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build [passing | contributors /313

This is a free Rust course developed by the Android team at Google. The course covers the
full spectrum of Rust, from basic syntax to advanced topics like generics and error handling.

I —RADEHN— a VI3 https://google.github.io/comprehensive-rust/ 2% H 3,
DB THHADGEZ, £ 5 O TRAlERzE ZHER L 7ZE 0,

The course is available in other languages. Select your preferred language in the
top right corner of the page or check the Translations page for a list of all available
translations.

The course is also available as a PDF.

ARFPED HEJIZ, Rust ZHZ 2T, Rust iR 2 AHEAERIIANEE LTED  ROEEZREL
TWVWET

o Rust DEARE L EEBICOVWTOHEMBEED 3,
s MEOTu I LB BIELED HR 05 4% Rust TEIF 2 X517 %,
o —fkI72 Rust DA 7 4 A L ZHNT 5,

a—Z2DRMO 4 HiE%Z Rust DERE | ¥ WX E T,
Building on this, you're invited to dive into one or more specialized topics:

* Android: a half-day course on using Rust for Android platform development (AOSP).
This includes interoperability with C, C++, and Java.

* Chromium: a half-day course on using Rust within Chromium based browsers. This
includes interoperability with C++ and how to include third-party crates in Chromium.

* Bare-metal: a whole-day class on using Rust for bare-metal (embedded) development.
Both microcontrollers and application processors are covered.

* Concurrency: a whole-day class on concurrency in Rust. We cover both classical
concurrency (preemptively scheduling using threads and mutexes) and async/await
concurrency (cooperative multitasking using futures).

ASGRIE D X5t

Rust IZIEEICIHAEDEVWEETH Y BMH TR TAMHET 2B I TE I HAAEEBOHEL LT
BEZINTORVDHDIZZ U FDES5db0nHh E5 !

* Learning how to develop macros: please see Chapter 19.5 in the Rust Book and Rust by
Example instead.

11


https://github.com/google/comprehensive-rust/actions/workflows/build.yml?query=branch%3Amain
https://github.com/google/comprehensive-rust/graphs/contributors
https://github.com/google/comprehensive-rust/stargazers
https://google.github.io/comprehensive-rust/
https://google.github.io/comprehensive-rust/comprehensive-rust.pdf
https://doc.rust-lang.org/book/ch19-06-macros.html
https://doc.rust-lang.org/rust-by-example/macros.html
https://doc.rust-lang.org/rust-by-example/macros.html

Hil B2 AT

The course assumes that you already know how to program. Rust is a statically-typed language
and we will sometimes make comparisons with C and C++ to better explain or contrast the

Rust approach.

If you know how to program in a dynamically-typed language such as Python or JavaScript,
then you will be able to follow along just fine too.

CHNFAE—H—/ =+t D—HITT, CHEFHL TR T A N2 L X33 N —FTRNEEA
RET LK EMANORIZRENEENET,

12
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DURiE. Google NTO#EPEDEE /7iEICE S 2 1HHR T,

75 ZIWEFH B2 R ABECT. AT T 1 HEOBREKRERD D 5. 2F D Fiior 5
AW 3RO AN IR R ET . EB6DEy ¥ a 2 KL ZHEENEEICHD
i/l ORFHBERE S EN TV T,

AR E TIC AT DT 2 2 FETBLERWTL xS ¢

1.

BHRNCER TBW T EE W BEEZEHAT 2 2DICAE—h—/ — " PHEIATVWET (N
BOBIMZZHAIKEZW ) LB VRHICIE A2 Y — VB RRTWIRE TR O 2012, A
—H =) = EEY T T4 Y R THOWTLBEIWR Y- —/ — FOMEIZH /X

RRHZEZ Y v 7)),

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.

TR EDEREZHMR L THBWTL I W, 15~25 LFRED 7 5 22 HR L TV E 5, Z#H
WL > THEBP LR TOWARTH D, 1 NOBEINERICE X 2 R D HER T X 287205

TT X WXARPCTEERTANEND B 7-0. #iliz ED = AN oz HELTBEW
TREE VI Ta—F 4 VIR TOERMMEEEL TWVWAE D, EEHIZTAETT,

LYHIZD LEDICHEIE L THREZ LT ZE W0, H2 D PC THEF7$ % mdbook serve 22 5HE
BALVEURITIOERHRELETA VA =L RHZIBES), 2RI D R=IUI ) B X
WGBIER U CRIER N7 + =< VY ABNEOLNE T £/, PCEEAT 2HET. XHECETES
MROT7=XA4 T IR BEBIEAEIZKED £5,

B REIZEA DN W NN — T TIRNTL XV [EE LY 2 —F 20 b &8, BE M
I 305 DR ERLE T ZBEIPTEE T o T0ENE I D [MERDND 207 CHERL
TREBEIVEROZHEEDF CMETHEET > TV AEE. 7 7 A2z L TEnzE L @&
REERBE LTI VMR IE L TR ERPIEES L T VDE DI 0ERT R
pa

MUECTT EHEHEE> T EEW I XA > THRLVEMICZDET L1 !

RBPEOUEICHENTI T 4 — FAN 72 BEHVLET, D FL Vo AR WELHICOVWTIRIAL ZTE
RBEIEL XV, Z#HEPLDT7 4 — PNy 73 L TBh E3 |
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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

1.1 BRI

ZDOR—DIIHBAIATT,

Rust OILRE

Rust OEME 2R T 2 &AD 4 HET. S XTI RIEHEZRITRTHELE T,
IA—RADRAT T 2—)L:
* Day 1 Morning (2 hours and 5 minutes, including breaks)

Segment Duration
£oz2% 5 minutes
Hello, World 15 minutes
Ay i 40 minutes

Hillfl 7 7 —onFEA 40 minutes

* Day 1 Afternoon (2 hours and 35 minutes, including breaks)

Segment Duration
v y2d vl 35 minutes
S 55 minutes

2—H—FFH 50 minutes

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

Segment Duration

L5z % 3 minutes
NRR—rv<vF 2  1hour
Methods and Traits 50 minutes

Day 2 Afternoon (3 hours and 15 minutes, including breaks)

Segment Duration
Y = %V 7 A (generics) 45 minutes
BHES 4 75 ) DRI 1 hour

S 4 7S5 URND L A4+ 1hour and 10 minutes

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

Segment Duration
£oz% 3 minutes
XE)EH 1 hour

A~<v— hKRA & 55 minutes

14



» Day 3 Afternoon (1 hour and 55 minutes, including breaks)

Segment Duration

& H 55 minutes
74 7%4 2 50 minutes

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

Segment  Duration

£oz% 3 minutes

471 —4& 45 minutes
EY 22—/ 40 minutes
T A b 45 minutes

* Day 4 Afternoon (2 hours and 20 minutes, including breaks)

Segment Duration

I 7 — L 1 hour and 5 minutes
Unsafe Rust 1 hour and 5 minutes

HMMR Iy »

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.

AOSPDF =z v 7 77 FrBRBBETIRAUEARIPOHMEDO YRS PV EF vy 77V bL,
src/android/74 L2 P U B AOSPF v 2777 FDL— MIBHILTLEE W, ZHICED,
Android ¥V K ¥ 27 423 stc/android/Md Android.bp ZfERTE 2 X 51k 3,

T2l —XFERIFEBDOT AL ZTadb sync HEET 2 FEHER L. src/android/build_all.sh
A L T2 To Android O ZFHFNICEL R LT EZE W, A2 Y P ZitATETa~ > ek
LU FHTHEITLAEBICER CHET 2E 2R LTI W,

Rust in Chromium

Chromium T® Rust 1 Ha— X T, Chromium 75 7H¥D—& ¥ LT Rust Z{HiH 3 3 5%
DWVWTHELLHAL ¥, Chromium @ gn £V R 257 4T Rust 252 Z ¥ T, % — Kot—
T4 947707 L= D). BXUC+H+ L OMHBERAMEZEATE T,

Sy Chromium 2 Pl FCE 2025 3 BRI A G TE 257y ZOa Y E—3> b
EAURZ HEE LETH EDEIRENLFTHRED D £8 AMEKL 7z Chromium 7' Z 7% %=
TeEszez2MalL %9,
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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.

<4 Z7uayre—5DETIX HENZ BBCmicro:bitv2 iR R — FZ2BATALER DD FI,. %
72, welcome R—I THHAIN TV R LS B BD Ny r —I% A VA M—NLTERLENPDHH F
R

Rust TOWif11%

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

7L — FOER &, 177 B % (dependencies) D X7 > o — R BRBET T, 2Dk Hl%
src/main.rs I Ca b RUTEITTAENTEE T .

cargo init concurrency

cd concurrency

cargo add tokio --features full
cargo run

A—RADAT Y a—)b:

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

Segment Duration

AL v K 30 minutes

F ¥ L 20 minutes

Send ¥ Sync 15 minutes

REEHE 30 minutes

R [ 1 hour and 10 minutes

 Afternoon (3 hours and 20 minutes, including breaks)

Segment Duration

Async O EERfE 30 minutes

Fy 2l 7o — 20 minutes

%L LR 55 minutes

HE S 1 hour and 10 minutes

Z4—=<v b
REBEIEA 257 T 4 TRERNTITOE T EMANCER LT, Rust NOIHFELEDTLZI WV !

1.2 ¥—F—Fa—btrhvh

mdBook iZiE ML a— Y PF—DWLKOPFELET !
* Arrow-Left: Navigate to the previous page.
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https://microbit.org/

* Arrow-Right: Navigate to the next page.
* Ctrl + Enter: Execute the code sample that has focus.
* s: Activate the search bar.

1.3 #ER

RERHI AT VT4 7Tk o THERI TV E T ¢

o KU FHNAFE(TZP)V) : @rastringer, @hugojacob, @joaovicmendes, @henrif75

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

o HIEFE (BAF) : @hueich, @victorhsieh, @mingyc, @kuanhungchen, @johnathan79717

 Farsi by @DannyRavi, @javad-jafari, @Alix1383, @moaminsharifi, @hamidrezakp and
@mehrad77.

* Japanese by @CoinEZ-JPN, @momotaro1105, @HidenoriKobayashi and @kantasv.

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

e ZARA ViE: @deavid

» Ukrainian by @git-user-cpp, @yaremam and @reta.

» Farsi by @DannyRavi, @javad-jafari, @Alix1383, @moaminsharifi, @hamidrezakp and
@mehrad77.

WA LOFFHEVDEZRZ PO UV EZZ2{Tho TSI W,

Incomplete Translations

EITHROFRNZHED D 2T EBHFOBRADY 7 2L RITRLE T,

* Arabic by @younies

NV VEE @raselmandol

French by @Kooka$S, @vcaen and @AdrienBaudemont.
F 4 wi&: @Throvn, @ronaldfw

Italian by @henrythebuilder and @detro.

The full list of translations with their current status is also available either as of their last
update or synced to the latest version of the course.

ZOW DA TN T B5EE1E. our instructions % Z'& < 72 X W BlIERIZ issue tracker T
BHIATVWET,
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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/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/fa/
https://github.com/DannyRavi
https://github.com/javad-jafari
https://github.com/alix1383
https://github.com/moaminsharifi
https://github.com/hamidrezakp
https://github.com/mehrad77
https://google.github.io/comprehensive-rust/ja/
https://github.com/CoinEZ
https://github.com/momotaro1105
https://github.com/HidenoriKobayashi
https://github.com/kantasv
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
https://google.github.io/comprehensive-rust/uk/
https://github.com/git-user-cpp
https://github.com/yaremam
https://github.com/reta
https://google.github.io/comprehensive-rust/fa/
https://github.com/DannyRavi
https://github.com/javad-jafari
https://github.com/alix1383
https://github.com/moaminsharifi
https://github.com/hamidrezakp
https://github.com/mehrad77
https://google.github.io/comprehensive-rust/ar/
https://github.com/younies
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://github.com/AdrienBaudemont
https://google.github.io/comprehensive-rust/de/
https://github.com/Throvn
https://github.com/ronaldfw
https://google.github.io/comprehensive-rust/it/
https://github.com/henrythebuilder
https://github.com/detro
https://google.github.io/comprehensive-rust/translation-report.html
https://google.github.io/comprehensive-rust/translation-report.html
https://google.github.io/comprehensive-rust/synced-translation-report.html
https://github.com/google/comprehensive-rust/blob/main/TRANSLATIONS.md
https://github.com/google/comprehensive-rust/issues/282

oy 2 B

Cargo DfiiH

Rust 2204502 2. 3R Rust Ta v A7 ATELA DN TVWEEIL RS AT AFERv F—
Y3 =T ¥ TH5 Cargo L W HIEEY — MR NWE$, 2 2T, Cargo OBEESEH T Z L
TARBEEICBIT Z2EEMEICOWTEEICHEL 9,

A A=V

https://rustup.rs/ DFMIZH > TA YA = LTI W,

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 #4 2 b= L756, Rust CEIfES 2 X 51027 4 X £/ 3 IDE 2 ET 20BN H D %
TAFL AY DT 1 2T, rust-analyzer L@E3 % Z & TINz{TWE$, rust-analyzer i3,
VS Code., Emacs, Vim/Neovim ¥ 2 DT 4 RAFIcA—ba > 7)) — MEREL TERICKE
) BEREZIRML L £ ¥, RustRover 2 WH HID IDE dHEINTWVWE T,
* On Debian/Ubuntu, you can also install Cargo, the Rust source and the Rust formatter
via apt. However, this gets you an outdated Rust version and may lead to unexpected
behavior. The command would be:

sudo apt install cargo rust-src rustfmt

* On macOS, you can use Homebrew to install Rust, but this may provide an outdated
version. Therefore, it is recommended to install Rust from the official site.

2.1 Rust ZaJ A5 A

Rust ta > A7 LD FEY — LI TFD@ED TS :
e Tustc : Rust ®a > %4 5T, .15 77 A NENA FURMoRBERICERL 3,

* cargo: the Rust dependency manager and build tool. Cargo knows how to download
dependencies, usually hosted on https://crates.io, and it will pass them to rustc when
building your project. Cargo also comes with a built-in test runner which is used to
execute unit tests.
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https://doc.rust-lang.org/cargo/
https://rustup.rs/
https://rust-analyzer.github.io/
https://code.visualstudio.com/
https://rust-analyzer.github.io/manual.html#emacs
https://rust-analyzer.github.io/manual.html#vimneovim
https://www.jetbrains.com/rust/
https://github.com/rust-lang/rustfmt
https://brew.sh/
https://crates.io

» 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.

s Rust BaBe a v 84 &k 6 OV Y =AY A A ZEHALTOE T HLVIY Y —RIE
WU Y — R O%RF IR HER U o CHitsRE 2 IR L £ 9,

* VY —XF ¥y UE30H Y £7 :Istable beta)nightly,

o FHEAEIX Mnightly T R + 41, Tbeta s 6 #HfH#Zstablej & 72 D 3,

o IFRARIIAREBD LAY, git, 7 A NKXREDGIRRTZZEHTEET,

e Rust i2iF editions (=574 > a>)3HH 3 HREDZTF 1 > a »id Rust2021 T3, MAAiE
Rust2015 & Rust2018 TL 7=,

- I7 4 a Y TR BAIEABREE L MR 2ENTEET,

- a— FOWHEZE DI 2T 4 ¥ aYidF 7 b4 VA TF  Cargo.toml T. 7 L
— MW LTHEHALEZVWZ T 4> a VEFERLET,

- ZaAVAT LW R B72DI. AV, FIEREI T 4 arDa— FERES
HE2ENTEET,

- AR TREZMEHT 2HIIIEFEITHTD D EARRIZIE cargo 2 L £ 5,

— 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:

Tayzs b Xy r—Y OMEE

workspaces (V—2 ZX—2X)

MR 7> 24 LAORFREFRER -F v v a2

build scripting (€L K227 1Y 7 )

global installation

cargo clippy R¥ D% 7a~y K77 74 i Xk 2k

$4HX official Cargo Book L TL 72X\,

* ¥ ¥ ¥ ¥ %

|
iﬁi

2.2 iWEOY I a—FR
KRNI, BT IO N CETARRLRHZHENE T IS5 TB3HET. Yy b7y ITRREFZICKRD  —E
LU 7-BARRBEORMNEEE o b £ 3,

7272l TERE Cargo A Y A P = A LT3V MEMETHZ 2 @R TF, Fl-mEHIC
AFRARZ 5 EZ o F 3723, 2 2 Tld Cargo WA EIZR D 3,

MEDIA— R Ty B3V RFT T4 T TT !

fn main() {
println! ("Edit me!");
}

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

FELAYDOY YT La— Fid il X S5 ICHREMHET T2, —HZ LI T O & 5 R ElH D SiREARR]
YRoOoTVWET !
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https://doc.rust-lang.org/cargo/reference/registries.html
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/

o EOR—ISNICHDIAEFNEZT LA ST RTA=y F T XA MEIEFTTEERAI—F
PEBOSLA TS RTHE . FTEVRA M =2 a Y 2T5BERHD F3,

o HEOR—IYNICHDIAENT T VLA 5T Y FTR R=UBET 2 LIREILDNET !
HUZ AR R — ANVBIREREBRO T LA 750 v 2R U CHEZ R BEZMH D $5,

2.3 Cargo ZffioTu— A THfT

a—Fza—A LT LWEE. Rust Book DFHICHE>TRust 24 X =L L TLEZ W IE
WA YA b =& /zH, rustc & cargo MR 2 X512 D £ 3. D stable U ) — 2D A
—Ya viFTo@Eh T3 .

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

Rust I3 R HIEEZHF L TV A D L WA—Ya V2 HHTE 2 TEET,

With this in place, follow these steps to build a Rust binary from one of the examples in this
training:

1. [Copy to clipboard/ Ca— FZavt —,
2. cargo new exercise T exercise/7 4 L7 +V E{ERL:

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

3. exercise/7 4 L7 F VICHEIL, cargo run TAA F U EEIL KL THEST:

$ 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 DRA S —F L —bra—F%2 ab¥—-—L7=Za—FTEEHEZI T FIWV A2
B RTOR— DR Zfdio =884, src/main.rs I3 T XSk 7,

fn main() {
println! ("Edit me!");
}
5. cargo run THEHISNZANAFVREIL R L THEIT:

$ 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 T7uY =7 bDLIF—F = v 7 %fT\, cargo build Ta ¥ (A L721F (E
TEFEDEITVETEEDOT Ny ZEN RTIEERINTZ 7 7 £ VX target/debug/ic
B h I mEb X)) —AL L Ficid cargo build —release Zffiv, 7 7 4L
1% target/release/ IS N E T,
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https://doc.rust-lang.org/book/ch01-01-installation.html

7. 7Y MKEFRREENT 11, Cargo.toml Z#REL 3, 2D, cargo 2w
REFTT2 e BEBINCAR L TV RERFRLA XY v n— FIhTary f LEhEd,

ZEIC Cargo DA YA b=t u—A NI T 4 XOERAZEIDTL 2V E@H OFFRERE 2>
HTMNEHEDPRAL—=XITRD T,
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Day 1Nk 5 Z

This is the first day of Rust Fundamentals. We will cover a lot of ground today:

* Rust QAR | 2R A A 5 — T e EER YR SR SR XY v F,
Types and type inference.

FlfH 7 v — oS V— 7 i Y,

I —H —ERA: SR L B,

NRR = =y F 27 FIER G, B O 73,

AT a—)b

Including 10 minute breaks, this session should take about 2 hours and 5 minutes. It contains:

Segment Duration
£5CZ 5 minutes
Hello, World 15 minutes
By (E 40 minutes

filfE 7 o —oFA 40 minutes

This slide should take about 5 minutes.
ZHEIEZ T XN

* They should ask questions when they get them, don't save them to the end.
* The class is meant to be interactive and discussions are very much encouraged!

— 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.

* The questions will likely mean that we talk about things ahead of the slides.

— This is perfectly okay! Repetition is an important part of learning. Remember that

the slides are just a support and you are free to skip them as you like.

1 HERZ MOSFEICSHM S 2 Rust DTEAN L HIHZRL $9, Rust D &k D @ERETICOW
TIE RHEBHL X5,
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HETHADGE . I TRV a— VBRI EBITIDLET . KL IA LV FOKDDIC
BEEEPTOWKREEZRATOHLEZADLEE LTIV, FHDORBE NI HL EFTa—R &2 TE
YEDICEDZODOHEZTTOT HEIZG D THRIICTHEBEL TLEE W,
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Hello, World

This segment should take about 15 minutes. It contains:

Slide Duration

Rust & 1% 7?7 10 minutes
Rust DXV v k 3 minutes
V42729 F  2minutes

41 Rust&lx?

Rust 1% 2015 2 1.0 iV ) — R & hi=HLwo a5 I v 58T .

e Rust i& C++ ¥ AIBRIC.HANC 2 Y A LV ENBFEETT
—rustc 3Ny 7Ty FIZLLVM ZHLTVWE T,
s RUStIZZLK DT I " 74— 7 —F77F v 2P R—-—FLTVET:
— x86, ARM, WebAssembly, -
- Linux, Mac, Windows, -
o Rust i3t A2 T ANAL A CTHEHAINTHET !
- I77—=AbVzT7R7T—br—X&K,
- A= bT 4 RATVA,
- eHAa,
- FAT by 7,
— P —3,
This slide should take about 10 minutes.
Rust & C+H+2MHTWVWd & Z A:

DRI

e T A

Can be scaled down to very constrained devices such as microcontrollers.
TURALRAIR=T AL T T a PR,

N7 x—< Y A Rt s L2 ERZ T TV,
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https://blog.rust-lang.org/2015/05/15/Rust-1.0.html
https://doc.rust-lang.org/nightly/rustc/platform-support.html

4.2 RustdDXVY v b

Rust D2 =— 2%t — N ZARAL VbW OBRENLET
o AVNTIEDOAEIREN - 7 5 ZALEDAEY DA TR a4 VRHZBFIEL £9,

- RO DEE D720,

- ZEMRROE Z 0,

— RRE A X E Y i (use-after-free) 2372\,

— NULL (X)) KA ¥ RBTEW,

- T a—7 v ZZ2(mutex) D1 v 7 DEFRSID RN,
- Al vy RETT—&Ha Liwn,

A4 T L — XL,

¢ KEBDS VA LIEDRBWV-Rust 27— b X ¥ FTITORAMHEBARREDO L £ 2 2 ¢
EHHEHA

- BiAIAND 7 7 2 3R F = v 7 h Thb b,
- Integer overflow is defined (panic or wrap-around).
o IO EFEIEE - FUKMESFEICITIT 2 RBN DD D NIRRT WKEEZ MR TV E T,
- HIBER Y "R -2y F T
-JzRVIR
- F ==~y FOZ\FFI
trax Mgk
- BEEhary Lo —,
- HHARAALDKFRIR~ F— ¥,
- HAABDT A P R= 1,
- Language Server Protocol (LSP)DHR— b,

This slide should take about 3 minutes.
ZZWEHEVRREZLTRVTL IV, ZREDRA Y MZOWTIE FRIFEFHLLFHHEL 3,

ZHEICE DS EORBRDD 2SR TV HEFITE LT, Rust DX X 2R E R 3
5ZEDNTEET .

e CEIFCH+ORBADH 25E  Rust ZEHF = v H— %N L TEITKZ S —D—HE PR L
TAONFET ZRIMEZ, CRCH+ERIZFEDRT +—< VA BBZIeNTEXEYVRENED
MDD FRA I DI AR =7y F U IRHARAADKEEGRER L Y OMEERYE
CHRNREFETT,

» Experience with Java, Go, Python, JavaScript...: You get the same memory safety as in
those languages, plus a similar high-level language feeling. In addition you get fast
and predictable performance like C and C++ (no garbage collector) as well as access to
low-level hardware (should you need it).

43 TVATS59VE

ZDa—2DFREHEICIX. W Rust 70275 ARRHHEICEITTE S Rust L4 757 > K B{#HH
LE 3. mDMello-world 7m0 275 A2 FEITLTAEL & D KD K S ERZMEEER D D £ 3,

o [Tools) iz % rustfmt A 7> a v ZFHL T, a— F%lstandardi DR T7 x—~< v b
LE3,
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https://play.rust-lang.org/

e Rust iCiZ. 2 — FRAERT 200 FERTa 7 7401232 2H D ¥3, 1D Debug GB
DS v 24 LF 2y 25350 bRV T H S5 1 2l% Release (5> XA LFxv 2
R RIEEDZ W) T, 20 H1E EE o [Debugl 2267 72 A TE X T,

o BRI D 2581310 D PICH 2 TASM 2T 2 L AR EhT7 Ry 7)Y a— N2l
TZ%73,

This slide should take about 2 minutes.

ZBEPKRBIZA 2726, T LA 7T REHOVTVWAWVWAHA L TAS LR LET . X T2V
FFERXLT.a—2A0BRYDHEATER L 2R TE3TTHEL & 5, 2L Rust DEGHE(L
REMEINT=T 2 TVIZODWTEH L L HD 2 0WREE IR B 5,
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[

This segment should take about 40 minutes. It contains:

Slide Duration

Hello, World 5 minutes
R 5 minutes
B 5 minutes
=) 3 minutes
BIHEGR 3 minutes

HY: 74K+ vF 15 minutes

5.1 Hello, World

Lo —H/I U INLT T L TH5EHRD Hello World 2 H5ATAEL & 5 &

fn main() {
println!("Hello @'");
}
A=E/ 4 NI E=
o BEUX fn TEAINE T,
o CRCH+2 BRI, 7y Z KRR CTHAE T,
e main lIE S0 /S LDy FY—KRA Y MY T,
* Rust IQIFEENR~27addH b, printlnlidZzo—fITd,
e Rust DXFHNE UTF-8 T=> a— FEN, EA%K% Unicode XFTHEOLENTEE T,

This slide should take about 5 minutes.

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.

TR

* Rust is very much like other languages in the C/C++/Java tradition. It is imperative and it
doesn't try to reinvent things unless absolutely necessary.

* Rust is modern with full support for things like Unicode.
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* Rust uses macros for situations where you want to have a variable number of arguments
(no function overloading).

* Macros being 'hygienic' means they don't accidentally capture identifiers from the scope
they are used in. Rust macros are actually only partially hygienic.

* Rust 3V FRTEXA LT e AR BN A7 =27 Maf7n 277 2 v ZHHEE 21 X
TV —/7 B EFETH 21T 0 b b3 S ER BRIIES 2L TVWET,

52 Z¥

Rust [3FHIVRIAIFIC & o TR EERRBEL T EBOANA V74 73 let ZHEALTITVE
j_O
fn main() {
let x: 132 = 10;
println! ("x: {x}");
/]l x = 20,
/1 println!("x: {x}");
}

This slide should take about 5 minutes.

e X =200aXy MR L TC.ZEBDBTF 74NV N TCALETHAZ B R LET EHE A
T2 mut F—T—FEBML X7,

¢ ZIZTO I3 BEMOETT, Z2HE I VA NERICIEET ADENRDH D 0. %L DA,
T s 3HEREER) EHHT e TINEEARTEE T,

5.3 MM

AN ZHAABI e FRD Y 7 7 MEOHE L Z L TITR L £ 35

i VA%
TP &85 i8, ileé. -10. 0. 1_000, 123_i64
i32, 164,
1128, isize
57 LR u8, ulé, 0. 123, 10_ul6
u32. ub4,
ul28, usize
BN 32, f64 3.14, -10.0e20. 2_f32
Unicode 2% char 'a', 'a', 'oo'
7 —{E
7 — bool true, false

BRIDEIERDEBHTT,
e iN, uN, TN N v MIETI,
e isize ¥ usize lFRA Y XDIETT,
e char 1332 vy FMETT,
e bool X8 ¥y METT,
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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

This slide should take about 5 minutes.
IR ERTWERWEYLH D 5,

c MFDT7 A —RAAT W INRNTERTEFT T, 7 VX —RaT7EHART T EDICDAM
FALEST. 2D, 1_0001% 1000 (£7-1% 10_00). 123_1i64 1% 123164 LR T %9,

5.4 Hifi

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

}

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

This slide should take about 3 minutes.

main YA OB TE7-DIXSEIPD TTITH. ZOEKRIHEETT ., DD, 3 2OBHEE
D, 1208 ERLET BHEICOVWTIE BTEHLLHHL I,

B3 ZEEL K BTE Y EBRIEMBELUL TVWET,

What about integer overflow? In C and C++ overflow of signed integers is actually undefined,
and might do unknown things at runtime. In Rust, it's defined.

i32 2 116 TEFE L T B - N—T - 2R LET. ZUI. TNy AL FTE =y P
WChED(Fzyv 27X VY —REILRTRE Iy PEINET A —N—To— @, . FvV—-7RY
DFFTardydh . XVy FEXEZ#FHLTCIASOF a7 272X LETWI: (a *
b).saturating_add(b * c).saturating_add(c * a)).

LRI, a8 FIEERAD A —N—Tn - L ET, ZOHFITHIDBEBNNKREICZZDIEZ
O)f:y)fj—o

5.5 B

Rust 1Z,. ¥ D X S5 ITEHBD FRAINTWVWRD ZiERT 2 Z e T ARIZHHIL £,
fn takes_u32(x: u32) {

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

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

}

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

takes_u32(x) ;
takes_i8(y);
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// takes_u32(y);
}
This slide should take about 3 minutes.
ZDRFA NI EBDOEE L ERAAIEIC X 2HFNCEDWT, Rust 2 > %4 F 5382 HEH 3 2 {HHH
AERLTVET,
CDEIRCEEEINEBI. YOI IR T—XIFEFTE2HWLAMIEREOT TRV, 2 WH H%E
BT 2 Z e IERICEETT . 2O LI RES Lo TEREINYY Y a— R BoORRNLRE
SeHA—TT a1 IR b D I/EEERITV, KD EEZa— FOEREZ B L E5,
B T DORNHIFID WG E, Rust 37 740 rTi32 #EHLET . 2. 25— X vt
—JIZ {integer} E LTERRENZ A H D 53, AR IFHNIRY T I MET 7 4L T
fe4 icizb £3,

fn main() {

let x = 3.14;

let y = 20;

assert_eq!(x, y),

// =Z—: “{float} == {integer} DHEENDHD FHA

5.6 [E: 74K FvF

The Fibonacci sequence begins with [@,1]. For n>1, the n'th Fibonacci number is calculated
recursively as the sum of the n-1'th and n-2'th Fibonacci numbers.

NHHD 7 4 RF v FEEFET 2% fib(n) 2L 3, ZOBEBIEZWO =y 753 TL &
2 M
fn fib(n: u32) -> u32 {
ifn<2{
/] R—AF7r—Z,
todo! ("Z ZEREHELTLZEIWVW")
} else {
/] BRI — 2,
todo! ("Z ZEHEELTLEXWN")

}

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

5.6.1 A%

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

fn main() {
let n = 20;
println! ("fib({n}) = {}", fib(n));
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fillfll 7 v — o EA

This segment should take about 40 minutes. It contains:

Slide Duration
if = 4 minutes
L—7 5 minutes

break ¥ continue 4 minutes
Jnay ¥ Aa—7 5 minutes
R 3 minutes
<r7u 2 minutes
HE: a7 vy Y% 15 minutes

6.1 if X

Rust ® if LMD FFHICHIT 2 if X R AL LS5 IR FT,

fn main() {
let x = 10;
if x == 0 {
println!("zexro!");
} else if x < 100 {
println!("biggish");
} else {
println!("huge");
}
}

Eoic, ifzRe LT W ZeATEET . 2hzhoryny 7iXH 2 KEDOHKD, if XofE
baASUR: S

fn main() {
let x = 10;
let size = if x < 20 { "small" } else { "large" };
println!("number size: {}", size);
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This slide should take about 4 minutes.

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.

An if expression should be used in the same way as the other expressions. For example,
when itis used in a let statement, the statement must be terminated with a ; as well. Remove
the ; before println! to see the compiler error.

6.2 L—7

Rust i2i, while, loop. for ® 32DV —7 F—T—RF2HH FT,

while

while ¥—7— F 3. MOEFFEICBT % while LIFEIC L PBE2 L £T,

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

X =x/ 2;
}
println!("Final 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.
» Note that the first for loop only iterates to 4. Show the 1. . =5 syntax for an inclusive
range.
6.2.2 loop

loop A7 — kX ¥ b I&, break ¥ TKARNL—TFTE7FTT,

fn main() {
let mut i = 0;
loop {
i+=1;
println!("{i}");
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if i > 100 {
break;
}

6.3 break & continue

RDATL—2ared CEERBL-WVESE continue ZFHLTL X W,

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

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

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

}
This slide and its sub-slides should take about 4 minutes.

Note that 1loop is the only looping construct which can return a non-trivial value. This is
because it's guaranteed to only return at a break statement (unlike while and for loops,
which can also return when the condition fails).

6.3.1 Labels

continue ¥ break 134 7> a Y TCINIUEIBMERME Z N TEET, 7NIUEIARX MLV —T
DERIFET Db ET,

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}");
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* Labeled break also works on arbitrary blocks, e.g.
'label: {
break 'label;
println!("This line gets skipped");

64 JuvyrRxa-—>

a—F7ay”r

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}");
z -y

b

println! ("x: {x}");
}
KEORD ; TRTLEGE. 70y 72F0MEE8UT () 127D £75,
This slide and its sub-slides should take about 5 minutes.

s TV IHNRHABBOITELETRAZZILICLoT. 70y Z2KDENLED S Z 30D
FI.HRIEATROEL I aarZ2EMMEIRLED. return ZHLED T3 2T . 7oy
7 DIEFZEL L %3,

641 Ra—FrT v -4
ZRORa—AZ FENLET7Tay ZRIBEINE T,

MO 2 a—FOEEE FLRAa—70EROWGES v R—4 V7 TEET,
fn main() {

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

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

let a = true;

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

println!("after: {a}");

s FEOFHONAIO T Y ZI12b BEBIML.ZO 70y ZOAMAITY 7 2 2RABZ Z 2T LK
DAA—THHIRBENTVWBE I ERLET,
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» Shadowing is different from mutation, because after shadowing both variables' memory
locations exist at the same time. Both are available under the same name, depending
where you use it in the code.

¢ ¥ F—A Y IEBORZIETETETY,

¢ X F=A Y ZE—Rbr DIt WL ICRAETH, .unwrap() OEROERRET 256
WERITY,

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

fn main() {

println!("gcd: {}", gcd(143, 52));
}
This slide should take about 3 minutes.

e HENRIXA—XDRIZWIM(—EDO T 7o I v FiELH) RV EOTIRE F3,

s BBAK(EALIEED Ty 7)) NOREBEOAVPREDEICED EFT. ROKED ; 2EBEL F
3, return ¥—7— FIXBHY & — VIR TE £ 3235, BRORRIITEOME oFRicT 3
OPERANTT (return AT 21213 9gcd 2V 7> 27XV 7 LET),

* Some functions have no return value, and return the 'unit type', (). The compiler will
infer this if the return type is omitted.

o F—N—O— FIPR—-PINTVERAKEBDFEEITI1 OTT,

- BHICEEBRDAR I XA =R EZIIWMD ET T 7+ bD5IEIET R—-PENTOERAT
sufMH L CAZEEBE R R—-— b TEET,

- W1 ODRIX=EA Ly P EZIIWMD £3, ZNHORINHICTE2LdTEET
A, 2 DOVWTIFERTHAL £ 3,

6.6 ~7nu

<27 Bikar AL UFRZ Rust 2 — FICERIN AIERSIBERS Z e BN TEE T, INHITKED
| TRANIENE T, RustiBHES £ 75 VIR . BEoFEMN~ 7 angEnTnE T,

e println! (format, ..):std::fmt THHAINLTVWE2EXZEHAL T, 1 T72EHEHINIC
HALET,

format! (format, ..):println! XFEIRRICHEEEL ETB MR EXFINIE L TRLED,
dbg! (expression): NofEz v 7IZEH L TRL %9,

todo! (): =D a— FIZKRFEED~— 7 2 IIFE T FITT2e = VBEELE T,
unreachable! (): 2—FD—H%Z 7 7L AFREEL LT —F LET EITT 2282w I
HELET,

fn factorial(n: u32) -> u32 {
let mut product = 1;
for 1 in 1..=n {
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product *= dbg!(i);
}
product
}

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

}

fn main() {

let n = 4;

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

This slide should take about 2 minutes.

Dty aryEAX 70—k FER . ZOFERAGEERTIECHDET, v I/rk
LTERINTWIHB L BECIIRICEETIED D £H A,

T IZODERIZOVTIE—ATIFFHBEL ERAB KDLy a vy TEE~ 70O HIZOWTH
AL $9,

6.7 {H: 275 v I
The Collatz Sequence is defined as follows, for an arbitrary n1 greater than zero:

» If niis 1, then the sequence terminates at ni.
» If niis 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;
2iseven,son8=1; and
s BHNIKT LET,

EEOVIHMEN I T 227 vy VEIIOR I 2HET 2BBEERL ET,
/1] "n° oirEdady VEIOREI 2T
fn collatz_length(mut n: 132) -> u32 {

todo! ("Z ZHRFERLTLILIWV")
}

#[test]

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

}

fn main() {
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println!("Length: {}", collatz_length(11));

6.7.1 %

/11 "n° DoiEER a7y VEAIOEX Z2RE,
fn collatz_length(mut n: i32) -> u32 {
let mut len = 1;
while n > 1 {
n=3ifn % 2==0{n/ 2 }else { 3 *n+11};

len += 1;
}
len
}
#[test]

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

fn main() {
println!("Length: {}", collatz_length(11));
}
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Including 10 minute breaks, this session should take about 2 hours and 35 minutes. It contains:

Segment Duration
27 LA 35 minutes
2R 55 minutes

2 —#F—EFH 50 minutes
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This segment should take about 35 minutes. It contains:

Slide Duration

il 5 minutes
% 5 minutes
Beglo 4 571 — b 3 minutes

NRER—=eTAMZ27 F  5minutes
HE: 22X FanzA0% 15 minutes

8.1 MYl

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

}

This slide should take about 5 minutes.

o B [T; NIWIZRICHE T DN (a2 A4 VRFER) EOERZIRIF SN E F, LB O
RIRZ20MO—E7 T, 2% D, [u8; 3] & [u8; 4] 32 00RLMEARINET,
AT A A (P A ADFATRITIRE SN2 OV TR THAL £5,

o« BRANDEFIERICT 7 AL TATLEIWVEHY 7t 2I3ETRICF v 73N E T,
Rust TI3@EH. ZhH5DF = v 7 2 RE(LIC X DFRETE £ 3 (Unsafe Rust #3222 T

T EE9),
* VT IR L TEANCEZAAT S 2 eNTEET,

s println! 2703, ? BROAGX =X EZ/HLTT ANy FEEZERLEIT.OFED, {}
BFF 74V bOHIE, {23 E TNy THARREEL £ 3. 88 XFH R DB T 7 1+ L
PO N EEEL TR EINET ANy THIDAEFEEL T, 202D, 22 TET Ny 7H

NefEH T 208 3H D £5,

s # BT 2L Wl {a:#?2) . HmAPTW TV T4 T Y MEALRIHEIRET,
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8.2 AN

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

}

This slide should take about 5 minutes.
o FRFl & FRRIC, X VO RIFEEZINTOVET,
o XTMX B ZHDEEEER V- L $7,
¢ XTNDT 4 =L RIZF . EVARfEDA > F v 72 t.0, t.1)T727ERTEET,

» The empty tuple () is referred to as the ”unit type” and signifies absence of a return
value, akin to void in other languages.

8.3 HHdA47L—1

for 27— b X ¥ b TR B OKENENI S R— F XA TVET (X TVEFIR— bR T0EH
Ao

fn main() {
let primes = [2, 3, 5, 7, 11, 13, 17, 1971;
for prime in primes {
for i in 2..prime {
assert_ne! (prime % i, 0);

}

}
This slide should take about 3 minutes.

ZOMEEIX Intolterator P LA PERMEHLEF I A EFHHLTOER A,

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

84 NRXR—VEFTAMIF7 b

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.O;

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

This slide should take about 5 minutes.

» 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 {ili¥: xR b N 7=fLH

FCFN I DB Z & 5 Z e B TE X T,

let array = [[1, 2, 31, [4, 5, 61, [7, 8, 911;

What is the type of this variable?

FECOD & S BCHI 2 ER U C AT 2B (T2 5S4 H#) 3 % transpose B zalid L 5,

X 123K 147
"transpose"X 4 5 6[X n_=v 2 5 g
X 789K 3609

Copy the code below to https://play.rust-lang.org/ and implement the function. This function
only operates on 3x3 matrices.

// TODO: FEEENSET Lo, 2NZHIRL 75,
#![allow(unused_variables, dead_code)]

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

}

#[test]
fn test_transpose() {
let matrix = [
[101, 102, 1031, //
[201, 202, 2031,
[301, 302, 303],
1
let transposed = transpose(matrix);
assert_eq!/(
transposed,
[
[101, 201, 301], //
[102, 202, 302],
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[103, 203, 303],

)
}

fn main() {
let matrix = [
[101, 102, 1@3], // <-- ZDOaXY hickb rustfmt TUATZIEN
[201, 202, 203],
[301, 302, 3031,
1,

println!("matrix: {:#?}", matrix);
let transposed = transpose(matrix);
println!("transposed: {:#7?}", transposed);

85.1 &

fn transpose(matrix: [[132; 31; 3]) -> [[132; 3]; 31 {
let mut result = [[0; 3]1; 31;
for i in 0..3 {
for j in 0..3 {
result[j][i] = matrix[il[j];

}
}
result
}
#[test]

fn test_transpose() {
let matrix = [
[101, 102, 1031, //
[201, 202, 203],
[301, 302, 303],
1.
let transposed = transpose(matrix);
assert_eq! (
transposed,
[
[101, 201, 3011, //
[102, 202, 302],
[103, 203, 303],

)
}

fn main() {
let matrix = [

[101, 102, 103], // <-- Z®a XY hMI&b rustfmt TSdTZEENM
[201, 202, 203],
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[301, 302, 303],
1.
println!("matrix: {:#7?}", matrix);

let transposed = transpose(matrix);
println!("transposed: {:#7?}", transposed);
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This segment should take about 55 minutes. It contains:

Slide Duration

HEHESR 10 minutes
HEfth SR 10 minutes
Slices 10 minutes
FF 10 minutes

HY: A X MY 15 minutes

9.1 HAZH

A reference provides a way to access another value without taking ownership of the value,
and is also called *borrowing”. Shared references are read-only, and the referenced data
cannot change.

fn main() {
let a = 'A';
let b = 'B';
let mut r: &char = &a;
println!("xr: {}", *r);
r = &b;
println!("xr: {}", *r);
}
BT ANOHEZROANZ T TT . SREIL & HEETCERSNET, *HETEZREZESR L.
ZOEZERLET,

Rust 3% > 7)) ¥ 7Bz L 5,

fn x_axis(x: &i32) -> &(i32, i32) {
let point = (*x, 0);
return &point;

}

This slide should take about 10 minutes.
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* References can never be null in Rust, so null checking is not necessary.

s ZIRLIZ. BRI ZMEEMEH TS I SbRTVE T2, ZHERA Y RIEATHWARWY
ZHBECL o THBLL T VWHHATT, a— FTRBBE2HEHA L THEHICZ 72 ATEXIN,. 7
DIEIFTCOERIC K> TIFE I -NEF e R DET AFICOVTE. a—2AD 3 HEATEHEL
EBHL £3,

s BIRIIRA VR LTEEINE T, TRAAIBBEID I 20ITNILTEZZ LT,
CELIFCH+ ITHBBLTWVWAZHEZE I SHEERA VEA L L THBRTEE T, 20a— 0%}
TRIMTAEA Y ZOMFHIZ X 32 XEYVEEMED NZ % Rust TRHIET 2 HEICOWTEHHAL %
ER

* Rust 3B % BEHNSIER L LWz HIZ & 21T 2 0EBH D 5,

* 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++.

o ZOHITIE. TIEAETH 27D . FRADARETT(r = &) ZHITE D T AL U F X
NMDEESRTZ X512 FET, 2RI BIRICRAT 2 e ZREDENIEFEIN S C++
CIEERELDFT,

s HEZR TR ENZETH > TH SRILOMBIEETEEHA, *r = 'X' LIEELTAT
&,

* Rust 3. I RTOBRD I 4 7 XA A2 B L T IR FEmBEZHEAL TOE T . L8R
Rust TIX. X7V Y IBIRPRETE 223D D ¥ A, x_axis & point NDSIEERL
FID DR S & point OEID Y THMEREN DT, a v M VN FE R Ao

o ERHICOVWTIIFEEDE ZATHLCHHL 7,

9.2 {HibSH

PHOS I ZS e PN SREOEZZEE CE X 3. 2F &mut T T9,

fn main() {
let mut point = (1, 2);
let x_coord = &mut point.0;
*x_cooxrd = 20;
println!("point: {point:?}");
}
This slide should take about 10 minutes.
B

o THEfth 213 COBROAEMHAL THEICT 72 ATE2 L2 EKL E T MOSHEEH £
T AEHH) FRIRFICEAE ST 2 Z 2 I3 TE 3 HHS IO T 2 MIESREDEIC Y 7t AT
FH A, x_coord BERLIREET &point .0 ZERT 52>, point.0 ZZEHE L TATLZE
W,

* let mut x_coord: &i32 ¥ let x_coord: &mut i32 DEWIZIEE L TL 72X W Hi#E
FERZZEICANL Y FTEZHESHERTOICH L.EFZAZDEADHMSIRER L %
KD
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9.3 Slices

ATARFEDREZRALV I a i T a8 2 —2RAL 5,

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

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

println!("s: {s:?}");

¢ A7 AFATAREIN s F—22EHLET,
This slide should take about 10 minutes.

o A5 4 ABMERTBI2E. a BB L BHIAA VT v 2R TA YTy 7 A% Ao ZTHA
THRELF T,

¢ ATGARMA YT v 7 A0 SMEE 354, Rust OFEPARE IS X D BEA > F v 7 2 EIKT
xF93,20%bh, &[0..a.len()] & &a[..a.len()] EAL T,

s REDA VT v 7 RARDOVWTHRAILZEAEASDT, &al2..a.1len()] & &a[2..] &
B
¢ BAIRIKDR 7 4 A MEI/ERT 51213, &al..] L#< 2 eAtRET,

* s1Fi32 DASGA ZAADBIRTT, s DRI ICEFOEINEEFN LR kol Z 2 ITHE
HLTL7ZE W, ZHCED XFEIERI A XDATA R LU TEHEEETTEE T,

* AFARREHOA TV 2 7 FHLEALET, ZOBITE, a 3D L BRI A ANTHE
T BB LT3 (Ra—THICH 2) BEDS D £ 7,

9.4 XT7H

We can now understand the two string types in Rust:

* &stris aslice of UTF-8 encoded bytes, similar to & [u8].
* Stringis an owned buffer of UTF-8 encoded bytes, similar to Vec<T>.

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

let mut s2: String = String::from("Hello ");
println!("s2: {s2}");

s2.push_str(sl);

println!("s2: {s2}");

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

This slide should take about 10 minutes.
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9.5

&str introduces a string slice, which is an immutable reference to UTF-8 encoded string
data stored in a block of memory. String literals ("Hello"), are stored in the program’
s binary.

Rust's String type is a wrapper around a vector of bytes. As with a Vec<T>, it is owned.

D% Ry FEEIC, String: :from() X XFHV T I A6 XFHEERL % T
String: :new() FHFT L WVWZEDSLFHNZER L 3, push() XY v K& push_str() XV
v REHALT. 2 2 FHNT—2EBMTE XTI,

format! () ~7 v Z2HT 2 e BINZREL? SFIEXFAN B HBEICERTEET, Thid
println!() & [A CIERIEEZZ T AN LT,

& 2L T String 225 &str 27 4 R Z2fEH L BEITI6 U THIPH 28N T & £ 9. X7
FUzHi Z s wino S FHIHEEIRT 2 2 Z2ORTA=v 7 2RI L E T, chars 4 7
L— R B3 FHRA T T 57D ELWKFHEAZEG LI T35 iDb. 204 T
—REFHTBIEINLEELNTT,

C++ 77 o<—mENF DO : &sStr iFEITXEY) LOBMBR XTI EIR L TWS X5 CH+
o std::string_view & 2 51 EF, Rust @ String &, C++ @ std::string t BE LR
FMETT(ERENE, UTF-8 Ty a— RIN/INA bDAEED S Z LB TE O
W3 2 BB b ThienwZ £ TH),
NA MXFH T INEFERT 22, &[u8] EZEHEERTEF T,
fn main() {

println!("{:?}", b"abc");

println!("{:?}", &[97, 98, 991);
}

RIMNTOXFHNZHHT 2 8. T X 7 — 72 MWINC LT &str HZ/ERTE L3 (r"\n" ==
"\\n"), ZHG|HFF 2 MDA S HFOMANCFRIED # Z2HEHL £9,

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

HH: OAXMY

CIZTEHZ [f64;3] L LTRBTZ23IXTIARX MV DI—T 4 VT 1 BRSO ERRL

£,

B 73 F v ZERTIEEL T E W,

/1 PERED R GEF L CTEARERD
/] RZVZ—DREIZFHBELET, “sqrt() XYy FEMHEHLT, “v.sqrt() tFEERC
/1 SERFRZFHELET,

fn magnitude(...) -> 64 {

}

todo! ()

FEEL.IRTOEEE2ZDREXTEZ 2T
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fn normalize(...) {
todo! ()
}

/1 XD “main’ EHEHLTCUEETANLE T,

fn main() {
println!("Magnitude of a unit vector: {}", magnitude(&[0.0, 1.0, 0.01));

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

println!("Magnitude of {v:?}: {}", magnitude(&v));

normalize(&mut v);

println!("Magnitude of {v:?} after normalization: {}", magnitude(&v));

9.5.1 %

/1] FEESNTRIZ—DREIZFHAELE T,
fn magnitude(vector: &[f64; 3]) -> f64 {
let mut mag_squared = 0.0;
for coord in vector {
mag_squared += coord * coord;
}
mag_squared.sqrt()

}

/1] BEEEZTIINIZX—DREXE 1.0 TEHLET,
fn normalize(vector: &mut [f64; 3]1) {
let mag = magnitude(vector);
for item in vector {
*item /= mag;
}
}

fn main() {
println!("Magnitude of a unit vector: {}", magnitude(&[0.0, 1.0, ©0.0]1));

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

println!("Magnitude of {v:?}: {}", magnitude(&v));

normalize(&mut v);

println!("Magnitude of {v:?} after normalization: {}", magnitude(&v));
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2 —Y —ER

This segment should take about 50 minutes. It contains:

Slide Duration
LRI = HEEIR 10 minutes
2 T IVEER 10 minutes
Fl|1ZA (enums) 5 minutes
FE0| 5 minutes
M A Y7 2 minutes

HY: 21 R—&Z—TDAXY}F+ 15 minutes

10.1  Anifh SRS

C % C++ L [AIBEIC. RustiZh AR AREEREZH A—FLTWVWET,

struct Person {
name: String,
age: u8,

}

fn describe(person: &Person) {

println!("{} is {} years old", person.name, person.age);

}

fn main() {

let mut peter = Person { name: String

describe(&peter);

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

let name = String::from("Avery");

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

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

}

This slide should take about 10 minutes.

F—KRA Vb

o HEERIZ, CRC+H+ ITBWTERIU L5 ICHBEL £5,
— C++ AIBRIC, 72 C BBz AR EFRT 2 DI typedef 1ZDHED D FHA,
—G+z@ L2 D REIRRENICRIE D D FH A
s ZICHEEKICIIXEXERASDZ L EHALEL £ S,
—ﬁ%fﬁ%u@%LmWUunmtmmNaﬁéﬂmbv4b%%%L1mé%®a
EERICHNT 27— 2P WEEICHHATE 3,
- RDAFA4 RTIE, 74—V REPBEETHRWEAIHEH IS X IAEEREZHN L E
ER
 EUIRARTOZERD T TICH BGAT. AL 2 HH L TSR EZERTE 5,
o H . .avery RT3 L HIRIICTRTD 7 4 — L FEAN LR LT BHOWEERD 7
4 —=IVRORF D H A —TEE T, ZOMUI. FICHREROBERICT I2HENH D £7,

10.2 X VRS

7 4 =)V FEADPEBRTHEWESE. Z IAEEREFEHTEE5,
struct Point(i32, i32);

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

CHIZLDGEHE—T 4=V v 8—(Za—XA FeMEIREHHEHEIRET,

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

fn compute_thruster_force() -> PoundsOfForce {
todo! ("Ask a rocket scientist at NASA")

}

fn set_thruster_force(force: Newtons) {
//

}

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

}

This slide should take about 10 minutes.

c 22— XA TR TV IT 4 RO 2 EMERE =Y a— P T 3ENLGETT R
BleRL £
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— BUEIZ W O OB THIE Xk 3 (EEEDfITld Newtons),
— 2 OfEEAERRFRCHGEEIC &% L 7272, PhoneNumber (String) % 7z1% OddNumbex (u32)
PHEAT 2-0CHEHBET 2083 D A,
¢ Za—XATD1ODT 4 —NFIZ7Z7+EAL T, Newtons B 64 DEEEMT 3 17%E%

MLET,
— Rust TEEH ., AHKZ Z & (BB Z v TP B E LTO 7 — VEDHEM 7 8 134F
FNFEEA,

- HEFOF—N"—m—FIZonWTiE, SHEE =2V 27 X)THEL 7,
o ZOHNE, =R 754 AL N AL EX—DRHESEIZLTVET,

10.3 %% (enums)

enum ¥—V— FEFHTZ L W OPDRLZANY 7 M EFOBIBERTEE T,

#[derive(Debug) ]
enum Direction {
Left,
Right,
}

#[derive(Debug) ]

enum PlayerMove {
Pass, /] BN 7> b
Run(Direction), // Tuple variant
Teleport { x: u32, y: u32 }, // K&y 7k

}

fn main() {

let player_move: PlayerMove = PlayerMove::Run(Direction::Left);
println!("On this turn: {player_move:?}");

}
This slide should take about 5 minutes.
F—RA Vb

o FIERIEHT 22, 1 00 T—HOEELIETE F T,

e Direction & NV 7 ¥ b Z D8 T F, Direction i i, Direction::Left &
Direction::Right ® 2 DDfEXH b 3,

« PlayerMove i&, 32DV 7 ¥ b EFFOHTT, Rust iE_4 v — Rz THBI Z ki3
% Z T FATRICE DAY 7> b3 PlayerMove EICEENTW A2 HERETE 2 X51CL
e

o ZITHERLYIBEEHKR T2 2 BT TOLET,

- EBLTH 74—V DRV Y TNRAN=Y a v (BAMBER) P S ESERT 4 —L
FRHEZN=Ta>r(NY 7Y RAIa—-F)Z2HHTEET,

- EROMERZHEH L T HEHOIFIER/ANY 7 M 2FEET LD TER TN Z
DHEENOP TN INBFHTERIN TV AHELRCAICERZRD £ A

o Rust IXHIHIARERIFT 272 DICHRAINED AR—ZAZHHL 7,

- BENZIH U TR ER/NED Y 4 XD L 3,

- A ENFNY 7Y MEDPTRTOE Y b XX =2 E I AN= L TORWEE BH7%
Py bx—v2@HLTHIRZZya—-FLET =y FoRibE L), 722 213,
Option<&u8> 2l None NV 7 ¥ M 2EEA DR A ¥ X F7213 NULL DS
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£7,
- BEWZIG U T (& 213 C & D B R R T 2 72 D) HIRIX 2 HlfH T = £ 9,
#[repr(u32)]
enum Bar {
A, /0
B = 10000,
C, // 10001
}

fn main() {
println!("A: {}", Bar::A as u32);
println!("B: {}", Bar::B as u32);
println!("C: {}", Bar::C as u32);
}
repr 2R WIHE, 10001 13 2 N4 MU E 5720 HIBIKORNZIE 2 N4 MR R
£7,

Z DAt

Rust 12 FNBEBUD D B AR—2 %D T 27=DIMHHTE 357 ENA W OhdH D FT,

o null KA > XD b —H O AC Rust i size_of: :<T>() A3 size_of::<Option<T>>()
CELWIZERFIEL 5,

UIROY Y Fa—RE By NENORBEPEBRIZED X522 0B RLTVWET, a8
ABFZDORFCEHLULTHRIAELZ VDT, ZREF 072K BELTRRZVWI LITHFERELTL X
(A

use std::mem::transmute;

macro_rules! dbg_bits {
($e:expr, $bit_type:ty) => {
printIn! ("- {}: {:#x}", stringify!($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);
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println!("Option<&i32>:");
dbg_bits!(None: :<&1i32>, usize);
dbg_bits!(Some(&0i32), usize);

10.4 const

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

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

fn compute_digest(text: &str) -> [u8; DIGEST_SIZE] ({
let mut digest = [ZERO.unwrap_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 REC Book 12 & % & EBEBUIMHHKHCA > 74 MbX N E T,

a8 NVERAZ const fHZ AR T 272D HE 2 DIk, const 2 ~v— 27 XN7BEBDATT,
7272 L. const BABUISETRAICIE O T Z 23 TEE T,

* Mention that const behaves semantically similar to C++'s constexpr
o FATRICEHB S N 2 ERMBBEINTIRZ2 L3 HEDDH Y FEAD HNEREZEH T2 LD S
EMTRZETT,

10.5 static

FRNERIE T 0 75 LOETRRZE L THEMT 272D BE L ¥ A
static BANNER: &str = "Welcome to RustOS 3.14";

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

Rust RFC Book THBHX N TW3 & 512 BFNEBUIMH R A > 74 b33 EBROBE T %
XEVMBEIFELE T, ZUELLTRVa— ReldAsa— NICERATHH BRI T 7 F 4
DEITEEEBELTHERLET . /0 —oUL 22— DEICA T =2 b ID BIRER WA, — %
I const BFEHXNE T,

This slide should take about 5 minutes.
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* static is similar to mutable global variables in C++.
e static 3 A7 =27 FID (XEVAHODT FL R) &, WHEEAIZM 2 550 B2 26 B 72 AR AR
(Mutex<T> 72 ) 2Rt L 3,

Z Dt

static ZBI Y DAL Y RS TH 7 7R TE S0, Sync THEZLEDRH D T3, WD A]
ZHIE, Mutex 7 P v 7R EDHIETERTEX T,

<771 std: :thread_local #ffHHLC. ALy R a—AhLDF— X EERTEE T,

10.6 B L Y7 R

B4 )7 23 ANORDAH TR L £ T, 2D 2 DOMIFUCEKRTHHATE X7,

enum CarryableConcreteltem {
Left,
Right,

}

type Item = CarryableConcreteltem;

[ A7 REE L TEBRANEH § 2 fEHTT,

use std::cell::RefCell;

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

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

This slide should take about 2 minutes.
Crmro~—ik. 2% typedef LAEDBDEEZZTL £ 5,

10.7 ¥ T RX—Z—TDAXV b

I R=R—HHSRAT LTARY P 2RT T —XEEZEFR L E T S EIFRANRY P 2HET
272008y BEEHHICEREL THOWEE A, #[derive(Debug)] Z#HL T A% {:?} T7
F—<v FTELHL5ICLET,

ZOHEBIWCRHERZDEZ, main BT —R LU TEITEINDS X T —RXEEEERLTANT S Z
YRETTT . ZDIT—RADRDAA— F T IRHDOEEN S F— X 2BUS T 2 52 HEL £ 7,

#[derive(Debug) ]
/1] 2> a—IBRIGTE2RERDHELLRXR—R— AT LADA RV K,
enum Event {
// TODO: WY 7 > hEBENT 5
}

/1] FEERTTIA],
#[derive(Debug) ]
enum Direction {
Up,
Down,
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}

111 > ZHFEDRSICEIE Lz,

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

}

/111 22D R 7HEWT=,

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

}

[1] D>TDR7DEE - 7,

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

}

/1] FIEDHEEDIZL R—&Z— nb—THARX VBN,

fn lobby_call_button_pressed(floor: i32, dir: Direction) -> Event {
todo! ()

}

/1] TV R—=Z—Dh T DREARZ BRIz,

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

}

fn main() {

println!(
"A ground floor passenger has pressed the up button: {:?}",
lobby_call_button_pressed(0, Direction::Up)

),

println!("The car has arrived on the ground floor: {:?}", car_arrived(Q));

println!("The car door opened: {:?}", car_door_opened());

println!(
"A passenger has pressed the 3rd floor button: {:?}",
car_floor_button_pressed(3)

),

println!("The car door closed: {:?}", car_door_closed());

println!("The car has arrived on the 3rd floor: {:?}", car_arrived(3));

}
10.7.1 fR%&
#[derive(Debug) ]

/1] 2>y va—IDBRIET 2RENDHZTLN—R— AT LANDAXRY b,
enum Event {

111 KRBT,

ButtonPressed(Button),

/1] FEWHIFTE DFICEE L=,
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CarArrived(Floor),

111 222D K7W,
CarDoorOpened,

111 DZTDRT7HEE o7,
CarDoorClosed,

}

/1] FE3EKE LTREIN5,
type Floor = i32;

/11 EELTTIE,
#[derive(Debug) ]
enum Direction {
Up,
Down,

}

/1] 22— —=B7 7 ERATEDERX,
#[derive(Debug) ]
enum Button {
/1] FIEDHEDILR—&X— o —IZHiRE .
LobbyCall(Direction, Floor),

111 D>THNOREEARE >,
CarFloor(Floor),

}

/1] 2T DFTEDRNICENE Lz,
fn car_arrived(floor: i32) -> Event {
Event: :CarArrived(floor)

}

111 22D K7W,
fn car_door_opened() -> Event {
Event: :CarDoorOpened

}

/1] D2ZDRT7HEE 572,
fn car_door_closed() -> Event {
Event: :CarDoorClosed

}

/1] FIEDEDTL R—&Z— ot —THARX VBN,
fn lobby_call_button_pressed(floor: i32, dir: Direction) -> Event {
Event: :ButtonPressed(Button::LobbyCall(dir, floor))

}

[1] T R=Z =D T DFEER X Xz,
fn car_floor_button_pressed(floor: i32) -> Event {
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Event: :ButtonPressed(Button: :CarFlooxr(floor))

}

fn main() {

println!(
"A ground floor passenger has pressed the up button: {:?}",
lobby_call_button_pressed(0, Direction::Up)

),

println!("The car has arrived on the ground floor: {:?}", car_arrived(Q));

println!("The car door opened: {:?}", car_door_opened());

println!(
"A passenger has pressed the 3rd floor button: {:?}",
car_floor_button_pressed(3)

),

println! ("The car door closed: {:?}", car_door_closed());

println!("The car has arrived on the 3xrd floor: {:?}", car_arrived(3));

60



oI 3

Day 2 : AM

61



11 %

2HHD{HBAN XS Z

RUSt IZDWTHRDEZL DI RHATEE LM SHIZ Rust DB X5 AITHEAZ Y TET,

o RR—V v F U HEEISDT— XD,

XY v R B B o BEEAT T,

FLUA b EEORITHE XN B EE,

xR MoFEITOR DS X — &1L,

EHES £ 7S5 DH e F L4 b Rust OEEREUES £ 75 1) DM,

AT a—n

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

Segment Duration

L5z % 3 minutes
NR—v<vF 27  1hour
Methods and Traits 50 minutes
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12 35
NR—VF T

This segment should take about 1 hour. It contains:

Slide Duration

Matching Values 10 minutes
WEARDTA 727~ 4 minutes
FIFERMDF A 227 b 4 minutes

Let filf#l 7 v — 10 minutes
Y o FH 30 minutes

12.1 Matching Values

match ¥—7—F2EHT2 L. 1 DU EDOAZ -V I L TEZBETE £ T, b2 olHICRED
THOU BRI =B L 7R = DADPETEINE T,

C =% C++ @ switch FRRIC & — BB EZIEETE T,

#lrustfmt: :skip]

fn main() {
let input = 'x';
match input {

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

println!("Something else"),

q => println!("Quitting"),
at | ‘st | 'w' | 'd! => println!("Moving around"),
'9'..='9" => println!("Number input"),

\%

}

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.

—HAERE L THEHATEE T, if LA B~y F7— 2R CEICTARERD D £, 803, 7
0y 7 DREONTT(FEET 258), i oflcid . Alid () T3,
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RE =V DER(ZOHITIE keIZE D vy F7—LHNTHATEZNNL V7 4 Y IPERINF
£
< v FH— FIZE D & true DFEICDAT — LB —H L FT,
This slide should take about 10 minutes.
F—HRA b
s MEDXFNNRE—TED LI IHEHINZ2EHAL T,
- | Zor ¥ LTIEET 3
- L ERENSCTTERTE S
- 1..=535 2 8LHHERT
- _WBYUALEFI—FERT
o RRX—VDATRBRHETEL VRS EMRICRE L WA Y LESUEETH 2
v FH— REIEEIONETT,
e v FH—FE. .~y FT7T—2HNOMERD if R FE R ET . DIETay JN(E> D) D
if R~y F 7 -2 BEIREINRICETEINE T, 2070y ZNT if &30k
Do 723G E TLD match RO 7 — 2 IZBEEBI N ER A,
o« H— FTERINIEZME, | DIV Z = HNO TN TORICHHINE T,

More To Explore

* Another piece of pattern syntax you can show students is the @ syntax which binds a
part of a pattern to a variable. For example:

let opt = Some(123);
match opt {
outer @ Some(inner) => {
println!("outer: {outer:?}, inner: {inner}");
}
None => {}

}

In this example inner has the value 123 which it pulled from the Option via
destructuring, outer captures the entire Some(inner) expression, so it contains
the full Option: :Some(123). This is rarely used but can be useful in more complex
patterns.

12.2 K&k (structs)

Like tuples, Struct can also be destructured by matching:

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

}

#lrustfmt: :skip]

fn main() {
let foo = Foo { x: (1, 2), y: 3 };
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match foo {

Foo { x: (1, b), y } => println!("x.©@ = 1, b = {b}, yv = {y}"),
Foo { y: 2, x: 1} => println!("y = 2, x = {1:?}"),
Foo { vy, ..} => println!("y = {y}, other fields were ignored"),

}
This slide should take about 4 minutes.

e foOo DV T INMEEMDASSNX -2 —HTBEICEBELE T,

e FOO IZHTL W7 4 — L REBMLU DBEIZSE U TR —VICEBEZMAE T,

s X¥ I F ¥ b EHAEXFILOLWEELDDET, 2O0HO7 —2D 2 ZEFICEEHL TA
T OEIKREL RN L BB LE T, 2% const KEBE L C.HUEEST 2 Z & 2 HER
3,

12.3 %% (enums)

Like tuples, enums can also be destructured by matching:

NRE— NI EEEREO—EBIIANL Y FF 23D HHTEXET . UTo LS LT . MoEE2H
REZZEDTEE T HMZ enum 2 S58BDFL £ 9,

enum Result {
0k(i32),
Exrr(String),
}

fn divide_in_two(n: i32) -> Result {
ifn%2==0 ¢
Result: :0k(n / 2)
} else {
Result: :Exr(format!("cannot divide {n} into two equal parts"))
}
}

fn main() {
let n = 100;
match divide_in_two(n) {
Result::0k(half) => println!("{n} divided in two is {half}"),
Result::Exrr(msg) => println!("sorry, an error happened: {msg}"),

}

22T 7—a(arm, RZ =2 2Nz D) ZHH LT Result [HEOBRZITo TOVE T RID
7—ATIE halfld 0k NY 7Y FADEIIANA Y FENET, 2O0HDT7 —LATlEmsg LT —
Xyt —JINNL V RENET,

This slide should take about 4 minutes.

o iflelse I . BT match T7 V8w Z XNBFERZIRK L TVWET,

e FNIBEAIDERICI OHONY 7 U FFIBROBEZEDOZ L) ZBML, 2— FEITRICZS—%
FTRLTAEL LY. a— FOREEINTORWERNZRL. Q2L ZBEDES5 TV M %
BELIS LTV 0Z2HBALE T,

o FIBEAINY 7 2 b DEICIE E =B LG EICDAT 7R TEET,
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s MRPHEN TRWEEICE SR ERLET . IRTOT —APUHXINEZ A IV T %
Wl 2 22T, Rust 2284 SOFSEREAAL F9,

12.4 Letiilfl 7 o—

Rust iICiZ MOEFE L IZEZ2HH 70 —HEP WL 00BN ET, INHERKX—Y v F U7
XN % T,
o« if let &

e let else X
e while let {

if let X

if let X 2FHT 2 (ERRREX—VI—HTE30EIPRIGCTERZ - REEITTEE T,
use std::time: :Duration;

fn sleep_for(secs: f32) {
if let Ok(duration) = Duration::try_from_secs_f32(secs) {
std::thread::sleep(duration);
println!("slept for {duration:?}");

}

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

let else R

NRE—=2%<vF LTHEEB»LRS 2 WS — &1k 7 — A Tld, let else ZfHL 3, lelse) s
— 2RI FHET 2R ENID D £ 3 (return, break.S=y 72 ¥ . 7uyv 7 5kiF 20BN D T
T,

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

Ok(digit)
} else {
return Exrr(String::from("not a hex digit"));
}
} else {
return Err(String::from("got empty string"));
}
} else {

return Err(String: :from("got None"));
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}

fn main() {

println!("result: {:?}", hex_or_die_trying(Some(String: :from("foo"))));
}
if let iz while let IREMDIDH D F 5, ZHE SEX—VICHEL L THEHZT A M LE T,

fn main() {

let mut name = String::from("Comprehensive Rust £&");

while let Some(c) = name.pop() {

println!("character: {c}");

}

// (There are more efficient ways to reverse a string!)
}
Z 2T String: :pop & XFHIDZEIT A %5 £ T Some (¢) ZiR L., Z D% None #iE L £3, while
let 2T 22 . IXRTOT A 7T 2R L TRENEZSITTEE T,

This slide should take about 10 minutes.

if-let
e match 2IZEZ D, if let TEIRTORIE LM T 2 HE X W=D, match X H R
W2k £3,

o —fMIARERTIAIE, Option 24E3 % & %1C Some fHEZ LT 2 Z T,
e match x84, if let 3 & —v v F U TH— FHiEYR—FLTVWERA,

let-else

RITRT &2, if let 3HEAER->TLES 2 ehH T3, let-else DWAIZ. ZDF R b
ENFza—FEEHIZTIIT R ET AL VA=Y a VEZHEEAFICEEE LT ZHE
DECEHERTELXSICLET,
EXWZ AT a VIEIROEBHTT,
fn hex_or_die_trying(maybe_string: Option<String>) -> Result<u32, String> {

let Some(s) = maybe_string else {

return Err(String::from("got None"));
i

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

H

let Some(digit) = first_byte_char.to_digit(16) else {
return Err(String::from("not a hex digit"));

}i

return Ok(digit);
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while-let

o HMNRX—IZ—HTARD, while let L =7 EDRINZZ e 2HHL 7,

* name.pop() T unwrap 3 2 HEPRNGEICHET T2 if 27— XY P 2#HAL T, while
let V=T %2RV — T ICE SR 2 Z P TEET, while let &, LElo > F U 4+ OfEK
M LTHATER S,

12.5 (¥ Xl

HAXAHOBELHRIANY 22— XZ/ERLTAEL £ D,

An example of a small arithmetic expression could be 10 + 20, which evaluates to 30. We
can represent the expression as a tree:

A bigger and more complex expression would be (10 * 9) + ((3 - 4) * 5), which
evaluate to 85. We represent this as a much bigger tree:

---------------- | + | e oo
| e |
\Y \Y
el I EEES Sl I EETES
T T
\Y \% \Y \%
| 10 | | 9 | R B | 5 |
v - 1 v - 1 | | 1 | L 1
\Y \%
| 3 | | 4 |

In code, we will represent the tree with two types:

#[derive(Debug) ]
enum Operation {
Add,
Sub,
Mul,
Div,
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#[derive(Debug) ]
enum Expression {
/11 2 D047 ITHT 2 A,
Op { op: Operation, left: Box<Expression>, right: Box<Expression> },

/11 VT I HE

Value(i64),
}
ZZTOBox BliZA~— b KA VR TT iFMEZZOBETRIZEFHALEI . 7AMTRONS X
512, X Box::new TIARy 7 2{LITEE T, Ry 7 2L 3N RS 2 1213, WS EEE T
M ZEMEHLTIRy 7 2Lk L% 3 (eval (*boxed_expr))s

—HORFFHETE T =7 — RSN F 5D Result<Value, String> BUE, YL 7-1E
(Ok(Value)) /i o —(Err(String)) DWW Fhh R THBHTT, 20ROV TIE #KIE
CHLIHALED,
a—F%Zabv—LTRust L4 770> FIZBiD S, eval OEERLBIMBL FT.58 L7z ANY
2T —RIFITFTAMCAHTADLERDHD T, todo! () ZHEHLT.T7A M2 1OF2FEMT B L
EBEIITHLET, #[ignore] ZHHLTC. 7 A M2 —HNICAF v FT5Z L TEET,

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

/1] 2 DO TRITH U THETT BEE,

#[derive(Debug) ]
enum Operation {
Add,
Sub,
Mul,
Div,
}

111 ) —=TEADA,
#[derive(Debug) ]
enum Expression {
/11 2 2037 T 2R,
Op { op: Operation, left: Box<Expression>, right: Box<Expression> },

/1] VT ZIUE
Value(i64),
}

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

#[test]

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

}

#[test]
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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)
),

#[test]
fn test_recursion() {

}

let terml = Expression::0p {
op: Operation::Mul,
left: Box::new(Expression::Value(10)),
right: Box::new(Expression::Value(9)),
}
let term2 = Expression::0p {
op: Operation::Mul,
left: Box::new(Expression::0p {
op: Operation::Sub,
left: Box::new(Expression::Value(3)),
right: Box::new(Expression::Value(4)),
)
right: Box::new(Expression::Value(5)),
}
assert_eq!(
eval (Expression::0p {
op: Operation::Add,
left: Box::new(terml),
right: Box::new(term2),
).
0k (85)
)

#[test]
fn test_zeros() {

assert_eq! (
eval (Expression::0p {
op: Operation::Add,
left: Box::new(Expression::Value(0)),
right: Box::new(Expression::Value(0))
}).,
0k(02)
),
assert_eq! (
eval (Expression::0p {
op: Operation::Mul,
left: Box::new(Expression::Value(0)),
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right: Box::new(Expression::Value(0))

1),
0k(02)
),
assert_eq!(
eval (Expression::0p {
op: Operation::Sub,

left: Box::new(Expression::Value(0))

right: Box::new(Expression::Value(
1)
0k(0)
)
}

#[test]
fn test_error() {
assert_eq! (
eval (Expression::0p {
op: Operation::Div,

left: Box::new(Expression::Value(99)),
right: Box::new(Expression::Value(0)),

).
Err(String::from("division by zero"))

)

12.5.1 fRE

/11 2 D203 7 it UCETT A,
#[derive(Debug) ]
enum Operation {

Add,

Sub,

Mul,

Div,

}

/11 Y=o,
#[derive(Debug) ]
enum Expression {

/11 2 2O% 7T 2 HE,

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

/11 VT Il
Value(i64),
}

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

match e {

Expression::0p { op, left, right } => {

let left = match eval(*left) {
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Ok(v) => v,
Exrr(e) => return Err(e),

b

let right = match eval(*right) ({
ok(v) => v,
Err(e) => return Err(e),

b

Ok (match op {
Operation::Add => left + right,
Operation::Sub => left - right,
Operation::Mul => left * right,
Operation::Div => {
if right == 0 {
return Exrr(String::from("division by zero"));
} else {
left / right
}

)
}

Expression::Value(v) => 0Ok(v),
}

#[test]
fn test_value() {

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

#[test]
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)
),
}

#[test]
fn test_recursion() {
let terml = Expression::0p {
op: Operation::Mul,
left: Box::new(Expression::Value(10)),
right: Box::new(Expression::Value(9)),
H
let term2 = Expression::0p {
op: Operation::Mul,
left: Box::new(Expression::0p {
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op: Operation::Sub,
left: Box::new(Expression::Value(3)),
right: Box::new(Expression::Value(4)),
1)
right: Box::new(Expression::Value(5)),
H
assert_eq!(
eval (Expression::0p {
op: Operation::Add,
left: Box::new(terml),
right: Box::new(term2),
1)
0k (85)
)
}

#[test]
fn test_zeros() {
assert_eq! (
eval (Expression: :0p {
op: Operation::Add,
left: Box::new(Expression::Value(0)),
right: Box::new(Expression::Value(0))
}).,
0k(02)
),
assert_eq! (
eval (Expression::0p {
op: Operation::Mul,
left: Box::new(Expression::Value(0)),
right: Box::new(Expression::Value(0))
).
0k(02)
),
assert_eq! (
eval (Expression::0p {
op: Operation::Sub,
left: Box::new(Expression::Value(0)),
right: Box::new(Expression::Value(0))
}).
0k (2)
)
}

#[test]
fn test_error() {
assert_eq! (
eval (Expression::0p {
op: Operation::Div,
left: Box::new(Expression::Value(99)),
right: Box::new(Expression::Value(0)),
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).
Err(String::from("division by zero"))
),
}

fn main() {
let expr = Expression::0p {
op: Operation::Sub,
left: Box::new(Expression::Value(20)),
right: Box::new(Expression::Value(10)),
H
println!("expr: {expr:?}");
println!("result: {:?}", eval(expr));
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13 &

Methods and Traits

This segment should take about 50 minutes. It contains:

Slide Duration
PN 10 minutes
kLA b (trait) 15 minutes
EHH 3 minutes

WY, oz x Vv rikut— 20 minutes

131 XY vk

Rust 23 2 & BAEZ#H L WENCBEEMN I 2 2 e TE £ 3, 2AUd impl 7 a v 7 THEITL
ER

#[derive(Debug) ]
struct Race {
name: String,
laps: Vec<i32>,
}

impl Race {
[ LY=L XY v R
fn new(name: &str) -> Self {
Self { name: String::from(name), laps: Vec::new() }

}

/1 BEIONS 2P R AIRD /| EXAAERT 7R

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

}

/1 BEZHNT 2 AL XUHARD EHOMEHT 7€ &

fn print_laps(&self) {
println!("Recorded {} laps for {}:", self.laps.len(), self.name);

75



for (idx, lap) in self.laps.iter().enumerate() {
println!("Lap {idx}: {lap} sec");
}
}

// Exclusive ownership of self (covered later)
fn finish(self) {
let total: 132 = self.laps.iter().sum();
println!("Race {} is finished, total lap time: {}", self.name, total);

}

fn main() {
let mut race = Race::new("Monaco Grand Prix");
race.add_lap(70);
race.add_lap(68);
race.print_laps();
race.add_lap(71);
race.print_laps();
race.finish();
// race.add_lap(42);

}

self IR TL Y =N DED XYy FORRMET 2470 27 P RIEELE T XY v FO— &I
BRLY—=NERDEBHTT,

o &self: HEDAEZWEHEH L C.MFOH LTI A 7= P 2BEHALES . 2047V =
7 MIBRTHUEHRATEE T,

o &mut self: —EORZEZREZMHHALTC.HUOHLITr6A 7 27 bV 2EHALEST . Z20F T
Y7 MIBRTHUOEHATEET,

e self: A7V =27 VOFTEMEIIGL.MFUHE LIEALBEIITET XYy RBAA T2 bD
FREEICD 3. AP RINSOEEZINBRWED XYy FRARBZ & A 7Y 27 MIE
(F7ur—MENET TELFMEHI. LT LIAEEEERT 20 TIEHD £HA,

e mut self: FEd R LTIB XYy RIA T2 W 2EBTEE T,

o LY — N2 L MEROEIAY v RIZRD EFT08EIX, new LIEENZ a2V A NF7 7 X %1{E

BB 7D EHINED,
This slide should take about 8 minutes.
F—HRA b

o XYy FEH L THMNMTZ L LXWTL &9,

- XV RIZB (RSB RRHEBER L YYD A VAR Y ATIRUHEINE T HBYID T X —&
A v R A% self e LTEHLET,

- T RAyRN—F AV R LYY Ta— FEEHEITZHNT XY Yy FEHEHT 3
CEDHTEFT AV Y FEEATZ2Z2T.IRTOEEa— N2 1 DO FRIRIBELRIGAT
WKELDHZIeNTEXT,

e XV R LY—NTHbself w5 F—v— FOMHHIZOWTHAL 3,

- self: Self OWSGETH % Z & Z/R L MERLOFEHAIEICOVWTHHHAT 22 %28
TIHLET,

- Self X impl 7u v IV FEET I HOBI A V7 A THYH . 70 v 7 NOMDOGFTCHE
HATE2ZZHHAL T,

- self 3fhoEAR L AMICHER SN, Fy FREZFEHLTELD 7 4 — L FEBRT
XA EHHALET,
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— 22T finish 2 2 [@FEITL T, &self & self DBEVWERT I EZBIITHLET,
—self oY 7 PRAAICB LY —ANFBY LTHFATEIATWS il o v oo —Hl
(Box<Self> )3y db 3,

13.2 b+ L A4 b (trait)

Rust T BT L TCOMBILE P LA F2HVWTITD 28D TCEET LA MEIA VR —T 2 —
AW TNET
trait Pet {

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

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

This slide and its sub-slides should take about 15 minutes.
e FLAMEIFDI LA FEEETALDICEANIHERZEDOAY vy REEELET,

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

13.2.1 FU A bFEEE

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

fn greet(&self) {
println!("Oh you're a cutie! What's your name? {}", self.talk());
}
}

struct Dog {
name: String,
age: 18,

}

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

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

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

13.2.2 AX—»X—bFLA b

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.0.clone()
}
}

fn main() {

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

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

This is sometimes called *trait inheritance” but students should not expect this to behave like
OO0 inheritance. It just specifies an additional requirement on implementations of a trait.

13.2.3 By

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

#[derive(Debug) ]

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

struct MetersSquared(i32);

trait Multiply {
type Output;
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fn multiply(&self, other: &Self) -> Self::Output;
}

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

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

* 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

13.3 &

PR—FENTVE LA MEIRDEIITH AR LANZHEINICRETEE T,

#[derive(Debug, Clone, Default)]
struct Player {

name: String,

strength: u8,

hit_points: u8,
}

fn main() {
let pl = Player::default(); // 774+ F FL A FT ‘default’ a2 77 X%2EINMLET,
let mut p2 = pl.clone(); // Z7u—> FL AT ‘clone” XYy FZEINNLET,
p2.name = String::from("EldurScrollz");
/1 FRvZ bbART, {7} BERLEHNOY R 2B T,
println! ("{pl:?} vs. {p2:?}");
}
This slide should take about 3 minutes.
BRI~ n TRESNZ D7 L — MNATHRRBREZ BT 2 720 O ZE I~ 27 v K

INTVET, 722 213, serde |F #[derive(Serialize)] #MAH L T & KDV 7 (LD
YR—-MEEHTEET,

13.4 Exercise: Logger Trait
FL A4+ Logger ¥ log XYV v FEFEHL T .ok Fr 72— 4 V742X LTAE
L 9. 81T 2 0 7158k % 2 — Fid. Z DRI &impl Logger 23 M5 Z e B TE%T,

COBHETAICTETAMNRYZ 7 7 AR v —IDEZATNET TR AFTREL L FTlEn s
P—N—IZ Xy —=IDPEEINET,
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However, the StdoutLogger given below logs all messages, regardless of verbosity. Your task
is to write a VerbosityFilter type that will ignore messages above a maximum verbosity.

CNE R ANZ =TT DF D b LA PEEZS Y FLTHU LA M2FEEL ZOBEKET
EFzBML TS EERTT . 0¥ > 72 —7 4 V7 4 TRMICE D X5 BEHD F v 8 —H3RIL
DTL & 9%
pub trait Logger {

/1] FEESINFMEL AL TR v —Y%n iR L 5,

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

struct StdoutlLogger;

impl Logger for StdoutlLogger {
fn log(&self, verbosity: u8, message: &str) {
println!("verbosity={verbosity}: {message}");
}
}

// TODO: “VerbosityFilter® #%#EFRL THEEL XTI,

fn main() {
let logger = VerbosityFilter { max_verbosity: 3, inner: StdoutlLogger };
logger.log(5, "FYI");
logger.log(2, "Uhoh");

13.4.1 %

pub trait Logger {
/1] fBEINFAMELNLTA vy =% 2L T3,
fn log(&self, verbosity: u8, message: &str);

}

struct StdoutlLogger;

impl Logger for StdoutlLogger {
fn log(&self, verbosity: u8, message: &str) {
println!("verbosity={verbosity}: {message}");
}
}

/1] FEEINTZFEMEL XL ETOR v —IDAE T ZIZEE .
struct VerbosityFilter {

max_verbosity: u8,

inner: StdoutlLogger,
}

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

}

fn main() {
let logger = VerbosityFilter { max_verbosity: 3, inner: StdoutlLogger };

logger.log(5, "FYI");
logger.log(2, "Uhoh");
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14 &=
BMZD

Including 10 minute breaks, this session should take about 3 hours and 15 minutes. It contains:

Segment Duration
Y x4 1) 7 Z(generics) 45 minutes
BHES 4 75 ) DR 1 hour

S 4 7S5 UAD LA+ 1hour and 10 minutes
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15 %

-\
~

x4V 7 A (generics)

This segment should take about 45 minutes. It contains:

Slide Duration
S IR 5 minutes
Jxp VT —28 10 minutes
bL A bl 10 minutes
impl Trait 5 minutes
dyn Trait 5 minutes

HE: Y =2%xVU v 2% min 10 minutes

15.1 =3V v 7B

Rust supports generics, which lets you abstract algorithms or data structures (such as sorting
or a binary tree) over the types used or stored.
/17 "n’ OEIIELT “even” %721 “odd® ZEIRL 7,
fn pick<T>(n: i32, even: T, odd: T) -> T {
ifn%2==0 ¢
even
} else {
odd
}
}

fn main() {
println!("picked a number: {:?}", pick(97, 222, 333));
println!("picked a string: {:?}", pick(28, "dog", "cat"));
}

This slide should take about 5 minutes.
e Rust 1518 R EOENFESWT T R E2HEHIL % 5,

* In this example we only use the primitive types 132 and &stxr for T, but we can use any
type here, including user-defined types:
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struct Foo {
val: u8,
}

pick (123, Foo { val: 7 }, Foo { val: 456 });

o ZHUXCH++ TV L — PIBITWETA, Rust i3y =2V v ZBIEERDINCT Cica v
ANT 570, FOBEIEHINC—HT 2 IXRTOEICH LU TENTHA2LEND D FT /-8
ZI1E. n == 0 OFEIT even + odd BIRT LI pick ZEHE L TATL 230\ BBEE
FL7 pick £ Y AX Y Z{LDABPERHENTWEHATSH, Rust iZZn 2\ AR LE
o C++ TR INZITS Z e TEET,

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.

15.2 =XV v r5—KH

SV AR ST BRI T 4 — L FORIZHGILT 22 B TEET !

#[derive(Debug) ]
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) {
self.x = x;
}
}

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

This slide should take about 10 minutes.

¢ Q: ¥ TIX 21D impl<T> Point<T> {} KBV THREINTZDTL x50 ? IR TIED
DEEAN?
- BERL NI 2RV Z R LTOY =3 v VRFEDOEFRIZ»L LTI £ bl
ZEEZL/VCS/\\IZ\\ U b4 7"6?0
- DEDZDEIBRAY vy FIMEEDO TIIH L TEREINDI L WVWS LT,
— Itis possible to write impl Point<u32> { .. }.
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* Point 3ZFNTHRBI =232V v 7 THD, Point<fed>% S5 2 TEFI, L
HL.2OT7ay ZTDRY v Rl Point<u32>20 L TOARHAEEE 7 b 9,

s HLWEH let p = Point { x: 5, y: 10.0 }; ZESLTATLEZI WV, 2 D00EHK
TrURDZHFHLT.BR2MOBERZFORS V2T 2L ICa—REEHLE
T,

153 Y=Yy ZbhL AL

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

#[derive(Debug) ]
struct Foo(String);

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

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.

154 U4 MK

VgV I RAZHVBEE HD LA FDAY Y FEHUEHES X5 BB ZD M LA FEFEL
TV I Z2ERLEWZ R EL B D 5, (HITE :ABH Tld”Trait bounds”Z1 b L4 MlF) &
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FIRRL X L7225, Rust DHAGEMIRI I 2 =7 4 TR ML A4 MEFIEERRIRD DD E5 50H

RERAT 2P OoWTIEEERD R I N TVET,)
You can do this with T: Trait:

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

// strxuct NotCloneable;

fn main() {
let foo = String::from("foo");
let pair = duplicate(foo);
println! ("{pair:?}");
}
This slide should take about 8 minutes.
* Try making a NonCloneable and passing it to duplicate.

s B ML A PBRERIGEE + 2o TRELE T,

* where HiDfEWHZRLEL & 5. %Z#EIda— FEHATNS & Z!

LE9d,

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

T: Clone,
{

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

}

2. 2D where Hil2#E8

— R EADNRT X EDNDH BBEIC, where HIZEB DS 735 v ZBMHEEL T NFE

R
- where NCIXE IR ERED H D 3,

* GEDPICHDPNTGETRWT T, ZDKEEE W DId, 77 OFEMICIE Option<T>

DESIERDOZRIATEZZL VI BDTT,

« 8. Rust X F/2K¢L (specialization) 9 H—F L TWERA 2 ZIE 7LD duplicate
DH 2L EE b Xz duplicate(a: u32) #BMT2ZLIETEEEA,

15.5 impl Trait

LA MEREMZ XSS M impl Trait 3BH @5 B E D HEIZBEWTOAFHATRETS !

/1 LU OFELRRESL

// 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)
}
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fn main() {
let many = add_42_millions(42_i8);
println!("{many}");
let many_more = add_42_millions(10_000_000);
println!("{many_moxre}");
let debuggable = pair_of(27);
println!("debuggable: {debuggable:?}");

}

This slide should take about 5 minutes.

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.

o RT XXX LTE, impl Traitd, LA MEREROEADI 22 ) v 7857 X XD &
574HDTY,

¢« BOEDENCHWZIBEIZFED LA F2FET 20 500 BRAZ K35, BARR A4
WBHRLBEVWEWS ZRERLET . ZOZ 2N ENS APLICERAIZIL /- K I\
EIERTT,

B DEOMEICE T 2 HHEmIEAE#ETS, impl Foo %R $BIEIX, 2R3 ERANIY —
Aa—RiIZEIND e RVEE BEGREZENE T, collect<B>() -> BOX5KY =2
Uy 7RI RTEBIE. BEM-TEDIIBRBTHRIT DD 3, /- BN
HUTTRZD XS BB E—DO R BRNERD 20 LNFERA, ZHIX, let x: Vec< > =
foo.collect() & L7=b. turbofish ZH T foo.collect::<Vec<_>>() 322 ¢%
TITRET,

debuggable OANIfAITL x 5%, let debuggable: () = .. ZHALT. 27— Xvt—-2D

NEEMERL TLIEE W,

15.6 dyn Trait

In addition to using traits for static dispatch via generics, Rust also supports using them for
type-erased, dynamic dispatch via trait objects:

struct Dog {
name: String,
age: 18,

}

struct Cat {
lives: 1i8,

}

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

impl Pet for Dog {
fn talk(&self) -> String {
format! ("Woof, my name is {}!", self.name)
}
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impl Pet for Cat {

}

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

// Uses generics and static dispatch.
fn generic(pet: &impl Pet) {

}

println!("Hello, who are you? {}", pet.talk());

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

}

println!("Hello, who are you? {}", pet.talk());

fn main() {

}

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

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

dynamic (&cat);
dynamic (&dog) ;

This slide should take about 5 minutes.

Generics, including impl Trait,use monomorphization to create a specialized instance
of the function for each different type that the generic is instantiated with. This means
that calling a trait method from within a generic function still uses static dispatch, as the
compiler has full type information and can resolve which type's trait implementation to
use.

When usingdyn Trait,itinstead uses dynamic dispatch through a virtual method table
(vtable). This means that there's a single version of fn dynamic that is used regardless
of what type of Pet is passed in.

When using dyn Trait, the trait object needs to be behind some kind of indirection. In
this case it's a reference, though smart pointer types like Box can also be used (this will
be demonstrated on day 3).

At runtime, a &dyn Pet is represented as a *fat pointer”, i.e. a pair of two pointers: One
pointer points to the concrete object that implements Pet, and the other points to the
vtable for the trait implementation for that type. When calling the talk method on &dyn
Pet the compiler looks up the function pointer for talk in the vtable and then invokes
the function, passing the pointer to the Dog or Cat into that function. The compiler
doesn't need to know the concrete type of the Pet in order to do this.

Adyn Traitisconsidered to be “type-erased”, because we no longer have compile-time
knowledge of what the concrete type is.
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15.7 §#E: =2V v 7% 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’ THT2 "min' BEKEFHEEL I,

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");

}

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

* Show students the Ord trait and Ordering enum.

15.7.1 fR%&

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");
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This segment should take about 1 hour. It contains:

Slide Duration
E#ES £ 75 ) 3 minutes
FEaXThb 5 minutes
Option 10 minutes
Result 5 minutes
String 5 minutes
Vec 5 minutes
HashMap 5 minutes

Y. #v > &— 20 minutes

DRI arDEARATA RTREHEPITTRFaAX P R—IPHERL.ED R Y v
RE2WLDOHPED EIFTL X W,

16.1 BS54 T75V

Rusticld, Rust D74 77V rur s ACHHEINS KNI DE v + 2T % DITRILD
BEIATIVPMIBELTVET, 220074 77 V2R L—XITHEEXELZ DN TE2D1E, 2
DEICHA L BFEL String BEMFHL TW37HTT,

ZERE. Rust I2I3EHES £ 75 ) (core. alloc. std)DEBDO LAY BEEFRTVET,

o core I, libc 7R F —&R X HIIEFARL—F 4 V7 AT ADTEEICHRIEL 20,
B EARP A G ENE T,

e alloc iZiE. Vec. Box. Arc z¥.Za— b —F7ur—X 2B r 330nEaEhE
5,

e 2L DBE HDHIAALD Rust 7 7V 1T core DAEHRHL.BEICE > Tl alloc #FHLF
5,

16.2 F*a2XTV b

Rust ICIEFHMHR FF 2 X Y P OHEIATVE T R ZRLE T,
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 All of the details about loops.
C U8 DESHTY I T4 TR,
* Option % BinaryHeap R DT 4 75 V) A,

Use rustup doc --std or https://std.rs to view the documentation.
EREHAHDIA—-RFZFF a2 XY b 2DF5 e TEET,

/1] WAIDO518H 2 FHOFETEIDUINZ 0502 HELET
/17
/11 2 FHOGIEDPLuDGE MRiE false kD 5,
fn is_divisible_by(lhs: u32, rhs: u32) -> bool {
if rhs == 0 {
return false;
}
lhs % rhs == 0
}

AT UVER—I R e L THRORET  NEEINTZITRTORUst 74 77V 71— M,
rustdoc Y — A 2HH LT, docs.rs THEMIZCFF 2 XV IR ELHOENET, ID KX — V1
HLT.§RTORETA T L%2 APITREF 2 X > ML 3D EBHNTT,

TATAN(EY 2a—VARE)DPL T AT L2 RFa Xy MET AWK TR RFaXrrpaxXxy
FIEEENS //) FF /%) .. * 2HEHALET,

[/ ZOFEY 2 — WX B ORICEE S AEERE TN TV E T,
This slide should take about 5 minutes.
« https://docs.rs/rand T rand 7 L — s HICAER I N RF 2 X ¥ P E2ZFHEHITRLE T,

16.3 Option

Option<T> OfFHFIEICDOVTIETTICWL DR TEF Lo ZAUTE T OIEZR ST 2 2. 7]
I L E8 A7z 213, String::find X Option<usize> ZKL £,

fn main() {
let name = "Lowe #J% Léopard Gepardi";
let mut position: Option<usize> = name.find('é');
println!("find returned {position:?}");
assert_eq!(position.unwrap(), 14);
position = name.find('Z");
println!("find returned {position:?}");
assert_eq! (position.expect("Character not found"), 0);
}

This slide should take about 10 minutes.
* Option is widely used, not just in the standard library.

» unwrap (& Option NDEZIR S 2 =y 712720 $3, expect BEFRTIN. =7 —X v
t—Y BRI £9,

- None TH=v 7R 25E5HHD LT ->T) None DF = v 7 %255 Ziddh
DEHA

— %k —fEIC Ny XV 7T A58 DB 2 H T unwrap/expect 2175 OB — KT
D AFRRED 3 — RZ#EE, None % X DEUNILIEL 3,
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* The "niche optimization” means that Option<T> often has the same size in memory as
T, if there is some representation that is not a valid value of T. For example, a reference
cannot be NULL, so Option<&T> automatically uses NULL to represent the None variant,
and thus can be stored in the same memory as &T.

16.4 Result

Result is similar to Option, but indicates the success or failure of an operation, each with a
different enum variant. It is generic: Result<T, E> where T is used in the Ok variant and E
appears in the Err variant.

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!("Dear diary: {contents} ({bytes} bytes)");
} else {
println!("Could not read file content");
}
}
Exr(err) => {
println!("The diary could not be opened: {err}");

}
}

This slide should take about 5 minutes.

» Option & [FERIZ, M L 72 fEIZ Result ONFRICH D, 7R\ v =3 Z %2 PRI S
BZMENDHDET, AR EID T 7 —F =y IEESINE T T 7 —REL TR R LRV
Ak, unwrap() £z expect() ZMHUHT I D TEE T, N TRE Y N—DA VT
VRO TFNTY,

*Result DFFaX Y b2@O Il 2T TDFEL &5, ZOMETIIID LT FEAB ERT
HAMEA DD £ 2D FFa Xy MR AT 075 IV 7L XY v R
BHEZHEENTVET,

* Result is the standard type to implement error handling as we will see on Day 4.

16.5 String

Stringis a growable UTF-8 encoded string:

fn main() {
let mut sl String: :new();
sl.push_str("Hello");
println!("sl: len = {}, capacity = {}", sl.len(), sl.capacity());
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let mut s2 = String::with_capacity(sl.len() + 1);
s2.push_str(&sl);

s2.push('!");

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

let s3 = String::from(" ")
println!(”s3: len = {}, number of chars = {}", s3.len(), s3.chars().count());

}

String & Deref<Target = str> ZFEEL F3, 0% D, String DT RTD stxr XV v N2
O ZenTEET,

This slide should take about 5 minutes.

-Suﬂ@umwmﬁbh$®iiﬂ%ﬁbiﬁiiﬂmfyy;?%?—&@%ﬁb#of
WA HE String: iwith_capacity Z#HL £,

« String::lenid. String %4 X% N4 PHEATERLETCCFREIBZRR 550D D %
EDB

e String: :chars IZ. EBEOXFDA 7L -2 %R LE T, Filsmnr 7 A2 & D, char iz A
BN XF I AT DL IZBRIGEDDHD 5,

o NADPLFHNTIOWTERT 255, HIZ &str £721% String ® 2 & 255 L TV B ATREMED

HHET,
o B3 Deref<Target = T> ZFHELTWEIHE. AV A4 FITED THLH XY v KEEi#EN
WKHEOHE 2 X512k ¥75,

- Deref PL A PZOWVWTRELHAL TOARVZD FRLATIEFEICRXF 2 XY POV A
FN—DEICOWTHIAL TWE T,
- String i% Deref<Target = str> ZEE L., str DXV v RAD T 7t A% &N
WCEFATL %9,
— let s3 = sl.deref(); & let s3 = &*s1; ZEddd L CTHERL %3,
¢ String lEANA PRI Z—DF v = LTEEINET AR X —THKR—-bZhTV3
ARV =2 aryDELIE String THHAR—F SN TVETH WL O2DRFEDEIM ST
WEg,
o String KA Ty 7 RN IF 2 T EIFRGERZHERLE T,
- XFI2E s3.chars() .nth(i) .unwrap() Z#HL £3,. 2 2T 1 3HEANOGESR
ﬁﬁﬂ@%ﬁ%ﬁbi?o
- B FHNTIE s3[0. . 4] ZHAHLE T, ZDOR T4 RIXFHETITDH 255 LI
A#@bi?
* Many types can be converted to a string with 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 1. %4 XEHAJRERIZED b — TEI D BTNy 7 7 TF,

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

let mut v2 = Vec::with_capacity(vl.len() + 1);
v2.extend(vl.iter());
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v2.push(9999);
println!("v2: len = {}, capacity = {}", v2.1len(), v2.capacity());

/] BRETRZ X%t T 2 EH~7 0,
let mut v3 = vec![0, 0, 1, 2, 3, 41;

/] BHEZOARRIFL T,
v3.retain(|x| x % 2 == 0);
println! ("{v3:?}");

[/ EfR T ZEEZHIFRL 3,
v3.dedup();
println! ("{v3:?}");

}

Vec 1X Deref<Target = [T]> Z2FEELTWEL®H, Vec TRATIA A XYy REMUHTZ 2
TZEJ,

This slide should take about 5 minutes.

* Vec |3, String 3 XU HashMap  rdicalryaryo—@TT.a5shTwas7F—&Xidk
— SN EIND 72D, AV AT — 2 BZIERETIHEEH D VA, T — X EITELT
RSN E 721383 2550850 £3,

o Vec<T> 3PV =3 Vv Z7BITITHN, T Z2IRINICIEE T 2 0813H H £ A, Rust ORHERT
WO bIFhILE & 51 BHO push HOH LT T AR SHTO0E T,

evec![...] W&k Vec::new() DRODIMHEHIT Z2EHRD I 2T . RNT X—~DIAEZEDE
mzEdR—rLT0ET,

¢ NI R—WZ AT I RABMFBIE [] 2HEHLEITH EANDOEE I =y I FHEL
T3, 54 get 2T 2 & Option RSN E T, pop BIBIIREDERTHIFRL £ 7,

¢ A7 A4 ROV TIE 3 HEICHAL £ 9. & 3B AT R Vec DfEICE D, FF a2 X
MCRENTZTRTDRATFIARARXY v RIZT7 Z7EHRATE R TR > TWiUI+9 T3,

16.7 HashMap

HashDoS W& HIRET 21EED Ny Y o< v 7
use std::collections: :HashMap;

fn main() {
let mut page_counts = HashMap: :new();
page_counts.insert("Adventures of Huckleberry Finn", 207);
page_counts.insert("Grimms' Fairy Tales", 751);
page_counts.insert("Pride and Prejudice", 303);

if !page_counts.contains_key("Les Misérables") {
println!(
"We know about {} books, but not Les Misérables.",
page_counts.len()
),
}

for book in ["Pride and Prejudice", "Alice's Adventure in Wonderland"]
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match page_counts.get(book) {
Some(count) => println!("{book}: {count} pages"),
None => println!("{book} is unknown."),

}

I TS ROnS b o 5513, centry() XYy FEEHLTHEHZHAL T,

for book in ["Pride and Prejudice", "Alice's Adventure in Wonderland"]
let page_count: &mut 132 = page_counts.entry(book).or_insert(0);
*page_count += 1;

}

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

This slide should take about 5 minutes.
* HashMap i3 7LV 2 — FTERINTVWARWD R AT RXEDLMNENDH D £7,

¢ XD A—FITZMLE T RAMDITCT. BN N Y a2y TITH L0 E I 0 EME L. BWEE
FEBEMEZREL T EBBRO0 B2 15E, 21THT Ay Y a<y AT EZFAL
£9,

let pcl = page_counts
.get("Harry Potter and the Sorcerer's Stone")
.unwrap_or(&336);
let pc2 = page_counts
.entry("The Hunger Games")
.or_insert(374);

e vec! X IZEAL D HEHED hashmap! v 7 viddHH £ A,
— L2 L. Rust1.56 DI Tld, HashMap & From<[ (K, V); N]> Z5EZELTVWET, Z
XD VT INESDR Ny ¥~y TRERICPIIETE X7,

let page_counts = HashMap: :from([
("Harry Potter and the Sorcerer's Stone".to_string(), 336),
("The Hunger Games".to_string(), 374),

1),

» HloJe LT, HashMap (&, Key-Value X 7V AR T 2EED Iterator 2> H/EKT 5
ZEHTEXT,

o ZOAENZIX, std::collections::hash_map::Keys 2 DlXy v FEHD RO EOR
DV OB EFT, ZNEDRE, Rust F¥a Xy FOMBTIIEHINET, 20RO K
FaxXxvbr, keys XV v FIKREZDIZLDY ¥ 7 BB IR LE T,

16.8 {iiH: hU R —
COHEE TR IFFICS v N T — 2 Ez2 AL S DIC L £9,std: :collections: :HashMap
AL T E OMEDHER S L BEAMA R B L 725 2 88 L £ 9,

Counter OFIHEAN—Y 2 iF, u32 DETOAEEET 2 K5 —Fa—FENTWET BT
ZEDANI U THHER L ZDOX Yy FE I 232U v 7L E T, 24U & b, Counter THHW 2
AoEx B TE %I,
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Boicibohald, entry XV vy FEMHHAL T, count XY v FOERIIHRERN Ay a2 by
77y 7OEBEFTICLTAEL & S,

use std::collections: :HashMap;

111 Aoy 238 T OREPHRINBEEZAIY Y P LET,
struct Counter {

values: HashMap<u32, u64>,
}

impl Counter {
11 L Wh o ZEERLET,
fn new() -> Self {
Counter {
values: HashMap: :new(),
}
}

/1] FEESIN-MOREEH T P LET,
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);
}
}

/1] 8B SNTAEDTER SN MIEZ R L F 3,
fn times_seen(&self, value: u32) -> ubd {
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!("saw {} values equal to {}", ctr.times_seen(i), 1i);

}

let mut strctr = Counter::new();
strctr.count("apple");

strctr.count("orange"),;

strctr.count("apple");

println!("got {} apples", strctr.times_seen("apple"));
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16.8.1 A%

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

111 0 ZEH T OFEPHRINEEEDY Y P LET,
struct Counter<T> {

values: HashMap<T, u64>,
}

impl<T: Eq + Hash> Counter<T> {
11 LW h o ZEBERLE T,
fn new() -> Self {
Counter { values: HashMap::new() }
}

/1] FEEINMEOREEI T P LET,

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

}

/1] FEEINTEPHER I NAEERL I,
fn times_seen(&self, value: T) -> u64d {
self.values.get(&value).copied().unwrap_or_default()
}
}

fn main() {
let mut ctr =
ctr.count(13);
ctr.count(14);
ctr.count(16);
ctr.count(14);
ctr.count(14);
ctr.count(11);

Counter::new();

for i in 10..20 {
println!("saw {} values equal to {}", ctr.times_seen(i), 1i);

}

let mut strctr = Counter::new();
strctr.count("apple");

strctr.count("orange"),;

strctr.count("apple");

println!("got {} apples", strctr.times_seen("apple"));
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BRES AL 77 VHND LA b

This segment should take about 1 hour and 10 minutes. It contains:

Slide Duration
D EFE & DL 5 minutes
{HE T 5 minutes
From ¢ Into 5 minutes
¥ X b 5 minutes
Read ¥ Write 5 minutes
Default, & A E#HF07E 5 minutes
ra—3y 10 minutes
8% ROT13 & 30 minutes

FEHES £ 7S DRIV ERRICREEZ D0 TE P LA PO FF a2 X U P RHERLE T,
D7y a iRV GEFTREER - TLZX W,

171 kO FiEL DL

INH5D LA MIMEOHEZSR—FPLET IRTOI LA NI ZHhSD LA FEREETZ Y
4=V REECRAICERTEE T,

PartialEq & Eq

PartialEq d. %HD X Y v F eq LIEEZI N XY v K ne ZFOE R EMBEAKRTS, ==
BTe I=HEFII. IOoDX Yy FEMUIHLET,
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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}
}

Eq (358272 S MMliBE 6/ (R B R FRAY HERE A TH b, PartialEq ZEK L % 3. e 2 F MRz
DEETHBBIE PLA MERE L TEq2EHLET,

PartialOrd ¥ Oxd

PartialOrd & partial_cmp XV v REHo THIMRIEFZERL £3, 24Ut <. <=, >=,
>HETEFRET I -ORBHINE T,

use std::cmp::0rdering;
#[derive(Eq, PartialEq)]
struct Citation {
author: String,
year: u32,
}
impl PartialOrd for Citation {
fn partial_cmp(&self, other: &Self) -> Option<Ordering> {
match self.author.partial_cmp(&other.author) {
Some (Ordering: :Equal) => self.year.partial_cmp(&other.year),
author_ord => author_ord,

}
}

Ord 3 2JEF %R L. cmp & Ordering B L %3,
This slide should take about 5 minutes.
PartialEq 3R 2 OB THETEZE I, EqQ IR TH 27D . HETETEHA,
struct Key {

id: u32,

metadata: Option<String>,
}
impl PartialEq<u32> for Key ({

fn eq(&self, other: &u32) -> bool {

self.id == *other

}

}

FERRCE. ZhAoD LA F2EHT 2 2 3 RITI FEET 20 RTEDD $EA,

17.2 WHETY

HETOA—N—p— R, std::ops ND LA FENLTEEINET,

#[derive(Debug, Copy, Clone)]
struct Point {

X: 132,

y: 132,
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impl std::ops::Add for Point {
type Output = Self;

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

fn main() {

let pl = Point { x: 10, y: 20 };

let p2 = Point { x: 100, y: 200 };

println! ("{pl:?} + {p2:?2} = {:?}", pl + p2);
}

This slide should take about 5 minutes.
HAMDARA Vb

* &Point IT Add ZHEETEE T, ZAI LD K S WK TRITLB £ 35 ?
- [A%: Add:add & self Z#HL X 3. AT 24— N—m—FF 28T 5 Copy TR
HBEE, &T OEHBEF A —N—0— RT3 2T 208N HD £, 24T & D,
MO LT TOARE R 7 u— U R T E %3,
e Output PEIEMITH 2 DIERETIR? TNZ XY v FORIARTI A —-RIZTELZTLED
7
— FWEIZ: BBALD T X — ZIIEH Lotz & o THIEN S vk 3723, BIER (Output 7«
NP LA PoFEEEIC Ko THIFZN TS,
o 2FEHDOANIH LT AMd #FEETEF T, /22 21E. impl Add<(i32, i32)> for Point
lF Point & I ZEML £73,

The Not trait (! operator) is notable because it does not ”"boolify” like the same operator
in C-family languages; instead, for integer types it negates each bit of the number, which
arithmetically is equivalent to subtracting it from -1: !5 == -6.

17.3 From & Into

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

fn main() {
let s = String::from("hello");
let addr = std::net::Ipv4Addr::from([127, @, @, 11);
let one = il6::from(true);
let bigger = i32::from(123_116);
println!("{s}, {addr}, {one}, {bigger}");
}

From 33X n s v, Into 2 HBIICEEINE T,

fn main() {
let s: String = "hello".into();
let addr: std::net::Ipvd4Addr = [127, @, 0, 1].into();
let one: i16 = true.into();
let bigger: i32 = 123_1i16.into();
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println!("{s}, {addr}, {one}, {bigger}");
}

This slide should take about 5 minutes.

e ZD XS IZInto BEEXNL =D NI From DA EFEET 2 08— K TT,

o IString KAEMTZ 2 XRTID XS LBAHG IO AN 2 EE T 556, 200 —VidHe
b, Into 2HHTZ2MLEND D T3, BEX. From 25EE 328, Into D& ®HEET
2R EZTANE T,

174 %+ A b

Rust 1213 BSEAMY AU HIIH D FHAD, as IWEAHRNEF v A NIy E—FZhT0Ed, 2
NHEDF v A MIBE.ZFNOBERINTVWE CEerT 4 7RV ET,

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

}

as DFERIZ Rust TEIC ERIN. TI99v F 74— T—BLTVWEST, 2K FEODFERE
A7 ED/NERANCF Yy AP LD TABRICEONAEKIIK LTSS LNLERFA, NF 2 X
VI EHER UM T ADIaxXy R LTI W,

as ZEA L% v X MIHBIT DI K BRo THAT2 22D DH D FR A £/ kD X
VT F U AEET I N B BRISTOEOFHFHNEE XN/ D2 DI AT RFREE T BAHE
HERHDFETF ¥ A MILERFOUDETERTZEZHNE LTWAEGEEIZD A, Bl I X
NFET(e 2R EAivy FOWNEICERZ <. as u32 Tubd DAL 32 ¥y h2FEIRTZ5E),
HOHZIELWEFE vy A F: u32 225 ubd ANDF v X b)) Tl F v XA PDEBRICTEETH 2 2 L 2l
BT 27291, as Tz < From £k Into 2FH T2 2B IHLE T EL L RWATEE
BWABHZF v 2 MZOVWTUI NI IELWF v 2 P 2B HETENS ZUHEL -WEEIZ,
TryFrom & TryInto 2 C& £,

This slide should take about 5 minutes.

ZDRTA4 ROBTHREEZES Z 8 ZMET LT &0,

as lE C++ DEMF vy A PIBTVWET T — ZDBERDON I[N D 2N T as 2FHITZ &
FRINCHER INFRAMAT G EPREDIFHOaX V V 20h T2 228339
LEF,

CHUT B usize TXF v AR LTA YTy 72 LTHAT 2551 KINTI,

17.5 Read & Write

Read ¥ BufRead Z {33 2T, u8 V—XZMR(TEE T,
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()
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}

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

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

}

FfEIC, Write 235, u8 > 2Rk TcE% 5,
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, "Hello")?;
log(&mut buffer, "World")?;
println!("Logged: {buffer:?}");
ok(())

17.6 Default FL A4 b

Default FL A MEIBDFT 7 50 MEEEKL T3,

#[derive(Debug, Default)]
struct Derived {

X: u32,

y: String,

z: Implemented,
}
#[derive(Debug) ]

struct Implemented(String);

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

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

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

This slide should take about 5 minutes.

o EIFEEETZ LY, #[derive(Default)] TEHTZZLHTEET,
e BHICKZFHRETIEZ.IRTDT 4 =L ERBTFT 7 3L MEIEREXNEIERINE T,
- D) HEEKND TN TORICH Default ZRET 20 ENH D 5,
EHED Rust BIIZ K O E  ZY2ME@, "" 2¥) D Default #REL £ 7,
RS RO MEIIE, 7 7 4L b THEYTNCHEEEL £ 5,
Rust fZ#£5 4 75 V13 . Default 2HETE 3 e 28 LB . 22l T2a >
PR XYy RERELTHWET,
O REE. EIERERGOE R TV E T,

17.7 Zu—x»

7 —Y %R T LAXRICE A 2T TELRWEND D 3,727 L. 2055172 Fn.
FnMut., FnOnce FL 4 FEHZTWVWE T,

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

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

let mut v = Vec::new();
let mut accumulate = |x: 132| {
v.push(x);
v.iter().sum::<i32>()
H
apply_and_log(&mut accumulate, "accumulate", 4);
apply_and_log(&mut accumulate, "accumulate", 5);

let multiply_sum = |x| x * v.into_iter().sum::<i32>();
apply_and_log(multiply_sum, "multiply_sum", 3);
}

This slide should take about 10 minutes.

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

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

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

FnMut 1% FnOnce &% 7 & 4 7T, Fn i FnMut ¥ FnOnce &% 7% A4 7 T3.,2% b. FnOnce
DIERH XN BGEIXEIC FnMut 2 HTZ., FnMut 721 FnOnce I XN 3 5E1THIC
Fn 2 T=%7,

rnu— % 2RI ERT 2HE AR THIUT A \ZTIFCHT) FnOnce ZEA L. X
W2 FnMut, RARIC Fn 22 X 51T L 5, ZAUT K D O LITiZ iR d FITHISTE X3,

In contrast, when you have a closure, the most flexible you can have is Fn (which can be
passed to a consumer of any of the 3 closure traits), then FnMut, and lastly FnOnce.

The compiler also infers Copy (e.g. for add_3) and Clone (e.g. multiply_sum), depending on
what the closure captures. Function pointers (references to fn items) implement Copy and
Fn.

By default, closures will capture each variable from an outer scope by the least demanding
form of access they can (by shared reference if possible, then exclusive reference, then by
move). The move keyword forces capture by value.

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 {E%: ROT13 55

ZOFITI, K7 TROT1I3 S 2 RELE T, 20a—FE T LA 770y Fica— L. R%EL
TWBE Y FEERELTLEIWVFERNIEGM UTF-8 ODF Fickh 2 X512, ASCII 717 7 Rv b
NFEDAEO—FT—>aY L %7,

use std::io::Read;

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

}
// “RotDecoder’ @ ‘Read’ hFL A FEERELFT,

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);
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#[cfg(test)]
mod test {
use super::*;

#[test]
fn joke() {
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();
assert_eq! (&result, "To get to the other side!");

}

#[test]
fn binary() {
let input: Vec<u8> = (0..=255u8).collect();
let mut rot = RotDecoder::<&[u8]> { input: input.as_ref(), rot: 13 };
let mut buf = [Qu8; 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());

}

FhENP 13 XETO 2R —F—2aryEN3 2250 RotDecoder 4 Y RA&XV A%ZEHET 2L ¥ S
BBTL & 9D

17.8.1 &

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 1

a' } as u§;

}

}
Ok(size)
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}

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

#[cfg(test)]
mod test {
use super::*;

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

}

#[test]
fn binary() {
let input: Vec<u8> = (0..=255u8).collect();
let mut rot = RotDecoder::<&[u8]> { input: input.as_ref(), rot: 13 };
let mut buf = [Qu8; 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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18 =
SHHObML—=2I2&kH5Z#

AHONE:

o XEVEH, 54 7% 4 L fEHF = v H—: Rust 23X &V DLW ZHEMRT 2 HH A
¢ AR —bMRA VX NEHES 4 T T Y DKRA V2B,

AT a—)v

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

Segment Duration
52 3 minutes
XEVEHR 1 hour

A<— hKRA & 55 minutes
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XE)EM

This segment should take about 1 hour. It contains:

Slide Duration

Jurzo 5 XEYDOHEL 5 minutes
XEVEHOY Fa—F 10 minutes

FTtE 5 minutes
Lh—T<wrT 472 5 minutes
Clone 2 minutes
Copy % 5 minutes
Drop 10 minutes
EE e g -1 20 minutes

19.1 FuZSA XEFVORMEL

TS MMERD 2 ODJETAEY BEIH Y TE T,

o ARy v — VAR OERE L7 A E ) fEE,
- DV A RFEEEATED, 2> A ARFIZHIL TV E S,
— IEEICEE A&y 7 KA VR EBENT A3 TT,
- BB LIC K > TIThbTh 3 120 . BEBE S TT,
- XEBYFAMECERLTVWE T,

o b — 7 BB N H UACARTE U 72 WME DR R AR,
— [HOY A4 XIFEH T ETRRICREEINF T,
— ARy I I DRRBEHT A SLODT Yy 7 X — 2 ITHNETT,
- XEYDRFMESREEE TR A,

]

String ZIER T2 . R X v ZICEBEEY A4 XD XX T — XPEE I, b — FIEH A4 X8I
REIND T — R (EEOXFI) BB NE T,
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fn main() {
let s1 = String: :from("Hello");

}

Stack

-------------- Heap
sl
t--mmmm e - - + : :
| capacity | 5 | : g
| ptr | 0- +---+_____+__>| H Je |1 |1 |]o |
| len [ 5] : : e
R e [ S + . .

This slide should take about 5 minutes.

e String i Vec KL DEHINTWE D ARERINH D AIETHNI L —F LOFHED
TR Lo THIRTE 2 Z e R FAL £3,

s ZHEMNOLBODONIGEEZ. AT L T —XEBHEHLTXEYHEER L — T2 5E DY
ToHrhaZy., Allocator API ZFH L THR R AL 7y — R EBEETEZ 2 ZHBALTL
72XV,

Z Oft

unsafeRust ZfEHLTXEY LA 7V M ZFHRE ZEPHRE T 2L ZHUILRBDI LS
TRWIZ 2T 208D D £3,
fn main() {
let mut s1 = String::from("Hello");
sl.push(' ");
sl.push_str("world");
/] BETEHTHLRWTL IV, ZRIEFHHOAZHNE LTWET,
/1 String BZDL A 7T b ZRRREL RN 20 ARERDENED
/1 FET MDD D 3,
unsafe {
let (capacity, ptr, len): (usize, usize, usize) = std::mem::transmute(sl);
println!("capacity = {capacity}, ptr = {ptr:#x}, len = {len}");

19.2 XEVEHO7” Tu—F

NS SEIIREL 2200 7V IR E T,

s FHITOXEVEMIZ X 25E24Hf#: C. C++, Pascal 7z ¥
- Tl =P —FRAEVRE DY TCELIMRT 2RIV TR IELET,
- Tl — I RAVEBRELEEN ATV RIBELTWEINE I 2 T 2 0E R H
h %3,
- AT kA . T -3 ERs e ab D £9,
o FETROHEIX £V EHIC X 2582 L4 Java, Python, Go. Haskell 72 &
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- FVRAL VAT LAZED AEYBBRTELL R ETHRREINEEA,
— Typically implemented with reference counting or garbage collection.

Rust TiZZ D 2 2%@AT 2 Z L T MM FOREREL 3,
a4 NVRFOEYR XV EHOFEHIC X 5. e R fil#H & 2k,

AU BRIV FTAMEDOBERIC X > THEBHI N E T,

This slide should take about 10 minutes.

CDATA FIFMOFFEL EREADZHEEI. ZDOXROHFT Rust ZHELTH 55 T 2HE
ELTVWET,

 C T3, malloc & free #HL T — 2 FEITCEH T INER DD T . L H2 T —
LT, free oMEPHLEZSNA. BLERA > RIH LU TEREMNOCHIT. KL LT
BXEVDBREINIZRICKRA VR EHWSET 2. 280850 £7,

o C++ICIFA~—F KA ¥ & (unique_ptr. shared_ptr BE)DY —LBHH TR T X
DN LIC T 2 SRERAEZ FIH L T BB R - 72 8 FICX BV DM E NS L 51T L X
T INHDY —NZBHLTC EROANZZ2IERT 2L HD FT,

 Java, Go. Python TlX. 7 7 LA TERL Ko7 X BV ORFELIHEEL N —RP a1 7 XKk
FLET. NI D . HOWERAL ¥V XDMSIBHAIEREICZ D RROFER LR DA77 4
BDFETEL. GC(H—RIaAL 72 a)iTE TV EA LR B2 #YRFa—=
> I RNEET T,
Rust DFTEMECERHET LIX. ZL DEE EID Y TARL —Y a Y 2 fRICE R L — 3 VR IEEIC
B TCITS 22X D . YuaZX b TCCODNRT 3 —<v U ABRERTEE T, £/, C++ DAY —
FRA VR =V BHBINTVWE T HEIEC T . SBAT Y MY ofiotr 7> a v &2F|
HATEE T  F 9V A LHR=aAL 7> a2 R3320 —RKX—F 4D L—}
HEHTEZT(ZDI I ATIEBRVERA),

19.3 Fifitk

FTRTCDEHANAL VF 4 Y AWZZENBAa—TBHH A a—FHTERHEFERT2 S —I1k
D %9,

struct Point(i32, i32);

fn main() {
{
let p = Point(3, 4);
println!("x: {}", p.02);
}
println!("y: {}", p.1);
}

e ZRHME%Z B LT0wa e RBIL 9, TXTD Rust DIEFFE#EIZHEIC T ATT,

RaA—=ThBHN D L ZEBDE (drop) SN T — BRI NE T I ITTRAM I 7 XE2FETL
’CU y“‘x%ﬁ@jﬂ“@%ij—o

This slide should take about 5 minutes.

HR=Y aLr7yarOEBFEBEL TVWARZHEE X TRX— aL 7 XB3—@#oL— b 12 55
LCERERRERITNRTOXEYVERDOITZ2 22 H>TWVWE T, Rust DI BE—F—F— 1 OFERIH | [F
HOEZHFICEINTVET,
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194 A—T7t=r T4 7R

RAT 2 e BT FREE DBEIL £ 9,

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

* s1% s2ITRAT 2L FAENIBEIL $3,
¢ SIRA—=FHCBB e MBFEL TRVWALTTSFIELEEA),
¢ S2MRRA—FINTT8 B ¥ FHNT - RSN E T,

S2 IZBEIS A Hi

Stack Heap
sl
Fom oo Fom o - + A
| ptr | om-ete-ete--e-te>[HoJe |1 |1 o |t
| len [ 6 | : Tt LT T e e
| capacity | 6 | :
e - + :
S2 KB L 7 f%:
Stack Heap
sl "(inaccessible)"
Fom - - - === + : . +----t+----t----Ft----F----F+----+
| ptr | O---t---t-d-—t->] H | e |1 |1 Jo | ! |
| len [ 6 | S R T B i E T P
| capacity | 6 | S B
. L R + | : :
| - - - - - - oo oo oo oo ool
s2 |
R tomme oo - + Do
| ptr | 0---t----t
| len | 6 |
| capacity | 6 |
R Fommm oo +

ROPID & 512 BBUTMEZIE S &\ 2 DB T A —ZITRAZNE T, 2IUT L D FTEELH
MLET,

fn say_hello(name: String) {
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println!("Hello {name}")
}

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

}

This slide should take about 5 minutes.

o ZHuZ. std::move ZHHLAEWED (DL —T I YA NI ZRABEREINTVERWVIED)
HEa—F2, C++ DT 74V M RIHETHI e ZHAL T,

s BHITZ2DIEFIEMDATT . T —XEEEZERIET 272Dy a— RPERINEZNE S
PERELLOBETHH. Z0E5 R a -0~y rya— FZESNCEELX TR
XY ET,

o HAMiIZECBEE L NICIE Copy D —2 22 e TEZFT(HRDOR T4 FESE),
* Rust Tid. 7 o — Y IZHRINZ clone ZfH L TiTbN £ 7,
say_hello OfIONEFIIRD B H T,

* say_hello ORYIOM-UH LT, main ik name OFTEMEEZKEL £ 3, ZDHKIE main AT
name 2MEATEZ< D T,

e name IZEI D HToHAZ—F XEVIX, say_hello B ORB TN E T,

e main 2% name ZZfr L THEL (&name). say_hello 2385 X —& & LTS ERZIT AN

56, main I3TEEZ IR TE £,

7203, main BBRAYIOFECH LT name ® 71— (name.clone( )2 ET I dTEE T,

Rust T3, 4—7 kx>T4 72A% T 734 ML, Z7a—rE 707 o< RO

TVWET, ZAUTE D, C++ KHRTERE T a—2ERT 2V A7 PERMEINLTVET,

Z Dft

Defensive Copies in Modern C++

BHD C++ Tl ZOMEZFID T IETHIRL £7,
std::string sl "Cpp";
std::string s2 = s1; // sl &7 —X2&@HLE7

¢ S1HDb—FTF—apERIN, s2IBEGOMLa -2 IS L £3,
¢ sl¥s2Ra—FIR2 . ENETNHEDXEY 2L %75,

a ¥ —AH:

Stack Heap
sl : :
Fommm e oo o Fommee oo + : : B
| ptr | 0---te-mtesbete>| C | p [P |
| len | 3 | : L T,
| capacity | 3 |
oo - Fomme oo +
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Stack Heap
sl : : :
oo - Fomme oo - + : : T A :
| ptr T e e e I N N I
| len | 3 | : R T PR :
| capacity | 3| : : .
Fomm - - - t------- + :
s2 :
R et R + I a s S o .
| ptr | ottt O p ||
| len | 3 | : R LT ST :
| capacity | 3 | : :
e to-aa--- + : :
LS

e C++ D7 Fu—FII, Rust YI3ETERYET, = 2T 27— av—Xh37=D,
NFHF—E2D 70—V BERTA3RERDH B0 TT.Z9 LAEVE W FNHDOXFES D X
a—TNC o2 BICERBROIRELE T,

o C++ (Tl std::move dHH FTH, ZHUMEEL L — T TEEXA IV T RRT DI
NFET,ZOHIT s2 = std::move(sl) o TWEESIX. E—FE D Y TI{fTbh R
o =T, SLIZBENTHS DD KRIEEDIREICHD £F, Rust 2B LD . Frro=
—lk sl 25l &HxfHTE T,

e Rust 138D, C++ D =3, a¥—F R E3BEIXN 2B L > TIREXINZITEDa— %
EITTEE T,

19.5 Clone

fHEDav—2ER LW, Clone LA F2FHTEET,

fn say_hello(name: String) {
println!("Hello {name}")

}

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

}

This slide should take about 2 minutes.
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The idea of Clone is to make it easy to spot where heap allocations are occurring. Look
for .clone() and a few others like vec! or Box: : new.

BHF =y I—ELRVEEIIE Y DRI 27—V 2ERL TR TEWTIL. DS
ra—rDinwa— FADORELERAZDD IS HB LTI,

* clone generally performs a deep copy of the value, meaning that if you e.g. clone an
array, all of the elements of the array are cloned as well.

The behavior for clone is user-defined, so it can perform custom cloning logic if needed.

19.6 Copy !

S LTOT 74NV MNMEL—TER YT 4 ZRATIBFEDHTIET 7 v bTav—2Ttbh
£9,
fn main() {
let x = 42;
let y = x;
println!("x: {x}"); // would not be accessible if not Copy
println!("y: {y}");

}
INHDRE Copy PLA FEFEELTWENLTT,
BRIEPDEBRBLEZMEHOBOFT 740 2 ab—b< T4 72T 52 e R ET,

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

fn main() {
let pl = Point(3, 4);
let p2 = p1;
println!("pl: {pl:?}");
println!("p2: {p2:?}");

s RARRIE. pl & p2 DM MEHD T —XZFE L X,
* pl.clone() ZHHL TTF—XZHRNICI—-F25Z2HTEET,

This slide should take about 5 minutes.
av—rru—ERIEFICTIEH D 8 A,

« OV XEBVYHEBOY Y FMHEMaV—DZ e THH EEDLFT T 7 FTIIEREL =8
Ao

e A —TWRHIRZ LYy ZI3MEHATEZFHAC++ DIV —a A7 7 X FER D £9),

o 70— MERUEZ & D — RN ARL—2 5 THD, Clone FL A F2FEETZI L THIRR
LEMES AJHEIC A D £5,

e Drop ML A PEEELTVRETIE, 2V —I3HETEA,

EREDBIT RDSTEZRL TS W,

» String 7 4 —/V F% struct Point (ZEML %£7, String 2% Copy TR W, a v
NANTERLBDET,

» derive JEMA 5 Copy ZHIFRL 3. pl @ println! Tar 45 =5 —AREL T,

s Kbhizpl D/ e —Y 2T TS 2 ZRLET,
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» Shared references are Copy/Clone, mutable references are not. This is because Rust
requires that mutable references be exclusive, so while it's valid to make a copy of a
shared reference, creating a copy of a mutable reference would violate Rust's borrowing
rules.

19.7 Drop LA b

Drop ZEEL TV AETIF. Ra—T ol s L 2IFETT 23— FEHEETEET,

struct Droppable {
name: &'static str,

}

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

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

{
let b = Droppable { name: "b" };
{
let c = Droppable { name: "c" };
let d = Droppable { name: "d" };
println! ("Exiting block B");
}
println! ("Exiting block A");
}
drop(a);

println! ("Exiting main");
}

This slide should take about 8 minutes.

* std::mem: :drop & std::ops::Drop::drop E[FJULTEHH XA,

o« 2a =B fHIFEBIIC Fr Yy T E T,

2R ay TEINBEE, std:ops::Drop ZEEL TV AHEIE. Z D Drop: :drop E%h
P EnE 7,

o ZD%, Drop ZEEL TWANE I D22 DLLI . TRTDO7 41—V Kb Fry FINET,

e std::mem: :drop F EEOMEEZIIEZ ZOBICT EFH A EERDIX, ZOBEKMED
FIAMEZIISS 2 28 T RA—TORETHEI PRy TE3NL L TT, 2. Ra—74hc
2 BENMEZ BRI R a y 73 5 7D O ITETT,

- ZOJIKE. drop TR SO (R v Z DRI 7 7 AVD 7 a— Xk )BT 4T
=7 MZERT % L EHTT,

MDA A > b
* Drop::drop 7% self Z I X =& & LTHHRWVDIFRETTN?
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- BWwEE: ZzoHA. 7ay 7 oR%KIC std: imem: :drop I H XN B 7D, HD
Drop: :drop MU EIN ALK Y 7 F—N=T0—0F%ELET,
« drop(a) % a.drop() IKEZMATATILEI W,

19.8 ¥ v X —H

ZOBI T, TRTDTF— X2 o8 MR T — 2P FEL T, TUILKX— R&Z— > THEF B
PHEALTHLWMEEZ 1 D3 OMETE2X51CLET,

WIFTOBEFEFTRALTLIZE N,

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

#[derive(Clone, Debug)]

struct Dependency {
name: String,
version_expression: String,

}

111 V7 927 NoFr—Y DR,
#[derive(Debug) ]
struct Package {
name: String,
version: String,
authors: Vec<String>,
dependencies: Vec<Dependency>,
language: Option<Language>,

}

impl Package {
/1] DRy —Y DERBEPRERGRLE LTEL.
/11 Dy r—TDE L FICHEHL %7,
fn as_dependency(&self) -> Dependency {
todo! ("1")
}
}

/1] Ry r—=IDELE—, “build()" ZfEHLT "Package™ HEZENKL X3,
struct PackageBuilder(Package);

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

/1] RNor—IDNN— 3 v ERRELET,
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fn version(mut self, version: impl Into<String>) -> Self {
self.®.version = version.into();
self

}

111 Ry r —IEREZRELET,

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

}

/11 REFBERZBML 5,

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

}

/1] SRBERELET RELBWEE. EIEZT 7 4L T None 127D %79,
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 =
PackageBuilder: :new("log").version("0.4").language(Language: :Rust).build();
println!("log: {log:?}");
let serde = PackageBuilder::new("serde")
.authors(vec!["djmitche" .into()]1)
.version(String::from("4.0"))
.dependency(base64.as_dependency())
.dependency(log.as_dependency())
Cbuild();
println!("serde: {serde:?}");

19.8.1 %

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

}

#[derive(Clone, Debug)]
struct Dependency {
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name: String,
version_expression: String,

}

111 V7 927 Noir—Y DR,
#[derive(Debug) ]
struct Package {
name: String,
version: String,
authors: Vec<String>,
dependencies: Vec<Dependency>,
language: Option<Language>,

}

impl Package {
111 ZD8y =Y ORBEMKAFEFRE L TGRL,
/1] DRy r—I DL RIHEHL 3,
fn as_dependency(&self) -> Dependency {
Dependency {
name: self.name.clone(),
version_expression: self.version.clone(),

}

/1] Ry =YD LE—, “build()" ZfEHLT "Package’ HWEZENKL X3,
struct PackageBuilder(Package);

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

111 Ror—IDONN—TaryaERELET,

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

}

111 RNy r—IEREZRELET,

fn authors(mut self, authors: Vec<String>) -> Self {
self.0.authors = authors;
self
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/11 REFBERZBEML 5,

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

}

/1] SEERELE T RELRVEE.S8ET 7 4L T None 12720 £7,
fn language(mut self, language: Language) -> Self {
self.0.language = Some(language);

self

}

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

}

}

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

This segment should take about 55 minutes. It contains:

Slide Duration
Box 10 minutes
Rc 5 minutes
FiEXNh=r L4 A 7Y =22+ 10 minutes
HE: N F UV Y — 30 minutes

20.1 Box<T>

Box k.t =7 EDF —XANDFTEKRA VR TT,
fn main() {
let five = Box::new(5);
println!("five: {}", *five);

}

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

Box<T> i& Deref<Target = T> ZEEL TWS7®H, Box<T> IIHLTT DR Y v FEEHITS
M Z e TEET,

Recursive data types or data types with dynamic sizes cannot be stored inline without a
pointer indirection. Box accomplishes that indirection:

#[derive(Debug) ]
enum List<T> {
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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:?}");

}
Stack Heap
list
Fom oo Fom e+ S Fome e+ Fomo oo Fome e+
| Element | 1 | O--+----4----- +--->| Element | 2 | 0--+--->| Ni1 | // | // |
R et F----t----+ - +----+----+ F------ +----+----+

This slide should take about 8 minutes.

* Box & C++ @ std: :unique_ptr & ITWEFA, null TERWI EBRIEX N TV S D
D %9,

Box I3RD & 5 RGEIKILD £ 7

— have a type whose size can't be known at compile time, but the Rust compiler wants
to know an exact size.

- REDT—RDFEMEZ L—T LEWEB ARy 7 FORBO T — & a—Shkwn
X2 FT 21 RODICBox XD =T LT =X ZHH L. KA > ZDABH X
NdE51CLEY,

fR1Z Box Z{#HAE 31 List & List ICEFBHDHIAS S T3, a2 %4 FIIAXAEVNOHE
EEROEEY A XZFEL L 2 LERA(List FEBRY A4 ik £3),

BoX N DIEZMRIRTE B DIZ. ZOH A ABBEHDRA YR EFEULTH Y Hizk —FHOD
List DR BEZERIET IR T ELS T,

» 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.

* Though Box looks like std: :unique_ptzr in C++, it cannot be empty/null. This makes
Box one of the types that allow the compiler to optimize storage of some enums (the
“niche optimization”).

20.2 Rc

RCIZ BRI Y P EINTHE RS VX TT EROGH» ORI T — 22 SRT 208D 255
WAL ET,
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use std::rc::Rc;

let a
let b

fn main() {
= Rc::new(10);
= Rc::clone(&a);
println!("a: {a}");
println!("b: {b}");

* See Arc and Mutex if you are in a multi-threaded context.
o HKRA V&% Weak KA Y RICKD ¥ 7L — K (downgrade) $5 . Fay 7INbH% 42
NEETEE T,

This slide should take about 5 minutes.

*RCOAIVY MISRPDHABOEMTHSZ BRIELET,

* Rust ® Rc i& C++ @ std: :shared_ptr iIclTVWE 3,

e Rc::clone DEIEIIRETI M UE D Y THEBADRS Y XEERK L. SE I > b EHES
FTEITT. T —7 27—V 2R LRV T, HRE L ORMEET % a2 — K2 583581230l

W T 5 Z LK E T,
e make_mut & HEIZIGC THEOMED 7 10— > 24 L ([clone-on-write ) . A|ZZ IR 2R L
%9,

* Rc::strong_count ZEH LTS A Y~ F 2R L 5,
* Rc::downgrade i, (£ DA, RefCell MlAGDLEOMYNC Fr Yy TIN50 4 7)1
EERT 2720 DB H 7 > + (weakly reference-counted) 7Y = 7 s 2L £ 3,

203 FifiEhZbLA4 bATO =2 b

We previously saw how trait objects can be used with references, e.g &dyn Pet. However,
we can also use trait objects with smart pointers like Box to create an owned trait object:
Box<dyn Pet>.
struct Dog {

name: String,

age: 18,
}
struct Cat {

lives: 18,

}

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

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

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

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

}
}
pets ZEHID HTHEDAEV LA TV b !
Stack Heap
"pets: Vec<dyn Pet>" : : "data: Cat" L EE T PR,
e tommoo- + : L Fommooo- + | F | 1 | d | o |
| ptr | 0---t---+--. : | lives | 9 | R et E T
| len | 2 | N e e + A
| capacity | 2 | S A
e tommo o + S | B .
S | data: "Dog" |
I | S e +
-------------- R tooo| -t | name | o, 4, 4 |
--+-->] 0o | 0 O-|----- >| age | 5 |
+-|---+-|---+ Fom oo S +
| |
e .
| |
| | "Program text"
T
| | vtable
| | R T L LT T +
| T----- >| "<Dog as Pet>::talk" |
| e +
| vtable
| o e e e oo o +
B >| "<Cat as Pet>::talk" |
R +

This slide should take about 10 minutes.

s [AUMLA FZHEETIHUTH-THZDVARXERRLZI DD ET 20D, LOHIT
Vec b EHL Z I TEERA,

e dyn Pet iZa > 4 F12,. ZORIP Pet LA bERETIEHNZY A ZDBITHZ Z %5
ZET,
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o LORITE pets ZRA Xy ZITHREIN R X —DF R -7 LIZH D F T, _DDXRY
X—DERI TPy RAR TT .

- 77 v bRA XX double-width KA > X T, ZHAUIZODERDM SR D T (HED
FTI2T PANDRAL Y RE . ZFDATI =27 D Pet DFEED =D DIRIEEEAKT— 7
(vtable) T3,

- "Fido” x 44 &7z Dog ® 7 — &l name & age @ 7 4 —/L Rizxtin U & 3, GRIE:
"Fido” L I3 kK H 2 ROBEMT.HAB TS IRF O K5 RAFTT)HlO Cat 12
lives 74— A F2d D FET,GRIFE: 22T Cat ¥ lives b WH 7 4 — L FEFSB, 9
THIHHE L T2 DIi3”A cat has nine lives” —J§lZ 9 oD @mEFHFO - WS 22 LXK
HRLET.)

o FOBNZBWT,. FOa— RICXZ2HNEREZLRNTAZL x5 ¢
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>>());

20.4 HF: N4 FUYYVVY—

NAFUYY—=E . TRTD/ —FIZ220DF(ELH)BH 2V ) —RDF— XEETT, 2 2Tl
& — EPMEENT 2V ) =2 ER L E T HARHED / — K NIZOWT, NOEfOSTY 1) —
NDFTRTD/ — RIZZ & /M WEREER, NOGHIOY 7Y ) —HADFTRTD . — RIZiZ& D
RKEWVENPZENE T,

RO FE LT HRES T A M@ L L5ICLET,
BIMOEE: AL F VYY) —IEZIEFRIGET A 7L — X2 HEL LT,
[11 NAFVYY =D =K,

#[derive(Debug) ]
struct Node<T: Ord> {
value: T,

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

111 ZORRENED D 297> ) —,
#[derive(Debug) ]
struct Subtree<T: Ord>(Option<Box<Node<T>>>);

111 NAFVY) —2FHLTCEHOHEERNT 23> 77

/17
/1] RCEPEREREME MGG ZOMHEIE 1 BRZTEHE s,
#[derive(Debug) ]

pub struct BinaryTree<T: Ord> {
root: Subtree<T>,

}

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

// Implement

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()
}
‘new , “insert , "len’, and "has’

#[cfg(test)]
mod tests {

use super::*;

#[test]

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); // [HED7 A 7 A TlEizwn
assert_eq!(tree.len(), 2);

for “Subtree .

(0..exp.len()).map(|i| tree.has(&(i as i32))).collect();

&[false, false, false, false, false]);

false, falsel);
false, true]);
false, truel);

true, truel);

}
#[test]
fn has() {
let mut tree = BinaryTree::new();
fn check_has(tree: &BinaryTree<i32>, exp: &[bool]) {
let got: Vec<bool> =
assert_eq! (&got, exp),;
}
check_has (&tree,
tree.insert(0);
check_has(&tree, &[true, false, false,
tree.insexrt(4);
check_has (&tree, &[true, false, false,
tree.insert (4);
check_has(&tree, &[true, false, false,
tree.insexrt(3);
check_has(&tree, &[true, false, false,
}
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#[test]
fn unbalanced() {
let mut tree = BinaryTree::new();
for i in 0..100 {
tree.insert(i);

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

20.4.1 R

use std::cmp::0rdering;

[1] XA FYVY—=D)/—F,

#[derive(Debug) ]
struct Node<T: Ord> {
value: T,

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

/1] ZZORREMEDH 20TV ) —,
#[derive(Debug) ]
struct Subtree<T: Ord>(Option<Box<Node<T>>>);

[1] NAFUV)—%FHL T EHOERENT 22> 77,
/17
/1] FCEPSEREEME N 5E8. ZOEIE 1 NI s,
#[derive(Debug) ]
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()
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}

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

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

None => self.0® = 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

}

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),

I

}

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

}

impl<T: Oxrd> 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"));
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#[cfg(test)]
mod tests {
use super::*;

#[test]

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); // [HEDO7 A 7 A TlEizwn
assert_eq! (tree.len(), 2);

}
#[test]
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, 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, true]);
}
#[test]

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

130



o VI il

Day 3 : PM

131



21 %
BMZD

Including 10 minute breaks, this session should take about 1 hour and 55 minutes. It contains:

Segment Duration

& H 55 minutes
74 7%4 2 50 minutes
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This segment should take about 55 minutes. It contains:

Slide Duration
fEDfE 10 minutes
fBRF v 10 minutes
Borrow Errors 3 minutes
RAT 2 10 minutes

HE fEEICE T 255 20 minutes

22.1 fHDIEH

BRI L 72 X 5 I B RO T & 2 ICFTEHEZBEIT 20 D I B CcHEEZEHTE 3,
#[derive(Debug) ]
struct Point(i32, i32);

fn add(pl: &Point, p2: &Point) -> Point {
Point(pl1.0 + p2.0, pl.1 + p2.1)

}

fn main() {
let pl = Point(3, 4);
let p2 = Point(10, 20);
let p3 = add(&pl, &p2);

println! ("{pl:?} + {p2:?} = {p3:?}");

e add BAIZ 2 2D RA Y b2 BEA LFILLVES Y P E2RLE T,
o MU LICIZI AN DOFTEEEZ L £,

This slide should take about 10 minutes.

CDAF4 TR, 1 HHOZRICHET 2ERZIRDIED TIHA. D ULREIRT BB ERED
HdHEDTVET,
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Notes on stack returns and inlining:

* Demonstrate that the return from add is cheap because the compiler can eliminate the
copy operation, by inlining the call to add into main. 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:

#[derive(Debug) ]
struct Point(i32, i32);

fn add(pl: &Point, p2: &Point) -> Point {
let p = Point(pl1.0 + p2.0, pl1.1 + 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:?}");
}

* The Rust compiler can do automatic inlining, that can be disabled on a function level
with #[inline(never)].

* Once disabled, the printed address will change on all optimization levels. Looking at
Godbolt or Playground, one can see that in this case, the return of the value depends
on the ABI, e.g. on amd64 the two 132 that is making up the point will be returned in 2
registers (eax and edx).

22.2 fEHF=z= v

Rust O fEAF T v h— B EZEMT 2 RICHIR 250 5 EREDMEIIH LT HIZXOH|RA
MSNEI,

s EANOIAESHE 1 DL ERS Z ek £ 3. £,
o ENOHHSEE 1 D7 RO Z e KR E T,

fn main() {
let mut a: i32 = 10;
let b: &i32 = &a;

{
let c: &mut i32 = &mut a;
*c = 20;

}

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

This slide should take about 10 minutes.

s B BAT 2SI UCRARHEAE LRV I LTI SRA L ZTHAIA T THHVEE
/1/0

e FRtoa—NiE adcz@UTAZL LTEHENATWS EFFHZ, b 2B THAZLEE LT
fERHEN TV, a Y LV TEEE A,

*b®println! X7 —FrX Y b2 c ZEATEZ2RXa-JORNIIBHLT.a—Fzar {1
k2 X5 LET,

s COEHZ a4 73 cRBLaDAZESZRID DAL bAEDATVW RV b
WHLEST U 2 v x> hL 54 7% 4 4 (Pnon-lexical lifetimes”) | & FHIN % fifFH F
v —DHERET T,

o P SIRHIRNIIEF IR TF, Rust X Ol ZHEH L T, 7 — X ANDBEDFE L2 &
T HLedI.a—FEeREMLLTVET L AR EASREZEL TEONLHII. ZD
SO T DB ERC LI RARXICF vy v > 2T 5 BHRET

o EHF = v X HWEERNORRZ 7 4 — L FADOHHIZ I Z FRICHUG T 272 8.2 0—
A7 R R — BT 2 & ICHEFI IR TVET L LIRS X > TMERF = v h =
aA—FERELLEMTET . MMERHF v h— OOV IICHET 22202 HH¥T,

22.3 Borrow Errors

As a concrete example of how these borrowing rules prevent memory errors, consider the
case of modifying a collection while there are references to its elements:

fn main() {
let mut vec = vec![1l, 2, 3, 4, 5];
let elem = &vec[2];
vec.push(6);
println!("{elem}");
}

Similarly, consider the case of iterator invalidation:

fn main() {
let mut vec = vec![1l, 2, 3, 4, 5];
for elem in &vec {
vec.push(elem * 2);
}
}

This slide should take about 3 minutes.

* In both of these cases, modifying the collection by pushing new elements into it can
potentially invalidate existing references to the collection's elements if the collection
has to reallocate.

22.4 PIERRI 2k
BEICE->- TR EEGARYERA)SBOERICHEIT—XEEETINERD D F3,722 213,

HET-XMEEICHIRF ¥ v > 2B D Z0OF v v aiHARDEHXY v N6 BHrs 20505
BHDHEVDHD £,
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TERATZE M ) o8& — IR AR Z B L PRI (ATZ) 7 7 R 2 A[REIC L R 5185 4 75 VI
3 CNERBATI DD HENRWS OPHABEINTED E@EE I VXA L F2v 7 2FTT2
e TCREMERMERL T,

Cell

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

use std::cell::Cell;

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

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

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

These types perform dynamic checks using a counter in the RefCell to prevent existence of
a RefMut alongside another Ref/RefMut.

By implementing Deref (and DerefMut for RefMut), these types allow calling methods on
the inner value without allowing references to escape.

use std::cell::RefCell;

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

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

}

println!("{cell:?}");
}

This slide should take about 10 minutes.

CDRT7A4 FTEELDIF, Rust K HAESROBRICH 27— X2 LW T 2 LRRITEPHES
NTVWBEWVWS T TT . KENZMRT 2ICE S FTIERGENDHD 92, 2 2 Tld RefCell &
Cell ZHH LT £,
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e RefCell . 5> &AL Fxv bz Rust DEHEDMEHANL—LEBOEESIBE 2138
—DHHMEZIR) ZFEHAL T3, ZDGBE. TR TOBHIFIEFICEL BEEHLEW:D. F 2 v 7%
BRI LET,

— The extra block in the RefCell example is to end the borrow created by the call
to borrow_mut before we print the cell. Trying to print a borrowed RefCell just
shows the message " {borrowed}".

o Cell I3 Z2MZMRT2DDID S Y IAVRFRTHY, &self ZZIFH S set XV v K
EHATVWET 7V RAL T2y 7 30EDD FEANMEEBHT 2HEPH D, 2T X
STIARMYFEAETLZIEDHD ET,

* Both RefCell and Cell are !Sync, which means &RefCell and &Cell can't be passed
between threads. This prevents two threads trying to access the cell at once.

22.5 [EH: HEECE T 5 Hint

EREHS X7 LOFED—ERE LT, 22—V —O/FICE§ 2 MEHERZ EBY§ 2 BN DH D 7,

impl 7m vy 7 DR X 7R L. User iEARDERD D 2 IKEH HBB L £9, User MiERD
impl 7By ZIZBWTREX TMLE BB EHELT 52T,

LUR® a— ¥ % https://play.rust-lang.org/ iIZa bt — L. FEEDB WA Y v FOHhGZ2FEEL 7,

// TODO: FEENE T L6, 2NzHIERL £3,
#![allow(unused_variables, dead_code)]

#![allow(dead_code) ]
pub struct User {
name: String,
age: u32,
height: 32,
visit_count: usize,
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: 0, last_blood_pressure: None }

}
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pub fn visit_doctor(&mut self, measurements: Measurements) -> HealthReport {
todo! ("Update a user's statistics based on measurements from a visit to the doc
}
}

fn main() {
let bob = User::new(String::from("Bob"), 32, 155.2);
println!("I'm {} and my age is {}", bob.name, bob.age);
}

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

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

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

22.5.1 f#%&

#![allow(dead_code) ]
pub struct User ({
name: String,
age: u32,
height: 32,
visit_count: usize,
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,
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}

blood_pressure_change: Option<(i32, 1i32)>,

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(lbp) => {
Some((bp.? as 132 - 1lbp.? as 132, bp.1 as 132 - lbp.1 as i32))
}
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!("I'm {} and my age is {}", bob.name, bob.age);

#[test]
fn test_visit() {

let mut bob = User::new(String::from("Bob"), 32, 155.2);
assert_eq! (bob.visit_count, 0);
let report =
bob.visit_doctor(Measurements { height: 156.1, blood_pressure: (120, 80) });
assert_eq! (report.patient_name, "Bob");
assert_eq! (report.visit_count, 1);
assert_eq! (report.blood_pressure_change, None);
assert!((report.height_change - ©.9).abs() < 0.00001);

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

assert_eq! (report.visit_count, 2);

assert_eq! (report.blood_pressure_change, Some( (-5, -4)));
assert_eq! (report.height_change, 0.0);
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5 23 B

F7A7RA4 L

This segment should take about 50 minutes. It contains:

Slide Duration

By o4 724 A 10 minutes
474 LOEW 5 minutes
koS4 7% 4 24 5 minutes
{#%: Protobuf Of##T 30 minutes

23.1 PB4 724 A

SHRICIZTA 7 RA LB, IS T2MEID TR FEHI L TERD ¥ A, ZHIERF =
v H—IC ko THIEENE T,

INETRTERLBD . 94 7 X4 ZIRBRRC/Z T35, &'a Point, &'document str @ &
SR ET AL TEE T .54 7R A LT THED, 'adp—BlRTF 7+ L 4T
T, &'a Point iZ.TH 4R ed 54 7% 4 4 a ORTEME A LE Point 2 R L ET,

A TRALIFEZAY R, I EoTHNEINEST B TIA 7XAL2E DY THIIETE
FHAMARNZIA 7XA L T/ T7—avaEHTae. bunEnie 2AIZHNERT e
TEFET, ZRUTH L. T, FRBZF DRI 2T 74 7 XA L ERETELZILEMIEL T,

BBUCEEZEL BB SMEERT e 2ERBTIGE. 94 7 X4 23X D BRI 5,

#[derive(Debug) ]
struct Point(i32, i32);

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

fn main() {
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let pl: Point Point (10, 10);

let p2: Point Point (20, 20);

let p3 = left_most(&pl, &p2); // p3 D7 A 724 LIE7?
println!("p3: {p3:?}");

}

This slide should take about 10 minutes.

COPITIE. av 473 p3DIA4 774 L%2HlT2IHNHERETAABEBEREKONEZ K2
2L p3DIATEALEPLE p2OWVTNLENLL LBETESZZeAbhD T2 M
FEEIC, Rust TIEBABOBIBRREDEIC T4 7 X4 LOHRNR T ) 77— 2 Y RBETT,

left_most Z 'a Z@EYNTEML F3,
fn left_most<'a>(pl: &'a Point, p2: &'a Point) -> &'a Point {

AU Tpl & p2 OHifi28 'a KD RLFEHT 2L R DEIEID LD "a DIEFEHT 2L VWO E
R D £5,

— MR — A TIERDAT A FTHHEHTZ L7472 1B TEET,

23.2 BB 74 724 A4

B DT IBPRERDED Z 4 7 X2 4 JMIZERIIEET 20EH D £330, Rust TIHIL AL DHA,
WL OPDREHRZNL—=MTED T4 7 XA LB TE T, THUIHER TR < XD EIBIZIC
TEEEA

¢ TATERAL T ) T—arPMIouTuRWEsIEIZIE, 1 2DF74 7 X4 L5260 F T,
CBIBDITA T RA LML OLDRVGEE. 7/ T—YaDRVEDVETRTICED I A 7 X
A LBEZENET,

s FIE DA T RALDEED Y BAIDTA TR LD self THIGE. T/ T—2a>Di
WERDEITRTIZEDTIA 724 LBE5EZHNET,

#[derive(Debug) ]
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)));
3,
}
nearest.map(|(p, _)| p)
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fn main() {
let points = &[Point(1, @), Point(1, ©), Point(-1, @), Point(0, -1)1;
println!("{:?}", nearest(points, &Point(0, 2)));

}

This slide should take about 5 minutes.
Z O T, cab_distance BT 254 7 X4 A0 RIFEAKEINTVE T,

nearest B BRI Y /) T —> a v ELEY T23EROZRESIFICEDEBEOD 5 —>o0D
BTd,

BENBETATREALLIWZOWTIED 7 /) 7 —>a 232 L5 72 F vy 2L TAEL &
Jo
fn nearest<'a, 'g>(points: &'a [Point], query: &'q Point) -> Option<&'q Point> {

Z5FT22a AR ELRARDET, IR ThEDOBE. av L IMNT ) T—a vy OE4MY
%?x/ﬁbfmétmipt%??%®1?ﬁjj\ph@$®$4/&@dﬁﬂﬂm0k@éf
WBEHFERTA7E—7 Rust ZHiHT %% I I DB —DFEREB>TVWET,

FTATRAL LEED XD RGE k@v«%ﬁ\xﬁ%# B 2250 LILERA, Rust DIEH
TIREWRXIATEZALEFERALET I AL DS ABLEHEGR LD . 54 7 X4 22500 T 5
MBI HD FRA LV EMRr —ATR. A T7RAL 7/ T7—arEFEHTZIETHOEN
ERBRTEXF T ZLOBEAE B a N 2 Ay VTR BB U TEEZ e —=V 2 LTTA
F— R BN 3 5 HBEHETT,

233 T—RMELIALTRA L

F— RARIPER T — R BN ST AEE. 94 7R A LT ) T2 a v EMITARERH D 5,

#[derive(Debug) ]
struct Highlight<'doc>(&'doc str);

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

fn main() {
let text = String::from("The quick brown fox jumps over the lazy dog.");
let fox = Highlight(&text[4..19]);
let dog = Highlight(&text[35..43]);
/[l HEGFAN)
println! ("{fox:?}");
println!("{dog:?}");
}

This slide should take about 5 minutes.

o LR, Highlight 7/ 57—y a2 itk h NE XN &str DBIED 7 — X1, A
B b ZDTF—REMHT % Highlight O 4 ¥ 2 X ¥ ARFEET R D 176 L2 Uk
5<% %7,

o fox (£71xdog) DT 4 7 X4 DT T HHNC text WMEHZ N D & fEHF = v -3
7—%ZAn—LX7,
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s HBLET—XPEENAHTIE. 2—F 130T — 2222282 kT, 2
BREDOV 2 —2ERT 2855 @R T30, RN b 9,

s MIEECHIUR. T —XHEDN T — R EERMETE5X51ICLET,

s WHICHEBDSIRD S 2 BRI EBBDIA 7 RAL 77T =2 aDBEaEN3 5505
DET, ZNDBDEIZR DI MEERBIED S A4 7 X2 A4 LT THLIBRBERLEDI A 724 A
DR ERRT 2 HELND ZGETT, CHIEHICEERL— X5 — 2T,

23.4 i Protobuf Ok

Z OEEF T, protobuf N4 F 1) T a— FHDON=H—%2ERL T AT LD BHHETITO
TUDEEWD FHA ZHUE T — X DRA T A A& T —RINREN 2 — 2 2R L TV E T HIC R
27 —XEARPIC-ZIN2ZIIEHD FHA,

protobuf X vt —YBEEHEMT 2. 74—V RBEESTA Ty 723 &7 4 =L FD
BEMBRBENRD D £3, ZHULEF. proto 7 7 A VTHREINEF T, ZOHEE T 74—V D
LM ENZ D match 27— M XY M ZOEREZ Y a—RFLET,

XD proto ZfEHL 3,

message PhoneNumber {
optional string number =
optional string type = 2;
}

1;

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

}

proto X vt —J R GHEHT A 74— L R LTIy a— REIRET, ZRZANERAIMEELES X
I LTHERESNE T XTI 7 1+ — L N&S5 (Bl Person X vy £ =YD id 74— FIZIF 2)
ENA P ZAPY—ADHRAB— ERED XS ICRESNEDEERT BV 4 V-2 ThEEH
3

2 7% BUEIE, VARINT b MZN 2] AR Ty a— RTRINFE T, FEWVICH, parse_varint
B R TITRERINTVE T, F/2. 2D a— KT, Person 7 4 —/L K ¥ PhoneNumber 7
4=V RZNHEL Ry =Y 2L TINSD TNy ZITHF 2 —#HOMN-NH LICE#T 2
=Ny 7 HERLTVET,

%5133, parse_field Bi%i k. Person & X U PhoneNumber ® ProtoMessage b L 1 k
BRIET B2 TY,

/11l VA4AXY—ETRZZ7A4Y—%47,
enum WireType {
/17 Varint WireType (. fEDH—d VARINT TH5 I ZRLE T,
Varint,
/// The 164 WireType indicates that the value is precisely 8 bytes in
/// little-endian order containing a 64-bit signed integer or double type.
//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 I32 WireType indicates that the value is precisely 4 bytes in
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// little-endian order containing a 32-bit signed integer or float type.
//132, -- not needed for this exercise

}

#[derive(Debug) ]
/111 T4F%—&A4 FICESWTHEREE N7 4 —L KOl
enum FieldValue<'a> {

Varint(u64),

/1164 (i64). -- ZOHETIFAE

Len(&'a [u8]),

//132(i32), -- not needed for this exercise
}
#[derive(Debug) ]

/111 74—V FRBEBLZOHEEELT7 4 —LF,
struct Field<'a> {

field_num: u64,

value: FieldValue<'a>,

}

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

}

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

/11 => WireType::164. -- ZOHE TIEAE
2 => WireType: :Len,
//5 => WireType::I32, -- not needed for this exercise

_ => panic!("Invalid wire type: {value}"),

}

impl<'a> FieldValue<'a> {
fn as_str(&self) -> &'a str {
let FieldValue::Len(data) = self else {
panic! ("Expected string to be a “Len’ field");
}
std::str::from_utf8(data).expect("Invalid string")
}

fn as_bytes(&self) -> &'a [u8] {
let FieldValue::Len(data) = self else {
panic! ("Expected bytes to be a ‘Len’ field");
b
data
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fn as_ub4(&self) -> ubd {
let FieldValue: :Varint(value) = self else {
panic! ("Expected ‘u64° to be a “Varint® field");
b
*value

}

/// VARINT %M@Mt U T L72EE D DAL R 2R L E T,
fn parse_varint(data: &[u8]) -> (u64, &[u8]) {
for 1 in 0..7 {
let Some(b) = data.get(i) else {
panic!("Not enough bytes for varint");
b
if b & 0x80 == 0 {
/1 ZiUux VARINT OFBEDNL N TH B0,
/] ubd ITELTRLET,
let mut value = 0u64;
for b in data[..=i].itexr().rev() {
value = (value << 7) | (b & 0x7f) as ub4;
}

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

}

/17 NA 2l S HEHIZESTT,
panic!("Too many bytes for varint");

}

111 27% 74—V R&ESL WireType ITEHL £9,

fn unpack_tag(tag: u64) -> (ub4, WireType) {
let field_num = tag >> 3;
let wire_type = WireType::from(tag & 0x7);
(field_num, wire_type)

/111 74— RZBHLTHEDDOAL FE2IRLET,
fn parse_field(data: &[u8]) -> (Field, &[u8]) {
let (tag, remainder) = parse_varint(data);
let (field_num, wire_type) = unpack_tag(tag);
let (fieldvalue, remainder) = match wire_type {
_ = todo! ("VAY—&Z AL FWIELT. 74—V FEHEEL DELBOANL FEREELET, ")
Y
todo! ("7 4 — LV RE . RHBED AL FEIRLET, ")

[1] F8EEINT—RZHNDODRX vt —I %L X vt—SDT7 4 —ILFZ I
/// “T::add_field® #ZM-UHL FI,

/17

/1] ATEEPHEEINE T,
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fn parse_message<'a, T: ProtoMessage<'a>>(mut data: &'a [u8]) -> T {
let mut result = T::default();
while !data.is_empty() {
let parsed = parse_field(data);
result.add_field(parsed.0);
data = parsed.l;
}
result
}

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

type_: &'a str,
}

#[derive(Debug, Default)]
struct Person<'a> {
name: &'a str,
id: u64,
phone: Vec<PhoneNumber<'a>>,

}
// TODO: Person ¥ PhoneNumber @ ProtoMessage %L %7,

fn main() {
let person: Person = parse_message(&[
OxQa, ©0x07, Ox6d, 0x61, 0x78, @Ox77, Ox65, Ox6¢C, Ox6C, 0Xx10, 0Xx2a,
0x16, 0x0a, Ox0e, Ox2b, Ox31, 0x32, 0x30, 0x32, ©0x2d, @Ox35, 0@x35,
0x2d, ©0x31, ©0x32, Ox31, O0x32, 0x12, 0x04, 0x68, Ox6f, Ox6d, OX65,
0x18, Ox0a, 0x0e, 0x2b, ©0x31, 0x38, 0x30, 0x30, 0x2d, 0x38, 0x36,
Ox2d, ©x35, ©0x33, 0x30, 0x38, 0x12, 0x06, Ox6d, Ox6f, 0x62, 0x69,
0x65,
1),
println!("{:#?}", pexrson);
}

This slide and its sub-slides should take about 30 minutes.

* In this exercise there are various cases where protobuf parsing might fail, e.g. if you
try to parse an 132 when there are fewer than 4 bytes left in the data buffer. In normal
Rust code we'd handle this with the Result enum, but for simplicity in this exercise
we panic if any errors are encountered. On day 4 we'll cover error handling in Rust in
more detail.

23.4.1 &

111 94— ETHRZZ2VAY—%4 7,
enum WireType {
/// Varint WireType (3. fHAEH—d VARINT TH2S It ZRLET,
Varint,
/// The 164 WireType indicates that the value is precisely 8 bytes in
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0x35,
0x1la,
0x37,
0x6c,



/// little-endian order containing a 64-bit signed integer or double type.
//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 I32 WireType indicates that the value is precisely 4 bytes in

// little-endian order containing a 32-bit signed integer or float type.
//132, -- not needed for this exercise

}

#[derive(Debug) ]
/1] 4% =& FICESWTHEREE N7 4 —L KO,
enum FieldValue<'a> {

Varint (u64),

/1164 (i64), -- ZOEETIEIARE

Len(&'a [u8]),

//132(i32), -- not needed for this exercise
}
#[derive(Debug) ]

/111 74—V EHEESLZFOMEEEZLT7 4 —L K,
struct Field<'a> {

field_num: u64,

value: FieldValue<'a>,

}

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

}

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

/11 => WireType::164. -- ZOHY TIIAE
2 => WireType: :Len,
//5 => WireType::I32, -- not needed for this exercise

_ => panic!("Invalid wire type: {value}"),

}

impl<'a> FieldValue<'a> {
fn as_str(&self) -> &'a str {
let FieldValue::Len(data) = self else {
panic! ("Expected string to be a “Len’ field");
Y
std::str::from_utf8(data).expect("Invalid string")
}

fn as_bytes(&self) -> &'a [u8] {
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let FieldValue::Len(data) = self else {
panic! ("Expected bytes to be a "Len’ field");
b
data
}

fn as_ub4(&self) -> ubd {
let FieldValue::Varint(value) = self else {
panic! ("Expected ‘u64" to be a “Varint® field");
Y
*value

}

/// VARINT %@t U T L7-EE R D DA R 2R L E T,
fn parse_varint(data: &[u8]) -> (u64, &[u8]) {
for 1 in 0..7 {
let Some(b) = data.get(i) else {
panic!("Not enough bytes for varint");
b
if b & 0x80 == 0 {
/] Z3uX VARINT OREZEDANA R TH B0,
/] ubd ITEHLTRLUET,
let mut value = 0Qu64;
for b in data[..=i].itexr().rev() {
value = (value << 7) | (b & 0x7f) as ub4;
}

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

}

117 A N REA B RN TT,
panic!("Too many bytes for varint");

}

111 27% 74— E&ESL WireType IZEHIL £,

fn unpack_tag(tag: u64) -> (ub4, WireType) {
let field_num = tag >> 3;
let wire_type = WireType::from(tag & 0x7);
(field_num, wire_type)

}

111 74—V F2BHLTHEDDOAL FEIRLET,
fn parse_field(data: &[u8]) -> (Field, &[u8]) {
let (tag, remainder) = parse_varint(data);
let (field_num, wire_type) = unpack_tag(tag);
let (fieldvalue, remainder) = match wire_type {
WireType::Varint => {
let (value, remainder) = parse_varint(remainder);
(FieldValue: :Varint(value), remainder)
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WireType::Len => {
let (len, remainder) = parse_varint(remainder);
let len: usize = len.try_into().expect("len not a valid ‘usize ");
if remainder.len() < len {
panic!("Unexpected EOF");
}
let (value, remainder) = remainder.split_at(len);
(FieldValue: :Len(value), remainder)
}
}
(Field { field_num, value: fieldvalue }, remainder)

}

/1] FEESINT2T —RADRX =V %L XA vE—D7 4 =L RZ X
/// “T::add_field™ ZMUHL %I,
/117
/1] ATTEEPHEINE T,
fn parse_message<'a, T: ProtoMessage<'a>>(mut data: &'a [u8]) -> T {
let mut result = T::default();
while !data.is_empty() {
let parsed = parse_field(data);
result.add_field(parsed.0);
data = parsed.l;

}

result
}
#[derive(PartialEq)]

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

type_: &'a str,
}

#[derive(PartialEq)]
#[derive(Debug, Default)]
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>) {
match field.field_num {
1 => self.name = field.value.as_str(),
2 => self.id = field.value.as_ub64(),
3 => self.phone.push(parse_message(field.value.as_bytes())),
=> {} // TN EITRTRF S
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}

impl<'a> ProtoMessage<'a> for PhoneNumber<'a> {
fn add_field(&mut self, field: Field<'a>) {
match field.field_num {
1 => self.number = field.value.as_str(),
2 => self.type_ = field.value.as_str(),
=> {} // ZhlHzITXRTRAFv 7

}

fn main() {

let person: Person = parse_message(&[
0x0a, 0x07, Ox6d, Ox61, Ox78, 0x77, @x65, O0x6Cc, Oxb6bC, Ox10@, Ox2a, 0Oxla,
0x16, @x0a, 0x0e, 0x2b, 0x31, @Ox32, 0x30, ©0x32, ©0x2d, 0x35, ©0x35, 0x35,
0x2d, ©0x31, ©x32, ©0x31, ©0x32, ©0x12, 0x04, 0x68, Ox6f, Ox6d, OX65, OX1la,
0x18, O0x@a, 0x0e, 0x2b, 0x31, O0x38, 0x30, 0x30, ©0x2d, 0x38, 0x36, 0x37,
0x2d, ©0x35, @Ox33, Ox30, 0x38, 0x12, 0x06, 0x6d, Ox6f, @Ox62, Ox69, 0Ox6C,
0x65,

1)

println! ("{:#?}", person);

}

#[cfg(test)]
mod tests {
use super::*;

#[test]
fn test_id() {
let person_id: Person = parse_message(&[0x10, 0x2al);
assert_eq! (person_id, Person { name: "", id: 42, phone: vec![] });

}

#[test]
fn test_name() {
let person_name: Person = parse_message(&[
0x0a, Ox0e, Ox62, Ox65, 0x61, Ox75, @Ox74, Ox69, Ox66, 0x75, Oxbc, 0x20,
Ox6e, Ox61, Ox6d, 0x65,
1),
assert_eq! (
person_name,
Person { name: "beautiful name", id: @, phone: vec![] }
),
}

#[test]
fn test_just_person() {
let person_name_id: Person =
parse_message(&[0x0a, 0x04, 0x45, 0x76, 0x61, Ox6e, 0x10, 0x16]);
assert_eq! (person_name_id, Person { name: "Evan", id: 22, phone: vec![] });
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}

#[test]
fn test_phone() {
let phone: Person = parse_message(&[
0x0a, Ox00, 0x10, 0x00, 0xla, 0x16, @OxQa, OxQe, @Ox2b, ©0x31, 0x32, 0x33,
0x34, ©0x2d, ©0x37, 0x37, 0x37, 0x2d, ©0x39, 0x30, ©0x39, 0x30, 0x12, 0x04,
0x68, Ox6f, Ox6d, 0x65,
1),
assert_eq! (
phone,
Person {
name: "",
id: 0,
phone: vec![PhoneNumber { number: "+1234-777-9090", type_: "home" },1,
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24 #
AHHDOD ML —=2FI2&S T #

AHZ. Rust TORBEALRY 787 27O L FICBEET A Py 2 2ED FIFEd,

e £ 5L —&:Iterator +L 4 + DA,

EY 2 — LAk,

Testing.

T —LH: = 7 Result., try HET 2,

7 >+ — 7 Rust: Z4& 7 Rust TIXELIRT E 2 W5 E OEEER,

AT a—n

Including 10 minute breaks, this session should take about 2 hours and 40 minutes. It contains:

Segment Duration

L5z % 3 minutes

4 7L —4& 45 minutes
E£Y 22—/ 40 minutes
7 X b 45 minutes
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ATL—R

This segment should take about 45 minutes. It contains:

Slide Duration

Iterator 5 minutes
Intolterator 5 minutes
FromlIterator 5 minutes

HE: A 7L —&XDAY vy FFxz—> 30 minutes

25.1 Iterator

Iterator FL A ME. aLrya vHNO—HEOBEZRIIH L TIEHFICUEZEH ST 5 Z 2 ZRJEEIC L
FI.,ZDPLA MInext XYy REXREY L. ZFIUTEDZLL DAY v FEEMHL 3.2 0
547 YRIT Iterator WEEXNTVWE TN . HOTEETZ L TEE T,

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) {

154


https://doc.rust-lang.org/std/iter/trait.Iterator.html

println! ("fib({i}): {n}");

}
This slide should take about 5 minutes.

e Iterator FL A ME. AL 72 a il T23ZL 00— RNARBEEA 0TI 07 4R —
v a v (fl: map, filter, reduce R ZEHELEFI . DML A PO FFa Xy MTBWL
T.INHDTRTDOARL = a VT 20AZERTE £3, Rust T, 206 0%
IO FAIFEOMHRIFEELFEIU L SWRIENZa— RPERINE T,

e IntoIterator 3. for v — 7% EHT2=HDM LA b TT,aL 7y a B (Vec<T> i
VY. EZnoic T 25 (&Vec<T>, &[T] BY)IKBWTEEINTVWE T, T/ &L R
FTHNZBWTHEEXNTWET, for 1 in some_vec { .. } ZEHL TR X—%K
BT E 3 DI2, some_vec.next() BEELRVDIZZDHTT,

25.2 Intolterator

Iterator LA ME A TL—XZAER L 2RISR ZTS HIEZRLE T BET 2 ML A
b Intolterator Z. B AR T 24 T L —XEBERT 2 FEEREERLE T, 2UE for v —7
WX CTHIFIMICHER N E T,

struct Grid {
X_coords: Vec<u32>,
y_coords: Vec<u32>,
}

impl IntoIterator for Grid
type Item = (u32, u32);
type Intolter = GridIter;
fn into_iter(self) -> GridIter {
GridIter { grid: self, i: @, 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_cooxrds.len() {
self.i = 0;
self.j += 1;
if self.j >= self.grid.y_coords.len() {
return None;

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

}

fn main() {
let grid = Grid { x_coords: vec![3, 5, 7, 9], y_cooxds: vec![10, 20, 30, 40] };
for (x, y) in grid {
println!("point = {x}, {y}");
}
}

This slide should take about 5 minutes.
Intolterator D F¥xa Xy +2 27V v 7 L TIELZXW, Intolterator ® 5 RTDHEET,
RD2ODHEEFTTE2RHENDHH T,

o Ttem: KIEALEE S 27I(18 72 ¥),
o Intolter:into_iter XV vy Fick o> TiRE N % Iterator %Y,

IntoIter ¥ Item ZBHEDRH D . 4 7L —XiF Item LR U A OREN DY 3,3 4bb,
Option<Item>%RL ¥73,

RN, X EIZY vy EEO TN TOMAGHLEZ KL TWE T,

main TZ Vv F%2 2 A NKELELTAZTL IS5 TRNREEEERITZ2DTL & 55,
IntoIterator::into_iter iZ self OFiEHEREE T2 2 LICBEH LT XV,

ZORERBIET 5113, &Grid 12 Intolterator #53%E L. Grid NOZE% GridIter I2F
FLET,

BEAES 4 7 VATHRECHENHEET 200ENLD D £33, for e in some_vector i,
some_vector DFTEMEEEIS L. ZDOR7 X2 —DOFTEER R KENHE L $£5, some_vector OE
FEANOBWE KENHT 31213, H D for e in &some_vector ZHL 7,

25.3 Fromlterator

FromIterator #{#if$ 2 . Iterator »HaL 27> a V2IERTE 9,

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:?}"),;

}
This slide should take about 5 minutes.

Iterator O5E%
fn collect<B>(self) -> B

where
B: FromIterator<Self::Item>,
Self: Sized

ZDXAY v FTBRIBETAIIEI KD 22O05ERH Y £7,
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 Tturbofish) 3 2545 Hil 213, E5LicBiT 5, some_iterator.collect: :<COLLECTION_TYPE>(),
ZZTEHINTWA_FZRustiZ Vec DEZED 2R X E 272D DTT,

o AlEERE T 2355 let prime_squares: Vec<_> = some_iterator.collect(),
COWREMFHT 2 Lo IhleHFEEHZ T IV,

Vec % HashMap 7z ¥ iC FromIterator O EE AW L HEHMNHE I N TV 3, % 7
Iterator<Item = Result<V, E>> % Result<Vec<V>, E> KZEMTE 3D, X
DEHE L 7-5ED H D £3,

254 HE: A TFTL—RDAV Y RFz—V

ZOEE I B E AR ERET 22012 Tterator FLA FTIMHEXATVE XY v FRWLD
DERLTHERT 2HENRD D T,

XD a— K% https://play.rust-lang.org/ iIZab— L. 7 A DB XS WL T EE VAT L —X
K2 L. Z0fER%E collect $2 TRV ERAEMRL 3

/// “values lZBWT, ‘offset BTN -EEHOEZFHEL £,

/11 728, ‘values OREBEHEHZORIIFLHEANRD Z E LET,

/17

/1] #HEROEE “n’ X “values[(n+offset)%len] - values[n]® T3,

fn offset_differences(offset: usize, values: Vec<i32>) -> Vec<i32> {
unimplemented! ()

}

#[test]

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![1l, 3, 5]), vec![2, 2, -4]);
assert_eq! (offset_differences(1, vec![1, 3]), vec![2, -2]1);

}

#[test]
fn test_larger_offsets() {

assert_eq! (offset_differences(2, vec![1, 3, 5, 71), vec![4, 4, -4, -4]1);
assert_eq! (offset_differences(3, vec![1, 3, 5, 71), vec![6, -2, -2, -21);
assert_eq! (offset_differences(4, vec![1, 3, 5, 71), vec![0, 0, 0, 0]);
assert_eq! (offset_differences(5, vec![1, 3, 5, 71), vec![2, 2, 2, -6]1);

}

#[test]

fn test_degenerate_cases() {
assert_eq! (offset_differences(1l, vec![0]), vec![0]);
assert_eq! (offset_differences(1l, vec![1]), vec![0]);
let empty: Vec<i32> = vec![];
assert_eq! (offset_differences(1, empty), vec![]);
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25.4.1 R%&

/// “values lZBWT, “offset ZTEENT-
/11 728, values ORBEZEDKIIICIHEANE
/17
/1] FEROEH “n’ 1 “values[(n+toffset)%len] - values[n]® T3,
fn offset_differences(offset: usize, values: Vec<i32>) -> Vec<i32> {
let a = (&values).into_iter();
let b = (&values).into_iter().cycle().skip(offset);
a.zip(b).map(|(a, b)| *b - *a).collect()

TR DEZFEL £,
5T LET,

}

#[test]

fn test_offset_one() {
assert_eq! (offset_differences(1, vec![1, 3, 5, 71), vec![2, 2, 2, -6]);
assert_eq! (offset_differences(1, vec![1, 3, 51), vec![2, 2, -4]1);
assert_eq! (offset_differences(1l, vec![1, 3]), vec![2, -21);

}

#[test]
fn test_larger_ offsets() {

assert_eq! (offset_differences(2, vec![1, 3, 5, 71), vec![4, 4, -4, -4]);
assert_eq! (offset_differences(3, vec![1l, 3, 5, 71), vec![6, -2, -2, -21);
assert_eq! (offset_differences(4, vec![1, 3, 5, 71), vec![0, @, 0, 0]);
assert_eq! (offset_differences(5, vec![1, 3, 5, 71), vec![2, 2, 2, -6]);

}

#[test]

fn test_degenerate_cases() {
assert_eq! (offset_differences(1l, vec![@]), vec![0]);
assert_eq! (offset_differences(1, vec![1]), vec![0]);
let empty: Vec<i32> = vec![];
assert_eq! (offset_differences(1l, empty), vec![]);

}

fn main() {}
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This segment should take about 40 minutes. It contains:

Slide Duration

EYa2—)b 3 minutes
77 4N 2T LREE 5 minutes
AR 5 minutes
use, super, self 10 minutes

HE:GUI 54 75 VYDEY2—/L 15 minutes

26,1 &S a2—)

impl 7o v 7 CRIZER O EMICAHTE S €2 TIRE T TICRTE X L,
[FFEIC, mod Z(HH LT L B o AT =B 2R e TE X7,

mod foo {

pub fn do_something() {
println!("In the foo module");

pub fn do_something() {
println!("In the bar module");

}

}

mod bar {
}

}

fn main() {
:do_something() ;

foo:

bar::do_something();

}

This slide should take about 3 minutes.
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o v — (package) IIERER R T 25D TH Y . —DU LD I L — bR UL RT3 HER
iR L7z Cargo.toml 7 7 A L2 BLH DT,

¢ NAFVIZL— DB HEFETARETZ 7 A NVEER L. FA4A 7TV 7L —bDEREIA TS
VEAERL ET,

HTET,

26.2 77 AN AT ALEE

EV 2 LVDERNEZERT 2. Rust 3zhzhlo7 > A VTHRLE T,
mod garden;

This tells Rust that the garden module content is found at src/garden.rs. Similarly, a
garden: :vegetables module can be found at src/garden/vegetables.zs.

crate L— MILLTDEGEICH D F5,

e src/lib.rs (54 75V 7L —+DFE
e src/main.rs (N4 F VU ZL— FDFE

774}bfﬁ%éh7«::&yl—}b¢:jﬂ‘bf‘ FW%KF:}\’J){ M ]‘}Eﬁ:lx v ]‘J%{éﬁﬁbfgﬁﬁﬂ%bﬂ};\.é
TEBTEET INHOARY NI ZADEENL T A T L(ZOHEFEY 2 — )TN T 2 HiA
b T,

/1Y ZOEFEY 2= VFHZRELET (X7 4+ =< Y XADEWHFOD

/1) FREEED),

/] ZDEIZ 2—NoMEHRI I XAKR—-FMLET,
pub use garden: :Garden;
pub use seeds::SeedPacket;

/1] fgEIN-HEEEET,
pub fn sow(seeds: Vec<SeedPacket>) {
todo! ()

}

/1] T3 ES>TOLHTEMZINEL £ 9,
pub fn harvest(garden: &mut Garden) {
todo! ()

}
This slide should take about 5 minutes.

e Rust 2018 L b I TIE.EY 2 —/L% module.rs Tld7 < module/mod.rs ICHE T 2 HHE
MDHDEL ZHIZ 2018 IO LT 4 > a VTHRRL LTHR— P XA TVET,

* filename/mod.rs OfXbH H I filename.rs HEA XN 2HHIZ, mod.rs W5 %
BHIDT7 7 ANADNEL H2L. Zn6% IDE CTXAT2DO0HLWVGEERH 20 5TT,

¢ IDBEVWRRAPTIE ALY BV a— AT 7 A NLTHoTH. 7 A NE2HEHATEET,
src/

F—— main.zrs
—— top_module.rs
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L—— top_module/
L—— sub_module.rs

s RUSt NEY 2 — NV ZMRIT I2HMEI. AV 4T T4 VLI T4 TTEETEET,
#[path = "some/path.rs"]
mod some_module;

ZHE T2 2T Go TELLfTFbNTWVWS X512, some_module_test.rs L WS HRID T >
ANCEY 2—LDT A M EABET Z5EIENTT,

26.3 wIfM:

EIa—NETTANT—DBERTT,

s EV 2L TATLIETIANITTIAR= P TT(EEOFHMIFREINERA),
c BT ATLENBTATLIEIIRZIET,
e EWVWHZNIE. BB TATLBEY 2— Tfoo HRZIBGEE.ZDT7 A4 7 401% foo DIART
DFHRPOLRZIET,
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::innex::public");
super: :private();

}

fn main() {
outer: :public();

}
This slide should take about 5 minutes.

s TV 2 ILERMTZICE pub F—U— REMAL XTI,
/o EER pub(. .. ) BETFEMHL C.AMEMHEZHIRT 22 dTEET,

cRust VY 77 LY R BB XV,
* pub(crate) OR[N ZRET 2 DIE—RNZEZ—TT,
o ZHUEY T D D TRADFFED RN L TR ZIEE T 2 Z e R E T,
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s POXIRGEDMEED 2NV (BLIUZFOITRTOFR)ICAIHREEZEZ 3D ERD D %
E

26.4 use. super, self
EVa— I, use ZHEHLTHOES 22— LD YARALEZRAa—FIZWH AL IR TEE T, X
DESRERIFZEY 2 —LDEHIIBWTILL AN E T,

use std::collections: :HashSet;
use std::process::abort;

INA
PRZERD LD IR EINE T,
1. RS2 DA
o f00 £7/21% self: : foo X HEDEY 2 —LHD foo ¥ L F7,
s super::foo X HEY 2 — LD foo ZBML 7,
2. Hadto 2 DIRE:
e crate: :foo lZ.HEDZL— DL — FHD foo #BWL £,
o bar::foolx. bar 7L — FAD foo #ZHEL £73,
This slide should take about 8 minutes.
o VURME EDEWARRTIHIZ AR=- M T 200N TT . 222X 71— MNORELE
fid lib.rs I T XS iIcitib L E3,
mod storage;

pub use storage::disk::DiskStorage;
pub use storage::network::NetworkStorage;

AT E D EL VTV E M LT, DiskStorage ¥ NetworkStorage % fttiod >
L—FCHEHATES X5TRD %D,

c IFX AY DA, use BIEETAIRXEN D ZDIFEY 2 — VN TEBICEEZRMEH SN 74 7
LDATT L. HB LA MEEETZARITICRA—TICEEINTWEHEETH.ZD
FLA FPDXYy REMOHTIIE. ZO ML A PR -TIZEENTVWEIRLEND D £5,
72t %213, Read ML A &I T ZAIT read_to_string XV v FEMHH T 5121, use
std::io::Read 2 W5 I HEICHE D £5,

e use A7 —F X RMiZIZuse std::10::* WS X WRVYAILRI—FE2EDBILBTE
FT, ZDHEZI.EDTA T LA VR—FENZDHMNAMETIZ L B OE L & HICE
LT BAREE DR D 2720 BT THLEEA,

26.5 HE:GUISA4 75 VDEI 2—)L

COEBE T MER GULI 94 75 VEEZHBFERLET . ZDF7 477V TIE Widget FL A4
MZDFLA POV DODFEE main BEZERLTVET,

WEIE S EERICEET 2Oy NEFEDOEY 2 —NVICEBT2DT. V4 V=2y b &
AFZCIHBADES 2 — NV E2HBETANERHD T,
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Cargo Setup

Rust 7L A 2797 RiZ1 207 7 AL LY R—FLTWVWRWED . B—hL 774V AT L
T Cargo 7u> =2 bR T 20EBH D 5,

cargo init gui-modules
cd gui-modules
cargo run

XNz stc/main.rs ZHRELTmod A7 — b XY FZEML. stTc T4 L2 VIZT7 7400
PEMLES,

V—R
GUI 54 75 DHE—FEY 2 — LVEEIRDODLBHTT,

pub trait Widget {
/11 “self’ @HARRIE,
fn width(&self) -> usize;

/1] v 4Pzy beXNy 7 7 IZHELET,
fn draw_into(&self, buffer: &mut dyn std::fmt::Write);

111 D4 Y=y b EERERINICHE L 3,
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,
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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),

}

impl Widget for Window {
fn width(&self) -> usize {
/] PERIC 4 DT 4 7 RBIMLET,
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: Result<(), std::fmt::Error> %iR3 k51 draw_into ZZHEL F£3, KT, .unwraf
/1 ? HEFEMHLED,

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 // <71 7%DbLEINLZT,
}
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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_oxr(0)

}

fn draw_into(&self, buffer: &mut dyn std::fmt::Write) {
writeln! (buffer, "{}", &self.label).unwrap();
}
}

fn main() {
let mut window = Window: :new("Rust GUI Demo 1.23");
window.add_widget(Box: :new(Label: :new("This is a small text GUI demo.")));
window.add_widget(Box: :new(Button: :new("Click me!")));
window.draw() ;

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

HOICE o CTHRRAETa— FESEI L. HE 2 mod, use, pub ESICIENS & 5 Z#HHF ICHRL
F9, ZD%. EOMBDROBEHNTH 20200 TEHELEVET,

26.5.1 fRE

sTC

F— main.zrs

—— widgets

| —— button.rs
| F—— label.rs

| L—— window.rs
—— widgets.xrs

// ---- src/widgets.rs ----
mod button;
mod label;
mod window;

pub trait Widget {
/11 “self’ oHERLIE,
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fn width(&self) -> usize;

11 D492y beNy 7 7IZHELET,
fn draw_into(&self, buffer: &mut dyn std::fmt::Write);

111 74Py bEEHER L £ 35,
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;

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 {

166



Button { label: Label::new(label) }

}

impl Widget for Button {
fn width(&self) -> usize {
// ANCHOR_END: Button-width
self.label.width() + 8 // X717 %L LBEINL %5,

}

// 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$}+", "").unwrap();
for line in label.lines() {
writeln! (buffer, "|{:Awidth$}|", &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 {
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fn width(&self) -> usize {
// ANCHOR_END: Window-width
/] BRI 4 DDF 4 7 RBIMLET,
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: T F —MLICOWTHHE LT,
// Result<(), std::fmt::Error> #iK3 X5 draw_into 2ZHETCEF I, R, 2T
/1 .unwrap() ofRbbic ? HETEHEHLET,

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 Demo 1.23");
window
.add_widget(Box: :new(widgets::Label: :new("This is a small text GUI demo.")));
window.add_widget(Box: :new(widgets: :Button: :new("Click me!")));
window.draw() ;
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This segment should take about 45 minutes. It contains:

Slide Duration

TRAMNEY 22— 5 minutes
oo x4 FDF A 5 minutes
a4 70 Lints & Clippy 3 minutes
#%: Luhn 7 129 X A4 30 minutes

271 2= b5 AR}

Rust ¥ Cargo Il & Y FIUREERT A b 7L =L T = PELTVET,

o KT Z MIa— FDdHSW B GEANCEDBRIRET T,

s MGT A M tests/T 4 L7 FUNICEERL £ 5,
FZMIIE #[test] O~ — 2 EF 3.2 OBEHEET X MIEE XX XN/ tests Y
2—UICHLE XN, #[cfg(test)] ITED TR POV RRRCDA I Y A LENE X 5ITRD F
S
fn first_word(text: &str) -> &str {

match text.find(' ') {

Some(idx) => &text[..idx],
None => &text,

}

#[cfg(test)]
mod tests {
use super::*;

#[test]
fn test_empty() {
assert_eq! (first_word(""), "");

}
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#[test]
fn test_single_word() {

assert_eq! (first_word("Hello"), "Hello");
}

#[test]
fn test_multiple_words() {

assert_eq! (first_word("Hello World"), "Hello");
}

e THIZEND . TIAR—F ANS—DHET 2 FEITZIET,

o #[cfg(test)] EMEDfTE X N/za— N cargo test DEITHRICOABIMITKED £3,

This slide should take about 5 minutes.
WERERTTIWRIE. T VA T I RTTAMNEEITLETD,

27.2 DKL FTDFT A b

AT TVv—aryTAb

FGATIVEIIAT Y PELTTRAMTBGAEMETA P EHHLET,
tests/ ORI .1s 7 7 A VEERL £5,

// tests/my_library.rs

use my_library::init;

#[test]
fn test_init() {
assert!(init().is_ok());

}
INBEDTAMTIE.ZL— DR APIICOAT 72 ATEE T,

F¥aXyr5r—arys7FRAb
Rust iZiZ. F¥ a2 X > FOF X MZEAT AHEREDHARA TN TVE T,

/1] FBELEIICTFY 2L £5,

/117

/17 "

/// # use playground::shorten_string;
/// assert_eq! (shorten_string("Hello World", 5), "Hello");

/// assert_eq!(shorten_string("Hello World", 20), "Hello World");

TR

pub fn shorten_string(s: &str, length: usize) -> &str {
&s[..std::cmp::min(length, s.len())]

}

o /// aXYIANOa—R7ay 7k BEIRIZ Rust a— R ARINF T,

¢« a—FiXcargo test D—BRe L Tary fLIn ETEhET,
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e OI—RIZHZBMT AL, FFaXy MIRFRENZLI LD EITH, a8 (L ZfT1k5 =
METHONET,
e Rust 7L 4297 F CLhidba—FKE27AMLET,

27.3 a 34 70 Lints & Clippy
Rust 2384 513 #APTVI I —B X lint X v —YEAERLE T, Clippy Tl & 5% <
DUNt BT A—FCELDONTED TRV = P ZLICHMMITEET,

#[deny(clippy::cast_possible_truncation)]
fn main() {

let x = 3;

while (x < 70000) {
X *= 2;

}

println! ("X probably fits in a ul6, right? {}", x as ul6);
}

This slide should take about 3 minutes.

— RPN EBEITLTEI— XAyt —V%RMHERELET, 222D int FRRINTVWETH, 2
—RFDary A ABR—FarS{ LR Z e RREIALLL D ET, 2AH5D lint #FRRT %120,
LA TSR B4 MU EFEZET,

lint 2R L7285, LA 27572 F ¥4 T clippy #FEITL T, Clippy DEEEERRL £,
Clippy &, lint B3 2/AHZR F¥ 2 X DD FHLwlint (F7 4V P TIZTF =122V ¥
b EBT)REICEMEI A TVET,

help: ... < =7 —&EHIX, cargo fix 3 =7 4 X2 AL TEIETE X3,

27.4 #E:Luhn 7139 X A

Luhn 73V XL . 70y b A— RBEBOBGLCHERHINE T, 2O 713V X LI LT %
AN LTZIWMD UFRONER{F-oTIZL Iy b h— FHEERMIFLE T,

* Ignore all spaces. Reject numbers with fewer than two digits.

s FAPHEICATOVELRY L ZNZTN2HBOHFZ 2T L 3. 8ME 1234 oA, 3k 1
Z 2T U3 8E 98765 0GAE, 6 £ 8 2 25T L% T,

o Mz 25 LRAERD 9 KD REVWHBRRIZON2EFILET LdoT, 72232
£ 1412, 1 + 4 =5KDET,

e 2fFICLTVWRWHTFY 2B LBFEIRTEFFLED,
e LYy bk A—RBEBIX.EGED 0 TRDLAIGEICEMNTT,

The provided code provides a buggy implementation of the luhn algorithm, along with two
basic unit tests that confirm that most of the algorithm is implemented correctly.

DUR@a— K% https://play.rust-lang.org/ iI2a ¥ — L B XN REDON T2 HR T 272D 0DE
MOF AR ZFELAR L BROF7ANTZBIELTLZE W,

pub fn luhn(cc_number: &str) -> bool {
let mut sum = 0;
let mut double = false;
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for c in cc_number.chars().rev() {
if let Some(digit) = c.to_digit(10) {
if double {
let double_digit = digit * 2;
sum +=
if double_digit > 9 { double_digit - 9 } else { double_digit };
} else {
sum += digit;
}
double = !double;
} else {
continue;
}
}

sum % 10 ==

}

#[cfg(test)]
mod test {
use super::*;

#[test]

fn test_valid_cc_number() {
assert! (luhn("4263 9826 4026 9299"));
assert! (luhn("4539 3195 0343 6467"));
assert! (luhn("7992 7398 713"));

}

#[test]

fn test_invalid_cc_number() {
assert! (!luhn("4223 9826 4026 9299"));
assert! (!luhn("4539 3195 0343 6476"));
assert! (!luhn("8273 1232 7352 ©0569"));

27.41 RE

/] ZHUERTEICE R XN TWAANTZTDHZ - 3 »TF,
#[cfg(never)]
pub fn luhn(cc_number: &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 +=
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if double_digit > 9 { double_digit - 9 } else { double_digit };
} else {
sum += digit;
}
double = !double;
} else {
continue;

/] ZTHRRRET UTDOITARTOTF R MZEKBLE T,
pub fn luhn(cc_number: &str) -> bool {
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() {
// New: accept whitespace.
continue;
1} else {
// New: reject all other characters.
return false;

}

// New: check that we have at least two digits
digits >= 2 && sum % 10 ==
}

fn main() {
let cc_number = "1234 5678 1234 5670";
println!(
"Is {cc_number} a valid credit card numbexr? {}",
if luhn(cc_number) { "yes" } else { "no" }
),
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#[cfg(test)]
mod test {
use super::*;

#[test]

fn test_valid_cc_number() {
assert! (luhn("4263 9826 4026 9299"));
assert! (luhn("4539 3195 0343 6467"));
assert! (luhn("7992 7398 713"));

}

#[test]

fn test_invalid_cc_number() {
assert! (!1uhn("4223 9826 4026 9299"));
assert! (!1uhn("4539 3195 0343 6476"));
assert! (!1uhn("8273 1232 7352 0569"));

}

#[test]

fn test_non_digit_cc_number() {
assert! (!1luhn("foo"));
assert! (!luhn("foo @ 0"));

}

#[test]

fn test_empty_cc_number() {
assert! (!1luhn(""));
assert! (!Iuhn(" "));

assert! (!luhn(" "));
assert! (!luhn(" "))
}
#[test]

fn test_single_digit_cc_number() {
assert! (!luhn("0"));
}

#[test]
fn test_two_digit_cc_number() {
assert!(luhn(" 0 @ "));

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

Segment Duration

I 7 — L 1 hour and 5 minutes
Unsafe Rust 1 hour and 5 minutes
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529 B

T — L

This segment should take about 1 hour and 5 minutes. It contains:

Slide Duration

%= 7 (panic) 3 minutes
Result 5 minutes
Try EHE T 5 minutes
Try Z4#: 5 minutes
Error FL 4 b 5 minutes
thiserror 5 minutes
anyhow 5 minutes

7#HE: Result Z2H L -E=# % 30 minutes

29.1 »=v 7 (panic)

Rust ixl "=v 7 1 2H L C8&G s —20H L £5,
ETRICEMN RS —hRE T2 2, Rust 3=y 272 U HF—LF T,

fn main() {
let v = vec![10, 20, 30];
println!("v[100]: {}", v[100]);

o R 7 EERERT I =R THLARAVWTZ I —IXHHT2720DbDTT,
- R=w 21T T I LINTRH B ORIETT,
- FVRAL T —BFERF 2y DKM )E Ry T IR IBGENRDD FT,
- 7% —>av(assert! g E)IIEMERC S =y 712D T,
- REDHWT A=y 7 SETHVHHIZIE, panic! v/ uzfHTE%9,
o R v IPBRETEIL RZy IR 7o T4 Y FIEN BB Z—EINT=0D K S5 IZ{ED
Fey X ET,
¢« VI v Y adiFREINBRVIEEIFZ =y IR E LRV APL (Vec: :get BE) AL %73,

This slide should take about 3 minutes.

FI7ANPTR AN IBRRETEILRAR Y ZIE TV IA4 Y RENET, 774 RO &S
IZF v v FTEET,

177



use std::panic;

fn main() {

let result = panic::catch_unwind(|| "No problem here!");
println! ("{result:?}");

let result = panic::catch_unwind(|| {
panic!("oh no!");

1),
println!("{result:?}");
}
o Xy FIE—RITIER WD, catch_unwind 2 H LU THAMEEZEEL XS5 2 LAV
TL7ZEW,
e ZHIE, 1DDV I T AR Ty a LGETOEITLRT DDENRD 2 —N—THH
T3,

« Z4Uu. Cargo.toml T panic = 'abort' AHREINTWVRILEIIKIEL ¥ A

29.2 Result

Our primary mechanism for error handling in Rust is the Result enum, which we briefly
saw when discussing standard library types.

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!("Dear diary: {contents} ({bytes} bytes)");

} else {

println!("Could not read file content");
}
}
Err(err) => {
println!("The diary could not be opened: {err}");
}

}
This slide should take about 5 minutes.

* Result has two variants: Ok which contains the success value, and Exrr which contains
an error value of some kind.

* Whether or not a function can produce an error is encoded in the function's type
signature by having the function return a Result value.

 Like with Option, there is no way to forget to handle an error: You cannot access either
the success value or the error value without first pattern matching on the Result to
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check which variant you have. Methods like unwrap make it easier to write quick-and-
dirty code that doesn't do robust error handling, but means that you can always see in
your source code where proper error handling is being skipped.

Z Dt

It may be helpful to compare error handling in Rust to error handling conventions that
students may be familiar with from other programming languages.

LA

* Many languages use exceptions, e.g. C++, Java, Python.

* In most languages with exceptions, whether or not a function can throw an exception is
not visible as part of its type signature. This generally means that you can't tell when
calling a function if it may throw an exception or not.

» Exceptions generally unwind the call stack, propagating upward until a try block is
reached. An error originating deep in the call stack may impact an unrelated function
further up.

Error Numbers

* Some languages have functions return an error number (or some other error value)
separately from the successful return value of the function. Examples include C and Go.

* Depending on the language it may be possible to forget to check the error value, in
which case you may be accessing an uninitialized or otherwise invalid success value.

29.3 TryiH¥E 1

connection-refused = file-not-found 2 ¥ 5 > Z 4 4 =5 —13 Result BT XN F THH. T
NTOMPHLTZIOHMZRET 20 HEIRBESHD £5, try HET ? 3 FUOHLTIIZS
—ZRTOIMHEHINE T, 2T E D BN RUTDa—-RE2 320y Y Fiha— RICE#H
TEEd,

match some_expression {
Ok(value) => value,
Exrr(err) => return Err(err),

}

EfBE D a— R

some_expression?
COHEBETEMEHT S T W a— PR TEET,
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 {
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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!("username or error: {username:?}");

}

This slide should take about 5 minutes.
? Z{#H LT read_username B2 &L £ 3,
T

e username ¥, Ok(string) ¥7zik Exr(error) OWIFhHricihh £73,

e fsiiwrite FUH LZFHL T I EXERSFIF(T 7 ANV EDT 7 4 L, 2 —H
—HDOBHB T 7 ANBE)ETAMLET,

* NotethatmaincanreturnaResult<(), E>aslongasitimplementsstd::process::Termination.
In practice, this means that E implements Debug. The executable will print the Err
variant and return a nonzero exit status on error.

29.4 Try%f

?RERICERT 2 e iR a - F X b D LEMRa— Mgk D 5,
expression?
Foa—FEUTERET L CEHELET,

match expression {
Ok(value) => value,
Err(err) => return Exr(From::from(err)),

}

ZZTO From: :from MO LI, =5 —BZBEBMGRTRIICEBL IS5 L TWA Z e ZEKL
FF,. LD . TS5 —F ML _ALDIT S —ICHHEICH S TE T,

]

use std::error: :Exrror;
use std::io::Read;
use std::{fmt, fs, io};

#[derive(Debug) ]
enum ReadUsernameError {
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IoErroxr(io: :Error),
EmptyUsername(String),
}

impl Error for ReadUsernameError {}

impl fmt::Display for ReadUsernameError {
fn fmt(&self, f: &mut fmt::Formatter) -> fmt::Result {
match self {
Self: :IoExror(e) => write!(f, "I/0 error: {e}"),
Self: :EmptyUsername(path) => write!(f, "Found no username in {path}"),

}

impl From<io::Error> for ReadUsernameError {
fn from(exr: io::Error) -> Self {
Self: :IoError(err)
}
}

fn read_username(path: &str) -> Result<String, ReadUsernameError> {
let mut username = String::with_capacity(100);
fs::File::open(path)?.read_to_string(&mut username)?;
if username.is_empty() {
return Err(ReadUsernameError: :EmptyUsername(String: :from(path)));
}

Ok (username)

}

fn main() {
//std::fs::write("config.dat", "").unwrap();
let username = read_username('"config.dat");
println!("username or error: {username:?}");

}
This slide should take about 5 minutes.

?HETIX BERORVEOR y B O H 2EERITVENDH D 3, 20F D, Result DA, =
S —EhWC T e ) 8 A, Result<T, ErrorOuter> ZiK3BH%UZ. ErrorOuter
¥ ExrrorInner [ UHITH 3 5. ErrorOuter 5 From<ErrorInner> #E¥EL TV 3I5EIC
DA Result<U, ExrrorInner> OfEIC ? ZHHTEE T,

FHCEED 1 DT COAFRET 28581, From 252353 28 b 12 Result:map_err Z{HH 3 % D
H—RIT T,

Option WX EHMOEMHFIEZH D A, Option<T>%RTRBIZ TED TH Yy UBIZHL T, ?
J#HE 7% Option ICHEATE 3,

Result Z R I BB TIX Option i ? ZAHTEE R A ZOH DR TI, 27 L.
Option::ok_or & Option % Result 1ZZ # T %, Result::ok /& Result % Option
AT EE T,
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29.5 Bk o—M

XEXERAREWZE I N—FT Z2MEDHNEREZTRT 2 2R HOLWBIEHOL S —2RE S X
SWILEWVWEERHD £9, std: ;exror: :Exror ML A F2FEHTAL. . HOLOR3LI—%ED
BIEPWTEBRMLA D ATV 27 P REHRICERTEE T,

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!("Count: {count}"),
Err(err) => println!("Error: {err}"),

}
This slide should take about 5 minutes.

read_count A%, std: :io0: Exror(Z7 7 A L ARL—> a v»5)E/Id std: :num: : ParseIntError
(String::parse 225)ZRFT A TEE T,

IRy 7 ALFT 2 Ta—FzHiNTEEITN. TR ILTERLZIS T — AR5
FIETHEYNIE T 2HEENRONE T, 2D, 74 75 1) DB API T Box<dyn Error> %
FHT2ZCIFEEBTI IO LERAN. T 7 — Xvtb—I %2 InRPRLIZVWETO T v s I A
TIEY BRI L 72D 2 £ T,

Make sure to implement the std: :exrror: :Exrror trait when defining a custom error type
so it can be boxed.

29.6 thiserror

The thiserror crate provides macros to help avoid boilerplate when defining error types. It
provides derive macros that assist in implementing From<T>, Display, and the Exrror trait.

use std::io::Read;
use std::{fs, io};
use thiserror::Error;

#[derive(Debug, Error)]

enum ReadUsernameError {
#[erroxr("I/0 error: {0}")]
IoExrroxr(#[from] io::Error),
#[exrroxr("Found no username in {0}")]
EmptyUsername(String),
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}

fn read_username(path: &str) -> Result<String, ReadUsernameError> {
let mut username = String::with_capacity(100);
fs::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();
match read_username("config.dat") {
Ok(username) => println!("Username: {username}"),
Exrr(err) => println!("Error: {err:?}"),

}

This slide should take about 5 minutes.

e Error i~/ vl thiserror iZ ko THRMHINE T, 2D~ v iIcid. =7 -2 iRICE
BT D2DIBIOEEPEZ L HARINTVET,

o #lexror] 65D X vt —I%, Display b A FREHTZ7-DIHHINET,

* Note thatthe (thiserror: :)Error derive macro, while it has the effect of implementing
the (std: :error: :)Error trait, is not the same this; traits and macros do not share a
namespace.

29.7 anyhow

The anyhow crate provides a rich error type with support for carrying additional contextual
information, which can be used to provide a semantic trace of what the program was doing
leading up to the error.

This can be combined with the convenience macros from thiserror to avoid writing out
trait impls explicitly for custom error types.

use anyhow::{bail, Context, Result};
use std::fs;

use std::io::Read;

use thiserror::Error;

#[derive(Clone, Debug, Eq, Error, PartialEq)]
#[errox("Found no username in {@}")]
struct EmptyUsernameError(String);

fn read_username(path: &str) -> Result<String> {
let mut username = String::with_capacity(100);
fs::File: :open(path)
.with_context(|| format!("Failed to open {path}"))?
.Tead_to_string(&mut username)
.context("Failed to read")?;
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if username.is_empty() {

pbail! (EmptyUsernameError(path.to_string()));
}
Ok (username)

}

fn main() {
//fs::write("config.dat", "").unwrap();
match read_username("config.dat") {
Ok(username) => println!("Username: {username}"),
Exrr(err) => println!("Error: {err:?}"),

}
This slide should take about 5 minutes.

* anyhow: :Exror IZFEAMIC Box<dyn Error> OF v R—rRoTWVWE T, 2D/, 74
77V DR APL & UL TE—MANCIEE L TOWERAN, 7 7Y TR EHIATWE T,

* anyhow: :Result<V> & Result<V, anyhow::Error> &%z (V7 XT3,

* Functionality provided by anyhow: :Error may be familiar to Go developers, as it
provides similar behavior to the Go error type and Result<T, anyhow: :Error> is
much like a Go (T, error) (with the convention that only one element of the pair is
meaningful).

» anyhow: :Context & fE%®D Result ¥ Option BICHEHE XN LA P TT . 206D
AT .context() & .with_context() ZHCT 512iE. use anyhow: :Context 234
#TT,

Z Dt

* anyhow: :Error has support for downcasting, much like std::any::Any; the
specific error type stored inside can be extracted for examination if desired with
Error: :downcast

29.8 {E%: Result Z{HH L =B =¥z

The following implements a very simple parser for an expression language. However, it
handles errors by panicking. Rewrite it to instead use idiomatic error handling and propagate
errors to a return from main. Feel free to use thiserror and anyhow.

Hint: start by fixing error handling in the parse function. Once that is working
correctly, update Tokenizer to implement Iterator<Item=Result<Token,
TokenizerError>> and handle that in the parser.

use std::iter::Peekable;
use std::stxr::Chars;

/11 BAEE T
#[derive(Debug, PartialEq, Clone, Copy)]
enum Op {

Add,

Sub,
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}

/11 REFED =T
#[derive(Debug, PartialEq)]
enum Token {

Number (String),
Identifier(String),
Operator(Op),

}

/17 XEFEDK

#[derive(Debug, PartialEq)]
enum Expression {

111 EBANDZHE,

Var(String),

/11 V7 ZVEE,

Number (u32),

/1] "4 F)HEE,

Operation(Box<Expression>, Op, Box<Expression>),
}

fn tokenize(input: &str) -> Tokenizer {
return Tokenizer(input.chars().peekable());

}

struct Tokenizer<'a>(Peekable<Chars<'a>>);

impl<'a> Tokenizer<'a> {
fn collect_number(&mut self, first_char: char) -> Token {
let mut num = String::from(first_char);
while let Some(&c @ 'Q@'..='9") = self.0.peek() {
num.push(c);
self.0.next();
}
Token: :Number (num)
}

fn collect_identifier(&mut self, first_char: char) -> Token {
let mut ident = String::from(first_char);
while let Some(&c @ ('a'..='z" | '"_'" | '0'..='9")) = self.0.peek() {
ident.push(c);
self.0.next();
}

Token: :Identifier(ident)

}

impl<'a> Iterator for Tokenizer<'a> ({
type Item = Token;

fn next(&mut self) -> Option<Token> {
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let ¢ = self.0.next()?;

match c {
'Q'..="9"'" => Some(self.collect_number(c)),
'a'..="z"'" => Some(self.collect_identifier(c)),
"+' => Some(Token: :0Operator(Op::Add)),
'-'" => Some(Token: :0Operatoxr(Op: :Sub)),
_ => panic!("Unexpected character {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! ("Unexpected end of input");
}
let expr = match tok {
Token: :Number (num) => {
let v = num.parse().expect("Invalid 32-bit integer");
Expression: :Number(v)
}
Token: :Identifier(ident) => Expression::Var(ident),
Token: :Operator(_) => panic!("Unexpected token {tok:?}"),
b
/1 NAFVHEDPFHET D581 —ALET,
match tokens.next() {
None => expr,
Some (Token: :Operator(op)) => Expression::Operation(
Box: :new(expr),
op,
Box: :new(parse_expr(tokens)),

).
Some (tok) => panic!("Unexpected token {tok:?}"),

}

parse_expr(&mut tokens)
}

fn main() {
let expr = parse("10+foo+20-30");
println! ("{expr:?}");

29.8.1 &

use thiserror::Error;
use std::iter::Peekable;
use std::stxr::Chars;
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/11 BEEE T,

#[derive(Debug, PartialEq, Clone, Copy)]

enum Op {
Add,
Sub,
}

/111 XEFFEDO =2 ¥
#[derive(Debug, PartialEq)]
enum Token {
Number (String),
Identifier(String),
Operator(Op),
}

/1] REFEDOR
#[derive(Debug, PartialEq)]
enum Expression {

111 ZBEADBIE,

Var(String),

/11 VT I VYA,

Number (u32),

/1] XA F V) EHE,

Operation(Box<Expression>, Op, Box<Expression>),

}

fn tokenize(input: &str) -> Tokenizer {
return Tokenizer(input.chars().peekable());

}

#[derive(Debug, Error)]
enum TokenizerError {

#[exror("Unexpected character '{@}' in input")]

UnexpectedCharacter(char),
}

struct Tokenizer<'a>(Peekable<Chars<'a>>);

impl<'a> Tokenizer<'a> {

fn collect_number(&mut self, first_char: char) -> Token {
let mut num = String::from(first_char);
while let Some(&c @ '@'..='9") = self.0.peek() {
num.push(c);
self.0.next();
}
Token: :Numbex (num)
}
fn collect_identifier(&mut self, first_char: char) -> Token {

let mut ident = String::from(first_char);
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while let Some(&c @ ('a'..='z" "] '@ .='9")) = self.0.peek() {

ident.push(c);
self.0.next();

}
Token: :Identifier(ident)

}

impl<'a> Iterator for Tokenizer<'a> ({
type Item = Result<Token, TokenizerError>;

fn next(&mut self) -> Option<Result<Token, TokenizerError>> {
let c = self.0.next()?;
match c {
'9'..="9" => Some(Ok(self.collect_number(c))),
'a'..='z" | '_'" => Some(Ok(self.collect_identifier(c))),
'+' => Some(Ok(Token: :Operator(Op::Add))),
'-'" => Some(Ok(Token: :Operator(Op: :Sub))),
_ => Some(Err(TokenizerError: :UnexpectedCharacter(c))),

}

#[derive(Debug, Error)]

enum ParserError {
#[erroxr("Tokenizer error: {0}")]
TokenizerExrror(#[from] TokenizerError),
#[exror("Unexpected end of input")]
UnexpectedEOF,
#[exrror("Unexpected token {0:?}")]
UnexpectedToken(Token),
#[erroxr("Invalid number")]
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 {
Token: :Number(num) => {
let v = num.parse()?;
Expression: :Number(v)

}

Token::Identifier(ident) => Expression::Var(ident),

Token: :Operator(_) => return Err(ParserError::UnexpectedToken(tok)),

}
11 54 FVHEENEET 5HE -2 LT,
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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:?}");
0k(())
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# 30 &

Unsafe Rust

This segment should take about 1 hour and 5 minutes. It contains:

Slide Duration
Tk —7 5 minutes
ERAL VEDOBIRAL 10 minutes
AJZE 7% static 25K 5 minutes
FHK 5 minutes

Unsafe B ORI L 5 minutes
Unsafe 72 F L' A4 F @32 5 minutes
1Y FFI 5 v 8— 30 minutes

30.1 Unsafe Rust

Rust S8 2 DDF 7 T IO TVWET,

s BRERRust: XV — 7 T REZXDIEIEZD Z EH A,

o 7k —7 Rust: BifERMIGENR L5558 KEZRDEEN bV H—XNBR[REMEDH D T3,
ZOa—RATREREZEZ Rust R TEF LN ZL TRV Rust 2 iz LB e
HETT,
7ok —Tka— FI@EENIETOBINTED . ZOEMEIXEREICCEL IR TV IRENDH
D ETREERLELHMRMLAY Ty FERTVWET,

7 >t —7 Rust TIE. XD 5 >OFHpe # FIFHTX %3,

o ERAL VERDBIAL,

o AJZDEIZIAD T 7k R ET-IZLEH,

e union 7 4 — L FAD7 7+t Z,

« extern %% &% unsafe BB DOMETH L,
e unsafe FL 4 L DEH,

RIZVEETROEEREIC DO W T BICEHIIA L £ 3.7 L < 1&. Rust Book @ 19.1 # ¥, Rustonomicon
ECBEEN,

This slide should take about 5 minutes.
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https://doc.rust-lang.org/book/ch19-01-unsafe-rust.html
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7YE—7Rustid, a—FPELLBVWIEEEKTE2HDTIEHD FRATARNT v =P —ED
VA TREMMRER A 7IC L B TIELWVWa— RETR L AT ELRVWI L 2 EKRLE T,
F ar L I RUSt DR TV REHICET AL — L E2HEI L L B2 VWS 2 2 EKRLET,

30.2 AXRAL EOSHHL

AV XDOIERIIE LTI SRS LICid unsafe BRRETT,
fn main() {
let mut s = String::from("careful!");

let r1
let 12

&raw mut s;
rl as *const String;

// SAFETY: 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!("r1l is: {}", *rl);

*r1 = String::from("uhoh");

println!("xr2 is: {}", *r2);

}

/] BETRWED, NOT SAFE, 2D X 5 idid %z LWV T L 72 &0,
/*

let r3: &String = unsafe { &*rl };

drop(s);

println!("r3 is: {}", *13);

*/

}
This slide should take about 10 minutes.

unsafe 7y 7 ZiCaxX vy b2 L. 2070y JND A — RHT5 7 b — 7 RBIENRE D
O RENEMHZH L TW2 D02l s 25 22833 L %£7 (Android Rust A X 4 V77
A FTHMHEEINTVET),

KA XS L OBE SHERA Y ZD valid TRTFNE ROV EZERLET. DD X
DEITHEDET,

o KA V&RFnull A TRITNII RSN 2,

e RAVRIF.EIDYTHNTH—DA TV 227 FOERNT) SR LATRETR IR S
W,

o FTV 2T MPRRINTWIRNT 2,

s {Lrr—a AR 7 7R T RNz,

e ZIEF Y A MLTHRA VEZRB LGS IR AT 27 PBERLZFIUER ST,
HDON)H LR ZBREBLTHIZDAERIVIIT ZEADB RN E

B ALDHE KA VY RBBINTT 74 Y SNIZRBERDHD 7,

"NOTSAFE’ WS aX Y :3H 28 ZAHF KL HLUBANTOHZRLTVET, *11DIF74 74X
4 4% 'static TH 2729, 13 OHI &'static String &b, s KD ELIERL T RA
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https://doc.rust-lang.org/std/ptr/index.html#safety

¥ &9 6 DBMOIEFIIZMODOERELIBET T,

30.3 n[Zi static 2

AEOFNERNI TR IEHANS Z e B TEET,
static HELLO_WORLD: &str = "Hello, world!";

fn main() {
println! ("HELLO_WORLD: {HELLO_WORLD}");

}
TR LT —RBENFRET 2 AN H 5 7| AIZFARDFHAMD & HZIAAIILETIEDD
FEA.

static mut COUNTER: u32 = 0;

fn add_to_counter(inc: u32) {
// SAFETY: There are no other threads which could be accessing "COUNTER.
unsafe {
COUNTER += inc;
}
}

fn main() {
add_to_counter(42);

// SAFETY: There are no other threads which could be accessing “COUNTER.
unsafe {
println! ("COUNTER: {COUNTER}");

}
}

This slide should take about 5 minutes.

c ZDIMUTITAITVINAL Yy FREDTREETT, LA L, Rust a2 %4 JIRFH T R
DHEEEZHELET, unsafe ZHIRT 2 & EBHEORL v FOLENEREELE T2 Z 21Tk
EROFUWETH DI BHHAT I v —IBa 0, FICEIDRRENDIET T,

o RN AIEBHNEREZMFHT A2 EBITHOLERADN . b —F 7RI — X DHEESL—
D CAPI OEER Y ARL LD no_std 2— FTWRELTWAEEDDH D 5,

30.4 ItH{E

HAKBINERIPTNE T 77747 74—V F2ERTE I v F 7T 20ENDD $3,

#[repr(C)]
union MyUnion {
i: us8,

b: bool,
}

fn main() {
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let u = MyUnion { i: 42 };

println!("int: {}", unsafe { u.i });

println!("bool: {}", unsafe { u.b }); // KEFDHE
}

This slide should take about 5 minutes.

Rust TR GEFIIINFERZHHTE 270 HAKIKEZEAERLED D FEAIMHKEZ, CF7A4 75
VAPL L DR DD TREIILD I eHhHD £,

NA T EROE Y UTHERL/2WHEE, std: tmem: :transmute 2>, zerocopy 7L —+D X
IBRUERRT v N—%HHTL2IE2BTITDOLET,

30.5 Unsafe IO L

Unsafe BIEOM-MHE L

REZOEEZME T 27D THEDNRD 2 BMOBTHEEGEL D 2R E-1E XY v Pl
unsafe ¥ ~— 27 T& %7,

extern "C" {
fn abs(input: i32) -> i32;
}

fn main() {
let emojis = "« ©@";

// SAFETY: The indices are in the correct order, within the bounds of the
// string slice, and lie on UTF-8 sequence boundaries.
unsafe {
println!("emoji: {}", emojis.get_unchecked(0..4));
println!("emoji: {}", emojis.get_unchecked(4..7));
println!("emoji: {}", emojis.get_unchecked(7..11));
}

println!("char count: {}", count_chars(unsafe { emojis.get_unchecked(0..7) }));

// SAFETY: “abs’ doesn't deal with pointers and doesn't have any safety
// requirements.
unsafe {

println!("Absolute value of -3 according to C: {}", abs(-3));

}

// UTF-8 =y a— FEMFEM-IRVWES XEY RN BrbE T,

// 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()
}
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https://crates.io/crates/zerocopy

Unsafe BIEto#H %)

RERDOENEZ AT 2 /- DICRFEDSRGENDERGE T ME OB ® unsafe t ~—27T% &
T,
/1] FEEZINT2RA Y EABETHEERAY v T LET,
/17
/1] # Safety
/17
/1] BAVEPENTEYNTT 74 VENTWERERD D F5,
unsafe fn swap(a: *mut u8, b: *mut u8) {
let temp = *a;

fn main() {
let mut a
let mut b

66;

// SAFETY:
unsafe {

swap (&mut a, &mut b);
}

println!("a = {}, b = {}", a, b);
}

This slide should take about 5 minutes.

Unsafe BIEtOMOH L

get_unchecked, like most _unchecked functions, is unsafe, because it can create UB if the
range is incorrect. abs is unsafe 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.

oD "C" id ABI TS (flid ABI & fEHTZ£9),

Unsafe B OE X

FERZIE, swap BIBICIEARA Y 2IEHL VA CHEIBREMEHT 2 28 TRE|WCFITTE
K

7o —TRBABNTIE. 7t —T7%a—FEunsafe 7uy 7R LICRHERTE e A TEET,
Z U #[deny (unsafe_op_in_unsafe_fn)] THITZXE T BMT 2L IR0 ATAHE
Lo, ZRUI.SHEDRUSt TF 4 > a Y TCEHINSZARENELD D 5,
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30.6 Unsafe?zs bL 4 bDFE

B FIRRIC . R ERDBIEZ O 2 7= DICHETRIEDRGEEZRIE T 2 REND 25E5F. LA
F% unsafe ¥ L T~—2T& %7,

For example, the zerocopy crate has an unsafe trait that looks something like this:
use std::{mem, slice};

/17
/// # Safety
/1] BNFEREINLREADPBET ST 4 I DBH-oTIIRD £8 A
pub unsafe trait IntoBytes {
fn as_bytes(&self) -> &[u8] {
let len = mem::size_of_val(self);
unsafe { slice::from_raw_parts((&raw const self).cast::<u8>(), len) }

}

// SAFETY: "u32" has a defined representation and no padding.
unsafe impl IntoBytes for u32 {}

This slide should take about 5 minutes.

Rustdoc 12l P L A P2 RZRFEET DB MHITOVWTHH L # Safety 7> a v
ZTd,

The actual safety section for IntoBytes is rather longer and more complicated.
fAAAD Send LA b Sync LA MNETVE—TTT,

30.7 TRKRFFIS v N

Rust 1% AEBREEA > &% — 7 = — A (FFD # N L BB LRI R— P LTWE T, 2%
FHLT. T4 L2 NIAD T » A NELEFHARS D12 C TS5 A THHT 2 1libc 0% 42
oo R—FERLET,

URDOR=Za 7l R=IBTELE X\,
* opendir(3)

* Teaddir(3)
e closedir(3)

std: :ffi BV 2a— LB BRLTLEI WV, 2 2ITIE. 2 OEE THEL FEY AN ZHEEH I N T
WEF,

i z>a-—F 5

str & UTF-8 Rust TO 7 ¥R ML
String

CStr & NUL #3354 C % e oi@fE
CString

OsStr ¥ OS [EH 0S t DiEfg
OsString
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https://docs.rs/zerocopy/latest/zerocopy/trait.IntoBytes.html
https://man7.org/linux/man-pages/man3/opendir.3.html
https://man7.org/linux/man-pages/man3/readdir.3.html
https://man7.org/linux/man-pages/man3/closedir.3.html
https://doc.rust-lang.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

ROFTARTORBTEBEITVE TS,

¢ &str 25 CString: RED \0 XFICHHEMEE D Y TI2RELDHD 5,

* CString 25 *const i8: C B ZIF U T 72D DR A ¥ X ETT,

» *const i8 75 &CStr: KED \@ XFEMETE 23 DHBNETT,

&CStxr 225 &[u8]: NA FD AT A R AL T =X I HOWNANZ 4 VX —T7 = — XT3,
&[u8] 75 &0sStr:&0sStr X 0sString ICZE#L T 272D DHR T v 7 TH D, 0sStrExt
ZAEH U TER L £35

&O0sStr NDF— R &R L. X HICHES readdir #FEHE 2 X 5123 % 72DH1213&0sStr N
DF—REer70—VFR3RENRHDH ET,

Nomicon 2%, FFLICBIT 2 AR ELH D 7,
LIR®a— R % https://play.rust-lang.org/ 22— L AR L TWEEEE XY v REFTLALE T,

// TODO: FEENRSET L6, INEHIRL 5,
#![allow(unused_imports, unused_variables, dead_code)]

mod ffi {
use std::os::raw::{c_char, c_int};
#[cfg(not(target_os = "macos"))]
use std::os::raw::{c_long, c_uchar, c_ulong, c_ushort};

/1 FR=2%8, https://doc.rust-lang.org/nomicon/ffi.html % Z&<72& W,
#[repr(C)]
pub struct DIR {
_data: [u8; 0],
_marker: core::marker::PhantomData<(*mut u8, core::marker::PhantomPinned)>,
}

// readdir(3) @ Linux =27l R—IIZHo>7=L 477+, ino_t &
// off_t &
/1 /usr/include/x86_64-1linux-gnu/{sys/types.h, bits/typesizes.h} DEFRIHE-> THRIRIN:
#[cfg(not(target_os = "macos"))]
#[repr(C)]
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],
}

// macOS =27/ R=IDdir(5) IZih->72v 477 b,
#[cfg(all(target_os = "macos"))]
#[repr(C)]
pub struct dirent {
pub d_fileno: u64,
pub d_seekoff: u64,
pub d_reclen: ulé6,
pub d_namlen: ule,
pub d_type: u8,
pub d_name: [c_char; 1024],
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}

unsafe extern "C" {
pub unsafe fn opendir(s: *const c_char) -> *mut DIR;

#[cfg(not(all(target_os = "macos", target_arch = "x86_64")))]
pub unsafe fn readdir(s: *mut DIR) -> *const dirent;

// https://github.com/rust-lang/libc/issues/414. 83K macOS R~v=a271 R=ID s
// _DARWIN_FEATURE_64_BIT_INODE CBH3 27> a vk BV,

//

[ TZneD7 vy 77— PRI 2RICHFEELTWSET Iy b 7+ —24 ("Platforms that exic
// Intel BX PowerPC E®d mac0S (i0S / wear0S R Y TldRWZERRLETD,
#[cfg(all(target_os = "macos", target_arch = "x86_64"))]

#[1ink_name = "readdir$INODE64"]

pub unsafe fn readdir(s: *mut DIR) -> *const dirent;

pub unsafe fn closedir(s: *mut DIR) -> c_int;

}

use std::ffi::{CStr, CString, OsStr, 0sString};
use std::os::unix::ffi::0sStrExt;

#[derive(Debug) ]

struct Directorylterator {
path: CString,
dir: *mut ffi::DIR,

}

impl Directorylterator {
fn new(path: &str) -> Result<DirectorylIterator, String> {
// opendir ZFEH LI L 785G Ok fEHZIR L,
/1 FRUANDEFEEIA v -T2 b Err 2IRLE T,
unimplemented! ()

}

impl Iterator for Directorylterator {
type Item = 0OsString;
fn next(&mut self) -> Option<0sString> {
/1 NULL KA »&HREN2ET readdir ZMCH LT E 3,
unimplemented! ()

}

impl Drop for Directorylterator {
fn drop(&mut self) {
/1 REZIEC T closedir EFEOOHL %3,
unimplemented! ()
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}

fn main() -> Result<(), String> {
let iter = Directorylterator::new(".")?;
println! ("files: {:#7?}", iter.collect::<Vec<_>>());
0k(())

}
30.7.1 f#%&
mod ffi {

use std::os::raw::{c_char, c_int};
#[cfg(not(target_os = "macos"))]
use std::os::raw::{c_long, c_uchar, c_ulong, c_ushort};

/1 F_—=2ZH, https://doc.rust-lang.org/nomicon/ffi.html % Z&< 72X\,
#[repr(C)]
pub struct DIR {
_data: [u8; 0],
_marker: core::marker::PhantomData<(*mut u8, core::marker::PhantomPinned)>,

}

// readdir(3) ® Linux ~¥~=a7J)l R—IJWZH->72VA4 7YV b, ino_t &
// off_t &
/1 /usr/include/x86_64-1linux-gnu/{sys/types.h, bits/typesizes.h} DEFRIHE-> THRIRIN:
#[cfg(not(target_os = "macos"))]
#[repr(C)]
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],
}

// macOS~v=a27/L R=IDdir(5) &>z A7V b,
#[cfg(all(target_os = "macos"))]
#[repr(C)]
pub struct dirent {

pub d_fileno: u64,

pub d_seekoff: u64,

pub d_reclen: ul6,

pub d_namlen: ul6,

pub d_type: u8,

pub d_name: [c_char; 10247,
}

unsafe extern "C" {
pub unsafe fn opendir(s: *const c_char) -> *mut DIR;

#[cfg(not(all(target_os = "macos", target_arch = "x86_64")))]
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}

pub unsafe fn readdir(s: *mut DIR) -> *const dirent;

// https://github.com/rust-lang/libc/issues/414. 83K mac0S R~¥=a27/L R=ID s

// _DARWIN_FEATURE_64_BIT_INODE 232t/ > a2 lRHILEI W,
//

[l TZReD7 vy 75T — bDFIHAIEEIC R Z2HNCIFEL TWE 7oy F 7 +—4 ("Platforms that exis
// Intel XY PowerPC E® mac0S (i0S / wear0S YTV Zf L E 3,

#[cfg(all(target_os = "macos", target_arch = "x86_64"))]
#[1link_name = "readdir$INODE64"]
pub unsafe fn readdir(s: *mut DIR) -> *const dirent;

pub unsafe fn closedir(s: *mut DIR) -> c_int;

use std::ffi::{CStr, CString, 0OsStr, 0sString};
use std::os::unix::ffi::0sStrExt;

#[derive(Debug) ]
struct DirectorylIterator {

}

path: CString,

*mut ffi::DIR,

impl Directorylterator {

}

fn new(path: &str) -> Result<DirectorylIterator, String> {

// opendir ZM-UH L. EIL7HEIE Ok HEZEL.
/1 ZRDNDGEEFX v - b Err ZRLET,
let path =

CString: :new(path).map_err(|err| format!("Invalid path:

// SAFETY: path.as_ptr() 2’NULL TH2 Z&i3HD FHA,
let dir = unsafe { ffi::opendir(path.as_ptr()) };
if dir.is_null() {

Exrr(format!("Could not open {path:?}"))
1} else {

Ok (DirectorylIterator { path, dir })
}

impl Iterator for DirectoryIlterator {

type Item = 0sString;
fn next(&mut self) -> Option<0sString> {

// NULL KA VAZPIRENS ET readdir ZWMEUH LT E3,
// SAFETY: self.dir ¥/*LT NULL iZ&h FHA,
let dirent = unsafe { ffi::readdir(self.dir) };
if dirent.is_null() {
/1 T4V 27 M) ORRKRICERELE Lz,
return None;

}
// 4. dirent & NULL Tl37 <. dirent.d_name & NUL
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/] XFRIHENTOVET,

let d_name unsafe { CStr::from_ptr((*dirent).d_name.as_ptr()) };
let os_str = OsStr::from_bytes(d_name.to_bytes());

Some (os_str.to_owned())

}

impl Drop for Directorylterator {
fn drop(&mut self) {
// Call closedir as needed.
// SAFETY: self.dir is never NULL.
if unsafe { ffi::closedir(self.dir) } != 0 {
panic!("Could not close {:?}", self.path);
}

}

fn main() -> Result<(), String> {
let iter = DirectoryIterator::new(".")?;
println!("files: {:#?}", iter.collect::<Vec<_>>());
Ok(())

}

#[cfg(test)]
mod tests {
use super::*;
use std::error::Error;

#[test]

fn test_nonexisting_directory() {
let iter = Directorylterator::new("no-such-directory");
assert! (iter.is_exr());

}

#[test]

fn test_empty_directory() -> Result<(), Box<dyn Error>> {
let tmp = tempfile::TempDir::new()?;
let iter = Directorylterator::new(

tmp.path().to_str().ok_or("Non UTF-8 character in path")?,

)7,
let mut entries = iter.collect::<Vec<_>>();
entries.sort();
assert_eq!(entries, &[".", ".."1);
ok(())

}

#[test]

fn test_nonempty_directory() -> Result<(), Box<dyn Error>> {
let tmp = tempfile::TempDir::new()?;
std::fs::write(tmp.path().join("foo.txt"), "The Foo Diaries\n")?;
std::fs::write(tmp.path().join("bar.png"), "<PNG>\n")?;
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std::fs::write(tmp.path().join("crab.xs"), "//! Crab\n")?;
let iter = DirectoryIlterator: :new(
tmp.path().to_str().ok_or("Non UTF-8 character in path")?,
let mut entries = iter.collect::<Vec<_>>();
entries.sort();
assert_eq! (entries, &[".", "..", "bar.png", "crab.rs", "foo.txt"]);

Ok(())

)7,
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% 31 &

Android TO Rust Nk>H Z #

Rust X Android D3 A5 L V7 b 27 THRE—FERTVWET DED FHLWYE—L R, 547
SYURIANEHIIE 77— Y=27% Rust HERCEE 3 (-3 DELB U THEDa—F
ERETEET),

Android T Rust AEHEINS ZEDPHEA TV E LD RDOVWTIHPIRERT LI 2BTITDHLE
ER

* Service example: DNS over HTTP.
 Libraries: Rutabaga Virtual Graphics Interface.
* Kernel Drivers: Binder.

* Firmware: pKVM firmware.
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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

32 =
ty b 7w

a— FDOF R hD7=HiZ Cuttlefish Android Virtual Device Z{#H L %3, BEfZD Device 23 HE
FRCT 7 BATEDZZ L RHER L. ZD TRITINRUTOa~ Y FIZEDERL TBWTL X0,

source build/envsetup.sh
lunch aosp_cf_x86_64_phone-trunk_staging-userdebug

acloud create

#L <& Android 7 N1 v <— Codelab % ZE < 72X\,

The code on the following pages can be found in the src/android/ directory of the course
material. Please git clone the repository to follow along.

LIS

o Cuttlefish ¥, —f% 7% Linux 5227 by 7 TEET 2 XS5 &Rt EhzUV 771 VR
Android 784 A T3, macOS DY R— b+ FESINTVWE T,

o Cuttlefish > 27 4 4 X=X EBEDOT AL AT 2EWEEELHERI L TVWE72H.%2<
D Rust 21— 25 — 2B ETT2DICHEN LRI 2L —&X T,
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https://source.android.com/docs/setup/start
https://github.com/google/comprehensive-rust/tree/main/src/android

5 33 &

EJL FDO)IL—)L

Android )V K> 27 4 (Soong) 13, T EXEREY 2 — L ZBLUTRust &+ R—FLTWET,

ETa—IL XA S

A

rust_binary

rust_library

rust_ffi

rust_proc_macxro

rust_test

rust_fuzz
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Rust XA FV %
ERLET,
Rust 74 77V
AL, rlib
¢ dylib oW/
DONYT7 Y %
L £ 5,
CCEY2—)LT
ffifi© %= % Rust
Co4720%4%
U BN 7
v eHBEANY
7> h DG %
TR 3,
proc-macro
Rust 74 75V
PERLET, Z
noixa oA
AV &N
PTwxd,
FEHE D Rust 7 &
fPAN— R B Af
¥ % Rust 7 &
XA F VB4
BLET,
libfuzzer %#|
LT, Rust 7
7 ANAF V%
ERLET,



EJa—N AT 2iAH

rust_protobuf V= AR L,
F#E @ protobuf
oA vrx—7
= — R et
5 Rust 7477
VERARLET,

rust_bindgen V—RBERL,
Co24779U~D
Rust XA ¥ 7 4
> 7% & ¢ Rust
72477V %%E
ML ET,

XRIZ rust_binary & rust_library Z R TVWE %3,
BIMTROEHICERTA2Z2BTIDHLET,
e Cargo lZZEFBVARY PV HRERHEILENTVERAERL AV X=Xy b DOy Fr =%
Kyru—RFLET,

¢ AT IATVABIUNT =< YA LOHHY 5. Android TiEZ L— b2V U —PIZHD
BT2LEPHD FT,%7. C/C++/Java 2 — K OHEERM S HETT, Soong % {#HH
THIELT.ZDX y v TR 5 e N TEET,

* Soong has many similarities to Bazel, which is the open-source variant of Blaze (used in
google3).

o GHEK: AX =P Ly DI F—=%&1F. AV (Soong) 7> Fu4 KT,

33.1 Rust ™4 FV

R 7 TV OEDEL x5, AOSPF v 777 bOL— T RD 7 7 A VEAERL ET,
hello_rust/Android.bp:

rust_binary {
name: "hello_rust",
crate_name: "hello_rust",
srcs: ["src/main.rs"],

}

hello_rust/src/main.rs:

//! Rust o7 =E,

/1] BEREREHINCHE I LT,
fn main() {

println!("Hello from Rust!");
}

INT AL FVEEILER, push. EITTEE T,
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https://bazel.build/

m hello_rust
adb push "$ANDROID_PRODUCT_OUT/system/bin/hello_rust" /data/local/tmp
adb shell /data/local/tmp/hello_rust

Hello from Rust!

33.2 Rust 7477V

rust_library ZfH L C. Android HO# LW Rust 74 75V 2L £7,
TITE 22007477 VNOKIFHGBEESLET,

e libgreeting: LN CEFEL £73,
* libtextwrap: 3 TiZ external/rust/crates/ ICWMHAENTWVWSE 7L — T,

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, // XA F v 27 V>r7 TI5—7%[l#T 57Dl ETT,
}

rust_library {
name: "libgreetings",
crate_name: "greetings",
srcs: ["src/lib.rs"],

}
hello_rust/src¢/main.rs:
//! Rust D7 %,

use greetings::greeting;
use textwrap::fill;

/1] BEREENINCH L E T,
fn main() {

println!("{}", fill(&greeting("Bob"), 24));
}

hello_rust/src/lib.rs:
11" BES4 750,
/11 “name’ WZHEELET,
pub fn greeting(name: &str) -> String {
format!("Hello {name}, it is very nice to meet you!")

}
HIERUT LD F Y 2L F, push. EITL T,
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https://cs.android.com/android/platform/superproject/+/master:external/rust/crates/

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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34 &

AIDL (AndroidAf >Z—7 = {4 REH

—_—
—_—a A
—a —a
—a —

(]

Rust Tlx Android 4 > &% — 7 = — 2EF =G (AIDL) B R— P ZHhTVE T,

o Rust 72— FIZBEFED AIDL H— N— %5 Z 2 23 TE 9,
o Rust TIIH LW AIDL — N—2ERTE 5,

341 #EHY—ECRDFa2a—bFU T

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.

3411 AIDLAYZ—7xz—2R

P—ERADAPI 2 EEF 51, AIDL A Y X—7 = —R%fFHLE7,
birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl:
package com.example.birthdayservice;

[** WEHY—ERADA VR —T 2 — R, */
interface IBirthdayService {
[** TBHAHBOTES LW Ry b —IURERLET, */
String wishHappyBirthday(String name, int years);
}

birthday_service/aidl/Android.bp:

aidl_interface {
name: "com.example.birthdayservice",
srcs: ["com/example/birthdayservice/*.aidl"],
unstable: true,
backend: {
rust: { // Rust &7 7 /L b TIXERTT,
enabled: true,
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https://developer.android.com/guide/components/aidl

b
}l

* 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 file is 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:
[**% FEHI—LRADA VR =T 2 —R, */
interface IBirthdayService {
[** TBIHEHBDHTE I EWVWI X v —IFBERLET, */
String wishHappyBirthday(String name, int years);
}

Generated trait:

trait IBirthdayService {
fn wishHappyBirthday(&self, name: &str, years: i32) -> 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 H—bLRDIE

Xz, AIDL Y —bR%2HELET,

birthday_service/src/lib.rs:

use com_example_birthdayservice::aidl::com::example: :birthdayservice: :IBirthdayService:

use com_example_birthdayservice: :binder;

/// “1IBirthdayService® DHEZ,
pub struct BirthdayService;

impl binder::Interface for BirthdayService {}
impl IBirthdayService for BirthdayService {
fn wishHappyBirthday(&self, name: &str, years: i32) -> binder::Result<String> {

Ok(format! ("Happy Birthday {name}, congratulations with the {years} years!"))
}
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birthday_service/Android.bp:

rust_library {

name: "libbirthdayservice",

srcs: ["src/lib.rs"],

crate_name: "birthdayservice",

rustlibs: [
"com.example.birthdayservice-rust",
"libbinder_rs",

] !

» 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 ¥—n—

RIZ B —ERERHATEH—N—2{ER L E T,
birthday_service/src/server.rs:

/1) BEAEHY—E R,

use birthdayservice::BirthdayService;

use com_example_birthdayservice::aidl::com::example
use com_example_birthdayservice: :binder;

const SERVICE_IDENTIFIER: &str = "birthdayservice";

/1] FEAY—ELZ2DOT Y RBA UL,
fn main() {
let birthday_service = BirthdayService;
let birthday_service_binder = BnBirthdayService
birthday_service,
binder: :BinderFeatures: :default(),

)

::birthdayservice: :IBirthdayService:

s :new_binder(

binder::add_service(SERVICE_IDENTIFIER, birthday_service_binder.as_binder())

.expect("Failed to register service");
binder::ProcessState: :join_thread_pool();

}
birthday_service/Android.bp:

rust_binary {

name: "birthday_server",

crate_name: "birthday_server",

srcs: ["src/server.rs"],

rustlibs: [
"com.example.birthdayservice-rust",
"libbinder_xs",
"libbirthdayservice",

1,
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prefer_rlib: true,

}

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
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.

3415 F7uA4

R H—ER% )N EF, push,

m birthday_server

Pt L X5,

adb push "$ANDROID_PRODUCT_OUT/system/bin/birthday_server" /data/local/tmp

adb root

adb shell /data/local/tmp/birthday_server

AMDE—=IFNT H—EANRETEN TS I 2R L X T,
adb shell service check birthdayservice

Service birthdayservice: found
service call ZFHLTH—LREMUHIT LD TEE T,

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 AIDLZ547>

birthdayservice 1 s16 Bob i32

00000036 00610048
00690042 00740072
00420020 0062006f
0067006e 00610072
00690074 006e006f
00680074 00740020
00200034 00650079
00000000

1

00700070
00640068
0020002c
00750074
00200073
00650068
00720061

IoR o LW —VYZRHDORuUsSt 754 7> FEERLE T,

birthday_service/src/client.rs:

use com_example_birthdayservice::aidl::com: :example:
use com_example_birthdayservice: :binder;
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const SERVICE_IDENTIFIER: &str = "birthdayservice";

/1] AEHY—EZAZEOHL ET,
fn main() -> Result<(), Box<dyn Error>> {
let name = std::env::args().nth(1l).unwrap_or_else(|| String::from("Bob"));
let years = std::env::args()
.nth(2)
.and_then(|arg| arg.parse::<i32>().ok())
.unwrap_or(42),;

binder::ProcessState: :start_thread_pool();
let service = binder::get_interface::<dyn IBirthdayService>(SERVICE_IDENTIFIER)
.map_err(|_| "Failed to connect to BirthdayService")?;

// Call the service.
let msg = service.wishHappyBirthday(&name, years)?;
println!("{msg}");

}

birthday_service/Android.bp:

rust_binary {
name: "birthday_client",
crate_name: "birthday_client",
srcs: ["src/client.rs"],
rustlibs: [
"com.example.birthdayservice-rust",
"libbinder_xs",
1,
prefer_rlib: true, // X4 F3v 27 V>7 TI5—%[l#T5/-HTT,
}
2 747> » libbirthdayservice IZKFEL TWARWI 2 ITHEH L TL 2 &0,
TNARTY 747 M2ELE, push. ETLE T,

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.
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34.1.7 APIDOZH

API ZH5RLC. 2 74 7 ¥ bAREAEH I — FIZEMT 2 BBITOX v - ZIFETE 2 L51CL
s

package com.example.birthdayservice;

[** AR —LRADL v E =T 2 =R, */
interface IBirthdayService {

[** TBHERBDTE I EWVWI X v —VBERLET, */

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 APIL.
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!(
"Happy Birthday {name}, congratulations with the {years} years!",
),
for line in text {
msg.push('\n');
msg.push_str(line);

}
Ok (msg)
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}

birthday_service/src/client.rs:

let msg = service.wishHappyBirthday (
&name,
years,
&[
String: :from("Habby birfday to yuuuuu"),
String::from("And also: many more"),

] I

I

)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 RustZ! Note

boolean bool

byte i8 Note that bytes are signed.
char ule Note the usage of ul6, NOT u32.
int i32

long i64

float 32

double 64
String String

34.2.2 By

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 #!

in argument &[T]
out/inout argument &mut Vec<T>
Return Vec<T>
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* In Android 13 or higher, fixed-size arrays are supported, i.e. T[N] becomes [T; NJ.
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>.

3423 F*7v =2 bDiEE

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;

interface 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: us8,

}
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("Failed to connect to BirthdayService");
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// Create a binder object for the "IBirthdayInfoProvider  interface.
let provider = BnBirthdayInfoProvider::new_binder (
InfoProvider { name: name.clone(), age: years as u8 },
BinderFeatures: :default(),

)

// Send the binder object to the service.
service.wishWithProvider(&provider)?;

// Perform 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.

34.2.4 Parcelables

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("Failed to connect to BirthdayService");

let info = BirthdayInfo { name: "Alice".into(), years: 123 };
service.wishWithInfo(&info)?;

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:
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interface IBirthdayService {
/** The same thing, but loads info from a file. */
String wishFromFile(in ParcelFileDescriptor infoFile);
}

birthday_service/src/client.rs:

fn main() {
binder::ProcessState: :start_thread_pool();
let service = connect().expect("Failed to connect to BirthdayService");

// Open a file and put the birthday info in it.

let mut file = File::create("/data/local/tmp/birthday.info").unwrap();
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: i32 = lines.next().unwrap().parse().unwrap();

Ok(format! ("Happy Birthday {name}, congratulations with the {years} years!"))

* 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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# 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$}")

}

#[cfg(test)]
mod tests {
use super::*;

#[test]
fn short_string() {

assert_eq! (leftpad("foo", 5), " foo");
}
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#[test]
fn long_string() {
assert_eq! (leftpad("foobar", 6), "foobar");
}
}

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:libleftpad_test_host PASSED in 2.3s
PASSED 1libleftpad_test.tests::long_string (@.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

GoogleTest 7L — M & D . vy F ¥ —ZFHLALFRRT AP 7H— a YO AEEICKRD £3,

use googletest::prelude::*;

#[googletest: :test]
fn test_elements_are() {

let value = vec!["foo", "bar", "baz"];

expect_that!(value, elements_are!(eq(&"foo"), 1t(&"xyz"), starts_with("b")));
}

REOEFE """ CEET L T A MIKKRL. 27—z mIMEltEnins— Xy t—
DEREINET,

---- 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"],
where element #2 is "baz", which does not start with "!"
at src/testing/googletest.rs:6:5
Error: See failure output above

This slide should take about 5 minutes.

* GoogleTest iZ Rust L A4 750 ¥ FO—HTRERWEH, Z0Hlidn — A AVRETHEITT S
WEHDH D £F, cargo add googletest ZfEH L T .BEfFD Cargo 7uy = 7 MZFIE%
EMUET,
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* use googletest::prelude::*; 1Tid. —fANICHEHZN s~ 7 nei%E 4 VK- FLF
ER

* This just scratches the surface, there are many builtin matchers. Consider going through
the first chapter of “Advanced testing for Rust applications”, a self-guided Rust course: it
provides a guided introduction to the library, with exercises to help you get comfortable
with googletest macros, its matchers and its overall philosophy.

* A particularly nice feature is that mismatches in multi-line strings are shown as a diff:

#[test]
fn test_multiline_string_diff() {
let haiku = "Memory safety found, \n\
Rust's strong typing guides the way, \n\
Secure code you'll write.";
assert_that!(
haiku,
eq("Memory safety found, \n\
Rust's silly humor guides the way, \n\
Secure code you'll write.")
)
}
CHCE D EPEPTIINFET(Z I TRETFSINATOEEA),

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

¢ ZDZ L — MX GoogleTest for C++ % Rust \IZHHEL 723 DT,

35.2 E®vw7”

Ev 2712 Mockall 205 74 77 UNLSHEHSATWE S, bLA F2EATSX512a—F
ZVI7 72XV T FHRERDHD LT, ZATED TSI EY I TEL LS XS,

use std::time::Duration;

#[mockall: :automock]
pub trait Pet {
fn is_hungry(&self, since_last_meal: Duration) -> bool;

}

#[test]

fn test_robot_dog() {
let mut mock_dog = MockPet::new();
mock_dog.expect_is_hungry().return_const(true);
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assert_eq!(mock_dog.is_hungry(Duration::from_secs(10)), true);

}

This slide should take about 5 minutes.

* 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.

s By 7 RMHHTIRED LAEESLETT . Ey 72 HHT 2 L. 7 X 2 KERRDLS7ER2IT
THECE X T, ZOMR. XD EETKE LT A FETHARRICRD £ 5,/ By 73R -
TR S N EEEOERAFRROEE L 3R 2 BRI N5 Al H D 5,

AJRELIR b  ERORFEEREZFHT A 2B T IO LET AL 2R ZLDF—KXR—RT
BAVXEY Ny LV FEHBETEET.DFED. TAFTIELWEIERE SN, L2 b EHE
TT A MRIZEAFICZ Y -7 v TENET,

FREIZ. 2L DY 2T 7L — 247 —2TlE, localhost LSV K AakBR—MINL VRT3
T 2ZANY —N—EFEETEET, 2D LD REBRIEEBORECa— 27232k
FOHEICT2DT. 7L —L T —2%FTv 7322 EDBFITEBLELTHAELEL £ 5,

* Mockall i3 Rust L A4 757 ¥ FO—ETId R W, ZDFIE v — A NVBRECEITS 2 HE
HHFETF, cargo add mockall ZffifH L T. Mockall #Bf7d Cargo 7m¥ =7 MMCF
e EML %9,

e Mockall ICIZX HI2Z K DEEEDN D D FIT RIS EINZ 5B THfMEZRETE F
T I TR RRICEEEZATHL A TS 3RERICEEICRIMEETY 73 572D h%
AL 3,

#[test]
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);

o .times(n) ZHEHT 2L . Ev 7 A Yy FANCHINZEEE n ICHIRTE 9, 2D
FEANBWEE By ZE Fay TRICEFMNC S =y 212k 3,
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# 36 &

s 8/41\Y)]

log 7 v — b+ 2HL T HEIWIZ (734 2 ETiX) logecat 721 (K& b ETX) stdout icm
ThRERT A EIICLET,

hello_rust_logs/Android.bp:

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:
//! Rust e¥> 707 E,

use log::{debug, error, info};

/1] B2 75U T,
fn main() {
logger: :init(
logger: :Config: :default()
.with_tag_on_device("rust")
.with_max_level(log::LevelFilter: :Trace),
)
debug! ("Starting program.");
info! ("Things are going fine.");
error!("Something went wrong!");

}
FNAL ZATANALF Y EENLER, push, ETLET,

m hello_rust_logs
adb push "$ANDROID_PRODUCT_OUT/system/bin/hello_xrust_logs" /data/local/tmp
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adb shell /data/local/tmp/hello_rust_logs
adb logcat T2 %K RTEZT,
adb logcat -s rust

09-08 ©8:38:32.454 2420 2420 D rust: hello_rust_logs: Starting program.
09-08 08:38:32.454 2420 2420 I rust: hello_rust_logs: Things are going fine.
09-08 08:38:32.454 2420 2420 E rust: hello_rust_logs: Something went wrong!

* The logger implementation in 1iblogger is only needed in the final binary, if you're
logging from a library you only need the log facade crate.
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o 37 &=

FHHE

Rust ixfid S8 ¥ O EEAMICBNLTWS 720, XD Z & BA[HET T,

» LD FFEA & Rust BIRZ O H T,
* Rust 225D FE TRt & Bz /O 5,

D SEEOBEE MU 3551 SRR A1 > % — 7 = — X (FFIL foreign function interface) % fifi
HLZET,

37.1 C xOMHEERM

Rust 1. CORERH URANC X B3 AT 22 F 77 A40DY V7 RFERITHYR—F LTWE T, AR
2. Rust B2 = 7 A R— LT CHOhOEMUHIT IR TEE T,

ZHEFETITO b TEE T,
unsafe extern "C" {

safe fn abs(x: i132) -> 132;
}

fn main() {
let x = -42;
let abs_x = abs(x);
println! ("{x}, {abs_x}");
}

We already saw this in the Safe FFI Wrapper exercise.

THER—F v I T+ — LA ERERCHEHBLTVWE I 2R L TWVWET A
BB COMFAMHERE IR T A,

RIZ,E D BWEREE R TwE 3,

37.1.1 Bindgen Offiff

bindgen Y — V2T 2L, CAYX—= T 7ANDONL VT4 V7R BEERTEE T,
FTNERCIATIVRIERLET,
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("| Happy Birthday %s!\n", card->name);
printf("| Congratulations with the %i years!\n", card->years);
printf("+-------------- \n");
}

Zh% Android.bp 7 7 A MITEBIL 5,
interoperability/bindgen/Android.bp:

cc_library {
name: "libbirthday",
srcs: ["libbirthday.c"],

}

FATIVDT v R= ANy X— T 7 ANEERLET(ZOFITIIHHATEDD FEA),
interoperability/bindgen/libbirthday_wrapper.h:

#include "libbirthday.h"

INT AL VT4 7R HBAERTEET,

interoperability/bindgen/Android.bp:

rust_bindgen {
name: "libbirthday_bindgen",
crate_name: "birthday_bindgen",
wrapper_src: "libbirthday_wrapper.h",
source_stem: "bindings",
static_libs: ["libbirthday"],

}

INT, Rust 7RI A TAAL VT4 Y7 RFHTE XS,
interoperability/bindgen/Android.bp:

rust_binary {

name: "print_birthday_card",

srcs: ["main.rs"],

rustlibs: ["libbirthday_bindgen"],
}
interoperability/bindgen/main.rs:

//! Bindgen D7 &,
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use birthday_bindgen::{card, print_card};

fn main() {
let name std::ffi::CString: :new("Peter") .unwrap();
let card card { name: name.as_ptr(), years: 42 };
// SAFETY: The pointer we pass is valid because it came from a Rust
// reference, and the "name’ it contains refers to “name” above which also
// remains valid. “print_card doesn't store either pointer to use later
// after it returns.
unsafe {
print_card(&card as *const card);

}
}

FNAL ZATANALF Y EENLER, push, ETLET,
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
INT HEEREINZT A FEFEITLT AL VT4 Y IDPEEEL TS Z L RHERTEE T,
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", // ‘ElENT 740, lint v 72 AF Y T
lints: "none",

}
atest libbirthday_bindgen_test

37.1.2 Rust DL

Rust OREE e ANE, CICffifiic= /7 AR— P TEE T,
interoperability/rust/libanalyze/analyze.rs

//' Rust FFI O7E,
#! [deny (improper_ctypes_definitions) ]

use std::os::raw::c_int;

/// Analyze the numbers.

// SAFETY: There is no other global function of this name.
#[unsafe(no_mangle) ]

pub extern "C" fn analyze_numbers(x: c_int, y: c_int) {

if x <y {
println!("x ({x}) is smallest!");
} else {

println!("y ({y}) is probably larger than x ({x})");
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}
interoperability/rust/libanalyze/analyze.h

#ifndef ANALYSE_H
#define ANALYSE_H

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: ["."],

}

INT. Iz CALFUDRSHUHES X512 D kL,
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"],
}
FNA ZATANALFYEENLER, push. FEITLET,

m analyze_numbers

adb push "$ANDROID_PRODUCT_OUT/system/bin/analyze_numbers" /data/local/tmp

adb shell /data/local/tmp/analyze_numbers

#[unsafe(no_mangle)] disables Rust's usual name mangling, so the exported symbol
will just be the name of the function. You can also use #[unsafe(export_name

"some_name" )] to specify whatever name you want.

37.2 C++

CXX 71— bF%MHHT 5L, Rust & C++ DM CHELMHEERMEZHERTEET,

RN T e —FIERDE STk E5,
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#[cxx::bridge] mod
description of boundary

Macro expansion Code generation
Safe
straightforward v v Straightforward
Rust APIs — Hidden C ABI — C++ APIs
Rust 4—»[ Rust bindings ]4— ————— >[ C++ bindings ]4—> C++
code code

3721 V9 TEIT 22—

CXX IZ. B EBr oMo FHEICAMINI2EES 72 F vy DR B ITKEL £ 3, 2 DR IE.
#[cxx::bridge] EBE~ZuvT7 /57— a v &h/z Rust £ 2 —LND extern 71 v 7
PHEHALTEEL T,

#[allow(unsafe_op_in_unsafe_fn)]
#[cxx: :bridge(namespace = "org::blobstore")]
mod ffi {
/] WHDEENPST 7L ATES 74— REeRioHERER
struct BlobMetadata {
size: usize,
tags: Vec<String>,
}

/] C++ IZRBHENS Rust oMy o7 xF v,
extern "Rust" {
type MultiBuf;

fn next_chunk(buf: &mut MultiBuf) -> &[u8];
}

// Rust B id C++ O > 72 F %,
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;

s TN wIIREE. 7L — D ffiEY2 -V TEELET,

s TNy Y BV a— LTI IES, S, CXX 1k~ v F3 5% Rust & C++ O | BARIDEHR®
AWML INSDTA T LZMTDOEFHEICRHL ET,

o £ X7z Rust 2 — REFR/RT %121E, cargo-expand Z#H L T, B X7z proc v 27 1
ERRLETAZL ALY DRHITIX, cargo expand ::ffi ##HL T ffi £ 2 —n10DA%
BELEST (2L, 2hid Android ey =27 MZETIEED R A).
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o SN C++ a— F2ERRT 51213, target/cxxbridge 22l £ 7,

37.2.2 Rust®O7VY v HE

#[cxx: :bridge]
mod ffi {
extern "Rust" {
type MyType; // A-~<—27
fn foo(&self); // "MyType DAYV v F
fn bar() -> Box<MyType>; // Free function

il

}
struct MyType(i32);

impl MyType {
fn foo(&self) {
println!("{}", self.0);
}
}

fn bar() -> Box<MyType> {
Box: :new(MyType(123))
}

c HEY 2 —NDRa—THICH 2 extern "Rust" BT A TLTESEINZTA T A,

e CXX a—F Yzl —&l%, extern "Rust" 27 a vEFHHLT. XMLT 2 C++ BEER S
D CHH+ Ay R — T7AVEBEBRLETARINDEIANY X—D R, 1s.h 205 7 7 £k
R ERE. TV v PEBELRUSt YV —RAT7 7 A L ERILCICHED £3,

37.2.3 ARkEIz C++

#[cxx: :bridge]
mod ffi {
/] C++ WZARBIEN2 Rust OBy o 725 %,
extern "Rust" {
type MultiBuf;

fn next_chunk(buf: &mut MultiBuf) -> &[u8];

}
BBLERD K57 C++ pERESNE T,

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;
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},
},

cirust::Slice<::std::uint8_t const> next_chunk(::org: :blobstore: :MultiBuf &buf) noexcep:

37.24 C++DI7 Vv PHF

#[cxx: :bridge]
mod ffi {
// Rust IZRBIENE C++ O > 2 F v,
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;

}
}
BBIERD XS5 7% Rust WER SN ET,
#[repr(C)]
pub struct BlobstoreClient {
_private: ::cxx::private::0Opaque,
}

pub fn new_blobstore_client() -> ::cxx::UniquePtr<BlobstoreClient> {
extern "C" {
#[1ink_name = "org$blobstore$cxxbridgel$new_blobstore_client"]
fn __new_blobstore_client() -> *mut BlobstoreClient;
}

unsafe { ::cxx::UniquePtr::from_raw(__new_blobstore_client()) }

}

impl BlobstoreClient {
pub fn put(&self, parts: &mut MultiBuf) -> u64 {
extern "C" {
#[1link_name = "org$blobstore$cxxbridgel$BlobstoreClient$put"]

fn __put(
_: &BlobstoreClient,
parts: *mut ::cxx::core::ffi::c_void,
) -> ub4;
}
unsafe {
__put(self, parts as *mut MultiBuf as *mut ::cxx::core::ffi::c_void)
}
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//

s o — 3 AN LI A TF vy DIEHETHZ Z e BRI T A2 EIEHD Y FHA, CXX I1Z.
TR F B CH+ THEXINLEZHDEZRIIHIET 220D Z e ZEFINCREEL £ 3,

e unsafe extern 7o v 7 ZfH3 22, Rust o6 ZRICNUIHES C++ 2z ES T %
RS

37.2.5 HHOH

#[cxx: :bridge]
mod ffi {
#[derive(Clone, Debug, Hash)]
struct PlayingCard {
suit: Suit,
value: u8, // A=1, J=11, Q=12, K=13

}

enum Suit {
Clubs,
Diamonds,
Hearts,
Spades,

}

e COEIRHEMINBRDANY K- FINTVET,

o HHARD #[derive()] TRV R—PENBZFL A FOEDPBROLNTWVE T80T 2 HEEEIT
C++ a— FTHAERINET /-2 213, Hash #EH 33 L Hind % C++ Hod std: :hash
DFEIESERINE T,

37.2.6 L HIEEH
#[cxx: :bridge]

mod ffi {
enum Suit {
Clubs,
Diamonds,
Hearts,
Spades,
}
}

E R X 7= Rust:

#[derive(Copy, Clone, PartialEq, Eq)]
#[repr(transparent) |
pub struct Suit {
pub repr: u8,
}

#[allow(non_upper_case_globals) ]
impl Suit {
pub const Clubs: Self = Suit { repr: 0 };
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= Suit { repr: 1
Suit { repr: 2 };
Suit { repr: 3 };

pub const Diamonds: Self };
pub const Hearts: Self =
pub const Spades: Self =

}
R X Tz C++:

enum class Suit : uint8_t {
Clubs =0
Diamonds
Hearts
Spades
},

1 I

wWN I~

I
I

o Rust flCix, EEFNIZEENH L TAERI NS a— Fid EBQ3EEEZ 5 v L E#ESEIRTT,
TR FNIEI S ZABYZ RENETRTONY 7Y P IZER ZEEPHIET 2 2 213 C++
T UB Tl3# <. Rust RIRXFICENER TR2RERDH 5720 TT,

37.2.7 Rust DTS —Lif

#[cxx: :bridge]
mod ffi {
extern "Rust" {
fn fallible(depth: usize) -> Result<String>;
}
}

fn fallible(depth: usize) -> anyhow::Result<String> {
if depth == 0 {
return Err(anyhow: :Error::msg("falliblel requires depth > 0"));
}

Ok ("Success!".into())

e Result %3R3 Rust BEX. C++ flIcHIFMCE I N FE T,

o 2 —XNBHIANIEIC rust: (Exror BT, I T — X vt —Y DXFHEEIET 5 FE
PRELET . ZI— Xyt —JF =580 Display OEE»LSEIFINE T,

s Rust 205 C++ i28=v 7 7V UA Y RETH . TutRIBTEBIKTLET,

37.2.8 C++Ox. 7 —Lpf

#[cxx: :bridge]
mod ffi {
unsafe extern "C++" {
include! ("example/include/example.h");
fn fallible(depth: usize) -> Result<String>;

}

fn main() {
if let Exr(exrr) = ffi::fallible(99) {
eprintln! ("Error: {}", err),;
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process::exit(1);

}

e Result iR T XS5 IWCHS SN C++ BHUL, Cr+ il cCRR—3NH50 5002 F v v F
L FECH Loco Rust BAEUC Err iy L TRL £ 5

e CXX 7'V v T Result Zi183T &5 ICES XN TV extern “C++” B S HINS 2 0 — X
Nz ¥, Result BiREhz e, a7 Lld C++ @ std: :terminate ZMUOH L E3, 2D
BRI, [F CHIFE DS noexcept C++ BT R v — 3N BE L RIFE T,

37.2.9 ZofthoR

Rust %! C++ Al

String rust::String

&str rust::Str
CxxString std::string
&[T]/&mut [T] zrust::Slice

Box<T> rust: :Box<T>
UniquePtr<T> std::unique_ptr<T>
Vec<T> rust::Vec<T>

CxxVector<T> std::vector<T>

« oM HEMEKRD 7 4 —L F e, extern B D5 I RO ETHHATE XY,
e Rust ® Stringid std: :string ICEH~ Yy UV 7 ENEEA ZHUTIRD X 5 BREHDIH
DEJ,
- std::string ¥, String &% ¥ 3% UTF-8 AALMFZH L EE A,
- ZD2O0DMBXEVADLATY MHRLZ 70, SFEMTEEEST ZLIITEEE A,
- std::string ¥, Rust DA —7 3 74 JRE—HLBRVWL—=TAVAMNT I X%
WEY 2728, std::string % Rust \IZfETHET Z I TEFHA,

37.2.10 Building in Android

cc_library_static Z{EM L T, CXX TEBINIAY XK=LY =R T 74 VEEZL C++ 74
TS2UEREILFLETD,

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 25, CXX CXX 12 & b4
MEND Crt N4 VT 4 YN T HEERFRTH L e ZHHALE T RKDRF74 FT.Zh
SERED LD REBICHRoTWEEFHHAL 3,

o Fio N CXX ERE BT 2729121, cxx-bridge-header 714 75 VICkFET 3
REDRDHBHZLICHFERLTLIEZ N,
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e Android T CXX 2T 3-8 F¥ 2 X > MzoWTid, Android D F¥ 2 X > b
CELEEIWVWFDY B3R HB L. ZBENRTCFIEEHERTE 2 L51CF3 2
EEBITIHLET,

37.2.11 Building in Android

genrule Z 2 DfFL %3, 1 D CXX Ny X—DAEHH. $ 5 1213 CXX V-7 7 4 VDA
T3, ZbHid cc_library_static "o AS e LTHEHAINE T,

// lib.rs &% Rust hHT7 ZAAR—FEIn-BEucxs 3
/] CH+ NAVYT 4 0T %EG0 C++ AN X—%4HRLET,
genrule {
name: "libcxx_test_bridge_header",
tools: ["cxxbridge"],
cmd: "$(location cxxbridge) $(in) --header > $(out)",
srcs: ["lib.xrs"],
out: ["lib.rs.h"],
}

// Rust DIMPEUHT C++ a—FEAEKRLET,
genrule {
name: "libcxx_test_bridge_code",
tools: ["cxxbridge"],
cmd: "$(location cxxbridge) $(in) > $(out)",
srcs: ["lib.rs"],
out: ["lib.rs.cc"],

e cxxbridge V—LE 7V v Y Y 2 — D C++ lIEERTZAZ Y F7rY V=L T,
Android iZ#lAAENTE D, Soong V—L & LTHIHTEE T,
o X LT, Rust V=27 7 A LH 1ib.1s DFAH ANy X— 7 7 A LDOEHIE 1ib. s . h,

V—RX7 7 A NVDELENE 1lib.rs.cc e R D FT .27 L. 2OMm&GHRANIEFITIEH D T4
Ao

37.2.12 Building in Android

libcxx & cc_library_static 2K % rust_binary Z/ERL 7,

rust_binary {
name: "cxx_test",
srcs: ["lib.rs"],
rustlibs: ["libcxx"],
static_libs: ["libcxx_test_cpp"],

37.3 Java & O HEEHTE

Java Tl3, Java Native Interface (JND) 2/ L THAEF 72 =7 b Z2HAAL I ENTEET, jni
7=t 2EHT 2 HEREDOH 254 75 ) 2ERTE % T,

%79, Java il 27 XR— 3§ % Rust BIRZ/ERR L £ 5
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interoperability/java/src/lib.rs:
//' Rust <-> Java FFI O7 =%,

use jni::objects::{JClass, JString};
use jni::sys::jstring;
use jni::JNIEnv;

/// HelloWorld::hello method implementation.
// SAFETY: There is no other global function of this name.
#[unsafe(no_mangle) ]
pub extern "system" fn Java_HelloWorld_hello(
mut 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_raw()

}
interoperability/java/Android.bp:

rust_ffi_shared {
name: "libhello_jni",
crate_name: "hello_jni",
srcs: ["src/lib.rs"],
rustlibs: ["1libjni"],

}

Xz, Java 26 Z OBEBENOCHL 5,

interoperability/java/HelloWorld.java:

class HelloWorld {
private static native String hello(String name);

static {
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"],
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BRI AL FUZEL R ELEFTLET,

m helloworld_jni
adb sync # requires adb root && adb remount

adb shell /system/bin/helloworld_jni
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Chromium
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# 38 &

Chromium ® Rust Nk 5 Z #

Rust i Chromium % — F8—F 4 A4 773V THR—-PXINTWVWET, Rust BEFD
Chromium C++ 2 — R2#EHTHICE. 77 —RA M =T 4 DI N—a—FEFHAL T,

AHZ, Rust TXFH ZEfio THHAWZ EZLEWEBWET, d LHSDOHEYESIC
UTF8 XFH % FKRT 2 a— F2RHBI5EIE. Z T TRAREHT TR BHaDa— FiZ
SLTZOFEEZETLTHOEEA,
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5 39 &

ty b 77

Chromium 2V LV FLTETTESZ I 2HERL T, 2— FOBERREID S D (2023 F 11 HIC
SHET %33y MiE 1223636 LI THIUITEED STy b 73— VL 757Dty T
Fl:ﬁ%E% b i’li-/l/o

gn gen out/Debug
autoninja -C out/Debug chrome
out/Debug/chrome # or on Mac, out/Debug/Chromium.app/Contents/Mac0S/Chromium

(RO ZHREICT I IV E—F2V FPOTFAN AL R EBITOLEST, 2haF 7
AV b TE)

FRMER L TWARVWEEE, Chromium O L Rk ZHEEEL TL & W, &8, Chromium % &
ARFT 2Dty b7y S DD D £ 5,

% 7>, Visual Studio Code # 4 YA b —NLLTHLZIZBITITHLET,
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https://www.chromium.org/developers/how-tos/get-the-code/

HEIZHOWT

T—RADIZD— MIFAHAIWBEE L 72— #DEER D D £33, 3 —ROBREZ I TR &K EE
L CHEEITOE T RED S— M EET T3REPI R VWEE D R TEVLDIHE LI W=D DBEWD
FH Ao
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55 40

Chromium ¢ Cargo DxraJ A7 A
DL

The Rust community typically uses cargo and libraries from crates.io. Chromium is built
using gn and ninja and a curated set of dependencies.

Rust Ta— FZFLihd 2 B3 ROBEIRED D D 5,

« //build/rust/*.gni @7 ¥ 7L — k (fil: B THMF % rust_static_library) %%
IZLTC, gn ¥ ninja ZHL $3, 2, Chromium OBHEFADY —LF =z —r
L— ISR ET,
» cargo ZffH L 32 EBOFM % Chromium OEEFADY —LF z—r 7L — R
HIRR L %9
e cargo EfffHL, V-l Fz—r R A VX =Gy bpbAYYR—FL/7L—F 2EEHL
£,
ZIZ25iE gn & ninja EREYTET, 2NSZ2HHT 5 Z & T, Chromium 75 71 Rust
aA— FZHAALZENTEFT T, 235N, Cargo iZ Rust Ta P X7 LADHEBELZHTTH D,
HNZRED LIRS TVWEINRETT,

Mini exercise

DNEDTN—F 23T AT 2TV T,
s cargo B3RV v b b OLTHREMEDDHZ>F VA ET LA VA =3IV L ENHDTF
VADYVRZ Fa7 7 A VRl L £T,
s gn¥ninja.tA 774 @ cargo L HEHT 2B DY - T4 TV AL ZEBL
RINERSRVDPICOVTHELAVE T,

BB HEE RS T TARICAY—h— V= EDZEDPBVWEIIBEVWLTLFE VW, a—2D%
BEETLPHFEANICEZT > TV EREL T, 3~4 AODDABDOD L —FTHELE->THHI &S
WWBEWLTL ZX W,
HEOFEICE T2 ATy b Cargo XY v v 2D 6T F U A ¢
o YV — )LOERREP Chromium O—&d 71 r X 4 Y2 2, crates.io 24 77 VDRFEL
LAY AT ATV ERATEBZDREBOL LWV ETTJAREFITRTOHEMIOVWT I L —
FORHEBEINTBED . AMOGEF THHREICHEATEEI (A~ R4 VEBNTT 5729
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https://crates.io/
https://chromium.googlesource.com/chromium/src/+/refs/heads/main/docs/rust.md#Using-cargo
https://chromium.googlesource.com/chromium/src/+/refs/heads/main/docs/rust.md#Using-cargo
https://rustup.rs/
https://crates.io/

D clap. T XFRER DB TS UV 7 MMEEZLIEHES U 7L EITS 120D serde. 1 7 L
— X EPET 27200 itertools &),

- cargo T 2. 94 77V 2T Z e AT E £3 (Cargo. toml i 1 173EHM
LCa— PO ZMT 27213 T3),

- perl ORI 5 7z CPAN S, python IZBF 2 pip LHELTAZ L R0 d Lit
¥ A

o 7z Rust V= (F A + VU — BHEDLZEMR,. ST WEKERTENEST 20 EBDH L7 L — b e T

AT EITHD rustc N—2 a YYD EZ 2 DIZHHT 5 rustup )T TRL,
P— =74 VDT ay 7 s(Mozilla BE#ET 2L F 2V 7 s BEEORGL E
D7z cargo vet. NYF~v—7 2RXHITFEITT S ERREMT 5 criterion 7L — &
ENTED BHFHL I ARY = RFIFEICRE L Lo TVETS,

- cargo #ffH ¥ % ¥, cargo install --locked cargo-vet Z/rLTY —L %
HiBmMTtE %9,
— Chrome fi5RFERES VScode IRIERE L LERL TA S DB RWLA S LOLEE A,

* cargo ANHEYIAER 122 X 5 R UBAWINAN LR ey = 7 Ol 2 I TITRL 3,

- BADPS LN EFEANERTEaAY R4 Y V= ILOIEBICERT 2532 LT,
Rust DAKAEmE > TVWET 74 77V DIRE T3/ I 7 2D FT Python IZPE# L
DOH BEBMI AT LADBPIFTRET, (4 XX T ) XFFHETRRL IV L LVEGE
72D T)FEATIHRED EH T,

- Rust Ta ¥ X7 JICBMT 512iE, Cargo 7z ¥ OFFHED Rust Y — V2§ 2 RED
HYHEFT LS MY B a—>ar22F. Chromium B4} (Bazel % Android /
Soong DIV RER R &) TOMHNMHERE NS 74 75 V) Tld, Cargo T2k
2BITHLET,

cargo N—2® Chromium Bi#E 7wy = 7 + OH:

- serde_json_lenient (Google DI TT A b L7AER, PR DT 5 —< A3
f] k)
- font-types kD7 x> MLIA4 77V
- gnrt V(2D a—RDHPETHWD EFE PR a~xy F 74V OEicid clap Zff
HU KT 7 41121 toml ZEHAL 5,
* Disclaimer: a unique reason for using cargo was unavailability of gn when
building and bootstrapping Rust standard library when building Rust toolchain.
* run_gnrt.py uses Chromium's copy of cargo and rustc. gnrt depends on
third-party libraries downloaded from the internet, but run_gnrt.py asks
cargo that only - -locked content is allowed via Cargo. lock.)

MUTFD7 47 23 RN E 2 3PRICEEI ATV L AR LTHRVEEA,

LLVM 74 771, Clang 2> %4 7, rustc Y —R(GitHub 7 5H{F X 41, Rust 2 >34
7 F—LREBZLE 2R T DD . T PR Ty THIA Y Ya— PSS FV
Rust 22> 81 Z1TKFF % rustc (Rust 2281 7)

rustup (rustup ix rustc [F U < https://github.com/rust-lang/ #Hik D& T THFE XN
TVWRZERFHAT IRV, LNLEEA)

cargo. rustfmt 2 ¥

XFEXERANMLA > T7 A NF77F v (rustc ZE L KT 3 bot, HRiHEREFADY —LF = —
% Chromium T¥ Y =7 ZEMHT27HDT AT LRY)

cargo audit % cargo vet %z ¥ @ Cargo ¥ —/L

//third_party/rust iZHDAEH 7z Rust 7 1 7'V (security@chromium.org 2385 #)
ZOMD Rust 74 77V (=y FRJBDDDHIIIEFICALGDE DD KILfEHEh 2D H
D¥79)
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41 =

Chromium ® Rust ;RV o —

Chromium T, Chromium ® =V 7 727 =5l J— R ICXoTHEEBEINTWBEENR T — A%
fpx. 77— =T 4 TORust T ELFHFAIERTVER A,

P —F =T 4 9475 V123 2% Chromium ORY > —i22oWTik, 2H5 #ITELFFEW,
Rust 3. X7+ —< VAR EF 2V T4 2ED I XA CHREBLBRBETHIGEZED. S EXFER
WRIHTH—F =T 4 AT IVIMFEHT LTI TVET,

C/C++ APl Z BT 2 Rust 74 77 VIHFL AR W=D . 25 L7274 77 VDIEEIT AT
TAYEDT7 77— =T 4 Zl—a— FRRBICRD F5,

"C++" Rust

: BEfF® Chromium : : "Chromium Rust" "BEfFD Rust"
"Ct" : L P ZL—k
oo e oo oo + O T + Fmm e e e oo o +
| | | | | |
| 0o----- ot - +-+-> O-+---mmmmm - +--> |
| | B | | Crate | |
oo - + b= e - + API Fom o - +

REDY—F =74 ZJL—=1+HD7 7 =R} =7 4 Rust 7V —a— FIZEH.
third_party/rust/<crate>/<version>/wrapper iIZiE» N5 NEXTT,

Y rtoEf»s AHOI— XTI RICESEYTE T,

e H—FRX—F 4 DRust 54 75V (7L —F))REAT 3B,
o Chromium C++ 2527 L — b 2FHHATE 2 X5/ V—a— FEiIddT 3,

ZORY —DPEBINGEZ. ZRCEODETa—ABEHEINE T,
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A2

Build rules

Rust 72— FIi3@H. cargo ZfAHL T FEhEd, Chromium i3¥Ez2EDH 27D gn &
ninja Z@ALTE L FSRE T, ZOHHIIL—IC & o TRARO WS FTEEIC D $5,
Rust IS CIEH D 8 A,

Chromium !Z Rust 2— FZ38M3 3

Chromium ®BEf7F® BUILD.gn 7 7 4 /L C, rust_static_library #EEFL 7,
import("//build/rust/rust_static_library.gni")

rust_static_library("my_rust_1ib") {
crate_root = "lib.rs"
sources = [ "lib.rs" ]

}

flid Rust X —%"v bz deps ZEMT 22 b TEF T HRTCINEFHAL T — =7 4D
— FNDKFZHREL 5,

JL—hML—b2 Y —RDEERVATNDOMFERET 2LENHD FJ, crate_root & Rust
AVRATWEINDE T 7 ANT, AV RNANVBNDOL—F 7 7> A L0GEEIX 1ib.1s) 2R L F T,
sources lEINRTOY =X 7 7 A LDFERKRY XA T HEL RBRBERK A I 7% ninja H3
Wrd 2 7= DI ETT,

(Rust Tl&Z L — F &R a Vv A VEANTH 3728, source_set ¥R 2 X 572d DIZEEL
FH A, static_library 23FNENMITE),

B RE Rust OFFN T 4 77 VIThT % gn OflAAAT R— b TIERL, gn 7> 7L -1
PERTIDEDRDZDODEEMICEI LD LNERTAFOEZIZ.ZOT 7L — +H CXX HEE
. Rust @ features. A7 XA FZHR— P L TWVWBEDTT, ZO—EIBTHEHL E T,

42.1 unsafe Rust 2— FDEM

LT Rust 2— RiZ7F 7 40 b Tld rust_static_library TH#EXhTEh. av 4L
TEFEHA AL TR Rust 2 — FAREREEIX, gn £—%"v M2 allow_unsafe = true %
BIMLE T (ADBBEIZR BRI OVTIE, 2D a—2DKRETHIHLET),
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https://gn.googlesource.com/gn/+/main/docs/reference.md#func_static_library

import("//build/rust/rust_static_library.gni")

rust_static_library("my_rust_lib") {
crate_root = "lib.rs"
sources = [
"lib.rs",
"hippopotamus.zrs"
1

allow_unsafe = true

}

42.2 Chromium C++%* 5 Rust ® a2 — RICHEZHE 3

Fioz—7vy WL D20 Chromium C++ X —%" v + @ deps IBIT 27213 TH,
import("//build/rust/rust_static_library.gni")

rust_static_library("my_rust_1ib") {
crate_root = "lib.rs"
sources = [ "lib.rs" ]

}

# F71F source_set. static_library 7z¥
component ("preexisting_cpp") {

deps = [ ":my_rust_lib" ]
}

We'll see that this relationship only works if the Rust code exposes plain C APIs which can be

called from C++, or if we use a C++/Rust interop tool.

42.3 Visual Studio Code

Rust 2 — FTIZENEKINTWE - BN/ IDE X C++ DFE XD X HICEHTT, Visual
Studio Code (& Chromium @ Rust T2 #EHE L % ¥, Visual Studio Code 2§ 31cH7= 0,

UTORZHEREL TSV,

 VSCode (2. MDA D Rust ¥R — b TlEA <. rust-analyzer H5RIERED D 5 Z & %1

Exd
)

* gn gen out/Debug --export-rust-project (£7EH%R7DFvy s MBI S

Mo HhT41L 27 2Y)
* 1n -s out/Debug/rust-project.json rust-project.json
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actual_version® 16 — makeoh me cnda vnecdianll T
Version::Micro Pub struct QrCode { \c

Version: ‘Norma content: Vec<Color, Global>,
version: Version,
ec_level: EclLevel,

h min_version width: usize,
None => (), }
Some(min_versi

Some(min_versi
// If “act 2 implementations

The encoded QR code symbol. /€

r
qr_code = QrCode::with_version(data, Version::
}

IDE ([ZHEEEM 72 3238 1S L CTid. rust-analyzer Da— R 7/ 57— 2 ¥ L HEREREDO T 21T S
ERVWA S LOLEEA,

UROFECHR>TTERTO I EZETIDLETHRO D ICHZHHEDIEEL T3 Chromium
B Rust a— REFH L THEVEEA),

» components/qr_code_generator/qr_code_generator_ffi_glue.rs ZFZ %7,

* ‘qr_code_generator_ffi_glue.rs ® QrCode: :new FEUH L (26 fTHfHI WA — Y Vv EED
BTET,

» show documentation ® 7€ 217\ % 3 (—fkH72 N4 > 7 1 > 7 vscode = ctrl ki, vim/CoC
=K,

* go to definition O 7 E 2TV E T (—fkHI7Z N4 > 7 1 >~ 7 vscode = F12, vim/CoC = g d)
(Zhuc kb, //third_party/rust/.../qr_code-.../src/lib.rs iCBHIL £9),

» outline ® FE %47\, QrCode: :with_bits XY v FIcBEIL £3(164 THME, 77 b
5413 VSCode D7 74V T2 2T —5 R4 VIZH D £F, &A% vim/CoC N A > F
4 ¥ 7' =space 0),

* Demo type annotations (there are quite a few nice examplesin the QrCode: :with_bits
method)

BUILD.gn 7 7 A L D#E&EKIZ gn gen ... --export-rust-project *HETTZ2LENDH
52 HHL TSN (IO Yy ¥ a OB EETHETITVWET),

42.4 Build rules exercise

Chromium ® L KT UFEZELH LW Rust X —4"» +% //ui/base/BUILD.gn ISENML ¥
ED

// SAFETY: There is no other global function of this name.
#[unsafe(no_mangle) ]
pub extern "C" fn hello_from_rust() {
println!("Hello from Rust!")
}

Important: note that no_mangle here is considered a type of unsafety by the Rust compiler,
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so you'll need to allow unsafe code in your gn target.

ZOFLWRust x—% v b & //ui/base:base DIKEFEEBE LTEMLET. ZOMEZ
ui/base/resource/resource_bundle.cc LB TES LT T HRIFLE. NA VT 4 v I74E
By —rTcIinEBENLT 2 5EERHLE ),

extern "C" void hello_from_rust();

Z OB % ui/base/resource/resource _bundle.cc N Z oMUy LET . BT
§ ® X ResourceBundle: :MaybeManglelLocalizedString @ LD S M UM T Z ¥ TF,
Chromium % £/ F L T%47 L. “Hello from Rust!” Al H XA T\WB Z L ZHERL £
T

VSCode %l L TV 285A 1%, VSCode THYNCENINET 2 X 512 Rust Z&E L 3, 24U ki
DEETHRIULBL EFTHENTT LzH, println! T ”Go to definition” #4527V v 7 THHTZ
X521k ET,

ZE N

e rust_static_librarygn 7> 71— CTHHTEZ2 A > a >

* Information about #[unsafe(no_mangle)]

e extern "C" 2RS35

e gn @ --export-rust-project 24 v FIZBT 2 1EH

VSCode IZ rust-analyzer % A > 2 b —)L§ % J5i%

It's really important that students get this running, because future exercises will build on it.
O IHBEOMHEERSETH 2 CICENINTWVWE 0, —KINTIEH D A, C++ & Rust
FrbE56d, CABIBEZ A A 74 ZICES L THIHT Z e TEE T, a—ADKET, C++ %
Rust ICEZER L £ 35

allow_unsafe = trueisrequired here because #[unsafe(no_mangle)] might allow Rust
to generate two functions with the same name, and Rust can no longer guarantee that the
right one is called.

MM Rust EATATRE 7 7 A A3 E 7251, rust_executable gn 7> 7L — b 2HH L TfT
HIZEBHBTEET,
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Rust 23 2= 4 3BE. 7AMRROI—FERILY —R 7 7 LA VB X N-EY 2 — L THIK
FTAMEERLET, NIRRT — 2D FiOET THBLTED UTD X511k 3,

#[cfg(test)]

mod tests {
#[test]
fn my_test() {
todo! ()
}
}

Chromium TIEHAETF A M E2RDOY —27 7 A VIZEBLTED., Rust TH ZOHE 2L F
T, ZAUTE D T A ME KB AREICR D, 2 EHIC(test K T) .1s 7y A LV EHEIL RT3
BRI D ET,

ZO#EHE, Chromium T Rust 2— FZ2 57X b3 37200 ROERBEPREXNE T,

o 247 4 7 Rust 7 & + (fi: #[test]), //third_party/rust LU CIIHERIhZHA,
o C++ TIE S, FFIMUH LZ/A L T Rust 2175 % gtest 72 b, Rust 2— F23HLR 3
HWWEFFI LA Y TH D BIFOHEKT X b THHE I OAEENRNZ S AN—E 35581+

HTT,

* Rust TERSN. N API ZNLTT XA MPRROZ L — 2T % gtest 7 X b (REIT)E
U T pub mod for_testing { ... } 2, 2HUTODVTIX. ROBHMD R F 4 KTl
BAL %3,

P—F=F 4 ZL— DA A T 4 7 Rust 7 & b 2RAAHIC Chromium bot 12 & - TEITEN S
WEPDHZZZHALET(ZDEIRTAIHPBEITRZ 223D o 7R —=F =T 4 D
7L — MBI E 73R LRICOABEL 2D £5),

C++ D gtest & Rust ® gtest Z¥ D XS RIGE M RE WL O D2~ THIT 5 &
FWTL &k 5,

* QRICIF. 77 —AF =T 4D Rust L4 YOEEEIXIZL ALY DD FHA(HEKRLZS Y FFI 7
N—T7F) D7z, C++ & Rust DFEEDM % T R b T 2 IE BHFD C++ BKT 2 b %
ALZEI (7R %27 X—%{bL, ScopedFeatureList %{# L T Rust ZEL 721k
ML TEL LS5 ICRoTVET),

o [ED, 721305 H D PNG # AT, libpng TIREM XA THEDIZ, png 7L — Tl
RIELTVB Y7L LEH(RGBA => BGRA. A U~ iERZRE) DA EY & — 7 REBENNE L

249



BABENDDET, DX S BEEEORBFICBVTIZ AR RUSt TF X F2ERT 3 22
BIOGEDDH D T,

43.1 rust_gtest_intexrop 5475V

rust_gtest_interop 74 77 VEHHT 2L RDIENTEET,

* Rust Btz gtest 7 A M —R e LT T % (#[gtest(...)] BHEZMHA),
s expect_eq! ¥ o~ rn%ffiffl3T 5 (assert_eq! L UTHWETH, 79— a VKK L
THRZw 7T TRAMNERTLERA),

Example:

use rust_gtest_interop::prelude::*;

#[gtest(MyRustTestSuite, MyAdditionTest)]
fn test_addition() {

expect_eq!(2 + 2, 4),
}

43.2 Rust 7 A FPHD GN 1— L

Rust ® gtest 7 X M 2L F ¥ & MHELTEE, C++ THERS N T X IATTIZEEFATY
LEFEDT A I ANAFVITEBINT 2 Z T RIHIZRLET,

test("ui_base_unittests") {

ééﬁrces += [ "my_rust_lib_unittest.rs" ]

deps += [ ":my_rust_lib" ]
}
A&, static_library T Rust 7R 2T 2 2 L ARET T A Y R—F 74 77 UADK
FHEREFHCTES T I2LELNH D T,
rust_static_library("my_rust_1lib_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") {

déhs += [ ":my_rust_lib_unittests" ]
}
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https://chromium.googlesource.com/chromium/src/+/main/testing/rust_gtest_interop/README.md

43.3 chromium: :impoxt! =7 u

GN @ deps & :my_rust_lib Z B I L 72 % . my_rust_lib_unittest.rs 2 &
my_rust_lib 24 Y KR— P LTHHT 2 HERODVWTEILENDH D 9, my_rust_lib
WIWEHRM 7 crate_name A E SN TWVWRWEDH, ZJ L — b RIERXR—F v bD 7,8
CHMICESVTERSINE I EV HENIZIA VK- &N chromium 7 L — 22 5
chromium: :import! w27 v TIUI. 2D X 5 BV WARTOMEHZ B TE 3,
chromium: :import! {

"//ui/base:my_rust_lib";

}

use my_rust_lib::my_function_under_test;
I T o273 RD X S B NE T,
extern crate ui_sbase_cmy_urust_ulib as my_rust_lib;

use my_rust_lib::my_function_under_test;

FEL <1E. chromium: :import ~2ud FFa x>y bk axy bk 2IELEIW,
rust_static_library !¥. crate_name Fu 7 4 X X 2HHRMLLATOEEE I R— ML T
WETH 7L = RE T — oL —ETHRAREND 5725, ZHIEHERE XL FH A, crates.io
7L — b ao—BHEHRIEL TWA 729, cargo_crate GN #—7% v + (38D gnrt Y — LT
AR)IFEWI L — FEEFERL X T,

43.4 Testing exercise

Hi= 7 OB T !
Chromium )L K TUTFZEITo TLE&E W,

e hello_from_rust O#iICT A FAJREAZBEEBIML £ 3,728 ZIX. 518 LTI -7 2
DD EBIMNT S, nBFEHO 7 4 RF v FHEFNETIZ A7 ANOBB 2T 2.2
MEZOLNET,

s FHILWVWEHED T A M2 EUHIED ... _unittest.rs 7y A AEEML 7,

« HrLWF 2 k% BUILD.gn GBI L £ 3,

¢ TAMEZEARLTETL I LOT A FEEET 2 2 e 2RER L £3,
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44 &=

C++ X OMHEMTE

Rust 23 2=5 4 121& C++ £ Rust DMHEEHAD 720D F 7> a U EEHBEINTE Y M2 T
LWY —LDHEINTOVETHEDOE Z A, Chromium TiZ CXX 2 WO Y — L 2L TWE
KIS

SHEERAREA VA —T7 2 —REBESERUSLICEILYUTVED) TR TE L, CXX Y —p
Rust ¥ C++ O S CREBEBOEZTZ4ERL T3,

#[cxx::bridge] mod
description of boundary

Macro expansion Code generation
Safe
straightforward v v Straightforward
Rust APIs — Hidden C ABI — C++ APIs
Rust <—>[ Rust bindings ]4— ————— >[ C++ bindings ]<—> C++
code

code
CXX ORI NTIE, CXX Fa2a— M) 7L BTELEE W,

MzRERoFLEL £ 2. BTITONLWHIZLATE £ o072 FALTHD, 2Ot AZ2HEMLT
BERDEIBRAY Y bADHZZEHMALET,

o ZDY—iE, C++flle Rust il —, T2 Z e ZREIEL £3 (Jz& 21X, #[cxx: :bridgel
DFEFED C++ £/ E Rust DERE —BLBRWEHE. 2V A4V 7 —=HFAE L T30, [
NTOWBRWFEFINS > 74 V72T 2 8  REEOEENFEAL $5),

o 2OV —UZ, CLUOMEEICHTT 2 FFI %> 2 U&7 C-ABI HHid 7 ) — B 04 % B
Bt L3 (Rust £721E C++ XV v FAD FFIMUH LOBEI LR Y FEANL T4 T
B.ZDEIB by TN D 7 ) —Be FEICIERT 285 HD $9),

¢ V=N ETATIVRERDK S O FE LMW TEFT,

- &[TIIEFED ABI R XEY LA 7Y F2IRIET 2D DTIEDH D FEAD., FFI DIFEA
EHEZTETIENTEEZ T FEANL VT 4 7 TlE, std: ispan<T>/&[T] ZFH)
THEEL ARA YR ERSDPOHMETIMNED DD F T, GBI LICHEDR T A ADKE]
FEPETRRZD. 27 —PRELLTIRDET,

- std: :unique_ptr<T>, std::shared_ptr<T>, Box R¥DRX~v— b KA &R %
474 TR R=PINTOE T FEANS V7 4 7Tl CABI EIORMTARA >~
REEITHEDRDZ72D. 74 7 X4 L XEVEEWICET 2V RI05EHED £5,
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- rust::String ¥ CxxString id, SREMIOSCFHIRIOENZ BB L AR L £ T
(72 Z1&, rust::String::lossy (& JE UTF8 ® AJJ2» 5 Rust XFHZ/ERT &= %
T ¥ 7z, rust::String: :c_str idFH% NUL KT E £9),

441 NA VT4 T DH

CXX Tli&, C++ ¥ Rust DR %E .rs V—2a— FHND cxx: :bridge €Y 2 — L TEST %
DERDH D ET,

#[cxx: :bridge]

mod ffi {

extern "Rust" {
type MultiBuf;

fn next_chunk(buf: &mut MultiBuf) -> &[u8];
}

unsafe extern "C++" {
include! ("example/include/blobstore.h");

type BlobstoreClient;

fn new_blobstore_client() -> UniquePtr<BlobstoreClient>;
fn put(self: &BlobstoreClient, buf: &mut MultiBuf) -> Result<u64>;

}

// Rust OM B OEREZ Z ZITREAL F7,
DURZEHL 3,

o ZHUTEFE D Rustmod D X HICHR X 90, #[cxx: :bridge] 7mvy—Y ¥ v rniiZ
AT U CTHEERLEZITOE T AR IN 22— NEdb o eI TwE T, Z2hTtd o
— FiziE ffi 25 mod BER XL E T,

Rust TD C++ @ std: :unique_ptr DA 74 7 ¥K— |

Native support for Rust slices in C++

C++ 75 Rust B & X Rust DFIANDOFEH L (FEB)

Rust 225 C++ B L X C++ OBIADIERH L (FER)

X H 2 Rust T C++ Ny X =D XN TVWE ESCRZIETH, ZHFEMETT, 2Dy
X — 1% Rust TR XN, C++ 2284 S DDIEREI N C++ a— RiZ #include T
WA TY,

CXX OR5

CXX ZHT 2 2ICHEDBEIOR=JIF, BV 77 L VA T,
CXX WEHEHARMZRD LS e r —RITELTWET,

¢ Rust-C++ f Y X =7 2 = AP T I Y TV T TN TEES TE 358,
T TR XX THRAT A TR RE—PENTVWIHOAEZHEHLTWY25E @
std: :unique_ptr. std::string. &[u8]),
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Rust @ Option B2 HRK— b IR TW0iRVWARY, CXX IZIFZ L DR H D 5,

Z 5 L7=#IRic X b, Chromium Tl & D Rust ¥ C++ OHEEM I THNF. Rust OFEHIZT
TN Lza— RFIZBREZINTWE S, Chromium T® Rust D 2— 247 — 2% #aT§ 3 %
T EBRHAD CXKX AN VT4 VD REZRER LT S Y ITNCRZ 20 el 52
TBIITHLET,

In addition, right now, Rust code in one component cannot depend on Rust code in another,
due to linking details in our component build. That's another reason to restrict Rust to use in
leaf nodes.

. CXX DZ DD 72K ZHAT 2 0Z0DH D F5, KITHZRL X5,

o 7D C++ FISMTE DSV TITDON S (RDRF A4 FESBH),
o BIBORA ¥ ZAENIT LW,

44.2 CXXIZBF2 70

CXX @ Result<T,E> ®% K — bk &, C++ FAHEFEL TWB 728, Chromium TIXFHTE F
BFALUTOREFEDRH D T,

e Result<T, E> D T O

—oUt RTRX—=RENLTRTZ e TEE T &mut T). Z2D7zdi2iE, T % FFI 05
REBZ CTERZDELDDET 22 TREMUREEETZ2LERHD T,
* 7V 374 78I(u32, usize & ¥)
* (Box<T> X IZEALD)#EYIRT 7 4V MEERFD cxX THA 7 4 7Y R—- b Zh
TWAA(UniquePtr<T> 72 ¥),
— Rust I CHRAFF L. SBBREN L TRMATE 3, 240UX, T 25 Rust OGAEICHEITR S Z
EHHH ET, Rust BUI FFI DR ZHEZ TET Z 2B TE 3, UniquePtr<T> IZH&HN
THIEBTEEEA,

e Result<T, E> ® E O

- T LTRT e TEET (22 213, true 13T, false 32/ L £9),
- R RS — ORISR TEE TS CAETRERICHBEIIRLZZEDD A
TL7

44.2.1 CXXError Handling: QR Example

QR 22— FAERY — VI, 7 — MED I £ 73R Z 2 L S DR %2 FFI QR 28 2 T
Hyzenctes —Hl T,

#[cxx: :bridge(namespace = "qr_code_generator")]
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;
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ZiE T out_qr_size ot~ r T 4 7 RCHLER > TOBAHEELR D D 3, ZHERZ X
— DV A4 XTI, QRa2a—=FDOH A X TT(OED, ZOBERIITTETHH RIZX =DV 4 XD
FRRICHY L E3),

Rust BI# & FE OO 7RI out_qr_size Z2#IL 3 2 2 L OFEMZFHIAL F L & 5. A1k
TVRWAEY 2457 Rust ZRZENT 2 L  RERDEEL R D T (2D XS5 RAEY 2SR
TEEEDAD UB 12725 C++ BIXREZD F5),

Pin izoWTZi#EE» @D oNHEAIE. CXX D Ctt F— X ADAZEBIBD DI Pin 4 E L
TAHAHBAZPHALET. DFED., Ct++ OF—XWITACEBEA VEABEENTWAABEMNED D 3 1=
», Rust DF— XD LS BTN TEERA,

44.2.2 CXXError Handling: PNG Example

PNG 7a—xo7a b &4 A3 B LR % FFL OFR 22 TEERVWEEICMNTE 20%
MLTVET,

#[cxx: :bridge(namespace = "gfx::rust_bindings")]
mod ffi {
extern "Rust" {
/11 ZHhix “Result<PngReader<'a>,()>' r[I%E®D FFI MIcofiHE%E
/1] BRLUET
fn new_png_reader<'a>(input: &'a [u8]) -> Box<ResultOfPngReader<'a>>;

/// “crate::png::ResultOfPngReader” Hd C++ NAVF 4>
type ResultOfPngReader<'a>;
fn is_err(self: &ResultOfPngReader) -> bool;
fn unwrap_as_mut<'a, 'b>(
self: &'b mut ResultOfPngReader<'a>,
) -> &'b mut PngReader<'a>;

/// “crate::png::PngReader’ oD C++ NA VT4

type PngReader<'a>;

fn height(self: &PngReader) -> u32;

fn width(self: &PngReader) -> u32;

fn read_rgba8(self: &mut PngReader, output: &mut [u8]) -> bool;

}

PngReader ¢ ResultOfPngReader i Rust B C3, 26 DHDA 7Y = 7 MiE, Box<T> 2/
SFTICFFIBRAEBZA 2223 TEERA, CXX T Rust A 7Y = 7 P RETHEMNTE R WD,
out_parameter: &mut PngReader ¥ EH Z 2 IXTEXFEHA,

ZofE, CXXDBPEEDOY 23V IZART YT L — b EHR— P L TWELTH,. FHTIED =
2V ZENCRHE [ Bk T2 22T, FRIERZBR THEE2 Z 2R LTWVE T, ZOHITIE
ResultOfPngReader i% Result<T, E> Di#bI XY v F(is_err, unwrap. as_mut & ¥)iC
EBIhdIED 2V v 78T,

Chromium T cxx 23 3

Chromium Ti&. Rust Z{HHT 2V -7/ — RZ I L7z #[cxx: :bridge] mod ZEFK L
F 9B, rust_static_library Zric 10321k bh £9,
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cxx_bindings = [ "my_rust_file.rs" ]
# TRTDOY—R7 740V Tld% <, #[cxx: :bridge] &L 774 1LDY R b
allow_unsafe = true

FiEDa—r%, crate_root % sources i AT .BEF® rust_static_library #—%"v b
BT 2720 7T3,

CH+ Ny X —=ITHYIRGITTHEREINDE 2D . XD L HICA 7 L— R TEET,
#include "ui/base/my_rust_file.rs.h"

//base 12iZ. Chromium C++ #7255 CXX Rust B (B X N Z DA M) NDEHEITS b D 21—
74 VT 4 BB WL O0H D 5 (fFl: SpanToRustSlice),

Zi#EED S, allow_unsafe = true BHEF I I THIRELRDO»EZZRONLZAGEEELED D £5,

KEPIEZD ., CC++ a— FIXEHD Rust IFHETIIIZ 2 TiEd H £H A, Rust 225 C/C++ 12
fTo/bk=D T2 XEVIIH L TUEEOLENTTHOA, Rust HEDF—% LA 7 v ro&el
RO NSAEENEY S D £ 3§, C/C++ DHEEH T unsafe ¥F— vV — FAZ$E 2% L, unsafe i
NI BFERERENS DT, 2T BEMG@HNH D T3, 7277 UBEIIE A2 — K% Rust N4
FVIZHLD AT . Rust DS SIFEE L TOWRWEHEDS AT 20[6EMELH D £ 5,

BARNEEZIX. Z20oR=Y OEFHOXIZH D £, ETIX, CXX & Rust @ unsafe B ¥ extern
"C"BABEERLET, CIRTOR Y Y a VY TFHTIT oD E oK AL T,

44.3 Exercise: Interoperability with C++

VAl N |

o BIFEAMEM L7z Rust 7 7 £ M2, C++ D OMEUHTHE—OB%EZ /RS #[cxx: :bridge] %
BMMUE T, 24hud hello_from_rust EWHBEEKT . RI X —XEZITWML T HHIRL T8
Ao

* Modify your previous hello_from_rust function to remove extern "C" and
#[unsafe(no_mangle)]. This is now just a standard Rust function.

N A —F Y P EEBELT.ZNH6DNL VT 4 YT ZELVRLET,

e C++ 2— KT, hello_from_rust O#iAES ZHIEBRL. Kb DICERINIZAY X — T 74
N I —FLET,

° E}I/ P LT%??L?TO

N—F 2
CXX = Lff->TAT. Chromium (28T % Rust OFEEICONWTHEHBEZEDEL £ D,
REHLTL XN,

* Rust 225 C++ ZFFOH L £, ZAUTIIA R RE TS,
- cxx::bridge 7*5 include! TE2BEMONY X— 7 7 f L ZDF LAY X— 7
7 ANT C++ BIBZEE T 20ENDH D $7,
- ZO XS LMK ENUOH T unsafe 7y 7,13 2H L IKEBEATWE EBD,
#[cxx::bridge] NTunsafe ¥—vV— FEIEETI2HENDH D £7,
- #include "third_party/rust/cxx/vl/crate/include/cxx.h" & RHEIZk 3
b LNEEA.
o C++ 25 Rust & C++ XFHN2TEL £ 7,
s C++ ATV IADBIE Rust ITEL £7,
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HEMc#[cxx: tbridge] ¥ —HL7ZWE S IC Rust I D> 71 F v 2 EH L. KRS h b

7 —IEND X5 LET,

o ERIIIC#[cxx: :bridge] € —E LWL C++ BT 72 F ¥y ZEHL . KRS N D
I —IZEND XL ET,

* RALDDOH®D std: :unique_ptr % C++ 55 Rust iIZIE L T, Rust B8V DD C++ F 7
VI eMATESX5ICLET,

*Rust A7 =27 b 2EML T C++ ITHE LT, C++ B ZNEFATES L5 LE3 (k> b
Box 2 ET T ),

o C++ BTN OHDAY v FEES L. Rust 6L £7,

* Rust BT L T DHhDAY v FEEF L., Ct+ IR L E3,

N—1F3

CXX DHEERMHO R HIRERICOWTHR L2 ZAT A VR —7 2 —ADIEFITT T
7%, Chromium T® Rust DL —2A 7 — 22 WL OPEZTAEL LI DA VR =T —A% ¥
DEIIWCERTHIELIVDIEZTAZL &9,

ZE i

CCXXNA YT 4T VI 7L VA
e rust_static_librarygn 7> 7L —}

As students explore Part Two, they're bound to have lots of questions about how to achieve
these things, and also how CXX works behind the scenes.

RD &S EMBFE SN LA H D 7,

« X & Y OMSAEERTH 2551 X ORI Y THIIIL S 3 LS RELE T, 2h
. C++ BAEDY cxx: :bridge NOEE L ERIC—B LR W=D TT,

o C++ Z% Rust ZIUCHHICEIITEZ 2 X5 TI2, UBDVRZIFRWVWTLxS2? CXX
DARBRUDGE VA XL TH LD 2DV RAZIEHY FHA, CXXO MY ET7ART
X UB ARATZAHEMED D D 30, CXX OF%ar L. 2D & 5 %Pl % ER T 2 DIXIER ICH
#HTY,
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H A5

P—FRX—=F74 D7 L—F2EMT S

Rust 54 75 V3T 71—+ 2 EEh., crates.io IZH D FF, Rust 7L — F 2 HWIKIEZS B 2D
FIFEFICHETH D EBICZD LS5 ko TVWET

TaRT 4 C++library Rust crate

Build system EZ —H L T Cargo.toml
—fR7ZZA4 770 FA4 X PR /N

HERS IR R (R » EZ:

Chromium DT> Y =722 2 C. 7 L— MZZEFREEMBHH £75,

¢ TRTODZL—bPHFEOLNL R AT LA ZMHHL TV, Chromium NDOH D iAA%Z H
) (G

o LU Z L — MIGEE. HEBIREREGRYE D 272D DS54 75V 2l DAL Z L BB E
W2 ARREEEDSH D £5,

HHT BNEERO L BDTT.

e Chromium Y—2Xa—F VY —{Z7 L — 2B T 2 HIE
e 7L —MH®D gn BV FIL—VEAER T 2 151k
s JL— DY —Ra— RO+ REENEEET 2 ik

All of the things in the table on this slide are generalizations, and counter-examples can be
found. But in general it's important for students to understand that most Rust code depends
on other Rust libraries, because it's easy to do so, and that this has both benefits and costs.

45.1 Cargo.toml 77 4 & D 7L — bEBIMT 25k

Chromium (213, —TCEMINAEHEN LR 7L — MEEEEZEA 1y FHD FT, 263 H—D
Cargo.toml TEMINE T,

[dependencies]
bitflags = "1"
cfg-if = "1"
cxx = "1"
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fli> Cargo.toml & [FHRIC, KFEIGROM ZHFETCE I, BHIZ. 2L — P THMCIT S
features ZfEL £,

Chromium 127 L — b %ZBI0F 2 8i1%. 2 < DFA. gnrt_config. toml 2 W 35387 7 A MiclE
MEIRET ZREPDHD 5, TR OVTIEETHAL £,

45.2 gnrt_config.toml ZH§K3 3

Cargo.toml ®iE» 2, gnrt_config.toml 2H D F T, ZhWKE. ZL—+ 2WS572DD
Chromium [EH DILREREN B ENTVE T,

LWL — s 2BMT 2551272 23ROV ThdO group 2I5ET 208X H D 5,

# '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.

RIHZRL 3

[crate.my-new-crate]
group = 'test' # only used in test code

JL—FrDY—R2—FDLA TV MIEoTEK ZDT7 7 AV EHHLTLICENSE 7 > A L& R
DI BT BIEET 2 XENH D T3,

BRIFE WL OLDOMEZ RS 272DICZDT7 7 4 MIIHEET 2 DB D 2K EIZOWTHED v
R

453 ZLV—brzEXoru—F3%

gnrt EWVHY—II. 7L —1rDX Y ru— FEE BUILD.gn V— L OAEBGEZIEEL T0E

Jo

FTRELRIL—-PERDES XY ya—FLET,

cd chromium/szxc

vpython3 tools/crates/run_gnrt.py -- vendor
gnrt Y — Lid Chromium Y — 23— FO—HTTH. ZDa~vy FEHETT I L.
crates.io o KAFEMFREL Y 0 — FLTHEITLET, CAICHET 22X 2Y 74 £
DPWEIWDWTIE, FiDEr>ay k2 ITELI XN,

Zodvendor 2w Y FIZX D UFAXYyu— FSN25BE0HD 75,

* Your crate

o EIER S X CHERRUKTFR R

* cargo KX k- THRE N5, Chromium TREL X571 — D52ty M 21857200l
DIZL—bFDFH LW A=V g v,

Chromium Ti&, —f8D 7 L — MZx$ %8y F53 //third_party/rust/chromium_crates_io/patches
WHRFEINTOVE T, ChSIEBMNICHEHA XN E T %y FEANERL 2581 FEck?
FRIRIS BN I 258D H D £ 3,
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454 gn EXLRA—LZERT S

L —bEXy a—FRLEL RO XSI1CBUILD.gn 7 7 A VEMER L £ 3,
vpython3 tools/crates/run_gnrt.py -- gen
git status ZFEITL . UATEMEL £35

* third_party/rust/chromium_crates_io/vendor i 1 Dl koL wr L —+ V—
Aa—F bbbk

* third_party/rust/<crate name>/v<major semver version>iZ 12 LOFH LW
BUILD.gn &% Z &

o i#t)72 README . chromium 3% % Z &

The major semver version” is a Rust “semver” version number.
FHZ third_party/rust LNICAERE NS D% X SHERL T I W,

semver {2 2OW T R Chromium T E#EEDO W I L — bDOAN—Y a UPERETFIENZ 2 %
AL TBEEL 25, 2RI FBADN, Cargo TP AT LATREIZRD ZEBHD ET,

45.5 FEZBRT 2

L RRM L 725G, build.rs (B FRHCEREQOUI 21T S 7'va 75 1) DRET & 2 ATREME
DH D FF, ZhUE, Ev F oSN BEEZ RT3 72 DICH THRER R Fr— L%z HiE
3 gn ¥ ninja OF&Et LI EAICFELTVET,

—¥ oD build.rs 727 a VIFHEBNICH R—FEIRFETH MO T 72 a VIS BHETT,

LR X270 T ORR gn 7> 7L — MZ LB K- b AT YA S

rustc D= a YEMEERLTE 3w 7L

ReZ AR E 73N T 5

779 M7 x—L%7FCPU % (=40 ZL

TR U CHERE &2 B 30 & 72 13RI

ERA)

Generating code =40 bHY -
gnrt_config.toml
THRET S

C/C++ DEIL K VWX 2y F R
ERA)

ZOMMOERDT 7> a v ARV 2y F %
ERA)

ZEWVWIELAYDI L —FZWBELR ZZ YT EREENTELTIAZLAYDOEILE X270 FMZ
22007273 a> s E2ETLET,

4551 a—FZERTIENVRFRZ YT b

ninja 237 7 A V2RO 6B VE VI Xy —Y2RRT 2HEE. build.rs Y —Ra—
R 77 ANEBERLTOE0E I EHERLET,

L7 7 ANMNDBEREND XS5k >TWwkb, gnrt_config.toml ZZHE L T. 7L — bIZ
build-script-outputs ZiEML £ §, Z W HEBHIKIERIfR (Chromium = — FAERKTF S
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NETRWEERER) O%A1E,. allow-first-party-usage=false $BEMLE T 2D 7 7 4
MZF T TRV D2 DA EEN TV E T,

[crate.unicode-1linebreak]

allow-first-party-usage = false
build-script-outputs = ["tables.rs"]

i, gnrt.py -- gen ZEEITLTBUILD.gn 7 » A VEFHAER L. ZOREDH T 7 7 4 AH
BHDE I FRT v S TANEN S Z L% ninja KHZAFT,

45.5.2 C++ZENFTB. B LB MEED7 72 a2 T332 LELRRIZY S
S

—HDZL—ME, cc ZL—t2FHHALT, C/C+ 7477 VDL R Y I 2ITVE T MO
ZL—MI ENLF X7V F AT bindgen Z#H LT C/C++ 2T LET . 2HDT7 7> a >
&, Chromium ®a > 7 ¥ X b TREYAR— FTEXEA, Chromium ® gn. ninja, LLVM £V F
AT A ENE 77y a yEOBREIFFICEARINICRET 59T,

Lo T RDESBRA T avndbh T,

s B0 L—bERMEHLZV

o ZL— MRy FREHT S
2w F1 third_party/rust/chromium_crates_io/patches/<crate> IZfR1F 5 2 &M
HHEFEFT T2 ZE, cxXx 7L =P3390 F ZIEGLEEVER RN FE IVt BT v S
L —REN30 gnrt Ik > THEIMCHEH SN E T,

45.6 71— MNOGFEEZRET S

P—FR—F 4 ZJL—FZEMLTELRL—LZER L5271 — bADIKEFERZHBEICERETE
¥, rust_static_library #—%7 v 2 HROFT. 7L —FAD :1ib % —%7» T dep %38
mu %3,

BRFNZIERD X5 L E T,

oo + e e e e e e m oo - +
"//third_party/rust" | ZL—1+% | "/v" | semver DX I xr— N=Yar | ":1lib"
L + B T T T T +
Kl RLUET,
rust_static_library("my_rust_1ib") {
crate_root = "lib.rs"

sources = [ "lib.rs" ]
deps = [ "//third_party/rust/example_rust_crate/v1:1ib" ]
}

45.7 Y—FR—74 ZL—bOEH

HLWI A 750 ZBINT 254, Chromium OE#ED £V > — BEAINE T YRLEL L
FaVT 4 FBFEONRICBAEDET, 105027 L — FETTHRLHEBIKREFEEG S I D AL E, &
BEIREa—FDPZHEETLZIeRDD T, 20— T. L7 Rust 2— FOHDIAAIZE LT
FCEWEIERIZREN 2D £33, 7L — FOBEBERED XS ITORBIRETL & 5,
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Chromium (34 cargo vet ZHuh & L7z 70t RIZBITEN TV L FETI D,
ZNETOBH LW L— FBEIMENZ I LIROF = v 7 21T0E T,

s BZL—MRFHEIATVWREEBY 7L — MNALOBEBRZHEBELEST . K7L —1PDEL Y
A7 L2 build. s FRBFHEHE 708 EZEFN TV IHER. ZOHNZHNE T, $.
Chromium O#E DLV K HEL BEERDH 208 5 bR L 3,

¢ BT L= BT RRRA YT FYRAINTOVEHhHERL 7,

e cd third-party/rust/chromium_crates_io; cargo audit % fffH L CEEHID 5
HEF vy 7 LETUERPNC cargo install cargo-audit #7323 H0EHH D T3 H5,
RRZZ I CHICEoTA Y X —3 vy b2 OELDKEMFEEXY Y- T2 22Tk
h%7 2),

* unsafe 722 — K73 Rule of Two %27z L TW5 Z e 2B L £3,

s fsBXU net D API BEHEINT0E 1Y S 2R L £7,

s BEZF - TRERFHASNLARNED H 2 00720 RT DI+ N Ta— R e
HBET(EZLDGE. - FPZTECHELF v 7 TEILIETEEEA)

INBIEHA FIA4 VT EERA, security@chromium.org OFHEHEYEZF LI L T .HER
FoTrZL— b 2lHT 22008 TEEROFTLIZEWN,

45.8 27UV —bF% Chromium VY—A2—KZF=zv 74253

git status ZETT 2 UTF2METEET,

* //third_party/rust/chromium_crates_ioiH %57 L —Fra—F
o //third_party/rust/<crate>/<version> 12 » % X % 7 — % (BUILD.gn X
README . chromium)

%E DIGFTIZ OWNERS 7 7 A LB IBAIL TL 72 & W0,

INHIANT%Z, Cargo.toml 3L gnrt_config.toml OZHE & & %12 Chromium VK b
VIZEMS 20ENHD %75,

HY¥: git add -fZ2EHTA2RLEN DD E T, 25 LARWVE, .gitignore 7 7 A W K > T—Hf
D77 ANBRAFy TENLAREMED D 272D T,

FORE A V7 N— T TIROWEREMERT presubmit F = v 70K T 22235 H 3, ZHid,
Rust D7 L — b+ 7= XIZIX Git 77 Y FOHRIBEEN TV L HADLDH D . 2L DTrY =27 b TK

RELTA VI N— T TROVWRAPMEHEINTVEDTT 20D U NE2FEITTI20ENDD
s

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

45.9 7 L — bZEHDOIREIZHRD
P — Fo—F 4 @ Chromium FEBEBROFTEH X, X2V 7 4 I T3EBERIT-> TIKTFEGRE

BHORREICHESZ ek ot d, 2T Ed R HIMbLEI N2 Z eI T 325, BIR
EMDH — Fov— 7 4 ORFRERDOGE LRI, TR vy =2 ZDETZEVE T,
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https://mozilla.github.io/cargo-vet/
https://chromium.googlesource.com/chromium/src/+/main/docs/security/rule-of-2.md#unsafe-code-in-safe-languages
https://chromium.googlesource.com/chromium/src/+/main/docs/adding_to_third_party.md#add-owners
https://chromium.googlesource.com/chromium/src/+/main/docs/adding_to_third_party.md#add-owners

45.10 &Y

Chromium 2 uwuify Z:EBML. Z L —+rD 77 4L F OEEE Z ML E I 7L — M
Chromium O NBHRTHEAZINE T A BETERVWATOMEICIZFEH I AR W EREL T
(QSE-J AN

(X oiEE T Chromium @ uwuify ZH L £ 325, 2 ZTITo THHBWE A £721E uwuify %
AT 28 L\ rust_executable x—% v b ZER T2 TEET),

ZBBE I ZHOWBNKFHERE XY v u— RT20ERHH 3,
BRI — M MEIRDEBHTT,

instant

lock_api
parking_lot
parking_lot_core
redox_syscall
scopeguard
smallvec

uwuify

ZHEN LSO L — 2 XY — FLTWAHEIR. T 7 40 P OEBEEZIENICT 2025
NTOBARENA D D £T,

ZD7 L — M LT 7z Daniel Liu RS L % 3,
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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
https://github.com/Daniel-Liu-c0deb0t
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X —jEy

ZOFEE T, Chromium O UWASEERBIILARR S, CNETHAL IR EL DT,

TRy b2 RXAY MEIMPOLD TV =T 4 VT
NEFEN BN RICER T3 7 — B0~ OB RREIAELEZ V2 —FAITOD
Chromium 2 TZ 2727 R 1B 2 Z e EETT,

EfHE. Chromium O3 AXTO Ul XFF%E VI > —DEBICHRT 2 22T,

IERXGFERZIT o TV AIKEIED D FEAD.FEWVIZH YT ¥ —DF B EBEICIFEITE . Z DFlER
ZiT5 Rust 7L — b 3B 2 Zehbhr b L7,

EiZ, HOBEETEDOZ7L— 24 Y E—FLTVET,

(5% T3d7<, Chrome ZFEBRICBIERT 2 1ML OFE L B HBBRETTDOT, ZHEAFE L%
WTLEEW),

T

FRANT TR TOXFHN % HHER T % & 512 ResourceBundle: :MaybeManglelLocalizedString
ZHELFEF, Chromium O Z OFf5lZ LV FTlk, mangle_localized_strings_ DEEI
BIfRZ K VHICZD LI LE T,
CIETOHEZIRNTELLEDSLERTVWIUE, 2R TE Y & —[[F D Chrome A%EK L T\ %
33 C9,
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https://crates.io/crates/uwuify

[ ] [ ] chwomium

e e

sign in to chwomium

get additionaw featuwes

aww youw devices stwongew secuwity back up data
easiwy pick up whewe you pwotect youw passwowds save youw bookmawks, (Hul)
weft off against phishing passwowds and m-mowe with

sync

youw device is managed by youw owganization. éwd a-administwatows c-can access t-the data in a-any pwofiwe
L] on t-this device.

donttsignin “

Students will likely need some hints here. Hints include:

* UTF16 & UTF8 i DWW T, Z## X Rust LFHINHIC UTF8 TH 5 Z L ICHE T 2 MEDN D
DET.BZ5L, C++ flIT base: :UTF16ToUTF8 Z{#fH L CE# WA T 2 508 X v ¥
Wr52TL &9,

 Rust I T EITSHEE, String: : from_utfl6 oFfH, =5 -, %< 0 ul6s Zix
EARERR CXX THR—=FENTV AT I ZRETT 20BN H D F3,

o ZIHH IV OPDERZHIET C++ ¥ Rust DIBERZREITTE T T,728 21 XFHN%#(ET
PR L TR ERRIXTFINNDORESREIE T 2R T AESRAFHIA TV 5E
2. BZ6L CXX I Pin 2T A3RBELHIEDRA v —YRRLET, Pin OWRER R
AL, C++ T — X ADR[ZESHD7-H12 CXX T Pin BB IC 2 2B T 2 08N H %
PHLNEFALZZIE, CH+ TR HOSBHAA Y EADPEENTVLAEENEDD 2 729,
Rust 7= XD X 5 ITBEITE LW DHTT,

» ResourceBundle: :MaybeMangleLocalizedString % & & C++ & — 7 v b I
rust_static_library X—7 v MIIKET 2HEDH D T . ZHEE XTI T INEIT-
TWAIET T,

e rust_static_library % —7%"v MiE //third_party/rust/uwuify/ve_2:1ib 124k
FTER0ENHY ET,
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https://doc.rust-lang.org/std/string/struct.String.html#method.from_utf16
https://cxx.rs/binding/slice.html
https://cxx.rs/binding/slice.html
https://doc.rust-lang.org/std/pin/

Chromium DEEDFEZFICOVTIE, ZHEHDCL YY) —X BIELEE W,
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https://chromium-review.googlesource.com/c/chromium/src/+/5096560

XTI
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R7ZXAZINVRUSINE S Z #

ZHBELBIERTAZNLVRUSt T2V L1 Ha—RATT . 0RE LTWSDIE, Rust IR
ERCB LT3R R AN TWI ZIZ. AH#HET), CREDMDFTIETRT X XILBHFE DD H
2 e HAERTY,

SHEDHES DIF . R7RXZ)LRust TF, bbb, OSZLTRUst Da— FEETLET, ZDE
FLLRD & 5 isicih $35:

* no_std Rust ¥ 13?

s A Zuaryirua—JEFDT 7 —L4v 7%,

e 77V —varyrukyHEIDT—ru—& /I —3 R,
o R7 X &)L Rust HREIEIDZ L — DR,

For the microcontroller part of the course we will use the BBC micro:bit v2 as an example.
It's a development board based on the Nordic nRF52833 microcontroller with some LEDs and
buttons, an I12C-connected accelerometer and compass, and an on-board SWD debugger.

FFTRELDIKREFEREL RNV DDV — L% A YA F—1L L% T, glinux %7-1% Debian ®
GEEM T LSk 3

sudo apt install gdb-multiarch libudev-dev picocom pkg-config gemu-system-arm

rustup update

rustup target add aarch64-unknown-none thumbv7em-none-eabihf

rustup component add llvm-tools-preview

cargo install cargo-binutils

curl --proto '=https' --tlsvl.2 -LsSf https://github.com/probe-rs/probe-rs/releases/lat

X512, plugdev ZL— 72 micro:bit 7u 77 AT AL ANDT 7 AR5 L ET

echo 'SUBSYSTEM=="hidraw", ATTRS{idVendor}=="0d28", MODE="066@", GROUP="logindev", TAG+
sudo tee /etc/udev/rules.d/50@0-microbit.rules
sudo udevadm control --reload-rules

MacOS OEEEFLLTD L5k 3

xcode-select --install

brew install gdb picocom gemu

rustup update

rustup target add aarch64-unknown-none thumbv7em-none-eabihf
rustup component add llvm-tools-preview
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https://microbit.org/
https://tech.microbit.org/hardware/

cargo install cargo-binutils
curl --proto '=https' --tlsvl.2 -LsSf https://github.com/probe-rs/probe-rs/releases/lat

269



G

49 =

no_std

core
allo
std

C

Slice, &str., CStr

NonZeroU8 72 ¥

Option, Result

Display. Debug. write! Zr&

Iterator

Exror

panic!., assert_eq! %z &

NonNull & KA > & —i2B3 2 2 TO—EM B
Future ¥ async/await

fence, AtomicBool, AtomicPtr. AtomicU32 %z ¥
Duration

Box, Cow, Arc, Rc
Vec. BinaryHeap. BtreeMap. LinkedList. VecDeque
String. CString. format!

HashMap

Mutex. Condvar. Barrier. Once. RwLock. mpsc
File.Jkb @ fs

println!, Read, Write, Stdin, Stdout.’%b ® io
Path, OsString

net

Command. Child, ExitCode

spawn. sleep.’% b @ thread

SystemTime, Instant

HashMap (& RNG IZK1F L £ 5
std X core ¥ alloc DM A EZHIZ I AKR—FLET,
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49.1 w/DPERDONno_std v 5 4

#! [no_main]
#![no_std]

use core::panic::PanicInfo;

#[panic_handler]
fn panic(_panic: &PanicInfo) -> ! {

loop {}
}

e ZDaA—FIFEDODNAFVIZaV LA NEINFET,

¢ R INAYFIZEstd PR TE2DT. N2 FORVWESIIED TRETZ2LENH D F
R

e HBHWE, panic-halt D XS5 BHID 7 L — T 2 8= IV FIRFHT 2 D
TE%T,

¢« X—7 v MIZX o T, eh_personality B35 % x5 —%[EE T % 79I panic =
"abort"ZETELTa vy NLLTEILERDD T,

e BB, main D LS KT I LOHELY FYKRA Y MEIRVWDT.HFTZY FYKRA U
REBTILENRDD I8, Rust a— REFEITTEZ LS T 27D VAR
TreHIZBREOT7Ly TV a—REXREXLET,

49.2 alloc

alloc Z{# 572912, Zu—ol(b—7 )70 —XERELRITNIRD XEA,

#! [no_main]
#![no_std]

extern crate alloc;
extern crate panic_halt as _;

use alloc::string::ToString;
use alloc::vec::Vec;
use buddy_system_allocator: :LockedHeap;

#[global_allocator]
static HEAP_ALLOCATOR: LockedHeap<32> = LockedHeap::<32>::new();

static mut HEAP: [u8; 65536] = [0; 65536];

pub fn entry() {
// SAFETY: "HEAP' 1is only used here and “entry  1is only called once.
unsafe {
/[l 7ar—R—IIXEYREHYTET,
HEAP_ALLOCATOR.lock() .init(HEAP.as_mut_ptr() as usize, HEAP.len());
}

/] TR b —TE DY TCE2QLEL TN EZEITTEZ LI FEL,
let mut v = Vec::new();

271


https://doc.rust-lang.org/stable/std/alloc/trait.GlobalAlloc.html

v.push("A string".to_string());

buddy_system_allocator 34— F =7 4 D7 L — b T HHRANNT 4 X707 07—
RTTZDMCHDHHATEZ 7L — P EHHET L. HATEELZY o7 vy —XIZED
DaA—F%27v 27325 HARETT,

NI X—KEH LockedHeap 37 B 7 — X DRAA—X 2R L E T, ZDHE, 2*¥*32 31 b
DMEE RS 2 Z L HAJRET T,

b LIKIFRRICH S 7L — b alloc WIKTFET ARG E B IANAF VT 7 A Bz h—D751F
DIBA— 2R T7 BT —ZPFET 2 L5 LARFIUIRD FHAGEHE. 24X by Ll
DAL FVRERTZ 7L — Mk bl nE g,

extern crate panic_halt as _ W5 E45E, panic_halt 7L — M 2HESEICY > 7
L %= 2y R 2FHARRIC S 5 72D ET T,
COBITRLZEZa—FIRELRTEZIN .V P URAL Y DB RVDTERITTS I LIETE
FH A
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H5 50 &

“—

_A4ArzZuvaryiru—>

cortex_m_rt ZL—trikCortexM~AZ7maryba—JHEIFDOULy bAY I (2 Z0MH 3
b A) R T,

#! [no_main]
#![no_std]

extern crate panic_halt as _;
mod interrupts;

use cortex_m_rt::entry;
#lentry]

fn main() -> ! {

loop {}
}

R HMREDEN L ARAD SIECEL /0 27 72 AT 2 HEICODVWTRTWE ST,
c VY PAYFZIRVX—YLARWVDT, cortex_m_rt::entry ¥ 27 @idufREHAD fn()

> NeWnWHIBITHEZ e ZERLET,
o Z0filix cargo embed --bin minimal ICX HFETLET
50.1 AMMIO (XEVY~v 7 FI1/0)

KEo~wAfZ7parybo—S@3AEYV~y 7RFRIOZEHZE L CEHLIIOK 7R L 3,
micro:bit ® LED #5658 TAEL &£ 5

#! [no_main]
#![no_std]

extern crate panic_halt as _;
mod interrupts;

use core::mem::size_of;
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use cortex_m_rt::entry;

/// GPIO @ HFAR—bDJEA7 FL R
const GPIO_P@: usize = 0x5000_0000;

// GPIO JEAMERA 7€y b

const PIN_CNF: usize = 0x700;
const OUTSET: usize = 0x508;
const OUTCLR: usize = 0x50c;

// PIN_CNF 74—/ F

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;

#lentry]
fn main() -> ! {
// GPIO @ ® 21 Hv¥ >t 28 BTy a AN LTRELET,
let pin_cnf_21 = (GPIO_P@ + PIN_CNF + 21 * size_of::<u32>()) as *mut u32;
let pin_cnf_28 = (GPIO_P@ + PIN_CNF + 28 * size_of::<u32>()) as *mut u32;
// SAFETY: The pointers are to valid peripheral control registers, and no
// aliases exist.
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,
)
}

/] 28 Frrrku—, 21 HFEYUEANLIWIHKELT LED 24 LET,
let gpio@_outset = (GPIO_P@ + OUTSET) as *mut u32;
let gpio@_outclr = (GPIO_P@ + OUTCLR) as *mut u32;
// SAFETY: The pointers are to valid peripheral control registers, and no
// aliases exist.
unsafe {
gpio@_outclr.write_volatile(l << 28);
gpio@_outset.write_volatile(l << 21);
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loop {}

* GPIO0O O > 2113~ F VU 27 A LED O—HFHDINZ, ¥ 28 BERAIDITIHEI R SN TVE T,
BlDFATITIE:
cargo embed --bin mmio

50.2 JBAION7 272 ART 370D 1L — | (PACs)

svd2rust & CMSIS-SVD 7 7 A A B XEV < v FENEI /0 1233 %1313 % 4 (mostly-
safe) 7z Rust 7 v S\—Z 4R L £7,

#! [no_main]
#![no_std]

extern crate panic_halt as _;

use cortex_m_rt::entry,
use nrf52833_pac: :Peripherals;

#lentry]

fn main() -> ! {
let p = Peripherals::take().unwrap();
let gpio@ = p.PO;

// GPIO @ @ 21 {BEVX >y 28 BY v a2 Ty ya /A he LTRELE T,
gpio@.pin_cnf[21] .write(|w]| {
w.dir().output();
.input().disconnect();
.pull().disabled();
.drive().s0s1();
.sense() .disabled();

=== xsg =

1)

gpio®.pin_cnf[28] .write(|w]| {
.dir().output();
.input().disconnect();
.pull().disabled();
.drive().s@s1();
.sense().disabled();

=E === =

1)

/1 28 FEXrrEm—, 21 FEVENCHKELT LED #AICLET,
gpio®.outclr . write(|w| w.pin28().clear());
gpio®.outset.write(|w| w.pin21().set());

loop {}
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https://crates.io/crates/svd2rust
https://www.keil.com/pack/doc/CMSIS/SVD/html/index.html

 SVD (System View Description) 7 7 A JLZ XML 7 7 A L TTNA ZADXE VY < v T 7LD

L72dDThY BESYary Ry RiIckhiEtxng 3,
- A0 T VYRR, 74—V REEARLEGH. 7 FLARZICE DERXATY
%9,
—SVD 77 A MR IO DBDH D FLBHRBITELTVWEZ 20D T AR v
7 VR FENEEIE BML.ZL— b2 LTRALTWE S,

o cortex-m-rt INZ X7 — TN HRMHL T,
* % L cargo install cargo-binutils % %47 L TwflX, cargo objdump --bin

pac -- -d --no-show-raw-insn ZFE{T¥ 2 Z e ICLX DRSNS FVOhEE R
L5ZEMTEET,

Bl DEATT
cargo embed --bin pac

503 HALZVv-—F}

ZiDwArraryra—JZHT35 HAL 7L — b 3EA R IO 1243 % 7 v =%t LT
WET, 607 L —FDEL I embedded-hal BEFET A LA FEERELTVET,

#! [no_main]

#![no_std]

extern crate panic_halt as _;

use
use
use
use

cortex_m_rt::entry,;
embedded_hal::digital: :OutputPin;
nrf52833_hal::gpio::{p@, Level};
nrf52833_hal: :pac: :Peripherals;

#lentry]
fn main() -> ! {

let p = Peripherals: :take().unwrap();

// GPIO @ HAK—1+D HAL T v R—ZfEL %7
let gpio@ = p0::Parts::new(p.PO);

// GPIO @ @ 21 FEr¥r 28 HE V2T v a /AN LTERELET,
let mut coll = gpio@.p@_28.into_push_pull_output(Level::High);
let mut rowl = gpio@.p@_21.into_push_pull_output(Level: :Low);

/1 28 HwErEm—, 21 BEVEZNAIIRELT LED 24 LT
coll.set_low() .unwrap();
rowl.set_high().unwrap();

loop {}
}
* set_low & set_high % embedded_hal ® OutputPin L A FDEHRT S XY v FTI,
e Cortex-M % RISC-V D% DF AL AWK LTHAL 7L — FDIEFE L. 251213 STM32.
GD32. nRF. NXP. MSP430. AVR, PIC~AfZnarybtua—oR»EaiEnid,
Bl D AT/ 1k
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https://github.com/rust-embedded/awesome-embedded-rust#hal-implementation-crates
https://crates.io/crates/embedded-hal

cargo embed --bin hal

504 HF—F¥KR—-bFZL—F

R—FHR=1+ 7L — NIREDR— MW L TEICHE 2R LXE2 7 v =2 L $ 7,

#! [no_main]
#![no_std]

extern crate panic_halt as _;

use cortex_m_rt::entry;
use embedded_hal::digital: :OutputPin;
use microbit: :Board;

#lentry]
fn main() -> ! {
let mut board = Board::take().unwrap();

board.display_pins.coll.set_low().unwrap();
board.display_pins.rowl.set_high().unwrap();

loop {}

o ZOHBITIE. A= FFR—FZ7L— MIBEZO2DRLTOARTZRM LD Loz 5 L
TWAEIFTT,
s v Zuarybu—TDIMIREINTF U R— FFNAL 2T DE R4 EEXRTHY
L5ZEDRHYET,
— microbit-v2 &=+ VU Z X LED IR AHHER RS ANEZEATVET,

Bl FATHT

cargo embed --bin board_support

50.5 XA TRTFT—FRE—Y

#lentry]

fn main() -> ! {
let p = Peripherals::take().unwrap();
let gpio@ = p0::Parts::new(p.PO);

let pin: P@_@1<Disconnected> = gpio@.p@_01;

// let gpio@_01_again = gpio0.p@_01; // =7 — BENEA,

let mut pin_input: P@_01<Input<Floating>> = pin.into_floating_input();

if pin_input.is_high().unwrap() {
/7

}

let mut pin_output: P@_01<Output<OpenDrain>> = pin_input
.into_open_drain_output(OpenDrainConfig: :Disconnect@Standardl, Level::Low);
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pin_output.set_high() .unwrap();
// pin_input.is_high(); // =7 — BEEA

let _pin2: P@_02<0utput<OpenDrain>> = gpio®
.p0_02
.into_open_drain_output (OpenDrainConfig: :Disconnect@Standardl, Level::Low);
let _pin3: P@_03<Output<PushPull>> =
gpio@.p0@_03.into_push_pull_output(Level: :Low);

loop {}

ZOFITIR. Y ERTRA 71E Copy d Clone bEEL TWELAZDED. J2/F—DDA

VAR VA DBEEARET T U PR — MEBERr S L —T 33 e MDD 2D I

TIERATHILIITERLRDET,

s VVOREREETLHZILFHVWE YDA VARV AREBE TRV ET, ZDRD.Z

NLFRFIH A VR Z VAR ENEIT A Z 2 1dTERLSRD T,

ZEBOENIZ DIREERT LSRR > T0ETHIZIE, 2 OHITIEES GPIO B> DIREE £

LTVWET,IDEIICRAT— IV ERXATIAT LAY AL e T ELWHRERE T

WY ERMFoTLES 2R R FTT AERIREEBRICEL Tlda v 4 LRI R X

NdE212k2D FET,

s A YTy PN LT is_high MU T Z EIEAIGEET. 7V My FE IR LT
set_high #MUH3T Z 2 HA[EET T, LA L. ZDHDMAAEHLEIIAAIRET T,

¢ ZL{DHALZ 1L — PR ZDARE—VEHAVWTOVET,

50.6 embedded-hal

The embedded-hal crate provides a number of traits covering common microcontroller
peripherals:

* GPIO

« PWM

* Delay timers

» I2C and SPI buses and devices

Similar traits for byte streams (e.g. UARTs), CAN buses and RNGs and broken out into
embedded-io, embedded-can and rand_cozre respectively.

Other crates then implement drivers in terms of these traits, e.g. an accelerometer driver
might need an I2C or SPI device instance.

» The traits cover using the peripherals but not initialising or configuring them, as
initialisation and configuration is usually highly platform-specific.

s ZLo~vAr7may br—ZId 3 FEEICMA T, Raspberry Pi £ Linux [Ally %%
FHELET,

* embedded-hal-async provides async versions of the traits.

» embedded-hal-nb provides another approach to non-blocking I/O, based on the nb
crate.

50.7 probe-rs & cargo-embed

probe-rs [ZHARAABIT TNy ZICHEHBZY =ty FTF, 24UE OpenOCD D L 542D T
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https://crates.io/crates/embedded-hal
https://crates.io/crates/embedded-io
https://crates.io/crates/embedded-can
https://crates.io/crates/rand_core
https://github.com/rust-embedded/awesome-embedded-rust#driver-crates
https://crates.io/crates/embedded-hal-async
https://crates.io/crates/embedded-hal-nb
https://crates.io/crates/nb
https://probe.rs/

2, EDREICHE SN TV T,

» SWD (Serial Wire Debug) %> CMSIS-DAP #¥H @ JTAG. ST-Link %° J-Link 7'r—>7

* GDB X % 7% Microsoft DAP (Debug Adapter Protocol) #—

s Cargo DA VT L —ay

cargo-embed (¥ cargo DY 7ax Y FTHH NAFVZEALFLAED. 77y > alXkb, RIT
(Real Time Transfers) D ju 721G L7z D, GDB IZ#E#i T 272D b DT REIMRE T
270327 T4 L7 FYIZBITS Embed. toml 7 7 4 M X DTV E T,

* CMSIS-DAP 13 USB L ARM#Z# 7o ha LT . A VP —F v b - TN v HHHE4L 7 Arm
Cortex 7ut vy HDa 74 A b TN 7 77 AR-PIT7I7LRAT27DDHDTT,
BBC micro:bit 04 ¥ R—=F TN Hdb ZhzfMHALTVET,

o ST-Link ! ST Microelectronics iC & % A % —F v b - 78y H OFEFT, J-Link i& SEGGER
WEBAHF—F v b TNy HOKRITE,

¢ TNV T T EAR-PIBEESEYDJTAGA YR T 2=, 2DV TATIAYT
Ny 7TT,

* probe-rs ZHZTHEHDY =L Z2HME LLWGSICHHTEZS 74 77U T,

» Microsoft Debug Adapter Protocol (& VSCode %t IDE 226 HR— b X v a2
Yra—=F ETETINTVEIA—FET Ny 7/ T5 2L ZAHICLE T,

* cargo-embed & probe-rs 1 77V ZHMH L TER SN NA F Y TT,

* RTT (Real Time Transfers) 37Ny ZRZXA b X—5v MO T =X %E2ZL DY ¥ TNy 7
7ENLTRDED T E2DDAN=XLTT,

50.7.1 TAwF

Embed.toml:

[default.general]
chip = "nrf52833_xxAA"

[debug.gdb]

enabled = true

0 OoDX—3IF T, src/bare-metal/microcontrollers/examples/IZB W T L% &

7

cargo embed --bin board_support debug

HMoOx—IFVTRALET 4 L2 YT R EFET:

gLinux ¥ 7z1% Debian O¥5:

gdb-multiarch target/thumbv7em-none-eabihf/debug/board_support --eval-command="target r«
MacOS DEFIFUTD L5124 5

arm-none-eabi-gdb target/thumbv7em-none-eabihf/debug/board_support --eval-command="targ:
GDB T RaLZ2FEIT L TA T LT W

b src/bin/board_support.rs:29
b src/bin/board_support.rs:30
b src/bin/board_support.rs:32
o

C
C
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https://arm-software.github.io/CMSIS_5/DAP/html/index.html
https://microsoft.github.io/debug-adapter-protocol/

50.8 fto7Fur =2 b

e RTIC
— ”Real-Time Interrupt-driven Concurrency”.
— Shared resource management, message passing, task scheduling, timer queue.
* Embassy
— async executors with priorities, timers, networking, USB.
* TockOS
— Security-focused RTOS with preemptive scheduling and Memory Protection Unit
support.
* Hubris
— Microkernel RTOS from Oxide Computer Company with memory protection,
unprivileged drivers, IPC.
* Bindings for FreeRTOS.

W OPDT Ty b7+ —A4TlE std DFEED H il 21X esp-idf,

* RTICIZRTOS £ LTHAZZ D TEEFT L MATETOI7 L -7 -2 LTIRZAZZ LD
TEET,
- fl2d HAL Z 2 < EATWVEE A,
- R Ta—=Vr7IEHh =3V TIlE% L. Cortex-M NVIC (Nested Virtual Interrupt
Controller) ZF|H L TITWVWE 3,
- Cortex-M D ADIET T,
* Google & TockOS # Titan ¥ 2V 7 4 ¥—dD Haven v/ 7ma> ta—5 THIAHL TV E
‘?_O
o FreeRTOS IZIFE A Y CTEIPNTVWETH. 7V 5 —> a V2K T 27250 Rust N4 ¥
T4 YITBFELET,
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https://github.com/lobaro/FreeRTOS-rust
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# 51 &

o e

I2C G0 a YRR 6T 27 AID 2 DFERZ S Y 7LKR— MHAILE T,
MEREICID AL D L3 REEATHHOEE A,

51.1 a2 nA

2C#EHD a » RA P2 ARD  ZOfRE >V 7R - MCHAL X, & LIKHER DN
3. LED R AR X 2 RAEPHHL THMZH N L TATIES W,
<
* 1sm303agr 7L — k& microbit-v2 7L — D FF 2 X ¥ .72 5 KIZ micro:bit »N—F
7 = 7R MR L TA T E W,
LSM303AGR HMFHAZREAF D I12C NRITHER SN TV E T,
TWI i 12C DRlI# 72 DT, 12C v A ZIE TWIM & W HHEIZZR > TWVWE T,
The LSM303AGR driver needs something implementing the embedded_hal: :i2c::I2c
trait. The microbit: :hal: : Twim struct implements this.
B 7z B A T/0 7= dD microbit: :Board ¥ WHHEALD D 3,
* NRF52833 77— &Y — b 2R 22 HTE X I, ZOMEMED 7 DITIEBEIRNT T T,

HEMED T 7L —F XYy >u—KLT, compass EWHF4 L7 M) DOHFICHZ FitD 7 7
ANERTLIEE W,

sr¢/main.rs:

#! [no_main]
#![no_std]

extern crate panic_halt as _;

use core::fmt::Write;

use cortex_m_rt::entry;

use microbit::{hal::{Delay, uarte::{Baudrate, Parity, Uarte}}, Board};
#lentry]

fn main() -> ! {
let mut board = Board::take().unwrap();
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https://docs.rs/microbit-v2/latest/microbit/
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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

// Configure serial port.

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);

// 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 (ZEFZAELRZTTY):
[workspace]

[package]

name = "compass"
version "9.1.0"
edition "2021"
publish = false

[dependencies]
cortex-m-rt = "0.7.3"
embedded-hal = "1.0.0"
Ism303agr = "1.1.0"
microbit-v2 = "0.15.1"
panic-halt = "1.0.0"

Embed.toml (ZEIZAERIZTTI):

[default.general]
chip = "nrf52833_xxAA"

[debug.gdb]
enabled = true

[debug.reset]
halt_afterwards = true

.cargo/config.toml (EE I RNELIZTTT):
[build]
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target = "thumbv7em-none-eabihf" # Cortex-M4F

[target.'cfg(all(target_arch = "arm", target_os = "none"))']

rustflags = ["-C", "link-arg=-Tlink.x"]

Linux Tld> UV 7uR— Mz N a~ >y FCHERL 9

picocom --baud 115200 --imap lfcrlf /dev/ttyACMo@

Mac OS TIZ ZARECIZRD FT(TANA RGP LES S LIEEA)

picocom --baud 115200 --imap lfcrlf /dev/tty.usbmodem14502

Ctrl+A Ctrl+Q T picocom ##& T L 3,

51.2 <7 X X)L Rust DFRijDIHY
2 U NA
(EHEIZEKE )

#! [no_main]
#! [no_std]

extern crate panic_halt as _;

use core::fmt::Write;
use cortex_m_xt::entry,;
use core::cmp::{max, min};
use embedded_hal::digital::InputPin;
use 1lsm303agr: :{
AccelMode, AccelOutputDataRate, Lsm3@3agr, MagMode,
b
use microbit::display::blocking::Display;
use microbit::hal::twim::Twim;
use microbit::hal::uarte::{Baudrate, Parity, Uarte};
use microbit::hal::{Delay, Timer};
use microbit::pac::twim@: :frequency: :FREQUENCY_A;
use microbit: :Board;

const COMPASS_SCALE: i32 = 30000;
const ACCELEROMETER_SCALE: i32 = 700;

#lentry]
fn main() -> ! {
let mut board = Board::take().unwrap();

[ VT AR= b ERELET,

let mut serial = Uarte: :new(
board.UARTE®,
board.uart.into(),
Parity: :EXCLUDED,
Baudrate: :BAUD115200,
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)

Il AT 5 XA —%EBIEHNTHERHL X,
let mut delay = Delay::new(board.SYST);

/1 12C arviru—=Z e BEUHEL=y t2ty b7y TLET,
writeln!(serial, "Setting up IMU...").unwrap();
let i2c = Twim: :new(board.TWIM®@, board.i2c_internal.into(),
let mut imu = Lsm30@3agr::new_with_i2c(i2c);
imu.init () .unwrap();
imu.set_mag_mode_and_odr(
&mut delay,
MagMode: :HighResolution,
MagOutputDataRate: :Hz5@,
)
.unwrap (),
imu.set_accel_mode_and_odr(
&mut delay,
AccelMode: :Normal,
AccelOutputDataRate: :Hz50,
)
.unwrap (),
let mut imu = imu.into_mag_continuous().ok().unwrap();

Il TAATVA 242y b Ty T LET,
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 {
/] AVRRATFT—=REFEAIRD, >V 7IILR— ML E T,
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,
RS FESFESANEE PR RS A
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();
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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,
).
Mode: :Accelerometer => (
scale(
accelerometer_reading.x_mg(),
-ACCELEROMETER_SCALE,
ACCELEROMETER_SCALE,
0,
4,
) as usize,
scale(
-accelerometer_reading.y_mg(),
-ACCELEROMETER_SCALE,
ACCELEROMETER_SCALE,
2,
4,
) as usize,
).
b
image[y][x] = 255;
display.show(&mut timer, image, 100);

/1 KRRy A B EINZGEROE—RICYUIDBEZTINTO LED % HEREME MK
/] XEFT,
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;

}
}

#[derive(Copy, Clone, Debug, Eq, PartialEq)]
enum Mode {

Compass,
Accelerometer,
}
impl Mode {

fn next(self) -> Self {
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match self {
Self::Compass => Self::Accelerometer,
Self::Accelerometer => Self::Compass,

}

fn scale(value: 132, min_in: 132, max_in: 132, min_out: 132, max_out: i32) -> 132 {
let range_in = max_in - min_in;
let range_out = max_out - min_out;
cap(min_out + range_out * (value - min_in) / range_in, min_out, max_out)

}

fn cap(value: i32, min_value: 132, max_value: i32) -> i32 {
max(min_value, min(value, max_value))

}
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i 52 &
VAN - WA S A

ZZETIZArm Cortex-M >V —XD k54 70artru—SROWTHTEE LA SEIX
Cortex-A ZXRE L TADZFNTAHEL & . EHFILDZDIT, T2 TEAEH YD N— KT = 7 Tld
7<) QEMU o aarch64 'virt' K— FZF|HL £ 3,

¢ KENICE-T. YA 7u2ay bua—52 MMU REHRDOREMEL ~L (Arm CPU 12817 2 4t
LAUL, X86IXBITBR ) U )R vwDicx L. 7 7V r—yarySuay HixIh s i
th\ij_o

s QEMU XA D7 —F 7 7 F I L TRARERZ <Y Y RR—RFETAEZTFR—-F LTV
F3,5EES virt' R— RIZFRFEDAY D N— F 7 = 7IZHIE L7z DT < i A8
< e LTHKETENTZDHBDTT,

52.1 Rust O #fj

Rust D2 — FZFTTE 2 LD ITR BNV L O OISR ET T,

.section .init.entry, "ax
.global entry
entry:
/*
* Load and apply the memory management configuration, ready to
* enable MMU and caches.
*/
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
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mov_i x30, .Lsctlrval

/*
* Ensure everything before this point has completed, then
* invalidate any potentially stale local TLB entries before they
* start being used.
*/
isb
tlbi vmallel
ic iallu
dsb nsh
isb

/*

* Configure sctlr_ell to enable MMU and cache and don't proceed
* until this has completed.

*/

msr sctlr_ell, x30

isb

/* Disable trapping floating point access in EL1. */
mrs x30, cpacr_ell

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

/* Prepare the stack. */
adr_1 x30@, boot_stack_end
mov sp, x30

/* Set up exception vector. */
adr x30, vector_table_ell
msr vbar_ell, x30

/* Call into Rust code. */
bl main

/* Loop forever waiting for interrupts. */
wfi
b 2b

ZOPIHRERNEIZ COGE RIS D £9, 7nt v FIREZ IR LT, BSS 2 niHd L
T AR VR VRBPRELET,

289



— BSS (EESRy72PEH 1 & b block starting symbol ¥ FHENTW2 D)EA TV =7 h 7
7 ANMZBOWTE gL XN 2 BB ERE ST TS, 2OEDIEE rIc & 2 5
DIRBEZHT 272DITA XA =IO EBRAEINTVEST av8f F13 e — X232 DFEE
Yoyt s e 2EELTVWEDTT,

o XEYOWHLTERA X —YDu— FAHKEICX>TIEBSS 3Tzt XhTtnid e
BHDETH, I TREOAICERED L TVWET,

o W B XEY®Dread o write £ D BENICMMU & F v v 2 2HMET A3HERD D 9,
FRZ LB WVeE

- 794 VERTVRWT ZE2AN T =L ZRDET HREAZa VL IB7 54
YENTOWRWT 7R EER LBV X S C+strict-align A 7> a > 2FRET 3
aarch64-unknown-none X—%v FENFICRust a— FZEL R LE T, Z2D/RHI 2
TR R D FRAD, —RINIEZ S LIEE X ER A,

- 3LVMLETEITLTVWALT R . Fryyaab—L Yy —0OEEZREITZ DD
DESTIERDIIVM P FX % v > aZ2BIMLLEFEERXEVIRIT77EALTVSD
WXL ARZMIRICAEBVICH L TF vy v P afdffERI A V7 AR FHE-TLEI LWV
CE T HRRAMPRICHRIICXEVICT 72 A LRWE LTH BN Y 78 212 X
DFY a4 NPREDZIERDDETZEIRIBIE. KA MR F Yo a2 T7Tv Yy
2TE3VMBF vy v aZ2GELZ2 &I, VMOAERAMDEL LN X ZEENE
BRTLEFVET (Fv vy 237 FLARIPA TR LYY FL A2 F—2 LT
T ZAXNET)

o Bt D7DIc N—Fa—=FLER=Y 7 =71 (idmap.SSR)EFHLET . 2OR=
T — 7RO 1GiB % F N4 2, RD 1GiB %Z DRAM HIZ. KD 1GiB 2 X 5725 7N
A ZFICHEBINC Yy 7L E T ZAUIQEMU DX EY LA 77 MZABLE T,

o FIHNRT Z(vbar_elD)dHREL F T, ZAUCEH L TIRIFEFHFLL AE T,

s SHOFRIZHW S $RTOHNIHFISN L~V 1 (ELD) THEITEINZ I ZRELTOVET S L,
HDFI L ROV TERITT 2 0EH D 25E121F, entry.SEZNCEDLDETEET 2HEDND
DET,

522 4947k TY

B Rust 2— FCREBURVWI BT =017y Y SELHESIDERD D 3.4 213, BH
EHELTEODICT 77— LT 27 IR LTHVC N = AN Fa— ) BRITTI5E8TT .

#! [no_main]
#![no_std]

use core::arch::asm;
use core::panic::PanicInfo;

mod exceptions;
const PSCI_SYSTEM_OFF: u32 = 0x84000008;

// SAFETY: There is no other global function of this name.
#[unsafe(no_mangle) ]
extern "C" fn main(_x@: u64d, _x1: ubd, _x2: ubd, _x3: ubd) {
// SAFETY: this only uses the declared registers and doesn't do anything
// with memory.
unsafe {
asm! ("hvc #0",
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}

inout("w@") PSCI_SYSTEM_OFF => _,
inout("wl") @ =>
inout("w2") 0 =
inout("w3")
inout ("w4")
inout ("w5")
inout("we")
inout ("w7") -,

options(nomem, nostack)

|
VvV V

(AR,
|

(S AN
I
\%

\%

)
}

loop {}

(b LEBICERZE L T 077 0 2EBZ0VEEEX. ZNO5DTRXTOKBEICNT 2 T v s—%1E
L TW2S smccec ZFS L BWTL & 9,)

PSCI & Arm @ Power State Coordination Interface ®Z ¥ TH bH ., Z I X7 45 CPU
BIREEEHOKRELZ SOEENLREy P TI . ZMEZL DI RATATEL3 77 =477
ENANR=ANAFICE D FEEINTVET,

0 => _2WVWIHIT YRy IRIFIAVIA TR TV EETTIHNCL DA X 2 u THIY
LU FETRIZZDEEFIRICLAZVE WS 2 ZRLTWET, in Tid4 < inout Z{# 5 K5
WHBDE.ZDFEITTLIRAXDERZ LEFEXLTLES RN D 205 TT,

This main function needs to be #[unsafe (no_mangle)] and extern "C" because itis
called from our entry point in entry.S.

XO—_ X3 LIARXXO-X3DETHH BENCT =R —=FBTNA AV Y —READR
AV EREETOIHHAINTOE T, (extern "C"ICk higEEN7z) aarch64 O a—L
BRI TIEL A& X0 - X7 BHEAD 8D 5[ £z BB TDICHHEINS ZiZikoTWV5
72, entry.SIFINODHEEZEELRVWESICT2LHNORKR I 2T 208 EIHD ¥
A,

Z Ol % src/bare-metal/aps/examples 2385\ T make gemu_psci & 5% Z & T
QEMUIZXDEFETLTAEL & 9,

52.3 MMIO I2X}3 3 volatile 7 7t &

Use pointer::read_volatile and pointer: :write_volatile.
MBI R LTV 8 A,
Use &raw to get fields of structs without creating an intermediate reference.

Volatile 7 77+ & : MMIO FEBIZ X3 % read < write (ZEIEHDIH 2 Z e H3H 5 DT, 2 > %
A TRN— RV 27 DFTIEFZZEBE LD ERLED BB LD TERNLSIIIT S0
DHDTT,

- BEEFPIREDLAESRIIHLTIA PLY—FF 2. a4 713574 PLDE
A CMEDSY — FCHRiAHE N2 EE L VEBRICXEY 2 Y — P 2023700 &R L
N

N—TFvz7~ADvolatile 7 7t A %2175 D DOBIFD 7 L — MIREZREZRFET 200D
DEIT, ZAUIBETIED D FRASRBFET 2HIZNDTS av 1 I3 Z2DBHEH
L C(MMIO f#IEHIc 7 7 AL T) LE S AlREED I H D £9,

Use &raw to get struct field pointers from a pointer to the struct.

For compatibility with old versions of Rust you can use the addr_of! macro instead.
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524 UART F7ANZEHWTAHXL &S

QEMU D'virt' v Y iZiZ PLO11 2 W5 UART B3H B DT, ZHUIXT B KT A NEFHEWTAFL &
Jo
const FLAG_REGISTER_OFFSET: usize = 0x18;

const FR_BUSY: u8 = 1 << 3;
const FR_TXFF: u8 = 1 << 5;

/// PLO11 UART O/ K Z A4 N,

#[derive(Debug) ]

pub struct Uart {
base_address: *mut u8,

}

impl Uart {
1] EEEINTR—RAT7 L RICTRET S
/// PLO11 74 ZH®D UART FZARDFHLWVA VAR ZAE/ERRLE T,
/17
/11 #
/17
/1] BEENT=2R—ZA7 FLRAZ PLO11L FAA4 2D 8 5D MMIO HillfllL 2 & &L TWRITIUIR D 8/
11l ZNBHRETAALAZAXEYDVELTTRERDT F L RZE/-IZ
/1] ~yvrran oy 723HD T8 A,
pub unsafe fn new(base_address: *mut u8) -> Self {

Self { base_address }

t

W

etk

}

/// UART 1 1 NA +2EZIAAET,
pub fn write_byte(&self, byte: u8) {
/] TX Ny 77 I ZEENTELETRELET,
while self.read_flag_register() & FR_TXFF != 0 {}

// SAFETY: We know that the base address points to the control
// registers of a PLO11 device which is appropriately mapped.
unsafe {
[l TX RNy 7 7 ICEEAAE T,
self.base_address.write_volatile(byte);
}

// UART 2P —Th< 22 ETHRELEI,
while self.read_flag_register() & FR_BUSY != 0 {}
}

fn read_flag_register(&self) -> u8 {
// SAFETY: We know that the base address points to the control
// registers of a PLO11 device which is appropriately mapped.
unsafe { self.base_address.add(FLAG_REGISTER_OFFSET) .read_volatile() }

e Uart::new 37 vt —T7 TEZDMDXY v KPR —TTHBLW0WIH I LICIHEHLTLEX W,
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ZhiE. Uart: inew OZEWERDBHEZENTWB (TRbBEFED UART I L TC—>2 LA
RIANDA VAR APFEERT.ZD7 FLRZEMICH L TZA V7 ABELFELRW)
ZrEZOMUH LITHRIAET 2R D 2 W DIBIE S B R HRISRED Rz E N TWwE e HET
3L HTE write_byte 2HICKRIFOHT Z LA TE 5 £ 510K 5 2 L HHHTT,

o HiZ(new 2t —71ZL T, write_byte 27>t —710) 352 bTEXLLEN £5T5
¥ write_byte OEMUH LEFMCBWTEZEMEEZER L RITIUIR 572 72D  FIEEMK
TLET

s ZHETVE—T7RaA—FIINLTE—T7R T v =2 ERTZGEOHEAX -0 TT i
MBS 2EERHICBE S 2 9 12 2RO G D BDIGFNCENI L E 5,

5241 fto LAk

ZZTikDebug FLA FEEBHLE LA, ZOMICHNLOPD LA P EEETLZEROVTL &
Do
use core::fmt::{self, Write};

impl Write for Uart {
fn write_str(&mut self, s: &str) -> fmt::Result {
for c in s.as_bytes() {
self.write_byte(*c);
}
ok(())

}

// SAFETY: “Uart’ just contains a pointer to device memory, which can be
// accessed from any context.
unsafe impl Send for Uart {}

e Write #5253 22, Uart #4 IR LCwrite! & writeln!<v 27 ubfHTE 2 L51C
A= 38

o« ZOf|% src/bare-metal/aps/examples BT make gemu_minimal x 32 Z &
T, QEMUICXDETLTAEL & 9,

52.5 UART K54 o:E

EBEOEL ZAPLOILIZED > ZLDLIAZBHN  ZNHIIT 7EATEDITA 72y V2R
LTRAVREBZZCEMEZCEDS T AGEREERIEZE T I WOy v 7
4=V FROTHEELINZHETT Z7EATERIEINRRVWTL & D,

F7kv b+ LIRRY &

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
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Tk LIRERYL G

0x34 IFLS 6
0x38 IMSC 11
0x3c RIS 11
0x40 MIS 11
0x44 ICR 11
0x48 DMACR 3

¢ WS OHDID LY ZAXIFHEALDT-DDEMWL TVE T,

525.1 vy b+725v7
bitflags ZL—bMEAEy 75 7% S DIERTT,
use bitflags::bitflags;

bitflags! {

/1] UART 75V IARMNLDT T,
#[repr(transparent) |
#[derive(Copy, Clone, Debug, Eq, PartialEq)]
struct Flags: ul6 {

/11 EEA],

const CTS = 1 << 0;

/1] =2ty bF LT 4,

const DSR = 1 << 1;

/1] T—%% %V 7k,

const DCD = 1 << 2;

/// UART 37 —XEEFDDHL Y —IREE,

const BUSY = 1 << 3;

/1] 25 FIFO %32,

const RXFE = 1 << 4;

/11 %E FIFO 53,

const TXFF = 1 << 5;

/11 3215 FIFO it

const RXFF = 1 << 6;

/1] #{E FIFO 232,

const TXFE = 1 << 7;

/1] BWERR,

const RI = 1 << 8;

e bitflags!~Z7mix Flags(ule) DL S BFHLWEA TERER L. 77 T kiAEEZT L7
DDEZLDRY v REERZ—HICREL T,
52.5.2 #HBDOLIAX

SR ZF o TUART DL P RAXDAEY LA T Y M2 RHAT B ZeBTEET,

#[repr(C, align(4))]
struct Registers {
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dr: ule6,

_Treserved@: [u8; 2],
rsr: ReceiveStatus,
_reservedl: [u8; 197,

fr: Flags,
_Treserved2: [u8; 6],
ilpr: u8,

_reserved3: [u8; 31,
ibrd: ul6,
_reserved4: [u8; 2],
fbrd: u8,

_reserved5: [u8; 3],
lcxr_h: us8,
_reserved6: [u8; 3],
cr: ul6,

_reserved7: [u8; 3],
ifls: u8,

_reserved8: [u8; 3],
imsc: ul6,
_reserved9: [u8; 2],
ris: ul6,
_TYeservedl®: [u8; 27,
mis: ul6,
_Teservedll: [u8; 2],
icr: ule,
_reservedl2: [u8; 27,
dmacr: u8,

_reservedl3: [u8; 3],

o #[repr(C)] Ea v %g ZIIH LT, CRIUHRNIHE > THEERD 7 4 — L REERINT
WAIEBTHET 22 2ERLET, ZHUSHEERD L 4 7Y M ETRIATEEICT 2 72D124
ETT . 2ERHIE, Rust BEDORINIa Y A SN 7 4 — L R ZPFER LIS UOEZZ 2
YcR A B ETMEHFLTWEINLTT,

52.53.3 FZ74 N

L {EFE L7 Registers MiEihkzHKAD K I A NTH-oTAHEL & 9,

/// PLO11 UART D FZ A3,
#[derive(Debug) ]
pub struct Uart {

registers: *mut Registers,

}

impl Uart {
/1] BEINZR—2A7 FLRICTEET 3
/11 PLO11 F A ZH®D UART FIANDHFLWVWA Y RAZ Y ZAZ/ERL %5,

i
/11 # &2
/117

/1] EBEINEZR—ZA7 FLRZ PLO11L AL ZD 8 DD MMIO FHIHIL PR & ZHELTWRITHUIR D 8/
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111 TNBRETARALAXEY LTI R2ADT F L RAZEMIC

/1] =y ¥y 7XZh MO 7 23HH XA

pub unsafe fn new(base_address: *mut u32) -> Self {
Self { registers: base_address as *mut Registers }

/// UART I 1 NA F2EZAAET T,
pub fn write_byte(&self, byte: u8) {
[ TX Ny 77 I ZBENTELETHELE T,
while self.read_flag_register().contains(Flags: :TXFF) {}

// SAFETY: We know that self.registers points to the control registers
// of a PL@O11 device which is appropriately mapped.
unsafe {

11 TX Ny 77 I CHEZAAZET,

(&raw mut (*self.registers).dr).write_volatile(byte.into());

}

// UART 23 —Th< B2 ETHELET,
while self.read_flag_register().contains(Flags::BUSY) {}

/1] REF DAL P ZGEARD A1 S ZTFH > TOWRWEEE "None™ %
/11 BLUET,
pub fn read_byte(&self) -> Option<u8> {
if self.read_flag_register().contains(Flags::RXFE) {
None
} else {
// SAFETY: We know that self.registers points to the control
// registers of a PL@11 device which is appropriately mapped.
let data = unsafe { (&raw const (*self.registers).dr).read_volatile() };
// TODO: v b 8~11 TZo7—kEEEZF v 7 LZET,
Some(data as u8)

}

fn read_flag_register(&self) -> Flags {
// SAFETY: We know that self.registers points to the control registers
// of a PL@O11 device which is appropriately mapped.
unsafe { (&raw const (*self.registers).fr).read_volatile() }

* Note the use of &raw const / &raw mut to get pointers to individual fields without
creating an intermediate reference, which would be unsound.

52.5.4 fHEHH

FEDRIANE[FoT. U TLAYY—UZT7A4 P L. FLTANENZAL, bz a—F 3/hX
Koa 7o LhENTAZEL E D,
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#! [no_main]
#! [no_std]

mod exceptions;
mod ploll;

use crate: :pl@11::Uart;

use core::fmt::Write;

use core::panic::PanicInfo;
use log::error;

use smccc::psci::system_off;
use smccc: :Hvc;

/1] 72 4<V PLO11 UART OXR—X7 FL A,
const PL@11_BASE_ADDRESS: *mut u32 = 0x900_0000 as _;
// SAFETY: There is no other global function of this name.
#[unsafe(no_mangle) ]
extern "C" fn main(x0: u64, x1: ubd, x2: ubd, x3: ubd) {
// SAFETY: "PLQ11_BASE_ADDRESS® is the base address of a PL@11 device, and
// nothing else accesses that address range.
let mut uart = unsafe { Uart::new(PL®11_BASE_ADDRESS) };

writeln! (uart, "main({x@:#x}, {x1:#x}, {x2:#x}, {x3:#x})").unwrap();

loop {
if let Some(byte) = uart.read_byte() {

uart.write_byte(byte);

match byte {
b'\r' => {

uart.write_byte(b'\n');

}
b'q' => break,
_ => continue,

}

writeln! (uart, "\n\nBye!").unwrap();
system_off::<Hvc>().unwrap();

s AVIAY Ty T OHIEFAT &S, 2D main B entry.SICBIF 22 U KA
VI BFERHINE T A Z B SO speaker notes # B LTL 72X W0,

o ZDfl% src/bare-metal/aps/examples iIZHWT make gemu &2 Z 2T QEMU 12
IDEFTLTAEL X,

52.6 uZih

logZv—t2#Eft32n/7Hl~ 702z 2 BOTL XS, Z4Uuilog LA MEEETZZ L
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THAEICR D £9

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(),
"I {3,

record.level(),
record.args()

)

.unwrap();

}

fn flush(&self) {}

/// UART mh—%2#IbL %3,
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);
0ok(())

* LOGGER % set_logger Z MO S RNICAIAL L TW 2 DT, log IZ31F % unwrap i3t —
7 T3,

52.6.1 fEHBI

fEHIATIC logger ZRIHHL S 2 BEDH D %5,

#! [no_main]
#![no_std]

mod exceptions;
mod logger;
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mod

use
use
use
use
use

v

ploll;

crate: :pl011::Uart;
core::panic::PanicInfo;
log::{error, info, LevelFilter};
smccc: psci::system_off;

smccc: :Hvc;

7941 PL011 UART OXR—Z7 KL &,

const PL@11_BASE_ADDRESS: *mut u32 = 0x900_0000 as _;

// SAFETY: There is no other global function of this name.
#[unsafe(no_mangle) ]
extern "C" fn main(x@: u64, x1: u64, x2: ubd, x3: ubd) {

}

// SAFETY: "PLQ11_BASE_ADDRESS® is the base address of a PL@11 device, and
// nothing else accesses that address range.

let uart = unsafe { Uart::new(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();

#[panic_handler]
fn panic(info: &PanicInfo) -> ! {

error!("{info}");
system_off::<Hvc>().unwrap();

loop {}
}
s BADR=Zy IV RIPR=y ZOFMICOVWTRZHMATEZ XS ko Z B ICHEAL
TLEZ W,
o« ZOHl% src/bare-metal/aps/examples iIZE W T make gemu_logger £ 3§52 & T
QEMU X DETLTAEL x5,
52.7 Hst

AArch64 13 16 = MV 2FOFINRI X —T =TV EERLTED. 20634200 R 7 — b (BfE
@ EL © SPO F|H. #4E @ EL T SPx A, {&f7® EL T AArch64. {&{i7® EL T AArch32) 1281 % 4
2D &4 TR (R, IRQ. FIQ. SError)icxfjtL ¥ 3,2 ZTi& Rust 22— KO H L FTIC#
HLIRARDEEAR Y ZIGE#T 27201 X =T — TN 72y T ) 5B THRELTVWET !
use log::exrror;

use smccc::psci::system_off;

use smccc: :Hvc;

// SAFETY: There is no other global function of this name.
#[unsafe(no_mangle) ]
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extern "C" fn sync_exception_current(_elr: u64
error! ("sync_exception_current");
system_off::<Hvec>().unwrap();

| A—

}

// SAFETY: There is no other global function of this

#[unsafe(no_mangle) ]

extern "C" fn irqg_current(_elr: u64
error!("irqg_current");
system_off::<Hvc>().unwrap();

spsr: u6b4d) {

| A—

}

// SAFETY: There is no other global function of this

#[unsafe(no_mangle) ]

extern "C" fn fig_current(_elr: u64, _spsr: ub4d) {
error!("fiq_current");
system_off::<Hvc>().unwrap();

}

// SAFETY: There is no other global function of this

#[unsafe(no_mangle) ]

extern "C" fn serr_current(_elr: u64, _spsr: ub4d) {
error!("serr_current");
system_off::<Hvc>().unwrap();

}

// SAFETY: There is no other global function of this

#[unsafe(no_mangle) ]

extern "C" fn sync_lower(_elr: u64, _spsr: ub4d) {
error! ("sync_lower");
system_off::<Hvc>().unwrap();

}

// SAFETY: There is no other global function of this

#[unsafe(no_mangle) ]

extern "C" fn irqg_lower(_elr: u64, _spsr: ub4d) {
error!("irq_lower");
system_off::<Hvc>().unwrap();

}

// SAFETY: There is no other global function of this

#[unsafe(no_mangle) ]

extern "C" fn fiq_lower(_elr: u64, _spsr: ub4d) {
error! ("fig_lower");
system_off::<Hvc>().unwrap();

}

// SAFETY: There is no other global function of this

#[unsafe(no_mangle) ]

extern "C" fn serr_lower(_elr: u64, _spsr: u6b4d) {
error! ("serr_lower");
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system_off::<Hvc>().unwrap();

o EL 3L R TE  AHDFHZIH - 72T XRTOHNE EL1 TEITEIATVE T,

o LD T=HIC, Z ZTIEBED EL 7423813 % SPO & SP X DiEW KM D EL L~ LIZBIY
% AArch32 ¥ AArch64 OEWEXFIL TWER A,

¢ ZITRINSDHMNDBFELLVWZTROT EEHMCET 20 272N L. BREZE L L
TVWET,

e FIMANY FT XL VDEITAVTHFRAMIBRRIZIAL Yy RDEIRDDELEZBZZLMNT
EET.HrOV ALy FEOHEEBEFRU X512, Send & Sync i & bz HEF 2 5 % HilfH
FTRZEBTEET MRAE NN S TarsrofioarsXF 2+t b3 HE2HEE
L72WEEI. D LEAS Send TH D Sync TRIFAUE, Mutex DES5K8bDTT» 7L T,
static ICEFR L 2 IFE ) A,

52.8 fttorXu =7 b

* oreboot
— ”coreboot without the C”.
- 7—F% 77 F %13 x86, aarch64 7z & X2 RISC-V %K — b,
- HETZL DRI A4 %H X312 LinuxBoot 1217,
* Rust RaspberryPiOS ®F 2 —+V 7 b
— Initialisation, UART driver, simple bootloader, JTAG, exception levels, exception
handling, page tables.
— FrvPaXyTFrRY Rust DFIHHLICBEI L TH x o 2 EED LWL T AD3H 2 DT #
ma— FTEMT BT LIRWAITIED D 8 A,
* cargo-call-stack
- A& v 7 ORAMHEICET % BT,

* RaspberryPi OS # 2 — } U 7LE MMU %% v v ¥ 2 Z AL 3 20112 Rust 2 — F &2 FEfT
LTVET, ZAUTED PIRIFA KXy 7 XEY Zread LD write L7z2DF25Z 1Tk %
T Lol :

- MMU & F vy >aZfGMMELLTWRVWE. T4 YINTWRWT 7R RIET +—L b
ZHIEEILE T ZDFa— U TATRER AV INT 74 YENTWRWT 7k R
ZAR LR W+strict-align 4 7> 3 ¥ %€ » b3 % aarché4-unknown-none %
X—=7y P LTELRLTWVWEDTARLRRIITTTD, —MAINTIEIKLREFRD £
Ao

- BdLVM ETEITL VWAL S . Fryyaab—L Yy —0OEEZREZITZEDDH
DETMERDIEIVM A F ¥ v a2 WIMLLAEEFEFEEXEV T Z7EALTVWSD
WHL AR MIFACAEVICHLTHF v v Y afl[fERTA U7 AERKF->TLEI LWV
T ARRMPMRICHHRINC X EVIZT 72 A LRV E LT BNR 7 71 &
DX Y24 VPREZIEDVRDHD. 25722 VMPHRAMDELELNITKDEE
PRONTLEVE T, ZDONA NN FRULTEEN—FY =7 TETT2)HEIC
I D F /AN, —RINCTIZR L RV =TT,
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H5 53 &

@7 v—b

RTZAZVTAT T I BV THBEICHET 2B T 2252271 — M MZOWTWL D
PN L ET,

33.1 zerocopy

(Fuchsia @) zerocopy 7L — MENA b —F Y 22 ZOMOBI DLW S REIITI 20D+ L
A Pt L 9,

use zerocopy::{Immutable, IntoBytes};

#[repr(u32)]

#[derive(Debug, Default, Immutable, IntoBytes)]
enum RequestType {

#[default]
In = 0,
Out = 1,
Flush = 4,
}
#[repxr(C)]

#[derive(Debug, Default, Immutable, IntoBytes)]
struct VirtioBlockRequest {

request_type: RequestType,

reserved: u32,

sector: u64,
}

fn main() {
let request = VirtioBlockRequest {
request_type: RequestType::Flush,
sector: 42,
..Default: :default()
i
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assert_eq!(
request.as_bytes(),
&[4, 0, 0, 0, 0, 0, 0, ©, 42, 0, 0, 0, 0, 0, 0, 0]
)
}
Z U (volatile read. write ZfifH L TWigww7z®) MMIO 12138 L TEE A 21X DMA O X
IBN— R 27 e HFT 7 - ZEED 2 WVIINEA 27 2 — AW L TERET 27— 2 MER
WS WHETIFERHTY,

* FromBytes i3V 5 84 F & — Y S HRRMEE 72 2 BN L THRET 2 Z e N TEEH
TERVANSL b =T VAL DRERERZTRICLE T,

* RequestType lZ u32 O IR TOEZARNZ enum fEE L TERL TWRWVWD T, TXRTD
NA PRR=UPEREREHT. TR oINS 5 FromBytes OEHIZT7 = —L 325 TL &
9o

» zerocopy: :byteorder 3 N4 AKX EZKUCTIHME TV I 7 4 7B 2RI L £

e Z @il % src/bare-metal/useful-crates/zerocopy-example/iZ B\ T cargo
TUN 2 2§32 TEITLTAZL & 5, (Playground Tlx Z DFIMKEST 2 27 L — t B FIH
TERVEDETTEELEA)

53.2 aarch64-paging

aarch64-paging 7L — M AArch64 (REEXEV YR T L7 —F 77 F v CHIo 7eR—=I T =7
NDERZREIC L £,

use aarch64_paging: :{

idmap: : IdMap,

paging::{Attributes, MemoryRegion},
b

const ASID: usize = 1;
const ROOT_LEVEL: usize = 1;

/] AREYER— 22 L wWR—= T — LB ER L 5,
let mut idmap = IdMap::new(ASID, ROOT_LEVEL);
// 2 MiB OXEVHEBZHANDEHE LTy Y I LT
idmap.map_range(
&MemoryRegion: :new(0x80200000, 0x30400000),
Attributes::NORMAL | Attributes::NON_GLOBAL | Attributes::READ_ONLY,
) .unwrap();
// "TTBRO_EL1"® ZFEZELTR—IT—TAEEHEMILE T,
idmap.activate();
o BRI TIZ EL1 LAY R — FINTOERHADN MOFIAN L XL DB K- b b EHFIGEMNT X
5133 TI,
« Z#UZ Android T Protected VM Firmware @7z ICHHX A TVWE T,
o ZOHNIAYIDN—F D =7 H QEMU 2 HE L 32 DT, HHICIIFITTEEHA,
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53.3 buddy_system_allocator

buddy_system_allocator iZ# — K X—=F7 4 D7 L — b T ERWNBRAT 4 AT 670 —7 —
REFRELTVET, ZDZ L — M& GlobalAlloc 2% % $ % LockedHeap i & b ( UATR 2 &
S EHED alloc 7 L — bR FIHATREICT 272D ET L AIO 7 FLRZE/ME 707 — b F
27D b iz 540212, PCIBAR K 2 MMIO #i8%E 707 — b LEEWHEIIEMTD & 5
ICT&EEXT

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);

* PCIBAR ZHIZH A X LR 7 74 2% b %3,

« ZOfl % src/bare-metal/useful-crates/allocator-example/iZ 3\ T cargo
TuN ¥ 532 TEITFLTAZL & 5, (Playground Tlx Z DHIMKEST 227 L — F ZFIHT
IRV DRITTEREA)

53.4 tinyvec

FFICIZVec DX SV H A X TEZHBEL —T2FOTICHERLEVWEES 22D £5,
tinyvec IFFFANCHELR. £ 7213 R X v 7 FICHER L ZZECH 7213 R 5 4 A2 H YR T2 X7 %
FRBELET, ZOFETE WL D0EENFDLA TV 200 EH XN BRI AZL ECHEES &
FTHLAZv I LET.

use tinyvec::{array_vec, ArrayVec};

fn main() {
let mut numbers: ArrayVec<[u32; 5]> = array_vec! (42, 66);
println! ("{numbers:?}");
numbers .push(7);
println! ("{numbers:?}");
numbers.remove (1) ;
println! ("{numbers:?}");

o tinyvec LD DICER L k3 XA Th Default 2EET 2 e 2R EL LT,
* Rust Playground /& tinyvec #NE L TWEDT. A Y 74 Y TZDHIRFEITTEZ N T
R
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https://doc.rust-lang.org/core/alloc/trait.GlobalAlloc.html
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https://crates.io/crates/tinyvec

53.5 spin

std: :sync 2@t 3 % std::sync::Mutex & ZOMIOFRIE 7Y I 7 1 7% core £7:1% alloc
TRAHTEERA LR L HIZIERL S CPU BITOIREIE D720 D, AL HE R A X Y D
FORFEBLELRVDTL & 557

spin ZL—=tEZhSDELDTY) I 74 T FElii A vy JR—XDH DML 3,
use spin::mutex::SpinMutex;

static counter: SpinMutex<u32> = SpinMutex::new(0);

fn main() {
println!("count: {}", counter.lock());
*counter.lock() += 2;
println!("count: {}", counter.lock());

¢ BIDIABANAY R TRy 7 2RI 258137y Fry 725 SR SRV E S 15220
TLZEW,

* spin also has a ticket lock mutex implementation; equivalents of RwLock, Barrier and
Once from std: : sync; and Lazy for lazy initialisation.

s once_cell 7L —1t% spin::once::0Once 3P LER S 7 7 v —F OBIEIHLD 729
DERARZ VL O o TVWE T,

* Rust Playground (& spin ZINE L TWA DT, ZDHNEA > T4 »THEITTEZ T,
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o 54 &

Android EOAX7 X 2 v

AOSP IZBWTARZ X Z)LRUSt XA F VR LI FT 2720121, Rust 2a— KE2E L KT 57DHD
rust_ffi_static x> Soong L—L VY HRZ ) FheZh%flio TN, F I EERT S/
»D cc_binary ¥ WHIL—ib X HIZELF ZFEITRIEERTER DAL A F VKT % raw_binary
WS IL— L BRRET T,
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",
]l
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,
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target: {
android_arm64: {
enabled: true,
I
}l

54.1 vmbase

For VMs running under crosvm on aarch64, the vmbase library provides a linker script and
useful defaults for the build rules, along with an entry point, UART console logging and more.

#! [no_main]
#![no_std]

use vmbase::{main, println};
main! (main);

pub fn main(arg®@: u64, argl: u64, arg2: u64, arg3: ub4d) {
println!("Hello world");
}

e mainl Vo0 EZX A4 VEKERTT 2 b DT HEEIN/-EEIE vmbase D> kU R
A IO THEINE Z IR ET,

e vmbase DY VKA ¥ MIay Y =L OHHALEZITV X A4 VBT X — 2 LG EIE
PSCI_SYSTEM_OFF ##1TL VM %2> v v F R L% T,
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H5 55 &

o e

PLO31 Y 7N RA L 70y 7 THNLZAHD R F A NEERL T
HEOKTRIE RPN TNDE YV a—vay ZHERLTIEEW,

55.1 RTC FZ 4N

QEMU aarch64 virt < > ® 0x9010000 (2id, PLO31 UV 7L X 4 & 70y ZHBBEHEI ATV T,
COHE T ZD R IANIERT 2REDDHD £3,

1.

2.

3.

IHEHHLCHEORLZS V7L aryy =i LE 3, HROERI2E chrono 7 L
—MEfEHTEET,
—HUL AR ERMLTOENDAART =X 22 L CHEERL (- ZIE3 B FTEY
—v x4 FLETOL—FNT core: :hint: :spin_loop ZMUH L £3),
K23 H 2 581, RTC O—BUT X o> TERINZEIDAAZHIMC LT L £F, arm-
gic ZL— P TREXATVE F T4 NEHHL T, Arm HEI DALY ba—-F2FREL
THVEE A
e RTCEIDAAZMHALE T, ZOEDAAZK GICIZ Intld: :spi(2) & LTHEHINT
WET,
o HIDAAREAEMZT 5, arm_gic::wfi() 2FHLTCa72 AV —7FXE5 DT
EET, ALY a7 BEIDAAERZIT L ETTRAY —FREITRD 5,

HETy L —F XY —FKRL, 1tc 74 L7 VU TURD 7 7 AL BHELET,

sr¢/main.rs:

#! [no_main]
#![no_std]

mod
mod
mod

use
use
use
use
use

exceptions;
logger;
ploll;

crate: :pl011l::Uart;
arm_gic::gicv3::GicV3;
core::panic::PanicInfo;

log::{error, info, trace, LevelFilter};
smccc: psci::system_off;
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https://google.github.io/comprehensive-rust/exercises/bare-metal/../../comprehensive-rust-exercises.zip

use smccc: :Hvc;

/// Base addresses of the GICv3.

const GICD_BASE_ADDRESS: *mut u64
const GICR_BASE_ADDRESS: *mut u64

0x800_0000 as _;
0x80A_0000 as _;

/// Base address of the primary PL@11 UART.
const PLQ11_BASE_ADDRESS: *mut u32 = 0x900_0000 as _;

/1

SAFETY: There is no other global function of this name.

#[unsafe(no_mangle) ]
extern "C" fn main(x@: ub4, x1: ubd, x2: ubd, x3: ubd) {

}

// SAFETY: "PLQ11_BASE_ADDRESS™ is the base address of a PL@11 device, and
// nothing else accesses that address range.

let uart = unsafe { Uart::new(PL@11_BASE_ADDRESS) };

logger: :init(uart, LevelFilter::Trace).unwrap();

infol ("main({:#x}, {:#x}, {:#x}, {:#x})", x0, x1, x2, x3);

// SAFETY: “GICD_BASE_ADDRESS® and "GICR_BASE_ADDRESS® are the base

// addresses of a GICv3 distributor and redistributor respectively, and
// nothing else accesses those address ranges.

let mut gic = unsafe { GicV3::new(GICD_BASE_ADDRESS, GICR_BASE_ADDRESS) };
gic.setup();

// TODO: Create instance of RTC driver and print current time.

// TODO: Wait for 3 seconds.

system_off::<Hvc>().unwrap();

#[panic_handler]
fn panic(info: &PanicInfo) -> ! {

}

error! ("{info}");
system_off::<Hvc>().unwrap();
loop {}

src/exceptions.rs (ZDHE D 3 HHD — b TOALEETILEDHH )

/1
//
/1
/1
/1
//
//
/1
/1
/1
/1

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.
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// See the License for the specific language governing permissions and
// limitations under the License.

use arm_gic::gicv3::GicV3;

use log::{error, info, trace};
use smccc::psci::system_off;
use smccc: :Hvc;

// SAFETY: There is no other global function of this name.

#[unsafe(no_mangle) ]

extern "C" fn sync_exception_current(_elr: u64, _spsr: u6b4d) {
error!("sync_exception_current");
system_off::<Hvc>().unwrap();

}

// SAFETY: There is no other global function of this name.
#[unsafe(no_mangle) ]
extern "C" fn irq_current(_elr: u64, _spsr: u64) {
trace! ("irqg_current");
let intid =
GicV3::get_and_acknowledge_interrupt().expect("No pending interrupt");
info! ("IRQ {intid:?}");
}

// SAFETY: There is no other global function of this name.
#[unsafe(no_mangle) ]
extern "C" fn fig_current(_elr: u64, _spsr: ub4d) {

error! ("fig_current");

system_off::<Hvc>().unwrap();

}

// SAFETY: There is no other global function of this name.

#[unsafe(no_mangle) ]

extern "C" fn serr_current(_elr: u64
error!("serr_current");
system_off::<Hvc>().unwrap();

spsr: u6b4d) {

| A—

}

// SAFETY: There is no other global function of this name.

#[unsafe(no_mangle) ]

extern "C" fn sync_lower(_elr: u6b4
error!("sync_lower");
system_off::<Hvc>().unwrap();

spsr: u6b4) {

| A

}

// SAFETY: There is no other global function of this name.
#[unsafe(no_mangle) ]
extern "C" fn irq_lower(_elr: u64, _spsr: ub4d) {
error!("irq_lower");
system_off::<Hvc>().unwrap();
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// SAFETY: There is no other global function of this name.
#[unsafe(no_mangle) ]
extern "C" fn fiq_lower(_elr: u64, _spsr: ub4d) {
error!("fiq_lower");
system_off::<Hvc>().unwrap();

}

// SAFETY: There is no other global function of this name.
#[unsafe(no_mangle) ]
extern "C" fn serr_lower(_elr: u64, _spsr: ub4d) {
error!("serr_lower");
system_off::<Hvc>().unwrap();

}
src/loggerrs (ZH T 20EIHD FHA)

// Copyright 2023 Google LLC

/1

// Licensed under the Apache License, Version 2.0 (the "License");

// you may not use this file except in compliance with the License.

// You may obtain a copy of the License at

/1

// http://www.apache.org/licenses/LICENSE-2.0

/1

// Unless required by applicable law or agreed to in writing, software
// distributed under the License is distributed on an "AS IS" BASIS,
// WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
// See the License for the specific language governing permissions and
// limitations under the License.

// ANCHOR: main

use crate: :pl@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(),
T {3},
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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);
ok(())

}

src/plollrs (ZEEFT 2 0EIHD FHA)

// 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

/1

/17 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.

#![allow(unused)]
use core::fmt::{self, Write};

// ANCHOR: Flags
use bitflags::bitflags;

bitflags! {
/// Flags from the UART flag register.
#[repr(transparent) ]
#[derive(Copy, Clone, Debug, Eq, PartialEq)]
struct Flags: ul6 {
/// Clear to send.
const CTS = 1 << 0;
/// Data set ready.
const DSR = 1 << 1;
/// Data carrier detect.
const DCD = 1 << 2;
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/// 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.
#[repr(transparent) ]
#[derive(Copy, Clone, Debug, Eq, PartialEq)]
struct ReceiveStatus: ul6 {
/// Framing error.
const FE = 1 << 0;
/// Parity error.
const PE = 1 << 1;
/// Break error.
const BE = 1 << 2;
/// Overrun error.
const OE = 1 << 3;

}

// ANCHOR: Registers
#[repr(C, align(4))]
struct Registers {

dr: ule,

_reserved@: [u8; 21,

rsr: ReceiveStatus,
reservedl: [u8; 19],

fr: Flags,
_reserved2: [u8; 6],
ilpr: u8,
_reserved3: [u8; 3],
ibrd: ul6,
_reserved4: [u8; 2],
fbrd: u8,
_reserved5: [u8; 31,
lcr_h: us8,
_Yeserved6: [u8; 3],
cr: ulé,

_reserved?7: [u8; 37,
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ifls: u8,
_reserved8: [u8; 3],
imsc: ul6,
_reserved9: [u8; 27,

ris: ule,
_Yeservedl@: [u8; 2],
mis: ul6,

_Treservedll: [u8; 2],

icr:

ulé6,

_reservedl2: [u8; 2],
dmacr: u8,
_Yeservedl13: [u8; 3],

}

// ANCHOR_END: Registers

// ANCHOR: Uart
/// Driver for a PL@11 UART.
#[derive(Debug) ]
pub struct Uart {
registers: *mut Registers,

}
impl Uart {
/// Constructs a new instance of the UART driver for a PL@11 device at the
/// given base address.
/17
/11 # Safety
/17
/// The given base address must point to the MMIO control registers of a
/// 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) {}
// SAFETY: We know that self.registers points to the control registers
// of a PL@11 device which is appropriately mapped.
unsafe {
// Write to the TX buffer.
(&raw mut (*self.registers).dr).write_volatile(byte.into());
}
// Wait until the UART is no longer busy.
while self.read_flag_register().contains(Flags::BUSY) {}
}

314



/// Reads and returns a pending byte, or "None® if nothing has been
/// received.
pub fn read_byte(&self) -> Option<u8> {
if self.read_flag_register().contains(Flags::RXFE) {
None
} else {
// SAFETY: We know that self.registers points to the control
// registers of a PL@11 device which is appropriately mapped.
let data = unsafe { (&raw const (*self.registers).dr).read_volatile() };
// TODO: Check for error conditions in bits 8-11.
Some(data as u8)

}

fn read_flag_register(&self) -> Flags {
// SAFETY: We know that self.registers points to the control registers
// of a PL@O11 device which is appropriately mapped.
unsafe { (&raw const (*self.registers).fr).read_volatile() }
}
}
// ANCHOR_END: Uart

impl Write for Uart {
fn write_str(&mut self, s:
for c in s.as_bytes() {
self.write_byte(*c)

&str) -> fmt::Result {

I

}
Ok(())

}

// Safe because it just contains a pointer to device memory, which can be
// accessed from any context.
unsafe impl Send for Uart {}

Cargo.toml (ZHEIIAERIZ T TI):

[workspace]
[package]

name = "rtc"
version = "0.1.0"
edition = "2021"
publish = false
[dependencies]
arm-gic = "0.1.1"
bitflags = "2.6.0"
chrono = { version = "0.4.38", default-features = false }
log = "0.4.22"
smccc = "@.1.1"

spin = "0.9.8"
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[build-dependencies]

cc

= "1.1.31"

buildrs (ZET230E IS D FHA) ¢

/1
/1
/1
//
//
//
/1
/1
//
/1
//
/1
/1

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.

use cc: :Build;
use std::env;

fn

}

main() {
env::set_var("CROSS_COMPILE", "aarch64-none-elf");
env::set_var("CC", "clang");
Build: :new()
.file("entry.S")
.file("exceptions.S")
.file("idmap.S")
.compile("empty")

entry.S (ZET 320 EIHD FHA) :

/*

*

* ok ok ok ok F F ok ok F F *

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
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adrp \reg, \sym
add \reg, \reg, :lol2:\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, @x0 << 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 TTBRO_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.

*/

.set .L_TCR_RGN_IWB, 0x1 << 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, @x1 << 3

/* Stage 1 data access cacheability is unaffected. */

.set .L_SCTLR_ELx_C, @x1 << 2

/* EL@ and EL1 stage 1 MMU enabled. */

.set .L_SCTLR_ELx_M, @Ox1 << @

/* 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. */
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.set .L_SCTLR_EL1_ITD, Ox1 << 7

.set .L_SCTLR_EL1_RES1, (@x1 << 11) | (@x1 << 20) | (@x1 << 22) | (0x1 << 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

/**
* 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
/*

* 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
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exceptions.S (ZHEF 2 4EIIHD FEA) :

/*

*

* ok * * ok F * F F ok ok ok ok

* o+ ¥ X * F

*

*/

/* Zero out the bss section.

adr_1 x29, bss_begin
adr_1 x30@, bss_end

cmp x29, x30

b.hs 1f

stp xzr, xzr, [x29], #16
b 0b

/* Prepare the stack. */
adr_1 x30, boot_stack_end
mov sp, x30

*/

/* Set up exception vector. */

adr x30, vector_table ell
msr vbar_ell, x30

/* Call into Rust code. */
bl main

/* Loop forever waiting for interrupts. */

wfi
b 2b

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.

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. */
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stp x0, 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

/**

*
*
*
*

*/

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. */
ldp x2, x3, [sp, #8 * 2]
ldp x4, x5, [sp, #8 * 4]
ldp x6, x7, [sp, #8 * 6]
1dp x8, x9, [sp, #8 * 8]
ldp x1@, x11, [sp, #8 * 10]
ldp x12, x13, [sp, #8 * 12]
ldp x14, x15, [sp, #8 * 14]
ldp x16, x17, [sp, #8 * 16]
ldr 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. */
1dp x@, x1, [spl, #8 * 24

.endm

/**

* This is a generic handler for exceptions taken at the current EL while using
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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

* * ok * *

eret
.endm
/**
* This is a generic handler for exceptions taken at the current EL while using
* SPx. It saves volatile registers, calls the Rust handler, restores volatile
* registers, then returns.
*
* This also works for exceptions taken from EL@, if we don't care about
* non-volatile registers.
*
* Saving state and jumping to the Rust handler takes 15 instructions, and
* restoring and returning also takes 15 instructions, so we can fit the whole
* handler in 3@ instructions, under the limit of 32.
*/

.macro current_exception_spx handler:req
save_volatile_to_stack
bl \handler
restore_volatile_from_stack
eret

.endm

.section .text.vector_table_ell, "ax"
.global vector_table_ell
.balign ©0x800
vector_table_ell:
sync_cur_sp@:
current_exception_sp@ sync_exception_current

.balign ©x80
irq_cur_spo:
current_exception_sp@ irq_current

.balign 0x80
fig_cur_sp0:
current_exception_sp@ fiq_current

.balign 0x80
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serr_cur_spo:
current_exception_sp®

.balign 0x80
Sync_cur_spx:
current_exception_spx

.balign 0x80
irqg_cur_spx:
current_exception_spx

.balign ©x80
fig_cur_spx:
current_exception_spx

.balign ©x80
Serr_cur_spx:
current_exception_spx

.balign 0x80
sync_lower_64:
current_exception_spx

.balign 0x80
irqg_lower_64:
current_exception_spx

.balign ©x80
fig_lower_64:
current_exception_spx

.balign ©x80
serr_lower_64:
current_exception_spx

.balign @x80
sync_lower_32:
current_exception_spx

.balign 0x80
irqg_lower_32:
current_exception_spx

.balign ©x80
fig_lower_32:
current_exception_spx

.balign ©x80
serr_lower_32:
current_exception_spx

serr_current

sync_exception_current

irq_current

fiq_current

serr_current

sync_lower

irq_lower

fiq_lower

serr_lower

sync_lower

irq_lower

fiq_lower

serr_lower
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idmap.S (you shouldn't need to change this):
/*

*

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.

/

* ok F k F k F F * ok ok * ¥

.set .L_TT_TYPE_BLOCK, ©x1
.set .L_TT_TYPE_PAGE, 0x3
.set .L_TT_TYPE_TABLE, 0x3

/* Access flag. */
.set .L_TT_AF, Ox1 << 10
/* Not global. */
.set .L_TT_NG, Ox1 << 11
.set .L_TT_XN, @x3 << 53

.set .L_TT_MT_DEV, 0x0 << 2 // MAIR #@ (DEV_nGnRE)
.set .L_TT_MT_MEM, (@x1 << 2) | (@x3 << 8) // MAIR #1 (MEM_WBWA), inner shareable

.set .L_BLOCK_DEV, .L_TT_TYPE_BLOCK | .L_TT_MT_DEV | .L_TT_AF | .L_TT_XN
.set .L_BLOCK_MEM, .L_TT_TYPE_BLOCK | .L_TT_MT_MEM | .L_TT_AF | .L_TT_NG

.section ".rodata.idmap", "a", %progbits

.global idmap

.align 12

idmap:
/* level 1 */
.quad .L_BLOCK_DEV | ©x®@ // 1 GiB of device mappings
.quad .L_BLOCK_MEM | 0x40000000 // 1 GiB of DRAM
.fill 254, 8, 0x0 // 254 GiB of unmapped VA space
.quad .L_BLOCK_DEV | 0x4000000000 // 1 GiB of device mappings
.fill 255, 8, 0x0 // 255 GiB of remaining VA space

image.ld (ZHE T2 0B EHD FHA) :

/*

* 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

Lo I S
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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.

/

* % * o F * F * *

/*
* Code will start running at this symbol which is placed at the start of the
* image.
*/
ENTRY (entzry)
MEMORY
{
image : ORIGIN = 0x40080000, LENGTH = 2M
}
SECTIONS
{
/*
* Collect together the code.
*/
.init : ALIGN(4096) {
text_begin = .;
*(.init.entzry)
*(.init.*)
} >image
text o {
*(.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.
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*/

.data : ALIGN(4096) {
data_begin = .;
*(.data.*)

/-k
* 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

. = 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 (ZHE S 20EZI3HD FHA)
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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.

H R oHH R HHHHHHE

.PHONY: build gemu_minimal gemu qgemu_logger
all: rtc.bin

build:
cargo build

rtc.bin: build
cargo objcopy -- -0 binary $@

gemu: rtc.bin
gemu-system-aarch64 -machine virt,gic-version=3 -cpu max -serial mon:stdio -display

clean:
cargo clean
rm -f *.bin

.cargo/config.toml (ZE I RELIZTTT):

[build]
target = "aarch64-unknown-none"
rustflags = ["-C", "link-arg=-Timage.1ld"]

make gemu 2k b QEMU Ta— F%2ETLET,

55.2 A7 X %) Rust PM

RTC FZ74 N
(EHE IR 3)
main.rs:
#![no_main]
#![no_std]

mod exceptions;
mod logger;
mod pl@ll;
mod pl@31;
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use crate::pl031::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;

/1] GICv3 ODXR—=Z7 KL A,
const GICD_BASE_ADDRESS: *mut u64
const GICR_BASE_ADDRESS: *mut u64

0x800_0000 as _,;
0x80A_0000 as _;

/1] 724<V PLO11 UART OXR—XRX7 FL A,
const PLQ11_BASE_ADDRESS: *mut u32 = 0x900_0000 as _;

/// PLO31 RTC OXR—ZA7 FL &,

const PL@31_BASE_ADDRESS: *mut u32 = 0x901_0000 as _;
/// PL@31 RTC 2M#EHT 2 IRQ.

const PL@31_IRQ: IntId = IntId::spi(2);

// SAFETY: There is no other global function of this name.
#[unsafe(no_mangle) ]
extern "C" fn main(x@: ub4, x1: ubd, x2: ubd, x3: ubd) {
// SAFETY: "PLQ11_BASE_ADDRESS" is the base address of a PL@11 device, and
// nothing else accesses that address range.
let uart = unsafe { Uart::new(PL@11_BASE_ADDRESS) };
logger::init(uart, LevelFilter::Trace).unwrap();

infol ("main({:#x}, {:#x}, {:#x}, {:#x})", x0, x1, x2, x3);

// SAFETY: "GICD_BASE_ADDRESS" and "GICR_BASE_ADDRESS ' are the base

// addresses of a GICv3 distributor and redistributor respectively, and
// nothing else accesses those address ranges.

let mut gic = unsafe { GicV3::new(GICD_BASE_ADDRESS, GICR_BASE_ADDRESS) };
gic.setup();

// SAFETY: "PL@31_BASE_ADDRESS® is the base address of a PL@31 device, and
// nothing else accesses that address range.

let mut rtc = unsafe { Rtc::new(PL®31_BASE_ADDRESS) };

let timestamp = rtc.read();

let time = Utc.timestamp_opt(timestamp.into(), 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();
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gic.enable_interrupt(PL@31_IRQ, true);

/] BDIAARL LT 3 PREIFHEL F3,

let target = timestamp + 3;

rtc.set_match(target);

info! ("Waiting for {}", Utc.timestamp_opt(target.into(), 0).unwrap());

trace!(
"matched={}, interrupt_pending={}",
rtc.matched(),
rtc.interrupt_pending()

),

while !rtc.matched() {
spin_loop();

}

trace! (
"matched={}, interrupt_pending={}",
rtc.matched(),
rtc.interrupt_pending()

),

info! ("Finished waiting");

/] BDAAETEHIZ 3 BB T,
let target = timestamp + 6;
info!("Waiting for {}", Utc.timestamp_opt(target.into(), @) .unwrap());
rtc.set_match(target);
rtc.clear_interrupt();
rtc.enable_interrupt(true);
trace!(
"matched={}, interrupt_pending={}",
rtc.matched(),
rtc.interrupt_pending()
),
while !rtc.interrupt_pending() {
wfi();
}
trace! (
"matched={}, interrupt_pending={}",
rtc.matched(),
rtc.interrupt_pending()
),

info! ("Finished waiting");

system_off::<Hvc>().unwrap();

}

#[panic_handler]

fn panic(info: &PanicInfo) -> ! {
error!("{info}");
system_off::<Hvc>().unwrap();
loop {}
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plo31.rs:

#[repr(C

., align(4))]

struct Registers {

/117
dr:
/17
mr:
/17
1r:
/17
cr:

T—RLI AR
u32,
—HLIAX
u32,
FEAIAARL T AR
u32,
HllfE L o 2 &
usg,

reserved®: [u8; 3],

717

HDIAASTZA 7y bEREF VT LIAR

imsc: u8,
reservedl: [u8; 3],

.

ris:

RINT.OEIDAA R T —R A
us,

reserved2: [u8; 3],

711

mis:
reserved3: [u8; 3],

/117

icr:

TR EINTZEIDIAABRAT — R A
u8,

HDRAAZ VT LI AR
us,

_reserved4: [u8; 37,

}

/1] PLO31 VZAXRAL Zay ZHDRT AN,
#[derive(Debug) ]
pub struct Rtc {

registers: *mut Registers,

}
impl Rtc {
/1] FBEINZR—ZA7 FLAIZ
/1] PLO31 F A ZHD RTC FIANDFLWA VAR ZARERLET,
11/
/11 # e
/17
/111 FEESINZR—ZA7 FLAIE PLO3L 54 2D MMIO #IHIL A ZZELTWARBENRDH D £,
11l TRBETARALAZAXEY L TTRrEZADT F L AZEMIC
11l =y 7d3n Moty 7 23dh THA

pub
}

11/
pub

unsafe fn new(base_address: *mut u32) -> Self {
Self { registers: base_address as *mut Registers }

BED RTC fHEZHAID £9,

fn read(&self) -> u32 {

// SAFETY: We know that self.registers points to the control registers
// of a PL@31 device which is appropriately mapped.

unsafe { (&raw const (*self.registers).dr).read_volatile() }
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111
11/
pub

iy
vy
pub

vy
/1117
iy
vy
pub

/1117
/1117
vy
vy
pub

11/
pub

}

—HEEFZAALE T, RTC EXRZHC—ET 2 & . HIDABPERINET
(FIDIAABDBEINTIZ > TV B HE )

fn set_match(&mut self, value: u32) {

// SAFETY: We know that self.registers points to the control registers
// of a PL@31 device which is appropriately mapped.

unsafe { (&raw mut (*self.registers).mr).write_volatile(value) }

B DABDEINIIL o TV B0 S PIBfRR . —BL YA %9 RTC fldE

—HT DIV EERLET,

fn matched(&self) -> bool {

// SAFETY: We know that self.registers points to the control registers
// of a PL@31 device which is appropriately mapped.

let ris = unsafe { (&raw const (*self.registers).ris).read_volatile() };
(ris & 0x01) =0

BERETOEI D IABR D 2028 5 IR L X5,

ZHud “matched’ 2% true ZIREL.EHIDIABZNTRIZ TN TVEHEITDA
true 1T £,

fn interrupt_pending(&self) -> bool {

// SAFETY: We know that self.registers points to the control registers
// of a PL@31 device which is appropriately mapped.

let ris = unsafe { (&raw const (*self.registers).mis).read_volatile() };
(ris & 0x01) =0

HIDABSR R ZREETEZ 7V 7 LET,

~ A7 true OHEHIDAATEMCKED £3, false DFA.

H D IAAITINTIRD £5,

fn enable_interrupt(&mut self, mask: bool) {

let imsc = if mask { 0x01 } else { 0x00 };

// SAFETY: We know that self.registers points to the control registers
// of a PL@31 device which is appropriately mapped.

unsafe { (&raw mut (*self.registers).imsc).write_volatile(imsc) }

RETOEIDABB DIV T LET,

fn clear_interrupt(&mut self) {

// SAFETY: We know that self.registers points to the control registers
// of a PL@31 device which is appropriately mapped.

unsafe { (&raw mut (*self.registers).icr).write_volatile(0x01) }

// SAFETY: "Rtc’ just contains a pointer to device memory, which can be
// accessed from any context.
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unsafe impl Send for Rtc {}
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H5 56 &

Rust TOMATENE S T %

RustidIa—7 v 7R F ¥ 2L ZHWVWTOS ALy FEHFS fTHZ I R—FLTWE T,

Rust DI 27 L3 Z K DAUATHEICE DD BN T Za Y R4 MDD ATIZE D 5 eI [T EHE
RAE R R UF 3, ZHUIKRAC fearless concurrency (M 20T ) EIEENE 3,728 5,
AV FIZETHTOIEL S ZIRIET 2 2 e 2 0BT L VWEDHTT,

AT a—)b

Including 10 minute breaks, this session should take about 3 hours and 20 minutes. It contains:

Segment Duration

AL v K 30 minutes

F v 2V 20 minutes

Send ¢ Sync 15 minutes

REHE 30 minutes

o [ 1 hour and 10 minutes

* 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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o 57 &

AL v R

This segment should take about 30 minutes. It contains:

Slide Duration

T —VR ALy F 15 minutes
2a—7ft%= XL v K 15 minutes

571 FV—YR AV R

Rust DAL v FIIMEOEEDOR Ly ReP7-Z#HE L 5

use std::thread;
use std::time::Duration;

fn main() {
thread: :spawn( || {
for i in 0..10 {
println!("Count in thread: {i}!");
thread: :sleep(Duration: :from_millis(5));
}
1)

for i in 0..5 {
println!("Main thread: {i}");
thread: :sleep(Duration: :from_millis(5));

* Spawning new threads does not automatically delay program termination at the end of
main.
* ALy FAR=Zy ZIFHWIHTI T,
— Panics can carry a payload, which can be unpacked with Any: :downcast_ref.

This slide should take about 15 minutes.

* Run the example.
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https://doc.rust-lang.org/std/any/trait.Any.html#method.downcast_ref

— 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.

* 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.

57.2 Ra—7ffZAL v R

BEDAL Yy REIZRLDRENLSEHT2ZIETEERA:
use std::thread;

fn foo() {
let s = String::from("Hello");
thread: :spawn( || {
println!("Length: {}", s.len());
1)
}

fn main() {
fool();
}

LU EDTDICAa—=TEA Ly F2ES T eNTEXT:
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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
https://doc.rust-lang.org/std/thread/fn.spawn.html
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

use std::thread;

fn foo() {
let s = String::from("Hello");

thread: :scope(|scope| {
scope.spawn( || {
println!("Length: {}", s.len());
})s
1)
}

fn main() {
foo();

}
This slide should take about 13 minutes.
o ZOMMIZ. B thread: :scope BET T2 X RTOAL v Fidjoin Xh b Z & HRFE
ENTVWBERDT ALy FRWMMERALET—22RTIENTESE72DTT,
s HEOD Rust DIEHDINL—ADBEHINEST: —DODAL Yy FRIa—XRIALTEHT S
CLERREREOHBDAL Yy R 64 2 2a—XTLVTHEAT S 2k,
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H3 58

F ¥ IV

This segment should take about 20 minutes. It contains:

Slide Duration
&S (Senders) & 3Z{5fl (Receivers) 10 minutes
Unbounded 5 v &L 2 minutes
Bounded + v L 10 minutes

58.1 3%{EM (Senders) ¥ 3z{Zf] (Receivers)

Rust channels have two parts: a Sender<T> and a Receiver<T>. The two parts are connected
via the channel, but you only see the end-points.

use std::sync::mpsc;

fn main() {
let (tx, rx) = mpsc::channel();

tx.send(10) .unwrap();
tx.send(20) .unwrap();

println!("Received: {:?}", rx.recv());
println!("Received: {:?}", rx.recv());

let tx2 = tx.clone();
tx2.send(30) .unwrap();
println!("Received: {:?}", rx.recv());

}
This slide should take about 9 minutes.

* mpsc stands for Multi-Producer, Single-Consumer. Sender and SyncSender implement
Clone (so you can make multiple producers) but Receiver does not.

* send() and recv () return Result. If they return Exr, it means the counterpart Sender
or Receiver is dropped and the channel is closed.
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https://doc.rust-lang.org/std/sync/mpsc/struct.Sender.html
https://doc.rust-lang.org/std/sync/mpsc/struct.Receiver.html
https://doc.rust-lang.org/std/sync/mpsc/index.html
https://doc.rust-lang.org/std/sync/mpsc/struct.Sender.html#method.send
https://doc.rust-lang.org/std/sync/mpsc/struct.Receiver.html#method.recv

58.2 Unbounded F ¥ %\

You get an unbounded and asynchronous channel with mpsc: :channel():

use std::sync::mpsc;
use std::thread;
use std::time::Duration;

fn main() {
let (tx, rx) = mpsc::channel();

thread: :spawn(move || {
let thread_id = thread::current().id();
for i in 0..10 {
tx.send(format! ("Message {i}")).unwrap();
println!("{thread_id:?}: sent Message {i}");
}
println!("{thread_id:?}: done");

1)
thread: :sleep(Duration: :from_millis(100));

for msg in rx.iter() {
println!("Main: got {msg}");
}

58.3 Bounded F ¥ 3L

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 0..10 {
tx.send(format! ("Message {i}")).unwrap();
println!("{thread_id:?}: sent Message {i}");
}
println!("{thread_id:?}: done");

3
thread: :sleep(Duration::from_millis(100));

for msg in rx.iter() {

println!("Main: got {msg}");
}
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https://doc.rust-lang.org/std/sync/mpsc/fn.channel.html
https://doc.rust-lang.org/std/sync/mpsc/struct.SyncSender.html#method.send

This slide should take about 8 minutes.

* Calling send () will block the current thread until there is space in the channel for the
new message. The thread can be blocked indefinitely if there is nobody who reads from
the channel.

* A call to send() will abort with an error (that is why it returns Result) if the channel
is closed. A channel is closed when the receiver is dropped.

* 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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https://doc.rust-lang.org/std/sync/mpsc/struct.Receiver.html#method.recv

H5 59 &

Send & Sync

This segment should take about 15 minutes. It contains:

Slide Duration
~—#A—FLA b 2minutes
Send 2 minutes
Sync 2 minutes
il 10 minutes

591 ~%—A—bLAF

How does Rust know to forbid shared access across threads? The answer is in two traits:

e Send: ALy RERZEZVTOM T DL —TIPRLLIATZ LA TiX Send TH 3,
e Sync: ALy FEERZEWTET DL =T PEBATRA 325G 8T Sync TH 3,

Send and Sync are unsafe traits. The compiler will automatically derive them for your types
as long as they only contain Send and Sync types. You can also implement them manually
when you know it is valid.

This slide should take about 2 minutes.

e INHDIFLA MILDAEPKEDAL Y FE—T DR ZH > TWA3 I BRI ~v—Fh—
YEZBHBILHTEET,
e INBHWEBBEFEDOIN LA FPERIL LI V2 v I7EROFTHHTZ2Z N TEET,

59.2 Send

BT OEPEBCHDAL Y RIZL—7TEX 2358 Tix Send TH 3,

FTEHEEZRIDOAL Y MiZTLA—T T2V IR TARSIINZDRAL vy RTEITENDZ LWV
2T, D0FN . HBZALy FTrasr—rENEZBORAL Yy FTHRHRLTHRVREWVWS DN
HIMrEHEIC I D T,

This slide should take about 2 minutes.
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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://doc.rust-lang.org/std/marker/trait.Send.html

BlE21F% . SQLite 54 75 VADaAXZ > a iF, —DODAL Y ERbDAT 7 AN HE
BHHET,

59.3 Sync

BT OEEEBDOAL Y RRLEARICY 72 AL THRERGE B TIE Sync TH 5,
XD IEMEICIZ LD LS REETT -
&T 73 Send TH 255 . 2 ZDHEEIICRD, T Sync TH 3
This slide should take about 2 minutes.
CHEDOEDN [H2HOHEHENAL Yy FE—T7THIUI ZOBHERAL v FEITZTETZ L H A
Ly RE=T7THZ12 VI I Z2FRICKRLIEDDTT,

BRER G, DB Sync TH 256, 7T — XnaMOEHORER DV R 77 LITZE DRI ZEE
DALYy FTHETEX ZOREHDAL Yy FIZA—T L THLREE»HTH, £ BADSRIZ
DALY FIZL—T L THEETT . ZNI. FNDSRIT 27— RIIMTEEDA L v RO LEEITT
TR FTBIENTEBRNLTT,

59.4

Send + Sync

ArF 213 AL DRI Send + Sync T :

i8, f32. bool. char, &str iz ¥

(T1, T2). [T; N]. &[T]. struct { x: T } ¥
String. Option<T>, Vec<T>, Box<T> Z& ¥

ATc<T>: 7+ I v 2B A v Y MX D BHRIICRAL Yy RE—7,
Mutex<T>: NEia v 712 X DIHRINICZ L v FE—7,

mpsc: :Sender<T>: As of 1.72.0.

AtomicBool, AtomicUS, - K7z 7 + I v Z s B FH,

PV 7 AF BT X KM Send + Sync TH 5 & = l@H1E Send + Sync T,

Send + !Sync
INSDIFNIRA DAL Y FICA—T T3 eRTEETH. ZDIIRL—TIEAL Yy FE—T7TIX
HYFERAGEFIINEAEENZDRKTT

* mpsc::Receiver<T>
o Cell<T>
¢ RefCell<T>

!Send + Sync
These types are safe to access (via shared references) from multiple threads, but they cannot
be moved to another thread:

* MutexGuard<T: Sync>: Uses OS level primitives which must be deallocated on the
thread which created them. However, an already-locked mutex can have its guarded
variable read by any thread with which the guard is shared.
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https://doc.rust-lang.org/std/marker/trait.Sync.html

!Send + !Sync
ZDEIRIBEAL Yy RE—TTlRBEVWED FDAL Y FIZA—TFT25Z X TEERA

o Re<T>: ZRZHD Rc<T> X RCBOX<KT>NDZEEFH > TVWET, K. 7 I v 7 ThnE
WA Y Mo TWVWET,

« *const T, *mut T:Rust X AERA > X —IXFERFETHICEE T 2 R0 5 BHIED D 2 1l HE
HnH2 e ZRELTVET,
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# 60 &

NS E]

v

This segment should take about 30 minutes. It contains:

Slide Duration

Arc 5 minutes
Mutex 15 minutes
] 10 minutes

60.1 Arxc

Arc<T> ¥FAMYEHDOIEEFE Y 78 X% Arc: :clone I X D A[REIC L £ 7

use std::sync::Axc;
use std::thread;

fn main() {
let v = Arc::new(vec![10, 20, 30]);
let mut handles = Vec: :new();
for _ in 0..5 {
let v = Arc::clone(&v);
handles.push(thread: :spawn(move || {
let thread_id = thread::current().id();
println! ("{thread_id:?}: {v:?}");
1))
}

handles.into_itexr().for_each(|h| h.join().unwrap());
println!("v: {v:?}");
}

This slide should take about 5 minutes.

» Arc lZ”Atomic Reference Counted” D& T. 7 b I v Z7#ERZFIH T2 WS T, RcH 2R
Ly FERIZKR 57N =TarDXk5KbDTT,
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https://doc.rust-lang.org/std/sync/struct.Arc.html

e Arc<T> 3 Clone #FEEL 5,202 i3 THA Clone 2FEET 2 L AEWICEZRD D THA,
T 23 Send ¥ Sync DT 2 EEL TWBIGET. 2 OZDHEIR Y. Arc<T> Xli#H % F
LEF,

o Arc::clone() WKE7 F v ZHED R MDD T, 7272, F0%KIE. T OFHICET 3
X MIPD EEA

s ZIRY A I NICKZ DT TLEZI WV, AT KEZBIRY A 7 V2B T 270D HR—=yaL 7
2EHY FHE A

- std::sync: :Weak %5 £,

60.2 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());
}

impl<T: Send> Sync for Mutex<T> D7 F % v MEENDHZZLIEHLTLZE W,
This slide should take about 14 minutes.

s Rust iZB1J % Mutex i3 . REINZT—XTHE. 2o e—DDEREILHERINTaL Y
arDEI5%bDTY,
- REINT R T7 AT BN I 2a—T v 7 AR RELENZ Z 213D D TH A,
o QMutex<T> 6 Ry Z7Z2EIFT5 22 T, &mut T2182 2223 TE %9, 2O MutexGuaxd
Bamut THARFFENATWEIr Yy 7 XD HRIFR LAV EZRIEL $5
* Mutex<T> implements both Send and Sync if and only if T implements Send.
s HAEZOR Y ZDEEITHNIET 2D DHH Y 5 RwLock,
o 724 lock() X Result #EFDTL S ?
- Mutex ZRFFLZZAL Y RBR=Zy 7 2B LEHERETRNET XN BEHORXR
7RIS H ZAREME R R 2 5 72, Mutex 31K 4 V' > E 7z ("poisoned™) K&
KD ETRA YV ENT Mutex I LT lock) #2—/3 % &, [PoisonError]
(https://doc.rust-lang.org/std/sync/struct.PoisonExrror.html) & &
HIKH L 9, into_inner()* FHVZ Z T 2D —ICBVWT. LV HRTT—X%
mET2ZLIFTEET,

60.3 i

Arc ¥ Mutex OEIER R TAEL &5
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https://doc.rust-lang.org/std/sync/struct.Mutex.html
https://doc.rust-lang.org/std/sync/struct.Mutex.html#impl-Sync-for-Mutex%3CT%3E

use std::thread;
// use std::sync::{Arc, Mutex};

fn main() {
let v = vec![10, 20, 30];
let handle = thread::spawn(|| {
v.push(10);
1)
v.push(1000) ;

handle. join() .unwrap();
println!("v: {v:?}");
}

This slide should take about 8 minutes.
EZ BB ML

use std::sync::{Arc, Mutex};
use std::thread;

fn main() {
let v = Arc::new(Mutex: :new(vec![10, 20, 30]1));

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:?}");
}
TEHT % & X ET

e VIZATC ¥ Mutex OiFTT v 7ENTOVWET  RER S, FN5DELIIHEWICHNY 723 D
THBENHTT,
- Mutex ZArc To7v 735283 ALy REI T 2a— X 7 NVRIREEHEET 272012 &
CRBENENEZ—2TT,
o v: ATc< >WEBIDRAL Y FIZA—TZNBHNC, v2 2 LToZ7u—r 3N HEBNHD F5,
move 237 AXRUTEBMEI N/ Z L ICHEELTLEX W,
e 71 v 7% LockGuard D 2 a— 7R A[RERZR D $ied 2 7= DICEA XN TVWE T,
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o e

This segment should take about 1 hour and 10 minutes. It contains:

Slide Duration

BHEIT2TEH 20 minutes
RAVFALy R Y rrF vy h— 20 minutes
iR 30 minutes

61.1 REITIYUFLH

BET 2 TFE OB MATIECE S 2 H IR ZHET I,

5 NOTEENFE LT — TNV TREEZ LTVET, ERZETNOEEEN T — 7L DEME
WEED MO 7 +— 272 1 ABINTVE TN 2RHIZ R v T 4 T, 2
KDT7 4 =7 TERZBENRDHD FT . UFHIIRREBELRAWEDRTZE LT
EFFERA SO TEERIEAWITD 7 + — 7 2o TWBGEIZDA AT v T4 %
BRBZZEDTEE T, Lo T, 22007 —Z X MEOTEFEENBERNSDTIEA L
EZTOVREECOAMEATEZ T, ZNFNLOEXEZF X BRNED R HD 7 + —
VEEXFET,

COHEBETIE. m—HLD Cargo {1 Y A b= ADBRBETT LUFDI— K% src/main.rs x5 7
7AMIA— L. ZEMEHD T, cargo run 237y Rev 7 LARWZ L 2R L £3,

use std::sync::{mpsc, Arc, Mutex};
use std::thread;
use std::time::Duration;

struct Fork;

struct Philosopher {
name: String,
// left_fork:
// right_fork:
// thoughts:
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impl Philosopher {
fn think(&self) {
self.thoughts
.send(format! ("Eureka! {} has a new ideal!", &self.name))
.unwrap();

}
fn eat(&self) {
// Pick up forks...

println!("{} is eating...", &self.name);
thread: :sleep(Duration: :from_millis(10));

}

static PHILOSOPHERS: &[&str] =
&["Socrates", "Hypatia", "Plato", "Aristotle", "Pythagoras"];

fn main() {
/1 7% —=2%ERT %

/1 BEEERERT %
/] FNFROTEEENBRE BH%E 100 075 X513 3

/1 BEEDEREZH T 2

}

XD Cargo.toml ZHEHTE X3,
[package]

name = "dining-philosophers"
version = "0.1.0"

edition = "2021"

61.2 NVFALY RV IFzvh—

Pl I 7GR TGP LT RAF ALYy R VY7 Fovh—%ERNLEL XS, 3. VT
R=I LDV Y IBENPE S D RTERT 20ENDHD FIT AU FX A4 yOfioR— 2 HIFHIC
Fzv 7 L. IRTOR—TYDWGEEDTE T T2 LTI OB Z#EDIEL T,

For this, you will need an HTTP client such as reqwest. You will also need a way to find links,
we can use scraper. Finally, we'll need some way of handling errors, we will use thiserror.
Create a new Cargo project and reqwest it as a dependency with:

cargo new link-checker

cd link-checker

cargo add --features blocking,rustls-tls reqwest
cargo add scraper

cargo add thiserror
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https://docs.rs/reqwest/
https://docs.rs/scraper/
https://docs.rs/thiserror/

cargo add 2% error: no such subcommand TXE T 23551%. Cargo.toml 7
7 ANEFETHREL T IV, FilOWFEEFREEML £ 3,

cargo add OFFHLICE D, Cargo.toml 7 7 A MIFRD & S WCEH SN F T,

[package]

name = "link-checkexr"

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"

INTRAX—IR=V Ry —FTELLX51T72D X L%, https://www.google.org/ @
X5 R 4 P THLTAEL £ 9,

src/main.xs 77 A MERD LS ITHDY T,

use reqwest::blocking::Client;
use reqwest::Url;

use scraper::{Html, Selector};
use thiserror::Error;

#[derive(Error, Debug)]

enum Error {
#[error("request error: {0}")]
ReqwestError (#[from] reqwest::Error),
#[exror("bad http response: {0}")]
BadResponse(String),

}

#[derive(Debug) ]

struct CrawlCommand {
url: Url,
extract_links: bool,

}

fn visit_page(client: &Client, command: &CrawlCommand) -> Result<Vec<Url>, Error> {
println!("Checking {:#}", 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()?;
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let document = Html::parse_document(&body_text);

let selector = Selector::parse("a").unwrap();
let href_values = document
.select(&selector)
.filter_map(|element| element.value().attr("href"));
for href in href_values {
match base_url.join(href) {
Ok(link_url) => {
link_urls.push(link_url);
}
Err(err) => {
println!("On {base_url:#}: ignored unparsable {href:?}: {err}");
}
}
}
Ok(link_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: {links:#?}"),
Exrr(err) => println!("Could not extract links: {exr:#}"),

}
}
src/main.rs Noa—KE . RDa~vy FTEITLET,
cargo run
RAD
e ALy FEMFHLTY Y7 %2FARKICF =y 27 LET.2FED. F2v 2735 URLEF v 1L
WERB L. WL DD ALy RTRFHZ URL 2R L £ 3,
o« ZHZEILEL T, www.google.org XA Y DIRTDOR—I 05 Y > 7 ZEIBIICHE L
FT VA B Tay 7 EINBRNE I R=IED ERE 100 BEICKEL T,
61.3 A%
BHEITIYYEH

use std::sync::{mpsc, Arc, Mutex};
use std::thread;

use std::time: :Duration;

struct Fork;

struct Philosopher {
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name: String,

left_fork: Arc<Mutex<Fork>>,

right_fork: Arc<Mutex<Fork>>,

thoughts: mpsc::SyncSender<String>,
}

impl Philosopher {
fn think(&self) {
self.thoughts
.send(format! ("Eureka! {} has a new ideal!", &self.name))
.unwrap();

}

fn eat(&self) {
println!("{} is trying to eat", &self.name);
let _left = self.left_fork.lock().unwrap();
let _right = self.right_fork.lock().unwrap();

println!("{} is eating...", &self.name);
thread: :sleep(Duration: :from_millis(10));

}

static PHILOSOPHERS: &[&str] =
&["Socrates", "Hypatia", "Plato", "Aristotle", "Pythagoras"];

fn main() {
let (tx, rx) = mpsc::sync_channel(10);

let forks = (@..PHILOSOPHERS.len())
.map(|_| Arc::new(Mutex::new(Fork)))
.collect: :<Vec<_>>();

for 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) % forks.len()1);

/] Ty Ray 7 EET 57012, 82 THmEE
/1 FRSRENDHD £5, FicDa— FTIE,
/] TEEREBINT 2287 2007 +— 7 BAHBLE T,
if i == forks.len() - 1 {
std::mem: :swap(&mut left_fork, &mut right_fork);
}

let philosopher = Philosopher {
name: PHILOSOPHERS[i].to_string(),
thoughts: tx,
left_fork,
right_fork,
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thread: :spawn(move || {
for _ in 0..100 {
philosopher.eat();
philosopher.think();
}
1)
}

drop(tx);

for thought in rx {
println! ("{thought}");

}

Link Checker

use std::sync::{mpsc, Arc, Mutex};
use std::thread;

use reqwest::blocking::Client;
use reqwest::Url;

use scraper::{Html, Selector};
use thiserror::Exrror;

#[derive(Error, Debug)]

enum Error {
#[error("request error: {0}")]
ReqwestErroxr (#[from] reqwest::Error),
#[exror("bad http response: {0}")]
BadResponse(String),

}

#[derive(Debug) ]

struct CrawlCommand {
url: Url,
extract_links: bool,

}

fn visit_page(client: &Client, command: &CrawlCommand) -> Result<Vec<Url>, Error> {
println!("Checking {:#}", 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);

}
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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"));
for href in href_values {
match base_url.join(href) {
Ok(link_url) => {
link_urls.push(link_url);
}
Exrr(err) => {
println! ("On {base_url:#}: ignored unparsable {href:?}: {err}");
}
}
}
Ok (link_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 }

}

11 f8ESINR=IHADY V7 ZfHT 205 0E2REL FT,
fn should_extract_links(&self, url: &Url) -> bool {
let Some(url_domain) = url.domain() else {

return false;
}
url_domain == self.domain

}

/1] FBEIN=R=IZFHEAL LT~V —7 L, T TIKHIBBEATHIUX
/// false ZRLET,
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>,
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result_sender: mpsc::Sender<CrawlResult>,
thread_count: u32,

) {
let command_receiver = Arc::new(Mutex::new(command_receiver));

for _ in 0..thread_count {
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 {
/] EEER Ry PEINF L SFa~ Y FIIREINTEEA.
break;

b

let crawl_result = match visit_page(&client, &crawl_command) {
Ok(link_urls) => Ok(1link_urls),
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(link_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() ;
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pending_urls += 1;

}
}
Err((url, error)) => {
bad_urls.push(url);
println!("Got crawling error: {:#}", error);
continue;

}
}

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!("Bad URLs: {:#7?}", bad_urls);
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62 ¥
EXHZT#

FASYNc i3 EE D & 2 7 BT I N B I THEET LTI FNENDX R 77T uy 73 b &
TEFEIN. FLTRICEDL Z LD TEZMDRAZIUINEZ S I ICL D ERENFT . ZOET
WMEIRSNTZZHEDAL v RETIDZBLDARIEZREITTEIERARBICLE T RERDL. XA T
DI —nN—~Ny FIZEFEIZE THEL RN FEITAIRERR 1/0 2FFE T 272D ER T I 7
4 7% OS HREL T B 25T,

Rust OIEFEARI 28 ElX Muture ICESWTWT, ZHUIFFERICE T 200 LURWEERZ R L T
WET, Future lZ. XA NET L2 2 o683 7 FIANELNEETR-Y VIENE T,

Future ZIERIFARZZ S X AL 22X D R—V U TENFE T, T VXA JEWLK O DERFE RS D
9,

fihod S5k & D LL

 Python 12137z & 5 REF LA asyncio & LTHHKINATWE T, LA L. 2 2 TOD Future
I — Ny ZIZESKBDTHo T AR=V WL BbDTIEH Y £¥ A, Python DI
7 a 75 23— 7 12068 L, Rust D7 ¥ XA AT T,

. ]avaScript D Promise 3ZETVW2 DD, INb FEdbPRa—NANy JIZESEET, ZOF
FEDT Y RA DFARY FL—=TIZE D FEEIN TV S0, % < @ Promise fEFROFEMIZFR
éhfh\i?‘

AT a—)v

Including 10 minute breaks, this session should take about 3 hours and 20 minutes. It contains:

Segment Duration

Async O ELfE 30 minutes

Fy 22l 7a— 20 minutes

% LR 55 minutes

T 1 hour and 10 minutes
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Async DR

This segment should take about 30 minutes. It contains:

Slide Duration
async/await 10 minutes
Future 4 minutes
AN L IPA 10 minutes
RRAY 10 minutes

63.1 async/await

BB EDIZIE. Rust DIEFAHIa— FIREE A LTEH OB Za— FDO LSRR %3

use futures::executor::block_on;

async fn count_to(count: 132) {
for 1 in 0. .count {
println!("Count is: {i}!");
}
}

async fn async_main(count: 132) {
count_to(count) .await;

}

fn main() {
block_on(async_main(10));

}
This slide should take about 6 minutes.

B

o NI ZRTODHMILEINATH S Z LITHEREL T ZI VW KETEINS 5
TERARYDUMATAIIZ Z I EENEE A

357



» The "async” keyword is syntactic sugar. The compiler replaces the return type with a
future.

¢« AV FIHLTOHREI N future D% ZDHRESWINEH L WS GEMDIEREZ &D
ZWVERD, main % asynciC ¥ 3 Z I TE R A,

* You need an executor to run async code. block_on blocks the current thread until the
provided future has run to completion.

o awalt FIERHHRNICHEOEIEDR T 265 £ 3, block_on ¥ I3EZL D, .await IZBED
ALy FE7ay 2 LEEA,

* .await can only be used inside an async function (or block; these are introduced later).

63.2 Future

Future i3 b L A4 FTHD ERETL TRV LARWEEERR T2 79227 Mgk hRE
ENEFET, Future i3 R—1Y > 73Nz 2H D, poll ik Poll ZiRL ¥£35,

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,

}

FEFIEADBIEU impl Future ZIRL ¥ 3. HO TERLBUIH LT Future 2E%E352
(BEDRNZETTI)ARETTHI 21, tokio: :spawn 22538 X% JoinHandle & Future
BRETHZLICED, joinTAHZEEAREICLTVWE T,

Future ICHH XN 3 .await ¥ — 7 — Fld. 7D Future O¥EfHA T E 3 F T HEDIERT O REE
D—RELFEZEI L. ZLTZFOBNEIMIL £9,

This slide should take about 4 minutes.

o Future £ Poll OBIF X IZREANSZ LD ICEEXINETT; FFa Xy FOERNREERH
BV 7% 7V 7 LTLEZW,

e Pin ¥ Context IZOoWTIFFH L BV ERALER S LR IV 357 4 7%14E
250 JEAAO - FEEL L ICKARZEAEZBEL DD D05 T, EERICIILLITTH
BAxN 7 !

— Context IZ.FFED A XY b FAE L -FFIC, Future PEZDEEZHUER—V V& h
52X ATY2a—T B EAREICLET,

— Pin & future "D KA ¥ XBHEITH D HElT 272912, Future 23X €Y OHTHE)X
NNV e ZHEFRICLE T, 2RI BHD . await DRICENTH hilT 3 7-DICHET
R
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https://doc.rust-lang.org/std/future/trait.Future.html
https://doc.rust-lang.org/std/task/enum.Poll.html

63.3 FUXA4 A

_runtime_{ZIEFIAL S (reactor) 9K — + 284 L, 72, future 25173 % Z ¥ (executor)
FHELTOVET, Rust iZWEIEV A Y IDTF YV RA LIEDH D FVBAD. WL DOPD T VXA LDE
RS 5

* 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

W ORDIWERZTY PV r—ya VZ HEDS V24 AREZTWE 421X Fuchsia 3%
DEIRBOETTIMHATVET,

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

o FTEFLNLT V&AL LDS B, Tokio DA Rust 'L A4 759y RTHR—-FSIHTVE
T ZDT VAT TY Y FTRVDIR S AMNBIESFFA] S Twianizd, KIEO FKZRNIE
FH oD, VLA T ID Y FTHEITT LI LI TEEEA,

 Future &, K=V ¥ 7 %175 /¥ ¥ 2 — X OFER LI b TH 70 (A RS 244
BDIFN) WS JTIRBITT AR, CHE 27 EF 2 — X0 L RETTEITEINDS
JavaScript @ Promise & 13872 D %73,

63.3.1 Tokio

Tokio provides:

e JEFRIEAD a — FZ2ETT22DDFALF ALY RKOT VXA L,
o FEUHES £ TS Y DIEREAIN—Y a >,
e RERIATIVDIATAT A,

use tokio::time;
async fn count_to(count: 132) {
for 1 in 0..count {

println!("Count in task: {i}!");
time: :sleep(time: :Duration: :from_millis(5)).await;

}

#[tokio: :main]
async fn main() {
tokio: :spawn(count_to(10));

for 1 in 0..5 {

println!("Main task: {i}");
time: :sleep(time: :Duration: :from_millis(5)).await;

e tokio::main ®~Z iz kb, main OIEFREANIEZ/ES Z L B3 TEE 3,
* spawn BIEUIHT L WIATOT 2 2 7 J 2R L £ 9,
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https://tokio.rs/
https://hyper.rs/
https://github.com/hyperium/tonic
https://async.rs/
https://docs.rs/smol/latest/smol/
https://fuchsia.googlesource.com/fuchsia/+/refs/heads/main/src/lib/fuchsia-async/src/lib.rs

o JEE : spawn X Future Z518UCH % 72, count_toicxfL C.await ZMERZ 2 iddH D ¥
Ao
EHRBZGR:
¢ 5 LT count_to ldGEFEIX) 101D EDRNDTL & 55?7 ZAUIIEFRIALED ¥ » >~
L DHITT, tokio: :spawn iZ5E T X TR T 27DD NV FIZ2IKEL %3,
s a2 EHLLEZMRDDIZ, count_to(10).await ZiK L TATLZX W,
s tokio::spawn 2 5RI NIRRT ERFEL TATL E W,

634 XR7

Rust iZiZ.BEDAL v FERO—HBTHEERAI AT LHHH FT,

RAZIEBH—D vy Lo future 23H D, ZHE L /L F 2 — ZDPEICHED T DITR—-V ¥
TFTBEMRe LD 3,720 future IZIE—2 FFERD future AR XA TWBE 2 s H b, b
y L ALD future @ poll XY v RB3R—Y 75252 8IZHRD RENITIZA—NVRAX Y 71
BT 2L FTAETXRAZITBT B UWATRHE FIZIEHE XA =L A NRER Y EBOTFD
future 2R —V 273532 L2 X DAJREICR D 9,

use tokio::io::{self, AsyncReadExt, AsyncWriteExt};
use tokio::net::TcpListener;

#[tokio: :main]

async fn main() -> io::Result<()> {
let listener = Tcplistener::bind("127.0.0.1:0").await?;
println!("listening on port {}", listener.local_addr()?.poxrt());

loop {
let (mut socket, addr) = listener.accept().await?;

println!("connection from {addr:?}");

tokio: :spawn(async move {
socket.write_all(b"Who are you?\n").await.expect("socket error");

let mut buf = vec![0; 1024];

let name_size = socket.read(&mut buf).await.expect("socket error");
let name = std::str::from_utf8(&buf[..name_size]).unwrap().trim();
let reply = format!("Thanks for dialing in, {name}!\n");
socket.write_all(reply.as_bytes()).await.expect("socket error");

).

}
This slide should take about 6 minutes.

ZOHER M L7z sTc/main. s I2a ¥ — LT 220 06FETLTAEL & S,
nc =% telnet 7z ¥ TCP Y — V2 H LU TIER L TATL Z XV,

o FIDOH —N—PBED LS BIREDIFIZ W DD TS 47y e ERINIRREBIZH 2D
POARIET 2 X ICZBE IR LTIV ECARZRRAIIPELEL TOVWETHL? ZNH0D
future 13T ?
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https://www.unix.com/man-page/linux/1/nc/
https://www.unix.com/man-page/linux/1/telnet/

* 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.

* main ® async 7y 7 2RIV 7y 7 X LT, 2o T =AY FU VT RHELT
AEL & D,
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F 2 2L 2l 7 a—

This segment should take about 20 minutes. It contains:

Slide Duration
Async F ¥ %/ 10 minutes
Join 4 minutes
Select 5 minutes

64.1 Async F % RJ)L

Several crates have support for asynchronous channels. For instance tokio:

use tokio::sync::mpsc;

async fn ping_handler(mut input: mpsc::Receiver<()>) {
let mut count: usize = 0;

while let Some(_) = input.recv().await {
count += 1;
println!("Received {count} pings so far.");

}

println!("ping_handler complete");
}

#[tokio: :main]
async fn main() {
let (sender, receiver) = mpsc::channel(32);
let ping_handler_task = tokio::spawn(ping_handler(receiver));
for i in 0..10 {
sender.send(()).await.expect("Failed to send ping.");
println!("Sent {} pings so far.", i + 1);
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drop(sender) ;
ping_handler_task.await.expect("Something went wrong in ping handler task.");

}

This slide should take about 8 minutes.
¢ Fr NP A X% 3REZATAT.ZOADNED XS W E T 20 MR L TAEL & 9,
* Overall, the interface is similar to the sync channels as seen in the morning class.

o std::mem: :drop ODFFFH L EZFROTAEL x S0 2 TL & 55 ? ZRUIRETL &
5 7?

e Flume 7 L — M2l sync & async % send & recv Ol 52 FEETL2F v 2L HD £,
CHUIAHS L B CPU DD X 2 7 Dl i %2 &8 MR 7 7YV o — > a ¥ TERTY,

casync F Y AN EWS e BHFFLLT2DE . F vy 2N BT 27010 Moy buo—
N7a—2E57-012,.F ¥ 1 LMD future tBIF S5 3 2 TT,

64.2 Join

Join & WHEMETIX, future DEEGDME[HIEES F TR L. ZORIHEREZELDTRLET, Z
AU JavaScript I281F % Promise.all <2 Python (231} % asyncio.gather iIZlTW% 9,

use anyhow: :Result;

use futures::future;

use reqwest;

use std::collections::HashMap;

async fn size_of_page(url: &str) -> Result<usize> {
let resp = reqwest::get(url).await?;
Ok (resp.text().await?.len())

}

#[tokio: :main]
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:?}");
}
This slide should take about 4 minutes.
ZOMEHEE L stc/main. . rs ICa ¥ — LT . FZHhHETLTAEL £ 9,

o WHOHEWIZHELZM O future 1I20f L TIE, std: : future::join!ZFHTE X3, Lo L.
WL D0 future 233 Y SA NUFIZHETEL TV 2 O 2R L TEB A BEDDH D 5, THIEH
f£ futures Z L — MZH D 2005 BIC std: : future KRAINZ FETT,
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https://docs.rs/flume/latest/flume/

* The risk of join is that one of the futures may never resolve, this would cause your
program to stall.

o ¥72, join_all & join!ZMAEDLEZ I TEF I TNRE HAWE T —EZR—2
DTV —fEIhttp P—EANDETHDY Z TR % join T 3HATT, future i
futures::join!ZfW T, tokio::time::sleep ZEBML TATL I WV, ZHECRD
Fy 7R —THHT 5, select! ZRHELT2)XA LTV PTIEHDEEAD, join!lDR
WHEHE o TVET,

64.3 Select

Select & W H #EETIX, future DEAD S B . WIOd 1 DOHEDEE S5 £ TR L. Z @ future 23
T 2RI L TBE L £ 9, 24U JavaScript 12813 % Promise.race I TWE$, £z,
Python (23513 % asyncio.wait(task_set, return_when=asyncio.FIRST_COMPLETED)
YHRBZEBTEE 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;
use tokio::time::{sleep, Duration};

#[tokio: :main]
async fn main() {
let (tx, mut rx) = mpsc::channel(32);
let listener = tokio::spawn(async move {
tokio: :select! {
Some(msg) = rx.recv() => println!("got: {msg}"),
_ = sleep(Duration::from_millis(50)) => println!("timeout"),
3,
1)
sleep(Duration::from_millis(10)).await;
tx.send(String: :from("Hello!")).await.expect("Failed to send greeting");

listener.await.expect("Listener failed");

}
This slide should take about 5 minutes.

* The listener async block here is a common form: wait for some async event, or for a
timeout. Change the sleep to sleep longer to see it fail. Why does the send also fail in
this situation?

» select! is also often used in a loop in actor” architectures, where a task reacts to
events in a loop. That has some pitfalls, which will be discussed in the next segment.
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# 65 &
wE LR

Async / await provides convenient and efficient abstraction for concurrent asynchronous
programming. However, the async/await model in Rust also comes with its share of pitfalls
and footguns. We illustrate some of them in this chapter.

This segment should take about 55 minutes. It contains:

Slide Duration
I¥Fa—KXDT7avyFr7 10 minutes
Pin 20 minutes
Async b1 A b 5 minutes
S )% 20 minutes

65.1 =/ E¥Fa—-&XDO7Tuav >

EE A DIERMIZ > 24 213, 10 ZRA 7 DFRKEITOAZFFAILET D% D, CPUTBY 7 XX
J3 7 EFa—R%ET0y 7 L MORR T DFEITEYF LT M H & [FLERIL, ATHET HAUIIEF
WMOREDAY v RS2 TY,

use futures::future::join_all;
use std::time::Instant;

async fn sleep_ms(start: &Instant, id: u64, duration_ms: u64) {
std::thread::sleep(std::time: :Duration::from_millis(duration_ms));
println!(
"future {id} slept for {duration_ms}ms, finished after {}ms",
start.elapsed().as_millis()
),
}

#[tokio: :main(flavor = "current_thread")]
async fn main() {
let start = Instant::now();
let sleep_futures = (1..=10).map(|t| sleep_ms(&start, t, t * 10));
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join_all(sleep_futures) .await;
}

This slide should take about 10 minutes.
e O— FEHBEIT. A =PRI TERSER L TRET S R2HEELET,

« "current_thread" 7L —N—3. §RTDHDEXRAI7 % 1DODALy FCEELE I, 2Tk
D REBIZEDIHBECRD T T ANATWEELLFALY F 7LV —N—ZFELE T,

e std::thread::sleep % tokio::time::sleep CUIDEX CT. ZDIEREEFL T T,

¢ 35 1 ODBIEKIZ, tokio: :task: :spawn_blocking Z{#H 32 Z ¥ TF, 24Uk, FEE
DALy REEB L. T/ X a—K% 70y Z7E8TICZEDONY RL% Future (KL ¥£3,

¢ XZAZIF0S ALy FERBARTRETEDDEFEAIALIET I X 1L RZIELTES T,
FECAYDIZ ¥ Fa2a—RIE EB—DOS ALYy RTELDXRIZEITT S Z L&A
LEST.ZHE FFIZNLTHO I 4 75V e WD T 258 ICRICHEE D 73,
FFI T ZDI74 77 VAL y K B—=AL XA b L= KRFEL TV 20 FED OS
ALy F(CUDA 2~y BV 7 ENTWVWAHAREMEDLH 272D TIT . 2D X5 RGHEIX
tokio: :task: :spawn_blocking ZfiHT 222 BT ITHLET,

s A 2 — T v 7 AWFEEIMHHALTLZEXV, .await TIa—T v 722 EFET3 2. 50
RAIM Ty ZENFDERAINBERICAL Y FTETEINDAHELLRD D T3,

65.2 Pin

JEFHA T a v 7 L BAEE. Future P LA P EFEETZHERLETIREINZ BT 0 — L ERE
Future ODNEITHHEI N B F— RICEHT 3 a2 84 SEHOHERTT,

INSDEBO—ERI MOT — HINEEADRA VX BRFTEET, INODRA ¥ XD/
%7-%, Future ZHlD X EVMEICBEI LR WTLZX W,

XEVAD Future UEBEI T2 D02 CIF BEXINZZRS Y XDAENLTR-Y I T5 &
S1LET, PINBBHROD I v X—T . BREDAL Y ZAX 2 RFDAEY) MEICEH T4 —
SavEINRTEELET,

use tokio::sync::{mpsc, oneshot};
use tokio::task::spawn;
use tokio::time::{sleep, Duration};

11 BT AT Lo SO%EFEESNTREZ T AV =7 L,
// “respond_on’ Fr¥ AN TRAyE—IZRLET,
#[derive(Debug) ]
struct Work {

input: u32,

respond_on: oneshot::Sender<u32>,

}

/] Fa—FONHEEY) v AV L TEITTEZT—H—,
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; // Pretend to work.

366



work.respond_on
.send(work.input * 1000)
.expect("failed to send response");
iterations += 1;
}
// TODO: 100 I VR ORI DEE%E L K— b

}

/] EEEY) 2 2 UL EDSE T $ 2 ETRET SV 72 & M.
async fn do_work(work_queue: &mpsc::Sender<Work>, input: u32) -> u32 {
let (tx, rx) = oneshot::channel();
work_queue
.send(Work { input, respond_on: tx })
.await
.expect("failed to send on work queue");
rx.await.expect("failed waiting for response")
}

#[tokio: :main]
async fn main() {
let (tx, rx) = mpsc::channel(10);
spawn (worker(rx));
for i in 0..100 {
let resp = do_work(&tx, 1i).await;
println!("work result for iteration {i}: {resp}");

}
This slide should take about 20 minutes.
¢« TNET IR =D AR =Y O—HITT, 7 7 X—1FEH. L—TNT select! ZMUIHL 75,
¢ ZHIZNFETODL Y RAYD—HZ (Db DTITDT RMZPIFTEE LTI IZE W,
— _ = sleep(Duration::from_millis(10@)) => { println! (..) } %
select! WEMLAELT TR EITEINERAMBETLEID?
- b bz, loop DAMEIT, Z D Future % &% timeout_fut ZEML 3,

let timeout_fut = sleep(Duration::from_millis(100));
loop {
select! {

o

= timeout_fut => { println!(..); },

}

—INTHEDIFL VEFEFRHA IV RNA VLT T —ZH DB K5I select! HD
timeout_fut & &mut ZEM L THEE % [EE L TH 6, Box::pin ZEH L £

K
let mut timeout_fut = Box::pin(sleep(Duration::from_millis(100)));
loop {

select! {
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_ = &mut timeout_fut => { println!(..); },

}

— This compiles, but once the timeout expires it is Pol1: :Ready on every iteration
(a fused future would help with this). Update to reset timeout_fut every time it

expires:
let mut timeout_fut = Box::pin(sleep(Duration::from_millis(100)));
loop {
select! {
_ = &mut timeout_fut => {
println!(..);
timeout_fut = Box::pin(sleep(Duration::from_millis(100)));
Y
}
}

* Box Tk —FICEI D ¥ TE T . HAIC K> T std: :pin: :pin! (FELELINZIEND
T.HVI— FTREZL DA tokio: pin! AL E P bHEHATCE TN HED YT
23 Future I3 2 2 L IZRE TS,

e HlOFEL LT, pin 2o {fEHEFIC. 100 2 VR Z 212 oneshot F ¥ 2 VICHE(E
FTRHMDER T ZERT DLWV HIEDDHD ET,

* ZNEUBRANDKRA Y 22O T - XIF HESREMIN 3085, Rust ffAHlF = v 71—,
SRPSBRIED T — X LD RIFEHRTERVWLD HEZR T — 2 OBEZ X £ 3,72 L. JE
FH7ay 7 B O a— PRI EHTF = v A1k o THEES L E A,

* Pin 3ZMD 7 v =TI BEESINTHRA VX ZHHLT. AT 27 b2 Z2D5Mh 5B E)
THIELRTEFTRATLELEAESNTOWIRWRA Y X2 L THBEIT 2 Z LIFA[RET T,

e Future FL £ D poll XV v Rk, &mut Self Tik# < Pin<&mut Self> Z{#HH L T
A VARV ARSI LUETEEINRA VX TOAFUHT N TELZ2DEXZDRDT
ER

65.3 Async FL A b

Async methods in traits are were stabilized in the 1.75 release. This required support for
using return-position impl Trait in traits, as the desugaring for async fn includes ->
impl Future<Output = ...>.

However, even with the native support, there are some pitfalls around async fn:

* Return-position impl Trait captures all in-scope lifetimes (so some patterns of
borrowing cannot be expressed).

* Async traits cannot be used with trait objects (dyn Trait support).

The async_trait crate provides a workaround for dyn support through a macro, with some
caveats:

use async_trait::async_trait;
use std::time::Instant;
use tokio::time::{sleep, Duration};
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https://docs.rs/async-trait/

#[async_trait]
trait Sleeper {

async fn sleep(&self);
}

struct FixedSleeper {
sleep_ms: u64,

}

#[async_trait]
impl Sleeper for FixedSleeper {
async fn sleep(&self) {
sleep(Duration::from_millis(self.sleep_ms)).await;
}
}

async fn run_all_sleepers_multiple_times(
sleepers: Vec<Box<dyn Sleeper>>,
n_times: usize,
) |
for _ in 0..n_times {
println! ("Running all sleepers...");
for sleeper in &sleepers {
let start = Instant::now();
sleeper.sleep() .await;
println!("Slept for {} ms", start.elapsed().as_millis());

}

#[tokio: :main]
async fn main() {
let sleepers: Vec<Box<dyn Sleeper>> = vec!][
Box: :new(FixedSleeper { sleep_ms: 50 }),
Box: :new(FixedSleeper { sleep_ms: 100 }),
1
run_all_sleepers_multiple_times(sleepers, 5).await;

}
This slide should take about 5 minutes.

e async_trait ZfHICHEHATEEITA b —TEHODYTEHEHAL TCIhEFEHLTVET,
De—=TEHHTUITE T+ =< VR F ==~y EBF0ET,

* The challenges in language support for async trait are too deep to describe in-depth
in this class. See this blog post by Niko Matsakis if you are interested in digging deeper.
See also these keywords:

— RPIT: short for return-position impl Trait.
— RPITIT: short for return-position impl Trait in trait (RPIT in trait).

* Try creating a new sleeper struct that will sleep for a random amount of time and adding
it to the Vec.
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https://smallcultfollowing.com/babysteps/blog/2019/10/26/async-fn-in-traits-are-hard/
https://doc.rust-lang.org/reference/types/impl-trait.html#abstract-return-types
https://blog.rust-lang.org/2023/12/21/async-fn-rpit-in-traits.html

654 Fxyt

Future # Fu vy 7532 . 20 Future ZHER-V V7 T2 21X TE A, ZHEF ¥ L
CHHEN, D await KA ¥ P THRET AN D D £, ZD 7, Future ¥ v L EN
7B ETH AT ADEERIHET 3 X5 LTBADBERDHDET 2 XE Ty Ray 725
— RDMEEDRD > TIRD ¥ A

use std::io;
use std::time: :Duration;
use tokio::io::{AsyncReadExt, AsyncWriteExt, DuplexStream};

struct LinesReader {
stream: DuplexStream,

}

impl LinesReader {
fn new(stream: DuplexStream) -> Self {
Self { stream }

}

async fn next(&mut self) -> io::Result<Option<String>> {
let mut bytes = Vec::new();
let mut buf = [0];
while self.stream.read(&mut buf[..]).await? != 0 {
bytes.push(buf[0]);
if buf[0] == b'\n' {
break;
}
}
if bytes.is_empty() {
return Ok(None);
}
let s = String::from_utf8(bytes)
.map_err(|_| io::Error::new(io::ErrorKind::InvalidData, "not UTF-8"))?;
Ok (Some(s))

}

async fn slow_copy(source: String, mut dest: DuplexStream) -> io::Result<()> {
for b in source.bytes() {
dest.write_u8(b).await?;
tokio::time: :sleep(Duration::from_millis(10)).await

Ok(())
}

#[tokio: :main]
async fn main() -> io::Result<()> {
let (client, server) = tokio::io::duplex(5);
let handle = tokio::spawn(slow_copy("hi\nthere\n".to_owned(), client));
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let mut lines = LinesReader: :new(server);
let mut interval = tokio::time::interval(Duration::from_millis(60));
loop {
tokio::select! {
_ = interval.tick() => println!("tick!"),
line = lines.next() => if let Some(l) = line? {
print!("{}", 1)
} else {
break
b
}
}

handle.await.unwrap()?;
ok(())
}
This slide should take about 18 minutes.
¢ AVRA TTEF Y VN LREWEHIRTEETA, APl FF a2 XV FZFHiA, async fn
FRET2REEEEBT 20BN DHD T,
e panic R 2L EFELD . F v U (= T —IUETRIR ) EE Ol 7 v —0—ETd,

o ZOFITIEXFHND—EBEbATVET,
— tick() DIEDRRICKRT T30, next() e ZD buf B Fray PENRET,
— buf 2#EKDO—FIc$ 2 Z 2T, LinesReader I2¥ v VbV LZRMEF -8 22 n
TEE9,

struct LinesReader {
stream: DuplexStream,
bytes: Vec<u8>,
buf: [u8; 17,

}

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 DJEHHIC self Z{IINL £3.
/!l ...
let raw = std::mem::take(&mut self.bytes);
let s = String::from_utf8(raw)

.map_err(|_| 1o::Error::new(io::ErrorKind::InvalidData, "not UTF-8"]
//
}
}
e Interval::tick &, 74 v ZMBEUERAILE S 0EBIHL TWE 12D, BEICF v kL
TZ%7,

* AsyncReadExt: :read i3, 77— X 2R ITH. 7T — X EZHAWSIZVDROVWTIANTH 570,
HEZF XY VELTEET,
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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

* AsyncBufReadExt: :read_line 3 Z DB FLL THED KRB F ¥ VLA TEEEAGE
M e REFECOVTIE FF a2 Xy b2 ZEHLZE W,
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# 66 &

o e

This segment should take about 1 hour and 10 minutes. It contains:

Slide Duration

BHEIT2TEH 20 minutes
Ja—FFy A+ F ¥y b77Y 30 minutes
iR 20 minutes

66.1 Dining Philosophers — Async

See dining philosophers for a description of the problem.

A FERIC, 2B TdHr—Hh 1D Cargo 1 YA b=V BPRBRETIT U TFTDOa—-F%
src/main.rs EWH 7 7 A MZa ¥ — L. ZE M DT, cargo run 237y Fay 7 LRWVWZ L
ZHERLE T,

use std::sync::Axrc;
use tokio::sync::{mpsc, 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! ("Eureka! {} has a new idea!", &self.name))
.await
.unwrap();
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}

async fn eat(&self) {
// Keep trying until we have both forks
println!("{} is eating...", &self.name);
time: :sleep(time: :Duration: :from_millis(5)).await;

}

static PHILOSOPHERS: &[&str] =
&["Socrates", "Hypatia", "Plato", "Aristotle", "Pythagoras"];

#[tokio: :main]
async fn main() {
1l 75— %ERT 5

/1 BHEERERT %
I BY¥EPEBREBEEZTS L5275

/] THEEOERLBEPH T3
}

SENIIEFEA Rust 25 %2729, tokio MRFRARAMBEIZR D £ 3, XD Cargo. toml Zffif
TEET,

[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"]

F7.5E X tokio 7L — b D Mutex €Y 2 —)L & mpsc Y 2 — L E2HHT 2RLEDNH S Z 21
HIEEL T,

This slide should take about 20 minutes.
o HIERI U INAL Y FITTEETH?

66.2 7u—FX*x3Ab - Fyrv b7V

ZOEE TR I BT AR EE L LTI e —FXF v A Fyy b 7V EEELET
FATZ VIR L TR v =V RT3 F Yo b —N=—DDBHFEFT, 774 7> MIEEAS
POELI—Y— X yb—IFHEAND P —N—ICEELET . Fry b F—N—REZELEEAvE
=V ITRTDIIATY MZTR—FF X FLET,

ZDDITH—N=LD Tu—FFy A+ Fr o3V 2HEHAL. 2947 b I —N"N—[HDEE
1213 tokio_websockets ZfHL £ 3,

HLwv Cargo 7my =2 b Z2ER L ROKFRBZEML £ 3,
Cargo.toml:
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https://docs.rs/tokio/latest/tokio/sync/broadcast/fn.channel.html
https://docs.rs/tokio-websockets/

[package]

name = "chat-async"
version "9.1.0"
edition "2021"

[dependencies]

futures-util = { version = "0.3.31", features = ["sink"] }
http = "1.1.0"

tokio = { version = "1.41.0", features = ["full"] }

tokio-websockets = { version = "0.10.1", features = ["client", "fastrand", "server",

KT API

tokio ¥ tokio_websockets OLIR DR EICR D 5,4 LR % 2207 T APL i35 % 3
FRZEDTLIZE W,

* WebSocketStream 2 Xk » THE¥E X 7> StreamExt::next(): Websocket Stream 725 D X v
- VR IEFRPATHAIRD 3,

* WebSocketStream 2 & o TEE X1 /- SinkExt::send(): Websocket Stream FTX vt —
CERIEFEIATERFL £,

o Lines:next line(): fE#EA I 5D L —H — X vt — I ZIEFHITHAID 5,

» Sender::subscribe(): 7B —FF ¥ A b F¥ VXA BFTRI 54 T LET,

29OM)4FY

HE, Cargo a7 PIEDLIENTELZDIE 1 DDA F YL 1 DD src/main.xs 7 7
ANDATT 2D Y 27 MIUIX2 DDA FUDPRBRETT, 1237747 PH. B 121
P—N—HTT, 2200MI L7 Cargo 7ud =7 F2{ENT A dTEEITN. 22T 120
Cargo 7Ry =27 MZ2DODNA FVZANE T, ZDLDIIFI. 7747 be—nN—Da—F
Z src/bin KHET 2MHENDHD EFT(FFaX v h Z2ZEHILEI V),

ROYPp—N—Y 7547 vDa— Rz FhFsrc/bin/server.rs & src/bin/client.xs
Iab—LET, 2 TORRAZIFZURTHAT 2 L. 2D 7 7 AV EFERIEZ I LTI,

src/bin/serverrs:

use futures_util::sink::SinkExt;

use futures_util::stream::StreamExt;

use std::error::Error;

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: b MIOWTIE LLRDZR R T DFIAE ZE L 72X W0,
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https://docs.rs/tokio-websockets/
https://docs.rs/futures-util/0.3.28/futures_util/stream/trait.StreamExt.html#method.next
https://docs.rs/futures-util/0.3.28/futures_util/sink/trait.SinkExt.html#method.send
https://docs.rs/tokio/latest/tokio/io/struct.Lines.html#method.next_line
https://docs.rs/tokio/latest/tokio/sync/broadcast/struct.Sender.html#method.subscribe
https://doc.rust-lang.org/cargo/reference/cargo-targets.html#binaries

#[tokio: :main]
async fn main() -> Result<(), Box<dyn Error + Send + Sync>> {
let (bcast_tx, _) = channel(16);

let listener = Tcplistener::bind("127.0.0.1:2000").await?;
println!("listening on port 2000");

loop {
let (socket, addr) = listener.accept().await?;
println!("New connection from {addr:?}");
let bcast_tx = bcast_tx.clone();
tokio: :spawn(async move {
// KIMTLo TCP A +VY—21% WebSocket 127 v 7L ET,
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};

#[tokio: :main]
async fn main() -> Result<(), tokio_websockets::Error> {
let (mut ws_stream, _) =
ClientBuilder: :from_uri(Uri::from_static("ws://127.0.0.1:2000"))
.connect()
.await?;

let stdin = tokio::io::stdin();

let mut stdin = BufReader::new(stdin).lines();

// TODO: b MIOWTIE UL FDX R DFIHE ZE L 72X W0,

NA F VY DIFEAT

RDaA<Y RTH—N—%FTLET,
cargo run --bin server
RDAXY RTI 747 PRETLET,
cargo run --bin client
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e src/bin/server.rs iZ handle_connection B2 528 L £ 3,
- bY b 20o0&FR7 BHFIL— S TRIRICETT 211X, tokio: :select! 2L
T, 1 DODRRIEZ . I7I7AT7 VbR v—U%RELT7e—RFF¥y A MLET,
HI 1 DODRAVIFZH—N—TZELIEAvEL—I% 747 MIEELE T,
e src/bin/client.rs DA A4 VR Z R I ET,
- b Y b RO FEMIZ, tokio: :select! ZEifiL— FTHHAL, (DEEA 152
— P = X =T EHAEM o TH—N—IZEETEIERAT7L. QT —N=D0BX v E—
VEZFELTLI—V—IIRRT I XA ERARIZETLED,
o B T L2 Xyt —YDEEEUNDTRTDI 74 7Y MRyt =%k 70— K
FPrAPTBEICa—FEZEELET,

66.3 RE

Dining Philosophers — Async

use std::sync::Axc;
use tokio::sync::{mpsc, Mutex};
use tokio::time;

struct Fork;

struct Philosopher {
name: String,
left_fork: Arc<Mutex<Fork>>,
right_fork: Arc<Mutex<Fork>>,
thoughts: mpsc::Sender<String>,
}

impl Philosopher {
async fn think(&self) {
self.thoughts
.send(format! ("Eureka! {} has a new ideal!", &self.name))
.await
.unwrap();

}

async fn eat(&self) {
// Keep trying until we have both forks
// Pick up forks...
let _left_fork = self.left_fork.lock().await;
let _right_fork = self.right_fork.lock().await;

println!("{} is eating...", &self.name);
time: :sleep(time: :Duration: :from_millis(5)).await;

/] ZZTuayrZRhrRay 7EanEd,
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static PHILOSOPHERS: &[&str] =
&["Socrates", "Hypatia", "Plato", "Aristotle", "Pythagoras"];

#[tokio: :main]
async fn main() {
/11 7 5—=0%EKT 3
let mut forks = vec![];
(0. .PHILOSOPHERS.1len()).for_each(|_| forks.push(Arc::new(Mutex: :new(Fork))));

/] B ERERT %
let (philosophers, mut rx) = {
let mut philosophers = vec![];
let (tx, rx) = mpsc::channel(10);
for (i, name) in PHILOSOPHERS.iter().enumerate() {
let mut left_fork = Arc::clone(&forks[i]);
let mut right_fork = Arc::clone(&forks[(i + 1) % PHILOSOPHERS.len()1);
if i == PHILOSOPHERS.len() - 1 {
std::mem: :swap(&mut left_fork, &mut right_fork);
}
philosophers.push(Philosopher {
name: name.to_string(),
left_fork,
right_fork,
thoughts: tx.clone(),
})s
}
(philosophers, rx)
/] tx ZZZTrry 722 DT HETHRINCHIBRT 202 EH D £H A
b

/] BFEPEREBEEZITOEO1CT%
for phil in philosophers {
tokio: :spawn(async move {
for _ in 0..100 {
phil.think() .await;
phil.eat().await;
}
1)
}

/1 BFEODRREH NS %

while let Some(thought) = rx.recv().await {
println!("Here is a thought: {thought}");

}

78—F¥¥Ab - F¥v b7 7Y

src/bin/serverrs:
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use futures_util::sink::SinkExt;

use futures_util::stream::StreamExt;

use std::error: :Error;

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("Welcome to chat! Type a message".to_string()))
.await?;

let mut bcast_rx = bcast_tx.subscribe();

/7 (1) ‘ws_stream’® 26 A vt —IZ2ZELTITR—FFYy A +TBEXAT L,
/7 (2) “bcast_rx’ TAXvt—Y%ZELTIIAT7 Y MNIERBLIT XA %
/] FIRHCSEITS 5 72D DL — 7
loop {
tokio::select! {
incoming = ws_stream.next() => {
match incoming {
Some (Ok(msg)) => {
if let Some(text) = msg.as_text() {
println! ("From client {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?;

}

}

#[tokio: :main]
async fn main() -> Result<(), Box<dyn Error + Send + Sync>> {
let (bcast_tx, _) = channel(16);

let listener = Tcplistener::bind("127.0.0.1:2000").await?;
println!("listening on port 2000");

loop {
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let (socket, addr) = listener.accept().await?;
println!("New connection from {addr:?}");
let bcast_tx = bcast_tx.clone();
tokio: :spawn(async move {
/] RKMID TCP X +Y—2% WebSocket 127 v 7L %7,
let ws_stream = ServerBuilder::new().accept(socket).await?;

handle_connection(addr, ws_stream, bcast_tx).await
)

}
src¢/bin/client.rs:

use futures util::stream::StreamExt;

use futures_util::SinkExt;

use http::Uri;

use tokio::io::{AsyncBufReadExt, BufReader};
use tokio_websockets::{ClientBuilder, Message};

#[tokio: :main]
async fn main() -> Result<(), tokio_websockets::Error> {
let (mut ws_stream, _) =
ClientBuilder: :from_uri(Uri::from_static("ws://127.0.0.1:2000"))
.connect()
.await?;

let stdin = tokio::io::stdin();
let mut stdin = BufReader::new(stdin).lines();

/] XX — DFRIRHESAS D72 DRk L — 7,
loop {
tokio::select! {
incoming = ws_stream.next() => {
match incoming {
Some (Ok(msg)) => {
if let Some(text) = msg.as_text() {
println!("From server: {}", text);
}

b,
Some(Err(err)) => return Err(err.into()),

None => return Ok(()),
}
}
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(erxr.into()),
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o 67 &

HYOHBEHITIVELR!

Comprehensive Rust £&&! 2%\ EH DL 5 TS VWE LTz,
CZETELDILEFATEZ LD, ZOa—RIFEETIE R VD MiEVE RO L HEN
BDOTAT 7D HLGEE GitHub TEBHIOE L Z SV EHEEANPSD T 4 — Ny 72 BRFH LT
WET,
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https://github.com/google/comprehensive-rust/discussions

# 68 &

GRS

4

IR, Rust DZ < OHEZHBICERT A2 HNE L-HEETT BIEREICHEZHEDHF
SZEEEAT B D2 BILB £3,

h1#glossary ~ ul { list-style: none; padding-inline-start: 0; }

hil#glossary ~ ul > li { /* Simplify with ”text-indent: 2em hanging” when supported:
https://caniuse.com/mdn-css_properties_text-indent_hanging */ padding-left: 2em; text-
indent: -2em; }

hi1#glossary ~ ul > li:first-line { font-weight: bold; }

« allocate:
Dynamic memory allocation on the heap.
5%t (argument) :
B E 7213 XV v RIS N 216,
* associated type:
A type associated with a specific trait. Useful for defining the relationship between types.
¢ N7 X %)L Rust (Bare-metal Rust) :
KL LD Rust B, L DIBEARL =T 4 V7 YRATLADBRVI AT AT T0A S
F¥, X7 AXILRust #ZELZEW,
* block:
See Blocks and scope.
* borrow:
See Borrowing.
s f§HF = v & — (borrow checker) :
Rust 2 > %4 5 D—Ff, IRTOMEHABENRE S 2 F 2 v 7 LET,
s H1725 Z (brace) :
{and }, 7 v v 7 Z2XYb F7,
L K (build) :
Y —Ra— REFATAMREL 3 — F R HATRER T 0 7 F M d 5 a2,
IEOHY U (call) -
B E 723X Yy RZEMUOH L ET,
o F ¥ >/ (channel) :
ALy R T vt =Y LZRETDIHEHENET,
* Comprehensive Rust £&:
ZDa—RE, £ & ®T Comprehensive Rust & &% T,
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[AF %17 (concurrency) :

BEDORR D 721370 A Z2ERICFEITTAZ e 2B LT,

Concurrency in Rust:

See Concurrency in Rust.

EX (constant) :

7077 AOETHICEE SR W E,

It 7 7 — (control flow) :

fixDRT—F XY MERZHEVR TR T T LANTEITEINBEF,

25 v a(crash) :

THALRWHIEIRGER =7 —F 72138 T,

5|27 (enumeration) :

BREOLHMNZERDS>BD 1 02 R T 27— 8L BHET 2 X L E 2 3MERE S 5
BB FET,

x* 7 —(error) :

FE XN EED Sl U7z, THI L e WG & 721305 5

T Z — L (error handling) :

Tur 7 AORTHICRET 27— EE L. Z2UCb T 5 7at 2,

3% (exercise:) :

TurI IV RAXNDALE T AN EHBE L X A7 F 73 RE,

BE%% (function) :

FMEDXR Y ZFATT 2EAAAERa—-F7ay 7,

HR— al 7 &(garbage collector) :

EHEINEL BoA TP 27 FAEAELTWEXEY 2 HEIINICHR ST 2 X 5 =X L,
¥z %V 7 Z(generics) :

BTV —ARNVEEFHALTa— 2R L. S EXERT—XATa—-FE2HMHATE S
:J: j L»?%%Hbo

AZ (immutable) :

ERRICEETE RN &,

&7 A+ (integration test) :

AT LADIEIEREMIRa A2 FEOMEMEHEMIFT 5 7 A F O—FE,

¥ —v — F(keyword) :

REDEMERbL. AT LTHEEATERW,. 1 r'o I VSO TEE,

74 72 (library) :

Ty LATHHATESZ ) ary I VBEAEDLV—F Y ERiFa—Foarray,
~ 2~ 1 (macro) :

Rust ¥ 27 R 3&4RIC | 2E8H2 I TRBTEZT T .~ 7 03 8E DK TIEIA T+ RGE
W SN 3, 8RR 72 E2 format! T3, ZHIKAIERSIBURELD %355, Rust BT ci
P R—-—PEINTVEEA,

main B8%(main function) :

Rust 71 2"5 ADFELTIE main B CRBEINE T,

—% (match) :

ROMEITH T 2% -2 v F U7 %AlREICT 5. Rust OfillfHl 7 v — i,

XY 1Y —7(memory leak) :

T NTARBIZR o7 XE ) OFBUTRIL ., X E VHEHER L NS 2 K0,
XY v F(method) :

Rust 04 7Y = 7 b F 721380 BEE T & 7= B

£ 2 —JL(module) :

BRI LA M REDEREEEFTHAAIZER, Rust Ca— FEEBETIL-DIHEHEIRET,
#®)(move) :

Rust TH 2 ZH 0 SRl OERICHOFEHEBEIT 2 Z ¥,

A]Z (mutable) :
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HEROEBDEHEZAREICT % Rust D 7 w7 4,

Fiii#% (ownership) :

EICEEM T 5N XY DEH 2 a— FO L DERGHHES 2 EHET % Rust DHER,
»8=v 7 (panic) :

Tur g A0 TR I3, Rust OEIERRER T 7 —IREE,

285 X — X (parameter) :

BIRE /-1 X Y v RO N2 2 I2E XN 5 1HE,

& — v (pattern) :

Rust DR BETZ 2MH. V) 7 7 LV MiEKROMAG DY,

~_A 1 — F(payload) :

Ryl —=I ARV M EREFET —2HEERTREEINS T — 2 £ 72131

727 L (program) :

MEDRRAZZFIT LD FEDOMELBR LD T27-0ICa Ya—X0RFTTES—
DM

7u 27 3 v /55 (programming language) :

AV 2= RIZMBEIRRA D TDIHHEINSIERR S X7 4 (Rust 12 &),

L ¥ — "\ (receiver) :

XYy RBEFHEI NI YRR R %2R T Rust XV v FORIID T X —&,
S8 H v > b (reference counting) :

FTIP 27 MPDBBOBE NI v F UL AV IBERICRZ AT 27 bDEID Y
TRMERT 2 X T ) B,

R b (return) :

BE R XN A EZRT =DM X3 Rust DF — 7 — K,

Rust:

RV NT =< VA ARFATICEREZBW Y RAT L Turo I v 7Eik,

Rust Fundamentals:

Days 1 to 4 of this course.

Android T®» Rust (Rust in Android) :

Android T® Rust & Z& < 72X\,

Chromium T® Rust (Rust in Chromium) :

Chromium T®» Rust # Z& 72X\,

74 (safe) :

Rust OFiEHE L ERICET 2 L—Vcit-o T XEVEE#EO L 7 — %2k 23— F2fELF
‘?_0

A a—F(scope) :

ERDBEMN»OMHAIRER 70 25 L OFE,

e 2 4 7'Z 1) (standard library) :

Rust O EMREZ LT 2 E 2 —rDaL sy ay,

F# (static) -

2 ERe 'static 94 7 XA 2B/ OT7A T LARERT S 7-DICfFHINS Rust D F
—U—TF,

string:

A data type storing textual data. See Strings for more.
ME A (struct) -

B 2MOER%E 1 DDL4ETTo N — 7T % Rust DEE T — &1,
7 A b (test) :

HOBEDIEL 2% 7 A T 252 &L Rust €Y 22—,
AL v K(thread) :

FRFEITZRIREIC T 2. 70 27T AN L7 EfTY — 7 ¥ A,
Z L v F+—7 (thread safety) :

~“AF ALy REETIELVEIERREEST 2 7'u 2 F 4 OFfk,
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e bL A b(trait) :
ARHOENIH L TERSNTAY vy FOaL sy ay, Rust TRV E—T7 4 AL%2FEHRT LT
R ET,
o bL A MER (trait bound) :
FED ML A MREET 2D R TRTE 2R,
o 27 (tuple) :
LEXFRMOER 2 EUEET — R, 2 TN 7 4 — L FIZREHID R FHTT 7R AL
£9,
« Bli(type) :
Rust DR EDHEDOMEICH L TEDARL —> a Y E2ETTEI2hE2HEET 35,
o ZUHEGR (type inference) :
ZRF 723X OB ZHEMF % Rust a2 > %4 F DRERE,
o KEZDFE(undefined behavior) :
ERMEEINTVWARVWRUSt DT 7Y g VEREBEEZLDGEE. Tl LD TFHIAFRER
ErolZlZ LET,
o H:H{K(union) :
Bl 2MOEZ—EIC1 OB R TE 27— &8,
o HifK7 2 } (unit test) :
Rust [ZiE /DMK T 2 - & KFIRRHE 7 A P 2T T 272D D AAARY R— k23t
BLTWES, BT X b ZZELZEW0,
o 2= I (unit type) :
FeRERRE LRV X O N—DRWE T LTINS,
* unsafe:
The subset of Rust which allows you to trigger undefined behavior. See Unsafe Rust.
« Z¥(variable) :
T —REMENT B X TV O ERIZRA 3 - TN TENTT,
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# 69 &

Rust D Zofp Y vV — R

Rust 23 2 =5 4 3. EWEREROY Y — %242 54 U TEBIRBELTVE T,

FERXBRFFa2 X b

Rust 7uo¥ =27 32 DY Y —2%KRKZAMLTED, 20513 Rust 2fRICHIH L TVE S,

¢ The Rust Programming Language: Rust OFFHERN L EFE T M CHHTE £ 3, Rustico
WTH LI TV AIEN BV RTESZ 70y 27 PPV ODEFENTVET,

* Rust By Example: X F X RE2R3 —#HOY > TV EH L T, Rust DR L T
WET/PMEBELEHE PN OPHREINTBD 2 TH Y v a— F2iRkT 5 & 5 KD
HNET,

* Rust Standard Library: Rust DS £ 77 VDERL FF 2 X FTT,

» The Rust Reference: Rust DiEE X EVET MOV THHL TV ERTERDOEFETT,

Rust DRHKY A4 P THRRX b EnTWD, & D EHMKLAT A B

» The Rustonomicon: RINTO KA ¥ X DIEMER MO FFE(FFD & D% DHLD 72 8 LR TR
Rust iIZOWTEHL TWE T,

¢ Asynchronous Programming in Rust: Rust Book O#EXICEA X7z L WIEFEEA T v 2
FIVZ EFNMZOVTHHLTWET,

» The Embedded Rust Book: A XL —7 4 ¥ 27 ¥ X7 ADKRWHAAAT N4 AT Rust 2l
M3 2HEZHA LTV T,

| NGRS Y0 )
Rust 2R3 3 2D H A FeFa—FrV 7L

* Learn Rust the Dangerous Way: &R AE#Z £ 72720 C 71 7' F = — D T Rust % figa
LTWVWET,

* Rust for Embedded C Programmers: covers Rust from the perspective of developers
who write firmware in C.

¢ Rust for professionals: fi> 555 (C. C++. Java. JavaScript., Python 72 &) & ilfiXTH#E L
2H 5. Rust DML OWTHAL TWE T,

¢ Rust on Exercism: Rust O #E IR0 100 L EOEEPHEEIATVE T,
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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://opentitan.org/book/doc/rust_for_c_devs.html
https://overexact.com/rust-for-professionals/
https://exercism.org/tracks/rust

» Ferrous Teaching Material: Rust S DEAR LT & @ERE T DM T % A 83— Lz, —H
DaAvRy b rIFL¥ YT —2 3 TT, WebAssembly, async/await & oftho 'y -
bPoTVET,

» Advanced testing for Rust applications: a self-paced workshop that goes beyond Rust's
built-in testing framework. It covers googletest, snapshot testing, mocking as well as
how to write your own custom test harness.

* Beginner's Series to Rust & & ¢F [Take your first steps with Rust](https://docs.microsoft.
com/en-us/learn/paths/rust-first-steps/): #/LED TRB v =2 R e Lz 2 DD Rust &
4 T3, 1 2HIZ 35 HoEE TSN, 2 DEIZ Rust DR L BEARN 2 E 2T %
11 DEY 2L THBEINTVE T,

¢ Learn Rust With Entirely Too Many Linked Lists: W D»DHE2 2 X4 7DV 2 FEED
FEEEMU T, Rust DX BV EHL—LZEIED FFT0E T,

Rust (2B 3 2 2o EFEICOWTIE, Little Book of Rust Books & Z& < 72 &\,
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https://ferrous-systems.github.io/teaching-material/index.html
https://rust-exercises.com/advanced-testing/
https://docs.microsoft.com/ja-jp/shows/beginners-series-to-rust/
https://rust-unofficial.github.io/too-many-lists/
https://lborb.github.io/book/

05 70 &

20w b

TN T 2BME.ZL BN Rust FFa Xy bDY —RRZESVTWE T KDY Y — 2
D—EIZOVWTIE, ZOMHDOV Y =2 ODR=I% TEL LW,

Comprehensive Rust ®##fi. Apache 2.0 7 1 &> ZDHKNC X D FHAIFFESI N TOE T3
MNZDWTIX, LICENSE 2 ZE L 72 &\,

Rust by Example

—EBfl ¥ #EE X, Rust by Example 2252 — L THRELZDDTT, 74 & ¥ 27 D
IZOWTIE, third_party/rust-by-example/ 74 L 27 FUZSBRL T I W,

Rust on Exercism

—HD{#EE X, Rust on Exercism Z a2 — L THREL 72D DTT, 7 4 & ¥ AHK & ¥ ORIz OV
Ti&. third_party/rust-on-exercism/ 74 L 27 b UESRL T EZ W,

CXX

C++ LOMEEMAMN €27 > a Tl CXX OBRZHEHAL TWE T, 74 & ¥ 272 E DI
WTlE, third_party/cxx/ 74 L2 U EZSBHLTIZE W,
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https://github.com/google/comprehensive-rust/blob/main/LICENSE
https://doc.rust-lang.org/rust-by-example/
https://exercism.org/tracks/rust
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