po lo 6863 ed 3By 1oy gli3S a1y oygs 08 galydl oS¢l (o8

SauS Gz oydy vy
Z(”.)o.s bf_;bl b R{=RSH C)u.ul O“SP? Cargo °S 66'096JIOQ"”) MRS ng Qi:tu oY bgg)fx ‘DSL_;QSQ/‘ODCJSQ

o Chromium 3ot iluonopy e vl Se pwungy plSye 08 Wil ssle JI 3o ol ®
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IS ghyw itertools Slaogs glowdls ow JléJ&LSj'd“l"E/éj‘x)‘J'éJ&” slyw serde Wlpyd
(o368 o (iterators) loos e, SylySe lu

o8l ol Cargo. toml o b# S be&) suS 6 Q'd.ni youlEulesS S 338 gy CATYO —
(oS 38 soubay 00 g3y 8 3505

I omeldp g 23S Sps perl olzpayl oo CPAN o403z 08 sl owals Iy el yadsl selys —
.python + pip

Development experience is made really nice not only by core Rust tools (e.g. using ¢
rustup to switch to a different rustc version when testing a crate that needs to work
on nightly, current stable, and older stable) but also by an ecosystem of third-party
tools (e.g. Mozilla provides cargo vet for streamlining and sharing security audits;
.(criterion crate gives a streamlined way to run benchmarks

-¢p Jeoww cargo install --locked cargo-vetgeyb il 1y loslyol yagydl cargo —
DS
sl ses uls 1y VScode glooygydl | g p9S 8oy dl gloople sy T ol dp (iisl Wl (Sps —

Dl gouslyp SlEopl oyl g Spe €ATGO oS giloelarw 3l spopt 9 oS slooyopy

olard b glosliol gogisy gliw ©egue 3 ¢l eanslicd sob so Rust oS s alo yslozew agln —
~eJ1zss sl ol Be Sl powgle o looplzolons gpogeSsl o g Saymues Seubepr wowge
Ol S uloog o) 3pSep AIS sog s 9 Dol (Gog popssus wele Sb] o) Joigos oS
(oo0dp 00y 9 03 JuloplS

ol Cargo soyla Rust sylagles yul 530l 3 esldes ol a3 e up RUSE pcs g oSt 33 0S5l ap —
Chromium ;! C-)IC suoleFep 9 300S wBlgys zilE dlow Syl g spolag gp 05 sulooylEzulas
Cargo ‘)l _sélu 'J'Putl (Andr01d/800ng ‘6 Bazel uth_),u é‘o‘bétf’ BN) Uue) 359Ul DJ‘;Quu,ul
DSooS eslde ul

3yuee CATQO o g oS Chromium o bowys glesiayy 3l gslooyopy

I loPR ows sz op 05 o0 uﬁéIp)’T Google ;3 ¢s clowpus 1) serde_json_lenient -
(sunlogp 35S Jpg 33 3900
font-types s ulp ung;Q gloogylzulas -
k_;bu 9 clap oY ulﬁ)d bc 53T ébu oS (JQA P$°|9C IUQM Q‘ o 0y9a 33 |Jtu 'P) gnrt ol -
il e S peo toml su eSS e glo gl
Disclaimer: a unique reason for using cargo was unavailability of gn when *
.building and bootstrapping Rust standard library when building Rust toolchain
gnrt.s,Ses ssldes wl TUStC o cargo 3l Chromium ¢S 31 run_gnrt.py s
Tl wglosgn sgdols wepaygl 31 o8 sl gSwwe coldle jefgs dleoplEules su
Cargo.lock gesb 3l locked-- glowzp b3 oS s uyp¢p CATGO 3l TUN_gNIt. py
(gl Slzp
By st slaogl sy9p Tesue L sopu? s9b 00 13 56 sslep ml S Blisal payls
rustc golyps Clang , Jloa!lS LLVM glooylEulasS sw sgg sy 0w 08 (Rust 4 J glplS) Tustc o
Rust )Jé[ggpks ,C‘)u,u' oc')u.ugb (Rust )Jé'??‘s P b&g(') 03 i G GitHub 3l oug.é)gjg)
@ el s (hootstrapping) ¢ss3sle gilaglely glyw 08 ¢yl
- /https://github.com/rust-lang .ls3l s yoz 563 TUSTUP 08 &l 383 oll o sl ) TUSTUP *
(&l oesldl g 0f uges TUSTC seylae
ylep selus,cargo, rustfmt
3l toolchain TS LTS \5')9 SRS R G ‘JOJ‘Q‘uQ? Tustc oS 56‘00‘9)) &J(’)t‘z édtb 6'{’0&'0‘)63 .
(£ 53w o Chromium ol esgop s 0308 08¢ jubg
0ys¢ o Cargo audit. cargo vet s.yls Cargo ol o

245



begws oags gumile) woel esgn e sye third_party/rust// s Rust gleoplpuloas o
) (security@chromium.org
(180 9 wawze 1JplS 2w welE suoe ) Rust glosglzoless ylw @

246



42 | ol
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Sels 3l weEun Jol glue code $pS slage o loo Iz lwsS ol opo Tgé)éu 0S8 sutp gl o

C++" Rust"

Existing Chromium : :  Chromium Rust Existing Rust
: C++" : "wrapper" crate"
[ S, + R + [ Sy +
o | | | | |
o S R +-0----- T +-+-> o |
D | Language : | | Crate : | |
e + boundary @ +---------------- + APT @ +---mmmmmmmmm o +

ty/rust/<crate>/<version>/wrapper yssgloiloasa wold olle o uCrate Sg ¢lyo jor o Jol Rust glue s.s
39Ul ‘_;)bbgo
MY Jo|9t 3.5)9(')? BR3) J)'QP 89 I LI b oY 39)9‘ 80993 ‘J&JJ J8poo

(“crates”) & le o b RUst glo oz oleasS uyel
S oaldes wl Chromium C++ jl lscrate ;] SpS 0w sgplowws 88yl ¢lyw glue code e jugyy
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Build C)L5C)|9L§

3B csblS woz ninja g gn lo Chromium .sg s gp ss#l e CATGO 3l saldes il Ius T Jgag p RUSt 58
23218 0l 31 360 RUSE .53l gp 530l Spl 1y Gilgmeilop soShiz ol Sgoloul sglad = so i gp 0g] 4
NN e

Chromium »u Rust 55 3433I

eSS pllel Iy rust_static_library S BUILD.gN sgzep glo el 31 ggoe 59
("import("//build/rust/rust_static_library.gni

} ("rust_static_library("my_rust_lib
"crate_xroot = "lib.rs
[ "sources = [ "lib.rs

{

JOT L S oy k_;gaung‘g she ol il TJ&Q BeoS 08l ol Rust Llsel sslue sasly deps sealaw e HeozEpe
S p ool sl bl & le

o 08 wowl gJsld crate_root .sgnS joEoupr Iy golyp JplS wused g crate root gos yo sglo Ip s
lib.xs lyeu |J9t°§lf’ - ool JeleplS szly oy Jld oagoayluny 08 sgunngp oals Rust 5 Jglosls
Q|?j J88E ébg ninja .S CJUM RIS 6|°J6'“é r‘.\'eC) 3l \5J?I“S C)u,«.y_)o;é SO~UI'C€S )9‘b06P° .C)u.ul
ls 3y lepl oo @il ile slye a3l

ol gygleaz szly S crate calses Rust ys 1yey lsy s9z9 Rust source_set sl o icz)
(el szl gy SzesS static_library

slooglEolos cho 8N g2l ol o g SloalBoul glz oo g 08 3508 wrew Oyl 5Spe Gligplunyls
6'°x§‘§3\59 CXX interop 3l gng Qél oS C)u.u‘ Qé‘ Cu.uk) .fséﬂ_) 3‘\9() gn \59‘§J| S o Rust S gl gl
338 s goloF oaldy yul ‘ooT_}[ RIS D] TJ“Cg 08 35S sp sulw g szlg glow e o Rust

unsafe Rust .5 ol » 43.1
38l sautgpy JuleplS —— woal Slzpsct TUST _static_library ys oyb gy seb oo RUSt jplly 58
la 0393 33 lag ) L3S o8l ol 8N bus o Iy @allow_unsafe = true gyl g, unsafe Rust 58 oo

(ogal 231 ol 33 08 363 psolsz 1y sblyn
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("import("//build/rust/rust_static_library.gni

} ("rust_static_library("my_rust_lib

"crate_xroot = "lib.rs
] = sources
,"lib.xs"

"hippopotamus.zxs"

[

allow_unsafe = true

{

Chromium C++ ;| Rust Code s oy oo 43.2

BenS 0l sl ++Chromium C Glsol 31 ¢y0 deps ous Iy 11w Bso ¢ Ssl s 0w

("import("//build/rust/rust_static_library.gni

} ("rust_static_library("my_rust_lib
"crate_xroot = "lib.rs
[ "sources = [ "lib.rs

{

.0r source_set, static_library etc #
} ("component("preexisting_cpp

[ "deps = [ ":my_rust_lib
{

We'll see that this relationship only works if the Rust code exposes plain C APIs which can be

.called from C++, or if we use a C++/Rust interop tool

Visual Studio Code 43.3

Jlajgs 38 ajulo CHH3l yeusedp vz o IDE S agingp &glo 08 syl osyn Biz RUSt 58y losgle

‘Ql 3l o.sl;éc)u_ul 6]);.) 930S S IS ST o Chromium BX) Rust she gé_sguu.ﬂ

s glopyd oy« wl €Xtension rust-analyzer glylsls x VSCode oS 5608 Juelz olougpb! *

Rust jl gologopse

(ot szt ©rowSygls ¢lyw ol Jslga 1) gn gen out/Debug --export-rust-project -

In -s out/Debug/rust-project.json rust-project.json e
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actual_version® #76 — matoh ~w cnda vaeedanl) T
‘Micro Pub struct QrCode { ¢

Version:

Version: :Norma content: Vec<Color, Globals>, ar
version: Version,
ec_level: EclLevel,

h min_version width: usize,

None => (), ¥

Some(min_versi the encoded QR code symbol. /€

Some(min_versi

// If “act 2 implementations r

qr_code = QrCode::with_version(data, Version::
}

code gloS3so 3l gt uslps wunle eealsy 08lde IIDE ow wioguy st ool sob oo wblge 43
..su,?.ﬂu Jé;ée Jolg;")&e rust-analyzer X} Q;Z:gLS 9 annotation

Chromium o baoyp Rust g by S 3l yoog 33 1a1) 308 SpS cuiglag 0F ey o C)gnl_ogsr:? s&3 Jzbe
H(ae0yS valdes wl s o |yl o 1o o gw 08
3¢S jlo Iy components/qr_code_generator/qr_code_generator_ffi_glue.rs -«
sy qr_code_generator_ffi_glue.rs‘ s (26 bz s937) QrCode: :new c¢ylo#lyd coylylay olSa
..)60..)
.(typical bindings: vscode = ctrl k i; vim/CoC = K) ** wlsyos s (iglpe™ cubslay goFumy
.(go to definition (typical bindings: vscode = F12; vim/CoC =g d subglps s DemMo gog gy @
(syluayep third_party/rust/.../qr_code-.../sxc/lib.xs// oo lylags o¢h)
SJS zub 164 bz Jg.\t) 369 QrCode: :with_bits swp o oplal yu g outline 6&)‘2’6'931 0T Hy ®
(typical vim/CoC bindings = space 0 « ! vscode 4 file explorer oyz o 33
QrCode: :with_bits swp s cuo# sleuew ¢lo Jlesp) type annotations &,mélpc(, SO
K YL

slodeld Luglygs 3y sl gn gen ... --export-rust-project oS s alo pop ol (Spp
39l ')E' oﬂgg_) (960_\59 ?'Ef)l ‘)lg ENYA OQAJG C)\Sl 6|°Q6JPCJ ng BN) 05) BUILD. gn

Wl e s8l98 Hespw 43.4
1¢olz 08 s S ol bl ui/base/BUILD.gn// ows sz Rust target S a9 Chromium ezl u ys

[no_mangle]#

} ()pub extern "C" fn hello_from_rust
("!Rust ;I aluw")!println

{

type of) guplly sgoy Rust yJelouplsS buusws Izygl 3 no_mangle oS s ale owals szgw ipop
SeoS Slzp 39 gn target ys Iy unsafe sS sglo gelyolyw woungp 088 b ys (unsafety

sldlo sy gole gl sgysS ol ol ui/base:base// s S ol ylons 0w Iy RUSE s caz Buo ol
ael olewgp 05837 05 33 poler Iagw) 3¢S al el ui/base/resource/resource_bundle.cc
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(0S8 L1Ssgz bindings s Jows gloslyul o 1y 418
; ()extern "C" void hello_from_rust

wawd lp - 360S oleFlyd ul/base/resource/resource_bundle.cc s gelz 3 1y goles gl
Iy Chromium . ¢S ¢p sloy o Iy ResourceBundle: :MaybeManglelocalizedString gl il
Soutep Wiz losle ”IHello from Rust” oS s ¢g atepbr 930S bzl s Build

SIS gl 308 )18 e o VSCode ys 1w 56y S pboye 1y RUSE ¢y ST g S gp 0318wl VSCode 31 3l
”Go to deﬁnition”§9) CJu.ub 5«5\.!“5 )l J&Q'gi’)éﬁ m&'o.&v‘a é;égp )Sl D9 JO'gt J\_ggép RIS k_;h\m_get) 39
S sl ! Tprintlngs

A)S 'Jé“v’ help Q[gﬁ)&p lcs

rust_static_library gntemplate clyo sozop clooyeyS ®
[no_mangle]# oyluys wlgl bl

"extern "Coyloys wlellbl e

export-rust-project switch-- glogn oyleys geslel bl @
How to install rust-analyzer in VSCode ¢

It's really important that students get this running, because future exercises will build on it
0393 33 Tag o sungp ool g CoSiogie zutp 0sr0pS o JolEop olos 0w ligh ool galesst JIop oyl
S sl Jues Rust ous lp B up 1y o C++
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rust_gtest_interop Library 44.1

sosep oyl 1y goly TUST_gtest_interop oylgules

gtest(...)]11# 3l oalwul 10) 5SS sl ul gtest o e S¢ olapng o Rust gl S 3l
(attribute

assertion ¢o@g lpl gy S osldes i lassert_eqow o) swlup glogySla o lexpect_eqjl o
L(sgoay 0pl#E Iy a9 56 Sy PANIC a0 3 dgply

ZJ‘(’JP
;¥ :use rust_gtest_interop: :prelude

[(gtest(MyRustTestSuite, MyAdditionTest]#
} ()fn test_addition

; (expect_eq! (2 + 2, 4
{

Rust Slow e glyu GN J“Clgé 44.2

Jua 3l oS ‘i’u" 39T 9P L é)délg S oy loJ QJ)SQQBI&' build Rust g‘test él)g oly Qé)d)bﬂw
dless glagg oo wglosyn sesyugyy CHF 4 08 &l glow o golz
} ("test("ui_base_unittests

[ "sources += [ "my_rust_lib_unittest.rs
[ "deps += [ ":my_rust_lib
{
RY=R¥R} ?ldtl 1] j[&o |‘:>| ‘_)Q\Sérﬁ s 36y DC)IS"‘E static_library “56 BR) Rust 6'000‘40 Qﬁ)‘go
sl gouloeogng glooylFulas ous gSws yuuly
} ("rust_static_library("my_rust_lib_unittests

testonly = true
is_gtest_unittests = true

"crate_root = "my_rust_lib_unittest.rs
[ "sources = [ "my_rust_lib_unittest.rs
1 = deps
,"my_rust_1ib:"
,"testing/rust_gtest_interop//"
[
{

} ("test("ui_base_unittests

[ "deps += [ ":my_rust_lib_unittests

{
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https://chromium.googlesource.com/chromium/src/+/main/testing/rust_gtest_interop/README.md

chromium: :impoxrt! Macro 44.3

my_rust_1ib jlesldes yul o 338 35lg 097 sl olozpe GN deps somy_rust_lib: osgicdl 3l ey
my_rust_lib ¢lyo zesue Crate_name Sg lp .a¢seSw slg my_rust_lib_unittest.xs jl |y

20l OF D et Sabisp 0uelze Bao JplS plyy 8 ssuep Lelel s ol crate ply gsholaw pelessSy ehl
3le 418597 yebow oS chromium crate 31 !chromium: :impoxt o,Sls 31 ssldes wl lo penlowep In

oS 3o sely ssor 19 oIS Slezeyss woub s

} !chromium: :import
;"ui/base:my_rust_1lib//"
{

;use my_rust_lib::my_function_under_test

ols gp S gl o s eIt 36T o 9xSla des Iz bsd oo
;extern crate ui_sbase_cmy_urust_ulib as my_rust_lib

;use my_rust_lib::my_function_under_test
.chromium: :import sbgusyps gySla gy S lagr doc comment ys selow op Iy s g wlgl bl

“SP &ngéauﬁg crate_nameéﬁjég é&)b 3l T8IP f"f) J88T 3l Iust_static_library
sl Thue 3 sl Crate ply by sopnee w83z of 3l o wuul goupp oIS oyl plzgl Il oS
asholoe wuSep aepue e 1y 397 sleCrate aly ugw sydossozop Crates.do s ulo sydouy oz e
31 (gl oo asls gy 38w Gagws 38 08 NIt L0l b e ey sg o) cargo_crate GNslsol

BSaaSep 0slbw ul olgs crate glosl,

SN 8P 44.4

logal 5868 pepe S &8s
sgle lpya Chromium build,ys

03 53S0l bl tslogy ot 37 oS ol ol hello_from_rust 1S ys jaglail Jolg sulo Se
S 33 zezwe shel gpz eIl szluowsd s3g swelze wlpaSil plopg 0w san ©llgss sz e 9¢
0388 9 s

BSeS o;é‘u’ol 383 &glo 6')&*‘ G S o oQLgLSC unittest.rs_... Jé‘gé Ss *

BSeuS ol ol BUILD.gn ow Iy 38T slow e o

BSOS 6p IS S 0 3 GaT W e léT 0S8 36S s 9360 bzl weilpee Iy low yues @
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https://source.chromium.org/chromium/chromium/src/+/main:build/rust/chromium_prelude/chromium_prelude.rs?q=f:chromium_prelude.rs%20pub.use.*%5Cbimport%5Cb;%20-f:third_party&ss=chromium%2Fchromium%2Fsrc

45 J o

C++ 1o $Spo weJuly

Iz 33 o igpo 08 g3z losliol o os gp oglyl C++/Rust interop ¢lyo Iy gasgwa glooy ¢3S Rust og sl
.JQS&p oal by yul CXX f"() o ol 3l Chromium ‘Jdb‘t Jlz 38 sy o 0f uow

Rust o g 5l g oo 05) Interface b gye e oloi S ys 1y 597 (language boundary) ;1o 5ys JS o
9 Rust 4s |O%J‘5|CJ 9 &glgc: &IJ%’ Iy &&lbdluji‘ CXX &lo)bgl GIFU 9 GuS SP ;é&uoga (Ju.u) SP )'E’O =
WSS ep slz el C++

#[cxx::bridge] mod
description of boundary

Macro expansion Code generation
Safe
straightforward v v Straightforward
Rust APIs — Hidden C ABI — C++ APIs
Rust <—>[ Rust bindings ]4— ————— >[ C++ bindings ]<—> C++
code code

ssosee b CXX (a50pl ol 31 esl el JplS Jlesp glyos

05 30350 Izl 1y &S Glas 18683 ol @iz BB 33 85 3683 TEUPID SsiS Boz e alySles Bk
ol 5d slglip Gbils spelsd @3luuslSag 05 55 oslal 0 Sy gl 0w wgslsgp plzol 1J0 3
[cxx::bridge]# ,3I TJUP) sosls JelS wgulba Rust g C++ Lilzp 08 35S 6p spee sl oyl @
e ozlop JulwplS slolb I sz gy so ,Ju,‘i‘b‘;) .oc;ui:bo wdolbs Rust I g C++ ¢¢ 3lg Bgylew 1o
sy seplaw ¢a (out-of-sync manual bindings) es uplSaoyc g s L;loJluoq I Tl sgou
GuusS wdless potiely
\5‘0 65369 Lgbg B (Q'Séb 9 .C-ABI o Jlg)lu_u ‘5@95 6'04)5‘)'5) FFI L;loThunk Jédgt‘) sl Qél ®
203 ¢p plzal 518397 sob o (RUSE closesp ous FET cloulpes oy Jled Jless ologe o) Cyeé
..))L) G L9 e 0 015@) 9 Ulg t.bu,u $|DJJSJ?& JSUT Ul 0 jhso KLY §|o Jluoc')l
olan® 0w - 3508 weyesp 1y (core types) s s glogl 31 clog opzp soulowgp sulEwlasS o loylyol o
:JlCJP
swelE 2Bz 1o ABL csy0zyb op9Szge 13l sz wls sowe FFI 5yp 3l plewep 1) [T1& -
aygueow s¢lo [std:ispan<T> [ &[T, o s (bindings) clo Jl ool lo spSyy Hepuew |y
ot 0z Iy - sgul ol yu sazp Wygue 0 length 9 pointer S 3l 9 sgul VITW W us
(al 1o# 3g & up oz gins wosgp oluiy waldess a8 1y JIF gloslice ooy yo 0S¢l
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https://cxx.rs/tutorial.html

s Box I¢/g <std: :unique_ptr<T>, std: :shared_ptr<T syglp sopinge gloyS oyl yal —
s¢lo dmanual bindings) g yus gloJl ool SpS 1o ayauigp soulw e yag Native wyg o
303 ¢p w&b&‘ Iy P Jg.b 9 6&9&‘ Q'Jbbt S JLQQS d“"u Iy C—ABI—compatible raw pOinterS
Sys loplosy e s 1oSIring i lagy o 1y lowgldes CxxString o rust: :String glowsgle —
311y Rust string S sploegp TUSt: :String: 11ossy Jles olapg 0w) spoSep bdz o
splz NUL I Iy string S sploewgp o 33l ge TUST: :String: i c_str o UTE8 y ¢ 3959
.(_m_s

(laBinding) ls ! ool su9ry 451

Soun plJel IS . gope 38 yu exx: tbridge glo Jojls y3 C++/RUSt 35 JS 08 el ol 3w up CXX

[cxx::bridge]#
} mod ffi
} "extern "Rust
;type MultiBuf

; [fn next_chunk(buf: &mut MultiBuf) -> &[u8
{

} "++unsafe extern "C
; ("include! ("example/include/blobstore.h

;type BlobstoreClient

;<fn new_blobstore_client() -> UniquePtr<BlobstoreClient
;<fn put(self: &BlobstoreClient, buf: &mut MultiBuf) -> Result<u64

{

Definitions of Rust types and functions go here //

BeaS b)ldﬁl
slosls [cxx: brldge]# slosay 9)5]9 lel o ol Rust 6J9PE,P mod S 0 v gLl ygl ozygl .
Olozpe IS ol oS! - wusl KO eagE s GpS 03U ssde 35 9 sesep playl Ul s slesszse
Dol gp lf)u_'b 38 4 ffi P‘O oY mod S o JTUP
Rust jastd: :unique_ptr o C++ s Native ¢ logouy ©
C++ ,s Rust Slices ¢lyo Native gplu g oy
(Ulg SRR 33) Rust slowgles g Rust eus C++ 3l SoloFlyns o
(Hesle wpuwd 33) CH+ clogsgles o C++ o Rust 31 gyloplys o
el osn S °'JP“§ asl lpl weun gp o6z Rust b s C++ y30 suuyep by o :**C&SIJ Oyl yo oW
s es s o C++ 38 ys include# 6SJ|QA o 0S8 S ol gpy s B Rust b g 33850 390 !
o pal C++ sloytglapls

CXX 6‘(’&&5"9“CP
.wal type reference yolyo CXX 31 osldes ul alS e 078 o foyesgds gl sz 1o

oS @l gaslop wuslyp sJSysbos CXX
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https://cxx.rs/bindings.html

declare le pldel 1y OT 0p0 3gylowgp 08 Wil oal s g BIS oilsyl o a4 Rust-C++ s cbyoygl
BeaS

Slaw wusutsp sologouie CXX buugo 1008 oS sguSsp ealboul glowgle 3l bad lan ¢
2y¢¢ o [std::unique_ptr, std::string, &[u8 Jles

Option’ Rust’ wgles 1 gplogoyig pag Jlop e = ols @lg) glowgsssze 2sp oyl

ng)'éI éggt ] ”g)g 6[00)3” 6')9 b@;g Chromium BR) Rust )'l le “OQ‘S&? 393zp b I? IOCJ&JQJCP C)&I
Rust g¢lyo osldes yul 3y39p S OC)J‘)g 2By ge fﬂSC)O Rust-C++ oloz s Jplew sy oy peuS ol B yul o i
language) olu3 3sp gl CXX glosgoge pusan ubss 05 wual sl wot gaysb ob gy S Chromium s
28T '6 Sy 6P ).BQ oY o.)‘up 6“§|5 ojldol oY h_;i RIS les SEUS L8Ol S Iy (boundary

In addition, right now, Rust code in one component cannot depend on Rust code in another,

due to linking details in our component build. That's another reason to restrict Rust to use in
Jleaf nodes

Ul glang ow weyS zobp CXX 1o 1y 38 6s pop il Sy 3l gEsw sele veozee

(Ou,u‘ o3l oyl gag o sl 33) o gl C++ exceptionwlwl s Qi sl weyespr ®
.l ylgua leFunction pointer;l sslcdes ol o

CXX bz SN 45.2

33 QT N esolowery elielyw ol cSwp C++ exception o <Result<T, E il sologomo CXX
Slagenlos ol gloyeiSelz -aenS osldes wl Chromium

:_)u.'h‘g _\QIQCJ $P <T. E>OCL§L_)U 3l T NSESYOR: B

Qé‘ .c‘)vu.yl 03 yi b.)ab)f)g (mut T& éé_).b 3l J‘CAP ngot og) 6CJlt 6lb)c;\p|)|g{\ éé).b 3l =
ol sglo T Mas glyw - 048 so0e FFL 3ya 3l aploo T oS wiwl ol a3 o up
(usize lgu32 s4lp) o)l type S *
65 (KUNL1qUEPTI<T sqylp) s9ubep wol P ging CXX b s NAtive job o 08 ggles *
.(<unlike BOX<T) C)u.u' L;gbt J)lge B o.xl;éaugl 6')“.) g&'&e Qb);éu:}::&g )l_)ér': 56 6')"‘
ol 5 Spp oIS gl -0l 00838 558 36 2oep 33 tror Sk il 9 eas Bz RUST @y 4o =
&po 930S sowe FEI jyp 3l sglocwgpey 08 @l Rust wgles S¢ T oS syl 3l ss0p colpd
Sgul 0y <UniqueP‘tI<T 2 aglew

Bgnlo sylewsep <Result<T, ESIE wajuy ®
-l Talse g weddop oapoaylng true TJC)fx) Soubgp 03ulaySyu boolean S ylaygou —

(C)Qul OQASJZ.‘ “56 03403
s.)u,uI 039y 5'60 3y9p J?& BN) &905‘0 'pl ¢Ou,u‘ SRALS) Q[SM 89 9 lbt CJ'&:S)'C EJC -

QR Jles :CXX bz weyesr 45.2.1

2Ty 05 sl 8 wueSun Jodp 13 ©edber blowsl gho gJow ol 53 oS wial glogspy QR 38 sgJaw
auh gp 0318l sls yeoe FFL 35p 31 placgp 1y Sspl w8 bop
[("cxx::bridge(namespace = "qr_code_generator]#
} mod ffi
} "extern "Rust
)fn generate_qr_code_using_rust
,[data: &[u8
,min_version: i16
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https://cxx.rs/binding/result.html
https://source.chromium.org/chromium/chromium/src/+/main:components/qr_code_generator/qr_code_generator_ffi_glue.rs;l=13-18;drc=7bf1b75b9101ca2013

,<<out_pixels: Pin<&mut CxxVector<u8
,out_qgr_size: &mut usize
;bool <- (

{

Sy sl o3l gl suusle slSzyS out_qr_size szost sslote s39p 39 Woal 5Spp plisel Lyl
.(C)u,ul slayos bjbol Y Qél &é‘g_)_) - CJu.u' 6L§|u'ol 6?‘5 I?JU‘JP 9) CJu.u' QR 23S o_)l_)c)l oSJg

.Péos oﬂdfﬂ' out_qI_size °6J9| 60J)‘Jéfh 0&5{"‘0' oo Rust &u!u 6&‘9&')“9 3l Ju@ Juﬁlg f’)'J Jé‘uﬂ
L+t Bl JEy0) sauiepr petusely slady ow yzop wuSepr oylual s gl sbdlz o oS Rust ¢z S¢alzyl
Goungp UB ow szop slobddlz suuz tlasl ot Jag oo o8 soles

o st I3 logleyl sl CXX iz 08 sgos zupe® wouSee Jlaue PN ojloys pligplngls 43I
23S Izouslz Rust cloosls sygls glowsgpy Iy CHclossls 08 el oyl Funles tayls 3ley of oo CH+ cloosls
sunlo (self-referential pointers) celzslsgz sloySylung colz woal oSpa el

PNG J‘C‘JP :CXX th R SRAL 45.2.2

35S yowg FFI jya 31 sglow gpy sepl ©edBop 0z ey gd9 oS sos¢p ol vy PNG decoder o ¢ sl o950

Bl plzol glow gp oIS 0z 9

[("cxx::bridge(namespace = "gfx::rust_bindings]#

} mod ffi

} "extern "Rust

,<This returns an FFI-friendly equivalent of “Result<PngReader<'a ///
“<() /11
;<<fn new_png_reader<'a>(input: &'a [u8]) -> Box<ResultOfPngReader<'a

.C++ bindings for the “crate::png::ResultOfPngReader’ type ///
;<type ResultOfPngReader<'a
;fn is_err(self: &ResultOfPngReader) -> bool
)<fn unwrap_as_mut<'a, 'b
,<self: &'b mut ResultOfPngReader<'a
;<b mut PngReader<'a'& <- (

.C++ bindings for the “crate::png::PngReader’ type ///

;<type PngReader<'a

;fn height(self: &PngReader) -> u32

;fn width(self: &PngReader) -> u32

;fn read_rgba8(self: &mut PngReader, output: &mut [u8]) -> bool

{

soolaweay €o0 ogl 3l sloobject — s we Rust glousgles "ResultOfPngReader” ¢ ”PngReader”
out_parameter: &mut psolowgry lp 3yaS youe FFI el <Box<T PEEL P ISE &J\SSQDC 593
B0S 0363 4ls@p Ll ulyo 1y lo Rust object sos gpyy o3lz! C++ o CXX 1y 65 poule o als PNgReader

-spo solwemung ole s clotemplate o logeneric 3l CXX (31 oz oS sosgp oluny Jleps ol
) sJS SOl gt gwms Syspeos gl s pues sowe FFL 3up 511y ool psplawp slogpe Ip s
ResultOfPngReader Jlea y3.p060S Jse cpopt it o0 S s (specializing / monomorphizing
is_err»» 0w Jlep glone ow) <Result<T, E o ulyp glosws s 08 @l NON-generic ¢oy S

Soubgp Jluwyl «as_mut» 1 ¢/s ««unwrap
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Chromium s €XX jl saldes

oal 8 yul RUSE 31 5 colog a0 loyS Sy yo ¢lyw Jeewp CXX: tbridge] mod]# S .Chromium ,s
08l bl bgd ey .agls ¢Serust_static_library yo ¢lyo iJgp?_p loui peuSep Bt ly peusS
BeaS
[ "cxx_bindings = [ "my_rust_file.rs

list of files containing #[cxx::bridge], not all source files #
allow_unsafe = true

.sources g crate_root .S yss9zep Tust_static_library Gse oo

sgolawep oot suhilow wosuber sslow sdbup olSp Sg o8 C++ gloheader

"include "ui/base/my_rust_file.rs.h#

CXX Rust ¢lgyl ocs Chromium C++ glowsgles jlfows Jesww gy base// ysly cayoylS golaw 31 ggye
SpanToRustSlice](https://source.chromium.org/chromium/chromium/src] Jles olyo— 358 sgolog ls oo
.(/+/main:base/containers/span_rust.h;1=21

Speolsiley allow_unsafe = true osu jouo lyz —— e sl oSpa oligal agls

33z olothyd .y Topgl” RUSt Jepgp closylagles ol Io C/CH+ 58 zgo 08 @il ol oJS Fuule
GIoTab opyl o s0s plzyl sBBIZ 4 1y elgF s cloylS Wil (Sap Rust 31 C/CH+ o o S50 o
C/C++ J?I&C) XS «C)?”f)» J‘é‘) e gsdS CJ'PJS 3979 .Jj‘_)oég )bt ow Iy Rust 9% 6‘00.\‘_)
BeSobedlzozl vl o soluw weosl $36)S 0pJS ot 3890 o0 JloSeus wousy o0 splaegp
S 0w sZIE 38 30 a9l (Beds sob o Ial (ol (https://steveklabnik.com/writing/the-cxx-debate)

Y- Rust O|SJ§J 5l O)BCJOP‘)&(‘C oy CJ&I;) JOI9C"6? Rust &JO&S'%“

9 «uplley Rust g wlee CXX oz 0 wiig 53 = @l ssboy oz o ol @ldle STy 386 Zusle
pesls plzyl oius Wy e o J0d e s sgole w1y "extern "C

C++ 1o &JISPO aeJeld CUGIPY 45.3

Jol wped

weruir bhewlu SgeS sgyS 08l ol [cxx:: brldge] # S glosySalzdl TJU@ »S Rust Jglbya e
Zs® 9 00plsl oS gl gaws wsls hello_from_rust ply oS soum oologlyd CH+il sl o8 35S gp
.JQ'J)S}Q 6)‘459

g3 ek [no_mangle]# 5 "extern "C iz ¢lyolysor cJoshello_from_rusteole o
.CJu,u' Rust J)‘JQ'CJQ.«J' ‘"Cu‘u 5\5 b@& oél U‘t

3803 3668 (blndlngs) losyosw aul Slzgl gls 1y s9F gn Boe @

330 Jgld (oog 33 sgyS Biz Iyhello_from_rust Iy forward-declaration wgp C++ 58 4s @
DS 08l ol 1y os i s g Jow

Irun g Build -

PO3 Dp

S RUSt 05 3608 388 gl o [ 38 op SpS a0 (gl oS il CXX o pS 08 Wil gg 03yl
Wl g3 Slbe ol sz e 6l Chromium

BeoS plzepl sglo oS guloiez 3l sz

:CJQ,'BI_) ‘\50‘93 j'&f) |?u,u C)&‘DQ)_\ "\5()‘5 60]96‘)& C++ o oylsgy Rust 3l e
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sglo lpun aeyS sylg Iy linclude sgp cxx: :bridge sl syl cp 08 o8l bl ya0 Jgld S —
60S plJel a6z 330 Juld ol s 1y 392 CHt g ol
unsafe g S 0pJS walywp seb 0w g (el peuz sulstlhd s unsafe Sy o S -
Ol os i osls o oo Izl 33 08 yobylao 5o [exx: :bridge]#)_) Iy
"include "third_party/rust/cxx/vl/crate/include/cxx.h#s aloail)ooel 5 Sap eozpe —
'JLSC)‘S J)l_g b
BeuS Jaoogp Rust ous C++ 311y CHo iy S ®
. Rust ous C++ object s ¢ 3l reference S Jl oyl
sulolbz ot g 3608 Wbl gy wpyslay wiwlbs [exx:: bIldge] # 3l oS 1y Rust gl glol sl TJP& °
SeuS walg sne gp 0S8
sulolbg 0w g sgS wlgys weplsy w@wlbs [CxX:tbridgel# jl oS 1y C++ gl glol bal TJP“C_ .
Sy walg sguee gp oS
ghls syloss RUSt o8 gyob 0w gy S Iyl Rust ows 1y C++ 51 e gy 31 Std: tunique_ptr s¢ o
sunlo C++ object S ¢
S ow lpyn loesS ) s alos QT Sla CH+ e 5608 Iyl CH+ o0 1y QT 9380 slz ¢l Rust object s¢
.(Jé)b jlé& Box
BeoS solaglyd Rust 511y logl s gy S pl el CH+ g opy 3o Iy sp 5oz ®
.JéQ\S $Q|9tb“é Iy lo;j C++ 3l .JéQ\S PIJ&J Rust type o 1y SUpIyE °

PO DA B

33 Rust é‘)‘r‘ legéC)&‘ 3)9p IUT o ,J§|o¢)5 Sy Iy CXX interop 6!006.59.5:? 9 Wod .bl@u Q?QS|
pouny y boly gl Besgw ooz il ol ys g BIS ojlsyl o bosly ol 33 08 sy S S8 Chromium
SeuS

338 s g help Olgaéﬁ lCS

cxx binding reference s¢ *
rust_static_library gn template S¢ °

As students explore Part Two, they're bound to have lots of questions about how to achieve
.these things, and also how CXX works behind the scenes

fagsut 0Zlep ol I @il §Spp 08 sl Yl 3l sEsrissaut ozlep of I wual 5 Spp 08 sl Jlgum 3l sE s

gologon 9950 Yo X olss oS posose Y eoo I X gog 3l sst op S o tsl soa3lsdp 33 sJSump op *
Slsy w@olbs s s CXX1: bridge s s9zop ollel I 1)plS oy C++ &g_k') 0S8yl yblEw g ywe
Saslagy 1y UB yb# il 1l 2SS Jgswew Rust ¢ Glya o 1y CH+ e zlsp o lalil aglow o s uygp s 00
oSpp 0o CXX wigaol gu glagl glyw coml 38 oyl a3lagl Iyeh ez ‘opaq/ue CXX glowsgles glyws
oS e olauss sleuse s glopsps weur @Elus CXX szl oz Sl wsyn UB wiglo ol
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https://cxx.rs/extern-c++.html#functions-and-member-functions
https://cxx.rs/bindings.html
https://source.chromium.org/chromium/chromium/src/+/main:build/rust/rust_static_library.gni;l=16

46 | o
olle oFon doCrate s Sedl o

Rust ¢locrates ¢S juoly ggungp @bl e Crates.io ys g syg v ep 03pley “Rust "Crates glooylzwlos
Lagesgp plzal 1y 518 gl ool gl wopal glowl slspne 38638 s o

Rust crate C++ library <S3¢9

Cargo.toml :¢SzilwSe  galgh slsge Build system
SzsS Large-ish Sdopgr oylERlasS o3l

&J'éj JL&&C) Few b.’)g 6"’6300“%)]9

3yl g&'&e 9 IL;‘_}P 06‘ .Chromium BUERLYS S 6')‘-)
'°OT 33olzaS pealower selelow wunSep 0318 yul Sye gus Wl s a0 gua S 3l loCrate ops ©
) wep S sISsgz |y Chromium s
580 o ol yowze IUlawz! peholyw wosls 138 dlocSwuuly 1Jgpes locrate dal ...
wesles yoplzralos
23S sl Wz
Chromium ¢ o gp 38 wgys g Crate S sl 513 ooz
psoS szl ol shye g olie gelad 0psSz
318 gupl shw ol goup 38 ueise ooy *
All of the things in the table on this slide are generalizations, and counter-examples can be

found. But in general it's important for students to understand that most Rust code depends
.on other Rust libraries, because it's easy to do so, and that this has both benefits and costs

lscrate Q.bg_}g_él 6‘-)“." Cargo.toml Jé‘g_é SIS o 46.1

j' “’C)&' .CJUA‘ 65‘5‘3? RSN |g pPO8U P crate Ls‘oksgau.uglg Jl Jt‘g °F 9PrTR 56 6‘)"‘5 Chromium
L3g9UB 8P W8P Cargo .toml “56 L'g'é)b

[dependencies]
"bitflags = "1
"cfg-if = "1
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https://crates.io
https://source.chromium.org/chromium/chromium/src/+/main:third_party/rust/chromium_crates_io/Cargo.toml

"exx = "1
...lots more #

a0 wetute b eSosoly e ss sousee Sleeiz ssolsose wrSes Cargo.toml o syl
SeuS wetunp Iy sgyS Jled crate yo s golg gp 08 1y «glo g3569” scoloFcp lpin | Jopgp
gnrt_config.toml ¢l ol Jeld S ysly bl ol wlglJblsco o gl .Chromium oo crate ;sg38l alS 0
Sub peoleE Lol ol Tos oplal 33 08 3 g0y S ogly!

gnrt_config. toml «ls cbes  46.2

wowete extension clooplyyws Jaln ol asls sy gnrt_config. toml s¢ Cargo.toml IS s
el crate weyesp ¢lye Chromium

3l eSS ol BeaS wetuie by group sliz sele wgyS ol bl ¢s oz crate 43I

.safe': The library satisfies the rule-of-2 and can be used in any process' #
sandbox': The library does not satisfy the rule-of-2 and must be used in' #
.a sandboxed process such as the renderer or a utility process #

.test': The library is only used in tests' #

Jles glasg oo

[crate.my-new-crate]

group = 'test' # only used in test code

(lo) Juld podls Jzp wsst e sl Juld oyl 3l suale p3ld @l o Spp Crate g o 38 zyb o 0w
BeoS 03l wl ol 5oz

2335 psolag oseltin Julod Gl 33 @S s3owrSew sl DS e Jz sho oS 1y 6rSss slop dogo

loCrate ;3,5 sgJols  46.3

DS J‘Eé‘ Iy BUILD. gn J&'gé °O9‘§E 9 39S L_;J‘_;S)lg.) Iy '°°&"&E 00935 oS JQ‘J\_QP gnrt P‘O o0 6)|jg.)|

oS soduls sl wygue o Iy soF 3By 3y9p CrAtE oy 1 gly

cd chromium/src
vpython3 tools/crates/run_gnrt.py -- vendor

~e Sy yowus gl bzl lo wwl Chromium ¢oep 38 51 g wro gnrtyliol oz, 3!
ssup! perue ol sop 33 1y e d LsES oS er izl o syl crates. io il ol gle
BEuse

S ©aeSle @l (Spa vendor command ¢l

'Pui’ k_;..s)g)‘\s (Crates) LS“)D‘."&E .
1538 o pPedUep slo 6SQUA‘-J‘9 °
Sles e sleowez JalS ogopzp 333 Jz ¢lyw CATG0 oS yobylao (1S gs cloCrate s oz gloog uyy *
.l a3 Chromium
rd_party/rust/chromium_crates_io/patches// s0S8 3.8 ¢p colsoSylocrate ¢ yo glyo 1y séloo S o9 Chromium
] j'éﬁ) C)u.u‘ Q‘SPP Sy °Ju99 )3' l?' ENER RS J'P&l o)lgg_s )LSJgt )gbog '°OL§| ENER R L.;)‘JDSQ
Beubla o yals g s sl 3l
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https://doc.rust-lang.org/cargo/reference/specifying-dependencies.html
https://source.chromium.org/chromium/chromium/src/+/main:third_party/rust/chromium_crates_io/gnrt_config.toml

gn Build Jt‘gé JIC&S' 46.4

B3euS sedew el suole 1y BUILD . gn glo Jgld wgayS sg)gls Iy crate oS ¢plS 0
vpython3 tools/crates/run_gnrt.py -- gen
23S Isgw 1y sslep ol sl lags oS yzl 1y git status ;epS!

third_party/rust/chromium_crates_io/vendor ys scsz owez goup 38 Se Jélsz *

third_party/rust/<crate name>/v<major semver ,s scsz BUILD.gn S¢ Jslsz °
<version

wuwlyp README. chromium s *

.J&QS o&abfs Rust TTIP O lébd
Susuiep slzgl third_party/rust s oS geloicz 0w pesuetow weilsosy 3uds «olSy

locrate 3l 5133l uley 0F yusy B30z soscp oilz! Chromium s 68 ¢ gy 03590 o - Semver 339p 33 GpS
ol 39302 ©lBel ol S s s9usp gup CATEO pes o esS] 13 05 359 sl BuS Wz e oS Slze )

ol)Sma Jz 46.5

oloz s sloslS oS 66'009'0‘)9 oala build.rs Jeds o oyl OSpp LUl °€l9f5 O Sl 'f\)i’ build , 31
3¢lod ol usdss oS wwlNinja o gn czlyb I sl oo ys ¢ JSygbowssygn el apesgp plz gl build olay yaly
uu.ul lebuild 6)&-3‘-:‘)|)'5‘:" 9 63‘0"’6}‘9? OJOlQ"’) )C")S‘JC o 6')‘.) 6ﬁbn.9 1|0uuél build

ol plagl o Sley uliS s psubsp solwswubg HlS9E seb oo build. s wlalsgl 5l 2w

OSSl wEl e
oo 3ley 9p 518 Sousp solPewie e 8N clowlg b ugw O grS el
None sl TUSTC oF gy $usise?

GIuPISe s

steplE 9 guray loeS3ss

None sl ls pydo]e o
SIoSes gl CPU

9 oubey slosSisse

Sepl
- ng k;J;.J aSs QJJS JéJgCJ
gnrt_config.toml
S80S eEBp o
Jéos Patch b Q| ;él).b‘ SN ++Bu11d1ng C/C
S80S Patch I, OI Slybl 6T olo s wlalsgl sl o

93 logyes lobuild script oSt oglagoyied o sy build script ¢glz locrate yoS! wplasEo jaes
=oesep plzol b sdoe! Jpe

3o0S6p Sl Iy aS oS gilows gy S ul Wl e 46.5.1

Flup 6'0.55 léT oS AR RSS! _\_;05 SUEIIY Iy build.rs 3yS uobu&‘ ‘bJéké NELTSN oylsya ninj a3l
Sossause s
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https://doc.rust-lang.org/reference/type-layout.html

s 8l ol crate ew build-script-outputs o sges st w Iy gnrt_config. toml wyg e ol oo
ol ows i?éé”u—“? s¢loy Chromium s8 o8 6300"_’%“'9 Sofs Wl 1H38 S puuly S ol 331 a9
Jud 3l og0py 080T SeuS 0l bl jey lyallow-first-party-usage=false oo o slo oo juols
tayls 39Z9 Jélgé QT BN)

[crate.unicode-1linebreak]

allow-first-party-usage = false

["build-script-outputs = ["tables.rs

ninja ous Iy S80S JL_;ch‘J oyloga |y BUILD. gn 6|0J§|gé I 38uS IJC‘ TJJ@P lygnrt.py -- gen 0905|
WOl g build Jzlip o939 ol szosE Jeld gl 08 3608 ¢l bl

3go3sp plzylolgz s wlslsgll g sy S ep Build Iy C++ 08 Sslow 638 el Wl 46.5.2

glocrate sy S ¢p oslbes pul ++C/C 6laoolt'g|c15ﬁnk o build Lgb;:J CCous bguys Crate il locrate 3l o3y
b |0CJ§J‘&;§ Qé[ .30&569 06ITW 39T build 6‘00%«)6)“50"“ X blndgen _)l o..sL'QCJuAl lo 1y ++C/C JSuSJ
bolgy plgw 53 1p LLVM g gnuninja ezl e possag s — 55 gologosng Chromium o gps 53 plewgpy

ol ol slguuy labuild actions RS

Shageslog lags ooy @3S welwluw
seuS wlywzl locrate ¢l 3l o
Seoiw crate ¢gy (patch) o o9 Se ®

<third_party/rust/chromium_crates_io/patches/<crate,s sg¢lo (Patches) loo] o0
+/main:third_party/rust/chromium_crates_io/patches/cxx) [ Jolgp s loPatch] Jles clyo-sgoun golsoS,y
Soutge Jlpgl ‘BNrtbywgs HlSsgz Hebow soSsp upgrade |y crate oS Hlo jo g -

Crate S¢ou o woly 46.6

crate g g 0 079w I 08 56338 slz gl 1y build 38198 9 3638 08l Bl Wl o7 4o Crate S oS 6?'500
XY 89 dep S 9383 '36&? Iy KYYe Iust_static_library XY T LIS ..)ulyk) o.)‘up JO|9C‘J§P
BeyS 08l ol sg crate 4 1ib:

wetubpsbon
L + L e +
"third_party/rust" | crate name | "/v" | major semver version | ":lib//"
e o - + oo - +

Jlop ployg ow

} ("rust_static_library("my_rust_lib

"crate_xroot = "lib.rs

[ "sources = [ "lib.rs

[ "deps = [ "//third_party/rust/example_rust_crate/v1l:1ib
{

Gl s 6|oCrate SR ez 46.7

SQLSOP' SIS EoP 9P oOgJ' 'PI ;C)u,ul Chromium oY bgg)fx J&'gé &qu 383 6]00&[39'05 Q.)gjgé|
B38uS 310 3eo Iy 1338 logSw wuly 08 Ju crate Sl ogy ol gSpp 0S8 éé‘EOT Saasls ez 3y
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https://crates.io/crates/cc
https://crates.io/crates/bindgen
https://chromium.googlesource.com/chromium/src/+/refs/heads/main/docs/rust.md#Third_party-review

weslog sylowgp safe Rust code ,3 ¢s o 3l -3l o?uﬁb 3979 s b alel gloasS Wil (Spp
03605 s b ol sl 00957 pew suslo soals gaeszp swolz

BoS @Sy cargo vet ul ol yo gapglyd 0w syls s e Chromium ,lps o238 1o
PSOS sp Surae 1 36d Blop i 0Bl Bl sguz Crate yo gho Jlz pepo 50
0z 30 Wl o p g 381 S yu oz loCTate ;o sboly ag i gp 03l Bl Crate yo lyz oS s glogs
oz gy logl o8 S80S PEUBp (sl (procedural magros) slogay logySla I build. 1s colz
)'3)‘0.44 RERRES built 9 batlu.u Jgfs&e ok s Chromium »s Sul9) o |oo' ‘6' RTINS NI
o o
Check each crate seems to be reasonably well maintained e
BenS  wlde gl cd third-party/rust/chromium_crates_io; cargo audit jl e
cargo install Jé‘g |JCJ;)|) o_sdi\bc.‘tlouiy 6|°$)63?96U“T SUEII 6')%) cargo g s
(2_590.7.\&? aeyonsl 31 esles 6'065“")0*’9'9 sodols Jplun 1o 31 oS cargo-audit
el Do 93 0ag 18 gy g BlS oilsyl o unsafe s5 5o Seouh s
3GUS U Iynet lé fs 6‘OAPI 3l OJ‘J(‘)QM 0093)0 .
oaul 33lg yEs sob o Wil (Spp 08 iz 30 JIPs s Tw snleE s gBIS Zdo w su 1y ToaS placs o
ol g3pe3 Ve oz gy Jlops 0w aplue £8le ek 0w sl p Tz ol 58) Sy salo
(asls 5oz ol gloas w ¢!
les S80S RIS security@chromium .org jl 66"’05&”“9 I —- KISTE 7T ééibdﬁtd‘)gOdAJ b@d 'bQél
Lo lagw crate il ylygpbl glsg gouys ol

Chromium ¢ P IS 39 loCrate SUIS 46.8

oy ol ny s¢le git status

third_party/rust/chromium_crates_io// ys Crate ss ¢

<README. chromium)in //third_party/rust/<crate>/<version gBUILD.gn)lwgsless ©
SeaS 0Bl Bl jey 386 ol Sa 33 OWNERS J¢ld S il |
s1@ Chromium 374 ys 597 gnrt_config. toml g Cargo. toml wiygegw olype o Iy logy gl opo sl
..\60.)
ol §Ses gitignore. gloJgld wiyg e ol 68 3 1y 3gyS valbe ul gl't add -f’jl sele pop
Soub loJgld 3l gy Biz o0 sz e
As you do so, you might find presubmit checks fail because of non-inclusive language. This is

because Rust crate data tends to include names of git branches, and many projects still use
:non-inclusive terminology there. So you may need to run

_language_presubmit_exempt_dirs.sh > infra/inclusive_language_presubmit_exempt_dirs.txt
| -p infra/inclusive_langquage_presubmit_exempt_dirs.txt # add whatever changes are yours

loCrate ;o als 03 5oy 000 46.9

alzloel 059850 lo 1y ol sgyep slbeyl Chromium o jle o o cSoeoly yo Sl gloggew P
Iz 33 1ol oS 51Sse¢ Rust clocrate glyws Iy gl g9 0w Ip 08 el sgpl wsgsls 03 Joy00 cgypl
edsgusr sl 0Ses ele g us ow e Swly so ghw oS sobylpe wisla s g olozpe wlle

.J&Jl.\ b
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https://mozilla.github.io/cargo-vet/
https://chromium.googlesource.com/chromium/src/+/main/docs/security/rule-of-2.md#unsafe-code-in-safe-languages
https://chromium.googlesource.com/chromium/src/+/main/docs/adding_to_third_party.md#add-owners
https://chromium.googlesource.com/chromium/src/+/main/docs/adding_to_third_party.md#add-owners

Ioaéjpc) 46.10

Add uwuify to Chromium, turning off the crate's default features. Assume that the crate will
.be used in shipping Chromium, but won't be used to handle untrustworthy input

Qé' Jé&lgﬁ)&P Jéleo SyouP I3 'f’l 1335 PLSO'St o.sLéC)u.u‘ Chromium 6')‘.) UWUifY ")' RIS IR I _)_s)
rust_executable'](https://source.chromium.org'] @se S¢ seolowgp sobogpe o3 plzal Iy HIS
uwuify jl oS 5658 slz ¢l 3¢z (/chromium/chromium/sre/+/main:build/rust/rust_executable.gni
.(JQS&P ol b yul
BouS 9ol 1y 138 cSwuvly aleh slag o selos oligal yagls
Slagasleos sley ss9p sleCrate s

,instant e

,lock_api «

,parking_lot e

,parking_lot_core

,redox_syscall e

,scopeguard e

s,Smallvec e

.uwuify e

by Boduse glogSigs 05 3pl00yS (poplid Izl wooSsp sadols ol s sz olisplsuls »S!
SO0S LieplZ
Icrate (¢l ¢lyo Daniel Liu 3l 38 e o
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https://crates.io/crates/uwuify
https://doc.rust-lang.org/cargo/reference/features.html#the-default-feature
https://github.com/Daniel-Liu-c0deb0t

47 | oo
380S sespe = ol wsle sz gy

sl Uu@ oS Iy ciloisz 0po 9 35S o8l ol Iy Chromium s ¢sz TJ(QIS 3568 Sg360l9F 6p (sap ugl 39
.3605 &)9‘ P Jé‘b&;é)g

Jovezr wessse il dlopellz

oS C)u.u‘ pop "‘OC)“S SR 65.5())' oalesdl ygu 6()')'9 JSUC \?6 33 08 CJu.ul 03 i ;90.?.\5 lopixy 3l &lo‘;ela
PR3N J§9CU |bo| 0 W @9 t)d“‘ 33 1y lopIxy ‘_gbg Chromium

SO9Ul 0pT I Pixie ,luj 0w Chromium gyu;lS boly glestring plaw oS Wyl (ol 51S 0p31 ]

Se30 dlsues PIXie yloy gz o na ol wylsy saze Cuslop sleepzyes shiw asulp yBoue che soles
30360 e|ao| b opT I oS _\‘)L) 3979 6' Rust crate »s ERTIRT J‘BO 0 9 C)L)M 6UA§J~_<Q| oY

26355 3ls s J2d pespw so Iy crate ol 1Jos laus @.3lg 5

J‘Qu)‘ Iy 3399 Q&‘ .JO)‘J 60‘))50)919 u""J“" 9 WE3 oy j'uSO Chrome &&é'g &lo opT I oS C;\u,ul u5°s5')“~))
(ssusy

lopl3

Iy lestring oss Io seos yeo¢¢e Iy ResourceBundle: :MaybeMangleLocalizedString
Olagboye oS jby g esw .Chromium ol build gl 5 508 ozl S unglay 3 Jod
03 plzal 1y 418 gl sgle o ngpe _Mmangle_localized_strings

slz gl pixies ¢lyo Iy Chrome s ¢lo p oS s Sy Ip g ows glosls alz el e yuys y oy gype ¢yl opo 33l
LigasSep
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https://crates.io/crates/uwuify

[ ] [ ] chwomium

sign in to chwomium

get additionaw featuwes

aww youw devices stwongew secuwity back up data
easiwy pick up whewe you pwotect youw passwowds save youw bookmawks, (Hul)
weft off against phishing passwowds and m-mowe with

sync

youw device is managed by youw owganization. éwd a-administwatows c-can access t-the data in a-any pwofiwe
il on t-this device.

donttsignin “

:Students will likely need some hints here. Hints include

sowwe UTE8 o i gao RUSE (loString o8 syyolsws selo olygpl agls JUTF8 Jolgs ,0 UTF16 o
3l ealdes ! 1o ++C Spage 38 Iy Jesow ol yjoeo oS @by 8 s0leF pepLew TJ|PCJC| 9
033830 0ylgs 9 3yes plzyl base: :UTF16ToUTF8

tring: : from_utf16](https://doc.rust-] sl wyos alz gl RUSt e w33 1y Jgsoew 08 sy 680 pgpuow olisal gl 431 @
By g Iy 1 wesesr seneSw yby s Iy lang.org/std/string/struct.String.html#method
&l slsges splaes gp CXX 3l os i gl g glo oy plasS 08 s gl o als 3 by 33 g 30368
BouS Jawys 1yl ulh 3l

00838 Jlop plapg 0w wuuS szhb BJwgs glo gy oo Iy CHH/RUSE 5yp &l o Spp lojgpl npls @
“56 3l )5‘ Strmg 56 o )§§tu Ju|3 TP ‘56 uu;Q)S ‘6 ‘3'3&9? UA‘UA‘ I Iostrlng u_\ub‘)\s‘;u 9
DJILQQQM Pin )l J&lu oS JégSé? J%"o’-‘u'-’ oY Ulfsut' CXX RNy o.>|g.9uu.u‘ )éétu Jul@ TP
o CXX 1yz 08 3603 2629 et 8 35S e oz PLN sgos z o oow sl a3l @l §Sap 00S
~spo Iy THC cloosls 08 @l gyl Fomly tayls Sley ++C gloosls ow yeeb e Jul sloglzyl glyw ol
self-referential) ¢¢lzylsot cloySoluiy colz @l Sap 1y6h @3S Izowlz Rust glossls sela olge
suslo (pointers

Wb ou s¢lo ResourceBundle: :MaybeMangleLocalizedString slz ++C so o
sals plzal 1y 5IS ol Jog 5l 1laoz! jealnyls sl soeuls Tust_static_library
.CJQAI

third_party/rust/uwuify/v@_2:1ib// oo os¢lo rust_static_library se e
Suilas e el
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https://cxx.rs/binding/slice.html
https://cxx.rs/binding/slice.html
https://doc.rust-lang.org/std/pin/

48 | o
s8spw gloJzely

"\5()‘5 l_\sg CLs j‘ S Qél BR) Jé&‘gﬁ)é? b Chromium CJ'Q&)?CJ 6‘°JC°'J
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49 | o0

sesal g Bare Metal Rust oo

luQAT Rust J_guol lu oS 6.5‘_)\.9' Bao lu oS CAQM bare-metal Rust 339p 33 039y S Jéc‘)ou? 0393 S¢ Qé‘
ow bare-metal ¢ wcoronlone oz 3o Jlosgl wllz 33 o (RUSE gl 039 placsl 31 sgl ) 3oy o
wuiloee Coagala wenls Iy 3368 ol

3oz 0 oplal ys Jale ps pegm o RUSE 58 ¢lyzl 15y S pgolo woz o bare-metal’ Rust'sygs ys ls 955!
ok 3l9F P B E

Swuez No_std Rust ¢l ©

dosymySesSsp sy firmwareyougy ©

oalyyo glossyilayg ¢lyo bootloader / kernel s e yngyy @

.bare-metal Rust 0F oW &bg "\5"9? slocrate jl ST

S agl 23S sl eslbdw yul Jlws ylaye 0w BBC micro:hit v2 j! Ip 0393 3y SoySep (e ly
lagwbd o zouewlays 0pSs g LED sz 1w Nordic nRF52833 DS eSS 6p 3¢ GUWIP 0F ol 3y
Wl sy 6oy SWD j8loes S 9 12C o0 Jpep

roles s ueSa0ed 08 S wuey @uls peelaf Sley loglow lsg o oS 1y glosliol oy sl

tall gcc-aarch64-linux-gnu gdb-multiarch libudev-dev picocom pkg-config gemu-system-arm
rustup update

rustup target add aarch64-unknown-none thumbv7em-none-eabihf

rustup component add llvm-tools-preview

cargo install cargo-binutils
'/github.com/probe-rs/probe-rs/releases/latest/download/probe-rs-tools-installer.sh | sh

g0y Iy micro:bit 0”690°P'OJ‘.) [ TSR IR oj[tl plugdev 09)3 QI)..,UIS 00U 9

 SYSTEM=="hidraw", ATTRS{idVendor}=="0d28", MODE="0660", GROUP="logindev", TAG+="uaccess
sudo tee /etc/udev/rules.d/50-microbit.rules
sudo udevadm control --reload-rules

:MacOS ;s

xcode-select --install

brew install gdb picocom gemu

brew install --cask gcc-aarch64-embedded

rustup update

rustup target add aarch64-unknown-none thumbv7em-none-eabihf
rustup component add llvm-tools-preview
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https://microbit.org/
https://tech.microbit.org/hardware/

cargo install cargo-binutils
'/github.com/probe-rs/probe-rs/releases/latest/download/probe-rs-tools-installer.sh | sh
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50 J oo

no_std

core

alloc

Slices, &str, CStr

..NonZeroU8

Option, Result

..1Display, Debug, write

Iterator

..Ipanic!, assert_eq

NonNull and all the usual pointer-related functions
async/await ¢ Future

..fence, AtomicBool, AtomicPtr, AtomicU32
Duration

Box, Cow, Arc, Rc
Vec, BinaryHeap, BtreeMap, LinkedlList, VecDeque
IString, CString, format

Error

HashMap

Mutex, Condvar, Barrier, Once, RwLock, mpsc

File and the rest of fs

println!, Read, Write, Stdin, Stdout and the rest of io
Path, 0OsString

net

Command, Child, ExitCode

spawn, sleep and the rest of thread

SystemTime, Instant

&l e yuoly RNG s HashMap s ¢
.std re-exports the contents of both core and alloc
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nO_StdjhsdébtoPkw%15§ 50.1

[no_main] !'#
[no_std] '#

yuse core::panic::PanicInfo

[panic_handler]#
} ! <- (fn panic(_panic: &PanicInfo

{} loop
{
ot e JleplS sl waosle Ssew pgl ¢
.std provides a panic handler; without it we must provide our own ¢
3yS seoes panic-halt sqyls ¢3S es crate b wges Iy of (lowep Henzpe ®
panic =1y eh_personality 6‘bt 3l 6J6S9JE stg sublos ?JIJ &l [)5?9 FE-RY o s ®
SeaS Jélg\gfﬂs ""abort
als ‘530&9 |(’>uﬁ = Qél .JJIJQ 3979 5)5&) 83939 °bs§O Z&° ‘6 main oS J&uﬁlg o(')uﬁl.) oZ oW *
éJgPuAI KYCY &)bé? 9 linker CJ;VJ&)SUA‘ S J?luly iJg?&P Qé[ BSeaS J&)&s’.’) |~) 9% 399 obéo oS
«al Rust 58 glyz! glyw oslal aylgp pebsyye glyw
alloc 50.2

BeoS gilweslew 1y global (heap) allocator S sglo alloc 3l ssldes yul glyws

[no_main] !#
[no_std] !#

;extern crate alloc
;_ extern crate panic_halt as

;use alloc::string::ToString
;use alloc::vec::Vec
;use buddy_system_allocator::LockedHeap

[global_allocator]#
; ()static HEAP_ALLOCATOR: LockedHeap<32> = LockedHeap::<32>::new

; [static mut HEAP: [u8; 65536] = [0; 65536

} ()pub fn entry
.SAFETY: "HEAP" 1is only used here and ‘entry’ is only called once //
} unsafe
.Give the allocator some memory to allocate //
; ((JHEAP_ALLOCATOR.1lock().init(HEAP.as_mut_ptr() as usize, HEAP.len

{

.Now we can do things that require heap allocation //
;()1let mut v = Vec: :new
;(()v.push("A string".to_string
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https://doc.rust-lang.org/stable/std/alloc/trait.GlobalAlloc.html

buddy system os;y05 o o7 Sg oS ol third-party crate S buddy_system_allocator
Iy 39z 00 bowyp 0F ey 3sulowsp I Su@ume suyspus 53 S g gloCrate .5 Sep gilpwoslse 1y
BSeaS JueWp 397 39z 9p 03503 s o L s s

330 06l 33 sut s el (@llocator) esyos oot vy yesSlsz const LockedHeap yoalyles
203 ol ezl Iy wglas 32%*%2 | sdblyp sylogp

0303 P PT S 18682 sl wyls e S ew alloc ous lau ¢S uuly wEys s ¢l crate yo 43l
soubsp plzol 1o zb e binary crate ys )1S ool lspep 2508 Berew 392 ©r08lw 33 ©usbus
extern crate osldouwl Wil ssn Syl panic_halt crate oSyl 3l olpeabl glyw
peuSsp wdleys Iy ol panic handler ¢ ¢lyolyw wowl g39502 — panic_halt as

~33ls €Ny Point g5 s sgpo bzl lpl ssud ¢p 0wl e Jlep o4l
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51 | oo
loy s SesSep

Cortex M cloy sy SosSep ¢lywo reset handlers ¢ (58 ¢ glojsz olp 3) cortex_m_rt crate Sg
.JQS&P PO‘)L_é

[no_main] !#

[no_std] '#

;_ extern crate panic_halt as

;mod interrupts

;use cortex_m_rt::entry

[entry]#

} I <- ()fn main
{} loop

{

23S polot s elioyl zboe gaglidl 1o 1y (peripherals) goylz pile] oo guwysgus o9z oplal s

cortex_m_xt: :entIy M) §'J|A ‘"C;.J'CJ oS C)w‘ Qé' ?:)JCJQAP cortex_m_rt: :entIy 9)5'9 °
Ooeey sdbop reset handler oo o1 S3l0 1y6h il
s¢oS lyzl cargo embed --bin minimal o1y Jless o

Al MMIO 51.1

suonyuas (peripherals) ¢oglz wlycoze s memory-map clyls I0 gy 31 loy Sy SoySgp yu Sl
29605 Suloy 39 micro:bit oy LED Ss 9605 S Jéé‘ég .JO)L)

[no_main] !#

[no_std] !#

;_ extern crate panic_halt as

;mod interrupts
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;let pin_cnf_21
;let pin_cnf_28

SAFETY:

SAFETY:

;use core::mem::size_of
;use cortex_m_rt::entry

GPIO port @ peripheral address ///
;const GPIO_P@: usize = 0x5000_0000

GPIO peripheral offsets //
;const PIN_CNF: usize 0x700
;const OUTSET: usize = 0x508
;const OUTCLR: usize @x50c

PIN_CNF fields //
;const DIR_OUTPUT: u32 = 0x1

;const INPUT_DISCONNECT: u32 = 0x1 << 1
;const PULL_DISABLED: u32 = 0x0 << 2
;const DRIVE_SOS1: u32 = 0x0 << 8

;const SENSE_DISABLED: u32 = 0x0 << 16

[entry]#
Pl <- ()fn main
.Configure GPIO @ pins 21 and 28 as push-pull outputs //
(GPIO_P@® + PIN_CNF + 21 * size_of::<u32>()) as *mut u32
(GPIO_P@® + PIN_CNF + 28 * size_of::<u32>()) as *mut u32
The pointers are to valid peripheral control registers, and no //
.aliases exist //
} unsafe
)ypin_cnf_21.write_volatile
DIR_OUTPUT
INPUT_DISCONNECT |
PULL_DISABLED |
DRIVE_S@S1 |
, SENSE_DISABLED |

7 (
ypin_cnf_28 . write_volatile
DIR_OUTPUT
INPUT_DISCONNECT |
PULL_DISABLED |
DRIVE_S@S1 |
,SENSE_DISABLED |
7 (
{

.Set pin 28 low and pin 21 high to turn the LED on //
;let gpio@_outset = (GPIO_P@ + OUTSET) as *mut u32
;let gpio@_outclr = (GPIO_P@ + OUTCLR) as *mut u32
The pointers are to valid peripheral control registers, and no //
.aliases exist //
} unsafe
; (gpio@_outclr.write_volatile(1l << 28
; (gpio@_outset.write_volatile(1l << 21

277



{} loop

ol Juews Jol Bess o YA sl o LED w0 e0ls Jol o o Y o gl GPIOO 4o *

doly Jles
cargo embed --bin mmio

6*“0‘& SIS s 6|oCrate 51.2

)’I memory-map 6|JL‘ 6%“()'@ CJU;S"CCJ stg b ()Pél TC)JP& Rust élowrapper oS SVdZI'USt oo&jg
“‘O‘Séf Jédgc‘) CMSIS-SVD&'OJ&‘&

[no_main] !#
[no_std] !#

;_ extern crate panic_halt as

yuse cortex_m_rt::entry
;use nrf52833 pac: :Peripherals

[entry]#

} I <= ()fn main
;()let p = Peripherals::take().unwrap
;let gpio@ = p.PO

.Configure GPIO @ pins 21 and 28 as push-pull outputs //

} |gpio@.pin_cnf[21] .write(|w
;(Jw.dir().output
; ()w.input().disconnect
;()w.pull().disabled
;()w.drive() .s@s1
;()w.sense() .disabled
w

(o

} |gpio@.pin_cnf[28] .write(|w
;()w.dir().output
; (Jw.input() .disconnect
;(Jw.pull().disabled
;()w.drive().s0s1
;()w.sense().disabled
w

(o

.Set pin 28 low and pin 21 high to turn the LED on //
; (()gpio@.outclr . write(|w| w.pin28().clear
;(()gpio@.outset.write(|w| w.pin2l().set

{} loop
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https://crates.io/crates/svd2rust
https://www.keil.com/pack/doc/CMSIS/SVD/html/index.html

bugo 1Jgpsa 08 sy XML ¢lo Jgld ¢ 5lg 5o (SVD (System View Description glo Jglé
B0Sgp Beuow 1y oS s MEMOrY Map oS sy s gp oyl 0apilaygicy wligoz e olSsyyngyd
go3olail w0y o Lyl wilz g pow ply o value g peripheral, register. field ol wl yo logl —
Su9ub P
0S8 wsls sozg B wEe slooiony pulslas wawws o dly o Sl shls o Jel SVD sloJgld —
Iy o sgow sloCrate g so,Sep 08l bl 1y os 158 &l ciciz BouSepr zldue! 1y wlelow yal
SOOS SR IAOuP
S03.¢6p ogb‘ JS&J _))lge OJ?E )‘ Iy Ls)‘_))g J9JC cortex-m-xt e
cargo objdump --bin sgylews s wos alzyl Iy cargo install cargo-binutils,Si e
Seoeee b Jwelz wogle o sgyS hzllypac -- -d --no-show-raw-insn

doly Jles
cargo embed --bin pac

HAL crates 51.3

HAL](https://github.com/rust-embedded/wesome-embedded-rust#hal- glecrate] 5!
Dlj&baﬁ) Slybl s 1y éélb&)d;jbﬁ—‘uﬂg ‘b)JJQ()SgJS&P 3l 6)‘50“"‘? 6‘)%“ (implementation—crates
BaaSep eilueosl g 1y embedded-hal 6")&3369 IJopg e logs! a0 sp oyl Blwze coalz
[no_main] '#

[no_std] !#

,_ extern crate panic_halt as

;use cortex_m_rt::entry

;use embedded_hal::digital: :QutputPin
;{use nrf52833_hal::gpio::{pd, Level
;use nrf52833_hal::pac: :Peripherals

[entry]|#
} I <- ()fn main
;()let p = Peripherals::take().unwrap

.Create HAL wrapper for GPIO port @ //
; (let gpio@ = p0::Parts::new(p.P0@

.Configure GPIO @ pins 21 and 28 as push-pull outputs //
; (let mut coll = gpio®@.p@_28.into_push_pull_output(Level: :High
; (let mut rowl = gpio@.p@_21.into_push_pull_output(Level: :Low

.Set pin 28 low and pin 21 high to turn the LED on //

;()coll.set_low().unwrap
; ()rowl.set_high().unwrap

{} loop

.set_low and set_high are methods on the embedded_hal OutputPin trait *
6IO)J)C‘J059)56? DJPC 3 RISC-V 4 Cortex-M 6‘0 olSOQAJ 3l §&|9Q| 5[)9 IoHAL crate ;! §)|6U“"'ﬁ) °
3l 3979 B JeFa PIC g STM32, GD32, nRF, NXP, MSP430, AVR
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https://crates.io/crates/embedded-hal

:kg b J‘C)P
cargo embed --bin hal

Board support crates 51.4

.Board support crates provide a further level of wrapping for a specific board for convenience

[no_main] '#
[no_std] '#

;_ extern crate panic_halt as

;use cortex_m_rt::entry
;use embedded_hal::digital: :OutputPin
;use microbit: :Board

[entry]#
11 <= ()fn main
;()let mut board = Board::take().unwrap

; ()board.display_pins.coll.set_low().unwrap
; ()board.display_pins.rowl.set_high() .unwrap

{} loop
{
So3p ogglil 1y 06l gosls8p oladp 9 s e sloaly bd syo gulogopng Crate syge gl 5o ©
Do SesSep vo7 3l zolE sJEls 6]00]50&.) e sl sulessghys Jplun ol (Sps Ccrate ol ©
SRR
w2l LED ugsanla glyos ool yu ya6lss Sg Jplum microbit-v2. —
o ly J‘CJP

cargo embed --bin board_support

state pattern _¢lo S¢ 51.5

[entry]#

} I <- ()fn main
;()let p = Peripherals: :take().unwrap
; (let gpio@ = p0::Parts: :new(p.PO

;let pin: P@_01<Disconnected> = gpio®@.p0_01

.let gpio@_01_again = gpio@.p0_01; // Error, moved //
;()1let mut pin_input: P@_@1<Input<Floating>> = pin.into_floating_input
} ()if pin_input.is_high() .unwrap
i
{
let mut pin_output: P@_01<Output<OpenDrain>> = pin_input
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; (into_open_drain_output (OpenDrainConfig: :Disconnect@Standardl, Level::Low.
; ()pin_output.set_high().unwrap
.pin_input.is_high(); // Error, moved //

let _pin2: P@_02<0utput<OpenDrain>> = gpio®
po_02.
; (into_open_drain_output (OpenDrainConfig: :Disconnect@Standardl, Level: :Low.
= <<let _pin3: PO_03<0utput<PushPull
; (gpio®@.p0_03.into_push_pull_output(Level: :Low

{} loop

ouu.ul_) 39Z9 _)ulgukse r’>|.§5 303! LRY-EN) Ss b@;Q uébuiuu “\)056?\) bt‘ Iy Clone (3 COpy louéu °
J)&Su Iy u| JQ‘QU REN) L.;JSQSJ oS T80 ol sp C)IC G9! J'“"C‘U’"’ 3l pm Sg oS LSP“SUD .)u,ulu

PIN I G131 oo ssalsmspy osbwlow woSsp Bouep 1y spesd PIN ogopy PIN gsieSew st
BeuS 0wl gpes

Ogtu29 @y9p ol 03 -Jlor Blopt oo Tl shE ol os oS sesgp ol L State slagp S type ;o
OSPUR 9 3uSsp ©)l3385p, type system s Iy state machine ¢l .GPIO o S g302sS s
SIS 0 Iy ul laesol 050‘5‘ 399 35S le;Quu.u' uo|t Sutoy o pln 3l 38US Yy SE 0S Ju56p
Soubsp 5\5'&)“"'00"’ J@gPIS ‘P) BN) )‘CPJ\.S& state transition DS GIGHIS o

ol w50 solsghd szast osle S sy set_high o gagys e S s 1y 1s_high sgyloegp
D8 gy I olSpl JuSe o

uuSsp sose 95J1 wul 3 LHAL crate 31 gl g oo @

embedded-hal 51.6

VY11 Iy E&b 69&‘@ \5‘DJJJC’)059)5\59 oS 30360 o;_;bl Iy 633\59 6.)‘.)&& 'crate 'embedded-hal Oé‘
303.6p

GPIO -

PWM -

st glospgle @
SPI 4 I2C 6'51"300“"" 10018338 @

O B pedY 9 RNG 9 CAN 6|°°|‘§J3‘§ {UART JC)OIP) L'Jélg 6I°O‘6JC 6')%’ oglu:be 6‘063369
o rand_core 4 (embedded-io. [embedded-can](https ://crates.io/crates/embedded-can
RS

)96‘)—’ S .ch‘)‘z o'gat oY ;Joosk_;p 6)'ILJ““°"|6H~) ‘065369 Qé‘ ST I B ‘°.)96|)-5 )56.5 6|ocrate grgY
ol o yals ey SPIT ¢ I2C ol S yus ogy0p0y S 0w eyl (Spp zoyuw ol

sl gosslsga Iy logl Il SU03Gp LB (peripherals) colz Jglowg 3l 0aldes ol lo 1o 68360 oyl ®
S olE prBo o 00 Isper ©30wsSew 9 0sdsl sonbdp el vuuSepy srowrSse ls
yls

w5908 S00le 56 sleprdale peozee ol repSesSer 3l wilsuee g selogilpmesler @
.3y13 39z 9 Raspberry Pi s

303 gp oglyl 1y lotrait 3l async cleop yuy embedded-hal-asyncglyo ©

u.ulu.u' BYe] S 304 Sp °i§b‘ I/O Q_)_)S 393 mp g L;bg l_) 6)36“ ..\)5‘59) embgdded—hal-nb Sy9p °
.« ! nb](https:// crates.io/crates/nb) crate]
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https://crates.io/crates/embedded-hal
https://crates.io/crates/embedded-io
https://crates.io/crates/rand_core
https://github.com/rust-embedded/wesome-embedded-rust#driver-crates
https://crates.io/crates/embedded-hal-async
https://crates.io/crates/embedded-hal-nb

probe-rs and cargo-embed 51.7

IP' ‘Ou_u‘ OpenOCD JC)Q'P ‘CJu.ul 03 s 6)"0‘”'@ 66|Jj J[Sﬁ[ 6')“." _sé;ée )ljgl 0F 9r TP ‘56 probe—rs 5&
.CJdM 03 4 o@@\sé Bl
J-Link ¢ CMSIS-DAP, ST-Link ¢lo vy 3ssb 31 JTAG o (SWD (Serial Wire Debug
Microsoft DAP (Debug Adapter Protocol) server ¢ GDB stub e
Cargo pl¢ sl »
Iy buddy system os¢j05 oot S oS ol third-party crate s¢buddy_system_allocator
38usgou 13 39 o bawyp o sy ssulowsp g s e paye s 535S g8 gloCTate .S ep g5l wesl e
S80S JupDp 39T 39T 9p 03303 PSPt o9 I
oz olap o 38los S ¢lyw 08 @ ul USB 3.¢yb 31 ARM sylsgles yul JSesgys S g CMSIS-DAP o
3y9p Arm Cortex gloosyilayy B Jwss elgyl s CoreSight Debug Access wiygws ows gy s
o.\l;éC)u,ul QT j[ BBC micro:bit BN 6Jt|.§ )S“.Jé“ oS CJu.u' SIST Qlfm Qé[ 9 oC);é_)g )bé OJI;éC)uJJI

SoSsp
SEGGER ! ¢l o593z J-Link . ul ST Microelectronics jl ylsp ;o33 gloySlogs 31 g8 ¢b ST-Link

.Clu.ul
Wl e Serial Wire Debug 2 ls o8 JTAG SbulySgle RESE Debug SO s Wygy ®

BenS PIEJI 397 sloslicl yaly QT Jé&lgﬁ)é? Jé[fsé) Gygue 33 0S8 Wl oplEoles 56~pr0be-rs *
30 33 397 9p 6'0.)5 30360 ojlgl lo.IDE )6‘«.)‘"’ 9 VSCode Y] C);élwg)Séh’: Debug solal JSegyys @

=ouS Debug 1y os i gplogoig sJroySeySep
sl 03 0l e Probe-rs oz olas 5l eslbo wl o oS el gyy¢le S cargo-embed ¢l ©
Byb jl target o debug host ;¢ loosls Jlaeyl gy ¢picolSs (RTT (Real Time Transfers ¢
.ol (ringbuffers) c¢lo3 )z yblo galsg e

(Debugging) .ol Jis gzl 51.7.1

:Embed.toml

[default.general]

"chip = "nrf52833_xxAA

[debug.gdb]

enabled = true

:/src/bare-metal/microcontrollers/examples wzo Jlygpys Se oo

cargo embed --bin board_support debug

18390 S5¢ls olpe 53 6368 Jluspae 5

:Debian | ¢ gLinux ,s

‘ch target/thumbv7em-none-eabihf/debug/board_support --eval-command="target remote :1337
:MacOS ;s

idb target/thumbv7em-none-eabihf/debug/board_support --eval-command="target remote :1337
3¢oS Iyz! (GDB s

b src/bin/board_support.rs:29
b src/bin/board_support.rs:30
b src/bin/board_support.rs:32

C
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https://probe.rs/
https://arm-software.github.io/CMSIS_5/DAP/html/index.html
https://microsoft.github.io/debug-adapter-protocol/

)5&) sloosgy 51.8

RTIC -
TSl 083 5o oo golspe” —
timer) eyl B e (task scheduling) S e o alpd pleg Jluasl Syaugip g olop Sgsesp —
(queue
Embassy ¢
USB DS Jo_x:&k") ,)lJ069J9| async 6|00Jo05 ‘)C' -
TockOS
08Iz 3l wbldz szle 3l sl ng g onlieSunew sissoplose o wenp! o 3Sypwp RTOS -
Hubris e
loyoglys ob ol 3l protection I Oxide Computer «.sS, » 31 Microkernel RTOS s -
IPC s Slzpsst
Bindings for FreeRTOS e
.esp-idf. Jles loge ow wepnls std il woslgw lopybes Jo 3 gFyw @
.88 4By s (concurrency framework) ;lajso Cozslz S lg RTOS S olgesgp Iy RTIC o
wgsgo HAL z o Jplin ol =
Nested Virtual Interrupt-gejsess cilzp o08@s osp0SJ ywysS) Cortex-M NVIC 31 -
DS gp 03l yul Oulp s e S ¢z o g ylpl gl (Controller
by Cortex-M —
DS 6p 0alBw ul Titan csopl yleag ]S glyw Haven ) o SeySep 33 TockOS I J3s3
'oo‘alojg RN ébg Rust élobgb le‘ ‘C)u,ul 03 i 0 yHg .y C O[gj O YO 4 6 FreeRTOS &élg BRI
Slsseze wllz gl 5o
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https://rtic.rs/
https://embassy.dev/
https://www.tockos.org/documentation/getting-started
https://hubris.oxide.computer/
https://github.com/lobaro/FreeRTOS-rust
https://esp-rs.github.io/book/overview/using-the-standard-library.html

52 | o
lo P

PeoSep @9 Jlesus ow Seus b lognple o peoleter 12C glppwbd 5t woz Ip
BeoS ol Sy a3 oxglyl (solutions-morning.md) [le Iz oly] o s grlows gp dogyespes gags 3l pus

|Pogbé 52.1

B363ls B39 381 pspSsp W e Srew S s by lagnole? g puolst sp 12C slpywbd 3l 1y woz 1p
360 03l B yul 100a 83 31 8 ary 00 lg 3608 Linslag 3o 1P LED goy cozes o Iy ol 36008 g8 e
Joows Sy
08 yobylas 36uS o Iy ol lecrate olyso o microbit-v2 ¢ 1sm303agr wlsye wp
._365,569 S 1y micro:bit hardware
ol e 12C SJEls bus oo LSM303AGR ogb§ 33 sumsyodl k_;)égojl.)“)‘ szlg o
EERYRY b.)éplo 12C TWIM 6Ju0| 6‘."&'@ olgc)uu.) Oél)g‘d‘? ,OQA' 12C \5‘)9 é)SéJ ?lﬁ) TWI o
BuS lJC' Iy embedded_hal::i2c::12c 535&9 0S8 4yl }‘50 SIST o LSM303AGR )9&])4 °
oS ep lgwoslew Iy syep gl microbit: thal: : Twimyles
Dels ;éJC)tP sPolz wlyeezw g loyew gy slosJed 1o 'microbit::Board’ JoElye Se ‘?u,u °
p3ld seopre gl ghw Ial weysS ol Sy 36 NRF52833 datasheet sws sgylowgp Jylpe wyguo 33
Saltys)
S80S 97T COMPASS gyaSygls 53 1y 36 glodusld o 35S saduls by esper co Sl ol
.sre/main.rs
[no_main] !'#
[no_std] !#

,_ extern crate panic_halt as

;use core: :fmt::Write

,use cortex_m_rt::entry

;{use microbit::{hal::{Delay, uarte::{Baudrate, Parity, Uarte}}, Board
[entry]#

} I <- ()fn main
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https://docs.rs/lsm303agr/latest/lsm303agr/
https://docs.rs/microbit-v2/latest/microbit/
https://tech.microbit.org/hardware/
https://docs.rs/microbit-v2/latest/microbit/hal/struct.Twim.html
https://docs.rs/microbit-v2/latest/microbit/struct.Board.html
https://infocenter.nordicsemi.com/pdf/nRF52833_PS_v1.5.pdf
https://google.github.io/comprehensive-rust/exercises/bare-metal/../../comprehensive-rust-exercises.zip

;()let mut board = Board::take().unwrap

.Configure serial port //
Yylet mut serial = Uarte::new
,board.UARTE®
, (Yboard.uart.into
,Parity: :EXCLUDED
,Baudrate: :BAUD115200
i (
.Use the system timer as a delay provider //

; (let mut delay = Delay: :new(board.SYST

.Set up the I2C controller and Inertial Measurement Unit //
TODO //

;(Jwriteln! (serial, "Ready.").unwrap

} loop
.Read compass data and log it to the serial port //
TODO //

{
(oylsgy sestw 0w 3ley) Cargo.toml

[workspace]

[package]

"name = "compass
"version = "0.1.0
"edition = "2021
publish = false

[dependencies]
"cortex-m-rt = "0.7.3
"embedded-hal = "1.0.0
"lsm30@3agr = "1.1.0

"microbit-v2 = "0.15.1
"panic-halt = "0.2.0

Z(CJQAL;Q o6l sess e o 63'6()) Embed.toml
[default.general]
"chip = "nrf52833_xxAA

[debug.gdb]
enabled = true

[debug.reset]
halt_afterwards = true

:(cargo/config.toml (you shouldn't need to change this.
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[build]
target = "thumbv7em-none-eabihf" # Cortex-M4F

['(("target.'cfg(all(target_azrch "arm", target_os = "none]
["rustflags = ["-C", "link-arg=-Tlink.x

Jo gsSousd 98 Il srmast ool up
picocom --baud 115200 --imap lfcrlf /dev/ttyACMo@

Wounlo waldwps pS @il 1 Spa ol S yus ply) s s gy gigz MaC Jalg s g 3 1g
picocom --baud 115200 --imap 1fcrlf /dev/tty.usbmodeml14502

DS oaldes il Ctrl+Q o Ctrl+A 31 picocom 3l zoy# slyw

Bare Metal Rust ¢/Sz0 0 epe  52.2

lpowbd
(back to exercise)

[no_main] ! #
[no_std] !#

,_ extern crate panic_halt as

;use core::fmt: :Write
yuse cortex_m_rt::entry
;{use core::cmp::{max, min
;use embedded_hal::digital: :InputPin
}::use 1lsm303agr
,AccelMode, AccelOutputDataRate, Lsm3@3agr, MagMode, MagOutputDataRate
A
;use microbit::display::blocking: :Display
;use microbit::hal::twim::Twim
;{use microbit::hal::uarte::{Baudrate, Parity, Uarte
;{use microbit::hal::{Delay, Timer
;use microbit::pac::twim@: :frequency: :FREQUENCY_A
;use microbit: :Board

;const COMPASS_SCALE: i32 = 30000
;const ACCELEROMETER_SCALE: 132 = 700

[entry]#
11 <= ()fn main
;()let mut board = Board::take().unwrap

.Configure serial port //
)let mut serial = Uarte::new
,board.UARTE®
, ()board.uart.into
,Parity: :EXCLUDED
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; (let i2c

,Baudrate: :BAUD115200
7 (

.Use the system timer as a delay provider //

; (let mut delay = Delay: :new(board.SYST

.Set up the I2C controller and Inertial Measurement Unit //

Twim: :new(board.

;()IMUL .. ") cunwrap slogl o) ,writeln! (serial
TWIM@, board.i2c_internal.into(), FREQUENCY_A::K100

;(let mut imu = Lsm303agr::new_with_i2c(i2c
;()imu.init().unwrap
)imu.set_mag_mode_and_odr
,mut delay&
,MagMode: :HighResolution
,MagOutputDataRate: :Hz50
(
; (Yunwrap.
Yyimu.set_accel_mode_and_odr
,mut delay&
,AccelMode: :Normal
,AccelOutputDataRate: :Hz50
(

; (Junwrap.

;()let mut imu = imu.into_mag_continuous().ok() .unwrap

.Set up display and timer //
;(let mut timer = Timer: :new(board.TIMER®

; (let mut display = Display::new(board.display_pins

;let mut mode = Mode: :Compass
;let mut button_pressed = false

;()unwrap.(".oa@?' ,writeln! (serial

} loop

.Read compass data and log it to the serial port //
()while ! (imu.mag_status().unwrap().xyz_new_data
(()imu.accel_status().unwrap().xyz_new_data &&

{}

; ()let compass_reading = imu.magnetic_field().unwrap
; ()1let accelerometer_reading = imu.acceleration().unwrap

) lwriteln
,serial
RN
, ()compass_reading.x_nt
, ()compass_reading.y_nt
, ()compass_reading.z_nt
,()accelerometer_reading.x_mg
,()accelerometer_reading.y_mg
, ()accelerometer_reading.z_mg
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; (Yunwrap.

; [let mut image [[@; 5]; 5
} let (x, y) match mode
) <= Mode: :Compass
(scale(-compass_reading.x_nt(), -COMPASS_SCALE, COMPASS_SCALE, 0, 4
,as usize
(scale(compass_reading.y_nt(), -COMPASS_SCALE, COMPASS_SCALE, o, 4

,as usize

1 (
) <= Mode: :Accelerometer

)scale
, ()accelerometer_reading.x_mg
,ACCELEROMETER_SCALE-
,ACCELEROMETER_SCALE
, 0
4

,as usize (

)scale
,()accelerometer_reading.y_mg-

,ACCELEROMETER_SCALE-
,ACCELEROMETER_SCALE

,0

4

,as usize (
) (

A

;image[y][x] = 255
; (display.show(&mut timer, image, 100

If button A is pressed, switch to the next mode and briefly blink all LEDs //
.on //
} ()if board.buttons.button_a.is_low().unwrap
} if !button_pressed
; ()mode = mode.next
; (display.show(&mut timer, [[255; 5]1; 5], 200
{
;button_pressed = true
} else {
;button_pressed = false

{
{

[ (derive(Copy, Clone, Debug, Eq, PartialEql#
} enum Mode

,Compass
,Accelerometer
{
} impl Mode
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} fn next(self) -> Self
} match self
,Self::Compass => Self::Accelerometer
,Self::Accelerometer => Self::Compass

} fn scale(value: i32, min_in: i32, max_in: i32, min_out: i32, max_out: i32) -> i32
;let range_in = max_in - min_in
;let range_out = max_out - min_out
(cap(min_out + range_out * (value - min_in) / range_in, min_out, max_out

} fn cap(value: i32, min_value: i32, max_value: i32) -> 132
((max(min_value, min(value, max_value
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53 J o

Application processors

PeoS st sssles Iz p S ooz e Arm CorteX-M g s s00lp sglos ooy SerSee ss9p 59 lzog! 1
'?&50‘56? HlS 'QEMU'S aarch64 'Virt.))g o b@LQ ‘p ‘LgSJQA Lgbg PEUNEIUY Cortex-A §|J“~) SIST

-0303l 03 lpesgel zob ) gusroes ths ooz |6 MMU (ks Iy Jy00Se3S6p (oS sob 0w
SO0 gy s glyls opleyo gloosyilayg 08 g dlz 33 woougy (X86 s los gz Arm clo

sp sulPeouie wlpgp 50 g SJoge e glodsp Lo Sloze dlopsuslp @il 3 QEMU e
slzp 6‘006&‘:"? sha 18y e |r'>| ylagy waulbs ool g 3le Hl3dluE w zgo I 'virt' syo DS
uw‘ 03 4 \SCb'b

Rust Sy oo o..slPT 53.1

2o plzally ogdel gosslsge @lsdp sl oS gosus Iy RUST S izl pgplonw oSyl 51 S

"section .init.entry, "ax.
global entry.
rentry
*/
Load and apply the memory management configuration, ready to enable MMU and *
.caches *
/*
adrp x30@, idmap
msr ttbr0d_ell, x30

mov_i x30, .Lmairval
msr mair_ell, x30

mov_i x30, .Ltcrval

/* .Copy the supported PA range into TCR_EL1.IPS */
mrs x29, id_aa64mmfro_ell

bfi x30, x29, #32, #4

msr tcr_ell, x30

mov_i x30, .Lsctlrval
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*/

Ensure everything before this point has completed, then invalidate any *
.potentially stale local TLB entries before they start being used *

/*

isb

tlbi vmallel

ic iallu

dsb nsh

isb

*/

Configure sctlr_ell to enable MMU and cache and don't proceed until this *
.has completed *

/*

msr sctlr_ell, x30

isb

/* .Disable trapping floating point access in EL1 */
mrs x30, cpacr_ell

(oxrr x30, x30, #(0x3 << 20

msr cpacr_ell, x30

isb

/* .Zero out the bss section */
adr_1 x29, bss_begin

adr_1 x30, bss_end

cmp x29, x30

b.hs 1f

stp xzr, xzr, [x29], #16

b 0b

/* .Prepare the stack */
adr_1 x30, boot_stack_end
mov sp, x30

/* .Set up exception vector */
adr x30, vector_table_ell
msr vbar_ell, x30

/* .Call into Rust code */
bl main

/* .Loop forever waiting for interrupts */
wfi
b 2b

9 BSS OJ_)S )géuo m.)ojl.))gv) (SRS =T °6J9| 60))|.)"9’9 tals 39Z9 C 5')9 oS C')QAI SIST QlPo Qél
.stack pointer  ¢b o

slosstop solz oS @l object file jl g mg o (s eole Jelds o Sadw gasun slay) BSS oyl -

L_éIJL:JI jl §J6“§9J€ 6')“.) .CJu_u' ‘)Léuo lool béJg[ Jbée Y CJu.ul 65&C)|CJQA| oc;;élé uo&uoéo
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5995 3300 3l 339 08 s Ssp 2B sl S ples g B3z sgsuew 3l oyl b e oy I od
LS ep wodls logl
9 03 4B o&ng L5°‘UL)L§P bb;é‘t °O9SE O“SQ\S' 0 0 S @JB‘;} 03 i )géuo TJU@ BSS C)Q.M QSP? *
psuSep 33ue s ol plogpbl gliw lal wwgal o3 3133510 s ga00w
:P\SO"SO Iyls Qé[ )3| '?&OS J'id Iy cache ¢ MMU Jk;‘g’) obdﬂt BLINISRY TN, l& OJO|9t 3l Jue .
aarch64-unknown-ss ¢lyo Iy Rust 58 I .o als spolef 1z 3l esws gloguuysus —
3y 093 éloLSQA)CJQAJ "'Eé' 3l e JO\S&? P&boa Iy strict-align+ oS PéJ'u‘éP none
syl Tpadd Tpl wunla woz sele sy9p ol 33 ssbhelow oS Sz slleplS buew
'Od"’é::)
ol JSunp eun cache plz gyl ol JS ap 0w sz op solowep HIS 0851 subvee Lzl VM s 531 -
BoSep sgw gury s 0BBlE o aa s Jlgdycg cache obslz 1o s e jup VM 08 & yul
sws cache )81 goz .ol 0 BBl ylas ¢lyo cache Jolg e yup aly ghls host oS ¢ Iz s
0 HTUP _\')lgaé? 6():)0&‘?3 6'060")0&‘“ ‘_\uﬁ‘g DCJU.'MJQ SIS s ob;ﬂt oY TSI P ng
bugw o Blz 1538 Jlgd I g cache obbly oy i Slo 3l juw 9 o s cache sbsly (s 4o
39T 6P JéJS &5635“9 \.)"“JJ‘ o cache ob;é‘t) 3938P U8 3l 5)36.) '6 Ss 5l Obééi(f) VM
(IPA I VA o,
ogzlyp idmap.Sou) puS &p 03l B yul os <3355 pagetable S 3l b Ia (&3l gy o
Vo DRAM L;bg I RS D&‘g‘gég \ “OD‘SOUAJ 6')“.) Iy u_u_)_)i 6'&)‘.’& ng CJ&L)'S&S VoS (J&QS
QEMU oS \_;‘ob;élt Qlfn&é@ |g Qé‘ .;QSL_;P Uu"su BI=R RS 6[00[50&.& L_;bg b )36_) aélngég
i Syl wgalbp s S gp sl ul
peolo ol 339p 33 e oplsl 33 08 pgsyS pcbye Iy (eXception vector (vbar_ell ;euzpo lp *
ERSY
)3' S Péolgt I)C' (ELD 1 ‘QC‘JCJQAI C‘bd‘" X 'P oS J&QS&P ub);é oL 3l KIS )'9)9[ |0J|CJP opo ®
3603 )66&0 u_ulu.ul gl s yentry. S Jélg B6ls C)gkéa? sl ol tbu.u B 'JE‘ o Hley

Inline assembly 53.2

00 peryS 03l Bl g Jopiml 3l sl w363 ol Sal RUSE 38 1w 08 g eloylsS alzyl gy @lggl oS
P e SesoSw firmware ou 08 @l ¢l (HVC (hypervisor call S ¢ylysye glhe Jlese olane
BSOS boplE 1y

[no_main] !'#

[no_std] !#

;use core::arch::asm
;use core::panic::PanicInfo

;mod exceptions
;const PSCI_SYSTEM_OFF: u32 = 0x84000008

[no_mangle]#
} (extern "C" fn main(_x0@: u64, _x1: u6d, _x2: ub4, _x3: ub4d
SAFETY: this only uses the declared registers and doesn't do anything //
.with memory //
} unsafe
,"asm! ("hvc #0
,_ <= inout("w@") PSCI_SYSTEM_OFF
,_ <= dinout("wl") 0
,_ <= inout("w2") 0
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<= jinout("w3") 0
<= inout("w4") 0
<= inout("w5") @
<= jnout("w6") 0
,_ <= inout("w7") 0
(options(nomem, nostack
7 (
{

{} loop
{
—O él)b 0SS ‘\5()‘5 b.\l;éﬁ)u,ul smccc obggjp crate jl 3603 e[aol b JLS Qél A&blgtéfs itéb J.§|)
(.CJQA‘ |0J)5Jf>t Qé[ op0 6');,\ (Wrapper)é_s()g
ERSRAT s_;l)g.) tglga 3l .))l.)Q‘C)ﬁ‘ \5'°&9PC? oS C')Qul Arm Power State )SC)&IJD bouly Ss PSCI -
EL3 J'J"-é‘g:)'éﬁ .bu,u_ga 3390 Qé[ 3l 6)36’ J)lg‘a DJPC 310390 CPU ¢ pU gy POWET 6'0‘1’\5&0‘.’9
Wl 03 g3l osl g lopes g 31 ool g s hypervisor o
o0 ob poss swpusl 35 @izl 31 Jed boogeszy oS wusl gogp oyl ow SYyNtax _ <= 0 S
o_)kéc‘)u\,ul in 6'3 o inout 3l Jé‘g lfa "\53«539 bJéJ‘Q I f)' 6'906? ol 3l UOF 9 380S 6°‘U“\§f’ 0
S0S gB9ate 1y loyouezs Olgawze sulswgp 098 Jl0 ok 0w sulozhd vl s oS
entry) c¢sgyg ob 3y il heyspale "extern "Cg [no_manglel#o,g o v sglomain g oles ol @
Soubep sulszlyd entry. S yu s (point
J‘u_uﬂ 6')9 bootloader bu.uga Jg?&r& sob ou oS 3o w0 X0-x3 6‘0’)00‘“63) Jé"é? X@—_XB_ *
JJIJO|QUA| 6()‘93')“9 JLUbé aub RN RYS o.)[;éou;ﬂ device tree 1] )50)|uj‘.\| Jooh': 6&5'03\55
k_;la_)uugég_) ‘(3056? LJOCQZ’P DJ';QCJUA' 6‘)‘-) "extern "C »S8 L’.‘)u,d‘ SIST O'r’m 05) aarch64
entry.S Q&'.)&)'QHJ SHoUB 6P b.)l'.éc')QM &glc’) S o vk J'uu)i ng C)‘PQSJT A 6')“.) X0-x7
290 sl 05 sgsut vispbp 0Sul ST wees plaul sLelE U8 Bhegy pild ey plrol oIS il
=036py st by losoyuezy
SeoS lyzl stc/bare-metal/aps/examples y¢j s make gemu_psci lo QEMU y 1y Jless @

MMIO é‘)&“ ‘)b;é ob;é‘t O Gy s 53.3

oS ol wl pointer: :write_volatile g pointer::read_volatilel

Bgslsy 084 1y slreference 3350

e 8lgys 1y loslesglm 31 gelos Jod weolep £zor S gyl nosw seagp olSal layn o addr_of o
BeaS

o ils cnlz (osleg Wl (1 Spp qayiigy lg aupler wlelee :(Volatile access) Dlyd gy
$3859Jz logl Biz lg ()8 spS wazp ilumaeyp 51 lidlat e g sJelep!S 3 peboloe wusle
) BenS
sJelopls reference S gk 31 J10p ylapg 0w weplste Lawun 8 ssusssn 33! 1 spep —
2819 03 9 Wl 3 0wty 08 Wl l@p lpe o3yt 03yleF Sl 08 38 (yd wul Spp
DSOSy yuwE e |y MEmOory syl
sgloreference clyls 438l o o (Volatile access)ylyd ¢y s gy 39z 9 glocrate 3l gz o
3Spp aJulep!S wunlo sw uls 59z reference S¢os RISEL D80 DS 0 B GRR gl lpl sy yue
BS og ) 1y ol reference oS 58S wlEFayl @
o.\lgéwugl leth}"‘ 1] )So‘)luﬁ 56 3l struct field 6'(’)3”)‘\)1" C)Jlé_)_\ 6')%’ !addr_of 9_)5'9 3l e
BensS

294


https://crates.io/crates/smccc

peussous UART jolys Sgsgeler  53.4

peusau ol g 1alss S sl u wsls UART ylgpg o PLOTL S 'QEMU 'Virt s als ol

;const FLAG_REGISTER_OFFSET: usize
;const FR_BUSY: u8
;const FR_TXFF: u8

]
==l

.Minimal driver for a PL@11 UART
[ (derive(Deb

} pub struct

,base_address: *mut u8

} impl
Constructs a new instance of the UART driver for a PL@11 device at the ///
.given base address ///
vy
Safety # ///
111
The given base address must point to the 8 MMIO control registers of a ///
PLO11 device, which must be mapped into the address space of the process ///
.as device memory and not have any other aliases ///
} pub unsafe fn new(base_address: *mut u8) -> Self

{ Self { base_address

{

.Writes a single byte to the UART ///
} (pub fn write_byte(&self, byte: u8
.Wait until there is room in the TX buffer //
{} while self.read_flag_register() & FR_TXFF != 0

SAFETY: We know that the base address points to the control //
.registers of a PL@11 device which is appropriately mapped //
} unsafe

.Write to the TX buffer //

; (self.base_address.write_volatile(byte

{

.Wait until the UART is no longer busy //
{} while self.read_flag_register() & FR_BUSY != 0
{

} fn read_flag_register(&self) -> u8
SAFETY: We know that the base address points to the control //
.registers of a PLO11l device which is appropriately mapped //
{ ()unsafe { self.base_address.add(FLAG_REGISTER_OFFSET).read_volatile

D 0 Qpé' )SL.QJ 6'0‘30? °S \5J't BX) g")d.n‘ unsafe lk_; Q?”Q Uart: :newo.s .)‘_gu.'blg oCJu,'Zvl.) 0T I9
sopsl wlalidlh oS 35S Hepuow Uart: inew osyy S Lulpw 08 gulpy I o8 Wil ol sblFows ¢l
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36T T80 9 3318 3979 e e UART S slio sails 3l opspy S b sotg) @usl 03z 0asslyo of
solezlyd lsg o ywrite_byte ;oo gp spngpo Luy ‘(.t_)l_)c) Iy ol susal gl upd sle o up pley 33 ¢s
P80S W2 Iy pil] globy e peslovigp lgh 35S

lal peuS opgl 1y NeW wElw ) acos alzyl é)S‘_;J Oy o Iy IS el pemglocge Ip @
oS 60"5? 30 b&j Y1 Jolgt )C’)OCI) )[604'..) C)l 3l o.s‘;é(')uul Ilal ‘(?605 Q?HO Iy write_byte
o SuS JIJJCJ}JJ‘JI safety I ¢ Sorsl $39p 39 3¢l 3uiep sl !) write_byte

This is a common pattern for writing safe wrappers of unsafe code: moving the burden e
.of proof for soundness from a large number of places to a smaller number of places

IO e élotrait 53.4.1

392 oloF 36 8p 3sey 9563 653 ST Wbzl peS Zlizwual Ly Debug ¢ Sies I
;{use core::fmt::{self, Write

} impl Write for Uart
} fn write_str(&mut self, s: &str) -> fmt::Result
} ()for c in s.as_bytes
; (self.write_byte(*c
{
(())0ok

{

SAFETY: “Uart® just contains a pointer to device memory, which can be //
.accessed from any context //
{} unsafe impl Send for Uart

Ye Uart &.)\510 o lwriteln 9 lwrite 6‘°9J5|? 3l 303.6p QLSP] |p ogWIite 63';}"’“"6‘%) °
PeuS sl Ll

lyz! src/bare-metal/aps/examples ,¢; ;s make gemu_minimal Io QEMU s 1y Jlesp
SeaS

JooY UART )gél)J ‘56 53.5

The PLO011 actually has a bunch more registers, and adding offsets to construct pointers to
access them is error-prone and hard to read. Plus, some of them are bit fields which would
.be nice to access in a structured way

W2t souwsmply ool

12 DR  0x00
4 RSR  0x04
9 FR  0x18
8 ILPR  0x20

16 IBRD  0x24
6 FBRD  0x28
8 LCR_.H 0x2c

16 CR  0x30
6 IFLS  0x34

11 IMSC  0x38
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Wt souwsmply wuedl

11 RIS 0x3c
11 MIS  0x40
11 ICR  0x44

3 DMACR  0x48

'JC)'[’JJ‘B J.SC )'Qoutl L_;bg 0 S J)l.) 3979 66"’ ID register )| STIL HOTRS ®

(Bitﬂags) R{=R{= 6'°PEJ¥:‘ 53.5.1
.l 3 c8p bitflags 1o 418 wez bitflags ¢lyo crate ¢l
;use bitflags::bitflags

} !'bitflags
.Flags from the UART flag register ///
[ (repr(transparent]#
[ (derive(Copy, Clone, Debug, Eq, PartialEq]#
} struct Flags: ulé6
.Clear to send ///
;econst CTS = 1 << 0
.Data set ready ///
;const DSR = 1 << 1
.Data carrier detect ///
;const DCD = 1 << 2
.UART busy transmitting data ///
;const BUSY = 1 << 3
.Receive FIFO is empty ///
;const RXFE = 1 << 4
.Transmit FIFO is full ///
;const TXFF = 1 << 5
.Receive FIFO is full ///
;const RXFF = 1 << 6
.Transmit FIFO is empty ///
;const TXFE = 1 << 7
.Ring indicatoxr ///
;const RI = 1 << 8

s il wosl g galsg e olype ows Iy (Flags (Ulbsyyla siez 3¢9z £oo S¢ 'bitflags gysls o
SaSep Jlaél Ioﬂag eébou 9 bl gys gy

oolga()@ IS ST 53.5.2

'?&O‘S oJIJOw[ UART IO NETY S memory layout t).b vﬁélf& 6'39 )latlu.u S 3l ﬁsd[gﬁ)&e lp

[((repr(C, align(4]#
} struct Registers
,dr: ul6
, [reservedd: [u8; 2_
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,rsr: ReceiveStatus
, [reservedl: [u8; 19

,fr: Flags

, [reserved2: [u8; 6_
,ilpr: u8

, [reserved3: [u8; 3_
,ibrd: ul6
,[reserved4: [u8; 2_
,fbxrd: u8

, [reserved5: [u8; 3_
,1lcr_h: u8

, [reserved6: [u8; 3_
,CTr: ul6

, [reserved7: [u8; 3_
,ifls: u8

, [reserved8: [u8; 3_
,imsc: ul6

, [reserved9: [u8; 2_
,ris: ulé

, [reservedl@: [u8; 2_
,mis: ulé6

, [reservedll: [u8; 2_
,icr: ulé

, [reservedl2: [u8; 2_
,dmacr: u8

, [reserved13: [u8; 3_

Ssasss ol 8303 318 ey o by olaglye glosJgd 08 3583 gp sJslplS o [ (Tepr (CT#

soeruiey I8 b Se ooty gl la el glio b IS ol ol C plas o eolse peoled

losJgd (1563 3slop 0 Jpz 3 e 303 gp o3lzl s sloplS o RUSE (o) s Uinglp sl eonl 9502
LS Gagp sl Zl e 0S8 oz so o |y

yeels 53.5.3

oS 0318wl 397 s9lss o Registers scaz sleasg! w3l sgglow Jiz

.Driver for a PL@11 UART ///
[ (derive (Debug]#
} pub struct Uart
,registers: *mut Registers

{

} impl Uart
Constructs a new instance of the UART driver for a PL@11l device at the ///
.given base address ///
vy
Safety # ///
vy
The given base address must point to the 8 MMIO control registers of a ///
PLO11 device, which must be mapped into the address space of the process ///
.as device memory and not have any other aliases ///
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} pub unsafe fn new(base_address: *mut u32) -> Self
{ Self { registers: base_address as *mut Registers
{

.Writes a single byte to the UART ///
} (pub fn write_byte(&self, byte: u8
.Wait until there is room in the TX buffer //
{} (while self.read_flag_register().contains(Flags::TXFF

SAFETY: We know that self.registers points to the control registers //
.of a PLO11 device which is appropriately mapped //
} unsafe
.Write to the TX buffer //
;(()addr_of_mut!((*self.registers).dr).write_volatile(byte.into
{

.Wait until the UART is no longer busy //
{} (while self.read_flag_register().contains(Flags::BUSY
{

Reads and returns a pending byte, or "None® if nothing has been ///
.Teceived ///
} <pub fn read_byte(&self) -> Option<u8
} (if self.read_flag_register().contains(Flags: :RXFE
None
} else {
SAFETY: We know that self.registers points to the control //
.registers of a PLO11 device which is appropriately mapped //
;{ ()let data = unsafe { addr_of!((*self.registers).dr).read_volatile
.TODO: Check for error conditions in bits 8-11 //
(Some(data as u8

{

} fn read_flag_register(&self) -> Flags
SAFETY: We know that self.registers points to the control registers //
.of a PLO11 device which is appropriately mapped //
{ ()unsafe { addr_of!((*self.registers).fr).read_volatile

0939 05181z clos e o lopointer «wiél ¢ys ¢lyw 'addr_of! /addr_of_mut 3l sslde jul ous @
gl @iaysly @oal 5Ses 08 oS szew ol ¢p reference S slz gl
ol 3l esldes wl 1o 53.5.4

9 peurou Jleoue JouwosS oy 19 pemsane 392 39l 3l ealde ul I SzeS oaliyw S ss¢lsw
.ek_goxs echo b 83939 éloaélg

[no_main] !#
[no_std] '#
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;mod exceptions
;mod ploll

;use crate::ploll::Uart

;use core::fmt::Write

yuse core::panic::PanicInfo
;use log: :error

;use smccc::psci::system_off
;use smccc: :Hvc

.Base address of the primary PL@11 UART ///
;_ const PLO11_BASE_ADDRESS: *mut u32 = 0x900_0000 as

[no_mangle]#

} (extern "C" fn main(x@: u64, x1: u6d, x2: ubd, x3: ubd
SAFETY: "PLQ11_BASE_ADDRESS® is the base address of a PL@11 device, and //
.nothing else accesses that address range //
;{ (let mut uart = unsafe { Uart::new(PL@11_BASE_ADDRESS

;OQwriteln! (uart, "main({x@:#x}, {xL1:#x}, {x2:#x}, {x3:#x})").unwrap

} loop
} ()if let Some(byte) = uart.read_byte
; (uart.write_byte(byte
} match byte
} <= "b'\r
; ('uart.write_byte(b'\n
{
,b'q"' => break
{} <= _

{

;(Jwriteln!(uart, "Bye!").unwrap
;()system_off::<Hvc>().unwrap

{
ob gy 38 3l main ¢ ules ¢l (inline assembly](../inline-assembly.md] Jlea ys 08 yobylpe o
Izl oo s logalinos slownlasls vognew Olswiz sliw Saubsp solegld @NTTY.S 43 lp g3939
BEUSE
BeuS Lzl sxc/bare-metal/aps/examples y¢3 o make gemu lo QEMU a1y Jless o
3l) 53.6

Szl o 1y 518 gl palowep Ip 35S 0alda il Crate log j'logging slogySla jlsgylogs 08 w yul Lo
P plzol Log 5569
;use crate::pl@ll::Uart

;use core::fmt::Write
;{use log::{LevelFilter, Log, Metadata, Record, SetlLoggerError
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;use spin::mutex::SpinMutex
;{ (static LOGGER: Logger = Logger { uart: SpinMutex::new(None

} struct Logger
,<<uart: SpinMutex<Option<Uart

{

} impl Log for Logger
} fn enabled(&self, _metadata: &Metadata) -> bool
true

{

} (fn log(&self, record: &Record
) !lwriteln
,()self.uart.lock().as_mut().unwrap

Y I
, ()record.level

()record.args
(

; (Yunwrap.

{

{} (fn flush(&self
{

.Initialises UART logger ///
} <pub fn init(uart: Uart, max_level: LevelFilter) -> Result<(), SetlLoggerError
; (LOGGER .uart.lock().replace(uart

;?7(log: :set_logger (&LOGGER
;(Llog: :set_max_level(max_level
(())0ok

peoSsp oslol soslsgp set_logger gulszlsd 3l Jod 1y LOGGER Iyg3 @il op sl 10Gss 3y 5l @

ol 3l eslde wl o 53.6.1

PeusS 0gdsl olsdp sglo 531 5l esl el 51 S 3

[no_main] !'#
[no_std] '#

;mod exceptions
;mod logger
;mod ploll

;use crate::ploll::Uart

yuse core::panic::PanicInfo

;{use log::{error, info, LevelFilter
;use smccc::psci::system_off
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;use smccc: :Hvc

.Base address of the primary PL@O11 UART ///
;_ const PL@11_BASE_ADDRESS: *mut u32 = 0x900_0000 as

[no_mangle]#
} (extexrn "C" fn main(x@: u64, x1: ubd, x2: ubd, x3: ubd

SAFETY: "PL@O11_BASE_ADDRESS" is the base address of a PL@11 device, and //
.nothing else accesses that address range //

;{ (let uart = unsafe { Uart::new(PL@11_BASE_ADDRESS

;()logger::init(uart, LevelFilter::Trace).unwrap

(" ({Anfol ("main({x0:#x}, {x1:#x}, {x2:#x}, {x3:#x

; (assert_eq!(x1, 42

;()system_off::<Hvc>().unwrap

{

[panic_handler]#
} ! <- (fn panic(info: &PanicInfo

; ("{erroxr!("{info
7 ()system_off::<Hvc>().unwrap
{} loop

WSS @ Iy panic ol gz solew o yoyS! I panic handler o8 s ¢ ulos s als oz g o
lyz! src/bare-metal/aps/examples ,¢5 ;s make gemu_logger I QEMU s 1y Jlesp o

SeaS

lol sy yal - 53.7

Synchronous, IRQ. FIQ,) lywa gl g9 ¥ gy wgsas9 V1 1o sulywo gl ylsye Jouz S AArch64
Ecurrent EL with SPO, current EL with SPX, lower EL using AArch64, lower) « iz ¢ 3! (SError
OB gloyw ez 1o peaSep iluwosl et s Ppuml 33 1y 518 gl Tp sy S ep By (EL using AArch32

peoS oyt stack ys Rust ¢olezlycd 51 Jog 1y (Volatile)

;use log::error
yuse smccc::psci::system_off
;use smccc: :Hvc

[no_mangle]#

} (extern "C" fn sync_exception_current(_elr: u64, _spsr:
;("error! ("sync_exception_current
;()system_off::<Hvc>().unwrap

u6s

{

[no_mangle]#
} (extexrn "C" fn irqg_current(_elr: u64, _spsr: ubd

;("error! ("irq_current
;()system_off::<Hvc>().unwrap
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{

[no_mangle]#

} (extexrn "C" fn fig_current(_elr: u64, _spsr: ubd
; ("error! ("fig_current
;()system_off::<Hvc>().unwrap

{

[no_mangle]#

} (extexrn "C" fn serr_current(_elr: u64, _spsr: ubd
; ("error! ("serr_current
i ()system_off::<Hvc>().unwrap

{

[no_mangle]#

} (extexrn "C" fn sync_lower(_elr: u64, _spsr: ub4d
; ("error! ("sync_lower
;()system_off::<Hvc>().unwrap

{

[no_mangle]#

} (extexrn "C" fn irq_lower(_elr: u64, _spsr: ubd
;("error! ("irqg_lower
;()system_off::<Hvec>().unwrap

{

[no_mangle]#

} (extern "C" fn figq_lower(_elr: u64, _spsr: ub4d
; ("error! ("fig_lower
;()system_off::<Hvc>().unwrap

{

[no_mangle]#

} (extern "C" fn serr_lower(_elr: u64, _spsr: ubd
;("error! ("serr_lower
;()system_off::<Hvc>().unwrap

wosuiee bzl ELL ya solsilag o 3a5pl I glooyepy plaes coul lyeses yul 7w EL @

6')‘." AArch64 9 AArch32 S8 lé tLSJE}é EL 6'0'&&)00.44‘ \5')‘.) SPx 9 SPO RIS IP ‘63‘3‘\)"’ 6')“.) .
peogiers Juld delpe EL eglo glolyoe ul

280 Py Bl hh psiSsp shoplE Lepums 9 0335 log 1y exception b b (Jlesp ol gl
s o gloal Te slg logl 3 S

We can think of exception handlers and our main execution context more or less like ¢
different threads. Send and Sync will control what we can share between them, just like
with threads. For example, if we want to share some value between exception handlers
and the rest of the program, and it's Send but not Sync, then we'll need to wrap it in
.something like a Mutex and put it in a static
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)5&3 sloosoy 53.8

oreboot
”coreboot without the C” -
.RISC-V 4 x86, aarch64 ;| ¢\loco o —
al ¢ Sep LINUXBOOL o0 w3yl o als gol iy gloyaglys 397 0S5 ¢l ¢lz o —
Rust RaspberryPi OS tutorial
o exception ¢y ¢sp €Xception zgb 4 JTAG (03l s bootloader g UART yglys (gilaglely —
lspage table
S b oo Jless TPQJJ Rust ys ool gilsgloly o y88 gylse3y s39p 33 wlalows! ¢Fyw —
& e ey production oS clyo fayS
cargo-call-stack
.stack 5l b.)';éc‘)u_ul )C)S'JC J88T Lgbg Séoiowi Jédtogoéj@o -
BoS e bzl y1S 0bBdlz g MMU s Jle s 31 Jog |y Rust s RaspberryPi Jsle poyugon yniopl
lzoslle (stack Jlep lagg ow) spnsanse of 6oy 8 sulotsp Ly MEMOTyY SIS ¢l
Without the MMU and cache, unaligned accesses will fault. It builds with aarch64- -
unknown-none which sets +strict-align to prevent the compiler generating
unaligned accesses so it should be alright, but this is not necessarily the case in
.general
If it were running in a VM, this can lead to cache coherency issues. The problem is —
that the VM is accessing memory directly with the cache disabled, while the host
has cacheable aliases to the same memory. Even if the host doesn't explicitly access
the memory, speculative accesses can lead to cache fills, and then changes from
one or the other will get lost. Again this is alright in this particular case (running
.directly on the hardware with no hypervisor), but isn't a good pattern in general
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https://github.com/oreboot/oreboot
https://github.com/rust-embedded/rust-raspberrypi-OS-tutorials
https://crates.io/crates/cargo-call-stack

54 | ol

65)9)15 (crates) éloogg«_z

=oSep Jz 1y bare-metal g ugapoplone 53zl ©lJSune 5l 2w oS pilaypgp Crate sz oo lp

zexrocopy 54.1

9 C)élg 6'00J|9OJ S8 Qfxé' JK_QJ;.JC) \_;bg Iy 66"’9)‘5'? 9 C)l;éuo (Fuchsia )‘) crate zerocopy Qé‘
oS polyd 38 e gloyl

,use zerocopy: :AsBytes

[(repr(u32]#

[ (derive(AsBytes, Debug, Default]#
} enum RequestType

[default]#
,In =0
,0ut = 1
,Flush = 4
{
[(repx(C]#

[ (derive(AsBytes, Debug, Default]#
} struct VirtioBlockRequest
,Tequest_type: RequestType
,reserved: u32
,sector: u64

{

} ()fn main
} let request = VirtioBlockRequest
,request_type: RequestType::Flush
,sector: 42
()Default: :default. .
i {

) lassert_eq
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https://docs.rs/zerocopy/

, ()request.as_bytes
[4, 0, 0, @, @, @, 0, O, 42, 0, 0, 0, 0, 0, 0, 0]&
7 (
{
-sp lpl oS spy esl bl volatile g sl ooy o gaale? 31 hed) Gussy Suslop MMIO (o ol
3 et b 3l 1e DMA b ugo s alo sgda 538l of 1o Syogss gloslog] w 1o 518 o sglow
Soutge ool szl globols

935 Gilpmeslge wul yooep lagl ghio gogla g3l o oS celaol gy plowsp |y FromBytes o
S Jeww soogply ool slogs Sl ozl Jlgt 1o glevgp yelyelow

opo 3l RequestType lyc) oo soloF 38gply lowsles iyl glsw FromBytes zlyzow gyl glyo jal e o
rrogp Sglo gloaSlhope fulivlyw suSpy 03l bl 0300 Siglpesp plopg 00 U2 (Spp seslEp
BOS Y

.oyl byte-order 3l ¢ Jba o ¢ ol slagl ¢y glowgles ¢lyls zerocopy : :byteorder

Iyzl/sxc/bare-metal/useful-crates/zerocopy-example y5 cargo run luly Jless o
(sgumepy Ihz! Playground s crate oo ¢ Sojuoly Jods 00) 3g0S

aarch64-paging 54.2

-O.B;élt R éJ'PtP lg ég[bfs b lopage table S03.¢p f)'“sr"' lfsu.?: o crate aarch64-paging Oél
.JL;QS J‘C\S' AArch64 éj[a\a

}::use aarch64_paging
,idmap: : IdMap
,{paging::{Attributes, MemoryRegion
i {

;const ASID: usize =1
;const ROOT_LEVEL: usize 1

.Create a new page table with identity mapping //
; (let mut idmap = IdMap::new(ASID, ROOT_LEVEL
.Map a 2 MiB region of memory as read-only //
)idmap.map_range
, (MemoryRegion: :new(0x80200000, 0x80400000&
,Attributes: :NORMAL | Attributes::NON_GLOBAL | Attributes::READ_ONLY
; (Junwrap. (
.Set "TTBR@O_EL1" to activate the page table //
; ()idmap.activate

o3l sl Ty al Zob sl 3l sulosoyng Ipl S gp soloeessg ELL 5 g 5 olz Jlz 5s ¢
Sl

n/android/platform/superproject/+/master:packages/modules/Virtualization/pvmfw] ¢y Android ys syp ¢l
Soubsp o.)lgéc‘)onl

')Cl QEMU ST |§ 5&3‘9 )bd‘utuﬂ 89) J&lg) b&j mﬂ.)o 39Z9 ch‘)? Q&‘ 6[_)@' &‘)‘f‘ &Q'QA‘ oly zTso *
ol
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https://crates.io/crates/aarch64-paging

buddy_system_allocator 54.3

-osl g 1y buddy system allocator S oS « ! third-party crate s 'buddy_system_allocator’
GlobalAlloc](https://doc.rust-] gjlwesl s ys 'LockedHeap' glyw po 1y of lowep 35S er &ilue
slagloal crate 3l seylow ep gelywlye 23S esldes i (lang.org/core/alloc/trait.GlobalAlloc.html
Dl lang 0w 3608 03l ul 38 o uyal gl o oot ¢y g (peses 3l Jwd 08 yabylpe) alloc
psos ol ol 1bPCI BAR ¢lyos |y MMIO ¢l b8 5 colopw @il 1 Sap

;use buddy_system_allocator::FrameAllocator

;use core::alloc: :Layout

} ()fn main
;()1let mut allocator = FrameAllocator: :<32>::new
; (allocator.add_frame(0x200_0000, 0x400_0000

;()1let layout = Layout::from_size_align(0x100, ©0x100).unwrap
let bar = allocatorx

(alloc_aligned(layout.

; ("expect("Failed to allocate 0x100 byte MMIO region.
; (println! ("Allocated 0x10@ byte MMIO region at {:#x}", bar

oo o7 3lsgl 1o yulyo 3has lsls o i gpo 1oPCI BAR
Iyzl /sxc/bare-metal/useful-crates/allocator-example yscargo runloly Jless
(sounepy Ihz! Playground s crate oo ¢Sosjuoly Jeds 00) 3 goS

tinyvec 54.4

heap allocation 093 ‘?l IR ojl.sol )&6%'0 Vec ‘)OO‘P Iy QT O'gc’)g oS "6("966? Iy R33N |f>u.'a‘4 C)Iég[ 60]3
|§ °6|)T 56 bu.ugc‘) S L.;)‘J)L"J 56 IJQS&P f:obgé b Qél (tinyvec] (httpS://Crates.iO/CratES/tinyveC] 0 S
seelyg shgw oS stack oyl g a9 0als allogate ol Wyg oo sylaw gp 08 39 b gp ol P i iy
3608 03l yul y osymosls ol ol oS oz ol 31 3w 360S 8w 38 930S 6p oligay 1y oa i o;ldac;u:ul

35S ¢p Panic

;{use tinyvec::{array_vec, ArrayVec

} ()fn main
; (let mut numbers: ArrayVec<[u32; 5]> = array_vec! (42, 66
;("{?:println! ("{numbezrs
; (numbers . push(7
;("{?:println! ("{numbers
; (numbers . remove (1
;("{?:println! ("{numbexs

._3;)5 IJCI °6J9‘ 60&)1_)5? stg b Default It gélo S AJL& j[&o tinyvec b
bzl gl @ape 0w gostew Jlop ol osbwluw waunsp tinyvec Jpl» Rust Playground e
ot
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https://crates.io/crates/buddy_system_allocator
https://docs.rs/buddy_system_allocator/0.9.0/buddy_system_allocator/struct.LockedHeap.html

spin 54.5

sozep alloc lg core s std:i:isync 3l ilyeplSpo ool sslep 338 o std::sync: :Mutex
o Dstee wSShogl suule (JEl wsdisste ls GilueSuolpe peplesiep 00957 SuBLasy
TpsoS S Iy SJogs sloCPU

.JoS&? °f§‘)‘ Iy oéJgi J)‘glz Oé‘ 3l 6)‘60}3&.} ‘SpiIllOCk I LU §|°JJ|&P crate spin Qél

;use spin::mutex::SpinMutex

; (static counter: SpinMutex<u32> = SpinMutex: :new(0

} () fn main
;(()println!("count: {}", counter.lock
;counter.lock() += 2*
;(()println!("count: {}", counter.lock

BenS 5)639JC (deadlock)o&g = 3l oS Jk;‘_)}ﬁk’) gébp Jéosé? Jd@ bgéég 6Iohand1er BN) )5‘

31 Once g RwLock, Barrier glo Jslgps .o ! ticket lock mutex ¢lyz! ¢lyls yeozpe SPin °
Jazy o ¢ ol cosylagp ¢lyo Lazy g.std::sync

6?“5 "J“Su59.) o e[SQbJ&.& °6J9I &o_))‘_)é? &bg 6.\5&9 6[0;\,\5'0 &‘)b JSUTPL ‘crate 'once_cell Q\SI .
.wual spin::once: ::0nce ow wylbes

Sounep Lzl JEb wygue o o o Jlws gl eyl ol Spin Jelun Playground Rust -«
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https://crates.io/crates/spin
https://crates.io/crates/once_cell

55 | o
369330

o rust_ffi_static Soong S 3l s¢lo AOSP s bare-metal Rust binary S ol w glyw
binary s ¢ s ¢lyw linker script S¢lo cc_binary S il jupgu agyS 0318l 557 RUSE 38 @il
osldes il 1yzl oslsl raw binary S ou ELF Jesww ¢lyo Taw_binary Sg il jew e g 0538 ol ul

SeuS

} rust_ffi_static
,"name: "libvmbase_example
,["defaults: ["vmbase_ffi_defaults
,"crate_name: "vmbase_example
,["sxrcs: ["src/main.xs
] :rustlibs

, "libvmbase"

o [

{

} cc_binary
,"name: "vmbase_example
,["defaults: ["vmbase_elf_defaults
] :sxcs
,"idmap.S"
al
] :static_1libs
,"libvmbase_example"
o L
1 :linker_scripts
,"image.1d"
,"vmbase_sections:"
L
{

} raw_binary
,"name: "vmbase_example_bin
,"stem: "vmbase_example.bin
,"src: ":vmbase_example
,enabled: false
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} :target
} :android_arm64
,enabled: true

I{
{

vmbase 55.1

For VMs running under crosvm on aarch64, the vmbase library provides a linker script and
.useful defaults for the build rules, along with an entry point, UART console logging and more
[no_main] !'#

[no_std] '#

;{use vmbase::{main, println

;(main! (main

} (pub fn main(arg@: u64, argl: u64, arg2: ub4, arg3: ubd
; ("println! ("Hello world
{

.Jgu‘,‘h solozlyd vmbase c¢sgy9 b @y 3l e auSepr wetuie by lags el 338 e ! main 9Sls gl ®
main o mSilo @yspe 33 8 3uSep JsaS 1y JauepS ogdsl o slsge VMbase gigyy obgy
"‘C)S&P )_\luo VM Q_\J\S Q.'Z\gelt L;bg PSCI_SYSTEM_OFF 5& function

310


https://android.googlesource.com/platform/packages/modules/Virtualization/+/refs/heads/main/libs/libvmbase/

56 | oub

lo P

RERVI-R) ?6°|9t PLO031 real-time clock OISCJQA_) 6‘)‘." )96b) 5& ‘f’

"’63"‘\1}69 60‘30 0 4t o:_gl)' lo Jtob oY Jéalgc')ée Jook_;‘)ea SudIIY 5l Y

RTC driver 56.1

The QEMU aarch64 virt machine has a PL031 real-time clock at 0x9010000. For this exercise,

.you should write a driver for it

6‘)%" crate chrono )‘ Jé(ﬂgﬁ)éf "\SO‘S o.s[;éc;u.n‘ Jlé)u.n Jgu.u()s BN) 6‘)'@ C)'Pj L;J‘E 6')%" OT )l 1

SeaS wsle ! date/time gspoolE

Use the match register and raw interrupt status to busy-wait until a given time, e.g. 3 .2

(.seconds in the future. (Call core:

shint::spin_loop inside the loop

wesee 1y ol o 038 Jlgd Iy RTC seubes bwges asys slz el 08@s fasls glay 331 looggidl .3
Arm Generic Interrupt ¢s ;oS ¢y Crate arm-gic ys o oxglyl yolys 3l sgilowgp 3 guS

SeoS eslées wl Controller

ol Juews GIC ows (INtId: ispi(2 ylons 0w 08 36yS oaldes wl RTC 0839 31
o (arm_gic: :wfi geyb i1y o ue sgplowgp wyun Jlgd (interrupt) o83y oS ¢plSeye *
Loy WloF o 35S Wbl gys 0839 085 goylpd T o o 39 i gp Wl oS 369l Sleep w iz

BeuS sz TTC gyowSyels s Iy yei glo gl o exercise template jf sg ols

;{use log::
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:sre/main.rs

[no_main] !'#
[no_std] '#

;mod exceptions
;mod logger
;mod ploll

;use crate::pl011::Uart

;use arm_gic::gicv3::GicV3

yuse core::panic::PanicInfo
{error, info, trace, LevelFilter
;use smccc::psci::system_off


https://developer.arm.com/documentation/ddi0224/c
https://crates.io/crates/chrono
https://doc.rust-lang.org/core/hint/fn.spin_loop.html
https://docs.rs/arm-gic/
https://google.github.io/comprehensive-rust/exercises/bare-metal/../../comprehensive-rust-exercises.zip

;use smccc: :Hvc

.Base addresses of the GICv3 ///
;_ const GICD_BASE_ADDRESS: *mut u64 = 0x800_0000 as
;_ const GICR_BASE_ADDRESS: *mut u64 0OxB80A_0000 as

.Base address of the primary PL@11 UART ///
;_ const PL@11_BASE_ADDRESS: *mut u32 = 0x900_0000 as

[no_mangle]#
} (extern "C" fn main(x@: u6b4, x1: ubd, x2: ubd, x3: ubd
SAFETY: "PLO11_BASE_ADDRESS" is the base address of a PL@11 device, and //
.nothing else accesses that address range //
;{ (let uart = unsafe { Uart::new(PL@11_BASE_ADDRESS
;()logger::init(uart, LevelFilter::Trace).unwrap

c(info! ("main({:#x}y, {:#x}, {:#x}, {:#x})", x0, x1, x2, X3

SAFETY: "GICD_BASE_ADDRESS™ and "GICR_BASE_ADDRESS' are the base //
addresses of a GICv3 distributor and redistributor respectively, and //
.nothing else accesses those address ranges //

;{ (let mut gic = unsafe { GicV3::new(GICD_BASE_ADDRESS, GICR_BASE_ADDRESS
;()gic.setup

.TODO: Create instance of RTC driver and print current time //
.TODO: Wait for 3 seconds //

;()system_off::<Hvc>().unwrap

{

[panic_handler]#

} I <- (fn panic(info: &PanicInfo
; ("{error!("{info
;()system_off::<Hvc>().unwrap
{} loop

{

:('\5""‘ )66'&}') SEIPY PO ST 6'3%" Iy C)&‘ Jélg b@& |?uiy) src/exceptions.rs

Copyright 2023 Google LLC //

/1

; ("Licensed under the Apache License, Version 2.0 (the "License //
.you may not use this file except in compliance with the License //
You may obtain a copy of the License at //

/1l

http://www.apache.org/licenses/LICENSE-2.0 //

/1

Unless required by applicable law or agreed to in writing, software //
,distributed under the License is distributed on an "AS IS" BASIS //
.WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied //
See the License for the specific language governing permissions and //
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.limitations under the License //

;use arm_gic::gicv3::GicV3
;{use log::{error, info, trace
yuse smccc::psci::system_off
;use smccc: :Hvc

[no_mangle]#

} (extexrn "C" fn sync_exception_current(_elr: u64, _spsr: ub4d
; ("error! ("sync_exception_current
;()system_off::<Hvc>().unwrap

{

[no_mangle]#
} (extexrn "C" fn irqg_current(_elr: u64, _spsr: ubd
;("trace! ("irqg_current
= let intid
;("GicV3: :get_and_acknowledge_interrupt().expect("No pending interrupt
;("{?:info! ("IRQ {intid
{

[no_mangle]#

} (extexrn "C" fn fiq_current(_elr: u64, _spsr: ub4d
;("error! ("fig_current
; ()system_off::<Hvc>().unwrap

{

[no_mangle]#

} (extern "C" fn serr_current(_elr: u64, _spsr: ub4d
; ("error! ("serr_current
;()system_off::<Hvc>().unwrap

{

[no_mangle]#

} (extexrn "C" fn sync_lower(_elr: u64, _spsr: ub4d
; ("error! ("sync_lower
;()system_off::<Hvc>().unwrap

{

[no_mangle]#

} (extexrn "C" fn irqg_lower(_elr: u64, _spsr: ubd
;("error! ("irqg_lower
;()system_off::<Hvc>().unwrap

{

[no_mangle]#

} (extexrn "C" fn fiq_lower(_elr: u64, _spsr: ubd
;("error! ("fig_lower
;()system_off::<Hvc>().unwrap
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[no_mangle]#

} (extern "C" fn serr_lower(_elr: u64, _spsr: ubd
;("error! ("serr_lower
; ()system_off::<Hvc>().unwrap

{

:('\5"" d6st lyayop gl wowsy 63|6()) src/loggenrs

Copyright 2023 Google LLC //

/1

; ("Licensed under the Apache License, Version 2.0 (the "License //
.you may not use this file except in compliance with the License //
You may obtain a copy of the License at //

/1

http://www.apache.org/licenses/LICENSE-2.0 //

/1

Unless required by applicable law or agreed to in writing, software //
,distributed under the License is distributed on an "AS IS" BASIS //
.WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied //
See the License for the specific language governing permissions and //
.limitations under the License //

ANCHOR: main //

;use crate::pl@ll::Uart

;use core::fmt::Write

;{use log::{LevelFilter, Log, Metadata, Record, SetlLoggerError
yuse spin::mutex::SpinMutex

;{ (static LOGGER: Logger = Logger { uart: SpinMutex::new(None
} struct Logger
,<<uart: SpinMutex<Option<Uart

{

} impl Log for Logger
} fn enabled(&self, _metadata: &Metadata) -> bool

true
{
} (fn log(&self, record: &Record
)!lwriteln
,()self.uart.lock().as_mut().unwrap
Y ]

, ()record.level
()record.args

(

; (Yunwrap.

{
{} (fn flush(&self
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.Initialises UART logger ///
} <pub fn init(uart: Uart, max_level: LevelFilter) -> Result<(), SetlLoggerError
; (LOGGER .uart.lock() .replace(uart

;?7(log: :set_logger (&LOGGER
;(log: :set_max_level(max_level
(())0ok

{

:(JéoJ )ééiu b 3y9p C)«Sl S RVNN) 63'&50) sr‘c/plOll.rs

Copyright 2023 Google LLC //

/1l

; ("Licensed under the Apache License, Version 2.0 (the "License //
.you may not use this file except in compliance with the License //
You may obtain a copy of the License at //

/1

http://www.apache.org/licenses/LICENSE-2.0 //

/1l

Unless required by applicable law or agreed to in writing, software //
,distributed under the License is distributed on an "AS IS" BASIS //
.WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied //
See the License for the specific language governing permissions and //
.limitations under the License //

[ (allow(unused] !'#

;{use core::fmt::{self, Write
;{use core::ptr::{addr_of, addr_of_mut

ANCHOR: Flags //
;use bitflags::bitflags

} !bitflags
.Flags from the UART flag register ///
[ (repr(transparent]#
[ (derive(Copy, Clone, Debug, Eq, PartialEql#
} struct Flags: ul6
.Clear to send ///
;eonst CTS = 1 << 0
.Data set ready ///
;const DSR = 1 << 1
.Data carrier detect ///
;const DCD = 1 << 2
.UART busy transmitting data ///
;const BUSY = 1 << 3
.Receive FIFO is empty ///
;yeconst RXFE = 1 << 4
.Transmit FIFO is full ///
;yeconst TXFF = 1 << 5
.Receive FIFO is full ///
;const RXFF = 1 << 6
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.Transmit FIFO is empty ///
;const TXFE = 1 << 7
.Ring indicatoxr ///
;eonst RI = 1 << 8
{

{
ANCHOR_END: Flags //

} !bitflags
.Flags from the UART Receive Status Register / Error Clear Register ///
[ (repr(transparent]#
[ (derive(Copy, Clone, Debug, Eq, PartialEq]#
} struct ReceiveStatus: ul6
.Framing error ///
;const FE = 1 << 0
.Parity error ///
;eonst PE = 1 << 1
.Break error ///
;const BE = 1 << 2
.Overrun exrorxr ///
;const OE = 1 << 3

{

ANCHOR: Registers //
[((repr(C, align(4]#
} struct Registers
,dr: ul6
, [reserved®: [u8; 2_
,rsr: ReceiveStatus
, [reservedl: [u8; 19

,fr: Flags

, [reserved2: [u8; 6_
,ilpr: u8
,[reserved3: [u8; 3_
,ibxrd: ul6

, [reserved4: [u8; 2_
,fbrd: u8

, [reserved5: [u8; 3_
,lcx_h: u8
,[reserved6: [u8; 3_
,Cr: ulé6

, [reserved7: [u8; 3_
,ifls: u8

, [reserved8: [u8; 3_
,imsc: ul6

, [reserved9: [u8; 2_
,ris: ul6

, [reservedl@: [u8; 2_
,mis: ul6

, [reservedll: [u8; 2_
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,icr: ulé
, [reservedl2: [u8; 2_
,dmacr: u8
, [reservedl13: [u8; 3_

{
ANCHOR_END: Registers //

ANCHOR: Uart //
.Driver for a PL@11 UART ///
[ (derive (Debug]#
} pub struct Uart
,registers: *mut Registers

{

} impl Uart
Constructs a new instance of the UART driver for a PLQ11l device at the ///
.given base address ///
vy
Safety # ///
vy
The given base address must point to the MMIO control registers of a ///
PLO11 device, which must be mapped into the address space of the process ///
.as device memory and not have any other aliases ///
} pub unsafe fn new(base_address: *mut u32) -> Self
{ Self { registers: base_address as *mut Registers
{

.Writes a single byte to the UART ///
} (pub fn write_byte(&self, byte: u8
.Wait until there is room in the TX buffer //
{} (while self.read_flag_register().contains(Flags::TXFF

SAFETY: We know that self.registers points to the control registers //
.of a PLO11 device which is appropriately mapped //
} unsafe
.Write to the TX buffer //
;(()addr_of_mut!((*self.registers).dr).write_volatile(byte.into

{

.Wait until the UART is no longer busy //
{} (while self.read_flag_register().contains(Flags: :BUSY
{

Reads and returns a pending byte, or "None' if nothing has been ///
.received ///
} <pub fn read_byte(&self) -> Option<u8
} (if self.read_flag_register().contains(Flags: :RXFE
None
} else {
SAFETY: We know that self.registers points to the control //
.registers of a PL@11 device which is appropriately mapped //
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;{ ()let data = unsafe { addr_of!((*self.registers).dr).read_volatile

.TODO: Check for error conditions in bits 8-11 //
(Some(data as u8

{

} fn read_flag_register(&self) -> Flags
SAFETY: We know that self.registers points to the control registers //
.0of a PLO11 device which is appropriately mapped //
{ ()unsafe { addr_of!((*self.registers).fr).read_volatile

{

{
ANCHOR_END: Uart //

} impl Write for Uart
} fn write_str(&mut self, s: &str) -> fmt::Result
} ()for c in s.as_bytes
; (self.write_byte(*c
{
(())0k

{

Safe because it just contains a pointer to device memory, which can be //
.accessed from any context //
{} unsafe impl Send for Uart

(slsgy yest e 0w 3ley) Cargo.toml

[workspace]

[package]

"name = "rtc
"version = "0.1.0
"edition = "2021
publish = false

[dependencies]

"arm-gic = "0.1.1

"pbitflags = "2.6.0

{ chrono = { version = "0.4.38", default-features = false
"log = "0.4.22

"smccc = "0.1.1

"spin = "0.9.8

[build-dependencies]
"cc = "1.1.15

:(Jéod h&SEQ 9) 3399 Qél NYRN) 531\50) build.rs

Copyright 2023 Google LLC //
//
; ("Licensed under the Apache License, Version 2.0 (the "License //
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.you may not use this file except in compliance with the License //

You may obtain a copy of the License at //

/1

http://www.apache.org/licenses/LICENSE-2.0 //

/1

Unless required by applicable law or agreed to in writing, software //
,distributed under the License is distributed on an "AS IS" BASIS //
.WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied //
See the License for the specific language governing permissions and //
.limitations under the License //

;use cc::Build
;use std::env

} ()fn main
[("cfg(target_os = "linux]#
;("env::set_var("CROSS_COMPILE", "aarch64-linux-gnu
[(("cfg(not(target_os = "linux]#
;("env::set_var("CROSS_COMPILE", "aarch64-none-elf

()Build: :new
("file("entry.S.
("file("exceptions.S.
("file("idmap.S.
("compile("empty.

{

Gges et 1y op ol wuseo sy ) entry.S

*/
Copyright 2023 Google LLC *
*
; ("Licensed under the Apache License, Version 2.0 (the "License *
.you may not use this file except in compliance with the License *
You may obtain a copy of the License at *
*
https://www.apache.org/licenses/LICENSE-2.0 *
*
Unless required by applicable law or agreed to in writing, software *
,distributed under the License is distributed on an "AS IS" BASIS *
.WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied *
See the License for the specific language governing permissions and *
.limitations under the License *
*

~

macro adr_l, reg:req, sym:req.
adrp \reg, \sym
add \reg, \reg, :lol2:\sym
endm.

macro mov_1i, reg:req, imm:req.
movz \reg, :abs_g3:\imm
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movk \reg, :abs_g2_nc:\imm

movk \reg, :abs_gl_nc:\imm

movk \reg, :abs_g@_nc:\imm
endm.

set .L_MAIR_DEV_nGnRE, 0x04.
set .L_MAIR_MEM_WBWA, oxff.
(set .Lmairval, .L_MAIR_DEV_nGnRE | (.L_MAIR_MEM_WBWA << 8.

/* .KiB granule size for TTBRO_EL1 4 */

set .L_TCR_TGO@_4KB, 0x0 << 14.

/* .KiB granule size for TTBR1_EL1 4 */

set .L_TCR_TG1_4KB, @x2 << 30.

Disable translation table walk for TTBR1_EL1, generating a translation fault instead */
set .L_TCR_EPD1, @x1 << 23.

/* .Translation table walks for TTBRO_EL1 are inner sharable */

set .L_TCR_SH_INNER, 0x3 << 12.

*/

nslation table walks for TTBRO_EL1 are outer write-back read-allocate write-allocate *
.cacheable *

/-k

set .L_TCR_RGN_OWB, 0Ox1 << 1@.

*/

nslation table walks for TTBRO_EL1 are inner write-back read-allocate write-allocate *
.cacheable *

/-k

set .L_TCR_RGN_IWB, @x1 << 8.

/* .(Size offset for TTBRO_EL1 is 2**39 bytes (512 GiB */

set .L_TCR_T@SZ_512, 64 - 39.

set .Ltcrval, .L_TCR_TG@_4KB | .L_TCR_TG1_4KB | .L_TCR_EPD1 | .L_TCR_RGN_OWB.

set .Ltcrval, .Ltcrval | .L_TCR_RGN_IWB | .L_TCR_SH_INNER | .L_TCR_T@SZ_512.

/* .Stage 1 instruction access cacheability is unaffected */

set .L_SCTLR_ELx_I, @Ox1 << 12.

/* .SP alignment fault if SP is not aligned to a 16 byte boundary */

set .L_SCTLR_ELX_SA, @x1 << 3.

/* .Stage 1 data access cacheability is unaffected */

set .L_SCTLR_ELx_C, Ox1 << 2.

/* .EL@ and EL1 stage 1 MMU enabled */

set .L_SCTLR_ELx_M, @x1 << 0.

/* .Privileged Access Never is unchanged on taking an exception to EL1 */

set .L_SCTLR_EL1_SPAN, 0x1 << 23.

/* .SETEND instruction disabled at EL@® in aarch32 mode */

set .L_SCTLR_EL1_SED, @x1 << 8.

/* .Various IT instructions are disabled at EL@ in aarch32 mode */

set .L_SCTLR_EL1_ITD, @Ox1 << 7.

~ .L_SCTLR_EL1_RES1, (@x1 << 11) | (@x1 << 20) | (@x1 << 22) | (@x1 << 28) | (@x1 << 29.
L_SCTLR_ELXx_M | .L_SCTLR_ELx_C | .L_SCTLR_ELx_SA | .L_SCTLR_EL1_ITD | .L_SCTLR_EL1_SED.
set .Lsctlrval, .Lsctlrval | .L_SCTLR_ELx_I | .L_SCTLR_EL1_SPAN | .L_SCTLR_EL1_RES1.

**/
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leric entry point for an image. It carries out the operations required to prepare the
lage to be run. Specifically, it zeroes the bss section using registers x25 and above
 stack, enables floating point, and sets up the exception vector. It preserves x0-x3
.for the Rust entry point, as these may contain boot parameters
/
"section .init.entry, "ax.
global entry.
rentry
ad and apply the memory management configuration, ready to enable MMU and caches */
adrp x30@, idmap
msr ttbr0_ell, x30

L

mov_i x30, .Lmairval
msr mair_ell, x30

mov_i x30, .Ltcrval

/* .Copy the supported PA range into TCR_EL1.IPS */
mrs x29, id_aa64mmfro_ell

bfi x30, x29, #32, #4

msr tcr_ell, x30
mov_i x30, .Lsctlrval
*/

verything before this point has completed, then invalidate any potentially stale *
.local TLB entries before they start being used *

/*
isb
tlbi vmallel
ic iallu
dsb nsh
isb
*/
jure sctlr_ell to enable MMU and cache and don't proceed until this has completed *
/*
msr sctlr_ell, x30
isb

/* .Disable trapping floating point access in EL1 */
mrs x30, cpacr_ell

(orr x30, x30, #(0x3 << 20

msr cpacr_ell, x30

isb

/* .Zero out the bss section */
adr_1 x29, bss_begin
adr_1 x30, bss_end
cmp x29, x30 :0
b.hs 1f
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stp xzr, xzr, [x29], #16
b 0b

/* .Prepare the stack */ :1
adr_1 x30, boot_stack_end
mov sp, x30

/* .Set up exception vector */
adr x30, vector_table ell
msr vbar_ell, x30

/* .Call into Rust code */
bl main

/* .Loop forever waiting for interrupts */

wfi :2
b 2b
:(_)60_\ 365.&0 Iy 3390 Oél NRVRN) ng'&o ) exceptions.S
*/
Copyright 2023 Google LLC *
*
; ("Licensed under the Apache License, Version 2.0 (the "License *
.you may not use this file except in compliance with the License *
You may obtain a copy of the License at *
*
https://www.apache.org/licenses/LICENSE-2.0 *
*
Unless required by applicable law or agreed to in writing, software *
,distributed under the License is distributed on an "AS IS" BASIS *
.WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied *
See the License for the specific language governing permissions and *
.limitations under the License *
/-k
*-k/
Saves the volatile registers onto the stack. This currently takes 14 *
instructions, so it can be used in exception handlers with 18 instructions *
dleft *
*
*

,0n return, x@ and x1 are initialised to elr_el2 and spsr_el2 respectively
.which can be used as the first and second arguments of a subsequent call *
/*
macro save_volatile_to_stack.

/* .Reserve stack space and save registers x@0-x18, x29 & x30 */

'[(stp x@, x1, [sp, #-(8 * 24

[stp x2, x3, [sp, #8 * 2

[stp x4, x5, [sp, #8 * 4

[stp x6, x7, [sp, #8 * 6

[stp x8, x9, [sp, #8 * 8

[stp x10, x11, [sp, #8 * 10
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[stp x12, x13, [sp, #8 * 12
[stp x14, x15, [sp, #8 * 14
[stp x16, x17, [sp, #8 * 16
[str x18, [sp, #8 * 18

[stp x29, x30, [sp, #8 * 20
*/

Save elr_ell & spsr_ell. This such that we can take nested exception *
.and still be able to unwind *
/*
mrs x0, elr_ell
mrs x1, spsr_ell
[stp x@, x1, [sp, #8 * 22
endm.

**/

Restores the volatile registers from the stack. This currently takes 14 *
instructions, so it can be used in exception handlers while still leaving 18 *
instructions left; if paired with save_volatile_to_stack, there are 4 *
.instructions to spare *
/-k
macro restore_volatile_from_stack.

/* .Restore registers x2-x18, x29 & x30 */

[1dp x2, x3, [sp, #8 * 2

[1dp x4, x5, [sp, #8 * 4

[1dp x6, x7, [sp, #8 * 6

[1dp x8, x9, [sp, #8 * 8

[1dp x10, x11, [sp, #8 * 10
[1dp x12, x13, [sp, #8 * 12
[1dp x14, x15, [sp, #8 * 14
[1dp x16, x17, [sp, #8 * 16

[1dr x18, [sp, #8 * 18
[1dp x29, x30, [sp, #8 * 20

/* .Restore registers elr_ell & spsr_ell, using x@ & x1 as scratch */
[1dp x@, x1, [sp, #8 * 22

msr elr_ell, x@

msr spsr_ell, x1

/* .Restore x@ & x1, and release stack space */
ldp x@, x1, [sp]l, #8 * 24
endm.

*

~

This is a generic handler for exceptions taken at the current EL while using
SP@. It behaves similarly to the SPx case by first switching to SPx, doing
.the work, then switching back to SP@ before returning

Switching to SPx and calling the Rust handler takes 16 instructions. To
restore and return we need an additional 16 instructions, so we can implement
.the whole handler within the allotted 32 instructions

*F o+ ¥ * * F X F
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/*

macro current_exception_sp@ handler:req.
msr spsel, #1
save_volatile_to_stack
bl \handler
restore_volatile_from_stack
msr spsel, #0

eret
endm.
**/
This is a generic handler for exceptions taken at the current EL while using *
SPx. It saves volatile registers, calls the Rust handler, restores volatile *
.registers, then returns *
*
This also works for exceptions taken from EL®, if we don't care about *
.non-volatile registers *
*
Saving state and jumping to the Rust handler takes 15 instructions, and *
restoring and returning also takes 15 instructions, so we can fit the whole *
.handler in 3@ instructions, under the limit of 32 *
*

~

macro current_exception_spx handler:req.
save_volatile_to_stack
bl \handler
restore_volatile from_stack
eret
endm.

"section .text.vector_table_ell, "ax.
global vector_table_ell.
balign 0x800.
:vector_table_ell
1sync_cur_sp@
current_exception_sp@ sync_exception_current

balign 0x80.
:irq_cur_spo
current_exception_sp@ irq_current

balign 0x80.
:fig_cur_spo
current_exception_sp@ fiq_current

balign 0x80.
:serr_cur_spo
current_exception_sp@ serr_current

balign 0x80.

: SYNC_cur_spx
current_exception_spx sync_exception_current
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balign 0x80.
:irq_cur_spx
current_exception_spx irq_current

balign 0x80.
:fiq_cur_spx
current_exception_spx fiq_current

balign 0x80.
ISerr_cur_spx
current_exception_spx serr_current

balign 0x80.
:sync_lower_64
current_exception_spx sync_lower

balign 0x80.
:irq_lower_ 64
current_exception_spx irq_lower

balign 0x80.
:fiq_lower_64
current_exception_spx fiqg_lower

balign 0x80.
:serr_lower_64
current_exception_spx serr_lower

balign 0x80.
:sync_lower_32
current_exception_spx sync_lower

balign 0x80.
:irq_lower_ 32
current_exception_spx irq_lower

balign 0x80.
:fiq_lower_32
current_exception_spx fiq_lower

balign 0x80.
:serr_lower_32
current_exception_spx serr_lower

oges st by syop ol ©usgy silsy) dmap.S
*/
Copyright 2023 Google LLC *

*

; ("Licensed under the Apache License, Version 2.0 (the "License *
.you may not use this file except in compliance with the License *
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You may obtain a copy of the License at *

*

https://www.apache.org/licenses/LICENSE-2.0 *

*

Unless required by applicable law or agreed to in writing, software *
,distributed under the License is distributed on an "AS IS" BASIS *
.WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied *
See the License for the specific language governing permissions and *
.limitations under the License *

/-k

set .L_TT_TYPE_BLOCK, Ox1.
set .L_TT_TYPE_PAGE, 0x3.
set .L_TT_TYPE_TABLE, 0x3.

/* .Access flag */
set .L_TT_AF, 0x1 << 10.
/* .Not global */
set .L_TT_NG, ©Ox1 << 11.
set .L_TT_XN, @x3 << 53.

(set .L_TT_MT_DEV, 0x@ << 2 // MAIR #@ (DEV_nGnRE.
set .L_TT_MT_MEM, (@Ox1 << 2) | (@x3 << 8) // MAIR #1 (MEM_WBWA), inner shareable.
set .L_BLOCK_DEV, .L_TT_TYPE_BLOCK | .L_TT_MT_DEV | .L_TT_AF | .L_TT_XN.
set .L_BLOCK_MEM, .L_TT_TYPE_BLOCK | .L_TT_MT_MEM | .L_TT_AF | .L_TT_NG.
section ".rodata.idmap", "a", %progbits.
global idmap.
align 12.
:idmap
/* level 1 */
quad .L_BLOCK_DEV | @x®@ // 1 GiB of device mappings.
quad .L_BLOCK_MEM | 0x40000000 // 1 GiB of DRAM.
fill 254, 8, 0x0 // 254 GiB of unmapped VA space.
quad .L_BLOCK_DEV | 0x4000000000 // 1 GiB of device mappings.
fill 255, 8, 0x0 // 255 GiB of remaining VA space.
Gsos sest e b sop ol ©ussy silse) image.ld
*/
Copyright 2023 Google LLC *
*
; ("Licensed under the Apache License, Version 2.0 (the "License *
.you may not use this file except in compliance with the License *
You may obtain a copy of the License at *
*
https://www.apache.org/licenses/LICENSE-2.0 *
*
Unless required by applicable law or agreed to in writing, software *
,distributed under the License is distributed on an "AS IS" BASIS *
*

.WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied
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See the License for the specific language governing permissions and *
.limitations under the License *

/*
*/
Code will start running at this symbol which is placed at the start of the *
.image *
/-k
(ENTRY (entry
MEMORY
}
image : ORIGIN = 0x40080000, LENGTH = 2M
{
SECTIONS
}
*/
.Collect together the code *
/*
} (init : ALIGN(4096.
;. = text_begin
(init.entry.)*
(*.init.)*
image< {
} . text.
(*.text.)*
image< {
;. = text_end
*/
.Collect together read-only data *
/*

} (rodata : ALIGN(4096.
;. = rodata_begin
(*.rodata.)*

image< {

} : got.

(got.)
image< {
;. = rodata_end

*/
Collect together the read-write data including .bss at the end which *
.will be zero'd by the entry code *
/*
} (data : ALIGN(4096.

;. = data_begin

(*.data.)*

*/

The entry point code assumes that .data is a multiple of 32 *
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.bytes long *
/*
; (ALIGN(32 = .
;. = data_end
image< {

/* .Everything beyond this point will not be included in the binary */
;. = bin_end

/* .The entry point code assumes that .bss is 16-byte aligned */
}  (bss : ALIGN(16.

;. = bss_begin

(*.bss.)*

(COMMON) *

; (ALIGN(16 = .

;. = bss_end
image< {

} (stack (NOLOAD) : ALIGN(4096.
;. = boot_stack_begin
;4096 * 40 =+ .
; (ALIGN (4096 = .
;. = boot_stack_end
image< {

; (ALIGN (4K = .
; (. = PROVIDE(dma_region

*/
.Remove unused sections from the image *
/*
} : /DISCARD/
/* .The image loads itself so doesn't need these sections */
(gnu.hash.)*
(hash.)*
(interp.)*
(eh_frame_hdr.)*
(eh_frame.)*
(note.gnu.build-id.)*

{

:(Jébd )6$EC’) Iy 3y9p Q&‘ VRN 6‘3‘60) Makeﬁle

Copyright 2023 Google LLC

; ("Licensed under the Apache License, Version 2.0 (the "License
.you may not use this file except in compliance with the License
You may obtain a copy of the License at

http://www.apache.org/licenses/LICENSE-2.0

HFHoHHHHHH
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Unless required by applicable law or agreed to in writing, software
,distributed under the License is distributed on an "AS IS" BASIS
.WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied
See the License for the specific language governing permissions and
.limitations under the License

HoF HHH

(UNAME := $(shell uname -s
(ifeq ($(UNAME),Linux

TARGET = aarch64-linux-gnu
else

TARGET = aarch64-none-elf
endif
OBJCOPY = $(TARGET)-objcopy

PHONY: build gemu_minimal gemu gemu_logger.
all: rtc.bin

:build
cargo build

rtc.bin: build
@$ OBJCOPY) -0 binary target/aarch64-unknown-none/debug/rtc)$

gemu: rtc.bin
| -machine virt,gic-version=3 -cpu max -serial mon:stdio -display none -kernel $< -s

:clean
cargo clean
rm -f *.bin

:(cargo/config.toml (you shouldn't need to change this.

[build]
"target = "aarch64-unknown-none
["rustflags = ["-C", "link-arg=-Timage.ld

seoS Lzl make gemu lo QEMU s 1y 58

Bare Metal Rust I_yobjlsg s 56.2

RTC driver
(back to exercise)
:main.rs
[no_main] !'#

[no_std] !#

;mod exceptions
;mod logger
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;mod pl@11l
;mod plo31l

;use crate::pl@31::Rtc

;{use arm_gic::gicv3::{Intld, Trigger
;{use arm_gic::{irq_enable, wfi

;{use chrono::{TimeZone, Utc

;use core::hint::spin_loop

;use crate::ploll::Uart

;use arm_gic::gicv3::GicV3

yuse core::panic::PanicInfo

;{use log::{error, info, trace, LevelFilter
;use smccc::psci::system_off

;use smccc: :Hvc

.Base addresses of the GICv3 ///
;_ const GICD_BASE_ADDRESS: *mut u64 = 0x800_0000 as
;_ const GICR_BASE_ADDRESS: *mut u64 = 0Ox80A_0000 as

.Base address of the primary PL@11 UART ///
;_ const PL@11_BASE_ADDRESS: *mut u32 = 0x900_0000 as

.Base address of the PL@31 RTC ///

const PL@31_BASE_ADDRESS: *mut u32 = 0x901_0000 as
.The IRQ used by the PL@31 RTC ///

;(const PL@31_IRQ: IntId = IntId::spi(2

r—

[no_mangle]#
} (extexrn "C" fn main(x@: u64, x1: ubd, x2: ubd, x3: ubd
SAFETY: "PLQ11_BASE_ADDRESS® is the base address of a PL@11 device, and //
.nothing else accesses that address range //
;{ (let uart = unsafe { Uart::new(PLQ11_BASE_ADDRESS
;()logger::init(uart, LevelFilter::Trace).unwrap

(Anfol ("main({:#x}, {:#x}, {:#x}, {:#x})", x0, x1, x2, X3

SAFETY: "GICD_BASE_ADDRESS® and "GICR_BASE_ADDRESS® are the base //
addresses of a GICv3 distributor and redistributor respectively, and //
.nothing else accesses those address ranges //

;{ (let mut gic = unsafe { GicV3::new(GICD_BASE_ADDRESS, GICR_BASE_ADDRESS
;()gic.setup

SAFETY: "PL0O31_BASE_ADDRESS®™ is the base address of a PL®31 device, and //
.nothing else accesses that address range //

;{ (let mut rtc = unsafe { Rtc::new(PL@31_BASE_ADDRESS

;()let timestamp = rtc.read

;()let time = Utc.timestamp_opt(timestamp.into(), @).unwrap

s ("{info! ("RTC: {time

;(GicV3: :set_priority_mask(0xff
; (gic.set_interrupt_priority(PL@31_IRQ, 0x80
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;(gic.set_trigger(PL@31_IRQ, Trigger::Level
; ()irg_enable
; (gic.enable_interrupt(PL@®31_IRQ, true

.Wait for 3 seconds, without interrupts //
;let target = timestamp + 3
;(rtc.set_match(target
;(()info! ("Waiting for {}", Utc.timestamp_opt(target.into(), 0).unwrap
) Itrace
,"{}=matched={}, interrupt_pending"
, ()rtc.matched
()rtc.interrupt_pending
i (
} ()while !rtc.matched
; ()spin_loop
{
) trace
,"{}=matched={}, interrupt_pending"
, ()rtc.matched
()rtc.interrupt_pending
 (

;("info! ("Finished waiting

.Wait another 3 seconds for an interrupt //
;let target = timestamp + 6
;(()info! ("Waiting for {}", Utc.timestamp_opt(target.into(), @).unwrap
; (rtc.set_match(target
;()rtc.clear_interrupt
; (rtc.enable_interrupt(true
) Itrace
,"{}=matched={}, interrupt_pending"
, ()rtc.matched
()rtc.interrupt_pending
i (
} ()while !rtc.interrupt_pending
;(Owfi
{
) !trace
,"{}=matched={}, interrupt_pending"
, ()rtc.matched
()rtc.interrupt_pending
 (

;("info! ("Finished waiting

;()system_off::<Hvc>().unwrap
{

[panic_handler]#

} I <- (fn panic(info: &PanicInfo
; ("{error!("{info
;()system_off::<Hvec>().unwrap
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{} loop
{

:)pl031.rs

;{use core::ptr::{addr_of, addr_of_mut

[((repr(C, align(4]#
} struct Registers
Data register ///
,dr: u32
Match register ///
,mr: u32
Load register ///
,1r: u32
Control register ///
,Cr: u8
, [reserved®: [u8; 3_
Interrupt Mask Set or Clear register ///
,imsc: u8
, [reservedl: [u8; 3_
Raw Interrupt Status ///
,ris: u8
, [reserved2: [u8; 3_
Masked Interrupt Status ///
,mis: u8
, [reserved3: [u8; 3_
Interrupt Clear Register ///
,icr: u8
, [reserved4: [u8; 3_

{

.Driver for a PL@31 real-time clock ///
[ (derive (Debug]#
} pub struct Rtc

,registers: *mut Registers

{

} impl Rtc
Constructs a new instance of the RTC driver for a PL@31 device at the ///
.given base address ///
Iy
Safety # ///
iy
The given base address must point to the MMIO control registers of a ///
PL@31 device, which must be mapped into the address space of the process ///
.as device memory and not have any other aliases ///
} pub unsafe fn new(base_address: *mut u32) -> Self
{ Self { registers: base_address as *mut Registers

{

.Reads the current RTC value ///
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} pub fn read(&self) -> u32
SAFETY: We know that self.registers points to the control registers //
.of a PL@31 device which is appropriately mapped //
{ ()unsafe { addr_of!((*self.registers).dr).read_volatile

Writes a match value. When the RTC value matches this then an interrupt ///
.(will be generated (if it is enabled ///
} (pub fn set_match(&mut self, value: u32
SAFETY: We know that self.registers points to the control registers //
.of a PL@31 device which is appropriately mapped //
{ (unsafe { addr_of_mut!((*self.registers).mr).write_volatile(value

{

Returns whether the match register matches the RTC value, whether or not ///
.the interrupt is enabled ///
} pub fn matched(&self) -> bool
SAFETY: We know that self.registers points to the control registers //
.of a PL@31 device which is appropriately mapped //
;{ ()let ris = unsafe { addr_of!((*self.registers).ris).read_volatile
ris & 0x01) != 0)
{

.Returns whether there is currently an interrupt pending ///

vy

This should be true if and only if “matched’ returns true and the ///

.interrupt is masked ///

} pub fn interrupt_pending(&self) -> bool
SAFETY: We know that self.registers points to the control registers //
.of a PL@31 device which is appropriately mapped //
;{ ()let ris = unsafe { addr_of!((*self.registers).mis).read_volatile
ris & 0x01) != 0)

{

.Sets or clears the interrupt mask ///
Iy
When the mask is true the interrupt is enabled; when it is false the ///
.interrupt is disabled ///
} (pub fn enable_interrupt(&mut self, mask: bool
;{ let imsc = if mask { 0x01 } else { 0x00
SAFETY: We know that self.registers points to the control registers //
.of a PL@31 device which is appropriately mapped //
{ (unsafe { addr_of_mut!((*self.registers).imsc).write_volatile(imsc

{

.Clears a pending interrupt, if any ///

} (pub fn clear_interrupt(&mut self
SAFETY: We know that self.registers points to the control registers //
.of a PL@31 device which is appropriately mapped //
{ (unsafe { addr_of_mut!((*self.registers).icr).write_volatile(0x01
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{

SAFETY: "Rtc’ just contains a pointer to device memory, which can be //
.accessed from any context //
{} unsafe impl Send for Rtc
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olpy wap sl

0868310 ool yu glosye
0868310 loayw osgazp

o3l s closyes  58.1

oS ep oIS 38 glogluy ys lethread syl Rust ¢lothread

;use std: :thread
;use std::time: :Duration

} ()fn main
} | |)thread: :spawn
} for i in 0..10
s("H{thread: {i esy)lpyn")!println
; ((thread: :sleep(Duration::from_millis(5
{
»({

} for 1 in 0..5
;("{println!("Main thread: {i
; ((thread: :sleep(Duration: :from_millis(5

S3laglepy sl oo main glelo ety opleyo opeilE s1Ssg7 b ows sgaz lothread slz gl °
oo 386386 3l Jgw ep leThread panic e
A8 lo «dOWHCﬁSt_I'Ef» o 1y QT ngaé? oS ..)L')S Jf’t B L;lpayload 30‘906? lsPanic -

.This slide should take about 15 minutes

gl looi 31 oS 0 0S8 apuuygpy 2By 0w 3868 aylgp 3l woldess ¢ o 1o Rust thread API -
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olele 0w sy V- Hlage oo thread spawned oS¢yl 51 Jod opleye 08 s il o yals oo —

I
ety
polaes eglos os i slz ¢l lespawned thread o o ul oplyyo MaIN glowsyyl 08 &l yblE 0w oyl —

ERL-RERIN]
Suilo weba 43I pthreads/C++ std::thread/boost::thread I oyl 3p 5o *

Sagun JepSw spawned thread Sl p oS youo s¢lo 36z
BoS ol8yy sy 0w . thread: : spawn returns a JoinHandle o
JoSIJw ol sws () join. syls JoinHandle -
seolpo ybosya 1o s g0 S asldes wl «Ohandle.join» 3l s¢ o g «(...)let handle = thread::spawn» 3l ¢
Sl Ve slsde 1o yolyo opleyw eagslan 9 39 s alaws thread les
oz psulSie Iy lsge polot o 33111z @
oS ol Sy sl ul s oyluigs

thread: : spawn's closure returns T —
<JoinHandle .join() returns thread: :Result<T -

BeoS 0318w Ll e 18y sl da o0 gy us ¢lyo «Qhandle.join» 3l ResultsSasS oo o
bz 35 9p 9t ¢

ey Panic main sygp ol 08 sg 4 oz o .thread S yo panic S il e llg s —

ANy osal gabep ol o ©Elue she olps weseew panic payload sl o gpuase s —
$obz logsosg 338 syop 58 lagalasSyw loow jay 3 1y 5eal@p peolowep ouS! *

oS woo thread gsgoow o ys reference geb il gisz -

psoS ez by ol sgle 08 sesgp oluiy 162 ple s S —

BOuip Jla8p S pePus 9 peuS e9uslze puilew s lp ez gy WS JEup JES eo Ly ol -
PEulSye 1y osn

Dbz pesgSe (DOITOW) (o133 psolez o 431 ¢
return 6)3&.) gule lal SR IR Sy agiyd 6Iothread udj.yfﬂu fx‘gob XS Main el —

..)JLSS&P Lzl iz s ly 'DQT 939u88p
L éy |y memory safety oS g yn return 3l oo sslde yul Stack oo yzop solow gp 518 ol —

bySep
BoeeR b @3t 0z b e TpinsS wisSedz ol 3l eeSE -

loayes osgazp  58.2

BepeSw (borrow) (o458 397 beze il sgolowers clspep slothread
;use std::thread
} ()fn foo

J("aldow")let s = String::from

} ||)thread: :spawn
;(()println!("Length: {}", s.len
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https://doc.rust-lang.org/std/thread/struct.JoinHandle.html#method.join
https://doc.rust-lang.org/std/any/index.html

;({
{

} ()fn main
; () foo
{

RIS SCOped thread )99 gl gy “6()'9069 ’J'CJDO%J
;use std: :thread

} () fn main
s (Meldue")let s = String::from

} |thread: :scope(|scope
} | |)scope.spawn
;((O)println! ("Length: {}", s.len
»({
(4
{

.This slide should take about 13 minutes
aepuew lethread opo ol wy i gp JalS «thread::scope» ¢ole gogg 08 @il el o Jes
o0l s 523 sloosls sppleegp wuhiwlow weausgp

lo (mutable)ygiv et @ ioppon sgulomep laus tsagsgp Jlpg! RUSE 63650058 ¢sle peulod
sereSw (borrow) o, thread slsg e yo lo (immutable) g cf o Jolgyet | thread s
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59 J o

lo J1y1S

Jples ol uaSe Job 0ggds T w9z sele g oyl

olps @sp gl
08¢8s ). Receivers g Senders
08883 ¥ sgazply cloJlyls
08685 \* s9a7p loJigls

Receivers ¢ Senders 59.1

ow channel 3¢ b 3l jwFo o9 ol .<Receiver<T g <Sender<T iy o Lagw 93 glsls Rust glo Jiols
Bsosse 1y (end-points) gylslo blay bad laun lal wpsugp Juowp po
;use std::sync::mpsc

} ()fn main

;()let (tx, rx) = mpsc::channel

; ()tx.send(10) .unwrap
; ()tx.send(20) .unwrap
(()xrx.recv ,"{?:} oub wddlgys") lprintln
(()rx.recv ,"{?:} :oub wddlsys") println

;()let tx2 = tx.clone
; ()tx2.send(30) .unwrap
(()xx.recv ,"{?:} :oub wddlsys") println

{

.This slide should take about 9 minutes

mpsc stands for Multi-Producer, Single-Consumer. Sender and SyncSender implement ¢

.Clone (so you can make multiple producers) but Receiver does not

send() and recv () return Result. If they return Exz, it means the counterpart Sender «

.or Receiver is dropped and the channel is closed
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BenS gp wdlgys ()mpsc:ichannel 1o ylajpoly g sgazaly oS Selays

;use std::sync::mpsc
;use std: :thread
;use std: :time: :Duration

} ()fn main
;()let (tx, rx) = mpsc::channel

} || thread::spawn(move
;()1let thread_id = thread::current().id
} for i in 0..10
;()tx.send(format! ("Message {i}")).unwrap
; ("{println! ("{thread_id:?}: sent Message {i
{
F(Mouh ACQI:{?:println!("{thread_id
(o
; ((thread: :sleep(Duration::from_millis (100

} ()for msg in rx.iter
; ("{println!("Main: got {msg
{

s93zp slodlgls 59.3

135S sgawp 1y g Je b thread sylow ¢p send sy ¢lyd (bounded (synchronous gls Jl1S 1o

;use std::sync::mpsc
;use std: :thread
;use std::time: :Duration

} () fn main
;(let (tx, rx) = mpsc::sync_channel(3

} || thread::spawn(move
;()let thread_id = thread::current().id
} for i in 0..10
;()tx.send(format!("Message {i}")).unwrap
;("{println! ("{thread_id:?}: sent Message {1
{
F("auh plzol {?iprintln! (" {thread_id
s ({
;((thread: :sleep(Duration::from_millis (100

} ()for msg in rx.iter

; ("{println!("Main: got {msg
{
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08883 ¥ Sync
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I8ulusy glogSise  60.1

:CJUA‘ trait 93 4o tu*"&? ?..50569 goupe b lsthread )u,dbu.d BX) SJCJQ:}::Q SIS oS JC)L\S? 0095@ Rust
Send Luyz 3l T ol wuslo ga ¢l thread boundary slacwal y5 T gelzolz 08 gwyg e s :Send o

.C')Q.ul
ST oules S wualy opgl thread boundary Sy uly e 33 T& S gelzelz 08 coygue s3:Sync o

.l SYNC ez
HISs97 sobous s slwalS (unsafe-rust/unsafe-traits.md/../..) s we [oally glo s S3¢s] Sync o Send
380zt laut g alo Sync o Send elogl ghls bgd oS golpi sy S g G ip o i glosgles gy 1y 'DQT
gl yoogs ol sls@p sguls op 05 ulpd Lo Eew 36 Wiluw 0slew s w9 o Iy Toglsgplow gp
.This slide should take about 2 minutes
sueol# thread-safety ¢S35co ¢ o 08 w88 4byy 43 csloySylung ologs o Iy lotrait ol plowgp *
ol ly
23S sl Byl galg trait olgye 0w geNeric glow gsgazp 33 plowgp Iy logl ©

Send 60.2

.s'.’Ju.u| Send T g&lﬁ) ‘Jui)‘g OP‘ 6J‘§6J thread o T )‘Jée J[@uu‘ )Sl

destructors) loySsguly 88 @ ul oyl 35 ¢ thread S ¢ ow (moving ownership) oS Jla Jlgwyl yeaio
thread S s 1y 5lsgp S ss0lowse solpd 07 08 woal sl Jlaus psliwlow oo sp izl thread ol a (
BeoS eeiow ySes thread ysly ol g 3608 o s
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.This slide should take about 2 minutes

Bunlo gy e Jolg thread S 31 sglo b SQLIte oyl olasS oo Jluoal Jlep flogs sw

Sync 60.3

208y @30T B I Tulsdp S 0w umre s 33 381 yal SYNC geoy g 8lo 3 T ogle S
Luila el alpipe yodb o
fopl ok el Bt O EEES ok ow
suslo Send gopy S T& 08 gilay bgd 9 bgd SYyNC g9y ST
.This slide should take about 2 minutes
SR I b Pule S sl oS Wil ¢l yoes o e o7 29 392 00 Iyl ¢
Syaip osl Bl gho wele SgSlesS Sl ol pudS (o s eage ubey sJS sob Ioe ol
ol gal jeg lethread ow o (pass references) wielzyl Jlge sl agalo gal

thread s;,z y3 1y ol glowgp 08 @l o8 p ol 0w wualo SYNC Luyz 3l weles S 38168 @ ulyblz ous ol
ool sebolow wliS Shyo gl oo SYNC al IS jnp sgle g osls gaolgy @sg 29 330p 33 107 Hos
‘)63 ¢CJu,u' OP&‘ )36J 6Ithread Y] Jl@uul ‘5‘);) 36 uélu o &‘C‘)‘ .CJu,u' OP' JS&J 6|thread o Oi

Soublo eyals gy s wzly e 1o glthread yo 31 sgplow gp s036p lzyl ol 6w 08 gglooals
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Send + Sync
e e Send + Sync sgg SP 99 logyl los 08 s¢logl yes!
...,18, 32, bool, char, &str
w,{ T1, T2),[T; N],&[T],struct { x: T) ¢
w{ T1, T2),[T; NI,&[T],struct { x: T)
...,<String, Option<T>, Vec<T>, Box<T
.thread-safe | atomic reference _u,ls i slsg o 3oyb 3l zgyue sob 0 <ATC<T o
.1.72.0 31 :<mpsc: :Sender<T e
.3056? o.xl;éadd 0369 atomic 6]0 JP&J|J9QU‘“ )' ... AtomicBool, AtomicU8 e

.Send + Sync.aoawo Send + Sync g ool TJgp&: generic sloggla g oo sloswplyl sz wygue 39

Send + !Sync

Jeds 00 Joptp sob o0 apmunsy ppul lopl Il xS Jawap 536 gloew iy 00 ylawisp 1y logigle !
:(interior mutablhty)&j tl.\ 6)&53“336&'&&

<mpsc::Receiver<T e
<Cell<T -
<RefCell<T -

Send + Sync!

These types are safe to access (via shared references) from multiple threads, but they cannot
:be moved to another thread
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MutexGuard<T: Sync>: Uses OS level primitives which must be deallocated on the
thread which created them. However, an already-locked mutex can have its guarded
.variable read by any thread with which the guard is shared

Send + !Sync!

S Jé(‘)oe )353 6""’ oL yiny oY Iy IOQT Q‘g(') RENEENIERINN! Qﬁél thread )bo 3l ‘ogék') O&I

el @tOMIC y e e zlyp slag e golz 08 wul "RCBOX” o ¢lzyl S ¢lyls RC” yo :”Re” o
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Souile coals gl golpipe

345



61 J o8
Syogip gleeszly

1wyl el lep Jplus g 3 Sw Job 03683 ¥r 3907 Sl g yyél

oley @sp aglJos!

03682 0 Arc
038410 Mutex
08484\ Jlep

Arc 61.1

Iyede wygue Arc: iclone geyb il Sy up read-only ¢ ey s I sosgp 0ilzl KATC<T

;use std::sync::Arc
;use std: :thread

} () fn main
;([let v = Arc::new(vec![10, 20, 30
; ()let mut handles = Vec::new
} for _ in 0..5
:(let v = Arc::clone(&v
} || handles.push(thread: :spawn(move
; ()1let thread_id = thread::current().id
;("{?:println! ("{thread_id:?}: {v
UGt
{

;(()handles.into_iter().for_each(|h| h.join().unwrap
("{?:println! ("v: {v

{
.This slide should take about 5 minutes

atomic ol Jag 31 68 RC 31 ypl o uyy S« ! Atomic Reference Counted” sz "Arc” o
oS gp 0l !
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.C)QAI
-spo 03l Ll Togl g6l ol ¢y garbage collector 31 Axrc o nlo loreference cycle wslys
SuS
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Mutex 61.2

33 1y ”T” s (mutable) y ot e Jold guuysms §lSal o Jolgws iz 08 35S ¢p Hepuew <Mutex<T
SoSep polyd (g zls (mutable) ¢y eyt 3l g3Ses JSn) read-only interfaces ¢ o s

;use std::sync::Mutex

} ()fn main
;([let v = Mutex::new(vec![10, 20, 30
;(O)println! ("v: {:?}", v.lock().unwrap

}
; ()let mut guard = v.lock().unwrap
; (quard.push (40

{

;(Qprintlnt("v: {:?}", v.lock().unwrap

{
pels ol JalS bzl ¢lyo <impl<T: Send> Sync for Mutex<T Sgoye3z 08 s50S oz ow
.This slide should take about 14 minutes
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()into_inner sgylowgp oo spy plzol (lang.org/std/sync/struct.PoisonError.html
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https://doc.rust-lang.org/std/sync/struct.Mutex.html
https://doc.rust-lang.org/std/sync/struct.Mutex.html#impl-Sync-for-Mutex%3CT%3E

;use std: :thread
;{use std::sync::{Arc, Mutex //

} ()fn main
;[let v = vec![10, 20, 30
} ||)let handle = thread: :spawn
; (v.push(10
(o
; (v.push (1000

; (Vhandle.join() .unwrap
;("{?:println! ("v: {v

{

.This slide should take about 8 minutes

roSee Jzels
;{use std::sync::{Arc, Mutex
;use std: :thread

} () fn main
;(([let v = Arc::new(Mutex: :new(vec![10, 20, 30

; (let v2 = Arc::clone(&v

} || let handle = thread::spawn(move
;()let mut v2 = v2.lock().unwrap
; (v2.push(10

(4

}
;()1let mut v = v.lock().unwrap
; (v.push (1000

{

; (Yhandle.join() .unwrap

;("{?:println!("v: {v
{
zew Jold sloprg
(el po 0w s g logl Uil up 1yl woungp sblzl Mutex g ATC ysv e

JL.S«SEO Ju‘e qut OC)JBL')S Sbouml ] 6‘)“-" 5\5') 595J| S Arc S Mutex S OJIJ )l)é -

.l lethread ;o (mutable)

b3Sy S JBwye cxSes thread oo 1y ol lowa I s 9 JS V2 ¢lang ow sglo <_>v: Arc o

b 08l sl lambda signature o move
.Jolo_sd.'b 6“éJE'f QLSP‘ e les LockGuard OQ?L} C)-’J‘S 93z \sl)g |059Jg °

348



62 | ot
lo P

ol sgd Dlop Jplus W3Ew vyl upSe Job 036d ) 9 ©elue ) soaz sl g Yl

olpy ©ap gl
03883 ¥ Dining o8 yu Jb
23S T S LT SU9EY IS9TL LT
038683 Y loJz ol

Dining o8 o & 62.1

fo el CONCUITENCY Syl JS o Jisup Sis 88l 03 il Basutsd o392 sloly o Jigmp

36 93 b ssg ol ol Sslz Bosued 5o wsenotsp 198 Ssp S 093 po IS 53 Bos]ed Tow
oS s.")u,uI ‘5(')5'5’)&' R NELR RS RT] oS é&lji sl )bé Jl"SOE 5& u‘@u,uu 30 6 )l
138 9 35S 3SB Lglywp sob 0w splawgp bEd Bougd o gy 0339E JISyz 93 1o sglw
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src/main.rs aly oo gld s 1y 5y 38 aels 3ley wJze Cargo installation S¢ oo yespe ol lyw
397 ¢po (deadlock) @ woyw 50 CATGO TUN 08 3¢S Laelail 9 3608 s 1y GJIF lolz S s

;{use std::sync::{mpsc, Arc, Mutex
;use std::thread
;use std::time: :Duration

;struct Fork

} struct Philosopher
,hame: String
:left_fork //

:right_fork //
:thoughts //
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} impl Philosopher
} (fn think(&self
self.thoughts
((self.name& ,"lssoz ool S {} TJesl") I'send(format.
; (Yunwrap.

{
} (fn eat(&self
...Pick up forks //

;(println! ("{} is eating...", &self.name
; ((thread: :sleep(Duration::from_millis(10

{

= [static PHILOSOPHERS: &[&str
;["Socrates", "Hypatia", "Plato", "Aristotle", "Pythagoras"]&

} ()fn main
Create forks //

Create philosophers //
Make each of them think and eat 100 times //

Output their thoughts //

{

BeyS ealdes il 5oy Cargo. toml 3l seylow ¢p
[package]

"name = "dining-philosophers
"version = "0.1.0

"edition = "2021

SV VT 0o 3T e 62.2

5l J\_;'g .ﬁ_;os o.sl;éodul multi-thread SQSSJ )39@0&@ Ss Jlaéi t_;")5) 39T 38T J‘:’C)b 3l 3603 bj“cl
3900 Sl B e so 0 0TS0 33 SoTap sl Sy 05 3 80S GusII 9 39U BaIUB W9 0T e S
—osigy el Wl o 00 08 gulad les by 1S (el 9 35S gumaye ogpls olao s 1y 33 g8 wlz o o w35l

03 oplal syl

“Sued oodle g gols 0w peazpe lpu esls Slgg TEWES Ty yls HTTP wip gl S S 0w 1S oyl sy
lolb o 63"6&"’) S gy o s wuglogy 3o peusS oal bl TEQWEST 3l Péngo Se |r'> sl iley lo
S peolgE oalde yul thiserror ! 0T e o pels 3l

:Create a new Cargo project and reqwest it as a dependency with

cargo new link-checker

cd link-checker

cargo add --features blocking,rustls-tls reqwest
cargo add scraper
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https://docs.rs/reqwest/
https://docs.rs/reqwest/
https://docs.rs/thiserror/

cargo add thiserror

Jeld b wew 3leply error: no such subcommand I cargo add,S!
BeaS o;élu'o‘ B 383 33 ol 383 6'0\5300"’9'9 9380 0-2'6')69 RI{=RTE) Iy Cargo .toml
:JQS§P &O'Q‘Jj9)°"f‘ 383 WL Cargo .toml Jé's_é Iy cargo add |°60|9tb“é

[package]

"name = "link-checker
"version = "0.1.0
"edition "2021
publish = false

[dependencies]

{ ["reqwest = { version = "0.11.12", features = ["blocking", "rustls-tls
"scraper = "0.13.0

"thiserror = "1.0.37

/https://www.google.orgsyyls SzeS ol SelusgaS sadulsly gosut 078 o 36alew gp yooS!
BSeuS ylzwsl

Bualo el v s ieE sl laun STC/Main. s Jeld

;use reqwest::blocking::Client
;use reqwest::Url

;{use scraper::{Html, Selector
;use thiserror::Exrror

[ (derive(Error, Debug]#
} enum Error
[("{error("request error: {0]#
, (ReqwestError (#[from] reqwest::Error
[("{error("bad http response: {Q]#
, (BadResponse(String
{

[ (derive (Debug]#

} struct CrawlCommand
,url: Url
,extract_links: bool

{

} <fn visit_page(client: &Client, command: &CrawlCommand) -> Result<Vec<Url>, Error
; (command.url |, "{#:} suonw")!println
;?()1let response = client.get(command.url.clone()).send
} ()if !response.status().is_success
; ((()return Exrr(Error: :BadResponse(response.status().to_string

{

;()1let mut link_urls = Vec: :new
} if !command.extract_links
; (return Ok(link_uxrls

{
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; ()let base_url = response.url().to_owned
;?7()1let body_text = response.text
; (let document = Html::parse_document (&body_text

;()let selector = Selector::parse("a").unwrap
let href_values = document
(select(&selector.
; (("filter_map(|element| element.value().attr("href.
} for href in href_values
} (match base_url.join(href
} <= (Ok(link_url
; (link_urls.push(link_url
{
} <= (Erxr(err
; ("{println!("On {base_url:#}: ignored unparsable {href:?}: {err
{
{
{
(Ok(1link_urls
{

} () fn main
;()let client = Client: :new
;()let start_url = Url::parse("https://www.google.org").unwrap
;{ let crawl_command = CrawlCommand{ url: start_url, extract_links: true
} (match visit_page(&client, &crawl_command
,("{?#:0k(1inks) => println!("Links: {links
C({#Eerr) oS o b Susd dolewspn ) 'Exrr(err) => println

{

36oS Lzl sTe/main. Is ysly a8 oyl

cargo run

Task

S0 39Ul GuUII J&'g oS 1y 6\5‘°URL DS o.sl;éc)ud lsthread 3l |050L;J 63‘9? SUIIY él)g .
3008 o Iy IBURL gilep wiyg poow thread syz sgos 031zl 5 sgS Jluwy! channel

«WWW.00gle.org» opypls s by wilzd o 0p0 3l les s gos iy wS losyg g g Silo eyg o o ly ol
393 up Wlyw b g wigloyy ol sgos 31y 8 yaugie lg oz bue Vo sgaz Iy 1Ml oz a0y S Zhgw ol
S89UBY

loJzoly 62.3
Dining s s j&
;{use std::sync::{mpsc, Arc, Mutex

;use std: :thread
;use std::time: :Duration
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;struct Fork

} struct Philosopher
,name: String
,<<left_fork: Arc<Mutex<Fork
,<<right_fork: Arc<Mutex<Fork
,<thoughts: mpsc::SyncSender<String
{

} impl Philosopher
} (fn think(&self
self.thoughts
((self.name& ,"!ssoz ool S {} !'Jeus!") !send(format.
; ()Junwrap.

{

} (fn eat(&self
;(println! ("{} is trying to eat", &self.name
;()let _left = self.left_fork.lock().unwrap
;()let _right = self.right_fork.lock().unwrap

;(println! ("{} is eating...", &self.name
; ((thread: :sleep(Duration::from_millis(10

{

= [static PHILOSOPHERS: &[&str
;["Socrates", "Hypatia", "Plato", "Aristotle", "Pythagoras"]&

} ()fn main
;(let (tx, rx) = mpsc::sync_channel(10

(()let forks = (@..PHILOSOPHERS.len
(((map(|_| Arc::new(Mutex: :new(Fork.
; ()<<_>collect::<Vec.

} ()for 1 in 0..forks.len
;()let tx = tx.clone
;([let mut left_fork = Arc::clone(&forks[i
;([()let mut right_fork = Arc::clone(&forks[(i + 1) % forks.len

To avoid a deadlock, we have to break the symmetry //
somewhere. This will swap the forks without deinitializing //
.either of them //
} if i == forks.len() - 1

;(std::mem: :swap(&mut left_fork, &mut right_fork
{

} let philosopher = Philosopher
,()name: PHILOSOPHERS[i].to_string
,thoughts: tx
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,left_fork

,right_fork
o
} || thread::spawn(move
} for _ in 0..100
; ()philosopher.eat
; ()philosopher.think
{
s ({
{
; (drop (tx

} for thought in rx
; ("{println! (" {thought
{

Link )39&0&&

;{use std::sync::{mpsc, Arc, Mutex
;use std: :thread

;use reqwest::blocking: :Client
;use reqwest::Url

;{use scraper::{Html, Selector
;use thiserror: :Error

[ (derive(Error, Debug]#
} enum Error
[("{error("request error: {0]#
, (ReqwestError (#[from] reqwest::Error
[("{error("bad http response: {0Q]#
, (BadResponse(String
{

[ (derive (Debug]#

} struct CrawlCommand
,url: Url
,extract_links: bool

{

} <fn visit_page(client: &Client, command: &CrawlCommand) -> Result<Vec<Url>, Error
; (command.uxrl |, "{#:} suonw") !println
;?()1let response = client.get(command.url.clone()).send
} ()if !response.status().is_success
; ((()return Exrr(Error: :BadResponse(response.status().to_string
{

;()1let mut link_urls = Vec: :new
} if !command.extract_links
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; (return Ok(link_urls

{

; ()let base_url = response.url().to_owned
;?7()1let body_text = response.text
; (let document = Html::parse_document(&body_text

;()let selector = Selector::parse("a").unwrap
let href_values = document
(select(&selector.
; (("filter_map(|element| element.value().attr("href.
} for href in href_values
} (match base_url.join(href
} <= (0k(1link_url
; (link_urls.push(link_url
{
} <= (Err(err
;("{println! ("On {base_url:#}: ignored unparsable {href:?}: {erxr
{
{
{
(Ok(1link_urls
{

} struct CrawlState
,domain: String
,<visited_pages: std::collections::HashSet<String

{

} impl CrawlState
} fn new(start_url: &Url) -> CrawlState
;()let mut visited_pages = std::collections::HashSet: :new
; (()visited_pages.insert(start_url.as_str().to_string
{ CrawlState { domain: start_url.domain().unwrap().to_string(), visited_pages
{

.Determine whether links within the given page should be extracted ///
} fn should_extract_links(&self, url: &Uxrl) -> bool
} let Some(url_domain) = url.domain() else
;xreturn false
A
url_domain == self.domain

{

Mark the given page as visited, returning false if it had already ///

.been visited ///

} fn mark_visited(&mut self, url: &Url) -> bool
(()self.visited_pages.insert(url.as_str().to_string

{
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;<(type CrawlResult = Result<Vec<Url>, (Url, Error
)fn spawn_crawler_threads
,<command_receiver: mpsc::Receiver<CrawlCommand
,<result_sender: mpsc::Sender<CrawlResult
,thread_count: u32

P

; ((let command_receiver = Arc::new(Mutex::new(command_receiver

} for _ in 0..thread_count
;()1let result_sender = result_sendexr.clone
; ()1let command_receiver = command_receiver.clone

} || thread::spawn(move
;()let client = Client: :new
} loop

} = let command_result
;()let receiver_guard = command_receiver.lock().unwrap
()receiver_guard.recv

A

} let Ok(crawl_command) = command_result else
.The sender got dropped. No more commands coming in //
;break

7

} (let crawl_result = match visit_page(&client, &crawl_command
, (Ok(1link_urls) => Ok(link_urls
, ((Err(error) => Erxrr((crawl_command.url, error

{

;()Iesult_sender.send(crawl_result).unwrép
(o
{

)fn control_crawl
,start_url: Url
,<command_sender: mpsc::Sender<CrawlCommand
,<result_receiver: mpsc::Receiver<CrawlResult
} <Vec<Url <- (
;(let mut crawl_state = CrawlState::new(&start_url
;{ let start_command = CrawlCommand { url: start_url, extract_links: true
; ()command_sender.send(start_command) .unwrap
;let mut pending_urls = 1

;()1let mut bad_urls = Vec: :new

} while pending_urls > 0
;()let crawl_result = result_receiver.recv().unwrap
;pending_urls -= 1

} match crawl_result
} <= (0k(link_uzrls
} for url in link_urls
} (if crawl_state.mark_visited(&url
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; (let extract_links = crawl_state.should_extract_links(&url
;{ let crawl_command = CrawlCommand { url, extract_links

; ()command_sender.send(crawl_command) .unwrap

;pending_urls += 1

{
{
} <= ((Err((url, error
; (bad_urls.push(url
s(error |, "{#:} lsub W)y crawling slbg") !println
;continue

{
{
bad_urls

{

} <fn check_links(start_url: Url) -> Vec<Url
;()<let (result_sender, result_receiver) = mpsc::channel::<CrawlResult
; ()<let (command_sender, command_receiver) = mpsc::channel::<CrawlCommand
; (spawn_crawler_threads(command_receiver, result_sender, 16
(control_crawl(start_url, command_sender, result_receiver

{

} ()fn main
;()let start_url = reqwest::Url::parse("https://www.google.org").unwrap
; (let bad_urls = check_links(start_url
;(println!("Bad URLs: {:#?}", bad_urls

357



XIV oo

2Pt tsulpipe

358



63 J_oub
sl shot

08 ol e 518 yo lyz! lo ylaips yob 0w JIS yeanz ol s 08 wwl concurrency Jss» S¢ ”Async”
oj‘cl JJP 06‘ DIUB SR TSSO C’)QM OJ‘J oe‘.&‘ b.)ha[ oS é)géJ IS su SIS 9 do e ‘)C‘ B9uh 393 4ep
slenue 08wl Jods gl 0w 9 35S Izl leow iy 31 gagazp slag e goy 1y 1IS gy slage To sosgp
213 0S5 T/0 yosp clumlaus sliw s golpage Idepep loJpleposugn o wonl pS sl 1spep task yo
BooSep polyd sy yue oalsl o
33 @l 5 Sps 08 Wil oyIS ssgesyluny 08 (il “futures” Ll ! yo Rust asynchronous ol s
Sosubep «polled» weyosy 1y ol jagsgw JalS wal e 08 golas los lofuture g o JgpSes oyl

BSOS e0 3B 33 BJOER 30D 0lpd 08S0T 9 S0sutgr By Blripely e ulpy S busse loeFuture

o sldp

callback yo gyoop of «Future» ogle Jlz el ayls s9F «@syncio» yus 1y goul s Jap ool

Rust ,s runtime ows o sy «03z» S o Async Python gloopleyo el o3 iey POIL g o yal
ol 3l

runtime .C)u_ul callback Y LoBp oylugs 08 Uu.ul Ugé)SLyul |9|E BN) ”Promise” [RERIRST-T Qél °

BN) tubb 0'6535 3l 5)]5&9 Qél)glog “)O‘SL;P kgj‘un 54‘6‘;‘ Iy (event IOOp) .)l.)ég) baJC ng)j
Sosuiep uloyy Promise

sulpd oplane

lop Jplus 380 Job 08683 T+ 9 Wl ¥ sgaz silw oz oyl wslodeds V slowzlioul wlpwazl o

ol 56
olpy wsp SAED
03885 ¥+ Async golop
03¢8s ¥+ Control Flow g ls JI 1S
08683 00 loPitfall
o;é‘_;é_) AR C)“Clu_u \ 'OQLQJPQ

359



64 | o

ASYNC glop

1wyl el lep Jplus g 3 Sw Job 03683 ¥r 3907 Sl g yyél

olpy ©ap gl
0B¢ss )+ async/await
0868 ¥ Futures
08833\ Runtimes
08683\ Task

async/await 64.1

:At a high level, async Rust code looks very much like "normal” sequential code

;use futures: :executor: :block_on

} (async fn count_to(count: i32
} for i in 0. .count
;("H{println!("Count is: {i
{
{

} (async fn async_main(count: 132
;count_to(count) .await
{

} ()fn main
; ((block_on(async_main(10
{

.This slide should take about 6 minutes
IéJéJS 0]5()

souldo wlelpe zeo cwwl syNtax qsls ol iy glye oal g Jewsp Sg ol 08 sl oo gnls oz ows
!JJ'JQ 3979 f)i BN 6&3'9 (COHCUTFenCY)éoI?jPo T80 |L§ Sap
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Sougz async call o wSyo gop
BeoS aslde wlmain s ; (let future: () = async_main(10 ;ltype osol jup slyo —

future S Ity k_;uw‘:g)lu 90 )J‘_;lgv)?LS uw‘ Rust O".)j syntax SUEISUD ”async” L;JéJS o?JS °
BuSep 0edSelz

future 5 oslbegal 0oz 33op 23 sJgleplS o0 @Bl 2l dlopg Jhoous posw seplomgpy laus *
LguS async lymain g 1 Silo

O vy thread »s block_on._;&l_s j‘éQ (executor) XIS |JE‘ S o PIS(M é‘DJS 6')@‘ 6')9 °
BSOS 6p 393ump 39uh JepSw es i oxlyl future oS gplay 1y g Jg

block_on SlJEse gl 38 6o oleldre S JgpSwyboye (asyn) Sleipolysab o await oLl gpo ®
'JC)‘SLS?O 393 mp Iy 6Jt‘9 thread ‘Jge&e await ‘56

o356l 33 339 ol PlOCK 1g) 3o ssldes wl @SYNC gules S JFls yo sglowgp bsd await. o
Goouser sdogp

Futures 64.2

@l 5 Spp 08 sy we ¢l e Jag 03003 ol g 08 cgloObject b uges os i Iyl wul trait S Future
.Jc)lJ)gée_)g b Poll “56 pOll 9 _)_)5 pOH b future “56 C)‘9CJL5? ._\U.M;) 03 iy JPLS Jouo

;use std::pin::Pin
;use std::task::Context

} pub trait Future
;type Output
;<fn poll(self: Pin<&mut Self>, cx: &mut Context<'_>) -> Poll<Self::Output

{

} <pub enum Poll<T
, (Ready (T
,Pending

{
Future gil ueslows (Jopgprct 1o olSal eozpe olaySepye Iy impl Future sSgasync gole S
tokio: :spawn jl s s esylsySyw JoinHandle (Jleps clyo sls saz oo oo ol ¢y
308 polyd 1y ol ows (jOINING) o ywgew ol Sal les 35S ep g3l wosl g Iy Future
oS LSO‘PJ les 6J&‘9 async gglo oS Soubsp u&|u Soubsp Jl(.\&| Future L;bg oS await. 6'%9&)5 O?J\S
Y] 69‘63J| OI STOIT UHF U 9 39 sﬁég(‘)e 398 o.)[e‘ Future
.This slide should take about 4 minutes
uﬂé'f’f) ébg ERER T 'JE‘ C)u,ul 03 s oals O'u‘i'u') oS J9‘bf)l?° T@é@_) Poll 9 Future 6[0;\;&]&) ®
S80S SedS oSyl oy eluusl 53 logilpuosl g
losS ey 3o ASYNC ogJol ¢loaS gl yu ol 0w gy wgumy peeley Context o Pin o Ip o
poelJE sob o syS pgoloF 3Sypw async
-opleyy sazp POIL clyos 1y o7 03 p 5 @3lsgoy 05 gulp) I sesgp 03lz Future oo Context —
S0S 838
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https://doc.rust-lang.org/std/future/trait.Future.html
https://doc.rust-lang.org/std/task/enum.Poll.html

future clopointer . clyolyw Baynepy lzowlz sbllz s Future oS 5y Sep fepuew Pin -
await. 3l jeg gapls yoogs ¢y lereference sw oals o3lz! clyw gl Soole e e yowes
ol a3l

Runtimes 64.3

szl Jotsump 935S op sulwew g (_La_reactor) 3! Sleipely wygue o wlglpg szl glyw runtime S ¢
el Guyes s 33 3863 00638 esuz lel wylsy ¢l s runtime S ¢ Rust .ol (an executor) lofuture
“OO‘P °Q¥é‘6 oF o 699? oY lJIg 66')'“5 ‘g PCJuAkSQAQSI 56 Ig ‘(performant)éébls :Tokio e
.8RPC lyw (Tonic] (https://github) .com/hyperium/tonic] 1 ¢ HTTP (I, Hyper
33 ool runtime S Jal s o syale ”std for async” Sg¢ oS wul ¢l adse async-std e
el @async: :task
Sl Suw g 0al yw iSO

sSs vapS Fuchsia Jlewp glyo sl 1y 392 o0 ogueze (runtime) Lzl olp) yoS350 oplee oesoz
.ssls runtime

.This slide and its sub-slides should take about 10 minutes

Rust I3 playground ;s ToKio bgd s n 383 Lzl cloglay olep 3l 08 sl owsyals ozge
d8ues oshelaw wes spy 1y (I/0) szaytlssss o3lz! puzpe Playground.ss o ep solososbg
90t bzl playground s 5o plssgpy wllz async glojgsz

L I/O elelpe cor) suescpy plzal ©ilS zee 08 sy e «(inert) ol co» woz ¢l 3l loFuture o
0w 35S POIlNg 1y oyl 08 s los o als sz g (€XECULOT) 6yzp S 0S5l 33p (BuoSps Eosun
JplS glgle Tew spyg gy 03ldes yul 3830 331 vz 08 @l wgldess JS Promises o ol Jlesp ologe
ot speleg bzl eplose gaun

Tokio 64.3.1

:Tokio provides
(asynchronous)lajpolyy glosS ¢lyz! lyo multi-thread ¢ o 3l runtime S *
sl sylaglo gl gloylzolos asynchronous version S ¢
JooglEolasS 3l ¢Sy pojugmeS!

;use tokio: :time

} (async fn count_to(count: i32
} for i in 0. .count
p("H{task: {1 yw)layn") println
;time: :sleep(time: :Duration: :from_millis(5)).await

{

[tokio: :main]#
} ()async fn main
; ((tokio: :spawn(count_to(10

} for 1 in 0..5

;("{println!("Main task: {i
;time: :sleep(time: :Duration: :from_millis(5)).await
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https://fuchsia.googlesource.com/fuchsia/+/refs/heads/main/src/lib/fuchsia-async/src/lib.rs

peuS async lymain peylowgp oS! tokio: imain gySlale o

BuSep szl olaipe 9 sgaz “task” S spawn g oles o

Beodepn bue count_to yslyawait. s w sy S ¢p Future S spawn iozow o
lsyye Further

tokio: :spawn .c el @SyNc o¢ 5l slogopy au! S3oarses V slsgp 0w (IJgpep) count_to yz ©
ool plaes les sgla sbeya csp ylowsgp 08 syl S gy |y handle s
BeuS Hlzwsl Iy «count_to(10) .await sy9p Spawn g¢lz o *

Seunlo tokio: ispawn il go w8y 4l ybeys o

Task 64.4

ol 39 S e thread ¢g g0y 05 syl task system s ¢ Rust

ol uSsp POLL Iy o HIS ealal glyo (EXECULOY) osyyShizl o8 syl 1o zbw 5 future s task s
_)g.b oY >S "\')‘569 pOll b f)' p011 RIES 2S _)uivlg oC)ui:Ls ETEERY-T) future ANYA lé 5& C_'Jd.d‘ 05?9 future
.child future NRLNIA J' pOll 'g task ‘56 X 60‘?3(’” .J)b ueu‘bfx 03 s L_;O‘gtb;é stack “56 |g 6)"3\5'9‘0
ool ye3QulSp T/0 wlgdpe Sg s spsle S wwlgsy suole

;{use tokio::io::{self, AsyncReadExt, AsyncWriteExt

;use tokio::net::TcplListener

[tokio: :main]#

} <()>async fn main() -> i1o::Result
;7let listener = Tcplistener::bind("127.0.0.1:0").await
;(()println!("listening on port {}", listener.local_addr()?.port

} loop
;?let (mut socket, addr) = listener.accept().await

;("{?:println! ("connection from {addr

} tokio::spawn(async move
; ("socket.write_all(b"Who are you?\n").await.expect("socket error

;[let mut buf = vec![0; 1024

; ("let name_size = socket.read(&mut buf).await.expect("socket error

;()let name = std::str::from_utf8(&buf[..name_size]).unwrap().trim

s("name}\n} as)Subop OO gwlpes 51M) 1let reply = format

; ("socket.write_all(reply.as_bytes()).await.expect("socket error
(o

{
.This slide should take about 6 minutes

6o bzhlzal 311y ol 9 3608 oS 397 dagn aslal sTC/Main. rs yu 1y Jless ol
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Ask students to visualize what the state of the example server would be with a few
?connected clients. What tasks exist? What are their Futures

This is the first time we've seen an async block. This is similar to a closure, but does not
.take any arguments. Its return value is a Future, similar to an async fn

DU sgow ? 3l oalen ul 1o 1y 1h# &igyeap 9 3608 st gl Sgows |y async Sg Jos o
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Control Flow 4 s JI ]S

Jples ol uaSe Job 0ggds T w9z sele g oyl

olpy wp sl
0383 ). Async clo JIyls
0868 ¥ Join
0883 0 Select

Async glo JIyls  65.1

itokio Jlas glapg 0w oS er solvew s asynchronous channel ji crate o5,z

;{use tokio::sync::mpsc::{self, Receiver

} (<()>async fn ping_handler(mut input: Receiver
;let mut count: usize = 0

} while let Some(_) = input.recv().await
;count += 1
J (M opwl eagh Wwldls)s ping ssg {count} GooSleo”) println

{

 ("ouwlesgbJpls println! ("ping_handler
{

[tokio: :main]#
} ()async fn main
; (let (sender, receiver) = mpsc::channel(32
; ((let ping_handler_task = tokio::spawn(ping_handler(receiver
} for i in 0..10
;(".sender.send(()).await.expect("Failed to send ping
;(println!("Sent {} pings so far.", i + 1
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; (drop(sender
; (".ping_handler_task.await.expect("Something went wrong in ping handler task

{
.This slide should take about 8 minutes

33138 gp sedle izl 50 00957 05 3epere 8 3603 st 3o Iy JIglS e3lsgl @

SouB P 0363 éolgtguo QAIJS 3308 L._.)L)JJI sync 6|ochannel 0 0 g I interface ‘6J539bog °

Sz Fallgp gBlbwl og agyS Biz Iy std: imem: :dTOp ulpes °

BuoSep bzllyrecv gasync send g Sync oS ol glo JIglS ¢lyls Flume oo bgusys Crate ¢l o
Sunlo oualie oeSoue CPU o 10 guuilayg glotask 1o es sz o looplyyw glyw solowgp 51S ¢l

6[);,‘ future JS&J lg '°C)T g&SJCJ 66‘()'90 303 6P T STIY b async 6'°J|C)'~5 lg JLS ?5 RN
sl o3z e J1ooS ooz Hlzgl o lopl vy

Join 65.2

-0¢9pzp o Sooud oslpl lefuture I clogopze plac I sylace )E’C’Of (join) o woey wlelpt
le JavaScript ys Promise.all ou sguin ol olayScpre Iy logl zeley 31 (collection) ¢l
Wl gew ey ysasyncio. gather

;use anyhow: :Result

;use futures::future

;use reqwest

;use std::collections: :HashMap

} <async fn size_of_page(url: &str) -> Result<usize
;?let resp = requwest::get(url).await
(()Ok(resp.text().await?.len

{

[tokio: :main]#
} ()async fn main
1] = [let urls: [&str; 4
,"https://google.com"
,"https://httpbin.org/ip"
,"/https://play.rust-lang.org"
, "BAD_URL"
L
; (let futures_iter = urls.into_iter().map(size_of_page
;let results = future::join_all(futures_iter).await
= <<let page_sizes_dict: HashMap<&str, Result<usize
;(Jurls.into_iter().zip(results.into_iter()).collect
;(println!("{:?}", page_sizes_dict

{

.This slide should take about 4 minutes
BeoS bzhlzal 311y ol 9 3608 oS 397 san aslal sTC/MAin. s yuly Jless ol

lal oS ol wl Istd: i future: :join jl sgylowep wd s slowgle 3l future syz ¢lyo *
¢ ool crate) sugz 43 5 olz Jlz s ol wagnls s ol future spz JelwplS glps s 0S8 sgalag seles
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https://docs.rs/flume/latest/flume/

Soubep wewwa std: i future ys gsgy o 08 @l futures

RER R C)&Ig oJ&u_u? Qé[ RN resolve jg)o C)QM C)“SP? lofuture )I 656 oS C)QM Qél join )bt .
Sout Bowa layn eply o

oBsasy shie JIop olaggew wepS wesSio Tjoin lo 1y join_all sgylswee gsozee ®
S80S stue o3l oSl cyseS S psuzee o NUP Lugosw S oo low wlsgss ope (1jo1n)
S ol oS ol ol future o ! futures: :join jl esldes i lo Iy tokio: :time: :sleep
Fjoin oS o (bouigp 03ls z oo e Juod 33 g ssls Sl ! select o 05) Wy timeout
esgp uluny 1y

Select 65.3

OT VTEWY O 9 g oJlPT lofuture ;l slegopzp 3l S o 1w sylagp sbwye olzoyl alelpe S
o gowgly 3 9 woel Promise.race oo oguys 3ysp ol JavaScript s sesgp #wlys future
suwgldr  Jold  (asyncio.wait(task_set, return_when=asyncio.FIRST_COMPLETED

Sulogp
plasS 30 08 Wil gilos slsgw ¢lls pattern o s (match statement) gsoobo wlog Sg syl
slagp wnul oslal future oS ¢plS o 3y wo pattern = future => statement wylog JS oow

seutsp bzl Juelz slosstop o statement ugus ssptgp et pattern baugs ol gonSslo
Souisp Iselect oSl SOTEDY statement oz gy 50

;use tokio::sync::mpsc
;{use tokio::time::{sleep, Duration

[tokio: :main]#
} ()async fn main
;(let (tx, mut rx) = mpsc::channel(32
} let listener = tokio::spawn(async move
} !tokio::select
,("{Some(msg) = rx.recv() => println!("got: {msg
,("sleep(Duration::from_millis(50)) => println!("timeout = _
A
s ({
;sleep(Duration: :from_millis(10)).await

;("await.expect("Failed to send greeting. (("!alJuo")tx.send(String: :from

F ("9 ueSUL 009nub ") listener . await . expect
{
.This slide should take about 5 minutes
Olaggew I ASYNC gloslsgoy sy sboyp togwl zely JSux Se lzogl 5s async listener Sgju *
ol wonS i sol i 1oy 3603 et syl lodb sleep ous Iy sleep s ulw btimeout ¢lyws Jless
$0926p CueSui bilib ol 3 3o send Lz gl
select! is also often used in a loop in ”actor” architectures, where a task reacts to
.events in a loop. That has some pitfalls, which will be discussed in the next segment
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ls P1tfall

35S gp polyd concurrent asynchronous s sy 0ploye glyw Iy goplylS o wzly ¢ 13wyl Async / await
sFy el olypo lofootgun g lopitfall o ol JS yus 31 397 pow lo 3¢y Rust ys async/wait Jsp Jlz gl
P8e38r TSP Jued il s by oyl 5l

tplon ol suaSw Job 0gsds 00 3937 sl Ew ol

olpy wap sl
03683\ Executor ;uyS sgawp
08683 ¥+ Pin
08633 0 Async «lé o
2358 V* st

executor ;S sgs s 66.1

ogl asun bzl (concurrent) ;lajse wyg o 0w 08 308 ¢p 03zl IO task oo logyes gloasync runtime yes sl
)6‘0"" &‘)C' 3l é)égng 9 executor NERIREERYTS CJ&';) CPU a9S block 6|OSQAO oS Ou.ul SotP ong
BeoS el wl @asynce J"ltf 6|OJCJP 3l OISM Sygue 38 08 Wl oyl Olu,ui Jt oly S Soubsp loS juey

;use futures::future::join_all
;use std::time: :Instant

} (async fn sleep_ms(start: &Instant, id: u64, duration_ms: u64
;((std::thread::sleep(std::time: :Duration: :from_millis(duration_ms
) !'println
,"future {id} slept for {duration_ms}ms, finished after {}ms"
()start.elapsed().as_millis
i (
{
[("tokio: :main(flavor = "current_thread]#
} ()async fn main

;()let start = Instant::now
; ((let sleep_futures = (1..=10).map(|t| sleep_ms(&start, t, t * 10
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;join_all(sleep_futures).await

{
.This slide should take about 10 minutes

olpdpe Cisue 00 oy 8 3pwdlp BlBGl gllowp yob oo losleep oS sy o 360S bzl 1y 35
.(concurrent)

“SP )CJ)LSU.?JT I 6)]35)6)[ Qél 30360 Jl)é thread \5& RS Iy lstask 0p0 "curl‘ent_thread" Oél °
3yls 59z multi-threaded we cub ys oloyzpe IS al el lal 35S

Beunlo oz ey ybasys g sgos yosp o tokio: i time: isleepoulystd: ithread: :sleep -

9 3uSep slzel cesly thread S¢ o8 @ ! tokio: :task: :spawn_blocking ;S¢s Jzoly *
SoSep Jeswo future oo Xecutor ;syS sgsup o3 Iy ol handle

Vou ) wnlSy 3l logl wsgyeSw yby s Jale posue e glothread lgoe o Iy lotask selosgy 1a o @
thread Sg¢ <9, sg03p o3zl lstask 3l ¢ylgww 0w loeXeECUutor y&Sl o souSery solwewung
FFT 300k 5l 55gs glooglgwlas o Jplew plSye oigsew spl gl wuous bzl Jele popssus
w8y lg thread glzp gilpeossd 0w woal (Spe oylzwlas ol o8 gilz wiwl Jlue]S np
bl ooz 93 sl oo als ¢S ww (CUDA sy ylp) wol# Jple pos g glothread o (map)
Loy ez Iy tokio: i task: :spawn_blocking

aSpp await. Sg goy MULEX S ¢ e ols 03 .Jé&s_b.ﬂgéu')u‘ul lemuteX 3l walSpo 3l bl gzl I o
.Juﬂ‘g ')C' J't BN thread O‘?" BN) L’Ju,ul O‘S?? task O‘ FRERY 6)5&54 task O3B 393 wp CJ&[\,J Ou.ul

Pin 66.2

@S0 2oy S0uSsp gilumeslsw L FUtUTe S5gs 05 spulayS gpa by sglol ASYNC ¢ wlses g lo Sy o
SoS SR Jéaga future I3 03B 0y 6FS élo oala o Iy \_;Jt? 6‘0)&2;"){3 oS C)Q,ul )J‘Slgfﬂhs JéJgO DT LY

Jeds oepe 0w sels 03y eJze slosst o sulos g by sulerSeslunl spulowgp losgt wip ol 3l 2w
LS e Jblu by lepointer ¢l 1ygi woun Jawop gaSes ebudlz (1S sws s¢luy 33550 future

by ol slow sp 230 s POINLET S 3ok 3l bgd wbdlz o future ol gdzolz 3l ©sSalz s
k_;‘bogeo JQ'9QL$P oS Iy 60';9&.)?& fﬂfsi‘) 0S8 UQ.L" reference S Slybl s wrapper S Pin ..)J:S SUIIY
WSS oupp 1y 3nS Jowop woldws ol (1Ss S o sy S op sl anl (o oS 1y

;{use tokio::sync::{mpsc, oneshot
;use tokio::task::spawn
;{use tokio::time::{sleep, Duration

A work item. In this case, just sleep for the given time and respond //
.with a message on the ‘respond_on" channel //
[ (derive (Debug]#
} struct Work
,input: u32
,<respond_on: oneshot::Sender<u32

{

.A worker which listens for work on a queue and performs it //
} (<async fn worker(mut work_queue: mpsc::Receiver<Work
;let mut iterations = 0
} loop
} !tokio::select
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} <= ()Some(work) = work_queue.recv

sleep(Duration: :from_millis(10)).await; // Pretend to work
work.respond_on

(send(work.input * 1000.

; ("expect("failed to send response.

;iterations += 1
{

TODO: report number of iterations every 10@ms //
{

{

.A requester which requests work and waits for it to complete //

} async fn do_work(work_queue: &mpsc::Sender<Work>, input: u32) -> u32
;()let (tx, rx) = oneshot::channel
work_queue

({ send(Work { input, respond_on: tx.
await.

; ("expect("failed to send on work queue.
("rx.await.expect("failed waiting for response
{

[tokio: :main]#
} ()async fn main
;(let (tx, rx) = mpsc::channel(10
; ((spawn(worker (rx
} for i in 0..100
;let resp = do_work(&tx, i).await
J("{i}: {resp} Lhsw sho HIS zwy™) println
{
{

.This slide should take about 20 minutes
Bges ot (actor pattern) ;3 cilo oS Ul 31 ¢l onspy olans 0w Iy ol woal (Sap lagn o
Booiep e 03z Seasly Iselect 1Jgpep olySeile

BeaS ol Byue 1y 397 089 sebiolow ©uS gp Jrt $Jwd s 30z 3l GrowerT Se ulast ow oyl

(..)!sleep(Duration::from_millis(100)) => { println = _Sg c3al wow —
Sz out ¢po ! 3850 33ap il oS ol bl Iselect oIy {
3goS 008l ol 1oop jl z,lz future 4l colz timeout_fut S¢ . oog s —
; ((let timeout_fut = sleep(Duration::from_millis(100
} loop
} !select

oo .

{5 (..) timeout_fut => { println _
{
{

This still doesn't work. Follow the compiler errors, adding &mut to the timeout_fut —
:in the select! to work around the move, then using Box: :pin

370



; (((let mut timeout_fut = Box::pin(sleep(Duration::from_millis(100
} loop
} Iselect

S 5 (00)!mut timeout_fut => { println& = _

{
Poll: :Ready lu sy slhSe o ys g timeout ¢l o3yl 31 o Ial wogier JelwplsS 300 ol —

solusaile ghe wolpiasew (uSep SpS oluuer oyl o0 Sy future) ol
U er suPdup oS sl yo timeout_fut

;(((let mut timeout_fut = Box::pin(sleep(Duration::from_millis (100

} loop
} Iselect
1 <= mut timeout_fut& = _
;(..)!println
; (((timeout_fut = Box::pin(sleep(Duration::from_millis(100
A
{
{

Box allocates on the heap. In some cases, std: :pin::pin! (only recently stabilized,
with older code often using tokio: :pin!) is also an option, but that is difficult to use
for a future that is reassigned

S80S J‘Eé' 6)56'3 task OSJ&) ARRER) b.)l;éc‘)uﬂ pln 3l 0Z9 T&O O oS L’.‘JQA‘ Qé' )Séd Qéjsé‘a °
Soutep Jlou! oneshot JI 18 Sgou seolwedep 100 4o 08

o aouh ¢p ossply (self-referential ) c¢lzyl 397 oy yuo 39 0w geloySoyl al golz 05 gloosls o
golop el wuSer ©aeSslz celzolsed sloosls gelzwlz 3 Rust borrow checker . Jgpgps job
shio 38 Jesow Jlzaelle saalpe 03n3 35uS e oslual loplaw 08 cloosls 31 3o ynew sy alaws cpy
Soubgay segle borrow checker b g async ¢ oo g loSg Jo

pointer S il ol e ul lo oloes gpyy |y Object S ¢ .ol reference S ¢ lybl s wrapper S¢Pin o
08 vese POINtEr S sk 311y ol vl po Soue Jlz el o wls S,z 30 gl 3l esus s
S8 lzolz

ou9py o oyl glys mut Self& slz ow <Pin<&mut Self ;l Future 65369 3l pOll RYSE
03 e 330yl al Segoyly C)T Sowgp bgd oS Wil Jods ygpe 0t 3 S gp 0alB e yul (instance)
23S gulaElys

Async ol »  66.3

o.\lgéuugl ébg u.SL')I‘.JuSQ\)‘?"%J ] jléf) Qél "’O‘D‘\)j" L:)LSLT'JK:JL:J 175 )ldﬂc‘)ol._)_) TJ&EI letrait BR) ASYI\C 6'0‘50?
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ol <. = impl Future<Output <- Jslwasync fn
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o JC)C)S;SP oslbde wl @async |g 1mp1 trait 6901’53'%“ O dop 3l looi 6|DJCJP Y 66'°6‘§369 .
oSy IISHlse dyn
If we do need dyn support, the crate async_trait provides a workaround through a macro,
:with some caveats

;use async_trait::async_trait
;use std::time: :Instant
;{use tokio::time::{sleep, Duration

[async_trait]#
} trait Sleeper

; (async fn sleep(&self
{

} struct FixedSleeper
,Sleep_ms: u64

{

[async_trait]#
} impl Sleeper for FixedSleeper
} (async fn sleep(&self
;sleep(Duration: :from_millis(self.sleep_ms)).await
{
{

yasync fn run_all_sleepers_multiple_times
,<<sleepers: Vec<Box<dyn Sleeper
,n_times: usize
FoA(
} for _ in 0..n_times
;("..println! ("running all sleepexrs
} for sleeper in &sleepers
;()let start = Instant::now
;sleeper.sleep() .await
(O println! ("slept for {}ms", start.elapsed().as_millis

{

[tokio: :main]#
} ()async fn main
]!let sleepers: Vec<Box<dyn Sleeper>> = vec
, ({ Box::new(FixedSleeper { sleep_ms: 50
, ({ Box::new(FixedSleeper { sleep_ms: 100
L
;run_all_sleepers_multiple_times(sleepers, 5).await
{

.This slide should take about 5 minutes

3 Bue gl 0w ey sliw 08 sgunlo s als sz g lal (! ol el @sync_trait 3l esldes gl o
Woal 338 Jpe slosue ghls heap allocation g gl a8 ¢p 03ldes ! Isheap allocation
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Vec ou Iy ol g sulofgp ol oo glas wp glyw 08 3658 slz gl sgaz wlot sleep S sy S cgw
BSuS o8l ol

st 66.4

cancellation ollz gelew.ays poll 1, OT olowgpy 3350 38 63 08 Wil e ol 0w future ;o 1133 41,8
E3908 33 $UT PO TTe Spe il logpbl sl ses By awalt obgy so ss splowsp 9 30595 ¢p
Sy 0w g sess @iws 311y loosls seloy (s glaggows wagul a3l wuslys @@s Jofuture g¢ |

ey (deadlock)

;{use std::io::{self, ErrorKind
;use std::time: :Duration
;{use tokio::io::{AsyncReadExt, AsyncWriteExt, DuplexStream

} struct LinesReader
,stream: DuplexStream
{

} impl LinesReader
} fn new(stream: DuplexStream) -> Self
{ Self { stream
{

} <<async fn next(&mut self) -> io::Result<Option<String
;()let mut bytes = Vec::new
; [let mut buf = [0
|

} while self.stream.read(&mut buf[..]).await? != 0
; ([bytes.push(buf[0
} 'if buf[0] == b'\n
;break
{
{

} ()if bytes.is_empty
; (return Ok (None
{
(let s = String::from_utf8(bytes
;2(("map_err(|_| io::Error::new(ErrorKind::InvalidData, "not UTF-8.
((Ok(Some(s

{

} <()>async fn slow_copy(source: String, mut dest: DuplexStream) -> std::io::Result
} ()for b in source.bytes
;?dest.write_u8(b).await
tokio::time: :sleep(Duration::from_millis(10)).await
{
(())0k
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{

[tokio: :main]#
} <()>async fn main() -> std::io::Result
;(let (client, server) = tokio::io::duplex(5
; ((let handle = tokio::spawn(slow_copy("hi\nthere\n".to_owned(), client

;(let mut lines = LinesReader: :new(server
; ((let mut interval = tokio::time::intexrval(Duration::from_millis (60
} loop
} ltokio::select
,("!'interval.tick() => println!("tick = _
} ?line = lines.next() => if let Some(1l) = line
(print!("{3", 1
} else {
break
A
{
{
;?()handle.await.unwrap
(())0k
{

.This slide should take about 18 minutes

2By 33 9 36oleg e Iy APT wilsgyes yup sl Sy ¢ SpS cancellation-safety syop 33 3 glopls @
Sls gwee o9 oz lpu @sync fno.s Jé)&gg

ol (13 00 Ss6umy o) @le JywasS olesz 3l gunge cancellation ¢ o¢ J.? g panic Sl gy o
2036p @ 311y String 31 gelo oo Jless ool @

Sosul gp B3z ol buf o ()next wo s alaes Jol () tick ozl s oS ylay yo —

138 gl wleglye 3l guatw sw buf oo 1o ylew e Iy LinesReader —

} struct LinesReader
,stream: DuplexStream
,<bytes: Vec<u8
,[buf: [u8; 1

{

} impl LinesReader

} fn new(stream: DuplexStream) -> Self
{ [Self { stream, bytes: Vec::new(), buf: [0

{

} <<async fn next(&mut self) -> io::Result<Option<String
.prefix buf and bytes with self //
o 1
;(let raw = std::mem::take(&mut self.bytes
(let s = String::from_utf8(raw

;?2(("map_err(|_| io::Error::new(ErrorKind::InvalidData, "not UTF-8.

//
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Dining Philosophers --- Async 67.1

2euS og zlyp dining philosophers o JS up o pow gy

36338 els gy (Cargo installation](../../cargo/running-locallymd s o gspe oyl gy (Jod soulp
Cargo TUN oS 3658 w9 360S 3 Iy gJIF slolz oS ¢S sTC/main. rs aly ows g Jgld ys 1y
Byetepn (STC/MAin. IS) &y o ows

;use std::sync::Arc

;{use tokio::sync::mpsc::{self, Sender
;use tokio::sync::Mutex

;use tokio: :time

;struct Fork

} struct Philosopher
,hame: String
:left_fork //

:right_fork //
:thoughts //
{

} impl Philosopher
} (async fn think(&self
self.thoughts
((self.name& ,"!ssoz ool S {} !'Jes!") !send(format.
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await.
; (Junwrap.

{

} (async fn eat(&self
Keep trying until we have both forks //
;(println!("{} is eating...", &self.name
;time: :sleep(time: :Duration: :from_millis(5)).await

{

= [static PHILOSOPHERS: &[&str
; ["Socrates", "Hypatia", "Plato", "Aristotle", "Pythagoras"]&

[tokio: :main]#
} ()async fn main
Create forks //

Create philosophers //
Make them think and eat //

Output their thoughts //
{

M osgulowgp sels 3l tokio (Swwulg sus BeoSep 03ldes wl Async Rust 3l jlo ol 08 66‘@()1 3l
oS saldes il 63 Cargo. toml

[package]

"name = "dining-philosophers-async-dine
"version = "0.1.0

"edition = "2021

[dependencies]

["tokio = { version = "1.26.0", features = ["sync", "time", "macros", "rt-multi-thread
.J&OS o.)';ég")un‘ tokio crate )l mpsc o Mutex Jgj'e )' Jélg )‘g Qé' >S Jédﬁ“f’ oauﬁl.s PTIY ST

.This slide should take about 20 minutes
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:Cargo.toml

[package]
"name = "chat-async
"version = "0.1.0

"edition = "2021

[dependencies]
"0.3.30", features = ["sink
"http = "1.1.0
{ version = "1.40.0", features = ["full

{ ["futures-util = { version

{ ["tokio

{ version = "0.9.0", features = ["client", "fastrand", "server", "shal_smol

iebsockets

ey 29p SloeAPI

APT 10 celoual gy 1y 03683 3oz sl 3ley tokio_websockets o tokio 3l ¢ golew oo Ip
2608 ol ol
w9 olerz S il leplews glaipoly aglet ¢lyw (WebSocketStream b uges (JStreamEXt::next o
S g
‘56 BN |09|6;‘; O‘P:)?blf) Jlu.u‘)l 6[_)9 ‘WebSocketStream .bu.uga XV 63'&)“”’"“6%" ()SinkEXt::Send *
.Websocket Stream
Slsglagel gsgyg 3l 3slS glopl g olpipoly (agled e :QLines::next_line o
.Jbroadcast channel s ;s Styo gl ¢lyo :0Sender::subscribe o

EREEY

src/main.xrs Jéké ‘56 9 6)()6'%’ J&l;é 5& bad '\5()'90 SP lf\)j‘ ‘Cargo 0593 ‘56 33 Jge&e 39 o
oot asue sliw @563 8 ©ueldS she $Ss -peals Sles ©ole 83 o0 03w bl 53 aguble s uls
Cargo o390 S s Iy logl 'f’ [PYPRS Ve °O“§|"C Cargo o395 93 3 Iy logy! Jéolgc‘)é? 0981w sob 0w
30365 Wb STC/BIN 465 sgle asus 35 9 wueldS WIS ol dbw peossr sbE wosle 88 o szl
(3608 o zlyp documentationss)

DS eSS src/bin/client.rs g src/bin/server. IS s vy oo by ygd SoelS 9 yosuw 38
"’6\3‘5 JLSP“SC) L’.'Ju.d‘ 03 s ouls tédbga Juﬁj B oS J9‘bﬁ)|f’° b |0J6|;§ Oé‘ °S C)QM &6' |f>uiv 0‘96‘59
:sr¢/bin/server.rs

;use futures util::sink::SinkExt

;use futures util::stream::StreamExt

;use std::error::Exrror

;use std::net::SocketAddr

;{use tokio::net::{TcpListener, TcpStream

;{use tokio::sync::broadcast::{channel, Sender

; {use tokio_websockets::{Message, ServerBuilder, WebSocketStream

yasync fn handle_connection
,addr: SocketAddr
,<mut ws_stream: WebSocketStream<TcpStream
,<bcast_tx: Sender<String

} <<Result<(), Box<dyn Error + Send + Sync <- (

.TODO: For a hint, see the description of the task below //
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https://docs.rs/tokio-websockets/
https://docs.rs/futures-util/0.3.28/futures_util/stream/trait.StreamExt.html#method.next
https://docs.rs/futures-util/0.3.28/futures_util/sink/trait.SinkExt.html#method.send
https://docs.rs/tokio/latest/tokio/io/struct.Lines.html#method.next_line
https://docs.rs/tokio/latest/tokio/sync/broadcast/struct.Sender.html#method.subscribe
https://doc.rust-lang.org/cargo/reference/cargo-targets.html#binaries

{

[tokio: :main]#
} <<async fn main() -> Result<(), Box<dyn Error + Send + Sync
; (let (bcast_tx, _) = channel(16

;?let listener = Tcplistener::bind("127.0.0.1:2000").await
;("println! ("listening on port 2000

} loop
;?let (socket, addr) = listener.accept().await
s ("{?raddr} I ssaz Jlpewl!") Iprintln
;()1let bcast_tx = bcast_tx.clone
} tokio::spawn(async move
.Wrap the raw TCP stream into a websocket //
;?let ws_stream = ServerBuilder::new().accept(socket).await

handle_connection(addr, ws_stream, bcast_tx).await
et

{
:src/bin/client.rs

;use futures_util::stream::StreamExt

;use futures util::SinkExt

;use http::Uri

;{use tokio::io::{AsyncBufReadExt, BufReader
;{use tokio_websockets::{ClientBuilder, Message

[tokio::main]#
} <async fn main() -> Result<(), tokio_websockets::Error

= (_ ,let (mut ws_stream
(("ClientBuilder: :from_uri(Uri::from_static("ws://127.0.0.1:2000

()connect.
;?7await.

;()let stdin = tokio::io::stdin

;()let mut stdin = BufReader: :new(stdin).lines

.TODO: For a hint, see the description of the task below //

08l gilsylels
3l o.)';é;")u.n' o JL;Q;S LS:)L’C)“’I) Iy 390U
cargo run --bin server

Hooyelds gl s
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cargo run --bin client

Task

LS giluweslgw src/bin/server.rs ys 1y handle_connection gules o
oS oslde yul o yug e 08 S s task gs ylaiss plzyl ¢lyw 1 tokio: iselect jliowsSy —
6)35') .JQS&P (broadcast)u;atg Iy ‘boi 9 JQS&P C')J'é_}.& CJQ&[JS 3l ééib?lé&g task S

a8 e Jlool 3oulS glyo by sasue busgws osn wdlgys glople

BeoS Jepsw sre/bin/client. s yaly ¢Jool gl @

task g5 ylpipo plzgl v oo woew 03z S¢ s tokio: iselect I Jod sgulp oSy =
() 5 3830 0 Togl Jlgmsl o Ssbsplesgal 63939 31 3eslS sl plies aplsz (1) 13gpS saldes sl

SIS gy Topl Gl 9 vgsue 3l pleg wblgys

ple 035wy jz o dow iyl JS 0p0 gly lopl g T s gos g & 1y sS IS plawl 3l o gl gl @

((self.name&

RER-EN- T=Nr

loJ7zoly 67.3

Dining Philosophers --- Async

;use std::sync::Arc

;{use tokio::sync::mpsc::{self, Sender
;use tokio::sync::Mutex

;use tokio: :time

;struct Fork

} struct Philosopher
,hame: String
,<<left_fork: Arc<Mutex<Fork
,<<right_fork: Arc<Mutex<Fork
,<thoughts: Sender<String

{

} impl Philosopher
} (async fn think(&self
self.thoughts

sz ool S {F Jeu!") send(format.

await.
; (Yunwrap.

{

} (async fn eat(&self
Keep trying until we have both forks //
} let (_left_fork, _right_fork) = loop
...Pick up forks //

;()let left_fork = self.left_fork.try_lock
;()1let right_fork = self.right_fork.try_lock

} let Ok(left_fork) = left_fork else

If we didn't get the left fork, drop the right fork if we //
.have it and let other tasks make progress //
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; (drop(right_fork
;time: :sleep(time: :Duration::from_millis(1)).await
;continue
A
} let Ok(right_fork) = right_fork else
If we didn't get the right fork, drop the left fork and let //
.other tasks make progress //

; (drop(left_fork
;time: :sleep(time: :Duration::from_millis(1)).await

;continue
A
; (break (left_fork, right_fork
A
;(println! ("{} is eating...", &self.name

;time: :sleep(time: :Duration: :from_millis(5)).await

The locks are dropped here //

{

= [static PHILOSOPHERS: &[&str

; ["Socrates", "Hypatia", "Plato", "Aristotle", "Pythagoras"]&

[tokio: :main]#
} ()async fn main

Create forks //

;[1!'1let mut forks = vec
; ((((PHILOSOPHERS .1len()).for_each(|_| forks.push(Arc::new(Mutex::new(Fork..0Q)

Create philosophers //
} = (let (philosophers, mut rx
;[1'1let mut philosophers = vec
;(let (tx, rx) = mpsc::channel(10
} ()for (i, name) in PHILOSOPHERS.iter().enumerate
;([let left_fork = Arc::clone(&forks[i
;([()1let right_fork = Arc::clone(&forks[(i + 1) % PHILOSOPHERS.len
} philosophers.push(Philosopher
,()name: name.to_string
,left_fork
,right_fork
, ()thoughts: tx.clone
(o
{
(philosophers, rx)
tx is dropped here, so we don't need to explicitly drop it later //

A

Make them think and eat //
} for phil in philosophers
} tokio::spawn(async move
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} for _ in 0..100
;phil.think() .await
;phil.eat() .await
{
(o
{

Output their thoughts //

} while let Some(thought) = rx.recv().await
;("{thought} :yls 3979 035l S lzog! »»") Iprintln

{

oz oplyye swEe
:src/bin/server.rs

;use futures util::sink::SinkExt

;use futures util::stream::StreamExt

;use std::error::Exror

;use std::net::SocketAddr

;{use tokio::net::{TcpListener, TcpStream

;{use tokio::sync::broadcast::{channel, Sender

; {use tokio_websockets::{Message, ServerBuilder, WebSocketStream

yasync fn handle_connection
,addr: SocketAddr
,<mut ws_stream: WebSocketStream<TcpStream
,<bcast_tx: Sender<String

} <<Result<(), Box<dyn Error + Send + Sync <- (

ws_stream
((()to_string. 50 sl plise S lasopl yier chat oo")send(Message: :text.
;7await.

;()1let mut bcast_rx = bcast_tx.subscribe

A continuous loop for concurrently performing two tasks: (1) receiving //
messages from ‘ws_stream  and broadcasting them, and (2) receiving //
.messages on “bcast_rx  and sending them to the client //
} loop
} !tokio::select
} <= ()incoming = ws_stream.next
} match incoming
} <= ((Some(0Ok(msg
} ()if let Some(text) = msg.as_text
;("{?:println! ("From client {addr:?} {text
;?2(()bcast_tx.send(text.into
{
{
,(()Some(Err(err)) => return Err(err.into
,(())None => return Ok
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{

{
} <= ()msg = bcast_rx.recv
;7ws_stream.send(Message: :text(msg?)) .await

{

{

[tokio::main]#
} <<async fn main() -> Result<(), Box<dyn Error + Send + Sync
; (let (bcast_tx, _) = channel(16

;?let listener = Tcplistener::bind("127.0.0.1:2000").await
; ("println! ("listening on port 2000

} loop
;?let (socket, addr) = listener.accept().await
y("{?:raddr} 1 sssz Jlpew!") Tprintln
; ()1let bcast_tx = bcast_tx.clone
} tokio::spawn(async move
.Wrap the raw TCP stream into a websocket //
;?let ws_stream = ServerBuilder::new().accept(socket).await

handle_connection(addr, ws_stream, bcast_tx).await

P (L

{
:src/bin/client.rs

;use futures util::stream::StreamExt

;use futures util::SinkExt

;use http::Uri

;{use tokio::io::{AsyncBufReadExt, BufReader
;{use tokio_websockets::{ClientBuilder, Message

[tokio::main]#
} <async fn main() -> Result<(), tokio_websockets::Error
= (_ ,let (mut ws_stream
(("ClientBuilder: :from_uri(Uri::from_static("ws://127.0.0.1:2000
()connect.
;7await.

;()let stdin = tokio::io::stdin
;()let mut stdin = BufReader: :new(stdin).lines

.Continuous loop for concurrently sending and receiving messages //
} loop
} !tokio::select
} <= ()incoming = ws_stream.next
} match incoming

383



} <= ((Some(Ok(msg
} ()if let Some(text) = msg.as_text
;(println! ("From server: {}", text
{
1
,(()Some(Err(err)) => return Err(err.into
,(())None => return Ok
{
{
} <= ()res = stdin.next_line
} match res
,(())0k(None) => return Ok
ome(line)) => ws_stream.send(Message: :text(line.to_string())).await
,(()Err(err) => return Err(err.into
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