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The course is also available as a PDF.
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We call the first four course days Rust Fundamentals.
1 Follk, of2fe} 2o A FA|S Alstel A B 4 AsUTh:
+ Android: Android === 74 (AOSP) A| Rust AF-g&-ofl 5F Hhibd 1y v ch, of 7)o = C, C+
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2. Decide on the dates. Since the course takes four days, we recommend that you schedule
the days over two weeks. Course participants have said that they find it helpful to have
a gap in the course since it helps them process all the information we give them.
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https://github.com/google/comprehensive-rust#building
https://github.com/google/comprehensive-rust/discussions/86
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1.1 79 4
ZAFZ 913t obu wo] x| Yk,
Rust 7| %

A 4 42 Rust 7| 22 o] Fo x| Zr2 AJZF ¢holl 2 W&

Course schedule:

o

o224 By,

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

Segment Duration
Ne 5 minutes
Hello World! 15 minutes
Ebg 9 7 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 e}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

& 2to|E222  1ho

Zalolnala  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

13



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

Segment Duration

= 50 minutes
4 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

At s
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 =& o2 &9 HFE ol A Zopslof gyt I8 o3, 2 AFE A I AHAE A

o2t 1 src/andr01d/ el g S AOSP ZE9] REZ 0]5%“41:} oA st¥ tERojE W&

A AElof| A TA|-& o2 Z7FE Android.bp THY S A4S 4 J5UTL

adb sync®oj7}t ol &0l E &2 AA F2) e}t 2HEst=A] &yt 183l src/android/build_all.sh
E FYoA BE AQERo|E oA S nje HES| EAQ. I A AIHEE 91, 1 Qtof|A 3 E=

FPol 52 SRt & 4 Yol 52 522 Aot & = =3 &lstA 2.

Chromium °j| 4] Rust A&

Chromium ©f| /] Rust A& o] 342 Chromium E2}$# o] 4B Z Rust & AFE51= W o] st
Hhd g d Yo o 7]oll= Chromium 9 gn ' & A]A=lo A Rust & A}ﬁo}% HR T A E ot
gto]B2jg] ("crates”) & 71X 2+ WH, C++ 42 &84 50l &= o 5yt

Chromium & Y=g 4 Qlojop gyt o1, T4 A Mt = éia o|7] Qs BHE AT HE
A7t 25y o 2 =3 Chromium B2 & AsYe 4 l=2] &lgtyrt.
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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.

ufo] 227 E S e QY7 9184 BBC microshit v2 /¥ B = vl Fujajof g &
£ AFgAHE A7 sjol Ao AW E 2 25 7] 2] 2 A x| sjof gt

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

A ol E2 AAFR @ 71K o] 24 ez e Fojof gtk 14 kg ol AE src/main. s
o Bab/go] Y] sto] HAE o 2 4 &k

cargo init concurrency

cd concurrency

cargo add tokio --features full
cargo run

&+, mdBook A|AF] (& Ato| E) oA /-8 D57]5 AUt
» Arrow-Left: Navigate to the previous page.
* Arrow-Right: Navigate to the next page.
* Ctrl + Enter: Execute the code sample that has focus.
* s: Activate the search bar.

1.3 & dojE

o] B2 ot Qo2& AT YL Th T ore woo] £g F4 BEYUh

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

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

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

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

* Spanish by @deavid.

wlo] 7] 922 9|9 ulir g F3) h2 9ol 2 AV 4 A5
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https://google.github.io/comprehensive-rust/zh-TW/
https://github.com/hueich
https://github.com/victorhsieh
https://github.com/mingyc
https://github.com/kuanhungchen
https://github.com/johnathan79717
https://google.github.io/comprehensive-rust/ko/
https://github.com/keispace
https://github.com/jiyongp
https://github.com/jooyunghan
https://github.com/namhyung
https://google.github.io/comprehensive-rust/es/
https://github.com/deavid

=do]: @Throvn ¥ @ronaldfw A| .
0‘%01: @CoinEZ-JPN ¥ @momotaro1105 #|=-.
Italian by @henrythebuilder and @detro.

o] H739 W Aol £ 1 Akl o] M E g
& gL ol EefAE Fashae.
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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

4737

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 S %] e Fo|= Rust of S&EH =5 HY 7Y IDE & F/AdsoF ey th ti#22] 37|+ VS
Code, Emacs, Vim/Neovim 5l -5 €4 % Y] 2 o|F 7|52 A|-3-5l= rust-analyzer ¢ &4 5}
of o] & A&ttt RustRover 2h= th& IDE &= AHEE 4= 5 YT

« dlHlH SR E A A8 AL apt & 0 FIM 71, B AE 4, 2] AE HojE S AXE 59

SUTh T2t o] WS g A9 A4 vizio] ohd 2 AE S AMGA|E ], 1 A3} of 4 H] £3h

BAZ 72 45 J&Unh A Yol olejet 24yt

sudo apt install cargo rust-src rustfmt

2.1 FAE A

E
« rustc: .rs A G HolH g £ o F3F A o2 HEs| = Rust oAyt
+ cargo: 2|~ E o] EA Bezolal WE Al AE YUtk of2|Re] TR EC] PAH JEHES
https://crates.io | A At 02 th22E B3 7 AAFEE rustc 2 AEsto] =S AJF]
Utk =3 f W HAES A8sts HAE Y E Uidsta 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

s BAEL 6 Fuith H 28 Dol 2sh wEE Y o] H Yo zote] BFY S AT 9
« |2 37HA B o &2 AlFdytt: stable”, “beta” 12| 1 “nightly”.
« 2R %% ‘nightly” -> ”beta” -(6 5= 3)-> ”stable” 2 7 gt}
A2, git T=AE, Y E 2 SoM A3 4 A5Uh
s PJ2EEoffAdog EEHYTH 2= Rust 2021 oA 4 Yt} o] A oftj A 2 2 Rust 2015
2} Rust 2018 o] 5Tt
— ot ol ot Mt Sgto] =7 kg 4 Uk
- ot do] Hi A =2 Tdo] o] A A& ZAIE =] fl6l, 2 =W 2 A4l o]
Yo g oS HYAZ O Z Cargo. toml o A4 sf|oF gt
- 2E AL oo H HE nhEE El 21S uh] 98, B AE Zutdel s A2 o2 of
Aol A 2 RESS shte) vho el 2 B2 & &L
- cargo S AMgSHA X1 AnAdH S A AFRSE 7
Yrt.
— It might be worth alluding that Cargo itself is an extremely powerful and compre-

hensive tool. It is capable of many advanced features including but not limited
to:

)3

U,

0
I
2
lo
o°

o
rr
)
1o
g0
e
o
re
rj
ol

N
>
N
=

L

* L2 E /7] 2] 25}

% I Aol A

* ZNRER) B4 Bl 9 A4

* e ATFE

* Zof A

# cargo clippy &t 22 319] 28|10 2 &% 7.

- &%) Cargo Book ol A ZkAISE AL &RISHA] 7] B T

2.2 Zoloxe] ZE ME

o Zo)k2o] 9 LE o A= Heke Aol A vh2 49 7Hs g, o] 27

S5} A7) 2, RE7L 2 A0 ARl 4 Y 5] akduT

:LE*OHE E75kaL, 7H (cargo) E A A AA|she A& A HAT U oA A Aol B =0
AU w3, opx ok ol & o 4 o] 9l ol A& 2 akA D e, 1 wol ojxjw 7ust e

Sia

ol ol ge] BE BEEL AR

r&"

o 34 o

HN
o

ol g,

fn main() {
println! ("8 FAL!1");

}
You can use Ctrl + Enter to execute the code when focus is in the text box.
Zelol At Re] IE MBS 9jo} Zol £ T4 YA AR AL b L o R2 £ 4
Rleryk:
W Selo] 12t = A Aol b Yt o Zeflo] 1ahE Afo] Eof £
A#y5tA) 7] uhry o,
+ WFE Eelol et oML w0l oA A4

oju} o] F Zefo] 1} E Ao Eof| A AGEAE S

2 Uhgol AUtk ahebd 22 2
Ast Ao] 24Ut
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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/

qrek 7ol g HFE oA ZES AYsEEH HA HAEES A 5| of gt Rust Book 9] Z]Hoj wt
2} rustc ¢t cargo £ Al éil StAl7] vigych A x| & ofef) AMEE S8l ZF E2] M- &l
4 &Ytk

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

o] A KT}t 249l Moo= g glEUth 2l AE & 59 S8 A ddytt
AR AA7 E oW, 49| oA F st 2] AE Hio|Y 2| 2 JEs) FA|th
]uﬂﬂ%%ﬂ%%%medeM&Hfééﬂﬁﬁiﬁg o},
2. EJu|'dollA cargo new exercise & YA M= exercise/ & RH5Yth

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

3. exercise/ E2¢ & o] 53 ¥, cargo run AMER I =& APt

$ 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 E= ZAS YT o2 So] o] mo] R 9 AAZ ofa o 7ol
src/main.rs ol 2y ch

fn main() {
println! ("$As FAL1");
}
5. cargo run AME g AAS W esty Ayt

$ 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 AMME= w24 ol21& &<1& 4= JAEYTh cargo build = A3 glo] Hatd
gk gy, o] 7ol target/debug/E oA output & &<l & 4 5 YTt cargo build
--release AMEE L2 HA L 2 HS}E AA A} L5l target/release/Z T oj A
gl g A5y

7. Cargo.toml ool = o|&4 B7| A & F7Hs
EJZ“ﬁﬂﬂEQ*Ecﬁﬁﬂﬁmﬂﬂﬂ

FAE0] 7t E dAstal 24 MY 5 o] §ole R SHstAle. 25 AZ S & AAT, olF

ofet & of Aot 7p7h NEE 2 5 He Ad

24
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https://doc.rust-lang.org/book/ch01-01-installation.html
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27 of o

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

This slide should take about 5 minutes.
SISl A the 47| A1 F47] Bhky
« ek Ho] om FAsHA] T A sfof gyt
« o] £ FTAEo] 23U EEZ YAl A nhA 2!

— 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.

- AEo| Sefo|=rrt g zbE WAL
— 31550l QlofA] W2 o9 FR T h Setolt e 0 E9e F B, Yshe U2 Huig
ol= gk,
ol = th2 Qlofol A= 2 H Al Bo] Y Rust o] ' 7] A & Hoj=e 3t Fuch Rust 9
e 21t Alegydh

fd

==
T
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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]a28tE 2 minutes

— x86, ARM, WebAssembly, ...
- Linux, Mac, Windows, ...
» HAEE e G oA AL8E 4 gy h
- Helolel RER T (YHHE)
~ AULE T AZeo],
- /—\-D]-E;‘E'a
- HA3g,

- Ay,

This slide should take about 10 minutes.

* =T —[——‘1—9,] 11]01-

s ofolaRERe 2 ule AR X2 AAY ke T
« Mo el MR R ojx .

S o

23


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

Y AEW EES U= TQE (FA):

fy

. e ¥ MA AT Aok A 7ro) ¥hx =y}

— 27)3457) e W47} glaruit,
_ ome] o]F st WA A2 B T,
wlze] sA] & ALgo] 9 Ao B Fch
~ NULL Q1= gl5 Yt

- RYAZ W B ot A2 AL A4E T 4 st

T

- 2 =3t Hlol ¥ o] AF gfotF U .
— BREA7 A7 R ag He A9 syt
* - Rust o] Algsl= 2] e A A5 7] ke AElE T3] E&5
o
-l HZA ZA A2
- Aod Bie HaolM LHER S TAYA FEFo] Z Ao HdEUH
* -39 aE Ao F T o] Holuhal Al F A Ay
- AR e o
- AdE.

~ FFI et 2¥3)E gl g,
~ ] go] 57 g ZAE

- A At 2 FoAA.,
- UR 2&A e},

- WA HAE 724,

- LSP (Language Server Protocol, 910} AH] T2 EF) 2| o] &= o] Q1 5.
This slide should take about 3 minutes.
o 7] B2 AIZHE EUA] bpA| Q. o] BE AFE Lol ZFAS] ThE Y o

47 SA ofH m2 127 ojS AHEFEA Zo] A7 Bhgt T o] E Yo & ALEY ol o}
2} el Ao A ofdl 4e Zxalo $X5 nuls BA L

o C/C++: B2E= " AAZ| & EOHH FYZo T A= B
E= Co C++i} H| 23 £20] 55 BAFHA L, 1 Aol FoA S5 &5t
77t sy =3, ™ HZ‘OM 7|2 o= AlF 4 =
o 715 E& AFdYt.
e Java, Go, Python, JavaScript: o] Ao =3 5L
KRS ‘—714 o A5Yo 7710 galf, 7HH| 2] A E
= 710g = Asyoh 22 Za g

_\'L‘
rlr
ofN
1

4.3 Edo|as2E

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:

s = o)A Tustfmt S4S ALgato] B WA o2 T @alg A


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

+ Rustol= ZE8 YA I3 5 7hd 7|2 T2 0] gk H¥ L (37 ek AAL A
Aok 714) 9 EA) (6 A Aeke 24 A F7h Aok dve] o 2o A AT 5

AFU
o YHAlo] OAIH . ol o] "ASM' & ARES] A H ol 5T R E

This slide should take about 2 minutes.

glstAl L.

i
1k

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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Al 5 &

ehel 2 2

This segment should take about 45 minutes. It contains:

Slide Duration
Hello World! 5 minutes
B4 5 minutes
4y 5 minutes
A Ak 3 minutes
=2 5 minutes
Bt & 3 minutes
ALHEA: o2 u=] 15 minutes

5.1 Hello World!

7 et M AE 2 g o 2 ), 1A Q1 Hello World & 2HAJ 3l BZl&Uh

¢ C/C++ 2t nPR7IR 2 SHD(} 2 55 FAFGH O

* main gee 22O AAH AU

« YAEE Ef =3t j 32 (hygienic macros) AlAES 7 3 &Yt println!E 1 oA
Y.

« HAEO FAH2 UTF-8 = T o] 22| e 22 FUAE 4

This slide should take about 5 minutes.

=34 4+ AsyH

l

i

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] LRI E:
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+ YAEL C/C++/Java o 2 HEA Q) THE Slofel ol AR Th B AE L A}
AU Wesk 49t oplete, el AEL ojn] £xfstE 2 A2 FA3

og

- PAEL gUIE Y3 e A 2ol 5L AR Ak,

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

o L5 mj 3 2 (hygienic macro) = I 27} AFRE &= AT I or
ﬂ%%HQwW”HAEwiiLﬂﬂdh%amdﬂtexiEh%i%%ﬂﬂwﬁ.

AEs W 2oty dojdyth ol & Sof gejet A A% w2 ey s
o, 949 9ol 2 BREAE X9 ZHe W0 w4 Aile Ayt

E
1o
I

[
£
o8

52 W

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

fn main() {
let x: 132 = 10;
println! ("x: {x}");
/1 x = 20,
/1 println!("x: {x}");
}

This slide should take about 5 minutes.

s x = 209 74 M8 AASt] W4Tt 7| RA 02 BHYS BelF Utk nut 7SS 27
stof W42 5 82U,

o 7|4 'i32' = W49 EFA A YT o] = Hutd AJ7boll A ok shA| T EFY] 2 (UFoll AH)
= AHgotH 2wt o] & A 4 = At EEy T

53 3
o2 2 7HA] 712 WA el 2 el o) 95 E gk 2R d Yo
et 2 el 7t
H39l=24 18,116,132, 164, -10,0,1_000,123_1i64
g 1128, isize
BSd= 4  u8,ul6, u32, ubd, 0,123,10_ulé6
e ul28,usize
HE A 32, f64 3.14,-10.0e20,2_f32
eYys= B char ‘a','a ', oo
At
=7 bool true, false

ZF ebQle] 37]&= th33 25 yth
e iN,uN, fN & 2% N HE Ut}
o isize 9} usize &= ZIE 9 e 37Ut}


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

* char 32 H|E jyt},
* bool 2 8 H|E {Jur}.

This slide should take about 5 minutes.
ol EAIE A g2 E 712 2 o] 5 Uth

» 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.

54 <At

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

}

fn main() {
println!("Z3: {}", interproduct (120, 100, 248));
}

This slide should take about 3 minutes.

main ©] 9] 9] g4t o|o] X go| ATt ofn] = Wk Al Ao} H4E AT H4E wrekdy
th. @4e 3ol o 2H4l3] sy

c}2 olojo} )9 ANSHH] S A< glv} Hl gL Ch

2 of®s Hup? C 2 Crof A ool oHBRE A2 Yol x| on,
ojuf utdelol A ohE el S AT > HUTh Rustoll A= F4 B2 A0 B2
o] Hel=lo] gLk,

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).

A el 4 BEA Y M BERE FX DR o ool At HE F4vt Ba g

55 &A4

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-27] AE 2Lk 24 el P e o] Bl 7Yk

fn main() {
let greeting: &str = " QIApZ";
let planet: &str = ".7";
let mut sentence = String::new();
sentence.push_str(greeting);
sentence.push_str(", ");
sentence.push_str(planet);
println! ("vpAlet &4 {}", sentence);
println!("{:?}", &sentence[0..5]);

28



//println! ("{:?}", &sentence[l12..13]);
}

This slide should take about 5 minutes.

o] &gtolEr A i7H°P14E} o7]of A& e g
=9} AEEA A Tx} & Mgt dHE old e 2
o £2+E ol Z5H UTF-8 129 0] e A2 o= A
= o857 g5y

« String 2 A& (:inew()) I s.push_str(..) ¥ &2 WA =7F Z3HE AREAF o BHY)

AUt

¢ &str o &= 2 Y-S UEHAY T Fx2E USol R 2R AF2 &str &' 7] A& 2xF
S 9on|sle ol 2 A ZFShAN| L

« 24 AT H 22 Hlo]E YW BAde] Aele AARUTH 12, .13 & 23 AAel A B}
A erons o 1elo] ad At Hulch 8 HA Aol met Zak AAGNH Bb wel
Z A %]-],][‘,]-

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

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.

BAEL W57} oA ALEEEAS B O M4 e 2EFUCh
fn takes_u32(x: u32) {

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

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

}
fn main() {
let x = 10;
let y = 20;
takes_u32(x);
takes_i8(y);
/1 takes_u32(y);
}

This slide should take about 3 minutes.

o sefo| =k, B AE Hue|7t MAvt ol @A Melslo] 9T, o BA ALGH EAE Aof 20
Aot 4] Bl & FEBHE R4 HolF U,
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o 7)4 F23 A2, ol YA WAIH bl W5k HAH ATk A vojw Y olete of Fe
4 9l ehgol He 22 ofete FAUTh HAIFl eh) Aelo] | gld, kel 7k ATt o]
NFEL gAY Pupdels oAl e NS A 5 YES A T2} o AR R
S %4 ES £ BYUTh
bR A= B4 2e U e}l S @A i A9 Rust = 7| 2H 02 132 2 AHSF UL 2W 2
7 ARl {integer}® EAIE 4 Y&Uth Rl R BE 257 eleje] 7| B f6d UY]
}
fn main() {

let x = 3.14;

let y = 20;

assert_eq!(x, y);
// ERROR: “{float} == {integer}' F3do| ¢

5.7 A&EEA: B

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 {
/1 718 Ay
todo! ("Implement this")
} else {
/1 AT AU,
todo! ("Implement this")

}

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

5.7.1 sig

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

fn main() {
let n = 20;

30



printIn! ("fib({n}) = {}", fib(n));
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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
AE5aA: Z2k= =4 15 minutes
6.1 if 23
o2 lojo] if Bk E7bo] if T AL AFEFYTh
fn main() {
let x = 10;
if x == 0 {
println!("zexro!");
} else if x < 100 {
println! ("&");
} else {
println! ("AHg");
}
}
c:gle s

A7t if £ BAN O AHEE 4= syt ok
fn main() {
let x = 10;

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

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

}
This slide should take about 4 minutes.
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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.

EFA O if 7} AFEH ¢ ok B3 LESH] Y B A of ; o] lojof gt Autde . B E K
2H println! 99l ; S AHAISHA Q.

6.2 ujid for HIE R

Rust °ll+= while, loop, for k= Al 7HA] §HE 7] =71 Q& U T

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 WH2 22 47hA 0t AYPLh hA e} e T 7= OB 1. =59 2 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 {

33


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

break;

6.3 break 2} continue

o HHES SA] AlZStEH continue & ARG R TH

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
AU 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 gt-& BHHslE G439 HHEEQ UL} o] while ¥ for WHEE3} &2
4% g He LS Systt 2lo] BAE] YEYy,
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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}");
}
919l main g4t vlA et B@4 o] ; 2 BU| oo whehE] = gt ebelo] () Yuith
This slide and its sub-slides should take about 5 minutes.

« 22 0hA 9 22 £HSHA B2 gho] o P vl A B FA 2. o] & Sof, Mu| T2 e
Q7L Witk 4], obU T Teturn & AR83) AL

6.4.1 ¢ (Scopes) 2 1= (Shadowing)
el Mol AAS B BF0 2 TP

A7 W 9loll gl Waeh, vl W glol Sl W4 BE AH (IEY) 4 AUtk
fn main() {

let a = 10;
println!("o]™: {a}");
{

let a = "hello";
println! ("% &9 {a}");

let a = true;
println! ("Ul® ®<9 M= HE: {a}");
}

println!("c]&: {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.

e Ao HEYS EH IEE o BE5HA TrETn A4e £ = 21%‘45} a=u “Zﬂi #l =
Y= 0§, ofH Mo A Lunwrap() ¥ &2 MEZR Mo 2 A MEL 0|55 A=

B e glol 71 Z ol 82 RAE 4 oA Hal gL,

o}l
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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));
}

This slide should take about 3 minutes.

s 7SS A AD wiofl o] &2 WA 240, 8§l S UFol FUH. ol B2 = AE2EY
th. ol &7 o] (& 501 O) o Bt ol -2 skA17] Bt Ut mi7iA 2, 2| el = 9
0] A|Zto] opd 7 Sl F2ofl A A gty

» 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).

o 9hEHgho] gl &4l A2, S W B () & WU -> () 7HAEE A AndE s olE
FESY

* Overloading is not supported — each function has a single implementation.

- 2" N v 5 ARG YT 7] 2 Qe ALEHA gadth w2z = 7
S48 A ohs ul ALg S 4 g

— Always takes a single set of parameter types. These types can be generic, which will
be covered later.

6.6 "aI=

Wi ute Fof Rust E2 A E o et 40) A2 ALY & Yauith Boj 12 7R

* println!(format, ..) printsaline tostandard output, applying formatting described
instd::fmt.
format! (format, ..) 2 println!x§ Z&stA 235 ExE 2 whgkghyct,

dbg! (expression) < E¥ A9 gt 7] S5t Hhehg U,
todo! () & YR T2 obx 1RE K ke oz BAFGUT A
unreachable! () 2 42 F=E A ®
fn factorial(n: u32) ->
let mut product = 1;
for 1 in 1..=n {
product *= dbg!(i);

1=}
T

c
w
N

~ M

}
product
}

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

fn main() {

let n = 4;

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

This slide should take about 2 minutes.

o] Ao A& o]2jat UukH el Me] 7|50 9o o] S A WS F]ojslof Ut mjazE
Bolgt o] got S e SH3| F28kA o
o] Yol M= A= B & ThFA] EA|TF o] & —1‘&01] A o o) 3 20] AFgof Tal] drgshct,

mm
x

6.7 AEEA: === +4¢

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

* If n, is 1, then the sequence terminates at n;.
* If n; is even, thenn,,, =n;/2.
* If n;is odd, thenn, , =3 *n, + 1.

For example, beginning with n, = 3:

3isodd,son,=3*3+1=10;
10is even,sony =10/2=5;
5isodd,son,=3*5+1=16;
16iseven,son; =16/2=38;
8iseven,son, =8/2 =4,
4iseven,son,=4/2=2;
2 is even, so ng = 1; and
Sdo] 28U
Zo]71 3 Wizl n ol djsf Fetx £Ae] Bol g A4S
/11 nYolN AZshe Zehx 9ol Zolg AU
fn collatz_length(mut n: i32) -> u32 {

todo! ("Implement this")

}

s 2

g

Sl

rr
i

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

}

6.7.1 3
/11 “nTolA Azt Fetz £do] dolg AARFYH.
fn collatz_length(mut n: i32) -> u32 {
let mut len = 1;
while n > 1 {
n=1ifn % 2==0{n/ 2 }else { 3 *n+11%;
len += 1;

37


https://en.wikipedia.org/wiki/Collatz_conjecture

len

}

#[test]

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

}

fn main() {
println!("Zo]: {}", 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] ) 50 minutes
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This segment should take about 35 minutes. It contains:

Slide Duration
vy 5 minutes
FE 5 minutes
g whE 3 minutes
IAY 2ol (Y3x3H) 5 minutes
ALEEA: TH 15 minutes

8.1 H|¥

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

}

This slide should take about 5 minutes.

» 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.

¢ WSS Gojut vl @ 20 M2 HAL, ul oM AE Pero] B F U T Rust
202 ofe|al sel g A oke 4 900, H7SHA] gk Rust & AHG5HA W9 el

& 4= dgurh

- e S AL gsto] ol Zhe TP 4+ AsUTh

£ o
ol o

* 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.

o #2 F7hoH ({a:#2)) & o 817] 4l 7ol FHi= S0 Hyth
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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);

}

This slide should take about 5 minutes.

=
FEol & g2 1.0, t. 13 Zo] Ae| a2 HJ2F 4 AFYh

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

(o]
+ FEL A2 o2 5o 5S st B HYo s BaUTh
= Iz Z

8.3 g W&

for 2.2 ujd whe.g | skA R REL A UshA) g
fn main() {
let primes = [2, 3, 5, 7, 11, 13, 17, 19];
for prime in primes {
for i in 2. .prime {
assert_ne! (prime % i, 0);

}
}

This slide should take about 3 minutes.

o] 7|52 Intolterator E&|3l& AFE5HA| T o 7] A= o} 2] o} 24] k& .

assert_ne! tj3 27} of7]o] &2 F7}EEUTH assert_eq! ¥ assert! |32 x= JlHY T
ol A2 EL At ZH2 Q1A U debug_assert! 9 22 U1 ML mjAZE A FEofA

Anhl el A ok Abek e,

84 ¥AY &3 (J+=x8)

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

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

let left = tuple.O;

let right = tuple.1;

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

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

42



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

This works with any kind of structured value:

struct Foo {
a: i32,
b: bool,
}

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

This slide should take about 5 minutes.

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

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

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

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

8.5 ALEEA::ZFH ud

sjdol & chg 3t 2o ok 2 wjdo] E3hd 4 AUtk
let array = [[1, 2, 3], [4, 5
What is the type of this variable?

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

X 123K 147
"transpose"X 4 5 6[X "==" 2538
X 789K 3609
I BEPo 47|=3x3 & st=FY Y
el =2 https:/play.rust-lang.org/ o] Z2AtsA] FA3IAH Hych:

// TODO: —+&o] & EEH o5 AbA|ghuct,
#! [allow(unused_variables, dead_code)]

4
ok

[0)

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

}

#[test]
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fn test_transpose() {
let matrix = [
[101, 102, 1031, //
[201, 202, 203],
[301, 302, 3031,
1
let transposed = transpose(matrix);
assert_eq! (
transposed,
[
[101, 201, 3011, //
[102, 202, 302],
[103, 203, 303],

)
}

fn main() {
let matrix = [
[101, 102, 1@3], // <-- FAOo=& rustfmt7} SHES 27154},
[201, 202, 203],
[301, 302, 303],
1,

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

8.5.1 3Ig

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

}
}
result
}
#[test]

fn test_transpose() {
let matrix = [
[101, 102, 1@3], //
[201, 202, 203],
[301, 302, 303],
1’
let transposed = transpose(matrix);
assert_eq! (
transposed,
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[101, 201, 3011, //
[102, 202, 302],
[103, 203, 303],

)
}

fn main() {
let matrix = [
[101, 102,

1,

1031, // <-- FA2Z rustfmt7} EvES
[201, 202, 203],
[301, 302, 303],

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

let transposed
println! ("7 x3y

=
= .

transpose(matrix);
{:#?}", transposed);

45
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Slide Duration

TR Ex 10 minutes
5] P(danghng)% 10 minutes
AEEA: = 15 minutes

2 gholl o Q) XA QL OhE ghol Al Asks WS AFein] W ol U B
G ZAz2E 7] dgolH FxH dolHe= HAT 4+ glsUt
fn main() {

let a = 'A';

let b = 'B';

let mut r: &char = &a;

println!("xr: {}", *r);
= &b;

println!("xr: {}", *r);

ool the -5 FE L 4T HHAS 2EUTH B2 3L &
Fz shol g2 AEUL
AE

= 54} (dangling) ¥22 Znbel2] Aol A 2ol ZAFH T
132, 132) {

ra

AR AU * A g2

=2

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

}
This slide should take about 10 minutes.

 FEE FREE S WAL T 5o, o Zlefol o] &ahx] e sy 2y
COﬂH = Z}RE Arﬁokofl Zoll M AT 4= QAT o 5] e Hart e ' AF .

dofl Tak ALAIE g2 32 2ol T UTh

lr>-f‘~
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« Az ZolEE TR 22 o] Fe stely)e iRt B 28 4 9tk AYUth CEE
Crsof o4 P e A S LAAH 2 A4 Th 3 o] TR A= Rust 7 A ZAE 4}
oA B 2w =2 obd w18 Wshs WS ohEUh

* Rust = =S Aoz AYshA] gadth &7 4 Zagd

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

o] ofolA] 12 W7 AR b 8P 4 YGUTH = &b). oA 3 1 o] ThA Bl
Selol G A8 FUUG. 0% dxol il 424 ol WIS Coste U
A5t 2

=
o 29 Fzol AL 2 go] WA THsEetE o5 44 Utk *r = X 2 YA R

48 275to] 5] 22 4457 FRAT. HUE Rusto]

29 F2h TS 4 ai—s—qur x_axis & point o tie 8 WS point
WhEE| Rl ol SjAlE| D 2 Autels 4] g,

FAE o= uf o] Woj tisl o A}A|5] o|ok7] 57

»\_J
n:l)
)
)

fn main() {
let mut point = (1, 2);
let x_coord = &mut point.0;
*x_cooxrd = 20;
println!("point: {point:?}");
}
This slide should take about 10 minutes.
7] ZRIE:
o "HYERA" o] 7t gholl M| AT o] o] I AT AREE £ 52 oyt FAlo ohE FE (
§ L ka7 2 4 gonl, et Ao Eafss Selol 42a o
AEYT x_coord 7t E/d8tE] o] Ql+= 52t &point.0 S =AY point.0

Q

aa,

» Be sure to note the difference between let mut x_coord: &i32 and let x_cooxd:
&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.

9.3 AFEEA: =

S =l Hso] BZlSUch 3 X Ade s HE [fe4;3] o2 1}
EHHEE JLJD} Sk A2 7R A A sy

)
/1 AFEE Agstel MeEe 2718 ANFUL. “v.sqrt() ¢ 22 sqrt()’ HAHEE AHgs

/1 ALY
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fn magnitude(...) -> f64 {
todo! ()

/1 ¥He) 3712 ANsIL B
/1 ¥EE BFergy.

#EE T 2712 A

rln

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

// TS “main'S ArS35te] S HAESHCH,

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

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

println!("{v:?} 37[: {}", magnitude(&v));
normalize(&mut v);

println! ("A+2e & {v:?23e] =27]: {}", magnitude(&v));

9.3.1 &g

/11 AZZE HEQ 278 ALy,
fn magnitude(vector: &[f64; 3]) -> f64 {
let mut mag_squared = 0.0;
for coord in vector {
mag_squared += coord * coord;
}
mag_squared.sqrt()
}

/11 FF HFG glo] HlE A7|5 1.0°28 ®HAIYG.
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:?} 37]: {}", magnitude(&v));
normalize(&mut v);

println! ("A+a & {v:?2}3e =Z7]: {}", magnitude(&v));
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gt Aol gl

This segment should take about 50 minutes. It contains:

Slide Duration
TZA 10 minutes
= 10 minutes
Ay 5 minutes
& H 4= (static) 2 A4 (const) 5 minutes
B % 2 minutes
AL EA|: d2jH|o] g o]HIE 15 minutes

10.1 XA

C/Cr+ &} IPI7IA 2 B AEE ALY 2241 AL
struct Person {

name: String,

age: u8,

}

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

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

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

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

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

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

}

This slide should take about 10 minutes.

7] IR E:

FEA = C/C++ o FARI T

~ C++ 9} 2% C 2h P £49) 2 4 ol5}7] 93] typedef 7} B 2.31A] eguict.

- Ce+ b TR 22 7 %L gyt
* 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 EFolEo s BE oJ o] B T2 W ALE S 4 e FE F2AE 27U
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.

struct Point(i32, i32);

fn main() {
let p = Point(17, 23);
printIn!("({}, {})", p.0, p.1);
}
52 I1xA = 5 92 2o 2 (wrapper, 2l AE0| A FEFY (newtype) ol2til B E) 2 AHE
gyck:
struct PoundsOfForce(f64);
struct Newtons(f64);

fn compute_thruster_force() -> PoundsOfForce {
todo! ("NASA 27 1&tzo]A] EolEA Q")
}

fn set_thruster_force(force: Newtons) {
//

}

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

}

This slide should take about 10 minutes.
+ RERIE 7% Elglo] 2711 ool & tia
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- Akl & 9IS EAIE 4 915 91°lA Newtons o] 11 oyt

— The value passed some validation when it was created, so you no longer have to
validate it again at every use: PhoneNumber (String) or OddNumber (u32).

» Newtons E}2] 9] Zhol| f64 212 tlst= WS HolZA Q.

- Y2E= £95HA L:}% 71% sojgdyd. & ¥ AHF 22 unwrap stAY =2 T2

A% 3ho 2 AgSHE A5l 18 &,
— kA Al 3 ARk AU Y ol A chEuT,

* o] 314 7|5 # =4 (Mars Climate Orbiter) 2] Auf 9102 X EH =3y Y 2

olFych.

10.3 9AY

enum 7] Y &= H7lA] ¥3 (variant) S 2 B3 E = dAY 5Y2 YA

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

#[derive(Debug) ]
enum PlayerMove {

Pass, /1 T WY
Run(Direction), // EZ HJ
Teleport { x: u32, y: u32 }, // =4 #g

}

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

}

This slide should take about 5 minutes.

7] IQIE:

* Enumerations allow you to collect a set of values under one type.

e Direction 2 g & 7t1A = €AY 5Fd 4 Yttt o7 o] & Direction:

Direction::Right & & Zto] Zgtgyrch.

B i
fjrt
s

cLeft <+

* 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 Aot o 2Aaske] 2743 ALSFU Tt
- 293t 75‘—‘,3— g Qs 7]—1]— ZFo 37]_4 ;(oqzr\_g X_];g,fg_qq.

¢

[e) r O

Hg A L]l:} 'EA A3}, o & S0 Option<&u8>S A4S 71 7= Ll

None ¥H1& 2] 742 NULL & A &3yt
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- coke) AFS 9ol AR g YW Y S & YUk
#[repr(u32)]
enum Bar {
A, /D
B = 10000,
C, // 10001

}

fn main() {
println!("A: {}", Bar::A as u32);
println!("B: {}", Bar::B as u32);
println!("C: {}", Bar::C as u32);
}
repr £/do] gt 10001 ] 2 Hio|E & H ¥ 7}5517] wioll AEAFe] BtY) 27]+= 2 HE
o|E7} "y},

o A E 7
Rust o= enum ©] ] 32 Z7H2 A AL E 5t= o] AFR S 4= Q= ol 2] H A3 J&UT).
o YEOIE &S} o EFQ S0 thsl| A Bl AE = size_of::<T>() 7 size_of: :<Option<T>>()
oF 2 S BA .
%ﬂiéiﬂﬂﬂﬁﬂﬂ@%%ﬁ%%WPj“qmﬁﬁAﬂﬂiEiﬁ%ﬂﬂﬁﬁﬂé
AL, 07|04 HojF= v E gigo] Hutd 7t BAs = A2 otyzt= AUyt o 7]
o] &dt+= A2 23] unsafe &Y

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);
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println!("Option<&i32>:");
dbg_bits!(None: :<&1i32>, usize);
dbg_bits!(Some(&0i32), usize);

10.4 AAY 4 (static) 2F A4 (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.

4= (const)

4t 7 @ of 1 gho] AU T3 1 ghe T AT AHSEE BE BB A lekel |

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

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

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

}

Rust RFC Book o] W21 F4&, 1 447 AR = 3ol 2kl gyt

const gh= 44 wol= const & v E dh4ptto] 35 7h55kH, o] 352 Zuhd Ao 230
HUth 58 const 452 detdol 255t A= 7

AA W4 (static)

A M 2200 23 E S FAZFHUH 22 B2 & HE42 o] (move) HA| 5
o}

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

fn main() {

println! (" {BANNER}");
}
As noted in the Rust RFC Book, these are not inlined upon use and have an actual associated
memory location. This is useful for unsafe and embedded code, and the variable lives through
the entirety of the program execution. When a globally-scoped value does not have a reason
to need object identity, const is generally preferred.
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This slide should take about 5 minutes.

« AEQ const & C++2] constexpr 2} of-L H] S o)

o HtHO| JAES] static & C++9] const Y 7HH A& ¥4 (mutable global variable) ¢ &
A FARRMY

« static & ZAo] BA/dE FoAF Yk Aol vl g JolAe] 4, a2 YR JElE
o m) gty o},

o R £YPA] T Gho] HA = vt 289t A= YL Ay A8y s, H A
H4E AR ote A Eobe o -85t by

&4 A& (static) {4 AF4> (constant)

2 o ol (olgtel &)

== | ofy e

¥O 1 2 o

o (2 A = ol

o[ o,

o

o e =718 ) o

= [

o
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ol e S
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e

rfrro
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-

o 4w =]

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

Thread-local data can be created with the macro std: : thread_local.
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e ¥ye e
enum CarryableConcreteltem {

Left,
Right,

o

HEREERE

L

Utk = e A2 uH A ALEE 4 A5

}

type Item = CarryableConcreteltem;

/1 B oheT Zo]l 41 EHSH golM § {E&3Ut.

use std::cell::RefCell;

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

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

This slide should take about 2 minutes.
C =2 mE o] = typedef & FAMH Ao 2 1A ZH T,

10.6 AFEA: LuojE oJHIE

Az2|do]E] Ao} A|2aH|9] oW EE L= Ho]E T2 E THEo] BZ& YT Tt o|HIES 7/
5t7] Y3l etd o 45 Folshe A2 At HAdUh AP Bt S {7} EHES B3 2T
A=Z #[derive(Debug)] & AH&EAILh,

o] Aol A& main g7t o2l glo] B&EtEE tloj g 2T RHEH FHuth o] I} Q] thg B2

M olg|at 2o A Hlo]El S 7hA 2t g ohg U
#[derive(Debug) ]
/11 ZAEEZE2|7} ¥hZalof stz AzfH]olE] A|ARIS] o|HlEQY T},
enum Event {

// TODO: Zosh WgEs F7lehAle.
}

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

}

/17 Aejdo]gl7t A AFH Fol =2FEYT.

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

}

/11 FeEjHolg Zo] dREYTt.
fn car_door_opened() -> Event {

todo! ()
}

/7] lglHolg Fo] ZaLuc),
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fn car_door_closed() -> Event {
todo! ()
}

/17 AQE F9] dejuoly ZH|oA HEF HES Y.

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

}

/11 FEHolE oA F HEZ =S

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

}

fn main() {
println!(
"13 S0 F HES =XsUT. {7},
lobby_call_button_pressed(0, Direction::Up)
),
println!("deuole{7b 1 3o =285 UT: {:?}", car_arrived(0));
println!("<2#oly Fo| dslsych. {:?}", car_door_opened());
println!(
"ol 3% HES s3sY. {7},
car_floor_button_pressed(3)
),
println!("deso]le Fo] &FHUTH: {:?}", car_door_closed());
println! ("dg o7} 3 2o =&3P&UTh. {:?}", car_arrived(3));

10.6.1 3SIE

#[derive(Debug) ]

/11 ZAEZE 7} HEajop sHe Ajuole] AJAgle] oM E]UT,
enum Event {

/11 HEZ =3sU.
ButtonPressed(Button),

/11 AEHolg 7t AAH Fol =PEU.
CarArrived(Floor),

/77 AH|olg Zo] &
CarDoorOpened,

)
)

Sl=8

/171 dejHolE] Fo| &%
CarDoorClosed,

4t
i)
°
iu

}

/11 T2 B2 BAEUH.
type Floor = i32;

/17 0% WU,
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#[derive(Debug) ]
enum Direction {

Up,
Down,
}
/11 ASA7E AHAT 4 e HEYUL,

#[derive(Debug) ]

enum Button {
/11 B F9 dejHlolg ZH|o] Sl HEUYT.
LobbyCall(Direction, Floor),

/17 Aejwlolg URo] = wEeUrt,
CarFloor(Floor),
}

/17 Agjdo]gl7} A AFE Fo| =A|EYT.

fn car_arrived(floor: i32) -> Event {
Event::CarArrived(floor)

}

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

}

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

}

/11 AQHE Fo dejdole] ZH|A BF HES E3EUT.
fn lobby_call_button_pressed(floor: i32, dir: Direction) -> Event {
Event: :ButtonPressed(Button::LobbyCall(dir, floor))

}

/11 FEHolg oA F HEZ =S
fn car_floor_button_pressed(floor i32) -> Event {
Event::ButtonPressed(Button: :CarFlooxr(floor))

}

fn main() {
println!(
"13 S0 AF HES =XsUS. {7},
lobby_call_button_pressed(0, Direction::Up)
),
println! ("ol b 1 Zo =&sisy ok {:?}", car_arrived(0));
println!("<a#olg Fo| dslsuych. {:?}", car_door_opened());
println!(
"ol 3% HES E3sY. {7},
car_floor_button_pressed(3)
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),
println! ("deHolg &o] E35Y {:?}", car_door_closed());
println! ("dgHolE{7} 3 Zof Eﬂiﬂ%qi}. {:?}", car_arrived(3));

_u
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24z 712

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 erelat A2

Egal: o3 eldo A F53h= 52

A2 oh2 ebel o) ebe) m w45}

HF gholHelg] B Y] ® E|Sl: Rust 9] FH3 HF 2ol Hejg] E2{E 7]

A of o

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 EFYo]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
IdAY 25 (J+Z3H) 10 minutes
SE Ao 10 minutes
ALEA: ZAA H7F 30 minutes

12.1 Matching Values

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

C/C++2] switch & H|=5HA| g2 sl o2 AHE S = Qg

#lrustfmt: :skip]

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

> println! ("&EA: {key}"),
println!("7]Et"),

key if key.is_lowercase()

q => println!("Quitting"),
|a| | ISI | IWI | |d| => println!(no]axia O]E.”)
|0| _191 => lentln'("A;(]' O]E:]")’

\%

}

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 ().

B9 W4 (o] ool A& key) & DX S ol A AL§F 4 QU HhI G SR
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Az 7= 70| el ZFLojnt BEo] A5t 2 gt
This slide should take about 10 minutes.
7] ZRIE;

P

A HE AA TR EH) of el e Bae A4S

M

W= if 5 AR A eyt viA| 7kA] 9] =
thEoll Ayt thaba o714 if 2z10] Asfisteiete A

12.2 EAY &3 (F+=38h

FEL o7 2 24 B enum = th5E EAAA HAERH YT 4+ sy

FZ2A

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}, v = {y}"),
Foo { y: 2, x: i} => println!("y = 2, x = {i:?}"),
Foo {y, ..} => println!("y = {y}, 2 F=& FAE"),
}
}
2AY

ek

> Foll A& if

FEAY DA% ko] ARE W o)1 S Fa) Aol AP 5 &Y T 2ekat enum BHI S W

A Abs B &Y o

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

fn divide_in_two(n: i132) -> Result {
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ifn%2==0 {
Result: :0k(n / 2)
} else {
Result: :Err(format! ("{n}= (&) F N9 L3t RECZ U=z £ ¢2"))
}
}

fn main() {
let n = 100;
match divide_in_two(n) {
Result::0k(half) => println!("{n}S (£) & U <2 {half}duc."),
Result::Exrr(msg) => println!("z&&uyct. e77F ¥&EYS. {msg}"),

}

match 2ol A divide_in_two 4ol A Ht&E = Result 42 F 719 (22 714D 2
(destructure) 3t &Y th A WA oA half = Ok variant ol ©7] gt 2 vlld @yt &
Zo M msg & 27 HAIA FxFLol| vild Hy ot

This slide should take about 8 minutes.

FZA

« foo 2 2B gtg of2 el Y5t =g WA

» Foooll M =S 27153 & Qof ufet sl & WA

s Yot g A2 FESH] o E - ASUT. F A 220 2 & ez WA Bl &
=512 e AL Q15N 8. const 2 HASHT ThA] ZE6t=4] elstch

A%

7] Z2I

« if/else ZAA 2 AP S vHesta, o] g2 Yol match 2 ZsidYth

o dAY 0| M variant 2 27}5l7 T2 Adste] L 22 FASEA Q. T o] BHoj
o] AeAl, YA Hupd 7t o' Aoz JES F=A] Zo] AuEA L.

» 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 in-
stead 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.

o

ul

12.3 S= Ao}
Rust ol &= T}2 2ol T} 2 8l 74x] Alo] 58 727} glon sjel Axof ALgHuch,

o if let B34
* while let expressions
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e match 2&4!

if let T34

if let A S ARG gho] siR 3} dx|st=Aof et o RS Ay 4+ AsUh

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)
i
std::thread: :sleep(dur);
printin!("{:?} &9 Z=A5ch. ", dur);

}

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

let else expressions

&S DX A|7] AL Gapo A Hhghsh= AREAQl 7 2oll= let else & AFERY T 'else’ Abe]= 3
g ZEE Hlojyof Ut (return, break == 3y - 559 th3 YIX| & o] 5= ATk ofy ™ H
'—IEP)

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

Hi

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

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

b

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

} else {

Err(String::from("16 @47} ofd"))
}
}

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

}
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vhxefe 2, 25k 2XE PhEs loop 79 £7} eyt

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

}

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

}

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

This slide should take about 10 minutes.

if-let
o if let ol match Ett ¢ 2+2& 45Ut (o: $H71HA] B x|k So| 22 7 9). o]et &

match oA+ EE E%xﬁ} 2] 2] =] o} o} &+
+ AW A8 112 Option & A1-§8 of Some gk& Aelshs AUyt
« match o} 2] if let 2 el AXE 9% Ho A4S A 9ekx) e

let-else

YoM 2 A if-let 2 THT 4 U5UH let-else FER 0] THH Z 5] PHIE A ¢
syt i57} oA HMstst=A] sHYSo] B  UEF oMt M S thA] 2HAJsHA 2

Al 2 E WH 2 k23 25yt

fn hex_or_die_trying(maybe_string: Option<String>) -> Result<u32, String> {
let Some(s) = maybe_string else {
return Exrr(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 Exrr(String::from("16 @7k ofd"));

}

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.
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“— 1

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

©17]4 Box Efe} & AnhE EelEjoln) of o] Srhiro] ) AHH| gL HAESA £ 4 9%
l EE A2 Box: :new & ALR}] AR HAME 4 Qg UTh MAR EAE EHAS Bl
™ deref AL} (%) & AFE5Ho] EhA A S A"t eval (*boxed_expr).

AR FHFAL PYria 4 glon @ &2 Hhskghl o 5 Result<Value, String> IS *é%ﬁi
e LJrE}Lﬂﬂur(Ok(Value ) HIAI A 9F A @ F& YERA YT (Exr(String)). 43—01] Ol esu
e of] thalj A A5 At B ZlE YT
SEE SAste] Rust F20] 1ehe Eof 2019 eval 7S AAFUTL AT AT L FlaE
S3tafoF gtk todo! () & AFESI T HIAES shy SIS ES o wgol D 4 AgUrh

#[ignore] E AFg5Ho] HIAES YAHo g AYE 4% Y&
#[test]
#[ignore]
fn test_value() { .. }
AR AET AL 00 7| A4 oW BRI HASE HAES A BA L. WY A
Result 2 o] BAIE oA AT 4 JS
/17 F 709 5t¢ ZHA oA AP Arkdyrc.
#[derive(Debug) ]
enum Operation {

Add,

Sub,

Mul,

Div,

}

/17 E¥ @A9 mAAYULE,
#[derive(Debug) ]
enum Expression {

/11 % A &9 EmAX o] B Aardyrct,

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

//7 2EE %k

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! (
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eval (Expression::0p {
op: Operation::Add,
left: Box::new(Expression::Value(10)),
right: Box::new(Expression::Value(20)),

)

0k (30)

),
}

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

1),
Err(String::from("0 o2 }%7]"))
)
}
12.4.1 s
/11 F 719 k9] EAHA oA AT AAAYT.
#[derive(Debug) ]



enum Operation {

Add,

Sub,

Mul,

Div,
}
/11 E7 Ao ZHAJYC}.
#[derive(Debug) ]

enum Expression {
/17 % 70e] ste] mAA | I AUt
Op { op: Operation, left: Box<Expression>, right: Box<Expression> },

/11 €3 g%
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 @ Err(_) => return e,

b

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

b

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
}
}
)
}
Expression: :Value(v) => 0Ok(v),
}
}
#[test]

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

#[test]
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fn test_sum() {

}

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

#[test]
fn test_recursion() {

}

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

#[test]
fn test_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= }+7]"))
),

fn main() {

let expr = Expression::0p {
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op: Operation::Sub,

left: Box::new(Expression::Value(20)),

right: Box::new(Expression::Value(10)),
3
println!("expr: {:?}", expr);
println!("Z3: {:?}", eval(expr));
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This segment should take about 50 minutes. It contains:

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

AL EA: ¥k min 20 minutes

13.1 HAE=E

2 2o AE erlol thsl impl 2Eo] 342 MAstel WM E=S AF & 4 AsUch
#[derive(Debug) ]
struct Race {
name: String,
laps: Vec<i32>,
}

impl Race {
/1 F=AZ s, B4 dAEdYL.
fn new(name: &str) -> Self {
Self { name: String::from(name), laps: Vec::new() }

}

// selfol oigt 544 WUd ¢}7]/27] AAAJYTE.

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

}

// selfol ozt 3/ 2 ¢7] A& U HAANAAYG.

fn print_laps(&self) {
println!("$ e {33, {} 47]:", self.laps.len(), self.name);
for (idx, lap) in self.laps.iter().enumerate() {
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println! ("{idx}s: {lap}z");
}

// self o 544 A/
fn finish(self) {
let total: i32 = self.laps.iter().sum();
println!("{} ol =, & # AlZk: {}", self.name, total);

}

fn main() {
let mut race = Race: :new("®us gtz 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:

» gself: TEARNE FR/SE B0 B2 Heg vehdych A7 v
= 5% Fo= A9 4 AsUh

» gmut self: A2 RE §UT /b Fx PA 02 Ax2 We e Yehduch A b
AE 5 FoE A8 4 s

o self: SEAERE AA| 9 ARHS 7HH 0 A= SEAERE HAER o] FHYTH HlA
=7t AH S 25517 Hof meb HAHC R 28U S e FOR WA g s
Z 39 37 A= drop(EiAl) €yt

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

o A gle: FERAY FAH WA S HUTh 22 YRS BEu) AESH He, A4RE
3] new gt o] 2 Y Yt

This slide should take about 8 minutes.
7] ZRIE.:

« HMES et Blalsto] Avlske Ak E20] & 4 AEUh
- HNEE %%‘M AP 22 B AR 20N TF =, A A of 7 4> (2t
B) = J2HAE self 2 By
- HAEZ o] &35t receiver #H 2 AHES 3 FES EH AAX oz HS £ Us
Uth WA EEo] AZ 75 OJAXIOH 2ol oy 5
« WA= receiver ¢ self 7| = AFES AFS "r}\] 7] iy o
- ol|AH|o] G- self: &Self o R HAUYPLS LdFal, F2A9] o] 52 A AFE-5HH of
A == Xl Hoj2= A= F5YH
- impl 25 WFolM = Self 7t a9 EFQ) 9] o] & & 22 AHEE 4 &< ¢EF
EE TR CENEE Sk A8 ol self o A 7] & Abgstof 7iE
= d2g 4+ Ay
— This might be a good time to demonstrate how the &self differs from self by
trying to run finish twice.
- self & AR85te olZ2 P S 9Jol= Box<Self>2} o] 2JAIH EFIC 2 5| &5 =

JZ
HU
)
2
e
iz
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Egol2 gt E 37443} sh=dl AFEE Y. I EE o] A%} H| g o
trait Pet {

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

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

This slide and its sub-slides should take about 15 minutes.
o Eol2 sl EolS &35t 95l El}do] 74A oF 5h= o 2| m A EE Aol gyt

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

13.2.1 Implementing Traits

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

fn greet(&self) {
println! ("2, Fofl! o]Fo] FoF? {}", self.talk());
}
}

struct Dog {
name: String,
age: 18,

}

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

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

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

* Unlike Go interfaces, just having matching methods is not enough: a Cat type with a
talk() method would not automatically satisfy Pet unless it isin an impl Pet block.
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* Traits may provide default implementations of some methods. Default implementations
can rely on all the methods of the trait. In this case, greet is provided, and relies on
talk.

13.2.2 E#|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 F7EHY
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;
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impl Multiply for Meters {
type Output = MetersSquared;
fn multiply(&self, other: &Self) -> Self::Output {
MetersSquared(self.? * other.0)
}
}

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

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

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

13.3 Edg|ql A&&517]

A ol et 2ol B ehelol A5 02 TAT 4 &
#[derive(Debug, Clone, Default)]
struct Player {
name: String,
strength: u8,
hit_points: u8,
}

fn main() {
let pl = Player::default(); // 7|2 E=|ol2 ‘default’ *§4~
let mut p2 = pl.clone(); // Clone EZ9l2 “clone’ HA =S
p2.name = String from("EldurScrollz");
// Debug E#|olZ "{:?}  BHZ A8t E8S AHdF?YT.
println! ("{:?} EH {73, pl, p2);
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}

This slide should take about 3 minutes.

e u|a2E AHgstol 2D B TuolEvt 483 44 AR S A Fete] R85 715S 2
7ttt o & £0] serde & #[derive(Serialize)] & AH&35to] 12A9] 2| H3t A L& &

o A5y

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

use std::fmt::Display;

pub trait Logger {

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

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

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, innexr: StderrlLogger };
do_things (&1);

13.4.1 g
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");
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}

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

max_verbosity: u8,

inner: StderrlLogger,

}

impl Logger for VerbosityFilter {
fn log(&self, verbosity: u8, message: impl Display) {
if verbosity <= self.max_verbosity ({
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
Aug g4 5 minutes
A E dlo] ¥ ER) 10 minutes

Ay erd Ag (E3Q AA4) 10 minutes
EgQl £&3}7] (impl Trait) 5 minutes
AL EA: Ak min 10 minutes

14.1 A" g4

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> Zol @t “even' E=E “odd & AeEgdyct.
fn pick<T>(n: i32, even: T, odd: T) -> T {
ifn% 2 ==20 {
even
} else {
odd
}
}

fn main() {
println! ("Ad=sk =2k {2}, pick(97, 222, 333));
printlnl("A=s F=: {:?2}", pick(28, ("7I", 1), ("2Zel", 2)));
}

This slide should take about 5 minutes.
» Rust = 214 B whe) 2o bl S 7|9ho 2 T o ebel & 2,
+ o] Cr+ S ZET} B 25HA T Rust & AU 345 ZA] REAHO R HutAstn R AoF 27
I Ldx]st= ZE Bl 47 fFESoF gUth olE E0ln == 0% F$ even + odd &
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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 AU g)o] g €]

Alv| 2 & A-g5to] WE| B
#[derive(Debug) ]
struct Point<T> {

Xx: T,

y: T,

o
o
4

%)
o
ok
+
39,
oy
L
iu)

}

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());
}
This slide should take about 10 minutes.
. :impl<T> Point<T> {}ollA T7} < & ®H AFEEHY7F?
- A glol digt Alu|g +& o] 7] Wi 2d Y. o] F AUE2 M E SPEHJ Y
- ol ol B E Tof thafjA] o] HlAEFo] HolHth= AZ ofuyct
— It is possible to write impl Point<u32> { }
* Point + of%35] A|v|E o]l Point<f64>E AFET & AR o] EE MM EE
Point<u32>%t & 4 &yt

s M4 let p = Point { x: 5, y: 10.0 }; & Ads) EAQ. oS3 22 F 7H9] &
A HEE AFESHo] T2 B 245 71 ZRIEE 5|85t &E Z =& Yoo EFYTh T ¢
U

14.3 AV Eglal

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

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

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

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

» Implementations of the trait do not need to cover all possible type parameters. Here,
Foo::From("hello") would not compile because there is no From<&str> implemen-
tation 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 AUE g A (EAA BA)
A2 g o] g3tet B Eljo] o Exjole FAskT Qofof sHe 497t LUt Lefof 1 Eg
A HMEE 228 4 7l Wedyth
T: Trait £ impl Trait & ARR3HH Yok
fn duplicate<T: Clone>(a: T) -> (T, T) {
(a.clone(), a.clone())

}
// strxuct NotClonable;

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

}

This slide should take about 8 minutes.
» NonClonable & 7H50f duplicate ol g3l HA|Q.
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+ 7] Egglo] B agt

%!
« where B g AF8E & JEUTL $AYEE TS ATl 1 BYS 0tEE 4 AFUTh
> | T

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

T: Clone,
{

(a.clone(), a.clone())
}
- o5 o] &5t B mEtHE7F B2 A9 & AITUAE HESHA A 2otk ol =l "
Uct,

* 1 ZFol ol Bl (ol &
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14.5 E# A 1d35}7] (impl Trait)

29l he =9t §AFSHA impl Trait B4 3t4-o] Qlxte} wiEgto| = 28 7h5gh o)
/1t SLgct:
// fn add_42_millions<T: Into<i32>>(x: T) -> 132 {
fn add_42_millions(x: impl Into<i32>) -> 132 {
X.into() + 42_000_000
}

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

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

}

This slide should take about 5 minutes.

impl Trait allows you to work with types which you cannot name. The meaning of impl
Trait is a bit different in the different positions.

o 34 Q1xte] EFl o 2 AFEE IS A fol= impl Trait & EF A AA7ZE A+ o Ay
EFd S om| 3yt

o ZE oz AFEE IS %%oﬂL,J Egolg Fdsts AAQ gl B
izt A A ke AL oJujgyrtt o] I FA| A MY o] 22 APIE F
2 %ol f&3yrt.
47t g E = oA B 22 o &yt ojd
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collect<B<() -> B& Zo] A9 ed& gelot= F4= B & WHEste old B & 2|l
Sk 4 Q& Uth o] 4L S&5= ZoAj= let x: Vec<_> = foo.collect() Y EXE1]
A =8E MM foo.collect: :<Vec<_>>() o Zo] 2|8 BFUS YA A 22 K Fojof & 4
T AEYh
debuggable E}]2 91917127 let debuggable: () = .. 2 Al=3}o] 27 WA A7} o] @7
EAEE=A g

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::0xrdering;
// TODO: “main’ol] AMEEHE “min® 42 AT

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

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

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

}
This slide and its sub-slides should take about 10 minutes.
* Show students the Ord trait and Ordering enum.

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 => 71,

}

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");
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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
FZFgolE3 8] 1 hour and 40 minutes
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A 16 %
EE go|n g

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

Slide Duration
®F gtolEe2g] 3 minutes
A5t 5 minutes
Option 10 minutes
Option, Result 10 minutes
String 10 minutes
Vec 10 minutes
HashMap 10 minutes

AL EA: 78 20 minutes

o] 4ol 7t geto| =0 M= B Ho|A & HESIAL Hof Rl M =S S A o= Mgyt

i

16.1 = glojEH

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 & Vec, Box, Arc & Zo] 19 g &do] F a3t epel-& Z&3yrt.

- JuHE HAE SEER IS £ core W ALE ALY 7HE alloc & 7 ALE R T

16.2 EA g}

Rust comes with extensive documentation. For example:

» All of the details about loops.
. U8 I} 22 7] E B
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» Standard library types like Option or BinaryHeap.
A AL RS BMEHE 4 gy
/17 3 WA 42 £ WA 42 U 4 dsA gelgud,
vy
/11 = RA Aa7h @olH A= false dUtt.
fn is_divisible_by(lhs: u32, rhs: u32) -> bool {
if rhs == 0 {
return false;

}
lhs % rhs == 0

=L oparcke o & x| gyt AlA Y ZE Rust 2to] B2l g
docs.rs ol AHgo2 EAsHg Ut Av o2 AP o RE 37) P52

ojE L

o

//1 o] BREo|L: AHzo B Ay B3y 7]So] EdtE o] A&5yrch,

This slide should take about 5 minutes.

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

16.3 Option

ustdoc =& AF8-5}
e S AFE5to] B4

*/

Option<T>2] A7 ARER]2 ojn| Au{FEUth T B2 & A stA U obf A= A FsHA| &5

Ytt. o & 0] String: :find & Option<usize>E ¥hgHshyct.

fn main() {

let name = "Lowe #JE Léopard Gepardi";

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

println!("find o ®¥&Zk {position:?}");

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

position = name.find('Z");

println! ("find o ®W&HEt {position:?}");

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

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

+ unwrap & Option o] gL2 ¥HeHal AL} U2 WHekgtLIT) expect & H] &3l AT

7} mAlg U,

- None 27 Al iy AJei7} 2 4 A 4" 2 None = A A5t A=

=

- FRAZFE @A A wf 2E ol A unwrap/expect & A3 stE 0]

ZEd Fcs dulgo @ of L2 ¥4 0 2 None & |8 ght}.
« M A3t Option<T>7F = e]ollA] T e} 27|17} 22 487
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https://doc.rust-lang.org/stable/std/option/enum.Option.html
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16.4 Option, Result

Result = Option 3} fAFSEAIRE 2F4 o] A3 =& A3 E Uetuin, 24t Bijlo]l thE Ut ol = &
A A5FolM g2 Res oF FASHAI T AH[ 2] Result<T, E>AYh 7|4 T = Ok Hg ol A&

H3E = Err Hygo] AE YL

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!("t}olojg]: {contents}({bytes}Hlo|E)");
} else {
println! ("ot ZH=E Q& 4 ¢gsyd.");

}
}
Err(err) => {

println! ("tholojgjE& & 4 glsyt. {err}");
}

}

This slide should take about 10 minutes.

* Option ¢t op7tA| &, /d3-8 74 -9-9] k-2 Result W&ol A5yt LA, 7idat= HA A
OS2 o5 FEstojof gyt o3 Fo 2 e 7] ol &7 EAY of 5 HtEA] A A5}
EE fEst gsyth B e /77 Ao @S = 492 unwrap () °lu expect ()
EAREE 4 2lon, o= A ok (I RV 9l & WAAHLR e =
o7 = gy,

* 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 = 2F A2 & AT 2E B AU 3 LA Aol A Aufmydh

16.5 String

String 2 ¥oll &=L 7hH Zojo] EF UTF-8 AHE W duth:
fn main() {
let mut s1 = String::new();
sl.push_str("ergstya");
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());
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}

let s3 = String::from(" ")
println!("s3: len = {}, &4 4 = {}", s3.1len(), s3.chars().count());

String & Deref<Target = str>Z& AU o]=, String gtoll tisi A= str o] 2= wiA
EE 25 4 Ate 9] dYyoh

This slide should take about 10 minutes.

String: :new = MEF ¥l FAE S wtety o} String: :with_capacity = & TH&

A Hooll @2 ol 27]15 &3 = Aol AR 4 AFU

String::len 2 String o] Hfo]E 7] & BHERIYTH (A A 22 eete o £ S Y

t})

String :chars = AA &2} (character) E°ll gt o] Elgo]H & ¥r&3tytt. char 2 &
€ 2AE FY7F AR A S ARR St AN ekE O E 4 sUTh Al 2o R ZAE

B3s= 4 7“*4ﬂ”“qq%$ﬂmﬂHLGMMmmedmwr ZaskA Q.
ARFS o] BA g olzka e ufol = &str o] 71} String o 4 Slguh
= e} o] Deref<TaIget = T>& F3st Q1o # Jﬂr°‘ 2= o2 Bo] To HAEES
223 4 YA =oFYT
- Deref EEﬂ°‘°ﬂ oA ob2] th22] te Bz o] Ao A= o] Aoz A 2] Afo] =}
F27} R Ay,
- String & Deref<Target = str>& Fd3s}L 7] WfZo) String ol i = str
MAESS 52Y 4 YEYTh
— Write and compare let s3 = sl.deref(); and let s3 = &*s1;.
String & Bol & wEl o] glm 2 2R o] LUk W7t A Yot o2 stA AAES
String & A1¥guct ohit String & @74 B3 W&o] ¢ &yt
String & 9 AR HZots HES v A Q:
- s3.chars().nth(i).unwrap() & ©] &3} At t
Hojd o, Blojubz] g2 o 522 dsiA ..
- 53[0..4] 2 o|&3)M BAAo] YRS Mt Sefo|Avt SUTE B2 AA o
o 2] g 49 o %A HlA) dushae
Many types can be converted to a string with the to_string method. This trait is

automatically implemented for all types that implement Display, so anything that can
be formatted can also be converted to a string.
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16.6 Vec

Vec & ol &9 E E2& 71 27] i d Yk
fn main() {

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

off

= {}", 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());

A7F QA= HAH% z7|8k5t= ®BE a2y,
let mut v3 = 3
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/1 A5 2agk gAY,

v3.retain(|x| x % 2 == 0);

println! ("{v3:?}");

/] A& F5 A

v3.dedup();

println!("{v3:?}");
}
Vec & Deref<Target = [T]>E FFYL. o] VecollM ol HHES 55T + 3T
oAy

This slide should take about 10 minutes.

rr

* 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.

* Vec<T>= AlUH ehjo]7] = gyt A T S 2 Zl o€ 2o = glgyh ol 4, BAE

Bt &0l #E ol X push St EllEH2 TE & 4 Nl&’i*qq.

evec![...]=Vec::new() 4l & £ A= TR A2 2 A, 7] o]l & F71SHHEHE A
%%4%%4@
o HlE = [ 434@”“*Ed%@#%%qqaﬂ%ﬁHemﬁ%“ﬂﬁﬂ%%@@

c}. T4l get S AHE5HH Option & HHESHU T pop $H4= ohA| 9t @ A5 A AT ),
» 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 ZZ2C 2 HE HoEE= T & A WU

use std::collections: :HashMap;

fn main() {
let mut page_counts = HashMap: :new();
page_counts.insert ("l 2|2 He| 23" to_string(), 207);
page_counts.insert("71% 35" .to_string(), 751);
page_counts.insert("eyvty} HA" to_string(), 303);

if !page_counts.contains_key ("2l "|#A|ZHE") {
println!(
(3o A i AR & mAlRES €A 2y,
page_counts.len()
)
}

for book in ["@Tty} HA", "o]ikst yeke] dzlAr] {
match page_counts.get(book) {
Some(count) => println!("{book}: {count}=|o]=]")
None => println!("{book}& (&) & £ ¢l&Uyt. ")

90


https://doc.rust-lang.org/std/vec/struct.Vec.html#deref-methods-%5BT%5D

/1 & FE 4 8 A% .entry() WMAES AHgstel e ddddd
for book in ["@vtzt A", "ot ueke] WrAt] {
let page_count: &mut i32 = page_counts.entry(book.to_string()).or_insert(0);
*page_count += 1;

}

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

This slide should take about 10 minutes.
* HashMap 2 prelude ol 2] =] o] A ¢k7] wfjFol PA|H o2 Z7}alF of gt
o o2 ZEE HAES|EA Q. A ZA oA = Aol Fo| Ql=3] ZHAtsto], gloH HEE 712
BrEEhy o S R/ 2ol A= siAI el s ol gl= A9, AT a2 6HM“"OH 715t H
1 e vty ot
let pcl = page_counts
.get("sliz] ZE|e}t mpHALY] E")
.unwrap_or(&336);
let pc2 = page_counts
centry ("IAAL" . to_string())
.or_insert(374);

o EFZEZIRE hashmap ! 22 i3 27} gls Yyt
- 2]AE 1.56 #E+= HashMap o] From<[ (K, V); N]>& F&s}7| ol vid 2 d &
o|-&35to] 4A siAS 2713+ 4 AH5Yh:
let page_counts = HashMap::from([
("she] EEe oAbl £ to_string(), 336),
("IAAY" . to_string(), 374),
1),
7]-%k 4ol th$t Iterator 2 AW S THE —’F—E AsY
of| 2] ZEoX= HeA} oH/\l”.B—J 712 & ;X
88 4= A&tk ok F22 AHESHA

- oA ZECA to_string() & o= Hupdol| ZA|7F S=A] I EA Q. ofH ZA
Oﬂ 1:11:]6]7]]._9_?

— W
~+

o]

mm
;t;

N ol
s
32

O oy
i
ez
o

rfu

ik
)

o AR H H H A E= A U o] EEEERY] (ol & E°] std: :collections: :hash_map: :Keys)
2 gyt o]2]d b 52 Rust ZA oA = A5 4 i’l%LIEJr. T ElA ol B =
of gt ZA & HojF L, o] Ao keys FINE=RS o A7 AS5S & %*ﬂﬂ.

o] AFo A= ¢ S| o] ] L2 5 AFE-5lo] AW 2 OE ot
S AFE5to] of' Zho] BAIE A=A, 242 o EAE A=A
Counter o 7] {2 u32 ot A 55l = & 5t I = o] 9
I1zA L oHEE AYgoz vrsych 22)H Counter 7} &

AdH k7t A entry M ES AFE3l], count HIMES 1A= o] T A 23] 342 A
Hlo 2 Zo{HA Q.
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use std::collections: :HashMap;

/11 Counter = Zt T €t Zhol FAIE SI+E ALbyot.
struct Counter {

values: HashMap<u32, u64>,
}

impl Counter {
/// M Counter & ¥r5uyrt}.
fn new() -> Self {
Counter {
values: HashMap: :new(),
}
}

/11 AQE el ¥y 245 Adyc.
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 AE o] BAIE S4E whehehyct.
fn times_seen(&self, value: u32) -> ub4d {
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! ("{} 7#e {} @& ZHd3isyoh. ", ctr.times_seen(i), i);

}

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

strctr.count(" @A ");

strctr.count ("At");

printIn! ("AFF {37 2", strctr.times_seen("Ati}"));
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use std::collections: :HashMap;
use std::hash::Hash;

/11 Counter+= 27t T Bt zlo]l EAIE 3Sl4+& ALY
struct Counter<T: Eq + Hash> {
values: HashMap<T, u64>,

}

impl<T: Eq + Hash> Counter<T> {
/17 A Counter & vrsUrt},
fn new() -> Self {
Counter { values: HashMap::new() }
I

/11 ARE el Hy sl4E Ayt

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

}

/17 ARE Zro] TAIE 42 whEFUC

fn times_seen(&self, value: T) -> u64 {
self.values.get(&value).copied().unwrap_or_default()

}

}

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

Counter: :new();

for i in 10..20 {
println!("{} 7He {} 2= 23S Yo ", ctr.times_seen(i), 1i);

}

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

strctr.count(" @A ");

strctr.count ("At");

println! ("AFF {37 ¥e", strctr.times_seen("Ati}"));
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This segment should take about 1 hour and 40 minutes. It contains:

Slide Duration
H] 10 minutes
A AR} 10 minutes
From ¥} Into 10 minutes
NAH 5 minutes
Read 2} Write 10 minutes
Default, +ZA| Hulo]E & 5 minutes
=24 (Closure) 20 minutes
AL EA: vlo| 2] Eg 30 minutes

HE 2holuel e el 7t oA 2 7} EFolo] Bat BAE AESHE o] 7S SofshalL.
o AHe ZUith F7boll FA1& AstAlL.

17.1 H|2

olefg Ealole gk 7ro) laE AUt BE ER9lL olest £l PR WES
 etelo] thal A4E 4 U

PartialEq and Eq

PartialEq < B4 WA EQ eq W A FE ne HINEES AHESte #2 57 #AYdYth == 4 |

AtAbE o3t M EE S EFY
struct Key {

id: u32,

metadata: Option<String>,

o

}
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 HIAEE AFESto] B2 &A1& YT <, <=, >=, > A4k}
@shi ol ALg g U
use std::cmp::0rdering;
#[derive(Eq, PartialEq)]
struct Citation {
author: String,
year: u32,

e

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 2| ojw cmp = Ordering < wHeHgUch,
This slide should take about 10 minutes.
PartialEq = A= Oh2 g 2hol] 1= 4= JA|TEq = 7+ E 4 glEU T vhAbA o] 7] i Ed Y
=3
struct Key {

id: u32,

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

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

self.id == *other

}
}
A

JdA| =2 ol2fet EolS A&ste A2 Aol ARt st A2 B ddYTh

17.2 AAiA}

A QHZE= std: jops °ofl = HIE ESlES S5 +FHYTh

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

x: 132,

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

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

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

This slide should take about 10 minutes.
=94

* You could implement Add for &Point. In which situations is that useful?
- @:Add:add & self 2 223Ut} Tk 8h¢) T 7t Copy E|9lS 7@k A ebrhdd
&T of] tisi A = A4} e =& 2fslof et o] FH| st =& RN 223t &5
AFE e 4 s U
* 9 Output o] A&E EFURI7E2? BFS] ThetuE &2 vhE = JA27H8?
— 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] &3llA M2 thE F 7o B S B e = sy, & S°f impl Add<(1i32,
i32)> for Point = 5Z % Point o] & 4 A & F4tt.

17.3 From¥} Into

EF2 golst PWES 9l From 3} Into & FHIU T
fn main() {
let s = String::from("hello");
let addr = std::net::Ipv4Addr::from([127, @, @, 11);
let one = il6::from(true);
let bigger = i32::from(123_116);
println!("{s}, {addr}, {one}, {bigger}");
}

Fromo] 1&E™ Into PA| AA5 o2 LAH Y

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

This slide should take about 10 minutes.
» 1%7) w2l ALg R} e ehle] 4ol = From 7 TASH: o] Aukaieluict,
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o ’String O 2 HET £ = BE A 22 4o Q4 g2 AT wioll= Into & A
afof gk 2 AISHA Q. Taopnh, shE From & 7S BT Into 73S EFY ERE <

A2 e & gy,

17.4 N2H

Rust ol = efel sto] gl as S A& WA A WEe A YPUtt o] Yukx o C o]
22 gt gojgyr.
fn main() {

let value: i64 = 1000;

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

println!("as i16: {}", value as 116);

println!("as u8: {}", value as u8);
}
as o] A= Rustol Al HelEn] ofe BeiZo|q YT HUTh o) 7|5 & WAL o] e
g0z wgket o] Huvt Ax| k] ek 4 g Th R4S Seletn akeiAl A FAL.
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 bhits).

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.

This slide should take about 5 minutes.
o] &ato| =7} Bk & A] 40j7Hs Aol F&UTh

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.

ol H4E usize 2 Wsto] M0 T AT uf AurH YUk,

17.5 Read 2} Write

Read ¢ BufRead & AHE-5tH u8 EFY Q] Hojg 2EH S 91& 4 HHTh
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!("&gto]A W =: {}", count_lines(slice));

let file = std::fs::File::open(std::env::current_exe()?)?;
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println! ("= 4l =: {}", count_lines(file));
Ok(())
}

ol9h v 5371, Write & AHSSHH u8 EFIS) ElolEl & 4 itk

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, "QHdsiA|le")?;
log(&mut buffer, "World")?;
println! ("= uWel: {:?}", buffer);
0k(())

17.6 Default Ed|9l

Default Eﬂﬂgl% O-]E‘Ej E]’?:loﬂ EH?J’ 7]%%1_% xﬂ%@"—]ﬁ]—

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

X: u32,

y: String,

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

struct Implemented(String);

impl Default for Implemented {
fn default() -> Self {
Self("& 2Au]A".into())
}
}

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

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

let nothing: Option<Derived> = None;
println! ("{:#?}", nothing.unwrap_or_default());
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This slide should take about 5 minutes.

« EFQlS 2 TH5 ALY #[derive(Default)] & €A AodeoA 2dS T4 5 9
s4th.
« et Al Foke Abs FR A EE HEof disl 7 E 32 A Al A" A S HhEkg)
Ytk
- o] FxA 9 24 B E B E0] 57 Default E&3lE FAsfoF &2 ofm|tyth
* YAE EE ?JEE Fi2 Default & st 9o, 7|2 342 0 OM " el s
3 ZHE YU,
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 ZZ# (Closure)

24 F2 dad A2 dYEY J Y o] 52 Fn,FnMut, FnOnce k= £483 E2f9l
Utk
fn apply_with_log(func: impl FnOnce(i32) -> i32, input: i32) -> 132 {
println!("Calling function on {input}");
func (input)

o
L2

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>()
}
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));
}

This slide should take about 20 minutes.
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https://doc.rust-lang.org/book/ch05-01-defining-structs.html#creating-instances-from-other-instances-with-struct-update-syntax
https://doc.rust-lang.org/std/ops/trait.Fn.html
https://doc.rust-lang.org/std/ops/trait.FnMut.html
https://doc.rust-lang.org/std/ops/trait.FnOnce.html

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.

Ao e = 22A7F 745 A st=A o met Copy(ell & & add_3) 3% Clone(®] & =i
multiply_sum) & ¢obax FE3Yr}
EHo g 2L, Jhsstthy, H2 5 Agsto] M S Fch move 719 =S 27 o 2 77}
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: Hlol e Eg

o) ol 7122l ROTI 92318 FUT T o] =8 o)1k ool Beht rate o
£ 2AFYLh A3} o Wsl 3 ae UTE-8 217 gelsle e ASCIT AT 5314 2.

use std::io::Read;

=

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

}
// “RotDecoder'9 ‘Read’ Ed#|9le 333t

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

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

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

}

#[test]
fn binary() {
let input: Vec<u8> = (0..=255u8).collect();
let mut rot = RotDecoder::<&[u8]> { input: input.as_ref(), rot: 13 };
let mut buf = [Qu8; 2567;
assert_eq! (rot.read(&mut buf).unwrap(), 256);
for i in 0..=255 {
if input[i] != buf[i] {
assert!(input[i].is_ascii_alphabetic());
assert!(buf[i].is_ascii_alphabetic());

}
7tz 13 2H4 S| - sHe F 7H9] RotDecoder AAEAE §H7| H|o] 5t o 94 D7ta?

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 gqur bgure fvqr!".as_bytes(), rot: 13 };
let mut result = String::new();
rot.read_to_string(&mut result).unwrap();
println!("{}", result);
}

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

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

}

#[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());

102



103



L5 uE W2 v Zsyd
« mjze e, o5, A" JAR]: Rust 7F M B2 2] oFH & HAst= WY
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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

104



A 19 A

TH

|22 e

This segment should take about 1 hour. It contains:

Slide Duration
2o Wry 48 5 minutes
m 2] Feof tist A 10 minutes
A9 5 minutes
Move & 5 minutes
Clone 2 minutes
EALERY 5 minutes
Drop 10 minutes
ALEA: d g 20 minutes
19.1 =23 gz A
D232 F 7 WHo 2 fud s gy
o AEL 2 HAE Qo AEFQ v gy,
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fn main() {
let s1 = String::from("tdstAl2");

}

Stack

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

This slide should take about 5 minutes.

« A< (String) 2 A2 Vec JYth A7) (capacity) 2 A2 Z o] (length) HEE 7HA| o,
H 2277t Eed 49 Aol A FFe Fuch

* 32 7]22 0 2 System Allocator 2 53 &gt 22|11 Allocator API S o] &34 #HA
g w2y FFAE s 25U

o

CRe LX)

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("tgstHa");
sl.push(' ');
sl.push_str("world");
/1 HollM= sHA] mpAlR.
/1 ZAEE golotxE EHASHA ¥eE=
/1 X*Ol 2] k2 FZo] A
unsafe {
let (capacity, ptr, len): (usize, usize, usize) = std::mem::transmute(sl);
println!("capacity = {capacity}, ptr = {ptr:#x}, len = {len}");
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o jE e a7t T2 o] 3t FA|sko] UAIRE 5 (LA PESHA] 2 = ) A A
o}: C, C++, Pascal, .
e ) e b ) 3 H e & oAU ST A7 & 2 F U
- 2= ZAE7F s fEI W E 7te] 7] =%] &elsloF @y
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L} ¢l=) 2l 9lof: Java, Python, Go, Haskell, ...
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This slide should take about 10 minutes.
o] efo] Zt Th2 Aol S A& BH= S So] Bto] ket Rust & AHESHE B 222 77 93] A4
=3 %Ll =

lloc d free £ AF&3t0] & 502 Hesljof huch AU 252 = free &
Tt Z Ao o5 of 2] | S &5, ZAIE 7L 7] 7] = w2 2] 7} siA|

St /\UPE Z9IE (unique_ptr, shared ptr)ﬂﬁ%

Stof C o §AFS H{1E A5t A2 o 5] v &Y

* Java, Go, Python 2 7}8] 2] ZHE| & A&l T o]/ A4 —’F— = m 22 S AEska AR

Yrtt o)A st ZE ZAE 7L JxE 4 QOB E use- “after- free ¥ 7|} 220 Bj1E
AL = AFYrh sHAE GC &= e H]&o] HEA 5 A o) 2 2140}7]7]- SRS

ALYy poe jrBol Ao Hts] W Qs 3of alloc L free 2P LS AlsYsto] C 2
%lﬁblﬁ}. %, H]-80] EA FH YT} C++9] AntE ZQI E19P ‘n‘}\]'o]' = AlFdy
Z AL 22 T2 FAS AR S glon, A& atE] 30| ES AREsto] |EFY 7t
AN 2 Y&t (0] ZeAoAL 2R ).
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193 4273

£ W4 utelge Ed e (ARTPE ZHAm, W] ol A W4 Abg S o2l g Tk

struct Point(i32, i32);

fn main() {
{
let p = Point(3, 4);
println!("x: {}", p.0);
}
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.

This slide should take about 5 minutes.
7hu) 2] A 2Ro) o) % sy 7hul 2] Aeelsl A Ths e RE vjR g 2] 9l5) R E A

piy

=1 O«
S AATGE AAE U 5 98 29Uk Rust o) el A HA % olgt fARY T
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19.4 Move &}

(A50)) Bk _Aq7_S W4 7kl o] AR UL
fn main() {
let sl: String = String::from("Hello!");
let s2: String =
println!("s2: {s2}");
// println!("sl: {s1}");

* s1&s20 25t 2/FHS 012“17‘14&
c slojARn7 FEEW o Ak Glayth sty s12 o7& Afdo] 7] fE Y.
°52Q£iEﬂzEQm$ﬂ@wqahﬂwgqq

s2 2 olF A w=e:

Stack Heap
sl
Fom oo Fom o - + A
| ptr | om--te-ete--e-te>|HoJe |1 |1 o |t
| len [ 4 | : Tt LT T e e
| capacity | 4 | :
R ettt e i + :
s2 2 o] ¥ H2a:
Stack Heap
sl "(inaccessible)"
R ettt L i + . : R e s e i e b e o
| ptr |  O---t---t--t--4-->| H [ e [1 |1 |o | |
| len | 4 | | e
| capacity | 4 | |
Fom oo oo - + |
| - - - - - - oo oo oo oo ool
s2 |
Fom e e o Fommm oo + |
| ptr | 0mmmbmre
| len | 4 |
| capacity | 4 |
R Fommm oo +

Pe ool dEg], 2 g2 iz ol D U ojmf &7 2] o] Fo] dojd

fn say_hello(name: String) {
println! ("¢EstAI L {name}")
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}

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

}

This slide should take about 5 minutes.

¢ o] C++3} Hute] o2 AsHA| 2. C++oll A& FAZF 7] 20] 3, std: :move & o] &3 ot

(713 o5 A7} Bl =lof SJofoprk 482 ol ol P},

« A2 o] FEHE A2 &2Fdd BAdUTh HAl ZE oA tlo]E FAF dojd 2] Ao

gk Ae e ol 4 Louhe 245 BAII U o]@l Babs 248t 3ol A Al A7

o oot -2 7ttt ZhE-2 Copy (Holl A9yt 2 np = £ gy
o HAEOAN = EAFETol= HAIH 2= clone & AHERHY T
say_hello :

* say_hello &2 A=A 2%*] main 3t2X 2Alo] 7FA name of Tfst AS@e &
2, 0|% main &0l A= name 2 AHE S P g; 21}
* name o] FE U= & Dﬂ 2]+ say_hello 349 ZojA sfiAE Ut}

e main g0l A name 2 F2Z A (L) 5121 (&name), say_hello oA 7 4+E Fx

o2 £t H main %.P¢‘: name 2 iw"r?ﬂé A& 4+ syt

o =AM &F Al main FollA name & A5t A2 = lEFUTH(name. clone( ))

s HYAEL 052 7|EOo 2 511 EAS PYAHOZ HASIEE WHE0 2 ok 3] HA| BALE
RhE £ 0] Croll A Brk of &k,

o ZuH7]

Defensive Copies in Modern C++

Modern C++2 o] 24| & th24 sjAgct:

std::string sl "Cpp";

std::string s2 = s1; // s19| tlo|g]& ZAgc},
e 519 3 HlolH e AL, s2 = 5HAQ BAHES A5yt
« s19s29 237}t FEEW Zb7ko] w & 2|7t siA g YT

AR A
Stack Heap

sl

Fom oo - Fom oo + g
| ptr | ozttt C | ||
| len | 3 : : R e L DT
| capacity | 3] : :

Fomm e - Fommm oo +
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Stack Heap
sl :
o - - R + : . +----t---—-+----+ .
| ptr | O---t---t-t--t->| C | p | p | :
| len | 3 : : R e R T :
| capacity | 3] :
Fom - - - == + .
s2 :
R et R + I a s S o .
| ptr | 0---F---to--- > C | p | p | :
| len | 3 | : T EEE L :
| capacity | 3 | : :
Fom e oo Fommm oo + : :
7] ZQE
+ C++E Rust 2} o7 T2 A E)S gigch =t o] el & BAR R 2 229 b0 €7} FE5of
of gtk 134 Qoml £41d 3 slubh WIS Hotd v double-free 7H Al of,
o C++oll= S 0] 5T £ Y= AIH S et & bl AFEE = std: tmove = J5Yth o7t 52 =
std::move(sl) oJ3Attd g &Fo] BAYstA| b5 th ol & Foll sl o] fFastARt A =
A 2 H7F gUth Rust o B8 22O = s1 2 A& AHEE 4+ sy
+ Rust 9} @2, C++2] =i HAPE 7} o) 55 ebelol met A E loje) TS Aae 4 A%
Uch,
19.5 Clone
&= 5= 49 glsUth Clone E&SlE A5 Hy

#[dexrive (Default)]

struct Backends {
hostnames: Vec<String>,
weights: Vec<f64>,

}

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

}
This slide should take about 2 minutes.
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Box: :new 9} 7&% 2 3ce ;‘OP%‘—I E}-
maﬂ%ﬂi%lﬂé%ﬁ%*%%ﬂEQ%ﬂQM%%ﬂqs = H|A3}ste AL Al =5}

¢7Fgsydh

19.6 A} €]

o] 5ol 7|2 AAol ARt £ Bl HAE Y

fn main() {

}

let x 42;

let y = x;

println!("x: {x}"); // would not be accessible if not Copy
println!("y: {y}");

o|2|gt EFJ S Copy EdAS ATt
o

214 e B S Copy E
#[derive(Copy, Clone, Debu

ole Fdstel BAtE ¥ 4 A&yt

(e}
—
—

struct Point(i32, i32);

fn main() {

let pl = Point(3, 4);
let p2 = pl;

println!("pl: {pl:?}");
println! ("p2: {p2:?}");

« @9 ¥, pl et p2 = 24l HlojE & AfgYT.
« YAHCE pl.clone() & AH&5to] HolE| & BAME 4= Q)

This slide should take about 5 minutes.
LA} (copy) & 54 (clone) & ZA] 54 th

Iy

Yk,

o EAbe vmele) ge Dol 3 o e 21 ojnjakn, ok Ao At ok A YatA| =

gt
HAS 7] AEnho| = & 4 ¢f
4 9 23} vlast Hych)
= 2k Qe 9l AHelo]uf, Clone E8|9le Tasto] 24| S22 AL nto] = & 4 9)
&4,

Drop E&|9 & 7R el e BAbe 2] g4yt

UL CHoll A B4 4A1E B8l B4 5L Y2 7T

9le] ol Aol The-g Al sl 54 7] HhaiTh

Point #-&A|ol] String ¥ E& F7l8tA 2. Hutd = 2] ¢S AUt kst String &
Copy EdQl-& #+335ta A 7] &yt

Remove Copy from the derive attribute. The compiler error is now in the println!
for p1.

plS Aok 2 535S stels) BAL.

- a —
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19.7 Drop E&|9

Drop E#|Sl& THsHY, 1 go] ARE Wo = Uz o) Ay 2E2 YT 4+ AsUn

struct Droppable {
name: &'static str,

}

impl Drop for Droppable {
fn drop(&mut self) {
println! ("{} A4l 5", 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 £ Urt7|");
}
println! ("A oA Y7t7|");
}
drop(a);

println! ("mainolA Wzt7|");
}
This slide should take about 8 minutes.
std: :mem: :drop & std: :ops::Drop: :drop I} ZX] &Yt}
4ol W9l = slofuw Ao gyt
Zro] 2412 w std: :ops: :Drop = F+¥3H Drop: :drop +¥ o] &Yt}
J2H Drop 7@ o et FAglo] sig BEE B AAgych
std: :mem: :drop & g2 AHgsHE Wl F4ych Fod AL go] AfAL PR WS
Zol| A AR E s Ay b W9 S dold wiaoh o] e YA H o R ARE 4 9l
Hel g Ry
— o] drop oA &2 SHAl, 3+ 7] 5o Zdg st AFel §-8F > AUk
=9

* Drop: :drop 2 9l self 2 UALZ ¥Hz] FHU7?
- &2 g vef 2% A Hohd std:imem: :drop ©] E22] BoA SE5 I, thA
Drop: :drop & & &5/ Hof, 28 e E 27} Ayt
* drop(a) £ a.drop() & ¥4 EA]7] vpguch

19.8 A&EEA:: L= €

]
€ Hol8HE &fste 544 dolE gds Ut "o &5 AHEst Mz2
L=%e) H

o] oo K= @
e L LA EE RS R =
HE REe A eAe
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#[derive(Debug) ]
enum Language {
Rust,
Java,
Perl,
}

#[derive(Clone, Debug)]

struct Dependency {
name: String,
version_expression: String,

}

/11 A~ZEQo] w7]x5 Uetduct.
#[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")
}
}

/11 712 FEdyrt. “build() " E AR&Sto] “Package® AHAE RHEUTH.
struct PackageBuilder(Package);

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

/17 B71A HEE Ayt

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

}
/17 TJ—H7]X] X_}/\éx],% /gz\ji}_qr’}_

fn authors(mut self, authors: Vec<String>) -> Self {
todo! ("3")
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fn dependency(mut self, dependency: Dependency) -> Self {
todo! ("4")
}

/1] Ao1Z MAIUTH, M ekow dojrt 7|EHOZ None o2 MFHUTH,
fn language(mut self, language: Language) -> Self {

todo! ("5")
}

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

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

19.8.1 s|g

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

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

/1] £2ZEQo] 7|5 YErdY T,
#[derive(Debug) ]
struct Package {
name: String,
version: String,
authors: Vec<String>,
dependencies: Vec<Dependency>,
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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(),

}

/11 #71AE& Eedyrt. “build() " E AR&sSto] “Package® AAE RHEUT.
struct PackageBuilder(Package);

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

/17 B71A S APy

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

}

/117 BF1A AP AE APyt

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

}

/11 &5 F5e FRYGH.

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

}

/1] o1g MU MHsHA gow doj7t 7|BHOZ None 02 AFHUh,
fn language(mut self, language: Language) -> Self {
self.®.language = Some(language);
self
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fn build(self) -> Package {
self.0
}
}

fn main() {

let base64 = PackageBuilder::new("base64").version("0.13").build();

println!("base64: {base64:?}");

let log =
PackageBuilder: :new("log").version("@.4").language(Language: :Rust).build();

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

let serde = PackageBuilder: :new("serde")
.authors(vec!["djmitche".into()])
.version(String::from("4.0"))
.dependency(base64.as_dependency())
.dependency(log.as_dependency())
Lbuild();

println!("serde: {serde:?}");
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Al 20 &

AntE ZQIH

This segment should take about 55 minutes. It contains:

Slide Duration
Box 10 minutes
Rc 5 minutes
E|Ql 744 10 minutes

AEEA:HlolH g E8] 30 minutes

20.1 Box<T>

Box + 3 dlo|glof tigt A ZAH YT}
fn main() {
let five = Box::new(5);
println!("five: {}", *five);

}

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

Box<T>2 Deref<Target = T>& FHF UL o] Box<T> A THAHES A 5&
£ ool
A7 HlolElut 522712 ool ¥ B2 Box EFUE Ab-&slioF ghuth:
#[derive(Debug) ]
enum List<T> {

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

Nil,
}

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

}
Stack Heap
list
Fomm oo oo+ A, R e - S
| Element | 1 | Oo--4----+----- +--->| Element | 2 | o--+--->| Nil | // | // |
R R Ll R L e i B R e el

This slide should take about 8 minutes.
* Boxislike std: :unique_ptr in C++, except that it's guaranteed to be not null.
» Box & ofele] %ol g8k
- Bl 2718 Ak Aol & 5 gl AL
- ofx 2 rolEe) 43 WL AL AL
£ o] &35t dlolEl= el AFstal ZJIE T o] F51H Hu o
» 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 = 44k ZAE e} 277} 7] wiZofl 2715 AlMtste ol £A417F s U ohet floll 914
3 List o) ohg 245 712]7 2ejuch,
* Remove the Box in the List definition and show the compiler error. We get the message

?recursive without indirection”, because for data recursion, we have to use indirection,
a Box or reference of some kind, instead of storing the value directly.

o Au 2]

Yx] (EA) 2 A s (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 £ Ho|l& 4= & Uth whebA ZRIE & 4 F25HH null o] obd Ut o= Hubd 2|7} ||
22| glojob2g s} 3 4 Al sl FUITH
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 = #X7IeH o7 ZAHY Y o8 YH|ojA 5Lt dlo]HE FRsloFdt ¢ AH&3yth:
use std::rc::Rc;
fn main() {

let a
let b

Rc::new(10);
Rc::clone(&a);

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

This slide should take about 5 minutes.

* Rc= Fx 7H2EES 59 F27F = &2 Re 7L 71 7]
= B Uoh

o C++9] std: :shared_ptr & FAFEU T,

* clone 2 H]go] A9 SA EUH. &Z2 X2 717 ZJAH S shvh o i3, 2 7R E
=34t ZAEZE 7 7= 2 A7 < 52 A= o, aA ZEoM A5
A7 A=A AED o dHHA o2 R & ste A2 FAIE 4 A5y

» make_mut = AAE a3t Ao Wi S FAI5HL ("clone-on-write”) 7t F2 & HERHgH
Y.

o X FIFEE &5 ™ Re: :strong_count & AFESHAI L.

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

Rl
30
rr

grol 2ol A sHA = A] &

3

A dz
2l
~~
N
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20.3 EdA AA

Ea|9l A= EbeJo] thE gt (12 5ol AYAMl &3 7 gh) 52 /M & YUt
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! ("YY, Al o5 {}dUct.", self.name)
}
}

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

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 & &93t o] F o] w2 gojotz
Stack Heap
"pets: Vec<dyn Pet>" : : "data: Cat" L EE TR PR,
e oo + : T e + | F | 1 | d | o |
| ptr | 0---t---+--, | lives | 9 | R R E L E T
| len | 2 | D tommmoo- Fommmoo- + A
| capacity | 2 | D A
Fom e - Fom oo + : | | L,
Do | data: "Dog" |
D | Fommmea- e +
-------------- Y tomm|-t-----4 | name | o, 4, 4 |
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|

|
: |
: | | vtable
: | | R R +
: I >| "<Dog as Pet>::talk" |
. | e e e e e e e e e e e e e e e m == +
: | vtable
. | U +
: femmmmeeeae >| "<Cat as Pet>::talk" |
. B +

This slide should take about 10 minutes.

» 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 0|2} st o] B19} o] 37 FAo|n| Pet & FEHL Urky HutLefolA| LeiF
= ek
* o] ool A= pets 7} 28iof e 3 HE glojE = dof AGUTh T HE 24& fat ZAH
_dyt
— 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.
— ©]2o0] Fido ¢! Dog 9] Hlo] &&= name ¥ age ¥=J Ut} Cat o= lives B=7F A5Y

o},
« ot =] Aute} s EAlQ:
printIn! ("{} {}", std::mem::size_of::<Dog>(), std::mem::size_of::<Cat>());
println!("{} {}", std::mem::size_of::<&Dog>(), std::mem::size_of::<&Cat>());
println!("{}", std::mem::size_of::<&dyn Pet>());
println! ("{}", std::mem::size_of::<Box<dyn Pet>>());

204 AFEA: Ho| Y2 EF

Hioldg] Efl= BE Eo) =719 519] 24 (FF LX) 7L = EY 49 dlolg +xd Yt}
7t w27} kg AFSHE B HE ST FoW ke No| 9 N o % 519 Eejo] Qe =
el N9 Q2% 5t Eelo] g RE kEE o] 2
AHE HAET SHBES b Bl AT
27} 229 e eA TR Wekahe volue] Edof i3t v At TR,
/// A node in the binary tree.
#[derive(Debug) ]
struct Node<T: Ord> {
value: T,
left: Subtree<T>,
right: Subtree<T>,

rln
H-
|r
rr
o
)
rlo
]
o
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}

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

/17 vrolie] EeE Agstol gk W Agshe ey,

/17
/11 52 gol ol2] W ZrbEm o ww 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); // 17 =0 ofHnh.
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.insexrt(0);
check_has(&tree, &[true, false, false, false, false]);
tree.insert(4);
check_has (&tree, &[true, false, false, false, true]);
tree.insert(4);
check_has(&tree, &[true, false, false, false, true]);
tree.insert(3);
check_has(&tree, &[true, false, false, true, true]);
}

122



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

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

20.4.1 S
use std::cmp::0xrdering;

/// 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>>>);

/71 vielyg EZlE AREsto] 7t HES AAshe EHolvdYn.
/1117
/11 L3 Fro] ofg] W F7iEW o HTk AU,
#[derive(Debug) ]
pub struct BinaryTree<T: Ord> {

root: Subtree<T>,

}

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

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

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

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

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

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

None => self.® = 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"));
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#[cfg(test)]
mod tests {
use super::*;

#[test]

fn len() {
let mut tree = BinaryTree::new();
assert_eq! (tree.len(), 0);
tree.insert(2);
assert_eq!(tree.len(), 1);
tree.insert(1);
assert_eq!(tree.len(), 2);
tree.insert(2); // 1% &&o| opdict.
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.insexrt(0);
check_has (&tree, &[true, false, false, false, falsel);
tree.insert(4);
check_has(&tree, &[true, false, false, false, truel);
tree.insert(4);
check_has(&tree, &[true, false, false, false, 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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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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This segment should take about 50 minutes. It contains:

Slide Duration

d12 10 minutes
2 10 minutes
S84 10 minutes
ASEA: dejHolg o|HIE 20 minutes

221 2

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

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

fn add(pl: &Point, p2: &Point) -> Point {
Point(pl1.0 + p2.0, pl.1 + p2.1)

}

fn main() {
let pl = Point(3, 4);
let p2 = Point(10, 20);
let p3 = add(&pl, &p2);

println! ("{pl:?} + {p2:?} = {p3:?}");

e add 4= F point A gHe W& oA 2 Point S HHEsh ),
. p13}p29 £8AL 3] TE2F (main &%) of AL UTH
This slide should take about 10 minutes.
of efolt 1Y 2o F2E ThE ARE FESE AOR, o Yo P4 el pet urek Pe X

ey
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* 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:?}");

)

+ 2 Zupdelt Wz H A5 RV0) 2 4+UF 4 YU

+ C++9]4 copy elision & §47+9] B 4a 7H5A o] Slof Aofe] W] o7t W ashA e g2
Eofl A 2AI7} 2] kLT gof RVO 7} W Adal ) ghowl S AE & G4 2Tt E 8 A Q)

Juch.

=]
memcpy EAMES S 2

222 Hd

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

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

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

{
let c: &mut i32 = &mut a;
*c = 20;

}

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

129
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This slide should take about 10 minutes.
35S 2ot e Aol _EA_s A e o FUh F2ot JF 2 X F854 U4
Yt
o 9 FE Hupd HA] U et c s a & 7HH M2 HRla, ol FAdb=a g &

W W42 W37 mlEelyc,

* bol gt println! FE2 c 7 A= & i o 2 o] 55t ZHutdo] Huh.
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. The exclusive reference constraint is quite strong. Rust uses it to ensure that data races

do not occur. Rust also relies on this constraint to optimize code. For example, a value

behind a shared reference can be safely cached in a register for the lifetime of that

reference.

o U FA7)E T2A ) ofe] Wof Bk wietd B2 E FA0] bt 5 ofg LukA

ETﬂﬂiiﬂmﬂ SUth sHA g AT 2 79I A5k 28 70 AL oke] F570] uHAy
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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));
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let subtree = Node::new(10);
subtree.borrow_mut().children.push(Node: :new(11));
subtree.borrow_mut().children.push(Node: :new(12));
root.borrow_mut().children.push(subtree);

println! ("Z2i=: {root:#?}");
println!("Zei= 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.

This slide should take about 10 minutes.

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 & 27X 7] = Wl =9 fn inc(&mut self) & F715t 2 Bl =EE 2}
Al Tox §&5tA 2. 212¥ thread 'main' panicked at 'already borrowed:
BorrowMutError' HErY] o o] TS HolAl L.

AL A% JElE BUEPSHE AR TS A 3T YU 1 QRO B FAL AR
A

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 imp1 block.

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,
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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: @, last_blood_pressure: None }
}
pub fn visit_doctor(&mut self, measurements: Measurements) -> HealthReport {
todo! ("HY W&o w2 A 7Nt R AMgAL FAE oo Edyct. ")
}
}

fn main() {
let bob = User::new(String::from("Bob"), 32, 155.2);
println! ("#+ {}o]a, tol= {3AYYct.", 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)));
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#![allow(dead_code) ]
pub struct User {
name: String,
age: u32,
height: 32,
visit_count: usize,
last_blood_pressure: Option<(u32, u32)>,

pub struct Measurements {
height: 32,
blood_pressure: (u32, u32),

pub struct HealthReport<'a> {
patient_name: &'a str,
visit_count: u32,
height_change: 32,
blood_pressure_change: Option<(i32, 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
Y
self.height = measurements.height;
self.last_blood_pressure = Some(bp);
report

}

fn main() {
let bob = User::new(String::from("Bob"), 32, 155.2);
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println! ("#+= {}o]il, uwol= {}AldYct.", 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)));
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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
Ryl 5 minutes

AL EA: Protobuf @4 30 minutes

&getol A 2 APH] B (2 WA & BoFE H (view) YUt}
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:?}"),

sejol e o (2ol 2 1) el

]:I
25
. Z‘T s & &35}l7] doll a[3] & Tﬁé}ﬂd
This slide should take about 10 minutes.
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s 513252 o207 &atol Ao et #2UYTh s o B (&[132]) ol Bl <] 27]7} wh

. LI = |

AZoll F53HA17] vidUth, &, £8to| AF o] &5 thgt 2ol o] tlo|H & th& & A5 U
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] A Rust o] & 7}A] &2t €IS o|aed
E]7} 7}H Zo] 9139 (UTF-8) o & A &gt

HYth &str 2 A9] &[char] 2 B =5HA| T g o]

2 :°L;
315

nls
30

fn main() {

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 8of:

astr & 2ol Gefol 2ol o (2%) A2
String e EAAS 98 4 Qe Mm AU

This slide should take about 10 minutes.

&str & E2HE &etolAdych £2HE &eto| A& UTF-8 & 1A EAH Hlo| el olu| g
Uch 2219 2|5 ("Hello") & =213 ubo| 2]l A4 ch.

BlAEC] String BHYl e AA R B2FLE o] & Hho] Eo] i3k Mg (Vec<u8>) Yk
Vec<T>7} T 2 A2§511 9l50|, String o] 7} 3L Bapede String 9] &f v,

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.

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
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std: :string from C++ (main difference: it can only contain UTF-8 encoded bytes and
will never use a small-string optimization).

* Byte strings literals allow you to create a & [u8] value directly:

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

23.3 ¥4 SZ0jA 9 £

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.

S ol g Agstal ol e st 495 e o o S U

#[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 <9 S ofdH =ta?
println! ("p3: {p3:?}");

}

This slide should take about 10 minutes.

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 §&s}A 71t
fn left_most<'a>(pl: &'a Point, p2: &'
Z,7a Br} 98 x| 45L& p1 7} p2 7} Yo W
duky oz pnje g Letolmo) AYE o2

ox



23.4 S+ T ZoA 9 41

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.

40 240] gl 7} Q4] SPUbY Al E Uk

Q1% o] iR 9 A9 FA X2l H)A] e BE wH Zho] AR,

Q1% 5] ofel ) YAIT A WA self of ~rjol Bl | /1 24 HelsiA] ghe w
£ Rk ol Al gy

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

© 4

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)

)
}

This slide should take about 5 minutes.
o] oo A cab_distance = 7tes| AFE Y},
nearest &4+ 4ol 8 Fx7F g E o] YA|H FAo] Hashe4o e o & AF
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ol
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fn nearest<'a, 'g>(points: &'a [Point], query: &'q Point) -> Option<&'q 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
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https://doc.rust-lang.org/nomicon/lifetime-elision.html

of errors with unsafe Rust.

Students may ask when to use lifetimes. Rust borrows always have lifetimes. Most of the time,
elision and type inference mean these don't need to be written out. In more complicated
cases, lifetime annotations can help resolve ambiguity. Often, especially when prototyping,
it's easier to just work with owned data by cloning values where necessary.

23.5 FxANA 9] =1

ol efelo] Waj e oo Aot : Ik, HrE A 7S EA|sof itk
#[derive(Debug) ]
struct Highlight<'doc>(&'doc str);

fn erase(text: String) {
println!("<tg {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:?}");

}

This slide should take about 5 minutes.

» 99 ojA|ol A Highlight 2] ojzE|o] A (<'doc>) & Z o= Highlight QA& A7} Alo}q)
£ &%l 1 WRe &str 7k 7ke)7]= wlol® A Aotglojof stttk 22 ol m gt
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https://protobuf.dev/programming-guides/encoding/

message PhoneNumber {
optional string number =
optional string type = 2;
}

1;

message Person {

optional string name = 1;

optional int32 id = 2;

repeated PhoneNumber phones = 3;
}
proto # A 4)= Ae) B2 A2 2 AagPych 2zhe gol Ho o= gj 1 2 7AP Ut ¢
Jo = WE WS (o: Person M A A|9] id BEo| &t 2) & vho] £ AE Yo A o] =2 23}
£ W2 g elshe otolof erejo] EgHEYch.
Ef 15 Z &S 4= VARINT 2hes 71 Zo] lig oz A gyt ot} 3] parse_varint & of
ol 7 2] = o %%Ll‘:} =5 AlgH Z= & F9E A ol5to] Person ¥ PhoneNumber E =& 2]
ShaL WA A 2 of2l @ Bl g U e] 5E2 AL,
o|#| parse_field &<E &5t Person 2 PhoneNumber - 4o} ti3df ProtoMessage E
glolgh 7@ st gy,

use std::convert: :TryFrom;
use thiserror::Error;

#[derive(Debug, Error)]
enum Error {
#lerroxr("Z5% varint")]

InvalidVarint,
#lerroxr("ZEH wire-type")]
InvalidWireType,
#lerror("old=] E3F EOF")]
UnexpectedEOF,

#lerror (" &5 Zo|")]
InvalidSize(#[from] std::num::TryFromIntError),
#lerrox("oll/dx %3 wire-type")]
UnexpectedWireType,
#[error("&2H" EA<Y (UTF-8 otd)")]
InvalidString,

}

/11 etolojol EAE tolo] ErelULt
enum WireType {

/// Varint WireType < %to] ©<¢ VARINT ¥& YeErdHYT.

Varint,

/1164, -- 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,
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#[derive(Debug) ]
/11 <tolo] Ef}ioll whet Eflo] 2| H

enum FieldValue<'a> {

iz}
|
£l
1A
L
Kul

Varint (u64),
//164(i64), -- o AgolME Besta Feudh
Len(&"'a [u8]),
132(i32),
}
#[derive(Debug) ]

/77 B2 WS 9 gFE zZobehs eyt
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 = Exrror;

fn try_from(value: u64) -> Result<WireType, Error> {
Ok (match value {
0 => WireType::Varint,
//1 => WireType::164, -- ©] AFHolA]
2 => WireType: :Len,
5 => WireType::I132,
_ => return Exrr(Error::InvalidWireType),

rlr

"estx ey

)
}

impl<'a> FieldValue<'a> {
fn as_string(&self) -> Result<&'a str, Error> {
let FieldValue::Len(data) = self else {
return Err(Error: :UnexpectedWireType);
b
std::str::from_utf8(data).map_err(|_| Error::InvalidString)
}

fn as_bytes(&self) -> Result<&'a [u8], Error> {
let FieldValue::Len(data) = self else {
return Err(Exrror::UnexpectedWireType);
b
Ok(data)
}

fn as_u64(&self) -> Result<u64, Error> {
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let FieldValue: :Varint(value) = self else {
return Err(Error: :UnexpectedWireType);

b

Ok(*value)

}

/// VARINT & mH/dsto] mpde grat U] vio|EE whehgtyrt.
fn parse_varint(data: &[u8]) -> Result<(u64, &[u8]),
for i in 0..7 {
let Some(b) = data.get(i) else {
return Exr(Exrror::InvalidVarint);

Exrror> {

b
if b & 0x80 == 0 {
// ©]+= VARINT 9] wjz|g} Hjo]Eo|m g
/] ubd = WHEsto] Hrgghych.
let mut value = 0u64;
for b in data[..=1].iter().rev() {
value = (value << 7) | (b & 0x7f) as ub4;

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

}

/1 7vto|EE Zubstw S&skA syt
Exrr(Exror: :InvalidVarint)

}

/// B1E Dt HZTel WireType o2 WHch,

fn unpack_tag(tag: u64) -> Result<(u64, WireType), Error> {
let field_num = tag >> 3;
let wire_type = WireType::try_from(tag & 0x7)7?;
Ok((field_num, wire_type))

/11 BEZS wAste] Y| o] ES whgkUc,
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 HlolElolA HIAAE mHsto] wA[Ae] 2+ HEof tfs] "T::add_field & =&Y},

11/

/17 A Qo] A&},

fn parse_message<'a, T: ProtoMessage<'a>>(mut data: &'a [u8]) -> Result<T, Error> {
let mut result = T::default();
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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,

id: u64,

phone: Vec<PhoneNumber<'a>>,
}

// TODO: Implement ProtoMessage for Person and PhoneNumber.

fn main() {

let person: Person = parse_message(&[
O0x0a, 0x07, 0x6d, 0x61, 0x78, Ox77,
0x16, Ox0a, Ox0e, Ox2b, ©0x31, ©0x32,
0x2d, ©0x31, ©0x32, 0x31, ©0x32, 0x12,
0x18, Ox0a, 0Ox0e, Ox2b, ©0x31, 0x38,
0x2d, ©0x35, @x33, Ox30, 0x38, 0x12,

0x65,
1)
.unwrap();
println!("{:#?}", pexrson);
}
23.6.1 3

use std::convert::TryFrom;
use thiserror::Error;

#[derive(Debug, Error)]
enum Error {
#lerroxr ("% varint")]

InvalidVarint,
#[error("Z5E%E wire-type")]
InvalidWireType,
#lerrox("o/d=] 3t EOF")]
UnexpectedEOF,

#lerror (" &5 Zo|")]

0x65,
0x30,
0x04,
0x30,
0x06,

Ox6c¢c,
0x32,
0x68,
0x30,
0x6d,

InvalidSize(#[from] std::num::TryFromIntExrror),
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Ox6c,
0x2d,
ox6f,
0x2d,
ox6f,

0x10,
0x35,
0x6d,
0x38,
0x62,

0x2a,
0x35,
0x65,
0x36,
0x69,

0x1la,
0x35,
Ox1la,
0x37,
0x6¢c,



#lerrox("ol/dx %3 wire-type")]
UnexpectedWireType,
#lerror ("Z5EE EAY (UTF-8 °Fd)")]
InvalidString,

}

/11 olojoll HAIE gtolo] EBdAUTH.
enum WireType {
/77 Varint WireType & Zto] ©@<¢ VARINT &5 YeEPHYTE.
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}ioll wat ERlo] AHE & Fdyrt.

enum FieldValue<'a> {

Varint(u64),
/1164(i64), -- o] AFolAx+= ZQskA LHUrt.
Len(&'a [u8]),
I132(i32),
}
#[derive(Debug) ]

/17 B= WS 5loghs xgst

struct Field<'a> {
field_num: u64,
value: FieldValue<'a>,

rr

=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,
//1 => WireType::164, -- o] dFox= HQsH#] EHUT.
2 => WireType: :Len,
5 => WireType::132,
_ => return Err(Error::InvalidWireType),

)
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}

impl<'a> FieldValue<'a> {
fn as_string(&self) -> Result<&'a str, Error> {
let FieldValue::Len(data) = self else {
return Err(Error: :UnexpectedWireType);
b
std::str::from_utf8(data).map_err(|_| Error::InvalidString)

}

fn as_bytes(&self) -> Result<&'a [u8], Error> {
let FieldValue::Len(data) = self else {
return Err(Error: :UnexpectedWireType);
},
Ok(data)
}

fn as_u64(&self) -> Result<u64, Error> {
let FieldValue::Varint(value) = self else {
return Err(Error: :UnexpectedWireType);
b
Ok (*value)

}

/17 VARINT & mHdsto] e gtk UmA] vlo|EE whehtyrt.
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> {

b
if b & 0x80 == 0 {
// ©°]= VARINT 9] u}x]g} Hjo]Eo|EZ
// ubd = WHPsto] HEg ),
let mut value = 0Qu64;
for b in data[..=i].itexr().rev() {
value = (value << 7) | (b & 0x7f) as ub4;

}
return Ok((value, &data[i + 1..]));

}

// 71:1]-0]EE zj,]-o]_nq ‘rrB-O]'x] o]—/\q‘:]_
Exrr(Error::InvalidVarint)

}

/7] Bl1E "Dt WSl WireType o2 WHghct,

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))
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}

/11 BEE 1H/sto] UMA| Ho]EE HHEgYct.
fn parse_field(data: &[u8]) -> Result<(Field, &[u8]), Error> {
let (tag, remainder) = parse_varint(data)?;
let (field_num, wire_type) = unpack_tag(tag)?;
let (fieldvalue, remainder) = match wire_type {
WireType::Varint => {
let (value, remainder) = parse_varint(remainder)?;
(FieldValue: :Varint(value), remainder)
}
WireType::Len => {
let (len, remainder) = parse_varint(remainder)?;
let len: usize = len.try_into()?;
if remainder.len() < len {
return Err(Error: :UnexpectedEOF);
}
let (value, remainder) = remainder.split_at(len);
(FieldValue: :Len(value), remainder)
}
WireType::I32 => {
if remainder.len() < 4 {
return Err(Error: :UnexpectedEOF);
}
let (value, remainder) = remainder.split_at(4);
/1 “value o] Zol7} 4ujolEoc|nz 2 F= i SHAIFU.
let value = i32::from_le_bytes(value.try_into().unwrap());
(FieldValue: :132(value), remainder)
}
b
Ok((Field { field_num, value: fieldvalue }, remainder))

}

/11 FolZl dlolgoA HWAIXE nHste] mMA|Ae] ZF HEof dis "T::add_field & S&FUr}.
/17
/11 A o] AHEHYH.
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,
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#[derive(Debug, Default)]
struct Person<'a> {
name: &'a str,
id: u64,
phone: Vec<PhoneNumber<'a>>,

}

impl<'a> ProtoMessage<'a> for Person<'a> {
fn add_field(&mut self, field: Field<'a>) -> Result<(), Error> {
match field.field_num {
1 => self.name = field.value.as_string()?,
2 => self.id = field.value.as_u64()?,
3 => self.phone.push(parse_message(field.value.as_bytes()?)?),
_ = {} // deAE 25 Augyd.

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()?,
_ = {} /7 Ye{xE 2% Adgyd,

fn main() {

let person: Person = parse_message(&[
0xQa, 0x07, Ox6d, 0x61, 0x78, Ox77, @Ox65, @Ox6¢C, Ox6C, 0Xx10, 0x2a, 0Oxla,
0x16, 0Ox0a, Ox0e, Ox2b, Ox31, 0x32, 0x30, 0x32, 0x2d, @x35, @x35, 0x35,
@x2d, ©x31, ©x32, ©x31, ©x32, ©0x12, 0x04, 0x68, Ox6f, Ox6d, OX65, OX1la,
0x18, @x0a, 0x0e, 0x2b, 0x31, @Ox38, 0Ox30, Ox30, ©0x2d, 0x38, 0x36, 0x37,
Ox2d, ©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());
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assert!(FieldValue::132(10).as_string().is_err());
assert_eq!(FieldValue::Len(b"hello").as_string().unwrap(), "hello");

}

#[test]

fn as_bytes() {
assert!(FieldValue::Varint(10).as_bytes().1is_err());
assert!(FieldValue::I32(10).as_bytes().is_erx());
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::I132(10).as_u64().is_erxr());
assert! (FieldValue: :Len(b"hello").as_u64().is_exr());
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Al 24 &

44z 7L

Today we will cover topics relating to building large-scale software in Rust:
« BhE21: Tterator Eol A& 24
o ZE0 7RAAG
* Testing.
¢ 273AE (olz] AEF): Y, Result, ? A4kt
o QbA5EA] ¢k-2 Rust: QEASH Rust 2 sk A AT 4 gl wiollnt Ag-s1A 8.

A% oo

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= o]y 30 minutes

25.1 Iterator

AT Mo QL ZFES A7) YallA= Iterator EFQS AF2EHTH o] EFQlS next WA=
S H| &5 e A EE AlFdych B2 25 2to|E g EFRlo| Iterator & F+¥3stal gloH, o
g2 E o222 ElQlo] o] EFQlE A L= T 4 5yt

struct Fibonacci {
curr: u32,
next: u32,

}

impl Iterator for Fibonacci {
type Item = u32;

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

}

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

println! ("fib({i}): {n}");

This slide should take about 5 minutes.

» The Iterator trait implements many common functional programming operations

over collections (e.g. map, filter, reduce, etc). This is the trait where you can find all
the documentation about them. In Rust these functions should produce the code as
efficient as equivalent imperative implementations.

Intolterator = FE& 255 == Edald Yt o] = Vec<T>et 2 A=A bl =t
&Vec<T> 4 &[T] et 22 ofof ot F=xof o5 +HHUTH WYL o] & FHAF U} o]&d o] F
2 for i in some_vec { .. }E AtEsto] HIEHE HFES 4= QAW some_vec.next ()
= EA5kA ¢EY

25.2 Intolterator

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_cooxrds.len() {
self.i = 0;
self.j += 1;
if self.j >= self.grid.y_coords.len() {
return None;

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

}

fn main() {
let grid = Grid { x_coords: vec![3, 5, 7, 9], y_cooxds: vec![10, 20, 30, 40] };
for (x, y) in grid {
println!("point = {x}, {y}");
}
}

This slide should take about 5 minutes.

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 IntoIter: into_iter WA oA B3lE]= Tterator EF9.
IntoIter of& Itemo] AZE S FE514 Q. Intolter HHEX= Ttem B} 9] Hlo]HE
7be] Aok gt =, §EE L= Option<Item>< &gt
ool x ¥ yaHES BE XIS 3t
main oA 18| E & = H bR B A Q. o Aujstt_? Intolterator: :into_iter & 'self 9
AFES 7Y

G2 & AAsto] o] A& sidstAlL.

EZ golBEd g BYoA 5L ZA 7 AT £ s Y for e in some_vector &
some_vector & 24 8HUE 71A el sl HE oA 283 Q4 S HFESI T} some_vector 9 24
of thet Fx 5 w5t 4l for e in &some_vector S ARE3HA| 8.

25.3 Fromlterator

oj" A Mo|] FromIterator & 7+&stal Yot Iterator ZHE 1 AJMHE vh5 4 Y&

fn main() {
let primes = vec![2, 3, 5, 71;
let prime_squares = primes.into_iter().map(|p| p * p).collect::<Vec<_>>();
println!("prime_squares: {prime_squares:?}");

}

This slide should take about 5 minutes.
Iterator implements
fn collect<B>(self) -> B

where
B: FromIterator<Self: :Item>,
Self: Sized

o] MM Eo] B & A ste ’iole + 7HA17F s U o

» With the ”turbofish”: some_iterator.collect: :<COLLECTION_TYPE>(), as shown.
The _ shorthand used here lets Rust infer the type of the Vec elements.
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« E}9] 2 Abg: let prime_squares: Vec<_> = some_iterator.collect() S A&
. o] o 2 oA & thA] 2l BAl L.

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>>into aResult<Vec<V>, E>

25.4 AEHEEA: HHEZ} WA= A o]y

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.
v
/// 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(1l, vec![1l, 3, 5, 71), vec![2, 2, 2, -6]1);
assert_eq! (offset_differences(1, vec![1, 3, 51), vec![2, 2, -4]1);
assert_eq! (offset_differences(1, vec![1, 3]), vec![2, -2]1);

}

#[test]
fn test_larger_offsets() {

assert_eq! (offset_differences(2, vec![1, 3, 5, 71), vec![4, 4, -4, -4]1);
assert_eq! (offset_differences(3, vec![1, 3, 5, 71), vec![6, -2, -2, -21);
assert_eq! (offset_differences(4, vec![1, 3, 5, 71), vec![0, @, 0, 01);
assert_eq! (offset_differences(5, vec![1, 3, 5, 71), vec![2, 2, 2, -6]1);

}

#[test]

fn test_custom_type() {
assert_eq! (
offset_differences(1l, 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![@]), vec![0]);
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assert_eq! (offset_differences(1l, vec![1]), vec![0]);
let empty: Vec<i32> = vec![];
assert_eq! (offset_differences(1, empty), vec![]);

25.4.1

/// Calculate the differences between elements of “values  offset by “offset’,
/// wrapping around from the end of ‘values®  to the beginning.
vy
/// Element 'n° of the result is ‘values[(n+offset)%len] - values[n]’
fn offset_differences<N>(offset: usize, values: Vec<N>) -> Vec<N>
where
N: Copy + std::ops::Sub<Output = N>,

{
let a = (&values).into_iter();
let b = (&values).into_iter().cycle().skip(offset);
a.zip(b).map(|(a, b)| *b - *a).collect()

}

#[test]

fn test_offset_one() {
assert_eq! (offset_differences(1, vec![1, 3, 5, 71), vec![2, 2, 2, -6]);
assert_eq! (offset_differences(1l, vec![1, 3, 5]), vec![2, 2, -4]);
assert_eq! (offset_differences(1, vec![1, 31), vec![2, -21);

}

#[test]
fn test_larger_offsets() {

assert_eq! (offset_differences(2, vec![1l, 3, 5, 71), vec![4, 4, -4, -41);
assert_eq! (offset_differences(3, vec![1, 3, 5, 71), vec![6, -2, -2, -2]1);
assert_eq! (offset_differences(4, vec![1, 3, 5, 71), vec![0, 0, 0, 0]);
assert_eq! (offset_differences(5, vec![1, 3, 5, 71), vec![2, 2, 2, -6]);

}

#[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(1, vec![1]), vec![0]);
let empty: Vec<i32> = vec![];
assert_eq! (offset_differences(1l, empty), vec![]);
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fn main() {}
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Lo Sy

This segment should take about 40 minutes. It contains:

Slide Duration
2E 3 minutes
oA A AE A= 5 minutes
7N A 5 minutes
use, super, self 10 minutes

ALEA: GUI gtolE 3] =& 15 minutes

26.1 =&

impl £52 83 &l 9] 5o
o 7E2 2, mod £ EFY T ShE

mod foo {
pub fn do_something() {
println!("foo =& W®");

et U Ano] A2 A EY T
| thah o Aso) A5 A2

o =

}
}
mod bar {
pub fn do_something() {
println! ("bar =& W®");
}
}

fn main() {
foo: :do_something();
bar::do_something();

}

This slide should take about 3 minutes.
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26.2 TLAAHE AZ

HEo &S 7Ia5tA o, g AEE & SdoA O UE2 eEYh
mod garden;
9l It Y AER slojF garden 259 W&S src/garden.rs oA FEE Ut v %5614,
garden::vegetables X E src/garden/vegetables.rs oA 25Ut
crate(320|E) o FE= ot F= At

e src/lib.rs (Bo]E& g A o|E)

 src/main.xs (do] e o] E)
e "R ZA4 472 AHESto] A48 4 U o] RE2 2E0] 2
Folle 2E) S A=Y
/1Y o] BE2 Ads FAgYT.

oo
i
"
Jf
©
oM.

/1 °] ZEolM BdS oAl WEEY.
pub use garden::Garden;
pub use seeds::SeedPacket;

/11 Fo13 #ok wjzlS By,
pub fn sow(seeds: Vec<SeedPacket>) {

todo! ()
}
/17 E8ld sFEs Ao U
pub fn harvest(garden: &mut Garden) {

}
This slide should take about 5 minutes.
*» module/mod.rs & module.rs & v}t 5t 2= Rust 2018 ol A= 519 ES AFEE 4
AU
« filename.rs = filename/mod.rs Al AFESH 4= Qe & 5= FH o] 8= mod.rs 2=
o5& 71 udo] & % IDE oA o] & A =E FEHt=A &7 Wl&d Yyt
o ZCE o] &5liA H A2 AF 12 E FEE 5 AFUTH AXoj=HQl REo] mtdo|HErE
sxc/
F—— main.rs
—— top_module.rs
L—— top_module/
L—— sub_module.rs

« B2ET}olt ) BESS XL Antde g R Wy by

0
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#[path = "some/path.rs"]
mod some_module;

o]l Go o] oA XY ol &S] H|AEZE some_module_test.rs Z& njo] =11 4L

Aol g-adc

26.3 7HA78

259 gjolu e 7| EH o2 Higo| S H A tdEYth:

» mebq ZEo] AR T Wgol A WYL
+ Brol o2 2L x| A2 g

« 5, 25 foo oA M2 7Hse &&olgtd foo ofelje] RE REA FZ7HsdHH

mod outer {
fn private() {
println!("outer::private");

}

pub fn public() {
println!("outer::public");

}

mod inner {
fn private() {
println!("outer::inner::private");

}

pub fn public() {
println!("outer::innex::public");
super: :private();

}

fn main() {
outer: :public();

}
This slide should take about 5 minutes.
. pub 71YEE BEO| T ALEE 4 &UTH

£ AE 71522 pub(. .. ) AHAES ARESt] 370 S AT

!._

A EAE FALshA L.

pub(crate) & 7MAAS XAt Zo] A5 2 duch
A} A

o]

390l £ 7HAl o] Hol=H sy e Eastol shglel w
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https://doc.rust-lang.org/reference/visibility-and-privacy.html#pubin-path-pubcrate-pubsuper-and-pubself

26.4 use, super, self
REL use & ALoto] T2 BES] AR U ARTE 1AL 4 dsUh dukH o2 72 mEo) 4
thofl che 7 22 Y go] Utk

use std::collections: :HashSet;
use std::process::abort;

AR
7 2= ofefjet Zo] LRIt
1. 3d A=

» foo == self::foo = T & U2 foo & 7H|YH,
* super::foo = #2 2E°] foo & 7t Yct.

2. Y A=

s crate::foo = dA A olE FEQ] foo & 7I=|xiYt},
* bar::foo = bar 3°]EQ] foo & 7te| Yt}

This slide should take about 8 minutes.

P o BS AN 7|58 Al YEW] sHe 2ol WA YU o) & Sof Aol =9) 349
lib.rs &

mod storage;
pub use storage::disk::DiskStorage;
pub use storage::network::NetworkStorage;

He sty e J 22 2 A o] Eof|A DiskStorage Y NetworkStorage & AH&3 4 9l
T &3 syt

» R Eo] A9 mEo| eht 320 use’ H2] Hojof FUth, 221} =89S FHshe

= E}
o] oju] B9 Woll Jejete sid EdQlofA] WA =S S &5t Egslo] W] uo 3lojof
Yt} ol & 0] Read E2f|%l S F &5t EFY oA read_to_string MIA =& AR&ot ™

use std::io::Read & AF&3afofF gyt

* use o= 4LE 7LE (use std::io::*) EAEE # AEUTh ol 7= FF01 H
25tA] ekal Alzko] Aol et WAd 4 lenz

26.5 AESTA: GUIZo|Bee X 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

i)

Rust Zelo] 1o} 2 =& shube] vt A 5tE 2 22 5hed Al A= Cargo ZE2HEE B olo}
Uch.
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cargo init gui-modules
cd gui-modules
cargo run

Edit the resulting src/main.rs to add mod statements, and add additional files in the src
directory.

Source

Here's the single-module implementation of the GUI library:

pub trait Widget {
/1] “self 9] A 4w
fn width(&self) -> usize;

/17 Hmol RS THYr}.
fn draw_into(&self, buffer: &mut dyn std::fmt::Write);

/11 BF 2¥o) gIAe UL,
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 {
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fn new(title: &str) -> Window {
Window { title: title.to_owned(), widgets: Vec::new() }
}

fn add_widget(&mut self, widget: Box<dyn Widget>) {
self.widgets.push(widget);
}

fn inner_width(&self) -> usize {
std::cmp: :max(
self.title.chars().count(),
self.widgets.iter().map(|w| w.width()).max().unwrap_or(0),

}

impl Widget for Window {
fn width(&self) -> usize {
/1 HF2& g 471 F7}
self.inner_width() + 4
}

fn draw_into(&self, buffer: &mut dyn std::fmt::Write) {
let mut inner = String: :new();
for widget in &self.widgets {
widget.draw_into(&mut inner);

}
let inner_width = self.inner_width();

// TODO: Change draw_into to return Result<(), std::fmt::Error>. Then use the
// ?-operator here instead of .unwrap().

writeln! (buffer, "+-{:-<inner_width$}-+", "").unwrap();
writeln! (buffer, "| {:Ainner_width$} |", &self.title).unwrap();
writeln! (buffer, "+={:=<inner_width$}=+", "").unwrap();
for line in inner.lines() {

writeln! (buffer, "| {:inner_width$} |", line).unwrap();
}
writeln! (buffer, "+-{:-<inner_width$}-+", "").unwrap();

}

impl Widget for Button {
fn width(&self) -> usize {
self.label.width() + 8 // g = o4t F7ishuch.
}

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);
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writeln! (buffer, "+{:-<width$}+", "").unwrap();
for line in label.lines() {

writeln! (buffer, "|{:A width$}|", &line).unwrap();
}

writeln! (buffer, "+{:-<width$}+", "").unwrap();

}

impl Widget for Label {
fn width(&self) -> usize {
self.label.lines().map(|line| line.chars().count()).max().unwrap_oxr(0)

}

fn draw_into(&self, buffer: &mut dyn std::fmt::Write) {
writeln! (buffer, "{}", &self.label).unwrap();
}
}

fn main() {
let mut window = Window: :new("Rust GUI ©% 1.23");
window.add_widget (Box: :new(Label: :new("4-2 HAE GUI ©|=Aduct.")));
window.add_widget (Box: :new(Button: new("Z3sl FAL1")));
window.draw() ;

}

This slide and its sub-slides should take about 15 minutes.
B0l e Bl AAdA e dAoR IES HrE 2 A4 2. T2 TubA B 2 # mod,
use, pub Aelo] %A =2 e, I3 ot of® TAo] 71 AA2e e x] Eojgch,

26.5.1 s

sIC
F— main.zrs
—— widgets
| —— button.rs
| —— label.rs

| L—— window.rs
L—— widgets.rs

// ---- src/widgets.rs ----
mod button;
mod label;
mod window;

pub trait Widget {
/11 “self o #A Uy
fn width(&self) -> usize;

/77 HEel A -y,
fn draw_into(&self, buffer: &mut dyn std::fmt::Write);
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/11 EE 290 A 21H8YH.

fn draw(&self) {
let mut buffer = String::new();
self.draw_into(&mut buffer);
println! ("{buffer}");

}

pub use button::Button;
pub use label::Label;
pub use window: :Window;

// ---- src/widgets/label.rs ----
use super: :Widget;

pub struct Label {
label: String,

}

impl Label {
pub fn new(label: &str) -> Label {
Label { label: label.to_owned() }
}
}

impl Widget for Label {
fn width(&self) -> usize {
// ANCHOR_END: Label-width
self.label.lines().map(|line| line.chars().count()).max().unwrap_oxr(0)

}

// ANCHOR: Label-draw_into

fn draw_into(&self, buffer: &mut dyn std::fmt::Write) {
// ANCHOR_END: Label-draw_into
writeln! (buffer, "{}", &self.label).unwrap();

}

// ---- src/widgets/button.rs ----
use super::{Label, Widget};

pub struct Button {
label: Label,

}

impl Button {
pub fn new(label: &str) -> Button {
Button { label: Label::new(label) }

}
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impl Widget for Button {
fn width(&self) -> usize {
// ANCHOR_END: Button-width
self.label.width() + 8 // =<2 <f7k F7pghuct,
}

// ANCHOR: Button-draw_into

fn draw_into(&self, buffer: &mut dyn std::fmt::Write) {
// ANCHOR_END: Button-draw_into
let width = self.width();
let mut label = String::new();
self.label.draw_into(&mut label);

writeln! (buffer, "+{:-<width$}+", "").unwrap();
for line in label.lines() {
writeln! (buffer, "|{:Awidth$}|", &line).unwrap();

}
writeln! (buffer, "+{:-<width$}+", "").unwrap();
}
}
// ---- src/widgets/window.rs ----

use super::Widget;

pub struct Window {

title: String,

widgets: Vec<Box<dyn Widget>>,
}

impl Window {
pub fn new(title: &str) -> Window {
Window { title: title.to_owned(), widgets: Vec::new() }

}

pub fn add_widget(&mut self, widget: Box<dyn Widget>) {
self.widgets.push(widget);
}

fn inner_width(&self) -> usize {
std::cmp::max(
self.title.chars().count(),
self.widgets.iter().map(|w| w.width()).max().unwrap_or(0),

}

impl Widget for Window {
fn width(&self) -> usize {
// ANCHOR_END: Window-width
/1 EFgel g 471 F7}
self.inner_width() + 4
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}

// ANCHOR: Window-draw_into
fn draw_into(&self, buffer: &mut dyn std::fmt::Write) {
// ANCHOR_END: Window-draw_into
let mut inner = String::new();
for widget in &self.widgets {
widget.draw_into(&mut inner);

}

let inner_width = self.inner_width();

// TODO: 27 Ao sl dotZ =,
// Result<(), std::fmt::Error>E WIS = draw_into & HAT 4 Y&H5Uch. 1
/7 .unwrap() Al ?-AARE o 7|0 ARESIA|L.

i
iu)
oo

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 ©|= 1.23");
window
.add_widget(Box: :new(widgets: :Label: new("#2 HAE GUI ¢l=dYct.")));
window.add_widget(Box: :new(widgets: :Button: new("Z2sl FA21")));
window.draw() ;
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A 27 A

HAE

—

This segment should take about 45 minutes. It contains:

Slide Duration
HAE 2 & 5 minutes
2 T ZAE 5 minutes
ZAutd® FE 4 Clippy 3 minutes
E ¥ E 30 minutes

27.1 99 HXE

2 AEQ}L 7 (cargo) « 1HHHe @9 HIAE x|l 3 et 3 Aladyth:
- ol BlaEE T = ko)A R AE Yk
« SHHAEE tests/ HHHIYE Sl AdEU
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_woxrd(""), "");
}
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#[test]
fn test_single_word() {

assert_eq! (first_word("eFgstAl "), "ergsiAla");
}

#[test]
fn test_multiple_words() {
assert_eq! (first_word("Hello World"), "<rdstAlL™)

}
}
« oJFA ME RER H|AES WS private 3 W 4ol tigh &9] HAERE 7H5EY
s #[cfg(test)] olET|REV} 7HE §5-2 cargo test & S Aol 523

This slide should take about 5 minutes.
Zo] gt EofA HIAEES At Z3tE T A

272 TEZIAE
E3 g AE

2ol B2 g AFEA Yol A HlAE 2%, B3 ElAES a0} gt
test/clelele] ofefol .1s T} S sht REA| 2

// tests/my_library.rs
use my_library::init;

#[test]
fn test_init() {
assert!(init().is_ok());

}
ol HAE = Ao ES] F7] API oWt 2 &+ A5U T

EANEEA HaE

HAE = ZASFA o Oigt BIAE S WAsto] Al g3ty th:
/// Shortens a string to the given length.
/17
/1] "7
/// # use playground::shorten_string;
/// assert_eq!(shorten_string("Hello World", 5), "Hello");
/// assert_eq! (shorten_string("Hello World", 20), "Hello World");
/11"
pub fn shorten_string(s: &str, length: usize) -> &str {
&s[..std::cmp::min(length, s.len())]
}
o« /// A-lo]—_J I HEO x].an 31/\15 g 011\1511,41:].
¢ o] IE E52 cargo test SEotH A5 o2 AHupU = 1 AYH Yt
* Adding # in the code will hide it from the docs, but will still compile/run it.
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« 9] Z == Rust Playground oA HIAE 3l EA]7] vighyct,

27.3 oL dE 9 Clippy

Rust Zutd 2=
AE AR 3l

g HEF of} BiXl @ F HAIX S By Clippy = Z2HE
274" ¥ g2 dES ATy

e —2

e
fu

#[deny(clippy::cast_possible_truncation)]
fn main() {

let x = 3;

while (X

70000) {
X * ;

’

N A~

}
println! ("X+& ul6ol 22 XS7t2? {}", x as ul6);
}

This slide should take about 3 minutes.

FEAES YL 2 F AR & SRl of 7|0l = A E7F BAISA| e S=7F Hutd = 31 L
EAERA &&5ULH Ed|o|aet2E Ao ER AH3hslo] o|g|s Il EE B A}

YEZS H2F F Seflo]agte = Ao EolA clippy & A3te] clippy 43S AUt Clippy
= Yo W3t Yot BN BeotT o] g4 Al2S S E (default-deny HE E3H = 27}
Fyct

help: ...7} &5 @8} A1E cargo fix £t BY7E 58] 24 4 Y& Uch

871E W5 250) AR EE F 0 E YU 0] FNYFL AGTIE WS
%ﬂ%iﬁﬁ%,QﬂJAHW@ﬂﬂ%ﬂEHQA°§*%§%§QW
* Ignore all spaces. Reject number with fewer than two digits.

» 222X Y% 02 o|55kn] 2 WA zhejulch 4k S 2 ¥} Z7FA U T o2 So] 1234 o)A
3310 Z+zF 2 & I3}

» After doubling a digit, sum the digits if the result is greater than 9. So doubling 7 becomes
14 which becomes 1 + 4 = 5.

. 2E 22l o] £248 HFy

o

i [
=
]
=
2
e
Rl
)
mm
rlo
rz

s A9 %X}E'M@ 1 3¢ fagt A7t ey
Alsd ZE= 29| gire|Fo] ZHtEA LA A=A BARlShe F 714 712 @] HiAEe

i €21 %01 Wi} 15 AR AZHI

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;

169


https://play.rust-lang.org/?version=stable&mode=debug&edition=2021&gist=3ce2ad13ea1302f6572cb15cd96becf0
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/

for c in cc_number.chars().rev() {
if let Some(digit) = c.to_digit(10) {
if double {
let double_digit = digit * 2;
sum +=
if double_digit > 9 { double_digit - 9 } else { double_digit };
} else {
sum += digit;
}
double = !double;
} else {
continue;
}
}

sum % 10 ==

}

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

#[test]

fn test_valid_cc_number() {
assert! (luhn("4263 9826 4026 9299"));
assert! (luhn("4539 3195 0343 6467"));
assert! (luhn("7992 7398 713"));

}

#[test]

fn test_invalid_cc_number() {
assert! (!luhn("4223 9826 4026 9299"));
assert! (!1uhn("4539 3195 0343 6476"));
assert! (!1uhn("8273 1232 7352 0569"));

2741 s

/1 A0l BEAIE = H7F A= HEJY.
#[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 };
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} else {
sum += digit;

}
double = !double;
} else {
continue;
}
}
sum % 10 == 0
}
/] &£FHojn ofgfe] RE HAEE FHdYrt
pub fn luhn(cc_number: &str) -> bool {

let mut sum = 0;
let mut double
let mut digits

for c in cc_number.chars().rev() {
if let Some(digit) = c.to_digit(10) {

digits += 1;
if double {
let double_digit = digit * 2;
sum +=
if double_digit > 9 { double_digit - 9 } else { double_digit };
} else {

sum += digit;

}
double = !double;

} else if c.is_whitespace() {
continue;

} else {
return false;

}

}

digits >= 2 && sum % 10 ==
}

fn main() {
let cc_number = "1234 5678 1234 5670";
println!(
"{cc_number} (&) {83 A&7l HEI7IR? {}",
if luhn(cc_number) { "o|" } else {
),
}

#[cfg(test)]

mod test {
use super::*;
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#[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! (!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! (!1Iuhn(""));
assert! (!luhn(" "));

Huhn(" "))

assert!( '
assert! (!luhn(" ")),
}
#[test]

fn test_single_digit_cc_number() {
assert! (!'luhn("0"));
}

#[test]

fn test_two_digit_cc_number() {
assert!(luhn(" 0 @ "));

}
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A 28 A+
Welcome Back

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

Segment Duration

Q=g 55 minutes
OFX5}A] 2 2] AE 1 hour and 5 minutes
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A 29 %
2 FA=

This segment should take about 55 minutes. It contains:

Slide Duration
oy 3 minutes
Iterator 5 minutes
SAA g 5 minutes
Error 5 minutes
From ¥} Into 5 minutes
Result & o] &3t 1%235tE @2 =28 30 minutes

g 4 Aguh

A o,
[ u35hR] %= API(Vec:

29.1 =Y
Rust = '#4' 22 X|P 22 @ 7F& ATyt
YAEL $9 F AWHQ 07 g vhiw ad S BT A
fn main() {
let v = vec![10, 20, 30];
println!("v[100]: {}", v[100]);
}
s T Bag 4 gl o 23k @ R,
- sjge m2asdol wast Qloks AS ey
— A AL Aulek 2o 2Aeke) Anl2 Qs w o] w
- Aol Al o] 24 (o: assert!) 3y
- S Y2 panic! i 25 A& 4 ASU .
s 3jg e 28S A sho] Pt wiekE A 2k Al
35 (22)4) & 3 §3HA) Yolok ke A2, WS §
st gy,

This slide should take about 3 minutes.
7\BMoz, wo] waysty Ag H77] S ghct A8 H7t

use std::panic;
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fn main() {
let result = panic::catch_unwind(|| "#&5uch.");
println! ("{result:?}");

let result = panic::catch_unwind(|| {
panic!("o]g");

1)

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

o T2 5512 245Ut catch_unwind 2 9|9 1H 3 1L A|=5}1A] niA Q.
« o] 2 & o] A A] Hrjete T2 o] AL AP E of k= Aol f-83Yth
* gtk Cargo. toml A7 mt Aol panic = abort & A FTHA FAIE AT 4 g5

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),

}

ojlgA #A & 4 AHUT
some_expression?

o| A 2] ofjA|of| A-gsf EZ&Y

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),

b

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! ("AFEAF o] T+ 2%F: {username:?}");
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This slide should take about 5 minutes.
?E Al85}EE read_username @45 w3}

7] EO]E-

u:‘;"

Yk,

e username H4= Ok(strlng) o]AYU Exr(error) & 4 UL
o fs::write WA =S AFE5lo] TFo] gAY, a]omq ZE5L 7o =9 gAES UL}
-Pknethatmaincanrennx1aResu1t<(), E>aslongasu1nqﬂenunusstd..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 EAA JHE

AA = 27 A8 E = B2 o7k e A Bt & o By
expression?

9} @2 ofglet U

match expression {

Ok (value) => value,
Err(err) => return Exrr(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(err: io::Error) -> Self {
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Self: :IoError(err)

}

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! ("AF&AF o]& = 2%F: {username:?}");

}

This slide should take about 5 minutes.

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 7-32] AxH2|Ql tjohe 53] ¥gko] gk o Aut AAYsh= 79 Result: :map_err Yyt

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 =A<9l o e

Sometimes we want to allow any type of error to be returned without writing our own enum
covering all the different possibilities. The std: :error: :Exror trait makes it easy to create
a trait object that can contain any error.

use std::error::Error;
use std::fs;
use std::io::Read;

fn read_count(path: &str) -> Result<i32, Box<dyn Error>> {
let mut count_str = String::new();
fs::File::open(path)?.read_to_string(&mut count_str)?;
let count: 132 = count_str.parse()?;
Ok(count)
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fn main() {
fs::write("count.dat", "1i3").unwrap();
match read_count("count.dat") {
Ok(count) => println!("7§5: {count}"),
Exrr(err) => println!("2F: {err}"),

}

This slide should take about 5 minutes.

read_count &= std:iio: iError(@¥ FPolA) == std: :num: :ParseIntError(String: :parse

oA & w4 s
Boxing errors saves on code, but gives up the ability to cleanly handle different error cases
differently in the program. As such it's generally not a good idea to use Box<dyn Error>in

the public API of a library, but it can be a good option in a program where you just want to
display the error message somewhere.

Make sure to implement the std: :error: :Error trait when defining a custom error type
so it can be boxed. But if you need to support the no_std attribute, keep in mind that the
std::exror: :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)]
#[erroxr("{0}olA AE2 ol5E S £ SlsUH.")]
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}< (&) €A ZE3&5uct."))?
.read_to_string(&mut username)
.context("2A E3HUTE. ") ?;
if username.is_empty() {
bail! (EmptyUsernameError(path.to_string()));
}
Ok (username)
}

fn main() {

179


https://github.com/rust-lang/rust/issues/103765
https://docs.rs/thiserror/
https://docs.rs/anyhow/

//fs::write("config.dat", "").unwrap();

match read_username("config.dat") {
Ok(username) => println!("AR&2F o]&: {username}"),
Err(err) => println!("2&F: {err:?}"),

}
This slide should take about 5 minutes.

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

9l&Uch. oet o] B o)

 anyhow: :Error = Box<dyn Error>9| 2jx E}%‘OIE}Q—’,\—
UAARE g2 o Z A o] doll 22 AHEH I A5

37) APL 24 ALg3t7]ol #AgHetctn & 4 A
Utt.

* anyhow: :Result<V>+ Result<V, anyhow::Error>2] E}Y] de|ojA (alias) YUttt

« ZostthH anyhow: :Error o A 1A o2} B1d 2 7 Ulo] AL 01/\1,]1:]-

» anyhow: :Result<T>7} &5t 7] 5E°] Go Ao 7fAEoAl= 5T AUyt Go o
ool A ¥hgk gko 2 A&5H= (T, error) si€} v|%5t7] wf&dYch.

* 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] &3 LZ3tH 2747

OS2 E8 A Ao ufe st abA & LAY 28y Y S ol L FE A2yt o4l &
829l 22 X E A} 85t 272 main 9 wtEto 2 HMulst 2 thA] AUt thiserror 2
anyhow & GuHE2] AHESHA &

JIE: A parse g4ollA & 21 2 & +45IM Q. A2 2H551H Tterator<Item=Result<Token,
TokenizerError>>E FLH3I=E Tokenizer & uo| ES}aL mhA]of| A &gt

use std::iter::Peekable;

use std::stxr::Chars;

/1] AtE AXAAYrTt,
#[derive(Debug, Partialkq, Clone, Copy)]

enum Op {
Add,
Sub,
}

/11 EAA dojo] EFZJYrLt.
#[derive(Debug, PartialEq)]
enum Token {
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Number (String),
Identifier(String),
Operator(0Op),

}

/11 BFA Qdoje] mAA YT,
#[derive(Debug, PartialEq)]
enum Expression {
/17 Mg FERAY.
Var(String),
/17 YEE =xdYt.
Number(u32),
/17 ol AidYrt.
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 ¢ = self.0.next()?;
match c {
'Q'..='9" => {
let mut num = String::from(c);
while let Some(c @ '0'..='9") = self.0.peek() {
num.push(*c);
self.0.next();
}

Some(Token: :Number (num))

'a'..="z"'" =>
let mut ident = String::from(c);
while let Some(c @ ('a'..="'z'" | '_" | '0'..='9")) = self.0.peek() {
ident.push(*c);
self.0.next();
}

Some(Token: :Identifier(ident))
+' => Some(Token: :0perator(Op::Add)),

'-' => Some(Token: :0Operator(Op::Sub)),
_ => panic!("d7]x] ¥ &2 {c}"),
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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! ("°l7]%] &2 AH FE");
b
let expr = match tok {
Token: :Number (num) => {
let v = num.parse().expect("ZE% 32HE
Expression: :Number(v)

ox,

Fdys. ')

}
Token: :Identifier(ident) => Expression::Var(ident),
Token: :0Operator(_) => panic!("d|7]x] &2 EZ {tok:?}"),
) o7l Qito] Y= A9 o2 mAFYLE,
match tokens.next() {
None => expr,
Some(Token: :Operator(op)) => Expression::Operation(
Box: :new(expr),
op,
Box: :new(parse_expr(tokens)),

)
Some(tok) => panic!("d|7]x] &% EZ {tok:?}"),

}

parse_expr(&mut tokens)

}

fn main() {
let expr = parse("10+foo+20-30");
println! ("{expr:?}");

29.6.1 sig

use thiserror::Error;
use std::iter::Peekable;
use std::str::Chars;

/11 s Ay,
#[derive(Debug, PartialEq, Clone, Copy)]

enum Op {
Add,
Sub,
}

/11 BEHA dojo] EZJYrt.
#[derive(Debug, Partialkq)]
enum Token {
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Number (String),
Identifier(String),
Operator(0Op),

}

/11 BFA Qdoje] mAA YT,
#[derive(Debug, PartialEq)]
enum Expression {
/17 Mg FERAY.
Var(String),
/17 YEE =xdYt.
Number(u32),
/17 ol AidYrt.
Operation(Box<Expression>, Op, Box<Expression>),

}

fn tokenize(input: &str) -> Tokenizer {
return Tokenizer(input.chars().peekable());

}

#[derive(Debug, Error)]

enum TokenizerError {
#lexroxr ("UdHol NG Zg 22 '{0}' o] (7}) AHUC.")]
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 c = self.0.next()?;
match c {
'Q'..='9" => {
let mut num = String::from(c);
while let Some(c @ 'Q'..='9")
num.push(*c);
self.0.next();

= self.0.peek() {

}
Some (Ok (Token: :Numbexr (num)))
}
lal"=lzl => {
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: :Identifier(ident)))
}

"+' => Some(Ok(Token: :Operator(Op::Add))),
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'-' => Some(Ok(Token: :Operator(Op::Sub))),
_ => Some(Err(TokenizerError: :UnexpectedCharacter(c))),

}

#[derive(Debug, Error)]

enum ParserError {
#lerror("EFUolA 2F: {0}")]
TokenizerError(#[from] TokenizerError),
#[error("cl7|x &2 4 F8")]
UnexpectedEOF,
#[exror("dl7]x %2 EF {0:?}")]
UnexpectedToken(Token),
#[erroxr("&xEH ®2")]
InvalidNumber (#[from] std::num::ParseIntError),

}

fn parse(input: &str) -> Result<Expression, ParserError> {
let mut tokens = tokenize(input);

fn parse_expr<'a>(
tokens: &mut Tokenizer<'a>,
) -> Result<Expression, ParserError> {
let tok = tokens.next().ok_or(ParserError::UnexpectedEOF)??;
let expr = match tok {
Token: :Number(num) => {
let v = num.parse()?;
Expression: :Number(v)
}
Token: :Identifier(ident) => Expression::Var(ident),
Token: :Operator(_) => return Err(ParserError::UnexpectedToken(tok)),
17 ol eael sk A9 o= saEUL
Ok (match tokens.next() {
None => expr,
Some (Ok (Token: :Operator(op))) => Expression::Operation(
Box: :new(expr),
op,
Box: :new(parse_expr(tokens)?),
),
Some(Err(e)) => return Err(e.into()),
Some (Ok (tok)) => return Err(ParserError::UnexpectedToken(tok)),
})
}

parse_expr(&mut tokens)

}

fn main() -> anyhow: :Result<()> {
let expr = parse("10+fo0+20-30")7;
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println! ("{expr:?}");
Ok(())
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We saw mostly safe Rust in this course, but it's important to know what Unsafe Rust is.
HE, US| Ge At TEL D77} o), SYHOR EATYL a1 TES) o LA
sHEof thal AlLsHAl BA 7} o] Qe UTh LEla, B A9 T B AE T2 B4 24
S5 A & ARESHA Yo
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o A P HI 9 2%

s union ¥ E H.

* extern °V\% L3het unsafe 34 52,

« unsafe E&9l 3.
9l 7lsEol sl 7eks] A B S Uk 2AAS W82 2| AE 22T 9dof, 19.1 23} Rusto-
nomicon 2 x5t 2.

This slide should take about 5 minutes.
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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 ZJE Q= (wetrtr])

ZRJEE TE= A2 U A A= (wehrhr]) & 49 unsafe 7 2o stk

fn main() {
let mut s

String::from("=AlskA[21");

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);

}
/1 (AR LS. o]FHA F}A| mhHL
/ *
let r3: &String = unsafe { &*rl };
drop(s);
println!("r3 is: {}", *13);
*/
}
This slide should take about 10 minutes.
2. unsafe SZof ofs] o 7 TE7} RIS of i3t AR g FH o2 T AL T HRYYT

(A4t 2ol E 9] 2| AE AEtY Fho] Soj A& o] A B4y,

EJAH A2 E T A9, ZAE7} sfjof gt} of| & Eof:

Z2lE]+= null o] eHE Y},

LAY E afabrhr) 7} sk sfok A (A9 of = & 252 7he}7| T ook T,

oju] Wrghel M| 7he)7| W rEYc

22 9)xjoll thsf A H el 2ol glom ohg Tk

Fzg e A EAE S WESICH, 1 F 2] 7hel 7] A Abok Qlojof shoi, 1 A4
o) vlme)g W 2she #2vt st glojok g,

HEo| 3¢ ZIE = align E o 9lojof gt

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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29 AANSE g AL dPFYh

static HELLO_WORLD: &str = "Hello, world!";

=

fn main() {
println! ("HELLO_WORLD: {HELLO_WORLD}");
}

SHA|RE, Hol g o] AV AT 4 9lonz A

static mut COUNTER: u32 = 0;
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fn add_to_counter(inc: u32) {
unsafe {
COUNTER += inc;
}
}

fn main() {
add_to_counter(42);

unsafe {
println! ("COUNTER: {COUNTER}");
}
}

This slide should take about 5 minutes.
+ ol B2aYe B Adse|ne hlgth el Rust dukelelt wpsolof Zjoke) 43
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30.4 Unions
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#[repxr(C)]
union MyUnion {
i: us8,

b: bool,
}

fn main() {
let u = MyUnion { i: 42 };
println!("int: {}", unsafe { u.i });
println! ("#=: {}", unsafe { u.b }); // Undefined behavior!
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This slide should take about 5 minutes.

HAEN = AF 0l 7] W&ol Y20l o 4= =3 ExYth fFY22 C2to]22{ g API
EAMEE W 7HE sty

HO|ESE E4 EtJ o2 Ao ofa AohH std: :mem: :transmute Y & ©f b3t zerocopy
Ao EE AHESHAI L.

7} Aol ghe Fato 2 whx x| 97 517] 9isl A Bk slof stz HA| 2o 9 7

extern "C" {
fn abs(input: i32) -> i32;
}

fn main() {
let emojis = "« ©@";

/] AQlo] ZHIE FAjolil FAE &etolAl] A ud

/1 3em UTF-8 AlfA AAle| fleuz obdgrt.

unsafe {
println! ("o]=EZ: {}", emojis.get_unchecked(0..4));
println!("o[=EZ: {}", emojis.get_unchecked(4..7));
println!("o]=EZ: {}", emojis.get_unchecked(7..11));

}

println! ("2 4: {}", count_chars(unsafe { emojis.get_unchecked(2..7) }));

unsafe {
// Undefined behavior if abs misbehaves.
println!("Coll & A9zt -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()
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/17 AQE ZRJIE7}F 7He 7= g2 vhe Yot
/17
/11 # Safety
/17
/11 EAEE gEStT gul2A] gsojop ),
unsafe fn swap(a: *mut u8, b: *mut u8) {
let temp = *a;
*a = *b;
*b = temp;
}

fn main() {
let mut a = 42;
let mut b :

1l
(o))
(e)]

/1 T 22 olfE MY
unsafe {

swap(&mut a, &mut b);
}

println!("a = {}, b = {}", a, b);
}

This slide should take about 5 minutes.
A e A4

get_unchecked, like most _unchecked functions, is unsafe, because it can create UB if the
range is incorrect. abs is incorrect for a different reason: it is an external function (FFI).
Calling external functions is usually only a problem when those functions do things with
pointers which might violate Rust's memory model, but in general any C function might have
undefined behaviour under any arbitrary circumstances.

9] oA ZEO|A "C"= ABI & 9Ju|gych ot2 ABI = Q154

HHsLA ghe 4 A5}

We wouldn't actually use pointers for a swap function - it can be done safely with references.

Note that unsafe code is allowed within an unsafe function without an unsafe block. We
can prohibit this with #[deny(unsafe_op_in_unsafe_fn)]. Try adding it and see what
happens. This will likely change in a future Rust edition.

30.6 <QHA3S}A &2 EF 9l LA}

oA et A 2 E 9l E unsafe 2 o} 5
=2+ 157 Qs EWSE 2 o] = sichH Zo| |
=

o] zerocopy I &|o| Eoll&= QH 51| ¢k ESlo] &Yt

use std::mem::size_of_val;
use std::slice;
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/17
/11 # Safety
/11 Etdoll= Aojd EHo] lojof ot =g glojof Fyrt.
pub unsafe trait AsBytes {
fn as_bytes(&self) -> &[u8] {
unsafe {
slice::from_raw_parts/(
self as *const Self as *const u$8,
size_of_val(self),

}

/1 u32°] ZejE #3o] la migo] glem® fbehyrt.

unsafe impl AsBytes for u32 {}

This slide should take about 5 minutes.

FHsHA| gF2 E|ol& B o= Aol # Safety &=0] QlojA o] Edf|lS P sHA -5t
# o @l 8 FAIHS S W ao sHx| & A alof g

AsBytes ol Al A 7ok 3 ok ol gk A4 A e & o 21 =gk

HEQI E7SlQl Send 9F Sync + FAsHA] k2 Elal Yt

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.

oef 2352 bl B4 FxshAl 7] uhgh ok

* opendir(3)
e Teaddir(3)
e closedir(3)

ot std: : ffi 2&53 2 a7l s AUt 77]ol= ofH oA & +Fst=d B o
7o FAE B ':Ol 7= o] JAEYHh:
B A A&
str 3 String UTF-8 2 AE A ] ZAH A g
CStr @} CString d (NUL) 2 &4 C &9t A&st7]
0sStr 2 0sString 0S 7} A ol g+ os ¢4 0}7] o5k B 2p
o]

o U5 7ho] MBS kg 2 &Ytk
+ &str oA CString O 29 WEh W nkA oo \@ £4HE AF) 913 3742 FFelor ]
oh

« CString oA *const i8 2o] ¥igh CT4E S &317] YsllA+ ZAE 7 Zaghct
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 *const 18 oA &CStr 2o] W3k FofZl Hlo|E AJH AT \@ 2 ErfEx] Elsta A2 7
o
T

» &CStxr to &[u8]: a slice of bytes is the universal interface for ”some unknown data”,

o &[u8] °ll A &0sStr E 2] ¥ 2 &0sStr + OsString S & 7}7] 3t S 3t ©A Yt
O0sStrExt & AFEalA 0sStr & AY/dshAl 2,

» &0sStr oA 0sString S 2o ¥gh: &0sStx ] 7t 7|1l QI = HIolE| & BAIST O 24, o]
o|f & 2lestal, readdir 45 ST W AFEE 4 A & FU T

Nomicon ol FFI 9} #&13k of {83t HE7F 5y o
%ﬂiE%JMmWMwﬂBngmgﬂé%ﬁﬁqu&*ﬂﬂﬁcaﬁJiqq

// TODO: &lo] == o= AMAEYrct.
#![allow(unused_imports, unused_variables, dead_code)]

mod ffi {
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 B EFddych. https://doc.rust-lang.org/nomicon/ffi.html & FIstA 2.
#[repr(C)]
pub struct DIR {

_data: [u8; 07,

_marker: core::marker::PhantomData<(*mut u8, core::marker::PhantomPinned)>

}

// readdir(3) 9 Linux man #Ho]A]o] w2 2jojo}2dyrtt,
// 9714 ino_t ¥ off_t+=
// /usr/include/x86_64-1linux-gnu/{sys/types.h, bits/typesizes.h}2] #oJo] wa} gL
#[cfg(not(target_os = "tj=="))]
#[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) 2 mac0S man H|o|x|o] wZE gojotUut}.
#[cfg(all(target_os = "ojEE"))]
#[repr(C)]
pub struct dirent {

pub d_fileno: u64,

pub d_seekoff: u64,

pub d_reclen: ul6,

pub d_namlen: ul6,

pub d_type: u8,

pub d_name: [c_char; 10247,
}

extern "C" {
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pub fn opendir(s: *const c_char) -> *mut DIR;

#[cfg(not(all(target_os = "vf3=2", target_arch = "x86_64")))]
pub fn readdir(s: *mut DIR) -> *const dirent;

/1 https://github.com/rust-lang/libc/issues/414 4
// stat(2) o] T3S macOS man | o]x]2] _DARWIN_FEATURE_64_BIT_INODE AlMdE& ZIstA L.
//
/1 ' o] FHlolETL AlgE7] Mol EAFE EAF2!
// Intel ¥ PowerPC2 macOS (i0S/wear0S So] otd) & 9u|gurct.
#[cfg(all(target_os = ""|==", 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, 0sString};
use std::os::unix::ffi::0sStrExt;

#[derive(Debug) ]

struct DirectorylIterator {
path: CString,
dir: *mut ffi::DIR,

}

impl DirectoryIterator {
fn new(path: &str) -> Result<DirectorylIterator, String> {
// opendir & ZE5ta A2 ZEstH Ok k2 Higsta
/1 AFA %o mA|et A Exr & wHEHRYCE.
unimplemented! ()

}

impl Iterator for DirectoryIlterator {
type Item = 0sString;
fn next(&mut self) -> Option<0sString> {
// NULL ERIEE Al 7FA& mj7t#] readdir & A& &4,
unimplemented! ()

}
impl Drop for Directorylterator {
fn drop(&mut self) {
// 2o wat closedir & T&gHUct,
unimplemented! ()

}

fn main() -> Result<(), String> {
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let iter = Directorylterator::new(".")?;
println! ("ot : {:#?}", iter.collect::<Vec<_>>());
0k(())

30.7.1 Y

mod ffi {
use std::os::raw::{c_char, c_int};
#[cfg(not(target_os = ""iA=2"))]
use std::os::raw::{c_long, c_uchar, c_ulong, c_ushort};

/1 E5Y EddUt. https://doc.rust-lang.org/nomicon/ffi.html & FistAlL.
#[repr(C)]
pub struct DIR {

_data: [u8; 07,

_marker: core::marker::PhantomData<(*mut u8, core::marker::PhantomPinned)>,

}

// readdir(3) @ Linux man Ho]x]o] w2 glo|o}xdc}.
/1 9714 ino_t ¥ off _t+=
/1 /usr/include/x86_64-1linux-gnu/{sys/types.h, bits/typesizes.h}2] #oJo| wa} ElHL
#[cfg(not(target_os = ""j=="))]
#[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]xo] w2 gojolduct,
#[cfg(all(target_os = "tfj=="))]
#[repr(C)]
pub struct dirent {

pub d_fileno: u64,

pub d_seekoff: u6b4,

pub d_reclen: ul6,

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 = "vf3=", target_arch = "x86_64")))]
pub fn readdir(s: *mut DIR) -> *const dirent;

// https://github.com/rust-lang/libc/issues/414 %
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// stat(2) o] T3 macOS man Ho]x]2] _DARWIN_FEATURE_64_BIT_INODE AMHE 15

//

/1 ' o] FJulolETL AlgE7] Mol EAFE EHF2!

// Intel ¥ PowerPC2 macOS (i0S/wear0S £o] ofd) & 9u|gurct.
#[cfg(all(target_os = ""j==", target_arch = "x86_64"))]
#[1link_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 A2 ZHEstH Ok k2 Hbgsta
/1 2R ko wA[x|et A Err & Wbyt
let path =

CString: :new(path) .map_ err(|err| format! ("#&EH HZ: {err}"))?;

// SAFETY: path.as_ptr() & NULLY & Sl&4ytt.
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 = 0sString;

fn next(&mut self) -> Option<0sString> {
// NULL EIEE tiA] €S wi7hA] readdir & A& S&FUcth.
// SAFETY: self.dir & NULL o] opdyct,
let dirent = unsafe { ffi::readdir(self.dir) };
if dirent.is_null() {

/7 EEPQ Eo] =FiEsUT.

return None;

}
// SAFETY: dirent = NULL ©] otY™ dirent.d_name & NUL
/ FEHYT.
let d_name = unsafe { CStr::from_ptr((*dirent).d_name.as_ptxr()) };
let os_str = O0sStr::from_bytes(d_name.to_bytes());
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Some(os_str.to_owned())

}

impl Drop for Directorylterator {
fn drop(&mut self) {
/1 Zeo] W} closedir & &3y},
if !self.dir.is_null() {
// SAFETY: self.dir 2 NULL ©] o}duct.
if unsafe { ffi::closedir(self.dir) } != 0 {
panic! ("{:?}& (&) B< & 9l&Urt.", self.path);

}

}

fn main() -> Result<(), String> {
let iter = Directorylterator::new(".")?;
println! ("ot : {:#?}", iter.collect::<Vec<_>>());
0k(())

}

#[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("7d=o| UTF-80°|] ofd Fx7} 21")?,

)7,
let mut entries = iter.collect::<Vec<_>>();
entries.sort();
assert_eq! (entries, &[".", ".."1);
0k(())

}

#[test]

fn test_nonempty_directory() -> Result<(), Box<dyn Error>> {
let tmp = tempfile::TempDir::new()?;
std::fs::write(tmp.path().join("foo.txt"), "Foo tfolojz[\n")?;
std::fs::write(tmp.path().join("bar.png"), "<PNG>\n")?;
std::fs::write(tmp.path().join("crab.xs"), "//! Crab\n")?;
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let iter = DirectoryIlterator: :new(
tmp.path().to_str().ok_or("d=o] UTF-80] ofd Ex7} 2lg")?,

)7,

let mut entries = iter.collect::<Vec<_>>();

entries.sort();

assert_eq! (entries, &[".", "..", "bar.png", "crab.rs", "foo.txt"]);

Ok(())
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A 31 7%

Welcome to Rust in Android

Rust is supported for system software on Android. This means that you can write new services,
libraries, drivers or even firmware in Rust (or improve existing code as needed).

¢ e 25 ofe ZR2AEAN HAE FES S EdE AUtk T Z2HEA g

AEZ ST G AL B8 AL, O EA 0] A Eol3 Bl A 45 E4U

cth vhol E 9 /) S mhd st R eetd ehEshy
Android °l 4] Rust A&0] Eojd A& 7t o HEA = ths W& A+
« AH| A ofl: DNS over HTTP
« 2to] B 8] ]: Rutabaga 7Hy 2= Qe o] A
« 7'd =2toH: vl Y
« Hol: pKVM < o]

mglr‘

4 9laytt,
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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 & ZFZ 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) =90l 2 u) 345] A@A5kT )00, Rust & 483 17]olo] 422l of

ZeolE Yyt
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https://source.android.com/docs/setup/start

te2olt HlE AJAH] (Soong) & th2t 22 o2 ZES &3l 2AEE A HdYth:

Module Type Description

rust_binary g AE Hio|J g & AU

rust_library 2 A E go]Hafg] (rlib -2 dylib) & A4 TY
=

rust_ffi cc ZEO|A AFEE 4 1= Clibrary (B3 &2
S4) & A

rust_proc_macro proc-macro & F+ st 2 AE go|BEe g &
Ao Hatdei o] Eejaclez Yzsi=
54

rust_test EF H2E HAE 24 & AR 5= | AE Hlo]
a2 gAs Lt

rust_fuzz libfuzzer & AHE35H9 fuzz vio| Y2l & A
gy

rust_protobuf = 2 EH I (protobuf) QIE H| o] A& AH|F-5l=
B AE glo|Hal a2 A}

rust_bindgen C2tolEajg]of thgt 2 AE BRI S A &5t=

2 AE o] Hel 22 YT

22 rust_binary ¢ rust_library & A3 &E4Yrch
AR ATS 5 A= FH S
* Cargo = th=o] A% 4ol 2 A3t 2] 9k
e Android oAM= #7474, 281 ¥ =

AEloA wi7] A & th2 2 =gy

E Qsfl, A8 o] EESo] Android AAFE E g ¢toj
o2 E35] o] glofof FYrh WE A e 2 E whE 4 gl Uitk w3t C/C++/Java ZE} F&
€85 ojoF gt} Android ¥ = A|2§1Q1 Soong ©] o] FuE u|F Tt

* Soong <> Blaze(google3 o| A} AF&-H) o] 2 EAA W3l Bazel 2t @o] H| &g
* Android, ChromeOS, Fuchsia = Bazel 2 A&HsF AlE U},
* Bazel & fAFSHHE 73S v+ 712 & Rust OS 7HEAo| A /-8yt

o A= AHA AEFE ™ O] FiElE F Y dlo]E (Data) = A Soong EFl ] Q=2 o] =
(Android) ¥4 tct.
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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 3ZAE Hlojug

e 38 3o AFs) B4 U AOSP A Zok o] LE| A T 1Y

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] LS EE 2HOR MY
fn main() {

println!("Hello from Rust!");
}

a3 ok, o] o] U2l & M ek, 7hy tubo] 2o W, AyEU Tk

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 2 AE glo]jry g

rust_library £ Ag35}o] QFE20o|=8 A 2{AE glo]HE g E s

Ol

Aol

L

o714 5 7Ho| efo]Hefelof cat o £4

« of2fo] o]t 1ibgreeting.
« external/rust/crates/ol| Ex35t= 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",

ok

I

] I

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 dlZduUct.

use greetings::greeting;
use textwrap::fill;

/11 T BE FHo AU
fn main() {

println!("{}", fill(&greeting("Bob"), 24));
}

hello_rust/src/lib.rs:

/11 QAT etelEe eyt

/// “name oA <AArIUTH,
pub fn greeting(name: &str) -> String {

format! ("{name}d, AYSA L. TrtA HEZFESUTH ")
}

ol 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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B AEE QhE 2ol QlEjm|o] 2 o) ¢lof (AIDL) & A P& Uch

FEoA 7]Z AIDL AHE & g 4 Y54 h
oA MZ& AIDL MHE A 4 5yt

34.1 /** QY AH|A 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 9Igjmlo] &
AIDL QIEjz|o] A E o] &5 A AH] 29 APT & Ayt
birthday_service/aidl/com/example/birthdayservice/IBirthdayService.aidl:
/** A AMulA QJEFolAYYT. */
interface IBirthdayService {

/** L S5t 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:
/** A AulA QlEHo]AYYTE, */
interface IBirthdayService {
[** L S5t HAIAE AU, */
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|A& ¥
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& Fodyr."))
}
}

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";

/77 8L MujAe] AA-FAYH.
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 ("AH| 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 tjrto] 2of ¥a, Al2f ek 4= Ql 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 MUl A7 2 85 A =4 ERlg

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

SRRk 2, o7t F7h3t M| 2o et SetolAES B AER B

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)

A

.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]JdEX libbirthdayservice ol o] &35}#] g0l F231A 2.
HEstal, 7Hg dufol A2 Pa, Agidth:

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—’.‘—’@
—roq o Be 7]5S A 2sl BAH Seto]AdET Y ol T

JE
ofo
ftfo
)
ox
st
4>
9]
1
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package com.example.birthdayservice;

/e A a2 Qlejso] AT, */
interface IBirthdayService {
[*¥* gD Fst HAAE AU, */
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 FstgUtt. {years}Fde Fstdut.",

)

for line in text {
msg.push('\n');
msg.push_str(line);

}
Ok (msg)

}

birthday_service/src/client.rs:

let msg = service.wishHappyBirthday(
&name,
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years,

&[
String::from("Habby birfday to yuuuuu"),
String::from("And also: many more"),

1.

)7,

* TODO: Move code snippets into project files where they'll actually be built?

34.2 Working With AIDL Types

AIDL types translate into the appropriate idiomatic Rust type:

* Primitive types map (mostly) to idiomatic Rust types.

* Collection types like slices, Vecs and string types are supported.

» References to AIDL objects and file handles can be sent between clients and services.
* File handles and parcelables are fully supported.

34.2.1 Primitive Types

Primitive types map (mostly) idiomatically:

AIDL Type RustType Note

boolean bool

byte i8 Note that bytes are signed.
char ulé Note the usage of ul6, NOT u32.
int i32

long i64

float 32

double 64
String String

34.2.2 =¥

The array types (T[], byte[], and List<T>) get translated to the appropriate Rust array type
depending on how they are used in the function signature:

Position Rust Type

in argument &[T]
out/inout argument &mut Vec<T>
Return Vec<T>

* In Android 13 or higher, fixed-size arrays are supported, i.e. T[N] becomes [T; N].
Fixed-size arrays can have multiple dimensions (e.g. int[3][4]). In the Java backend,
fixed-size arrays are represented as array types.

* Arrays in parcelable fields always get translated to Vec<T>.
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34.2.3 Ed|S A

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&uch.");

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| 1238 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")));
}
oAt @45 11 2 MG HlAETL Anjetn @ RE HEe) slelr)E 12t 0 F WA}

EAEY

---- test_elements_are stdout ----
Value of: value
Expected: has elements:
@. is equal to "foo"
1. is less than "xyz"
2. starts with prefix "!"
Actual: ["foo", "bar", "baz"],
where element #2 is "baz", which does not start with "!"
at src/testing/googletest.rs:6:5
Error: See failure output above

This slide should take about 5 minutes.

* GoogleTest = Rust E&f|o] 12t =9 dF7} oftB g 22 27of|A o] o & A 3Ysjjof gt
cargo add googletest & AH-&35to] 7|& Cargo Z =4 Eof w2 A 71514 8.

o]
* use googletest::prelude::*; &2 UtA o= AMEE = nja2 3 BF)& of2| 7 714
Yt
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https://docs.rs/googletest/
https://docs.rs/googletest/latest/googletest/prelude/index.html

« ol AR oln YE mix7t go] A5U
* 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.")

~

}
Mgo 2 HE diff & EAGUCH (7)ol AE ko] EAH R gaUth.
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 3 o]E= C++& GoogleTest ] Rust ZE ]t}

35.2 22| X

T 2o 42 gl Abg5 & o] 22|l Mockall o] &yttt E&Q S AHESE R FEE g
e} soF gyt 13 ok wh2 A 2] A2 g 4 ALt

use std::time: :Duration;

#[mockall: :automock]
pub trait Pet {
fn is_hungry(&self, since_last_meal: Duration) -> bool;

}

#[test]

fn test_robot_dog() {
let mut mock_dog = MockPet::new();
mock_dog.expect_is_hungry().return_const(true);
assert_eq!(mock_dog.is_hungry(Duration::from_secs(10)), true);

}

This slide should take about 5 minutes.

* Mockall is the recommended mocking library in Android (AOSP). There are other mock-
ing libraries available on crates.io, in particular in the area of mocking HTTP services.
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https://google.github.io/googletest/
https://docs.rs/mockall/
https://crates.io/keywords/mock
https://crates.io/keywords/mock

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.

wo] X2l ok 29| S ALE SR HAES F4 FRolA] 25| 2
< w23 QY F 0 2 o] ZofFUch, yho] moj 2

st syt 1 23 HAE Algo] ﬂ OF 7 A

2 A E AR F4 %‘%01 Algste A o2 238 HEE 4 Jlg Yyt

7Hs 5t AA F4 FES AFESHE Zlo] EHULE ol & S0 B2 o] g Ho] A0 A& &g

W Wil = & A5k £ Q& Uch &, HAEA SHIE 5218 7142 Bt opet S w2

I Aoz eyt

D}?_P7}7\]E Eg—a— < Ty J%JaoﬂHE localhost o] Yo EZEof HIQIYG &= T2 AN A U A1
EAFEE £ JQEUL ZYIYIE 2o HEst= ﬁiﬁ}% G o] S AFEStE Aol £

Aqq AA| 7o ZES HAESHE o =80 HU

Mockall & Rust Z&o]1et2 o dR7Fotym 2 27 37 oj|A] o] o & Adfsfof Tt}
Mockall & 7] & Cargo =24 Eoj ““}‘371] *7}5t2{™ cargo add mockall 2 AR&guch
Mockall o= o B2 7]50] YUt £3] dEd Ql4of upet 7|t & B4
o]7| M npxjgte 2 Ho| 5 W11 3 AJ7to] Ay Bj 1 mtR] = 11Fo| & KOst ] o] & Al
shyct.

mb
= 4
o
i
ofo L

#[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) £ AHES R HMEZL 52E 4+ 3l S n 22 AR = 3yt o] =
7ol & HX] o wo| HAMETFAAE uf 25O 2 sy el Hych
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Al 36 &

=27

log I #|0|EE AHE3IH QFEZ 0| E Tiufo] A ohojl | 438 ol = logcat O2, ZAEC|A 5
g woll= stdout 02 27 A0 R o] HEE 3 £ 95U

hello_rust_logs/Android.bp:

rust_binary {
name: "hello_rust_logs",
crate_name: "hello_rust_logs",
srcs: ["src/main.rs"],
rustlibs: [
"liblog_rust",
"liblogger",
1,

host_supported: true,

}
hello_rust_logs/src/main.rs:
/7! Rust 27 dl=JYtc}.

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! ("Z2I3E AFsteE FYUTH.")
info! ("Z P &Y. ")
error! ("EA7F HAMESYTHI")
}
W=t 7h4g Huto) 20 i, 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 &l

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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« B QlojollH B AE §4E EEYUL
-aﬁﬁﬂ@¢§aazwﬁi%@qq

WA ColM &= & 5
g ofefo} Zo] £5 02 T 4 l&ych
extern "C" {

fn abs(x: i32) -> i32;
}

fn main() {
let x = -42;
let abs_x = unsafe { abs(x) };
println! ("{x}, {abs_x}");

}

22X o]n| Safe FFI 21 & 2404 o] & th 4t
ol2gt WS el TYEo| R E BB S AbA o & = AA
Z2AE| M= A FsUH-

Z o e g Anngay

L 52

ﬂil>

37.1.1 Bindgen A}-25}7]

bindgen & C 3|t Lo A HAE v}Ig S
A e C ol ele g o] Hal&ych
interoperability/bindgen/libbirthday.h:
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https://google.github.io/comprehensive-rust/android/interoperability/../../exercises/day-3/safe-ffi-wrapper.md
https://rust-lang.github.io/rust-bindgen/introduction.html

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("| %iF9< Sstaychi\n", card->years);
printf("+-------------- \n");

}

Android.bp otdoj o} E F7+eY o}
interoperability/bindgen/Android.bp:

cc_library {
name: "libbirthday",
srcs: ["libbirthday.c"],

Ay

}
gtojHaigof thet s tf mtd & TEUTH (O] AAoH = 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 T2 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®=Juc}.
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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 clabo) 2of W, Aggch:
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
opx|gto 2, uielgo] 2 Z5at=A] &elety] 915l A5 A4 E HlAES AYs) uaSh
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] AUH7|
lints: "none",

}
atest libbirthday_bindgen_test

37.1.2 ColXx Y2rESE

Y AEOA 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 tuto) 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] & HAEQ 4 Y= (name mangling) S B & 3}sto = QB =E L Z 5
s AEY o524 ol AU EZ HYTh A& o] & v Aot #[export_name =
"some_name"] & AF&gU .

37.2 C++e}e] 45284

CXX Zefo] £ B AE} Cre Abo] o] ST HE L84S M55 shFUC
AAFQ F ge o3t 24k
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https://cxx.rs/

[ #[cxx::bridge] mod ]

description of boundary

Macro expansion Code generation
Safe
straightforward v v Straightforward
Rust APIs — Hidden C ABI C++ APIs
Rust 4—»[ Rust bindings ]4— ————— [ C++ bindings ]4—> C++
code code

37.21 HXERE

CXX = 7} dojo| A & o2 &5 &= g4 Aol #e S AHEd Yo #[cxx: :bridge]
& Uﬂﬂii FAo] g9 Rust Z&0l4] extern 555 A}J‘lokﬂ °l A Aleyrh

#[allow(unsafe_op_in_unsafe_fn)]

#[cxx: :bridge(namespace = "org::blobstore")]
mod ffi {
/1 F Aol BEo HAEE It e T8 FRAAYD.

struct BlobMetadata {
size: usize,
tags: Vec<String>,

}

/1 C++o] k=Z% Rust B B HAE AU IUt.
extern "Rust" {
type MultiBuf;

fn next_chunk(buf: &mut MultiBuf) -> &[u8];
}

// Rustol =2% C++ B 2 4 Al2YHAYT.
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= dubA oz FeolE U9 ffi ZE Add U

o B2 REof|A o] R0l Mo =RE] CXX + YX|5h= Rust ¥ C++ EFY/3H4 Aol & 4445t
of o]2|3t FES F o] BFo =E3tyr}.

o /dH Rust =5 E#H W cargo-expand & At-gsto] &4
£9o] oflof A= cargo expand ::ffi & AF&sto] ffi
EolL A 857 942

o YJE C++ I =5 HEH target/cxxbridge & &I5HA 2.

roc A2 E st Q. 7
ok 23Sk ot (Android =2 A
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https://github.com/dtolnay/cargo-expand

37.2.2 Rust Bridge Declarations

#[cxx: :bridge]
mod ffi {
extern "Rust" {
type MyType; // =541 sy},
fn foo(&self); // “MyType o HA=<gjuc},
fn bar() -> Box<MyType>; // Free function

}
struct MyType(i32);

impl MyType {
fn foo(&self) {
println!("{}", self.0);
}
}

fn bar() -> Box<MyType> {
Box: :new(MyType(123))
}
* extern "Rust"o] A1H 52 A9 2E2 HY Uoll A= FES Fx2IdYoh
« CXX ZE A 7]= extern "Rust" AHE A5} Sh= C++
& AU A st =Y A7 rs.h
s AT FAR RS 5L

ro, £
oz
olo
ol
rr

37.2.3 AAE C++

#[cxx: :bridge]
mod ffi {
/1 C++o] =Z% Rust B 2 #HAE AaYHIU.
extern "Rust" {
type MultiBuf;

fn next_chunk(buf: &mut MultiBuf) -> &[u8];

}

1 AT g ohg e Crdueh

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;
3,
b
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cirust::Slice<::std::uint8_t const> next_chunk(::org: :blobstore: :MultiBuf &buf) noexcep:

37.2.4 C++BIA HA

#[cxx: :bridge]
mod ffi {
// Rustol =% C++ g & &4 AlaYyHdyrct.
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;

}

ZAite tief tha 3 22 Rust U o

#[repr(C)]

pub struct BlobstoreClient ({
_private: ::cxx::private::0Opaque,

}

pub fn new_blobstore_client() -> ::cxx::UniquePtr<BlobstoreClient> {
extern "C" {
#[1link_name = "org$blobstore$cxxbridgel$new_blobstore_client"]
fn __new_blobstore_client() -> *mut BlobstoreClient;
}
unsafe { ::cxx::UniquePtr::from_raw(__new_blobstore_client()) }

}

impl BlobstoreClient {
pub fn put(&self, parts: &mut MultiBuf) -> u64 {
extern "C" {
#[1ink_name = "org$blobstore$cxxbridgel$BlobstoreClient$put"]

fn __put(
_: &BlobstoreClient,
parts: *mut ::cxx::core::ffi::c_void,
) -> u64;
}
unsafe {
__put(self, parts as *mut MultiBuf as *mut ::cxx::core::ffi::c_void)
}
}
}
//
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37.25 T EHY

#[cxx: :bridge]
mod ffi {
#[derive(Clone, Debug, Hash)]
struct PlayingCard {
suit: Suit,
value: u8, // A=1, J=11, Q=12, K=13
}

enum Suit {
Clubs,
Diamonds,
Hearts,
Spades,

-
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37.2.6 55 Enum

#[cxx: :bridge]

mod ffi {
enum Suit {
Clubs,
Diamonds,
Hearts,
Spades,
}
}

B 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 };
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pub const Hearts: Self
pub const Spades: Self

Suit { repr: 2 };
Suit { repr: 3 };

}
Generated C++:

enum class Suit : uint8_t {
Clubs = 0
Diamonds
Hearts
Spades
3

1,

nn
wN I~

I
I

+ Rust 304, % %8 enum of 23] A4 Tt A2 £7} 28 2ok FRAUYTE o
 enum e} A7F g E RE WP} hE ¢ B R5HE 0] C++ol M UB 7F ok 3 Rust
dE AT 522 7hHo 5] AUk,

37.2.7 2754

#[cxx: :bridge]
mod ffi {
extern "Rust" {
fn fallible(depth: usize) -> Result<String>;
}
}

fn fallible(depth: usize) -> anyhow::Result<String> {
if depth == 0 {
return Err(anyhow: :Error::msg("falliblelol Zo] > @ ZQ"));

}

Ok("&F=1".into())

* Result & ®F8Hst= Rust 3 C++ S04 ol 2 wighg ).

°mmﬁbﬂﬂhﬁérmt :Exrror EfYjo|H 2 2 F WA A XS VA= RS &
=3tk 2 7 HA A= 7 ekl 9] Display impl ol A 7FA-g U ok,

* Rust of|A] C++2 g o] sjA| = Z2A|ATF A FEHYH

37.2.8 27X

#[cxx: :bridge]
mod ffi {
unsafe extern "C++" {
include! ("example/include/example.h");
fn fallible(depth: usize) -> Result<String>;

}

fn main() {
if let Exrr(exrr) = ffi::fallible(99) {
eprintln! ("2&F: {}", err);
process::exit(1);
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}

* Result & HHEISIES MR Co+ P Crr S04 BT ool 5 E2eL3 o] 2 53 Rust
o]-/\Oﬂ EII Zyo g H]—%]—‘E‘]—],] q-.

* Result & ‘ﬂ%}o}ii CXX B z]of| Al HAB}HA] ¢F-2 extern 'C++' gh4=of A 01]9] 7} 22y st
2L C++9] std: :terminate & i%’i}qq 0] S22 noexcept C++ 42 S5 &
ahe FU ook 2y

37.2.9 F7t e
Rust Type C++ Type
String rust::String
&str rust::Str
CxxString std::string
&[T]/&mut [T] 1xrust::Slice
Box<T> rust: :Box<T>
UniquePtr<T> std::unique_ptr<T>
Vec<T> rust::Vec<T>
CxxVector<T> std::vector<T>

* oS B2 T A9 BES} extern o429 Q14 Bl WERko| M AR £ Sl Ut

 Rust o] String & std: :string ol A% vlE A ek o 7|0l thga 22 2 74 o
97} gl Uth

- std::string & String ol ¥ 23t UTF-8 E¥IzHS 34514 &ytt.
- FEd2 M2 M2 oE gojotrS 7HA AL len g Qlof Zhof| 2 WEd 4 Qls
Yrt.
- std::string ol Rust 9 o] 5 ojn] A gt A% 5x ekt o] 5 YAt Bastoz
std::string 2 Z}2 2 Rust o] A= 4 Q&
37.2.10 Building in Android
cc_library_static & THE0] CXX oA A H slciet AA otd & H|FE31o] C++ 2ho| B3| &

ey
cc_library_static {
name: "libcxx_test_cpp",
srcs: ["cxx_test.cpp"],
generated_headers: [
"cxx-bridge-header",

"libcxx_test_bridge_header"

1.
generated_sources .

mhelg o] =
olmtA] o] CXX AHol= 7}11334131 CXX-

S 740]

Sy,

libcxx_test_bridge_header ¥ libcxx_test_bridge_ code 7} CXX ol A] %
Z2& FRo|gt He x]xqquq ths

Android 9| Al CXX & A&} vl o T3k 2 | &
st S o] UFof o] QFE ojt]of A ThA|

["1libcxx_test_bridge_code"],

JA = C++
Sefol=olA A S dobEUh
bridge-header 2to] B & 2| = At-g-3fjof &y t.

2= Android Ao A &old 4~ 94Ut
22 £ A=A L £ UEE o] JAE Yol TR5t
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https://source.android.com/docs/setup/build/rust/building-rust-modules/android-rust-patterns#rust-cpp-interop-using-cxx

37.2.11 Building in Android

% 719 genrule & YUY st CXX Sl 6 & A 5L O stube CXX 44 ol = Ao
a3 ok cc_library_static o tigt g oz Ayt
// lib.rs o] Rust WEW7] &<of tish
/1 C++ vleIgo] EFE C++ slciE AT,
genrule {
name: "libcxx_test_bridge_header",
tools: ["cxxbridge"],
cmd: "$(location cxxbridge) $(in) --header > $(out)",
srcs: ["lib.xs"],
out: ["lib.rs.h"],
}

// Rust7} E&35l= C++ F=E AT YT.
genrule {
name: "libcxx_test_bridge_code",
tools: ["cxxbridge"],
cmd: "$(location cxxbridge) $(in) > $(out)",
srcs: ["lib.rs"],
out: ["lib.rs.cc"],

o
T
&2
o
H
-4
rlr
>

=]

o,
L]

=
o,

» cxxbridge EFE C++ 29| Bz RES YA = 58Y =7
o Z5tE|o] 9lom Soong =72 AR 4 Y& Uitk

o Ut 0 2 Rust &4 o] 1ib.rs ¢l F% sl otd el o] &2 1ib.rs.h o3l &4 1} 9
o]22 1ib.rs.cc 7} §Ut}t. 22} o] o] = =

37.2.12 Building in Android
libcxx ¥ cc_library_static o 45 = rust_binary & A4 &4t

rust_binary {
name: "cxx_test",
srcs: ["lib.rs"],
rustlibs: ["libcxx"],
static_libs: ["libcxx_test_cpp"],

ZHHb= Java Native Interface(JNI) & 58l 35 2to]B 22| & 228 4 9l Yth jni o ES
Abg-sto] NI 2to] Beje & jH&
R, Ah2 R 2 A ge
interoperability/java/src/lib.rs:

//! Rust <-> Java FFI "=y},

A
T
=
=

use jni::objects::{JClass, JString};
use jni::sys::jstring;

230


https://en.wikipedia.org/wiki/Java_Native_Interface
https://docs.rs/jni/

use jni::JNIEnv;

/// HelloWorld::hello method implementation.
#[no_mangle]
pub extern "system" fn Java_HelloWorld_hello(
env: JNIEnv,
_class: JClass,
name: JString,
) -> jstring {
let input: String = env.get_string(name).unwrap().into();
let greeting = format!("Hello, {input}!");
let output = env.new_string(greeting).unwrap();
output.into_innex ()
}
interoperability/java/Android.bp:
rust_ffi_shared {
name: "libhello_jni",
crate_name: "hello_jni",
srcs: ["src/lib.rs"],
rustlibs: ["1libjni"],
}

We then call this function from Java:
interoperability/java/HelloWorld.java:

class HelloWorld {
private static native String hello(String name);

static {
System.loadlLibrary("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"l,
main_class: "HelloWorld",
required: ["libhello_jni"],

}

Bpx] 9o 2 Hhol 2l g WE, 43, 4

rd

Utk

m helloworld_jni
adb sync # requires adb root && adb remount
adb shell /system/bin/helloworld_jni
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This is a group exercise: We will look at one of the projects you work with and try to integrate
some Rust into it. Some suggestions:

+ 4] AIDL HH|AE 2 AE ZetoldEc]H EE a8
« Ao meAES] 448 B AER §7]T SEHE YT

o] AgEAl delly] wEol shgo] AZH A ehaUth 2 AclA AEH e

1o
N
rd
T
Kul
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Al XH

Chromium
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Al 39 &
Welcome to Rust in Chromium

Rust = Chromium 9] A= u}g] 2fo] 22 2joj tisf 2] ¢ =w, Rust ¢ 7]E Chromium C++ ZE 2
ol Adstes HAE utE] 22 I55 .

252 Rust & S &35lo] BAE=Z &

2A9S BASHE TC B gt

2452 op2 A gy,

F2ag e 2AdS o 22yt AR Aol Al UTFS
%, AFEHE e 2 il ZEHo] A0 A o
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Chromium & WESHT A9 4 gl=x) Felghich. BE7h v H4lo]ekw (713 %] 1223636
o], 2023 W 11 Yol i) of®l Sk Boluh U= Zeh1 Pge AA&UT

gn gen out/Debug
autoninja -C out/Debug chrome
out/Debug/chrome # or on Mac, out/Debug/Chromium.app/Contents/Mac0S/Chromium

Mg S & w27 ot Aot ¥ 1 EE AREohe Aol 25Ut oAl 7|2t d YT

ofZ] W Estz| Yt Chromium = S Z31skM 2. 9] Chromium HE 7 G2 A
Zro] A Yt

3 Visual Studio Code 7F A %] = o] 1= Zlo] £5UT
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https://www.chromium.org/developers/how-tos/get-the-code/

About the exercises

79| o] BEol A2 AAE L Aol AL ZAIZ YUt B uhe] g7 ue] s ok 3 A
uho] A& ZAI7L Eo{A QA& Uth 54 8 S Y Aol glriets A5 oAl L. the o] of
e 4 YUt
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Al 41 &

Chromium ¥ Cargo AJejA| v]

Rust ARFYE = ¢Ht& 0 2 crates.io @] cargo ¥ gto] B3 & AF&3tyth Chromium 2 A4 5t
AAEHE &8 &7 gn, ninja & ©|&3to] B=gyrtt
Rust 2 =5 24 o e 4 Qe S v 25y

. //bu11d/ ust/*.gni e HE3 (o: 4ZFoll ©+& rust_static_library) & 3 gn &
ninja & *P%iﬂ%‘:} o] Chromium ¢} ZHAt £ 2.8 2 F3jo] ES AL&3h ]t}

» cargo & At &3} = [Chromium 9 A} &= 3 2 & s g 3 g 0] Ez A Y
(https://chromium.googlesource.com/chromium/src/+/refs/heads/main/docs/rust.md#Using-
cargo).

* cargo & Agsto] = B8 E= QIFUlofA thZ = Egt Aol EE AlFehy

7| EE=gn I ninjad JFE A 1—15} 1 = 3E5S #ofgt Chromium B 2F2#]of Rust &5
dEsix 22 4 371 EHE“LJE} 019}5/\1011 Cargo = Rust AJEf Ao A F Q35 HE 0|22 Cargo
o = O‘AOHOF °“45P

Mini exercise

AFR 1802 Uk e
.+ ‘cargo' 7t 818 4 Y Adelos Be ARSI o3t Alutel o) 9 2w Bt
sy,
* gn ¥ ninja, 2=z}l cargo 5= AHEE W A= Slof 5l= =, 2to| B 2], AF& A O FS
ol

S Sol ] AGRAE BEEY) Woll WEA = EF ABA Febw Fuich FH S S5 Y Sl

/\lxﬂg 01-7]-“ on:}_‘_ 7]. o]—_TV_ 3~4 E(E}_Q_E_ '—TL/B]E] AO0E08 Eio]-EE oLL]q

Ao A B2 B EH FIARG/SIE (‘Cargo 7 ol A S AlF T 4 A= AldEY):

o T2 ZX5A Y Chromium €59 =2 EEle]S A ZHe o] crates.io 2to] B Eiﬂ
e A of] HMAT = ok A2 B LAY Aol 2E AES sl A olET QL
ﬁoi%ﬁ&ﬂw%i*qq%é%ﬁ%aH&cbaq%Q%*ﬂﬂaﬂ@”
3t serde, HHEAIE AFE5lE= 799 itertools 5o l&U Tt

- cargo £ AHESHH 2to| B e & gA A3l = 4~ )lE Yt Cargo. toml of & 2= &
Jbeta e ZAA S A ZEH gUc

)

2
)8

w10

mﬂ 101_

lI
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https://crates.io/
https://rustup.rs/
https://crates.io/

. CaIgO7]-7“‘°"<£/\°]“ Z2AEO] PHAS YH
o

- perlo] 17|15 @4 & ©l CPAN o] o]® =go] E =7 Hus| B A= FH5Yh
python + pip ¢+ Bl s = g},

Al Rust =3 (of]: Lol EEJ Al QH 3 v, o]t 3} v of| A ZHEsljof 5f= Aol E
EH2ES o rustUp ARgsto] thE rustc A o2 ) #at ofu 2l A & e =9
AJEfAl (ell: Mozilla & 2 F ZrAl 7tASH Y F3-2 935l cargo vet A&, criterion 39|
EX 7t45E Hix|nlg A8 W 8 A28 S ESA = 7| g4 o] 7= U}

- cargo & AH&stH cargo install --locked cargo-vet & &3 =& €A 7t
o4 AFYTH
— Chrome &% =278 = VScode &4 T2 131} v ws| B Zo] 245Ut}

- 5H7Al= AAA Rust 7 H & = 24 il
ot ARg T o) g 2 Python-‘—]‘ AbstA eE B 55 BFY /\liE“ =] o] E1 TR skl H
kA AP Yo (JEZ2E doj7l ofd Hupd H Aol =),

— Rust A e Aol Zrofste]H Cargo ¢ 22 EF Rust =& AF&sliof @Yt &7 7] &
53l Chromium 2] (of]: Bazel &=+ Android/Soong ¥ E 7)) of| A AF-&311.2} 5H=
gto| B2l g = Cargo & At&afioF & 4 9}1’5‘4@

¢ cargo\ 7|&F Chromium #& Z 24 E o of = o33 5t

e o B FAH

- serde_json_lenient(Google o] t}& F2ojx A&slo /d-50] 7H/dH PR o] L)
- font-types & 22 2& gto]H 2|2
- gnrt = (3 °HP%‘—°1]*1 AT) = HPE 549 4% clap, 4 L9 B¢ toml o
FTEEYO
* F9: o{7]A cargo & AH&dt= F Y3 ol 7= Rust T ESS U o Rust 25
ghol B2 & “‘EOH’- HEAERSE 49 gn2 AHEE 4 Q7] dlEdddh
* run_gnrt.py = ChromlumJ cargo ¥ rustc AHE S /\}30“41:} gnrt = <l
Eldlo]| A th 2 2 E35H A E 1}E| 2}o] ‘:‘1“—1?401] %51 run_gnrt.py < cargo °f
Cargo.lock & &3l --locked Z&I=7t 0‘]-9‘5]]:]'_1_ shyct,

5
WA AR 4 U Aoz AU 4 Y&t

rustc(Rust ZutY2]) = 23| 2 LLVM gto] 238, Clang Z =¥ 3, rustc &2 (GitHub ©]
A 7FA &, Rust Ao A2 HojlA HE), FEAE 5 o} 2 =3} uho| 2] Rust Aot
of F&HYt

rustup(rustup < https:/github.com/rust-lang/ &3] Atslol| A 7=l o™ rustc 9 &
23

cargo, rustfmt &

oheFsh Wi ol JlE} (rustc' & WESH= &, AP HEH =7 252 Chromium 1] 4 ojoj| A
i 32 5}7] 93k A|AH] F)

cargo audit, cargo vet 53 72 Cargo =+

//third_party/rust ol 355 = Rust 2to] B8] ] (security@chromium.org ol| A Z-Al)
7] €} Rust 2fo] H2{ 2] (‘?:l—‘:r‘—‘: SAAEE, dF= e 7] o &3] AHEH)

A
L
=S
L

m%
o
4o

¢
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Al 42 &

Chromium Rust A

Chromium ol A= o} 2 B AE u}g] Rust 2 38514 &5y o, Chromium 2] Area Tech Leads
oA £t EF F= ol dytt

A = atg] gho] B2 glof gt Chromium 2] 32 of 7o) A= o] &Y Rust & Ad-5 ol Het
= 98l g 342 A 5 thdst Aol A A= nte] gto]H el 5-8gYth

o H v v
C/C++ API & A4 k=&5h= Rust 2fo|He{ 2| & 440 B2 o237 7 o] & 2ol HEafFof&
o HAE TﬂrEJ 25 3ot Eeshych
"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>/
ﬂﬁﬂﬂﬁ&qq

metd 5 HYME ok 22 WES SHHoE gyt
« A& 1}E] Rust 2}o] B 2] g (crates)7}2%

7]
e Chromium C++0]|A] o235} F & o]EE A}8& 4 Q& F2 T2 ZASH] T}
Alzol ALFRIA o] Mo] MAE R @& T o]of | Wi
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https://source.chromium.org/chromium/chromium/src/+/main:ATL_OWNERS
https://chromium.googlesource.com/chromium/src/+/main/docs/adding_to_third_party.md#rust

4] & AH&sto] =gyt Chromium & &84S 913 gn % ninja
2egyth A 122 A 54 2EE 5 &F Y} Rust & ol €]+= obd Ut

Chromium °] Rust Z.E F7}

A8 7]& Chromium BUILD.gn ZLoll A rust_static_library & A&t
import("//build/rust/rust_static_library.gni")

rust_static_library("my_rust_lib") {

crate_root = "lib.rs"

sources = [ "lib.rs" ]
}
T}2 Rust EHAo| = deps & F7H 4 5 U UFoll M E otg] I Eof o] &5t7] 95l o] & AHE&
Yt
Feo]E RE  AAAA H&E _F ot & AYsioF FYh crate_root = AU @99 FE
d (°‘t&ﬁ_i lib.rs) & UrEHHt Rust Hu}d 2ol Al3=+= otLd Ay} sources + A =7}
oot A ES AA5H] 93l ninja o WestnE A A mtalo] A EE2QUrt},

(Rust oAM= A olE AA 7 Hud &9 o] 22 Rust source_set o &2 7
static_library 7} 4 @Ay}

rlo
£Q
il
v
o

SHYE2 gn o WA Rust 44 gtojE 22| 2| YZ AF&ot+= 4l gn Hl &30 Q3 o] F-5 329
& AUk g2 o] ’HlESo] CXX A4S &84, Rust 7|5, &9 HIAEE A Y3ttt= A Yo
o] & dB X 1}Zof AF235HA HuYch

43.1 unsafe Rust Z& %3}

rust_static_library o= ¢Hd5HA] &2 Rust T =7 7|24 02 Fx]F o] glou g Hutdx]
NOVWW+WH&N%°RM =7t @31 gn EH4lo] allow_unsafe = true 2 F7}5HA)

2. (o] 9] Fukso| o Zlo] Wead e A Eych)
import("//build/rust/rust_static_library.gni")
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https://gn.googlesource.com/gn/+/main/docs/reference.md#func_static_library

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 &0 o]&

f19] BAlS ¢4 5 Chromium C++ BHZ19] deps o] F7Fsh7] 9k s gy o
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" ]
}

We'll see that this relationship only works if the Rust code exposes plain C APIs which can be
called from C++, or if we use a C++/Rust interop tool.

43.3 Visual Studio Code

H
CMe%CMmmmmEHmﬁﬁMP“ﬁ%ﬁqq*H%Hﬁﬁq%%é;ﬁqq.
* VSCode fl o] &ef2] Rust A ¥ o] o} rust-analyzer 7 =2 130] QlE=4] &RISHA

* gn gen out/Debug --export-rust-project(t &3 tjg o 4-2)
* In -s out/Debug/rust-project.json rust-project.json
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actual_version® #76 — match me cnda vaeedanll I
pub struct QrCode { L c

content: Vec<Color, Globals,

Version::Micro

Version::Norma ar
version: Version,
ec_level: EclLevel,
h min_version width: usize,
None => (), }
Some(min_versi The encoded QR code symbol. /€
Some(min_versi
// If “act 2 implementations r
qr_code = QrCode::with_version(data, Version::
}
=77}7} IDE o i3l 3]9] 2l 7 ¢ rust-analyzer o] & FA 2 ghM 7] 5 F AR S AJAs) BEH
ABZtg vt =d 58 4 AU
oS SAl= g2 =0l 2 45Ut AT 7Y 945 Chromium #3 Rust & th4l A5
= "y}
» components/qr_code_generator/qr_code_generator_ffi_glue.rs & g1t
* AX & qr_code_generator_ffi_glue.rs 9 \QrCode:new‘&Z (26 & &) Y=
o] 5yt
o Gl BA EA] (YHHZA QI BFIY: vscode = ctrl k i; vim/CoC = K)
o« O Ao 2 o] & (YHHA ol vFQlg: vscode = F12; vim/CoC=gd) 121 //third_party/rust/.../qr_code-
.../src/lib.rs & o| gt}
e /L B2 E A3Y5}al QrCode: :with_bits HIAE (164 & 23], 71 2= vscode 9 ot &
A7 7‘(*Oﬂ A, YAl vim/CoC H}RIY = space 0) & o] 5g 4t}
o tl2 83 34 (QrCode: :with_bits HAEo] & 7}x] 22 o7} Y2)
BUILD.gn TS 44 S gn gen ... --export-rust-project & thA| AdYsfjof strh= 3
2 35T a7t syt o] &AL o] ML AE Xeto] 24 & ¥ ¥HESHA H ‘4@

43.4 Ht 33

Chromium ¥ oA o} 23sl= //ui/base/BUILD. gn ol Af Rust EFS 713t
#[no_mangle]
pub extern "C" fn hello_from_rust() {

println!("Hello from Rust!")
}

L: 7] 4 no_mangle & Rust Hutd 2ol oJal| st A] 2 FPOE IHFE D E gn EFZlo| A
0“4 OPZI %2 AT E 5]-gsloF Yyt
o] 22 RustEtAS //ui/base:base o & 20 2 2715t o] g
o] gh oA AUt Lol vielg A4 E:rLE A5 3ot W 2 Al

extern "C" void hello_from_xust();

ui/base/resource/resource_bunc
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O

ui/base/resource/resource_bundle.cc 9 o]d7}of| A o] &4E S &stUth ResourceBundle:
o] /Fdto] &5 Yth Chromium & ¥ =513 A3)3to] 'Hello from Rust!' 7} 2] ¥ S =] &<l
Yo

VSCode € At-&35t= 7% oA VSCode oA & 255l =% Rust & AU} o] AFollA &
Syt &5t printlnlolA ' Ho2 o] 5 S ufeA QE2ZX HEOR F Tt H4Yth

EEes¥ZaYeR
e rust_static_library gn &|Z3lo|A AtE 715 34
» #[no_mangle] o B3 HE
« extern "C"oj TS HH
» gn 9] --export-rust-project M HFE
» VSCode ©l| A rust-analyzer £ %] 5}= B4

It's really important that students get this running, because future exercises will build on it.

o] o= A FFTEE AT 28/ AdoiQl C 2 AZAE7] wjZol Yt o]z] k&Yt C++2F Rust 2
= 7]%@2& CABIZE At 258 4 JGUT o] 4 o] FREH oA C++E Rust of A4
AZFg Y.

o714 allow_unsafe = true 7} 223 o]F+= #[no_mangle] °] Rust 7} o] 50| 22 &4 &+
S AT A SR U 90 Rust s O o4 BHE GAl 5 E RS M = 5 ALY

43t Rust A3 s}do] L

HJE

25tH rust_executable gn 1533 AH&otH Huyth
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https://source.chromium.org/chromium/chromium/src/+/main:build/rust/rust_static_library.gni;l=16
https://doc.rust-lang.org/beta/reference/abi.html#the-no_mangle-attribute
https://doc.rust-lang.org/std/keyword.extern.html
https://gn.googlesource.com/gn/+/main/docs/reference.md#compilation-database
https://code.visualstudio.com/docs/languages/rust

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 declar-
ing 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 (gen-
erated by the gnrt tool covered in a later section) use short crate names.

44.4 Testing exercise

MELR AFEAE Fol 5 AIH!

In your Chromium build:

Mo

* Add a testable function next to hello_from_rust. Some suggestions: adding two inte-
gers received as arguments, computing the nth Fibonacci number, summing integers in
a slice, etc.

» Add a separate ..._unittest.rs file with a test for the new function.

* Add the new tests to BUILD.gn.

* Build the tests, run them, and verify that the new test works.
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A| 45 &
cotel 43 e84

Rust 7] F U B = C++/Rust 42 284S 9%t o2 542 ATk, M2 =47 A& 7 s 9l
SUth @A Chromium 2 CXX 2h= =15 AFSHU T,
QIE|m| o] A 7 o] 0101 (Rust 2} o FAFRH) ol A A of BAIE Aot CXX =17} Rust 3 C++
REo|A et fof wet dd S AU

[ #[cxx::bridge] mod ]

description of boundary

Macro expansion Code generation
Safe
straightforward v v Straightforward
Rust APls Hidden C ABI C++ APlIs
Rust 4—»[ Rust bindings ]4— ————— [ C++ bindings ]<—> C++
code code

See the CXX tutorial for a full example of using this.
tholoj 12l o) AWtk YR o 2L o] A SUT AU AP ATk TRAA
2 AHsaketE ohgat 22 ol Aol Atk

o o] == C++2t Rust 2] A& BAYFYth of| & E0] #[cxx: :bridge] 7} AA| C++ =&
Rust )2 A3|5t4] oF 39 Autel 2 57F WASH AT 57154 92 5 IS ALE
she A o) 5] %] ek FAro] HFITh,

* o] =3 H| C7]59] FFI thunk(£3, C-ABI &8, 75 o) A4 S 259+
L Cor N 0] OfE FFL B2 ALE A7, 25 oAIH0] 49 ol2loh H4re B2 das 45
o 2 A/ siof 2.

« Tof2to| BT = Y fE A2 'H‘% FAFUth dlE ¥ o2 25Ut

lojot2& HAstA] T2t = FFI 73

o H
- &[T] = 5% ABI . vl =] 12 dol B 4 9
SUT 45 Blolg 2 A8 5hH std: .span<T>/&[T] %4%3; T} A~ E 8 x| Y5 of 5}
a1 Qe eF ol 2 thA] eS| of Fruch o= 7 dloj7t ’l &efo] AS ozt thE A £

st He e o e 57wk deut

- std: :unique_ptr<T>, std::shared_ptr<T>, Box 54 AntE &Ql
2 AU 2% Biol g AR Sl C-ABI 5.8 9 A EoIE|S Heksjof sto2 A 7]
@ 3 v me] 9 9ol S/,

— rust: Strlng | CxxString 32 Ao 1+ Ex< ;T_QJ z}o] & o5l ATy
th o & E0] rust::String: :lossy = UTF8 o] ofd oA Rust #AtE S HUEE
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493 rust::String::c_str 2 EAE S NUL &5 4+ &yt

45.1 <A

CXX ol & A=A C++/Rust AA7} .rs &4 FE U9 cxx: :bridge 'modules' o] A1 ojof g
}.

#[cxx: :bridge]

mod ffi {

extern "Rust" {
type MultiBuf;

fn next_chunk(buf: &mut MultiBuf) -> &[u8];
}

unsafe extern "C++" {
include! ("example/include/blobstore.h");

type BlobstoreClient;

fn new_blobstore_client() -> UniquePtr<BlobstoreClient>;
fn put(self: &BlobstoreClient, buf: &mut MultiBuf) -> Result<u64>;

}
}
/1 Rust ¢ % &9 Ho= 7| HastAlL.
E

» 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 i in your code.

Rust o] A} C++' 9] std: :unique_ptr 7|2 A

Native support for Rust slices in C++

C++ollA Rust & % Rust 78 ()

Rust oA C++ & U C++ |9 (5})

AukA 9l @3): C++ 3Tl 7} Rust ol A Tt &= 289 227t 5yt o] slH &
Rust ol A S| A= Z] o C++ Hutd 2 o] o] & 95l AYd ¥ C++ ZE=of &3] #include BUYT}.

45.2 CXX A|sHA}s+

CXX & AHE3 u Bl 744 §-83 Hol A= 58 Fxuth
CXX & 712H 0= cheat 2o Abelol Hgdut.

=
» Rust-C++ QIEIH o] A v Thxso] BT Mig 4 Sl
» o] CXX ol A 7|2 H 02 7)Yt fFu AL G5 9
std::string, &[u8] &).

2 Algte] EU T ol & 0] Rust 2] Option 32 A=A F5YH

Y} () std: :unique_ptr,
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ol 25t A|gtAIF o 2 Qls] ool Rust-C++ AT &840 ofd & ZAe|H 'g|T =t o] AHofrt
Chromium ©j|A] Rust & A}&35 4 %%LIE} Chromium ©l|A] Rust A& A& 12 o) 22 &4

A2 o] ZA S CXX HIRlE 29+E 2/dsto] 23] dashAl A=A #dst= Ay

In addition, right now, Rust code in one component cannot depend on Rust code in another,
due to linking details in our component build. That's another reason to restrict Rust to use in
leaf nodes.

CXX 9] t}2 of 2 & 2AI % osfof gch. ol & S chaa} 24yt

+ 9.7 He)i Crr o2 5 7o 2 FUTH(he Lol =of Lot 918
e 34 ZQlEl L ALES] of ARty o,

45.3 Q3%

CXX's support for Result<T, E> relies on C++ exceptions, so we can't use that in Chromium.
Alternatives:

* The T part of Result<T, E> can be:

— 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 UniquePtxr<T>) that has a suitable de-
fault 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> canbe:

— 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.

45.3.1 CXX Error Handling: QR Example

QR Z.= /7]l Mg} o] Zhehgt REE 4TS el 4 Sl A9 A3 Uehlls Reg ukg
31T out TN~ AL g Shol ATE 7|2 F T

#[cxx: :bridge(namespace = "qr_code_generator")]

mod ffi {

extern "Rust" {
fn generate_qr_code_using_rust(
data: &[u8],
min_version: 116,
out_pixels: Pin<&mut CxxVector<u8>>,
out_qgr_size: &mut usize,
) -> bool;
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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.

45.3.2 CXX Error Handling: PNG Example

A prototype of a PNG decoder illustrates what can be done when the successful result cannot
be passed across the FFI boundary:

#[cxx: :bridge(namespace = "gfx::rust_bindings")]
mod ffi {
extern "Rust" {
/// This returns an FFI-friendly equivalent of ‘Result<PngReader<'a>,
/11 ()>
fn new_png_reader<'a>(input: &'a [u8]) -> Box<ResultOfPngReader<'a>>;

/// C++ bindings for the “crate::png::ResultOfPngReader” type.
type ResultOfPngReader<'a>;
fn is_err(self: &ResultOfPngReader) -> bool;
fn unwrap_as_mut<'a, 'b>(
self: &'b mut ResultOfPngReader<'a>,
) -> &'b mut PngReader<'a>;

/// C++ bindings for the “crate::png::PngReader’ type.

type PngReader<'a>;

fn height(self: &PngReader) -> u32;

fn width(self: &PngReader) -> u32;

fn read_rgba8(self: &mut PngReader, output: &mut [u8]) -> bool;

}

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 tem-
plates, we can still pass them across the FFI boundary by manually specializing / monomor-
phizing 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.into is_exx, unwrap,
and/or as_mut).
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45.4 Chromium 94 cxx AHS

Chromium ©f|4]+= Rust & AF-8st3 = g = L oopr; Sl #[cxx: :bridge] mod & #2l3ty
oF d¥h4 o 2 rust_static_library ottt st4 syt 75k 9k ofH Hu o
cxx_bindings = [ "my_rust_file.rs" ]

# ZE A~ mdo] obd #[cxx::bridge] 7} Zgd =Y
allow_unsafe = true
crate_root ¥ sources o &7 7|2 rust_static_library E}Zlo| E7}&y
C++ 3t = A3 9|0l /3 H Ut upebi
#include 'ui/base/my_rust_file.rs.h'
//base oA Chromium C++ 88 2 2 HZ5l= == Chromium C++ 3ol A4 CXX Rust 32 =2
Hebol= R 448 I 4 s o: SpanToRustSlice
allow_unsafe = true 7l Al& o3t o7t 32 4 A5UTH

91 ofn] o] @i e UubA 9l Rust EFO|A & C/C+ E7L QHRBEA)" etk 29y k. Rust o]
A C/C++8 017]217] &5t vl elo] Yol Hel )& & 4 9100 Rust 2| g0l €] 2llojof-2)
or4do] £4E 4 dgUth C/CH+ 45 2840 unsafe 719 E7} olegt 719 =9 Al
ool gEHlof S E 718 4 lem =2te] 227k syt a2y 45l = 9 F ZEE Rust HEO]
Y 2] 2 744 2.7 Rust o SHolA ol 7]%) ge Sabo] B 4 &Lk,

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.

I

=
=

45.5 Exercise: Interoperability with C++

1%
o o] Ho] gt Rust o} oj| A}, C++o|A] &3 hello_from_rust 2= & 3H4-2 2 A8}
#[cxx::bridge] & F7Ig Ut} o] 3= w745 AFESHA] &AL ghe RERSHA] G

}.
» o]A 9] hello_from_rust &4= 4
o] 3t4= oA EZE Rust T4JY}.
* gn EPAE £75to] o]2fst HIRIY & .
* C++ I E0j|A hello_from_rust o & A AARM T i B4 E slld std & 23

sy

oX,
ot

fol extern "C" 8l #[no_mangle] = 442

25

CXX 2 AH8sl Be Ax 2 WYYk Chromium o] Rust 7} A 2 doput 1%z Azs) 12
= ol =&o] gyt

Some things to try:

* Rust oA C++2 ThA] & - Q3 AL theaf 25U h
- cxx::bridge oAl include!3 4= 1= F7F 8t LAY A &llc] ordollA] C++ &
£5 dAsfoF Iyt
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- o3 45 &5 of 7|0 A E U Z #[cxx: :bridge] oA unsafe 7| ==
A A3l unsafe EZA Yt
- #include "third_party/rust/cxx/vl/crate/include/cxx.h"7} 293 +=
AEY
« C++ofl A Rust 2 C++ A1l S Hergch
« C++ 4 =2 & Rust & Myt
« Ao 2 #[cxx: :bridge] oA YX|5HA] %= Rust 34 M-S 7FA 2bA] EAEH = 27
ol &3] o},
« 2|2 O R #[cxx: :bridge] oA LAISHA] &= C++ e MY S 7HA oFA EAIH = 270l
olssidUh

» Rust 7} C++ A S 25 4 Y=2 C++o| A DB 532 std: :unique_ptr & Rust 2 7
Eanie s
* Rust 7“}1]% H50] C++2 AE5to] CHrofl A 27515 Fuoh ?1E: Box 2
o C++ Fo 4R HMES AAF YT Rust ol A o] & 2&5HA1 2.
. Rust% of AR M EE HAYL} CH+olA o] 5 T &AM 2.
3%

A 2712 CXX AFS &849] 74- 3} 3HAE olaidi oy, Q1 St Chromium 9]
= A =]
o

Rust AF& AHEE

o o o A — 71
28 dex
o cxx HRRIG F=x
» rust_static_library gn &l =3l

As students explore Part Two, they're bound to have lots of questions about how to achieve
these things, and also how CXX works behind the scenes.

et T A e 4 gy
Y2 59 X9 W4E 27)5tete o 24

E}. Ol = C++ °V\7P CXX: brldge o] Moix}
¢ C++ F2 2 Rust 22 2G5 HET 4 9l

119
T

7 Ut o7 X oY & B B4 57
A5t 27] Yk,
£ 7 24Utk o] 317 519 UB 71 S AshA] 92

7187 CXX 9 §949] 2.2 WAISHA] Stk 271710 01 7] d =Ry e CXX AT &
@ 39 UB S skt 2ol 7Hs_sHAI% CXX o AAY ol2f ol & WE717} 433] o}
&t

252


https://cxx.rs/extern-c++.html#functions-and-member-functions
https://cxx.rs/bindings.html
https://source.chromium.org/chromium/chromium/src/+/main:build/rust/rust_static_library.gni;l=16

Al 46 7
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He= A2 CERA A2 FEE YO

&7 C++library Rust crate

Build system 19+ d#/d: Cargo.toml

drbzQl gfolBeig 27 Zd ZHA

2EFEEE A= 19+

+ RE SeolEL 3F WE A2Eg
« JEjL} SefolEot Qv o2 Ho| B4 F2
A4t

ohE g2 ke 24y

hromium ol A}5 0 2 EsFsH 4= Q)5

| §lon 2 oj2] afo|uele) & 7b4sfop

>
el
ofo
ol

QL

o O
u
on

ek o,

A
T

All of the things in the table on this slide are generalizations, and counter-examples can be

found. But in general it's important for students to understand that most Rust code depen

ds

on other Rust libraries, because it's easy to do so, and that this has both benefits and costs.

46.1 A o|EE F7}5t= 2 Cargo.toml oY 74

Chromium ol = S ¥ ollA #ejH = A3 F2oE T4 F5o dd A EZF JAFHT o] = &
Cargo.toml & &off TPyt

[dependencies]
bitflags = "1"
cfg-if = "1"
cxx = "1"
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rr

o Cargo. tonl H BIA7IA 2 5 G50l B9 AT v g2 A+ ATk A E3
o] EojA A& AA5H = features S A H5H= 7myL¢qq

Chromium of] 3] EE 75 uf= tf2 A th& 27} otd gnrt_config. toml o] & 7}
A HE2 2712 A sl of sH= 97t BT

46.2 Configuring gnxt_config.toml

Cargo.toml 3} 37 gnrt_config.toml o] YL Yt} of 7]oll= 20| E X2 & ¢/ Chromium

He s mz o] Ty o 945U},

A Aelo]ES 27bete A9 Hol% group & A Ao gt the 2 sheluh,

# '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.

g =9 et sy

[crate.my-new-crate]
group = 'test' # only used in test code

220l & 42 A= 2o|ofo mhef o] Thelg AMSSto] LICENSE ohelg 22 4 At AX& 243
oF g 4= dgur

Uzl £AIE s 23H7] flsh of spdollA /g slioF she R 7HA Arre A

)
T
T
0

46.3 3Yo|E 2L

gnrt 2h= Eats JH 0| ES B 255k I BUILD. gn 3 & A4 5h= U
=8

A ZFste ™ o2t Zo] Yot I olEE thZ =gyt

cd chromium/sxc

ffo

HERIEE

vpython3 tools/crates/run_gnrt.py -- vendor
gnrt =7+ Chromium A2 3= 9] YHo|x|qt o] Yigo] & AYstH crates. io oA
34 922 ezcaln Agsp Bt of He pal mgoﬂ S o 1AM e &
aLskA .

o] vendor §ygol= 22 22 ed 4 45U
* Your crate
o« A "l oA =
+ Chromium o] 4| B 2% 17| 320 M= 2 81 28t7] 93 cargo oA 275He che F2)o]

Eo) A MAAY.

Chromium 2 //third_party/rust/chromium_crates_io/patches ol E&E = L7 3

o|E9] X & FAI T F UL} o] AFo g T AL = ATt s x| o AufjstH A3 22 E FH sl oF

g = sy

JH
e ot
A
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46.4 Generating gn Build Rules

S A

= O }\é

Aol EE th22E% Fof = th3 3 ZHo] BUILD.gn T+
vpython3 tools/crates/run_gnrt.py -- gen

oAl git status & AWIYch 32 FAY 4 Y&y

* third_party/rust/chromium_crates_io/vendor ©f sti} o]/e] Af Aol E

£7h g%y,

shut ol 4 &L k.

« 743} README . chromium

The ”major semver version” is a Rust "semver” version number.

oy,

Byt

third_party/rust/<crate name>/v<major semver version>ol A} BUILD.gn ©|

£3] third_party/rust oA 8 E FE5S 5] Ao EA Q.

semver o 3l F ¢ o|oF7|gYct £3] Chromium oA+ SFE A = I o|E HAES ofg 7

5]-&oh= Al o] ‘EA“I:HI ol A= A &A%t Cargo A E]AO A& w2 F a3ttt

46.5 A 312

L E7F Aufiste 49, ol BE A7t 99 A1lg Adst= =2 build.rs W& 4~ 9l

Syt o] o HEAGL AP S Hdigtslr] fls) A HE #2112 FEZ Sh=gn % ninja

o] dAlet FEAH o FFHUHY

2R build.rs AU A2z AdHYH. 2 9= 27t oY

W A3YE i} Google 9] gn El =3l A 2] %A

R = R o K= | Re

T/d35t7] 915l rustc HA

el

71s= A R ARE AR 9 Ne

T/35t7] Yol EE E=

CPU &<l

Generating code ol o -
gnrt_config.toml
ol 2173

C/C++HE ol e FHo| M &
A&y

<l olo] 7] et 7 oly e FRof 2] &
A&y

Hy 5] tj 22 o] FeolEoe e AGYPEV} E3tE o] Qx| o, thYs] tfRE WE ASHE

< 39 7 7HA AR A3y

46.5.1 FEE YAHst= 23HEHCE

n1nJa 7b ot Feof #e 29S Al7IskE 49 build.rs oA A& FE o2 AAYSH=A] gQl
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%o gnrt_config.toml & 7 5to] build-script-outputs & 3 o] Eoj
o o] Aol Aol & &=, 5 Chromium ZE7F A4 FLEHW ¢F o= T& F=<

O 1y T

first-party-usage=false &= Z7}gtUtcth o] gt o= ojn] thS 7 22 H 7}%] of7

x
g
o o
=

O

o
BRI <)
%9,
>
L

[crate.unicode-linebreak]
allow-first-party-usage = false
build-script-outputs = [ "tables.rs" ]

o4 gnrt.py -- gen-g thAl Aaystol BULLD.gn stA & chAl A3k o] 53 22 mhelo] $4
W= 97 9] ¢J2jol2til ninja o I,

46.5.2 C++E W3l AY dojo] AP S A= AqHE U
AR FPo]E= cc AT oE 434ﬂ00+ﬂﬂ53ﬂ§ d sty Adgy. the Ao
C

HC A3YHE WofA blndgen Atgsto] C/C++& T dY . o] )3t 242 Chromium 74E“*
Eoﬂ/q‘— A Q=7 k&t — Google 9 gn, ninja, LLVM 2 = AJAE]2 Hl= 2+ 7+o] A uf

¢ FAH o2 BHF Y],
A2t 25U

EL D ER T
+ Zejo|Eo] Mg A et

3j2]= third_party/rust/chromium_crates_io/patches/<crate>o] E3lof gttt o
£ cxx Ao Eof thst s 2] & FA AR, 221 A o|EE g o]l =3 ufjutct gnrt of 23] #¢
o8 HE8Hrh

46.6 A o|Ec| w2} oF

H I o] Eo 2 22 teagyt.
:1ib E}7lof dep & 718

_ Jo] E o] Utk
Specifically,
e B I T T T T T +
"//ME THE]/rust" | iiﬁiolE olF | "/v" | #WolA semver WX | "/:1lib"
------------ g
dg =¥ o= 25yt
rust_static_library("my_rust_1ib") {
crate_root = "lib.rs"
sources = [ "lib.rs" ]
deps = [ "//third_party/rust/example_rust_crate/v1:1ib" ]
}
46.7 Xt utE] 3 o] E A}
A 2to] 221 2] F7}oll= Chromium o] EF 2o A & x| 0t Eot Hot HEE A gt & 3
dlo|Ent oLje} Hlo] £4 FEE /IS 4 OB HAES BT BS S gl vl ok
3t Rust FEofA = B A Q] 22bgo] Aghd 4= JAFUTh ol @A FESoF &7te?

Chromium & A]Zto] z'gof w2} cargo vet & 7|REC 2 St T2 A AR Hest= AS HHE U
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* cd third-party/rust/chromium_crates_io; cargo audit & Ar&35to] ezl 3
o2& gelguth ¥4 cargo install cargo-audit & A&s|of @tk of7]ofl& QlE
ul ZOHH olg] 24 g2 t}e 25l 20| L3}y o] OML]E}.

e unsafe T &7} 2 o] ¥ =l o] A3tstA| &1},

« fs £+ net API 9 A}£ 3ol

w&l7t? 7t Ao EQ] W&
o}sfjof it} Chromium ©]

g

cofoH o AUHE S Yt AEY TEE HE 4 YL FEF£F02 RE TS 9y
o B2 100% B8 & 278 +E feUth REA IR B uh B

o] U§-& tol Sebelel £3kgth. security@chromium.oxrg o 4 EAke @2isto] 2ej o] o

23 A 71 4 Qe SHE e FotE A .

46.8 Chromium £A I & & 3g|o]|E &9l

git status & o33 ZAlslof &Y.

e //third_party/rust/chromium_crates_io o] I o]E Z &
e //third_party/rust/<crate>/<version>2] #ete]o]E] (BUILD.gn % README . chromium)
S 2o} 9 x|ofl OWNERS o = F7h5tAl 2.
o] =E Z1& Cargo.toml ¥ gnrt_config.toml A2t 37 Chromium # 7% 4of] vl 2] 3} of
Fuc,
2:git add -f S AbgsioF gyt 12{A] o™ .gitignore otz Qs A7 ol S A=
Syt
127 8} LA o] %] ke Qlof & Qs APH A1 E ZAE Auje 4% gyt o] & Rust 20| =
tlolEloll= git Hall 2] o] Fo] &= Aol i, W2 ZRAEo M= o5 LEA0|A F2 &
o} & A7IAM AESH ] WiEd Ut whebA thg2 A3slior & 4 A5U
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

Aol
30 F

0o
o

-

]1

(¢

46.9 Y o|EE HA ZHE FA
A E otE] Chromium &4 52 OWNER 0|22 &= HOF A2 Ffl 2|4l e = |8l of
Y 2 Rust 30| EQ] 3¢ o] 21U S A&t 4 17| & vk AR G2 e A= ot &

&% 54 OREZRA 2 i ARe] Ay o

> I

46.10 AVSEA|

7’55 AHE AUt 380l EZF Chromium
l% /\Pﬂﬂ A =vhal 7 U o
E}n LHOM = ChromlumJ uwuify £ AU o Aetotd 74L1H Alg ol B guyoh =
uwuify & AHEst= M2 rust_executable

AH R YA B GE

}_40
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https://chromium.googlesource.com/chromium/src/+/main/docs/security/rule-of-2.md#unsafe-code-in-safe-languages
https://chromium.googlesource.com/chromium/src/+/main/docs/adding_to_third_party.md#add-owners
https://chromium.googlesource.com/chromium/src/+/main/docs/adding_to_third_party.md#add-owners
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

The total crates needed are:

instant,

lock_api,
parking_lot,
parking_lot_core,
redox_syscall,
scopeguard,
smallvec, and
uwuify.

If students are downloading even more than that, they probably forgot to turn off the default
features.

o] Ao EE AlFdl FA v 2] oA FAr=E- U
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https://github.com/Daniel-Liu-c0deb0t

A 47 &

Bringing It Together — Exercise

o] Aol oln] et5et E= g2 S ste &4 s] M2 Chromium 7|55 F7HUTh

The Brief from Product Management
Qluk Joj) 2 Fof AH= pixie AH U E] 7} 2HAE A4 Yt} Pixie € Chromium 2 2 o3 #he] uj &5}
= o] gyt
Chromium 9] 2 & UI FA+4 S Pixie o] = ¥ sfjof g,
A2 HA = wfj7bA] 71ohd A[xH2 QLA R, o33 5] pixie /o] G olet uf-¢ FASH bt ¥ioS o}
£ Rust Ao E7} &Y T
AHA o] AFol|A] o] Aelo] EE o]n] A gk& U Th
d

=& Chrome o] A7) ¥ 2t & s = e o9 ko] gyt v &sA] npAl ..

o XA
A&

HEA8}7] Mojl =& #2192 uwuify 5t =2 ResourceBundle: :MaybeManglelLocalizedString
< A3yt o] £4 Chromium ¥ =04 = mangle_localized_strings_o] A% 3} A ¢l
o] & o] Ads Aysfof Ayt

o] RE AFo- RE ZAS A2 A2t =351t pixie & Chrome & HEA S ZJ Yt
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https://crates.io/crates/uwuify

[ ] [ ] chwomium

e e

sign in to chwomium

get additionaw featuwes

[o 1)) @

aww youw devices stwongew secuwity back up data

easiwy pick up whewe you pwotect youw passwowds save youw bookmawks, (Hul)
weft off against phishing passwowds and m-mowe with
sync

youw device is managed by youw owganization. éwd a-administwatows c-can access t-the data in a-any pwofiwe
L] on t-this device.

donttsignin “

Students will likely need some hints here. Hints include:

« UTF16 2} UTF8. &4 52 Rust & A} & 0] OW ¢ UTE8 olef= &5 il 8] of of 3} 1,
base: :UTF16ToUTF8 & A-&5t0o] C++ ol A HME-Z Asistal ohA] 11 Bt 2 ¥2sl= A o]
o woa 24 A’“H"—}

* Rust Sol|A HEsl7| 2 2ASH Y E2 String: cfrom_utfle & 185t &7 X85 1

Holal W2 ulb 2 A5 5 = CXX A F32 Lsfof kot
. 9.“%4%% 0431 7HA Rl o 2 C++/Rust A E AAE . oj
7hA ef dhghst AU E Aol et A 7ttt 2 E AN 4 ASUHH WA 7Hs
AH&-5HH CXX ol A SFAYol| Al Pin & AFg-3lof Shota & 7 P
7§ 5kaL o] Zlo] C++ Hlo] Bl gt M4 7hadt =5 flsl C
T syt g2 C++ o] B = Rust Hlo|E{ A Y o] 5T
Ej7F 23tE o] g 4 7] WiEdy o
* ResourceBundle: :MaybeMangleLocalizedStringo] =34 C++EFlS rust_static_library
EpZlof] S& & ofoF . st o]n| o] & AYFS Ad Y
» rust_static_library 712 //third_party/rust/uwuify/v@_2:1ib o] Z£ % of
of gty .
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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/

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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Al 49 %

Welcome to Bare Metal Rust

o] T4 -2 Rust o] tisf o= = A3 o] 9 (olut= Comprehensive Rust 73S E3) C & 22
2 o] 2 bare-metal T2 1Y S 3 2 AFEAE Ao 2 5} bare-metal Rust of] 23t =2 &

A1 gAY

252 0S & AH&-5HA] ¢l Rust ZLE& A 35t 'bare-metal’ Rust of] #af okt & 72l 9]
e e 2EUH

no_std Rust & £3117k8?

o] A2 E 288 Heof 24

bare-metal Rust 7% 9|5t 5835t I 20| E

o] Z2lof| A= BBC micro:bit v2 o] AZAEEZ & AFE S Ut o] nfo]2 271 E &2+ Nordic

nRF51822 nlo]| A2 AE Ea]of 7|85t 7 = 2 LED ot W E [2C 92 71454 2 ek

HE SWD YHAE Zgstal lsyth

AlAFst71 o], ko 2 AMg e =55 ARl oF Yt gLinux £+ Debian S AH&-skal Itk o

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&A}o]| A] micro:bit T2 12 Zx]of o3t M A PFHS Hojghch,

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
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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 ¥ Y4m#] io
Path, OsString

net

Command, Child, ExitCode

spawn, sleep ¥ 42| thread

SystemTime, Instant

HashMap & RNG ©f| o] &gt}
std = core ¥ alloc & =33t}
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50.1 #|43%° no_std =213

#! [no_main]
#![no_std]

use core::panic::PanicInfo;

#[panic_handler]
fn panic(_panic: &PanicInfo) -> ! {

loop {}
}
'ﬂiE%%mﬂﬁﬂiﬂ#m%qq
e std = oY =2 E AFoHA T, 2= AAH o & e & ook
« Y #=2]+= panic-halt ok 22 EiEﬂOlEE oA e E syt
« E}Zlo| u}2} panic = "abort"= AmtAsfior & 4 lH5 YT o] eh_personality of ¥
3 7 E HASH] AU TH
* main ¥ 22 28 Yol glsyeh /WA A A o= Y2 H o sfoF gyt &
MHOﬂq*&ﬂMQMMHogaﬂAiaqumgaigggg Sty
50.2 alloc

alloc & AH&ste ™ A (7)) A& A oF gy,
#! [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 SEEBmE obMghUC),
unsafe {
[ dEARNA g wrgE Ayt
HEAP_ALLOCATOR.lock() .init(HEAP.as_mut_ptr() as usize, HEAP.len());

}
/] oA & o] Hadt HAAZ T £ AFYT.
let mut v = Vec::new();

v.push("A string".to_string());
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https://doc.rust-lang.org/stable/std/alloc/trait.GlobalAlloc.html

* buddy_system_allocator « 1te&t ¥t A|AR] SFGALE LH = A& ohE] A0l EQY
Utt. o] 9loj =, th2 F o] EE A A, ofjn] EAstE o g
Apol &7 4 AU

. LockHeap Bt 9] const mi7R = SR o] 271 & 2

.5, 0] A ™ 3291 B9 Fo) 2**32 Hio] E A.7]9] o=

s H}OME’JOHH alloc ol o] &35t Ao EV} stutet= JThH
Ap7F HEEA] Shu EAsliof fty . detA o g o dgAtE &
=go] Eof|A] o] oY},

e panic_halt A olEZ} dZFH] oy 3l
panic_halt as _7FZLguch

« o] Al ZEE M EE HATH I o] §17] wl ol AR A = sy

_ﬁ
oll
ol
il
N
X
et
ofl
N
e
ﬂllﬂl >4
o
mln

S o4

i
Ar:)
i
N
L
2
fo
}.ﬂ
Jhu
ol
o,
)
)
D
x
—+
0]
H
=}
(@]
H
Q
—+
D
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Al 51 &

nlo]2zAE S

e

Uk,

cortex_m_rt I o]EX Cortex M Olo| AR HEE2|E (7|3} 5l= S| S A&
#! [no_main]

#![no_std]

extern crate panic_halt as _;

mod interrupts;

use cortex_m_rt::entry,;

#[entry]
fn main() -> ! {
loop {}

oj A, TR | of] M| AstE WS Lot AFU 7S 71 Aol 77k W2 DAl A AlAFsiA
438 rEs & Zﬂﬁ—qﬁ}
_m_ rt::entry A2 & AYHo 2 AFEEHE S fn() -> | B (5, EE5HA]
ae) S 27y T, A eshA =W, 2203 28 & A WS Z Eo7HA EJ—E ARl
gl ol = “POl =% k7] mE Yk,

« cargo embed --bin minimal & A}&3}o] GlA| S Aleygyct,

51.1 €A} MMIO

of i Eo] vfo] A2 E E2i e v 22 v 10 5 58 71 7]7]0) YA A7) micro:bit o4 LED
2 ARZAL

#! [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@ FHW7|7] F4&
const GPIO_PO: usize = 0x5000 _0000;
// GPIO F¥i7]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 AU},
let pin_cnf_21 = (GPIO_P@ + PIN_CNF + 21 * size_of::
= (GPIO_P® + PIN_CNF + 28 * size of::

let pin_cnf_28
/1 g5 FH7|7] Aol A Ao tigt ZIEo]1
// 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 AAste] LEDE HYt.
let gpio@_outset = (GPIO_P@ + OUTSET) as *mut u32;
let gpio@ outclr = (GPIO_P® + OUTCLR) as *mut u32;

/1 F5% FH7|7] Aol A Ao tigt ZRIEol1
// tﬂz]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 GPIOO0 ¥ 21 2 LED "HEE 20| A Wl Hofl AZA & H 28 = A WA o]l A2 H Yt}
ofzl HH o] Z oA ZEE AYstA 2.

cargo embed --bin mmio

51.2 FH7]7] AANA T olE

svd2rust 30| EE o] &5tH W28 mjgH FHAXE 7)&5t= CMSIS-SVD 1Y 2 2 € 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-E EYHo= AU,

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, ® 213 =4 AAsSo] LEDE HUH.
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) It 2 dutz o 2 A2 33 AAol| A #|33ts XML =+
2,71719 W2 M 7]sy
- FH77) A A, HE, o g FAEHH o] 5, dY,
- SVD gdofl= H1:L7P ol'e 4 91 BekHa}y| mo, o 23t BAl s
Z2AHE S| sy
« cortex-m-rt + FoEE HE HolES AlF YTt
» cargo install cargo-binutils & A33st &, cargo objdump --bin pac -- -d
--no-show-raw-insn & A 85} AYAJ % vio|L

of2 Yol 2 ojx] =g AP L.
cargo embed --bin pac

Y

51.3 HAL 3do]EE

t}ofst 2 Ax|o T3t 2 m & A Z5t= HAL A 2o] ESo] YI& YTt o] Ao EEL Yutygog
embedded-hal 9] Eg|alS tdgU ).

#! [no_main]

#! [no_std]

extern crate panic_halt as _;

use cortex_m_rt::entry,;

use nrf52833_hal::gpio::{p@, Level};
use nrf52833_hal: :pac::Peripherals;
use nrf52833_hal: :prelude::*

#lentry]
fn main() -> ! {
let p = Peripherals::take().unwrap();

// GPIO ZE 09| HAL gHZ TEUch.
let gpio@ = p0::Parts::new(p.PO);

// GPIO @ ¥ 21 ¥ 282 FA-ZF 2oz AU,
let mut coll = gp100.p®_28.1nto_push_pu11_output(Level::High);
let mut rowl = gpio®.p@_21.into_push_pull_output(Level::Low);

/1 8 285 @A, H 21 & =A AHstod LEDE HUT}.
coll.set_low().unwrap();
rowl.set_high().unwrap();

loop {}

* set_low ¥ set_high += embedded_hal OutputPin E&ql9] vl =Yt}
o ThFS STM32, GD32, nRE, NXP, MSP430, AVR, PIC pto] A2 E £ 2] & H| %35t @2 Cortex-M
gl RISC-V 7|71 2 9%t HAL 2| EV} &Y th

otall o= ofjAl ZEE HdYstAl L.
cargo embed --bin hal
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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 Aol ESS, 54 BEE O £gdA AT ¢ A ol F& 0 =2 £39 FH3E 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 {}

e O] L HE 29 I o|E % o] 2822l o] 55T A3t +F2 27|35 AU,
. o]g1ahﬂ__ no] A2 A EE Hhofl Q= ( ) r2
A5yt
- microbit-v2oll= LED "lEZAE QI3 73t Ealo]y 7} Z g o] Ql&U
ofzl Yol Z oA ZEE AP

cargo embed --bin board_support

51.5 €] A ajgl

#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 Z35Uct.
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]F3EU .
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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 {}
)

+ W2 Copy E Clone & TASA YOO 247 shte] QAR AR 2T 4 Y&UTh BL
RE 22| o2 ol ot o v A8 4 i

¢ W S NG oW W ALHAIL AFEE D2 o] Fof o] H AXHAS A% AHEF 4 ¢&
Uet.

+ 2h e @A AE 2 UERU T o) & So] o] Z9ol: GPIO W] 74 ek o %A 5
7l 4] o Alo] ebg) Al AR R AT n], M SHHEA THE F EY YA OR WS ALS
ShE2 ghych 22w Ae Aeke Ante Alzrel 2 U

» 92 Woll A is_high & 5%3}% 52 WollA set_high & 553 4 AW 1wt of
gyt

+ B2 HAL J#o| E50] o] el ab5 Yk,

51.6 embedded-hal

embedded-hal Z2|o]E= bt nio| AR A EE2{ oA &2 22 ol 4 Q= FHII7IEF
98 e e o e AT g

* GPIO

* ADC

* 12C, SPI, UART, CAN

* RNG

. folu]

. _?—_];'(]E.
J=d E}E Aol Ex o] EYUES &850l Eefo|H S AP Y T ol & S0] 7HE =7 E2tolH
& 7R 0 120 i SPIH A FAL ASE 5 A&

» ohaue wolof A Solrbi Bk A 2 EYE Wak ohet OhE of g nlo] AR AE S o o
3 7o) A&y,
+ embedded-hal o] 'async' ¥ zo] 3t 2¢lo] 218 Fol A9k o}y Qg ol 4] ekt

51.7 probe-rs and cargo-embed

probe-rs = YHHE A|AES 3 =7 2yt OpenOCD 2+ H|=5HA| R, Rust o] o & S35
of l&ut.
* SWD (Serial Wire Debug) and JTAG via CMSIS-DAP, ST-Link and J-Link probes
» GDB £~§ Y Microsoft DAP(L/H 1 o] ] Z2EF) A1
s Cargo 53
cargo-embed is a cargo subcommand to build and flash binaries, log RTT (Real Time Trans-
fers) output and connect GDB. It's configured by an Embed . toml file in your project directory.
o CMSIS-DAP = Arm o|A AoJst T2 EZ2 USB £ 53l Arm Cortex 2 A4 2] CoreSight
O 1AM A EEO| HEE 4 A 3l FYth BBC microzbit of] Y= 2EE fHAE o] =
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https://crates.io/crates/embedded-hal
https://github.com/rust-embedded/awesome-embedded-rust#driver-crates
https://probe.rs/
https://arm-software.github.io/CMSIS_5/DAP/html/index.html

EEZZ AYFUS

¢ ST-Link + ST Microelectronics Atol| A TH& in-circuit T} ¥} 4 50| ™, J-Link = SEGGER A}2]
in-circuit ¥ A=Y Yt}.

o O A TEO] B2 Q] AL dubH o 2 51 JTAG QU Elmlo]A 22, 2 W Serial Wire
Debug <! F—1 o|o] A Yt

* probe-rs < 2to| B2z L& & of ‘2201/\1, OE =50 F8EH7I7Fd syt

e Microsoft tj¥{ 1 o] e =& E =S A3} VSCode L+ E}E IDE ol A nfo] AR EE

oA £Y=Q F = HY & £ ol/\qq

» cargo-embed = probe-rs EPO]EFJE] S AR&Sto] I E HiojH g Yt

* RTT(Real Time Transfers) « 2] @ HEHE &l g1 T AE QL E}7 7o o] E & &35}
< HAYS A Y.

51.7.1 d¥7

Embed.toml:

[default.general]
chip = "nrf52833_xxAA"

[debug.gdb]

enabled = true

src/bare-metal/microcontrollers/example/ o EjrjEd& 11

cargo embed --bin board_support debug

In another terminal in the same directory:

gLinux =+ Debian o A:

gdb-multiarch target/thumbv7em-none-eabihf/debug/board_support --eval-command="target r«
MacOS °f|A:

arm-none-eabi-gdb target/thumbv7em-none-eabihf/debug/board_support --eval-command="targ:
GDB oA t}3= Adysl HAlQ.

b src/bin/board_support.rs:29
b src/bin/board_support.rs:30
b src/bin/board_support.rs:32
C

C

C

51.8 CtE Z2AE
e RTIC

- PAAZFJAHHE 7|5k FA] A3 (Real-Time Interrupt-driven Concurrency)”
- TR Yas o, HAIA A, A AA S, EolH 7] E A

* Embassy

- 4149, eto| ], W ESIA, USB 7t £ async At
¢ TockOS

- A 274159 9 MMU £ A|¥sts, Bt S84S5 & AAZE 23AA
* Hubris
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https://microsoft.github.io/debug-adapter-protocol/
https://rtic.rs/
https://embassy.dev/
https://www.tockos.org/documentation/getting-started
https://hubris.oxide.computer/

L EFAA R, M2 BHY,

- Oxide Computer Company ©l| 4] TH= ofo] I 2 A 7|85t Al A]
Hsto] glo] 3= = &atolH 52 x| YF.

FreeRTOS & H}QI Y
e ZAEE ST (o esp-idf).
RTIC = AAZF SFAAZR & +% 3, A A LS Pt =AY AR & +& JdHYTh

= %54t
- 2A1£28 2 #Ado] oz}t Cortex-M NVIC(Nested Virtual Interrupt Controller) 2 +3

- HAL & %3517
2ol A} TockOS & A3,

HE=Z
4 A &E 5 3 F+= Rust

o] Hyrtt.
- Cortex-M A-&<yrct
Google ol A= Titan ¢t 7]o]] AF-8-%]= Haven Ufo]| ARZHEE

FreeRTOS & ti C 2 Zd | 2|7, of Z2] 70|41 & Rust 2 242

o

Hhlg o] Al Hyth.
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https://github.com/lobaro/FreeRTOS-rust
https://esp-rs.github.io/book/overview/using-the-standard-library.html

12C U Htol A 3RS 2, 9 2he 3Y ZEo| /]S54 L.

After looking at the exercises, you can look at the solutions provided.

52.1 Yk

[2C Aol A 2 AT WEIE Y RE0] 7 S3HA 2. AZbol Lo oW AE LED of 24
A HES AFg S L

S E:

1sm303agr ¥ microbit-v2 A °o]E W micro:bit st=¢o] o] EAE Q1514 2.
LSM303AGR ¥/ 574 2= W7 12C B 2ol A2 gt}

TWIE=12C9 = E]'E 0] 20|22 J2C utAE FH 7| 7]= TWIM o2t gkt

LSM303AGR E2}o|H o] &= embedded_hal: :blocking: :i2c: :WriteRead E&|3l&
st Zol ¥tk microbit: thal: : Twim &7} o] & AUt

o ChQFS Wit 7|70 BeF We=rt gl microbit: :Board 2 A7F &Y Th.

o Y5lE= 79 nRF52833 o E{A| EZ 318 £ QIA| T o] 5ol A HhEA] I Q35 712 oty
[B]=

N

A5 HE5S 225510 compass Y E oA ohg oL &
sr¢/main.rs:

F U,

!

#! [no_main]
#![no_std]

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 7} 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 7} g13):

[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"]

o2 AH&5to] Linux oA 218 &8 2 ZelstAl 8.

picocom --baud 115200 --imap 1lfcrlf /dev/ttyACMo@

EE U3 2ol Mac 0S(717] o] &2 23t thE 4= U5) oA ZelstAl 2.
picocom --baud 115200 --imap 1fcrlf /dev/tty.usbmodem14502
Ctrl+A Ctrl+Q & A}-835lo picocom & F=5& 4}

52.2 Bare Metal Rust Morning Exercise

—

H

(AFEA=Z Sot7H7))

#! [no_main]
#![no_std]

4

°

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 FAE 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 dolgE i ¥ xZEO| 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();

278

FREQUENCY_A: :K100) ;



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 %

NEZ Aol Z2A|A

A2 7tA Arm Cortex-M A| 2| 2t Z+-2 nfo] A2 E o] 33l gotgtsyrt. oA o Zg A o] A
ZZA|AQ1 Cortex-A & 93t =& 28l 270G U Hel4d QEMU 9] aarch64 'virt' EEE AHS:
2yt
o AdHIH O 2 nfo]AZAEE2jo= MMU £+ thF 2|¥ H3gt (Arm CPU o A= A 2l
(exception level), x86 o4& & (ring)) ©] Ut cfZg|Al o] ZT2M| A& o] S-S 7HA] L
AEY
* QEMU = op7|glE 2 st Al E= BHE RS o8 lol* 4 AEFYH virt' EE+=
EA AA stEol & ol gao] A 5tA] ko, 7Hd Di*lﬂoi AAEJEY

53.1 Rust $3] ZH|

Rust 2= AP AJAsH7] Mofl R 71A] 27185 Adgsfof o

.section .init.entry, "ax
.global entry
entry:

A&y, MMU o A&
adrp x30@, idmap
msr ttbr@_ell, x30

mov_i x30, .Lmairval
msr mair_ell, x30

mov_i x30, .Ltcrval

/* A== PA WS TCR_EL1.IPS o] EArgyct, *
mrs x29, id_aa64mmfro_ell

bfi x30, x29, #32, #4

msr tcr_ell, x30

mov_i x30, .Lsctlrval

282


https://qemu-project.gitlab.io/qemu/system/arm/virt.html

isb

tlbi vmallel
ic iallu

dsb nsh

isb

/*

* MMU @+ 7HAIS AFRSIEE sctlr_ell S FAsta o] 2o
* ohed wirtx] eYsta] kst
*/

msr sctlr_ell, x30

isb

/* EL1°A Eeiyg R5 A4 AHAE AR 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&E s&3Uc}, */
bl main

ow
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o] oot s =AM FEl S 27|85l BSS S 0 22 A A
1

dojA 0 o= 27|3td HA oz ddd HesS Hal sy BSS =

3h1 A8 EolE



EGE AL g4t 0|23 0 02 27131 8 7o)y gyt Futdet 2o m20
o] BSS o £3H= MA52 002 27|31 & Z 02| th5ta L HAE sAS wETh
+ W 2e)7} 271 5h8 3 of v x| 7 2Ew] & w40l wke} BSS 7k ofu] 0 0.2 AAE S 2= YA
v 3k43] 317 918 0 0.2 AP
» U222 9L 2] Foll MMU % A4S AL§ A gshot gich, 122 o theat 22 4
H

AT = +strict-align & AA3t= aarch64-unknown-none EHAS] Rust T =5 W
EStE 2 o] o= A7t AR, LRt o= e A] a5 22 ofd Yt}

- VM ol A A3gstohd 7iA] A3 4738 4 lsuoh 24l= VM = 70 A1 7F A&
215 e = v 2o 23 HM|ASH= B SAE= FUs vzelof cisf A 4
= HA o] Atte AAYth TAETL R 2o YA|H 02 HA|ATER] grjete 5 o

A A 9712 o]of A 4 low, A7 e =AY VM o] A& AHE A5t &

% otue] M A o] A" YT FlAl= VA == TPA 7f obd AA| 4= 7)17F A Y]
ch.

« Wo|i} 717§ F4 37te] A& 1GiB, DRAM & t& 1GiB, ¢ B2 77|15 9% & th& 1GiB
S ID nigst= st=EF g B o] A] Blo]& (idmap. S F31) & AU ©]= QEMU of| A Af
&5he m=e gojokx L=kt

* o9 ¥ (vbar_ell) = At ofof sl M= yFoll AA|s] LobEy .

¢ 25 239 BE oo o9 & 1(ELD) ol A Aot 7P Yok thE of| 2] s-FollA
Adgsljof sh= ¢ ololl wet entry. S S 7 slioF ot

53.2 <g}9l ojAl &g

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@: ubd, _x1: ubd, _x2: ubd, _x3: ubd) {
/1 AA[E YA AETE AFESt HEYEE
/1 OFRAE St goma brzhr),
unsafe {
asm! ("hvc #0",
inout ("w@") PSCI_SYSTEM_OFF => _,
inout ("wl") =>
inout("w2")
inout("w3")
inout ("w4")
inout ("w5")
inout ("w6")

[SESESESESES]
1l
A\
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inout("w7") @ => _,
options(nomem, nostack)
),
}

loop {}

-

A2 o] & Ayt oj2gt BE 5 AT Aiwrt 2 E smecc A ES ARESHAR

-PﬂH@m%r&mmmmmmmmHMHMwV—MAWUWPUﬂﬂ*WkZ ) 5t= Arm 9
EZ 9l do]A Yt} o] QlE|Ho] A= EL3 3 ¢oj e} dlo]mufo| #of osf & F U}

¢« 0 => _ ¥l A= ﬂqEEQ“&ﬂﬂﬂﬂﬂiHEOOEzﬂﬂ¢L1§ﬂ%
a A A e BAES ouguch 52 A glx AE 9] Zho] Wol WA 4 9oB in T)
Al inout & Ab&3fof gt

» o] main &4+ #[no_mangle] ¥ extern "C"ojof guct, fukstH o] gh4+= Rust =7}
otd, ojMl 5212 2 H entry. S oA S&5 7] W EA Yt

* _x0-_x3 = x00lM x3 2| A LEl 5] gy Hﬂxl’“E—— detzoz RERZE|M H
Hho] A& Egjof thet 2o1F 52 MEd uf ArEHUth £+ aarch64 i%% (extern "
oMM ARGse S 2]7) of w2} 2| A AE x0 of| A x7 o] °V“°ﬂ AEH 25 871 Aol /\PQLEI L=

Z entry.S = |23t A AEE WAG5HA] h=A FRlste A Qo= §¥s] & Aol ¢
Uk,
* src/bare-metal/aps/examples °lA] make gemu_psci & 4&

oA &gy,

ol

' oA Z =7 QEMU

53.3 MMIO & I3t 324 (volatile) w2 2] HA| A

* pointer::read_volatile ¥ pointer::write_volatile & At-&3tAl L.
o 22 o 25}kA] opA Q.

« addr_of! & AFE35tH YA| Sx o IR E vhEA] duE 242 HEE 918 4 &yt
* 34 (volatile) A A: ¢17] = 227] ZHQ]o] B4 &3t (side effect) & 58S = 7] W&
l 74u)r°‘ elu StESlol vt Qo2 o 5 9)7] 27 Ao w42 HHLAY, S5 A S3Pst ALY

= A A ZalA gy,

-MMHOEMﬁLhT%oth% Hsdt 42 s Bo) Aude s 9o ghol HE &

23 ettt 7Sk AA 2 w2 E o A] &S 4 Sy
o St=glofof Sk 3]t M AE Qo B 7| & T o]E FRE FASIAT o] = SHIE A
o] opdyct, =z} g wotch Huld & o] & IHxs HE% AMefe 4 Q1&g
o addr_of! tja 2 & AF85}o] 24 ZAE A L2A YE ZJAEE 7St}

53.4 UART Ezlo|y 2/

QEMU 9] 'virt' E=of= PL011 UART 7} Q12 B2 o] & 9|3t =eto|H & 2Hds] BZl& YT

const FLAG_REGISTER_OFFSET: usize = 0x18;
const FR_BUSY: u8 = 1 << 3;
const FR_TXFF: u8 = 1 << 5;

/// PLO11 UART 9] 4 Zgto]s{dutt,

#[derive(Debug) ]
pub struct Uart {
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https://crates.io/crates/smccc
https://developer.arm.com/documentation/ddi0183/g

base_address: *mut u8,

}

impl Uart {
/11 AH 712 F4a0] PLO11 7]7]o gt UART Egtolwe] A QIAEA
/11 377y},
/17
/1] # SHA
/17
/11 AZE 712 FAE PLO11 7]7]9]
/// MMIO Alo] #AA¥ 87HE 7t2|#oF s5tH,
/11 ol ZEANAS FA FIto] 7|7] HEZ=
/17 mgEojof st o E EH-Z glojof Y.
pub unsafe fn new(base_address: *mut u8) -> Self {
Self { base_address }

|

}

/// UART o] @< Hlo]EES Huct,
pub fn write_byte(&self, byte: u8) {
/1 TX Wmo] Zzbo] grE wrtx Z|tPuc,
while self.read_flag_register() & FR_TXFF != 0 {}

/1 712 Fa7F AASA jWE PLO1L 71719 Ao |AAEHES
/1 7H7]al gle B g PG,
unsafe {
/1 TX vmo] Hutt.
self.base_address.write_volatile(byte);

}

/7 UART7} © o4 A& %ol obd wizbx] 7|chguct.
while self.read_flag_register() & FR_BUSY != 0 {}
}

fn read_flag_register(&self) -> u8 {
/1 712 F47F HAsHA migE PLO11 7]7]9] Ao AAEE
/1 7te]7]al Qe g QFHEYTt.
unsafe { self.base_address.add(FLAG_REGISTER_OFFSET) .read_volatile() }

e Uart: :new = Qt35HA] ATt (usafe), 1 ] th2 MM EE2 H 3 (safe) Aol F551A4 8.
o2 mA=Eo] AT olf+&, Uart: inew o] Fd QAR (F, A1 € UART 9 &=
gho|H AAIAE AT} ST Qlom A4 F 7o) A& A she thE 50| gl3) o] HEH 7T
5t write_byte o 22 & <t Q3 BHE HA| 70| ghEg

7l dEdy

i
ol
%

4>
)
rr r

o)
>
2L
X
fol
i
Qﬂ.
rlr
Kn}
39
2
>
e
c

o dho o2& ARt 4 AR (new & HASHA THEA write_byte S HISHA] A T
%) °lE write_byte & 2&35t= B 9 A|ollA H ol sl FE8HoF st2 2 AHE H oA

o] {4 Hoj Y.
+ o] QbstA| ghe T o] obd

o) Qhzlo] P32 B
2 of] Be 9ol A 42| 93]

ek
&
A
i
N
P
ox.
ol
Ir
o
T
)
rO
£
o
o
L
o

I-

[
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53.4.1 More traits
Debug EISl S 4&FEUH 2 712 Edla 712 o #dste A §&
use core::fmt::{self, Write};

ot
4
30
>
T
In)

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 £ Qe 7]7] o gt

// io E]D 55%5] = R=4 o] 1401—1,]5}
unsafe impl Send for Uart {}
s Write & &stH write! ¥ writeln! 222 Uart 41}t 34 A+ 4= A& Uth
» src/bare-metal/aps/examples o4 make gemu_minimal & A3+ QEMU ©f| A o

£ 493U,

53.5 ©] U2 UART Ez}o]H

PLO11 o] &= AAZ &4 ¢ B2 A 2E7F 1o, o]of AN AE ZRIE S FAS
7ot 2771 HHAyEt7] 4 7l o gUth ¢t 05 B = FX25HE WA 02 HMAE 4~ Q)
= HE d=dyrh

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 HEEZd1
bitflags Tefo| = vl ESeh 15 ALgsHE o] 988Ut
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https://developer.arm.com/documentation/ddi0183/g/programmers-model/summary-of-registers
https://crates.io/crates/bitflags

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]FFAIAL A
const DCD = 1 << 2;
/117 UART o|A] dHlolH& A& FdYTt.
const BUSY = 1 << 3;
/11 %4 FIFO7} Hlo] l&Utt,
const RXFE = 1 << 4;
/11 A% FIFO7} 7t #&uydh
const TXFF = 1 << 5;
/11 &A1 FIFO7F 7}s a4t
const RXFF = 1 << 6;
/11 4% FIFO 7} vlo] &EyYcLt.
const TXFE = 1 << 7;
/11 A EAZIYUC.
const RI = 1 << 8;

« bitflags! M2 2= S 7t- e HA5H7] Y3t ol A= 23 37 Flags (ul6)
ot 42 Mz Bls Ay

53.5.2 Multiple registers

FEA 2 AH&5}o] 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,

e #[repr(C)] & C& L3 &0 et 124 BEE AR HiX| o= 5 Hupd 2o

?JLJE} 7] 2 Rust 22 AHg-5HH Zutde]7) dste 2 =9 &4 S %73%‘—;
ZA|o| A ol F 7Hs et BlolotR& ARgshe d 2oyt

53.5.3 Ezlo|y

o[A] E2to|HofA A 22 Registers +X A& A& A5

/// PLO11 UART & Zglo|H
#[derive(Debug) ]
pub struct Uart {

registers: *mut Registers,

}

impl Uart {
/11 AZE 712 Fhof PLO11 7]7]ol thsh UART EZetolwie] A <
/11 23733yct.
/17
/1] # <HA
/17
/11 AREH 712 F4+ PLO1L1 71719
/11 MMIO Alof A AE 87HE 7tgAHoF 35,
/1] ol EZEAAS] FA FIho| 7171 e
/17 S@Eolof sfn cr2 @Re glolof Fc.
pub unsafe fn new(base_address: *mut u32) -> Self {
Self { registers: base_address as *mut Registers }

E

—

[

r
[>
i

ro

}

/// UART ol @ Hio]EE HUTh.
pub fn write_byte(&self, byte: u8) {
/1 TX Wz Fzto] &HE wi7tx] Z|ohgdyrt.
while self.read_flag_register().contains(Flags::TXFF) {}

/1 self.registers 7t A&stAl vigE PLO11 7]7]9] Alof 2|AAHE
// 7Fe17]a 9Qoem g obHsht,
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 vijgdd PLO11 7]7]9] Alof 2|AAHE
/1 7¥e)7)a oEm g orAGUc,
unsafe { addr_of!((*self.registers).fr).read_volatile() }

-

addr_of

!
o J
AL 59l

53.5.4 Using it

EtolH S Agsto] A &0 23 £ E = Ho|ES o Fh 2hdet 22O S A6 BAls

Uk,

#! [no_main]
#![no_std]

mod
mod

use
use
use
use
use
use

117

exceptions;
ploll;

crate: :pl011::Uart;
core::fmt: :Write;
core::panic::PanicInfo;
log: :exror;

smccc: :psci::system_off;
smccc: :Hvc;

712 PL@11 UART o] 7]&2 F&adurtt,

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} PL@11 7|7]9] 7|¥ F4Aolx
/1 o] FA& Ho] YMAsts thE2 F&Fo| glomz 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 kel oAl &2 ool Al et Zo] o] main & entry.S 9 XYM F oA SEZHYTH ZHA|
SFuUlg2 dig FEA ES FAISHA Q.
s src/bare-metal/aps/examples oA make gemu & AF&35to] QEMU of| A ol & Alssty
ot
53.6 &7
log ZEo]EQ] 24 mjA2E AFEE 4= oW S5 U o] Log EdlS #+&stH HU o

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|35Ht},
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 Stoll A unwrap st 22 WAL Uh. fubstH set_logger & 523}17] Ao
LOGGER & %7|3%}5}7] i &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 9] 7|E FA&AdYtt.
const PL@11_BASE_ADDRESS: *mut u32 = 0x900_0000 as _;

#[no_mangle]

extern "C" fn main(x@: ub4, x1: ubd, x2: ubd, x3: ubd) {
// “PL@11_BASE_ADDRESS 7} PL@11 7]7]9] 7|2 F4o|al
// o] Z 2N tHO]oﬂ OH/\ﬂ/\o]—L E,}E 6]—510] O—]OD_'E_ o]-;qoh/]q

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);
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system_off::<Hvc>().unwrap();
}

#[panic_handler]

fn panic(info: &PanicInfo) -> ! {
erroxr! ("{info}");
system_off::<Hvc>().unwrap();
loop {}

o Y AE2)7t oA Yo NRAFRE 7| ET 5 USUTH

* src/bare-metal/aps/examples o4 make gemu_logger & AF&35td QEMU o|A] ol &
/\l kol o]—]/] |:]-

53.7 <

AArch64 = 4 7 A3l (SPO 2 AH235l= @A EL, SPX S AHE5H= @A) EL, AArch64 £ AMg35)= 3}
9] EL, AArch32 & A}%—a}% 319] EL) 9] 4 714 ¢l 9] EtY (571, IRQ, FIQ, SError) ol o3l 16 7§ &
£o] 9l o9 HlE Blo] 52 A oldYt. Rust ZEE ©&517] Mof LA A AEE A XVOP

7] 9190 ol elollA] ol & FeE .

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 o] £+FdYrth 2& 259 BE o= EL1 oA A3g Yt

o Ho4t AR EL ol 2] 9] SPO I} SPx & 857 L} 51 EL of| 2] 2] AArch32 ¢} AArch64 & 7+
5kA] k5 Yt

o o] ool A= ol @7t A 2 TS o2 o FE R FoBE oS 7|25 WS

« oo dEeiet 7|2 AY HEAE = A2 o2 A8 =et Ao v st AJzbet 4
Send ¥ Sync & 28| =9} npd7A| 2 o] & 7holl 373 4 e FES AP, o
oo AEeiet =2 a0l Yz B Ttol hS 3852 1L k=t Send ©] A% Sync
3%, Mutex ¢ 22 20 2 g5t Al Ao =& vijx|aof gttt

53.8 T2 = ZAE

* 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 necessar-
ily a good example to copy for production code.
* cargo-call-stack
— Static analysis to determine maximum stack usage.

* RaspberryPi OS FE & dof A= MMU ¢t 7HA| 7} A A A =] 7] Hof Rust ZEE A Y.

H
o|FA ot mx e (of: A8) & ¢l & 4 YFUTh SHA R oS 22 of| 97t A& g YT
- MMU &} 7HA17} §lom HH =R -2 A Ao @ F77F dggy ot Hutd a7t A=A
U2 MM AE AY/GFHA] FEZ +strict-align & AA 3= aarch64-unknown-none
oz derBE FA7F AR At o2 vteA] 7 A2 opgd Yyt
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— VM ollA] ARSHehR AhA] A BAIZH S 4 dEUCh BAIE VM 2 A7} AL
8 A o ool 513 Ao A 5 AL 5%t ofelol tie) AN E & 3
& 3ol Slehe HYUY. SAES] olnelo] YA HO 2 NS Ejeke 22 o
AL AN 2972 oofd 4 glon] 5 F shbe) MAARGe] £ U o] ol = sto]
w50l 4 glo] St plojol A 3 AEE o 57 Aol £A gAle, duHoz £
2 s e obgyrh.
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Al 54 7

&3 2ol E

bare-metal ZZ 25 o] H 7}x] AWFAQl FA|E s Z5t= o EE

54.1 zerocopy

Fuchsia ©°] ¥HE zerocopy 0] E= HIO|E A AE ThE E}

EPEL EEEE Ll
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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request.as_bytes(),
&[4, o, o, o0, 0, 0, 0, 0, 42, 0, 0, 0, 0, 0, 0, 0]
),
}
o] Ao E= 3] (volatile) 8171 X 27| & AFE5HA] ko B 2 MMIO ol 2 &stA] eEA| T, 5H=9)
oje}t & 517%«} (¢ll: DMA ©f| ) <] % °‘ HEo| A5 53l MLE = FRAE dF = dole 88 +
ok,

. o™

ok 0

o] 7}53F 2 & Hiol E s’ Fof tfs SHlE 2k 7HE wiof

UAsYoh 2F7A siA A= e 4 gl HEO|E A Qt

U

Vﬂ@J@&ﬂﬂQWHMMWms%¥iaalﬁP

RequestType 2 7Fsd 2= u32 32 AlE AR HotE o]z 7] o
m &l o] 553t RequestType &t otg U .

* zerocopy: :byteorder o= HFo|E 2 Cjo] & M2 thE E WA S A Yot <A B Y
= Alsdy

* src/bare-metal/useful-crates/zerocopy-example/o|A cargo run = A8}
AAIE AFFUT (TE5E A2 Qs Zfo] et EoA = A=A F5UYT.

qr
I o

A

>

s
=]

o rlot
ek

_L] T

gigm

54.2 aarch64-paging

aarch64-paging 3&|o]ES A-&35 AArch64 7Hd W &g] A] A o}7]elx]of u}be} H|o]#] g]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 WES Agsted A wo|x EolBg wEUrt,
let mut idmap = IdMap::new(ASID, ROOT_LEVEL);
// 2MiB "2 F95 ¢17] HE&o= wigdyct.
idmap.map_range(

&MemoryRegion: :new(0x80200000, 0x80400000),

Attributes: :NORMAL | Attributes::NON_GLOBAL | Attributes::READ_ONLY,
) .unwrap();

/1 "TTBRO_EL1 & A7Asto] mlo]x] Hlol&= &/A3tyrt.
idmap.activate();
« A= EL1 B A sk 9k oh 2 o1 2 (Exception Level: EL) = o] § 2] ¢3A| 7+ 4= 9l

HYtt.

» Android oA ES % VM H¢Jjojo] AF&H

'ﬂﬂﬂéﬂﬁﬂﬂéﬂﬂ%%ﬂ%ﬂﬁqq AA st=fo] == QEMU of| A As¥afof 5}7]
&yt
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54.3 buddy_system_allocator

buddy_system_allocator £ Ht] A|AE SG25 L@stE A& 1hg] T o] EYU T o] g
o|E9] LockedHeap & GlobalAlloc & #+d &Yt mjatA] of 222 ¥ A|AH] SRS 'alloc’
Aol EE A ARG 4 AF U (C]-of FlRh). = OE T4 32 TPt " AEE
81Utk o] 2 Sof PCI BAR o MMIO 27+2 298 4 95Utk

use buddy_system_allocator::FrameAllocator;
use core::alloc::Layout;

fn main() {
let mut allocator = FrameAllocator::<32>::new();
allocator.add_frame(0x200_0000, 0x400_0000);

let layout = Layout::from_size_align(0x100, 0x100).unwrap();
let bar = allocator

.alloc_aligned(layout)

.expect("Failed to allocate 0x100 byte MMIO region");
println!("Allocated 0x100 byte MMIO region at {:#x}", bar);

* PCI BAR = BAR 9] 27| gt3o] EH Yt}
» src/bare-metal/useful-crates/allocator-example/olA cargo run< AR&35}o]
AAE AFFYT (FE TAE ol Zlo] et =0 = A=A F5Y).

54.4 tinyvec

ol Bl =g FFeh] g 7] 2ol A5 AdolY (ol: Vec 22) 7t BT w7} 9
tinyvec & AH85H BUCE tinyvec o A M oY wE Seo] A2 R e A o) 5uj,
Ao 2 99 gl7 Lt A FgEol 92 & dl&ythtinyvec & @) HE ool Ak}
gHESo 245t A2 FAsta Yon], FH Rt o ol ALgtel T ShH B2 Ay

U,

use tinyvec::{array_vec, ArrayVec};

Py
H
o

4

nro
o

m‘“ ru9 flo L

fn main() {
let mut numbers: ArrayVec<[u32; 5]> = array_vec! (42, 66);
println! ("{numbers:?}");
numbers.push(7);
println! ("{numbers:?}");
numbers.remove (1) ;
println! ("{numbers:?}");

}

 tinyvec & AH&5teH AHE 9] BtQ)o] Default & &3l 2713t & 4 ook FUoh

* Rust Z2o] 22k Eoll= tinyvec 7t & o] QloB 2 o] oAl = Qlgtel oz A3gd .
54.5 spin

std::sync::Mutex ¥ std: :sync 9] 7|el 57|} Z=2|n|E]| B core =+ alloc oA AH&E 4
R5Uth 23¥ ol A 57]8t =+ interior mutability oF 22 7]50] 2 2& ¢ ojEHA o &
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L7
spin Aol E= ol 57|18 Y n|HES S AWUEC R

use spin::mutex::SpinMutex;

s Yy

el

static counter: SpinMutex<u32> = SpinMutex: :new(Q);

fn main() {
println!("count: {}", counter.lock());
*counter.lock() += 2;
println!("count: {}", counter.lock());

« AEHE ASolA 25 2 A7, 2& JEi7E TSR =5 FostA 2.

* 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 oJEo & AdH 2755 93 & 7HA
spin::once::0Once o= ot e H2 FA S ARG UL

* Rust Zgo] 22k Eoll= spin o] g & o] QleB g o] oAl = Qlepel oz Ay

—

&3 Erdol A=
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Al 55 &

cﬂ-l: T;':o]l:

AOSP of| A bare-metal Rust HFo] &) & &l =5l& ™ rust_ffi_static & AF83}o] Rust

=

sty YA 23HEZF 2EH cc_binary S AHE5to] ELF HielH 8] & /3351, raw_binary

S AbE Sl ELF £ 282 $9E 4 9t 94 (raw) vhol vl = wiaghch,

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 gto] B3| 8] =, aarch64 2] crosvm oA A== VM & EHZAlSHo], JIAA, UART 24 24,
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");
}
» main! {22+ vmbase A YoM &4 3} .
* vmbase 7} Al &5t IUYH S &S 278} 510, main 47} 2| €154 PSCI_SYSTEM_OFF
HAIZ S PSCI & &3l 2UlojA VM & SEAIZ U
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PLO31 AAIZE AlA] 717§ Eetol & 2 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 AZHE 2ot o AFE U G#/AIZF 4] 2| oll= chrono B0 EE
AHEE 4 lEU T
2. Ax| YA 2B} LA JEHE FEH & AFE-SFo] E4 AIZE (0ll: &= 3 %) 7hA] HHE o 7] 9y o
FI Yof|A core: :hint::spin_loop & &3 ch
3. RTC LA 2 A4 JEHEE AHE A5t eyt arm-gic 3
o] Eof Al5-H =t S AFESto] Arm YEF JIEHE HEZ S 1S 4 AdS5UT
* GICOl IntId::spi(2) & AZ ¥ RIC JEHHEE A3t}
e JEIFHEE AL A3 Sof|&= arm_gic: :wfi() & 53l Hrsg W3
AU o] AL JAEYEE AT wf7h2] Foj7t A nE R Heg Yt

?¢ HE3E 22T rtc teelelolH o L &y
sr¢/main.rs:

K
)
iy
2
st

A
T

#! [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://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 FEojAqk H st FHy,

/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 gl3):

// 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> {
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}

LOGGER .uart.lock().replace(uart);

log: :set_logger (&LOGGER)?;
log: :set_max_level(max_level);
Ok(())

src/plo1l.rs (M7 Z 7} ol=):

/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(H7s Z a7t gl3):
/-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 a7 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.
*/
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/*

* 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 & A&3to] QEMU oA =5 A},

56.2 7 Bare Metal 2%

RTC driver
(AFEA=Z Sot7H7))
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 ZAAuc},
const GICD_BASE_ADDRESS: *mut u64 = 0x800_0000 as _;
const GICR_BASE_ADDRESS: *mut u64 0Ox80A_0000 as _;

/11 71¥ PLO11 UART & 7|2 FAYUYrct.

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]719] 7]& ZF4o|al
/1 0] Fa& Wejel eMAste he F2o] glomz eryghc,
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]E Faolo]1l
/1 ol Fa 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] & HQo| HAMAsts thE F&Ho] gloeEE 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|y},
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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] &=5"");

/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 QJIEHE 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 {
/111 AZH 712 F40] PLO31 7|7]o] tigh RTC EgtolHo] A JIAHAES
/11 2387 ct.
/17
/1] # 9FA
/17
/11 AFE 712 F4AE PLO31 7|71
/11 MMIO Alo] #HAIAEE 7te]AHoF sty
/11 ol ZEANAS 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 #& els4rt.

pub fn read(&self) -> u32 {
/1 self.registers 7} AdstA vijgE PLO31 7]7]9] A|of 2|AAEHE
/7 7Fe71a lemg bt
unsafe { addr_of!((*self.registers).dr).read_volatile() }
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/11 LA FHE AUk, RTC ko] o] #at dX|stH QJAHHET}
/11 BT (AHE AAE F9).
pub fn set_match(&mut self, value: u32) {
// self.registers 7} X4140}71] g E PLO31 7]7]9] Ao} EA|AEE
/1 7H 7|1 Qlemz okAgct,
unsafe { addr_of_mut!((*self.registers).mr).write_volatile(value) }

/17 JVEHEZL 3= =R of et wAglol dA| @A AEZE RTC 3 LX|ot=A] oAFE
/717 wrERhyTt,
pub fn matched(&self) -> bool {
/1 self.registers 7} &5t migd PLO31 7]7]9] #lof HAAHE
/1 7be}71al fleBz Qbdehyct.
let ris = unsafe { addr_of!((*self.registers).ris).read_volatile() };
(ris & 0x01) =0

}
/17 @A B7) 9 AEYETL YA oRE wEEyL
i

i

/// °]= 'matched' 7} true & ®l&eln QEHET} npAZE Aot
/11 trueojof Fuct,
pub fn interrupt_pending(&self) -> bool {
/1 self.registers 7} &5t migd PLO31 7]7]9] #lof HAAHE
/1 7Fe]71aL Qo B2 QFHRYTt.
let ris = unsafe { addr_of!((*self.registers).mis).read_volatile() };
(ris & 0x01) =0

/11 JIEHE mA3E AAstAY Ayt
i
/1] vrAA7F true )l AR AEHHEZF AR AAHEYLH., falseol®
/17 JAEHET AFE FAEHYT.
pub fn enable_interrupt(&mut self, mask: bool) {
let imsc = if mask { 0x01 } else { 0x00 };
/1 self.registers 7} &5t migd PLO31 7]7]9 #lof HAAHE
/1 7Fe)71al oeEm = obHgtct.
unsafe { addr_of_mut!((*self.registers).imsc).write_volatile(imsc) }

/11 W71 S JEHET} A= 4f o0& AsUT.
pub fn clear_interrupt(&mut self) {
/1 self.registers 7} Z&stA vigE PLO31 7]17]9] Ao #HAAHE
/1 7Fe)7|a Qe g orAFct,
unsafe { addr_of_mut!((*self.registers).icr).write_volatile(0x01) }

oA <A

2% £ Sl 717] wEo tisgt
StE 2 ?_]-;‘<_6

L8

—v—‘—‘
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unsafe impl Send for Rtc {}
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Al 57 %

Welcome to Concurrency in Rust

AEL A4 A o] AR SGAA 28] 22 =S ALg S, BelAd AU E A AT

2l 2E) b Al 2ele Z2 o] A4 ¥ 17t 9
. 2 a3o) S Aol 23]
=% oletx gk,
* 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.

2 79, Aukd Ao ofj2f 7 AL E 3 Y
52152 nlg Bgs 77) ggel, AgHEe o

iy
o

N e
e
o
i T
o
ofo
=<‘3\=A

327



Al 58 %

A=

ejaEe] Aulci b dlofe] Aulcet fASHA BAF Uk
use std::thread;
use std::time::Duration;

fn main() {
thread: :spawn( || {
for i in 1..10 {
println! ("2#E9] 7i4&: {i}!");
thread: :sleep(Duration: :from_millis(5));
}
1)

for i in 1..5 {
println! ("71& A#=: {i}");
thread: :sleep(Duration: :from_millis(5));

}

o 2L BE G2 Agodyct gebA Ml A =L o] AYEEo| B S 7|ttE ] ¥
Yrt.
o Sh A Eol A EgS sy o2 A=A JEFS 7122 gy
- Y2 F7HYE @lol2E) & x4 lem, o] = downcast_ref 2 0] & 4 9l

=

* Rust thread APIs look not too different from e.g. C++ ones.

i)

* Run the example.

— 5ms timing is loose enough that main and spawned threads stay mostly in lockstep.

— Notice that the program ends before the spawned thread reaches 10!

— This is because main ends the program and spawned threads do not make it persist.
* Compare to pthreads/C++ std::thread/boost::thread if desired.

* How do we wait around for the spawned thread to complete?
* thread: :spawn returns a JoinHandle. Look at the docs.
— JoinHandle has a . join() method that blocks.
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https://doc.rust-lang.org/std/thread/fn.spawn.html
https://doc.rust-lang.org/std/thread/struct.JoinHandle.html#method.join

Use let handle = thread::spawn(...) and later handle. join() to wait for the
thread to finish and have the program count all the way to 10.

Now what if we want to return a value?
Look at docs again:

— thread: :spawn's closure returns T
— JoinHandle .join() returns thread: :Result<T>

Use the Result return value from handle. join() to get access to the returned value.
Ok, what about the other case?

— Trigger a panic in the thread. Note that this doesn't panic main.
— Access the panic payload. This is a good time to talk about Any.

Now we can return values from threads! What about taking inputs?

— Capture something by reference in the thread closure.
— An error message indicates we must move it.
— Move it in, see we can compute and then return a derived value.

If we want to borrow?

— Main Kkills child threads when it returns, but another function would just return
and leave them running.

— That would be stack use-after-return, which violates memory safety!

— How do we avoid this? see next slide.

58.1 W9 28 E (Scoped Threads)

HE, 28 Ee 2= goA 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!("Zel: {}", s.len());
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https://doc.rust-lang.org/std/thread/struct.JoinHandle.html#method.join
https://doc.rust-lang.org/std/any/index.html
https://doc.rust-lang.org/std/thread/fn.scope.html
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Al 59 &

A

ZH2EQ AYdL Sender<T> 2 Receiver<T> F HE o2 LUt o] 22 YIS S A2 A
A= o] YA L= HE S E £ QA o] F ETHTHS AFSSHA Eu o

use std::sync::mpsc;

L

fn main() {
let (tx, rx) = mpsc::channel();

tx.send(10) .unwrap();
tx.send(20) .unwrap();

Al {:?}", rx.recv());

println! ("$AIH:
SAE . (21" rx.recv());

(
println! ("

let tx2 = tx.clone();
tx2.send(30) .unwrap();
println! ("5 {:?2}", rx.recv());

}
* mpsc = “Multi-Produce, Single-Consumer” & 2] 0] &4}, Sender 2} SyncSender =
Clone & F&3IARF (F, o 217] 2] producer & & A5 TH Receiver = Clone &

U
F@sHA gyt

. Send( ) 9‘]— reCV() E‘ Result ‘% l%‘_]'il'%]'l,]\:]- El]-O] Exr 7}_ %T_%E]'E‘ﬂ, H:HH]'—J Sender &= tl:l—
Receiver 7} AAE Q1 A do] @3t =iy},

59.1 FAA A

mpsc::channel() g<= A7} fl= vlE7] AES A4y

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:?}: BEW WA {i}");
}
println!("{thread_id:?}: &&8");

1)
thread: :sleep(Duration::from_millis(100));

for msg in rx.iter() {
println! ("7]2: {msg} w2");

}

59.2 A Ad

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:?}: &&");

+)s
thread: :sleep(Duration: :from_millis(100));

for msg in rx.iter() {

}

+ send & S&5HH A 2ol A HAIA & fI%t F7to] EEE wizhA] A A =7 AFEH YT X
oA = AFol fl= B¢ 28 ert 7o) A 4 lsu o

* send 2&2 279 A7 FEHUTH wh2bA A do] @5]¥ Result £ W& Uth #AAE
AtAst A d o] 23y,

* A bounded channel with a size of zero is called a "rendezvous channel”. Every send will
block the current thread until another thread calls recv.
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Al 60 &

Send 2} Sync

How does Rust know to forbid shared access across threads? The answer is in two traits:

* Send: T 7} 28| & 2t o] 5o] eFstt™, T 9] BHQ) Send Ut

* Sync: &T 7} & & 7t o] o] Qb stHH, &T 9] BHQ2 Sync Yt
Send &} Sync E|3l2 etshA] of2 Egoldynh ot e = B}l o] @ 450] =5 Send 2 Sync
ElolH 2Zk5 o & o] EFSlEE A 8AIA FU E8 A2lE 247 gthy 43 Qo A 1H
= Huoh

* Sync ¢} Send = oj@ &}
&yt

+ o] = Edo| 2 AU oA Aok 24 e Edjo| 2R 428 4E ST

&

o

0|

o

AelE-ehd £42 7bd e Ue AR 44 4 9

dm
J

o] 55t ~E A7} sl A Eoll A AYHUH. o7 22 A T A8

60.2 Sync
&T 7} of2] 2@ oA Qba st W2 E 4 ok, &T o) ehe Sync Yyt
& o Age ol ohent 2 gk

&T 7} Send 21 - $-ol|%t T o] €}¢Jo] Sync 7+ Fuct

9 242 Foi olopy] 5, ol ERelo] A2 = hol FHE oA ALEE 7o) QkHstTh 1 Ehee]
Hx el e Ao 7o ol 5 Fhsstehs At

ol theHt 2ol ZWE 4 Y&tk ofd Ehelo] Sync 2 T2 2 1 Efelo] of2) A= Afolo]
A dlo]e] o] vt of et 5713k 24 glo] -6 7H5Ihehs BT 28| S 7F 357} bl shehy, A
Bl =71 o] 5= QHa 4= ol gl&Uth oW e}l o] 227t o] So] Qhdsheiw, 1 ekl o) Fx
o e =2 o] 5ol QHE 4 el glaUiTh
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https://doc.rust-lang.org/std/marker/trait.Send.html
https://doc.rust-lang.org/std/marker/trait.Sync.html
https://google.github.io/comprehensive-rust/concurrency/../unsafe/unsafe-traits.md

60.3 <A

Send + Sync
ofgfZo] thFA 2 tiF-29] e Send + Sync 4yt
» i8, f32, bool, char, &str, ...
(T1, T2),[T; NI, &[T],stxruct { x: T },..
String, Option<T>, Vec<T>, Box<T>,.
ATc<T>: #2 7+ E 222 ol 2y 3}7] wj2of Ad|c okt
Mutex<T>: gt& %336}7] %oH FEIAS A of 57| wjZof A& QH3,
AtomicBool, AtomicUs, ...: &< 141“ o EH3olEn Yol 52 AHER
A Bl dubE o= Bl JﬂrE}DﬂEV} Send + Sync o|®H Send + Sync Y4

ol

Send + !Sync

ofeh HYS L ThE AR o[ FH 4 YA W YHH QR gho] MAP 4 U7] Bho] A= eha

Al eyt

mpsc: :Sender<T>
mpsc: :Receiver<T>
Cell<T>
RefCell<T>

!Send + Sync
ofgf B E2 A AT thE A =R o] 5E 4 lgYTh

* MutexGuard<T: Sync>: Uses OS level primitives which must be deallocated on the
thread which created them.

!Send + !Sync
ozl EFAE L2 AY E QFASHA = &1

1
* Re<T>:Re<T> = ofEH| 31 i% dAoR ¥z 7 Z3h= ReBox<T>& Fx3oh
e *const T, *mut T:2AEE ZAE 7} AHE FAF}A L%l:]- 7} sy},
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Al 617
‘S H

PJAEL 22 o2 £ 7Hx] 19l S ol 854 B8 HlolE 57158 sagch:

+ AC<T>, Tol tfe ofED) B2 1R E: o] Y2 thiro] A S Abololf 38 4 LT, ¥
SHE Ol A 2 Eot 22T A9 T 5 W

o Mutex<T>: T Ztoll gt A Hxﬂ AMAE BT

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());
}

2 E Mutex<T>& impl<T: Send> Sync for Mutex<T>E& Az = 1ATS FXA 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+ 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
ofr
e

ol

ngﬁ

.
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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() {

qr

o] 7

let v Arc::new(Mutex: :new(vec![10, 20, 30]1));
let v2 = Arc::clone(&v);
let handle = thread::spawn(move || {

let mut v2 = v2.lock().unwrap();
v2.push(10);

1),

{
let mut v = v.lock().unwrap();
v.push(1000);

}

handle. join() .unwrap();

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

H.
T_"‘

rlr HJHI

\

S mrol ) e e

- Mutex & Arc 2 | FsHe A 7hH el A2 ES Zho)] T3 o) £5] AL &atE HE
A,
Vi Arc<_>E ThE Aol A ALgEt R, WA v2 2 BALS 513 o] & O A ER o|F Ffo}
Sk TelA kel ATyl move 7} 9l AU
E22 LockGuard 9 ¥l E st £35]7] 9o AL EA&UTH
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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:

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! ("Fe7k! {}yoll ME& ofoltjol7} QUHUTEH. ", &self.name))

.unwrap();

}

fn eat(&self) {
// EZIE EAQ. ..
println! ("{}do] A1 &Uct...", &self.name);
thread: :sleep(Duration: :from_millis(10));

}

static PHILOSOPHERS: &[&str] =
&["Socrates", "Slmelop, "FepE", vofeAEalea, metuetar];

fn main() {
// E3I THS7]

// Asx "rs7)
/1 747 100 ¥ gZet HEE Fyct,

/1 AZe FEFUG.

}

ot 3} 22 Cargo.toml 2 AHEE 4= A& YT
[package]

name = "dining-philosophers™
version = "0.1.0"

edition = "2021"

62.2 YHE|AYE J3I AA)

Mz e A 5S B8 BE A= J3 HAVIE fHEUh o] A= ool A] ¢l e 2
Sol gaed FAgych 1T ALY o2 5L =ule) b2 BE w07t f st gy
h.

o2 93 Al requwest 9 22 HTTP Seto|dEZ Hogtyrh 2 24 xadeES WtE1
reqwest & o &/l F7IsH4Al 2

cargo new link-checker

cd link-checker
cargo add --features blocking,rustls-tls reqwest

7 A cargo add # W = 7} error: no such subcommand Z 4 =f & ¢}
Cargo.toml ot A 4= Ut otefioll AA| & W&o AE
=3

Y3 E 27 95 scraper & F7HgYch:
cargo add scraper
oA Eto 2 @ 7 2 gsts WO 2 thiserror & F7hgch:
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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 otef W&ol E7kgyct:

[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"

olA| https://www.google.org/ 22 <l Ho|x & &A1& 4= 9)
rc/main.rs o2 oot 25Utk

use reqwest::blocking::Client;

use reqwest::Url;

use scraper::{Html, Selector};
use thiserror::Error;

o

Uk,

#[derive(Error, Debug)]

enum Erxror {
#lerroxr ("% °F: {0}")]
ReqwestError (#[from] reqwest::Error),
#lerror("Z%E http S {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 F", command.url);
let response = client.get(command.url.clone()).send()?;
if !response.status().is_success() {
return Err(Error::BadResponse(response.status().to_string()));

}

let mut link_urls = Vec::new();
if !command.extract_links {
return Ok(link_urls);

}

let base_url = response.url().to_owned();
let body_text = response.text()?;
let document = Html::parse_document(&body_text);
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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);

}
Exrr(err) => {

println! ("{base_url:#}°lA:

}
}
}
Ok(link_urls)
}

fn main() {
let client = Client::new();

let start_url = Url::parse("https://www.google.org").unwrap();
let crawl_command = CrawlCommand{ url:

1}

Al SF
o=

match visit_page(&client, &crawl command) {

Ok(links) => println! ("=

{1i
Err(err) => println!("¥3& &g 4

}
)
off AWER 228 AYFU
cargo run
EEE]

« 2 EF ARRSHY] YAE HER I YT URL 2 AE 2 BuiA 2 719

FEEE ECRg 1Y

wmwgwmeomEWMA HE Ho]2 & AAH g &2lstr] /o) ZE
Ut 2tdeshx] e & 100 Hlo] A =2 Alsts F

inks:#?}"),

s
T

start_url,

slsuth:

62.3 Concurrency Morning Exercise

(FEEAZE So1717]

use std::sync::{mpsc, Arc, Mutex};
use std::thread;

use std::time: :Duration;

struct Fork;

struct Philosopher {
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extract_links: true };

{err.#}"),
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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} UHUTH. ", &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] Hi JALH5Ych...", &self.name);
thread: :sleep(Duration: :from_millis(10));

}

static PHILOSOPHERS: &[&str] =
&["Socrates", "slmelop, "FepE", vofeAEaeA, 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 BASKIE ofRtol A
/1 WAL FDAAC Tk, oA st B F olu shiets Z7|skshd @
/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
(FEEAZ Sol717])

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 }

}
/11 Fo17 slolA] Wel " ZEsof sheA] ofRE AATYL,
fn should_extract_links(&self, url: &Url) -> bool {

let Some(url_domain) = url.domain() else {
return false;

b

url_domain == self.domain
}

Aoz EAA ol WEF 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 #AlEA 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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Al 63 %

Async Rust

"Asyncs B (5 o4 AYT 4 ¢12) A 7 A4S HYF b AYT Fulvk Y o2 2
© 2 7Fsto] ofe) 24 FAlo] Aot 54| 4y RAYYTh o] BUS AHG A AFH 0] &
Bl o Be e AYT 4+ A& o), & AAS FA5AL Yoty DR ovH =)
(el =of Blsh) oS i 2 AR A7t ole YO Sol A @A) A 75 0 S aaba oz A s
e HEEEE EERE LS

Rust ] 85 7] 2942 *futuresS 7|40 2 5}uf o] & mlefo] 2@ 4 Ut 2YS vhehdy ot

Futures = &2 5 ct= A5 S 2 ujzhz] "2 gyt
Futures = B| 57| e ol oJ5f) Z =], v]57] et o8 ohefst T77F ALY

H]

« Fto]do = asyncio e FARRE 2do] Ql&yth T2y oho] o] Future B2 24 7]
ole ZY = A ekH Yt ghojylo g w57 a2 & ol =, Rust ol 4] IEF o] LR
O 7 o F= A} fAFS, "Fu 5 YA H o2 ARG oF Tyt

« AHHFAI Y E O] Promise = HRSHAI R AT ZH 7]RbJuTh AHEAS H Eo X = o|HIE &
m71 el Ao A LA 22 Promise 7} A2 5= AR 2 o] s AU

P

_|

63.1 async/await

My

]

=3

2ol A Hre uff, H]%57] Rust ZE=&= LuHAQl Aapa] F o v fA

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));

Y

st oA dyth 7)ol = 22 3= = 2dolu, A= FA

olQl7ta?
- main oA 1et future: () = async_main(10); & At-&3}to] EF9)S &Ql5tA 2.

» The "async” keyword is syntactic sugar. The compiler replaces the return type with a
future.

* main & H|E7] g2 e QIS U thef O3 o 39 Hubd e = 2" gl future
S o9 AHEE A 22| dE ‘Llﬂr.

* You need an executor to run async code. block_on blocks the current thread until the
provided future has run to completion.

. wmi th2 ZQjo] 5= w7t v|E7]Z o2 tf7|gych block_on & &2 .await

€ @A 28 EE E551A] 0‘*1—1@.

* .await can only be used inside an async function (or block; these are introduced later).

63.2 Future
Future = Eglaldytt. o] E7ole ofA &g A gotE +& = AYe Yebd Yt Future =
poll 35 &3l 22 4~ e, o] 4= Poll 2 RIE

use std::pin::Pin;
use std::task::Context;

II

pub trait Future {
type Output;
fn poll(self: Pin<&mut Self>, cx: &mut Context<'_>) -> Poll<Self::OQutput>;

pub enum Poll<T> {
Ready(T),
Pending,

0

greetyoh A= Bt 2 'HE 1L o] B o] Future & #+3sHAl &
s = £ 50] tokio: : spawn 7} 2815}t JoinHandle 2 Future
o, o] & &3l XY é =oj join & 4= Y&Yth

Future o .await & &35}, ‘3H Future 7} &H| 2 w7}z @A) v|57] 471 DA SAHYH
1% v Future 7} & 17} HE’E Fol Lawait &9 gho] Yt

| g 2l= floll Bol= 2di= dYth J 2 E S5t Rust A

impl Fut

4
AulZ o]z =
o

5 ole] 548 157 28 4sked mj 2o, =g ¥ £7] m2jn]E| 2 g et
23 Pin 7 Context & 0 24] @b LI}, o] Sof oha) 2heks] Al aha:
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https://doc.rust-lang.org/std/future/trait.Future.html
https://doc.rust-lang.org/std/task/enum.Poll.html

- Context £ AHE-5HH Future 7} o|HIEZ} 2 off ohA] 2 & =& of oFg
— Pin & AF83HH H 22| o A Future & ¢ X7} 1A 7] w20 3| future
T4 A FAE Y o]+ Lawait Fol X E &

Yk,
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olr
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63.3 H| 57| HEAE

H|E7] e _2 (H5714] 2 e A €) & (futures S A3) o] F 7Hx] 4=
Utk Rust 1o AAOI A 7|2 A g3t vl 7] Aetele g Utt Leju ohaat 22 )5 7] e}
o 2 A=l A5y
» 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 ZFe Aol doll= A "lEt o] Yl A= AU A& 5°] Fuchsia 7F 15U o
* Rust E&|o] 22t Eof| A& flofl EH v &7 l HER Oﬂ/\i Tokio T A& 4= lEUTh &=
gk Rust 0] 122 E+=1/0 & 51-85HA 222 async & 7HA L & 4= Q= B2 SHER
AdEol 27 gy
* Futures = AYA7F E2F5HA] e & oA = 54| h=the HolA (/0 2 22f Al 2FstA]
%) "H[EA” FEid U o] = AMEEA| ¢ o= e uf 7kA] A=, Au A3 Y
E 9] promise ¢} th54 .

63.3.1 Tokio

Tokio provides:
M5 D ARE S e Lefs et
 LF ol x|zl 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;

350


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]A] tokio: :main HAZE AFE35HH main & B E7]|2 TS 4 QlSUTh

* spawn &4 SA AYE = M2 A7 S THEY T

« 3l spawn 2 Future & IAt2 U wiZo) count_to ol .await & 2 &5HA]
& FE5HA| 2.

st
C

S|
=]

52
i

>

ount_to 7} 10 ol =E5tA] &= 47 B2l 2 ol FAL7L2? o] = HI 57|40 HA
£ HojFE ddyth tokio: : spawn °] g E5tE= A2 52 wj7tA] 7|the] =2 o 7|5k
AL E = S Y
» tokio: :spawn th4l count_to(10@).await & AH-&sH EA|Q.
* tokio: :spawn ollA] ¥F&HE 2FQl S await s EAlL.

63.4 €23

Rust o} BlA2 (2] A ARl Za selge & £72 2 4 dayth

shubo) 2lol i, AW o] Aol W7 98 A% Eshe, 249 future 7t 3 A YLy

o future o = poll M4 =7} ERshe U future 7} 3 7 o4 A& 4+ A&t ol2fet 44

future & AWHA Q) P4 &3 Aelshal u] 23t o3-S FUTh & 24 ool 4] ofef 214 future 5
EAlol 23 A17) ¥ Erolujet 10 F WA BLhE 212 7]

Z25hd, efo|n] & AL 23} oj W /0 AU S
thele 2 Ze A E 7T 5 dsUh
use tokio::io::{self, AsyncReadExt, AsyncWriteExt};
use tokio::net::TcpListener;

#[tokio: :main]

async fn main() -> io::Result<()> {
let listener = Tcplistener::bind("127.0.0.1:0").await?;
println! ("2ZE {}oA 44l 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"=+422\n") . await.expect("47 2F");

let mut buf = vec![0; 1024];
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, Haall FHA ZAEYT. \n");
socket.write_all(reply.as_bytes()).await.expect("47 27F");

P

}
o] QA Z, 2Z ZFE| o] "FE50] = src/main. s o] BASII A 7|0 A AYsHA Q.
nc T telnet 3 22 TCP A2 = 1LE A5l JA5] HA|Q.
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https://www.unix.com/man-page/linux/1/nc/
https://www.unix.com/man-page/linux/1/telnet/

« 73S o] Aufol B 7o SEtolAETF AZEH o] A o] FEf7} oA HEA] 2H S
IHHEEE SHAQ. ofH Eﬂii—ol 9l=4), o] Bl A3 59| Future = o Aefo] 9= Zof
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 E=2 442 YW E S 28 ARSI 2 F 22 E HAlE] At

63.5 H|Z=7] 24
oz ZY o] EoA v 5 7] 21E S ALY ol & 50 tokio oA &= ofeljet ZHolghuth.

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! ("A127kA B {count}/HE weksuch.");

}

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! ("AZ7kA 3 {3IAHE AEFEYch.", 1+ 1),
}
drop(sender) ;
ping_handler_task.await.expect (" M= #Hof| FA7} 2yl ") ;

g 2715 3 o2 WAL 52fo] of G A uh =] EelstA| Q.

« H57] AES AHEst7] /g A EEolAs @ 3o A vl sync A E T} v =Rty

* std::mem: :drop £Z5t= £ AHAIS] EAlQ. of® A7 YERYLER? o] §7F FAIQI7Q?
Flume 3 #|°] Eof|= sync ¢ async, send ¢ recv & 25 & st= 2fd o] EU T o] A2
10 2} CPU A2 #t¢do] g2 B4t o EAlo] S 7S wj vf-¢- %%%“4 ot

async g2 AH&Sh= Aol o £2 o] f-& o] & thE future o ZA3sto] H3SH Ao 552

BHE 4 917 e,
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https://google.github.io/comprehensive-rust/async/concurrency/channels.md
https://docs.rs/flume/latest/flume/

A 64 %

Futures Control Flow

Future & Zgsto] AN B S A0 Ae Z2¢ 1A= Jej2 2l & 4 5Uh &
Bj2, 2t jAT7t MO R £y 2 sHe 21k Future 52 AWsHE o HOR B 4 A%
o}.

* Join

* Select
64.1 Join

Join A4F2 2E future 7} FH|E wi7hA] 7Ithd &, 7} future o 23ghE H2 2 S

use anyhow: :Result;

use futures::future;

use reqgwest,

use std::collections: :HashMap;

async fn size_of_page(url: &str) -> Result<usize> {
let resp = reqwest::get(url).await?;
Ok(resp.text().await?.len())

}

#[tokio: :main]
async fn main() {
let urls: [&str; 4] = [
"https://google.com",
"https://httpbin.org/ip",
"https://play.rust-lang.oxrg/",
"BAD_URL",
1.
let futures_iter = urls.into_iter().map(size_of_page);
let results = future::join_all(futures_iter).await;
let page_sizes_dict: HashMap<&str, Result<usize>> =
urls.into_iter().zip(results.into_iter()).collect();
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println!("{:?}", page_sizes_dict);

}
o] A S, 27 ZHFEo] W50} & src/main. rs of] BANS A 7] oA A3t L.
. *1E 2 el S 7R & ol 8 ol g futures 2 join 3312+ & 9 std: : future: :join!
= A 2 syt ol 32 S AESHE Y f tures 7} @ 7Hu Q122 Antd & o Lo}
ﬁoﬁF‘@éﬁ &Wﬁﬁﬂﬂii%ﬂ%%memsiﬂﬂEﬂd EFLQHQQQ

std: : future o] Z3H= o F AUt}

* The risk of join is that one of the futures may never resolve, this would cause your
program to stall.

-jﬁm@u%jmmﬂéﬁﬁﬂmmﬁﬂ*ﬂﬂﬂﬁﬂﬂ*ﬂﬂ&EERo%%iﬂmﬂ
YA = JlFYT futures: :join! S AHE5to] tokio: :time: :sleep 2 future ©ll
ZF7tsl) EA| Q. o] 7 Efdot2& 7 st= Aol ofd S FostA 2. AA &, Efdot2 T3 %

oA st select! & AFEsA] F& 3l of FUT} o 7] A= tokio: :time: :sleep & At
S35t A2 ©¢5] join! 9 F&-2 AWYstr] AUt

64.2 Select

Select 1 4t2 of 2] future & 2 Fol tisi A FH 2 W 712 7|8 7h 2 F o9 3 fu-
ture 7} 2 2 2 FH] A Hi7F W G future o 23S HHI YT o] AL AHpA S
d Eof A 9o Promise.race ¢ H| &3yt mto] Mol A et asyncio.wait(task_set,
return_when=asyncio.FIRST_COMPLETED) 7} 5} 52t} v] &g 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 destruc-
tured by the pattern. The statement is then run with the resulting variables. The statement
result becomes the result of the select! macro.

use tokio::sync::mpsc::{self, Receiver};
use tokio::time::{sleep, Duration};

#[derive(Debug, Partialkq)]
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);
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let (dog_sender, dog_receiver) = mpsc::channel(32);
tokio: :spawn(async move {
sleep(Duration::from_millis(500)).await;
cat_sender.send(String: :from("Z=A")) await.expect("LYols EHuz] EIEUTE. ") ;
1),
tokio: :spawn(async move {
sleep(Duration::from_millis(50)).await;
dog_sender.send(String: :from("=]~")) . await.expect("7H& HuW# E35u k. "),
1)

let winner = first_animal_to_finish_race(cat_receiver, dog_receiver)
.await
.expect (" ¢SAS FAISHA 2

=)

Suyck. "y,

println! ("¢%At: {winner:?}");

¢ Inthis example, we have arace betweena catand 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.

— ti}t2 future A4 tiAl &mut future & AEste= AdUth shA|RE o] FA| 5t ZA|7F
A 4~ 95yt (Pinning & HE f AHA5] AT oA ).
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CEEB L sl&gych %, CPU & 2ol 237} 9
£ 79, o] = Aaxt (executor) £ 22317 Hv), 1 A%z the BlAav} AasA) oyt o] B
AE o daks 7ere WY 2, At async & A ok WA =S ALgatE AU

use futures::future::join_all;
use std::time::Instant;

async fn sleep_ms(start: &Instant, id: u64, duration_ms: u64) {
std::thread: :sleep(std::time: :Duration::from_millis(duration_ms));
println!(
"future {id}<2 (=) {duration_ms}2x St AH m=g1 {3z 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;

}
o I E5 AY5to] sleep 50| FAIO] YL A gl =xpH 0202 AP =] &I5HA L.
» flavor & "current_thread" & AA3IH ZE A7} 5}t AH oA £ H Ut} o]
2A 5t A A&ol o Y3 =gyt a2y o] s el A ERQ] H ok oA
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65.2 Pin

Async blocks and functions return types implementing the Future trait. The type returned is
the result of a compiler transformation which turns local variables into data stored inside
the future.

Some of those variables can hold pointers to other local variables. Because of that, the future
should never be moved to a different memory location, as it would invalidate those pointers.

To prevent moving the future type in memory, it can only be polled through a pinned pointer.
Pin is a wrapper around a reference that disallows all operations that would move the
instance it points to into a different memory location.

use tokio::sync::{mpsc, oneshot};
use tokio::task::spawn;
use tokio::time::{sleep, Duration};

/1

/] A FE, o] A2 (A A7 ZoF A mTo|x
‘respond_on’ Ao HAAZ It

#[derive(Debug) ]
struct Work {

}

input: u32,
respond_on: oneshot::Sender<u32>,

/1 FolA AAdS A4 ti7)etal A3Yst= worker U,
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("SEHS HEujA EEUCH "),
iterations += 1;
}
// TODO: 100 ¥o|xujch HHE 3l4H-E HIT

it

25=3
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}

/1 AYe eHst o] ¢RI Jtkes eI
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("SH of7] 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! ("%t5 &2 Axt {i}: {resp}");

o QoA A7 A tor) tiE o] 3t of 2t 1 Bt FrRShy ot HE = dRbg o2 1 of
t!E

oA selec .
» o] 7ol B ole) U2 okt Aol 7] wlRel 3] AmrA e,
— _ = sleep(Duration::from_millis(100)) => { println! (..) }y=
select o] 273 BA| 2. o] AP AP A FsUeh o 2H7tR?
— oAl s future 7} Z3E timeout_fut & loop & Fol =71sl EA Q.
let mut timeout_fut = sleep(Duration::from_millis(100));

loop {
select! {

mb
fo

_ = timeout_fut => { println!(..); 1},
}

- A5 AEslA] d&5UTh Huldey 27 E e} selectl-l timeout_fut o] &mut &
Z7Fsto] Move AlRIE #2415 sl dskal Box: :pin & AHESHA| Q.

let mut timeout_fut = Box::pin(sleep(Duration::from_millis(100)));
loop {
select! {

= &mut timeout_fut => { println!(..); },

-

= 2nhed e w45t ghe) ofo] H|ul njwl vhEg uj vk} Poll: :Ready 7k HUT (&
o future 7t £&0l @ 4 918). &4l ok% @ uict timeout_fut & ASHES 44
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* Box & ol &gyt 790l et std: :pin: :pin! (& ZolloF ¢HYstE g on ojH FE=
tokio: :pin!& AbEot= A7 B3) & AR E 4 AA|TE o] = AT FE future of AH--517]
7} o U

o T oh2 WYL pin & o)l AFE5HA] 23 100ms vith oneshot Ao A4e o2 2 S
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| ES

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 A3");
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 2 ARESH7] HAIT o] £ flsf Yol MR & DFetrhe Hell foJstAl L. o] &
gols s eH =7 AF YT

* async trait & o] 2rollA A dst= A A A= o¢ FEA
o] ZoJoll A thE W& otdUth. of A|A|Eofl o]of w3t

U3 opab7) 2e] F2 o] glon
2 Bl rha Z1atAL.

o Jolo] At 59t sleep HE M 22 sleeper HRA|E THE0] Vec of] 3715f EA Q.

ol

65.4 FH4

future 7} F2HE W ohA] 23 4= glok= r|dyth o] & _FH4 2t 519, await Aol EAET
L& F9& 7]&ofoF gt o

£ 50 & AJE7F =AY dlo]E7F &AE T oF "y

use std::io::{self, ErrorKind};

use std::time::Duration;

use tokio::io::{AsyncReadExt, AsyncWriteExt, DuplexStream};

struct LinesReader {
stream: DuplexStream,

}
impl LinesReader {
fn new(stream: DuplexStream) -> Self {
Self { stream }
}

async fn next(&mut self) -> io::Result<Option<String>> {
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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!("€&!"),
line = lines.next() => if let Some(l) = 1line? {
print!("{}", 1)
} else {
break
b
}
}
handle.await.unwrap()?;
0k(())

Anelel 24 Qo] = 8o] Hx| Utk APLEAS 91 async fn o] AElE n2lsof
k.

panic % 29t ge] H4E 9.7 X2i7kohd YurHel Alo] 59 Ar Yyt

of ool BAFGe) AR} EAPU T

N
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- tick() B 7} HA &5 wjoict next () ¥ buf 7} AHA|E Y .
- o33 2ol buf & FxAe] 482 gh50] LinesReader 7} HAEHA &
Uch,
struct LinesReader {
stream: DuplexStream,
bytes: Vec<u8>,
buf: [u8; 17,

Jhu
ﬂlf',l'.
+

i)
>

}

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)
//

}
» Interval::tick 2 €o] 'delivered' $1=%] &5t & 3 o] ehdz T},
» AsyncReadExt: :read = Hlo|E| S HIE5I AL QA o m 2 4o ehdghct,
 AsyncBufReadExt: :read_line & o2}t FAFStH F 4of QFE}A] L ARAIEE U8 2t

b2 o EME FarshA 2.
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AsyncRust 7| &2 A5 4 YA =E F 7HA] A5 EAE SHIREUH.
« AAbshE HEHa} o] EAl= oln] 2o ERIFE Y. o]®¥lofl= Async Rust 2 @ o
s HRCI|AE Y ofZ Aol M: o B2 17 AsyncRust 7|5 S AT =i =2
A Elytc}
=4 .

After looking at the exercises, you can look at the solutions provided.

66.1 Dining Philosophers — Async

Ao B3 AP A oRtE A L.

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 MZE ofo|tjoi7} JHUTH. ", &self.name))
.await
.unwrap();
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async fn eat(&self) {
// Keep trying until we have both forks
println!("{}deo] i 5Yrct...", &self.name);
time: :sleep(time: :Duration: :from_millis(5)).await;

}

static PHILOSOPHERS: &[&str] =
&["Socrates", "s|utglot", "ZkE", "of|AE™ A", "mEtilztA"]

#[tokio: :main]
async fn main() {
// EI WE7]

// Agz} "EE7]
/1 y7ksta WA

/1 Zs 99U,
}
o|¥oll+= Async Rust & AF25IE 2 tokio F4 50| gyt t}2 Cargo. toml S AFES 4~

et

[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 ool = tokio o] EQ] Mutex & mpsc 2&-& Atg3fof gyt
* Can you make your implementation single-threaded?

66.2 219 =g Aol A

o] Ao N MZE A4 & ALgsto] HEENAE Y of Z2Alo| 4 & FHs) BAl&UT) 2eto]
QE}@éﬁ;wﬂﬂaﬂﬂﬁ—ﬂHHMﬂ“*qqEﬂﬂ”Etﬁ5° =1l A} AR AF B Al A]
2 93 AR AEFU AY Al sa08Hs 2 oA A S BE Zeto|d ol BREFAEF
=

For this, we use a broadcast channel on the server, and tokio_websockets for the commu-
nication between the client and the server.

M Cargo Z2HEE g1 oS 24 22 27k )

Cargo.toml:

[package]

name = "chat-async"
version = "0.1.0"
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edition = "2021"

[dependencies]

futures-util = { version = "0.3.30", features = ["sink"] }

http = "1.1.0"

tokio = { version = "1.36.0", features = ["full"] }

tokio-websockets = { version = "0.7.0", features = ["client", "fastrand",

g4 API

You are going to need the following functions from tokio and tokio_websockets. Spend a
few minutes to familiarize yourself with the API.

 StreamExt::next() implemented by WebSocketStream: for asynchronously reading mes-
sages from a Websocket Stream.

» SinkExt::send() implemented by WebSocketStream: for asynchronously sending mes-
sages on a Websocket Stream.

* Lines:next_line() & EF Aol M AREAF WA & H] 57|40z ¢l+= d AH&EUT

+ Sender::subscribe() & BEEEINAE g L Eof AFEEH 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>> {
// TODO: SIE= ofgfe] ¢l My

F1SHA| 2.

tlo
o

}

#[tokio: :main]
async fn main() -> Result<(), Box<dyn Error + Send + Sync>> {
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let (bcast_tx, _) = channel(16);

let listener = Tcplistener::bind("127.0.0.1:2000").await?;
println! ("ZE 200014 $A ti7]");

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 2EYE websocket ol i@y},
let ws_stream = ServerBuilder::new().accept(socket).await?;

handle_connection(addr, ws_stream, bcast_tx).await
)

}
src/bin/client.rs:

use futures_util::stream::StreamExt;

use futures_util::SinkExt;

use http::Uri;

use tokio::io::{AsyncBufReadExt, BufReader};
use tokio_websockets::{ClientBuilder, Message};

#[tokio: :main]
async fn main() -> Result<(), tokio_websockets::Error> {
let (mut ws_stream, _) =
ClientBuilder: :from_uri(Uri::from_static("ws://127.0.0.1:2000"))
.connect()
.await?;

let stdin = tokio::io::stdin();

let mut stdin = BufReader::new(stdin).lines();

// TODO: SIE= ofgfo] 2l An3 HisiAla.

Running the binaries
Run the server with:
cargo run --bin server
and the client with:
cargo run --bin client
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* src/bin/server.rs oA handle_connection &5 gyt

-JE: A& FooM = ZAAES Ao A¥5H= 9 tokio: iselect! & AFESHAI L.
2k 2 Zeo|AEo A HA RS £415l0] HR2EIfAEJ YL ThE St A7 41

St A A & S| dEZ Byt
e src/bin/client.rs o4 main g4+E &E34rc},

- JE: o] H{ I} npIIA| 2 A4 T IO A F 2 S F Aol A5t - tokio: :select!
S AFESIAIR. (1) EF oA AFERF HAIA S 93 A2 Byt (2) Ao A HA|

A8 2453 AR Lol Al EAIFU T,
A

66.3 Concurrency Afternoon Exercise

Dining Philosophers — Async
(AEZAZ o]

use std::sync::Axrc;

use tokio::sync::mpsc::{self, Sender};
use tokio::sync::Mutex;

use tokio::time;

struct Fork;

struct Philosopher {
name: String,
left_fork: Arc<Mutex<Fork>>,
right_fork: Arc<Mutex<Fork>>,
thoughts: Sender<String>,

}

impl Philosopher {
async fn think(&self) {
self.thoughts

QS SR wA A WS Ao e R E Setol Ao HAAE BREA

.send(format! ("Fe7}! {}yoll ME& ofoltjolZ} QUHUTEH. ", &self.name))

.await
.unwrap();

}

async fn eat(&self) {
// Keep trying until we have both forks
let (_left_fork, _right_fork) = loop {
// EIE TAHL. ..
let left_fork = self.left_fork.try_lock();
let right_fork = self.right_fork.try_lock();
let Ok(left_fork) = left_fork else {

// If we didn't get the left fork, drop the right fork if we

// have it and let other tasks make progress.
drop(right_fork);

367



time: :sleep(time: :Duration: :from_millis(1)).await;
continue;
b
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);
b
println!("{}y<e°] i Sl&Yrck...", &self.name);

time: :sleep(time: :Duration: :from_millis(5)).await;
/1 of7]ol ZFol siAEYTt.
}

static PHILOSOPHERS: &[&str] =
&["Socrates", "s|utElot", "FEhE", "offfAEHH A", "metuEtA"];

#[tokio: :main]
async fn main() {
// EZF "rE7]
let mut forks = vec![];
(0. .PHILOSOPHERS.1len()).for_each(|_| forks.push(Arc::new(Mutex: :new(Fork))));

/1 AR s
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 AAHER UZFo] HAHCoRE AHY ot gl

>

Utt.
b

/1 RZFSa wA )

for phil in philosophers {
tokio: :spawn(async move {

for _ in 0..100 {
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phil.think().await;
phil.eat().await;
}
)
}

/1 A7e 23U,

while let Some(thought) = rx.recv().await {
println! ("<} EW7]: {thought}");

}

e of E Al o] 4
(AEEAZE So1717])
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>> {

ws_stream
.send(Message: text ("o 24 ZS bk, mAIZ] S dZHsHA 2. " to_string()))
.await?;
let mut bcast_rx = bcast_tx.subscribe();
/1 FA0l AU Ayt A%
/] BREEINAESI (2) “bcast_x
/] E2eoldER A& rt.
loop {
tokio::select! {
incoming = ws_stream.next() => {
match incoming {
Some (Ok(msg)) => {
if let Some(text) = msg.as_text() {
println! ("Zeto]AENA: {addr:?} {text:?}");
bcast_tx.send(text.into())?;

FI: (1) ‘ws_stream oA WA E $415H
x oA HAAE $A15H

}
}

Some(Err(err)) => return Err(err.into()),
None => retuxrn Ok(()),
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}

}

msg = bcast_rx.recv() => {
ws_stream.send(Message: :text(msg?)).await?;

}

}

#[tokio: :main]
async fn main() -> Result<(), Box<dyn Error + Send + Sync>> {
let (bcast_tx, _) = channel(16);

let listener = Tcplistener::bind("127.0.0.1:2000").await?;
println! ("ZE 200014 £ tj7]");

loop {
let (socket, addr) = listener.accept().await?;
println!("{addr:?}o A AZA");
let bcast_tx = bcast_tx.clone();
tokio: :spawn(async move {
/1 YA TCP AEZS websocket ol iggyct.
let ws_stream = ServerBuilder::new().accept(socket).await?;

handle_connection(addr, ws_stream, bcast_tx).await
)

}
src/bin/client.rs:

use futures_util::stream::StreamExt;

use futures_util::SinkExt;

use http::Uri;

use tokio::io::{AsyncBufReadExt, BufReader};
use tokio_websockets::{ClientBuilder, Message};

#[tokio: :main]
async fn main() -> Result<(), tokio_websockets::Error> {
let (mut ws_stream, _) =
ClientBuilder: :from_uri(Uri::from_static("ws://127.0.0.1:2000"))
.connect()
.await?;

let stdin = tokio::io::stdin();
let mut stdin = BufReader::new(stdin).lines();

/1 sAlel HAIAE B Bhe AL
loop {
tokio::select! {
incoming = ws_stream.next() => {
match incoming {

u
=
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Some (0k(msg)) => {
if let Some(text) = msg.as_text() {
println! ("AHolA: {}", text);
}

}I
Some(Err(err)) => return Err(err.into()),

None => retuxrn Ok(()),

}

}
res = stdin.next_line() => {

match res {

Ok(None) => return Ok(()),
Ok(Some(line)) => ws_stream.send(Message: :text(line.to_string())).a

Err(err) => return Err(err.into()),
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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.
* BRl:
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* unit type:
Type that holds no data, written as a tuple with no members.
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SHAl Q.
* variable:
A memory location storing data. Variables are valid in a scope.
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