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2. Decide on the dates. Since the course takes four days, we recommend that you schedule
the days over two weeks. Course participants have said that they find it helpful to have
a gap in the course since it helps them process all the information we give them.
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Course schedule:

<&

o

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

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

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

Segment Duration

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

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

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

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

Segment

Duration

£ 2tolE222  1ho

Zatolnale 1ho

ur and 20 minutes
ur and 40 minutes

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

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

Segment Duration

= 50 minutes
e 1 hour and 10 minutes

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

Segment Duration

Ne 3 minutes

Iterators 45 minutes
25 40 minutes
HAE 45 minutes

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

Segment Duration

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

SEL R

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

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

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

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

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

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

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

Chromium °j| 4] Rust A&

T

ot

LrE

Chromium ©l| 4] Rust AF-& o] 242 Chromium E2-$-% 9] dF 2 Rust & AHE 6}% HhH of)
U gy 0471 o= Chromium ¢] gn Y & A|AH] 01]*1 Rust EAF8-5h= FR 3 A & T}E]
olE& g ("crates”) & 7tH 2= W, C++ 45 &84 5ol Z3Ef HYT.

Chromium & ¥ =3 4= Qlojof Syt oy 1, 4 ST 5x0|7] Y EHHA TR
A7t 25yt 2 =3 Chromium B2he-A & AsYe 4 =22l gy},

rJ
¢
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https://source.android.com/docs/setup/download/downloading
https://github.com/google/comprehensive-rust

Bare-Metal Rust

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

o] A2 A E S TtE S H9Y3t7] 95 Al BBC micro:bit v2 i B =5 o]2] Lofsfopstyct &
E AP A=A 2 o] Ao A H ) 2 ZHE o) 7] A & A x| sfjoF gy ).

Concurrency in Rust

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

A Zeo] EE AAstal B 71HA] o4& T 2 E8] Folof Ut A/IthE oAl & src/main. 1s
IEAHEOWH 0}04 HAE S & #ASUh

cargo init concurrency

cd concurrency

cargo add tokio --features full
cargo run

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

1.2 ©=7]

22, mdBook A28 (# Abol ) ol 4] 83 #5715 YUtk

. 9% SPAME: o] Hlo] A 2 o] FFY .
- o2ZE ﬂgs—iz_ ot slol 2 ol 5 e

1.3 &=

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

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

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

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

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

* Spanish by @deavid.
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https://github.com/victorhsieh
https://github.com/mingyc
https://github.com/kuanhungchen
https://github.com/johnathan79717
https://google.github.io/comprehensive-rust/ko/
https://github.com/keispace
https://github.com/jiyongp
https://github.com/jooyunghan
https://github.com/namhyung
https://google.github.io/comprehensive-rust/es/
https://github.com/deavid

W Zto]: @raselmandol A &.

o] @KookaS H @vcaen Al

=9o]: @Throvn ¥ @ronaldfw A|Z.

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

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

W&ol EHAE FalstA 2.
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https://google.github.io/comprehensive-rust/bn/
https://github.com/raselmandol
https://google.github.io/comprehensive-rust/fr/
https://github.com/KookaS
https://github.com/vcaen
https://google.github.io/comprehensive-rust/de/
https://github.com/Throvn
https://github.com/ronaldfw
https://google.github.io/comprehensive-rust/ja/
https://github.com/CoinEZ
https://github.com/momotaro1105
https://google.github.io/comprehensive-rust/it/
https://github.com/henrythebuilder
https://github.com/detro
https://github.com/google/comprehensive-rust/blob/main/TRANSLATIONS.md
https://github.com/google/comprehensive-rust/issues/282
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oo Mol DA AE-E 2] of tisl 7teks] A shals U
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https://rustup.rs/ 2] Ax] FHS =24 2.
This will give you the Cargo build tool (cargo) and the Rust compiler (rustc). You will also
get rustup, a command line utility that you can use to install to different compiler versions.
Rust & A%/ Fol= Rust ¢ 8= =& HY 7| IDE & w‘““é%HOF duth 722 W3 7|= VS
Code, Emacs, Vim/Neovim 50l A5 ¢4 2 o] 2 o|F 7] 5& A5t rust-analyzer &+ 5415}
o] E%%ﬁqqRmmwwﬂbqémEE43£¢%*qq

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

sudo apt install cargo rust-src rustfmt

2.1 FHAEMEA

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

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

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

7] ZRIE:
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https://doc.rust-lang.org/cargo/
https://rustup.rs/
https://code.visualstudio.com/
https://code.visualstudio.com/
https://rust-analyzer.github.io/manual.html#emacs
https://rust-analyzer.github.io/manual.html#vimneovim
https://rust-analyzer.github.io/
https://www.jetbrains.com/rust/
https://github.com/rust-lang/rustfmt
https://crates.io

AE= 630t A28 EE| 27 2 aEM o) de|xeko] S SfAIskL G
o Y= 372 HAoZ AFgUth: “stable”, "beta” 718 i “nightly”.
« E2L 7|52 "nightly” -> “beta” -(6 3)-> “stable” 2 HZ gt}
¢ JEA L HFTA G L, git ZR=AE TR E ] FolA ATE A5y
« JAEE oAz 2 EH Yt FA+= Rust 2021 olH
o} Rust 2018 o] &Yt
- g2 o] ol At T gho] 7] ek 4 AFYH
- ool Hp A 2 "ol o] A A= A E 27] flel, 2= =252 ARl o]
deg ogdE YAIH 22 Cargo. toml o A A sfjoF Tt
- 2 2E AEA7L ol E & ohE 3] == AS 9] 98, 2
HAoM 2 e ZEE2 ste] Hiol |z /2 4 s Y
- cargo & ARESHA| AL Hutd S A ARE Sk A 719 flEe AFE 171 v
Utk

— 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:

* T2 E /D7) 2] F-25}
* YIAH oA
* WE/RE S5/ w2 B0
* EAIZHE
* o947
* cargo clippy eHg2 st9] E8jae g & 715
— 24 Cargo Book ol AHM| AR BHelshA 7] uhar o,

AUt} o] A oft] 4 o & Rust 2015

i

o

>

EATtlel s 2 e o

o 2

2.2 Zoojxel Z=M
O] 701'9—]Z]'§-_0ﬂ 2}1“—:‘ = oq]zﬂg H _?_11 Oﬂk] H]’E 4‘@34 7]__1(_3____@_
+3F A7), BE7F 22 S0 M U £l == 517 A
JYol| = B3k, 7H3 (cargo) & AW AX3kE 22 7Y BAFUC oA A Aol o =go|
27Ut £, 08 o) o2 4o] 9ol Al Aaiol 2 Hel, 1 ajel s of 23 ast me
Yk,

ol 4o A4z o] AE BEEL AR AHIH B Pyt

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

e

ok o PAIS o] i, FH] B

g

11 Ctrl + Enter & =32 A3l & 4+ J5Uth.
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https://google.github.io/comprehensive-rust/cargo/registries
https://doc.rust-lang.org/edition-guide/
https://doc.rust-lang.org/cargo/reference/workspaces.html
https://doc.rust-lang.org/cargo/reference/build-scripts.html
https://doc.rust-lang.org/cargo/commands/cargo-install.html
https://github.com/rust-lang/rust-clippy
https://doc.rust-lang.org/cargo/

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

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

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

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

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

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

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

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

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

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

2 4

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

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

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

» Aol Sefol=rtt g zkE MFS LU
— Sl QolA HrEL ol ZaFch SetolEt 1A B2 F ¥, Ut U2 Au
ol= gy},
OHE Adojoll A &= 232 Q1 #&d o] 1= Rust o' 7] 2AH} & H o =212} Yt} Rust 9f
< dthgol Als-d Yt
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Al 47

Hello World!

This segment should take about 15 minutes. It contains:

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

Edo]a2gt+E 2 minutes

— x86, ARM, WebAssembly, ...
— Linux, Mac, Windows, ...
o HAE = O AR oA AHEE £ s U
- Hoojet REZ M (Y Y E)
- AUE gAY o],
— e,

BAELE Cri7h AR E ThRE o] Tol A AHE FHsRTh

e 279 o],
nfo| 227 E e 2L u$ A g
o] defel e WR 2 oA gron), 7hu| 4] A

« 452 B oA E ST Aol B
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https://blog.rust-lang.org/2015/05/15/Rust-1.0.html

4.2 Rust2oJo]A
YAETY] EES HUZ TIE (FH):
. -H R W] HA S ATE Hukd Al gl B "y .

- 2715157 = M7t elsdh

-t 22 o] F A7} ?ﬂﬁzﬁ.ﬂi E7hs gy

H 22| A & ARgo] dHdH oz 275 S
- NULL ZRlE = 5yt

- FEH2E A sr = A de dA4E 4 gy
—iﬂEﬂﬂﬂHﬂlA%J%%uq
- REE27E 242 7] R adt He 49t sy
. - Rust o] Adstes A2 A A 2 Jei=z FA &
tt.
- v H A BA A=
- A4y B ol LHEZ S EAYA] S2o] F oo dF U
. -39 = dofutE EdY o] HolyaJAA IS A YU
- I} oie mi .
- Ag.

- FFIEte] eH3E gl

- H]-&o] 7] = 43}

- A5 AnjU ] 2 2 A]A].

R 224 e}

- WA EHIAE 24,

- LSP (Language Server Protocol, ?10] A¥ T2 EF) o] &Eof9g.

o710l M B2 AlZtE HUA] obA| R, o] BE A2 Lol Al s tHE Y T

S EO o1 222009 Slolg AU EA BolA7] s B RlolE A g ol o

2 22 B0 A o] | Hg ZEok FH & TR AL

. C/C++ HAE ‘—:— 2 HAE OOH/\i—r°“z°ﬂ H“”@%‘—%l‘—:— E2E o8 S AAgY 2l
H| <&

=
T/ GG o Eah e ool 7S 2 AT 4 IS 28 H A Slofs

N55e ABTU

She o2 e

* Java, Go, Python, JavaScript: °] 10|53} 535 o 22| eH4/d =} A, ' shol 2 Aol o] =

> L

&

;Qolrn

4

4.3 Edo|dz2E

7€ =7 595Utk A7l dsl, 72 e gl CICH+ok RARE SE w2 o] 5 7}
452 UE 4 YeUth 1o B H9ASE Sedol2 Rl DER AHT 4

The Rust Playground provides an easy way to run short Rust programs, and is the basis for
the examples and exercises in this course. Try running the *hello-world” program it starts

with. It comes with a few handy features:
"= oA rustfmt FASALRSS] " BEE Ao FE A S A AT
* Rustoll= ZEE A/J5t7] QIe = 71HA] 7| 2" =23 o] lFU . YW (F7HIE AAL 2
Mok 7h4) D 2 A (5 A2 Aekel AAL AHatEh Gy 4

AEUH

¢}

QJuich Aee) 1 o oM AT 4


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

o TAlo] QUoAIH ot o' ASM' & ARE-Sl A ol ZESEISHA ..

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

This is particularly helpful for advanced students who want to know more about Rust's
optimizations or generated assembly.
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This segment should take about 45 minutes. It contains:

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

5.1 Hello World!

P 2bdet HAE 2200 24, 11429l Hello World & 23 2254t

N

fn main() {
println!("Hello @!'");

}
gl 9= As:
¢ 4= fnog AAgyr

o C/C++ 2 PPN B SB/S (12 B2 AT

e main 3t T2 AAAA UL

¢ JAEE ZES 032 (hygienic macros) A|AES 7FA 1 Q&Y TH println! = 1 oA
Yot

+ YAES 2AYL UTF8 2 ARYH | o] 2|9t 22 RUTE BASEHY 4 U,

This slide tries to make the students comfortable with Rust code. They will see a ton of it over
the next four days so we start small with something familiar.

7] IR E:
+ B AEL C/C++/Java o 22 HEH S ThE Hoje} o SARIUTH Bl AEE Ea qlof ey
ot AU E 3t 97t oty e, e AE =o|n] EXfjot= AS M= Lot 1L oFA] E5Y



P BAEL SUBE A|UT 22 Hrj doje] B M AP,

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

« SE35 032 (hygienic macrO) £ AR} AR E = AT DA X UA HEE 7FRAA]

SUth AHY B AE 32 = &3] hygenic 341 = &&Uth 240514 2.
. 1AEL ”*EJ 2o °*°1°“4EP o & 5o ZEIAA AF=zaed 7|52 ALt =
o, 34y doj2 ERE A= FANFRE 2 Hel o iAlS Ay
52 W<

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

fn main() {
let x: i32 = 10;
println! ("x: {x}");
/1 x = 20,
/1 println!("x: {x}");

}
o X = 209 FA A2 E AAst] Mt 7| EH o2 EMJSEAF Y mut 719 EE 715t
o ‘ﬂd%‘% & R%MEP
o o]7]A 'i32' = W49 Bl U Yt o] =Hutd AlTtof] A& of oFA| T EFY 2 (U5l A )
= A}%%} “E:LEHUVP ol & ke £ Q= A7 25U
5.3 %l-
o2 2 7HA] 712 WA el 2 eFd e el HE gk B YU
E}Q) 2| e gt
H35Q9l= 1i8,i16,132,164,1128, -10,0,1_000,123_1i64
A4 isize
H39=  u8,ul6,u32,ubd,ul28, 0,123,10_ulé6
A4 usize
BEas f32, fe4 3.14, -10.0e20, 2_f32
LY3E char 'a','a', "' oo
=2}
=7 bool true, false

Z} e}l o] 37]+= vkt syt

iN,uN, fN 2 2% N H|E dut}

isize 9t usize & EQJIEQ}F 2 F7]dYth,
char 32 H|E 44t}

bool & 8 H|E Y Yt},

ool TA|EA] g2 2 kx| E¥o] 5yt

» All underscores in numbers can be left out, they are for legibility only. So 1_000 can be
written as 1000 (or 10_00), and 123_1i64 can be written as 123164.
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https://veykril.github.io/tlborm/decl-macros/minutiae/hygiene.html
https://doc.rust-lang.org/book/ch17-00-oop.html
https://doc.rust-lang.org/book/ch13-00-functional-features.html

5.4 <A+

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

}

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

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

o} g4 Uzl o AhAls hRala Yt

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

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

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

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

5.5 &x14d

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

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

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

}
o] &eto| B EAE S AN of 7)o = BE W&2 YFol AMS| T EAA T S4& Letol =
o AFEA NN EALE S AHgshe Hle olAlezF Ut
o ZAFE Wol] 22H UTF-8 1290l A+ 22 Fo=#] g2 F2o|n, o] = et Rust ol A
€ o] &HA F5U
e String 2 842 (2 tnew()) ¥ s.push_str(..) 2 Z2 wiAq =7} Z3HE AR A} o] L)
Ay
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» &str o) & F2Y S YepdUth F2E UFohR o2 AL sstr &' 97 HERAY' S
B L ER B L

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

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

I

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

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

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

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

ftlo

}

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

}
fn main() {

let x = 10;

let y = 20;

takes_u32(x) ;

takes_i8(y);

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

let x = 3.14;

let y = 20;

assert_eq! (x, y);
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// ERROR: “{float} == {integer} ' F+3o| ¢l

5.7 AgEA: gEUH|

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

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

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

}

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

57.1 Y

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

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

30
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5240}

This segment should take about 40 minutes. It contains:

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

6.1 if T34

the Qlojo] if B3} E7ko] if A S
fn main() {
let x = 10;
if x == 0 {
println!("zero!");
} else if x < 100 {
println!("&");
} else {
println! ("Ag");

>~
-
oo
g

Udh:

}
}

ATzt if & EAA L2 AR

fn main() {
let x = 10;

N.?l'.

4 gyt ot ZEE getEdd

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

println!("s=2b =27]: {}", size);
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https://doc.rust-lang.org/reference/expressions/if-expr.html#if-expressions

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

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

6.2 ujid for HHE R

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

while

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

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

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

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

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

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

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

The loop statement just loops forever, until a break.

fn main() {
let mut i = 0;

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

6.3 break 2} continue

th2 HHE S ZA] AJFSHH ™ continue SARE ST

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

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

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

6.3.1 Labels
AR YT S F oA = Elo] &3 A AHEE 4= AFUTH
fn main() {
let s = [[5, 6, 71, [8, 9, 101, [21, 15, 3211;
let mut elements_searched = 0;
let target_value = 10;
'outer: for i in 0..=2 {
for j in 0..=2 {
elements_searched += 1;
if s[i][j] == target_value {
break 'outer;
}

}
}

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

* loop = non-trivial #tS ¥&st= f-Ads HEEJ U o]=while ¥ for ¥HEE3} 2]
1
—
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A block in Rust contains a sequence of expressions, enclosed by braces {}. Each block has a
value and a type, which are those of the last expression of the block:

fn main() {

let z = 13;

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

}

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

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

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

fn main() {

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

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

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

println!("°o]&: {a}");

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

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

* A shadowing variable can have a different type.

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

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

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

if b >0 {

gcd(b, a % b)
} else {

a
}

}

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

SUch ol B3 Bl : 2 TEhy

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

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

6.6 "=

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

F

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

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

product *= dbg!(i);

}
product

}

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

fn main() {

let n = 4;

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

o] AldofA = o]z]sk YHkA Q] H 9

o)== o] g9t F oy
JE L RESETE:

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

re 5
o8 thA AT o] Aol 3y o329l go] 2ol AL

6.7 ALEA: 2h=249

Zet= 4290 nof tis th33 Zo] JelHYh10 Bt & %:- _ni o] 1 0]HFE-2 _n oA
TaHYthi.
* ni_°o] ?hH #4H ni+1=ni/2_YYch.
* ni o] b &4°|9H _ni+1=3*ni
- 1.9y
o2 50| nl1_=3:22 AA35tH-3isodd,so_n2_=3*3+1=100°|H
*» 10iseven,so _n3_ =10/2=509|H
5isodd,son4=3*5+1=16;
16iseven,son5=16/2=8;
8iseven,son6=8/2=4;
4iseven,son7=4/2=2;
2iseven,so_n8_=1°] Fof
2odo] F2E UL
Zoll 3 Wi n ol o8] Fetx £e] Wol B ANSHE 2RI
/171 “niollA A&ste= Fetz £do] dolg AP
fn collatz_length(mut n: i32) -> u32 {
todo! ("Implement this")

}

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

}

6.7.1 3sIY

/11 “n oA AFsHE S}z,~54 Zdolz
fn collatz_length(mut n: i32) ->
let mut len = 1;
while n > 1 {
n=3ifn % 2==0{n/ 2 } else { 3 *n+11};
len += 1;

len
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#[test]
fn test_collatz_length() {

assert_eq!(collatz_length(11), 15);
}

fn main() {

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

Welcome Back

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

Segment Duration
FE Ll 35 minutes
EA 35 minutes

=
ArE2F 9] 1) 50 minutes
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Slide Duration

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

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

8.1 H|¥

fn main() {

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

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

912 Mol i ujd 2 ol Aa| 28] KA. i oM AL Bleklol ol U ek, Rust & L¥HA
o ofejgh 3ole XA std 4 9on], Qhdstx 9 Rust & AHEHY M9l Bl e 5hA) e

4= &yt

2 el ™S AFg sl ol 22 Fkat 4 gy

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

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

& 27150 ({2:#71) & © 917] 4@ "ol Jelz Z2jol Fuc
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8.2 w&

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

I} oA 2 BB 3% 2

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

o
]
)
oy
T
o

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

8.3 Cargools3g

for B2 ujel whg A olA W 5L A UakA] bk
fn main() {
let primes = [2, 3, 5, 7, 11, 13, 17, 19];
for prime in primes {
for i in 2. .prime {
assert_ne!(prime % i, 0);

}

}

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

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

8.4 AAYEH (723

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

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

let left = tuple.0;

let right = tuple.1;

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

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

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

This works with any kind of structured value:

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

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

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

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

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

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

8.5 HALEA: ZHuld

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

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

X 123K 14
"transpose"X 4 5 6[X "==" 25
X 789K 36
e B o] 37)+3x3 02 steRY Pyt
el === https://play.rust-lang.org/ ol EAFsiA L&A HEH U Th:
// TODO: F3o] &a=w o]= AMAIgUct.
#![allow(unused_variables, dead_code)]

O 00

4
ol
ol

[0)

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

}

#[test]
fn test_transpose() {
let matrix = [
[101, 102, 1031, //
[201, 202, 203],

42


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

[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, 1@3], // <-- FAo=& rustfmt 7} SHES F71gYc).
[201, 202, 203],
[301, 302, 3037,
1,

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

851 g

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

fn main() {

let matrix = [
[101, 102, 1@3], // <-- FAOo=Z rustfmt7} S F71gyct.

[201, 202, 203],
[301, 302, 303],

1,
printin!("s§=: {:#?}", matrix);

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

Duration

Slide

10 minutes
10 minutes
15 minutes

N
_Zn

Mo

= &a;

|A|;
|B|,

{

let b =
let mut r: &char

fn main()
let a
println!("xr:
r = &b;

*r),;

"

*r),;

"

println!("xr:

robuj L 2|k

e

)%} (dangling) 25 Zutd 2 T A

i32) {

-> &(132,

132)

(x:
let point

fn x_axis

= (x, 0);

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

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

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

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

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

F

ot

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

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

QI
)y 1
L -INv

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

}

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

*qqxcmmdﬂﬂNQQﬁmLﬁmanm:OEQEHmem:Q HAS) BA Q.

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

=

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

//ﬂ&&qq.

fn magnitude(...) -> 64 {
todo! ()
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/1 WEY Ar)E AN RE HFEES HY D2 WA
/1 HEE FFskgc,

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

/1 t& "main’& ARESt] QS HIAESMUH

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

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

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

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

9.3.1 MY

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

}

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

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

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

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

println! ("A4st & {v:?23}el 7] {}", magnitude(&v));
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AHg7} A o] el

This segment should take about 50 minutes. It contains:

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

10.1 XA

C/C++ ot nP7HA| &2 2| AE = HAAYH LA E ALY
struct Person {

name: String,

age: u8,
}

fn describe(person: &Person) {
println! ("{}2 (=) {}AYd4Yct.", person.name, person.age);
}

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

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

let name = String::from("ofo|&g");
let age = 39;
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let avery = Person { name, age };

describe(&avery);
let jackie = Person { name: String::from("#i7|"), ..avery };
describe(&jackie);

}

7] ZRIE.:

TE2A = C/C++ o FAFRIY T

~ C+ 9} 2R C o Tl E19) 2 g elat7] Slal'typedef 7t B R5k7) ek,

— Cr+ of 2] 2 A 2 g glgy T
» This may be a good time to let people know there are different types of structs.

— Zero-sized structs (e.g. struct Foo;) might be used when implementing a trait on

some type but don’ t have any data that you want to store in the value itself.

- Ohg &dolEoA = BE o] o] @ S22 W AR T 4 e FEFZAE 20T
If you already have variables with the right names, then you can create the struct using
a shorthand
* The syntax . .avery allows us to copy the majority of the fields from the old struct
without having to explicitly type it all out. It must always be the last element.

10.2 &

Zt g o] Fo] F2skA ¥t FE F2AE AT 4 syt

struct Point(i32, i32);

e

fn main() {
let p = Point(17, 23);
printIn!("({}, {})", p.0, p.1);
}
FE 12 A= TF ©Y 2 =9 21 (wrapper, 2| AEo| A FEFY (newtype) o|2til £5) 2 A
Uk
struct PoundsOfForce(f64);
struct Newtons(f64);

fn compute_thruster_force() -> PoundsOfForce {
todo! ("NASA &7 1}&hatolA] EojEAL")
}

fn set_thruster_force(force: Newtons) {
//

}

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

SrER € 712 ERlof
1T
a1



— The value passed some validation when it was created, so you no longer have to
validate it again at every use: PhoneNumbexr (String) or OddNumber (u32).
-Nmﬂmmﬂm47WW%4”°E%Hf%ﬁ%iﬂzwﬁ-

- YAEE EW5HA @2 A& doldyth olE ¥ A5 2 & unwrap sHAY £ &S
M4 kOB ALES P—t— AE0] 1%“14@.
- OWXP A7 el 3 Lk AU FiolA thEY
« ol= 847 % A=A (Mars Chmate Orbiter) o] Almjj Y9102 A2y w2y e ss |

SEEY

10.3 YAY

enum 7|9 == R7HA] ¥ (variant) 2 5]

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

rr
ne
N
ol
o
rl
o
ox
ox
o
i
iw)

}

#[derive(Debug) ]
enum PlayerMove {

Pass, /1 Ee Y
Run(Direction), /] BEE Hy
Teleport { x: u32, y: u32 }, // x4 =

}

fn main() {
let m: PlayerMove = PlayerMove::Run(Direction::Left);
println! ("ol . {:?}", m);

}

7] ZQAE

* Enumerations allow you to collect a set of values under one type.
e Direction 2 M@ Z 1A= €43F stdd Ut of 7] ol = Direction::Left <
Direction: :Right o] & gto] =g H it
* PlayerMove is a type with three variants. In addition to the payloads, Rust will store a
discriminant so that it knows at runtime which variant is in a PlayerMove value.
This might be a good time to compare structs and enums:
— In both, you can have a simple version without fields (unit struct) or one with
different types of fields (variant payloads).
— You could even implement the different variants of an enum with separate structs
but then they wouldn’ t be the same type as they would if they were all defined in

an enum.
+ Rust = A2 Agste o) HAero] 27he ALERY T
- 428 49 ed Y e a1 Y48 A,

- 38 fo] RE H|E sl g m3tolAl e 49 2D HENH S ALgoto] T
Alg JFgdYo( EAHA**&H o & E°] Option<&u8>2 A4+ E 718 7| =2 U H

None ® & 9] 7 NULL S A&t
_quﬁiogﬁMmqﬂoﬂ@ﬂﬂdAEmAqw

#[repr(u32)]

enum Bar {

]oo
orl‘*l
JJrE‘n
Eo&‘{
%;“m
¢
M7
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A, /0D

B = 10000,

C, // 1lo001
}

fn main() {
println!("A: {}", Bar::A as u32);
println!("B: {}", Bar::B as u32);
println!("C: {}", Bar::C as u32);

}
repr £/d°] glthH 10001 ©] 2 Hfo| E2 B 7Hest7] whEol Al b ate] Be) 27]= 2 vt
o7t Eyrh.

SRt R

Rust o= enum ©] © &2 F7tZ AL otz o] AFER = = o2 2 -7 sy
o JEQIE A3} ojHE] Sof A ] AEEsize_of::<T>() 7Fsize_of: :<Option<T>>()
b Ag HAgh
AR 2 2RI X337 H8H AS &stal Aot ofef o] oA I EEANESHA Q. Fol T
HZ, o 7]o|A HojF=H|E mido] Hutd 7t B s = A2 oty et A Yt o 7]of 9
F£oh= A2 &3] unsafe gt

use std::mem::transmute;

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

fn main() {
unsafe {
println!("bool:");
dbg_bits!(false, u8);
dbg_bits!(true, u8);

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

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

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

dbg_bits!(None: :<&1i32>, usize);
dbg_bits!(Some(&0i32), usize);
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10.4 A AW (static) 24 (const)

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

A4 (const)

e Auted g o) 1 ghel Yei Utk T8l 3 1 ghe O A4 SR BE B4 etel g
ych:

const DIGEST_SIZE: usize = 3;

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

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

fn main() {
let digest = compute_digest("Hello");
println!("digest: {digest:?}");
}
Rust RFC Book of] tt2H A4+
const &= AT wo+= con
HUth 28 const 452 dEol &&s6t= A& 7Hsdy o

Ha Wt 22 ase] £95E 59 847 Utk 182 e W4 2ol (move) 4 24U

static BANNER: &str = "Welcome to RustO0S 3.14";

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

}

As noted in the Rust RFC Book, these are not inlined upon use and have an actual associated
memory location. This is useful for unsafe and embedded code, and the variable lives through
the entirety of the program execution. When a globally-scoped value does not have a reason
to need object identity, const is generally preferred.

+ Y 2AEQ const & C++2] constexpr t of-L H] ST
o Bhof 2JAE Q] static & C++2] const Y 7} % 24> (mutable global variable) 2 &
A o gAY

52


https://rust-lang.github.io/rfcs/0246-const-vs-static.html
https://rust-lang.github.io/rfcs/0246-const-vs-static.html

« static 2 ZA o A S Foldueh A Aozt H L) Foll Ao T4, 223 R JEiE
ojml gt .

o O 23A| 1 gho] HBAL ALr "ast Ao c2ych agyagcy e, H A
MAE AFEHE A Brhe o A8 eka obag o

£73 v]aLE o] &

&4 A2 (static) H 4= Ar4= (constant)
2]

ma o ot} 2 (9lakel &)
E

o o oty e

A 7bset o (3 Eu b SkA] 94 oty 2

off Gutd Al 2713 & bl

o]—l,] Q 01]

Tl Ao K7

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

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

10.5 €A

e B e oh2 et o) ol 2 e AU F B M uiH A A4 Ut
enum CarryableConcreteltem {

Left,

Right,
}

type Item = CarryableConcreteltem;

/1 BREZ g3 Zo] A3 BT g§oM o /&
use std::cell::RefCell;

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

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

CEZ2I = o] 2 typedef o A Zio 2 At

Ut
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10.6 AFEA: duolElo|HNE

Azl o] g Ao A|AE|9] o EE LYEFY = Hlo]E] 25 ThEo BT hgst o|HIES 314
5171 915l ebd 1} ShE A oot A2/NEAe] Zdyrh i el S {7} EHE 5o 2T 4+
L Z #[derive(Debug)] & AH&EAIL

o] Ad&FollM+E main g7t o2 glo] B&st=E tloj g £RTEH Huyth o] 3y o] th-g R0

M ol dt F2olM HolHE7HA 2= WS tE U

#[derive(Debug) ]
/11 AEZ7}L whgsfop st A HlolE] A|AE|S olHIEIY

enum Event {
// TODO: T3t HYPES F7iotAl 2.

s}

}

/11 °1%F HFIUTH,
#[derive(Debug) ]
enum Direction {
Up,
Down,

}

/11 FEHolg7F A HE Foll =&RAEYLC.
fn car_arrived(floor: i32) -> Event {
todo! ()

}

/11 FEHolg Zo] dREYTt.
fn car_door_opened() -> Event {
todo! ()

}

/11 FeEjHolg Zo] R EYTt.

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

}

/11 AQE Fo dejdolg =ZH|o|A HF HES
fn lobby_call_button_pressed(floor: i32,
todo! ()

=35y
dir: Direction) -> Event {

}

/11 FEEolg oA F HEZ =3EYT.
fn car_floor_button_pressed(floor: i32) -> Event {
todo! ()

}

fn main() {
println!(
13 570 9% wMEL ERASUL. (17},
lobby_call_button_pressed(0, Direction::Up)
),
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println! ("dgHolg7} 120 =23&uch: {:?}", car_arrived(0));
println! ("ol g Fo| dsl&uch. {:?}", car_door_opened());
println!(
"$o] 3F HEZ =3syo. {:?7}",
car_floor_button_pressed(3)
),
printin! ("desole Fo| &S5k {:?}", car_door_closed());
println! ("dg o7} 3 2o =2g&UTE. {:?}", car_arrived(3));

10.6.1 sIg

#[derive(Debug) ]
/11 ZAEEZEZ7} §hgsioF 5= dejdolg AJlARIS] ojHIEQLTE,
enum Event {

}

/11 HES =35
ButtonPressed(Button),

/11 A2)H|olEl7E AAE Zol =EgELTH,
CarArrived(Floor),

a3
i)

/11 dgHolg Zo] ARFYTE.

CarDoorOpened,

/1] QdeHolE Fo] &
CarDoorClosed,

3l
)
i
i)

/11 2 A5z BAPYTH
type Floor = i32;

/1] °5 HFAYrLt.
#[derive(Debug) ]
enum Direction {

Up,
Down,
}
[11 AEATE QAT 4 Qe BEYYL,

#[derive(Debug) ]
enum Button {

}

/11 B F9 dejvolg ZHlo] Q= HEYJYT.
LobbyCall(Direction, Floor),

/71 dejdoly Wie F vHEJYt.

CarFloor(Floor),

/11 FEHolg 7 A HH Foll =&RAEYT.
fn car_arrived(floor: i32) -> Event {

Event::CarArrived(floor)
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}

/11 FejEolg Zo] dARFYTt.
fn car_door_opened() -> Event {
Event: :CarDoorOpened

}

/17 Aeldo]gl Fo] EFFYTt.
fn car_door_closed() -> Event {
Event: :CarDoorClosed

}

/17 AQE F9] djHolg ZEH|oA B HES EIEUH.
fn lobby_call_button_pressed(floor: i32, dir: Direction) -> Event {
Event: :ButtonPressed(Button::LobbyCall(dir, floor))

}

/17 APHolEloA F HES EIEUH.
fn car_floor_button_pressed(floor: i32) -> Event {
Event::ButtonPressed(Button: :CarFlooxr(floor))

}

fn main() {
println!(
"1% $70] 9% HMES &Y. (1?7},
lobby_call_button_pressed(0, Direction::Up)
),
println! ("deHolEl7} 1 &0 =23&Uch: {:?}", car_arrived(0));
printin!("desole] Fo| dxisu k. {:?}", car_door_opened());
println!(
"so] 3F HEZ =35y, {:?7}",
car_floor_button_pressed(3)
),
println! ("ol g Fo| 2&uch: {:?}", car_door_closed());
println! ("<dedole{7t 3 o =285y, {:?}", car_arrived(3));
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2UzH 2

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

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

Egal: o3 eldo A F53h= 532

A2 o2 ebel o) ebe) m w45}

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

Lol

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

Segment Duration
Ne 3 minutes
e o 1 hour
HAEel EFo]E 50 minutes
A g 40 minutes
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This segment should take about 1 hour. It contains:

Slide Duration

Matching Values 10 minutes
EAY £l (F7+=2H) 10 minutes
S E Ao 10 minutes

AEEA: =4 H7F 30 minutes

12.1 Matching Values

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

C/c++9] switch o B £5H 3hg MEO R AT 4= vtk

#lrustfmt: :skip]

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

> println! ("A&82: {key}"),
println!("7]€t"),

key if key.is_lowercase()

q => println!("Quitting"),
|a| | ISI | |W| | |d| => println!(no]ﬂx_]a] O]%”)’
'Q'..='9"' => println! ("} 4=€"),

\%

}

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

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

e o] H 4 (o] ool A= key) & €X| F& oA AHES 4 lerild S TEU
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« YRoA AR EE 54 BAES S FAL
- [ror7l=dych
- . oges v YT
- 1..=5: F Z (7IM & 5) & ot f9 s vepdyo
- o odEstedyn

e U2 FlEE B o] B 9 A2 A ofEl 2pH|wto 2 F35l7] ojg LEHS A= 7S

st g o f-83ych.

2 if 2 AH83 A% thgych vix] A =
gol A gy whetA o714 if 27io] AusttietE Az

12.2 EAFEN (F3=x3)

EZ 3 op7hA 2 124 2 enum & TS XA|A TIAE

1
o
sk
3
fa
f>
it
s}

T=A

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

}

#lrustfmt: :skip]

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

Foo { x: (1, b), y } => println!("x.0 =1, b = {b}, y = {y}"),
Foo { y: 2, x: i} => println!("y =2, x = {i:?}"),
Foo { Y, .. } => println!(”y = {y}' ]:}-% %E_t_ _\?_}\]%n)'
}
}
QA
ZAG DAY ko] AR S e vhx| 2 F HAo] vRAY T S-S U Th TFEE enum BF S A
Ao E Sy
enum Result {
0k(i32),
Err(String),
}

fn divide_in_two(n: i32) -> Result {
ifn%2==20{
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Result::0k(n / 2)
} else {
Result: :Exr(format! ("{n}< (&) F 719 5L BESZ YHs 4 Q"))
}
}

fn main() {
let n = 100;
match divide_in_two(n) {
Result::0k(half) => println!("{n}=

}

match £ &0l A divide_in_two &0 A HtE 5 = Result = F /19 2 (2 7)) =2
(destructure) st S Ut AR Zo A half & Ok variant o] §717F 02 vl &yt =) o
oA msg = 27 WA A Extofuilgd gy .

F=2A

« foo o FEH g
* Foool Al 2E
o A e AR Yt}

=512 L AL QIS L. const E W AT thA] 25 6l=xR] &l T},

gAY
7] ZRIE:
* if/else BAA 2 AP S Wt o] k2 L}%Oﬂ match 2 Esgych
o AAY o] MHA variant & 27}5t1 T EE Adslo] QEETAFEN L. T & o] HEo]

‘-2to] 9l 11 Hutdelvt ofHA o= ol Eg FEa] Zo] AmEAe

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

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

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

12.3 S EA 9

Rust o= t& lojeh= thg 2 7HA] Alof 58 F27F low sie dx|oAg-H Y o

o if let B34
* while let expressions
» match &4

61

(8) B2 Ys 42 {halfrddyc.")
Result::Err(msg) => println!("Z&dYch. 2&77F 335U, {msg}"),
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if let T4

if let A Z ARESHA gro] Hd s dAsteAlof wat o ZES AP A5 Uh

fn sleep_for(secs: f32) {
let dur = if let Ok(dur) = std::time::Duration::try_from_secs_f32(secs) {

dur
} else {
std::time::Duration::from_millis(500)
b
std::thread: :sleep(dur);
println!("{:?} &< #IFEJH5Ydt.", dur);

}

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

let else expressions

SR & QA A7) 4ol A WHEkeh AuEAQl H ol let else SAHEFU T else A2l o)
o =24 Uof gtk (return, break £ HY - 259 c}g9) | 2 o] 53t Z8t ok W PU)
oh.

fn hex_or_die_trying(maybe_string: Option<String>) -> Result<u32, String> {
let s = if let Some(s) = maybe_string {
S
} else {
return Exrr(String::from("None & 7}F4&"));
}

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

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

i

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

} else {
Err(String: :from("16 257k ofd "))

}

}

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

)
Hpxgto 2, 25k 2mE e loop 719 =7k vt

fn main() {
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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!)

}

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

if-let

o if let o] match Bt g 7+435 4 94y

A st= Ay
* match ¢ 29 if let 2 e LA & 9 o A2 A UsHA FEUT

let-else

oA B A if-let & 2HT 4 U5UTh let-else FX=0] 2¥H F o] HHIE 2 Y
Sy Z =7t o9 A ’stst=Asd 0] B 5 = F o M WS ThA] 2 5HAl 2

A 2 e w2 o2 2yt

fn hex_or_die_trying(maybe_string: Option<String>) -> Result<u32, String> {
let Some(s) = maybe_string else {
return Err(String::from("None & 7}F42"));

Hi

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

let Some(digit) = first_byte_char.to_digit(16) else {
return Err(String::from("16 Z147} ofbd"));

}

return Ok(digit);
}
while-let

« while let 2 o] sf&lof ojx| =& &< AlLH YTt

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

12.4 ALEEA: A A}

Let's write a simple recursive evaluator for arithmetic expressions.
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o] 7] | Box Bt Y2 APFE ZRIEo|H o] 27 o] S RbR oA A5 THE YT HAEA & 4
o] £ A= Box: :new & Ab&oto AR FAPS £ IGUTH EIAR BAH BH A S Htst

deref A4kz} (*) & AFE35Fo] "8FA A S A& Yt eval (*boxed_expr).

%1—‘:,'— BAA 2 P71 £ gloH _7E WYt EF Result<Value, String> BFd-2 3¢t
‘—}E}‘—Hﬂ‘% (Ok(Value)) H A A e} @A @ FEUERE U (Exrr(String)). USell o] Result

Aol cish A ZpAl5] e EZE U o

|t

lmku Jl&“
lﬂ o o

£ HAlsto] Rust Zefloj 1ete=o] 2o¥ i eval FESAIZAF UL 2 Z YHE2 HAE
FaeioF &Yt todo! () EAHESIIL HIAES StUHY EHSIES 5FH © o] ° 4 YsUth

#Dmmm ] & AHESt] HIAES Ao HE 25T

#[test]
#[ignore]
fn test_value() { .. }
A% FBHF HS 002 Yrr| Y4 26 B2} H Ay
Result 2 o] 24 of g7 ﬂaz} & 9ente?
/11 5 719 59 EEA oA AdPd Aikuct.
#[derive(Debug) ]
enum Operation {
Add,
Sub,

Mul,
Div,

te= HAES ZH/dsi EAl2. sid tid

ol

}

/11 E7) e E@AIUL
#[derive(Debug) ]
enum Expression {
/11 = 7)ol &9 maAAlo] W3t AAARIU T},
Op { op: Operation, left: Box<Expression>, right: Box<Expression> },

/17 2EHE 3
Value(i64),
}

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

#[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)),
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1),
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)),
i
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)),
1),
right: Box::new(Expression::Value(5)),
b
assert_eq! (
eval (Expression::0p {
op: Operation::Add,
left: Box::new(terml),
right: Box::new(term2),
).
0k(85)
),
}

#[test]
fn test_error() {
assert_eq!(
eval (Expression::0p {
op: Operation::Div,
left: Box::new(Expression::Value(99)),
right: Box::new(Expression::Value(0)),
).
Exrr(String::from("0 o= L}+7]"))

A=)

ol

12.4.1

/11 % 7he) stel ERACIA Aye Ayt
#[derive(Debug) ]
enum Operation {

Add,

Sub,

Mul,
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Div,

}

/11 2 FAe] EANUUL,
#[derive(Debug) ]
enum Expression {

/17 % 7R sk mEAC] B3k Ay,

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

/17 =€l
Value(i64),
}

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

i

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

i

Ok (match op {
Operation: :Add

A\

left + right,

Operation::Sub => left - right,
Operation::Mul => left * right,
Operation::Div => {
if right == 0 {
return Exrr(String::from("0 o= +7]"));
} else {
left / right
}
}
H)
}
Expression::Value(v) => 0k(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,
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left: Box::new(Expression::Value(10)),
right: Box::new(Expression::Value(20)),
1)
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)),
}s
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),
1),
0k (85)
),
}

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

fn main() {
let expr = Expression::0p {
op: Operation::Sub,
left: Box::new(Expression::Value(20)),
right: Box::new(Expression::Value(10)),
}s
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println!("expr: {:?}", expr);
println!("Z23: {:?}", eval(expr));
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ol 4 = ohE dlo] £

This segment should take about 50 minutes. It contains:

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

AL EA: ¥k min - 20 minutes

13.1 "HAE

HAEA ddd eelol thsl impl EFof 45 AAstAHMES A2 & 4 AFUth

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

impl Race {
/1 A2 g, A4 mAEdYL.
fn new(name: &str) -> Self {
Self { name: String::from(name), laps: Vec::new() }
}

/] selfol tigt 57 W 97]/27] HAAJUTE.

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

}

/1 selfol tigh && B ¢7] ©& 2 HA2ddrt.

fn print_laps(&self) {
println! ("3} et {33, {} 47]:", self.laps.len(), self.name);
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}

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

/] selfo =& 493
fn finish(self) {
let total: i32 =

self.laps.iter().sum();
println! ("{} ol& &

Ei = # A7 {3, self.name, total);

fn main() {

}

let mut race = Race: :new("®u3 1%z al");
race.add_lap(70);

race.add_lap(68);

race.print_laps();

race.add_lap(71);

race.print_laps();

race.finish();

// race.add_lap(42);

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

&self: SESARRFE IR7bse =¥ F2 GA 02 AA &Y Fe debdy o 23 = o4
S 5% Hojx A48 5 s

&mut self: SEAZHE {3t
S 5% Hol= A8d 4 9d5Uth
self: T2 ZHE Ao 28U /1M AA =S EAZREH HAER o] sHU B4
=7 A E 2051 Hol A Mo R 43 AUL ThE 2O WHshA YerhE WA=
Z 59t FAN A= drop(EiAl) 24

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

A glg: F2A 9 A HAEZ Ut 2 FGAE AR oA HH, Ak &
5] new 2tal o] 2 U th

7H Fx gA R AA S S-S Uty oh A= H4

WA = koot Hlasto] 275 A E o] F 4 gl
&2 AAYa ge alo ald s
B) = Jd2HAS self 2 Z7|hYoh
- WA EE o] 8519 receiver EHS AHEE # A 1 A=
Utk MM ESo] o 7hs3E 2|0l Hojglo
ﬂﬁcr%mwrﬂsﬂfﬂJtﬂwa1Jﬁ<$ﬂﬂﬂ%44.
- Ao H% self: &Self o] 22 HAYS LeF1
A == Xl Holz= A= F5UHh
~impl 25 Yol Lt Self 7} o d 1l o Sehg o2 A8 4 9
- 7zA° BES 42wl § B718 AH8HEol self o HEIIE A}
£ M2 4 YU
— This might be a good time to demonstrate how the &self differs from self by
trying to run finish twice.
- self & A&3H= o] 2 WHE 9o] = Box<Self>9} o] oAl erglo =3 g5 5
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trait Pet {
/// Return a sentence from this pet.
fn talk(&self) -> String;

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

« EFlZ s EAS FASH7] 9I3l B o] 7hA{of k= of 2] MM =S4 gy

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

13.2.1 Implementing Traits

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

fn greet(&self) {
println! ("2, Ho! of&o] ®of? {}", self.talk());
}
}

struct Dog {
name: String,
age: 18,

}

impl Pet for Dog {
fn talk(&self) -> String {
format! ("YY, Al olg2 {3dUct.", 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.

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

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

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

trait Animal {
fn leg_count(&self) -> u32;

}

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

}
struct Dog(String);

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

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

fn main() {

let puppy = Dog(String::from("=]A"));

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

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

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

#[derive(Debug) ]

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

struct MetersSquared(i32);

trait Multiply {

type Output;

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

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

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

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

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

13.3 Eg|9li45]7]

A s ol et 2ol B ehelol A5 o2 TAT 4 &
#[derive(Debug, Clone, Default)]
struct Player {
name: String,
strength: u8,
hit_points: u8,
}

fn main() {
let pl = Player::default(); // 7|2 EEI)J€7 default’ AAIRIES =7
let mut p2 = pl.clone(); // Clone =292 “clone’ mLHILS'i%7F§LJQ:
p2.name = String::from("EldurScrollz");
/1 Debug EZ8l2 "{:?}" EIZ A& S ALFYrt.
printIn!("{:?} of {:?2}", pl, p2);
}
BE2 A2 E AREsto] FRE M B2 Ao BV} /-85 & AR EAFSH §&% 752 F
gtyrch of| 2 50] serde =#[derive(Serialize)] & AF&5}o] L2419 A H3} 2| LSAFETH

AEUH

Pxo

13.4 Exercise: Logger Trait

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

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

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

use std::fmt::Display;

pub trait Logger {
/// Log a message at the given verbosity level.
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fn log(&self, verbosity: u8, message: impl Display);
}

struct StderrlLogger;

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

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

}

// TODO: Define and implement “VerbosityFilter .

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

13.4.1 3HE
use std::fmt::Display;

pub trait Logger {

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

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

struct StderrlLogger;

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

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

}

/// Only log messages up to the given verbosity level.
struct VerbosityFilter {

max_verbosity: u8,

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

}
}

fn main() {

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

Slide Duration
QB (th2Qo) g4 5 minutes
A g ool g B 10 minutes

AU erd Ak (E=Ql 4A) 10 minutes
Eg|Ql £&3}17] (impl Trait) 5 minutes
AL EA: Ak min 10 minutes

141 9% (o)) 45

Rust supports generics, which lets you abstract algorithms or data structures (such as sorting
or a binary tree) over the types used or stored.
/77 “n° Zoll Wzt “even’ EE Codd S Aeguct.
fn pick<T>(n: i32, even: T, odd: T) -> T {
ifn%2==0 {
even
} else {
odd
}
}

fn main() {
println! ("A

("AdEiek =xfr {72y, pick(97, 222, 333));
println! ("Ad=s &

=0 {17}, pick(28, (", 1), ("Ael, 2)));

Hoz7utlstn g Ao 271
4% even + odd &

2
FAsAI2. 7t o pi 2= tetE Rust & o] S
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* Generic code is turned into non-generic code based on the call sites. This is a zero-cost
abstraction: you get exactly the same result as if you had hand-coded the data structures
without the abstraction.

14.2 AUE dlo] el Ere]

Ae g Abgstol WEol Bl 248 & 4 AUtk
#[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)
}

fn main() {
let integer = Point { x: 5, y: 10 };
let float = Point { x: 1.0, y: 4.0 };
println!("{integer:?} % {float:?}");
println! ("#3®: {:?}", integer.coords());

+  :impl<T> Point<T> {}olA T7} 2 = ¥ A& EU7}?

- A ol tigt Alu|g 1+& o] 7] Wi 2d Y. o] T AuEH 2 MESHHJY
- ol= Ydelo] BE Tof thaljA] o] wlAEEo| HolHtt= ﬁ%AUIEPLIE}.
— Itis possible to write impl Point<u32> { .. }.
# Point = oJA 3] Ay ol Point<f64>S AFESH 4% QAT o] BE 0] miAt =
Point<u32>% & £9l& Yt

o Jj 4 let p = Point { x: 5, y: )
HPE ALEoto] T2 B o] R AE7FX <

o
I
i

0
O(l;(l) i
1
Ju

14.3 A=

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}"))

}
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}

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

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

* The From trait will be covered later in the course, but its definition in the std docs is
simple.

* Implementations of the trait do not need to cover all possible type parameters.
Here, Foo: :From("hello") would not compile because there is no From<&str>
implementation for Foo.

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

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

14.4 A & ARt (EH A FA)

A= o] sttt BH gjlo] ojH EFols TS Qlofof ot A 7HAS U 2eoF 2 Ed
AL ”1]/\1 CEoES A WEAd YT

T: Trait &2 impl Trait & AHEstd €Yyt

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

~

}

// struct NotClonable;

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

* NonClonable & ¥F&=0] duplicate of HEal EA
« o] Egolo] B3t P& +& AHESto] ERalE 2 %@qq
* where #¥2 AMEE £ = ASsUH 2= ZEE A7 ¥ v 4+ sy

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

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

o] &5tH Bl w7 B2 ¢ o Al YA E HEsAIA st Hl =50l |

- Rust & o}4 5432 A UstA k& UTE o2 Sof AL duplicate 7t A= A9 54

14.5 E&|9+ds}7] (impl Trait)

EgQl B2 =9t FASHA impl Trait %2 sh49] ztetdteighol = 4§ 7y
/1 B2 Ay
// fn add_42_millions<T: Into<i32>>(x: T) -> 132 {
fn add_42_millions(x: impl Into<i32>) -> i32 {
x.into() + 42_000_000
}

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

fn main() {
let many = add_42_millions(42_i8);
println!("{many}");
let many_more = add_42_millions(10_000_000);
println!("{many_mozre}");
let debuggable = pair_of(27);
println!("H¥ 1 7}5: {debuggable:?}");

}

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 g Qzte] el o2 A E QLS 9ol impl Trait & EAAZ Qe ARl Aulg

ebel 2 ofm| gt

S2foi7} A7) ekefrhe 22 ejolgic o £ R Ml Eh ol &
2 3%l F&edu

7t g = oA B 22 odS U ofH T40) 2l Erdo] impl Foo = A1
Ho] A= B, L 7t AA R sk B2 44 FE A oldol = YRy 1A b5 U
collect<B<() -> B2 ZolAd &Y= 2&st= 4= B & TSk old Bl = &
g4 & Ut o] 49, T &35= 2o A= let x: Vec<_> = foo.collect() UE/EIA]
EHE M A foo.collect::<Vec<_>>() &-Zo] g8 EIUS YA HOZ B Folof &
AEHH

debuggable E}Ql2 F3iQ17}2? let debuggable: () = .. & A|Z3}o] 2F WA A7} o] G A

FA = =] gy
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14.6 Exercise: Generic min

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

use std::cmp::0rdering;

// TODO: “main o] AlgEE= °

3
’_l
>
ook
-+
|
4
rol
)
°
o

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

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

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

» Show students the Ord trait and Ordering enum.

14.6.1 S

use std::cmp::0rdering;

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

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

}

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

assert_eq!(min('a', '

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

assert_eq! (min("hello", "goodbye"), "goodbye");
assert_eq!(min("bat", "armadillo"), "armadillo");
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Al 15 &

Welcome Back

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

Segment Duration

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

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

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

AL EA: 7H2H 20 minutes

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

i
jaiy

2og A

i)

By

=
S

16.1 EFelolH e

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

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

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

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

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

16.2 ZEASFAMHAE

Rust comes with extensive documentation. For example:

» All of the details about loops.
- U8 TZL 7B B
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» Standard library types like Option or BinaryHeap.

A AL RS BMEFE 4 gy

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

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

if rhs == 0 {
return false;

=

-> bool {

}

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

~

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

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

16.3 Duration

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

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

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

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

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

position = name.find('Z");

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

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

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

16.4 Option, Result

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


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

use std::fs::File;
use std::io::Read;

fn main() {

let file: Result<File, std::io::Error> = File::open("diary.txt");
match file {
Ok(mut file) => {
let mut contents = String::new();
if let Ok(bytes) = file.read_to_string(&mut contents) {
println!("ttejojg]: {contents}({bytes}HI°|E)");
} else {
println!("otd ZH=E ¢& 4+ glgyd. ")
}
}
Exrr(err) => {
println!("ttolojglE & & gl&Uth. {err}");
}

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

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

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

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

16.5 String

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

}

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

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

s2.push('!");

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

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

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

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


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

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

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

16.6 Vec

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

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

o

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

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

v2.push(9999);

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

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

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

/1 A% S5 AA

v3.dedup();
println! ("{v3:?}");
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Vec & Deref<Target = [T]>EFFFUC ol:=Vec ollA] &etolAHINES 55 T 4+ JATh=
ojmjiyc.
* Vec is a type of collection, along with String and HashMap. The data it contains is stored
on the heap. This means the amount of data doesn't need to be known at compile time.
It can grow or shrink at runtime.
s Vec<T>& AU BFlo]7| = Fuch s T 2 2 ) 43)Z Bt glaUth o 49, gaE
Bt FEo] #WEfo] 2 F push st=HOlHZ T & & #AASHH.
svec![...] = Vec::new() tA & & A= XEMIAZEA, 27| HolHE F715H HH

it
oZ

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

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

16.7 HashMap

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

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

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

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

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

}

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

* HashMap 2 prelude °f| 72| ={of 1A 7] whEoll A2 22 57}8) 5 oF et
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ot FES HAESIEAQ. A EF0IA = siAR ol Ho] e HAFsto, o HEE g2
Rty 59 A Zol A= siAelsi g Aol = B9, AT a2 s Aol 371t H
1 grewstu

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

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

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

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

pack
7o
-
ilc

16.8 A&EEA|: 7I-=H

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

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

use std::collections: :HashMap;

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

values: HashMap<u32, u64>,
}

impl Counter {
/11 A Counter & wHsurth,
fn new() -> Self {
Counter {
values: HashMap: :new(),
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}

/11 ARE e B sleE Ao,
fn count(&mut self, value: u32) {
if self.values.contains_key(&value) {
*self.values.get_mut(&value) .unwrap() += 1;
} else {
self.values.insert(value, 1);
}
}
/11 AQE o]l BEAIE Sl4E Pr&dyo.
fn times_seen(&self, value: u32) -> u64d {
self.values.get(&value).copied().unwrap_or_default()
}
}

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

for i in 10..20 {

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

}

let mut strctr = Counter::new();

strctr.count ("At");

strctr.count("2#A");

strctr.count ("AF");

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

16.8.1 g

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

it
ol
-+
|
)
o
d
°
o

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

}

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

}

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

}

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

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

for i in 10..20 {
println!("{} 7He {} 2= A3y ch. ", ctr.times_seen(i), 1i);
}

let mut strctr = Counter::new();

strctr.count (A" ;

strctr.count("2#A");

strctr.count("At");

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

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

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

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

PartialEq and Eq

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

id: u32,

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

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

self.id == other.id
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}

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

PartialOrd ¥ Oxd

PartialOrd + partial_cmp HIA EE AHESto] R EEAE BT <, <=, >=, > A4k}
@shi HlAhgH Y
use std::cmp::0rdering;
#[derive(Eq, PartialEq)]
struct Citation {
author: String,
year: u32,

i

Lr—L

}
impl PartialOrd for Citation {
fn partial_cmp(&self, other: &Self) -> Option<Ordering> {
match self.author.partial_cmp(&other.author) {
Some (Ordering: :Equal) => self.year.partial_cmp(&other.year),
author_ord => author_ord,

}

Ord & A &4 A% o]H cmp = Ordering 4HsHg o},
PartialEq A2 ok ebg) 2ol 73D 4 A5 Eq 78D 4 fl&Uch Ak o) 7] WY
o}.
struct Key {
id: u32,
metadata: Option<String>,
}

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

A2 o]l e E AL 44

|0
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rlr
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e
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17.2 Iterators

AN eHEEE= std: iops o Y= HFF ERClES SelF@HYUh

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

x: 132,

y: 132,
}

impl std::ops::Add for Point {
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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 };

printlint ("{:?}y + {:?2} = {:?2}", pl, p2, pl + p2);
}

=23

* You could implement Add for &Point. In which situations is that useful?
- H:Add:add = self & é}l—]t} qkoF EFQ) T 7} Copy Ed|OlS 35t
RI&T ol o) A = JJXP ibﬂi d< sfof Ut o]FAIsHE TEFoA =X
A 1 4 syt
« 9 Output o] ATE EFYQI7LR? EFY TetHE 2 WS 4918722
— Short answer: Function type parameters are controlled by the caller, but associated
types (like Output) are controlled by the implementer of a trait.
* Add & o] &3lA M2 thE F 7 8l S He & gy ol & 0] impl Add<(132,
i32)> for Point £5Z ; Point ol B 4= 1A 3l F4tt.

17.3 From3} Into

EFQl-S go|st PEe Qs From I} Into S7 3

fn main() {
let s = String::from("hello");
let addr = std::net::Ipv4Addr::from([127, @, @, 11);
let one = i16::from(true);
let bigger = i32::from(123_116);
println!("{s}, {addr}, {one}, {bigger}");
}

From o] 3™ Into QA At5 o2 1A E Y}

fn main() {
let s: String = "hello".into();
let addr: std::net::Ipvd4Addr = [127, @, 0, 1].into();
let one: il6 = true.into();
let bigger: i32 = 123_1il16.into();
println!("{s}, {addr}, {one}, {bigger}");

« 2%7] wj 2ol A-&2} o] egl o] H S0l Fr
b ”Stl‘lng OE ﬁﬂ%#%%i% 7/-17;—, E]_%.é_j]_
sfloF @& A shAl 2. 2efok, P4 From &

A2 B 4 Q.

o
3
l-EI
el
el
ol
ol
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174 HZXE

Rust ol =  HEo] ATt as & AHE

22 et Fojgyr.

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

e

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

}

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

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

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

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

o &etol £7} 24 3 ZA| 4of7ke o] F&U

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

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

17.5 Read®}Write

Read ¢} BufRead EAF&5tH u8 EFQ 9] Hlojg] 2AERE ¢l 2 4 AHUh
use std::io::{BufRead, BufReader, Read, Result};

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

}

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

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

}

o} H| 54|, Write & AF25HH u8 EFYl o] TlojE & &4 gl th
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use std::io::{Result, Write};

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

}

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

17.6 Default Egal

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

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

X: u32,

y: String,

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

struct Implemented(String);

impl Default for Implemented {
fn default() -> Self {
Self ("= Aun|A" into())
}
}

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

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

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

« E201 A4 73U #[derive (Default)] & £l Aol 7
Yr,

« ATt A BAHE A5 FHe] 49 RE WEo s 7B e AT AAHAS

N[=3
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_ oj= 3xAe] 7 BE B So] % Default E&|ol S0k &2 ojngut.
. P AE EF AT S Y Default S TAST UOH, 7B @ oL} "M o] Ths
3 ey,

* The partial struct initialization works nicely with default.

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

* The .. syntax is called struct update syntax.

17.7 Z=Z# (Closure)

22 S dgEF AL Jyed Yyt o] 52 Fn,FnMut, FnOnce 2= E¥3E E79]
Uk
fn apply_with_log(func: impl FnOnce(i32) -> 132, input: i32) -> i32 {
println!("Calling function on {input}");
func (input)

o
e

k!

}

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

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

let multiply_sum = |x| x * v.into_iter().sum::<i32>();

println! ("multiply_sum: {}", apply_with_log(multiply_sum, 3));
}
Fn(el & S0l add_3) & A ¢S 2R HAE A7, B2 ol | AE WH5HA) R4S 4= 3
7] Wil BAlol o2 E & 4 A5
FnMut(ell & 01 accumulate) & A S HAT 8= ofg ¥l T 52 7HESHAI T S A0
T sy
FnOnce (o2 S°] multiply_sum) & 7 S E 5 o742
FnMut + FnOnce o] st et Ut Fn 2
FnOnce 7} 525 = o] of )ALt AHE &
oE A 29ls YUt
When you define a function that takes a closure, you should take FnOnce if you can (i.e. you
call it once), or FnMut else, and last Fn. This allows the most flexibility for the caller.

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

Antde e 2RA7 LA AR o what Copy(el & 5ol add_3) # Clone(l & Eof
multiply_sum) SobA =23t
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NEHos F2A L, shsstt, H2E AHES A S Ptk move /A ES AW o2 U7t
gyt
fn make_greeter(prefix: String) -> impl Fn(&str) {

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

}

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

17.8 A& EA: "ol E g

°l oo A= 7]&2] "ROT13” Y& sts F+37t L5 Edolazt o] SAfstal =2t H]
EFddYT A7) 05| f &g UTF-8 Q1A &elste ™ ASCIL J-Z A M 5hA| 2.

use std::io::Read;

v
]l
T
=
i)
il

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

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

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

#[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 };
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let mut buf = [Qu8; 256];
assert_eq!(rot.read(&mut buf).unwrap(), 256);
for i in 0..=255 {
if input[i] != buf[i] {
assert!(input[i].is_ascii_alphabetic());
assert!(buf[i].is_ascii_alphabetic());

}
}
247} 13 2H4 3|3 5h= F 71 2] RotDecoder AAHAES g7 A o] 5 oA H7ta?

17.8.1 Y
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 { 'a' } as u8;
*b = (*b - base + self.rot) % 26 + base;
}

}
Ok(size)

}

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

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

#[test]
fn joke() {
let mut rot =
RotDecoder { input: "Gb trg gb gur bgure fvqgr!".as_bytes(), rot: 13 };
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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; 256];
assert_eq! (rot.read(&mut buf).unwrap(), 256);
for i in 0..=255 {
if input[i] !'= buf[i] {
assert!(input[i].is_ascii_alphabetic());
assert!(buf[i].is_ascii_alphabetic());
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o 20tE ZRIE: EF 2lo|He 2] ZIEH &

Agoof

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

Segment Duration

ne 3 minutes
m e #e] 1 hour
A0FE EQIE|l 55 minutes
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This segment should take about 1 hour. It contains:

Slide Duration
zza o|2e AE 5 minutes
PR el 10 minutes
A8 5 minutes
Move &H 5 minutes
Clone 2 minutes
23} g4l 5 minutes
Drop 10 minutes
AL EA: HE gl 20 minutes
19.1 =203 g2 HE
T2 P F A o g e s ggdhych
o AEL 2 HAE QT ASHA HEe Y
- 7] AFE = 2 AT A 2HE = 1Y 375 2S5
— o whE: v e Shg/Rtgho] T2 A EQIE Q] o] FRto 2 LA H Y}
- 7t A2 St EE2EH S E T, g EetH g E Yo
- 2" Q= E2 w9 =2 M2 ™S 7 YT
o 33 SE/E "I A glo] fAH = Fhol A E = 2.
- 7 AR E = 2 20 A 2 3717 2HE U
- A Hop= v v e S /REeA] sfof & do] & o syt
- oz JAHAYS BAshA] gsU.
ol A

String < sty BHEA] HH, AElofl= 1 H 2719 HE} o] B 7HY A = L,

o[, F, A A, o] B4tk
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fn main() {

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

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

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

is rightfully unsafe!
fn main() {

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

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

A7) AARYT.

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

~ o7 ATto) maw m2 dauE Axg,

-transmute(sl);

")

o
.

A

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

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

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

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

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

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

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

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

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

s2 2 o]5 M Hj=g:

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

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

}

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

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

W

(23 ol5 A

« A7z olFHE A

N

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

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

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

gyt

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

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

say_hello i:

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

0|3 main &40 A= name S AF2E £ gl TH

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

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

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

CRE TR

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

"Cpp";
s1;

std::string sl
std::string s2

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

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

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

EAF =

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

+ C++i Rust 9 O o2 A2 315U Th =& dlol 5 S RAHE2 2219 glo|e)7} S5 o]
oF U, 124] o wl Eae EolLb7t 9IS Yol wl double-free 7 WAIGH T,

o C++oll= G2 o] 5 £ = A HS et = g AFRE = std: imove =5 UTh o7 s2 =
std: :move(sl) o] ctA 7 gFo| e YstA] gk& Lt o]F Fojl= s1 o] F&5HA T A =
2] ke xtef7F FuUch Rust 9 @8] T2 i s1 2 AL AFRSH &9l4 )

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

19.5 Clone

o
s

He 49-= 214Ut Clone E39l&AHEshH Hrt.

#[dexrive(Default)]
struct Backends {
hostnames: Vec<String>,
weights: Vec<f64>,

ot

}

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

}

Clone 9] 7id 2 & o] HrAyst= QXS A dotl=Ad Yt .clone() ¥ Vec: :new =+
Box: :new &t Zr2 t}2 I =& ZtolFgUt},

U9 BAIE A ol R e TE D el A Y slel HYTER Asteieln Al
27h gy
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19.6 2¥Er

o] 50| 7|2 Aol A2k, £ el BAEHUTh
fn main() {
let x = 42;
let y = x;
println!("x: {x}"); // would not be accessible if not Copy
println!("y: {y}");
}

o]t EFJIE2 Copy EFQS +HT Yt

A THE B S Copy E|SlE F¥st] BALE 2 4 lsYth
#[derive(Copy, Clone, Debug)]

struct Point(i32, i32);

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

g =, pletp2 = A4le diolHE 25Ut
A4 o =2 pl.clone() & AHE5t HlolEH & EAME 4 JA&HY T

EAL (copy) & 54 (clone) & ZA] &5yt

s BAbE v o) Yge Trie o o e AL o|njatu, ofR A o) At of XY skAl
rs U

« Babs A 2B 2 @ 4 glaUTh (Creol A BAH VGRS B BAHEAS Qloj2 1HT 4
9l Az} vl w7t gyrh)

« B =} JukEQ Zelo]n, Clone 3|0l THato] BAA S-S A Ao 2 & 4
&uth,

« Drop E2912 73 B BAE A e,

19 o Aol A T+ Al s BAI7] uhUTh:

* Point 2 Ao String BES F7IstAI 2. Aot HAgES AUt kst String 2
Copy EZSlSF@sH A 7] W2 A

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

+ pl & BASHH 2 SAYS Sols) B

=

of et

30

19.7 Drop E9l

Drop E| U&7 @S, 1 gho] ATE 9o 2 Uz o AgY 2E

struct Droppable {
name: &'static str,

iy
et

2%

}

impl Drop for Droppable {
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fn drop(&mut self) {
println!("{} 2Al ", 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! ("B EFolA U7t7]");
}
println! ("A EEolA Urt7|");
}

drop(a);

println!("maincolAl Yzt7]");
}

* std::mem: :drop 2 std::ops::Drop: :drop I ZX| &Yt

- ghol W9l S Holutw Abgo 2 AAE YT,

o Zro] AAd wj std: :ops: :Drop & 35t Drop: :drop 7+&¥ o] &HYrch

« 12 Drop ++& o Fet BAglo] Y BEE B F ”Xﬂgqﬁ}

» std::mem: :drop & S AFESHE Wl St4dUnh o3t oo 4A8W S VA ER HY
2ol N A Eicks AUt gk WS HolY vt e 2k WAHO R AT 4
EERR- O

~ o= drop ol A 42 siA, 5+ 2] 59 A Agst=AH ol 488 4+ &yt
=o]H:

* Drop: :drop 2 9ff self & QAR ¥2] FHY7}?
—@%fﬂh@% 27 @t std::mem::drop ©] EEQEoA &
Dmp :drop & SE5H Hof, Al Z 27} WAt}
» drop(a) & a.drop() & HA3| EA|7] vighu o),

i
i)
H
iuf
>

19.8 HAEEA:: YEE

o] ool M BE Elo|E & 4 g5
g st AEstE R Ak 9lsl e el & ALE

robE RS AL

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

}

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

}

/11 2ZES] W7AS verdyct,
#[derive(Debug) ]
struct Package {
name: String,
version: String,
authors: Vec<String>,
dependencies: Vec<Dependency>,
language: Option<Language>,

}

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

/17 H71AE dejduck. “build() & AH&3te] “Package’ AAE wHEYTh.
struct PackageBuilder(Package);

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

/17 B71A HES APyt

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

}

/17 ﬁH7]X] X_]—/Kéx].% /é;g%q‘:}_

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

¥

/11 &5 F5e FRYGH.
fn dependency(mut self, dependency: Dependency) -> Self {
todo! ("4")
}
/11 doiE AAEFUT. HASHA gom dojrt 722 Co2 None o= AAHUG.
fn language(mut self, language: Language) -> Self {
todo!("5")
}

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

}

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

19.8.1 sig

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

#[derive(Clone, Debug)]

struct Dependency {
name: String,
version_expression: String,

}

/11 2ZEgo] W7NS vhehdUct,
#[derive(Debug) ]
struct Package {
name: String,
version: String,
authors: Vec<String>,
dependencies: Vec<Dependency>,
language: Option<Language>,
}

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

/17 H71A& deduct, “build() S ARE3lo] “Package’ AAHE o
struct PackageBuilder(Package);

i
T
o

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

/17 B71A HES APyt

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

}

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

}

/11 &% F5e FRYGH.

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

}

/17 dolE AU, AAsHA] god doj7t 72X o2 None o2 HAHYT}.
fn language(mut self, language: Language) -> Self {
self.®.language = Some(language);
self
}

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

fn main() {
let base64 = PackageBuilder::new("base64").version("0.13").build();
println!("base64: {base64:?}");
let log =
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PackageBuilder: :new("log").version("0.4").language(Language: :Rust).build();
println!("log: {log:?}");
let serde = PackageBuilder: :new("serde")

.authors(vec!["djmitche".into()])

.version(String::from("4.0"))

.dependency(base64.as_dependency())

.dependency(log.as_dependency())

.build();
println!("serde: {serde:?}");
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Al 20 B

A0} E i 9] ]

This segment should take about 55 minutes. It contains:

Slide Duration
Box 10 minutes
Rc 5 minutes
Edg|al A 10 minutes

ALEA:HlolH g E2] 30 minutes

20.1 Box<T>

Box =% dlo]Efoll tigt &f ZIE I}
fn main() {
let five = Box::new(5);
println!("five: {}", *five);

}

Stack Heap
five :
+----- + . +----- +
T et I
+--m-- + : +--m-- +

Box<T>2 Deref<Target = T>EFHIYth o= Box<T>o|A THAMEES A4 &

£ ojujglyrt.
A7) Elo et £1 279 oo & el Box EFYS AR&afokeiuh:

#[derive(Debug) ]
enum List<T> {
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https://doc.rust-lang.org/std/ops/trait.Deref.html#more-on-deref-coercion

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

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

}
Stack Heap
list
Fomme oo Fomme oo Fomm e - S — Fomm - S ——
| Element | 1 | O--+----4----- +--->| Element | 2 | 0--+--->| Ni1 | // | // |
R et F----t----+ : - +----+----+ F------ +----+----+
* Boxislike std: :unique_ptr in C++, except that it's guaranteed to be not null.
* Box = ofai9f 7ol &2t
- B 275 AL Aol & 5 Qe B
- ofx 2 dlojele] £ pWS ALt AL A9, Adof 9l 2ol el S 2ASH= o4l Box
£ o|-gato] elo]el = Foll A sk RIElRt o] Faw Pulch,
 If Box was not used and we attempted to embed a List directly into the List, the
compiler would not be able to compute a fixed size for the struct in memory (the List
would be of infinite size).
* Box & ¥4 ZIE|e} A27]7F 27] W&ol 271& Alitste vleA7t elsu e ohet ol 9|5
List o thg @42 7h2| 7 ey,
* 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.
C AT 27

Yyx] (EM) 2 &3 (Niche Optimization)

#[derive(Debug) ]

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

}

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

}
Box & H|o] & 4 l&Uth wetA T = F4 §a35tH null o] obd Ut o] = AU 2|7} v
w2 glojob2g HH 3} & £l AF Uk
Stack Heap

list :

R et I e il : R R e il

| Element | 1 | O--+----4----- +--->| Element | 2 | // |

SR, B S : O T
20.2 Rc

Rc == 7He® o/ ZAEA YT of 3 fx|ollA FL3t tlol8 & Fxslobd 4 ¢ ARyt

use std::rc::Rc;

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

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

}
o HE|AY E 7ol A ZFAot= 49 Arc oF Mutex E3FXsHA Q.
* drop 753t &3 122 9H57] 9o 28 ZOE S Weak ZQIEHE _theagole g 4% 9]
Yt
* Rc = ZZ 7MLEES 55 27 d+ 542 Re 7171 712 = o] wlE ol A A =l #] ¢

o
H
o
w3
L
In)

o] std: :shared_ptr ¢ FAFYTH
e 2 H|-&o] A9 & HUTh 22 L& 77| =2 E sty ¢ THEL, R IR E
d

Lo

=+
o +
=

o © Qoo X oy

L]

(
EA7IJA =2 HES uf YHIA S 2 Rc & clon
* make_mut = AA = HQa3%t F ol UF F=5A5tL ("clone-on-write”) 7} 22 & vhehgt

Yyt
o FZ 7FEEZS IstE ™ Re: :strong_count S AHE35HA Q.

* Rc: :downgrade gives you a weakly reference-counted object to create cycles that will
be dropped properly (likely in combination with RefCell).

20.3 Edg oA

Eoj9l AR ehelo] The g (15 Sof A4

Ip
&
N
%}
il
o
_}I_
i
4
30
)
)
o
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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! ("¥Y4Y, Al ol {}¥ytct.", self.name)
}
}

impl Pet for Cat {
fn talk(&self) -> String {
String: :from("tF2!")
}
}

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 £ &3t o] F 2] M| &2 F o]oz:
Stack Heap
"pets: Vec<dyn Pet>" : : "data: Cat" e L,
R tommo o + : R e + | F | 1 | d | o |
| ptr | 0---+---+--. | lives | 9 | LR e LR LT
| 1len [ 2 | I tommmoo- + A
| capacity | 2 | S A
R T + S | R
S | data: "Dog" |
S | R e +
—————————————— S tooo | -t--- -t | name | o, 4, 4 |
~-+-->] 00 | 0 0-|----- >| age | 5 |
. +----+-]---+ +------- e +
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|
. | .
: | | vtable :
: | | e + :
: | Te---- >| "<Dog as Pet>::talk" | :
: | e + :
: | vtable :
: | R LR e + :
: B >| "<Cat as Pet>::talk" | :
: o e e e e oo o + :

"Program text"

» Types that implement a given trait may be of different sizes. This makes it impossible to

have things like Vec<dyn Pet> in the example above.

« dyn Pet o]2tal st o] BfJ o] A7]= FA oM Pet @Sk okl Hupd oA 45

e DY
+ o] ool A= pets 7k 28jo] FYE T W] clolel Yol & rich. F 4
e,

fat ZQIE_

— Afatpointeris a double-width pointer. It has two components: a pointer to the actual
object and a pointer to the virtual method table (vtable) for the Pet implementation

of that particular object.

— ©o]&o°]| Fido %I Dog 9] dlo]E= name ¥ age ¥ =Yt} Cat o= lives 2 =7 54

ct.
* of2ff Z=9o] A¥fel Hl s AL

println! ("{} {}", std::mem::size_of::<Dog>(), std::mem::size_of::<Cat>());
printIn! ("{} {}", std::mem::size_of::<&Dog>(), std::mem::size_of::<&Cat>());

println!("{}", std::mem::size_of::<&dyn Pet>());
println!("{}", std::mem::size_of::<Box<dyn Pet>>());

204 QFEA: Ho| {2 EZ

Hlo|4a] Egls BE L Toj £ 719 519 24 (P21} 2 22) 7} 9=
7 w7} ghS MYt B2l S e AgUh R0 =E N9 B
Ercg e 2rFsty, No 2EZE 519 Eglo] Q= HE L
A4 EAET EHSGEE b B Y S TAG U

27} 2250 2 S AU Beahs vhol v Exlof didh g AT,

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

/// A possibly-empty subtree.
#[derive(Debug) ]
struct Subtree<T: Ord>(Option<Box<Node<T>>>);
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/77 vrolde) B Abgstel gt Wde AAetEs Aoyt
/17
/17 5L ol oz} ¥ FrhEm o Wk AFPU
#[derive(Debug) ]
pub struct BinaryTree<T: Ord> {
root: Subtree<T>,
}
// Implement ‘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); // 5 FEo] ofduch,
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, falsel);
tree.insert(0);
check_has(&tree, &[true, false, false, false, false]);
tree.insert(4);
check_has (&tree, &[true, false, false, false, truel);
tree.insert(4);
check_has(&tree, &[true, false, false, false, true]);
tree.insert(3);
check_has(&tree, &[true, false, false, true, true]);
}
#[test]

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

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

20.4.1 SiE
use std::cmp::0rdering;

/// A node in the binary tree.

#[derive(Debug) ]
struct Node<T: Ord> {
value: T,

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

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

/77 vroldel EZE Abgstel 3t WS AFse Aol
/117
/11 &3 grol ofz ¥ FriEw g ®vk Y.
#[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()

}
}

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

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

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

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

b

}

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),

b

}

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

}

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

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

}
#[cfg(test)]

mod tests {
use super::*;
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#[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); // 1% &&o| ofdict.
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, falsel);
tree.insert (0);
check_has (&tree, &[true, false, false, false, falsel);
tree.insert (4);
check_has(&tree, &[true, false, false, false, truel);
tree.insexrt(4);
check_has(&tree, &[true, false, false, false, truel);
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));
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A 21 &

Welcome Back

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

Segment Duration

=1 50 minutes
s 1 hour and 10 minutes
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Al 22 A
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This segment should take about 50 minutes. It contains:

Slide Duration

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

22.1 9

As we saw before, instead of transferring ownership when calling a function, you can let a
function borrow the value:

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

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

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

e add g+= F Point A ZHe 3 _otA |22 Point Z4A| & Hhgkstyct,
(main &<) ol A5

227}
o] Zefol =t 19 Aho] HEE UE ARE PESE 202, of7F BYEolS ASot M e =
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sl S e 2 Rishe 2ol et P

ok

* Demonstrate that the return from add is cheap because the compiler can eliminate

the copy operation. Change the above code to print stack addresses and run it on the
Playground or look at the assembly in Godbolt. In the ”"DEBUG” optimization level, the
addresses should change, while they stay the same when changing to the "RELEASE”
setting:

#[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:?}");
}
g AE Auopd = vrehgt 2|4 (RVO) € 3 4 AU
C++oll A copy elisio % Ay Afo] B ’\&4 7hs/d o] Slof Aojeel ol 7t H Q5 A| T 2{ A
Ewﬁbfﬂﬂﬂl qqﬂPﬂwoﬂméPﬂg_ﬁﬁié%%ﬁﬂ%ﬂl;%@ﬂ
memcpy SAFE ST AU
22.2 ¥

Rust's borrow checker puts constraints on the ways you can borrow values. For a given value,

at any time:

* You can have one or more shared references to the value, or
* You can have exactly one exclusive reference to the value.

fn main() {
let mut a: i32 = 10;
let b: &i32 = &a;

{
let c: &mut i32 =

*c = 20;

&mut a;

}

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


https://play.rust-lang.org/?version=stable&mode=release&edition=2021&gist=0cb13be1c05d7e3446686ad9947c4671
https://rust.godbolt.org/

Sohs Fxoh 2L Aol _EA_siAE o Byt xR xE s A F25H %4

L

+2u37 wedyd,

e bof thgt println! FES c 7t Y 2FZT YO 2 0]FF

+ 0|9 kL, AT ¢ 7k a & 19 a2 el Mol b} LS HThE AE Selg 4
A5yt 18 HAz] 9ol 3k 7] 52 “non-lexical lifetime” o]2tar gHu .

» The exclusive reference constraint is quite strong. Rust uses it to ensure that data races
do not occur. Rust also relies on this constraint to optimize code. For example, a value
behind a shared reference can be safely cached in a register for the lifetime of that
reference.

« U3 A7) F2A 9] of2] BEof et HieA] 2 E S0 7HH =5 o2 bz Rl oY
2 &ote= AAE s Uth shA R At 27l A7stA] Fa "™ A7 eke] F-E70] A st

= Ao gy

At 57 gy ksl ¢ £ a & b4z 9D, oo B4
™

rl

22.3 As28A

In some situations, it's necessary to modify data behind a shared (read-only) reference. For
example, a shared data structure might have an internal cache, and wish to update that cache
from read-only methods.

The ”interior mutability” pattern allows exclusive (mutable) access behind a shared reference.
The standard library provides several ways to do this, all while still ensuring safety, typically
by performing a runtime check.

RefCell

use std::cell::RefCell;
use std::rc::Rc;

#[derive(Debug, Default)]
struct Node {
value: i64,
children: Vec<Rc<RefCell<Node>>>,

}
impl Node {
fn new(value: i64) -> Rc<RefCell<Node>> {
Rc::new(RefCell::new(Node { value, ..Node::default() }))
}
fn sum(&self) -> i64 {
self.value + self.children.iter().map(|c| c.borrow().sum()).sum::<i64>()
}
}

fn main() {
let root = Node::new(1);
root.borrow_mut().children.push(Node: :new(5));
let subtree = Node::new(10);
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subtree.borrow_mut().children.push(Node: :new(11));
subtree.borrow_mut().children.push(Node: :new(12));
root.borrow_mut().children.push(subtree);

println! ("ZaZ: {root:#?}");
println!("Z=i= A : {}", root.borrow().sum());

Cell

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

The main thing to take away from this slide is that Rust provides safe ways to modify data
behind a shared reference. There are a variety of ways to ensure that safety, and RefCell
and Cell are two of them.

* RefCell enforces Rust's usual borrowing rules (either multiple shared references or
a single exclusive reference) with a runtime check. In this case, all borrows are very
short and never overlap, so the checks always succeed.

* Rc only allows shared (read-only) access to its contents, since its purpose is to allow
(and count) many references. But we want to modify the value, so we need interior
mutability.

* Cell is a simpler means to ensure safety: it has a set method that takes &self. This
needs no runtime check, but requires moving values, which can have its own cost.

* Demonstrate that reference loops can be created by adding root to subtree.children.

» self.value & Z7IA 7| =W A =9 fn inc(&mut self) 2 F7135t2 I Wl E=E%
Allr oA S&35tAM 2. 12|¥ thread 'main' panicked at 'already borrowed:
BorrowMutErroxr' EtQ] wjdo] W3S HolAlQ.

22.4 AL EA: Aayo|glojHE
e A% AEE BUEYs e A AYe THtE dg
el 5715 FHsoryr.

You'll start with a stubbed function in an imp1 block as well as a User struct definition. Your
goal is to implement the stubbed out method on the User struct defined in the impl block.

b glauch 19go 2 gAL ALg bl

ot

™Y ol
oy >

Copy the code below to https://play.rust-lang.org/ and fill in the missing method:

TODO
#! [allow(unused_variables, dead_code)]

#![allow(dead_code) ]
pub struct User {
name: String,
age: u32,
height: 32,
visit_count: usize,
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https://play.rust-lang.org/

last_blood_pressure: Option<(u32, u32)>,

pub struct Measurements {
height: 32,
blood_pressure: (u32, u32),

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

}
impl User {
pub fn new(name: String, age: u32, height: f32) -> Self {
Self { name, age, height, visit_count: @, last_blood_pressure: None }
}
pub fn visit_doctor(&mut self, measurements: Measurements) -> HealthReport {
todo! ("B ol OE SAHUES 7INteE AMEA FAE Ul EFYLT.")
}
}

fn main() {
let bob = User::new(String::from("Bob"), 32, 155.2);
println! ("= {}ola, yol= {}AdYrct.", 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);

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

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

2241 HF
#![allow(dead_code) ]

129



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, 1i32)>,
}

impl User {
pub fn new(name: String, age: u32, height: f32) -> Self {
Self { name, age, height, visit_count: 0, last_blood_pressure: None }

}

pub fn visit_doctor(&mut self, measurements: Measurements) -> HealthReport {
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.0 as 132 - 1lbp.® as i32, bp.1 as 132 - 1lbp.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! ("= {}ola, vol= {}AdYct.", bob.name, bob.age);
}

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

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

assert_eq! (report.visit_count, 2);
assert_eq! (report.blood_pressure_change, Some( (-5, -4)));
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This segment should take about 1 hour and 10 minutes. It contains:

Slide Duration
Slices: &[T] 10 minutes
51/ (dangling) &= 10 minutes
St S EoA o] 1 10 minutes
e 5 minutes
Rl 5 minutes

AL EA: Protobuf @4 30 minutes

&salolAae AP AR (52 WA & BoFE= H (view) YYth
fn main() {

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

let s: &[132] = &a[2..4];

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

}
o Selo|AETHE (&8to]A H) Y2 RE HiojHE ¥ U}
s AF:s & &5 Aol a[3] & £ 5HH F&do] Jlojg7ta?
o SElo]AE 94 a & TS, AZ & AP AEE ] ([]) ol A1 A] ehE Yo
o &eto|ATFRIE A 0 BE ARFRTHH A2 A A= A2k 7y T S&a[0. .a.1len()] ¢+
&a[..a.len()] =5<3yr}.
o mpxjat QIAAE ek 7Hs gt 2eA &a[2. .a.1len()] @t &a[2..] = 5L Y
o whEbi] A v Lol thst Eetoj A= &al. .1 7FHUTh

132



+ s £ 132 52 o] 2ojzl Zato] Ao Tt

= Fzdurch s o et (&[132]) of vi B 2] 7] 7} kA
Aol FE55tA 7] vttt &, &2fo] A5 o] &5tH thdt Zol9] HlolHEthE 4 A&

Slices always borrow from another object. In this example, a has to remain 'alive' (in
scope) for at least as long as our slice.

The question about modifying a[3] can spark an interesting discussion, but the answer
is that for memory safety reasons you cannot do it through a at this point in the execution,
but you can read the data from both a and s safely. It works before you created the slice,
and again after the println, when the slice is no longer used.

23.2 9]/ (dangling) =

o] 4] Rust ] & 7}2] 221 €}9]-S o] &)&
7} 7bH Zo]ol I g (UTF-8) o2 A AHY

A5 UTH &str 2719 &[char] < H]£5}A| 5t g o] E]

fn main() {

}
2]

let sl1: &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[6..];
println!("s3: {s3}");

AE %01.

Yct. wa eme*( Hello") 2213 uho|uieoll AAH ),

2| AE9 String g e A B L —Ez}og 2 o] 2L uho| Eof thatule (Vec<us>) Yyt
Vec<T>7| T & 49312 91%ol, String ol 7271 4 E4L2 String o 48Uk,
As with many other types String::from() creates a string from a string literal;

String: :new() creates a new empty string, to which string data can be added using
the push() and push_str () methods.

ek £49 Sofol st UTES 29398 bl ool olel
o"
Al

The format! () macro is a convenient way to generate an owned string from dynamic
values. It accepts the same format specification as println! ().

You can borrow &str slices from String via & and optionally range selection. If you
select a byte range that is not aligned to character boundaries, the expression will panic.
The chars iterator iterates over characters and is preferred over trying to get character
boundaries right.

For C++ programmers: think of &str as std: :string_view from C++, but the one
that always points to a valid string in memory. Rust String is a rough equivalent of
std: :string from C++ (main difference: it can only contain UTF-8 encoded bytes and
will never use a small-string optimization).
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* Byte strings literals allow you to create a & [u8] value directly:

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

23.3 4+ 5Z0X Y4

A reference has a lifetime, which must not “outlive” the value it refers to. This is verified by
the borrow checker.

The lifetime can be implicit - this is what we have seen so far. Lifetimes can also be explicit:
&'a Point, &'document str. Lifetimes start with ' and 'a is a typical default name. Read
&'a Point as”a borrowed Point which is valid for at least the lifetime a”.

Lifetimes are always inferred by the compiler: you cannot assign a lifetime yourself. Explicit
lifetime annotations create constraints where there is ambiguity; the compiler verifies that
there is a valid solution.

LS gl e ALST Faol M 2hS W

T

rr

A9E 12 o o2 gsyych
#[derive(Debug) ]
struct Point(i32, i32);

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

fn main() {
let pl: Point Point (10, 10);
let p2: Point Point (20, 20);
let p3 = left_most(&pl, &p2); // p3°l e ofds =ipa?
println! ("p3: {p3:?}");

}

In this example, the compiler does not know what lifetime to infer for p3. Looking inside the
function body shows that it can only safely assume that p3's lifetime is the shorter of p1 and
p2. But just like types, Rust requires explicit annotations of lifetimes on function arguments
and return values.

'a & left_most ol HAs}A F7Fayt.

fn left_most<'a>(pl: &'a Point, p2: &'a Point) -> &'a Point {
,"a Btk 2 2| &5 = pl 7 p2 7F o™ vEg Zhe A% a 5ot R A HY T

Aduty oz prje ohg Sefolmoj AyE g2 e 4 glSUTh

i
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23.4 S SEA o4

Lifetimes for function arguments and return values must be fully specified, but Rust allows
lifetimes to be elided in most cases with a few simple rules. This is not inference - it is just a
syntactic shorthand.
- 4% FA4 0] gl 2} 4ol Sby Al EY
¢« g ol OMU AE B¢ FA A2 A F2 ZE W oAl sy o
Q ks 4H43‘H7}se1f4 ol s AA 7172 FA A2 A e 2

%‘

#[derlve(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)));
H
}
nearest.map(|(p, _)| p)
}
fn main() {
println!(
{7y,
nearest(

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

)i
}
o] ojlojl A cab_distance & 7hs] AFg ULt
nearest ¥4e 4ol of 2 Fx7b E3tE| o] PA|H FA o] Qe T THE ol & A

whahEl o] el ARY HEE AYSEA HAL.

o
E?l'.
°
Ia)

fn nearest<'a, 'g>(points: &'a [Point], query: &'q Point) -> Option<&'qg Point> {

This won't compile, demonstrating that the annotations are checked for validity by the
compiler. Note that this is not the case for raw pointers (unsafe), and this is a common source
of errors with unsafe Rust.
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https://doc.rust-lang.org/nomicon/lifetime-elision.html

Students may ask when to use lifetimes. Rust borrows always have lifetimes. Most of the time,
elision and type inference mean these don't need to be written out. In more complicated
cases, lifetime annotations can help resolve ambiguity. Often, especially when prototyping,
it's easier to just work with owned data by cloning values where necessary.

23.5 FEZAAS+H

of® efo] Wel e vlolel S Ak T ek, Wre Al £7E FAISobghch
#[derive(Debug) ]
struct Highlight<'doc>(&'doc str);

fn erase(text: String) {
println! ("t {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]);
// erase(text);

println! ("{fox:?}");
println!("{dog:?}");

o 99] clA|oll A Highlight 2ok o] (<'doc>) 23 ol = Highlight AAE A7} Abotg)
= 2 WiFastr 7 7H2) 7| = w0l JA| dotglojof ftth= A& ojn gyt

o TFoF text 7} fox (F2 dog) o} 1 o] thsl7] %ol erase &+ & S22 AFA A ATHH
A& A7kl 2 & Ay o

Ir
i
o
0,
=2

« L HolE S 7HA AL 9= BH 2 AHEALR Slofg & HolE SR AIStES Ay o=
Bt B 7 (lightweight view) ERtE =t §-&5A T, o] Aok 27 wi&of o] EtYJ& Al
&3te Aol A FEUh

o« webA, s s, L2A7E AR 9 Hol B S A4 £/3HES st ZolFsyh

o o FERAIGN o2 Fx7t oA, o] RS9 ol ME EAAYEHE 49 AsUh
ol= Fxet I x4 Zhe] A Ertolotyzt, I x5 Atole] #1 BAIS Aslor T 4+
of 2a3ych ol 13 7|&d U

23.6 A&EA|: Protobuf 1}/

o] AEFolM = protobuf Hfol 12| QIFd & oA & BESUTh Y4 E T Zhdet U ol = HolH &

eto| 28 kst kA9l mhy el HojF Ut 7|2 dlol B X B AFE %) eh& Ut

protobuf HA| | & &4 3] opdste|H ZE HE = AQlo]

kA 0 2 proto z} Aol Al F P}, o] Aol A& o2 4

match 222 A3 ggtyrct

tHg proto & A&yt

message PhoneNumber {
optional string number =
optional string type = 2;

}

1;
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https://protobuf.dev/programming-guides/encoding/

message Person {

optional string name = 1;

optional int32 id = 2;

repeated PhoneNumber phones = 3;
}
proto MA| A= L7 HE=E Ao 2 I Z G Ytk ZH22 gho] Holl =" 81" 2 FAE Yk Bl
o= ZEHS (o: Person HIA[A] 2] id B Eof tfgt 2) YHlo|E AEH| M Bo]|2E& A 5t=
#-& Aok folof elglolEFHE YT,
Bl 15 Z 35 A 4= VARINT gh= 7h Zo] 9lig o
o] Holxlo] J&uh EF A H T =Zue Holslo] Person Y PhoneNumber 2 =& %2
S A 2| 5 o] 3k Sulo] that A o] TE 2 wHy ot
o|A| parse_field $t+E 73kl Person & PhoneNumber ;& Aol tha} ProtoMessage E
glolvtrastd gy,
use std::convert: :TryFrom;
use thiserror::Exrror;

2 A9 Yt t33] parse_varint & o}

ox,

#[derive(Debug, Error)]
enum Error {
#lerroxr ("5 varint")]

InvalidVarint,

#lerroxr ("ZEH wire-type")]
InvalidWireType,
#[error("oAtx Z3+ EOF")]
UnexpectedEOF,

#lerror (" &5 Zo|")]
InvalidSize(#[from] std::num::TryFromIntError),
#lerrox ("ol %3 wire-type")]
UnexpectedWireType,
#[error ("&xd" A2 (UTF-8 otd)")]
InvalidString,
}
/17 etolojol EAHE efolo] EdUurtt.
enum WireType {
/77 Varint WireType -2 Fto] ©@¢¥ VARINT &2 ueEpdYrct.
Varint,
//164, -- not needed for this exercise
/// The Len WireType indicates that the value is a length represented as a
/// VARINT followed by exactly that number of bytes.
Len,
/// The 132 WireType indicates that the value is precisely 4 bytes in
/// little-endian order containing a 32-bit signed integer.
132,
}

#[derive(Debug) ]
/11 <tolo] Ef}joll wat ERlo] AAHE & Fgduyrt.

enum FieldValue<'a> {
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Varint(u64),

//164(i64), -- o] AFolAM= ZQotA LEYr.
Len(&'a [u8]),
I132(i32),

}

#[derive(Debug) ]

/// BE W5 9 e meets Wedudh
struct Field<'a> {

field_num: u64,

value: FieldValue<'a>,

}

trait ProtoMessage<'a>: Default + 'a {
fn add_field(&mut self, field: Field<'a>) -> Result<(), Error>;

}

impl TryFrom<u64> for WireType {
type Error = Error,

fn try_from(value: u64) -> Result<WireType, Error> {
Ok (match value {
0 => WireType::Varint,
/11 => WireType::164, -- o] dAHolr= ZastA] gEyrt.
2 => WireType: :Len,
5 => WireType::132,
_ => return Exrr(Error::InvalidWireType),

)
}

impl<'a> FieldValue<'a> {
fn as_string(&self) -> Result<&'a str, Error> {
let FieldValue::Len(data) = self else {
return Err(Error::UnexpectedWireType);
}i
std::str::from_utf8(data).map_err(|_| Error::InvalidString)

}

fn as_bytes(&self) -> Result<&'a [u8], Error> {
let FieldValue::Len(data) = self else {
return Err(Error: :UnexpectedWireType);
}
Ok(data)
}

fn as_u64(&self) -> Result<u64, Error> {
let FieldValue: :Varint(value) = self else {
return Err(Error: :UnexpectedWireType);
b
Ok (*value)
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}

/117 VARINT & mpHdsto] obdd 3t Uz HiolEE whHEYt.
fn parse_varint(data: &[u8]) -> Result<(u64, &[u8]),
for 1 in 0..7 {
let Some(b) = data.get(i) else {
return Err(Error::InvalidVarint);

Exrror> {

Y
if b & 0x80 == 0 {
// ©]+= VARINT 9] ©o}x]g} H}o|Eo|E &
/] ubd = WHEsto] HEg o),
let mut value = Qu64;
for b in data[..=i].itexr().rev() {
value = (value << 7) | (b & 0x7f) as ub4;

}
return Ok((value, &data[i + 1..]));

}

/1 7vlo|ES ZIEHH fREHA Y,
Exr(Exrror::InvalidVarint)

}

/1] H1E ZE W59l WireType o2 wagch,

fn unpack_tag(tag: u64) -> Result<(u64, WireType), Error> {
let field_num tag >> 3;
let wire_type = WireType::try_from(tag & 0x7)7?;
Ok((field_num, wire_type))

/17 BEZ npdste] Uz Blo]ES WU,
fn parse_field(data: &[u8]) -> Result<(Field, &[u8]), Error> {
let (tag, remainder) = parse_varint(data)?;
let (field_num, wire_type) = unpack_tag(tag)?;
let (fieldvalue, remainder) = match wire_type {
_ => todo!("Based on the wire type, build a Field, consuming as many bytes as n
}
todo! ("Return the field, and any un-consumed bytes.")
}

/11 Fo1%1 tlolElollA HIAAE mHsto] wA[Ae] 2t HEof tfs] "T::add_field & =&3Yct.
/17
/11 A dFo] AHEHY.
fn parse_message<'a, T: ProtoMessage<'a>>(mut data: &'a [u8]) -> Result<T, Error> {
let mut result = T::default();
while !data.is_empty() {
let parsed = parse_field(data)?;
result.add_field(parsed.0)?;
data = parsed.l;
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}
Ok (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: Implement ProtoMessage for Person and PhoneNumber.

fn main() {

let person: Person = parse_message(&[

0x0a, ©0x07, Ox6d, 0Ox61,
0x16, Ox0a, 0Ox0e, Ox2b,
0x2d, ©0x31, ©0x32, 0x31,

0x18, 0x0a, Oxde, Ox2b,
0x2d, ©x35, ©0x33, 0x30,
0x65,
1)
.unwrap();
println!("{:#?}", pexrson);
}
23.6.1 3

use std::convert::TryFrom;
use thiserror::Error;

#[derive(Debug, Error)]
enum Error {
#lerroxr("Z%% varint")]

InvalidVarint,
#lerroxr("ZEH wire-type")]
InvalidWireType,
#lerroxr (" oAtz E3F EOF")]
UnexpectedEOF,

#[error("ZHE Zo]")]

0x78, 0x77,
0x31, 0x32,
0x32, 0x12,
0x31, 0x38,
0x38, 0x12,

0x65,
0x30,
0x04,
0x30,
0x06,

0x6c,
0x32,
0x68,
0x30,
ox6d,

InvalidSize(#[from] std::num::TryFromIntError),
#[error ("= X wire-type")]

UnexpectedWireType,

#lerroxr ("ZEH ZA<E (UTF-8 ofd)")]

InvalidString,
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0x6¢,
0x2d,
ox6f,
0x2d,
ox6f,

0x10,
0x35,
ox6d,
0x38,
0x62,

Ox2a,
0x35,
Ox65,
0x36,
0x69,

0Ox1la,
0x35,
0x1la,
0x37,
0x6¢c,



)
/11 etolofe] EAE stolof Eteleiut,

enum WireType {
/77 Varint WireType 2 3to] ©@¢Y VARINT &S uyepdYrt.
Varint,
//164, -- not needed for this exercise
/// The Len WireType indicates that the value is a length represented as a
/// VARINT followed by exactly that number of bytes.
Len,
/// The I32 WireType indicates that the value is precisely 4 bytes in
/// little-endian order containing a 32-bit signed integer.

132,
}
#[derive(Debug) ]
/11 <tolo] Efjioll wat ERQlo] AAH & Ayt
enum FieldValue<'a> {
Varint (u64),
/1164(i64), -- o] AgolM: Bestx ersUtt
Len(&'a [u8]),
I132(i32),

}

#[derive(Debug) ]

/17 B HS 9 Fe xSt

struct Field<'a> {
field_num: u64,
value: FieldValue<'a>,

rlr

=R

}

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

impl TryFrom<u64> for WireType {
type Error = Error;

fn try_from(value: u64) -> Result<WireType, Error> {
Ok (match value {
0 => WireType::Varint,
/11 => WireType::164, -- o] AFolix= Z2stA] LHYT.
2 => WireType: :Len,
5 => WireType::132,
_ => return Exrr(Error::InvalidWireType),

)
}

impl<'a> FieldValue<'a> {
fn as_string(&self) -> Result<&'a str, Error> {
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let FieldValue::Len(data) = self else {
return Err(Error: :UnexpectedWireType);
b
std::str::from_utf8(data).map_err(|_| Error::InvalidString)
}

fn as_bytes(&self) -> Result<&'a [u8], Error> {
let FieldValue::Len(data) = self else {
return Err(Error: :UnexpectedWireType);
Y
Ok(data)
}

fn as_u64(&self) -> Result<u64, Error> {
let FieldValue::Varint(value) = self else {
return Err(Error: :UnexpectedWireType);
}
Ok (*value)

}

/// VARINT & mHdsto] mpde Zhat UmA] vlo]EE whgtyrt,
fn parse_varint(data: &[u8]) -> Result<(u64, &[u8]),
for i in 0..7 {
let Some(b) = data.get(i) else {
return Exrr(Error::InvalidVarint);

Exrror> {

b
if b & 0x80 == 0 {
// ©°]+= VARINT & ojx|gt Hjo]EojEZ
/1 ub4 = WFsto] wrEgtch,
let mut value = Qu6b4;
for b in data[..=1].iter() .rev() {
value = (value << 7) | (b & 0x7f) as ub4;

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

}

/1 7etolES ZWEH fastA ekgUch,
Err(Exrror::InvalidVarint)
}

/77 Bl12 "t Wl WireType o2 W ct,

fn unpack_tag(tag: u64) -> Result<(u64, WireType), Error> {
let field_num tag >> 3;
let wire_type = WireType::try_from(tag & 0x7)?;
Ok((field_num, wire_type))

}

/1] ZEE 115t Uz Hio|EE wiggh ).
fn parse_field(data: &[u8]) -> Result<(Field, &[u8]), Error> {
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let (tag, remainder) = parse_varint(data)?;
let (field_num, wire_type) = unpack_tag(tag)?;
let (fieldvalue, remainder) = match wire_type {
WireType::Varint => {
let (value, remainder) = parse_varint(remainder)?;
(FieldValue: :Varint(value), remainder)
}
WireType::Len => {
let (len, remainder) = parse_varint(remainder)?;
let len: usize = len.try_into()?;
if remainder.len() < len {
return Err(Error: :UnexpectedEOF);
}
let (value, remainder) = remainder.split_at(len);
(FieldValue: :Len(value), remainder)
}
WireType::I32 => {
if remainder.len() < 4 {
return Err(Error: :UnexpectedEOF);
}
let (value, remainder) = remainder.split_at(4);
/7 “value'9 Zol7} 4utolEojmz QBZ2 2 sjAIFUTH.
let value = i32::from_le_bytes(value.try_into().unwrap());
(FieldValue: :I32(value), remainder)
}
H
Ok((Field { field_num, value: fieldvalue }, remainder))

}

/11 Fo1%l HlolElolA HIAAE mHsto] wA[Ae] 2+ HEof tfs] “T::add_field & ZE&&Uct.
/117
117 RAA Aol AREEYH.
fn parse_message<'a, T: ProtoMessage<'a>>(mut data: &'a [u8]) -> Result<T, Error> {
let mut result = T::default();
while !data.is_empty() {
let parsed = parse_field(data)?;
result.add_field(parsed.0)?;
data = parsed.l;
}
Ok (result)
}

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

type_: &'a str,
}

#[derive(Debug, Default)]

struct Person<'a> {
name: &'a str,
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id: u64,
phone: Vec<PhoneNumber<'a>>,

}

impl<'a> ProtoMessage<'a> for Person<'a> {
fn add_field(&mut self, field: Field<'a>) -> Result<(), Error> {
match field.field_num {
1 => self.name = field.value.as_string()?,
2 => self.id = field.value.as_u64()?,
> self.phone.push(parse_message(field.value.as_bytes()?)?),
_ = {} // YEAE 2R AdEdd,

I
\%

impl<'a> ProtoMessage<'a> for PhoneNumber<'a> {
fn add_field(&mut self, field: Field<'a>) -> Result<(), Error> {
match field.field_num {
1 => self.number = field.value.as_string()?,
2 => self.type_ = field.value.as_string()?,
_ = {} // yHA+= 25 AdYgEyr}.

fn main() {

let person: Person = parse_message(&[
0x0a, 0x07, Ox6d, Ox61, Ox78, 0Ox77, @x65, O0x6Cc, Oxb6C, Ox10, Ox2a, 0Oxla,
0x16, 0x0a, 0x0e, ©0x2b, ©0x31, ©0x32, ©0x30, 0x32, 0x2d, ©0x35, ©0x35, 0x35,
0x2d, ©x31, ©0x32, 0x31, 0x32, 0x12, 0x04, 0x68, Ox6f, 0x6d, 0x65, 0xla,
0x18, @Ox0@a, 0x0e, 0x2b, 0x31, Ox38, 0x30, Ox30, ©0x2d, 0x38, 0x36, 0x37,
0x2d, ©x35, ©0x33, 0x30, 0x38, 0x12, 0x06, Ox6d, Ox6f, 0x62, 0x69, 0Ox6¢C,
0x65,

1)

.unwrap();

println! ("{:#?}", person);

}

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

#[test]

fn as_string() {
assert!(FieldValue: :Varint(10).as_string().is_err());
assert!(FieldValue::132(10).as_string().is_err());
assert_eq!(FieldValue::Len(b"hello").as_string().unwrap(), "hello");
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#[test]

fn as_bytes() {
assert!(FieldValue: :Varint(10).as_bytes().is_err());
assert!(FieldValue::132(10).as_bytes().is_err());
assert_eq!(FieldValue::Len(b"hello").as_bytes().unwrap(), b"hello");

}

#[test]

fn as_ub4() {
assert_eq! (FieldValue::Varint(10).as_u64().unwrap(), 10u64);
assert! (FieldValue: :I32(10).as_ub4().is_exr());
assert! (FieldValue: :Len(b"hello").as_u64().is_exr());
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Al 24 &

4L =712

Today we will cover topics relating to building large-scale software in Rust:
« BhE21: Tterator Eol A& 24
o ZE0 7HAAG
* Testing.
¢ 273AE (o2 AEF): Y, Result, ? A4kt
o QbA5EA] ¢k-2 Rust: QPG Rust 2 sk A& XA 4 §lS ol whA-g-3kA 2.

Aol of

Including 10 minute breaks, this session should take about 2 hours and 40 minutes. It contains:

Segment Duration

Ne 3 minutes

Iterators 45 minutes
2E 40 minutes
HAE 45 minutes
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A 25 &
Iterators

This segment should take about 45 minutes. It contains:

Slide Duration

Iterator 5 minutes
Intolterator 5 minutes
FromlIterator 5 minutes

AL EA: HHE 2 A= Aol 30 minutes

25.1 Iterator

A Mo|| Y= HES dl 5t7] YA = Iterator EdAl & AMEEY . o] E&Sl2 next M A
S H &5 E2mEE Al Fdych 22 2= gtojE 22 Ef}lo| Iterator EF33tA 1o,
BT ofgHo] E¥°‘°l o] Eg9lS 7—‘]7‘4 T} EE &4 sy

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 };
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for (i, n) in fib.enumerate().take(5) {
println! ("fib({i}): {n}");
}

* The Iterator trait implements many common functional programming operations
over collections (e.g. map, filter, reduce, etc). This is the trait where you can find all
the documentation about them. In Rust these functions should produce the code as
efficient as equivalent imperative implementations.

« IntoIterator & £ & 5514 Pt = EgclYd Yt} o]= Vec<T>9F 22 A A g
HaVec<T> L &[T] & Z-2o]of tst F=xof olsf T E Yt HY = o] & Y}, o] & o]
2 for 1 in some_vec { .. }E Ar&5to] HE] S HEEE Q)X some_vec . next ()
= 25k 54y

25.2 IntoIterator

The Iterator trait tells you how to iterate once you have created an iterator. The related
trait IntoIterator defines how to create an iterator for a type. It is used automatically by
the for loop.

struct Grid {
X_coords: Vec<u32>,
y_coords: Vec<u32>,

}

impl IntoIterator for Grid {
type Item = (u32, u32),
type 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_coords.len() {
self.i = 0;
self.j += 1;
if self.j >= self.grid.y_coords.len() {
return None;
}

}
let res = Some((self.grid.x_coords[self.i], self.grid.y_coords[self.j]));
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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}");
}
}

Click through to the docs for IntoIterator. Every implementation of IntoIterator must
declare two types:

* Item: the type to iterate over, such as i8,

o Intolter: into_iter WA TolA WIEtE]= Tterator EFY.
IntoIter o= Itemo] AZE o] Y FZ31A4|2. Intolter HHEAE= Ttem EFY Q] HlolE &
Zhel Aokttt &, ¥HE2= Option<Item>S 8| Yot
ool xdyFEo BE XS &3Pt
main oA 212 EE £ H HEES) BEA Q. 9 Austu? Intolterator: :into_iter &'self 9
AFdS 7HA &Y
&Grid ol IntoIterator & 7&@5t1 GridIter ol Grid ¥xE A& slo] o] ZA|E s AstA Q.
EZF gdolBdd golA L FAZFEYT 4+ AdE U for e in some_vector =
some_vector 9 28H 2714 e} s HE oA &85t @ A4S wHESH T some_vector 224
o] tfst Az = HhE5t ™ Al for e in &some_vector SAMESHA Q.

25.3 Fromlterator

ot

L

old AH o] FromIterator E7&3ta JohH Iterator EREH I ZHA

fn main() {
let primes = vec![2, 3, 5, 7];
let prime_squares = primes.into_iter().map(|p| p * p).collect::<Vec<_>>();
println!("prime_squares: {prime_squares:?}");

lo
i

% 15U,

}
Iterator implements
fn collect<B>(self) -> B

where
B: FromIterator<Self::Item>,
Self: Sized

o] A Eof B & A A st= Wilole F 77 A5 U

» With the ”turbofish”: some_iterator.collect: :<COLLECTION_TYPE>(), as shown.
The _ shorthand used here lets Rust infer the type of the Vec elements.

o B} =2 A}g: let prime_squares: Vec<_> = some_iterator.collect() EAtE
gyt o] B o 2 oA & ThA| 2H/ g5 BAl L.
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There are basic implementations of FromIterator for Vec, HashMap, etc. There are also more
specialized implementations which let you do cool things like convert an Iterator<Item =
Result<V, E>>intoaResult<Vec<V>, E>.

25.4 9

A3

SA): W} v = o]

In this exercise, you will need to find and use some of the provided methods in the Iterator
trait to implement a complex calculation.

Copy the following code to https://play.rust-lang.org/ and make the tests pass. Use an iterator
expression and collect the result to construct the return value.

/// Calculate the differences between elements of “values  offset by “offset’,
/// wrapping around from the end of ‘values  to the beginning.
vy
/// Element "n° of the result is ‘values[(n+offset)%len] - values[n]’.
fn offset_differences<N>(offset: usize, values: Vec<N>) -> Vec<N>
where
N: Copy + std::ops::Sub<Output = N>,

{

unimplemented! ()
}
#[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, -41);
assert_eq! (offset_differences(1l, vec![1l, 3]1), vec![2, -21);

}

#[test]
fn test_larger_offsets() {

assert_eq! (offset_differences(2, vec![1, 3, 5, 71), vec![4, 4, -4, -41);
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_custom_type() {
assert_eq!(
offset_differences(1, vec![1.0, 11.0, 5.0, 0.0]),
vec![10.0, -6.0, -5.0, 1.0]
),
}

#[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![];
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assert_eq! (offset_differences(1l, empty), vec![]);

25.4.1 s|g

/// Calculate the differences between elements of “values® offset by ‘offset’,
/// wrapping around from the end of “values® to the beginning.
/17
/// Element "n° of the result is ‘values[(n+offset)%len] - values[n]’.
fn offset_differences<N>(offset: usize, values: Vec<N>) -> Vec<N>
where
N: Copy + std::ops::Sub<Output = N>,

{
let a = (&values).into_iter();
let b = (&values).into_iter().cycle().skip(offset);
a.zip(b).map(|(a, b)| *b - *a).collect()

}

#[test]

fn test_offset_one() {
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(1, 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]1);
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_custom_type() {
assert_eq!(
offset_differences(1, vec![1.0, 11.0, 5.0, 0.0]),
vec![10.0, -6.0, -5.0, 1.0]
),
}

#[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(1l, empty), vec![]);

}

fn main() {}
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This segment should take about 40 minutes. It contains:

Slide Duration
2E 3 minutes
oA A AE A= 5 minutes
7N A 5 minutes
use, super, self 10 minutes

ALEA: GUI gtolE 3] =& 15 minutes

26.1 ==

impl E&52 3 Bt 9] F4Eol
o 7EA 2, mod = B F4E

mod foo {
pub fn do_something() {
println!("foo =& W®");

et vl 23 o] A5 A|F- ek o
| sl Ul 23 o] AE A F U o

o =

}
}
mod bar {
pub fn do_something() {
println! ("bar =& W®");
}
}

fn main() {
foo: :do_something();
bar::do_something();

€ 7152 AlFsty shte] ti & Cargo. toml utd 2y 7] 2| & F4d5h= 3
dlo|EEE YESH= il o] opdef7| &gyt
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« ZejolE L mEo] ERYdych Hhol e Ao EE ARutd 2 WEs L, sho]eje] Aol
£t eho|neez MEgyrt
cmEe REE 2Asksn ATLE Folsts Tty

26.2 TLAAEAS

2Eo) W82 71&stA o, HAE
mod garden;
9 FEE= HAER 51 F garden ZEQ W& src/garden.rs oA 2= & 3T}, H| 51,
garden: :vegetables Z&-2 src/garden/vegetables.rs o A5 Ut
crate(=2o|E) o RE= ot A= YUtk

» src/lib.rs (Bto] B2l A olE)

s src/main.xs (Hte]u 2] 30| E)
EEk ”LH‘:' A FA47E AHESt A8 4 s o]t RER2HE0] X
ols28)& ‘_/\1&}"“4"—}

/11 o] RE2 Hedg FA—dYH.

rr

the shedolq 1 e eyth

DSL‘

2l

0°1'

12 (o] A2

oT

/1 o] REolM ErdE Al R
pub use garden::Garden;
pub use seeds::SeedPacket;

/11 %R #t e wPYc,

pub fn sow(seeds: Vec<SeedPacket>) {
todo! ()

}

/11 FHE FAEZ FHolA =y,

pub fn harvest(garden: &mut Garden) {
todo! ()

}

module/mod.rs & module.rs & v}l 5t5 2l Rust 2018 oA = 519 RE2 AFRS 4
014\_141;].

. f11ename rs & filename/mod.rs Al At &S £ QJEE5E= F

T %
O|2& 717 utdo] W& HL IDE oA o] 5& M2 FESI=A dE7] Uﬂv“':%l‘/]'jr
¢ ZGE o] &3 § A2 AF 2 E FHT 5 AFUT AR o= v B Eo] To|gat
src/
F—— main.zrs

—— top_module.rs
l—— top_module/
L—— sub_module.rs

s HAET oM RESS 2 A= Ao tHgEz WA Jhsehyth

#[path = "some/path.rs"]
mod some_module;
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o]= Go ¢1o] o A2 ojE E2] H|AEZE some_module_test.rs 22 utdoj =
74 ol g-g3yct

26.3 7HA/8

25| Bpelolu} G4 7| B A 02 upgol EE A syt
- wpeb] BEo| AR 78 ygol F Yt
- BEg} o2 P2 e AU A s FU
¢ &, 25 foo oA A 7Hsgt FEol2td foo ofefje] & B EoA HZ7HsFu Tt
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();

}
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£ ZastA L.

(crate) & 7FAAd& A A5t Zlo] A 2 YUt
2ol 7l kA9 EX A 2ol i ARt 7FAI A & Fof

XD of
BN oJ

26.4 use, super, self

4ol € 7HA /ol FolE sy BEg E3sto] sh9o] HEREC] A &Sy

BEL use T AHESlol G2 RES HBS Y ARTE AL 405U YWHOE 7} mES 4

ool thg 22 W go] gtk
use std::collections: :HashSet;
use std::process::abort;
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Az
A2 ofefet 2o TRk
1. 4d H=:
o foo == self::foo= A ZE UYH29 foo & 7ty
e super::foo= 2 ZES foo & 7}3]71141:}
2. At A=

o crate: :foo = A A o|E FE | foo &7} Y},
* bar::foo = bar Z#|°]E9] foo E7F2|Z Yt}

o O Z2 FRoA 7S E AW E W] of= o] AFH YT} o & S0 Zeo] EQ &G
lib.rs =

mod storage;

pub use storage::disk::DiskStorage;
pub use storage::network::NetworkStorage;

Hasln e J 22 th2 A8 o] EoA DiskStorage U NetworkStorage & AH&3 4= 9l
2 +AE L4 o},

o JRE] F BEO] YElYE= FETHuse’ A2 Fojof gyt d2jHESE FH 5= E
Aol ojn] e Yof et s EdQloAmAEE SE5teH Eolo] e Wol 3lojof
Ut A& 50 Read EAl& FA5t= EFQl oA read_to_string MIX EE AR&-5te W
use std::io::Read & At&3foF gyt

* use o= &L E 7= (use std::io::*) S AHEE SRlE U o= 7ML= FEol BE
SHA] ¢Fal AJZko] Aol et MAgE 4 gleu e AE A sy

26.5 AETA: GUIgto|Heg|E

In this exercise, you will reorganize a small GUI Library implementation. This library defines
a Widget trait and a few implementations of that trait, as well as a main function.

It is typical to put each type or set of closely-related types into its own module, so each widget
type should get its own module.

Cargo Setup

Rust Zefo] 12he S shute] hedeh A Ystne 27 5kel Al g Cargo ZRAES RHEolol &
Uth.

cargo init gui-modules
cd gui-modules
cargo run

Edit the resulting src/main.rs to add mod statements, and add additional files in the src
directory.

Source

Here's the single-module implementation of the GUI library:
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pub trait Widget {
/17 “self ol zA ujH]
fn width(&self) -> usize;

/17 el A 2Pt
fn draw_into(&self, buffer: &mut dyn std::fmt::Write);

/11 EE E3 A 21-dYH.

fn draw(&self) {
let mut buffer = String::new();
self.draw_into(&mut buffer);
println! ("{buffer}");

}

pub struct Label {
label: String,
}

impl Label {
fn new(label: &str) -> Label {
Label { label: label.to_owned() }
}
}

pub struct Button {
label: Label,

}

impl Button {
fn new(label: &str) -> Button {
Button { label: Label::new(label) }
}
}

pub struct Window {

title: String,

widgets: Vec<Box<dyn Widget>>,
}

impl Window {
fn new(title: &str) -> Window {
Window { title: title.to_owned(), widgets: Vec::new() }

}

fn add_widget(&mut self, widget: Box<dyn Widget>) {
self.widgets.push(widget);
}

fn inner_width(&self) -> usize {
std::cmp: :max(
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self.title.chars().count(),
self.widgets.iter().map(|w| w.width()).max().unwrap_or(0),

}

impl Widget for Window {
fn width(&self) -> usize {
/1 ElFEE oig 470 7t
self.inner_width() + 4
}

fn draw_into(&self, buffer: &mut dyn std::fmt::Write) {
let mut inner = String::new();
for widget in &self.widgets {
widget.draw_into(&mut inner);

}
let inner_width = self.inner_width();

// TODO: Change draw_into to return Result<(), std::fmt::Error>. Then use the
// ?-operator here instead of .unwrap().

writeln! (buffer, "+-{:-<inner_width$}-+", "").unwrap();
writeln! (buffer, "| {:Ainner_width$} |", &self.title).unwrap();
writeln! (buffer, "+={:=<inner_width$}=+", "").unwrap();
for line in inner.lines() {

writeln! (buffer, "| {:inner_width$} |", line).unwrap();
}
writeln! (buffer, "+-{:-<inner_width$}-+", "").unwrap();

}

impl Widget for Button {
fn width(&self) -> usize {
self.label.width() + 8 // =<2 of7k F7pghct,
}

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 {
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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 d©% 1.23");
window.add_widget (Box: :new(Label: :new("42 HAE GUI ©|=ALct.")));
window.add_widget (Box: :new(Button: :new("Z2a] FA21")));
window.draw() ;

}
Bl A = BelolA] Al A 3y

LI e T

Hoz HrE 2 JgstA . 8 kA 823k mod,
use, pub Aol & A =& Yt 29 ot T3

of 71 Aped 2 2 A el

26.5.1 s|g

src
F— main.xrs
—— widgets
| F—— button.rs
| F—— label.rs

| L—— window.rs
—— widgets.xrs

// ---- src/widgets.rs ----
mod button;
mod label;
mod window;

pub trait Widget {
/11 “self o] zAd H]
fn width(&self) -> usize;

/17 Hool RS THYrt}.
fn draw_into(&self, buffer: &mut dyn std::fmt::Write);

/11 BEF 290 AL 1Y

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;
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// ---- src/widgets/label.rs ----
use super::Widget;

pub struct Label {
label: String,

}

impl Label {
pub fn new(label: &str) -> Label {
Label { label: label.to_owned() }
}
}

impl Widget for Label {
fn width(&self) -> usize {
// ANCHOR_END: Label-width
self.label.lines().map(|line| line.chars().count()).max().unwrap_ox(0)

}

// ANCHOR: Label-draw_into

fn draw_into(&self, buffer: &mut dyn std::fmt::Write) {
// ANCHOR_END: Label-draw_into
writeln! (buffer, "{}", &self.label).unwrap();

}

// ---- src/widgets/button.rs ----
use super::{Label, Widget};

pub struct Button {
label: Label,

}

impl Button {
pub fn new(label: &str) -> Button {
Button { label: Label::new(label) }
}
}

impl Widget for Button {
fn width(&self) -> usize {
// ANCHOR_END: Button-width
self.label .width() + 8 // wjd2 o7 Frbabuc).
}

// 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);
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writeln! (buffer, "+{:-<width$}+", "").unwrap();
for line in label.lines() {
writeln! (buffer, "|{:A width$}|", &line).unwrap();

}
writeln! (buffer, "+{:-<width$}+", "").unwrap();
}
}
// ---- src/widgets/window.rs ----

use super::Widget;

pub struct Window {

title: String,

widgets: Vec<Box<dyn Widget>>,
}

impl Window {
pub fn new(title: &str) -> Window {
Window { title: title.to_owned(), widgets: Vec: :new() }
}

pub fn add_widget(&mut self, widget: Box<dyn Widget>) {
self.widgets.push(widget);
}

fn inner_width(&self) -> usize {
std::cmp: :max(
self.title.chars().count(),
self .widgets.iter().map(|w| w.width()).max().unwrap_or(0),

}

impl Widget for Window {
fn width(&self) -> usize {
// ANCHOR_END: Window-width
/1 ElFEel g 478 F7}
self.inner_width() + 4

}

// ANCHOR: Window-draw_into
fn draw_into(&self, buffer: &mut dyn std::fmt::Write) ({
// ANCHOR_END: Window-draw_into
let mut inner = String: :new();
for widget in &self.widgets {
widget.draw_into(&mut inner);

}

let inner_width = self.inner_width();
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// TODO: 27 Azjof s Hofd =,
// Result<(), std::fmt::Error>% HISIE2 draw_into & ®HAEY £+ J54tt.

/1 .unwrap() thal ?-AAARS of7]ol ARESiAlL.

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 ©|&x 1.23");

window

.add_widget (Box: :new(widgets::Label::new("4-2 HAE GUI o=2AUck.")));
window.add_widget(Box: :new(widgets: :Button: new("Z=35 FAl21")));
window.draw() ;
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This segment should take about 45 minutes. It contains:

Slide Duration
HAE 2 E 5 minutes
2 T ZAE 5 minutes
ZAutd® FE 4 Clippy 3 minutes
E ¥ E 30 minutes

27.1 99 HXE

2 AEQL 7k (cargo) & IHHS &9l HIAE w99l ae} 3 Al Yt

- U9 HAEL FE A4 AUEYT
- S HAEL tests/ U2 S Fa) AUH U

Tests are marked with #[test]. Unit tests are often put in a nested tests module, using

#[cfg(test)] to conditionally compile them only when building tests.

fn first_word(text: &str) -> &str {
match text.find(' ') {
Some(idx) => &text[..idx],
None => &text,

}

#[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("QrdstA| "), "QtdsA "),

}

#[test]
fn test_multiple_words() {

assert_eq! (first_word("Hello World"), "ordstAe");
}

Felo 1eke Eol4 FlAES A3t

272 GEzzAE
sgeas

glojBa]g] & A8} AH o)A HIAE st WH, &
test/dEE 2 ofafjol . rs ot st FEEA

// tests/my_library.rs
use my_library::init;

Bl AES sfoF g,

l:O IIQE

#[test]

fn test_init() {
assert!(init().is_ok());

}

ol HAEL Ago|E9] F7H APIoY W2

ok
4>
%0
i)
i
o

R PN

HAE = FASEA O gk BIAE S W sto] Al

/// Shortens a string to the given length.

/117

/17

/// # use playground::shorten_string;

/// assert_eq! (shorten_string("Hello World", 5), "Hello");

/// assert_eq!(shorten_string("Hello World", 20), "Hello World");

TS

pub fn shorten_string(s: &str, length: usize) -> &str {
&s[..std::cmp::min(length, s.len())]

}

/11 FMete I BEe 5oz gAE IER Q4P
Micﬂﬁﬁcamot%ti st Az o 2 At v AP E YT
Adding # in the code will hide it from the docs, but will still compile/run it.

¢l ZEE Rust Playground of|A] HIAE s 2 A]7] vpg o},
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https://play.rust-lang.org/?version=stable&mode=debug&edition=2021&gist=3ce2ad13ea1302f6572cb15cd96becf0

27.3 Zadz dE 9 Clippy

Rust Fu} 2
AHEAd st

>

L R8% U UE ohle 1A 9.8 MAIAS AP Th Clippy & Z2AEwE
& e 2

#[deny(clippy::cast_possible_truncation)]
fn main() {

let x = 3;
while (x < 70000) {
X *= 2;

}

println! ("X+ uleo %x] <2727 {}", x as ul6);
}
FEMZES AP 2 F WA A S gt o 7|0 = FAEZIEAIE AT ZE7F Hupd = a1 b
FAE R 5 Selo] At EAIC| ER Asto] oj2|dt HES HAIF YT
HES sjdst & F2 o] 122 & Ato| EoflA clippy S A ¥5to] clippy 43L& A YTt Clippy
© JEof 3 FH AT A E ERotaudon 4 M2 UE (default-deny HE 2Z3H) & F7}
gy
help 7h Z3tE @ R Al cargo fix EEHA7IE 53 24T 4 A5

A 87tE M A5 AL EE 412 E YUt o] G2 FLA 8T T
A2 QJ2ur, ofefo) <= Aol ubet AlgtEM B o)
* Ignore all spaces. Reject number with fewer tha
+ 22Zo|4 9% 02 o] 53t 2 Win) AT ntct £4+2 2 ¥lZ7HAI Y Th ol 2 Sof 1234 o)A
331077 2 2 P

» After doubling a digit, sum the digits if the result is greater than 9. So doubling 7 becomes
14 which becomes 1 + 4 = 5.
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Copy the code below to https://play.rust-lang.org/ and write additional tests to uncover bugs
in the provided implementation, fixing any bugs you find.

pub fn luhn(cc_number: &str) -> bool {
let mut sum = 0;
let mut double = false;

for c in cc_number.chars().rev() {
if let Some(digit) = c.to_digit(10) {
if double {
let double_digit = digit * 2;
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https://doc.rust-lang.org/clippy/
https://ko.wikipedia.org/wiki/%EB%A3%AC_%EC%95%8C%EA%B3%A0%EB%A6%AC%EC%A6%98
https://play.rust-lang.org/

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! (!1uhn("8273 1232 7352 ©569"));
}
}
27.41 SN

/1 EAo] EAEE w37t Ye HAYYLE
#[cfg(never)]
pub fn luhn(cc_number: &str) -> bool {
let mut sum = 0;
let mut double = false;

for c in cc_number.chars().rev() {
if let Some(digit) = c.to_digit(10) {

if double {
let double_digit = digit * 2;
sum +=
if double_digit > 9 { double_digit - 9 } else { double_digit };
} else {

sum += digit;
}
double = !double;
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} else {
continue;

/1 £2Mo|n| ofgfe] mE HAES Srgyct,
pub fn luhn(cc_number: &str) ->

let mut sum = 0;

let mut double =

let mut digits =
for c in cc_numbexr.chars().rev() {

if let Some(digit) = c.to_digit(10) {

digits += 1;
if double {
let double_digit = digit * 2;
sum +=
if double_digit > 9 { double_digit - 9 } else { double_digit };
} else {

sum += digit;

}
double = !double;

} else if c.is_whitespace() {
continue;

} else {
return false;

}

}

digits >= 2 && sum % 10 == 0
}

fn main() {
let cc_number = "1234 5678 1234 5670";
println!(
"{cc_number}< (=) Fast A&t HERIZIQ? {}",
if luhn(cc_number) { "o|" } else { "ofLjQ" }
),
}

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

#[test]

fn test_valid_cc_number() {
assert! (luhn("4263 9826 4026 9299"));
assert! (luhn("4539 3195 0343 6467"));
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assert! (luhn("7992 7398 713"));
}

#[test]

fn test_invalid_cc_number() {
assert!(!'luhn("4223 9826 4026 9299"));
assert! (!1luhn("4539 3195 0343 6476"));
assert!(!luhn("8273 1232 7352 0569"));

}

#[test]

fn test_non_digit_cc_number() {
assert! (!luhn("foo"));
assert! (!luhn("foo @ 0"));

}

#[test]

fn test_empty_cc_number() {
assert! (!luhn(""));
assert! (!luhn(" "));
assert! (!luhn(" "))

assert! (!1luhn(" "5);
}
#[test]

fn test_single_digit_cc_number() {
assert! (!1uhn("0"));
}

#[test]
fn test_two_digit_cc_number() {
assert! (luhn(" 2 0 "));

}
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A 28 A+
Welcome Back

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

Segment Duration

L= 0] 55 minutes
OFX5}A] 2 2] AE 1 hour and 5 minutes
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Al 29 %
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This segment should take about 55 minutes. It contains:

Slide Duration

iy 3 minutes
Iterator 5 minutes
A g 5 minutes
Error 5 minutes
From ¥} Into 5 minutes

Result € o] &3t 3123tE 2 2x28 30 minutes

29.1 |4y

Rust = '3y’ o2 x5 &l
HAEE= 8 F AP 2

fn main() {
let v = vec![10, 20, 30];
println!("v[100]: {}", v[100]);

9l o Alx] B35k @ =iy}
o] W7k ok RS vEpd Y
Aol 7+ 2iele] Almf 2 Qla s o] BrAsE & 9l &},
M (o: assert!) iy

Y2 panic! 225 A8 4 &Ytk
"SlA Bho] SH4v) v ,j 22 Z7+S ArAsU o)
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—QLFUI!%[UE >

712402, o] WS A8 24718 Fuch A€ H747]E ko] A7t Uk

use std::panic;

fn main() {
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let result = panic::catch_unwind(|| "#&&Uch "),
println!("{result:?}");

let result = panic::catch_unwind(|| {
panic!("o]g");

1)
println! ("{result:?}");
}
o Z2e 5517 44Ut catch_unwind 2 of| 9] & 543} AN =52 mhAl Q.
« o]ZL & 2o] FA] HEjtE T2 a0 AL AP e of st ol f-23
« TtoF Cargo. toml A& utU o] panic = abort SAAICHH A A S xS 4 &5 h

29.2 Iterator

Runtime errors like connection-refused or file-not-found are handled with the Result type,
but matching this type on every call can be cumbersome. The try-operator ? is used to return
errors to the caller. It lets you turn the common

match some_expression {
Ok(value) => value,
Exrr(err) => return Err(err),

)
o5 &7 & % d&ch
some_expressmn?

ol 98] ol Aol A &3 RA&TH

use std::io::Read;
use std::{fs, io};

fn read_username(path: &str) -> Result<String, io::Error> {
let username_file_result = fs::File::open(path);
let mut username_file = match username_file result {
Ok(file) => file,
Exrr(err) => return Err(err),
i

let mut username = String::new();

match username_file.read_to_string(&mut username) {
Ok(_) => Ok(username),
Exrr(err) => Err(err),

}

fn main() {
//fs::write("config.dat", "alice").unwrap();
let username = read_username("config.dat");
println! ("AFEA} o]& E&= 27F: {username:?}");

}
?E Al85EE read_username &42 @3y
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7] IR E:
» username H4+= 0k (string) o]Au Err(error) ¥ 4 A&Uch
- fs:iwrite WM EE A& 3to] mhelo] AL, HAAY, FRE AL 52 HlAES BUL
* NotethatmaincanreturnaResult<(), E>aslongasitimplementsstd: :process::Termination.
In practice, this means that E implements Debug. The executable will print the Exrr
variant and return a nonzero exit status on error.

29.3 EAAHIHS

A2 27 H g5 Y2 of7h et A Bt & o Bk
expression?
9] B ofeeh it
match expression {
Ok (value) => value,
Err(err) => return Exr(From::from(err)),
}

The From: : from call here means we attempt to convert the error type to the type returned
by the function. This makes it easy to encapsulate errors into higher-level errors.

oA A

use std::error::Error;

use std::fmt::{self, Display, Formatter};
use std::fs::File;

use std::io::{self, Read};

#[derive(Debug) ]

enum ReadUsernameError {
IoError(io: :Error),
EmptyUsername(String),

}

impl Error for ReadUsernameError {}

impl Display for ReadUsernameError {
fn fmt(&self, f: &mut Formatter) -> fmt::Result {
match self {
Self::IoError(e) => write!(f, "I0O 2F: {e}"),
Self: :EmptyUsername(path) => write!(f, "Found no username in {path}"),

}

impl From<io::Error> for ReadUsernameError {
fn from(exrr: io::Error) -> Self {
Self: :IoError(err)

}
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}

fn read_username(path: &str) -> Result<String, ReadUsernameError> {
let mut username = String::with_capacity(100);
File::open(path)?.read_to_string(&mut username)?;
if username.is_empty() {
return Err(ReadUsernameError::EmptyUsername(String: :from(path)));
}

Ok (username)

}

fn main() {
//fs::write("config.dat", "").unwrap();
let username = read_username('"config.dat");
println! ("AR&AF ©]§ £+ 2F: {username:?}");

}

The ? operator must return a value compatible with the return type of the function. For
Result, it means that the error types have to be compatible. A function that returns
Result<T, ErrorOuter> can only use ? on a value of type Result<U, ErrorInner>
if ErrorOuter and ErrorInner are the same type or if ErrorOuter implements
From<ErrorInner>

From 73 2] &RPAQI tit2 53] Hgho] oF Lol A ek &AYst=74-¢ Result: :map_err A4t}

There is no compatibility requirement for Option. A function returning Option<T> can use
the ? operator on Option<U> for arbitrary T and U types.

A function that returns Result cannot use ? on Option and vice versa. However,
Option::ok_or converts Option to Result whereas Result::ok turns Result into
Option.

29.4 T3 < olErd

Sometimes we want to allow any type of error to be returned without writing our own enum
covering all the different possibilities. The std: :error: :Exrror trait makes it easy to create
a trait object that can contain any error.

use std::error: :Exror;
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: 132 = count_str.parse()?;
Ok (count)

}

fn main() {
fs::write("count.dat", "1i3").unwrap();
match read_count("count.dat") {
Ok(count) => println!("7H5: {count}"),
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Exrr(err) => println!("2F: {err}"),

}

read_count &= std: io: iError(@d AHolA) E=std: :num: :ParseIntError(String
o A) & §HEHe &Y.

Boxing errors saves on code, but gives up the ability to cleanly handle different error cases
differently in the program. As such it's generally not a good idea to use Box<dyn Error>in
the public API of a library, but it can be a good option in a program where you just want to
display the error message somewhere.

Make sure to implement the std: :exrror: :Exror trait when defining a custom error type
so it can be boxed. But if you need to support the no_std attribute, keep in mind that the
std::exrror: :Error trait is currently compatible with no_std in nightly only.

29.5 thiserror and anyhow

The thiserror and anyhow crates are widely used to simplify error handling.

* thiserror is often used in libraries to create custom error types that implement
From<T>.

* anyhow is often used by applications to help with error handling in functions, including
adding contextual information to your errors.

use anyhow::{bail, Context, Result};
use std::fs;

use std::io::Read;

use thiserror::Error;

#[derive(Clone, Debug, Eq, Error, PartialEq)]
#[exroxr("{0}olX AREA o8& FHS 4 EUT.")]
struct EmptyUsernameError(String);

fn read_username(path: &str) -> Result<String> {

let mut username = String::with_capacity(100);

fs::File: :open(path)
.with_context(|| format!("{path}= (£) <€# =&Yt "))?
.read_to_string(&mut username)
.context("glA E3HUTH. ") ?;

if username.is_empty() {
bail! (EmptyUsernameError(path.to_string()));

}

Ok (username)

}

fn main() {
//fs::write("config.dat", "").unwrap();
match read_username("config.dat") {
Ok (username) => println!("AF&#F ©o|&: {username}"),
Exrr(err) => println!("2%F: {err:?}"),
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https://github.com/rust-lang/rust/issues/103765
https://docs.rs/thiserror/
https://docs.rs/anyhow/

thiserror

* The Error derive macro is provided by thiserrozr, and has lots of useful attributes to
help define error types in a compact way.

* The std: :errox: :Error trait is derived automatically.

* The message from #[erroxr] is used to derive the Display trait.

anyhow

* anyhow: :Exrror += Box<dyn Error>2] 2= gtQlojet & 15U} mpeba] gto]H el o]
37N API ZA] ARE-5}7] o] RARFstThal &4 QLA B2 o E] Al o] ol B 2] AHEE I 5 Y]
o

e anyhow: :Result<V>+ Result<V, anyhow::Error>2| E} éEJﬂ:i(ahaQ‘QLJEL

« B 9stthH anyhow: :Exrox o A74H 2 ofl2] Bt & Aol A P% = AsYoh

» anyhow: :Result<T>7} A|&st= 7] 5&°| Go Aol WEAEoAl= A5 AJdUT Go
ﬂﬂﬂ%@ﬁsiﬁ%ﬂéﬁ,eHMﬁﬂ%ﬂﬂ%ﬂﬂﬂ%ﬂu%

* anyhow: : Context is a trait implemented for the standard Result and Option types.
use anyhow: :Context is necessary to enable .context() and .with_context() on
those types.

29.6 ResultE o] &3t LZxslH F AT

=< ZH4 Adoj9] o 7t oM & AP YT 28y oY S S FE Ay oAl
220 2 F X3 & AIESt L 52 main 9 wWHEro 2 Hulst = & thA] ZFA St ) thiserror ¥
anyhow £ GutEA] AFESHAIS.
JIE: A parse d4olA L& B & 4 5HH 2. Al 22H551H T terator<Item=Result<Token,
TokenizerError>>E 1 &35t =E Tokenizer & Yol Esta mA oA X &gy},
use std::iter::Peekable;
use std::str::Chars;

/1] A AR
#[derive(Debug, Partialkq, Clone, Copy)]

enum Op {
Add,
Sub,
}

/// u(d/l oo_]o] EQO]L]EJ
#[derive(Debug, Partialkq)]
enum Token {
Number (String),
Identifier(String),
Operator(Op),
}

/1] ERA dole] EAAYUL
#[derive(Debug, PartialEq)]

enum Expression {
/1] W FERYYG.
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Var(String),

T EE =R

Number(u32),

/17 017 AxrdY k.

Operation(Box<Expression>, Op, Box<Expression>),

}

fn tokenize(input: &str) -> Tokenizer {
return Tokenizer(input.chars().peekable());

}
struct Tokenizer<'a>(Peekable<Chars<'a>>);

impl<'a> Iterator for Tokenizer<'a> {
type Item = Token;

fn next(&mut self) -> Option<Token> {
let c = self.0.next()?;
match c {
'Q'..="'9"' => {
let mut num = String::from(c);
while let Some(c @ '0'..='9") = self.0.peek() {
num.push(*c);
self.0.next();

}
Some (Token: :Numbex (num))

a'..="'z"'" => {

let mut ident = String::from(c);

while let Some(c @ ('a'..="z" | '_" | '0'..='9")) = self.0.peek() {
ident.push(*c);
self.?.next();

}
Some(Token: :Identifier(ident))

+' => Some(Token: :0Operator(Op::Add)),
-' => Some(Token: :0peratoxr(Op: :Sub)),
_ => panic! ("97]x] &= &A {c}"),

}

fn parse(input: &str) -> Expression {
let mut tokens = tokenize(input);

fn parse_expr<'a>(tokens: &mut Tokenizer<'a>) -> Expression {
let Some(tok) = tokens.next() else {
panic! ("dl7]x] &2 dH FE");
}
let expr = match tok {
Token: :Numbexr (num) => {
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let v = num.parse().expect ("% 32H|E AAdUch. ") ;
Expression: :Number(v)
}
Token: :Identifier(ident) => Expression::Var(ident),
Token: :0Operator(_) => panic!("d|7]x] & EZ {tok:?}"),
3/ ozl A4to] Sl A% ol TR YH.
match tokens.next() {
None => expr,
Some (Token: :Operator(op)) => Expression::Operation(
Box: :new(expr),
op,
Box: :new(parse_expr(tokens)),
).

Some(tok) => panic!("o|7]x] & EF {tok:?}"),

}

parse_expr (&mut tokens)
}

fn main() {
let expr = parse("10+foo+20-30");
println! ("{expr:?}");

29.6.1 g

use thiserror::Error;
use std::iter::Peekable;
use std::stxr::Chars;

/11 At Artzrdy .
#[derive(Debug, PartialkEq, Clone, Copy)]

enum Op {
Add,
Sub,
}

/11 EFA Aoje]l EFJUT}.
#[derive(Debug, PartialEq)]
enum Token {
Number (String),
Identifier(String),
Operator(Op),
}

/11 FEAA flojo] FAAYU.
#[derive(Debug, PartialEq)]
enum Expression {

/11 HE FERAYT.
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Var(String),

/17 FEHE AUdYT

Number(u32),

/17 017 AxrdY k.

Operation(Box<Expression>, Op, Box<Expression>),

}

fn tokenize(input: &str) -> Tokenizer {
return Tokenizer(input.chars().peekable());

}

#[derive(Debug, Error)]

enum TokenizerError {
#[exror("dHol oA E3t FAF '{0}' o] (7}) AHHT.")]
UnexpectedCharacter(char),

}
struct Tokenizer<'a>(Peekable<Chars<'a>>);

impl<'a> Iterator for Tokenizer<'a> {
type Item = Result<Token, TokenizerError>;

fn next(&mut self) -> Option<Result<Token, TokenizerError>> {
let ¢ = self.0.next()?;

match c {
l®|..=l9I => {
let mut num = String::from(c);
while let Some(c @ '0'..='9') = self.0.peek() {
num.push(*c);
self.0.next();
}
Some (Ok(Token: :Number(num)))
}
'a'__:'z' => {
let mut ident = String::from(c);
while let Some(c @ ('a'..="z" | '_" | '0'..='9")) = self.0.peek() {
ident.push(*c);
self.0.next();
}
Some (Ok(Token: :Identifiexr(ident)))

+' => Some(Ok(Token: :0Operator(Op::Add))),
-' => Some(Ok(Token: :Operator(Op::Sub))),
_ => Some(Err(TokenizerError::UnexpectedCharacter(c))),

}

#[derive(Debug, Error)]
enum ParserError {
#lerror("EZUolA 2F: {0}")]
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TokenizerExror (#[from] TokenizerErxror),
#[errox("o7|x & A= TE")]

UnexpectedEOF,

#lerror("d7]x] %2 EZ {0:?}")]
UnexpectedToken(Token),

#lerror("AxEH ¥WI")]

InvalidNumber (#[from] std::num::ParselntError),

}

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: :Numbexr (num) => {
let v = num.parse()?;
Expression: :Number(v)
}
Token: :Identifier(ident) => Expression::Var(ident),
Token: :Operator(_) => return Err(ParserError::UnexpectedToken(tok)),
i/ ojxl AAto] Q= A% olE TAIFYL.
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("1l0+foo+20-30")7?;
println! ("{expr:?}");
Ok(())
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This segment should take about 1 hour and 5 minutes. It contains:

Slide Duration
A 2 B AE 5 minutes
Al ZRAE 9= (wetzt7]) 10 minutes
A 7HH Hae 5 minutes
Unions 5 minutes
oObAMElA YL T4 TE 5 minutes
OPZ(j%W 2 Eggl +dst7] 5 minutes
=A|: FFI 23 (wrapper) 30 minutes

« FHEFHAE: el @ 7 Ay ,
o QHASEA] 2 B AE: EHSE 2 & THEE]A]
A olo
T AT

We saw mostly safe Rust in this course, but it's important to know what Unsafe Rust is.
HE, tHsHA @2 HAE FEE A7V 4o, =33 os

10
,Eét'ﬁ

7)o s A2 s B A8k} Hlo] QiU 2w
£ A7 F Arga gy
QFalA| ghe HAES o] &5 o}

. QA EAE oFE (W}t
. 147(-1 7]-H:]1:I:]/\ Aol 2~

S 22 Bl A

Hv X T 0O
« union ¥t H.

* extern ¢4E
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https://doc.rust-lang.org/book/ch19-01-unsafe-rust.html
https://doc.rust-lang.org/nomicon/

Unsafe Rust does not mean the code is incorrect. It means that developers have turned off
some compiler safety features and have to write correct code by themselves. It means the
compiler no longer enforces Rust's memory-safety rules.

30.2 YA ZJEIHEZ (wetrtr])

ZRJEE s A2 Y SRR 4= (W) & 49 unsafe 7 2o stk
fn main() {
let mut s = String::from("ZAsHAIQ1");

let r1 = &mut s as *mut String;
let r2 = rl as *const String;

// Safe because rl and r2 were obtained from references and so are
// guaranteed to be non-null and properly aligned, the objects underlying
// the references from which they were obtained are live throughout the
// whole unsafe block, and they are not accessed either through the
// references or concurrently through any other pointers.
unsafe {

println!("r1< {}dyct.", *r1);

*r1 = String::from("o]&1");

println! ("r2+ {3Y¢dct.", *r2);

}

/] HSHA] 5. o|FA oFA miAlQ.

/*

let r3: &String = unsafe { &*rl };

drop(s);

println!("r3 is: {}", *13);

*/
}
5 E unsafe £50| ofs) 9] 1 F=7} b gkA o) gt A SN 02 b AL F2 WYY
(H QFERo| E0] 2] AE ABkel7ho] Eo A o] A B4AUTh,

EIIH GiFEE T AL, AR sjokdych o) 2 Sof:
« E<QIE/:= null o] QHE LT
» ZOIEE webrbr) 7k ZHs slok FUTH (A9 ol 3§22 shel7) mglefof Fuh.
+ oln] WHEHE AR Zhel7|w erE U,
« 22 930 tia SA4Q o] glow ergyct,
P F2E LY A EAE S BEATH, 1 27} 7kl AR Aokglojof shul, 1 A
o Mmelg ek 27} st glojok gy
fjse] 29 Qe align 5of QojoF Bk,

The ”NOT SAFE” section gives an example of a common kind of UB bug: *r1 has the 'static
lifetime, so r3 has type &' static String, and thus outlives s. Creating a reference from a
pointer requires great care.

(
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https://doc.rust-lang.org/std/ptr/index.html#safety

29 AHNSE g AL P h

static HELLO_WORLD: &str = "Hello, world!";

=

fn main() {
println! ("HELLO_WORLD: {HELLO_WORLD}");
}

SHA|RE, Hol g o] AV AT 4 9lomz A

static mut COUNTER: u32 = 0;

)
)
rE
rE
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fn add_to_counter(inc: u32) {
unsafe {
COUNTER += inc;
}
}

fn main() {
add_to_counter(42);

unsafe {
println! ("COUNTER: {COUNTER}");
}

s o 2RO T A Eolam b iUt Rust Aap e R pxolm Heore) 4
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30.4 Unions

i
|E
U
[

U2 Etd2 €719 (enum) o H|spA| R, o HEof sgsh= g7 AL A=A o 7
5 .

#[repr(C)]
union MyUnion {
i: u8,

b: bool,
}

fn main() {
let u = MyUnion { i: 42 };
println!("int: {}", unsafe { u.i });
println!("%&: {}", unsafe { u.b }); // Undefined behavior!
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HAE s A7) 7] Wl fryeo] gt FeE 3] EUh FU22 C 2ol 22 g API

EX etd o2 A5 A] sta Atk std: imem: :transmute Y& o FH S zerocopy

2o 2 whx| 7| 97 5}7] 9lal A REslofas 1A 7o) e A
P QiU
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fu o
f
>
st

extern "C" {
fn abs(input: i32) -> 1i32;
}

fn main() {
let emojis = "« ©@";

/1 ARlo] ZutE £iAjolil FAA &elo] Al HA U

/1 Qom UTF-8 Al ZAof ooz Qbdgtct.

unsafe {
println! ("o[=EZ: {}", emojis.get_unchecked(0..4)
println!("o]®2ElZ: {}", emojis.get_unchecked(4..7)
println!("o]®2E[Z: {}", emojis.get_unchecked(7..11

o

}
println!("&2F 4: {}", count_chars(unsafe { emojis.get_unchecked(?..7) }));

unsafe {
// Undefined behavior if abs misbehaves.
println!("Col w& AUzt -3: {}", abs(-3));
}

// Not upholding the UTF-8 encoding requirement breaks memory safety!
// println!("emoji: {}", unsafe { emojis.get_unchecked(0..3) });
// println!("char count: {}", count_chars(unsafe {
// emojis.get_unchecked(@..3) }));
}

fn count_chars(s: &str) -> usize {
s.chars().count()

ofe) o] AN BH45 ALE T uf of® ST 2 S W el oF FriY, unsafe 2 0T & U5
o},

/11 ARE ZAR} AHeols e sHEU

/17
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https://doc.rust-lang.org/stable/std/mem/fn.transmute.html
https://crates.io/crates/zerocopy

/1] # Safety
/117
/11 ERJE = FESHL FHEA] P& ojof duyrt.
unsafe fn swap(a: *mut u8, b: *mut u8) {
let temp = *a;
*g = *p;
*b = temp;
}

fn main() {
let mut a = 42;
let mut b 66;

/1 ta ZZ olfE g Yt.
unsafe {
swap(&mut a, &mut b);

}
println!("a = {}, b = {}", a, b);

-

HHstx e YrEE

get_unchecked, like most _unchecked functions, is unsafe, because it can create UB if the
range is incorrect. abs is incorrect for a different reason: it is an external function (FFI).
Calling external functions is usually only a problem when those functions do things with
pointers which might violate Rust's memory model, but in general any C function might have
undefined behaviour under any arbitrary circumstances.

9 oAl oA "C"& ABL & o|uguch. ot 2 ABI = 5T

ebstA) ke FHAY )

>

We wouldn't actually use pointers for a swap function - it can be done safely with references.

Note that unsafe code is allowed within an unsafe function without an unsafe block. We
can prohibit this with #[deny(unsafe_op_in_unsafe_fn)]. Try adding it and see what
happens. This will likely change in a future Rust edition.

w

0.6 <¢HAstA] 42 EFICITAS}7]
ﬂﬁﬂmﬂﬂﬂiEﬂ 1= unsafe & 07 7haty ot ghek Egjdl

& oot 9o e o] et Wol x| Q.

%Eﬁz€mﬂmyiﬂﬂ o =t stA b2 Egslo] A&

use std::mem::size_of_val;
use std::slice;
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/// # Safety
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https://doc.rust-lang.org/reference/items/external-blocks.html
https://docs.rs/zerocopy/latest/zerocopy/trait.AsBytes.html

pub unsafe trait AsBytes {
fn as_bytes(&self) -> &[u8] {
unsafe {
slice::from_raw_parts(
self as *const Self as *const u8,
size_of_val(self),

}

/7 u320] HelH FEdo| i o] gloemE QY.

unsafe impl AsBytes for u32 {}

QFHE}IA] ek EFQlS HHE ujol= FAo # Safety &Eo|QlojA o] EFAlS HASHA L5
W old 2 PAIF S S wrEsfoFst el & “‘I‘OHOF ok,

AsBytes ollA z]AHoF & b Aol ot AA| AH2 & o Au5ddyrc

HEQ E Al Send 2 Sync & HAFHA| i% Eoldych

30.7 FFIZjd

Rust has great support for calling functions through a foreign function interface (FFI). We will
use this to build a safe wrapper for the 1ibc functions you would use from C to read the
names of files in a directory.

ofef 2 vl BAES B2 kU Tk

* opendir(3)
e Teaddir(3)
e closedir(3)

ofuf std: : ffi EESI2T o7 A& AdYh 770l ol¥ oA & 3 oh=tl B e st

T A glEol 27E o A5 Ytk

B A AH-&

str @} String UTEF-8 HAEA ] ZAH A g

CStr 3} CString d (NUL) 2 24 C ot 49} A=}

0sStr 2+ 0sString 0S 7} A ol st 0S ¢+ A1=517] o3t 2}
[e=]

o] Bt 5 gt Higte thE 1 25 uth

[e])]

H

« &str oA CStrlng o 2o) Wigh Wl upx|sto|\0 EAE M5} 9% 2L

. CStrlng oAl *const i8 29| HFh C TS SE57|YdlA= ZQAE M EQ

e *const 18 oA &CStr 2 o] HF: Fof R Hfo|EA|F AT} \Q & EUE=X] FQlst A2 72,

* &CStxr to &[u8]: a slice of bytes is the universal interface for ’some unknown data”,

e &[u8] °ll A &0sStr 2 o] W &0sStr & 0sString &2 7}7] 93t F7F A dych
0sStrExt EAME3A] 0sStr & AASIA L,

» &0sStr oA 0sString 29 ¥ &0sStr o]7}2] 7] 1 U= Hlo|E| & Ao 24, o] g

ol & g ®5t, readdir 8 S o AHEE £ Al S FUH
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https://man7.org/linux/man-pages/man3/opendir.3.html
https://man7.org/linux/man-pages/man3/readdir.3.html
https://man7.org/linux/man-pages/man3/closedir.3.html
https://doc.rust-lang.org/std/ffi/
https://doc.rust-lang.org/std/primitive.str.html
https://doc.rust-lang.org/std/string/struct.String.html
https://doc.rust-lang.org/std/ffi/struct.CStr.html
https://doc.rust-lang.org/std/ffi/struct.CString.html
https://doc.rust-lang.org/std/ffi/struct.OsStr.html
https://doc.rust-lang.org/std/ffi/struct.OsString.html
https://doc.rust-lang.org/std/os/unix/ffi/trait.OsStrExt.html

Nomicon ol FFI &tataA gk ob5 §-85F HE 7t 5y
otgl ZE£ https://play.rust-lang.org/ ol FAstL w3l S M EE A ¢l m YT

// TODO: 3ol &a=™ o|Z AAIFUrct.
#![allow(unused_imports, unused_variables, dead_code)]

mod ffi {
use std::os::raw::{c_char, c_int};
#[cfg(not(target_os = ""j=Z="))]
use std::os::raw::{c_long, c_uchar, c_ulong, c_ushort};

/1 =54 EddYyth. https://doc.rust-lang.org/nomicon/ffi.html & FistAlQ.
#[repr(C)]
pub struct DIR {

_data: [u8; 0],

_marker: core::marker::PhantomData<(*mut u8, core::marker::PhantomPinned)>,

}

// readdir(3) 9 Linux man #Z|o]A]o] w2 gojo}Jdutt,
/!l 9714 ino_t ¥ off_t+&
/1 /usr/1nc1ude/x86 64-1linux-gnu/{sys/types.h, bits/typesizes.h}2] Aol wle} &l
#[cfg(not(target_os = "fA=E"))]
#[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],
}

// dir(5) 9 mac0S man Ho]x|of| wE goJo} Y},
#[cfg(all(target_os = "mjA=2"))]
#[repr(C)]
pub struct dirent {

pub d_fileno: u64,

pub d_seekoff: u64,

pub d_reclen: ulé6,

pub d_namlen: ul6,

pub d_type: u8,

pub d_name: [c_char; 10247,
}

extern "C" {
pub fn opendir(s: *const c_char) -> *mut DIR;

#[cfg(not(all(target_os = ""fjA =", target_arch = "x86_64")))]
pub fn readdir(s: *mut DIR) -> *const dirent;

// https://github.com/rust-lang/libc/issues/414 %
/1 stat(2) ol &S mac0S man do]2]e] _DARWIN_FEATURE_64_BIT_INODE A& ZFistAlS.
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https://doc.rust-lang.org/nomicon/ffi.html
https://play.rust-lang.org/

//

/1 " o] HHlo]EZL AHFE7] Ho EAFH SAF!

// Intel ¥ PowerPC2 macOS (i0S/wear0S £o0] otd) & <olu|gurct.
#[cfg(all(target_os = "wj==", target_arch = "x86_64"))]
#[1ink_name = "readdir$INODE64"]
pub fn readdir(s: *mut DIR) -> *const dirent;

pub fn closedir(s: *mut DIR) -> c_int;

}

use std::ffi::{CStr, CString, OsStr, OsString};
use std::os::unix::ffi::0sStrExt;

#[derive(Debug) ]

struct Directorylterator {
path: CString,
dir: *mut ffi::DIR,

}

impl DirectoryIterator {
fn new(path: &str) -> Result<DirectorylIterator, String> {
// opendir & T &5ty Atz A5t Ok ghe Whehsia
/1 %A o™ HAAeE A Err & wHEHEYC
unimplemented! ()

}

impl Iterator for Directorylterator {
type Item = 0OsString;
fn next(&mut self) -> Option<0sString> {
// NULL EZEE thA] 7[AE wi7tA] readdir
unimplemented! ()
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}

impl Drop for Directorylterator {
fn drop(&mut self) {
/1 ZLo wat closedir & &g ct.
unimplemented! ()

}

fn main() -> Result<(), String> {
let iter = Directorylterator::new(".")?;
println! ("ot : {:#?}", iter.collect::<Vec<_>>());
0k(())
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30.7.1 g
mod ffi {

/1
/1
//
//

use std::os::raw::{c_char, c_int};
#[cfg(not(target_os = "fa=2"))]
use std::os::raw::{c_long, c_uchar, c_ulong, c_ushort};

/1 B5Y EFdAdYch. https://doc.rust-lang.org/nomicon/ffi.html & FistAl L.
#[lrepr(C)]
pub struct DIR {

_data: [u8; 01,

_marker: core::marker::PhantomData<(*mut u8, core::marker::PhantomPinned)>,

}

// readdir(3) 9 Linux man H®o]Z|o]] w2 oo},
/!l 714 ino_t ¥ off_t+=

// /usr/include/x86_64-1linux-gnu/{sys/types.h, bits/typesizes.h}2] oo uwz} &l

#[cfg(not(target_os = ""j=Z="))]
#[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],
¥

// dir(5) 9] mac0S man Ho]x|o] wZ& goJolUuct,
#[cfg(all(target_os = "®j=="))]
#[lrepr(C)]
pub struct dirent {

pub d_fileno: u64,

pub d_seekoff: u64,

pub d_reclen: ulé6,

pub d_namlen: ulé6,

pub d_type: u8,

pub d_name: [c_char; 10247,
}

extern "C" {
pub fn opendir(s: *const c_char) -> *mut DIR;

#[cfg(not(all(target_os = ""fA=", target_arch = "x86_64")))]
pub fn readdir(s: *mut DIR) -> *const dirent;

// https://github.com/rust-lang/libc/issues/414 %
stat(2) o ¥st macOS man o] x]e] _DARWIN_FEATURE_64_BIT_INODE AHdS FistAL.

' o] HdHolEZF AlFEH7] Mo EAPE SHEFL

Intel ¥ PowerPC 2 macOS (i0S/wear0S 5o] otd) & omguct,
#[cfg(all(target_os = ""f3 2", target_arch = "x86_64"))]
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#[1ink_name = "readdir$INODE64"]
pub fn readdir(s: *mut DIR) -> *const dirent;

pub fn closedir(s: *mut DIR) -> c_int;

}

use std::ffi::{CStxr, CString, OsStr, OsString};
use std::os::unix::ffi::0sStrExt;

#[derive(Debug) ]

struct Directorylterator {
path: CString,
dir: *mut ffi::DIR,

}

impl DirectoryIterator {
fn new(path: &str) -> Result<DirectorylIterator, String> {
// opendir & ZE5t1 AHE ZHEstH Ok k2 Hbgsta
/1 1FA %o mAz et A Exr & wHERYCE.
let path =
CString: :new(path).map_err(|err| format!("Zx% Z=: {err}"))?;
// SAFETY: path.as_ptr() < NULLY &+ glsytt.
let dir = unsafe { ffi::opendir(path.as_ptr()) };
if dir.is_null() {
Err(format!("{:?}= (£) ¥ =+ gl&4yt.", path))
} else {
Ok(Directorylterator { path, dir })

}
}

impl Iterator for Directorylterator {
type Item = 0OsString;
fn next(&mut self) -> Option<0sString> {
// NULL EJEE thA] €S wi7hA] readdir & A& S&FUcth.
// SAFETY: self.dir & NULL o] opdyt}.
let dirent = unsafe { ffi::readdir(self.dir) };
if dirent.is_null() {
/7 HEgael go] =ayisyct,
return None;
}
// SAFETY: dirent + NULL ©] o}Y™ dirent.d_name 2 NUL
/1 TEEYH.
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 {
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fn drop(&mut self) {
// Zoo] wet closedir & =Y.
if !self.dir.is_null() ¢{
// SAFETY: self.dir 2 NULL o] obdyct.
if unsafe { ffi::closedir(self.dir) } != 0 {
panic! ("{:?}& (&) < & 9l&sUrt.", self.path);

}

}

fn main() -> Result<(), String> {
let iter = Directorylterator::new(".")?;
println! ("ot : {:#?}", 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_erx());

}

#[test]

fn test_empty_directory() -> Result<(), Box<dyn Error>> {
let tmp = tempfile::TempDir::new()?;
let iter = Directorylterator::new(

tmp.path().to_str().ok_or("d=o] UTF-80] ofd =Ex7} lg")?,

)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"), "Foo tolojz[\n")?;
std: :fs::write(tmp.path().join("bar.png"), "<PNG>\n")?;
std::fs::write(tmp.path().join("crab.xs"), "//! Crab\n")?;
let iter = Directorylterator: :new(

tmp.path().to_str().ok_or("7d=oc| UTF-8¢°] ofd #x7} 2A")?,

)7,
let mut entries = iter.collect::<Vec<_>>();
entries.sort();
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assert_eq! (entries, &[".", "..", "bar.png", "crab.rs", "foo.txt"]);

Ok(())
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A 31 7%

Welcome to Rust in Android

Rust is supported for system software on Android. This means that you can write new services,
libraries, drivers or even firmware in Rust (or improve existing code as needed).

e 5 o220 ZRAEXN HAE FES FESE AYUTh TZ2AH Eof A 7
AER ST S 22 BES QA Q. o £ 0] A Bl BtYo] HE £ 5 FE
ot Hho| E 9 7 & opy ot A Eetw e
Android 4] Rust AH-&-0] Eolid & 7eret

« AH] A of]: DNS over HTTP

« 2to] B8] ]: Rutabaga 7Hy 2= Qe o] A

« 7d EafolH: HiRl T

+ FHo}: pKVM 3 ¢ o]

AFF 4 Y&

A o W g

ffo
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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

We will be using a Cuttlefish Android Virtual Device to test our code. Make sure you have
access to one or create a new one with:

source build/envsetup.sh

lunch aosp_cf_x86_64_phone-trunk_staging-userdebug
acloud create

ALA$H W82 Android Developer Codelab & ZZ st A 2.
7] IR E:

* Cuttlefish is a reference Android device designed to work on generic Linux desktops.
MacOS support is also planned.

+ Cuttlefish = A7) SE90]2 o). 3] @53 9100, Rust SAFE 8] 7)ol o] 42l of

ZeolE Yyt
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https://source.android.com/docs/setup/start

Al 33 %

1 EF 3

g=Rolt HE AJAH] (Soong) & TS 22 o2 RES &3l JAEEANYF YT

Module Type Description

rust_binary HAE Hlol4g & *g*éﬂqt}

rust_library HAE go]Haig (rlib -2 dylib) S TY
o},

rust_ffi cc ZEOJA AFEE 4 1= Clibrary (B2 &2
=) 2 YA},

rust_proc_macro proc-macro & +¥st= B AE-to|HE Y E
AU Hupde o] Egaclo g gz
54t

rust_test EF Y2 E HAE 245 AR 5= H|AEH]O]
a2 gAsct.

rust_fuzz libfuzzer & At&35}9] fuzz vlo| Y 8] &84S
Yt

rust_protobuf T2 EHI (protobuf) A E{H o] A E A F5=7]
AE EJ—O] 1:1313,] = AH/\JOL\,]E].

rust_bindgen C gtol B g0 tjst ¢ AE BRI S A5l
AE glo|He gl & Ay

th2-e rust_binary @ rust_library & Ao Euch

DHE2AZLAFTE 4+ U= F7H S5

* Cargo = th=ro] A7&Aol 2 A= Zgom <l

* Android oA = #7474, 1 BE £ 5 9J3, 22 o] E5°] Android £2AFE Eg Qb
o) 2] ZgkE o] Jlojof Fuch FE A E}TEE HhE 4 gl Yo &3 C/C++/Java R S
22 5|ojo} st} Android & H“: Al2HQl Soong o] o] Zul-S w ],

* Soong <> Blaze(google3 ol A} AF&-H) o] 2 EAA W3 Ql Bazel 2t @ov|duh

« Android, ChromeOS, Fuchsia & Bazel 2 A&g A& yrc},

» Bazel & FAFGH Rl E H& S vij9= 712 2 E Rust OS 7HEA}of| A58 gy o

o An| Q=AM AEE ™| O] FElE F Y dlo]E (Data) = A Soong EFYl 9] Q=2 o] =
(Android) ¥4 tct.

Ejdlol A 17| A Sohe =g
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https://source.android.com/docs/setup/build/bazel/introduction
https://chromium.googlesource.com/chromiumos/bazel/
https://source.android.com/docs/setup/build/bazel/introduction

33.1 XA EH}o|Yg

et S8 2o 2 AlAE) B4 Ut AOSP Al 3 ofko] R E AT utd & A
hello_rust/Android.bp:
rust_binary {

name: "hello_rust",

crate_name: "hello_rust",
srcs: ["src/main.rs"],

}

hello_rust/src/main.rs:
//! Rust dEYurc}.

/1] QLS EE 2HO R Y.
fn main() {
println!("Hello from Rust!");
}
O™ o, o] Hholy 2l & Y EstaL, 7 tjubol Aol il dyshuc:
m hello_rust

adb push "$ANDROID_PRODUCT_OUT/system/bin/hello_xrust" /data/local/tmp
adb shell /data/local/tmp/hello_rust

Hello from Rust!

33.2 FH2Ezgo|BY

rust_library & AR85to] RIrE 20| =8 A 2{AE 2lo]Hejg EvtE Y.
of7] A = 7l 9] 2tolB2f 2o thet &S

« ofzfo] o]t 1ibgreeting.
« external/rust/crates/o|&2}s}t= libtextwrap

hello_rust/Android.bp:

rust_binary {
name: "hello_rust_with_dep",
crate_name: "hello_rust_with_dep",
srcs: ["src/main.rs"],
rustlibs: [
"libgreetings",
"libtextwrap",
1,
prefer_rlib: true, // Need this to avoid dynamic link error.

}

rust_library {
name: "libgreetings",
crate_name: "SIApEH",
srcs: ["src/lib.rs"],
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https://cs.android.com/android/platform/superproject/+/master:external/rust/crates/

hello_rust/src/main.rs:
//! Rust dlZduUrct.

use greetings::greeting;
use textwrap::fill;

/11 TS BE FHoR AT
fn main() {

println!("{}", fill(&greeting("Bob"), 24));
}

hello_rust/src/lib.rs:

/11 QAT etolEe eyt

/// “name oA <AAFIYTH,
pub fn greeting(name: &str) -> String {

format! ("{name}d, AYSA L. TrtA HEZFESUTH ")
}

ojA Y, BESIAL, 7HE tlHfo] AR a1, At

B

m hello_rust_with_dep
adb push "$ANDROID_PRODUCT_OUT/system/bin/hello_rust_with_dep" /data/local/tmp
adb shell /data/local/tmp/hello_rust_with_dep

Hello Bob, it is very
nice to meet you!
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A 34 %

AIDL

B AEEohs 2o =elejs|o] ~ H o] 2o (AIDL) & Atk

* BJAE FE0jA 712 AIDL H & 5% & 4 Qs ych
» MAEA A2 AIDL A HE BT 5 T

34.1 /** QY AHA QAE|H o] AA Ut} ¥

To illustrate how to use Rust with Binder, we're going to walk through the process of creating
a Binder interface. We're then going to both implement the described service and write client
code that talks to that service.

34.1.1 AIDL 9Ig|mlo] &
AIDL QIE{B|o] A E o] &5 A AH| 29 APT & Attt
birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl:
/** A AulA QJEFolAYYT. */
interface IBirthdayService {

/** L S5k HAIAE AU, */

String wishHappyBirthday(String name, int years);
}

birthday_service/aidl/Android.bp:

aidl_interface {
name: "com.example.birthdayservice",
srcs: ["com/example/birthdayservice/*.aidl"],
unstable: true,
backend: {
rust: { // Rustt 7|2&o= A8 MA=A g&Uct,
enabled: true,
b
I
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https://developer.android.com/guide/components/aidl

* Note that the directory structure under the aid1l/ directory needs to match the package
name used in the AIDL file, i.e. the package is com.example.birthdayservice and
the fileis at aidl/com/example/IBirthdayService.aidl

34.1.2 Generated Service API

Binder generates a trait corresponding to the interface definition. trait to talk to the service.

birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl:
/** B AulA QIEHo]AYYT, */
interface IBirthdayService {
[** L S5t wHAIAE AddUe. */
String wishHappyBirthday(String name, int years);
}

Generated trait:

trait IBirthdayService {
fn wishHappyBirthday(&self, name: &str, years: 132) -> binder::Result<String>;
}

Your service will need to implement this trait, and your client will use this trait to talk to the
service.

* The generated bindings can be found at out/soong/.intermediates/<path to
module>/.
* Point out how the generated function signature, specifically the argument and return
types, correspond the interface definition.
— String for an argument results in a different Rust type than String as a return

type.

34.1.3 Au¥|AF3d
o|#] AIDL MH|AE 18T 4= AFUTh
birthday_service/src/lib.rs:

use com_example_birthdayservice::aidl::com::example: :birthdayservice::IBirthdayService:
use com_example_birthdayservice: :binder;

/// The "IBirthdayService  implementation.
pub struct BirthdayService;

impl binder::Interface for BirthdayService {}

impl IBirthdayService for BirthdayService {
fn wishHappyBirthday(&self, name: &str, years: i32) -> binder::Result<String> {
Ok(format!("{name}d< HIZ Folguct. {years}Fd& Foyr."))
}
}

birthday_service/Android.bp:

rust_library {
name: "libbirthdayservice",
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srcs: ["src/lib.rs"],

crate_name: "birthdayservice",

rustlibs: [
"com.example.birthdayservice-rust",
"libbinder_xs",

] I

» Point out the path to the generated IBirthdayService trait, and explain why each of
the segments is necessary.

* TODO: What does the binder: : Interface trait do? Are there methods to override?
Where source?

34.1.4 AIDL AMH]
oA Bte 2 AH|AS A FEHE AW E T 4 sy
birthday_service/src/server.rs:

//1 Birthday service.
use birthdayservice: :BirthdayService;

use com_example_birthdayservice::aidl::com::example::birthdayservice: :IBirthdayService:

use com_example_birthdayservice: :binderx;
const SERVICE_IDENTIFIER: &str = "birthdayservice";

/17 L AMujAe] AA-FAYT.
fn main() {
let birthday_service = BirthdayService;
let birthday_service_binder = BnBirthdayService: :new_binder(
birthday_service,
binder: :BinderFeatures: :default(),
),
binder::add_service(SERVICE_IDENTIFIER, birthday_service_binder.as_binder())
.expect ("AlH| A 5= Aujv);
binder: :ProcessState::join_thread_pool()
}

birthday_service/Android.bp:

rust_binary {

name: "birthday_server",

crate_name: "birthday_server",

srcs: ["src/server.rs'"],

rustlibs: [
"com.example.birthdayservice-rust",
"libbinder_xrs",
"libbirthdayservice",

1,

prefer_rlib: true, // To avoid dynamic link error.

}

The process for taking a user-defined service implementation (in this case the BirthdayService
type, which implements the IBirthdayService) and starting it as a Binder service has
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multiple steps, and may appear more complicated than students are used to if they've used
Binder from C++ or another language. Explain to students why each step is necessary.

1. Create an instance of your service type (BirthdayService).

2. Wrap the service object in corresponding Bn* type (BnBirthdayService in this case).
This type is generated by Binder and provides the common Binder functionality that
would be provided by the BnBinder base class in C++. We don't have inheritance in Rust,
so instead we use composition, putting our BirthdayService within the generated

BnBinderService

3. Call add_service, giving it a service identifier and your service object (the
BnBirthdayService object in the example).
4. Call join_thread_pool to add the current thread to Binder's thread pool and start
listening for connections.

34.1.5 H|=E

M| AE R ESHL, 7 tfrto] 2o) ¥al, Al2f e 4= 9l g o

m birthday_server

adb push "$ANDROID_PRODUCT_OUT/system/bin/birthday_server" /data/local/tmp

adb root

adb shell /data/local/tmp/birthday_server

thE Hold g M MulA7F 2 85 A =4 Elg

adb shell service check birthdayservice

Service birthdayservice

. found

service call Y2 AHAE &2 4k 5T
birthdayservice 1 s16 Bob i32 24

adb shell service call

Result: Parcel(
0x00000000: 00000000
0x00000010: 00200079
0x00000020: 00790061
0x00000030: 00610063
0x00000040: 0061006cC
0x00000050: 00690077
0x00000060: 00320020
0x00000070: 00210073

34.1.6 AIDL Z&}lo|dE

BRA| B0 2, ob 7} Z7kek Aju] Ao st Sl E S HAERIIS)

birthday_service/src/client.rs:

00000036 00610048
00690042 00740072
00420020 0062006f
0067006e 00610072
00690074 006e006T
00680074 00740020
00200034 00650079
00000000

00700070
00640068
0020002c
00750074
00200073
00650068
00720061

> Q@ e
" oHRORTIT
R R
pooREOE
c av

VS0V -~

<

use com_example_birthdayservice::aidl::com::example: :birthdayservice::IBirthdayService:

use com_example_birthda

const SERVICE_IDENTIFIE

fn main() -> Result<(), Box<dyn Error>> {

yservice: :binder;

R: &str = "birthdayservice";
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let name = std::env::args().nth(1l).unwrap_or_else(|| String::from("Bob"));
let years = std::env::args()

.nth(2)

.and_then(|arg| arg.parse::<i32>().ok())

.unwrap_or(42),

binder: :ProcessState::start_thread_pool();
let service = binder::get_interface::<dyn IBirthdayService>(SERVICE_IDENTIFIER)
.map_erxr(|_| "BirthdayServiceo] dZ2% 4 ¢l&uch.")?

// Call the service.
let msg = service.wishHappyBirthday(&name, years)?;
println! ("{msg}");

}

birthday_service/Android.bp:

rust_binary {

name: "birthday_client",

crate_name: "birthday_client",

srcs: ["src/client.rs"],

rustlibs: [
"com.example.birthdayservice-rust",
"libbinder_xrs"

1,

prefer_rlib: true, // To avoid dynamic link error.

}
Za}to]JdELE libbirthdayservice ol o] &35}#] g0l F231A 2.
HEstal, 7Hg dufoj A2 P, Aggth:

m birthday_client
adb push "$ANDROID_PRODUCT_OUT/system/bin/birthday_client" /data/local/tmp
adb shell /data/local/tmp/birthday_client Charlie 60

Happy Birthday Charlie, congratulations with the 60 years!

* Strong<dyn IBirthdayService> is the trait object representing the service that the
client has connected to.

— Strong is a custom smart pointer type for Binder. It handles both an in-process ref
count for the service trait object, and the global Binder ref count that tracks how
many processes have a reference to the object.

— Note that the trait object that the client uses to talk to the service uses the exact
same trait that the server implements. For a given Binder interface, there is a single
Rust trait generated that both client and server use.

* Use the same service identifier used when registering the service. This should ideally be
defined in a common crate that both the client and server can depend on.

34.1.7 API $#

API £ H33to] o Be 7]52 A2l AT Zetol st A FhEol g e A%
2 3754k

st

i
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package com.example.birthdayservice;

/e L a2 Qlejso] AT, */
interface IBirthdayService {
[*¥* L Fst HAAE Ay, */
String wishHappyBirthday(String name, int years, in String[] text);
}

This results in an updated trait definition for IBirthdayService:

trait IBirthdayService {
fn wishHappyBirthday(
&self,
name: &str,
years: 132,
text: &[String],
) -> binder::Result<String>;

* Note how the String[] in the AIDL definition is translated as a &[String] in Rust, i.e.
that idiomatic Rust types are used in the generated bindings wherever possible:
— inarray arguments are translated to slices.
— out and inout args are translated to &mut Vec<T>.
— Return values are translated to returning a Vec<T>.

34.1.8 Updating Client and Service

Update the client and server code to account for the new API.
birthday_service/src/lib.rs:

impl IBirthdayService for BirthdayService {
fn wishHappyBirthday (

&self,
name: &str,
years: 132,

text: &[String],
) -> binder::Result<String> {
let mut msg = format!(
"{name}d ] LS FstgUrt. {years}Fde Fstdut.",

)

for line in text {
msg.push('\n');
msg.push_str(line);

}
Ok (msg)

}

birthday_service/src/client.rs:

let msg = service.wishHappyBirthday(
&name,
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years,

&[
String::from("Habby birfday to yuuuuu"),
String::from("And also: many more"),

1.

)7,

* TODO: Move code snippets into project files where they'll actually be built?

34.2 Working With AIDL Types

AIDL types translate into the appropriate idiomatic Rust type:

* Primitive types map (mostly) to idiomatic Rust types.

* Collection types like slices, Vecs and string types are supported.

» References to AIDL objects and file handles can be sent between clients and services.
* File handles and parcelables are fully supported.

34.2.1 Primitive Types

Primitive types map (mostly) idiomatically:

AIDL Type RustType Note

boolean bool

byte i8 Note that bytes are signed.
char ulé Note the usage of u16, NOT u32.
int i32

long i64

float 32

double 64
String String

34.2.2 H|¥

The array types (T[], byte[],and List<T>) get translated to the appropriate Rust array type
depending on how they are used in the function signature:

Position Rust Type

in argument &[T]
out/inout argument &mut Vec<T>
Return Vec<T>

* In Android 13 or higher, fixed-size arrays are supported, i.e. T[N] becomes [T; N].
Fixed-size arrays can have multiple dimensions (e.g. int[3][4]). In the Java backend,
fixed-size arrays are represented as array types.

* Arrays in parcelable fields always get translated to Vec<T>.
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34.2.3 Edg|QlAx

AIDL objects can be sent either as a concrete AIDL type or as the type-erased IBinder
interface:

birthday_service/aidl/com/example/birthdayservice/IBirthdayInfoProvider.aidl:

package com.example.birthdayservice;

intexface IBirthdayInfoProvider {
String name();
int years();

}

birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl:

import com.example.birthdayservice.IBirthdayInfoProvider;

interface IBirthdayService ({
/** The same thing, but using a binder object. */
String wishWithProvider(IBirthdayInfoProvider provider);

/** The same thing, but using IBinder . */
String wishWithErasedProvider(IBinder provider);
}

birthday_service/src/client.rs:

/// Rust struct implementing the "IBirthdayInfoProvider interface.
struct InfoProvider {

name: String,

age: u8,

}

impl binder::Interface for InfoProvider {}

impl IBirthdayInfoProvider for InfoProvider {
fn name(&self) -> binder::Result<String> {
Ok (self.name.clone())
}

fn years(&self) -> binder::Result<i32> {
Ok (self.age as i32)
}
}

fn main() {
binder::ProcessState: :start_thread_pool();
let service = connect().expect("BirthdayServiceo] 123 4 glsuch.");

// Create a binder object for the "IBirthdayInfoProvider  interface.
let provider = BnBirthdayInfoProvider::new_binder (
InfoProvider { name: name.clone(), age: years as u8 },
BinderFeatures: :default(),

)
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// Send the binder object to the service.
service.wishWithProvider (&provider)?;

// Pexform the same operation but passing the provider as an “SpIBinder".
service.wishWithErasedProvider (&provider.as_binder())?;

* Note the usage of BnBirthdayInfoProvider. This serves the same purpose as
BnBirthdayService that we saw previously.

3424 WS

Binder for Rust supports sending parcelables directly:
birthday_service/aidl/com/example/birthdayservice/BirthdayInfo.aidl:
package com.example.birthdayservice;

parcelable BirthdayInfo {

String name;

int years;
}
birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl:

import com.example.birthdayservice.BirthdayInfo;

interface IBirthdayService {
/** The same thing, but with a parcelable. */
String wishWithInfo(in BirthdayInfo info);

}

birthday_service/src/client.rs:

fn main() {
binder::ProcessState: :start_thread_pool();
let service = connect().expect("BirthdayServiceo| 1238 4 gl&uych.");

service.wishWithInfo(&BirthdayInfo { name: name.clone(), years })?;

34.2.5 Sending Files

Files can be sent between Binder clients/servers using the ParcelFileDescriptor type:
birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl:

interface IBirthdayService {
/** The same thing, but loads info from a file. */
String wishFromFile(in ParcelFileDescriptor infoFile);

}
birthday_service/src/client.rs:

fn main() {
binder::ProcessState::start_thread_pool();
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let service = connect().expect("BirthdayServiceo| 128 4 gl&ych.");

// Open a file and put the birthday info in it.

let mut file = File::create("/data/local/tmp/birthday.info").unwrap();
writeln! (file, "{name}")?;

writeln!(file, "{years}")?;

// Create a "ParcelFileDescriptor from the file and send it.
let file = ParcelFileDescriptor::new(file);
service.wishFromFile(&file)?;

}
birthday_service/src/lib.rs:

impl IBirthdayService for BirthdayService {
fn wishFromFile(
&self,
info_file: &ParcelFileDescriptor,
) -> binder::Result<String> {

// Convert the file descriptor to a 'File" . "ParcelFileDescriptor’ wraps
// an “OwnedFd’, which can be cloned and then used to create a "File’
// object.
let mut info_file = info_file
.as_xef()

.try_clone()
.map(File::from)
.expect("Invalid file handle");

let mut contents = String::new();
info_file.read_to_string(&mut contents).unwrap();

let mut lines = contents.lines();
let name = lines.next().unwrap();
let years: 132 = lines.next().unwrap().parse().unwrap();

lo]l}
d

ek "))

Ok(format!("{name}d< HAd<Z FstgUct. {years}Fd& F3}

* ParcelFileDescriptor wraps an OwnedFd, and so can be created from a File (or any
other type that wraps an OwnedFd), and can be used to create a new File handle on
the other side.

* Other types of file descriptors can be wrapped and sent, e.g. TCP, UDP, and UNIX sockets.
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Al 35 &

Testing in Android

Building on Testing, we will now look at how unit tests work in AOSP. Use the rust_test
module for your unit tests:

testing/Android.bp:

rust_library {
name: "libleftpad",
crate_name: "leftpad",
srcs: ["src/lib.rs"],

}

rust_test {
name: "libleftpad_test",
crate_name: "leftpad_test",
srcs: ["src/lib.rs"],
host_supported: true,
test_suites: ["general-tests"],

}
testing/src/lib.rs:
//1 Left-padding library.

/// Left-pad s’ to ‘width'.

pub fn leftpad(s: &str, width: usize) -> String {
format! ("{s:>width$}")

}

#[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

The GoogleTest crate allows for flexible test assertions using matchers:

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")));
}
o2l @ A5 ' 2 HASHHE|AET Amlstal @ 78 HE9] 7he| 7= FRIE F HAIA 7R

Al g,

---- 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
* GoogleTest = Rust Z&o]1et2=9] AR 7t ofym 2 274 7oA o]of| & AlgyafoF gt}
cargo add googletest & At&5to] 7]& Cargo Z2H Eof w27 Z7}51A] 2.

« use googletest::prelude::*; E2URrA 0 2ZALE == oA 2 2 EFIS of=] 7 714
syt

+ o]i= o) ol m] AR B3] 7} o] Yyt
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* 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 safete 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.")
),

}
Aoz F2d diff S EAIFUT (o] 7]ol - = Ado] EAIE A FasyTh).

Value of: haiku

Expected: is equal to "Memory safety found,\nRust's silly humor guides the way, \nSecure
Actual: "Memory safety found,\nRust's strong typing guides the way,\nSecure code you'll

which isn't equal to "Memory safety found,\nRust's silly humor guides the way, \nSecur
Difference(-actual / +expected):

Memory safety found,
-Rust's strong typing guides the way,
+Rust's silly humor guides the way,

Secure code you'll write.

at src/testing/googletest.rs:17:5

o Jeo]E= C++8& GoogleTest 2] Rust ZE YT},

35.2 RolXz

ol Helo 4% dg| AHE-E = 2to] B 2j2]Ql Mockall o] Ut EBSl& ALt EE ¢
Bl slioF it 23 o2 w27 2o] g 4 AsyTh

use std::time: :Duration;

N |

#[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);
assert_eq!(mock_dog.is_hungry(Duration::from_secs(10)), true);

* Mockall is the recommended mocking library in Android (AOSP). There are other
mocking libraries available on crates.io, in particular in the area of mocking HTTP
services. The other mocking libraries work in a similar fashion as Mockall, meaning
that they make it easy to get a mock implementation of a given trait.
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» 2of Heje ha 2|2 AL G AES F4 FEol A eh3] 2
& 4 9l&UTh 1 A% g AEAYo] oS w21 P MO 2 o 2ol Ut whHle] meji %
s o] A B4 FBo| MYt A b2 222 wHT 49U
b5k Al $4 G2 AL Ao] E4U T ol Sol g ol EjHo] Ao AL mwe)
Q=S 2T 5 ASUTh Z, HAE0| A S SA4L b4 Btk ohet ot w2
3 A5ozA YY)
ohz7bA) 2 e ) Ze|g Y ao A s localhost 9 9] EEOuIGYE L ZRA A U Ay
2 AAY 4 d&UTh ZelY 9IS 2ol M it ZHTks G4 o] W AL StE Aol E4
Uth A4 B AEES B AESH: o =go] HYrth.

+ Mockall o & %2 750 15Ut S5 A2 4ol we} 7| i1 SRS 4 A&y
o 7|4 = phx| ok 2 Blo| £ ] 3 A|zbo] A|LpRlu) L] & 1Fo] & B olSH o] o 5 ALE

Si=

#[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);

« .times(n) & AF85t] RO fiA Bt S&2E £ Qe S
Aol 225 %] o oy 7} AA 2 uf 2AHE 0 2 oy
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Al 36 &

=27

log Z#0| E 2 AM&5HH Qe 2o| = Tiulo] A ghol q 2 H ol & logcat O 2, TAE A 43
= o= stdout L2217 A5 02 Z3o] HE2 & £ 9Lt

hello_rust_logs/Android.bp:

sk

rust_binary {
name: "hello_rust_logs",
crate_name: "hello_rust_logs",
srcs: ["src/main.rs"],
rustlibs: [
"liblog_rust",
"liblogger",
1,
host_supported: true,

}
hello_rust_logs/src/main.rs:
/7! Rust 27 dl=JYt}.

use log::{debug, error, info};

/11 QAMES 71534,
fn main() {
logger: :init(
logger: :Config: :default()
.with_tag_on_device("rust")
.with_min_level(log::Level::Trace),
),
debug! ("Z2I2 AlZst= FUUT.");
infol ("#& AYP= AFYGH.");
error! ("EA7F TAAMESUS!");
}
W=t 7h4g tuto) 2o Y, Ay
m hello_rust_logs
adb push "$ANDROID_PRODUCT_OUT/system/bin/hello_xrust_logs" /data/local/tmp
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adb shell /data/local/tmp/hello_rust_logs
adb logcat AR=2 235 &Iyt

adb logcat -s rust

09-08 08:38:32.454
09-08 08:38:32.454
09-08 08:38:32.454

2420 2420 D rust: hello_rust_logs: Starting program.
2420 2420 I rust: hello_rust_logs: Things are going fine.
2420 2420 E rust: hello_rust_logs: Something went wrong!
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BYAEL The T Zo| ThE dlojete] 4T o84S E53] AR Th
« B Qlojoll A B AE F4E TEFUL.
-aﬂﬂﬂ§¢%a¢5wﬁiéﬂuq

HAELCEEFES BEE o BAE B YT 4 Asych Toh, W2 YAE P42
A CollM 25 & 4 = 54U
AT oo} Zo| £50E TYF 4 Y&k
extern "C" {
fn abs(x: i32) -> i32;
}
fn main() {
let x = -42;
let abs_x = unsafe { abs(x) };
println! ("{x}, {abs_x}");
}
$-2|+&= o]n] Safe FFI 2| 52 Aol|A o] & thEAFY T
oj2i3t Wil el B E| BE HEZ AP T Yok MAIS ZDUS U A4S
mE Aot AYstA st
Z o ue g4e Auusyd
37.1.1 Bindgen A}-25}7]
bindgen + C st oA 2|AE vRIG & A5 0 &2 Aot =YYyt

WA 22 € 2hol B el 2 & vhEo] malE U th
interoperability/bindgen/libbirthday.h:
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typedef struct card {
const char* name;
int years;

} card;

void print_card(const card* caxd);
interoperability/bindgen/libbirthday.c:

#include <stdio.h>
#include "libbirthday.h"

void print_card(const card* card) {
printf("+-------------- \n");
printf("| %s <, Y Fsttyth.\n", card->name);
printf("| %iF49< Sstaychi\n", card->years);
printf("+-------------- \n");

}

Android.bp otdoj o} E F7+gY o}
interoperability/bindgen/Android.bp:

cc_library {
name: "libbirthday",
srcs: ["libbirthday.c"],

Ay

}
gtojHajgof thet s tf mpd & TEUTH (O] Ao = HhEA e
interoperability/bindgen/libbirthday_wrapper.h:
#include "libbirthday.h"

ojA| vl & AtF o2 AT + stk
interoperability/bindgen/Android.bp:

rust_bindgen {
name: "libbirthday_bindgen",
crate_name: "birthday_bindgen",
wrapper_src: "libbirthday_wrapper.h",
source_stem: "bindings",
static_libs: ["libbirthday"],

}

ohA U, BlaE T o)A vl g Abge 4 gtk
interoperability/bindgen/Android.bp:

rust_binary {

name: "print_birthday_card",

srcs: ["main.rs"],

rustlibs: ["libbirthday_bindgen"],
}

interoperability/bindgen/main.rs:
//! Bindgen dl®= <y},
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use birthday_bindgen::{card, print_card};

fn main() {
let name = std::ffi::CString: :new("TE") . unwrap();
let card card { name: name.as_ptr(), years: 42 };
// SAFETY: “print_card’ is safe to call with a valid “card’ pointer.
unsafe {
print_card(&card as *const card);

}
}
W3k, 7 tlabo) 2of W, ARk
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
op|gto 2, uielgo] 2 25at=A] &elety] 915l A5 A4 E HlAESAYs) B h
interoperability/bindgen/Android.bp:

rust_test {
name: "libbirthday_bindgen_test",
srcs: [":libbirthday_bindgen"],
crate_name: "libbirthday_bindgen_test",
test_suites: ["general-tests"],
auto_gen_config: true,
clippy_lints: "none", // /% u<d, HE 2] AU H7|
lints: "none",

}
atest libbirthday_bindgen_test

37.1.2 ColN B2ESE

Y AEOAN B} 45 C 2 UHU = A2 gheehy ok
interoperability/rust/libanalyze/analyze.rs

//) Rust FFI dglZ]uct.

#! [deny (improper_ctypes_definitions)]

use std::os::raw::c_int;

/1] $£2E B},
#[no_mangle]
pub extern "C" fn analyze_numbers(x: c_int, y: c_int) {

if x <y {

println! ("x({x}) 7} 7F¢ Z&sdot.’
} else {

println! ("y({y}) = x({x}) B2t} = A ")
}

}
interoperability/rust/libanalyze/analyze.h
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#ifndef ANALYSE_H
#define ANALYSE_H

extern "C" {
void analyze_numbers(int x, int y);

}

#endif

interoperability/rust/libanalyze/Android.bp

rust_ffi {
name: "libanalyze_ffi",
crate_name: "analyze_ffi",
srcs: ["analyze.rs"],
include_dirs: ["."],

}

ojA| o] HAE gE CHiolH ol 225 4 lsUTh
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"],
}
W=t 7h4 tutol 2o Y, Ayt
m analyze_numbers
adb push "$ANDROID_PRODUCT_OUT/system/bin/analyze_numbers" /data/local/tmp
adb shell /data/local/tmp/analyze_numbers
#[no_mangle] & A E 9| 4 =29 (name mangling) SH &/d2st2 g R =2 I &
A= olE2 9 ol AdEZIEYTH A& o] F2 HH I Ath#[export_name =
"some_name"] & AF&gU .

37.2 C++eo| 584

CXX Z#o] £ HAES} Cav Abo] o] QHATHEL A& 7H5 3l SHEUTh
AA A F Ee o3t 24k
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37.2.1 HXERE

CXX & Z} AojojA] th2 Aol 2 =2 5= g4 Argof s ™
A ojazz 2Ao] 92 Rust ZEOA extern E2-2 AL235}9]

#[allow(unsafe_op_in_unsafe_fn)]
#[cxx: :bridge(namespace = "org::blobstore")]
mod ffi {
/1 5 o]l BEFo] ZAEE HEV) e 38 FRAYYL.
struct BlobMetadata {
size: usize,
tags: Vec<String>,

SAMERHUth #[cxx: :bridge] £
o] & Alagdyct

}

/1 C++o] ZH Rust B 9 #A= A2y dYrct.
extern "Rust" {
type MultiBuf;

fn next_chunk(buf: &mut MultiBuf) -> &[u8];
}

// Rusto] =% C++ g9 2 T4 Alayxduct,
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;

« BEzl= drbA oz FeolE U9 ffi REo Add U

o B2|7] RE|A] o]Fojzl A0 2HE] CXX &= YAI5H= Rust I C++ EF /&4 Aol & A/dst
of o]g{gt FE2 F o] ZFof kEFY

o /¥ Rust Z=E EHW cargo-expand EAHE510] 49 proc i3 25 ERI5HA 2. tH
£o| oo A& cargo expand ::ffiE AHE3te] ffi ZEWEAE U (Android T2 E
o= A&7 &)

o APE C++ T=5 EHW target/cxxbridge £ &I5HAH 2.

37.2.2 Rust Bridge Declarations

#[cxx: :bridge]
mod ffi {
extern "Rust" {
type MyType; // =51 eplelfch.
fn foo(&self); // “MyType o HA=<uc},
fn bar() -> Box<MyType>; // Free function
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struct MyType(i32);

impl MyType {
fn foo(&self) {
println!("{}", self.0);
}
}

fn bar() -> Box<MyType> {
Box: :new(MyType(123))
}
» extern "Rust"oll AAE &5 4 &S HY
o CXX Z & A 7]= extern "Rust" Al S ALE5}
od S YT A sld = ot &7 rsh Q1 B Al <lst
42 st 53U RS

37.2.3 AAE C++

#[cxx: :bridge]
mod ffi {
/1 C++ol] =% Rust B % mME Al2YAdyrt.
extern "Rust" {
type MultiBuf;

fn next_chunk(buf: &mut MultiBuf) -> &[u8];

}

1 Azt g ohen e crrd Y

struct MultiBuf final : public ::rust::Opaque {
~MultiBuf() = delete;

private:

friend ::rust::layout;

struct layout {
static ::std::size_t size() noexcept;
static ::std::size_t align() noexcept;
b
},

cirust::Slice<::std::uint8_t const> next_chunk(::org::blobstore: :MultiBuf &buf) noexcep:

37.24 C++BaAAHA

#[cxx: :bridge]
mod ffi {
// Rustol 2% C++ B 2 4 AlIYHAYTt.
unsafe extern "C++" {
include! ("include/blobstore.h");
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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;

}

A= = o233 22 Rust Yot

#[repxr(C)]

pub struct BlobstoreClient {
_private: ::cxx::private::Opaque,

}

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" {
#[1ink_name = "org$blobstore$cxxbridgel$BlobstoreClient$put"]

n __put(
_ . &BlobstoreClient,
parts: *mut ::cxx::core::ffi::c_void,
) -> ub4;
}
unsafe {
__put(self, parts as *mut MultiBuf as *mut ::cxx::core::ffi::c_void)
}
}
}
//

o T2 = A4 o] AHI Al Y X 7L Fetetrta BAE FH e rkgla Ut CXX = Al LY A7t
C++oll Al MAE 73t H3H5] Yx|sH=r 24| A517] 93] A2 02 assertion & AlPshct,
s unsafe extern £&& AH851H Rust o[ A QHESHA| S &8 £l +& C++ 45 AU 4+ 9l

Ut

w

37.2.5 FHEH
#[cxx: :bridge]

mod ffi {
#[derive(Clone, Debug, Hash)]
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struct PlayingCard {

suit: Suit,

value: u8, // A=1, J=11, Q=12, K=13
}

enum Suit {
Clubs,
Diamonds,
Hearts,
Spades,

-

(@]
o
my
rlo

o)) enum T A4 H Yk
Bt 9] #[derive()] oll= AlgHE 9] Eoloj A A Yt} C++ FEof| thsi A = -85}
5ol A" Yth ol & £l Hash & st sig C++ Btdoll tf gt std: thash 18 =

37.2.6 = Enum

#[cxx: :bridge]

mod ffi {
enum Suit {
Clubs,
Diamonds,
Hearts,
Spades,
}
}

38 B AE:

#[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 };
pub const Diamonds: Self = Suit { repr: 1 };
pub const Hearts: Self Suit { repr: 2 };
pub const Spades: Self Suit { repr: 3 };

}

Generated C++:

enum class Suit : uint8_t {
Clubs =0
Diamonds

Hearts
Spades
},

1,

wWN I~

I
I
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+ Rust 304, 49 enum o] ¥} YHH TEL AAZ £4 g Yste FEAYYL o
L enum 2227 A E BE MY o2 g2 B G5 Zlo] Cr+ollA UB7Hoh 1 Rust B
dE 5AG 52 7ok HE U,

37.2.7 2774

#[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: :Exrror::msg("falliblelol Zo] > 0 ZQ"));
}

Ok("¢t=1".into())

* Result & WHgsh= Rust 4= C++ Sof|A] o 2 HE-E Ut

o WA= olel= A4 rust: iExror EtYJolH FE QF HAIAZAEE VA= S 2
S 92 oA x] = o & e}l o] Display impl oA 7FA-&Uch

* Rust of|A] C++2 o o] SjA| = Z2A|A7F FA] FEHY

37.2.8 27A4d

#[cxx: :bridge]
mod ffi {
unsafe extern "C++" {
include! ("example/include/example.h");
fn fallible(depth: usize) -> Result<String>;

}

fn main() {
if let Err(err) = ffi::fallible(99) {
eprintln! ("2%F: {}", err);
process::exit(1l);

* Result & W32 2 MAH C++ T4t C++ SOl A AT S E 25131 o] 2 T & Rust
gh4of Err gho 2 whekshyct,

* Result & uHhsl = 2 CXX B 2| A oj| A A 5}HA] o
“EILE:‘.’S C++9] std: :terminate & S &3ch l &2 noexcept C++ 3t /\Tz__ %6]1

A= B U o9 of 25y

37.2.9 7}
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Rust Type C++ Type

String rust::String

&str rust: :Str
CxxString std::string
&[T]/&mut [T] 7rust::Slice

Box<T> rust: :Box<T>
UniquePtr<T> std::unique_ptr<T>
Vec<T> rust: :Vec<T>
CxxVector<T> std::vector<T>

« olejdErY e B4

T

* Rust 9] String 2 std:

F7F AEHH
- std::string 2 String ol 23 UTF-8 5%
- T EY2 H2e o A2 & glololz2 7HA AL 2
=
- std::string o=
std::string < gt 2 Rust o] A2& 491

37.2.10 Building in Android

cc_library_static &
=3yt
cc_library_static {
name: "libcxx_test_cpp",
srcs: ["cxx_test.cpp"],
generated_headers: [
"cxx-bridge-header",

kS o] CXX ol A A4

FzAo g} extern F4-9] Q14 W HEhof| A A}

Rust © o5 |n] AA| 9 Ax| kA gt o] 5447 WRsE

R EE PPN

"libcxx_test_bridge_header"

1.
generated_sources .

e libcxx_test_bridge_header ¥ libcxx_test_bridge_code 7} CXX ol A] %
23 2o|gfe AS A3}, ok

LR

o

g 4+ st

:string ol 23 v H A G E U of7]ol= tha3 22 2 7HA] °]

G&R715 e
s
&4t

23to] C++ hol Hef el g

["1libcxx_test_bridge_code"],

A= C++
E]-O] Eoﬂ/\i S| X-] l:l]—l:H ° 0]—0]—5‘_]/][4—

+ oJukE el CXX 49l E 714 2 2% cxx- bridge-header 2ol B2 2] 5 AL§ 8o gL,
* Android oA CXX & A&t B o) B3t A 2A1= Android EA oA Q18 4= Q&Y th

st 50| Lhzo] of Qi E of cloll A ThAl

£ 3o] 45U

37.2.11 Building in Android

T MR-

29 ozt 2 Q& o] PYIE 2o L5}

AE T X

TﬂJgMHMeE%EQQOHP%XXﬂﬂgg

3% o+ cc_library_static of tistd

gy,

// 1ib.rs @ Rust WEW7| F4=of o3t
/1 C++ HiQIGo] x3LE C++ sHfE A
genrule {
name: "libcxx_test_bridge_header",
tools: ["cxxbridge"],
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https://source.android.com/docs/setup/build/rust/building-rust-modules/android-rust-patterns#rust-cpp-interop-using-cxx

cmd: "$(location cxxbridge) $(in) --header > $(out)"
srcs: ["lib.rs"],
out: ["lib.rs.h"],

}
// Rust?7} E&3t= C++ ZE=ES AUt
genrule {
name: "libcxx_test_bridge_code",
tools: ["cxxbridge"],
cmd: "$(location cxxbridge) $(in) > $(out)"
srcs: ["lib.rs"],
out: ["lib.rs.cc"],
}

cxxbridge T4+ C++ 9] Bl &S A5t SE P =+ YUt} o] =+ += Android ©f
23+E]o] o™ Soong == ARES olE U

%ﬂﬂOERmtﬁiﬂmﬂhbrsm%% o|11 AA 1} 9]
o2 lib.rs.cc 7k Yt 224 o] o] & 2

37.2.12 Building in Android
libcxx ¥ cc_library_static o 45+ rust_binary & A3t
rust_binary {

name: "cxx_test",

srcs: ["lib.xrs"],

rustlibs: ["libcxx"7,
static_libs: ["libcxx_test_cpp"],

37.3 Java¢ds2&4d
AmbmwmmmmmmmmmNyg%ﬂ% golEag| & 2EY 4 AFYH jni Aol EE

AN
O, A Y P AE g A
interoperability/java/src/lib.rs:

//' Rust <-> Java FFI t=dyrct.

use jni::objects::{JClass, JString};
use jni::sys::jstring;
use jni::JNIEnv;

/// HelloWorld::hello method implementation.
#[no_mangle]
pub extern "system" fn Java_HelloWorld_hello(
env: JNIEnv,
_class: JClass,
name: JString,
) -> jstring {
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let input: String = env.get_string(name).unwrap().into();
let greeting = format!("Hello, {input}!");

let output = env.new_string(greeting).unwrap();
output.into_inner()

}
interoperability/java/Android.bp:

rust_ffi_shared {
name: "libhello_jni",
crate_name: "hello_jni",
srcs: ["src/lib.rs"],
rustlibs: ["libjni"],

}

We then call this function from Java:
interoperability/java/HelloWorld.java:

class HelloWorld {
private static native String hello(String name);

static {
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"],

}

npz|eko & vhoju gl & U E, 3, Asy

m helloworld_jni
adb sync # requires adb root && adb remount
adb shell /system/bin/helloworld_jni
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This is a group exercise: We will look at one of the projects you work with and try to integrate
some Rust into it. Some suggestions:

+ 4] AIDL HH|AE 2 AE Zetold o4 EE a8
P GAlo) meAES] 448 B AER §7]T SEHE YT

ol dgEAlE 7] "ol sige] AlF= A FeUth S L0AASH a0 o

o

=3

227



Al XH

Chromium

228



Al 39 &
Welcome to Rust in Chromium

Rust + Chromium ] A E s}¥] 2to] H2j|of tsf 2] &, Rust & 7]& Chromium C++ ZE 7F
ol dZdst= HAE otE] 2F ZTEE XFT :
252 Rust & &5t EAE R
2XAQ BASE TC ol 9)

2 A5 2 op2 A gy,

l-JJ

A2 A L A 8 BZ2lS Y AFE Aol A UTFS
A, AFEH = JESHEE Al T = o] AofA] o]
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Chromium £ =3} A3 4 YA HIgch 7 vl w25 Aofek (A3 913 1223636
1

gn gen out/Debug
autoninja -C out/Debug chrome
out/Debug/chrome # or on Mac, out/Debug/Chromium.app/Contents/Mac0S/Chromium

N L5 wher shal Aok o1 Y ES AR Sh= Aol FaUth oAl 712t d Y

otz A E5kA] etk Chromium 2= S Fa1shA| 2. 2]: Chromium 2= 275 A2 AJZE
o2z Yt

3 Visual Studio Code 7F A %] = o] l+= Zlo] £5UT
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About the exercises

37 o] o] BEol A2 A E = dglo] ASEATE A&tk oA uhol g0l 3] ek 3 A
Wholl A5EA7H ol Al &Y 54 BESAET Alztol glEiets 2 skA nhal 2. kgl of
e + A&yt
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Al 41 &

Chromium 2 Cargo A efj Al v] o

Rust AFYE = LHt& 0 2 crates.io 2] cargo ¥ gto] B8] & A28yttt Chromium 2 A4 5t
bl ﬁ%‘%A%*&%ﬂ 27 gn, ninja & ol -&sto] Y=g
Rust 2 Z=5 2 o el + le 42 U2 254k
* //build/rust/*.gni o] IEH (f: 4Zol ot& rust_static_library) & 53 gn ¥
ninja —g*} ryrt. o]+ Chromium 9] ZHA}F &=+ 28 9 o] EE AHEFHY T
* cargo = AHE5tE [Chromium 9] ZrAl =4 22 9 3 3| o] EZ2A|$H ghu o} (https://chromium.googlesource.com,
+/refs/heads/ma1n/docs/rust md#Using-cargo).
» cargo = ARSI = g ol Efulo) A the2 =5k Feo| ESAIFF YL
7| EEE gn # ninjaol 5 AYch I =FESH 0T Chromium E2h-$-# of Rust ZEE
HeEsix 22 4 A7 WlEd Yyt o]ek FAloll, Cargo + Rust e Aol A T35 HEolB=E Cargo
OHE"—l%OHOF °LL‘IE}

Mini exercise

AFR IFOR e Tk

« ‘cargo' 7} 92T 4 Y= AU S A AEYST o3t Alye 0] Y ZrH g Y}
gy
* gn ¥ ninja, 2 =2}2l cargo 52 AHEE WAl 2| of St =, 2hol B2, AR A AES =
oo
SHI S0l AEEAE &EsH7] Aoj HaEAL L EE A HEA Tl Yo By & 45t Sl
AAZ A At 7HYstal 3~4 o FAHH 20 F 0% ERSHES P
AsEA e A B3t Pl d FAARY/ZE (Cargo 7Hold 2 A5 4 e Al ).
o 212 A5t Y Chromium €39 =2 Ee}Q]-S A && o crates.io 2to] B 2 2] 9]
e Aol HA| AT 4> ATh= dei ‘1*{‘ AUk Ao =E A2 sl 2ol EFF QLo
Aoz ARESt7] sl E5UH B E oS 913 clap, e 4 1+ E*Sﬁ?/":‘xﬁ""éi}% 9l
gk serde, BHEA5 Ah%}i 7399l itertools 5°| AEUT
- cargo & AH&-5HH 2ol B2 g & 4 A Ab&sl & 4 & Uth Cargo. toml of] 3 && &
Zbeta mE 2HgS x| zHsbd ")
- perl 9] ?_‘71% °é7ﬂ H o] CPAN ©] oj¥ = go] EH =2 HusjE = A= E5YT
python + pip @} H] s = H Y},
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https://crates.io/
https://rustup.rs/
https://crates.io/

31 4] Rust =7 (oll: L}Ol £, FA b A, o] QH et Mo A 2 F 3l of 5= Ao EE
HAES of rustup = *PﬁoM CFE rustc ¥ 0 2 M) BekofL e At we] 0| 4
EfA (o: Mozilla & B+ AL 243 2 F-/-E 9Jdl cargo vet A3, criterion Zg|olE
© taskE #xnta A3 S AlS ) S5 = A 2] ZH A" Yo

- cargo £ AHg31H cargo install --locked cargo-vet & 538 =& gA57t

3 2 9l & e},
- Chrome s =203 = VScode 4 T2 13w} v w sl = Zlo]E&5U ).

Fl

Jak

-cargo7}@°%¢9}%i EAE o] F st AwrHRl of:

- 5= Aol Rust 7 3= =7 A 22 HA 71E duJsU 2ho] B g g
thoFst o} AF2 1 o] A ge Pythondr FAFSH l“&% St EFY Al2E] g ol o] QFHSHAL of u
Eﬂl’%ﬁc‘i%‘qq(‘ﬂﬂ 2| E Qoj7} opd ZupdH Qdoj ).

— Rust A& Alof] Zoist2™ Cargo ot &2 EF Rust E—_rLa ARgslioFg . & ] 7o &
2313 Chromium &5 (of]: Bazel £+ Android/Soong ¥ = #7) ol A AF-8-8F12} Sh=
gto] B2 2] = Cargo SAHE3loF & 4 QU

e cargo)\ 7|8t Chromium #3d =2 A E 9] of =c}t3 3 5t

- serde_json_lenient(Google 9] t}2 R Hojx AF3}o] 50|74 % PR
- font-types & 22 2& gto] 22|z
- gnrt = (&4 9—“ Oﬂ/ﬂ Ar) = B9 E 3449 42 clap, +4 T2 %2 toml of

FTEHEUS
* 9]: 0J7] X cargo & AH&ste FY3 o]+ Rust = 252 U =S off Rust 5
gholE g & H‘COPI—' REAEG= S gn< = A 4 °*7l Ed U
# run_gnrt.py + Chromium ©] cargo ¥ rustc At2& A&}, gnrt =<
Eulo At 2 &3k A& u}E| glo] B 3111101] Z4 50 run_gnrt.py = cargo °
Cargo.lock & 53l --locked 2=t 5] §H ot et
2 O FES FAA B GAAH R AT 4 Qe Aoz AET S, ASUT
e rustc(Rust oY) = 2= 2 LLVM 2te] B8] 2], Clang Autd 2, rustc &2 (GitHub ©jl

a
A 7H41-2, Rust At ol 4 A ), REAENS 93] o2 =3k uto]Ule] Rust At eof
4Py

 rustup(rustup < https:/github.com/rust-lang/ & 2| At5tof| A 7§ =9l rustc 2 5L

gh

* cargo, rustfmt 5
o ThOFSF B c‘n_ma} (Tustc' & WESE=E AL Weg 7 229 Chromium 1] Y ool A

Wi E5}7] 915 A 281 5)

* cargo audit, cargo vet 53 Z-Z Cargo =+
s //third_party/rust o 325 = Rust gto]H Eiﬂ (Securlty@chromlum org ol A ZH4H)
« 7]E} Rust 2}o]Ealg] (YBLE EXAAE, B 0fQ 0]7] 9l o E3|ALE
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Al 42 &

Chromium Rust A

Chromium ol A= o} 2] 5| AE u}E] Rust £ 3] 854 ¥5U T &, Chromium 2] Area Tech Leads
oAl £ EF H 9= oAyt

/‘1‘: utg] glo] B 2| g]of st Chromium 2] 220 7|0 d &l o] &t Rust & A 5ol Hot
S 98l /g F4R AR STES A& oA A= TtE] gloj B glof 5 &H Ut

C/C++ API & A F = &3l Rust 2to| B aj 2= SAa 40| B & o|2|gh 7o B E glo]Hajg|o= ATk

ﬂﬁiEﬂQ%EEEﬂ%&ﬁQW

"CHt" Rust
: Existing Chromium : : Chromium Rust Existing Rust
"C++" : : "wrapper" crate
oo - + SR o + S +
| | | | | |
| 0o----- T +-+-> O-+--memmmm - +--> |
o | : Language : | | Crate | | :
LR R + : boundary i +----------o----- + API R R +

EX M= utE] 30| EQ HAE utE] Rust 2% T =+ UREA 0 2 third_party/rust/<crate>/<version>/
ﬂiﬁﬂﬁ&qq

meta 5 HYME ok 22 WES SHHoE gyt
« A& 1}E] Rust 2}o] B2 g (crates)7}2%

7]
+ Chromium C++ojl 4] o|2|3t 220 EE AHRY 4 YES 2 TESAAFU T
A)Zko] A|Lhri A o] o] MAE ™ L& T E ofof B 7
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2] = i = gyt Chromium 285&8/43< 93 gn 2 ninja
2Regyth HA 223 54 REE 518 Yr} Rust & o €]+= obd Ut

Chromium °] Rust ZEF7}

A7 7]& Chromium BUILD.gn TollA rust_static_library & AAgy}.
import("//build/rust/rust_static_library.gni")

rust_static_library("my_rust_lib") {

crate_root = "lib.rs"

sources = [ "lib.rs" ]
}
T2 Rust O = deps & 71 = A5yt UFoll A& gte| o) o] &3517] 8 o] & AFHE&
)=
ek ]E E 22 AA H5 _Fo_& AHsHoF FYT crate_root = AU @99 FE
o (Y0 2 1ib. 1s) & L= Rust Zubelelo] 4135 & 52 et sources & 41
gast lxd% 2475t7] 9lal ninja ol 2Rt HE A A npd o] A HEur}.
(Rust ol A= I olE A7} Aatd -9 o]Z & Rust source_set &+ Z& A& A5}
static_library 7z 4 @9 dyrc})

SHYS2 gn Ul Rust G4 2holB2]g] 2| Z AbEshE Al gn &S] gl {5 3aslie

2 92Ut olge o] g Zalo] CXX AE 284, Rust 715, 9 HlAES M Agiths AU, o
Z AR Uz AFgsAE .
43.1 unsafe Rust Z&=x3}

rust_static_library o= QHd5HA] ¢k2 Rust =7} 7|2 H 02 F A5 o] Qlon g Zutd g
A ek Ut oFAEEA] ¢82 Rust =71 2514 gn E}7lo] allow_unsafe = true & 754 Q.
(o] o] S HtEof o] 7 o] W Q3 &S AmEUtt)

import("//build/rust/rust_static_library.gni")
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rust_static_library("my_rust_1ib") {
crate_root = "lib.rs"
sources = [
"lib.xs",
"hippopotamus.rs"

allow_unsafe = true

}

43.2 Chromium C++2] Rust F Eojo]&

91o] PS8 Chromium C++ EFAS] deps ol F7t517] gt stH YT,
import("//build/rust/rust_static_library.gni")

rust_static_library("my_rust_1ib") {
crate_root = "lib.rs"
sources = [ "lib.rs" ]

}

# or source_set, static_library etc.
component ("preexisting_cpp") {

deps = [ ":my_rust_lib" ]
}

43.3 Visual Studio Code

Rust Z =0l A= Efjo] e 2 9435 IDE 7t C++Eot €4 o588 - Y}, Visual Studio
Cwe%CmmmmmﬂﬂmﬂﬂMP“@%ﬁqqﬁﬁ%H$ﬂqu%éﬂﬁqq.

* VSCode ©f] o]% Jef2] Rust Aol o rust-analyzer &= 2 134 0] 9l=X%] QI5HA

» gn gen out/Debug --export-rust-project(Et g o] 4-2)

* 1In -s out/Debug/rust-project.json rust-project.json
;%ﬂﬂmEﬂﬂwﬂqﬂﬂ%%HMQmWwﬂﬂiziﬁ%%”ﬂ%%% S A s EH
A7bg vt 7 oéﬁk%ﬁqq
thg Sl gl 2o =8o] & 4 sy th sk 714 943k Chromium & Rust = thAl AF&-3)
="y

» components/qr_code_generator/qr_code_generator_ffi_glue.rs
* 714 & qr_code_generator_ffi_glue.rs ¢ \QrCode:new‘ <= (26 ¥
o] &gttt

o 0|2 BA EA] (FHHA QI BEQIY: vscode = ctrl k i; vim/CoC = K)

.
2

=
=
=z H 1
= T

S

o d2 Aol & o]F (YEHH QI viQldg: vscode = F12; vim/CoC=gd) 121¥ //third_party/rust/.

../src/lib.rs Zo|=gUt}
o 7] HIZE A5t QrCode: :with_bits HIAE (164 & 4], 712+ vscode 9] =+ &
A7) ol A&, dHHA Q1 vim/CoC HFRIY = space 0) = OIEBME}
o 0|2 83 A (QrCode: :with_bits WA Tol ® 7}2 &2 o7} U2)
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.gnoY S £ S gn gen ... --export-rust-project = thA] AdPs|of stei=7
= FEZ a7t AEUrh o] AP o] Al AE Ayl A E WvkERsHA Y.

43.4 W33

Chromium ¥ =oj A th2S E3}5}= //ui/base/BUILD.gn ol A} Rust S E7ghct,

#[no_mangle]
pub extern "C" fn hello_from_rust() {

println!("Hello from Rust!")
}
%8:97]4 no_mangle = Rust Aot zjol] JafiQtHstA] k2 FPCE IFFEE=E gn EFZO) A
QFHsHA e =S 5 gl guich
o] 22 RustE}AE //ui/base:base o & g2 0 2 2715t} o] gH4-E
o] tiejol A AT Y YFol vl B4 =2 245 3tole WA Yo
extern "C" void hello_from_rust();

c
e
~
(on
Q
0n
L]
~
]
]
0n
(]
c
=
(a]
L]
~
]
]
0n
o
c
(=
(@)
I(D
(on
c
>
o R

ui/base/resource/resource_bundle.cc 9 ojd7}ol| A o] &+ES Tt ResourceBundle: :MaybeMangle
9] FetolE5 Yt Chromium & ¥ =5kl A3)sto] 'Hello from Rust!' 7} of 2] ¥ S = =2] &<l

gy,

0 O HFO A ojL
EZESHS S UER

e rust_static_library gn ©lZ3lo|A ALE 7HsoF A
» #[no_mangle] o &3t F B

« extern "C"o|@3 HE

* gn 9 --export-rust-project ¥ HH

» VSCode °l| A rust-analyzer & 4 x| 5l+=

ol o= M4 FEHE 4T 284 Aojel C 2 FAE ) wlEo] YA o] X or&th C++9} Rust &
5 7]EH 0o CABI 45 HAsky £28 £ &Yt} o] B4 o] Fukso]A C++5 Rust o 2%
AFgt.

o714 allow_unsafe = true 7} @ 3t o] f-=#[no_mangle] ©] Rust 7} o] &°] =
MNE B8 £ == T 4 913 Rust = 1 o/ HlE &4/t 2E3dvha B4 £ 7|d2d Y.
s
=

Rust A3 5} o] H 235} rust_executable gn Hl 23 SAH-251H Hytt,

M
> ow
o
O:
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Rust community typically authors unit tests in a module placed in the same source file as the
code being tested. This was covered earlier in the course and looks like this:

#[cfg(test)]
mod tests {

#[test]

fn my_test() {
todo! ()

}

}

In Chromium we place unit tests in a separate source file and we continue to follow this
practice for Rust — this makes tests consistently discoverable and helps to avoid rebuilding
.rs files a second time (in the test configuration).

This results in the following options for testing Rust code in Chromium:

* Native Rust tests (i.e. #[test]). Discouraged outside of //third_party/rust.
* gtest tests authored in C++ and exercising Rust via FFI calls. Sufficient when Rust code
is just a thin FFI layer and the existing unit tests provide sufficient coverage for the

feature.
* gtest tests authored in Rust and using the crate under test through its public API (using
pub mod for_testing { ... }ifneeded). This is the subject of the next few slides.

Mention that native Rust tests of third-party crates should eventually be exercised by
Chromium bots. (Such testing is needed rarely — only after adding or updating third-party
crates.)

Some examples may help illustrate when C++ gtest vs Rust gtest should be used:

* QR has very little functionality in the first-party Rust layer (it's just a thin FFI glue)
and therefore uses the existing C++ unit tests for testing both the C++ and the Rust
implementation (parameterizing the tests so they enable or disable Rust using a
ScopedFeaturelList).

* Hypothetical/WIP PNG integration may need to implement memory-safe implementation
of pixel transformations that are provided by 1ibpng but missing in the png crate - e.g.
RGBA => BGRA, or gamma correction. Such functionality may benefit from separate
tests authored in Rust.
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44.1 rust_gtest_interop Library

The rust_gtest_interop library provides a way to:

* Use a Rust function as a gtest testcase (using the #[gtest(...)] attribute)
* Use expect_eq! and similar macros (similar to assert_eq! but not panicking and not
terminating the test when the assertion fails).

Example:

use rust_gtest_interop::prelude::*;

#[gtest(MyRustTestSuite, MyAdditionTest)]
fn test_addition() {

expect_eq! (2 + 2, 4);
}

44.2 GN Rules for Rust Tests

The simplest way to build Rust gtest tests is to add them to an existing test binary that
already contains tests authored in C++. For example:

test("ui_base_unittests") {

ééﬁrces += [ "my_rust_lib_unittest.rs" ]
deps += [ ":my_rust_lib" ]
}

Authoring Rust tests in a separate static_library also works, but requires manually
declaring the dependency on the support libraries:

rust_static_library("my_rust_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") {
déﬁs += [ ":my_rust_lib_unittests" ]
}
44.3 chromium: :impoxt! Macro
After adding :my_rust_lib to GN deps, we still need to learn how to import and

use my_rust_lib from my_rust_lib_unittest.rs. We haven't provided an explicit
crate_name for my_rust_1lib so its crate name is computed based on the full target path
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and name. Fortunately we can avoid working with such an unwieldy name by using the
chromium: :import! macro from the automatically-imported chromium crate:

chromium: :import! {
"//ui/base:my_rust_1lib";
}
use my_rust_lib::my_function_under_test;
Under the covers the macro expands to something similar to:
extern crate ui_sbase_cmy_urust_ulib as my_rust_lib;

use my_rust_lib::my_function_under_test;
More information can be found in the doc comment of the chromium: : import macro.

rust_static_library supports specifying an explicit name via crate_name property, but
doing this is discouraged. And it is discouraged because the crate name has to be globally
unique. crates.io guarantees uniqueness of its crate names so cargo_crate GN targets
(generated by the gnrt tool covered in a later section) use short crate names.

44.4 Testing exercise

MELR AdFEAE Fol 5 AIH!

In your Chromium build:

Mo

* Add a testable function next to hello_from_rust. Some suggestions: adding two
integers received as arguments, computing the nth Fibonacci number, summing integers
in a slice, etc.

» Add a separate ..._unittest.rs file with a test for the new function.

* Add the new tests to BUILD.gn.

* Build the tests, run them, and verify that the new test works.
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https://source.chromium.org/chromium/chromium/src/+/main:build/rust/chromium_prelude/chromium_prelude.rs?q=f:chromium_prelude.rs%20pub.use.*%5Cbimport%5Cb;%20-f:third_party&ss=chromium%2Fchromium%2Fsrc

A| 45 &
Cotold s e84

Rust 7 HUE]= C++/Rust A4S S8AS 93t o2
%4tk @A Chromium & CXX 2= =1 EAMS _
Qlefo] 2 o] <o) (Rust sf vl-% FAFE) o 4 HA| Qo] A E M5 CXX =77} Rust 2 Crs
oA ekt ol Bt e Ay
See the CXX tutorial for a full example of using this.
tholo] 1R S AFych YRAH 2 oW SUN HA LAY T AT TR A A
Eﬂqumcpﬂ+ﬂoqﬂqMAqq.
¢ o] == C++9} Rust 2] |5 EAFU ol & Soi#[cxx: :bridge] 7} AA C++ £
Rust g 2| of dx|sA] =7 ¢ Autd L 77F AYSHA N 578 4] 2 5 vl g2 AE
5].13:] x{_‘]E]x] okg 57(]— ] HlAY o]—],]E}—
+ o == ¥ C 715.9] FFI thunk(£, C-ABI 58, 2.2 84) 44 871535}
L C++ WA Eof th3l FFI 55 AFR A, £ZH10lg o] AL o|g|sh | Atg &
gxmuppﬂ
L w7 Spolueee Y £3 UHE AT £ Aaynh ol SUGEH T,
- &[T] = 5% ABI 4 w2 2| gf|ojo}-2-Z B 252 Yrjete FFI %A %
%"lf)r. —’F—% HFOI g2 AFE-51H std: ispan<T>/&[T] =452 E
3 EQIE| e} Zo| 2 thA] WEsfof Pk o] = 7} dloj7} ul &
s e 1T e Rt wasr) dayn,
- std: .un1que_ptr<T> std: :shared_ptr<T>, Box 52 A0tE ZQl
Z AYEUth 5 8 g S AE5HH C-ABI 58 YA ZRAEE HEsjof st2 g ZA| 7]
7l W2 1_;8_-.4 3 o] Z27}5H
— rust: Strlng ] CxxString 32 dof 7t BAFE EH 2] Aol & o] slistal 523y
o dc
SHl=

—“# o
S
frt

i)
B
Ruip)

th. 9§ Sof rust: :String: :lossy £ UTF8 o] obd §12jo] 4] Rust 24434 =g
4913 rust::String::c_str 2 EAE S NUL 5284 5 Urth
45.1 A

CXX ol A= A A C++/Rust BAI7} .rs 24 F= U9] cxx: :bridge 'modules’ o] A 1 5] ofof ]
o},
#[cxx: :bridge]
mod ffi {
extern "Rust" {

241


https://cxx.rs/tutorial.html

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 78 2 g9 Hol= 7|5 FIshAL.

2

Although this looks like a regular Rust mod, the #[cxx: :bridge] procedural macro
does complex things to it. The generated code is quite a bit more sophisticated - though
this does still result in a mod called ff1i in your code.

Rust oA C++' 2] std: :unique_ptr 7|2 2]

Native support for Rust slices in C++

C++o|A Rust ©& ¥ Rust 3 (BT

Rustoﬂk1C++517'“‘C++§% (iRsy)

LA Ql @3: C++ 3| T 7} Rust ol A T == Q3o 227} 4 Utt. o] Fg=
Rust of|A] 3|4 =] 2] gFom C++ Zupd 2] 9] o] 2 9J3) A H C++ Z=of Fsl#include HY

CXX X-" o]'/x]-'%
CXX & AF82 1 Bl 718 §-83 Ho] 458 F2IUT
CXX 7|23 o= o3 22 /\}Eﬂoﬂ Ayt

* Rust-C++ QI EJH[o] A& v @ Dot} BE AAS 4 AFHTH
e OlO] CXX oA 7| EA oz x]%%]——t— %*;,DJ Ab&otal 5yt (el std: :unique_ptr,
std::string, &[u8] 5).

B A|3ko] 14t ol 2 Sof Rust o] Option 8-S 2| el x| ek& o,

o] 2|35t A|gtAIGFC & Ql5f o9 Rust-C++ AT S8&Ajo] ofd ZH Agjgl' 2| L&' o] &
Chromium ©|A] Rust & A28 2= Q)& U th Chromium © A Rust AFE A& 188 o 22&49
e Aol AA S CXX uild ZQHS 2Hdsto] F835] BestAIZAIE =4 Elst= AdY

CXX 9 T2 of 2 & BA = Eofslo} FUch. ol & SW k3o 24U

o 22 A7 C++ 9| E 7|Hlo 2 st} (tFS &eto| =0 Ut 912)
» B4 EIAHE AHEEH] ol A,

45.2 2HFAE

CXX's support for Result<T, E> relies on C++ exceptions, so we can't use that in Chromium.
Alternatives:
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https://cxx.rs/bindings.html
https://cxx.rs/binding/result.html

* The T part of Result<T, E> canbe:

— Returned via out parameters (e.g. via &mut T). This requires that T can be passed
across the FFI boundary - for example T has to be:
* A primitive type (like u32 or usize)
* A type natively supported by cxx (like UniquePtr<T>) that has a suitable
default value to use in a failure case (unlike Box<T>).
— Retained on the Rust side, and exposed via reference. This may be needed when
T is a Rust type, which cannot be passed across the FFI boundary, and cannot be
stored in UniquePtr<T>.

* The E part of Result<T, E> can be:

— Returned as a boolean (e.g. true representing success, and false representing
failure)

— Preserving error details is in theory possible, but so far hasn't been needed in
practice.

45.2.1 CXX Error Handling: QR Example

QR F& A/ 70| Aot Zo] Ttest a2 32 UEd 4 A= B 3 SHE W= a2 HHest
1 out W7 4E AHESHo] 21E 7| S Y
#[cxx: :bridge(namespace = "qr_code_generator")]
mod ffi {
extern "Rust" {
fn generate_qr_code_using_rust(
data: &[u8],
min_version: il16,
out_pixels: Pin<&mut CxxVector<u8>>,
out_qr_size: &mut usize,
) -> bool;

}

Students may be curious about the semantics of the out_qr_size output. This is not the size
of the vector, but the size of the QR code (and admittedly it is a bit redundant - this is the
square root of the size of the vector).

It may be worth pointing out the importance of initializing out_qr_size before calling into
the Rust function. Creation of a Rust reference that points to uninitialized memory results in
Undefined Behavior (unlike in C++, when only the act of dereferencing such memory results
in UB).

If students ask about Pin, then explain why CXX needs it for mutable references to C++ data:
the answer is that C++ data can’ t be moved around like Rust data, because it may contain
self-referential pointers.

45.2.2 CXXError Handling: PNG Example

A prototype of a PNG decoder illustrates what can be done when the successful result cannot
be passed across the FFI boundary:

#[cxx: :bridge(namespace = "gfx::rust_bindings")]
mod ffi {
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https://source.chromium.org/chromium/chromium/src/+/main:components/qr_code_generator/qr_code_generator_ffi_glue.rs;l=10

extern "Rust" {
/// This returns an FFI-friendly equivalent of "Result<PngReader<'a>,
/11 ()>
fn new_png_reader<'a>(input: &'a [u8]) -> Box<ResultOfPngReader<'a>>;

/// C++ bindings for the “crate::png::ResultOfPngReader” type.
type ResultOfPngReader<'a>;
fn is_err(self: &ResultOfPngReader) -> bool;
fn unwrap_as_mut<'a, 'b>(
self: &'b mut ResultOfPngReader<'a>,
) -> &'b mut PngReader<'a>;

/// C++ bindings for the ‘crate::png::PngReader’ type.

type PngReader<'a>;

fn height(self: &PngReader) -> u32;

fn width(self: &PngReader) -> u32;

fn read_rgba8(self: &mut PngReader, output: &mut [u8]) -> bool;

}

PngReader and ResultOfPngReader are Rust types — objects of these types cannot cross
the FFI boundary without indirection of a Box<T>. We can't have an out_parameter: &mut
PngReader, because CXX doesn't allow C++ to store Rust objects by value.

This example illustrates that even though CXX doesn't support arbitrary generics nor
templates, we can still pass them across the FFI boundary by manually specializing /
monomorphizing them into a non-generic type. In the example ResultOfPngReader is a
non-generic type that forwards into appropriate methods of Result<T, E> (e.g.intois_err,
unwrap, and/or as_mut).

Chromium oA cxx A&
Chromium | A= Rust & AF&35l2] = 2| =ojtt S & A#[cxx: :bridge] mod 2 9|3ty
EL%%QQEIMtﬁthJﬂHMyWQﬂQQ%gHQw%}4ﬂmqm%qq
cxx_bindings = [ "my_rust_file.rs" ]

# BE AA udo] old #[cxx::bridge] 7} ZIE A
allow_unsafe = true
crate_root ¥ sources 2 37 7|& rust_static_library Et7lo] Z7}g o},
C++ 3o &= A& 9 2] o 4" Ut upaA
#include 'ui/base/my_rust_file.rs.h'

Ja

=
=

//base 01] A Chromium C++ 8% E H 5= == Chromium C++ 3o A CXX Rust 5 2=
gt fE 8 E °L—’F—§ golst 4~ Ql& Ut ofl: SpanToRustSlice

allow_unsafe = true7} A% “ahi olf7t 3a & AsYTH

JWA*AﬂJ”ﬁ%khﬁﬂnmﬁi%ﬂﬁ%ﬂﬁ+i5ﬂOHMHPNGLHMHQJmmﬂ

A C/C++E o 7]#7] &Z&5H mE g o do]Al &dS & 4 2™ Rust A o] g 2f|o]of-z 2

%ﬁ%ﬂ%%%*&ﬁﬂﬁ$00+”£to*ﬂuma%ﬂﬂcﬂ- oj2{3t 7| =2of Al

S-Sl sl E 7] o =gho] A7kl Ut 28y 45 = & F 2 =& Rust Hio]

4 % 9)
U@ 2 771 2.9l Rust o2l 4 o713 be 520l BT 4 e,
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https://source.chromium.org/chromium/chromium/src/+/main:base/containers/span_rust.h;l=21
https://steveklabnik.com/writing/the-cxx-debate

The narrow answer lies in the diagram at the top of this page — behind the scenes, CXX
generates Rust unsafe and extern "C" functions just like we did manually in the previous
section.

45.3 Exercise: Interoperability with C++

1%

28

—_ — v =
#[cxx: :brldge] = ?—7P°“4‘jr o] g °“‘L 7 = EAHESHA] a1 g2 HhEkst
o4 9] hello_from_rust 4= —’Fxé 0}0:1 extern "C" 9 #[no_mangl
o] gt oA E= Rust 44U Ytt.
gn EP)J & 745to] ol2|gh vl g & W EF YT}
C++ S E0 A hello_from_rust o < AdS AA Ut tiAl B/ d st st & =3
Y.

Hl & ol A]3]
2— X 2 0o

o,
o
b
2
o
°
o

CXX 5 AHE3) Bt A= £ ¥ ych. Chromium © Rust 7} 442 Aoh-gAH] 4zts) &

<

E&o] gyth

Some things to try:

3%

A3717 CKX 9% £8 42 Bt A g ol o
Rust AHS AL2l & 447ts) A 2. 5 &7

Rust of| A C++Z THA] @& Z Q3 AMSF2 tha 2 25U
- cxx: :bridge °lA] include!& 4= U= F7t st ot Y h A sllo] ohdoll A C++ &
5 Addsor Fuoh
- 0|23t F4E SEF AU 7| HAHH 2 #[cxx: :bridge] A unsafe 7| =S
A% 8k unsafe =Yt
— #include "third_party/rust/cxx/vl/crate/include/cxx.h"7}2 Q3 +=
AU
C++o|A] Rust 2 C++ #AtE & HEghyh
C++ A = E Rust 2 WEgych.
oz o & #[cxx: :bridge] oAl ¥x|5tA] %= Rust A S 7HA A EAIE = 270
ol o
ol=2 o2 #[cxx: :bridge] oA LX|5HA] s Cr+ FAM S 7HA A BEAIE = 2570
sy
Rust 7} C++ A & £ 78 = J =5 C++ol|A LB 782 std: :unique_ptr = Rust 2 %

l:l-%l-]_,] ];]-

Rust 7”111% TS0 C++2 HWEsto] CH+ol] M 2fote s gyt JE: Box 22
C++ F3l al—‘.ﬂ— WA E & Aelgict. Rust o4 o] & 523448,
Rust #@° @7 HIHES AAF UL C++oll A o] 2 2 E5HA| 2.

(o]
o
&
o
[>
N
L
ofje
Sl
ol
=
at)

gt Chromium 2J

o0 o HLO A ol
re= Pl ‘r‘;y!‘:"}:‘
o cxx HFIY Fx
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https://cxx.rs/extern-c++.html#functions-and-member-functions
https://cxx.rs/bindings.html

* rust_static_librarygn 154
Oheat 22 ZA47F A& 4= A5y
2 7§38 X9 H4E 27|36t o 247 U A7 X & Y =2 F 34 /R Y
C++ &7k cxx: bIldge o] AATA =512 e47] wiEd Y.
Rust %.PZ‘_E A5 B2 £ Qe A 25yt o| A5t UB 7F 285t A] o
27?7 CXX 9 °é94 7:‘ ¢ EAstA ks YT 2717 0 o] 7] tfE Y Yt} CXX AbASH
ol 4% UB E/Este= Aol _ P _SFA| 9 CXX o] AA4S o] &3t of| & *H=717F sl ol

L

oy 2o o
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https://source.chromium.org/chromium/chromium/src/+/main:build/rust/rust_static_library.gni;l=16

Al 46 7

N 5te] T3]0 E27}

Rust 2fo] B 8| g]= "' F8|o|E' 2}1l 3} crates.io oA 22 4 A5 U} Rust 0| EZF A2 24
He AL oA M 2EESEY

a4 C++library Rust crate

Build system 19+ d#/d: Cargo.toml

AvhAQl gfojBeje] 37] 2 H ZHA|

2EFHEE ehe 199+

Chromium WA Hofol| A= th&2 22 Fgol A5yt

« B E JYO|EE 35 WE A AEE AMESIE R Chromium o] AH5 0 2 235 4= l& Ut}
o 2 Fefo]Eofl= IREH 0 2 Ho] F& o] Qlon g ofggto| B2 & 7Aoo} & 4

21Uk,
g uge e 25U

46.1 A o|EE F7}5tEF Cargo.toml ot 4

Chromium ol = 5 YollA &
Cargo.toml &5 ¥yt

[dependencies]

bitflags = "1"

cfg-if = "1"

cxx = "1"

tHE Cargo.toml o HRI7FA| 25 &5 Fof| ook ApA|e U 82 A4 4 AsUTh 7 EstAl=

Aol EoflA AHE 7 stH = features & A4 st= 2ol

Chromium of o] EE 75t wi&= thS DA A thE F71 ot gnrt_config. toml o & 7}
A JBE 72 A gsloF st A 7tE S YT
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https://crates.io
https://source.chromium.org/chromium/chromium/src/+/main:third_party/rust/chromium_crates_io/Cargo.toml
https://doc.rust-lang.org/cargo/reference/specifying-dependencies.html

46.2 Configuring gnrt_config.toml

Cargo.toml 3 37| gnrt_config. toml o]YAFYtr}. of 7]oll= A o] E X 2] & $J§F Chromium
g g 2ol xF e o] &Y

M 2o EE F

7Foh= 49 Aol & group & A soF Fych. th5 F syt

# 'safe': The library satisfies the rule-of-2 and can be used in any process.
# 'sandbox': The library does not satisfy the rule-of-2 and must be used in
# a sandboxed process such as the renderer or a utility process.

# 'test': The library is only used in tests.

& =¥ thad 25Ut

[crate.my-new-crate]
group = 'test' # only used in test code

Selo] £ A2 SE #ojobLol whet o] UL AF§ o] LICENSE 52 23 4 91t %12 433
of & 4= &yt

ol 241 si23st7] A8l of mhdollA FLAdslioF sh= B 7HA] AFE syt

46.3 I o|EH =T

gnrt ebe E7E Aeo|E S the 2 EsHe W BULLD. gn 4 & A Wi e 93 U4y
o,

AZetw kgt 2ol Yol Aol ES the e

cd chromium/sxc

vpython3 tools/crates/run_gnrt.py -- vendor
gnrt =4+ Chromium A4 FE=9] YR o|z]gt o] YJo] S A 3YsHH crates. io oA
#L&qufic4ﬂnw4ﬂgqqoywnqg A7 o Baf| Ao d AT
o]—/\ﬂ_,_,_

o] vendor ¥ o= thS2 th=2ET 4 U5UT
* Your crate
s AP Y AN & G5
* Chromium oA Z 3t A A2o]E A EE s Z5t7] 915 cargo oA 2+5t= th& F20]
Eo A iyt

Chromium & //third_party/rust/chromium_crates_io/patches o B35 = dF I
o|E9| 31X & §A el Ik o] AF O R A H S A m X0l Amjet M 22 & Falof

syt

46.4 Generating gn Build Rules

S0l ES RS Fojlt o33} 2ol BUILD. gn U ST}
vpython3 tools/crates/run_gnrt.py -- gen
olA] git status & AFFUch 35 FAF 4 JHUTH

» third_party/rust/chromium_crates_io/vendor ©f st} o]/ $el A Fo]E AA F

=7} 15y,
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https://source.chromium.org/chromium/chromium/src/+/main:third_party/rust/chromium_crates_io/gnrt_config.toml

* third_party/rust/<crate name>/v<major semver version>o Aj BUILD.gn ©]
st ol &y ok
* %23t README . chromium
The ”major semver version” is a Rust "semver” version number.

£5] third_party/rust ol A E F5S AAI5] Ao EA Q.

semver o] Z&l £ ¢ o]of7|g U} E5] Chromium oA = S35 2] k=0l E A2 ofg] 7)
5]-&ot= WA o] =t o]= HAEE A AT Cargo e Ao A= dfuj 2 2 g Fh .

46.5 EAs1ZA

L 79, o] = WE Abol gJole] A4S Ayske L2 19l build.Ts HED 4 9
Uitk o)L WE o] Welgat A S8 tlket ) 919 992 UE 728 ZEE 6L gn 3 ninja

2 build.rs A4S 2 Adgyeh I 9= 2X7HE et

HE ASYHE g3 Google ©] gn &l Z3l oA 2] 3 &4

NS AHE L ARE FAZ A o N

5171 5l rustc HZ gl

715S A R ARE SAE Y 9 N

st7] flsl E2HEF == CPU

Generating code o o -
gnrt_config.toml
of 214

C/C++HE ofye FHo] s %] & A&
ey

A ol9] 71t A ofye FHo] s %] & A&
2y

46.5.1 FE=E A5}

ninja 7} =t ‘=2hof A3t

gt

a2k gnrt_config.toml 24743t bu 11d script- outputs £ A o|Eo F7t&ytt,
o]Zo]Ho] F& =, = Chromium ZE7} 2 FLHEH o 5= F£& FFQA4¢- allow-first-
party-usage=false = F7}gUt}. o] mtdojl=oju] th-Z1t 22 2 7}HA] o7} 15Ut
[crate.unicode-linebreak]

allow-first-party-usage = false

build-script-outputs = [ "tables.rs" ]

o|Z gnrt.py -- gen2THA A@5tof BUILD.gn mt2 S thAl A5t o] B4 22 ntdo| 54
e TA 9] ¥ ol2tal ninja of dH Y

& A7)5ke 49 build.rs oA &4 FE oA S AAst=A] F<
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https://doc.rust-lang.org/cargo/reference/semver.html

46.5.2 C++E ALY dojo] AP S Asfist= AJYEHC

AR FYo]Ex= cc AT o] EE AHESHo] C/C++ glo] Bl 2| & H sty AZ3yn 230l E=
H‘ E 23 E Yol A b1ndgen = AH83to] C/C++E oHd & LJE} o]2|sh 22 Chromium & A
Eoﬂf\i“ Al Y= A k5 YTt — Google 9] gn, ninja, LLVM ¥ E A| AR W& 2] Zho] A & o %
FAH oz T
A2 g3 25y

o« o] I o] E+= m5tAl 2.

o dejo]Eo| ajx| & A&t
o) %] = third_party/rust/chromium_crates_io/patches/<crate>ol 2 sl of 3tc}. o
= cxx Ao Eof thgt o 2| & FastA| Q. I Fo|EE J g ol =g ujutrt gnrt of of ) 2}
TOoE A g8t

46.6 ¥ o|Ec| watE

Specifically,
oo o + oo +
"//ME utE]/rust" | FCE o]Z | "/v" | Ho|A semver WA | "/:1lib"
R e + L +

& =¥ o 25yt

rust_static_library("my_rust_lib") {

crate_root = "lib.rs"

sources = [ "lib.rs" ]

deps = [ "//third_party/rust/example_rust_crate/v1:1ib" ]
}

46.7 A X mtE] 3 o] EZA}

A gtol B8] 7ol Chromium_J E2A 0| g LA E3F Hot AEE A2gU
Zlo|E®nl ofLg} Mo| 24 FEE J[A L £ 9ong AEd Ty} uke £ 94U ) vy
5 Rust Z o A= 2x 7ol Bakgo| A|atE 2 9)& 1T} of @A 7 Esljof 87}2?
Chromium & A|7ko] 2ol wa} cargo vet & 7|4ro 2 Fme |22 Hetale A
5 A 29 T o] Ev} 271E wiubth oS AF

. 7]— E_E]O]E7} A]-_S_ﬂ v O] o= O] oHOl'L]
/\liE*‘Oﬂ build.rs =& Z“x]—ﬂ]—]ﬂgﬂ-
dutx o ZHlc o= H]'/\]_L]- 53 Q?

o Z} 30| EV} HAS] & oA W] g =7 Folstyr},

* cd third-party/rust/chromium_crates_io; cargo audit SAH&sto] &l HoF
M2 #lgtych M4 cargo install cargo-audit 2 A& sjof gch of 7]of =Rl E Ul
2014 0je] $4 §2L cheR T ot Aelol T of YT

* unsafe I =7} 2 o Zof] A gHetA] el

« fs =& net API o] AHE &<l

) o

ro ne

ROt

ZXEE

ot
L
ks

o

ch 3 o] E 7F TA = w37t ? ZF o] EQ M=
Z235tE 749 1 & & ntotsfof gyt Chromium ©|

250


https://crates.io/crates/cc
https://crates.io/crates/bindgen
https://source.chromium.org/chromium/chromium/src/+/main:third_party/rust/chromium_crates_io/patches/cxx/
https://chromium.googlesource.com/chromium/src/+/refs/heads/main/docs/rust.md#Third_party-review
https://mozilla.github.io/cargo-vet/
https://chromium.googlesource.com/chromium/src/+/main/docs/security/rule-of-2.md#unsafe-code-in-safe-languages

46.8 Chromium A2 FE & g o]ESEQI

git status = tha& EASoF
* //third_party/rust/chromium_crates_io o] Fo|E &
» //third_party/rust/<crate>/<version>2ju|ete]o]E (BUILD.gn % README . chromium)

S Ake] 9 2]ofl OWNERS ud &= F=7}15HA| 2.

o] X E 715 Cargo.toml ¥ gnrt_config.toml ¥ A&} 37 Chromium # 7 4-of vl 2] &f oF

dyo

F82:git add -f S Ab&sioF gyt 22{#] o™ . gitignore Tt = Qs A7 opd S AU

4 A&yt

oA Bt T§H o] %) L ol ols) AL A% AP At = 5T ol Rust A2 o] =

Blo]Ejof & git Bahx] o] So] B = Fo] YW, B T2A Eo AL o s EFHolx gL &

ol & A7IAARESH] diEd Ut wEbA thae ddsior & 4 s yth
infra/update_inclusive_language_presubmit_exempt_dirs.sh > infra/inclusive_language_pre:
git add -p infra/inclusive_language_presubmit_exempt_dirs.txt # add whatever changes ar

46.9 Y o|EE HAl A2 54

A = 1tE] Chromium %<4 &5 OWNERO|EZ2H EHOF AN S & of gt
U th 2 Rust 20| EQ ¢ o] Y2 AH58He 4= Q17| & viebAIvh, G232 e A E ahE $4
FE o7k 2 7 ARe] ]l Y,

46.10 ASEA|

Chromium °f] uwuify & Z7}sto] 0] EQ 7| 27]5& AtE SRyttt 38| o] E7} Chromium
i Fof]l AREEH AT A =g ¢l AdH S A este e A EHA Fetha 7Hg

& ¥5olA= Chromium & uwuify & AH& U o Aot AU H 2 g3 Bh= JUoh £+
uwuify 2 AF&3H= 2@ rust_executable EFIS THE 4 & Uth

40 L YA B4 2
The total crates needed are:

instant,

lock_api,
parking_lot,
parking_lot_core,
redox_syscall,
scopeguard,
smallvec, and
uwuify.

251


https://chromium.googlesource.com/chromium/src/+/main/docs/adding_to_third_party.md#add-owners
https://chromium.googlesource.com/chromium/src/+/main/docs/adding_to_third_party.md#add-owners
https://crates.io/crates/uwuify
https://doc.rust-lang.org/cargo/reference/features.html#the-default-feature
https://source.chromium.org/chromium/chromium/src/+/main:build/rust/rust_executable.gni

If students are downloading even more than that, they probably forgot to turn off the default
features.

o] A o|EE AlFdl FAIThH L 2ol AGAI=E Y
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https://github.com/Daniel-Liu-c0deb0t

A 47 &

Bringing It Together — Exercise

o] Aol ofn] BHad BE U8 F3sHs 98 M2 Chromium 7)%5-& 274,

The Brief from Product Management

ol Joj) L of At pixie A H U7} AR 45U} Pixie € Chromium 2 2 o3t ] uj
+ Aol 8yt

Chromium 2] =& Ul #x¥ 2 Pixie d o] 2 H 5| oF gy},

Ao Wl mi7hx) 7|k A7k glA e, Ths] pixie @10} ol okul ¢ SAHE HiTh Mol e sl

Rust A&|o] E7} Q5.
ApAl o] M Aol A] o] o] EZo|n] 7FA g4t

|
=& Chrome o] A7) H 2k & s = e o9 ko] gyt v &shA] npA| Q.

<
A&
HEA|H7] Mol & E2HY & uwuify 5t =5 ResourceBundle: :MaybeManglelLocalizedString
< A Uth o] 54 Chromium ¥ =0 A= mangle_localized_strings_2] A& ztaA gl o]
5 15)3

o
o
)

oM RE Ade Atz 45 Stk pixie § Chrome & THEA
e UTF16 ¥ UTF8. s+ &2 Rust 2 At o] &4 UTF8 ol 2t= &
base: :UTF16ToUTF8 & A5t C++ = <
o @t 24 4 A5y

* Rust So|A HE57 2 A4S SAYEL String: : from_utfle S35t 27 A=
HtL 2 ul6 2 AEe 4 9= CXX A Y 53 S 2o g,

A
[Rust A& AT & AFUH. A&

+ S S ofe] 7hA] WP O Cre ] Sof gloR EAYS
Ao} RS AL 2R ol thek M7 FHS RS ST 4 YU WA 7hs g2 A
3H#l CXX o M 3H ol #] Pin SAF§8lof ks 2E 7hs o] & Uth Pin o] 482 49
10| 7l0] C++ B0l Elol thek 7 7h5 e H2 2 93] CKX o BREF o] g S sl o 25
&Ytk ofge Cr+ Hlo] B Rust HlolE} 33 o] 584 gichs AUtk A4 #2 EQle)y

e s A7y
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https://crates.io/crates/uwuify
https://doc.rust-lang.org/std/string/struct.String.html#method.from_utf16
https://cxx.rs/binding/slice.html
https://doc.rust-lang.org/std/pin/

k4 e-oln] o] £ Ay AU Yt
of gUch.

» ResourceBundle: :MaybeMangleLocalizedStringo] &% C++EHl2 rust_static_library
e} Ao %4 ofof it sh o
e rust_static_library E}A12//third_party/rust/uwuify/ve_2:1ib o &4 & of
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Solutions to the Chromium exercises can be found in this series of CLs.
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https://chromium-review.googlesource.com/c/chromium/src/+/5096560

A X1 9

Bare Metal 2%
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A 49 A
Welcome to Bare Metal Rust

qqﬂommﬂQﬂﬂLﬂiﬁﬁlﬂ (°}7t= Comprehensive Rust 7% & 53H)
o] 2 bare-metal T2 1Y S 5l B AFEAS 4 S 2 5= bare-metal Rust of $+3F

o] 1 o] _L].z-] 011_,]];]._

252 0S & AHE-5HA] ¢4 Rust L =5 A 3Y5h="bare-metal' Rust o] ¥sf dobgyr}, £7]e] +

e ket 24U

no_std Rust & £3iQ17}27?

o] A2 AE S 2] & Helo] Ak

e Aol m2AHE A

bare-metal Rust 7§'&< 93t {83 FolE

o] Z2jojl A= BBC micro:bit v2 ufo] A2 A EE 2| & A&t} o] fo]Z 2 EE2] = Nordic

nRF51822 tfo] A2 A EE=|of 7|§ket/i =23, LED o HE, 12C A2 7 2A 2 et 2

HE SWD YA S 23stal syt

AZFSE7) Mo, 90 2 AL &8 Ax|sof g ). gLinux = Debian EA-83k 3 itk ofel

o Zo] 3hAl L

sudo apt install gcc-aarch64-1linux-gnu gdb-multiarch libudev-dev picocom pkg-config gem

rustup update

rustup target add aarch64-unknown-none thumbv7em-none-eabihf

rustup component add llvm-tools-preview
cargo install cargo-binutils cargo-embed

plugdev 159] AF-&#}o]l A micro:bit T2 12 Zx]of gt A HFHS Bojghc,

echo 'SUBSYSTEM=="usb", ATTR{idVendor}=="0d28", MODE="0664", GROUP="plugdev"' |\
sudo tee /etc/udev/rules.d/50@0-microbit.rules
sudo udevadm control --reload-rules

MacOS o A:

xcode-select --install

brew install gdb picocom gemu

brew install --cask gcc-aarch64-embedded

rustup update

rustup target add aarch64-unknown-none thumbv7em-none-eabihf
rustup component add llvm-tools-preview

cargo install cargo-binutils cargo-embed

o
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https://microbit.org/
https://tech.microbit.org/hardware/

Al

50 &

no_std

core

alloc

std

Slices, &str, CStr

NonZeroUs8...

Option, Result

Display, Debug, write!...
Iterator

panic!, assert_eq!...

NonNull ¥ 2 & vkl ZQlE He
Future and async/await

fence, AtomicBool, AtomicPtr, AtomicU32...
Duration

L
o

s
T

r

Box, Cow, Arc, Rc
Vec, BinaryHeap, BtreeMap, LinkedList, VecDeque
String, CString, format!

Exror

HashMap

Mutex, Condvar, Barrier, Once, RwLock, mpsc
File ¥ YHZ| fs
println!, Read, Write, Stdin, Stdout ¥ Y4mz] io
Path, OsString

net

Command, Child, ExitCode

spawn, sleep ¥ 42| thread

SystemTime, Instant

HashMap & RNG ©f| 2] &gt}
std = core ¥ alloc & =33t}
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50.1 #|43%e] no_std =213

#! [no_main]
#![no_std]

use core::panic::PanicInfo;

#[panic_handler]
fn panic(_panic: &PanicInfo) -> ! {

E
‘ﬂﬂ@%ﬂ%pmﬂchﬂtﬂ”°ﬂﬂﬂEaEﬂHmﬁéiﬂgqq
o E}7lo] wak panic = "abort"& Hutdsfof & 4= Q& Ut o= eh
& e/ E WA Ay
* main 3 22 T2 AP o] Uk TR AAH e 2 A S
ﬂ@%@ﬂﬂ%&“oOMWOEHHQEBEQQNHQiE%%&E&qq

T, 2 - 1—

50.2 alloc

alloc & ARgsteiRzie] (2) FPal8 Fasok g ch,
#! [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() {
// “HEAP o] of7|Mut AL &3 “entry 7} o WHRl SEEmZ obMghUC),
unsafe {
/] dEARNA g wrgE Ao,
HEAP_ALLOCATOR.lock() .init(HEAP.as_mut_ptr() as usize, HEAP.len());

}
/] oA & o] a3t AAZ T £ AFUT.
let mut v = Vec::new();

v.push("A string".to_string());

259


https://doc.rust-lang.org/stable/std/alloc/trait.GlobalAlloc.html

* buddy_system_allocator & %t
Utk o] o=, B2 Felo| ESAGSAL, AW TYAE WAL, ofu] EAfsHE ot
Aol 534 45U,

. LockHeap B o] const M7 = DAL o 275 20,2 HH

.5, 0] B9 H 329 B¢ ol 2**32HF0] EA 7|2

s H}OME'JOHH alloc o o] &35t= A2|o] E7} shutet o]
AR7F HFEA] Shu EAfsof byt Ak o= o AgRtE A dst= 4 % 2/ H}Oldﬂ
A o] Eof o] FofH Yt

» panic_halt A o]E7} AZAHo] iy ME2 2 7t A4 2= 2353 W extern crate
panic_halt as _7FZQ3tyrc}.

» o] oAl e HEE HATH YR o] §17] wiZoll A=A =% 5H

ru

H1 o2
30,12
o o
2 L
= o
>
30, gl "
)
2
11
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Al 51 %

nlo]2zAE S

cortex_m_rt A O]EL Cortex M Olo]| AZAEE S 27|3lel= AEH S Al 2gUct

#! [no_main]
#![no_std]

extern crate panic_halt as _;
mod interrupts;

use cortex_m_rt::entry,;
#[entry]

fn main() -> ! {
loop {}

r«]o
ﬂo
eW)

A, 9 o A AsHE WS Lotr AAU T 71 7)Ao 77 Aol Alzks A A
A

L2

L =
. cortex_m rt::entry 22 AJH 2 AMRE =TT () -> | B (5, 2 ESHA
) % %“*LIE} ko, E'JE* SHA =W, 2208 £33 S Al W 2 Sor Al He Al

)
Q
=
Q
o
[0)
3
o8
o)
o
1
1
o‘
'_l
S
3
]
S5
]
3
Q
= 7
i
Rl
ofo
ol
ol
2
2
>
fujrt
1t
ok
b
i
i

51.1 ¥A] MMIO

i FE2] nre| A=A EF2 = W i 10 & &3l 17| 7] A A 2kt micro:bit ol 4| LED
£ ARASY

#! [no_main]
#![no_std]

extern crate panic_halt as _;

mod interrupts;
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use core::mem::size_of;
use cortex_m_xt::entry,;

/// GPIO XE Q@ FW7|7| F4
const GPIO_PO: usize = 0x5000 _0000;
// GPIO FWi7]7] 2=A

const PIN_CNF: usize = 0x700;

const OUTSET: usize = 0x508;

const OUTCLR: usize @x50c;

// PIN_CNF Z=

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 Y 285 FEA-ZE &Zo=z JpASYL}.
let pin_cnf_21 = (GPIO_P@ + PIN_CNF + 21 * size_of::
= (GPIO_P® + PIN_CNF + 28 * size of::

let pin_cnf_28
/1 F5% FH7|7] Aol A Ao tigt ZIEol1
// tﬂ?(]o] O onmg O]»X—]ol—]/]\:}-_
unsafe {
pin_cnf_21.write_volatile(
DIR_OUTPUT
| INPUT_DISCONNECT
| PULL_DISABLED
| DRIVE_S@S1
| SENSE_DISABLED,
),
pin_cnf_28 .write_volatile(
DIR_OUTPUT
| INPUT_DISCONNECT
| PULL_DISABLED
| DRIVE_S@S1
| SENSE_DISABLED,
),
}

/1 | 285 A, H 215 =4 AAsto] LEDE HYt.
let gpio@_outset = (GPIO_P@ + OUTSET) as *mut u32;
let gpio@ outclr = (GPIO_P® + OUTCLR) as *mut u32;

/1 g5% FH7|7] Aol A Ao tigt ZIEol1
// EHZ]O] CHQE'_E cﬁﬁéﬂqu_
unsafe {
gpio@_outclr . write_volatile(l << 28);
gpio@_outset.write_volatile(l << 21);
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<u32>()) as *mut
<u32>()) as *mut

u32;
u32;



loop {}

e GPIOO ¥ 21 2 LED "lEE A0] A W Hofl AA L1 H 28 2 A Hajsio] AZ2H Yt
ofzl HH o] Z oA ZEE AYstA 2.

cargo embed --bin mmio

51.2 FH7]7] Ay AT Y o|E

svd2rust 30| EE0]| &5l w28 njg e FHAXE 7)&5t= CMSIS-SVD 1 2 B E] Rust 2
HE YT 4 A5

#! [no_main]

#![no_std]

extern crate panic_halt as _;

use cortex_m_xrt::entry,
use nrf52833_pac: :Peripherals;

#lentry]
fn main() -> ! {
let p = Peripherals::take().unwrap();
let gpio@ = p.PO;
// GPIO @ ¥ 21 ¥ 285 FA-F 4oz FA”}YH.
gpio@.pin_cnf[21] .write(|w]| {
w.dir().output();
.input().disconnect();
.pull().disabled();
.drive().s0s1();
.sense() .disabled();

=== =

1)

gpio®.pin_cnf[28] .write(|w]| {
.dir().output();
.input().disconnect();
.pull().disabled();
.drive().s@s1();
.sense() .disabled();

=55 =

1)

/1 | 282 A, ® 215 =4 AAsSo] LEDE HUYH.
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) ¢!

2,71719] vj&e] S 7|y

o

- Fui7)7), A A, BE, go2 FAE o

2AES| &Y

_ SVD Thelol Mo} 98 % 9 Berdst] mhzof, o2
.

« cortex-m-rt & FARCHE HE Hol 25 AT
« cargo install cargo-binutils & ‘°“§}§i,cargo objdum

o
--no-show-raw-insn 2A3§5}o] A = Ho|

ot P ol =2 oflAl =5 HdAstA 2.
cargo embed --bin pac

51.3 HAL AYo|EE
ohFst = A x| of] sk e & A F-5th=
embedded-hal S Eg Q& FHg Y.

#! [no_main]
#! [no_std]

ll

extern crate panic_halt as _;

use cortex_m_rt::entry,;

HA

L 3ol E

use nrf52833_hal::gpio::{p@, Level};
use nrf52833_hal: :pac::Peripherals;

use nrf52833_hal: :prelude::*

#lentry]
fn main() -> ! {

o QuHoR AT F3Y

ESol syt o

let p = Peripherals::take().unwrap();

// GPIO ZE Q9] HAL HHE P&
let gpio@ = p0::Parts::new(p.PO);

// GPIO @ H 21 % 285 FEA-

it

=

Yt

zzog AT},

let mut coll = gp100.p®_28.1nto_push_pu11_output(Level::High);
let mut rowl = gpio®.p@_21.into_push_pull_output(Level::Low);

/7 A 282 YA, ¥ 21& =4 A5 LEDE #HYtTt.

coll.set_low().unwrap();
rowl.set_high().unwrap();

loop {}

» set_low ¥ set_high + embedded_hal OutputPin E&Qlo] A=Y
o T}OFSH STM32, GD32, nRE, NXP, MSP430, AVR, PIC ufo| A2 A EE
gl RISC-V 7|71 & 9t HAL A &|o|EZ}

otal| o= ofjA]l ZEE HdYsiAl L.
cargo embed --bin hal

&t
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https://github.com/rust-embedded/awesome-embedded-rust#hal-implementation-crates
https://crates.io/crates/embedded-hal

51.4 Board support crates

HE 2 FYolEE2, EH HEE o &gdA AR = A &l £+ tE2 39 F43FE AT
.

#! [no_main]

#![no_std]

extern crate panic_halt as _;

use cortex_m_xrt::entry,;
use microbit::hal::prelude::*
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 {}
}
+ ol A MEAY Aol =t F B AuA S EN HFY T2/ E ASTI
o o] AYo]E= mo]ARZAEE 4ol = (5, Exol AX]H) Aol tfgt=etolm = Zahat 4
Ut

— microbit-v2oll= LED HEEAE QI 7Hst =eto] w7t dlE o] 9l U .
ofzl HH o] Z oA ZEE AdPstA| 2.

cargo embed --bin board_support

51.5 E}g) Adejaiie

#lentry]

fn main() -> ! {
let p = Peripherals::take().unwrap();
let gpio@ = p0::Parts::new(p.PO);

let pin: P@_@1<Disconnected> = gpio®@.p0_01;

// let gpio@_01_again = gpio@.p0_01; // 277} EAYsto] ol Z35Urct.
let pin_input: P@_@1<Input<Floating>> = pin.into_floating_input();
if pin_input.is_high() .unwrap() {

/1 ...
}
let mut pin_output: P@_01<Output<OpenDrain>> = pin_input

.into_open_drain_output(OpenDrainConfig: :Disconnect@Standardl, Level:

pin_output.set_high() .unwrap();
// pin_input.is_high(); // 277} 25t o]FSU .
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let _pin2: P@_02<0Qutput<OpenDrain>> = gpio®
.p0_02

.into_open_drain_output (OpenDrainConfig: :Disconnect@Standardl, Level::

let _pin3: P@_03<0utput<PushPull>> =
gpio@.p@_03.into_push_pull_output(Level: :Low);

loop {}

}
» WL Copy = Clone & T@3kA] oo 717t shifo A asiAnt 2218 5 gtk Be
EE 223 0.2 Ol ESHH of LA B 4 Gléy )
« T P4 WA o] H W AAHAIF ALSH B R o] Fof o] HAAHAS A% AHET 5 gl
U,
« 2 bl W) Adele UebduTh o & Sof o] 4ol GPIO W] FAAEIY UL 0| %7 5
H e HAlo] ElQ)] A|ARIO 2 QI EH, Z%iﬂ}aﬂl Aot T EH Ao 2 W5 A3}
S5 ok 22 gege dudl Aol E4gud,
o A HollA is_high & E&5t1 &3 HollA set_high & & 4 JA|T L Htj2 = <t
gy,
+ %2 HAL 320 ES0] o] sel & ggych.

51.6 embedded-hal

embedded-hal 30| E+= TSt nfo| AZHE B oA F 5RO 2 ZotE £ I =FH7|7| 5 =

E
48] sh= cheret E#ole Al g

GPIO

ADC

12C, SPI, UART, CAN

RNG

Efo| o]

9% =

29l the Jefo| =L o] =295 FEtol
e o [2C £= SPIHALHS AFSS 4
+ 2hauE) sholo] A Solrbi gk A 2

s 7o) auct

* embedded-hal 2] 'async' H ol g3t 2FQo] 7Y Fo] A7t o} 2 b2 o] A] g5y

E7UUL o8 So 7t A Setoly

a g}o
= 2>
= H

o [r

H% o=

ot olg} o2 o gjnto] A2 A E Z 2o of

il
it

g

7}r0o
|-

51.7 probe-rs and cargo-embed

probe-rs + YHIHE A ARZ 93 =2 YUY} OpenOCD ¢} H| %512 7F Rust o] ©] 2 535
of 9l&utt.

* SWD (Serial Wire Debug) and JTAG via CMSIS-DAP, ST-Link and J-Link probes

» GDB 2§ 4 Microsoft DAP(T/H 1 o] ] Z2EF) A1

* Cargo ol 554
cargo-embed is a cargo subcommand to build and flash binaries, log RTT (Real Time
Transfers) output and connect GDB. It's configured by an Embed . toml file in your project
directory.
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https://crates.io/crates/embedded-hal
https://github.com/rust-embedded/awesome-embedded-rust#driver-crates
https://probe.rs/

« CMSIS-DAP = Arm ol|A] o3t T2 E 22 USB & 53] Arm Cortex T ZA]A 2] CoreSight
O 1 HA|A ZEo] H2E 4 A s Yot BBC microbit o] Y= HE ATz o] =T &
E2g AUt

¢ ST-Link + ST Microelectronics Atoll A FHE in-circuit tj ¥ 75| ™, J-Link = SEGGER A}<]
in-circuit ¥ AEJ Y},

o O ANA ZTEO E2|ZQl AL UubA o & 5 JTAG QI E|Ho]AZ L 2 W Serial Wire
Debug 1] o] A Juct,

* probe-rs £ 2to| B2 T 9lojA, thE =5 S =775 U

-Mkmmﬁﬂﬁlﬂ%ﬁEEEi°&%ﬁﬁvwmmqqeHE%WHWMEE@E%Hﬂ
A pE ZEE O & 5 dsyTh

-cm@ede%pmhnsﬂﬂEﬂﬂg&%ﬂ@QEQNMQﬂﬂuq

* RTT(Real Time Transfers) + o]2] & W& &3l tjH L S AE 0} epZIT 0| HoE| & X &5}
€ HAYS Y

51.7.1 dy7

Embed.toml:

[default.general]
chip = "nrf52833_xxAA"

[debug.gdb]

enabled = true

src/bare-metal/microcontrollers/example/ o EujdS 1

cargo embed --bin board_support debug

In another terminal in the same directory:

gLinux %=+= Debian of|A{:

gdb-multiarch target/thumbv7em-none-eabihf/debug/board_support --eval-command="target r«
MacOS i A

arm-none-eabi-gdb target/thumbv7em-none-eabihf/debug/board_support --eval-command="targ
GDB oA tha2 A3 HAl L.

b src/bin/board_support.rs:29
b src/bin/board_support.rs:30
b src/bin/board_support.rs:32
C

0 N

’”NHOHEEﬂMEH%@m al-Time Interrupt-driven Concurrency)”
- TF Eas o, WA A A, Hiaa AAEF, gold di7]d A
* Embass y
- A<, Brold, W EHA, USB 7} 234 async A=
* TockOS

H
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https://arm-software.github.io/CMSIS_5/DAP/html/index.html
https://microsoft.github.io/debug-adapter-protocol/
https://rtic.rs/
https://embassy.dev/
https://www.tockos.org/documentation/getting-started

- AHY AAEY 2 MMU & A Ydhs, Booll S-S & AAE &G AA
Hubris
- Oxide Computer Company °l|A] TH& ufo] 27 d 7|8F AAIZF LPA A 2, v =e] BS,
H3to] glo] 35 = =etolH 53 A Y3t
FreeRTOS & H}QIQ
std 7} 8 E SHEE AEY T (ol esp-idi).
RTIC & AAZF IAA R B 2 J, SA/ AYS /s Zeda=zE += A5
- HAL & Z2&stA = 54t
- 2AEY 2 Ado] oYzt Cortex-M NVIC(Nested Virtual Interrupt Controller) 2 +3
o] gyt
- Cortex-M A&yrct,
Google ol A= Titan EQF 7]oj] AH-& 5= Haven ujo] A2 E Z2{oj| A Tock0S & AH&g .
FreeRTOS = i #& C 2 2 H A5 o Z2] A o] d& Rust & 2H/J T 43 =& 3l 3= Rust Ht
o] AlzHutt.
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https://hubris.oxide.computer/
https://github.com/lobaro/FreeRTOS-rust
https://esp-rs.github.io/book/overview/using-the-standard-library.html

12C Lol A e e 93, 92 4t A LEo] 7|2 5ha 2.

After looking at the exercises, you can look at the solutions provided.

HUTE 60 WSS 4B R /1930, L0908 oAFAE LED A 2

» 1sm303agr U microbit-v2 2 °]E % micro:bit st=¢]0] 9] EA S &QI5HA 2.
* LSM303AGR /3 57 H x| W 12C v 2o A4 g Yt
e TWI=12C9 = E]'E 0] 20|22 [2C utAE FH7])7]|= TWIM o| ek gy},
» LSM303AGR E=2}o|H o= embedded_hal: :blocking::i2c: :WriteRead E|3 S F
Fal=Aol WUt microbit: :hal: :Twim +&A|7} o] & &}
o OhFSH EJHL FH 7] 7)o Bst DEv} Q= microbit: :Board EA|7F 54U Th
« 95h= 49 nRF52833 tlo| A EE 1% & QA Tt o] AZol|A] RI=EA] H Q3 7120ty
Yt
A5HEHS IR 2SI compass HAE oA th& ot S 25U
sr¢/main.rs:

#! [no_main]
#![no_std]

p— }

extern crate panic_halt as

use core::fmt::Write;
use cortex_m_xrt::entry,
use microbit::{hal::uarte::{Baudrate, Parity, Uarte}, Board};

#lentry]

fn main() -> ! {
let board = Board::take().unwrap();
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https://docs.rs/lsm303agr/latest/lsm303agr/
https://docs.rs/microbit-v2/latest/microbit/
https://tech.microbit.org/hardware/
https://docs.rs/microbit-v2/latest/microbit/hal/struct.Twim.html
https://docs.rs/microbit-v2/latest/microbit/struct.Board.html
https://infocenter.nordicsemi.com/pdf/nRF52833_PS_v1.5.pdf
https://google.github.io/comprehensive-rust/exercises/bare-metal/../../comprehensive-rust-exercises.zip

// 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 (M7 & Z 27t 3l3):

[workspace]

[package]

name = "compass"
version = "0.1.0"
edition "2021"
publish = false

[dependencies]
cortex-m-rt = "0.7.3"
embedded-hal = "1.0.0"
1sm303agr = "0.3.0"
microbit-v2 = "0.13.0"
panic-halt = "0.2.0"

Embed.toml (H73& D27} 9l3):

[default.general]
chip = "nrf52833_xxAA"

[debug.gdb]
enabled = true

[debug.reset]
halt_afterwards = true

.cargo/config.toml ({7 H a7} g1-3):

[build]
target = "thumbv7em-none-eabihf" # Cortex-M4F
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[target.'cfg(all(target_arch = "arm", target_os = "none"))'l]
rustflags = ["-C", "link-arg=-Tlink.x"]

&2 AH&5to] Linux oA 218 &9 2 ZelstAl 8.

picocom --baud 115200 --imap 1lfcrlf /dev/ttyACMo@

EE= U3 2ol Mac 0S(717] o] &2 23t thE 4= U5) oA &elstAl 2.
picocom --baud 115200 --imap 1fcrlf /dev/tty.usbmodem14502
Ctrl+A Ctrl+Q & A}-835lo picocom & F=5& 4t

52.2 Bare Metal Rust Morning Exercise

.

(AFEAZE7H])

#! [no_main]
#![no_std]

—

°

d
i

extern crate panic_halt as _;

use core::fmt::Write;
use cortex_m_xt::entry;
use core::cmp::{max, min};
use 1sm303agr: :{
AccelMode, AccelOutputDataRate, Lsm30@3agr, MagMode, MagOutputDataRate,
b
use microbit::display::blocking::Display;
use microbit::hal::prelude::*;
use microbit::hal::twim::Twim;
use microbit::hal::uarte::{Baudrate, Parity, Uarte};
use microbit::hal::{Delay, Timer};
use microbit::pac::twim@: :frequency: :FREQUENCY_A;
use microbit::Board;

const COMPASS_SCALE: 132 = 30000;
const ACCELEROMETER_SCALE: i32 = 700;

#lentry]
fn main() -> ! {
let board = Board::take().unwrap();

/1 AE ZEES HASIAL.

let mut serial = Uarte: :new(
board.UARTE®,
board.uart.into(),
Parity: :EXCLUDED,
Baudrate: :BAUD115200,
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// Use the system timer as a delay provider.
let mut delay = Delay::new(board.SYST);

/1 12C REZe; #g 54 AAE AALYL.
writeln!(serial, "IMU A% Z...").unwrap();
let i2c = Twim: :new(board.TWIM®@, board.i2c_internal.into(),
let mut imu = Lsm303agr::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,
AccelQOutputDataRate: :Hz50,
)
.unwrap (),
let mut imu = imu.into_mag_continuous().ok().unwrap();

/1 YxaSeo] @ etolng AHFUL
let mut timer = Timer: :new(board.TIMERQ);
let mut display = Display: :new(board.display_pins);

let mut mode = Mode: :Compass;
let mut button_pressed = false;

writeln!(serial, "Ready").unwrap();

loop {
/1 YRR dHolgHE i AE xZEQ| 7Sy,
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,

ISR FESANEE FES IE S I
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 = [[0@; 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,
)
},
image[y][x] = 255;
display.show(&mut timer, image, 100);

// BE AS FEW Ohg B2 WHET BE LED7F FA Zariyd
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 {
match self {
Self::Compass => Self::Accelerometer,
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Self::Accelerometer => Self::Compass,

}

fn scale(value: 132, min_in: i32, max_in: 132, min_out: i32, max_out: i32) -> i32 {
let range_in = max_in - min_in;
let range_out = max_out - min_out;
cap(min_out + range_out * (value - min_in) / range_in, min_out, max_out)

}

fn cap(value: 132, min_value: 132, max_value: i32) -> i32 {
max (min_value, min(value, max_value))

}
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Al 53 %

N E A o] A = ZA| A

Al F7FA] Arm Cortex-M Al 2] 29} 22 nto] A 2 E E2of] e Lotgt& Yt o] A of Z 2] Alo] A
Z2 A A< Cortex-A & Yt T =& /s E IS U B4t QEMU 9] aarch64 'virt' EE& A&
2yt
s Ytz 0 2 nfo]| AR A EE 7ol MMU =+ th3 #E d35t (Arm CPU ol A=A A 2
(exception level), x86 ol A= & (ring)) ©] & Uth ofZ A o] T2 A M & o] 52 714

s

R g

+ QEMU & o} /|8l 8 2 chofat Al & HE Rl g o Felo] ME 214Ut virt HES
E% MASES 0l S ol Bo)d 511 ghom, 7} vl g ozt A= & ot

Rust 2= AP AJAsH7] Mofl R 71A] 27185 Adgsfof S

.section .init.entry, "ax
.global entry
entry:

2osta HEgyck. MMU 9 AHAIE
HI7F = AEyet. .

adrp x30@, idmap
msr ttbr@_ell, x30

mov_i x30, .Lmairval
msr mair_ell, x30

mov_i x30, .Ltcrval

/* AYEE PA HYS TCR_EL1.IPSol| EARguct. */
mrs x29, id_aa64mmfro_ell

bfi x30, x29, #32, #4

msr tcr_ell, x30

mov_i x30, .Lsctlrval
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isb

tlbi vmallel
ic iallu

dsb nsh

isb

/*

* MMU @+ 7HAIS AFRSIEE sctlr_ell S FAsta o] &Yo
* ohed wiztx] eYsta] gksurt.
*/

msr sctlr_ell, x30

isb

/* EL1°lA Eeiyg Rg A4 AMAE ARS FAFGUT. */
mrs x30, cpacr_ell

orr x30, x30, #(0x3 << 20)

msr cpacr_ell, x30

isb

/* bss AAS @og wrsUth, */
adr_1 x29, bss_begin
adr_1 x30, bss_end

cmp x29, x30

b.hs 1f

stp xzr, xzr, [x29], #16
b ob

/* 2Elg FHlgUT */
adr_1 x30, boot_stack_end
mov sp, x30

/* e WEE Ay, */
adr x30, vector_table_ell
msr vbar_ell, x30

/* Rust T&EE s&3hUc}, */
bl main

o= Co Feet U Z2AM JelE 27|85l BSS S 0 o=
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- BSS(YAHA R o] 52, £& A2} 7| S block starting symbol °]2t1153)

Yol 0o 27|3kd HAoz dgd MaSSHa EUTh BSS =



E3E) A e ol3) 0 0.2 27131 © Zol/] jEg Ut Autdet 2y m2a
2o BSS o £3H M452 0 02 27]8} & 0.2 7|thsl 1 o BAE sel 2uks U,
. W= e)7} 2755 3 o] n A7 2E & whAlo] atel BSS 7} oln] 0 0 A H S S QAW

A5 517] el 0 o= AAF T

R L R A ey %iOH MMU &} 7HA| & AHE A sliof gyt 2o ™ thaat 22 4

o WAT 4 Uk,

- AEE A &2 YA 2o 77U ZHutd et FHE A G2 HAAE AT
AT = +strict-align & AA5t= aarch64-unknown- noneE} 19] Rust Z =5 W

EstB 2 o3 2ol B} gl e, QurH o2 wE 29 A
o gl U BAE VM 2 A A7 ALE %
A e 2 v m2o] 27 oA A5 Whe S A Eo| 5 St o mejo] s AT 4 9

— VMol A AErTh FHA] A2 A7} Sy

= Aol k= AJYth SAETIH R E|of YA ZH O Z HA|

[

2 opgyrt.

_ﬂﬂ“HﬂEZfﬂw

£ 71 A 97 =olold & oot 1A} el VMol A E ATE 85

shubo] A AFSro] &A= U FJA] = VA £ [PA 7} ofd

AA

wh277 A5

LBl 1715 S4 316l 315 1GIB, DRAM & 8 101B, 1 88 /124 & 12 1078
S D st st g Hol A 8ol 2 (idmap. S #1) & A& Th ol QEMU of 4] At

&3t 2 glojobxa A2y,

* o9 ¥E| (vbar_ell) = ’SX*%MEP ojoll sl A= Lol AAI 3]

* 25 250 BE Aol E o9 £F 1(EL) oA Aok 7H

A3 of 5= 72 o]0 ula} entry.S E47g 3l ok °H/IEP-

53.2 ElojAE 2]

obE Yt
Ptk ohe ofle) 4:20f 4

Sometimes we need to use assembly to do things that aren't possible with Rust code. For
example, to make an HVC (hypervisor call) to tell the firmware to power off the system:

#! [no_main]
#![no_std]

use core::arch::asm;
use core::panic::PanicInfo;

mod exceptions;
const PSCI_SYSTEM_OFF: u32 = 0x84000008;

#[no_mangle]

extern "C" fn main(_x@: u6d4, _x1: ubd, _x2:

/1 AR EA 2R ALgela wRe R
/] OFRAE Btx] Yooz kM r,
unsafe {

asm! ("hvc #0",
inout ("w@") PSCI_SYSTEM_OFF =>
inout ("wl")
inout ("w2")
inout("w3")
inout("w4")
inout ("w5")
inout ("w6")
inout ("w7")

[SESESESESESEN
1l
Vv
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ue4,

—

_X3:

ue4d) {



options(nomem, nostack)
),
}

loop {}

-

UAIZ o) 2 AYsteld o|ee BE Y42 912 2hwi7t TFY smece a0 ESAHE A 2.

-Pﬁﬂ@wmrmmmmmmmmMHMHMw)LM*%“WPU”QQW%&ﬂﬂEAHnQ
Z e o]Ad Yt o] QlEjH| o] A& EL3 H g ofetslo]muto| 2ol o3 &gk,

. @ => _ 82 d ol 5 FEE APt Ao A AEE 022 27|86t O
a E1l7~li51-4 %ké FAES oYU 235 Al A A9 glo] Hof HE »~lemz i
Al inout & AH&-sfioF gttt

» o] main &4+ #[no_mangle] ¥ extern "C"ojof guct, fukstH o] gh4= Rust =7}
obd, ojAl 52 2 24 H entry.S oA E&5 7] WjEdct

¢ _X0-_x3 & x0°llA x3 EﬂXl/\Ei gAY o] HAAEHES gt oz REZ oA H
Hpo| A Egjof t3tE e 55 MET uf AL H Yt EF aarch64 2= +12F (extern "C"of
A ALgsH=E A4 off wet A AF x0 ol A x7 o] kol A H ﬂ & 87l Qoo AHEEER
entry.S = 0|23 HAAH S HASHA| F=A] &lst= 2l Qo= §85] & 20| syt

* src/bare- metal/aps/examplesOHkimake gemu_psci &4 st IHIEU£7}QEBAU

ol Sa gyt

53.3 MMIO & 9|35t 324 (volatile) W =2 2] H A A

* pointer::read_volatile ¥ pointer::write_volatile & AH&5tAl Q.
« 25 FAISHA BhAl L.
. addr_of! 2 AM&3lW QA 8xo B2

o 3] (volatile) B A A: 7] == 227] &+
of Hutde st=gjoj7F J ol & o] & ¢17]
T = A ASHA] EstAR YT

- dftdoz A3t glom (o A Vst R E Fol) Aubd =92 gtol HE &
Zrat Fdettha 7 shal AR Dﬂiﬂl%— 912 a4 s YT

o St=fojol ot 3/ HMAE ot L7 7|& Ao St
o] op gy}, =7t S wintt Huhd 2 “Ol S IRt E AYe 4 sy

¢ addr_of! mja2& /\}4‘1“}04 FZA| ERlE|oA LZA| WEREQIEE 743Ut

UEA FA=FEA e HE

=
—é
ide effect) & %‘E‘ié A7l &

S
7] ZHele] A2 A, F

—l

53.4 UART Ezg}lo|yzHA

QEMU 9] 'virt' 2 =ofli= PL0O11 UART 7l o8 2 o] & 9|3t Salo|H & ZH/gs] BAlGYt

const FLAG_REGISTER_OFFSET: usize = 0x18;
const FR_BUSY: u8 1 << 3;
const FR_TXFF: u8 1 << 5;

/// PLO11 UART 9o 4 ctalo]sduct,
#[derive(Debug) ]
pub struct Uart {

base_address: *mut u8,

}
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impl Uart {
/11 AZE 712 Fhof PLO11 7]7]ol thgh UART EZetolwie] A <
/11 233&Yrct.
/17
/1] # <HA
/17
/11 ARE 712 F4+ PLO1L1 71719
/17 MMIO Ao} =|XAE 870E 7FeAHCF otH,
/1] ol EZ2ANAS FA FIho 7171 HEa 2
/11 vigEojoF 5t Eh HAY 2 of 3turt.
pub unsafe fn new(base_address: *mut u8) -> Self {
Self { base_address }

E

—

[>

r
[>
i

ro

}

/// UART ol @ Hlo]EE FHUrT.
pub fn write_byte(&self, byte: u8) {
/1 TX wimol 37to] smd wrx] 7|ckguc,
while self.read_flag_register() & FR_TXFF != 0 {}

/1 712 F&7F AZESA vigE PLO11 7719 Ao AAHE
/1 7Fe)71aL QoeEm =2 obHgtct.
unsafe {
/1 TX vzl FUt},
self.base_address.write_volatile(byte);
}

/1 UART 7} ©f o4 A& Fol obd wizbx] 7|kt
while self.read_flag_register() & FR_BUSY != 0 {}
}

fn read_flag_register(&self) -> u8 {
/1 718 Farr AASA wEHE® PLO11 7]7]9 Alo] HAAHS
/1 7¥e)7)a oe 2 okAG ),
unsafe { self.base_address.add(FLAG_REGISTER_OFFSET) .read_volatile() }

}
}
« Uart: :new = QFASHA] A9t (usafe), 1 @) ThE HA EE 29215t (safe) Aol FE35HA Q.
02 A =50 OPZ*%* = o+, Uart: inew o e S FAM (&, A AHH UART—J =

2ho| B RIARI AT} ShURE Q1o 4 F3tol| A& A A5t thE 50 %Jﬂm =] 7|7k
5t write_byte 9} @% ?:H\—% FASHAI G Z5t=t oA Boe 2 E AR x| x|

7] tiEd Yt
« Hioj H“&‘ ozx AME 4 AN (new & LFHSHA THE1 write_byte & HH5HA| GFA| T
te E5 &3t BE Yol Aol Fal 2 of FtE R AFE T4 o]

w) = write by
24 "olg .
. l QFASHA] 92 T =] QbAE B & /g ot dNHA ] s A Yot b ol et &
< o] B2 AAolA &40 YA Z F7I=AdYTH
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53.4.1 More traits
Debug EZINE A& ai&Uch B 7Ha Edjlg 3712 o 7dste AE £
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);

/1 BE AYAENAM dA|2T 4 Qe 7]7] iz it

// io E]D E%@]UPI‘ o]xqol—qq_
unsafe impl Send for Uart {}

s Write S TSI H write! W writeln! ti22E Uart e} 3
* src/bare-metal/aps/examples o4 make gemu_minimal & A&

£ 493y,

53.5 ©] U2 UART Ez}o]H

PLO11 o= AA 2L 4 T &2 2| x| AE]7} Qlom, o]of HAM| AT E%Ei%—
75t @77t Hh Ay st 41 7l oSyt =St 35 AR =7

ol BeQlyt,

PN
s
dﬂ

2ITAl  HRAAE o]E  YH|

0x00 DR 12
0x04 RSR 4
0x18 FR 9
0x20 ILPR 8
0x24  IBRD 16
0x28  FBRD 6
0x2c LCR_H 8
0x30 CR 16
0x34  IFLS 6
0x38 IMSC 11
0x3c RIS 11
0x40  MIS 11
0x44 ICR 11
0x48  DMACR 3

« 22442 918 L7 ID Bl A A8 = A=EAS U

53.5.1 HEEZa
bitflags 20| ELH EZe 1S AFE5H: o] 83T
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use bitflags::bitflags;

bitflags! {
/// UART Zej A Age Zajaeyrct.
#[repr(transparent) |
#[derive(Copy, Clone, Debug, Eq, PartialEq)]
struct Flags: ul6 {
/17 BEWEHH 2FUc}.
const CTS = 1 << 0Q;
/11 ©lolel MEZL FH|EHIJIEUTE.
const DSR = 1 << 1;
/17 dlolgl o]lFFAIAL A
const DCD = 1 << 2;
/117 UART o|A] dHlo]H& A& FdYTt.
const BUSY = 1 << 3;
/11 %4 FIFO~7} Hlo] l&Uct,
const RXFE = 1 << 4;
/11 A% FIFO7} 7t #&uydh
const TXFF = 1 << 5;
/11 &A1 FIFO7F 7} #sdtt.
const RXFF = 1 << 6;
/11 4% FIFO 7} vlo] &EyYcLt.
const TXFE = 1 << 7;
/11 A BEAZIYUC.
const RI = 1 << 8;

+ bitflags! WA 2E Bej 12 7bd o0 Hgst] 913t ofeim| A= T8t 37 Flags (ul6)
of 22 Y22 A ST

53.5.2 Multiple registers

FZA 2 AH&5}0] UART 22| A8 9] oz ] 2lojol2-& thehd 4 gl&vith.

#[repr(C, align(4))]
struct Registers {
dr: ule6,
_Yeserved®: [u8; 2],
rsr: ReceiveStatus,
_reservedl: [u8; 197,

fr: Flags,
_reserved2: [u8; 6],
ilpr: u8,
_reserved3: [u8; 3],
ibrd: ul6,
_reserved4: [u8; 27,
fbrd: u8,
_reserved5: [u8; 31,
lcr_h: us8,
_Yeserved6: [u8; 3],
cr: ul6,
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_reserved7: [u8; 3],

ifls: u8,

_Treserved8: [u8; 37,
imsc: ul6,
_reserved9: [u8; 27,
ris: ul6,
_Yeservedl@: [u8; 2],
mis: ul6,
_reservedll: [u8; 2],
icr: ule,
_Yeservedl2: [u8; 2],
dmacr: u8,

_reservedl13: [u8; 317,

. #[repr(C)] £ Co EY FHof me} 221 WES &N v x| oS At
FUTh 7] 2 Rust B3-S AL2a1 Auteleizt ol e Eo)eA S M AT 4 9l
Z Aol A o= 7153t 2l olot2-g AFgstn Bagyr),

53.5.3 EZzlo|y

o[A] Eato|HofA A 22 Registers +X A& AM&s| A5

/// PLO11 UART & Zzglo|H
#[derive(Debug) ]
pub struct Uart {

registers: *mut Registers,

}

impl Uart {
/11 ARHE 712 F4&0 PLO11 7]7]o ot UART E=ztolwe] A QAAEA
/11 38Ryt
/17
/1] # <HA
/17
/11 AE 717 F4= PLO11 7]7]9
/17 MMIO Ao} =|XAE 870E 7he|AHok stH,
/11 ol ZEANAS F4 FZto] 7]7] HEY R
/77 migs]ojor st k2 WAe glojo gt
pub unsafe fn new(base_address: *mut u32) -> Self {
Self { registers: base_address as *mut Registers }

i

}

/// UART ol @ Hio]EE FHUrT.
pub fn write_byte(&self, byte: u8) {
/1 TX Wz Fzto] &HE wi7tx] Z|ohgdyt.
while self.read_flag_register().contains(Flags::TXFF) {}

/1 self.registers 7} A&stAl vijgE PLO11 7]7]9] A|of 2|AAHE
/7 7Hel7]a lom &z okdgtct,
unsafe {

// TX ¥3o] H{yrct,
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addr_of_mut!((*self.registers).dr).write_volatile(byte.into());

}

/1 UART7} © o4 Abg Zo| obd w7tz 7|yt
while self.read_flag_register().contains(Flags::BUSY) {}
}

/// Reads and returns a pending byte, or "None' if nothing has been
/// received.
pub fn read_byte(&self) -> Option<u8> {
if self.read_flag_register().contains(Flags::RXFE) {
None
1} else {
let data = unsafe { addr_of!((*self.registers).dr).read_volatile() };
// TODO: H|E 8~11°]A 7 AHE &lgyrct.
Some(data as u8)

}

fn read_flag_register(&self) -> Flags {
/1 self.registers 7} A&stA vijgdE PLO11 7]7]9] Alof 2|AAHE
/1 7¥E)7)a oEm g orAGc,
unsafe { addr_of!((*self.registers).fr).read_volatile() }

-

e addr_of!/addr_of mut!E A}85to] 27 A2 E0t=2] &1 7 T 2RI E 7IAeE=

53.5.4 Using it

Eefolu g AbgSte] AP Bdo] AT HAEE Hlo| ES o F5HE FVAT2IBL Y| BAE
Yct.

#! [no_main]
#![no_std]

mod exceptions;
mod ploll;

use crate: :pl@11l::Uart;

use core::fmt::Write;

use core::panic::PanicInfo;
use log::error;

use smccc::psci::system_off;
use smccc: :Hvc;

/// 712 PLO11l UART 9 7]& ZFAdyrct,
const PL@11_BASE_ADDRESS: *mut u32 = 0x900_0000 as _;

#[no_mangle]
extern "C" fn main(x0: ub4, x1: ubd, x2: ubd, x3: ubd) {
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// "PL@11_BASE_ADDRESS 7} PLQ11 7|7]9] 7|¥ F4Aolx
/1 o] FA o] YMAsts thE2 F&Fo| glonz bHIyct,
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,
_ =>{}

}

writeln!(uart, "SFg!").unwrap();
system_off::<Hvc>().unwrap();

}
o lEploj Al £ oo et Zo] o] main &4+ entry.S QXU FEoA TZHYTh ZHA|
S uUlg2 sl FEA R ESFISHA Q.
s src/bare-metal/aps/examples o4 make gemu EAHE35t0] QEMU oA ol & Alssty
ot
53.6 &7
log o] EQ) =AM AZE AFES 4~ oW £5UT o= Log Ed|AlS FstHE U

use crate::pl011::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(),
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"I {3,
record.level(),

record.args()
)

.unwrap();

}

fn flush(&self) {}
}

/// UART EAE %7|35H]t},
pub fn init(uart: Uart, max_level: LevelFilter) -> Result<(), SetlLoggerError> {
LOGGER.uart.lock() .replace(uart);

log: :set_logger (&LOGGER)?;
log: :set_max_level(max_level);
0k(())

* log &4 Qtoll A unwrap st= A2 WEEF Y. st set_logger € & Z 57| Aol
LOGGER & z7|2t5t7|wl & A Y .

53.6.1 Using it
2% Abgsteld BA 27)8kshof gy,

#! [no_main]
#![no_std]

mod exceptions;
mod logger;
mod pl@ll;

use crate: :pl@11l::Uart;

use core::panic::PanicInfo;

use log::{error, info, LevelFilter};
use smccc::psci::system_off;

use smccc: :Hvc;

/// 712 PLO11 UART o 7]& F&dyrct.
const PL@11_BASE_ADDRESS: *mut u32 = 0x900_0000 as _;

#[no_mangle]

extern "C" fn main(x@: ub4, x1: ubd, x2: ubd, x3: ubd) {
// “PLO11_BASE_ADDRESS 7} PL@11 7|7]9] 7|E ZF4o]il
/1 °] F& Wglol dxaste ohE gZo] glomz o).
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);

286



system_off::<Hvc>().unwrap();
}

#[panic_handler]

fn panic(info: &PanicInfo) -> ! {
erroxr! ("{info}");
system_off::<Hvc>().unwrap();

loop {}
}
« oY HE2|7} oA HjY o NRAYEE 7|5 4 AFU T
» src/bare-metal/aps/examples °lA] make gemu_logger EAHE35to] QEMU oA o &

Ayt

53.7 <

AArch64 = 4 7§ 4}l (SPO 2 AH&-3He @A EL, SPx & AH&-3He @A) EL, AArch64 & AHE5H= 5t
9] EL, AArch32 £ AF-8-5l+= 9] EL) 9] 4 7HA] ol 9Ek9 (571, IRQ, FIQ, SError) °fl tisl 16 7§ &5

o] Ql& o e] HEf Hlo] 24ttt Rust ZES S E317] Mol 3d/g A AEE A8 of 2745}
71913 ol sl EollA o] TaTYch

use log::error;

use smccc::psci::system_off;

use smccc: :Hvc;

#[no_mangle]

extern "C" fn sync_exception_current(_elr: u64, _spsr: u64d) {
error! ("sync_exception_current");
system_off::<Hvc>().unwrap();

}

#[no_mangle]

extern "C" fn irq_current(_elr: u64, _spsr: ub4d) {
error! ("irqg_current");
system_off::<Hvc>().unwrap();

}

#[no_mangle]

extern "C" fn fig_current(_elr: u64, _spsr: u64) {
error! ("fig_current");
system_off::<Hvc>().unwrap();

}

#[no_mangle]

extern "C" fn serr_current(_elr: u64
error! ("serr_current");
system_off::<Hvc>().unwrap();

spsr: u6b4d) {

| A—

}

#[no_mangle]
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extern "C" fn sync_lower(_elr: u64, _spsr: ub4d) {
error!("sync_lower");
system_off::<Hvec>().unwrap();

}

#[no_mangle]

extern "C" fn irq_lower(_elr: u64, _spsr: ub4) {
error! ("irq_lower");
system_off::<Hvec>().unwrap();

}

#[no_mangle]

extern "C" fn fig_lower(_elr: u64, _spsr: ub4d) {
error! ("fig_lower");
system_off::<Hvc>().unwrap();

}

#[no_mangle]

extern "C" fn serr_lower(_elr: u64, _spsr: ub4) {
error!("serr_lower");
system_off::<Hvc>().unwrap();

* EL 2 o9 £+&UYth 25 239 2 o= EL1 oA Ayt

« WOl A EL 19| 9] SPO I} SPx & +H5tAY 619] EL 2] 9] AArch32 2 AArch64 & 3
ot7] k&Yt

¢ o] ool A= o2 7 AR 2 YT 07 o4t 7] gkoB g o &7 &5t Y-S Futh

colg diSeiol 7|2 A A AEL N2 ke Adset A ul LS aYAY & A5
Send 8! Sync & £~ E9} 7bA 2 o] 5 Zholl 3/E 4 AT ES AojRt ol Sof
of o] gEefel L2 o) Lheix] RE ZhollghE 34523 3h=vl Send o] A8 Sync = obd

4%, Mutex o 22 o2 g stal A 2 o= vl =] sfjofF et

53.8 G EZZAE

* oreboot
— ”coreboot without the C”
— Supports x86, aarch64 and RISC-V.
— Relies on LinuxBoot rather than having many drivers itself.
* Rust RaspberryPi OS tutorial
— Initialisation, UART driver, simple bootloader, JTAG, exception levels, exception
handling, page tables
— Some dodginess around cache maintenance and initialisation in Rust, not
necessarily a good example to copy for production code.
* cargo-call-stack
— Static analysis to determine maximum stack usage.
* RaspberryPi OS =2 ol A= MMU 2 7HA|7F AFE- 7= 7] Hof Rust LE5 Ay,
oAl 5 w22 (o 2E) 2 91 & 4 ek SA W O3 2L o 2lv} K g,
~ MMU &} 71417} 9o R 5| 2] g2 eu| 20) @ 57} eyghch Zatelelzt 325 7|
A2 WM AE AYYSHA] EEZ+strict-align S AH35H= aarche4-unknown-none
oczdrroz FA7F QAR ARt oz HFEA] O 22 of gy
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https://github.com/oreboot/oreboot
https://github.com/rust-embedded/rust-raspberrypi-OS-tutorials
https://crates.io/crates/cargo-call-stack

— VM o4 Aot A A BT A 4 daUth BAE VM LA 7 ALS

=]
A e 2 o 2ol A oM ASHE HHE B A E o = E 5t w2l tjsf AAIE 4 9]
£ 8o ks AAUth SAE B o WA O R HuA5A EetE 22 ok
2 AHA] AT Zojold & Qon] 5 & shite] MAARRo] SAEUT oMol E5to]H
sho] %] glo] StEglojol A A A e o] 54 Aol EAZIIAT, Ao Fe

wel £ obg k.
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Al 54 7

+&gra g olE

bare-metal ZZ 25 o] H 7] AWFAQl FA|E s Z5t= ol EE

54.1 zerocopy

Fuchsia ©°] ¥HE zerocopy 0] E= HIO|E AU AE T} E}

ol miaz s Algetych
use zerocopy: :AsBytes;
#[repr(u32)]

#[derive (AsBytes, Debug, Default)]
enum RequestType {

#[default]
In =0,
Out =1,
Flush = 4,
}
#[repr(C)]

#[derive(AsBytes, Debug, Default)]
struct VirtioBlockRequest {
request_type: RequestType,
reserved: u32,
sector: u64,

}

fn main() {
let request = VirtioBlockRequest {
request_type: RequestType::Flush,
sector: 42,
..Default: :default()
i

assert_eq! (
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https://docs.rs/zerocopy/

request.as_bytes(),
&[4, 0, 0, 0, 0, 0, @, 0, 42, @, 0, 0, @0, 0, 0, 0]

)

}
o] A o] E 34 (volatile) ¢17] X 27| S ALg3HA] ¢k B2 MMIO ©fl 4] °‘o}Xl oAk, sh=9)
olet 375 A (¢l: DMA ollA) &% °‘E11Hl°l*35 o HEE = F2AE + o= 78+
et
» ol EQlo] 75t B & Hio| E o o EHEH ZHHE 2hE 7HA wio| gk, 71§}l o] FromBytes
2 79 & Utk 1970 A A= 84 gl vlolE Al UAS HdaA s Efglo W
B 4 A&y
9 Aol 4 Holst ey ol of s} FromBytes & 7 & ot T of o2 7} WAy Ey o}

© 31 =0 B
RequestType 2 7hsdt & u32 g2 A AR Wol5o]A] 7] WiZ2dUth & EE Hio|E
m&l o] 553k RequestType &2 0}"‘1/]1:}
* zerocopy: :byteorder o= H}Ol E oo & MZ 2 BAYA S A Yste= A E S
Alsgd o
» src/bare-metal/useful-crates/zerocopy-example/olA cargo run = A&
A E AFFUT (T8 2A= dsfiElol Lk Eoll M= A= A 5.

54.2 aarch64-paging

aarch64-paging 30| EZ AHE31H AArch64 7Hd H 2] AJ 2] of7| el of wha} #| o] 2] & o]

2g 95 4 ey

use aarch64_paging: :{

idmap: : IdMap,

paging::{Attributes, MemoryRegion},
b

const ASID: usize = 1;
const ROOT_LEVEL: usize = 1;

/7 ID ®jgE& AREsto] A mlo|A| Elo|E& wHEUT.
let mut idmap = IdMap::new(ASID, ROOT_LEVEL);
// 2MiB M2 FHE 97l dEoz mEgIdyt.
idmap.map_range(

&MemoryRegion: :new(0x80200000, 0x80400000),

Attributes: :NORMAL | Attributes::NON_GLOBAL | Attributes::READ_ONLY,
) .unwrap();
// "TTBRO_EL1" 2 AAsto] Ho]A] Hol2& &S,
idmap.activate();

« ¥ EL1 B A AskA 9k oh 2 Q) 4JA 2 (Exception Level: EL) & o H X E A 718 4= 9l

S4rth.

¢ Android oA 2 5% VM H¢lofol] AF&H Yt}

¢ o] oA & 7tHSHA AP ﬂbmﬁ%ﬁ%ﬁ@éﬁﬁﬁﬁbﬁHﬂEMUﬂﬁQ%ﬂ%ﬂﬂ
R R =
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https://crates.io/crates/aarch64-paging
https://cs.android.com/android/platform/superproject/+/master:packages/modules/Virtualization/pvmfw/

54.3 buddy_system_allocator

buddy_system_allocator =¥t A|AE] &GFaLE L ot= A& otE| Ao EJYt}. o] A2
o|E°] LockedHeap < GlobalAlloc S @YU th wzhA of2{&2 ¥y A| A8 g AtSalloc’
Ao EE BlA AFEE £AFYT (O] HAFRAF). B O E F4 FHS FGote ol AHEE &
ALYt o] E 0] PCIBAR ol MMIO 37He &9% *’\°"“flﬂ}

use buddy_system_allocator::FrameAllocator;
use core::alloc::Layout;

OH

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);

* PCI BAR = BAR 9] 27| gt3o] EH Yt}
» src/bare-metal/useful-crates/allocator-example/olA cargo run AR&35}o
A S AFFYTH(FTEE FAE i Eao] et tol A= AdYEA] g&Uh).

54.4 tinyvec

ol v Fgat 9ka 7] 2ol A5 AFolY (ol: Vec 22) 7t B2 P w7t 94t
tinyvec & AL8SHIE U tinyvec oA HE = Bl E Setol AR R E Aol E|n, o] 52 A
A om e gL Auo] EEol 92 S5 thtinyvec & Al HE] oFof Ak B2 e
WESol £l A g 2453 glon, ¥FH et o Bl ALgakel L shainl e AT,

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:?}");

* tinyvec S A& AR E Q] Bi9jo] Default S58 Z7]st & &= 2lofoF Iyt
* Rust Zg|o] 182 Eﬂ—tmwm@4i“ﬂﬂJOUEﬂWWLmﬂQEEQ@%QW

L I

54.5 spin
std::sync::Mutex ¥ std: :sync o] 7]e}t 57]st= 2| 0| E] B & core =+ alloc oA AFEE 4=
3

A5 Uth 22W ojgA 57|38k £ interior mutability o 22 7]50] 22 d 7 oE A sfof &
7hQ?
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https://crates.io/crates/buddy_system_allocator
https://docs.rs/buddy_system_allocator/0.9.0/buddy_system_allocator/struct.LockedHeap.html
https://doc.rust-lang.org/core/alloc/trait.GlobalAlloc.html
https://crates.io/crates/tinyvec

spin Ao =t olegH5 /|3t ZejnguEe ApgoR 7

use spin::mutex::SpinMutex;

st &yt

ol

static counter: SpinMutex<u32> = SpinMutex::new(0);

fn main() {
println!("count: {}", counter.lock());
*counter.lock() += 2;
println!("count: {}", counter.lock());

« AEHE ASol|A 25 2 4-¢, w2 JEi7E BASHA EFFolstA L.

* spin also has a ticket lock mutex implementation; equivalents of RwLock, Barrier and
Once from std: : sync; and Lazy for lazy initialisation.

conce_cell A oJEoEs AAdH 2735 AT D 7HA FE&T EFF o] A=
spin::once::Once &= oz ot H 2 A S AFEE Y

* Rust 220|122 =0 spin o] & o] Qlonz o] A=t ez gyt
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https://crates.io/crates/spin
https://crates.io/crates/once_cell

A 55 &

cﬂ-l: T;':o]l:

AOSP o A bare-metal Rust HFo] 8] & Bl =5l& W rust_ffi_static & A3} Rust

=

Ay, YAAIHEZ Z3HE cc_binary S AHE3ke] ELF Hio|u 2| S 4310, raw_binary

S AbESl ELF £ 282 $9E 4 Q=24 (raw) Hhol v 2] 2 wskghch.

rust_ffi_static {
name: "libvmbase_example",
defaults: ["vmbase_ffi_defaults"],
crate_name: "vmbase_example",
srcs: ["src/main.rs"],
rustlibs: [
"libvmbase",

1,
}

cc_binary {

name: "vmbase_example",
defaults: ["vmbase_elf_defaults"],

srcs: [

"idmap.S",

1,

static_libs: [
"libvmbase_example",

1,

linker_scripts: [
"image.1ld",
":vmbase_sections",

1,
}

raw_binary {

name: "vmbase_example_bin",
stem: "vmbase_example.bin",
src: ":vmbase_example",
enabled: false,

target:

{
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android_arm64: {
enabled: true,

b
b

55.1 vmbase

vmbase 2to] E2]8]+=, aarch64 2] crosvm oA A3 &= VM = e}AlSIH, 2144, UART 24 27,
B AIHE HE F 5o High 7|2 LSS ATy

#! [no_main]
#![no_std]

use vmbase::{main, println};
main! (main);
pub fn main(arg®@: u64, argl: u64, arg2: u64, arg3: ub4d) {

println!("Hello world");
}

=1 ;l(‘j % = .
» vmbase 7} Al Z35l= AYAL 242 %2713} 511, main 4712 €l 5HH PSCI_SYSTEM_OFF
U
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https://android.googlesource.com/platform/packages/modules/Virtualization/+/refs/heads/master/vmbase/

PLO31 AAIZE AlA] 717§ Eetol & A/ Fu o
After looking at the exercises, you can look at the solutions provided.

56.1 RTC driver

The QEMU aarch64 virt machine has a PL031 real-time clock at 0x9010000. For this exercise,
you should write a driver for it.

1. AE Z&0) A AZHg S8s5he o AU o G/ B
ARES 4 sy
2. 4] A AE e} A JIEHE GBI E AREsto] £ AIZE (o &%
2 I oA core: :hint::spin_loop E&&&th
3. RTC AA = A E JEHEE AFEAEA S eyt arm-gic 2
go| Eof Al g-H =eto|H & Abgsto] Arm ARt JIEHE AEEEFA
e GICO|| IntId::spi(2) & 2% RTC JE|HEE AF&3Yr}.
¢ JE|HEE AFE A3 Soll= arm_gic: :wfi() s = =
UAEYTH o] A JEHEE AT w72 Zoj7t A me=z Ayt
ASHEHS G 2E5H rtc HEE oA o5 S 25U

sr¢/main.rs:

1>
B
oX,
=2
rir
(@]
>0
R
o
>
o
[
&
el
[m
fjru

w
b
N
N
=
e
=
N
)
i3
o

#! [no_main]
#! [no_std]

mod exceptions;
mod logger;
mod ploll;

use crate: :pl@1l1l::Uart;

use arm_gic::gicv3::GicV3;

use core::panic::PanicInfo;

use log::{error, info, trace, LevelFilter};
use smccc::psci::system_off;

use smccc: :Hvc;
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https://developer.arm.com/documentation/ddi0224/c
https://crates.io/crates/chrono
https://doc.rust-lang.org/core/hint/fn.spin_loop.html
https://docs.rs/arm-gic/
https://google.github.io/comprehensive-rust/exercises/bare-metal/../../comprehensive-rust-exercises.zip

/// Base addresses of the GICv3.
const GICD_BASE_ADDRESS: *mut u64 = 0x800_0000 as _;

const GICR_BASE_ADDRESS: *mut u64

Ox80A_0000 as _;

/// Base address of the primary PL@11 UART.

const PL@11_BASE_ADDRESS: *mut u32 = 0x900_0000 as

p—

#[no_mangle]
extern "C" fn main(x@: u64, x1: ubd, x2: ubd, x3: ubd) {

}

// Safe because "PL@11_BASE_ADDRESS® is the base address of a PL@11 device,
// and nothing else accesses that address range.
let uart = unsafe { Uart::new(PL@11_BASE_ADDRESS) };
logger: :init(uart, LevelFilter::Trace).unwrap();

infol! ("main({:#x}, {:#x}, {:#x}, {:#x})", x0, x1, x2, x3);

// Safe because “GICD_BASE_ADDRESS® and “GICR_BASE_ADDRESS® are the base
// addresses of a GICv3 distributor and redistributor respectively, and
// nothing else accesses those address ranges.

let mut gic = unsafe { GicV3::new(GICD_BASE_ADDRESS, GICR_BASE_ADDRESS) };
gic.setup();

// TODO: Create instance of RTC driver and print current time.

// TODO: Wait for 3 seconds.

system_off::<Hvc>().unwrap();

#[panic_handler]
fn panic(info: &PanicInfo) -> ! {

}

error! ("{info}");
system_off::<Hvc>().unwrap();
loop {}

_src/exceptions.rs_i 52 Al A 2o Aqh H st FHuyo,

/1
/1
/1
/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.
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use arm_gic::gicv3::GicV3;

use log::{error, info, trace};
use smccc::psci::system_off;
use smccc: :Hvc;

#[no_mangle]

extern "C" fn sync_exception_current(_elr: u64, _spsr: u64d) {
error! ("sync_exception_current");
system_off::<Hvc>().unwrap();

}

#[no_mangle]
extern "C" fn irqg_current(_elr: u64
trace! ("irg_current");
let intid =
GicV3::get_and_acknowledge_interrupt().expect("No pending interrupt");
info! ("IRQ {intid:?}");

spsr: ub4) {

| A—

}

#[no_mangle]

extern "C" fn fiq_current(_elr: u64, _spsr: ub4d) {
error! ("fig_current");
system_off::<Hvc>().unwrap();

}

#[no_mangle]

extern "C" fn serr_current(_elr: u64, _spsr: ub4d) {
error!("serr_current");
system_off::<Hvc>().unwrap();

}

#[no_mangle]

extern "C" fn sync_lower(_elr: u64, _spsr: ub4d) {
error! ("sync_lower");
system_off::<Hvc>().unwrap();

}

#[no_mangle]

extern "C" fn irq_lower(_elr: u64
error! ("irq_lower");
system_off::<Hvc>().unwrap();

spsr: ub4d) {

| A—

}

#[no_mangle]

extern "C" fn fig_lower(_elr: u64, _spsr: ub4d) {
error!("fig_lower");
system_off::<Hvc>().unwrap();

}

#[no_mangle]
extern "C" fn serr_lower(_elr: u64, _spsr: ub4d) {
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error!("serr_lower");
system_off::<Hvc>().unwrap();
}

src/loggerrs( 74 " a7t gl

// Copyright 2023 Google LLC

/1

// Licensed under the Apache License, Version 2.0 (the "License");

// you may not use this file except in compliance with the License.

// You may obtain a copy of the License at

//

// 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: :pl011l::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},

record.level(),
record.args()

)

.unwrap();

}

fn flush(&self) {}
}

/// Initialises UART logger.
pub fn init(uart: Uart, max_level: LevelFilter) -> Result<(), SetlLoggerError> {

299



}

LOGGER .uart.lock().replace(uart);

log: :set_logger (&LOGGER)?;
log: :set_max_level(max_level);
Ok(())

src/plo1l.rs (M7 Z 7 gl=):

/1
//
//
/1
/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.

#! [allow(unused)]

use core::fmt::{self, Write};
use core::ptr::{addr_of, addr_of_mut};

/1

ANCHOR: Flags

use bitflags::bitflags;

bitflags! {

/// Flags from the UART flag register.
#[repr(transparent)]
#[derive(Copy, Clone, Debug, Eq, Partialkq)]
struct Flags: ul6 {

/// Clear to send.

const CTS = 1 << 0;

/// Data set ready.

const DSR = 1 << 1;

/// Data carrier detect.

const DCD = 1 << 2;

/// UART busy transmitting data.

const BUSY = 1 << 3;

/// Receive FIFO is empty.

const RXFE = 1 << 4;

/// Transmit FIFO is full.

const TXFF = 1 << 5;

/// Receive FIFO is full.

const RXFF = 1 << 6;

/// Transmit FIFO is empty.

const TXFE = 1 << 7;
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/// Ring indicator.
const RI = 1 << §;
}

}
// 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,
_Yeserved®: [u8; 2],
rsr: ReceiveStatus,
_reservedl: [u8; 197,

fr: Flags,
_reserved2: [u8; 6],
ilpr: u8,
_reserved3: [u8; 3],
ibrd: ul6,
_reserved4: [u8; 27,
fbrd: u8,
_reserved5: [u8; 3],
lcr_h: us8,
_reserved6: [u8; 3],
cr: ul6,

_reserved7: [u8; 37,
ifls: u8,
_reserved8: [u8; 3],
imsc: ul6,
_reserved9: [u8; 27,
ris: ulé6,
_reservedl@: [u8; 2],
mis: ulé6,
_Treservedll: [u8; 2],
icr: ule,

_Treservedl2: [u8; 2],
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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.
11/
/11 # Safety
vy
/// 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) {}

// Safe because we know that self.registers points to the control
// registers of a PLO11l device which is appropriately mapped.
unsafe {

// Write to the TX buffer.

addr_of_mut! ((*self.registers).dr).write_volatile(byte.into());
}

// Wait until the UART is no longer busy.
while self.read_flag_register().contains(Flags::BUSY) {}

/// Reads and returns a pending byte, or "None® if nothing has been
/// received.
pub fn read_byte(&self) -> Option<u8> {
if self.read_flag_register().contains(Flags::RXFE) {
None
} else {
let data = unsafe { addr_of!((*self.registers).dr).read_volatile() };
// TODO: Check for error conditions in bits 8-11.
Some(data as u8)
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}

fn read_flag_register(&self) -> Flags {
// Safe because we know that self.registers points to the control
// registers of a PLO11 device which is appropriately mapped.
unsafe { addr_of!((*self.registers).fr).read_volatile() }

}

}
// ANCHOR_END: Uart

impl Write for Uart {
fn write_str(&mut self, s: &str) -> fmt::Result {
for c in s.as_bytes() {
self.write_byte(*c);
}
ok(())

}

// Safe because it just contains a pointer to device memory, which can be
// accessed from any context.
unsafe impl Send for Uart {}

Cargo.toml (M7 & Z 7} gl3):

[workspace]

[package]

name = "rtc"
version = "0.1.0"
edition "2021"
publish = false

[dependencies]
arm-gic = "0.1.0"
bitflags = "2.4.2"

chrono = { version = "0.4.35", default-features = false }
log = "0.4.21"
smccc = "@.1.1"

spin = "0.9.8"

[build-dependencies]
cc ="1.0.90"

buildrs(H74& 227} 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

/1
/1 http://www.apache.org/licenses/LICENSE-2.0
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/7

// Unless required by applicable law or agreed to in writing, software

// distributed under the License is distributed on an "AS IS" BASIS,

// WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
// See the License for the specific language governing permissions and

// limitations under the License.

use cc: :Build;
use std::env;

fn main() {
#[cfg(target_os = "linux")]
env::set_var("CROSS_COMPILE", "aarch64-linux-gnu");
#[cfg(not(target_os = "linux"))]
env::set_var("CROSS_COMPILE", "aarch64-none-elf");

Build: :new()
.file("entry.S")
.file("exceptions.S")
.file("idmap.S")
.compile("empty")

}
entry.S(H74s Z a7t gl2):
/-k
* Copyright 2023 Google LLC
*
* Licensed under the Apache License, Version 2.0 (the "License");
* you may not use this file except in compliance with the License.
* You may obtain a copy of the License at
*
* https://www.apache.org/licenses/LICENSE-2.0
*
* Unless required by applicable law or agreed to in writing, software
* distributed under the License is distributed on an "AS IS" BASIS,
* WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
* See the License for the specific language governing permissions and
* limitations under the License.
*/

.macro adr_1, reg:req, sym:req
adrp \reg, \sym
add \reg, \reg, :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
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.set .L_MAIR_DEV_nGnRE, 0x04
.set .L_MAIR_MEM_WBWA, Oxff
.set .Lmairval, .L_MAIR_DEV_nGnRE | (.L_MAIR_MEM_WBWA << 8)

/* 4 KiB granule size for TTBRO_EL1. */

.set .L_TCR_TGO_4KB, 0x0 << 14

/* 4 KiB granule size for TTBR1_EL1. */

.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@O_EL1 are inner sharable. */

.set .L_TCR_SH_INNER, @0x3 << 12

/*

* Translation table walks for TTBR@_EL1 are outer write-back read-allocate write-alloc
* cacheable.

*/

.set .L_TCR_RGN_OWB, @x1 << 10

/-k

* Translation table walks for TTBR@_EL1 are inner write-back read-allocate write-alloc
* cacheable.

*/

.set .L_TCR_RGN_IWB, Ox1 << 8

/* Size offset for TTBRO_EL1 is 2**39 bytes (512 GiB). */

.set .L_TCR_T@SZ_512, 64 - 39

.set .Ltcrval, .L_TCR_TG@_4KB | .L_TCR_TG1_4KB | .L_TCR_EPD1 | .L_TCR_RGN_OWB

.set .Ltcrval, .Ltcrval | .L_TCR_RGN_IWB | .L_TCR_SH_INNER | .L_TCR_T@SZ_512

/* Stage 1 instruction access cacheability is unaffected. */

.set .L_SCTLR_ELx_I, @x1 << 12

/* SP alignment fault if SP is not aligned to a 16 byte boundary. */

.set .L_SCTLR_ELx_SA, 0x1 << 3

/* Stage 1 data access cacheability is unaffected. */

.set .L_SCTLR_ELx_C, Ox1 << 2

/* EL® and EL1 stage 1 MMU enabled. */

.set .L_SCTLR_ELx_M, 0x1 << @

/* Privileged Access Never is unchanged on taking an exception to EL1. */

.set .L_SCTLR_EL1_SPAN, @x1 << 23

/* SETEND instruction disabled at EL@ in aarch32 mode. */

.set .L_SCTLR_EL1_SED, ©x1 << 8

/* Various IT instructions are disabled at EL® in aarch32 mode. */

.set .L_SCTLR_EL1_ITD, Ox1 << 7

.set .L_SCTLR_EL1_RES1, (@x1 << 11) | (@x1 << 2@) | (@x1 << 22) | (@x1 << 28) | (@Ox1 <<
.set .Lsctlrval, .L_SCTLR_ELx_M | .L_SCTLR_ELx_C | .L_SCTLR_ELxX_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.

*+ F ¥ F *
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*/
.section .init.entry,
.global entry
entry:
/* Load and apply the memory management configuration, ready to enable MMU and cach
adrp x30@, idmap
msr ttbr@_ell, x30

ax

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

/* Zero out the bss section. */
adr_1 x29, bss_begin
adr_1 x30, bss_end
@: cmp x29, x30
b.hs 1f
stp xzr, xzr, [x29], #16
b 0b

1: /* Prepare the stack. */
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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

exceptions.S(H7Z T 27} ql=):

/*

FOo¥ F ok F F 3k F X F 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.

Saves the volatile registers onto the stack. This currently takes 14
instructions, so it can be used in exception handlers with 18 instructions

left.

On return, x@ and x1 are initialised to elr_el2 and spsr_el2 respectively,
which can be used as the first and second arguments of a subsequent call.

.macro save_volatile to_stack

/* Reserve stack space and save registers x@-x18, x29 & x30. */

stp x@, x1, [sp, #-(8 * 24)]!
stp x2, x3, [sp, #8 * 2]

stp x4, x5, [sp, #8 * 4]

stp x6, x7, [sp, #8 * 6]

stp x8, x9, [sp, #8 * 8]

stp x10, x11, [sp, #8 * 10]
stp x12, x13, [sp, #8 * 12]
stp x14, x15, [sp, #8 * 14]
stp x16, x17, [sp, #8 * 16]
str x18, [sp, #8 * 18]
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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]
1dp x10, x11, [sp, #8 * 10]
ldp x12, x13, [sp, #8 * 12]
ldp x14, x15, [sp, #8 * 14]
1dp x16, x17, [sp, #8 * 16]
1dr x18, [sp, #8 * 18]
ldp x29, x30, [sp, #8 * 20]

/* Restore registers elr_ell & spsr_ell, using x@ & x1 as scratch. */
ldp x@, x1, [sp, #8 * 22]

msr elr_ell, x@

msr spsr_ell, x1

/* Restore x@ & x1, and release stack space. */
1dp x@, x1, [sp]l, #8 * 24

.endm

/**

* This is a generic handler for exceptions taken at the current EL while using
* SP@. It behaves similarly to the SPx case by first switching to SPx, doing

* the work, then switching back to SP@ before returning.

*

* Switching to SPx and calling the Rust handler takes 16 instructions. To

*

restore and return we need an additional 16 instructions, so we can implement
* the whole handler within the allotted 32 instructions.

*/

.macro current_exception_sp@® handler:req

msr spsel, #1

save_volatile_to_stack
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bl \handler
restore_volatile_from_stack
msr spsel, #0

eret
.endm
/**
* This is a generic handler for exceptions taken at the current EL while using
* SPx. It saves volatile registers, calls the Rust handler, restores volatile
* registers, then returns.
*
* This also works for exceptions taken from EL@®, if we don't care about
* non-volatile registers.
*
* Saving state and jumping to the Rust handler takes 15 instructions, and
* restoring and returning also takes 15 instructions, so we can fit the whole
* handler in 3@ instructions, under the limit of 32.
*/

.macro current_exception_spx handler:req
save_volatile_to_stack
bl \handler
restore_volatile_from_stack
eret

.endm

.section .text.vector_table_ell, "ax"
.global vector_table_ell
.balign ©x800
vector_table_ell:
sync_cur_sp@:
current_exception_sp@ sync_exception_current

.balign ©x80
irg_cur_spo:
current_exception_sp@ irq_current

.balign @x80
fig_cur_sp0:
current_exception_sp@ fiq_current

.balign 0x80
serr_cur_sp@:
current_exception_sp@ serr_current

.balign @x80
SyNnc_Cur_spx:
current_exception_spx sync_exception_current

.balign ©x80

irg_cur_spx:
current_exception_spx irq_current
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.balign ©x80
fig_cur_spx:
current_exception_spx fiq_current

.balign ©x80
Serr_cur_spx:
current_exception_spx serr_current

.balign ©x80
sync_lower_64:
current_exception_spx sync_lower

.balign @x80
irqg_lower_64:
current_exception_spx irq_lower

.balign ©x80
fig_lower_64:
current_exception_spx fiq_lower

.balign ©x80
serr_lower_64:
current_exception_spx serr_lower

.balign ©x80
sync_lower_32:
current_exception_spx sync_lower

.balign 0x80
irqg_lower_32:
current_exception_spx irq_lower

.balign ©x80
fig_lower_32:
current_exception_spx fig_lower

.balign ©x80
serr_lower_32:
current_exception_spx serr_lower

idmap.S(H7 e Z 87} gl3):
/*

¥

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

¥ X F o F *
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Unless required by applicable law or agreed to in writing, software
distributed under the License is distributed on an "AS IS" BASIS,
WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
See the License for the specific language governing permissions and
limitations under the License.

/

* ok * * * oF

.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(H73 & Z 27} gl=5):
/-k
* 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.
*/

311



/*

* Code will start running at this symbol which is placed at the start of the
* image.

*/
ENTRY (entzry)

MEMORY
{

}

image : ORIGIN = @x40080000, LENGTH = 2M

SECTIONS
{

/*

* Collect together the code.

*/

.init : ALIGN(4096) {
text_begin = .;
*(.init.entzry)
*(.init.*)

} >image

text @ {

*(.text.*)

} >image

text_end = .;

/*

* Collect together read-only data.

*/

.rodata : ALIGN(4096) {
rodata_begin = .;
*(.rodata.*)

} >image

.got : {

*(.got)

} >image

rodata_end = .;

/*
* Collect together the read-write data including .bss at the end which
* will be zero'd by the entry code.
*/
.data : ALIGN(4096) {
data_begin = .;
*(.data.*)
/*
* The entry point code assumes that .data is a multiple of 32
* bytes long.
*/
. = ALIGN(32);
data_end = .;
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} >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(F73 T 227} gl&):
Copyright 2023 Google LLC

Licensed under the Apache License, Version 2.0 (the "License");
you may not use this file except in compliance with the License.
You may obtain a copy of the License at

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
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# limitations under the License.

UNAME := $(shell uname -s)
ifeq ($(UNAME),Linux)

TARGET = aarch64-1linux-gnu
else

TARGET = aarch64-none-elf
endif
OBJCOPY = $(TARGET)-objcopy

.PHONY: build gemu_minimal gemu qgemu_logger
all: rtc.bin

build:
cargo build

rtc.bin: build
$(0BJCOPY) -0 binary target/aarch64-unknown-none/debug/rtc $@

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 (R & 27} §15):

[build]
target = "aarch64-unknown-none"
rustflags = ["-C", "link-arg=-Timage.1ld"]

make gemu & A83to] QEMU oA =5 Ay},

56.2 7 Bare Metal 2%

RTC driver
(AFEAZE7H])
main.rs

#! [no_main]

#![no_std]

mod exceptions;
mod logger;
mod ploll;
mod pl@31;

use crate::pl@31::Rtc;
use arm_gic::gicv3::{Intld, Trigger};
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use arm_gic::{irq_enable, wfi};

use chrono: :{TimeZone, Utc};

use core::hint::spin_loop;

use crate: :pl@ll::Uart;

use arm_gic::gicv3::GicV3;

use core::panic::PanicInfo;

use log::{error, info, trace, LevelFilter};
use smccc::psci::system_off;

use smccc: :Hvc;

/// GICv3 29 718 Z4AAuc},
const GICD_BASE_ADDRESS: *mut u64 = 0x800_0000 as _;
const GICR_BASE_ADDRESS: *mut u64 0Ox80A_0000 as _;

/11 71& PLO11 UART & 7|2 FAYYrct.

const PL@11_BASE_ADDRESS: *mut u32 0x900_0000 as _;

/// PL@31 RTCY 7|& FA<dUcth,

const PL@31_BASE_ADDRESS: *mut u32
/// PL@31 RTCollA] AR&3dt+= IRQ YU T}.
const PL@31_IRQ: IntId = IntId::spi(2);

0x901_0000 as _,;

#[no_mangle]

extern "C" fn main(x0: ub4, x1: ubd, x2: ubd, x3: ubd) {
// “PL@11_BASE_ADDRESS 7} PL@11 7]7]9] 7]& ZF4o|al
/1 0] Fa& Wejel M Aste he F2o| glomz erygh,
let uart = unsafe { Uart::new(PL@11_BASE_ADDRESS) };
logger::init(uart, LevelFilter::Trace).unwrap();

infol ("main({:#x}, {:#x}, {:#x}, {:#x})", x0, x1, x2, x3);

// “GICD_BASE_ADDRESS" % “GICR_BASE_ADDRESS 7} 77} GICv3 uijzz} 2 zjujzz}ol

/] 7]8 Faolol1l
/1 ol F& Wl YMasts 2 F=o| glomz bHgyc
let mut gic = unsafe { GicV3::new(GICD_BASE_ADDRESS, GICR_BASE_ADDRESS)
gic.setup();

// “PL@31_BASE_ADDRESS 7} PL@31 7|7]9] 7|E ZFao]il

/1 o] & Ho| HAMAsts thE o] gloEE bHFYCt.

let mut rtc = unsafe { Rtc::new(PL®31_BASE_ADDRESS) };

let timestamp = rtc.read();

let time = Utc.timestamp_opt(timestamp.into(), @) .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);
irq_enable();
gic.enable_interrupt(PL@31_IRQ, true);

/1 QAEHE glo] 3 %7+ 7| H Yy},
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let target = timestamp + 3;

rtc.set_match(target);

infol ("{}2 (&) 7|ttgl= ", 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()

),

infol ("tj7] &="");

/1 JEHES Qs 3% ¢ 7|oh€yrt.

let target = timestamp + 6;

infol ("{}=2 (&) 7|ttgl= ", Utc.timestamp_opt(target.into(), 0).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()

),

infol ("ti7] &&8H");

system_off::<Hvc>().unwrap();
}

#[panic_handler]

fn panic(info: &PanicInfo) -> ! {
erroxr! ("{info}");
system_off::<Hvc>().unwrap();
loop {}

}

plo31.rs:
use core::ptr::{addr_of, addr_of_mut};
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#[re
stru

pr(C, align(4))]

ct Registers {
/11 dlolE A AH
dr: u32,

/11 4= A AH
mr: u32,

/1] 2E HAAH
1r: u32,

/717 Ao HAAH
cr: u8,

_Yeserved®: [u8; 3],
/11 JEFE nmtA3 ME == AP A AH
imsc: u8,

_reservedl: [u8; 317,
/11 BA JEHE JE)
ris: u8,

_reserved2: [u8; 3],
/11 mpAFE QJIEFHE AH
mis: u8,

_reserved3: [u8; 3],
/17 JAEHE A A AH
icr: u8,

_Treserved4: [u8; 3],

}
/71 PLO31 AAZF AAE ZgholH
#[derive(Debug) ]
pub struct Rtc {
registers: *mut Registers,
}
impl Rtc {
/11 AZH 712 F40] PLO31 7|7]o] tigk RTC EgtolHe] A JIAHAES
/11 2387 ct.
/17
/1] # 9FA
/17
/11 AFE 7182 F4AE PLO31 7]719
/11 MMIO Alo] #HAIAEE 7he]AHoF sty
/11 ol ZEAAQS F4 FZto] 7]7] wEIZ
/17 g Eojok st o E A2 glojof Furt.

pub unsafe fn new(base_address: *mut u32) -> Self {
Self { registers: base_address as *mut Registers }

}

/17 @A RTC #S els4rt.

pub fn read(&self) -> u32 {
/1 self.registers 7} AdstA vigE PLO31 7]7|9] Alof 2|AAEHE
/7 7FE71a fleBmg bt
unsafe { addr_of!((*self.registers).dr).read_volatile() }
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111
11/
pub

2 #he AUk, RTC %ol o] #hat dX|stH QJIEHET}

JHEUS (A AAE Be).

fn set_match(&mut self, value: u32) {

/1 self.registers 7} AdstA vjgdE PLO31 7]7|9] A|of 2|AAHE

/1 7¥e)7)a oEm g2 orAG ),

unsafe { addr_of_mut!((*self.registers).mr).write_volatile(value) }

}
/17 JEHEZL 3= =R of et wAglol dA| @A AEZE RTC 3 LX|ot=A] AFE
/717 wrERhyT),
pub fn matched(&self) -> bool {
/1 self.registers 7} &5t migd PLO31 7]7]9] #lof HAAHE
/1 7FE]71aL QleE e QFHRYTt.
let ris = unsafe { addr_of!((*self.registers).ris).read_volatile() };
(ris & 0x01) '= 0
}
/17 @A 7] S JEHET} Sle=A ofRE whehetyct.
111/
/17 °l= 'matched' 7} true & ®¥rEeta QJAEHET} npAZH F-eolqt
/11 trueojof Fuct,
pub fn interrupt_pending(&self) -> bool {
/1 self.registers 7} AdstA| migd PLO31 7]7]9] #lof AAHE
/1 7481713 Qoem g obA g ),
let ris = unsafe { addr_of!((*self.registers).mis).read_volatile() };
(ris & 0x01) =0
}
/11 AEYE 23S AAsAL Agudh,
i
/17 mkAA7E true ?l A9 JAEYHEZ AFE A EYH. falseo|H
/11 JAEHET AHE FAEHYT.
pub fn enable_interrupt(&mut self, mask: bool) {
let imsc = if mask { 0x01 } else { 0x00 };
/1 self.registers 7} Aot vijge PLO31 7]17]9] A|of HAAEHE
/7 7Fe)7]al Qloem g orAFct,
unsafe { addr_of_mut!((*self.registers).imsc).write_volatile(imsc) }
}
/17 971 9 JAEHHEZ = 4% ol Ay
pub fn clear_interrupt(&mut self) {
/1 self.registers 7} A&stA| wijge PLO31 7]17]19] Ao HAAHE
/1 7Fe7)a e g orAdUct,
unsafe { addr_of_mut!((*self.registers).icr).write_volatile(0x01) }
}
}
/1 BE HAHAEOA HANAT £ = 7]7] wE o] st
/1 ZLJERE 2Eetn2 by,
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unsafe impl Send for Rtc {}
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Al 57 %

Welcome to Concurrency in Rust

A2EE FA Al o] Bty G AAl B o] A =E AHEsHH, Rl At A E = A Aoty

5 olgkar ghytt.
* Rust lets us access OS concurrency toolkit: threads, sync. primitives, etc.
» The type system gives us safety for concurrency without any special features.
* The same tools that help with ”“concurrent” access in a single thread (e.g., a called

function that might mutate an argument or save references to it to read later) save us
from multi-threading issues.
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A=

BaEo] AEi the Qlojo] Av=et fAbS EAT

use std::thread;
use std::time::Duration;

fn main() {
thread: :spawn( || {
for i in 1..10 {
println! ("2#E9o] 7i4&: {i}!");
thread: :sleep(Duration: :from_millis(5));
}
1)

for i in 1..5 {
println! ("71& A#=: {i}");
thread: :sleep(Duration: :from_millis(5));

)
)
P 2PEE BE U2 AdEQyth mebA vgl ARt o] AdE
Yk,
3 22 ol A AR )Y & The e Sol A G 71 XA e T
- wjge FPYHE (ol 2E) 2 EHT 4 9
Yk,

* Rust thread APIs look not too different from e.g. C++ ones.

* Run the example.

=S°lEU7IE 7t A s

1o, ol downcast_ref 2 Zol& ¢

i)

— 5ms timing is loose enough that main and spawned threads stay mostly in lockstep.

— Notice that the program ends before the spawned thread reaches 10!

— This is because main ends the program and spawned threads do not make it persist.
* Compare to pthreads/C++ std::thread/boost::thread if desired.

* How do we wait around for the spawned thread to complete?

* thread: :spawn returns a JoinHandle. Look at the docs.
— JoinHandle has a . join() method that blocks.

322


https://doc.rust-lang.org/std/thread/fn.spawn.html
https://doc.rust-lang.org/std/thread/struct.JoinHandle.html#method.join

Use let handle = thread::spawn(...) and later handle. join() to wait for the
thread to finish and have the program count all the way to 10.

Now what if we want to return a value?
Look at docs again:

— thread: :spawn's closure returns T
— JoinHandle .join() returns thread: :Result<T>

Use the Result return value from handle. join() to get access to the returned value.
Ok, what about the other case?

— Trigger a panic in the thread. Note that this doesn't panic main.
— Access the panic payload. This is a good time to talk about Any.

Now we can return values from threads! What about taking inputs?

— Capture something by reference in the thread closure.
— An error message indicates we must move it.
— Move it in, see we can compute and then return a derived value.

If we want to borrow?

— Main Kkills child threads when it returns, but another function would just return
and leave them running.

— That would be stack use-after-return, which violates memory safety!

— How do we avoid this? see next slide.

58.1 W9 28 E (Scoped Threads)

HE, 28 Ee A= HoA Hole & ¥d 4 lsyth

use std::thread;

fn foo() {
let s = String::from("oFgstAla");
thread: :spawn( || {
println! ("Zol: {}", s.len());
})
}

fn main() {
foo();
}

5}A]9k, scoped thread ol A= 7Hs-ghu ok
use std::thread;

fn main() {
let s = String::from("rdsa2");

thread: :scope(|scope| {

scope.spawn( || {
println!("Zeol: {}", s.len());
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A

HAEQ I ender<T>9}Rece1ver<T %L%

Ao YA, e HES E el Y

use std::sync::mpsc;

fn main() {
let (tx, rx) = mpsc::channel();

tx.send(10) .unwrap();
tx.send(20) .unwrap();

println!

A
println! ("4

(
("

let tx2 = tx.clone();
tx2.send(30) .unwrap();

println! ("s41%: {:?2}", rx.recv());

» mpsc = “Multi-Produce, Single-Consumer” & 2} 1| g
Clone & +&ASHAI T (F, o 2|7l 2] producer & T&4 3

FeskA] eh&UT,

* send() 2 recv() & Result S ¥Hehghy ot v+ Exx 7} b
Receiver 7} AAE Q1 A do] @3t =it}

59.1 FAAAE

mpsc::channel() e<= A7t 8= Hl57] AE

use std::sync::mpsc;
use std::thread;
use std::time: :Duration;

fn main() {
let (tx, rx) = mpsc::channel();
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thread: :spawn(move || {
let thread_id = thread::current().id();
for i in 1..10 {
tx.send(format! ("HA[Z] {i}")).unwrap();
println! ("{thread_id:?}: BEWl HAIX] {i}");
}
println!("{thread_id:?}: &&8");

1)
thread: :sleep(Duration::from_millis(100));

for msg in rx.iter() {
println! ("7]2: {msg} w2");
}

59.2 ZAAE

With bounded (synchronous) channels, send can block the current thread:

use std::sync::mpsc;
use std::thread;
use std::time::Duration;

fn main() {
let (tx, rx) = mpsc::sync_channel(3);

thread: :spawn(move || {
let thread_id = thread::current().id();
for i in 1..10 {
tx.send(format! ("HA[Z] {i}")).unwrap();
println!("{thread_id:?}: B HAIA] {i}");
}
println! ("{thread_id:?}: &&");

1)
thread: :sleep(Duration: :from_millis(100));

for msg in rx.iter() {

}

-smdei%&LHélHﬂﬂﬂaAi%ﬁﬂ%i%ﬂﬂﬂaﬂiﬂEﬂﬂHEQ%ﬂ
ollA] gl & Aol gle A g selesbrsld A 4 gy,

. sendi 2 7oA e YT meba Ado] @5 W Result & ¥Rty #4172
AAIsH A o] B,

* A bounded channel with a size of zero is called a "rendezvous channel”. Every send will
block the current thread until another thread calls recv.
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Send 2} Sync

How does Rust know to forbid shared access across threads? The answer is in two traits:

« Send: T 7} 28| & %t o] Fo] bSHTHH, T 2] BF)J-2 Send YUt
* Sync: &T 7} 23| = ZF o] Fo] b sth™, &T o] Bbd2 Sync A4yt

Send ¢t Sync E&f|gl 29t st b2 Edcld Yt Aupd 2= eFl o] 24 50| 25 Send £ Sync
EflolH 2Ak5 o2 o] EFYES A {AIA FUT 82w 248 girfa &3 ok A 1H
sie Hyo
* Sync ¢} Send = oH E}Jo] EHT A Eobd £V S UEU = niA = A4 4 3l
Sy
« o] £ Ego]E= A oA AloF 21S YEtUl= Eo|EZ AMGE S & JEUTH

T 7} 28| = zkof QLB o] 58 4 9Athe, T o ebel e Send Yyt
AEEE o] 55HH ATt ST Ad So A AYHU T of 7] 4] o2 olA) g A
ot e Ad sl A gt Y A 4 AETP Ay

o] & 501 SQLite 2to] 22| A2 2 T A =of A ut M| Asfof gty

60.2 Sync

&T 7} of 2] A =ofA QFEsHA 2d 4= Aohw, &T 9JEFd-2 Sync 4yt
& o g Ho e o3 ZEUh
&T 7} Send Q1 4--0llTH T o] B}d o] Sync 7} HU ot
2 EolA ol °F7l st, ol Epjo] A & Zholl F{E o AARE 7] o st 1 BFQl o
e A= 7ho] o] 5 Fh5aTh= AL

o the 3 2ol SWE 4 A& YTk of @ EFglo] Sync eHe Te2 1 Belo] ofe] A= Ato]
A w0l @lo] AL} of et 5718t EAIglo] 3§ 7Hsshthe Tt el 2F 387} oA stoh, 2
A= 7bol 55 QHHE 4 vo] 14T, ol EFle] 22 =1k ol ol hHalehE, 1 elele] B
Ao E7E o] 5o] QbaE 4 upof gl

ot o,
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r
d
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£ L

327


https://doc.rust-lang.org/std/marker/trait.Send.html
https://doc.rust-lang.org/std/marker/trait.Sync.html
https://google.github.io/comprehensive-rust/concurrency/../unsafe/unsafe-traits.md

60.3 <A

Send + Sync
ozl 2o| ot#A = 7 29| td2 Send + Sync ¥Yt}:
» i8, f32, bool, char, &str, ...
(T1, T2),[T; NI, &[T],stxruct { x: T },..
String, Option<T>, Vec<T>, Box<T>, ...
Arc<T>: & 7} E 223 ot EH] op7|ujj o A& b3t
Mutex<T>: 2t-& H23t7] 918) RelAE T oF 517] WRof 22| ehaig,
AtomicBool, AtomicUsg, ... 4tS Aod wf EHslot e Yol &5 AFSFYth
AUe Btd2 drbd o = g okt g 7F Send + Sync ©|¥ Send + Sync f44tt.

Send + !Sync

ot EtdE2 the 2 ER o] FE 4 AT W RA o= gho] A E 37| wjZol 22 = st

2] ek

mpsc: :Sender<T>
mpsc: :Receiver<T>
Cell<T>
RefCell<T>

!Send + Sync
ot Bt E2 A E PISAI T thE A ER o] 5 4 glgUTh
* MutexGuard<T: Sync>: Uses OS level primitives which must be deallocated on the
thread which created them.

!Send + !Sync

¢ Rc<T>:Rc<T> = otER|SHA| P2 A 082 FxIL2EE X&5H= ReBox<T>SF 2 gt
O,
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HAEE F2 otegf F 714 EFY S o] &84 37 dlolE F7|&E5d Y
o Arc<T>, T ol it ofEH] Fx 7} 2-E: o] FX & th4o AYE AoJoAM3/E 4 A, ZF=x
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o Mutex<T>: T gtoll it 45 uijA| QM AE HAsh .

61.1 Axc

Arc<T> allows shared read-only access via Arc: : clone:

use std::sync::Arc;
use std::thread;

fn main() {
let v = Arc::new(vec![10, 20, 30]);
let mut handles = Vec: :new();
for _ in 1..5 {
let v = Arc::clone(&v);
handles.push(thread: :spawn(move || {
let thread_id = thread::current().id();
println!("{thread_id:?}: {v:?}");
1))
}

handles.into_iter().for_each(|h| h.join().unwrap());
println!("v: {v:?}");

» Arc stands for “Atomic Reference Counted”, a thread safe version of Rc that uses atomic
operations.

* Arc<T> implements Clone whether or not T does. It implements Send and Sync if and
only if T implements them both.

* Arc::clone() has the cost of atomic operations that get executed, but after that the
use of the T is free.

» Beware of reference cycles, Arc does not use a garbage collector to detect them.

— std::sync: :Weak can help.
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https://doc.rust-lang.org/std/sync/struct.Arc.html
https://doc.rust-lang.org/std/sync/struct.Mutex.html
https://doc.rust-lang.org/std/sync/struct.Arc.html

61.2 Mutex

Mutex<T> ensures mutual exclusion and allows mutable access to T behind a read-only
interface (another form of interior mutability):

use std::sync::Mutex;

fn main() {
let v = Mutex::new(vec![10, 20, 30]);
println!("v: {:?}", v.lock().unwrap());

{
let mut guard = v.lock().unwrap();
guard.push(40);

}

println!("v: {:?}", v.lock().unwrap());
}

2E Mutex<T>&= impl<T: Send> Sync for Mutex<T>EAzo =2 FTHE-S Zx5HA|Q.

* Mutex in Rust looks like a collection with just one element — the protected data.

— It is not possible to forget to acquire the mutex before accessing the protected data.
* Youcan get an &mut T from an &Mutex<T> by taking the lock. The MutexGuard ensures
that the &mut T doesn't outlive the lock being held.
Mutex<T> implements both Send and Sync iff (if and only if) T implements Send.
» A read-write lock counterpart: RwLock.
Why does lock() return a Result?

— If the thread that held the Mutex panicked, the Mutex becomes ”poisoned” to signal
that the data it protected might be in an inconsistent state. Calling lock() on a
poisoned mutex fails with a PoisonError. Youcan call into_inner() on the error
to recover the data regardless.

61.3 <A

Arc o Mutex 9 52+S A B At}

use std::thread;
// std::sync::{Arc, Mutex}; A&

fn main() {
let v = vec![10, 20, 30];
let handle = thread::spawn(|| {
v.push(10);
1)
v.push(1000) ;

handle. join() .unwrap();
println!("v: {v:?}");

-

N
N
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e
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https://doc.rust-lang.org/std/sync/struct.Mutex.html
https://google.github.io/comprehensive-rust/concurrency/shared_state/../../borrowing/interior-mutability
https://doc.rust-lang.org/std/sync/struct.Mutex.html#impl-Sync-for-Mutex%3CT%3E
https://doc.rust-lang.org/std/sync/struct.PoisonError.html

use std::sync::{Arc, Mutex};
use std::thread;

fn main() {
let v = Arc::new(Mutex: :new(vec![10, 20, 301));

let v2 = Arc::clone(&v);

let handle = thread::spawn(move || {
let mut v2 = v2.lock().unwrap();
v2.push(10);

1),

{
let mut v = v.lock().unwrap();
v.push(1000);

}

handle. join() .unwrap();

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

&]
fgt=ol7] wledyeh.
- Mutex & Arc & 2|3 ste A2 7P Ael & Al =53to] 378 o &£35] Agshe s
Yt
o v: Arc<_>E tfE A Eo| ARSI ETE, HA v2 2 B
Sk a2 M kel Aly Aol move 7F Y= AU YT
52 LockGuard o] 91 & 2dist F317] 3l AHE
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After looking at the exercises, you can look at the solutions provided.
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You will need a local Cargo installation for this exercise. Copy the code below to a file called
src/main.rs, fill out the blanks, and test that cargo run does not deadlock:

> 4t gy
>
> ofo

B

use std::sync::{mpsc, Arc, Mutex};
use std::thread;
use std::time::Duration;

struct Fork;

struct Philosopher {
name: String,
// left_fork:
// right_fork:
// thoughts:

}

impl Philosopher {
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fn think(&self) {
self.thoughts

.send(format! ("Fe7}! {}yoll M2 ofoltjol7} QUHUTEH. ", &self.name))

.unwrap();

}

fn eat(&self) {
// EZIE EAQ. ..
println!("{}do] Hx &Y. ..", &self.name);
thread::sleep(Duratlon..from_mlllis(1®));

}

static PHILOSOPHERS: &[&str] =
&["SOCIa‘tES", llé]m‘ﬂo}lil II%E]_%H' ”O}'aiié—ﬂaﬂ.{\_”, "E—]E}'_]—,_E]'_/_y\_”]

fn main() {
// E3I TS

// Asx "rs7)
/1 747 100 ¥ gZEt HEE Fyct,

/1 AZe FEFUG.

}

th23} 22 Cargo.toml 2 AHEE 4= &Y
[package]

name = "dining-philosophers™
version = "0.1.0"

edition = "2021"

S ZgslH Be) 22 S YA GA)E BEYT of HA]=lslo] A ol 2
So| g&eHx FAFUTh 193 A4AH R FAEUQI B2 BE wo|x 7} fachx| &9l
o] 5 93l A reqwest o &2 HTTP 20| E Doyt 22 24 Z2HES
requwest S Q&40 75 Al 2

cargo new link-checker

cd link-checker
cargo add --features blocking,rustls-tls reqwest

ol rr

r ok
i Cooft
[l

7 2 cargo add # W = 7} error: no such subcommand 2 4 uf §Fc} ™
Cargo.toml @ S A 4= Uth ofefoll A &4 H&ol AsY
o},

FAE 27| AsliA scraper =F7H Yo

cargo add scraper

npz|eto 2 @ & 2|5t HH o 2 thiserror = F7gUth:
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https://docs.rs/reqwest/
https://docs.rs/reqwest/
https://docs.rs/scraper/
https://docs.rs/thiserror/

cargo add thiserror
I E cargo add 7} 4 Cargo.toml of otz W&oyt

[package]

name = "link-checker"

version = "0.1.0"

edition = "2021"

publish = false

[dependencies]

reqwest = { version = "0.11.12", features = ["blocking", "rustls-tls"] }

scraper = "0.13.0"
thiserror = "1.0.37"

olAl https://www.google.org/ 22 ¢ Ho| A& g & 95T
rc/main.rs Y2 ofefjet Z5uh:

use reqwest::blocking::Client;
use reqwest::Url;

use scraper::{Html, Selector};
use thiserror::Error;

#[derive(Error, Debug)]

enum Erxror {
#lerroxr ("% °F: {0}")]
ReqwestError (#[from] reqwest::Error),
#lerror("Z%E http S92 {0}")]
BadResponse(String),

}

#[derive(Debug) ]

struct CrawlCommand ({
url: Url,
extract_links: bool,

}

fn visit_page(client: &Client, command: &CrawlCommand) -> Result<Vec<Url>, Error> ({
println!("{:#} =<l Z", command.url);
let response = client.get(command.url.clone()).send()?;
if !response.status().is_success() {
return Err(Error::BadResponse(response.status().to_string()));

}

let mut link_urls = Vec::new();
if !command.extract_links {
return Ok(link_urls);

}

let base_url = response.url().to_owned();
let body_text = response.text()?;
let document = Html::parse_document(&body_text);
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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! ("{base_url:#}olA: o 4 Q= {href:?}:

}
}

Ok(link_urls)

}

fn main() {
let client = Client::new();
let start_url = Url::parse("https://www.google.org").unwrap();

let crawl_command = CrawlCommand{ url:

match visit_page(&client, &crawl_command) {

Ok(links) => println!("®=: {links:#?}"),
Exrr(err) => println!("d3E F=T 4 ¢SUT: {err:#}"),
}
}
ofef AWEE 228 AP
cargo run
2 =

{err}<& (5) FAIFE");

start_url, extract_links: true };

« 2P EE AESto] YA E HERE I Yth URL & AL 2 BujA 7)o A =71 URL &
HEE A AsteE gy

* www.google.org E=H[Qle] 2 E Ho|A & A HH o= &Rlstr] JiZEE
Ut 2954 =5 100 Blo] A =2 A F A 7] vty ok

62.3 Concurrency Morning Exercise

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! ("F&Zk! {}oll M= ofo|tjoi7} UEFUTH. ", &self.name))
.unwrap();

}

fn eat(&self) {
println! ("{}ge°] AAt= stz FUrct.", &self.name);
let _left = self.left_fork.lock().unwrap();
let _right = self.right_fork.lock().unwrap();

println! ("{}do] H1 JALH5Ych...", &self.name);
thread: :sleep(Duration: :from_millis(10));

}

static PHILOSOPHERS: &[&str] =
&["Socrates", "s|selop, "FepE", vofeAEaleA, metuetar];

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);

/1 WA RS HASKIE ofRtol 4
/1 WA FDAAC Tk, oA st B F olu shiete Z7|skehd @
/1 E37} @AE,

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
(YEEAZEZ07H7])

use std::sync::{mpsc, Arc, Mutex};
use std::thread;

use reqwest::blocking::Client;
use reqwest::Url;

use scraper::{Html, Selector};
use thiserror::Error;

#[derive(Error, Debug)]

enum Error {
#lerroxr ("% °F: {0}")]
ReqwestError (#[from] reqwest::Error),
#[error("ZEHE http S9: {0}")]
BadResponse(String),

}

#[derive(Debug) ]

struct CrawlCommand {
url: Url,
extract_links: bool,

}

fn visit_page(client: &Client, command: &CrawlCommand) -> Result<Vec<Url>, Error> ({
println!("{:#} =<l Z", command.url);
let response = client.get(command.url.clone()).send()?;
if !response.status().is_success() {
return Err(Error::BadResponse(response.status().to_string()));

}

let mut link_urls = Vec::new();
if !command.extract_links {
return Ok(link_urls);
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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);
}
Err(err) => {
println! ("{base_url:#}ollx: o/ 5 g+= {href:?}: {err}Z (&) FAIF");
}
}
}
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 }

}
/17 017 slo|A] Wel "AE ZEsof sheA| ofRE AR,
fn should_extract_links(&self, url: &Url) -> bool {

let Some(url_domain) = url.domain() else {
return false;

b

url_domain == self.domain
}

Aoz EASA ol WY Ae

/// false & Wr&3gUr},
fn mark_visited(&mut self, url: &Url) -> bool {

self.visited_pages.insert(url.as_str().to_string())

/11 ARE wolAE WEF

}
}

type CrawlResult = Result<Vec<Url>, (Url, Error)>;
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fn spawn_crawler_threads(
command_receiver: mpsc::Receiver<CrawlCommand>,
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_receiver.clone();

thread: :spawn(move || {
let client = Client::new();
loop {

let command_result = {
let receiver_guard = command_receiver.lock().unwrap();
receiver_guard.recv()

i

let Ok(crawl_command) = command_result else {
/1 A7 AAEEYT. § o] WEolrt #AEA EEUT.
break;

H

let crawl_result = match visit_page(&client, &crawl_command) {
Ok(link_urls) => Ok(1link_urls),
Err(error) => Err((crawl_command.url, error)),

b

result_sender.send(crawl_result).unwrap();

).
}

fn control_crawl(
start_url: Url,
command_sendexr: mpsc: :Sender<CrawlCommand>,
result_receiver: mpsc::Receiver<CrawlResult>,
) -> Vec<Url> {
let mut crawl_state = CrawlState::new(&start_uxrl);
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);
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let crawl_command = CrawlCommand { url, extract_links };
command_sender.send(crawl_command) .unwrap() ;
pending_urls += 1;

}
}

Err((url, error)) => {
bad_urls.push(url);
println! ("3 & 24 {:#}", error);
continue;

}
}
bad_urls
}

fn check_links(start_url: Url) -> Vec<Url> {
let (result_sender, result_receiver) = mpsc::channel::<CrawlResult>();
let (command_sender, command_receiver) = mpsc::channel::<CrawlCommand>();
spawn_crawler_threads(command_receiver, result_sender, 16);
control_crawl(start_url, command_sender, result_receiver)

}

fn main() {
let start_url = reqwest::Url::parse("https://www.google.oxrg").unwrap();
let bad_urls = check_links(start_url);
println! ("Z%% URL: {:#?}", bad_urls);
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Async Rust
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63.1 async/await

My

ZollA BrE w, H] 5 7] Rust =& AHFA Q1 Aap4] ZE9f o @ [ARFU o

use futures::executor::block_on;

async fn count_to(count: 132) {
for i1 in 1..=count {
println! ("s: {i}7H!");
}
}

async fn async_main(count: i32) {
count_to(count) .await;

}
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fn main() {
block_on(async_main(10));

}
7] ZRIE
Rust H| 57| 2H & HojFE At A d Yt of 7ol & 2 AAH =4 dolu, AR = FA]
of 485 Z5e glgUnt
* async &49] JE B2 Folelrta?
- main 9 A 1et future: () = async_main(10); & A-&3to{EFY S &Ql51A| 2.
. ”ffhe ”async” keyword is syntactic sugar. The compiler replaces the return type with a
uture.

* main = H| 57 &4E WtE4e ey 9ok 23 A & FeHutd e = 2| B}l <l future
£ o5 AHgE A m27) g2y

* You need an executor to run async code. block_on blocks the current thread until the
provided future has run to completion.

o .await & ot & Ao &5 wj7tA] v 5714 o= o 7|y} block_on @ &2 .await
L3 22 e B gE

* .await can only be used inside an async function (or block; these are introduced later).

63.2 Future

Future =E | 93k = = AdSyErd Y Future =
poll gt+E 53l 25

use std::pin::Pin;

use std::task::Context;

pub trait Future {
type Output;

fn poll(self: Pin<&mut Self>, cx: &mut Context<'_>) -> Poll<Self::OQutput>;

}
pub enum Poll<T> {
Ready(T),
Pending,
}
H]57] g4& impl Future & t&ﬂ%“’l th A2 B g whE 0] §9lo] Future & #&skAl &
4 QAT AubA o] x| =ok5 Ut o 2 o] tokio: : spawn 7} 2§l 5}= JoinHandle 2 Future
g 7dstH, o1& & °H§é% ﬂEﬂ]mﬁ“‘méqq
Future o] .await & ©&5}9, sl Future 7} 8|2 wi7tA] @A 857 47 A SAHYH.

J@q%meen%mnﬂ@ kol await 9] grol Hyth.

« Future 2 Poll Eb¢lo] 44| ol 9fof Kol arj2euch W25 225t Rust £4o]
A 3w o gelst 4 & UTh

7ole) Bae w5y AES AAsteT 97 B, 42 ulE ] Leln g ng gEs

3
Q3 Pin ¥} Context = TF2 x| 25Ut} o] Sof tfs) 7Hets] A st

£
o
=
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https://doc.rust-lang.org/std/future/trait.Future.html
https://doc.rust-lang.org/std/task/enum.Poll.html
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63.3 H|F7|HEUE

H57] e _& (H]57] Al 2 A

A AYS 2 Y) 9 (futures & A3Y) o] &= 711 9&-&
gty ch Rust Aoj Aol A 7] &2 A 25k v 57] Setd 2 glsyth 13y o3 224 57| et
o I glEo] HYtt

» 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

o2} tit+ & o EFe Aol o= AHA| "lEt o] Yl A= &Y AlEE°] Fuchsia 7kl& 4t
* Rust Z&lo]1ate Eﬂﬁ%$Mh¥§ﬂM%laa%3WHTwmﬂHH@hrquQ&z
& Rust Z20] 22 E=1/0 & 5185t FoB 2 async & 7ML & 4 Qe B2 P22
Zgdsol 27k
* Futures = AYA7F 2 5HA] Fe & oA = A h=the HollA (/0 2 22f A 2FstA]
%5) "HIEA” AU ol = AMEH A e ol ged wf 7kA] A3 Q%J$*i3§

E 9] promise ¢} th54 .

63.3.1 Tokio

Tokio provides:
 ¥157) D ARE ST e Aefs et
 LF ol zfz|of o
« iR ehojHef e A

use tokio::time;

async fn count_to(count: 132) {
for i in 1..=count {
println! ("&d 74 (1}701")
time: :sleep(time: :Duration::from_millis(5)).await;

}

#[tokio: :main]

async fn main() {
tokio: :spawn(count_to(10));
for i in 1..5 {

println!("7]2 2 {i}");
time: :sleep(time: :Duration::from_millis(5)).await;
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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 o|A] tokio: :main I 2 E AFL51H main & B S 7| 29HE 4 &Yk
e spawn &4 A A E = 2L 7FYrS TrE U

« Z3l: spawn 2 Future & IR Ttk @2 count_to ol .await & S &4 = &
= FEoHA| 8.
A3 g5
« count_to 7} 10 ol EE5tA] ¢+ A7t B2 1L ol & —t— AqA7}Q? o]= H|E7| A9l A
£ HoFE= o Uyt tokio: :spawn o] 2lEst= A2 S5 w7t 7gte] =E )7 sh=d)
AL E = Y
» tokio: :spawn th4l count_to(10) .await & AFEsHEA L.
* tokio: :spawn oA §FeHHE S await s BAS.
63.4 EA3
Rust o] BlA3 (A AARE BT 22de & /-2 & 4 JFUH
stLbe] ZHejof =, Ala 17} o] ZHel-e aysty] Qs AL Ze s, XA future 7} 3t 7 Q&U T
o] future o= poll HIX =7 Edst=53 € future 7} 3t 7 o] A2 & AFU T o] 23 FHE
future =LRHA Q1 34 25 AEIGHI v LE TS U & 2FY Qhof| A o2 A4 future & &
B, BolH & A= At o™ 1/0 A& Sl AIZ = Boln et [/0 5 WA EUes A 7t

a AT} e E/\]HE—T@% A5y

use tokio: :{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! ("2ZE {}o]A 4l tf7]", listener.local_addr()?.port());

loop {
let (mut socket, addr) = listener.accept().await?;

println! ("{addr:?}olA dZA");

tokio: :spawn(async move {
socket.write_all(b"‘=74]2?2\n") . .await.expect("47 27");

let mut buf = vec![0; 1024]7;
let name_size = socket.read(&mut buf).await.expect("47 27F");

let name = std::str::from_utf8(&buf[..name_size]).unwrap().trim();

let reply = format!("{name}d, Hztsl FMA] ZAEYTH. \n");
socket.write_all(reply.as_bytes()).await.expect("47 27F");
1)

}
o] A S, 27 HFEo] 9HE0] & src/main. rs o] BAMS LA 7|0 A AYsiA L
nc =+ telnet I 22 TCP A2 =5 AFEdho] A28l BA Q.
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https://www.unix.com/man-page/linux/1/nc/
https://www.unix.com/man-page/linux/1/telnet/
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o 57 SolA of Aol B o] Zetol A EsL AZE T o] Aue] ezt
laﬁiiowh"ﬁﬂﬂiﬂ—QOW%]ﬂﬂAiEJFMMeLﬂ%%'
Btk
¢ 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.

s Async 5= 442 YW EYSIA 28 AFESlo] 2 F 22 E7RAE] B AT

| HEA]

u
=2
39,
r
A
Mo o
.o

63.5 H|Z7)Ad
oz Z o] EoA v 5 7] 21ES ALY ol & 50 tokio o4& ofefje} Zro|gyth

use tokio::sync::mpsc::{self, Receiver};

async fn ping_handler(mut input: Receiver<()>) {
let mut count: usize = 0;

while let Some(_) = input.recv().await {
count += 1;
println! ("A27kA B {count}/HE weksULh.");

}

println!("ping_handler &&");
}

#[tokio: :main]
async fn main() {
let (sender, receiver) = mpsc::channel(32);
let ping_handler_task = tokio::spawn(ping_handler(receiver));
for i in 0..10 {
sender.send(()).await.expect ("3 HuUfA E3EUTH. ")
println! ("A27tA F {}7l& ASJEUS.", 1 + 1);

}
drop(sender) ;
ping_handler_task.await.expect (" M= #Hof| ZA7} 2rAgsiSUCh. ") ;

A 2712 3 02 WA S| of @A ulFl x| FelaA 2.
o H]E7] Y2 AFE 7] QI3 QlEjso] A0 Mol A S sync D3} u]2E Y
« std::mem: :drop 3&3hE 22 AAla] ®A Q. of® Aa7HELER? o] 7} BoiRlztR?

Flume F o] Eof= sync 2 async, send ¢t recv & ZFF@st= fdo] &Yt o
I0 2 CPU A 2] 2t¢j o] ‘Ea—% EfdgtolEe Aol S 4 o mi¢ fago,
« async A'2S AHEShe o] B 2 olf= ol & UE future o Z2&5to] 5335 Aol 252

DL % 9ol e,

al
k<l
A

g
rlo

346


https://google.github.io/comprehensive-rust/async/concurrency/channels.md
https://docs.rs/flume/latest/flume/

Al 64 %
Futures Control Flow

Future & Z2 &3t A4 4

* Join
* Select

64.1 Join

Join A4k2 2E future 7} FH| 2 Wi7hA] 71ohd £, 7} future o] 2022 2 A

o= AHA I Y E o] Promise.all ojyato]# 9] asyncio.gather & AU

use anyhow: :Result;

use futures::future;

use regwest,

use std::collections::HashMap;

async fn size_of_page(url: &str) -> Result<usize> {
let resp = reqwest::get(url).await?;
Ok(resp.text().await?.len())

}

#[tokio: :main]
async fn main() {
let urls: [&str; 4] = [
"https://google.com",
"https://httpbin.org/ip",
"https://play.rust-lang.org/",
"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);
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o] G|A| 2, 2Z ZFE o] BHE0] E src/main. rs o] BEAFI A 7o)l A AdgtA L.
)

o N2 thE Y2 7 = ol 2 93 futures S join 3tAF & 79 std: : future: :join!
%4%§¢°§MQﬂﬂﬂiiaﬂﬂﬁamNNWWWmﬁ4“°ﬂﬁﬁm°”m%%
ofF gtth= HEFstA L. o] A2 = A F2 futures Aol Eo| Jlor ZUHH3} & of

std: : future ol 232 oyt

* The risk of join is that one of the futures may never resolve, this would cause your
program to stall.

* join_all & join!¥} Agste] http A 8] Atd o] EjHo] o] thet RE 2 Y S-S St H
APAZ £= HYT futures: :join! S AHESHo] tokio: :time: :sleep % future o]
F7hsl HAlL. o] Bdot-& @ SHE Zlo] obd &FostA| 2. A=, B ob-2 thg ol
A Asle select! EAME A LA sHoF U of 7] A= tokio: :time: sleep A
o A2 @3] join! 9l 42 ARsty] Ay th

64.2 Select

Select A4t of g future € 2 Foll diaiA Suv 2 wj 712 7|gpep7h, 2F ofd o
future 7} 2 22 Fv] e 7 g9 s future o 2 g2 ddych oA L At AR
d E o A 2o Promise.race 94| £y} mo] 4o A2 ™ asyncio.wait(task_set,
return_when =asyncio.FIRST_COMPLETED) 7}5t= S2ta} vl &gty ch

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.

ot

use tokio::sync::mpsc::{self, Receiver};
use tokio::time::{sleep, Duration};

#[derive(Debug, PartialEq)]
enum Animal {
Cat { name: String },
Dog { name: String },
}

async fn first_animal_to_finish_race(
mut cat_rcv: Receiver<String>,
mut dog_rcv: Receiver<String>,
) -> Option<Animal> {
tokio: :select! {
cat_name cat_rcv.recv() => Some(Animal::Cat { name: cat_name? }),
dog_name dog_rcv.recv() => Some(Animal::Dog { name: dog_name? })

}

#[tokio: :main]
async fn main() {
let (cat_sender, cat_receiver) = mpsc::channel(32);
let (dog_sender, dog_receiver) mpsc::channel(32);
tokio: :spawn(async move {
sleep(Duration::from_millis(500)).await;
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cat_sender.send(String::from("Z2/~")) await.expect (" YolE Hujz E3HUTH. "),
1)
tokio: :spawn(async move {

sleep(Duration::from_millis(50)).await;

dog_sender.send(String: :from("=~")) . await.expect("7H& HuWA E3l5uch. "),
1)

let winner = first_animal_to_finish_race(cat_receiver, dog_receiver)
.await
.expect("¢5AE FAlGkA] F

%

sdo.");

println! ("% {winner:?}");

* Inthisexample, we have arace betweenacatand adog. first_animal_to_finish_race
listens to both channels and will pick whichever arrives first. Since the dog takes 50ms,
it wins against the cat that take 500ms.

* You can use oneshot channels in this example as the channels are supposed to receive
only one send.

* Try adding a deadline to the race, demonstrating selecting different sorts of futures.

* Note that select! drops unmatched branches, which cancels their futures. It is easiest
to use when every execution of select! creates new futures.

— ok future AFA| thAl &mut future & AE3t= A AUt 51A| 9t o] g A 51 £ 7}
e 4 1Yt (Pinning & OHE WAAS] A S o H ).
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Al 65 %

async/await ol A F2] sl o34

Async o await = 54 ¥ 57 T2 9L Ao WeHn TLA A FHEATY

Rust 2] async/await ZE ol = 4= AFUT ool A & 717 o & A ES U
o A3zt
e Pin
« H]57]Eg|9l
o A

i 22o] v 5 7] A2 10 2 AT SAlof A= =5 &8yt &, CPU & E£85t+= Hj2a7H 3l
= 3%, ol= A3 At (executor) € E5HAIEH, 1 At o2 BlAI T AP 2| syt o] &
A Z s Ast=7tds /e &4 asyne 2 A Q5 A EES AFESHE ZAY YTt
use futures::future::join_all;
use std::time::Instant;
async fn sleep_ms(start: &Instant, id: u64, duration_ms: u64) {
std::thread: :sleep(std::time: :Duration::from_millis(duration_ms));
println!(
"future {id}2 (&) {duration_ms}Hz|x ot X mEtw {}UIR Fo
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));
join_all(sleep_futures) .await;
}
» 122 AFsto sleep 50| SAlo) NP A Y 30202 Y7 FolstH L.
« flavor £ "current_thread" 2 AA3slH 2E AT 7}51}e] A Eof A 43 F Ut o
2| ot 2A4| d=ol o £9¥s| =gyt gy o] 1= HE] A EQ] HRox o] &
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https://google.github.io/comprehensive-rust/async/pitfall/async-traits.md

Ayt
e std::thread::sleep = tokio::time::sleep S & H}L31 1 Z3}E await s EAlL.

o = T}E 52 B2 tokio: :task: :spawn_blocking QU th o] =AA| A =S RS,
lﬁﬂcﬂﬁ&ig%mmWE%%%OEW““ﬂﬂﬂiﬂt§2334W

¢ A3 E 0OS AEﬂE I'_ Ay 745t QF Huoh ef 239 0S AT == iAo TAof AA| &
Utk ti 729 APat= shel 0S A Eof A ogh B2 Eﬂiié —’Fﬁoo}E% ’Sﬁﬂﬂcﬂ
AEHT o] H 2 FFI £ St E 2ol B gt 4 oz-g e o £3]
s eto] B g7} iEﬂE 24 AGALE o] &stAY EF 0S A= l
CUDA). o] 2]3t &A= tokio: : task: : spawn_blocking & AF-&5t= 7i°] ﬁ%‘—%qﬂ}.

o 57)5 HElAS Fol5| AHEFIA 2. Lawait Yol REIASZE51H of 2 2hQo] AtE 4
Ao s 22 TG A EoAY FA 5 ASFHH

65.2 Pin

Async blocks and functions return types implementing the Future trait. The type returned is
the result of a compiler transformation which turns local variables into data stored inside
the future.

Some of those variables can hold pointers to other local variables. Because of that, the future
should never be moved to a different memory location, as it would invalidate those pointers.

To prevent moving the future type in memory, it can only be polled through a pinned pointer.
Pin is a wrapper around a reference that disallows all operations that would move the
instance it points to into a different memory location.

use tokio::sync::{mpsc, oneshot};
use tokio::task::spawn;
use tokio::time::{sleep, Duration};

/] A FE, o] A2 (A A7 ZoF A BTo|x
// “respond_on’ @9 wAAZ ST

#[derive(Debug) ]
struct Work {
input: u32,
respond_on: oneshot::Sender<u32>,

}

/1 FolA AHE FA di7lsta A¥st= worker fyth.
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; // 2 %ick= =),
work.respond_on

.send(work.input * 1000)
.expect("SES HEujA EIEUCH "),
iterations += 1;
}
// TODO: 100 ¥a|xujch HHE 3l4H-E HIT

il

25=3
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}

/1 AYe eHst o] ¢RI Jckes ey YUT
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 ("&H FolA HEsA EZHUTH. ")
rx.await.expect ("% 7] Auf")

}

#[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! ("%t&E &2 Axt {i}: {resp}");

o QoA &7 A actor) tiE o] gt ofj et 1 Bt FrRShy ot HE = URbg o2 1 of
t!E

oA selec .
» o] 7ol B le) U okt Aol 7] wlRel 3] AmrA e,
— _ = sleep(Duration::from_millis(100)) => { println! (..) }y=
select!o] #7ha A2, o] AL A ghaich 917t e?
— oAl s future 7} Z3E timeout_fut & loop & Fol F71sl EA Q.
let mut timeout_fut = sleep(Duration::from_millis(100));

loop {
select! {

mb
fo

_ = timeout_fut => { println!(..); 1},
}

- A8 AEelA] A&5ULh AUy 252 uet select'—J timeout_fut o] &mut &
Z7}5to] Move A|HE HSHEAE 4 0}1 Box: :pin = AME-SHAl Q.

let mut timeout_fut = Box::pin(sleep(Duration::from_millis(100)));
loop {
select! {

= &mut timeout_fut => { println!(..); },

-

Zutol e 525k etQ) o} o] H ot ¥HEs wf ujch Poll: :Ready 7+ HUth (&

A B U_H
L. — 1
© future 7t =0 2 4 A3). BH oF2 & wiuit} timeout_fut £ 2 MGHEE 47

352



2
a

ol W} std: :pin::pin!(FZoloptgstEglon ojd IE=
B971ES) & AHEE 4 YA T o] = G H future of] AHESH]

o £ OhE ®R2 pin & ool ARE-5HA] ¢4 100ms FhH oneshot Adoll HEE o2 A=
et ey

 Data that contains pointers to itself is called self-referential. Normally, the Rust borrow
checker would prevent self-referential data from being moved, as the references cannot

outlive the data they point to. However, the code transformation for async blocks and
functions is not verified by the borrow checker.

oZ

* Pinis a wrapper around a reference. An object cannot be moved from its place using a
pinned pointer. However, it can still be moved through an unpinned pointer.

* The poll method of the Future trait uses Pin<&mut Self> instead of &mut Self to
refer to the instance. That's why it can only be called on a pinned pointer.

65.3 H]F7|EZ A

Async methods in traits are were stabilized only recently, in the 1.75 release. This required
support for using return-position impl Trait (RPIT) in traits, as the desugaring for async
fnincludes -> impl Future<Output = ...>.

However, even with the native support today there are some pitfalls around async fn and
RPIT in traits:

* Return-position impl Trait captures all in-scope lifetimes (so some patterns of borrowing
cannot be expressed)

* Traits whose methods use return-position impl trait or async are not dyn compatible.

If we do need dyn support, the crate async_trait provides a workaround through a macro,
with some caveats:

use async_trait::async_trait;
use std::time::Instant;
use tokio::time::{sleep, Duration};

#[async_trait]
trait Sleeper {

async fn sleep(&self);
}

struct FixedSleeper {
sleep_ms: ub4,

}

#[async_trait]
impl Sleeper for FixedSleeper {
async fn sleep(&self) {
sleep(Duration: :from_millis(self.sleep_ms)).await;

}
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async fn run_all_sleepers_multiple_times(
sleepers: Vec<Box<dyn Sleeper>>,
n_times: usize,
) {
for _ in 0..n_times {
println! ("2E $HAE A¥");
for sleeper in &sleepers {
let start = Instant::now();
sleeper.sleep() .await;
println! ("{}¥elx 59 A% =", 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;

« async_trait & AH&st7] AT o] & 9J5l Fof| =2 SEFTrh= ol f-2lshA| L. o] &
o= s 2uE =7t glsyh

« async trait £ 010'] ol A A Pote A A E EA =l A2A ] Exo]m whakA
ﬂ”JﬂHqEW 2 obd Yt} o A A Zof o]of] 3t UF upab7| A0 2 Hrfo] glong
A o] gtz TEA R,

o« Adojo] A7t 5<F sleep 3= ME -2 sleeper FE2A S THE0] Vec ol 2713l 2 A Q.

65.4 FH4

future 7} =W ohA| 2T 4 glckes gu|d Yyt o] & _FH4A

% 9l Uitk future 7} 2| A E|ClebE Al Aglo] gut2 A A5E & Y ES
& Soluz Aei7F HAY o] e 7t &AW oF Hy ot

use std::io::{self, ErrorKind};

use std: time :Duration;

use tokio: ::{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>> {
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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_exr(|_| io::Error::new(ErrorKind::InvalidData, "not UTF-8"))?;
Ok (Some(s))

}

async fn slow_copy(source: String, mut dest: DuplexStream) -> std::io::Result<()> {
for b in source.bytes() {
dest.write_u8(b).await?;
tokio::time: :sleep(Duration: :from_millis(10)).await
}
Ok(())
}

#[tokio: :main]
async fn main() -> std::io::Result<()> {
let (client, server) = tokio::io::duplex(5);
let handle = tokio::spawn(slow_copy("hi\nthere\n".to_owned(), client));

let mut lines = LinesReader: :new(server);
let mut interval = tokio::time::interval(Duration: :from_millis(60));
loop {
tokio::select! {
_ = interval.tick() => println!("g&!"),
line = lines.next() => if let Some(l) = 1line? {
print!("{}", 1)
} else {
break
b
}
}
handle.await.unwrap()?;
0k(())

« At A ko] Ego] 54 &UTh API 2AIS 9T async fn o AElE T2sob
gy,

« panic 9 79} 2e] 4k 22 Hejr}ohd LukHARof el AR,

+ o] oo A= BAF ] Yx7t EAH T

N

355



- tick() B 7 HA 252 wiotct next () 2 buf 7} AHA|E Y.
- o33 2ol buf & FxA 9 A8 2 k50 LinesReader 7} HAEH A &=
Ut
struct LinesReader {
stream: DuplexStream,
bytes: Vec<u8>,
buf: [u8; 17,

Jfu
m_?lg
4>

o
>

}

impl LinesReader {

fn new(stream: DuplexStream) -> Self {
Self { stream, bytes: Vec::new(), buf: [0] }

}

async fn next(&mut self) -> io::Result<Option<String>> {
/7 buf ¥ bytes HFAE self =2 AT},
/!l ...
let raw = std::mem::take(&mut self.bytes);
let s = String::from_utf8(raw)
//

}
o Interval::tick 28 0] 'delivered S =2] & st0 2% Aof QtA g}
* AsyncReadExt: :read =Ho|E & WH&stAY el A] o B2 Ao ehd gyt

» AsyncBufReadExt: :read_line &olle} FAFsHH F Ao QH&}HA] ARAIEE U8
tietedd A4S FaskAl L.
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AsyncRust 7| &2 A5 4 UA=E F 714 A5 EAE SHIREUH.
o AAfoetz HEkA}: o] FA| = o|n] @A of &lFlE Y o|Hol= Async Rust 2 33 o
s HEZEHNAE AYF o Z]A o] M ¢ B2 17 Async Rust 7|5
EQdyrt.

After looking at the exercises, you can look at the solutions provided.

66.1 Dining Philosophers — Async
2Ao) 3 A e PEAE ZTokA 2,

As before, you will need a local Cargo installation for this exercise. Copy the code below to a
file called src/main.rs, fill out the blanks, and test that cargo run does not deadlock:

use std::sync::Axc;

use tokio::sync::mpsc::{self, Sender};
use tokio::sync::Mutex;

use tokio::time;

struct Fork;

struct Philosopher {
name: String,
// left_fork:
// right_fork:
// thoughts:

}

impl Philosopher {
async fn think(&self) {
self.thoughts
.send(format! ("f&7F! {}oll MZ& ofo|tjoi7} HUTH. ", &self.name))
.await
.unwrap();
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async fn eat(&self) {
// Keep trying until we have both forks
println!("{}deol i 5Yrct...", &self.name);
time: :sleep(time: :Duration: :from_millis(5)).await;

}

static PHILOSOPHERS: &[&str] =
&["Socrates", "slutglot", "ZhE", "of|AEL A", "mEtilztA"]

#[tokio: :main]
async fn main() {
// EI WE7]

// Agz} "EE7]
/1 y7sta WA

/1 Zs 99U,
}
o|¥oll+= Async Rust & AF25FE 2 tokio F4 50| gyt t}2 Cargo. toml S AFES 4~

it

[package]
name = "dining-philosophers-async-dine"
version = "0.1.0"

edition = "2021"
[dependencies]
tokio = { version = "1.26.0", features = ["sync", "time", "macros", "rt-multi-thread"]
S o] H o= tokio o] EQ] Mutex & mpsc 2&-& Atg3fof gyt
* Can you make your implementation single-threaded?

66.2 A YolZeAlAd

o] ALl AL MZL XA S AHg3lo] BREANAE A of ZejFlo| M e @) BAS U Seto]
E7} AZAS WA R & AlAsHE A" AW 7ElEUTH SetoldEE B& A Ho| A AFEAF WA A
93 M2 AETUC AP Mol 245 2 AR S BE Seto|dEo B Esf AU,
For this, we use a broadcast channel on the server, and tokio_websockets for the
communication between the client and the server.

A Cargo ZR2HEE W1 O & 5 F7HdUT

Cargo.toml:

mu 2 O,

[package]

name = "chat-async"
version = "0.1.0"
edition = "2021"
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[dependencies]

futures-util = { version = "0.3.30", features = ["sink"] }

http = "1.1.0"

tokio = { version = "1.36.0", features = ["full"] }

tokio-websockets = { version = "0.7.0", features = ["client", "fastrand",

g4 API

You are going to need the following functions from tokio and tokio_websockets. Spend a
few minutes to familiarize yourself with the APIL.

» StreamExt::next() implemented by WebSocketStream: for asynchronously reading
messages from a Websocket Stream.

» SinkExt::send() implemented by WebSocketStream: for asynchronously sending
messages on a Websocket Stream.

* Lines:mext_line() 2EF YollA ALEA WA A S H 57| A 2 ¢l d AHgdE Yt

* Sender::subscribe() EEZEANAE A FL=of AF2H YT

Two binaries

Normally in a Cargo project, you can have only one binary, and one src/main.rs file. In this
project, we need two binaries. One for the client, and one for the server. You could potentially
make them two separate Cargo projects, but we are going to put them in a single Cargo project
with two binaries. For this to work, the client and the server code should go under src/bin
(see the documentation).

Copy the following server and client codeinto src/bin/server.rsand src/bin/client.rs,
respectively. Your task is to complete these files as described below.

src/bin/serverrs:

use futures_util::sink::SinkExt;

use futures util::stream::StreamExt;

use std::error: :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>> {

N

// TODO: RIE= ofefio] 24 4w

[o
o

FSHA Q.

J
1

}

#[tokio: :main]
async fn main() -> Result<(), Box<dyn Error + Send + Sync>> {
let (bcast_tx, _) = channel(16);
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let listener = Tcplistener::bind("127.0.0.1:2000").await?;
println! ("ZE 200004 44 t7]");

loop {
let (socket, addr) = listener.accept().await?;
println!("{addr:?}2] A dZ&");
let bcast_tx = bcast_tx.clone();
tokio: :spawn(async move {
/1 YA TCP 2EHS websocket ol ZiEgYct.
let ws_stream = ServerBuilder::new().accept(socket).await?;

handle_connection(addr, ws_stream, bcast_tx).await
})s

}
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: JIE= ofefjo] & HAyS ZhilstAl Q.

Running the binaries

Run the server with:
cargo run --bin server
and the client with:
cargo run --bin client

A3

« src/bin/server.rs oA handle_connection &4+S

g
o
T
o
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JE: A4 2 oo T ZYS T Ao A3Yst= L tokio: :select! S AFESHA| L.

e Feto|AEA A 2| & SA18te] B2 esf 2B ), Tk shbe Auzt $40
HAA & Seto]AER Byt

rol ok

e src/bin/client.rs oA main g+E5 g=3yc}.

SIE: oM} np7R] 2 A4 F X oA F Y -& F Aol Addst= 79 tokio: :select!

= ALgaA . (1) B Yol A AFS A A A S ol 1 s 2 mluch (2) Aol A oA
A& A sF AL AR Al BAIFU

o AR A9 SESH HAA WS A9 G BE Fetol Ao AN A A & BEEAHAE

66.3 Concurrency Afternoon Exercise

Dining Philosophers — Async

(AFEAZE7H]

use
use
use
use

std::sync::Arc;
tokio::sync::mpsc::{self, Sender};
tokio::sync: :Mutex;

tokio: :time;

struct Fork;

struct Philosopher {

name: String,

left_fork: Arc<Mutex<Fork>>,
right_fork: Arc<Mutex<Fork>>,
thoughts: Sender<String>,

}

impl Philosopher {
async fn think(&self) {

}

self.thoughts
.send(format! ("f&Z7F! {}oll MZ& ofo|tjoi7} HUTH. ", &self.name))
.await
.unwrap();

async fn eat(&self) {

// Keep trying until we have both forks
let (_left_fork, _right_fork) = loop {
// EZIE TAHSL. ..
let left_fork = self.left_fork.try_lock();
let right_fork = self.right_fork.try_lock();
let Ok(left_fork) = left_fork else {
// If we didn't get the left fork, drop the right fork if we
// have it and let other tasks make progress.
drop(right_fork);
time: :sleep(time: :Duration: :from_millis(1)).await;
continue;
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let Ok(right_fork) = right_fork else {
// If we didn't get the right fork, drop the left fork and let
// other tasks make progress.
drop(left_fork);
time: :sleep(time: :Duration: :from_millis(1)).await;

continue;
b
break (left_fork, right_fork);
},
println! ("{}do] A1 &Uch. .. ", &self.name);

time: :sleep(time: :Duration: :from_millis(5)).await;
/1 A7]e] Zrgo] sfAEYT.
}

static PHILOSOPHERS: &[&str] =
&["Socrates", "slmfElol", "BahE", "ofgjARduAr, "mepnEtA];

#[tokio: :main]
async fn main() {
// E3 THS7]
let mut forks = vec![];
(0. .PHILOSOPHERS.1len()).for_each(|_| forks.push(Arc::new(Mutex: :new(Fork))));

/1 AR} 7]
let (philosophers, mut rx) = {
let mut philosophers = vec![];
let (tx, rx) = mpsc::channel(10);
for (i, name) in PHILOSOPHERS.iter().enumerate() {
let left_fork = Arc::clone(&forks[i]);
let right_fork = Arc::clone(&forks[(i + 1) % PHILOSOPHERS.len()1);
philosophers.push(Philosopher {
name: name.to_string(),

left_fork,
right_fork,
thoughts: tx.clone(),
1)
}
(philosophers, 1rx)
/1 tx7F o7]oA AAEHBRE Yo PAIHoE AT et gl

b

/1 Azt WA gy,
for phil in philosophers {
tokio: :spawn(async move {
for _ in 0..100 {
phil.think().await;
phil.eat().await;
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).
}

/1 W7 EHFYct,

while let Some(thought) = rx.recv().await {
println! ("< EuW7|: {thought}");

}

Aol E Aol A

Calsy

A ZE071H71)

src/bin/serverrs:

use
use
use
use
use
use
use

futures_util::sink::SinkExt;
futures_util::stream::StreamExt;

std::error::Exror;

std::net::SocketAddr;

tokio::net::{TcpListener, TcpStream};
tokio::sync::broadcast::{channel, Sender};
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("A ol @4l A2 gyt wAAE d=skAl2 . " to_string()))
.await?;

let mut bcast_rx = bcast_tx.subscribe();

/1 Aol & ZAdS AdPst= A& FZ: (1) “ws_stream oA HAAE $Alsto
/] BEENAEST (2) “beast_rx oA HAIAE £Al5}Ho]
/] ZEo|ERE HAEFYrt.
loop {
tokio::select! {
incoming = ws_stream.next() => {
match incoming {
Some (Ok(msg)) => {
if let Some(text) = msg.as_text() {
println! ("Zato]AEA: {addr:?} {text:?}");
bcast_tx.send(text.into())?;
}
}
Some(Err(err)) => return Err(err.into()),
None => return Ok(()),

}
msg = bcast_rx.recv() => {
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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! ("ZE 200014 £ ti7]");

loop {
let (socket, addr) = listener.accept().await?;
println!("{addr:?}2] A dZA");
let bcast_tx = bcast_tx.clone();
tokio: :spawn(async move {
/1 YA TCP A2EHS websocket o =@ gYct.
let ws_stream = ServerBuilder::new().accept(socket).await?;

handle_connection(addr, ws_stream, bcast_tx).await
3

}
src/bin/client.rs:

use futures_ util::stream::StreamExt;

use futures_util::SinkExt;

use http::Uri;

use tokio::io::{AsyncBufReadExt, BufReader};
use tokio_websockets::{ClientBuilder, Message};

#[tokio: :main]
async fn main() -> Result<(), tokio_websockets::Error> {
let (mut ws_stream, _) =
ClientBuilder: :from_uxri(Uri::from_static("ws://127.0.0.1:2000"))
.connect()
.await?;

let stdin = tokio::io::stdin();
let mut stdin = BufReader::new(stdin).lines();

/1 sAel HAIAE By B o
loop {
tokio: :select! {
incoming = ws_stream.next() => {
match incoming {
Some (Ok(msg)) => {
if let Some(text) = msg.as_text() {
println! ("AsolAl: {}", text);

1B
[H

=
T
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}
I
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(err.into()),
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enumeration:

A data type that holds one of several named constants, possibly with an associated tuple
or struct.
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trait bound:

An abstraction where you can require types to implement some traits of your interest.
tuple:

A composite data type that contains variables of different types. Tuple fields have no
names, and are accessed by their ordinal numbers.
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* union:
ok Hof shuba ek of 2] BRQl o] S Hf
s O HAE:
Rust ol = 2+ ©9) BlAE S} BlR R S5 ElAES AE 4 Qs 2197 50] Y=o Y]
o SeHAES FastA 2.
* unit type:
Type that holds no data, written as a tuple with no members.
° o]—;(-] ;]_;(] o} O L.
oA ¢ e & 54 2 EYAY 4 A= Rust o 549 AU sk 42 Rust & il
ShAl 2.
* variable:
A memory location storing data. Variables are valid in a scope.

371


https://google.github.io/comprehensive-rust/unsafe.html

HAEARUHLE 2atelo) ] nE A PR £ HEASU

al A
o

HAE mEAEo)t F2Y Uit A2 BAUT AUA Y82 BhRETAEA 2 2A

Zd

NENS

3 =
The Rust Programming Language: 2| AEo] thgk B8 3F A4 AUt dojof thgh xpA| gt
MD:IJ,]. }\].a]—_o] H & %L/\ o] A= \:ﬂ7};<] EEX-]]E_%

o
AEEA = EBPEM ,\l/\qt}
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Rust on Exercism: 2] 2EEH]¢=6] =-&0] E+= 100 71 o449 d&5EA|
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 Learn Rust With Entirely Too Many Linked Lists: 27} 89] 2|AE A5 1R E
HHA 2jAE0 R e e 325 Zo| A &gyt
Little Book of Rust Books o] A ClZ2 HAE B2 Sl A Q.
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The material of Comprehensive Rust is licensed under the terms of the Apache 2.0 license,
please see LICENSE for details.

Rust by Example
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Rust on Exercism
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