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2. Decide on the dates. Since the course takes four days, we recommend that you schedule
the days over two weeks. Course participants have said that they find it helpful to have
a gap in the course since it helps them process all the information we give them.
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https://github.com/google/comprehensive-rust#building
https://github.com/google/comprehensive-rust/discussions/86
https://github.com/google/comprehensive-rust/discussions/100
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Course schedule:

=&

llo

* Day 1 Morning (2 hours and 10 minutes, including breaks)

Segment Duration
Ne 5 minutes
Hello World! 15 minutes
el 9 7k 45 minutes
S E Ao 40 minutes

* Day 1 Afternoon (2 hours and 15 minutes, including breaks)

Segment Duration

wE 3l 35 minutes
2z 35 minutes
AF82F A9l €}l 50 minutes

* Day 2 Morning (2 hours and 55 minutes, including breaks)

Segment Duration
Ne 3 minutes
e o 1 hour
HAEe EYo]E 50 minutes
A 40 minutes

* Day 2 Afternoon (3 hours and 10 minutes, including breaks)

Segment

Duration

£ 2tolE222  1ho

Zatolnale 1ho

ur and 20 minutes
ur and 40 minutes

* Day 3 Morning (2 hours and 20 minutes, including breaks)

Segment Duration
Ne 3 minutes
o2y g 1 hour
2utE EZQlE 55 minutes
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* Day 3 Afternoon (2 hours and 10 minutes, including breaks)

Segment Duration

= 50 minutes
e 1 hour and 10 minutes

* Day 4 Morning (2 hours and 40 minutes, including breaks)

Segment Duration

Ne 3 minutes

Iterators 45 minutes
25 40 minutes
HAE 45 minutes

* Day 4 Afternoon (2 hours and 10 minutes, including breaks)

Segment Duration

=3 €] 55 minutes
o}ﬂ 52l &2 2 AE 1 hour and 5 minutes

Ashet
In addition to the 4-day class on Rust Fundamentals, we cover some more specialized topics:

Rust in Android
The Rust in Android deep dive is a half-day course on using Rust for Android platform
development. This includes interoperability with C, C++, and Java.

AOSP ZEZ of2| 29| ZFFE o Al Zok2afof sttt 2™ thg, 2 AFE oA 2 A LS H 2o}

235t src/andr01d/ tjalg 8] & AQOSP F 9] ZFE Zo|5ghr} o]F A 5lH QtE 2ol E HIE A]

280 M Il g o2 271E Android.bp TS AAE 4 5Tt

adb sync g #oj7}t ol &0l g &2 AA F2] e} 2Est=Alg Ut 183 src/android/build_all.sh
£ YA ECOPCEOl‘: 0111113 gl Jes] EAlQ. 1 A AFHEE QJ31, 1 QoA 3= 1

Fol g5 T T 4 HHol 5 522 A= & = =2 Z2lstx l».

Chromium °j| 4] Rust A&

T

ot

LrE

Chromium | A Rust AF& o] 2342 Chromium E2}-$# 2] dEZ Rust & AF851= HHof
WA g dyoh 0%7101] Chromium 9] gn Y= A|AH] 01]*1 Rust EAHE-ol= I A & otE

rJ
¢

o] B9 (crates) & 7HA 2 W, Cr+ 4E 284 So] TgE ol Y&yt
Chromium & WES 4 glojof gich. e, T L4 WEL £ESko]/] ejAFu e
WEsL A5y U Es Chromium Hehe 48 498 4 sl gyt
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https://source.android.com/docs/setup/download/downloading
https://github.com/google/comprehensive-rust

Bare-Metal Rust

The Bare-Metal Rust deep dive is a full day class on using Rust for bare-metal (embedded)
development. Both microcontrollers and application processors are covered.

o] A2 A E S TtE S H9Y3t7] 95 Al BBC micro:bit v2 i B =5 o]2] Lofsfopstyct &
E AP A=A 2 Hlo] X o A E ) 2 ZHE o 7] ]| & A x| sfioF gt}

Concurrency in Rust

The Concurrency in Rust deep dive is a full day class on classical as well as async/await
concurrency.

A Zeo|EE At 9 7kA] oE S 22 Ed Fojof dyth 2tk A& src/main. 1s
IEA}/EOWH o}ofl HAE 8} & £J5HTH

cargo init concurrency

cd concurrency

cargo add tokio --features full
cargo run

7ol g4
o] 71—_4 L 71-/&]-9]. l—/\g o]
HAES oy RES EY

1.2 ©=7]

22, mdBook A28 (3 AFO| E) o] 4] §-83 ©27]5 Ytk
» Arrow-Left: Navigate to the previous page.
» Arrow-Right: Navigate to the next page.

 Ctrl + Enter: Execute the code sample that has focus.
* s: Activate the search bar.

1.3 &=

o] Hg2 the Aol AlFHUT BE 2 Mo =g FAZSAYh

* Brazilian Portuguese by @rastringer, @hugojacob, @joaovicmendes, and @henrif75.

* Chinese (Simplified) by @suetfei, @wnghl, @anlunx, @kongy, @noahdragon,
@superwhd, @SketchK, and @nodmp.

* Chinese (Traditional) by @hueich, @victorhsieh, @mingyc, @kuanhungchen, and
@johnathan79717.

* Korean by @keispace, @jiyongp, @jooyunghan, and @namhyung.

* Spanish by @deavid.

wo] ) Q2% 9lo) vli5 F3) thE o2 AR 4 YLyt

Uy S o] FaU 2ol dulc|Ed MZo 2 AZdE = Jaet=3 2ayth


https://microbit.org/
https://google.github.io/comprehensive-rust/pt-BR/
https://github.com/rastringer
https://github.com/hugojacob
https://github.com/joaovicmendes
https://github.com/henrif75
https://google.github.io/comprehensive-rust/zh-CN/
https://github.com/suetfei
https://github.com/wnghl
https://github.com/anlunx
https://github.com/kongy
https://github.com/noahdragon
https://github.com/superwhd
https://github.com/SketchK
https://github.com/nodmp
https://google.github.io/comprehensive-rust/zh-TW/
https://github.com/hueich
https://github.com/victorhsieh
https://github.com/mingyc
https://github.com/kuanhungchen
https://github.com/johnathan79717
https://google.github.io/comprehensive-rust/ko/
https://github.com/keispace
https://github.com/jiyongp
https://github.com/jooyunghan
https://github.com/namhyung
https://google.github.io/comprehensive-rust/es/
https://github.com/deavid

W Zto]: @raselmandol A &.

o] @KookaS H @vcaen Al

=9o]: @Throvn ¥ @ronaldfw A|Z.

2 Eof; @CoinEZ-JPN ¥ @momotaro1105 A
Italian by @henrythebuilder and @detro.

ol Bt el W 2ol &S Fi AtV AR E W&S FastAl .

W&ol EHAE FalstA 2.
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https://google.github.io/comprehensive-rust/bn/
https://github.com/raselmandol
https://google.github.io/comprehensive-rust/fr/
https://github.com/KookaS
https://github.com/vcaen
https://google.github.io/comprehensive-rust/de/
https://github.com/Throvn
https://github.com/ronaldfw
https://google.github.io/comprehensive-rust/ja/
https://github.com/CoinEZ
https://github.com/momotaro1105
https://google.github.io/comprehensive-rust/it/
https://github.com/henrythebuilder
https://github.com/detro
https://github.com/google/comprehensive-rust/blob/main/TRANSLATIONS.md
https://github.com/google/comprehensive-rust/issues/282

A 2%

F} 2 AL-2-5}7]

Y AE S A ZstE 16 GAIS T Cargo 2hs, 2| A E A el Al o) A AL-&-5}
g 2 Ayt o7 A= 7ha 7 Bl A, lalLﬂﬂ} HAE AYE]A o) A
oo Mol DA AE-E 2] of tisl 7teks] A shals U

i F]F

473

https://rustup.rs/ 2] Ax] FHS =24 2.
This will give you the Cargo build tool (cargo) and the Rust compiler (rustc). You will also
get rustup, a command line utility that you can use to install to different compiler versions.
Rust & A%/ Fol= Rust ¢ 8= =& HY 7| IDE & w‘““é%HOF duth 722 W3 7|= VS
Code, Emacs, Vim/Neovim 50l A5 ¢4 2 o] 2 o|F 7] 5& A5t rust-analyzer &+ 5415}
o] E%%ﬁqqRmmwwﬂbqémEE43£¢%*qq

o gEt/ =R *l*E*‘Oﬂf\ih apt & o] &3llA 7haL, B AE &4 HAE AUfE S éila
Utk 22t o] i uhE A9 34l 1o ohd A AE SAgAw e, 1 23t o4
AE A 45 AUt Ax Begol L ofele} gtk

sudo apt install cargo rust-src rustfmt

2.1 FHAEMEA

HAEQ AHA = o7 =352 F/dE o] Jlor
« rustc: .xs A B S Hio|H g F2 thE S A o 2 WS+ Rust Aot d 2yt
+ cargo: 2| 2E o] F4 Te|atol A WE Al AE] itk of2| Rl TR A Eo| YA H JEHES
https://crates.io oA AAF 022 ¥y I AAFEE rustc 2 AE5H] AEEA Y

oh Ea §4 HAES ARelt HAE HAUE T s
» rustup: the Rust toolchain installer and updater. This tool is used to install and update
rustc and cargo when new versions of Rust are released. In addition, rustup can also

download documentation for the standard library. You can have multiple versions of
Rust installed at once and rustup will let you switch between them as needed.

7] ZRIE:

U
ofy
ofN
fo
et
Y
HJIH
rlo
g
i)
o
my
>
i
o
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https://doc.rust-lang.org/cargo/
https://rustup.rs/
https://code.visualstudio.com/
https://code.visualstudio.com/
https://rust-analyzer.github.io/manual.html#emacs
https://rust-analyzer.github.io/manual.html#vimneovim
https://rust-analyzer.github.io/
https://www.jetbrains.com/rust/
https://github.com/rust-lang/rustfmt
https://crates.io

AEE 6 FUH M2 27 TREY o de|2ete] TS /Al s

o Y= 372 HAoZ AFgUth: “stable”, "beta” 718 i “nightly”.

« E2L 7|52 "nightly” -> “beta” -(6 3)-> “stable” 2 HZ gt}

92 ChFRhA G4, git TRAE, Tlele] Sol4 A13R 4 eyt

s PJ2EE oo 2 R Y A= Rust 2021 ol A4 Yt} o] A oftj A 2 2 Rust 2015
2} Rust 2018 o] 5Tt

- ol 2 o] o) 1t 3 %ho] HA] &2 4+ AFUH-

- olle]do] v A 23] o= x| JA A= AIS 7] fldl, =203 2 X4l o]
g oS PYAH O E Cargo. toml of| 2] A s oF gyt

— 2 AE AEAZ} ot M M2 H s e AL uy] 9e, @
gol M A E TEES shtel o2 RS 4 &Yt

- cargo & ARESHAl g8l Aubd P & A A AHEshE 4= QS S dadl A7) vk
Yrt,

— It might be worth alluding that Cargo itself is an extremely powerful and

comprehensive tool. It is capable of many advanced features including but not
limited to:
« L2AE/)7)2) 22}
R E Rt 5] E
eRiet B4 el 2 A
HEeAgYdE
Az
cargo clippy 22 sh¢] ZejaQle g &4 7ts.
- %] Cargo Book ol A ZtAI3EAES 2QlsHA] 7] Bhgt Yo},

i

o

>

EATtlel s 2 e o

o 2

3k
3k
*
3k

2.2 7oA I
o] 7oAt gof Y& BE oAl = Hake A oA HhE £ 7hsFhth o] PAIR ol f, H] B &
£} A7, BETE 2 E0lA AT S =S 5] AU

JYol| = B3k, 7H3 (cargo) & AW AX3kE 22 7Y BAFUC oA A Aol o =go|
DAY £, npA]ak Yol = o] 24 o] 9o A= 2+l stA| 2 B, 1 wol|= ojxju] st W e
Uch.

o] 4o A4z o] AE BEEL AR AR Pyt

fn main() {
println! ("$Hs FAL1");

e

g

}
You can use Ctrl + Enter to execute the code when focus is in the text box.

7olol A o] IE MBS 9ot o] £HUL YA W YR FELTHT 2L o fR £HY 4

A5y

o §U EHAEE Yy Sojo) Lot ol A Aol eHEUiTh 9| R e o] Tebe = Abo] Eof £ofd
of BlAE S AashAl 7] vharych,

« UgE Eeo]ete Eo Ak Ho| ol A A4 E BE Y golAetd Ut et 27 84
o} 9| Zajjo] 1ete Ato] Eol AL EAIE S| AsHE 2ol E&UT
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https://google.github.io/comprehensive-rust/cargo/registries
https://doc.rust-lang.org/edition-guide/
https://doc.rust-lang.org/cargo/reference/workspaces.html
https://doc.rust-lang.org/cargo/reference/build-scripts.html
https://doc.rust-lang.org/cargo/commands/cargo-install.html
https://github.com/rust-lang/rust-clippy
https://doc.rust-lang.org/cargo/

Thef i Q18 AFEIMN ZES AP M 2| AES ]| opghth. Rust Book o #| 3ol m}
2} rustc 9 cargo & FA A% l } 1718k e A5 & ofef AMES F3 24 2o WS &4 &
Iyt

% rustc --version
rustc 1.69.0 (84c898d65 2023-04-16)
% cargo --version
cargo 1.69.0 (6e9a83356 2023-04-12)

o] MM K} o] Al BlHolo] & AFet QiU A E L 5t 33t S x| st}
Aoz AX7t HQ 0w, Ao] oAl F stutE 2 AE vio|| 2 2 WES|F At
]uﬂﬂ%%ﬂ%%%medeM&Hfééﬂﬁﬁiﬁg o},
2. EJu|'dolA cargo new exercise & YA ME L exercise/ EC & WHEYth

$ cargo new exercise
Created binary (application) “exercise’ package

3. exercise/ EH& o] 53t &, cargo run AMEZ IS E At

$ cd exercise
$ cargo run
Compiling exercise v@.1.0 (/home/mgeisler/tmp/exercise)
Finished dev [unoptimized + debuginfo] target(s) in @.75s
Running “target/debug/exercise’
Hello, world!

4. src/main.rs o] T =EE AT Yo oA & o] A o] 2 o] AAZ ofzf 9} 7o
src/main.rsoﬂlbﬁéiqt}
fn main() {
println! ("4As) FAL1");
}
5. cargo run AMEE AAS W Esty Asishct

$ cargo run
Compiling exercise v@.1.0 (/home/mgeisler/tmp/exercise)
Finished dev [unoptimized + debuginfo] target(s) in @.24s
Running "target/debug/exercise’
Edit me!

6. cargo check AME L wh27) o2} 2 218 4 1% Uch cargo build & Aaglo] 7w
Tk gty o] %ol target/debug/Et oA output & &< & 4= EY T cargo build
--release AMELE D= AL 235 AMZH L5 H target/release/Z T of A
gl & 4 AEsYr

7. Cargo.toml ool o &4 H7| X & F71 4= QL5 Utk cargo AMEE HYsHH 250
2 o2 f7|A & e R et 77}7‘] 3 F4rch.
ZAEC] 7t g A5t 2 W75 o] S EE A 2FAES £ = YA, o)A

2 4

oket 5 o AAok ke ALBAE 2FARE A e,
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https://doc.rust-lang.org/book/ch01-01-installation.html
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Including 10 minute breaks, this session should take about 2 hours and 10 minutes. It contains:

Segment Duration
Ne 5 minutes
Hello World! 15 minutes
EfQl 9l gk 45 minutes
S E Ao 40 minutes

— As an instructor, you should try to keep the discussions relevant, i.e., keep the
discussions related to how Rust does things vs some other language. It can be hard
to find the right balance, but err on the side of allowing discussions since they
engage people much more than one-way communication.

» Aol Sefol=rtt g zkE MFS LU
— Sl QolA HrEL ol ZaFch SetolEt 1A B2 F ¥, Ut U2 Au
ol= gy},
OHE Adojoll A &= 232 Q1 #&d o] 1= Rust o' 7] 2AH} & H o =212} Yt} Rust 9f
< dthgol Als-d Yt

21



WA A 2R HS 07|04 AY S AESE Ho| E4]
32 o) 4ol ool YUk 74 & A
Lol PAUY3] A8 1Y A2

th 2R 7 B Q4247 9
219Ut} of 7|0 EAIE AIZHe BHY 2
o}, @ 2ol wheh g3t 245 7] wy .
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Al 47

Hello World!

This segment should take about 15 minutes. It contains:

Slide Duration
HAEZ? 10 minutes
Rust 2] o] A 3 minutes

Zgjo]agl2 T 2 minutes

41 H2E=?

HAEE= 2015 HolHH 1.0 SR AER =
P PIAEE Crost AR A4 skl dofolity
- rustc £ LLVM & #ill= .
e AEL ot BB ol AHE AR
— x86, ARM, WebAssembly, ...
- Linux, Mac, Windows, .
« B AELE ThFe Ao AL 4 Y&yt
- Helolgt RER T (YuH =)
- AntE gazo,
- ADEE,
- gla3%
- AH.

Co+7} AL = o] o 4 AFE ZHsatch:

Hu
"
L
In)

it}
>
rr

23

olola2AEe] 22 v) 9 AT HH 2 A ke Tk,


https://blog.rust-lang.org/2015/05/15/Rust-1.0.html

. -2 o] A S A7 Hupd Aol WA Y o

- 271357 &= b7t gladdh

- M &2} o]F A7 A Aoz 7ks Yyt

H &2 SA| & Al-go] d¥H oz =7t gy
- NULL ZRIE= ma‘fl‘i}
_BEAZ A =7 o

2
e

- /\31]1:7} o o] E-] HolAs —.PO}—E—LJE]-,
- WA} ] REs HE 397t fguc
) - Rust o] Agste A 2AHE A g2 Jel2 =4 &Y
o}.
- HiE H2A ZA A=
— A4 gl o] HegoA e HERQ YA A] T2ko] 2 HolE]o] )&},
. - g9 4% Qlojurd B ol Holt M T YU ch
- AAG T e v
- A9,
— FFI E—]E]-o] QH-] oﬂl: %
- vl 8o] £7) gt F43.

- Z1Hgh 74140131 2 FHAIA.

- g 54 BA

- WA HAE A9,

- LSP (Language Server Protocol, ?10] AH Z2EF) x| ¢o] ZEo9lS.

o710l A B2 AIZFE BEUlA] ohA| 2. o] RE AR Yol ARSIt Y o

S E0NA od 22 AojE AFE =R S0 B A7) v Ut ojE A o] & ARG L Lol wh
E} HAEO|A ofH Y FxofoF A& LTS EA L
. C/C++ HAEE= U HAIE OBHH’“O“ZOH A 4 e BE o2l E AATU g &
EE Co C++IpH| 3t 250 55 BoFHA L, I dojEolA S5 T st v =i
2%7} FUYt} =gk s ™ UH?‘OM 71 2A o g A FE = LT 2L dFQ dojo
NeES Xﬂ o
* Java, Go, Python, JavaScript: ©] doj51 54t DﬂEﬂ QHg /1t &, ' stol 2l loje]

28 =7 915Ut A7Iol 8, 7h] 2| Z2E|7L gl C/CH+e} FARRE S E w23 o] 2 7}
Lo A5 e 4 stk T3 Bed A9A4E shaslol g thRE RER 44T 4
2l & Ut

4.3 ZEdo|ag2E

The Rust Playground provides an easy way to run short Rust programs, and is the basis for
the examples and exercises in this course. Try running the “hello-world” program it starts
with. It comes with a few handy features:

o 'T' oA rustfmt A EAESHY] ' BE HA0 2 FE YA S .

 Rust o= ZEE AA317] Yot F 71A] 712 =29 o] QlEUch o (7HErY HAL &
At da) 4 % Al (H A2 HEeb] HAR 2 A skE7H AUk ATl o 2 o A AT 5
A5t

o TAlo] QoA ' o2 o' ASM' S AR5l A H oAl E'] ZESEQISHA Q.

24


https://play.rust-lang.org/

As students head into the break, encourage them to open up the playground and experiment
a little. Encourage them to keep the tab open and try things out during the rest of the course.

This is particularly helpful for advanced students who want to know more about Rust's
optimizations or generated assembly.

25
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This segment should take about 45 minutes. It contains:

Slide Duration
Hello World! 5 minutes
H 4 5 minutes
4y 5 minutes
A Ak 3 minutes
=2 5 minutes
] & 3 minutes
ALEEA: o 2ux=] 15 minutes

5.1 Hello World!

74 sk B AE 2o 24, A A 9l Hello World £ 24 s 2215 U th:

o C/C++ o ORI 2 FB/S (12 B2 BAT
e main g5 T2 a3 AYAH AU

P S (hygienic macros) AlA®E 7kA] 2L g YTh println!s 2 AAIY

Y.
« YaEC] BAee UTE-8 2 29 s n o mxet 28 SUAE BAS LYY 4+ AsUth

This slide tries to make the students comfortable with Rust code. They will see a ton of it over

the next four days so we start small with something familiar.
7] ZQAE:

. E*]‘/_\_E

L C/Crfjava o 22 HE A THE Qlojg} nj9 SARIY T Bl AE
ok %= BRI 97t obehdl, B AELoln] EAshs A

a
« BAEL SUIE AU 22 A dofo] 42 AR A At

rr



* Rust uses macros for situations where you want to have a variable number of arguments
(no function overloading).

F 22 (hygienic macro) & WA 27} A5 & AT T M Q) =X P 45 7F= A A

o} AHA B AE 32L& 93 38] hygenic 514 = EgUth 32415614 2.

£ e w2 che) Aol YUt o & Sof BRAH A 1o 75 A Askr)

53 2do]2 RREAL gAnEye el A hg .

r

78 %

ofl =
r:‘iﬁ

ol rSh

f
129 oﬂi

mlo I

AT
T

5.2 W&

Rust provides type safety via static typing. Variable bindings are made with let:

fn main() {
let x: i32 = 10;
println! ("x: {x}");
/] x = 20;
/7 println!("x: {x}");

}
o x = 209 F4 22| AAsto] W4Tl 7B o2 Bl LRk nut 7|9 =5 F7)e
o 43S 5 8gych
o of7]4'132' & H49] et d Ut o= utd AJ7to]] &2 &jof 5FA|TH EFQ 22 (LUFo) A )
& AgStEL RO} o 5 Y 4 e ATt BE
5.3 3Zr

Chee B 7bA Z1E WY ekl at 7t ehle) el g By o,

et 2 e g gt
B3SE= i8,i16,1i32,1i64,1128, -10,0,1_000,123_1i64
A4 isize
B3S3E=  u8,ul6,u32,ub4d, ul2s, 0,123,10_ulé6
A4 usize
BE44 32, f64 3.14, -10.0e20,2_f32
SU3IE char 'a','a', "' oo
=2}
=2d bool true, false

7 ebelo] A7) vheut Zg Ut
iN, uN, fN 2 =% N _HE Yt}
isize ¢t usize & ZIEe 22 I7]dYt},
char 32 H|E Yt}
bool 2 8 HIE Yt}
ol BAIEA] g2 B 7HA £Ro] AsH ok
» All underscores in numbers can be left out, they are for legibility only. So 1_000@ can be
written as 1000 (or 10_00), and 123_1i64 can be written as 123164.
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https://veykril.github.io/tlborm/decl-macros/minutiae/hygiene.html
https://doc.rust-lang.org/book/ch17-00-oop.html
https://doc.rust-lang.org/book/ch13-00-functional-features.html

5.4 <A+

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

}

fn main() {
println!("Z2%: {}", interproduct (120, 100, 248));
}

main o]2]e] g4 o] o] 3 gol g ojnli WHFTh Al el H4E AHE T H4s wHEY

o} g4 Uzl o AhAls hRala Yt

A& QLS THE Qlojoh U9 fAHSR] SAH4 97} B ST,

A4 oW B RE oA Hihe? C 8l Creol A HrolomERE A2 AolE on,
th2 g Eolut Autdelol q theaele Aae 4 &Y Rust oA E A4 o wZ2 Ale] Fat
JEEERREL

Change the i32's to 116 to see an integer overflow, which panics (checked) in a debug
build and wraps in a release build. There are other options, such as overflowing, saturating,
and carrying. These are accessed with method syntax, e.g., (a * b).saturating_add(b *
c).saturating_add(c * a).

AL AR A4 B A 0 BRE ZASHEE o ool At BEojg4vt W agydh

5.5 &x14d

Rust has two types to represent strings, both of which will be covered in more depth later.
Both always store UTF-8 encoded strings.

» String - a modifiable, owned string.
» &str-97] A8 BAAYYch B2 e R o] el g Y.
fn main() {

let greeting: &str = " <QIAFZ",
let planet: &str = ".7";
let mut sentence = String::new();
sentence.push_str(greeting);
sentence.push_str(", ");
sentence.push_str(planet);
printin! ("okA= &4 {}", sentence);
println!("{:?}", &sentence[0..5]);
//println!("{:?}", &sentence[l2..13]);

}
o] &eto| B EAE S AN of 7)o = BE W&2 YFol AMS| T EAA T S4& Letol =
o AFEA NN EALE S AHgshe Hle olAlezF Ut
o ZAFE Wol] 22H UTF-8 1290l A+ 22 Fo=#] g2 F2o|n, o] = et Rust ol A
€ o] &HA F5U
e String 2 842 (2 tnew()) ¥ s.push_str(..) 2 Z2 wiAq =7} Z3HE AR A} o] L)
Ay

28



» &str o) & F2Y S YepdUth F2E UFohR o2 AL sstr &' 97 HERAY' S
B L ER B L

« 24 A E 22 Hlo|E g HE Bado] Al AT 12. .13 & Bt AA0)A ot
A ooz zao] iy Je7FE Ut 2F HAIA| o w2t Z2AF FACIM Eute ez =
B3kt

* Raw strings allow you to create a &stx value with escapes disabled: r"\n" == "\\n".
You can embed double-quotes by using an equal amount of # on either side of the quotes:

I

fn main() {
println!(r#"<a href="link.html">1ink</a>"#);
println!("<a href=\"link.html\">1link</a>");
}

» Using {:?} is a convenient way to print array/vector/struct of values for debugging
purposes, and it's commonly used in code.

5.6 ElYdxE
BAEL W47} o) AR E A S B3 1 W40 Bl

fn takes_u32(x: u32) {
println! ("u32: {x}");

ftlo

}

fn takes_i8(y: 1i8) {
println! ("i8: {y}");

}
fn main() {

let x = 10;

let y = 20;

takes_u32(x) ;

takes_i8(y);

/1 takes_u32(y);
}
o] &eto|E=, HAE Hupd 7t Haprt o DA AAE o] Qi1 o YAAGE =X & A|F 202
ArotA] 0] BRQl S FE5t= BESEAqF UL
7|14 S2 AL, oA PAIAHR A S Aot AAE At sjA7ojd gfdrolete ot E2
4 A= BYol He A2 ofyets AAd Yo PAIAR] g Aol ld gld, Aot ej7t s o
NI = YT Haopd el &4 g A S ASFS ¢ JA=F jA 223w 7) o 7HE3hE
EE &S UEE 2ok Yyt
OLRAE 4 2|l R e} g Aot g F9 Rust & 7| RO 2§32 & ALgSTh dej @
F HlA Aol {integer}EFAE £ AEYTH PEIZIA 2 B 244 2 gH 7272 f64 A Y
o}.
fn main() {

let x = 3.14;

let y = 20;

assert_eq! (x, y);

29



// ERROR: “{float} == {integer} ' F+3o| ¢l

5.7 AgEA: gEUH|

The first and second Fibonacci numbers are both 1. For n>2, the n'th Fibonacci number is
calculated recursively as the sum of the n-1'th and n-2'th Fibonacci numbers.

Write a function fib(n) that calculates the n'th Fibonacci number. When will this function
panic?

fn fib(n: u32) -> u32 {
if n <= 2 {
/1 712 A=Ayt
todo! ("Implement this")
} else {
/1 AH AREAY .
todo! ("Implement this")

}

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

57.1 Y

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

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

30
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5240}

This segment should take about 40 minutes. It contains:

Slide Duration
if 234 4 minutes
v} 7} for HHE & 5 minutes
break 2} continue 4 minutes
5 4 ¥ 5 minutes
EIga 3 minutes
3= 2 minutes
AE5EA: Z2k= =4 15 minutes

6.1 if T34

oh2 Qlofo] if B} B7ko] if HHA S LG
fn main() {
let x = 10;
if x == 0 {
println!("zexro!");
} else if x < 100 {
println! ("&");
} else {
println! ("AE");
}
}

Akt if & BHA 02 AHEE 45 YgUt o) ZEE JEAY
{

fn main()
let x = 10;

let size = if x < 20 { "Z2" } else { "tfg" };

println!("s=2b =27]: {}", size);

31


https://doc.rust-lang.org/reference/expressions/if-expr.html#if-expressions

Because if is an expression and must have a particular type, both of its branch blocks must
have the same type. Show what happens if you add ; after "small" in the second example.

B if 7 AFEE A9 th2 B RS Y A0 ; o] lojof Syt Hutde e /R ER
2H println! 99l ; S AMAISHA Q.

6.2 ujid for HHE R

Rust o= while, loop, for 2= Al 74| BH5-7] Q1 =71 Q&4 th

while

The while keyword works much like in other languages, executing the loop body as long as
the condition is true.

fn main() {
let mut x = 200;
while x >= 10 {

X =X/ 2;
}
println! ("HF x: {x}");
}
6.2.1 for

The for loop iterates over ranges of values or the items in a collection:

fn main() {
for x in 1..5 {
println!("x: {x}");
}

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

}
}
* Under the hood for loops use a concept called ”iterators” to handle iterating over
different kinds of ranges/collections. Iterators will be discussed in more detail later.
+ for BhE 22 47bAu AYPUch opA e FSEFA I PO R 1. =59 e RS B
o FA 8.
6.2.2 1loop

The loop statement just loops forever, until a break.

fn main() {
let mut i = 0;

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

32


https://doc.rust-lang.org/reference/expressions/loop-expr.html#predicate-loops
https://doc.rust-lang.org/std/keyword.for.html
https://doc.rust-lang.org/std/keyword.loop.html

break;

6.3 break 2} continue

th2 HHE S ZA] AJFSHH ™ continue SARE ST

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

fn main() {
let mut i = 0;
loop {
i+=1;
if i > 5 {
break;
}
if 1% 2 ==0 {
continue;

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

6.3.1 Labels
AR YT S F oA = Elo] &3 A AHEE 4= AFUTH
fn main() {
let s = [[5, 6, 71, [8, 9, 101, [21, 15, 3211;
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;
}

}
}

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

* loop = non-trivial #tS ¥&st= f-Ads HEEJ U o]=while ¥ for ¥HEE3} 2]
1
—
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(=p)

22 29

=x

.4
22

A block in Rust contains a sequence of expressions, enclosed by braces {}. Each block has a
value and a type, which are those of the last expression of the block:

fn main() {

let z = 13;

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

}

println!("x: {x}");
}
9] main g4 vhA et Ea A0 ; 2 B1}7] R oukeel i gt ekelo] () YulT,
« E5 A 25 pASHHA 552 Flol ofEA B 2] HAFA L. A& o, AR EES
YA wick=x], ob ™ return & AFESIEA Q.

6.4.1 ¢ (Scopes) 24l =% (Shadowing)
Wige] Mol A4S Eehels 2502 Ay

x
=
A el e waoh, v /ool e Ra B VM HI=Y) #AsUH:

fn main() {

let a = 10;
println!("o]d: {a}");
{

let a = "hello";
println! ("W® ®Hl: {a}");

let a = true;
println! ("WH& H M= X2H: {a}");
}

println!("°o]&: {a}");

* Show that a variable's scope is limited by adding a b in the inner block in the last
example, and then trying to access it outside that block.

» Shadowing is different from mutation, because after shadowing both variable's memory
locations exist at the same time. Both are available under the same name, depending
where you use it in the code.

* A shadowing variable can have a different type.

c AFo A=PE B ZEE o RoshA TETA A4 4 =S Ut 23y Az A=Y
2 °]-&5tH, oj" Mol A Lunwrap() ® S ME2L Hgol B2 F MER 052 AS2

2 Qlo] 71E o5& FAE 4 oA "yt
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6.5 4

fn gcd(a: u32, b: u32) -> u32 {

if b >0 {

gcd(b, a % b)
} else {

a
}

}

fn main() {
println!("gcd: {}", gcd(143, 52));

SUch ol B3 Bl : 2 TEhy

o M7 SE AT djol= o] 58 WA 210, EFY S YFo
C b | 7] gty . U]—ﬂ-ﬂ-z]i 2] 8 g9l & oF2

ol -2l 54
of A Zrolobd 713 513 ol Azt
* The last expression in a function body (or any block) becomes the return value. Simply
omit the ; at the end of the expression. The return keyword can be used for early
return, but the "bare value” form is idiomatic at the end of a function (refactor gcd to
use a return).
- Whzhgro] gl d40] A9, fH B () S WU -> () 7HAZE A9 Antde s o)
5?%%?54E+
* Overloading is not supported - each function has a single implementation.
- P4 DR Ao iAESE AFS U )R st AdE gk B a2 s shu
P55 A o ALRT £ dSUct,
— Always takes a single set of parameter types. These types can be generic, which will
be covered later.

6.6 "=

P|aet i ol Rust RER S0 G o A48 8T SelGuch ol 12
Uch. Rust £ atolHefejol: of2)7bx) 88 o227t Ege o] &yt

F

* println!(format, ..) printsaline tostandard output, applying formatting described
instd::fmt.
format! (format, ..) 2 println!x3 SR WHAANE Ex1E 2 vhghshy o,

dbg! (expression) —S—Eﬁjf_,_l Zre 7]_,8}“1 lacigcia iy
todo! () = ¢ ZEE o4 Ao 2 FAF UG Adstd iy o] Ty g o
unreachable! () 2 4% I=& ATk EAG Yo A st sy o] Iy o
fn factorial(n: u32) -> u32 {
let mut product 1
for i in 1..=n {

product *= dbg!(i);

}
product

}

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

fn main() {

let n = 4;

println!("{n}! = {}", factorial(n));
}
o] Aol A& o] 2] gk Uk 2l ol
o5 o] qof B it 5
o] }HYolA= AR Ho| g ttFA] FA|Tt o] & A deLM”WEEA&ﬁﬂJﬂ* gy

|50l om o] 5 Atgst= WS 7|dsiof gtk Az =

6.7 ASEA: F=2+4

The Collatz Sequence is defined as follows, for an arbitrary n1 greater than zero:

» If niis 1, then the sequence terminates at ni.
 If ni is even, then ni+1 =ni/2.
e If niis odd, then ni+1 =3 *ni + 1.

For example, beginning with n1 = 3:

3isodd,son2=3*3+1=10;
10iseven,son3=10/2=5;
5isodd,son4=3*5+1=16;
16iseven,son5=16/2=8;
8iseven,son6=8/2=4;
4iseven,son7=4/2=2;
2 is even, so n8 = 1; and
£do] TEHEYY
ol 7l 3 Wil n ol tis) Fetx s
/17 “n oA A&stE etz £ dolg AAFUL.
fn collatz_length(mut n: i32) -> u32 {

todo! ("Implement this")
}

1o
N
o
i
)
=
ot
rlr
ot
4
i
2
ox
sk
L
o

fn main() {
todo! ("Implement this")
}

6.7.1 g
/11 “nollA AFshe ZEkx 49 ZolE ZHA3
fn collatz_length(mut n: i32) ->
let mut len = 1;
while n > 1 {
nN=1ifn %2 =0 {n/ 2 } else { 3 *n+ 1 };
len += 1;

len
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fn test_collatz_length() {
assert_eq!(collatz_length(11), 15);
}

fn main() {
println!("Ze°]: {}", collatz_length(11));
}
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A 7%

Welcome Back

Including 10 minute breaks, this session should take about 2 hours and 15 minutes. It contains:

Segment Duration
FE Ll 35 minutes
EA 35 minutes

=
ArE2F 9] 1) 50 minutes
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Slide Duration

i 5 minutes
FE 5 minutes
Cargo °ll 5§+ 3 minutes

IAY 2ol (Y3x3H) 5 minutes
: > | 15 minutes

8.1 H|¥

fn main() {
let mut a: [i18; 10] = [42; 10];
a[5] = 0;
println!("a: {a:?}");

Avalue of the array type [T; N] holds N (a compile-time constant) elements of the same
type T. Note that the length of the array is part of its type, which means that [u8; 3]
and [u8; 4] are considered two different types. Slices, which have a size determined
at runtime, are covered later.

HelE dlojd v E 240f AMAS) BAlL. v E AA| A HEF] ol gl d Ut Rust & Lyt
0.2 o|2fst 2olg | Hskat 4 glom, ksl A] e Rust & AF&5I WS 2ol A o
4= QUTh

2 el g ALgato] Hjelol kg B 4 Ui

The println! macro asks for the debug implementation with the ? format parameter:
{} gives the default output, {:?} gives the debug output. Types such as integers and

strings implement the default output, but arrays only implement the debug output. This
means that we must use debug output here.

« #2 3715 ({a:#71) & T 971 412 7o) el 2 Seo] Yurt.

=

1)

2

o !
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8.2 w&

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

I} oA 2 BB 3% 2

o
=
EE 42 08 Yl USE Shie 2T YR Fan
=

o
]
)
oy
T
o

wammeH)mmmmmm%ﬂwmmtw@mﬂﬂyﬁ%ﬂmwmdammm
value, akin to void in other languages.

8.3 Cargools3g

for B2 ujel whg A olA W 5L A UakA] bk
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);

}

}

o] 7152 Intolterator E&alS AFE51A|9F o 7] Al &= o} Z] ThE 2| k&L Th

assert_ne! {327} oj7]of]l A= 27tElEYth assert_eq! ¥ assert! i 2= g5yt
oA 252 F4 4hS FlstA|Tt debug_assert! et 22 qﬂ.]:L]_% 32 A YoM 7
A 2] el A U ok

8.4 AAYEH (723

When working with tuples and other structured values it's common to want to extract the
inner values into local variables. This can be done manually by directly accessing the inner
values:

fn print_tuple(tuple: (i32, i32)) {

let left = tuple.0;

let right = tuple.1;

println!("left: {left}, right: {right}");
}

However, Rust also supports using pattern matching to destructure a larger value into its
constituent parts:

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

This works with any kind of structured value:

struct Foo {
a: 132,
b: bool,
}

fn print_foo(foo: Foo) {
let Foo { a, b } = foo;
println!("a: {a}, b: {b}");

» The patterns used here are ”irrefutable”, meaning that the compiler can statically verify
that the value on the right of = has the same structure as the pattern.

» Avariable name is an irrefutable pattern that always matches any value, hence why we
can also use let to declare a single variable.

* Rust also supports using patterns in conditionals, allowing for equality comparison
and destructuring to happen at the same time. This form of pattern matching will be
discussed in more detail later.

* Edit the examples above to show the compiler error when the pattern doesn't match
the value being matched on.

8.5 HALEA: ZHuld

Mol b33t 2 ohe wido] Tk 4 gtk
let array = [[1, 2, 31, [4, 5, 61, [7, 8, 911;
What is the type of this variable?

Use an array such as the above to write a function transpose which will transpose a matrix
(turn rows into columns):

X 123K 147
"transpose"X 4 5 6[X "==" 2538
X 789 3609
T34 rEPHo 7)=3x3 02 =AY gk
olgl Z &£ https://play.rust-lang.org/ o] ZAFs|A] LA HEH U
// TODO: 1&o] &E=™ o]& AAFYrct.

fn transpose(matrix: [[132; 3]1; 31) -> [[132; 31; 31 {
unimplemented! ()

}

fn test_transpose() {
let matrix = [
[101, 102, 103], //
[201, 202, 203],
[301, 302, 303],
1
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let transposed = transpose(matrix);
assert_eq! (
transposed,
[
[101, 201, 3011, //
[102, 202, 302],
[103, 203, 303],

)
}

fn main() {
let matrix = [
[101, 102, 1@3], // <-- FAOo=& rustfmt 7} SHES Z7154rct.
[201, 202, 203],
[301, 302, 303],
1,

printin! ("= {:#?}", matrix);
let transposed = transpose(matrix);
println! ("d=3y=: {:#?}", transposed);

851 g

fn transpose(matrix: [[132; 31; 3]1) -> [[132; 31; 31 {

let mut result = [[0; 31; 31;
for i in 0..3 {

for j in 0..3 {

result[j][i] = matrix[i]l[j];

}
}
result

}

fn test_transpose() {
let matrix = [
[101, 102, 1031, //
[201, 202, 203],
[301, 302, 3031,
1,
let transposed = transpose(matrix);
assert_eq! (
transposed,
[
[101, 201, 3011, //
[102, 202, 302],
[103, 203, 303],
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fn main() {
let matrix = [
[101, 102, 1@3], // <-- FAO& rustfmt 7} S¥ES 27154},
[201, 202, 203],
[301, 302, 303],

1,
println! ("= {:#?}", matrix);

let transposed = transpose(matrix);
println! ("d=s)=: {:#?}", transposed);
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This segment should take about 35 minutes. It contains:

Duration

Slide

10 minutes
10 minutes
15 minutes
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println!("xr:
r = &b;

*r),;

{3,

println!("zr:

e

~ 3

o,

U o

Fopu]al S22

£

2| AE= 514 (dangling) F2 5 Huhd 2 DAA

{

i32)

-> &(1i32,

132)

(x:
let point

fn x_axis

(x, 2);

return &point;
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2 FAEH F2 ojf 2 7t27]+ iR 84 A2 #olvh= Adyth CE=
Y2 Iz 8 ZAHZIAFY o 4 o] FREFo M= Rust 7F L A] ZERAE A
=

* Rust = =S A5 22 PsHA] FeU &7t gy

* Rust will auto-dereference in some cases, in particular when invoking methods (try
r.is_ascii()). There is no need for an -> operator like in C++.

e o ool Al 1 & W7 FhsetEE thal B £9UGUT(r = 8b). 0|37 5H7 1 o thAl bl
Jelojthe 21 2P Utk ol Fxo| Fste F2H gro] WAL Crect BT

=2
. BF AEOINE FE gol M7 Abs st o2 £8E 4 YUt rr = X' U B

F

ot

Asto] 5 0] Q2 A &5 =A< ot
th x_axis &= point o gt FEE whestA| g point &

alAl | 2 Znkel s x| ek,
th @ o] Wlof ok © 23] ojokl s A& Y

QI
)y 1
L -INv

fn main() {
let mut point = (1, 2);
let x_coord = &mut point.0;
*x_cooxrd = 20;
println!("point: {point:?}");

}

7] ZQJE
"HERE] o] 2k grofl N AdhE o] o) FE T AFSE 4 &2 ouFUTE BA) ThE HE (R
weufEbd) 7H 22 4 glon], wEby G271 2A)sHE Skl FxHGo) YM AT S gl

*qqxcmmdﬂﬂNQQﬁmLﬁmanm:OEQEHmem:Q HAS) BA Q.

» Be sure to note the difference between let mut x_coord: &i32 and let x_coord:
&mut 132.The first one represents a shared reference which can be bound to different
values, while the second represents an exclusive reference to a mutable value.

=

397k fEYE P4E wsol BAGUC 33 Fole A e [f64;3] 02 U}

//ﬂ&&qq.

fn magnitude(...) -> 64 {
todo! ()

46
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/1 WEY Ar)E AN RE HFEES HY D2 WA
/1 HEE FFskgc,

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

/1 t& "main’& ARESt] QS HIAESMUH

fn main() {
println! ("< =&l =7 {}", magnitude(&[0.0, 1.0, 0.0]1));

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

println!("{v:?} =7[: {}", magnitude(&v));
normalize(&mut v);

printin! ("A+e & {v:?2}° =7]: {}", magnitude(&v));

9.3.1 MY

/11 A" HEe] 375 Ay,
fn magnitude(vector: &[f64; 3]) -> f64 {
let mut mag_squared = 0.0;
for coord in vector {
mag_squared += coord * cooxrd;
}
mag_squared.sqrt()

}

/11 B A glo]l WE A7|E 1.0 202 HAFYH.
fn normalize(vector: &mut [f64; 3]) {
let mag = magnitude(vector);
for item in vector {
*item /= mag;
}
}

fn main() {
println! ("¢ ®#eel =7]: {}", magnitude(&[0.0, 1.0, 0.0]));

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

println!("{v:?} =27[: {}", magnitude(&v));
normalize(&mut v);

println! ("A4st & {v:?23}el 7] {}", magnitude(&v));
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This segment should take about 50 minutes. It contains:

Slide Duration
TZA 10 minutes
= 10 minutes
dAY 5 minutes
& M4~ (static) 2+ A4 (const) 5 minutes
B % 2 minutes
AL EA|: d2jH|o] g o]HIE 15 minutes

10.1 XA

C/Cr+ &} mP7IA 2 B AEE ALY 2241 AL
struct Person {

name: String,

age: u8,

}

fn describe(person: &Person) {
println! ("{}2 (=) {}AYdYct.", person.name, person.age);
}

fn main() {
let mut peter = Person { name: String::from("Z|E{"), age:
describe(&peter);

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

let name = String::from("ololH2]");

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

let jackie = Person { name: String::from("#i7|"), ..avery };
describe(&jackie);
}
7] ZIE.;
o FERA = C/C++ 2 FAFU T
— C++ & ZA T C o= 2 B2 4 o5t7] flsl'typedef’ 7} E 251#] gkt
- C++ ot &) 24 2 dE2 gy
» This may be a good time to let people know there are different types of structs.
— Zero-sized structs (e.g. struct Foo;) might be used when implementing a trait on
some type but don’ t have any data that you want to store in the value itself.
- U5 &folEoA = HE o]Fo] E S W AHE TS 4 Q= FREFZAE a7
* If you already have varlables with the rlght names, then you can create the struct using
a shorthand
* The syntax . .avery allows us to copy the majority of the fields from the old struct
without having to explicitly type it all out. It must always be the last element.
10.2 ®&

Zt e o] 5o] Fas5HA ot F&E F2AE AHEE = s Uth

struct Point(i32, i32);

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

FE FERAE 5 9 2= A (wrapper, 2 2 E0 A FEFY (newtype) °o]2tal 5) 2 AHEH
Lok

struct PoundsOfForce(f64);
struct Newtons(f64);

fn compute_thruster_force() -> PoundsOfForce {
todo! ("NASA 271 H}stxtol|A] EojHA Q")
}

fn set_thruster_force(force: Newtons) {
//

}

fn main() {
let force = compute_thruster_force();
set_thruster_force(force);

)
L e 7] Ehglol 2AHEQl Qu g Hsks $2 BH Ytk oSS
— SAbglel WIS BAY & 918: 919141 Newtons o] Zofgjuic,
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— The value passed some validation when it was created, so you no longer have to
validate it again at every use: PhoneNumbexr (String) or OddNumber (u32).

+ Newtons EF1e] Zholl f64 2H-< Clate S Hol A L
- YrEL Bysx) e g Aol o

Sw Ap5o

ro
=

2 unwrap stAY 22 %

A4 gro= ALgste A5l ag gy,
— AARE AA Ol 3 U AU REo A HE U
'quHﬂTﬂEMmMHﬂmmﬁmhwﬂJMﬁ% clog A B my Yo s W
olZ Yt
10.3 EAY
enum 7|9 =& H7Hx] ¥ (variant) 02 EAE = IAY et ST H
enum Direction {
Left,
Right,
}
enum PlayerMove {
Pass, /1 T ¥y
Run(Direction), /] FE HY
Teleport { x: u32, y: u32 }, // =4 #H&
}
fn main() {
let m: PlayerMove = PlayerMove::Run(Direction::Left);
println!("ol®l 2p=: {:?}", m);
}
7] ZRJE
* Enumerations allow you to collect a set of values under one type.
e Direction & ¥ & 71 A+ €43 gddYh o 7] ol = Direction: :Left ¢
Direction: .nght o] & Zrol =3ttt

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.

This might be a good time to compare structs and enums:

— In both, you can have a simple version without fields (unit struct) or one with

different types of fields (variant payloads).

— You could even implement the different variants of an enum with separate structs
but then they wouldn’ t be the same type as they would if they were all defined in

an enum.
* Rust = #8412 43 o ool 3742 ALY
- o3 A Fast 7 A A7)9 A& AU
_ 5|95 ¥a 7fo] BE H|E el S Talslx] O Ao FEE v EME S AFESlo] Thy
A& APk ( 5 H3). oS Sof Option<dus>e 4 7H 7l e EIE L
None 13 2] 4 NULL = x{%aqq
enum Bar {
A, /0
B = 10000,
C, // 1lo001
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}

fn main() {
println!("A: {}", Bar::A as u32);
println!("B: {}", Bar::B as u32);
println!("C: {}", Bar::C as u32);
}
repr 44| §Ithw 10001 o] 2 o] E 2 F#7b557] w2l o] el}) 27]% 2 v}
o|E7} Eyt},

Cl A m ’7]
Rust ©ll+= enum ©] & A2 It A2t & St © AHEE 4= e o2 H A5t Y
o dEQIE &5} o] HER] Sof s A B]lAE=size_of::<T>() 7ksize_of: :<Option<T>>()
e g Bty
ARz d2E HAS 7 A& H S et Aot ofe o oA ZE A sHA 8. F ol
2, o710l HojF= HE gidlo] Fupde7t A s = 22 ofYghs AUt of 7)ol 9
Z3hE 712 &3] unsafe gyt

use std::mem::transmute;

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

fn main() {
unsafe {
println!("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);

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

println!("Option<&i32>:");

dbg_bits!(None: :<&i32>, usize);
dbg_bits!(Some(&0i32), usize);
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10.4 A A4 (static) 2Hd 4= (const)

Static and constant variables are two different ways to create globally-scoped values that
cannot be moved or reallocated during the execution of the program.

A4 (const)

© Ankel @ o 3 go] WYk 3 1 ghe 1 44skALE S

rlr
H
rln
e
23
2
>
rO
i)
ro,
o

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

fn compute_digest(text: &str) -> [u8; DIGEST_SIZE] ({
let mut digest = [ZERO.unwrap_oxr(0); DIGEST_SIZE];
for (idx, &b) in text.as_bytes().iter().enumerate() {
digest[idx % DIGEST_SIZE] = digest[idx % DIGEST_SIZE].wrapping_add(b);
}
digest
}

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

}

Rust RFC Book o] 2™ 4=

const g5 4443 mol= con
Ut B2 const @452 HEFY ol &5t A& 7

44 Miaps Z2ado] £35 = S FAZF U Qg2 E o & 4205 (move) HA| ¥&

static BANNER: &str = "Welcome to RustOS 3.14";

fn main() {
println! (" {BANNER}");
}

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.

¢ YAECQ] const & C++2] constexpr It of¢ H] =gy,

« o] 2] AE 9] static & C++9] const Y 71 AW 4 (mutable global variable) ¢+ &
A o FARRY o

e static 2 Ao AAAF S FoFUch A olzt vl e]Jol Aol T4, 21 B AEE
oJuj gyt

» w23 4904 1 gtol AelA s A4t Bad AeE =gyt 2euagctn s, 44


https://rust-lang.github.io/rfcs/0246-const-vs-static.html
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£/ vl Elo] &:

&7 44 (static) H4 A+4= (constant)
g Aol o oty 2 (9lztel &)
Fa7k 9l

7}

Z23o] o of] e

YL 5
ok A4 Ao

o]\—]_

W7 7Hse o (e ohdskA] %) ot e
7}

AAA 1 o (Ao Al 2715 H of
2ol A4

=7}

AgEHER oo °l

o qlzkel &

=7}

o 2o K7

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.

EFe WA e ohE Belo) o B2 AT U F Bl AR uhA AFE TS &Y
enum CarryableConcreteltem {

Left,

Right,
}

type Item = CarryableConcreteltem;

/1 BAe ohg3 o] AT B ellolA o f8g
use std::cell::RefCell;
use std::sync::{Arc, RwLock};

type PlayerInventory = RwLock<Vec<Arc<RefCell<Item>>>>;
C =2 HE o= typedef o GAMSH 2o 2 Q1A G},

10.6 A&EA: AeulojejojHlE

Welwole] Alo] | A8e] o MES et Hlo|e) TEE THEol HAG Tk Lyt o MIES 74
s17] glof ekt 48 Holote Ao lEate] ATk AT e (12} BHE B 2T 43
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L2 #[derive(Debug)] & AH& AT}

o] d&olA=main &7t o2 glo] F&stES dio| g RSN Hyo o] 3o oh5
M= olggt L Xoj|A Hlo|El &7 = WS thEY T
/11 ZAEZE27} Hhg3ljoF sh= dejdo]g A|A®RIC] oHIEQILTH,
enum Event {
// TODO: "3t HYPES F7IshA L.
}

/11 0% WYY},
enum Direction {
Up,
Down,

}

/11 FEHolg7F A HH Fol =&=AEFYT.

fn car_arrived(floor: i32) -> Event {
todo! ()

}

/11 Aol o] ALYt

fn car_door_opened() -> Event {
todo! ()

}

/11 FEHolg Zo] EREYT.
fn car_door_closed() -> Event {
todo! ()

}

/11 AE F9 deH|ole] ZH|oA BF HES E3EUT.
fn 1obby_ca11_button_pressed(floor i32, dir: Direction) -> Event {
todo! ()

}

/11 FEHolE oA F HEZ =35
fn car_floor_button_pressed(floor: i32) -> Event {
todo! ()

}

fn main() {

println!(
13 7o) 9% MES BASUL. (17},
lobby_call_button_pressed(@, Direction: :Up)

),

println! ("ZdeHlole7} 1 Zo =2gi&ych: {:?}", car_arrived(0));

println!("<deHolg Fo] dzlsuTh. {:?}", car_door_opened());

println!(
"so] 35 HEZ EXSUS. {:?7}",
car_floor_button_pressed(3)

),
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println!("<daluole Fo| ZFFE5Yrk: {:?}", car_door_closed());
println! ("deuolEl7} 3 Zo] =&Y, {:?}", car_arrived(3));

}
10.6.1 I
/1] AEE8|7} Hh2sjof sl Aelwole] A|AEle] ojHlEQT).

enum Event {
/1] HESZ =35UT.
ButtonPressed(Button),

/17 Aol 7 Q" Foll =S YT.
CarArrived(Floor),

/11 A=Holg Fo] &
CarDoorOpened,

e
)3

SI=8

/171 dejHolE] Fo| &%
CarDoorClosed,

4t
jul)e
T
iu

}

/1] 2 A4 BAEUL
type Floor = i32;

/11 °% ¥FIUT,
enum Direction {
Up,
Down,

}

/1] AEAZE AMAS £+ Qe HEUYT.

enum Button {
/1] 54 %9 Aejujolel Zujo] 9 HEYLTH,
LobbyCall(Direction, Floor),

rl

/11 Aejwlolg Ro] = wEeUrt,
CarFloor(Floor),
}

/77 Auolg7t AAHH Fof =S YC.
fn car_arrived(floor: i32) -> Event {
Event::CarArrived(floor)

}

/11 FEHolg Zo] dREYT.
fn car_door_opened() -> Event {
Event: :CarDoorOpened

}

/11 FEHolg Zo] EREYT.
fn car_door_closed() -> Event {
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Event: :CarDoorClosed

}

/111 ARE Fo dejvoly 2o ¥BEF HEZ E3FUL.
fn lobby_call_button_pressed(floor: i32, dir: Direction) -> Event {
Event: :ButtonPressed(Button::LobbyCall(dir, floor))

}

/17 AHolEloA F HES =X EYH.
fn car_floor_button_pressed(floor: i32) -> Event {
Event: :ButtonPressed(Button: :CarFlooxr(floor))

}

fn main() {
println!(
"1% $7o] 9% vES EASUL. (17},
lobby_call_button_pressed(0, Direction::Up)
),
println! ("<dedole{7t 130 ==8l5UTh: {:?}", car_arrived(0));
printlnl("efsole Fof dFEYrk. {:?}", car_door_opened());
println!(
"so]l 3% HEZ =gy, {:?7}",
car_floor_button_pressed(3)
),
println!("dejso]e] Fo] &FHUTh: {:?}", car_door_closed());
println! ("ol E7F 3 Fo =&sisU k. {:?}", car_arrived(3));
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Al 11 &

2UzH 2

Now that we have seen a fair amount of Rust, today will focus on Rust's type system:

Pattern matching: extracting data from structures.
WA E: 342 eelat A2

Egal: o3 eldo A F53h= 532

A2 o2 ebel o) ebe) m w45}

HEF gholHelg] Bt ® E|Sl: Rust 9] FH3 HF 2holHejg E2{E 7]

Lol

Including 10 minute breaks, this session should take about 2 hours and 55 minutes. It contains:

Segment Duration
Ne 3 minutes
e o 1 hour
HAEel EFo]E 50 minutes
A g 40 minutes
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o ol

This segment should take about 1 hour. It contains:

Slide Duration

Matching Values 10 minutes
AAY 23l (%3 10 minutes
SE Ao 10 minutes
ALEA: A H7F 30 minutes

12.1 Matching Values

The match keyword lets you match a value against one or more patterns. The comparisons
are done from top to bottom and the first match wins.

C/C++2] switch ¢t B35 gh& &2 AFR S & A FYTh
fn main() {

let input = 'x';

match input {

'q' => println!("Quitting"),
|a| | lsl | IWI | |d| => pl'intlnl("o]axiﬂ O]%”)’
'9'..="9" => println!("&2 4="),

key if key.is_lowercase() => println!("&&2: {key}"),

println!("7]gt"),

\%

}

The _ pattern is a wildcard pattern which matches any value. The expressions must be
exhaustive, meaning that it covers every possibility, so _ is often used as the final catch-all
case.

Match can be used as an expression. Just like if, each match arm must have the same type.
The type is the last expression of the block, if any. In the example above, the type is ().

el o] 4 (o] ool M= key) & €| B2 oA AHEE 4 JleHRIg S Ty

-
U3 7hE L 2710] FQl FLolg Hio] AXHEF Uk,
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- [ror7l&dy
- o Hos v FAFY o
- 1..=5: 2 Z (71M = 5) & Z3bst= He & ved Yy
- gdestEdyn
o X 7hEE EEo] BR QA2 A o 2 2H5}7] o 54T 45 M5k &
stz & o {8y
o WX 9] 7t (F2 74A]) ol 2 if & ARES A} thE U oh viA] kA 9] => Hojl AbgH if
z2@A 28 A7 A" E T *‘0“9\4 .E}E} A 7] Al if Z2Zio] M st ete )
match o] O+& 7HA| = 1= A ek&U o
e 7tEo] Hojd 242 | & Z3detes HEHe REREF A A8HUT

TFZ2A

struct Foo {
x: (u32, u32),
y: u32,

}

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}"),
Foo { y: 2, x: i} => println!("y = 2, x = {i:?}"),
Foo { vy, } => println!("y = {y}, ©& Ttk ZAE"),
}
}
gAY
F2AYG DAY 3o YRS s ojx| S 58 W4o) vrl e 9 &uch 2hkE enum B 2 A
Arm B ok
enum Result {
0k (i32),
Exrr(String),
}

fn divide_in_two(n: i32) -> Result {
ifn%2==0 {
Result: :0k(n / 2)
} else {
Result::Erxr(format! ("{n}< (&) & 719 =«

o
4
s
fe
f
L
r
A
EQ
u@
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}

fn main() {
let n = 100;
match divide_in_two(n) {

Result::0k(half) => println!("{n}S (£) 52 U+ #2 {halfidyct."),
Result: :Err(msg) => println!("#<Lduch, 277 ZASUCk. {msgr"),

}

match 2ol Al divide_in_two g0l A Ht& s = Result = F 719 Z (22 7HA) 2
(destructure) 5+l 54 th AHA oA half += Ok variant o] &1 Q

oA msg & 2% WA A Aol g gy},

« foo 2| 2| gte o2 el Yot =g WA
* Foooll f BEZ 271813 B ool met sfel & HMAG Yt
« WXt G4 FHA 2 TR ol E S AFYT FHA B2 25 MR HAS B &
=512 %= AL EQIsHH L. const = M A St TA] ZHEsl=x] Folshy
27
7] ZQE

« if/felse EAA 2 A2 vH&staL, o] k2 UFol match 2 #sid Y.

« @Al AR variant & F7bstal ZES AYPSto] LR EEAIS|EA Q. FE oL BZo
ol e, 22 AHupdert ofHA 02 JIES FEA] o] duEAL.

» The values in the enum variants can only be accessed after being pattern matched.

* Demonstrate what happens when the search is inexhaustive. Note the advantage the
Rust compiler provides by confirming when all cases are handled.

» Save the result of divide_in_two in the result variable and match it in a loop. That
won't compile because msg is consumed when matched. To fix it, match &result instead
of result. That will make msg a reference so it won't be consumed. This “match
ergonomics” appeared in Rust 2018. If you want to support older Rust, replace msg
with ref msg in the pattern.

12.3 S E7A9]
Rust o] The Qlojohs the 8l /1] Ao} 58 3271 9lon sje Ax|ojAg g ch

o if let E3HA
* while let expressions
« match &4

if let TAA S ARESHA gho] sl AX|st=Alof et th e Z=5 Ay +ASUh
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fn sleep_for(secs: f32) {
let dur = if let Ok(dur) = std::time::Duration::try_from_secs_f32(secs) {

dur
} else {
std::time: :Duration: :from_millis (500)
}
std::thread: :sleep(dur);
println! ("{:?} &< ¥EAFUC.", dur);

}

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

let else expressions
e S LA A 7|2 ol A Hhsh= AREA QI 74 o= let else EAFEE YT 'else’ Abell+= Y
o 7= & 3o]Ljof gt (return, break i 1Y - E5e| c}3 1% 2 o] Fah A% ol Hu]
o).
fn hex_or_die_trying(maybe_string: Option<String>) -> Result<u32, String> {
let s = if let Some(s) = maybe_string {
s
} else {
return Exrr(String::from("None & 7}F42"));

s

let first_byte_char = if let Some(first_byte_char) = s.chars().next() {
first_byte_char

} else {
return Err(String::from("got empty string"));

3

if let Some(digit) = first_byte_char.to_digit(16) {
Ok(digit)

} else {

Err(String::from("16 “47} ofd"))
}
}

fn main() {
println!("Z2%}: {:?}", hex_or_die_trying(Some(String: :from("foo"))));

}
gt 2 2ot 22 BE = Toop 7I9 =7 syt

fn main() {
let mut name = String::from("Comprehensive Rust £&");
while let Some(c) = name.pop() {
println!("character: {c}");

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

}

Here String: : pop returns Some (c¢) until the string is empty, after which it will return None.
The while let lets us keep iterating through all items.

if-let

« if let o] match 2t} o 7+2& 4 U454
match oA &= EE E%XV} %] 2] &| of o &
o AubA AR Optlon = A& o Som

e85k AUyt
s match ¢} ”E’J if let 2 oiel 442 9ot S AR Y5HA] &5t
let-else
QoA B AXY if-let & 2HT 4 Y5 Uh let-else LR =0 2¥H Ao PYHIE ¢
shyth I =7t o @A JHstst =AY E0] B 4 =S o] Mg S ThA] ZHAd5HAl .
Al 2 E M2 oh2 3 25yt

fn hex_or_die_trying(maybe_string: Option<String>) -> Result<u32, String> {
let Some(s) = maybe string else {
return Exr(String::from("None S 7}*3"));

b,

let Some(first_byte_char) = s.chars().next() else {
return Err(String::from("got empty string"));
s

let Some(digit) = first_byte_char.to_digit(16) else {
return Err(String::from("16 Z57} ofd"));

}

return Ok(digit);
}
while-let

« while let & Zto] siedof wix] &= &t AlLH Y

* You could rewrite the while let loop as an infinite loop with an if statement that
breaks when there is no value to unwrap for name.pop (). The while let provides
syntactic sugar for the above scenario.

124 ASEA: 24T}

Let's write a simple recursive evaluator for arithmetic expressions.

o] 7] | Box B} & *U}E ERIEfolH o] A o] FrbRo| A AA S| THF U HIAEAM = 4 9
o] A2 Box: :new & AFESI"E AR FAPE £ QlEFUTH BHAR HAE HHAZ H7ts}
deref AAMR} (*) 2 AFE3lo] "8FA EA]S SiA|”gHUth: eval (*boxed_expr).
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>

AE A2 Yrtstk 4 glon @ &5 HiEgch EF Result<Value, String> EFYS 33
A& JEtl 7Y (Ok (Value)) HIAI A <k A @ FEUEREU T (Err(String)). YEoll ©] Result
E}Ql o] thal A] A}A| 5] Atm B A& o},

FEE FAFSHo] Rust S0 2k 2o 2099 eval FAS AU 2 F .

M5 AE
£ g7eloF FUTH todo! () BAESIT HAES by ERSIES a1 £gol B 5 AL
#[ignore] & ALgslol El2ES YA Mo 2 Afd SESgLTH
#[test]

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

AR ARG F 002 Y|y H4 euERt Syshs HAES AR 2. WY B
Result 2 o] 24|15 o7 4 g 4 927te?
/11 % 7o) 39 mRACIN Ay AUyt

enum Operation {
Add,
Sub,
Mul,
Div,

}

/11 E2) Fxe] AN,
enum Expression {
/11 % 709 Skel EAA ] dt ALY,
Op { op: Operation, left: Box<Expression>, right: Box<Expression> },

/11 FEE Z
Value(i64),
}

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

fn test_value() {
assert_eq! (eval(Expression: :Value(19)), 0k(19));
}

fn test_sum() {
assert_eq! (
eval (Expression::0p {
op: Operation::Add,
left: Box::new(Expression::Value(10)),
right: Box::new(Expression::Value(20)),
1),
0k(30)
),
}

fn test_recursion() {
let terml = Expression::0p {
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op: Operation::Mul,
left: Box::new(Expression::Value(10)),
right: Box::new(Expression::Value(9)),
3
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)),
}
assert_eq!(
eval (Expression::0p {
op: Operation::Add,
left: Box::new(terml),
right: Box::new(term2),
).
0k (85)
)
}

fn test_error() {
assert_eq! (

eval (Expression::0p {
op: Operation::Div,
left: Box::new(Expression::Value(99)),
right: Box::new(Expression::Value(0)),

}).,

Exrr(String: :from("0 o= }57]"))

1241 g

/11 % A ske] EANIA A
enum Operation {

Add,

Sub,

Mul,

Div,

et
re
2
1A)
°
o

}

/11 E7 Ao E@AYULE,
enum Expression {
111 % 7N 9] ERAo] Bk AxkIuct,

Op { op: Operation, left: Box<Expression>, right:

/17 HEE 3%
Value(i64),

65
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}

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

b

let right = match eval(*right) ({
Ok(v) => v,
e @ Exr(_) => return e,

s

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

if right == 0 {
return Err(String::from("0 22 w7]"));
} else {

left / right
}

H)
}

Expression::Value(v) => 0k(v),

}

fn test_value() {
assert_eq! (eval(Expression::Value(19)), 0k(19));
}

fn test_sum() {
assert_eq! (
eval (Expression::0p {
op: Operation::Add,
left: Box::new(Expression::Value(10)),
right: Box::new(Expression::Value(20)),
}).,
0k (30)
),
}

fn test_recursion() {
let terml = Expression::0p {
op: Operation::Mul,
left: Box::new(Expression::Value(10)),
right: Box::new(Expression::Value(9)),
}i
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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)),
3
right: Box::new(Expression::Value(5)),
}i
assert_eq! (
eval (Expression::0p {
op: Operation::Add,
left: Box::new(terml),
right: Box::new(term2),
1)
0k (85)
),
}

fn test_error() {
assert_eq! (
eval (Expression::0p {
op: Operation::Div,
left: Box::new(Expression::Value(99)),
right: Box::new(Expression::Value(0)),
).
Exrr(String: :from("0 o= }t57]"))
),
}

fn main() {

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

}

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

println! ("Z23: {:?}", eval(expr));
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ol 4 = ohE dlo] £

This segment should take about 50 minutes. It contains:

Slide Duration
H A = 10 minutes
E g9l (Trait) 15 minutes
Ed|al AF&s}7) 3 minutes

AL EA: ¥k min - 20 minutes

13.1 HAE=E

2l 2Eo]4 4118 efelof thal impl Sof

struct Race {
name: String,
laps: Vec<i32>,

ol

18 Holstell HEE 47 8 4 dgyth

st

}

impl Race {
/1 FA7 Ye, AH sy
fn new(name: &str) -> Self {
Self { name: String::from(name), laps: Vec::new() }

}

/1 selfol gt S8 9Y g7l/27] Axaduct,

fn add_lap(&mut self, lap: i32) {
self.laps.push(lap);

}

O

7] Hg WA AxadUrt.

/1 selfo] tfst 3/ 9 2

fn print_laps(&self) {
println! ("= €< {33, {y 47]:", self.laps.len(), self.name);
for (idx, lap) in self.laps.iter().enumerate() {

println! ("{idx}s: {lap}zx");
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}

}

/1 selfol 584 AqH
fn finish(self) {
let total: i32 = self.laps.itex().sum();
println!("{} 2ol F=, & # AXF: {}", self.name, total);

fn main() {

}

let mut race = Race::new("Z2uz Izz=a");
race.add_lap(70);

race.add_lap(68);

race.print_laps();

race.add_lap(71);

race.print_laps();

race.finish();

// race.add_lap(42);

The self arguments specify the “receiver” - the object the method acts on. There are several
common receivers for a method:

&self: SEA2HE 297153
S 52 FHolE AHgE % 9
&mut self: SESAZHE

S 5% Hoj= 88 4 A&
self: 2222 e] Ao 24U I LT A =TS 2 RE
ot AH & 2500 Hol e HEA o R 24 e o=
=29} 571|244 = drop(aiAl) BT,

mut self:same as above, but the method can mutate the object.

YA glg: FERA S A A Ert Ut &2 BPAE TrEuiAbESHAl HH, A3t =
5| new 2t o] =YY}

2
&
FAT 7P A2 A o2 AN W &S LehdU Tk AR B4
P
=

ok

£ ot v uste] A7ekE Ax =0l 2 4 JdHYT

= FRAY EAF L T2 gl A

B) & JAEAZS self 2 E7|gch

- WA EE o] &35}H receiver 2 S AF2E £ Q1 FE

Yt} WA EE0] ol & 7Hsh ] Eofgle

H A = receiver ¢l self 7|9 &= AHE-Z AF ) FA7] viu o},
- oA AL self: &Self o] & HHYL a

YA =R BoFEs A E5YTH

FHAAHOR 3T 4 3

)

- impl £% W FolM= Self 7} sl F EF)I S| o] EHHE& = AHEE 4 Q52 LA 2.
- F2A BES HID Wl Y BV E AMESHRol self ol H&7|E AHEsto 7iE 25

= H2e A5y

— This might be a good time to demonstrate how the &self differs from self by
trying to run finish twice.

- self & AL 3He o] 22 a5 9o Box<Self>9} 2ol ZAlH Bl 023 S5
deteu efelo] sy
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13.2 E3 9! (Trait)
E Q2 Bd& 5443 st AR U I B o] A8} vl 3t ok
trait Pet {
/// Return a sentence from this pet.
fn talk(&self) -> String;
/// Print a string to the terminal greeting this pet.
fn greet(&self);
}

« EOlZ sl EAlE FASH7] 8l Bl o] 7hMof k= of 3] WA =24 gyt

» In the ”Generics” segment, next, we will see how to build functionality that is generic
over all types implementing a trait.

13.2.1 Implementing Traits

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

fn greet(&self) {
println! ("2, 74! ofFo] #oF? {}", self.talk());
}
}

struct Dog {
name: String,
age: 18,

}

impl Pet for Dog {
fn talk(&self) -> String {
format! ("¥Y, A o5 {idytt.", self.name)
}
}

fn main() {
let fido = Dog { name: String::from("Fido"), age: 5 };
fido.greet();

* To implement Trait for Type, youuse an impl Trait for Type { .. } block

* Unlike Go interfaces, just having matching methods is not enough: a Cat type with a
talk() method would not automatically satisfy Pet unless it is in an impl Pet block.

* Traits may provide default implementations of some methods. Default implementations
can rely on all the methods of the trait. In this case, greet is provided, and relies on
talk.
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13.2.2 Ed|9l (Trait)

A trait can require that types implementing it also implement other traits, called supertraits.
Here, any type implementing Pet must implement Animal.

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("=]A"));

println!("{} has {} legs", puppy.name(), puppy.leg_count());
}

This is sometimes called "trait inheritance” but students should not expect this to behave like
00 inheritance. It just specifies an additional requirement on implementations of a trait.

13.2.3 FHEY
Associated types are placeholder types which are supplied by the trait implementation.

struct Meters(i32);
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)
}
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fn main() {
println!("{:?}", Meters(10).multiply(&Meters(20)));
}

* Associated types are sometimes also called ”output types”. The key observation is that
the implementer, not the caller, chooses this type.

* Many standard library traits have associated types, including arithmetic operators and
Iterator

A9EE Eaole ohe it 2ol & Bl A5 o2 7
struct Player {

name: String,

strength: u8,

hit_points: u8,

sk
4>
32
ol
i
In}

}

fn main() {
let pl = Player::default(); // 7] b,ﬂ93% ‘default’ AQAE F7HEUTH.
let mut p2 = pl.clone(); // Clone E&|SlZ “clone’ HWAE=E F7kgtuch.
p2.name = Strlng :from("EldurScrollz"

~

)
i

// Debug EYL “{:?} EIZ A S ALFYct.

println! ("{:?} EH {:?7}y", pl, p2),;
}
FEL AR E Aot AT B2 Aol BV §-8% A& AR EAFSHY] F&F 7S F
7ttt o & E0] serde £#[derive(Serialize)] % AL 5Fo] LA 0] 2 H 3} | Y-S AFL T
& AFYh

13.4 Exercise: Logger Trait

Let's design a simple logging utility, using a trait Logger with a 1og method. Code which
might log its progress can then take an &impl Logger. In testing, this might put messages in
the test logfile, while in a production build it would send messages to a log server.

However, the StderrLogger given below logs all messages, regardless of verbosity. Your task
is to write a VerbosityFilter type that will ignore messages above a maximum verbosity.

This is a common pattern: a struct wrapping a trait implementation and implementing that
same trait, adding behavior in the process. What other kinds of wrappers might be useful in
a logging utility?

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

/// Log a message at the given verbosity level.
fn log(&self, verbosity: u8, message: impl Display);
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struct StderrLogger;

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

fn do_things(logger: &impl Logger) {
logger.log(5, "FYI");
logger.log(2, "Uhoh");

}

// TODO: Define and implement "VerbosityFilter' .

fn main() {
let 1 = VerbosityFilter { max_verbosity: 3, inner: StderrlLogger };
do_things(&1);

13.41 HF
use std::fmt::Display;

pub trait Logger {

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

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

struct StderrLogger;

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

fn do_things(logger: &impl Logger) {
logger.log(5, "FYI");
logger.log(2, "Uhoh");

}

/// Only 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 ({
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self.inner.log(verbosity, message);

}

fn main() {
let 1 = VerbosityFilter { max_verbosity: 3, innexr: StderrlLogger };
do_things (&1);
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This segment should take about 40 minutes. It contains:

Slide

Duration

QIR (hEdo) s

Adlg dio|g g

Adlg el Agt (E S FA)
Eggl +33517] (impl Trait)
AL EA: LHF min

5 minutes
10 minutes
10 minutes
5 minutes
10 minutes

14.1 ¥ (HdE9]) g4+E

Rust supports generics, which lets you abstract algorithms or data structures (such as sorting

or a binary tree) over the types used or stored.
/1] "n°
fn pick<T>(n: i32, even: T, odd: T) -> T {
ifn%2==20 {
even
} else {
odd
}
}

fn main() {
println! ("A=st x2}:
println! ("Ad=d F&: {:?}", pick(28,

75

Zkoll et “event EE “odd E AU,

{:?2}y", pick(97, 222, 333));
(||7H||' 1),

("argelt, 2)));

FEAoRAnASER AoF 27
n == 09 732 even + odd &
AEASHIAIR S 2} &= Rust & o] &



* Generic code is turned into non-generic code based on the call sites. This is a zero-cost
abstraction: you get exactly the same result as if you had hand-coded the data structures
without the abstraction.

14.2 AUE dlo] el Ere]

A Atgsto] BEo| Bl g 243 8 4 ey
struct Point<T> {

x: T,

y: T,
}

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

// fn set_x(&mut self, x: T)
}

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

. :impl<T> Point<T> {}olA T 7} off &= W ARSHU7t?

- A= ol dist Ald|g £+ o] 7] Wi 2d Y. o] T AuH 2 MESHAHJ Yt
- ol oo BE Tof thafjA] o] HlAEFo| HolHth= AZo vy,
— Itis possible to write impl Point<u32> { .. }.
# Point & oA 3] AU o] Point<f64>E AL S = AT o] B E o] HlAEE
Point<u32>% & £9l& Yt

o JjH4let p = Point { x: 5, y: 10.0 };
H4E AFESHo] ThE BFQl 9] R 487K ZRIEE

ol <
oro mlm

SCE
ses =

In =

P

14.3 A4

Traits can also be generic, just like types and functions. A trait's parameters get concrete types
when it is used.

struct Foo(String);
impl From<u32> for Foo {
fn from(from: u32) -> Foo {
Foo(format!("Converted from integer: {from}"))

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

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

* The From trait will be covered later in the course, but its definition in the std docs is
simple.
* Implementations of the trait do not need to cover all possible type parameters.

Here, Foo: :From("hello") would not compile because there is no From<&str>
implementation for Foo.

» Generic traits take types as ”input”, while associated types are a kind of “output type. A
trait can have multiple implementations for different input types.

 In fact, Rust requires that at most one implementation of a trait match for any type
T. Unlike some other languages, Rust has no heuristic for choosing the “most specific”
match. There is work on adding this support, called specialization.

14.4 AuvlE g A (EAZA)
o 2ol e

A2 o5t E#ole 7@ lofof st byt Tefof 1 g
== 7]

o]
Ao HMES &S =y
T: Trait &2 impl Trait & Ak8stH HHUh:

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

Hui&

| E
o]
H

}

// struct NotClonable;

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

* NonClonable & TH&50o] duplicate o &3l EA| Q.
« oj2] Egolo] g ¢ +&5 Agsto] Eols A
* where 292 AH2E 4

fn duplicate<T>(a: T) -> (T, T)
where

T: Clone,
{
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https://doc.rust-lang.org/std/convert/trait.From.html
https://rust-lang.github.io/rfcs/1210-impl-specialization.html

(a.clone(), a.clone())

o] &5tH Bl mhetu B 7 B2 ¢ S Al YA E M2 st Hl =5l |

Option<T>) & AF&g 4= d&UTh

E2)9 uhe B0k fAFSHA dmpl Trait B4e @4o) xtehiaziol = 4§ /s gtk

/1 B LU

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

fn add_42_millions(x: impl Into<i32>) -> i32 {
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_i8);
println! ("{many}");
let many_more = add_42_millions(10_000_000)
println! ("{many_mozre}");
let debuggable = pair_of(27);
println!("H¥ 1 7}5: {debuggable:?}");

}

r

impl Trait allows you to work with types which you cannot name. The meaning of impl

Trait is a bit different in the different positions.

¢ 4 Qo] Etelo 2 ALgH Sl S Aol dmpl Trait = E&SIAA 9 oo

ehel e o ml gt

« e B2 ARG HAE A folls, 2 EdAlE FAskE FAA AL,
T A A Fotthe A ngdy o] =1 FAA Q] B}l o] §2 API &2

2 7ol g8t

o

PN

EE

g of

75k

alll

&
£ o
2y

of I
52 fu

b7 el eis e o Mo Bt 22 o] & ol P49 Feleto] impl Foo 2 419l
}

ojtjoll = yett QA &t
BE Th=3ste ojW B = 2] E
foo.collect() UE EIA|

.. = AlEsto] @7 HAIZ] 7} of B A

=
o] A& A, L g7t AA RS = HY2 AL FE A
collect<B<() -> Be} ZolAvd 8BS 2dst= 4=
st lE UL o] H9, S5k SoAl= let x: Vec<_> =
EHS WA foo.collect: :<Vec<_>>() 2tZo] g &l E}US HA|H O 2 B Fofof st
A5

debuggable Bt #3117t 2? let debuggable: () =

FEA ] =A] gyt
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14.6 Exercise: Generic min

In this short exercise, you will implement a generic min function that determines the minimum
of two values, using the Ord trait.

use std::cmp::0rdering;

// TODO: “main o] AlgEE= °

3
’_l
>
ook
-+
|
4
rol
)
°
o

fn main() {
assert_eq!(min(0, 10), 0);
assert_eq!(min(500, 123), 123);

assert_eq!(min('a', '
assert_eq!(min('7', '

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

» Show students the Ord trait and Ordering enum.

14.6.1 S

use std::cmp::0rdering;

fn min<T: Oxd>(1: T, r: T) -> T {
match 1.cmp(&r) {

Ordering::Less | Ordering::Equal => 1,
Ordering: :Greater => r,

}

fn main() {
assert_eq!(min(0, 10), 0);
assert_eq!(min(500, 123), 123);

assert_eq!(min('a', '

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

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

79


https://doc.rust-lang.org/stable/std/cmp/trait.Ord.html
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Al 15 &

Welcome Back

Including 10 minute breaks, this session should take about 3 hours and 10 minutes. It contains:

Segment Duration

EZgolE¥ g 1 hour and 20 minutes
FZFgolE8 8] 1 hour and 40 minutes
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A 16 %
EEeto|n

This segment should take about 1 hour and 20 minutes. It contains:

Slide Duration
EZ gtolHag 3 minutes
EASFA HAE 5 minutes
Duration 10 minutes
Option, Result 10 minutes
String 10 minutes
Vec 10 minutes
HashMap 10 minutes

AL EA: 7H2H 20 minutes

o] MM o] Zk Lefo] Eojl A& ZA] H|o] A & HESH Hit ARkl A =

i
jaiy

2og A

i)

By

=
S

16.1 EFelolH e

Rust comes with a standard library which helps establish a set of common types used by Rust
libraries and programs. This way, two libraries can work together smoothly because they
both use the same String type.

In fact, Rust contains several layers of the Standard Library: core, alloc and std.

» core includes the most basic types and functions that don't depend on 1ibc, allocator
or even the presence of an operating system.

* alloc 2 Vec, Box, Arc 2 Zro] 3l gdo] " ost gtdS 23 ch

- JuHE BAE SEERIMS FE core W AHESHAY 7HE alloc & @7 ALEFYTH

16.2 ZEASFAMHAE

Rust comes with extensive documentation. For example:

» All of the details about loops.
- U8 TZL 7B B
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https://doc.rust-lang.org/stable/reference/expressions/loop-expr.html
https://doc.rust-lang.org/stable/std/primitive.u8.html

» Standard library types like Option or BinaryHeap.

A AL RS BMEFE 4 gy

/11 A WA JI+E = HA QA4=E s & A=A P,
/117

/1] 5 HA A4 0ol ZAyt= false Yy
fn is_divisible_by(lhs: u32, rhs: u32

if rhs == 0 {
return false;

=

-> bool {

}

lhs % rhs == 0
}
THz= oAb o2 A U AAE %%uﬁﬂﬂﬂﬂﬂiﬂﬂE%nmmmE¥%4%ﬂ
o] docs.rs ol AHF SR EASFE YT IRt o0& APl o] B E F7) FH- o] H{El-S AFE5to] 7 A]
she Yo
T UE C: 28 UR) o 55 ZAEstE ™ U REA FA o2kl Sk /7 S2/* L %/
£ AHgshA L.

~

/1 o] REole Ao T ke #Yd 7leel ZE sy

* Show students the generated docs for the rand crate at https://docs.rs/rand.

16.3 Duration

0Ption<T>~l YR A2 oln A syt T B4 9 g A st AU ofF A= A FskA FF
B = °1Strlng :find & Option<usize>Z Wk},
fn main() {

let name = "Lowe ¥J% Léopard Gepardi";

let mut position: Option<usize> = name.find('é');

println! ("find o] ¥r2Hgt {position:?}");

assert_eq!(position.unwrap(), 14);

position = name.find('Z");

println! ("find & w3k {position:?}");

assert_eq! (position.expect("&##t= 22 4 ¢l2"), 0);

* Optionis widely used, not just in the standard library.
* unwrap < Option 9] gt wrghstA U sy S vhekely ot expect = H| LSRR @ 7 W A] ]
7t EA Y,
— None 24 A] oY ez & 4 A9 A" 2 None & A Ist= AE A4+ ds5U
ct.
- BAZLE A AT off BE Lol A] unwrap/expec tE A
2yd Fes duitdo s o Y2 A 22 None 23| 2 gy
« EAf 2/ A3t Option<T>7F vz elol|A] T o 3717} 22 797} Wk A 9oyt

16.4 Option, Result

Result = Option 3} SAFSHA|E 2l o] A2 = A Sutetyo], 2H2} ebglo] th2 Ut} o] &= &
0‘-1/\] 0:]/\01]/\‘] X‘]——]Q Res 9]' A]—O]-X]U]’ X-“]:”EJ_ Resu1t<T' E>O]L’]r’]'. O:]7IA-] T%Ok %%Oﬂ }\}__g_
1 E = Err Wyo] AE Yt


https://doc.rust-lang.org/stable/std/option/enum.Option.html
https://doc.rust-lang.org/stable/std/collections/struct.BinaryHeap.html
https://doc.rust-lang.org/rustdoc/what-is-rustdoc.html
https://docs.rs
https://docs.rs/rand
https://doc.rust-lang.org/stable/std/string/struct.String.html#method.find

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) {
println!("ttejojg]: {contents}({bytes}HI°|E)");
} else {
println!("otd ZH=E ¢& 4+ glgyd. ")
}
}
Exrr(err) => {
println!("ttolojglE & & gl&Uth. {err}");
}

* Option ot PF7EA| 2, /33t 73-9-2] gt2 Result WiFoll lgyt. A, iRk BAIH

O 2 o5 FEstojof Fuch o]F A oz kS 7] Aol & B o F5 WhEA] A5}
E5§ =5t YEUTh Bl 957k doh wgshA 9 4928 unwrap() ol expect ()
S ALEE 5 Qou] ol AAte] o) ( ;0 R b MAE 4 9e) S HAK O R g
#ol 7= gt

Result documentation is a recommended read. Not during the course, but it is worth
mentioning. It contains a lot of convenience methods and functions that help functional-
style programming.

* Result = 27 225 AT 2E BFAAdU . 3 LA ol o5 UTh

16.5 String

String el 291 7b ol o] EZ UTF-8 24 wm ek
fn main() {

}

let mut s1 = String: :new();
sl.push_str("ergdsta L") ;
println!("sl: len = {}, €% = {}", sl.len(), sl.capacity());

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

s2.push('!");

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

let s3 = String::from(" ")
println!("s3: len = {}, &4 4 = {}", s3.len(), s3.chars().count());

String & Deref<Target = str>& @3t} o]=, String gtoll tisiA = str o] EEmA
EE S5 4 Ate 9] dYoh

e String: :new = M2 ¥l B2 S wh&E Yok String: :with_capacity & M2 T


https://doc.rust-lang.org/std/string/struct.String.html
https://doc.rust-lang.org/std/string/struct.String.html#deref-methods-str

A Hoo] 92 vlo]E A7 & & = Aol AR 4 s
» String::len 2 String o Hio|E 27| & HtggtUch (A A £4F | $ete T £ A5Y
o)
« String: chars = A A &4} (character) =°il gt o] g eo] g £ Y} char 2 ¢
£ 22 Y7 AR At AS St EAMeHE q%#%ﬁﬁ@ﬂiéﬁgi%ﬂ%

Ea}t@gﬂou“mnmqqcmﬂﬁﬁHLGmMWmedmmrgD Ik ) e
« AFESol EAolga B fq1°ﬂ &str o| AL Strlng F AFUh
« oj@ Et}io] Deref<Target = T>E7dsta o, 2 lﬂr"‘ e ool T HArEES
& 2UA EokE YT
- Deref Eﬂﬂ°‘°ﬂ sl A ob2] thR 2] ko B2 o] Alfo| A =0l Aoz FA 9] Ato]=nt
FE7FURE A¥ gy
- String 2 Deref<Target = str>g 7335 7| ol String o A = str
Mas5esEd 4 syt
— Write and compare let s3 = sl.deref(); and let s3 = &*s1;.
« String 2 Hio|E M H 9| gr 2 FHE o] syt HEZIA YstE oA 7HA] dAdES
String = A Yty ohet String 2 ¥7HA] B3 Wigo] o lsyth
« String & QYA R HIst=HHHES Hlﬂﬁﬂi*ﬂﬁi
- s3.chars().nth(i).unwrap() & °|-&3sto] gt EA& AHet=4 %, i glol HYEH
of'd uf, Hlojubx] g2 wl 2 AHshA
- 53[0..4] & ol &M ZAE S AR E AEst=], 2ol A7 FUIZE ZAE Al
o ubA] S 7<:3“T‘ ofgA == Xl“mowl
* Many types can be converted to a string w1th the to_string method. This trait is
automatically implemented for all types that implement Display, so anything that can
be formatted can also be converted to a string.

16.6 Vec

Vec = 9ol @38 E& 7 7] i dych

fn main() {
let mut vl = Vec::new();
vl.push(42);
println!("vl: len = {}, &

o

= {}", vl.len(), vl.capacity());

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

v2.push(9999);

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

247t 9t WEE Z7shs BE ujazdud.
let mut v3 = vec![0, @, 1, 2, 3, 4];

/1 A5 QAR FARYT.
v3.retain(|x| x % 2 == 0);
println!("{v3:?}");

/1 A% S5 AA

v3.dedup();
println! ("{v3:?}");
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https://docs.rs/unicode-segmentation/latest/unicode_segmentation/struct.Graphemes.html
https://doc.rust-lang.org/std/string/trait.ToString.html#tymethod.to_string
https://doc.rust-lang.org/std/vec/struct.Vec.html

Vec & Deref<Target = [T]>EFFFUC ol:=Vec ollA] &etolAHINES 55 T 4+ JATh=
ojmjiyc.
* Vec is a type of collection, along with String and HashMap. The data it contains is stored
on the heap. This means the amount of data doesn't need to be known at compile time.
It can grow or shrink at runtime.
s Vec<T>& AU BFlo]7| = Fuch s T 2 2 ) 43)Z Bt glaUth o 49, gaE
Bt FEo] #WEfo] 2 F push st=HOlHZ T & & #AASHH.
svec![...] = Vec::new() tA & & A= XEMIAZEA, 27| HolHE F715H HH

it
oZ

[18 AH5tol QeI 22 Y 2T A2 W2 Hol s B4 o] By
o oAl get 2 AH&-SHH Option & WHHtU o pop &4 PRI 2 &5 ZM%MEP.

» Slices are covered on day 3. For now, students only need to know that a value of type
Vec gives access to all of the documented slice methods, too.

16.7 HashMap

HashDoS 3202 HE HS &= BF fA] gyt
use std::collections::HashMap;

fn main() {
let mut page_counts = HashMap: :new();
page_counts.insert("&|ZH| 2] wo| =" to_string(), 207);
page_counts.insert("19d &3} . to_string(), 751);
page_counts.insert("evtat HA" to_string(), 303);

if !page_counts.contains_key("&| olAzHE") {
println!(
"{}e M da AT mARES &¢x EIyo.t,
page_counts.len()
),
}

for book in ["@Ttx} HA", "o|ist yeke] dglAr] {
match page_counts.get(book) {
Some(count) => println!("{book}: {count}uo] ])
None => println!("{book}Z (Z) ¢ 4 gl&dch. ")

}
/1 g ZE £ gle A9 .entry() HIMEE AESto] ge AdFdYC.
for book in [" <%}t l}j?ﬂ”, "olAket Ugte] dyjAam] {
let page_count: &mut 132 = page_counts.entry(book.to_string()).or_insert(0);
*page_count += 1;

}

println!("{page_counts:#?}");

* HashMap 2 prelude °f| 72| ={of 1A 7] whEoll A2 22 57}8) 5 oF et
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https://doc.rust-lang.org/std/vec/struct.Vec.html#deref-methods-%5BT%5D

ot FES HAESIEAQ. A EF0IA = siAR ol Ho] e HAFsto, o HEE g2
Rty 59 A Zol A= siAelsi g Aol = B9, AT a2 s Aol 371t H
1 grewstu

let pcl = page_counts
.get ("ol EZEje} upHAY] F")
.unwrap_or(&336);

let pc2 = page_counts
centry ("IAAYL" . to_string())
.oxr_insert(374);

o QFEMZEA| B hashmap ! 22 i 227} iUt
- 2JAE 1.56 2 E= HashMap ©] From<[ (K, V); N]>2F733}7] 2o v 2 E &
o]-&3ato] YA shAS 2713 SASHTH
let page_counts = HashMap::from([
("sffe] ZEeh mpAle]l =" to_string(), 336),
("IAAYL" . to_string(), 374),
1),
* 7]-3f Aol et Tterator 2 A S BHE & A5UTh
o A =AM = ﬂﬂ—J” Al 7] 2 &str S
o T AFYH R A2 EAMESHA HH 2
- oA 20X to_string() & o= Hutd ol £A17F A=A1=
o 2dda7ta?
. OH/\I‘J‘L] 2 g oA E s A W R e EEEERI (& =
EIE*?JQE} o] 2] OPE}?J 52 Rust FA oA = AT
Oﬂfﬂd TAE BojFal, o] FAfo] keys HINERQ] o &

collections: :hash_map: :Keys)
=017 ol B =

pack
7o
-
ilc

16.8 A&EEA|: 7I-=H

o] AF ol A= uf - 2+t o o] E1 FZE A5 Aldgl o2 vhsUth std: i collections: :HashMap
SAHgsto] of®l gro] EAIE A=A, 42 Dot BAIE A=A] F2 g

Counter o] 7] ¥73d2 u32 gtoll Wt 2-58t =& stEF g & o] gyt 34 F2 2L Ehdoll
ZA L HAEE Xi]LﬂE'J o2 gy 28 ¥ Counter 7} & e 9 23
U &3 P entry HIMEE AFESHY, count MM EE ¥ 5= ol B
Hto 2 ZojHAQ.,

use std::collections: :HashMap;

/// Counter= Z+ T E}d Zto] EAIE 342 AUt
struct Counter {

values: HashMap<u32, u64>,
}

impl Counter {
/11 A Counter & wHsurth,
fn new() -> Self {
Counter {
values: HashMap: :new(),
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https://doc.rust-lang.org/std/collections/hash_map/struct.HashMap.html#impl-From%3C%5B(K,+V);+N%5D%3E-for-HashMap%3CK,+V,+RandomState%3E
https://doc.rust-lang.org/stable/std/collections/struct.HashMap.html
https://doc.rust-lang.org/stable/std/collections/struct.HashMap.html#method.entry

}

/11 ARE e B sleE Ao,
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);
}
}
/11 AQE o]l BEAIE Sl4E Pr&dyo.
fn times_seen(&self, value: u32) -> u64d {
self.values.get(&value).copied().unwrap_or_default()
}
}

fn main() {
let 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 {

println!("{y 7He] {} #t= 2ASYCH. ", ctr.times_seen(i), 1i);

}

let mut strctr = Counter::new();

strctr.count ("At");

strctr.count("2#A");

strctr.count ("AF");

println! ("Akz {370 #2", strctr.times_seen("At"));

16.8.1 g

use std::collections: :HashMap;
use std::hash::Hash;

it
ol
-+
|
)
o
d
°
o

/// Counter = 2t T €t Zto] EA]
struct Counter<T: Eq + Hash> {
values: HashMap<T, u64>,

}

impl<T: Eq + Hash> Counter<T> {
/11 A Counter & THsurtt.
fn new() -> Self {
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Counter { values: HashMap::new() }

}

/17 AR kel 2y 42 AU
fn count(&mut self, value: T) {
*self.values.entry(value).or_default() += 1;

}

/11 AZHE o] BAIE S4E whehehyrct.
fn times_seen(&self, value: T) -> u64 {
self.values.get(&value).copied().unwrap_or_default()
}
}

fn main() {
let 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 {
println!("{} 7He {} 2= A3y ch. ", ctr.times_seen(i), 1i);
}

let mut strctr = Counter::new();

strctr.count (A" ;

strctr.count("2#A");

strctr.count("At");

println! ("AF {37 22", strctr.times_seen("AF"));
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This segment should take about 1 hour and 40 minutes. It contains:

Slide Duration
H| 10 minutes
Iterators 10 minutes
From ¥} Into 10 minutes
HAE 5 minutes
Read 9} Write 10 minutes
Default, +ZX] Aulo]E ¥ 5 minutes
224 (Closure) 20 minutes
AEEA: vlol 2] Ee 30 minutes

E}Q3} oh2k7lA) 2 7+ E2lo] Bt BA S AEsHE HlAIZS SojaiA 2.

2]
o] ML 1T, F3boll A1 HatAl 2.

PartialEq and Eq

PartialEq = B4 WA ERl eq A FH ne HIMEE AHE S # 2 57 AUt == 1=
AAL= ol 2|g MM EE 2 &Y
struct Key {

id: u32,

metadata: Option<String>,
}
impl PartialEq for Key {

fn eq(&self, other: &Self) -> bool {

self.id == other.id
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}

Eqis a full equivalence relation (reflexive, symmetric, and transitive) and implies PartialEq.
Functions that require full equivalence will use Eq as a trait bound.

PartialOrd ¥ Oxd

PartialOrd = partial_cmp HAES AFESto] RESA S Aottt <, <=, >=, > Az}
alahs HArgE YT,
use std::cmp::0rdering;
struct Citation {
author: String,
year: u32,

i

Lr—L

}
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,

}
Ord & AA A4 2| olH cmp + Ordering SRHEHgU ),
PartialEq« A& TFE EFQY 2holl 82 4 YA Eq =782 4 s YT ¥HAY o] 7] W2 Y

o},
struct Key ({

id: u32,

metadata: Option<String>,
}

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

dA| 2 ol2fet ERolE A&t A2 At ol ARt

rr

17.2 Iterators

AR eHZEE= std: iops o A& ©FTE ERClEES SSlF@EUh
struct Point {
x: 132,
y: 132,
}
impl std::ops::Add for Point {
type Output = Self;
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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 };
printlnt("{:?} + {:?2} = {:?2}", pl, p2, pl + p2);

}

=9 A:

* You could implement Add for &Point. In which situations is that useful?
- ©@:Add:add = self & 22 et} whof Bl T 7k Copy E|Sl& #dshal Q1A @4tk
R&T of] isiA = ‘5*&%} LHEYE I oHOl: Syt o] FAIGHH 2 E oM &2 =
AFE e 4 s U
* 9 Output o] A EtdI7tR? Bbd whefuE 2 e #3027t _?
- Short answer: Function type parameters are controlled by the caller, but associated
types (like Output) are controlled by the implementer of a trait.
* Add & o] &3l M2 o0& F 719 Bde e = EUH. ol & 5] impl Add<(i32,
i32)> for Point =%5Z 2 Point o & & A s FYct.

17.3 From} Into

B2 go|g FHeS 8l From & Into E7dFd Y
fn main() {
let s = String::from("hello");
let addr = std::net::Ipv4Addr::from([127, @, @, 11);
let one = i16::from(true);
let bigger = i32::from(123_116);
println!("{s}, {addr}, {one}, {bigger}");
}

From o] 7@ =W Into HA] AH5 o & TPk

fn main() {
let s: String = "hello".into();
let addr: std::net::Ipv4Addr = [127, 0, @, 1].into();
let one: i16 = true.into();
let bigger: i32 = 123_1il16.into();
println!("{s}, {addr}, {one}, {bigger}");
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https://doc.rust-lang.org/std/convert/trait.From.html
https://doc.rust-lang.org/std/convert/trait.Into.html

174 HZXE

Rust ol =  HEo] ATt as & AHE

22 et Fojgyr.

fn main() {
let value: i64 = 1000;
println!("as ul6: {}", value as ul6);
println!("as i16: {}", value as 116);
println!("as u8: {}", value as u8);

e

YA A2 Adg Ut o] 4oz C 9on|

}

as 9] A= Rust ol 4] o= o S FoLEH U o= 7|2 WA o 22 B
o Weke ujo] Aot ¢S 4 U UTh BAE BAstn FHa 4] 72,

Casting with as is a relatively sharp tool that is easy to use incorrectly, and can be a source
of subtle bugs as future maintenance work changes the types that are used or the ranges
of values in types. Casts are best used only when the intent is to indicate unconditional

truncation (e.g. selecting the bottom 32 bits of a u64 with as u32, regardless of what was in
the high bits).

For infallible casts (e.g. u32 to u64), prefer using From or Into over as to confirm that the
cast is in fact infallible. For fallible casts, TryFrom and TryInto are available when you want
to handle casts that fit differently from those that don't.

o &etol £7} 24 3 ZA| 4of7ke o] F&U

as is similar to a C++ static cast. Use of as in cases where data might be lost is generally
discouraged, or at least deserves an explanatory comment.

o] 42 usize 2 WMol AQloZ AHET o AUHAY L,

17.5 Read®}Write

Read ¢} BufRead EAF&5tH u8 EFQ 9] Hlojg] 2AERE ¢l 2 4 AHUh
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";
println! ("€l WY =: {}", count_lines(slice));

let file = std::fs::File::open(std::env::current_exe()?)?;
println! ("=td W =: {}", count_lines(file));
Ok(())

}

o} H| 54|, Write & AF25HH u8 EFYl o] TlojE & &4 gl th

93


https://doc.rust-lang.org/std/io/trait.Read.html
https://doc.rust-lang.org/std/io/trait.BufRead.html

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

fn log<W: Write>(writer: &mut W, msg: &str) -> Result<()> {

writer.write_all(msg.as_bytes())?;
writer.write_all("\n".as_bytes())

}

fn main() -> Result<()> {
let mut buffer = Vec::new();
log(&mut buffer, "<rdstye")?;
log(&mut buffer, "World")?;
println! ("= Wel: {:?}", buffer);
0k(())

17.6 Default Eg|9l

Default Egol2 of® gt<do tieh 7| 24k A5ty
struct Derived {

X: u32,

y: String,

z: Implemented,

}
struct Implemented(String);

impl Default for Implemented {
fn default() -> Self {
Self("& Au]jA" . into())
}
}

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

let almost_default_struct =

Derived { y: "Y AA=E" . into(), ..Derived: :default() };

println!("{almost_default_struct:#?}");

let nothing: Option<Derived> = None;

println! ("{:#?}", nothing.unwrap_or_default());

o EFQlE A FHstAY #[derive(Default)] & EojA Aot

Y,

» AupLe7t g A4E 7R A RE e s 7)E g
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https://doc.rust-lang.org/std/default/trait.Default.html

ks dydh

* The partial struct initialization works nicely with default.

» The Rust standard library is aware that types can implement Default and provides
convenience methods that use it.

* The .. syntax is called struct update syntax.

17.7 Z=4 (Closure)

224 Z2 a2 Yt Yyt o] 52 Fn,FnMut, FnOnce 2 S EolS 7AF
Uk
fn apply_with_log(func: impl FnOnce(i32) -> i32, input: i32) -> 132 {
println!("Calling function on {input}");
func(input)
}

fn main() {
let add_3 = |x| x + 3;
println!("add_3: {}", apply_with_log(add_3, 10));
println!("add_3: {}", apply_with_log(add_3, 20));

let mut v = Vec::new();
let mut accumulate = |x: 132| {
v.push(x);
v.iter().sum::<i32>()
b
println!("accumulate: {}", apply_with_log(&mut accumulate, 4));
println!("accumulate: {}", apply_with_log(&mut accumulate, 5));

let multiply_sum = |x| x * v.into_iter().sum::<i32>();
println! ("multiply_sum: {}", apply_with_log(multiply_sum, 3));
}
FN(e& £0] add_3) 2 AWM E g2 AR T
7] 2ol FAlol o2 E &S 4 A5Y T
FnMut(cll& 01 accumulate) = YA E & WA £UBE of2 H &2 7Hs5HA| T Aol
S8 = gS5yth
FnOnce (o2 £°] multiply_sum) = T 25 074
FnMut = FnOnce 9] sl EFL Y YTt Fn &
FnOnce 7t & 5= o|® oft Myt AR &
tE e Seleytt
When you define a function that takes a closure, you should take FnOnce if you can (i.e. you
call it once), or FnMut else, and last Fn. This allows the most flexibility for the caller.

In contrast, when you have a closure, the most flexible you can have is Fn (it can be passed
everywhere), then FnMut, and lastly FnOnce.

Andes 2247 A S A A st=2 o ©e} Copy(l & £°] add_3) 2 Clone(l & &°
mu1t1p1y_sum)°°“#k1$= ety
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NEHos F2A L, shsstt, H2E AHES A S Ptk move /A ES AW o2 U7t
gyt
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");

17.8 A& EA: "ol E g

ﬂﬂﬂﬁ”ﬂ 9] "ROT13” 423t 78T L5 Edolazt o] SAfstal =2t H]
EFddYT A7) 05| f &g UTF-8 Q1A &elste ™ ASCIL J-Z A M 5hA| 2.

use std::io::Read;

v
]l
T
=
i)
il

struct RotDecoder<R: Read> {
input: R,
rot: u8,

}
// “RotDecoder'9 ‘Read’ E#|9le 33guct,

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);
}

mod test {
use super::*

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

}

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

}
7}7} 13 244 8] 75H= = 7o) RotDecoder QI AE A 7ol Yot oA Hrte?

17.8.1 3sIg
use std::io::Read;

struct RotDecoder<R: Read> {
input: R,
rot: u8,

}

impl<R: Read> Read for RotDecoder<R> {
fn read(&mut self, buf: &mut [u8]) -> std::io::Result<usize> {
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 {
*b = (*b - base + self.rot) % 26 + base;

1

a' } as u§;

}

}
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);

mod test {
use super::*

fn joke() {
let mut rot =
RotDecoder { input: "Gb trg gb gur bgure fvqgr!".as_bytes(), rot: 13 };
let mut result = String::new();
rot.read_to_string(&mut result).unwrap();
assert_eq! (&result, "To get to the other side!");
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fn binary() {

let input: Vec<u8> = (0..=255u8).collect();

let mut rot = RotDecoder::<&[u8]> { input: input.as_ref(), rot: 13 };

let mut buf = [Qu8; 2567;

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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o mjze e, o5, A JAR]: Rust 7F Ml B 2] oFd & HAst= WY
o 20tE ZRIE: EF 2lo|He 2] ZIEH &

Agoof

Including 10 minute breaks, this session should take about 2 hours and 20 minutes. It contains:

Segment Duration

ne 3 minutes
m e #e] 1 hour
A0FE EQIE|l 55 minutes
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A 19 A

) &2 2] 2]

This segment should take about 1 hour. It contains:

Slide Duration
z27d W2 AE 5 minutes
2= W 2 2] 2 10 minutes
29 H 5 minutes
Move &H 5 minutes
Clone 2 minutes
23t el 5 minutes
Drop 10 minutes

AL EA: HE gl 20 minutes

19.1 =233 wrRIYHE
EEREER S GRS EER EEES TS
P 2E: 27 WAE A% ASHQ e ool
- o}7] AFH L ghe Antd A AR 14 2718 25Ut
~ oh9 whE: v m e S uEto] thx) A8 molE o o] Futo 2 ud U
- Bk 48 g4t S2EW @99, Fu s vEg U
- sdo] 9t grEe w2 vme lgAe U
- Y Y4 TH/AY G glo] SAHE Fol AFHE 2,
- o}7] 4w ghe 223 94 1 2707 2P
- zu Bokt LY uRe $Y/MEkA ol & do] & o &yt
RPN S

A

String & shut gHS 7 we, Adiel = 1A 270 viet ool e 7bg A E 1, Yol A 27]9
o8], =, AA| £A<, of 44 P
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fn main() {

let s1 = String::from("2rdstA|2");
}
Stack
-------------- . Heap
sl :
L t------- + :
| capacity | 5 | : +-
| ptr | o- +---+----_+__>|
| len | 5 | . -
L Fomm - - + :
o B2 (String) 2 AA2+E Vec YUYt
o & 3717 283874 3ol A & gt
« 3o 7|20 2 System Allocator & 5
g w2y FAE vhE 2 Sy
a7

Es grtg Yt 18 11 Allocator API £0] 8384 HA

We can inspect the memory layout with unsafe Rust. However, you should point out that this

is rightfully unsafe!
fn main() {

let mut s1 = String::from("FgstAlL™)
sl.push(' ');
sl.push_str("world");
/1 HolM= oA mhAle. w& FHo=wh AHEE £ gyt
/1 EADe wojolee wAsA gonz
/1 BYEZA] kg FAo] WY £+ sy,
unsafe {
let (capacity, ptr, len): (usize, usize, usize) = std::mem:
println!("capacity = {capacity}, ptr = {ptr:#x}, len = {len}
}
}
19.2 A5 W= He
Wegoz, = x5 ma a1y o}t YUk
H® e a7t Zz e o] st FA|stol] AT =5 (LA PSR S 4= Q)

o]: C, C++, Pascal, ...
- x2Jrt 3 HrYg s gddstAY R

A7) AARYT.

- T2 ZE 7} oA S a2 sha] 7] =% tols| okt o,

~ o7 ATto) maw m2 dauE Axg,

-transmute(sl);

")

o
.

A

.« vl e] 27} 2ebelo] of o] BB Rk A R A5 (LA ZR 1Y ol X7t 1A

L ¢lE) 2l ?lof: Java, Python, Go, Haskell, ...
— HEQ A|lAEle MRS i oA ZEE £

=
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https://doc.rust-lang.org/std/alloc/struct.System.html
https://doc.rust-lang.org/std/alloc/index.html
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o] Seo|Ex thE Aol S ARESh= S0l Mol w2t Rust & AHEsh=t =22 571 s A4
HAEUS
* C=malloc B free & &5t P& #5222 wes)

= ofgtyrch UukAQl e 22 L free &
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e Ych oleld =78

Sh= AUFE ZRIE] (unique_ptr, shared_ptr) ot 2
Skof C o FAMS M5 Sk A2 o5 ml@ d5Uh

H1-fol
%JMW
Lok
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i) >“
fo nt
ofo ofo

* Java, Go, Python 2 7}H] 2] ZE] 5 AR&sf O o]} A4 4 gleml 2 & Aol AMAlg
Uth o]2A| 5} RE ZlE 7} 3tz = 29) 0 0 & yse-after-free U 7| e} Zafj A0 B 1=
AAE 4= ALY sEAIRE GC = HEHY v &o] WAYstH A= 24 0P7l7} oldsych
Rust o 2 6d 9 93 mee g2 2] 49 Haks| I st 3o alloc Y free 22 Alas}to] C 2
s de 5 AU 5, Hl£°l =2 °"‘14E} C++~l AufE molelgh 9ARRE E s Al Z ek
oo A E AL 22 o E SHS AHEE 4 Jlaw, HC ute] 20| EEARESHo] ”IEHY] 7}
HIZ] A S AL = YU (o] S LolMedFA &

2E W HRIg2 FET "R (A2 Z)"E 7HA M, 9 Bioll A fAbg s of 27k Ay o
struct Point(i32, i32);

fn main() {
{
let p = Point(3, 4);
println!("x: {}", p.0Q);
}
printIn!("y: {}", p.1);
}
We say that the variable owns the value. Every Rust value has precisely one owner at all
times.

At the end of the scope, the variable is dropped and the data is freed. A destructor can run
here to free up resources.

7Ha] 2] A o 0‘%_ g2 7 A A E7 A4 7hse REHREE 2] Qs ' FEAE
BEAARITE AP S & 4 S AYUTh Rust o) ' A& {A YA = o]ek fARIU T

ﬂ
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fn main() {
let sl1: String = String::from("Hello!");
let s2: String = s1;
println!("s2: {s2}");
// println!("sl: {s1}");

+ 512 5200 BFso] A7 o WAL,
+ 519 ATEF EREW oY A etk kst s12 oy AgAo] 9lY BEguth
+ 529 25m7t ZREW 224 dlolel: SAPUTH

s2 2 o]5 M Hj=g:

Stack Heap
sl
R ettt Fom - + B it I e kI e o
| ptr | o--testeeocbe>[H e |1 |1 Jo |t
| len | 4 | : Fommedb oot
| capacity | 4 | :
Fommm e . + :
S22 ol S HEe:
Stack Heap
sl "(inaccessible)"
Fommm e T + : : T i T P P e
| ptr | Om--te-etetests>[Hofe [ 1|1 o | !
| len | 4 | S g
| capacity | 4 | S
S R —— B + | : .
| - - - - o oo oo oo ool
s2 |
S S + : |
| ptr | 0m-oteotes
| len [ 4 |
| capacity | 4 |
R e i +

2he ol A, 1 ghe ol 4ol FE U ofn) A7 o Fo] Uolck
fn say_hello(name: String) {
println! ("<EstAI L {name}")

}

fn main() {
let name = String::from("Alice");
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say_hello(name);

e o] Crrat BT A2 AW L. Crrol Mt BAE 7180l 1, std: :move & o] §3fok

W

(23 ol5 A

« A7z olFHE A

N

F % <)l of glofobh) 282 ol Ho] By},

2fdd 2AdUch HAl ZE oA o] B JARZF dojd 2] & 2o

gt A2 ZAuele] giol A Aojit 2 Hat 2 AU ch. o2 BAL: 223} 2ol 4] A7}

gyt

« 40k 2e 2R hE-2 Copy (Fol AR FYTH 2 b E 494Utk
=3

» Y AEO| AL BA ol A H 02 clone & AHEHY]

say_hello i:

» say_hello &9 WA 2EA main 4= A4l 0] 74 name of] thgk 4f

0|3 main &40 A= name S AF2E £ gl TH

* name °ofl ¥FE Y= #H 2= say_hello g4 EollA siAlE Y.
main o)A name & FEZH G (F ) 5t (&name), say_hello oA ti7/fH S-S %

o &2 £A49ttA main 4& name & 2 /FF /AT 4 Y5
« T AWM TF Al main F4oll4] name & EAISHAAEE = Qg Uth.(name. clone())
* YAEEO|FS 7|20 R 511 BAE PAH o2 St EE vhEo g, o] oA BARE S

RFE = Zo] C++ol A Hr} off H Ut

CRE TR

Defensive Copies in Modern C++
Modern C++2 o] A& t 27| s 2t

"Cpp";
s1;

std::string sl
std::string s2

* 519 3] dojE& BAH L, s2 = 5P A EARR SIS Y

e 519529 AFI7} ZE W Zbzbo] o & 2] 7}l A H U o}
EAFA:

Stack Heap
sl
Fomm e - Fommm oo + : : B O
| ptr | O---+---#--4--+-->| C | p
| len | 3| : D oo
| capacity | 3| :
L e - - + :

EAF =

Stack Heap
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R et R i + : : R e sl S
| ptr | 0---t---t-t--t->| C | p | p | :
| len | 3 | : : Rt EEEEE :
| capacity | 3 | :
R o + .
s2 :
R o= + +----t----t----+ .
| ptr | omcete-eteeeke>| C o p | p |
| len | 3| : TR E T :
| capacity | 3 ] : :
R e et R it + : .
7] ZQE

o C++= Rust & 97 o} 2 MEl S & U == Hlo| g EEAISIE 2 219 f|o] g7 S2 5 o]
of gtych O¥ A goH Exd F }Wﬂm% Hojd uf double-free 7} BH gy ch.

o C++oll= G2 o] 5 £ = A HS et = g AFRE = std: imove =5 UTh o7 s2 =
std: :move(sl) o] ctA 7 gFo| e YstA] gk& Lt o]F Fojl= s1 o] F&5HA T A =
2] ok A el ZF "yttt Rust o @8] =2 aejn)s s1 2 A4 AFE S 94T

» Rust &} 22, C++9] == BAIE AL o] 55 = Eflof et A2 HYolo] F== AaYst 9L
ytt.

19.5 Clone

e st= 49 = &Ytk Clone EFQl2AHE5H Hyth,
struct Backends {
hostnames: Vec<String>,

weights: Vec<f64>,
}

impl Backends {
fn set_hostnames(&mut self, hostnames: &Vec<String>) {
self.hostnames = hostnames.clone();
self .weights = hostnames.itexr().map(|_| 1.0).collect();

}
Clone 9] 7id-2 3§ &go] BHAY
Box: :new &t -2t} &
By HAA7| 2 2A4 &)

297t B,

rlr
do
e
o
Y
12
i)
=
rlr
Y,

AUt .clone() ¥ Vec: :new ==

UZoll thA] ’Este] s 33282 A eetH il Al =5k

19.6 S3tE

o] 50| 7] Aol A%, B4 ebele HAE T}
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fn main() {
let x = 42;
let y = x;
println!("x: {x}"); // would not be accessible if not Copy
println!("y: {y}");
}

o|2f% eel 52 Copy E2ole @B H
44 WHE Y S = Copy BN FATC BAE & 4 ULk

struct Point(i32, i32);

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

L]
. A

9 %, p1 9} p2 = A4 tlo]el 487
1402 pl.clone() & AL&3tol Hlo Bl 2Aa 4 Aguic,

EAL (copy) 2 54 (clone) & 2] &5U T

s BAE vRele) Yge Toi2 g Y o BEE AL ojujatn], bR AR o At o A PatA &
gy

+ EARE Z2Euol & 5 gyt (CrolA BAF AR B9 HAEHE dol2 FUT 4

= 27k vl @7k HUct)

« BAE RO ARl 20|, Clone 2191 Ta3lo] BAIAEHE AxEvhol = F 4 9
Ut

» Drop E2|9& T&3 EFYL BAIE| 2| erguch

] ol Aol A thg& Al =3l HA]7] Bigtyoh:

e Point XA 0] String ¥ EZ F7tstH Q. Hotd HAE-S AdYch e LFstH String 2
Copy E2|9g7@at 97 7] W2y,

* Remove Copy from the derive attribute. The compiler error is now in the println!

for p1.
* pl S BAlhd & S ES FAs| v R

o HJSE

19.7 Drop E 9

Dl’op EE]O] 0,;Lo:] 0]-D:] 1 7]'0] i\_ RN l-:;l-l]-—gi l‘]—ZF_]- U’H }\E]

struct Droppable {
name: &'static str,

o2
it
&l
I
i
L
ox
ok
3
30
>
L
o

}

impl Drop for Droppable {
fn drop(&mut self) {
println! ("{} 2#l =", self.name);

}
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https://doc.rust-lang.org/std/ops/trait.Drop.html

fn main() {
let a = Droppable { name: "a" };

{
let b = Droppable { name: "b" };
{
let c = Droppable { name: "c" };
let d = Droppable { name: "d" };
println! ("B £ Urt7|")
}
println! ("A S04 Y7t7|");
}
drop(a);
println! ("mainolA Wz7|");
}
* std::mem: :drop 2 std::ops::Drop: :drop I ZX &Yt
- ghol W9l S Holutw Abgo 2 AAE YT,
o Zro] AAE wj std: :ops: :Drop & 5t Drop: :drop ¥ o] S&HYrch
o J12|H Drop +3& o o} TAglo] s BEE BF AAHYT
* std::mem: dmp3”°ﬂﬂ&“m°vwwﬁ¥Zoﬁﬂ%aﬂi%ﬂ%ﬂﬂﬂiﬁﬁ
Zol| A A ek Utk meba welSulold aiu o e e YA K o2 AT 4 gl
Hegh gyt
~ o drop oA FE A, 1 2] 59 e AYF=Ael 8% 4 syt
=o]H:

1f & ak=z vhz] k&Y 7p?
o B Rt lﬁﬂ%q@swnmm :drop o] &9 EA TEH I, OA
Dmp :drop & &3 Hof, & iﬂﬁiﬂm”&qq'
» drop(a) & a.drop() & HA3| EA|7] vighy o),

* Drop: :drop 2 9ff se
o

19.8 A5EA: 2EES

ﬂﬂﬂﬁ%zcwﬂﬂai%ﬂ% SRS e
He sty H st e 2 2| Y5ty
e 22 AL,
enum Language {

Rust,

Java,

Perl,
}

struct Dependency {
name: String,
version_expression: String,

}

/1] AZEQo] m7]x]S Jehdyct.
struct Package {

name: String,

version: String,

108



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 {
todo! ("1")
}
}

/17 71 g e Ay, “build() & AR&SHe] “Package” AHAlE TEUHH.
struct PackageBuilder(Package);

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

/17 WAA WHE AU,
fn version(mut self, version: impl Into<String>) -> Self {
self.0.version = version.into();
self

}

/17 EH7]Z] Z(j]—/\é]]_%_ /gzé]%],qr/}_

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

}

111 &% %
fn depende
("4

2g 27k,
ncy (mu
todo! ('

y(mut self, dependency: Dependency) -> Self {
")

}

/11 Q015 AgUct. AHstA] dod o7t 7|2H 0 F None o2 AAHUCH
fn language(mut self, language: Language) -> Self {

todo! ("5")
}

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

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

19.8.1 ¢

enum Language {
Rust,
Java,
Perl,

}

struct Dependency {
name: String,
version_expression: String,

}

/11 2ZE 0] 71X 2 byt
struct Package {
name: 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(),

}

/17 H71AE dedyck, “build() & AH&3te] “Package’ #AAE wHEYTh.
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(),
authors: vec![],
dependencies: vec![],
language: None,
})
}

/17 B71A HEE APyt

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

}

/11 B71A AEAE APyt

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

}

/11 4% F5& F7RYGH.

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

}

/17 AolE AAdUch. HAAsA] Fow dojrt 7|24 o2 None o= AYHYT.
fn language(mut self, language: Language) -> Self {
self.®.language = Some(language);
self
}

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

fn main() {
let base64 = PackageBuilder::new("base64").version("0.13").build();
println!("base64: {base64:?}");
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:?}");
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Al 20 B

AnbE ZQIH

This segment should take about 55 minutes. It contains:

Slide Duration
Box 10 minutes
Rc 5 minutes
E|ql 74 10 minutes

AEEA:HlolH g E8] 30 minutes

20.1 Box<T>

Box =% ©lo]gof thdt &F ZAE Iy}
fn main() {
let five = Box::new(5);
println!("five: {}", *five);

}

Stack Heap
five :
+----- + . +----- +
B e et NI
+ommm- + : +ommm- +

Box<T>Z Deref<Target = T>EFH3Yrth o] Box<T>oA THAMEE Y &

£ oJul gy,
A7 ol ElL 52 27] 9] tjo| e et Box E1Y-S AMgafokgtch:
enum List<T> {

/// A non-empty list: first element and the rest of the list.
Element (T, Box<List<T>>),
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/// An empty list.
Nil,
}

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

}
Stack Heap
list
R, Fom et -t P Fom et Fom e - Fom et
| Element | 1 | O--#----4----- +--->| Element | 2 | 0--+--->| Ni1 | // | // |
P, B : P S Fomme oo ot -+
* Box islike std: :unique_ptr in C++, except that it's guaranteed to be not null.
» Box & oo} 9ol f-8ack:
- €19) 2718 At AlFol & 5 Qe A
~ ol 2 Holele] 45 AL BT AL A9, 28] Yk Dol T BAIHE Al Box
£ ol -&sto] HlolE = Yol A gkl ZAE T o] st Hu
» If Box was not used and we attempted to embed a List directly into the List, the
compiler would not be able to compute a fixed size for the struct in memory (the List
would be of infinite size).
* Box & R ZAE| 9t 7|7} 7] wi&oll 2715 AlMtste vlEAl7E s U ohet fof 92|35
List ol b5 245 7HZEd Yy
* Remove the Box in the List definition and show the compiler error. We get the message
“recursive without indirection”, because for data recursion, we have to use indirection,
a Box or reference of some kind, instead of storing the value directly.
o & K7

Yx] (EA1) 2 A3 (Niche Optimization)

enum List<T> {
Element (T, Box<List<T>>),
Nil,

}

fn main() {
let list: List<i32> =

List::Element(1, Box::new(List::Element(2, Box::new(List::Nil))));
println! ("{list:?}");
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Box = Hlo& 4 iU th webA ZAE = /4 a5t null o] obdUth o] = ZHupd 2|7} v
23] gojotz-g A st & U7 siFyth
Stack Heap
: list :
: Fomme - R + L R e T
: | Element | 1 | O--+----4----- +--->| Element | 2 | // | :
: Fomm e - o4 : : . R
20.2 Rc
Rc =3z 7He® o/ ZAEA YT of 3 fx|ollA FL3t tlol8 & Fxslofd A ¢ ARyt

use std::rc::Rc;

fn main() {
let a = Rc::new(10);
let b = Rc::clone(&a);
println!("a: {a}");
println!("b: {b}");
}
o E| A E FFolA ZA5H= HS Arc o Mutex S EsHAIL
« drop 7Hs8 €& 2 & WE7] Y8l T/ EZRJIEE Weak ZRIEHZE T g0t & £& gl
HUt,
* Rc = ZE7IREE &l F27F = 52 Re 7H7H=] 71 3L QL= ghol Wl 2ol A s A= 2] ¢
= By
o C++9] std: :shared_ptr & FAFEUTH
* clone & H|-&0o] 719 EA F&H5UTh 22 XS 77| =X JEHE sty o B, R 7R E
£ s9Yth ZJAE7} 7 7] = g A7 BA (A2 5A4) H A= o, g Z e ds
EA7IA =2 HAES o YHEA 0 2 Rec £ clone dt= AL2FAIE 4= 14Ut
* make_mut = A2 Z a3t F 2ol HH FZSEASHL ("clone-on-write”) 7} 2 & wHEHet

Y,
2 FHEEE #lsta# ™ Re: i strong_co

unt & AR&sHAl L.

Rc: :downgrade gives you a weakly reference-counted object to create cycles that will

be dropped properly (likely in combination with RefCell).

20.3 Ed|SIAH)

E29l 2= Btlo] ThE gt (15 Sof Ao
struct Dog {

name: String,
age: 18,

I
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struct Cat {
lives: 1i8,

}

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

impl Pet for Dog {
fn talk(&self) -> String {
format! ("WYY, Al o5 {3dUct.", self.name)
}
}

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

fn main() {
let pets: Vec<Box<dyn Pet>> = vec!]
Box: :new(Cat { lives: 9 }),
Box: :new(Dog { name: String::from("Fido"), age: 5 }),
1.
for pet in pets {
println!("Hello, who are you? {}", pet.talk());

}
}
pets & @33t o] T o] m g gojofR:
Stack Heap
"pets: Vec<dyn Pet>" : : "data: Cat" R L EE T PR,
e oo + : T e + | F | 1 | d | o |
| ptr | 0---+---+--. | lives | 9 | L e LTt
| 1len | 2 | N R toomoo-- + A
| capacity | 2 | S A
Fomm e - e + A | R
S | data: "Dog" |
S | e e +
-------------- R tooo |-t | name | o, 4, 4 |
‘--+-->| oo | 0 O-|----- >| age | 5|
to| -t -+ Foommm - S — +
| |
T
| |
| | "Program text"
e
| | vtable
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vtable

e o - +
——————————— >| "<Cat as Pet>::talk" |

R +

» Types that implement a given trait may be of different sizes. This makes it impossible to
have things like Vec<dyn Pet> in the example above.
+ dyn Pet o|2}11 5}Rio] EFle] A7) SHolnf Pet &7 HSkT Acka Hatd oA Ll F
£ ek
» o] ollofl A= pets 7k Aelol] EE T W] dlojel: FollEUTh £ HE 24t fat EQIE]
Ayt
— Afatpointeris a double-width pointer. It has two components: a pointer to the actual
object and a pointer to the virtual method table (vtable) for the Pet implementation
of that particular object.
— ©]=o0] Fido ¢! Dog 9] Hlo] &&= name ¥ age ¥=J Yt} Cat o+ lives B=7F A5Y
=
« of2f FE=0o] Auel Hl s EAlL:
printIn! ("{} {}", std::mem::size_of::<Dog>(), std::mem::size_of::<Cat>());
printIn!("{} {}", std::mem::size_of::<&Dog>(), std::mem::size_of::<&Cat>());
println!("{}", std::mem::size_of::<&dyn Pet>());
println! ("{}", std::mem::size_of::<Box<dyn Pet>>());

204 AFEA: Ho| {2 EZ

7} wE} ke Agehe E2 e s U

=Z
L T
S0 A2 S EFSIL, N LEX 519 E
A4 H HAEZL Aot E & o3 g S Yo
#7225 4he AR Bkshs vt E Exjo) e v A s AT
/// A node in the binary tree.
struct Node<T: Ord> {
value: T,

left: Subtree<T>,
right: Subtree<T>,

ol
oL

}

/// A possibly-empty subtree.
struct Subtree<T: Ord>(Option<Box<Node<T>>>);

]»‘

ol

/11 vrolde] Eelg Argstol 3k W t
vy
/11 &L3E gro] ofg] W F7iEW g HEh AU
pub struct BinaryTree<T: Ord> {
root: Subtree<T>,

fjo

]

oX

rr
)

Hloj LTt
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}
// Implement "new’, “insert’, "len , and "has'.

mod tests {
use super::*;

fn len() {
let mut tree = BinaryTree::new();
assert_eq!(tree.len(), 0);
tree.insert(2);
assert_eq!(tree.len(), 1);
tree.insert(1);
assert_eq! (tree.len(), 2);
tree.insert(2); // 1% &&o| opdict.
assert_eq!(tree.len(), 2);

Olt N

Q.

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

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

}
assert_eq!(tree.len(), 100);

assert! (tree.has(&50));

204.1

use std::cmp::0rdering;
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/// A node in the binary tree.
struct Node<T: Ord> {

value: T,

left: Subtree<T>,

right: Subtree<T>,
}

/// A possibly-empty subtree.
struct Subtree<T: Ord>(Option<Box<Node<T>>>);

/11 violue] E2lg Abgstel gk ¥ae AFsts Aol
/17
/1] FA% ol ofe] W F/EW 3 wuk AP,
pub struct BinaryTree<T: Ord> {
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),

b
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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),
Ordering::Equal => true,
Ordering::Greater => n.right.has(value),

Y

}

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.insert("bar");
assert!(tree.has(&"foo"));

}

mod tests {
use super::*;

fn len() {
let mut tree = BinaryTree::new();
assert_eq!(tree.len(), 0);
tree.insert(2);
assert_eq! (tree.len(), 1);
tree.insert(1);
assert_eq!(tree.len(), 2);
tree.insert(2); // 19 T
assert_eq!(tree.len(), 2);
}

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

check_has(&tree, &[false, false, false, false, false]);
tree.insert (0);

check_has(&tree, &[true, false, false, false, falsel);
tree.insert (4);

check_has (&tree, &[true, false, false, false, truel);
tree.insert (4);

check_has(&tree, &[true, false, false, false, true]);
tree.insert(3);

check_has(&tree, &[true, false, false, true, truel);

}

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

}
assert_eq!(tree.len(), 100);

assert! (tree.has(&50));
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A 21 &

Welcome Back

Including 10 minute breaks, this session should take about 2 hours and 10 minutes. It contains:

Segment Duration

=1 50 minutes
s 1 hour and 10 minutes
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Al 22 A

13

This segment should take about 50 minutes. It contains:

Slide Duration

d12 10 minutes
2 10 minutes
e84 10 minutes
ASEA: dejdolg o]HIE 20 minutes

221 2

As we saw before, instead of transferring ownership when calling a function, you can let a
function borrow the value:

struct Point(i32, i32);

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

fn main() {
let p1l Point (3, 4);
let p2 = Point(10, 20);
let p3 = add(&pl, &p2);
println! ("{pl:?} + {p2:?} = {p3:?}");

* add 4= = Point 244 7e W oA AZ2 Point AA|E HHEFU L
s pl 3t p2 9 £AFHL X3 (main g<4) ofl A5Y T

<
of SetoEt 1Y Ao) H2E O A2 E HESHE AR, o7t B u o g4 A4 W e =

=
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in)

-}

H7|

2dlo] g d g2 st Aol g Fan

* Demonstrate that the return from add is cheap because the compiler can eliminate
the copy operation. Change the above code to print stack addresses and run it on the
Playground or look at the assembly in Godbolt. In the ”"DEBUG” optimization level, the
addresses should change, while they stay the same when changing to the "RELEASE”
setting:

struct Point(i32, i32);

st

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);
println! ("{pl:?} + {p2:?} = {p3:?}");

}
« BAE ot e = gl A5 (RVO) & +3E 4 AsYTh
* C++of| A copy elision & /g 29| F4a 1} 7Hs/d o] Qlof z
Eojx= 2A7F = A ek5 Yt gHeF RVO 7HEAY5HA] ¢F o 2| AE = 4 7t
memcpy EAFE ST Ad Yo

222 wd

Rust's borrow checker puts constraints on the ways you can borrow values. For a given value,
at any time:

* You can have one or more shared references to the value, or
* You can have exactly one exclusive reference to the value.

fn main() {
let mut a: i32 = 10;
let b: &i32 = &a;

{
let c: &mut i32 = &mut a;
*c = 20;

}

println!("a: {a}");
println!("b: {b}");
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https://play.rust-lang.org/?version=stable&mode=release&edition=2021&gist=0cb13be1c05d7e3446686ad9947c4671
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» The exclusive reference constraint is quite strong. Rust uses it to ensure that data races
do not occur. Rust also relies on this constraint to optimize code. For example, a value
behind a shared reference can be safely cached in a register for the lifetime of that
reference.
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22.3 As28A

In some situations, it's necessary to modify data behind a shared (read-only) reference. For
example, a shared data structure might have an internal cache, and wish to update that cache
from read-only methods.

The ”interior mutability” pattern allows exclusive (mutable) access behind a shared reference.
The standard library provides several ways to do this, all while still ensuring safety, typically
by performing a runtime check.

RefCell

use std::cell::RefCell;
use std::rc::Rc;

struct Node {
value: i64,
children: Vec<Rc<RefCell<Node>>>,

}
impl Node {
fn new(value: i64) -> Rc<RefCell<Node>> {
Rc::new(RefCell: :new(Node { value, ..Node::default() }))
}
fn sum(&self) -> i64 {
self.value + self.children.iter().map(|c| c.borrow().sum()).sum::<i64>()
}
}

fn main() {
let root = Node::new(1);
root.borrow_mut().children.push(Node: :new(5));
let subtree = Node::new(10);
subtree.borrow_mut().children.push(Node: :new(11));
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subtree.borrow_mut().children.push(Node: :new(12));
root.borrow_mut().children.push(subtree);

println! ("Z2=: {root:#?}");
println!("Z== A : {}", root.borrow().sum());

Cell

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

The main thing to take away from this slide is that Rust provides safe ways to modify data
behind a shared reference. There are a variety of ways to ensure that safety, and RefCell
and Cell are two of them.

* RefCell enforces Rust's usual borrowing rules (either multiple shared references or
a single exclusive reference) with a runtime check. In this case, all borrows are very
short and never overlap, so the checks always succeed.

* Rc only allows shared (read-only) access to its contents, since its purpose is to allow
(and count) many references. But we want to modify the value, so we need interior
mutability.

* Cell is a simpler means to ensure safety: it has a set method that takes &self. This
needs no runtime check, but requires moving values, which can have its own cost.
* Demonstrate that reference loops can be created by adding root to subtree.children.

« self.value & Z7IA 7| =H A E9 fn inc(&mut self) & F7}st I HA =R
Al oA EZ5tA Q. 121 thread 'main' panicked at 'already borrowed:
BorrowMutError' RIEtY] oy o] WSS HolAlQ.

224 ALEEA: dado]gjo|HE

° 27 Fel g BUEYeE AAYL TRE UG BT AsUh TUHO R AL AR
% 2 A sjogryh.

You'll start with a stubbed function in an imp1 block as well as a User struct definition. Your
goal is to implement the stubbed out method on the User struct defined in the impl block.

Copy the code below to https://play.rust-lang.org/ and fill in the missing method:
TODO

pub struct User {
name: String,
age: u32,
height: 32,
visit_count: usize,
last_blood_pressure: Option<(u32, u32)>,
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pub struct Measurements {
height: 32,
blood_pressure: (u32, u32),

pub struct HealthReport<'a> {
patient_name: &'a str,
visit_count: u32,
height_change: 32,
blood_pressure_change: Option<(i32, 1i32)>,

}
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 {
todo! (" ol WE FAHUS 7N E AHEA BAE HulolEFdUL.")
}
}

fn main() {
let bob = User::new(String::from("Bob"), 32, 155.2);
println!("A+= {}ola, yol= {}A4Yrct.", bob.name, bob.age);
}

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);

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)));

2241 sIg

pub struct User {
name: String,
age: u32,
height: 32,
visit_count: usize,
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last_blood_pressure: Option<(u32, u32)>,

pub struct Measurements {
height: 32,
blood_pressure: (u32, u32),

pub struct HealthReport<'a> {

patient_name: &'a str,

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: @, 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.0 as i32 - lbp.® as 132, bp.1 as 132 - 1lbp.1 as 1i32))

}
None => None,
b
b
self.height = measurements.height;
self.last_blood_pressure = Some(bp);
report

}

fn main() {
let bob = User::new(String::from("Bob"), 32, 155.2);
println! ("= {}ola, vol= {}AdYrct.", bob.name, bob.age);
}

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:
assert_eq! (report.patient_name, "Bob");
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assert_eq! (report.visit_count, 1);
assert_eq! (report.blood_pressure_change, None);

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)));
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This segment should take about 1 hour and 10 minutes. It contains:

Slide Duration
Slices: &[T] 10 minutes
61 /¢ (dangling) &= 10 minutes
Sh S & oA o] 1 10 minutes
—r%‘ 5 minutes
Rl 5 minutes

AL EA: Protobuf @4 30 minutes

Seol Ak 2 Aeye] IR (F2 WA B BolFi ¥ (view) AUtk

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

—h
=1
3
(]
.
=]

let s: &[132] = &a[2..4];

println!("s: {s:?}"),

}
o SEfol A= O E (EdtolA H) B2 RE tlojg &' de' FU
« AE:s & &5 Mol a[3] & £45HH F&do] lojdrtar
o SEtolAE A a & UGS, AR 2 Y AE8)F] ([]) Qtoll A1 A] sy .
o Sfo]lATFRIYA 0 FE ARSI AJZ; IE| A= ek 75Ut S&a[0..a.1en()] &
&a[..a.len()] =<t

-WNQQQéiﬁﬁﬂ%QMQJﬁH&MZ .a.len()] %&al2..] & $UFU
tgal..] 7k BYth

= | i Fz AUt s o g19] (&[132]) ol vl D 9] F.7]7} wikA
Al%oﬂ ow7l H} qq.é,éa}oléé— o] -85t¥ thFst Zolo] giojEEntE 4 s Ut



* Slices always borrow from another object. In this example, a has to remain 'alive’ (in
scope) for at least as long as our slice.

* The question about modifying a[3] can spark an interesting discussion, but the answer
is that for memory safety reasons you cannot do it through a at this point in the execution,
but you can read the data from both a and s safely. It works before you created the slice,
and again after the println, when the slice is no longer used.

23.2 3§/ (dangling) =

o] A Rust o] 5 7bx] 2242 e}g) 2 ol 4 QA& Ut &str 2719] &[char] o H] &3t A| T Hlol
7} 7V Zoll Ay (UTF-8) S & A&t}
fn main() {

let s1: &str = "World";
println!("s1l: {s1}");

let mut s2: String = String::from("Hello ");
println!("s2: {s2}");

s2.push_str(sl);

println!("s2: {s2}");

let s3: &str = &s2[6..];
println!("s3: {s3}");

}
2 AE 8o0f:

e &str & _‘1_1}.0211
* String 2 &4 = ]
* &str 2 2Ad A?MEJr. 2 %a}olA = UTF-8 29039 H 2% glo|g & ojn|gt
Utk B2t 2]elE ("Hello") S 213 vholui ol &gt}
* YAEQ] Strlng EJr A= e‘z 2L 22198 o] ulo] Eof tjstulE] (Vec<u8>) YUt}
%o, Strlng o] 7+¢ 7]J_ U= EAFL String 9 A8AYth
* As with many other types String::from() creates a string from a string literal;

String: :new() creates a new empty string, to which string data can be added using
the push() and push_stx () methods.

Vec<T>7} T & &Rk §l

The format! () macro is a convenient way to generate an owned string from dynamic
values. It accepts the same format specification as println! ().

* You can borrow &str slices from String via & and optionally range selection. If you
select a byte range that is not aligned to character boundaries, the expression will panic.
The chars iterator iterates over characters and is preferred over trying to get character
boundaries right.

» For C++ programmers: think of &str as std::string_view from C++, but the one
that always points to a valid string in memory. Rust String is a rough equivalent of
std: :string from C++ (main difference: it can only contain UTF-8 encoded bytes and
will never use a small-string optimization).

* Byte strings literals allow you to create a & [u8] value directly:
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fn main() {
println!("{:?}", b"abc");
println!("{:?}", &[97, 98, 991);

23.3 ¢ ZEoAM S

A reference has a lifetime, which must not “outlive” the value it refers to. This is verified by
the borrow checker.

The lifetime can be implicit - this is what we have seen so far. Lifetimes can also be explicit:
&'a Point, &'document str. Lifetimes start with ' and 'a is a typical default name. Read
&'a Point as ”a borrowed Point which is valid for at least the lifetime a”.

Lifetimes are always inferred by the compiler: you cannot assign a lifetime yourself. Explicit
lifetime annotations create constraints where there is ambiguity; the compiler verifies that
there is a valid solution.

e Baol 22 AYHAL BaolA 2he BBt 49 12l d ol o B E U

struct P01nt(i32, i32);

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

fn main() {
let pl: Point Point (10, 10);
let p2: Point Point (20, 20);
let p3 = left_most(&pl, &p2); // p3 9 S+ ofuA =ita?
println! ("p3: {p3:?}");

}

In this example, the compiler does not know what lifetime to infer for p3. Looking inside the
function body shows that it can only safely assume that p3's lifetime is the shorter of p1 and
p2. But just like types, Rust requires explicit annotations of lifetimes on function arguments
and return values.

a & left_most ol HAs}A =7y,
fn left_most<'a>(pl: &'a Point, p2: &'a Point) -> &'a Point {
Z,7a Bt oo A 45E pl 3} p2 7k YLOW WHEF e H 4% a S AP Y
o e ye thg seto =0l A¥E o2 e 4+ gyt

23.4 T SE2oAQ$

Lifetimes for function arguments and return values must be fully specified, but Rust allows
lifetimes to be elided in most cases with a few simple rules. This is not inference - it is just a
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syntactic shorthand.
« 4 24 0] 9l 7} Aol S A ZF UL

Q15 fo] ST QL A9 FH e EA] e BE W golAFBUL,
L 1 o] ol 74 514 b A WA sell o] Aol Sle) 4 7122 A4 e B
£ vk gholl Algg U

struct Point(i32, i32);

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)));
b
}
nearest.map(|(p, _)| p)
}
fn main() {
println!(
II{:?}H’
nearest(

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

)

}
o] ool A cab_distance = 7tets] AFE U
nearest gt Q4o of 2| Fx7}b m3tE o YA A o] FQotet4o] & ThE o & A3

+x7
HiekE 4o Tal AR SHE2 AP 2 BAL.

T
fn nearest<'a, 'g>(points: &'a [Point], query: &'q Point) -> Option<&'qg Point> {

This won't compile, demonstrating that the annotations are checked for validity by the
compiler. Note that this is not the case for raw pointers (unsafe), and this is a common source
of errors with unsafe Rust.

Students may ask when to use lifetimes. Rust borrows always have lifetimes. Most of the time,
elision and type inference mean these don't need to be written out. In more complicated
cases, lifetime annotations can help resolve ambiguity. Often, especially when prototyping,
it's easier to just work with owned data by cloning values where necessary.
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ol @l Efglo] el vlol S A5 ATk, WEA] £9L A sfokgu ok

struct Highlight<'doc>(&'doc str);

fn erase(text: String) {
println! ("d {text}!");
}

fn main() {

let text = String::from("The quick brown fox jumps over the lazy dog.");

let fox
let dog

= Highlight(&text[4..19]);
= Highlight(&text[35..43]);
// erase(text);

println'(”{fox 21"
println!("{dog:?}");

« 219] oflAllell A Highlight 2]of=Elo]d (<'doc>) 24 o= Highlight AR AT} Aolgl
%%%ﬂ%lﬂﬁq&ﬂrﬁﬂﬂﬂLﬂﬂﬁdﬂ”qdﬁF@q%ﬁ ojujetud.
« THoF text 7} fox (22 dog) o] s+ 0] t}al7| Mol erase T+ 5& 52 = AtetA| A HrhdH

W @A) bolel 2 wayRh of.

o U glo] E1 3 ZHA I Q= EFY 2 AFE AR StolF Y& tlo]E| SR At E S A YT o]
EFlS A 1 (lightweight view) STr==0] 383141, o] AloF 271 wj&oj o] El]& A
&3te ﬁolﬁﬂﬂi—ﬁ— Zs4h

o e, 7hs s, L2 A7 2R 9] HlolH & A ARt E S ot Zo]EH5 YT

o S RAQbol| of2] FE7F YO HA, o] FRES £ AR UrEﬂlZWH BeE AsUh
ol Fxef I A o] BA ERtolotyEh, O FxE Atol o] £1 VA Hgsor & P
of dedych me 15 7edyrh

23.6 A& EA: Protobuf u}A]

o] Aol A= protobuf Bol U] 255 & TS WEch 2Rt 2ag
chol A8 ATob kAl 3y 5)ElS WOl LItk 7| tlolEl Apal EEALE ) ek
(]

protobuf WA 2| & &3] mpiJste{d E HE 2 MQlo] A4

mmmOEpHNOﬁmﬂﬂ*gquﬂﬂﬁﬂH% 23t 4

match o2 393y},

Tt proto £ A&t

message PhoneNumber {
optional string number =
optional string type = 2;

}

1;

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

}
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https://protobuf.dev/programming-guides/encoding/

proto A A= d3 ] HE 2 A2 JAIFFEHYoh 222 o] Holl =" H ' 2 rAE Yo el
o= 23S (o: Person HA[A] 9] id B Eof tfst 2) YHlo|E AEHO| A fo|2E& A st=
HZ A olot= etolo] ghdolZgd Y.

B 15 et 4= VARINT 2He 7HH Zo] ligd oz mA gyt tad3] parse_varint & ot
Zof] Holxlo] YHutt w3 A FH T =Tl A olslo] Person ¥ PhoneNumber R EE %2
StAHA| A & o] 2| st o] st U o]l T E = o Fy .

o|A| parse_field &<E 5t Person I PhoneNumber ;2240 thal ProtoMessage E
glolgttd st Hyo

use std::convert: :TryFrom;

use thiserror::Error;

enum Error {
InvalidVarint,
InvalidWireType,
UnexpectedEOF,
InvalidSize(#[from] std::num::TryFromIntError),
UnexpectedWireType,
InvalidString,
}

/11 otolojoll ZAJE efolo] ERYUYL.
enum WireType {
/77 Varint WireType 2 Ztol ©@< VARINT &5 UEFHYT}.
Varint,
//164, -- 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 132 WireType indicates that the value is precisely 4 bytes in
/// little-endian order containing a 32-bit signed integer.
132,
}

/17 £tolo] ERlof| uhet EhQlo] 2| H
enum FieldValue<'a> {
Varint(u64),
/1164(i64), -- o] AZolA= =
Len(&'a [u8]),
132(i32),

i)
I
=
o
°
o

ko
ol
)
52
)
L
o

}

/17 B 1S 9 ZhE ZEete= 2=y,
struct Field<'a> {

field_num: u64,

value: FieldValue<'a>,

}

trait ProtoMessage<'a>: Default + 'a {
fn add_field(&mut self, field: Field<'a>) -> Result<(), Error>;
}
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impl TryFrom<u64> for WireType {
type Error = Error;

fn try_from(value: u64) -> Result<WireType, Error> {
Ok (match value {
0 => WireType::Varint,
/11 => WireType::164, -- o] dAHolA= ZEastA] gEyrt.
2 => WireType: :Len,
5 => WireType::132,
_ => return Exrr(Error::InvalidWireType),

1)
}

impl<'a> FieldValue<'a> {
fn as_string(&self) -> Result<&'a str, Error> {
let FieldValue::Len(data) = self else {
return Err(Error: :UnexpectedWireType);
}
std::str::from_utf8(data).map_err(|_| Error::InvalidString)

}

fn as_bytes(&self) -> Result<&'a [u8], Error> {
let FieldValue::Len(data) = self else {
return Err(Error: :UnexpectedWireType);
}
Ok(data)
}

fn as_ub64(&self) -> Result<u64, Error> {
let FieldValue: :Varint(value) = self else {
return Err(Error: :UnexpectedWireType);
b
Ok (*value)

}

/17 VARINT & mp/doto] mpJH Zrat ymz| violEE wigHtUTh.
fn parse_varint(data: &[u8]) -> Result<(u64, &[u8]), Error> {
for 1 in 0..7 {
let Some(b) = data.get(i) else {
return Exr(Exrror::InvalidVarint);
b
if b & 0x80 == 0 {
// °]+= VARINT 9] ojz|g} Hlo]Eojm 2
/] ubd = WHEoto] Hrehgct.
let mut value = 0u64;
for b in data[..=1].iter() .rev() {
value = (value << 7) | (b & 0x7f) as ub4;

}
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return Ok((value, &data[i + 1..]));
}
/] 7etolES 2B fEstA YaUdh

Exr(Exrror::InvalidVarint)

}

/11 Bl15 Bt WSl WireType o2 w3,

fn unpack_tag(tag: u64) -> Result<(u64, WireType), Error> {
let field_num = tag >> 3;
let wire_type = WireType::try_from(tag & 0x7)7?;
Ok((field_num, wire_type))

/11 BEZ npdste] Uz Bio]ES HHEshU,
fn parse_field(data: &[u8]) -> Result<(Field, &[u8]), Error> {
let (tag, remainder) = parse_varint(data)?;
let (field_num, wire_type) = unpack_tag(tag)?;
let (fieldvalue, remainder) = match wire_type {
_ => todo!("Based on the wire type, build a Field, consuming as many bytes as n
}
todo! ("Return the field, and any un-consumed bytes.")
}

/11 Fo1%1 tlolElollA HIAAE mHsto] wA[Ae] 2t HEof tfs] "T::add_field & =&3FYct.
/17
/11 A dFo] AHEHYT.
fn parse_message<'a, T: ProtoMessage<'a>>(mut data: &'a [u8]) -> Result<T, Error> {
let mut result = T::default();
while !data.is_empty() {
let parsed = parse_field(data)?;
result.add_field(parsed.0)?;
data = parsed.l;
}
Ok (result)
}

struct PhoneNumber<'a> {
number: &'a str,
type_: &'a str,

}

struct Person<'a> {
name: &'a str,
id: u64,
phone: Vec<PhoneNumber<'a>>,

}

// TODO: Implement ProtoMessage for Person and PhoneNumber.
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fn main() {
let person: Person = parse_message(&[
Ox0a, ©0x07, ox6d, @Ox61, ©0x78, @0x77, @Ox65, @Ox6C, OX6C, O0X10, OXx2a, 0X1la,
0x16, @Ox0a, 0x0e, 0x2b, 0x31, @Ox32, 0x30, ©Ox32, ©0x2d, 0x35, ©0x35, 0x35,
0x2d, ©x31, ©0x32, 0x31, 0x32, 0x12, 0x04, 0x68, Ox6f, 0x6d, 0x65, 0Oxla,
0x18, Ox@a, 0x0e, 0x2b, 0x31, O0x38, 0x30, Ox30, ©0x2d, 0x38, 0x36, 0x37,
0x2d, ©0x35, ©0x33, 0x30, 0x38, 0x12, 0x06, Ox6d, Ox6T, 0x62, 0x69, 0Ox6¢C,

0x65,
1
.unwrap();
printIn! ("{:#7?}", person);
}
23.6.1 Sig

use std::convert::TryFrom;
use thiserror::Error;

enum Error {
InvalidVarint,
InvalidWireType,
UnexpectedEOF,
InvalidSize(#[from] std::num::TryFromIntExrror),
UnexpectedWireType,
InvalidString,
}

/17 2olojoll ZAIE 2tolo] ERlduytt.
enum WireType {
/77 Varint WireType & 3to] ©@%¥ VARINT &S uYeEpHYr}.
Varint,
/71164, -- 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 132 WireType indicates that the value is precisely 4 bytes in
/// little-endian order containing a 32-bit signed integer.
132,
}

/11 solo] Etgdel wet elo] AHE B

enum FieldValue<'a> {

I
)
1A
°
o

Varint(u64),

/1164(i64), -- o A&olAE Westr gyt
Len(&'a [u8]),

132(i32),

}

/// ZE HE 9 Zre T
{

ook

15}

rlr
e
[
o
)
o

struct Field<'a>
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field_num: u64,
value: FieldValue<'a>,

}

trait ProtoMessage<'a>: Default + 'a {
fn add_field(&mut self, field: Field<'a>) -> Result<(), Error>;

}

impl TryFrom<u64> for WireType {
type Error = Error;

fn try_from(value: u64) -> Result<WireType, Error> {
Ok(match value {
0 => WireType::Varint,
/11 => WireType::164, -- o] dAFolix= ZosHA] LHYTt.
2 => WireType: :Len,
5 => WireType::132,
_ => return Exr(Error::InvalidWireType),

)
}

impl<'a> FieldValue<'a> {
fn as_string(&self) -> Result<&'a str, Error> {
let FieldValue::Len(data) = self else {
return Err(Error: :UnexpectedWireType);
b
std::str::from_utf8(data).map_err(|_| Error::InvalidString)

}

fn as_bytes(&self) -> Result<&'a [u8], Error> {
let FieldValue::Len(data) = self else {
return Err(Error: :UnexpectedWireType);
b
Ok(data)
}

fn as_ub4(&self) -> Result<u64, Error> {
let FieldValue::Varint(value) = self else {
return Err(Exrror: :UnexpectedWireType);
3,
Ok(*value)

}

//1 VARINT & m}sto] obdd 3ot ywz HiolEE whHgYrt.
fn parse_varint(data: &[u8]) -> Result<(u64, &[u8]),
for i in 0..7 {
let Some(b) = data.get(i) else {
return Err(Error::InvalidVarint);

Exrror> {

},
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if b & Ox80 == 0 {
// ©]= VARINT 9] u}x]g} Hjo]Eo|EHZ
/1 u6d = st HrgRghyct,
let mut value = Qu6b4;
for b in data[..=1].iter() .rev() {
value = (value << 7) | (b & 0x7f) as u6b4;

}
return Ok((value, &data[i + 1..]));

}

/] 7HOIES ZIStH {FasHA FFUT.
Exrr(Error::InvalidVarint)
}

/1] BI1E =Dt HE9 WireType & W&Hgrch,

fn unpack_tag(tag: u64) -> Result<(u64, WireType), Error> {
let field_num tag >> 3;
let wire_type = WireType::try_from(tag & 0x7)?;
Ok((field_num, wire_type))

}

/11 BEZ oH/sto] UMz Hlo]EE HH&gYct.
fn parse_field(data: &[u8]) -> Result<(Field, &[u8]), Error> {
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)?;
let len: usize = len.try_into()?;
if remainder.len() < len {
return Err(Error: :UnexpectedEOF);
}
let (value, remainder) = remainder.split_at(len);
(FieldValue: :Len(value), remainder)
}
WireType::I32 => {
if remainder.len() < 4 {
return Err(Error: :UnexpectedEOF);
}
let (value, remainder) = remainder.split_at(4);
/1 “value'9] Zo|7} 4Hlo]lEc|lEg 2 FE iy SiARYT}.
let value = i32::from_le_bytes(value.try_into().unwrap());
(FieldValue: :I32(value), remainder)
}
}i
Ok((Field { field_num, value: fieldvalue }, remainder))
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}

/11 FolZl dlolgolA HAIXE mHste] mMAIAe] 7} HEof dis "T::add_field & S&FUCt.
/17
/11 A dol ArgHUL}.
fn parse_message<'a, T: ProtoMessage<'a>>(mut data: &'a [u8]) -> Result<T, Error> {
let mut result = T::default();
while !data.is_empty() {
let parsed = parse_field(data)?;
result.add_field(parsed.0)?;
data = parsed.l;
}
Ok (result)
}

struct PhoneNumber<'a> {
number: &'a str,
type_: &'a str,

}

struct Person<'a> {

name: &'a str,

id: u64,

phone: Vec<PhoneNumber<'a>>,
}

impl<'a> ProtoMessage<'a> for Person<'a> {
fn add_field(&mut self, field: Field<'a>) -> Result<(), Error> {
match field.field_num {
1 => self.name = field.value.as_string()?,
2 => self.id = field.value.as_u64()?,
> self.phone.push(parse_message(field.value.as_bytes()?)?),
{} // YHA= 2& AYHYr}.

w
|
\%

impl<'a> ProtoMessage<'a> for PhoneNumber<'a> {
fn add_field(&mut self, field: Field<'a>) -> Result<(), Error> {
match field.field_num {
1 => self.number = field.value.as_string()?,
2 => self.type_ = field.value.as_string()?,
=> {} // YofxE 2% Adgdd.

fn main() {
let person: Person = parse_message(&[
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0x0a, 0x07, Ox6d, 0x61, Ox78, Ox77, Ox65, @Ox6¢C, OXx6C, 0Xx10, O0x2a, 0Oxla,
0x16, O0x@a, 0x0e, 0x2b, 0x31, Ox32, 0x30, ©0x32, ©0x2d, 0x35, ©0x35, 0x35,
@x2d, ©x31, ©x32, ©x31, ©x32, ©0x12, 0x04, 0x68, Ox6f, Ox6d, OXx65, 0X1la,
0x18, @x0a, 0x0e, 0x2b, 0x31, @Ox38, 0x30, 0x30, ©0x2d, 0x38, 0x36, 0x37,
0x2d, ©x35, ©0x33, 0x30, 0x38, 0x12, 0x06, Ox6d, Ox6f, 0x62, 0x69, 0Ox6¢C,

0x65,
1)
.unwrap();
println!("{:#?}", pexrson);
}
mod test {
use super::*;
fn as_string() {
assert!(FieldValue: :Varint(10).as_string().is_err());
assert!(FieldValue::132(10).as_string().is_err());
assert_eq!(FieldValue::Len(b"hello").as_string().unwrap(), "hello");
}
fn as_bytes() {
assert!(FieldValue: :Varint(10).as_bytes().1is_err());
assert!(FieldValue::132(10).as_bytes().is_err());
assert_eq!(FieldValue::Len(b"hello").as_bytes().unwrap(), b"hello");
}
fn as_ub4() {
assert_eq! (FieldValue: :Varint(10).as_u64().unwrap(), 10ub4);
assert! (FieldValue: :I32(10).as_ub4().is_exr());
assert!(FieldValue: :Len(b"hello").as_u64().is_exr());
}
}
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Al 24 &

4L =712

Today we will cover topics relating to building large-scale software in Rust:
« BhE21: Tterator Eol A& 24
o ZE0 7HAAG
* Testing.
¢ 273AE (o2 AEF): Y, Result, ? A4kt
o QbA5EA] ¢k-2 Rust: QPG Rust 2 sk A& XA 4 §lS ol whA-g-3kA 2.

Aol of

Including 10 minute breaks, this session should take about 2 hours and 40 minutes. It contains:

Segment Duration

Ne 3 minutes

Iterators 45 minutes
2E 40 minutes
HAE 45 minutes
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A 25 &
Iterators

This segment should take about 45 minutes. It contains:

Slide Duration

Iterator 5 minutes
Intolterator 5 minutes
FromlIterator 5 minutes

AL EA: HHE 2 A= Aol 30 minutes

25.1 Iterator

Aeido) 9 35S W] AsiAE Tterator S AL BT of 9L next HAE
S B 25 wen S ATk B B2 2o nae Bhelo] Iterator @5 900, of
P2 oj2i o] eelo] o] E2ole AU TRFES T4 dsvith

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: @, next: 1 };
for (i, n) in fib.enumerate().take(5) {
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println! ("fib({i}): {n}");

* The Iterator trait implements many common functional programming operations
over collections (e.g. map, filter, reduce, etc). This is the trait where you can find all
the documentation about them. In Rust these functions should produce the code as
efficient as equivalent imperative implementations.

« Intolterator & 22 Z=351A vt Egolduc} o] Vec<T>9t 22 A A EFg)
THVec<T> 3l &[T] 9 2200l that ol ofs] TP UL ¥ o] 2 TAF T}, o] of
2 for 1 in some_vec { .. }E ArE5to] HE] S HEEE £9) X9 some_vec . next ()
L 2AskA) g5yt

25.2 IntoIterator

The Iterator trait tells you how to iterate once you have created an iterator. The related
trait IntoIterator defines how to create an iterator for a type. It is used automatically by
the for loop.

struct Grid {
X_coords: Vec<u32>,
y_coords: Vec<u32>,

}

impl IntoIterator for Grid ({
type Item = (u32, u32),;
type IntoIter = GridIter;
fn into_iter(self) -> GridIter {
GridIter { grid: self, i: 0, j: 0 }

}

}

struct GridIter {
grid: Grid,
i: 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;

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

}

fn main() {
let grid = Grid { x_coords: vec![3, 5, 7, 9], y_cooxds: vec![10, 20, 30, 40] };
for (x, y) in grid {
println! ("point = {x}, {y}");
}
}

Click through to the docs for IntoIterator. Every implementation of IntoIterator must
declare two types:

* Item: the type to iterate over, such as i8,
e IntolIter: into_iter WA EofA] HIEE] = Tterator B}

IntoIter o= Itemo] AZE o] Y FE3}A4|2. Intolter HHEZE= Ttem EFY Q] HlolE &
Zbe) Aokttt =, ¥HE = Option<Item>& 2 ®gch

ololexdyEe BE
main oA 12 EE & H HEES)] EA Q. o) Aujstt? Intolterator: :into_iter &'self 9
A9 7HA U

&Grid ol IntoIterator & 135} GridIter o] Grid I ZEE *A5to] o] EA|E | Z5HA| Q.

EF gdolBd e golAx L EAZFEYT 4 AdE5U for e in some_vector =
some_vector 9 A8 HUE7IA 9} ST HE oA A8 QA E HFESU T some_vector 924
of thet Fx 5 wrEstH 4l for e in &some_vector SAHESHA Q.

25.3 Fromlterator

oj" A o] FromIterator E7 &5t It Iterator 2R E 1 M-S whs 4 AF U

fn main() {
let primes = vec![2, 3, 5, 71;
let prime_squares = primes.into_iter().map(|p| p * p).collect::<Vec<_>>();
println!("prime_squares: {prime_squares:?}");

}

Iterator implements

fn collect<B>(self) -> B

where
B: FromIterator<Self: :Item>,
Self: Sized

o] A Eof B & A Hst= HHolle & 71A17F A5t
* With the ”turbofish”: some_iterator.collect: :<COLLECTION_TYPE>(), as shown.
The _ shorthand used here lets Rust infer the type of the Vec elements.
o E}Q] =2 Ag: let prime_squares: Vec<_> = some_iterator.collect() EAtE
Shyct. o] o 2 oA & ThA] ZHAd el A Q.
There are basic implementations of FromIterator for Vec, HashMap, etc. There are also more
specialized implementations which let you do cool things like convert an Iterator<Item =
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Result<V, E>>intoaResult<Vec<V>, E>

25.4 AEEA: HHER} WA =A o]

In this exercise, you will need to find and use some of the provided methods in the Iterator
trait to implement a complex calculation.

Copy the following code to https://play.rust-lang.org/ and make the tests pass. Use an iterator
expression and collect the result to construct the return value.

/// 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! ()

}

fn test_offset_one() {
assert_eq! (offset_differences(1l, vec![1l, 3, 5, 71), vec![2, 2, 2, -6]1);
assert_eq! (offset_differences(1l, vec![1, 3, 5]), vec![2, 2, -4]);
assert_eq! (offset_differences(1, vec![1, 3]), vec![2, -2]1);

fn test_larger_offsets() {
assert_eq! (offset_differences(2, vec![1,
assert_eq! (offset_differences(3, vec![1,
assert_eq! (offset_differences(4, vec![1,
assert_eq! (offset_differences(5, vec![1,

1), vecl[4, 4, -4, -4]);

1), vec![6, -2, -2, -2]1);
71), vec![0, 0, 0, 0]);

1), vecl[2, 2, 2, -6]1);

wwww
(G200,

fn test_custom_type() {
assert_eq! (
offset_differences(1, vec![1.0, 11.0, 5.0, 0.0]),
vec![10.0, -6.0, -5.0, 1.0]
),

fn test_degenerate_cases() {
assert_eq! (offset_differences(1l, vec![@]), vec![0]);
assert_eq! (offset_differences(1l, vec![1]), vec![0]);
let empty: Vec<i32> = vec![];
assert_eq! (offset_differences(1l, empty), vec![]);
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25.4.1 siE

/// Calculate the differences between elements of “values offset by ‘offset’,
/// wrapping around from the end of ‘values  to the beginning.
Iy
/// 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()

}

fn test_offset_one() {
assert_eq! (offset_differences(1, vec![1, 3, 5, 71), vec![2, 2, 2, -6]);
assert_eq! (offset_differences(1l, vec![1, 3, 5]1), vec![2, 2, -4]);
assert_eq! (offset_differences(1, vec![1, 31), vec![2, -21);

fn test_larger_offsets() {
assert_eq! (offset_differences(2, vec![1,
assert_eq! (offset_differences(3, vec![1,
assert_eq! (offset_differences(4, vec![1,
assert_eq! (offset_differences(5, vec![1,

), vec![4, 4, -4, -41);
), vecl[6, -2, -2, -2]1);
), vecl![0, 0, 0, 01);
), vecl[2, 2, 2, -6]1);

ool

wwww

fn test_custom_type() {
assert_eq! (
offset_differences(1, vec![1.0, 11.0, 5.0, 0.0]),
vec![10.0, -6.0, -5.0, 1.0]
),

fn test_degenerate_cases() {
assert_eq! (offset_differences(1l, vec![@]), vec![0]);
assert_eq! (offset_differences(1l, vec![1]), vec![0]);
let empty: Vec<i32> = vec![];
assert_eq! (offset_differences(1, empty), vec![]);

fn main() {}
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A 26 &

Lo Sy

This segment should take about 40 minutes. It contains:

Slide Duration
2E 3 minutes
oA A AE A= 5 minutes
7N A 5 minutes
use, super, self 10 minutes

ALEA: GUI gtolE 8] =& 15 minutes

26.1 =&

impl £52 83 &l 9] 5o
o 7E2 2, mod £ EFY T ShE

mod foo {
pub fn do_something() {
println!("foo =& W®");

o Hlg) 2mo] 28 A FEU T
| el ) 2m o] 224 B F U Tk

o =

}
}
mod bar {
pub fn do_something() {
println! ("bar =& W®");
}
}

fn main() {
foo: :do_something();
bar::do_something();

e 7|2 = 7] 52 Alasty sttt i & Cargo. toml S 2 &Y 7| A& At 3
g0 ESS W ESHH= #Ho] o] mdol7] &gyt
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« ZejolE L mEo] ERYdych Hhol e Ao EE ARutd 2 WEs L, sho]eje] Aol
£t eho|neez MEgyrt
cmEe REE 2Asksn ATLE Folsts Tty

26.2 TLAAEAS

2Eo) W82 71&stA o, HAE
mod garden;
9 == HAER 5o F garden ZEQ] W& src/garden.rs oA == g}, H] =514,
garden: :vegetables Z&-2 src/garden/vegetables.rs o A5 Ut
crate(=2o|E) o RE= ot A= YUtk

» src/lib.rs (Bto] B2l A olE)

s src/main.xs (Hte]u 2] 30| E)
EEk ”LH‘:' A FA47E AHESt A8 4 s o]t RER2HE0] X
ols28)& ‘_/\1&}"“4"—}

/11 o] RE2 Hedg FA—dYH.

rr

the shedolq 1 e eyth

DSL‘

2l

0°1'

12 (o] A2

oT

/1 o] REolM ErdE Al R
pub use garden::Garden;
pub use seeds::SeedPacket;

/11 %R #t e wPYc,

pub fn sow(seeds: Vec<SeedPacket>) {
todo! ()

}

/11 FHE FAEZ FHolA =y,

pub fn harvest(garden: &mut Garden) {
todo! ()

}

module/mod.rs & module.rs & v}l 5t5 2l Rust 2018 oA = 519 RE2 AFRS 4
014\_141;].

. f11ename rs & filename/mod.rs thAl AFEE 4 QI 2351= F5H 0] 8+, mod.rs 2=
ol& ﬂﬂﬁmﬂm°%TmE%Hl%%ﬁ§¥%ﬂ31@%ﬂﬁ%ﬂqq

¢« ZEE o854 o A2 AF R E FET £ ASUT A A o= v R Eo] otdolrtEQ:
src/
F— main.rs

—— top_module.rs
l—— top_module/
L—— sub_module.rs

+ YAETLolN BESS #SAE Ay UHguR WY 7ts
mod some_module;

o] Go o] oA XY ol &S] H|AEE some_module test.rs Z& oo =11
7ol & Ych

:

Yo

19

o
L
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26.3 7HA78

25 epglolu} ot 7B A 02 el 25X gt
. ojabq g ol AR TE ygol ZH Yt
2o o]% 22 A} Y2 b5k
« &, 2E foo oA A 7Fse &5 ol2td foo ofefio =& REol|A F27Hs gy
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() {
outer: :public();
}

.
©
c

> ol &
o

k=

rol

N of =1
o

r& N

M
X
i
2
k]
)
X
ko

=

(crate) 2 73S AA sk Aol A5 2AdYH.
20]7l kA gt B 7 2o thaf A uk 7FA] A g Fof
7390l & 7N /go] FolE W s HES 5] 5

26.4 use, super, self

BES use & AE5t0] OhE REY HBS U] ATLR 7L 45U WO R 2 mE 4

ool of 23t 22 W&ol gUtt
use std::collections: :HashSet;
use std::process::abort;

A=
Az obefet o] TR
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1. 3d A=
e foo == self::foo=dA & WE9 foo & 7tE|dY
» super::foo= H2 &S foo & 7t Yt}

2. Ao A=

» crate::foo = A A olE REQ] foo 7Yt}
* bar::foo = bar 3 °]E9 foo E7}8|7 Yt}

o O 2 HRoA 7|SE ' A WE W 7| 5t Zlo] AR Uth of| & So] 3o ELQ & /A9
lib.rs =

mod storage;

pub use storage::disk::DiskStorage;
pub use storage::network::NetworkStorage;

Helst B2 =22 o2 F|o|Eo A DiskStorage % NetworkStorage & A& 4=
=5 Asyoh

« R L9 H¢ 2Eo et} 5T use’ A g Fojof dych 2 UE S-S FH5HE= EF
o] ojn] el Wol jgte sl EFQlouES S &5 Egalo] ¥ Ujof 9lojof
gyt ol & %01 Read Ezj|ol& #& 3= B4 olA read_to_string HIA EE AF&5tEH
use std::io::Read & AF&3lof Ut

+ use Eol= faro“: JFE (use std::io::*) B AFEE 2U&ULh o 7L E FBo| Yt
) 2 A7kl Al ol aket WA 4 9108 % AREA et

26.5 ALEEA: GUIglo|BarE

In this exercise, you will reorganize a small GUI Library implementation. This library defines
a Widget trait and a few implementations of that trait, as well as a main function.

It is typical to put each type or set of closely-related types into its own module, so each widget
type should get its own module.

Cargo Setup

Rust Z#0] 12} =& ste] ihelvh {Qatme 27 5hel A| Aol Cargo T2 E S RHEojof &
Uk,

cargo init gui-modules
cd gui-modules
cargo run

Edit the resulting src/main.rs to add mod statements, and add additional files in the src
directory.

Source

Here's the single-module implementation of the GUI library:
pub trait Widget {

fn width(&self) -> usize;
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/17 HEo A IAHY.
fn draw_into(&self, buffer: &mut dyn std::fmt::Write);

/11 2% 29 #AE 2¥YT.
fn draw(&self) {
let 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 {

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.iter().map(|w| w.width()).max().unwrap_or(0),
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}

impl Widget for Window {
fn width(&self) -> usize {
/1 ElFEE g 470 F7}
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().

writeln! (buffer, "+-{:-<inner_width$}-+", "").unwrap();
writeln! (buffer, "| {:Ainner_width$} |", &self.title).unwrap();
writeln! (buffer, "+={:=<inner_width$}=+", "").unwrap();
for line in inner.lines() {

writeln! (buffer, "| {:inner_width$} |", line).unwrap();
}
writeln! (buffer, "+-{:-<inner_width$}-+", "").unwrap();

}

impl Widget for Button {
fn width(&self) -> usize {
self.label.width() + 8 // #ig = <of¢F F7pshuch.
}

fn draw_into(&self, buffer: &mut dyn std::fmt::Write) {
let width = self.width();
let mut label = String::new();
self.label.draw_into(&mut label);

writeln! (buffer, "+{:-<width$}+", "").unwrap();
for line in label.lines() {

writeln! (buffer, "|{:Awidth$}|", &line).unwrap();
}

writeln! (buffer, "+{:-<width$}+", "").unwrap();

}

impl Widget for Label {
fn width(&self) -> usize {
self.label.lines().map(|line| line.chars().count()).max().unwrap_ox(0)

}
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fn draw_into(&self, buffer: &mut dyn std::fmt::Write) {
writeln! (buffer, "{}", &self.label).unwrap();
}
}

fn main() {
let mut window = Window: :new("Rust GUI d©%® 1.23");
window.add_widget (Box: :new(Label: :new("22 ElAE GUI ol=ZdUck.")));
window.add_widget (Box: :new(Button: :new("Z2a] FA21")));
window.draw() ;

}
SHY S0 A= EloA AL A o2 IEE Y& PASHA 2. 28 ubA] H Q3 mod,
use, pub Ao HH A == U I8 o of" /Ado] 7H AFA A A =2l gyt
26.5.1 Si9
sIC

F—— main.rs

—— widgets

| —— button.rs

| F—— label.rs

| L—— window.rs
L—— widgets.rs

// ---- src/widgets.rs ----
mod button;
mod label;
mod window;

pub trait Widget {
/11 “self 2o A Uy
fn width(&self) -> usize;

/17 HEo] A AHYH.
fn draw_into(&self, buffer: &mut dyn std::fmt::Write);

/11 ®2F =90 A 1YY

fn draw(&self) {
let 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;
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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_oxr(0)

}

// ANCHOR: Label-draw_into

fn draw_into(&self, buffer: &mut dyn std::fmt::Write) {
// ANCHOR_END: Label-draw_into
writeln! (buffer, "{}", &self.label).unwrap();

}

// ---- src/widgets/button.rs ----
use super::{Label, Widget};

pub struct Button {
label: Label,
}

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 // =<2 of7b F7pghuct,
}

// ANCHOR: Button-draw_into

fn draw_into(&self, buffer: &mut dyn std::fmt::Write) {
// ANCHOR_END: Button-draw_into
let width = self.width();
let mut label = String::new();
self.label.draw_into(&mut label);

writeln! (buffer, "+{:-<width$}+", "").unwrap();
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for line in label.lines() {
writeln! (buffer, "|{:Awidth$}|", &line).unwrap();

}
writeln! (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_or(0),

}

impl Widget for Window {
fn width(&self) -> usize {
// ANCHOR_END: Window-width
/1 ElFEel g 478 F7}
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: 27 Ao sl dotZ &,
// Result<(), std::fmt::Error>E I35l 2 draw_into S HAT £
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/7 .unwrap() Al ?-A4tz}E o 7)o ArgShASL.

writeln! (buffer, "+-{:-<inner_width$}-+", "").unwrap();
writeln! (buffer, "| {:Ainner_width$} |", &self.title).unwrap();
writeln! (buffer, "+={:=<inner_width$}=+", "").unwrap();
for line in inner.lines() {
writeln! (buffer, "| {:inner_width$} |", line).unwrap();
}
writeln! (buffer, "+-{:-<inner_width$}-+", "").unwrap();
}
}
// ---- src/main.rs ----

mod widgets;
use widgets: :Widget;

fn main() {
let mut window = widgets::Window: :new("Rust GUI ©|Xx 1.23");

window
.add_widget (Box: :new(widgets::Label::new("4-2 HAE GUI o=2Aduck.")));

window.add_widget (Box: :new(widgets: :Button: new("Z=s FAL21")));
window.draw() ;
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HAE
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This segment should take about 45 minutes. It contains:

Slide Duration
HAE 2 E 5 minutes
2 T ZAE 5 minutes
ZAutd® FE 4 Clippy 3 minutes
E ¥ E 30 minutes

27.1 S9HILAE

2 AEQ}L 7 (cargo) « 1HEHe @9 HIAE x|l 3 et 3 Aladyth:
o T HAELE I & Hutol M 2] g Yt}
« S HAEE tests/ g EH S S5l A1dE Yt

Tests are marked with #[test]. Unit tests are often put in a nested tests module, using
#[cfg(test)] to conditionally compile them only when building tests.

fn first_word(text: &str) -> &str {
match text.find(' ') {
Some(idx) => &text[..idx],
None => &text,

}

mod tests {
use super::*;

fn test_empty() {
assert_eq! (first_woxd(""), "");

}

fn test_single_word() {
assert_eq! (first_word("etdstale"), "ordsiale);
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}

fn test_multiple_words() {
assert_eq! (first_word("Hello World"), "orgstAe");
}

° 0]3%47-” A‘]E E%E Eﬂ_/_\_E_ rivate § ]— OJ]JH o]—/\oﬂ EH

2718 e
Zejo| 1ot EolA HAES Agstel A0S EATUT

gto| B 2|2 & AHEAF Y7ol A HAE SF
test/t el oefof] .xs oS st

// tests/my_library.rs
use my_library::init;

A, 5 HAES sljoF
E]’J.-

EAQ:

fn test_init() {
assert!(init().is_ok());

}
o] BlAEE g o|Eo] F7) API o7t H

A FAEHAE

BAEL EASEA T3t lAES WAste] 2Tk

/// Shortens a string to the given length.

/17

/11"

/// # use playground::shorten_string;

/// assert_eq! (shorten_string("Hello World", 5), "Hello");

/// assert_eq! (shorten_string("Hello World", 20), "Hello World");

TS

pub fn shorten_string(s: &str, length: usize) -> &str {
&s[..std::cmp::min(length, s.len())]

}

/// Z/\-]O}-_J ac Hio x}Eo = 31/\5 FJc g o]/\lElqr,]-.

ﬂqcﬂgﬁcaWOt%tia&mﬂ£oiﬂﬂmﬂ1§%%qq

Adding # in the code will hide it from the docs, but will still compile/run it.

9] 2= & Rust Playground of| A E|AE &ff B A]7] vpghy T},



https://play.rust-lang.org/?version=stable&mode=debug&edition=2021&gist=3ce2ad13ea1302f6572cb15cd96becf0
https://doc.rust-lang.org/clippy/

fn main() {

let x = 3;
while (x < 70000) {
X *= 2;

}

println!("X+= ul6ol %A &S7t2?7 {}", x as ul6);
}
FE AES At 7 HAIAE Iyt of 7|0 = HEZEAIFH AT ZE7F Aopd = 0 U
BAE A EUT So] et EALo| E R M ghslo] o] 2|3t HEE AR YT
YEES 3|23 & S o]t = Alo] EoA clippy & A &35} clippy 41 S E AUt Clippy
= HEo| W3t FHLAS ZAE Eiotaglor 4 M= HE (default-deny HE 23 & 57}
2y},
help: ...7F Z38H 274 1 & cargo fix E=HH7|E 53] £ 4 JdS5UTh

£ (Luhn) 23252 AE7IE NE 4Zo) A8 202 ZF ULk of FTYFLAEIE WS
g BAIR 2w, ofelo] &0l ufet Al 87tEWE Y GRS HAFch

* Ignore all spaces. Reject number with fewer than two digits.
- S2Zo|N PE o= o] 55tn] 2 WA AHejutct £415 2 Wi Z MU Th ol 2 Sof 1234 o)A
331974242 & FYH

 After doubling a digit, sum the digits if the result is greater than 9. So doubling 7 becomes
14 which becomes 1 + 4 = 5.

. 2E 2t o] £25 B

« A A0 ) A FRAETtE RS
ABE A= giRRe| FneFo] gul2A TAHYY
luhn &8 F9] H7} e S AT UTh
Copy the code below to https://play.rust-lang.org/ and write additional tests to uncover bugs
in the provided implementation, fixing any bugs you find.

S E DL M R R EREE INE L2

pub fn luhn(cc_numbexr: &str) -> bool {
let mut sum = 0;
let mut double = false;

for c in cc_numbexr.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;
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https://ko.wikipedia.org/wiki/%EB%A3%AC_%EC%95%8C%EA%B3%A0%EB%A6%AC%EC%A6%98
https://play.rust-lang.org/

} else {

continue;
}
}
sum % 10 == 0
}
mod test {
use super::*;
fn test_valid_cc_number() {
assert! (luhn("4263 9826 4026 9299"));
assert! (luhn("4539 3195 0343 6467"));
assert! (luhn("7992 7398 713"));
}
fn test_invalid_cc_number() {
assert! (!1uhn("4223 9826 4026 9299"));
assert! (!luhn("4539 3195 0343 6476"));
assert! (!luhn("8273 1232 7352 0569"));
}
}

27.41 s|E

/1 FAC EAIEE HI7F Sl HEdYT.
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 ==
}

/] &£F/doly ofefje] HE HAEE FaItyt.
pub fn luhn(cc_number: &str) -> bool {
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let mut sum = 0;
let mut double
let mut digits

false;
0;

for c in cc_numbexr.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 {
return false;

}

}

digits >= 2 && sum % 10 == 0
}

fn main() {
let cc_number = "1234 5678 1234 5670";
println!(

"{cc_number}2 (=) fa% AEItE HEAVRQ? {}",
if luhn(cc_number) { "of|" } else { "of Q" }
),
}
mod test {

use super::*;

fn test_valid_cc_number() {
assert! (luhn("4263 9826 4026 9299"));
assert! (luhn("4539 3195 0343 6467"));
assert! (luhn("7992 7398 713"));

}

fn test_invalid_cc_number() {
assert! (!1uhn("4223 9826 4026 9299"));
assert! (!luhn("4539 3195 0343 6476"));
assert!(!luhn("8273 1232 7352 0569"));
}

fn test_non_digit_cc_number() {
assert! (!luhn("foo"));
assert!(!luhn("foo @ 0"));
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}

fn test_empty_cc_number() {
assert! (!1uhn(""));
assert! (!'Iuhn(" "));
assert! (!Iuhn(" "));
assert! (!1luhn(" "))

}

fn test_single_digit_cc_number() {
assert! (!1uhn("0"));
}

fn test_two_digit_cc_number() {
assert! (luhn(" 0 @ "));

}
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A 28 A+
Welcome Back

Including 10 minute breaks, this session should take about 2 hours and 10 minutes. It contains:

Segment Duration

L= 0] 55 minutes
OFX5}A] 2 2] AE 1 hour and 5 minutes
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Al 29 %
2 7=

This segment should take about 55 minutes. It contains:

Slide Duration

iy 3 minutes
Iterator 5 minutes
SAA g 5 minutes
Error 5 minutes
From ¥} Into 5 minutes

Result & o] 83 1235 22x2] 30 minutes

29.1 oY

Rust ='ofy' o Z 2] &2l 2
HAEL £3) = 2y o=
fn main() {

let v = vec![10, 20, 30];
println!("v[100]: {}", v[100]);

o IjY L B7E 4 gl ofidx] Eok 2 7yt

- g2 =2 a0 27} Qoke AS vERd Y

AA AL Aufet 22 el AmjE Qls) oy o] BhAYs 4~ Q5 Yt

— Ao A] o] 4 A (]: assert!) iy

- 249y panic! 325 AFES £ 15U
o Y2 AE]S S A 5lo] vt RFE AR H ghS A gy T
o S5 (A S 3 85HA] Fotof st ¢, Y S FH5HA] E+= API(Vec: :get 5) & AHE

st gHuych

Jler oz syl WS A8 €77 Pt A8 El7by) s theato] A7t s dY ok
use std::panic;

fn main() {
let result = panic::catch_unwind(|| "#&&5Uch.");
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println! ("{result:?}");

let result = panic::catch_unwind(|| {
panic!("o]&");

1)

println! ("{result:?}");

} A g&Uth catch_unwind 2 o9 & 5 LA =51A] opA| Q.

Y 27o] AAl Hrete =2 aj]0] A& H Y= of sh=AfHof] &t
F Cargo.toml A*utdof panic = abort At FehA S A=A 4

ri O
19wy P
ﬂorb
dlﬂw

Suth

29.2 Iterator

Runtime errors like connection-refused or file-not-found are handled with the Result type,
but matching this type on every call can be cumbersome. The try-operator ? is used to return
errors to the caller. It lets you turn the common

match some_expression {
Ok(value) => value,
Exrr(err) => return Err(err),

)

ol g A FH & 4 Y&th
some_expressmn?

ol ] 98] ol Aol A &3 RA&

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);
let mut username_file = match username_file_ result {
Ok(file) => file,
Exrr(err) => return Err(err),
}i

let mut username = String::new();

match username_file.read_to_string(&mut username) {
Ok(_) => Ok(username),
Exrr(err) => Err(err),

}
fn main() {
//fs::write("config.dat", "alice").unwrap();

let username = read_username("config.dat");
println! ("AFEZ} o]& E& 27F: {username:?}");

£ A} 235152 read_username 348 435U}
o
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s username M4+ Ok(string) ol A4 Exr(error) € 4 AsYth.
o fs::write WA =& AREsto] otdo] §iAM, Hl‘”ﬂ‘% TEE=E% 52 HAE FY
-P«nethatmalncanreunTlaResu1t<(), E>aslongasitimplementsstd: :process: :Termination
In practice, this means that E implements Debug. The executable will print the Exrr
variant and return a nonzero exit status on error.

29.3 HEAAHPHE

A2 27} M EE B ot A A Bt & oEEch
expression?

9 @ e ofefgt 24Ut

match expression {

Ok(value) => value,
Err(err) => return Exr(From::from(errxr)),

}

The From: : from call here means we attempt to convert the error type to the type returned
by the function. This makes it easy to encapsulate errors into higher-level errors.

ol Al

use std::error::Error;

use std::fmt::{self, Display, Formatter};
use std::fs::File;

use std::io::{self, Read};

enum ReadUsernameError {
IoError(io: :Error),
EmptyUsername(String),
}

impl Error for ReadUsernameError {}

impl Display for ReadUsernameError {
fn fmt(&self, f: &mut Formatter) -> fmt::Result {
match self {
Self: :IoExror(e) => write!(f, "I0 2%5: {e}"),
Self: :EmptyUsername(path) => write!(f, "Found no username in {path}"),

}

impl From<io::Error> for ReadUsernameError {
fn from(exrr: io::Error) -> Self {
Self::IoError(err)
}
}

fn read_username(path: &str) -> Result<String, ReadUsernameError> {
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let mut username = String::with_capacity(100);
File::open(path)?.read_to_string(&mut username)?;
if username.is_empty() {

return Err(ReadUsernameError: :EmptyUsername(String: :from(path)));
}
Ok (username)

}

fn main() {
//fs::write("config.dat", "").unwrap();
let username = read_username('"config.dat");
println! ("AF&AF o]& = 2%F: {username:?}");

}

The ? operator must return a value compatible with the return type of the function. For
Result, it means that the error types have to be compatible. A function that returns
Result<T, ErrorQOuter> can only use ? on a value of type Result<U, ErrorInner>
if ErrorOuter and ErrorInner are the same type or if ErrorQuter implements
From<ErrorInner>

From 73 9] ARPA I tieh2 53] ¥gho] oF 3ol MRk B 5h=7-% Result: :map_err Y}
There is no compatibility requirement for Option. A function returning Option<T> can use
the ? operator on Option<U> for arbitrary T and U types.

A function that returns Result cannot use ? on Option and vice versa. However,
Option::ok_or converts Option to Result whereas Result::ok turns Result into
Option.

29.4 FA < e

Sometimes we want to allow any type of error to be returned without writing our own enum
covering all the different possibilities. The std: :error: :Error trait makes it easy to create
a trait object that can contain any error.

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();
fs::File::open(path)?.read_to_string(&mut count_str)?;
let count: i32 = count_str.parse()?;
Ok(count)

}

fn main() {
fs::write("count.dat", "1i3").unwrap();
match read_count("count.dat") {
Ok(count) => println!("7§4: {count}"),
Exrr(err) => println!("2F: {err}"),
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read_count &= std: tio: :Error(@d 2PolA) E=std: :num: : ParseIntError(String: :parse

oflA) & W& folsyH
Boxing errors saves on code, but gives up the ability to cleanly handle different error cases
differently in the program. As such it's generally not a good idea to use Box<dyn Error>in

the public API of a library, but it can be a good option in a program where you just want to
display the error message somewhere.

Make sure to implement the std: :error: :Error trait when defining a custom error type
so it can be boxed. But if you need to support the no_std attribute, keep in mind that the
std::exrror: :Error trait is currently compatible with no_std in nightly only.

29.5 thiserror and anyhow

The thiserror and anyhow crates are widely used to simplify error handling.

* thiserror is often used in libraries to create custom error types that implement
From<T>.

* anyhow is often used by applications to help with error handling in functions, including
adding contextual information to your errors.

use anyhow::{bail, Context, Result};
use std::fs;

use std::io::Read;

use thiserror::Error;

struct EmptyUsernameError(String);

fn read_username(path: &str) -> Result<String> {
let mut username = String::with_capacity(100);
fs::File::open(path)
.with_context(|| format!("{path}2 (&) g# Z3&HUct."))?
.read_to_string(&mut username)
.context ("elA E3EUTCEH. ") ?;
if username.is_empty() {
bail! (EmptyUsernameError(path.to_string()));
}
Ok (username)

}

fn main() {
//fs::write("config.dat", "").unwrap();
match read_username("config.dat") {
Ok (username) => println!("AF22} ©o|&: {username}"),
Err(err) => println!("2F: {err:?}"),

thiserror

* The Error derive macro is provided by thiserrozr, and has lots of useful attributes to
help define error types in a compact way.
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https://github.com/rust-lang/rust/issues/103765
https://docs.rs/thiserror/
https://docs.rs/anyhow/

* The std: :error: :Exrror trait is derived automatically.
* The message from #[error] is used to derive the Display trait.

anyhow

* anyhow: :Exrror += Box<dyn Error>2] 2}z E} olgt & 4olFUth. waba 2ol Bz 9
37N APT 2 A ARE-5}7] ol RAghstrhal e QLA RE @2 o &2 Ao ol 2 AHEE A 5 Y]
k.

» anyhow: :Result<V> Result<V, anyhow::Error>2] E}Q] éEJﬂ/‘(ahas)°”4E}

« 235ttt anyhow: :Exrror o A4 E 3 of g m°ﬂ4ﬂﬁ}§ = A5YTh

» anyhow: :Result<T>7} Al&-5t&= 7] 5E°] Go Ao Ao Al= 5T AdYth Go o
ool M Hkek ro ZARESI= (T, error) siEdt H|2sh7] wi& ‘Lll:}.

* anyhow: :Context is a trait implemented for the standard Result and Option types.
use anyhow: :Context is necessary to enable . context() and .with_context() on
those types.

29.6 ResultE o] &3t 3L23H 25737

=< EH4 Aojo] o Thetsh
22l 97 2|2 AMge T O 5
anyhow & dvHE2] AFSSHAI R
3 E: A parseTSolH 27 7<1 2 & £A5HM 2. A 22 551H Iterator<Item=Result<Token,
TokenizerError>>&3 335t & Tokenizer £ Yool EStaL mhA ol A 28 gt}.
use std::iter::Peekable;
use std::stxr::Chars;

A E FEFYC 28y Y S FHFE M2y Al
£ main 9] ¥t3to 2 Hu}st e & tiA] AUt} thiserror ¥

/1] A& AArzpelyc),

enum Op {
Add,
Sub,
}

/17 EAA doje] EIdYct.

enum Token {
Number (String),
Identifier(String),
Operator(Op),

}

/17 BERA doje] BHAYUL}
enum Expression {
/17 e A
Var(String),
/17 FEHE =AJYH.
Number (u32),
/77 ol Ardyt,
Operation(Box<Expression>, Op, Box<Expression>),
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fn tokenize(input: &str) -> Tokenizer {
return Tokenizer(input.chars().peekable());
}

struct Tokenizer<'a>(Peekable<Chars<'a>>);

impl<'a> Iterator for Tokenizer<'a> {
type Item = Token;

fn next(&mut self) -> Option<Token> {
let ¢ = self.0.next()?;
match c {
'Q'..="'9" => {
let mut num = String::from(c);
while let Some(c @ '0'..='9") = self.0.peek() {
num.push(*c);
self.0.next();
}

Some(Token: :Number (num))
'a'..="z" => {
let mut ident = String::from(c);
while let Some(c @ ('a'..="'z'" | '_" | '0'..='9")) = self.0.peek() {
ident.push(*c);
self.0.next();
}

Some(Token: :Identifier(ident))

+' => Some(Token: :0perator(Op::Add)),
'-' => Some(Token: :0Operator(Op::Sub)),
_ => panic!("97]A] & &A {c}"),

}

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 {
panic! ("dl7]x] &2 dH FE");
I
let expr = match tok {
Token: :Number(num) => {
let v = num.parse().expect("&%% 32HE H4AdUck "y,
Expression: :Number(v)
}
Token::Identifier(ident) => Expression::Var(ident),
Token: :Operator(_) => panic!("°7]# & EZ {tok:?}"),
b

/1 ol Adito] Qe A% olE U,
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match tokens.next() {

None => expr,

Some(Token: :Operator(op)) => Expression::Operation(
Box: :new(expr),
op,
Box: :new(parse_expr(tokens)),

).

Some(tok) => panic!("d|7]x] %2 EZ {tok:?}"),

}

parse_expr (&mut tokens)

}

fn main() {
let expr = parse("10+foo+20-30");
println! ("{expr:?}");

29.6.1 s|g

use thiserror::Error;
use std::iter::Peekable;
use std::stxr::Chars;

/1] Ars AxAIycE,

enum Op {
Add,
Sub,
}

/11 EHA dojo] EZJYrt.

enum Token {
Number (String),
Identifier(String),
Operator(Op),

}

/1] EHAA dolo] mAHAJULH,
enum Expression {

/1] ¥\ FERAYn,

Var(String),

/17 2EE £A3dYrt,

Number (u32),

/11 o] ArdYrt.

Operation(Box<Expression>, Op, Box<Expression>),

}

fn tokenize(input: &str) -> Tokenizer {
return Tokenizer(input.chars().peekable());

}
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enum TokenizerError {
UnexpectedCharacter(char),
}

struct Tokenizer<'a>(Peekable<Chars<'a>>);

impl<'a> Iterator for Tokenizer<'a> {
type Item = Result<Token, TokenizerError>;

fn next(&mut self) -> Option<Result<Token, TokenizerError>> {
let ¢ = self.0.next()?;
match c {
'Q'..='9"'" => {
let mut num = String::from(c);
while let Some(c @ 'Q'..='9")
num.push(*c);
self.0.next();

= self.0.peek() {

}
Some (Ok(Token: :Numbexr (num)))
}
'a'..="'z'" =>
let mut ident = String::from(c);
while let Some(c @ ('a'..="'z'" | '_" | '0'..='9")) = self.0.peek() {
ident.push(*c);
self.?.next();
}
Some (Ok(Token: :Identifier(ident)))

}
'+' => Some(Ok(Token: :0Operator(Op::Add))),
'-' => Some(Ok(Token: :0Operator(Op::Sub))),
_ => Some(Err(TokenizerError::UnexpectedCharacter(c))),

}

enum ParserError {
TokenizerExror (#[from] TokenizerError),
UnexpectedEOF,
UnexpectedToken(Token),
InvalidNumber (#[from] std::num::ParseIntError),
}

fn parse(input: &str) -> Result<Expression, ParserError> {
let mut tokens = tokenize(input);

fn parse_expr<'a>(
tokens: &mut Tokenizer<'a>,

) -> Result<Expression, ParserError> {
let tok = tokens.next().ok_or(ParserError::UnexpectedEOF)??;
let expr = match tok {
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Token: :Number(num) => {
let v = num.parse()?;
Expression: :Number(v)
}
Token: :Identifier(ident) => Expression::Var(ident),
Token: :Operator(_) => return Err(ParserError::UnexpectedToken(tok)),
3/0%1%ﬁﬂ2&%%%0%%ﬂ@§HQ.
Ok (match tokens.next() {
None => expr,
Some (Ok (Token: :Operator(op))) => Expression::Operation(
Box: :new(expr),
op,
Box: :new(parse_expr(tokens)?),
).
Some(Err(e)) => return Err(e.into()),
Some (Ok (tok)) => return Err(ParserError::UnexpectedToken(tok)),

)
}

parse_expr(&mut tokens)

}

fn main() -> anyhow: :Result<()> {
let expr = parse("10+foo+20-30")7?;
println! ("{expr:?}");
Ok(())
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This segment should take about 1 hour and 5 minutes. It contains:

Slide Duration
A 2 B AE 5 minutes
YAl ZAg %= (Wek7h7]) 10 minutes
A 7HH Hae 5 minutes
Unions 5 minutes
oHHsHA] g2 st 5 & 5 minutes
QbdshA] ¢F2 EQl £&¥5t7] 5 minutes
A 5EA: FFI 2f3 (wrapper) 30 minutes

o AT H2E: Y ] A 27hs, oA F2FA elE.
. QHASA e PHAE: B 2712 WEhA] e ZAEE Y

/s o] o

T AT

FEoz vyt
wE% =

o= %) o

Mo

=ZF
o

o HL=]
-dtst

I~

o

We saw mostly safe Rust in this course, but it's important to know what Unsafe Rust is.
BE obHoA e BAE FEE A7)k o, SdH o EAgtch 18l 3=} o) 2 Z5

)0l sl MDA EAI8E} o] 9%

2 A7) & A8 gy

QB e HAES ol 5 che T 2 thAl 7 2 o] 7

o YA ZAE A =E (T2HH)
. 142-1 7]—H=]H=]/\ @:L =] _/;\_781
e union .u.]l: Z—]:L

* extern oV*%;L_
* unsafe Egal +&.
9] 715 S0 tis) 7heks] Am B AL YT

Rustonomicon & Jia*ﬂ&.

stk unsafe 3t 5.

A A3 )&
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https://doc.rust-lang.org/book/ch19-01-unsafe-rust.html
https://doc.rust-lang.org/nomicon/

Unsafe Rust does not mean the code is incorrect. It means that developers have turned off
some compiler safety features and have to write correct code by themselves. It means the
compiler no longer enforces Rust's memory-safety rules.

30.2 YA ZJEIHEZ (wetrtr])

ZRJEE s A2 Y SRR 4= (W) & 49 unsafe 7 2o stk
fn main() {
let mut s = String::from("ZAsHAIQ1");

let r1 = &mut s as *mut String;
let r2 = rl as *const String;

// Safe because rl 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 {

println!("r1< {}dyct.", *r1);

*r1 = String::from("o]&1");

println! ("r2+ {3Y¢dct.", *r2);

}

/] HSHA] 5. o|FA oFA miAlQ.

/*

let r3: &String = unsafe { &*rl };

drop(s);

println!("r3 is: {}", *13);

*/
}
5 E unsafe £50| ofs) 9] 1 F=7} b gkA o) gt A SN 02 b AL F2 WYY
(H QFERo| E0] 2] AE ABkel7ho] Eo A o] A B4AUTh,

EIIH GiFEE T AL, AR sjokdych o) 2 Sof:
« E<QIE/:= null o] QHE LT
» ZOIEE webrbr) 7k ZHs slok FUTH (A9 ol 3§22 shel7) mglefof Fuh.
+ oln] WHEHE AR Zhel7|w erE U,
« 22 930 tia SA4Q o] glow ergyct,
P F2E LY A EAE S BEATH, 1 27} 7kl AR Aokglojof shul, 1 A
o Mmelg ek 27} st glojok gy
fjse] 29 Qe align 5of QojoF Bk,

The ”NOT SAFE” section gives an example of a common kind of UB bug: *r1 has the 'static
lifetime, so r3 has type &' static String, and thus outlives s. Creating a reference from a
pointer requires great care.

(
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https://doc.rust-lang.org/std/ptr/index.html#safety

30.3 AHZA 7}HBHSL
2 M4 S ot AL bk

static HELLO_WORLD: &str

fn main() {
println! ("HELLO_WORLD:

"Hello, world!";

{HELLO_WORLD}");

}

SHAu, wlol ] alo] 27k WAl E 4 Qo B R YA MM AE 9T REAL kA YUt
static mut COUNTER: u32 = 0;

fn add_to_counter(inc: u32) {

unsafe {
COUNTER += inc;

}
}
fn main() {
add_to_counter(42);
unsafe {
println! ("COUNTER: {COUNTER}");
}
}
+ ol Z2 e gl AYEon2 g 18y Rust Atlel tusHoln) Xoke] 43
< 743U unsafe 2 A48 R mrA el 7} of 2] A= o)A static 2 HAsH= Ao] A
o 5]7] ke Aol et o] BA A shx] Holshil .

+ AN 0 2 ojofy] H|A, HH 7P W4 E 2 AL FL ofoltiojzlold LTk, 22lut no_std
FULAFE IYE U BLILHLIN/|E BT oF B0l Y FIVIE RS/, CAPI
£ AbgateA 13 Yyt

30.4 Unions
Y2 Y2 EAF (enum) I} H|5HA| 9 of® HEof sl gst= gh27HA L A=A o RE T2
oi7t 4502 e of gk
union MyUnion {
i: u8,
b: bool,
}
fn main() {
let u = MyUnion { i: 42 };
println!("int: {}", unsafe { u.i });

println! ("R®&:
}
BB dAYol
EAES o 7hg 2

234

{}", unsafe { u.b

A7) diEoll fry2ol Ze

).

// Undefined behavior!

3 74E 23 2gYh UL Ceolxele API
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E4 et o2 A4 sta AlckH std:imem: :transmute Y& ¢ FAF zerocopy

ey MM =7 ol E 7] ok a0 2 uwhA]| 2] ¢HA| 517] Qs A ghEsljokshE A 270] e
, LY HAEE unsafe & E/\]%E Utk

extern "C" {
fn abs(input: i32) -> i32;
}

fn main() {
let emojis = "« ©@";

/1 AQlo] ZHFE $Alolil FAE &7tolAol AAl U9
/1 0ew UTF-8 Al AAle] sles=z bdgutt.
unsafe {
println! ("o]%=
println! ("o]%
println! ("o]%

=: {}", emojis.get_unchecked(0..4));
=: {}", emojis.get_unchecked(4..7));
<. {}", emojis.get_unchecked(7..11));

jljljl

}

A

println! ("2 4: {}", count_chars(unsafe { emojis.get_unchecked(2..7) }));

unsafe {
// Undefined behavior if abs misbehaves.
println!("Coll & A9igk -3: {}", abs(-3));
}

// Not upholding the UTF-8 encoding requirement breaks memory safety!
// println!("emoji: {}", unsafe { emojis.get_unchecked(0..3) });
// println!("char count: {}", count_chars(unsafe {
// emojis.get_unchecked(@..3) }));
}

fn count_chars(s: &str) -> usize {
s.chars().count()

/11 ARE ZJE7F 77l e vheUH.
117

/11 # Safety

v
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https://doc.rust-lang.org/stable/std/mem/fn.transmute.html
https://crates.io/crates/zerocopy

/17 EIEl: fastn gut2A YA olof Fyct,
unsafe fn swap(a: *mut u8, b: *mut u8) {
let temp = *a;

*3 = *b;
*b = temp;

}

fn main() {
let mut a = 42;
let mut b = 66;

/1 Tt 2 olgE QUL
unsafe {

swap (&mut a, &mut b);
}

println!("a = {}, b = {}", a, b);

-

FHoA e Y5EE

L =4

get_unchecked, like most _unchecked functions, is unsafe, because it can create UB if the
range is incorrect. abs is incorrect for a different reason: it is an external function (FFI).
Calling external functions is usually only a problem when those functions do things with
pointers which might violate Rust's memory model, but in general any C function might have
undefined behaviour under any arbitrary circumstances.

9] oA ZEO|A "C"= ABI & SJu|hU ) of& ABI = 25Ut
b e gAYt
We wouldn't actually use pointers for a swap function - it can be done safely with references.

Note that unsafe code is allowed within an unsafe function without an unsafe block. We
can prohibit this with #[deny(unsafe_op_in_unsafe_fn)]. Try adding it and see what
happens. This will likely change in a future Rust edition.

30.6 <A 22 E AT

ol M et bt 7kA| 2 Elol® unsafe & vbY 7hs @byt vhekd Erole AT w o= %] &
w57 el s 7ol g ety Fo|x] Q.

erocopy A o] Eoll =05} A -2 ESlo] Q&Y

use std::mem::size_of_val;
use std::slice;

£

un
2 o
N

vy
/1] # Safety
/11 Brdoll= Hoe ;o] Qlofof st mig2 glojoF dut.
pub unsafe trait AsBytes {
fn as_bytes(&self) -> &[u8] {
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https://doc.rust-lang.org/reference/items/external-blocks.html
https://docs.rs/zerocopy/latest/zerocopy/trait.AsBytes.html

unsafe {
slice::from_raw_parts(
self as *const Self as *const u$8,
size_of_val(self),

}

/7 u320°] AHeld Edo| i mfgo] gloernz QhHgych,

unsafe impl AsBytes for u32 {}

QFH5tA] 9b2 Ef|alE vhE wol= FAol # Safety &Fo|3lojA o] E=fal& bAoA &5
¥ o H A S-S MRS oFsHoA B A aof gLt
AsBytes ol|A] Z|HoF & b /ol thigh A A2 & o 2
HEQl EglQl Send ¢ Sync + A &2 Ealdy

30.7 FFI=H

Rust has great support for calling functions through a foreign function interface (FFI). We will
use this to build a safe wrapper for the 1ibc functions you would use from C to read the
names of files in a directory.

ofe) 22 ol BA S 225HA17] vhahch
* opendir(3)
* Teaddir(3)
e closedir(3)

O}DP std ffirsEsxdxsrgdert g

12 AAUTh A7)0l = o] oA S st W et
59 B2 B 5ol AR5 of &tk

2 AT AHE
str @} String UTF-8 2 AE A Y] ZAH A
CStr @} CString 4 (NUL) 2 24 C 349} A x5}
0sStr @ 0sString OS 7} g <J st 0S ¢+ A 0}7] o5k 2z}
[e=]
=

o S5 el W2 chg 3t ZE UL

&str oA CString S = o] ¥Agh: gi mpx|etol\@ TA}5 A 7Fst7] e 37t &

CStrlng of A *const i8 E—J SE 42 SEIYSIME ZAEVEHR ,

*const 18 oA &CStr 22] ¥igh: Fo|Zl HIo|EAJIAZI\Q & EU=A] Felstal A2 4%,

&CStr to &[u8]: a slice of bytes is the universal interface for ”some unknown data”,

&[u8] ol A &0sStr 2 o] W &0sStr = 0sString &2 7}7] 9st 7+ oA Ayt

0sStrExt EAFE3A] 0sStr & AJASHA L,

* &0sStr oA 0sString S 2] ¥%h: &0sStr ©0]712] 7] 1L Sl HIo|H & EAME S 2 M, o] 4
ol & Z®st1, readdir & S o AHEE 4 Al S FUH

Nomicon o] FFI 2+ 3} o} 923+ 27} Q45U ch
olg]] =& https://play.rust-lang.org/ ol BA}star whdl H4olm| A =S 29 =Y}
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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.org/std/ffi/
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
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/

// TODO: —-

mod

/1
/1
/1
//

use
use

of &EEHW o|F A

=~

o

Y,

ol

ffi {
use std::os::raw::{c_char, c_int};
use std::os::raw::{c_long, c_uchar, c_ulong, c_ushort};

/1 B EFddYych. https://doc.rust-lang.org/nomicon/ffi.html & FIstAl L.
pub struct DIR {
_data: [u8; 01,
_marker: core::marker::PhantomData<(*mut u8, core::marker::PhantomPinned)>,

}

// readdir(3) o Linux man H®o|z|o]] w}Z& ao]o}2-2uc},
/] 9714 ino_t ¥ off_t+=

/1 /usr/include/x86_64-1linux-gnu/{sys/types.h, bits/typesizes.h}2] Aolo| uz} &l

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],
}

// dir(5) 9] mac0S man =|o]x]o| wZ gojo}xUutt.
pub struct dirent {

pub d_fileno: u64,

pub d_seekoff: u64,

pub d_reclen: ulé6,

pub d_namlen: ulé6,

pub d_type: u8,

pub d_name: [c_char; 10247,
}

extern "C" {
pub fn opendir(s: *const c_char) -> *mut DIR;

pub fn readdir(s: *mut DIR) -> *const dirent;

// https://github.com/rust-lang/libc/issues/414
stat(2) o 3 macOS man Ho]x]e] _DARWIN_FEATURE_64_BIT_INODE AMHE ZistAM Q.

© o gElolEst AZHY] Aol EAYE BB

AN - = AN
Intel ¥ PowerPC 2 macOS (i0S/wear0S So] otd) & 2olnmgtyc}.
pub fn readdir(s: *mut DIR) -> *const dirent;

pub fn closedir(s: *mut DIR) -> c_int;

std::ffi::{CStr, CString, OsStr, OsString};
std::os::unix: :ffi::0sStrExt;
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struct Directorylterator {
path: CString,
dir: *mut ffi::DIR,

}

impl DirectoryIterator {
fn new(path: &str) -> Result<DirectoryIlterator, String> {
// opendir & ZE5t3 A2 ZEstH Ok gk Higsta
/1 2FA go™ AR e & Err & ®HEHEYC.
unimplemented! ()

}

impl Iterator for Directorylterator {
type Item = 0sString;
fn next(&mut self) -> Option<0sString> {
// NULL ZRIEE OA 7F4E wi7hA] readdir & A& &Y.
unimplemented! ()

}

impl Drop for Directorylterator {
fn drop(&mut self) {
/1 Foo| g} closedir & =&Yt
unimplemented! ()

}

fn main() -> Result<(), String> {
let iter = Directorylterator::new(".")?;
println! ("ot : {:#?}", iter.collect::<Vec<_>>());
0k(())

}
30.7.1 sig
mod ffi {

use std::os::raw::{c_char, c_int};
use std::os::raw::{c_long, c_uchar, c_ulong, c_ushort};

/1 =54 Eddyth. https://doc.rust-lang.org/nomicon/ffi.html & FistAl L.
pub struct DIR {

_data: [u8; 01,

_marker: core::marker::PhantomData<(*mut u8, core::marker::PhantomPinned)>,
}

// readdir(3) @ Linux man Ho]x]o] wZ glo|ol2AdYr}.

// 9714 ino_t ¥ off_t+=

/1 /usr/include/x86_64-1inux-gnu/{sys/types.h, bits/typesizes.h}2] #ojo| wa} &AL
pub struct dirent {
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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],
}

// dir(5) 9] macO0S man Ho]xo] w& gojolYuct.
pub struct dirent {

pub d_fileno: u64,

pub d_seekoff: u64,

pub d_reclen: ulé6,

pub d_namlen: ulé6,

pub d_type: u8,

pub d_name: [c_char; 10247,
}

extern "C" {
pub fn opendir(s: *const c_char) -> *mut DIR;

pub fn readdir(s: *mut DIR) -> *const dirent;

// https://github.com/rust-lang/libc/issues/414 4
// stat(2) o st macOS man H°] A2 _DARWIN_FEATURE_64_BIT_INODE AlA-& Z35hA|LQ.
//
/1 ' o] dHlolEZL AlFE7] Mol E2ARE EAF2!
// Intel 2 PowerPC<2 macO0S (i0S/wear0S 5o] ofd) & olngyrct.
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;

struct DirectorylIterator {
path: CString,
dir: *mut ffi::DIR,

}

impl DirectoryIterator {
fn new(path: &str) -> Result<DirectorylIterator, String> {
// opendir & T Eotil AthE ZsotH Ok gk Hhghstal
/1 AFA %o wA|R e A Err & ®FERULH
let path =
CString: :new(path).map_err(|err| format!("Z%% Z=: {err}"))?;
// SAFETY: path.as_ptr() 2 NULLY 4 ¢l&Uct.
let dir = unsafe { ffi::opendir(path.as_ptr()) };
if dir.is_null() {
Exr(format!("{:?}= (£) € & fl&UH.", path))



} else {
Ok(Directorylterator { path, dir })

}
}

impl Iterator for Directorylterator {
type Item = 0OsString;
fn next(&mut self) -> Option<0sString> {
/7 NULL EZRIE]E tfA] €& wj7tA] readdir & A& S
// SAFETY: self.dir & NULL o] opbgdut},
let dirent = unsafe { ffi::readdir(self.dir) };
if dirent.is_null() {
/1 dEE o] Eo =g3EU.
return None;

i

il
9
0

}

// SAFETY: dirent+= NULL °] ofy™ dirent.d_name 2 NUL

/1 E3EYct,

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) {
/1 ZBeo wet closedir & =g ct.
if !self.dir.is_null() {
// SAFETY: self.dir 2 NULL o] opduct.
if unsafe { ffi::closedir(self.dir) } != 0 {
panic! ("{:?}2 (&) ¥ 4 glaUth.", self.path);

}

}

fn main() -> Result<(), String> {
let iter = DirectoryIterator::new(".")?;
println! ("=t : {:#?}", iter.collect::<Vec<_>>());
ok(())

}

mod tests {
use super::*;
use std::error: :Error;

fn test_nonexisting_directory() {

let iter = Directorylterator::new("no-such-directory");
assert!(iter.is_exrx());
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fn test_empty_directory() -> Result<(), Box<dyn Error>> {
let tmp = tempfile::TempDir::new()?;
let iter = Directorylterator: :new(

tmp.path().to_str().ok_or ("7 =] UTF-80°] ofd Ex7} 9lg")?,

)7,
let mut entries = iter.collect::<Vec<_>>();
entries.sort();
assert_eq! (entries, &[".", ".."1);
Ok(())

}

fn test_nonempty_directory() -> Result<(), Box<dyn Error>> {
let tmp = tempfile::TempDir::new()?;
std::fs::write(tmp.path().join("foo.txt"), "Foo tolojz[\n")?;
std::fs::write(tmp.path().join("bar.png"), "<PNG>\n")?;
std::fs::write(tmp.path().join("crab.xs"), "//! Crab\n")?;
let iter = Directorylterator: :new(

tmp.path().to_str().ok_or("Z=Zo| UTF-8°] ofd =27} 9l2")?,

)7,

let mut entries = iter.collect::<Vec<_>>();

entries.sort();

assert_eq! (entries, &[".", "..", "bar.png", "crab.rs", "foo.txt"]);

Ok(())
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A 31 7%

Welcome to Rust in Android

Rust is supported for system software on Android. This means that you can write new services,
libraries, drivers or even firmware in Rust (or improve existing code as needed).

e 5 o220 ZRAEXN HAE FES FESE AYUTh TZ2AH Eof A 7
AER ST S 22 BES QA Q. o £ 0] A Bl BtYo] HE £ 5 FE
ot Hho| E 9 7 & opy ot A Eetw e
Android 4] Rust AH-&-0] Eolid & 7eret

« AH] A of]: DNS over HTTP

« 2to] B8] ]: Rutabaga 7Hy 2= Qe o] A

« 7d EafolH: HiRl T

+ FHo}: pKVM 3 ¢ o]

AFF 4 Y&

A o W g

ffo

190


https://security.googleblog.com/2022/07/dns-over-http3-in-android.html
https://crosvm.dev/book/appendix/rutabaga_gfx.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

We will be using a Cuttlefish Android Virtual Device to test our code. Make sure you have
access to one or create a new one with:

source build/envsetup.sh

lunch aosp_cf_x86_64_phone-trunk_staging-userdebug
acloud create

ALA$H W82 Android Developer Codelab & ZZ st A 2.
7] IR E:

* Cuttlefish is a reference Android device designed to work on generic Linux desktops.
MacOS support is also planned.

+ Cuttlefish = A7) SE90]2 o). 3] @53 9100, Rust SAFE 8] 7)ol o] 42l of

ZeolE Yyt
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https://source.android.com/docs/setup/start

Al 33 %

1 EF 3

g=Rolt HE AJAH] (Soong) & TS 22 o2 RES &3l JAEEANYF YT

Module Type Description

rust_binary HAE Hlol4g & *g*éﬂqt}

rust_library HAE go]Haig (rlib -2 dylib) S TY
o},

rust_ffi cc ZEOJA AFEE 4 1= Clibrary (B2 &2
=) 2 YA},

rust_proc_macro proc-macro & +¥st= B AE-to|HE Y E
AU Hupde o] Egaclo g gz
54t

rust_test EF Y2 E HAE 245 AR 5= H|AEH]O]
a2 gAsct.

rust_fuzz libfuzzer & At&35}9] fuzz vlo| Y 8] &84S
Yt

rust_protobuf T2 EHI (protobuf) A E{H o] A E A F5=7]
AE EJ—O] 1:1313,] = AH/\JOL\,]E].

rust_bindgen C gtol B g0 tjst ¢ AE BRI S A5l
AE glo|He gl & Ay

th2-e rust_binary @ rust_library & Ao Euch

DHE2AZLAFTE 4+ U= F7H S5

* Cargo = th=ro] A7&Aol 2 A= Zgom <l

* Android oA = #7474, 1 BE £ 5 9J3, 22 o] E5°] Android £2AFE Eg Qb
o) 2] ZgkE o] Jlojof Fuch FE A E}TEE HhE 4 gl Yo &3 C/C++/Java R S
22 5|ojo} st} Android & H“: Al2HQl Soong o] o] Zul-S w ],

* Soong <> Blaze(google3 ol A} AF&-H) o] 2 EAA W3 Ql Bazel 2t @ov|duh

« Android, ChromeOS, Fuchsia & Bazel 2 A&g A& yrc},

» Bazel & FAFGH Rl E H& S vij9= 712 2 E Rust OS 7HEA}of| A58 gy o

o An| Q=AM AEE ™| O] FElE F Y dlo]E (Data) = A Soong EFYl 9] Q=2 o] =
(Android) ¥4 tct.

Ejdlol A 17| A Sohe =g
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https://source.android.com/docs/setup/build/bazel/introduction
https://chromium.googlesource.com/chromiumos/bazel/
https://source.android.com/docs/setup/build/bazel/introduction

33.1 XA EH}o|Yg

et S8 2o 2 AlAE) B4 Ut AOSP Al 3 ofko] R E AT utd & A
hello_rust/Android.bp:
rust_binary {

name: "hello_rust",

crate_name: "hello_rust",
srcs: ["src/main.rs"],

}

hello_rust/src/main.rs:
//! Rust dEYurc}.

/1] QLS EE 2HO R Y.
fn main() {
println!("Hello from Rust!");
}
O™ o, o] Hholy 2l & Y EstaL, 7 tjubol Aol il dyshuc:
m hello_rust

adb push "$ANDROID_PRODUCT_OUT/system/bin/hello_xrust" /data/local/tmp
adb shell /data/local/tmp/hello_rust

Hello from Rust!

33.2 FH2Ezgo|BY

rust_library & AR85to] RIrE 20| =8 A 2{AE 2lo]Hejg EvtE Y.
of7] A = 7l 9] 2tolB2f 2o thet &S

« ofzfo] o]t 1ibgreeting.
« external/rust/crates/o|&2}s}t= libtextwrap

hello_rust/Android.bp:

rust_binary {
name: "hello_rust_with_dep",
crate_name: "hello_rust_with_dep",
srcs: ["src/main.rs"],
rustlibs: [
"libgreetings",
"libtextwrap",
1,
prefer_rlib: true, // Need this to avoid dynamic link error.

}

rust_library {
name: "libgreetings",
crate_name: "SIApEH",
srcs: ["src/lib.rs"],
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hello_rust/src/main.rs:
//! Rust dlZduUrct.

use greetings::greeting;
use textwrap::fill;

/11 TS BE FHoR AT
fn main() {

println!("{}", fill(&greeting("Bob"), 24));
}

hello_rust/src/lib.rs:

/11 QAT etolEe eyt

/// “name oA <AAFIYTH,
pub fn greeting(name: &str) -> String {

format! ("{name}d, AYSA L. TrtA HEZFESUTH ")
}

ojA Y, BESIAL, 7HE tlHfo] AR a1, At

B

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
nice to meet you!
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A 34 %

AIDL

B AEEohs 2o =elejs|o] ~ H o] 2o (AIDL) & Atk

* BJAE FE0jA 712 AIDL H & 5% & 4 Qs ych
» MAEA A2 AIDL A HE BT 5 T

34.1 /** QY AHA QAE|H o] AA Ut} ¥

To illustrate how to use Rust with Binder, we're going to walk through the process of creating
a Binder interface. We're then going to both implement the described service and write client
code that talks to that service.

34.1.1 AIDL 9Ig|mlo] &
AIDL QIE{B|o] A E o] &5 A AH| 29 APT & Attt
birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl:
/** A AulA QJEFolAYYT. */
interface IBirthdayService {

/** L S5k HAIAE AU, */

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: { // Rustt 7|2&o= A8 MA=A g&Uct,
enabled: true,
b
I
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* Note that the directory structure under the aid1l/ directory needs to match the package
name used in the AIDL file, i.e. the package is com.example.birthdayservice and
the fileis at aidl/com/example/IBirthdayService.aidl

34.1.2 Generated Service API

Binder generates a trait corresponding to the interface definition. trait to talk to the service.

birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl:
/** B AulA QIEHo]AYYT, */
interface IBirthdayService {
[** L S5t wHAIAE AddUe. */
String wishHappyBirthday(String name, int years);
}

Generated trait:

trait IBirthdayService {
fn wishHappyBirthday(&self, name: &str, years: 132) -> binder::Result<String>;
}

Your service will need to implement this trait, and your client will use this trait to talk to the
service.

* The generated bindings can be found at out/soong/.intermediates/<path to
module>/.
* Point out how the generated function signature, specifically the argument and return
types, correspond the interface definition.
— String for an argument results in a different Rust type than String as a return

type.

34.1.3 Au¥|AF3d
o|#] AIDL MH|AE 18T 4= AFUTh
birthday_service/src/lib.rs:

use com_example_birthdayservice::aidl::com::example: :birthdayservice::IBirthdayService:
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!("{name}d< HIZ Folguct. {years}Fd& Foyr."))
}
}

birthday_service/Android.bp:

rust_library {
name: "libbirthdayservice",
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srcs: ["src/lib.rs"],

crate_name: "birthdayservice",

rustlibs: [
"com.example.birthdayservice-rust",
"libbinder_xs",

] I

» Point out the path to the generated IBirthdayService trait, and explain why each of
the segments is necessary.

* TODO: What does the binder: : Interface trait do? Are there methods to override?
Where source?

34.1.4 AIDL AMH]
oA Bte 2 AH|AS A FEHE AW E T 4 sy
birthday_service/src/server.rs:

//1 Birthday service.
use birthdayservice: :BirthdayService;

use com_example_birthdayservice::aidl::com::example::birthdayservice: :IBirthdayService:

use com_example_birthdayservice: :binderx;
const SERVICE_IDENTIFIER: &str = "birthdayservice";

/17 L AMujAe] AA-FAYT.
fn main() {
let birthday_service = BirthdayService;
let birthday_service_binder = BnBirthdayService: :new_binder(
birthday_service,
binder: :BinderFeatures: :default(),
),
binder::add_service(SERVICE_IDENTIFIER, birthday_service_binder.as_binder())
.expect ("AlH| A 5= Aujv);
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_xrs",
"libbirthdayservice",

1,

prefer_rlib: true, // To avoid dynamic link error.

}

The process for taking a user-defined service implementation (in this case the BirthdayService
type, which implements the IBirthdayService) and starting it as a Binder service has
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multiple steps, and may appear more complicated than students are used to if they've used
Binder from C++ or another language. Explain to students why each step is necessary.

1. Create an instance of your service type (BirthdayService).

2. Wrap the service object in corresponding Bn* type (BnBirthdayService in this case).
This type is generated by Binder and provides the common Binder functionality that
would be provided by the BnBinder base class in C++. We don't have inheritance in Rust,
so instead we use composition, putting our BirthdayService within the generated

BnBinderService

3. Call add_service, giving it a service identifier and your service object (the
BnBirthdayService object in the example).
4. Call join_thread_pool to add the current thread to Binder's thread pool and start
listening for connections.

34.1.5 H|=E

M| AE R ESHL, 7 tfrto] 2o) ¥al, Al2f e 4= 9l g o

m birthday_server

adb push "$ANDROID_PRODUCT_OUT/system/bin/birthday_server" /data/local/tmp

adb root

adb shell /data/local/tmp/birthday_server

thE Hold g M MulA7F 2 85 A =4 Elg

adb shell service check birthdayservice

Service birthdayservice

. found

service call Y2 AHAE &2 4k 5T
birthdayservice 1 s16 Bob i32 24

adb shell service call

Result: Parcel(
0x00000000: 00000000
0x00000010: 00200079
0x00000020: 00790061
0x00000030: 00610063
0x00000040: 0061006cC
0x00000050: 00690077
0x00000060: 00320020
0x00000070: 00210073

34.1.6 AIDL Z&}lo|dE

BRA| B0 2, ob 7} Z7kek Aju] Ao st Sl E S HAERIIS)

birthday_service/src/client.rs:

00000036 00610048
00690042 00740072
00420020 0062006f
0067006e 00610072
00690074 006e006T
00680074 00740020
00200034 00650079
00000000

00700070
00640068
0020002c
00750074
00200073
00650068
00720061

> Q@ e
" oHRORTIT
R R
pooREOE
c av

VS0V -~

<

use com_example_birthdayservice::aidl::com::example: :birthdayservice::IBirthdayService:

use com_example_birthda

const SERVICE_IDENTIFIE

fn main() -> Result<(), Box<dyn Error>> {

yservice: :binder;

R: &str = "birthdayservice";
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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_or(42),

binder: :ProcessState::start_thread_pool();
let service = binder::get_interface::<dyn IBirthdayService>(SERVICE_IDENTIFIER)
.map_erxr(|_| "BirthdayServiceo] dZ2% 4 ¢l&uch.")?

// 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"

1,

prefer_rlib: true, // To avoid dynamic link error.

}
Za}to]JdELE libbirthdayservice ol o] &35}#] g0l F231A 2.
HEstal, 7Hg dufoj A2 P, Aggth:

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 60 years!

* Strong<dyn IBirthdayService> is the trait object representing the service that the
client has connected to.

— Strong is a custom smart pointer type for Binder. It handles both an in-process ref
count for the service trait object, and the global Binder ref count that tracks how
many processes have a reference to the object.

— Note that the trait object that the client uses to talk to the service uses the exact
same trait that the server implements. For a given Binder interface, there is a single
Rust trait generated that both client and server use.

* Use the same service identifier used when registering the service. This should ideally be
defined in a common crate that both the client and server can depend on.

34.1.7 API $#

API £ H33to] o Be 7]52 A2l AT Zetol st A FhEol g e A%
2 3754k

st

i

199



package com.example.birthdayservice;

/e L a2 Qlejso] AT, */
interface IBirthdayService {
[*¥* L Fst HAAE Ay, */
String wishHappyBirthday(String name, int years, in String[] text);
}

This results in an updated trait definition for IBirthdayService:

trait IBirthdayService {
fn wishHappyBirthday(
&self,
name: &str,
years: 132,
text: &[String],
) -> binder::Result<String>;

* Note how the String[] in the AIDL definition is translated as a &[String] in Rust, i.e.
that idiomatic Rust types are used in the generated bindings wherever possible:
— inarray arguments are translated to slices.
— out and inout args are translated to &mut Vec<T>.
— Return values are translated to returning a Vec<T>.

34.1.8 Updating Client and Service

Update the client and server code to account for the new API.
birthday_service/src/lib.rs:

impl IBirthdayService for BirthdayService {
fn wishHappyBirthday (

&self,
name: &str,
years: 132,

text: &[String],
) -> binder::Result<String> {
let mut msg = format!(
"{name}d ] LS FstgUrt. {years}Fde Fstdut.",

)

for line in text {
msg.push('\n');
msg.push_str(line);

}
Ok (msg)

}

birthday_service/src/client.rs:

let msg = service.wishHappyBirthday(
&name,
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years,

&[
String::from("Habby birfday to yuuuuu"),
String::from("And also: many more"),

1.

)7,

* TODO: Move code snippets into project files where they'll actually be built?

34.2 Working With AIDL Types

AIDL types translate into the appropriate idiomatic Rust type:

* Primitive types map (mostly) to idiomatic Rust types.

* Collection types like slices, Vecs and string types are supported.

» References to AIDL objects and file handles can be sent between clients and services.
* File handles and parcelables are fully supported.

34.2.1 Primitive Types

Primitive types map (mostly) idiomatically:

AIDL Type RustType Note

boolean bool

byte i8 Note that bytes are signed.
char ulé Note the usage of ul6, NOT u32.
int i32

long i64

float 32

double 64
String String

34.2.2 =¥

The array types (T[], byte[], and List<T>) get translated to the appropriate Rust array type
depending on how they are used in the function signature:

Position Rust Type

in argument &[T]
out/inout argument &mut Vec<T>
Return Vec<T>

* In Android 13 or higher, fixed-size arrays are supported, i.e. T[N] becomes [T; N].
Fixed-size arrays can have multiple dimensions (e.g. int[3][4]). In the Java backend,
fixed-size arrays are represented as array types.

* Arrays in parcelable fields always get translated to Vec<T>.
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34.2.3 Edg|QlAx

AIDL objects can be sent either as a concrete AIDL type or as the type-erased IBinder
interface:

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 {

name: 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> {
Ok (self.age as i32)
}
}

fn main() {
binder::ProcessState: :start_thread_pool();
let service = connect().expect("BirthdayServiceo] 123 4 glsuch.");

// Create a binder object for the "IBirthdayInfoProvider  interface.
let provider = BnBirthdayInfoProvider::new_binder (
InfoProvider { name: name.clone(), age: years as u8 },
BinderFeatures: :default(),

)
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// Send the binder object to the service.
service.wishWithProvider (&provider)?;

// Pexform the same operation but passing the provider as an “SpIBinder".
service.wishWithErasedProvider (&provider.as_binder())?;

* Note the usage of BnBirthdayInfoProvider. This serves the same purpose as
BnBirthdayService that we saw previously.

3424 WS

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.birthdayservice.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("BirthdayServiceo| 1238 4 gl&uych.");

service.wishWithInfo(&BirthdayInfo { name: name.clone(), years })?;

34.2.5 Sending Files

Files can be sent between Binder clients/servers using the ParcelFileDescriptor type:
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();
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let service = connect().expect("BirthdayServiceo| 128 4 gl&ych.");

// Open a file and put the birthday info in it.

let mut file = File::create("/data/local/tmp/birthday.info").unwrap();
writeln! (file, "{name}")?;

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_xef()

.try_clone()
.map(File::from)
.expect("Invalid file handle");

let mut contents = String::new();
info_file.read_to_string(&mut contents).unwrap();

let mut lines = contents.lines();
let name = lines.next().unwrap();
let years: 132 = lines.next().unwrap().parse().unwrap();

lo]l}
d

ek "))

Ok(format!("{name}d< HAd<Z FstgUct. {years}Fd& F3}

* ParcelFileDescriptor wraps an OwnedFd, and so can be created from a File (or any
other type that wraps an OwnedFd), and can be used to create a new File handle on
the other side.

* Other types of file descriptors can be wrapped and sent, e.g. TCP, UDP, and UNIX sockets.
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Al 35 &

Testing in Android

Building on Testing, we will now look at how unit tests work in AOSP. Use the rust_test
module for your unit tests:

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:
//1 Left-padding library.

/// Left-pad s’ to ‘width'.

pub fn leftpad(s: &str, width: usize) -> String {
format! ("{s:>width$}")

}

mod tests {
use super::*;

fn short_string() {
assert_eq! (leftpad("foo", 5), " foo");
}
fn long_string() {
assert_eq! (leftpad("foobar", 6), "foobar");
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}

You can now run the test with
atest --host libleftpad_test
The output looks like this:

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:1libleftpad_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

Notice how you only mention the root of the library crate. Tests are found recursively in
nested modules.

35.1 GoogleTest

The GoogleTest crate allows for flexible test assertions using matchers:

use googletest::prelude::*;

fn test_elements_are() {

let value = vec!["foo", "bar", "baz"];

expect_that!(value, elements_are!(eq("foo"), 1lt("xyz"), starts_with("b")));
}
opAE @ 45 1 2 WMASREAES} Anjel T 9 78 Y] shelyE TESE 0 F HAAE

NN

---- test_elements_are stdout ----
Value of: value
Expected: has elements:
@. is equal to "foo"
1. is less than "xyz"
2. starts with prefix "!"
Actual: ["foo", "bar", "baz"l,
where element #2 is "baz", which does not start with "!"
at src/testing/googletest.rs:6:5
Error: See failure output above
* GoogleTest = Rust 20|12t 9] AR} o Bz 22 S oA o] & A3sfof gt
cargo add googletest & At-&sto] 7]& Cargo Z=H Eof w27 Z7}5A] 2.
* use googletest::prelude::*; E2URtA 0 2ZALE == vja 2 2 Bt of=] 7} 71A

Ut}
« ol AR ol WEH i 7t gol A5U T
* A particularly nice feature is that mismatches in multi-line strings are shown as a diff:

fn test_multiline_string_diff() {
let haiku = "Memory safete found, \n\
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Rust's strong typing guides the way, \n\
Secure code you'll write.";
assert_that!(
haiku,
eq("Memory safety found, \n\
Rust's silly humor guides the way, \n\
Secure code you'll write.")
)

}
Aoz F2d diff S EAIFUT (o] 7]ol - = Ado] EAIE A F5yh).
Value of: haiku
Expected: is equal to "Memory safety found,\nRust's silly humor guides the way, \nSecure
Actual: "Memory safety found,\nRust's strong typing guides the way,\nSecure code you'll
which isn't equal to "Memory safety found,\nRust's silly humor guides the way, \nSecur
Difference(-actual / +expected):
Memory safety found,
-Rust's strong typing guides the way,
+Rust's silly humor guides the way,
Secure code you'll write.
at src/testing/googletest.rs:17:5

o Jeo]E= C++8& GoogleTest 2] Rust ZE YT},

35.2 RolXz

ol He2|o] 4% dgf A= gto] B 2] 2] Ql Mockall o] Ut EBSl& AL ES R EE ¢
Bl slioF uth. 23 tZ k=) 2o] e 4 AsyTh

use std::time: :Duration;

N |

pub trait Pet {
fn is_hungry(&self, since_last_meal: Duration) -> bool;

}

fn test_robot_dog() {
let mut mock_dog = MockPet::new();
mock_dog.expect_is_hungry().return_const(true);
assert_eq!(mock_dog.is_hungry(Duration::from_secs(10)), true);

* Mockall is the recommended mocking library in Android (AOSP). There are other
mocking libraries available on crates.io, in particular in the area of mocking HTTP
services. The other mocking libraries work in a similar fashion as Mockall, meaning
that they make it easy to get a mock implementation of a given trait.

» 5o ot oha L2928 AU AES 4 204 i8] 29
g 4 9k 1 4% Aol HS w21 oA 02 o 2ojH Ytk whlo] mejt &
2745 o] A £% o] A
b5 A7) &

z .
S sh Zlo] 24U ol Sof wer o] efuo] Ao A& mm e
U ol = LA

o
‘é?_ = —g— = o
¥ 5 JGUh Z, HAEA SHHE $4S /4 S Bt ohet Suotue
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oA 2 Be 9l 2e 9920l = localhost o Yo LEo|utel el L A4 U] AH]
£ N2Y 4 Yaych T AT Z Bojelshs ZHTHe 4 o WS ALg e Zlo] £4

Ytk A7 #Ho I ES HAESH: o £go] Byt

* Mockall 2 Rust Z2jo] 122 9] AR 7t ofyB g 2 2704 o] o S g sof Tt
Mockall & 7]& Cargo Z24 Eof w27] 37}5t#H cargo add mockall 2 AHEEY

* Mockall o= o B2 7| 50| gyttt 535 d2d Aol whet 7|2 S84 + A5y
@ﬂH%DHW“HEmﬂ M1 3 A]7ko] AL e 1 akA] = 19ko] & mo]Ete o o] 2 AFES)

Y,

fn test_robot_cat() {
let 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);

}
* .times(n) & AHg3to] RO WM EZF S &E 4 Qe I4En o2 AT £ sy ol &
7ol 2257 o mou A =7t A wf 2}50 2 wy Aeirt gy
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Al 36 &

=27

log Z#0| E 2 AM&5HH Qe 2o| = Tiulo] A ghol q 2 H ol & logcat O 2, TAE A 43
= o= stdout L2217 A5 02 Z3o] HE2 & £ 9Lt

hello_rust_logs/Android.bp:

sk

rust_binary {
name: "hello_rust_logs",
crate_name: "hello_rust_logs",
srcs: ["src/main.rs"],
rustlibs: [
"liblog_rust",
"liblogger",
1,
host_supported: true,

}
hello_rust_logs/src/main.rs:
/7! Rust 27 dl=JYt}.

use log::{debug, error, info};

/11 QAMES 71534,
fn main() {
logger: :init(
logger: :Config: :default()
.with_tag_on_device("rust")
.with_min_level(log::Level::Trace),
),
debug! ("Z2I2 AlZst= FUUT.");
infol ("#& AYP= AFYGH.");
error! ("EA7F TAAMESUS!");
}
W=t 7h4g tuto) 2o Y, Ay
m hello_rust_logs
adb push "$ANDROID_PRODUCT_OUT/system/bin/hello_xrust_logs" /data/local/tmp

209



adb shell /data/local/tmp/hello_rust_logs
adb logcat AR=2 235 &Iyt

adb logcat -s rust

09-08 08:38:32.454
09-08 08:38:32.454
09-08 08:38:32.454

2420 2420 D rust: hello_rust_logs: Starting program.
2420 2420 I rust: hello_rust_logs: Things are going fine.
2420 2420 E rust: hello_rust_logs: Something went wrong!
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BYAEL The T Zo| ThE dlojete] 4T o84S E53] AR Th
« B Qlojoll A B AE F4E TEFUL.
-aﬂﬂﬂ§¢%a¢5wﬁiéﬂuq

HAELCEEFES BEE o BAE B YT 4 Asych Toh, W2 YAE P42
A CollM 25 & 4 = 54U
AT oo} Zo| £50E TYF 4 Y&k
extern "C" {
fn abs(x: i32) -> i32;
}
fn main() {
let x = -42;
let abs_x = unsafe { abs(x) };
println! ("{x}, {abs_x}");
}
$-2|+&= o]n] Safe FFI 2| 52 Aol|A o] & thEAFY T
oj2i3t Wil el B E| BE HEZ AP T Yok MAIS ZDUS U A4S
mE Aot AYstA st
Z o ue g4e Auusyd
37.1.1 Bindgen A}-25}7]
bindgen + C st oA 2|AE vRIG & A5 0 &2 Aot =YYyt

WA 22 € 2hol B el 2 & vhEo] malE U th
interoperability/bindgen/libbirthday.h:
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typedef struct card {
const char* name;
int years;

} card;

void print_card(const card* caxd);
interoperability/bindgen/libbirthday.c:

#include <stdio.h>
#include "libbirthday.h"

void print_card(const card* card) {
printf("+-------------- \n");
printf("| %s <, Y Fsttyth.\n", card->name);
printf("| %iF49< Sstaychi\n", card->years);
printf("+-------------- \n");

}

Android.bp otdoj o} E F7+gY o}
interoperability/bindgen/Android.bp:

cc_library {
name: "libbirthday",
srcs: ["libbirthday.c"],

Ay

}
gtojHajgof thet s tf mpd & TEUTH (O] Ao = HhEA e
interoperability/bindgen/libbirthday_wrapper.h:
#include "libbirthday.h"

ojA| vl & AtF o2 AT + stk
interoperability/bindgen/Android.bp:

rust_bindgen {
name: "libbirthday_bindgen",
crate_name: "birthday_bindgen",
wrapper_src: "libbirthday_wrapper.h",
source_stem: "bindings",
static_libs: ["libbirthday"],

}

ohA U, BlaE T o)A vl g Abge 4 gtk
interoperability/bindgen/Android.bp:

rust_binary {

name: "print_birthday_card",

srcs: ["main.rs"],

rustlibs: ["libbirthday_bindgen"],
}

interoperability/bindgen/main.rs:
//! Bindgen dl®= <y},
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use birthday_bindgen::{card, print_card};

fn main() {
let name = std::ffi::CString: :new("TE") . unwrap();
let card card { name: name.as_ptr(), years: 42 };
// SAFETY: “print_card’ is safe to call with a valid “card’ pointer.
unsafe {
print_card(&card as *const card);

}
}
W e85 3, 7hg outel o) P, Ak
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

opxeke 2, uhelgo] & 2EateA] Blst] 98, A5 A E HlAES Y BAGUh
interoperability/bindgen/Android.bp:

rust_test {
name: "libbirthday_bindgen_test",
srcs: [":libbirthday_bindgen"],
crate_name: "libbirthday_bindgen_test",
test_suites: ["general-tests"],
auto_gen_config: true,
clippy_lints: "none", // /% u<d, HE 2] AU H7|
lints: "none",

}
atest libbirthday_bindgen_test

37.1.2 ColN HJ2ESE

HAEOA Bl otpE C 2 YR A2 dgyoh
interoperability/rust/libanalyze/analyze.rs

//! Rust FFI dlZdyc}.

use std::os::raw::c_int;

/11 #AE 2AEYH.
pub extern "C" fn analyze_numbers(x: c_int, y: c_int) {

if x <y {
println! ("x({x}) 7} 7 & ");
} else {

println! ("y({y}) & x({x}) Bt} & & JH5YH.");
}
}

interoperability/rust/libanalyze/analyze.h

#ifndef ANALYSE_H
#define ANALYSE_H
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extern "C" {
void analyze_numbers(int x, int y);

}

#endif

interoperability/rust/libanalyze/Android.bp

rust_ffi {
name: "libanalyze_ffi",
crate_name: "analyze_ffi",
srcs: ["analyze.rs"],
include_dirs: ["."],

}

oA o] 2|AE FE CHPoHHNM =EE 4 AFHH:
interoperability/rust/analyze/main.c
#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"],
}
ul =57, 7hg cjuo] Aol 9w, AT ok
m analyze_numbers

adb push "$ANDROID_PRODUCT_OUT/system/bin/analyze_numbers" /data/local/tmp
adb shell /data/local/tmp/analyze_numbers

#[no_mangle] & 22 E Q9 U W=7 (name mangling) SH|Z/JEotE=E RE L Z 5
LNEJOF“’&*AOFEJQEﬂQMq'w%ﬂ%%ﬂpkﬂéq%ﬂammtﬁme=
"some_name"] S AFESUTh
37.2 C++2}o)ds 237
CXX A 20| E= 2| AEC} C++ Abo] 9] PHFHY T -8/ & 7HsstA sisU .

H

HAH A2 g e e 24y

37.2.1 HXERE

CXX & Z- ool A th2 lo] 2 25 +& g4 Aol Tt i SArgUh #[cxx: :bridge] £
fﬁwiiizﬂﬂEﬁﬂiaEéﬂHemﬂngiéﬂﬁaﬁng% AZY .
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mod

ffi {
/1 5 Aol EFo] EAEE BT Q]
struct BlobMetadata {

size: usize,

tags: Vec<String>,

- 38 FERAAUL.

r

}

/1 C++ol =% Rust B 9 wAE AZYx AU,
extern "Rust" {
type MultiBuf;

fn next_chunk(buf: &mut MultiBuf) -> &[u8];
}

// Rustol =2 C++ B9 @ 4 AlTUHALUC
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;

Balxe dybg oz Feaol & o] £fi mEo dIgyct.
Bz REo|A o] R0 Mo 2 RE] CXX £ Y X|5H= Rust D C++ EFQY /a4 Aol 2 A5}
of o]t FES F Ao BFof eEFh

A9 Rust =5 B3 cargo-expand SAM250] 4E proc ML E S ZQlsHA| Q. I E
Bo] oo Al = cargo expand ::ffiE AM&sto] ffi 2 ETHEHYE U (Android Z2A E

S~

JAJ® C++ =2 22H target/cxxbridge & El5kA L.

37.2.2 Rust Bridge Declarations

mod

}

ffi {

extern "Rust" {
type MyType; // =55 eFlodvch.
fn foo(&self); // "MyType o wA=dct.
fn bar() -> Box<MyType>; // Free function

struct MyType(i32);

impl MyType {

fn foo(&self) {
println!("{}", self.0);
}
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}

fn bar() -> Box<MyType> {
Box: :new(MyType(123))
}
« extern "Rust"o AdE F52 3¢ 2 HY W
¢« CXX ZE A 7] = extern "Rust" AlAE AF8 5o} AF251= C++
ds A o?JLlE} A E sllel= ot FA A rsh 1 B9 A 9)s 2 EEJ ZI7P
4o mdT YT AR ERE

37.2.3 AAE C++

mod ffi {
/1 Crvoll =28 Rust Eb % A= AZUAHYU,
extern "Rust" {
type MultiBuf;

fn next_chunk(buf: &mut MultiBuf) -> &[u8];

}

1 At o ohgat e crdut

struct MultiBuf final : public ::rust::Opaque {
~MultiBuf() = delete;

private:
friend ::rust::layout;
struct layout {
static ::std::size_t size() noexcept;
static ::std::size_t align() noexcept;
b
b

cirust::Slice<::std::uint8_t const> next_chunk(::org::blobstore: :MultiBuf &buf) noexcep:

37.2.4 C++BHEzAHA

mod ffi {
/1 Rustoll kgd C++ B B o AlZYxdyct.
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;
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A= iz oh 3 22 Rust U o
pub struct BlobstoreClient {
_private: ::cxx::private::0Opaque,

}

pub fn new_blobstore_client() -> ::cxx::UniquePtr<BlobstoreClient> {
extern "C" {

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" {

n __put(
_: &BlobstoreClient,
parts: *mut ::cxx::core::ffi::c_void,
) -> u6b4d;
}
unsafe {
__put(self, parts as *mut MultiBuf as *mut ::cxx::core::ffi::c_void)
}
}
}
// .
- m2 el Apalo] e A1y 7t sttt B4e Wertelg Ut CXX = A1y 7}
C++oll A A e 27 5] x| oh=2 E4 2L5t7] 25 7@@2& assertlo = AP
* unsafe extern =52 AR&5HH Rust oA ¢S 2&2& #UE C++ 45 AL 4 3
P
&Yt

37.2.5 ZSEY

mod ffi {
struct PlayingCard {
suit: Suit,
value: u8, // A=1, J=11, Q=12, K=13

}

enum Suit {
Clubs,
Diamonds,
Hearts,
Spades,

-

C 2t &2 (Z9]) enum 7 2| L gyt
&7 Bt 9] #[derive()] o= At 4o ESlojAl gyt C++ T Eof thell M= F-S-5t
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£ 7150l A8 EYth ol & E0] Hash & otAdstH sl C++ EFJ ol ik std: thash 3=
A Edct

37.2.6 &% Enum

mod ffi {
enum Suit {
Clubs,
Diamonds,
Hearts,
Spades,
}
}

CEEERPNE

pub struct Suit {
pub repr: u8,

impl Suit {
pub const Clubs: Self = Suit { repr: 0 };
pub const Diamonds: Self = Suit { repr: 1 };
pub const Hearts: Self = Suit { repr: 2 };
pub const Spades: Self = Suit { repr: 3 };

}
Generated C++:

enum class Suit : uint8_t {
Clubs = 0
Diamonds
Hearts
Spades

=1,
2,
3,

» Rust Z0j|A], 4% enum o T3 AHH Tt AAZ 221 2G5t F2A YY) of
= enum A7 UEHE 2 E HY T ohE S HE F-5F= Zlo| C++oll 4 UB 7} ok 1 Rust &
A FAS 522 7hA{okst 7| Wi Ed Yt

37.2.7 2FAd

mod ffi {
extern "Rust" {
fn fallible(depth: usize) -> Result<String>;
}
}

fn fallible(depth: usize) -> anyhow::Result<String> {
if depth == 0 {
return Exr(anyhow: :Error::msg("falliblelo] Zo] > @ ZQ"));

}
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Ok("&=!1".into())

. Result 2 uh3lsl= Rust &4 C++ 204] o9 2 Mg Ut}
= A rust: Error Eldoln 2 Q&7 WA X EAY
oh,] 1:]-, L=} uﬂ/\] A& 27 el 9] Display impl oA 7F4 -3 Ut
 Rust oA C++2 34 o] A= H Z2 M| A7} SA] T2 H Y

e PYS B

37.2.8 2237

mod ffi {

unsafe extern "C++" {

include! ("example/include/example.h");

fn fallible(depth:

}

fn main() {

if let Err(err) = ffi:

eprintln! ("2%F: {}", err);
process::exit(1);
}
}
* Result S W&SIES e C++ S

ghpof Exr gho & whakshy ot
» Result & HHE3l =& CXX EE Ao

A A
T2 ;L C++9] std: :terminate &

st EUg ool o 25y,

37.2.9 F7}ed

=C

usize) -> Result<String>;

:fallible(99) {

Z#3slal o] & & Rust

+
+
|\
2
]
ox
rot
2
o
fjr

Rust Type C++ Type
String rust::String
&str rust::Str
CxxString std::string
&[T]/&mut [T] 1xrust::Slice
Box<T> rust: :Box<T>
UniquePtr<T> std::unique_ptr<T>
Vec<T> rust: :Vec<T>
CxxVector<T> std::vector<T>
e o] EFY 2 I F2A 9 B=¢of extern g4 9] 14 U BEgHo AR 4 & YT
» Rust ] String 2 std: :string ol 21 oig = x5 UTh o 7)o &= th33 22 9 7}4A] o]
87t A&
- std::string 2 Stringol ¥ 2% UTF-8 EH S A5 &5t
- F EF2 m= o] M &2 thE glojobzS 7HA| AL Jlo B g Qo] Tho| A Agd 4 &Y
=
- std::string o= Rust 9 o5 o|u] A ALt AxetA] g= o] 54827 B ostng
std::string < %22 Rust of] 1&g 495U oh
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37.2.10 Building in Android

cc_library_static & 9H=0o] CXX oA A H sl et A4 utd S8 E£51o] C++ 2to] B8] & 1
=3yt
cc_library_static {
name: "libcxx_test_cpp",
srcs: ["cxx_test.cpp"],
generated_headers: [
"cxx-bridge-header",
"libcxx_test_bridge_header"

1,
generated_sources: ["libcxx_test_bridge_code"],

* libcxx_test_bridge_header ¥ libcxx_test_bridge_code 7} CXX oAl A/ d & C++
Hiolg o] &3 Eo|gts AL A Hgh oS Selo|Soj A A4 v S dopE o}

o JHEA Rl CXX & 7?}%234”‘ cxx-bridge-header EJrOlEEHE*}%EHOF gy

¢ Android ol 4] CXX & AH&-st= Wi ol st A 4= Android &A1l A &1g 4= &Yt
S50l UFof o] U E ool A HAIZS = A=A & 4 A =T o] YAE ¢°d°ﬂ 35t

= 7l0] £4uth

37.2.11 Building in Android

% 719 genrule & s Yt shub= CXX &6 & A/dstal oh 2 stube CXX 44 ot S AU
33 o3 cc_library_static ol thetelzi oz Abggych,
// 1lib.rs 9] Rust WEUW”| S0 st
/] C++ Hiolgo] Z&E C++ FgjE AYAdshyct,
genrule {
name: "libcxx_test_bridge_header",
tools: ["cxxbridge"],
cmd: "$(location cxxbridge) $(in) --header > $(out)"
srcs: ["lib.xs"],
out: ["lib.rs.h"],
}

// Rust7} E&35t= C++ IE
genrule {
name: "libcxx_test_bridge_code",
tools: ["cxxbridge"],
cmd: "$(location cxxbridge) $(in) > $(out)"
srcs: ["lib.rs"],
out: ["lib.rs.cc"],

i

B

» cxxbridge =& C++ 29 Bz RES YA SH I FY Yt o] T3+ Android °f
x3tE]o] 9lom Soong =2 AMEE £UEUT
. olH]—Z—l O 2 Rust &4 T+do] 1ib.rs 9 AL
o2 lib.rs.cc 7t gyt 284 o] o] &
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37.2.12 Building in Android
libcxx 2 cc_library_static ol 45 = rust_binary & AU,

rust_binary {
name: "cxx_test",
srcs: ["lib.xs"],
rustlibs: ["libcxx"],
static_libs: ["libcxx_test_cpp"],

37.3 Java<ois
ZHHH= Java Native Interface(JNI) & g3l 35 2to] B2l & 228 = JEYH jni A o|EE
A-g3to] NI 2ol B efe) & RhS 4 3
A, k2 R 2 AE P4
interoperability/java/src/lib.rs:

//' Rust <-> Java FFI t=dyrct.

ofo
oX

i 1
o
ox
il
T
o

use jni::objects::{JClass, JString};
use jni::sys::jstring;
use jni::JNIEnv;

/// HelloWorld::hello method implementation.
pub extern "system" fn Java_HelloWorld_hello(
env: JNIEnv,
_class: JClass,
name: JString,
) -> jstring {
let input: String = env.get_string(name) .unwrap().into();
let greeting = format!("Hello, {input}!");
let output = env.new_string(greeting).unwrap();
output.into_inner()

}
interoperability/java/Android.bp:

rust_ffi_shared {
name: "libhello_jni",
crate_name: "hello_jni",
srcs: ["src/lib.rs"],
rustlibs: ["libjni"],

}

We then call this function from Java:
interoperability/java/HelloWorld.java:

class HelloWorld ({
private static native String hello(String name);

static {
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System.loadLibrary("hello_jni");
}

public static void main(String[] args) {
String output = HelloWorld.hello("Alice");
System.out.println(output);

}
interoperability/java/Android.bp:

java_binary {
name: "helloworld_jni",
srcs: ["HelloWorld.java"],
main_class: "HelloWorld",
required: ["libhello_jni"7J,
}

Bpx] 2o 2 vhol e g WE, Y, A

Utk

!

m helloworld_jni
adb sync # requires adb root && adb remount
adb shell /system/bin/helloworld_jni
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This is a group exercise: We will look at one of the projects you work with and try to integrate
some Rust into it. Some suggestions:

+ 4] AIDL HH|AE 2 AE Zetold o4 EE a8
P GAlo) meAES] 448 B AER §7]T SEHE YT

ol dgEAlE 7] "ol sige] AlF= A FeUth S L0AASH a0 o

o

=3
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Al XH

Chromium
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Al 39 &
Welcome to Rust in Chromium

Rust + Chromium ] A E s}¥] 2to] H2j|of tsf 2] &, Rust & 7]& Chromium C++ ZE 7F
ol dZdst= HAE otE] 2F ZTEE XFT :
252 Rust & &5t EAE R
2XAQ BASE TC ol 9)

2 A5 2 op2 A gy,

l-JJ

A2 A L A 8 BZ2lS Y AFE Aol A UTFS
A, AFEH = JESHEE Al T = o] AofA] o]

225



Chromium £ =3} A3 4 YA HIgch 7 vl w25 Aofek (A3 913 1223636
1

gn gen out/Debug
autoninja -C out/Debug chrome
out/Debug/chrome # or on Mac, out/Debug/Chromium.app/Contents/Mac0S/Chromium

N L5 wher shal Aok o1 Y ES AR Sh= Aol FaUth oAl 712t d Y

otz A E5kA] etk Chromium 2= S Fa1shA| 2. 2]: Chromium 2= 275 A2 AJZE
o2z Yt

3 Visual Studio Code 7F A %] = o] l+= Zlo] £5UT
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About the exercises

37 o] o] BEol A2 A E = dglo] ASEATE A&tk oA uhol g0l 3] ek 3 A
Wholl A5EA7H ol Al &Y 54 BESAET Alztol glEiets 2 skA nhal 2. kgl of
e + A&yt
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Al 41 &

Chromium 2 Cargo A efj Al v] o

Rust AFYE = LHt& 0 2 crates.io 2] cargo ¥ gto] B8] & A28yttt Chromium 2 A4 5t
bl ﬁ%‘%A%*&%ﬂ 27 gn, ninja & ol -&sto] Y=g
Rust 2 Z=5 2 o el + le 42 U2 254k
* //build/rust/*.gni o] IEH (f: 4Zol ot& rust_static_library) & 53 gn ¥
ninja —g*} ryrt. o]+ Chromium 9] ZHA}F &=+ 28 9 o] EE AHEFHY T
* cargo = AHE5tE [Chromium 9] ZrAl =4 22 9 3 3| o] EZ2A|$H ghu o} (https://chromium.googlesource.com,
+/refs/heads/ma1n/docs/rust md#Using-cargo).
» cargo = ARSI = g ol Efulo) A the2 =5k Feo| ESAIFF YL
7| EEE gn # ninjaol 5 AYch I =FESH 0T Chromium E2h-$-# of Rust ZEE
HeEsix 22 4 A7 WlEd Yyt o]ek FAloll, Cargo + Rust e Aol A T35 HEolB=E Cargo
OHE"—l%OHOF °LL‘IE}

Mini exercise

AFR IFOR e Tk

« ‘cargo' 7} 92T 4 Y= AU S A AEYST o3t Alye 0] Y ZrH g Y}
gy
* gn ¥ ninja, 2 =2}2l cargo 52 AHEE WAl 2| of St =, 2hol B2, AR A AES =
oo
SHI S0l AEEAE &EsH7] Aoj HaEAL L EE A HEA Tl Yo By & 45t Sl
AAZ A At 7HYstal 3~4 o FAHH 20 F 0% ERSHES P
AsEA e A B3t Pl d FAARY/ZE (Cargo 7Hold 2 A5 4 e Al ).
o 212 A5t Y Chromium €39 =2 Ee}Q]-S A && o crates.io 2to] B 2 2] 9]
e Aol HA| AT 4> ATh= dei ‘1*{‘ AUk Ao =E A2 sl 2ol EFF QLo
Aoz ARESt7] sl E5UH B E oS 913 clap, e 4 1+ E*Sﬁ?/":‘xﬁ""éi}% 9l
gk serde, BHEA5 Ah%}i 7399l itertools 5°| AEUT
- cargo & AH&-5HH 2ol B2 g & 4 A Ab&sl & 4 & Uth Cargo. toml of] 3 && &
Zbeta mE 2HgS x| zHsbd ")
- perl 9] ?_‘71% °é7ﬂ H o] CPAN ©] oj¥ = go] EH =2 HusjE = A= E5YT
python + pip @} H] s = H Y},
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https://crates.io/
https://rustup.rs/
https://crates.io/

31 4] Rust =7 (oll: L}Ol £, FA b A, o] QH et Mo A 2 F 3l of 5= Ao EE
HAES of rustup = *PﬁoM CFE rustc ¥ 0 2 M) BekofL e At we] 0| 4
EfA (o: Mozilla & B+ AL 243 2 F-/-E 9Jdl cargo vet A3, criterion Zg|olE
© taskE #xnta A3 S AlS ) S5 = A 2] ZH A" Yo

- cargo £ AHg31H cargo install --locked cargo-vet & 538 =& gA57t

3 2 9l & e},
- Chrome s =203 = VScode 4 T2 13w} v w sl = Zlo]E&5U ).

Fl

Jak

-cargo7}@°%¢9}%i EAE o] F st AwrHRl of:

- 5= Aol Rust 7 3= =7 A 22 HA 71E duJsU 2ho] B g g
thoFst o} AF2 1 o] A ge Pythondr FAFSH l“&% St EFY Al2E] g ol o] QFHSHAL of u
Eﬂl’%ﬁc‘i%‘qq(‘ﬂﬂ 2| E Qoj7} opd ZupdH Qdoj ).

— Rust A& Alof] Zoist2™ Cargo ot &2 EF Rust E—_rLa ARgslioFg . & ] 7o &
2313 Chromium &5 (of]: Bazel £+ Android/Soong ¥ = #7) ol A AF-8-8F12} Sh=
gto] B2 2] = Cargo SAHE3loF & 4 QU

e cargo)\ 7|8t Chromium #3d =2 A E 9] of =c}t3 3 5t

- serde_json_lenient(Google 9] t}2 R Hojx AF3}o] 50|74 % PR
- font-types & 22 2& gto] 22|z
- gnrt = (&4 9—“ Oﬂ/ﬂ Ar) = B9 E 3449 42 clap, +4 T2 %2 toml of

FTEHEUS
* 9]: 0J7] X cargo & AH&ste FY3 o]+ Rust = 252 U =S off Rust 5
gholE g & H‘COPI—' REAEG= S gn< = A 4 °*7l Ed U
# run_gnrt.py + Chromium ©] cargo ¥ rustc At2& A&}, gnrt =<
Eulo At 2 &3k A& u}E| glo] B 3111101] Z4 50 run_gnrt.py = cargo °
Cargo.lock & 53l --locked 2=t 5] §H ot et
2 O FES FAA B GAAH R AT 4 Qe Aoz AET S, ASUT
e rustc(Rust oY) = 2= 2 LLVM 2te] B8] 2], Clang Autd 2, rustc &2 (GitHub ©jl

a
A 7H41-2, Rust At ol 4 A ), REAENS 93] o2 =3k uto]Ule] Rust At eof
4Py

 rustup(rustup < https:/github.com/rust-lang/ & 2| At5tof| A 7§ =9l rustc 2 5L

gh

* cargo, rustfmt 5
o ThOFSF B c‘n_ma} (Tustc' & WESE=E AL Weg 7 229 Chromium 1] Y ool A

Wi E5}7] 915 A 281 5)

* cargo audit, cargo vet 53 Z-Z Cargo =+
s //third_party/rust o 325 = Rust gto]H Eiﬂ (Securlty@chromlum org ol A ZH4H)
« 7]E} Rust 2}o]Ealg] (YBLE EXAAE, B 0fQ 0]7] 9l o E3|ALE
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Chromium Rust A

Chromium ol A= o} 2] 5| AE u}E] Rust £ 3] 854 ¥5U T &, Chromium 2] Area Tech Leads
oAl £ EF H 9= oAyt

/‘1‘: utg] glo] B 2| g]of st Chromium 2] 220 7|0 d &l o] &t Rust & A 5ol Hot
S 98l /g F4R AR STES A& oA A= TtE] gloj B glof 5 &H Ut

C/C++ API & A F = &3l Rust 2to| B aj 2= SAa 40| B & o|2|gh 7o B E glo]Hajg|o= ATk

ﬂﬁiEﬂQ%EEEﬂ%&ﬁQW

"CHt" Rust
: Existing Chromium : : Chromium Rust Existing Rust
"C++" : : "wrapper" crate
oo - + SR o + S +
| | | | | |
| 0o----- T +-+-> O-+--memmmm - +--> |
o | : Language : | | Crate | | :
LR R + : boundary i +----------o----- + API R R +

EX M= utE] 30| EQ HAE utE] Rust 2% T =+ UREA 0 2 third_party/rust/<crate>/<version>/
ﬂiﬁﬂﬁ&qq

meta 5 HYME ok 22 WES SHHoE gyt
« A& 1}E] Rust 2}o] B2 g (crates)7}2%

7]
+ Chromium C++ojl 4] o|2|3t 220 EE AHRY 4 YES 2 TESAAFU T
A)Zko] A|Lhri A o] o] MAE ™ L& T E ofof B 7
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2] = i = gyt Chromium 285&8/43< 93 gn 2 ninja
2Regyth HA 223 54 REE 518 Yr} Rust & o €]+= obd Ut

Chromium °] Rust ZEF7}

A7 7]& Chromium BUILD.gn TollA rust_static_library & AAgy}.
import("//build/rust/rust_static_library.gni")

rust_static_library("my_rust_lib") {

crate_root = "lib.rs"

sources = [ "lib.rs" ]
}
T2 Rust O = deps & 71 = A5yt UFoll A& gte| o) o] &3517] 8 o] & AFHE&
)=
ek ]E E 22 AA H5 _Fo_& AHsHoF FYT crate_root = AU @99 FE
o (Y0 2 1ib. 1s) & L= Rust Zubelelo] 4135 & 52 et sources & 41
gast lxd% 2475t7] 9lal ninja ol 2Rt HE A A npd o] A HEur}.
(Rust ol A= I olE A7} Aatd -9 o]Z & Rust source_set &+ Z& A& A5}
static_library 7z 4 @9 dyrc})

SHYS2 gn Ul Rust G4 2holB2]g] 2| Z AbEshE Al gn &S] gl {5 3aslie

2 92Ut olge o] g Zalo] CXX AE 284, Rust 715, 9 HlAES M Agiths AU, o
Z AR Uz AFgsAE .
43.1 unsafe Rust Z&=x3}

rust_static_library o= QHd5HA] ¢k2 Rust =7} 7|2 H 02 F A5 o] Qlon g Zutd g
A ek Ut oFAEEA] ¢82 Rust =71 2514 gn E}7lo] allow_unsafe = true & 754 Q.
(o] o] S HtEof o] 7 o] W Q3 &S AmEUtt)

import("//build/rust/rust_static_library.gni")
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rust_static_library("my_rust_1ib") {
crate_root = "lib.rs"
sources = [
"lib.xs",
"hippopotamus.rs"

allow_unsafe = true

}

43.2 Chromium C++2] Rust F Eojo]&

91o] PS8 Chromium C++ EFAS] deps ol F7t517] gt stH YT,
import("//build/rust/rust_static_library.gni")

rust_static_library("my_rust_1ib") {
crate_root = "lib.rs"
sources = [ "lib.rs" ]

}

# or source_set, static_library etc.
component ("preexisting_cpp") {

deps = [ ":my_rust_lib" ]
}

43.3 Visual Studio Code

Rust Z =0l A= Efjo] e 2 9435 IDE 7t C++Eot €4 o588 - Y}, Visual Studio
Cwe%CmmmmmﬂﬂmﬂﬂMP“@%ﬁqqﬁﬁ%H$ﬂqu%éﬂﬁqq.

* VSCode ©f] o]% Jef2] Rust Aol o rust-analyzer &= 2 134 0] 9l=X%] QI5HA

» gn gen out/Debug --export-rust-project(Et g o] 4-2)

* 1In -s out/Debug/rust-project.json rust-project.json
;%ﬂﬂmEﬂﬂwﬂqﬂﬂ%%HMQmWwﬂﬂiziﬁ%%”ﬂ%%% S A s EH
A7bg vt 7 oéﬁk%ﬁqq
thg Sl gl 2o =8o] & 4 sy th sk 714 943k Chromium & Rust = thAl AF&-3)
="y

» components/qr_code_generator/qr_code_generator_ffi_glue.rs
* 714 & qr_code_generator_ffi_glue.rs ¢ \QrCode:new‘ <= (26 ¥
o] &gttt

o 0|2 BA EA] (FHHA QI BEQIY: vscode = ctrl k i; vim/CoC = K)

.
2

=
=
=z H 1
= T

S

o d2 Aol & o]F (YEHH QI viQldg: vscode = F12; vim/CoC=gd) 121¥ //third_party/rust/.

../src/lib.rs Zo|=gUt}
o 7] HIZE A5t QrCode: :with_bits HIAE (164 & 4], 712+ vscode 9] =+ &
A7) ol A&, dHHA Q1 vim/CoC HFRIY = space 0) = OIEBME}
o 0|2 83 A (QrCode: :with_bits WA Tol ® 7}2 &2 o7} U2)
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nodS +43t S gn gen ... ——export—rust-project S ThA] AdYsfiof ghoheAd
0] Zd2 o] Al e] A HRkoll AA B wnkESA gt

1

43.4 W33

Chromium ¥ =oj A th2S E3}5}= //ui/base/BUILD.gn ol A} Rust S E7ghct,
pub extern "C" fn hello_from_rust() {
println!("Hello from Rust!")
}
Z2: 9714 no_mangle < Rust Zu}d 2jo]] oJst A 2 FFPo= IFFEE=Z gn B2l A
QHsHA g2 R =g 5l 8aof g,
o] |22 RustE}Z1S //ui/base:base o] T& 520 2715t} o] &4F ui/base/resource/resource_bunc
o] thQofl A dAZY ot UFof BiQlY A8 T2 A5 8ot= WS 5y
extern "C" void hello_from_xust();

ui/base/resource/resource_bundle.cc 2 ojH7}ofA o] 455 &3 urceBundle: :MaybeMangle

915

T
(L
e

w M

w0

o

o] Attto]Z4 Ut Chromium & & =511 A8 5to] 'Hello from Rust!' 7} o 2 % Hy =2 &<l
gk

VSCode & AI&35}= 7% o]#] VSCode oA & ZH5351 =& Rust S AA U o] & ALoA &8
Suick. 4351 printlnlolAl 92 o] 5' & nj oA 0 22 HE0 2IeF 4 AUt

» rust_static_library gn ®lZslo)|A AL 7HsoF A
s #[no_mangle] ol &St H =
« extern "C"oj ¢ HB

o gn 9] --export-rust-project A& H=E

» VSCode ©ll A rust-analyzer = A 2|5} HH
o] o= HA FFEE AT 284 ol C 2 AAE7| ufj ol YrtA o]z k&Yt C++9F Rust =
F 712402 CABI 4E HAdsta & £ FUt o] 79| SRER oA C++& Rust o] A H
A4y
o] 71X allow_unsafe = t rue 7} QS o] §=#[no_| mangl o] Rust 7} o] o] Z+2 g4 &=
MNe BT +UAEE T 4 13 Rust = T o) SHHE 47t SEH T B4 4 gl7|dEd Yot
<43k Rust A8 mtdo] W Q3tH rust_executable gn Hl 23 SAHE5HH Hyth
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Rust community typically authors unit tests in a module placed in the same source file as the
code being tested. This was covered earlier in the course and looks like this:

mod tests {
fn my_test() {
todo! ()
}
}

In Chromium we place unit tests in a separate source file and we continue to follow this
practice for Rust — this makes tests consistently discoverable and helps to avoid rebuilding
. s files a second time (in the test configuration).

This results in the following options for testing Rust code in Chromium:

 Native Rust tests (i.e. #[test]). Discouraged outside of //third_party/rust.
» gtest tests authored in C++ and exercising Rust via FFI calls. Sufficient when Rust code
is just a thin FFI layer and the existing unit tests provide sufficient coverage for the

feature.
* gtest tests authored in Rust and using the crate under test through its public API (using
pub mod for_testing { ... }ifneeded). This is the subject of the next few slides.

Mention that native Rust tests of third-party crates should eventually be exercised by
Chromium bots. (Such testing is needed rarely — only after adding or updating third-party
crates.)

Some examples may help illustrate when C++ gtest vs Rust gtest should be used:

* QR has very little functionality in the first-party Rust layer (it's just a thin FFI glue)
and therefore uses the existing C++ unit tests for testing both the C++ and the Rust
implementation (parameterizing the tests so they enable or disable Rust using a
ScopedFeaturelist).

* Hypothetical/WIP PNG integration may need to implement memory-safe implementation
of pixel transformations that are provided by 1ibpng but missing in the png crate - e.g.
RGBA => BGRA, or gamma correction. Such functionality may benefit from separate
tests authored in Rust.
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44.1 rust_gtest_interop Library

The rust_gtest_interop library provides a way to:

* Use a Rust function as a gtest testcase (using the #[gtest(...)] attribute)
* Use expect_eq! and similar macros (similar to assert_eq! but not panicking and not
terminating the test when the assertion fails).

Example:
use rust_gtest_interop::prelude::*;
fn test_addition() {

expect_eq! (2 + 2, 4);
}

44.2 GN Rules for Rust Tests

The simplest way to build Rust gtest tests is to add them to an existing test binary that
already contains tests authored in C++. For example:

test("ui_base_unittests") {

sources += [ "my_rust_lib_unittest.rs" ]
deps += [ ":my_rust_lib" ]
}

Authoring Rust tests in a separate static_library also works, but requires manually
declaring the dependency on the support libraries:

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" ]
deps = [

":my_rust_lib",

"//testing/rust_gtest_interop",
1
}

test("ui_base_unittests") {

deps o= [
}

:my_rust_lib_unittests" ]

44.3 chromium: :impoxt! Macro

After adding :my_rust_lib to GN deps, we still need to learn how to import and
use my_rust_lib from my_rust_1lib_unittest.rs. We haven't provided an explicit
crate_name for my_rust_1lib so its crate name is computed based on the full target path
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and name. Fortunately we can avoid working with such an unwieldy name by using the
chromium: :import! macro from the automatically-imported chromium crate:

chromium: :import! {
"//ui/base:my_rust_1lib";
}
use my_rust_lib::my_function_under_test;
Under the covers the macro expands to something similar to:
extern crate ui_sbase_cmy_urust_ulib as my_rust_lib;

use my_rust_lib::my_function_under_test;
More information can be found in the doc comment of the chromium: : import macro.

rust_static_library supports specifying an explicit name via crate_name property, but
doing this is discouraged. And it is discouraged because the crate name has to be globally
unique. crates.io guarantees uniqueness of its crate names so cargo_crate GN targets
(generated by the gnrt tool covered in a later section) use short crate names.

44.4 Testing exercise

MELR AdFEAE Fol 5 AIH!

In your Chromium build:

Mo

* Add a testable function next to hello_from_rust. Some suggestions: adding two
integers received as arguments, computing the nth Fibonacci number, summing integers
in a slice, etc.

» Add a separate ..._unittest.rs file with a test for the new function.

* Add the new tests to BUILD.gn.

* Build the tests, run them, and verify that the new test works.
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A| 45 &
Cotold s e84

Rust 7 HUE]= C++/Rust A4S S8AS 93t o2
%4tk @A Chromium & CXX 2= =1 EAMS _
Qlefo] 2 o] <o) (Rust sf vl-% FAFE) o 4 HA| Qo] A E M5 CXX =77} Rust 2 Crs
oA ekt ol Bt e Ay
See the CXX tutorial for a full example of using this.
tholo] 1R S AFych YRAH 2 oW SUN HA LAY T AT TR A A
Eﬂqumcpﬂ+ﬂoqﬂqMAqq.
¢ o] == C++9} Rust 2] |5 EAFU ol & Soi#[cxx: :bridge] 7} AA C++ £
Rust g 2| of dx|sA] =7 ¢ Autd L 77F AYSHA N 578 4] 2 5 vl g2 AE
5].13:] x{_‘]E]x] okg 57(]— ] HlAY o]—],]E}—
+ o == ¥ C 715.9] FFI thunk(£, C-ABI 58, 2.2 84) 44 871535}
L C++ WA Eof th3l FFI 55 AFR A, £ZH10lg o] AL o|g|sh | Atg &
gxmuppﬂ
L w7 Spolueee Y £3 UHE AT £ Aaynh ol SUGEH T,
- &[T] = 5% ABI 4 w2 2| gf|ojo}-2-Z B 252 Yrjete FFI %A %
%"lf)r. —’F—% HFOI g2 AFE-51H std: ispan<T>/&[T] =452 E
3 EQIE| e} Zo| 2 thA] WEsfof Pk o] = 7} dloj7} ul &
s e 1T e Rt wasr) dayn,
- std..un1que_ptr<T> std: :shared_ptr<T>, Box 52 A0tE ZQl
Z AYEUth 5 8 g S AE5HH C-ABI 58 YA ZRAEE HEsjof st2 g ZA| 7]
7l W2 1_;8_-.4 3 o] Z27}5H
— rust: Strlng ] CxxString 32 dof 7t BAFE EH 2] Aol & o] slistal 523y
o dc
SHl=

—“# o
S
frt

i)
B
Ruip)

th. 9§ Sof rust: :String: :lossy £ UTF8 o] obd §12jo] 4] Rust 24434 =g
4913 rust::String::c_str 2 EAE S NUL 5284 5 Urth
45.1 A

CXX ol A= A A C++/Rust BAI7} .rs 24 F= U9] cxx: :bridge 'modules’ o] A 1 5] ofof ]
=8
mod ffi {

extern "Rust" {
type MultiBuf;
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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>;

}

/1 Rust 8 % g9 Ho= o7& FsAS.
Zha:

» Although this looks like a regular Rust mod, the #[cxx: :bridge] procedural macro
does complex things to it. The generated code is quite a bit more sophisticated - though
this does still result in a mod called ff1i in your code.

Rust oA C++' 2] std: :unique_ptr 7] & 2]

Native support for Rust slices in C++

C++ollA Rust & % Rust 78 ()

Rust oA C++ &5 4 o) C++ 59 (3t

LREZ Q1 3: C++ S|t 7} Rust ol A 3} &= L35 9] £27F FU o] sliti=
Rust o[ A 3|4 =) 2] etom C++ ZHupd2| 2] o] 2 flsl /4d & C++ ZEo] Esl#include HYTh

CXX A AL}
CXX & AH88 off & 7P /&35t dlo| Al =73 Fx=dyth
CXX = 7|22 o2 o33t 22 Ateoll Ayt
* Rust-C++ QIE|H|o] A= o Thesto] R AAT 4+~ 15y
e oln] CXXolM 7| 2H o2 NYste I AHEE T 9
std::string, &[u8] &).
2 Algto] 5 Y of| & 5°] Rust 9] Option 32 A LEHA EEH
o] 2| St A|5tAIF O 2 Q15| 01_4_4 Rust-C++ A} S 28 4Jo] o}d % ﬁe,];] gl Lo Aoofut
Chromium ©| A Rust & A& 4 & Uth Chromium o A Rust AF-& A& 1 of £
A2 Ao HA Q] CXX HIRIY ZQHE 2Hdsto] 85| BEstAZAIE =4 &lst= AUy
CXX 9] g2 o & ZA L =9lsloF Yt ol & 59 th3 3 25Ut

+ 92 2] Crr o) S 7]¥ho 2 T (The Setol =0l Lot 912,
« 54 EQIE & ALES] o] Mgt o,

qq(aﬂ std: :unique_ptr,

45.2 &3z

CXX's support for Result<T, E> relies on C++ exceptions, so we can't use that in Chromium.
Alternatives:
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* The T part of Result<T, E> canbe:

— Returned via out parameters (e.g. via &mut T). This requires that T can be passed
across the FFI boundary - for example T has to be:
* A primitive type (like u32 or usize)
* A type natively supported by cxx (like UniquePtr<T>) that has a suitable
default value to use in a failure case (unlike Box<T>).
— Retained on the Rust side, and exposed via reference. This may be needed when
T is a Rust type, which cannot be passed across the FFI boundary, and cannot be
stored in UniquePtr<T>.

* The E part of Result<T, E> can be:

— Returned as a boolean (e.g. true representing success, and false representing
failure)

— Preserving error details is in theory possible, but so far hasn't been needed in
practice.

45.2.1 CXX Error Handling: QR Example

QR F& A/ 70| Aot Zo] Ttest a2 32 UEd 4 A= B 3 SHE W= a2 HHest
1 out W7 4E AHESHo] 21E 7| S Y
mod ffi {
extern "Rust" {
fn generate_qr_code_using_rust(
data: &[u8],
min_version: 116,
out_pixels: Pin<&mut CxxVector<u8>>,
out_qr_size: &mut usize,
) -> bool;

}

Students may be curious about the semantics of the out_qgr_size output. This is not the size
of the vector, but the size of the QR code (and admittedly it is a bit redundant - this is the
square root of the size of the vector).

It may be worth pointing out the importance of initializing out_qr_size before calling into
the Rust function. Creation of a Rust reference that points to uninitialized memory results in
Undefined Behavior (unlike in C++, when only the act of dereferencing such memory results
in UB).

If students ask about Pin, then explain why CXX needs it for mutable references to C++ data:
the answer is that C++ data can’ t be moved around like Rust data, because it may contain
self-referential pointers.

45.2.2 CXX Error Handling: PNG Example

A prototype of a PNG decoder illustrates what can be done when the successful result cannot
be passed across the FFI boundary:

mod ffi {
extern "Rust" {

239


https://source.chromium.org/chromium/chromium/src/+/main:components/qr_code_generator/qr_code_generator_ffi_glue.rs;l=10

/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;

}

PngReader and ResultOfPngReader are Rust types — objects of these types cannot cross
the FFI boundary without indirection of a Box<T>. We can't have an out_parameter: &mut
PngReader, because CXX doesn't allow C++ to store Rust objects by value.

This example illustrates that even though CXX doesn't support arbitrary generics nor
templates, we can still pass them across the FFI boundary by manually specializing /
monomorphizing them into a non-generic type. In the example ResultOfPngReader is a
non-generic type that forwards into appropriate methods of Result<T, E>(e.g.intois_err,
unwrap, and/or as_mut).

Chromium | A cxx AF&
Chromium ol A= Rust & AH85t3 = 2| - enjry S & 0#[cxx: :bridge] mod & Aoy
ot ARk 0 & rust_static_library mio} obbd s =7 PoM“F SstHE Y
cxx_bindings = [ "my_rust_file.rs" ]

# HE AA mdo] ofd #[cxx::bridge] 7} EZFE md
allow_unsafe = true

Ja

=
=

ol

.

crate_root ¥ sources ot &7 7|& rust_static_library ElZlo] 7}

C++ 3ol = 2 A3 1|0 AUt whebA

#include 'ui/base/my_rust_file.rs.h'

//base o4 Chromium C++ 53 2 2 ¥HEsh= T+ Chromium C++ oA CXX Rust 2=
got= FEeE g ST —’F 15Ut of: SpanToRustSlice

allow_unsafe = true7} A& =3t o] 87 328 4 S5 th

P9l 5t o) e] E“ﬂd% A Q) Rust EZ0| A C/C++ =7} oH5HA" k= YU k. Rust o]

A C/C++& ©17147] E231el v 22lo] o2l 2-el g o 4 900 Rust 24| B0l ] 2 o]o}]

iAol &4 4 Gt CICe 45 28780 unsafe 719127} olelgtlg=e) A

RS ESpcy HlOﬂ OHE 7148 4= lom=gko] 2x7kel s o 2y st = o F Z =& Rust Ho

U2l 2 7b 08 Rust 9| 2ol 4 o714 b2 Eato] B4 E 4 A&,

The narrow answer lies in the diagram at the top of this page — behind the scenes, CXX

generates Rust unsafe and extern "C" functions just like we did manually in the previous

2 rfy
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section.

45.3 Exercise: Interoperability with C++

18

* o] ol THE Rust T oA, C++oll A £&3 hello_from_rust 2t= @4 45 A Ast=
#[cxx::bridge] & F7IUt}. o] &4 tiZNHSEARS S| QAL 3hE whEkstA] 5yt
+ o]™ 9] hello_from_rust g2 $%435to] extern "C" ¥ #[no_mangle] < ArAIgUct

o] &< oA EE Rust AUt
* gn EPi‘é F7gsto] o] et il g & =Rt
* C++ ZE0M hello_from_rust o] AT A= A tidl A4 d ol whd & =g

2%

CXX 5 AH83) Bt 2= £ ¥ ych. Chromium © Rust 7} A4 2 Aoh-3AH] 42ts) &
ol =8| Futt,

Some things to try:

e RustollA] C++2 THA] & Q3 A =
- cxx: :bridge ol 4] 1nc1ude 3 % 9l 27} el A AL Al el Thlol A Cor 3
42 Addshor gt
- o]3% F 45 TE AU /oA H tE #[cxx: :bridge] oA unsafe 71¥ =S
A5 unsafe E=J Yt
- #include "third_party/rust/cxx/vl/crate/include/cxx.h"7}22 % £
AU
» C++o]A Rust 2 C++ £AtE & Aot
o C++ 244 =25 Rust 2 A3yt
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ol o
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o) %32 o,
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. Rust 7”111% THSo] C++2 HEsto] C++ofl A 275t =E U T E:Box 2 &
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* rust_static_librarygn 8154
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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

%¢§iﬂﬂ¢5ﬂfﬂﬂd*qqﬂﬂHXﬂY x4 fEd

++ 347} exx: :bridge o AAAx|512] %7] W= U ),
R ii At g MEet 4 9l 2 24Uk o 25 UB 7 2Adata) o
? CXX 9 +99 wr%”#ﬂNAQQ%ﬂﬂﬂOOVUWDMQWJXXHiQ
9 UB S89stE Zlo| _7H5 8R4k CXX o] AAA} o] 23t o & THE 7|7} AFds] o

L

o o

—+
+
x> o mjo

LTott ¥ flHo
Ebk
ot
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Al 46 7

N 5te] T3]0 E27}

Rust 2fo] B 8| g]= "' F8|o|E' 2}1l 3} crates.io oA 22 4 A5 U} Rust 0| EZF A2 24
He AL oA M 2EESEY

a4 C++library Rust crate

Build system 19+ d#/d: Cargo.toml

AvhAQl gfojBeje] 37] 2 H ZHA|

2EFHEE ehe 199+

Chromium WA Hofol| A= th&2 22 Fgol A5yt

« B E JYO|EE 35 WE A AEE AMESIE R Chromium o] AH5 0 2 235 4= l& Ut}
o 2 Fefo]Eofl= IREH 0 2 Ho] F& o] Qlon g ofggto| B2 & 7Aoo} & 4

21Uk,
g uge e 25U

46.1 A o|EE F7}5tEF Cargo.toml ot 4

Chromium ol = 5 YollA &
Cargo.toml &5 ¥yt

[dependencies]

bitflags = "1"

cfg-if = "1"

cxx = "1"

tHE Cargo.toml o HRI7FA| 25 &5 Fof| ook ApA|e U 82 A4 4 AsUTh 7 EstAl=

Aol EoflA AHE 7 stH = features & A4 st= 2ol

Chromium of o] EE 75t wi&= thS DA A thE F71 ot gnrt_config. toml o & 7}
A JBE 72 A gsloF st A 7tE S YT
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https://crates.io
https://source.chromium.org/chromium/chromium/src/+/main:third_party/rust/chromium_crates_io/Cargo.toml
https://doc.rust-lang.org/cargo/reference/specifying-dependencies.html

46.2 Configuring gnrt_config.toml

Cargo.toml 3} 87 gnrt_config. toml o1& Th o} 7|ofl= T o]l E A2 & ¢3¢ Chromium
A& & z2ago|xgtE o] syt
M ol EE F715HE ¢ A o= group & AA3HoF gyth tg F sttt

'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.
& =¥ thad 25Ut

[crate.my-new-crate]
group = 'test' # only used in test code

Selo] £ A2 SE #ojobLol whet o] UL AF§ o] LICENSE 52 23 4 91t %12 433
of & 4= &yt

ol 241 si23st7] A8l of mhdollA FLAdslioF sh= B 7HA] AFE syt

46.3 Y olEHEREL

gnrt e E7E Sejo|ES che R EsH: WK BUILD. gn 72 A4S e 23 Y
o
AlZFstel | oS Zo] dshE Aol EE ok e YT
cd chromium/szxc
vpython3 tools/crates/run_gnrt.py -- vendor
gnrt =& Chromium 44 F =0 YR o| 2|7t o] PRI o] EAHYSHH crates. io ol A
Z4gEe ety AYsA gyt o Bok e o) wajAolH ST
SHA 2.
o] vendor ¥dol= 2= 22T 4 A5
* Your crate
RPN
¢ Chromium oA 235t Al T o] E MEZ sZ2357] Y3l cargo oA &78F= th2 Ag|o]

Eof A AU o

Chromium & //third_party/rust/chromium_crates_io/patches ol B &&= dF F 2
ol E Q] 3 x| & ATtk ol 2450 2 ChAI M G| A2 g x] ol AnfohH 27H 2] S FsHof &

syt

46.4 Generating gn Build Rules

Aol EE b2 ES Fojl & thZ 3 o] BUILD.gn o244y
vpython3 tools/crates/run_gnrt.py -- gen
ojAl git status & AFFUCH O3S AT = AEYH
» third_party/rust/chromium_crates_io/vendor ©f st} o]/ $el A Fo]E AA F

=7 ek,
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https://source.chromium.org/chromium/chromium/src/+/main:third_party/rust/chromium_crates_io/gnrt_config.toml

* third_party/rust/<crate name>/v<major semver version>o Aj BUILD.gn ©]
st ol &y ok
* %23t README . chromium
The ”major semver version” is a Rust "semver” version number.

£5] third_party/rust ol A E F5S AAI5] Ao EA Q.

semver o] Z&l £ ¢ o]of7|g U} E5] Chromium oA = S35 2] k=0l E A2 ofg] 7)
5]-&ot= WA o] =t o]= HAEE A AT Cargo e Ao A= dfuj 2 2 g Fh .

46.5 EAs1ZA

L 79, o] = WE Abol gJole] A4S Ayske L2 19l build.Ts HED 4 9
Uitk o)L WE o] Welgat A S8 tlket ) 919 992 UE 728 ZEE 6L gn 3 ninja

2 build.rs A4S 2 Adgyeh I 9= 2X7HE et

HE ASYHE g3 Google ©] gn &l Z3l oA 2] 3 &4

NS AHE L ARE FAZ A o N

5171 5l rustc HZ gl

715S A R ARE SAE Y 9 N

st7] flsl E2HEF == CPU

Generating code o o -
gnrt_config.toml
of 214

C/C++HE ofye FHo] s %] & A&
ey

A ol9] 71t A ofye FHo] s %] & A&
2y

46.5.1 FE=E A5}

ninja 7} =t ‘=2hof A3t

gt

a2k gnrt_config.toml 24743}t bu 11d script- outputs £ A o|Eo F7t&ytt,
o]Zo]Ho] F& =, = Chromium ZE7} 2 FLHEH o 5= F£& FFQA4¢- allow-first-
party-usage=false = F7}gUt}. o] mtdojl=oju] th-Z1t 22 2 7}HA] o7} 15Ut
[crate.unicode-linebreak]

allow-first-party-usage = false

build-script-outputs = [ "tables.rs" ]

o7l gnrt.py -- gen2THA| A@5tof BUILD.gn mt2 S thAl A5t o] B4 22 wtdo| 54
e TA 9] ¥ ol2tal ninja of dH Y

& A7)5ke 49 build.rs oA &4 FE oA S AAst=A] F<

245


https://doc.rust-lang.org/cargo/reference/semver.html

46.5.2 C++E ALY dojo] AP S Asfist= AJYEHC

AR FYo]Ex= cc AT o] EE AHESHo] C/C++ glo] Bl 2| & H sty AZ3yn 230l E=
H‘ E 23 E Yol A b1ndgen = AH83to] C/C++E oHd & LJE} o]2|sh 22 Chromium & A
Eoﬂf\i“ Al Y= A k5 YTt — Google 9] gn, ninja, LLVM ¥ E A| AR W& 2] Zho] A & o %
FAH oz T
A2 g3 25y

o« o] I o] E+= m5tAl 2.

o dejo]Eo| ajx| & A&t
o) %] = third_party/rust/chromium_crates_io/patches/<crate>ol 2 sl of 3tc}. o
= cxx Ao Eof thgt o 2| & FastA| Q. I Fo|EE J g ol =g ujutrt gnrt of of ) 2}
TOoE A g8t

46.6 ¥ o|Ec| watE

Specifically,
oo o + oo +
"//ME utE]/rust" | FCE o]Z | "/v" | Ho|A semver WA | "/:1lib"
R e + L +

& =¥ o 25yt

rust_static_library("my_rust_lib") {

crate_root = "lib.rs"

sources = [ "lib.rs" ]

deps = [ "//third_party/rust/example_rust_crate/v1:1ib" ]
}

46.7 A X mtE] 3 o] EZA}

A gtol B8] 7ol Chromium_J E2A 0| g LA E3F Hot AEE A2gU
Zlo|E®nl ofLg} Mo| 24 FEE J[A L £ 9ong AEd Ty} uke £ 94U ) vy
5 Rust Z o A= 2x 7ol Bakgo| A|atE 2 9)& 1T} of @A 7 Esljof 87}2?
Chromium & A|7ko] 2ol wa} cargo vet & 7|4ro 2 Fme |22 Hetale A
5 A 29 T o] Ev} 271E wiubth oS AF

. 7]— E_E]O]E7} A]-_S_ﬂ v O] o= O] oHOl'L]
/\liE*‘Oﬂ build.rs =& Z“x]—ﬂ]—]ﬂgﬂ-
dutx o ZHlc o= H]'/\]_L]- 53 Q?

o Z} 30| EV} HAS] & oA W] g =7 Folstyr},

* cd third-party/rust/chromium_crates_io; cargo audit SAH&sto] &l HoF
M2 #lgtych M4 cargo install cargo-audit 2 A& sjof gch of 7]of =Rl E Ul
2014 0]e] £4 $2L che R T ot Aelol T of YT

* unsafe I =7} 2 o Zof] A gHetA] el

« fs =& net API o] AHE &<l

) o

ro ne

ROt

ZXEE

ot
L
ks

o

ch 3 o] E 7F TA = w37t ? ZF o] EQ M=
Z235tE 749 1 & & ntotsfof gyt Chromium ©|
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https://crates.io/crates/cc
https://crates.io/crates/bindgen
https://source.chromium.org/chromium/chromium/src/+/main:third_party/rust/chromium_crates_io/patches/cxx/
https://chromium.googlesource.com/chromium/src/+/refs/heads/main/docs/rust.md#Third_party-review
https://mozilla.github.io/cargo-vet/
https://chromium.googlesource.com/chromium/src/+/main/docs/security/rule-of-2.md#unsafe-code-in-safe-languages

46.8 Chromium A2 FE & g o]ESEQI

git status = tha& EASoF
* //third_party/rust/chromium_crates_io o] Fo|E &
» //third_party/rust/<crate>/<version>2ju|ete]o]E (BUILD.gn % README . chromium)

S Ake] 9 2]ofl OWNERS ud &= F=7}15HA| 2.

o] X E 715 Cargo.toml ¥ gnrt_config.toml ¥ A&} 37 Chromium # 7 4-of vl 2] &f oF

dyo

F82:git add -f S Ab&sioF gyt 22{#] o™ . gitignore Tt = Qs A7 opd S AU

4 A&yt

oA Bt T§H o] %) L ol ols) AL A% AP At = 5T ol Rust A2 o] =

Blo]Ejof & git Bahx] o] So] B = Fo] YW, B T2A Eo AL o s EFHolx gL &

ol & A7IAARESH] diEd Ut wEbA thae ddsior & 4 s yth
infra/update_inclusive_language_presubmit_exempt_dirs.sh > infra/inclusive_language_pre:
git add -p infra/inclusive_language_presubmit_exempt_dirs.txt # add whatever changes ar

46.9 Y o|EE HAl A2 54

A = 1tE] Chromium %<4 &5 OWNERO|EZ2H EHOF AN S & of gt
U th 2 Rust 20| EQ ¢ o] Y2 AH58He 4= Q17| & viebAIvh, G232 e A E ahE $4
FE o7k 2 7 ARe] ]l Y,

46.10 ASEA|

Chromium °f] uwuify & Z7}sto] 0] EQ 7| 27]5& AtE SRyttt 38| o] E7} Chromium
i Fof]l AREEH AT A =g ¢l AdH S A este e A EHA Fetha 7Hg

& ¥5olA= Chromium & uwuify & AH& U o Aot AU H 2 g3 Bh= JUoh £+
uwuify 2 AF&3H= 2@ rust_executable EFIS THE 4 & Uth

40 L YA B4 2
The total crates needed are:

instant,

lock_api,
parking_lot,
parking_lot_core,
redox_syscall,
scopeguard,
smallvec, and
uwuify.
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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
https://crates.io/crates/uwuify
https://doc.rust-lang.org/cargo/reference/features.html#the-default-feature
https://source.chromium.org/chromium/chromium/src/+/main:build/rust/rust_executable.gni

If students are downloading even more than that, they probably forgot to turn off the default
features.

o] A o|EE AlFdl FAIThH L 2ol AGAI=E Y
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https://github.com/Daniel-Liu-c0deb0t

A 47 &

Bringing It Together — Exercise

o] Aol ofn] BHad BE U8 F3sHs 98 M2 Chromium 7)%5-& 274,

The Brief from Product Management

ol Joj) L of At pixie A H U7} AR 45U} Pixie € Chromium 2 2 o3t ] uj
+ Aol 8yt

Chromium 2] =& Ul #x¥ 2 Pixie d o] 2 H 5| oF gy},

Ao Wl mi7hx) 7|k A7k glA e, Ths] pixie @10} ol okul ¢ SAHE HiTh Mol e sl

Rust A&|o] E7} Q5.
ApAl o] M Aol A] o] o] EZo|n] 7FA g4t

|
=& Chrome o] A7) H 2k & s = e o9 ko] gyt v &shA] npA| Q.

<
A&
HEA|H7] Mol & E2HY & uwuify 5t =5 ResourceBundle: :MaybeManglelLocalizedString
< A Uth o] 54 Chromium ¥ =0 A= mangle_localized_strings_2] A& ztaA gl o]
5 15)3

o
o
)

oM RE Ade Atz 45 Stk pixie § Chrome & THEA
e UTF16 ¥ UTF8. s+ &2 Rust 2 At o] &4 UTF8 ol 2t= &
base: :UTF16ToUTF8 & A5t C++ = <
o @t 24 4 A5y

* Rust So|A HE57 2 A4S SAYEL String: : from_utfle S35t 27 A=
HtL 2 ul6 2 AEe 4 9= CXX A Y 53 S 2o g,

A
[Rust A& AT & AFUH. A&

+ S S ofe] 7hA] WP O Cre ] Sof gloR EAYS
Ao} RS AL 2R ol thek M7 FHS RS ST 4 YU WA 7hs g2 A
3H#l CXX o M 3H ol #] Pin SAF§8lof ks 2E 7hs o] & Uth Pin o] 482 49
10| 7l0] C++ B0l Elol thek 7 7h5 e H2 2 93] CKX o BREF o] g S sl o 25
&Ytk ofge Cr+ Hlo] B Rust HlolE} 33 o] 584 gichs AUtk A4 #2 EQle)y

e s A7y

249


https://crates.io/crates/uwuify
https://doc.rust-lang.org/std/string/struct.String.html#method.from_utf16
https://cxx.rs/binding/slice.html
https://doc.rust-lang.org/std/pin/

k4 e-oln] o] £ Ay AU Yt
of gUch.

» ResourceBundle: :MaybeMangleLocalizedStringo] &% C++EHl2 rust_static_library
e} Ao %4 ofof it sh o
e rust_static_library E}A12//third_party/rust/uwuify/ve_2:1ib o &4 & of
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Solutions to the Chromium exercises can be found in this series of CLs.
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https://chromium-review.googlesource.com/c/chromium/src/+/5096560

A X1 9

Bare Metal 2%
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A 49 A
Welcome to Bare Metal Rust

qqﬂommﬂQﬂﬂLﬂiﬁﬁlﬂ (°}7t= Comprehensive Rust 7% & 53H)
o] 2 bare-metal T2 1Y S 5l B AFEAS 4 S 2 5= bare-metal Rust of $+3F

o] 1 o] _L].z-] 011_,]];]._

252 0S & AHE-5HA] ¢4 Rust L =5 A 3Y5h="bare-metal' Rust o] ¥sf dobgyr}, £7]e] +

e ket 24U

no_std Rust & £3iQ17}27?

o] A2 AE S 2] & Helo] Ak

e Aol m2AHE A

bare-metal Rust 7§'&< 93t {83 FolE

o] Z2jojl A= BBC micro:bit v2 ufo] A2 A EE 2| & A&t} o] fo]Z 2 EE2] = Nordic

nRF51822 tfo] A2 A EE=|of 7|§ket/i =23, LED o HE, 12C A2 7 2A 2 et 2

HE SWD YA S 23stal syt

AZFSE7) Mo, 90 2 AL &8 Ax|sof g ). gLinux = Debian EA-83k 3 itk ofel

o Zo] 3hAl L

sudo apt install gcc-aarch64-1linux-gnu gdb-multiarch libudev-dev picocom pkg-config gem

rustup update

rustup target add aarch64-unknown-none thumbv7em-none-eabihf

rustup component add llvm-tools-preview
cargo install cargo-binutils cargo-embed

plugdev 159] AF-&#}o]l A micro:bit T2 12 Zx]of gt A HFHS Bojghc,

echo 'SUBSYSTEM=="usb", ATTR{idVendor}=="0d28", MODE="0664", GROUP="plugdev"' |\
sudo tee /etc/udev/rules.d/50@0-microbit.rules
sudo udevadm control --reload-rules

MacOS o A:

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

cargo install cargo-binutils cargo-embed

o
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https://microbit.org/
https://tech.microbit.org/hardware/

Al

50 &

no_std

core

alloc

std

Slices, &str, CStr

NonZeroUs8...

Option, Result

Display, Debug, write!...
Iterator

panic!, assert_eq!...

NonNull ¥ 2 & vkl ZQlE He
Future and async/await

fence, AtomicBool, AtomicPtr, AtomicU32...
Duration

L
o

s
T

r

Box, Cow, Arc, Rc
Vec, BinaryHeap, BtreeMap, LinkedList, VecDeque
String, CString, format!

Exror

HashMap

Mutex, Condvar, Barrier, Once, RwLock, mpsc
File ¥ YHZ| fs
println!, Read, Write, Stdin, Stdout ¥ Y4mz] io
Path, OsString

net

Command, Child, ExitCode

spawn, sleep ¥ 42| thread

SystemTime, Instant

HashMap & RNG ©f| 2] &gt}
std = core ¥ alloc & =33t}
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50.1 %A% no_std =2 H

use core::panic::PanicInfo;

fn panic(_panic: &PanicInfo) -> ! {
loop {}
}
» o] TEL vl upo| U] 2 ZutA et
o std = Y A5 E AFoHAIR 2= AAH o= dHE EvtEoloFd Y
. Y 5 8)E panic-halt & 2& Felo|E2 EalM BESE ST,
o EtZlo] wa} panic = "abort"Z Hu}Usjof & 4 EH YT o] = eh_personality o ¥
¢ o8 WA Aua
« main 7} 7o m2 a3 Ao &Yk ALAIE A A 02U S Ho)shof gct. 1
DM S Yoot e, YutH o2 YALIYES ojlBe) ZE2 Wa 2 Pk

50.2 alloc

alloc & AR&sHREA S (2) 234 FasloF gyt

extern crate alloc;
extern crate panic_halt as _;

use alloc::string::ToString;
use alloc::vec::Vec;
use buddy_system_allocator::LockedHeap;

static HEAP_ALLOCATOR: LockedHeap<32> = LockedHeap::<32>::new();
static mut HEAP: [u8; 65536] = [0; 65536];

pub fn entry() {
// “HEAP o] o7]Mut AF&ESL “entry 7} St WY SEE D2 QHdR
unsafe {
/1 ZZANA I mEE AFFUTt.
HEAP_ALLOCATOR.lock().init (HEAP.as_mut_ptr() as usize, HEAP.len());

ol
E‘F‘

Utk

}
/1 oA & o] "ast A T 4 AHUH.
let mut v = Vec::new();

v.push("A string".to_string());

* buddy_system_allocator & @3t ¥{T] A|AH] SR EF 5= A& ahE] T o] EQY
Uth. o] ejoll =, ot & T 20| EEANESHA, A FYAE THEA, ojv] EAct:s o E &
2ol £ &4 AFYTh

. LockHeap E}"‘A const M7= dEAte] H o 3715 2 AL2EANS o] AHLAY

.5, 0] AR ™ 32?1 B9 Fo) 2**32 Hlo]| EA7] 9] & thE 4 AHU T
. g H}Ol‘—ﬂﬂoﬂﬁ alloc ol &3t Ao E7} sttt Qlrkrinte| 2] AAoA] Ao g
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https://doc.rust-lang.org/stable/std/alloc/trait.GlobalAlloc.html

A7} e A] St Aok Fhth Yk o 2 Hof AR Aelshs e 249 uhol el
EE R PR ERSE SIS

e panic_halt Z ol E7} AZF o iy 3
panic_halt as _7FZQ3yrch.

o o] oA ZE =W EE FHATH 214 o] gl7] wFof A

extern crate

a
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Al 51 %

nlo]2zAE S

cortex_m_rt A& o]EX Cortex M H}o| AZHEEFE %27]85t= AEHE AT

extern crate panic_halt as _;
mod interrupts;
use cortex_m_rt::entry,

fn main() -> ! {
loop {}

A, F g ol AR 23k WS ol AU Tk 7P 1A el ke sk BAlol A el B

rt:entry 32 = JJH o2 AL HE=F7fn() -> | B (5, &

e cortex_m_ =3 S
%) dSestyct whef e|EskA HH, =203 £33 & 2|Al H%HEEOV}HI Q% 7

bl o] = o) =% 7] mEyc),
* cargo embed --bin minimal & AF&Sto] oA S Ay Th
51.1 YA MMIO

REo nfo|ma 2 A EEE v ufg 10 & 53l F¥ 7| 7] YA 2t micro:bit 94| LED
2 ArASUTH

extern crate panic_halt as _;
mod interrupts;

use core::mem::size_of;
use cortex_m_rt::entry;

/// GPIO XE @ FH7|7] Fa
const GPIO_PO: usize = 0Ox5000_0000;
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// GPIO F®l7]7] 2xmAl

const PIN_CNF: usize = 0x700;
const OUTSET: usize = 0x508;
const OUTCLR: usize = 0x50c;

// PIN_CNF ¥=

const DIR_OUTPUT: u32 = 0x1;

const INPUT_DISCONNECT: u32 = 0x1 << 1;
const PULL_DISABLED: u32 = 0x0 << 2;
const DRIVE_S@S1: u32 = 0x0 << 8;

const SENSE_DISABLED: u32 = 0x0 << 16;

fn main() -> ! {
// GPIO @ H 21 ¥ 283 FA-E o=z FA}YC.
let pin_cnf_21 (GPIO_P@® + PIN_CNF + 21 * size_of::<u32>()) as *mut
let pin_cnf_28 (GPIO_P@® + PIN_CNF + 28 * size_of::<u32>()) as *mut
/1 sESt FH77] Aol HA| A digh ZIE|o]il
/1 EHo] gleng QFHdyct.
unsafe {
pin_cnf_21.write_volatile(
DIR_OUTPUT
| INPUT_DISCONNECT
| PULL_DISABLED
| DRIVE_S@S1
|

SENSE_DISABLED,
),
pin_cnf_28.write_volatile(
DIR_OUTPUT

| INPUT_DISCONNECT

| PULL_DISABLED

| DRIVE_S@S1

| SENSE_DISABLED,
),

}

/1 | 285 WA, ® 215 =A AHS LEDE B},
let gpio@_outset = (GPIO_P@ + OUTSET) as *mut u32;
let gpio@_outclr = (GPIO_P@ + OUTCLR) as *mut u32;
/1 8% FH7|7] Aol A Ao g ERIEo]1L
/7 o] glong ekdFUL,
unsafe {
gpio@_outclr . write_volatile(l << 28);
gpio@_outset.write_volatile(l << 21);

}
loop {}

N
rE
)
0%
2
re
iy
ol
i
o

e GPIO0 ¥ 21 S LED MJE& A0 X Ha) dojl AZE 1 W 28
ofzff HolZ oA ZEE AdYsIA 2.
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cargo embed --bin mmio

51.2 Zu7]7] x 2T olE

svd2rust Sefo| ESo| g5t ol w2 ofPH FNFH S 7] &5h CMSIS-SVD s 25 e Rust 2
2 P4 4+ A&

extern crate panic_halt as _;

use cortex_m_xrt::entry,
use nrf52833_pac: :Peripherals;

fn main() -> ! {
let p = Peripherals::take().unwrap();
let gpio@ = p.PO;

// GPIO @ W 21 ¥ 285 FA-E E¥o= FAHIYG.

gpio@.pin_cnf[21] .write(|w]| {
w.dir().output();

.input().disconnect();

.pull().disabled();

.drive() .s0s1();

.sense() .disabled();

=Es=sxsg =

1)

gpio®.pin_cnf[28] .write(|w]| {
.dir().output();
.input().disconnect();
.pull().disabled();
.drive().s@s1();
.sense().disabled();

=== =

).
/1B 282 @A, H 21& =4 AHste] LEDE FHYtt.

gpio®.outclr . write(|w| w.pin28().clear());
gpio®.outset.write(|w| w.pin21().set());

loop {}

SVD(System View Description) o} -2 dvby o2 A& 35 YA ol A Al5-ot+= XML 1t
2,71719 w22 {2 7lsgyh

- FH77), A A, BE, gto g FLAEM o] 5, AT, F4 SolxE Y
- SVD pdoll= B 7k 3lE 4 AL EAsH] wiEoll, ol2et EAlE S x| st Rt =
2HEZO] d5H
* cortex-m-rt & FAEGE HE g ol &S A5y

=
cargo install cargo-binutils & A3 &, ¢

ot HFol = ofjA| ZEZ d3YsHA 2.
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https://crates.io/crates/svd2rust
https://www.keil.com/pack/doc/CMSIS/SVD/html/index.html

cargo embed --bin pac

51.3 HAL 3do]EE

et 9 A x|of tigk 2l & AlF5t= HAL ZL2|o] EEo] JFUtHh o] A olES2 ditdo=w
embedded-hal 9 E& Q& +AFYT,

extern crate panic_halt as _;

use cortex_m_xt: entry,

use nrf52833_hal::gpio::{p@, Level};
use nrf52833_hal: :pac: :Peripherals;
use nrf52833_hal: :prelude::*

fn main() -> ! {
let p = Peripherals::take().unwrap();

// GPIO ZTE @29 HAL 5= w5uct,
let gpio® p0::Parts::new(p.PO);

// GPIO @ ¥ 21 ¥
let mut coll = gp
let mut rowl = gp

282 FA-E F¥or eyt
i00.p0_28.into_push_pull_output(Level::High);
i00.p0_21.into_push_pull_output(Level::Low);

/7 W 28 A, W 215 =A AASto] LEDE HUH.
coll.set_low().unwrap();
rowl.set_high() .unwrap();

loop {}

* set_low ¥ set_high += embedded_hal OutputPin Egj|3le] wlX =Yt}
« T}QF3t STM32, GD32, nRE, NXP, MSP430, AVR, PIC ulo] A2 71 E £8) 2 1] 23 T2 Cortex-M
% RISC-V 7|71 & 913 HAL Z 20| E7} &Y

ot Pl =2 ofjAl =5 AstA 2.
cargo embed --bin hal

51.4 Board support crates

HE 2 2ol ES2, 54 HES © &4 AH&E & A 8l F= He2 59 F4SE AT

.
extern crate panic_halt as _;

use cortex_m_xrt::entry,
use microbit::hal::prelude::*
use microbit: :Board;
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https://github.com/rust-embedded/awesome-embedded-rust#hal-implementation-crates
https://crates.io/crates/embedded-hal

fn main() -> ! {
let mut board = Board::take().unwrap();

board.display_pins.coll.set_low().unwrap();
board.display_pins.rowl.set_high().unwrap();

loop {}

¢ 0] A HE XY Y o|EE F 4 7‘“&—‘]
+ o] Fejo|EL o] A2AEE o] 9]
A5t
- microbit-v2 o= LED tHEEZAE 9|3t 7test =eto| w7t gt of 15U
otz H ol Z oA L= AP

cargo embed --bin board_support

r]r
ﬂNnd
>
In
K
X
X
i
ol
B
K}
fni
e
In
o
K)
Eo
o
e
ok ;
e
4>

51.5 €} Aeioie

fn main() -> ! {
let p = Peripherals::take().unwrap();
let gpio@ = p0O::Parts::new(p.PO);

let pin: P@_0@1<Disconnected> = gpio®@.p0_01;

// let gpio@_01_again = gpio0.p@_01; // &7} LAsto] o5& Urt.
let pin_input: P@_@1<Input<Floating>> = pin.into_floating_input();
if pin_input.is_high() .unwrap() {

/1 ...

}
let mut pin_output: P@_01<OQutput<OpenDrain>> = pin_input

.into_open_drain_output(OpenDrainConfig: :Disconnect@Standardl, Level:

pin_output.set_high() .unwrap();
// pin_input.is_high(); // %7} @Aste] o]=35Yct.

let _pin2: P@_02<0utput<OpenDrain>> = gpio®
.p0_02

.into_open_drain_output (OpenDrainConfig: :Disconnect@Standardl, Level:

let _pin3: P@_03<Output<PushPull>> =
gpio@.p0@_03.into_push_pull_output(Level: :Low);

loop {}
}

« W2 Copy £+ Clone & FAFA oo @ 747 shipolJlad Ak Z2x1g 4 iUt HWe
EE 72| o2 o] 5ot oL EAEE & gl

- % 74 e WA o)W W AAHAT ALSE B2 o] 5ol | HAAHAZ A4 AL & Q%
ek,

o 4 EH2 EA AEE UERd YT ol & o] Z%ol+= O‘-‘ﬂ?*é%ﬂ‘dqq. o] A s}
HFE] mAlo] Bbd A|ARIC 2 QI F %Hﬁl, Xiiﬂkaﬂl 9Tt & EA WAl o2 W AgSt
=2 ghch Z2E el dghe @t Azke] Tahg U,
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o Y HoA is_high & T&35t3 &3 Hof|A set_high & &8 4 YA T 2 B2 & oF
Hyth.
o W2 HAL F&|o]EEo0] o] ij&l-& w51},

51.6 embedded-ha

i
o

1
et o] ARAES 2ol A TEH O FohE 4 YT
S}
H

embedded-hal 2 &o]EL t}
=3yt

E
2 S chFR B2 g A

GPIO

ADC

12C, SPI, UART, CAN

RNG

e

SEE

J2j0 T2 Zeo] ek o] EdolS g $aslols
2 79T 0 12C £ SPI M ATHE ALET 4 9]
« 228 mhojo) 4 Bolrh 25 pe e

3 7@lol Juuth.
+ embedded-hal @] async' ¥ ol B3 20| e Fol ¥ o] gk o] x] ek,

231383 o2 Sof 714 T A SafolH]

Tk ofue} thg of2jnto| A=A E SR of o

51.7 probe-rs and cargo-embed

probe-rs & YHIT| = AJARS 913 =52 Ut OpenOCD 9} H|&:5hA] 1, Rust of] o 2 &5
o] Y&yt

* SWD (Serial Wire Debug) and JTAG via CMSIS-DAP, ST-Link and J-Link probes

» GDB &§ Y Microsoft DAP(LH 1 o] ] Z2EZ) A1

* Cargo ol 534
cargo-embed is a cargo subcommand to build and flash binaries, log RTT (Real Time

Transfers) output and connect GDB. It's configured by an Embed . toml file in your project
directory.

¢ CMSIS-DAP = Arm ol|A Aol T2 EZ = USB & &5l Arm Cortex ZZA]| A 2] CoreSight
O A A TE HZE 4 A 3 %—L]l:} BBC micro:bit o] QI =2 HC tjHAE o] T2
EZS AYEYT

¢ ST-Link + ST Microelectronics Atoll A ¥H& in-circuit tj ¥ #{E°]H, J-Link = SEGGER A<]
in-circuit A ESY Yt}

o I ANA ZEO] B2|FQl LA UukZ 0 2 51 JTAG 2 Ej|o] AZ2, 2 W Serial Wire
Debug A E{ = o] A Ay},

* probe-rs = go|Eej | 2 FH | of QlojA, ot & =350l FEH7|7Hd s U

* Microsoft t]H| L o HE| =2 & ZF& AFE5}%H VSCode U ThE IDE Aol A uto] A2 A EE 20
M egEd ZEE O &+ dEyh

+ cargo-embed = probe-rs 2to] B 2| 2| & Al-&5}0] Y=g vlo]y gyt

* RTT(Real Time Transfers) = 2] ©d W3 & & L S AE e} E}ZITte] to| g & A &5}
= HAYSY YT

262


https://crates.io/crates/embedded-hal
https://github.com/rust-embedded/awesome-embedded-rust#driver-crates
https://probe.rs/
https://arm-software.github.io/CMSIS_5/DAP/html/index.html
https://microsoft.github.io/debug-adapter-protocol/

51.7.1 ¢¥7

Embed.toml:

[default.general]
chip = "nrf52833_xxAA"

[debug.gdb]

enabled = true

src/bare-metal/microcontrollers/example/ ol Ejnjd& Fil:

cargo embed --bin board_support debug

In another terminal in the same directory:

gLinux =+ Debian of|A:

gdb-multiarch target/thumbv7em-none-eabihf/debug/board_support --eval-command="target r
MacOS °f| Af:

arm-none-eabi-gdb target/thumbv7em-none-eabihf/debug/board_support --eval-command="targ:
GDB ol|A th2 A 3sl 2A| 2.

b src/bin/board_support.rs:29
b src/bin/board_support.rs:30
b src/bin/board_support.rs:32
C

[alNg]

~ $4¢9), gholnl, WE$)7, USB 7 9 async 4yt

¢ TockOS
- ™Y 2AIEYH L MMU &€ A Yok, Heto] S-S & A & JAA
* Hubris

- Oxide Computer Company ©l|A] ¥ ofo]Z27d 7|8F AAZF SFAA 2, Hj 22 BT,
H3to] glo] 35 = Egtoly T2 AU
* FreeRTOS & HIQI3
e std7F +EE ZAE = AFYT (ol esp-idf).
* RTIC & AAIZt FAAZ & $= AL, 5AI4E A9S 98 ZefdY A2 E +5 JA5YTH
- HAL & Z935}2]= d5 4
- 2AEY S #AE o] okyzt Cortex-M NVIC(Nested Virtual Interrupt Controller) 2 7+&
ol gyrtt.
- Cortex-M A&t
* Google o= Titan 2 <t 7]of| AH-& 5= Haven nlo] A2 EZ 2 o A Tock0S & A&t
* FreeRTOS = 72 C 2 A/ S A, o &7 0] d& Rust Z A/d S 4 =5 3l = Rust Hf
Igo] AlZdyrct.
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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

12C YA dhel A HakS 2, 92 2he AY ZEo| 7| Z3h4 L.

After looking at the exercises, you can look at the solutions provided.

12C U ol A S 93 TEghe A2 Lo 7| 25h4 2. AlZko| 90w o] ®| £ LED of #4]5

» 1sm303agr U microbit-v2 2 °]E % micro:bit st=¢]0] 9] EA S &QI5HA 2.
* LSM303AGR ¥/ &4 x| = Ul F 12C B 2ol AdZ2g Yt
e TWIE=I12C9 = \:]'E 0] Eo0|2 & [2C utAE FH 7| 7]= TWIM o]zt gyt
» LSM303AGR E=2}o|H o= embedded_hal: :blocking::i2c: :WriteRead E|3 S F
dsh=zlo] egych. microbit: thal::Twim 237} o] & gt
o TS Wk = 7] 7)ol Tek Y=L = microbit: iBoard FEAI7E AH UL
o 5t= 79 nRF52833 HloE|A|EE &I = QUA|RE o] A&ol| A §FEA] a3gh 2oty
Sl=
ASHESE 22506 compass HE g oA oh5 otd 2254 ).
sr¢/main.rs:

extern crate panic_halt as _;
use core::fmt::Write;
use cortex_m_xrt::entry,

use microbit::{hal::uarte::{Baudrate, Parity, Uarte}, Board};

fn main() -> ! {
let board = Board::take().unwrap();

// Configure serial port.

let mut serial = Uarte: :new(
board.UARTE®,
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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

board.uart.into(),
Parity: :EXCLUDED,
Baudrate: :BAUD115200,

)

// 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

writeln!(serial, "Ready.").unwrap();

loop {
// Read compass data and log it to the serial port.
// TODO

}
Cargo.toml (M7 & Z 7} gl3):

[workspace]

[package]

name = "compass"
version "9.1.0"
edition "2021"
publish = false

[dependencies]
cortex-m-rt = "0.7.3"
embedded-hal = "1.0.0"
1sm303agr = "0.3.0"
microbit-v2 = "0.13.0"
panic-halt = "0.2.0"

Embed.toml (A7 Z 7} Ql2):

[default.general]
chip = "nrf52833_xxAA"

[debug.gdb]
enabled = true

[debug.reset]
halt_afterwards = true

.cargo/config.toml (H7 = 27} 91-2):
[build]
target = "thumbv7em-none-eabihf" # Cortex-M4F

[target.'cfg(all(target_arch = "arm", target_os = "none"))']
rustflags = ["-C", "link-arg=-Tlink.x"]
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oh2< AHE5te] Linux oA 21E 225 F1lstA 8.

picocom --baud 115200 --imap lfcrlf /dev/ttyACMo@

E= ta 2ol Mac 0S(717] o] &= ot th& 4= &) ol A ElskAl ..
picocom --baud 115200 --imap lfcrlf /dev/tty.usbmodem14502
Ctrl+A Ctrl+Q € A}235l9f picocom & F=5& 1}

52.2 Bare Metal Rust Morning Exercise

—

=}

T

2

i

(A& RAZE)

extern crate panic_halt as _;

use core::fmt::Write;
use cortex_m_rt::entry;
use core::cmp::{max, min};
use 1lsm303agr::{
AccelMode, AccelQOutputDataRate, Lsm303agr, MagMode, MagOutputDataRate,
}
use microbit::display::blocking::Display;
use microbit::hal::prelude::*
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;

fn main() -> ! {
let board = Board::take().unwrap();

/1 AE ZEE HAstA L.

let mut serial = Uarte: :new(
board.UARTE®,
board.uart.into(),
Parity: :EXCLUDED,
Baudrate: :BAUD115200,

),

// Use the system timer as a delay provider.
let mut delay = Delay::new(board.SYST);

/1 12C HEEZ S W 54 FAxE AU
writeln!(serial, "IMU A% Z...").unwrap();

let i2c = Twim::new(board.TWIM@ board.i2c_internal.into(), FREQUENCY_A::K1@0);
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let mut imu = Lsm303agr::new_with_i2c(i2c);
imu.init().unwrap();
imu.set_mag_mode_and_odr (
&mut delay,
MagMode: :HighResolution,
MagOutputDataRate: :Hz50,
)
.unwrap();
imu.set_accel_mode_and_odr(
&mut delay,
AccelMode: :Normal,
AccelOutputDataRate: :Hz50,
)
.unwrap();
let mut imu = imu.into_mag_continuous().ok().unwrap();

/1 tagelo] 9 etolulg MPTIYct,
let mut timer = Timer: :new(board.TIMERQ) ;
let mut display = Display::new(board.display_pins);

let mut mode = Mode: :Compass;
let mut button_pressed = false;

writeln!(serial, "Ready").unwrap();

loop {
/1 G dlolEg 9T HY EEd 7Sgd
while ! (imu.mag_status().unwrap().xyz_new_data()
&& imu.accel_status().unwrap().xyz_new_data())
{}
let compass_reading = imu.magnetic_field().unwrap();
let accelerometer_reading = imu.acceleration().unwrap();
writeln! (
serial,
O ONe G
compass_reading.x_nt(),
compass_reading.y_nt(),
compass_reading.z_nt(),
accelerometer_reading.x_mg(),
accelerometer_reading.y_mg(),
accelerometer_reading.z_mg(),
)

.unwrap();

let mut image = [[@; 51; 51;
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, 0, 4)
as usize,
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)
Mode: :Accelerometer => (

scale(
accelerometer_reading.x_mg(),
-ACCELEROMETER_SCALE,
ACCELEROMETER_SCALE,
2,
4,
) as usize,
scale(
-accelerometer_reading.y_mg(),
-ACCELEROMETER_SCALE,
ACCELEROMETER_SCALE,
0,
4,
) as usize,
)
b
image[y][x] = 255;
display.show(&mut timer, image, 100);

// ME AS FEW 0g ZEE FEET BE LEDZL FA ZerUd
if board.buttons.button_a.is_low().unwrap() {
if !button_pressed {
mode = mode.next();
display.show(&mut timer, [[255; 5]; 51, 200);

}
button_pressed = true;
} else {
button_pressed = false;
}
}
enum Mode {
Compass,
Accelerometer,
}
impl Mode {
fn next(self) -> Self {
match self {
Self::Compass => Self::Accelerometer,
Self::Accelerometer => Self::Compass,
}
}

fn scale(value: 132, min_in: i32, max_in: 132, min_out: 132, max_out: 1i32)
let range_in = max_in - min_in;
let range_out = max_out - min_out;
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-> 132 {



cap(min_out + range_out * (value - min_in) / range_in, min_out, max_out)

}

fn cap(value: i32, min_value: 132, max_value: i32) -> i32 {
max (min_value, min(value, max_value))

}
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Al 53 %

N E A o] A = ZA| A

Al F7FA] Arm Cortex-M Al 2] 29} 22 nto] A 2 E E2of] e Lotgt& Yt o] A of Z 2] Alo] A
Z2 A A< Cortex-A & Yt T =& /s E IS U B4t QEMU 9] aarch64 'virt' EE& A&
2yt
s Ytz 0 2 nfo]| AR A EE 7ol MMU =+ th3 #E d35t (Arm CPU ol A=A A 2
(exception level), x86 ol A= & (ring)) ©] & Uth ofZ A o] T2 A M & o] 52 714

s

R g

+ QEMU & o} /|8l 8 2 chofat Al & HE Rl g o Felo] ME 214Ut virt HES
E% MASES 0l S ol Bo)d 511 ghom, 7} vl g ozt A= & ot

Rust 2= AP AJAsH7] Mofl R 71A] 27185 Adgsfof S

.section .init.entry, "ax
.global entry
entry:

2osta HEgyck. MMU 9 AHAIE
HI7F = AEyet. .

adrp x30@, idmap
msr ttbr@_ell, x30

mov_i x30, .Lmairval
msr mair_ell, x30

mov_i x30, .Ltcrval

/* AYEE PA HYS TCR_EL1.IPSol| EARguct. */
mrs x29, id_aa64mmfro_ell

bfi x30, x29, #32, #4

msr tcr_ell, x30

mov_i x30, .Lsctlrval
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https://qemu-project.gitlab.io/qemu/system/arm/virt.html

isb

tlbi vmallel
ic iallu

dsb nsh

isb

/*

* MMU @+ 7HAIS AFRSIEE sctlr_ell S FAsta o] &Yo
* ohed wiztx] eYsta] gksurt.
*/

msr sctlr_ell, x30

isb

/* EL1°lA Eeiyg Rg A4 AMAE ARS FAFGUT. */
mrs x30, cpacr_ell

orr x30, x30, #(0x3 << 20)

msr cpacr_ell, x30

isb

/* bss AAS @og wrsUth, */
adr_1 x29, bss_begin
adr_1 x30, bss_end

cmp x29, x30

b.hs 1f

stp xzr, xzr, [x29], #16
b ob

/* 2Elg FHlgUT */
adr_1 x30, boot_stack_end
mov sp, x30

/* e WEE Ay, */
adr x30, vector_table_ell
msr vbar_ell, x30

/* Rust T&EE s&3hUc}, */
bl main

o= Co Feet U Z2AM JelE 27|85l BSS S 0 o=

272

- BSS(YAHA R o] 52, £& A2} 7| S block starting symbol °]2t1153)

Yol 0o 27|3kd HAoz dgd MaSSHa EUTh BSS =



E3E) A e ol3) 0 0.2 27131 © Zol/] jEg Ut Autdet 2y m2a
2o BSS o £3H M452 0 02 27]8} & 0.2 7|thsl 1 o BAE sel 2uks U,
. W= e)7} 2755 3 o] n A7 2E & whAlo] atel BSS 7} oln] 0 0 A H S S QAW

A5 517] el 0 o= AAF T

[

R L R A ey %iOH MMU &} 7HA| & AHE A sliof gyt 2o ™ thaat 22 4

o WAT 4 Uk,

- AEE A &2 YA 2o 77U ZHutd et FHE A G2 HAAE AT
AT = +strict-align & AA5t= aarch64-unknown- noneE} 19] Rust Z =5 W

EstB 2 o3 2ol B} gl e, QurH o2 wE 29 A
o gl U BAE VM 2 A A7 ALE %
A e 2 v m2o] 27 oA A5 Whe S A Eo| 5 St o mejo] s AT 4 9

— VMol A AErTh FHA] A2 A7} Sy

= Aol k= AJYth SAETIH R E|of YA ZH O Z HA|

2 opgyrt.

_ﬂﬂ“HﬂEZfﬂw

£ 71 A1 Zolold + 2ol A7} HRI AL VMol IS 8 d sl &
shubo) Mz akgo] A F Yt 74l VA & IPA 7} obd
. Wl 71718 24 3be] A2 16I5, DRAM & 12 1018, 0 B2 71/ 14 = € 1618
£ ID WY 5t StE 299 wlo| x| o] 2 (idmap. S #3) & A& FUTh ol QEMU o4 At

&3t 2 glojobxa A2y,

AA

* o9 ¥E| (vbar_ell) = ’SX*%MEP ojoll sl A= Lol AAI 3]

* 25 250 BE Aol E o9 £F 1(EL) oA Aok 7H

A3 of 5= 72 o]0 ula} entry.S E47g 3l ok °H/IEP-

53.2 ElojAE 2]

wh277 A5

obE Yt
Ptk ohe ofle) 4:20f 4

Sometimes we need to use assembly to do things that aren't possible with Rust code. For
example, to make an HVC (hypervisor call) to tell the firmware to power off the system:

use core::arch::asm;
use core::panic::PanicInfo;

mod exceptions;

const PSCI_SYSTEM_OFF: u32 = 0x84000008,

extern "C" fn main(_x@: u64, _x1: u6b4d, _x2:

/] AAE A AETE ARESHDl HEE 2=

/] OFRAE A Zom=z bHFUct.

unsafe {

asm! ("hvc #0",

inout("w@") PSCI_SYSTEM_OFF =>
inout ("wl") =>
inout("w2")
inout("w3")
inout ("w4")
inout ("w5")
inout("we")
inout ("w7") _
options(nomem, nostack)

(SESESESE SR SR N
1l
A\
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u64

| J—

Xx3:

ued) {



-

loop {}

YA o2 Aot H ol2|& BE F4E 91T Au 7t P smece Aol ESAEIIA L.

PSCI (Power State Coordination Interface) = A| A& 2 CPU A A S42]5t= Arm 9
Ez“ﬂﬂﬂ*mqqﬂﬂmﬁﬂﬂitmﬁﬁﬂﬂ%&ﬂﬁﬂﬂﬂﬂJE?ﬁﬂqq
0 => _ ¥ Al o Ee FEE A7 Mol HAAHE 022 27|36t O Fojl=
3 HAAHY kS FAS UL &2 A BlAAF Q] o] Ho] MA £ o8 =E int
Al inout & Arg3fof ghyrt.

ol main g #[no_mangle] % extern "C"ojof ot gfjufstH o] 4= Rust =7}
otd, ojAdl =212 2 H entry.S oA E&5 7] tf2Ad Y.

_X0 —_x3 = x0 oA x3 HAAEE A Ytt o] Eﬂxl*Ei 2 At oz RE ZrjoA ¢
Hio] A Ed]of t3tEQIE 52 A uj AF2EH Ut E& aarch64 S&49F @mem"Cﬂ
A AHESHE S 2] A) of] uhat EﬂxliEi X0 oA x7 ©] °V\°ﬂ Zik=nsl 14 S 87l Qlgrof| A EHER

entry.S < o2& A A S HASHA| b= Flste 2 Qo= 3 "Z"i}%ﬂ ol lFUh
src/bare- metal/aps/examplesoﬂkimake gemu_psci EUsH oA £57}QEBAU
oA 3t

53.3 MMIO £ 93t 3¢ (volatile) W 2 2] A A A

pointer::read_volatile ¥ pointer: :write_volatile & AF&3tA 8.

F2E §A5) mhAl L.

addr_of! 5 AE5tH A &=9 xS WHEA FieF2A0 BES 82 4+ s
< =3 @? b

3]9rA (volatile) HA|A: 917] & ﬁﬂ to] B4 a7} (side effect)
of et sheglolrt dlef 2 ol2 7127 H o] £AE HRAL, F
= A|7sA] ZatAIZU T

- QU2 43 WS Youl (G 17 St FLE Bo) In AL EAL Yol YT 2

i a =1 BA o
Zrat A5t 7S AA 2 W2 S oA &S24 syt
st=glojol tigh 3 AN AE Qo B 7]& 331] O|EEx AZXERFAGAIT o] = SHIE A
ol opdyct, =z} & wotch Hutd e =0l 5 JHRSeE s £ 5yt
addr_of! |3 2= A}85}o] 13| a.aOIEioﬂH ;L}_ A HEXZIHE 7F-IFYth

53.4 UART Ezglo|{&A]

QEMU 9] 'virt' 2 Eolli= PL011 UART 7}l 0 B = o] & 9|3t Egto|H & A5 BASYTH

const FLAG_REGISTER_OFFSET: usize = 0x18;
const FR_BUSY: u8 = 1 << 3;
const FR_TXFF: u8 = 1 << 5;

/// PLO11 UART o A ctealolHurc},
pub struct Uart {

}

base_address: *mut u8,

impl Uart {

/1] AARE 712 FAo] PLO11 7]7]o] ©idt UART Eztol#{o] A QIAEAE

/17 A3t
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/17
/1] # 9FA
/17
/11 ARHE 71& FA= PLO11 7]7]9
/117 MMIO Alo| A AE 87HE 7t2|#oF stH,
/11 ol ZEANAS FA FIto] 7|7] HEZ=
/17 wigEojof st o2 HAHZ glojof Y.
pub unsafe fn new(base_address: *mut u8) -> Self {
Self { base_address }
}

/17 UART o &< Hi]EE HUT.
pub fn write_byte(&self, byte: u8) {
/1 TX Hoo] FZko] FHE wj7tA] 7@y,
while self.read_flag_register() & FR_TXFF != 0 {}

/1 718 Fa7F HA5HA g E PLO11 7]7]9] Alo] HAAHES
// 7 7]3 Qomz QbHs ),
unsafe {

/1 TX B o HYrt.
self.base_address.write_volatile(byte);

}

// UART 7} ©f ol A& Fo] otd wi7ztA 7|y,
while self.read_flag_register() & FR_BUSY != 0 {}
}

fn read_flag_register(&self) -> u8 {
/1 7182 FA7F AAsHA wjgE PLO11 7]17]9) Ao AAEE
/1 7FE71aL QloE e QbHRYTt.
unsafe { self.base_address.add(FLAG_REGISTER_OFFSET) .read_volatile() }

}
}
e Uart: :new = QFASHA] &R 9t (usafe), 1 @) ThE HA EE29H235t (safe) Aol FE35HA L.
o2 m A =50 OP@%}—’F A+ o]+, Uart: :new 2 OW d QAN (F, A1 H UART—J L=

E,]—o]];ﬂo]/\E-]/\ﬂ- 0}.1,]-1:!]—%]\01]:] _?__/,\_ _1.7]-01] I:ﬂ;‘do X]?H—]— ]:4-‘_-_-':_6 o] O-l )o] D]— 517]\3}—
St write_byte oF &2 & b o}ﬂlg Ltﬂ ojA = Q3 we e A7) %7 0] uhZ 5]
7] 2yt
« Hho gRo 2 E ARPS 4 QAR
&) °ol=write_byte &
24 goj¥ Yo
. o]‘— QFHBIA] Re T o] 9
‘fl'\_

2 ojz Be 9IHoA

2 obHsHA RFE 1 write_byte S QHAEhA] ¢kA vt
7(] of| A QFA AJof Taf =2 3|of slm 2 AbE o)A o]

fol
i
_0|L
ﬂrnf
ﬂnm
j~ i

AW s YUk, ghelol B F

o

53.4.1 More traits

Debug E2l|ol- 4434 Ut 2 7H) Ed9 g 3712 o 7dsts A% 988 4 3l&Udh
use core::fmt::{self, Write};

impl Write for Uart {
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fn write_str(&mut self, s: &str) -> fmt::Result {
for c in s.as_bytes() {
self.write_byte(*c);
}
ok(())

}

/] BE AYAEOA HAAT £ Q= 7]7] HE gt
// EJET ZISo R bHFgUT),
unsafe impl Send for Uart {}
e Write & 7&5lH write! 2 writeln! "jZ 22 Uart et 34 AHEE 4= &Yt
. src/bare-metal/aps/examplesOﬂkimake gemu_minimal & AF&3to] QEMU ©f| A o
£ Ay

53.5 t© U4 UART t2}o|H
PLO11 ol AA 2 H 4T B 2| x| AE 7} 9lom, olo] AN AT TAE)S F4517] 93]z A

o
=
bt @ Bk ety 43 97 oG U h B3 1% YRETRGE YA O R AHAY 5 9

ulE Weey,

2ITAl  HRAAE o]E  YH|

0x00 DR 12
0x04 RSR 4
0x18 FR 9
0x20 ILPR 8
0x24 IBRD 16
0x28 FBRD 6
0x2c LCR H 8
0x30 CR 16
0x34 IFLS 6
0x38 IMSC 11
0x3c RIS 11
0x40 MIS 11
0x44 ICR 11
0x48 DMACR 3

« 2GS 918 L7 ID SR A= AAEAS U

53.5.1 HEZa
bitflags Aelo|EnEZe 18 ALgsHe o R8T
use bitflags::bitflags;

bitflags! {
/77 UART Z&2 A AEo Zadytt.
struct Flags: ul6 {
/17 BHEH Ay,
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const CTS = 1 << 0@;

/17 dlolg MEZ} FH|EJASFYT.
const DSR = 1 << 1;

/11 ©lolE]l o] & FAIAL ZHA]
const DCD = 1 << 2;

/17 UART oA HioJH & HE F°
const BUSY = 1 << 3;

/11 %41 FIFO 7} Hlo] l&Ytt,
const RXFE = 1 << 4;

/11 & FIFO7F 7H5 &4,
const TXFF = 1 << 5;

/11 % FIFO7} 7t &4,
const RXFF = 1 << 6;

/11 & FIFO7} Hlo] AHYT.
const TXFE = 1 << 7;

/17 #Aag EAZ|YUTH.

const RI = 1 << 8;

U

* bitflags! mia=2<= SIS 7HAH 3 AA5H7] Qe ofmE A3} &7 Flags (ul6)

53.5.2 Multiple registers

23S AHg 3ol UART @2 28] v 2 2] #o]o2-& rehd 4 gi&th,

struct Registers {
dr: ule,
_Treserved@: [u8; 2],
rsr: ReceiveStatus,
_reservedl: [u8; 197,

fr: Flags,
_Treserved2: [u8; 6],
ilpr: u8,
_reserved3: [u8; 3],
ibrd: ulé6,
_reserved4: [u8; 2],
fbrd: u8,
_reserved5: [u8; 3],
lcr_h: u8,
_Treserved6: [u8; 3],
cr: ul6,

_reserved7: [u8; 3],
ifls: u8,
_reserved8: [u8; 3],
imsc: ul6,
_reserved9: [u8; 2],
ris: ul6,
_Yeservedl®: [u8; 27,
mis: ul6,

_reservedll: [u8; 2],
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icr: ulé,
_Yeservedl2: [u8; 2],
dmacr: u8,
_reservedl13: [u8; 3],

+ #[1epr(C)] £ C9 A% FHol wet 724 WES SAHZ A28 Aupdefol x| A
Ptk 712 Rust EHS G5 Antdelv} Aot g2 WE A2 MAT £ YoBe 7
ZAo) A 0% 7153t 2olob & AL gsHot] Ba

53.5.3 Ealo|y
oA =2to|Ho] - M 2L Registers F2A S A3 25U

/// PLO11 UART & E=gto|
pub struct Uart {
registers: *mut Registers,

}

impl Uart {
/11 AZE 718 F4o PLO11 7]7]o gt UART Z=ghojw{e] A AAEA
/11 373_Y Tt
/17
/1] # <+A
/17
/11 ARE 712 FAE= PLO11 71719
/17 MMIO Alo| H|XAH 87H2 7tej#ok s,
/1] ol E2AMAQ FA FZto) 7|7] HEY=
/11 vigEojoF st of2 HAL glojof Fyrt.
pub unsafe fn new(base_address: *mut u32) -> Self {
Self { registers: base_address as *mut Registers }

iy

}

/17 UART ol @ Hio]EE FUrTt.
pub fn write_byte(&self, byte: u8) {
/7 TX ol Zzbo] BRE wrtx Ztguc,
while self.read_flag_register().contains(Flags: :TXFF) {}

/1 self.registers 7} Z&EstA vige PLO11 71719 Ao #HAAEHE
/1 7H 7|1 Qlemz okAgct,
unsafe {

/7 TX wmo] H{yrtt.

addr_of_mut!((*self.registers).dr).write_volatile(byte.into());

}

/7 UART 7} ©f o’ Abg Zo| obd w7kl 7|chduct,
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> {
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if self.read_flag_register().contains(Flags::RXFE) {
None

1} else {
let data = unsafe { addr_of!((*self.registers).dr).read_volatile() };
// TODO: H|E 8~110A 2F AEE &lddytt.
Some(data as u8)

}

fn read_flag_register(&self) -> Flags {
/1 self.registers 7t ZZAstA wigd PLO11 7]7]9] Ao BAAEE
/1 7}e711 QemE ekdgt,
unsafe { addr_of!((*self.registers).fr).read_volatile() }

-

» addr_of! /addr_of_mut!E AF&3dto] S AR ETER] G 7iE e ZJAHE 7HA &=
AL BT 4 5 Ut

53.5.4 Usingit

Eefolu 2 ALg3to] AW Tdo] A1 £AH L o] ES o] FetE (UBTR WS A BAE

Yk,

mod exceptions;
mod ploll;

use crate: :pl011l::Uart;

use core::fmt::Write;

use core::panic::PanicInfo;
use log::error;

use smccc::psci::system_off;
use smccc: :Hvc;

/17 712 PLO11 UART 9] 7|2 FAYUYrt.
const PL@11_BASE_ADDRESS: *mut u32 = 0x900_0000 as _;

extern "C" fn main(x@: u64, x1: ubd, x2: ubd, x3: ubd) {
// “PL@11_BASE_ADDRESS 7} PLO11 7]7]9] 7]¥ F&o|i
/1 0] F& Welol AMAstE ThE o] glomz ohdgL
let mut uart = unsafe { Uart::new(PL@11_BASE_ADDRESS) };

writeln! (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');
}
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b'q' => break,
- =>1{}

}

writeln! (uart, "QFg!").unwrap();
system_off::<Hvc>().unwrap();

o AdEkRlojAlEE] oo Alel Zo] o] main &< entry. S QXY AT oA SEHYTE ZHA
Y82 sl W EAF L ESISHA| Q.

» src/bare-metal/aps/examples o4 make gemu SAHE35to] QEMU oA ol & A3yghy
t}.

53.6 =7

log o] EQ] YA ZE AT 4= oW £5 Yt o] = Log EdAlS T&stHE YT
use crate: :pl@11l::Uart;
use core::fmt::Write;

use log::{LevelFilter, Log, Metadata, Record, SetlLoggerError};
use spin::mutex::SpinMutex;

N

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) ({
writeln!(
self.uart.lock().as_mut().unwrap(),
"I {3,

record.level(),
record.args()

)

.unwrap();

}

fn flush(&self) {}
}

/// UART 2AE z7|stgyrtt.

pub fn init(uart: Uart, max_level: LevelFilter) -> Result<(), SetlLoggerError> {
LOGGER .uart.lock() .replace(uart);
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log: :set_logger(&LOGGER)?;
log: :set_max_level (max_level);
0k(())

* log &4 ¢Fol A unwrap sHe 22 WE S U, 9 Fstd set_logger & T%5}7] o]
LOGGER = %7]3}5} 7| mj 2 ¢l Ut}

53.6.1 Using it
2AE ArgsteH W 27|38 oF gyt

mod exceptions;
mod logger;
mod ploll;

use crate: :pl@11::Uart;

use core::panic::PanicInfo;

use log::{error, info, LevelFilter};
use smccc::psci::system_off;

use smccc: :Hvc;

/// 712 PL@11 UART 9] 7|2 Fadurct,
const PLO11_BASE_ADDRESS: *mut u32 = 0x900_0000 as _;

extern "C" fn main(x@: ub4, x1: ubd, x2: ubd, x3: ubd) {
// “PLO11_BASE_ADDRESS 7} PL@11 7|7]9] 7|2 F4o]il
/1 o] F& Ho| HMAsts thE F&Ho| gloEE bHFYCt.
let uart = unsafe { Uart::new(PL@11_BASE_ADDRESS) };
logger::init(uart, LevelFilter::Trace).unwrap();

info! ("main({x0@:#x}, {x1:#x}, {x2:#x}, {x3:#x})");
assert_eq!(x1, 42);

system_off::<Hvc>().unwrap();

}

fn panic(info: &PanicInfo) -> ! {
error!("{info}");
system_off::<Hvc>().unwrap();
loop {}

» oY 527k o4 Hue) ARARES 7158 4 vt

» src/bare-metal/aps/examples oA make gemu_logger EAHE35to] QEMU oA o &
Ao
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53.7 <

AArch64 = 4 7l /3&f (SP0 & A&5t= @7 EL, SPXx & AH&51+= Al EL, AArch64 £ AF&3l= 3}
9] EL, AArch32 & AR&-5h= 59| EL) 9] 4 7}HA] o2 Ek}d (571, IRQ, FIQ, SError) of tisl 16 7 &&=
o] QL& o e] HE Hlol &4ttt Rust ZES SE517] Mol 3d/g A AEE A8 of 2745}
71l8) o2 el A o] 2 FAF T

use log::error;

use smccc::psci::system_off;

use smccc: :Hvc;

extern "C" fn sync_exception_current(_elr: u64, _spsr: u64d) {
error!("sync_exception_current");
system_off::<Hvc>().unwrap();

}

extern "C" fn irq_current(_elr: u64, _spsr: ub4d) {
error!("irqg_current");
system_off::<Hvc>().unwrap();

}

extern "C" fn fig_current(_elr: u64, _spsr: ub4d) {
error! ("fig_current");
system_off::<Hvc>().unwrap();

}

extern "C" fn serr_current(_elr: u64, _spsr: ub4d) {
error! ("serr_current");
system_off::<Hvc>().unwrap();

}

extern "C" fn sync_lower(_elr: u64
error!("sync_lower");
system_off::<Hvc>().unwrap();

spsr: u6b4d) {

| A—

}

extern "C" fn irq_lower(_elr: u64, _spsr: u64) {
error!("irq_lower");
system_off::<Hvc>().unwrap();

}

extern "C" fn fig_lower(_elr: u64, _spsr: ub4d) {
error! ("fig_lower");
system_off::<Hvc>().unwrap();

}

extern "C" fn serr_lower(_elr: u64, _spsr: u64) {
error!("serr_lower");
system_off::<Hvc>().unwrap();

* EL 209 #EdUt 25 259 BE o= EL1 oA A gyt
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o HoJ4 2| EL ol 2] 9] SPO & SPx & 5t 519] EL ol 2] 2] AArch32 ¢ AArch64 &
5hA] &yt
¢ o] dlofA= |7t AA 2 WAYE Ao R o= oo o eEr|Esta Y-S FYtth

« oflo] MEejot 7] 2 A AYAEL M2 oh2 Ag| =t Ao v LsttnyZe 4 ST
Send ¥ Sync & 28 =9} np bR 2 o] 5 7hofl /8 4 AEFES AloiF Ut ol & Sof
oo HSefet 2= o] YmA| BE It gt /-5t i 5h=d Send ] A%k Sync = oFd

3%, Mutex o 22 Ao 2 @lgstal Al o= Hljx|sof ekt

53.8 G EZ=AE

* oreboot
— ”coreboot without the C”
— Supports x86, aarch64 and RISC-V.
— Relies on LinuxBoot rather than having many drivers itself.
* Rust RaspberryPi OS tutorial
- Initialisation, UART driver, simple bootloader, JTAG, exception levels, exception
handling, page tables
— Some dodginess around cache maintenance and initialisation in Rust, not
necessarily a good example to copy for production code.
* cargo-call-stack
— Static analysis to determine maximum stack usage.

* RaspberryPi OS 7 E 2| dol| A= MMU 2} 7HA| 7} AR A4 = 7] Aol Rust =5 Agghyrt.
olF A ot m e (of: A8) & 11 & 5 JAFUTH SFAIR o1} 22 o) 97} A &g U

- MMU ¢ 7§ A7} glo® HAHE 2] g Ax Ao @ 77Tt Hotd 27 FH = A

U2 HHAE AYAGFHA FEZ+strict-align & AA3H= aarche64-unknown-none
ozdlegng A7t glAR drtH o g jEEA] - 212 obd Yyt

- VM oA A3gtoh 7iA] g A7 2 = JA5U S 24l VM 271X 7F AL &

A E A2 w 2o A AN ASHE HHH ST AE| =5 U wmajof tish AT 4 U

© @%o] Atk = AU TAETIH R o] A H o2 HA|AGHA] Qhret: 5 oA

A A 7| Z20lojd 2 1o & F 5huto] MZgARR o] &AFH U o] ¥ o 5} o] 1

Hho]#] glo] stEfojoll A A A== o] B A foll= EAIZFAINH drtH oz 22

sjel e obd e,

L2
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https://github.com/rust-embedded/rust-raspberrypi-OS-tutorials
https://crates.io/crates/cargo-call-stack

Al 54 7

+&gra g olE

bare-metal ZTZ 12 o] H 7} 2] LUHFA Q] BA|E 3| Asl= A o] ESAIH F U]

54.1 zerocopy

Fuchsia ©°] & zerocopy A 2|o] E= HIo]| E A AE ThE EF] 0 & QP 1A ¥igsl7] 9Jst E
ol Az E AFayrt.

use zerocopy: :AsBytes;

enum RequestType {
In=20
Out =
Flush

’

4,

-~

}

struct VirtioBlockRequest {
request_type: RequestType,
reserved: u32,
sector: u64,

}

fn main() {
let request = VirtioBlockRequest {
request_type: RequestType: :Flush,
sector: 42,
..Default: :default()
s

assert_eq!(
request.as_bytes(),
&[4‘: 01 ®I ®I 01 ®l ®I ®I 42! ®I ®' 0' ®’ ®’ ®' ®]
}

o] A o] Ex 3]uHA (volatile) 2 7] L 7|2 ALE5}A] Qo B2 MMIO o & gHs}#] x| qt, =9
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oot AL (ol: DMA ol A)) 94 AEfslo] AEEo) HEslt T2A 2 R Holt A8 4
9l &y,

« ojd E}QJo] 7}=3F B E Hlo] E mjE Soj uﬂ-sﬂ SHLE 7S 71 wjof|ek, 1 ek}l o] FromBytes
2 T 5 S UL 297 sl AT gl vho E AlAAS HdslA D Bl oz
ket 5 Qg

« 9l ZEox FJst et doll tfsl FromBytes & F+ @5t 5 2] 7} & A .
RequestType 2 7hsdt B E u32 A AR Hrop 50|12 &7] wlZd Yt & 2 E HolE
&l o] {53t RequestType Z-= oFd Y Th

*» zerocopy: :byteorder of«= Hio|E Qo] & M & thE ZHWA S A st A EHAS
gyt

» src/bare-metal/useful-crates/zerocopy-example/ol|A]l cargo run = A&
AAIE AU (FEA A2 dsi & ol 12t EolA s A=A F5Uh.

54.2 aarch64-paging

aarch64 paging Z&|o] EE AFE-5HH AArch64 71 o 2 2] A| A o} 7] el %] of] whe} =] o] ] §| o]
= s 4 ASU

use aarch64_paging: :{

idmap: : IdMap,

paging::{Attributes, MemoryRegion},
b

const ASID: usize = 1;
const ROOT_LEVEL: usize = 1;

A wlolA] ElojE-g wHEYL).

// 1D wjgE& ALE3}o]
= IdMap::new(ASID, ROOT_LEVEL) ;
oo

let mut idmap
// 2MiB ®&Zg ©°
idmap.map_range(
&MemoryRegion: :new(0x80200000, 0x80400000),
Attributes::NORMAL | Attributes::NON_GLOBAL | Attributes::READ_ONLY,
) .unwrap();
// "TTBRO_EL1 & AdA3sto] mo]z] Hlo]&S &5ttt
idmap.activate();
« A= ELL T A dstA e ohE A 28 (Exception Level: EL) = oA 4A F7+d 4= 2
Utk
* Android | 25 H VM Hg|ofof] AH&Huch
» o] o Al S ZheratA| Aeate e glEUth AR ShES o] i QEMU o A A& s of 3]
w2 euch

97] Mgoz wjguct.

54.3 buddy_system_allocator

buddy_system_allocator =¥ t] A|AH] &GS LH= A= 1hE] I o] EQYtE o] A3
o|E 9 LockedHeap%GlobalAlloc E—TLﬁ%“‘lEP whetA o272 Ho Al A8 ggatEalloc!
Ao EE FA AHEE FAFUH (CIHAZERJAF). B O E T4 32 SF5te ol AHEE &
A&Uth ol & S0 PCI BAR ol MMIO &7HS 98 4= Qlsyth
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https://crates.io/crates/aarch64-paging
https://cs.android.com/android/platform/superproject/+/master:packages/modules/Virtualization/pvmfw/
https://crates.io/crates/buddy_system_allocator
https://docs.rs/buddy_system_allocator/0.9.0/buddy_system_allocator/struct.LockedHeap.html
https://doc.rust-lang.org/core/alloc/trait.GlobalAlloc.html

use buddy_system_allocator::FrameAllocator;
use core::alloc::Layout;

fn main() {
let mut allocator = FrameAllocator::<32>::new();
allocator.add_frame(0x200_0000, 0x400_0000) ;

let layout = Layout::from_size_align(0x100, 0x100).unwrap();
let bar = allocator

.alloc_aligned(layout)

.expect("Failed to allocate ©0x100 byte MMIO region");
println!("Allocated 0x100 byte MMIO region at {:#x}", bar);

e PCI BAR = BAR 99| Z7]0f gr3xo] HHH Lt}
» src/bare-metal/useful-crates/allocator-example/olA cargo run AH85}oq
A S AT (ELHA ZAZ Qe Zgo| 1t ol A= A7) k&),

54.4 tinyvec

3ol UﬂEEl otz g 27] -] 7hssk AEH Y (: Vec Z22) 7F B F w7} 9 .
tinyvec & AH&-5HH %‘4‘1} tinyvec oA BB = v g = Sefol AR HE A/ O]QUJI 0153 g
o2 S AL 280 g E o] 9S —’F—‘Rl*lflt}.tlnyvec 2 &z HE Qhol] dop} °“E‘4
“* ESol|&Alsts A& FA 5t ‘2}2‘31, S FEO o gol ARgstE L st sy 2 He“é“\lﬂ‘—lq.

use tinyvec::{array_vec, ArrayVec};

mb
A
o L

fn main() {
let mut numbers: ArrayVec<[u32; 5]> = array_vec! (42, 66);
println! ("{numbers:?}");
numbers.push(7);
println! ("{numbers:?}");
numbers.remove(1);
println! ("{numbers:?}");

}
* tinyvec & AH&5teW AHE 9] EtQ)o] Default 83 2713 & 4= SlojoF it
* Rust Z8jo] 12 Eﬂ—tHWWCﬂi“QﬂNOUEﬂWMEﬂﬂQEEQ JE Y.
54.5 spin

std::sync::Mutex ¥ std: :sync | 7|gt 57|t 2jn]E] B = core T+ alloc oA AHEE 4
A5Uth 28H oj9A 573} £ interior mutability 9 22 7]50] Qg 7 oE A sfjof &
7tL?

spin 220 EL ol 8575 majujEEES AlSoE 7

use spin::mutex::SpinMutex;

b gk

ol
oll

static counter: SpinMutex<u32> = SpinMutex::new(0);

fn main() {
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https://crates.io/crates/tinyvec
https://crates.io/crates/spin

println!("count: {}", counter.lock());
*counter.lock() += 2;

println!("count: {}", counter.lock());

AEHE REefol A ZS 2 AS, L% Aei7t BAYsHA] FES2ol5h4 2.

spin also has a ticket lock mutex implementation; equivalents of RwLock, Barrier and
Once from std: : sync; and Lazy for lazy initialisation.

once_cell A olEco &= AAdH 27|35 AT E 7HA &3 g do] A=
spin::once::0nce o= o7 ohE A2 FA = AR YT

Rust Z2fo]1eh2 Eof= spin o] Z3tE|of 9loB & o] oAl =qletel oz AP,
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A 55 &

cﬂ-l: T;':o]l:

AOSP o A bare-metal Rust HFo] 8] & Bl =5l& W rust_ffi_static & A3} Rust

=

Ay, YAAIHEZ Z3HE cc_binary S AHE3ke] ELF Hio|u 2| S 4310, raw_binary

S AbESl ELF £ 282 $9E 4 Q=24 (raw) Hhol v 2] 2 wskghch.

rust_ffi_static {
name: "libvmbase_example",
defaults: ["vmbase_ffi_defaults"],
crate_name: "vmbase_example",
srcs: ["src/main.rs"],
rustlibs: [
"libvmbase",

1,
}

cc_binary {

name: "vmbase_example",
defaults: ["vmbase_elf_defaults"],

srcs: [

"idmap.S",

1,

static_libs: [
"libvmbase_example",

1,

linker_scripts: [
"image.1ld",
":vmbase_sections",

1,
}

raw_binary {

name: "vmbase_example_bin",
stem: "vmbase_example.bin",
src: ":vmbase_example",
enabled: false,

target:

{
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android_arm64: {
enabled: true,
I
I

55.1 vmbase

vmbase 2to] B3 2]+=, aarch64 2] crosvm oA A3 == VM & A5, I YA, UART =& 27,
BA AIHE, U & ol digt 7| & =S Ayt

use vmbase::{main, println};
main!(main);

pub fn main(arg@: u64, argl: u64, arg2: u64, arg3: ub4d) {
println!("Hello world");
}
* main! W2 =& vmbase I Yo E£Z2 main FFEFAIR}YT
» vmbase 7} Al Fot= AUH2 £ 2713} olH, main <472 &5t PSCI_SYSTEM_OFF
Y
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PLO31 AAIZE AlA] 717§ Eetol & A/ Fu o
After looking at the exercises, you can look at the solutions provided.

56.1 RTC driver

The QEMU aarch64 virt machine has a PL031 real-time clock at 0x9010000. For this exercise,
you should write a driver for it.
1. A4 Z&o)] dA AIZbE S5k ol AR Yo EAAIZE 3
AHEE 4= JAE YT
2. L A A} AA| JEHE GHIE AHESHo] B4 AIZE (o] &%
2 I oA core: :hint::spin_loop E&&&th
3. RTC YA 2 AAH AEHHPEE AFEAAS L AP Yt arm-gic 2
o] Eof Al F-H =eto]HE AFE5to] Arm YR JIEHE HEEZHETA
« GICOl IntId::spi(2) & AZ¥ RIC JAEHEE A3t}
¢ JE|HEE AFE A3 Soll= arm_gic: :wfi() il =
AEUTH o] 4 JAEHHEE £AT w72 Foj7 A mE 2 gy},

AdedEHE H2RESA rtc YA thg e S 25U

1>
B
oX,
=2
rir
(@]
>0
R
o
>
o
[
&
el
[m
fjru

w
b
N
N
=
e
=
N
)
i3
o

mod exceptions;
mod logger;
mod pl@ll;

use crate: :pl@11l::Uart;

use arm_gic::gicv3::GicV3;

use 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 _;
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const GICR_BASE_ADDRESS: *mut u64 = 0Ox80A_0000 as

/117

—

Base address of the primary PL@11 UART.

const PLO11_BASE_ADDRESS: *mut u32 = 0x900_0000 as _;

extern "C" fn main(x@: ub4, x1: ubd, x2: ubd, x3: ubd) {

}
fn

}

// Safe because "PL@11_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();

infol ("main({:#x}, {:#x}, {:#x}, {:#x})", x0, x1, x2, x3);

// Safe because “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(info: &PanicInfo) -> ! {

error!("{info}");

system_off::<Hvc>().unwrap();
loop {}

_src/exceptions.rs_ A52 Al HAf FEE2oj Mgt H A stH o,

/1
/1
/1l
/1
/1
/1
/1
/1
//
/1
/1
/1
/1

use
use
use
use

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

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.

arm_gic::gicv3::GicV3;
log::{error, info, trace};
smccc: :psci::system_off;
smccc: :Hvc;
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extern "C" fn sync_exception_current(_elr: u64, _spsr: u64d) {
error! ("sync_exception_current");
system_off::<Hvc>().unwrap();

}

extern "C" fn irq_current(_elr: u64, _spsr: u6b4d) {
trace! ("irg_current");
let intid =
GicV3::get_and_acknowledge_interrupt().expect("No pending interrupt");
info! ("IRQ {intid:?}");
}

extern "C" fn fiq_current(_elr: u6b4
error!("fiqg_current");
system_off::<Hvc>().unwrap();

spsr: u6b4) {

| A—

}

extern "C" fn serr_current(_elr: u64, _spsr: ub4d) {
error! ("serr_current");
system_off::<Hvc>().unwrap();

}

extern "C" fn sync_lower(_elr: u64, _spsr: u64) {
error!("sync_lower");
system_off::<Hvc>().unwrap();

}

extern "C" fn irq_lower(_elr: u64, _spsr: ub4) {
error!("irq_lower");
system_off::<Hvc>().unwrap();

}

extern "C" fn fig_lower(_elr: u64, _spsr: ub4d) {
error!("fig_lower");
system_off::<Hvc>().unwrap();

}

extern "C" fn serr_lower(_elr: u64, _spsr: ub4d) {

error!("serr_lower");
system_off::<Hvc>().unwrap();

}

src/loggerrs(7s a7t gl

// 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
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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.

// ANCHOR: main

use crate::pl@11l::Uart;

use core::fmt::Write;

use log::{LevelFilter, Log, Metadata, Record, SetlLoggerError};
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) {
writeln! (
self.uart.lock().as_mut().unwrap(),
"[{31 {}",
record.level(),
record.args()
)
.unwrap();
}

fn flush(&self) {}
}

/// Initialises UART logger.
pub fn init(uart: Uart, max_level: LevelFilter) -> Result<(), SetlLoggerError> {
LOGGER .uart.lock().replace(uart);

log: :set_logger (&LOGGER)?;
log: :set_max_level(max_level);
0k(())

}

sre/plo1l.rs (R4 o7t qls):

// 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.
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// You may obtain a copy of the License at

//

// http://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.

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.

struct Flags: ul6 {
/// Clear to send.
const 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 indicator.
const RI = 1 << 8;

}

}
// ANCHOR_END: Flags

bitflags! {
/// Flags from the UART Receive Status Register / Error Clear Register.
struct ReceiveStatus: ul6 {
/// Framing error.
const FE = 1 << 0;
/// Parity error.
const PE = 1 << 1;
/// Break error.
const BE = 1 << 2;
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/// Overrun error.
const OE = 1 << 3;

}

// ANCHOR: Registers
struct Registers {
dr: uleé,
_Treserved®: [u8; 27,
rsr: ReceiveStatus,
_Yeservedl: [u8; 19],

fr: Flags,
_reserved2: [u8; 6],
ilpr: u8,

_reserved3: [u8; 31,
ibrd: ul6,
_Yeserved4: [u8; 2],
fbrd: u8,

_reserved5: [u8; 37,
lcxr_h: u8,
_reserved6: [u8; 317,
cr: ule,

_resexrved7: [u8; 3],
ifls: u8,

_reserved8: [u8; 37,
imsc: ul6,
_reserved9: [u8; 2],
ris: ul6,
_rYeservedl@: [u8; 21,
mis: ul6,
_reservedll: [u8; 2],
icr: uleé,
_Yeservedl2: [u8; 2],
dmacr: u8,

_reservedl3: [u8; 3],

}
// ANCHOR_END: Registers

// ANCHOR: Uart
/// Driver for a PL@11 UART.
pub struct Uart {

registers: *mut Registers,

}

impl Uart {
/// Constructs a new instance of the UART driver for a PL@11 device at the
/// given base address.
111
/11 # Safety
i
/// The given base address must point to the MMIO control registers of a
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/// PL@11 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) {}

// Safe because 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 {
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 {
// Safe because we know that self.registers points to the control
// registers of a PLO11l 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);
}
ok(())
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// Safe because it just contains a pointer to device memory, which can be
// accessed from any context.
unsafe impl Send for Uart {}

Cargo.toml (73 "7} gl8):

[workspace]

[package]

name = "rtc"
version "9.1.0"
edition "2021"
publish = false

[dependencies]
arm-gic = "0.1.0"
bitflags = "2.4.2"

chrono = { version = "0.4.35", default-features = false }
log = "0.4.21"
smccc = "0.1.1"

spin = "0.9.8"

[build-dependencies]
cc = "1.0.90"

build.rs(f7& 271 31-3):

// 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.

use cc::Build;
use std::env;

fn main() {
env::set_var("CROSS_COMPILE", "aarch64-linux-gnu");
env::set_var("CROSS_COMPILE", "aarch64-none-elf");

Build: :new()
.file("entry.S")
.file("exceptions.S")
.file("idmap.S")
.compile("empty")
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* 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_1, reg:req, sym:req
adrp \reg, \sym
add \reg, \reg, :1lol2:\sym
.endm

.macro mov_i, reg:req, imm:req
movz \reg, :abs_g3:\imm
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)

/* 4 KiB granule size for TTBRO_EL1. */

.set .L_TCR_TGO_4KB, 0x0 << 14

/* 4 KiB granule size for TTBR1_EL1l. */

.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 TTBR@_EL1 are inner sharable. */

.set .L_TCR_SH_INNER, ©0x3 << 12

/-k

* Translation table walks for TTBR@_EL1 are outer write-back read-allocate write-alloc
* cacheable.

*/

.set .L_TCR_RGN_OWB, @x1 << 10

/-k

* Translation table walks for TTBRO_EL1 are inner write-back read-allocate write-alloc
* cacheable.
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*/

.set .L_TCR_RGN_IWB, Ox1 << 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, @x1 << 12

/* SP alignment fault if SP is not aligned to a 16 byte boundary. */

.set .L_SCTLR_ELx_SA, 0x1 << 3

/* Stage 1 data access cacheability is unaffected. */

.set .L_SCTLR_ELx_C, @x1 << 2

/* ELO and EL1 stage 1 MMU enabled. */

.set .L_SCTLR_ELx_M, 0x1 << @

/* Privileged Access Never is unchanged on taking an exception to EL1. */

.set .L_SCTLR_EL1_SPAN, @x1 << 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

.set .L_SCTLR_EL1_RES1, (@x1 << 11) | (@x1 << 20) | (@x1 << 22) | (@x1 << 28) | (@Ox1 <<
.set .Lsctlrval, .L_SCTLR_ELx_M | .L_SCTLR_ELx_C | .L_SCTLR_ELx_SA | .L_SCTLR_EL1_ITD |
.set .Lsctlrval, .Lsctlrval | .L_SCTLR_ELx_I | .L_SCTLR_EL1_SPAN | .L_SCTLR_EL1_RES1

/-k-k
* This is a generic entry point for an image. It carries out the operations required t«
* loaded image to be run. Specifically, it zeroes the bss section using registers x25 .
* prepares the stack, enables floating point, and sets up the exception vector. It pre:
* for the Rust entry point, as these may contain boot parameters.
*/
.section .init.entry, "ax"
.global entry
entry:
/* Load and apply the memory management configuration, ready to enable MMU and cach
adrp x30, idmap
msr ttbr@_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 potential
* 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 com
*/
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
b.hs 1f
stp xzr, xzr, [x29], #16
b 0b

1: /* 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. */

2: wfi

b 2b
exceptions.S(H73 & F 27} gl=):
/*

* 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

* ok ok
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*

* 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.

*

* Saves the volatile registers onto the stack. This currently takes 14

* instructions, so it can be used in exception handlers with 18 instructions
* left.

*

* On 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@-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]
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@0, x1, [sp, #8 * 22]
.endm

/-k-k
* 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.
*/
.macro restore_volatile_from_stack
/* Restore registers x2-x18, x29 & x30. */
1dp x2, x3, [sp, #8 * 2]
1dp x4, x5, [sp, #8 * 4]
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ldp x6, x7, [sp, #8 * 6]
1dp x8, x9, [sp, #8 * 8]
1dp x10, x11, [sp, #8 * 10]
ldp x12, x13, [sp, #8 * 12]
ldp x14, x15, [sp, #8 * 14]
ldp x16, x17, [sp, #8 * 16]

1dr x18, [sp, #8 * 18]
ldp x29, x30, [sp, #8 * 20]

/* Restore registers elr_ell & spsr_ell, using x@ & x1 as scratch. */
ldp 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.

*

~

.macro current_exception_sp@ handler:req
msr spsel, #1
save_volatile_to_stack
bl \handler
restore_volatile_from_stack
msr spsel, #0

eret
.endm
/-k*
* 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
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restore_volatile_from_stack

eret
.endm

.section .text.vector_table_ell, "ax"

.global vector_table_ell

.balign ©0x800
vector_table_ell:
sync_cur_sp@:

current_exception_sp@

.balign ©x80
irg_cur_spo:

current_exception_sp@

.balign ©x80
fiq_cur_sp0:

current_exception_sp®@

.balign 0x80
serr_cur_sp@:

current_exception_sp@

.balign 0x80
SYNnc_Cur_spx:

current_exception_spx

.balign ©x80
irg_cur_spx:

current_exception_spx

.balign ©x80
fiq_cur_spx:

current_exception_spx

.balign @x80
Serr_cur_spx:

current_exception_spx

.balign 0x80
sync_lower_64:

current_exception_spx

.balign ©x80
irg_lower_64:

current_exception_spx

.balign ©x80
fig_lower_64:

current_exception_spx

sync_exception_current

irqg_current

fig_current

serr_current

sync_exception_current

irq_current

fig_current

serr_current

sync_lower

irq_lower

fig_lower
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.balign ©x80
serr_lower_64:
current_exception_spx

.balign @x80
sync_lower_32:
current_exception_spx

.balign ©x80
irqg_lower_32:
current_exception_spx

.balign 0x80
fig_lower_32:
current_exception_spx

.balign ©x80
serr_lower_32:
current_exception_spx

idmap.S(H73 g Z 87} gl3):
/*

*

Copyright 2023 Google L

Licensed under the Apac
you may not use this fi
You may obtain a copy o

https://www.apache.

Unless required by appl
distributed under the L

See the License for the
limitations under the L
/

o+ ¥ X F o+ F F * F ¥ * *

.set .L_TT_TYPE_BLOCK, ©x1
.set .L_TT_TYPE_PAGE, 0x3
.set .L_TT_TYPE_TABLE, ©x3

/* 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, @x0@ <<
.set .L_TT_MT_MEM, (@x1 <<

serr_lower

sync_lower

irq_lower

fig_lower

serr_lower

LC

he License, Version 2.0 (the "License");
le except in compliance with the License.
f the License at

org/licenses/LICENSE-2.0

icable law or agreed to in writing, software
icense is distributed on an "AS IS" BASIS,

WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.

specific language governing permissions and
icense.

2 // MAIR #@ (DEV_nGnRE)
2) | (0x3 << 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
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.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
image.ld(¥173 2 271 ¢l3):
/*
* 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.
*/
/*
* Code will start running at this symbol which is placed at the start of the
* image.
*/
ENTRY (entzry)
MEMORY
{
image : ORIGIN = @x40080000, LENGTH = 2M
}
SECTIONS
{
/*
* Collect together the code.
*/
.init : ALIGN(4096) {
text_begin = .;
*(.init.entzry)
*(.init.*)
} >image
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.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
* 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 = .;
. += 40 * 4096;
. = ALIGN(4096);
boot_stack_end = .;

} >image
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. = 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)

}
Makefile(M 73 227} g12):
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

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.

HHEHFHFEHHFHFEHFHFHFHFH

UNAME := $(shell uname -s)
ifeq ($(UNAME),Linux)

TARGET = aarch64-1linux-gnu
else

TARGET = aarch64-none-elf
endif
O0BJCOPY = $(TARGET)-objcopy

.PHONY: build gemu_minimal gemu qemu_logger
all: rtc.bin

build:
cargo build

rtc.bin: build
$(0OBJCOPY) -0 binary target/aarch64-unknown-none/debug/rtc $@

gemu: rtc.bin
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gemu-system-aarch64 -machine virt,gic-version=3 -cpu max -serial mon:stdio -display

clean:
cargo clean
rm -f *.bin

.cargo/config.toml (7 F 27} §l3):

[build]
target = "aarch64-unknown-none"
rustflags = ["-C", "link-arg=-Timage.1ld"]

make gemu £ AF23to] QEMU oA ZE=E Aadgct.

56.2 7 Bare Metal 2%

RTC driver
(AEEAZ =017

main.rs

mod exceptions;
mod logger;
mod pl@ll;
mod pl@31;

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: :pl@11::Uart;

use arm_gic::gicv3::GicV3;

use core::panic::PanicInfo;

use log::{error, info, trace, LevelFilter};
use smccc::psci::system_off;

use smccc: :Hvc;

/// GICv3 9 7]& FAYdyrct.
const GICD_BASE_ADDRESS: *mut u64
const GICR_BASE_ADDRESS: *mut u64

0x800_0000 as _,;
0x80A_0000 as _,

/17 712 PLO11 UART 9] 7|2 FAUYrt.
const PL@11_BASE_ADDRESS: *mut u32

0x900_0000 as _,;

/// PL@31 RTCY 7|&E FAJUtt.

const PL@31_BASE_ADDRESS: *mut u32
/1/ PL@31 RTColA| At&st= IRQ AU
const PL@31_IRQ: IntId IntId::spi(2);

0x901_0000 as

—

extern "C" fn main(x@: ub4, x1: ubd, x2: ubd, x3: ubd) {
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/1

// “PLO11_BASE_ADDRESS 7} PLO11 7|7]9] 7|2 F4o]il
/1 ©] F& Wglol dxaste ThE Zo] glomz o),
let uart = unsafe { Uart::new(PL@®11_BASE_ADDRESS) };
logger::init(uart, LevelFilter::Trace).unwrap();

infol ("main({:#x}, {:#x}, {:#x}, {:#x})", x0, x1, x2, x3);

// “GICD_BASE_ADDRESS® % ‘GICR_BASE_ADDRESS 7} Z+ZF GICv3 vjxEz} 2 zjufEZ}9]
7@ Faolo|x

/1 ol2lg F2 welol eMAstE The FBo| glomz okHThTh

let mut gic = unsafe { GicV3::new(GICD_BASE_ADDRESS, GICR_BASE_ADDRESS) };
gic.setup();

// “PL@31_BASE_ADDRESS 7} PL@31 7]7]9] 7]& F4o|al

/1 o] 4 "ol AMAsts o E FEo] gleE=E R,

let mut rtc = unsafe { Rtc::new(PL@31_BASE_ADDRESS) };

let timestamp = rtc.read();

let time = Utc.timestamp_opt(timestamp.into(), 0).unwrap();
info! ("RTC: {time}");

GicV3::set_priority_mask(0xff);
gic.set_interrupt_priority(PL@31_IRQ, 0x80);
gic.set_trigger(PL@31_IRQ, Trigger::Level);
irqg_enable();
gic.enable_interrupt(PL@31_IRQ, true);

/1 JHHE glo] 3 %7t 7oy,

let target = timestamp + 3;

rtc.set_match(target);

infol ("{}2 (£) 7|ttgl= &", Utc.timestamp_opt(target.into(), @) .unwrap());

trace! (
"matched={}, interrupt_pending={}",
rtc.matched(),
rtc.interrupt_pending()

),

while !rtc.matched() {
spin_loop();

}

trace! (
"matched={}, interrupt_pending={}",
rtc.matched(),
rtc.interrupt_pending()

),

infol ("dj7] &&5"");

/1 JEHHEE {8 3% ©f 7@y},

let target = timestamp + 6;

infol ("{}=2 (&) 7|tgl= ", Utc.timestamp_opt(target.into(), 0).unwrap());
rtc.set_match(target);

rtc.clear_interrupt();

rtc.enable_interrupt(true);
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trace!(
"matched={}, interrupt_pending={}",
rtc.matched(),
rtc.interrupt_pending()

),

while !rtc.interrupt_pending() {
wfi();

}

trace! (
"matched={}, interrupt_pending={}",
rtc.matched(),
rtc.interrupt_pending()

),

infol! ("ti7] &¥E8HE");

system_off::<Hvc>().unwrap();

}

fn panic(info: &PanicInfo) -> ! {
error! ("{info}");
system_off::<Hvc>().unwrap();
loop {}

}

plo31.rs:
use core::ptr::{addr_of, addr_of_mut};

struct Registers {
/17 dHlolg A AH

dr: u32,
/11 4= A AH
mr: u32,
/1] EE HAAH
1r: u32,
/17 Ao HAAH
cr: u8,

_Yeserved®: [u8; 3],
/1] QE|HE ntAd ME = Az A AFE
imsc: u8,

_reservedl: [u8; 37,
/11 B JEHE JE
ris: us8,

_reserved2: [u8; 3],
/11 vpAFE QJIEFE AH|
mis: u8,

_reserved3: [u8; 317,
/17 JQEHE A A AH
icr: u8,

_reserved4: [u8; 3],
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vy
pub

}
impl

/117
/117
i
/117
/117
/117
117
i

PLO31 AAZE AlAIE E&tolH
struct Rtc {
registers: *mut Registers,

Rtc {

/11 A" 712 F40 PLO31 7]7]o] gt RTC Ezfo|He] Af QJIAHAS
A8y,

# A

AQHE 7|12 FAE PLO31 71719

MMIO Ao HAAEE 7te]AHoF o1,

o= LZAM|A0 FA FIho 7171 M2 2

nfg =ojof ot o2 HH2 glojof Y},

pub unsafe fn new(base_address: *mut u32) -> Self {
Self { registers: base_address as *mut Registers }

}

/11 dA RTC 3= 54T,

pub fn read(&self) -> u32 {
/1 self.registers 7} AdstA vigE PLO31 7]7]9] A|of 2|AAHE
/1 7te)7]an Qe g Qb ct.
unsafe { addr_of!((*self.registers).dr).read_volatile() }

/17 D= 32 AUk, RTC Ztol o] gtk dX|std AEHHET}
/// /\(1)4/\—1%141:4- /\]-3 /\47\41;,] 7:1 )
pub fn set_match(&mut self, value: u32) {
/1 self.registers 7} Aot vige PLO31 7]17]9] Ao HAAHE
/1 7FE]71aL Qe B2 QRHRYTt.
unsafe { addr_of_mut!((*self.registers).mr).write_volatile(value) }

/17 JVEHET 3= Q=R of Rt Aglol dA| A AEZF RTC ¢ LA|ot=A] ARE
/7117 wrEEhy T,
pub fn matched(&self) -> bool {
/1 self.registers 7t AdstA vigdE PLO31 7]7]9] A|of e|AAHE
/1 7H)A3 donE QPHEUL.
let ris = unsafe { addr_of!((*self.registers).ris).read_volatile() };
(ris & 0x01) '= 0

}
111 @A 7] S AHHEIL =4 oFE gy,
/111

/// °]= 'matched' 7} true & ®IEsta QIEHE}L npAZE Ao ut
/// true ojoF U},
pub fn interrupt_pending(&self) -> bool {
/1 self.registers 7} AdstA vigE PLO31 7]7|9] Alof 2|AAEHE
/1 74el7]a gom g obME ),
let ris = unsafe { addr_of!((*self.registers).mis).read_volatile() };
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(ris & 0x01) =0

/11 JIEHE A3 E AAsAY AUt
111/
/11 arA37F true Q! A9 JEHEZ ARG AAHHUY. falseol™
/11 JEHEZL AHE FAFHYH.
pub fn enable_interrupt(&mut self, mask: bool) {
let imsc = if mask { 0x01 } else { 0x00 };
/1 self.registers 7} &5t migd PLO31 7]7]9] #lof HAAHE
/] 7F8]l7]3 Qomg oA ch,
unsafe { addr_of_mut!((*self.registers).imsc).write_volatile(imsc) }

/17 971 9 JAEHHEZ = A% ol& AU
pub fn clear_interrupt(&mut self) {
/1 self.registers 7} A&stA| wijge PLO31 7]17]9] Ao HAAEHE
/1 7Fe71a leBms bt
unsafe { addr_of_mut!((*self.registers).icr).write_volatile(0x01) }

}

/1 B HFYAEOA HAAT £ = 7|7 HEE o ot
/1 EZRJERE ZstEz by,

unsafe impl Send for Rtc {}
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Al 57 %

Welcome to Concurrency in Rust

A2EE FA Al o] Bty G AAl B o] A =E AHEsHH, Rl At A E = A Aoty

5 olgkar ghytt.
* Rust lets us access OS concurrency toolkit: threads, sync. primitives, etc.
» The type system gives us safety for concurrency without any special features.
* The same tools that help with ”“concurrent” access in a single thread (e.g., a called

function that might mutate an argument or save references to it to read later) save us
from multi-threading issues.
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Al 58 %

A=

BaEo] AEi the Qlojo] Av=et fAbS EAT

use std::thread;
use std::time::Duration;

fn main() {
thread: :spawn( || {
for i in 1..10 {
println! ("2#E9o] 7i4&: {i}!");
thread: :sleep(Duration: :from_millis(5));
}
1)

for i in 1..5 {
println! ("71& A#=: {i}");
thread: :sleep(Duration: :from_millis(5));

)
)
P 2PEE BE U2 AdEQyth mebA vgl ARt o] AdE
Yk,
3 22 ol A AR )Y & The e Sol A G 71 XA e T
- wjge FPYHE (ol 2E) 2 EHT 4 9
Yk,

* Rust thread APIs look not too different from e.g. C++ ones.

* Run the example.

=S°lEU7IE 7t A s

1o, ol downcast_ref 2 Zol& ¢

i)

— 5ms timing is loose enough that main and spawned threads stay mostly in lockstep.

— Notice that the program ends before the spawned thread reaches 10!

— This is because main ends the program and spawned threads do not make it persist.
* Compare to pthreads/C++ std::thread/boost::thread if desired.

* How do we wait around for the spawned thread to complete?

* thread: :spawn returns a JoinHandle. Look at the docs.
— JoinHandle has a . join() method that blocks.
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https://doc.rust-lang.org/std/thread/fn.spawn.html
https://doc.rust-lang.org/std/thread/struct.JoinHandle.html#method.join

Use let handle = thread::spawn(...) and later handle. join() to wait for the
thread to finish and have the program count all the way to 10.

Now what if we want to return a value?
Look at docs again:

— thread: :spawn's closure returns T
— JoinHandle .join() returns thread: :Result<T>

Use the Result return value from handle. join() to get access to the returned value.
Ok, what about the other case?

— Trigger a panic in the thread. Note that this doesn't panic main.
— Access the panic payload. This is a good time to talk about Any.

Now we can return values from threads! What about taking inputs?

— Capture something by reference in the thread closure.
— An error message indicates we must move it.
— Move it in, see we can compute and then return a derived value.

If we want to borrow?

— Main Kkills child threads when it returns, but another function would just return
and leave them running.

— That would be stack use-after-return, which violates memory safety!

— How do we avoid this? see next slide.

58.1 W9 28 E (Scoped Threads)

HE, 28 Ee A= HoA Hole & ¥d 4 lsyth

use std::thread;

fn foo() {
let s = String::from("oFgstAla");
thread: :spawn( || {
println! ("Zol: {}", s.len());
})
}

fn main() {
foo();
}

5}A]9k, scoped thread ol A= 7Hs-ghu ok
use std::thread;

fn main() {
let s = String::from("rdsa2");

thread: :scope(|scope| {

scope.spawn( || {
println!("Zeol: {}", 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
https://doc.rust-lang.org/std/thread/fn.scope.html

).

1)

1
L
ix

&0 HAE7] o

scop
EE
HAE
% st

* thread::
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Al 59 &

A

HAEQ I ender<T>9}Rece1ver<T %L%

Ao YA, e HES E el Y

use std::sync::mpsc;

fn main() {
let (tx, rx) = mpsc::channel();

tx.send(10) .unwrap();
tx.send(20) .unwrap();

println!

A
println! ("4

(
("

let tx2 = tx.clone();
tx2.send(30) .unwrap();

println! ("s41%: {:?2}", rx.recv());

» mpsc = “Multi-Produce, Single-Consumer” & 2} 1| g
Clone & +&ASHAI T (F, o 2|7l 2] producer & T&4 3

FeskA] eh&UT,

* send() 2 recv() & Result S ¥Hehghy ot v+ Exx 7} b
Receiver 7} AAE Q1 A do] @3t =it}

59.1 FAAAE

mpsc::channel() e<= A7t 8= Hl57] AE

use std::sync::mpsc;
use std::thread;
use std::time: :Duration;

fn main() {
let (tx, rx) = mpsc::channel();
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= o{:?}", rx.recv());
AlE {2y, rx.recv());

SendeI'QFSyncSender

thH Receiver = Clone

=S
-

o
=

o}, Aokl Sender =



thread: :spawn(move || {
let thread_id = thread::current().id();
for i in 1..10 {
tx.send(format! ("HA[Z] {i}")).unwrap();
println! ("{thread_id:?}: BEWl HAIX] {i}");
}
println!("{thread_id:?}: &&8");

1)
thread: :sleep(Duration::from_millis(100));

for msg in rx.iter() {
println! ("7]2: {msg} w2");
}

59.2 ZAAE

With bounded (synchronous) channels, send can block the current thread:

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 1..10 {
tx.send(format! ("HA[Z] {i}")).unwrap();
println!("{thread_id:?}: B HAIA] {i}");
}
println! ("{thread_id:?}: &&");

1)
thread: :sleep(Duration: :from_millis(100));

for msg in rx.iter() {

}

-smdei%&LHélHﬂﬂﬂaAi%ﬁﬂ%i%ﬂﬂﬂaﬂiﬂEﬂﬂHEQ%ﬂ
ollA] gl & Aol gle A g selesbrsld A 4 gy,

. sendi 2 7oA e YT meba Ado] @5 W Result & ¥Rty #4172
AAIsH A o] B,

* A bounded channel with a size of zero is called a "rendezvous channel”. Every send will
block the current thread until another thread calls recv.
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Al 60 &

Send 2} Sync

How does Rust know to forbid shared access across threads? The answer is in two traits:

« Send: T 7} 28| & %t o] Fo] bSHTHH, T 2] BF)J-2 Send YUt
* Sync: &T 7} 23| = ZF o] Fo] b sth™, &T o] Bbd2 Sync A4yt

Send ¢t Sync E&f|gl 29t st b2 Edcld Yt Aupd 2= eFl o] 24 50| 25 Send £ Sync
EflolH 2Ak5 o2 o] EFYES A {AIA FUT 82w 248 girfa &3 ok A 1H
sie Hyo
* Sync ¢} Send = oH E}Jo] EHT A Eobd £V S UEU = niA = A4 4 3l
Sy
« o] £ Ego]E= A oA AloF 21S YEtUl= Eo|EZ AMGE S & JEUTH

T 7} 28| = zkof QLB o] 58 4 9Athe, T o ebel e Send Yyt
AEEE o] 55HH ATt ST Ad So A AYHU T of 7] 4] o2 olA) g A
ot e Ad sl A gt Y A 4 AETP Ay

o] & 501 SQLite 2to] 22| A2 2 T A =of A ut M| Asfof gty

60.2 Sync

&T 7} of 2] A =ofA QFEsHA 2d 4= Aohw, &T 9JEFd-2 Sync 4yt
& o g Ho e o3 ZEUh
&T 7} Send Q1 4--0llTH T o] B}d o] Sync 7} HU ot
2 EolA ol °F7l st, ol Epjo] A & Zholl F{E o AARE 7] o st 1 BFQl o
e A= 7ho] o] 5 Fh5aTh= AL

o the 3 2ol SWE 4 A& YTk of @ EFglo] Sync eHe Te2 1 Belo] ofe] A= Ato]
A w0l @lo] AL} of et 5718t EAIglo] 3§ 7Hsshthe Tt el 2F 387} oA stoh, 2
A= 7bol 55 QHHE 4 vo] 14T, ol EFle] 22 =1k ol ol hHalehE, 1 elele] B
Ao E7E o] 5o] QbaE 4 upof gl

ot o,
N r-]u

r
d

2 ;2
£ L
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https://doc.rust-lang.org/std/marker/trait.Send.html
https://doc.rust-lang.org/std/marker/trait.Sync.html
https://google.github.io/comprehensive-rust/concurrency/../unsafe/unsafe-traits.md

60.3 <A

Send + Sync
ozl 2o| ot#A = 7 29| td2 Send + Sync ¥Yt}:
» i8, f32, bool, char, &str, ...
(T1, T2),[T; NI, &[T],stxruct { x: T },..
String, Option<T>, Vec<T>, Box<T>, ...
Arc<T>: & 7} E 223 ot EH] op7|ujj o A& b3t
Mutex<T>: 2t-& H23t7] 918) RelAE T oF 517] WRof 22| ehaig,
AtomicBool, AtomicUsg, ... 4tS Aod wf EHslot e Yol &5 AFSFYth
AUe Btd2 drbd o = g okt g 7F Send + Sync ©|¥ Send + Sync f44tt.

Send + !Sync

ot EtdE2 the 2 ER o] FE 4 AT W RA o= gho] A E 37| wjZol 22 = st

2] ek

mpsc: :Sender<T>
mpsc: :Receiver<T>
Cell<T>
RefCell<T>

!Send + Sync
ot Bt E2 A E PISAI T thE A ER o] 5 4 glgUTh
* MutexGuard<T: Sync>: Uses OS level primitives which must be deallocated on the
thread which created them.

!Send + !Sync

¢ Rc<T>:Rc<T> = otER|SHA| P2 A 082 FxIL2EE X&5H= ReBox<T>SF 2 gt
O,
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He T

HAEE F2 otegf F 714 EFY S o] &84 37 dlolE F7|&E5d Y
o Arc<T>, T ol it ofEH] Fx 7} 2-E: o] FX & th4o AYE AoJoAM3/E 4 A, ZF=x
St oA A =7 S 85 4@ T Exkesyo
o Mutex<T>: T gtoll it 45 uijA| QM AE HAsh .

61.1 Axc

Arc<T> allows shared read-only access via Arc: : clone:

use std::sync::Arc;
use std::thread;

fn main() {
let v = Arc::new(vec![10, 20, 30]);
let mut handles = Vec: :new();
for _ in 1..5 {
let v = Arc::clone(&v);
handles.push(thread: :spawn(move || {
let thread_id = thread::current().id();
println!("{thread_id:?}: {v:?}");
1))
}

handles.into_iter().for_each(|h| h.join().unwrap());
println!("v: {v:?}");

» Arc stands for “Atomic Reference Counted”, a thread safe version of Rc that uses atomic
operations.

* Arc<T> implements Clone whether or not T does. It implements Send and Sync if and
only if T implements them both.

* Arc::clone() has the cost of atomic operations that get executed, but after that the
use of the T is free.

» Beware of reference cycles, Arc does not use a garbage collector to detect them.

— std::sync: :Weak can help.
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61.2 Mutex

Mutex<T> ensures mutual exclusion and allows mutable access to T behind a read-only
interface (another form of interior mutability):

use std::sync::Mutex;

fn main() {
let v = Mutex::new(vec![10, 20, 30]);
println!("v: {:?}", v.lock().unwrap());

{
let mut guard = v.lock().unwrap();
guard.push(40);

}

println!("v: {:?}", v.lock().unwrap());
}

2E Mutex<T>&= impl<T: Send> Sync for Mutex<T>EAzo =2 FTHE-S Zx5HA|Q.

* Mutex in Rust looks like a collection with just one element — the protected data.

— It is not possible to forget to acquire the mutex before accessing the protected data.
* Youcan get an &mut T from an &Mutex<T> by taking the lock. The MutexGuard ensures
that the &mut T doesn't outlive the lock being held.
Mutex<T> implements both Send and Sync iff (if and only if) T implements Send.
» A read-write lock counterpart: RwLock.
Why does lock() return a Result?

— If the thread that held the Mutex panicked, the Mutex becomes ”poisoned” to signal
that the data it protected might be in an inconsistent state. Calling lock() on a
poisoned mutex fails with a PoisonError. Youcan call into_inner() on the error
to recover the data regardless.

61.3 <A

Arc o Mutex 9 52+S A B At}

use std::thread;
// std::sync::{Arc, Mutex}; A&

fn main() {
let v = vec![10, 20, 30];
let handle = thread::spawn(|| {
v.push(10);
1)
v.push(1000) ;

handle. join() .unwrap();
println!("v: {v:?}");
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use std::sync::{Arc, Mutex};
use std::thread;

fn main() {
let v = Arc::new(Mutex: :new(vec![10, 20, 301));

let v2 = Arc::clone(&v);

let handle = thread::spawn(move || {
let mut v2 = v2.lock().unwrap();
v2.push(10);

1),

{
let mut v = v.lock().unwrap();
v.push(1000);

}

handle. join() .unwrap();

println!("v: {v:?}");

&]
fgt=ol7] wledyeh.
- Mutex & Arc & 2|3 ste A2 7P Ael & Al =53to] 378 o &£35] Agshe s
Yt
o v: Arc<_>E tfE A Eo| ARSI ETE, HA v2 2 B
Sk a2 M kel Aly Aol move 7F Y= AU YT
52 LockGuard o] 91 & 2dist F317] 3l AHE

324



After looking at th
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exercises, you can look at the solutions provided.
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You will need a local Cargo installation for this exercise. Copy the code below to a file called
src/main.rs, fill out the blanks, and test that cargo run does not deadlock:

> 4t gy
>
> ofo

B

use std::sync::{mpsc, Arc, Mutex};
use std::thread;
use std::time::Duration;

struct Fork;

struct Philosopher {
name: String,
// left_fork:
// right_fork:
// thoughts:

}

impl Philosopher {
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fn think(&self) {
self.thoughts

.send(format! ("Fe7}! {}yoll M2 ofoltjol7} QUHUTEH. ", &self.name))

.unwrap();

}

fn eat(&self) {
// EZIE EAQ. ..
println!("{}do] Hx &Y. ..", &self.name);
thread::sleep(Duratlon..from_mlllis(1®));

}

static PHILOSOPHERS: &[&str] =
&["SOCIa‘tES", llé]m‘ﬂo}lil II%E]_%H' ”O}'aiié—ﬂaﬂ.{\_”, "E—]E}'_]—,_E]'_/_y\_”]

fn main() {
// E3I TS

// Asx "rs7)
/1 747 100 ¥ gZEt HEE Fyct,

/1 AZe FEFUG.

}

th23} 22 Cargo.toml 2 AHEE 4= &Y
[package]

name = "dining-philosophers™
version = "0.1.0"

edition = "2021"

S ZgslH Be) 22 S YA GA)E BEYT of HA]=lslo] A ol 2
So| g&eHx FAFUTh 193 A4AH R FAEUQI B2 BE wo|x 7} fachx| &9l
o] 5 93l A reqwest o &2 HTTP 20| E Doyt 22 24 Z2HES
requwest S Q&40 75 Al 2

cargo new link-checker

cd link-checker
cargo add --features blocking,rustls-tls reqwest

ol rr

r ok
i Cooft
[l

7 2 cargo add # W = 7} error: no such subcommand 2 4 uf §Fc} ™
Cargo.toml @ S A 4= Uth ofefoll A &4 H&ol AsY
o},

FAE 27| AsliA scraper =F7H Yo

cargo add scraper

npz|eto 2 @ & 2|5t HH o 2 thiserror = F7gUth:
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https://docs.rs/reqwest/
https://docs.rs/reqwest/
https://docs.rs/scraper/
https://docs.rs/thiserror/

cargo add thiserror
I E cargo add 7} 4 Cargo.toml of otz W&oyt

[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"

olAl https://www.google.org/ 22 ¢ Ho| A& g & 95T
rc/main.rs Y2 ofefjet Z5uh:

use reqwest::blocking::Client;
use reqwest::Url;

use scraper::{Html, Selector};
use thiserror::Error;

enum Error {
ReqwestErroxr (#[from] reqwest::Error),
BadResponse(String),

}

struct CrawlCommand {
url: Url,
extract_links: bool,

}

fn visit_page(client: &Client, command: &CrawlCommand) -> Result<Vec<Url>, Error> {
println! ("{:#} =<l F", command.url);
let response = client.get(command.url.clone()).send()?;
if !response.status().is_success() {
return Err(Error: :BadResponse(response.status().to_string()));

}

let mut link_urls = Vec: :new();

if !command.extract_links {
return Ok(link_urls);

}

let base_url = response.url().to_owned();
let 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"));
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for href in href_values {
match base_url.join(href) {
Ok(link_url) => {
link_urls.push(link_url);
}

Exrr(err) => {

println! ("{base_url:#}olA: T 4 gt {href:?}: {err}= (£) FAIE");

}
}
}
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) {
Ok(links) => println!("®"=: {links:#?}"),
Exrr(err) => println!("d3E F=& 4 ¢SUT: {err:#}"),

cargo run

A3

« 2TEE ALg5to] Y22 WA BT URL & A9E BUjA 2rje] A2=7} URL &
PECE EC i 08y

+ wnw . google .org ¢l BE wo] x| & A H o2 glsly] gl REE SatelA 24
Utk 2hhaebAl 22 100 Ho] A A& 2 A3 S 7] vty

d

62.3 Concurrency Morning Exercise

use std::sync::{mpsc, Arc, Mutex};
use std::thread;
use std::time::Duration;

struct Fork;

struct Philosopher {
name: String,
left_fork: Arc<Mutex<Fork>>,
right_fork: Arc<Mutex<Fork>>,
thoughts: mpsc::SyncSender<String>,
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}

impl Philosopher {
fn think(&self) {
self.thoughts
.send(format! ("52|7}!
.unwrap();

}

fn eat(&self) {
println! ("{}do]l At

{}oll M=z& oftelejol7k lsyth. ", &self.name))

st gk, &self.name);

let _left = self.left_fork.lock().unwrap();
let _right = self.right_fork.lock().unwrap();
println! ("{}do] A1 &Uch...", &self.name);

thread: :sleep(Duration: :from_millis(10));

}

static PHILOSOPHERS: &[&str] =
&["Socrates", "S|utElot", "ZTE",

fn main() {
let (tx, rx) = mpsc::sync_channel(10);

let forks = (@..PHILOSOPHERS.len())
.map(|_| Arc::new(Mutex::new(Fork)))
.collect::<Vec<_>>();

for i 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 nF GEHE WAt o d7tof A
/1 HHE SEAFACF FUT. olgA St F F ol-
/1 TA7F AP
if i == forks.len() - 1 {
std::mem: :swap(&mut left_fork, &mut
}

let philosopher = Philosopher {
name: PHILOSOPHERS[i].to_string(),
thoughts: tx,

left_fork,
right_fork,

}

thread: :spawn(move || {
for _ in 0..100 {

philosopher.eat();
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right_fork);



philosopher.think();
}
1)
}

drop(tx);

for thought in rx {
println! (" {thought}");

}

Link Checker
(YEEAZEZ07H7])

use std::sync::{mpsc, Arc, Mutex};
use std::thread;

use reqwest::blocking::Client;
use reqwest::Url;

use scraper::{Html, Selector};
use thiserror::Error;

enum Error {
ReqwestExrror (#[from] reqwest::Error),
BadResponse(String),

}

struct CrawlCommand {
url: Url,
extract_links: bool,
}

fn visit_page(client: &Client, command: &CrawlCommand) -> Result<Vec<Url>, Error> {
println! ("{:#} =<l Z", command.url);
let response = client.get(command.url.clone()).send()?;
if !response.status().is_success() {
return Err(Error::BadResponse(response.status().to_string()));

}

let mut link_urls = Vec::new();
if !command.extract_links {
return Ok(link_urls);

}

let base_url = response.url().to_owned();

let body_text = response.text()?;

let document = Html::parse_document(&body_text);

let selector = Selector::parse("a").unwrap();
let href_values = document
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.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);
}
Exrr(err) => {
println! ("{base_url:#}olx: o 5+ g+ {href:?}: {err}Z (&) FAF");
}
}
}
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 }

}

/17 Folzl Ho|z o] JaE FEdoF st=A ARE ﬁﬁ@hlq
fn should_extract_links(&self, url: &Url) -> bool {
let Some(url_domain) = url.domain() else {
return false;
}
url_domain == self.domain

}

/17 AHE ol AS B AR EAST ol W F
/// false & HbgHgch,
fn mark_visited(&mut self, url: &Url) -> bool {
self.visited_pages.insert(url.as_str().to_string())
}
}

type CrawlResult = Result<Vec<Url>, (Url, Error)>;
fn spawn_crawler_threads(
command_receiver: mpsc::Receiver<CrawlCommand>,
result_sender: mpsc::Sender<CrawlResult>,
thread_count: u32,

) A

let command_receiver = Arc::new(Mutex: :new(command_receiver));

for _ in 0..thread_count {
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let result_sender = result_sender.clone();
let command_receiver = command_xreceiver.clone();

thread: :spawn(move || {
let client = Client::new();
loop {

let command_result = {
let receiver_guard = command_receiver.lock().unwrap();
receiver_guard.recv ()

b

let Ok(crawl_command) = command_result else {
/1 EAAZE AAEJAEGYUT. o o] R o7t FAIEA] FEYH.
break;

i

let crawl_result = match visit_page(&client, &crawl_command) {
Ok(link_urls) => Ok(link_uxls),
Err(error) => Err((crawl_command.url, error)),

i

result_sender.send(crawl_result).unwrap();

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;

let mut bad_urls = Vec::new();

while pending_urls > 0 {
let crawl_result = result_receiver.recv().unwrap();
pending_urls -= 1;

match crawl_result {
Ok(1link_urls) => {
for url in link_urls {
if crawl_state.mark_visited(&url) {
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);
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o

println! ("2 E
continue;

Qo5 €A {:#}", error);

}
}
bad_urls

}

fn check_links(start_url: Url) -> Vec<Url> {
let (result_sender, result_receiver) = mpsc::channel::<CrawlResult>();
let (command_sender, command_xreceiver) = 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.oxrg").unwrap();
let bad_urls = check_links(start_url);
println!("Z%% URL: {:#?}", bad_urls);
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Async Rust
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63.1 async/await

My

ZollA BrE w, H] 5 7] Rust =& AHFA Q1 Aap4] ZE9f o @ [ARFU o

use futures::executor::block_on;

async fn count_to(count: 132) {
for i1 in 1..=count {
println! ("s: {i}7H!");
}
}

async fn async_main(count: i32) {
count_to(count) .await;

}
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fn main() {
block_on(async_main(10));

}
7] ZRIE
Rust H| 57| 2H & HojFE At A d Yt of 7ol & 2 AAH =4 dolu, AR = FA]
of 485 Z5e glgUnt
* async &49] JE B2 Folelrta?
- main 9 A 1et future: () = async_main(10); & A-&3to{EFY S &Ql51A| 2.
. ”ffhe ”async” keyword is syntactic sugar. The compiler replaces the return type with a
uture.

* main = H| 57 &4E WtE4e ey 9ok 23 A & FeHutd e = 2| B}l <l future
£ o5 AHgE A m27) g2y

* You need an executor to run async code. block_on blocks the current thread until the
provided future has run to completion.

o .await & ot & Ao &5 wj7tA] v 5714 o= o 7|y} block_on @ &2 .await
L3 22 e B gE

* .await can only be used inside an async function (or block; these are introduced later).

63.2 Future

Future =E | 93k = = AdSyErd Y Future =
poll gt+E 53l 25

use std::pin::Pin;

use std::task::Context;

pub trait Future {
type Output;

fn poll(self: Pin<&mut Self>, cx: &mut Context<'_>) -> Poll<Self::OQutput>;

}
pub enum Poll<T> {
Ready(T),
Pending,
}
H]57] g4& impl Future & t&ﬂ%“’l th A2 B g whE 0] §9lo] Future & #&skAl &
4 QAT AubA o] x| =ok5 Ut o 2 o] tokio: : spawn 7} 2§l 5}= JoinHandle 2 Future
g 7dstH, o1& & °H§é% ﬂEﬂ]mﬁ“‘méqq
Future o] .await & ©&5}9, sl Future 7} 8|2 wi7tA] @A 857 47 A SAHYH.

J@q%meen%mnﬂ@ kol await 9] grol Hyth.

« Future 2 Poll Eb¢lo] 44| ol 9fof Kol arj2euch W25 225t Rust £4o]
A 3w o gelst 4 & UTh

7ole) Bae w5y AES AAsteT 97 B, 42 ulE ] Leln g ng gEs
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- Context & A-83H¥ Future 7} ol M=/} 4T o) CA ZYH =% ook 4 A5k
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» Tokio: performant, with a well-developed ecosystem of functionality like Hyper for
HTTP or Tonic for gRPC.

* async-std: aims to be a ”std for async”, and includes a basic runtime in async: : task.

* smol: simple and lightweight

of ] th7t of el o] ol AA| 2Aetelo] Yt B9 &Y Th ol 550 Fuchsia 74U
* Rust ol 12hg 2ol ol 2 B8] JIctd S0l Tokio A8 4 31T &
3 Rust Z2|0| 12t =5 /0 & 518514 QOB 2 async & A1 & 4 9l Be Euj2e

249 5ol #7h5 Utk
+ Futures = AYA7t EFokA) G 3 ob R = 5hA) Seche Holl A (IO AU A2
01-8) "M A A1 T ol = AL E ) SHEZ SOl E 2 u 7hA] AE s, vk 237

E 9] promise ¢} th54 .

63.3.1 Tokio

Tokio provides:
 ¥157) D ARE ST e Aefs et
 LF ol zfz|of o
« iR ehojHef e A

use tokio::time;

async fn count_to(count: 132) {
for i in 1..=count {
println! ("&d 74 (1}701")
time: :sleep(time: :Duration::from_millis(5)).await;

}

async fn main() {
tokio: :spawn(count_to(10));

for i in 1..5 {
println! ("7]& &<d: {i}");
time: :sleep(time: :Duration: :from_millis(5)).await;

» o]A| tokio: :main A2 E AFESIH main & H| 57| 2WE 4+ JHUTH
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» tokio: :spawn t4l count_to(10@) .await & AFSsHEA L.
* tokio: :spawn ol ¥FehE 2H}lS await s EAl L.

63.4 EjA3

Rust 9] BlA 3 () A AR AT 22de & /= & 4 JF5YH

shube] ZH}doll=, A A7) o] 2 & st 98l Al E- ot 2439 future 7t st 7 JAFYTH
o] future o= poll WM =7t Z23H=%3 9 future 7} 3 7 o] S 4= A5 Uth 0|23t FHH
future =LRHA QI 4 25 AEIGHIL H|LE TS YT & 2HY] Qtoll A of 2] A4 future & &
FotH, EolH & 74“ A oJH I/0 A A5 FASFA ] T Eolr et I/0 F WA Bye A 7t
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use tokio::io::{self, AsyncReadExt, AsyncWriteExt};
use tokio::net::TcpListener;

async fn main() -> io::Result<()> {
let listener = Tcplistener::bind("127.0.0.1:0").await?;
println! ("=2ZE {}o]A 44l of7]", listener.local_addr()?.port());

loop {
let (mut socket, addr) = listener.accept().await?;

println!("{addr:?}olA AZA");

tokio: :spawn(async move {
socket.write_all(b"*++Al2?\n").await.expect (" 47 27F");

let mut buf = vec![0; 10247;
let name_size = socket.read(&mut buf).await.expect("£7 27F");

let name = std::str::from_utf8(&buf[..name_size]).unwrap().trim();

let reply = format!("{name}d, Al FMA LAY \n");
socket.write_all(reply.as_bytes()).await.expect("47 27F");

}
o] A&, 22 HFE o] "HE0] & src/main. rs o] AL A 7)o A AlsisAl
nc == telnet 3 22 TCP A2 =& AF85to] AAG| HA Q.
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=]
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* 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.

+ Async B58 B4 2 Y5 25 ALgstel 057 M B A

63.5 HE7|1Ad

cje| Zejo| Eo] A ¥ 57| YL P ct o] 2 Sof tokio ol AL ofefel 2ol
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,
printIn! ("AF7H B {count}’/hE WFHUTH.");

}

println!("ping_handler &&");
}

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("3< HU#A E35UTH. "),
println! ("AE7H ¥ {342 ds@aUc", i+ 1);

}

drop(sender) ;
ping_handler_task.await.expect("d W=z 2ol A7 S "),

« A 27)5 3 22 HAsIAL F2to] of g A) v =7] ElskAl 2.

« H57] A& ARESL7] 915 QIEE o] A @ M A ol A & sync AE 3} Bl =gy o)

e std::mem: :drop TE5tE £ AHAIs] EA Q. ofH Ayrbelgute? o] £9117ka?

* Flume 2 &|o]Eojl= sync ¢} async, send 2} recv & ZFFAst= Ado] sy o] A2
10 9 CPU A 2] Z¢jo] B2 EystojZeAlo| g 3T o of-¢ 53t

« async H'd3 AHEshE Aol  F2 o f+ ol & tE future of A5t Bt Aol 52
BHE 4 7 WEA U
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Al 64 %
Futures Control Flow

Future & Z2 &3t A4 4

* Join
* Select

64.1 Join

Join A4k2 2E future 7} FH| 2 Wi7hA] 71ohd £, 7} future o] 2022 2 A

o= AHA I Y E o] Promise.all ojyato]# 9] asyncio.gather & AU

use anyhow: :Result;

use futures::future;

use regwest,

use std::collections::HashMap;

async fn size_of_page(url: &str) -> Result<usize> {
let resp = reqwest::get(url).await?;
Ok(resp.text().await?.len())

}

async fn main() {
let urls: [&str; 4] = [
"https://google.com",
"https://httpbin.org/ip",
"https://play.rust-lang.oxrg/",
"BAD_URL",
1
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>> =
urls.into_iter().zip(results.into_iter()).collect();
println!("{:?}", page_sizes_dict);
}

ol dlAl g, 2Z HFFE|o ®HE0] & src/main. rs o BEAFSIILA 7oA AdgEtAl Q.
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. Aii o2 B S 7HA = o8] ol 2] futures < join ot x} & 749 std: : future: :join!
4%@4=L@qqxﬂwEEE&&damﬁmmmﬂm7m+%%lﬂﬁMOHmmw
°F e d2FostA L. ol Az & 252 futures Ao Eof low ZQH7 3} & of

std: .future 01] 23 ol g dytt.

* The risk of join is that one of the futures may never resolve, this would cause your
program to stall.

« join_all S join!¥ Agslo] http A8 Akt o]EjHo] Ao tigt = E 2 Y ES 7o
YA = JlFUT futures: i join! S AFEsto] tokio: :time: :sleep %future of
ZF7el Bl L. o] Bflobr& Fdshe A o] obd & oot 2. AA =, EfQlok2 & ol
A dgste select! EAME Al LA BHOF &yt of 7| A= tokio: :time: sleep =AM
g A2 &<35] join! o] F24H2 A9sty] @AY

64.2 Select

Select A4t of 2] future & Z 5ol tjafA Fuvld of 712 7|cpacprh, 15 ofd g
future 7} 2 2 2 4| Aej7t I ¥ sl G future o 2GS HgUch o] AL zputA A
H E o] A o Promise.race 9tH| =&Y} mo] 4o A 2 asyncio.wait(task_set,
return_when=asyncio.FIRST_COMPLETED) 7}5t= 52} v 43ty t},

Similar to a match statement, the body of select! has a number of arms, each of the
form pattern = future => statement. When a future is ready, its return value is
destructured by the pattern. The statement is then run with the resulting variables. The
statement result becomes the result of the select! macro.

use tokio::sync::mpsc::{self, Receiver};
use tokio::time::{sleep, Duration};

enum Animal {
Cat { name: String },
Dog { name: String },
}

async fn first_animal_to_finish_race(
mut cat_rcv: Receiver<String>,
mut dog_rcv: Receiver<String>,
) -> Option<Animal> {
tokio: :select! {
cat_name = cat_rcv.recv() => Some(Animal::Cat { name: cat_name? }),
dog_name = dog_xrcv.recv() => Some(Animal::Dog { name: dog_name? })

}

async fn main() {
let (cat_sender, cat_receiver) = mpsc::channel(32);
let (dog_sender, dog_receiver) mpsc::channel(32);
tokio: :spawn(async move {
sleep(Duration::from_millis(500)).await;
cat_sender.send(String: :from("Z=~")) await.expect ("L Y¥olE EujA &k "),

1)

tokio: :spawn(async move {
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sleep(Duration::from_millis(50)).await;
dog_sender.send(String: :from("2~")) . await.expect("7IS Hujz Z3l5Uck "),
1)

let winner = first_animal_to_finish_race(cat_receiver, dog_receiver)
.await
.expect (" ¢5AE FAlshA] H

)

s4H.");

println! ("%%Ak: {winner:?}");

* Inthis example, we have arace betweenacatandadog. first_animal_to_finish_race
listens to both channels and will pick whichever arrives first. Since the dog takes 50ms,
it wins against the cat that take 500ms.

* You can use oneshot channels in this example as the channels are supposed to receive
only one send.

* Try adding a deadline to the race, demonstrating selecting different sorts of futures.

* Note that select! drops unmatched branches, which cancels their futures. It is easiest
to use when every execution of select! creates new futures.

— ti?t2 future A tiAl &mut future & A Est= AdUth stA|Rt o] FA| 5t ZA|7F
A 4= 95yt (Pinning & tE wAkA|s] A ol ).
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Al 65 %

async/await ol A F2] sl o34

Async o await = 54 ¥ 57 T2 9L Ao WeHn TLA A FHEATY

Rust 2] async/await ZE ol = 4= AFUT ool A & 717 o & A ES U
o AP
e Pin
« H]5 7] Eg|9l
o A

ool v 5 7] ebe) e 10 ZAT SAo) A =% 3§t =, CPU S 25 glaas}
£ 7%, o= A8 (executor) & Lot A H 0], 1 A2 che )23} AYE A kLT of
Al s Esherie W2, 34 async 2 A Yshe MM =S AFgshE AU
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}<2 (=) {duration_ms}™2zx FoF FH m=gn {((HIx &
start.elapsed().as_millis()
),
}
async fn main() {
let start = Instant::now();
let sleep_futures = (1..=10).map(|t| sleep_ms(&start, t, t * 10));
join_all(sleep_futures).await;
}
« 55 A5t sleep 50| FAIO] APFEA| il e2H 02 0 RAPE =2 HIstA 2.
« flavor & "current_thread" = A%stH HE f237stte] A =o)X 3 HYr}
2| sh 24 Agro] o BHscelgch Teiut o] v He Ad sl F 9ol E of 3
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std::thread::sleep = tokio::time::sleep Q2 v} 11 AI}E await s EAlLQ.

&=tk 2 W2 tokio: i task: :spawn_blocking Ut} o] =AA| A EE A4S,
lAﬂcﬂﬂ&LEEfMMeE%%ﬁOEW“Jﬂﬂ 25 A4S gEyh

ﬂiESOSiﬂEﬂj*W%FﬂWEWﬁ¥ﬂ*i%OS*ﬂE A Lol g FAo A &
stk dineol A sfipe] 0S Ae|=cl A W B 238 »Yohe S A= of
A5YH. Ol@%FFlé%ﬁﬂqE gholHejg| et Fo A8 o £5] A7 U ol & ,
sigetolHe 27t A 24 AHFAE o] &stAU £ 0S &2 ﬂ of mgd 4 2 ‘E]’]q (041:
CUDA). o] 2|3t 4ol A= tokio: : task: :spawn_blocking & AF&3}
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65.2 Pin

Async blocks and functions return types implementing the Future trait. The type returned is
the result of a compiler transformation which turns local variables into data stored inside
the future.

Some of those variables can hold pointers to other local variables. Because of that, the future
should never be moved to a different memory location, as it would invalidate those pointers.

To prevent moving the future type in memory, it can only be polled through a pinned pointer.
Pin is a wrapper around a reference that disallows all operations that would move the
instance it points to into a different memory location.

use tokio::sync::{mpsc, oneshot};
use tokio::task::spawn;
use tokio::time::{sleep, Duration};

/1A FE. o] A% AHY A

‘respond_on® 9] WA

struct Work ({

input: u32,
respond_on: oneshot::Sender<u32>,

/1 FolA AdS 44l di7]stl A8Ysh= worker AU,
async fn worker(mut work_queue: mpsc::Receiver<Work>) {

let mut iterations = 0;
loop {
tokio::select! {

Some (work) = work_queue.recv() => {
sleep(Duration::from_millis(10)).await; // 4}
work.respond_on

.send(work.input * 1000)
.expect("SHS HulA EIAFUTE")
iterations += 1;

EE
ol
o

}
// TODO: 100 Y2jxnrit; ¥ Sl435 EAgo,
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}

/1 AU 23stn Aol ¢RHE vt 2yAIY.
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 ("ZU FolM HAESHA ZIEUT.");
rx.await.expect("5H of7| Auf")

}

async fn main() {
let (tx, rx) = mpsc::channel(10);
spawn(worker(rx));
for i in 0..100 {
let resp = do_work(&tx, 1i).await;
println! ("¥HE 2] A: {i}: {resp}");

}
}
o oA A£70SH A2 A E (actor) THE 2] §F ofl2tal Bl ERpsty o) e = dRby o R 2 ot
oA select!E &3t
o o] Zo] % 7fe] 8-S QoS Zlo] 7] wjEof HH3] AmEA L.

Hﬂ
ffo

— _ = sleep(Duration::from_millis(100)) => { println! (..)
select!ol] F7ts BAlQ. o] 22 A=A F&Uch faH7t2?

- oAl si g future 7} ZFE timeout_fut & loop & Fol 71l EA Q.
let mut timeout_fut = sleep(Duration::from_millis(100));

loop {
select! {

.7

; = timeout_fut => { println!(..); },

}

- o435 A5stA d&5ULH Ande] 252 o} select! 2 timeout fut o &mut &
F7Fstol Move ARl #ASHE A & s 25t Box: tpin = AM&SHAI Q.
let mut timeout_fut = Box::pin(sleep(Duration::from_millis(100)));

loop {
select! {

= &mut timeout_fut => { println!(..); },

-

Zutd 2 g x| 9t ebQ] of2-o] g ufjrH 925 uff ujc} Poll: Ready 7FEUY (&
= 4 902). g9 of2 = wjntc} timeout_fut £ A= E 4F

* Box & o] &gkt 490l whek std::pin: :pin! (B 2oopegatE|glon o) R EL
ni L Aoylne) ¢ Al23 £ 9 Ak o] = 3t E future ol AFL5}7]
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7k @&tk

« £ OF2 W2 pin £ obol AL83HX] 93 100ms v} oneshot Adel M43 T2 2l A
ke At

 Data that contains pointers to itself is called self-referential. Normally, the Rust borrow
checker would prevent self-referential data from being moved, as the references cannot

outlive the data they point to. However, the code transformation for async blocks and
functions is not verified by the borrow checker.

* Pinis a wrapper around a reference. An object cannot be moved from its place using a
pinned pointer. However, it can still be moved through an unpinned pointer.

* The poll method of the Future trait uses Pin<&mut Self> instead of &mut Self to
refer to the instance. That's why it can only be called on a pinned pointer.

65.3 H|F7|EH 9l

Async methods in traits are were stabilized only recently, in the 1.75 release. This required
support for using return-position impl Trait (RPIT) in traits, as the desugaring for async
fnincludes -> impl Future<Output = ...>.

However, even with the native support today there are some pitfalls around async fn and
RPIT in traits:

* Return-position impl Trait captures all in-scope lifetimes (so some patterns of borrowing
cannot be expressed)

* Traits whose methods use return-position impl trait or async are not dyn compatible.

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};

trait Sleeper {
async fn sleep(&self);
}

struct FixedSleeper {
sleep_ms: u64,
}

impl Sleeper for FixedSleeper {
async fn sleep(&self) {
sleep(Duration::from_millis(self.sleep_ms)).await;
}
}

async fn run_all_sleepers_multiple_times(
sleepers: Vec<Box<dyn Sleeper>>,
n_times: usize,

) |
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for _ in 0..n_times {
println! ("2E $HAE AY");
for sleeper in &sleepers {
let start = Instant::now();
sleeper.sleep().await;
println!("{}¥ax 5 A Z=", start.elapsed().as_millis());

}

async fn main() {
let sleepers: Vec<Box<dyn Sleeper>> = vec!][
Box: :new(FixedSleeper { sleep_ms: 50 }),
Box: :new(FixedSleeper { sleep_ms: 100 }),
1

run_all_sleepers_multiple_times(sleepers, 5).await;

« async_trait 2 AHE5t7] A9k o] & fJalf Fol e & st Mol folstAl L. o] 7
o= s euE =7t glsyh

* async trait & o] xkollA A st AR BAH A =@ A2 Egolr wheha
o] ol A thE W& obdUth. o] Al Al Eof ofof] 3t UF mpal7| A 0] 22
Aol ActAFALsIA Q.

» 9 oJo] AJ7F &2t sleep 5t M 22 sleeper 24| S RHE0] Vec o &713) HA| L.

654 FH&

future 7t rebsl @ b E9Y & ek olguch ol & A4 Sskol, await Aol 4 4 Y
9% Ut} future 7} 3 25 Ejek A ARlo] St 258 4 9 wE £ 2 7] gofoF gy th of
Sofm} Aeh7t =l AL} ol 57t &A= w o Pyt

use std::io::{self, ErrorKind};
use std: time :Duration;

use tokio: ::{AsyncReadExt, AsyncWriteExt, DuplexStream};

Mm4>

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' {
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break;
}
}
if bytes.is_empty() {
return Ok(None);

}
let s = String: :from_utf8(bytes)

.map_exr(|_| 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
}
Ok(())
}

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 {
tokio::select! {
_ = interval.tick()
line = lines.next()
print!("{}", 1)
} else {
break

> println!("g!"),
> if let Some(l) = line? {

} I
}

}
handle.await.unwrap()?;

Ok(())

« el s H4 ol Ego] =7 HYth API #4115 ¢ async fn o] FElE 1E{3)of
o

* panic 3 79} 2 HAE @ F X2t obd dubARIA| o S50 Ayt

o] ool A= EArE ] dR7F EAE U
- tick() BHX7F HA &5d diotct next () B buf 7F A€ Yt
- j—iﬂ 2ol buf & 724|9] 472 w50] LinesReader 7} F| 457

struct LinesReader {
stream: DuplexStream,

Jhu
ﬂl?l'.
>
)
Iy
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bytes: Vec<u8>,
buf: [u8; 117,
}

impl LinesReader {
fn new(stream: DuplexStream) -> Self {
Self { stream, bytes: Vec::new(), buf: [0] }

}
async fn next(&mut self) -> io::Result<Option<String>> {

/1 buf & bytes JFAE self= A AFFUr}.
/...

let raw = std::mem::take(&mut self.bytes);
let s = String::from_utf8(raw)

//

}
e Interval::tick 28 o] 'delivered =2 & st2 23 Ao] QbdZ ).
» AsyncReadExt: :read £H|°o|E & Q&SI AL 9] oo g FH o bdshych,

* AsyncBufReadExt: :read_line &oi|2} FASIH o) QHH 5}
tfete T BAIE FalskAl Q.
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https://docs.rs/tokio/latest/tokio/time/struct.Interval.html#method.tick
https://docs.rs/tokio/latest/tokio/io/trait.AsyncReadExt.html#method.read
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AsyncRust 7| &2 A5 4 UA=E F 714 A5 EAE SHIREUH.
o AAfoetz HEkA}: o] FA| = o|n] @A of &lFlE Y o|Hol= Async Rust 2 33 o
s HEZEHNAE AYF o Z]A o] M ¢ B2 17 Async Rust 7|5
EQdyrt.

After looking at the exercises, you can look at the solutions provided.

66.1 Dining Philosophers — Async
Ao 3 A e ASHEEEALZ ZToHA 2,

As before, you will need a local Cargo installation for this exercise. Copy the code below to a
file called src/main.rs, fill out the blanks, and test that cargo run does not deadlock:

use std::sync::Axc;

use tokio::sync::mpsc::{self, Sender};
use tokio::sync::Mutex;

use tokio::time;

struct Fork;

struct Philosopher {
name: String,
// left_fork:
// right_fork:
// thoughts:

}

impl Philosopher {
async fn think(&self) {
self.thoughts
.send(format! ("f&7F! {}oll MZ& ofo|tjoi7} HUTH. ", &self.name))
.await
.unwrap();
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async fn eat(&self) {
// Keep trying until we have both forks
println!("{}deol i 5Yrct...", &self.name);
time: :sleep(time: :Duration: :from_millis(5)).await;

}

static PHILOSOPHERS: &[&str] =
&["Socrates", "slutglot", "ZhE", "of|AEL A", "mEtilztA"]

async fn main() {
// E3T THS7]

/1 Hshar e
/1 7Fska WA gt
/1 A7 293U

}
o|¥oj&= Async Rust & AF235IE 2 tokio $4 F5o] sttt t}S Cargo. toml & AR5 4

S5t

[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"]
&S o]H o= tokio T o] EQ] Mutex 9 mpsc EES AFgafoF gty t},
* Can you make your implementation single-threaded?

op)

6.2 YolE2 Aol

SolHE M2 A48 ALgsto] HR2EAAE Y of B2l A ol MRS BAEU T} 2ol
FAZsta oA A S A AE A7l S UL SetoldEE BE Yol A A8 UIAA]
A ALY QY A s $£AISHE 24 HAIX] & B E Seto|JdEoHR B AES T,
For this, we use a broadcast channel on the server, and tokio_websockets for the
communication between the client and the server.

Al Cargo TR2AHEEZ =1 v} 24 F2S Z7HgH

ol o
=

MMnE__

Cargo.toml:

[package]

name = "chat-async"
version = "0.1.0"

edition = "2021"

351


https://docs.rs/tokio/latest/tokio/sync/broadcast/fn.channel.html
https://docs.rs/tokio-websockets/

[dependencies]

futures-util = { version = "0.3.30", features = ["sink"] }

http = "1.1.0"

tokio = { version = "1.36.0", features = ["full"] }

tokio-websockets = { version = "0.7.0", features = ["client", "fastrand",

g4 API

You are going to need the following functions from tokio and tokio_websockets. Spend a
few minutes to familiarize yourself with the API.

» StreamExt::next() implemented by WebSocketStream: for asynchronously reading
messages from a Websocket Stream.

» SinkExt::send() implemented by WebSocketStream: for asynchronously sending
messages on a Websocket Stream.

* Lines:next_line() 2EF UM AREA WA A& B 57|14 o2 o= b ALgE U

» Sender::subscribe() EEZENAE 3d FLEo AFEHUT],

Two binaries

Normally in a Cargo project, you can have only one binary, and one src/main. rs file. In this
project, we need two binaries. One for the client, and one for the server. You could potentially
make them two separate Cargo projects, but we are going to put them in a single Cargo project
with two binaries. For this to work, the client and the server code should go under src/bin
(see the documentation).

Copy the following server and client codeinto src/bin/server.rsand src/bin/client.rs,
respectively. Your task is to complete these files as described below.

src/bin/serverrs:

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};

async fn handle_connection(
addr: SocketAddr,
mut ws_stream: WebSocketStream<TcpStream>,
bcast_tx: Sender<String>,

) -> Result<(), Box<dyn Error + Send + Sync>> {

// TODO: 3SIE+= ofefje] 24 AyE

o,

FarshAl e .
}

async fn main() -> Result<(), Box<dyn Error + Send + Sync>> {
let (bcast_tx, _) = channel(16);

let listener = Tcplistener::bind("127.0.0.1:2000").await?;
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println! ("ZE 200004 $A4 th7]");

loop {
let (socket, addr) = listener.accept().await?;
println!("{addr:?}2] A} AZA");
let bcast_tx = bcast_tx.clone();
tokio: :spawn(async move {
/1 YA TCP AEZE websocket ol gk,

let ws_stream = ServerBuilder::new().accept(socket).await?;

handle_connection(addr, ws_stream, bcast_tx).await
3

}
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};

async fn main() -> Result<(), tokio_websockets::Error> {
let (mut ws_stream, _) =

ClientBuilder: :from_uxri(Uri::from_static("ws://127.0.0.1:2000"))

.connect()
.await?;

let stdin = tokio::io::stdin();
let mut stdin = BufReader: :new(stdin).lines();

// TODO: SIE= ofefo] 2d Ay HisiAle.

Running the binaries

Run the server with:
cargo run --bin server
and the client with:
cargo run --bin client

A3

e src/bin/server.rs oA handle_connection &4E3dg Ut}
- JE: A4 ZxoX & AYE FAlof AYst= H$ tokio: :select! S AHESHA

rolt ol

2191 Zefo] A E o Mm|AI A S 4 Alsto] B2 EAAEFUCE OFE Shib AW 24

HAA & Seto|AER Byt
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e src/bin/client.rs oA main 45 =3,
- QI E: o]} np kR 2 A& F oM = A Z S Ao A3lsh= ¢ tokio: :select!
S AFESIAIL. (1) EF A FollA AFEAHAI A E 3L A ¥ 2 BYU T}, (2) AJH]ol|A] HA|
A& FAISILARE R ol Al A Y T
o AEIALE;: 2 S S5 AR HARE A| Q5 & Seto|AEAHAIA & EEEIHHAE
SI=E I 5 HAT YL}

66.3 Concurrency Afternoon Exercise

Dining Philosophers — Async
(AEEAZEH]

use std::sync::Axc;

use tokio::sync::mpsc::{self, Sender};
use tokio::sync::Mutex;

use tokio::time;

struct Fork;

struct Philosopher {
name: String,
left_fork: Arc<Mutex<Fork>>,
right_fork: Arc<Mutex<Fork>>,
thoughts: Sender<String>,

}

impl Philosopher {
async fn think(&self) {
self.thoughts
.send(format! ("7} {}ol ME& ofoltjol7} QUH5UTEH. ", &self.name))
.await
.unwrap();

}

async fn eat(&self) {
// Keep trying until we have both forks
let (_left_fork, _right_fork) = loop {
// EIE TAHL. ..
let left_fork = self.left_fork.try_lock();
let 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.
drop(right_fork);
time: :sleep(time: :Duration::from_millis(1)).await;
continue;
H
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.
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drop(left_fork);
time: :sleep(time: :Duration::from_millis(1)).await;

continue;
3,
break (left_fork, right_fork);
I
println!("{}y<°] 9 &Yk, ..", &self.name);

time: :sleep(time: :Duration: :from_millis(5)).await;
/1 o7]el Zrao] sHAEY.
}

static PHILOSOPHERS: &[&str] =
&["Socrates”, "s|stelol", "BepE", "ol AEdE A", "wetuetat];

async fn main() {
// EF TS|
let mut forks = vec![];
(0. .PHILOSOPHERS.1len()).for_each(|_| forks.push(Arc::new(Mutex: :new(Fork))));

/1 EEA} &7
let (philosophers, mut rx) = {
let mut philosophers = vec![];
let (tx, rx) = mpsc::channel(10);
for (i, name) in PHILOSOPHERS.iter().enumerate() {
let left_fork = Arc::clone(&forks[i]);
let right_fork = Arc::clone(&forks[(i + 1) % PHILOSOPHERS.len()1]);
philosophers.push(Philosopher {
name: name.to_string(),
left_fork,
right_fork,
thoughts: tx.clone(),
1)
}
(philosophers, 1rx)
/1 tx 7} o7]olA AAEHBE UFo] PAHCoR AAT vt glegyt.

b

/1 W7 A ot
for phil in philosophers {
tokio: :spawn(async move {
for _ in 0..100 {
phil.think().await;
phil.eat().await;
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while let Some(thought) = rx.recv().await {
println! ("9 EW7|: {thought}");
}

e off 22| Al o] A
(AEEAZESo7H))
src¢/bin/serverrs:

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};

async fn handle_connection(
addr: SocketAddr,
mut ws_stream: WebSocketStream<TcpStream>,
bcast_tx: Sender<String>,

) -> Result<(), Box<dyn Error + Send + Sync>> {

ws_stream
.send(Message: :text("HFol 24 A It HAAE A5k " to_string()))
.await?;

let mut bcast_rx = bcast_tx.subscribe();

/1 Al & 2 £ 9% FXZ: (1) ‘ws_stream oA HA[A]E $A4l5}o]
/] BETI|AES (2) “bcast_rx oA HARAE SAlGH
/1 ZEo|dER HEgyct.
loop {
tokio::select! {
incoming = ws_stream.next() => {
match incoming {
Some (Ok(msg)) => {
if let Some(text) = msg.as_text() {
println! ("Zgto]AEA: {addr:?} {text:?}");
bcast_tx.send(text.into())?;
}
}
Some(Err(err)) => return Err(err.into()),
None => retuxrn Ok(()),

}
msg = bcast_rx.recv() => {
ws_stream.send(Message: :text(msg?)).await?;

}
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}

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! ("ZE 2000 o|x £4 th7]");

loop {
let (socket, addr) = listener.accept().await?;
println!("{addr:?}2] A AZA");
let bcast_tx = bcast_tx.clone();
tokio: :spawn(async move {
/1 YA TCP 2EHS websocket o =@ gct.
let ws_stream = ServerBuilder::new().accept(socket).await?;

handle_connection(addr, ws_stream, bcast_tx).await
P

}
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};

async fn main() -> Result<(), tokio_websockets::Error> {
let (mut ws_stream, _) =
ClientBuilder: :from_uri(Uri::from_static("ws://127.0.0.1:2000"))
.connect()
.await?;

let stdin = tokio::io::stdin();
let mut stdin = BufReader: :new(stdin).lines();

/1 A HAIAE EUa g A
loop {
tokio::select! {
incoming = ws_stream.next() => {
match incoming {
Some(Ok(msg)) => {
if let Some(text) = msg.as_text() {
println! ("AsolAl: {}", text);

1B
[H

=
T

}
}I
Some(Err(err)) => return Err(err.into()),
None => retuxrn Ok(()),
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res = stdin.next_line() => {
match res {
Ok(None) => retuxrn Ok(()),
Ok(Some(line)) => ws_stream.send(Message: :text(line.to_string())).au
Err(err) => return Err(err.into()),
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trait bound:

An abstraction where you can require types to implement some traits of your interest.
tuple:

A composite data type that contains variables of different types. Tuple fields have no
names, and are accessed by their ordinal numbers.
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* unit type:
Type that holds no data, written as a tuple with no members.
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* variable:
A memory location storing data. Variables are valid in a scope.

364


https://google.github.io/comprehensive-rust/unsafe.html

HAEARUHLE 2atelo) ] nE A PR £ HEASU

al A
o

HAE mEAEo)t F2Y Uit A2 BAUT AUA Y82 BhRETAEA 2 2A

Zd

NENS

3 =
The Rust Programming Language: 2| AEo] thgk B8 3F A4 AUt dojof thgh xpA| gt
MD:IJ,]. }\].a]—_o] H & %L/\ o] A= \:ﬂ7};<] EEX-]]E_%

o
AEEA = EBPEM ,\l/\qt}

Rust Standard Library: 2] AEZEZ glo] B8] M4 AU Y.
The Rust Reference: M| 22| 2@y 3} g] AE BH S HAidsts B ch (o} E2hAsictsh)
ABEZH ol A 7lol=l Ut}

L4 R

The Rustonomicon: F5t2| ¢k 2| A E, FFI, raw 2RI € 2¢]-& thEYrh.

Asynchronous Programming in Rust: ] AE £Fo] 2/ H o] JH M= H| 57|22
Ay 2dS ohEyh

The Embedded Rust Book: @A A7} gl AHlT] = Zx|ol| A o] A E AFERI S ATHFYTH

M2 A S5 E

HAEo] tieh 78t Qh A oF FEZ Lol AR A

Learn Rust the Dangerous Way: C 9o} ZZ2 I #oj /ﬂ HAES OHEYT

Rust for Embedded C Programmers: YH|t] = C 7H=}F (o] 7§EAL) £ 93 g AE 7)o
£y

Rust for professionals: t+& <1o] (C/C++, Java, Python, Javascript) 2t2] ¥ HH| 1 & A}-&-5}o]
HAE FY 2 tEUth

Rust on Exercism: 2] 2EEH]¢=6] =-&0] E+= 100 71 o449 d&5EA|

Ferrous Teaching Material: ] AE dojo] 7| EREH 1345 HE E} L ol ojze T AlE|
o] A, ¢ o]AlE g, async/await &2 B2 7 chF Ut

Beginner's Series to Rust, Take your first steps with Rust: A H#= 35 712] A| 2] = g/do]
H FHA = A2ES FHY L2 E R 11719 28 A EY YT

365


https://doc.rust-lang.org/book/
https://doc.rust-lang.org/rust-by-example/
https://doc.rust-lang.org/std/
https://doc.rust-lang.org/reference/
https://doc.rust-lang.org/nomicon/
https://rust-lang.github.io/async-book/
https://doc.rust-lang.org/stable/embedded-book/
http://cliffle.com/p/dangerust/
https://docs.opentitan.org/doc/ug/rust_for_c/
https://overexact.com/rust-for-professionals/
https://exercism.org/tracks/rust
https://ferrous-systems.github.io/teaching-material/index.html
https://docs.microsoft.com/en-us/shows/beginners-series-to-rust/
https://docs.microsoft.com/en-us/learn/paths/rust-first-steps/

 Learn Rust With Entirely Too Many Linked Lists: 27} 89] 2|AE A5 1R E
HHA 2jAE0 R e e 325 Zo| A &gyt
Little Book of Rust Books o] A ClZ2 HAE B2 Sl A Q.

366

ol

ol
==


https://rust-unofficial.github.io/too-many-lists/
https://lborb.github.io/book/

Al 70 %

=% H ©
EeFAES

ol ABE B BFF AAE BAS £82 ol A UG § 8RR WA S22 other
resources o | 4w 2.4 7] uh e,

The material of Comprehensive Rust is licensed under the terms of the Apache 2.0 license,
please see LICENSE for details.

Rust by Example

A7 oA et A% EA = Rust by Exampl stdEyrth gold A 23S ZFto] A4

third_party/rust-by-example/ EC

(¢°]

4

Rust on Exercism

2 F A5 2 A= Rust on Exercism & F 2t syth 2to]Ad & 272 35t A a9
third_party/rust-on-exercism/Zt & x5k 7] upgd

4 4=} 22 7+9] F Interoperability with C++0]l A= CXX 2] o]H| A & AFESIAG U 2ol A =
T2 Zgsto] A4 third_party/cxx/ZH S8 F5HA7] vighy .

367


https://github.com/google/comprehensive-rust/blob/main/LICENSE
https://doc.rust-lang.org/rust-by-example/
https://exercism.org/tracks/rust
https://cxx.rs/

	Comprehensive Rust에 오신 것을 환영합니다🦀
	강의진행
	강의구성
	단축키
	다른언어들

	카고사용하기
	러스트생태계
	강의에서의 코드샘플
	로컬 환경의카고

	I 1일차 오전
	1일차개요
	Hello World!
	러스트란?
	Rust의이점
	플레이그라운드

	타입 및값
	Hello World!
	변수
	값
	연산
	문자열
	타입추론
	연습문제: 피보나치
	해답


	흐름제어
	if 표현식
	배열과 for 반복문
	for
	loop

	break와 continue
	Labels

	블록 및범위
	범위(Scopes)와쉐도잉(Shadowing)

	함수
	매크로
	연습문제: 콜라츠수열
	해답



	II 1일차 오후
	Welcome Back
	튜플 및배열
	배열
	튜플
	Cargo에통합됨
	열거형분해(역구조화)
	연습문제: 중첩배열
	해답


	참조
	공유참조
	허상(dangling) 참조
	연습문제: 도형
	해답


	사용자 정의타입
	구조체
	튜플
	열거형
	정적변수(static)와상수(const)
	타입별칭
	연습문제: 엘리베이터이벤트
	해답



	III 2일차 오전
	2일차개요
	패턴매칭
	Matching Values
	열거형분해(역구조화)
	흐름제어
	연습문제: 표현식평가
	해답


	메소드와트레이트
	메서드
	트레잇(Trait)
	Implementing Traits
	트레잇(Trait)
	공유타입

	트레잇상속하기
	Exercise: Logger Trait
	해답


	제네릭
	외부(다른언어) 함수들
	제네릭 데이터타입
	제네릭
	제네릭 타입 제한(트레잇경계)
	트레잇 구현하기(impl Trait)
	Exercise: Generic min
	해답



	IV 2일차 오후
	Welcome Back
	표준라이브러리
	표준라이브러리
	문서화주석테스트
	Duration
	Option, Result
	String
	Vec
	HashMap
	연습문제: 카운터
	해답


	표준라이브러리
	비교
	Iterators
	From과 Into
	테스트
	Read와 Write
	Default 트레잇
	클로저(Closure)
	연습문제: 바이너리트리
	해답



	V 3일차 오전
	3일차개요
	메모리관리
	프로그램 메모리검토
	자동 메모리관리
	소유권
	Move 문법
	Clone
	복합타입
	Drop 트레잇
	연습문제: 빌드타입
	해답


	스마트포인터
	Box<T>
	Rc
	트레잇객체
	연습문제: 바이너리트리
	해답



	VI 3일차 오후
	Welcome Back
	빌림
	빌림
	빌림
	상호운용성
	연습문제: 엘리베이터이벤트
	해답


	수명
	슬라이스
	허상(dangling) 참조
	함수 호출에서의수명
	함수 호출에서의수명
	구조체에서의수명
	연습문제: Protobuf 파싱
	해답



	VII 1일차 오전
	4일차개요
	Iterators
	Iterator
	IntoIterator
	FromIterator
	연습문제: 반복자 메서드체이닝
	해답


	모듈
	모듈
	파일시스템계층
	가시성
	use, super, self
	연습문제: GUI 라이브러리모듈
	해답


	테스트
	단위테스트
	다른프로젝트
	컴파일러 린트 및Clippy
	룬알고리즘
	해답



	VIII 1일차 오후
	Welcome Back
	오류처리
	패닉
	Iterator
	묵시적형변환
	동적인 에러타입
	thiserror and anyhow
	Result를 이용한 구조화된오류처리
	해답


	안전하지 않은러스트
	안전하지 않은러스트
	원시 포인터역참조(따라가기)
	정적 가변변수
	Unions
	안전하지 않은 함수호출
	안전하지 않은 트레잇구현하기
	FFI래퍼
	해답



	IX 안드로이드
	Welcome to Rust in Android
	설치
	빌드규칙
	러스트바이너리
	러스트라이브러리

	AIDL
	/** 생일 서비스 인터페이스입니다. */
	AIDL 인터페이스
	Generated Service API
	서비스구현
	AIDL 서버
	배포
	AIDL 클라이언트
	API 수정
	Updating Client and Service

	Working With AIDL Types
	Primitive Types
	배열
	트레잇객체
	변수
	Sending Files


	Testing in Android
	GoogleTest
	모의처리

	로깅
	상호운용성
	C와의상호운용성
	Bindgen 사용하기
	C에서 러스트호출

	C++와의상호운용성
	테스트모듈
	Rust Bridge Declarations
	생성된C++
	C++ 브리지선언
	공유타입
	공유Enum
	오류처리
	오류처리
	추가타입
	Building in Android
	Building in Android
	Building in Android

	Java와의상호운용성

	연습문제

	X Chromium
	Welcome to Rust in Chromium
	설치
	Chromium 및 Cargo 생태계비교
	Chromium Rust 정책
	빌드규칙
	unsafe Rust 코드 포함
	Chromium C++의 Rust 코드에의존
	Visual Studio Code
	빌드규칙

	테스트
	rust_gtest_interop Library
	GN Rules for Rust Tests
	chromium::import! Macro
	Testing exercise

	C와의상호운용성
	예제
	오류처리
	CXX Error Handling: QR Example
	CXX Error Handling: PNG Example

	Exercise: Interoperability with C++

	서드 파티 크레이트추가
	크레이트를 추가하도록 Cargo.toml 파일 구성
	Configuring gnrt_config.toml
	크레이트다운로드
	Generating gn Build Rules
	문제해결
	코드를 생성하는 스크립트빌드
	C++를 빌드하거나 임의의 작업을 실행하는 스크립트빌드

	크레이트에 따라다름
	서드 파티 크레이트감사
	Chromium 소스 코드로 크레이트확인
	크레이트를 최신 상태로유지
	연습문제

	Bringing It Together --- Exercise
	연습문제해답

	XI Bare Metal 오전
	Welcome to Bare Metal Rust
	no_std
	최소한의 no_std 프로그램
	alloc

	마이크로컨트롤러
	원시MMIO
	주변기기 액세스크레이트
	HAL 크레이트들
	Board support crates
	타입 상태패턴
	embedded-hal
	probe-rs and cargo-embed
	디버깅

	다른프로젝트

	연습문제
	나침반
	Bare Metal Rust Morning Exercise


	XII Bare Metal 오후
	애플리케이션프로세서
	Rust 수행준비
	인라인어셈블리
	MMIO를 위한 휘발성(volatile) 메모리액세스
	UART 드라이버작성
	More traits

	더 나은 UART 드라이버
	비트플래그
	Multiple registers
	드라이버
	Using it

	로깅
	Using it

	예외
	다른프로젝트

	유용한크레이트
	zerocopy
	aarch64-paging
	buddy_system_allocator
	tinyvec
	spin

	안드로이드
	vmbase

	연습문제
	RTC driver
	전Bare Metal 오후


	XIII 동시성 오전
	Welcome to Concurrency in Rust
	스레드
	범위 스레드(Scoped Threads)

	채널
	무경계채널
	경계채널

	Send와 Sync
	Send
	Sync
	예제

	상태공유
	Arc
	Mutex
	예제

	연습문제
	식사하는철학자들
	멀티스레드 링크검사기
	Concurrency Morning Exercise


	XIV 동시성 오후
	Async Rust
	async/await
	Future
	비동기런타임들
	Tokio

	태스크
	비동기채널

	Futures Control Flow
	Join
	Select

	async/await에서 주의해야할함정
	실행자(executor)를블록시킴
	Pin
	비동기트레잇
	취소

	연습문제
	Dining Philosophers --- Async
	채팅애플리케이션
	Concurrency Afternoon Exercise


	XV 끝으로...
	감사인사
	용어집
	러스트 참고자료
	도와주신분들


