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0.2.3 FIENIEERPINRIERE

AENEERABTLELE GitHub A, WE 0-3 s, TS A MEURE, nT—3##3T,
QIRIRFORT, IR IR BATR . WIRBERMAIR, 520 st A s,
BRI A L, A RIS R R A 2 R, B T5R, AR EIE,

£ hello-algo DQ0Oaos

@ EXPLORER <o @ myheap.py X D~ D © ® O -
v HELLO-ALGO codes > python > chapter_heap > @ my_heap.py » ...

> B gt """Driver Code"""
> % .github if __name__ = "__main__":
v @ codes # AR
>Mmc max_heap = MaxHeap([9, 8, 6, 6, 7, 5, 2, 1, 4, 3, 6, 2])
> W cpp print("\ns#AFIRHEHEF")
> B csharp max_heap.print()
> dart
> M go # REETTER
> I java peek = max_heap.peek() —]
5 () [Eesils 118 print(f"\n#McHk* {peek}")
v @ python
> M chapter_array_and_linkedlist PORTS  GITLENS  PROBLEMS OUTPUT  DEBUGCONSOLE ~TERMINAL -+ [(Jzsh +v (D @ -+ ~ X
> chapter_backtracking
> B chapter_computational_complexity  ~/Dow/hello-algo main » || Py base 18:18:47
> chapter_divide_and_conquer
> chapter_dynamic_programming
> chapter_graph
> chapter_greedy
> chapter_hashing
~ chapter_heap
>
< heap.py
2 my_heap.py
& top_k.py
> chapter_searching
(R > chapter_sorting
R > I chapter_stack_and_queue
> OUTLINE
> TIMELINE
¥ Pmaina Iy LOtests @OAO WO GitGraph Ln118,Col 29 Spaces:4 UTF-8 LF {j Python 3.10.13 (‘base:conda) & (@ Prettier [1

0-3 HUTHEEERH
BT ETE TIEEES =5,
B REAMBEHENRE, SNSRI ZGETREE, mREws, R e,
WP vibEs RSN R, 01 GitHub & i, WEREKZRE Git, AIRAUEE DA N2 mbEAR S &
git clone https://github.com/krahets/hello-algo.git

EIR, URR] DATEE 0-4 FsmIfiE, BiHE “Download ZIP” 448l B4 NEFE NS MM L, SRBTE A Hifig
JRERITAT,


https://github.com/krahets/hello-algo
https://www.hello-algo.com/chapter_appendix/installation/
https://github.com/krahets/hello-algo
https://git-scm.com/downloads
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O krahets | hello-algo

Code sues (11

9 hello-algo

main ~ P7 Go 1o file Add file ~ <> Code ~ About
Local

§ krahets fix: Sev

B Clone Python, Go, JS, TS,

.github

HTTPS  SSH

https://git

| Octotree

G2 Open with GitHub Desktop
Open with Visual Studio

[?) Download ZIP

Releases &

0-4 vl EE B R A2 i

H= PTIRREAS, WE 0-5 AR, BTRTHEME AR MRS, AT DEA R codes R
HENFKEN I ER IR IR R IR IR 5] — ST, AR BIIRETE D ARSI, FRIRRES ST

72 Z“XHiEH % 3 Q
EXEEREE Pull requests 10

Python CH++ JV# Go Swift Js >
binary_tree_bfs.py

root: TreeNode | None) -> list[int]:

chapter_tree

\Fl, IINBTI= 9 krahets

queue: deque[TreeNode] = deque()
queue.append(root)
# Mak—"1 IR, BTREERFT
res = []
while queue:
node: TreeNode = queue.popleft() # PAFILHEL

res.append(node.val) # fR7FHiAME
if node.left is not None:
queue.append(node.left) # AEFFHEA
if node.right is not None:
queue.append(node.right) # HFTHNA
return res

array_binary_tree.py i

¥
i HEEXHRR
binary_search_tree.py

binary_tree.py

[ binary_tree_bfs.py

binary_tree_dfs.py

0-5 A NEH BB ER) PR SR 5

bR T A TR IS, 4 EUE SR Python FURSRIBIEL T (R pythontutor BH). 40k 0-6 ff
R, VRATDARSERE KRS R 779 “BEMLBT” AR Bk, BlsBAR s TiEte; thal DURGE “4
FREBIE", DTS 4 IR R s,
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PP ry—.
€ 0 @ 5 hiwsdwwwbelo-sigo comchapter_acray_and_lokedisciacraye? ax O 00 :

Budf a1 ma % T QR Shoocs dsesr 1

Hello 8% [ @ FARET M ]

@ ®o® wx >

B ®1Em MRNE > Python 3.11 Print output (drag lower right corner to resize)

] ¥2m mAESK N res = (0] * (len(nums) BB nums = (1. 3.2, 5. 4]

& Bow niman s T ¢ BRRAENAETEEM

- for i in range(len(nums %ﬁEFi
B ¥aw maskR - 9 res(i] = nuns(i] Frames Objects il
41 WA 1 # EEY RGMNA
Global frame

extend(nums, enlarg

12 H% 1 return res

43 FI® .
13 ""tDriver Code”"" <

44 WESEG O it name == * main fums o ||z |3 |e 412 WANRSESREE
a5 e werma xtens /1 3|2[s|4 413 WERVTA

extend

S WSE B > nums = [1, 3, 2, 5, 4] e ,
EETERN > print("5 nums =", nu . o 1 e | e
Asraw > enerse 3/4h‘3 Gl 8
7
# KETR res
A wew > nums = extend(nums, 3) i3
G OEOR @ > print CHBARESRE 8
= OE0E 2R > ; Al el
N Edit Code & Get AL Hel
= mNE HE > line that just executed
v WRE HE s = next line to execute
KRN >
B Ruw meay > [<Prev ] [Next>]
@ wEE A s Step 17 of 22
@ Eow HR R Visualized with pythentuter.com
BE X

€ ¢REE

0-6 Python FEzUISHIE BT

0.2.4 7ERMEIRPHBERE

TERIREA TN, S EE S PRI 2 ARG R . BOQERTaR IS N ORI RTE, TR AR vE R
RURMEE, —RRIEDL T Al £ RN [
qnie 0-7 Frr, A ERREHE B EIRYREAREC A wran . A2 IReE2 MmN A . —J7m, fRa] DA

RFEFNHEE, RmEkRmor, BEEERARNEE, 5—77mH, WFFRREMRBHEE LA NS AR RE, 2
ZIREI R, B D,

L ] L] A 31 BESHRSE -Hellol: x4+ =
< e (s hello-al _data_s i _of_data_s 2 Q¥ O 0@ :
q (% krahets/hello-al
B b 31 suRgmsnx % X Q ExE T e <o
Hello ¥3&
E#HoE §in N doo5 1H5H
B ®1% JREE B B GIEBEERTERSEIBEN, BRTNHAREE,
R #2858 SREHMF > JIE—
& EIE tuEEn v @ @R &) 2508
31 MBI
3.2 EEMIEXRE chenzhiweiSdczw 1 H 5 H
33 BFHB" BREMHRE. ARz A, REMATRS, BEAREIRIE, BEMRANR
34 FHEHD WA, t 3%, B B, FRs 2 R MRS E AR
35 o
B f4m gASHE O © @3
S W5E HBSUT >
@ BeE wEE , @ wroters 1558w B
b oETE W > FEE~ SENRERRERLE, FbE . MHTE | BNARERER
D owes i N "SRl (EREFIRATRE) . RGP, BEENEME (R3) BEE—TER Y
= SRCEBY —REEN, XTREECIR (RNORN) | BRI ERNE, i, BEXTE
oogoE @ > FNESE (A, BF) MRS (W) SESH,
= OBI0E ER > e Gm)
Il BNE AF >
vz ER2E A > WA HK Aa
19 ®13E EH >
B #uE pam > 8
@ EBE AL >
@ ®ieE MR >
BEH =

EUiH
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2. BEBE . WISRIAE, AP E B, SERERED 100 EEH, PBTRIEEIERE, TR0
RRF, “HIFGES" ATRER — Pk, HETTD, ERRIEFR, MR PAZIE g S 2
WEEH, BEEET 3~5 MVERR, MeERHELE L, MRS EAR RS Rt GitHub
B,

3. BEBR = fEENERMIAR, E2E 7, M) DB IR S, SRS RE S, DAANE
SRS R, ERIET T, PIDAE SR AERS R RS, WS E M, M, R EE, A
I Tl L1 T DATE A5 B LA R

quiE 0-8 FivR, AHNEEZ MR “FEB—", SIERBIRE PR —MFE B = 2E,

PR — FEER— REER=
SR ERENFT R A EEAHRR

WA
P ING] RIERER RRRIES
WELEEH

ERAE IR BB

FREL B ] 2 Rl —iB kR BN, FIRRAR
TR AR IR DR IEAR EREENNRER

[ 0-8 {HETRSE AR

0.3 /héE

1. EE5[OIEE

- AENTERZFUEHAENRE, WRIREA &R, AEERHIRASRREEE IR, HrhiE
ISR PERy “RWIRE THEE" EH],

- EPNE T EQREEE AT, ERERAIEETA =R, WREE TR R ) 1,

- BREERR T, ERMEREE -AANMEERER, A UDERZEEE,

- ErPREhEE S R R ER R, FREA SR, B TEERNEE ST,

- HERERARE RS, SRAES T IR SR A R U,

- AREME R EE AR R A fTam R, BODRE R o VR RERK B B AR


https://github.com/krahets/LeetCode-Book
https://github.com/krahets/LeetCode-Book
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Abstract
—N/ DR SR, BEERIRHE R, R RIS E AR,
GBEEIRILEE, FEBRIRMEIPLR, A FTWE R B S R A BIA R,
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1.1 BEZEERTE

ERMEER BRI EEFER, REAMEGHBEE, RMER L, F2EEERLAY TS, m2
O AT, GBI B R AT R ] R,

FEIEXIRRHEAIR 2/, B —EABNEEEEDS: MEKESNARDEG TRF 2R, WEEEe
PR BN LR 7 TPk 08 BRI o7 A8 T — B

Bil—: A, e S, SEETECHE S, My URiRHE T RIEFE IR, RERERMREE
s —EPFE AR v B, B GIZIRE 1-1 FoRp 7 NESL,

L BB EE, WEZERNETRRME, BRETRS M.
2. HRTEPFE FRERF r A0 m 2R, P DAHERR 5 BUAT 57y, ERRRER LB 70,
3. NErEMEPER 1. PER 2., EESRIPHE AR r WHEEER 1L,

FRERHEFEROAFHT

\
EFHER: RICE—EHEETEA » 67 AR
EPRSE:

1. ERFRAB—HEHEE, ¥REFER n
2. @R r 1 m %8, FHBREESES

Step 1 Step 2
—H R —HERE

EFHRSR: EFHASR:

1. ERFRRBHON—HRRE, FREFHE t 1. ERFRRBBIN—FREE, FREFHE p

2. B r # t §0E, FElHREFESS 2. B r 7 p %E, EHHIREFES
Step 3 Step 4

;
—HEBR
EFRSR:

1. BRFRRGRBLN—FRER, BREFHE r
2. ERIEFER r NF, TRES

Step 5

fE 1-1 & e
s A/ AN MEGE, B EREEAN “oEs” WL ERETAAE, I HE T
BrR—ECHFR “FE517; (EHEEERAE, BT DU ERE i — RIREEE “—0EE”,

Bl RPN, WIMMESTIR, SRATEREME TS, EHENEIHS, BB E 1-2 Fr
o
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L e R@ o> 2 “EFT M T WER, G REAIRE MR 1 R EASH .
2. P —REEE, MAEHFEORIEMAE, SRR 2 RECEEHF.
3. NENEENER 2. , Bl SR MICEFEOMBAZ G, BEETHSEEA T,

KHF FHF FHIF
A Ta o X X A [ o > h, " [ &
&1;\5/3\ - _1A5/0.,A / 2[Af5 T
A [ 4 [ "I o
\ ,’ » A ! > B
uis ® 5 e & 5 S s
g 3 -
FHEFF RHEEF
/5 5 ) /'5 ) 2 /5 5 -
A ) /5: 2 /3‘\ 2 A A
\ 2 A
N” A4 4 v
5 5 2 5
< 5 5 2 5_ A A

1-2 B R

RPN EAE R AT R, e e EE MU RERRREER Mk w2 AR GE S Rk
Jr B R AR AP I B,

Bl=: BWR%F, B MEBETEE 7 69 Tivmsh, A M IPERE 100 7, RIBEREBFRZEEINM 31 7T, fil
GIR AR TERKANIE 1-3 FREIES,

ARIEE L 31 T EE/ANYERE, 5 1T, 5ot 10T, 20 7T,
ferEIEP R AR 20 7T, gk 31 — 20 = 11 7%,

R ERAEIEP AR 10 7T, ®ER 11 — 10 = 175,

fERpR P BRI R RRRT 1, #ERl —1 =07t

FRERE, 7TEA204+10+1 = 3175

AR
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BiEsa 31 = 11 - 1 = 0

BEEE -20 -10 -1

TWENTY

\
TWENTY ‘|

& 1-3 B RFiEE
FELL BB, Bl — AR RTE AR AP AR (BRTRER RImBEAIETS), RIS 7 alfTHRE )T
o EEFESHEERIANAES, BEEARE LR "H” WAL,

NEREE—IER, REVEFRWUT, %PArARERRRAEERBEE R, SHREMA MBI ESRMRESEERE
HREH RS R R A RC IR T, FIR SRR USEIT CPU F1 GPU TTHEE, Sh—2k, BIMutaE
TGRSR R A b, DA S R SRR A R R TR

Tip
NRIRETE RIS, EETA, BYIRN ES SRS — R, SR TR, AEARATIE
VR E N B R BT SR TR A R

1.2 BEZERMHE
1.2.1 REEER

wmE% (algorithm) Z1EARFFHINMRREE FER — A5 S o Ev B, EBEALUNRE,

- FERRARERYT, 05T I A T 2R
- BARTY, REMITEEIRAER. RIS T e,
- BOBEAMEH SR, EAHRREMARBITHRET, fWHaaeArE,

1.2.2 BRSBTS

BR4EME (data structure) ZHHMMFHFERIVTN, MEERNE, BRZHBRGRNERRIEE, EA
AL,
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- RS HEED, DS AR,
- ERHRIEATREDUE, MREERIWIML. B, MBR. EHEE,
- RUEERIEREOREEE N, DUEEEIASHIT,

ORISR — e e RER R R, SRR  HBUSR T, EEW A — T HfEH 21, T
a5

- SR ERSMERRES, ERRLET RO PRI L EANERE, (HREE T R DR,
- ERRER A A, ROt T E SR AGEE R, (ER A R R R S .

1.2.3 EREBERREEZNRIR

aniE 1-4 frR, ERHSREEEIRSEME, BEES, AERIEDNT =75,

- BRERREEIANE D, EREERREETAR M VR IER, DUREBERIRTT A,
- HEIRLEREEHIEAL W, ERERA S SRR, SRR EMIRATE M,
- HETREE A AN AR R EDL, HBUTRERATEEMERR, BHESEAE RS2 .

BE—RIUREES

MmN AL
LD ‘ REE Hith
_—
input algorithm output
BHHEGE

data structure

RUtERLHEEFNER
BN PEN B RHRIES &

[ 1-4 BRSBTS IR AR (R

BRI SR R N AN E 1-5 FosiIPHEEAR, —BAR, IRTEST2FHEZIN, B SRS
Fo HMHZIGRIAE D 1R0E, MREAR IR R AREAEA,
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& 1-5 PHEREA

W A EE AT IE R R AR 1-1 B,

11 R R R B R L 2 PHEREAR

BRUEREEETE  PREEAR

B R RPHERTREA

Bk AR, BREER, R @7 5E
[CECRES TR DR B AR BB — Y20 R

it R TSR

ERSAE, ERERREERERINENRGESH. ERM, AEFURHERZEEAESVE
B,

BI5E R TR
TEEPRRT SRR, FATEE A “EREMEREER e “HRIE", s AR LeetCode T
BEE, BPR RIS AR AR R 77 T AR

1.3 &g

1. ERSEIEE

- EEIREHFEAEPEENE, WAZE IR, B L, RMEEENARPEE TR
ZRTE, AR TS RN HEE,
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- AT SRR B o S ERTAEEL T oG 2 B E EERTR AR,

- REPEBETOR)E R B AP R E R AL, MAHE AR S H MU R,

- BWERENSRAH L REBEER, DRI RTE AR S E,

- BRI AR PRI N AR R R — A TS S BIR(E P BR, TR RHET 2 S M rh AR AR 8 17 R
1753

- EORME R B RR R A, SRS R BRI, MRS RS RE AL @,

- B AT DUR B R A R BT R R LE 2 DFRAE R, BURARER, BURKE MRS SRR B R A
i, DERIERRI BRI RR,

2. Q&A

Q: TER—AREAEatN, WAL HH TP IERAERIERDOEHE, ¥REERSEEGESHEREr T, J
BHAMATLAT ; SRS EMERM LIEP R IR A 2R E AR E?

ANFHEEBER TAERRE LRI “1A5K" AOGS, AREEEAERHIERZEGR “N7,

R A E R (DUHAMERRL H) MEEARERELEPREER Y, MaEREN2R0AH, ERk
M RERFRESVE ) B E R SO JEFN A, 1M TAEM R B, B —EfEg 7, SEEXESENE THE
R

C AR A SR BRSBTS, B EE TR, I REREAIE A AR M T, BT
NEWG, RAEEARSE, B LRIMRA M ERE,

- AHANSRENEE AL, BTG HIENEH Y R AR EARE R O(nlogn) ; MR ERERZ
IE]7E AL BL A FE B (BIAnE25R) , BRBEFAMRL r] DARIRBCRE ) “ERBHEE” AR, R IRr ) M R R 2
O(nk), Hrhk 28, EERBERTURR, 818 HARKNSITIRE R ANE R A EE (AR,
BRBEFE) o

fE LRI, KREMEEH DUESIREMRN, F2MEREWN “E127 Mgk T, MENESRE—T7
T AR R REAS B MR, 59— T R B TR O O RIGt #. A\RURTRRR e M, AEBRilZe, ot
IR &R, P RERE R TR 15 B (A
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Abstract
PR AT NS r s B A T P R S
A EBAMAE R B2 S P E A S EIRAIRR, SIRE BT E,
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2.1 EEEMEL

FEMETRR TR, B ARIESR DA 8 g i ) A

L. IREBUBVEMETE : 5 RIR TR ZE A A E A A IR 9 m] 20 SR 1S )R A TR
2. woRERTL: A —ERE R REF R 2R, BRI B IRE ] RE MR TA,

WRtEH, EREFIRIRMERIRTR T, BERSCRE A BHEEES N EETEIEE, EaEI I mfE
HERE

- IR B TR R,
- ARERCR: EEIAG R R AR,

fifimn sz, JMMEERRG “BRXE” WRORESHBRERIE, mA YR RRNCR EMEE, F2
HEER, RMA RN SERERIETHL, EmESEE ARG R,

RCRFETTIREE it BERHIEA,  BEGR (G R

2.1.1 EAR

R AR A MEETA B, EMARREMIRE [, BAEFEH g mEEETARRCR, REXK
HsiER i — et AN, JUTEmMEEER, AR eI TR GRS, SRS
RES S MR L BRI, (HBAAE BRI RIR M,

— 750, HECAHERRIEAERBEH TR, RERGHAC & & B RARRRE R, e — s R A AT R,
M EREE S TE 2% CPU LT, —EHEBERNTIEEREES, 0B ElE S RE B LR &
Hr, Wt BEIREARRH S ERREARATRER A — B, SR RE M TR A A A LT
W, Sat-FEIReR, mER T HER,

77, JERe IR, S AR RIS, EREERGRALAFEZCR, fln, 1M
NERREBUNR, HEE A RTRHELEETR B G, MEMABRRECRR, HEGERIEREHER, K
I, & THEEESIRDRS, ROHEZH SRR AE R, SRR RRAEH R,

2.1.2 IPREE

HRBERRRIE R A RAREIRME, FRAM AT A5 R 5 E — L5t RAREHE T B A RIRCR, SRR T A 2
BAAEREE S (asymptotic complexity analysis), flifGEHE DT,

R RE 70T BE S BELER T SR TR U T i 5 B PR 3 P Sl N R AR 2 T B (R et v R A\ DR
BB, ERIEPI TR R R RN R8s, SEE AL, BATA] DR 73 25 = (8 SR AP
i,

- “RERRIZSREEIR” 4RI ERS RIS (time complexity) FISSRIMEHEE (space complexity),

- “BEE G RHRAIR I RRE RREE R T T BRE B TSR B A\ R R I BRR

- R RS RO AR T B RS SR U TR R El A F S R ) BB, 2 R R el
R “Pug”,

B S s IR EEREIIGEATT TR i, REEAE AN A7
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- EETEEAUTENS, HEinskaEibe,

- e REAEREE, A RIE IR E AT &,

- BRI DB R E AR FTREREERNCR, THEAERERE SHEERNEE.

Tip

ANSRARAT AR AU SR BI R 2%, SZEIE L, FM e EREEE 4,
HERE At 2 AR L T — LR RERCRIY IR, (3R AT DA BT SR R R A R A R R AN
TR, B AR R 2 MIReR,

WHE AR EBURMES, BRYIRE I RELL S, PEM RS, WSEAEE, @RI A
WA TERERIT M AIINGE, 2RI, &R R R R s BTARRr Ry, DR 7 20 HOp A TIR
s R FH 1

2 FATR, BEIRERAEE GRS R Bk > B, JCBHBIRR I ST L W R, DU RS 52 R
TR B S0
2.2 EREED

FERES, EEPUTHREESZRE RA, cREEME T SR, B, £ AR AR
A, W T e BB EE BT, RImAEEAR AR Ul aE . IR R,

2.2.1 &

&R (iteration) 2 —MEEBHITREEFRIEHIERE, IS, BNEER L SRR NEEIITREE
RS, EENE MR,

1. foriBE

W RANEUERZ —, WEEFHTEIB IR BIREN

bl PRS2
PURBREEER for JEEEI TR 1 + 2 + - +n, RMGREHEE res iLik, FEERENZ, Python
Hirange(a, b) BEMEMEZE “ZRARH" 19, HENEHEER a,a+1,...,0—1:

for

// == File: iteration.rs =

/* for ERE x/
fn for_loop(n: i32) -> i32 {
let mut res = 0;
// BERFM 1, 2, ..., n-1, n
for i in 1..=n {
res += 1i;
I

res

2-1 JEa% R AN B A AR A [
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2-1 SRFIEAA A E

ISR R PR SR B B AN RERV N o ARE R, SREFTR “SRIERIRT, EIR L, RSN
igfiEl “HRPEBIMR”. ARSI EE N —HiThEEA

2. while @E

B for JEESEL, while JEEHE —EEBIERNITE, 16 while EE T, BREGHEGILHERME, MR
e aE, RIEEHNT, SRS IR E,

NHBMA while EERERKM L +2+ -+ n:

// == File: iteration.rs =

/* while BE */
fn while_loop(n: i32) -> i32 {
let mut res = 0;
let mut i = 1; // #GIRAFEE

// BEXM 1, 2, ..., n-1, n
while i <= n {
res += 1i;
i+=1; // EEHEH%
Iy
res

while JpE Lt for WRER A TR, 7E while JEREH, FFa] DLA Hthagat ik MBI R L
R

BandE DUNEHE R, PROFEREL 0 g TN OERT, SRR KT for JRIE EH B
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// = File: iteration.rs =

/* while BE (WAREH) =/

fn while_loop_ii(n: i32) -> i32 {
let mut res = 0;
let mut i = 1; // ¥ALIRMEGEE

// TEXRM 1, 4, 10, ...
while i <= n {
res += i;

/] EIHEHEE
i += 1;
i 5= 2;

I

res

AREACHE, For MEREAIREAREE MR E, while RGNS, W#HASA] DAEBNEAIE, IR
PERZ AR I RE A 5 SR AR TR

3. HiXOE

FRAMT AT DATE — {18130 R 45 A 0 AR D9 — (D Rl 4548, R DA For I8 2031
// == File: iteration.rs =
/*x EE for TEE %/

fn nested_for_loop(n: i32) -> String {
let mut res = vec![];

// EBE i=1, 2, ..., n-1, n
for 1 in 1..=n {
// @88 j =1, 2, ..., n-1, n
for j in 1..=n {
res.push(format! ("({}, {}), ", 1, §));
Ir
¥

res.join("")

] 2-2 2 5% SRR P O T A
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A

2-2 BRI A i REAE [

BRI N, WU EUR L n? BUELL, st REEIAS TR AR AN n B “FITRIR

T ] DAAESTHT G SARIE R, B —REGIRAR — IR “THE”, A e ERREMER S E SRR TRy
BAR”, DA

2.2.2 EE

IEE (recursion) J&—fEEBILREE, BEEKIEN B B R AEREE, 2205 miEREE,

L& BAXTERAM S S, @R EAENSREM2E, EENER bR
2. 08 figgE “ARIbiEET &, REICRRE IR B AE IR E], RS AR,

MCERMESR, BEEABEEGS =R,

L #abfifE: RURDOE(T IR “R” & |,
2. JEEEM: HE GR”, BRI E B, @ AR NSRRI 2,
3. IBIISER: BIE “E”, HEERDEE R EEESNR A E R,

B DU RS, RMAFTFEYER recur(n) , BEATRATER 1 + 2 + - + n BUEHE:
// == File: recursion.rs =

/* EE %/
fn recur(n: i32) -> i32 {
/] #EIEEH
ifn=1{
return 1;
+
/] & IEEEY
let res = recur(n - 1);
// B REEER
n + res
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2-3 JEoR T %R AR IE AL,

AT B Bt “@
recur(n) return n + ((n-1) +..+2+1)
| 4 ‘
recur(n-1) return (n-1) + ((n=2)+..+2+1)
| ,,/
recur(4) return 4 + (3+2+1)‘
} -
recur(3) return 3 + (2+1)
} A
recur(2) EEE return 2 + (1)
} #IHEE —
recur(1) return 1

[ 2-3  SRAN R AR i A
HERUERH R AR, IERBLRE T ISR FEAAR, HEMARR T MRS5S 2 A R 0 R85 I DR RS A 3
iﬁo

- B TAETTWE” HRIREE, (ERIETERD BB, AR TEEESREMGESER, RN,
IR CH RN R, R E%%%E/J\EI’J?FEJEE, g e R AN R R B A M R T
P2 NAGH T AR R 2 BN TR, BEIEAE RS L GEARILRIARZ EAED.

PALIRSKRFIER R 250, HAE f(n) =142+ +n,

- fEEEREHERAER, U 1ESE 0, SREGTRITERE, BIARE f(n) .
SR : SR TR £(n) = n+ f(n—1), B GEIEH) S5 2, AEEANWN (1) =
AL,

1. MREOYIEE
IR PR U RN SR, RAESE Ao BT BRI X  BCEC RS, DAREAF I s, MYk R At 3 AR
&, B S EN T AR,

- BRI RE AR S R AR R, EERRERA GRRER. HIt,
AR S ELIE AT MG £ e D
- RIE R R X AR RS MR DR IR Y b VI RIS A

QniE 2-4 PR, FEMBEEARILIRIERT, FRIRHEE n EARREFDEEE X, REREZ n .
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AT ‘@ Bkt ©

&

recur(n)

}

recur(n-1)

!
|

BERE recur(4)
! }
recur(3)

!

recur(2)

WERE
} P

recur(1)

2-4 JRIENFA TR

FEERD, BAFES A IRE RS R A R, BIRAEE AT RE SR B i 54 ER,

2. BiEl

2, MRS NRLEIR NG RE A REPEN ) 5% ] DA s ae ol E s an i (i, HETE
RRCE FEERMEE, EREBN R AREE (tail recursion),

- R ERFOREE bR RR, REESTTREE, FIERARERHT Ll r
e

- R R AL 2 R FOR A AT R AR — A, ERRE ORI R E— kiR, AT T H At
BfE, RIERSEARF LR LT

DIEHE 14 2 + -+ + n Z6l, FIMA] UGS RS res ik AKN28, M EREIREE:
// == File: recursion.rs =

/* BIEE %/
fn tail_recur(n: i32, res: 132) -> 132 {
/] A& IE&H
ifn =0 {
return res;
}
/] EEEEY
tail_recur(n - 1, res + n)

by

IR TE FAATIR AR AN E 2-5 AR, B e IERE A R, i SR AR TR Z AN R A,

© ORI SRFIFRERAE T FERTIITH, SRR EREEERIT - OORNIRE,
- IR SRAHRERE BT REBRTERITH, T rEERREEIRE,
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BT “8

recur(n,

recur(n-1, n)

recur(3,

recur(2,

recur(1,

recur(0,

0)

}
}
|

wt5+4)

|

wt5+4+3)

l

wt5+4+3+2)

|

W+ 5+4+3+2+1)

HRSHEE
SRR

Bt “@

return n+ . +5+4+3+2+1

f

return n+ . +5+4+3+2+1

f

return n+..+5+4+3+2+1

f

return n+..+5+4+3+2+1

f

return n+ .. +5+4+3+2+1

f

return n+ .. +5+4+3+2+1

f

return n+ .. +5+4+3+2+1

2-5 FRIRE @

Tip

FETERL, W2 e an o ELRE AR A A S IR IE A A, 4R, Python FHERASIHR IR AL,
RN R RIRIEIZ I, (J55R ATAE € B 2 HE A 5 (07 il

3. B
R 67 MBI EE AR R, EEGE R R R E N E S, EXEMSE, DA B
" Zufil,

Question

ME—EEEGREE3 0,1, 1,2,3,5,8,13, ..., RKZBHINE n MEHF,

SRS n 85 f(n), S
BRI 2 f(1) = 01 £(2) = 1.

A
/%El Al o

- WP AN R ERAR, B f(n) = fin— 1)+ f(n—2).
PR AR RIEDEEITN, AR ERCE (A, (S HEERRAE, W £ib(n) HIRT{35I%

BARTRBBNEIE n fEE:

// == File: recursion.rs =

[* BRI EE «/
fn fib(n: i32) -> 132 {

/] #IEEE £(1) =0, £f(2) =1

ifn=1 1|l n=2{

return n - 1;

}

[/ EEER £(n) = f(n-1) + f(n-2)
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let res = fib(n - 1) + fib(n - 2);
/] REIEER
res

B DL AR HS, FlMAE R PR ey 7 i E R X, T AR R — AR A Y AR 53, aniE 2-6
R, BEAENREREIY N, REEELS—MEES n IEER (recursion tree),

f(n)

f(n-2)

f(n-3) f(n-3) f(n-4)

f(n-3) f(n-4) f(n-4) f(n-5) f(n-4&) f(n-5) f(n-5) f(n-6)

& 2-6 B BB EH AR S

WAE EF, BEREE T B2 E N TR RN, SRS S EE,
- EEBEMEER, e, e, B 076, BhREAEEI S 2 SRR RIS R e Rt A T
RBHETT I
- RERSESHEAER, BERAE S RGBS, SE R RE, FReMAEREES A6 EE
13909,
2.2.3 WEHLL
REAEDA LA, Ek 2-1 R, IEAFRECEE B, AEEFEAYE LA TR,

R 2-1 IERBLRER LB L

IER U]
"B RS BRI U 5
29
REfR ReREH R, SR B8 AT R O L 40 8 7 A B

}%\
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IER IRl
FOEEE  JEEMEREE MR ER SR FTIY ] REE IR A HE A e 2 )

fEH

WA EAREEEECE, EXEER. rE EAR TR, W B ova. B, RS EER,
& PEgr L

Tip
IR DA AR, w] DRSS “HERT EETREAREE,

AR, BRI EA HENAERBIE? DLERIEE 0, SKRAHRIEEREN “E” BEEIT. BRIk
& R Y R U PR R R AR SE ORI RIERY, TSR LOEHHI SRR “Je AR It B 2 IR 1,

HE L, “FPAMHEER” 0 BT ERNREMTEE CASRER 1R B R R IR (R

L& EeRCHrRE, REELE “PPAHER" b2 ek R T BT AR, FH {17 R A L
2. 28 REMHEFEFR,
2. 30 EEASERHUTIGRANIR, BEAHRIE G PSR ERRR, IRIE A A T BRI,

[Rlt,  FRAmT DASE FH — 1A SR e B A B eI S B (4T 24, (T FHE E s L A A K
// = File: recursion.rs =

[* ERERIREEDE +/
fn for_loop_recur(n: i32) -> 132 {
/] ER—ERE RIS RAE R RS
let mut stack = Vec::new();
let mut res = 0;
/] & JEEEY
for i in (1..=n).rev() {
/] BB NEBIRE R R
stack.push(i);
}
// 1@: R[OIEER
while !stack.is_empty() {
[/ FEB HEERRE EE E”
res += stack.pop().unwrap();

}.
// res = 1+2+3+...+n
res

Bl DL EESHS, EREE AR, BAERENE 7 @EIRARNEEAERZHIN n] LE A E
e, EA—EEFENRM, A LLNmEEREE,

- BRIV AT RE AN DB, TR IEE 2,

- BPAR LM RE, SRR SN B A1 T 2% PTREF R A
Mz, BERRGERIRERDUR T CRENNME, ERRETER T, R E B ARIRIG SR G
HITT IR E
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2.3 BSMEREE

FRAT IR ] AT DA BB L 3 et S B SRR R, AP R IR AR PR R TR — BRSNS AR TIRF R, JERZ AT 5 1
We?

1. MEEPUT R, iEREEE. BAGES. AORES, BEREBANGHVERBROIITICER,
2. PGSR e TR BTG, BIAImEIRIE + THE 1 ns, FIERIE « FE 10 ns, FIEDHRAE
print() 7% 5ns %,

3. Bal PSP EHRERE, AR E IR BRI TIRRSRAN, MG SIBITIR
BlantE LA R 2R, WABRANS n

[/l EERTEET
fn algorithm(n: i32) {

let mut a = 2; // 1 ns

a=-a+1; // 1 ns

a=ax* 2; // 10 ns
// BE n &

for _ in 0..n { // 1 ns

printtn!("{}", 8); // 5 ns
I

MR L 759%, I DUSSEEIER BRI TR 2 (6n + 12) ns :

141410+ (1+5) xn=6n+12

HERE L, SaHEREIANPITRBEA SBRABIE, %, RO REEEMAR AT PR, W

AR EAESEARN PR BT, HR, BREERSEIRERPITIRRE, S4a TSR AR TR
A

2.3.1 FstRREgRES

IR P M PEE AT A O R TR B T IR, i R ST T IR IR S R HR BRI A g ol 8

“IRFREIG R E SIS Eee i S, FRAME B —E G T3 DARERR, REREmANER K NE n, &€ = (EEE
BA, BFIC:

/] BEE A BNEEERE: BB
fn algorithm_A(n: i32) {
printtn!("{}", 0);
¥
/] BEE B BHEFERME: &M%
fn algorithm_B(n: i32) {
for _ in 0..n {
printtn!("{}", 0);
¥

// EEE C WEEEHRE: S8
fn algorithm_C(n: i32) {
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for _ in 0..1000000 {
printtn!("{}", 0);
}

[ 2-7 JoR T DA = {5 SR vk e T IR R R

- HETE A A 1 ESIENRLE, EEERITRINRES n 8RTE Ro FRAMIRG I SRR A IR i 1 A EE 72
“HBPE,

- AR B HHSIENREREEE n X, HERRITRENEE n AR R, HEBIRAR A E
IR 2 “HRIERE”

- TEETR C PRYSIENRMETRZIEE 1000000 (&, SERMITRIEIRE, (HebliANERA/N n 6, Fit
C RUIRF I AEAREERD A AR, 1792 “HYBIRE™,

WEE ¢ - BHR

1000000
WEZE B — IR

HELERITRE 10
5 /Mﬂﬁ
0

@ 1 2 3 4 5 6 7 8 9

BNBEERN

n

@ 2-7 B A, B C ARG RS

MBI EFR AR HE SRR TIRE ], PR3 R A A R 0 7 TR R G 2

- B RES AT GG TERARCR, 1N, HETE B BT 2RI R, £ n > 1 RKHEEX
A8, 7 n > 1000000 FfELE R C E18, HE B, HEMABERINn BIR, @HES “HE
BE” AOTSEIE TN AR R, SRR RESNE R,

- WP ROHESR S TR, BSR, HUT RIS R IR RIS B R R T IR R A8 R B S S
DRI A B R R FEE AT v, AP T AR BRI P it R RO T RS A 2 AR R A “BRALIRe D, AT
i RHEBREITIR RISET T S “RHRIREBEMEDT, SR AR R R T,

- IR AR AE R AR TE, BN, EETEER A F C IR R AR A, (BB BRI TR R 2251
RR. [FIRR, EEEHEIL B MIRHEMAELL C &, EEMABERA/D n By, AR B BIRENE
BIK C o BORIMEEDL, TRAVREH DA IR R A B R R ReR = . ER, @E A LI
R AT TR AP IR RCR R A R 7715,

2.3.2 FXENELES

A —flE AR/ N o RO BRI
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fn algorithm(n: i32) {
let mut a = 1; // +1
a=a+1; // +1
a=ax*?2; // +1
// EE n X
for _ in 0..n { // +1 (SEHEHIT 1 ++)
println!("{}", 0); // +1
¥

AR HR R R — R R RN n R, T2 T(n), RIPALERRKRHRIEEE

T(n)=3+2n

T(n) @—RER, SPTHBITRE Y RESZEIER, R ErR R R SR,

BAME APPSR RS E 50 % O(n) , BEBERTTSM AKX O 5888 (big-O notation), FRE T'(n) 1Y
L E5 (asymptotic upper bound),

IFRE R ST AL 2R “BREE T'(n)” MinE L5, ©EAHRENEESR T,

BRI b5
FAEEEY ¢ FIEY ny , HEERFENR R > ny, 398 T(n) < c- f(n), QARS f(n) &
HT T(n) B—@H0E L3R, 325 T(n) = O(f(n)) .

i 2-8 R, sHEMNE SR SR f(n) , (E15E n BERESREE, T(n) M f(n) ERHER
HUBE-RAR, fEARZE — (A H BUREL co

c-f(n)
T(n)

/

@ 1 2 3 &4 5 6 7 8 9 10 11 12 13 14
BANERAN n

B no>n, B 3#%E c-f(n) 2 T(n),
Eitas8#a f(n) 8 T(n) N—EHLER,
24 T(n) = o(f(n))

2-8 AL B5Y
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2.3.3 #HFE

N EAR R BERIR AR E, GURIRERR A e, WAL, BT DURERIER TR, EAER
HEEAR, Al UM IE H B R

RIBER, WE f(n) 28, HMEEIIGMEEE O(f(n)) . MEGHIHEEENL LA f(n) We? 42885
MW ECEHRERR, RRHIETHNL B

1. 5 BeHEEHE

FHEEEES, BT LRI FEIERIAT, R, BB ER e f(n) FRFEEURE c v DABUERE R/, FEIERE
Boa T'(n) WIS AIREL 5 WO DU, ARBRILIER, AT DAgRAS 1 DU RSB,

1. 20 T'(n) R, HaTMEeE n M, Fr DU B EA TR,

2. BWPEIREL I, EE 2n R, 5n + 1R, #ATLAEIKRC 2 n ik, K%y n AR ECE R R
GHERCESE 2

3. TR BUIRHE I RTE, AR EERSFIINEE AN R R 2, &R ERIAR] P
B 1. BES 2. BB,

fE —EpR R, FRITRT DA R Bs ARt at R F R -

fn algorithm(n: i32) {
let mut a = 1; /] +6 (315 1)
a=a+n; // +8 (%315 1)

// +n (15 2)

for i in 08..(5 * n + 1) {
println!("{}", 0);

}

// +nxn (3%I5 3)
for 1 in 0..(2 * n) {
for j in 0..(n + 1) {
printin!("{}", 0);
¥

PATATER T BRI RISIGE R, M HREE A O(n?) o

T(n) =2n(n+1)+ (5n+1)+2 52 (||

=202 +Tn+3
T(n)=n?+n fintigsiat (0.0)
2. F=H: JEELR
IRt T (n) i m PR DGE ., B2 N AT n MRS KR, REPEER S E S EEH, Hit

THRSZ B AT DL
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R 2-2 R T Gy, Hrp—SRsaRAER R TR REEIRIREIRE R B A, B n BINERRR,
TS BRI L,

R 2-2 IR IR R B

HR{ERUR T (n) BRI O(f(n)

100000 0(1)
3n+2 O(n)
2n* +3n+2 O(n?)
n® + 10000n> O(n?)
2" 410000110000 O(2m)

2.3.4 ERER

REAERIR N i, B AR AR R AN TE 2-9 FoR GIRIEIREI =B HESD .

O(1) < O(logn) < O(n) < O(nlogn) < O(n?) < O(2"™) < O(n!)
TR < W < SRS < SIEBERE < TR < 1EHRE < BEIRRE

eyl o(2n)

THB 0o(n?) *;ﬁ

FEIREHE SR o(n) %
T(n) g
HBPE 0(logn) i

it

e

HER o(1)

1 2 3 4 5 6 7 8 9 10 11 12 13 14

BNBEEAKN

2-9 B RLAIRE R M T

1. B O(1)

B BPEHIR I ECR B N R n R, BIRRESS n HUBRLmEE(E,
FELAUFERA, SEREEE size AIRHRA, HATREEE@RAE RN n M0, FIHRFEEHRETZ2 O(1)
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// == File: time_complexity.rs =

/% BEEE */
fn constant(n: 132) -> i32 {
= n;
let mut count = 0;
let size = 100_000;
for _ in 0..size {
count += 1;

h

count

2. 110 O(n)

SAPERS RO BRI FBLE MBI AN BRI/ n AR ISR A R, A @ L 37 B g el e v -
// == File: time_complexity.rs =

[* ARMERE */
fn linear(n: i32) -> 132 {
let mut count = O;
for _ in 0..n {
count += 1;
¥

count

7E i RS A 3 A BB B SRR IR R AR I 2 O(n) , Eorb n 2Bl St B8 51 ) R -
// == File: time_complexity.rs =

[* HRMERE (ERRET)  */

fn array_traversal(nums: &[132]) -> i32 {
let mut count = 0O;
// EERE Y REMIELL
for _ in nums {

count += 1;
Iy

count

ERFERERE, WA n TR A SRR R RS, LLAnfE S — 8RBT, 28 n HmAK
BN, B ERGI, HARE n HERR,

3. T30 O(n?)

T R R O EBORATE AR AR/ n AT TR, 777 S 48 IR SRR, SN E R R y/E
SERE R R 2 O(n) , I AR RIARE 2 O(n?) -
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// == File: time_complexity.rs =

/*x FFBE */
fn quadratic(n: i32) -> i32 {
let mut count = 0;
[/ EREUREEEERAR/N n BEFEHREFR
for _ in 0..n {
for _ in 0..n {

count += 1;

¥

count

2-10 b 7RI ARPERERIT- 7T B =R AR

1R
BSROIESEAE BRI SR BYROMRSEE
HEME o(1) HBER o(n) EAM o(n2)

(] KE—fEatsme

[ 2-10 HEEE, ARPEREANT-75 R B Re A R

DUERHET 2, SMEERET n — 1%, NEERSTn — 1, n—2, .. 20 1, F9% /2K,
W RIBEEREES O((n — 1)n/2) = O(n?) :

// == File: time_complexity.rs =

/* FRMEE CEXHE) */
fn bubble_sort(nums: &mut [i32]) -> 132 {
let mut count = 0; // &tEiss

// SMERE: RKHFERZE [0, i
for 1 in (1..nums.len()).rev() {
/] WNEE: ERHEFER [0, 1] PHRRATERREZEBNRGH
for j in 0..1 {
if nums[j] > nums[j + 1] {
// 3ZHa nums[j] EE nums[j + 1]
let tmp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = tmp;
count += 3; // TEXREE 3 EETRE
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count

4. 5BEEO(2")

VPR SRR R IR BER RAVIUVRIRI T WIAARRER 1AM, RIS 2 fF, R
BA7y A, DAMEHE, 2% n @R 2" E4IE.

2-11 ADA RS T AR e, RRIEREE R O(27) » EER, WA n RoRD iR, &ME
{8 count FTRBEFHIEL

// == File: time_complexity.rs =

/* 18P (EEEIR) */
fn exponential(n: i32) -> i32 {
let mut count = 0;
let mut base = 1;
/] HREH—9SA", EREY 1, 2, 4, 8, ..., 2°(n-1)
for _ in 0..n {
for _ in 0..base {
count += 1

+
base *= 2;
}
// count =1+ 2+ 4+ 8+ .. +2*(n-1) = 2*n - 1
count
}
EEH HEH
BE—5AZ RS
20
21
2 #n@E
zn—i
ﬁi!ﬁﬂfﬁiﬁté;ﬁ@ﬂ;ﬁﬁﬂﬁﬁ%ﬁﬁ RS
20 4+ 21 4 22 4 . 4 271 = 209 M o(2")

2-11 AEBFER IR R R

EEEEEED, B8 RPN E R A, faE LR, HREt—0k =, &8 n IRDZEE
=ik
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// == File: time_complexity.rs =

/* 1B (EEEIR) */
fn exp_recur(n: i32) -> i32 {
if n =11
return 1;
+
exp_recur(n - 1) + exp_recur(n - 1) + 1

}

TR RAER IR, EEEE (BOEs, \E) e R, BNEREBEERIME, fHEIEET
FIRRBZHY, JEH TR B R A S A TR AR IR

5. HERE O(logn)

BRI, BRSO T “SmaEiRE —F" A, B ABRIAN S n, BIRERAEIRE—F,
HIEERECR log, n, B 2™ FREER,

212 FILFRATS MR T “SHRAHE L MOBE, RIS O(log, n) , M5 O(logn) :
// = File: time_complexity.rs =

/* HEPE (EEEIR) */

fn logarithmic(mut n: i32) -> i32 {
let mut count = 0;
while n > 1 {

n=n/2;
count += 1;
}
count

BAEFIRE n sEas 1A

i?Uﬁ%IEﬁJ éE ﬁ@ ] H_ﬁtﬁ %‘I‘E?ﬁ{’ﬁ

s

Bk FERIIRSRE
logon +1 HEME 0(logn)

=

N

[

2-12  SHHEIRE B IRE M
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SELISBAFEAALL, SRR B RIE R, DU T — R 2y log, n ARIERY :
// == File: time_complexity.rs =

/* HEPE (BREIR) */
fn log_recur(n: i32) -> i32 {

if n <=1 {
return 0;
¥
log_recur(n / 2) + 1
}
HEEEH BRI MGRISEE RS, 88T “—oAaZ” M “hWEBART NEEREE, Tl REE,

TR T HE B R ) PR IR A

O(logn) MIKECRZ/V?
HEREARHE, “—r &y m” BIERRREREE O(log, n) . MEEHEHIRAN, HMTTLUSEIRA
AR, AR R -

O(log, n) = O(log, n/log, m) = O(log, n)

W, RECm Al DES BRI MR, R RMEE @ EWRE m, AAHEREER
% O(logn) o

6. 4MEHBME O(nlogn)

SRV B BRSO R R, R E R R AR A A O(logn) A1 O(n) » MHBAREESATT:
// == File: time_complexity.rs =

[* ARMEEEPE «/
fn linear_log_recur(n: i32) -> i32 {
if n <=1 {
return 1;
}.
let mut count = linear_log_recur(n / 2) + linear_log_recur(n / 2);
for _ in 0..n {

count += 1;
¥
return count;
}
2-13 R T RRIESTBIERAE RROT e ZIURI B R 2y n, B log, n + 18, I

EAEEZ O(nlogn) .
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EEIRIFA
n K
P e
IR L % e
@ @ # log,n+1 B
TR’ 7R IR IR "
— % 4 =n
@ = @ ] * HE RN

n = (log,n +1)

B RRAEE

1K 0(nlogn)
@

2-13  ARVEBIEE AR R

1R

&

1R

&

F it HEIE R AR EE T % O(nlogn) , BlintkEty. A0y, HREHTE,

7. B O(n!)

RESFEE RN By “2Hp” B, 46E n MEAEBIITR, KEARTRERHIT R, 7TREER:

nl=nxn—1)x(n—2)x-x2x1

RSB (AR EEL, WlE 2-14 MUATEXBIOR, $—EoRtn @, - E@oRtn — 1, DUt
e, HEE n ERELER:

// == File: time_complexity.rs =

[* BEFPE (EEEIR) */
fn factorial_recur(n: i32) -> i32 {
ifn =0 {
return 1;
¥
let mut count = 0;
/l %1 ESRE n @&
for _ in 0..n {
count += factorial_recur(n - 1);
¥

count
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ZEH EEN
NERYE HEHE
n n
n-1 “e oo n(n-1)
n-2 n{n-1)(n-2) - H o g
1 n
2HFIWNARY (AIRKENGHREE) AR
nx (n-1) x (n-2) x .. x 2 x 1 = n! PEsEME o(n!)

2-14 P& 3T R A IR i 1 e

&

REn > AREAE n! > 2", FTDARERRE LS BIREE RISE R, 1 n BORRHIR AT,

o 3 B2
B,

=113

2.3.5 ®&E. RiE. FIINEEEE

WRARIR PRI AR BIE R, it Bl A ZORH A B Rl A — BRI % n BIKES) nums |, H
Honums FTE 1 2 n EFHK, ST BB EaRIEFZEMETELR, T5EERIREDTR 1
HIZR5 1o Bl AT DATSH DR A e

~ Eonums = [?, 2, ..., 1], BDEREICRE 1N, FEEEEVMY, BIRZNBBEE O(n)
- Eonums = [1, ?, ?, ...], BUEEMEICERS 1K, EREYIZRENHEZESUET, EIIRHER

PSR Q(1) o

‘IR BERAENE B, AR O SRR, MHIEM, “BAER R B e TR,
QRS

// == File: worst_best_time_complexity.rs =

/* ER—ERES), &% {1, 2, ..., n}, [BFHITEL «/
fn random_numbers(n: 132) -> Vec<i32> {
// £S5 nums = {1, 2, 3, ..., n}
let mut nums = (1..=n).collect::<Vec<i32>>();
/] BEITELPESTTE
nums.shuffle(&mut thread_rng());
nums

/* EHEY| nums FEF 1 FRERS| +/
fn find_one(nums: &[i132]) -> Option<usize> {
for 1 in O..nums.len() {
/]l BE 1 ERESIEESRE, EXIRERREEEE 0(1)
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// BrE 1 EEFIRIE, EIRERBEEE 0(n)
if nums[i] = 1 {
return Some(i);

}

None

RN R, FelIE BIE R0 (PR R R B, TR 20 8 U TR AR, TR @Ak
RN, TR AR W A ON, AT T IR R, R DAL H A
%,

e SRR AT, 2SRRI IR R R MR . “RSTRAORERI M S (R R
FTREMRD, i RAEE B BB TR, AL R, PRSI RI LA o v AL S0 T A DB\ )
FRBRITRE, 1 O kR,

ARSI, TRIVAT AN ELMRE S B M VORI 5 RGN, HE L3RR, i 52 kT
AL, PIMTEE 1 HBIEE RS  ORSRERRARSENY, AORS AN T R R 5 R R —F /2
| PR S O(n/2) = O(n) .

(BB 2 MR, 3H ST RS R (A FLRR TR, (R A S A7 H LE RS0 7 R RSB s
v, (R, BRI R I R I (2 S AR S e,

RAEIRVDES O FFE?

AIREER O RSB ARA L O, R FAM R B AR RS TR R, (B 3% L3, 18
FEMIEN A HE, TEASEMEAMG R, FEREM EREERE O(n)” MRIR, s HER
FRfE2 O(n) o

2.4 TRIEHE

TRIEHME (space complexity) FHFH & TE SR A A0 TRRE 2 ] 0G5 R BRI Y Rl 55, ISl bd
R AR AR AL, R “HUTIRe ™ Bz SRR,

2.4.1 EEGEERZME

T ETAE P TIE AR b A AT TR RS s ) T B S DU 287,

- EAZER AR R RR R A R
- BB ARG EERIAERUTERT AR, Y. B L TEEER,
- b AR R A R

—IEWT, SHEMERNSRHEER T ik s,
Ytz a] DOE— 258157 2% = E87
- OEFEERL: AR FEERITERET SR B Y.
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- MEFAAERE . RPN R BRSO R, ARBUAE RO AL bR SRR & TR B T R N — A HE AR
et, BRFORIENE, R R E PR,
- 1RREH: HRREERERIERIES, EERGATEE RIS,

FEor M — BN = R e, FRIMDEHE Geat BT A7 S0rh, BB il R =857, WIE 2-15 FoR.

BEER T MERENATEE

4 - )
PN BEER W=
WAER GEER WL ER
2 DRkl
g

il 2-15 TSR AR B 22

MR AL

use std::rc::Rc;
use std::cell::RefCell;

[* SRR */
struct Node {
val: 132,
next: Option<Rc<RefCell<Node>>>,

}

/* ¥ Node #EiEEE =/
impl Node {
fn new(val: i32) -> Self {
Self { val: val, next: None }
¥
}

/*x B */
fn function() -> i32 {
/] HITELEIR(E. ..

return 0;
}
fn algorithm(n: i32) -> i32 { /] BNER
const a: i32 = 0; // BEER (E8)
let mut b = 0; // BEER (82D
let node = Node::new(0); /] BEEE %)
let ¢ = function(); [/ ESEER (&)
return a + b + c; /] EHER
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2.4.2 #WHEE

SR A B T SRR M B AR, S BEat e BRI 2 WA,
TSR B R, TR SR E a2 BRI 2 IR 2 SO S L —TEREME TSR, RIS
AT N\ O A S AT R R T
B FRREE, BESHEET B ARES%
1 DURZEBAVERANE: % n < 1085, SREES O(1) ; B3 n > 10 B, HIAKIES] nuns 15
I O(n) 230, RIS O(n) .
2. DAL IR Bl FRRIETIAE T 280, (5 O(1) 2h; Bty
nums B, RS O(n) %0, HIEZEZREIEE % O(n) .

fn algorithm(n: i32) {

let a = 0; // 0(1)
let b = [0; 10000]; // 0(1)
if n > 10 {

let nums = vec![0; n as usizel; // 0(n)
}

FEIRE P, TRERSTEHEBERE, Bl LM EA:

fn function() -> i32 {
/] BHITRLEIR(E
return 0;
}
/* BEN=MEEMES 0(1) %/
fn loop(n: i32) {
for i in 0..n {
function();
}
}
/* EEHNTEEHRES 0(n) */
fn recur(n: i32) {
ifn =1 {
return;
}

recur(n - 1);

B8 Loop () 1 recur () IKEREMEREERSZ O(n) , (HZSRIEHEE AR,
- B Loop ) 7EIEREHIEIY T n X function() , &Y function () ERIUR G FEH T HEESIE 2=,
Rt AR 2 O(1) 6
- JEER recur ) EHRITIBREF G FEREE n EAIRE recur () , #EMIMGEH O(n) KB EZSM,
243 BERER

REAERIR N 0, 8 2-16 R T H RS EEMEERE] TEREEHSD.
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O(1) < O(logn) < O(n) < O(n?) < O(2")
TR < BERE < SR < PR < fEEE

e o(2n)

T5RE o(n?)
eI A/ 4814R o(n)

B 0(logn)

RHEES. REEE

BEHME o(1)

1 2 3 4 5 6 7 8 9 10 11 12 13 14

BWNBEERN

2-16 Y RLAZE BT )

1. B O(1)

PSR RN EEE B A BRI n SRR R L 8L M,

WEERNE, EEE P ya s el E XGRS, EEA T - RERE RN, FHitkre
SR, SRR O(1)

// == File: space_complexity.rs =

/*x B */

fn function() -> i32 {
/] BITRELAR(E
return 0;

}

/* BERE x/
#{allow(unused)]
fn constant(n: 132) {
/] BE. B8, MHEER 0(1) =/’
const A: i32 = 0;
let b = 0;
let nums = vec![0; 10000];
let node = ListNode::new(0);
/] BEFHEELE 0(1) =M
for i in 0..n {
let ¢ = 0;
+
// EEFHEGEE 0(1) =M
for i in 0..n {
function();

}
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2. 110 O(n)

HRPERS AT BRI n BROE LMY, GEAE R, HEE (THI%E:
// == File: space_complexity.rs =

[* ERIERE x/
#{allow(unused)]
fn linear(n: i32) {
/] RE% n B9EFHER 0(n) =/
let mut nums = vec![0; n as usizel;
/l RE#% n WBETHER 0(n) =M
let mut nodes = Vec::new();
for i in 0..n {
nodes.push(ListNode::new(i))
+
[/l RE% n WHERGE 0(n) =H
let mut map = HashMap::new();
for i in 0..n {
map.insert(i, i.to_string());

}

i@ 2-17 foR, BERINEERE S n, BIFRRFEE n EARIRER Linear_recur () X, ffH O(n) K
/NHHE B I S [ -

// == File: space_complexity.rs =

[* (RMPRE (RIREIR) */

fn linear_recur(n: i32) {
printin! (" &E n = {}", n);

ifn=11{
return;
I
linear_recur(n - 1);
I
P ALt
AT ‘& g
linear_recur(n) return @
linear_recur(n-1) return @
' } f
linear_recur(2) return @
B
1 EJlaEds T
linear_recur(1) return @
RVEIEMFIRRES n CRIEHRE
HEEA 0(n) AYHESERSRH R o(n)

2-17 R R A (SRR 2 R
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3. F50O(n?)

P75 R ERRAIE, TTREE I n mor T B

// == File: space_complexity.rs =

/*x FHBE */
#Hallow(unused)]
fn quadratic(n: i32) {
// 5ERE(EE 0(nr2) =R
let num_matrix = vec![vec![0; n as usizel]; n as usize]l;
/] Z#EREFER 0(nt2) =R
let mut num_list = Vec::new();
for i in 0..n {
let mut tmp = Vec::new();
for j in 0..n {
tmp.push(0);

}
num_list.push(tmp);

Wl 2-18 R, HFRIGEERES n, ESEEERRTHIGLT @S, BEME . n— 1,
C20 1, EHREAN/2, FILEEET O(n?) 45m:

// == File: space_complexity.rs =

/*x FHE (EEEIR) */
fn quadratic_recur(n: i32) -> i32 {
if n <= 0 {
return 0;
Irs
// BE%| nums EE%A n, n-1, ..., 2, 1
let nums = vec![0; n as usize];
println! (" &E n = {} F8 nums EE = {}", n, nums.len());
return quadratic_recur(n - 1);

B nums RE BF @ o
n ~——+ quadratic_recur(n) return 0
n-1 ~———4 quadratic_recur(n-1) return 0
EERE . .y .y
" | 1
2 ——— quadratic_recur(2) WSEE return @
l gl c it T
1 ~———4 quadratic_recur(1) return 0
EEERDXAPHBRL T —EMET, BRES SRS

1+2+ .+ (n-1) + n = n(n+1)/2 EAM o(n2)
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2-18 I pR A AR B 75 B 2 A R

4. $E8MEO(2")

TR A oo, BISRIE 2-19, ¥ n B9 TR IETREER 27 — 1, A5 O(27) =M:

// == File: space_complexity.rs =

[* IBEAPE (EiIm_roh) «/
fn build_tree(n: i32) -> Option<Rc<RefCell<TreeNode>>> {
if n =0 {
return None;
e
let root = TreeNode::new(0);
root.borrow_mut().left = build_tree(n - 1);
root.borrow_mut().right = build_tree(n - 1);
return Some(root);

FEORIRSARE
20
/ \
21
22
/N TN N
2"*1
FRamREE SREiEE
20 o 21 + 22 + o+ 2n-1 = 2n-1 *Eﬁm 0(2“)

2-19 il —JCh AL TR B = R A

5. H#m O(logn)

Hn g

HEPER AR iaEER, OISty MAREZR n (IS, SRR EATE R R E D 2w, ©

RS log n HEIERE, (57 O(logn) HEmMEASR,

PO B B 2o, WA —TELE RS, SRR (log, n) +1, EESEREY [log, 1) +1

, RIS O(log,,n + 1) = O(logn) .
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2.4.4 (EEBFRIEISR

BRI, T B AR IR AR A S M AR R B e, AR E PR IE D, [RIRF AL
Fe) 2 e PR 2 o A R 0 W TR

Wep AR ] 40 2 000 % 5 2 AR T 22 R BE 2 AR, SR 2R, FRAPTRE A  mi PR e 2 e AR PR T HB TR B T
FER SRRy “ ARSI, Sz, RIREZ DA,

RN BN M E B EIME T, FERZBIEI Y, R EHEE S, Bt “DUshH R
HRER AR, B, EERERRIELT, s e by =,

2.5 Ih&

1. ERSOIEE

CAERER & ]

- IR A S TR R B SRR S B (8 T 2R E AR,

- BT DUEE ERRRIEA R ERRCR, (HELIRPRARBRERE, HERERERIEEH,

- R IIAT AT DATE BRI R A B, AT A SRIE AT A T2, I HRES IS R RIA N R B
FHRRE T HIRR,

I ] BEHE

I T B P A M e R TR AT T IR T B e 1 R A 38, 7T DA MG A T B0, (AR R B
NRTREZRL,  ANAE AR R Y N el R MR A RTIE, SRIE RS TS LT AR I 55

- BRI O FF9i0R, BB B, REE n RERER, BRERET(n) 1
1 RARG,

- RN R S D, ECEHRIEEE, AEHIETNL -5,

- AR R HETE O(1), O(logn). O(n). O(nlogn). O(n?). O(2™) #1O(n!) %,

- FEEE R AR E AR EE, 2B R A R, R D A E . I, SFEIREE
RS, R AR AT, R 2 A\ R — R T 2T 2 A I A A B B B A1 10

+ PRSI PG A FEE S W SR TETE RE M ORI N RSB TR, i B R I A AT AR AR, RH T
FSJIRR PR A PR T A i N R M DA R R S TR B,

BRI

- S MERTREEE VR PR CUA R R B, PR M i B P R R 2 e B Y e g R A 38

- AR TIERE M IRRE S R A A S, B, s, EEER T, AR
NS AR G, A7 ST 0 29 A e, MBI = RS 73, FCr i A e = i 1 (R
8 bR X P S B S P A R

- FRMEE R R E S AR, RIS AR R A\ BRI R U TR R T B2 R AR,

W RSB EEHSE O(1). O(logn). O(n). O(n?) f10(27) %,

2. Q&A

Q: RIEEMZHMEEER O(1) %?
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am b, RIEEE S MERE T URAEME O(1) , P8R HRAES (Fl40 Java, Python, C+
+. Go. C#%§) FXFrEBEIRMEMEREE, FHETFERAZHEEREZ On).

Q: BRFCHITT TRIE AT AR A& I 2 B2

BT (function) ATDABENZBIT, A28 DABEEIE, 757% (method) B—{EPPFRANs, wa\{Hikis
WEALE R,  RESBE AR BIE L & B BRI TR A,
i DA R AR AR 5 BRI
- Citm RERFAERAKGES, RAMMFERRS, AU E3RIF AT DUZE 8 37 45
(struct) ABHEEIIFEARERAT, BRATREREAH B o SO B R AR 2GS = 75Tk,
- Java fl C# ZFERRIENRES, B O5R) EREIELIEER 0, AT
URERR, B2 BRG] L, AREFIFARE R BITEEE R,
- C++ # Python B R ARt (50, Wb EmERsat 05k,

Q: [EfF “H RSB RIBI" SRR A2 Ak I as F A AR 3 RN
B, ZE R R SRR, HRMRAEN RS, AR RN,

s n = 8, fRATREE B ARAU(E SRR S EA b, ISR R IRIARARE S — R B0H, R
S o R e 1) A B A 1 [ P

FEEPEF, RARMEFENATERHE AR “HE80H” "R 2/, Frbh— Bk AR R AR E n = 8
2 NIRERE, HER n = 8° MARMFE T, BRI RUSBCEETET,

Q B FEMBRERM AL R, BEEVER R (SEM) AREHEREED?

RIS, ARSI TR R I, BIARS|, TRDE RISy B RiskiA R,
(iR RO, DI O (log n) $%8 O(1) (NG,

MR RS R, EBRRER R s, flanEm A, RECERRER, TRMATEE
GRCEEMAMER, BREHESIEFREH, DEETIERGE, UERAREER,
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Abstract
B A A [R] — AR [E] T 2 A FAEZE,,
TAERINE AR AL TR, EEIRS DAE R EAE B AR,




3w BRAHE www.hello-algo.com 50

3.1 BEHEENE

AR R ISR, SRS ARSI, HEE, (TH. MRER. B HERE. [, EfMAT DA @A 1 Y
BRASHE” PREAE T 0,

3.1.1 B SiERiEgH

AT R ROROT R Z WINGERBR, (ErESIESERsT, SRR —EIEFHS, f8TER
AURRIERR (R, WfER TR, BORMETHARA NS, Rt “fHoe” 8 R ZEIRAER R 6
ERIBTNE RN, Sk T AR AR B (R

QniE 3-1 R, GEERARERT 22 “ARPET A1 CIRARMET MIORM. ARPEATRELLECEE, fRR R (R L2
PEHES; AESRIERSREHIN S, Z2ARRIEHES,

- RRTERDRLGONE: Y, SEAGERS. HEE, (73, MERR, TTRZMEEH-RIEFRER
- AESYERDRIARE B, MERE. [, REER

TERRIE BRI ] DU — 25 87 2 BHE ST R A

- BRI B R MERR, TRZMERE -BHZHRR.
- WIRGIRE: [E, TR R B ZHIRR.

SIEEREE JEARE RS
w51 B & 2
array tree P N
g3 —&)—ED)—ED—
linked list —
push I/I ™~
ey e graph o /
stack -
pop
- - - - - — &
751 HH#
queue -— | e heap e
pop push

RS {key v ;}
hash table value
3-1 SPEERHEE BRI B R A

3.1.2 YRR EERSE

EHRAR BTN, IEAE PR ROR 3 R T i . [ 3-2 JROR T —(EEH R R R, A
BT RS — IR IR S . TR A] DURF R IR B AR G — 8 ER A Exccel 3RA%,  HAr 48 BELTTAR# AT DA
filf 7 —E R NIIE R



3w BRAHE www.hello-algo.com 51

FAPUE R LI AT B BATROR, anE 3-2 FoR,  SHRIRIRE I 2y R s P B B TR 70
FoaR, ECREHERC RS A G MR RDIRR AL, A T, AR FERT DA R R AR,

00 @1 02 03 04 05 06 07

0x0000

0x0010 n
0x0020

0x0030

0x0040

FIRIERESR SR 0x0012 , 1SEIEN

. EEEERSR SRR 0x0024 , SRER

E 3-2 GOIRAEMR, ROIEREsSRH. ACRREfik

Tip
EfS IR, RACIEREELIE Excel SRM2 —EMLARELL, BEIRGCIERER TIEMH bk, W
frhb=e i, FRISREEEL, DRIHEHI, R IRRE Y B R A,

ALEREITA RN ZER, ERAMRIER e RS AR, ANE R SRS MEXFERER 7. Hit
TERDRHATRE BB AR Rt b, RCTRR IR B R R, bhn, (ST RO RO IR R I (E
I AR AR RS RO IR, A0 SRR D ISR RO IR 2 ], ISV P38 P 19 ARt R0 ZE RE S0 3 17 1 70 B
FLIR R N,

qniE 3-3 R, PBRASRRR M 1 RRHESH ML IR P R X, I s (S Ao
fifife (AR, WEESHIEREDUE TR, EH, M RIETTE, MY BT RE7E R IR
s ISR T3 T S B ) EL A AR

HATRET SycE it

EEFETIMRR R RN (Eca b plEER ol P )

aaaan

R WEPME | semsempimg
B wemmiemmen permmEm | POCEIEER
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3-3 JHETER AT B B R A

ERSHIARE, BRI R ARSI, SEAG RS B S BB, flan, HEEA{THIREa] DAEEH]
BB EER, Al DAGE SRS RSB T A 09 BB a] RE RN L & T8 A St A 47

- FORBEFIRIEBL: HER, (7F). MERR. M R M. JERE SRE (EE > 3 D) E,
- SRR BB MR, (A, MERR. B R [ESE

sEERYITERIALIR, (9RT DIER U TR B R A TR, (R tumg “EhiBRrRlaimg”, MIfERIas
IR REARTTEE, Rt “FHEERAE", [ERTERNE, MYIRNEEE TR E R RS, 7
MmEM—ER “BIfEN”,

Tip

GUARIRRR SV R S R B R R AR R, R RROEREAT N — &, AARERIEAHNA,

3.2 BFEHES

B NET AR, M ERRCT. B A, fEE. 3D BASEREE N, MEELEERAHEM
JERAR, (HEE RS AR B K,

HARCRRDIE CPU nf LEHGEBATEE IR, (R B i, FROE T &,

- REEOUR| byte, short, int. long,

- FEEOUR float, double, FRAFIR/INEL

- Foeilil char , HRFRSHEEE S TR, BB E B RIERT RS,

- MBS bool, HRER “B7 H “E7 HE,
SEAERPRR DA N RITE AR sT R, — M ARG RN 1 AT, TERRZBIRRIEERAT,
1 fz7cél (byte) H 8 iyt (bit) #HA%
BRI ) BB A [ B R HAS A =S R/ R B Java 2l

- oA pyte (5 1 RITAR = 8 i, AIBAFET 28 (8,

- BREOMRI int (GF 4 fr7eAE = 32 AT, AIRAFR 232 fEBE,
# 3-1 58 T Java HEEEARGRARI G S, BUEHE R TERE, RS GETS, KRB0
Al FRERFR] DAZIEE R AR A1,

R 3-1 HAEERI I 2 R U [

iyl FFo% (=M &/ME BKE THRH
=y byte 1 fiocsH —97 (—128) 27— 1 (127) 0
short 2fiea =215 215 1 0

int 4 fhigegl —23¢ 231 —1 0
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bl Fok iz B ME RAME FHRAE
long 8 frrsl  —203 263 1 0

FHE float 4fges 1.175 x 10738 3.403 x 1038 0.0f
double S fryrél  2.225 x 107308 1.798 x 10308 0.0

FIL char 20t 0 216 1 0

itk bool 1fiycdl  false true false

AATER, 3% 3-1 $HHHYE Java FEARRRVMBIRTEDL., SEEXGESHASBNEREAER, EMrkH
23 [ A [ FE R B RT RE & 6 P AN [l

- {E Python W, BRI int ] DUREREAR/D, RZERATTHGCER,; ZEE float 2EKE 64 f7;
% char BY5l], EEFCERE LERES 1NFH str,

- CHI C++ REFEHERA G RAIRI AR/ N, TR EREREA R, £ 3-1 85 LP64 &k HHR
1S Linux A1 macOS N Unix 64 fi7E3E R4,

- FJC char IJR/ME CFl CH+ FiZy 1 Ao, 7ERZBIERGEE S HER R E N FIeamis /7%, A
“EILARIE” T,

- BMERRMEMET 10 (088 1), CELIBMEPEENEHETES 1o, ERRARKEIER CPU
TEER 1 AT E A N E kR RS BT,

AR, FEABRIR G SRR 2 A (R E? BMRINE, BRGTRR e Rt B P AR S R A7 R 7
Ko EHEERIEER "SR Mk “ER,

RAEFOR “—HEEET, BAME ARG BRI, 182 K 2 PRSI AR MR AT DA B AR 248 B (R AN I
PR, ERERHEFHINAREE int, /I float BRI char, HIEL “¥PRIGHHE" MR,

HtgEhE, FEARRPIIER L 7 RORHY “pas 7, i RERHETRER O 1 ORI “AARDT U7, i DA RE A,
TMTHMHFE R RERE (5 ARG ERFRARINEA BRG], EH5 int, float. char. bool %%,

/] ERZEERE R R R ES

let numbers: Vec<i32> = vec![0; 5];

let decimals: Vec<f32> = vec![0.0; 5];
let characters: Vec<char> = vec!['0'; 5];
let bools: Vec<bool> = vec![false; 5];

3.3 HF4RES

Tip
fEAEN, SEAA * FRN R EE R, WRIRR AR BRI FR AR R, wTRAeRkE, FE5ea
A T R P R


https://en.cppreference.com/w/cpp/language/types#Properties
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3.3.1 [REE. —HEM =S

£ bRy R rh MR B, A BB RE S Fon Y B BT EL IR B — (8, BN byte HYHUEHEE 2
[—128,127) . BERRHBRER, CRINERRYRER, —fE. —Hi8eompE.
BT IR, BBl “HBC BRI, R SRR 2 B, e =
TEFRo

- DS IR ECT R IR RA RS AL AT, Hh 0 FRIER, 1 FRoRA8, HERIFORE

FHIE,
© R IEBE - EBEL RS R, BB — R B RIS PRI SR AL AN A LU
© R IEEE BRI, SR M BUR AR B B 1

3-4 FOR T IRAS, — RO R B AR T I,

+0 +5 & -0 -28

0000 0000 0000 0101 =17 1000 0000 1001 1100
PREFIRALSH,
HEARE IR

0000 0000 0000 0101 —Hi¥ 1111 1111 1110 0011
E—saERE N 1

0000 0000 0000 0101 b - 1 ¢ 0000 0000 1110 0100

EMMRE. —H#8. —RNE% BHMNRE. —HH. —HBTEEER

(@ 3-4 JRAS, —HEEL B A B

RS (sign-magnitude) MESRIHELIBL, (E77 16 —LEqRMRME, — 5, COBOWIRRERAEECBT M, Bl (65
BEREE 1+ (—2), HAERE 3, BEARTH,

1+ (=2)

— 0000 0001 + 1000 0010
= 1000 0011

— =3

BT RRIRIEE, SHEMSINT —HE (U scomplement), QRBMSCHFRIGEH A — B, ME—H5
TERHRE 1 4 (—2), sE s R — g R m R, QA8 SR —1.
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1+ (—2)

— 0000 0001 (J5H5) + 1000 0010 ()

= 0000 0001 (—#H&E) + 1111 1101 (—Hi#)
= 1111 1110 (—#%)

= 1000 0001 (J5H)

——1

F— 77, WA +0 A —0 AR/, JE RS e S M R 0 oS, S
REEACER. LM PEHBT, AR AR EEMEST, AIATHE SRR, R
EREBR AR, BT SO HIBRIE, T @ AR,

+0 — 0000 0000
—0 — 1000 0000

BAIARS—4K, —WBUB A EEATEERME, Kt REME D5 T /2 (27 scomplement), e
KREE—TEFEE, M —mMERE R

—0 — 1000 0000 (&)
= 1111 1111 (—Hi%)
=1 0000 0000 (—¥%0)

EAFHN—MEBCERE LI 1 AN, Hoyte MAIMRERE 8 £, KRS 9 (KT 1 FHEE,
WEtEd, AFN#iE% 0000 0000, BEFN BN, ERWEE _MEFRTHREFE—E%F, |
AT EFRIETS 2R,

BRIRB— R byte BUBIMEUEFER [—128,127], ZHIRN—EE% —128 2UA{SZIRTE? &
MR, SR [—127, +127]) WA BBEA BRI RS, — i —ahiE, M ERAESR i i AT
DA AHE R,

SATT, MR 1000 0000 J2 MBS, ©U A SRR, FIRuo s, RPSE% MRS 2
0000 0000 . BESREFIEN, FAXEERANT 0, TH HBIEREE S, SRR ARk
W% 1000 0000 183 —128 . L, (—1) + (—127) £ % RIS REmE —128

(—=127) + (—1)

— 1111 1111 (J5H5) 4+ 1000 0001 (J5H5)

= 1000 0000 (—#H&) + 1111 1110 (—H#)
= 1000 0001 (=#%) + 1111 1111 (ZHi%)
= 1000 0000 (—#H#)

— —128

IRATRECAS BT, EIRFrARIEMRINRES, SRS ~EEERE: sHRTRR R a1 e i
JRIMEE RS, &2 R A MRE AR HMER (FLansrik, PRIZAIRGE) 2K, R E B A E il
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B, HEAGETHATORR, ERIEEER,

AR, SRR AT M RN TR, B IIA L EAGE RN EAGS, M RRRES T B RE LA
MIBEHESR, BN, SHRIIE o — b AT AR ZE SN o + (—b) 5 stREIRIERBRIEAT DI 25t B 2R
AT,

BIAEFRAM AT DASRAE HEt FAAE ] BB A BRI BEOR,  BHEMERT DUR RIER A FR S AR 1 A iR P I
BONEBRIINTE, AR EREH PR R S AR B, I H AR BIEBLIE B BRI, TSR
fe TR aar, R VERRCR,

CHERERETER Y, FREERGRRMST M ERNE, Eaa R E P IR AR,

3.3.2 ZRERES

AORIPRATREE 2381 int A float RIEAHIE, #BE 4 AocsH, HAEE float MYBMESIEE AR int ? 18
FEHEREE, NAGHR float FEFIN/INEL, BUEE E EZE NAH,

B L, SR AT Float B Y ARIZGRTTN. i —1M8 32 fIyCRER RIS :

4% IEEE 754 #2#:  32-bit R float H LA R =1AEE 9 HE R,

: ﬁ%ﬁi S: 'fljj 1 ﬁZ, %TJ‘EAE b31 o
: *E;&'fﬁ E: ,fljj 8 'fﬁ, %EE b30b29 b23 o
COSBBIN A 2361, B byobyy .. by o

THERIFIR Float HIEEAIET /T2
val = (—1)bs1 x 2(baobao-b2s)y 12T 5 (1 by by, . by),
R HERLH] R RIS A
val = (—1)% x 287127 x (1 + N)
Hrh 5 TR B 2
s {0, 1} Ee€{1,2,..,254}

(14 N) 1+Zb231 C[1,2—2"2
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float RE% 4 bytes = 32 bit

RO S B8 E AL N
08888800

A A A A A

b3, b3y b,3bs, by
HRUETA, 2% HRIR IEEE 754 7%, 2nfISBEHIETA
S=20 val = (-1)5x2E°127 x (1 +N)
E = 124 = 1x0.125% 1,375
N =22+23=0.375 = 0.171875

3-5 IEEE 754 ¥=¥ERHY float BYETHERH

BloelE 3-5, e —EREERS=0, E=124, N=2"2+42"3=0.375, HIf:

val = (—1)0 x 2124127 5 (1 1 0.375) = 0.171875
BERM AT AR IR Float M9267 /i M AT, WROURMMRERE IR int . RIELL LA,
Float ATETIBAIER 22547127 (2 - 2723) & 3.4 x 1033, HJHRF B AT 51 B N LB,

TS Float W Y HUFHER, (HICEIERDRRYE VR, BB int M 28 32 ATTHRFRET,
BRI, T RS BLAETE, TREEL float HYBUEIBLR, HES 1 B3 & i 1 22 (EUR & il T Bk
Ko

%% 3-2 fR, 188U E = 0 f1 E = 255 ARG, MRFRE, MEA, NaN &,

*3-2 fREIETR

fRHUL E SEAIN =0 STEALN # 0 AtHEAR

0 +0 WIEHB (—1)% x 27126 % (0.N)
1,2,...,254  IFHI% IERI8L (—1)% x 2-127) » (1.N)
255 400 NaN

(EAFEIAR I, R IEARSEE SR T T TR B BIRS 1% , S/ N E AR 27120 | B/ NEWIE MR 27126 x 2723

o

EE¥EIE double HERAIBMUR float MIRRTTIE, TEHCMECENR,
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3.4 FriRlE*

TERH M, AT R LA BRI B R, 5990 char ABISN, 25 T RoRToT, TRMFEER
M—E P, BUEEHETICH A HIB M ——HERR. 6T FnRZR, stERERT g RS
RIEL NI B R T IT R,

3.4.1 ASCIl F&

ASCI B2 i R BN FIeE, H2M% American Standard Code for Information Interchange (3EE
ERER AR RS ) . B 7 6 A HIE (—ERTARIR 7 6 Fr—EFIT, RZREHFRR 128
NEFIC, dAIE 3-6 FR, ASCIIBSEAEESCFRINE, B 0~ 9, —SSERRT SR, DA — Ll
TC (ANHATRAATERERT)

R {ii ] I i) F &8 R e — i) FT s i FT R 10— FiT
2000 0008  NUL e 33 0010 0001 ! 65 0100 0001 A 97 0110 0001 a
1 0000 0001  SOH 1B 34 0010 0010 " 66 0100 0010 B 98 0110 0010 b
2 0000 0010  STX ESChlE 35 0010 0011 # 67 0100 0011 c 99 0110 0011 c
3 0000 0011 ETX EXAER 36 0010 0100 $ 68 0100 0100 D 100 0110 0100 d
[ 0000 0100 EOT BEEE 37 0010 0101 % 69 0100 0101 E 101 0110 0101 e
5 0000 0101 ENQ R 38 0010 0110 & 70 0100 0110 F 102 o110 0110 f
6 0000 0110  ACK I3 39 0010 0111 ' 71 0100 0111 G 103 o11@ 0111 g
7 0000 0111  BEL ey 40 0010 1000 ( 72 0100 1000 H 104  o11e 1000 h
8 0000 1000 BS Bt 41 0010 1001 ) 73 0100 1001 I 105 o110 1001 i
9 0000 1001 HT KT w2 0010 1010 * 74 0100 1010 3 106 0110 1010 j
10 eeoo 1010 LF HiTHR 43 0010 1011 + 75 0100 1011 K 107 e11e 1011 k
11 0000 1011 VT SHNRF 44 0010 1100 5 76 0100 1100 L 108 0110 1100 1
12 0000 1100 FF MEE 45 0010 1101 - 77 0100 1101 " 109 o110 1101 n
13 0000 1101 (=3 Elmg 46 0010 1110 5 78 0100 1110 N 110 o1le 1110 n
14 0000 1110 50 TR u7 0010 1111 / 79 0100 1111 0 111 o11@ 1111 o
15 0000 1111 SI RAER 48 0011 0000 ° 80 0101 0000 P 112 0111 0000 p
16 0001 0000 DLE Bk 49 0011 0001 1 81 0101 0001 Q 113 0111 0001 q
17 0001 0001  DC1 SR 50 0011 0010 2 82 0101 0010 R 114 0111 0010 r
18 0001 0018  DC2 ERIES 51 0011 0011 3 83 0101 0011 H 115 0111 0011 s
19 eeel 011  DC3 L5 ] 52 0011 0100 4 84 0101 0100 T 116 0111 0100 t
20 ool 0100  DC4 R 53 0011 0101 5 85 0101 0101 u 117 0111 o101 u
21 0001 0101  NAK {ERBIRIR 54 0011 0110 6 86 0101 0110 v 118 0111 0110 v
22 0001 0118  SYN [EE 2L 55 0011 0111 7 87 0101 0111 W 119 0111 0111 w
23 0001 0111 ETB BRI 56 0011 1000 8 88 0101 1000 X 120 0111 1000 x
24 0001 1008  CAN B 57 0011 1001 9 89 0101 1001 ¥ 121 0111 1001 v
25 0001 1001 EM riER 58 0011 1010 : 90 0101 1010 z 122 0111 1010 z
26 000l 1010  SUB ] 59 0011 1011 5 91 0101 1011 [ 123 0111 1011 {
27 0001 1011 ESC ARG 60 0011 1100 < 92 0101 1100 \ 124 0111 1100 |
28 0001 1100 FS TR 61 0011 1101 = 93 0101 1101 1 125 0111 1101 }
29 000l 1101 GS SHER 62 0011 1110 > 94 0101 1110 " 126 0111 1110 ~
30 o0ee1 1110 RS SHRSIEE 63 0011 1111 ? 95 0101 1111 _ 127 0111 1111 DEL
31 eeel 1111 us BTHR 64 0100 0000 a 96 0110 0000 N
32 0010 0000 sp o

3-6 ASCII i

SR, ASCII BEMRRESF RIS, FEE R MBIk, 34 T —FEAEM £ R Z3E S 1 EASCI Foté, &
1£ ASCIT 1y 7 1A% FIEER 8 v, REHFRIR 256 AR FIT,

et LR Y, R T —HE R AR RIHLE K EASCIL ot , BT mEanT 128 A7t —5
ASCII i, & 128 7 CEHEAR, PUHEERFEGESNE R,

3.4.2 GBK Frt&

BRARNMEEH, EASCII BEIRMELIN R FF 25l S BUREOR, N aia 8 ME, JeH %/
ARETE, TREEFEEERR 1980 FRH T GB2312 7Lk, HUERT 6763 faiEs?, AN E T HEFH
AT AR R 2,

SRTM, GB2312 KRB R M BT, GBK L2 E GB2312 AR HERISHIRY, el T
21886 fEE¥, 1£ GBK HI#fE77%H, ASCII Frofifl—Efotl &R, B AmfEn TR,
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3.4.3 Unicode Ft&E

B R EAT AEPh 38 R, TR BRI AL IR, TSR TRF 2R, —JrmH, BT IR
HERTRER S NFIC, MIXELE SRS NERE TIE, 5—J7H, RS FESETuRERE, u
SRR E AR A F ARSI, HIE & el R R & H AL,

ARMER AR 7N B AEAE : QSR HE I —fE R S s B o 8, R I SRS D9 Y B A 58 5 AT SRR Bk 3L
wh,  AEEa) DU RESTE S BR B ALRS IS 7 W57 S ARTARIEREN T, —ERm 2R F It Unicode fEE
[[=

Unicode FIHSc 4R 2y “—8”, Filah LREAAN 100 2 BEF T, ERINK 2RI E NN T ITMHASR—
fresez, SRt REMA R T T R AR BMBURASREE 5507, B R 2 A TS AR A R T 22 2 A RL A )
%O

H 1991 £ H PAZK, Unicode REMEFTHIIFES BT IT, B2 2022 £ 9 A, Unicode B S 149186
Fot, BEiESEESNTIT. MMREEREHEE, f£REAN Unicode e, HEHMFITMEA 2 Mot
4, FLEAMmTIeM 3 MoTAEEE 4 Mot

Unicode Z— @M FILE, ANE LEAEMETITO M (F5 “W5E"), HEMRABE R
i fe i oo R, RIMAZERM: B2 RER Unicode f5R5 RN HBIAE— 85I, ZReE4N
gt oe? BlansaE — MRSy 2 MRS, Rt et —E 2 Mo r v oTig 2 mifE 1 Ao
FHAFIT?

BN LR, —REEIIRIRTT R PoChif 235 RIS, alE 3-7 FR, “Hello” Hfg&EHET
JelGH 1A, “HEER” EEEFITEH 2 Ao, AT DUE @ &S AE 0 7 “Hello HEIR" FHRIAR
AT TCHRERIE 2 2 AT R, ERARFRIAT AR 2 AT — 8T, IS EEERNINE T,

FIT Unicode
H 00000000 01001000
e 00000000 01100101
RE#A 1 (AR FT
1 00000000 01101100 > g
(B{iHE o)

1 00000000 01101100
o 00000000 01101111
B8 01111011 10010111 L _

- RE® 2 (AN XFT
& 01101100 11010101

3-7 Unicode #wtErf]
SRTM ASCII HEEAS M FAMEERA, SmiB~e 17 1 hock, S IR R, Feors s AE B NN &=
ASCII #ifl FRUMIfE, AEFIREGIER =M, Hit, FMFTFE—FEEIMNER Unicode #7712,
3.4.4 UTF-8 w5

Hui, UTF-8 BaiA R - H&EZA Unicode #miE /5%, B —MaSREENMEE, #4135 4 6T
SHARE R —HFTT, IR MM TS, ASCII e RE 1 o, T #EHA IR REEE 2 AT,
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HHRRAPSCFITHRE 3 Aok, HARK — AT 4 AT,
UTF-8 AR ABHE, 7% DS AR o

- BWRRES 1 MICHN T, BREMEREsE 0, HER 7 MR E% Unicode WEE:, HISTENEZ,
ASCII FJtfE Unicode o545 1 a1 128 (EMEES, tit/2sk, UTF-8 #alsn] BAr) FHH%Z ASCII
i, SRR AT CUEH UTFE-8 AR AR ASCIT BESZF,
- BRRESA n AT T (B n > 1), HEECTHNE n MERES 1, B n+ 1R ES
0 ; M8 A CAHBRYE, BEEN AR 2 MERE A 10 ; HERFTE A REFE ) Unicode
TE5 G,
3-8 /R T “Hello HEER” HHER) UTF-8 4nfis, BIs38H, Bl m n MNElikeEs 1, FRS A UE
BN 1 EEER T e RE S n o
{H A BB H AR A A TARI S 2 MR E 2 10 WE? BEE b, 1518 10 RESERIRERRFIIEN ., RRERS
Pe—ESE R AT AL B IARAT S, (oTAHTERRRY 10 RESES B 2400 Hys i 1 8,
P 10 E1ERERTT, RRATE UTF-8 #iEHHAITR, RrlgiE FoimeEmnig 10 . SEsam T DAH
LRSI R —ET e RS MALE 10, ST RES 1, ¥ ASCII %, 1 ASCII fB1A
ENIEZE 0, BERRFE,

FIT Unicode UTF-8

H 00000000 01001000 01001000
e 00000000 01100101 01100101
1 00000000 01101100 01101100
1 00000000 01101100 01101100
o 00000000 01101111 01101111
-} 01111011 10010111 11100111 10101110 10010111

& 01101100 11010101 11100110 10110011 10010101

R 3 URES 1 ﬁﬁ%fﬁﬁﬁ%% 2 fi
RRFITRES 3 Ul ®iER 10

3-8 UTF-8 #fi5npil

Br T UTF-8 Z4b, & RS 2GR G5 DU A,

- UTF-16 %ill§: /] 2 2t 4 fonslARE R — 57T, ArERY ASCII ool AR, #8H 2
AT ARR, DEEFRREME 4 Aot RoR, B 2 Mot EoT, UTE-16 #ifER Unicode f§3;
HE,

- UTF-32 %ifls: &7 TiEH 4 Aot EEME UTF-32 bk UTFE-8 Al UTF-16 BEAG =M, KAl
BN ASCIT Foefl s m i s+

kSRS A ES, #/H UTF-8 Fonsix v odbi e, B EHER 1o, (R UTE-16 ARisH
Egoeyon (s EEMER, WRyeMd 2 ook, m UTF-8 alREFRZ 3 ok,

WA MES, UTE-8 RNEMTERE, 72 TAMBELSEH UTF-8,
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3.4.5 RESHNFITHE

B ENRZEREGE S, BRPUTHF B UTE-16 8¢ UTF-32 G %F RS, E5RMIET,
BATR] DUt 7 ER B MRS AR EE, SR AR DL R,

- BERERIN: UTE-16 MbSAY7 H Al DARA S TREMEI M. UTE-8 21 RAwis, ZARIKEISH ¢ 18
Fot, BMFERTFBRIFRRENDIE « f5oT, BRE O(n) B,

- FouEtEe BPEMTIRTEM, SR UTE-16 SR EBRREHE O(1) W#RfE, B2, 5 UTF-8
A S 1Y) B ) - JRE R A A R

- IR (£ UTF-16 SRR b, RB7FHERE WoH HE A MRS BR5ET, £
UTF-8 SRffSH) 785 b, TSR na W iR RN, DIRECRA & 2 ST UTF-8 AR,

B E, B SRR Rt R EREBIEE, WA EER,

- Java HJ String BURIfEA UTF-16 #ifls, SMEFICAGH 2 oo, BRI Java sE5 et 29, AM
Ry 16 AL ARRATA AIRERIFIT. 2R, 1ER—ME R ERERHIET, 122K Unicode MRS T &
i# 16 £z, FrPA Java FEYFICHfE Al REH —% 16 MAUE (R “fRBHE”) TR,

- JavaScript #1 TypeScript f= i UTF-16 Si5HY K EL Java FHL, & 1995 4F Netscape A H]
HHEL JavaScript ®B S, Unicode JBHERFER T, FRRHEREAH 16 LRSS HEE AR RFTE 1Y
Unicode FIt T,

- C# i UTF-16 #4ifl5, FEZMR A NET F22H Microsoft @&, M Microsoft FIIRZHMT (U
1 Windows (R %) #EIZ A UTF-16 4,

A DAL 3 CRE & B e SR ARG, BTSRRI “REES” 1977 R R 16 AR Z) Unicode
FIL, JEEEMICH AR, —J7m, WESHEERyHh, —EFTrlsebH 2 foce 4 A
JeAH, MR T AF RAMAISHIESS, 55—y, FRsCERE R RIME e, 181 e 1 RaET A
PERPREEHERE

HR A BIRE, BB EE S 1 1 — A RIS 7T 5o

- Python H[J str fiH Unicode #ifi§, IfifRH—MEENFHERTR, MEENFZTRERRAFEH
B KM Unicode W58, #7822 ASCIL Fot, HISM@EFICiH 1 Mocs; R EFor@Et 7
ASCII #i[#, [HeWARAZES YH (BMP) W, AlEETICiA 2 focs; R AEEH BMP 195
7., AT 4 Ao,

- Go B E M string B BIAENFE A UTF-8 #iff. Go 56 Z B4 T rune A, T RN KR REM
Unicode f5%,

- Rust #E S str fl String BUFILE NG UTF-8 4ifiB, Rust 42457 char AR, R FRREE
Unicode H5%,

TETENZE, DEawmERF RS aET X, M E e S b il 7 s e 4 v 4
RAFMBE, (EAE R ST, TRMEE &7 BmiEe UTF-8 /8K, DUERIREHEAEMEM S
Fﬁﬁék%o
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3.5 Ih\&E

1. ERSOIEE

- BRI ] DA R A AR Y BRSSP A P T 0 B BRI TR TR Z MR R, mi
YIEAERETEIR TERHE R B IR B O RE 1 T 5

- W RS RS A EEARME. BHRAIAIRSE, @ E RIMIR B E AN R G RS e (BRI, SEAS E
A, HEB, (TF)) FEAEARE (B, (Bl HERD) iR, FRERIVE BRI RERIRME SRR SR IR
ERIEER,

- EREUTRE, BRI ES AT IR, SRR S S BRI A, BEERE
=t AR )= g

- YIEEERE E E ) AEESERE () RMOBEEREE GEREY) . e B EaE e m ), 5
& BRI 2 AR & B IR

- BB A E R B4R byte. short. int. long, FEE%{ float. double, “#JT char
FIFIAR bool o “EAM A B R [ R A e 2 R/ AT R R 75 2K

RS, B R R B P RIS B R =R T IR, B 2 R DA B, O R R ) e
NRTFENL, HERDEETFIIE,

- REERT R R DL MBI EER, £ MEEORT, sPEMR DA EBR A B L —EE
=, APRELREEREEERE R ERS, I B ATEE AT R NEE,

© TFEREUNARTEE 1A SRAL. 8 LRI 23 N BUNIAE AR, HHAATETESRELNL, IRl B B BB A
B AR RS, BT TR,

- ASCII B2 i RIS 7o, REA 1Aoa, kst 127 50, GBK Foos s A
FoulE, HUERMWNE 2T, Unicode BURIE Mt — R o muE ikt i E R ES M
FIT, PETRTR R T CAR IS 77 15 AR — R S S LA .

-+ UTF-8 Z&ZEUNH Unicode #fi5 771k, WHAMIAEELT, ©R—BERNMIE L, BERGNIEE
M, BRERF T REESRIRE AR, UTF-16 #1 UTF-32 2% -BHISIS 7T %, TE4miERSck, UTFE-16
M UTF-8 B/, Java fl C# A2 7GE S TERLEH UTF-16 4R,

2. Q&A

Q: Rt EMRR AR E SR RSN TR T B RS ?

MERAR RS, T 7R E S, WIMTPTREE A "R (RS MRER” EEEE) M
S ERfE R — ARG Y, BRI REER —ERIER, SCTRESE A OB BALRED.

TR AT, MERRIVRE RS, Hbfg e n et S —MEE, st s — sl 5L
—RRE. B, FERRATRERIR SR IE R (Fy1), SESERS)) FARSRIE R RS ().

Q: char BUBIKRER 1 hyCAHIE?

char BRI R E RS S BRA RIARIS 77 150 &, Bil4N, Java, JavaScript, TypeScript. C# #£#fH UTF-16
#mis (f#1F Unicode W55, [HUt char BURIMREZ 2 fiotiH,

Q: EJAMEFIE BN G RHE MR “SRRERAENE B A 307 B AT DOEAT @A A HEB SRR, 18
LERRUERE “ENRET 1Y,
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HEBEE ] DI B ERERRORHRE, ERRUSHIRR 8" (REAFE) 1Y, @8 RNk G
A DABh BT s ER TR, EeMivEERETH, MREREBH 7 HE2 BN, i Z L —
AATSE R AIRHEA], - SIS Bek 1 R P 7 AR S E T R 1) v

Q: fERSEHEE (T BIRHE, RIEEEHRRD, DAEEMZ “FHEERGEE" e?

fEmPEREGEES T, TMEAN LT (T35 ReaE, EETERERINEEEIE K. fla, Java
[ ArrayList RIWIARRIER 25 10, 75h, BARIERZAEEBIN, S RZEN “HBH7 =i,

Q: SRS MBI ER “eBURRN 17, IR B A R R E . IR 1 R, T A
JEHS L —AR AT DUEE “SEBURARIN 17 153, 1SR T ENe?

TS 2 TR 2% SR A A EL R B R BB R R e, BB ER: Bta +b=c,
BB a 72 b 2 c (B, R B b2 a 2 c AIHEG

ME M n = 4 A RER EMHIE 0010, WASEETEEREE (NEEFRAD, IEER
TEW el 17 1520

0010 — 1101 — 1110
Mg, RS —AEBAEIATZ 00104+ 1110 = 10000, thgitds, —wi# 1110 2515 0010 £/ 10000
) “FHEC, EEWE LR “Selueizm 17 B st 52 10000 RIwiEREE,
AREE, —#% 1110 2 10000 By “HHEC 22 /0Ue? HMRARRTDUH “JelUigm 17 S2e:

1110 — 0001 — 0010

et JEESHI O 28 E] 10000 B9 “HIBC, [FIL “BEREE B0 R “ B R AL
RN GeBUR B 1) B,

B, TRIPHIAT DUHE S AOR —H% 1110 ROGERS, BN “Jeil 1 EUR"

1110 — 1101 — 0010

MGEARE, “SEBURIEM 17 A0 YRl L REUR” iEmEE R R R E] 10000 FIHEL EIFMREE.

ARELER, BT BEEREEXRE 1111 fE (RAEE RIS + —#8 = 1110); ME—MEEE L
A1 RN R, U2zl 10000 BAHE

EIRBAn = 4 Z5, FATHE R AR R AL B AL
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Abstract
BRGS0 RN [E] — 5 R B Y RS,
BB R RE AR HES, B E B, SlAS ER Y AR B iR, JEARIVER 2 B AR A 4% > [,




HA4E (YRGS www.hello-algo.com 65

4.1 PEY

k5 (array) 2 —REARPEECRIGHRE, HIRARRIZIBIA TR G R LB R s . IR TR RS H
AIRLERE 2% L RAZRS | (index)o [ 4-1 FEoR T[S A 3 SEME A% 7 77 Ko

fEFRET pYsE s R S R R AR RY

b7
element
- 8000 EEEEE
;%6[ e 1 2 3 4
index
setES it

i 00 04 08 12 16
memory location

R
B oemiiEnes

4-1 PHFIE R 773

4.1.1 [FE5IERRE
1. BaikiEs

T ] DURIR 5 SRR S R AR A4 (L 7 3 SERTARME. AE WIAAME. TERTEERIGEIEI T, RZH
RGES G ESITTR IR LR O

// == File: array.rs =

/* ¥R LRET] */

let arr: [i32; 5] = [0; 5]1; // [0, 0, 0, O, O]

let slice: &[i32] &[0; 51;

// T Rust A, EEERER ([132; 5]) &MY, NMEERER (&[132]) &K
// EF Rust HIPEFIREtAERERRERE, AR EFERESCREEERE

// Vector 2 Rust —fRIER TRIEENRERESAYVEL R

/] ATHEBERER extend() A%, UTHE vector EfE[EF| (array)

let nums: Vec<i32> = vec![1, 3, 2, 5, 4];

2. hRTE

BB TR A ARG LRI S T, EERE R R S TR AR AR A S a7 s R IR AL
ik (EyRRCiEiazal) FHEMETRIRS], BT PAEA E 4-2 FoRi ARG RS SRt R e g AL,
T BRI % TR,
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(£ 2]

TE®Sl o 1 2 3 &

oteREMat o0 o4 08 12 16

TTRRE -4

wRCERAE - EIRERE + TRRE « TRES|

(B &) (fhHRFS 8)

fl: REFIRS| 3 EHTTRRCIEREANE
012 = 000 + & x 3

& 4-2 FEFITTRAGE R AEE R

BlRiE 4-2 , FMBEBEESEFETTRNIRTI2 0, EUPFAERER, KA 1A BEEER, B
HEETEARNAEE, KIIAE LR ERMImWE R, SETROMIERERER 0, BIERNRII%0
AT,

fEpEG TR AR mAL, FRAMATDATE O(1) MR RE Dbl b T A7 FR AR R — DT 2
// = File: array.rs =

/* BEMSEARE TR */
fn random_access(nums: &[132]) -> i32 {
// ZEER [0, nums.len()) AOREH#IMEN—EEFE
let random_index = rand::thread_rng().gen_range(0..nums.len());
// JEBRIIIR[C| TR
let random_num = nums[random_index];
random_num

3. ATTE

MR TRIELIER TR “RREN, M ERASEEEREMER, E 4-3 For, 0RAETERS R
MA—ETR, RIFRERZTR BRI ATITRE R, BB RMESZRI.
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fEFIh AR TRERE =

8800 ) .- e
|
N

nums[4] = nums[3]

:

HETTRIRA

o Il  [2]s5]s] 4]
1 N

RT3 1 BENTTE 3 e

800800
N
nums[2] = nums[1]

(s W1 ]s]2]s]¢ ii@ﬁiz;—zg 0 Bk

nums[1] = 3

:

4-3 (IR ATTRRGI

ERERRNE, HRESINREZEEN, FHifMA—ETRoe S8 EETR “BK" HFRIEME
FIRERIIRIRTT SR AR “ER3)” BEEI R,

// == File: array.rs =

/* 7EMEFIMZES| index ERIEATTE num %/
fn insert(nums: &mut [132], num: i32, index: usize) {
// IBZE3| index MURZEWFIETEREZE—L
for 1 in (index + 1..nums.len()).rev() {
nums[i] = nums[i - 1];
+
// # num BR4S index BRHITTEH

nums[index] = num;

4. MpRTTE

AR, 4nlE 4-4 ForR, FHEMERRS] 4 AR, RTREERT] 0 KRR AT — L
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felipRTR

LBEEE

2|2

H
B

n1] = nums[2]

T TTERERMER

il TS E—
EREFIRRRES 1 BHTE ﬂ 5]5 ﬂ
N

nums = nums[3]

80080 -
~—
nums[3] = nums[&]

seRERER, EBIERTRUEH
1

AETE 4 BEESE, BRNEER

4-4  [EFIHERTCR R G

R, MBRCRTRIE, R RERITESES “MEER" 7, URMBEEREEBNRE,
// == File: array.rs =

/* MIBRZR5| index EBRITTE */
fn remove(nums: &mut [132], index: usize) {
// BFE5| index ZEBHIFIBETERARIBZEI—L
for i in index..nums.len() - 1 {
nums[i] = nums[i + 1];
+
}

MEARE, AR ASLMERR(E A DA B,

© IFREIBTRREE G BRI AFOBRA TR B E LS 2% O(n) , Horb n 2B R,

- RIOTR: HRESIREARE, FILEmAGTRRE, BHEYRERERNTTRE AR,

RPN TR DANas e — (8 Fid R RIS, HAIRTIE —#80, IERRTER RN, ZRRIRETT
REE “HEER" 1, (HIERMEIE R R IR,

5. EzsES

ERZEIEAGE S, RIMBEAT OB R 5 Y, ] DUERE S E R R E T 3
// == File: array.rs =

/* EFET] */
fn traverse(nums: &[132]) {
let mut _count = 0O;
/] BEBES|EHRET
for 1 in O0..nums.len() {
_count += nums[il;
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}.

[/ BiEEEYITE

_count = O;

for &num in nums {
_count += num;

}.

6. EfTE

TEREZ AR TE E TR T A A, SR HIETTRER AL, A VLRI G ERS(,
(Kl 2 BB R AR R A, P AR SR R 2y AR,

// = File: array.rs =

/* FEEFIREHRIEETE */
fn find(nums: &[i32], target: i32) -> Option<usize> {
for 1 in O..nums.len() {
if nums[i] = target {
return Some(i);

IF
¥
None
¥
7. BEES

FEMFERIRGUERSE R, R DIORRE P 2 RAVRCIRAE S U2 rT R, TEmfER 2 et Ry &, Hit
FERZEREGES T, HHINRERA a5,

QIR A B RA RS, TR TS — (RIS, ARIR AT B AI T R AR B fe 4, dE 2 — 1
O(n) HH%E, TERIRARRIGN FEFEFER, BRI TR

// = File: array.rs =

/* BEREIRE */

fn extend(nums: &[i32], enlarge: usize) -> Vec<i32> {
[l Bt —EERREZRIES
let mut res: Vec<i32> = vec![0; nums.len() + enlargel;
/] BEEYFIFRE TR ERE

res[0..nums.len()].copy_from_slice(nums);

/1 REERERFES
res

4.1.2 [EHIAYEEEERFIRTE

B2 e A7 TR RE IR R S N, HOTRAAIME, ERMEN S S ERNCEEM, REA DA HIELEER
A A B R RERTRIERCR,
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- ERRCRR: Y BRI TR AL IR,  ERRE NSRS BR B

© SCREREREGIR RS RFEE O(1) R NEIRHMEMTR,

- PRI EARESITRR, SHEMAMEGRA Y, JBEPRIBCHE E R AR, TR s
RS THR SR R TIER

R R TIR, HAP DA NRRME,

- BRABUNBRBCRIR: EfEFI bR LR, A BB R R AR RN TTER,
- REAWEE: MHIEGHIRREMEE T, EA ST IR ERHERERTRES, FSHRA,
- EWIRE: WRES AR NER BRI, 0B S RIS RMARE T,

4.1.3 [E5I|HBIFER

bz — R AL EL R AR, BURBIE SRR T, e AR E B AR AR R A

- B G SRIRMVAERERE R — LA, IR AT DU A A, A R —EREM T2, MRIRRSIEHB
B AR

- Hp RS WY HE P RS SRR G R, Ry, S0P, s
Fei %] b3

- AR B E PR RSB ER R, A DUEAFESIE R AR, (RN E B IrE
ASCIT HEHTSHR,  RIIa] AR ICH) ASCIT BS{EIERZRS], EHBRITRF AL SIS B A,

- BRARERE L MRS TPREM TR, R, SREZHERARIENRBIER, BLEERIECZ IR R
RERER, P12 S A R R s i o O R A

- ERHSREEBL: SR DU SRR, (TH, MERR, HERE. ESERORIES, BN, [ERAR R R
TN PR b2l e

4.2 §ELEERT

LR HEMERERNALER, £ MR RFITERET, SRR M RERrs LB
ik, TAVRIIE, a7 FsARC IR 2 P R AR, B RS AR ORIy, RO IR nT RE SR SR A AN I e
B, SRS ARSI A BRSPS R B A T

s84EERT (linked list) Z—MEARMEORIAHHE, HREETTRARE @RI, SEERNES “5108H” A
HAR, 51 T N —EEB A RO IS AIE, 7 e AT DA E ARG 5 R B T — I iR,

S R A A RE A A E ERG A] DAy B A (e RO IR RE 2500, B FMARC IR RS A SO A,
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(Eca b N ER e P s )
L)

linked list

0-0-0-0-0-

M TE R
& 518 (s

BR
node

R ER ]

EFHRE | 77 SAE R
ﬁﬁ?ﬁiﬂﬁﬁ,‘mﬁaﬁ%iﬁﬂ

4-5 SlEGERSIE REGEF TR

B 4-5, SEASERYIRHKEAZER (node) WIft, RHEETEACESWIHER: HIBH “E" FFEAT
—HIRR “5IH7,

- PEESERYI e E ST 2 “THETRY, BB (AR A RS,
- REIBEMR “227, BAE Java, C++ fl Python H43BI#%EC A null, nullptr #1 None .
- {E£C, C++, Go fl Rust FXFHEENES T, EIR “SIH” BHEhs “fae,

MPANREIEATR, GG ERSIETR, ListNode BR T RISE, BHFRIMESF M5 IH GFEED. KIEEHRER
BT, f&THS LRSS T E % R B A i

use std::rc::Rc;
use std::cell::RefCell;
[* SEALERT\ENEAEER +/
t#Hderive(Debug)]
struct ListNode {
val: i32, // EiB4E
next: Option<Rc<RefCell<ListNode>>>, // (@ T—EIBLRVIELE

4.2.1 HEERTIERIRE
1. #YatkiELS RS

FENTSREG RS 2, D RANG S EETRIE, 8RR R NS B R. WA,
T r] DATESE S AR 2 A SHEN R 3%, IR 5 HITEH next MRUGHFIFTA EiRG,

// == File: linked_list.rs =

/* WREELEERY 1 -> 3 -> 2 -> 5 -> 4 %/

/] B EERR,

let nO@ = Rc::new(RefCell::new(ListNode { val: 1, next: None }));
let nl1 = Rc::new(RefCell::new(ListNode { val: 3, next: None }));
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let n2 = Rc::new(RefCell::new(ListNode { val: 2, next: None }));
let n3 = Rc::new(RefCell::new(ListNode { val: 5, next: None }));
let n4 = Rc::new(RefCell::new(ListNode { val: 4, next: None }));

/] tEEERZ RS | B

noO.borrow_mut().next
nl.borrow_mut().next
n2.borrow_mut().next
n3.borrow_mut().next

Some(nl.clone());
Some(n2.clone());
Some(n3.clone());
Some(n4.clone());

PR — B S, ERAnRES] nums E13%7T3R nums[0] F1 nums[1] 5%, 55T ER 512 Hh 2 (8 B 32 RO G
PIPEAEA . FRAE FERF SRR MR RS AA RS,  Eban DL B AR SCRS R RS S BR8P AT A ER ST no o

2. HENERRS

TS R A Pl AR AR A o WNIE 4-6 R, (R MAAEAARAT M (A ERE no 1 nd 2 i A\ — {7 &
B P, HTSEEMMEERGIN (R Bnl, RREREES O(1) o

M2 T, TERSI A TTRIR R O(n) , ERERE FRIRERBR,

P.next = nl1

B P M@ n1

B ./
FESRASRFIEE no A1 n1 ZRSIEALE P o i

no.next = P

Bl no M P

4-6 Sk ER AT A\ BB B

// == File: linked_list.rs =

/> TEREAESRYIREIRE n0 ZBIENERLE P +/

#{allow(non_snake_case)]

pub fn insert<T>(n0: &Rc<RefCell<ListNode<T>>>, P: Rc<RefCell<ListNode<T>>>) {
let nl = nO.borrow_mut().next.take();
P.borrow_mut().next = ni;
nO.borrow_mut().next = Some(P);
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3. HPRENES

quiE 4-7 AR, eSS SR INPRETR AR T 6, TR s i GEED BT,

FRER, S EMPRIERIESE AR TR P USSR n1 , (HRIR BEFIHAL RS CARUATIFEI P, SR
& P AN B RZEA RS T,

nd.next = nl

7]_‘@] Eﬂ’-lr\ no ;E‘r“:‘] nl
TSR MIPRETRS P
no N nl
P
MBRSERiR, 3R P HAAER

nl,
BEFRERTIBEEEHHE P ,
HIFFIRAER P BRIk

4-7 Gl ER A MR B

// == File: linked_list.rs =

/* MIBREELEERTIHVEIRE n0 ZERRVEEEIR, +/
#allow(non_snake_case)]
pub fn remove<T>(n0: &Rc<RefCell<ListNode<T>>>) {
// n@ -> P ->nl
let P = nO.borrow_mut().next.take();
if let Some(node) = P {
let nl = node.borrow_mut().next.take();
nB.borrow_mut().next = nl;

4. SHREIERRS

TERRES R HI T AR, 40 E—EATE, TRIFTAT DA O(1) BERE R rh g (LR e 2, §is
AR, FHEACEME NG, AR ET, EERE D, AR, RS RIS |
IABEEEEE | — 1 6, WIS O(n) .

// == File: linked_list.rs =

/* gL RY|FERS|A index BIEIRL %/
pub fn access<T>(head: Rc<RefCell<ListNode<T>>>, index: i32) ->
< Option<Rc<RefCell<ListNode<T>>>> {
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fn dfs<T>(
head: Option<&Rc<RefCell<ListNode<T>>>>,
index: 132,
) -> Option<Rc<RefCell<ListNode<T>>>> {
if index <= 0 {
return head.cloned();

}

if let Some(node) = head {
dfs(node.borrow().next.as_ref(), index - 1)

} else {
None
+
}
dfs(Some(head) .as_ref(), index)
}
5. EHHIR
AT Y|, B HAER target AVETES, L ZEREREATBYIPRRS |, HIGEWEREEER, 12
A AR
// == File: linked_list.rs =

[* TEHEERFIPEHER target NEERRS «/

pub fn find<T: PartialEq>(head: Rc<RefCell<ListNode<T>>>, target: T) -> i32 {
fn find<T: PartialEqg>(head: Option<&Rc<RefCell<ListNode<T>>>>, target: T, idx:

o {
if let Some(node) = head {
if node.borrow().val = target {
return idx;

h

return find(node.borrow().next.as_ref(), target, idx + 1);

} else {
=dl
+
}

find(Some(head) .as_ref(), target, 0)

4.2.2 5 vs. f#4E R

i32) -> i32

AR A-1 HKE T RS At F 41 A 25 TEURE B 36 PE T IR ARSI FR R PR A B B fof 7 SRS, IR e 254

(ER=REE UV eIt Tk IRVARE S S

K 4-1 5 ERGE AT BB A RCR B L
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b5 i)
e e < e Syt
ARME BRI AR
R R, ETARREER  ERGT S
witiZ  O(1) O(n)
WEE  O(n) 0(1)
Mz O(n) 0(1)

4.2.3 HRiEERTIER

GniE 4-8 Frow, AR # SRR ES =R

- FEEERETHR A BRI A A A E S RS B IA S FR A RO RS B S E AT FR A T — EIREA 5 | RN IE
BRL, BT R 2 SHENRG, AP IR (AR S R HTRS, EETREZE None .

- BYBSGETRS: QIR B RIS B S R R AR R A SEETR (B R, MISE—EBIE &5,
TEBE A B, AT ETRER AT DAL BR R

- BEGEATERY B A ST A SR L, B R ARCER TR E T 1A S . BRI B B S R TR 3R
[l S T RARETRS O — (R FRTERERS (L—(EER) AI5IH (IR, MBI ER Mgl 41,
BRIk FR A S BTG, AT DASHIE 75 AE A A HR A, (ELA P th AR A0 Y B 2 YA IR e 2

use std::rc::Rc;
use std::cell::RefCell;

/* EmEigsERTIEAER «/
# derive(Debug)]
struct ListNode {
val: i32, // EiE4E
next: Option<Rc<RefCell<ListNode>>>, // fEA{EAEEIZERIFEIE
prev: Option<Rc<RefCell<ListNode>>>, // I5MHIEEEIERAVIEIZ
I

/*x BHEF */
impl ListNode {
fn new(val: i32) -> Self {
ListNode {
val,
next: None,
prev: None,
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EmiEesERy)

singly linked list

R— — —a| o —> None

IRRiRAS RS

circular linked list

[ & & W]

S riRis R

doubly linked list

> i N/ — —> None
None <— B - —— —

[ 4-8 i LGS ER IR

4.2.4 §E4ERY|HEIFER

BRIl R AE R RN B AR, (T4, FEERE R,

- HEBBTE: E AR AR R AR AT R A —umE TIR, ERBIRR R SR L, BIENEE; &
ARG A B — o T, MHERIRIEESRE AT B A0 55 — Il dT, ERBIRRHIER eI ot, BE
751,

- MR SRR MIVERE RN TR R —, E%7 R, I ERITTRA G SE| —Esss
F5IH,

- W AR IR AR T3, F AP A A (e TERG AR S — (R A AR A R BRI, S A A S R AR
TEERARARAR B TE R AR D ) LA TERY

B [ A4S ER B H TR TR B PO S Al — (A R — R T R A5G 5.

© FRERORMATRE: LAITEAL R, B P, FRMTR AR R RER, 1SR OB TEEIRG P — (A s
A HIRG A5 | AR BB, RN EE [ st FR 81

- WITESVEN: fEMEBITESST, EAPRENNESRIBILHIN, B TR I A W @ A AT — (A
MR — (R H, EEaGhas B 5 BRI E SIS R S i B

- LRU #i5k: Bk (LRU) EES, HOFERERSIRIT R D AR, LSRR
HOERIMIPRETRG . JE R o A EE a1 5ises ER S TR 3 5

BV RS H AR TR 2B I B R, R R R TR HERE

- IEE A REHERERIA: EOEERST, A REHERREERR R RN CPU A%, EF
LR PIETIRE, AR PR T —MER R f, B A SR, CPU A UIE| T~ — /7. &
T P T DS S R T Bty B 91| A B AL

- RORMRMEE: ERLERREEOER T, WrIRe MBI R, e, R RRIEs T,
BERHA AT BE & 10 i AR E AL N — (A B Sl 83 51, DA BB SRR K

O
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4.3 &5l

85 (list) Z2—EMRIEREEEE, ERRTRVAEFERS, XFRoTRVM. B, g, MERFE
SRR, EZAMEHE S B ARRGIARERE, A8 AT DAL GE A HS 51| e a1 B B,

- BEEERSIRIAT ABE—E RS, HSR TR A SR E, i B ] IS EEE A,
- AR TR AR, HEREREAAE, Rt REEE—EEA RERGIHIERS,

EE MBS, REASTENME BB E TR, SRR ARMEFEERoMTRE
2/ DER, Mg LURE B RSIRE, GRER/D, MRTEEENEERFRER, HREBXR, R
ISR R S IR &

FfRDUERTRE, FRMA] DAEFHBhRERES (dynamic array) SREBLHRS, BHEK T YIRS IEERS, 3 H AT
R TEETIE TR G A

B L, SF2 GRS TR R AL HR AR SR B RS BB, 140 Python HfY 1ist . Java
ArraylList . C++ HIf vector 1 C# Y List &, 768 FERBUE s, FRITKHE “H8%1” f1 “BhRekHz1”
P A5 R IR

4.3.1 BYIERRE
1. ¥saikEs)

BMEFESH “EnE” M “GetaE” EmEG T
// = File: list.rs =

/* #IRERS +/

/] EEXRE

let numsl: Vec<i32> = Vec::new();

/] BYIEE
let nums: Vec<i32> = vec![1, 3, 2, 5, 4];

2. HRTE

HRYIARE LS, Fke] E O(1) REFENEHRMERTTE, SRR E,
// = File: list.rs =

/* FHETE */

let num: i32 = nums[1]; // MRS 1 EWNTE

/* EFTE */
nums[1] = ©; // #ZF5] 1 ENTEREH 0

3. EAEMBRTER

MHEGRRES, B 5] DLE s SR T R, (R RSB EHTI TR AR S O(1) , B AFIMER
TERIIRCRAB SRR, REBEAREEZ O(n) o
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// = File: list.rs =

/* B=EEY x/
nums.clear();

/* TEREFIE TR «/
nums.push(1);
nums.push(3);
nums.push(2);
nums.push(5);
nums.push(4);

/* TEFRBEBATE */
nums.insert(3, 6); // 1EZE5| 3 BRIEANEF 6

/* MBRTE */
nums.remove(3); // MRS 3 BRTE

4, EHERY

B —4%, IR DIMRIE RS ERE, el LEREET&TTER,
// == File: list.rs =

/] BBR5|EFHET

let mut _count = 0O;

for 1 in O0..nums.len() {
_count += nums[i];

}

/] BEiZEiFSRITE

_count = 0;

for num in &nums {
_count += num;

h

5. HHERY

447E TS nums , BAT DAKELHE 215 e 51 A 2
// = File: list.rs =

/% BHEMESY «/
let numsl: Vec<i32> = vec![6, 8, 7, 10, 9];
nums.extend(numsl) ;

6. HIFERY

SERERYIHEPIR, TR DUEHERY AR B AN " EE” 1 B RE BRI,
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// = File: list.rs =

/* HEFBH «/
nums.sort(); // HE&, SBIITHER/NEIXRHS

4.3.2 BIITHR

A2 BRAESNE T, Flan Java, C++, Python 5%, EMMEB LEEM, BMESBHRERIFESE
F, BINAA R, HAMSEEE, A E AT AR R AARSIE T2,

7 VNGRS A TAE R, e B A SRR, SR~ = EREt .

C O PRAE: BRI ESERESI OGS R, EAORGI, FFTEE 10 fER R AR,

- BEGER: BN size , HNGCERBYIENUTREE, WHEEITTRBAMMERAIR EH, RE
ISR, W] DUEAL RS, PAHIBTR & H A,

- PRARH: SR GTRNBEIERCH, RZEETES, SRRIEA SRR EE RN, i
ERIEAIIFTA TR RIS B RS, ARG, PR BRI A £ /i 2 %,

// = File: my_list.rs =
/* EB5EER %/

#Hallow(dead_code)]
struct MyList {

arr: Vec<i32>, // &5 (EEFEBYITR)
capacity: usize, // BIEE
size: usize, /] BIRE (BRitRE#=E)

extend_ratio: usize, // ERBIIERBIEE
}

#Hallow(unused, unused_comparisons)]
impl MyList {
/* EETF */
pub fn new(capacity: usize) -> Self {
let mut vec = vec![0; capacity];
Self {
arr: vec,
capacity,
size: 0O,
extend_ratio: 2,

h

/* ERRIIRE (EFTERH#E) */
pub fn size(&self) -> usize {
return self.size;

h

/*x EERIIBTE */
pub fn capacity(&self) -> usize {
return self.capacity;

}

/* HETTE %/
pub fn get(&self, index: usize) -> i32 {
// TWEIMNRER, AEHES, TH
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if index >= self.size {
panic! (" Z3|#HR")

I

return self.arr[index];

I
[* BHFTTE */

pub fn set(&mut self, index: usize, num: i32) {
if index >= self.size {
panic! (" ZES[#HAR")
I
self.arr[index] = num;

}

/* EREFIETE */
pub fn add(&mut self, num: i32) {
/] TERHEBLEER, BEIESES
if self.size = self.capacity() {
self.extend_capacity();
¥
self.arr[self.size] = num;
/] BHTREE
self.size += 1;

I
[* TEFEIBATE */

pub fn insert(&mut self, index: usize, num: i32) {
if index >= self.size() {
panic! (" ZH3[@HR")
I
/| TEHEBHASR, EEESES
if self.size = self.capacity() {
self.extend_capacity();
+
// #FR5| index UKZEMNTHEEAEEE—N
for j in (index..self.size).rev() {
self.arr[j + 1] = self.arr[j];
+
self.arr[index] = num;
/] EBMTERHE
self.size += 1;

}
/* MBRTE */

pub fn remove(&mut self, index: usize) -> 132 {
if index >= self.size() {
panic! (" &5[#A")
I
let num = self.arr[index];
// #ZFE5| index ZEMTREAFIBEI—L
for j in index..self.size - 1 {
self.arr[j] = self.arr[j + 1];
+
/] BFTERE#E
self.size -= 1;
/] REEMFRR TR
return num;

I
[* EBHER */
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pub fn extend_capacity(&mut self) {
// HE—EREARRY) extend_ratio SHVFFES, WAGERESIEREIFES]
let new_capacity = self.capacity * self.extend_ratio;
self.arr.resize(new_capacity, 0);
/] EHEIRE
self.capacity = new_capacity;

}

/* iGERFIERARET] «/
pub fn to_array(&self) -> Vec<i32> {
/] EEERREHENNEY TR
let mut arr = Vec::new();
for i in 0..self.size {
arr.push(self.get(i));
+

arr

4.4 FoiSESERtREY *

TEARBRIRIPETT, TR T FEZF1 A B 51E AR AL i B B A B, BN RIRER T “Eaf#E”
Bl TR PSR,

B L, PBRARERORRE EPuE v RUB AL IRm A R I AR R, i s SRR N B B R RE

4.4.1 EEHFEE

SHE MR LR =R SEE 1R (hard disk). 321882 (random-access memory, RAM), REX (cache
memory), & 4-2 J&/n T BEMTER AR S AR EAIRGER B,

®4-2 EHEMIIRFRE

(TES RO IR PRI

& RIGFER, WREERR,  BEREFEMPUTIERNE  @EEHETRNERNES, B
W S TE R BT R CPU il RC R A

EN BrERERAEELX BEREREEKX ErERERgEKL

R 8K, TB A B/, GB Al FEH /D, MB #RGI

HE B8, 2T MB/s ek, 1 GB/s FEH R, A2 GB/s

B (N Wi, EHT/GB e, #TE%EIT/GB e E, bE CPU FTHEHE

R

T AT DR R 7 R R 2 [ 4-9 FIRAY B r BE A, AR 1T 5 5 B8 TEUm 1) /7 26 B AR P e, &
BV AR, TSR AR AR AR, TR R RSN TR AT M AR RS 2 AT R



B4 FEYIELGEAS H www.hello-algo.com 82

- WAL IR, Bk, REETTNEREEEREEA, FitErESRIIFEER, HX,
FCIRRE A A AR 1%, SRS EH RN EE TS .

- BIRR A RS DGR, B8 L1, L2, L3 BRIV A RS AR, KPR~ &K, B CPU
oDz IR YRR A& TR, BB ki N, JTRAIMEREE S, EERTN T, ZEHK
AUPREE R R AR, TR A Z I B (P

CPU

L1 Cache

L2 Cache

-

R B8
fE% KR

4-9 BHEM RS

Tip
AT AR O R TR, AR AA =3 AR -F i, B b, SRR AR
i TR, BESRBAHEA R BB BHMIBR ] < RS B -

RS, REREATRR RV R RO, st AR BN Gl £ AN BT AR BRI RORE, i PRI TR (il
FEHUIRINBERAE S, DUEEREABITICR, =FHFAGE, WA EMARR ST,

qniE 4-10 FioR, fERXPUTE, ERMETERI PG RIS, f#t CPU atBMEH. IR EAEE CPU
A—iR7y, EEBE SRR RERL, 4 CPU Rt s ER Y, EmBEE iR BT ReR,
Tk /D TR A R TR R A

|y 1y
10f = — — e\

ERIZE REX soishe R

CPU

[ 4-10 BERE, RCIRAEAI DRI [ B RHAUE
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4.4.2 BRHEHENCISEEMER

TERCISRE SRR 75 TH,  FRAIASAS B 5125 B BAA SRR,

—J7iH, seiERbR AR, HE—BRC R RE S MRt s, R R B R s RE 500 (3 T RE S Ot
MMz, FEFIRTTRBEEHS, A ERIMNO 2 A 7 s B S ETRE RS T (FEED), R EReR =
o SR, FEAIFREE — O B R AR IR S, IS TR S BGERRR Y, S At 3R SR NI IR
RIS A, M, SEESERSIDL “HiE” ZBAOETEIRERC ISR piCmEI, fRAt T S RAYEETE I,

75, EREETR, BEE R W G BRI, IR R AR A LR Rk, (MR EGT
TRERAA ORI, SRR T, S AEZSESELREN A, Mk, SERHSIRITR
TR, TESHEHE A BLMER R, EA 5 TR IR,

4.4.3 BHEIBRVIRENIE

TREUHEAFE S A B B/ VAR IR, EEttiEiRG 2, £RTEE HEE =M EEAEN, JR
PR AEAR, REERF— MR MHET M ER, HItE CPU Balaifm i B AR, & 4%
A IREXKEH (cache miss), Itk CPU AMGAMER I EAR AL ISR H B TR &AL

BR, “DrEURaRTR” @D, CPU MiRRRHAIZCR MR, MACRE ey, BT CPU PRI h &
HUE RHK LA 25 IREXE 2R (cache hit rate), S EFEIRIE H FH A i SRR

7 T EATREER E mATRCR,  PRECE BRI AT R A M

- PRIRAT: PRI R BT R BRI DAPRIRAT 2 AL, AR EERR R T AR A (e, PR
BT R A= R

- TRIUEH: pEFLE G B STEN R R RS (BINNER G, EE P RGBS, AR E X
BRI SZREZ H, fEmET a2,

- R R EEER G, AR EHRER R ] RET I S, i, REERAR B
FHRE, tha s KNSR, PURmahR,

- IRFIERIRTE AR ARG, BB EAE N A R ARAR AT REFHR B, PRIRMI S — B, &
TRE BIL A AIB AR AE man

B L, EERGESS RSB PRI AR RA RN, 32 SR A DL %675 T

BRI B ST R BT R IS T S, S BN R T D,

- HIRET: BAEEHSIR AR A, TIPRER “HATI 19, IR SIS R eI 5,

UM BE5 RS R SIRIRDRI R B FTREIE”, EVARESE 5 0 H  EARAIERL

SRR BSBERTE S T, DRUECHERR DRI 0 54 T RE R B,
HORRTTT, BAELA RO B AT bR, DR AR L B BRSO, 150813 R A P
I, SRR EE R L,
TR, PR R BT 00 T AT B M. 0 P PR PR L5 1,
RS EL TR ACE ., I, WESIATSEAS PRI DAREE, Mo YORIASHE (RS @atin ), e
BRI R

AEMERRER, BITE PRI RS B BIROAEAR, [5 2 TR T O AR B e

HIRES), (XM ISR A BB S — A D,
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CAERERHRARF R, BhREMRE. HEBATENIR/ NG DALY, ARG R 2 BB A HE B T N S
S HR A RESIE B R ) AU A7 IR R IR AR N [RIRR 20, 3lf EL3E S 1 Peiis) i 2 7 2 A RS M BA S

4.5 Ih&L

1. ERSEIEE

- [EBIRNGRAS HR AR AR R, o BICRERHE St B R T R AR R A 77 5 A SR
R R, P ARG 8 B AR

- BSISZREREREAH, G HRCIRASEL D B ARIMERTRICR, HAGR RN,

- EASERSIEMENG I (GBI BB SRAERGTE A BLMER, Hal SRR, (HERGE R
%, (HHRCIERE R, W ARG RSB G CAE B Al B 51, BUR S # Y, EEh i Hsl,

- BAIEESRHE N E KRR TR A PR S, ARSI EE, R TSNS, [FRA] DI
BRI,

- HRAIRHBURIEEE & 1 AR E A, (HATREEE sl R s IR &

- BT, BRI TR AR, AR A SRR IR s R, s S AIfE R IR AR
BB ANEES,

- PRIBOZE R PREAT, TEIUMEHI DAK 2 [T s R AR ] s S S R LA ], 2% CPU 1R At PRIR BRI B ],
BE TR ST TRICR,

- HPARSIEA S A PR ar R, IR R LR RS S Ak, (R, BRI AR K
R S A 1A

2. Q&A

Q: MAIEFEYES EAFERE L, BRRERCENZE R R G E R E?
FEAFEAEE A _EAIHERE L YA A R IR S N, BRHRERCRE A —8, A, HEBNMHHEA
A BRI, TEMMESCL A FE,
1. ECATREINE . B2 — R/ NECIRRS, BCHhAReEay BETeRk; MR IRaEE S E R, TRUE
RS EIREL, EAZWE L, Bk, HERE R ECRTRE R IE H LHEE LAE,
2. R/DBRA: HeBEC RES B, HEABRI R/ N— RS2 RR A T RO IERS, A I MRS B8 i & {5 72 KA ez,
3. EEVEME: HEE RAYREHIR K/ N B SRR e, TR R ARSI A KN AT DATE B TR B BB A
Q: ZfHEMAERAFRIBIAIICER, W ESEA R 21 R AN A S A [ 21 e
PGSBS HET R, EiRREESIH B HEH, SEERA] AGEE AR E R, Fla int,
double. string. object %,
FHEH, FEFSTREREEERZRIN, ERAREE B BRE BB BT R E, flan, FEYFERR
& int f1 Long WAL, BE TR AIGH 4 AcsHR 8 e, HERAREAU TN ARG EREE T,
Rl a5 8 T i TR RE,

# TRCEREMN = FEERERA (BxRaEREu) + tRZRE x TRERS5
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Q: MHEREIES P12, BEFREH P.next &4 None WE?

AMEX P.next WA LL, 1% B SINIMEE, HHEERGEND R CETEEBTE P T, ERREHIE
P EASTEREAT ERAIFP MR 1, HERFERRS P FE MR AR A & bRl eR S A R

EERAMEEETR (B8 NARE, NEFRERGER, NEAERANGERZ EMOHTT. EERER
fEE, BFEMZ e, EEEINEW. GRAEE, REMERERARPOIER EI, R E &R R
RHEC IR A

Q: TEGEREHBIFEE \FIMBR R (RS R 2 O(1) o (BRI Nis A O(n) IHIENTE,
Zoft BRI 2 O(n) g2

MR RSeEseR. BMERTER, EEMERER O(n) . A, SEEHIH O(1) MM E AT DIEHE
fIEH] LIS 2IREE, BIan, EErafTH0E & 6 HSEss RS BB, IR — e BUn I am AR, 2
B, U BRI O(1) o

Q: “asL Y EREMEFE T P, REONHTHEEEESH — RSN E? BRI ES
fl5—2f:0e?
ZonEEREENRR, EEFRRNTEREEMEENET O,

- AEZIBIREEMENS S B2 AN ER, g int. long. double FIFIEYIHE,

- FEIESEREUG A P RO IR RS 2 /MR IR A I ESE R N s BRIR T e, K224 8 (otaHEk 4 (iotaH.
Q: TERFIREFIG TREARIFLIZIA L O(1) ?
EsEE RN EARE, RIFFEAEA LI, RAGHE IR, WEEBSINRE
TCEMGEIE L, ERHERFEEMEREZ O(n) .
Q: “HAIR B AHEE & T A E M, (HrlaBEBE B SEIRE”, BN EIREEIERES
WhrEEB AR, RE., EASEAT GG IRRES?
BHEAZMEETEEAMAESFE: —/AH, fFEgse—lvaRE, RMA—EFEREES,; 5—
i, 2 7RISR, WA Mg RA—ERE, a0 x1.5, Ef—K, tghBEeass, R
HARESEEEINE M,

Q: £ Python FF#ltAft n = [1, 2, 3] 1%, J& 3 EUCRAIMALZMHER), EZMEMLn = [2, 1, 31 &
BHEMEFEITRA id WA ZHEER, 225 n RRHEE, ELTRIMIEAES, TR n B2 E5)
W52

RUNAE Y T E R R A B A% n = [n1, n2, n3, n4, n5], J@EHEIEN NE 5 EEIEYE O EGET
fERUIBE AR, A, B —EHBEFIRS], BMBARTDE O(1) RER N ERER B DS aaE, fEmn 2l
HIERERS, &R E AP ZER S H, mAEEEAS,

SlFF 2 S AR, Python VBB DY, SHIPMENARET AL, MBS,
I, B S BB (A RS PR R B A R — M id, 3 IS8 AV RC RS A SR A

Q: C++ STL #lAY std :: list CACEB V&ML R, Bir G EHERE L AEEERENE, 21
R R A ERIREDE?

— 77, BEEE G ME R EBEETE, AR R A SRS E S, ERAmEER R,

- A HRSEICEFEWEREINYEE (—EBERET—ETE, —EHRE—ETER), A
std:: list @ std:: vector BEA5HZR,
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SRR KM HRBER AR EESATERN, Ft std::list B PREBAOA H R, — KB E,
std:: vector HURNBES H LT,

S5, T LS RIS TR e, e T A AR R GE S IR stack fI
queuve , ARG EA,

Q: #fEres = [[0]] * nZEp T —E 44|, Hifg—{F [0] &2 AIUE?

AR, WEHERSIF, BT [0] BER ERR a5, REFESH S TR, §3%5
FITE B TR0 & e 2

WA 4R A TR [0] BRRMEALRY), FICM#ER res = [[0] for _ in range(n)] ZKEH, EME
TR FEBE R T n (G828 [0] B4,

Q: #HfEres = [0] * nEpT —fE&S, Hrbf—E5E 0 482 BILHINE?

FERZHHIR, AT %80 AR —EY ARSI H. 1ER2K % Python B/NES GEFZ -5 2 256) $RH 7k
Wt e,  DUERARIER, TEMiRTHRLRE.

HEREMHERAE @Y, ERFUHART DIEZER SRR ETTR, 1EZ2R % Python RIEEUE “Fr]
BT, ERMEUSSEETTRR, BR ERURS S —EWFN5IHE, RS EEWEARS,

SR, EESITTRE “AIEYET N (BIanEY, s ERIGIES), BUOEETTR & BRI A S,
AR 5 PR TR A & 2 LM R B
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Abstract
HEBONFEIEBSET, TSRS S HERK
P 7 IR SE N1& AN S A5 Y A R B 1R
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5.1 &

& (stack) 2 —REIEC AR HEEH AT E RS,

BATR] DR HE B L 2 S B — Bt T, BUE SRR e —ait v, AREREH RS, AIRE.
i L EREROREE, TR T E R A SRR TR (WS, oo, WFsS), mies T HEisy
Qi 5-1 foR, FIHEHERBITRIVTHARE 2 “HEBTH”, IRHAEZ “HEBRR”, HHTITIONH 2 B THA
PERUPE “AHER”, MHERHEBTEOTRAVER(EI(E “HIHEE,

G NES NS HES S
stack push(5) push(4) pop() pop()

A

res | |faes

HERIE

5-1 HEBRITEARHA

5.1.1 ST BIRME

B E FHEREWR 5-1 Fivr, BRSNS IEA R ZMRBE A AR GE S AR M E, fEik, HRMAE RN
push(). pop(). peek() s 2,

R 5-1 HEBATHRAERNCR

ik 0k B TR
push() JEENMEE (HHIZEHEMED  O(1)
pop()  HEBTETEE: HiHem o(1)
peek()  HiMHEBIETH o(1)

WA, BT IERE AR GE 5 AR, AT, FLEE S n] R A SR AEEER, 8
PR ] U R%AE S RO “PA” B “GlAk RS EVEHEB AT, G AERE IR I s B S B 1 R 1
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// = File: stack.rs =

/* ¥IRHES «/
/] 18 Vec EfEHEBERER
let mut stack: Vec<i32> = Vec::new();

/* TTENEE x/
stack.push(1);
stack.push(3);
stack.push(2);
stack.push(5);
stack.push(4);

/* FHREEEETE */
let top = stack.last().unwrap();

/* TTEHEE «/
let pop = stack.pop().unwrap(Q);

/* EEUGHEENRE */
let size = stack.len();

/*x FIERRBAT +/
let is_empty = stack.is_empty(Q);

5.1.2 HENTIR

5 T RANBEHEB BT, BMARE M CEBR AR

HEBRIE e AR AR, Rl X REAE HE B TERT I BMIBR TR, SR,  ReHAIA Gl ak R 1T m] DATEAE TR AL
ERTEAERTR, Il DAL 2 — R Z BRI RS el eh 5, fgata, BATATDL M feEs ek
Sl ER AR o SERR 1R, (EECBI MRS S HEB AR,

1. BitigERTInER

(o S AT R S EE R ME AR IRE, AP mT DA SAGS R 8 OB B RG A A HE AR TH, R IR 2 B G

GniE 5-2 FrR, EPRAHEERE, TR TRoTRM AR B GHS, SMEEREE AT IR 5 “BEETRT,
TR B, TR ARG TR A5 B2 A IR B AT

YSREES 4
S RTIEL
Nt s (@
push(4) A
BT }
TR
N ] m
s l Tm* : o I
ERERRREET ! ERERRREST !
HOMRPAEE WM R AL
! {
(30 R

SERE
Step 1 Step 2
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i

son() IFRTEDR
TR CS
1
)
©
g EEERE SR ?
MR LD ,0\
[~ ] @
o
L] R !’

‘ Step 3

5-2 R AGE ER A BT T AR A A HE AR L B PR

DA /B3R Bl 4G B 51 B IR B A AR I -
// == File: linkedlist_stack.rs =

[*x BERiEERIIBIRESR «/

#{allow(dead_code) ]

pub struct LinkedListStack<T> {
stack_peek: Option<Rc<RefCell<ListNode<T>>>>, // HSEEEREL{EAEETE
stk_size: usize, // HEENRE

F

impl<T: Copy> LinkedListStack<T> {
pub fn new() -> Self {
Self {
stack_peek: None,
stk_size: O,

}

/* EEUEENRE x/
pub fn size(&self) -> usize {
return self.stk_size;

}

/* FENEERETAT +/
pub fn is_empty(&self) -> bool {
return self.size() = 0;

}

[* NHEE «/

pub fn push(&mut self, num: T) {
let node = ListNode::new(num);
node.borrow_mut().next = self.stack_peek.take();
self.stack_peek = Some(node);
self.stk_size += 1;

}

[* HHEE &/
pub fn pop(&mut self) -> Option<T> {
self.stack_peek.take().map(|old_head| {
self.stack_peek = old_head.borrow_mut().next.take();
self.stk_size -= 1;

old_head.borrow().val
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)
I

/* FHEEEETE */

pub fn peek(&self) -> Option<&Rc<RefCell<ListNode<T>>>> {
self.stack_peek.as_ref()

+

/* #& List %A Array WHR[E] %/
pub fn to_array(&self) -> Vec<T> {
fn _to_array<T: Sized + Copy>(head: Option<&Rc<RefCell<ListNode<T>>>>) -> Vec<T> {
if let Some(node) = head {
let mut nums = _to_array(node.borrow().next.as_ref());
nums.push(node.borrow().val);
return nums;

i

return Vec::new();

}

_to_array(self.peek())

2. BREFINER

o P RS B B Iy, AT A] DU RS R IR 2 HEAB TEL, ANTE] 5-3 Fio, A B L B 5 1 ) I 6 JEEAE
W51 R REHTIE TR ELMER TR, R Z O(1) o

N
push(4)
R L msUERE =
"‘“1 ]“"“ / [« ] RRE RIS
a ERRRREY] R a a EREREEY
g HVRIRAHD g g HbRBAHEDR g
a8 R R
| step 1 | o Step 2
ey -
pop()
MBI TE
a EERREET R B
n RN EE a
8 B8
R
Step 3 |

[ 5-3 Ak Re 471 B T o A ) A A L B R 0

HIR AHE B 7T 3R AT RE & TRIEN BT fn, R FRAM AT DAGE FHEhRERES, SRt A 2H 1T i B8 A T
PAR 2 il 2 -
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// == File: array_stack.rs =

[* BERETIFRAEE «/
struct ArrayStack<T> {
stack: Vec<T>,

}

impl<T> ArrayStack<T> {
/* FIsREE «/
fn new() -> ArrayStack<T> {
ArrayStack::<T> {
stack: Vec::<T>::new(),

}

/* EEUEENRE %/
fn size(&self) -> usize {
self.stack.len()

/* FENEBRETAT +/
fn is_empty(&self) -> bool {
self.size() = 0

[* NHEB «/
fn push(&mut self, num: T) {
self.stack.push(num);

/x HHEE «/
fn pop(&mut self) -> Option<T> {
self.stack.pop()

/* FHEEEETE */
fn peek(&self) -> Option<&T> {
if self.is_empty() {
panic! (" fEAE=")
I
self.stack.last()

/* &[E] &Vec x/
fn to_array(&self) -> &Vec<T> {
&self.stack

5.1.3 MESREL

SRR

P B B AR SCRp HE B E P Y 5 TR, RS BBIRRS N SR REM ], (RIS CEH T HEBAYE R Ens, Kt
— A EHE

e
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TERTARRF A BB AR, N\ HEB AN B R (R A7 FH S0 70 BL A B ST IR T (T, BRI PREUAR i 1,
RICRE R, AT, WERAHEBRHE S A&, SRMAs], SRR NSEBR (R ] 1
#0(n).

ARG RV BB, GG ERVIRIRAAR R TS, NMAE LIRS AR RCR R RAHE, 2, A
BRI CE R A B UHERR, RIHCRHERAR, NE, WRAHEEBTRAR SRR SR, I
JERT DA BV BR, e MRk,

AR ERTIA, B ONHER B HEBIRIER TR B EAG R AR, F40 int 3¢ double , FRAMTATDARRHI DU 44

N
fiffl o

- BLRESI BB R SR AR R G, (AR IARE, R PEReRE .
- RS Y B BB A HE A T DASE (4 SRR B RR R B,

ol iipy e

WA ESIR, RGRHBHIDE “WIaAR", ZARAREEHERTXR; MH, HEAMHNE R 2R
SERR (B 2 %) ETHEAN, BARNARDATREELERRFRR, Fitt, ZHREEE B HER Al GEE R
—E M2 TR

SR, PSSR S 51 B RG T 2R IMa A7 FEA, DRI DSt e 5 B 06 P P 2 R R K
A b, FRIFSRERG B AR E WRAE BB S AN AR, RS AR R TUE T

I

0

5.1.4 HERHMBIFER

- RIS PRRIB AT, WA BN, SERMERCTIEE, RS e L AEEHR
FTINHERS:, ERRTAF ] U@ IR R R A 2 E— A H, RIBRFEPR LR AEPUTHHES, WRER
IRFSCHRFIRIB AT AIIE, IR FEE = 2 o 8 S A AR 5 FE R,

- PESCRCIERE B, RO R I, RGTHR & CEHEB TR — (R e, ARS8 3NHY BRSO R
FEIRE AN, 1) NIEHERS O BT AHEBERE, e L B0 B & AT R,

5.2 1751

175 (queue) 2 —HEHEME/E AJCHIRRAIFISRIE B RIS, BAEER, (THIBHR T HERES, BRI
IMAATHIREER,  TALF T2 SR A2 B B o

aniE 5-4 FioR, BAGRHTHIERRRES (725", RBEMA “THIRE", MTRIMASIRRERERS "N,
TR 721 & TR A ERAERE 2y “HIF7,
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1551 H7 7
queue pop() pop()
fr5IE /.

i |
2 ]

A5t |

=~ —_—
w

5=

N7 A5
push(5) push(4)

5-4 fTHIRISE ATt AR

5.2.1 {75 BIRE

{PHIRH RARIEINER 5-2 DR, REERKE, NRABRNKESH AT S G, AR
HEBMRIR 5 TR a4,

* 5-2 ATHIRERR

Tk RIS
push()  JERAFN, EMCEFMEGSIE  O(1)
pop()  FFFIETL RS 0(1)
peek()  HHEIFHIE LR 0(1)

FefmT DLE R AR GE S B R T R A -
// = File: queue.rs =

/* B ERTII +/
// 1E Rust HERAEMTIIEAZETIZRER
let mut deque: VecDeque<u32> = VecDeque::new();

/* FTTENY */

deque.push_back(1);
deque.push_back(3);
deque.push_back(2);
deque.push_back(5);
deque.push_back(4);
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/* SHETHIETE */

if let Some(front) = deque.front() {

}

/* tEEY] */

if let Some(pop) = deque.pop_front() {
}

/* BEUTIINRE *x/

let size = deque.len();

/* HEMTHIRT AT */

let is_empty = deque.is_empty();

5.2.2 {F5IER

£ T EBUTY, BMFE—MEERENE, nTDME—umarlgc®, eSS —umHbRocs, e85 ERRY
BER,

1. BEEERYINER

qniE 5-5 AR, BRI UK SRS RS “HAEIRE” A “RRETRT 2RISR “THIE” M YTHIET, BUETS
R R e, (740 e (AT I ER ARG,

TREE 4

HH SSRGS
_ A5l P
. won (@) pu;h(h) mon ()
| |
) | a8 o a8 o
rs 8 Py
- ] ERERREEST ‘@»‘ -] EERRREET \e
o HNRRA(T] 1 ] HSRIRAITI 1
)@JI R ‘0‘ ?
f55IR RS C)
Step 1 Step 2
)
pop() IBRFREDES
awn ()
o L
- ] ERERR GRS @
] HOMRBATTI )
o o
7 \°
y L\
RER @
Step 3

5-5 FEIRGEAS RS BB THIN AL Y1

DA 2 il e 1 B R T S R s
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// == File: linkedlist_queve.rs =

/* BERiEERIBIRTY «/

#{ allow(dead_code) ]

pub struct LinkedListQueue<T> {
front: Option<Rc<RefCell<ListNode<T>>>>, // HBEiZL front
rear: Option<Rc<RefCell<ListNode<T>>>>, // EEHiZ rear
que_size: usize, /l 1THNRE

I

impl<T: Copy> LinkedListQueue<T> {
pub fn new() -> Self {

Self {
front: None,
rear: None,

que_size: 0O,
+

/*x EERTHINERE */
pub fn size(&self) -> usize {
return self.que_size;

}

/*x FETHIRE AT */
pub fn is_empty(&self) -> bool {
return self.que_size = 0;

h

/* N5 %/
pub fn push(&mut self, num: T) {
/] TEEREIEEIIE num
let new_rear = ListNode::new(num);
match self.rear.take() {
/] MRTHAAEST, AiGZERIE IR
Some(old_rear) = {
old_rear.borrow_mut().next = Some(new_rear.clone());
self.rear = Some(new_rear);

}
/] MRTHAT, BSHE. EREESMZER,
None = {
self.front = Some(new_rear.clone());
self.rear = Some(new_rear);
}
+
self.que_size += 1;
+
/* HF %/

pub fn pop(&mut self) -> Option<T> {
self.front.take() .map(|old_front| {
match old_front.borrow_mut().next.take() {
Some(new_front) = {
self.front = Some(new_front);

}

None = {
self.rear.take();

}

}

self.que_size -= 1;
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old_front.borrow().val
B
}

/* SHETIIETE */
pub fn peek(&self) -> Option<&Rc<RefCell<ListNode<T>>>> {
self.front.as_ref()

¥
/* HEiELERYENE Array MDHRE] +/
pub fn to_array(&self, head: Option<&Rc<RefCell<ListNode<T>>>>) -> Vec<T> {
let mut res: Vec<T> = Vec::new();
fn recur<T: Copy>(cur: Option<&Rc<RefCell<ListNode<T>>>>, res: &mut Vec<T>) {
if let Some(cur) = cur {
res.push(cur.borrow().val);
recur(cur.borrow() .next.as_ref(), res);
¥

recur(head, &mut res);

res

2. BREFINER
TERRF MR E TR AR R 2 O(n) , EEESHFIRIERCREAR. AT, AT DAERA L R 277
ARG IS (8

AT A — @2 8 front fRMTHIE RN ERG|, WHEE B8 size AREHRITIIRE, EF
rear = front + size, BEARZFEHM rear fEMTHIE TR Z BN N — M E,

BRI, MAIP TR AR [front, rear - 1], SFEERERERIEWE 5-6 Fim,

NGB #im AT RIRELS rear R, Wik size M1,
HHRE: JFEF front 8N 1, Wi size B/ 1,

FIDAEERI, AFIFIH SR T T — R E, RIS O(1) .

front IEEIFFIETR 1. HERIER rear

rear IEAITHIRTE + 1 2. RTEMEE rear &
rear = front + size 3.1 size B 1
KR A3l KR
(55 st
front > front >
5y T FHIRE FHIRE
size = 4 size = 5
EERREET EERREES]
HIMRRBITTI HIMRRSBITTI
A5 T rear > ‘T] rear > (IR
73R

Step 1 7 Step 2 7
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1.4 front B 1
2. 4% size BH 1

FHIRE

size = 4

front >

EERREES]

8

28

HINRRATI a
o

Step 3 7

5-6 FEREHIEBTHIEI NS HRIE
fRATRE & 353 — (A : £ TENET ASINIHSIRIERES, front i rear AREAIGREE), B EMEERS
TR AETRAE RS 1 2 TARDRILRTRE, BT DARF RS B AR “ERIEMA,

BIRERIES, WA EE front 8 rear TERUAMES ARy, EZRIZEAEMAESTEY]. ERIEHIMM
HATLUEE “HERRIE” AREB, B TArR:

// == File: array_queue.rs =

[* BRIRAEIBREVTS «/

struct ArrayQueue<T> {

nums: Vec<T>, /] B EETT T RES
front: i32, /] THIEEE, BRTyETE
que_size: i32, !l TIRE

que_capacity: i32, // {FHIE=E
}

impl<T: Copy + Default> ArrayQueue<T> {
/*x BT */
fn new(capacity: i32) -> ArrayQueue<T> {
ArrayQueue {

nums: vec![T::default(); capacity as usize],
front: O,
que_size: 0,
que_capacity: capacity,

/*x ERTHINEE */
fn capacity(&self) -> 132 {
self.que_capacity

/* EEUTHINRE */
fn size(&self) -> 132 {
self.que_size

/* FETHIRE AT */
fn is_empty(&self) -> bool {
self.que_size = 0

/* N5 %/
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fn push(&mut self, num: T) {
if self.que_size = self.capacity() {
println! (" {FHIE®R");
return;
IF
/] FEFTYIEREE, EafTiIEERSl + 1
/] EBEEREEE rear B[S EIREEZZEIL
let rear = (self.front + self.que_size) % self.que_capacity;
// #& num FEE(THIE
self.nums[rear as usize] = num;
self.que_size += 1;

/* B */

fn pop(&mut self) -> T {
let num = self.peek();
[l THEEEREREE—(, B8R, ALREIEESIZES
self.front = (self.front + 1) % self.que_capacity;
self.que_size -= 1;
num

/* SHEMTHIETE */
fn peek(&self) -> T {
if self.is_empty() {
panic!("index out of bounds");

i

self.nums[self.front as usize]

/* REIES] */
fn to_vector(&self) -> Vec<T> {
let cap = self.que_capacity;
let mut j = self.front;
let mut arr = vec![T::default(); cap as usizel;
for i in 0..self.que_size {
arr[i as usize] = self.nums[(j % cap) as usize];
j+=1;

arr

PAEBEBRAUTANIRBA RIRYE: R AT, AT, SRR, TR AT DA RS 2% Bl RE e
B, Mg I NEA WS, A BRI E ] LB BT EEL,

PPRE BB B LA S B R — 5, RN AR,

5.2.3 {THIsEIFER

- WBGTHL, BEY)E TR, TR, RERER ERIRIERF BRI H AT B, e+ —H
), RN EELTRTE, SO TR ZEER BRI,

© BRI, EMREER CRRE]” HRERISR, BIGHENRERIES(TY, BB T,
(TS L35 5 AT DA R A 3 R BRI
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5.3 £r(T5!

TEATHI, FRMEREMFREEE TR SAE R HTE TR, WE 5-7 R, @5 (double-ended queue) 12
7 ERmAEEM, AR BT TC R A B PR R

Erryl FFIEAT FHIEESY
deque push_first(1) pop_first()
il =}
wo ||| A

2o {1 |

DooDE—
0ooe g

F5IR

THIRAT bndl)==t k|
push_last(4) pop_last()

5-7 BEATHIRERIE

5.3.1 €RTIIERARE
BRI T AR FHEREANER 5-3 Fow,  EBRAY75 A M 7 ZEARR A A1 AR 2AE = AR E

%53 BFIRIESE

TTiEA fifii I i A e

push_first() HCEFETHIE  O(1)
push_last()  HMcEFEE(THIE  O(1)
pop_first()  MERTHIETTHR O(1)
pop_last() HERAT5 BT 2R 0(1)
peek_first() #FFTHIE TR O(1)
peek_last()  FFTHIEITLR O(1)

IR, FRAITRT DAERE T AR GE = C BRI A {51 -
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// = File: deque.rs =

/* #aEm(rsy */
let mut deque: VecDeque<u32> = VecDeque::new();

/* TTENG */

deque.push_back(2); // #HiEZE(THIE
deque.push_back(5);
deque.push_back(4);
deque.push_front(3); // #iEETHE
deque.push_front(1);

/* TR */

if let Some(front) = deque.front() { // THIETE

}

if let Some(rear) = deque.back() { // FIIETE

}

/* TEEY */

if let Some(pop_front) = deque.pop_front() { // {FHIETELHT
}

if let Some(pop_rear) = deque.pop_back() { // {FHIETELT
}

/* ERERTIINRE +/
let size = deque.len();

/* FERERTIREAE */
let is_empty = deque.is_empty();

5.3.2 S#RTFIRER *

EEia) (2 BB TR, AT DAISEASE Gl At R 27 sl B2 25 R R R A5

1. BREmigisaTINER

[l b — B, AP e B S R S SR BT S, TR 2% e RT DAY T (M PR AR G 514 1)
FITE R RGBT AT TR CEHIBASIERAE)

BIREEATHI S, SEEAMEEAR AT AT AR HSIHRIE, RAUass, s T2 B — s
R, Zuith, FRMERA “Srgdsieas]” 1F &2 RE B,

GniE 5-8 Ffraw,  FRAIHFEE A SAeh R 27 R BE B R AN FE BT RG 1 2% BEFU T AT AN E AT HI R, 1) IRy B L it 7
HEFI N PR TR AT RE,
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IR R 4
P push_last(4) IR ERERTIR
mm p| | e TREDRS (Cﬂi wox ()
£ a A5l a gg
n EERRRYREERT 0 a EERRERREERT o
a HIPRRHERTT (T_g a HIMRBAHERETT
polimih - 0
I 55 - )
| step 1 | Step 2 |
EEE 1
i E G TS RIS
1FFIEAT fFHIRHFI
push_first(1) FRENES @ pop_last() AR 9
: ¢ ¢
a EERREEmEE R @ a EERREEEEERT o
a HPRRBEETT] a VKRR R YERTTI
o () ron ()
rin (@)
[ Step 3 ] Step 4
{3 F)
pop_first() HBFEREERE
wons (@)
a EERRES SR @
a HIMRBAERETT
)
Step 5 |
5-8 ELJAGEAS ER Y B I & AT A B A AR
BRI AR
= Fr1lle: lnkedlist_deque.rs =
// File: linkedlist_d

[* EmIEERTIERL +/
pub struct ListNode<T> {
pub val: T, /] EiEhE
pub next: Option<Rc<RefCell<ListNode<T>>>>, // 1B4LERZLIEIZ
pub prev: Option<Rc<RefCell<ListNode<T>>>>, // HiERERELIEIZ
I

impl<T> ListNode<T> {
pub fn new(val: T) -> Rc<RefCell<ListNode<T>>> {
Rc::new(RefCell::new(ListNode {
val,
next: None,
prev: None,

)
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/* BERERiEERTERNERTY +/

#{allow(dead_code)]

pub struct LinkedListDeque<T> {
front: Option<Rc<RefCell<ListNode<T>>>>, // FEEiZL front
rear: Option<Rc<RefCell<ListNode<T>>>>, // EEHiZi rear
que_size: usize, // ErfryNRE

I3

impl<T: Copy> LinkedListDeque<T> {
pub fn new() -> Self {

Self {
front: None,
rear: None,

que_size: 0,
¥

/* ERERTIINRE */
pub fn size(&self) -> usize {
return self.que_size;

}

/* HEIERTIIEEAT */
pub fn is_empty(&self) -> bool {
return self.que_size = 0;

}

/% NFURIE +/
fn push(&mut self, num: T, is_front: bool) {
let node = ListNode::new(num);
/] FHIENFIRE
if is_front {
match self.front.take() {
/] EiEsEERTAT, B)S front 1 rear #BHEM node
None = {
self.rear = Some(node.clone());
self.front = Some(node);
}
/] #& node #i¥EfEAEERYEEED
Some(old_front) = {

old_front.borrow_mut().prev = Some(node.clone());

node.borrow_mut().next = Some(old_front);
self.front = Some(node); // EhTEENEL

}
}
+
/] THIRNSIRIE
else {

match self.rear.take() {

/] EEsEERTAT, B)S front 1 rear #BIEM node

None = {
self.front = Some(node.clone());
self.rear = Some(node);

}

// # node iEEDELLRYIESD

Some(old_rear) = A

old_rear.borrow_mut().next = Some(node.clone());

node.borrow_mut().prev = Some(old_rear);
self.rear = Some(node); // EFEHILL
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}
}
self.que_size += 1; // EHTHIIRE
}

/*x ATHIENGI %/
pub fn push_first(&mut self, num: T) {
self.push(num, true);

}

/*x ATHIBNGI %/
pub fn push_last(&mut self, num: T) {
self.push(num, false);

}

[* HIBRE +/
fn pop(&mut self, is_front: bool) -> Option<T> {
/] B&iT5AZ, BR[O None
if self.is_empty() {
return None;
I
/] THEHYIRE
if is_front {
self.front.take() .map(|old_front| {
match old_front.borrow_mut().next.take() {
Some(new_front) = {
new_front.borrow_mut().prev.take();
self.front = Some(new_front); // EHEEENZA

F

None = {
self.rear.take();

}

}
self.que_size -= 1; // BEHTIRE
old_front.borrow().val

D)
+
/] TR HTIRE
else {
self.rear.take().map(|old_rear| {
match old_rear.borrow_mut().prev.take() {
Some(new_rear) = {
new_rear.borrow_mut().next.take();
self.rear = Some(new_rear); // EHEEIEL
}
None = {
self.front.take();
}
}
self.que_size -= 1; // EFTIRE
old_rear.borrow().val
D)
+

}

/*x ATHEEH %/

pub fn pop_first(&mut self) -> Option<T> {
return self.pop(true);

¥



5 E MO TS| www.hello-algo.com 105

/*x ATHIRES %/

pub fn pop_last(&mut self) -> Option<T> {
return self.pop(false);

+

/* sEETHIETTER */

pub fn peek_first(&self) -> Option<&Rc<RefCell<ListNode<T>>>> {
self.front.as_ref()

+

/* SHEMTHIRBTER */

pub fn peek_last(&self) -> Option<&Rc<RefCell<ListNode<T>>>> {
self.rear.as_ref()

}

/* REIFEFIBRFIED */
pub fn to_array(&self, head: Option<&Rc<RefCell<ListNode<T>>>>) -> Vec<T> {
let mut res: Vec<T> = Vec::new();
fn recur<T: Copy>(cur: Option<&Rc<RefCell<ListNode<T>>>>, res: &mut Vec<T>) {
if let Some(cur) = cur {
res.push(cur.borrow().val);
recur(cur.borrow() .next.as_ref(), res);

h

recur(head, &mut res);
res

2. BREFINER

qniE 5-9 AR,  BAELRR S BB TARAML,  FeffIth ] DAGE FHERTE 81 A BB E (A 751

front 1EAITTIETR 1. stHREIR rear
rear IEATHIRTE + 1 2. HTTHRMIEE rear &
rear = front + size 3.4 size B 1
R FIRAT
=] push_last(4)
ﬁ:ggl]g l {??a front > a FHRE front » {FHIRE
size = 3 a size = 4
EERRRDEES n a EERRREEET]
] HIMRRA AT a ] HINRRALEITT
1751 l 1751
AT H3 rear > rear >
1F5IR

Step 1 o Step 2
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1.4 front EH 1
2. BTRMIME front &

3. 46 size B 1 1.1 size B 1
{FHIENFI FFIRHF
push_first(1) pop_last()
n . front >
1
1FHIRE FHIRE
a size = 5 n size = 4
u ERERZDERET EEERZEEET
a HIPRRAERTTI a RIPRBAERTT
[ Step 3 Step 4
1.4 front B 1
2.4 size BH 1
f55IEs) (i
pop_first()
front > 1FHIRE
a size = 3
a ERERZTEET n
a HIMRB AT B

Step 5

5-9 FLR P B A 78 AL SRR

FEATHIR BB b, (ERHI “FHIE A" 1 THIRHA" 77k

// == File: array_deque.rs
/* ERIREEHERNERTS +/
struct ArrayDeque<T> {
nums: Vec<T>, //
front: usize, //
que_size: usize, //

B #FERTYI TR
THIEHER, ERITIIETER
LuTiRE

h

impl<T: Copy + Default>
/*x BiEF */
pub fn new(capacity: usize) -> Self {
Self {
nums: vec![T::default(); capacityl],
front: 0O,
gue_size: 0O,

ArrayDeque<T> {

}

/* ERERTINEE */

pub fn capacity(&self) -> usize {
self.nums.len()

+

/* ERERTINRE */
pub fn size(&self) -> usize {
self.que_size

}
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/*x FIERERTIIRE AT */
pub fn is_empty(&self) -> bool {
self.que_size = 0

I
/* STEIRFIEFIRS] «/

fn index(&self, i: i32) -> usize {
/] EEEERREEIRMEN B EARE
/l B i #BEyIEEE, CIZIZES
/] 8 i #AMEysERE, ERIES
((i + self.capacity() as i32) % self.capacity() as i32) as usize

h

/* ATHIENG %/
pub fn push_first(&mut self, num: T) {
if self.que_size = self.capacity() {
println! (" EmITFIER");
return;
¥
/] TS EfeE RS e —L
// BBEEHR(EEIR front HIBMREY|IEIRZEEE SR
self.front = self.index(self.front as i32 - 1);
// #& num FIEETHE
self.nums[self.front] = num;
self.que_size += 1;

}

/* (THIBNT */
pub fn push_last(&mut self, num: T) {
if self.que_size = self.capacity() {
println! (" Zm@TIIER");
return;
¥
[/l StETYIREIEE, ERTIRERS + 1
let rear = self.index(self.front as i32 + self.que_size as i32);
// #& num FIEE(TTIE
self.nums[rear] = num;
self.que_size += 1;

}

/* THEEH %/
fn pop_first(&mut self) -> T {
let num = self.peek_first();
[l Ty EEEREEE—
self.front = self.index(self.front as i32 + 1);
self.que_size -= 1;
num

/* {THIEHT %/

fn pop_last(&mut self) -> T {
let num = self.peek_last();
self.que_size -= 1;
num

/* FETHIETE */
fn peek_first(&self) -> T {
if self.is_empty() {
panic! (" &mfFHlR=")



5 E MO TS| www.hello-algo.com 108

}_.

self.nums[self.front]

/* FARTHIBTE %/
fn peek_last(&self) -> T {
if self.is_empty() {
panic! (" &mEUTHIR=")
I
/] StHEETERSI
let last = self.index(self.front as i32 + self.que_size as i32 - 1);
self.nums[last]

h

/* REIFEFIERFIED */
fn to_array(&self) -> Vec<T> {
[/ EERERREDRENNEYITE
let mut res = vec![T::default(); self.que_size];
let mut j = self.front;
for i in 0..self.que_size {
res[i] = self.nums[self.index(j as i32)1;
j+=1;
+

res

5.3.3 EmT7IER

a7y FAHEE BT EE, Kt en IEBEME NI NGS, R EE RN A B,

TG, SREGH RGN DhREIEH M AR E B RS UCERIRIE push ZIHERT, R1ZEE pop
BHHUEH, A, FREIRSEIRAIRA], SRt GRS 8 (GInERTFREE 50 ). EHar
RIS 50 K, MEGTEAEHBIR (THIE) BATMERERCE, (HHEBMTLEBIZIIRE, PR 2
{PFIAREAHER ., FETERE, “WEH” ARLOIBER R IEHE B SE AR IR, U= 751 RE S 5 0 82 75 1
HH LRI,

5.4 /Mg

1. ERSEIEE

- HEER - MDEIE S AR R AR BORAS RS, n] B8 fe 8 s B S AR B B,

- TERFRIRCRT T, HEBARES BB R AR A PIRER, BT, BB R IR A
EEHNEO(n) . MELZT, HASEAS Ry BB BA E A TE RRCR A,

- AEZERRCRTTH, MR BB RS ERE S MR, AREERENR, EEEY R
PR RC TR s e EL RS TR R

- ATHIR - REEE S A S R AR B GERE,  [RIAR AT DUEIE RS sl A5 BRI AR BB, 7 IR ] R A 23
RCRHEIEL b, 751 B Al B iR HE A O A5 AR DL

- BEEMTYIR —RERA S H AT, B RRFEmET T TR AT AR R,
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2. Q&A

Q: BITITRHUAMEIRIRZE A2 B sl Hh S T

BB ANERIBREAE L2 “HA” rREL, BN Bk, ZHEE g EaE;
R BERARIR L IRy, A% E i G B TH (T 5 n] DT (b BB — L RSN, EMEE A
T51” BEHIHRE,

Q: fEHHEERR, BETERIHHEBHRATIEE?

GURIRAA ST Z A SR RS, HATREREGEIEM, BB ATREME, Java Ml Python St SHEA HE)
B S, Rl A TR T ENRE AL IRAS; 7E C A C++ ik T B REGL IR,

Q: Brf(rilgEmEHEBIHEE 7k, R E?

BT A G B AN T AR S B (B P E T, B RBIR R + (THIREEE, K AT DA B
BEUTHIRFTA M, 3 HE NS,

Q: i (undo) MHEH (redo) HBLZANIEIIN?
(o P Ml A, S A RO, HEEE B AR SARUEH
L BEEREPITERCE, ISR ERASER A, AEHER B .

2. HRPHUT “REE” R, EHER A TR BORAYERCE, MR AHER B .
3. BHPBIT “IBEH” W, (CHE B R HBILIIRE, MAFHBEAHER A
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F6E MER

helle=algo.com

Abstract
TERT B AR MBERNE—RENEEESHE,
REIN A EREDR, €T DAPREER R B A E .
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6.1 HER

&R (hashtable), XMEFIR, TIERETH key B value ZRIVEML, EHRSMTEEH, HEl
ma, FHMEMEERRPEMA—E# key, RIFTLAE O(1) ReRINEBCH ERIE value .

i 6-1 FiR, 4A7E n (E24, SE2AEE “Wa” M 2577 WiEEk, RuBRMAEER ‘WA
2a% RIS ENEA” EHDIRE, R ARAE 6-1 FRiEHER R BB,

HRER
hash table
25 key
| | | |
e value

BN—E25 key, TAHMESR value
HERPIMIBENRERES 0(1)

@ 6-1 HERRIMRER

BPRAEZRASN, FEEFD A R tha] IEBI A IIRE, EMAIRERBEINE 6-1 iR,

- OBCER: (EFRAOTRFIN RS GRS MR, A O(1) KR,
- A mRES] GRS ZEUTH, RLFREETHPRATR, A O(n) K,
- MR CER: FRELERDTR, BIEMY] GELGERY]) PR, R O(n) Kk,

*® 6-1 JTLREMTCRE L

PeHZY GRS HERR

s@iE O(n) Om)  O(1)
FatE O(1) O(1)  O(1)
WiiE O(n) Om)  O(1)

Blat s, TEMERFRIE TN E SR IEEDERR O(1) , FRER0

6.1.1 HMERTERHRE

MHERAH RIRIEAS: Pldafk, SR, b ERIMPREESSE, REEENT:
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// == File: hash_map.rs =
use std::collections::HashMap;

/* FaiER */
let mut map: HashMap<i32, String> = HashMap::new();

[* FTIBIR(E x/

/! f%ﬁ%ﬁﬂp#ﬁﬁﬁéfﬁ“ﬁ (key, value)
map.insert(12836, " /A" .to_string());
map.insert (15937, " /hEE".to_string());
map.insert (16750, " /N&E".to_string());
map.insert (13279, " /JVvE".to_string());
map.insert (10583, " /ME".to_string());

/% EEIRE x/
[/ EHERDENE key , BEE value
let _name: Option<&String> = map.get(&15937);

/* MBRIZIE =/
/] TEHRERDMREES (key, value)

let _removed_value: Option<String> = map.remove(&10583);

HEZRRA M ARE T B RES. EVEAETE, RO
// == File: hash_map.rs =

/* EFHER */

/] EFFH#EEE Key->Value

for (key, value) in &map 1
printin!("{key} -> {value}");

}

/] BEEFRE Key

for key in map.keys() {
printin! ("{key}");

I3

/] EB¥EFEsHE Value
for value in map.values() {

printin!("{value}");
}

6.1.2 MERMEER
A% R RS, R — AR R B B R R, TR R, TRV RS o ) £ 23 LA
(bucket), HENAIREE—HEEY, FHit, ZREREIRT key BEANE, WEMTHEER value ,

AR, WML key E A EHERIMINE? ISR &M ERT (hash function) EEIA, HEREXAIERZAE—ME
TR\ 2 SRR — fEf N e, AR RT, MAZERITH key , W= REZATER (FH5
R5D. WAgEhH, WA —H key , B LUZEMEZ RN key BHERISEEHE RSP IE7 AL B

A key , HMEZREAEHREED 2L T2,
L. BIEFAEEREERTE hash () sHESEIFEEE,
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2. MR EEMEE (YR capacity B, TEMMEHGL key BHEAUM (HFIR5]) index .

index = hash(key) % capacity

BE1R, FIHEATDAMIA index fEARRRRIFEIERIM, TEMER value .

5K E capacity = 100, FEEEEE hash(key) = key, S1S5MEERINA key % 100, [E 6-2 DA
key 22580 value Y50, R 1T HEZR W TIERRE,

N key =35l RS i value

key value

-

a e

B O &3
37 15937 | “/N@”

“/ g

3 wREX | (e
key %100 )

13276

~
e o
wen . e . wen . wen

J

(’é@ﬁ?ﬂgﬁﬁ—@ﬁfﬁ

6-2 MR TR

AT EE 7 — M EMER, E, KM key Ml value BEEK—EER Pair , DAIFRE(EE,
// == File: array_hash_map.rs =

/* REH */
#H{derive(Debug, Clone, PartialEq)]
pub struct Pair {
pub key: 132,
pub val: String,
I3

/*x ERMEYIBRNMER «/
pub struct ArrayHashMap {
buckets: Vec<Option<Pair>>,

S

impl ArrayHashMap {
pub fn new() -> ArrayHashMap {
/] WEkkEy, 8& 100 EF
Self {
buckets: vec![None; 100],
¥
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[/* BERERT */
fn hash_func(&self, key: 132) -> usize {
key as usize % 100

}

/*x EHRIE %/

pub fn get(&self, key: i32) -> Option<&String> {
let index = self.hash_func(key);
self.buckets[index].as_ref().map(|pair| &pair.val)

}

[* FTIZIR(E x/
pub fn put(&mut self, key: i32, val: &str) {
let index = self.hash_func(key);
self.buckets[index] = Some(Pair {
key,
val: val.to_string(),
Dk
+

/% MBRIEIE +/

pub fn remove(&mut self, key: i32) {
let index = self.hash_func(key);
/] &% None , KERMER
self.buckets[index] = None;

}

/* EEVFRERES */
pub fn entry_set(&self) -> Vec<&Pair> {
self.buckets
.iter()
.filter_map(|pair| pair.as_ref())
.collect()
+

/* JEENFREH */
pub fn key_set(&self) -> Vec<&i32> {
self.buckets
.iter()
.filter_map(|pair| pair.as_ref().map(|pair| &pair.key))
.collect()
+

/* EEVFREE */
pub fn value_set(&self) -> Vec<&String> {
self.buckets
.iter()
.filter_map(|pair| pair.as_ref().map(|pair| &pair.val))
.collect()
+

/* HIENFEER */
pub fn print(&self) {
for pair in self.entry_set() {
printtn!("{} -> {}", pair.key, pair.val);
}
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6.1.3 MiEEHREER
WAE B, MERXER R key MEARIVH A2 BT EBLSI S T 25 MR I H 23R, misiAzs
RIAE XA 22, ik, PR b — 1A “ S0 SRR s,

BN EIRORGIFFRMERE K, EEAR key RAAHFRS, Hik R e R AR, flan, ERSE5
12836 11 20336 AUMIMEEEAE RS, FAMFE:

12836 % 1060
20336 % 100

36
36

WniE 6-3 Fiow, MEESEEA 1A — @4, SRR NE N, FAM S 2 A\ B R — 6 S RS
2iEEEE (hash collision),

WA key EA] <37 B value

key value

HiwiEmse

N

— s 36 —

m// 3:7 15937“11\1!" \m

/ MERT 50 16750 | “/hNE" \
@—/ key % 100 . \W
“NE"

76 13276

83 10583 | “/hiR"

r

6-3 HERE IR

AR, FMHERAE n 8K, ZH key HMHCEI A — AR AR HIEMR, ERatED, Kk, L
GniE 6-4 FR, IRARTHEES (136, A) M1 (236, D) #AEMER, WMABRERHK,
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HMBRRTE - 100 HRRRE 2 13 HBERTE - 200
MEE key % 100 » HiEEN key %200
EE] key value e~ key value
7 36
36
136
50
150
83
183

& 6-4 HMERRBAE

ARSI, MEREATEITE R ERE MR RES ZMER, IEWAER,; I HHRMERAR
capacity ti%#, (TR ZIEBMER K AR EHE ET A RENRFEVE, SE DN 7 EFEERNE
R, Ait, BAGESEEGHE R RNHERSY R, PIHAERA,

&#HEATF (load factor) EHMEERN—MEZMS, HERMMERIVTRBERDMEE, HREEMRE
REVEERRE, WHEERRREARIERIRCE. I Java b, EESRE TR 0.75 K, REERMER
RIEHEZEFITH 2 %

6.2 FEEER
B w02 U X I RV Y 2 3EJE M N AN 1 BE: DA A s vl PR vl o 3 C s g AT 7Y = 1
AT H 2 2R, WM SHBEYERRRDN, AR ZEBEAMRER R
MHEE R G TR AR R, MELEMRERINAT M, & TR, SEERIMRE R, T
TR RS, EEERNASIL, BITEMEEREAR, ERERKR, HAMEREATREETAR
AUBERHRE BRER (B SR, 2 THRTIRCR, TR DASRA DA T 5,

1. B RARERERIERE, MBS RE R T DU BUME R 0 8N I3 LA

2. {EFERER, BVEMRRE R ER, A HITIEARIE,

FMHE RGN R AR “SaUAmE” A “FcE L,
6.2.1 fi#z({iuit
TERGEHEZR Y, BERERE R F —(M#EE, 8L (separate chaining) ¥ BELAE T R 2 HE45 R 1,

AF SR AELSETE Ry Sl i FR SV BITRS, TR P S AR SR A SE B AR (R (7 A2 [R) — B R 2 R, 8 -5 JRomR 1 — MRS XA
HEAER R BT
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FA] 1 SR (SRRER)

3 -OF

00 200 500

gt .

o
w
~
=~
w
~

S _ o 20
e o 750] ¢ Wocg

HEER key % 100 7'6

?ﬁﬁﬁm:ﬁﬁﬁ’ﬂ_ key

s o

6-5 SEFNIALAERR

ER A HE AR R ATIRIE T TR L T DU,

- EFCE: WA key , FOBMERERGRINERS], RIA] R R I GEETR:, AR E RS R A
Et key DA HAZS(EE

- WINpTR: E/OERMER ARG FR S HETRE, RO ETR GREYD BrEEes R,

- MHRRTCER : AR R A5 SR T Al R 27 RTS8 ) Aty 3 71 A2 B AR BRI 1 R

SEFNHEAFAE DA N RIR

- WHEERENEOR S R S BRTEAR, EOAH LRSI S AR B RO IR R e
© ERRCRIRIE: 5T B R B B Y AR A R B TR

DA RS AG T SRR R AV BB, SRR,

- fERI RS (BhRERY)) ARSI, MmN, EIEMRCE T, MREE () 2,
BpfEtmEr 2 — A& 5,
- UTFEBRGSMEREA A RN TR 2 R, RIMEREREATIREN 2 15

// == File: hash_map_chaining.rs =

/% SEICAIIMEEER */

struct HashMapChaining {
size: usize,
capacity: usize,
load_thres: 32,
extend_ratio: usize,
buckets: Vec<Vec<Pair>>,

}
impl HashMapChaining {
/* BT %/
fn new() -> Self {
Self {

size: O,
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capacity: 4,

load_thres: 2.0 / 3.0,
extend_ratio: 2,

buckets: vec![vec![]; 41,

[* FEEERT +/
fn hash_func(&self, key: i32) -> usize {
key as usize % self.capacity

/* BEEAT */
fn load_factor(&self) -> 32 {
self.size as 32 / self.capacity as f32

/* RIBRIRIE */
fn remove(&mut self, key: i32) -> Option<String> {
let index = self.hash_func(key);

/] EHE, WPMpREES
for (i, p) in self.buckets[index].iter_mut().enumerate() {
if p.key = key {
let pair = self.buckets[index].remove(i);
self.size -= 1;
return Some(pair.val);

}

/] BEXRILE key , BiR[E] None
None

hy

/* BERER */
fn extend(&mut self) {
/] BEREEER
let buckets_tmp = std::mem::take(&mut self.buckets);

/] B HIERBIFHER

self.capacity *= self.extend_ratio;

self.buckets = vec![Vec::new(); self.capacity as usizel;
self.size = 0;

/] HBREHRERERBESHHER
for bucket in buckets_tmp {
for pair in bucket {
self.put(pair.key, pair.val);
¥

}

/* FIENFEER x/
fn print(&self) {
for bucket in &self.buckets {
let mut res = Vec::new();
for pair in bucket {
res.push(format! ("{} -> {}", pair.key, pair.val));

}
printtn!("{:?}", res);
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h

[* FZIRE */
fn put(&mut self, key: i32, val: String) {
// EBHETFBBEER, BTER
if self.load_factor() > self.load_thres {
self.extend();
¥

let index = self.hash_func(key);

/] EFHE, HBEIEE key , BIEMHEHE val IHRE
for pair in self.buckets[index].iter_mut() {
if pair.key = key {
pair.val = val;
return;

h

/] EEZ key , BIFSREHMEEREE
let pair = Pair { key, val };
self.buckets[index].push(pair);
self.size += 1;

}.

[* EHIRE */
fn get(&self, key: i32) -> Option<&str> {
let index = self.hash_func(key);

/] EHE, HILE key , BIREIEHFE val
for pair in self.buckets[index].iter() {
if pair.key = key {
return Some(&pair.val);
}
¥

/] EXRIKE key , BiR[E] None
None

[EEENE, BHMAERIIRER, &R O(n) M2, MR USSRz “AVL B” 5% “408
B, TS R R R R A A AL O(logn) o
6.2.2 FKELL

BIMCELL (open addressing) 5| ABESMUR RIS, MIRER “ZUEH" AEMMZEER, KGR E
THAEBIEIRE, P IRRIMN 2 0OER

N DASRPEIRE 2561, AR BRTBOE HE R R A A EHH

1. BERE

ARMERE IR EE P RIS S AGEITIRR, HaR (e R @M R R A A,
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- BAJER: BEMERAGREMRG, SERBEMNC AR, AEERMCERRRIET (PRERES
1), EEHEZM, FTREAHS,

- AR ARBUERER, MNEAMRS REORETRIE, ERIKEIEETR, &M value HI
A WSRIEEISA, S EEDTRAERRRS, IR None o

[l 6-6 fon TRARCE L (BRIEIRE) MERRIBER i, RIRHAERE R, REMAHFN key # &%
BREVFHFERIM, THEEARMEIRE, BIMRR G e A DAL TR,

=3l e

-
=

00 <
BARELE o1
SRR, $EA 1 02

w ol n
=) S (=]
S S S

=)
~
o
a :

76 <
HERT key % 100 77

EMAAERRN key
R ERER

=3
~
o

78

o N
~ ~
o o
Hn

~
~
o
. a

@ 6-6 BAMCEIE (BRIERE) MERRAVEES 2

SR, MRPERER S AL “REBIR”, BB, [ESAERE A B R, T B AR
FRAIRTREMEECR, (e — PRz f BRRMEEA R, TACEIREE, RSSO ESIRIEBCR AL,
ERERRE, RIPFREERBOEIERER P ERMERCR, ERE R MERTTER & RSN E A — 625
None , MiHEA#ILERR;, MRUERERZEMMEIRME, KILEZTL NTRAEAR ], 2]
RERRANGLTTRAMAE, WIE 6-7 AR,

=3l (= 4]

00 <
01

02

76 <
msrE (B0 ) 2,

MEEEAIEZ THTET

=) w %] N
~ S S S
o S S S

78
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6-7 AERIBUEHEFIMBRIT R E A AR

% 7 fRUGZIE, B AT DAERFIBEMIER (lazy deletion) #&iill: EAREBCHERTBRICE, mafH M
B TOMBSTONE AREESCIE MG, 7Ea%1%HI N, None F1 TOMBSTONE #BfUFZSAFH, #Fn] LA B S#{EY, (HAF
g, ARMEIREZR| TOMBSTONE RPfEsx 48 £, HAH Y FrIRBIBFIEREY,

SR, R BRTT GE €& MR R IGEIRIL, 1B 2 N A IR MR Ve & & L —(EmIFRAEEC, BE% TOMBSTONE
RN, TESEER RN, KA A RETREBkiE 2 {H TOMBSTONE A fEHREIHAZIC R,

Lt EREIEAMHREA BB S {8 TOMBSTONE U5, K4 =36 B AR ELE% TOMBSTONE A2#k
A8, BRI S SR ERSGIE TR, TEGHREIREEANE (R GE) Hianom, 1
MR EHRCR,

DAFERBER 7 —EESWmERBIcEN: GRIEFRE) MiER, &7\ ot AERrzm, 8,
MR R B BRI, EeEEy| R, [HRsEEEE .,

// == File: hash_map_open_addressing.rs =

/* BBUELREER */
struct HashMapOpenAddressing {

size: usize, /] BEREHE
capacity: usize, /| BERRE
load_thres: fé4, /] BERBEANEHEFHE
extend_ratio: usize, /] EREE
buckets: Vec<Option<Pair>>, // #&[E%5
TOMBSTONE: Option<Pair>, // MIBRIES
¥
impl HashMapOpenAddressing {
/* EET */
n new() -> Self {
Self {
size: 0O,
capacity: 4,

load_thres: 2.0 / 3.0,
extend_ratio: 2,
buckets: vec![None; 4],
TOMBSTONE: Some(Pair {
key: -1,
val: "-1".to_string(),
B,

[* FEEERT +/
fn hash_func(&self, key: i32) -> usize {
(key % self.capacity as 132) as usize

/*x BEETF %/
fn load_factor(&self) -> fé64 {
self.size as fé64 / self.capacity as f64

/* 2 key HENRERS| x/
fn find_bucket(&mut self, key: i32) -> usize {
let mut index = self.hash_func(key);
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let mut first_tombstone = -1;
/] ERE, BB
while self.buckets[index].is_some() {
/] EiBE key, R[OI¥HEMNIEESI
if self.buckets[index].as_ref().unwrap().key = key {
// BzZanaE T MkRER, AiSREHBEEZESI
if first_tombstone != -1 {

self.buckets[first_tombstone as usize] = self.buckets[index].take();

self.buckets[index] = self.TOMBSTONE.clone();
return first_tombstone as usize; // R[EIEEHEMIEES]
}
return index; // REIMEZES]
}
/] FEEREEBEEMPRMERS
if first_tombstone = -1 && self.buckets[index] = self.TOMBSTONE {
first_tombstone = index as 132;
}
/] EEBRS|, #HBEIFEREIZEEE
index = (index + 1) % self.capacity;
+
/] & key AETE, BIREFMIEENZRS|
if first_tombstone = -1 {
index
} else {
first_tombstone as usize
+
+

[* EHIRE */
fn get(&mut self, key: i32) -> Option<&str> {
/] = key HEMFERS
let index = self.find_bucket(key);
/] EIEEEE, ALREHE val
if self.buckets[index].is_some() && self.buckets[index] != self.TOMBSTONE {
return self.buckets[index].as_ref().map(|pair| &pair.val as &str);
¥
/] BREHEFFE, ALRE null
None

}

[* FGIR(E x/
fn put(&mut self, key: i32, val: String) {
// EEHRFBBRER, RITES
if self.load_factor() > self.load_thres {
self.extend();
+
/] = key HEMFERS
let index = self.find_bucket(key);
/] BIERES, ABEE val WiR[G
if self.buckets[index].is_some() && self.buckets[index] != self.TOMBSTONE {
self.buckets[index].as_mut().unwrap().val = val;
return;
+
/] BREHFEFEE, FSZRES
self.buckets[index] = Some(Pair { key, val });
self.size += 1;

h

/% BIBRIEIE */
fn remove(&mut self, key: i32) {
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!/ #& key HEMNBESI

let index = self.find_bucket(key);

/] EBIEEEY, ABEMRESSEETE

if self.buckets[index].is_some() && self.buckets[index] != self.TOMBSTONE {
self.buckets[index] = self.TOMBSTONE.clone();
self.size -= 1;

}

[* BERHER +/

fn extend(&mut self) {
/] BERMEER
let buckets_tmp = self.buckets.clone();
/] B HIERBIFMER
self.capacity *= self.extend_ratio;
self.buckets = vec![None; self.capacityl;
self.size = 0;

/] ESREHNEHMEREEZNHER
for pair in buckets_tmp {
if pair.is_none() || pair = self.TOMBSTONE {
continue;

}

let pair = pair.unwrap();

self.put(pair.key, pair.val);
¥
¥
/* BIENHEER */
fn print(&self) {
for pair in &self.buckets {
if pair.is_none() {
println! ("null");
} else if pair = &self.TOMBSTONE <
println! ("TOMBSTONE");
} else {
let pair = pair.as_ref().unwrap(Q);
println!("{} -> {}", pair.key, pair.val);

2. FHHFERA

TR B AR E IR AR, #R R BT IR RRIG 2 —, IR, 7R 2 i Bk —{E
SERPEL, TEBGE “HRERERTTT PR, BL,4,9, ..

PRI EEA DU RS,

SETRENE PR AR BT T R, SRR AR MR A R R AR UE,
IR E PR E R AR SRS AR, AR E RS E A,

ST, PO IR AR SR SRR,
- MARGAEREESR, AR B AN B E A PG,
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© HCEARER, CFARRRTRES SRR AR R, ERRE IR R A, Rl 6
£ 3P il A

3. BRME

BRI, LU TS EIEER £, (). fo(2). fo(x). ... EAFHRH,
CHBATEE: BIREELR £ () MBI, MR £y (x), DULEHE, EERREIS A AT,
- PR ERIRREEE B TR TN, EEIE R BRI AR S Rk O R
B, RIRERT R FEZOTE, HBEE None

SAAMEIREMLL, Z2UGERTTIEN D ELERSE, B2 MR EARBIMIE R R,

Tip
TR, BHCENL (BPEIRE. POTIRHIMZ 00 MERAEE “TREEEMER TR MR,

6.2.3 IENEBSHIEIE
SRR SR T RAEREBEN, s mEe)+,

- Python tRHBAHCENL, il dict 8 ZBEMEOEITIRNL

- Java RN HE, B JDK 1.8 PASK, & HashMap WNHEFIREZES] 64 B4R REZES 8 I, §
#it RS R S KLR A DR T T A RKRE

- Go FRHBEAANE, Go BUE AN R Z M7 8 (Y, BHARIER —ERAAM, BRAMEZ
IR, EET —RIRRSF BRI AIRIE, DARELRSLRE.

6.3 MEEEE

AP EI AR T RER R A AR AR S R R BT 7, R s 2 B o g 2 gl sk, e REOR
kR ] DAFE SR E RN IE 3 AR, i TR R R 3
GERFHEERIBNIAS, MERRIVAEEN G RIS, WE 6-8 FrR, BHRGEAMaEzRR, MR TH#

EBI D HTE SR, ERREERRCR, REED T A BB DI —EfTh, R
= O(n)
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SETCAIHERER
R{EER:
B BEHTISHESERS
RIRMEREE o(1)
REMSR:
BEHSIOHEEEES
RERIESERE 0o(n)

I 6-8 e R RAEH IS 2 1K I

SR TS DLHREZ AT, IR R S ATRT R BR, JUatRARE, BRI U

index = hash(key) % capacity

BIRDLERS, ERERAR capacity FIER:, MEREEIA hash O Ju vlihE, MEME 7B
MEE R BYHE DL

EREIRE, &7 RIUHRERBEMR, RMEEFEENEPEMZEEE hash() FIREF L,

6.3.1 MREFEZNEE

7 7 EB BT RRRRRERAGR, MERE AR AR DU TR R,

- OWEETE: BRMHEEIREA, MREEREAAEEAA RN SR RERECRIER R R AT SR,
©OReRE: AHERERER R RS, SRR, MEERE .
- Ao R E SR E R G R R . MRS, MR E SRR R,
B L, MEREERER TR AR EBRMRR, BRI AR A,
- R AT REMAEEBNLE, REEE NG ERHFENEISCER, mRH 7 EHHE
RIE, ERPmAEWR, REEEMANES EMRE, ARG FIMREETHE, mRWE
DLRC, AR WS AR 7 IERE,

- ROREREERRE: BRHMENX DT A] DA SRR RO RE R (E MR HL— (R 0% 1RO R DA A R ICE R
BRI (E, 6 SRR R EDET L, WSRWE ILRE, AR R 2 e

BN RAHBIEM, 2 7RI ORER (A R A i e TR, MR AR TR A SR L
2R,

- R RS FER(E S B A BT A
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- PibEENE: EEMEHLEIRENFEERA, FEEMRREEEMR,

AR, “BAor i BCDIRERETE” MRS, G e i e PR, BN, FEREHE
WA key T, HMZEHEI key % 100 o] DUELIG MR E . IR RAMREEZENEE, FraRmAAH
SEHY key RS HHERFHIE, [T AT AR 5 A R (B S A FT FH A Key |, TETIBR AR 1S

6.3.2 MFEFEENEG

MR EIRA R AHE AR5 B 2 R RAEMRE, RN mAS R, B haERE—L&
i AR R R TR,

o MR B AR EE T TR ASCIL BEEITARNN, S BIRARIIE R A,

ORI FIRBRIERSHEBNE, SRR EHE, AT IR ASCIL ISR MR E

- HFEME R EORI R T RE 8 R B R R AR — AR E,

- e R E TR ASCIT WS R AES—EME R (ES, SHREMZ ATAR & B R (T heE 5,

// == File: simple_hash.rs =

/* EHE */
fn add_hash(key: &str) -> i32 {
let mut hash = 0_1i64;
const MODULUS: i64 = 1000000007;

for ¢ in key.chars() {
hash = (hash + ¢ as i64) % MODULUS;
}

hash as 132

[* AR */
fn mul_hash(key: &str) -> i32 {
let mut hash = 0_1ié4;
const MODULUS: i64 = 1000000007;

for ¢ in key.chars() {
hash = (31 * hash + ¢ as 164) % MODULUS;
I

hash as 132

/* BEREHE «/
fn xor_hash(key: &str) -> i32 {
let mut hash = 0_1i64;
const MODULUS: i64 = 1000000007;

for ¢ in key.chars() {
hash "= ¢ as ié4;

}

(hash & MODULUS) as 132
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[* TEEHEE «/
fn rot_hash(key: &str) -> i32 {
let mut hash = 0_ié4;
const MODULUS: ié64 = 1000000007;

for ¢ in key.chars() {
hash = ((hash << 4) ~ (hash >> 28) ~ ¢ as i64) % MODULUS;
}

hash as 132

B3, SEEREERNRE —PEREREE 1000000007 HUE, DIRECRFERELE SEERN, E
GFREBHE, R RS H B, sE SRS BIRA S m R E? &R —EHBRIHE,

Joka i ERIRHBESBE, nl DUR RIEHbREERER AR 2 S, (A2 E B B B 7 (7 A2 A4
B, AT DAJR/D R USSR R T 22 2R AR IIPERR K, fEm AR 1 2%,

AR, PERFRMEE SR O MRS, ErT DA 3 B0k, TREERTE ] DAt 3 HERRAY key ER &G #CBILE] O,
3. 6 B =MHAREE,

modulus = 9
key = {0,3,6,9,12,15,18,21,24, 27,30, 33, ... }
hash = {0, 3, 6,0, 3,6,0,3,6,0,3,6, ... }

QUERER A key TEUF TN L ISR ZBIIRVERI M, AR E & L BIR R, EmnEEER, BiE,
{Fa% sk modulus B BB 13, MR key Hl modulus I NFEIEAKVE, Kt AR EN IS
AT T

modulus = 13
key = {0,3,6,9,12,15,18,21,24, 27,30, 33, ... }
hash = {0, 3,6,9,12,2,5,8,11,1,4,7,... }

ERFRIHRE, WREHIRTE key BRI DM, AREBEEEBEGEE SBIERHEEEATLL, EFfHaem
HES G MEIIFERE, THE key MIMAFIEEIEINER:, BEBEEEAR S HBIRENR,

MmE <, FFERERREEEARE, I HEME R EHAR, PUERTREHPRENIMAER, $ErHHE
FIRRIRS R

6.3.3 BRMEREFEZX

AEEREE, DL AR EMER AL b Mg, EIER A ISR RIAN R B, B, B
TEREL R B e e e, DR AR A L R 28 S TR 1 2 P AR TRV ENE AN R ) 7 6, 0 W RE s
BRER, 572,

TERERED, FRAEH G H — AR A, f40 MD5, SHA-1. SHA-2 #1 SHA-3 5%, BfMA] UK
TR i A\ R IE R ARE TR (L
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E—EEAC AR, AR HRR R B R B R LR RE R, — R WIE N B e THRER IR BRI RLEE,
ot N BB F IBOTR S PR E RN 2 2R, R 6-2 R TR ERRIER R AR
CR7-

- MDS5 1 SHA-1 EZRPRINNE, KB ML 2 EHEMN,

- SHA-2 RHIFFH) SHA-256 B Z2MMHEHER IR —, ToREBINKRERG], FitHAESEZ
L B ik R

- SHA-3 tH#; SHA-2 FUEBIFISHER, sHREMRE R, HEMEREZRERZE W SHA-2 15,

®6-2 HARMRERTE

MD5 SHA-1 SHA-2 SHA-3

e 1992 1995 2002 2008

fil

#tE 128 bit 160 bit 256/512 bit 224/256/384/512

i3 bit

MERE  BZ LY E2 R R

%

ZRE AR, CHREhBE i, SR & =

® -

JEH CHEH, mAREREE S CEH MEERZZEF, BFHEs  WHRENR SHA-2
= %

6.3.4 BHGEEIERE

BAALE, HERRA key n] DUZREEL, /NS HEERIAR, B S0 & 55 E R TR R
MR, RURGHEMEERPIIMERS]. LA Python 26, (AT DAREAY hash () BREAREH R4 BRI
HIRTHER(E,

- BB MR RERER A S,

- IFRSEON T R AR (E R R R, A RSB REE wE B TR

- TCAHAVHERER EH A T RE TR, RBREEMREA SRR, S2E -AREE,
- PIFRRER E RN KRR A A i, EEERYFRIRER TR, ATEBER AL KR,

Tip
FEER, NEERGESWNEMHZEE E R ERA 7 A,
// == File: built_in_hash.rs =

use std::collections::hash_map::DefaultHasher;
use std::hash::{Hash, Hasher};

let num = 3;
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let mut num_hasher = DefaultHasher::new();
num.hash(&mut num_hasher);

let hash_num = num_hasher.finish();

/] EE 3 BIMEEEA 568126464209439262

let bol = true;

let mut bol_hasher = DefaultHasher::new();
bol.hash(&mut bol_hasher);

let hash_bol = bol_hasher.finish();

/] TME true BIEEEES 4952851536318644461

let dec: 32 = 3.14159;

let mut dec_hasher = DefaultHasher::new();
dec.to_bits().hash(&mut dec_hasher);

let hash_dec = dec_hasher.finish();

/] N8R 3.14159 BIMEEER 2566941990314602357

let str = "Hello EEX";

let mut str_hasher = DefaultHasher::new();
str.hash(&mut str_hasher);

let hash_str = str_hasher.finish();

// F&8 “Hello BEER" WMEES 16092673739211250988

let arr = (&12836, &" /\E");

let mut tup_hasher = DefaultHasher::new();
arr.hash(&mut tup_hasher);

let hash_tup = tup_hasher.finish();

/] JtéE (12836, " /NIR") HYFEE(EZA 1885128010422702749

let node = ListNode::new(42);

let mut hasher = DefaultHasher::new();
node.borrow().val.hash(&mnut hasher);
let hash = hasher.finish();

/] EnEE¥IF RefCell { value: ListNode { val: 42, next: None } } HUHE(E%A 15387811073369036852

TERF2EAGES T, RAREYHEA A2 R key o (RINFRIMKGHY] (BIRERS]) 1E% key , HH

SIRIINE SR, CRVMEREDRN SO, IR ERE R AR FIEH value T,

R B E YA (LLansas S EnRG) AR BB BUR T, HERrIHERR. a2k R

SRR A R, BMEVI RN A 34 T ML, (BERYRCIRRE AL, FERETRRTEN,

AODRIIRATRER BIE A R R TR, B MR ER TR, i8R % Python HiEER IR
W, AR 2y AR R UM — M RERRIEE (salt) fH. SREMIAR AA R IE HashDoS W, 271 #k%

RN L2,

6.4 Ih&E

1. EEL[CIEE

B key , FEEREEHE O(1) RRINEHE] value , BORIEE H.
W RIMERRIR PO, TGS ESE MPRE(ESIRERT R RS,
HERPR AR key BIBRZ ARSI, (EMT I E EA I value o
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- MEARFEIR key AIRETEASBAMEZ M AR SRR RIS RG], EEERAIR IS, MBS
RESR,

© MERERAERR, MHEERIMEHURIC, Rt A] DO B RER R AR RS R, By A
L, FEZRBEARERIFHRA,

- AR ERAMRERPTREERDMEE, KU THMRERNEERE, ¥AERRERRER
S

- SEEATHEEE I BT R L 2 A RS, TR &R TR R R —ESES ER 8, SR, SRS
B R GRERERRCR, 0] DOEIEIME — D1 sl o 51 i 2 AL R B AR B R

- BABCENEEE 2 IR A R B AR 2%, PR EMAEIE D K, SR AREMERTR, HAESELER
%o ZURHHZ T 2R R UEITIRN, MESREIRE E A EARE, H2MMERRE 1 EHE
Ho

- AFEEREE SR T ARERELER, B4, Java i HashMap fEAHEXA4E, T Python Y Dict
PR BACE HE

- MRS, MR EMEREERARAWE, SRR MGRIRR. fEREST, MREERE
W R EL A URIE 2 M AN S5 A AU

© FREERIRERE R RE B RS, DR REERES I 0, MRS R,

W RARERE A RS MDS5, SHA-1, SHA-2 fl SHA-3 %, MD5 # RS R e M, SHA-2 &
PRI 22 2 8 P B Ptk

- G EE G LB EMER AR, ARG EMERT MRS BHEER T, HEAA
SV IFR RTHERR,

2. Q&A

Q: MHERIR MM/ BRI N2 O(n) ?

BRI RN, SRR R @R LR O(n) . MEEEE R TS Llelr, AR L
EFL, ESEHBCEIIN, BB O(1) . TRV AR S A RA NS, B R MR
0(1),

Q: AftEEHMEERX f(v) = 2 WE? ERMAGHERT,

£ f(r) = o MEBERRT, SETREERE AR, SRR, JRm, B0 EE A6 2
i (FESIREE), AR R E DA RS YRR, RaEha, MRERNE R —EERr
AR 7 R —fEfE N SR, AR O(1) IERRCR.

Q: MHERIEEBZMS, SRS, ook, HHERERA] U e E mle?
B, MERRIREYCRE R, ESHBREBRT, MERAHE o BRRE,

Hik, HBERE SR MR ERCREE S T QIR — &I RE RES 72 AH ] A IRe ) 46 A P2 T {6 P et 271 el S 4 3
SIEEL, AREER MR RE R, SRR MER NG R TR R, R EIHE R,

15, MRERIF IR ATAES A Sk, BIAERRRIIErR, FRPTERER (eSS 6 51 o AT SR T AT 2 34
V5, BRI O(n) BRIKIER.

Q: ZRFHEA T REEEMBRITRAVEIEE? FRa 2 CMERAY 2 2 REF R WG ?

ZUCHER B BRATCE N — M, BT HERER A S RE LN PR TR AV, TEEB bR, R E ek
AU R PT DARRRE A A e Rim MR AR, Sl H O M 2 bR s R R 2 MR A BLIRE, %A E AT DL
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BHTCRMEM, ERMBEREARFFRRE RAIIRI F I, RECRAMER RS M 2R,
Q: At EEMRIEIRET, EHMITRAIRHRE HBUMERERE?

AR IR AR bR R BB B AU S (S, 328 key NILHE, EMARAMEER, Fitt, HRIEHRE
RERIBTHCRUE NP RARRE N, BRSNS (E S s R 2y 1

Q: 7T EMERRIE A RS R AR E R

MR R AR R — DT R B ESIRE n B (R, B ER SRS MEN,; EEAR, YR
J& n SRR, T key BEAIRS BRI RESR LR L, [FUTELER —EMAIZE key , TERAIRATREGHIAC
B 22D, TE BB E R AR .

Q: GHERZ T ERAIAEER, AR B Sy 1 WS ?

EERIN key BHEBER /N EEEE, ERMAEYIRIR, fHE&S% HE key BHAMAL] (Bla058) K,
HLT LB R R AR key B2 SRS |, FIEBMESIRH TR, SRASRETZMZR,
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Abstract
SRABFEWAEM S, RIREX, 2R,
TARMER T &R RE,




BT7E M www.hello-algo.com 133

7.1 —ciE

—7oi (binary tree) J2—fEARARMERRIAME, AR "ML B RAT ZMIIRERR, B8R 0%
=7 WG, B ERYIEL, —ITEEARITRER, SEERUSE,. RS ARG EE
ElLiEE

use std::rc::Rc;
use std::cell::RefCell;

/* ZITRIERLAEERE +/

struct TreeNode {
val: i32, /] EnELE
left: Option<Rc<RefCell<TreeNode>>>, [/ EFEIERS| B
right: Option<Rc<RefCell<TreeNode>>>, // AFEIZ:5IMA

I

impl TreeNode {
/* BT */
fn new(val: i32) -> Rc<RefCell<Self>> {
Rc::new(RefCell:: new(Self {

val,
left: None,
right: None

)

HEEEEEAMMES H (F51E), 2BIERIAEFE2 (left-child node) FIHEFEIZ: (right-child node), #%Ei%:
WiRG 2 B A T S B AR ERBY (parent node) . & 4G — M ORI ETESIRE, TR 5% S BS A0 /2 T HT B M H
DA BT BTS2 % B A 748 (left subtree), [RIBEAISAFH (right subtree),

fEekh, BRIEGNRGSE, AP AR S ERRE . QnE 7-1 FoR, QiSRRG 27 AR
iR, A FHEIRSANG FEIR DA “HIRS 47 0 “HIRE 57, EEHE “HIRG 4 LH DU HIRTE AL,
e “HiRG 5 NHE DU EIRTE AR,

=i SLERRE

binary tree

|
E?;W ﬁﬁﬁi&

AT aFH

ANV
WVivivi

[ 7-1 AQEIRG, FHIRE
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7.1.1 ZcistsE Ri:E

TR H AT EE AN E 7-2 AR,

- IREAZY (root node): AR oI TEERIEIR:, RA XHI,

- EEEIE (leafnode): A THIBIAVEIR:, HMEFSEEIHEN None .

- 1B (edge): HEAMEEIBSAYAREE, BNEIRGSIH (FEED.

- HIEEATERIE (level): ETHZJCIENY, RETEIIEES 1,

- HIEEMIE (degree): EENMFHIEEMVEE, E o, ENBUEEERZ 0. 1. 2,
- ZICBIEE (height) : AR BT BL 2 s BEET RGBS I LR,

- HIESHIRE (depth): (AR BT RGEIE% 2L R4S 8 B Y B

- HIESHIEE (height): {ERERESZ EBGEOE I BEET S 2 RX BB P RB 108 1 B

RENRY
S

gL

¥

et
[}
=

TR

7-2 TR E R R

Tip
AL, RIMEHEAR “SET M T TR KRrSREE", (B8 EM TR HE
Fay “BREREE", EEENS, SEMREREEM L,

7.1.2 B IRE
1. ¥tk

EESE R AL, B eI LRy REEES I (B,
// = File: binary_tree.rs =

/] ¥iaEnEL
let n1 = TreeNode::new(1);
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let n2 = TreeNode::new(2);
let n3 = TreeNode::new(3);
let n4 = TreeNode::new(4);
let n5 = TreeNode::new(5);

/] EEEZENEIE (EIE)
nl.borrow_mut().left = Some(n2.clone());
nl.borrow_mut().right = Some(n3);
n2.borrow_mut().left = Some(n4);
n2.borrow_mut().right = Some(n5);

2. ENEMIBRERRS

SAGEAS ERAIRALL, £ T rhim A BLERETR ] DOZ B SIS AR B, 18 7-3 & T — (R,

EE PN TPRERES
ni.left = P nl.left = n2
P.left = n2

& 7-3 £ —Jeh i A BRI ERETRG

// == File: binary_tree.rs =

let p = TreeNode::new(0);

// £ nl -> n2 HREFENEIRL P
nl.borrow_mut().left = Some(p.clone());
p.borrow_mut().left = Some(n2.clone());
/] MBREREE p

nl.borrow_mut().left = Some(n2);

Tip
TETERAR, FHAGTRTRE & o8 IR BY AR AT, 17 R B e R R I Rz B M
Fra A, i, £ ook, fRARMEREEZH -ERELEEMRN, UEBEERERIIRE,
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7.1.3 ER_TEEE
1. TEZiE
NiE 7-4 AR, SR 5okt (perfect binary tree) i fEETBEHI W2 21N, TE523E —okirh, BERTREAEE

B0, HERFTEEBIOEES 2 ; HHEER b, BIEEAES 2T — 1, REREEEIRIEGR, R
Y B RS AR R R

Tip
AR, TEFPSCHEEAD, SE38 TR R 2 — ol

SEFR T
perfect binary tree

(iR R —Toh)

FRE FE R B REET S

7-4 SEFEITh

2. E2k

W& 7-5 iR, Se2 7okl (complete binary tree) {8727 i K /E B A2 2N, HRKENEBL0HE
AEBAGRIEFIET, HiEE, TR ITHtE—REe =ik,

SEeiTH

complete binary tree

REEHREAET, EtEEREWEN
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7-5 eIk

3. Mo

qniE 7-6 Fw, sTm—roit (full binary tree) BR7IEHEIRG AL, HERFTA EIRGE A mifE 1 ERG,

/ \
/ \ FEm_ i
full binary tree

FREEIRGEIEEE 0 = 2

7-6  SEim ot

4. FE

aniE 7-7 Fior, F#Zsoi (balanced binary tree) AR EIEGHY A FRIFIAS TR0 & 8 2 Z A EHE A&
B,

d=-1
7 o
d= 1/ d= 1/ \ balanced binary tree
d d= d-=
’ ’ ’ R EFMEE - SFHEE - d
/ \ I TP BRERE [d] <1
d=0 d=0

7-7 V5 ook

7.1.4 ZHEanEk

[l 7-8 R 7 s BARAS R BB AT, H TR RO BN RGO, E R ek ol miERT
A ERE A — IRy, —ITEHRRy “SEAEET,
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- SERITRHEBERNN, AIDAE T Coie” MR
- EESERSIRIE G —E, A TEIRIEARAE 2 R, IRRIBEEREE O(n) o

4
N P
S\ /
4
i ] / B
FeE ok iEAEERT|

[ 7-8 eI (A B AR 2R A A
R 7-1 FrR, EREGHENRZGHE T, —ofiERREE, HRRE SEFERIAESR/]ME,

R 7-1 TR R A B AR 2 A

SER ek A
5 1 JERIEN R B 211 1
FE A h B 28 1
HIES h R 2k — 1 h+1

ENRAREO n OBIASE log,(n+1)—1 n—1

7.2 ZiiiEss

TEPHAS A AR, KR — RS ARSI R BRI M, RIS 77 sURIE B FE R MR I E R AR
i, e —IERRIE R R, IS ERRS LR S ER S E A, RS E L,

el RAES R EIEE R . BiEE . PREETTBEE S,
7.2.1 EBIFED

WwilE 7-9 Fi, EBREE:R (level-order traversal) fETEEREE SRR G ER ook, WifES— iR £24A
JIE 7 7 e i
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@R ESAE FBREES®SES (breadth-first traversal), tHIBEREB,EIESE (breadth-first search, BFS),
TR T “—E—-ERMERE" R

RE®TED

/4’\\\
’i;x BEEDS (B @ B

)

/ ""y’;‘;‘.'_'_j::::.f/--'-‘\ R

7-9 ZIUERIE R AE

1. EBER

B ERNE R RED “TH” AREBL, (THIEE “JoEH” RN, R RIEE
AORIRN, s EIRE SRR 2, BT

// == File: binary_tree_bfs.rs =

/* EBFEESH */

fn level_order(root: &Rc<RefCell<TreeNode>>) -> Vec<i32> {
/] BTy, IMNRETR,
let mut que = VecDeque::new();
que.push_back(root.clone());
/] ek —ERS, BMEEESFT
let mut vec = Vec::new();

while let Some(node) = que.pop_front() {

/] BXHH R

vec.push(node.borrow().val); // (HFEIEHE

if let Some(left) = node.borrow().left.as_ref() {
que.push_back(left.clone()); // AEFHEIENF

+

if let Some(right) = node.borrow().right.as_ref() {
que.push_back(right.clone()); // AFHIZEAT

+;
}
vec
}
2. EHMESR

BERIBERRIE 2 O(n) © P EBEREORE R, (8 O(n) Wi, Erhn 2 EB680R.
- SEBRIE S O(n) : EREMIE, B IR, EWSIRE 28, (78R A
(n+1)/2 &%, 158 O(n) %R,
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7.2.2 #iF. HF. EBFEH

Mg, A7, R ETEEINRERSES (depth-first traversal), thABREE%IES (depth-first
search, DFS), ‘EREEl 7 —f “JoE|dE, mRmEs” e
7-10 J&/R T TS TR BT E IR LRI, DRSSt R S AR TN R —
e, EEEERREESI=A0E, DRBENFET. TRERMERFEE.

REEEEN - Ok,

def dfs(root):

"t AR
if root is None: return
@ BNigRsR i

dfs(root.left)

® SHRAETH, BHRETHE
dfs(root.right)

@ SEFHHBEHM, FEE

HiFFED (F @ EahfEL)
1, 2, 4, 5, 3, 6, 7
RFED (£ @ EahmEER)
4, 2,5, 1,6, 3,7
#RFED (F @ EahEE)
4,5,2,6,7,3,1

@ 7-10 —orisBRIETF. . RFE

1. ERBER

REEEaER ENREEH:

// == File: binary_tree_dfs.rs

[* BIFETS */

fn pre_order(root: Option<&Rc<RefCell<TreeNode>>>) -> Vec<i32> {

let mut result = vec![];

fn dfs(root: Option<&Rc<RefCell<TreeNode>>>, res: &mut Vec<i32>) {

if let Some(node) = root {

/] HEEEIER: RER -> EFE -> 5FHE

let node = node.borrow();
res.push(node.val);

dfs(node.left.as_ref(), res);
dfs(node.right.as_ref(), res);

r
+
dfs(root, &mut result);

result

h
/* HREFES */
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fn in_order(root: Option<&Rc<RefCell<TreeNode>>>) -> Vec<i32> {
let mut result = vec![];

fn dfs(root: Option<&Rc<RefCell<TreeNode>>>, res: &mut Vec<i32>) {
if let Some(node) = root {
/] FEMBLIER: £FE -> RER -> AFHE
let node = node.borrow();
dfs(node.left.as_ref(), res);
res.push(node.val);
dfs(node.right.as_ref(), res);
+

+
dfs(root, &mut result);

result

}

/*x BEEF %/
fn post_order(root: Option<&Rc<RefCell<TreeNode>>>) -> Vec<i32> {

let mut result = vec![];

fn dfs(root: Option<&Rc<RefCell<TreeNode>>>, res: &mut Vec<i32>) {
if let Some(node) = root {
/] SHEELIER: £FE -> AFE -> REIRS
let node = node.borrow();
dfs(node.left.as_ref(), res);
dfs(node.right.as_ref(), res);
res.push(node.val);

}

dfs(root, &mut result);

result

Tip
RS AT DA ES, A RERREE R BT,

7-11 JoR T R E R IR, HAlos “IE” F1OE” mfEEEpEs L.

I’” FORBARCHT 7%, RERIEERE IR —(E RS,
2 1@ FORMFURME], ERE ATHTR SRR 2R,

Y N

BIFEEN (F @ mERIER)
1, 2

& % e SN _—
[

i A e y §

"0 / )
\ O\ BN (7 @ MR

@;\ 7~ \, /o\
- - \ __4

-

1
/AR

/-@{G o

Step 1 Step 2
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Step 3

s

2

iB: ETE#E
@: EEEH

HiFED (E @ EaRIER)
1,2, 4

B: B
a: ke

BiFEN (7 @ MR
1,2, 4, 5

B TR
@: e ke

WIFFES (5 @ mRIE)
1,2, 4,5, 3

iB: TR
@: @ EE#H

WIFFEN (F @ ERIRER)
1,2,4,5 3,6

Step 11

s

B AR
a: e

HIFEN (7 @ RTRIER)
1,2,4,5,3,6,7

7-11 R ER AR E R

iB&: ATERE
@: @ EE

HIFED (£ @ EiRIEE)
1,2, 4

B AR
&: AL

HIFFER (7 @ RiRIER)
1,2, 4,5

B ETRE
&: mLE

WIFFED (7F @ EiRIE)
1,2, 4,5 3,6

i#: AR
@: e e

WIFFED (7F @ Rk
1,2, 4,5 3,6,7
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2. EHESR

- BRI 2 O(n) © FTEEEREI R, @ O(n) F,
- SHBRIE S O(n) « (EREWIR, HBHEL AGEEEIN, EEREES n, KM O(n) H
Iz,

7.3 ZifEdIRT

TEFEAE RN FOR T, ZIoRIREE T2 8%, TreeNode , HilGZ MIBIBIEEMEL, F—HiN4 TGS
FIFOR B TR A R TEE AR R,

AR, FeAFIRETS FIPES AR —oekifle? A58 HEhl,

7.3.1 RRFTETH
SEAT— B B M, 4T — MRS T IeR, TR T SRR R T A S O IE T B — MR, I
1] B S R D — [ B %) 225

R A R, TR DA A B2 5 | BT BB IR B A X" s RSk By i
H O A BB 2 20 + 1, AT TEBEARSI 0 2 + 2 o [ 7-12 JRR T A EEEE | 2 R
e

e N
SN e
PLUIVPL T s

HFHERARS]: 2i+2

7 8 9 10 11 12 13 14
b5 2RR — o

HRGERS| @ 12 3 456 7 8 91011121314
BRFESFR
& 7-12 523 e RIREA R

B2 O E R SESTERSTRRER S D GEED . Ay R EEE —(aEnRs, BMERAT DOEE B A
AKFHENE (G) FHiR,
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7.3.2 RREEZHE

SER TR AR, TR R EE R PR None . HIRIE R ER A EE51EEE None
PR AE IR I AHE R None RUBCEAI ML B, TEEWRE AL M TR & %8 L vy
5,

qniE 7-13 iR, 4aE —ERIESESE TR, _RIRREESI ORI IR AR R,

ZFF (F5)) #AME—hRR ok

pEFI&ws] 0 1 2 3 4 5 6 7 8 9

ez 2zl 1231461780 12]15]

7-13  JEFEEFI Y E A T Al REME

T IRDRICEE, AT DA A 1 AL i S U RS A None o 4N 7-14 FioR, ERUERIR, &
FAE P8Ik A] DAME— 3R ookl 1o B EEan T :

/* ZIoRRESIRR +/

// £ None ZHRiZsEZ=MI

let tree = [Some(1), Some(2), Some(3), Some(4), None, Some(6), Some(7), Some(8), Some(9),
< None, None, Some(12), None, None, Some(15)];

10 11 12 13 14

ZFFT () mIME—RmIE o

fEFIF=SI © 12 3 456 7 8 91011121314

msery (@000 0000 © @

i
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7-14 AERIIRI TR SRR

ERHRANE, 582 JuhHEREGEEMESIRER, FEE e _JTEiER, None RHNBIERIKE HEEH
RINCE, BIBERTH None — HBUEIE LRI FIIAR 2,

IERIRE (A YRR e 2 Iy, FTDAERSREEAT None , AER VI, [ 7-15 45 H 17— EH1

BERESFT (FEF)

ERTETH
AR ETFE

EBEEHFS (FE5)

8880808000

7-15 SEE ITRIIREEIRIR

AN B T — BRI RS FORE ks, EA5 DL R A A,

OMUESLETE:, ERERME, £ () FHIRL KHIE,
- EWETTER. R BEFE. ERETT.

// == File: array_binary_tree.rs =

/* FEEHIRR TR oREER +/
struct ArrayBinaryTree {
tree: Vec<Option<i32>>,

}

impl ArrayBinaryTree {
/* BT %/
fn new(arr: Vec<Option<i32>>) -> Self {
Self { tree: arr }
¥

/* BIBE +/

fn size(&self) -> i32 {
self.tree.len() as i32

+

/* EEZERS|A i BEHE +/
fn val(&self, i: i132) -> Option<i32> {
/] EFRSI#AR, BiRE None , KRZ=MI
if 1 <0 || i >= self.size() {
None
} else {
self.tree[i as usize]

h
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/*
n

/*
fn

/*
fn

/*
fn

/*
fn

/*
fn

/*
fn

/*
n

EERS|A 1 BENEFERNES */
left(&self, i: i132) -> 132 {
2 x1i+1

EES|A 1 EMIAFEIRIERS] «/
right(&self, i: i32) -> i32 {
2 %1+ 2

ERS|A 1 EMIREIREIRS] +/
parent(&self, i: i32) -> i32 {
1-1)/2

BFEEH */
level_order(&self) -> Vec<i32> {
self.tree.iter().filter_map(|&x| x).collect()

REBIES */

dfs(&self, i: i32, order: &'static str, res: &mut Vec<i32>) {

if self.val(i).is_none() {

return;
+
let val = self.val(i).unwrap(Q);
/] BIFES
if order = "pre" {
res.push(val);
+
self.dfs(self.left(i), order, res);
/] RFEESS
if order = "in" {
res.push(val);
+
self.dfs(self.right(i), order, res);
/] BFEH
if order = "post" {
res.push(val);
+
BIFFRERH */

pre_order(&self) -> Vec<i32> {
let mut res = vec![];
self.dfs(0, "pre", &mut res);
res

HRFERERS */

in_order(&self) -> Vec<i32> {
let mut res = vec![];
self.dfs(0, "in", &mut res);
res

BEFE */

post_order(&self) -> Vec<i32> {
let mut res = vec![];
self.dfs(0, "post", &mut res);
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res

7.3.3 BER{ERYE

TR RS SRR A DU R

- IR R IR S R, RO YE, Wi BLERTIR b,
- AHREHAEE, AR,
- FRRFRERE TR

SR, FEAI IR A A — 2R R
- PRSI R IR IR [, RIS & R B R IE R AR,

- O R L TR B P 4 N\ B FR IR EE R, ORI,
© B T IUEIHRELE KR None [, EAIAR AL SV ETESE R ELEREMIK, &S R FE R
7.4 —cigsE

anE 7-16 fioR, Z7ci€3# (binary search tree) i & DA R4,

L BRARETR:, e RirhATA BT IE < RETRSIE < AFRrh AT EiRsIE,
2. (EEEIRSHYE, A TRHiE —ori e, RIFEBEW 2 1. .

ks

binary search tree

7-16 —ori4=

7.4.1 i SER0IRE

A T S 2 & —(E 48R BinarySearchTree , YWiE & —fEK 548 root , fRIAMBIKIARETES,
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1. EENES

#E HARETESE num , A] DURIE oo SRR E S, Qi 7-17 PoR, BIES —EHR cur, £
TURAARENES root Hi3E, P LLELEIRSE cur. val H1 num ZEHIAR/NETR,

# cur.val < num, #PHEEEIEE cor AT, FIEETT cur = cur.right,
#icur.val > num, @HiPHEEEIETE cur FETEH, FIEBUT cur = cur.left,

#cur.val = num, FRPAEKEIEARETRS, PR MORERZETR,

E=RasTEnEl O e L TG )

O 0 & o b 6 4 @
L dbabds NIVIVE
00000000 00000000

a-pamrEmnn (@) E-rpsmrEnny @)

[ o @ 9 g @
AR ARAR
00000000 00000060

Step 3 Step 4

7-17 s MR E RG]

—oni S B A E IR (R B S T RTAR TR B, AR B HERR — - 1E . T R R 2 2 — T
MUERE, B ook, B O(logn) R, ABIFRRESA R :

// == File: binary_search_tree.rs =

/* EHEIEE +/
pub fn search(&self, num: i32) -> OptionTreeNodeRc {
let mut cur = self.root.clone();
// EEEH, HBEEL
while let Some(node) = cur.clone() {
match num.cmp(&node.borrow().val) {
// BIZEEETE cur BIEFEH
Ordering::Greater = cur = node.borrow().right.clone(),
// BIEEETE cur WYEFEIR
Ordering::Less = cur = node.borrow().left.clone(),
/] REIBZEE, PR
Ordering::Equal = break,
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/] EBEBRERS

cur

2. IENEDES

HEAFEAICE num, A TR IS8 E T8 < IREIE < A7 HE, mARERENE
7-18 Firro

1. AHIHAGCE: BUA BRI, (CARETR S, RIREATERSERN num FCNRIRIEE A TS, '

FIBUETELIRG CERIZE None ) IRk HHIEE,
2. {ERZNLETRAGES: FALEIRS num , FEEXETRGE None HURZEL

E-rRsEEADE @

2. TEZUBRENER

1T pre.right =

7-18 £ —JTi S i A BRS

FERABEB Y, TEERLLNmE

- oS R AR EEER, SAGESIER, B, HEMAEBERTEEE, AT
A, HIZR[MEL,

T EBURAETE, MR EFEIEIR pre 7 L —EmE B AVETRG, ERAEETE None IRf, FRATATEA
FEHRE ARG, HEm e TR A IR (RS

// == File: binary_search_tree.rs =

/* HENEDEL x/
pub fn insert(&mut self, num: i32) {
/] &A=, RFIGIREIR,
if self.root.is_none() {
self.root = Some(TreeNode::new(num));
return;

h
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let mut cur = self.root.clone();
let mut pre = None;
/] BEZEH, HeEMEEIE
while let Some(node) = cur.clone() {
match num.cmp(&node.borrow().val) {
/] IREIERERL, BEoR[E
Ordering::Equal = return,
/] WEAIEBTE cur WIAFHA
Ordering::Greater = {
pre = cur.clone();
cur = node.borrow().right.clone();
}
/] BAMETE cur WEFEF
Ordering::Less = {
pre = cur.clone();
cur = node.borrow().left.clone();

+
¥
/] ¥ENEREL
let pre = pre.unwrap();
let node = Some(TreeNode::new(num));
if num > pre.borrow().val {
pre.borrow_mut().right = node;
} else {
pre.borrow_mut().left = node;
¥

B MATEAR, AR O(logn) B,

3. MHBRENES

JotE P AR R HARETRE, FORICMIER, B AETREEL, RMFRAFEMBRRIEERR, —oids
B “e i < AREES <A TR ROPEEAIN S, BRI, IRITRIR EARETRA T EREEE, 20, 12 =
MEIEDL, HUTHIEAIMERETR R E

GniE 7-19 i, EREMIPRETRGAE 2 O I, FORZEIERIEMIRS, nT DA EREMIFR,
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E-resHtmRDe @

v Ei%E cur B 2. EHEME cur BIE

1. EMRMIEER cur FHRUE - o $iT pre.left = None

7-19 fE i mpRETRS (B2 0)

GniE 7-20 FiR, EFMIBRETBEEE 2 1 IR, A ARAHERETREE 2 H T EBE R AT

E-rEsHTiRD ©

v Eifs cur B9 2. ¥ cur BABHTEN
FHREHE = 1 #}{T pre.left = cur.right

1. EZHESMBRER cur

7-20 fETCiEsrhmBRERS (2% 1)
ERMEREIRG AL Ry 2 B, BMBRRERMER T, R — R R, R R T S
CRETR < ARETE < AT BME, RetiEiE ey DU 7R B RS el Al 1 B B R
(R TR AR/ NERE (TP BRI —EETRD, HIMBRRIEREWE 7-21 Frr.

L B INBRETESE R ERIFE” IS —EEIRE, T2 tmp o
2. H tmp FMEEZEFMPRETRGAOE, MAEBIREMBRERS tmp
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1. EMSRIREES cur

1. EHFFHIBRETRS cur

/ ) - BB cur HTWRME - 2
P é 2. SEB cur HBZH:
€ { ] (1) 8 cur EHRBEBILBERS nex
% g (2) FE=SoMIEERIESS nex
) .
00000

Step 3 ‘

EoEaETIREs 0

Step 2

Step 4

7-21 fEiEa b MPRETE (2% 2)

1. EWFHRIBREE cur
v EE cur NWFEIRBE - 2

2. MEREDRS cur BR=S:
(1) & cur ERFEHNRBEEE nex

1. EMFFRIERER cur
v B cur WFHMBE - 2

2. MIEREE cur IB=F:

(1) & cur FEHRFEHNRMDE nex
(2) FEZTEPIECRHIERER nex

(3) H6EA%: nex {EMEAEE cur

MR ERGHRAERBRAEA O(logn) R, Hrh&MAMERETRFTZE O(logn) R, FEHHH 7 E MR AT

FE O(logn) W, TEFERTL T

// == File: binary_search_tree.rs =

/* MIBRERELE */
pub fn remove(&mut self, num: i32) {
/] BEAT, BiEEsHRO
if self.root.is_none() {
return;
+
let mut cur = self.root.clone();
let mut pre = None;
// EEEN, SBERERBL
while let Some(node) = cur.clone() {
match num.cmp(&node.borrow().val) {
/] 3REFMIBRER,, BiHERE
Ordering::Equal = break,
/] FMIBREIESTE cur BYEFRIG
Ordering::Greater = {
pre = cur.clone();
cur =
}
/] FMIBREIZTE cur BYAEFRIT
Ordering::Less = A{
pre = cur.clone();

I
b
[/ EEFRHRER, BIEERMD

cur = node.borrow().left.clone();

node.borrow().right.clone();
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if cur.is_none() {
return;
}
let cur = cur.unwrap();
let (left_child, right_child) = (cur.borrow().left.clone(), cur.borrow().right.clone());
match (left_child.clone(), right_child.clone()) {
/] FEIEREIZE = 0 or 1
(None, None) | (Some(_), None) | (None, Some( )) = {
/| EFEEE = 0 / 1 B, child = nullptr / ZFEIES
let child = left_child.or(right_child);
let pre = pre.unwrap();
/] BREREE cur
if !Rc::ptr_eq(&cur, self.root.as_ref().unwrap()) {
let left = pre.borrow().left.clone();
if left.is_some() && Rc::ptr_eq(left.as_ref().unwrap(), &cur) {
pre.borrow_mut().left = child;
} else {
pre.borrow_mut().right = child;
}
} else {
/] ERBREIEAIRENRS, BIERTIEEIRENE,
self.root = child;
}
+
/] FEIEREIE = 2
(Some(_), Some(_ )) = {
// ERAFFEESFR cur BITF—EERR,
let mut tmp = cur.borrow().right.clone();
while let Some(node) = tmp.clone() {
if node.borrow().left.is_some() {
tmp = node.borrow().left.clone();
} else {
break;
}
}
let tmp_val = tmp.unwrap().borrow().val;
/] EEMBRERE tmp
self.remove(tmp_val);
// A tmp BZ cur
cur.borrow_mut().val = tmp_val;

4. PEEHERF

Gnid 7-22 iR, BRI ERENE Ok — R — A7 BESIIEF, Mo SmE A <R
TR < AFHETEET BIR/NBR,

ERREE T SET R, REEEIER N —ER/ R, S EEENE: o
RSP E IR THE .

AR ET P EAEE, JROE oS EREFERMETR O(n) K, SZEETEINIHTRIE,
FEH =L
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ZriRSm P FESBFT

2, 4, 6, 8, 10, 12, 14

TERAF

FRFFESRT
EARSTE @ RRANALR

7-22 Zei=BHT R ER A

7.4.2 ZiESmpNE

wE B, M R s T S . BISAR 72, TS B R SRR R RO IR A R A
R, AARE HEBEIREE. HAEREHTYE, REEHMPRERRGRT, FY oo s iR

HHE,

® 7-2 [ B SRR E

i3 Gr 7/ TR Y
##HeE  O(n) O(logn)
mALE 0(1) O(logn)
fpRTE  O(n) O(logn)

RIS, —orisiE T B9, ISHAT DA log n i B N A AR R TR

SR, ARIRAPE o b b il ARIINERERS, n]RESS TR (L A E 7-23 FURAISERS 51, 18
R AR AR R A &R 2 O(n) o
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o o
0000

ERNrcie S

plaa i o s

7-23 —JufE=fhRIL

7.4.3 —iESEERER
- FAERGHRINESRED], BEHEERNER. AL MR,

- AR R R SRR R E B R,
- HREEFERT, DREEA IR,

7.5 AVL ## *

£ ol EETPRMIER], EZREARMPRRIER, —ooaE I RER DA R, EERE

WR, BRI ERE S O(logn) %1E% O(n) .
WIE 7-24 i, SEOERIRIRETEHRIE, ST e fE L A s,

o o 0

@ @ BISEORS 5 @ BIRSERS 3 @
o o (N - o

B B
T o B ol el
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7-24  AVL SHEMPRETRR R AR

FEGIN, TEE 7-25 FroRiysese ookt el A M E TR R, B RRER A A2 R, AR AR e
1o

[\ [\ [\

NSRS 2 HENEE 1

Bt B
FEETTH Fg—i il i

7-25 AVL e A HRR IR AR

1962 4 G. M. Adelson-Velsky #1 E. M. Landis 7 & X “An algorithm for the organization of
information” HH2H T AVL#S, GSCHEEARR T —RVR(E, HECRTERHENTEFIMBRETRI®E, AVL A
IRk, P S SRR AR A RESTE O(logn) AN, HRAIEES, 167 20 BB T Aok
AR, AVL BHREGGARREF e BRHRERRE, AR RIFAIIERIEIE.,

7.5.1 AVL 5% R#5:E

AVL BUZE —ocisf, RV ook, FRWEEmE oA IEE, RitbE —EEE s
(balanced binary search tree),

1. EBRASE

HIHR AVL RAAAHBA B0 S I TR =, (R IR TR 0 BB SE BT hedight L

use std::rc::Rc;
use std::cell::RefCell;

/* AVL IEIRLAEMEEE */
struct TreeNode {

val: i32, /] EnE&E
height: i32, /] EEEE
left: Option<Rc<RefCell<TreeNode>>>, /] EFEIEh

right: Option<Rc<RefCell<TreeNode>>>, // AFEREL
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impl TreeNode {
/* BT %/
fn new(val: i32) -> Rc<RefCell<Self>> {
Rc::new(RefCell::new(Self {

val,
height: 0,
left: None,
right: None

)

CHIR ST RIECRXERE E A RIRIERT R, RIATAG®AT CB7 MEE, FTERAEENE, EHR
AR O, TSERRIEER —1 . TR mE TR, J 750 A8 HOR B8 37 6 B Y v

// == File: avl_tree.rs =

/* EREHSE */
fn height(node: OptionTreeNodeRc) -> i32 {
/| TEERHSES -1 , EHMEEES 0
match node {
Some(node) = node.borrow().height,
None = -1,

/* BIEHESE */
fn update_height(node: OptionTreeNodeRc) {
if let Some(node) = node {
let left = node.borrow().left.clone();
let right = node.borrow().right.clone();
// HEEEREeSFEEE + 1
node.borrow_mut() .height = std::cmp::max(Self::height(left), Self::height(right)) + 1;

2. ERRETHIEAF

HIRE R TEEF (balance factor) A HIRE FRIRTREREG FRIRTEE, [RIRDE 2 B R PR 7
7 0o FRMMFIREIEIENRG A A 7 AT REET RSN, T ERIER]

// = File: avl_tree.rs =

/* EEVTFEEHET */
fn balance_factor(node: OptionTreeNodeRc) -> i32 {
match node {
/] =EEFEEERFS 0
None = 0,
/| BHETEET = EFEEE - ATFEEE
Some(node) = {
Self ::height(node.borrow().left.clone()) -
 Self::height(node.borrow().right.clone())
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Tip
PR T2 f, RI—ER AVL SR ERERA PR S weE -1 < f < 1,

7.5.2 AVL e
AVL BHORFEEIER el M0E, TREMIEAR S E B R EE S FAINIRTIE R, (310 i, & Bk iE
5, MATEER, TOEMRIEUEREORER “ TSR MTEE, WAMERIENIEL R TR,

BT A EHE > 1 AOETRERE 2 “RHTEITRET, MURETRRHT IR AN, DEEHRIE o A PO e
FEle. SehleR e, SeiEleR G, N AN A IS L e R,

1. Kt

e 7-26 FR, BRI AR T, (ERETRE, —JoihEEAHEIRE “ERG 37, BB DAk
B R ARETRE ) T8, TR R%EIRGRC 2 node , HEFHIBGRC child,, T “HHE #fF. ERARER, ¥
BHRIE VA, Sl BASSRPR —oei= B AR,

ES i / 2 \ / \
; - BAGESAET I
/ ode HEIREEAEES node
HAEFHEES child

/1

Step 1 Step 2
\ e e / \ R R
enavs (@)
1. Bl child A%, % node B /[“}\ 1. B child A8, # node B
i
& 2. A child BRLET node BIAIE
o R
/Zh;h}\ ; LR, BT HERRETY
node

Step 3 Step 4

7-26 HhERIEAER

WiE 7-27 fir, BB child B4 5% (524 grand_child ) B, EEAE A e HE —4: # grand_child
1E% node B9/ T-Hii%E,
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A
/ grand_child

7-27 # grand_child A HER(E

“mGieE” 2R, B EFEREERBKEEEERER, BB IR
// = File: avl_tree.rs =

/* BHERIE */
fn right_rotate(node: OptionTreeNodeRc) -> OptionTreeNodeRc {
match node {
Some(node) = {
let child = node.borrow().left.clone().unwrap(Q);
let grand_child = child.borrow().right.clone();
// BL child &J/REE, #& node MGHEE
child.borrow_mut().right = Some(node.clone());
node.borrow_mut().left = grand_child;
/] BmEHEE
Self::update_height(Some(node));
Self::update_height(Some(child.clone()));
/] R[EhEEEE FBIAREI R,
Some(child)
¥

None = None,

2. khE

FHREN, 4SRRIy "™, RITRZHITIE 7-28 FRAY “Zhe” #H1F
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Lr= @
o

7-28 TEhietRlE

F3, GnlE 7-29 FioR, EEiE child AT HEIR (G074 grand_child ) W, FREAELIEFHIE —H: &
grand_child fE% node fY45 T-HiiEh,

\
\ ) )

7-29 # grand_child M/ HERAE

A DABISRE, A heR e etk e e LR B, EM 0 iR AR B DL R B, R
M, BTN AT BB E R left B right, AR right Bz left, HIFITE
B e T B AR U -

// == File: avl_tree.rs =

/% FEHER(E =/
fn left_rotate(node: OptionTreeNodeRc) -> OptionTreeNodeRc {
match node {
Some(node) = {

let child = node.borrow().right.clone().unwrap();
let grand_child = child.borrow().left.clone();
// LA child &REL, #& node [A/hEE
child.borrow_mut().left = Some(node.clone());
node.borrow_mut().right = grand_child;
/] EFEHEE
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Self::update_height(Some(node));
Self ::update_height(Some(child.clone()));
// RElEER TR
Some (child)
¥

None = None,

F
h
3. FEhEigAanhE

EHAE 7-30 R RATERRS 3, (R S HEEUA HEAT IR TR RS A, IR RS child BT “ERE,
¥ node #T “HHE

% child #17T @ ¥ node 1T
EhE Hii

o

7-30 SEEENERAE

4. FTARHELNE
qniE 7-31 Fow, B RIS TR AL, REITHE child BT “HhE7, 3 node BT “ZENE

/ / EHETE
o )

# child 877 ( @  node BT @ @
) Al Ehie
o

7-31 JetihEfR/ChiE
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5. RedgpuEE

[ 7-32 /R PUAE R MG DL IR RBIZEEE, iR ERMAAIE. Ui ahe. ot che. /bt
A

Forhe KhahE
i &ahe #ERE B

7-32  AVL ) PO A g s i

GUTNARFFR, B3 A S 1 2 ) - ] 5 DA R e v — (R - B RGP M ER RO IE B 5%, A SR T R
JE R TE 7-32 FRRIMRRES DL

R 7-3 VURESEE LB R R

KEGERGHPRIR T FEIBSACEEIE T SRR TR

> 1 (Kl >0 filie
> 1 (Zfm) <0 JelE R A e
< —1 (ffwt) <0 FElie
< —1 (fwt) >0 JetilieiR e

2 R, I e R R 2R — A, A VigfimN, RIRRES SRR TR IR T e, 8K
Wt B E R, R TR

// == File: avl_tree.rs =

[* HUTHeEHR(E, BZFREMRETE +/
fn rotate(node: OptionTreeNodeRc) -> OptionTreeNodeRc {
// JEERERZL node BYFEIERF
let balance_factor = Self::balance_factor(node.clone());
/] R
if balance_factor > 1 {
let node = node.unwrap();
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if Self::balance_factor(node.borrow().left.clone()) >= 0 {
/] Ak
Self::right_rotate(Some(node))
} else {
/] FEheigEhEe
let left = node.borrow().left.clone();
node.borrow_mut().left = Self::left_rotate(left);
Self::right_rotate(Some(node))
+
}
/] Bt
else if balance_factor < -1 {
let node = node.unwrap();
if Self::balance_factor(node.borrow().right.clone()) <= 0 {
/] TChE
Self::left_rotate(Some(node))
} else {
/] FAEhEREhE
let right = node.borrow().right.clone();
node.borrow_mut().right = Self::right_rotate(right);
Self::left_rotate(Some(node))
+
} else {
/] T, \IEReE, HigR[O
node

7.5.3 AVL BiE BgE
1. HENENZY

AVL R FO BB AR B oo s e 88 R, WE—RIIERIMER, 7€ AVL Bl ABTEGR, fEaxEnahz]
MRETRAEE S L TR & I — RS MR, Aok, RIME& R MEnRbaLs, AbKm Egriessie, (8
EEES V3R N1 L N

// == File: avl_tree.rs =

/% FENEEE +/
fn insert(&mut self, val: i32) {
self.root = Self::insert_helper(self.root.clone(), val);

I
[* IECFENERE (#BISER)  */

fn insert_helper(node: OptionTreeNodeRc, val: i32) -> OptionTreeNodeRc {
match node {
Some(mut node) = A{
/* 1. EEENUELIHENERE +/
match {
let node_val = node.borrow().val;
node_val
}
.cmp(&val)
{
Ordering::Greater = {
let left = node.borrow().left.clone();
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node.borrow_mut().left = Self::insert_helper(left, val);

}

Ordering::Less = {
let right = node.borrow().right.clone();
node.borrow_mut().right = Self::insert_helper(right, val);

I3

Ordering::Equal = {
return Some(node); // EEEHHEAFIEN, BEiFRE]

I3

}

2. MIBREHRRY

b

Self ::update_height(Some(node.clone())); // EMEHEHSE

/* 2. BITHEEHR(E, R TREMRETE ~/
node = Self::rotate(Some(node)).unwrap();
/] REIFEBIIRETR

Some (node)

None = Some(TreeNode::new(val)),

R, £ oS BRI MERETR 7T AR AR b, TREICRETRRATIEEIRIE, MATA KA EIRG PRI -1,
RGN N ATR:

/!

File:

avl_tree.rs =

/* MIBREREL «/

fn

}

remove(&self, val: 132) {
Self::remove_helper(self.root.clone(), val);

[* ECMPREIRE (EBI75E) =/

fn

remove_helper(node: OptionTreeNodeRc, val: i32) -> OptionTreeNodeRc {
match node {

Some(mut node) = {

/[* 1. EHESELRIER +/
if val < node.borrow().val {
let left = node.borrow().left.clone();
node.borrow_mut().left = Self::remove_helper(left, val);
} else if val > node.borrow().val {
let right = node.borrow().right.clone();
node.borrow_mut().right = Self::remove_helper(right, val);
} else if node.borrow().left.is_none() || node.borrow().right.is_none() {
let child = if node.borrow().left.is_some() {
node.borrow().left.clone()
} else {
node.borrow().right.clone()
i
match child {
/] FEIREEIE = 0 , HiEMIBR node WIR[E]
None = {
return None;
¥
/] FEIBRENE = 1 , EHiEfMFR node
Some(child) = node = child,
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I3
} else {
// FEnEAERE = 2 , BFPREESRN MESRAMIER, A AZEIRE IR E RIERS
let mut temp = node.borrow().right.clone().unwrap();
Tloop {
let temp_left = temp.borrow().left.clone();
if temp_left.is_none() {
break;
¥
temp = temp_left.unwrap();
I3
let right = node.borrow().right.clone();
node.borrow_mut().right = Self::remove_helper(right, temp.borrow().val);
node.borrow_mut().val = temp.borrow().val;
}
Self ::update_height(Some(node.clone())); // EMEHEHSE

[* 2. BITHEESE(E, B2 FEERMETE */
node = Self::rotate(Some(node)).unwrap();
// R[] FERIRETR

Some (node)
¥
None = None,
¥
}
3. EHHIR

AVL SR BT E AR R B —oni s — 2, TR EEIR,

7.5.4 AVL f5i8aBYfER

- AR RRER, SEA R AR, RIS IR R

- HREREREPRT RS,

- ALEARHUE R R e, AR AVL B, AT SRR TR IR T RORR, N SRR B
TR BE RS /D, R TR - PR T

7.6 Ih&E

1. EEBL[OIEE

- R R REARRPE RIS, BEEE TN WA, S oTRIERG S —EE DA R TS
12, RGN ¥ EIRAAS T TR,

- BRITRTRROELE RS, HAE () THEIR NI REIBERE Ak R e () TR

- ZOURHRUMB N R LSRRG, BEETRE. . L 8. SENRES,

- ZICRAAORIARML, TR AR ARG BR AR 1 B A E SR T IR

- W R TR e TIT, e ITl eI TR Tk, 5838 TR E AR AR
RE, T E SR IR LR AR RE,
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- TR DRI, 77 0 R B R A R e R NS, AR A B BT 6
225 [ (R A B B

- IR R R A, T C—E MR e TR, B
B HIA B,

C NI, R B S S, CMEE T oEEIEE, MRS e, 8
B A B,

TR R R TR AR AR, S, AR R MR 19 % O(log n) .
¥ T BNHE L LR RIS IERRREE @SS O(n) .-

CAVL B, BB I, AR R R B )RR B R A G T

- AVL BHOVERHRIE IR GE, 0E. SNER e, Jelchemiile. TEMBASUMERENE,E, AVL K
PO T T HERR e, (A TR R T,

2. Q&A

Q: BNHA ARG —JTh, MR ERRERERE A 0 152

B, HZym RS E R R SRR,

Q: ZITArFAYIE A BMER — ik —E R G 7K, BN “—ERME" faftEe? o] IR B IR T
I A PR TS ?

FEoriE AR, MPRETREREEy =R DUEE, Hrh R 20 T 2 (8D BRIV ER A,
Q: {1 DFS Ewi—sihitaal. . R=MEEY, 2hlHTEmRE?

SN A PP E R AL, B, R, RFERTR =R ITRER TR, BAFTRT DA e S 2 —ERr

TENEFFERRA R, HlanfE oS, HRER/NNE EFEE < REENE < AFEEE, Kt
BMREERE “FE — R — 57 WELIERERE, $al DESERFIIERFS,

Q: HhetklE 2RI MHHIE node. child, grand_child ZRIMIBAIR, 7B node MR EiELAI node JRAK
HARNFEEMEEE? iR RS e 7

BB AREEENE, HIEHIE right_rotate(root) H AW Z TR AUMRETR, K&
return child JR[BI5EE > &1 7R AR BT BE, 7R AR B A0 3L AQ B B 1 HE 4R 2 78 7% R sUR Rl & FE K 1Y,
REIAG et E R4 e HEE

Q: 1£ C++ 1, AW HIF private Ml public #, BHEAETEZRE? AT EZEH height () WA
updateHeight () BRzN5BIIKTE public A1 private HlE?

FEETENEHEE, WRTEREREBNEEH, IRE&Er 2% private o Flan, {8 BEENIY
updateHeight() B AEFEMN, BHEMA. MERRIEFN—D, M height () ZaHEEREE, HLUR
vector.size() , HIEEERK public BAEEA,

Q: Wit —4Hi N BRI — M T SR ARETEGY R R AR R EE?

), BN 7TACE uiE SRS ) build_tree () 7L, ERIRETRHERE, RIMEE
AR, RRRPRTTREZMRET, FREMEE A T, SRR DURR R B R R A~
it

Q: 7E JavaH, FH¥LEG—EZEH equals() F7iE?
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£ Java H1, BIREAERIRR], = HRE LA SAER S BRg A, MR SRA TR R
EFR,

- o= AR M EUR SRR Y eE, B e R A BR S,
- equals(): FHACE LLAN{EYIAFII(E R SRS,

Rlitk, NSRBI, FAMERZMEH equals() . 2401, JEI® String a = ?hi?; String b = ?hi?; ¥
ST B A R E SR, efMEmE—@EYE, Rttt a = b R EEEWET BN,

Q: SR EEIRIE 271, (5 2 2h 157
R, IR h = 2 6o, AR = 7, BIREEEER 4 = 2" = (n+ 1)/2,
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Abstract
HerERt G R LRSS, EaRR, TBRRE,
JRE PR LU i ER BV, T e e O L I AR A ST B N R B
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8.1 iR

HHE (heap) 22— ERPEMRMAITER o0k, FERIZ2mERA], aniE 8-1 ffn,

- INEMERE (min heap): (EEHIEIE < HHiBHE,
- KIEHERE (maxheap): EEHEIBHE > HTHiEE,

N N
/N SN N N

Wy Wy

B ‘=2 B 2 ‘Re’miE” B
ARMMNE <« HFOHMNE ERERNE > HFHHaE
INEMTR KIBEH
min heap max heap

8-1 /NEHERREBLATEHERA

HERRTE Ry e & el iy —(AREB, BA AR,

- RIS ERG SR AT, LAt I B RS ED RN
- BRI RUAREITRRE 2 “HERATH”, AR ARG AV BRI “HERR
- BPRORTEHERE CNTEHERD), HERRTEDTER (RETED BEZ&EAR &) 1,

8.1.1 #TRRVE FBIRME

TEEHAR, 2GSRI ZEETT (priority queue), BR—FEMRERIEHE, TRABAE

FelE R HER T4,

TR L, HeROEH AR B ErS, KT R R C S RS MANE W et o1, G A
A&, BWMATDARE “BJefra)” M “HERE” BIFFERERASE, B, ABEEWE SHERRIEY, S

“i&%”o
HERRR B I BRE AR 8-1, T3 TAA T BRI T\ = AT

* 8-1 HERAIBRIERCR
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FiiEs ik R [T R R
push() TERAHERE O(logn)
pop() HRTE T 22 A O(logn)
peek() MR TR CATAKR [ /NEERE D I ARK [ /ME) 0(1)
size() HERUHERS T E R O(1)
isEmpty () BT HER R 5 2 O(1)
EEFEER Y, T AE B R GE S TR AR R (BB e TAIER)

FCUAHE PR “ R NEIRHES” #1 “TERENHES”, AT 7] LUEIR 3% E — 1 £lag B{E4 Comparator

BHL UNEMERT BOORTEMERT < RIRE SR, REEEIN N TR:

// == File: heap.rs =

use std::collections::BinaryHeap;
use std::cmp::Reverse;

/* ¥R +/
/] WENEERE
let mut min_heap = BinaryHeap::<Reverse<i32>>::new();
/] IR KIEHETE

let mut max_heap = BinaryHeap::new();

/* TTENER */

max_heap.push(1);
max_heap.push(3);
max_heap.push(2);
max_heap.push(5);
max_heap.push(4);

/* JEEUHRETETE */
let peek = max_heap.peek().unwrap(); // 5

[* HEABTRTTRLETE «/
/] HEETRER—ERARENEIFS

let peek = max_heap.pop().unwrap(); // 5
let peek = max_heap.pop().unwrap(); // 4
let peek = max_heap.pop().unwrap(); // 3
let peek = max_heap.pop().unwrap(Q); // 2
let peek = max_heap.pop().unwrap(); /1

[* EEVERAN */

let size = max_heap.len();

/* HIEMERE T AT */
let is_empty = max_heap.is_empty();

[* BNBRFAEERE «/

let min_heap = BinaryHeap::from(vec![Reverse(1l), Reverse(3), Reverse(2), Reverse(5),

< Reverse(4)]1);
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8.1.2 MEMNEIR

PXEHRZARTESER, 7 BRI NEERE, R ATE BB T (B, i > B b
<)o RRHLERFFE P AR TE L

1. ERNHEFEART
CUTH” EHEEE, e IJrBHAFRIE G HEYIREOR, B IE R e e ek, I BRATE R I e
B it 1 HERH

B AESIFRR TRy, JTRAKREME, RoIMERERE TR E, MWAHEEERR AR
AREBL

W 82 iR, WERE i, HATFMBNRSA 20 + 1, ATHM0EIA 2+ 2, QEBHRIS
(i—1)/2 (AR, HRIMANE, ForasfiBR s R T,

SERAEERASHE RIS (REHE)
“HERR ;%%ﬁ “RETTT M B ®=E “RETih”

#5l o0 1 2 3 4 5 6 7 8 9 10 11

= (300088080000

(i-1)/2 i 2i+1 2i+2
mw | EF AT

SLERBS -6 T A=k
BB | HIREIRE SR

[ 8-2 HERARIFR B f#AF

FefMR] DA 2R 5 A A SRR 3E R R =X, 7 R :
// == File: my_heap.rs =
[* EEVEFEIBEIERS| */

fn left(i: usize) -> usize {
2 x1i+1

/* EERATFEHRNZRS] +/
fn right(i: usize) -> usize {
2 x 1+ 2

[* FEERRENRAHIZRS| */
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fn parent(i: usize) -> usize {

(i-1)/ 2/ @aTE&

2. FHRPBERIETTER

HERATE T 2R BI 2% — Ut AUARETRG, g Ry E(ETER:
// == File: my_heap.rs =

[* FhRERRIETTE +/

fn peek(&self) -> Option<i32> {

self.max_heap.first().copied()
].

3. TENMER

AETCR val, TR E S HopT i SIMERE R, BTl 1%, B val RIRERRHERE R HMTT R, HEREA SR
FIRECARIE, DRIBL T SIS AT A B AS SURR EEARE 1E LR S MRS, IS (AR Es 2R (heapify).

FREIE ARG G, TeRBHMITHERL, 0 8-3 FvR, TR A\ BiR B H A HTRE A, 4N R
NEBGEER, R EMzcf, RRESTHITIHIR G, WREHRBEERPISEER, HEEaRER=08
BRI AT ERGRAS

/> w8 @ Ao /<®>@x B8 @ Nam
O 0 6 o 6 & 6 o g e
(bl Liibes

ZRERR
R BIIRT
0008080800 Step 1 300006880800680 Step 2

% @) N

1. EEE 7 MR
2.)%E§]Ei§ﬁ$ﬁﬂc (sift

\ e @ N /
1. 16E0EE 7 FEERER
@ S.)%Eﬁlﬁﬁﬁiﬁﬂﬂc (sift
\\ 5 p e 5 < ER 7
@ 0000

0000000808080 | step 3 R @E I EIEE Step 4 |

p.
v EBE 5 < EABE 7
- AW
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08 @) MR 8 @) R
1. GER 7 FMIEEEME 1. GEE 7 MINEERR
2. WEETRETHERK (Sift 2.)%E§Eﬁﬁﬁ§ﬁﬂ$ (sift
Uj Ui
'?EQGSﬁlE7 ‘E§ﬁ$659ﬁ$7
00O - ST
Ty
[sten s 0B0B00B080 sten s |
8 @) Mg 8 @ Aem

1. H6EN 7 FIMERAE
2. EERATAR (Sift
up

o EE 9 > W 7

=

DEDDDEEEEEEEE

2

oboouousoeoan

5 @ N

1. % 7 FHERER
2. WEERRGERIC (Sifc

Up.

BRUERE, AREREEEIER

[ Step 9

8-3 JLRAHEREDER

1. fSERRS 7 FREMBE

2. RRERETHERL (Sift

Up)
v BiRE 9 > RS 7
- RRTRIR

Step 8

SR n, RIRHIIRSEE 2 O(logn) o HIATH, MERULIREREBEBIRE% O(logn) , TERA
HERRAEIIS R BERR I 2 O (log 1) » TSN TR

//

/*
fn

/*
fn

== File: my_heap.rs =

TTENER */

push(&mut self, val: 132) {
/] FIGENE,
self.max_heap.push(val);
[/ RERZETEEREL
self.sift_up(self.size() - 1);

e 1 FAYR, WREIEERK */
sift_up(&mut self, mut i: usize) {
Tloop {
/] EiEh 1 BRIHERIEEHE T, SRHERENL
if i =0 {
break;
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¥

/] JEEXEREL 1 RONEREL

let p = Self::parent(i);

[/l B “ENEREEEET B, AREREL

if self.max_heap[i] <= self.max_heap[p] {
break;

+

/] RIRWEIE,

self.swap(i, p);

/] 1EER R

1=0p;

4. HRATREMEE

HERATEDT R 2 U RIIRENRS, RIESIE TR, Qﬂ%ﬁﬁﬁ%%%ﬂﬂPWJﬁﬁﬁfE%, R st rh TR B RS
RIRSIHR G L, SR ES R HHEREETBIER SN, & TEEROITTRRI IS, FFE
AN e BR

1. SRR TETRBUERROT R  CRIRMR BN RS Bl 5 B RG )
2. SRR, AHHERRIEARSITMER (ER, mREAER SR, FILERE EMERAZFERIHERIETER).
3. MEARENEGBALS, PEIHENCMATHERALL,

Qe 8-4 FvR, “UETHERHERML” MERIETTIMBL “GREIRETHMERL” 1B, TR ARG (B B (8 7
REF(EETELRE, R T HT R BLR ARG S, IRIR I AT IR, B EE0E T R B8 B IR AT Y
BTRGIRR A A

}\ BRIECRHIER /K ERTRTTRNER

5 7N Y y
'/’o» 0\ o Z@ 1. BERIETRRERRTRE
ANVA AN
7ER 7E§ f’ ’ lf, j lcj‘ )
oeeo@g 000000
TR s ;Z:fﬁ R S
0000000008000 step 1 0000000000000 =L
1///Gi\\§x TR PPN SREE R
@» 40\ _ _ _ _
- @ 1. RSERIETREEHRTRIR 1. EMETREERMRTRIM
//\4\\ 4\\ 2. BHERRERETE 2. BHERMNERETE
O ®©® 0 o O © 0 o 3. WIEEREATERE (Sift Down)
/ v {EENBs 5, 8, 7 P, B 8 ®K

< I A N Y N il BULOZIEEDEDEEE | 5200
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SERIRTR R SERTATR IR

I

. SRR RIBERETRZIS
. BHEABERRTE

. RRERETEML (Sift Down) ‘
- 7EEREE 5, 8, 7 h, EiES 8 ®K
. XENSS 5 SRS 8

s EarDEDEEEEEEE [ step 6

1. ERRTREBERETRG

2. BHENNEERETR

3. WRERETERL (Sift Down)
= 1EEE 5, 6, 7, H% 7 BK

~

w

SERIETTRLER SERIETTREER

-

. RERRTRIEFRTRTIR
. B EAAERRTE
. REERETERL (Sift Down)

1. RERIATTREUERRTRIR

2. BHERERETE

3. WEERETHERL (Sift Down)
v {EE0ES 5, 3, 6 W, HifS 6 A

~

w

v 1EEEE 5, 6, 7 R, HARE 7 RA
~ AR 5 REE 7

0880000 7| (OO00000008000 e |

SERIRTR R SERATR R
1. BERETRBERRTRRIR 1. RERATRDERRTRRZIR
2. BHENNSBEETR 2. BHERNNMEETR

w

. WIREREITBERWL (Sift Down)

v 108 5, 3, 6 B, IR 6 WK
- RBEEE 5 REE 6

3. WRERETERL (Sift Down)

ERbTERE, ATUERRMEREIEE

(o7 7 o] ]s]2]2]«]3]5]2] [sten s | 008000000000 [step 10

8-4 HERATEITER HIHERE A BR

BRTC R AHEREIR AR, HERATE OB MR IR E R R B % O(logn) o EUBAN RFR:
// == File: my_heap.rs =

/* TTERUER x/
fn pop(&mut self) -> 132 {
[l HI=ERIE
if self.is_empty() {
panic!("index out of bounds");
+
/] RIRREMERAENY (KRB TRERETR)
self.swap(0, self.size() - 1);
/] THBRENES
let val = self.max_heap.pop().unwrap();
/] WIEERHERNL
self.sift_down(0);
/] REEEIETE

val



B8 E MifH www.hello-algo.com

176

/* RERL 1 BHMR, HIEERERL +/
fn sift_down(&mut self, mut i: usize) {
Tloop {
/] FIEREREE 1, 1, r HEZAKNER, 582 ma
let (1, r, mut ma) = (Self::left(i), Self::right(i), 1i);
if 1 < self.size() && self.max_heap[l] > self.max_heap[ma] {

ma = 1;

¥

if r < self.size() && self.max_heap[r] > self.max_heap[ma] {
ma = r;

+

/] EEE i BAEES 1, r 857, JEBEEEEL, BE

if ma = i {
break;

¥

/] IREREL
self.swap(i, ma);
// BE M T HRY

i = ma;

8.1.3 fRE RER

- BESATH: MR R 2 E BB TR R EORLEARS, HOFIR SR ER IR R 2 2 O(log n)

, MEEHERERIER O(n) , BRI MRk

- HEREHERS: S —AHEDRL, BT DU e —EHERE, AR AT T TR R R, M

fArrart, Am, HMEEEEN —EEREN TN EBME T, sER MR =6,

- JERUERRR ke SR AR, Rk tR R, BIANBEE R AT 10 AR

BIVE 2 MIEEE, SRR 10 BRI A SE.

8.2 EIBTRIR(F

FERLARILT, B M — 8RR TR AR — (R, SRR~ “EHERRE,

8.2.1 FEBINIEBIZEEIR

T E S — AR, RRETHRS, RCHRETTRIUT AR, R Ts St B

i, BEROTRPIT REET HERIL,

BE TR AHERE, HEREA RN —, FARETRZ R THR AR BOHE i, BtHERRE “A L

MR R,

ST RS 0, SHETEER AMERHRIEE O (log n) FE, B 2R R R RIRE RES O(n log n)

o
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8.2.2 FERENMRUEIR

BFR L, FRATA] DB B — A 2% R T 1, SR i

L K ERAIATA TR IEEA BT B, R AR M E MR 1S T 2
2. B ERHERE (g ERMEIRE), RUCEHFEAEERRFNT “TEHE R,

TR HERAIE —AEIRNR, DS 2 AR 7 B K — 8 SR iR, R B, R HEAR
= “HTRmET R,

Z DGR R R, B A IERRRES R B ATETR . T FRICASR SIAR THEM, SRR L E AT EiRS
ARAREI,

ERHRNE, HREMRRA T, RILEMRRMR GIAN PR, SRR, Pl RITR,
R AR SE R R R iR R — (W ARG AT ACHEE, BT ERRMAMEI & F A THER (L :

// == File: my_heap.rs =

[*x BEETF, RIBWNBRTEHER +/
fn new(nums: Vec<i32>) -> Self {
/] BRFTTRRH AL R
let mut heap = MaxHeap { max_heap: nums };
/] HERPRERRL SN E AT B B RS
for i in (0..=Self::parent(heap.size() - 1)).rev() {
heap.sift_down(i);
¥
heap

8.2.3 EMEDIN

T, A S R AR R AR,
- ERsER ICHI R 0, RESEEORS (n 4+ 1)/2, Hb / B FER, RS ERIL
HOERBBR 2 (n — 1)/2.,
- TR MR AR AT S MR B, IR AR — TR log n
W ERTEMT, SRR IR 2 O(nlogn) o (R ELAS T AR emE, ARG
7% 18— TR B ORI R T AR P 2L

N ARIRIAGES T R R 2 TIRREH R, RadaE —~ERBES n . SER h B "8k
TeR”, RSN G R R R R R IE R
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BREE HEMRNE

(B RAERR
5
h — 20
/ \ 1
- h-1 — 2
NN |
SR Y S 2
SIS
o =3 S 23
1 — oh-1
FEIR, EHMEES ) — 2h
)

[ 8-5 SE3& UM% R B

qnie 8-5 Ffrr, HiA “TETHRRMERL” HIRAOERIRBEF R E R SIS R A B e, TRk PidE 2 “HNRG
T (A, BT DB CHTRECR < BRI SR, 19 21T EARHERTLIE AR BRI AR,

T(h) =200+ 2 (h —1) + 22(h —2) + - 4+ 2" x 1
L EREHRI BB, St T(h) FLA2, (530

T(h) =2°h +2(h — 1)+ 2%2(h —2) + -+ 21 x 1
AT(R) = 2'h -+ 22(h = 1) + 2 —2) + o+ 2 x 1

MRS RS, IR 2T(h) W& LR T(h), w1
2T(h) — T(h) = T(h) = —20h + 21 4+ 22 4 ... 4- 2h—1 4 2P

B X, BB T(h) 2—EEHLES), rTERERRMARK, SRR

1—2h
T = —
(h) ok
_ 2h+1 —h 92

Bt BREA h R eI RS n = 2h T 1, SEEES O(2") = O(n) .

R, N ESE EER I RRE 2 O(n) , TERERL

PALEHER
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8.3 Top-k fi%&

Question
5 —ERE A n WERFES] nuns |, FHIREIES R kETE,

BONZE, FRIFSC A A RS LB BRI, AR RCR S SRR TR

8.3.1 Aix—: ENEE

AT DOEATIE 8-6 PIRAY K dwER, 7 ITESIRPIREGE 1. 2, ... K KRIICER, RREIBIEEZ O(nk) .
WITEFUERR k< n BN, WA kR n Hisaay, HISREME@EnR O(n?), JEHEER,

nums EBHESBRATE

) =—wnmz 1 xux

~

DB #-wuaz 2 x=x

[:]D[:] E=BHRIE 3 ARE

8-6 ErEHE AN k fETER
Tip

H k= nk, RMAIUSRIZEBEIEGRFS, WRSER BEHFET HERXK

8.3.2 FiEZ: HiF

aniE 8-7 A, AT DUSEE S nums EATHER, FHIREIRAIBH kTR, REEREZ O(nlogn) .
R, o7tk CEET SEER T, RAEMRTHKHERARN kTR, AT TR,
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k=3

s |[EJEE =)

HETETHIF

Baann

RESA k ETH

000

& 8-7 HEFF =i AR k TR

8.3.3 = iffR

P AT DAL R HERR S Atk Top-k I, Fifean(E 8-8 s,

SRS K AETCR AR AR,

W

— @0088
:

i

1. #80 k ETENER
ZRERT

. EFIRT

heap

=1

. :mm@
g [/ [ [3]2] é%é

A
i

1. #E k ETENER
ZRHRTE
EFIRT

v (00

[ step 3 :

Pga e —flE/NESERT, HHERTEICRE/ .

k=3

— @000
:

i

1. #H0 k ETENER

Step 2

k=3

w @0000
:

i

1. #80 k ETENER
2. #5 k1 fEFTRRGHIE
v EHITR > #MATR

Step 4

W58 k + 1 EOCRBALS, HEAUTRARHEREBULR, ARERTECR R, WS ATTR AR,
ERTENER, HEREP R RRH k TR,

:mmé@

TR
PR

heap n

o

MR
PR

v (@00
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k=3

— @000
:

i

1. #80 k ETRNER

2. % k+1 fEFTERAEHIET
¢ EEITE > WRIETER
- RERIRTTR LR

[ Step 5 ]

k=3
— @0000

:
1. #80 k ETENER

2. BE kel ETERBBAIER
v BEITR < BMETR

ANV SN TN
// == File: top_k.rs

o SRR
S EFIRT

-~ ZRERR
ki EFIRT

i

k=3

w @000

FEWTER, EEl heap BIR]

Step 9

k=3

— @000
:

i

1. #8680 k BETRENER

2. #5F k+1 EFTHEREHIE

v BEITE > #WETE

- HSHRIBTR LIS
RERITTRNER

Step 6

k=3

- @008
:

i

1. #H0 k ETENER

2. 5 kel (EFTEBEHIE
v ERITR < BMATH
- BB

[ Step 8 |

m
o o0
ZRERT
EHIRT

8-8 FENHERASHIR KK k ETTR

[+ BIEREHAETIPRAN k BTR */

fn top_k_heap(nums: Vec<i32>, k:

usize) -> BinaryHeap<Reverse<i32>> {

// BinaryHeap RATEMTE, £/ Reverse &K, RMER/NEHRE

let mut heap = BinaryHeap::<Reverse<i32>>::new();

[/ #EEFINET kK BExENER

for &num in nums.iter().take(k) {
heap.push(Reverse(num));

hy

/]l #%E k+1 EcERR, FREFEBNRES K
for &num in nums.iter().skip(k) {
/| BERTEANHBRBIERTE, SERRETELER. EqTREANER
if num > heap.peek().unwrap().0 {

heap.pop();

heap.push(Reverse(num));

m
© o
ZREERT
PR

y ZRHRR
| Sl e
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heap

-

LT T n W MR AER, MRS b, BRI O(nloghk) » 207 EHIRCRIR
B, B kBN, BRI O(n) 5 % k KIS, ISR R A O(nlogn) .

SN, BITIERERRBIEE R SR, BB R, TR n] DU SR IR TR, M E
BURRH) k TR ABIREEEHT,

8.4 IhgE

1. EEL[CIEE

- HERUR RS e IR, MRS AR 4 2 K TEERRINEMERS, ke (1) TEHEREAHERE T 2R
K UM,

B S BT A SERE F, JERS ( F HRA B,

R PR B RO R AR B O TE R AMERS O(logm). MERITEEE HHERY O (log n) Fl
DiFHERTE TR O(1) 25,

- e A ThERE & IR, TR TR R R (17 MR

- MR R RO, 8 M RORN R 51,

- n AT R R R AR T DU L O(n) , FEREL

. Top-k & —(AACHUREITARIE, 7T DA P R GE R BRI, SRS BERRIE 2 O(nlog k)

2. Q&A

Q: HRITHER “HERE” HBACIEREEER “HERDT 2R —(EMSNE?

W SRR —EES, FUZREE HERT, sHREEMARSC IR PR R B e R R — R o), X
FEFITIR AT DME R e 2R k. BRaCAT DARE SR —E B AHERERC IRRE, R RE 7 AN R 7 B 51| <5 A A
EIEEEA A ERER, BATERI0EEEm, bRk ABRHEET IR, AT
EHAE TR, fNE AT RE G RS GLIRRE AN E Fa A R
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EAmIRIES, MG —EEETR, $REE T RAEHE,
H— ROV B, ERTEIE TRk ER B AR B HH B R I ERED,
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9.1

(graph) J2—FEAEGIMEORGEHS, HITEES (vertex) 38 (edge) ALA, FIATLUSIE G MgutFms—
UTERE V R —4L8 E RS, RIS T e 5 MEELH 7 R,

vV =1{1,2,3,4,5}

E={(1,2),(1,3),(1,5),(2,3),(2,4),(2,5), (4,5)}

G={V,E}

GNSRAFTHES B (RETRS, BB (AR AR RIS IR (Fa), TR RT DURFIEN S 1 — RISl Af ER A1 e T 2
AU RIS, QniE 9-1 FrrR, HIBIRSRIERR GERTHS) RIsriGRGR (8D, MsBiE (8) KB dEE,

* [\ TN

b i} -]
(AR 1ERRTR) (533aRR{R) (HBERRR{R)

B EEEHERS, AMthRsEM

[E 9-1 SEASHRS, K, (8 FRIR R

9.1.1 EMERBRISEAE

RIg RS A M, n5rAEmEE (undirected graph) fliEME (directed graph), 4nE 9-2 Ffi7R,

- TEHEEIE T, BFRORMITER IR “EEa” EARBRR, BIANRIEE QQ HY “4F KBR”.
- tEAmES, BERATAYE, A — B A« B WE7 RS R BN, A ieelE -
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SRE FRAE
(B m) (BHFHm)

9-2 A 1 ] B A ] ]

MR ATE THR R EE)E, 7] Z%E@E (connected graph) FI3EE&EE (disconnected graph), &NfE 9-3 Fir
o

- BEEE, (CRMETER RS, AT AR H AR TR TR,
- BRREDEE, AL TR, B0 ETEREIRENE,

N

EBE JEEEE
(FrETRA EEE) (FETRRARATE)

-3 Ju it f] il I 3 [

BTAVERT DAZIB WY “REE” 2%, [CMSZIANE 9-4 FRiE#E (weighted graph). BIUNTE (EHZENME)
ST, RGN ER SR AR IR < R BT, ISR AR R] DU A REE R RR

G)“@ .

FRAEE BiEE
(FrEB%E) (ERAEERT)
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9-4 eI B ARt ARE

[ A A A L 25 AT B AT R

- $B#E (adjacency): HEMITHELZ HIFIEIBAHEI, REISWIESS “H0HE", 7EIE 9-4 rh, THEG 1 AAFHRETEE,
ATEEE 2. 3. 5,

- BBAE (path): ETHES A FITHES B &EAVBRERNFHIBRE 27E A B B 1Y “B&C7, 1L 9-4 1, BF
| 1-5-2-4 2 TESG 1 BITEES 4 19— REE1E,

- E (degree): —fHTHEMERRISE., ¥NAMIE, NE (in-degree) FnA Z/MKBIEZIES, HE
(out-degree) FnA Z/MEBIEXTHRTE L,

9.1.2 EIMERT

[ ) 5 AR 7T UG AR AT “HBRERT, DU A S [ A TR

1. MBiEREpE

RETHE SR A n, AMEMERE (adjacency matrix) HFH—ME n x n K/NHEERFRE, 8—17 F) 1R
F—HTESS, FERUTENRE, H 180 ZoRmiEES 2 MRS E R,

WE 9-5 Ff R, SRHSBEkER M., TEBGERSI% V| ASEEMITE Mi,j] = 1 FoRIEs V]i] 21 V)]
YRIEER, B2 M[i,j] = 0 FonmTEs: > M,

TRRsETI

#l o 1 2 3 &
o e 1 10

‘ ’\\\\ 101 e 1 0 @

SpIEIERE

graph adjacency matrix

9-5 [EIRABEAE AR

HPEFERLEA DU R,

- TEMEIE, THRGNRESL A, CERP R A AOTRIA B,
- BRSEE, E TS T, AR R R S A AR TR
- R EERIR RN 1 A 0 B, RInRoRAHERE.,
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(AR R P R Ry, TR AT DAERERA AR TR DB EGE, (RIS & R O RCeR R, R A
¥k O(1) o AT, ARSI S O(n?) , iEm s HEZ,

2. MpER

AR (adjacency list) ] n (EEEAS ERSIACRIRE, HEALSHIHIRIRORTHRS 5 ¢ (A5G RSB IETHR o
, HAPlAE 7 RZTER BT A AR L TR (Bl THRS AR A TER) o (8] 9-6 Jeom 1 —flEl (o FH A 42 R A 17 ) [ ) s
1l

TRR  ERIRRSRENFTA IR

e &
[ e« 2ele

RBHER
graph adjaceney list
9-6 [ERMIERLTR

AR BRGNS, TSRO E/NA n? , WItEENEEa, A, EMERhREE
I E AT A RS AR A GIE, TRl ELIRF VSR AN AN AR R e

BUERIE 9-6 , MILRAREEUEERPH “SAE” AERAHOL, DRI ERAM el CAER ATSRL 75 15K B AL 3X
B, L E ARSI R, AT DRSS R 2%y AVL BTaRALRAN, MR RRERRE O(n) R s
O(logn) ; IEr] DAEGESS S5 ER MR R, TEm R mERER=E O(1).

9.1.3 ENERER

R 9-1 R, FFEBIEARFA] DT EACERE, AH AR th n] DAL 25 [ R TR

®9-1 BEALTEH RAYE

HE B [ AL
A R KRR TBAELT JCHERS
HhERARES  uhERE UEREREIAEE M B R BR AR RS

ENZER B ERMEEASINER  TREYEEE
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9.2 EIRVEREHEF

THE 2

V] &+ AR

[ Y SRR E AT 0 29 387 ROTRCEANSS “THRE” BUBRME. £ “MPREIERT 1 “MPREER” MMERRTIE T, B
B AR,

9.2.1 EAMHEIERERETR

A —(E TERR R 2y n ORI (E, RIS RERERER BB 7 S\ANE 9-7 Fm.

- WIERINRRE . ERAE AR B SR E ANEENAT, A O(1) R, iR M, R
IRy SE T 177 T 32

©OBTTERG: 7EABRERRA AT — AT 5, WM 0 BIRT, [ O(n) R,

- RRTEEE: FEASEEE R T, MR TSI BRI, BEE (n — 1) R
“Ffe LRSEY, FETEA O(n2) IR,
- WA (A n TETERS, AR S n (UTEBE S vertices , AT O(n) WS WIGIL n x n K
AN EEAERE adjMat , 5 O(n?) KSR,

Step 1

Step 3

TRRGRT
=3l

MEE

N Y

TRRGERT
=3l

ipRE G-

~ W N ke

S kB o kB o ©

S kB & o ©

s & r & »r &

s & r & e =~

B e ke kW
S r Rk o & =

B R e B e N

HpiEIERE ]

Step 2

B B e kW
S kB o ©

BR e kRN

HpEAERE -]

Step 4

s kB B B o ©

®© o r B o o ©

S & r & »r B

® o o »r o & »

PR e Rk RN
B e Rk e kW

ABIEIERE

®© kB e k| kB N
® B o B o B W

ABiErERE

S B B & o &

® o r B o o &

e o | ® o o
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men @O0 O00
®loe 1 2 3 4
0O mmg '
= \/—\ 1 1701 10
’ /r°) 2 1 1 0 1 0
\\) 3 0 1 1 0 0
@ 4 0 0 o 0 0
- FPiRERE

Step 5

[ 9-7 HRFEMAIRTIAIL, BEME, S TERS

DA & J5 7 5 ek 2 s [ ) B B AR T -
// == File: graph_adjacency_matrix.rs =

/*x EREMEEREEIRNERBLR] «/
pub struct GraphAdjMat {
/] TEELERY, ;tERMAK “TEHENMEY, R3|MK “TERRERS]
pub vertices: Vec<i32>,
/] #BiERERE, 1TPIZRSIHME “TERAZRS”
pub adj_mat: Vec<Vec<i32>>,

}

impl GraphAdjMat {
/*x BT %/
pub fn new(vertices: Vec<i32>, edges: Vec<[usize; 2]>) -> Self {
let mut graph = GraphAdjMat {
vertices: vec![],
adj_mat: vec![],
I
/] FhigIEEh
for val in vertices {
graph.add_vertex(val);
¥
/] #igig
// AR, edges TERNAKRIERZES|, BEHE vertices THRERSI
for edge in edges {
graph.add_edge(edge[0], edge[1])
¥

graph
}

/* FEENTERLENE x/
pub fn size(&self) -> usize {
self.vertices.len()

}

[* FTIZTERE +/

pub fn add_vertex(&mut self, val: i32) {
let n = self.size();
/] ETEERERSIRHTIEHTERY(E
self.vertices.push(val);
/] TEEMEEPERHIE—1T
self.adj_mat.push(vec![0; n]);
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}

/] 1EHBIEIERERFTIE—5I

for row in self.adj_mat.iter_mut() {
row.push(0);

}

/* HBRTERE +/
pub fn remove_vertex(&mut self, index: usize) {

h

if index >= self.size() {
panic! ("index error")
+
/] TETEEREBY|HFEBREES| index BITERL
self.vertices.remove(index) ;
/] 1E#BIEEREPMIPRERS] index BY1T
self.adj_mat.remove(index);
/] TEAMEEREFRMIBRZRS] index B
for row in self.adj_mat.iter_mut() {
row.remove (index) ;

h

[* FmgE «/

pub fn add_edge(&mut self, i: usize, j: usize) {

}

/] B8 i, j HFE vertices TTEZRS|
/] ES R EEEFRIE

if i >= self.size() || j >= self.size() || i = j {

panic! ("index error")

hy

// EEEES, SHREERREHARESE, BmE (1, ) = G, 1)

self.adj_mat[i]l[j] = 1;
self.adj_mat[j1[i] = 1;

/* MRS =/
// 2% i, j HFE vertices JTHRZESI

pub fn remove_edge(&mut self, i: usize, j: usize) {

}

// B8 i, j HFE vertices TTEZES|
// ES MR EEERIE

if i >= self.size() || j >= self.size() || i = j {
panic!("index error")

I

self.adj_mat[il[j] = 0;

self.adj_mat[j]1[i] = O;

[* BIEN#BIZFERE «/
pub fn print(&self) {

println! (" TE25E% = {:2}", self.vertices);
println! (" #PiEsEMEE =");
printtn!("[");
for row in &self.adj_mat {
printtn! (" {:2},", row);
}
printtn!("]")
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9.2.2 ENMIERMNEIR

A S ) [ A TERG Ry o, IBARELZ m, RURTARIRIE 9-8 FIURAY T TR B BLAS IR,

WIS (ETEEREEREAS R YIRRERTIERIA], (A O(1) el Fzy R emlE, fr AR RIS
P 75 TET i

- WHBRIE: TETERGE RS Ry rh ARG €18, M O(m) R, TEMEmE D, 52 RHMER
flE 75 T3S

OBTRTERG: AR EER AT — (ARG RS, MR TR (E 2 S AL ER A SRR, (EH O(1) e,

- IMBRTERG: FRETRMESER, MERESTEEMNTAE, 8 O(n + m) K,

- WL TEARER ST n (ETEESF 2m K8, [ O(n + m) Rk,

AR FTE TR
\ . - )
4 @*@

— ) 7 ) : =
Py 0:—*@ @\/ﬁ /\ wz -0
] I 9

BRZRRRERFE TR
0-0-0
©

0—-0-0-0 (<)

0—-0-0-0 @_Q\/
_ __ y

() GD*GS

—
—

=1

B

s

&
©0000 ¢
000060 =

L] ahER ] mpER

| Step 1 Step 2

TEY  REEREENFTETER
PN 000 .
0%@\ w200 9 .0 00— /\ wEss @
\T [ 0-0-0-0-0 \L /J
o—9o 0—0-0-0 o—o

0-0-0

] aER ]

| Step 3 Step &

TEE  SRRAEEREAPTA TR

0-0-0

(1 =) EE O | O _0-0-0
\ \,/\ (@/ \V/_ﬂgp\o/
A . p
[ o 0-0-0-0
o 0-0-0
@

L]

-]

B R

Step 5

[ 9-8 MEERATWIAGIL, BEMNE, S MTERS

UM R RS T EL, BLulE 9-8 , BRI H LA,

P 75 fEET B ERTER, DA ACRRSKES, TGRS (BRERES]) A A 5,
- ERMERFORE AR R, Key HTHRBIE, value Zix HRGHIAR TR ERS] (BEAGHS)
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7Ah, BIHERIZR B E Vertex BRIARFRIAR, BHMAVERZ: (IREREIER L, HHBSIRGIHK
[y A FITERE, AREERA EMIBRER 5 1 % 4 ROTERG, RIFRETREMER, AN « RS2 1, &
IR, TR EHETERAR 2 ME— [ Vertex BIIH, PR —TER 2 SRR EN HMTERS 1

// == File: graph_adjacency_list.rs =

/* BERMERERNERELR] «/

pub struct GraphAdjList {
/] #ER, key: JEE, value: ZIBEERIFRAEHMEIEE,
pub adj_list: HashMap<Vertex, Vec<Vertex>>, // maybe HashSet<Vertex> for value part is
< better?

}

impl GraphAdjList {
/*x BT %/
pub fn new(edges: Vec<[Vertex; 2]>) -> Self {
let mut graph = GraphAdjList {
adj_list: HashMap::new(),
I
/] FEFRETEEEHE
for edge in edges {
graph.add_vertex(edge[0]);
graph.add_vertex(edge[1]);
graph.add_edge(edge[0], edge[1]);
b

graph
}

[* EEEHHE */

#allow(unused)]

pub fn size(&self) -> usize {
self.adj_list.len()

}

[* g8 «/

pub fn add_edge(&mut self, vetl: Vertex, vet2: Vertex) {
if vetl = vet2 {

panic! ("value error");

¥
/] FigiE vetl - vet2
self.adj_list.entry(vetl).or_default().push(vet2);
self.adj_list.entry(vet2).or_default().push(vetl);

+

/* MBRE */
#Hallow(unused)]
pub fn remove_edge(&mut self, vetl: Vertex, vet2: Vertex) {
if vetl = vet2 {
panic! ("value error");
+
/] MERE vetl - vet2
self.adj_list

.entry(vetl)

.and_modify(|v| v.retain(|&e| e != vet2));
self.adj_list

.entry(vet2)

.and_modify(|v| v.retain(|&e| e != vetl));
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[* FIETEEL %/
pub fn add_vertex(&mut self, vet: Vertex) {
if self.adj_list.contains_key(&vet) {
return;
I
/] TERIERPIIE— (@R EAE R
self.adj_list.insert(vet, vec![]);

}

/* MHBRTERE +/

#allow(unused)]

pub fn remove_vertex(&mut self, vet: Vertex) {
/] TEFMERTMIERIERE vet HIEAVSELE RS
self.adj_list.remove(&vet);
/] EFHEMIEEERHEESRT, MBRFIEES vet BIE
for list in self.adj_list.values_mut() {

list.retain(|&v| v = vet);

+

}

/% HUENARER */
pub fn print(&self) {
println! (" #pExR =");
for (vertex, list) in &self.adj_list {
let list = list.iter().map(|vertex| vertex.val).collect::<Vec<i32>>();
printtn!("{}: {:2},", vertex.val, list);

9.2.3 R=EELL

A A n (ETERGAD m fRi2, 3R 9-2 BHEL T AR RUE N RER AR I RCR A S R, SR, MR
(R s) BEASCEDL, MR GEER) SIERITH A R B AR R R EEL,

R 9-2 P RE e B AR L

ARPEERE RS (ASHS)  RER (MR

HERSHE  O(1) O(n) O(1)
witng o1y o) o(1)
e o) On) on)
T om)  0(1) on)
A TEL Om?)  O(n+m) On)
AEEEEGEE O(n?)  O(n+m) O(n +m)

BIRR 9-2, OIPAER (REER) HRRIRCRES MR EE, (HER L, AR RReRE
i, SRS R ER TR, 525G, AHRAEMREEL T “DIsRsuRe R R, AR
By “DARefE#RzsE” BIEAN
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9.3 EfE:H

BHURAZE “ 82" BIER, mERNAAESNEBE, JDFRNMEER 282" BiR, Kk, AT
ERE A — RSB, BESR, RAE S PR i e ) A R ) — RERE B

V] A S 22 PR P R T R R AR B E W55 [BIAE R S R] > 2 i . BB ERA IR EB L EH.
9.3.1 BEEEBKED
BB Wi —REHE RORAE T TR, TERLMAEE 3%, AR ECai IR AR G R TS, 3 —RERE s

PGk, N 9-9 FoR, 1/ EATHRGEE, BEIEZIARAIATA MIETERS, RRET T —(ETHR AR A #
PRIERG, DUCHEE, BEEATETHR M e,

| EIRERE (B ER
| (BFS)

ATERE i,
HIERGE. BB R EIRR,

| EETIA
e, 1, 3, 2, 4, 6, 5, 7, 8

9-9 BB EIE

1. BEEER

BFS @I THIRED, AWM AR, (THIERA e Aet” BIME, S8 BFS B "Ml fo=” fIE
ABEdhA T,

1. BEFIETES, startVet MA(TA, A BHROERE,
2. {EIERE R IR, S TYE TERNG RC BRI, SRR X TERS I A A R THR I A EI T 51 2 R
3. JEEDER 2., BEIFTETER GG M e RRA A,

7 TR AT TERS, PR R — RS visited ARECERIFLEENRL C I,
Tip
MRS ST IBEE— R key MR value AERSR, ERILAE O(1) ReRIHEEEE NIEST key
ARSI A AR, ARTR key RUME—ME, MERESERE HRBERZESS R,
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// == File: graph_bfs.rs =

/*x BEEBIKES +/
/] ERMERERTE, WEEBIEEIEENPIEAETER,
fn graph_bfs(graph: GraphAdjList, start_vet: Vertex) -> Vec<Vertex> {
/] TERERESHRY
let mut res = vec![];
/] BERES, BRREHRENIER
let mut visited = HashSet::new();
visited.insert(start_vet);
/] ATHIRARER BFS
let mut que = VecDeque::new();
que.push_back(start_vet);
/] VIBRL vet Aick, EEIBEE:HM5TrEIEH
while let Some(vet) = que.pop_front() {
res.push(vet); // sCsRshfEITERS

/] EFhZIBREHIFTEAIEZIERE
if let Some(adj_vets) = graph.adj_list.get(&vet) {
for &adj_vet in adj_vets {
if visited.contains(&adj_vet) {
continue; // BRIBEWHARINIES
}
que.push_back(adj_vet); // RNFIREHRERITER:
visited.insert(adj_vet); // 1EiRZIBELEWKAR

i
F
¥
/] REIEREFS
res

REASHESR, ERtHIRIE 9-10 ASHIRERR,

TEHFT res EMFT res
{ ©
1751 que 1551 que
o 00
MRES visited p—_ @ [ —— HRES visited
[@ } 1. WERESMNEDES) res {@@@
2. HZIREHFRE NIRRT
[mw A% que AN visited ‘m
FEDFT res FEMFT res
(00 ) (000
1751 que 1551 que
000 000
T (€ 5, SABTATHRE FRAE visied s (©) 5, BAGHTIRE HARS visited
Dy, (00000 D ey, (000000
A%l que AN visited [m A5l que AN visited ‘$
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FEDFT res EMFT res
(0000 ] (00000 ]
1751 que 1551 que
0006 000
HRES visited HRES visited

mns () ), WHITATHRE

1. KEIARIMANEDRFS res
2. HEIREMATE NIRRT
A%l que M visited

0—0—0
4 N 4

mrs () w3, WETATHRE

1. KEBRMNERFS res
2. HEIRREFTEAREIERS ST

A3 que AN visited

G%—é%~6
mns () w3, LRI

1. WEIERMNERFT) res
2. REIREMIFTEMETRR T
A7 que AN visited

(0000000 |

FEHFT res

(000000 ]

1751 que

00

-— -—

Y AT

MEES visited

(00000000 |
[swn 7

(00000000 |
551 que
o

MEES visited

(000000000
Step 9 ]

s () 3, BT

1. WEBMMANERFF] res
2. WHIBREHFEAMRIRRHIT
A5l que AN visited

e () w3, BT

1. WZBEMANEDFT] res
2. HEIRRMFEMBERRT
A5 que AN visited

A 4 .

s () w3, LTS

1. WBZBBMNESHFT res
2. HREIERBIPIEMEIREIT
A5 que AN visited

(00000000 |
[step s

(0000000 |
1551 que
20

HREE visited

(000000000

[swep s
(000000000
1751 que

HREL visited

(000000000
Step 10 |

FEWFS res

f“( ff 000000000
Q—Q\—Q/ 550 que

1 KL ,L 2 ol
o 00 = >

BEL visited

(000000000

= {75 que A%,
~ HEEE], SERER

[@ 9-10 [ F B R I LE A 20 BR

o R 4 e A i B 51 A M —?
AN, BEEEERSCAE A HERG “HNE SR RINEREAERT, M 2 AR 1] R A TR A A e Fe 3
EEATAL. DA 9-10 2, TERS 1. 3 AOUFLMHINERS AT LAZ e, TERG 2, 4. 6 AU RHINER th ] DAMER 2,
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2. EHESR

RIS . A TR AT MK —IR, 8H O(|V]) R ; fEER R TEBs a2 ) [,
KA EIBE G v 2 1k, #/H O(2|E|) Wi; S8 EH O(|V| + |E|) Kk,

SSMBIRE: 5] res | MEESA visited, {75 que FRINTEBSMRE S % |V, 5 O(|V|) =M.
9.3.2 RERKEN
PRI S RS B, e v PRI R A0 0-11 BT, /7 b fh TEBRINTE, MR

AT TERGAY LM AR THRS, EEDESISEK IR A, HASUER SRR M, DR, EETATEE %
o

11 10
Y ERE B
2 3 (DFS)
)| a2 wife smss (@) s,
’ EHFEAEE, BENESEE,
6 B - BESRED
N EEIIA

©,1,2,5, 4,6, 3

9-11 [ERIIREEIE

1. BEEER

el EFISRUEERET ATEBARNEE ERNRE AR EE, BEEESCETEL, EREEET, K
AR EREB — MR RS visited AGLERTHFIMAYTER, DUBH B A A A THRS,

// == File: graph_dfs.rs =

[* REEBFEFEHBR */
fn dfs(graph: &GraphAdjList, visited: &mut HashSet<Vertex>, res: &mut Vec<Vertex>, vet:
< Vertex) {
res.push(vet); // sC&xshfITER:
visited.insert(vet); // 1ZsC%IERERFM
/] EFHZIBREBIFRE #DIRIER,
if let Some(adj_vets) = graph.adj_list.get(&vet) {
for &adj_vet in adj_vets {
if visited.contains(&adj_vet) {
continue; // BKBEWARIAVIEE,
}
/] IREHREABETER,
dfs(graph, visited, res, adj_vet);
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[* REBFTES «/

/] ERERRRTE, UEEBIEE
fn graph_dfs(graph: GraphAdjList, start_vet: Vertex) -> Vec<Vertex> {

/] TBREEFFT

let mut res = vec![];

/] #EES, AR RmEBIIER

let mut visited

HashSet ::new();

TRREHIFR B AR TRRS

dfs(&graph, &mut visited, &mut res, start_vet);

res

IR ER AR RN E 9-12 FR,

- EURAMURIIRHE, FORBHRC T — (BT R 75 TR A [ TER
- HRGCR M _ LB, FRMRE AT AORE], [BIHE T R T ERIALE,

& UINTRERRE, R 9-12 B INIEA Akl TERNPRiE (B S T A0 B(E DFS i@, wfifE
TR 7T IR B R, TR [
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? ©
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TRHEEES:

w0 sompzrams
mavmms ()

00
©
-~

-

| Step 2 |
1
o0 _©
4
g
( Step 4

j? p%—f
o (}—ﬂ

L

Step 6
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SBAEREER:
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EBHFT res

o000
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oo
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Step 7
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FEDFF res
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Step 11

9-12 [ERIREEIETIPBR

EMFT res
(000000 |
HEES visited
loe0000 |
(SRR :

s () srrsmEEREE Y
Ritkesisam, mnzmEs ©)

EBHFT res

(0000000

BERED visited

0000000

it
rewns () somETns
mevrmEss ©)

W B LRI FE G —?
SRS E TR, IREESTET PRI AR ME— [, A BETHR, SerEMRE T iR R AR AT
DA, BRASRZTERGAINERS AT DUERATEL, #2REBIE,
DIHHEF 26, “MR— T = F" “E =R =6 F—=H - W 2hlEENF. Br. &FE
¥, EfMERT =REFBEIEE, RiME=&ERIREEET,

2. EHESR

WERIBIRE R TS TR @R 1k, O(|V]) BE: SIS eing 2, 5 O(2|E)) H;
g O(|V| + | E)) W,

SMIBIREE: 851 res , MBS visited HEBRESS V], BERERAS V|, EiER O(|V])

e
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9.4 I

1. ERSOIEE

- [EFRTERSFB AR, A DAFROR 2 —MHTERG A — MBI R 5

- MHEGRARMERR R GEESERSD) FoiaRaR (8, MEEEE (8 BAE&EERE, KR Emk,

- BREFEEAT AN, HEEE R ERTER A, AR RS N SRR

- RMRRIERA R ORE, BT B RETER, EEUTRAERE, M 180 FormiETER
MABEUER, MREREAE I M & R e ERCR R, [EES R,

- WA A 2 RS FR AR ROR I, 5 o MRS AS A S BT IETERS ¢, AP fEE TR TER R A E AR RETE R
PRRAAN BN AR R P AN G A 2, (H TR EE A Al R A AR H#NE, AR R AR,

- ERERTPARAS R RIRE, AT DU SR AR SOMER R, MR AR,

- AR AR AT, AREEREREEL T DA RN, AREEAREEE T DARFRE R

- BRI SEE B RS, WIS, HOBARES AR

- R EIE AR, A R R I Y AE A A — AR

- R EEESET R LR, EERRIE SR, EEE T,

- ERRE R REETERR, R ER AN ST, BRI EE,

2. Q&A

Q: FIERERBTHR IR RIBFHI?

HERER LRSS RANERS 8 g “BER—EEFy”, mhsahivg “BRISE —ETER
17, PARZIECHRESC: In graph theory, a path in a graph is a finite or infinite sequence of edges
which joins a sequence of vertices.

FEARSCH, BEHARA—EE P, MR —ETER 75, 82 E % M ETER ~ W rTREfF A 2 R AR, It
fR Fp {12 AR S0 JEE — PR

Q: AFEUEE F RS & H EIRE 2 HR?

fEAREIEE P, ERIETERS S, B0E (ATHRERERE, R TR E T o 2 Ek R,  DUERTEE
AT A EIE 7 &

Q: TEMRESRT, “BLEZIERSAIEAATATER" FITHRGIEY 2 & F ZK?

A URERER, (BAEEREMS, RIReREgifae SRR, HAEIRTER RS Ay, BB IHTE
REERNIINERFSE, EtRE A TIEER WA ERE ATER,
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Abstract
M2 —IGARAMEbE, BMelir 2GR S e AvE, XEEFRT PAPIEEH E B,
EESG=mRZIRY, SRR A RS2 — AR G RHENE R,
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10.1 =—HiEs

—5#% (binary search) BN IGRIGH SRE SRR, EMAERIE R, S h—FEs
filE, EEKFHETTRSE SR AT 1k,

Question

fE—ERE R n KIS nums , TTRIZNEIRIIIERFHP HAER, #E#HIHREITTR target
PSR RIRG ], HRPIAE SR, ARE -1, /~E4NE 10-1 Fis,

35
31

26
23

15
12

fERERERTES]
nums

BAEFES] nuns , EHEETE target = 6

10-1 =orisonplEr

AnE 10-2 Fior, MRS i = ORI j = n— 1, S BHEABMSIE TEMRITE, (REEaER
0,0 — 1], LR, PERFRMAGRE, HOSEREAY,
R, TR,

L GtRARERE I m = [(i 4 ) /2], Ho | | FoRMA FIOERLE

2. H|Er nums[m] 1 target B R/NEMR, 7224 LL N =F1E M,

1. & nums[m] < target I, &BA target 7EIEM [m + 1, 7] 1, EHBHITi=m+ 1,
2. Hnums[m] > target W, A target &M [i,m — 1], FHHITj=m—1,
= target I, ZRPHERE| target, HRIMIRFEIRS] m .

3. & nums[m]

LIRS HETR, MaERREEH M 2, KRR -1,
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35 r 35|
| 31 i | 31 i
)3 26 53 26
i 15 | 15
: 12 ! 12
B“BHH sanill
#;El oo 12 3 4 5 6 7 8 9 #®l o 1 2 3 4 5 6 7 8 9
A A N A A
i j i n b
EE=3ES:
Weate i, j HREAETIETR. BTR 1. StEFE m = 1+ j) /2

MEXRTHEYD [1, j]

Step 1 Step 2

| == 1 2nll
b

6 s |
1 3 g . 3
fom D - |
#l o 1 2 3 4 5 6 7 8 9 #l o 1 2 4 5 6 7 8 9
A AoA A
i jom i om
EE=EE: EE=3EE:
1. BERE N = (4+3) /2 1. tEPR m = (i + j) / 2
2. ~ nums[m] > target
Step 3 ~BAT § = m - 1 GNEBER Step 4
=:.mi =:oml
#l o 1 2 3 4 5 6 7 8 9 #l o0 1 2 3 4 5 6 7 8 9
AA A Ao
m i j im j
EE=SEE: EE=SHE8:
1. StEFE n = (i +3) /2 1. MEhE W = (i +3j) /2
2. = nums[m] < target
Step 5 S BT A = mo+ 1 GNEBER Step 6
- “
= anf
#l o 1 2 3 4 5 6 7 8 9
A
m
EE=5E8:
1. BB m = (1 +3) /2
2. ~ nums[m] = target
~ BEFRS| m

Step 7

10-2 —n#smns
ERERRZE, BN f j AR int 2451, Wbk + j nIREEEE int BUBIRHUERIIE, % 7k RBHESR,
BIVEHRALR m = [0+ (j —1)/2] KatEAE,
RN R R:

// == File: binary_search.rs =

[* Zonw (BRER) */
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fn binary_search(nums: &[i32], target: i32) -> 132 {
/] Ve EEER [0, n-1]1 , BP i, j @iEEESIETR. BExx
let mut i = 0O;
let mut j = nums.len() as 132 - 1;
// EBE, SESERATENRE (B i > j BAT)
while i <= j {
letm=1+ (j -1) / 2; // 5tEHERS n
if nums[m as usize] < target {
// WIEREREA target EER [m+1, j] &
i=m+1;
} else if nums[m as usize] > target {
/] LEIEREREA target EER [1i, m-1] &

j=m-1;
} else {
// #EIBZETER, REIHZERS|
return m;
}
}
[/ KIXFBETE, RE -1
return -1;

BERIBIARIE 2 O(logn) = TE—4NEEH, RIS HG/N—F, FIDEERES log, n .
SAPBIRIE 2y O(1) + 4518 i A1 5 4 P Bk Nasi,

10.1.1 EFERTRHE

BT DASEERSL, HANERRTRE AR B, RS (0,n), BEEREAHY, HER
FAGEY, ERFRF, B [i, ) 161 = j KA.

FfMA] SRR E B A AR RER — S A A
// == File: binary_search.rs =

/* ZHEs (EEAARER) */
fn binary_search_lcro(nums: &[i32], target: i32) -> i32 {
// ¥R ERERER [0, n) , BD i, j KilEEEFIETE. BxE:E +1
let mut 1 = 0O;
let mut j = nums.len() as 132;
// EE, SESERATHHRE (B i = j BAT)
while i < j {
letm=1+ (j -1) / 2; // 5t8EHERS n
if nums[m as usize] < target {
// WIEHRE target 7EER [m+1, j) &
i=m+1;
} else if nums[m as usize] > target {
// LEIERREE target EER [1, m) &

J =m;
} else {
// #EBFTER, REIHZERS|
return m;
¥
}
[/ KIKEFBETE, RE -1
return -1;
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qniE 10-3 fioR, EMMEEMFOR S, o ESERIRARGIL, T FR AL R B A T E,

MR “EEPAIERE” RN A S TEOE FRAAPAIRRE, [RIE@ AR ¢ FIHEER J M/ R AR 1t
Mo EREARA S, Rt — Rl Rn “ERmRE MRk,

TE |

i%l\“@ 1 2 3 4 5 6 7 8 9"‘ ‘“@ 1 2 3 4 5 6 7 8 9"‘10
i ERERTEsES j i EERE38% RERTFEZAE
ESER: ¥PER [i, j] E8ERM: £AAHEEM [1, j)
Miadkisi®: i -0, j =n - 1 Miakigi®: i -0, j = n
EEEE IR i > EEARIEEE: i 2 )
MDERHEE: i =m+ 1, j=m-1 MEDERRE: i =m+ 1, j=m

[ 10-3 AL ] 3%

10.1.2 {BREEA(RRME

oS A IR RN 2 P 7 TR A LA O RN RE

MR R R AERYRLR T, S R R R R R I, E R n = 270
IR, ARPEERITRE 220 = 1048576 #EME, i —/MESER log, 20 = 20 HWIEHE,
- TS RRERSMER, BT ZRE IR I SRR (IR AR, oS N

? FEﬁ o
SR, —oriEEaAREARITA R, FEEITNER,

- CoEREERINERER. AWMAERHER, & THEH o RamErTETHY, SMEK. KAk
PRI EIE R 2 O(nlogn) , A& S E S, BAEHATRIER,
AR AP, FERTRBAZRENE, MHEEEEZ O(n), WE2IFEHER,

© DS EEARES, o Me TR QRESH) SIFITER, mERS ST R
AORCRIGAI, PRI ANIE & M P A St £ 271 e B R S R 71| BB S R

- NERET, MUEERSREELE, ERIEE#T, SRAE LR, mE—_ e, FE IR
ik, VIRBRIE. 1~ 3 UCHIBHRIE, 1k (BIR), 34~ 6 [ERTTRME, B, EERE n SV,
SEER R ML = SR,

10.2 “HiESHRAEL

ZorilEAMER AN S BETTR, BRI 22, s B TRIE A E,
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10.2.1 EHETEMNER

Question

i —EREZ n WA FHS nuns fMl—ECE target , MFIRNFEEEICE, B target
ABEF nums /) WRFFHA P, HESITCEFETTE target, HFEAZIHAETT, FIREHFAR
target 7EMFIHFHIRG ], REIAE 10-4 AR,

nums

BAR A target

nums

BAEFES] nums , BiZTER target = 6
Bl target RUIEAEIES|% 2

B 10-4 —SHESHHABRHIRDR

QUARAEHE ] b — B oA s, AIFRE I DA R A .
P —: BRSPS target I, HABMRGIZERZTRIIR?

A EHE K target FHAZMHEF TR AR, BEKENEAN target B TJEXK target N E, 5L
i, ERYIEE target I, HMABNRSIEREZ target &S],

FIRE—: EEYITALETE target I, HABZWHMETTRIRT?

E—PRE I NESERE: E nuns[n] < target I ¢ BB, EEWEIERE | FEARNRER target KITTR
S, [FIEE, IR J SA%AEAVIVRSEIR target HITTREEID,

Rt — SRR —E @ fBAEERR target RI7TER, j fRAIEME/NR target KITTR. HIFEHSIAA
# target B, WARTIZ i BXBWFITR:

// == File: binary_search_insertion.rs =

[* ZHESENY (BEETR) */
fn binary_search_insertion_simple(nums: &[i32], target: i32) -> i32 {
let (mut i, mut j) = (8, nums.len() as i32 - 1); // #WAERAER [0, n-1]
while i <= j {
letm=1+ (j -1) / 2; // stEHERS| n
if nums[m as usize] < target {
i=m+1; // target EER [m+l, j] &
} else if nums[m as usize] > target {
j=m-1; // target 7EEM [i, m-1]
} else {
return m;

i
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// FEF target , REHEAD i

i

10.2.2 #FEEHETRENER

Question
£ F—E AR L HERy S EETTER, R,

R AR E 2 AE target , RIREE 8= HAEIR B H A —{E target MRS, MMILERHEEZCENA

BGIBIEA 2D target,

HHERR TR A SRS, PABRMSEA MG R target RG], #1205 1% i [
10-5 FRHP BREHL,

1. BT ==, [JEUEE—M target RS, LAk,
2. RS k BGG, METHRIEEY, EHREIRAIBN target FHR(E,

target

X ,.A\ A

1. EZHIESEES—E 6
2. B EREIRLEN 6

10-5 #RPEE A EE TR AR AR

au
Y

W IEEER AT, (BHA SRR, FIREERER O(n) . EESITEERZEWRN target K, %
TIERERR AL,

B R o e, WiE 10-6 Fox, BEAEAR AL, S/ostEHRR5m, HHE target
1 nums[m] BIRVNBRATR, 7075 DA RREIE DL

- Hnums[m] < target @ nums[m] > target IR, FRPHIBIREIKE| target , R EE g =
4/ N E R, femAEFREE ¢ Al j 1) target %0k,

- Hnums[m] = target Ff, /A target MICREEM [(,m — 1]/, FHRH j=m — 12k
fi/NERE, fEmpEREEE 7 M/NR target MCR R,

EE e, @ faARAEN target , jISAIER/NR target FITR, KRS @ HU2HHAR.
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15} 15}
| 12 [ | 12 i
i 10 i i 10
6 6 6 6 6 | 6 6 6 6 6
. E 1
*ia > m
#l o 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
A A A A A
i j i m j
EE—53EE:
Wiak i, j DREARTIETR. BTR 1. tEFR&E m = (i + j) / 2
WERTHERS [i, j]
Step 1 Step 2
15 15
12 [ 12 []
10 10
6 6 6 6 6 6 6 6
gl mE 1 {
> im = a
#l o 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
A Aoa A A N
i iom i om i
EE=ER: BB
1. st m = (i +3§) /2 1. 58P m = i+ j) /2
2. v nums[m] = target
Step 3 LT 5 = m - 1 RMESER Step 4
15 15
12 [ 12 []
10 10
6 6 {6 616 6 6
o | E 1 [} |
=R k| = o D
#l o 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
A A oA
m i j im j
EE=ER: BB 3RS
1. stEHRE m = (i +3) /2 1. stEFE m = (3 +j) /2
2. ~ nums[m] < target
step 5 SBET Q=+ 1 RINESER step 6
15 15
12 [ 12 []
10 10
6 6 6 6 6 6 6 6
|
b TR ‘1‘ [ ‘
&3l o 4 5 6 7 8 9 #bl o 1 2 3 4 5 6 7 8 9
A
i
EE=51E8:
1. st8PE m = (i +3) /2 v FRETERYE: i< j
2. = nums[m] = target = BhiH=s)iE, EEm3| i
[step 7 LT 5 = - 1 MESER Step 8

10-6 il BT R AT AR BR

BIZX DU RAERE, #7502 nums[m] > target Ml nums[m] = target AYIEIEARNE], [RIHRiE AT DLEBE,
BB, FR(MMIIRRT DRI BR R OR 4 B, R 2 @R s hnys iy, nIsl e sa 4f,

// == File: binary_search_insertion.rs =

[* ZHESEANY (FEEEETE) */
pub fn binary_search_insertion(nums: &[i32], target: i32) -> 132 {



HloE M= www.hello-algo.com 209

let (mut i, mut j) = (8, nums.len() as i32 - 1); // #MAEEER [0, n-1]
while i <= j {
letm=1+ (j - 1) / 2; // stBHEES| m
if nums[m as usize] < target {
i=m+1; // target EERM [m+1, j] &
} else if nums[m as usize] > target {
j=m-1; // target 7E[ER [i, m-1] &
} else {
j=m-1; // BENR target WxHREERM [i, m-1] &
+
}
/] REFENE 1

i

Tip

AERIREREESRE “EPAIEM" Fik, AEEBEE T ATER “EHAHRT Fik
RIRE, o ESMEARURATEE « 1§ philEds B, BIETsEE—EARKTR (Bl target ),
WATREE —MECREE (FIU/ R target HI7TER),

EARERERE 5, 8120 f1 j #RENER e E M B, &4, EMEUERIREIESE, S0
gk,

10.3 “HiESER
10.3.1 EHEER

Question
HE—MERES n WAFMES] nuns , EHrfRERSEEITE, IR EIMEY| & ALA—HETE target
&5, HEYIPAEEZTE, HIRE -1,

B oS AT, EE5eliE i fem /e —E target , KA EALAE ERERRA—
il target KIE5],

ERIEEE AR KA ERAR AR, EER, AP REREE target , BB ATREESLAT
ﬁﬁ@%ﬂ%o

- BRG] B,
- JuZ nums[i] B2 target FHEE,

BT DA TGN, BHORE —1 B, R AR

// == File: binary_search_edge.rs =

/% ZHESKL—@ target x/

fn binary_search_left_edge(nums: &[i32], target: i32) -> i32 {

/] HEBRE target AUHENEL

let i = binary_search_insertion(nums, target);
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// *#EF target , &[E -1
if 1 = nums.len() as i32 || nums[i as usize] != target {
return -1;
}
// #Z| target , REIZE3| i
i

10.3.2 EHEER

ARG &SR A — M target WE? REREATT N2 BEAEANS, BHRIE nums[m] = target [ FHIHE
AR e, FEHETEIL NS, A BEAREE r DLE1TEEL

T T FRAM A A P A B I EC ) 7T

1. ERENEER
BE L, M UAAERRLATENRRRERRGITE, Hi85EAs: HaE#RG —M target L%
s/ —M target + 1,

qnE 10-7 iR, &g, 161 ¢ fRhER /e —E target + 1 (WIERTELE), i j EA&A 1 target
[KIgLig Bl 5 Bl

target = 6
- (000000
j i j i
EHRA—E
target +1
*E
EHIRE—E EHRA—E
target target

10-7 ERAIEFEL A E# S R

R, IREREARE ¢, RIEFTREAHR 1, EmES 5 -
// == File: binary_search_edge.rs =

/* ZHHEERE—E target %/

fn binary_search_right_edge(nums: &[i32], target: i32) -> i32 {
/] BUAEHRAL—E target + 1
let i = binary_search_insertion(nums, target + 1);
// j EARE—E target , i IEABEEAR target HITE
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let j =1 - 1;

// &#%EF target , &[E -1

if § = -1 || nums[j as usize] != target {
return -1;

}

// %3 target , REIZES| j

J

2. BUREATE

TELE, EFEFIAEE target I, &A1 @0RHEFREERR. /MR target FITTER,
It 4nfE 10-8 Fw, FfFA] DS —(E RS A FERTTR, HRE#RAAGIES.

- BFR/E M target : AIRAEIMLAEH target - 0.5, ARMEFERE .
- BHERA—E target : DAL A AEH target + 0.5, WIREFEE 5

target = 6
nums
j i j i
= &
target - 0.5 target +0.5
*H= *E=
HHIRE—E EHRA—E
target target

10-8 &g g L &R

RBHEEIL ARG, DU MRERHER.

- KRR SN, I8 RORAE TR 2R O An AT R A SR B D
- RREZITIESINT /N, AR S R A target B2 TRREEURA] (Python #EZHELEN)

10.4 FEERIELER

FEMRETRRE,  BRAMTHE I 15 A PR A G 150 2 M P sl R B AR T R TR R R BRI . FRAPTRE B — (s ST
AHITREERE

Question
4 7E —EEEHHS nums F1—fE BT E target , FAIEMYIHIER “F1” % target IIMMEITE, i
REEMARES RS, IR EEE—EERTR],
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10.4.1 4314EH: LSRR

FRERZEFTA TR G, WIE 10-9 Fr, FMBHR—EREERE, 7E b A B SR 2 5 A
target, fisE, HERFEIEMIIRS

target = 13

nums =

ESFEHEES, SEINS
target FUAESHRR[E

10-9 #RMEE SRR ECZ N

R NR:
// == File: two_sum.rs =

/* FiE—: BAVE */
pub fn two_sum_brute_force(nums: &Vec<i32>, target: i32) -> Option<Vec<i32>> {

let size = nums.len();

// WELEE, KEEEES 0(n 2)

for 1 in 0..size - 1 {

for j in i + 1..size {
if nums[i] + nums[j] = target {
return Some(vec![i as 132, j as i32]);

}

None

WA 2 O(n?) | ZRIBHEIE 2 O(1) , TEAVERHRE FIEHAER,

10.4.2 HETH:. WUTRIGREER

FREFE MRS, A DB RMHYTTRNITRRKS], BEEGRES, SmEITE 10-10 Frsrbsg.

1. HET#CT target - nums[i] BEEMZERT, 52, AERRENEMETTRERNIRII.
2. FSEY nums [1] AR5 1 BrERER R,
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target = 13 target = 13
nums = ‘ | ‘ nums = || 22 ]as |
[ key TR key TR
map = map =
- b o8 |-
FEHET) nuns EZES) nuns
+ 13 - 2 = 11 FE map +© 13 - 7 = 6 FfE map R
- HTTE 2 FiME map - HTTE 7 FiME map
Step 1 Step 2
target = 13
nums = ‘7 7‘ 11 7‘
{ key bz 3
map =
g8 |-
EHES) nums ,

© 13 - 11 = 2 7 map
~ BETTHEEGRS| [0, 2]
Step 3

10-10  WfBIMER FOR M B A1

BB IR, SR EEERT
// == File: two_sum.rs =

[* A EENEER +/
pub fn two_sum_hash_table(nums: &Vec<i32>, target: i32) -> Option<Vec<i32>> {
/] EBFEER, THEEMES 0(n)
let mut dic = HashMap::new();
// BREEE, FKEEHES 0(n)
for (i, num) in nums.iter().enumerate() {
match dic.get(&(target - num)) {
Some(v) = return Some(vec![*v as 132, i as i32]),
None = dic.insert(num, i as i32),

}

None

WP IREBAEE A AR TR E O(n?) B2 O(n) , KIERFHHUTICR,

R T A — RN ARE R, BRI MERES O(n) o MWL, 207 ARG 2R 8 2 21,
e R A SR e

10.5 ERERSEREZE

EREZE (searchingalgorithm) FRTEERIAHE (BIANfEA, SEGEERS, MHalE) IR —(Es—4Hi 2
REERIFHITTR,

SRR TR B BRI 70 2% DU M,
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- EBEVTRRIARACE N TR, BlanfEsl, SEakeRs, R A9 E e .
- FUHRRIAH A R s RDRH S el al, EBSRPOTRAN, flin s, MREsin ooilae
AHHF,

B, EENRRGE AR EE h S, FE A RN AR A, fEAEH, K
MAF IR ATIA, ERFRESEER

10.5.1 |hHiEs

2 SE R E TR R TR AE M TR,

© RS B R SRS FR S SE AR R, ETCE R —Imbads, BEFIFDTR, HE
RE AT REENE S il A IE TR M1k,

C CREERSEST M REESE R R R IEE ARG, B BT S A ETR B 4618
=, B IR S AR, IR B SR ERERG, W — PR IOESIEE, F S el
s, EEEF TR ME R,

RS NERE MR D@L, SCRBRORHTREBLAIRE BB MG ROR GRS
RN, MERESIARIN AL 2 O(n) , Hbn 2uREE, FIEEREBRARIED NUEEERZE.

10.5.2 HiEfEES

HEEE SN HERREEE (GInaPh) ARetE s, 1EmEmsutE i HETR,

- CToiEE” MAERRA R e, (SR,
- MERERT M AMBERHE SR EARE R S E B, 1ET E B R
- R ERPE RIS (Bl o) o, AR ERE ARG (E A PR HEPRER, fEmE A HART R,

AR SR R R Rk B, ISR TS O(log n) % O(1) .
AT, (PRSI e VRN T ORI, (141, — SRR STy, ke
B TR AN DR, 400 L O B0 th 7 SR S S AT 2 BB,

Tip
I S O 1 S R LA WO A A, BN RS R ode R BT,
10.5.3 €& 57E%#E

MERN n —HER, WM, —ola, BE#H, MRERESE AR EE
TLR. AMETT AR LOE I ERANE 10-11 Fivs,
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SiEsE o(n) BTN 0(1)  #\key & value

M ESEESTISH

(1]s]3]2]4]7]e]2]e]5]

iR EET

Z54%%8 0(logn) HEH 0(logn)

EiRsid

TR R
1888086000
—

RIREN AT SR ER

10-11 i =000
IR T AR ERCRELR 4022 10-1

% 10-1 EHEEIRICRE T

SR —oiE o) R E
AFTTR O(n) O(logn) O(logn) O(1)
BATR 0(1) O(n) O(logn) 0(1)
MHERTT 2= O(n) O(n) O(logn) 0(1)
LEblNs| O(1) o(1) O(n) O(n)
BRLFE R / ¥ O(nlogn) ## O(nlogn) #E%ER O(n)
ERENHT Eiidag g g Eii3ag

S RTARRRR RN, SRR ER, BR AR B RS,

R

- BTG, HZAETEORITHR PR, (RUNRFETR L — KGR, IR A =77 TRA R TR R B

AORe A LR P 1 =2 AR DB B R
- EARREREVNTER, BTN R A BRI

- EARERERURRR SRR, WA AN TR BRI T TR MEE,

s

- JEARKEREREN, FRKRBRE, REMREERES O(logn) .

- ERHENREIRR, K% (R 7 RS T B A RO TR R S R
- NEFHREEE MRS R, KM RS E BRSO,
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MR A

- EEHEREEE RIS AR, PRRREAREES O(1) .

- NEAHEAFERSEEERNSR, RAafRREREEERNERIE.

- IR R SRR R R PRI A (R M s, B ORI RURE S LR

C NEEEREERIENR, B RERE RN AR R R IR D E SR, (Emeft R R

AE.
S EOG)

- EFRERER, R ER A RS TR R R 0 B AR Y

- EETREMEE A AR E AR R

- TERHEIMINERRERIB AR, TOTIES B TREAEA MR, MEWERESLE O(n) .

- HHEA AVL BiSAL R, RISERIERLE O(logn) AR FREHAT, (4SBT /E & i &
SRS,

10.6 /hi&E

1. ERSEIEE

C CAEEREERE R, BEEEESR LS ERAOETER, TR ARG, B
P A B B3] BB R,

R RO AT B, SR S RIS R R (e SRR G
PR RN, R R R, SR ORI TR, (BRI MAREE O(n) Be,

- R, WA OSBRI R TS, A ERRE R AR P L R, RIS
ok, IRIRRIETIE O(logn) 3% O(1), (RI@% HEHBNHINERI S,

- R, RMREERERIEL, NIk, R R SRS T IO, RTRES
TR 77,

RS R VSR S RTAORER BRI, HERIOR MR A B
SRR e LA R B 0 P I T T NP AT SR 23 B R

R R R — R PSR L BT R RN, TSR B O(n) B O(1) .
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F115E HF

Abstract
HE iU — O RHRBLE AR P B AR, (HFRIMRE DA &k 7y SRR g B R B ke
R T, BRI EHEY, Hipa R ER TR RIS E,
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11.1 HIFEEZ

HFiEEE (sorting algorithm) AIRS —HERHZ IR EIEFEITHS . HFHEEAERIZAEN, FX
AP ERRE F RES S MO, AT IR EL,

qniE 11-1 s, HrEEEPRERRA AT DURREEL. PR ForsTHSE, HE RO I AT AR SR R 5K
ROE, BRI/, T ASCIIL HENEFP Y H & R,

EREFNFFEY

HRFHFAIFFSH

EREERRUAFES

11-1 BRI B B AR A1

11.1.1 HELEE
BATECR . BAMEAEH R EE LR R S R A, HARRSREEER /) (RRRIEME P EEIEEE N,
HRKEREEN, BUTHRESILAEE,

Rt A ER, RHRIEIR AR - ERAREE Y, SRR RSME N, 1E A R
B, EHEWERT, Bt ERHRE R, SUTIEE D,

RErE: BEHFAEESHIFR, MHSETTRERSHHIABIE P A 34 s,

REH R R 2P 5 R AR E R BRI — A2 EMAIRRS, 5 1515 2 510 B2 2
ik, EIEMEBIT, FEEHFATREEE AR A TR

# BMANBHERRY R AT

# (name, age)

('A', 19)
('B', 18)
('c', 21)
('n', 19)
('E', 23)

# (BREAIEE R BB E R T R,
# R ('D', 19) A (A, 19) WABRIENE,
# BNEREREHENERE

('B', 18)

('D', 19)
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(A", 19)
('e', 21)
("E', 23)

FIEIEYE: B@EaE e s A i AR CARIER B aURED R R, R EENREECR, BEET
T R TR ) B A P R R P 5 (B 1P g B P MR

AR EREBRNHEIFMELEER T (<0 =, >) KHABTRIOHEINER, 7EmHEsE e,
MR R R 2 O(nlogn) o MIFLLEHIF A LLBGER 7, RREMERE O(n) , EHEHME
M,

11.1.2 BEHIFEEE

PUTHR, L, R, BEEE. JEMPELE. B, IESRIEMOREBIRA DL ERTERHERHEE AR, K,
FERHE IR, TR AR B A R R AN R RERR SR AR ERE

R, TR ILRISE SR AR, MR LR SHE M B A HE e T R TR B A ET 04

11.2 #EHF

EIEHF (selection sort) AYTAEFEHEHERE: FM—IEERE, SWRICAHFEMERR/DITTR, fFHK
FIEHFEERE.

RIS n, EEHP BRI E 11-2 iR,

. PIEIREETR, FTETCRAHT, RIARHT (R5D ERMZ [0,n — 1],

R [0, — 1] PERANER, HHEERS 0 BRTRRM, sEiig, MEH 1 ETRCHT.
EEER [1,n — 1) PIRANCR, REERT| 1 RINITRSR, e, MEET 2 Ry,
o DARSEHE, #6080 — 1 WSRE YR, [IET n — 1 EoREHRF.

- ERE—ETRAE R RATTR, HAENT, BIESIHER .

KHIFER FHIFER

. @ - @
Aoa i
i k
21 mE 1R
iﬁ*}#ggﬁﬁx BER/TR nums[k] E%ﬁﬂiﬂﬂ?@lﬁ, BIER/NTE nums[k]
HBNTR nums[k] FRHFEMNEETE nuns[i]

Step 1 Step 2
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RHFEN KHFED
Pk -

%2 nu % 2w

ERHFER, RARITE nuns(k] A

ZHBRTR nums[k] FFHFEMMEETR nuns[i]

Step 3 ] Step 4
KHFER RHFER
- (00000
i k
# 3 W %3 B
: - M
EWRHFER, BBR/TE nuns[k] EHRAFER, BIERTE nuns[k]
TR nuns[k] FRHFEBNEETR nums[i]
[ Step 5 ] Step 6
KHFER FHFER
- 00000 - 08800
i k
; 4 g ; 4 W%
EBFRAFER, RER/TR nums[k] téﬁﬂiﬁFﬁfEFﬂ, SBIERTE nums[k]
TR nuns[k] FIRHFEMNEETR nums[i]
[ Step 7 ] Step 8
RHFER KHFER
nums nums n 4 5:]
A A —
i k
; 5 W ; 5 W
EHRHFER, BBR/ITE nuns[k] téﬁ;ﬁg;[:ii@ﬁﬂ, SBIBRGTE nums[k]
TR nuns[k] FRHFERMNEETR nums[i]
[ Sxp O ] Step 10
KHFER
nums
%ﬁ#ﬁ (RsF—ETRERAE
Step 11

11-2 BEEH PR

AT, WM kARG EE N &N TR
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// == File: selection_sort.rs =

/* FEEHE *+/
fn selection_sort(nums: &mut [i32]) {
if nums.is_empty() {
return;

+
let n = nums.len();
// SMEE: ®HEFEES [i, n-1]
for i in 0..n - 1 {
// WNEE: REIFREFEBENNRITR
let mut k = i;
for j in i + 1..n {
if nums[j] < nums[k] {

k = j; // s&e#Em/NTENERSI
¥
¥
/] #EmNTRERFERNEETERIR
nums.swap(i, Kk);

11.2.1 BHEZEH

- IERIBEREE 2y O(n?). JEEEREHE: SMERIE 0 — 1 8, F—RIARHFERRES n, RE—h
AHF RS 2, ESRINEESREE n, n— 1. ... 3. 2 vEE, KAk U2

- SRIMERIEZ O (1) JGRHRHERE : $5EE 6 R j AR WOO MRS L

- ARREEHE: W 11-3 FOR, 76 nuns[1] AT RERCS IR SIS TR A0S, BT IR
e 35 R,

FHIFERM

oo @

PITE—@iE

*HFER
3080080
SERE—IRREE,
METTE & RIIBREAI B A T o

11-3 EEHEAERE R B
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11.3 BFHIF

BAHEF (bubble sort) JZ @AM L ELSHRAMHA TR E BT, IS EE AR SRR T B THE — 4%,

KA A2 1R HE

qniE 11-4 foR, B iEERE AT DRI TR A R F AR RS e mbrda AL 7, MR ELEBAHA TR R
N, AR HETER > AR BB EE, BRI, BRARHITTR GBI EIA R A .

009900

TSRS —H R
TERANGERRBRIEL

- 00000

Step 1
- 0QQoQo
o

WEEEEHEMTE:
v EBTER > AETE
o ZHEMETE

Step 3

nums °°°°°°

W EEESIRR:
v EERE < ARk
- R

Step 5

Step 7

11.3.1 EBEERIE

WEEGEHEMTR:
v EBTR > GETR
~ RIREMETR

Step 2

nums 966¢°9

WEZEEHEMTR:
 EBRR > GETR
- ZHMEMETE

Step 4

WEEREHEMTR:
v EBTE > GETR
-~ RIREMETR

Step 6

IKE KE
nums o ° 0 ° o °

B n-1 EEEEHE

ERTERE,
BARETHAE

11-4 FHTTERRR e E i

R ESNRER n, IR HIDERANE 11-5 R,



B1E HF www.hello-algo.com 223

L B, ¥n@TRIT B, FRESINERTR LR IEMAE,

2. BN, BFER n — 1 E7TRAT “EilR”, 8 IROTR M E IR E,

3. DUKEIE, & n — 1#m "Bl &, Win — 1 K CERARPERE IEMAIE,
4. (R —ETReE R R TR, BANR, FIRESIHEE 72K,

“BikE  KRHFERM
B9TE

- 00008 o,

BiTE 1 WEE

paonan g8 -

BiT%¥ 2 WER

BITE 3 WEER

GLEL ) 8 -«

[0, 3]

BITE « WER

0800

BiT%¥ 5 WEE

088000

FeRHE (RIgf—ET=ERET)

[o, 1]

[0, o]

11-5 JERHEFP ke

N/ liESa T

// == File: bubble_sort.rs =

/* JEFRHE +/
fn bubble_sort(nums: &mut [132]) {
// SMERE: RKHFERZE [0, il
for 1 in (1..nums.len()).rev() {
// WIEE: BERHFER [0, i] PHRATRERMEZEBN&REGH
for j in 0..1 {
if nums[j] > nums[j + 11 {
// ¥ nums[j] £ nums[j + 1]
nums.swap(j, j + 1);

}

11.3.2 MEREKL
BMEss, g B RAERITEMA R, SRS ek, rTERIREIGER, Hit, AT
DA AN —{EREEENL flag ZRESHIE RGN, — BB BNRE],

KO (L, PR ISR R SRR TR AR (02 O(n2) ; (M AMFIse 2, 3%
SRR IR O(n) .
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// == File: bubble_sort.rs =

/* BFHE (EEREN) */
fn bubble_sort_with_flag(nums: &mut [i32]) {
// SMEE: RxHFERM% [0, il
for 1 in (1..nums.len()).rev() {
let mut flag = false; // #IAMAZEEAL
/] WEE: BRHFER [0, i] PHRATERREZERNRAIRK
for j in 0..1 {
if nums[j] > nums[j + 1] {
// i nums[j] £ nums[j + 1]
nums.swap(j, j + 1);
flag = true; // sE8HITE

}
}
if Iflag {

break; // ItE “BER” RXQEATEHE, BB
F;

11.3.3 EEZRE

- WERIBGRIE S O(n?). ELEHEHET: & “EIE ERIETIEERIEn — 1 n—2, .. 2 1,
B2 (n— 1)n/2. E5IN Flag BT, RERERIEETES O(n) .

- BRIz O(1). JEHRHEIY: $5I8 6 F1 j GERTRBOC MRS AR,

- RBEHDY: HAE B BRI R R A,

11.4 EANHF

HANHEF (insertion sort) J& MR EAVHEFEETE, CH TIER BT B — R AR IEE L

B, BRI MEE - EERETR, R BHARCHPERBETRZE — gD, A
IR A ZIERERIA B

11-6 /R T FSIHE AT RAIVIRIETRE, RFAEMETTERS base , HIMTTFEARIEEIERT1E] base ZMHIFTH
TLRAGRE (L, REAF base IELK HIERSI,
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nums[5] = nums[&]

& 3 AR nums o N
N LHETTERRR
EHFEROERLE PRI —f | gl
;-.....h.

nums[4] = nums[3]

BRTER [
wmEEEs| |\

11-6 BRI NIRSE

11.4.1 BEZERIE
376 N HE R (B R ] 11-7 TR,

1. WIEARRES, FESIRSE 1 TR CeidE .

2. BEEFINE 2 HCRIER base , MHMAZIEMA ER, MHIRGET 2 TR EHim.

3. BEHUGE 3 AUCRIES base , AFHIBHAZIEMAER, WS 3 TR CHi.

4. DAMCFEHE, fERB T, BEURE—ETRIER base , MAHMAZIEMAMER, rARICEHNT.

EHFER

[o, o]
[0, 1]
[o, 2]
[o, 3]
[0, 4]

[o, 51

11-7 AR

RBIRECHSA :
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// == File: insertion_sort.rs =

[* HNHEERE +/
fn insertion_sort(nums: &mut [i32]) {
// SMEE: BHIFEM%AE [0, i-1]
for i in 1..nums.len() {
let (base, mut j) = (nums[i], (i - 1) as i32);
// WIEE: #& base WAIEHFEME [0, i-1] FHIERAUE
while j >= 0 && nums[j as usize] > base {
nums[(j + 1) as usize] = nums[j as usizel; // # nums[j] MBAEE—IL
j -=1;
+
nums[(j + 1) as usize] = base; // #& base FHEZIEMRLE

11.4.2 EBEZSH

- WBREE R O(n?), HEREHDY: £, BUrEAREIHIFEEE n — 1. n— 2,
20 1R, RAMEE] (n — 1)n/2, WILKEEMES O(n?) . EIBRHFERE, ﬁ)\?&ﬁﬁf@i‘%ﬁum
ke BRI RE TR, SAHHTERRERBERE O(n) .

- EREAES O(1). BHPT . 1515 4 0 j R FEEOCNRRS MR,

- RREHEE: ERAREEET, RMERTRBAZMEETRNGR, TeUEEefrER.

11.4.3 {ENHFRIES

FAHEF R 2 O(n?) , MFRMETIE2E POt F R R 2 O(nlogn) o REREAHERF
AR R AR s, (BAERDRHR BV DL R, AP EH E R,

18 8 At BLAR VLA 3N — 0 S 10 IS LA AS s DL, B O(n logn) MITEHRIRE N EA 7016
WS HHE R, S 2 BTA R, Mt RN, n? Flnlogn MUBUE BRI, ik
JEAME BN, i A BT B BRI R PRE PR

B E, FF2EAGES (B0 Java) RINEADT M TRARDT, KREUERZ: BIRREDS], RAER
IHERMSEIHE AT, Bt ; BRERD, EREERAEART.

SESRIOTRHE . R IEHE AR AHEF R AR # 2 O(n?) , (BEERREDI, $AHER I R 5%
R IETRHE AR, 32 DR ER,

- RHE RN TR E T, RERER —EERRAR R, R N 3 (EETRE; AHEE R TR EE
B, (475 1EETHiE, B, WORHEE RS RSE 5 L A H 5 .

ORIEHUF AT R ORI S O(n?) o WREE ML A FINROR!,  FAHDT @ L%
FRHEP R T .
EEH R RE, BEEHRZEHET.

11.5 REHIF

REHEF (quick sort) 22— MR IARISHHEFRER, T, BHEEZ.
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PIEHE R OERMER “IHSdln”, HEER: BRSPS ETTRIER R, ARFTH /MRS

RICRBEIHAMN, MARRERERTRBEIHAN, B, s mfren

1. RS e e Te R 2 AR B, WIABL I ETERE 1 A0 J 23 BIE ) B4 Y it o
2. goE—EEkE, EERPER L G) SRS ERE - EEEEHER O BTR, REREMFETER,
3. EEHITSER 2., HF 1M JHIBRELL, RERFEEBESREEE TR 7 5%,

| step 1
nums
i j
def partition(nums, left, right):
R 2R
i, j = left, right # B nuns[left] AR%EM
while i < j:
while i < j and nums[j] > nums[left]: # WEREREENNEEHSTR
j-=1
while i < j and nums[i] < nums[left]:  # HWEBEREEANEEHNTE
i+=1
nums[il, nums[j] = nums[31, nums[i] # REMETE
nums[i], nums[left] = nums[left], nums[i] # RBRMCRERFETINS TR
return i # EEREHNERS|
| step 3 BEn
. left right
v v
- (00088
A A
i b
def partition(nums, left, right):
Rl
i, j = left, right # B nums[left] AEAH
while i < j:
while i < j and nums[j] > nums[left]: # WEREREENEEMRTR
j-=1
while i < j and nums[i] < nums[left]: & #AMAREBEANEEHNTE
i4=1
nums[i], nums[j] = nums[3], nums[i] # HREMETE
nums[i], nums[left] = nums[left], nums[i] # RERPCHMERTFETINS TR
return i # EEEREHNRS|
l Step 5 BEY
. left right
v v
- (080808
Ao
i
def partition(nums, left, right):
"HRRIS
i, j = left, right # B nums[left] REAE
while i < j:
while i < j and nums[j] > nums[left]: # WEREREEEREMETR
j-=1
while i < j and nums[i] < nums[left]: # WEREREEARNEEHNTR
i4=1
nums[i], nums(3] = nums(3], nums(i] # RIERBTR
nums[i], nums[left] = nums[left], nums[i] # HERYSMERTRIINS TR
return i # EEERHNRS|
Step 7 BEY
left right

v

~ 000000

A
i
1

def partition(nums, left, right):
R
i, j = left, right
while i < j:

while i < j and nums[j] > nums[left]:

j =1

while i < j and nums[i] < nums[left]:

i4=1
nums[i], nums[j] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]

return i

v

# BA nums[left] AEAH

# WERAREECERMHTRE
# WERGREEANEEMNTR
# SHEMETR

# HBEYSIRERT RTINS FR
# EEEEHNFS|

Step 2

Step 4

Step 6

Step 8

BEH
left right
v

nums

def partition(nums, left, right):
R
i, j = left, right
while i < j:
while i < j and nums[j] > nums[left]:
j-=1
while i < j and nums[i] < nums[left]:

i+=1
nums[i], nums(3] = nums[3j], nums[i]
nums[i], nums[left] = nums[left], nums[i]

return i

11-8 ffRo

# B nums[left] ZEAEg

# fEREREENEEHTR
# HEREREEARBERNTR
# ZHEMETRE

# REREYCHAZMFEIIRS R
# BEREHNRS|

def partition(nums, left, right):
R
i, j = left, right
while i < j:
while i < j and nums[j] > nums[left]:
j-=1
while i < j and nums[i] < nums[left]:
i+=1
nums[il, nums(3] = nums(3], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

BEH
left

nums

.
i
1

def partition(nums, left, right):
R
i, j = left, right
while i < j:
while i < j and nums[j] > nums[left]:
I
while i < j and nums[i] < nums[left]:

i+=1
nums[i], nums[3] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

# Bl nums[left] ZEAE

# SEREREEREEHITR
# HEREREEARBERNTR
# REMETRE

# RERYCAEMFEIIRS TR
# EEERREHHRT|

right

# LA nums[left] AEas

# REREREEREERRNTR
# HERGREEAREEHNTR
# SHEMBTR

# RERYCEAERFRIINS TR
# EERAHHFS|

def partition(nums, left, right):
R
i, j = left, right
while i < j:

while i < j and nums[j] > nums[left]:

bl

while i < j and nums[i] < nums[left]:

i+=1
nums[i], nums[j] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

BL nums[left] A3

x

# REREREENRERBNTR

WEBEREEARBEHNTR

x

x

SHERIETTR
BREHNET T RN RS
SEEREHERT|

x a
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Step 9
BEY

v
nums ‘nnnnna‘

EFES HFES)

‘YRS SERER, WEMTHRE
EFESIERTE < BEM < ATFRIIERTE

11-8 Il 25 BR

W SeE| e, TR R = ARy e RS, R A, Hike A rESERETR <&
R < A TEIUERITR". Wi, B TARATEISHE T EE THER

PRIEHE I 7 6 R
VS 1) 5 1) B 1S MR R 1) ) I e L 1 2 119 R R 371 I e P

// == File: quick_sort.rs =

/* HER|5D */
fn partition(nums: &mut [132], left: usize, right: usize) -> usize {
// BL nums[left] HBEEH
let (mut i, mut j) = (left, right);
while i < j {
while i < j && nums[j] >= nums[left] {
j -=1; // REeEacREaE N REESNTE
+

while i < j 8&& nums[i] <= nums[left] {
i+=1; // RERGKREERNEEHNTERE
¥

nums.swap(i, j); // MEmETE
}
nums.swap(i, left); // WEEHBIMEMFETIND R
i // REIEEHERS]

11.5.1 BEZRIE
PRIEHE R B e R AR AN R 11-9 AR,

L &L, BEEFISIT X WD, SEIRHER B TR RS,
2. KR, B TREBIFIAG RS BIREEAT “IHIeE 77,
3. FHERIE, EEFREYHRER 1IRRLLE, 7Em e s s R HE
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- @00080 \
BARGER
o0D0B80

THECRIS
EE e waTHoI HREs
@A F s BEEFEY - HETEIRES 1 R

. BIRTSERk I HEE

RS THEBS

] o 5]

wBEE || #IbEE EIEEE

119 PesHERF e

// == File: quick_sort.rs =

[* R +/
pub fn quick_sort(left: 132, right: i32, nums: &mut [i32]) {
/] FEFREZR 1 RK4LILEE
if left >= right {
return;
+
// HEES
let pivot = Self::partition(nums, left as usize, right as usize) as 132;
/] EEAEFRES. GFES
Self::quick_sort(left, pivot - 1, nums);
Self::quick_sort(pivot + 1, right, nums);

11.5.2 EBEZISYE

- RIS 2 O(nlogn). FRBEMEHNT: 12BN T, WREREDFEEREES logn , EHH
SOEIRE S 0, BREERH O(nlogn) Rifdl, TERZENILT, SEMIEEMREMARE R n HkE21]H]
SR RER O n — 1 AURIE RS, ILRRIEEE0EE] n, SERIEEES n, S8ER O(n?)

K¢

- BHEBGRES O(n). JRHHDT : S A5 2B P IEN T, EIREBRERE n, £H O(n) #

B, Her BRI RS BT, AREEBHESNES,
- AR EWEREIDRE W, HERATRE G P R B TRIAH,

11.5.3 fREHIFRTEEIR

e ERiRER t, PORHFFERCR T HEZAEA —ERES, @8 PR TR R E R R S0k

R A CHEREHERT AR, (S DORARRORCRE S, EEARERE,
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- BRI RERAUR: SRR BB B O(n?) , WHETHEFRE, HEEK
ZHIEHT, PudHFRETE O(nlogn) AR FEUT,

- PRIBERIRCR S EHUTIH B MRIERE, RO IRE 7 RS A SIRER, R TT R RR 5
o Mg “HEREHEE” EEHEARENEAGIHITR, Emik=iE R,

- BUHREREBURBUD: £ ER=MEEEAT, POdHEERI bR, BRE, SR RERREER D, ER
AT e “TERHERT SRR R L

il

11.5.4 BEHREN

P b A 2l A\ TR ISCR AT RERRIS, 22 —(Etsom Bl 7, ek ARSI 22 2R, BT ®E
RACITCRIE R AT R, BB B e ilig, B = A v, HEE FRSIRE R n — 1,
ATFHIIRER 0o WIRE X, SREEEMEEE T EIRER 0, 2IaRIERN, Pudiz
By “ERHER” AREIER,

T BRGSO, BRATA] DUR AR el o rp OSSR BB IORIE, B0, FRAFTR] ARG —
ETCERIE R EL, SR, WSRIESCNME, BEDESIA BRI RS, BRI R,
FRETERE, BAGESENARNE “RREMET, RIS RE BT R — AR 2 R R R B,
R PO HE P IR TSR AT RES L.

o TIE—BUGE, FRAT DATERS R = A S TR QR MR E, B, PRITR), AiffiE =1k
JCRMIPAL B E 2 AL R, JEhk— Ak, FRMER B A NMBAR AR BIRAE KRR, ER, JINER L
EIUE 28T, DUE— SRS EIANRE . AR IAE, RREEMESKE O(n?) MR K
PN i

AN/ UEES L U

// == File: quick_sort.rs

/% EER= (BB TEAPUEL +/
fn median_three(nums: &mut [132], left: usize, mid: usize, right: usize) -> usize {
let (1, m, r) = (nums[left], nums[mid], nums[right]);
if (L<=m&&m<=7r) [| (r<=mé&&m<=1) {
return mid; // m 7 1L # r Z[HE
}
if (m<=18&& L<=1r) || (r<=18&& 1 <=m) {
return left; // 1L #&E m M r ZMH
}
right
}

/* EEED (Z8EE) */
fn partition(nums: &mut [132], left: usize, right: usize) -> usize {
/] EE={AEETERPAIEL
let med = Self::median_three(nums, left, (left + right) / 2, right);
/] PRI BRI E Y R iR
nums.swap(left, med);
// L nums[left] ZAEIEE
let (mut i, mut j) = (left, right);
while i < j {
while i < j && nums[j] >= nums[left] {
j-=1; // tancka@ I nEESNTE
+
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while i < j && nums[i] <= nums[left] {
i+=1; // REBEREEANEESNTE
+
nums.swap(i, j); // ZHAEMETE
}
nums.swap(i, left); // EEFILEMTMEYIND FAR
i // REIEEEHHIZRS]

11.5.5 REFRERENL

TSR R, PutHb aREM SR 2, DIE A 7 v AR 206, SOREH TRy IRE R m,
T E R EE A EA RE S 0 NATFRAIFREZS m — 1 G FEY], 1EERE S — g ik g &b
RERRAERE /N (R —@eR), RESNSEEER n — 1, HRFEGH O(n) K/NIHERIE
FEﬁo

2T -SRI B, FRTAT DAYE SRR SR s, R TS R, RN Thiis)
YEFTRIE, RS TRISIG REER Sl n/2 , RIS AR OB R R log n , TR
SRR R O(logn) » FEREL FFT:

// = File: quick_sort.rs =

/* REHE (BEREREWN) */
pub fn quick_sort(mut left: i32, mut right: 132, nums: &mut [i32]) {
[/l FEIIRERD 1 K&l
while left < right {
/] HEE|DRE
let pivot = Self::partition(nums, left as usize, right as usize) as 132;
/] EHWEFRES REIE I ARE B TR
if pivot - left < right - pivot {
Self::quick_sort(left, pivot - 1, nums); // EEHFELZFET
left = pivot + 1; // FIEREKRHFEMA [pivot + 1, right]
} else {
Self::quick_sort(pivot + 1, right, nums); // IEEHEAFET
right = pivot - 1; // RERKHFER%A [left, pivot - 1]

11.6 S#HIF

BHHF (merge sort) BN IMAERISHIHF A, WEE 11-10 Forg “81237 1 “G0F BB

L 5y REBE: BRI R B8 8 A o B, S R B 1 P Pl REL LA 2% 6 e O e P L
2. GOREE: B RYIRER 1R IEE Yy, BRGSO, RS mEERE A RS & OF 2 — 18
RIVAFHZI, HELH,
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FEEEEEEER

Bl PR

... WE
S

SRR

11-10  AfFHER RIS 73 B 5 R B

11.6.1 BHEELHRIE

qniE 11-11 Ffos,  “E o BEEL” 8 TH 2 SRR X i Bz (e R 1) 20 25 w1 fei57

1. GRS E mid , RIEE 7MY (&R [left, mid]) A% (&FE [mid + 1, right]
)o
2. BEHITHER 1., AETFMEYIEMRER 1 R ILE,

“EORER” R THMR = TR A & 0F 2 — (E A P isl, REERRE, ERER 1 HFRH5I5
et AUFREEEREE T AR A P,

2880 J 2880
prsch kg RTEIS a
‘\ ........................................... HESHEE ’ ............................................ HREE
( 1= ‘ 31550
Eas ‘ EEst ’
| Step 1 ‘ Step 2 ‘
(7]=]2]¢) [ G880
prizici b ‘ EE#HS <
‘ bt & i
EEs EEs -

Step 3 ] [m
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[7]s]2]o]
BEES < a BEES -
q BERE { BRRE
( EJIRE ( EJ15050
East < E¥Es -
| Step 5 Step 6
BEES < BEaEwn -
. ESHEE WEE
SR SRR
EEs < EHEH
Step 7 ] ( Step 8
BEHS < BERS -
BREE
EJ13050
EMEH < Eas -
Step 9 Step 10

11-11 &0t BR

B, SOt R TR R E R RRENE 2 — B,

- REEER: SRBRIEAE TR, FREG TR, REEMARETRS,
- A JEREAE TR, FRES TS, RIRER S

A0HEF R EBA LR EREEAUR, SR, nuns KIS S ORI 2 [left, right], i tmp AUSBERER 2
[0, right - left].

// == File: merge_sort.rs =

/* BHETEYMEGFEY] x/
fn merge(nums: &mut [132], left: usize, mid: usize, right: usize) {
/] EFEYERZE [left, mid], HFEYIERZA [mid+1l, right]
/] BI—(EEEEFREES tmp , AREREHENER
let tmp_size = right - left + 1;
let mut tmp = vec![0; tmp_sizel;
/] EEFRESIR A FRES A RS |
let (mut i, mut j, mut k) = (left, mid + 1, 0);
[/l EEGTFREIEERITERE, ETHHEIFE)\ I TR E N 2RS4
while i <= mid && j <= right {
if nums[i] <= nums[j] {
tmp[k] = nums[il;
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i+=1;

} else {
tmp[k] = nums[jl;
jo+=1;

k += 1;
}
/] EEFRESIFG FRESIR R R TR E N R EREFRES
while i <= mid {
tmp[k] = nums[il;
k += 1;
i+=1;
}
while j <= right {
tmp[k] = nums[j];
k += 1;
j+=1;
}
/] 1EEERERET tmp RYTTHREREFERS] nuns BYHFERER]
for k in 0O..tmp_size {
nums[left + k] = tmp[Kk];
}.
}

/* SHHE +/
fn merge_sort(nums: &mut [i32], left: usize, right: usize) {
/] #EIE&MH
if left >= right {
return; // EFREFIRES 1 K#RIEED
}.

/] Bl BEER

let mid = left + (right - left) / 2; // #tEHRE
merge_sort(nums, left, mid); // IEEAEF[ET]
merge_sort(nums, mid + 1, right); // IEEHEFFET

/] EHPEER
merge(nums, left, mid, right);

11.6.2 EE XI5

BERIBERIE 2 O(nlogn). JEEEHEHEY: 815 AL % log n MBI, 19I5 & DEIUSHRIERR
Zn, FIHAESEIEIE 2 O(nlogn) .

- SSRBAREES O(n). IREEHNE: JEEERES logn , B O(logn) A/MNCHEBIZER, & HHRME
FEHO RIS BB, (5 O(n) KNS,

- RBEHNY: EADRRRNR, HSTRNR R,

11.6.3 $ELERTIHIF

S ES, A OFHET AR L Bk EL B %, T DSBS AR A L 00 2 P B I
E0(1),
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- B REBL: AT IEAQT X BRI ACEBRIGEAS ARSI o> AR, PET A 200 fE A A e
© APRREE: 1EREASESIR, EIRCE IR HERSEES N (e HRTEE, RS GEmfEES
FRisfs R SOt R RA P R A1) N BRI NS R A,

HEGE AN LR, A R p T r] A R b E T2,

11.7 EFEHIF

Tip
BB AHTHT, FERECRT A58 “HERE =,

R (heap sort) /&R NHERTERHGS I BB S AP RTR, FRMTA] DA A CAS SRR “HHERE
BRIE” M1 “TCRMHERERIE" EBIHEREHT,

L. S PRSI S/NEHERE, IR iR/ N TSR R HERATE,
2. NErETHHERRCE, XL EREHERDTR, AR SEIE NEIRHE R 5,

DA BT TREEPARIAT, (HFRZERER— RN S A 7 B TR, RS, EEPRT, BNEEEH
— AR B 7T

11.7.1 BEZXHE

RPN RE R n, HERHEFPAOAZANIE 11-12 Frr.

L. #@ PRSI RTHHERS, SEiR, ATTRANHERETH,

2. FERETECR (B —iic®) BMERROTR (RE—ETR) . Esig, HRMRER L, B
HiPeREEM 1.

3. TEHERETH TR, TETHBRBITHRELIRIE (sift down)., SERUEREILTE, HERMEESINEE,

4. EEMITH 2. PIE 3. D WE n — 1 @R, BRSSPSR

Tip
HFE L, TREMREREPHEEE 2. PHE 3. P, HEZ 7 —EHETRIPER,

ERHE ERHE
/ \ / 1. BRI / \ B 1. BAMBILEER
6 2. EEEETRREATE
PRS- (1) SRR R RETE
SHRGENEN BHFER
EROBSIET

| |
SERRTR HRRTE

Step 1 Step 2




BLUE HF

www.hello-algo.com

236

0060

HAENEREN EHFEN

nums

| step 3 |

oo

EMNEREN SHFER

Y

nums

[step s |

@
© o
000

HRANERER BHFERR

nums

| Step 7

e o
000

EMNEREN SHFER
—r

nums

[step s |

000

HENEREN EHFERM

|s:ep 11 |

ST

1. BNEFERER

2. EEMSERPRIRATR
(1) WEFRTRBEERTR
(2) RTRERETHERW

SERHF

1. BNFREFIIEER

2. EEUSERPEREATE
(1) ZSERETRBERRTE
(2) REERETHERL

ISR

1. BNEFEER
SERPIREURA TR
(1) WERRTRIVEBRTR
(2) RTREREETHERY

SERHF

1. BINFEFIIEER

2. EEUSERPEREATE
(1) ZSERETRBERRTE
(2) REERETHERL

ISR

1. ENEFERER
SERPIREURA TR
(1) WERRTRIVERRTR
(2) HEEFEEITHEL

000

HEANERER BHFER

Is —

nums

‘ Step 4 ‘

0
© o
000

ERMNENERN SHFEM

—

@ ©
000

ERNENER BHFERM

‘ Step 8 ‘

000

EMNEREN EAFEN

nums

Step 10

0060

EHFERM

nums

‘ Step 12 ‘

SETRHIF

1. BINRDIEERER
2. EEMSEEPRBATR
(1) RERATRBERETR

SETRHIF

1. BNREDI R
2. EESERPRIRBATE
(1) ZSERATREERETR

SETRHIF

1. BINRDIAERIER
2. EEMHSEREPRBATER
(1) REREATRBERETR

R

1. BNEEDIL R
2. EESERPRIBATE
(1) ZSERATREERETR

SETRHIF

1. BNRDIAERER

2. EEMSEREPRBATR

(1) HERRTRIBERRTR
(2) WREREITERMWL

3. Ff—ETREARE, HFTM
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11-12 HEREHEF P BR

RIS EEI A, BRI 7B “HiA” SEAERIRIRETHZE FRHERAML sift_down () M, (ESERNE, B
RHERERT R G REE IR TTR MR, IR MFRZELS sift_down () U —ERESE n, AR
TEEHERER B AT A RCRE, RIS R ATR:

// == File: heap_sort.rs =

/* HWRHNRES n , R 1 FEiR, RIEERHERLK «/
fn sift_down(nums: &mut [132], n: usize, mut i: usize) {
Tloop {
// PIERERES i, 1, r PERKER, 524 ma
let 1 =2 %1+ 1;
let r =2 %3+ 2;
let mut ma = i;
if T < n & nums[1l] > nums[mal {

ma = 1;
¥
if r < n & nums[r] > nums[mal] {
ma = r;
¥
/] EE% 1 RAFERS| 1, r @R, EBESHERL, B
if ma = i {
break;
+

/] RINWERE,
nums.swap(i, ma);
/] BERTHEREL

i = ma;
¥

/* R +/
fn heap_sort(nums: &mut [i32]) {
/] EERRIRME. HRBRESIIMNIE M EEIE,
for i in (O..nums.len() / 2).rev() {
sift_down(nums, nums.len(), 1i);
}
[/ EREPREGRATSR, EE n-1 &
for 1 in (1..nums.len()).rev() {
/] RILRENBERAENY (RfETRERTR)
nums.swap(0, i);
/] VIIREREE AL, RIEERETHERL
sift_down(nums, i, 0);

11.7.2 EHEZHNE

INFRIBAEE 2 O(nlogn), AEEEMEHES: BHERIRIEME O(n) Wi, e B AT RN
IRREE 2 O(logn) , HEE n — 1 i,

- BHEERES O(L). FHHby: BEHEEEEER O(1) M, TTRAHRAMER IR EHZ 1E 5 51
AT,

- ARSEHET . 7RSSR TE T R MR ROT RN, MHE T RIHB B AT RE AL,
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11.8 #&#HIF

A AR RAER Y SRR e AR, E MR BT R A NMRE BT, IR T
FUAMR AR LB O(nlogn) o #FAR, JIMFHRR &R “EHLBHFEEIER", BTN
JE AT DU EN R IERE

@ (bucket sort) 2 IAHRIGH—HM BN, EIEBBE —LEBA R/ MEFFIIM, 665 E— 188
TREE, HERPFI RIS ER T AR, EREMNEOBITHEE; BAERMRIERE R B RS
{78

11.8.1 EEZRIE

FR—ERER n W], HTR2HE [0, 1) NATREE. MH TR E 11-13 iR,

L. WIaME k (8, % n E7CREE] kERT,
2. BHgERE T BIBITHY CEERAEREE S INEHF D,
3. TZHRMTE N EIRRINE RS & HF R

Rlidag il (0 .45 ] 0.5 [ 0.52 J0.090.57] 0.43] 0.91 ] 0.75 ] 0.15] 0.37 I I etEs
S — S EEIHEHE
- HEEES
buckets i H
BFEE [m#mA) [0.4, 0.6) [0.6, 0.8)
' RERABEIES
I S BHHER
5] _
nums
11-13 Wi EE LR
TS R
// == File: bucket_sort.rs =

/* @HEE *+/
fn bucket_sort(nums: &mut [f64]) {
/] e k = n/2 @@, FEERSEESE 2 Exx
let k = nums.len() / 2;
let mut buckets = vec![vec![]; k];
/] 1. #ESITREDERREIZEREP
for &num in nums.iter() {
/] WAEBREES [0, 1), FH num * kK HRFES|EE [0, k-1]
let i = (num * k as f64) as usize;
// ¥ num FIGER i
buckets[i].push(num);
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/2. BEERBNTHRF
for bucket in &mut buckets {
/] EEREHRFRT, WA USRREMHIEREE
bucket.sort_by(la, b| a.partial_cmp(b).unwrap());
}
/] 3. EFREHER
let mut i = O;
for bucket in buckets.iter() {
for &num in bucket.iter() {
nums[i] = num;
i+=1;

11.8.2 EEZIFH

THER B AR AR PR B IRRAVERL, Bilan, SABERMLE 100 BMEyR, HRSRHRG, R Emsss—
RYERAFTH B R 1L, m]DURERL K 1000 i, SRR AIEHHERETHER, RIBHERE b

C BRI O(n + k) [ERUTEIESERNTLI5ME, IS GEMNGTRRES © . By
BLERTER O(2 log ™) B, AUHBERTERER O(nlog ™) KM, HRIBUR & LLEKHS, WA
BEIRIAIR O(n) . &OFE BRI EMATTE, 48 O(n + k) B, fEREHE0F, Fiad
BREATCEI—AR, AR O(n?) K,

- STBIIE O(n + k). ENHUHET: FERED k MRTRIAASE n (AL RA0RA R,

R A R B HE R T B R R AR

11.8.3 MEIERFIY 5L

NEHERF IR AR PR _ErT DUER] O(n) , BRSBAERA TR SRS MRih, HATREREEfr2
B8 fif. B, AR EA R _ERATE R S EASRE R P 2 BCE 10 MEG T, (RS ER iR,
IR 100 JTERYHER 2, =R 1000 JTHYHER Do 5 HF RS IR P #] 03 2% 10, SEmH R SE 2 g
FEH K,

RHEBFINEL, FATA] DUCBE —HREI 0 SR, RIS 2 3 (AT, /rBlse R, P Rish
B2 AURARATE 7 2 3 i, EHEFTAMPRTRBE KB,
GniE 11-14 fos, G IEAE EREY BRI, HIEZRERRREEEY, BR, AT e
Wil ERHE > 2% 3 M, BLRSE 7 75 URTRRIRE R R T IR,



B1E HF www.hello-algo.com 240

R
-— HHEISER
RBE — 65y 20% 15% -
FEIEER BRI
MEEM —1bo 100-500 >500 <10 8%
- . 10-20 13%
e 0 20-35 12%
18% 35% 12% 35-50 10%
50-100  12%
<10 10450 50-100 100-500  20%
>500 15%
13%
10-20 20-35 35-50

11-14  JEEEH| 734

QR BAME ARITE P b S O MR 41, BT DURRDR ORISR 70 i S TEIS RO J0 SRAR. (EISHERRVE,
BRI A —E TERESET,  a] DARIRE R RE PR SR MR R A T AL

qniE 11-15 Fio, B ah AR ARTE I RE 70, ISRl i DA B 3 e (B I ], FRE T R A 125 20 i
FBEE

HWEEE

0.4

- K
0.0

+oo  Em{ERE

’ ﬁ@ﬁﬁ@ﬁ

EHiBsEE <3 3~10 10~25 25~80 80~200 >200
11-15 HABEHER M E

11.9 HEHIF

stEHEF (counting sort) ZEiBMAH T REEAEE Y, 1EH ERREEHEL,
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11.9.1 fHEEIR

FeRE —EMENBIF. 58 —~ERER n (ES] nuns , HAPRTRERE “FEREC, sHEHIPI0RRER
FRUNE 11-16 Fim,

1. EFREA, RHEPHNRKET, L5 m, REEY—ERES m + 1 EBIFY] counter .

2. B counter &t nums HABFIIBLIRE, HA counter[num] HEEF num BIHEBUREL, #iEt
FIFREHE, HFEE nums GRERTEF A num), i counter[num] #0 1 BIA],

3. MR counter AMHARTIRARAF, FHMHERMABZCKH)TY 7, Bk, &ME counter
MRS B BB N ER B IE B nums BITA],

#HFm51 nuns ([ nn...ﬂ.

\\, B nuns MSHERFHHTAN
e . A counter[num] 8% num BIHIRNEL
]

ﬁ%l(ﬁ

SRS counter
E&5 counter , HEHUF

‘ _ BRUTVRBIAN nuns BIE]

HEREY nums

11-16 stEEHEFRE

RSN R R

// == File: counting_sort.rs =

/* HEHFE */
/] BEER, \ERARHFEYE
fn counting_sort_naive(nums: &mut [132]) {
// 1. ﬁ}b%ﬂ@ﬁ”ﬂ%ﬁﬁ? m
let m = #nums.iter().max().unwrap();
/] 2. GEEEFHILIRRE
// counter[num] X5k num BYEIRXEL
let mut counter = vec![0; m as usize + 1];
for &num in nums.iter() {
counter[num as usize] += 1;
+
// 3. 7FEsh counter , EEITHREBENEMES] nums
let mut i = 0;
for num in 0..m + 1 {
for _ in O..counter[num as usize] {
nums[i] = num;
i+=1;
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A FEICHE > BT HE e 1) R gk
e PRI AER, BT DU E B AR IS counter RIRHER S 1124 —EHE, AFHtatE
BREBRB S ETTR OB BT, AE L, S8R RARHEE R NI — R,

11.9.2 =B8R
ADREEATRERIR T, MR AR DE, R EE 3. ST . R NG REERT e, FhifAEdz
FRRT A ERS CERIR R B2E0 BIREITHE, i LR H A B A HE 7 45 5

AU A REAS 2 5 R HEFP A5 SRIE?. (M Jeat 5 counter AU “HISRAN”. BIAZERE, Rl i EIVETR
il prefix[1] FRESIRT 1 TR M:

prefix[i] = Z counter[j]
=0

RIS LA RN, prefix[num] - 1{RKICE num 7E45 MY res hitg—RIBBIM RG], EEE
ARAEE S, NAT S FRIRMSE T EEZ B A RS R E A B, 8 Rk, BAFEFE 7R nuns
EEICE num , EESRIERPFITLRML,

1. # num ARSI res YRS prefix[num] - 1 &,
2. DHIEA prefix[num] BN 1, MR NRBE nun RS,

EFTERIR, Y res FREHIFIFHIER, KEEM res EERMY nums BIA], [E 11-17 BIR 7525
At B R,

= (000000000 = (000000000

BF num &;i { 3 l: BF num B/ 1 "1 /3 4
&S counter an AIEEA prefix aannm
(counter )
FEF nums W EEBFIHIRE #tE counter MIAIRM, 3TH prefix
counter[num] €& num BHIDRE prefix[num] - 1 &K num 7 res PRE—RHBENES|
Step 1 Step 2
num num
= e (D B0000000 = oe: (000000000
s HEBENENOED
wemm o 17 3 4 BEom o 13 3 4
BIEEH prefix aannn HIEEA prefix aunn
(counter) (counter )
EIFES nuns RESETR nun , SRHT: BIFES nuns HRESETE nun , SRET:
1. #& num BN res WHE3| prefix[num] - 1 & 1. # num N res WF5| prefix[num] - 1 &
2. LHIEA prefix(num] B 1 , HMBHTRKE nun K3 2. QHIEM prefix[num] B 1 , HWEHNTRKE num W3]

Step 3 Step 4
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v v
= o (000000000 w  (00G000000
SRl [ [ T[T T=12] T4 HRM] res

Ve

BF num 0 1 2 3 4 HF num
waw e (@EOO0 wew e (@EOOE
(counter) (counter)
FIFFED nums FRSETE nun , SHRAT: EIFFEDS nums FRSETE nun , SHRAT:
1. # num N res MF5| prefix[num] - 1 & 1. # num A\ res MI%3| prefix[num] - 1 &
2. LHIEA prefix(num] BE 1 , RMBHTRKE num K5 \ 2. QHIEA prefix[num] BiE 1 , HWEHTAKE num M3
[ Step 5 l Step 6

wn - (000000080 wn - (DO0O00D0000

e - (DO0O000000 e - (DO0O000000
HF num ‘o 1 23 l. HFoum 0 1 2 3 &4
I prefix ua BISEA prefix unn

(counter) (counter)

HREHIREDIAE, HENBIITRED R res BHERMES nuns EIF]
B res HRREHFNER

[ step 7 [ step s

11-17 &8RP BR

at BT R B BRI N AR
// == File: counting_sort.rs =

/* StEHERE +/
// TEER, JHEYY, TEREEHRF
fn counting_sort(nums: &mut [132]) {
/] 1. GEtESIRAITER n
let m = *nums.iter().max().unwrap() as usize;
/] 2. HEABEFHILIRRE
// counter[num] & num BYHIRREL
let mut counter = vec![0; m + 1];
for &num in nums.iter() {
counter[num as usize] += 1;
+
// 3. X counter BIETERF, #§ “HIRRE” EHifs “BERs|”
// BN counter[num]l-1 2 num 7£ res HPRE—XBIRNZES]
for i in 0..m {
counter[i + 1] += counter[i];
+
// 4. BIFEES nums , ERTREBENGRES res
/] ¥a1kRES res HFRRECERAE
let n = nums.len();
let mut res = vec![0; nl;
for 1 in (0..n).rev() {
let num = nums[il;
res[counter[num as usizel - 1] = num; // #% num REZIEHEZRSE
counter[num as usizel -= 1; // {EHZMER 1 , FETREE num HER5|
+
[/ ERZEREY res BEEREMESY] nums

nums.copy_from_slice(&res)
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11.9.3 EEZIFH

- IEEREZ O(n 4+ m). IEEBEHET © ¥ IEFT nums FIER counter , AR FARMEIFRE, —M%
BT n > m, REEEREER OMn) .

- BEERER O(n + m). MY #B) T RESAIZ n F1 m KR res Fl counter

- b BRI res HIEFOTREMIET 2 WAL 19, FIEIFES] nuns AT DU RE#E ST
RSN E, tmEREEHT. EFLE, EFED nuns el IS EIERMHEF R, (HEEHR
FEAERRE M,

11.9.4 {EMR1E
BENEW, (RFFEBEEHEFIERIGY, (5585 SRR AE B S HET ., A, HHEEH
FIRT BT BB A S 2 A

SHECHE SRR R U, AR S LB AR, 7R T R R R T DA (U, 3L

(ERIOB AL PR AR T 2 RO O NBIR, B0, BIRE S E sy, oL B

B EE B, SR E R, HE R T R 25,

SHECHE 8 PR YERHR K ORI MO, LU, 78 ORI m REEAK, 7HIE 5 IEZ 25,
Mo < m I, EHREHREER O(m) B, TTREE O(nlog n) MR REIISHBRENE,

11.10 EE3F

LR T R, EIEA R RHR n SOCE R m BT, R EE n = 100 5
SOEITHEY, MR8 8 MiHT, EEREEREE m = 10% R A, [AEHEHFEE R R T
TERE=ER,  TALEHE R AT DO S e

HEHF (radixsort) AUZLEAHEEHEHE — 2, @ ASREHEBCRESHF., AR L, EEHFA
MBSO FRNEER R, RO AOETHEY, 1S 2R RIHER AR,

11.10.1 BEERE
DAER SRR A BRSO R 16, BEM 2 8 A, HEHIFHRAZWE 11-18 Fir.

1. stk =1,
2. BIEMRRE k ACT CRHEHRTT. IR, BERIEIRIRE kAR NEIRHET
3. M kAN 1, ARIREIER 2. BEEUA, ERIFTAEAAHER SRR H,
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NEE RIS EB, BN dEAHEREE o, BEREE kAL x, , ATRMERABCREE A

BN nums
WAtk k = 1

B BB 0 HEE 24

10546151
35663510
42865989
34862445
81883077
88906420
72429244
30524779
82060337
63832996

35663510

88906420

10546151

72429244

63832996

81883077
82060337
42865989

30524779

35663517
88906427
82060337

81883077

305247793

42865989
63832995

CALbStE, HF

HFSE 8 fi

B 3~7 1 HHFEER

11-18  BEHEpERERE

Ty = |‘dk—1J mod d

T

10546151

30524779

34862445

35663510

42865989
63832996

72429244
81883077

82060337

88906420

Hrb o] FoRENTE o 1A RV, T mod d For d BUSE (IR, BHREeeekl, d = 10 B k € [1, 8]

o

A, AR Z N ESEE B RS, (2 AT AR RIS b AOE THE

//

= File:

radix_sort.rs =

/* JEBY7TE num BIE k fi, HA exp = 107 (k-1) */

fn

/*
fn

digit(num: i32, exp: 132) -> usize {

/I BN exp MIE k ALUBRELERRITRENRGE

return ((num / exp) % 10) as usize;

SHEHE (RIE nums 58 k (IHRE)  «/

counting_sort_digit(nums: &mut [i32], exp: i32) {
/] HEMHINGIEERES 0~9 , ALFEERES 10 AIFEES

let mut counter = [0; 10];

let n =

nums.len();

/] #5t 0~9 BEFMHIRE
for i in 0..n {
let d = digit(nums[il, exp); // ¥BX nums[i] % k fi, &% d
counter[d] += 1; // #stEF d HHERIH

F

/] KEIBA, & “HIRES Wian BRI

for i in 1..10 {
counter[i] += counter[i - 1];

F

/] BIFES, RIBRNSEHER, BETHREN res

let mut res = vec![0; n]l;

for i in (0..n).rev() {
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let d digit(nums[i], exp);
let j = counter[d] - 1; // ¥#EX d EEHIFPRES] j
res[j] = nums[i]; // WEBITRENRES| j
counter[d] -= 1; // #& d MNEER 1
¥
// ERERBEEREMY] nuns
nums.copy_from_slice(&res);

h

/* BEHIE +/
fn radix_sort(nums: &mut [i32]) {
/] EEETINgRATTER, ARHERAME
let m = *nums.into_iter().max().unwrap();
/] REMEARISAMNEFES
let mut exp = 1;
while exp <= m {
counting_sort_digit(nums, exp);
exp *= 10;
}
}

SR EARNLBALEHE?

FEEGRIH @O, Ry @B W RATR, BEH, RSB —WHFES R a < b,
M —EwHPAR a > b, AR AV SRS — WAV R. HREBFRIS A E IR SRR

iz, RIS AT L,

11.10.2 EEESNE

AR BCHE P, S0 P00 PR A W B RO 0, BT DR AR 2 s DL R, ELAE
WORREIE K, B4, IFREBORIE & (R, B2 HR Bk, MTAESSIR R RE O (nk) > O(n?)

[e]

- RIS 2 O(nk). JEEVEEEHER:: SRS n. VORI d IR, BRI b, RIS
AT O(n + d) WA, HUFAFS k B O((n + d)k) IR, @R T, d A k #64

By, REEREER O(n) .

- BHEBGRES O(n + d). AEEHHE: BEEHEEEFHER, BEEHr TR RE S n # d (5] res

1l counter .

- REHEE: ERtEdERTR, REHEERRTE; EstEiEARER, REHREARES IR

HP &R,

11.11 /i

1. ER5EIEE

- AR E A AR TR AR E B, B HTY —EARREAAR E R AR M, BT A] PR iR HE

R IR LR O(n) o
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- A SR ARHEE BN TR EAZI C AT R AR R, sy, sEAREAHT R
WM E 2 O(n?) , (R STTERMEE D, R AE N RHR A HE AT H5 Pk 8 200,

- PO R B R EE . IR E T, AR REROCARE IR R R SR R, EBIR R
MESIE O(n?) o 5INHALECE e B ek b i 0 BmT DARE SRR S (L IHR, 138 (B SE IR B 1
R, AR R MEEIREE, KRR ER S O(logn) .

- At EREE S AR R, SRIHEEER 7oAt EA O, e bR R i
5, ZERMHEE R O(n) ; SRTIHER SE4S B2 IS AR RE vT AR AL O(1) o

- MHEP S =P ER: BRI, MNHEE R EMAR, BRI T AN, EAREREERRK
AT I, AR R A B SR CE B BORIEE A T T2 23,

- AMEEEE R R AR, EEEstst E R B IRBR E B . stEdTE R ER R RE
ERHRERARAEDL, A 2R &R RES 5 IR R

- BB EER A H R R EEE R, ERERRER R S B E A BT

- ORRHAGE, B RIRE - EH AR, BASER, T, R B ER. A, B4
HAE RS RENTEETR R, A —HEH R ERIRREM R RN S A ALk, EERERS, JIMH
ZRPR RO R AR R S TR A HE P TSR

- [ 11-19 BT ERHFEEARRER, REtE, st PEA B E S,

Pe— E—
B _ = . BEM it BEfEY B
mEHE O 0@ o) o | dEE  me  kEEE bk
FORF mmmm om  om  ow)  on | mE  Ew  oEE ke
BAHE O Om)  ow)  o¢) | WE R SEm b
HEHIE | O(nign) Olnign) O3  Olegn) | #BE Wit FSEm Lok
DAY . &#HE Onbgn) Ofnker) Onkgn)  O() | WE  HEE FEEE R
BEHF  Ofior) Ol Oibgn)  O() | HEE  AUe  HEER ki
BHE O+l O+l  OM)  On+k) | BE  HE FOEE e
BOAR . Mes Onvm) Onvm) Onem) Omem) | WE  HA  FOEE  FER
EM#F  Onk  Onk  Omk  On+b) | ME  HEE  EEER  FHE
n AEREXRN
B w @ | e

EHHED, k BERAMIH, FHA b &R

[E 11-19 Hir Ak

2. Q&A

Q: HIFEEERE M BB N RORR?

EIRET, FMTETREERYAR BB THE R, BN, 2AEFuamgEmiEEE, RMAEEH—
28 Jeigiai 2 THeR, 5% (A, 180) (B, 185) (C, 170) (D, 170) ; H¥ HEETHR.
HRHE R EE R AR E, FirTaEfS%] (b, 170) (c, 170) (A, 180) (B, 185),

FIDAFEEL, BE DA C MM BE#A T, WANAREREEE T, mERRMAREEIN,
Q: M@y “feAMAEN" B “NAATAER" RINER AT DA HBRE?
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AT, BERMARATR AR, AL AT AER” B REEAENR, Bl ERER,
BATAEHIT— RIR A

5 52#17> partition() HIRE—H A nums [Left] Fl nums [1] . 5EMAc T8, FLERU/E BRI TTRHAT <= 2
Y JE DR R — P 2T nuns [Left] >= nums[i] BHESL, BRI “TEEGER”, AR
A AREGERATER, MEE 1 = j RpkinE, stRsalE nuns[j] = nums[i] > nums[left],
WRLRRL, RFRIE — D S B E a8 L B KRR TR SR B A R v, S EOH I #] 0 K

BEplr, fEks e, o, 0, 6, 11, MRk “WARAER", Ml »®REY% [1, 0, 0, 0, 0],
TS EAE AR S IERERT,

FBANEE =T, GURIMESE nums [right] RS, JREEGROER, BB “EATAER,

Q: BARPUEHEF AREIRE R, At BRI FHEA RE (R 3R E R A8 logn ?

MR TR FEE A 2 B AR [ 3R 77 VR A B, 4 I S 1 AP 7K [ ek 1 1 5 20 o {1 - R, 7RI AEL VR A
Het2, A FRER 7Y R ER K2R RERN—F, BEEERT, —BA—ERE, ERZIIE
TERERZE logn .

[l AR PO HE Y, RIMA FTRE & AR E R R KIS, REBR Fan, n—1, ... 2. 1, &
ETRER n o IRIETR R AT DUk S G Il

Q: EMHIHFTE TLRAERE, POdHE R 2 O(n?) W52 B4 g Bl IR 15 ?

. BIRIEREEN, w] DA RIE BN S R S E] o 2 = EER 7 /R SEIRL RIREREE, (A IR
M NAFUERIS IR e FERZITIE S, EATCR EMHEFRIRES], (s o B ] 2 e,

Q: Wb IR R RIEAEE AR O(n?) ?

BEWMT, FrETENs SRR, GRRPHRA—E O(n?) WELkAcH REtT s, RN
% O(n?)
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F£128F #74

Abstract
HEMOR B, BRI e S B A R,
DMEZER T —AERENEE: HBEME, —UEIEEH,
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FI2E A

12.1 FEEEZE
334 (divide and conquer), £z, BRI EE B RIEETERE, 268 FERIEEEH,
BEE “57 MO9RT miES R,

L g3 (B REEY) « BRI I AR o) it 2 IR B 2l 1 R, B EE R/ 7 R AR 1L,
2. 16 (GOREED - REAIR R/ T IR, PORETEME MR MET S 08, TEmm t s

HfiE.
qniE 12-1 fow, “GHHEET ZoERIH I EHN 2 —,

L g3 JEEMR RS (D S 2mifE ) (7R, E2FRIRE—ETR (G FHE,
2. 16 WREEMEAFR S (FRENR ETE0F, RmEErE RS (REER.

roar (BIEE
E)

BFHIE

- (B
B)

12-1 AP I TSRS

12.1.1 NfATRIERS JERIE

— (TR Al & I SHERRIR, JEH AT A2 DL B R
L. PRI CA R s FRE AT DA OSSR+ FTRE, DA RES DA R 77 sOEE st 1 T 81 7

2. FRIERENIN: FREZMIRAESR, DM, o] DIESZRR,
3. FRIERRT GO R BRI RER & O 7 FRER RS,

UK, A0 IR DU = MEH R iR,

1. PRI DA SRR s (SRR 850 2 1 ps] (R
2. FRIERBNIN: B8 REE T DI HE THE Y (PR ] DUBSLETT KA
3. FRIEMMTAE0E: WEGR Y (FRERE "] EH 2 — RS (RFERR
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12.1.2 BB BIREAME
SYIEAME] DA RO R D R, TR DRI R, TEH A, kY. S0,
HEREHE MRS, B, AHFED, MERATMER T 6%,

AR, FITALEEER: R n] DAPRTHESIARCR, HR s (g fasis, MRMEDMAZ
8 TR, BER T, # T RIS OF % IR ERERIE, ISR FIRCR 2B L R DR T RE AT R 3
o2 IS M T RE A] AR BRI A T 5 5 75 T A Ao

1. BFHERENL

DL kbR A, EpE A RS n SRS O(n?) B, BRBMRIEE 12-2 FrRirR, 1
FBUGE B 20 2 A TS, FIBIA T O(n) WERE, HEF A TRSITRE O((n/2)2) Wi, &OHmME
TRFIFE O(n) B, HOBSESRI BRI %

2

O(n + (g)2 X24n)= O(% + 2n)

FEEEEEEE FEEEEEEE
b

o(n)

EHE BEHF BEHE
o(n?) 0((n/2)2) 0((n/2)?)

DEEEEEEE

4888 o(n2) 4888 0(n2/2+2n)

[ 12-2 &7 AR R AR
R, BAEHEATAER, HAEEMNAGE 7 28 7w # o &R R

2
n
n®>—+2n

2
2
s M
oo
n 5 n >
nin—4) >0

EEWER n > AR, BIRMOREBERED, HipReRlZeEn. ST, 0 RNRREMETRR T
JilE O(n?), FURMEME P EUESN T,
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DA, RN 7 RSB e bRl 7 2 i - Bies, B 28 B L — e T R R 1 1 e ?
R ER EAUE “BOHEET, REERES O(nlogn) .

A, WURBAM S e a3, RS E 0 2% K E T REEIe? ISR AT AR,
AR BESH T IERER, M LFREERE DUESI On+ k) .

2. FITHERERL
PRI, 204y TR AR AR hy, RO o DO TR, thRLA, SN AT ARSI
FIRTIRTREIE, AR SRR T AR AL

WATRAENAE S Z R ERH BRI AR, BRG] DRI R 208 1, Emsen A Hat A
IR, REE T DR A TIRE

FRANTERE 12-3 Fomfy) “MHER” d, B ERERPEE S ECE S EA T, RIRTHE AT A AR B HE RS 70
FIREEHRETT, EREREEIHER

{/Eé \\% |

12-3 PRI TR R

12.1.3 8ERER
— 75T, A3VATT DA AR 22 4 e B i R

- SIREOEEE: SRR E SO BRI EE r, SRR BIERH MR 0 AR O R, AR R
R B RO R

- ORBEERIL: U0 Karatsuba 5%, ERRBEEERIE D R 72 2088 N R BIHISRIEATINE,

- JERESRTL: BN Strassen BT, EORFAERHIRIE T i R 2 8/ NE R SRIE R AN TR

- ISR R NRERE AT DOBEIEIE MR, 1SR S IR RIS

- ORMEREE: EEFAI, RATH BT NI S, ISR R E S, KR
Wi pr B T DM R R AR, REBh & OFHE R T SRR
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T3, SHATEEEIAME RSN P SRR Bz,

- DS SRR ARSI EER S R ARy, SAERAR HARE B TR E A R,
DRAEHERRIR—F=[5 [, A SR BRI R A TAH R = 0 1

- AbiEE: AEBRECE, SR,

- POdHEE . PREHE R R AR, SRR ) R M E S, —{E RS TR EE R DN,
b — P RESIRTCR LA R, FHERNEM R EIT RIS 2180, HETHEYIHE T —ETR,

- WHE MR U EA AR R B R BB 2 EA, RRBEERMNETTRETHY, REFSER
TERMIXE, M2 —E A R,

- OB Bl ToTEEt. AVL R ALRE. BRI, B+ 85, EMAVER. fEARIMERSE SRR T DAL A
THERMEHIE

- MERE: HERERR RERPRAVSER TR, HARERRCE, A MIBRFIMERE L, ERFR EARRRE T ARIE
i

- MRS MENMERR S ERIENI G, (BREARRE R R ERIER T ek, fln, s
b rR RS ER A1 S BB S KLR K, DRI ERRCR,

AIDVEN, it AR AR, S SRR R .,

12.2 9ARIESER

BMCAERE, B EHETR R MR,

RIS CEBBETEREHER, RRES O(n) .
FHRRES S SRR VORISR BB, I T2 R O(log n) #% O(1)

TR L, KRB S O(logn) MHESBEIRIE T IR IR GRS EBIN, flan — 70 208,

- oSN E PR RE ERYTH R BETTR) DN —E/NEE FERAIN— SR BT
F), B —EREEINY 22 s S BT R 21k,

C BRMIERENARR, £ TESH, AVL Bl HERESEREMET, SERENREEREZES
O(logn) »

oS E ARSI,

- FRER PR o SR R R (TERRS A T AR s T (TERFIA —F i T &
i), EREE L I T RN H TR AR E R,

- PRBERENE): EooEsd, VR T HEE, EASZ M T HERE A,

- TRFENEHSOR: —oa 5EER A TTR, HARES FRENRET S0 & FRE
TSFRIRTRIRE, i Pl & (R IRF S Z TR

IMARESITETHE R RCR, AH ERK AR S LR —EEIE, moraiEa s v DUHERR %
ﬁ@

1. ERaAaBlR—_niEs

fEZAiEF, —o@sFERERE 050 HEK, BERMERDE (BE) KEBE.,
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Question

M —ERER n AR nuns , HARFTATRAERE K, EEITR target

o, HMFESEE (4, 5] BN FRERLZS £(4, 7).
DUERIRE f(0,n — 1) Alctal, &bl N S EREIT — e S,

. stEEREM [0, 7] B8 m , R EHRR— S E R,
2. MR SR RIS N — I TR, AIRER f(i,m — 1) 8 f(m +1,j).
3. S 1. B 2. B, HEE target Bl 2RI [E],

12-4 JoR T ARSI rp 0 80K 6 I TRIR,

A

\ 4 m
(o, 3) an 12 15 23 26 31 35]
A
n W
(2, 3) [1 3 nn 12 15 23 26 31 35]
A

m

A 4

BAERETE 6 MHR3A 2

12-4 o ¥sK061ERE

FEEBERIE,, FME & —EREER dfs () AKRMEHE f(i,7)

// == File: binary_search_recur.rs =

/* ZHiES: BE f(d, j) =/
fn dfs(nums: &[i32], target: 132, i: i32, j: i32) -> i32 {
// BEEEAT, AREBEZETER, lRE -1
if i>3 {
return -1;
}
let m: i32 =i+ (3 - 1) / 2;
if nums[m as usize] < target {
/] EEFEE f(m+l, )
return dfs(nums, target, m + 1, j);
} else if nums[m as usize] > target {
// EEFEE (i, m-1)
return dfs(nums, target, i, m - 1);

} else {
/] XEIBEIETE, REIEZES|
return m;

+
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/x ZREE %/

fn binary_search(nums: &[i32], target: i32) -> i32 {
let n = nums.len() as i32;
/] KERFIRE £(0, n-1)
dfs(nums, target, 0, n - 1)

}

12.3 1BE kS

Question
“hE M ITIIET R E ST preorder FIFFEES] inorder , BIEHPRERE o, R E TR HUMRET
B, BERooBH IR EEEEESR NE 12-5 i),

RIFFED
/ \ EE i preorder
i ED
inorder

12-5 A —ITB R RBIE R

1. FERE RS ERME

JRREER AN preorder 1 inorder i ok, & —EAIR 2GR,

- BRI DA MBI EETIN,  FRATAT DA JoE P ) 2 o AlEl - R R R, RS R,
=58 OIGHARERS, TR SR (FRIED, MR RT M DA L8277k, R
RN (FRE), BEREIRNFHE (BF8) Rk,

- FRIERENH: e rRnG TR BN, B RRERE, EMELE R, JIMAERE
PR AE AT P E 37 Fh B A T R IR e A5 TR R B

- FRENEAIAEOE: —BAE T EFEIG T8 (FRERM, BIMHEAT DUR-E s 2R ERS L,
SR R

2. MRS FH

WRIBUA B34, IEIERE AT DAGEA 1A AR %, (HAWIZRB 7L 9i preorder FIFpFEER inorder #5717
TR T E?

B ER, preorder F1 inorder #FA] LAE S 2 =155
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- RIER: [ ARESRE | EFE | BFE ], BINE 25MBEIEL 3 1 91217 ],
- hEER: [ EFE | RESRE | AFE ], BIANE 125REEIEL 9 | 31127 1.
DA BB R 2B, AT DUERE 12-6 Fsr2BRIG2IE] 7045 R,

1. BiFEFNE TR 3 BAREESIE,

2. EHIRHETES 3 £ inorder HES|, FIHZRSIAIHE inorder #0&A [ 9 1 3 | 127 1.

3. fR¥E inorder MEID&R, BELETENE TEIEHEESESH A 1M 3, Emal# preorder #5
HL31912171,

BT RARMRS

HiFFiESS  preorder

@ @ fFEES  inorder
- : ( 3 {EENEE

o=t

o o

RiFFfERD  preorder nnn

12-6  AER( R AR AL El 7 78

3. EREsiRFHiER
FRIE DA E# 751k, BRIMOKSSRESR. /£ 78, A 7FBHE preorder fl inorder HIRSIEM, M4 T
RSB RG([EM, FRIMFFERED & (E s g,

- R ERTRIAREESE preorder MRS FIA 0 .
- ERTBIAREIEE inorder YRS A m o
FERTBIE inorder YRS IERMECA [1, 7] o

Wk 12-1 iR, iEE DL S BENT] RORAREi B preorder HAYZR S|, DA FRILE inorder YR G| &
FEﬁo

R 12-1 AREEEFIFRHERT R E ST P ER IR S|

HRETBEE preorder YRS FHITE inorder FRRYZR S| IE R
Rl i [l,7]
e 1+ 1 [l,m —1]
et i1+ 1+ (m—1) [m+1,7]

LR, ATRIRERRS IR (m — ) MERE “FramEmise”, @R o 12-7 B,
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@ HIRFELS ST11,
preorder an...
A A A

@ @ i i+l i+1+(m-1)
PRFET

inorder naa

o O v

12-7 REVERIZA T RIRRS M FRR

4. EEXBER

7 T RAEH m BIReR, BAMFEER—EFEE R hmap AREEFES] inorder HITREIR G HYEL:

// == File: build_tree.rs =

/* WBEZTE: 98 +/
fn dfs(
preorder: &[i32],
inorder_map: &HashMap<i32, i32>,

i: 132,
1: i32,
r: i32,

) -> Option<Rc<RefCell<TreeNode>>> {
/] FiEEBATELLLE
ifr-1<0{
return None;
+
/] R IRENE,
let root = TreeNode::new(preorder[i as usizel);
// E# mn, MmN EETFHE
let m = inorder_map.get(&preorder[i as usize]).unwrap();
/] FREE: S
root.borrow_mut().left = dfs(preorder, inorder_map, i + 1, 1, m - 1);
[/l FERE: EEAFE
root.borrow_mut().right = dfs(preorder, inorder_map, i + 1 +m - 1, m + 1, r);
/] REITRETE,
Some(root)

2

/* WBEZTR +/
fn build_tree(preorder: &[i32], inorder: &[i32]) -> Option<Rc<RefCell<TreeNode>>> {
/] EHER, #F inorder JTHREIZRS|IRIEML
let mut inorder_map: HashMap<i32, i32> = HashMap::new();
for 1 in 0..inorder.len() {
inorder_map.insert(inorder[i], i as i32);
+
let root = dfs(preorder, &inorder_map, 0, 0, inorder.len() as i32 - 1);
root
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12-8 J&oR TR —TRIRIRIEIERE, AEERRIER N BT BT, Mg (GIRD BER
BT R E R AL,

v OOOOA
- 00008 9

preorder (3 @2 (17 @
inorcer (3 (1 (2 (7

[ step 1 J

Step 2

- T
T S/
3 9 n preorder
@ 9 3 n inorder

Step 3 } Step 4

preorder |3 9 2 7 @
inorder (95 @92 (7

E—
[ Step 5 Step 6

3 9 2 1 n preorder

QGss=0 -
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wreorcer (E)ENEDEDED
inorcer ([E)EEDEDED

Came J 7 | 27 |

Step 9

12-8 feft st AR AR

BRI K N R AT R E T preorder M FERT inorder AYEHI 7 RANE 12-9 AR,

.
—

preorder | 3 92 1 7
inordern3 12 7

preorder || 3 9 | 2 n7
inorder | @ | 3 n2 7

39 2 lnpreorder
9 31 2 u inorder

I =0 B

12-9 {0 2 R X O ) 5 2R

SRR 2 1, DML (BT —EEE R dfs Q) 5 O(1) Wi, [HAIN B
Bl On) .

HMEBERRF inorder TTREFIRSINEB, SHEHRER O(n) » EREBIT, B ICIRK 2545
I, REREEER n, A O(n) MHEMEER, KISz O(n) .

12.4 FANIERE

FEE OFHE R AR T, AP R o PR 08 7 P B AR 25 S R — - - AT, RIS TAT S )
, FAIER AR 70 R RS
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Question

ME=MMT, i A BHIC, EIHRET, 7 A LEZE n FEEE, BEMRELEETHZRIENEIK
RINEFEHES . MR R ZIE n MEBBEET ¢ b, WAREMVEAEFR A2 (nlE 12-10
FR) . fERENERAERES, TEEF IR

1. (A8 HRETE — AL T THER S, 185 —HRAE T THRR
2. BIRAA

b
=
HRERS B —fEl Bl
3. /NEER AR ZIN KB Z .

ALl

Y wEEEELE A BBHE C
A B C

12-10 {RINIERTERBI

TRV BUELR @ R OIERTERCAE f (i) o Blan f(3) FRFK 3 [EERRE A IR C RV,

1. ZEELHHER

aniE 12-11 Fzs, BARE f(1), BVE A —(EESER, M e ERE A 8= ¢ A,

8 N B

A B [ A B c

MR f(1) RBR £(1) TR
BEiESERYE A BBHE C AR

Step 1 Step 2

12-11 R A 1 RS RE A
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aniE 12-12 fow, $HREE f(2), BIEAWERESR, RN MR ERRE b, R
B AR5ERFZ

1. Jeif EEE/NEERE ABEB,
2. HiEKEBEABEC,
3. BREKNERIEBREC,

=l 1l Lil

R £(2) PR
FiE £(2) 1. WERE A BHE B
Step 1 ‘ Step 2
A B c A B C
R £(2) WER: BR £(2) MR
1. #ERE A BHE B 1. #ERE A BHE B
2. RAEZYE A BBHE C 2. BAEEYE A BBHE C
—— 3. RNERESE B BBHZE C
Step 3 Step &

12-12 Ff6E% 2 AR R R
R f(2) B AT AR 2y R EERAED) B R A S C . Hrh, CBABEEM. B MARE,

2. FRESHE

BRRE f(3), BVEE=(HERR, SRR T —L,

RZCHA (1) F0 f(2) Bf, FrARMTATiEmiam RS, A% A TERRIK s BV A 1 —fafi, BiTiE 12-13
PR ER, SR =B IEF e A= C T

1. 2B & HEEAE. C A&EE, HmEEREABEB,
2. 1% A HRIERH—EEIEETE A EREBEIE C
3. X CAHARHE, AR, MMEEBREBHEC,

all Lal

R £(3) WER:
iR £(3) 1. RW{EEZEYE A BBHE B

Step 1 Step 2
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lal Lla

A B C A B C
fRR £(3) MPEW: R £(3) WM
1. BTWEESHE A BBHE B 1. TEEER A BBHE B
2. BRIG—EERYE A BBHE C 2. BRK—ERSRE A BBHE C
3. MR B BBHE C
Step 3 Step 4

12-13  KifsEZy 3 AR R R
WAE LF, BATSERE f(3) 8155 Zmifd 7R f(2) M— 7R f(1) . e RNE =8B 1%,
JRFERE 2 2RI, IS T SR ALY, T ELA#A] LS OF,

b, FePTAT A B 12-14 ORI NS RN 5050 : JSEIRE £ (n) 815 2 TR f(n—1)
(A TR £(1), AL PR RS = (8 7R,

1. #n—1{EEE#ECIEAREB,
2. #FER 1 (EEBME A B ZEC,
3. #%n— 1 AEEFEB AREBEEC,

SHARTE T f(n — 1), USRI g HREES, EEEsR TR f(1) . 1 f(1) 1
RBERIN, R — DB (T,

FRIE f(n-1): #§ n-1 EEEK A BHEB

A |

) 4
FRE £(1): $HE 1 EESNE A BHE C

.é—.*.—

FRIFE f(n-1): ¥ n-1 [EEENE B BHE C

TTA

[RR3E f(n): ¥ n EESE A BHE C

12-14 R NS TR E R 70 16 SRS

3. EXRER

ERERER, BMES —EEEER dfs(i, src, buf, tar), BERTERZF: src THERY ¢ (EEEFE)
REAE buf BEIE BT tar :
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// == File: hanota.rs =

/*x BEI—EEE +/
fn move_pan(src: &mut Vec<i32>, tar: &mut Vec<i32>) {
/] %% src EFEZLH—EELE
let pan = src.pop().unwrap();
// EESBBRN tar TEIP
tar.push(pan);
I

[* KEEAINEERIRE f(1) %/
fn dfs(i: 132, src: &mut Vec<i32>, buf: &mut Vec<i32>, tar: &mut Vec<i32>) {
/| & src RET—(EELE, WEEEERZS tar
if 1i =1 {
move_pan(src, tar);
return;
+
/] FRE f(i-1) : #& src TEEP i-1 {EE#EFEEY tar #BE buf
dfs(i - 1, src, tar, buf);
// FRE (1) : #& src REF—EEEHEE tar
move_pan(src, tar);
// FEE f(i-1) : #& buf TEEP i-1 {EEREFEBR) src #BE tar
dfs(i - 1, buf, src, tar);
}

[* KEZFINIERIRE */

fn solve_hanota(A: &mut Vec<i32>, B: &mut Vec<i32>, C: &mut Vec<i32>) {
let n = A.len() as i32;
// % A TEZP n {EEREFEB) B #% C
dfs(n, A, B, C);

4niE 12-15 AR, NSERER K — IR 2 n BORERE, S8 ER AR 0 7R, BIE—ER AT dfs O
B, BREERES O(27), SHEMEL On) .

M @ @ O O G G o

12-15 (A NSE I RE AR e At
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Quote

PN RETR B — S E e, EhEEN—ESEEE, BEME=RERNEaET, DAk 64
TEHR N —HEE R, BEMNEEEER, MMEEERE — [ ERYOEMRENI—Z], B
TH SRt & AR,

SRIM, BN PSSR —k, SHTEARL 204 ~ 1.84 x 1010 #, &% 5850 {4, isid
8 7R T E AR, TR, MEEEERZEEN, RMEZAFEROETRHNEIR,

12.5 /i

1. ERSOIEE

- oriaR R RREETARGET RS, EAE o @) fe (B0F) Mg, 8 RRIREEE,

- BRSO IGTEEIAFE IR MRS R, TRER SR, TRIERES S,

- AR R TR RIS SR ER], R bR P A 03 2% R AR E RS, EE R AT R R
wEa v, 1EmsERidHET.

© BIAARIGERE R DARTHERIERCR, — 750, 2ERIEED TIRIERE,; H—Jim, SHaREAIR
RHIAMATIREE,

- oMIAREA] DURIRET 2 IR, Rz B e R B RA RS, R n] R B,

- MEBR RS, BEEMSECRER, FEEMEZ O(logn) MRS ZERHERIRE
B,

- S ESEIRRIEH S IR, ENE SR T REERRET S A RIP B, I AT DO E IR
THAEB i,

- ERME TR RTE S, MR (SRR AT DAB ) i e TR T (D, g Rl DAEE ]
SR AR R AE AR 5 | [ AR B B

- AEFINIERES, —E R n AR R DAE > 2 MR 2 n — 1 B9 R — BRIy 1 A9
o TZNER RS = 7R, JREERE SRR,



265

BE13E [

Abstract
BN ER = R RIR RS, FERTERIER ol sE e 2| K&,
[EIWARY D &R M RE S E TR LR, TETER, RAIRENEAEHNE M,
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13.1 [EIEEZE

EIEE L (backtracking algorithm) & —fHi% & 53 SR AR TR TE R 7715, B0 BRIt —Ew Gk ee
tHEE, BAOMSFTEATRENMIR R, BB EMIMRAEES, ERHEIMECEER 1A rTREnEE
IR 2 1k

[ AR E R RE AR OB, fE ookt =Hith, IR, e migEaE
ISR et BRI, TAMAI AT E RS — (R, 2D R A I R TR R TR B,

ol —
fE MR, SR ERATEER T RIETRS, SR EER S,

BRI, BMETFETERE, WHEEREMOERSR 7, A2, AEZESRIEMASRES] res
Z o AHBEAREBANE 13-1 F1 A SRR

// == File: preorder_traversal_i_compact.rs =

/* BIFEES: BIE— %/
fn pre_order(res: &mut Vec<Rc<RefCell<TreeNode>>>, root: Option<&Rc<RefCell<TreeNode>>>) {
if root.is_none() {
return;
}
if let Some(node) = root {
if node.borrow().val = 7 {
/] ECERAR
res.push(node.clone());
+
pre_order(res, node.borrow().left.as_ref());
pre_order(res, node.borrow().right.as_ref());

hy

RIFFFERA 7ok,
WECIRMER 7 AVRARS

AIFES
£ @ TRERs

13-1 fERTFER IR R TR

13.1.1 ExH[ER

Z i DARE 2 25 IRE TR, RN 2 sk AR SR S IR G BRI “ER” B R SR ETERIAE
RSB IB B SR R TR AR ST AT SRS BT 2 R PO, EEHUH L —DREE, IRIAIZZATHY
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ARRE, & A AT RER IR,
BRBIE—, FiRESEEREAR X BT, mlsEEEREOR A R EIRH return AIFR “HNR”,
ERFHIHRE, PR EERRERN, Zes R, BRIMTBEGRE—MIER.

Pl
FEZ TR PR RATE (AR 7 AOETRS, GHIR RS e L R R 1S

TEBIE— TR RSO ESR b, FRMFHEEEE— 5% path RLEkan BRI EIRERIE, ERnfSHEA 7 RIEIRLEE,
A path AHTEEATR$5] res o ERAERIR, res HEFIHUEATEIIM, BB NAUR:

// == File: preorder_traversal_ii_compact.rs =

/* HiFFES: HIREZ */

fn pre_order(
res: &mut Vec<Vec<Rc<RefCell<TreeNode>>>>,
path: &mut Vec<Rc<RefCell<TreeNode>>>,
root: Option<&Rc<RefCell<TreeNode>>>,

) A
if root.is_none() {
return;
¥
if let Some(node) = root {
/l ER
path.push(node.clone());
if node.borrow().val = 7 {
/] ECERAE
res.push(path.clone());
+
pre_order(res, path, node.borrow().left.as_ref());
pre_order(res, path, node.borrow().right.as_ref());
// [EhE
path.pop();
}
¥

fERR B, RDEE K E AT HIRGHTEE path RECERERAE; WAE “ENR” A, FRIEHEEAFZETRRE
path i, PAMREARE A Z ARG,

BUgelE 13-2 FoniiEte, BT CHRFE sUERBEE 2y “HidE” B “WE”, MER(E T 2imE,

q ) ‘@
/ ) \ il EOES, ERRE /\ W REE, EMRE
ELR: fREReE, KR - EBE: rigikee, &

4 path = (1] A 7 path = [1, 7]
/ \ / \ / \ / \ B 7 , ASHEREEER

res = [] res = [[1, 7]]

Step 1 Step 2
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BE: BOE, BRI
E8: tRERAE, RRE
path = [1, 7, 4]

res = [[1, 7]]

BE: BOES, BRI
EB: 1RERAE, RRE
path = [1, 7, 5]

res = [[1, 7]]

Bl BOEY, BHRE
ElE: {RERAE, RUEE]
path = [1, 3]

res = [[1, 7]]

WH: BOES, EARE
ElR: REIRAE, RUEE
path = [1, 3]

res = [[1, 7]]

[step 11

‘ Step 10

path = []

13-2 EatiEng

B BOEY, BERRE
ELE: REBRAE, RUEE]

res = [[1, 71, [1, 3, 7]]

EE: EOEDS, EMRE
EB: RERE, KRR
path = [1, 7]

res = [[1, 7]]

EBE: BEES, BHRGE
B RERIE, KRR
path = [1]

res = [[1, 7]]

EH: BEEY, EMRE
EB: YREIRAE, RURE
path = [1, 3, 6]

res = [[1, 7]]

EE: BEES, B

ELE: iR, KEE

path = [1, 3, 7]

BEIRS 7 . BUISEREIIEEAR
res = [[1, 71, [1, 3, 7]]
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13.1.2 B
0 14 T 9 B 0 & — Ml 2 IR BRGSO @ B T R B,

Bl =
TE TR RATA AR 7 AVEIRE, SHIREIARERRNE LTRSS, BRI EES 31
HiiEh

7 ViR DA RS, BT EHN I EAER . A SRETD, FBEIER 3 iR, NEEANEE, T
gt s, BRI TR:

// == File: preorder_traversal_iii_compact.rs =

/* BiFFES: HIE= *x/

fn pre_order(
res: &mut Vec<Vec<Rc<RefCell<TreeNode>>>>,
path: &mut Vec<Rc<RefCell<TreeNode>>>,
root: Option<&Rc<RefCell<TreeNode>>>,

) {
// Bt
if root.is_none() || root.as_ref().unwrap().borrow().val = 3 {
return;
}
if let Some(node) = root {
// EH
path.push(node.clone());
if node.borrow().val = 7 {
/] ECERAR
res.push(path.clone());
+
pre_order(res, path, node.borrow().left.as_ref());
pre_order(res, path, node.borrow().right.as_ref());
// &
path.pop();
}
}

“BIR” REARRTERI G, i 13-3 R, fEfsEiE, Wl 9T AR S SRR S
X, R SERERIER, 1EmiEm TSR,

B BEES 3 MERRHERHRE

BB R ES RS RNEEEH
MR HES MR

13-3 MRIBAVHIRIFBIRL
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13.1.3 tEZIEE

B, BMEUEEIMR “Eal. BB, 3R REREHESRIEmRHIAR, $RTH RS ATE A .
FELAMERFEET, state FURHIEATERTIRRE, choices FINE ATIRRE N AT DA 84

/* BIEEEESR */
fn backtrack(state: &mut State, choices: &Vec<Choice>, res: &mut Vec<State>) {
/] FETRE AR
if is_solution(state) {
/] ECERfR
record_solution(state, res);
/] TBiEELES
return;
+
/] EFHFEIEE
for choice in choices {
/] B FIEMEER TS E
if is_valid(state, choice) {
/] ERl: MUHHEE, FHkeE
make_choice(state, choice);
backtrack(state, choices, res);
// [ELR: fHEEEE, MIEEIZaI8IKEE
undo_choice(state, choice);

R, IMEEHESRE SRR G =, RRE state ZHEIREFIETE, HIE choices 2 HE AIHIRATA
THIRGAG TEIRG, AR res BERFEERS:

// == File: preorder_traversal_iii_template.rs =

/* FIETEFARERETAE «/
fn is_solution(state: &mut Vec<Rc<RefCell<TreeNode>>>) -> bool {
return !state.is_empty() 8& state.last().unwrap().borrow().val = 7;

hy
/* FCERARE «/

fn record_solution(
state: &mut Vec<Rc<RefCell<TreeNode>>>,
res: &mut Vec<Vec<Rc<RefCell<TreeNode>>>>,

) {
res.push(state.clone());
I

[x PISFEERRET, REBREDEE «/
fn is_valid(_: &mut Vec<Rc<RefCell<TreeNode>>>, choice: Option<&Rc<RefCell<TreeNode>>>) ->

<~ bool {
return choice.is_some() && choice.unwrap().borrow().val != 3;

/* FEHARRE */
fn make_choice(state: &mut Vec<Rc<RefCell<TreeNode>>>, choice: Rc<RefCell<TreeNode>>) {
state.push(choice);

[* TRARARRE */
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fn undo_choice(state: &mut Vec<Rc<RefCell<TreeNode>>>, _: Rc<RefCell<TreeNode>>) {
state.pop(Q);
F

/> EIERE: flEE= %/
fn backtrack(
state: &mut Vec<Rc<RefCell<TreeNode>>>,
choices: &Vec<Option<&Rc<RefCell<TreeNode>>>>,
res: &mut Vec<Vec<Rc<RefCell<TreeNode>>>>,
) A
/] BERTAR
if is_solution(state) {
/] ECERAR
record_solution(state, res);
+
/] EFHFREIEE
for &choice in choices.iter() {
/] B WMERERTEE
if is_valid(state, choice) {
/] EFl: MHEE, FIRRE
make_choice(state, choice.unwrap().clone());
/] ETTF—EEE
backtrack(

state,

&vec! [
choice.unwrap().borrow().left.as_ref(),
choice.unwrap().borrow().right.as_ref(),

1,

res,

)E
// [ELR: HEEEE, MEEIZ 89K

undo_choice(state, choice.unwrap().clone());

RBER, RMEKREES 7 WEEREZEEN S, BHRFER IR %P return sEANER, [E 13-4
B TR EMIBR return sEAIAYIE SOER,

e gL
@i

#E return MifE return
CERMERIER, FTEMEES CIRRRTERE, BEES
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13-4 {REAELMHBR return AU S @RS L

MR R ER R IR E B, R RIS S AR 2R IS E R A REIS IR, (@M s, EE L,
WF 2 Wl E ] DAERZHEZE PR, FRIM A TR ELBE S Ak E & state Ml choices , i EHINEZEHATE
{[EpaRZREIETS

13.1.4 ERW:E

7 7 EIEMT L AT RTA R, BRI — TR RE R AR S FR, B RE =4 H B R,
% 13-1 Fivmo

R 13-1 W R EE RN

B EFE filE=

fig (solution) fRZMEHERCHINIESR, FREE M2 RETREEIER 7 0 2 L AR AR AL

KRG KRR R RSB T TR, EEAE BRSPRESHIE 3
(constraint) JABTEL

RAE (state)  JIREEFORMIEIERE—RFZIEOMEDN, WACAEMIEEN  ECHRERRETE, B path EikEH5

i
=5 ER BRI BRI RS MERE, AN REEAE (B) FEHiDS, EEEEEE path,
(attempt) HIBEE, HHTINGE, MERS AR MBI E RS A T
@8 ELEFER AN ARG AR GERS, WEHaTmEiY  EEUAZEEIRG, ARERM. BEES 3 W
(backtracking) HAEE, FIZ| -—EiRGE HIBGRAAS IR =) BKURE]
Eir53 BRI R R A R R R R R s BBRES 3 NEIERE, RIRHEsE=

(pruning) FRAERYTTIE, PR E SRR

Tip
FIRE, M, IRRESFRLS AR, fE07h. |, Shiedl, S8EFEERETHREY L,

13.1.5 {BR5REMRYE

s IEAE R MR SR, CEWATH FTRERIIRIR T RE R R R, ST
RMBERERREREI AT ATRERI RT3, T HAESTRNBTRARIE T, BARSNIHNER,

SRIM, AEPRFHA IR e M T RE Y, [l S B T 203 ml e DA 52

- WERE: [T R ROE R B AR S IR AT RE,  IRe R T DU S5 B B R SR
- 2R EREM R R A A E ATATRRE (BIANESTE, FRSIE BN Es), BIRERAR, =M
TR ATRE G IS RA,
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RIEELRE, Dl SRRy SR S L U A R T TR B AR DT R SNSRI, iR R TE
MR LIRS T A R R, R R B TR Al RERTEERIETAER . 1EIERETETL T, BRSERa ik Y
B, RRRCRE TR MR,

LA R B Sy a5 T R A R S
- ERE S SRR ERIESE EHE, Mot RA AT REAE A RUR IR,

13.1.6 [GlAHREY(5IRE

[ e S T2 ] TR R 21 s T, SR e A S B L TR
R SRR AR RSN R E R AR TT 2o

- EHPIERE: SRS, KREHATE AT RERHPIE S,

- TERMMEE: A EREM BN, KEIRGHATEN S BN 75,

- RIS A AR TR — RN FIREE, SRR BRI AR TR 32 55 — IR T,
FRARER B —EESE, HARERRBEBRBAENEE .

FITG R RV ISR E AR TN S A A SRR PR A

- n 2BiE: £ x n RS ERE BRE, #REMEAKRE,

© BOE: E9 x 9 NAERTHIEART 1~9, SR BYINEE 3 x 3 TR HRIBT AR,

- MR R A A, D RIBR G E R A TERG R, (SR TR B AN [
A AL JERER B R AE — 8 & 2 R R T S R ) B (B

- O-1 HHEEE: A —EEE, SEvas ErEENER, ERETEEFRRGIN,

EY RS B E R,

- ATRIFE: fEEE, fEERGHIE, FRHATE HAR R OURIR AR, SRR,

©ORKMEE: A (EEr e, RPN T, B AR TR A 18 A,
R, HRFFZAAREMHE, EARRERIRTTE,

- 0-1 5 R Pl REE 5 (E BN REAR B TR, DAIEE B = AR R RS,
- BRATR R R AR NP-Hard R, 8 MEE B B EAIR AR,
© BRI 2 e P 1 — (EAS SU TR, PT P S s R RS s s U R AR

13.2 £HYIRE

EHB R RE AR — N, ERERREAE —~EE S W — AT ) ERT, X
HHATERIIFTH FTRERTHES

% 13-2 FIBR TR REIE R, G A RSN R T A HES

®13-2 EHFIRHA
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LTPNELT| FrEHEZ

1] [1]

[1,2] [1,2],[2,1]

[1,2,3] 1,2,3],[1,3,2],[2,1,3],[2,3,1],[3,1,2], [3, 2, 1]

13.2.1 EBEFTENER

Question

i N —ERE S, HrpAEEEETR, REFTH RTRERIHES,

TERE A A A, Rl A RHEF IR B R AR GUR — RYIEFRMA R st AR5 % [1, 2, 3],
RIS 1, MRS 3, BIR®RE 2, QS [1,3,2] . EIRFRRGH —(EEE, ZREMER
A,

TeEmMrE R AEE, REES choices BEIAMIIFFRIFTATLR, IRE state BHZE HATCHOIEREN
TER. LR, BETRANAEIERE IR, HI state WINFTACRAEZZME 1,

qniE 13-5 FoR, AR DURF @ AR R B i — PRI, R AR AR AR E ATIRRE state o FEARENES
Bildh, #f — SRR ENEIEERS, SIEIEERAEE— S,

choices = na state =

F—imiEE

EImEE

BowmRE

13-5 HEAI AR

1. EEEEY

% T EBEHSEITTE RPORE — ), BMEESI A —FEAARE Y] selected , HH selected[i] /R
choices[i] BECHURE, WRNTEI L FEIRHRE,

- TEMHIEEE choice[i] 18, Mt selected[i] BEA True, RF T EHHEE,
- FEFEERY choices I, BKIBATE CHORRAVETES, BIEIR:,
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GniE 13-6 FoR, REcFkMsE —HnEiE 1, B WiEE 3, H_miEE 2, AIFREES “WIRUTR 103,
TR =MRBIHITER 1 TR 3 3%

oo

&ETES 1, 2, 3

8 )

E—RE 1 @

I

BTN 1

BRRE 3 RlEFEETRS 2, 3

BEWRRE 2
B EHSENTE 1, 3
FggSiEnER 2

13-6  EHABTETRA

BigiE 13-6 3B, ZIEHRERHESEEAME O(n™) BE O(n!) o

2. IERRER

B L BB R, Bl DERERRE AR i “seib " 7, % 7 ini (s, R smE
BIHEZRE SIS PR E X, TR e MR FIFE backtrack () B!

// == File: permutations_i.rs =

/* EESRE: 255 I %/
fn backtrack(mut state: Vec<i32>, choices: &[i32], selected: &mut [bool], res: &mut
< Vec<Vec<i32>>) {
/] ERERESFNTEHER, LR
if state.len() = choices.len() {
res.push(state);
return;
+
/] EFHFAEIEE
for i in 0..choices.len() {
let choice = choices[i];
/] Bt RAFEEREETR
if !selected[i] {
/] EEl: MHHEE, TR
selected[i] = true;
state.push(choice);
/] EIT T —EREE
backtrack(state.clone(), choices, selected, res);
/] [EhR: HEEEE, MERIZAIRIAEE
selected[i] = false;
state.pop();
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F
I
}

/% 2HFI I %/

fn permutations_i(nums: &mut [i32]) -> Vec<Vec<i32>> {
let mut res = Vec::new(); // B (F£)
backtrack(Vec::new(), nums, &mut vec![false; nums.len()], &mut res);
res

13.2.2 FEEFTREHNRER

Question

AR EES, BFIrpal e SR TR, IR M FTA N EERHE,

P 52 [1,1,2] . AT EE ) WEEREE 1, RS —m1as1,
WIE 137 FiR, BR77 i s — R i,

choices = na state =

E—EmiE

AR EEHT)

13-7 EHHEHS

ARG RPRER A IE? e, @ — MR R S, EREHIERIETRE, RMmEkir
SgEAE, WNAEREBHPIE S AR, R GEATENNEEIE:, IS hkn] DA — IR THER R,

1. HEREER

BUsclE 13-8 , (£ —darh, R 1 SURSE 1 RS0, TOSMHEEIEY N RIS HE R B, FEi
FERZAE 1 3K

FIBE, TESS—BRIRIE 2 21k, STERIEDI 1A 1 e Al EES S, FI LRSI 1 38,
WAE BE, WM HERERE G, 832 M5B ERORE X,
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s
T mEER 1 SIE
AREREE—R
s e
ﬁﬁiﬁW1
AREEE—R
E-RwE

13-8 EMEHITIRL

2. ERRER

£ b —RER RIS AR b, BT AR R — IS R B — R R S duplicated , HIRACEGZIHE
REEBURRITR, W EETTRIIA:

// == File: permutations_ii.rs =

/* BIEEE: 285 II %/
fn backtrack(mut state: Vec<i32>, choices: &[i32], selected: &mut [bool], res: &mut
< Vec<Vec<i32>>) {
/| ERERESFNTEHEN, LR
if state.len() = choices.len() {
res.push(state);
return;
+
/] EFRFREEE
let mut duplicated = HashSet::<i32>::new();
for i in 0..choices.len() {
let choice = choices[i];
/] B ARAFEEEETR B FAFESEERSE TR
if !selected[i] && !duplicated.contains(&choice) {
/] ERl: MUHHEE, FHikRE
duplicated.insert(choice); // EEHEZEBHNTERE
selected[i] = true;
state.push(choice);
/] ETTF—EEE
backtrack(state.clone(), choices, selected, res);
/] [EIR: HEHERE, MERIZEIRIAREE
selected[i] = false;
state.pop(Q);

h
[* £HF 1T %/

fn permutations_ii(nums: &mut [i32]) -> Vec<Vec<i32>> {
let mut res = Vec::new();
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backtrack(Vec::new(), nums, &mut vec![false; nums.len()], &mut res);
res

RETCRMMZ AR, Jn E7CRE n! HHES (BE3R); fERCERAT R, JEERRES n KBRS,
M O(n) K, FILRREREES O(nin) o

BRRIBEERE 2 n , #H O(n) HBiEaMH, selected [ O(n) 2, F—FRZIRZ LA n 18 duplicated
, B O(n?) =M, WA RBEHIES O(n?) .

3. WMEBRLL

MR, A selected 1 duplicated #BFIAEIR:, (HM#H M HIEAF,

- BRI AR A —F selected . ERHEAEEATIRFEEN SR TR, HEMRE
W AR RTE state HEEHHE,

- MIECENE: SiEE (EEMEUR backtrack FN) #RELE—1M# duplicated ., ‘ERl#tHIEEAR
e (for MHRE) ML C RO HOEER, HIEH BRABHE TEABEE X,

[ 13-9 JEoR 1 W EBI B R RO A SR, TR, AP RO ARG OR —(Hi8EE, TCMRENRGZIZE ARG b
AR5 Ml R A B — A HE S

nEaG— <
WS [1, 1, 2] [1, 2, 1] [2, 1, 1] UE5-1 3 8

13-9  PPAEBYA A (A £ FH a2
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13.3 FEMRE

13.3.1 EHETEMNER

Question

45 € —EE B nums F1— 1 HEEIEEEE target , sEIKHFTERIREMIAR S, S HIICE
&R target . #ATMHYIEE TR, BETERTDUPGERZ R, @EARFIERIREELH S, &
HI R S EEA S,

B, WA {3,4,5) FEESH O | % {3,3,3), {4,5} . FEEED R

- EAE G AT R AT DA R O EE R AL
© TERESICERIER, el {4,5} fi {5, 4} BRE—ETE,

1. 2EHTIRE

A HIPIRRE, FTa] DHEF R E OB RE R K — RYERAER, SRR AR TR
7, EITEMEFR target N, B FELEREEREBY,

iR A AR FE R, AEEEPIeE ] DI OGER, KIS selected bR FIZR G E
TLRE N PR, WA IS 2SR EE T/ ML, P15 2R S

// == File: subset_sum_i_naive.rs =

/* EESE: FEM I %/
fn backtrack(
state: &mut Vec<i32>,
target: 132,
total: i32,
choices: &[132],
res: &mut Vec<Vec<i32>>,
) {
/] FEMZEHR target B, ;LR
if total = target {
res.push(state.clone());
return;
}
/] EFHFREIEE
for 1 in 0..choices.len() {
/] EiR:: BEFEMNBIB target , BIBBZEE
if total + choices[i] > target {
continue;
+
/] ER: MEEE, FHcEM total
state.push(choices[i]);
/] EITT—EmiEE
backtrack(state, target, total + choices[i], choices, res);
[/ [EIR: fiHEEE, MEEZAIRKRE
state.pop();

[* KgF

i

I (BREEFE */

4
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fn subset_sum_i_naive(nums: &[i32], target: i32) -> Vec<Vec<i32>> {
let mut state = Vec::new(); // #REE (F£&)
let total = 0; // F&M
let mut res = Vec::new(); // #&RB5 (F&EHT)
backtrack(&mut state, target, total, nums, &mut res);
res

A AR A5 [3, 4, 5] FIEHEER O, Bt R2 (3,3, 3], [4,5], [5,4] . BRI THAAI
2O T8, THHPIFERBI TS [4,5) 8 [5, 4] .

SR E AR R ERIEF R, AMFEANERENEF, E 13-10 foR, Joif 4 1238 5 B 5
RIE 4 BRI, (HEER—E T,

choices = TR
target =

BomiE

@ 13-10 F-Ee4E o BT 8y

7 T RBREWETH, — AR SRR BRESNEIT R H, (EIEE T ERCRIRE, AT R

- BEYTREZ, THEE target BURK, EmBEeELRKENEETE,
- T (A1) MRFEAERFER, FEICHFRES, B s R TR AT R A,

2. BEETFEH

BAE AL SR IE R EOR T R H, BISRE 13-11, SHEEFHZIE IR FE N SR YT R I EL R,
Ban LA &,

L B RA0SE hmor HEE 3 0 4 1, SARESENETRNTAFE, 8 [3,4,...].
2. 21%, HEWEE AR, P TREEENE 3, NARERELNTE (4,3, . M 1. SR
MrEEeER,

RS, B EREERRRIC ARG BOREE R, FIEREES R B HATRZ
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1. BINERIEIZE 305, ARTHE (3,5, ...],
2. WP A S, AR T [4,5, ... ]

3. B WORIE S IV RN 3 R 4, AT (5,3, | F1[5,4, .. ] A 1. BRI 2. B
HiRHY T 852 2 WL,

choices = a

BIk:: 2k 3
BREETE

BB 83,4
BRBEETE

FHEO[3,3,.] [3,4,.] [3,5,.] 3 [4,4,.1 [4,5,.] 3 ; [5,5,.]

EEFE ENTFE EETE

13-11 ARHERNEF SR ER 75

HEATE, REMAMT (1), 2y, ..., RESEEPGRIBTING [z, 2, .. 7, |, WZRETT)
TEML 1) < iy < - < d,, . FWICEHEPEIGRIERF S OGRS, MR TR,

3. EXBER

BB, BFWGHEE start , FINEERRIARE, BN o, &, e T WieRs! b
YA, SRR BRI 1 < iy < - <4y, , TETMIERAE FERME—,

PrRitbz b, BRI EEST 7 LN iiTER .

- (EBHRUE AT, SoAFMEA] nums HEFP, fEERTA R, B rEAEM target R EFRA B,
AHBIBIITRELR, HFPEM—EBH target ,
- BEILENBE total, BBTE target LITIRIERGEILEAM, & target FR 0 REECHER,

// == File: subset_sum_i.rs =

/> EIESRE: F&EM I %/
fn backtrack(
state: &mut Vec<i32>,
target: 132,
choices: &[132],
start: usize,
res: &mut Vec<Vec<i32>>,
) {
/] FEMZER target B, :CHRAR
if target = 0 {
res.push(state.clone());
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return;
+
/] EHFREERE
// B 7t start BBIRESS, BREMEETE
for i in start..choices.len() {
/] Btg—: BFEMNEIR target , EZLERERE
/] ERAAMEFIEHRE, BREBITREKR, FEM—THEE target
if target - choices[i] < 0 {
break;
}
/] EHl: H#EE, B3 target, start
state.push(choices[i]);
/] EITT—EmEE
backtrack(state, target - choices[i], choices, i, res);
/] [EhR: HEHEE, MESIZEIRIREE
state.pop(Q);

s
[* REBFEM I */

fn subset_sum_i(nums: &mut [i32], target: i32) -> Vec<Vec<i32>> {
let mut state = Vec::new(); // #EE (F&)
nums.sort(); // ¥ nums E1THEE
let start = 0; // EHICIAEL
let mut res = Vec::new(); // #&RB5 (F&EHF)
backtrack(&mut state, target, nums, start, &mut res);
res

13-12 R 2605 [3, 4, 5] A EHEIEE O B\ DA AR S A0t A,

it target
choices = a T
target -
B2
Jo
FRiE

mE— W=
REATE 3 B
iBid target BWTE

13-12 FERA0 T [HiE e
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13.3.2 ZEEERZNER

Question

4 —H E B S]] nums FI—{8 HARIEREEL target , sEIRHFTARIRERIAL S, HEHEHHITER
TSN target o 4 BFIRTRER S EBOCR, BMEOCRRIBPORE R, 5 BRSIERREE LA
&, BHP A EASERES,

HHELR B, AR A BESInTRERL S EBCR, BTN TR, B, e k) (4,4, 5] fEETE
9, RIBIARAWRENARS [4,5],[4,5], HHTEETE,

18 PR e ) S AR A S e R AR R b 2 IR (IR 13-13 wh, BB —dRdh = RS, HAhmiEE
4, GEALMMEERNES Y, KmMHEE TS, FHE, B mOomE 4 hgEtEER TE,

(4,4,.] [4,4,.]

BERTE

13-13 METREHWERTH

1. HETREK

PRI, AT R e R — b AR — X, BT HRESIR
9, BIHAHSTCRECRAHMAT, ERWRE R W, HEATRAEABTHENAT, RS C iR
i, FtEEPNEE TR,

BLIERIRY, ASRERIE REIERESI e 3 L RE SRR — K, S ERE, Tt n] DI AT B start A 2 a5 :
EHRE v, 18, RE N WRERS 1+ 1 RGARET, ERBREXRRER TS, hablhEREET
%O

2. IERRER

// == File: subset_sum_ii.rs =

[* EIREEE: FEM II %/
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fn backtrack(

) {

}

state: &mut Vec<i32>,

target: 132,

choices: &[132],

start: usize,

res: &mut Vec<Vec<i32>>,

/] FEMNHER target B, :CiRAE

if target 0 {
res.push(state.clone());
return;

+
/] EFHFREIEE
/] B ¢ start BHAES, BEEREEFE
/] BIR=: 1 start BHIAES, BREERER—TTH
for i in start..choices.len() {
/] EiFk—: BHFEMBB target , BEEEREE
/] EREAMEFIEHRE, BREBITREKR, FEM—THEE target
if target - choices[i] < 0 {
break;
+

// B MRZTRELEBTREES, RPZIESNTEE, HEIE

if 1 > start 8& choices[i] = choices[i - 1] {
continue;

+

/] EHl: MHEE, 3 target, start

state.push(choices[i]);

/] EITTF—EmEE

backtrack(state, target - choices[i], choices, i + 1, res);
/] [EhR: HEE:EE, MERIZAIRIARAE

state.pop(Q);

/* RBFEM II +/
fn subset_sum_ii(nums: &mut [132], target: i32) -> Vec<Vec<i32>> {

let mut state = Vec::new(); // #RE& (F%&)

nums.sort(); // ¥ nums ETHRE

let start = 0; // EFhitClARE

let mut res = Vec::new(); // &REF (FEL7)
backtrack(&mut state, target, nums, start, &mut res);
res

[E 13-14 /= 7 W5 [4,4, 5] FMIEARTR 9 WIEHERE, ISR,
fie, MRfRPR(EESIER, DEREIIRRRER WM TR,

A R [ B R SRS R A
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choices =
target = U

Q\D

BoERE Bkm
ER—&PEET
&_ ERBEEERE—NR 09‘- (x) 723
-0F 5 Jo
CS(_ | BRERE
(X;?o [4,5] EETE
BHE=
FreFE"
k— . =
STEAMTE Ll B
I8 target

13-14 FEF0 11 [E]3 e AR

13.4 n 2/5H:E

Question

RIRBI R R BRI, 25 AR B F R —1T, —HIel— R LT %5 n A 25—
n x n RNOBER, SREGHITHREZ BERAH LRI R,

aniE 13-15 fis, & n =48, EADUREIMEMR, REWEEIENAEER, n x n KNS n® @
1%y, #ath TRTHRYEEEE choices . ERXMENE 2/EHERES, RGBS, K2R B

TAREE state,

) | ) |

3
€

L3
L3

W |

13-15 4 2JERHER#

[l 13-16 &R T AR =L R IR B REAREER 1T, W5, WML EEEE0E, ¥
FRR R R AR \ FIUCE AR / AR,
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FEETER—RH AR L BREREREARET

FEEER—F — ] w

/
. |
] N N /
- - _ 0 I S B VA S VA
X ( X ¥ A 4
&8 ~ s
- % N A J
i NG @
., N/
o i %
X X, ””*?‘i”**””
S| —
5 N

FRER—F FEER—THEe L

|

1
X
b

13-16 n BJEMEL R

1. ZF{THERER

SEHEEBITER S 0, BRIRMESEE—Em: SURSTH sy LR asriE 656,
WL, TR ARPORITIE SRS : 8 —1ThG, ARTHE WMEE, BEERR 1T,

13-17 fiR s 4 2IaHERZR TR EBR, ZEERE], & 13-17 #RH 18 —TIHP— S5,
i ELAFAN I RS S SRR SR A TR 75 SR T T 39K

w [T W] | ]
HE%E 117 N —— [ [
(&BR) (&B8) (&B8)
W | W W [ ]

REE 2 5 % . F %] W]

’:! v w | LW
el mEnl el i

W . v v !j ¥
BEE & 17 | L (= = =2 | =

W ¥ ] v :

i W W

13-17 IBATHCE RIS

EAE LE, BITBCERKGES] v OB e, et 1R —ATHE M RIS ATE S 3
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2. FIEHAREIR

2 T RANFIH, B AT AR — 8 R E 2 n (MRS cols itk SR E A Bh. ESRIENRE
i1, BANEE cols #OH L/aRIFEITEIEE, MAERHHENEEH cols HIRRE,

Tip
FETER, JEMRERSAONE B, HATRSIE LRI TEmM, SR IEESHEM,

FRIEE, A e i L SR A SRR AR LS T 1T H1R 51 % (row, col) , FEERERHH A3 32 5 /1 47,
BMMBEBLZE AR LIRS T RATRS SRS S, BB M LR R 1 row — col ZyMAE(H,

AR, WRRIARS L row, — coly = row, — coly , HIEM—EHAER— =SS 1, R
F, BlPAT DAREBIE 13-18 T RARESY diagsl SO B LR A 25,

[FIEE, UCEAS LA I row + col RIEM, BTMFEH AT DAREBIIHY diags2 AP fSRAY
*o

RERH AR
BEHER

Goan

cols

HIIRERER

13-18  RERFIA AN A ARFT R

3. EXRER

R, n #EHBEF row — col MEIEZE [—n + 1,n— 1], row + col MEEZ [0,2n — 2], FDAE%
FRRFIUCE AR B 2% 2n — 1, RIfH% diagsl fl diags2 AUREHRR 2n — 1.

// == File: n_queens.rs =

/* EIMEEE: n EF %/
fn backtrack(
row: usize,
n: usize,
state: &mut Vec<Vec<String>>,
res: &mut Vec<Vec<Vec<String>>>,
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cols: &mut [bool],
diagsl: &mut [bool],
diags2: &mut [booll,

)

!/ EBMESTFREITE, kR
if row = n {
res.push(state.clone());

retu

b
/] FEshFR

for col in 0..n {

rn;

=Edl

/] FEZERFHENTHAGIRE AR

let

diagl =

row + n - 1 - col;

let diag2 = row + col;

/] Bt RAFZNEFAES. THAS. AERASLEEER

if lcols[col] 8& !diagsl[diagl] && !diags2[diag2] {

/] ER: BEEHEEZIETF

state[row][col] = "Q".into();

(cols[col], diagsi[diagl], diags2[diag2]) = (true, true, true);
/] BETF—1T

backtrack(row + 1, n, state, res, cols, diagsl, diags2);

// ELR: WKZETFIRIEAZ= AL

state[row][col] = "#".into();

}

(cols[col], diagsi[diagl], diags2[diag2]) = (false, false, false);

/* KEE n BRF =/
fn n_queens(n: usize) -> Vec<Vec<Vec<String>>> {

[l % nxn KRR, Heh 'Q' RKRER, '#' AKR=TM
state: Vec<Vec<String>> = vec![vec!["#".to_string(); nl; nl;
cols = vec![false; nl; // SERFIERTEER

let mut
let mut
let mut
let mut

diagsl =
diags2 =

vec![false; 2 x n - 1]; // ZHTHARLEEEER
vec![false; 2 * n - 1]; // ZEHREBEBRLERETEER

let mut res: Vec<Vec<Vec<String>>> = Vec::new();

backtrac
0,
n,
&mut
&mut
&mut
&mut
&mut

res

k(

state,
res,
cols,
diagsl,
diags2,

BATIE n IR, BEIKIHR, ARETHRETHHE n. n— 1. ... 20 1IEEE, fEH O(n!) K
[, B OB, REAERIEN state MHTRIE res, WRRIEME O(n?) Wi, [N, ZERSNSRIBIHEE
B O(n!-n?), BEEL, WRIEEHHSERIVITE A RIS MY S, RIS R A DA _E R

W51 state A O(n?) %M, %) cols, diagsl #ldiags2 ¥{# O(n) M. BAGEERER n,
H O(n) He@iazsid, B, SHBEE2S O(n?) .
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13.5 /h&E

1. ERSOIEE

o I AIEAH R R, B AR TR RS SRR, SRR, 8E
R IFIFRARRIREER, B EIRBIFTH RECERT IR S R,

- [AE AR SR R A E SR AR AR ), EIEERE RS A B M SRR, EEEINW
FRATRMEAFRIIE DR, RIREE E— P RS, REIEIZATHGIRGE, WAEGTE UL ANEE, EiliEiRZ2

PRI 75 TR B 3
- [l R S 2 AEA AR, MR R BB YA R, BRAT DR ATAT R E A 203, K
EfRTHE =R,

- [l SR T S AT R TR = R RE AN A TR R TR AL B A R R SR T DA [T SRR R, B
FEEAFAERCR E S BICR E AP IR,

- EHIHE SRR T RS TRIATE FTRERIHES, TAIMFED) —(E 8 AR AL B E T 3R 2 5 PSR,
SR IRIR A TR ES 0 , WREBETTRAPOEE K,

- AEEfRIREES, ERESHFEREELR, AREHRGHEEEY, RFMTREHRAETRER
i HEERORIE — IR, Sl — AR R SR E D,

- TEREMMEN SR ES TR ETREMS EEENTE T8, R MRS TTRIERF, MEsERE
W FTA IR RORR, EAEE TR, RIHERMRTRERETHER, MR —AEEoRk iR T — W
AERRAARS, TEMR A e R A =) SOEITBIRG

- BPRTERMEE, MYIRRES TR G EEERRE S, TFAREY CHEF AT E R, B A AR
TEREGHEEERA, TR RS TR - L RESOEH — K,

- n REHESESHRE n @2EHED n x n R ERTTSR, ZRATE 2500 f R SR
Tio iAFERIKIREFAITAR, SIKIR, ZEABMIUCE AR, R ITAH, TR T
BHREE, RESTRE 25,

- FIRIHHATE A ARET R R LT B, BIRFIATER, B —ER R S SR G A Ba, e
TREPRIR TR E GTR. BIRBAATR, FAMFEmEES A flskaz . KA LR G
25, HRERNRHEER —T (FED AL BRI 7w e TAIRT IR,

2. Q&A

Q: BB A AR I A B R?
MEARE, [ EEIRREET, MEEEAE | A",

- [EERREEANREE L, A, ERRENERS R —, BREEE S METER,
- IREAGSHEREEL T (RO R, WG, [, BIREE GRIRRE) SFRH
e
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145 EHRERE
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/INRRE AT, TLIRTRE AN K
EREH SN E R BRI RENE SR, —0 5 [HBRAME MR E R R
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14.1 ¥IREHREIRTY

BREFRE (dynamic programming) & —(EEERHELEE R, i RS A — RV E/ N FRIE, i
BRI E AR B R, e RIEEE AR R,

TEAH, FMEEEMBFEAT, Jeatierg s, BIRHhUSHERTHE, BZEPEH
B B RE R B TR

JerE
fE e n BERUAERS, REEPAIDAL 1 BEEE 2 B8, sERH 2/ 080T 5A] DATERHTH?

qniE 14-1 Fiow, SR 3 BEIERS, Htf 3 M7 5n] DAUEEIHETH,

0

1BUEPES n = 0 1 2 3 4 5 6

et 3 BigpHs 3 EAx:
0513253 , 05233 , 0513

14-1 eZIZ 3 BE 77 8=

AR B K AT RECE, BT AEREIE B IR s R Al REME. BB, RTEHEER S —E%
TREAE AR (CHE At fERIRE L 1 PEe 2 [, SR PR TEAR R T REBEM 1, B
THERIR LR IR, REXCHBUN R RR:

// == File: climbing_stairs_backtrack.rs =

/* B %/
fn backtrack(choices: &[i32], state: 132, n: i32, res: &mut [132]) {
// EIMEEIZE n FEE, ARHEEMN 1
if state = n {
res[0] = res[0] + 1;
}.
/] EFHFREEE
for &choice in choices {
/] Bt RAAFFHIBE n
if state + choice > n {
continue;
+
/] ER: MLHBEE, TR
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backtrack(choices, state + choice, n, res);
// [EhE

}
[* TEHgtE: [mH «/

fn climbing_stairs_backtrack(n: usize) -> i32 {
let choices = vec![1, 2]; // FIEEZEMLENE 1 P 2 B
let state = 0; // W% 0 FERALAIC
let mut res = Vec::new();
res.push(0); // fEF res[0] B AHREH=
backtrack(&choices, state, n as i32, &mut res);
res[0]

14.1.1 /i*—: Bhigs
[ 0 o M A B B R DA TR R, T R BRI B — R B B @Rk, 4
P B BE I

T AT LB SR TERTRE 7 R i L AT IS IE R, RRIERNSE 4 BEILA dpli] TR, ANE dpli] sUZ RS, H
TR AL

dpli — 1],dpli — 2], ..., dp|2], dp[1]

PRl RE B 1 BEER 2 FE, [RIE TGRS @ BEMRE_BRF, b —fm i nTREv7E58 ¢ — 1 FEEEs « — 2 F&
ko BAJEEL, BAMIHRETESE ¢ — 1 BEEES ¢ — 2 PEIEMIES ¢ B

F S ] 5 — B A TEENE @ — 1 BERT RBOM LIRS ¢ — 2 FER 7 REURFIRICRIE ¢ BEJ5
FH, ~H:

dpli] = dp[i — 1] + dp[i — 2]

ERIRE RS, S0 TR EEERAERR, JRERERME T S 7 RS R, 5 14-2
JEoR T AR HE R R
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dp[5] =dp[3] +dp[4] =8

dp[4] =5

dp[3]=3

|

BEE#H = 1 2 3 4 5 6
7E# dpln] = 1 2 3 5 8 13

[ 14-2 75 SRECRIEHER (R

AT DB A RIS EI R 9 BRI, DA dp[n] 2 E0A%, I HONS— NEBE AC A7 92 (/1N
IR, EEFE RN TRE dp1] f1 dp[2] BRIE, Hi BATRENRZCAN, B dpl] = 1.
dpl2] = 2, FRMEEE 1. 2 AR 1. 2 BHE,

BRI EE, ERESE R A AR S B s, (B NEE:
// == File: climbing_stairs_dfs.rs =

/*x B2 %/
fn dfs(i: usize) -> 132 {
// B%1 dp[1] # dpl[2] , REZ
ifi=111 1=2{
return i as i32;
}
// dp[i]l = dp[i-1] + dp[i-2]
let count = dfs(i - 1) + dfs(i - 2);
count

/* CIERs: 85 x/
fn climbing_stairs_dfs(n: usize) -> 132 {
dfs(n)

Bl 14-3 JET: 7 RS 1IESYRIEER, SR dpln] , EOBERBERES n, HEEEES O(27) , i
WO BRI, AR — B n, BB RS 2,
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dp[9]

dMé] dp[7]

dp[7] dp[6] dpl6] dp[5]

dp[6] dp[5] dp[5] dp[4] dp[5] dp[&] dp[4] dp[3]

ESLMEDMETEARERTFHE
HHRMEREAENE o(2")

14-3  TCHE A6 6 R U 30 st

BB 14-3 , FSBOBSIIBE BRI 2 A TR AN, Flan dp(9)] Bsr dp[8] A dp[7], dp[8]
WM dp[7) W1 dpl6], RIEEHEE TRIE dp[7] .

DAMCEESE, FREPEESEDNIES FHE, FrRARESED. B0t EE IR B RS EEN T
fif Lo

14.1.2 %= sLisigs

R VIRTHEERNCR, B EFA RS T BRIEE RS R R, 2, FIOES — @RS mem 2L iRk
I8l ¥ IR, R4 S R s EEUAR 1 PR BT R

1. B EUREHE dpli] B, TR TEE mem[1], DAEZ .
0. BEREE dpli] B, TFEATECHEE mem 4] rPORHUGSS, FETTRE 6 T % TR

AW RFR:
// == File: climbing_stairs_dfs_mem.rs =

/* EREES +/
fn dfs(i: usize, mem: &mut [132]) -> i32 {
// B dp[1] # dpl[2] , REZ
ifi=111=2H{
return i as i32;
+
/] EfFEsek dpli] , BIEEREZ
if mem[i] != -1 {
return mem[i];
+
// dp[il = dp[i-1] + dp[i-2]
let count = dfs(i - 1, mem) + dfs(i - 2, mem);
// se&% dpl[il

mem[i] = count;
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count

/> EtgHs: seiBHiES «/

fn climbing_stairs_dfs_mem(n: usize) -> i32 {
// mem[i] ECERMEEIZE i PERVAZRAREN, -1 RRELiR
let mut mem = vec![-1; n + 1];
dfs(n, &mut mem)

}

BlsziE 14-4 , SBROERR, i S ISR REH R K, BRSEMERELE On), E2—M
BRI

0
e mEEs, g
EER

/\ SE IS B A ENRRIEMRES o(n)

ERFEEEFRERBERAE—R

14-4  GCIS A% = S R A

14.1.3 AiE=: EhREIREI

RCTRbi s —H “RIERIR” M55 RITEERE (RETES Bas, BB BT R D g R T
M, BEEMOCANNRNTHE GEHRD, 218, ZEEWNEEUCE T RERM, R R AR,

Bl M, BHRERIER M “TOREE” WA WEehFRBENERY, EAbREE R FHENRE, &
152 5 R RE A

HABNRERIE A S mhEeE, I RFEAEEIANED, SAMHRE, £, RIMPAL
— RS dp AfEF T ERERRE, EER] 7R S ] mem HHFEIATRCERE -

// == File: climbing_stairs_dp.rs =

/* NCIERE: BEHREFRE] */
fn climbing_stairs_dp(n: usize) -> i32 {
// BF dpl1] # dp[2] , REZ
ifn=1 1] n=2{
return n as i32;

}
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/] e dp &R, BREEFEERNR
let mut dp = vec![-1; n + 1];
/] ¥taikRE: FERR &R/ N FRIERVAE
dp[1] = 1;
dp[2] = 2;
/] RREEEFS . BV NFRIEZRD KR A FRE
for i in 3..=n {
dp[il = dp[i - 11 + dp[i - 2];
}.
dpln]

14-5 B 1 DA_ERE KRS AU TR,

7 ~ 7 ~_

BEHRAE
dp[1] = 1, dp[2] = 2

KRS 542
dp[n] = dp[n-1] + dp[n-2]

WAIEARRERRE, EITIRAERSEE, ELEBRRBRHRLE

14-5 eHERRRBhRE NI E R

B[R IE bR, BIRERIEIBE A RRE” ML ARRRHIRE R AR R B,  BHEIR REHR S I — {7
PARAH M sk M e (B, 3114, TR PEAH R DR B % 2 S T P AE R R B

RO IA P, TRIPTAT DAAS B AR FE 7 35,
. YSBEEI dp RS dp %, dp[i] FRIREE i BRI,

RN ISR (55 1 RERISE 2 BEABBE) A AAIRAE,
. REHEAS dpli] = dpli — 1] + dpli — 2] BARESEE AR,

14.1.4 FHBREL

ALORIEE PTREREBL T, W dpli] REL dpli — 1] Ml dpli — 2] B, PRIEERAMIMEZEE FH — M Ri% dp HGH
A TRV, SR EEBIRBANERT AT, RS N RR:

// == File: climbing_stairs_dp.rs =

/* [CEHE: TRREMEBINERERE] «/
fn climbing_stairs_dp_comp(n: usize) -> 132 {
ifn=1 1|l n=2{
return n as i32;
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}
let (mut a, mut b) = (1, 2);
for _ in 3..=n {

let tmp = b;
b =a + b;
a = tmp;

}

b

Bla DA LA2AHS, diitE & TS dp (SR E, FEIEEERER O(n) BEE O(1)

FEBRERIEIAES, ARG E R A REREA R, SRR DR REOEARGE, Bl FEE”
AREIE LIRS SRS MR WRE2 “TRENERE R “IEERE”,

14.2 BHREFHBIRIAFHE

fE bE—#ir, FAMEE T BRI ER AN AE A 1 R R AOR R R, ERR B, RS R —RE A
AT SRR RS, E7MTA, BOREAEE, [ A HI R R

- IR TE IR IR AR R [ ) 70 2% 22 8 BN R R, EEER/hRE, AR RS o R
I, BRAASEI R R R

- BB B M EETIRIE iR, EEMEERAR TEERE, BHREME AT R AR,
FE 0 A & B 2 SR R

- [ RTAE B B MR AR S B A A Al RERAR, MBS SRR AN 20 >, SRR —
RYNTRKD BB, FATA] DR TR A BR < AT 7 5B 7 F— (8 RS

B E, BIREREE KR EENIE, EMMEESEBTRE, BEEBINNARY: &ETLEE.
M|IBAME
14.2.1 REBFEIE
P TCAE AR R A VR O, 2 EINE S R B TS,
Te R A IM
BE—EER, VREPEIRAE 1 BEEE 2 B, &M LERANE —EAE a8, FRIREZEE
FIR B IR, A€ —EIE BT cost , HH cost[i] FRRIEE i (EZRETEAT HIRUE,
cost[0] i GRLGE) . sEstERDFHEN HZ /D RUEA RERETES?

GnlE 14-6 FoR, A% 1. 20 3 BEIRMEZBI% 1. 10, 1, RIFEtmIes|ss 3 R/ MUER 2.,
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EIFMES n = 0 1 2 3
18 cost[n]

]
)
)
=
(]
)

Tets 3 fEBEHE 3 BAE:
0515253 , 05253 , 05133
Her 04123 BIRKESD, RMIES 2

14-6 TezI% 3 P AR/ IME

% dpli] RNCRIEE @ BERFHT MR, HHREE @« B ATRENE ¢ — 1 BEal  — 2 BEAESR, itk dpli] HATRESE
A dpli — 1] + cost[i]| B dpli — 2] + cost[i] o &% THEEFTREIRME, FRAERLE LM E Ty MR —E:

dpli] = min(dp[i — 1], dp[i — 2]) + cost]i]

ISFERATDAS | AR B T AR R it T e A AP 1R 0 L) e PR AR R 15 2R M)

ARREREIREA BT BRAMIETE T R R AR dp[i — 1] F1 dpli — 2] B M@ AR —ME, 1A
EREHFERE dpld] B9RER.

AR, E—ERTErEREE B AR A R TAERIE? ERIEEERRT REE, B2 st EME, HmE
—FERR: SRR REE", KRNI, RS BB R AN, (B T AIREBL K
T B n BERARTTRBEFNE n — 1 BENE n — 2 BERERTTRBE M, PG, &EFEH0meE7 X
Fegdgis, EARFEH A NRNSE,

IRIBR R 7712, DARWIIEIREE dp[l] = cost[1] F1 dp[2] = cost[2], BAMmRAT A5 2B RekH ##2 0
fig

// == File: min_cost_climbing_stairs_dp.rs =

/* eEeR/IVRE: EhRERE] +/
fn min_cost_climbing_stairs_dp(cost: &[132]) -> i32 {
let n = cost.len() - 1;
ifn=1 1|l n=2{
return cost[n];
}
/] e dp &®, BREEFEERNR
let mut dp = vec![-1; n + 1];
/] ¥taikRE: FERR &R/ FRIERAE
dp[1] = cost[1];
dp[2] = cost[2];
/] RREET: BN FREZRD KFRAFRHE
for i in 3..=n {
dp[i] = cmp::min(dp[i - 11, dp[i - 21) + cost[il;
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b

dp[n]

14-7 Jgon 7 DA BRSNS R B RE I i A,

cost[1] cost[3] cost[5] cost[7] cost[9]
min + min + min + min +
dpl8]
min + min + min +

cost[2] cost[4] cost[6] cost[8]
IYAARRE
dp[1] = cost[1] , dp[2] = cost[2]
RIS SR

dp[i] = min(dp[i-1], dp[i-2]) + cost[i]

14-7  eHERh i/ MUERERE S HE R

BTG FRRIRAEAY, 15—, (SRR O(n) M2 O(1)
// == File: min_cost_climbing_stairs_dp.rs =

/* [EiER/IMUE: THREMRINSIERSE «/
£n min_cost_climbing_stairs_dp_comp(cost: &[i32]) -> i32 {

let n = cost.len() - 1;

ifn=11 n=2{

return cost[n];

g
let (mut a, mut b) = (cost[1], cost[2]);
for i in 3..=n {

let tmp = b;
b = cmp::min(a, tmp) + cost[i];
a = tmp;

}

b

14.2.2 EEXKY
TSR R B e R B R SRR R R SR M > —, HE# A S —MREEREE, SRR
VBT AR B B, i B 25 KSR T IR B SE

DATCHEER B, %55EiRRE ¢, EEgfetiikig i + 1 RGIRRE 7 + 2, 2AIBIERL 1 PHpk 2 25, 1Efft
IS ERE, RIS R ¢ ZATRIRRE, EMEHARE ¢ IARAGRAEE,
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SR, AN SRFAFIAA TEAE AR R — (AR, TEC A —hE T o

AR TEHR
fE—EIE n BEROMERS, UREEPRTDLE 1 REEEE 2 B8, fHAREMISIRmBE 1 K, sifA 2/ 0 %
A DATESIFRTH?

qniE 14-8 o, MEEEE 3 BEER 2 FERIAT/7 S, HATBGT=0k 1 FER77 ST R ARG, BItase,

MR FeeEEmEmek 1 FE,
FELtAE 0515253 BT —

BHRES n = 0 1 2 3 4 5 6

etsE 3 EEHEEE 2 B85
=:

05253, 05153

14-8 THHIRNCEIES 3 BEAY 7T REE

M, R LW 1 R LR, ADEE R WAL 2 B, SRS, TSR R AR
fE CRATATEEMEBERERO BIvoE, BAING RS (L—SRRTTEMRER0 i,
RERFEE, ML ORI SRR, RS T2 dpli] = dpli — 1] + dpli — 2] BRXT, WA
dpli — 1] (REAMBE 1 B, EIHPEETHS “ L8Rk 1 B LR 7E, Ml Tess, R
RN dpli — 1) EHERE A dp[i] s
B, BIMAETREARAEE R IRGE (i, j] FoRMBAEN | RS L BBk T j R, Hob € {1,2). stk
ERENOOES T Bk T 1 OB 2 B, JRIPTAT AR 2 AR AR e i A

C M ERBET 1R, b BRI 2 B, B dp[i, 1] RAERE dpli — 1, 2] EAsIEK,

LM WRBT 2, b LWL 1 BESkBE 2 1, B dpli, 2] FTAGE dpli — 2, 1] 5k dpli— 2, 2]

B,

WE 14-9 FiR, (EREHR R, dpli, ] ZoRmee [i, ] SR/ R, HIRRAERRS TR A

dpli, 1] = dpli — 1, 2]
dpli, 2] = dpli — 2,1] + dp[i — 2, 2]
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TREEEMIRDE 1 B

RS dp[i,1] dpli,2]

dp[i-1,1]

dp[i-1,2] /1

dp[i-2,1]
/—

dp[i-2,2] /

[ 14-9 =5 FEAYT N HEHER (&

W%, RIE dpln, 1) + dpln, 2) BIAT, A% 2 RUCRIESISS n B/ S8
// == File: climbing_stairs_constraint_dp.rs =

/* TEAIRIECIERE: EHREFRE] */
fn climbing_stairs_constraint_dp(n: usize) -> 132 {
ifn=11 n=2¢{
return 1;
i
[l Bk dp */, BREHEETFREERNZE
let mut dp = vec![vec![-1; 3]; n + 1];
/] fEARRE: FER &/ FREIERAR

dp[1][1] = 1;
dp[1][2] = ©;
dp[2][1] = ©;
dpl2][2] = 1;

/] KRBT WEBUNFREIREER D KR K FHE-E
for i in 3..=n {
dp[il[1] = dp[i - 1][2];
dp[il[2] = dp[i - 2]1[1] + dp[i - 2]1[2];

h
dp[nl[1] + dp[nl[2]

fE LHRRBIF, HRERZZEATHE —EIRRE, RIEBMIART OB GIRRE T 3%, (15 M S e
IR, AT, FERTEAAIRERERN “ARIMIE,

JT st L Rz~ R

s —EIE n FERUMEES, REPATDLL 1 BEe#E 2 B, B ETCRIE « AR, REEEBELEH 20
R L BBy, 2P AR SO BkEIEE 20 B b, Blan, AR BIBEE T 2, 3R L, AlZ
R REBLEIEE 4, 6 B Lo ShfA 2/ D75 5] DUTEEHETH?

FEISERIER, T RBRBEAREOE R ATE ARG, A% R — Bk & 15 3 = AR R e e, IR B AK
ROk, BNISHERIE, BHRERIEE A DA,

B E, 2@ S REMHE (GINRITRIFE) A ERatt, BNEHEME, JRIMEE gk
ERHAMT I, FlanmEEE e, BEEEEA, SRR, Em7EE RN NS 2] AT A s i .
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14.3 BHREFRBIFEERIR

AR T BN RERRE RN B, 1 AR R R {1 B P P RE

L. Gnnfa ] — (R A R B RE R
2. RIRENEMHBIFEZ RN T, TRV E?

14.3.1 RIEFIER

AR, AR (R S R T R, B T A, MRS, R I A BN AR R AR
SR, FRAMREEAE R RN T B R B IS S, R FRAIE s S R O, Bl &l & A A )
W (58 MR

S R B EE RN DRI SRR T DARE R A AR,  Horb g — (A TR SR
—fEPRR, B EEEARR RS,

WA, WS S IR RS, I HARER — RYIRRELR, AR ERLN e R, @
AT DAGE A [ 3 A A R
TEMENE b, BhREAEIAEE A — LB “norIE”,

- MEEERK (N B&2 (D) FaEriR,
- FERGIRERES ] — M H 51, AR MU AR AR, il B — R RE B A R AR RE A7 AE IR B (R

MRS, thiFfE—2 “JorIH",

- RN EAEZ R T AT RERUARIR T 2., AR e
- FERA A HBEHP SRR, 2R A AR 2677 %,

Q0 SR8 R R R AR, i B BRARY “InoyIE”, FIMREAT CARR 2 — (EEh I R, e
RfpEREEE T,

14.3.2 FREKRBS R
B RE R 1 R AR & K TR MR B AN T A PR E], (HIE R EIE AT B MR, e FiRRE, &7
dp 3R, HEEIRREER TR, T8RS,
£ T BB B REED B, B — SR “ e NS SRR,
Question
HE—ME n x m MM grid , @R8PS REETHREES—EIEaREE, FRZETHIRE,

Was N DAZE LM BT ittindl, IRARER NeREMERE—8, BEEENEL METH, iR
e EA RGN IER,

[ 14-10 RoR 7 — M@l 7, SAE RS RIS MSTEM R 13
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RS

5
a
\
0

B/BRTEAZ 13

HEREAES 1925253325152

14-10 /S TERURGIE R

B BHERRAYOR, CRINE, EmiEE dp %

AR G — i DR AUR I E A T R E— 8, RERETFIITIIRS % [4, 5], BlA FemGE

ik, EAIEA [+ 1, R[5+ 1] i, REEESTRIIRFIRE WEE, 5[,
RAE [0, ] BRI TR (RS [0, 0] £3 [4, 5] KR NSRRI, TS dpli, ] -

i, MRS E THE 14-11 Foni — 4 dp FERE, HRST B A8 grid M.

j j+1
1 3 1 5 dple,0] dp[e,1] dp[0,2] dplo,3]
i 2 2 5 2 dpl1,0] dpl[1,1] dpl[1,2] dpl[1,3]
i+1 5 3I_: 1 dpl2,0] dpl[2,1] dpl[2,2] dpl2,3]
4 3 5 2 dp[3,0] dpl[3,1] dpl[3,2] dpl3,3]
grid dp &
SHRE. BaAATE—HHE FRIE: HAEERAEILL, §] MsNEREM
HREER: 1751%51[4, j] dp &: RTH grid HHREMER

14-11 #RRE&EFRH dp &
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Note

B RE R B B IE AR 7] AR IR 2 — BRSSP 2, TiikRE A DR B AL, CIEE S A MR
ERRTASE, HESTEMNEM, fEfAHRMEEH N —EikE,

BEREACH E—E &, FMETE M dp RARGEFENE TRIENE, AREER & 728
& dp B —ELEE, EARE LE, dp RSRER TR S,

B PG AN, M R B RES R

EHRUREE [7, 5], TIRER BT [ — 1, 5] BT [1, ) — 1) WA, EIRETasHs: 5
[i, ] BB NES SRR [0, § — 1) BB N RCRIER [3 — 1, j] A9 INER ERI R e MR — IR,

MRARCA B oA, AIHEE 14-12 FroRpiREER 77142

dpli, j] = min(dpli — 1, ], dp[i, 5 — 1]) + grid]i, j]

1 3 1 5 dple,0] dpl[o,1] dp[o,2] dple,3]
2 2 4 I 2 dp[1,0] dpl[1,1] dpl[1,2] dp[1,3]
5 3 2 1 dp[2,0] dp[2,1] dp[2,2] dp[2,3]
— —>
4 3 5 2 dp[3,0] dp[3,1] dp[3,2] dpl3,3]
grid dp &
HRAERIS 12

dp[i, j] =min(dp[i-1, j1, dp[i, j-11) + grid[i, j]

[ 14-12 ff ALk REE R T2

Note

RIBERGH dp =, BFREEMNFREN R, $OHEIE TR A B A 15 5 5 RE Y i i
H771%, BIEE T4,

— BHIRMERE T BB T4, whal DAEH AR E AR R

B2 weTiE SHRIERNIR R RS IR

A, R EITHRE L REIEH /B AIRRETS AR, R B YIRIRE N REME R _ BB AIRREIS 2, I E AT
i = 0 % j = 0 2Bkt

QniE 14-13 AR, HREHEN 72 HHZTTS TR BT RS AR, DR (6 8 A e v FE R, SME
EERST, WIEREEH,
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dple,0] dpl[e,1] dp[e,2] dp[e,3] dp[e,e] dp[e,1] dpl[e,2] dple,3]
dp[1,0] dp[1,1] dp[1,2] dpl[1,3] dp[1,0] dp[1,1] dp[1,2] dp[1,3]
AT T
dp[2,0] dpl[2,1] dpl[2,2]1  dpl[2,3] dpl2,0] dp[2,1] dpl[2,2] dp[2,3]
AT T
dp[3,0] dpl[3,1] dp[3,2]1 dpl3,3] dp[3,0] dp[3,1] dpl[3,2] dpl3,3]
— — —
BRES: MBLEITTEY REERIFF: EFEHERE

14-13 185kt BiR REE RS IE

Note

B FUR BN REFR S R wIGM dp &, =T R,

IR REERS N7 1% O 2 BAR S AL ST E R RTE VMRS, P E EAREA R 5 /1[5 RE I R B A 7 E R
FHEHAR,

RIELA B, M EASR DNERR B RE RS, 28T - o e — R IETHE iRy B4, KlItig i
‘BN - RS — BIREEET BN BB S R MR,

1. FiE—: 8hHigs

FEAREE [i, j] BIGATE, RETR A/ MOIREE [ — 1, j] A1 [i,j — 1], BEEREEL FEE,

- BB HREE (4, 7]

- JREHA: 1€ [0, 0] 2[4, 5] W/ NEISHT dpld, j]

- #IEEE: Hi =0 H j = 0K, REMRE grid]0,0] .

© OB H 0 < Ol < O RERSIBSE, HRRREE +oo , REARAT,

BHEXHEATR
// = File: min_path_sum.rs =

/*x NS BHES «/
fn min_path_sum_dfs(grid: &Vec<Vec<i32>>, i: i32, j: i32) -> i32 {
/| BEHRELABTE, BjREES
ifi=068&7j =04
return grid[0][0];
¥
[/ BTHERSIHR, BIRE +o {E
ifi<o |l j<od{
return 132 ::MAX;
+
[/ EERAELEAT (i-1, ) M (1, j-1) MshREAE
let up = min_path_sum_dfs(grid, i - 1, j);
let left = min_path_sum_dfs(grid, i, j - 1);
[/ REAEEAR (1, j) HRDEERE

std::cmp::min(left, up) + grid[i as usize][j as usize]
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[ 14-14 #2017 P dp[2, 1] Z2RETBSANRER, Hrbh @S @i rilE, HBEgEEsmn grid RS
BERTSBINE 2

EAHE LE, ERES T HERER S ARSI AR/ LM R — BT,

Bk R5IRR

dp[1,0] dpl2,-1]

0/ 9. 9.
°X {° {

dp[0,1] dp[e,2

: 1| dple,3] EBTREE:
B dp[1,0] dp[1,1] dp[1,2] dp[1,3] dp[i+1, 31 A1 dpli, j+1] #Bi&##A dpli, j]
P dp[2,0] dp[2,1] dpl[2,2] dpl2,3]
dp[3,0] dp[3,1] dp[3,2] dpl3,3]

14-14 =R

BHEREE A A NRIAG SR, A EAERE TARETEE m +n — 28, FiIRZERHEHES
O2™*™), Hrhn Ml m 2B 2888 A TERIFI R, sEER, SRy UK RERL AR I, &
BRI ORI N MR, R EFRAREBEE DL,

2. ik woiEkies

B I AN—EFI4E4S grid HEIRSFRIGCIEES] mem , FRFCESE 7 RIEI MR, 30K &8 1R A T8
5

// == File: min_path_sum.rs =

/* RS EiRkiEE «/
fn min_path_sum_dfs_mem(grid: &Vec<Vec<i32>>, mem: &mut Vec<Vec<i32>>, i: 132, j: i32) -> i32
o
/] BEAELAETNE, AR EES
ifi=08&7j =04
return grid[6][6];
+
[/ BTHERSIER, BlRE +o B
ifi<o |l j<o{
return i32::MAX;

+

/] EEBiR, AEERE

if mem[i as usizel[j as usize] != -1 {
return mem[i as usize][j as usize];

+

/] BN ERETRIRNBERE
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let up = min_path_sum_dfs_mem(grid, mem, i - 1, j);

let left = min_path_sum_dfs_mem(grid, mem, i, j - 1);

/] EERMREAL AR (1, j) HsRNEERE

mem[i as usize][j as usize] = std::cmp::min(left, up) + grid[i as usizel[j as usizel;
mem[i as usize][j as usizel

aniE 14-15 o, 7ESIAGEIRMLTE, FrE FREMRRTEEIE—R, R B iR ea s, [
BRSF O(nm) o

k. BEALCR

B R5[ER

14-15 FefRfLf sl i

3. HFiE=: BRERE

FREREHE R EIWE, 2B RrR:
// = File: min_path_sum.rs =

[* B/NERTEFN: EHREFRE] */
fn min_path_sum_dp(grid: &Vec<Vec<i32>>) -> i32 {
let (n, m) = (grid.len(), grid[0].len());
[l %k dp *=
let mut dp = vec![vec![0; m]l; n];
dp[01[0] = grid[0][0];
// IRREEEE: BT
for j in 1..m {
dp[0]1[3] = dp[B][F - 11 + grid[01[3j];
+
/] RREERE: 5
for i in 1..n {
, dp[il[0] = dp[i - 1][6] + grid[i]l[6];
/] ARREEEFS: HERTAIS
for 1 in 1..n {
for j in 1..m {
dp[il[j] = std::cmp::min(dp[il[j - 11, dp[i - 11[31) + grid[il[3jl;

¥
dpln - 11[m - 1]



514 E BHRERIE

www.hello-algo.com 308

14-16 R T R NS SRR BRSO AR, LB D TG, IRULIERIBEIRIE 2 O (nm) .
W51 dp KB 0 x m, BZABERES O(nm) ,

1 3 1 0 0 0 0 3] 1 4 5 10
2 2 4 0 0 0 0 2 3 0 0 [
5 3 2 0 0 0 0 3 8 0 0 )
4 3 5 0 0 0 0 3 12 o 0 )
grid dp & grid dp ®
MeaiETT dplo, j1=dplo, j-11 + gridli, j]
MiakET dpli, 0] =dpli-1, 0] + grid[i, j]
Step 1 Step 2
1 3 1 1 4 5 10 3 1 4 5 10
2 2 4 3e>5 0 0 2 3 5e>9 )
5 3 2 8 0 ) 0 3 8 0 0 )
4 3 5 12 o0 0 0 3 12 0 0 ]
grid dp & grid dp &
dpli, j1=min(dpl[i-1, j1, dpli, j-11) + grid[i, j] dpli, j1=min(dpl[i-1, j1, dpli, j-11) + grid[i, j]
Step 3 Step &
1 3 1 1 4 5 10 3 1 4 5 10
2 2 4 3 5 9 e>11 2 3 5 9 11
5 3 2 8 0 0 0 3 ge>8 0 ]
4 3 5 12 0 ) 0 3 12 0 0 )
grid dp & grid dp ®
dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j1 dpli, j1=min(dp[i-1, j1, dpli, j-1]) + grid[i, j]
Step 5 Step 6
1 3 1 1 4 5 10 3 1 4 5 10
2 2 4 3 5 9 11 2 3 5 9 11
5 3 2 8 8 +—>10 o 3 8 8 100—>11
4 3 5 12 0 0 0 3 12 0 0 0
grid dp & grid dp &
dpli, j1=min(dp[i-1, j1, dp[i, j-11) + grid[i, j] dpli, j1=min(dp[i-1, j1, dpl[i, j-11) + grid[i, j]
Step 7 Step 8
1 3 1 1 4 5 10 3 1 4 5 10
2 2 4 3 5 9 11 2 3 5 9 11
5 3 2 8 8 10 11 3 8 8 10 11
4 3 5 12e>11 0 0 3 12 | 11e>15 0
grid dp & grid dp ®
dpli, j1=min(dp[i-1, j1, dpli, j-11) + grid[i, j] dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]
Step 9 Step 10
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1 3 1 5 1 4 L 10 1 3 1 5 1 4 Ll 10
2 2 4 2 3 5 9 11 2 2 4 2 l 5 9 11
L “ 2 1 8 8 10 11 5 3 2 1 8 8 10 11
4 3 5 2 12 11 15e->13 4 3 5 2 12 11 15 13
grid dp & grid dp ®
ARAGETS
dpli, 31 =min(dpli-1, j1, dpli, j-11) + grid[i, j1 EER/ TR 13
Step 11 Step 12

14-16 B/ NS A BN B AL E AR

4. TRmEWR

AR B RE 7 R E A2 i BigAors T A0, R Al AR — (B TR AR B dp 3R
FRTERL, PRIZks dp RAERR—1THUIRRE, R DAFMEETAIERTRIAAIL EIIRRE, TR EER TR e :

// == File: min_path_sum.rs =

[* BNEETEHN: TRIREMERIVEIRERE] +/
fn min_path_sum_dp_comp(grid: &Vec<Vec<i32>>) -> i32 {
let (n, m) = (grid.len(), grid[0].len());
// Wk dp R
let mut dp = vec![0; m];
/] KREEERE: BT
dp[0] = grid[0][0];
for j in 1..m {
dp[j] = dp[j - 1] + grid[0][3];
¥
/] ARREEEFE: HERT
for 1 in 1..n {
/] RREEERE: HY
dp[0] = dp[0] + grid[i][0];
/] ARREEEFS: HERY|
for j in 1..m {
dp[j] = std::cmp::min(dp[j - 11, dp[3]1) + grid[i][]];
IF
}.
dplm - 1]

14.4 0-1 5 8IfRE

HHuMER A ERFEEREAMEE, 2EERE T EE RIHER N, HAGRZEE, i o-1
HHME, TeRuiE, ZEEURESE,

ARG, WK MR R 0-1 B EHE,
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Question
0 n BV, 8 EWRNERS wet[i — 1], EBEA valli — 1], FI—EERA cap ML
EYr i R REEE — R, RBITERRE S A E FRE AP S i K EE,

Blg(E 14-17 , HAYIARSE ¢ 108 1 BRGASTE, BFIRS 0 O BRAASTE, R « BIEE R wyt[i — 1] F1
EfE valli — 1],

Wk EE fH{E

i wgt[i-1] val[i-1] TazE
1 10 50 ¢ cap = 30
2 20 120 ) |~
3 30 150 " u
4 40 210 ¥
5 50 240 >

RAEE: 270

BEAR B 0 B BT
H{EE 50 HEEES

14-17 0-1 HRARBIER

BRI LUK 0-1 H5 RMIEB PE— M n WTRSRALARAIBRE, BN EHEY R NIRRT, Fit
[ T TR AR,

MR HAE R “EREE BAERE TRV ERBEE", KB R 2 — (68 e S,
B BHERRAYOR, CRINE, EmiEa dp #

EAHEIRAG, TRANE, SEARTE, KANE, SaARRDS, mLTERETS: S8
G IR RAR c, W8 [i .

ARRE (4, c] BB FRIER: 0 ¢ EYAIES RS ¢ RS EPrsORE, =22 dpli, .
ReRfEIZE dpln, cap), FRFRE—ERT% (n+ 1) x (cap + 1) IZ#E dp 3%,
W RN AN, R IR RS )R

BRI ¢ TR, RIERAZAT ¢ — 1 EY) RIS, R 2 DU R iR S,

© BIBANDIG G HREARASE, RS [ —1,c].
BN HERARRD wgtli — 1), EEMMval]i — 1], REEVE [I — 1, c —wgt[i —1]] .

IR RME TR T AR R TERE BRI dp(d, o] RN ¢ HURANPIS | Wk R
{ESORRIAR M, FH It AT R RE AL 5

dpli, c] = max(dp[i — 1,¢|,dpli — 1, ¢ — wgt|i — 1]] + val[i — 1))
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FEEENZ, BENYMER wyt[i — 1] BHERSREOAR ¢, AIHBEERERNRIAL .
W= W E MG IFRGIR R RS IR
By AR O RRKEER 0, BES dpli, 0] F1E1T dp|0, ] #4512 0,

BRIRAE [i, ] B 177 HIRRE [i — 1, c] FJe L ATHOMRAE [i — 1, ¢ — wgt[i — 1]) EESMIAK, BB EMEE
FETE A M dp AT,

RIBLA B, B PARIZIEF ERZ S, s, SeREmx,

1. FiE—: |HES

HaREABEE U TER,

COREBBL REE [7, o] .

- R TRIEIA dpli, o] .

BRI VIR | = 0 SIS ERIBAR S 0 1, K BEIHEEER O,
- kG BRI E R R RRA R, AR RO .

// == File: knapsack.rs =

/*x 0-1 BE:. B2HES «/
fn knapsack_dfs(wgt: &[i32], val: &[i32], i: usize, c: usize) -> i32 {
/| EEETMEYRASEERGSE, BREEE 0
ifi=01]l c=0{
return 0;
}
/] EEAEERE, HREREFHALE
if wgt[i - 1] > ¢ as 132 {
return knapsack_dfs(wgt, val, i - 1, c);
}
/] EEARBNFBANYG 1 NRXEE
let no = knapsack_dfs(wgt, val, i - 1, c);
let yes = knapsack_dfs(wgt, val, i - 1, ¢ - wgt[i - 1] as usize) + vall[i - 1];
/] REmEL R EEERA—E

std::cmp::max(no, yes)

aniE 14-18 Fw,  FA R Al & AR IERDEM RIS S50 3, BRI RIEEE 2 O(27) .

BlEiREl, RSP FEEERS M-, FlUdp[l, 10] &, MEDHKS. SEARKK, JTHEMER
HENYREZE, HEBTRENEERTEREEZ,
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R YaEE
dp[3,30]

REBRNIG 3

dp[2,10] ik YaER > SasRE

‘,!"o\%‘ REHANE 2
dpl[1,-10]

BEBANDG 1

YIemiRsR i 1 2 3 HEEE cap = 30
YmESR wgt[i] 10 20 20
Y)EEE vallil 60 110 120

14-18 T R R R 2 48 R

2. FEI miEkES

7RSS R TR NG R R, TR DEC IR RS mem REC Bk R AUME, Horb mem[i][c] HE
dpli,c] .

FINARE %, BB FRIEROR, W2 O(n x cap) . BT

// == File: knapsack.rs =

/* 0-1 . LEkES «/
fn knapsack_dfs_mem(wgt: &[i32], val: &[i32], mem: &mut Vec<Vec<i32>>, i: usize, c: usize) ->
o 132 {
//EEﬁmﬁﬁ%%ﬁ%@ﬁﬂ e, HIREEE 0
ifi=01| c=0{
return Q;
+
/] EEBiix, EERE
if mem[il[c] !'= -1 {
return mem[i][c];
+
/] EERBAEEARE, MREERETHAE
if wgt[i - 1] > ¢ as 132 {
return knapsack_dfs_mem(wgt, val, mem, i - 1, c);
+
/] EEFABANMBANYG 1 WRXEE
let no = knapsack_dfs_mem(wgt, val, mem, i - 1, c);
let yes = knapsack_dfs_mem(wgt, val, mem, i - 1, ¢ - wgt[i - 1] as usize) + vall[i - 1];
// EoEkiliR[EIMAES RPEEEANA—E
mem[i][c] = std::cmp::max(no, yes);
mem[i][c]

[ 14-19 7R 7 FERC IS s rh BRI 50 3
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MR YaEE
dp[3,30]

REBRNIG 3

BIiE: REIR®R dp[2,10] ik YaERE > a8

?ﬁ REHAME 2

% of

dp[1,10]

& BERNYS 1
o = *

YImRsR i 1 2 3 HEESE cap = 30
MREE wgt[i]l 10 20 20
YEEE vallil 60 110 120

14-19 0-1 & QSRR IR 8 2R i At

3. HE=: BRERE

BREATEEE _ERUR AR ER HIEE dp RAER, BB TR

// == File: knapsack.rs =

/* 0-1 B8 HERE «/
n knapsack_dp(wgt: &[i32], val: &[i32], cap: usize) -> i32 {
let n = wgt.len();
[l Mk dp *
let mut dp = vec![vec![0; cap + 1]; n + 11;
/] KREET
for i in 1..=n {
for ¢ in 1..=cap {
if wgt[i - 1] > ¢ as 132 {
/] EBeEERE, IfEYHE 1
dplillec] = dpli - 11[c];
} else {
/] RENEYR 1 EmESENBRAE
dp[illc] = std::cmp::max(
dpli - 1][c],
dpl[i - 11[c - wgt[i - 1] as usize] + vall[i - 1],
)5

hy

}
dp[n]lcapl

UNIE 14-20 FF, BERREAEEE A RIS AR BIIES) dp KNP, B O(n X cap)
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- a @ ﬂ - a B ﬂ
EE wgt (H{E val 0 1 2 3 4 EE wgt (AE val el oo 1 2 3 4
wgt[i-1] valli-1] ) ) [ 0 ) wgt[i-1] valli-1] ] [) ) ) [}
#5501
1 5 [} 0 1 5 () 1
2 1 * ) 2 11 * 2 0
3 15 - 0 3 15 o 3 0
FRAEEY
YRBE n=3 HEERE cap = 4 %:
dp[i, ¢] = max( dp[i - 1, c¢] , dp[i - 1, ¢ - wgt[i-1]] + vall[i-1] )
MEURTS (n+1) x (cap+1) B dp JERE
Step 1 Step 2
G a & B & a a & &
EE wgt {H{H val ~C| o 1 2 3 4 EE wgt {A{E val B 0 1 2 3 4
wgt[i-1] val[i-1] 0 [] ) 0 wgt[i-1] valli-1] 0 ) 0 [] L] ]
5N 550
1 5 [} ) 5 1 5 o 0 5 5
2 11 ¥ 0 2 11 * 2 ]
3 15 (% 0 3 15 (3 3 )
R RAEE
®: #:
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] ) dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
[ step 3 ] Step 4
a - [} ] ﬂ - [} ] ﬂ
EE wgt {H{E val ° 1 2 3 4 BE wgt {H{H val el oo i 2 3 4
wgt[i-1] val[i-1] [) ) 0 ) [) wgt[i-1] 0 0 0 [) 0 ]
5N
1 5 [} 0 5 5 5 1 1 [} ? 5 5 5
2 11 * ) 2 2 0 5
3 15 (% 0 3 3 )
RREE TRAEE
#: #:
dpl[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] ) dp[i, c] = max( dp[i - 1, €] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 5 J Step 6
- a @ “ - a B ﬂ
EE wgt {H{E val el oo 1 2 3 4 ERE wgt (W val el o 1 2 3 4
wgt[i-1] val[i-1] ) ) [} 0 ) wgt[i-1] valli-1] ] [} 0 ) 0 [}
1 5 [} 0 5 5 5 5 1 5 ] 1 [} 5 5 5 5
Iy T M T
2 1 ) 5 11 2 11 2 0 5 1 16
3 15 - 0 3 15 o 3 0
RREE FRAEEY
B #:
dpli, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + vall[i-1] ) dp[i, ¢] = max( dp[i - 1, c¢] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 7 Step 8
- a B n - a B "]
EE wgt (H{E val ~c| o 1 2 3 4 EE wgt (AfH val B 0 1 2 3 4
wgt[i-1] valli-1] 0 [} 0 0 0 wgt[i-1] valli-1] [} [ 0 ) 0 [
1 5 [ 0 5 5.5 5 1 5 o 0 5 5 5 5
x N .
2 1 ) 5 1 16 16 2 1 2 ] ; 1 16 16
3 15 (% 0 3 15 (3 3 ) 5
R KRG
B N

dpli, c] = max( dpli - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )

[ step 9 ]

dpli, c] = max( dpli - 1, 1, dpli - 1, ¢ - wgt[i-1]] + val[i-1] )

Step 10
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a - - ] ﬂ - [} ] U
EE wgt (HE val \N ° 1 2 3 4 EE wgt H{E val N o 1 2 3 4
wgt[i-1] val[i-1] 0 ) ) ] [} ) wgt[i-1] valli-1] ] [} 0 ) 0 [}
1 5 (] 1 ) 5 5 5 5 1 5 ] 1 ) 5 5 5 5
2 1 * 2 ) 5 1 16 16 2 11 * 2 05 1 16 16
i 15—
3 15 - 3 0 5 11 3 15 (o 3 [) 5 1116
RREE R
®B: B:
dp[i, c] = max( dp[i - 1, €] , dp[i - 1, c - wgt[i-1]] + val[i-1] ) dp[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 11 Step 12
- - [ ] n - [} [ ] “
EE wgt (H{E val el oo 1 2 3 4 EE wgt (HE val N ° 1 2 3 4
wgt[i-1] wvalli-1] 0 0 0 0 0 0 wgt[i-1] val[i-1] 0 0 0 0 [) 0
1 5 ¢ ) 5 5 5 5 1 5 o 0 5 5 5 5
2 11 ¥ 2 [) 5 \\u 16 2 11 ¥ 2 ] 5 1 16 16
+15
3 15 ® 3 0 5 1 16 20 3 15 @ 3 [ 5 1 16 20
R
#:
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] ) SEEFAMSRN S SRAEE 20
Step 13 Step 14

14-20 0-1 7 B FHIERYEhRE I E AR

4. ZRREN
FE RSB IR RE R LB b — TR REAG R, DR P ] A P R R e B i, s R O(n?)
= O(n) .

L8, WMRESEM —(EMES B RS i R VE? BUR AT, RHEARREHR H Ik 177 s BITRIRS ¥
HREAR, R E— RS, ERGESE « 17, ZEYIRERTRZE « — 11THIIRRE,

GSREREBUE S ER, AREEERE dpli, j) W, 72175 dpli —1,1] ~dpli — 1, j — 1] {EFTREC ASwc T
2, BEREETA G ERERTIRRE RS AR
GUSRERIR LT, HIA &R LR, RS AT DAUEREEST,

14-21 eoR TAEBR RS TESE « = 1 ATHHRESE ¢ = 2 {TRUER, #5831 E FiAHEl & wi i Al

- [ ] [ ] “ - = ] n
EE wgt (H{E val \i\c 0 1 2 3 4 EE wgt (H{E val \N ° 1 B 3 4
wgt[i-1] vall[i-1] [] 0 L] 0 ] 0 wgt[i-1] valli-1] 0 ) 0 L] L] ]
C e C e :
2 1 ¥ 2 [} 2 11 ¥ 2 [ A
3 15 (O 3 0 3 15 (% 3 )
aen-ausen o - ([ EDEDEDED aen—ass o - ((DEDEDEDED
EW 1= 2 i, B dp PEENR 1 = 1 WAIENR BFERE 1 = 2 17, EITREEE

Step 1 Step 2



514 E BHRERIE

www.hello-algo.com

316

EE wgt (HE val

wgt[i-1] val[i-1]

« BN
+
/- KL

o
o
o
o
]

mer—mesws « - [CI) I 0D ED ED

EE wgt (A val

i

c

wgt[i-1] valli-1]

0
1
2
3

@ +s

N s |~ | B
v
o s |n|B

o
o
0 —
)
o

e R ( 0 [ 5 [ [ ] e ]

) BFESRE 1 = 2 17, BITRESS BIFEHE i = 2 7, ETREEB
Step 3 Step 4
€ - a @ ] - a =B [ ]
BEE wgt (HE val el oo 1 2 3 4 EE wgt {H{E val el oo 1 P 3 4
wgt[i-1] valli-1] 0 0 ) 0 0 0 wgt[i-1] val[i-1] 0 0 0 0 [) 0
1 5 o 0 5 5 5 5 1 5 o 0 5 5 5 5
2 11 * 2 o é 11 16 16 2 11 * 2 o - 11 16 16
3 15 (% 3 0 3 15 - 3 )
awn—nnn o - (DEDEDEDED aen-ass o - (D EDEDEDED
) BIFEHS 1 = 2 17, BITRESES STRREDRR, M5 dp RENHRE 1 = 2 WAER
| Step 5 Step 6

@ 14-21 0-1 7 WA i R AL R BN RE R EE i

TERE IS BB, FRMEFRRE IS dp B8 —4E ¢ EREMIBR, A B P e 5 e s 81 e s BT AT -

// = File: knapsack.rs =
/* 0-1 B8 SEREVENEERE «/

fn knapsack_dp_comp(wgt: &[i32], val: &[i32], cap: usize) -> i32 {
let n = wgt.len();
[l etk dp *=
let mut dp = vec![0; cap + 1];
/] ARREETS
for 1 in 1..=n {
/]l BIFE
for ¢ in (1..=cap).rev() {
if wgt[i - 1] <= ¢ as i32 {
/] FEFNEYISR 1 EMEARNRAE
dplc] = std::cmp::max(dplc]l, dplc - wgt[i - 1] as usize] + vall[i - 11);

}
}
dp[cap]

14.5 T2 H 8MHRE

TEAHH, TRy —EE RS aE: 228, Hmern—ERG: Tk
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14.5.1 25 8RH&E

Question
BE n @&, B EYSNERS wet[i — 1], BER valli — 1], M—EFES cap W&, &
Bl AR SGRE, M7ERE S OAE FEMAY SR KEE, RE0E 14-22 fir,

e B8 {HE SesE
i wgtl[i-1] val[i-1] cap = 50
1 10 50 o 1 —

2 20 120 . x2  — m
3 30 150 &

4 40 210 ¥
5 50 240 (>

=RAEE: 290

BEAR: §—E @ IRE = BASE
HiLA 50 HRAE

14-22 seen WRERREER

1. BREREIBER

SE T BN 0-1 AR AL, WML PRI AL B L

- AE0-1 HEMES, YA, BRI AR, HEERERT ¢ — 1 [EYs s,
- T UMET, SRS BERZERE, FIEYE AT R, il BARERT ¢ fav e,

fER T HMENRE T, RE [i, c] WEML T R MBI

C ORI BLO-1 PR, WA [ — 1, ).
BN i B0 ISEMEARR, #EE (i, c— wgtli — 1]].

TR REE RS 7T RESE 7y -

dpli, c] = max(dp[i — 1, ¢|, dp[i, c — wgt[i — 1]] + val]i — 1])

2. EARER

BLEmIEE H AORECHS, KRB E &It — 1 8%, Hipme 8
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// == File: unbounded_knapsack.rs =

/* T2EE: BREHRE +/
fn unbounded_knapsack_dp(wgt: &[132], val: &[i32], cap: usize) -> i32 {
let n = wgt.len();
[l ek dp *=
let mut dp = vec![vec![0; cap + 1]; n + 11;
/] KREER
for 1 in 1..=n {
for ¢ in 1..=cap {
if wgt[i - 1] > ¢ as i32 {
// BBBREERE, AfEYR 1
dplillc] = dpl[i - 11[cl;
} else {
/] FEFNEYISRE 1 EMEARNRAE
dp[illc] = std::cmp::max(dp[i - 1]1[c], dpl[illc - wgt[i - 1] as usize] + valli -
- 11);

h

}
return dp[nllcap]l;

3. TRRER

H A B AT AR RE R A8 AN _RIB AR RE AR T AR Y, IRt B B AR R ME % dp b s —1TIBAT IR A
%O

EMEEFNEFE 0-1 HRIELAH, FHFEBNIE 14-23 ACERfRME HIE 5],

- a & & B . a & @& @
EE wgt (H{E val oo 1 2 3 4 EE wgt (H{E val e oo n 2 3 4
wgt[i-11 vall[i-1] 0 0 0 0 0 0 wgt[i-1] val[i-1] [) 0 0 0 [) 0
2 1 * 2 ) 2 11 ¥ 2 ] 5
3 15 - 3 [] 3 15 (3 3 )
wen-ancren « - (ENEDEDEIED wen-ancren + - (ENEDEDEIED
ESH 1= 2 7, B dp PREEFNE i = 1 OFAENE EFENSE 1 = 2 17, ETRESE
Step 1 J Step 2
- ] ] “ - ] ] u
ER wgt {H{E val el oo 1 2 3 4 EE wgt (HE val el o 1 2 3 4
wgt[i-11 valli-1] ] ) ° 0 ] ) wgtl[i-11 valli-1] 0 ] ) ) o ]
1 5 [} 1 0 5 10 [EEERENPT) 1 5 ] 1 ) 5 10 15 [ED)
2 1 * 2 [) 5 11 2 1 * 2 ] 5 11 16
3 15 - 3 0 *11 3 15 - 3 ° +i1
aen—assn o - (D EDEIERED wen-assn o - ((DEDEICIED
EFEDSE 1 = 2 17, ETRESE ERFEDSE 1 = 2 17, ETRESE

Step 3 Step 4
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a - = [ ] “
EE wgt {H{E val \N 0 1 2 3 4
wgt[i-11  valli-1] ] o 0 0 3 0
1 5 (] 1 5 10 15 20
2 1 * 2 [ 5 1 16 22
3 15 - 3 ) 11

awn-ani o - (D EDEDED

EFESRE 1 = 2 17, BITRESS
Step 5

14-23 sEenuMEEs

RIS EH LUl B, (TR M dp RYSE—AEMIPR:

// == File: unbounded_knapsack.rs =

/* TEEE: TEREMRNEERE «/

EE wgt fHE val N o

wgt[i-1] valli-1]

]

[ERSN
~

1 5 ] 10 15 20

0
1
2 11 2
3

@ ~s

3 15

uwen—musms o - |([E)EDEDEDED

TREDE, B dp BENRE 1 - 2 WAENR

o

Step 6

MR LR B RE S B A

£n unbounded_knapsack_dp_comp(wgt: &[i32], val: &[i32], cap: usize) -> i32 {
let n = wgt.len();
// Wk dp R
let mut dp = vec![0; cap + 11;
/] ARREEE
for 1 in 1..=n {
for ¢ in 1..=cap {
if wgt[i - 1] > ¢ as 132 {
/| EEBREeRE, AfEYR 1
dplc] = dplcl;
} else {
/] FEMNBEYISE 1 EMELENRAE
dplc] = std::cmp::max(dplc]l, dplc - wgt[i - 1] as usize] + vall[i - 11);

}
}
dp[capl

14.5.2 ERRIBRFIE

HHEEZ - REBEHEBREN IR, HEEREEE, AT,

Question

FATE n FEREYS, 55 MEREMSRVE(E S coins[i — 1], BREREEA amt , SFREREE ] DAEBHEI, [

REFR Y IR AR DR, IRETAGR G B8, RANRE —1 . SREIANE 14-24 FR,
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F=l EfE
i coins[i-1] BifEE
1 N . amt = 11
\ -
2 2 $
3 5 @ x2 /

BOEEHE: 3
sEEsEs. @+ ©+©

14-24  ZE 4T HER R EIER

1. BEREIBER

TSR DB R 2T RN —REREREDL, A B DT B BN [F 8

- PIERER] DAHE S, YT BE CREET, “PahER” BIE HEREET, HUART HE "HES

- RECEHENR, BeT ERERERAMY)EE, TEICHREER SR/ MR,
- EEEUMERR NEET SR MM, TERORER Ry BRI BRI

S BEERITOR, ERIRE, TR dp %

RAE 4, o] SHREE FRIES: B ARERAEMTEI AN o M DRIBOR, 5% dpli,a) .
—4f dp BIRS 2 (n+ 1) x (amt +1).

B RN TGN, TR AR 7 R

AR5 At R AR 7 R 7 1E DL T2 5,

- ARBEERIME, EEEEH T max() Eeks min() .
- R RO TR U, SRR AT 11 AT,

dpli,a] = min(dp[i — 1, al, dp[i,a — coins[i — 1]] + 1)

B WS SRR R A
HEESHER 0K, BHENROEEERES 0, NESIFE dpli, 0] #%R 0.

BN, MRARIEE > 0 MEESHE, FU2MNR, HEREER 7 EBN min() HEXAEHRR L
B, MR oo REREM, BILEITANE dpl0, a] #EHR 00,
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2. EERRER

REYREGE S MARIR AL +oo A%, HABMEAER int MRAERMNE, MiE X &ESCRES: ke
TR +1 18 E A RESE A AL,

i, BRIMERAET amt + 1 RERIER, HRRE amt WEEEERZ S amt . RBIREIE, B
dp[n, amt] BEFR amt + 1, FHRABRE —1, REEERL B, R0 R:

// == File: coin_change.rs =

[* ZEERH: BHRERE +/
fn coin_change_dp(coins: &[i32], amt: usize) -> i32 {
let n = coins.len();
let max = amt + 1;
/] #EE dp &
let mut dp = vec![vec![0; amt + 1]; n + 1];
// REEEHE: BITEY
for a in 1..=amt {
dple][al = max;
+
/] ARREERFE . HERITAT!
for 1 in 1..=n {
for a in 1..=amt {
if coins[i - 1] > a as 132 {
/] BEBBEIZEEEE, AfEER 1
dp[illa] = dp[i - 11[al;
} else {
/] FEFEEE 1 EmEARNBIME
dpl[ill[a] = std::cmp::min(dp[i - 11[al, dp[il[a - coins[i - 1] as usize] + 1);

+
+
if dp[n][amt] !'= max {
return dp[n][amt] as i32;
} else {
-1
+

14-25 foR T FE TR BIE BB R, MEeh EREIEEMTL,

5 & 6 6 5 & & 68
B9 EE pale 1 2 3 s EE el 1 o2 s
coins[i-1] 0 i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 1 1 ® ! 3
2 2 @ 2 2 e - 3
3 5 @ - 3 5 @ 3| o
EHES n-3 EfRSE amt = 4 EWEE n-=3 EiESE amt = 4
MEHWRTA (n+1) x (amt+1) B dp % AW ETTH max = amt + 1 | EHIIH 0

Step 1 Step 2
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5 &4 & 6
=R EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! o 1
2 2 @ - 0 *t
3 5 @ | o
FRAEEY
#:
dpli, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1 )
[ Step 3
s & & 6 6
MR EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX M?X MAX
1 1 @ : 0 1 2 3
2 2 @ [) 1
3 5 @ 3 0
s
d‘p[i, a] = min( dp[i - 1, al , dpli, a - coins[i-1]] + 1 )
[ Step 5
y & & 6 @
=R EfE e e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! ° BN - 3 4
2 2 @ 2|0 1
3 5 @ | o
HRREE
#:
dp[i, a] = min( dp[i - 1, al] , dp[i, a - coins[i-1]] + 1 )
[step 7 |
s & & 6 6
R EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 0 1 2 % 4
2 2 @ - 0 1 1 2
3 5 @ 3 0 "
R
#:
dpli, al = min( dp[i - 1, a] , dpli, a - coins[i-1]1] + 1)
[step 9 |
5 & 8 68
R il el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ® ! 0 12 3 4
2 2 @ 2| o | e
3 5 @ |0 1
HRREE
#:
dp[i, al] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
Step 11

i 4 & 6
& EfE h [ 1 2 3 4
i coins[i-1] 0 0 MAX MAX MAX  MAX
1 1 @ ! 0 1 2
2 2 @ - 0 *1
3 5 @ | o
HRREE
#:
dpli, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1 )
Step &
&8 & & 8
R EiE 3 [} 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 o : ] 1 2 3 4
2 2 @ » ] 1
3 5 @ 3 [
R
db[i, al = min( dp[i - 1, al , dpli, a - coins[i-1]] + 1 )
Step 6
i 4 & 6
R EE h 0 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 3 1 ; 3 4
2 2 ® 2|00 1 1
3 5 ® 33| "
KRR
#:
dp[i, a] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
Step 8 |
s & & &8
Eot EfE 3 [} 1 2 3 4
i coins[i-1] o 0 MAX  MAX  MAX  MAX
1 1 @ ! [} 1 2 3 3
2 2 @ [} 1 1 2 2
3 5 @ s | o ‘1
R
#:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
[step 10
: & & 6 6
R EfE R 0 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ® ! 3 12 3 4
2 2 ® 2|e¢ 1 5
3 5 @ : | o 11
KRR
#:
dp[i, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 )

Step 12
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i & & 8 5 & 6 6
=R EfE el 1 2 3 4 (] EfE i 0 1 2 3 4
i coins[i-1] [ 0 MAX  MAX  MAX  MAX i coins[i-1] ) [ MAX  MAX  MAX  MAX
1 1 @ ! 0 1 2 3 1 1 1 0 1 2 3 4
2 2 @ 2|0 1 1 e 2 2 2 e 11 2 2
3 5 @ - [} 1 1 2 3 5 3 0 1 1 2 2
i RAEE
#: ®:
dp[i, al] = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 ) dp[i, al = min( dpli - 1, a] , dp[i, a - coins[i-1]] + 1 )
Step 13 | Step 14
i & & 8
RS miE \i\a 0 1 2 3 4
i coins[i-1] ) 0 MAX MAX MAX MAX
1 1 @ 1 0 1 2 3 4
2 2 @ 2 o 1 1 2 2
3 5 @ 3 0 1 1 2 2
EEREERERNROEERE 2
Step 15

14-25 ST AR B RE R E) A

3. FHRER

TR =S B B AR R X e 2 S B — 2
// == File: coin_change.rs =

[* B TERECRINERERE «/
fn coin_change_dp_comp(coins: &[i32], amt: usize) -> 132 {
let n = coins.len();
let max = amt + 1;
/] #EE dp &
let mut dp = vec![0; amt + 1];
dp.fill(max);
dp[e] = 0;
/] e
for i in 1..=n {
for a in 1..=amt {
if coins[i - 1] > a as i32 {
/] EBBEIEEE, B EEE i
dplal = dpl[al;
} else {
/] BEFEFEE 1 EmESENEY/IME

dpl[a] = std::cmp::min(dp[al, dp[a - coins[i - 1] as usize] + 1);

}
¥
if dplamt] !'= max {
return dp[amt] as i32;
} else {
-4
¥
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14.5.3 EEERFIGMRE N

Question
G87E n REREYE, S8 0 FEREWSINTEES coins[i — 1), BELSEEA amt , SRR DAEEER, M
H RS HR A S BR, RBIAE 14-26 Fn.

iReR EfE
i coins[i-1] BiEEE
amt = 5
1 1
2 2 $
3 5 (5]
EEASHE: 4
EASHR: + + + +
+ + +
+ +

14-26 ZEETHARTE 11 R AIE R

1. BREREIEHE
FAHEH b, A E SR AR, [ RIS B 0 ARt R o IALABUR. T dp
FORBR 2 (n 4+ 1) x (amt + 1) (-4,

ERIRABAIAL & B SR B R B A B WO AR IR A B 2, SRR RS 77

dpli,a] = dpli — 1,a] + dp[i,a — coins[i — 1]]

B HESEA O, MZDRIBEAEEAI S BReH, BB ESITE dpli, 0] #uhts 1, B
R, SEEIER > 0 MBS, HEETHE dpl0, a] R0,

2. EARER

// == File: coin_change_ii.rs =

[* TBIERM I1. SHREFRSB] «/

fn coin_change_ii_dp(coins: &[i32], amt: usize) -> i32 {
let n = coins.len();
[/ Wk dp R
let mut dp = vec![vec![0; amt + 1]; n + 11;
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!l B ES
for i in 0..=n {
dpl[il[e] = 1;
¥
/] ARREEF
for i in 1..=n {
for a in 1..=amt {
if coins[i - 1] > a as i32 {
/] BEBBEIZEEEE, AfEEE 1
dp[illal = dp[i - 11[al;
} else {
/] FEFEEE 1 EmEARZM
dpl[illa] = dp[i - 1]1[a] + dp[illa - coins[i - 1] as usizel;

}
}
dp[n][amt]

3. FHRER

B ERAR R 7T AR, M RRAE S A RN AT
// == File: coin_change_ii.rs =

[* ZEFM 11 TERECRNERERSE «/
fn coin_change_ii_dp_comp(coins: &[i32], amt: usize) -> 132 {
let n = coins.len();
[l %k dp *=
let mut dp = vec![0; amt + 1];
dpl0] = 1;
/] KRB
for 1 in 1..=n {
for a in 1..=amt {
if coins[i - 1] > a as i32 {
/] EBBEIEEE, B EEE i
dpla] = dplal;
} else {
/] EAEEE 1 EmERRZM
dplal] = dpl[a] + dp[a - coins[i - 1] as usizel;

by

}
dp[amt]

14.6 #mEEEEEHRSIRE

AnEEEEAE, UM% Levenshtein i, fEMiflETH: < M EAHERAT R MESOREL, JEH HREESRRRA AR

A5 5 e A {37 DA A
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Question
HPE T s 1 t, IREK s A ¢ rasiE/ D a8,
VRA] DATE— {8 7 BB FhofEA T = REAm iR e A —EFoT. MBR—EFoT. HEoEisttE—E50,

Nl 14-27 R, fF kitten My sitting FREMTHE 3 20, TG 2 DO BURIEE 1 JUBTIEIR(E; 1 hello
W2y algo T 3 4, QIS 2 SO HRIRIERN 1 IRIMBRIRIE,

s- E0800 s- (80080
lgm lﬁﬁlﬁﬁ m%llsﬁlgm
Gl o] oDoo

- BE88080800 - (3E80

14-27 SRARBEAEAY R IIEOR)

A AR AT DR BRI DUR BBV iRE, R IER IR, —HRDUR (—IRATHIRIE) BRI —
g,

qniE 14-28 FoR, EABRFERIEAIEICT, SEERHERR URAE HFF 20508, SigEE —ERiE, SRk
FHIE hello HHRF| algo HiF 2 AT REAYEETE,

TERRRI R, AR ESE R ARG hello METE: algo < MIHYEIEIETE,

14-28  FLJRIRAR BRI R S i PR A Rl R
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1. BHREREIBER

B BERRORE, ERINGE, Rmesl dp &
BRI T s T XA,

TR AL IHREIERER, PSRBT, A AR TR, 3250 s M £ ORISR n
film, % A R IE sln — 1) F1 t{m — 1] .

- i s[n — 1A t[m — 1) HER, TR ABOBE, EEEE sin — 2] F1 Hm — 2] .
C #s[n— 1 A t[m — 1] R, RIEES s 8T REE GEA. MR, iR, FERTE RS
FIEAIR, FETTAT ABOB M, % R N R,

s, FFMETH s PIETHEmRR (GRiERE), MEHERE s ¢ PRIERRIRFILAC T3 R L,
Ktt, ARREZERITE s F1 ¢ HhB AV ¢ FI58 j 57T, &% [1,7].

YRAE [i, j] SRERO TRERE: 9§ s O ¢ MR EREs £ IR § MERimi D
S, BE RS (1) x (+ 1) 4 dp %,
o PR TR, TR RS R

208 TR dpli, j], HEBEITET RS s[i — 1) A ¢[j — 1], AORSR R AR SR 5 2
14-29 FiRHY = REIRH.

1. 16 s[i — 1] 24%H t[j — 1], BRI TFRIE dpli, j — 1],
2. WBR s[i — 1], HIRISKTRIE dpli — 1, 4]
3. W s[i — 1) Bt i — 1), BUEIBR FRIEE dpli — 1,5 — 1],

EREPHLE e

00000
(c[o]d]e] (c[o]d
dpli, j-1]
fE% k
s - BB0OC 080
‘- (T ]
dpli, jl dp[i-1, j]
1 k #in8 e
(b]o]o]e]
(cJold]e] (c]o]d
dpli-1, j-1]

14-29 HWiEEE AR REHES

FROEDA L5V, ISR TA5HE: dpli, j] BRGSO dpli, 5 — 1] dpli— 1, 4] dpli—1,5—1]
SHPIR RIS, FI AR 1, SRR R
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dp[laj] = mll’l(dp[l,j - 1]7dp[2 - 17]]7dp[2 - 17] - 1]) +1

SERE, B s[i— 1) R t[j — 1] RIRING, SCRGMRERITIT, SR Rk s

=8 R SRR E R RS IE

N FERE AR, MELSEA 0, B dp[0,0] =0, & s &=H t RAZR, R/DMREDBER t WRE,
BT dpl0, j] = jo & s TAZME t =K, BOMEBAEER s WRE, BIEF dpli,0] =i,

BISRREERE /7 H2, R dpli, j] HEATT. 177, 72 LM, TR IZs 3 e A 1 2 (8 dp REANFT
2. EXRER

// == File: edit_distance.rs =

/* HmEEEERE: ENREFRE x/
fn edit_distance_dp(s: &str, t: &str) -> i32 {
let (n, m) = (s.len(), t.len());
let mut dp = vec![vec![0; m + 1]; n + 1];
[/ REEE: BITEY
for 1 in 1..=n {
dp[i][0] = i as 132;
}
for j in 1..m {
dp[0][3] = j as i32;
}
/] ARREETE: HER
for i in 1..=n
for j in 1..=m {
if s.chars().nth(i - 1) = t.chars().nth(j - 1) {
// BEmMFTEE, AEEEILEMTFT
dp[il[j] = dp[i - 11[F - 11;

705
{

} else {
/] BRVRESE = A bk, BREZFRENRIVEESE + 1
dp[il[3] =
std::cmp::min(std::cmp::min(dp[il[j - 11, dp[i - 11[31), dpli - 21[F - 211)
o+ 1;
}
+
}
dp[n][m]

Qe 14-30 B, R0 e ] R A RE A I R BT U PR B AL, # AT DA PRI — 8 — A RS 08
.



14 E BHRERIE

www.hello-algo.com

329

ooon

h J
0
0 :
8 :
[ I
s = “bag”
n=3

t = “pack”
m

=4

MEHRTH (n+1) x (m+1) 89 dp &R

o880

FRAEEY

4pli, 31 = min( dpl3,

s |

1R
dpli, 31 = min( dpli,

e
dpli, 31 = min( dpli,

Step 7

e

4pli, 31 = min( dpl3,

[ Step 9 l

o 1 2 3 4

e 1 2 3 &4

j-11 , dpli-1, 31 , dpli-1, j-11 ) + 1

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1

j-11 , dpli-1, jI , dpli-1, j-11 ) + 1

j-11 , dpli-1, j1 , dp[i-1, j-1]1 ) + 1

ooan

MeateETT dple, j1=3 « &F dpli, 01=1

Step 2 |
o
0
l' 1
[ 2 [
[ < S
#:ﬁﬂ
dpli, 31 = min( dpli,
[ Step & ]

1R
dpli, 31 = min( dpli,

HRAEES
B

e slin1]=tli-1] = ‘a’

‘ Step 8

R

pli, 31 = min( dpli,

[Step 10]

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1

« dpli, j] = dpli-1, j-1]

j-11 , dpli-1, jl , dpli-1, j-1] ) + 1
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3] :
SNle 12 3 4 SNle 12 3 4
0 o 1 2 3 4 o [0 1 2 3 4
I’ 101 1 2 3 4 l’ 101 1 2 3 4
l' 2 |2 2 1 2 3 t’ 2 |2 2 1 2 3
+1 +1
l’ 3 |3 3 !’ 3 (3 3 2
KRG R
#: #:
dpli, j1 = min( dpli, j-11 , dpli-1, 31 , dpli, 31 = min( dpli, j-11 , dpli-1, 31,
lStep 11 Step 12
ooan ooga
;\j o 1 2 3 4 i\gi 0 1 2 3 4
o o 1 2 3 4 o o 1 2 3 4
l:' 101 1 2 3 4 l:' 11 1 2 3 4
'E' 2 |2 2 1 2 3 'E. 2 |2 2 1 2 3
+1 +1
lE' 303 3 2 2 lEl 3 (3 3 2 2 3
R KRGS
dpli, j] = min( dp[i, j-1] , dpli-1, 3] , dpli-1, j-1]1 ) + 1 dpli, j] = min( dp[i, j-1] , dpli-1, j1 , dpli-1, j-1] ) + 1
Step 13 Step 14
oaan
SNle 1 2 3 4
o o 1 2 3 4
l:l 101 1 2 3 4
':. 2 |2 2 1 2 3
':' 3 [3 3 2 2 3

EBERREESH 3

Step 15

14-30 #wiEERAERBRE SIEERE

3. FHRER

f dpli, §] e 57 dpli — 1, 7). 75 dpli, j — 1]. 7 E77 dpli — 1, — 1] SESTSRHY, T )
FFEN LT dpli — 1,5 — 1], BIFESREEIRATRE dpli,j — 1], EILAREIERER T,

itk TR DAGEF —E % Leftup R FA LTI dpli — 1,7 — 1], MR TE AT LT H#
Rt e 21 WREA R, AlER L ER . U NTR:

// == File: edit_distance.rs =

/* 4REERERE. TRIREMEBINEIRERE] */
fn edit_distance_dp_comp(s: &str, t: &str) -> 132 {
let (n, m) = (s.len(), t.len());
let mut dp = vec![0; m + 1];
/] IRREER: BT
for j in 1..m {
dp[j]l = j as 132;
¥
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/] ARREEEFS: HERT
for i in 1..=n {
/] HKREERE: 575
let mut leftup = dpl[0]; // &7F dpli-1, j-11]
dp[0] = i as i32;
/] RREEEFE: HERY
for j in 1..=m {
let temp = dpl[3j];
if s.chars().nth(i - 1) = t.chars().nth(j - 1) {
// EWMFTEE, AEREELLMFT
dplj] = leftup;
} else {
/] =VRETE = iEA. bR BRE=EIRENRVHEESH + 1
dp[j] = std::cmp::min(std::cmp::min(dp[j - 11, dp[jl), leftup) + 1;
}
leftup = temp; // EFAT—&®wH dpli-1, j-11]
¥

dp[m]

14.7 &L

1. ERSEIEE

- BRERIEIE T M, DB T RER AR E R, EREt R,

- AEERHATIE T, FraBREHEIFEART TR (B TR, ERERH AR
BT, PR, ERSIAGIELRS, Al DA ATA st RO R 7 I RIR, 1 or e S 1
EABE R IR,

- ALl s R M TH R AR ARE, Tl BB B RE MR R B THAR M, H
il “HEERKT . HREATIREE R IR MIRGE, RIERAT AT DAHER dp RA9—(EMEE,
T R AR R AR

- FHED - EEHEERER, £, SEEE. B EA N R,

- BRI KR BRI, R TR, SR

- WRE TR AR PR T DA 7 P R B A AR 2, HI e B e 1A

RSB ER —EARRE, ORI BLRIRRE B, 1 B AR TR IR w2 SR E
TR B SRR, TR G A Eh AR PR iR
GG

- HEMEREINERREME L —, BA -1 5E., Beut. ZHEETUESE,

- 0-1 BHAIREER A« AYRETES c NEEPRAEE, RIENBIASE AT ERiER
R, AMSEIRE AN, WAEHIREER R, EERERS, BRSEIRERIE ERE )5
HORRE, RIETREEFER B, /e EikE s =,

- e TR Y S AR R IR, KIS AR A L 0-1 B RMEANE, BN
ARREMRHAIE B 77 FIIEZETTHOIRAE, (Rt AE 2 P AR A I IE P AE i

- BEHEER 2T WA S, B “RORT EEERK RN EEGE, FItiREE
Bo7ifEr i max() XA min() . fEER “NEE” EEARINER “BiF” B EESEE, KIS
M amt + 1 3R “HEERHEERET IR0,
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- BEROTHE TR R DRI R MR “REWAH AR, ARREERS T AR EHAE min() K%
RIMER T

A 2 A )

- A (Levenshtein BERE) UGS RiME 7 Hh 2 FIRIRIUE, HERBIE—ET7HE 5 — 55
MR/ DR DB, AREEIRIEEIEETE. MBR, B,

< I D R R REE R R s BT @ BT A ¢ BRI R B R D AR B B
s[i] # t[j] W, BAZREIRE: Brig. MBR, B, erEAHEERRIER R, SR a] DUk 5
FHEMEREIREER TR, TE s[i] = t[j] Ik, MEREETTTIC

- AEAWEREERECD, RREMHILIE 77, IE/E75. 72 BITHOARRE, RIS s AR (AR 1 B o AE T AT A 12
IEMEREITHRREERS, Zuitt, FRAAIA — RSB0 17 /2 BT iRAE, femE ks B oe e MR ER T
P, AT DAME S MR R T IERPAE 7o
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Abstract
Al H 25 KI5, ReZIER B & R EE,
BAE RIS AE — i Y f BB, BPEMREE R,




H15E G www.hello-algo.com 334

15.1 S¥ERZE

BEEEL (greedy algorithm) 22— RARD R AL RERTIRE,  HAEA AR AE P ) £ 8 DR SRR
B, WOREATE AR EREE, Rt Bt R ERRER, DHER et R, S8mEk
R E R, TERF 2 HIRME G ERZRIER .

B IR EN B R R R, B A MR, iR B AR,
B AR AR,

- BYRERE SRR RIS BRI A DR B RTTRER, {38 2 7 R A e A s i PR A i

- BMEERAGEREENDGR, M2 —RAaTHE T B2, TR, BB,
FMCE BB TR A EIAR TAERM, EEECRE el iiE” =ZHih 4, A
BUREFE AR,

Question
47E n REEEYE, S8 ¢ REREWSTNTEES coinsli — 1), BRESEA amt , SRERE ] DIEEER, [
RSB BIESEN R DB R, REREL RS, ARE —1,

AR S AE RIS AN 15-1 e a7 AR, SRR KR Hidin enins, Bz
LER, HERBESEA L,

15-1 RSB EAETRNE

BB TR
// == File: coin_change_greedy.rs =

[* ZERM: BF «/
fn coin_change_greedy(coins: &[i32], mut amt: i32) -> i32 {
// 8% coins EFIERE

let mut i = coins.len() - 1;
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let mut count = 0;
/] BEETEEEE, BRIERGRESRE
while amt > 0 {
/] EINR BRIZRE R AR S REAVRE S
while i > 0 && coins[i] > amt {
i-=1;
+
// #EE coins[i]
amt -= coins[i];
count += 1;
}
/] BEXRFEBIAITHESE, BRE] -1
if amt = 0 {
count
} else {
-1
}

IRATRE G A3 R So clean | BARHBIAME ML TR ISR ARR T ZEE TR,

15.1.1 BREREZNERAERTE

B IR AR B, BB, L@ R PR AR, 72 DA LR, SO RN E{E A min(coins)
, RIEAAESE 2 WM amt/ min(coins) IR, RHEHEZR O(amt/ min(coins)) . & HLEIRERIBIfEE
RERIEREE O(n X amt) /N T —(EBELR,

SRIM, BRI m{EAL S, BRI R, & 15-2 4 T mER G,

- 1EHI coins = [1,5, 10,20, 50, 100]: fEs%MEMHAE R, $EMRE amt , EAEEFEIRERA ARSI
iR

- Rl coins = [1,20,50]: &% amt = 60, EEEEA AR 50 + 1 x 10 Reiis, 3t
11 #s, (HB)RERREI AT DUREIE AR 20 + 20 + 20, {£7F 3 A,

- &Pl coins = [1,49,50]: &% amt = 98, EREELEHAERE 50 + 1 x 48 Wi s, 3
49 Ml (HENRERIEI T AR R B 49 4 49, #7575 2 B,

oy
o

puill
T

13 Bifss ARREARELR BRERERESE
(SRR RRR) (SIRIERBARR)

(1) 60 +@x10 x3
@ 98 +@x48 xz

15-2 EAHAIREESR R ERIRE]

s, ERTEROREE, SAHRREARERS 2B RER, I HAREREIER ER, EF
18 & FH BN RE AR R R
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—REIS, BEAEEEIARE L DA R,

L. Al DAPREETR B i S AR RIAE ISR S L MET R R R, N e LM, BIRESIE 5 =R,
2. nIDRENE IR B B E BRI MR AT IR, BIRRZ AR AR, SHkemitRE
fRAEH N, RE UGS RORIE B R 2 TR S5 R,

15.1.2 S¥EFEEIFH
ARERIER T, TR & H B EE POR Y BiE R, EEEEEMN SN Nl DMEE RS &
B2
HHEGAENREFRE], B LM EMETZ], H SR R E A
- BAMREE . A E R RERERA ] LB eI BB R, SEE LA IR S REE,
IR TENE A R R LS T R R B R
RETEHOCKE “BIERE” ZHPNHE, BEAHEER, EEFENE, —EHENRE TR
BHEE, (EASAR] (6 FH BB AR,

T T ER T AR E AT, R ERRE R, HEEE BRI, Satk
IRV RIS 3

pranF e, KMEERGESN A SRR G, BEEBENEETER, HRERSERA, WRMH:
T PR PF B A1 5l DAfSE P B AR R OR M2 TR X RE IR RE B R BB 0] - 2t — (AR A AT Y
B, M DAE R B R

Quote

H—RESCEH T O(n®) BRI AEEIE, FIR R —(ERE AR & RE 75 (5 F A A8 i BRI
HH A B AR A SR A

Pearson, D. A polynomial-time algorithm for the change-making problem[J]. Operations
Research Letters, 2005, 33(3): 231-234.

15.1.3 S¥ERIRETE

B ER R TR A 0 2% AR =25
L. W8 WiEREBARRTERE, EAREE R, RELBERMAREES, &P ERHE G

REEY M.
2. MR BRI HEOEIE S — D BRI, EARIRRESIE S — PR AR R, i AR
DR,

3. IEREMEREN: B R E RS A AR R E R B T, E1EP B RERRE 2B, B
QN BRATR B R TR

FEE SR SRS 2 SRR OV BR, (AR AR AR A 5, TEA UREE,

- AIRIETER BRI 2 BB, BT 2 AR, BRI LR R, MBI — LA B B
ERUAESS o TSN — LM, SRR AT REAR R R, SRR DU IR =5 Bl A\ R R AE Bl
HRIRREN T,
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SR ARG AT ORI R B RS O R at i SRR, 5 AR G R ST, RAT
REFEBLAR > HIBARPIETR R, ER N DRGNS 2 "M EME” 1), BRI i
o (1 HSE SR

7 T REEIERENE, FRIMERZE SR TRGER BUR R, W T B S sk ol R B i

R, IEREMEREPI AR ATREAN R — MBS, AnAs I saRE, BAMIEE & s m i E B TR S PR,
— B SR E AR R

15.1.4 BRERZADFIE

BEASEELIRE AR B AR R M E AR AR I s AL R, DURAIER 7 — S SR S AT RTA
ﬁ:ﬁ% o

- BT A ST, ASERIRGUE A DS B R .

- ImPEHPRRE: (REURE — TS, BEERE BN EPEST, IRAYE SR SEE Al REZ RIIEFS. W
REFRESE R RN R e FAUERS, R S AR RTR L A] DS 2 B B

© rBE B AT AETE R ERER, REEEREE Y, ARRERTEARER, H
ABEERR, WRSEEREN RS (FBE/ EHE) Y8, IR ERIRE—EEI T A S
Elll g 3N

- REEHERRE: A AR R ERER, (KA DUETTZREE, EARIREAER AR, AREEE H
ZHINRERE, BRI AR,

- ERBHNE: ERSMIE NN R R B AR, BEMEEREN, BUOERHBUR
KRR AR S 0F, RESZINERSMIVFERERE WGBRE) &,

- Dijkstra 3RE: B2 —FEARRAE T IR TERG S AR-2 TERG A B R s 1S P R BT AT TR

15.2 HEEaME

Question

B n @IS, B EYSNERS wet[i — 1], EER valli — 1], M—EEES cap W&, &
E i R BERE — R, (HA] DUEEWIN— s, BFARIEEENE R LIS, MERES AR
NHEAUPYEARREE, REIE 15-3 FR.
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W EE fHfE

i wgt[i-1] val[i-1]

1 10 50 ] BAER HazEE
2 20 120 20 cap = 50
3 30 150 B ™~ m
4 40 210 bd 30—

5 50 240 (>

BAEE: 120 + (30/40)x210 = 277.5

BESE: BRE A 30 58 ¥ pAEe
H{EM 50 HEAE

15-3 P BUE SRR G R

SRS CLRIREA O-1 75 CLPAEACRE FAERAE0L, KBRS AT | AR o, EEERIE S RAR T
N
RFBHER, ABAT RGN 5y, W6 154 Fis, BPio SUEHms e eiTYI5y, kit
B st S .

1 SOAYIR TSGR R RIS valli — 1)/wgt]i — 1], BRSALEIE,

2. [ER A i, ER w, B EMIIEES w x valli — 1] /wgt[i — 1] .

RN EE HE BEE
val[i-1]
i wgt[i-1] val[i-1]
wgt[i-1]
1 10 50 5 ) B BRI Hanm
ENER BIEE MnEE
2 20 120 6 _ e
va -
3 30 150 5 & Yo gtlicll u
4 40 210 5.5 %
5 50 240 4.8 7

15-4 PyinfE A R B NYEE

1. ERIREE
RAMHE RN RREE, AH BREACEA R FRYSMELL, I r] R E 15-5 FroRi s
[

L ¥t SR BN EE T s EHROETHER
2. FEFAATEY)SL, e AR B A AR S P
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3. HHIEREHARANE, RIEEHE R RE— BT B

G EE fHE  E{EE
vall[i-1] RSB EE

i wgtli-1] valli-1] wetlio1] HEBHEHE

2 20 120 6 2

4 40 210 5.25 % P —

1 10 50 5 ) BREEUBEESNYS
3 30 150 5 Y

5 50 240 4.8 7

15-5 2 80E R S AR RS

2. ERBER

BATEENL 7 —EY) e Ttem , DAREREY SIS IR B B EDEITHE . EME T RAERE, EHuaimkk
HH S [ -

// == File: fractional_knapsack.rs =

/* Y& */

struct Item {
w: 132, // ¥YImEE
v: 132, // ¥&EE

}
impl Item {
fn new(w: i32, v: 132) -> Self {
Self {w, v}
+
}

/* DEEE: Y */
fn fractional_knapsack(wgt: &[i32], val: &[i32], mut cap: i32) -> f64 {
// BiYmey, aamEBY: 25, BE
let mut items = wgt
.iter()
.zip(val.iter())
.map(|(&w, &v)| Item::new(w, v))
.collect::<Vec<Item>>();
// RBBE(IEE item.v / item.w REINLETHRF
items.sort_by(la, bl {
(b.v as fé64 / b.w as fé4)
.partial_cmp(&(a.v as f64 / a.w as f64))
.unwrap()
B
// EEEEEE
let mut res = 0.0;
for item in &items {
if item.w <= cap {
/| BERHRERE, RKEFYREELZESS
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res += item.v as fé4;
cap -= item.w;
} else {
/| BERFRERRE, UIREMYaN—SoRES R
res += item.v as f64 / item.w as f64 % cap as f64;
/| BERGEE, FEIHEE
break;

res

INEEHE P TR EE R R AR 2 O(logn) , ZSHEEMEER % O(logn) 8 O(n) , BURRERGES
AU EREE B,

BRHbr28h, TERZERIN, FEEFREMBS], FUREEHES O(n), B n Z¥6EE,
HIRFIGEI T — 18 Ttem MfFER%, BRILERMBIHEES O(n) .

3. IFHE14:E88

PR RGEETR, Beah v REAEER SO, BRREEARGRAEES res, HBH AL EYM
To

Bt E U EH A ERAEREY R, WERARMEENYS v . BV v FEACEERS, FILE
RMMEE TR res o T8 res REREWPIE, SRERPLAEET 2 .

BN HAY 5, BT DR EAF . MME <z, BAEEE RPN ER E R, S0
HH B AR SR 2 B R

niE 15-6 R, QSRR fh EE BRI S B B 70 BB 1 — ok A R A B An At s, S0 o> 8Os R R
2y “SRAEA PR T BRI ORI SRR LT DR BRI 1E A% (T Ay L B A B 2E SRS (1 R

YREEE
5.25 5 5
* 1 (9
YRES
40 10 30
50
B “azE

15-6 7 EE WRHEREMRR
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15.3 RAB=RIE

Question

g AN— ] bt , HHESETERR—EEERRNEE, HIHREERERR, AR EMz
B =3 i ] DAAE R — 525

A A BEFREEMRERNFME (HfE), HiSEHBENRERIE, M E R EE RS |
ZE,

FHTERA RN ERENR, FEREARNASRNARERRK, RERAKAE, REIGE 15-7 i,

bl

e B N W B U N ®

S
[y
[
w
&~
(L]
[=)]
~

15-7 BRARARHERRAE R

AR AR AL, RIAERGIRE 2 MR AR ARG ], L% [4, ]

HURER, ARENEERUEE, HrhmEdERIE, SERMRIRNESIR 22, AR5 capli, j]
, FIATEEH A A

capli, j] = min(ht[i], ht[j]) x (j — 1)

SEMEI R %, FERIRAAL A ROR GIREEAER0 2 C2 = 2 mersisty, SRVl BASSSRR AR
RE, HEMiRIHRAAR, RIS O(n2) .

1. EREBEE
SR AR, W 15-8 R, BUBE—EIRAE [1, /] , HUNERS1i < j B ht[i] < htlj]
B AR, AR
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S B N W PN
pe—— < e
—— <\

i Bl ] B/ER

ERIAE cap = min(3, 4) x (7-0) = 21

15-8 WIURARRE

aniE 15-9 FvR, SRR j R ¢ SRk, WA R—a 8.

ERRNDHEBERN § 18, BE j—1 §E8/); MeElERRE, FHitsER g erg G hakEm) 5L
N (BRI § AR o

8

7

6

5. .
| ;
3

2
1EEEEER
: |

e 1 2 3 4 5 6 7

HRBERERER, BE—E
ZRIAE cap = min(3, 3) x (6-0) = 18
15-9 MNBEIRRZIIKGE

i, BMAmRNBEERR o, AATREEA RS, HAMARTE T/, HEElReEEAn
BRAVEN ¢ FIREEEER) . BIUNTER 15-10 H, BEERRHEEEER,
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—— <\

i

A
8
7
6
5
4
3
2
1
0

(7] 1

2 3 4 5

FPBENER, BEFHEEX

EHEE cap = min(8, 4) x(7-1) = 24

15-10 NS EIREAR IR AR RE

P I AT A R B A SRS . RIAGIL IR ER, B S as i, R A PR RAR B R TR RS, B

EELELEDEN

15-11 foR 7 BRI A T I AL

B

| Step 1 |

KR

Step 3

S kR N W s O O N ®

S kN WS O O N ®

MEIER 1, § , EROTIRSIRG, FEBAME res =

] 1 2 3 4 5 6
EHEE cap = min(ht[i], ht[j]) x (j-i) = 24
RABE res = max(cap, res) = 24

WFHAARRETS, 4845 4 F1 5 251 BE5 it
AHEEATRREI AR capli, j], WMEHRAR R,
Eeget « FOMR j RO, RS A RS B —4%
EESITE 2. FE 3.8, BE 0 M J HIBRETR,

KR

S Rk N W F O O N ®

Step 2

it

S Lk N W H O O N o®

Step 4

j
’ v
i
] 1 2 3 4 5 6 7
EiEE cap = min(ht[i], ht[j1) x (j-i) = 21
BABE res = max(cap, res) = 21
i
v
| 3
v
o 1 2 3 4 5 6 7
ERIBE cap = min(ht[il, ht[j]) x (j-i) = 15
BABE res = max(cap, res) = 24
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< h
< He

8 i 8 2
R 7 SR 7
6 6
5 5
4 4
3 3
2 2
1 1
o [)
[} 1 2 3 4 5 6 7 [} 1 2 3 4 5 6 7
HHIAE cap = min(ht[i], ht[j]1) x (j-i) = 28 EHIEE cap = min(ht[il, ht[j]) x (j-i) = 21
l Step 5 BABE res = max(cap, res) = 28 m BAZBE res = max(cap, res) = 28
- i
Y v
8 8
7 7 )
6 | 6 3
5 EE s
4 . 4
3 3 3
iR 2 2
1 | :
o [)
0 1 2 3 4 5 6 7 [} 1 2 3 4 5 6 7
HASE cap = min(ht[il, ht[j1) =« (j-1) = 4 MHER cap = min(ht[il, ht[j1) x (j-i) = 5
(w7 RATE res = nax(cap, res) = 28 =T BARR res - nax(cap, res) - 28
ij
v
8
7
6
5
4
3
2
1
[}
[} 1 2 3 4 5 6 7
- i8R 1 B 5 1EE,
Step 9 - BHATEE, EERASE 28

15-11 mARAERMEN B

2. ERRER

ARSI E R n dh, FUEREBHEEZ O(n) o
B j. res (EREBOUNORESMEM, KBRS O(1) .

// == File: max_capacity.rs =

/* RRBE. B «/
fn max_capacity(ht: &[i32]) -> i32 {
[/ W i, j, EEDFIEYIWS
let mut i = 0O;
let mut j = ht.len() - 1;
/] VIERABES 0
let mut res = 0;
// EEEREE, BEEMIREE
while i < § {



H15E BE www.hello-algo.com 345

/| BHMRARE

let cap = std::cmp::min(Cht[i], ht[j]) = (j - i) as i32;
res = std::cmp::max(res, cap);

/] AR ERER

if ht[i] < ht[j] {

i+=1;
} else {
j-=1
¥
}
res
}
3. IEFEE:ERA

ZF I E Rt RRA SRR ENE Pud” —SiRE,

FLANAERRRE capli, 5] F, @ 2980, § 2 RIR. 5 EEHRINR ¢ B —i8, E8sE 15-12 Frnrikeg
B, JERENRE IR TR E LN B A ROD,

cap[i,i—l— 1],cap[i,i—|— 2]7 ,cap[i,j - 2],cap[i,j - 1]

caple, 7] capl1, 7]

cap[@, 6] cap[o, 5] caple, 4]

caple, 3] caplo, 2] caplo, 1]

15-12 B RS kiE ATk RE

B3, EEupbB R E B LR j NBENFEIRE. fiEmRMEEERNERR—E g
HEAREEN, Wt SearRES IR REE, BhReMA eEBEhR R R,

DAL, BEERAIRIER “2a” 1Y, BRI AR,
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15.4 mAYIS FiRRE

Question
HE—E RS n, KHY)D 2O WEERENMN, RKUDBREEERNRERAZZ/D, WIE
15-13 Fii7Ro

ENEEB n , R max{ngxny xngx..xng_o%n,_q%xny)

15-13 &K1 FerEnI e &

et n V15> m ABEIR 7, HAs ¢ MR 7R n, ,

m

=1

AER) HAR RIS A BN TR AR, H

PMTEEHZNR: VIDEE m EZ2R, 8 n, BxEz/0?

1. BEHERETE

MRARASER, WIEREEEOFRAE L E MM E R, B n ol —MEEF 2, AIEMEsRES 2(n — 2)
o BIMHFRZIRAEE n (FLLEL:

2(n—2)>n
2n—nm—4>0
n >4
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GniE 15-14 R, En > 48, J1rH— 2 BREEER, EHRIIRRFR 4 K BHEREZSD)IT

BARRIE—: WIRVIDTIRPEE > 4 MET, R EEZEAERY)y. BEHYID TR AEEE 1, 2,
3 E=HER ¥,

N
=
=
1
N

(=]
==}

n: 4 8, 58 2(n-2) 2 n
AERETDHRIAEEFE 1, 2, 3 BF

15-14 Y EBERIEER
B TIASRERE R T 2R BN, /£ 1. 2, 3E=MEFH, R 1RREN, HA 1 X (n—1) < n K
Sz, BIPIOr 1 S & S EORAER N
GniE 15-15 FR, En =061, A3 x 3> 2 x 2 x 2, EEKEVIZN 3 U5 2 HisE,

BANRI . U RT, RS EREGEME 2, FRH = 2 82 R ZME 3, MRS E KRR
FHo

BEEEDME 2 &, EEEmhEramE 3

15-15 &EYI7 AT

ok BRTIE, FIHERLH DUN B AEERI,
L WARE N, RHEAEMYIDHET 3, EEMREE 0. 1. 2,
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2. EEREUS O, AR n @ 3 IREEL BT R,
BRI 2 Wy, AREEEY, RE
4. BB LR, HR2Xx2>1x3, HILERRE—E3 EHhA2,

w

2. IERRER

qniE 15-16 AR, MRS BRI 2B, mnl DA MERERG2] 3 NES o , FHERBIERR
FIGREL D, WA

n=3a+b

TR, R n < 3MBFRIEN, LERSE-EL, #BEA 1 X (n—1),
// == File: max_product_cutting.rs =

/% RAYUIDFE: 8 +/
fn max_product_cutting(n: i32) -> i32 {
// & n <= 3 K, HEJDSH—E 1
if n <=3 {
return 1 * (n - 1);

+

/] BEHTISE 3, a & 3 BMES, b AR
let a=n/ 3;

let b =n%3;

if b =1

/] ERREA 1 K, 8 1 % 3 HBkAE 2 x 2
3_i32.pow(a as u32 - 1) * 2 % 2
} else if b = 2 {
/] EEREAE 2 B, FMERE
3_i32.pow(a as u32) * 2
} else {
/] BRREA 0 B, FHERE
3_i32.pow(a as u32)

B8 b af@ 3

n=3xa+bh

15-16 w AV FAERIEHRTTTA
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I P BRE E B DR P sl SRR R BB 7L, DL Python 261, W ARG B EUE =L,

- JEET xx FIEE pow () WRREEAEEZSZ O(log a) o
- B math.pow() PIERIFAY C 35S AT pow () BRI, HBITIZBEEE, WRIEMER O(1),

S0 o 1 b R B MO NIRRT, RIS BARIE 2 O(1)

3. IEH#1%:EHEA

HERRFEE, Rt n > 4 BB,

L AR < 3 BRREEVIS T RPEE > 4 WEF o, WE—EA] DU HAESESE 2 2(x — 2) ,
TEMERER (B KIRME, ERERETE.

2. UInTigAuE 1 BERREVIDTRPFEERT 1, BEE—Er LGB IR 7, A
JERS ORI, SRR E,

3. VInTiRm B W Wi 2 : (REkmEY) 7T RS =82, 0B —En] DU amifE 3, FAEER,
SRR &,

15.5 /i

1. ERiEEE
- BBHEETREE AN R SR, HRBUR R B A TR RS B (T I i B TRER,  DASIIE
(EEctdénodl JiiN
- BEETAEIE A — A A B AR, AR A A R R AR BN TR, B
fe] REAR AT

- R R AN, R RN, MR BIREAIE, SR NSRS A R
fi5,

BB, B S, AR AR SR A B 5 A A & IR
R, UL TR BRI,

AT R R R L ORI SRR A TR AU R AR
W 2

- OBHRSLEYRRR, EAEEE E A R, MR, BOEAS, GBS,

CORMRERIBE RS A AN, W RN, IEREMEE, Eh e AN L B,
Al M T S

- VBRI 0-1 TR b, ARV, AT SRR, EESRIGHY
e T LA P 38 DA,

- ERA RN SRR, BRI O(n2) . BB, SHRANBEER,
YR RIREARI L EEALZE O(n) o

- ERAYIS TR, B G I AR > 4 IR, RETISE T
%3, RSO AR, BRI IR RSB B TS, 8% O(1) 5t Ologn) .
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16.1 X HIRIERE

16.1.1 #FE IDE

HEEEGE BT, R VS Code ERAMILSFIFEEE (IDE), #iftl VS Code B, MIRIEERFIEEM
JERRAE) VS Code AT FHEUFIZEE,

Q% OO0 F :

Visual Studio Code Do ¥ Download

Code editing.
Redefined.

Download Mac Universal
Stable Build

Stable Insiders

mac0s Universal
‘Windows x64 User Installer

nnnnn

e K Ie

.rpm

0417 ©OAO K1 © Gatsby Develon (gasby-oraph-apo)

8 .
mecan 2 ks 1
T# VS Code
Run and Debllg BUNT-IN Git Extensions

16-1 fEE# TH VS Code

Other downloads or open on web

IntelliSense

VS Code A BARBREARBRG, XFRZHRNGESWPITHERSE, LA Python 26, % “Python
Extension Pack” g 21%, BIAIEST Python #ENNERREE, 24P ERANE 16-2 R,


https://code.visualstudio.com/
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[ Extension: Python

Python Extension Pack .70
Don Jayamanne | <> 7,005,466 %k % % ¥ (16)
Popular Visual Studio Code extensions for Python
Disable [v Uninstall [v O

This extension is enabled globa

n Pack DETAILS
udio Code extensions fo...

Du;\ J;ya & Extension Pack (7)
RERTTINRE

Python Environment Manager wnn  autoDocstring - Python Docstring (

_r.

Extension

Python

;ﬁxmgﬁmﬁ I

m Python 84K * 5
P

@  shirc Install

Jinja

Python Extension Pack

Install.  /\

p I Python Extended

16-2 %% VS Code /R

16.1.2 REEFESIZIE
1. Pythonigif

1. F#fiZ4E Miniconda3, % Python 3.10 BEEHHRA,
2. 1£ VS Code M7 DIRETT G HIEE python , %% Python Extension Pack .
3. (A[) 7Em2HEi A pip install black, ZERFEHRAIMLTH,

2. C/C++IRIR

1. Windows R&#asELEE MinGW (HLEZGE); MacOS B# Clang, fZHZEE,

2. £ VS Code MEFAINRET HHIER c+ , Z#E C/C++ Extension Pack .
3. (A1) BARK Settings E i, %5 Clang_format_fallback Style F&2zUHEH% =X (k% I1H,

{ BasedOnStyle: Microsoft, BreakBeforeBraces: Attach }.
3. JavalzRig

1. F#Ei%%4E Open] DK (AR W2 > JDK 9),
2. 1£ VS Code WIHEFTIHET G 18R java, %4 Extension Pack for Java .


https://docs.conda.io/en/latest/miniconda.html
https://sourceforge.net/projects/mingw-w64/files/
https://blog.csdn.net/qq_33698226/article/details/129031241
https://jdk.java.net/18/
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4, C#HIRIR
1. F&EZ2EE Net 8.0,

2. 1£ VS Code HHEFEIHRET GRS R C# Dev Kit, 2% C# Dev Kit (AlE#H),
3. tA[{# A Visual Studio (245041,

5. GoIRiR

1. TGl %24 go .
2. 1£ VS Code HRFEHRER TR go, %% Go,

3. ZIREERE Ctrl + Shift + P BHEMSMW, WA go, #i%¥ 6o: Install/Update Tools, &HBZE

A2z & RIAT

6. Swift IRiS

1. F#EfZe8E Swift
2. £ VS Code HIIEAINHET TR swift , 2% Swift for Visual Studio Code

7. JavaScript IRI%

1. F#fR4E Node.js o
2. (AJ#&) 1E£ VS Code MHEFRINRET SR Prettier , ZHEMAMKAMTA,

8. TypeScript IgiE
1. [A] JavaScript BRIR 2244 B8,

2. &4 TypeScript Execute (tsx) o
3. £ VS Code MHEFIIRETIHHHEER typescript, %% Pretty TypeScript Errors .

9. Dartigig

1. N#AE2ZE Dart o
2. £ VS Code HIHEFEIIREM IR dart , & Dart,

10. Rust i

1. T#HOEZ%E Rust o
2. 1£ VS Code RYHEFEIIREMIHHER rust , %% rust-analyzer


https://dotnet.microsoft.com/en-us/download
https://code.visualstudio.com/docs/csharp/get-started
https://learn.microsoft.com/zh-cn/visualstudio/install/install-visual-studio?view=vs-2022
https://go.dev/dl/
https://www.swift.org/download/
https://marketplace.visualstudio.com/items?itemName=sswg.swift-lang
https://nodejs.org/en/
https://github.com/privatenumber/tsx?tab=readme-ov-file#global-installation
https://marketplace.visualstudio.com/items?itemName=yoavbls.pretty-ts-errors
https://dart.dev/get-dart
https://marketplace.visualstudio.com/items?itemName=Dart-Code.dart-code
https://www.rust-lang.org/tools/install
https://marketplace.visualstudio.com/items?itemName=rust-lang.rust-analyzer
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16.2 —iCZ2EBIE

HNEFHRENAIR, HPERFE SR MIERR, e, TUREHEE 7R, MR WAL, X
FEER, MREATEWEI TGS GEERE, MR METEBIE, DUasrE R E R 2R I,

i 566 AR GitHub ID #S7EAZ A E, A EMAN PDF M3 H FIEITRR, DURGEHIAM S B Tt B i
FAZR R

BHIEERE ))
AR [ 3 1 R O BTV B P R RS AR TR, N ST AR RN 75 (.
TEABHIRE Y, A SR A IRp 45 A0 R 22 B H 2R 2R MR

1. NEMA

GniE 16-3 Fow, SHEHEMEA EAEA “AWEEDRT, An] DI LS P BRE Oy Bl 2,

1. BhE “4RiREIR7, WFIBEH “F2E Fork A" IR, sERIEZERIE,

2. 8% Markdown JFRERNE, WENBRERME, MRS % —.

3. EEHMARTIES BRI, AEREE “Propose file change” #%8H, HmptiEiZ, B5% “Create pull
request” %5 RTAT S ECHIEGE K,

“x D 0@

Pudli _etomst % % Qmn O e
Hello 3 31 4t A BR
B ®O™ Mk 1 SREE %R 300 BN HES TR

B 1% MRk
B ®2® BRESH
o BIW MRS

31 BBGEHH%R

< v ovov

312 WIS EREHR
BROMIBENEIENA. BRI BAR B . B, TNERAEEE R n
ATHREDETHN.

32 WABBAE 311 BIELEN: M S5IEEMN

=
33 e - s T A . HilEmfmiEiaiE
s s IR T MBI OMEMA R, MR, WERRERRIT], LT HE2
e BN TR, MBMRRIM TREANG), MIHRASERZEMRERR; MUEBSR
38 M AR, RAT ERDRERR,

B MaR BASER

s Wsm HSUI ,  HMESIEE, 2 SRR AR, SRR, BESNRAE LR

o [ ; EEER, 2 X

@ mom mAE L DL SHSIAR, SR

A 7R B > © BMIRAN: WA, B, 1. DI REE

omew > « ARSI B M B, AR

& wowm @ >

= BI0E BE > armsan et

tlmnm > L

-3 W2W A > e T2 # ;‘/ \

19 W13 % @H > are S LA

g%mﬁ wamy > - -0-0-0- '
BI5H Hd > ke t O—0O

.
@ WICE KR > £ o _\/_‘/'
B 2 [2fafzls )] —€
T e

16-3 [ i 2

[ SR BB, REIEBFTE [ssue BT B S AR, B & S PR B A RO E Fr o


https://github.com/krahets/hello-algo/graphs/contributors
https://github.com/krahets/hello-algo/issues
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2. NEEIE

REH B2 I FIRE R, R EXBSRRERHMERGE S, BRCENEE, REFREERLAT

Pull Request TAEifRfL,

g LN

3. Docker ZfE

B GitHub , ARSI 055 # Fork 2IMEAMRSE R,
HEASER Fork GREAE, #FH git clone 2 iHE i mibE 2 A M,
TEAHETNABINE, WEFTEERE, Bt Aas ErEE,
A AT E L Commit , A% Push Zja & #,

BT RMEE, 5% “Create pull request” %81 EIATZEE RIBGE K,

1£ hello-algo iRH® T, #ITLATN Docker #5215, HIRJYE http://localhost:8000 #ifIAHRE:

docker-compose up -d

{5t FH AR i <> R AT HIBR AR -

docker-compose down

16.3 #5:E

® 16-1 P 7 EPHBIRE MR, ([ESTERDUT %8,

- EERELEA TR HSCUTR,  DARER s SOk,
- Bl e AR P SO B P S N RYIMTA AN,

% 16-1 E RS TE E AR B A

English

algorithm

data structure

code

file

function

method

variable

asymptotic complexity analysis

time complexity

fii
Bk
Blmaity
(N
&G
BRIEX
Tiik

=X
L

AL = AL T
I R &2 2

ZHh

USES

EFa

Ttk
LR AT
I i R


https://github.com/krahets/hello-algo
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English

space complexity
loop

iteration

recursion

tail recursion
recursion tree

big-O notation
asymptotic upper bound
sign-magnitude

1’ s complement

2’ s complement
array

index

linked list

linked list node, list node
head node

tail node

list

dynamic array

hard disk
random-access memory (RAM)
cache memory
cache miss

cache hit rate

stack

top of the stack
bottom of the stack
queue
double-ended queue
front of the queue
rear of the queue
hash table

hash set

bucket

hash function

fafg ¢

23[R AR
TEER

AR

19

J2 i)

e RUSE
KOs
i SR
JiihG

ST

EART

el

EGl|

R
R
SR

JE T AN
HllZ
ASEA
%

el

17
ZAFARA
RAranhR
(53

AL

3]

BAZ|
WEIRAF

EHP

R
ol

ES M

U]

JEIEE

KO iR
Pl st
J5HES

—HiE
L

feiz7]

K5l
SRS
ST RS ET R
SR
JEER

2l
BREES
T

LR

PREX

PRECAR A
PREX AR R
HE
HEAR TH
HEB
741
Eafrs
THE
151
MR
MRRS
i
E5i3C BN

I



H16E ek

www.hello-algo.com

357

English

hash collision

load factor

separate chaining
open addressing
linear probing

lazy deletion

binary tree

tree node

left-child node
right-child node
parent node

left subtree

right subtree

root node

leaf node

edge

level

degree

height

depth

perfect binary tree
complete binary tree
full binary tree
balanced binary tree
binary search tree
AVL tree

red-black tree
level-order traversal
breadth-first traversal
depth-first traversal
binary search tree
balanced binary search tree
balance factor

heap

max heap

fafg ¢

IS
AT
Bl CHiE
FSHE
LRI
LGS
XM
TR R
FEF R
LA
AR
e
LSRR
R R
9 AR

i

=

i

i

IR

SEFE X
RN
SEI X
-1 — X
X AR
AVL f#f
A2y i)
=30
IR S T
IR ARS8 3
XIS R
A A ER
A T
He

PNt

EHP

MR E R
A#EA T
A AL
FHCE L
BRIERE
HEIER

— ek

HRETR
TR
s

JE

B

R

SE3E Tk
SE4 Tk
SEi ek
S s
IS
AVL #f
AL

& e s

JEE i B S AE ¥
IREE B SeE
it
S e
FE T
HERH

K TEHERA
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English g i
min heap /T /INTEHERE
priority queue N sl
heapify Hefl HEREIL
top-k problem Top-k [Al& Top-k [l
graph &

vertex ToUA THRS
undirected graph TmE 3 1 ]
directed graph Al A I [E
connected graph e E JeEL A [
disconnected graph ez E 3 ey [
weighted graph AE A P
adjacency LB skE

path JEgEs PRTE
in-degree NE NE
out-degree HE i
adjacency matrix RAFEHERE AR
adjacency list LBfER HhER
breadth-first search ISR R
depth-first search RENEHER RER S
binary search TER “ofds
searching algorithm HRAR A RS
sorting algorithm Her ik HEFp IR
selection sort e BEHE
bubble sort B HERZRE FB
insertion sort AT AT
quick sort PRIEHE Y StSEEag
merge sort HHHEF At
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